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Abstract

Be stars are rapidly rotating main-sequence stars that play a crucial role in understanding stellar evolution and
binary interactions. In this Letter, we propose a new formation scenario for black hole (BH) + Be star binaries
(hereafter BHBe binaries), where the Be star is produced through the wind Roche lobe overflow (WRLOF)
mechanism. Our analysis is based on numerical simulations of the WRLOF process in massive binaries, building
on recent theoretical work. We demonstrate that the WRLOF model can efficiently form BHBe binaries under
reasonable assumptions on stellar wind velocities. Using rapid binary population synthesis, we estimate the
population of such systems in the Milky Way, predicting ~1800—3200 currently existing BHBe binaries
originating from the WRLOF channel. These systems are characterized by high eccentricities and exceptionally
wide orbits, with typical orbital periods exceeding 1000 days and a peak distribution around ~10,000 days. Due to
their long orbital separations, these BHBe binaries are promising targets for future detection via astrometric and
interferometric observations.

Unified Astronomy Thesaurus concepts: Be stars (142); Binary stars (154); Black holes (162); Stellar evolution

(1599); Stellar mass loss (1613); Stellar winds (1636); Wide binary stars (1801)

1. Introduction

Be stars represent the most rapidly rotating class of
nondegenerate stars, exhibiting characteristic Ha emission in
their spectra (A. Quirrenbach et al. 1997; A. Meilland et al.
2007; T. Rivinius et al. 2013; M. Vioque et al. 2018; T. Rivinius
& R. Klement 2024). Binary interaction is widely regarded as
the dominant mechanism for explaining the rapid rotation of
most Be stars (e.g., S. Kriz & P. Harmanec 1975; W. Packet
1981; O. R. Pols et al. 1991; J. van Bever & D. Vanbeveren
1997; M. V. McSwain & D. R. Gies 2005). In the classical
binary evolution framework, the accretor gains spin angular
momentum through mass transfer from its companion via stable
Roche lobe (RL) overflow (hereafter the RL channel). This
process has been observationally and theoretically validated as
an efficient mechanism for producing Be star + stripped star
binaries and Be X-ray binaries (e.g., Y. Shao & X.-D. Li 2014;
M. Grudzinska et al. 2015; L. Wang et al. 2018; Y. Shao &
X.-D. Li 2020, 2021; S. Vinciguerra et al. 2020; L. Wang et al.
2023; B. Liu et al. 2024; K. A. Rocha et al. 2024; Y. Bao
et al. 2025).

In comparison to mass transfer through RL overflow, wind
interaction represents another crucial mode of interaction in
binary systems (e.g., S. Mohamed & P. Podsiadlowski
2012; C. Abate et al. 2013; A. Skopal & Z. Carikova 2015;
S. A. Zhekov 2021; A. Kashi et al. 2022; M. Sun et al. 2024,
L R. Patrick and I. Negueruela 2024; D. Jadlovsky et al 2025).
Whether wind interaction can effectively spin up the accretor
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and lead to the formation of a Be star remains an intriguing yet
relatively underexplored question (e.g., A. Kashi 2023). In this
Letter, we investigate the role of wind Roche lobe overflow
(WRLOF) in the formation of Be stars. Originally introduced
by S. Mohamed & P. Podsiadlowski (2007) to explain
observed mass outflows in Mira binaries (S. Mohamed &
P. Podsiadlowski 2010, 2012), the WRLOF model describes a
scenario in which the primary star evolves within its RL while
its stellar winds become gravitationally focused toward the
secondary star (see X. Chen et al. 2024 for a recent review).
This process is significantly more efficient than the classical
Bondi-Hoyle-Lyttleton (BHL) wind accretion mechanism
(F. Hoyle & R. A. Lyttleton 1939; H. Bondi & F. Hoyle 1944).

Subsequent studies have successfully applied the WRLOF
framework to a wide range of binary systems containing
asymptotic giant branch or red giant branch stars (C. Abate
et al. 2013; A. Skopal & Z. Carikova 2015; N. Shagatova et al.
2016, 2021; A. Skopal & N. Shagatova 2023; M. Sun et al.
2024), where the slow, dense winds of evolved stars naturally
facilitate WRLOF conditions. Hydrodynamic simulations have
further refined the model, quantifying the wind accretion
efficiency as a function of wind velocity and binary mass ratio
(e.g., Z. Chen et al. 2017; Z.-W. Liu et al. 2017; M. 1. Saladino
et al. 2018, 2019). Notably, I. El Mellah et al. (2019b)
extended the WRLOF model to massive star binaries,
providing a plausible explanation for observed high-mass
X-ray binaries, including ultraluminous X-ray sources
(G. Wiktorowicz et al. 2021; Z.-Y. Zuo et al. 2021).

In this Letter we explore the formation of Be stars through
the WRLOF model, with a focus on the particularly rare class
of black hole (BH) + Be star binaries (hereafter BHBe
binaries). Currently, only three candidate systems have been
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observationally identified—MWC 656 (J. Casares et al. 2014),
AS 386° (S. A. Khokhlov et al. 2018), and ALS 8814
(Q.-Y. An et al. 2025)—though the nature of ALS 8814
and MWC 656 remains debated (S. Janssens et al. 2023;
T. Rivinius et al. 2024; K. El-Badry et al. 2025). Given the
scientific importance of these rare systems, we propose a novel
formation scenario for BHBe binaries and present theoretical
predictions to guide future observations.

This study is organized as follows: In Section 2, we describe
the simulated methods, including the details of the WRLOF
model and important input parameters. The results of detailed
binary evolutionary simulations and the rapid binary popula-
tion synthesis model are provided in Sections 3 and 4. Finally,
in Section 5, we discuss our results and give some conclusions.

2. Methods and Inputs

In this study, we utilize the Modules for Experiments in
Stellar Astrophysics (MESA, version 12115; B. Paxton et al.
2011, 2013, 2015, 2018, 2019) to model binary star evolution
and examine Be star formation through the WRLOF mech-
anism. Our approach employs MESA’s binary module to
simultaneously evolve both stellar components within each
system. The main inputs are introduced as follows.

2.1. Stellar Model Physics

We consider the solar metallicity of Z = 0.0142 and helium
mass fraction of ¥ = 0.2703 (M. Asplund et al. 2009). The
OPAL type II opacity table is adopted (C. A. Iglesias &
F. J. Rogers 1996). We use the mixing-length theory with a
mixing-length parameter of oy, = 1.8 (L. Henyey et al. 1965).
Semiconvection is modeled with an efficiency factor of
as. = 0.1 (J. Choi et al. 2016). The overshooting is implemented
as a step function up to 0.335 times the pressure scale height, as
calibrated by I. Brott et al. (2011). The implementation of stellar
winds refers to S. C. Yoon et al. (2006), where the mass-loss
rates for hydrogen-rich stars (surface helium abundance
Y, < 0.4) are computed as in J. S. Vink et al. (2001), while
for hydrogen-poor stars (¥y > 0.7) we used the recipe of
W. R. Hamann et al. (1995) multiplied by a factor of 1/10. In
the range of 0.4 < Y, < 0.7, the mass-loss rate was interpolated
between the two.

2.2. Implementation of the WRLOF Model

Although the primary star does not fill its RL, the wind can
be significantly beamed and bent by the orbital effects. With
radiative cooling, the accreted flow can circularize with a low
wind speed and then form a disklike structure (L. Ducci et al.
2009; I. El Mellah & F. Casse 2017; 1. El Mellah et al.
2018, 2019a, 2019b). The wind-captured disk enables the
accretor to accumulate material and be spun up. One crucial
question concerns the specific values of the wind accretion
efficiencies during the wind accretion process. In this Letter,
we model the wind accretion process following the numerical
simulations of I. El Mellah et al. (2019b). The details of their
models are introduced as follows.

I. El Mellah et al. (2019b) determined the wind accretion
efficiency by modeling the ballistic trajectories of test masses

> AS 386 is not a classical Be star, but rather belongs to the FS CMa type of

objects characterized by circumstellar dust. The formation mechanism of such
systems remains poorly constrained. See F. R. N. Schneider (2025) for a recent
review.
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within the corotating frame of a binary system. Their approach
integrates the equation of motion, accounting for gravitation
forces, noninertial forces, and wind acceleration, for particles
originating from the donor star’s surface (see also 1. El Mellah
& F. Casse 2017). Crucially, they iteratively refine the initial
launch positions to accurately trace these trajectories. Accre-
tion is deemed to occur when a trajectory enters the accretor’s
extended accretion sphere, thereby defining the final wind
accretion efficiency. In this Letter, we incorporate the wind
accretion efficiencies from I. El Mellah et al. (2019b) into the
MESA code. This efficiency depends primarily on four key
parameters:

1. Speed ratio: Myind = Vwind/Vorbs Where vying is the
terminal wind speed of the primary and v, is the orbital
speed. A higher 7y,;,q value would lead to a lower wind
accretion efficiency, particularly, the wind accretion is
nearly neglected for 7yinq 2 20.

2. RL filling factor: fri. = Ri/RgryL1, Where R; is the
primary’s radius and Rgpr ; is its RL radius. A lower frp
value would lead to a lower wind accretion efficiency.

3. Mass ratio: ¢ = M;/M,, where M; and M, are the
primary mass and secondary mass, respectively. A higher
q value would lead to a lower wind accretion efficiency
(for a given primary star, a more massive secondary
results in a larger wind capture region, which generally
enhances the wind accretion efficiency; 1. El Mellah
et al. 2019b).

4. Radial velocity profile: determines the wind acceleration
and significantly affects accretion efficiency. In general,
the profile can be approximated by a 3-law (J. Puls et al.
2008):

v3(r) = vwina(1 — Ri/r)". ey

The exponent (3 is rather uncertain owing to the rare
observations (e.g., A. Giménez-Garcia et al. 2016;
A. A. C. Sander et al. 2017). 1. El Mellah et al.
(2019b) simulated two cases of (3 values, i.e., 1 and 2;
here we adopt the case of 3 = 2. A smaller § value
would lead to a lower wind accretion efficiency (see
I. El Mellah et al. 2019b and Z.-Y. Zuo et al. 2021 for
more details).

For a fixed § value, we determine the wind accretion
efficiency by linearly interpolating the data tables provided by
I. El Mellah et al. (2019b), following the methodology
employed by Z.-Y. Zuo et al. (2021) in their study of
ultraluminous X-ray sources. The speed ratio 7yi,q depends
primarily on the terminal wind speed vy,q of the primary star,
which exhibits substantial variation across stellar types, due to
fundamentally different driving mechanisms. For example, the
winds of a Wolf—Rayet (W-R) star and OB star are typically
driven by metal lines; the wind speed could be as large as
several thousand kilometers per second. The wind driving
mechanism of cool supergiants is usually assumed to be
radiation pressure on dust, and the wind speed can be as low as
several tens of kilometers per second (J. S. Vink 2022).
Following J. R. Hurley et al. (2002), we parameterize the wind
speed as a fraction of (;,q of the surface escape velocity for
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Figure 1. The terminal wind speeds for stars in the fiducial model (f,, = 1).
The initial star masses are from 20 to 150 M, with a step of 5 M, from bottom
to top. The stellar winds according to the effective temperature of the star
are divided into three regions: hot wind (T > 30,000 K), warm wind
(6000 K < T < 30,000 K), and cool wind (7. < 6000 K). The color bar
indicates the specific values of terminal wind speeds, with the displayed range
limited to velocities below 300 kms~'. The dashed line is the so-called
Humphreys—Davidson limit (R. M. Humphreys & K. Davidson 1979).

the mass-losing star (see also K. Belczynski et al. 2008) as

GM,
Vaind = 2Bwind = L )
I

where G represents the gravitational constant.

To account for the diverse wind properties across stellar
evolution phases, we implement a step function for By;,q With
four cases according to the surface helium mass fraction Y, and
the effective temperature Tz W-R wind (Y > 0.4), hot wind
(T > 30,000 K), warm wind (6000 < T < 30,000 K), and
cool wind (T.¢ < 6000 K). For the W-R wind and hot wind,
the (uinq values are obtained through mass-dependent linear
interpolation following Z.-Y. Zuo et al. (2021). For warm wind
and cool wind, we adopt

3
f,, - 1/8, cool wind, 3

{fw -1, warm wind,
/Bwind =

where f,, is a scaling factor (f,, = 1 in our fiducial model). In
Figure 1, we present the characteristic terminal wind speeds
implemented in the fiducial model. The typical wind speeds for
red supergiant (RSG) winds are in the range of 10-20 km s7h
and for luminous blue variable (LBV) winds speeds are in
the range of 100-300kms~'. Although these values may
represent underestimates, they remain consistent with observa-
tions within the same order of magnitude (see, e.g., Table 1 in
J. S. Vink 2022). We explore enhanced wind speeds with
fiw = 15,2, and 3 in Section 3.2.

In the numerical simulations, we found that the adopted
wind speeds for hot winds, W-R winds, and warm winds in
stars with initial masses of 20—40 M., have negligible effects
on the wind accretion processes. Instead, efficient wind
accretion predominantly occurs in two distinct cases: (1) the
cool winds of RSGs in the ~20-40 M, range and (2) the warm

Li et al.

winds of LBVs in more massive stars. This behavior arises
because wind accretion efficiency exhibits a strong positive
correlation with the RL filling factor (fzp). Given that the
initial binary separations are sufficiently wide to avoid RL
overflow, efficient accretion is primarily triggered when the
primary star’s radius approaches its RL radius (typically
frL 2 0.4; see Figure 2). Consequently, only the terminal wind
speeds of stars near their maximum radial expansion, such as
RSGs in the ~20-40 M., range and LBVs in more massive
systems, significantly influence our results. Our model does
not incorporate special treatment for LBV-type winds, whose
strength can influence the wind accretion process to some
extent. This issue is addressed in detail in Appendix A.

2.3. Binary Grid and BH Formation

We conduct a comprehensive parameter study of binary
systems by evolving models with primary (BH progenitor)
masses ranging from 20 to 100 M’ in a step of 10 M., and
secondary (Be star progenitor) masses of 5, 10, 15, and 20 M.
The initial orbital periods are carefully selected based on the
maximum evolutionary radii of the primary stars. We first
identify the minimum orbital period via the bisection method
in our MESA simulations, guaranteeing that the primary star
will fill its RL for any initial period shorter than this threshold.
The maximum orbital period is 25 times this minimum value
(this choice ensures that the entire range of initial orbital
periods that produce Be stars is covered). We simulate 50
binary systems with logarithmically spaced periods between
these limits. The initial parameter grid was constructed to
efficiently cover most of the BHBe binary system configura-
tions without excessive computational burden. For conveni-
ence, we assume that all binary orbits are initially circular.

For the primary stars (BH progenitors), we stop the
simulations, as the central carbon is exhausted. In our
simulations, the final BH mass is calculated following the
delayed supernova (SN) mechanism, using the fitting formula
from C. L. Fryer et al. (2012), in which the BH mass is
primarily determined by the pre-SN mass and the corresp-
onding C/O core mass. During the BH formation phase, the
BH may receive a natal kick, which affects the binary
configuration of the BHBe binary. In our simulations, the BH
kicks are scaled by a factor of 1.4M. /Mgy based on the
neutron star (NS) kicks v(k) (T. Fragos et al. 2023), where vy is
drawn from an isotropic Maxwellian distribution with disper-
sion o = 265kms ! (G. Hobbs et al. 2005). The post-kick
orbital parameters were determined using the kick formalism
of J. R. Hurley et al. (2002).

2.4. Angular Momentum Accretion and Tides

We model the angular momentum transfer from accreted
wind material assuming a Keplerian disk, where the specific
angular momentum is given by (GM>R»)!/2 (J. R. Hurley et al.
2002; S. E. de Mink et al. 2013), with R, representing the
accretor’s radius. When the accretor approaches the critical
rotation (Vyoy/Verie & 0.99; o is the rotation velocity, and v
is the critical rotation velocity), we implement enhanced mass

© On the basis that stars below 20 M, more frequently yield NSs (T. Ertl
et al. 2016; A. Heger et al. 2023; K. Maltsev et al. 2025), we exclude them; for
the higher mass range (20-100 M), where NS formation remains possible
(e.g., T. Ertl et al. 2016), we implement a simplification by assuming that all
remnants are BHs.



THE ASTROPHYSICAL JOURNAL LETTERS, 996:1.42 (11pp), 2026 January 10

A -5k 3
I\_
>
o ~6fF ] 1
g |
-5 7k ! b
2 1 —— M, Wind mass loss
_—1s : ===+ M, Wind accretion J
R R e N
o <4500
, 1
0.8F
-
= 0.6
<
S04k
< O
0.2
0.0F,
10'F
°
<
=
<
10°F
1.0
0.8F
~
To6F
3
= 0.4F
3
0.2F
0.0F, B

\ \
30 28 26 24 22 20 18 16
My (Mo)

logM(M o yr1)
1

Li et al.

R1/Ri,1

L
80 70 60 50 40 30 20

Figure 2. Two evolutionary examples for the formation of BHBe binaries in the WRLOF model. The initial binary parameters are M, = 30 M., M, =5 M., and
Po, = 2977.6 days for the left column and M; = 80 M, M, = 10 M, and P, = 277 days for the right column. The black solid lines and red dashed lines in the
first row represent the wind mass-loss rates of the primary stars and wind accretion rates of the secondary stars, respectively. The second row shows the ratio between
primary radius and primary RL radius. The black solid lines and red dashed lines in the third row correspond to the speed ratio 7)yi,q and the wind accretion
efficiencies, and those in the last row are for wa/weyir» and accumulated masses of secondary stars, respectively. The colored regions represent the same features as

those in Figure 1.

loss following J. Petrovic et al. (2005). The Be star is
born when the rotation velocity exceeds 0.7v.;, and the
lifetime of the Be star is assumed to be the remaining
main-sequence (MS) lifetime’ of a star of equivalent mass
(Y. Shao & X.-D. Li 2014).

We incorporate tidal effects following T. Fragos et al.
(2023) but adopt a small tidal damping factor of F;q = 0.01.
The small Fy value effectively minimizes tidal interactions
in our simulations. A larger tidal damping factor could
potentially alter the parameter space for Be stars in the
WRLOF model by reducing orbital separations during wind
accretion (Section 3.2; see also I. Kotko et al. 2024; for
detailed discussions with a more effective tide). We intention-
ally minimize tidal interactions to focus on the WRLOF
mechanism, based on the observations for giant binaries of
J. D. Nie et al. (2017).®

3. Detailed Binary Evolution Simulations
3.1. Representative Evolutionary Pathways

In Figure 2, we present two characteristic examples of wind
accretion processes in BHBe binary formation. The left
column illustrates the evolution of a system with an initial
primary mass of 30 M, initial secondary mass of 5 M., an
initial orbital period of 2977.6 days. During the MS stage and

Here we employ nonrotating stellar models to calculate the MS lifetime for
a given stellar mass. Be stars are rapid rotators, and rotation generally extends
their MS lifetimes owing to rotational mixing, which refuels the core with
fresh hydrogen. As simulated in S. Ekstrom et al. (2012), rotation can increase
the MS lifetime by up to ~25% compared to nonrotating models. This implies
that our predicted numbers of BHBe binaries may be somewhat
underestimated.

8 All MESA input files are available at DOI: 10.5281/zenodo.17588037.

subgiant phases, the primary loses approximately 2 M. of
material. However, the high wind speeds (several hundred to
thousands of kilometers per second), combined with relatively
low orbital speeds (several tens of kilometers per second),
result in 7y,i,q > 10, making wind accretion negligible in these
evolutionary stages. The accretion dynamics change dramati-
cally when the primary evolves into the RSG phase. The stellar
radius expands significantly while the effective temperature
drops below 6000 K, causing a substantial decrease in wind
speed, as described by Equation (3). This transition reduces
Nwina t0 0.3-0.4, enabling efficient wind accretion with
efficiencies reaching 0.15. Consequently, the secondary
rapidly accumulates ~0.15 M, of material, spins up to the
critical rotation velocity, and becomes a Be star. The
simulations were run until central carbon exhaustion, at which
point the stellar mass was 14.9 M.; applying the delayed SN
mechanism to this value yields a remnant BH mass of
134 M.

The right column of Figure 2 presents the case of a
more massive binary, with initial parameters of
M; =80M,, M, = 10M, and P, = 277 days. Unlike the
previous example, this massive primary experiences signifi-
cant mass loss (~20 M) during its MS phase owing to the
strong wind, preventing its evolution into the RSG phase
(see also M. U. Kruckow et al. 2024). The primary instead
enters the LBV phase with considerable radial expansion
(R; > 0.4Rgy 1), during which the corresponding 7)ying value is
about 2-3. This configuration enables efficient wind accretion,
allowing the secondary star to accumulate approximately
0.4 M, of material, which spins it up to the critical rotation
through angular momentum transfer. The stellar mass at
central carbon exhaustion is approximately 22.5 M., resulting
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Figure 3. The parameter spaces for BHBe binaries in the WRLOF model. The gray shaded regions represent our fiducial model of f,, = 1. Other cases with higher f,,
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their RLs. For binaries above the upper boundaries, the accretion efficiencies are too low to form the Be stars, due to the small RL filling factors.

in a final BH mass of 20.3 M. In both examples, the orbital
periods exhibit a tendency to increase after wind accretion, as
illustrated by the second row of Figure 2.

3.2. Grid Spaces for Be Stars

Our simulations systematically investigate binary systems
with primary masses ranging from 20 to 100M. and
secondaries of 5, 10, 15, and 20 M. As shown in Figure 3,
the gray shaded regions are for the parameter space of
successful Be star formation, bounded below by systems
undergoing RL overflow and above by systems with
insufficient accretion efficiency due to small RL filling factors.
For increasing primary mass, the viable initial orbital
separations decrease because more massive stars develop
smaller maximum radii owing to the strong wind. Besides, the
parameter space tends to be smaller with the increase of
secondary mass, since higher secondary masses require more
accreted material for spin-up (due to greater rotational inertia;
see Figure 2). Notably, systems with 80-90 M, primaries in
the top left panel typically have narrower parameter space than
that of other three cases. The reason is that the wind accretion
efficiency generally decreases with the increase of mass ratio
(primary /secondary; see Section 2). Primaries more massive
than 100 M, fail to produce Be stars altogether, since the wind
is so strong that these stars would rapidly evolve to W-R stars
possessing extremely high wind speed (J. S. Vink 2022).

The terminal wind speed of the primary star is the critical
parameter governing the parameter spaces of Be stars. We then
simulated a series of binaries with enhanced wind speeds, i.e.,
fiw = 1.5, 2, and 3 for both warm wind and cool wind, as

shown in the closed contours of Figure 3. We see that the
parameter spaces for Be stars decrease with large terminal
wind speeds as expected. For primary stars below 40 M.,
efficient accretion occurs during the RSG phase, where the
typical Nyind(Vwind/Vorb) is smaller than 1 in the fiducial model
(as shown in the left column of Figure 2). Even with enhanced
winds (the wind speed is multiplied by a factor of f,,), the
terminal wind speeds remain comparable to the orbital speeds
(30—80m57]), allowing sustained accretion. In contrast,
more massive systems primarily accrete during the LBV
phase, where the typical 7ynq Value is about 2—-3 in the fiducial
model (see the right column of Figure 2). Note that the wind
accretion efficiencies drop sharply for nina = 3-4 (I. El
Mellah et al. 2019b; M. 1. Saladino et al. 2019). A higher
terminal wind speed would result in a significant decrease in
wind accretion efficiencies. Therefore, we see that the viable
parameter space for M ; 2 50 M, completely disappears when
f.» exceeds 2.

4. Rapid Binary Population Synthesis
4.1. Inputs and Methods

We perform a comprehensive population synthesis study of
BHBe binaries formed through the WRLOF channel in our
Galaxy, restricted to solar metallicity. We randomly generate
10° primordial binaries based on the following probability
distribution function. The initial mass of the primary star
follows the initial mass function given by G. E. Miller &
J. M. Scalo (1979). A flat distribution of the initial mass ratio
(secondary mass/primary mass) is adopted in calculating the
secondary mass. The initial binary separation follows the
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Figure 4. The density distributions of binary parameters for BHBe binaries from the WRLOF model. The total number of BHBe binaries in the Galaxy at the current

epoch is 3225. Note that the color bar is shown in logarithm scale.

distribution given by Z. Han (1998). The star formation rate is
considered to be constant of 5 M yr' over the past 14 Gyr.

Our population synthesis model is built on the precalculated
grids shown in Figure 3, using interpolation and extrapolation
techniques. The progenitor mass of the Be star is assumed to
lie between 2.5 and 22.5 M, consistent with the observed
properties of Be stars (corresponding to spectral types A0-O9;
e.g., Y. Shao & X.-D. Li 2021). The modeling procedure is as
follows. For each primordial binary system, we first determine
its position in the M; — Py, parameter space by matching the
secondary mass M, to one of four precalculated grid cells (as
shown in Figure 3). These grids, corresponding to initial
secondary masses of 5, 10, 15, and 20 M., span the mass
intervals 2.5-7.5M,, 7.5-12.5M., 12.5-17.5M., and
17.5-22.5 M., respectively. A primordial binary is considered
capable of forming a BHBe binary only if its initial binary
parameters fall within the corresponding grid cells. For such
systems, we derive the binary parameters at the pre-core-
collapse stage by linearly interpolating between the results of
adjacent grid models (the Be star mass is computed as the
initial secondary mass plus the accreted mass, where the latter
is obtained via interpolation). We then assume that the primary
star undergoes direct collapse to form a BH, with its mass
given based on the delayed SN mechanism. Finally, we
account for the effect of BH natal kicks on the binary orbit (as
described in Section 2.3), modifying the orbital period and

eccentricity. We recall our assumption of an initially circular
orbit; any orbital eccentricity is thus imparted exclusively by
the natal kick.

4.2. Galactic BHBe Binary Population

Our population synthesis predicts that approximately
1862-3225 BHBe binaries currently exist in the Milky Way,
with the number decreasing with the wind enhancement factor
fw (3225, 2886, 2389, and 1862 for f,, = 1, 1.5, 2, and 3,
respectively). The corresponding formation rates decrease
from 7.6 x 10> t0 4.6 x 107> yr_1 as f,, increases from 1 to 3,
with specific values of (7.6, 6.7, 5.2, 4.6) x 107> yr~' for the
respective wind factors.

Figure 4 presents the density distributions of the binary
parameters, including BH mass, Be star mass, orbital period,
and eccentricity, for the fiducial model f,, = 1. The results for
other f,, values are provided in Figure 6 in Appendix B. The
BH masses span 5-30 M., with a primary peak at ~20 M,
(from 40-70 M., progenitors) and a secondary peak at
~15 M. The secondary peak originates from the competition
between the initial mass function and the BH natal kicks.
While the initial mass function favors a higher abundance of
lower-mass stars (and thus lower-mass BH progenitors), the
assumed inverse mass dependence of the natal kick means that
binaries hosting these lower-mass BHs are more easily
disrupted. The primary peak corresponds to a plateau in BH
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mass (~20 M) for progenitor stars with initial masses of
40-70 M, (see Figure 7 in Appendix C). This mass plateau
results from the competing effects of stellar winds and core
burning rates (e.g., J. Choi et al. 2016; T. Fragos et al. 2023;
J. J. Andrews et al. 2025; M. U. Kruckow et al. 2024).
However, we emphasize that significant uncertainties remain
in final remnant predictions. Various factors can substantially
influence the pre-SN structure, such as convective overshoot,
element diffusion, and even the numerical parameters (e.g.,
mesh number and time step). As demonstrated in Figure 7,
different MESA simulations produce markedly different
relationships between zero-age MS star mass and final BH
mass. Furthermore, our model assumes that the BHs form via
direct collapse. Alternative formation scenarios, such as those
involving fallback or SN explosions (e.g., T. Ertl et al. 2016;
A. Heger et al. 2023; K. Maltsev et al. 2025), could somewhat
alter the resulting BH mass distribution (while other system
properties likely remain largely unchanged, as demonstrated
for BH 4+ MS binaries by M. U. Kruckow et al. 2024).
Consequently, while our results provide valuable insights, the
BH mass distribution shown in Figure 4 requires further
verification through additional studies and observational
constraints.

The Be star mass distribution exhibits a characteristic peak
at ~3 M, with a monotonically decreasing trend toward higher
masses, a direct consequence of the longer MS lifetimes of
lower-mass stars (see also M. U. Kruckow et al. 2024). The
orbital period distribution shows a pronounced peak around
10,000 days, with BHBe binaries seldom having orbital
periods shorter than ~1000days. The long orbital periods
originate from the fact that wind interactions tend to widen the
orbit, as shown in Figure 2. Furthermore, the eccentricity tends
to increase with longer orbital periods. This occurs because in
wide-orbit binaries even a small kick velocity imparted to the
BH can result in a highly eccentric orbit (e.g., M. U. Kruckow
et al. 2024).

4.3. Comparison with the Classical RL Channel

BHBe binaries can also form through the classical RL
channel, where the massive primary stably transfers mass to its
companion. However, Y. Shao & X.-D. Li (2014) predicted
that this channel produces fewer than ~250 such systems in
the Galaxy (similar results were also found in K. Belczynski &
J. Ziolkowski 2009; M. Grudzinska et al. 2015), approximately
an order of magnitude lower than the WRLOF model. The low
predicted number stems primarily from the narrow parameter
space permitted for stable mass transfer. Specifically, stable
RL overflow, necessary to spin up the Be star, requires the
system to have a sufficiently low initial mass ratio (primary/
secondary). Systems with a high initial mass ratio would
undergo unstable mass transfer, which fails to form a rapidly
spinning Be star. Consequently, this channel exclusively
produces massive Be stars (typically 210 M; in model II of
Y. Shao & X.-D. Li 2014, their masses even exceed ~17 M,).
In contrast, the WRLOF model is not constrained by mass
transfer stability. This allows for the formation of numerous
BHBe binaries with lower-mass Be stars <10 M.. When
considering the lifetimes of Be stars, these lower-mass stars
contribute more significantly to the overall population.
Consequently, the WRLOF model predicts a much larger
number of BHBe binaries than the classical RL channel.
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The BHBe binaries formed through the WRLOF model
exhibit distinct physical characteristics from those produced by
the classical RL channel. In our model, the primary star never
fills its RL; therefore, the binary system maintains wide
separation throughout the Be star formation. In contrast, If the
Be star is produced from the RL channel, the BHBe binaries
typically have orbital periods in the range of 10-1000 days
(K. Belczynski & J. Ziolkowski 2009; Y. Shao & X.-D. Li
2020, 2021; K. A. Rocha et al. 2024; Y. Bao et al. 2025;
potentially extending to 107 days) and lower eccentricities
(<0.5; K. A. Rocha et al. 2024). Thus, the combination of
extremely long orbital periods (=>1000days, peaking at
10,000 days) and higher eccentricities serves as a clear
observational signature distinguishing WRLOF-formed BHBe
binaries.

Recent observations by Q.-Y. An et al. (2025) have
identified a BHBe binary candidate (ALS 88149) with an
orbital period of 176.6days and moderate eccentricity
e =0.23. This binary’s compact orbit lies well outside our
predicted parameter space for WRLOF-formed binaries,
effectively excluding this formation channel for ALS 8814.
The detection of BH binaries in extremely wide orbits presents
significant observational challenges, as these systems typically
lack X-ray emission (e.g., F. Zhang et al. 2004; N. V. Raguzova
& S. B. Popov 2005; B. Liu et al. 2024; K. A. Rocha et al. 2024;
K. Sen et al. 2024). However, it is still possible to uncover
the wide binaries containing dormant BHs via astrometric
and interferometric methods. In the recent observations, Gaia
DR3 data have verified three wide BH binaries, including
Gaia BH1 (S. Chakrabarti et al. 2023; K. El-Badry et al.
2023b), Gaia BH2 (K. El-Badry et al. 2023a; A. Tanikawa
et al. 2023), and Gaia BH3 (Gaia Collaboration et al. 2024),
as well as other unseen compact objects (e.g., J. J. Andrews
et al. 2022; S. Wang et al. 2024). Particularly, Gaia BH3
has a BH mass of 32.7 + 0.82 M, companion star mass of
0.76 £+ 0.05 M, orbital period of 4253.1 + 98.5 days, and
eccentricity of 0.7291 4 0.0048. The orbital parameters of
Gaia BH3 align closely with our simulated BHBe binaries in
the P,p—e plane (bottom right panel of Figure 4). This
detection demonstrates Gaia’s unique capability to identify BH
binaries in extremely wide orbits and provides encouraging
prospects for uncovering WRLOF-formed BHBe binaries
through ongoing astrometric surveys.

4.4. Implications for NS/Be Binaries and Single Be Stars

This study focuses exclusively on Be stars with BH
companions. While parameter space likely exists for forming
Be stars with NS companions, their production via the
WRLOF channel is highly improbable. An NS remnant
typically forms when the primary mass is below ~30 M, or
potentially even for more massive progenitors under
certain conditions (T. Ertl et al. 2016; A. Heger et al. 2023;
K. Maltsev et al. 2025). However, the pre-SN binaries formed
in the WRLOF channel are characterized by very wide orbits.
Combined with the typically large natal kicks imparted to NSs
during formation, these systems have a high probability of
being disrupted. To test this, we modeled the outcome for all
binary systems in the grids of Figure 3, assuming that each

® The recent work of K. El-Badry et al. (2025) suggested that ALS 8814 may

not host a BH and could instead be a hierarchical triple system. Nevertheless,
since the nature of ALS 8814 does not affect our results, we continue to treat it
as a BH + Be star binary.
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system produces an NS (fixed at 1.4 M) and a Be star,
with NS natal kicks following a Maxwellian distribution
(0 = 265kms™'; G. Hobbs et al. 2005). Applying the
population synthesis method from Section 4.1, we find that a
simulation of 10° primordial binaries produces only 34
surviving NS+Be star binaries. Factoring in the Galactic star
formation history and Be star lifetimes, we estimate that fewer
than three such binaries exist in the current Galaxy. Therefore,
we conclude that the formation of NS + Be star binaries is
highly suppressed in the WRLOF model, and viable produc-
tion would require natal kicks of extremely low magnitude
(e.g., R. Valli et al. 2025).

For BHBe binaries formed through the WRLOF channel, we
assume that the BH receives a natal kick scaled by a factor of
1.4 M, /Mgy relative to the NS kicks. This results in BH kick
velocities typically an order of magnitude lower than those of
NSs. Nevertheless, even with these reduced kicks, we find that
approximately 85% of the binary systems are disrupted. In such
cases the Be stars would be released as single stars. Moreover,
the BHBe binaries that survive, characterized by extremely long
orbital periods, are likely to be observationally indistinguishable
from Be stars in many surveys (e.g., L. Wang et al. 2022;
M. Carretero-Castrillo et al. 2023). Consequently, our model
suggests a potential formation channel for apparently single Be
stars.

5. Discussion and Summary

In this Letter, we present the first application of the WRLOF
model to the formation of BHBe binaries, building on the
numerical simulations of I. El Mellah et al. (2019b). The
model’s primary uncertainty stems from stellar wind para-
meterization, where we adopt a (-law velocity profile § = 2
and simplified terminal speed prescriptions (Bying and f,).
While lower 3 values reduce the BHBe binaries’ formation
parameter space, they still maintain higher wind accretion
efficiencies than classical BHL accretion (I. El Mellah et al.
2019b; Z.-Y. Zuo et al. 2021). We also simulated a series of
binary systems with enhanced wind speeds (f,, = 1.5, 2, 3),
and the results show that enhanced wind speeds (f,, > 2) yield
terminal speeds >600kms ' for M, > 50 M., completely
suppressing Be star formation in these massive systems.

Despite remaining uncertainties in the WRLOF model, our
study reveals a potential formation pathway for Be stars in
binary systems. Through population synthesis, we predict that
~1800-3200 BHBe binaries exist in our Galaxy. The
predicted number of BHBe binaries in the WRLOF model is
approximately an order of magnitude higher than that of the
classical RL channel. These systems exhibit distinctive
characteristics: extremely wide orbits (21000 days, peaking
at 10,000 days) and high eccentricities, which are markedly
different from those BHBe binaries formed through the
canonical RL channel (which typically have shorter periods
of <1000days). The extremely long orbital periods of
WRLOF-formed BHBe binaries, in addition to systems
disrupted by BH natal kicks, suggest a potential origin for
apparently single Be stars. Our analysis excludes WRLOF
formation for the recently discovered BHBe binary ALS 8814.
However, Gaia’s detection of wide-orbit BH binaries demon-
strates the feasibility of identifying such systems through
astrometric and interferometric methods. Future discoveries
of these wide BHBe binaries will undoubtedly enhance our
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understanding of wind accretion processes in massive binary
systems.
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Appendix A
Enhanced LBV Wind

Here we examine the influence of LBV winds on our results.
In the wind accretion model of I. El Mellah et al. (2019b), the
accretion efficiency depends primarily on wind velocity rather
than the mass-loss rate. Therefore, varying the mass-loss rate
does not directly affect Be star formation. However, an
enhanced mass-loss rate can alter stellar evolutionary tracks,
thereby indirectly influencing the outcome.

To assess this effect, we recalculated a subset of grids with
M, = 10 M%D using an enhanced LBV mass-loss rate of
107* M, yr~ ' (K. Belczynski et al. 2010), applied when a star
crosses the Humphreys—Davidson limit. The results are shown
as the red hatched region in the left panel of Figure 5,
alongside the fiducial model for comparison. We find that LBV
winds mainly affect systems with M; = 60-70 M. To
understand this, we plot several evolutionary tracks with
different LBV wind mass-loss rates in the right panel of
Figure 5, highlighting the wind accretion phase when the star
expands to between 0.4R,x and Ry, where Ry, is the
maximum evolutionary radius. For M; = 60-70 M., the star
crosses the Humphreys—Davidson limit early, prior to the
formation of the He core, causing the enhanced mass loss to
significantly alter subsequent evolution. In contrast, lower-
mass models such as M; < 50 M, and more massive systems
with M| > 80 M, cross the Humphreys—Davidson limit after
He core formation (RSG/subgiant phase). The mass-loss rate
predicted by the default wind prescription (Section 2.1) is
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Figure 5. Left panel: the parameter space for M, = 10 M. The red and gray hatched regions correspond to the models with enhanced LBV winds and the fiducial
case, respectively. Right panel: comparison of several typical evolutionary tracks, where the red dashed lines and black solid lines represent the models with
enhanced LBV winds and the fiducial case, respectively. The thick lines mark the wind accretion phase, defined as the period when the stellar radius lies between

0.4Rnax and Rk, where Rpx is the maximum evolutionary radius.

already comparable to 10 *M_ yr '. Thus, adopting an
additional LBV wind prescription has limited effect in those
regimes.

As illustrated in Figure 5, the adoption of enhanced LBV
winds reduces the parameter space for BHBe binary formation
to some degree. This reduction could consequently lead to a
decrease in their predicted numbers and possible adjustments
to the resulting binary parameter distributions. However, as
shown in Figure 6, the relatively modest contraction in
parameter space for massive primaries does not substantially
alter the overall distributions of BHBe binaries.

It is important to note that our simplified wind model permits
stellar evolution to proceed across the Humphreys—Davidson
limit. Observationally, however, few stars are found beyond this
limit (e.g., B. Davies et al. 2018; S. L. E. McDonald et al. 2022).
Various attempts have been made to explain this discrepancy
(e.g., S. J. Cheng et al. 2024; E. Zapartas et al. 2025). The issue
remains under debate. While there is no doubt that adopting
more complicated wind prescriptions for RSGs and LBVs
would influence the parameter space of BHBe binaries, we defer
such an investigation to future work.

Appendix B
Results with Different Wind Velocities

Figure 6 shows the statistical distributions of binary
parameters in BHBe binaries for wind enhancement factors of
fiw 1.5,2, 3, with the fiducial case f,, shown for
comparison. As f,, increases, the available parameter space
shrinks, leading to a systematic decrease in the number of such
systems. The trends of the distributions of Be star mass, orbital
period, and eccentricity remain consistent; only the total
number of systems decreases with increasing f,,. In contrast,
the BH mass distribution undergoes a noticeable change. As
described in Section 3.2, higher wind velocities preferentially
suppress systems with massive primaries, thereby reducing the
formation of more massive BHs.
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Figure 6. Distributions of binary parameters (BH mass, Be star mass, orbital
period, and eccentricity) for BHBe binaries under different wind enhancement
factors f,, = 1.5, 2, 3 (corresponding to black, blue, and cyan lines,
respectively). The fiducial model (f,, = 1) is shown for comparison.

Appendix C
BH Mass

In this work, we adopt the delayed SN mechanism given by
C. L. Fryer et al. (2012) to obtain the BH masses. However, we
emphasize that the final remnant mass for a given progenitor
star exhibits significant dependence on input parameters,
particularly convective overshooting and stellar wind prescrip-
tions (e.g., S. S. Bavera et al. 2023; T. Fragos et al. 2023;
M. U. Kruckow et al. 2024; J. J. Andrews et al. 2025). Figure 7
presents comparative MESA simulations with varying input
parameters, revealing substantial dispersion in the initial
mass—final mass relationship across different models. Due to
these significant uncertainties in stellar modeling, we cannot
determine which simulation is most accurate. Future observa-
tional constraints will be crucial for refining these input
parameters and advancing our understanding of massive star
evolution.



THE ASTROPHYSICAL JOURNAL LETTERS, 996:1.42 (11pp), 2026 January 10

30

251

20

BH mass (My)

151

This work
MIST
POSYDON v1
POSYDON v2 7

sk v —

L L | 1 L
20 40 60 80 100 120 140

Initial Primary Mass (M)

Figure 7. The final BH mass as a function of initial stellar mass from different
studies. The red line with circles represents this work; the blue solid line,
yellow stars, and greed dashed line are taken from the recent MESA
simulations in other works (J. Choi et al. 2016; T. Fragos et al. 2023;
S. S. Bavera et al. 2023; M. U. Kruckow et al. 2024; J. J. Andrews et al. 2025).
The BH is assumed to form through direct collapse in all four models.

ORCID iDs
Zhenwei Li © https: //orcid.org/0000-0002-1421-4427
Shi Jia ® https: //orcid.org/0000-0001-6808-638X
Dandan Wei @ https: //orcid.org/0000-0003-0821-4583
Hongwei Ge © https: //orcid.org/0000-0002-6398-0195

Xuefei Chen
Zhanwen Han

https: //orcid.org/0000-0001-5284-8001
https: //orcid.org /0000-0001-9204-7778

References

Abate, C., Pols, O. R., Izzard, R. G., Mohamed, S. S., & de Mink, S. E. 2013,
A&A, 552, A26

An, Q.-Y., Huang, Y., Gu, W.-M,, et al. 2025, arXiv:2505.23151

Andrews, J. J., Bavera, S. S., Briel, M., et al. 2025, ApJS, 281, 3

Andrews, J. J., Taggart, K., & Foley, R. 2022, arXiv:2207.00680

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009, ARA&A, 47, 481

Bao, Y., Li, Z., Ge, H., Chen, X., & Han, Z. 2025, ApJ, 987, 210

Bavera, S. S., Fragos, T., Zapartas, E., et al. 2023, NatAs, 7, 1090

Belczynski, K., Bulik, T., Fryer, C. L., et al. 2010, ApJ, 714, 1217

Belczynski, K., Kalogera, V., Rasio, F. A., et al. 2008, ApJS, 174, 223

Belczynski, K., & Ziolkowski, J. 2009, ApJ, 707, 870

Bondi, H., & Hoyle, F. 1944, MNRAS, 104, 273

Brott, 1., de Mink, S. E., Cantiello, M., et al. 2011, A&A, 530, Al115

Carretero-Castrillo, M., Rib6, M., & Paredes, J. M. 2023, A&A, 679, A109

Casares, J., Negueruela, I., Rib6, M., et al. 2014, Natur, 505, 378

Chakrabarti, S., Simon, J. D., Craig, P. A., et al. 2023, AJ, 166, 6

Chen, X., Liu, Z., & Han, Z. 2024, PrPNP, 134, 104083

Chen, Z., Frank, A., Blackman, E. G., Nordhaus, J., & Carroll-Nellenback, J.
2017, MNRAS, 468, 4465

Cheng, S. J., Goldberg, J. A., Cantiello, M., et al. 2024, ApJ, 974, 270

Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102

Davies, B., Crowther, P. A., & Beasor, E. R. 2018, MNRAS, 478, 3138

de Mink, S. E., Langer, N., Izzard, R. G., Sana, H., & de Koter, A. 2013, ApJ,
764, 166

Ducci, L., Sidoli, L., Mereghetti, S., Paizis, A., & Romano, P. 2009, MNRAS,
398, 2152

Ekstrom, S., Georgy, C., Eggenberger, P., et al. 2012, A&A, 537, A146

El-Badry, K., Fabry, M., Sana, H., Shenar, T., & Seeburger, R. 2025, OJAp,
8, 128

El-Badry, K., Rix, H.-W., Cendes, Y., et al. 2023a, MNRAS, 521, 4323

El-Badry, K., Rix, H.-W., Quataert, E., et al. 2023b, MNRAS, 518, 1057

10

Li et al.

El Mellah, I., & Casse, F. 2017, MNRAS, 467, 2585

El Mellah, I., Sander, A. A. C., Sundqvist, J. O., & Keppens, R. 2019a, A&A,
622, A189

El Mellah, I., Sundqvist, J. O., & Keppens, R. 2018, MNRAS, 475, 3240

El Mellah, 1., Sundqvist, J. O., & Keppens, R. 2019b, A&A, 622, L3

Ertl, T., Janka, H.-T., Woosley, S. E., Sukhbold, T., & Ugliano, M. 2016, ApJ,
818, 124

Fragos, T., Andrews, J. J., Bavera, S. S., et al. 2023, ApJS, 264, 45

Fryer, C. L., Belczynski, K., Wiktorowicz, G., et al. 2012, AplJ, 749, 91

Gaia Collaboration, Panuzzo, P., Mazeh, T., et al. 2024, A&A, 686, L2

Giménez-Garcia, A., Shenar, T., Torrejon, J. M., et al. 2016, A&A, 591, A26

Grudzinska, M., Belczynski, K., Casares, J., et al. 2015, MNRAS, 452, 2773

Hamann, W. R., Koesterke, L., & Wessolowski, U. 1995, A&A, 299, 151

Han, Z. 1998, MNRAS, 296, 1019

Heger, A., Miiller, B., & Mandel, 1. 2023, Black holes as the end state of
stellar evolution: Theory and simulations, in The Encyclopedia of
Cosmology (Set 2): Black Holes, ed. Z. Haiman (World Scientific), 61

Henyey, L., Vardya, M. S., & Bodenheimer, P. 1965, ApJ, 142, 841

Hobbs, G., Lorimer, D. R., Lyne, A. G., & Kramer, M. 2005, MNRAS,
360, 974

Hoyle, F., & Lyttleton, R. A. 1939, PCPS, 35, 405

Humphreys, R. M., & Davidson, K. 1979, ApJ, 232, 409

Hurley, J. R., Tout, C. A., & Pols, O. R. 2002, MNRAS, 329, 897

Iglesias, C. A., & Rogers, F. J. 1996, ApJ, 464, 943

Jadlovsky, D., Molndr, L., Ercolino, A., et al. 2025, arXiv:2509.25168

Janssens, S., Shenar, T., Degenaar, N., et al. 2023, A&A, 677, L9

Kashi, A. 2023, MNRAS, 523, 5876

Kashi, A., Michaelis, A., & Kaminetsky, Y. 2022, MNRAS, 516, 3193

Khokhlov, S. A., Miroshnichenko, A. S., Zharikov, S. V., et al. 2018, ApJ,
856, 158

Kotko, 1., Banerjee, S., & Belczynski, K. 2024, MNRAS, 535, 3577

Kriz, S., & Harmanec, P. 1975, BAICz, 26, 65

Kruckow, M. U., Andrews, J. J., Fragos, T., et al. 2024, A&A, 692, A141

Liu, B., Sartorio, N. S., Izzard, R. G., & Fialkov, A. 2024, MNRAS, 527, 5023

Liu, Z.-W., Stancliffe, R. J., Abate, C., & Matrozis, E. 2017, ApJ, 846, 117

Maltsev, K., Schneider, F. R. N., Mandel, 1., et al. 2025, A&A, 700, A20

McDonald, S. L. E., Davies, B., & Beasor, E. R. 2022, MNRAS, 510, 3132

McSwain, M. V., & Gies, D. R. 2005, ApJS, 161, 118

Meilland, A., Stee, P., Vannier, M., et al. 2007, A&A, 464, 59

Miller, G. E., & Scalo, J. M. 1979, AplS, 41, 513

Mohamed, S., & Podsiadlowski, P. 2007, ASPC, 372, 397

Mohamed, S., & Podsiadlowski, P. 2010, AIPC, 1314, 51

Mohamed, S., & Podsiadlowski, P. 2012, BaltA, 21, 88

Nie, J. D., Wood, P. R., & Nicholls, C. P. 2017, ApJ, 835, 209

Packet, W. 1981, A&A, 102, 17

Patrick, L. R., & Negueruela, 1. 2024, BSRSL, 93, 173

Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3

Paxton, B., Cantiello, M., Arras, P., et al. 2013, ApJS, 208, 4

Paxton, B., Marchant, P., Schwab, J., et al. 2015, ApJS, 220, 15

Paxton, B., Schwab, J., Bauer, E. B., et al. 2018, ApJS, 234, 34

Paxton, B., Smolec, R., Schwab, J., et al. 2019, ApJS, 243, 10

Petrovic, J., Langer, N., & van der Hucht, K. A. 2005, A&A, 435, 1013

Pols, O. R, Cote, J., Waters, L. B. F. M., & Heise, J. 1991, A&A, 241, 419

Puls, J., Vink, J. S., & Najarro, F. 2008, A&ARv, 16, 209

Quirrenbach, A., Bjorkman, K. S., Bjorkman, J. E., et al. 1997, AplJ, 479, 477

Raguzova, N. V., & Popov, S. B. 2005, A&AT, 24, 151

Rivinius, T., Carciofi, A. C., & Martayan, C. 2013, A&ARv, 21, 69

Rivinius, T., & Klement, R. 2024, IAUS, 18, 332

Rivinius, T., Klement, R., Chojnowski, S. D., et al. 2024, IAUS, 361, 332

Rocha, K. A., Kalogera, V., Doctor, Z., et al. 2024, ApJ, 971, 133

Saladino, M. 1., Pols, O. R., & Abate, C. 2019, A&A, 626, A68

Saladino, M. I., Pols, O. R., van der Helm, E., Pelupessy, I., &
Portegies Zwart, S. 2018, A&A, 618, A50

Sander, A. A. C., Hamann, W. R., Todt, H., Hainich, R., & Shenar, T. 2017,
A&A, 603, A86

Schneider, F. R. N. 2025, arXiv:2509.18421

Sen, K., El Mellah, I., Langer, N., et al. 2024, A&A, 690, A256

Shagatova, N., Skopal, A., & Carikovd, Z. 2016, A&A, 588, A83

Shagatova, N., Skopal, A., Shugarov, S. Y., et al. 2021, A&A, 646, A116

Shao, Y., & Li, X.-D. 2014, ApJ, 796, 37

Shao, Y., & Li, X.-D. 2020, ApJ, 898, 143

Shao, Y., & Li, X.-D. 2021, ApJ, 908, 67

Skopal, A., & Carikovd, Z. 2015, A&A, 573, A8

Skopal, A., & Shagatova, N. 2023, A&A, 680, A60

Sun, M., Levina, S., Gossage, S., et al. 2024, ApJ, 969, 8

Tanikawa, A., Hattori, K., Kawanaka, N., et al. 2023, AplJ, 946, 79


https://orcid.org/0000-0002-1421-4427
https://orcid.org/0000-0001-6808-638X
https://orcid.org/0000-0003-0821-4583
https://orcid.org/0000-0002-6398-0195
https://orcid.org/0000-0001-5284-8001
https://orcid.org/0000-0001-9204-7778
https://doi.org/10.1051/0004-6361/201220007
https://ui.adsabs.harvard.edu/abs/2013A&A...552A..26A/abstract
https://arxiv.org/abs/2505.23151
https://doi.org/10.3847/1538-4365/adfb78
https://ui.adsabs.harvard.edu/abs/2025ApJS..281....3A/abstract
https://arxiv.org/abs/2207.00680
https://doi.org/10.1146/annurev.astro.46.060407.145222
https://ui.adsabs.harvard.edu/abs/2009ARA&A..47..481A/abstract
https://doi.org/10.3847/1538-4357/addfd8
https://ui.adsabs.harvard.edu/abs/2025ApJ...987..210B/abstract
https://doi.org/10.1038/s41550-023-02018-5
https://ui.adsabs.harvard.edu/abs/2023NatAs...7.1090B/abstract
https://doi.org/10.1088/0004-637X/714/2/1217
https://ui.adsabs.harvard.edu/abs/2010ApJ...714.1217B/abstract
https://doi.org/10.1086/521026
https://ui.adsabs.harvard.edu/abs/2008ApJS..174..223B/abstract
https://doi.org/10.1088/0004-637X/707/2/870
https://ui.adsabs.harvard.edu/abs/2009ApJ...707..870B/abstract
https://doi.org/10.1093/mnras/104.5.273
https://ui.adsabs.harvard.edu/abs/1944MNRAS.104..273B/abstract
https://doi.org/10.1051/0004-6361/201016113
https://ui.adsabs.harvard.edu/abs/2011A&A...530A.115B/abstract
https://doi.org/10.1051/0004-6361/202346613
https://ui.adsabs.harvard.edu/abs/2023A&A...679A.109C/abstract
https://doi.org/10.1038/nature12916
https://ui.adsabs.harvard.edu/abs/2014Natur.505..378C/abstract
https://doi.org/10.3847/1538-3881/accf21
https://ui.adsabs.harvard.edu/abs/2023AJ....166....6C/abstract
https://doi.org/10.1016/j.ppnp.2023.104083
https://ui.adsabs.harvard.edu/abs/2024PrPNP.13404083C/abstract
https://doi.org/10.1093/mnras/stx680
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.4465C/abstract
https://doi.org/10.3847/1538-4357/ad701e
https://ui.adsabs.harvard.edu/abs/2024ApJ...974..270C/abstract
https://doi.org/10.3847/0004-637X/823/2/102
https://ui.adsabs.harvard.edu/abs/2016ApJ...823..102C/abstract
https://doi.org/10.1093/mnras/sty1302
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.3138D/abstract
https://doi.org/10.1088/0004-637X/764/2/166
https://ui.adsabs.harvard.edu/abs/2013ApJ...764..166D/abstract
https://ui.adsabs.harvard.edu/abs/2013ApJ...764..166D/abstract
https://doi.org/10.1111/j.1365-2966.2009.15265.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.398.2152D/abstract
https://ui.adsabs.harvard.edu/abs/2009MNRAS.398.2152D/abstract
https://doi.org/10.1051/0004-6361/201117751
https://ui.adsabs.harvard.edu/abs/2012A&A...537A.146E/abstract
https://doi.org/10.33232/001c.143907
https://ui.adsabs.harvard.edu/abs/2025OJAp....8E.128E/abstract
https://ui.adsabs.harvard.edu/abs/2025OJAp....8E.128E/abstract
https://doi.org/10.1093/mnras/stad799
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.4323E/abstract
https://doi.org/10.1093/mnras/stac3140
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518.1057E/abstract
https://doi.org/10.1093/mnras/stx225
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.2585E/abstract
https://doi.org/10.1051/0004-6361/201834498
https://ui.adsabs.harvard.edu/abs/2019A&A...622A.189E/abstract
https://ui.adsabs.harvard.edu/abs/2019A&A...622A.189E/abstract
https://doi.org/10.1093/mnras/stx3211
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.3240E/abstract
https://doi.org/10.1051/0004-6361/201834543
https://ui.adsabs.harvard.edu/abs/2019A&A...622L...3E/abstract
https://doi.org/10.3847/0004-637X/818/2/124
https://ui.adsabs.harvard.edu/abs/2016ApJ...818..124E/abstract
https://ui.adsabs.harvard.edu/abs/2016ApJ...818..124E/abstract
https://doi.org/10.3847/1538-4365/ac90c1
https://ui.adsabs.harvard.edu/abs/2023ApJS..264...45F/abstract
https://doi.org/10.1088/0004-637X/749/1/91
https://ui.adsabs.harvard.edu/abs/2012ApJ...749...91F/abstract
https://doi.org/10.1051/0004-6361/202449763
https://ui.adsabs.harvard.edu/abs/2024A&A...686L...2G/abstract
https://doi.org/10.1051/0004-6361/201527551
https://ui.adsabs.harvard.edu/abs/2016A&A...591A..26G/abstract
https://doi.org/10.1093/mnras/stv1419
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452.2773G/abstract
https://ui.adsabs.harvard.edu/abs/1995A&A...299..151H/abstract
https://doi.org/10.1046/j.1365-8711.1998.01475.x
https://ui.adsabs.harvard.edu/abs/1998MNRAS.296.1019H/abstract
https://ui.adsabs.harvard.edu/abs/2023ecbh.book...61H/abstract
https://doi.org/10.1086/148357
https://ui.adsabs.harvard.edu/abs/1965ApJ...142..841H/abstract
https://doi.org/10.1111/j.1365-2966.2005.09087.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.360..974H/abstract
https://ui.adsabs.harvard.edu/abs/2005MNRAS.360..974H/abstract
https://doi.org/10.1017/S0305004100021150
https://ui.adsabs.harvard.edu/abs/1939PCPS...35..405H/abstract
https://doi.org/10.1086/157301
https://ui.adsabs.harvard.edu/abs/1979ApJ...232..409H/abstract
https://doi.org/10.1046/j.1365-8711.2002.05038.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.329..897H/abstract
https://doi.org/10.1086/177381
https://ui.adsabs.harvard.edu/abs/1996ApJ...464..943I/abstract
http://arXiv.org/abs/2509.25168
https://doi.org/10.1051/0004-6361/202347318
https://ui.adsabs.harvard.edu/abs/2023A&A...677L...9J/abstract
https://doi.org/10.1093/mnras/stad1758
https://ui.adsabs.harvard.edu/abs/2023MNRAS.523.5876K/abstract
https://doi.org/10.1093/mnras/stac1912
https://ui.adsabs.harvard.edu/abs/2022MNRAS.516.3193K/abstract
https://doi.org/10.3847/1538-4357/aab49d
https://ui.adsabs.harvard.edu/abs/2018ApJ...856..158K/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...856..158K/abstract
https://doi.org/10.1093/mnras/stae2591
https://ui.adsabs.harvard.edu/abs/2024MNRAS.535.3577K/abstract
https://ui.adsabs.harvard.edu/abs/1975BAICz..26...65K/abstract
https://doi.org/10.1051/0004-6361/202452356
https://ui.adsabs.harvard.edu/abs/2024A&A...692A.141K/abstract
https://doi.org/10.1093/mnras/stad3475
https://ui.adsabs.harvard.edu/abs/2024MNRAS.527.5023L/abstract
https://doi.org/10.3847/1538-4357/aa8622
https://ui.adsabs.harvard.edu/abs/2017ApJ...846..117L/abstract
https://doi.org/10.1051/0004-6361/202554931
https://ui.adsabs.harvard.edu/abs/2025A&A...700A..20M/abstract
https://doi.org/10.1093/mnras/stab3453
https://ui.adsabs.harvard.edu/abs/2022MNRAS.510.3132M/abstract
https://doi.org/10.1086/432757
https://ui.adsabs.harvard.edu/abs/2005ApJS..161..118M/abstract
https://doi.org/10.1051/0004-6361:20064848
https://ui.adsabs.harvard.edu/abs/2007A&A...464...59M/abstract
https://doi.org/10.1086/190629
https://ui.adsabs.harvard.edu/abs/1979ApJS...41..513M/abstract
https://ui.adsabs.harvard.edu/abs/2007ASPC..372..397M/abstract
https://doi.org/10.1063/1.3536409
https://ui.adsabs.harvard.edu/abs/2010AIPC.1314...51M/abstract
https://doi.org/10.1515/astro-2017-0362
https://ui.adsabs.harvard.edu/abs/2012BaltA..21...88M/abstract
https://doi.org/10.3847/1538-4357/835/2/209
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..209N/abstract
https://ui.adsabs.harvard.edu/abs/1981A&A...102...17P/abstract
https://doi.org/10.25518/0037-9565.12310
https://ui.adsabs.harvard.edu/abs/2024BSRSL..93..173P/abstract
https://doi.org/10.1088/0067-0049/192/1/3
https://ui.adsabs.harvard.edu/abs/2011ApJS..192....3P/abstract
https://doi.org/10.1088/0067-0049/208/1/4
https://ui.adsabs.harvard.edu/abs/2013ApJS..208....4P/abstract
https://doi.org/10.1088/0067-0049/220/1/15
https://ui.adsabs.harvard.edu/abs/2015ApJS..220...15P/abstract
https://doi.org/10.3847/1538-4365/aaa5a8
https://ui.adsabs.harvard.edu/abs/2018ApJS..234...34P/abstract
https://doi.org/10.3847/1538-4365/ab2241
https://ui.adsabs.harvard.edu/abs/2019ApJS..243...10P/abstract
https://doi.org/10.1051/0004-6361:20042368
https://ui.adsabs.harvard.edu/abs/2005A&A...435.1013P/abstract
https://ui.adsabs.harvard.edu/abs/1991A&A...241..419P/abstract
https://doi.org/10.1007/s00159-008-0015-8
https://ui.adsabs.harvard.edu/abs/2008A&ARv..16..209P/abstract
https://doi.org/10.1086/303854
https://ui.adsabs.harvard.edu/abs/1997ApJ...479..477Q/abstract
https://doi.org/10.1080/10556790500497311
https://ui.adsabs.harvard.edu/abs/2005A&AT...24..151R/abstract
https://doi.org/10.1007/s00159-013-0069-0
https://ui.adsabs.harvard.edu/abs/2013A&ARv..21...69R/abstract
https://doi.org/10.1017/S1743921322002976
https://ui.adsabs.harvard.edu/abs/2024IAUS..361..332R/abstract
https://doi.org/10.1017/S1743921322002976
https://ui.adsabs.harvard.edu/abs/2024IAUS..361..332R/abstract
https://doi.org/10.3847/1538-4357/ad5955
https://ui.adsabs.harvard.edu/abs/2024ApJ...971..133R/abstract
https://doi.org/10.1051/0004-6361/201834598
https://ui.adsabs.harvard.edu/abs/2019A&A...626A..68S/abstract
https://doi.org/10.1051/0004-6361/201832967
https://ui.adsabs.harvard.edu/abs/2018A&A...618A..50S/abstract
https://doi.org/10.1051/0004-6361/201730642
https://ui.adsabs.harvard.edu/abs/2017A&A...603A..86S/abstract
https://arxiv.org/abs/2509.18421
https://doi.org/10.1051/0004-6361/202450940
https://ui.adsabs.harvard.edu/abs/2024A&A...690A.256S/abstract
https://doi.org/10.1051/0004-6361/201525645
https://ui.adsabs.harvard.edu/abs/2016A&A...588A..83S/abstract
https://doi.org/10.1051/0004-6361/202039103
https://ui.adsabs.harvard.edu/abs/2021A&A...646A.116S/abstract
https://doi.org/10.1088/0004-637X/796/1/37
https://ui.adsabs.harvard.edu/abs/2014ApJ...796...37S/abstract
https://doi.org/10.3847/1538-4357/aba118
https://ui.adsabs.harvard.edu/abs/2020ApJ...898..143S/abstract
https://doi.org/10.3847/1538-4357/abd2b4
https://ui.adsabs.harvard.edu/abs/2021ApJ...908...67S/abstract
https://doi.org/10.1051/0004-6361/201424779
https://ui.adsabs.harvard.edu/abs/2015A&A...573A...8S/abstract
https://doi.org/10.1051/0004-6361/202347396
https://ui.adsabs.harvard.edu/abs/2023A&A...680A..60S/abstract
https://doi.org/10.3847/1538-4357/ad47c1
https://ui.adsabs.harvard.edu/abs/2024ApJ...969....8S/abstract
https://doi.org/10.3847/1538-4357/acbf36
https://ui.adsabs.harvard.edu/abs/2023ApJ...946...79T/abstract

THE ASTROPHYSICAL JOURNAL LETTERS, 996:1.42 (11pp), 2026 January 10

Valli, R., de Mink, S. E., Justham, S., et al. 2025, arXiv:2505.08857

van Bever, J., & Vanbeveren, D. 1997, A&A, 322, 116

Vinciguerra, S., Neijssel, C. J., Vigna-Gémez, A., et al. 2020, MNRAS,
498, 4705

Vink, J. S. 2022, ARA&A, 60, 203

Vink, J. S., de Koter, A., & Lamers, H. J. G. L. M. 2001, A&A, 369, 574

Vioque, M., Oudmaijer, R. D., Baines, D., Mendigutia, I, &
Pérez-Martinez, R. 2018, A&A, 620, A128

Wang, L., Gies, D. R., & Peters, G. J. 2018, ApJ, 853, 156

11

Li et al.

Wang, L., Gies, D. R., Peters, G. J., & Han, Z. 2023, AJ, 165, 203
Wang, L., Li, J.,, Wu, Y., et al. 2022, ApJS, 260, 35

Wang, S., Zhao, X., Feng, F., et al. 2024, NatAs, 8, 1583

Wiktorowicz, G., Lasota, J.-P., Belczynski, K., et al. 2021, ApJ, 918, 60
Yoon, S. C., Langer, N., & Norman, C. 2006, A&A, 460, 199

Zapartas, E., de Wit, S., Antoniadis, K., et al. 2025, A&A, 697, A167
Zhang, F., Li, X. D., & Wang, Z. R. 2004, ApJ, 603, 663

Zhekov, S. A. 2021, MNRAS, 500, 4837

Zuo, Z.-Y., Song, H.-T., & Xue, H.-C. 2021, A&A, 649, L2


https://arxiv.org/abs/2505.08857
https://ui.adsabs.harvard.edu/abs/1997A&A...322..116V/abstract
https://doi.org/10.1093/mnras/staa2177
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.4705V/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.4705V/abstract
https://doi.org/10.1146/annurev-astro-052920-094949
https://ui.adsabs.harvard.edu/abs/2022ARA&A..60..203V/abstract
https://doi.org/10.1051/0004-6361:20010127
https://ui.adsabs.harvard.edu/abs/2001A&A...369..574V/abstract
https://doi.org/10.1051/0004-6361/201832870
https://ui.adsabs.harvard.edu/abs/2018A&A...620A.128V/abstract
https://doi.org/10.3847/1538-4357/aaa4b8
https://ui.adsabs.harvard.edu/abs/2018ApJ...853..156W/abstract
https://doi.org/10.3847/1538-3881/acc6ca
https://ui.adsabs.harvard.edu/abs/2023AJ....165..203W/abstract
https://doi.org/10.3847/1538-4365/ac617a
https://ui.adsabs.harvard.edu/abs/2022ApJS..260...35W/abstract
https://doi.org/10.1038/s41550-024-02359-9
https://ui.adsabs.harvard.edu/abs/2024NatAs...8.1583W/abstract
https://doi.org/10.3847/1538-4357/ac0cf7
https://ui.adsabs.harvard.edu/abs/2021ApJ...918...60W/abstract
https://doi.org/10.1051/0004-6361:20065912
https://ui.adsabs.harvard.edu/abs/2006A&A...460..199Y/abstract
https://doi.org/10.1051/0004-6361/202452401
https://ui.adsabs.harvard.edu/abs/2025A&A...697A.167Z/abstract
https://doi.org/10.1086/381540
https://ui.adsabs.harvard.edu/abs/2004ApJ...603..663Z/abstract
https://doi.org/10.1093/mnras/staa3591
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.4837Z/abstract
https://doi.org/10.1051/0004-6361/202140792
https://ui.adsabs.harvard.edu/abs/2021A&A...649L...2Z/abstract

	1. Introduction
	2. Methods and Inputs
	2.1. Stellar Model Physics
	2.2. Implementation of the WRLOF Model
	2.3. Binary Grid and BH Formation
	2.4. Angular Momentum Accretion and Tides

	3. Detailed Binary Evolution Simulations
	3.1. Representative Evolutionary Pathways
	3.2. Grid Spaces for Be Stars

	4. Rapid Binary Population Synthesis
	4.1. Inputs and Methods
	4.2. Galactic BHBe Binary Population
	4.3. Comparison with the Classical RL Channel
	4.4. Implications for NS/Be Binaries and Single Be Stars

	5. Discussion and Summary
	Appendix A. Enhanced LBV Wind
	Appendix B. Results with Different Wind Velocities
	Appendix C. BH Mass
	References



