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ABSTRACT

Context. A key property of massive stars is their high degree of multiplicity, which can impact their evolution and end-of-life products.
The Southern Massive Stars at High angular resolution (SMASH+) survey uses interferometric and high-angular-resolution techniques
to detect companions at intermediate separations, from about 1 mas to 8", a domain that so far has remained largely unexplored.
Aims. For this study, we converted the angular separations and magnitude contrasts into physical units, i.e., projected physical sepa-
rations and mass ratios. We also derived the sensitivity of the survey for various physical and orbital parameters and we investigated
the orbital separation and mass ratio distributions.

Methods. We developed a spectral-type and luminosity class — H-band luminosity — mass calibration based on existing grids of phys-
ical parameters for O stars, and we used it to obtain the photometric distance to each system, correcting for all known companions
within the 2MASS point-spread function. We also derived the individual masses of the primaries and of each detected companion.
Results. The probability of detecting companions is very uniform within the sensitivity limits of the SMASH+ survey, which can be
considered almost complete for binaries with 1 < log(a/AU) < 4 and ¢ = M,/M; > 0.2. The projected separations follow a uniform
distribution in log separation. The mass ratios follow a power-law distribution f, o ¢* with k values that seem to decrease toward
larger separations. For resolved companions within 100 AU, we find k<100 = —O.6j8:2 which is compatible with both the power-law
distributions derived for spectroscopic binaries (k ~ 0) and with what was proposed in an earlier study (x = —1.4 + 0.4) based on
about half the SMASH+ sample in the same range. Beyond ~1000 AU, we observe a clear lack of (near-)equal-mass companions, with

an upper mass-ratio limit declining toward larger separations.
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1. Introduction

The evolution of single massive stars is regulated by their mass,
rotation, and mass loss (e.g., Langer 2012; Ekstrom et al. 2012).
Most massive stars are also part of multiple systems with at
least one nearby companion (e.g., Mason et al. 2009; Sana et al.
2011). Because of this high multiplicity fraction, interactions
through mass transfer or mergers are thought to fundamentally
modify the evolution of high-mass stars (Sana et al. 2012). When
this interaction happens, and what its outcome is, primarily
depends on the initial properties of a given system. Therefore, a
good understanding of the overall multiplicity properties of mas-
sive star populations is fundamental to predict their evolutionary
life cycle and final outcome.

In the last decade, the characterization of the multi-
plicity properties of massive stars has mostly been per-
formed through spectroscopy (e.g., Banyardetal. 2022;
Dunstall et al. 2015; Kiminki & Smith 2018; Kobulnicky et al.
2014; Maiz Apelldniz etal. 2019; Villaseforetal. 2021,
2025) and high-angular-resolution imaging techniques
(Maiz Apellaniz et al. 2018; Rainot et al. 2022; Pauwels et al.
2024). If limited to these approaches, the view of massive
star multiplicity would be biased toward tight (<1 AU) and
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wide (>10° AU) systems (Masonetal. 1998). For nearby
stars, interferometry offers a way to probe the intermediate
separation range. However, the higher contrast (Am > 2 mag)
and closest angular separation (d < 75 milli-arcsec) regimes
were challenging to probe with the first generations of optical
interferometers (Sana & Evans 2011).

However, progress in the robustness and sensitivity of long-
baseline interferometry in the 2000s offered new possibilities.
The Southern MAssive Stars at High angular resolution
(SMASH+) survey (Sana et al. 2014, henceforth Paper I) com-
bined observations performed with the sparse aperture mask-
ing (SAM) mode (Lacouretal. 2011) of NACO at the Very
Large Telescope (VLT) and with the four-beam combiner
PIONIER (Le Bouquin et al. 2011) at the VLT Interferometer
(VLTI). NACO probes separations in the range 30-250 mas,
while PIONIER opens the 1-45 mas window. Additionally,
NACO provides adaptive-optics- (AO-) corrected imaging at
large working angles, which allows the detection of bina-
ries at separations > 300 mas. SMASH+ targeted all nearby
O stars in the southern hemisphere (6 < 0°) with H-
band magnitudes brighter than my = 7.5. In total, 117 O-
type stars were observed with PIONIER, and 162 O-type
stars with NACO/SAM. Of these objects, 105 were observed
with both instruments. The SMASH+ sample is summarized in
Table 1.
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Table 1. Overview of the sample.

Lum. Pionier NACO  Pionier
Class only only + NACO
V-1V 1 35 36
III-11 3 11 34

| 8 9 33
No LC 0 2 2

All 12 57 105
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Fig. 1. Magnitude difference versus angular separation for the pairs
detected in the SMASH+ survey. Circled objects are detected by both
SAM and PIONIER. The solid lines indicate the median H-band sen-
sitivity of the various instruments. Figure reproduced from Sana et al.
(2014).

The resolved pairs found by the SMASH+ survey are shown in
Fig. 1, which also shows the separation ranges and median sen-
sitivities of the instruments. The survey revealed a large number
of companions, with a fraction of 0.53 stars having at least one
resolved companion within 200 mas. Including known spectro-
scopic or eclipsing companions, the multiplicity fraction reaches
0.91 at separations smaller than 8” and the average number of
companions is 2.2 +0.3. For luminosity class (LC) V, the fraction
of bound companions reaches 100% at 30 mas. The SMASH+ sur-
vey therefore demonstrated that massive stars form almost exclu-
sively in multiple systems and that the majority of massive stars
are in triples or higher-order multiples.

A decade later, the SMASH+ survey has remained a reference
for the separation range beyond the spectroscopic regime, pro-
viding a database to constrain the distributions of wide binaries
and higher-order systems (e.g., Moe & Di Stefano 2017; Perets
2025). For this study, we converted the observed angular sep-
arations and magnitude differences of individual companions
detected in the SMASH+ survey to projected physical separations
and mass ratios, respectively, to derive their distributions and
investigate possible correlations between physical and orbital
properties. The methods used are described in Sect. 2. Section 3
investigates the sensitivity domain of the SMASH+ survey while
Sect. 4 presents and discusses orbital parameter distributions. We
summarize our findings in Sect. 5.

A236, page 2 of 14

3.0

152234 —

2.0

1.5 B

Amca

D152233

HD1522464¢
0.5 4 D5 64794 4

168137 HD75759

0.0 4

—0.5, I I I I I I
=0.5 0.0 0.5 1.0 15 2.0 2.5 3.0

Ampio

Fig. 2. Magnitude difference of SB2 systems resolved by PIONIER ver-
sus those obtained from the absolute magnitude calibration.

2. Methods

In this section we describe the methods used to convert the
observed angular separations and magnitude differences to phys-
ical units, i.e., projected separation expressed in astronomical
units (AU) and mass ratios. The distance determination needed
to convert the angular separations to physical separations is pre-
sented in Sect. 2.1, followed by the mass determinations based
on the magnitudes in Sect. 2.2.

2.1. Distance determination

To convert the observed projected separations of the companions
on the sky to a projected physical separation, the distances to the
targets are needed. While Gaia distance estimates are valuable
for many targets, for bright stars and for binary systems they can
be unreliable, especially when dealing with binary systems in
the separation range covered here. Specifically, the astrometric
measurements of the photocenter can be impacted by the scan-
ning direction of Gaia with respect to the instantaneous orien-
tation of the binary system on the sky. The Gaia measurements
for bright, hot stars might further be subject to a number of sys-
tematics (Pantaleoni Gonzdlez et al. 2025). Some of the stars in
our sample are also simply not in Gaia DR3, or have extreme
uncertainties. To provide a homogeneous distance determination
of the whole sample of stars, we developed an alternative strat-
egy based on an absolute magnitude calibration as a function of
spectral type (SpT) and luminosity class (LC). We then used the
stars that do have reliable Gaia distances to assess the accuracy
of our calibration.

2.1.1. Spectrophotometric distances

Our calibration was derived from the absolute magnitudes of
Martins & Plez (2006, their table 2). As magnitudes are only
given for LCs V, I11, and I, we first derived magnitudes for lumi-
nosity classes IV and II by linearly interpolating between the
closest luminosity classes. We then derived a relation for the
absolute magnitude as a function of spectral type for each of
the luminosity classes, so that we were able to derive absolute
magnitudes for those spectral types not listed in Martins & Plez
(2006, e.g., 02, 09.7). The procedure and resulting relations are
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Fig. 3. Derived distances for clusters with at least four members in the
SMASH+ sample. Black stars indicate the distances for the individual
stars and green stars the median. Blue stars indicate literature values
for the cluster distances, and red stars the distances based on Tycho-2
(Kharchenko et al. 2005; Mel’Nik & Dambis 2009).

described in detail in Appendix A. The relations were derived
for the K band, but they can also be applied for the H band using
(H — K)o = —0.10, which is valid for all spectral subtypes and
luminosity classes in the O-star regime (Martins & Plez 2006).
We adopted an uncertainty of half a spectral subtype and half a
luminosity class to estimate the uncertainty on the absolute mag-
nitude.

To test the above calibration, we applied it to both the
primary and secondary in double-lined spectroscopic binary
(SB2) systems that have been resolved by PIONIER, and for
which the spectral type and luminosity class of the secondary
is known. The resulting predicted magnitude difference, which
only depends on the spectral classification of both components
and is independent of extinction and apparent magnitudes, can
then be compared to that observed by PIONIER, as shown in
Fig. 2. In general, we find good agreement between the predicted
and observed magnitude difference.

Before we can use the derived absolute magnitudes of the
primaries to determine the distance, the apparent magnitudes
need to be corrected for the contribution from nearby compan-
ions. The photometry listed in Table 1 of Paper I originates from
the 2MASS survey, which has an aperture of 4”. We thus cor-
rected these magnitudes for the observed magnitude difference
of all resolved companions within 4 (see Appendix B).

Apart from the resolved companions, the observed magni-
tudes may also contain a contribution from unresolved com-
panions, i.e., the inner spectroscopic binaries. To correct the
observed magnitude, we further used the calibration given in
Appendix A to estimate the magnitude difference. Therefore,
we could only do this for systems for which the spectral types
of both components are known, i.e., double-lined spectroscopic
binaries (SB2). This method cannot be applied to systems for
which the companion spectral type could not be determined,
mostly single-lined spectroscopic binaries (SB1), unless the
spectroscopic binary is so wide that the secondary was resolved
by PIONIER. This typically occurs for systems with orbital peri-
ods of a few months to a couple of years, and we could identify
four cases in the SMASH+ database. For the remaining SB1 sys-
tems, however, the non-detection of the companion in the spec-
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Fig. 4. Comparison of the spectro-photometric distances derived in this
work to the Gaia distances from Pantaleoni Gonzdlez et al. (2025). The
dashed line gives the 1:1 relation. The red symbols indicate the locations
of the outliers discussed in the text while the blue line and associated
shaded area are the systematic deviations presented in Eq. (1).

trum likely implies that it is faint compared to the primary star,
and thus will only have a small contribution to the combined
magnitude, and we thus neglected their contribution. These sys-
tems are marked in Table F.1 for reference.

As a last step, we corrected the magnitudes for extinction
using the available VIHK-band photometry and the Fitzpatrick
(1999) extinction curve (see Appendix C). We then calculated
the distance to the system using the absolute H-band magnitude
and the apparent H-band magnitude of the primary star corrected
for extinction and the contribution from companions. The result-
ing distances are given in Table F.1.

2.1.2. Accuracy of the distance determination

To assess the accuracy of the derived distances, we compared
the median distances of stars in clusters to literature values of the
distance to those clusters. We applied this to each cluster that has
at least four members in the SMASH+ sample. This comparison
is shown in Fig. 3. We find that on average the derived distances
are slightly larger than the literature values, with a mean offset
of +186 pc for the 10 clusters.

In Fig. 4, we also compare our individual distance with
recently available distance estimates from the Alma Luminous
Star III catalog (Pantaleoni Gonzélez et al. 2025, ALS III). The
latter relies on Gaia but applies a series of corrections appropri-
ate for bright stars. We rejected stars with RUWE > 1.4 in this
comparison as this is generally indicative of a poorer astromet-
ric solution, as well as a small number of stars with ALSIII-Gaia
distances over 4 kpc and large distance errors. While the disper-
sion is significant, most of it results from typical error sizes of
~200 pc.

We observe a small but systematic offset of (dy — dgaa) =
156 + 22 pc. Applying a 30 clipping to remove outliers (see
below), this difference lowers to 111 + 25 pc. While statisti-
cally significant, this offset is smaller than the mean uncertain-
ties from either method. A closer look at the 9 outliers with >30
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Fig. 5. Dynamical masses versus the masses derived in this work. Sys-
tems that are in a (post-)interaction state (see text) are indicated by
red triangles. HD 135240 has an ambiguous luminosity class (III-V),
the blue triangles indicate masses derived for LC III and V (20.3 and
26.7 My, respectively). The dynamical mass of HD 159176 relies on
the analysis of ellipsoidal variation and is quite uncertain.

deviations between the two distance estimates provides insight
into the physical cause of this disagreement.

Three objects that have an ALSIII-Gaia distance signifi-
cantly larger than the spectro-photometric distance are all Oe
stars (HD169515, 09.7Ibep; HD93190, 09.7:V:(n)e; LS4067A,
04.5Kfpe). These objects are too faint compared to the Mar-
tins’ calibrations that we adopted, which probably results from a
lower surface brightness due to their rapid rotation or to partial
extinction by their disks.

Six stars have an ALSIII-Gaia distance smaller than
their spectro-photometric distance, i.e., they are brighter than
expected from the calibration. Four of these six stars are super-
giants (HD151018 O9Ib, HD154811, OC9.71b; HD156212,
BOIab; HD169582, O6laf) and one is a bright giant (HD171589
07.511(f)). The supergiants are known to display significant
spread in their luminosities at a given SpT as objects of different
masses evolve almost horizontally while nearing the end of the
main sequence, so that supergiants of a given spectral subtype
can have different luminosities.

The last system (HD148937, O6f?p) is a magnetic system
where the magnetic star is believed to be a merger product
(Frost et al. 2024). In addition, it has been suggested that some
blue supergiants could also be the result of binary interaction, as,
for example, suggested by the strong decrease in nearby compan-
ions for O9.7 supergiants in the VFTS survey (Sana et al. 2013).

Most of these outliers seem to have physical reasons to
deviate from the calibrations. As an interesting corollary, the
spectro-photometric calibration that we provide could be used in
conjunction with independent distance estimates such as those
from Gaia to single out candidate objects that have a different
evolutionary history for further investigations.

In summary, both the cluster distances and the recent individ-
ual ALSIII-Gaia distances suggest that the spectro-photometric
distances that we derived are slightly overestimated. For a mean
distance of 1915 pc of the stars in the full sample, the system-
atic error corresponds to less than 10% (clusters) and by about
5% (ALSIII-Gaia). This suggests that the Martins calibrations
are actually slightly too bright, which is an interesting finding
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Table 2. Known absolute primary masses of SB2s. Known (post-) inter-
action systems are marked with an asterisk.

ID M Mmash Reference
(Mo) (Mo)
HD 47129* 52 -55 28.0 Linder et al. (2008)
HD 48099 33.0+1.0 35.5 Mabhy et al. (2010)
HD 93205 52 - 60 54.2 Morrell et al. (2001)
HD 100213* 16.7+0.4 22.3 Penny et al. (2008)
HD 115071* 11.6+1.1 20.4 Penny et al. (2002)
HD 135240 21.6+2.0 20.3-26.7 Penny et al. (2001)
HD 152218 198+ 1.5 20.2 Rauw et al. (2016)
HD 152246 20.35+1.5 20.2 Nasseri et al. (2014)
HD 152248 29.6+1.5 29.5 Sana et al. (2001)
HD 165052 22.5+1.0 26.7 Ferrero et al. (2013)
HD 159176 46.4féf‘5:3 26.7 Penny et al. (2016)
HD 165246 19 -25 22.3 Johnston et al. (2017)
HD 166734 39.5:5"2l 38.2 Mahy et al. (2017)

Notes. “The dynamical mass of HD 159176 relies on the analysis of
ellipsoidal variations and is quite uncertain.

per se. The systematics could be calibrated out by correcting the
spectro-photometric distance estimate by the slope of the rela-
tion

dy = —-122.3 £ 64.7 + (1.19 £ 0.04)dg iq- (1)

However, the difference is small enough that it does not impact
the empirical distributions of logarithmic (projected) separations
(log Sep) as the systematics only amount to Alog Sep ~ +0.02.
As a consequence we proceed without applying the correction
and use the spectro-photometric distances dy to convert the
angular separations p to projected physical separation as

(30 i) @

The resulting projected separations are given in Table F.1.

2.2. Mass determination

In this section we provide an overview of the method to deter-
mine the masses of the primaries and of their companions. The
details of the derivation, and the resulting calibrations, are given
in Appendices D and E.

2.2.1. Primary masses

For the primary stars, we used the available spectral type and
luminosity class to estimate the mass from the Martins et al.
(2005) and Martins & Plez (2006) calibrations. First, H-band
bolometric corrections were used to derive calibrations as a func-
tion of spectral type and luminosity class. Similar to the abso-
lute magnitude calibration, we first derived H-band bolometric
corrections for luminosity classes IV and II which are not in
Martins & Plez (2006, see Fig. D.1). Then we derived relations
for the bolometric correction for each of the luminosity classes
as a function of spectral type (Fig. D.2). These relations were
then used to convert the absolute H-band magnitude to the bolo-
metric magnitude, and hence the absolute luminosities.

The masses of the primary stars can now be derived from the
mass-luminosity relation. However, the exponent of the mass-
luminosity relation changes both with luminosity, and with lumi-
nosity class (see Appendix E). For luminosity classes III and I,
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we used the Martins et al. (2005) calibration to derive the expo-
nent of the mass-luminosity relation as a function of luminosity.
For luminosity class V, we used the Brott et al. (2011) models
evaluated at logg = 3.92, which is the value of the surface
gravity g for all dwarf spectral subtypes in Martins et al. (2005).
This allowed us to use the dwarf calibration at low luminosi-
ties, which could then also be applied to the companion stars.
The latter are indeed expected to be predominantly dwarfs (see
Sect. 2.2.2). For luminosity classes II and IV, we again inter-
polated between LC I-IIl and III-V, respectively. As above,
we adopted half a luminosity class and half a spectral subtype
to estimate uncertainties on the obtained masses. The resulting
masses are given in Table F.1.

To assess the accuracy of the above approach, we com-
pared the derived primary masses to literature values of SB sys-
tems with dynamical mass measurements (i.e., for systems with
known inclination; see Table 2). This comparison is shown in
Fig. 5. In general, our masses are in good agreement with the lit-
erature values. However, three stars (HD 115071, HD 100213,
and HD 47129) deviate by more than 20 Interestingly, each
of these stars is known to be either currently interacting or in
a post-interaction state. HD 115071 is a semi-detached, over-
luminous system, where mass-transfer has previously taken
place (Penny et al. 2002). HD 100213 is a contact binary cur-
rently experiencing Roche-Lobe overflow (Penny et al. 2008).
Lastly, HD 47129 (Plaskett’s star) is in a post-interaction state,
and is a nitrogen-rich, evolved star (Linder et al. 2008) with a
partially stripped donor and a magnetic accretor. That the rela-
tion that we derived from main-sequence calibrations does not
work well for these interacting binaries is unsurprising, and we
conclude that our calibration works well for pre-interaction sys-
tems, which is likely the case for the majority of the systems in
our sample.

2.2.2. Companion masses

As the luminosity classes of the companion stars are unknown,
the above method cannot be directly applied to derive their
masses. However, those companions that have a large magnitude
difference with the primary should be considerably less massive,
and therefore still be dwarfs regardless of the luminosity class of

the primary. This is the case for the vast majority of our sample,
and masses for these stars can directly be obtained from the cal-
ibration based on the Brott et al. (2011) models derived above.

However, for the brighter companions, the assumption of a
dwarf luminosity may not be correct, in particular for systems
with more evolved primaries. For example, for a system with
an O9 I primary and a fainter companion with Am = 1.0 mag,
the assumption of a dwarf luminosity class for the companion
would result in a mass ratio greater than unity. If this were true,
the more massive companion should have evolved faster than
the primary, and thus should have a more evolved luminosity
class than the primary. Therefore, the assumption of a dwarf
luminosity class does not hold. In these cases, we adopted the
least evolved (i.e., the most massive for the given magnitude)
luminosity class that gives a mass ratio smaller than unity, and
adopted the resulting mass as an upper limit.

Figure 6 shows the distribution of adopted luminosity classes
of the companions compared to the known luminosity classes of
the primaries. The majority of companions have luminosity class
V. Note that the distribution of primary luminosity classes is
biased toward more evolved (visually brighter) stages as a result
of the magnitude-limited approach of the survey (see Paper 1),
and hence is not expected to follow a canonical mass function.

3. SMASH+ detection limits

The instrumental detection curves in the observational plane
(AH versus p; e.g., Fig. 1) are well constrained and quite homo-
geneous throughout the survey (Paper I). However, each object
has been observed only once, so that some binaries may have
eluded detection due to unfavorable geometry or because they
are (temporarily) within the inner working angle or beyond the
outer angle limits of the instruments. In this section, we first
investigate the relations between the instantaneous projected
separation (S ep), the instantaneous true separation (r) and the
semi-major axis (a) of the relative orbit. We then investigate
the detection probability as a function of the orbital properties,
accounting for the observational strategy of the survey.

3.1. Projection effects

The SMASH+ observations are snapshot measurements that pro-
vide the instantaneous angular separations p(f). The latter are
easily related to the projected physical separation S ep(¢) through
Eq. (2). The relation between the instantaneous separation and
the semi-major axis of the orbit is well known:

r(r) _ (1-¢%)
a l+ecosv(t)

3

where e is the eccentricity and v, the true anomaly. The ratio
between the projected separation and the true separation is given
by

Sep

== (1 — sin® i sin®(w + V(I))>l/2 ;
.

“

where i is the orbital inclination, and w the argument of perias-
tron passage. The relation to the semi-major axis of the relative
orbit a is (e.g., Sana & Vrancken 2026)

Sep(t) 1-¢?

12
a  1l+ecosv(t) '

®

(1 — sin? i sin® (w + v(t)))

This results in a rather complex dependence of the measured pro-
jected separation on the orbital properties e, i, and w. Figure 7
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Fig. 7. Ratio of the projected instantaneous separation S ep to the instan-
taneous separation r (top panel) and the semi-major axis a (bottom
panel) as a function of the orbital phase for various orbital geometries
(see legend).

illustrates these various effects and shows the nontrivial map-
ping of a single snapshot measurement to the physical properties
of the orbits.

Fortunately, the sample is large enough that we can hope to
marginalize over the random 3D orientation of the orbits, defined
by the set of Kepler’s angles (i, w, Q), and over the distribution of
eccentricities. The argument of the ascending node Q is critical
for the orientation of the projected orbit on the plane of the sky
but has no impact on the distribution of projected separations so
that we ignore it. Figure 8 provides the probability density func-
tions (PDFs) of Sep/a marginalized over the various elements
defining the orbital configurations (i, w, e).

It illustrates the critical impact of eccentricities, which widen
the distribution, while large, more probable inclinations make
the distribution asymmetric. Assuming a random orientation of
the orbit in 3D space (feosi o U(-1,1); f, o« U0, n)), and a
uniform distribution of the eccentricities (f, o« U(0,0.9)), the
bottom panel provides the overall PDF marginalized over all
orbital configurations and summarizes the overall likelihood that
the measured S ep is representative of the size of the orbit given
by a. This PDF is the one that we can use to assess the overall
impact of the geometry. Fortunately that distribution has a mode
at Sep/a = 1, and a median Sep/a ~ 0.9 . Thus, on average,
the measured projected separation S ep is a reasonable estimator
of the semi-major axis a of the relative orbit, albeit with a broad
dispersion (50%-HDI=[0.6:1.1]). As discussed in Sect. 4.1, we
aim to constrain the distribution of semi-major axis in loga. As
for the discussion of distance estimates in Sect. 2.1, and given
that loga « logSep (Eq. 5), the small systematic error intro-
duced by using Sep as a biased estimator of a remains small
compared to the signal. Incidentally, it even almost counterbal-
anced the systematics on the distance quantified by Eq. (1) and
we proceed without further corrections.
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3D orientation and the uniform eccentricity distribution between ¢ = 0.0
and 0.9. The bottom panel also provides the boundaries of the 50 and
68% high density intervals (HDIs).

3.2. Detection maps

We used the Monte Carlo detection probability approach of
Sana et al. (2013), adapted to relative astrometry methods as
in Frost et al. (2025). Unlike Sana et al. (2013) and Frost et al.
(2025) however, we did not draw the masses of the primary
stars from a given initial mass function but we adopted the
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detectability when restricting the sample to AH < 4 (i.e., the “cleaned” sample). From top to bottom: the full sample, luminosity classes I and II,

and luminosity classes III to V.

distance, primary mass, and H-band absolute magnitude of the
stars in the SMASH+ survey as given in Table F.1. Indeed the
SMASH+ primary masses do not follow a canonical mass func-
tion because of the overrepresentation of supergiants in the sam-
ple (see Sect. 2.2). We simulated 10 000 mock SMASH+ samples,
adopting a uniform eccentricity distribution between e = 0.0 and
0.9, and random orbital orientations in 3D space. At each draw,
the central stars were paired with a companion with a mass-
ratio ¢ = M, /M, drawn uniformly between 0.01 and 1, and we
computed the magnitude contrast and projected separation of a
random observational epoch. These mock observables were then
compared to the survey sensitivity curves presented in Fig. 1 to
decide whether the system would be detected as a binary or not.
Throughout this process, we assumed that companions are all
dwarfs, which is valid for the majority of the sample.

Figure 9 shows the resulting detection probability maps. The
sharp boundaries at orbital periods of about 1.5 months to 10° yr
(equiv. semi-major axes of ~1 to 10* AU) result from the inner
and outer working angles of the survey (approx. 0.001 and 8").
Within these boundaries, the overall detection probability nears
100%. Similarly, the detection probability is uniformly excel-
lent above the horizontal cut-off defined by the contrast lim-
its of AH ~ 4, 5, and 8 in the interferometric, coronagraphic,

and adaptive-optics imaging regimes, respectively. These limits
translate to mass-ratio limits of g, = 0.2 and 0.005, respec-
tively, with gj;n, values slightly dependent on the luminosity class
(Fig. D.3).

The contrast limits of the instruments that we used depend on
magnitude difference and not the absolute brightness of the com-
panion. As a consequence, the limiting companion mass that we
are able to detect depends on the brightness of the central star.
For this reason, we also separated the SMASH+ sample accord-
ing to the luminosity class into roughly two samples of similar
size. For each subsample, we recomputed the detection maps.
The last column of Fig. 9 reveals that interferometric observa-
tions can detect a 4 Mg companion near an LC V-III star but
only a 7 Mg companion near a LC II-I star. In the AO regime,
SMASH+ is sensitive to solar-mass companions near LC I-II stars
and to subsolar mass companions near LC III-V stars.

Overall, our simulation results show that, within the sen-
sitivity limits of the survey, the binary detection probabilities
are very uniform. The one exception is the structure around
P ~ 103 yr (a ~ 500 AU) that corresponds to the transition from
NACO/SAM to NACO AO-imaging (Fig. 1). Given these results,
the observed distributions obtained in the next sections can be
considered to be directly representative of the true distributions,
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Fig. 10. Cumulative distribution of the projected separations of all the
detected companions within 8” (blue), and of the detected companions
with AH < 4 mag, of systems that were observed by both PIONIER
and SAM (green). Dashed lines indicate the drop in detector efficiency
below ~2 mas and at ~300 mas at the average sample distance of 1915

pc.

and do not require bias-corrections, as long as one remains in the
high-detection-probability regions outlined in Fig. 9.

4. Results and discussion

By applying the methods presented in the previous section, the
projected physical separations of all companions, and the masses
of the primaries and of all their companions were determined. In
this section we discuss these results.

4.1. Companion separations

The distribution of projected separations of all found compan-
ions within 8” in the sample (Fig. 10) shows two separation
ranges where the number of detected companions increases more
sharply, at Sep = 100 AU and =5000 AU. The first increase
coincides with the switch between PIONIER and NACO/SAM at
the average distance of the sample, and can hence be explained
by the higher number of stars that have been observed with
the latter instrument. The second increase occurs at the switch
between the NACO/SAM and NACO/FOV modes and can be
explained by the much deeper detection contrast of the latter
mode (see Figs. 1 and 9). Many of the large number of faint
objects at large separations are likely to be chance line-of-sight
objects instead of true companions (see Paper I, Fig. 8).

To provide distributions that are less affected by selection
biases, we defined a “cleaned” sample, which contains the
105 systems (297 companions, 288 within 8) that have been
observed by both instruments and for which we considered only
detected companions brighter than a contrast limit of 4 magni-
tudes, resulting in a sample of 92 companions. Aside from two
small separation ranges (below 2 mas (~6 AU) and around 300
mas (~650 AU)), the detection probability is indeed uniform
within the adopted boundaries (Fig. 9). Furthermore, all compan-
ions in this sample are almost certainly physically bound instead
of chance line-of-sight objects (see Paper I, Sect. 4.1).
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Overall, the distribution of projected separations in the
cleaned sample seems to follow an Ogpik law'. There might be a
small but significant deviation at ~80 to 100 AU where we note
a sharper increase in the number of detected companions. Either
this is a remaining artifact of the transition between the PIO-
NIER and SAM instruments, or it may be intrinsic. A larger sam-
ple would be desirable to confirm the presence of such a bump
in the cumulative distribution function.

4.2. Masses

Figure 11 presents the cumulative distributions of the mass
ratios, excluding 26 (7) companions in the full (cleaned) sam-
ple for which only upper limits on the mass ratios are derived.
The overall distribution of mass ratios is skewed toward low-
mass ratios, with almost 70% of the detected companions hav-
ing ¢ < 0.2 (Fig. 11, left). This abundance of low-mass ratio
companions results from the large sensitivity of the NACO-AO
observations at larger separations (Fig. 11, right). These com-
panions disappear entirely when limiting ourselves to the inner
100 AU separation range as such low-mass-ratio companions are
below the SMASH+ detection limit.

Limiting ourselves to the cleaned sample, we used the Kuiper
probability px as a goodness-of-fit metric to fit a power-law dis-
tribution f, o ¢ to the mass-ratio distribution. Outer envelopes
are taken as the « values for which px = 0.1. We obtained
Kk~ =073 ko0 & —0.6*09, and ks1000 = —1.6%]9 for the
cleaned sample over the full separation, for Sep < 100 AU
and Sep > 1000 AU, respectively. This quantifies that compan-
ions at larger separations have smaller mass ratios than if ran-
domly drawn from a uniform distribution (see also discussion in
Moe & Di Stefano 2017). One has to be careful to directly com-
pare the best-fit exponent « derived for Sep < 100 AU to the
other two values as the lower boundary of the fitted range varies
and it is known that the best-fit exponent value depends on the
adopted range (Almeida et al. 2017). However, the differences
here are large enough that we can conclude that the distribution
is significantly more skewed at large separations compared to
lower separations. To give an order of magnitude, the distribu-
tions in the inner (Sep < 100 AU) and outer (Sep > 1000 AU)
ranges have medians at ¢ = 0.5 and 0.3, respectively.

Compared to mass-ratio distributions found for the tighter
spectroscopic binaries (P < 3000 d, @ < 10 AU) in the Milky
Way (Sana et al. 2012, k = —0.1 + 0.6) and Large Magellanic
Cloud (¢« = +0.2 + 0.2, Shenar et al. 2022), the index of the
power-law distribution seems to decrease toward larger separa-
tions, a point already made by Moe & Di Stefano (2017). How-
ever, the « value that we derived for the inner range x<jo0 =
—O.6f82 is much flatter than the value of k399 = —1.4 + 0.4
derived by Moe & Di Stefano (2017) using a subsample of 21
SMASH+ targets. The reasons for such differences are unclear
and may lie in different sample selection functions and survey
sensitivity estimates combined with small sample statistics. One
can argue that both values are within 20~ from one another, but
the k<jgp value that we derived would then also be compati-
ble with the flat-mass ratio distribution of the tighter spectro-
scopic binaries. Determining the most appropriate mass-ratio
distribution for intermediate-period binaries would be desirable
as it impacts the outcome of case-B mass transfer, with poten-
tially important differences for predictions of population synthe-
sis computations.

' An Ogpik law corresponds to a uniform distribution in log S ep (Opik

1924), or alternatively in log Po.
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Fig. 12. Cumulative distributions of the masses of all primaries (blue)
and companions (red) with masses 16M, < M < 50M,. Also shown is
the Salpeter mass function in this mass range (green).

Finally, we compare the distribution of observed masses of
the primaries and the observed companions in Fig. 12. Also
shown is a Salpeter initial mass function (IMF). As the pri-
maries are all O-type stars, we only do this for masses greater
than 16 M,,. This reveals a lack of primary stars with low masses
(M < 30 My) compared to the observed companions. This is
a direct result of the magnitude-limited approach of the survey,
causing an overabundance of (more massive) supergiants com-
pared to dwarfs as these can be seen up to larger distances. Inter-
estingly, the companions seem to follow the Salpeter IMF across
most of the observed mass range, in agreement with the findings
of GRAVITY Collaboration (2018) from a sample of 22 OB stars
in the Orion Nebula.

4.3. Separations versus mass ratios

Combining the results of Sects. 4.1 and 4.2 we can now show the
results of Fig. 1 in physical units, i.e., projected separation versus
mass ratio. This is done in Figs. 13 and 14, where the latter figure
focuses on the cleaned sample limited to AH < 4. While we note
the absence of twin binaries (g > 0.95), the most striking result is
probably the lack of high-mass-ratio companions at projected sep-
arations greater than 100 AU, i.e., in the top right area of the figure.
Atthese separations, no companions with mass ratios greater than

12

o
©

Mass Ratio
o
o

Il
000 107 10

Separation (AU)

10°

Fig. 13. Projected separation versus the mass ratio for all the detected
companions within 8”. Also indicated are the median detector sensi-
tivities in the H band for an average sample distance of 1915 pc and
assuming a dwarf primary.
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Fig. 14. Same as Fig. 13 but for detected companions with AH < 4 mag,
for systems that were observed by both PIONIER and NACO.

0.8 are detected except for those with upper limits on their mass.
This mass-ratio limit decreases toward larger separations, with
no companions with mass ratios greater than ~0.7 detected above
1000 AU, and no companions with mass ratios greater than ~0.5
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detected above 10* AU. We tentatively derived an upper envelope
delimiting the avoidance zone in the upper-right corner from the
populated area below the curve:

doi ~ 1-02 (1og10 ‘Zilf - 2) for Sep > 100 AU. ©)
It is beyond the scope of this paper to interpret these trends.
Ultimately, the physical reasons for these trends are rooted in
a complex set of factors. It is typically assumed, however, that
components of binaries wider than a few hundred AU form
nearly independently of one another (e.g., White & Ghez 2001;
Moe & Di Stefano 2017; El-Badry et al. 2019; El-Badry & Rix
2019). Components that assembled at closer separations probably
form in a highly correlated way. A decline in the maximum mass
ratio g.i¢ for massive stars is also reported by Moe & Di Stefano
(2017, Fig. 4), though the onset of the decline occurs at a much
shorter separation (at about an orbital period of 10! d).

5. Summary and conclusions

In this paper we converted the SMASH+ observational mea-
surements of Paper I into physical units, i.e., observed angu-
lar separations on the sky to projected physical separations, and
observed H-band magnitude differences to mass ratios. To do
this, we derived calibration relations based on physical prop-
erties of O-type stars presented in Martins et al. (2005) and
Martins & Plez (2006), as well as the evolutionary models of
Brott et al. (2011) for lower-mass stars.

The accuracy of the resulting distances was assessed by
comparing them to known cluster distances, and to up-to-date
ALSIII-Gaia distances. Overall, we find good agreement, with
the spectrophotometric distances slightly overestimating the
Gaia distances by just 5%, except for Oe stars, for a small sub-
set of supergiants, and for binary evolution products. For the
derived masses, primary stars with known dynamical masses
were used to assess the accuracy of the relations used. We find
excellent agreement, except for known (post-)interaction sys-
tems. Although this was not the original aim, our calibrations
can be used with independent mass and/or distance estimates to
identify peculiar stars whose physical parameters are potentially
affected by binary evolution.

The derived projected separations follow an Oépik law, i.e., a
flat logarithmic distribution. The distribution of mass ratios fol-
lows a power-law distribution f, « ¢*, with x changing with the
separation range considered. For companions within 100 AU, the
value that we derived (¢ ~ —0.6’:8:2) lies between the uniform
mass-ratio distributions derived for spectroscopic binaries, and
the steeper k = —1.4 + 0.4 value reported by Moe & Di Stefano
(2017) based on the analysis of a subsample of the SMASH+ data.
The value that we derived is compatible within errors with both
regimes and a larger data setis probably needed toreach a firm con-
clusion. The distribution of companion masses seems to be well
reproduced by a Salpeter initial mass function. Finally, we find an
absence of massive companions at separations larger than 100 AU.

Data availability

Full Table F.1 is available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/711/A236.
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Appendix A: Absolute magnitude calibration

To obtain the absolute K- and H-band magnitudes that are
needed for the distance calculations, we used the Martins & Plez
(2006) calibration. As Martins & Plez (2006) only gives values
for luminosity classes V, III, and I, the first step was to obtain
values for luminosity classes II and IV. To do this, we fitted a
second degree polynomial of the form

M=axLC>+bxLC+c (A.1)

to the magnitudes of each of the spectral subtypes listed in
Martins & Plez (2006). Here, LC is an integer in the range 1 to
5, representing the luminosity classes I to V.

Table A.1 lists the obtained values of a, b, and ¢ for each of
the spectral subtypes listed in Martins & Plez (2006). Figure A.1
shows the corresponding LC versus My relations.

We used an identical approach to obtain relations for the
absolute magnitude as a function of the spectral subtype (SpT).
This was done to obtain absolute magnitudes for the spectral
subtypes not listed in Martins & Plez (2006), that is, 02, O2.5,
03.5, 09.2, and 09.7. We fitted a second-degree polynomial of
the form
M =axSpT> +bxSpT +c¢ (A.2)
to the absolute magnitudes of each of the luminosity classes. For
LC V, 111, and I we used the Martins & Plez (2006) values, and
for LC IV and II the values obtained from the LC versus Mg

Table A.1. Obtained coefficients of Eq. A.1 for the K band.

SpT a b c

3 0.0100 0.080 -5.630
4 0.0175 0.105 -5.653
5 0.0213 0.155 -5.696
5.5 0.0188 0.200 -5.739
6 0.0213 0.220 -5.761
6.5 0.0163 0.290 -5.836
7 0.0188 0.375 -5.836
7.5 0.0200 0.340 -5.900
8 0.0188 0375 -5.914
85 0.0200 0410 -5.960
9 0.0200 0.440 -5.980
9.5 0.0238 0.450 -5.994

T

--- 03
-- 04
-- 05

--- 055
-- 06
-+ 06.5

Absolute K magnitude

Luminosity class

Fig. A.1. LC versus Mg calibration for each of the spectral subtypes
listed in Martins & Plez (2006).
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Fig. A.2. SpT versus My calibration for each of the luminosity classes.

Table A.2. Obtained coefficients of Eq. A.2 for the K band.

LC a b c

\% —0.00096 0.29395 —-5.85071
IV .~ =0.00099 0.20948 —5.78312
111 0.00030 0.13323 -5.71012
1I 0.00022  0.06522 —5.63150
1 —0.00032 0.00542 —5.54732

calibration presented above. This resulted in five SpT versus Mg
relations, which are presented in Fig. A.2. The corresponding
coefficients of the polynomials are given in Table A.2.

The obtained relations also provide the absolute H-band
magnitudes using (H — K)p = —0.10, which is valid for all
spectral subtypes and luminosity classes in the O-star regime
(Martins & Plez 20006).

Appendix B: Magnitude correction

Before the distance can be derived from the H-band magnitude,
this magnitude first needs to be corrected for the contribution to
the 2MASS magnitude from companions within the 4” aperture.
The next subsection briefly describes this process for compan-
ions that are interferometrically resolved, and thus have a mea-
sured magnitude difference. Section B.2 describes the correction
for the unresolved companions (i.e., the SBs).

B.1. Correction for resolved companions

We corrected for all observed companions that are within 4" of
the primary star, and for which either Amg_ or Amy is avail-
able. As we derived the distance from the H-band magnitude,
we assume that Amg_ = Amy, which is valid when the compan-
ion is in the Rayleigh-Jeans domain in the H and K bands. While
this assumption may not hold for the faintest companions, these
stars have such a large magnitude difference from the primary
that their contribution to the observed magnitude is negligible.

For a single companion, the corrected magnitude (m;) of the
central star is given by

0.4Am)’

my = mops + 2.5log (1 + 10 (B.1)

where mqps is the observed magnitude, and Am the magni-
tude difference between the central star and the companion. If
multiple companions are present within the aperture, the correc-
tion was iterated for each of the components.
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B.2. Correction for unresolved companions (SBs)

Apart from the resolved companions, the observed magnitude
also contains a contribution from the unresolved companions,
i.e., the spectroscopic binaries. To correct the magnitude for this,
we used the calibration given in Appendix A to estimate the
magnitude difference. Therefore, we could only do this for sys-
tems for which the spectral types of both components are known.
Thus, we could not correct for SB1 systems, apart from four SB1
companions that have been resolved by PIONIER. However, that
the companion is not seen in the spectrum implies that it is likely
faint compared to the primary star, and thus will only have a
small contribution to the combined magnitude, i.e., the derived
distance. These systems have been marked in Table F.1.

Appendix C: Extinction correction

To estimate the extinction toward each of the stars, we used the
available VJH K-band photometry from 2MASS. Using Egs. A3,
A4, and AS from Fitzpatrick (1999) we derived the following
relations for E(B — V):

EB-V)=139%x E(V - J)/(R +0.02) (C.1a)
EB-V)=1.19x E(V - H)/(R - 0.04) (C.1b)
EB-V)=1.12x E(V - K)/(R - 0.02) (C.1c)

To use Eq. C.1c, we applied the average offset of 0.04 mag
between the 2MASS K, band and the K band, i.e., K, = K+0.04.
We assumed the average value of the total-to-selective extinction
of R = 3.1 for all systems. Figure C.1 shows the derived values
of E(B — V) for each of the systems. Here, the given value is the
mean E(B — V) derived from the three colors, and the error bars
correspond to the standard deviation.

The resulting values of E(B— V) were then used to derive Ay
and Ak using the model curve values of (Fitzpatrick 1999, their
Table 2), which results in

Ak =036 X E(B-YV) (C.2a)

Ag=053xEB-V) (C.2b)

1.5+ —
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| . . . . . .
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Fig. C.1. Derived E(B — V) for all stars as a function of the derived
distance.
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Appendix D: Bolometric corrections

To convert the absolute magnitudes to bolometric magnitudes
and hence the luminosity, we again used the Martins & Plez
(2006) calibration to derive relations for the bolometric correc-
tion in the H band (BCpy). As for the absolute magnitude cali-
bration, we first fitted BCy as a function of the luminosity class
using

BCy=axLC*+bxLC+ec. (D.1)

The results are shown in Fig. D.1 and the derived coeffi-
cients given in Table D.1. Using these results, we derived
BCy for luminosity classes IV and II, which are not given in
Martins & Plez (2006). For each luminosity class we then fitted
BCyp as a function of spectral subtype using

BCy = ax SpT? + b x SpT + c. (D.2)

The resulting relations are shown in Fig. D.2 and the coeflicients
given in Table D.2.

Finally, to also be able to derive BCy for the companion
stars, we fitted a second-degree polynomial for BCy as a func-
tion of the absolute H-band magnitude My for each of the lumi-

nosity classes:
BCy =ax My +bx My +c. (D.3)

The resulting coefficients are given in Table D.3 and the relations
are plotted in Fig. D.3.

Table D.1. Obtained coefficients of Eq. D.1 for the H band.

SpT a b c

3 0.0163  -0.145 -4.46l
4 0.0150 —-0.135 —4.330
5 0.0125 -0.120 -4.193
5.5 0.0112 -0.110 -4.131
6 0.0075  —0.090 —4.068
6.5 0.0050 -0.070 -4.015
7 0.0025 -0.055 -3.948
7.5 0.0025 —-0.055 -3.858
8 -0.0013 -0.030 -3.799
85 -0.0038 -0.015 -3.721
9 -0.0063 0.000 -3.644
9.5 -0.0100 0.025 -3.575

Table D.2. Obtained coefficients of Eq. D.2 for the H band.

LC a b c

A" 0.0041 0.1142 -5.1557
IV 0.0050 0.1125 -5.1627
I 0.0053 0.1112 -5.1309
1I 0.0049 0.1103 -5.0602
I 0.0038 0.1097 -4.9509
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Table D.3. Obtained coefficients of Eq. D.3 for the H band.

LC a b c

\" 0.0584 1.0719 -0.8398

IV 0.1184 1.9274 2.0806

I 0.2639 39188  8.7255

11 0.9456 12.578 35.962

I 0 94.984  530.40
e 03
—36p §§.5 : ° 1
—3gll 23'5__ : : 1

T - . -

Luminosity class

Fig. D.1. LC versus BCy calibration for each of the spectral subtypes
listed in Martins & Plez (2006).
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Fig. D.2. SpT versus BCy for each of the luminosity classes.
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Fig. D.3. My, versus BCy, for each luminosity class.

Appendix E: Mass-luminosity relation

To estimate the masses of the primaries and companions we used
the mass-luminosity relation,

L (MY
Lo \Mo) '
The value of the exponent x varies with the luminosity and evo-
lutionary state, which is shown in Fig. E.1 using the Brott et al.
(2011) evolutionary models and the Martins et al. (2005) param-

eters. The exponent could be fitted well by a fourth-degree poly-
nomial for the Brott et al. (2011) models, i.e.,

4 3 2
x:ax(i) +bx(£) +c><(£) +d><(£)+e. (E.2)
Lo Lo Lo Lo

The Martins et al. (2005) relations are nearly linear, and were
fitted using a second-degree polynomial (i.e., a = b = 0). The
coeflicients of Eq. E.2 for both the Brott et al. (2011) models and
the Martins et al. (2005) parameters are given in Table E. 1.

(E.1)

4.6 T T

—— Brott ZAMS
—— Brott logg=3.92
® Martins V
44r e Martins IIl
® Martins |
42t
£ a0+
[
c
o
Q
5381
3.6
341
333

Fig. E.1. Exponents of the mass-luminosity relations derived from
Brott et al. (2011) and Martins et al. (2005).
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Fig. E.2. Derived masses from the adopted mass-luminosity relations
for the primary stars (star symbols) compared to Martins et al. (2005)
values (triangles) for each luminosity class.
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Table E.1. Coefficients of Eq. E.2

a b c d e
Brott et al. (2011) ZAMS -2.449x10™*  -3.502x1073  3.050x1072  —0.211 4.331
Brottetal. (2011)logg = 3.92 —6.932x10™* —2.968x107>  7.397x1072  —-0.552 5.366
Martins et al. (2005) LC V 0 0 6.055x1072  —1.166 8.057
Martins et al. (2005) LC III 0 0 -8.515x1072  0.321 4.522
Martins et al. (2005) LC1 0 0 -0.354 2.668 —1.182x1072

Appendix F: Derived distances, separations, and masses

The distances, separations, and masses derived for each of the program stars and detected companions are given in Table F.1. The
full table is available on CDS.

Table F.1. (Excerpt) Derived absolute H-band magnitude (My, ), distance (dy), luminosity (L,), and mass (M,,) for the primary stars. The indented
lines show the adopted luminosity class (LC,), absolute H-band magnitude (M), separation (S ep), luminosity (L.), mass (M.), and mass ratio
(Mc/M p) for each detected companion.

1D SpT My, dy (kpe) log(L,/Lo) M,/M,
Pair LC. My, Sep (AU) log(L./Ly) M. /My M./M,
HD 52266 09.5 111 -4.52 2088+291 5.1 20.4
HD 53975 O75V+B2-3V -3.8 1299+331 5.0 24.4
HD 54662 065V + 07795V -4.08 1397+309 5.2 29.3
A-B %4 -3.85 3.6 5.1 25.2 0.86
HD 55879  09.7 111 -4.49 1492+212 5.1 19.8
HD 57060 07.5-8 Iab + 09.7 Ib -5.62 1762+27 5.7 35.7
HD 57061 0911+ (BO.5V+B05V) -5.13 1234+146 54 24.2
Aa-Ab v -4.06 140.7 5.0 21.0 0.86
Aa-E %4 -0.66 1172.6 2.8 4.4 0.18
Aa-B %4 0.17 10490.1 2.1 2.9 0.12
Aa-C \% 1.17 18265.1 1.2 1.8 0.07
Aa-D %4 -1.83 104901.0 3.7 8.0 0.33

Notes. (“Magnitude not corrected for an interferometric companion. ”V-band magnitude taken from Simbad. ’Magnitude not corrected for a SB
companion.
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