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Abstract

Recent works have constrained the binary fraction of evolved populations of massive stars in local galaxies such as
red supergiants and Wolf—Rayet stars, but the binary fraction of yellow supergiants (YSGs) in the Hertzsprung gap
remains unconstrained. Binary evolution theory predicts that the Hertzsprung gap is home to multiple populations
of binary systems with varied evolutionary histories. In this paper, we develop a method to distinguish single YSGs
from YSG plus O- or B-type main-sequence binaries using optical and ultraviolet photometry, and then apply this
method to identify candidate YSG binaries in the Magellanic Clouds. After constructing a set of combined stellar
atmosphere models, we find that optical photometry is, given typical measurement and reddening uncertainties,
sufficient to discern single YSGs from YSG+OB binaries if the OB-star is at least ~5M,, for Tt ysc ~ 4000 K,
but requires a ~20M, OB star for YSGs up to Tegrysg ~ 9000 K. For these hotter YSG temperatures, ultraviolet
photometry allows binaries with OB companions as small as ~7M,, to be identified. We use color—color spaces
developed from these models to search for evidence of excess blue or ultraviolet light in a set of ~1000 YSG
candidates in the Magellanic Clouds. We identify hundreds of candidate YSG binary systems and report a
preliminary fraction of YSGs that show a blue/UV color excess of 20%—60%. Spectroscopic follow-up is now
required to confirm the true nature of this population.

Unified Astronomy Thesaurus concepts: Stellar populations (1622); Binary stars (154); Massive stars (732);
F supergiant stars (522); Stellar photometry (1620); G supergiant stars (561); K supergiant stars (881); O stars

(1137); B stars (128); Magellanic Clouds (990)

1. Introduction

The importance and ubiquity of binarity to the evolution of
massive stars has become increasingly clear over the past decade.
Much work has been done to constrain the binary fraction of main
sequence (MS) stars; we now know that 70%—100% of massive
(M Z 8M_) stars on the MS have binary companions (L. C. Robe-
1ts et al. 2007; D. C. Kiminki & H. A. Kobulnicky 2012; H. Sana
et al. 2012, 2014; R. Chini et al. 2012; A. C. Rizzuto et al. 2013;
H. A. Kobulnicky et al. 2014; G. Banyard et al. 2022;
S. S. R. Offner et al. 2023). This has strong implications for the
subsequent evolution of massive binaries. When coupled with
measurements of the period and mass ratio distribution (M. Moe &
R. Di Stefano 2017), binary population synthesis codes predict that
~70% of massive binaries with interact at some point in their
evolution (H. Sana et al. 2012). However, there remain many
uncertainties in binary population models for how interactions
are modeled, from the efficiency of binary mass transfer to
outcomes of common envelope evolution and supernova kicks
(M. de Kool 1990; G. E. Soberman et al. 1997; K. Belczynski et al.
2007; N. Ivanova et al. 2013; F. R. N. Schneider et al. 2015;
J. C. Bray & J. J. Eldridge 2016; N. Giacobbo & M. Mapelli 2020).
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These uncertainties have broad consequences for our understanding
of binary evolution processes; for example, rates of compact object
mergers (and thus gravitational wave predictions) are uncertain to
several orders of magnitude (F. S. Broekgaarden et al. 2022;
I. Mandel & F. S. Broekgaarden 2022). It is therefore vital to
supplement measurements of the binary fractions obtained during
the MS phase with constraints and empirical rates from evolved
stars and post-interaction binaries.

Several studies have put observational constraints on the
occurrence rates and properties of massive evolved binary
systems in both the Milky Way and nearby galaxies. K. F. Neu-
gent & P. Massey (2014) found an apparent binary fraction of
30% for Wolf-Rayet (WR) stars in M31 and M33. For red
supergiants (RSGs), L. R. Patrick et al. (2019, 2020) found a
binary fraction of ~30% when investigating clusters, K. F. Neu-
gent et al. (2020) found a binary fraction of 20% in the Large
Magellanic Cloud, and K. F. Neugent (2021) found a binary
fraction of 34% in M33 and a range of ~16%—41% from low- to
high-metallicity regions in M31. Furthermore, hot subdwarf
companions of Galactic Be stars have been identified (L. Wang
et al. 2017, 2018, 2021), as well as Wolf—Rayet+O binaries
(M. M. Shara et al. 2017; T. Shenar et al. 2019; M. M. Shara
et al. 2020). There are also ongoing efforts to search for the
products of the predicted 20%—-30% of massive binaries that will
merge on the main sequence (N. Blagorodnova et al. 2017;
F. R. N. Schneider et al. 2019; N. Blagorodnova et al. 2021).
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The later evolutionary stages of detached massive binaries such
as intermediate-mass stripped stars (M. R. Drout et al. 2023),
X-ray MS+ black hole systems (J. Liu et al. 2019; T. Rivinius
et al. 2020; K. Sen et al. 2021; T. Shenar et al. 2022), and
massive X-ray binaries (Q. Z. Liu et al. 2006; F. Haberl &
R. Sturm 2016; V. Antoniou & A. Zezas 2016; M. Lazzarini
et al. 2021), have also been investigated.

One important phase of massive star evolution for which
there are not yet estimates of the binary fraction is the yellow
supergiant (YSG) phase. In the traditional picture of single-star
evolution, YSGs represent a short (~10,000 yr) transitional
phase in which evolved massive stars with ~8 < M/M, < 30
move through the cooler portion of the Hertzsprung gap, their
temperatures cooling and radii inflating dramatically, until they
reach the RSG branch, where they are expected to explode as
hydrogen-rich supernovae (e.g., S. Ekstrom et al. 2012).
However, the presence of a binary companion can strongly
alter the evolutionary pathway that a massive star takes through
the Hertzsprung—Russell diagram. While 20%-30% of massive
binaries have short orbital periods and are predicted to merge
on the MS, systems with initial orbital periods in the range of
~10-3000 days are expected to interact at later evolutionary
stages as the primary star evolves and dramatically increases in
radius during its crossing of the Hertzsprung—Russell diagram
(H. Sana et al. 2012). Thus, the Hertzsprung gap is expected to
be the site of many post-MS binary interactions, the precise
physical details of whose mechanisms are not well constrained.

As well, pre-explosion imaging of several supernovae (SNe)
has indicated that the Hertzsprung gap plays an important role in
the terminal phase for some massive stars. In particular, the
progenitors of some partially stripped (Type IIb) supernovae
have been identified as YSGs (G. Aldering et al. 1994;
R. M. Crockett et al. 2008; J. R. Maund et al. 2011; J. J. Eldridge
et al. 2013; S. D. Van Dyk et al. 2014). One proposed
explanation is that enhanced mass loss during the RSG phase
could cause some stars to transition back to hotter temperatures
and then explode in the Hertzsprung gap (C. Georgy 2012), but
the physical mechanism that would lead to this is unknown, and
there is debate over whether the currently adopted mass-loss
rates of RSGs are over- or underestimated (e.g., E. R. Beasor
et al. 2020; P. Massey et al. 2023). Another proposed
explanation is binary interaction. For some binary separations
and mass ratios, binary interaction will lead to partial envelope
stripping, leaving the primary with a thin hydrogen envelope
(S. C. Yoon et al. 2010; S.-C. Yoon et al. 2017). Current binary
evolution models are able to reproduce both the ejecta masses
and pre-explosion mass-loss rates inferred from supernova
observations (S. C. Yoon et al. 2010; E. Laplace et al. 2020;
N. Sravan et al. 2020). As well, there are tentative detections of
massive, blue binary companions at the precise location of
previous partially stripped-envelope SNe (J. R. Maund et al.
2004; G. Folatelli et al. 2014; S. D. Ryder et al. 2018).

A robust understanding of how binary companions can affect
the YSG phase is thus crucial, both for understanding post-MS
binary interaction and the progenitors of partially stripped-
envelope SNe. However, while significant progress has been
made in systematically identifying and characterizing YSGs in
local galaxies (M. R. Drout et al. 2009, 2012; K. F. Neugent
et al. 2010, 2012), there have been few observational
constraints put on populations of YSG binaries. There have
been searches for hot companions of luminous yellow stars at
lower mass ranges (A. Arellano Ferro & B. F. Madore 1986;
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N. R. Evans 1992), and a handful of individual YSG binary
systems have been suggested or identified (A. Arellano
Ferro 1981, 1984; J. Sperauskas et al. 2014). There are also
some observed examples of YSG binaries in evolved
interaction states, including systems undergoing RLOF
(J. L. Prieto et al. 2008), undergoing common envelope
evolution (O. Chesneau et al. 2014), or acting as the progenitor
of a luminous red novae common envelope ejection event
(N. Blagorodnova et al. 2017, 2021; Y. Z. Cai et al. 2022). But
there has been no systematic identification of YSG binary
systems, nor constraint on the YSG binary fraction. In order to
tackle these challenges, we must first understand what types of
YSG binary systems are detectable via different methods.

To that end, we aim to develop a method to systematically
identify candidate YSG binary systems using optical and
ultraviolet (UV) photometry, with further goals of characteriz-
ing YSG binaries and constraining the YSG binary fraction in
the Magellanic Clouds. In this paper, we use stellar atmosphere
models of YSGs and their likely companions to identify
regions of color—color space that YSG binaries inhabit,
allowing for photometric classification of probable YSG binary
systems. We apply this method to candidate YSGs in the
Magellanic Clouds and find success in identifying hundreds of
candidate binary systems. In Section 2, we describe our method
of photometrically identifying YSG binary systems, and in
Section 3, we report the results of applying this method to a
population of YSG candidates in the Magellanic Clouds. In
Section 4, we discuss the robustness of this method and the
implications of our results. Finally, in Section 5, we conclude
and discuss future directions.

2. Methodology for Photometrically Identifying YSG
Binaries

As there are few observed examples of binary YSGs, we
combine synthetic models of YSGs with models of their likely
companions to define a set of photometric selection criteria that
can be used to distinguish between single YSGs and YSG
binary systems. Here, we describe the components and steps of
the methodology used to identify these YSG binary candidates.
We generally follow the method used by Neugent et al. (2018a,
hereafter N18) to identify candidate RSG binaries.

2.1. Expected Components of YSG Binary Systems
2.1.1. Definition of a Yellow Supergiant

In this work, we broadly consider stars to be YSGs if they
are located within the cooler portion of Hertzsprung gap (but
warmer than the Hayashi line) and are massive enough to
explode as supernovae. Specifically, we define YSGs to be
stars with log(L/L.) > 4.0 and effective temperature
4000 < T <9000 K. These temperatures correspond to spec-
tral classes A-F-G-K, and the luminosity cut corresponds to
stars with M >9M_, using the Geneva stellar evolutionary
models (T. Lejeune & D. Schaerer 2001). When defining this
temperature cut, we broadly follow the works of M. R. Drout
et al. (2009, 2012) and K. F. Neugent et al. (2010, 2012).
However, we chose wider T.¢ bounds to encompass known
YSG SNe progenitors—which span ~4200 K to 8900 K for
SN1993J and SN2008ax, respectively (J. R. Maund et al. 2004;
R. M. Crockett et al. 2008; see also Figures 12 and 6 of
J. J. Eldridge et al. 2013, 2018). The lower end of our
temperature range also avoids the RSG branch, which is
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located around ~4000/3800 K in the SMC/LMC, respectively
(S. Ekstrom et al. 2012).

2.1.2. The Companions of YSGs in Binaries

As described in Section 1, there are multiple evolutionary
pathways that can lead to a YSG with a binary companion.
These include: (i) a wide binary crossing the Hertzsprung gap
for the first time before becoming a RSG, or (ii) an interacting
or post-interaction binary.

In the first case, these wide binaries are the progenitors of
RSG binary systems, such as those identified by K. F. Neugent
etal. (2019, 2020), K. F. Neugent (2021), and L. R. Patrick et al.
(2017, 2019, 2020). These are typically RSG+B-type star
systems; N18 demonstrated through evolutionary models that,
for binaries that have not interacted upon the primary reaching
the RSG branch, B-type stars are the most likely type of
companion. Specifically, companion stars with M<3M, will not
have reached the zero-age main sequence (ZAMS) by the time
the primary begins ascending the RSG branch, and O-type stars
(MZ16M.) are much rarer than B-type stars. We therefore
expect the YSG binary systems that have not undergone
interactions to also predominantly have B-type star companions.

The second case requires a binary system that does not
merge on the MS, but interacts later in life. Within this context,
there are multiple phases of evolution when one of the
components of an interacting/post-interaction binary may
appear in the cooler portion of the Hertzsprung gap. For
example:

1. Currently or recently interacting systems: For certain
initial period separations, a binary system will interact
when the primary star enters the YSG regime. For less
extreme mass ratios, the primary star can remain in the
YSG regime while undergoing a short (thermal timescale)
phase of stable mass transfer. Examples of current or
post-mass-transfer systems in the hot end of the
Herzsprung gap have been identified (J. I. Villasefior
et al. 2023; V. Ramachandran et al. 2023).

2. Post-helium-burning envelope expansion: While (par-
tially) stripped stars are expected to be hot and compact
for most of their lives (Y. Gotberg et al. 2018), after
helium-core-burning ceases, they will undergo envelope
expansion. Depending on metallicity and hydrogen
envelope mass, they can (re-)enter the YSG regime
(E. Laplace et al. 2020).

3. Helium burning at low metallicity: J. Klencki et al.
(2022) recently showed that, in low-metallicity environ-
ments, some partially stripped stars can remain at cool
temperatures even during the core-helium-burning phase,
leading to nuclear timescale mass transfer and detached
inflated systems.

In cases where the YSG is the primary star, the lower-mass
secondary likely was a B-type star at ZAMS, by the same
arguments given above for noninteracting YSG binaries.
However, if the system undergoes a phase of conservative
mass transfer, the secondary could potentially gain significant
mass. Indeed, in a population study, E. Zapartas et al. (2017)
predicted that ~68% of (partially) stripped-envelope SN
progenitors have MS stars as companions (while ~5% have
compact object companions and ~26% die single). Of these
MS companions, they find that ~63% are 2-16M. B-type
stars, while 37% are 1660 M., O-type stars.
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From this, we follow N18 in assuming that the companions
of noninteracting YSG binaries will be dominated by B-type
stars. For interacting systems, mass transfer can lead to a higher
fraction of O-type stars.

2.2. Combined Stellar Atmosphere Models

Based on Section 2.1, we combine a set of synthetic YSG
models with both O- and B-type (OB) MS models in order to
understand how photometric colors from a YSG+OB binary
will differ from those of single YSGs. For all of the following
models, both single and combined, we compute synthetic
photometry for filters UV-W1 (referred to simply as W1 from
hereafter) from the Swift mission (N. Gehrels et al. 2004;
P. W. A. Roming et al. 2005), U, B, V, and I from the
Magellanic Cloud Photometric Survey (MCPS; D. Zaritsky
et al. 2002, 2004), and J and K, from the 2 Micron All Sky
Survey (2MASS; M. F. Skrutskie et al. 2006). Filter profiles
were obtained from the SVO Filter service® (C. Rodrigo et al.
2012, 2020).

We use YSG models from the Pickles Stellar Spectral Flux
library® (A. J. Pickles 1998). We select 12 luminosity class I
models with A, F, G, and K spectral types, which correspond to
temperatures of 3900-9700 K, K4-AO0; the hottest model, A0, is
for demonstrative purposes only. An A2 model at 9000 K
serves as the hot boundary model. We then create four copies
of each spectral model, which we scale to luminosities of
log(L/L.)=4.2,4.5,4.38, and 5.1. When compared to Geneva
stellar evolutionary models (T. Lejeune & D. Schaerer 2001),
these luminosities correspond to YSGs with masses of
approximately 9, 12, 15, and 20M_,, respectively. In order to
scale the models to a given luminosity, we first determine the
expected K-band magnitude for a YSG at a given temperature
and luminosity using a J — K versus K-band relationship for
stars in this portion of the HR diagram (see Section 3.1.1 for
additional details). We then scaled the spectra of the Pickles
models based on the difference between their original
(arbitrary) K-band magnitudes and the true K-band magnitudes
expected for each luminosity.

For the OB-type companion stars, we use two sets of stellar
atmosphere models computed with CMFGEN (D. J. Hillier 1990;
D. J. Hillier & D. L. Miller 1998). The first set was initially
presented by M. R. Drout et al. (2023) and includes 22 models in
total, spanning ZAMS masses of 2.21-18.17 M.,.. The models are
described in the supplementary material of M. R. Drout et al.
(2023) and are available online (Y. Gotberg et al. 2023). In brief:
a set of MESA evolutionary models computed by Y. Gotberg
et al. (2018) were used to define the surface properties at the base
of the atmosphere. While M. R. Drout et al. (2023) present
models for stars at various points of the MS, for simplicity, we
use early MS models that are 20% of their way through the MS.
These models have luminosities of log(L/L)=1.35-4.55,
temperatures of 7= 12,800-35,000 K, and surface gravities
of log(g (cm s2)) = 4.23-4.37. The second set of models was
obtained from the CMFGEN website'® in order to include
higher-mass O-type stars in our method. We select four models
spanning luminosities of log(L/L.)=4.95-6.1 and tempera-
tures of T = 35,000—40,000 K. We then estimate their masses

8 http://svo2.cab.inta-csic.es/theory /fps/

? https: //vizier.cds.unistra.fr/viz-bin /VizieR?-source=J /PASP/110/863

19 hitps: / /sites.pitt.edu/~hillier/web/CMFGEN.htm, “A Grid of O star
CMFGEN Models,” accessed 2023/11/02.
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by comparing the luminosities and temperatures to MIST
stellar atmosphere models (A. Dotter 2016; J. Choi et al. 2016),
and calculate masses of 20—60 M.

We combine these models by scaling the flux of all models
to the distances of the SMC or LMC (62 or 50kpc,
respectively; see G. Pietrzynski et al. 2013; D. Graczyk et al.
2014), and combining each OB-type MS model flux with each
YSG model flux.

To facilitate comparison with observations and to understand
how different levels of extinction can impact candidate
selection, we then use the Python package dust_extinc-
tion'' (K. Gordon 2023) to apply reddening to these
combined models. We use the K. D. Gordon et al. (2003)
extinction curves for the Magellanic Clouds with
Ry =2.74/3.41 for the SMC/LMC, respectively (using the
LMC “average” curve), and consider the full range of Ay
values for cool stars from D. Zaritsky et al. (2002, 2004). As a
“typical” extinction value for the plots in this paper, we adopt
Ay values of 0.22/0.38 for the SMC/LMC, respectively. These
values are from M. R. Drout et al. (2023), who found those
values to be the best for correctly aligning the theoretical
ZAMS with UV colors of observed stars in the Clouds. These
values are close to those measured by Zaritsky et al. (0.19/
0.44; 2002, 2004) and Massey et al. (0.25/0.44; 1995).

In Figure 1, we show the relative contributions of the binary
components to the flux in different photometric bands for our
entire model grid. Each small box in this plot represents one
combined model for a given YSG luminosity (log(L/L.) = 4.0,
4.5, and 5.0, for the top, middle, and bottom rows of plots,
respectively), YSG spectral type (horizontal axis), and OB-star
mass (vertical axis). Each box is colored to indicate the
percentage of flux that the OB-type star contributes to the total
combined flux in the synthetic photometric band indicated in
each column (W1, U, B, V, and J, left to right). These
photometric bands were chosen to span the wide range of
wavelengths that we use in Section 2.3.

From this, we see that the OB-type star contributes
effectively zero flux for all models in the J band except for
the most extreme pairs (a low-luminosity A0 star with a 50M,
O-star companion). Even in the V band, the companion star
contributes minimally in a vast majority of models, with
contributions of Z30% appearing only for the highest-mass
OB-star models. The OB star contributes increasingly more
flux at lower YSG luminosities, later YSG spectral types
(cooler temperatures), higher OB-star masses, and bluer bands.
For UV filters, the OB-star flux dominates nearly 100% of the
flux in half or more of the parameter space. However, even for
low-luminosity YSGs and UV filters, there are certain
combinations of YSG temperature and OB-star mass where
the YSG still contributes nearly all of the flux.

2.3. Identifying YSG Binary Candidates in Color—Color Space

Here, we describe the details of our method for photome-
trically identifying YSG+OB binary candidates. Broadly, we
rely on the models constructed in Section 2.2, to identify stars
that have a blue or UV color excess relative to the colors of
single YSG models. To aid in this process, in Figure 2 we show
the 324 final combined, extincted models—along with the
original YSG and OB-MS models—in multiple color—color
diagrams. We show both an example that relies on only optical

" https: / /dust-extinction.readthedocs.io /en/stable/
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colors (U — B versus V — I, top left) and one that incorporates a
UV magnitude (W1 — U versus V —I; bottom left). In these
panels, the YSG models have log(L/L.)=4.5. SMC models
are plotted, but the LMC models show the same overall
behavior, with a slight shift in V — I colors due to metallicity
and dust differences.

2.3.1. Optical Color—Color Diagrams

Although the combined models show that OB-type compa-
nions in YSG binaries are more clearly visible with UV
photometry, optical photometry is much more readily available
than UV in the Clouds. We therefore first investigate the effect
of an OB-star companion on YSGs in optical color space.

In the optical color—color diagram (Figure 2, top left panel),
we can clearly see that the YSG+OB binary systems exist in a
unique region of color—color space. For a given YSG, adding a
progressively larger OB companion will cause the system to
appear at bluer and bluer U-B colors. Notably, for all but
systems with the most massive O-star companions, this process
happens at nearly constant V-I color. This is indicative of the
fact that moderate-mass blue companions do not significantly
contribute to the flux in red optical bands.

As a result, there is a clear separation between single YSGs
and many YSG+OB binaries in this phase space. However, we
note that, for some companion masses, the predicted photometry
of the combined models lies within a few tenths of a magnitude
of the nearest single YSG model. This is particularly true for
higher-temperature YSGs, where many models can be found at
similar U — B colors. Given that we will identify candidate YSG
+OB binaries as systems that are not “too close” to the nearest
single YSG model in this phase space, we consider the impact of
three different effects on the minimum OB companion mass
required to produce a detectable blue excess relative to a single
YSG as a function of temperature: (i) photometric uncertainty,
(ii) dust extinction, and (iii) the YSG luminosity.

1. A high photometric uncertainty could lead to a YSG+OB
binary, in particular those with small B-star masses, to be
confused with a single YSG, and vice versa. In the top
right panel of Figure 2, we show an error bar that
represents three times the median uncertainty for U — B
measurements in MCPS ({oy _ g) = 0.05 mag). On
average, detecting a color excess at a 30 level would
require a shift relative to the single YSG models of this
amount.

2. We assume one extinction value for each Magellanic
Cloud, but individual stars will have a range of dust
extinction values. Dust extinction more heavily attenuates
blue flux, so a U — B color of a YSG will be bluer at low
extinction values (and thus more easily confused with a
YSG+OB system with moderate extinction). We take
zero extinction as the case where a single YSG will be the
bluest in U — B. We demonstrate the shift that this would
produce relative to our baseline models in the top right
panel of Figure 2.

3. In binaries with higher-luminosity YSGs, an OB
companion of a given mass will contribute a smaller
fraction of the overall flux, and thus a smaller relative
amount of excess blue color. In the bottom right panel of
Figure 2, we demonstrate the effect of the YSG
luminosity on the location of YSG+OB binaries in this
phase space (models are offset horizontally for clarity).
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Figure 1. The percentage that the OB-type MS star contributes toward the total flux in the YSG+OB binary system. Each column shows the results for a filter (from
left to right, W1 (Swift), U, B, and V (MCPS), and J (2MASS)), and each row shows the results for a given YSG luminosity (from top to bottom, log(L/L.) = 4.0, 4.5,
5.0). Within the panels, each box represents a combined model for a given YSG spectral type and OB-star mass.

The more luminous the YSG, the more compact the range
of U — B values for YSG+OB binaries.

Comparing the first two cases, we find that, for typical U — B
MCPS uncertainties ((oy _ ) =0.05 mag), requiring a 3o
color excess would encompass the region of the zero-extinction
models and is the dominant of these two effects. In Figure 3,
we plot the minimum companion mass of a YSG+OB binary
that would be discernible from a single YSG at the same
temperature, if we require the combined binary model to have a
U — B color that is at least 0.15 mag bluer than that of the
single YSG (thus representing a 30 excess for typical MCPS
uncertainties). For this plot, we assume “typical” extinction
values described in Section 2.2 and a range of YSG

luminosities (log(L/L.)=4.2, 4.5, 5.1). When using only
optical colors (solid green lines), we see the minimum OB
companion mass ranges from 3-6M. for cool YSGs
(~4000 K) to 19-30M, for hotter YSGs (~9000 K), depending
on the YSG luminosity. Thus, the mass ratios of YSG+OB
binaries this method is sensitive to depends strongly on both
the YSG luminosity and temperature.

2.3.2. Ultraviolet—Optical Color—Color Diagrams

In the bottom left panel of Figure 2, we plot V — I versus
W1 — U. When UV magnitudes are considered, the majority of
combined models are even more greatly separated from their
associated single YSG models. This is expected, given that OB
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Figure 2. Color—color diagrams displaying the stellar atmosphere models used to design photometric criteria for identifying YSG+OB binaries. Pickles YSG models
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as blue circles in the lower left. The combined models are shown as smaller circles with pale blue outlines. SMC models are shown here; LMC models show the same
behavior. Left panels: Colors shown are V — I vs. U — B (top) and W1 — U (bottom), with a YSG luminosity of log(L/L.) = 4.5. The dashed gray vertical lines
correspond to T = 9000 K. Top right: For U — B colors, the effect of zero extinction is shown with a gray diamond, and the 3¢ uncertainty in U — B (assuming an
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Figure 3. YSG T.¢ vs. minimum OB star mass. Each line shows, as a function
of YSG temperature, the minimum mass of OB companion star required for the
binary to be discernible from a single YSG at the same temperature, specifically
requiring the binary model to be 0.15 mag bluer in U — B or W1 — U. Optical
colors are solid green lines, and UV colors are dashed violet lines. YSG
luminosities of log(L/L.) = 4.2, 4.5, and 5.1 are shown as lines of increasing
thickness.

stars are relatively more bright in UV than YSGs. In Figure 3,
the minimum companion mass of discernible YSG+OB
binaries when using UV colors (dashed violet lines) are
significantly lower than in optical. To make this fiducial plot,
we require that a given combined model have a W1 — U color
that is 0.15 mag bluer than the closest single YSG model. This
will be compared to typical photometric errors that can be

achieved with Swift photometry in Section 3.2.3. The
minimum companion mass that is discernible when utilizing
UV photometry ranges from 2-3 M, at 4000 K to 7-16 M, at
9000K, depending on YSG Iluminosity. UV photometry
therefore allows us to identify YSG+OB systems with much
smaller companion masses than optical photometry alone.

3. Identifying Yellow Supergiant Binaries

Here, we present the results of using the unique regions of
color—color space identified in Section 2 to identify YSG+OB
binary candidates in the Magellanic Clouds.

3.1. Identifying Yellow Supergiants

To achieve our goal of identifying YSGs with binary
companions, we must first identify YSG candidates in the
Magellanic Clouds. Here, we describe our selection criteria and
foreground contamination removal. We generally follow the
methods of M. R. Drout et al. (2009, 2012) and K. F. Neugent
et al. (2010, 2012).

To encompass the extent of the SMC, we first select all
sources from 2MASS (M. F. Skrutskie et al. 2006) within 2925
of 0"55™11° —72°57/00”(J2000), which is located in the
central region of the SMC. We find 252,472 sources. For the
LMC, we select all sources within 4°5 of 5"15™20° —69°
207107(J2000), giving us 1,291,696 sources. We apply our
typical extinction corrections from M. R. Drout et al. (2023)
of Ay=0.22 (SMC) or 0.38 (LMC). This corresponds to
EB—-V)=0.08 (SMC, Ry =2.74) or 0.11 (LMC, Ry = 3.43).
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3.1.1. Photometric Identification of YSGs

To select stars within the temperature and luminosity range
of YSGs, we use the J— K and K-band magnitudes from
2MASS. We use infrared colors because, as demonstrated in
Figure 1, infrared magnitudes will be unaffected by the
presence of all but the most massive (and therefore most rare)
OB-type star companions. In the infrared, nearly all single and
binary YSGs will appear the same.

To determine which infrared colors and magnitudes correspond
to the temperature and luminosity cuts of log(L/L.) > 4.0 and
4000 < Tyr < 9000K (our adopted definition of a YSG; see
Section 2.1.1), we use the photometric information distributed by
T. Lejeune & D. Schaerer (2001), who use the synthetic stellar
spectra libraries of T. Lejeune et al. (1997) and P. Westera et al.
(1999) to calculate synthetic photometry for the Geneva stellar
evolutionary models. First, we select models with Z = 0.004 (SMC)
or Z=10.008 (LMC) and M > 9M_;, (since the 9M ., model traverses
the Hertzsprung—Russell diagram at the limit of log(L/L.) ~ 4.0).
We then apply the distance correction for the SMC/LMC, and
transform the generic J and K Geneva magnitudes to 2MASS J and
K magnitudes (J. M. Carpenter 2001).

Next, we define a relationship (a sixth-order polynomial,
following K. F. Neugent et al. 2010, 2012) between J — K and T
to select stars with 4000 < T < 9000 K. Then, using the Kj
values and luminosities in the Geneva models, we again fit a
polynomial to determine the bolometric correction (BC) as a
function of temperature, where BC =M, — K, and My, =
—2.5 x log(L/L) + 4.75. We then use these BCs to determine
the K-band magnitude that corresponds to the minimum
luminosity of log(L/Ls)=4.0 as a function of J—K (i.e., as a
function of temperature). In Figure 4, we show the LMC Geneva
models and the two fitted relationships.

We now comment on the robustness of temperature
estimates made using J — K color over our selected temperature
range. As shown in the middle panel of Figure 4, J — K is very
sensitive to temperatures between 4000 and 7000 K. Within
this range, photometric uncertainties of ~0.1 mag in J—K
would result in temperature uncertainties of less than 100 K.
However, for temperatures between 7000 and 9000 K, the
relationship flattens as the peak of the spectral energy
distribution shifts to shorter wavelengths and J — K becomes
much less sensitive to T.g. In this range, J — K uncertainties of
0.15 mag result in temperature uncertainties of 1000 K at the
low end to 6000 K at the extreme high end (i.e., a 15,000 K star
may be incorrectly viewed as a 9000 K star). We comment on
the impact of this uncertainty on our sample of hot YSG
candidates in Section 4.1.

After using these color/temperature and magnitude/
luminosity relationships to select candidate YSGs with
log(L/L>)>4.0 and 4000 < T 9000 K, we are left with
3236 stars in the SMC and 10,129 in the LMC.

3.1.2. Removal of Foreground Sources

The area of color-magnitude space that YSGs within Local
Group galaxies occupy is also heavily contaminated by
foreground dwarfs (M. R. Drout et al. 2009, 2012; K. F. Neu-
gent et al. 2010, 2012). We follow a method based on that of
Gaia Collaboration et al. (2018) and described in detail in
A. J. G. O’Grady et al. (2020, 2023), to minimize foreground
dwarf contamination using Gaia astrometry. After cross-
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Figure 4. Top: Hertzsprung—Russell diagram showing the Geneva stellar
evolutionary models (T. Lejeune & D. Schaerer 2001) at metallicity Z = 0.008
for the LMC. A range of colors denotes mass. Black solid lines denote the
region of interest (log(L/Ly) > 4.0 and 4000 < Ter < 9000 K). Middle:
Effective temperature vs. J — K color for the same models. Solid vertical lines
denote the same temperature range as above, and a dashed orange line shows
the fitted relationship. Bottom: Same as the middle panel, but for effective
temperature vs. K-band bolometric correction.

matching, 180/479 stars in the SMC/LMC did not have
matches in the Gaia DR3 database (Gaia Collaboration et al.
2023), and we do not consider them further. We then remove
all sources with parallax over parallax error w/c, > 5, and
compare the proper motions of the remaining sources to a
covariance matrix describing the distribution of proper motions
of ~1,000,000 highly probable SMC/LMC members. Stars
that fall outside the region of proper motion space containing
99.5% of these probable Cloud members, corresponding to
x> >10.6, are removed as likely foreground stars. This
astrometric cut leaves 541/729 sources in the SMC/LMC,
implying a foreground contamination level of 82%-92%,
consistent with previous works (M. R. Drout et al. 2009, 2012;
K. F. Neugent et al. 2010, 2012).

We also investigate how many foreground yellow dwarfs
with proper motions similar to those of the Clouds may still be
present in our sample after applying this method. We apply the
same color and kinematic cuts to stars within a control field
with a radius of 10° at a similar Galactic latitude as the Clouds,
centered on («, 6) (J2000) = (22:13:28.17, —63:06:55.92).
From a field containing over 750,000 stars, we find that less
than 0.5% of stars could be mistaken for YSGs with proper
motions consistent with either SMC or LMC membership.
Thus, we anticipate only 2-3 candidate YSGs in either Cloud
to be foreground dwarf contaminants.



THE ASTROPHYSICAL JOURNAL, 975:29 (19pp), 2024 November 1

3.1.3. Photometry Cross-matching

In order to use the photometric selection methods described
in Section 2.3, we require optical and (if available) UV
photometry for our sources. For optical photometry, we cross-
match the YSG sample to the MCPS (D. Zaritsky et al.
2002, 2004), which provides U, B, V, and I-band magnitudes
for several million sources in the SMC/LMC. This yields 475/
591 matches in the SMC/LMC. Of the 66/138 that did not
match, 13/1 fall outside of the MCPS footprint, while 53/
137 are within the MCPS footprint but do not match.
Additionally, 54 /73 stars (~11%-12%) are missing either U-
or I-band data, which are essential for the remainder of this
work. Thus, the final count of YSG candidates with complete
MCPS data is 421/518 in the SMC/LMC.

For the UV, we use data from the Swift Ultraviolet Survey of
the Magellanic Clouds (SUMAC, L. M. Z. Hagen et al. 2017).
SUMaC images were taken in the W2, M2, and W1 ultraviolet
bands, covering ~9 and 3deg® in the LMC and SMC,
respectively. Photometry was computed for stars in the SUMaC
images by B. A. Ludwig et al. (2024, in preparation) by
performing forced PSF photometry at the location of known
stars from the MCPS catalogs using the forward modeling code
The Tractor (D. Lang et al. 2016a, 2016b). This technique was
used in order to mitigate crowding effects; further details of
this forward modeling forced photometry are given by
B. A. Ludwig et al. (2024, in preparation) and M. R. Drout
et al. (2023). Cross-matching our candidates with complete
optical data to the final catalog of B. A. Ludwig et al. (2024, in
preparation) yields 277 /167 matches in the SMC/LMC, but 5/
14 stars did not have detections in the W1 filter, which is
necessary for our method, leaving a total of 272 /153 stars with
the needed UV data. Of the 144/351 that did not match, 99/
323 fall outside of the SUMAC footprint in the Clouds, while
45/28 are within the SUMAC footprint but do not match.

For the stars within the SuMAC footprint but without
matches in the final B. A. Ludwig et al. (2024, in preparation)
catalog, we examine the SUMAC images to determine why. We
find that: (i) 27 were located in regions of the images that were
masked during the analysis process by B. A. Ludwig et al.
(2024, in preparation), (ii) 26 were too faint to yield a >30
detection in the W1 band, and (iii) 20 were excluded from the
final catalog of B. A. Ludwig et al. (2024, in preparation)
because there were high residuals left in a 5” aperture
surrounding the source after subtracting the best-fit model for
all sources.

For the first set of objects, masking was performed in regions
that were either highly clustered or featured a bright source,
such that prominent coincidence-loss artifacts appeared on the
images. Robust magnitudes cannot be recovered from the
Swift-UVOT images for these sources. However, we note that,
for approximately half of these sources, the YSG itself
appeared to be very bright in the UV, which is not expected
for isolated YSGs. For the second set of objects, we use a
combination of the outputs from Tractor and aperture
photometry using the uvotsource tool distributed by
HEASARC '~ to estimate 3¢ upper limits for the YSGs when
possible. Finally, we visually inspect all of the sources in the
third group. In some cases, the high residuals were an
indication the the source was in a highly clustered region or
that the adopted PSF was not a good match to that image.

12 https: / /swift.gsfc.nasa.gov /analysis/UVOT_swguide_v2_2.pdf
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However, for 19 objects, we found that the residuals were only
slightly above the threshold applied by B. A. Ludwig et al.
(2024, in preparation) and were likely due to a brighter source
located >3" away from the target of interest. In these cases, we
deem the UV magnitudes from Tractor reliable enough for our
purposes and include them in the following analysis.

In summary, we supplement the catalog of B. A. Ludwig
et al. (2024, in preparation) with UV magnitudes for 15/4
sources in the SMC/LMC, as well as 7/5 for which we have
obtained upper limits on the true flux from the system. After
adding these sources, we are left with 272/156 sources with
sufficient data to apply our UV—optical method for identifying
YSG binaries.

3.1.4. Cleaning Spectral Energy Distributions

Since YSG+OB binary candidates will be identified based
on their optical and UV colors, we carefully examine the
spectral energy distributions (SEDs) of YSG candidates to
remove any with bad photometry. Using the YSG and YSG
+OB combined models from Section 2.2 as guides, we remove
stars where any MCPS magnitude (or, if available, UV
magnitude from B. A. Ludwig et al. 2024, in preparation)
implies a nonphysical SED. For most bands, we exclude
sources where a given band is more than 1.5 AB magnitudes
brighter or fainter than an adjacent band. The exception is the U
band, where the cooler YSG models show variation of up to
2.5 mag relative to the B band. This process removes 39/37
stars in the SMC/LMC, respectively, leaving us with 382 /481
with complete data and clean SEDs. For stars with UV data, an
additional one star is removed in both the SMC and LMC
where the W1 band was more than 2.5 mag brighter or fainter
than the U band.

3.1.5. YSG Candidate Sample Summary

Table 1, we summarize the progression of cuts made to
arrive at our final sample of YSG candidates in the Magellanic
Clouds: 541 in the SMC and 729 in the LMC, with 382/481 in
each galaxy with all MCPS magnitudes available and clean
SEDs. The final sample of YSG candidates is shown on a
Hertzsprung—Russell diagram in Figure 5; temperatures and
luminosities were determined by comparing J and K
magnitudes to the Geneva models via the process described in
Section 3.1.1. For context, we also show the location of several
observed YSG progenitors of partially stripped-envelope
supernovae from Figure 12 of J. J. Eldridge et al. (2013).

We compare our final population of YSG candidates to that
of K. F. Neugent et al. (2010, 2012). They searched for YSGs
with M > 12M,, with a similar method and found 192/317
probable YSGs in the SMC/LMC, respectively. Our YSG
candidate population is larger mainly due to the inclusion of
fainter stars, consistent with expectations for 9-11M. YSGs
based on evolutionary models. Small differences also originate
from how we handled foreground dwarf removal.

Of the 192/317 YSG candidates in the K. F. Neugent et al.
(2010, 2012) population, when compared to our 541/729
candidates before cross-matching to MCPS and making SED
cuts, 68/119 are missing from our final population in the
SMC/LMC, respectively. These missing K. F. Neugent et al.
(2010, 2012) YSGs were removed from our final sample for the
following reasons:


https://swift.gsfc.nasa.gov/analysis/UVOT_swguide_v2_2.pdf
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Table 1
YSG Sample Construction
Criterion SMC LMC
2MASS Sources 252,472 1,291,696
J — K and K Cuts 3236 10,129
Gaia Cross-match 3056 9650
Gaia Astrometry Cut 541 729
Optical Data

MCPS Cross-match 475 591
With Complete Data 421 518
Cleaned SEDs 382 481

UV Data
SuMAC Cross-match 277 167
With UV W1 Data 272 153
With Extra Sources 286 157
Cleaned SEDs 272 156

1. Three SMC YSGs are located in the wing of the SMC,
which we do not consider.

2.49/108 YSGs were removed through our photometric
cuts on J — K and K, which were designed to select stars
in our temperature/luminosity region of interest (see
Section 3.1.1).

3. 16/11 more of the K. F. Neugent et al. (2010, 2012)
YSGs were then removed from our sample when
removing likely foreground dwarfs based on their Gaia
astrometry (see Section 3.1.2).

For the stars removed through photometric cuts, these
missing YSGs stem from (a) slight differences in how we and
K. F. Neugent et al. (2010, 2012) handle extinction, and (b)
K. F. Neugent et al. (2010, 2012) using more lenient color cuts
in J — K. Using the J — K values in the catalogs provided by
K. F. Neugent et al. (2010, 2012) and our J — K-T,¢ relation,
the K. F. Neugent et al. (2010, 2012) YSGs range in
temperature from 3900 to 10,300 K, wider than our range of
4000-9000 K. If we apply our extinction correction and color
cuts to the missing stars, the only ones which pass the cuts are
the three SMC wing stars and the 16/11 that are later cut by our
Gaia analysis.

We also compare our YSG candidate sample to the fast
yellow pulsating supergiants (FYPS), a potential new class of
luminous pulsating stars identified by T. Z. Dorn-Wallenstein
et al. (2020) (though see also M. G. Pedersen & K. J. Bell 2023).
Of the five FYPS identified by T. Z. Dorn-Wallenstein et al.
(2020), one is within our YSG candidate sample (2MASS
J04505585-6925525). The four others are not in our final
sample, because they are not in MCPS.

3.2. Binary Candidate Selection

We now search for evidence of excess blue and/or UV flux
that may indicate the presence of binary companions for
some of the YSGs identified in Section 3.1. We use both
optical-only and optical-UV color—color diagnostics described
in Section 2.3 (the latter of which is available for only a subset
of the YSG sample).

In the sections below, we will broadly define a star as having
a blue or UV color excess (and thus being a YSG+OB
candidate) when its U — B or W1 — U color is more than three
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times the typical photometric uncertainty bluer in U — B or
W1 — U, for optical-only and optical-UV diagnostics respec-
tively, than a single YSG model at the same V — I color. This
requirement is chosen to ensure that the excess (relative to the
Pickles models) is measured at at least 30. Such stars will
appear below the single YSG models in Figure 2. To make this
assessment for stars at a range of V — I color, gaps between the
YSG models are linearly interpolated.

3.2.1. Optical Colors—Model Method

We first use the optical-only color—color diagnostic plot
presented in Section 2.3 to separate the observed sample into
three broad classes:

1. YSGs too hot for definitive statement—We first categorize
any star in our YSG sample with a V — I color bluer than
the Pickles A2I model (left of the dashed line in Figure 2)
as a “too hot YSG.” The Pickles A2l model has a
temperature of ~9000 K, which was the upper limit we
adopted for our definition of YSGs (Section 2.1.1). While
we nominally only selected YSGs with temperatures
below this, some stars clearly appear in this region of
parameter space. This could occur due to (i) differences
between the T. Lejeune et al. (1997) stellar atmosphere
models (used to select YSGs) and Pickles models (which
we now compare to), and/or (ii) differences in the
sensitivity of J — K versus V — [ to temperature at the hot
end of our temperature range (discussed in Section 3.1.1).

2. No observable blue/U—B excess—Stars that are close to
the single YSG models and do not show signs of excess
blue flux in optical colors. The median U—B error on our
YSG candidates is 0.05 mag in both the SMC and LMC.
We therefore place any star that lies within 0.15 mag of
the nearest single YSG model in this category, as it does
not show evidence for an excess (relative to the models)
at a level >30.

3. Apparent blue/U—B excess observed—Stars that are
further from the single YSG models in U — B than the
bounds described in (2) above. These are the candidate
YSG+OB (¢cYSG+OB) binaries.

The results of these cuts are shown in Table 2, and the
classifications are plotted in V — 1 versus U — B space in the
middle panels of Figure 6. Of the stars that fall into categories 2
and 3 (i.e., candidate YSGs that appear to robustly fall below
our 9000 K temperature threshold), the fractions that have an
apparent excess of blue light are 44%/37% in the SMC/LMC.
These are the YSG+OB binary candidates.

Example SEDs of two binary candidates with inferred YSG
temperatures of ~4000 and 6000 K T, are shown in Figure 7
alongside apparently single YSGs at the same temperatures.
The magnitudes in these plots have been transformed to the AB
system so that they are representative of the true spectral shape.
The objects show similar slopes at infrared colors (hence our
inference of similar temperatures for the YSGs), but clear
differences can be seen at shorter wavelengths. In both cases,
the stars we infer as apparently single display a significant
drop-off in flux in the UV, with UV magnitudes Z5 mag fainter
than the / band. However, for the objects we identify as binary
candidates, this drop-off is much less pronounced, with
differences of only ~2-3 mag.

We note that the fraction of YSGs with blue enough V — [
colors that they fall in the first category above (i.e., with YSGs
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Figure 5. Top: Hertzsprung—Russell diagrams for the SMC (left) and LMC (right), showing the final YSG candidate sample as gold circles. The limits of log(L/L)>
4.0 and 4000 < T.¢ < 9000 K are shown as gray dotted lines. As well, the Geneva stellar evolutionary models (T. Lejeune & D. Schaerer 2001) at metallicities
Z =0.004/0.008 for the SMC/LMC are plotted, with masses indicated. Finally, examples of partially stripped-envelope progenitors from J. J. Eldridge et al. (2013)

are shown as light blue crosses.

Table 2
Photometric Classification Results
Classification SMC LMC
Optical
Total Stars 382 481
Too hot YSGs 59 191
Models: No U — B excess 180 184
Models: U — B excess® 143 106
Models: Blue excess fraction 44% 37%
Visual: No U — B excess 271 214
Visual: U — B excess” 52 76
Visual: Blue excess fraction 16% 26%
Ultraviolet
Total Stars 268° 152°
Too hot YSGs 45 51
No W1 — U excess 118 30
W1 — U excess” 105 71
UV excess fraction: 41% T70%

Notes.
4 Candidate YSG+OB systems.
b .
Some upper limits removed; see text.

with T > 9000 K according to the Pickles models) is higher in
the LMC (40%) than in the SMC (15%). Upon examination,
this may actually be due to the fact that we selected candidates
YSGs from the same temperature range (4000 <7< 9000 K)
for both galaxies. However, the Hayashi track is warmer in
lower-metallicity environments and is expected to fall near the
low end of our adopted range in the SMC. Therefore, we may
have included some stars from the base of the RSG branch in
our SMC cuts, lowering the total fraction of stars at hot
temperatures in the SMC (see, e.g., the overdensity of stars at
low temperatures in the left panel of Figure 5).
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3.2.2. Optical Colors—Visual Method

We note that the classification method in the previous
section relies on the assumption that the Pickles models
accurately represent the observed spectral energy distributions
of single YSGs. However, we highlight that we observe an
apparent overdensity of sources in a flat line at U — B=1.3
(between V —1 values of 1.25 and 3) in Figure 6. This
overdensity appears at a slightly bluer U — B color than in the
theoretical models of single YSGs. These may truly be binary
candidates, but it is also possible that the Pickles models may
not reproduce the properties of observed YSGs precisely.

Importantly, the Pickles supergiant models are based on
observations at solar metallicity, while the SMC and LMC have
~1/5 and ~1/2 solar metallicity, respectively (S. Choudhury
etal. 2016, 2018). At short wavelengths (past the Balmer break
at $4000 A), significant line blanketing greatly affects stellar
spectral shape; see the examples in Figure 8. The magnitude of
this line blanketing should be dependent on metallicity. Thus,
for lower-Z environments such as the Clouds, we might expect
a brighter U magnitude relative to the B magnitude—and
therefore a smaller U — B color. This would have the effect of
shifting both the single YSG and combined YSG+OB models
down to lower U — B colors in Figures 2 and 6—potentially
bringing the Pickles single YSG models closer to the center of
a visual overdensity of sources located around U — B =1.3.

While future work will examine the impact for stellar
atmosphere models at a range of metallicities, it is possible that
the observed overdensity corresponds to the population of
YSGs without a blue color excess. To account for this possible
model mismatch, we now also perform a second “visual” (as in,
by eye) inspection method of identifying stars with a blue
excess. We first visually identify the areas of highest density in
V —1 versus U — B color space—using the models only as a
general guide. We then designate all not inside the overdensity
(and with V —1I colors redder than the cut described in
Section 3.2.1) as having a blue excess. The results of this
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Figure 6. Color—color diagrams displaying observed candidate YSGs for V — I vs. U — B, at SMC (left) and LMC (right) metallicities. The stellar atmosphere models
from Figure 2 are also shown. Top: Shown in gray are YSG candidates, selected as described in Section 3.1. Middle: The YSG candidates are classified as described in
Section 3.2.1. Gold circles are YSGs with no photometric evidence of a blue excess. Green circles are YSGs with photometric evidence of a blue excess, and are
possibly binary candidates. Dark blue-gray circles are YSGs that have V — I colors corresponding to T > 9000 K. Bottom: YSG candidates are classified by a
“visual overdensity” method, described in Section 3.2.2. Colors are the same as the panel above.

categorization can be seen in the bottom panels of Figure 6.
When this method is applied, the fraction of stars with blue
excess drops to 16%/26% in the SMC/LMC (see Table 2).

3.2.3. UV-Optical Colors

As described in Section 2.3, while optical colors are more
readily available for stars in the clouds, incorporating UV
photometry provides additional sensitivity to lower-mass
binary companions. We therefore repeat the same selection
process using the UV-optical diagnostic diagrams, but with a
few small differences.

First, for the sample of candidate YSGs with W1 magnitudes
available (see Section 3.1.3), the median W1 — U uncertainty is
0.1 mag in the SMC and 0.05 mag in the LMC. To select stars
as having a detectable “UV excess,” we therefore require that
they have W1 — U colors that are 0.3 and 0.15 mag bluer than
the nearest single YSG model, respectively. Second, we use

11

only the model method for the UV color space, as there are not
enough stars with UV data to confidently identify the “visual
overdensity” associated with likely single YSGs. Finally, if a
star has an upper limit for its W1 magnitude, we discard it from
the analysis if its W1 — U upper limit is within the “UV
excess” area of color space, as we cannot discern if it truly has
a W1 — U excess or if the true W1 magnitude may be much
fainter. This results in a lower number of “Total Stars” in the
UV section of Table 2 than in Table 1, namely four less from
both the SMC and LMC.

The results are given in Table 2 and plotted in Figure 9 (top
panels). From the stars with UV data available (which also
have V —1I colors redder than the cut described in
Section 3.2.1), the fraction with a UV excess is 41%/70% in
the SMC/LMC. The SMC fraction is much smaller than the
LMC fraction, owing primarily to the higher W1 - U
uncertainty (the threshold to show an excess compared to the
models at >30 is 0.3 mag, while in the LMC it is 0.15 mag).
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Figure 8. Pickles synthetic stellar spectra for GO, G8, KO, and K8 supergiants
(orange to red lines) along with the filter profiles, arbitrarily scaled, for MCPS
U- and B-band (black, solid, and dashed lines, respectively).

Due to this, we are less sensitive to certain mass binary
companions in the SMC compared to what is plotted in
Figure 3. If we take the smaller LMC uncertainty and apply it
to the SMC data, the SMC fraction would rise to 64%.

In order to compare our two methods, in Figure 9 (bottom
panels), we plot the sources with W1 magnitudes available,
color-coded by their UV categorizations on the optical color—
color diagram used in Section 3.2.1 and Figure 6. In total, there
are 220/100 systems in the SMC/LMC that have both optical
and UV data available as well as V — I redder than the cutoff
described in Section 3.2.1. Of these, 50/34 have both a blue
and UV color excess (as determined from the optical-only and
optical-UV diagnostics, respectively) and are therefore strong
binarity candidates. An additional 79/23 stars show no
detectable excess in either color—color space—these are highly
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likely to be single YSGs or binaries with low-mass companions
below our detection thresholds (see Figure 3).

The remaining stars (~40% in both galaxies with full UV/
optical data and a V — I below our threshold) were categorized
differently between the two methods. In the SMC/LMC, 55/37
stars showed a detectable UV excess in the UV-optical
diagnostic diagram but no detectable blue excess in the optical-
only diagnostic diagram. While detailed SED fitting is required,
this may be indicative of YSG+B binaries with smaller
companions than can be distinguished using our method and
optical data alone. Finally, 36/6 stars in the SMC/LMC have
an apparent blue color excess but do not show a UV color
excess. This is unexpected, as based on the models described in
Section 2.2 there is no area of parameter space where a blue
flux excess is expected with no UV excess. This may represent
data quality issues (in particular with the MCPS U band) not
caught by our SED vetting (Section 3.1.4), and it also
emphasizes the point made in Section 3.2.2 that the Pickles
atmosphere models may not fully represent the diversity of
observed properties of YSGs and YSG binaries.

4. Discussion

The goal of this work was to investigate a method of
photometrically distinguishing YSG binary candidates in the
Magellanic Clouds. We extended the optical photometry
method of N18 to hotter temperatures, and added ultraviolet
photometry. We identified over 100 YSG candidates with signs
of blue or UV color excesses, possibly indicating the existence
of OB-type companions. We will now discuss possible
contaminants in the identified populations, the robustness of
the method, and the implications of these preliminary results. A
catalog of YSG+OB binary candidates will be included in a
subsequent paper, after spectroscopic confirmation.
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Figure 9. The same as Figure 6, but showing UV classifications. Top: V — I vs. W1 — U color—color diagram. Limits are shown as triangles. Bottom: The UV
classifications from the top panels, but shown in V — [ vs. U — B space. The locations of the previous temperature cuts in U — B are shown with light gray lines. Stars

without W1 data are show as faint gray circles.

4.1. Possible Contaminants

A full assessment of contaminants within, as well as the
completeness of, our sample of candidate YSG+OB binaries
requires spectroscopic confirmation of the nature of the stars.
Nonetheless, we briefly discuss potential and known con-
taminants in our sample. It is important to consider both
possible contaminants to our base YSG sample, as this will
impact the denominator of any future assessment of YSG
binary fractions, as well as specific types of sources that could
masquerade as YSG+OB candidate systems based on our
method.

4.1.1. SIMBAD Cross-match

We cross-matched the 400/481 YSG candidate stars in the
SMC/LMC identified in Section 3.1 that had good SEDs and
complete MCPS data with the SIMBAD database (M. Wenger
et al. 2000). In the SMC/LMC, 327/377 stars have matches,
and the primary SIMBAD classifications are shown in Table 3,
along with previously reported spectral types for 152/266 of
the stars. Of the candidate YSG4-OB binaries (as identified by
the model method), 132/84 stars in the SMC/LMC have
SIMBAD matches, including 50/49 with previous spectral
classifications.
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The vast majority (~90%) of YSG candidates with
information in SIMBAD have been classified as stars, super-
giants, or RSGs/YSGs. Some are classified as blue supergiants
(BSGs). Examining our sample, these BSGs were all objects
near the upper bound of the temperature range that we selected
based on J — K colors (T, ~ 9000 K). Some of the stars in our
YSG sample have listed spectral types in SIMBAD that are
either O- or B-type stars, both of which are typically associated
with temperatures >10,000 K. We first note that none of these
stars with O- or B-type spectroscopic classification in SIMBAD
are located in areas of “no blue excess” in Figure 6—they are
all either binary candidates or appear hotter than the A-type
models. For some of the B-type stars, these may simply
represent objects near the upper edge of our selected threshold,
where J — K becomes much less sensitive to temperature and
photometric uncertainty could plausibly admit a star with a Tog
up to 15,000 K (see Section 3.1.1). Also, some of these stars
may be YSG+OB binaries where the OB component was
previously identified in a search for hot stars. Of particular
interest, in SIMBAD six stars are classified as Be stars and six
as WR stars; we discuss these further below.

If we focus on the sources that we identified as YSG+OB
binary candidates and have information in SIMBAD, 96% of
SMC candidates and 73% of LMC candidates are also
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Table 3
SIMBAD Classifications
Classifications cYSGs cYSG+OB
SMC LMC SMC LMC
Total (Clean SED) 400 481 143 106
SIMBAD Match 327 377 132 84
Star or SG 106 263 26 43
RG/SG* 149 18 79 7
YG/SG® 51 39 22 11
BG/SG® 3 15 2 7
Wolf-Rayet 0 6 0 4
Emission Line 5 13 2 7
Be Cand 4 2 1 0
Other® 9 21 0 5
Spectral Type (if available)

(0] 2 21 1 9
B 9 54 2 19
A 44 139 6 12
F 22 25 4 3
G 43 5 16 1
K/M 32 22 21 5
Notes.

# Includes long-period variables.
b G/SG = Giant/Supergiant.
¢ Includes variable (V), peculiar (PEC), carbon (C), and unidentified (**) stars.

classified in SIMBAD as stars, supergiants, or RSG/YSGs. A
small number are classified as BSGs or emission-line stars, one
SMC binary candidate is also a Be star candidate, and four
LMC binary candidates are confirmed WR stars.

4.1.2. Specific Contaminants: YSG Sample

We selected YSG candidates by identifying stars with infrared
colors corresponding to temperatures between 4000 < T <
9000 K and luminosities above log(L/L) > 4.0. This corresponds
to YSGs with M > 9M,,, from the Geneva evolutionary models
(T. Lejeune & D. Schaerer 2001). Based on these Geneva models,
the blue loops of lower-mass stars do not intersect this area, and
thus we expect negligible contamination from lower-mass yellow
giants. However, lower-mass stars in the post-AGB phase may
transit through this area of the Hertzsprung—Russell Diagram
on their way to becoming white dwarfs. We discuss post-AGB
contamination further below. Finally, as mentioned in
Section 3.1.1, as the uncertainties on our temperature estimates
above T > 7000 K are high, especially at the 9000 K boundary,
some very hot stars that may be considered blue supergiants
instead of YSGs may have been included in the sample. We do not
expect single MS/dwarf stars as a contaminant, as their K-band
magnitudes would be far fainter than our cutoff.

4.1.3. Specific Contaminants: YSG+OB Candidates

We also consider stellar objects that may be mistaken for
YSG+OB binaries. Specifically, while the goal of this paper
was to identify stars with infrared colors consistent with YSGs
but with extra blue light, we may have also picked up objects
that are naturally bright in blue/UV, but have excess infrared
light. Examples include post-AGB stars, Be stars, and WR
stars. We discuss each of these cases, before also highlighting
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other possible contaminants such as single YSGs and chance
line-of-sight alignments.

Post-AGB Stars: While there are no known post-AGB stars
in our YSG+OB binary candidate sample according to
SIMBAD, we note that, since a post-AGB star will contain
both a hot stellar core (R. F. Green et al. 1986; C. S. Jeffery &
W. R. Hamann 2010) and dusty circumstellar material (H. van
Winckel 2003), such sources may be a potential contaminant.
To investigate this, we use MIST stellar evolution models
(B. Paxton et al. 2011, 2013, 2015; A. Dotter 2016; J. Choi
et al. 2016) to calculate the lifetime of post-AGB stars that
travel through the same region of J— K versus K color-
magnitude space as our YSG selection criteria. We find that
stars with masses > 3M, pass through this region for 40-80 yr.
Using a method from A. J. G. O’Grady et al. (2020, Section
6.1) and M. R. Drout et al. (2023, Section S6.4) to estimate the
likelihood of post-AGB contamination by comparing the travel
times above to the total population of SMC/LMC AGB stars
and their total lifetimes. We find that the number of post-AGB
stars expected in this region of color—magnitude space is <1.

Be stars: Be stars are rapidly rotating B-type stars that form
decretion disks that emit at infrared wavelengths. Therefore, Be
stars share similar photometric profiles to YSG+OB binaries—
bright in both IR and UV wavelengths. We cross-matched our
YSG candidates to the Magellanic Cloud Be catalogs of
R. E. Mennickent et al. (2002) and B. E. Sabogal et al. (2005)
for the SMC and LMC, respectively, and found four matches in
the SMC and two in the LMC. Our YSG candidates, the Be
catalog populations, and these matches are plotted in Figure 10.
All of these sources have extremely hot temperatures; all but
one in the SMC have Ty — ;> 9000 K. As can be seen in
Figure 10, the vast majority of Be stars are at dimmer K-band
magnitudes than what our luminosity cut prescribed. Thus,
while our YSG+OB star candidates may have some contam-
ination from Be stars, especially on the hot/faint end, given the
expected faint magnitudes of most Be stars, and the wealth of
emission-line studies of the Clouds that have been completed to
date (e.g., R. C. Smith & MCELS Team., 1999; Q. A. Parker
et al. 2005; P. Massey et al. 2014), we do not expect this to be a
large source of contamination. Indeed, only nine of the YSG
+OB candidates in our sample are listed as emission-line
objects in SIMBAD.

However, we also note that YSG+Be systems may be a
possible example of an interacting binary system, where the Be
star is a conservative mass gainer. V. Ramachandran et al.
(2023) recently identified an Myippea ~ 3M, and Mg, ~ 17M,
system, where the initial mass of the stripped star is predicted
to have been ~12M.. The precursor of this system, just as
mass transfer begins, could have been a ~6000K,
log(L/Lo)~4.6 YSG with an ~11M_, B-star companion (see
their Figure E.1). Thus, we will carefully examine any
confirmed Be stars in our sample for scenarios such as this.

Wolf-Rayet Stars: Six of the LMC YSG sample, of which
fourare YSG+OB candidates, are confirmed WR stars
(K. G. Henize 1956; C. Fehrenbach et al. 1976; J. Meln-
ick 1978; K. F. Neugent et al. 2018b). WR stars are incredibly
bright in UV, and some cooler, carbon—oxygen-dominated WR
stars (also known by their WC designation) episodically form
dusty, circumstellar shells that can be bright in infrared
wavelengths (P. M. Williams et al. 1987; P. A. Crowther
et al. 2006). These shells come about due to binary interaction
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Figure 10. J — K vs. K color-magnitude diagrams of the SMC (left) and LMC (right). Our YSG candidates are plotted as gray circles. The Be candidates of
Mennickent et al. (2002) (SMC) and Sabogal et al. (2005) (LMC) are blue circles. Our YSG candidates that matched with Be stars are yellow diamonds, and YSG
+OB candidates that matched are green squares. The census of SMC/LMC WR stars from P. Massey et al. (2014) and K. F. Neugent et al. (2018b) are plotted in dark
violet, and YSG or YSG+OB candidates that match are plotted as orange diamonds and red squares, respectively. We note that WR stars that overlap the YSG region
but are not in our YSG sample were either removed as possible foreground contaminants or did not have complete MCPS data.

with a companion OB star (P. G. Tuthill et al. 1999;
P. A. Crowther 2007). In the right panel of Figure 10, this
overlap in IR colors can be seen. For our particular sample, the
cataloging of WR stars in the Magellanic Clouds is likely
complete (K. F. Neugent et al. 2018b), and thus additional
contamination would be unexpected.

Thus, while our final sample has some known contaminants
from non-YSG-+OB binary objects, we expect contamination
from objects such as post-AGB stars, Be stars, and WR stars to
be low.

Single YSGs: Instead, the dominant source of contamination
is likely to be from single YSGs in the regions of parameter
space where the level of blue/UV excess predicted is small,
and thus any impact from uncertainties in our understanding of
the UV flux from YSGs or dust extinction will be enhanced. As
well, we note that some RSGs have shown significant near-UV
excess when compared to standard stellar models. P. Massey
et al. (2005) suggest this may be due to starlight being
reprocessed by circumstellar dust around the star. Therefore,
for YSGs that went through a windy RSG mass-loss phase,
they may show a similar near-UV excess.

Line-of-sight Alignments: We also briefly discuss the
possibility of chance alignment for our YSG+OB binary
candidates, where a YSG and OB are not gravitationally bound
but happen to “line up” from our perspective and appear as a
binary when observed photometrically. K. F. Neugent et al.
(2020), while investigating RSG binaries in the LMC, ran
Monte Carlo simulations taking into account the OB star
density around spectroscopically confirmed RSGs and found a
1.6% £ 1.7% chance that an RSG could have a line-of-sight
companion. Given the good spatial agreement between RSGs
and YSGs in the Clouds (e.g., K. F. Neugent et al. 2012, Figure
5) the same low percentage of chance alignment should apply
to our YSG+OB binary sample, and thus the chance of
contamination from line-of-sight pairings is low.
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4.2. Validity of the Method

We find that the method of N18 for identifying cool
supergiants with B-type binary companions using optical
photometry can, in theory (e.g., based on theoretical model
atmospheres), be successfully extended up to higher effective
temperatures. The minimum mass of OB companion star that
allows a YSG+OB binary to be discernible from a single YSG
depends on the temperature and luminosity of the YSG (see
Figure 3). With optical photometry alone, this method can
discern YSG+OB binaries from single YSGs with OB star
masses ranging from 3—6M,, at 4000 K to 19-30M, at 9000 K.
Adding UV photometry allows us to identify binary candidates
with smaller companion masses, from 2-3M., at 4000K to
7-16M ., at 9000 K.

One critical source of uncertainty in this method is the
applicability of the models used to the full range of observed
YSGs. As discussed in Section 3.2.2, the Pickles YSG models,
in particular at cooler temperatures (G- and K-type) and in the
SMC (lower metallicity), do not appear to align well in U — B
with the observed population of YSG candidates (Figure 6, top
left panel). This may stem from metallicity effects, since strong
iron line blanketing decreases U-band magnitudes relatively
more than B-band magnitudes. While the models are useful for
identifying YSG+OB candidates, it is clear that existing YSG
atmosphere models are not fully describing the observed
properties of the YSG population in the Magellanic Clouds.
Uncertainties in the true flux of the single YSG models have
the greatest effect on stars that are “close” to the models—both
YSG+OB binaries with low ($5M) companion masses and
truly single YSGs.

We also find few examples of contaminants in our final
sample of YSG+OB candidates. Objects such as dusty WR
stars and Be stars are rare within the sample, and we similarly
expect line-of-sight contamination to be low. The most likely
source of contamination in the YSG+OB candidate sample
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would be from single YSGs erroneously identified as having a
blue flux excess, either from uncertainty on photometry or
extinction, or—for post-RSG YSGs—reprocessed starlight.

Therefore, we find that optical and UV photometry can be
used to identify candidate YSG-+OB binaries, with certain
restrictions on YSG temperature and OB-star mass. However,
in order to confirm what is causing the apparent excess of blue/
UV light in these candidates, spectroscopic follow-up is
essential, in particular for cases where the system may have a
lower-mass OB companion.

4.3. Broad Implications of the Fraction of Stars with Blue
Excess

Without spectroscopic confirmation, we cannot make a
robust estimate of the binary fraction of YSGs in the
Magellanic Clouds. Additionally, as discussed above, the
photometric method used is not sensitive to all possible YSG
+OB binaries, as the discernibility of the binary system from a
single YSG is dependent on the mass of the companion star and
the YSG temperature and luminosity (see Figure 3). With these
caveats, we will briefly comment on the implications of our
initial result for the fraction of stars with a blue excess to those
without.

For the SMC/LMC, with optical photometry, we find a blue
excess fraction of 44%/37% when comparing photometry
directly to models, and 16%/26% when using the visual
method. K. F. Neugent (2021) found the binary fraction within
M31 to increase with increasing metallicity; here, the visual
method results follow this trend. The fraction of stars with a
UV excess is 41/70%, though the SMC fraction rises to 64% if
the photometric uncertainty is lowered to LMC levels, and
these percentages are dependent on which stars have detectable
UV flux.

These fractions are all below the 70%—-90% binary fraction
for massive stars on the MS (H. Sana et al. 2012; H. A. Kobu-
Inicky et al. 2014; S. S. R. Offner et al. 2023), but generally
above the 20% observed for RSGs in the LMC. This RSG
binary fraction measured by L. R. Patrick et al. (2017, 2019),
K. F. Neugent et al. (2020), L. R. Patrick et al. (2020), and
K. F. Neugent (2021) is likely dominated by wide binaries that
have not yet interacted. In contrast, it is thought that up to
20%-30% of main-sequence binaries will merge and another
40%-50% will undergo mass stripping via RLOF (H. Sana
et al. 2012). We might then expect the binary fraction of YSGs
to be higher than 20% due to binaries that will interact or that
are in the process of interacting in the Hertzsprung gap and that
will not reach the RSG branch.

4.4. Notable Regions of the Parameter Space

Some of the YSG+OB binary candidates identified in this
paper have extremely large blue color excesses, e.g., the stars
that align with combined models with OB-star masses >20M,,
in Figure 6. Fifteen stars in the SMC and 58 in the LMC lie in
this area. Some of these systems may simply be noninteracting
YSG+O binaries. K. F. Neugent et al. (2020) find in a BPASS
(J. J. Eldridge et al. 2017) simulation of RSG binaries that ~1%
have O-type companions, so YSG+O binaries would similarly
be expected to be rare, but not impossible. However, the stars
we see in this area represent ~10%/55% (SMC/LMC) of the
total YSG+OB candidate population. It is therefore unlikely
that these are all noninteracting YSG+O binaries.
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Some of these systems with extremely strong blue color
excesses may also be post-interaction systems. As discussed in
Section 2.1.2, multiple populations of stars with varied
evolutionary histories are predicted to exist in the Hertzsprung
gap. This includes RLOF mass-transfer systems (Case B mass
transfer) that will lead to partially stripped YSGs, the progenitors
of Type IIb SNe (S.-C. Yoon et al. 2017; E. Zapartas et al. 2017;
J. Klencki et al. 2022), and systems where the stripped primary
star expands and recrosses the Hertzsprung gap (E. Laplace et al.
2020). For the case of conservative mass transfer, the
secondaries of these systems should be massive B- or O-type
stars, and in some cases will now be more massive than the
primary. Therefore, these objects may be particularly promising
candidates for post-interaction binary systems.

4.5. Future Work: Toward a YSG Binary Fraction and
Identification of Binary Interaction Products

Here, we briefly outline the future direction of this work,
which will be presented in a series of upcoming papers. First,
using our ongoing observational programs, we will investigate
the true nature of YSG+OB binary candidates presented here
by searching for spectroscopic signatures of a binary
companion (using methods similar to those of, e.g., K. F. Neu-
gent et al. 2019). Leveraging these results, we will compute the
binary fraction for YSGs in the Magellanic Clouds, which—
when coupled with results from other evolutionary phases (e.g.,
H. Sana et al. 2012; L. R. Patrick et al. 2019; K. F. Neugent
et al. 2020)—can provide a critical benchmark for binary
population synthesis models. Subsequently, we will search for
individual systems that will have had their evolutionary
pathways altered by binary interaction. While the evolutionary
state of a YSG cannot be determined by a single measurement
of its temperature and luminosity, differences in other proper-
ties are predicted. We highlight a number of these properties
here. In practice, it will likely be necessary to combine multiple
methods to place detailed constraints on specific objects.
Orbital Solutions: First, constraining the orbital solutions of
confirmed YSG binaries can provide additional context on
which systems they may interact with in the future. Since the
radii of YSGs are large (~10°-10° R.), the periods of the
systems are expected to be long (=200 days) and the amplitude
of any radial velocity variations moderate (<50km s,
However, we note that (i) these stars are bright, so smaller
telescopes could be used, and (ii) the low surface gravities of
the YSGs will lead to very narrow lines, thus small RV
deviations should be more easily detectable. In addition, a
wealth of high-cadence, long-baseline time-domain surveys
include the Magellanic Clouds (e.g., OGLE A. Udalski 2003;
K. Ulaczyk et al. 2013, ASAS-SN B. J. Shappee et al. 2014;
C. S. Kochanek et al. 2017; M. Pawlak et al. 2019; T. Jayasi-
nghe et al. 2020a, 2020b, 2020c), and we can use these data
sets to search for evidence of binarity in the YSG+OB
candidate light curves. In particular: (i) for certain inclinations,
eclipses may be visible in the light curves and (ii) some of the
YSG binary systems may show ellipsoidal variation in their
light curves. While ellipsoidal variation is typically observed
for much tighter binary systems, because the envelopes of
YSGs are so sparse they can be more easily deformed.

Abundances: The relative abundances of H and He, as well
as C, N, and O, are expected to be modified in YSGs that have
been stripped (either though binary interaction or due to
RSG winds). For example, E. Laplace et al. (2020) recently
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performed calculation for helium giant stars. These are objects
that are fully (or nearly fully) stripped of hydrogen and live on
the He main sequence during He core burning (e.g., those
identified by M. R. Drout et al. 2023) but subsequently re-
expand and cool after core helium burning has completed.
E. Laplace et al. (2020) find that these objects should show a
dearth of H and and enhancement in both He and N on their
surfaces. In addition, H. Saio et al. (2013) find that YSGs that
have previously been through an RSG phase should have an
N/C ratio ~20% higher than a YSG that has not. Recently,
V. Ramachandran et al. (2023, 2024) identified several partially
stripped+Oe/Be binary systems hidden within the main
sequence (and thus at hotter temperature than our search)
through observing an extreme CNO abundance pattern—
demonstrating the utility of these constraints if they can be
obtained.

Luminosity-to-mass Ratio: YSGs that have undergone
stripping are also expected to have different luminosity-to-
mass ratios when compared to YSGs on their first passage
across the HRD. This is especially true for inflated helium
giants, for which E. Laplace et al. (2020) found extremely low
surface gravities (log(g) ~ —0.4). It is possible that the different
luminosity-to-mass ratio of stripped YSGs many manifest in
their pulsation properties (H. Saio et al. 2013).

CSM Environment: Finally, the circumstellar environment of
currently interacting or post-interacting binaries may be
distinct. Through spectroscopy, we can also search for
signatures of current accretion and/or recent mass loss from
the system (e.g., Ha emission, infrared excess, nebulae features
in the 2D spectrum, etc.).

5. Summary

Motivation: Our goal of this paper was to determine a
method to photometrically separate single YSG stars from YSG
binaries and then apply that method to observations of stars in
the Small and Large Magellanic Clouds to identify a set of
candidate YSG+OB binary systems. To do this, we con-
structed models of YSG+4OB binaries by combining stellar
atmosphere models of YSGs and OB-type MS stars. We then
compared the optical and UV photometric colors of these
models to those of hundreds of YSG candidates in the
Magellanic Clouds.

Results: We found, depending on the method, ~150-250
YSG candidates that showed evidence of blue or UV color
excesses, a possible sign of OB-type companions. In general,
optical photometry can be used to identify YSG+OB binary
candidates with companion masses as low as 3—-6M, (for YSG
log(L/Ls.) =4.2-5.1) at low (~4000 K) temperatures, but the
minimum companion mass required to discern a binary from a
single YSG rises to 19-30M. at higher temperatures
(~9000 K). At these hotter temperatures, UV photometry can
probe companion masses down to 7-16M,. Binaries with very
large O-star masses can be identified at all temperatures.

We find that we expect only minimum contamination in our
photometric candidates from other classes of objects such as Be
stars and dusty WR stars. However, we find that some models
of YSGs may not accurately reflect the observed colors of
YSGs, especially at shorter wavelengths. As a result, some
contamination from single YSGs may be possible, especially
for objects with smaller amounts of observed UV /blue excess
(e.g., low companion masses). This emphasizes the need for
spectroscopic follow-up of our sample.
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We report a fraction of stars with a discernible blue excess of
44% in the SMC and 37% in the LMC, when directly
comparing to stellar atmosphere models. When we instead
perform a visual categorization (see Section 3.2.2), the
fractions are 16% in the SMC and 26% in the LMC.
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