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ABSTRACT

Standard binary evolutionary models predict a significant population of core helium-burning stars that lost their hydrogen-rich enve-
lope after mass transfer via Roche-lobe overflow. However, there is a scarcity of observations of such stripped stars in the intermediate-
mass regime (∼ 1.5 − 8 M⊙), which are thought to be prominent progenitors of SN Ib/c. Especially at low metallicity, a significant
fraction of these stars are expected to be only partially stripped, retaining a significant amount of hydrogen on their surfaces. For
the first time, we discovered a partially stripped massive star in a binary with a Be-type companion located in the Small Magellanic
Cloud (SMC) using a detailed spectroscopic analysis. The stripped-star nature of the primary is revealed by the extreme CNO abun-
dance pattern and very high luminosity-to-mass ratio, which suggest that the primary is likely shell-hydrogen burning. Our target
SMCSGS-FS 69 is the most luminous and most massive system among the known stripped star + Be binaries, with Mstripped ∼ 3 M⊙
and MBe ∼ 17 M⊙. Binary evolutionary tracks suggest an initial mass of Mini ≳ 12 M⊙ for the stripped star and predict it to be in a
transition phase towards a hot compact He star, which will eventually produce a stripped-envelope supernova. Our target marks the
first representative of an as-yet-missing evolutionary stage in the formation pathway of Be X-ray binaries and double neutron star
mergers.
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1. Introduction

Massive stars are frequently found in binary or multiple systems
where components are in close proximity to one another, making
the interaction between the two stars inevitable as the primary
grows and evolves (Sana et al. 2012, 2014; Moe & Di Stefano
2017). The components will be subjected to substantial inter-
actions involving the transfer of mass and angular momentum,
which will have profound effects on the fundamental parameters
and final fates of both stars. Such interactions frequently lead to
the stripping of the primary’s envelope (Kippenhahn & Weigert
1967; Paczyński 1967), which can produce hot and compact He-
core stars with a thin layer of hydrogen on top (see, e.g., Yoon
et al. 2010, 2017; Claeys et al. 2011). Depending on their ini-
tial masses, the stripped-envelope primaries would have spec-
tral characteristics ranging from hot subdwarfs to Wolf-Rayet
(WR) stars (e.g., Paczyński 1967; Vanbeveren 1991; Eldridge
et al. 2008; Götberg et al. 2017). Secondaries, on the other hand,
would evolve into rapidly rotating stars (e.g., de Mink et al.
2013; Renzo & Götberg 2021), which can have disk emission
features similar to Be stars (Pols et al. 1991; Shao & Li 2014;
Bodensteiner et al. 2020b; Hastings et al. 2021).

Interestingly, stripped-envelope stars with masses between
low-mass subdwarfs and classical WR stars are rarely observed.
This intermediate-mass regime ∼ 1.5 − 8 M⊙ at solar metallicity

⋆ Based on observations at the European Southern Observatory Very
Large Telescope programs 086.D-0167(A) and 0103.D-0921(A)

(Götberg et al. 2017) gets wider up to ≲ 17 M⊙ at SMC metallic-
ity (Z=0.2 Z⊙; Shenar et al. 2020b). Moreover, the intermediate-
mass stripped-envelope stars (hereafter stripped stars) are pre-
dicted to be a long-lived core He-burning phase. They are con-
sidered to be the progenitors of Ib/c supernovae and major
sources of far-UV ionizing flux (Götberg et al. 2017). The only
known intermediate-mass hot He star is the qWR star HD 45166
(Groh et al. 2008), whereas other hot and compact stripped star
candidates in the Galaxy are in the subdwarf mass range of
< 1.5 M⊙ (Wang et al. 2021; Schootemeijer et al. 2018; Gilkis &
Shenar 2023). For HD 45166, a new study yields a strong mag-
netic field, meaning that this star likely does not follow standard
binary evolution (Shenar et al. 2023).

In recent literature, there is growing evidence for stripped
stars, but many of them are partially stripped OB-type giants
of a few solar radii, often with a significant residual H-layer
(XH > 50%) on their surface. These include originally proposed
X-ray quiet black hole + Be binaries, such as LB1 and HR6819
(Liu et al. 2019; Rivinius et al. 2020), which have later been dis-
puted (e.g., Abdul-Masih et al. 2020; Bodensteiner et al. 2020a;
Shenar et al. 2020a; El-Badry & Quataert 2021) or were revealed
to be partially stripped star + Be binaries (Frost et al. 2022). An-
other similar object is HD 15124, which is currently undergoing
mass transfer (El-Badry et al. 2022b). All these objects are in the
Milky Way and have masses ≲ 1.5 M⊙. In contrast, Irrgang et al.
(2022) reported γColumbae to be a partially stripped pulsating
core (∼4−5 M⊙) of a massive star that has a spectral appearance
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Fig. 1. Radial velocity variation in Si iiiλ4553 (left) and Hβ (right). The
colors indicate the two observation epochs in Julian dates (see legend).

similar to that of a B subgiant but with altered surface abun-
dances. However, there is no evidence of a mass-accreted sec-
ondary in this system. In the Large Magellanic Cloud (LMC),
notable systems are NGC1850 BH1 (El-Badry & Burdge 2022;
Saracino et al. 2023) and NGC 2004#115 (Lennon et al. 2022;
El-Badry et al. 2022a), which are speculated to contain a black
hole or low-mass stripped star. Growing observational evidence
for these partially stripped stars compared to the apparent ab-
sence of fully stripped He stars in the intermediate-mass regime
raises questions about our understanding of binary evolution.

Recent evolutionary models by Klencki et al. (2022) suggest
that binary evolution at low metallicity favors partial envelope
stripping and slow mass transfer, leading to a large population
of partially stripped donors. Due to their predicted surface prop-
erties, these systems are likely hiding among OB binaries as ap-
parent main sequence (MS) or supergiant stars (e.g., Pauli et al.
2022). Identifying and characterizing such systems at low metal-
licity would yield sharp constraints on binary evolution and, in
turn, on the origin of gravitational wave sources, ultra-luminous
X-ray sources, stripped-envelope supernovae, and ionization in
the early Universe. In this paper we report the first observational
evidence of a partially stripped star + Be binary at low metallic-
ity.

2. Observations

In a previous study (Ramachandran et al. 2019) we analyzed the
optical spectra of OB stars in the Wing of the SMC taken in
2010 with the Fiber Large Array Multi-Element Spectrograph
(FLAMES) on the ESO Very Large Telescope (VLT). Three
of the standard settings of the Giraffe spectrograph LR02 (re-
solving power R= 6000, 3960–4567 Å), LR03 (R= 7500, 4501–
5071 Å), and HR15N (R= 19200, 6442–6817 Å) were used for
this survey. Details of the observation, data reduction, and ex-
traction of the spectra are described in Ramachandran et al.
(2019). As a spectroscopic follow-up, we collected additional
epochs in 2019 for most of this sample.

In this work we carefully inspected the spectra of Be
stars and other fast rotators in this sample and discovered
that SMCSGS-FS 69 shows significant radial velocity (RV)
variations up to 45 km s−1 (see Fig. 1 and more details in
Appendix A). Based on a single epoch optical spectrum the
star was initially classified as B0.5 (II)e (Ramachandran et al.
2019). With a detailed inspection of the spectra, we found that
SMCSGS-FS 69 is a double-line spectroscopic binary, consist-
ing of both broad- and narrow-line components (Fig. 2), indicat-
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Fig. 2. Observed spectra of SMCSGS-FS 69 (blue solid lines) display-
ing narrow and broad components. The composite model (dashed red)
is the weighted sum of the stripped star primary (dotted brown) and the
rapidly rotating Be star secondary (dashed green) model spectra with
effective temperatures of 24 kK and 28 kK, respectively. The weaker
absorption core in Hγ likely results from filled-in disk emission.

ing that it is a potential post-mass-transfer binary. In addition,
high-resolution H-band (1.51-1.70 µm) spectra from the Apache
Point Observatory Galactic Evolution Experiment (APOGEE)
survey (Majewski et al. 2017) are available in the archive, which
we used to study the Be companion. Furthermore, our target was
observed with Gaia and has listed proper motions and parallaxes.
The radial velocities from the optical spectra and the Gaia proper
motions agree well with that of SMC Wing. The negative val-
ues for the Gaia parallaxes support that this object is not a fore-
ground Galactic star.

In addition to the spectra, we used various photometric data
(from UV to infrared) from VizieR to construct the spectral en-
ergy distribution (SED). We also utilized data from the Transit-
ing Exoplanet Survey Satellite (TESS) for this system. We ex-
tracted the light curves and found that the variability cannot be
consistent with the orbital period, but rather indicates rotational
modulations induced by the Be star (see Appendix B for details).

3. Analysis

In the optical range the overall spectrum of SMCSGS-FS 69 re-
sembles an early B-type supergiant except for the following a)
disk emission features in Hα and Hβ ; b) the presence of ex-
tended broad wings and narrow absorption in Hγ and Hδ ; c) a
combination of strong narrow absorption and weak broad com-
ponents in multiple He i lines; and d) the strength of CNO ab-
sorption lines different from typical supergiant spectra. These
features imply that the observed spectrum is a composite of a
slowly rotating partially stripped B supergiant-like star and a
fast-rotating MS star with disk emission (Fig. 2). All the metal
lines are narrow, suggesting they are mainly from the stripped
star. Although Hα is in emission, it is not clear whether this is
entirely from the Be secondary or if there is a contribution from
the stripped primary. Despite the low S/N, all the Brackett series
lines in the APOGEE spectra (Fig. C.3) display broad disk emis-
sion with multiple peaks, which are mostly from the secondary
Be star.

We performed the spectral analysis of SMCSGS-FS 69 us-
ing the PoWR model atmosphere code (see Gräfener et al. 2002;
Hamann & Gräfener 2004; Sander et al. 2015, for more details).
Initially, we chose PoWR SMC grid models (Hainich et al. 2019)
as a starting point for the investigation and further computed ad-

Article number, page 2 of 11



V. Ramachandran et al.: A partially stripped massive star in a Be binary at low metallicity

O
II

N
II

N
III

O
II

C
III

O
II

O
II

O
II

0.8

1.0

1.2

4580 4600 4620 4640 4660 4680
λ  / A

o

N
or

m
al

iz
ed

 f
lu

x

Fig. 3. Comparison of CNO lines in the spectra of SMCSGS-FS 69
(red) and an SMC B supergiant (AV 242) of similar Teff (black). The
spectra demonstrate that carbon and oxygen are substantially reduced,
while nitrogen is highly enriched in SMCSGS-FS 69.

ditional models with tailored parameters for the primary and sec-
ondary. The full spectral and SED fit is shown in Fig. C.1.

In the spectral fitting method, we started with the analysis of
the primary since it has a major contribution in the optical. First,
we estimated the projected rotation velocity (3 sin i) of narrow-
lined primary from metal absorption lines. We used a combined
Fourier transform (FT) and goodness-of-fit (GOF) analysis em-
ploying the iacob-broad tool (Simón-Díaz & Herrero 2014).
We applied this method to several metal lines and found the over-
all mean to deduce 3 sin i and macro-turbulent (3mac) velocities.
Subsequently, these values, along with instrumental broadening,
were used to convolve the model spectra to match the observa-
tions.

The main diagnostic we use to constrain the temperature
of the primary is the He and Si ionization balance based on
He i /He ii and Si iii /Si iv line ratios. The pressure-broadened
wings of the Balmer lines are the primary diagnostics for the
surface gravity. We considered Hγ and Hδ since they are less
impacted by wind and disk emissions. However, in our case the
Hγ and Hδ have contributions from both primary and secondary.
Thus we simultaneously adjusted the luminosity ratios and sur-
face gravities in the primary and the secondary models to match
the observations. Since the ionization balance also reacts to grav-
ity, we simultaneously re-adjusted T∗ and log g∗ to achieve a
good fit to the observed spectra. The final uncertainty in the pri-
mary parameters reflects the overall fit quality and is limited by
the model grid resolution. Constraining the secondary parame-
ters is challenging, but we find that assuming cooler tempera-
tures results in stronger broader components in the metal and
He i lines, whereas hotter temperatures lead to pronounced He ii
lines in the composite spectra. To account for the broad lines
from the secondary, we had to use a very high 3 sin i.

Although we initially used grid models computed with typ-
ical SMC abundances (Trundle et al. 2007), they do not repro-
duce satisfactorily the observed CNO lines. To match the ob-
served strength of CNO absorption lines, we had to drastically
increase N and decrease C and O in the primary model. Most
B supergiants in the SMC do not show such pronounced abun-
dance variations. This is illustrated in Fig 3, where we compare
the optical spectra of SMCSGS-FS 69 to that of an SMC B su-
pergiant. The N abundance is determined by analyzing multiple
N ii and N iii lines, while the CO abundance is just an upper limit
as most of the CO lines are either very faint or within the noise.
In addition to the CNO abundances, we varied the H mass frac-

Table 1. Fundamental parameters and abundances derived for
SMCSGS-FS 69 using spectroscopic analysis.

Stripped star Be star

T∗ (kK) 24+2
−1 28+2

−3

T2/3 (kK) 21+2
−1 28+2

−3

log g∗ (cm s−2) 2.65+0.2
−0.1 3.7+0.2

−0.2

log g2/3 (cm s−2) 2.4+0.2
−0.1 3.7+0.2

−0.2

flux f / ftot (V) 0.65 0.35

log L (L⊙) 4.7+0.1
−0.1 4.7+0.15

−0.15

R∗ (R⊙) 13+1
−1.5 8.7+2

−1.5

R2/3 (R⊙) 17+1.5
−2 8.7+2

−1.5

3 sin i (km s−1) 50+10
−10 400+100

−100

3mac (km s−1) 20+20
−10 50 (fixed)

ξ (km s−1) 12+3
−2 14 (fixed)

XH (mass fr.) 0.59+0.1
−0.1 0.737∗

XHe (mass fr.) 0.40+0.1
−0.1 0.26∗

XC/10−5 (mass fr.) ≲ 1 21∗

XN/10−5 (mass fr.) 120+20
−20 3∗

XO/10−5 (mass fr.) ≲ 7 113∗

XSi/10−5 (mass fr.) 11+2
−2 13∗

XMg/10−5 (mass fr.) 19+3
−3 10∗

EB−V (mag) 0.13+0.03
−0.03

Mspec (M⊙) 2.8+1.5
−0.8 17+9

−7

log QH (s−1) 47.3 47.5

log QHe ii (s−1) 32.9 37.5

Notes. (∗) Abundances of the Be star are adopted from Trundle et al.
(2007) which corresponds to typical values for OB stars in the SMC

tion (XH) in the primary models between 0.5 and 0.73 and found
that slightly He-enriched models better represent the observa-
tions. The remaining elements either had their abundance values
scaled to one-fifth of solar or adopted typical SMC abundances
derived from OB stars (Trundle et al. 2007). We also checked
for the overall broadening of metal lines by varying the micro-
turbulence ξ in the range of 10-20 km s−1.

Since a UV spectrum is not available for this object, we
can only constrain the wind parameters (Ṁ and 3∞) from Hα.
The Hα profile shows a single but asymmetric emission peak
(Fig. C.2). If this emission is only contributed by the primary
stripped star, it can be modeled as a result of a strong and slow
stellar wind (log Ṁ≈−6.2 and 3∞ ≈ 600 km s−1), as illustrated in
Fig. C.2 (left). However, since infrared spectra (Fig. C.3) clearly
showcase multi-peak disk emission features, we cannot exclude
disk emission components in Hα. We can alternatively repro-
duce the asymmetric Hα profile with a combination of strong
disk emission from the Be star and a weak absorption compo-
nent (log Ṁ = −7.2) from the stripped star. Consequently, the
wind mass-loss rate could be lower or higher depending on the
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Fig. 4. N/C vs. N/O abundances of the stripped star (yellow star) com-
pared to SMC B stars (triangles for giants and crosses for main se-
quence) from Hunter et al. (2009). The dashed lines are tracks from
Brott et al. (2011) for the SMC with different initial rotations for
Mini = 12. The location of the stripped star at the top right corner
demonstrates that its surface CNO pattern is too extreme to be explained
by standard stellar evolution.

Be disk emission strength. To precisely constrain the wind pa-
rameters, it is necessary to obtain UV spectra and to disentangle
the components using multi-epoch optical spectra.

We determine the luminosity L and color excess EB−V by fit-
ting the composite model SED to the photometry (first panel of
Fig. C.1). The model flux is diluted with the SMC Wing distance
modulus of 18.7 mag (Cignoni et al. 2009). By fitting the normal-
ized spectra, we are able to place constraints on the luminosity
ratio, thus the SED fitting by composite model yields both pri-
mary and secondary luminosities. Both components were found
to have the same luminosity, even though the primary stripped
star contributes approximately 60-65% of the light in the optical
range.

4. Results and discussion

Our spectroscopic analysis reveals that while the estimated tem-
perature and gravity of the primary are in the range of B super-
giants, the luminosity, radius, and consequently mass are consid-
erably lower. The spectroscopic mass of the primary (2−4.3M⊙)
is strikingly low compared to what is expected for an early B su-
pergiant. Notably, the partially stripped star’s He ii flux contribu-
tion is much smaller than expected from fully stripped stars (e.g.,
Götberg et al. 2017), which is mainly due to the much lower tem-
perature. The spectroscopic mass of the Be star secondary is less
constrained (10 − 26M⊙) but consistent with a MS star. A com-
plete overview of the derived parameters of both the primary and
the secondary is given in Table 1.

In Fig. 4, we illustrate that, unlike other SMC B stars in-
cluding supergiants, our primary star shows an extreme surface
abundance pattern that cannot be explained via rotational mixing
(e.g., as calculated in the tracks by Brott et al. 2011). The derived
nitrogen abundance is a factor of 4 higher than for typical SMC
B supergiants and ten times that for average B stars (Dufton et al.
2005; Hunter et al. 2007). On the other hand, carbon and oxygen
are depleted by more than a factor of ∼ 15 compared to typical
SMC stars. While silicon abundances are in agreement, a slight
enrichment in magnesium is detected. A comparison of the de-

XH
=

0.6
He-b

urn
in

g
(XH
=

0)

Eddington limit

SMCSGS-FS 69
stripped star Be star

3.0

3.5

4.0

4.5

5.0

5.5

0 5 10 15 20 25

M [M⊙]

lo
g

L
[L
⊙]

Fig. 5. Location of the SMCSGS-FS 69 components compared to mass-
luminosity relations for pure He stars (green line) and early MS stars
(XH = 0.6, blue line), from Gräfener et al. (2011). The position of the
partially stripped primary is shown by a filled star, while the Be sec-
ondary is shown by an open star along with their respective uncertain-
ties. For comparison, Galactic hot subdwarfs in binaries (blue triangles)
and partially stripped stars (red triangles) are indicated. The stripped
primary is located in the upper left corner, which is a characteristic of a
star that has lost most of its envelope via mass transfer.

rived surface abundances with typical B stars and B supergiants
in the SMC is given in the Appendix Table D.1.

The unusual abundance pattern can be explained by the re-
moval of external layers via mass transfer, exposing the in-
ner CNO-processed layers of the star. This would be in line
with the exceptionally high luminosity-to-mass ratio of the pri-
mary, which we illustrate in Fig. 5 and compare it to relations
of pure He stars and (early) MS stars. Notably, its luminosity
(log L/L⊙ ∼ 4.7) is much higher than that of a pure He star of
the same mass (log L/L⊙∼4.0), which suggests that most of the
luminosity is produced in a leftover envelope layer via H-shell
burning. Our primary is located in the upper left corner of Fig. 5,
close to the Eddington limit, which is characteristic for stars that
have lost a significant amount of mass via mass transfer. Alto-
gether, these clues indicate a partially stripped star nature for the
primary.

In the Hertzsprung–Russell (HR) diagram in Fig. 6 we com-
pare SMCSGS-FS 69 with the other stripped star candidates re-
ported in the literature, including fully and partially stripped ob-
jects. The newly discovered SMCSGS-FS 69 stands out as the
most luminous (and massive) of all and is the first one detected
at SMC metallicity. The HRD in Fig. 6 shows again that its mass
is much lower than that of a MS star with a similar luminosity
(∼ 15M⊙).

To interpret the evolutionary status of the system, we em-
ployed the stellar evolution code MESA (Paxton et al. 2015,
2018, 2019) to compute a binary model for SMCSGS-FS 69 (see
Appendix E for details). We found several solutions that are able
to reproduce several of the observed parameters. Notably, based
on a grid of ∼ 2300 binary evolution models, we find that the
luminosity of the stripped primary can only be reproduced by
models with the current mass stripped star≳ 3M⊙. The closest
match can be obtained with a Case B model in which the pri-
mary has an initial mass of 12.2M⊙ and is stripped via Case B
mass transfer to produce a partially stripped star of 4.6M⊙ (with
a He core of 3.6M⊙). This is illustrated by the magenta line in
Figures 7 and E.3. The Case B model (marginally) matches most
of the properties derived in our spectral analysis, except for the
surface O abundance (which is a factor of ∼ 3 too large). In or-
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der to reproduce the luminosity of the Be star companion, we
find that at least ∼ 40% of the mass transferred during a Case
B interaction needs to be accreted by the secondary. (see the ex-
ample of an 11.7M⊙ secondary accreting 3M⊙ in Fig. E.1). This
may be in tension with models where the accretion efficiency
is regulated via surface rotation of the accretor, which generally
predicts negligible accretion during Case B evolution (Sen et al.
2022; Pauli et al. 2022), but may reach higher values depending
on the assumed angular momentum budget (∼ 30% in the model
by Renzo & Götberg 2021). We find that an alternative solution
in which no mass accretion is strictly required could possibly be
obtained if the stripped star originates from a more massive pri-
mary (16.5M⊙) that interacts already during the MS (i.e., Case
A mass transfer), and we observe the stripped product while it is
still core-H burning. This scenario is illustrated by the green line
in Fig. 7 and in Fig. E.2. The Case A model matches the observed
surface abundances and rotation velocity of the stripped star very
well, but is inconsistent regarding the current mass (by ≳ 4M⊙)
and surface gravity (by ≳ 0.45 dex). While the determination of
the surface gravity is affected by the rotationally broadened lines
of secondary, the discrepancy in log g is so large that we consider
the Case A scenario (under the current evolutionary calculation
scheme) to be less likely. We estimate the relative rate of the two
scenarios to be comparable in the population of the SMC within
a factor of ∼2 (see Appendix E).

Regardless of whether the stripped star in SMCSGS-FS 69 is
a product of Case A or Case B mass transfer evolution, its pre-
interaction mass of ≳ 12M⊙ guarantees that it sits firmly in the
mass regime for the formation of neutron stars (NSs), making
it the first such stripped star found to date. Our binary evolu-
tion models suggest that in 1−1.5 Myr the primary will explode
as a type IIb/Ib supernova (with ∼ 0.02M⊙ of H left at the sur-
face) and form a NS. If the system remains bound, it will later
evolve into a Be X-ray binary. The favored Case B model tenta-
tively suggests a long orbital period of hundreds of days at this
stage. Such wide Be X-ray binaries are thought to be the direct
progenitors of common-envelope events, leading to double NS
mergers (Tauris et al. 2017; Vigna-Gómez et al. 2020; Klencki
et al. 2021). The properties of Be X-ray binaries in the SMC
seem to point toward moderate accretion efficiencies in their
prior mass transfer evolution (Vinciguerra et al. 2020; Igoshev
et al. 2021), in agreement with our Case B evolutionary model

Fig. 7. Two potential binary evolution pathways leading to the forma-
tion of a stripped star in SMCSGS-FS 69. The Case B mass transfer evo-
lution roughly matches most of the derived surface properties, though it
notably requires ≳ 40% accretion efficiency to reproduce the secondary
(Fig. E.1). The Case A mass transfer evolution does not have that re-
quirement, but it overpredicts the current mass of the stripped star.

for SMCSGS-FS 69. These considerations emphasize the signif-
icance of SMCSGS-FS 69 as a newly discovered intermediate
evolutionary stage in the formation pathway of Be X-ray bina-
ries and double NS mergers.

The discovery of a massive stripped star + Be binary in a
transition phase allows binary evolution to be constrained and
hints at the existence of more such binaries at low metallicity.
Moreover, SMCSGS-FS 69 can act as a template for identify-
ing hidden systems in typical OB populations. These partially
stripped transition stages are more luminous due to their H-shell
burning and are visible in the optical due to the cooler surface
temperatures. Even though the transition phase is short-lived
(≲ 10% He burning lifetime), binary evolution models predict
tens or more of similar objects to be hiding among the known
OB star population of the SMC (Klencki et al., in prep), moti-
vating a large-scale search for binary-interaction products in this
low-metallicity environment.

The growing population of partially stripped stars, includ-
ing SMCSGS-FS 69, further raises the question of why we dis-
cover systems during a short transition stage, but so far do not
observe intermediate-mass stripped stars in their hot, compact
stage. Evolutionary models usually predict that stripped stars set-
tle at hotter temperatures, but with lower luminosities (see, e.g.,
Fig. 7). It is presently unclear whether these objects are just very
hard to observe or this stage might not be regularly reached by
binary evolution, contrary to current predictions. The presence or
absence of such a compact stripped-star population will have a
severe impact on population synthesis predictions, for example,
due to the different evolutionary fates and ionizing fluxes.
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Appendix A: Radial velocity

Four epochs of spectra are available for SMCSGS-FS 69 ; three
of them are taken within one day and one with a gap of nine
years. To estimate the RVs, we used a template to cross-correlate
selected spectral lines (Si iiiλ4553) or full spectra, and then fit
a parabola to the cross-correlation function’s maximum region
(e.g., Zucker 2003). Initial RV estimates were always calculated
using one of the observations as the template. We found a max-
imum δRV ≈ 45 km s−1 for spectra taken in 2010 and 2019, and
δRV ≲ 10 km s−1 for spectra taken within one day.

Appendix B: TESS light curve

SMCSGS-FS 69 was observed by the TESS space telescope in
2018 (sectors 1 and 2), 2019 (sector 13), and 2020 (sectors 27
and 28). We created our own light curves from the full frame im-
ages (FFIs) by using the Lightkurve package (Lightkurve Col-
laboration et al. 2018) to download a target pixel file with a 5 ×
5 pixel image with 21 arcsec the projected pixel size, centered
on the target for every available TESS sector. Based on cross-
correlation with the Gaia DR3 catalog, the region surrounding
the star is relatively sparse, with only one bright source one ar-
cmin away. To exclude the contribution from this bright source,
we opted for a one-pixel aperture mask centered on the source
and further applied background subtraction. The Lightkurve
package is also used to remove outliers and to detrend and nor-
malize the light curve. The light curve is shown in Fig.B.1 (up-
per panel); a periodic signal is immediately evident in the light
curve and we measure a period of P =0.838 days. The ASAS-SN
Variable Stars Database classified the star as an eclipsing binary
with a period of 1.675 days based on its photometric variability
(Jayasinghe et al. 2020); this is twice the period observed us-
ing the TESS light curve. They reported similar variability to W
Ursae Majoris-type binary (EW-type), which are known as con-
tact eclipsing binaries. EW binary light curves are characterized
by rounded peaks and sharp minima, as well as an overall sym-
metric shape, and typically have periods of less than one day.
Two components in this subclass are expected to have roughly
the same temperature, making their primary and secondary min-
ima nearly indistinguishable from one another. Despite the light
curve features, the spectra indicate that the two components have
different temperatures and properties than EW-type. The inflated
stripped star and Be star are just too big to fit into such a short-
period system. In addition, three spectra taken within one day
only show an RV variability of ≲ 10 km s−1.

Rotational variability appears to be the most common type
of light variation among B/Be stars (Balona et al.2016, 2019,
2021). Therefore, one possibility is that the observed variability
is a result of the fast rotation of the secondary Be star. By plug-
ging in the estimated radius of secondary from spectral analysis
and the period from the light curve into 3rot = 2πR/Prot, we found
3rot ∼ 480 − 620 km s−1 or i ∼ 35 − 60◦. This range of inclina-
tion is in agreement with the shape of observed Hα and Brackett
series emission line profiles.
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Fig. B.1. TESS light curves for SMCSGS-FS 69 extracted from FFIs
taken in sectors 27 and 28. The middle panels show the periodograms
of the light curve, and the bottom panel includes the phase-folded light
curve with a period of 0.838 days.

Appendix C: Additional plots

Appendix D: Additional tables

Appendix E: Binary evolution modeling

The binary evolution modeling was carried out with the MESA1

stellar evolution code (Paxton et al. 2015, 2018, 2019). Most of
the modeling assumptions follow those of Klencki et al. (2022)
for the SMC composition. A notable difference is the use of the
convective premixing scheme (introduced in Paxton et al. 2019),
which effectively introduces highly effective mixing in semicon-
vective regions. We model both binary components and finish
the evolution once the primary reaches central carbon depletion.
In most of our models we do not include stellar rotation in or-
der to retain the option of choosing the accretion efficiency as
a free parameter.2 We explore the parameter range of primary
masses from 10 M⊙ to 18 M⊙ (in steps of 0.2 M⊙ around the

1 MESA version r15140, http://mesa.sourceforge.net/
2 In MESA, a rotating secondary is unable to accrete any more mass
once it is spun up to breakup velocity, which self-regulates the accretion
rate during mass transfer.
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Fig. C.1. Observed spectra and photometry of SMCSGS-FS 69 (blue) compared to the model SED and synthetic spectra. The composite model
(dashed red) is the weighted sum of the stripped star primary (dotted brown) and rapidly rotating B star secondary (dashed green) model spectra
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best-fit model), mass ratios from 0.6 to 0.97, and orbital peri-
ods covering the entire range in which mass transfer interaction
may occur. We vary mass accretion efficiencies from 0% to 70%
in steps of 10%.

To find the best-fitting model, we first try matching the sur-
face properties of both stars derived in spectral analysis (Table
1), namely: the luminosities, effective temperatures, and surface
gravities for both stars, as well as the surface abundances of H,
He, C, N, and O for the primary. None of our binary models was
able to reproduce all the stripped star properties simultaneously.

Models in which the stripped star was produced following a
Case A + Case AB mass transfer evolution were characterized

by a surface He abundance ≳ 0.75 (in tension with the mea-
sured 0.3 − 0.5 range). Models of stripped stars produced via
Case B mass transfer were generally in better agreement with
the measurements. However, we could only marginally repro-
duce the surface He and H abundances, with most models pre-
dicting XHe > 0.5 and XH < 0.5 for the (partially) stripped star
stage. Marginal agreement was found in those models where a
relatively large amount of envelope was left during mass trans-
fer (∼ 1M⊙ in our favorite Case B model), which would prefer-
entially occur in wider binaries (periods of hundreds rather than
tens of days). The requirement of XHe < 0.5 and XH > 0.5 fur-
ther prevented us from finding a matching model for the surface
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Fig. C.2. Comparison of observed Hα profile (blue) with composite PoWR models. (Left) Hα reproduced by a model with strong wind (log Ṁ =
−6.2) assuming it is mostly coming from the stripped star. (Right) Hα feature reproduced by a composite (red dashed) of strong disk emission
from the Be star (green dashed) and weak absorption component (log Ṁ = −7.2) from the stripped star (brown dotted).
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Fig. C.3. APOGEE H-band spectra of SMCSGS-FS 69 showing disk emission. The Brackett series lines are labeled
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Table D.1. Absolute abundances in units of 12 + log (Xi/H) for the stripped star compared to SMC B main sequence and supergiants

C N O Si Mg

SMCSGS-FS 69 ≲6.15 8.16 ≲6.87 6.82 7.12
SMC B supergiants1 7.30 7.55 8.11 6.75 6.8

SMC B stars2 7.23 (7.35) 7.17 (6.50) 8.06 (8.05) 6.79 (6.80) 6.74 (6.75)

Notes. (1) average abundances of SMC B supergiants adopted from Dufton et al. (2005) (2) average (and baseline) abundances of SMC B stars
adopted from Hunter et al. (2007)

O abundance. We found that stripped stars produced in Case
B mass transfer would gradually reduce their surface O with
increasing surface He abundance, as illustrated by the Case B
example in the lower left panel of Fig. E.3. However, the ex-
act shape of the relation between the He and the O abundance
of the inner envelope layers is subject to large uncertainties re-
lated to the extent of internal mixing above the H-burning shell
through processes such as overshooting, semiconvection, and ro-
tationally induced mixing. The difficulty in simultaneously re-
producing the H, He, and O abundance of the stripped star in
SMCSGS-FS 69 is likely a reflection of the limitation of current
stellar models in predicting the chemical structure of stars in this
complicated inner region.

Altogether, we find that under the assumption of Case B
mass transfer evolution, the observed properties of the stripped

star are best matched with progenitors of ∼ 12.2M⊙. In repro-
ducing the properties of the secondary, there is a level of degen-
eracy between the initial mass ratio and the assumed accretion
efficiency: the more unequal the initial mass ratio, the higher the
accretion efficiency needed to reproduce the current luminosity
of the secondary.3 A particularly interesting solution is a case
when the binary is formed with the initial mass ratio very close
to unity. In such a system, the amount of mass that is needed to
be accreted by the secondary in order to explain its current lu-

3 In principle, additional constraints are offered by the effective tem-
perature of the Be companion. An 8 M⊙ secondary that accretes 7 M⊙
of material would be less evolved and therefore hotter than a 12 M⊙
secondary that accretes 3M⊙ of material. However, since most of our
models do not include the fast rotation of the Be star, we most likely
somewhat overestimate the temperature of the secondary.
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minosity can be viewed as the lower limit, placing constraints
on the minimum accretion efficiency required to reproduce the
observed binary.

This scenario is found in our favorite Case B binary model,
shown in Fig. E.1, where the system is formed as a 12.2M⊙ pri-
mary and an 11.7M⊙ secondary on a 126-day period orbit. The
secondary accretes with ∼ 40% efficiency, and once it regains
thermal equilibrium at the end of the mass transfer phase it set-
tles back onto the MS with a luminosity of log L/L⊙∼4.5 (i.e., on
the lower end of the range measured for the Be star in SMCSGS-
FS 69).

As an alternative scenario, we calculated a subgrid of mod-
els that include rotation, limiting the amount of material that can
be accreted by the secondary. This has severe implications for
the Case B models, as it prevents the secondary from accret-
ing enough material to match the observed parameters. How-
ever, we were able to find an acceptable solution with a model
undergoing Case A mass transfer. This model allows for higher
initial primary masses, and hence also higher initial secondary
masses without the need for the secondary to accrete a signifi-
cant amount of material.

Our favorite case A model has an initial primary mass of
16.5 M⊙, an initial secondary mass of 15.5 M⊙, and an initial or-
bital period of only 4.85 d. The corresponding stellar evolution-
ary tracks are depicted in Fig. E.2. In this model the primary ini-
tiates mass transfer close to the terminal-age main-sequence (i.e.,
shortly before core-H exhaustion). During the mass transfer the
secondary only accretes about ≲ 1 M⊙ and quickly reaches crit-
ical rotation, preventing it from accreting more material. With
this model we are able to explain the derived rotation rates of
the two binary components, but also the observed surface abun-
dances of H, He, C, N, and O simultaneously (see Fig. E.3). De-
spite the good agreement of the surface properties of the primary
component, we are unable to explain the observed low spectro-
scopic mass and require the primary to be twice as massive as
derived. It is worth mentioning, that the envelope mass of the
primary in this case makes up roughly 50% of its total mass.

For the future evolution of the system our favorite Case A
model predicts that the primary will expand again after all H
is exhausted in the core. This will coincide with a new, rapid
mass-transfer episode called Case AB, during which most of the
H-rich envelope will be removed. The primary is predicted to
evolve quickly into a He-star that still has a thin (≲ 0.5 M⊙) H-
poor (XH ∼ 0.2) envelope. Similar to the Case B model, the
primary will expand again during He-shell burning, and will
eventually explode as a supernova, most likely of type IIb/Ib. If
the binary survives the explosion, the system will further evolve
into a high-mass X-ray binary with a NS accretor. The relatively
short-period of the X-ray binary predicted in the Case A scenario
(from a few days to a few tens of days) means that in the event of
a common-envelope the binary would likely merge and produce
a Thorne-Żytkow object.

To estimate the relative rate of the two scenarios, we consider
that the case A solution originates from binaries with initial peri-
ods between ∼2 and ∼5 days and initial primary masses between
16 and 17 M⊙. Such systems will interact during the later half of
the MS evolution of the primary (at SMC metallicity of 0.2 Z⊙,
Klencki et al. 2020), making it possible for the detached donor
to match the temperature and luminosity of the stripped star in
SMCSGS-FS 69. Similarly, we consider that the case B scenario
occurs for binaries with initial primary masses between 11.5 and
12.5 M⊙ and initial periods between 5 and 1000 days (the pe-
riod range for case B mass transfer evolution in the considered
mass range). Based on that, assuming the initial mass function of

Fig. E.1. Best-fitting binary evolution model in which the stripped star
is produced as a result of Case B mass transfer. The model requires
accretion efficiency of at least ∼ 40% to explain the current luminosity
of the Be star secondary.

Fig. E.2. Best-fitting binary evolution model in which the stripped star
is produced as a result of Case A mass transfer and is currently core-H
burning.

Kroupa et al. (2013) and the initial period distribution for mas-
sive binaries from Sana et al. (2012), we estimate that the for-
mation rate of the progenitors of the case B scenario is about six
times higher than that of the case A scenario. On the other hand,
the lifetime of the stripped-star stage consistent with SMCSGS-
FS 69 is typically about five times longer in the case A scenario
(∼100-200 thousand years) compared to the case B scenario (30
thousand years). Altogether, this crude estimate shows that the
relative rate of occurrence of partially stripped stars similar to
SMCSGS-FS 69 is comparable for the two scenarios.
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Fig. E.3. Stellar parameters and abundances derived spectroscopically (in grey) compared to binary evolutionary model predictions, variants with
Case A and Case B mass transfer evolution (see also Fig. 7). The Case A mass travel model finds better agreement with surface abundances,
although it is inconsistent with the measured surface gravity (and correspondingly, the inferred spectroscopic mass of the stripped star).
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