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A high fraction of close massive binary stars 
at low metallicity
 

At high metallicity, a majority of massive stars have at least one close stellar 
companion. The evolution of such binaries is subject to strong interaction 
processes, which heavily impact the characteristics of their life-ending 
supernova and compact remnants. For the low-metallicity environments of 
high-redshift galaxies, constraints on the multiplicity properties 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 that demonstrate that they are 
members of close binary systems, and predominantly have orbital periods 
shorter than 1 year. Correcting for observational biases indicates that at 
least 70+11

−6 % of the O stars in our sample are in close binaries, and that at  
least 68+7−8% of all O stars interact with a companion 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.

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 
10−9 in heavier elements, so-called metals. The bulk of the heavier ele-
ments, and foremost oxygen, have since been produced in the interiors 
of massive stars (stars born with more than ~8 M⊙ (ref. 1)), and released 
into the interstellar medium in their explosive end stages2,3. 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 ele-
ments in the periodic table4. Moreover, the pace of the overall metallic-
ity 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 content5–7.

Massive stars are important physical ingredients of our  
Universe, and hence of large-scale cosmological models. Their radia
tion heats and ionizes the interstellar medium8, and contributes to 

the re-ionization of the Universe at redshifts beyond z ≈ 5 (ref. 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 medium10. 
Supernovae and massive-star clusters are the main sources of cosmic 
rays in galaxies11, which strongly impact the dynamics of galactic disks 
and contribute to driving galactic-scale outflows12. Massive stars also 
dominate the integrated light of star-forming galaxies13, and produce 
neutron stars and black holes, as well as X-ray binaries14 and transient 
gravitational-wave sources15,16.

In our Milky Way, the vast majority of massive stars are found in 
binaries or higher-order multiple systems17–23. For massive stars in 
close binaries, that is, binaries with an orbital period Porb ≲ 4 yr (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 merge24,25. 
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impacted by evolutionary effects than the more evolved B, A and F 
supergiants present in BLOeM54 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 
(Z⊙) and the LMC (Z⊙/2).

We use cross-correlation and line-profile fitting to derive the  
radial velocities (RVs) at each epoch (Methods). We then identify 
the stars that showed significant RV variations (ΔRV > 4σΔRV) with an 
amplitude of at least 20 km s−1 (ΔRV > 20 km s−1). This threshold is  
large enough to avoid false positives due to measurement uncertain-
ties and other possible sources of variability48, and it is identical to that  
used in other studies, allowing for a fair comparison with other binary 
detection measurements. Under these criteria, we identify 62 stars  
showing significant, large RV variability, revealing that they are most 
likely part of a spectroscopic binary system. This corresponds to an 
observed binary fraction of fobs = 0.45 ± 0.04, where the ±1σ uncertainty 
is computed using binomial statistics and the sample size, and corre-
sponds to the 68% confidence interval.

We simulate the detection probability of the BLOeM survey for 
different orbital properties (orbital period, mass ratio, eccentricity 
and primary mass) using a Monte Carlo population-synthesis code48 
and applying the BLOeM observational sampling and measurement 
uncertainties. We show that our study is mostly sensitive to binaries 
with an orbital period shorter than about 1 year, and that the binary 
detection probability drops substantially at longer orbital periods 
(Fig. 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 Figs. 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 dataset is insufficient to reliably measure the indi-
vidual orbital properties of most of the binaries that we detect; how-
ever, statistical constraints on the intrinsic binary fraction and orbital 
period distribution can be obtained. We synthesize various mock 
populations of O-type 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 (Methods). Here we focus on reproducing the observed binary 
fraction (fbin) and the distribution of smallest time differences (δt) 

These interactions strongly affect the lifetime, radiative feedback 
and final fate of massive stars26,27. They also modify the appearance of 
entire populations of massive stars seen in integrated light28,29, and the 
types of supernova produced30. Establishing whether the profusion 
of massive close binaries in our Milky Way persist in low-metallicity 
environments is fundamental for understanding the early Universe, 
and for the accuracy of our cosmic formation and evolution models.

The Large Magellanic Cloud (LMC) and the Small Magellanic  
Cloud (SMC) are two neighbouring dwarf galaxies with a current 
metal content of about one-half (Z⊙/2) and one-fifth solar (Z⊙/5), 
respectively31. At any redshift (a look-back time equivalent), massive 
star-forming galaxies are, on average, more metal rich than low-mass 
galaxies32. Indeed, the Milky Way, the LMC and the SMC follow this 
mass–metallicity relation33,34. 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 metallicity of massive star-forming galaxies 
at a redshift of 0.5–1 and of 3–10, respectively (for example, refs. 35–39, 
and references therein). Only very rarely can stars be individually  
studied in such high-redshift galaxies40,41. 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 stars42–45, 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−1 (ref. 43).

Hydrodynamic simulations suggest that massive protostellar disks 
are likely to fragment into binary companions at SMC metallicity46, 
but will preferentially form distant companions first. The processes 
of protobinary fragmentation, circumbinary accretion and orbital 
migration are, however, quite uncertain23, motivating the need for 
empirical measurements. The eclipsing binary fraction of unevolved 
early B-type stars (that is, main-sequence massive stars with a typical 
birth mass in the range of 8 M⊙ to 15 M⊙) is consistently around 1% to 2% 
across the Milky Way, LMC and SMC47, with no significant trend with 
metallicity. Detection of eclipsing binaries is, however, strongly limited 
by geometrical effects to very short orbital periods (Porb ≲ 20 d) and 
high orbital inclinations (i ≳ 65°), and does not allow to probe the full 
range of periods relevant to binary formation and evolution (Methods). 
Like the Milky Way, the LMC also shows a large fraction of massive stars 
in binaries close enough to interact48–50. 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 downwards trend between 
the Milky Way and LMC environments persists at lower metallicity.

In this context, we have used the Very Large Telescope (VLT) of the 
European Southern Observatory (ESO) to obtain multi-epoch spec-
troscopy 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 programme (ESO 
programme ID, 112.25R7; principal investigators, T.S. and J.B.)51, the 
observations used the Fibre Large Array Multi Element Spectrograph 
FLAMES/Giraffe spectrograph52, a multi-fibre instrument allowing 
us to obtain optical spectra of over 100 stars simultaneously across a 
20′ field of view. The survey, data acquisition and data reduction are 
described in a separate work51. More details are provided in Methods. 
Example spectra are provided in Extended Data Fig. 1.

Here we focus on the 139 O-type stars observed at 9 different 
epochs between October and December 202351 (Fig. 1). The BLOeM 
O-star sample does not suffer from incompleteness due to the bright-
ness limit of the survey51 and the low extinction towards the SMC. 
The higher luminosities and higher masses of O stars further pro-
vide higher signal-to-noise spectra and a clearer binary signal than 
main-sequence B-type stars53. The O-type star sample is also less 
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Fig. 1 | Distribution of O-type stars. Distribution of O-type stars in the BLOeM 
sample overlaid on a VISTA Y–J–KS false-colour image of the SMC. Large circles 
show the eight fields of view of the BLOeM campaign. Diamonds, detected O-type 
spectroscopic binaries (SB); circles, RV constant, presumably single stars. Image 
credit: ESO/VISTA VMC, under a Creative Commons licence CC BY 4.0.
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between observations that show significant (ΔRV > 4σΔRV) and large 
(ΔRV > 20 km s−1) RV variations. The latter is an unbiased estimator of 
the shape of the period distribution function, which has been validated 
using artificial datasets48 (Extended Data Fig. 4). We vary the intrinsic 
binary fraction (ℱbin) from 0.50 to 0.90 by step 0.02. We adopt a 
power-law function to describe the distribution of orbital periods 
( flogP ∝ (log10P)

π ), and vary π 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 Fig. 5, top) and the distribu-
tion of shortest time differences (Extended Data Fig. 5, bottom) are 
characterized by an intrinsic binary fraction of ℱbin = 0.70+0.11

−0.06 and  
an index of the orbital period distribution π = +0.10+0.20

−0.15  (Fig. 3).  
Accounting for a line-blending detection bias affecting (near-)equal 
brightness binaries, which was not accounted for so far (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 property 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 yr in young 
open clusters in the Milky Way (Z⊙)17, obtaining ℱbin = 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 (Z⊙/2) 
in the LMC and obtained 0.51 ± 0.04 (ref. 48). The latter value was 
revised to 0.58 after improving the orbital period distribution measure-
ment50. 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, espe-
cially after accounting for minor differences in the minimum adopted 
period (see the discussion in Methods).

To quantitatively assess a possible trend of the intrinsic frac
tion of close O-type binaries with metallicity, we performed a linear  
regression ℱbin = a + b log10(Z/Z⊙) using the available Milky Way  
and LMC bias-corrected measurements17,50 together with our new 

results (Methods). We obtain no significant metallicity dependence 
(intercept a = 0.59 ± 0.06; regression slope b = (−0.11 ± 0.15) dex−1; 
Fig. 4). Albeit we cannot reject the slope of (−0.16 ± 0.01) dex−1 meas-
ured from solar-mass stars data43 either, our results firmly show that 
the large abundance 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 question23, our study indicates 
that this process is unlikely to strongly correlate with metallicity. This 
yields empirical support for recent theoretical efforts investigating 
the (lack of) metallicity dependence of star formation in general  
(for example, ref. 56), and of massive binaries more specifically (for 
example, refs. 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 components of the binaries do 
interact or rather evolve as isolated single stars. Together with the 
existing multiplicity studies of different Milky Way and LMC environ-
ments, our results indicate that massive binaries are ubiquitous, yet 
that small differences may occur as a function of the star formation 
conditions (that is, starburst versus field) as suggested by the smaller 
close binary fraction measured in the Tarantula massive star-forming 
region of the LMC48,49 compared with lower-mass open clusters in  
the Milky Way17 and in this work (Fig. 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 (Methods). We adopt a uniform mass-ratio distribution, 
consistent with previous studies17,59, and we conservatively assumed 
that all systems with an orbital period less than 1,500 days interact.  
Our results indicate that 68+7−8%  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 probably represents a lower limit. Our results focus on  
the global number of massive stars that interact and call for compara-
tive evolutionary computations to assess the boundaries of specific  
binary evolutionary channels in various metallicity environments.
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Our results imply that massive-star evolution in the Universe is 
probably dominated by close binary star interactions out to high red-
shifts. 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 stars60 and X-ray binaries61,62, which produce photons available 
for the re-ionization of the Universe63.

Methods
Sample and RV measurements
The BLOeM survey targets over 900 massive-star candidates in the 
SMC, based on magnitude and colour cuts in a Gaia Data Release 3 
colour–magnitude diagram51. The densest star-formation regions 
were avoided due to instrumental constraints so that BLOeM targets 
are predominantly found in lower-density, high-mass star-forming 
regions of the SMC. The BLOeM spectra were obtained with the  
LR02 set-up of the VLT-FLAMES/Giraffe spectrograph and cover the 
spectral range from 395 nm to 455 nm with a spectral resolving power 
R = λ/δλ = 6,200. This spectral range contains numerous diagnostic 
lines of hydrogen and helium, so it is well suitable for RV determina-
tion. For each target, we use the individual epoch spectra obtained 
by co-adding two 10-min back-to-back exposures. Calibration, data 
reduction and spectral classification are described in ref. 51. 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 timescales of days, weeks and months.

Most RV measurements were performed using a cross-correlation 
method64, which was already successfully applied to O-type stars in,  

for example, ref. 59. In brief, for a given object, we first cross-correlated 
all individual spectra with the spectrum with the highest signal-to-noise 
ratio. After this first step, we shifted and added all spectra to create a 
master spectrum with an even higher signal-to-noise ratio. The latter 
was then used as a new cross-correlation template for a second itera-
tion of the cross-correlation process. More details are given in ref. 59. 
The median 1σ RV uncertainty is 2.5 km s−1 while 80% (95%) of the RV 
measurements have a 1σ uncertainty below 5 km s−1 (below 9 km s−1).

For 22 objects, their double-lined spectroscopic binary nature 
was identified through visual inspection. In these cases, we used 
line-profile fitting following the same general approach as in ref. 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 showing the rela-
tive 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 disentangling59. However, simultaneous 
line-profile fitting at all epochs requires no a priori knowledge of the 
orbital solution, which would be difficult to obtain for a large fraction 
of the current sample.

We evaluated the precision of the error estimate by simulat-
ing artificial spectra with representative noise and applying the 
cross-correlation template. We found that, in cases of well-behaved 
Gaussian noise, the dispersion of the measurements is within 10% of the 
uncertainty estimates from the method of ref. 64. Similar simulations 
were already performed in the literature for the cross-correlation64 and 
line-profile fitting48 approaches, with similar results.

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

Observed binary fraction
We followed the strategy outlined in ref. 48 to detect spectroscopic 
binaries based on their RV variability. Specifically, we computed the 
significance of RV variability by comparing each pair of RV measure-
ments and flag a star as an RV variable if the RV variation for at least 1 
of the 36 combinations of i and j corresponding to the nine different 
epochs is larger than 4σ

|vi − v j|

√σ2i + σ2j
> 4, (1)

where i and j represent individual epochs of measurements, and v and 
σ are the RVs and the measurement uncertainties at the correspond-
ing 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 reliable 
binary candidates only stars for which at least one pair of RV measure-
ments (vi, vj) satisfies simultaneously the significance criteria of equa-
tion (1) and ∣vi − vj∣ > C, where we adopt C = 20 km s−1 for consistency with 
earlier studies17,48. Seventy-nine 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 variables and 
spectroscopic binaries that we identified. The detected binaries are 
well spread across the 8 fields of view investigated by BLOeM (Fig. 1),  
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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 consider only 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, fobs = 0.45 ± 0.04, 
is in the same range as other O-star spectroscopic campaigns in the 
Galaxy (for example, young Galactic clusters 0.56 ± 0.06 (ref. 17); the 
OWN survey, 0.50 ± 0.03 (ref. 20); Cygnus OB2, 0.51 ± 0.07 (ref. 18)) 
or the LMC (VFTS survey, 0.35 ± 0.03 (ref. 48)); see overviews in, for 
example, refs. 22,65.

Survey detection capability
We used the Monte Carlo population-synthesis method presented in 
ref. 48 to quantify the ability 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 distributions66. Specifically, 
we simulated 10,000 observing campaigns of 139 O-type stars, adopt-
ing the temporal sampling and RV uncertainties from the BLOeM data. 
We used power-law representations for the distributions of orbital 
period Porb, mass ratio q = M2/M1, eccentricity e, and primary mass M1, 
parameterized as follows:

flogP ∝ (log10P)
π, with log10[P (d)] = 0.0… 3.5 andπ = +0.1 ± 0.2, (2)

fq ∝ qκ, withq = 0.1… 1.0and κ = 0.0 ± 0.2, (3)

fe ∝ eη, with e = 0.0…0.9andη = −0.5 ± 0.2, (4)

fM1 ∝ Mγ
1 , withM1 = 15…60M⊙ and γ = −2.35. (5)

In each simulated campaign, we further varied the indexes of the under-
lying distributions of orbital parameters following normal distributions 
with 1σ dispersions as specified in equations (2)–(4). Circularization 
of the shortest-period systems is further accounted for following  
ref. 66. Specifically, very-short-period systems (Porb < 3 d) are considered 
circularized (e = 0), see, for example, refs. 17,50,67. Eccentricities that 
would lead to a periastron separation of less than 20 solar radii (20 R⊙) 
are rejected and a new value is redrawn until this condition is met.

We adopt a standard Salpeter distribution (γ = −2.35) for the pri-
mary mass distribution. The index of the mass-ratio and eccentricity 
distributions κ and η cannot be constrained with the current data 
and we adopt values derived from Milky Way and LMC studies17,50,59. 
The choice of the period distribution index π is discussed below. We 
included binaries with mass ratio <0.1 in simulations shown in Extended 
Data Figs. 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. In addi-
tion, such low-mass companions are quickly swallowed upon interac-
tion, presumably with limited evolutionary consequences, hence we 
neglect them. Accounting for their presence only strengthens our 
conclusions.

To qualitatively compare the performances of spectroscopic sur-
veys 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

cos i < R1 + R2
a (6)

was fulfilled, where R are the stellar radii and a = a1 + a2 is the semi-major 
axis of the relative orbit. In doing so, we adopt an average mass–radius 
relation68

R
R⊙

= ( M
M⊙

)
0.72

(7)

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 (for example, depth of 
the eclipses, phase coverage, photometric noise and so on). While  
our simulations are simplified, the results are clearly cut. The prob-
ability to display eclipses drops substantially for systems with orbital 
periods of more than a few days (Extended Data Fig. 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 (Extended Data 
Figs. 2 and 3). Integrated over a period range of up to 1 yr, the overall 
detection rate is 0.89 ± 0.03. Integrated over the full period range consi
dered (log10[P (d)] < 3.5), our detection rate is 0.68 ± 0.06, where the 1σ 
uncertainties are computed from the dispersion observed in the results  
of 10,000 simulations and encompass uncertainties in the parent 
orbital distributions (equations (2)–(4)), and in the RV measurements. 
These also account for the sample size and the random orientation of 
the orbital plane of the binaries in three-dimensional space.

The bias-correction methods used in refs. 17,18,48 and in the  
present work so far consider only 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 
system69. This is especially true for large orbital separations and (near-)
equal line intensity ratios66,70 (Extended Data Figs. 2 and 3). The effect 
is worsened for broader spectral lines, independently of whether the 
broadening is induced by the observational technique (that is, 
lower-resolution spectroscopy) or by physical processes (for example, 
rotational broadening). The effect of this line-blending bias is also more 
important in binaries with a lower primary mass (M1) as the amplitude 
of the RV signal scales with M1/3

1  for a fixed mass ratio and orbital period. 
We used specific calibrations of the line-blending bias developed fol-
lowing the strategy outlined in refs. 66,70 and adapted to O-type stars 
observed with the low-resolution mode of the FLAMES/Giraffe instru-
ment used in BLOeM. We assumed a constant projected equatorial spin 
of 100 km s−1. Extended Data Figs. 2 and 3 compare the BLOeM binary 
detection rate with and without accounting for the line-blending bias 
and shows that binaries with periods close to 1 yr 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, yield-
ing an intrinsic binary fraction of ℱbin = 0.77 ± 0.08.

Larger rotation rates further increase the importance of the 
line-blending bias. Detailed simulations including the individual rota-
tion 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 irregu-
lar sampling of the observations. However, we can still obtain important 
statistical constraints, for example, on the orbital period distribution. 
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In particular, ref. 17 showed that the distribution of shortest time lapses 
δt in which significant (ΔRV/σΔRV > 4σ), large (ΔRV > 20 km s−1) RV varia-
tions 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 δt for 
simulated observational campaigns and repeat the process with dif-
ferent assumptions on the orbital period index π. Extended Data Fig. 4 
illustrates the locus of simulated distributions and compares it with 
the BLOeM observed distribution. It reveals that adopting an intrinsic  
log-period distribution given by power law with an index π ≈ 0  
(an Öpik’s law) provides a reasonable representation of the observed 
δt distribution.

We use the Kuiper statistics D as a goodness-of-fit criteria to 
evaluate how well simulated and observed distributions compared71. 
The Kuiper statistic D is defined as D = D+ + D−, where D+ and D− are, 
respectively, the maximum positive and maximum negative devia-
tions between the empirical cumulative distribution function of 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 test, the Kuiper test accounts for 
deviations in both directions and is sensitive to differences in the 
tails and the centre 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 Öpik’s law at the 0.1 significance level in 99% of  
the 10,000 simulated distributions (compared with 55% when adopt-
ing π = −0.5), again suggesting that Öpik’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 intrinsic binary fraction ℱbin from 0.50 to 0.90 
in steps of 0.02, and orbital period index π from −0.80 to +0.50 in steps 
of 0.05. We keep the indexes of the mass-ratio and eccentricity distribu-
tions constant at κ = 0 and η = −0.5, in agreement with constraints 
obtained for Milky Way and LMC O-type binaries17,50,59. As above, we 
apply the temporal sampling, RV uncertainties and detection criteria 
of the BLOeM survey. Each simulated population contains 1.39 million 
objects so that the statistical uncertainties of the simulated results are 
2 orders of magnitude smaller than those due to the BLOeM sample 
size. We then compute the binary yield and the δt distribution of each 
mock observing campaign and we compare this with observed values. 
Specifically, we compute the probability 𝒫𝒫 (Nbin)  to detect Nbin = 62 
binaries of a sample of N = 139 given the simulated binary yield fsim  
and binomial statistics. The log-likelihood map that we obtain is shown 
in Extended Data Fig. 5, where ℒ = −log10𝒫𝒫 (Nbin). The best estimate of 
the intrinsic binary fraction ℱbin depends on the period distribution 
index π. 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 detec-
tion 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 with the observed distribution using the 
value of the two-sided Kuiper statistics (PKuiper; for example, ref. 72). 
The PKuiper-probability map obtained as a function of ℱbin and π is shown 
in Extended Data Fig. 5. It 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 π = +0.10, and π < −0.24  
and π > +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 ref. 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 two-dimensional peak distribution 
(Fig. 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, ref. 48 shows that the full-width at 
half-maximum of the peak provides a good approximation of the 1σ 
uncertainties on the best-fit parameter and we follow this approach 
here. We thus obtained best-fit estimates ℱbin = 0.70+0.11

−0.06  and 
π = +0.10+0.20

−0.15 .

No evidence for a trend with metallicity
Intrinsic binary fraction. The intrinsic O-star binary fraction that  
we obtain for the SMC (ℱbin(Z⊙/5) = 0.70+0.11

−0.06) exceeds that at  
solar (ℱbin(Z⊙) = 0.69 ± 0.09  (ref. 17)), and half-solar metallicity 
(ℱbin(Z⊙/2) = 0.58 ± 0.04  (ref. 50)). To quantitatively investigate the 
presence of a trend with metallicity, as seen in lower-mass stars43,73, we 
perform a linear regression of the intrinsic binary fraction as a function 
of metallicity following ℱbin(Z) = a + b × log10(Z/Z⊙) . The best-fit  
intercept at Z = Z⊙ is a = (0.58 ± 0.06) dex−1 and the slope of binary  
fraction versus log-metallicity is b = (−0.11 ± 0.15) dex−1 (Fig. 4). This 
slope is 0.5σ from, hence consistent with, 0 so it provides no support 
for a relation between metallicity and intrinsic binary fraction. How-
ever, our results do not allow us to reject a slight metallicity effect 
either. Indeed a slope of (−0.16 ± 0.01) dex−1, as obtained in solar- 
mass data from ref. 43, remains within 1σ (see comparison in Fig. 4).

Orbital period distribution. The index π of the period distribution was 
derived from two Milky Way samples to be π = −0.55 ± 0.22 (ref. 17) and 
π ≈ −0.22 (ref. 18) using orbital period ranges of 1.4 d to 3,200 d, and 
1.4 d to 2,000 d, respectively. Similar estimates from a sample of 354 
O stars in the LMC Tarantula region yielded π = −0.45 ± 0.30, using an 
orbital period range of 1.4 d to 3,200 d. The discovery of orbital periods 
shorter than 1.4 d led50 to modification of the lower limit of the period 
distribution for the LMC Tarantula sample to 1 d. As discussed in ref. 50,  
the chosen upper and lower limits of the period distribution impact 
the best-fit power-law index. Consequently, ref. 50 revised the LMC 
results of ref. 55 using the new lower boundaries and obtained π ≈ −0.1, 
increasing the intrinsic binary fraction from ℱbin = 0.51 ± 0.04  to  
about 0.58. A similar revision of the Milky Way results has not  
been performed yet, but changing the lower limit of the period distribu-
tion 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 regions, and in the LMC and SMC and show no significant dif-
ferences either20,66,74, 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 Öpik’s law. So far, there is thus no significant observa-
tional 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 0.2–1 Z⊙.

Binary interaction rate
The rate of binary interaction can be estimated by direct integra-
tion of the orbital period distribution up to a critical period beyond 
which systems are believed to be too wide to interact. The types  
of star involved (O-type, B-type, lower mass) and the outcome of  
the interaction (stripped stars, mass gainers, mergers) addition-
ally require knowledge of the mass-ratio distribution. 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 
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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 samples17,59), 
and conservatively assume that all systems with orbital periods shorter 
than 1,500 d interact, consistent with ref. 17. Similarly, we assume  
that all systems with an orbital period shorter than 6 d 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 with 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 103.5 d ≈ 8.7 yr. As 
a result, 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 ref. 17 are quite conser
vative. In practice, systems with orbital periods of up to 10 yr probably 
interact and even longer-period systems interact if they are in suf-
ficiently eccentric binaries. For example, ref. 75 considers interaction 
through Roche-lobe overflow at orbital periods up to nearly 4,000 d, 
and even wider systems still interact through wind mass transfer, for 
example, ref. 76. Similarly, the P = 6 d limit for main-sequence inter
action is also conservative. How large massive stars become during 
core hydrogen burning is not well known, for example, ref. 77, and 
substantially wider systems may still interact while both stars are on the 
main sequence, for example ref. 78. Finally, the range of initial orbital 
periods in which binaries interact depends on metallicity. At low metal-
licity, 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 programme. Both databases can 
be queried using the BLOeM ESO programme ID 112.25R7 for observa-
tions 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/.

Code availability
The RV measurement cross-correlation code is available via GitHub at 
https://github.com/TomerShenar.

References
1.	 Poelarends, A. J. T., Herwig, F., Langer, N. & Heger, A. The 

supernova channel of super-AGB stars. Astrophys. J. 675, 614–625 
(2008).

2.	 Burbidge, E. M., Burbidge, G. R., Fowler, W. A. & Hoyle, F. 
Synthesis of the elements in stars. Rev. Mod. Phys. 29, 547–650 
(1957).

3.	 Nomoto, K., Kobayashi, C. & Tominaga, N. Nucleosynthesis in 
stars and the chemical enrichment of galaxies. Annu. Rev. Astron. 
Astroph. 51, 457–509 (2013).

4.	 Kobayashi, C., Karakas, A. I. & Lugaro, M. The origin of elements 
from carbon to uranium. Astrophys. J. 900, 179 (2020).

5.	 Kobayashi, C., Springel, V. & White, S. D. M. Simulations of cosmic 
chemical enrichment. Mon. Not. R. Astron. Soc. 376, 1465–1479 
(2007).

6.	 Maiolino, R. & Mannucci, F. De re metallica: the cosmic chemical 
evolution of galaxies. Astron. Astrophys. Rev. 27, 3 (2019).

7.	 Wilkins, S. M. et al. First Light And Reionization Epoch Simulations 
(FLARES) VII: the star formation and metal enrichment histories 
of galaxies in the early Universe. Mon. Not. R. Astron. Soc. 518, 
3935–3948 (2023).

8.	 Hopkins, P. F., Quataert, E. & Murray, N. Stellar feedback in 
galaxies and the origin of galaxy-scale winds. Mon. Not. R. Astron. 
Soc. 421, 3522–3537 (2012).

9.	 Bosman, S. E. I. et al. Hydrogen reionization ends by z = 5.3: 
Lyman-α optical depth measured by the XQR-30 sample.  
Mon. Not. R. Astron. Soc. 514, 55–76 (2022).

10.	 Hopkins, P. F. et al. Galaxies on FIRE (Feedback In Realistic 
Environments): stellar feedback explains cosmologically 
inefficient star formation. Mon. Not. R. Astron. Soc. 445, 581–603 
(2014).

11.	 Vieu, T. & Reville, B. Massive star cluster origin for the galactic 
cosmic ray population at very-high energies. Mon. Not. R. Astron. 
Soc. 519, 136–147 (2023).

12.	 Girichidis, P., Naab, T., Hanasz, M. & Walch, S. Cooler and 
smoother—the impact of cosmic rays on the phase structure 
of galactic outflows. Mon. Not. R. Astron. Soc. 479, 3042–3067 
(2018).

13.	 Leitherer, C. et al. Starburst99: synthesis models for galaxies  
with active star formation. Astrophys. J. Suppl. Ser. 123, 3–40 
(1999).

14.	 Heger, A., Fryer, C. L., Woosley, S. E., Langer, N. & Hartmann, D. H. 
How massive single stars end their life. Astrophys. J. 591, 288–300 
(2003).

15.	 Abbott, R. et al. GWTC-3: compact binary coalescences observed 
by LIGO and Virgo during the second part of the third observing 
run. Phys. Rev. X 13, 041039 (2023).

16.	 Fortin, F., Kalsi, A., García, F., Simaz-Bunzel, A. & Chaty, S.  
A catalogue of low-mass X-ray binaries in the Galaxy: from the 
INTEGRAL to the Gaia era. Astron. Astrophys. 684, A124 (2024).

17.	 Sana, H. et al. Binary interaction dominates the evolution of 
massive stars. Science 337, 444 (2012).

18.	 Kobulnicky, H. A. et al. Toward complete statistics of massive 
binary stars: penultimate results from the Cygnus OB2 radial 
velocity survey. Astrophys. J. Suppl. Ser. 213, 34 (2014).

19.	 Sana, H. et al. Southern massive stars at high angular resolution: 
observational campaign and companion detection. Astrophys. J. 
Suppl. Ser. 215, 15 (2014).

20.	 Barbá, R. H., Gamen, R., Arias, J. I. & Morrell, N. I. The lives and 
death-throes of massive stars. In Proc. International Astronomical 
Union Symposia and Colloquia (eds Eldridge, J. J. et al.) 89–96 
(Cambridge Univ. Press, 2017).

21.	 Ritchie, B. W., Clark, J. S., Negueruela, I. & Najarro, F. A VLT/
FLAMES survey for massive binaries in Westerlund 1. VIII. Binary 
systems and orbital parameters. Astron. Astrophys. 660, A89 
(2022).

22.	 Marchant, P. & Bodensteiner, J. The evolution of massive binary 
stars. Annu. Rev. Astron. Astrophys. 62, 21–61 (2024).

23.	 Offner, S. S. R. et al. The origin and evolution of multiple star 
systems. In Protostars and Planets VII, Astronomical Society of 
the Pacific Conference Series (eds Inutsuka, S. et al.) 275–315 
(Astronomical Society of the Pacific, 2023).

24.	 Pols, O. R. Case A evolution of massive close binaries: formation 
of contact systems and possible reversal of the supernova order. 
Astron. Astrophys. 290, 119–128 (1994).

25.	 Podsiadlowski, P., Joss, P. C. & Hsu, J. J. L. Presupernova evolution 
in massive interacting binaries. Astrophys. J. 391, 246 (1992).

http://www.nature.com/natureastronomy
https://www.eso.org/archive
https://www.eso.org/archive
https://www.eso.org/sci/observing/phase3.html
https://www.eso.org/sci/observing/phase3.html
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/other/NatAs/Vol.Num
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/other/NatAs/Vol.Num
https://github.com/TomerShenar


Nature Astronomy | Volume 9 | September 2025 | 1337–1346 1344

Article https://doi.org/10.1038/s41550-025-02610-x

26.	 Langer, N. Presupernova evolution of massive single and binary 
stars. Annu. Rev. Astron. Astrophys. 50, 107–164 (2012).

27.	 Eldridge, J. J. & Stanway, E. R. New insights into the evolution 
of massive stars and their effects on our understanding of early 
galaxies. Annu. Rev. Astron. Astrophys. 60, 455–494 (2022).

28.	 Eldridge, J. J. et al. Binary Population and Spectral Synthesis 
version 2.1: construction, observational verification, and new 
results. Publ. Astron. Soc. Aust. 34, e058 (2017).

29.	 Götberg, Y., de Mink, S. E., Groh, J. H., Leitherer, C. & Norman, C. 
The impact of stars stripped in binaries on the integrated spectra 
of stellar populations. Astron. Astrophys. 629, A134 (2019).

30.	 Eldridge, J. J., Izzard, R. G. & Tout, C. A. The effect of massive 
binaries on stellar populations and supernova progenitors.  
Mon. Not. R. Astron. Soc. 384, 1109–1118 (2008).

31.	 Hunter, I. et al. The VLT-FLAMES survey of massive stars: surface 
chemical compositions of B-type stars in the Magellanic Clouds. 
Astron. Astrophys. 466, 277–300 (2007).

32.	 Mannucci, F., Cresci, G., Maiolino, R., Marconi, A. & Gnerucci, A. 
A fundamental relation between mass, star formation rate and 
metallicity in local and high-redshift galaxies. Mon. Not. R. Astron. 
Soc. 408, 2115–2127 (2010).

33.	 Andrews, B. H. & Martini, P. The mass–metallicity relation with the 
direct method on stacked spectra of SDSS galaxies. Astrophys. J. 
765, 140 (2013).

34.	 Curti, M. et al. The chemical enrichment in the early Universe as 
probed by JWST via direct metallicity measurements at z >~ 8. 
Mon. Not. R. Astron. Soc. 518, 425–438 (2023).

35.	 Langer, N. & Norman, C. A. On the collapsar model of long 
gamma-ray bursts: constraints from cosmic metallicity evolution. 
Astrophys. J. Lett. 638, L63–L66 (2006).

36.	 Morishita, T. et al. Diverse oxygen abundance in early galaxies 
unveiled by auroral line analysis with JWST. Astrophys. J. 971, 43 
(2024).

37.	 Nakajima, K. et al. JWST census for the mass–metallicity star 
formation relations at z = 4–10 with self-consistent flux calibration 
and proper metallicity calibrators. Astrophys. J. Suppl. Ser. 269, 
33 (2023).

38.	 Heintz, K. E. et al. The gas and stellar content of a metal-poor 
galaxy at z = 8.496 as revealed by JWST and ALMA. Astrophys. J. 
Lett. 944, L30 (2023).

39.	 Li, M. et al. The mass-metallicity relation of dwarf galaxies at 
cosmic noon from JWST observations. Astrophys. J. Lett. 955, L18 
(2023).

40.	 Kelly, P. L. et al. Extreme magnification of an individual star at 
redshift 1.5 by a galaxy-cluster lens. Nat. Astron. 2, 334–342 
(2018).

41.	 Welch, B. et al. A highly magnified star at redshift 6.2. Nature 603, 
815–818 (2022).

42.	 Badenes, C. et al. Stellar multiplicity meets stellar evolution and 
metallicity: the APOGEE view. Astrophys. J. 854, 147 (2018).

43.	 Moe, M., Kratter, K. M. & Badenes, C. The close binary fraction 
of solar-type stars is strongly anticorrelated with metallicity. 
Astrophys. J. 875, 61 (2019).

44.	 Niu, Z., Yuan, H., Wang, Y. & Liu, J. Not that simple: the metallicity 
dependence of the wide binary fraction changes with separation 
and stellar mass. Astrophys. J. 931, 124 (2022).

45.	 Price-Whelan, A. M. et al. Close binary companions to APOGEE 
DR16 Stars: 20,000 binary-star systems across the color–
magnitude diagram. Astrophys. J. 895, 2 (2020).

46.	 Tanaka, K. E. I. & Omukai, K. Gravitational instability in protostellar 
discs at low metallicities. Mon. Not. R. Astron. Soc. 439,  
1884–1896 (2014).

47.	 Moe, M. & Di Stefano, R. The close binary properties of massive 
stars in the Milky Way and low-metallicity Magellanic Clouds. 
Astrophys. J. 778, 95 (2013).

48.	 Sana, H. et al. The VLT-FLAMES Tarantula Survey. VIII. Multiplicity 
properties of the O-type star population. Astron. Astrophys. 550, 
A107 (2013).

49.	 Doran, E. I. et al. The VLT-FLAMES Tarantula Survey. XI. A census of 
the hot luminous stars and their feedback in 30 Doradus. Astron. 
Astrophys. 558, A134 (2013).

50.	 Almeida, L. A. et al. The Tarantula Massive Binary Monitoring. I. 
Observational campaign and OB-type spectroscopic binaries. 
Astron. Astrophys. 598, A84 (2017).

51.	 Shenar, T. et al. Binarity at Low Metallicity (BLOeM): a spectro
scopic VLT monitoring survey of massive stars in the SMC. Astron. 
Astrophys. 690, A289 (2024).

52.	 Pasquini, L. et al. Installation and commissioning of FLAMES, the 
VLT Multifibre Facility. The Messenger 110, 1–9 (2002).

53.	 Villaseñor, J. I. et al. Binarity at Low Metallicity (BLOeM): enhanced 
multiplicity of early B-type dwarfs and giants at Z = 0.2 Z⊙.  
Astron. Astrophys. 698, A41 (2025).

54.	 Patrick, L. R. et al. Binarity at Low Metallicity (BLOeM): the 
multiplicity properties and evolution of BAF-type supergiants. 
Astron. Astrophys. 698, A39 (2025).

55.	 Evans, C. J. et al. The VLT-FLAMES Tarantula Survey. I. Introduction 
and observational overview. Astron. Astrophys. 530, A108 (2011).

56.	 Hennebelle, P. & Grudić, M. Y. The physical origin of the stellar 
initial mass function. Annu. Rev. Astron. Astrophys. 62, 63–111 
(2024).

57.	 Guszejnov, D. et al. Effects of the environment on the multiplicity 
properties of stars in the STARFORGE simulations. Mon. Not. R. 
Astron. Soc. 518, 4693–4712 (2023).

58.	 Chon, S., Hosokawa, T., Omukai, K. & Schneider, R. Impact of 
radiative feedback on the initial mass function of metal-poor 
stars. Mon. Not. R. Astron. Soc. 530, 2453–2474 (2024).

59.	 Shenar, T. et al. The Tarantula Massive Binary Monitoring. VI. 
Characterisation of hidden companions in 51 single-lined O-type 
binaries: a flat mass-ratio distribution and black-hole binary 
candidates. Astron. Astrophys. 665, A148 (2022).

60.	 Götberg, Y. et al. Contribution from stars stripped in binaries to 
cosmic reionization of hydrogen and helium. Astron. Astrophys. 
634, A134 (2020).

61.	 Jeon, M., Pawlik, A. H., Bromm, V. & Milosavljević, M. Radiative 
feedback from high-mass X-ray binaries on the formation of the 
first galaxies and early reionization. Mon. Not. R. Astron. Soc. 440, 
3778–3796 (2014).

62.	 Sartorio, N. S. et al. Population III X-ray binaries and their impact 
on the early universe. Mon. Not. R. Astron. Soc. 521, 4039–4055 
(2023).

63.	 Stanway, E. R., Eldridge, J. J. & Becker, G. D. Stellar population 
effects on the inferred photon density at reionization. Mon. Not. R. 
Astron. Soc. 456, 485–499 (2016).

64.	 Zucker, S. Cross-correlation and maximum-likelihood analysis:  
a new approach to combining cross-correlation functions.  
Mon. Not. R. Astron. Soc. 342, 1291–1298 (2003).

65.	 Sana, H. The lives and death-throes of massive stars. In Proc. 
International Astronomical Union Symposia and Colloquia (eds 
Eldridge, J. J. et al.) 110–117 (Cambridge Univ. Press, 2017).

66.	 Banyard, G. et al. The observed multiplicity properties of B-type 
stars in the Galactic young open cluster NGC 6231. Astron. 
Astrophys. 658, A69 (2022).

67.	 Lennon, D. J. et al. Rotational synchronisation of B-type binaries in 
30 Doradus. Astron. Astrophys. 688, A141 (2024).

68.	 Eker, Z. et al. Interrelated main-sequence mass-luminosity, 
mass-radius, and mass-effective temperature relations. Mon. Not. 
R. Astron. Soc. 479, 5491–5511 (2018).

69.	 Sana, H. et al. The non-thermal radio emitter HD 93250 resolved 
by long baseline interferometry. Astrophys. J. Lett. 740, L43  
(2011).

http://www.nature.com/natureastronomy


Nature Astronomy | Volume 9 | September 2025 | 1337–1346 1345

Article https://doi.org/10.1038/s41550-025-02610-x

70.	 Bodensteiner, J. et al. The young massive SMC cluster NGC 330 
seen by MUSE. II. Multiplicity properties of the massive-star 
population. Astron. Astrophys. 652, A70 (2021).

71.	 Arsham, H. Kuiper’s P-value as a measuring tool and decision 
procedure for the goodness-of-fit test. J. Appl. Stat. 15, 131–135 
(1988).

72.	 Press, W. H., Teukolsky, S. A., Vetterling, W. T. & Flannery, B. P. 
Numerical Recipes in FORTRAN. The Art of Scientific Computing 
(Cambridge Univ. Press, 1992).

73.	 Mazzola, C. N. et al. The close binary fraction as a function of 
stellar parameters in APOGEE: a strong anticorrelation with α 
abundances. Mon. Not. R. Astron. Soc. 499, 1607–1626 (2020).

74.	 Villaseñor, J. I. et al. The B-type binaries characterization 
programme I. Orbital solutions for the 30 Doradus population. 
Mon. Not. R. Astron. Soc. 507, 5348–5375 (2021).

75.	 Moe, M. & Di Stefano, R. Mind your Ps and Qs: the interrelation 
between period (P) and mass-ratio (Q) distributions of binary 
stars. Astrophys. J. Suppl. Ser. 230, 15 (2017).

76.	 Ercolino, A., Jin, H., Langer, N. & Dessart, L. Interacting 
supernovae from wide massive binary systems. Astron. Astrophys. 
685, A58 (2024).

77.	 Castro, N., Oey, M. S., Fossati, L. & Langer, N. The spectroscopic 
Hertzsprung–Russell diagram of hot massive stars in the Small 
Magellanic Cloud. Astrophys. J. 868, 57 (2018).

78.	 Sen, K. et al. Detailed models of interacting short-period massive 
binary stars. Astron. Astrophys. 659, A98 (2022).

Acknowledgements
Based on data collected at the European Southern Observatory 
(ESO) under programme ID 112.25R7. The research leading to these 
results has received funding from the European Research Council 
(ERC) under the European Union’s Horizon 2020 and Horizon Europe 
research and innovation programme (grant agreement numbers 
772225: MULTIPLES, 772086: ASSESS and 945806: TEL-STARS, 
ADG101054731: Stellar-BHs-SDSS-V, and 101164755: METAL). This 
research was supported by the Israel Science Foundation (ISF) 
under grant number 0603225041. We acknowledge support from 
the Science and Technology Facilities Council (research grant ST/
V000853/1 and ST/V000233/1), UK Research and Innovation (UKRI) 
and the UK government’s ERC Horizon Europe funding guarantee 
(grant number EP/Y031059/1), a Royal Society University Research 
Fellowship (grant number URF\R1\231631), a Royal Society–Science 
Foundation Ireland University Research Fellowship, the German 
Deutsche Forschungsgemeinschaft (Project-ID 496854903, 
445674056 and 443790621, Germany’s Excellence Strategy EXC  
2181/1-390900948), the Klaus Tschira Foundation, the JSPS Kakenhi 
Grant-in-Aid for Scientific Research (23K19071) and international 
fellowships (at the Graduate school of Science, Tokyo University), 
the Australian Research Council (ARC) Centre of Excellence for 
Gravitational Wave Discovery (OzGrav; project number CE230100016), 
the Deutsches Zentrum für Luft und Raumfahrt (DLR) grants FKZ 
50OR2005 and 50OR2306, Agencia Española de Investigación (AEI) of 
the Spanish Ministerio de Ciencia Innovación y Universidades (MICIU) 
and the European Regional Development Fund, FEDER and Severo 
Ochoa Programme (grants PID2021-122397NB-C21 and CEX2019-
000920-S), the NextGeneration EU/PRTR and MIU (UNI/551/2021) 
trough grant Margarita Salas-UL, the CAPES-Br and FAPERJ/DSC-10 
(SEI-260003/001630/2023), MCIN/AEI/10.13039/501100011033 by 

‘ERDF A way of making Europe’ (grants PID2019-105552RB-C41 and 
PID2022-137779OB-C41, PID2021-125485NB-C22, CEX2019-000918-M) 
funded by MCIN/AEI/10.13039/501100011033 (State Agency for 
Research of the Spanish Ministry of Science and Innovation) and SGR-
2021-01069 (AGAUR), the Spanish Government Ministerio de Ciencia 
e Innovación and Agencia Estatal de Investigación (10.13 039/501 100 
011 033; grant PID2022-136 640 NB-C22), the Consejo Superior  
de Investigaciones Científicas (CSIC; grant 2022-AEP 005), the  
Polish National Agency for Academic Exchange (BEKKER fellowship 
BPN/BEK/2022/1/00106) and National Science Center (NCN, Poland; 
grant number OPUS 2021/41/B/ST9/00757), the ‘La Caixa’ Foundation 
(ID 100010434) under the fellowship code LCF/BQ/PI23/11970035, 
the Research foundation Flanders (FWO) PhD fellowship under project 
11E1721N and senior postdoctoral fellowship under number 12ZY523N, 
and the Netherlands Research Council NWO (VIDI 203.061 grant).

Author contributions
J.B., T.S. and H.S. prepared and obtained the observations, and 
performed data reduction. Together with N.B., D.J.L., L.M., L.R.P. 
and J.I.V., they performed the scientific validations of the data and 
discussed and implemented the strategy for multiplicity analysis. 
J.B. and P.A.C. performed spectral typing. T.S. measured the radial 
velocities. H.S. performed the bias-correction and multiplicity 
analysis. I.M. and T.S. performed the regression of the binary fraction 
with metallicity. J.B., T.S. and H.S. prepared the paper draft with 
input from N.L. and S.E.d.M. All authors participated in writing the 
observational proposal, observational strategy and sample selection, 
and were given the opportunity to participate in the discussion of the 
scientific results and to comment on the paper.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41550-025-02610-x.

Correspondence and requests for materials should be addressed to 
H. Sana, T. Shenar or J. Bodensteiner.

Peer review information Nature Astronomy thanks Carles Badenes, 
Paul Cristofari and Jean-Louis Halbwachs for their contribution to the 
peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with 
the author(s) or other rightsholder(s); author self-archiving of the 
accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 
2025

H. Sana    1,2,53  , T. Shenar    3,53  , J. Bodensteiner    4,5,53  , N. Britavskiy    6, N. Langer7,8, D. J. Lennon    9,10, L. Mahy    6, 
I. Mandel    11,12, S. E. de Mink    13, L. R. Patrick14, J. I. Villaseñor    15, M. Dirickx1, M. Abdul-Masih    9,10, L. A. Almeida    16, 
F. Backs1, S. R. Berlanas    9,10, M. Bernini-Peron    17, D. M. Bowman    1,18, V. A. Bronner    19,20, P. A. Crowther    21, 
K. Deshmukh    1, C. J. Evans    22, M. Fabry    1,23, M. Gieles    24,25,26, A. Gilkis    27, G. González-Torà17, G. Gräfener7, 

http://www.nature.com/natureastronomy
https://doi.org/10.1038/s41550-025-02610-x
http://www.nature.com/reprints
http://orcid.org/0000-0001-6656-4130
http://orcid.org/0000-0003-0642-8107
http://orcid.org/0000-0002-9552-7010
http://orcid.org/0000-0003-3996-0175
http://orcid.org/0000-0003-3063-4867
http://orcid.org/0000-0003-0688-7987
http://orcid.org/0000-0002-6134-8946
http://orcid.org/0000-0001-9336-2825
http://orcid.org/0000-0002-7984-1675
http://orcid.org/0000-0001-6566-7568
http://orcid.org/0000-0002-3817-6402
http://orcid.org/0000-0002-2613-8564
http://orcid.org/0000-0003-1113-0727
http://orcid.org/0000-0001-7402-3852
http://orcid.org/0000-0002-7624-2933
http://orcid.org/0000-0001-6000-6920
http://orcid.org/0000-0001-5253-3480
http://orcid.org/0009-0005-7288-6407
http://orcid.org/0000-0003-4200-7852
http://orcid.org/0000-0002-9716-1868
http://orcid.org/0000-0001-8949-5131


Nature Astronomy | Volume 9 | September 2025 | 1337–1346 1346

Article https://doi.org/10.1038/s41550-025-02610-x

1Institute of Astronomy, KU Leuven, Leuven, Belgium. 2Leuven Gravity Institute, KU Leuven, Leuven, Belgium. 3School of Physics and Astronomy,  
Tel Aviv University, Tel Aviv, Israel. 4ESO - European Southern Observatory, Garching bei München, Germany. 5Anton Pannekoek Institute for Astronomy, 
University of Amsterdam, Amsterdam, the Netherlands. 6Royal Observatory of Belgium, Brussels, Belgium. 7Argelander-Institut für Astronomie, 
Universität Bonn, Bonn, Germany. 8Max-Planck-Institut für Radioastronomie, Bonn, Germany. 9Instituto de Astrofísica de Canarias, Santa Cruz de Tenerife, 
Spain. 10Departamento Astrofísica, Universidad de La Laguna, Santa Cruz de Tenerife, Spain. 11School of Physics and Astronomy, Monash University, 
Clayton, Victoria, Australia. 12ARC Centre of Excellence for Gravitational-wave Discovery (OzGrav), Melbourne, Victoria, Australia. 13Max-Planck-Institute 
for Astrophysics, Garching, Germany. 14Centro de Astrobiología (CAB), CSIC-INTA, Torrejón de Ardoz, Spain. 15Max-Planck-Institut für Astronomie, 
Heidelberg, Germany. 16Escola de Ciências e Tecnologia, Universidade Federal do Rio Grande do Norte, Natal, Brazil. 17Zentrum für Astronomie der 
Universität Heidelberg, Astronomisches Rechen-Institut, Heidelberg, Germany. 18School of Mathematics, Statistics and Physics, Newcastle University, 
Newcastle upon Tyne, UK. 19Heidelberger Institut für Theoretische Studien, Heidelberg, Germany. 20Department of Physics and Astronomy, Universität 
Heidelberg, Heidelberg, Germany. 21Astrophysics Research Cluster, School of Mathematical & Physical Sciences, University of Sheffield, Sheffield, 
UK. 22ESA Office, Space Telescope Science Institute, European Space Agency (ESA), Baltimore, MD, USA. 23Department of Astrophysics and Planetary 
Science, Villanova, PA, USA. 24ICREA, Barcelona, Spain. 25Institut de Ciències del Cosmos (ICCUB), Universitat de Barcelona (IEEC-UB), Barcelona, Spain. 
26Institut d’Estudis Espacials de Catalunya (IEEC), Edifici RDIT, Barcelona, Spain. 27Institute of Astronomy, University of Cambridge, Cambridge, UK. 
28Institute of Science and Technology Austria (ISTA), Klosterneuburg, Austria. 29Space Telescope Science Institute, Baltimore, MD, USA. 30Department 
of Astronomy and Physics, Saint Mary’s University, Halifax, Nova Scotia, Canada. 31Astrophysics Research Group, University of Surrey, Guildford, UK. 
32Research Center for the Early Universe, Graduate School of Science, University of Tokyo, Bunkyo, Tokyo, Japan. 33Gemini Observatory/NSF’s NOIRLab, 
La Serena, Chile. 34Astronomical Institute, Academy of Sciences of the Czech Republic, Ondřejov, Czech Republic. 35Lennard-Jones Laboratories,  
Keele University, Keele, UK. 36Department of Astronomy and Astrophysics, University of Toronto, Toronto, Ontario, Canada. 37Dublin Institute for Advanced 
Studies, DIAS Dunsink Observatory, Dublin, Ireland. 38Centro de Astrobiología (CSIC-INTA), Villanueva de la Cañada, Spain. 39IAASARS, National 
Observatory of Athens, Penteli, Greece. 40Institute of Astrophysics, Heraklion, Greece. 41Sterrenkundig Observatorium, Universiteit Gent, Gent, Belgium. 
42Department of Astronomy, Columbia University, New York, NY, USA. 43Physics and Astronomy Department, University of Wyoming, Laramie, WY, USA. 
44Institut für Physik und Astronomie, Universität Potsdam, Potsdam, Germany. 45Lund Observatory, Division of Astrophysics, Department of Physics, 
Lund University, Lund, Sweden. 46Department of Astronomy and Steward Observatory, Tucson, AZ, USA. 47Observatório Nacional, Rio de Janeiro, Brazil. 
48Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot, Israel. 49Center for Computational Astrophysics, Flatiron 
Institute, New York, NY, USA. 50Department of Astrophysical Sciences, Princeton University, Princeton, NJ, USA. 51Armagh Observatory, College Hill, UK. 
52Department of Astronomy, Nanjing University, Nanjing, China. 53These authors contributed equally: H. Sana, T. Shenar, J. Bodensteiner.  

 e-mail: hugues.sana@kuleuven.be; tshenar@tauex.tau.ac.il; j.bodensteiner@uva.nl

Y. Götberg    28, C. Hawcroft    29, V. Hénault-Brunet    30, A. Herrero    9,10, G. Holgado    9,10, R. G. Izzard    31, A. de Koter    1,5, 
S. Janssens1,32, C. Johnston1,13, J. Josiek    17, S. Justham    13, V. M. Kalari33, J. Klencki    4, J. Kubát    34, B. Kubátová    34, 
R. R. Lefever    17, J. Th. van Loon    1,7,35, B. Ludwig    1,36, J. Mackey    37, J. Maíz Apellániz    38, G. Maravelias    39,40, 
P. Marchant    1,41, T. Mazeh3, A. Menon42, M. Moe    43, F. Najarro    14, L. M. Oskinova44, R. Ovadia3, D. Pauli    44, 
M. Pawlak    45, V. Ramachandran17, M. Renzo    46, D. F. Rocha    47, A. A. C. Sander    17, F. R. N. Schneider    17,19, 
A. Schootemeijer    7, E. C. Schösser    17, C. Schürmann    7, K. Sen    46, S. Shahaf    48, S. Simón-Díaz    9,10, 
L. A. C. van Son    49,50, M. Stoop    5, S. Toonen5, F. Tramper    14, R. Valli    13, A. Vigna-Gómez    13, J. S. Vink    51, 
C. Wang    13,52 & R. Willcox1

http://www.nature.com/natureastronomy
mailto:hugues.sana@kuleuven.be
mailto:tshenar@tauex.tau.ac.il
mailto:j.bodensteiner@uva.nl
http://orcid.org/0000-0002-5249-8547
http://orcid.org/0000-0003-0145-8964
http://orcid.org/0000-0003-2927-5465
http://orcid.org/0000-0001-8768-2179
http://orcid.org/0000-0002-9296-8259
http://orcid.org/0000-0003-0378-4843
http://orcid.org/0000-0002-1198-3167
http://orcid.org/0009-0001-0742-3933
http://orcid.org/0000-0001-7969-1569
http://orcid.org/0000-0002-7527-5741
http://orcid.org/0000-0003-4269-8278
http://orcid.org/0000-0002-3773-2673
http://orcid.org/0000-0002-0641-7363
http://orcid.org/0000-0002-1272-3017
http://orcid.org/0000-0003-0857-2989
http://orcid.org/0000-0002-5449-6131
http://orcid.org/0000-0003-0825-3443
http://orcid.org/0000-0002-0891-7564
http://orcid.org/0000-0002-0338-8181
http://orcid.org/0000-0002-0870-6388
http://orcid.org/0000-0002-9124-0039
http://orcid.org/0000-0002-5453-2788
http://orcid.org/0000-0002-5632-9433
http://orcid.org/0000-0002-6718-9472
http://orcid.org/0000-0002-8225-7699
http://orcid.org/0000-0002-2090-9751
http://orcid.org/0000-0002-5965-1022
http://orcid.org/0000-0002-2715-7484
http://orcid.org/0009-0005-0143-6812
http://orcid.org/0000-0002-8862-5341
http://orcid.org/0000-0002-8134-4854
http://orcid.org/0000-0001-9298-8068
http://orcid.org/0000-0003-1168-3524
http://orcid.org/0000-0001-5484-4987
http://orcid.org/0000-0003-4723-0447
http://orcid.org/0000-0001-8631-7700
http://orcid.org/0000-0003-3456-3349
http://orcid.org/0000-0003-1817-3586
http://orcid.org/0000-0002-8445-4397
http://orcid.org/0000-0002-0716-3801


Nature Astronomy

Article https://doi.org/10.1038/s41550-025-02610-x

Extended Data Fig. 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 HeII 
λ4200, Hγ, and HeI λ4390, 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 Fig. 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.
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Extended Data Fig. 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. Panel (a) (resp. panel (b)) 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 Fig. 4 | Cumulative distributions of smallest time differences 
between observations that exhibit significant and large radial velocity 
variations. The black, dash line gives the distribution computed for the BLOeM 
O-star sample while colored areas/lines indicate distributions of various mock 
populations. Panel (a): observed BLOeM distribution overlaid on the confidence 
areas covered by simulated distributions produced with orbital period, 

mass-ratio and eccentricity distributions listed in Eqs. 3 to 5 (that is, with π = 0.0 + 
/ − 0.2, κ = 0.0 + / − 0.2 and η = − 0.5 + / − 0.2). Panel (b): like panel (a) but varying 
the power law index π of the orbital period distribution (flogP ∝ (log10P)

π
). Only 

the median distributions are provided for clarity. See Methods section for further 
information.
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Extended Data Fig. 5 | Probability maps for simulations to reproduce observed properties. Panel (a) focuses on the likelihood of reproducing the observed  
number of binaries while panel (b) provides the Kuiper statistics between observed and simulated distributions of the shortest time lapses for a system to meet  
our binary criteria.
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