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Abstract. Massive stars are predominantly found in binaries and higher order multiples. While
the period and eccentricity distributions of OB stars are now well established across different
metallicity regimes, the determination of mass-ratios has been mostly limited to double-lined
spectroscopic binaries. As a consequence, the mass-ratio distribution remains subject to signifi-
cant uncertainties. Open questions include the shape and extent of the companion mass-function
towards its low-mass end and the nature of undetected companions in single-lined spectroscopic
binaries. In this contribution, we present the results of a large and systematic analysis of a sample
of over 80 single-lined O-type spectroscopic binaries (SB1s) in the Milky Way and in the Large
Magellanic Cloud (LMC). We report on the developed methodology, the constraints obtained
on the nature of SB1 companions, the distribution of O star mass-ratios at LMC metallicity and
the occurrence of quiescent OB+black hole binaries.

Keywords. binaries: spectroscopic, stars: early-type, stars: evolution, black hole physics,
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1. Introduction

The majority of massive main-sequence OB stars are found in binary or higher order
multiples (Kobulnicky & Fryer 2007; Sana et al. 2014; Moe & Di Stefano 2017). This
fact has been established beyond reasonable doubt from observational studies of var-
ious clusters and OB associations in our Galaxy (Sana et al. 2012; Kobulnicky et al.
2014; Banyard et al. 2022; Bordier et al. 2022) and in the Tarantula region of the
Large Magellanic Cloud (LMC; Sana et al. 2013; Dunstall et al. 2015). Similarly, con-
crete observational constraints have been obtained on the distributions of orbital periods
and eccentricities, again both in the Milky Way (Sana et al. 2012; Barbá et al. 2017;
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Banyard et al. 2022), and in the LMC (Almeida et al. 2017; Villaseñor et al. 2021).
These studies reveal no strong differences despite the different metallicity environments.
The distribution of mass-ratios, however, has remained more difficult to quantify because
direct measurements of mass-ratios are mostly obtained from double-lined spectroscopic
binaries (SB2s). This requires that the secondary companion is bright enough for its spec-
tral signature to be visible in the spectrum, and that the Doppler separation between
the components is large enough for the spectral lines to separate enough. In some cases,
e.g., when temperature differences are large enough to result in different ionisation bal-
ances, radial velocities (RVs) of the components can be measured from lines unaffected
by blending, but this is not the case in the majority of the stars, and even a small degree
of contamination can impact the RV measurements (Fabry et al. 2021; Bodensteiner et al.
2021; Banyard et al. 2022).

Focusing on the Galactic population within a few kiloparsecs, about one third of the
known O-type spectroscopic binaries show the spectroscopic signature of only one of the
binary components (Trigueros Páez et al. 2021; Mahy et al. 2022), i.e. they are single-lined
spectroscopic binaries (SB1s). This SB1 fraction increases to over 50% in LMC studies
(Almeida et al. 2017), most likely owing to the lower data quality given stars are about
10 times further away. Pending further information, the precise nature of the unseen
companions in SB1 systems remains uncertain. One may expect that the majority are
‘normal’ lower-mass stars whose luminosities are too low for their spectral lines to peak
out of the noise in individual-epoch spectroscopy, or whose orbital periods are too large
for their spectral lines to sufficiently separate from those of the brighter component.
Alternatively, such systems might also harbour binary interaction products where the
initially more massive star (mass-donor) has been stripped of (most of) its hydrogen
envelope through mass transfer (Paczyński 1967; Pols et al. 1991; Abdul-Masih et al.
2020; Bodensteiner et al. 2020; Shenar et al. 2020; El-Badry & Quataert 2021). SB1s
may also be the hiding place of compact objects where the unseen companions is either
a black hole (BH) or a neutron star (Langer et al. 2020).

Identifying the nature of unseen companions is important for a number of science cases:
Multiplicity properties: present observational constraints of the mass-ratio dis-

tributions of unevolved binaries rely on extrapolation towards the lower-mass-end as low
mass-ratios systems (M2/M1 <∼ 0.4) are rarely detected as SB2. The initial mass-ratio
distribution is, however, critical for binary evolution computations as the mass ratio is a
fundamental parameter in defining the outcome of the interaction;

Binary evolution: a frequent outcome for systems that survive a phase of mass-
transfer is that the mass-donor is stripped of (most of) its hydrogen envelope while the
mass accretor is (probably) a rapidly rotating OB star. Stripped helium stars are candi-
date hydrogen-poor supernova progenitors (Langer 2012). Furthermore, the distribution
of orbital properties and the chemical composition of stars in these systems are funda-
mental benchmarks to confront the outcome of mass-transfer models, yet these OB+He
systems likely appear as SB1 in the optical;

Compact objects: recent binary population synthesis simulations predict that
about 2% of O-type stars should be in a binary with a BH companion (Langer et al.
2020). Focusing on SB1 systems, this fraction might rise to 8%. Predicted orbital periods
for these OB+BH systems range from about a week to a couple of years. This makes
spectroscopy an ideal tool to search for these (most likely) X-ray quiet BH binaries.
Alternatively, neutron stars can also be present around lower-mass O stars or around
B-type stars. The orbital properties of these systems retain pristine information about
the collapse of the BH/NS progenitors (Marchant et al., this volume), information that
might be distorted or lost once these systems evolve into X-ray binaries.
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Figure 1. Workflow for identifying the nature of unseen companions in SB1 OB binaries.

2. Method

We worked under the assumption that constraints on the mass, luminosity and spec-
tral properties of the unseen object help us to better constrain its nature and physical
properties. We relied on four main steps, described below and summarised in Fig. 1:

• SB1 orbital analysis: the SB1 orbital solution of the visible component provides
reliable constraints on the orbital periods (P ), ephemeris and geometry of the orbit.
A first estimate of the semi-amplitude of the RV curve of the visible component (K1) is
obtained but does not need to be trusted, as even a small contamination of its spectral
lines with that of a faint unidentified companion may bias the measurements, leading to
an underestimation of K1;
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• Grid-based spectral disentangling: the well-constrained orbital properties are
kept fixed and the disentangling is performed on a 2D grid along K1 and K2. We
tested both Fourier-based and shift-and-add disentangling methods (Hadrava 1995;
Marchenko et al. 1998; González & Levato 2006), with mostly similar results. In some
cases where the semi-amplitude of the RV curve of the unseen companion (K2) is close
to null (e.g., Bodensteiner et al. 2020), the shift-and-add method has been yielding
slightly more consistent results but the fundamental numerical reasons have not yet
been identified;

• Atmosphere analysis: a comparison of the disentangled spectra with atmosphere
models allows us (i) to decide whether the stellar spectral signature of the companion
can be identified, (ii) to estimate the optical light ratio, and (iii) to constrain the stellar
properties of the optically bright component, including its spectroscopic and evolutionary
masses, projected rotation rate and constraints on the orbital inclination. This provides
us with a possible dynamical mass range for the unseen companion;

• Detection limits: if no stellar companion is identified by spectral disentangling, we
perform simulations to estimate the maximum mass at which the spectral signature of a
non-degenerate companion would remain undetected through our disentangling analysis.
The comparison between the outcome of the simulations and the dynamical mass range
of the unseen companion allows us to put additional constraints on the companion mass.
Specifically, if the minimum mass of the unseen companion is larger than 5Msun and non-
degenerate companions within the acceptable mass range should have led to a detection
with spectral disentangling, then one is left to accept that the system is likely an OB+BH
binary. In establishing the detection limits, it is important to consider companions of
different natures. Stripped He star companions have indeed led to a number of false
detections (e.g., Bodensteiner et al. 2020; El-Badry & Quataert 2021; Frost et al. 2022)
because of their significantly different mass-optical brightness relation compared to single
main-sequence companions (Götberg et al. 2018). An unseen component which is in fact
a very short period near-equal mass binary more easily eludes detection compared to
a main sequence star of the same total mass. Similarly, large projected rotation rates
decrease the detectability of the unseen companion as its spectral lines are smeared out.

3. Sample

Our project focused on two samples of O-type SB1 systems:
• 32 Galactic systems identified through literature search and the Galactic O star

Spectroscopic Catalogue (Máız Apellániz et al. 2016): we used high spectral resolving
power (R), high-S/N spectra obtained from archival and new observations from ESO,
Mercator/HERMES (Raskin et al. 2011) and SALT facilities. Of interest, Cyg X-1, known
to host a stellar-mass BH, was included in the sample as it met our selection criteria
(O-type SB1 + availability of sufficient spectroscopic data); see Mahy et al. (2022).

• 51 systems in the Tarantula region of the LMC identified by the VLT-
FLAMES Tarantula Survey (VFTS, Evans et al. 2011). These were monitored
for 32 spectroscopic epochs by the Tarantula Massive Binary Monitoring (TMBM,
Almeida et al. 2017) using the LR02 setup of the VLT/FLAMES multi-object spec-
trograph and yielding a R∼ 7000 from about 3950 to 4550 Å; see Shenar et al.
(2022a,b).
Our search for compact objects has also been extended to Galactic and LMC B-type SB1
systems. Preliminary results are presented in Banyard et al. and Villaseñor et al. in this
volume; see also Banyard et al. (2022); Villaseñor et al. (2021).
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4. Results

Spectral disentangling revealed the signature of non-degenerate stellar companions
in over 50% of the systems considered. Future work, including better data, is required
to confirm the evolutionary status of these systems, albeit most are likely low mass-
ratio binaries but some might be binary interaction products; see Mahy et al. (2022);
Shenar et al. (2022a,b) for further details. Our results double the number of TMBM
O-type binaries with measured mass-ratios. Combined with the analysis of previously
known SB2 systems (Mahy et al. 2020a,a), this gives us direct access to the largest
sets of mass-ratio measurements available so far for an O+OB binary population at
sub-solar metallicity. Bayesian modelling of the measurements, including correction for
observational biases, yields a flat mass-ratio distribution (fq ∝ qk, with k = 0.2 ± 0.2;
Shenar et al. 2022a). This value is significantly different than obtained by a previous
attempt based on the VFTS data (k = −1.0 ± 0.4), confirming that the modelling of the
amplitude of the RV variations offers low quality diagnostics on the mass-ratio distribu-
tion (Sana et al. 2013). Of interest, the mass-ratio distribution of O stars in the Tarantula
region seem compatible with that derived for O stars in Milky Way clusters and OB asso-
ciations (k = −0.1 ± 0.6) suggesting no significant impact of the metallicity on the (still
uncertain) pairing mechanism of massive binaries.

Among systems in which the signature of the companion cannot be identified, three
systems in the Milky Way and three in the TMBM samples meet our requirements for
OB+BH systems: (i) the companion mass is larger than 5 M� and, (ii) according to our
simulations, a non-degenerate component with such high mass should have been detected
given our data quality and orbital sampling, and yet it is not. In doing so, we rediscov-
ered the OB+BH nature of Cyg X-1, which builds some confidence in the ability of our
method to isolate good OB+BH candidates. Among the identified systems, the two best
cases are HD 130298 in the Milky Way (P = 14.6 d, e = 0.47) and VFTS 243 in the LMC
(P = 10.4 d, e < 0.03). Of interest, both have very different eccentricity properties. The
negligible eccentricity in VFTS 243 suggests that the dying primary collapsed into a
BH without losing much mass (ΔM < 1.1 M�), thus likely without an associated super-
nova (SN) explosion. The formation scenario in HD 130298 is different and the system
might have lost about 25% of the system total mass prior to SN explosion, i.e. an esti-
mated 8 M�. This suggests a significant mass loss and a possible BH formation through
fallback.

5. Conclusions

We have presented a systematic analysis of a large sample of SB1 systems to identify the
nature of their unseen companions. We have shown that grid disentangling along the K1

and K2 axes offers significant diagnostic power to extract the optical spectral signature
of a faint stellar companion, which is otherwise lost in the noise of individual obser-
vational epochs. Simulations of artificial data sets show that signatures of companions
representing only 0.3% of the total flux can be retrieved pending sufficiently high-quality
time series and that hydrogen lines are better suited for faint objects than metallic lines.
We also showed that it is easier to detect the presence a faint stellar companion than
to precisely measure its RV-curve semi-amplitude K2. Simulations of non-idealised data
and realistic systems have further shown that companions contributing just 1% are easily
retrieved. The lowest mass-ratio new-SB2 system revealed by our analysis has q∼ 0.15.
The results from the TMBM sample in the LMC point toward a metallicity independent,
(nearly) flat mass-ratio distribution for O-type binaries. Further extension towards lower
metallicity is desirable, unfortunately current and future surveys do not plan enough
multi-epoch coverage to reach the needed sampling and combined S/N . The presented
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method properly identified Cyg X-1 as a OB+BH system and revealed at least five new
OB+BH (strong candidate) systems. We briefly discussed how the orbital properties help
constraining the collapse physics.
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