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ABSTRACT

Stars stripped of their hydrogen-rich envelopes through binary interaction are thought to be responsible for both hydrogen-poor
supernovae and the hard ionizing radiation observed in low-Z galaxies. A population of these stars was recently observed for the first
time, but their prevalence remains unknown. In preparation for such measurements, we estimate the mass distribution of hot, stripped
stars using a population synthesis code that interpolates over detailed single and binary stellar evolution tracks. We predict that for
a constant star formation rate of 1 My/yr and regardless of metallicity, a scalable model population contains ~30 000 stripped stars
with mass My, > 1 Mo and ~4000 stripped stars that are sufficiently massive to explode (Myip > 2.6 My). Below My, = 5 Mo, the
distribution is metallicity-independent and can be described by a power law with the exponent @ ~ —2. At higher masses and lower
metallicity (Z < 0.002), the mass distribution exhibits a drop. This originates from the prediction, frequently seen in evolutionary
models, that massive low-metallicity stars do not expand substantially until central helium burning or later and therefore cannot form
long-lived stripped stars. With weaker line-driven winds at low metallicity, this suggests that neither binary interaction nor wind
mass loss can efficiently strip massive stars at low metallicity. As a result, a “helium-star desert” emerges around My, = 15 M, at
Z = 0.002, covering an increasingly large mass range with decreasing metallicity. We note that these high-mass stars are those that
potentially boost a galaxy’s He"-ionizing radiation and that participate in the formation of merging black holes. This “helium-star

desert” therefore merits further study.

Key words. binaries: general — stars: evolution — stars: massive — galaxies: stellar content — ultraviolet: stars

1. Introduction

Metallicity has a significant impact on stellar evolution and
structure, with lower metallicity typically leading to hotter stars
with harder ionizing spectra (Smith et al. 2002; Stanway et al.
2016). Stars in high-redshift galaxies formed at a time when
most of the metals in existence today had not yet been created,
and accordingly, high-redshift galaxies have been shown to gen-
erally have lower stellar metallicity than galaxies today (e.g.,
Pettini et al. 2001, 2002; Shapley et al. 2003; Steidel et al. 2016;
Strom et al. 2018; Cullen et al. 2019; Topping et al. 2020). This
has been confirmed with new data from the James Webb Space
Telescope (JWST), which has further shown that galaxies at red-
shift z > 2 have very different chemical abundances from those
nearby to our Milky Way (e.g., Rogers et al. 2024; Topping et al.
2024).

* Corresponding authors; beryl@u.northwestern.edu,
ylva.gotberg@ista.ac.at

Observations of high-redshift galaxies have also revealed
that they have hard ionizing spectra, with more photons emit-
ted at higher energies (e.g., Saxena et al. 2020; Bunker et al.
2023). A hard ionizing spectrum is often inferred from nebu-
lar HeII lines at 1640 A or 4686 A, because only high energy
photons with >54.4eV are able to ionize helium. This has also
been observed in nearby low-metallicity, star-forming galaxies
(Senchyna et al. 2019; Berg et al. 2019, 2022). The source of this
ionizing radiation remains unclear, but many potential sources
have been proposed, including X-ray binaries, shocks, massive
stars, and binary products (Crowther et al. 2016; Schaerer et al.
2019; Senchyna et al. 2020).

Wolf-Rayet (WR, an observationally motivated classifica-
tion) stars are perhaps the most efficient stellar source of
ionizing radiation. However, in the classical prescription for
WR star formation, they are predominantly formed through
strong stellar winds that are thought to be driven by metal-rich
stars (Crowther 2007; Smith 2014, see however Shenar et al.
2020). The confirmed existence of WR stars in local metal-poor
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star-forming galaxies (Massey 2003) is therefore puzzling, and
it has been suggested that these stars are formed instead by
envelope-stripping in binaries (Paczyriski 1967; Vanbeveren et al.
1998, see however also Schootemeijer et al. 2024).

Indeed, envelope-stripping in binary stars has been pro-
posed to substantially boost a stellar population’s ionizing pho-
ton emission, but with a delay of ~10—100 Myr after a starburst
(Ma et al. 2016; Gotberg et al. 2019). This is because the strip-
ping of the hydrogen-rich envelope reveals the hot and com-
pact helium core, but only after the star has experienced the
main sequence (Gotberg et al. 2017, 2018). Because the rela-
tively long-lasting central helium burning phase still remains,
such stripped stars should be sufficiently long-lived and exist in
sufficient numbers to have an observable impact on the popula-
tion’s ionizing spectrum (Gotberg et al. 2020a).

Although the existence of binary-stripped massive stars
was proposed over half a century ago (Kippenhahn & Weigert
1967), the first sample of hot and intermediate-mass binary-
stripped stars was observationally confirmed only recently
(Drout et al. 2023; Gotberg et al. 2023, see also Groh et al. 2008;
Shenar et al. 2023). This discovery highlights the importance of
better understanding these objects, both for their impact on full
stellar populations in distant galaxies and for massive star evolu-
tion in general.

While several WR stars have been found orbiting companion
stars (Shenar et al. 2016; Shara et al. 2017, 2020), Klencki et al.
(2022) showed that massive stars (~20—50 M) at low metal-
licity (Z < 0.005) may be less likely to create hot, binary-
stripped stars. Instead of detaching and contracting to small
sizes and high surface temperatures, such stars are predicted
to either remain in the mass-transfer phase throughout the rest
of their lives (e.g., Bilinski et al. 2024) or only experience par-
tial envelope-stripping, resulting in relatively cool stripped stars
(with effective temperatures T.s < 30 000 K). While these cooler
surface temperatures could give them a similar appearance to
helium giants (e.g., Laplace et al. 2020), they are expected to
be substantially longer lived since they undergo central helium
burning at these cooler temperatures. In addition, it is possible
that their surface gravities also differ substantially. Recent obser-
vations support the suggestion that partial stripping could occur
(Villasefior et al. 2023; Ramachandran et al. 2023).

Current stellar evolution models predict that massive stars
at low metallicity do not become fully stripped because a large
intermediate convection zone develops above the helium core
(Schootemeijer et al. 2019; Klencki et al. 2020). The interme-
diate convection zone efficiently mixes the chemical elements
which, combined with the low opacity of stars at low metallic-
ity, allows the envelope to remain small until advanced stages of
core-helium burning (see Farrell et al. 2022, for detailed descrip-
tions of the process). When such a star enters into mass trans-
fer, its helium core is already at (or near) thermal equilibrium,
which allows for earlier detachment from mass transfer
and partial envelope stripping. This late expansion effect is
seen in many different stellar evolution models, including
MESA (Modules for Experiments in Stellar Astrophysics, e.g.,
Schootemeijer et al. 2019), PARSEC (PAdova and TRieste Stel-
lar Evolution Code, e.g., Tang et al. 2014), GENEC (The Geneva
Code, e.g., Georgy et al. 2013; Groh et al. 2019), and STARS
(e.g., Pols et al. 1998), and it becomes increasingly pronounced
as metallicity decreases (Klencki et al. 2020). Despite agreement
across different models, the late expansion effect is sensitive to
uncertain internal mixing processes (Schootemeijer et al. 2019).
As a result, this evolutionary phase is an uncertain prediction of
stellar models, with potentially large impacts. However, if this
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late expansion influences the number of massive binary-stripped
stars that can form, then observations of the intrinsic rate of
such systems could help constrain the internal mixing and radial
expansion of massive stars.

The ability (or not) to produce massive binary-stripped stars
at low metallicity will impact more than just our understanding
of the ionizing radiation from stellar populations. For example,
the first evolutionary step in the well-established isolated binary
evolution pathway that leads to merging binary black holes
and neutron stars as observed by the LIGO-Virgo-Kagra collab-
oration (Laser Interferometer Gravitational-Wave Observatory,
Abbott et al. 2023), is successful envelope-stripping through
mass transfer in a massive, metal-poor binary star resulting
in the creation of a hot, massive helium star (Stevenson et al.
2017; Kruckow et al. 2018). Most rate predictions for merg-
ing binary black holes are made with rapid binary population
synthesis codes (Mandel & Broekgaarden 2022), which limits
the accuracy with which late-stage mass transfer can be mod-
eled. Furthermore, many of the population models are based
on the same single star evolutionary model grid (Pols et al.
1998; Hurley et al. 2000), which necessitates extrapolations for
stars more massive than 50 M, that is, the progenitors of most
merging black holes observed in gravitational wave merger
events. While a detailed modeling study for each separate
evolutionary step would be justified, we focus here on the
effect of late expansion on the distribution of binary-stripped
stars.

In this paper, we modeled the number and mass distribution
of binary-stripped stars as function of metallicity using a binary
population synthesis code based on detailed single and binary
evolutionary models. In Sect. 2, we describe our binary popu-
lation synthesis models and our single and binary stellar evolu-
tion models that we use in the population models. In Sect. 3,
we present our theoretical prediction for the number of stripped
stars expected as a function of mass and metallicity—the present-
day mass function of stripped stars. Section 4 contains estimates
for the stripped star populations in the Milky Way, Large Magel-
lanic Cloud (LMC), and Small Magellanic Cloud (SMC), while
in Sect. 5, we discuss the implications of our results for high-
redshift galaxies and compact object mergers, and we relate our
results to other products of massive stars and binaries. Finally,
we summarize our conclusions in Sect. 6.

2. Models

This study is based on binary population synthesis results that
rely on binary and single stellar evolution models. In Sect. 2.1,
we describe these binary and single stellar evolution models. In
Sect. 2.2, we describe the population synthesis code, which sim-
ulates a population of stars with properties drawn from observed
distributions, then interpolates from the stellar evolution models
to determine the properties of the resulting stripped stars.

2.1. Stellar evolution models

We used the stellar evolution code MESA (version 8118,
Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023)
to compute two sets of models, one for single stars and one
for binaries. These models were first presented in Gotberg et al.
(2018). For an in-depth discussion of the MESA models, we
refer to that manuscript. Here we summarize the most relevant
parameters for the current study.
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2.1.1. Evolutionary model inputs

Convective overshoot and semiconvection. Both convec-
tive overshoot and semiconvection influence whether mas-
sive metal-poor stars swell up prior to helium core burn-
ing (Schootemeijer et al. 2019). However, Schootemeijer et al.
(2019, see their Fig. A.1) show that for their models with metal-
licity Z = 0.002 (approximately 1/7th solar) and without shell
overshoot, very inefficient semiconvection or very extensive con-
vective overshoot was required to prevent inflation to the red
supergiant stage prior to helium core burning (cf. Marigo et al.
2001).

Here, we adopted a common set-up, which instead results in
expansion to the red supergiant stage after helium core burning
(see for example Sen et al. 2023, but also Georgy et al. 2013;
Groh et al. 2019). We assumed the Ledoux criterion for semi-
convection, setting the efficiency parameter @semiconvection = 1
(Langer et al. 1985; Langer 1991). We implemented a step-
like convective overshoot, which extends 0.335 pressure scale
heights above all convective regions, following the calibrations
of Brottetal. (2011) for the extent of the massive star main
sequence. To model this in MESA, we used the mixing efficiency
from 0.05 pressure scale heights inside the convective region
(£=0.385,£_0=0.05).

Stellar winds. We adopted standard wind prescriptions dur-
ing the main-sequence phase (the “Dutch scheme” in MESA). In
addition, especially relevant for our models is the wind mass loss
during the stripped star phase. For this phase, we extrapolated
from the empirical mass loss prescription for WR stars from
Nugis & Lamers (2000), again according to the “Dutch scheme”
in MESA. Gilkis et al. (2019) studied the effect of adopting the
more realistic mass loss rate from Vink (2017) and found that the
stripped star could retain more of its hydrogen envelope. When
comparing with the results from Gilkis et al. (2019), we found
that the stripped star mass could be up to ~0.3-0.8 M, higher
than our mass estimates, since we used the stronger mass loss
scheme from Nugis & Lamers (2000). Additionally, at stripped
star masses Myyip 2 10 Mo, which are contained in our single
star model grid but which are more massive than those produced
by our binary evolution models, higher mass loss rates than
expected from Vink (2017) could be suitable (see Sander & Vink
2020). We discuss uncertainties that these assumptions could
introduce in Sect. 3.1.3.

Additional energy transport. For massive stars with ini-
tial masses greater than 20 My, we used the MLT++ mecha-
nism (available in the MESA version 8118 through the con-
trol okay_to_reduce_gradT_excess=.true.), an artificial
energy transport mechanism used to promote convergence in
models with sharp density gradients. MLT++ likely causes our
models to under-predict expansion for stars with initial masses
>40 M, (Klencki et al. 2020). However, we expect that the stars
with initial masses between 20 and 40 M, are unaffected. In
addition, as described below, the initial masses of the stars in our
binary grids do not exceed 18.17 M. As a result, this artificial
energy transport only occurs in the single star grids.

2.1.2. Model grid setup

Single star grids. There are four grids of single star models,
each computed at a different metallicity: Z = Z; = 0.014,
Z = 0.006, Z = 0.002, and Z = 0.0002. These are designed

103k Z=0.014
Z = 0.006
Z =0.002

Z = 0.0002.7

102_

101_

Radius at time of He ignition / Re

10T 107
Initial Mass / Mo

Fig. 1. Radius of each of our single stellar evolution models at the time
when they begin burning helium in their cores. At Z = 0.014 (red),
higher-mass stars expand to radii 2103 R, prior to core helium burn-
ing. At lower metallicities, however, higher-mass stars expand late and
have radii almost an order of magnitude smaller at this time. They will
therefore struggle to create long-lived stripped stars.

to resemble stars in the Milky Way, the LMC, the SMC, and the
extremely metal-poor star-forming galaxy IZw18, respectively
(see, e.g., Szécsi et al. 2015). Their compositions are scaled rel-
ative to that of the Sun (Grevesse & Sauval 1998).

Each grid is made up of 40 models, with initial masses log-
arithmically spaced between My = 2 and 100 M. They were
computed at least until central helium depletion, thus covering
~99% of the stellar lifetime.

To demonstrate late expansion at low metallicity using these
single star models, we display in Fig. 1 the radius of single
stellar evolution models at the time when helium ignites in the
core (see Sect. 2, here we define the helium ignition as when
the central helium mass fraction drops below 0.97). While the
higher-mass (~15-40 M,,), high-metallicity (Z = 0.014) models
expand to radii >10% R, prior to helium ignition, lower metal-
licity (Z < 0.002) stars of the same masses do not expand until
later, remaining small with radii <10?> R, at this stage. This is
similar to the results presented in Klencki et al. (2022).

At high enough masses, even low metallicity stars are no
longer quite so affected by late expansion, and they are able
to reach larger radii prior to the onset of core helium burning.
Additionally, at these high masses, the higher metallicity stars
have very strong winds, causing their evolutionary track in the
Hertzsprung Russell diagram to turn around before they reach
the Hayashi track, on the way to becoming WR stars. This is
why the highest mass stars in Fig. 1 have similar radii regardless
of metallicity.

We note that the number of stripped stars estimated in this
work is dependent on the radius evolution of the underlying
evolutionary model. The radius evolution for high mass stars
(M > 40 My) can be affected by luminous blue variable-like
eruptions and the Humphreys-Davidson limit (e.g., Gilkis et al.
2021; Cheng et al. 2024), which we did not account for in this
work.

Binary star grids. We used the MESA binary module to
compute grids of 23 binary models at each of the four metal-
licities that were used for the single stars. For each grid, the ini-
tial mass of the most massive star in each binary system (M ni)
is logarithmically spaced between 2 and 18.17 M. For numer-
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ical reasons, we chose not to compute binary models at higher
masses (see, however, Klencki et al. 2022).

For our binary star grids, we modeled the formation of
stripped stars through mass transfer initiated shortly after
the donor star finishes the main sequence, early during the
Hertzsprung gap. We therefore chose initial periods that range
between 3 and 31.7days and an initial mass ratio of gj,; =
My init/M init = 0.8, where M, ¢ is the initial mass of the less
massive star in the system. This resulted in stripped stars with
masses (Mgyip) between 0.35 and 8 My, depending on the ini-
tial mass and metallicity. Although the MESA binary models are
limited to one formation channel of stripped stars, we used them
to approximate the result of envelope-stripping through other
evolutionary channels as well (see Sect. 2.2).

In this study, we used these models to represent all stripped
stars that originate from stars with masses between 2 and
18.17 M. For solar metallicity, we do not expect a significant
difference in the predicted stripped star mass depending on ini-
tial orbital period or initial mass ratio (see e.g., Yungelson et al.
2024). However, at low metallicity, these models could result in
a slight under-prediction of the stripped star mass (Yoon et al.
2017).

2.2. Binary stellar population synthesis

We modeled binary stellar populations using a Monte Carlo code
that was developed specifically for studies of stripped stars and
was first presented in Gotberg et al. (2019). This code uses sin-
gle and binary stellar evolution models as input, which allows
for flexibility in adopting suitable evolutionary models (see also
Agrawal et al. 2020, 2023). This method also provides more
accuracy in the mass and properties of the stripped stars, com-
pared to the estimate from pure helium star models which are
often used in binary population synthesis (Hurley et al. 2000,
2002).

The set-up we used here is similar to what was described in
Gotberg et al. (2020b). We briefly summarize our assumptions
below.

Initial distributions. We first drew initial masses (M)
between 0.1 and 100 M., following the initial mass function
of Kroupa (2001), in which $% o M, with @ = 1.3 for
0.08 < My < 05Mg and @ = 2.3 for My, > 0.5 M.
We determined whether to assign a binary companion to each
of these stars following the mass-dependent binary fraction of
Moe & Di Stefano (2017, see their Fig. 42). For the binary stars,
the initial mass of the less massive star in the system, M2 i,
was then sampled from a uniform mass ratio distribution, where
q = Myini/M)inic ranges from 0.1 to 1, in agreement with
observed mass ratios (Sana et al. 2012; Kiminki & Kobulnicky
2012, however, see also Moe & Di Stefano 2017). The initial
orbital period (Pjn) was sampled from a distribution which is
uniform in log, Pini¢ for binaries with My < 15 Mg (Opik
1924) and favors short initial periods when M > 15 Mg
( dN

Tog P & (log;o P)™%35 Sana et al. 2012). The minimum initial

orbital period sampled is the shortest period for which neither
star overflows its Roche lobe at the zero-age main sequence, and
the maximum period is 10°7 days (Moe & Di Stefano 2017).

Onset of binary interaction. We determined when binary
interaction is initiated by measuring when the stellar radius,
obtained by interpolating MESA models over the initial mass,
exceeds the Roche radius (Eggleton 1983). For simplicity,
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Fig. 2. Three channels for stripped star formation accounted for in the
stellar population models in this work. (1) mass transfer initiated dur-
ing the main-sequence evolution of the donor star (Case A), (2) mass
transfer initiated during the Hertzsprung gap evolution of the donor star
(Case B), and (3) the successful ejection of a common envelope initiated
during the Hertzsprung gap evolution of the donor star (Case B CEE).

here we focused on stripped stars produced from the initially
most massive star in the system. These should be the most
common progenitors for stripped stars, since binaries can be
easily disrupted by the creation of the first compact object
(e.g., Renzo etal. 2019). We note that stripped stars can be
formed from the initially less massive star in a binary system,
but they are expected to constitute a smaller fraction (~7%,
Zapartas et al. 2017), and since their evolutionary pathways
require more detailed scrutiny, we chose to omit their imple-
mentation from the population model for this work. Further-
more, we only considered hot stripped stars produced when the
Roche lobe is filled prior to core helium burning of the donor
star, which we define as when the helium mass fraction in the
center first decreases below 0.98. This is a reasonable assump-
tion because envelope-stripping initiated during central helium
burning is likely to result in nuclear-timescale mass transfer or
cool, partially stripped, puffed-up stars (Klencki et al. 2022, and
see Sect. 5.1 for further discussion), and envelope-stripping initi-
ated after central helium depletion will result in very short-lived
objects, as only about 1% of the stellar lifetime remains.

Outcome of binary interaction. For simplicity, we inferred
the outcome of binary interaction based on limits for the mass
ratio and initial period (e.g., POSYDON, POpulation SYnthe-
sis with Detailed binary-evolution simulatiONs, Fragos et al.
2023; and BPASS, Binary Population and Spectral Synthesis,
Eldridge et al. 2017, see also Zapartas et al. 2019). We identified
three pathways to the creation of a stripped star, which we depict
in Fig. 2. To ensure long-lived stripped stars are created, we only
considered donor stars that fill their Roche lobes during either
main-sequence evolution (central hydrogen fusion), or during
the following rapid expansion phase known as the Hertzsprung
gap (hydrogen shell burning after central hydrogen depletion).
The three pathways we considered are: (1) stable mass transfer
initiated during the main-sequence evolution of the donor star
(also known as Case A), (2) stable mass transfer initiated dur-
ing the Hertzsprung gap evolution of the donor star (Case B),
and (3) the successful ejection of a common envelope initiated
during the Hertzsprung gap evolution of the donor star (Case B
CEE). The Hertzsprung gap typically includes a radial expansion
by at least an order of magnitude (see Fig. 1), making it one of
the most common evolutionary stages for binary interaction.

We adopted the following approximate approach to deter-
mine what systems result in the creation of a stripped star.
If the initial mass ratio is >0.65 and >0.4 for mass trans-
fer initiated during the main sequence and Hertzsprung gap
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evolution of the donor star, respectively, we assumed that a
stripped star can be formed (de Mink et al. 2007; Hurley et al.
2002, see also Zapartas et al. 2019). We assumed that common
envelopes develop when the donor fills the Roche lobe dur-
ing the Hertzsprung gap and g,y < 0.4 (Hurley et al. 2002).
Common envelopes that develop earlier in the donor star’s evo-
lution (i.e., on the main sequence) were assumed to lead to
coalescence. Common envelopes that develop later in the donor
star’s evolution were neglected, meaning that our predicted con-
tribution from the common envelope channel could be conserva-
tive. To emulate the result of the common envelope evolution,
we adopted the a-formalism (Webbink 1984), setting @ = 1
(e.g., Hurley etal. 2002) and 4 = 0.5 (Dewi & Tauris 2000;
Tauris & Dewi 2001). We note that our treatment for common
envelope ejection is simplified, since the binding energy of a stel-
lar envelope evolves during expansion (see e.g., Klencki et al.
2021). This means that our predicted contribution from common
envelope ejections is somewhat uncertain (see Sect. 3.1.3).

The fraction of stripped stars that result from each of these
formation channels is discussed further in Appendix A. We
note that for initial masses <20 My, mass transfer initiated
on the Hertzsprung gap dominates the production of stripped
stars, while at higher masses, mass transfer initiated during
main sequence evolution contributes significantly (see Fig. A.1).
Common envelope evolution provides a minor contribution,
regardless of mass.

Initial to stripped star mass relation. We produced a map-
ping from initial to stripped star mass from our MESA models
and display it in Fig. 3. The different panels show the initial
to stripped star mass relation for the different metallicities, as
labeled in each top left corner. As shown in the figure, the
mapping is somewhat metallicity-dependent. The reason for this
metallicity dependence is the lower opacity and weaker winds
at low metallicity, which leads to both higher convective core
masses during the main sequence and a larger amount of hydro-
gen left after mass transfer (Yoon etal. 2017; Gotberg et al.
2017).

For stars with initial masses less than 20 My, we used our
binary-stripped star model grids to determine the mass of the
resulting stripped stars (colored, filled circles in Fig. 3 and
Sect. 2.1.2). In this case, we adopted the mass of the stripped star
halfway through the central helium burning, which we defined
as when the central helium mass fraction decreases below 0.5.
For stars with higher initial masses, we instead used the helium
core masses of the single star models at the terminal-age main-
sequence (defined as the first time the central hydrogen mass
fraction decreases below 0.01), which are marked with colored
triangles in Fig. 3 (see Sect. 2.1.2). This estimate gives rise to
a maximum stripped star mass of ~50 M. We chose to use the
terminal-age main-sequence core mass because the helium core
grows in single stars, while this growth is not prominent for
stripped stars. The standard MES A definition for the helium core
mass was adopted here, that is, the location in the stellar interior
where the hydrogen mass fraction decreases below 0.1. We note
that models of binary-stripped stars typically have more leftover
hydrogen on their surfaces, but also that wind mass loss could
affect the masses especially at the high-mass end.

In this paper, we did not account for formation of stripped
stars through strong stellar winds, that is, the canonical WR star
formation. This suggests that we may under-predict the number
of massive helium stars. We expect that wind-stripping would
primarily contribute in the high-metallicity regime, where winds
are known to be strong (Crowther 2007).

Z =0.014
E? 1 01 F ’({‘ k3 E
2
s A
E‘:A 0 l-éc_eliulm ctore mass
L = ingle stars | i
1 0 Helium core mass
o® Binary models
o A" Yungelson
L et al. (2024)
<1 ol 3 ]
2
=]
7]
2 100k 4 J
10! 102 10! 10?
Minit [Mo] Minit [Mo]

Fig. 3. Relation between the initial mass (horizontal axis) and the even-
tual stripped star mass (vertical axis). The circular markers indicate the
stripped star mass measured halfway through central helium burning
from binary evolutionary modeling (see Sect. 2.1), while the triangular
markers indicate the helium core mass at terminal age main sequence
of single stars as defined in MESA. We note that our binary evolution
grid does not extend above M,y > 20 M,,. For these massive stars, we
instead represent stripped star masses with the helium core masses. The
panels show models for different metallicity as labeled at the top of
each panel. Gray circles show a subset of the stripped star models from
Yungelson et al. (2024) that originate from mass transfer initiated dur-
ing the Hertzsprung gap of the donor star.

While in our population synthesis approach we allowed for
the creation of stripped stars through Case A, Case B, and Case
B CEE evolution, our binary MESA models simulated only
Case B mass transfer, and the mass derived from the single
star MESA models is most appropriate for stripped stars cre-
ated through Case B and Case B CEE evolution. Our use of the
same scaling from My to My, for Case A evolution is there-
fore an approximation and introduces some uncertainty. When
envelope-stripping is initiated during the main sequence of the
donor star (Case A, pathway 1 in Fig. 2), the stripped star that
is produced should have a slightly lower mass than what we
adopted, as the core is not yet fully formed when mass trans-
fer begins (e.g., Yoon et al. 2010). Accounting for this effect
would require an expansion of the binary star model grids, which
could be a topic of a future study. Here we attempt to quantify
the effect on our results (see Appendix A). Approximately 20%
of the stripped stars we model go through Case A evolution,
which is dominant at the high-mass end. Better accounting for
main-sequence mass transfer systems would therefore slightly
decrease the number of high-mass stripped stars (see Sen et al.
2023). In future studies, the new mapping from Schiirmann et al.
(2024) could be implemented to better represent the resulting
stripped star masses.

In Fig. 3, we use gray circles to plot the initial-to-stripped-
star mass relation from Yungelson et al. (2024), who modeled
stripped stars at solar metallicity. Their predicted stripped star
masses are systematically lower compared to our models. For
example, our 10 M, progenitor results in a ~3 M, stripped star
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(similar to Yoon et al. 2017), while Yungelson et al. (2024) pre-
dict it should result in a ~2 M, stripped star. The initial mass to
core mass mapping is relatively unknown and can be affected
by convective overshoot, as found by Johnston et al. (2024),
who show that convective overshoot can alter the helium core
mass by up to 50%. This large uncertainty, further discussed
in Sect. 3.1.3, emphasizes the importance of finding observable
constraints for core mass ratios, which we aim to do with this
study.

Interpolation of stripped star properties. To obtain stellar
properties for the stars in the modeled population, we interpo-
lated properties obtained from the underlying grid of evolution-
ary models over the logarithm of the stellar mass. We interpo-
lated the properties for main-sequence stars, stripped stars, and
post-main sequence stars separately. Because the absolute age of
a star is sensitive to its initial mass, for each of these evolutionary
phases, we measured the duration of the phase and normalized
the star’s evolution by the total duration to reach a smooth inter-
polation. In this study, we focused on the stripped star mass, the
time that envelope-stripping is initiated, and the duration of the
stripped star phase. These properties are easy to interpolate over
the binary model grids (when M, < 20 M) and can be interpo-
lated from the single star grids by adopting the helium core mass
and timescales derived from the main sequence and post-main
sequence evolution of the single stars.

Model setup. We ran the code at all four metallicities, adopt-
ing a constant star formation rate of 1 M/yr. This makes it possi-
ble to compare our results with an observed population undergo-
ing constant star formation by multiplying by its star formation
rate. In our results, we present the number of stripped stars per
1 M/yr rather than the fraction of stripped stars. This choice is
based on the way our population synthesis code works, as the
star formation rate provides a more useful and accurate scaling
factor for our results than the total number of stars. We evalu-
ated the stellar population after 1 Gyr. Because 1 Gyr is approx-
imately the lifetime of a 2 M, star, it is more than sufficient
to ensure that the population of stars that is the focus of this
work—those with initial masses 24 Mo (Myip ~ 1 M)—will be in
equilibrium.

Model output. We chose to explore the mass distribution of
stripped stars with stripped star mass >1 M (corresponding to
M inie 2 3.5-4.5 M, depending on metallicity). As described
above, these systems are expected to be in equilibrium. In addi-
tion, our binary population synthesis set-up does not correctly
account for the evolution of low-mass binaries (M| init < 2 M)
and we therefore significantly underpredict the number of low-
mass subdwarfs (see however Han et al. 2002, 2003). To cap-
ture stochastic variations, we ran the code 100 times for each
metallicity. We ensured that 100 runs is sufficient by running a
second set of 100 runs at each metallicity, and we found that
the mean number of stripped stars in each mass bin presented
in Sect. 3.1 is within 0.50 for Mgy, > 20 My, within 0.20 for

Mip = 7-20 Mo, and <0.10 for lower masses’.

I Results from the model runs are available at https://doi.org/

10.5281/zenodo. 14811517
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Fig. 4. Present-day mass function for hot stars stripped in binaries,
adopting a constant star formation of 1 M/yr. The solid, colored lines
indicate the mean number of stripped stars expected within each mass
bin from 100 model runs, and the shaded regions show 1 and 30~ above
and below each line. The dashed black line was fit to the lower-mass end
of each distribution, and the range of masses used for the fit is shown
by the solid portion of the black line. The “drop” in each mass distribu-
tion is determined as the point where the upper 3o line drops below the
dashed line of best fit, and its uncertainty is taken to be the width of one
mass bin in each direction. The gray dotted line in the solar metallicity
plot shows the mass distribution from Yungelson et al. (2024).

3. Stripped star population predictions
3.1. The stripped star mass distribution

In Fig. 4, we plot the mass distributions from our population
synthesis models for the four metallicities considered, showing
how many stripped stars are expected as a function of stripped
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star mass. The distributions are plotted in red, orange, yellow,
and blue, in order of decreasing metallicity. The mass func-
tions displayed in Fig. 4 effectively convolve the initial mass
function with mass-dependent effects such as the stellar lifetime
and binary fraction, resulting in a different slope than the initial
mass function (see also Schneider et al. 2014). We emphasize
that these distributions encompass predictions for hot stripped
stars (which initiated mass transfer prior to core helium burn-
ing). They would exclude partially stripped stars that may result
from later interactions (see Sect. 5.1).

For the mass distributions, we use 20 mass bins, logarithmi-
cally spaced between 1 and 50 My, corresponding to a bin width
of Alog(Mgyip/Ms) = 0.085. Because the predicted number of
stripped stars per mass bin is normally distributed for all the runs,
we use the mean to mark the distribution and the standard devi-
ation to shade possible variations. The solid line in each distri-
bution denotes the mean number of stars in each mass bin over
the 100 model runs. The accompanying colored regions denote
1 and 3 standard deviations above and below the mean.

3.1.1. A power law slope at the low-mass end

For all metallicities, the lower-mass end of the distribution is
approximately a power law. For each mean distribution, we fit a
line with the same functional form as the initial mass function,
c‘% o« M™%, to the lower-mass (M, < 7 Mg) end of the dis-
tribution. This corresponds to the first 10 out of 20 mass bins.
However, for the Z = 0.0002 distribution, the slope becomes
inconsistent and the number of stripped stars drops off before
Myip = 7 Mo, so for this metallicity, we fit the line to the part of
the distribution with My, < 5 M. For each metallicity, the best
fit is shown as a black dashed line in Fig. 4, and the solid portion
of the line corresponds to the mass range used for the fit.

Across the four metallicities, we find a negligible (no more
than 1.207) difference between the slopes (¢ = 1.92 = 0.06,
1.91 £ 0.07, 1.87 + 0.10, and 2.01 + 0.06, in order of decreas-
ing metallicity) and the absolute numbers of stripped stars with
mass My, < 5 Mo, suggesting that the shape of the interme-
diate mass regime of the stripped star mass distribution is only
marginally affected by metallicity.

A number of mass-dependent factors affect how the slope
of the mass function differs from that of the initial mass func-
tion. For example, the shorter lifetimes of massive stars cause the
slope of the present-day mass function to become more steep. By
contrast, the higher proportion of massive stars that are in close
binaries results in a shallower slope. Further, the more massive
a star, the larger fraction of its mass will be in the stripped star
it produces (i.e. Myip/M | inic increases with increasing M ).
This also causes the slope of the present-day mass function to
become shallower.

The best fit slopes in Fig. 4 are all shallower than that of the
input initial mass function, where we assumed @ = 2.3. This
suggests that the fraction of stars that become stripped and the
larger relative core masses dominate over the longer lifetimes of
the lower mass stars.

In the solar-metallicity panel, we also display the population
predictions from Yungelson et al. (2024), which reaches up to
~8 My, using a gray dotted line. Notably, their predicted slope is
steeper, and they predict significantly fewer stripped stars over-
all. This is likely due to our different treatments of convective
overshoot, which leads to their predicted lower mass stripped
stars (see Fig. 3), as well as different initial period distributions
and our inclusion of stripped stars formed through the common
envelope channel. However, when accounting for these, we find

that our results for stripped stars with 1 My < M < 7 M, are in
reasonable agreement.

3.1.2. A drop at the high-mass end of the low-metallicity
mass distributions

In all three sub-solar populations shown in Fig. 4, the distribu-
tion departs from the line fitted to the low-mass end, and there
is a drop in the mass distribution at a specific threshold in mass,
above which very few stripped stars are created through binary
interactions. This drop occurs because of the late expansion of
massive stars at lower metallicity, causing the Roche lobe in
many binary systems not to be filled until during or after helium-
core burning has started, resulting in cool or short-lived stripped
stars (see Fig. 1 and Sect. 1 along with Klencki et al. 2022).

We quantify the location of the drop as the highest mass bin
before which the upper 30 line drops below the dashed, best-fit
line in Fig. 4. We determine the uncertainty on this measurement
to be plus or minus the width of one mass bin in each direction,
which can be between 1-6 M,,, depending on the location of the
drop. The drop occurs at 27.8fg'8 M, for Z = 0.006, at 8.6’_’}:2 M

for Z = 0.002, and at S.Sf}f) M, for Z = 0.0002. As expected,
we do not identify a drop for the solar metallicity population.

We note that the lowest metallicity distribution (Z = 0.0002)
exhibits a non-monotonic drop, with a peak at 7.1 M, following
the drop at 5.8 M. This is a numerical effect occurring due to
the somewhat larger difference between the stripped star masses
predicted from the binary evolution models and the terminal-age
main sequence core masses (see Fig. 3).

3.1.3. Uncertainties influencing the shape of the mass
distribution

Several uncertain physical mechanisms influence the shape of
the predicted mass distribution. Here we discuss the primary
sources of uncertainty.

In this study, we adopted a relatively high wind mass loss
rate for the intermediate and lower mass stripped stars (see
Sect. 2.1.1), which could result in an underestimate of the num-
ber of lower mass stripped stars. On the other hand, for more
massive stripped stars, we used an approximate approach and
assumed the stripped star mass to be that of the terminal age
main sequence core (see Sect. 2.2 and Fig. 3). Because mass evo-
lution due to wind mass loss was not included, this could result
in a moderate overestimate of the number of massive stripped
stars.

In our stellar evolution models, we implemented a fixed step-
like convective overshoot (see Sect. 2.1.1). Convective boundary
mixing is an active field of research, and recent work suggests
that the effect increases with stellar mass (e.g., Johnston 2021;
Johnston et al. 2024). If this is true, it would cause the slope of
the mass distribution to be shallower than what we predict here,
meaning that we overestimate the number of lower mass stripped
stars and underestimate the number of higher mass stripped stars.
An example of how the mass distribution changes when adopting
an overall lower core mass is shown by the dotted line in the top-
left panel of Fig. 4, which shows the mass distribution predicted
by Yungelson et al. (2024).

The efficiencies of the three evolutionary pathways that we
considered (see Sect. 2.2 and Fig. 2) also remain uncertain.
Detailed binary evolution models predict that mass transfer can
efficiently remove stellar envelopes for the rough parameters that
we assume here, but the efficiency of common envelope ejection
is substantially less certain (see however, e.g., Dominik et al.
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Fig. 5. Cumulative distribution plot showing the number of hot stripped
stars formed with mass greater than or equal to a given mass for all
100 runs at each metallicity. Lower metallicity environments form fewer
high-mass stripped stars because of late expansion, but the expected
total number of stripped stars is similar when considering a lower mass
limit of ~3 M, or lower. The different metallicity runs are marked with
different colors, while we display the predictions for solar metallicity
from Yungelson et al. (2024) using a dotted gray line.

2012). From an observational perspective, the relative efficien-
cies of these evolutionary channels is largely unconstrained,
since a statistical sample of observed stripped stars would be
needed to perform suitable constraints. For this reason, we
expect some uncertainties in the relative contributions of the
three considered evolutionary channels (see also Appendix A).

Observing a population of stripped stars could help constrain
these uncertainties. This is one of the goals of the Ultraviolet
Explorer mission (UVEX, see Kulkarni et al. 2021), a UV satel-
lite with a planned launch in 2030. In the meantime, we compare
our predictions with nearby populations (see Sect. 4) and find
reasonable agreement.

3.2. Number estimates

In Fig. 5, we plot the cumulative distribution of stripped stars
per unit constant star formation for all 100 runs from the popula-
tion synthesis model and for each metallicity. In this cumulative
distribution, we have inverted the horizontal axis and each point
shows the number of stripped stars with mass equal to or greater
than that mass.

For example, following the vertical grid line at 10 M, we
can see that for the higher metallicities of Z = 0.014 and
Z = 0.006, we expect around 300 stripped stars with masses of at
least 10 M, to exist, per 1 My/yr of star formation (specifically,
301 + 16 and 253 + 14 stripped stars, respectively). However,
for the same star formation rate and Z = 0.002, only 63 + 9
stripped stars should have masses of at least 10 M, and at the
even lower Z = 0.0002, we only expect 3 + 2 stripped stars
this massive. At lower masses, the differences are less promi-
nent. If we consider the stripped stars that likely reach super-
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nova (22.6 Mg, Tauris et al. 2015), the metallicity difference is
small and all populations predict ~4000 such stripped stars to
exist per 1 My/yr. For clarity, we also display the expected num-
bers of stripped stars within certain given mass ranges and for
the different metallicities in Table 1.

Our expected number of stripped stars is higher than the pre-
dictions from Yungelson et al. (2024) by a factor of a few up to
an order of magnitude, depending on mass (see Table 1). We dis-
play their predictions for the cumulative number of solar metal-
licity stripped stars in Fig. 5 using a gray dotted line. Com-
pared to our solar metallicity model, Yungelson et al. (2024)
only predict ~100 stripped stars with M, ~ 5—8 Mg to exist
per 1 My/yr, while our estimate is closer to ~700.

Classical WR stars are often thought to be helium stars in the
helium core burning phase, potentially stripped through strong
stellar winds or binary interaction. Shenar et al. (2020) com-
pared the luminosity of WR stars with evolutionary models and
found that helium stars with mass above roughly 7.5, 11, and
17 M and in the Milky Way, LMC, and SMC, respectively,
should display WR-type spectra (see their Sect. 3.2). For a con-
stant star formation rate of 1 My/yr evaluated after 1 Gyr, we
therefore expect 560 + 22 binary-stripped stars of WR type in a
solar metallicity population, 211 + 14 in a Z = 0.006 population
(similar to the LMC), and 11 +4 in a Z = 0.002 population (sim-
ilar to the SMC). These numbers are also included in Table 1.

3.3. A helium star desert

In Fig. 6, we illustrate the regions in mass and metallicity where
we expect—and where we do not expect-hot stripped stars cre-
ated through binary interaction (as described in the previous sec-
tions). Each contour in Fig. 6 corresponds to a horizontal grid
line from Fig. 5 and shows, for each metallicity, the stripped
star mass above which the labeled number of stripped stars are
expected (assuming a constant star formation rate of 1 My/yr).

For low stripped star masses, the expected number of
stripped stars is largely insensitive to metallicity. For a 1 Mg/yr
constant star formation rate, ~10000 stripped stars with masses
greater than ~1.8 M, are expected at all metallicities. Similarly,
~1000 stripped stars with masses greater than ~4—5 Mg, are also
expected across all metallicities.

However, as already demonstrated in Figs. 4 and 5, the num-
ber of massive stripped stars is highly metallicity dependent. We
expect ~100 hot binary-stripped stars with mass above 15 M, for
solar metallicity, while not even one is expected for the lowest
metallicity Z = 0.0002 (Fig. 6).

For reference, we indicate the predicted mass ranges where
the WR phenomenon is observed to occur in the Milky Way,
LMC, and SMC in blue hatching in Fig. 6 (Shenar et al. 2020,
Table 1). Because the data do not extend to metallicities lower
than Z = 0.002, the shaded area past this (to the left of Z =
0.002) is an extrapolation. As the figure shows, binary-stripped
stars could appear as WR stars at higher masses and metallici-
ties, making them difficult to distinguish from the wind-stripped
massive stars that are created at these higher masses. However,
this becomes increasingly rare with decreasing metallicity, and
assuming that helium stars can only be created through envelope-
stripping and wind-stripping, we expect a dearth of helium stars
with masses ~12—-30 M, and metallicity <0.002, since neither
binary evolution nor stellar winds should be efficient at produc-
ing these (e.g., Georgy et al. 2013; Groh et al. 2019). We label
this region of parameter space a “helium star desert”.

Finally, for Z = 0.006, Z = 0.002, and Z = 0.0002, we plot
the mass of the drop from Fig. 4 in the color corresponding to
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Table 1. Estimated numbers of binary-stripped stars.

Mslrip Metallicity (Z,)

(M) 0.014 0.006 0.002 0.0002
1-50 27788 £ 173 29594 + 180 32126 + 182 34766 + 190
>Marop 5+£2 119+ 12 213+ 13
>Myg @ 560 + 22 211+ 14 11+4

1-14 14733 £ 133 15533+ 119 17168 £ 140 18207 = 122
1.4-2.6 9044 + 87 9865 + 94 10655 + 104 12473 + 108
2.6-5 2579 + 46 2743 + 50 2913 + 61 3204 + 62
5-10 912 + 30 968 + 32 1067 + 30 589 + 24
>10 301 + 16 253+ 14 63+9 3+2

Notes. The estimates shown are for a population in equilibrium and in which stars form at a constant rate of 1 My/yr. @The Myy values are the

WR
M spec,He

each metallicity (orange, yellow, and light blue, respectively).
The three points are connected by a white dashed line, which
roughly outlines the helium star desert.

4. Expectations for nearby populations
4.1. Predicted numbers of stripped stars

The Milky Way, LMC, and SMC are the closest stellar popu-
lations in which we can observe individual stars. These popu-
lations have approximately solar (Milky Way), % solar (LMC),

and é solar metallicity (SMC). In the recent past, they have also
had relatively constant star formation rates of 2 My/yr (Milky
Way, Xiangetal. 2018; Eliaetal. 2022), 0.2 My/yr (LMC,
Harris & Zaritsky 2009), and 0.05 My/yr (SMC, Rubele et al.
2015). Our number estimates for hot, binary-stripped stars can
therefore be used to predict the existing number of helium stars
in these populations.

We scaled our population predictions for Z = 0.014, Z =
0.006 and Z = 0.002 (see Fig. 5, Table 1 and Sect. 3.2) to the
star formation rates of the Milky Way, LMC, and SMC, and thus
estimated that they should contain ~60 000, ~6000, and ~1600
stripped stars with M, > 1 Mo, respectively. Similarly, ~8000,
~800, and ~200 stripped stars should have sufficient mass to
reach core collapse (Myyip 2 2.6 Mo, Tauris et al. 2015) in the
Milky Way, LMC, and SMC, respectively.

4.2. Comparison with the Milky Way supernova rate

Stripped stars with masses above ~2.6 M, are expected to
explode as supernovae (Taurisetal. 2015). We can there-
fore compare the predicted supernova rate from our simu-
lated populations to the observed rate of hydrogen-poor core-
collapse supernovae (e.g. Type IIb/Ib/Ic). While H-poor core-
collapse supernova can, in principle, be formed either from
wind or binary stripping, numerous lines of evidence—from
ejecta masses and intrinsic rates to the lack of progenitor detec-
tions in pre-explosion imaging—have been used to argue that
binary stripped stars are the dominant formation mechanism
(e.g. Droutetal. 2011; Lyman et al. 2016; Smith et al. 2011;
Eldridge et al. 2013).

To perform an order of magnitude estimate, we note that
within volume-limited studies, approximately one third of all
core-collapse supernovae are observed to be stripped-envelope
supernovae (Graur et al. 2017a,b). Coupled with a Galactic
supernova rate of about 2 per century (Diehl et al. 20006), this

values obtained by Shenar et al. (2020): 7.5, 11, and 17 M,, at Z = 0.014, 0.006, and 0.002, respectively.
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Fig. 6. Contour plot depicting the number of hot stripped stars we expect
for various metallicities above various masses, assuming a constant star
formation rate of 1 My/yr. Each contour is labeled by the expected num-
ber of hot stripped stars with higher mass than the contour. At the
low-mass end, the contours are close to horizontal, indicating that the
formation efficiency of low-mass hot stripped stars is not affected by
metallicity, but a metallicity dependence appears with increasing mass
as higher-mass stripped stars are able to form at higher metallicities but
are missing at lower metallicities because of late expansion. We use
blue hatching to mark the general regime where WR-type spectra are
expected to occur (Shenar et al. 2020). The low-metallicity (Z < 0.002),
high-mass (M, ~ 12—30 M) region is practically devoid of both WR
phenomena and hot binary-stripped stars, creating a “desert” of helium
stars. The locations of the drops identified in Fig. 4 are indicated in their
corresponding colors and connected by a white dashed line.

suggests that the Galactic stripped-envelope supernova rate is
~0.0067 yr~!.

To estimate a rate from our Z = 0.014 population, we output
the duration of the stripped star phase, #yip, for each stripped star
as determined from the evolutionary models. We then calculated
the stripped envelope supernova (SESN) rate to be the sum of the
inverses of the stripped star durations for each star with My, >
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2.6 M; that is,
1

ey

Rspsn = —
Myip>2.6 M, - S1UIP

Scaling according to the Milky Way star formation rate of
2 M/yr, we found that Rsgsy = 0.0074 yr~!. In addition, while
there is active debate about whether massive WR stars should
explode as core-collapse supernovae or direct collapse to black
holes (Fryer & Kalogera 2001), we also attempted to account
for the contribution of WR stars. Since they are more massive,
they only live ~500 000 years (Groh et al. 2014). There are ~800
WR stars in the Milky Way that are single and therefore not
accounted for in our estimate (see Sect. 4.4). This means that we
needed to add 800/500 000 = 0.0016 yr~! to the rate of stripped-
envelope supernovae, thus reaching 0.0090 yr~".

The reasonable match between our predicted and the
observed stripped-envelope supernova rates provides support for
our population predictions and for the mass at which helium stars
can reach core collapse. However, see Sect. 3.1.3 for the primary
sources of uncertainty that could be responsible for the slight
mismatch.

4.3. Investigation of late expansion using the SMC mass
distribution

As described in Sect. 3.1.2, our models predict a drop in the
SMC mass distribution at Mi, ~ 9 M because of its low metal-
licity, which is predicted to cause massive stars to expand late
and therefore become stripped late. Scaling by the adopted star
formation rate of the SMC, we expect ~5 binary-stripped stars
with masses above this drop. By contrast, the solar metallicity
model, which does not show a drop in the mass distribution, pre-
dicts ~20 stripped stars with masses 29 M when scaled by the
SMC star formation rate.

The number of stripped stars with Mip > 9 Mg in the SMC
can therefore be used as a test of the presence of a drop. If the
number of such massive stripped stars in the SMC is closer to
20 than 5, it could disprove the theorized late expansion at low
metallicity. Alternatively, it could indicate that these stripped
stars were created through a different formation scenario than
envelope-stripping in binaries (see e.g., Sect. 5.4).

There is already a detected population of massive helium
stars in the SMC—the WR stars. Our Z = 0.002 models pre-
dict that envelope-stripping should produce 0.5 WR star in the
SMC, assuming that stripped stars with M, > 17 M show
WR type spectra. However, while the SMC has 12 WR stars
(Hainich et al. 2015; Shenar et al. 2016), 5 of them are in such
close binary systems (~20day orbital periods, Foellmi et al.
2003; Schootemeijer et al. 2024) that they could have been pro-
duced by envelope-stripping in binaries (cf. Pols & Marinus
1994; Shara et al. 2017). Although the numbers are small and
stochastic effects play a role, it is intriguing that ~3.5 WR stars
are expected for the same star formation rate but assuming the
distribution with no drop. This better match could suggest that
stars with metallicity comparable to that of the SMC do not expe-
rience late expansion, at least not above ~40 M. On the other
hand, intriguingly, none of the WR binaries in the SMC reside in
intermediate period orbits (~20—400 days), which would be the
likely outcome of binary stripping in models that currently fail to
produce stripped stars due to late expansion. To fully test binary
models and the phenomenon of late expansion, it would be ideal
to map out the complete stripped star distribution in the SMC, at
least down to masses below the expected drop at ~9 M.
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Another interesting population to compare with are the lumi-
nous blue supergiants that are cooler than the main-sequence in
the SMC. If late expansion does occur, the binaries that interact
during or after helium-core burning should appear as such cool
blue supergiants during the helium-core burning stage. With WR
bolometric luminosities of log,; L/Ls > 5.6, one could expect
such cool blue supergiants to have similar bolometric luminosi-
ties. Comparing the mass distribution that contains a drop with
the one that does not, we expect that if the SMC has a drop in its
mass distribution, there should be at least 5 times more cool blue
supergiants than WR stars. With 5 WR stars present in binaries,
this corresponds to an expected 25 cool blue supergiants. How-
ever, as demonstrated by Schootemeijer et al. (2021), the SMC
contains only a handful, thus further strengthening the sugges-
tion that SMC stars above 40 M, do not experience late expan-
sion. We note, however, that Schootemeijer et al. (2024) also
found a strong indication that these stars are subject to eruptive
mass loss or significantly stronger stellar winds than commonly
predicted, which may affect their radial expansion and further
complicate the picture.

4.4. Constraints from the Wolf-Rayet population

Adopting the mass thresholds for WR-type spectral morphology
from Shenar et al. (2020, see also Table 1) and convolving with
the adopted star formation rates, we estimate that there should
be around 1100, 45 and 0.5 (or 3.5, depending on whether the
drop is present, see Sect. 4.3) WR stars produced from binary
interaction in the Milky Way, LMC, and SMC, respectively.

The Milky Way has an observed sample of almost 7007,
which increases to ~2000 after correcting for observational
biases (Shenar 2024). In contrast, the LMC and SMC WR
samples are considered to be relatively complete, with 154
and 12 WR stars, respectively (Hainichetal. 2014, 2015;
Shenar et al. 2016, 2019; Neugent et al. 2017). Deshmukh et al.
(2024) observed the binary fraction of WN-type WR stars in
the Milky Way to be ~55% (see also Dsilva et al. 2020, 2022,
2023), meaning that ~1200 of the expected ~2000 WR stars
in the Milky Way should be WR binaries and the remaining
~800 should be single. The LMC has 44 WR binary candidates
(Shenar et al. 2019), and the SMC has 5 (Shenar et al. 2016,
2018). These observed numbers of WR binaries match well with
our predictions. However, the large fraction of the WR stars at
all metallicities that cannot be explained by binary stripping fur-
ther underscores the need to better understand the mechanisms
behind WR star formation (Shenar et al. 2020).

4.5. Comparison with stripped star detections in the
Magellanic Clouds

Drout et al. (2023) recently presented the results of an obser-
vational search for stripped stars in the Magellanic Clouds.
Because candidates were identified through their excess UV
emission compared to main-sequence stars, only systems with
low extinction and lower-mass or dark companions could be
identified. This means that the sample is incomplete, but it is
still interesting to note that the most massive stripped star found
in the SMC has ~7-8 M, (Gotberg et al. 2023), which is just
below the expected drop at ~9 M. On the other hand, the WR
stars in the SMC are substantially brighter and likely more mas-
sive (220 M, Hainich et al. 2015; Shenar et al. 2016) than these

2 See the WR catalog by P. A. Crowther on https://pacrowther.
staff.shef.ac.uk/WRcat/
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stripped star candidates, leaving a gap in mass that appears
empty of stripped stars. While higher mass stripped stars are
more difficult to select via UV excess (due to their overlap with
main sequence stars at higher luminosities), it is possible that this
gap is the helium star desert (see Sect. 3.3), and that the WR stars
formed through other pathways, such as enhanced mass loss via
wind stripping or chemically homogeneous evolution (Sect. 5.4).
A better understanding of these mechanisms will be necessary to
confirm the origins of the SMC’s WR stars.

A larger data set could help to confirm the existence of the
helium star desert in other ways. With complete observations
of stripped stars down to My, ~ 3—5 Mo, it would be pos-
sible to constrain the slope of the stripped star mass distribu-
tion (see Fig. 4). While dependent on many factors, the slope
would provide an additional constraint for uncertainties related
to, for example, convective overshoot and the outcome of differ-
ent envelope-stripping mechanisms. With an upcoming, newly
reduced UV photometry catalog (Ludwig et al., in prep.) based
on data from the Swift Ultraviolet Survey of the Magellanic
Clouds (SUMaC, Hagen et al. 2017), suitable data could soon be
available. This will also be an interesting case for the UV mis-
sion UVEX, scheduled to launch in 2030, which will map the
entire mass distribution of stripped stars (Kulkarni et al. 2021,
see science pillar 1). However, we note that direct compari-
son to samples of hot stripped stars identified via UV excess
will likely require further characterization of the expected con-
tributions of stripped star plus compact object systems. While
subdominant to the overall population (see Sect. 2.2), these
systems are more efficiently identified via the UV excess method
(Drout et al. 2023).

5. Implications and potential observational tests

5.1. Partially stripped stars as the counterpart of hot stripped
stars at low metallicity

In this study, we have considered the production of hot stripped
stars through envelope-stripping in binaries that is initiated
before central helium burning. However, at low metallicity, if
a star is radiative and initiates mass transfer during or shortly
before central helium burning, it could become a cool, par-
tially stripped star or continue mass transfer until stellar death
(Klencki et al. 2022).

These partially stripped stars could be more numerous than
hot stripped stars if they originate from high-mass donor stars
and low-metallicity environments. However, this hinges on the
prediction of late expansion for massive stars at low metallic-
ity. As described in Sect. 4.1, a mass distribution with a drop
predicts that the SMC will have only 5 hot binary-stripped stars
with masses >9 M, and initial masses 225 M,, while the distri-
bution without a drop predicts 20 such stars. This suggests that
if the SMC does exhibit a drop, there should be ~15 stars with
initial mass >25 M, that entered nuclear timescale mass transfer
or that are partially stripped. Since they likely would quickly
lose a large fraction, but not the entirety, of their hydrogen-
rich envelopes, we expect that their masses should be higher
(e.g., 210 M) than their hot counterparts (see, e.g., Fig. 11 of
Klencki et al. 2022).

Furthermore, these stars should be bright (log L/Ls = 5) and
have temperatures that are similar to, or cooler than, the main
sequence (Teg ~ 10-30kK). Because of their lower temper-
atures, partially stripped stars should be significantly brighter
in the optical wavelength range compared to hot stripped stars,
which emit primarily in the UV (T.x 2 50kK, Gotberg et al.

2018). This suggests that partially stripped stars are easily
detectable but can masquerade as regular main-sequence stars or
blue supergiants with somewhat lower surface gravity (logg ~
2—4) and higher surface helium abundance (Yg,s ~ 0.5) than
expected (Klencki et al. 2022). However, while undergoing mass
transfer, they could also be distinguished by appearing cooler
than main-sequence stars and as eclipsing binaries and ellip-
soidal variables (Prieto et al. 2008).

In recent years, several intriguing observations have been
presented of proposed ~3—8 M, partially stripped stars in the
SMC and LMC (Ramachandran et al. 2023, 2024). These par-
tially stripped stars appear as O- or B-type giants or super-
giants and show surface enrichment in nitrogen and, in some
cases, helium. An alternative explanation for these stars is that
they are helium stars that have just undergone envelope-stripping
and are observed while contracting before helium core burn-
ing starts. This evolutionary phase has been invoked to explain
observations of several other stars (e.g., Irrgang etal. 2020,
2022; Bodensteiner et al. 2020; Villasefior et al. 2023, see also
Dutta & Klencki 2024). Mapping out the full parameter space
of partially stripped stars and such bloated stripped stars would
help to constrain both late expansion and the outcome of binary
interaction at low metallicity.

It is worth noting as well that models predict that stars under-
going partial envelope-stripping or mass transfer that initiates
only after the end of core helium burning should have a carbon-
oxygen core structure similar to that of single stars and would
be significantly different from that of stars stripped fully earlier
in their evolution (Schneider et al. 2021; Klencki et al. 2022).
Those core differences could affect these stars’ explodability
and the formation of compact objects (Schneider et al. 2021;
Vartanyan et al. 2021; Laplace et al. 2021, 2025).

5.2. Implications for high-redshift galaxies and the production
of ionizing photons

Whether low-metallicity massive stars predominantly create
hot stripped stars or cool partially stripped stars directly
impacts the output of ionizing radiation from stellar popula-
tions. This is because of the difference in effective tempera-
ture between these two binary products (cf. e.g., Gotberg et al.
2023; Ramachandran et al. 2024). The ionizing output is of par-
ticular interest for high-redshift galaxies, both because ionizing
radiation powered the reionization of the Universe, and because
it is responsible for the nebular emission lines that are the
main observable features of these distant populations. Metal-
licity is typically lower at high redshift than in most present-
day galaxies, and most galaxies with redshift z > 2 have a
stellar metallicity at least as low as the SMC (Steidel et al.
2016; Strom et al. 2018; Cullen et al. 2019; Topping et al. 2020;
Stanton et al. 2024). Therefore, the helium star desert, if real,
should impact metal-poor, high-redshift galaxies.

While we did not model the spectral energy distribution of
massive stripped stars in this study, we used previous predicted
ionizing emission rates to estimate the influence of the helium
star desert on the hydrogen- and helium-ionizing output from a
stellar population. We did this for a population with metallicity
Z = 0.002 and constant star formation rate of 1 My/yr, adopting
the mass distributions presented in Sect. 3.1.

We used the ionizing emission rate estimates from
Gotberg et al. (2019), adopting 10°? photons per second as the
total hydrogen-ionizing emission rate (Qg) from hot stripped
stars with masses <8.5 M. In this population, the authors used
the same assumptions for the binary population synthesis and
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Fig. 7. Estimates of hydrogen- and fully helium-ionizing photon emis-
sion rates of individual stripped stars at Z = 0.002 from Gotberg et al.
(2018, Qp and Q,, respectively). To estimate the ionizing emission from
massive and hot stripped stars in a Z = 0.002 population, we fit a line
to the stars with My, > 2 M. We then extrapolated this function up to
stripped star masses of 17 M, to represent the emission from stripped
stars that do not appear as WR type. For reference, we mark the Q) and
0, for an early O-type star and a hot WR star, respectively, according
to models from Smith et al. (2002).

the same underlying evolutionary models as we did here, but
they only included stripped stars with masses up to 8.5 M, (cor-
responding to initial masses up to ~20 M). They interpolated
over their spectral models to estimate the total ionizing emission
from stripped stars across this mass range.

To account for the contribution from higher mass stripped
stars, we fit a straight line to Qp as function of stripped star
mass using the predictions for individual stripped stars with mass
>2 M, by Gotberg et al. (2018). We then extrapolated this func-
tion out to My, = 17 M, to estimate the ionizing emission rates
of the stripped stars with masses above 8.5 M. We excluded
stripped stars with mass >17 M, as these may have WR-type
spectra (Shenar et al. 2020), which can have cooler photospheres
located in the stellar wind and opaque stellar winds that block
ionizing emission. This mass boundary is also below the mass
where Sander & Vink (2020) estimate that wind mass loss rates
of Z = 0.002 stars significantly increase. Fig. 7 shows the model
predictions and the extrapolation of the fit. We also display pre-
dictions for two other ionizing stars — an early O-type star and a
hot WR star (Smith et al. 2002). The extrapolation falls below
these numbers, but detailed evolutionary and spectral models
would be necessary to provide a more accurate estimate.

Using this extrapolation to assign ionizing emission rates to
the stripped stars in our Z = 0.002 mass distribution, we predict
that the stripped stars with My, > 8.5 Mg should contribute
10’4 hydrogen-ionizing photons per second in a population in
which stars form at a constant rate of 1 M/yr. This constitutes
a ~25% boost in the contribution from stripped stars compared
to Gotberg et al. (2019, see their Table A.3). If we instead use
the mass distribution from the Z = 0.014 population to emu-
late a low-Z distribution without a drop in the mass distribu-
tion, we estimate that massive stripped stars would contribute
10°*9 hydrogen-ionizing photons per second for a constant star
formation rate of 1 Mg/yr. This would double the contribution
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Fig. 8. Rough estimates for hydrogen- (Qy, top) and helium-ionizing
(Q,, bottom) emission rates. The total rates are shown as a sum of rates
for single stars, low-mass stripped stars whose rates are calculated via
interpolation (M < 8.5 M), and higher-mass stripped stars whose rates
are calculated via extrapolation (M > 8.5 M,;). We did this calculation
separately in the case that there is no drop (left) and in the case that
there is a drop (middle), and we show the estimate from BPASS for
comparison (right).

from stripped stars compared to Gotberg et al. (2019). However,
in either case, stripped stars are not a dominant source of H-
ionizing photon production from a full stellar population. Adopt-
ing the ionizing contribution from single stars from Starburst99
(Qp = 10733 photons s~!, Leitherer et al. 1999), we estimate that
the total contribution from stripped stars of all masses to the
hydrogen-ionizing emission rate from a low-Z population should
be between 10°*!s~! and 10°*3s7!, or 6.5 to 9.1%, depending
on whether or not the mass distribution exhibits a drop, respec-
tively. These results are summarized visually in the top panel of
Fig. 8.

The emission rate of photons that can fully ionize helium
(@) is an uncertain property for all stars, because such hard ion-
izing emission originates from the steep Wien part of the spectral
energy distribution, which is highly dependent on density and
recombination in the stellar atmospheres (see e.g., Sander 2022).
With wind mass loss-associated uncertainties directly influenc-
ing the atmosphere’s density (Gotberg et al. 2017), it is clear that
the He*-ionizing regime is in urgent need of observational con-
straints.

Stripped stars with transparent atmospheres, that is, ones that
do not show WR type spectra, could be expected to emit a sub-
stantial amount of He*-ionizing emission. We therefore made
a rough estimate of the contribution of massive stripped stars
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to the helium-ionizing budget of a stellar population. We took
the same approach as described previously in this section for
the hydrogen-ionizing emission estimate (see Fig. 7). Again,
we extrapolated up to Mgy, = 17 Mo, which we estimated has
Q> = 48.3s7!. This agrees with the estimate for the hottest
WN star (WR stars with nitrogen-dominated spectra) models
from Smith et al. (2002) and the estimate for massive helium
stars from Sander & Vink (2020). By summing the He™-ionizing
emission for individual stars, we estimated the contribution from
a population of massive stripped stars at Z = 0.002 to be
Q> = 10%# photons per second for a constant star formation
rate of 1 My/yr. If, instead, late expansion does not occur at low
metallicity, and the mass distribution does not have a drop (i.e.,
we adopted the Z = 0.014 mass distribution), the contribution
could be as high as @, = 10°*! photons per second.

This exercise suggests that massive stripped stars with-
out WR-type spectra could be the most prominent source of
He*-ionizing emission from a stellar population. However, it
is a rough estimate and observational confirmation would be
required. The Q, estimate for main sequence and WR stars
from Starburst99 is 10*! photons s~! and for stripped stars with
Mgyip < 85M; it is 1041 photons s7! (Gotberg et al. 2019).
Therefore, if there is no drop, the He"-ionizing budget could
increase by 500%, reaching 10°%2 photons s~!. Even if there is
a drop, the addition of massive stripped stars would still dou-
ble the total budget of He*-ionizing photons, reaching a total of
10%7 photons s~! (Fig. 8, bottom panel). These values are simi-
lar to predictions from version 2.0 of the BPASS binary spec-
tral population synthesis code (Stanway et al. 2016), included
for comparison in Fig. 8. However, we note that the main ioniz-
ing source likely differs between our two estimates, since we did
not include rapidly rotating, chemically homogeneously evolv-
ing accretor stars, while in BPASS they are prominent sources
of ionizing emission.

Matching the observed Hell recombination line emis-
sion is a long-standing problem for models of stellar
populations in low-metallicity galaxies (e.g., Guseva et al.
2000; Shirazi & Brinchmann 2012; Cassataetal. 2013;
Senchynaetal. 2017, 2019; Saxenaetal. 2020). Low-
metallicity galaxies exhibit strong emission in ionized helium
recombination lines, suggesting that more He*-ionizing photons
are produced than spectral population synthesis models predict
(e.g., Bergetal. 2018; Nanayakkara et al. 2019; Olivier et al.
2022). The sources of this He"-ionizing emission remain a
puzzle. However, stellar population synthesis models including
effects from binaries (e.g., BPASS), have been shown to be
the only ones able to in some cases match both the H-ionizing
and higher-energy He"-ionizing emission (Steidel et al. 2016).
Stripped stars, which do not seem to significantly modify
the H-ionizing production (see the top panel of Fig. 8) but
do enhance harder ionizing photon emission (bottom panel
of Fig. 8), are a promising solution to this problem without
necessitating large differences at longer UV wavelengths. Our
rough estimate for the contribution from massive stripped stars
is therefore intriguing and emphasizes the importance of better
modeling these stars, both in terms of evolutionary modeling
and spectral modeling, which were approximated in our study.

Furthermore, observations of massive (28.5 M) stripped
stars at low-metallicity (Z ~ 0.002) that do not exhibit WR-
type spectra are still largely missing (see, however, star 1 in
the SMC presented in Drout et al. 2023; Gotberg et al. 2023).
A more representative sample will be essential to constrain the
ionizing emission of massive stripped stars and understand their
contribution to stellar populations’ spectra.

5.3. Implications for the formation of gravitational wave
progenitors

Understanding the formation pathways of black hole and neutron
star binary systems is crucial to accurately predicting the mass
distributions and merger rates of compact objects. In the stan-
dard isolated binary evolution scenario leading to a binary com-
pact object merger, two envelope-stripping phases are expected
to occur, one of which is required in order to bring the two stars
in the system sufficiently close for a merger to occur within
a Hubble time (Belczynski et al. 2016; Kruckow et al. 2016;
Stevenson et al. 2017; Tauris et al. 2017).

The progenitors of massive (>20My) black holes
are thought to originate in low metallicity environments
(Z < 0.002, Belczynski et al. 2010; Giacobbo & Mapelli 2018;
Klencki et al. 2018; Chruslinska et al. 2019; Neijssel et al. 2019;
Broekgaarden et al. 2022). This suggests that these progenitors
were either the massive hot stripped stars we modeled in this
work or the partially stripped or mass-transferring cool objects
discussed in Sect. 5.1. While late expansion at low metallicity is
included in rapid binary population synthesis codes (Pols et al.
1998; Hurley et al. 2000), the complex mass transfer phase asso-
ciated with massive, low-metallicity stars merits more in-depth
study and likely an updated treatment for population synthesis
to ensure that the evolution in populations agrees with what is
found in detailed evolutionary models (cf. e.g., Klencki et al.
2022; Ercolino et al. 2024). This could be particularly relevant
to explore in context of the proposed evolutionary channel
where stable mass transfer can bring two stars sufficiently close
that a common envelope is not required for the future compact
object system to merge within a Hubble time (Inayoshi et al.
2017; van den Heuvel et al. 2017; Marchant et al. 2021, see also
Bavera et al. 2021).

The late expansion of massive stars in binaries also deter-
mines whether mass transfer is initiated right after the end of
the main sequence (i.e., Hertzprung gap donors) or only later
during helium burning (i.e., core-He burning donors). Those
two types of stars are commonly differentiated in rapid binary
evolution codes (following Hurley et al. 2002). In population
studies of gravitational wave sources, common envelope evolu-
tion has typically been limited to core-He burning donors (e.g.,
Dominik et al. 2012; Belczynski et al. 2016; Vigna-Gémez et al.
2020; Broekgaarden et al. 2021), with Hertzprung gap giants
assumed to always lead to mergers and the formation of Thorne-
Zytkow objects (cf. Farmer et al. 2023; O’Grady et al. 2024). As
a result, the phenomenon of late expansion has an effect on
the predicted formation rates of gravitational wave sources as
a function of metallicity, contributing to the preference for low
metallicity (though in the current models it is not the leading-
order effect, see e.g., van Son et al. 2025). More recently, it has
been demonstrated that the outcome of common envelope evo-
lution is primarily determined by the type of the outer envelope
(radiative vs. convective), rather than the evolutionary stage of
the donor (Hertzprung gap vs. core-He burning) (Kruckow et al.
2016; Klencki et al. 2021; Romagnolo et al. 2025). It is still
unclear, however, how the late expansion of massive stars affects
the stable mass transfer channel. Klencki et al. (2022) found that
mass transfer from a core-He burning donor is characterized by
a lower mass exchange rate compared to that from a Hertzprung
gap giant. This suggests an increased mass transfer stability
(Klencki et al., in prep.), which is a crucial factor favoring the
formation of close-orbit binary black hole systems that merge
within a Hubble time (Marchant et al. 2021; Olejak et al. 2021,
van Son et al. 2022; Picco et al. 2024).
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5.4. Rapidly rotating stars and the helium star desert

In this study, we have considered only helium stars formed
through one of two pathways: those formed through the binary
envelope-stripping that we also model in this work and those
formed through strong stellar winds. Our models predict that
neither formation scenario should be efficient at producing mas-
sive (Mgyip ~ 10-30 M) helium stars at low metallicities (Z <
0.002, see the helium star desert in Fig. 6).

However, at low metallicity, where line-driven winds are
expected to be weak, rapid rotation has been predicted to be able
to induce such strong interior mixing that massive stars (20 M
at Z = 0.002, Brott et al. 2011) should be able to evolve chem-
ically homogeneously (see also Maeder 1987; Martins et al.
2009; Hainich et al. 2015; Schootemeijer & Langer 2018). As a
result, during the main-sequence evolution the stars slowly con-
vert themselves into helium stars, becoming hotter and bluer than
the zero-age main-sequence (de Mink et al. 2009; Szécsi et al.
2015; Kubétova et al. 2019). The observational signatures of
these stars include surface helium and nitrogen enrichment along
with rapid rotation. Chemically homogeneously evolving stars
have, however, not been conclusively observed. For example,
Abdul-Masih et al. (2019, 2021) found no chemical enrichment
in massive, rapidly spinning overcontact binaries. Additionally,
Schootemeijer & Langer (2018) found that structure models of
chemically homogeneously evolving stars were a poor match for
the SMC WR stars, whose rotation rates are too slow for stars of
this type. But, if they exist, chemically homogeneously evolving
stars could populate the helium star desert.

It could be possible to look for these objects and test if
they exist using our stripped star mass distribution. If more than
ten helium stars more massive than ~10 M, are found in very
metal-poor environments with constant star formation rates of
1 Mg/yr (e.g., Z = 0.0002), it is not expected from either binary
envelope-stripping or wind-stripping. Such objects would thus
provide excellent candidates for exploring chemically homoge-
neous evolution.

6. Summary and conclusions

In this work, we explored the effect of metallicity on the forma-
tion of hot stripped stars through envelope-stripping in binary
stars. To do this, we used a Monte Carlo binary population
synthesis code created specifically for binary-stripped stars (see
Sect. 2.2) and based on detailed single and binary stellar evolu-
tion models (see Sect. 2.1). We summarize our findings below:

1. We estimated the number of hot stripped stars that should
exist in a population as a function of mass (see Sect. 3.2,
Table 1, and Fig. 5). Independent of metallicity, we found
that ~4000 stripped stars per 1 My/yr of constant star forma-
tion should be present and sufficiently massive to reach core
collapse (>2.6 M, Tauris et al. 2015). Similarly, we found
that ~30 000 stripped stars with mass >1 M, should exist.

2. Scaling the number estimates with appropriate star forma-
tion rates, we estimated the number of hot stripped stars in
the Milky Way, LMC, and SMC (see Sect. 4). We found that
there should be around 8000 (60 000), 800 (6000), and 200
(1600) stripped stars in the Milky Way, LMC, and SMC,
respectively, and with mass above 2.6 Mg, (1 M).

3. We studied the shape of the mass distribution for hot stripped
stars (see Sect. 3.1). At the low-mass end, the slope of the
present-day mass function (@ = —2.01 to —1.87) is similar
for all four metallicities that we considered, and it is also
shallower than the slope of the adopted initial mass func-
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tion (@ = —2.3). This slope is sensitive to, for example,
the assumed binary fraction and the adopted prescription for
main sequence core overshoot. We discuss how, if measured
from observations, this slope could potentially be used to
help constrain these uncertain properties.

4. We found that low-metallicity environments are expected
to host many fewer massive hot stripped stars than high-
metallicity environments. The reason is that, at low metal-
licity, massive stars are predicted to expand predominantly
only after central helium burning has started, delaying binary
interaction. The resulting lack of massive stripped stars can
be seen in our computed mass function as a drop at the
high-mass end of the distribution (see Fig. 4). For exam-
ple, we estimated that only ~5 hot binary-stripped stars with
Myip > 9 Mo should exist in the SMC (Sect. 4.3). Of these,
we only expect ~1 to be sufficiently massive to exhibit a WR-
type spectrum. Our results thus suggest that binary interac-
tion is not efficient at forming WR stars at low metallicity.

5. This lack of massive hot stripped stars at low metallicity can
be described as a “helium star desert” — a triangular region
of mass-metallicity space with Z < 0.002 and ranging from
Myip ~ 15-30 M, (see Fig. 6 and Sect. 3.3), where our mod-
els predict that helium stars neither form efficiently through
binary interaction nor through wind mass loss. If an unex-
pected amount (210 per 1 My/yr at Z = 0.002) of helium
stars are found in this region of mass-metallicity space, it
is possible that they are rapidly rotating stars that evolve
chemically homogeneously (see Sect. 5.4). However, it could
also mean that the predicted late expansion at low metallic-
ity does not, in fact, occur in nature, and that additional work
is required to constrain and model the post-main sequence
evolution of massive stars across metallicities.

Our work is complementary to earlier studies of the binary
stripped star populations (Gotberg et al. 2019, 2020b; Wu et al.
2020; Shao & Li 2021; Yungelsonetal. 2024; Wang et al.
2024). However, our focus on the effect of metallicity on the
shape of the mass distribution is new and has various interesting
implications for adjacent astrophysical research.

For example, the predicted lack of massive hot stripped
stars at low metallicity could limit their contribution to the hard
ionizing radiation observed in high-z galaxies and their local
analogs, as well as their contribution to cosmic reionization (cf.
Gotberg et al. 2020a). We made a rough estimate of the ion-
izing contribution from massive stripped stars (see Sect. 5.2).
We found that while they are non-negligible contributors of H-
ionizing photons, stripped stars could potentially dominate the
output of He*-ionizing photons from galaxies, even with the sig-
nificant drop in their mass distribution. To better understand their
roles, more careful spectral modeling and better understanding
of wind driving from hot stripped stars are needed (such as Vink
2017; Sander & Vink 2020), as are observations that can confirm
or refute theoretical predictions.

In addition, if it is difficult for massive stripped stars to form
at low metallicity, this could also affect the efficiency of the con-
ventionally assumed isolated binary evolution pathway to the
formation of compact object binaries. Here, we did not explore
the impact of late expansion on compact object formation in
depth, since it would require a larger exploration of detailed
binary evolution models.

As the stripped star population is beginning to be
revealed by observations (Drout et al. 2023; Gétberg et al. 2023;
Villasefior et al. 2023; Ramachandran et al. 2023, 2024), our
predictions should soon become testable. Further, new and ongo-
ing observations of high-z galaxies and their local analogs will
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allow for comparison with models with various treatments of
massive stars and binaries, further constraining massive binary
evolution.

Our study considered only the masses and numbers of
stripped stars in a constant star-forming population. Future work
will expand these population models to also include predictions
for the companion stars, final binaries orbits, and spectral con-
tributions. Such populations would be particularly useful as a
guide for observational campaigns to search for populations of
stripped stars in upcoming wide-field photometric and spectro-
scopic surveys.
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Appendix A: Stripped stars formed through different channels

As outlined in Sect. 2.2 and visualized in Fig. 2, there are several evolutionary pathways that lead to stripped star formation through
envelope-stripping in binaries. Here, we consider mass transfer initiated during the main-sequence evolution, mass transfer initiated
during the Hertzsprung gap, and successful common envelope ejection that was initiated during the Hertzsprung gap evolution of
the donor.

Which envelope-stripping mechanism a star undergoes depends on how much it expands during the different evolutionary phases
and its initial orbital period. This means that the importance of the different envelope-stripping mechanisms to the population as a
whole varies as function of stellar mass, because the amount of expansion during the different evolutionary phases is dependent on
the star’s mass (see e.g., Fig. 1).
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Fig. A.1. Stripped stars formed through each of the 3 channels considered, as raw numbers (left) and as a fraction of the total (right). We display the
distributions for one of the solar metallicity model runs, although the metallicity distributions in general show similar trends. Common envelope
evolution accounts for ~ 20% of stripped stars across most mass bins and in total. Stable mass transfer during the Hertzsprung gap is the most
common channel for M < 15 M, and stable mass transfer during the main sequence becomes more common at the very high-mass end. The
stripped star masses of those formed through the latter channel may have been slightly overestimated.

In this appendix, we use our population synthesis models to explore the contributions of the different envelope-stripping chan-
nels. We display the fractional contribution as function of mass and for solar metallicity in the right panel of Fig. A.1, while the left
panel shows the total contribution to the mass function.

On average, mass transfer initiated during the main-sequence evolution (also known as Case A) and successful common envelope
ejection initiated during the Hertzsprung gap passage of the donor (here referred to as Case B CEE) each contribute about 20%,
while mass transfer initiated during the Hertzsprung gap (also known as Case B) contributes about 60%. Looking closer at the mass
dependence, we find that for M, < 5 Mg, Case B contributes 60%, while Case A contributes 10-20% and Case B CEE contributes
20-30%. For My, ~ 10 — 20 Mg, Case A and B both contribute 30-50%, while the contribution of Case B CEE remains around
20%. Case A becomes the dominant channel for envelope-stripping in binaries for Mgy, > 15 Mo, reaching 60%, while Case B
reduces to about 30% contribution and Case B CEE drops from 10% to no contribution at all. We expect that Case A should become
even more important for massive stripped stars at lower metallicity, given the late expansion.

The binary evolutionary models that we use as a base to model the population of stripped stars are created for Case B type mass
transfer, initiated rather early during the Hertzsprung gap passage (Sect. 2.1, Gotberg et al. 2018). This relies on the assumption
that stripped stars created through different envelope-stripping mechanisms should look similar to those produced through Case B
mass transfer (see however Yoon et al. 2017; Gilkis et al. 2019). While this is a simplification, it is likely more accurate than the
assumption that all stripped stars can be represented by pure helium stars, as is the case in most binary population synthesis codes.
Stripped stars created through common envelope ejection are thought to have been more deeply stripped than stripped stars produced
through mass transfer (e.g., Ivanova 2011; Gotberg et al. 2017; Vigna-Gémez et al. 2022). Stripped stars produced through Case A
mass transfer are thought to have lower masses than those produced through Case B, since the helium core is not fully defined
until the main-sequence is complete. Case A mass transfer therefore causes immediate recession of the central convective region,
thus redefining the core (e.g., Yoon et al. 2010). While these predictions for the dependence of stripped star mass on the different
envelope-stripping mechanisms have yet to be observationally constrained, we note that the lower masses predicted for Case A
stripped stars would steepen the slope of the mass distribution, further enhancing the dearth of massive helium stars.
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Appendix B: Properties derived from MESA stellar evolution models

Table B.1. Initial mass, stripped star mass calculated two ways, main sequence lifetime, and stripped star lifetime for Z = 0.014 models.

Minit (MO) Mhye (M(D)a Mslrip (M(D)b IMs (yf)a tstrip (yr)b

2.00 0.22 0.35 1.17 x 10° -
2.21 0.26 0.38 8.96x 108  4.14 x 108
2.44 0.29 0.44 6.84 x 108 -
2.70 0.33 0.51 5.22%x 108 1.33x 108
2.99 0.38 0.58 4.00 x 10® -
3.30 0.44 0.67 3.07x 108 6.39 x 107
3.65 0.50 0.74 237x 108 4.20x 107
4.04 0.57 0.85 1.84 x 108 2.81 x 107
4.46 0.65 0.97 1.44 x 108 2.00 x 107
4.93 0.76 1.12 1.13x 108 1.65 x 107
5.45 0.88 1.28 8.94x 107  1.06 x 107
6.03 1.01 1.43 7.14x 107  8.04 x 10°
6.66 1.18 1.64 574 %107 6.42x10°
7.37 1.38 1.89 4.66x 107 4.41 x 10°
8.15 1.61 2.18 3.81x 107  3.40 x 10°
9.00 1.88 2.50 3.14x 107  2.70 x 10°
9.95 2.20 2.88 2.62%x 107 2.16x 10°
11.00 2.59 3.34 2.19% 107 1.74 x 10°
12.17 3.04 3.86 1.85%x 107 1.43 x 10°
13.45 3.58 4.46 1.58 x 107 1.20 x 10°
14.87 422 5.14 1.37x 107 1.03 x 10°
16.44 4.93 5.90 1.19x 107  8.93x10°
18.17 5.73 6.74 1.05x 107 7.91x10°
20.09 6.68 - 9.33 x 10° -
2221 7.73 - 8.34 x 10° -
24.55 8.91 - 7.53 x 10° -
27.13 10.20 - 6.83 x 10° -
30.00 11.71 - 6.25 x 10° -
33.16 13.37 - 5.75 x 10° -
36.65 15.21 - 5.31 x 10° -
40.52 17.22 - 4.94 x 10° -
44.79 19.51 - 4.62 x 10° -
49.51 22.08 - 433 x 10° -
54.73 24.93 - 4.08 x 10° -
60.50 28.00 - 3.86 x 10° -
66.89 31.66 - 3.66 x 10° -
73.94 35.64 - 3.48 x 10° -
81.74 40.02 - 3.32 x 10° -
90.38 44.64 - 3.19 x 10° -
99.91 47.56 - 3.06 x 10° -

Notes. For each of our MESA models, the initial mass, the mass of the helium core of a single star model at terminal age main sequence, the mass
of the stripped star in a binary model when the central helium mass fraction reaches 0.5, the main sequence lifetime, and the stripped star lifetime.
The second and third columns are the same values as plotted in Fig. 3.  From the single star models. ’ From the binary models.
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Table B.2. Same as Table B.1 for Z = 0.006 models.

Minix (Mo)  Mpe (Mo) Mslrip (Mo) tvs (yr) Lstrip (yr)
2.00 0.24 0.37 9.83 x 108 -
2.21 0.27 0.42 7.60 x 108 -
2.44 0.31 0.48 5.88 x 108 -
2.70 0.35 0.54 4.55x 108 -
2.99 0.40 0.62 3.53x 108 7.82x 107
3.30 0.46 0.71 276 x 108 4.84 x 107
3.65 0.52 0.81 2.16 x 108 3.33 x 107
4.04 0.60 0.92 1.70 x 108 2.37 x 107
4.46 0.68 1.06 1.35x 108 1.66 x 107
4.93 0.79 1.21 1.07 x 108 1.41x 107
5.45 0.91 1.38 8.60 x 107  8.91 x 10°
6.03 1.05 1.55 6.95x 107 6.86 x 10°
6.66 1.21 1.77 5.65x107  5.29x10°
7.37 1.42 2.04 4.63 x 107 3.96 x 10°
8.15 1.65 2.34 3.82x 107  3.18 x 10°
9.00 1.93 2.70 3.17x 107 2.48 x 10°
9.95 2.27 3.11 2.65x107  2.00x 10°
11.00 2.65 3.59 224 %107 1.65x10°
12.17 3.11 4.14 1.91x107  1.37x 10°
13.45 3.64 4.77 1.64x 107  1.16 x 10°
14.87 4.26 5.49 1.42x 107  9.95x 10°
16.44 4.99 6.30 124 x 107 8.66 x 10°
18.17 5.80 7.17 1.10x 107 7.81x 10°
20.09 6.72 - 9.74 x 10° -
22.21 7.80 - 8.72 x 10° -
24.55 9.00 - 7.86 x 10° -
27.14 10.39 - 7.13 x 10° -
30.00 11.93 - 6.51 x 10° -
33.16 13.64 - 5.98 x 10° -
36.66 15.57 - 5.53 x 10° -
40.53 17.75 - 5.13 x 10° -
44.80 20.15 - 4.78 x 10° -
49.53 22.84 - 4.48 x 10° -
54.75 25.87 - 4.22 x 10° -
60.52 29.19 - 3.98 x 10° -
66.91 33.02 - 3.77 x 10° -
73.97 37.23 - 3.58 x 10° -
81.78 41.87 - 3.42 x 10° -
90.41 47.06 - 3.27 x 10° -
99.96 52.90 - 3.13 x 10° -
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Table B.3. Same as Table B.1 for Z = 0.002 models.
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Minix (Mo)  Mpe (Mo) Mslrip (Mo) tvs (yr) Lstrip (yr)
2.00 0.25 0.39 8.38 x 108 -
2.21 0.29 0.45 6.55 x 108 -
2.44 0.33 0.51 5.13x 108 -
2.70 0.37 0.59 4.02x10%  8.99 x 107
2.99 0.42 0.67 3.16 x 108 5.77 x 107
3.30 0.48 0.76 249 x10°  3.95x 107
3.65 0.55 0.87 1.97 x 103 2.99 x 107
4.04 0.62 1.01 1.57x 108 1.92x 107
4.46 0.72 1.15 1.26 x 103 1.47 x 107
493 0.82 1.30 1.01 x10%  1.20 x 107
5.45 0.94 1.50 8.18 x 107  8.34 x 10°
6.03 1.09 1.68 6.67x 107  6.05x 10°
6.66 1.26 1.93 547 %107 4.74 % 10°
7.37 1.47 2.22 450 x 107 3.64 x 10°
8.15 1.71 2.54 3.73x 107 2.90 x 10°
9.00 1.98 2.92 3.12x 107 234 x10°
9.95 2.32 3.37 2.63x107  1.89x10°
11.01 2.71 3.88 224 %107 1.58 x 10°
12.17 3.18 4.47 1.91 x107  1.33x10°
13.45 3.70 5.15 1.65x 107  1.13 x 10°
14.87 433 5.91 1.43x 107 9.80x 10°
16.44 5.05 6.63 1.25%x 107 8.65x 10°
18.17 5.85 7.26 1.11 x 107  7.24x10°
20.09 6.80 - 9.85 x 10° -
22.21 7.88 - 8.82 x 10° -
24.55 9.12 - 7.95 x 10° -
27.14 10.50 - 7.22 % 10° -
30.00 12.08 - 6.59 x 10° -
33.17 13.84 - 6.05 x 10° -
36.66 15.84 - 5.58 x 10° -
40.53 18.12 - 5.18 x 10° -

44 81 20.62 - 4.83 x 10° -
49.53 23.42 - 4.52 x 10° -
54.76 26.55 - 4.25 % 10° -
60.53 30.06 - 4.01 x 10° -
66.92 33.96 - 3.80 x 10° -
73.98 38.29 - 3.61 x 10° -
81.79 43.13 - 3.44 x 10° -
90.43 48.54 - 3.28 x 10° -
99.97 54.54 - 3.15 x 10° -
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Table B.4. Same as Table B.1 for Z = 0.0002 models.

Minix (Mo)  Mpe (Mo) Mslrip (Mo) tvs (yr) Lstrip (yr)
2.00 0.26 0.42 7.05 x 108 -
2.21 0.30 0.49 5.58 x 108 -
2.44 0.34 0.57 443 %108 1.08 x 10®
2.70 0.39 0.66 3.52%x 108 6.72x 107
2.99 0.44 0.74 2.80 x 108 4.75 x 107
3.30 0.50 0.87 2.24 x 108 -
3.65 0.57 1.00 1.79x 108 2.17 x 107
4.04 0.65 1.15 1.45%x 108 1.56 x 107
4.46 0.74 1.30 1.17x 108 1.25x 107
4.93 0.85 1.49 9.52x 107 8.93x 10°
5.45 0.98 1.70 7.76 x 107 7.95 x 10°
6.03 1.12 1.92 6.37x 107 5.59 x 10°
6.66 1.29 2.20 526x 107  4.26 x 10°
7.37 1.49 2.53 436 % 107  3.45x 10°
8.15 1.74 2.90 3.64x 107 273 x10°
9.00 2.02 3.33 3.06x 107 222 x10°
9.95 2.35 3.81 2.59% 107 1.82x10°
11.01 2.75 438 221x107  1.53x10°
12.17 3.20 5.04 1.89 x 107 1.29 x 10°
13.45 3.75 5.73 1.64x 107 1.12x 10°
14.87 4.36 6.36 1.43 x 107 -
16.44 5.08 7.20 1.25%x 107 8.51x10°
18.17 5.90 7.92 1.10x 107  8.03 x 10°
20.09 6.86 - 9.83 x 10° -
22.21 7.95 - 8.81 x 10° -
24.55 9.19 - 7.95 x 10° -
27.14 10.61 - 7.21 x 10° -
30.00 12.20 - 6.58 x 10° -
33.17 13.98 - 6.04 x 10° -
36.67 16.00 - 5.57 x 10° -
40.54 18.28 - 5.17 x 10° -
44 81 20.84 - 4.82 % 10° -
49.54 23.76 - 4.51 x 10° -
54.77 26.96 - 4.24 % 10° -
60.55 30.51 - 4.00 x 10° -
66.94 34.50 - 3.79 x 10° -
74.01 39.02 - 3.60 x 10° -
81.82 43.90 - 3.43 x 10° -
90.45 49.40 - 3.28 x 10° -
99.99 55.46 - 3.14 x 10° -
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