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Abstract

At high metallicity, a majority of massive stars have at least one close stellar compan-
ion. The evolution of such binaries is subject to strong interaction processes, heavily
impacting the characteristics of their life-ending supernova and compact remnants. For the
low-metallicity environments of high-redshift galaxies constraints on the multiplicity prop-
erties of massive stars over the separation range leading to binary interaction are crucially
missing. Here we show that the presence of massive stars in close binaries is ubiquitous,
even at low metallicity. Using the Very Large Telescope, we obtained multi-epoch radial
velocity measurements of a representative sample of 139 massive O-type stars across the
Small Magellanic Cloud, which has a metal content of about one fifth of the solar value.
We find that 45% of them show radial velocity variations which demonstrate that they are
members of close binary systems, and predominantly have orbital periods shorter than one
year. Correcting for observational biases indicates that at least 70’:;l % of the O stars in our
sample are in close binaries, and that at least 68’:;% of all O stars interact with a compan-
ion star during their lifetime. We found no evidence supporting a statistically significant
trend of the multiplicity properties with metallicity. Our results indicate that multiplicity
and binary interactions govern the evolution of massive stars and determine their cosmic
feedback and explosive fates.

Main text

Baryonic matter in the Universe just after the Big Bang consisted almost purely of hydrogen
and helium, with only a tiny fraction of less than 10~ in heavier elements, so-called metals.
The bulk of the heavier elements, and foremost oxygen, have since been produced in the
interiors of massive stars (stars born with more than ~ 8 My [1]), and released into the
interstellar medium in their explosive end stages [2, 3]. While low- and intermediate-mass
stars also contribute to chemical evolution, massive stars, including the crucial contribution
of merging neutron stars, are thought to be responsible for forming the majority of elements
in the periodic table [4]. Moreover, the pace of the overall metallicity enrichment in the
Universe is set by short-lived massive stars, which results in a strong correlation between the
star formation history of the Universe and its metal content [5-7].

Massive stars are important physical ingredients of our Universe, and hence of large-
scale cosmological models. Their radiation heats and ionises the interstellar medium [8], and
contributes to the re-ionisation of the Universe at redshifts beyond z ~ 5 [9]. Photo-heating,
radiation pressure and end-of-life explosions affect the formation and evolution of the first
galaxies and regulates the efficiency of star formation in the turbulent interstellar medium
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[10]. Supernovae and massive-star clusters are the main sources of cosmic rays in galaxies
[11], which strongly impact the dynamics of galactic disks and contribute to driving galactic-
scale outflows [12]. Massive stars also dominate the integrated light of star-forming galaxies
[13], produce neutron stars and black holes, as well as X-ray binaries [14] and transient
gravitational-wave sources [15, 16].

In our Milky Way, the vast majority of massive stars are found in binaries or higher-order
multiple systems [17-23]. In massive stars in close binaries, that is binaries with an orbital
period Py, < 4 years (see final discussion in Methods), the presence of a nearby companion
has strong consequences for the way the two stars evolve: they will exchange mass and
angular momentum, and some will even merge [24, 25]. These interactions strongly affect
the lifetime, radiative feedback and final fate of massive stars [26, 27]. They also modify
the appearance of entire populations of massive stars seen in integrated light [28, 29], and
the types of supernovae produced [30]. Establishing whether the profusion of massive close
binaries in our Milky Way persist in low metallicity environments is fundamental for under-
standing the early Universe, and for the accuracy of our cosmic formation and evolution
models.

The Large (LMC) and Small Magellanic Cloud (SMC) are two neighboring dwarf
galaxies with a current metal content of about one-half (Zy/2) and one-fifth Solar (Zy/5),
respectively [31]. At any redshift (a look-back time equivalent), massive star-forming galax-
ies are, on average, more metal-rich than low-mass galaxies [32]. Indeed, the Milky Way, the
LMC and the SMC follow this mass-metallicity relation [33, 34]. The average metallicity in
the Universe further decreases with redshift. The LMC and SMC metallicities are thus not
representative of the metal content in the local Universe, but rather correspond to the metal-
licity of massive star-forming galaxies at a redshift of 0.5...1 and of 3...10, respectively (e.g.
[35-39], and references therein). Only very rarely can stars be individually studied in such
high-redshift galaxies [40, 41]. In particular, and with current observational capabilities, the
SMC is the only galaxy close enough to measure binary properties of representative stellar
samples in a low-metallicity environment.

Several efforts have investigated the metallicity dependence of binarity for low mass
stars [42—45], revealing an increase of the solar-type binary fraction from 0.1 to 0.4 as the
metallicity decreases from 3 Z; to 0.1 Z, hence an approximate slope of —0.2/dex [43].

Hydrodynamic simulations suggest that massive protostellar disks are likely to fragment
into binary companions at SMC metallicity [46], but will preferentially form distant compan-
ions first. The processes of protobinary fragmentation, circumbinary accretion, and orbital
migration are however quite uncertain [23], motivating the need for empirical measurements.
The eclipsing binary fraction of unevolved early B-type stars (i.e., main-sequence massive
stars with a typical birth mass in the range of 8 to 15 My) is consistently around 1 to 2%
across the Milky Way, LMC, and SMC [47], with no significant trend with metallicity.
Detection of eclipsing binaries is, however, strongly limited by geometrical effects to very
short orbital periods (P, < 20 days) and high orbital inclinations (i = 65°), and does not



allow to probe the full range of periods relevant to binary formation and evolution (see Meth-
ods). Like the Milky Way, the LMC also shows a large fraction of massive stars in binaries
close enough to interact [48—50]. While high, the LMC fraction is slightly smaller than that
of the Milky Way, raising the question of whether massive binaries remain frequent in low
metallicity environments or whether the perceived downward trend between the Milky Way
and LMC environments persists at lower metallicity.

In this context, we have used the Very Large Telescope of the European Southern Obser-
vatory (ESO) to obtain multi-epoch spectroscopy of over 900 massive stars spread across the
SMC, including O and B main-sequence stars, and B, A and F supergiants. Gathered as part
of the Binarity at LOw Metallicity (BLOeM) large program (ESO program ID: 112.25R7,
PIs: Shenar/Bodensteiner) [51], the observations used the FLAMES/Giraffe spectrograph
[52], a multi-fiber instrument allowing us to obtain optical spectra of over 100 stars simul-
taneously across a 20’ field of view. The survey, data acquisition, and data reduction are
described in a separate work [51]. More details are provided in the Methods section. Example
spectra are provided on Extended Data Figure 1.

Here, we focus on the 139 O-type stars observed at nine different epochs between Octo-
ber and December 2023 (Figure 1) [51]. The BLOeM O-star sample does not suffer from
incompleteness due to the brightness limit of the survey [51] and the low extinction towards
the SMC. The higher luminosities and higher masses of O stars further provide higher signal-
to-noise spectra and a clearer binary signal than main sequence B-type stars [53]. The O-type
star sample is also less impacted by evolutionary effects than the more evolved B-A-F super-
giants present in BLOeM [54] and is thus more representative of initial conditions. Finally,
focusing on the O stars allows to directly compare with similar studies at higher metallicity
in the Milky Way (Zy) and the LMC (Zy/2).

We use cross-correlation and line-profile fitting to derive the radial velocities (RVs) at
each epoch (see Methods). We then identify the stars that displayed significant RV variations
(ARV > 40 pgy) with an amplitude of at least 20 kms~! (ARV > 20km s!). This threshold
is large enough to avoid false positives due to measurement uncertainties and other possible
sources of variability [48], and it is identical to that used in other studies, allowing for a
fair comparison of other binary detection measurements. Under these criteria, we identify
62 stars displaying significant, large RV variability, revealing that they are most likely
part of a spectroscopic binary system. This corresponds to an observed binary fraction of
Jobs = 0.45 + 0.04, where the +10 uncertainty is computed using binomial statistics and the
sample size and corresponds to the 68%-confidence interval.

We simulate the detection probability of the BLOeM survey for different orbital prop-
erties (orbital period, mass ratio, eccentricity and primary mass) using a Monte Carlo
population synthesis code [48] and applying the BLOeM observational sampling and mea-
surement uncertainties. We show that our study is mostly sensitive to binaries with an orbital
period shorter than about one year, dropping significantly at longer orbital periods (Figure 2).
At orbital periods shorter than 100 days, we are sensitive to secondaries with masses as small
as ~ 10% of the primary O star mass (Extended Data Figures 2 and 3).This implies that



most of our detected binaries are short-period systems that inevitably interact before either
companion undergoes core collapse.

The present data set is insufficient to reliably measure the individual orbital properties of
most of the binaries that we detect, however statistical constraints on the intrinsic binary frac-
tion and orbital period distribution can be obtained. We synthesize various mock populations
of O-stars, varying their intrinsic binary fraction and orbital period distribution, applying
the observational biases and binary detection criteria of the BLOeM survey, and comparing
the observational yields of these mock observing campaigns to actual data (see Methods).
Here, we focus on reproducing the observed binary fraction (fy,) and the distribution of
smallest time differences (6f) between observations that exhibit significant (ARV > 40 agy)
and large (ARV > 20kms~') RV variations. The latter is an unbiased estimator of the shape
of the period distribution function which has been validated using artificial data sets [48]
(see also Extended Data Figure 4).We vary the intrinsic binary fraction (Fpi,) from 0.50
to 0.90 by step 0.02. We adopt a power-law function to describe the distribution of orbital
periods (fiogp o (log P)"), and vary & from —0.80 to +0.50 in steps of 0.05. We found that
the populations with the best agreement with both the observed binary fraction (Extended
Data Figure 5,upper panel) and the distribution of shortest time differences Extended Data
Figure 5, lower panel) are characterized by an intrinsic binary fraction of Fy;, = 0.70’:8:(1)% and
an index of the orbital period distribution 7 = +0.10*01% (Figure 3). Accounting for a line-
blending detection bias affecting (near-)equal brightness binaries, which was not accounted
for so far (see Methods), would add another 5% to the intrinsic binary fraction so that the
value that we obtain is a lower limit.

The methods that we applied to identify binaries and constrain the multiplicity prop-
erty of the parent populations are similar to those used in higher metallicity studies. This
allows for a direct and robust comparison of the outcome of these studies, providing clues
to whether the metallicity of the environment is an important factor impacting massive-star
multiplicity. The intrinsic O-type star binary fraction was derived for systems with orbital
periods less than 8.7 years in young open clusters in the Milky Way (Z;) [17], obtaining
Foin = 0.69 = 0.09. Using the same instrumentation and methods that we apply here, the
VLT-FLAMES Tarantula Survey (VFTS, [55]) measured the O-type star binary fraction in
the 30 Doradus massive star-forming region (Zy/2) in the LMC and obtained 0.51 + 0.04
[48]. The latter value was revised to 0.58 after improving the orbital period distribution
measurement [50]. The Milky Way and LMC intrinsic fraction of O-type binaries are thus
comparable to that of the SMC (Z./5) determined in this work. Similarly, the orbital period
distributions are compatible, especially after accounting for minor differences in the mini-
mum adopted period (see the discussion in Methods).

To quantitatively assess a possible trend of the intrinsic fraction of close O-type bina-
ries with metallicity, we performed a linear regression i, = a + blog,,(Z/Zs) using the
available Milky Way and LMC bias-corrected measurements [17, 50] together with our new
results (see Methods). We obtain no significant metallicity dependence (regression slope
b = (-0.11+0.15)/dex; see Figure 4). Albeit we cannot reject the slope of (—0.16+0.01)/dex



measured from solar-mass stars data [43] either, our results firmly show that the large abun-
dance of close binaries‘ observed among massive stars in high-metallicity environments is
also present at lower metallicity.

While the formation mechanism leading to a large fraction of massive close binaries
remains an open question [23], our study indicates that this process is unlikely to strongly
correlate with metallicity. This yields empirical support for promising recent theoretical
efforts investigating the (lack of) metallicity dependence of star formation in general (e.g.,
[56]) or more specifically of massive binaries (e.g., [57, 58]). However, these simulations are
so far only able to probe wider systems, emphasizing the need for empirical constraints at
close separation. Constraints on close binaries are also crucial to decide whether the compo-
nents of the binaries do interact or rather evolve as isolated single stars. Together with the
existing multiplicity studies of different Milky Way and LMC environments, our results indi-
cate that massive binaries are ubiquitous, yet that small differences may occur as a function
of the star formation conditions (i.e., starburst vs. field) as suggested by the smaller close
binary fraction measured in the Tarantula massive star forming region of the LMC [48, 49]
compared to lower-mass open clusters in the Milky Way [17] and in this work (see Figure 4).

We estimate the fraction of massive stars born as O stars that will interact with a nearby
companion, either as mass donor, mass gainer, or through coalescence. This fraction is
readily obtained by integrating the orbital parameter distributions and adopting our inferred
intrinsic binary fraction (see Methods). We adopt a uniform mass ratio distribution, consis-
tent with previous studies [17, 59], and we conservatively assumed that all systems with an
orbital period less than 1500 days interact. Our results indicate that 68’:;% of all SMC stars
born as O stars will interact with their companion, 18% of which (12 + 4% of all O stars)
will do so before leaving the main sequence. Given the conservative assumptions made (see
discussion in Methods), the percentage that we compute likely represents a lower limit. Our
results focus on the global number of massive stars that interact and call for comparative
evolutionary computations to assess the boundaries of specific binary evolutionary channels
in various metallicity environments.

Our results imply that massive star evolution in the Universe is likely dominated by close
binary star interactions out to high redshifts. This has strong consequences for stellar wind-
induced feedback processes in galaxies as well as the distribution and properties of single and
binary neutron stars and black holes. The dominance of massive binaries at low-metallicity
increases the viability of binary evolution channels to the formation of gravitational wave
events. Mass gainers and mergers lead to more massive stars that can produce additional
feedback, while envelope stripping by mass transfer in massive binaries will occur abundantly
in the high-redshift Universe. This leads to hot stripped stars [60] and X-ray binaries [61, 62],
which produce photons available for the re-ionization of the Universe [63].



Methods

Sample and RV measurements

The BLOeM survey targets over 900 massive star candidates in the SMC, based on magni-
tude and color cuts in a Gaia DR3 color-magnitude diagram [51]. The densest star-formation
regions were avoided due to instrumental constraints so that BLOeM targets are predom-
inantly found in lower-density, high-mass star-forming regions of the SMC. The BLOeM
spectra were obtained with the LRO2 setup of the VLT FLAMES/Giraffe spectrograph and
cover the spectral range from 395 to 455 nm with a spectral resolving power R = 1/61 =
6200. This spectral range contains numerous diagnostic lines of hydrogen and helium, so
is well suitable for RV determination. For each target we use the individual epoch spectra
obtained by co-adding two 10-minute back-to-back exposures. Calibration, data reduction
and spectral classification are described in [S1]. In this work, we focus on the sample of 139
SMC targets classified as O-type stars. Each object has been observed at nine epochs between
October and December 2023, providing an excellent temporal sampling to study variability
on time scales of days, weeks and months.

Most RV measurements were performed using a cross-correlation method [64], which
was already successfully applied to O-type stars in, e.g., [59]. In brief, for a given object, we
first cross-correlate all spectra with that of the highest S/N epoch. After this first step, we shift
and add all spectra to create a master spectrum with an even higher S/N. The latter is then
used as new cross-correlation template for a second iteration of the cross-correlation process.
More details are given in [59]. The median 1o RV uncertainty is 2.5 km s~ while 80% (resp.
95%) of the RV measurements have a 1o~ uncertainty below 5 km s7! (resp. below 9 kms™).

In 22 cases, the double-lined spectroscopic binary nature (SB2) of the objects was identi-
fied through visual inspection. In these cases, we used line profile fitting following the same
general approach as in [48]. Specifically, each stellar line is fitted with the same Gaussian
profile at all epochs while all lines of a given epoch are required to yield the same RV shift.
The primary was assumed to be the star displaying the relative RV shifts with the lowest
amplitude. This method is more robust than individual line-by-line and epoch-per-epoch line
profile fitting but not as robust as spectral disentangling [59]. However, simultaneous line-
profile fitting at all epochs requires no apriori knowledge of the orbital solution, which would
be difficult to obtain for a large fraction of the current sample.

We evaluate the precision of the error estimate by simulating artificial spectra with
representative noise and applying the cross-correlation template. We find that, in cases of
well-behaved Gaussian noise, the dispersion of the measurements is within 10% of the uncer-
tainty estimates from [64]’s method. Similar simulations were already performed in the
literature for the cross-correlation [64] and line profile fitting [48] approaches, with similar
results.

The journal of the observations, the RV measurements and their uncertainties is provided
in Table 1 which is available electronically at the Centre de Données astrophysiques de Stras-
bourg (CDS; http://cdsweb.u-strasbg. fr). Example spectra are displayed in Extended
Data Figure 1.



Observed binary fraction

We follow the strategy outlined in [48] to detect spectroscopic binaries based on their RV
variability. Specifically, we compute the significance of RV variability by comparing each
pair of RV measurements and flag a star as RV variable if the RV variation for at least one of
the 36 combinations of i and j corresponding to the nine different epochs is larger than 4o,

[vi — vl
Jo? + o2
1 J

where i and j represent individual epochs of measurements, and v and o are the RVs and the
measurement uncertainties at the corresponding epochs.

Multiple physical processes can result in a RV variability signal, including instrumental
artefacts, winds, pulsations and other sources of line-profile variability. We therefore applied
a minimum threshold C to the amplitude of significant RV variations and considered as reli-
able binary candidates only stars for which at least one pair of RV measurements (v;,v;)
satisfies simultaneously the significance criteria of Eq. 1 and |v; — v;| > C, where we adopt
C =20 kms™! for consistency with earlier studies [17, 48]. 79 systems show significant RV
variations, 17 of them, however, do not meet our minimum RV amplitude criterion. Their
RV variability amplitude is too small to be confidently assigned to binarity and some of this
low-RV amplitude sample are possibly false binary detections. In the following, we focus on
the 62 objects showing high-amplitude RV variability and we use bias-correction methods to
recover the part of the binary population that presents low-amplitude RV variability.

Table 2, available at CDS, provides the list of RV variable and spectroscopic binaries that
we identified. The detected binaries are well spread across the eight fields of view investigated
by BLOeM (see Figure 1), with detected fractions in each field ranging from 0.33 + 0.11 to
0.50 + 0.15. Given the small sample sizes in each field, we detect no statistically significant
differences in the binary fraction measured per field and thus only consider the full sample in
the rest of this work.

Pre-empting the discussion of observational biases provided below, the BLOeM observed
binary fraction for O stars, fops = 0.45 + 0.04, is in the same range as other O-star spectro-
scopic campaigns in the Galaxy (e.g., young Galactic clusters 0.56 + 0.06 [17], the OWN
survey: 0.50 +0.03 [20], Cyg. OB2: 0.51 £0.07 [18]) or the LMC (VFTS survey: 0.35 +0.03
[48]); see overviews in, e.g., [22, 65].

>4, (1)

Survey detection capability

We used the Monte Carlo population-synthesis method presented in [48] to quantify the abil-
ity of the BLOeM campaign to detect O-type binaries of different orbital periods , mass ratios
and eccentricities. We specifically adopted an improved version of the method that includes
uncertainties on the adopted underlying distributions [66]. Specifically, we simulated 10 000
observing campaigns of 139 O-type stars, adopting the temporal sampling and RV uncertain-
ties from the BLOeM data. We used power-law representations for the distributions of orbital
period P, mass ratio g = M, /M, eccentricity e, and primary mass M, parameterized as

10



follows:

fogr o (logyo P)", with log,o (P/d) = 0.0..3.5 and x = +0.1 £ 0.2, @)
fy o ¢, withq = 0.1...1.0 and k = 0.0 £ 0.2, 3)

£ o e, withe = 0.0..09 and 5 = 0.5 + 0.2, “)
fu, o M, with M; = 15...60 M and y = —2.35. 5)

In each simulated campaign, we further varied the indexes of the underlying distributions of
orbital parameters following normal distributions with 1o dispersions as specified in Egs. 2-4.
Circularization of the shortest-period systems is further accounted for following [66]. Specif-
ically, very short periods systems (P < 3 days) are considered circularized (e = 0), see
e.g. [17, 50, 67]. Eccentricities that would lead to a periastron separation of less than 20 solar
radii (20 Ry) are rejected and a new value is redrawn until this condition is met.

The index of the mas-ratio and eccentricity distributions « and n cannot be constrained
with the current data and we adopt values derived from Milky Way and LMC studies
[17, 50, 59]. The choice of the period distribution index 7 is discussed below. We included
binaries with mass ratio < 0.1 in simulations displayed on Extended Data Figures 2 and
3.In the following however, we exclude such extreme mass-ratios from the binary statistics
as these systems are difficult to detect and their existence in close binaries remains debated.
Such low-mass companions are quickly swallowed upon interaction, presumably with lim-
ited evolutionary consequences hence we neglect them. Accounting for their presence only
strengthens our conclusions.

To qualitatively compare the performances of spectroscopic surveys such as BLOeM to
that of photometric surveys, we also recorded which of the simulated systems would present
eclipses by checking whether the standard eclipse condition

. Ri+R
cosi <

(6)

was fulfilled, where R are the stellar radii and @ = a; + a; is the semi-major axis of the relative
orbit. In doing so, we adopt an average mass-radius relation [68]

R M 0.72
& =i "

and we ignore eccentricity effects (but most eclipsing binaries have low eccentricity given
they are restricted to short periods). We also ignore the fact that non-eclipsing short-period
systems can be detected through ellipsoidal variations or mutual-illumination effects, and
we did not include any further detection criteria (e.g., depth of the eclipses, phase coverage,
photometric noise, ...). While our simulations are simplified, the results are clearly cut. The
probability to display eclipses drops significantly for systems with orbital periods more than
a few days (Extended Data Figure 2), which prevents photometric surveys to adequately map
the range of periods relevant for binary evolution (orbital periods of up to several years).

The BLOeM detection probability is well above 0.9 for orbital periods up to 3 months but
drops rapidly after that (see Extended Data Figures 2 and 3).Integrated over a period range of
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up to one year, the overall detection rate is 0.89 + 0.03. Integrated over the full period range
considered (log;, (P/d) < 3.5), our detection rate is 0.68 + 0.06, where the 1o~ uncertainties
are computed from the dispersion observed in the results of 10000 simulations and include
uncertainties in the parent orbital distributions (Eqs. 2—4), the measurements, the sample size,
and the random orientation of the orbital plane of the binaries in 3-dimensional space.

The bias correction methods used in [17, 18, 48] and in the present work so far only
consider the RV signal of the most luminous star of a putative binary, but ignore the impact
of the companion on the accuracy of the RV measurements. Indeed, contamination of the
primary line profile by that of the secondary star tends to decrease the amplitude of the RV
signal, making it harder to detect a pair as a binary system [69]. This is especially true at
large orbital separations and (near-)equal line intensity ratios [66, 70] (see also Extended Data
Figures 2 and 3.)The effect is worsened for broader spectral lines, independently of whether
the broadening is induced by the observational technique (i.e., lower resolution spectroscopy)
or by physical processes (e.g., rotational broadening). The effect of this line-blending bias is
also more important in binaries with a lower primary mass (M) as the amplitude of the RV
signal scales with M ;/ 3 for a fixed mass ratio and orbital period. We used specific calibrations
of the line-blending bias developed following the strategy outlined in [66, 70] and adapted to
O-type stars observed with the low-resolution mode of the FLAMES/Giraffe instrument used
in BLOeM. We assumed a constant projected equatorial spin of 100 kms~!. Extended Data
Figures 2 and 3compare the BLOeM binary detection rate with and without accounting for
the line-blending bias and shows that binaries with periods close to one year and (near-)equal
mass-ratio systems are the most affected. Under these assumptions, the overall detection rate
of the survey decreases to 0.58 + 0.06, yielding an intrinsic binary fraction of Fpj, = 0.77 +
0.08.

Larger rotation rates further increase the importance of the line-blending bias. Detailed
simulations including the individual rotation rates of BLOeM stars are, however, beyond the
scope of this work. Applying a similar correction including the line-blending bias to earlier
OB-type spectroscopic surveys in the Milky Way and the LMC would also be interesting but
is beyond the scope of the present work. Yet, our computations show that the multiplicity
fractions derived while ignoring the effect of line blending, such as those quoted in the main
text, are most likely underestimated, making our conclusions on the importance of massive
binaries even more robust.

Intrinsic binary fraction and orbital period distribution

Obtaining individual correct orbital solutions with only nine epochs for the majority of the
detected binaries is unrealistic, especially given the short time base and numerous aliases
induced by the sparse and irregular sampling of the observations. However, we can still obtain
important statistical constraints, e.g. on the orbital period distribution. In particular, [17]
showed that the distribution of shortest time lapses 6f in which significant (ARV/oagy > 40),
large (ARV > 20kms™!) RV variations occur is a sensitive probe of the orbital period
distribution.

To illustrate the sensitivity of shortest time lapses to the orbital period distribution, we
compute the distributions of o for simulated observational campaigns and repeat the process
with different assumptions on the orbital period index . Extended Data Figure 4illustrates
the locus of simulated distributions and compares it to the BLOeM observed distribution. It
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reveals that adopting an intrinsic log-period distribution given by power-law with an index
n ~ 0 provides a reasonable representation of the observed ot distribution.

We use the Kuiper statistics D as a goodness-of-fit criteria to evaluate how well simulated
and observed distributions compared [71]. The Kuiper statistic D is defined as D = D* + D_,
where D" and D_ are, respectively, the maximum positive and maximum negative deviations
between the empirical cumulative distribution function (CDF) if the observational sample
and that of a known distribution (one-sided Kuiper test) or another sampled distribution (two-
sided Kuiper test). Unlike the Kolmogorov-Smirnov (KS) test, the Kuiper test accounts for
deviations in both directions and is sensitive to differences in the tails and the center of the
distributions. Because we compare our observed distribution with simulated distributions of
an equally large sample, we use a two-sided Kuiper’s test of hypothesis. The latter does not
allow us to reject Opik’s law at the 0.1-significance level in 99% of the 10000 simulated
distributions (compared to 55% when adopting 7 = —0.5), again suggesting that Opik’s law
adequately captures the time variability of stars in our sample.

As a final step, we build a grid of synthetic populations of O-type stars, varying the intrin-
sic binary fraction Fyi, from 0.50 to 0.90 in steps of 0.02, and orbital period index m from
—0.80 to +0.50 in steps of 0.05. We keep the indexes of the mass-ratio and eccentricity dis-
tributions constant at k = 0 and = —0.5, in agreement with constraints obtained for Milky
Way and LMC O-type binaries [17, 50, 59]. As above, we apply the temporal sampling, RV
uncertainties and detection criteria of the BLOeM survey. Each simulated population con-
tains 1.39 million objects so that the statistical uncertainties of the simulated results are two
orders of magnitude smaller than those due to the BLOeM sample size. We then compute the
binary yield and the ¢t distribution of each mock observing campaign and we compare this
with observed values. Specifically, we compute the probability P (Npi,) to detect Ny, = 62
binaries of a sample of N = 139 given the simulated binary yield fi,, and binomial statis-
tics. The log-likelihood map that we obtain is displayed in Extended Data Figure 5,where
L = —log;y P (Npin). The best estimate of the intrinsic binary fraction ¥, depends on the
period distribution index 7. In all cases however, the binary fraction consistently exceeds 0.5
across the range explored, so that we can robustly conclude that a majority of objects are
binaries.

Restricting ourselves to those objects that satisfy our binary detection criteria, we also
compare the predicted distribution of the smallest time difference between any pair of
RVs that satisfy the detection criteria and compare these to the observed distribution using
the value of the two-sided Kuiper statistics (Pguiper> €-8.[72]). The Pgyiper-probability map
obtained as a function of ¥, and r is displayed in Extended Data Figure 5.1t shows that the
index of the period distribution is mostly independent from the value of the intrinsic binary
fraction. The best representation is obtained with 7 = +0.10, and 7 < —0.24 and 7 > +0.40
are rejected at the 0.1-significance level.

To combine these two sets of constraints, we follow the approach outlined and validated
in [48] and adopt a metric based on the products of the binomial and Kuiper probabilities.
The advantage of this approach resides in its simplicity, where regions of low probability
are given a much lower metric than regions where both probability values are high. The
obtained 2D-peak distribution (Figure 3) is not a measure of the probability of realization
of such a pair so that one cannot simply integrate the highest-confidence intervals to obtain
uncertainties. Instead, [48] shows that the full width at half maximum of the peak provides

13



a good approximation of the 1o uncertainties on the best-fit parameter and we follow this
approach here. We thus obtained best-fit estimates Fyin = 0.70*)3¢ and 7 = +0.107072.

No evidence for a trend with metallicity
Intrinsic binary fraction

The intrinsic O-star binary fraction that we obtain for the SMC (Fin(Zo/5) = 0.70’:8:&)
exceeds that at Solar (Fpin(Ze) = 0.69 £ 0.09, [17]), and half-Solar metallicity (Fpin(Zo/2) =
0.58+0.04, [50]). To quantitatively investigate the presence of a trend with metallicity, as seen
in lower-mass stars [43, 73], we perform a linear regression of the intrinsic binary fraction
as a function of metallicity following Fuin(Z) = a + b * log,,(Z/Z,). The best-fit intercept
at Z = Zy is a = (0.58 £ 0.06)/dex and the slope of binary fraction vs. log-metallicity is
b = (—0.11£0.15)/dex (Figure 4). This slope is 0.50" from, hence consistent with, zero within
our measurement uncertainties so provides no support for a relation between metallicity and
intrinsic binary fraction. However, our results do not allow us to reject a slight metallicity
effect. Indeed a slope of (—0.16+0.01)/dex, as obtained in solar-mass data from [43], remains
within 1o (see comparison in Figure 4).

Orbital period distribution

The index 7 of the period distribution was derived from two Milky Way samples to be 7 =
—0.55 £ 0.22 [17] and m = —0.22 [18] using orbital period ranges of 1.4 to 3200 days, and
1.4 to 2000 days, respectively. Similar estimates from a sample of 354 O stars in the LMC
Tarantula region yielded 7 = —0.45 + 0.30, using an orbital period range of 1.4 to 3200
days. The discovery of orbital periods shorter than 1.4 days led [50] to modify the lower
limit of the period distribution for the LMC Tarantula sample to 1 day. As discussed in [50],
the chosen upper and lower limits of the period distribution impact the best fit power-law
index. Consequently, [50] revised the LMC results of [55] using the new lower boundaries and
obtained m ~ —0.1, increasing the intrinsic binary fraction from Fp, = 0.51 + 0.04 to = 0.58.
A similar revision of the Milky Way results has not been performed yet, but changing the
lower limit of the period distribution fit will inevitably flatten the best-fit period distribution
so that, overall, there is no significant evidence supporting an effect of metallicity on the
shape of the orbital period distribution of O stars. This matches the results of other studies
that compare the (measured) orbital periods of O- and B-type stars in low- and high-density
star forming region, and in the LMC and SMC and show no significant differences either
[20, 66, 74], suggesting that the distribution of orbital period is universal across a wide range
of environments and metallicities.

While small differences are possibly observed in the intrinsic binary fraction between the
LMC Tarantula region on the one hand, and the Milky Way and SMC open clusters and field
regions on the other, our results indicate that the BLOeM measurements are also statistically
compatible with Opik’s law. So far there is thus no significant observational evidence for a
metallicity effect on either the binary fraction or orbital period distributions of O-type stars,
and that massive binaries close enough to interact during their lifetime are ubiquitous in the
metallicity range 0.2... 1Z.
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Binary interaction rate

The rate of binary interaction can be estimated by direct integration of the orbital period dis-
tribution up to a critical period beyond which systems are believed to be too wide to interact.
The type of stars involved (O-type, B-type, lower mass) and the outcome of the interaction
(stripped stars, mass gainers, mergers) additionally require knowledge of the mass-ratio dis-
tribution. The orbital-parameter distributions can be modified by evolutionary effects. For
example, mass loss through stellar winds widens orbits, while binary interaction flattens the
period distributions because the closest systems interact first and many merge. Given the weak
winds of O-type stars at SMC metallicity, and the fact that our sample is formed by main-
sequence stars, we argue that these effects have a limited impact on the observed distributions
and that the observed distributions could be close to pristine.

Aiming at offering a direct comparison with earlier results obtained at higher metallicity,
we adopt the same hypotheses and critical periods. Specifically, we adopt a flat mass-ratio
distribution between 0.1 and 1.0 (as derived from Milky Way and LMC samples [17, 59]), and
conservatively assume that all systems with orbital periods shorter than 1500 days interact,
consistent with [17]. Similarly, we assume that all systems with an orbital period shorter than
6 days interact before either of the binary components leaves the main sequence. We then
count all O-type stars that interact, irrespective of whether they are a primary or secondary,
and compare this to the total number of O-type stars. We estimate that 76 + 8% of SMC stars
that are born as O stars are also in a binary with an orbital period shorter than 10*> d ~ 8.7 yr.
As aresult, 68 + 7% of all stars born as O type interact, at least 18 + 5% of which do so before
leaving the main sequence (hence 12 + 4% of all stars born as O stars).

The interaction limits adopted here and in [17] are quite conservative. In practice, systems
with orbital periods of up to 10 years probably interact and even longer-period systems inter-
act if they are in sufficiently eccentric binaries. For example, [75] consider interaction through
Roche-lobe overflow at orbital periods up to nearly 4000 days, and even wider systems still
interact through wind mass transfer [e.g. 76]. Similarly, the P = 6 day limit for main-sequence
interaction is also conservative. How large massive stars become during core hydrogen burn-
ing is not well known [e.g. 77] and substantially wider systems may still interact while both
stars are on the main sequence [78, e.g.]. Finally, the range of initial orbital periods in which
binaries interact depends on metallicity. At low metallicity, stars are generally more compact
during their main-sequence evolution, but they may be larger in later stages as reduced stellar
winds allow for larger stellar-envelope expansion after the main sequence. Overall, we expect
this to further enhance the fraction of stars that interact, especially at high mass.

Data availability

The raw data used are publicly available in the ESO archive
(https://www.eso.org/archive). The normalized spectra will be made available on the
ESO Phase 3 webpage (https://www.eso.org/sci/observing/phase3.html) upon completion of
the program. Both databases can be queried using the BLOeM ESO program ID 112.25R7
for observations taken in 2023. Tables 1 and 2 are available from the Centre de Données
astrophysiques de Strasbourg (CDS) via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/other/NatAs/Vol.Num
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Code availability

The RV  measurement cross-correlation code is available on  GitHub
(https://github.com/TomerShenar).
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Figure 1 Distribution of O-type stars in the BLOeM sample overlaid on a VISTA Y-J-Kg false-color image of the
SMC. Image credit:ESO/VISTA VMC. Large circles show the 8 fields of view of the BLOeM campaign. Diamonds
indicate detected O-type spectroscopic binaries (SB); circles, RV constant, presumably single stars.

18



2 Ll Primary Doppler Shift
i - w. Line Blending — — = —
Eclipsing «roeeeeeees

O
04
T

o o
> (0)]
I I

©
N
T

Detection probability

O
o

1 10 100 1000
I:)orb (d)

Figure 2 Binary detection probability of the BLOeM survey for O stars in our sample as a function of the orbital
period. The plain green line is computed while considering the Doppler shift of the primary star only (main method).
The dashed, purple line also include the line-blending detection bias, which reduces detection at long periods. The
dotted, red lines indicates the fraction of the simulated systems that display eclipses according to Equation 6. Detec-
tion probability curves as function of other parameters are provided in Extended Data Figure 2.
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Figure 3 2D map combining the binomial probability # and Kuiper statistics Pkyiper 0f simulated populations to
reproduce the observable multiplicity properties of our BLOeM sample. The equi-probability contours of the two-
sided Kuiper statistics (vertical lines) and the the probability to detect the same number of binaries as we do (diagonal
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Figure 4 Metallicity dependence of the intrinsic binary fraction of O-type stars (data: circles, model: green; this
work) and of solar-mass stars (data: diamonds, model: red; [43]). The best-fit parameters and their standard deviations
are computed with a linear regression to the displayed data points and their 1o error-bars. The green and red shaded
regions show the 68% (107) confidence intervals of the regressions to the high-mass and low-mass data, respectively.
The slope for massive stars (—0.11+0.15, solid line) is consistent with a constant line (dashed line), but does not allow
to reject a slight trend with metallicity at the level of the slope reported for solar-mass stars (—0.16+0.01, dotted line).
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Extended Data Figure 1 | Examples of VLT FLAMES/Giraffe spectra of three BLOeM targets. The top row
shows a single-lined spectroscopic binary (SB1); the middle row, a double-lined spectroscopic binary (SB2); and the
bottom row, a source with no statistically significant radial-velocity (RV) variations. From left to right, each column
displays a different spectral range, centered on lines of Henr 14200, Hy, and Her 24390, respectively. Three different
observing epochs are provided for each target, with the measured RVs and their standard deviations listed in the left

column.
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Extended Data Figure 2 | O-type binary detection probability curves of the BLOeM survey. Different panels
show detection probabilities projected on different orbital properties. The plain green lines are obtained through the
standard approach used in the main part of the paper, which rely on the amplitude of the Doppler shift of the primary
star. The dashed, purple lines also include the line-blending detection bias, which reduces detection at longer periods,
and (near-)equal mass ratio. The dotted, red line indicates the fraction of the simulated systems that display eclipses.

The upper left panel is identical to Figure 2.
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Extended Data Figure 3 O-type binary detection probability maps of the BLOeM survey. The panels displayed
the binary detection probabilities projected on the mass-ratio vs. orbital period plane. The top (resp. bottom) panel
ignores (resp. includes) the line-blending bias. These figures show that the BLOeM survey has excellent detection
capability for periods shorter than about 3 months, and that the sensitivity drops quickly for periods longer than 5 or
6 months.
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Extended Data Figure 4 Cumulative distribution of smallest time differences 6t between observations that
exhibit significant (ARV > 40 agy) and large (ARV > 20km s radial velocity variations in the BLOeM O-star
sample (dashed line) and for various mock populations. Top panel: observed BLOeM distribution overlaid on the
confidence areas covered by simulated distributions produced with orbital period, mass-ratio and eccentricity distri-
butions listed in Egs. 2 to 5 (i.e., with 7 = 0.0 £ 0.2, k = 0.0 £ 0.2 and = —0.5 + 0.2). Bottom panel: similar to
the top panel but varying the power law index 7 of the orbital period distribution (fiog p oc (Iog P)"). Only the median
distribution is provided for clarity. See Methods section for further information.
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Extended Data Figure 5 Probability maps for simulations to reproduce the observed number of binaries (top
panel) and the distribution of shortest time lapses for a system to meet our binary criteria (bottom panel).
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