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Abstract. We present UVIT/Astrosat UV photometry of the RSG population of the Small Cloud
galaxy (SMC). As RSGs are extremely faint in the far-UV, these observations directly probe
potential companion stars. From a sample of 861 SMC RSGs, we find 88 have detections at
far-UV wavelengths: a clear signature of binarity. Stellar parameters are determined for both
components, which allows us to study - for the first time - the mass-ratio (q) distribution of
RSG binary systems. We find a flat mass-ratio distribution best describes the observations up
to MRSG ∼15M�. We account for our main observing bias (i.e. the limiting magnitude of the
UVIT survey) to determine the intrinsic RSG binary fraction of 18.8± 1.5%, for mass-ratios in
the range 0.3< q < 1.0 and orbital periods approximately in the range 3< log P [days]< 8.
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1. Introduction

Multiplicity is a key uncertainty in the evolution and eventual fate of massive
stars (Langer 2012). In recent times there is a growing realisation that the majority
of massive stars are born with a close companion (e.g. Sana et al. 2012). Close compan-
ions may interact and merge (Moe & Di Stefano 2017; Langer et al. 2020; Sen et al.
2022), which results in blue straggler stars (Schneider et al. 2014) and exotic stellar
systems (in originally higher-order multiple systems). The result of such evolution on
the red supergiant star population, which is either one of, or the final, evolutionary
stage for the majority of massive stars (between ∼8 and 40 M�), is not well constrained
observationally.

Theoretically, when a star within a close binary system evolves off the main sequence
towards the RSG phase, an interaction occurs, which either results in a merger event or
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some form of envelope stripping. The majority of such interactions are expected to result
in an evolutionary path that avoids a RSG phase (Eldridge et al. 2008).

Stars that have been regenerated in a merger event return to the main-
sequence (Schneider et al. 2019) and subsequently evolve towards the RSG phase where
they are expected to appear as red analogues to blue-straggler stars, so called ‘red strag-
glers’ (Britavskiy et al. 2019), where they can account for up to 50 % of RSG populations
in clusters (Beasor et al. 2019; Britavskiy et al. 2019; Patrick et al. 2020).

Red supergiant stars are very red and luminous, therefore, massive binary systems
where one component is a RSG are likely to be dominated by the appearance of the RSG
at optical and infrared wavelengths. Such systems are also necessarily longer orbital
period systems, where the minimum allowed orbital periods for a RSG are between
100 and 1000 days. As the lifetime of the RSG phase is much shorter than that of
the main-sequence, one expects this to place a lower limit on the mass of a potential
companion (Neugent et al. 2018), although this lower limit is not well constrained obser-
vationally as lower mass, lower mass-ratio systems are typically most difficult to detect
(see Section 4 for more discussion).

The impact of binary systems on stellar populations is important to study binary
physics and to predict the outcomes of binary evolution. For example, the increased the
line-of-sight velocity distribution of young clusters is seen as an indicator of the level of
binarity (Gieles et al. 2010), however, this is not observed in older clusters dominated by
RSGs (Patrick et al. 2016, 2020), which is an indication that the multiplicity fraction of
RSGs is lower than in earlier evolutionary phases.

To identify RSG binary systems there are typically two approaches:

(a) Detect radial velocity variations that cannot be explained as stellar activity from a
single star. Given the long orbital periods, long-baseline observations are a require-
ment for the success of this technique. Burki & Mayor (1983) first performed
such a study in the Galaxy, detecting 19 K- and M-type RSG binary systems.
Patrick et al. (2019) and Patrick et al. (2020) applied this technique to star clusters
in both the Large and Small Cloud galaxies (MCs), however, these authors could
not detect individual systems. Dorda & Patrick (2021) calibrated a large baseline
set of inhomogeneous observations in the MCs to the Gaia DR2 radial velocity
rest frame. These authors were able to identify individual systems, but couldn’t
correct for the various observational biases to determine intrinsic multiplicity
fractions.

(b) Detect a signature of the companion in photometric or spectroscopic observations.
Neugent et al. (2018) developed a method that exploits widely-available optical
photometry to identify a blue excess that is attributed to the presence of a compan-
ion. This method has been refined in a series of studies that identifies RSG binary
systems in several Local Group galaxies (Neugent et al. 2020; Neugent 2021). From
their observations, these authors determine the intrinsic binary fraction of RSGs
using detailed simulations.

Table 1 provides an overview of the results of these various studies.
In this article we summarise the results of a search for RSG binary systems with newly

available UV photometry from the UVIT/Astrosat SMC survey (Thilker et al. in prep.).
UV photometry has the unique benefit that an early-type companion contributes close
to 100% of the flux at such wavelengths and, as such, the companions of a large sample
of RSG binary systems can be studied directly, which is the first time that this has been
possible.
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Table 1. Summary of the determination of the RSG multiplicity fraction in Local Group
galaxies.

Galaxy Multiplicity fraction (%) Orbital configuration range Reference

SMC 18.8± 1.5 3< log P [days]< 8 Patrick et al. (2022)

0.3< q < 1.0

SMC >15 – Dorda & Patrick (2021)

NGC3301 30± 10 2.3< log P [days]< 4.3 Patrick et al. (2020)

0.1< q < 1.0

LMC 19.5+7.6
−6.7 0.1< q < 1.02 Neugent et al. (2020)

LMC >15 – Dorda & Patrick (2021)

30 Dor3 30± 10 3.3< log P [days]< 4.3 Patrick et al. (2019)

0.3< q < 1.0

MW 27± 10 log P < 2.95 Burki & Mayor (1983)

q > 0.1

M31 33.5+8.6
−5.0 0.1< q < 1.02 Neugent (2021)

M33 15-404 0.1< q < 1.02 Neugent (2021)

Notes:
1Young massive cluster in the SMC.
2Neugent (priv. comm.)
3LMC star-forming region. As part of the VLT-FLAMES Tarantula Survey Evans et al. (2011).
4Neugent (2021) find a metallicity dependence of the RSG binary fraction
5Burki & Mayor (1983) consider stars down to 5M�, which results in small allowed orbital periods.

2. Methods

As our aim is to identify RSG binary systems we first construct a catalogue of 861
RSGs in the SMC, which is based on the source catalogue of Yang et al. (2020). This is
a list of high-probability SMC RSGs, based on the photometric classification at multiple
wavelengths and astrometric data provided by Gaia EDR3 (Gaia Collaboration et al.
2021).

Thilker et al. (in prep.) presented the UVIT survey of the SMC in the F172M filter,
which has a central wavelength of 1717 Å. This SMC-wide survey† is currently 75 % com-
plete. This survey has a limiting magnitude of mF172M = 20.3 ABmag with an astrometric
precision of around 0.1” and a 4x better spatial resolution than GALEX.

We identify RSG binary systems by cross-matching the two catalogues. To determine
the contribution from chance alignments, we follow the method of Bianchi & Shiao (2020)
and use a control catalogue, which is the original RSG catalogue offset by 10” in decli-
nation. The results of this analysis show that outside of a cross-match distance (XMD)
of 0.5”, the probability of chance alignments dominates the matches, which highlights
the need for precision astrometry in such studies. To minmise the possibility of chance
alignments we select a maximum XMD of 0.4”. This results in 88 matches, which we
interpret as genuine RSG binary systems.

3. Stellar parameters of both components

We utilise photometry to determine the stellar parameters of both components within
each of the 88 RSG binary systems and for the entire RSG catalogue. In the following
analysis we assume a single extinction law for all targets, which is characterised with
AV = 0.35 and the SMC bar reddening law of Gordon et al. (2003). See Patrick et al.
(2022) for further details. Figure 1 displays the stellar parameters determined for the
stars within binary systems.

The luminosities of the RSG component are determined from K-band photometry
using the SMC calibrations of Davies et al. (2013). The RSG effective temperatures are
determined using a calibration to the de-reddened J −K colours (Dorda & Patrick 2021).
This calibration is based on the RSG effective temperatures determined for SMC RSGs

† of the SMC . . .
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Figure 1. Hertzsprung–Russel diagram showing the RSGs and their companions. The coloured
lines show stellar evolutionary tracks that are based on those in Schootemeijer et al. (2019).
The solid grey lines highlight lines of constant UVIT magnitudes in the stellar models. Rings of
different colours highlight the six systems that have a mass-ratio greater than 1.

in Tabernero et al. (2018). A discussion of SMC RSG effective temperatures is provided in
Appendix B of Patrick et al. (2022). We determine the evolutionary masses and ages of the
RSG via a comparison with MESA models computed for the SMC by Schootemeijer et al.
(2019). These models use a mass-dependent overshooting parameter and a semiconvection
parameter of 10. We determine the mass and age of the RSG by comparing the observed
luminosity of the RSG with the luminosity of the mid-point of the helium burning lifetime
of the models.

To determine the stellar parameters of the companions we make the simplifying
assumption that each companion is a single, main-sequence star that is the same age
as the RSG. We determine the luminosity of the companion using the UVIT photometry,
assuming a bolometric correction taken from the MIST models (Choi et al. 2016; Dotter
2016). At these wavelengths there is effectively no contribution from the RSG. To deter-
mine the mass and effective temperature of the companion, we compare the luminosity
of the companion with the same MESA models as for the RSG.

4. Key results and discussion

We determine mass-ratios for all of the 88 RSG binary systems detected. Figure 2 shows
the mass-ratio distribution as a function of RSG mass and the cumulative distribution
function for RSG binary systems for RSGs within the mass range 10 <M/M� <15. The
left panel highlights the principle observing bias of this survey, which is that the limiting
magnitude of the UVIT survey results in a mass-ratio dependent observing bias such
that low mass-ratio systems go undetected at low RSG masses.

To minimise the contribution of the observing bias on the mass-ratio distribution, we
concentrate on RSG masses in the range 10 <M/M� <15 and mass-ratios in the range
0.3 < q < 1.0. RSG binary systems in this parameter range are best described with a flat
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Figure 2. Left: Mass-ratio distribution as a function of RSG mass. The red dashed line shows
the mass-ratio dependent observing bias. The black dot-dashed line shows a mass-ratio limit
of q= 0.3. Right: Mass-ratio cumulative distribution function for RSGs masses between 10 and
15M�.

mass-ratio distribution. We also find a lack of high-mass ratio systems at above 15 M�,
which, in principle, should be the easiest systems to detect given our observations.

We account for observational biases by simulating the observed population of RSG
binaries assuming a flat mass-ratio distribution with the aim of effectively filling in the
area of the left panel of Figure 2, that could not be observed. From 100 000 simulations
we determine that we have missed on average 17.7± 4.4 systems as the result of the
UVIT detection limit. This results in an intrinsic binary fraction of 18.8± 1.5 %, in the
range 0.3 < q < 1.0.

When comparing intrinsic binary fractions of stellar populations, it is fundamental to
consider the range of orbital configurations over which the observations are sensitive.
We place constraints on the range of orbital periods by considering that the physical
size of the RSG places a lower limit on the orbital period of around log P [day] ∼ 3. The
upper limit can be estimated using the XMD of 0.4”, which at the distance of the SMC
corresponds to an orbital period of log P [day] ∼ 8.

Table 1 compares the RSG binary fractions that have been determined for Local Group
galaxies. We find excellent agreement with the LMC study of Neugent et al. (2020) and
the lower limit placed by Dorda & Patrick (2021). See Patrick et al. (2022) for further
comparisons at other evolutionary stages.

5. Conclusions

In this article we present the key results from Patrick et al. (2022), where we aim
to identify and study RSG binary systems in the SMC using a newly available UV
photometric survey. We have demonstrated that using UV photometry is an extremely
effective method to not only identify RSG binary systems, but to characterise their
companions, which is something that until now, has only been possible for a very small
number of Galactic systems.

The source list of RSGs that we have compiled consists of 861 high-probability RSGs.
From a cross-match with UV photometry we identify 88 SMC RSG binary systems and
we determine stellar parameters for both components in all systems.

By studying the mass-ratios of SMC RSGs we find a flat distribution best describes the
observations over the range 0.3 < q < 1.0. We use this result to simulate the main observ-
ing bias of the UVIT survey to determine the intrinsic RSG multiplicity fraction to be
18.8± 1.5 %, for mass-ratios in the range 0.3 < q < 1.0 and orbital periods approximately
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in the range 3 < log P [days]< 8. This result is compared to other measurements of the
RSG multiplicity fraction in Local Group galaxies, where we find excellent agreement.
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Discussion

Bostroem: How do you deal with line of sight coincides and recognise true binaries?

Patrick: This is an excellent question and something I think is really important to con-
sider. I didn’t have time to elaborate on this much in the talk. We assess the probability
of chance alignments using a control catalogue. We find that outside of a cross-match
distance of 0.5” false positive detections can account for up to 100% of matches. Within
0.4”, the false positive detection rate is effectively negligible. It is only thanks to the high
precision of our UV point source catalogue from the UVIT/Astrosat survey that we are
able to do this so accurately.

Graefener: Are there signatures of wind emission from the RSG in these detections?
Could these detections in the UV be the result of the RSG wind?

Patrick: As Goetz points out, in the IUE spectra of Galactic RSG binary systems
there are signatures of wind emission from the RSG to varying degrees. In the UV
photometry that I have shown today, these signatures do not contribute significantly to
the flux that we observe and because of that we are confident that the UV flux comes
almost exclusively from the hot star companion. We have HST STIS UV spectra from
our recent SNAP proposal Patrick et al. (2021) that do show evidence of wind emission
features that originate from the RSG. Single RSGs on the other hand, would be far too
faint in the UV to be detected with the UV photometry presented here.

Stanway: I’m not sure I understood how you get both a temp and luminosity from a
single UV point. Can you clarify?

Patrick: We determine the luminosity from the UVIT magnitudes and bolometric
correction from the MIST models. We then assume an age (which is taken from the RSG
age) to determine the effective temperatures and masses from the MIST models. The
grey solid lines in Figure 1 highlight the relationship between effective temperature and
luminosity for constant UVIT magnitudes. Because these lines are almost perpendicular
to the main sequence, by assuming an age, we can do a good job of determining the
stellar parameters of the companions despite the observational limitation of only using
a single photometric point. In the future we hope to supplement this with further UV
imaging.
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