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ABSTRACT

Context. Stellar evolution theory predicts the existence of He-core remnants of the primary components of intermediate-mass close
binaries that lost most of their H/He envelopes due to the mass exchange. They are expected to be observed as (1 – 7) M⊙ hot He-rich
stars located in the HRD between sdOB and WR-stars. Several thousands of such stars are expected to exist in the Galaxy, but none
of them have been identified so far.
Aims. We aim to provide comprehensive predictions of the numbers and fundamental properties of He-stars and their companions in
the Galaxy. This is a necessary first step to guide observations, to enable a comparison between evolutionary models and observed
populations, and to determine the feedback of He-stars in the Galaxy.
Methods. We expanded the previously considered space of parameters of progenitors of He-stars and applied a population synthesis
based on a grid of models computed by the code MESA.
Results. The estimated number of Galactic binaries hosting (1 – 7) M⊙ He-stars is ≃ 20 000; it declines to ≃ 3 000 for mass >

∼
2 M⊙. The decisive factor that defines the number of He-stars is runaway mass loss after Roche lobe overflow by primary components,
resulting in formation of common envelopes and merger of components. He-stars are much less numerous than expected, since a
fraction of close binaries with M1,0

<
∼ (5 - 7) M⊙ produce subdwarfs with masses ≲ 1 M⊙.

Conclusions. Overwhelming majority of He-stars reside in binaries with an early-type companions and can be identified neither by
the UV excess nor by emission features. The large periods of a significant fraction of binaries hosting stripped stars ( >∼ several
hundred days) also hamper their discovery.

Key words. Stars: evolution – Stars: mass-loss – Methods: numerical

1. Introduction

Mass exchange between components in close binary systems
may occur at different evolutionary phases. In the so-called “case
A,” mass exchange happens if the primary component overflows
its Roche lobe (RLOF) in the main sequence. “Case B” mass ex-
change occurs if RLOF happens when the hydrogen shell burn-
ing is the main energy source of the star, before helium is ignited
in the core. After pioneering works by Kippenhahn & Weigert
(1967); Kippenhahn et al. (1967); Paczyński (1967); Kippen-
hahn (1969); Refsdal & Weigert (1969); Barbaro et al. (1969);
Giannone et al. (1970); Lauterborn (1970); Ziółkowski (1970);
Harmanec (1970); Giannone & Giannuzzi (1972); De Loore
et al. (1974) it is accepted that at the solar metallicity (Z=Z⊙),
case B mass transfer results in the formation of a system with a
He white dwarf (WD) component, if the zero-age main sequence
(ZAMS) donor mass is <

∼ 2.5 M⊙, or a hot (log(Teff) >∼ 4.4)
stripped helium star (HeS star) component, if the donor’s ZAMS
mass is higher and the mass loss by its stellar wind does not pre-
vent RLOF. As we show below, HeS stars may also result from
case A mass exchange if fast rotation of the close binary compo-
nents is taken into account.

Stripped helium stars are nondegenerate He-cores of stars
that retained a ≲ 1 M⊙ hydrogen-helium envelope, with the
chemical abundance profile formed by several processes: the re-
treat of an H-burning convective core in the main sequence stage,
mixing, further mass loss during RLOF, and stellar wind from
the post-RLOF remnant.

A special interest in the HeS stars stems from the fact that
they are likely among the progenitors of both hydrogen-poor
and hydrogen-rich core-collapse supernovae (SNe) if the mass
of their CO core after He-exhaustion exceeds ≈ 1.4 M⊙ (Habets
1986), see also Uomoto (1986); Nomoto et al. (1994); Podsiad-
lowski (1996); Waldman et al. (2008); Kim et al. (2015); Yoon
et al. (2017); Dessart et al. (2020), as well as progenitors of the
electron-capture SNe and SNe Ia (Chanlaridis et al. 2022). Fur-
thermore, since HeS stars are hot and young, they might be copi-
ous sources of ionizing photons in star-forming galaxies (Dionne
& Robert 2006; Götberg et al. 2018; Doughty & Finlator 2021).

In the Galaxy, M <
∼ 2 M⊙ stars with hydrogen-depleted en-

velopes are usually identified as sdO/B-type subdwarfs (Iben &
Tutukov 1985, 1987; Tutukov & Iungelson 1987; Howarth &
Heber 1990; Tutukov & Yungelson 1990), while stripped stars
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with M >
∼ 7 M⊙ are identified with Wolf-Rayet (WR) stars1

(Paczyński 1967). The mass gap between 2 M⊙ and 7 M⊙ is
thought to be filled by HeS stars.

In the Galaxy, about 6 000 sdO/B subdwarfs are detected
within <

∼ 5 kpc of the Sun (Geier 2020). The estimates of the
total number of WR stars in the Galaxy range from 1200 ± 100
(Crowther 2015) to about 2 600 (Kanarek 2017), with 669 ob-
jects having already been identified2. However, currently only a
dozen sdO stars with estimated periods and mass ≳ 1 M⊙ have
been found in binaries (see Table 9 in Wang et al. 2023). All
of them are companions of Be-stars3. Yet, HR 6819 (Boden-
steiner et al. 2020) and NGC 1850 BH1 (El-Badry & Burdge
2022), with estimated subdwarf masses ∼1 M⊙ may belong to
the same type of stars. There are also several semidetached sys-
tems with masses of donors about (0.8 – 0.9) M⊙, which may be
expected to be progenitors of massive subdwarfs, “cousins” of
HeS stars, for example DQ Vel (Barría et al. 2013), V495 Cen
(Rosales Guzmán et al. 2018), HD 15124 (El-Badry et al. 2022),
and V1315 Cas (Zak et al. 2023). Interestingly, only one “canon-
ical” subdwarf companion (M = 0.426 ± 0.043 M⊙) to a Be-star
(M = 3.65 ± 0.48 M⊙) has been directly observed (κ Dra, Kle-
ment et al. 2022).

Shenar et al. (2020a) disentangled the spectrum of the Galac-
tic star LB-1 (Liu et al. 2019) and suggested that it harbors a
1.5±0.4 M⊙ stripped star with a (7±2) M⊙ Be companion. How-
ever, Hennicker et al. (2022) have shown that the modeling of the
Hα profile in the spectrum of this binary still does not rule out
an alternative hypothesis, according to which LB-1 could host a
B-star and a black hole.

The Galactic star γColumbae is nitrogen-enriched and has
Teff=15 500±340 K. Given its estimated log(g) = 3.3 ± 0.01,
the spectroscopically determined mass is ∼4 M⊙ (Irrgang et al.
2022). This led Irrgang et al. (2022) to suggest that γCol is a
remnant of an initially 12 M⊙ component of a binary that was
stripped in a common envelope event and that is currently read-
justing its structure to become a hot, compact object. However,
no traces of a companion have been found so far, which raises
questions about this interpretation.

The helium star in the HD 45166 system, the famous qWR
object, was considered as a prototype of a 4 M⊙ HeS star and
used to anchor the theoretical prescription of the mass-loss rate
in the evolutionary models. Recently, it was recognized that the
qWR star in HD 45166 is most likely a strongly magnetic merger
product (M = (2.03 ± 0.44) M⊙ ) and that its wind is highly af-
fected by the presence of the magnetic field (Shenar et al. 2023).

Thus, no HeS star with M ≈ (2 − 7)M⊙ has unequivocally
been detected in the Galaxy.

1 See Hamann et al. (2019) and Sander et al. (2019) for the latest com-
pilation of mass estimates of Galactic WR stars based on the evolution-
ary tracks for single rotating stars with Z = 0.014 (Ekström et al. 2012)
2 Live “Galactic WR Stars Catalog” http://pacrowther.staff.
shef.ac.uk/WRcat.
3 Among the objects listed by Wang et al. (2023) as sdO stars, the most
massive ((2.4 ± 0.5) M⊙ is the subdwarf component of γCas-type sys-
tem πAqr. However, most recently, Tsujimoto et al. (2023) classified
this object as a WD and estimated its mass as (0.51 ± 0.01) M⊙. Gies
et al. (2023) suggest that compact objects in the γCas-type subgroup of
Be-stars are, actually, not sdO-stars, but WDs.
Actually, the cumulative distribution of the sdB masses determined by
combining the spectroscopic analysis with the fit of the SED and Gaia
parallaxes becomes saturated at M ≈0.6 M⊙ (Schaffenroth et al. 2022).
This may point to a different origin of the “low”- and “high”-mass sub-
dwarfs.

In nearby low-metallicity galaxies, the number of suspected
HeS stars is growing. Recently, Ramachandran et al. (2023)
discovered that a double-line spectroscopic binary, SMCSGS-
FS 69, in the Small Magellanic Cloud (SMC, Z ≈ 0.2Z⊙) harbors
an object resembling a HeS star. The object is quite massive,
with MHeS = 2.8+1.5

−0.8 M⊙. Its companion is a MBe = 17+9
−7 M⊙

Be-star. Ramachandran et al. (2023) found a strongly enhanced
N-abundance and moderately enhanced He-abundance in the en-
velope of a HeS star in the SMCSGS-FS 69, suggesting that the
stripping was only partial and that the primary retained a sig-
nificant fraction of its hydrogen envelope. Such an envelope is
consistent with models of stripping at low metallicities (Klencki
et al. 2022). Ramachandran et al. infer that the formation of a
helium-rich star in SMCSGS-FS 69 was possible either via case
A mass exchange or very early case B mass exchange, and point
out several further candidate HeS stars in the Large Magellanic
Cloud (LMC, Z ≈ 0.5Z⊙.)

Drout et al. (2023) measured UV-magnitudes of ≃500 000
stars in the direction of the LMC and SMC galaxies and se-
lected 25 stars that may be binaries harboring HeS stars. Ten of
these were spectroscopically analysed by Götberg et al. (2023)
who determined their effective temperatures, Teff ∼(50 000 –
100 000) K, and bolometric luminosities, L/L⊙ ∼ (103 − 105.)
Surface gravities of the stars are log(g) ≈5, while hydrogen
abundance in their atmospheres (by mass) does not exceed 0.4.
These characteristics are compatible with those expected for (1
– 8) M⊙ HeS stars.

Furthermore, as a possible explanation for the composite
spectrum of the binary VFTS 291 in the 30 Dor complex in the
LMC, Villaseñor et al. (2023) suggested that the binary contains
a (2.2 ± 0.4) M⊙ HeS star, which is bloated due to instabilities
in the He-burning shell. If true, this object must be quite unique,
since stars spend less than 1% of their total nuclear-burning life-
time in this stage.

A systematic study of theoretical HeS star populations aimed
at determining spectral and photometric characteristics along a
sequence of increasing masses was performed by Götberg et al.
(2018). This study renewed the general interest in the topic; how-
ever, it was limited to the products of a rather early case B mass
exchange. In this work, only one model HeS star with a core He
abundance of 0.5 was selected from each evolutionary track with
a given initial combination of ZAMS masses of components. The
initial ratio of the primary and secondary masses (M1,M2) was
fixed to q0 = M2/M1=0.8. Furthermore, a single value of the ini-
tial orbital period was considered. Götberg et al. (2018) highlight
the importance of recipes prescribing the mass-loss rate by radia-
tively driven stellar winds for the evolution and spectral appear-
ance of the HeS stars. It should be noted however that their calcu-
lations were anchored to the empirically derived mass-loss rate
of the qWR component in HD 45166, which is by now known to
be spurious (Shenar et al. 2023).

In the present study, we computed an extended grid of bi-
nary stellar evolutionary models, leading to the formation of ob-
jects that could be identified with HeS stars, if observed. For the
first time, we studied the entire range of combinations of the pri-
mary and secondary masses (M1,M2) and orbital period (Porb)
on ZAMS that could produce binaries containing HeS stars. We
determined the fundamental stellar parameters and the surface
helium to hydrogen abundance ratios for the HeS stars, as well
as for their companions. This allowed us to accomplish a pop-
ulation synthesis for binaries harboring (1 – 7) M⊙ HeS stars in
the Galaxy, and to evaluate their number and distributions over
different parameters. In a subsequent paper, we plan to use the
Potsdam Wolf-Rayet (PoWR) non-LTE code (e.g., Hainich et al.
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2019) to produce synthetic spectra of binaries containing HeS
stars, with the goal of enabling informative searches of binaries
with HeS stars and/or explaining the selection effects precluding
the detection of these systems.

The paper is organized as follows. In Sec. 2, the model and
its assumptions are introduced. Section 3 describes the results of
the model’s calculations, while the discussion of the obtained re-
sults and our conclusions are presented in Sec. 4. In the appendix
we display the test results, assuming alternative mass-loss pre-
scriptions.

2. The model

2.1. Hot stripped helium stars

Our goal was to find HeS stars with masses bridging the gap
between sdOB and WR stars. To achieve this, we computed a
grid of models of interacting binaries with the primary masses on
ZAMS in the range M1,0 ∈ [3− 28] M⊙, the initial mass ratios of
the components, q0 = M2,0/M1.0=0.6, 0.8, 0.9, and initial orbital
periods between two days to several hundred days (depending
on the masses of components and the initial q0.) In the systems
with q0 < 0.6 the components were expected to merge at RLOF
stages; see below. However, we made several test runs for bina-
ries with q0 = 0.4 and found that in some cases the merger may
be avoided.

As the first step, we defined the range of stellar parameters of
binaries that allows us to identify stellar remnants after RLOF as
HeS stars. We considered two values of the lower mass limit of
HeS stars – 1 M⊙ and 2 M⊙– in order to also address the scarcity
of the observed “heavy” subdwarfs. The upper mass limit of
HeS stars was taken as 7 M⊙, following Nugis & Lamers (2000),
which is similar to the lowest mass estimate of the Galactic WR
stars belonging to the nitrogen spectral subsequence (WN) ob-
tained by Hamann et al. (2019). In our models, the luminosity
of a stripped 7 M⊙ He star in the He shell burning stage corre-
sponds to that of a star with a ZAMS progenitor mass close to
24 M⊙ and agrees also with the lower limit of the luminosities of
Galactic, spectroscopically identified WN stars log(L/L⊙) ≈ 4.9
(see Fig. 3 in Shenar et al. 2020b). This sets an upper mass limit
of primary components of the models of close binaries in our
computations. However, we also made several runs for binaries
with masses up to 28 M⊙.

The considered temperature range was limited to the “hot”
objects, with log(Teff) ≥ 4.4, similar to Teff of sdOB subdwarfs.
It should be noted that the stars occupying the uppermost part of
the main sequence are hotter (see Figs. 3, 4 in the Sec. 3.)

In this paper, we considered only one channel for the HeS
star formation – a stable, nonconservative mass transfer in close
binaries. This meant that we omitted other possibilities for the
formation of HeS stars, such as a merger during a common en-
velope or the survival of the progenitor of a HeS star in common
envelopes. All these scenarios have too many additional free pa-
rameters while hardly increasing the number of Galactic HeS
stars.

2.2. Model assumptions

For the computations of the evolutionary tracks, we used the
code MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019), re-
lease 12778. Computations were performed for the metallicity
Z=0.02. We applied physical assumptions in the code that are
similar to those used by Sravan et al. (2020) in their study of
SN IIb progenitors. In the case of close binaries experiencing

case A mass exchange, we accounted for rotation-induced mix-
ing following Sen et al. (2022).

Unlike Sravan et al. (2020), we did not assume fixed val-
ues for the accretion efficiency but instead treated the mass and
angular momentum loss from the system as regulated by the crit-
ical rotation of the accretor (Packet 1981). We assumed that the
mass transfer through the vicinity of the L1 point is conservative
up to the instant when the initially nonrotating accretor attains
a critical equatorial rotational velocity. After that, the accretion
rate is limited by the amount of matter that corresponds to the
critical rotation of the accretor, while the excess of the accreting
matter leaves the system taking away the accretor’s specific an-
gular momentum. This is a kind of a “standard” scenario of the
formation of HeS stars in binaries elaborated also by N. Langer
and his coauthors (e.g., Langer et al. 2003; Petrovic et al. 2005;
Sen et al. 2022) and applied, for instance, by Yoon et al. (2010,
2017) in studies of the progenitors of core-collapse SNe and by
Götberg et al. (2017) in computations of models of stripped stars.
The resulting evolution is completely conservative in the sense
of mass and angular momentum before the rotation of the ac-
cretor becomes critical, but becomes almost nonconservative in
mass and angular momentum later. 4.

The main-sequence companions of the nascent HeS stars be-
come rapidly rotating and may be identified with Be-stars (Kriz
& Harmanec 1975; Pols et al. 1991); see also El-Badry et al.
(2022) and references therein. This mechanism is consistent with
the apparent deficiency of main-sequence companions to Be-
stars due to a large difference in visual magnitudes and the dif-
ficulty of discovering subdwarf companions of Be-stars in UV
(Bodensteiner et al. 2020). As El-Badry et al. claim, 10 to 60
percent of all Be-stars may be formed via this mechanism.

Other most critical assumptions concern the treatment of
stellar winds. For Teff ≤10 000 K and the surface hydrogen abun-
dance, Xs ≥ 0.4, we followed the prescription incorporated in
MESA de Jager et al. (1988) for the mass-loss rates over the
HR-diagram scaled by (Z/Z⊙)=0.85 to match the Z-scaling of
Vink et al. (2001). The wind mass-loss recipe from the latter pa-
per was used for Teff ≥11 000 K. For 10 000 K ≤ Teff ≤11 000 K,
the mass-loss rates were obtained by interpolation. For Teff ≥

11 000 K and Xs ≤ 0.4 we used the mass-loss rates from Nugis
& Lamers (2000).

The formation of HeS stars in case A mass exchange de-
serves special consideration. The relative number of stars sub-
ject to case A mass transfer is small, but not negligible, because
the initial distribution of binaries over the logarithm of orbital
periods is taken flat. Donors of the most tight binaries can expe-
rience mass loss on the main sequence. The components of these
binaries are rapid rotators due to tidal effects synchronizing the
orbital and axial rotation. The velocities of the axial rotation in
the systems with Porb,0 equal to a few days may amount to several
100 km s−1. The rapid rotation induces a number of instabilities
that result in the redistribution of the angular momentum and
chemical species inside the stars (see Heger et al. 2000; Heger
& Langer 2000). When accretion starts, the rotational velocity
increases because of the angular momentum carried by the ac-
creted matter. In order to treat more accurately case A mass ex-
change, we computed the evolution for this case following Sen

4 Efficiency of accretion is uncertain, but, definitely, small. In Yoon
et al. (2017) the authors set efficiency of accretion to 20%. This causes
slight difference of the masses of the RLOF remnants compared to the
ones obtained in the present paper, where efficiency varies around 5% –
7%.
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Fig. 1. Grid of computed systems. Left panel: Models of binaries with initial mass ratios, q0 = M2,0/M1,0 = 0.6, 0, 8, 0.9 in the “ZAMS mass of the
primary component, M1,0 – initial orbital period, Porb ,0” plane. Color-coded are the masses of the remnants of primary components of the binaries
after RLOF at the point of the lowest luminosity along the post-mass-exchange evolutionary track, obtained by a numerical approximation of the
results of the computation of a non-regular grid of models. The legend over the upper panel shows the evolutionary “fate” of the computed binaries.
Open squares and circles indicate the formation of HeS stars (in the latter case, with retained H/He envelopes exceeding 0.3 M⊙.) The diamonds
show binaries entering common envelopes. Open triangles stand for binaries where case C mass transfer occurred. In the light gray region at the
top left of the middle and lower panels, the models for q0=0.9, 0.8 were not computed, since binaries in this region definitely experience case
C mass transfer and form common envelopes, or the Teff of the stripped component never exceeds 25 000 K. Crosses mark the systems forming
He WDs. The “pixels” overplotted by dots show the locations of the progenitors of stripped helium remnants with masses < 1 M⊙. Right panel:
Color-coded masses of H/He envelopes retained by the remnants of the initial primary components shown in the left panel at Lmin along their tracks
(with steps 0.01 M⊙ and 0.1 M⊙ below and above Menv = 0.1 M⊙ respectively. All masses are in M⊙.

et al. (2022), who took the effects of mixing into account5. Some
systems experiencing case A mass exchange then avoid merging
in the main-sequence and may produce HeS stars. Since the most

5 Note that in the latter paper the diffusion coefficients describing the
rotation-induced instabilities have the maximum values.

rapidly rotating stars are components of low-mass tight binaries,
the main effect of the case A evolutionary path is an increase in
the number of low-mass He stars with masses overlapping with
the mass range of “canonical” sdB/O stars, below 1 M⊙ and ex-
tending to (4 – 5) M⊙.

Article number, page 4 of 14



L. Yungelson et al.: Elusive hot helium stars I.

Close binaries that experience case B mass exchange avoid
merging, unless the initial binary mass ratio is q0 ≲ 0.6.

2.3. Population synthesis and cut factors

In the population synthesis, we assumed a Galactic star forma-
tion rate, SFR=2 M⊙ yr−1 (Chomiuk & Povich 2011; Licquia &
Newman 2015), the Salpeter IMF for the primaries of the ini-
tial systems, dN/dM ∝ M−2.35 between 0.1 M⊙ and 100 M⊙,
a flat distribution over mass ratios of components on ZAMS,
q0 = M2,0/M1,0, and a flat distribution over log(Porb,0) (Öpik
1924; Popova et al. 1982). The binarity rate was taken to be
50% (i.e., 2/3 of stars are in binaries.) Under these assump-
tions, the number of binaries born annually in the Galaxy is
B ≈ 1.14 SFR/M⊙.

A detailed study of the (3 – 28) M⊙ range of masses of pri-
maries in close binaries with different mass ratios of components
and orbital periods at ZAMS shows that not all stars in this mass
range, in which the H shell burning layer is the main source of
the energy release, in other words subject to case B mass ex-
change, really contribute to the formation of HeS stars via the
RLOF. There are several “guillotine” factors.

(i) If the initial system is tight enough, the rejuvenation of
the accretor, by bringing accreted matter into the core of the star
(Kippenhahn & Meyer-Hofmeister 1977), which leads to an in-
crease in the stellar radius, results in contact between the com-
ponents and, most probably, the eventual formation of a rapidly
rotating single star (e.g., de Mink et al. 2011; Menon et al. 2021).
In case A mass exchange, this may happen even in the stage
when the former donor contracts to high temperatures, but the
former accretor is still a main-sequence star.

(ii) If the star fills its Roche lobe while it has a deep convec-
tive envelope, the mass loss proceeds in the dynamical timescale
and leads to the formation of a common envelope, which may re-
sult in the merger of the components or the formation of a tight
binary system. In addition, if q <∼ (0.4 − 0.6), even if the enve-
lope is radiative, the mass loss typically occurs on a dynamic
timescale and leads to the formation of a common envelope.
Modeling of common envelopes requires 3D computations. All
attempts to compute the evolution of CE-systems have thus far
been unsuccessful, since a lot of processes occurring on different
timescales are involved (see, e.g., Ohlmann et al. 2016; Gagnier
& Pejcha 2023). Thus, there is an upper limit for the range of
ZAMS periods of the potential precursors of HeS stars of sev-
eral 100 days and a lower limit for q0 (see Fig. 1.)

In conventional population synthesis, the outcome of evolu-
tion in common envelopes is treated using the so-called “com-
mon envelope efficiency” and the binding energy of the donor
envelope (Webbink 1984; de Kool 1990). These parameters are
highly uncertain (e.g., Ivanova et al. 2013). We discarded sys-
tems that pass through the common envelope stage and, there-
fore, they were “lost” in our modeling as binaries with HeS stars.
We crudely estimated that the fraction of the “lost” binaries may
comprise ≃10% of the total population of HeS stars.

(iii) If the potential donor in a close binary is massive enough
to ignite He in nondegenerate conditions, it may happen that,
when it fills the Roche lobe between the terminal age main se-
quence (TAMS) and the base of the red giant branch in HRD, the
mass of its He-core (in fact, only slightly less massive than the
future HeS star) still does not exceed ≈(1 – 2) M⊙ (Fig. 1.) Ob-
servationally, the remnant will probably be identified as a subd-
warf. This sets a lower limit on the HeS stars’ progenitor masses
(5 – 7) M⊙, depending on the initial orbital period (Figs. 1, 3 and

4.) This limit is slightly lower than M1,0,min ≈ 7 M⊙, obtained by
Götberg et al. (2018) for q0=0.8 and a very early case B.

(iv) Stars more massive than ≈15 M⊙ continue to expand af-
ter He ignition in nondegenerate cores and can still fill critical
lobes. Later, the contraction that accompanies He burning termi-
nates RLOF after a fraction of the H/He envelope has been lost,
but a relatively large fraction of it is still retained. Then the star
may continue to burn He in the core close to the RG branch to
become a red supergiant with a CO core. In some cases, it may
refill the Roche lobe. But when the mass loss terminates and the
star contracts, because of the presence of a relatively massive
H/He envelope, it never becomes cool enough (log(Teff) ≤ 4.4)
to be considered in this study as a HeS star. We looked into the
evolution of such stars and found, as expected, that the remnants
of these stars are massive enough to experience a SN explosion.
Depending on the amount of H and He retained in the envelope,
despite the stellar wind and mass loss in the loops of their tracks
in the HRD, such SNe may be classified as Ib or IIb.

Thus, a fraction of the deemed progenitors of binaries with
HeS stars may be lost. The progenitors of hot helium stars with
masses between those of subdwarfs ( <∼ 2 M⊙) and WR stars
( >∼ 7 M⊙) are not binaries with M1

>
∼ 2.5 M⊙, as is often claimed,

but objects with M1,0 at least 2.5 – 3.5 times higher and with a
limited range of ZAMS periods and mass ratios. This reduces
their relative number compared to the subdwarfs and WR stars.

3. Results of computations

3.1. Initial-final mass relation for progenitors of HeS stars and
orbital periods of the binaries with HeS stars

Figure 1 shows the full grid of computed models in the systems
with initial mass ratios of components, q0 = M2,0/M1,0=0.6, 0.8,
0.9 in the diagram M1,0 versus P0. For binaries with q0<0.6, mass
exchange is, as a rule, unstable. Nevertheless, some systems with
q0 = 0.4 avoid components merging and produce 2 M⊙ to 7 M⊙
HeS stars with 3.5 M⊙ to 7.5 M⊙ companions (see Fig. 7 below.)

The masses of stripped stars for the analysis are taken at the
positions along the tracks where the luminosity reaches its min-
imum. Close to these points, HeS stars spend most of the core
He-burning time, which is ∼ 10% of the main-sequence lifetime.
Figure 1 also shows the “fate” of the binaries.

The positions of colored regions in the left panel of Fig. 1
illustrate the effect of the “guillotine” factors that define which
ZAMS binaries may produce HeS stars via stable nonconser-
vative mass exchange, as discussed above in Sec. 2.3. The sys-
tems with masses of the H/He envelopes of remnants exceeding
0.3 M⊙ (open circles) are highlighted because, if the remnants
retain such a mass of the envelope after the He-burning stage,
they do not expand after the core He-exhaustion and do not lose
mass due to the refilling of critical lobes.

The masses of envelopes, as well as the masses of HeS stars,
are to some extent uncertain, because after cessation of RLOF
they decrease by the stellar wind as stars evolve toward higher
Teff . Masses of envelopes (and masses of HeS stars) in the core
He-burning stage may remain almost the same if Vink (2017)
stellar wind mass loss is used, or decrease by several 0.1 M⊙ if
Nugis & Lamers (2000)’s law is applied. The figure shows that
the star may become really “naked,” virtually without any hy-
drogen at the surface. Since we applied Nugis & Lamers’ recipe,
this possibility is quite realistic (see also Figs. 2, A.1, and B.1
in the appendix.) However, it should be noted that the issue of a
“correct” mass-loss rate law is not solved as of yet.
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Figure 2 shows “ZAMS mass – remnant mass” and “rem-
nant mass – envelope mass” relations for the HeS stars pro-
duced by the systems from the grid of initial systems. Like in
Fig. 1, the masses of HeS stars and their envelopes are shown
for the lowest luminosity point along the evolutionary track,
where helium stars spend most of their lifetime. A feature seen
both in Figs. 1 and 2 is a quite weak dependence of HeS star
masses on Porb,0. The reason for this is that there is only a
small change in He-core masses during the rapid crossing of the
Hertzsprung gap. Stars with MHeS ≥ 2M⊙ in the stable noncon-
servative mass-exchange channel are produced only by binaries
with Porb,0

>
∼ 10 days and masses ≳ (10 − 12) M⊙. Moreover, it

is clear that for MHeS,min = 1M⊙ the lower limit of the progenitor
masses is close to 6 M⊙, while the initial orbital periods should
exceed two to three days. However, the remnants of stars with
M1,0 slightly below 6 M⊙ may also spend some short time in the
HeS stars’ domain of the HRD during the shell helium burning,
as illustrated below by the track for a star with a ZAMS mass of
5 M⊙ in Fig. 4 (the lower dotted track.)

Generally speaking, the outcome of the evolution and masses
of HeS stars rather weakly depends on the initial mass ratio q0.
This is related to a very weak dependence of the radii of critical

lobes on q0. For a given M1,0 and Porb,0, Rcr ∝ (1 + q)−1/3. No-
ticeable as well is a slightly steeper increase in masses of HeS
stars with an increase in M1,0, as q0 decreases.

3.2. Synthesized HeS stars and their progenitors in the HRD

In Fig. 3 we present the relative positions of some of the com-
puted HeS stars and their progenitors in the HRD. We mark with
similar colors the progenitors of HeS stars (crosses) and their de-
scendants (circles) in order to show their relative displacement in
the HRD. In this figure and in Fig. 4, the domains occupied by
HeS stars and their progenitors and by the Galactic WN stars ac-
cording to Shenar et al. (2020b) (in the upper left corner of the
plot) are outlined with dashed magenta lines.

In the low Teff part of the HRD, the domain of progenitors for
stars less massive than 15 M⊙ is limited by the core He ignition
line, since the latter causes overall contraction of stars. For more
massive stars, the low Teff limit is due to high mass-loss rates
resulting in the formation of common envelopes or the formation
of mass-loss remnants with relatively massive H/He envelopes
that contract but that do not reach the Teff=25 000 K required to
classify them as HeS stars, as was explained above. Additionally,
there are stars in which RLOF occurs close to the Hayashi line
but is terminated after only a part of the envelope is lost, because
He burning becomes the dominant energy source. These stars
continue their evolution as red supergiants.

Figure 3 shows some of the computed models of HeS stars
at the positions where their luminosity along the tracks reaches
its minimum. Close to these points, HeS stars spend a fraction
of the core He-burning time when they have the core He abun-
dance ≃0.5. The rest of the core He burning occurs when the
stars evolve to higher luminosities and Teff . In the latter stage,
Teff may increase by ∆(log(Teff)) ≈ 0.05, while ∆(log(L/L⊙))
may be up to 0.5, as is seen for the tracks plotted in Figs. 3 and
4. The time spent in the “ascending” branch of the track is com-
parable to the time spent around the luminosity minimum. These
core He-burning stars create a subpopulation of HeS stars on the
hot side of the strip of stars with minimum luminosity during the
core-He burning stage, which is clearly seen below in Fig. 6.

In addition, we plot in the diagram the track of an M ≃

0.7 M⊙ remnant of a 5 M⊙ star (the lower blue line) that en-
ters the domain of HeS stars only for a very short time in the
stage of contraction, when an H shell still dominates in luminos-
ity and during He shell burning (the part of the track turning up
at log(Teff) ≈4.6 and then leftward.) The He shell burning is un-
stable, and the track makes loops in the HRD, a part of which
extends beyond the left limit of the plot.

In this figure, the track of a 22 M⊙ primary star in the system
with q0=0.6 is a kind of “limiting” one for the systems expe-
riencing case A mass exchange. The core He burning of more
massive stars occurs in the WR-stars domain of the HRD. For
case B, this limiting mass is 24 M⊙.

Figure 4 displays the positions of HeS stars and their pro-
genitors in the HRD. It is clear that the population of HeS stars
is distinct from the population of “canonical” subdwarfs and is
bridging locations of sdO and WR stars in the HRD. This is
in agreement with the results of Götberg et al. (2018), which
suggest that subdwarfs, HeS, and WR stars form a continuous
spectral sequence where the strength of the He iiλ4686 Å line in-
creases from absorption to emission.

Both Figs. 3 and 4 suggest that the population of HeS stars
is dominated by low-mass objects ( <∼ 4 M⊙) for a wide range
of ZAMS masses up to ≈15 M⊙. This reflects the initial mass
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Fig. 3. Positions of HeS stars (at the minimum luminosity along their evolutionary tracks, see the text) and their progenitors in the HRD. The
ZAMS masses are color-coded. The crosses mark the progenitors of HeS stars at the beginning of the RLOF, and the filled circles show HeS stars
descending from them. The progenitor’s and descendant’s symbols of the same color belong to the same evolutionary tracks, i.e., red circles denote
the descendants of red crosses, yellow circles the descendants of yellow crosses, and so on. Dashed magenta lines bound the regions occupied
by the Galactic WN stars, HeS stars, and precursors of the latter. In the upper right corner, dashed blue lines indicate the limits of case B mass
exchange and stable quasi-conservative mass exchange. The black symbols in the diagram indicate stars with ZAMS mass 28 M⊙, which produce
WR stars. Thick and thin solid and dashed lines show the evolutionary tracks of the primaries of binaries with ZAMS masses of 22, 15, and 7, and
5 M⊙, and initial periods of 5 (case A mass exchange), 550 (case B), 100 (case B), and 50 days (case B), respectively, illustrating the formation
paths of HeS stars. The thin dotted lines are the lines of equal stellar radii. The gray ellipses depict the locations of sdB and sdO stars (from Heber
2016, Fig.1).

function of the primary components of binaries and variation
in the range of He-core masses. It is noteworthy to mention
that in the HRD the domain of the most massive HeS stars
(MHe

>
∼ 5 M⊙) overlaps with the location of the main-sequence

stars more massive than ∼ 10 M⊙. There is a kind of gap in the
HRD at log(Teff) ≈ (4.0− 4.4) and ∆(log(L/L⊙)) ≈ (2.5− 4.2). It
is populated by the stars that are not hot enough to be classified
as HeS stars but that have He-enriched envelopes.

Figures 3 and 4 indicate that the formation of massive sdO
stars (1 – 2) M⊙ may be explained if they descend from the stars
with ZAMS masses ≈(5 – 10) M⊙, in contrast to the canonical
∼0.5 M⊙ subdwarfs with progenitor masses below 2 M⊙ (Iben
& Tutukov 1985; Han et al. 2002, 2003; Yungelson & Tutukov
2005). Interestingly, Fig. 4 shows that known massive sdO
companions of Be-stars (Wang et al. 2023) may be either in the
core or shell He-burning stage.

3.3. Synthesized Galactic HeS population properties

Figure 5 shows differential and cumulative distributions of the
formation rate and the total number of binaries containing HeS
stars. For the limiting mass of HeS stars, Mlim = 1 M⊙, their
formation rate is only about 1/170 yr−1 and their number in the
Galaxy is close to 19 500. If Mlim = 2 M⊙, the formation rate and
number of HeS stars sharply decrease to about 1/360 yr−1 and
3 100, respectively. The dominance of low-mass HeS stars, ac-
tually overlapping with the mass range of the most massive sdO
stars, is clearly seen.

The HRD of the synthesized population of HeS stars is
shown in Fig. 6. We note the absence of colored circles in the
leftmost part of the shaded region. This is because we plot the
positions of HeS stars in the HRD at the minimum luminosity,
in other words at an evolutionary stage where the stars spend
a substantial fraction of their core He-burning time. However,
a total exhaustion of He in the core occurs at a slightly higher
luminosity (see captions to Figs. 3 and 4.)

For the stars that make loops in the HRD in the He shell
burning stage during which log(Teff) becomes lower than 4.4,
we took into account the time spent by them before log(Teff)
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Fig. 4. Same as in Fig. 3, but the color scale encodes the stellar masses at the RLOF and in the core He-burning stage after the RLOF. The entire
stage of He core-burning stretches from the position of the circles by about ±0.05 in log(Teff) and up by <

∼ 0.5 in log(L/L⊙). Gray circles show the
descendants of (5 – 7) M⊙ ZAMS primaries producing HeS stars less massive than 1 M⊙ in case B mass exchange. Initial parameters of the 7, 15,
22 M⊙ tracks shown in the plot are the same as in Fig. 3.

becomes lower than 4.4 for the first time. The remaining He shell
burning time is short and can be safely neglected.

As can be seen in Fig. 6, the majority of HeS stars populate a
rather narrow (∆(log(Teff)) ≈0.2) “strip” between log(Teff) ≈4.6,
log(L/L⊙)=2.5 and log(Teff) ≈4.9, log(L/L⊙)=4. The objects lo-
cated at a lower Teff originate in binaries with relatively large
( >∼ 100 days) initial orbital periods, which retain massive H/He
envelopes and burn the core He at Teff<25 000 K, in other words
below the limit we adopted for HeS stars.

There are relatively densely populated branches of ≃5 M⊙
HeS stars extending to a lower Teff from the main “strip.” These
are the descendants of binary components more massive than
about 15 M⊙ that retained relatively massive H/He envelopes, but
not exceeding 0.3 M⊙. The stars with more massive envelopes
never reach log(Teff) = 4.4. We distinguish the latter as a sep-
arate category of stars with He-enriched envelopes, as already
mentioned in Sec. 3.3.

The most luminous among our synthetic population are WR
stars (these are marked in black and three dark shades of blue
in the upper panel of Fig. 6.) The position of the most massive
HeS stars overlaps with that of WR stars at log(Teff) ≈(4.7 –
4.9) because HeS stars spend a short shell helium-burning time
at high luminosities. But it is evident that such stars should be
scarce. It is worth noticing that the remnants of case A mass
exchange systems belong to the population with the highest Teff
and always burn He close to the minimum luminosity point of
the track (see the lower panel in Fig. 6.)

Figure 7 shows the masses of components of binaries in the
synthesized population as a function of the initial mass ratio of
components. The effective temperatures of stars have a weak
trend, visible already in Fig. 4: the most numerous HeS stars
with masses below about 3 M⊙ have the highest Teff . In addition,
the trend of the Teff to decline with an increase in the HeS star
mass is seen.

According to our assumptions about the mass and angular
momentum loss (see Sec. 2.1), the mass of the accretor changes
only by several percent. Therefore, the minimum masses of
companions to HeS stars are very close to those in the model
grid, that is, 4 M⊙, which corresponds to the spectral type B7V
(log(L/L⊙) ≈ 2.5, Teff=14 000 K, Pecaut & Mamajek (2013).)

It is suggested that HeS stars may be detected thanks to the
excess of the UV emission of the binary hosting a HeS star com-
pared to the UV emission of a single star with a mass equal to
the main-sequence mass of its companion (Götberg et al. 2018).
We roughly plot in Fig. 7 the lines for two values of color excess
(GALEX/NUV-SDSS/r), as computed by Götberg et al. Helium
stars with companions that have masses below the limits shown
by these lines may be detectable.

Figure 7 suggests that for the color excess <
∼ 0.05, in the

absence of other selection effects, about 50% (≃ 1 500) of the
binaries hosting HeS stars more massive than ≃ 2 M⊙ (approx-
imately, the mass of the most massive known sdO) are “de-
tectable.” The other 50% are outshone in UV by their compan-
ions. As was shown by Götberg et al., using the excess in the
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emission line He ii λ4686 as a signature of the presence of a HeS
star provides similar results. By no means is the number ≃ 1500
quoted above an upper limit for a potentially detectable popu-
lation of HeS stars. Clearly, more dedicated work is needed to
identify potential “smoking gun” spectral and photometric fea-
tures of HeS stars in binaries. Such a study will be presented in
a follow-up work.

Figure 7 also demonstrates several effects related to the ini-
tial mass ratio, q0. First, the range of MHe only slightly depends
on the initial q0; this is a consequence of the weak dependence
of the radii of the critical lobes on q. Second, it confirms an in-
crease in the steepness of the mass ratio of components in the
systems harboring HeS stars (MHe/M2) with an increase in the
initial q0, as was seen already in Fig. 1. This is a direct result
of the algorithm for mass and angular momentum loss from the
system, which strongly limits the amount of accreted mass by
several percent of the initial accretor’s mass. Finally, it shows
that, as long as q0

>
∼ 0.6, both cases A and B of mass exchange

enable the formation of HeS stars, within the primary ZAMS
mass and orbital period limits outlined in Figs. 1,3, 4. Figure 7
suggests that a significant fraction of HeS stars with masses (2 –
4) M⊙ are potentially detectable.
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Fig. 6. HRD of the synthesized population of HeS stars. The gray
scale shows the number of HeS stars per ∆(log(Teff)) × ∆(log(L/L⊙))
= 0.05×0.1 pixels. Upper panel: Symbols are color-coded according to
the HeS stars’ masses (scale to the right.) Lower panel: Symbols are
color-coded according to the initial binary periods. Circles mark the po-
sitions of the computed models, like in Figs. 3 and 4.

The relation between the luminosities of HeS stars (at the
minimum luminosity in the core He-burning stage, LHe, as in
other figures) and the luminosities of their companions, L2, at
the same instant of time is shown in Fig. 8. As can be seen,
LHe may be both lower or higher than L2 depending on the HeS
star’s mass. Considering that bolometric corrections will favor
the optical luminosity of main-sequence stars, one may expect
that the majority of HeS stars will be outshone by their com-
panions in the visual, while in UV the situation may be more
favorable. But this could be confirmed only by computing bolo-
metric corrections for both components. Since in the shell He-
burning stage the luminosity of helium stars is higher than in
the core He-burning stage, the former may be more favorable
for the detection of HeS stars; however, its short duration acts
in the opposite direction. We also show in this figure the rela-
tion LHe − L2 for several systems descending from binaries with
M1,0 = (5 − 7) M⊙, but not producing HeS stars more massive
than 1 M⊙ (the gray symbols in Fig. 4.)

Figure 9 shows the relation between the masses of HeS stars
and the orbital periods of the binaries harboring them, overplot-
ted over the distribution of the synthesized population. Colors
code the log(Teff) of HeS stars. We note the absence of systems
with Porb

<
∼ 4 days and larger than 5 000 days. Most of the bi-
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naries have orbital periods ranging from 10 to 1 000 days. The
orbital periods do not correlate with Teff . Both “hot” and “cold”
HeS stars populate the same range of Porb. The figure confirms
the conclusions made before: the most massive HeS stars of-
ten have a low Teff (within our assigned limit, log(Teff) ≥ 4.4,
for HeS stars) due to the presence of massive H/He envelopes.
Remarkably, the range of Porb of most systems is the same as
the range of periods of their progenitor systems, below about
1 000 days, see Fig. 1.

Figure 9 clearly suggests that a large Porb is one of the factors
hampering the discovery of HeS stars in binaries. Companions
of HeS stars are rapidly rotating. As is noted by El-Badry et al.
(2022), measurements of the radial velocity shifts of Be-stars are
not reliable due to their high rotation velocities and disk-driven
spectral variability. Therefore, measuring the orbital periods of
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Fig. 9. Relation between HeS star masses and the orbital periods of
binaries harboring them. The gray scale codes the Galactic number of
stars per pixel. The color scale codes the effective temperatures of the
stars.

binaries containing HeS stars is not easy. If taken at face value,
in the sample of known Galactic Be-stars with identified sdO
companions, the orbital periods do not exceed ≃ 200 days.

The dependence of HeS star parameters on the effective
temperature is presented in the left panel of Fig. 10. In the
nHe/nH − Teff diagram, two groups of stars can be seen. The
upper, more populous group is formed by stars that overflew
critical lobes at Porb

<
∼ 100 day. Initially wider systems are pre-

dominantly He-poor since they have heavier He cores and less
H-exhausted surface layers when RLOF terminates. The lower
group includes stars that retained envelopes more massive than
0.3 M⊙; these stars form in binaries with the longest initial Porb.
The stars in this group are the most massive among the HeS star
population. Actually, this plot reflects the fact that more massive
stars need to lose relatively less matter in order to detach from
critical lobes, as was noticed already in early papers on case B
evolution in massive stars (e.g., Tutukov et al. 1973). Compared
to the sdB/O stars, the range of nHe/nH of HeS stars is much
more narrow; for the former, its logarithm ranges from -4.0 to
3.0 (Heber 2016, Fig.5).

The log(Teff) − log(g) diagram is also structured. Evidently,
the most compact and massive stars have the largest surface grav-
ities. There is a branch of stars stretching from a high g, high Teff
region to a low g, low Teff region formed by relatively less mas-
sive HeS stars. This may be understood as an effect of RLOF
at increasing periods, resulting in less compact HeS stars. The
log(g) values of HeS stars are within a broad range from 5.5 to
2.5, while for sdB/O stars they fall inside the narrower (6.3 –
5.0) interval (Heber 2016, Fig.5). This reflects a broader range
of masses and radii of HeS stars compared to subdwarfs.

The right panel of Figure 10 shows the distribution of masses
of H/He envelopes retained by HeS stars at the lowest luminosity
points along the evolutionary tracks in the synthesized popula-
tion of HeS stars. Most HeS stars have low-mass envelopes with
−0.2 <

∼ log(nHe/nH) <∼ 0.2, and hence the envelopes of these
stars are He-dominated. The profile of chemical abundances in
the envelopes of nascent HeS stars is defined by several factors:
the stellar mass at the RLOF termination, the profile of abun-
dances in the star, and the stellar wind acting as the star moves
to the high Teff region of the HRD. More than half of HeS stars
descend from low-mass progenitors, which have relatively mas-
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Fig. 10. Parameters of the synthesized population of HeS stars. Upper panel: Distribution of the surface He-abundance (nHe/nH); middle panel:
Log of surface gravity (log(g)); lower panel: HRD. The symbols are the same as in Fig. 6. The gray scales in all panels show the Galactic number
of systems per pixel. The colors in the left panels encode the masses of HeS stars, while the colors in the right panels encode the masses of H/He
envelopes.

sive H/He envelopes after the cessation of RLOF. In this case,
the increase in nHe/nH is due to the mass loss by stellar wind.

The rest of the stars have a wider range of envelope masses,
up to almost 1 M⊙ in the most massive ones with a Teff lower than
40 000 K. Though, in this group of stars also, the majority of ob-
jects have Menv

<
∼ 0.2 M⊙ (the darkest shades of the gray scale.) A

more scattered group of stars with (0.2 – 0.4) M⊙ envelopes ex-
tending toward high Teffare the remnants of more massive stars
for which wind mass loss is less significant because of a very
fast evolution. The X/Y ratio range of about 0.3 to 0.5 is typical
for the remnants of massive donors in close binaries.

The middle panel demonstrates an evident fact, that stars
with low-mass envelopes are more compact, and hence have a
higher log(g).

Finally, the HRD in the lower panel shows, again, a kind of
compact sequence of descendants of low-mass (in the range un-
der study) stars with the least massive envelopes and a scattered
population of stars with different envelope masses depending on
the initial masses of HeS star progenitors. Remarkably, the most
massive envelopes have HeS stars positioned in the HRD in the
region close to log(Teff) ≈ 4.4, where the domain of HeS stars
and WR stars overlaps with the main sequence (Figs. 3, 4.)
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4. Discussion and conclusion

In the present paper we have addressed the issue of the observed
scarcity of Galactic hot helium stars (HeS) with masses in the
range (2–7) M⊙, that is, between the most massive sdO subd-
warfs and WR stars. We have performed a population synthesis
of such stars, based on evolutionary computations for a grid of
close binary systems leading to the formation of HeS stars in this
mass range, using the code MESA. We explored the full range
of initial masses, orbital periods, and mass ratios of components
of close binaries resulting in the formation of hot He stars in the
above-mentioned mass range (Figs. 1, 7.) In this sense, our in-
vestigation is more comprehensive than the studies that aimed at
the same stars (Götberg et al. 2018) or at the formation of pro-
genitors of core-collapse SNe that pass through the same evolu-
tionary stage and have masses in the same range as HeS star pro-
genitors, for example Yoon et al. (2017) and Sravan et al. (2020).
We took into account rotation-induced mixing for the most tight
binaries experiencing case A mass exchange.

The results of our population synthesis suggest that there can
be several reasons for the apparent scarcity of HeS binaries in the
Galaxy. In the first place, to form a HeS star, a stable mass trans-
fer in a binary should occur, which is possible in restricted ranges
of the initial orbital periods, P0, and binary mass ratios, q0, al-
lowing the avoidance of a runaway mass transfer and common
envelope formation. Our calculations enabled us to find the cor-
responding range of the initial binary systems’ parameters (see
Fig. 1.) A detailed tracing of the evolutionary paths leading to
the HeS stars’ location in the HRD (Figs. 3, 4) suggests that
most of the Galactic HeS stars descend from the initial binaries
with ZAMS primary masses from ≃ 5M⊙ to ≃ 24M⊙.

The remnants of stars that stably lose mass via RLOF
may still retain massive H/He envelopes and never become
“hot” (they have log(Teff) < 4.4.) For the assumed Galactic
SFR=2M⊙ yr−1, our systematic exploration of the entire range of
possible progenitors of He-stars with masses greater than 1 M⊙
resulted in a Galactic number of HeS stars close to 20 000 or
about 3 000, if their mass exceeds ∼ 2 M⊙ – the mass of the most
heavy subdwarfs (Fig. 5.)

Götberg et al. (2018) evaluated the fraction of Galactic early
B- and O-stars hiding HeS stars companions as ∼3%, assum-
ing that 1/3 of all massive stars in the Galaxy may produce HeS
stars, if they overflow their Roche lobes before completion of
stable core He burning. This number may be an overestimate.
For stars more massive than 15 M⊙, the formation of HeS stars
is possible in case B provided that they exhausted no more than
10-20 percent of the core He. The critical initial binary mass ra-
tio, q0, that still allows a stable mass exchange hardly exceeds
∼ 0.4. Additionally, for the avoidance of runaway mass loss and
the formation of common envelopes with the further merger of
companions, the progenitor binaries of HeS stars should not have
initial orbital periods exceeding several hundred days.

We note that hot He-stars may have not only massive, but
also intermediate-mass companions (see Fig. 7.) For example,
out of a system with a minimum HeS star progenitor’s mass of
7 M⊙ and q0 ≥ 0.6, a binary with (1+4) M⊙ can be formed, and
a 4 M⊙ star would appear as an early A-star.

In our analysis, we have discarded low-mass helium rem-
nants cooler than Teff ≈ 20 000 K, but we plan to discuss this
problem in the future.

Short-period binaries subject to case A mass exchange, with
initial orbital periods, P0=(2 – 5) days, may also give rise to HeS
stars. Since IMF and distribution over P0 favor their formation,
they contribute about 30 percent of all HeS stars. Formation of

HeS stars in case A is possible since in this case precursors of
HeS stars are rapid rotators and rotation-induced effects reduce
radius expansion of the main-sequence stars in very close bina-
ries compared to more slowly rotating components in wider bi-
naries (Heger & Langer 2000). The rotation effects allow some
binary components to avoid the potential contact and possible
coalescence on the main sequence.

We note that hot helium stars with masses (1 –10) M⊙ are
supposed to experience short-period radial pulsations accom-
panied by the formation of periodic shock waves (Fadeyev &
Novikova 2003). More massive WR stars experience radial and
non-radial pulsations as well (e.g., Nazé et al. 2021). We plan to
investigate pulsations of the intermediate-mass evolved helium
stars in a separate paper (Fadeyev et al., in preparation.)

Selection effects reduce the number of potentially observable
Galactic HeS stars. In the visual range, a hot He star emitting
mostly in UV is extremely difficult to discover in a binary, be-
cause its companion is a cooler and brighter B or Be-star (Fig.7.)
This effect will reduce the number of observable HeS stars by at
least a factor of two (Fig. 7.) More detailed spectral model calcu-
lations are required to improve these estimates using the atmo-
spheric parameters and chemical composition of the synthesized
HeS population (Fig. 10.)

In our study, we have assumed that stellar winds of HeS
stars obey the empirical Nugis & Lamers (2000) law. However,
the issue of stellar winds from hot helium stars is not solved as
of yet. Vink (2017) suggested a model of radiation-driven mass
loss wind for He stars that predicts mass loss rates by an order
of magnitude lower than Nugis & Lamers’ law. Götberg et al.
(2023) claim that some of the stripped stars discovered in the
SMC obey Vink’s law, while some of them possess even weaker
winds. As the problem remains unsolved, we performed sev-
eral test calculations comparing the influence of Nugis-Lamers’
and Vink’s winds upon the masses of retained H/He envelopes
and their chemical composition. Plots with results are presented
in Appendixes A and B. As could be expected, Nugis-Lamers
winds result in lower masses of envelopes at the He-burning part
of the evolutionary tracks and lower He abundances. However,
the difference in the envelope masses for considered models is
only (5 – 7)%.

We conclude that, according to present binary evolution
models, there are expected to be a few thousand HeS stars in
massive binary systems in the Galaxy. Still, this population of
hot He-rich stars remains hidden. Future work to better under-
stand the selection effects and predict the observational signa-
tures of HeS stars in binaries is needed to tailor observing cam-
paigns aimed at discovering these elusive products of binary evo-
lution.
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Appendix A: Dependence of evolutionary tracks
and masses of envelopes of hot helium stars on
accepted stellar wind law
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Fig. A.1. HRD for the primary component of a 10+6 M⊙ binary with
P0 = 50 days (upper panel) and a 15+9 M⊙ binary with P0 = 100 days
(lower panel) forming HeS stars for wind mass-loss laws of HeS stars
according to Nugis & Lamers (2000) and Vink (2017) (the thin and
thick lines, respectively.) The color scale to the right codes the surface
He abundance Y.

Appendix B: Dependence of the surface chemical
composition of a hot helium star on the stellar
wind law
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Fig. B.1. Time dependence of the HeS mass formed from binaries
shown in Fig. A.1 for different HeS star stellar wind mass-loss laws.
The color scale to the right codes the surface He abundance Y.
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