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ABSTRACT

Context. Recently, a class of dormant black hole (BH) binaries with luminous companions (dBH-LCs) has been observed, such as
Gaia BH1, BH2, and BH3. Unlike previously discovered X-ray BH binaries, the observed dBH-LCs have relatively long orbital
periods (typically more than several tens to a few hundred days) and show very weak X-ray emission.

Aims. Studying the formation and evolution of the whole dBH-LC population is a very interesting problem. Our aim is to study the
contribution of massive stars to the dBH-LC population under different evolutionary models, namely, isolated binary evolution (IBE)
and hierarchical triple evolution, and different formation channels (i.e., mass transfer and common envelope evolution).

Methods. Using the Massive Objects in Binary Stellar Evolution code, the Triple Stellar Evolution code, and the latest initial multiple-
star distributions, we modeled the populations of massive stars. We then calculated the orbital properties, mass distributions, and birth
rates of the dBH-LC populations formed under these different conditions.

Results. In the Milky Way, we calculate that the birth rate of dBH-LCs formed through IBE is about 4.35 x 107 yr~!, while the birth
rate through triple evolution is about 1.47 x 1073 yr™!. This means that the birth rate from triple evolution is one to two orders of
magnitude higher than that from IBE. We find that in triple evolution, the main formation channel of dBH-LCs is post-merger binaries
formed from inner binary mergers triggered by von Zeipel-Lidov—Kozai oscillations. In particular, if the merger product is formed
from a central helium-burning star and a main-sequence star, the resulting star usually has a small core mass and a large envelope
mass. The stars with this structure can form BHs in the pair-instability supernova range (about 60 M, ~ 120 M,,), and they are about
three times more massive than the maximum BH mass formed through IBE.

Conclusions. Due to the presence of dynamical effects in triple evolution, the inner binaries in triples are more likely to interact
than isolated binaries. As a result, dBH-LCs formed through triple evolution mainly come from the channel where the inner binary
merges. The birth rate of dBH-LCs from triple evolution is about two orders of magnitude higher than that from IBE. In addition,
some dBH-LCs with heavy BHs are also formed through the inner binary merger channel in triples. These results strongly indicate
that the triple evolution can be the most important channel for dBH-LC formation.
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1. Introduction

It is estimated that the Milky Way (MW) contains about
10% stellar-mass black holes (BHs; Brown & Bethe 1994;
Timmes et al. 1996). These BHs may exist in single-
star systems, binary systems, or multiple-star systems
(McClintock & Remillard 2006; Remillard & McClintock 2006;
Qian et al. 2008; Bodensteiner et al. 2020; Wang & Zhu 2021;
Sahu et al. 2025). In the past, BHs with luminous companions
(LCs) were usually discovered using radio and X-ray observa-
tions (McClintock & Remillard 2006; Remillard & McClintock
2006). In the catalog by Corral-Santana et al. (2016), 59 X-ray
binaries containing BHs were confirmed, and the authors also
estimated the masses and orbital properties of these BH X-ray
sources. Recent breakthroughs in radial velocity measurements
and astrometric techniques have revealed a population of
dormant BHs with LC systems (dBH-LCs) characterized by
low X-ray luminosity, wide orbital separations, and negligible
mass transfer (MT; Liuetal. 2019b; Andrews etal. 2022;
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Chakrabarti et al. 2023; Tanikawa et al. 2023; El-Badry et al.
2023b,a; Gaia Collaboration 2024; Wang et al. 2024). Table 1
shows the physical properties of some recently discov-
ered typical dBH-LCs. These dBH-LCs exhibit distinctive,
wide orbits and extreme mass ratios, making them pristine
laboratories for testing binary and multiple-star evolution
theories.

Most population synthesis studies of dBH-LCs focus on the
isolated binary evolution (IBE) model, which predicts that the
birth rate of dBH-LCs is in the range of ~107 yr~! to ~107* yr~!
(Shao & Li 2019), or their number is between a few hundred and
several tens of thousands (Breivik et al. 2017; Yamaguchi et al.
2018; Chawla et al. 2022, 2024). However, the orbital period
distribution of dBH-LCs formed by the IBE model shows a
bimodal shape, with a gap between 10%>days and 10*days
(Nagarajan et al. 2025). This makes it difficult for the IBE model
to explain the orbital properties of some recently observed dBH-
LCs, such as Gaia BH1 and BH2 (El-Badry et al. 2023b,a). On
the other hand, the dynamical model in globular cluster (GC)
has also been proposed as an alternative way to form dBH-
LCs (Rastello et al. 2023; Marin Pina et al. 2024; Di Carlo et al.
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2024). In the simulations by Di Carlo et al. (2024), the forma-
tion efficiency of dBH-LCs in GCs is about 50 times higher than
that in the IBE model. Later, the work by Nagarajan et al. (2025)
further compared the physical properties and formation efficien-
cies of dBH-LCs formed in GCs and through IBE. However, the
dynamical model is generally only applicable in environments
with relatively high stellar densities.

Considering that about 73% + 16% of massive stars are
in triple or higher-order systems (Moe & Di Stefano 2017),
the IBE model may not be the best explanation for the for-
mation of dBH-LCs. In hierarchical triples, long-term von
Zeipel-Lidov—Kozai (ZLK) (von Zeipel 1910; Lidov 1962;
Kozai 1962; Naoz 2016) effects during evolution often cause
oscillations in the eccentricity of the inner binary (which
refers to the two stars in the closer orbit). Therefore, compared
to the IBE model, the evolution of massive stars in triple
systems is more likely to lead to interactions at periastron
(Perets & Fabrycky 2009; Vigna-Gémez et al. 2022). In addi-
tion, triple evolution can produce many novel evolutionary
pathways. Several typical observational phenomena can be
explained by triple evolution (Ford etal. 2000; Wen 2003;
Antonini et al. 2014; Naoz & Fabrycky 2014; Stephan et al.
2016; Antonini et al. 2016; Naoz et al. 2016; Antonini et al.
2017; Toonen et al. 2018; Salas et al. 2019; Liu et al. 2019a;
Martinez et al. 2020; Toonen et al. 2020; Martinez et al. 2020;
Fragione et al. 2020b,a; Martinez et al. 2020; Bartos et al.
2023; Rajamuthukumar etal. 2023; Kummeretal. 2023;
Xuan et al. 2023; Shariat et al. 2023; Li et al. 2024b, 2025b;
Shariat et al. 2025¢; Bruenech et al. 2025; Shariat et al. 2025d;
Stegmann & Klencki 2025; Sciarini et al. 2025; Shariat et al.
2025b; Vigna-Gémez et al. 2025; Kummeretal. 2025a;
Xuan et al. 2025b,a). Most studies on the dBH-LC population
have focused on the IBE model (Breivik et al. 2017; Shao & Li
2019; Chawla et al. 2022; Iorio et al. 2024; Chawla et al. 2024),
but some dBH-LC systems formed through triple evolution
mainly focused on observed Gaia-like systems (such as Gaia
BHI1 and BH2 and G3425; Li et al. 2024b; Generozov & Perets
2024; Lietal. 2025b; Regdly etal. 2025; Naoz et al. 2025).
However, there are few studies on the contribution of triple evo-
lution to the entire dBH-LC population. Therefore, in this work,
we study whether triple evolution can form dBH-LCs in order
to evaluate its importance to the entire dBH-LC population.

In this work, we perform the formation and evolution of
dBH-LCs from binary or triple systems via the population syn-
thesis method. We consider the evolution of massive stars in iso-
lated binary and hierarchical triple systems in order to predict
the parameter properties and birth rate of dBH-LCs. In Sect. 2
we introduce the methods for modeling the evolution of massive
stars in isolated binary and hierarchical triple systems and the
approach used for population synthesis calculations. In Sect. 3
we present the calculation results of dBH-LCs. In Sects. 4 and 5
we discuss and summarize the results.

2. Methodology

In dBH-LCs, the BH accretes almost no material, so their X-ray
emission can be neglected. We followed the method of Sen et al.
(2024) to identify dBH-LCs with very low X-ray luminosity
(Lx). Specifically, we first used Eq. (20) from Sen et al. (2024) to
determine the critical condition for the formation of an accretion
disk given by

Porb < 47TGMBHC (L)

()

1
)
U

ey
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where G is the gravitational constant, c is the speed of light, and
vy is the wind speed. We used the method of Belczynski et al.
(2008) to calculate vy,:

GM,
Ve = Puina ®
LC
Here, Bying 1s related to the spectral type of the LC, that is,
0.125, giants
7, MS and Mys > 120 M,
Buwinda = 0.5, MS and Mys < 1.4 M, 3)
7, He stars and My, > 120 M
0.125, He stars and My, < 10 M,

For MS stars or He stars with masses (Mpys or My.) between the
two extreme values, Bying 1S calculated by linear interpolation.
The constants n and f(5) come from hydrodynamical simula-
tions and are usually taken as = % and f(5) = V12. When
a dBH-LC forms an accretion disc, the Ly is calculated using
Egs. (21)—(30) in Sect. 3.3 of Sen et al. (2024). Otherwise, we
use Egs. (31)—(32) in Sect. 3.4 to compute the Lx. In a dBH-
LC, the BH usually does not show clear accretion (typically
with an accretion rate lower than 10~'% Mg/yr ~ 10713 Mg/ yr;
see Fig. 1 in Sen et al. 2024). Observationally, the X-ray flux (or
Lx) of a dBH-LC is very low. For example, the Lx of Gaia BH1
and Gaia BH2 are about 10*# erg/s and 10°%! erg/s, respectively
(Rodriguez et al. 2023). In addition, Vanbeveren et al. (2020)
have pointed out that Lx ~ 10 erg/s is roughly the detection
threshold of all-sky X-ray instruments. The Chandra T-ReX pro-
gramme (Crowther et al. 2022) has also shown that BH binaries
with an Ly between 103! erg/s and 10°° erg/s can be classified
as dBH-LCs. Therefore, following the approach of Shao & Li
(2020) and Sen et al. (2024), we define a dBH-LC as dormant
and detached if Lx < 10% erg/s and it does not fill its Roche
lobe.

In the following subsections, we introduce the stellar evolu-
tion codes used to model the formation of dBH-LC populations
from massive stars through IBE and triple evolution. We also
describe the initial parameter distributions and the calculation of
birth rates.

2.1. Binary evolution

We used the binary stellar evolution (BSE) code originally devel-
oped by Hurley et al. (2000, 2002) along with the updated ver-
sion for massive star evolution, i.e., the Massive Objects in
Binary Stellar Evolution (MOBSE) code, which was revised
by Giacobbo et al. (2018). MOBSE includes updated prescrip-
tions for stellar winds, supernova (SN) kicks, and BH formation,
including the effects of a pair-instability SN (PISN; Ober et al.
1983; Bond et al. 1984; Heger et al. 2003; Woosley et al. 2007)
and a pulsational pair-instability SN (PPISN; Barkat et al. 1967;
Woosley et al. 2007; Chen et al. 2014; Yoshida et al. 2016).

For the initial rotation velocity of massive stars,
we sampled from the empirical distribution derived by
Ramirez-Agudelo et al. (2013) based on observations of 216
O-type stars. For the remnant mass prescription, we adopted
the “delayed” model from Fryer et al. (2012). For the SN kick
model, we used the prescription from Giacobbo & Mapelli
(2020), where the kick velocity is given by

B (Mns)\ [ M.
Ukick = JfHos i Ik
rem €j

“
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Table 1. Physical parameters of dBH-LCs observed through radial velocity or astrometric measurements.

Name Mpu (Mo)  Mic (Mo)  Pow (days) e Type
GC NGC3201 #12560 >436 0817093 166.88*07  0.61070020  MS
GC NGC3201 #21859 >7.68 061700 224*001 0.070*3%¢  MS
VFTS 243 > 8.70 25.0°23 10407091 0.017790  MS
HD 130298 8.80733 242738 14.63'001 04570007 MS
: 0.18 0.05 0.05 0.005
Gaia BH1 9.78*01% 0937093 185.597003  0.4547000%  MS
AS 386 >7.00 7t 131.2779% 0 Giant
Gaia BH2 8.93*03  1.07*01 127670706 0.518%09%2  Giant
Gaia BH3 32707082 0.76%003  4253.179%3  0.7291*50048  Giant
2M05215658+4359220 3.30%08 44727 8220723 0.005709%  Giant
Gaia ID 3425577610762832384  3.6070%0  2.667 )8 87739 0.05*30!  Giant

Notes. The second and third columns show the mass of the BH (Mpy) and the mass of the LC (M| ), respectively. The fourth and fifth columns give
the orbital period (P,y) and eccentricity (e) of the dBH-LCs. The last column indicates the type of LC. The data from the first to the last row come
from the following sources: Giesers et al. (2018, 2019), Shenar et al. (2022), Mahy et al. (2022), El-Badry et al. (2023b), Khokhlov et al. (2018),
El-Badry et al. (2023a), Gaia Collaboration (2024), Thompson et al. (2019), and Wang et al. (2024), respectively. In addition, we refer to the recent
review on BHs by Costa et al. (2023, and the references within). Some observations of dBH-LCs that are still under debate are not included in our
statistics (for example, the findings by Casares et al. 2014; Liu et al. 2019b; Thompson et al. 2019; Rivinius et al. 2020; Jayasinghe et al. 2021;

Saracino et al. 2022, and Lennon et al. 2022).

Here, fyos is a random number drawn from a Maxwellian distri-
bution with a 1D rms o~ = 265kms~! (Hobbs et al. 2005). The
term (Mys) represents the average mass of neutron stars, and
(M) is the average ejected mass associated with the formation
of a neutron star of mass (Mys) through single star evolution.

For stable MT phases, we assumed that the MT efficiency of
the process is non-conservative, with a fixed accretion efficiency
of 8 = 0.5 (Vinciguerra et al. 2020; Sen et al. 2025). In addition,
we assumed that the companion can survive a common enve-
lope (CE) phase initiated by a Hertzsprung gap donor. MOBSE
treats the CE phase using the standard acg-A formalism, where
acg represents the fraction of orbital energy used to unbind the
envelope and A is the structural parameter of the envelope. We
referred to recent 3D CE simulations by Vetter et al. (2024) in
which the value of acg typically ranges from 0.5 to 2.57. Thus,
we adopted the intermediate value acg = 1.5 as the default. The
value of A was calculated following Appendix A of Claeys et al.
(2014). For merger products formed through CE or contact, we
adopted the default prescription of MOBSE to calculate their
structure, mass, age, spin, stellar type, and so on. When con-
sidering that the later evolution of some merger products may
contribute to the dBH-LC population, we mainly distinguished
the following three scenarios: (1.) When two stars without a clear
helium core (i.e., MS stars) merge, the merger product is still an
MS star. (2.) When a star with a clear helium core — such as an
Hertzsprung gap star, a center-helium-burning (CHeB) star, or
a giant — merges with an MS star, the merger product is a star
with a helium core. Its helium core mass remains unchanged,
while the mass of the MS star is absorbed into the envelope of
the helium-core star. (3.) When two stars with clear helium cores
merge, the merger product is still a star with a helium core. The
helium core mass of the product is equal to the sum of the helium
core masses of the two parent stars.

In addition, the MOBSE code is based on the fitting for-
mulae by Hurley et al. (2000; 2002, the SSE model). Its main
advantage is computational efficiency, and it has been widely
used in studies of the dBH-LC population. However, recent

studies by Sciarini et al. (2025) and Shariat et al. (2025c) have
pointed out that the SSE model often overestimates the max-
imum radius of stars. (For more discussion on the differences
between the SSE model and detailed stellar evolution codes,
see Sect. 4.1.)

2.2. Triple stellar evolution

We used the triple stellar evolution (TSE) code for massive stars
developed by Stegmann et al. (2022) and Stegmann & Antonini
(2024) to study the formation of dBH-LC populations through
the triple evolution channel. The advantage of this code is that it
incorporates up-to-date prescriptions for massive star evolution
(i.e., those from MOBSE) and post-Newtonian (PN) terms up
to the 2.5 PN order. In addition, TSE self-consistently couples
stellar evolution, binary interactions (such as tides and MT) with
long-term three-body dynamical equations, including terms up
to the octupole-level approximation (Naoz et al. 2013). Specif-
ically, TSE first uses the single-star evolution from MOBSE to
compute the masses, radii, and other properties of the three stars
as functions of time. It then integrates the long-term gravita-
tional dynamics of the triple system using Eqs. (6)-(9) from
Stegmann et al. (2022) to calculate the time evolution of the
orbital parameters and stellar spins. During the integration pro-
cess, if the inner binary undergoes Roche-lobe overflow (RLOF),
TSE passes the corresponding stellar and orbital parameters to
MOBSE to simulate the MT phase. (For more details on TSE,
see Sect. 2.4 of Stegmann et al. 2022.) Therefore, all modifi-
cations described in Sect. 2.1 also apply to the TSE code. In
addition, we used the default tidal model from the work of
Stegmann et al. (2022). Specifically, in this model, the equilib-
rium tide equations of Correia et al. (2011, 2016) are used for
all types of stars. These equations include both dissipative and
non-dissipative terms (see Appendix A of Bataille et al. 2018).
The time derivatives of the stellar spin angular momentum (Lj,),
the eccentricity (ej,), and the semi-major axis (aj,) of the inner
binary due to tidal effects can be described by the following
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equations:
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G LBl i @i Jin
Here, the polynomial function f12345(ein) 1S given in

Appendix A of Stegmann et al. (2022). The vector €; represents
the stellar spin angular velocity. The terms ji, and j;, denote
the dimensionless orbital angular momentum and its unit vec-
tor, respectively. The term wy, is the mean motion of the inner
orbit, and the subscript i refers to the two stars in the inner
binary. This tidal model depends on two key parameters: the
lag time, Af, and the second Love number, kp;. Following the
assumptions in Correia et al. (2011), Anderson et al. (2016), and
Stegmann et al. (2022), we set At = 1 s and kp; = 0.028.

Before the final integration time (which we set to the Hubble
time, i.e., 13.7 Gyr), the TSE code stops the simulation if any of
the following events occur:

(1) the tertiary fills its Roche lobe;

(2) the triple becomes dynamically unstable when
(Mardling & Aarseth 2001)

Aout(1 — eouy) <28 (1 + ms3 ) 1 + equ 2 (6)
Qin my+my) 1 — eqy

(here, a is the semi-major axis, and the subscripts "in" and "out"
refer to the inner and outer orbits, respectively, while the sub-
scripts 1, 2, and 3 correspond to the three stars in the triple), at
which point the secular approximation breaks down;

(3) the inner orbit is disrupted due to a SN.

It is worth noting that when the inner binary merges, we
pass the properties of the merger product, the properties of
the tertiary, and the outer orbital parameters as a new binary
(the post-merger binary) to MOBSE for further evolution. This
is slightly different from the termination condition used in
Stegmann et al. (2022), but it is consistent with the condition
used by Shariat et al. (2023) and Shariat et al. (2025d).

Considering the high computational cost of triple simula-
tions, we set the maximum integration time for each triple to
5 hours. Fewer than 0.4% of the sampled systems exceeded this
limit. These systems are typically compact but dynamically sta-
ble triples with very short outer orbital periods. However, we
do not expect this to significantly affect our results. In addition,
due to computational limitations, this study is restricted to a sin-
gle triple population. We did not explore the dependence of our
results on model assumptions such as different supernova mod-
els, metallicities, or the CE parameter acg.

2.3. Initial conditions

Similar to Breivik etal. (2017) and Shao & Li (2021), we
assumed a constant star formation rate (SFR) of SFRyw =
2.15My/yr (Robinetal. 2003) over the past 13.7Gyr for
the MW and a metallicity of Z = 0.014 (Yoshii 2013).
This value is based on the recent observational results from
Chomiuk & Povich (2011), who reported a MW SFR of approx-
imately 1.9 + 0.4 M.
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For the initial distribution of binary systems,
Moe & Di Stefano (2017) used spectroscopy, eclipses, long-
baseline interferometry, adaptive optics, and common proper
motion to study early-type binary observations. They found that
the primary mass (M), the mass ratio (g), the P, and the e are
not independent, but show significant correlations. For the initial
distribution of triple systems, Shariat et al. (2025a) used Gaia
data to build approximately 10000 resolved triples within 500
pc of the Sun. From this, they obtained the distribution features
of the intrinsic demographics of the triple population. Therefore,
by combining the statistical results of Moe & Di Stefano (2017)
and Shariat et al. (2025a), we used the following steps to sample
the initial parameter distributions of binary and triple systems.

We first sampled M, from the initial mass function of Kroupa
(2001). Considering the validity of dBH-LCs calculations, at a
metallicity of Z=0.014, we assumed that the minimum initial
stellar mass required to form a BH is ~18 M,,. Therefore, in the
sampling of binary and triple systems, we required M; > 18 M
for binaries and (M| + M,) > 18 M,, for triples. In addition, the
distributions by Moe & Di Stefano (2017) only give constraints
for binaries with mass ratios ¢ > 0.1. This is mainly because
high brightness contrast makes astrometric, spectroscopic, and
interferometric measurements difficult (Malkov 2023). However,
based on the parameters of some recently discovered dBH-LC
systems, their progenitor mass ratios were much lower than 0.1.
For example, Gaia BH1, Gaia BH2, and Gaia BH3 all had ini-
tial mass ratios of g < 0.02 (Malkov 2023; Generozov & Perets
2024; Kruckow et al. 2024; Iorio et al. 2024). Therefore, follow-
ing Generozov & Perets (2024), we extrapolated the mass ratio
distribution given by Moe & Di Stefano (2017).

Then, we wused the method in Sect. 2.1 of
Generozov & Perets (2024) to generate several companion
periods from the companion frequency distribution function of
this M; (we only allowed at most two companion periods to be
generated). This companion frequency distribution comes from
the statistical results of Moe & Di Stefano (2017). Through this
simulation, we could determine whether the M; belongs to a
single, a binary, or a triple. If the M, is born in a binary or
triple, then the binary or the inner binary in the triple follows the
distribution of Shariat et al. (2025a, Moe & Di Stefano 2017).

Finally, following Shariat et al. (2025a), for triples we sam-
pled the outer mass ratio (gouw = M3/(M; + M>)) from a
power law with a logarithmic slope of y = —1.4. The outer
orbital period was sampled from the log-normal distribution of
Duquennoy & Mayor (1991). The outer eccentricity was sam-
pled from a thermal distribution. During the sampling process,
we required that the initial triples be hierarchical and satisfy the
stability criterion. The stability criterion is given in Eq. (5), and
the condition for hierarchy is (Naoz 2016)

Ain €out

2
1- €out

<0.1.

Q)
Aout

As shown in Fig. 1, the mass ratio extrapolation affects the
distribution of companion frequency with orbital period. As the
minimum mass ratio is extended from 0.1 to 0.001, the peak
of the companion frequency shifts from 3.5 to 5.5. In addition,
the initial orbital parameter distributions of isolated binaries and
triples are shown in Fig. 1.

2.4. Birth rate calculation

We used a method similar to that of Naozetal. (2016),
Shariat et al. (2025¢) and Generozov & Perets (2024) to estimate
the birth rate (R) of the dBH-LC population. Using the sampling
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Fig. 1. Top left: Companion frequency for a primary mass of 20 M,, at different orbital periods. The blue line represents the companion frequency
from Moe & Di Stefano (2017) for a 20 M,, primary, while the other colors show extrapolated companion frequencies for different minimum mass
ratios (gmi,)- Top right: Initial orbital distribution of isolated binaries with a g,;, = 0.001. Bottom panels: Initial inner and outer orbital distributions

of triple systems with g, = 0.001.

described in Sect. 2.3, we performed 4 x 10 triple simulations and
4%100 binary simulations to reduce the uncertainty in the Ry rate
calculation. Specifically, we used the following equation:

SFRyw
Roinary = TR Jar>18My X foinary X faBH-LC
p
SFRyw ’
Ruiiple = ——— X far,28My X fiu+Mr)218M, X frriple X faBH-LC

%

®

where, M. is the average stellar mass calculated from the ini-

tial mass function of Kroupa (2001), with a value of ~0.572 M,
which is consistent with the result from Hamers et al. (2022b).
We note that f, s = 0.006 and f,,>13 = 0.002 are the frac-
tion of stars with masses greater than 8 My or 18 M, based
on the initial mass function from Kroupa (2001). Further, fyiple
and fyinary represent the binary and triple fractions for massive
stars, respectively. The probability of a triple is treated as a
function of the primary mass, M, based on the observational
results of Moe & Di Stefano (2017). This probability depends
on M; as well as the likelihood of its companions forming at
different orbital periods. In other words, fiiple and fpinary are
obtained by convolving the initial mass function from Kroupa
(2001) with the triple fraction, similar to the approach used in
the study by Offner et al. (2023). Using this method, we obtained
Juiple = 84% and foinary = 13%. It is worth noting that these
results are based on extrapolation down to a minimum mass ratio
of gmin = 0.01. All of the above fractions are independent of
the outcomes from our models. Only the overall fraction of sys-
tems that evolve into dBH-LCs (i.e., fygpu-Lc) depends on the
outcome of our population synthesis. It is important to empha-
size that fygy-1c is inevitably a function of the assumed initial
mass and separation distributions, making it sensitive to model
uncertainties.

3. Results

Using MOBSE and TSE, we evolved the initial massive binary
and triple populations sampled in Sect. 2.3. In the following sec-
tions, we first present two examples of dBH-LCs formed through
triple evolution. Then, we show a series of results for dBH-LCs
formed through IBE and triple evolution.

3.1. Example channels for dBH-LC formation from triple
systems

In the simulations of triple evolution, dBH-LCs are primarily
formed through two channels: (1.) The inner binary undergoes a
merger, and the merger product later evolves into a BH. In this
case, it forms a dBH-LC with the original tertiary. (2.) One of
the massive stars in the triple undergoes a SN. If the inner orbit
remains bound after the SN but the outer orbit is disrupted, the
remaining binary may evolve into a dBH-LC at a later stage.

In Fig. 2, we show two typical examples of dBH-LC forma-
tion. In the left panel, the triple experiences strong ZLK oscilla-
tions. Because the inner orbit is wide (about 1900 R,), the tidal
effect is weak. As the primary evolves, it begins RLOF at peri-
astron at ~7.75 Myr. During the non-conservative MT process
(gray area), the donor’s mass decreases from 22.5 M, to 8.4 M.
The accretor’s mass increases from 14.9 M, to 20.4 M. About
8.6 Mg of mass is lost from the binary system. The inner eccen-
tricity is reduced from 0.49 to 0.34. In the later evolution, the pri-
mary becomes a helium star. At 8.6 Myr, it undergoes a SN and
forms a BH with a mass of 3.5 M. After the SN, the outer orbit
is disrupted, but the inner binary stays bound. At this point, a
dBH-LC system is formed (red area), with an eccentricity of 0.3,
a separation (orbital period) of 2332 R, (2671 days), and masses
of 3.5 M, for the BH and 20.4 M, for the LC.

The right panel of Fig. 2 shows the inner binary merger
(IBM) during the evolution of the triple. Later, the outer binary
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evolves and forms a dBH-LC. During the evolution, because
the initial inner orbital separation is small (about 66 Ry), the
ZLK effect of the triple is strongly suppressed by tides, and the
periodic oscillation of the inner eccentricity (ej,) is very weak.
The inverse of the spin period ( é) of each of the two stars in
the inner binary is very short (~0.43 days for the primary and
~0.13 days for the secondary). This period is much shorter than
the orbital period of the inner binary (~8 days), and this causes
the rotation angular momentum of the two stars in the inner
binary to transfer to the inner orbit, which in turn causes e;, and
ain to increase. A similar conclusion was found in the analy-
ses by Correia et al. (2011, 2016), and Zoppetti et al. (2019) and
the analysis in Sect. 2.1.2 of Stegmann et al. (2022). At about
3.01 Myr, the primary undergoes RLOF while on the MS stage.
Because the mass ratio is too small (q = % =0.167), a merger
occurs. According to the assumption by Hurley et al. (2002),
when two MS stars merge, their material mixes completely, and
the merger product remains an MS star. At 7.97 Myr, the merger
product undergoes MT with its companion (the original tertiary)
during the Hertzsprung gap phase. Because the mass ratio was
too small (q= % =0.196), this MT leads to a common enve-
lope evolution (CEE). During the CEE, the post-merger binary
survives, and the envelope of the primary is successfully ejected.
It becomes a 17.2 M, Wolf-Rayet star, and the orbital separation
shrinks from 3421 R, to 13 Ry. Due to strong stellar winds dur-
ing the Wolf-Rayet phase, it becomes a Wolf-Rayet star of about
10.6 M, before undergoing SN. In the end, it forms a 6.4 M, BH
through complete fallback, and together with a 9 My LC (the
original tertiary), it forms a dBH-LC system (red area).

3.2. Population synthesis results

In this section we first focus on the properties of all dBH-
LCs and then narrow our focus to the dBH-LCs that are poten-
tially observable by Gaia. We divided the dBH-LC population
into dormant black-hole main sequence (dBH-MS) and dormant
black-hole post main sequence (dIBH-PMS) systems. The dBH-
MSs are usually binaries that form just after the BH is born. For
dBH-LCs formed through the IBE channel, we classify them into
three sub-channels: no MT channel, indicating none of the stars
in the binary or triple undergo MT before forming the dBH-LC;
MT channel, in which case the stars experience only stable MT
before forming the dBH-LC; and CE channel, where at least one
episode of CEE occurs before the dBH-LC is formed. For triple
evolution, as described in Sect. 3.1, we divided the formation
channels into IBM and SN.

Figure 3 shows the birth rate distributions of dBH-MS and
dBH-PMS formed through IBE and triple evolution. In Fig. 3,
the birth rates of the parameter distributions of the dBH-MSs
formed from triple evolution are one to two orders of magni-
tude higher than those formed from IBE. For Mgy, the max-
imum Mgy formed by IBE (~25 M) is about three times
smaller than that formed by triple evolution (about 73 My;
see also Generozov & Perets 2024). In triple evolution, the
Mgy (> 25 M) come from the IBM channel (see the analysis
below for details). The Mpy formed by the SN channel and the
IBM channel both show an approximately monotonic decrease.
For IBE, low-mass BHs (<5 My) mainly come from the CE
channel. These BHs mainly form through accretion-induced col-
lapse and core-collapse SN. When BHs with masses greater
than 15 My, form, the larger the Mpy, the stronger the fallback
(Fryer et al. 2012). When BHs form through full fallback, they
experience very weak kicks. This increases the birth rate of dBH-
MS with BHs larger than 15 M. In addition, it allows for the
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formation of dBH-MS with BHs larger than 15 M, in the long
orbital period range (>10*0 days). For My, both triple evolu-
tion and IBE tend to form more massive LCs (>10 My). This is
either because more massive LCs survive more easily in the CEE
process or because they are more likely to remain bound in the
SN process due to higher gravitational binding energy. For P
and eccentricity (e), the dBH-MS formed by triple evolution and
IBE both show traces of the initial outer binary distribution and
the initial IBE distribution.

Considering that Gaia has a maximum observation dura-
tion of 10 years for dBH-LCs, we focused on dBH-LCs with
Pov < 10yr. Figures 4 and 5 present the 2D histograms of
dBH-MS and dBH-PMS with Py, < 10yr formed through IBE
and triple evolution. The green crosses indicate the observational
data from Table 1. Based on Figs. 4 and 5, we find that both IBE
and triple evolution can basically explain the pairwise physical
quantities of these observations. However, our model has diffi-
culty explaining the Mgy of Gaia BH3. This is model dependent
and may vary significantly with the assumed metallicity, as Gaia
BH3 is extremely metal poor. The birth rate of dBH-LCs in each
bin from triple evolution is generally higher than that from the
IBE model. This means that triple evolution has a greater advan-
tage in explaining the currently observed dBH-LCs. However,
we note that our triple evolution model is still insufficient for
the statistical properties of dBH-LCs with P, < 10yr. This is
because the outer orbital periods in our initial sampling of triples
are mainly concentrated around 10° days. In triple evolution, the
formation of dBH-LCs is mainly contributed by the IBM chan-
nel, and most of the dBH-LCs formed through this channel have
Pon < 10yr (see also Fig. 3). In addition, from comparison of
Figs. 4 and 5, we find that some PMS stars may interact with the
BH. This causes some low-mass BHs to merge with the PMS
in the CEE process. It also causes the stable MT channel and
the CE channel in dBH-PMS to produce more low-mass LCs
(<1 My) and circularized dBH-PMS systems (e = 0). In addi-
tion, the mass-loss rate of PMS stars is usually higher than that
of MS stars. This stronger mass-loss rate can drive orbital expan-
sion, which causes the orbital periods of dBH-PMS to be gener-
ally higher than those of dBH-MS, such as Gaia BH1, Gaia BH2
and Gaia BH3.

Table 2 shows the birth rates of dBH-LCs formed by IBE
and triple evolution in the MW. In the IBE model, the birth rate
of dBH-LCs is 4.35 x 107> yr~!. This is similar to the result
calculated by Shao & Li (2019, see their Table 1). In the triple
evolution model, the birth rate of dBH-LCs is 1.47 x 1073 yr™!.
This is one or two orders of magnitude higher than the birth
rate of dBH-LCs formed by IBE, which can be explained by
two key factors: the higher triple fraction of massive stars (con-
tributing at most one order of magnitude) and, more impor-
tantly, the effect of triple dynamics, which significantly enhances
the birth rate of dBH-LCs through triple evolution. This result
shows that the evolution of massive stars in triples is more
likely to form dBH-LCs. This conclusion is similar to that of
Generozov & Perets (2024). In addition, an LC in the PMS phase
must have evolved through the MS phase. However, not all dBH-
MS systems will later evolve into dBH-PMS systems. This is
because, during PMS evolution, the LC in a dBH-MS system
may interact with the BH — such as through CEE. These inter-
actions may result in the formation of a BH X-ray binary or
in a merger between the LC and BH (e.g., if the system does
not survive CEE). As a result, in both the IBE model and the
triple evolution model, the birth rate of dBH-MS is higher than
that of dBH-PMS. Furthermore, estimating the number of dBH-
LCs is timely regarding the upcoming Gaia DR4. In detail, we
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Fig. 2. Examples of dBH-LC formation through SN or inner binary merger in triple evolution are shown. Both panels display the evolution of
component mass, radius, orbital separation, and eccentricity as functions of time. In both panels, the gray region indicates the phase when the
inner binary undergoes RLOF, and the red region marks the dBH-LC phase. In addition, the initial parameters of the two triples shown in the
figure are as follows: In the left panel, the masses of the system are m, = 23.57 My, my = 14.96 M, and m3 = 0.13 M. The semi-major axes and
eccentricities are a;, = 1902.10 R, aoy = 19130.05 R, €, = 0.51, and e, = 0.46. The inclinations and arguments of pericenter are cos i;, = 0.80,
€08 oy = 0.04, win, = 6.00, and wyy = 0.07. In the right panel, the masses of the triple are m; = 52.84 My, m, = 8.07 My, and m3 = 9.00 M,,. The
semi-major axes and eccentricities are a;, = 66.26 Ry, doy = 2666.19 R, €;, = 0.18, and e, = 0.66. The inclinations and arguments of pericenter

are cos i, = —0.98, cos iy, = —0.99, w;, = 0.79, and wey = 2.99.

estimated the number by multiplying the birth rate with the aver-
age lifetime of LCs in different mass bins. Because the recently
observed dBH-LCs are not far from us (e.g., Gaia BHI1, Gaia
BH2 and Gaia BH3 are at about 480 pc (El-Badry et al. 2023b),
1.16 kpc (El-Badry et al. 2023a), and 590 pc (Gaia Collaboration
2024) from the Sun), we calculated the birth rate and number of
nearby dBH-LCs, as shown in Table 3. In this calculation, we
assumed that dBH-LCs remain close to their birth locations and
did not consider their possible motion. Our sampling method for
the distance between a dBH-LC and the Sun is similar to that
in Sect. 2.4 of He et al. (2024). There are only a few studies
that estimate the total number of dBH-LCs through triple evolu-
tion. Most previous works focus on isolated binary evolution or
dynamical evolution. Breivik et al. (2017), Chawla et al. (2022),
Shao & Li (2019), Di Carlo et al. (2024), and Nagarajan et al.
(2025) respectively predicted the number of observable dBH-
LCs to be 3800-12000, 30-300, 470-12 000, ~155724, and
~19466. These differences can be explained by different model
assumptions and choices of observational effects. In Table 3,
our binary evolution model predicts about 3000 dBH-LCs. This
number is lower than most of the previous predictions. The dif-
ference comes from our lower initial binary fraction (13% in our
work). Finally, by combining the binary evolution channel and
the triple evolution channel, we estimate that the entire MW con-
tains approximately 87 000 dBH-LCs with Py, < 10 yr. Among
them, about 75000 dBH-LCs are within 20kpc from the Sun,
and about 570 dBH-LCs are within 1 kpc.

In addition, we note that triple evolution can produce dBH-
LCs with more massive BHs than can be formed through IBE
(e.g., Mgy > 30 M; see also Fig. 3). As analyzed for Fig. 3,
these dBH-LCs with more massive BHs are formed through

Table 2. Birth rates of dBH-LCs (including dBH-MS and dBH-PMS),
dBH-MS, and dBH-PMS under different evolution models at the metal-
licity of the MW.

Model Rgpu-rc (yr™)) Rapu-ms (yr™)) Rapu-pms (yr'!)

Binary 435x107°  426x105  3.10x 107
Triple 147x107°  143x103  9.42x 107

Notes. The first column shows the different evolutionary models. The
second column shows the metallicity. The third, fourth, and fifth
columns show the birth rates of dBH-LC, dBH-MS, and dBH-PMS,
respectively.

the IBM channel of triple evolution. In Fig. 6, we show an
example of how a dBH-LC with a massive BH (>60 M) can
form through triple evolution. In the triple evolution of Fig. 6,
a primary with an initial mass of 78.41 M evolves first. The
inner binary then undergoes strong ZLK oscillations, and its
inner eccentricity shows long-term periodic changes between
0.25 and 0.78. As the radius of the primary expands, tidal
effects gradually increase. When the precession caused by tides
dominates over the precession caused by the ZLK mecha-
nism, the inner binary can effectively decouple from the tertiary
(Stegmann et al. 2022). This eventually suppresses any ZLK
oscillations, reducing the periodic oscillations of the inner eccen-
tricity (Toonen et al. 2016; Dorozsmai et al. 2024). The primary
undergoes RLOF at about 3.63 Myr. As MT continues, the sec-
ondary in the inner binary also expands. At about 3.73 Myr, the
primary evolves into an Hertzsprung gap star and comes into
contact with the secondary (an MS star), leading to a merger.
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Fig. 3. At the metallicity of the MW, birth rate distributions of the physical parameters of dBH-MS and dBH-PMS formed through IBE and triple

evolution.

Table 3. Birth rate and number (in parentheses) of dBH-LCs with an orbital period of P, < 10 yr.

Model Type Birth rate (No.) (All) Birth rate (No.) (d < 20kpc)  Birth rate (No.) (d < 1 kpc)

Binary UBHMS  136x107yr (3318)  1.17x 107 yr! (2853) 9.00 x 108 yr~! (22)
dBH-PMS  4.08 x 10°®yr~! (224) 3.51 % 100 yr! (193) 270 x 105 yr! (1)

Triple dBH-MS 522 x 107*yr™! (76734) 4.49 x 10~*yr! (65991) 3.46 x 1076 yr~! (508)
dBH-PMS 691 x 1073 yr™! (6910) 5.94 x 1075 yr~! (5943) 4.57 % 1077 yr~! (46)

Notes. The first column shows the different evolution models. The second column shows the types of dBH-LCs. The third, fourth, and fifth columns
show the birth rate and number for different distances with Py, < 10 yr.
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Fig. 4. Two-dimensional birth rate distribution of dBH-MS in the MW shown as a function of LC mass (Myc), BH mass (Mgy), orbital period
(Porv), and eccentricity (e). The color in each pixel is scaled according to the birth rate of dBH-LC binaries. Left panels: dBH-MS formed through
IBE. Right panels: dBH-MS formed through triple evolution. The dark green crosses represent the observational data from Table 1. It is worth
noting that our study focuses more on the differences between the dBH-LC populations formed through IBE and triple evolution. Therefore, in

Table 1, we classify the observations only by the stellar types of the LCs.

‘We emphasize that explaining these observations still requires attention

to additional physical properties (e.g., the metallicity of each observation).
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Fig. 5. Similar to Fig. 4 but for dBH-PMS.

According to the collision matrix of Hurley et al. (2002); the
3D simulations of binary mergers by Glebbeek et al. (2013),
Costa et al. (2022), and Costa et al. (2022); and the simulations
of binary mergers and the evolution of merger products using
the 1D stellar evolution code MESA by Renzo et al. (2020),
Costa et al. (2022), and Costa et al. (2022), the secondary (MS
star) dissolves in the envelope of the Hertzsprung gap star. This
makes the merger product have a larger envelope mass and
finally forms a merger product with a small helium core mass
(about 24.71 M,;) but a large envelope mass (about 88.05 M,,).
This merger product undergoes significant mass loss in the later
evolution. However, before the SN, it still has about 35.3 M, of
envelope mass. This causes a large fallback during the SN, with
a negligible natal kick. Finally, it forms a dBH-LC composed
of a 64.74 M, BH and a 2.79 My MS star (the original tertiary).
Therefore, through triple evolution, BH binaries where BH mass
lies in the PISN range (about 60 My ~ 120 M) can be produced.
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We also calculated that the birth rate of dBH-LCs with a BH in
the PISN range formed in this way at thin disk metallicity is
about 1.78 x 106 yr~!.

In Fig. 7, we present the 2D histogram of dBH-LC sys-
tems formed through the IBM channel in triple evolution. In
Fig. 7, dBH-LCs with Mgy values greater than 30 M gener-
ally have very long orbital periods (P, > 10*days) that are
much longer than the observation duration of Gaia. Compared
to Gaia’s maximum observational baseline (10 years), the max-
imum BH masses for which Gaia can at most fully resolve the
orbit, resolve half of the orbit, and resolve one-third of the orbit
are approximately 25 Mg, 30 My, and 40 M, respectively. This
is because the merger products of the progenitor stars that form
these massive BHs have very high masses. Their strong stellar
winds can expand the orbital periods of the post-merger bina-
ries so that they become very large. In addition, dBH-LC sys-
tems formed through the IBM channel show a gap in orbital
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Fig. 6. Example of a dBH-LC with a BH in the PISN range formed through triple evolution. In the upper panel, the yellow area and the red area
represent the formation of the post-merger binary and the formation of the dBH-LC, respectively. In the lower panel, the gray area represents the
phase when the inner binary undergoes MT.

A105, page 10 of 13



Li, Z., et al.: A&A, 706, A105 (2026)

--- 1xbaseline 107°
14 -—- 2Xxbaseline
—-==- 3 X baseline
12
a f
% 10 T
>
Z s 107 g
2 o
o @©
—
o <
o 6 t
° 5
4 ______
2 107

Fig. 7. Two-dimensional birth rate distribution of Mgy — P, for dBH-
MS formed through the IBM channel in triple evolution. This figure also
shows one times, two times, and three times Gaia’s maximum observa-
tional baseline (10 years), which correspond to the cases where Gaia
can at most fully resolve the entire orbit, half of the orbit, and one-third
of the orbit, respectively.

periods between ~10? and 103 days. The main reason for this
gap is that, in the IBM channel, the merger product and its LC
either undergo CEE and form a short-period system, or they
never interact and form a long-period system. This result is
very similar to the findings of Nagarajan et al. (2025, see their
Fig. 1).

4. Discussion

As discussed in Sect. 3, although we have considered the forma-
tion of dBH-LC populations under different evolutionary mod-
els, metallicities, and formation channels, the evolution of mas-
sive stars is highly complex. Therefore, our conclusions still
carry uncertainties. As in the recent work by Sciarini et al.
(2025), our study is based on the rapid stellar evolution (RSE)
code that uses the fitting formulas from Hurley et al. (2000,
2002). However, this approach still shows significant differ-
ences from detailed stellar evolution codes (e.g., MESA code;
Paxton et al. 2011, 2013, 2015, 2018, 2019) in modeling the
evolution of massive stars. Typically, these fitting formulas do
not self-consistently account for the effects of mass loss on stel-
lar evolution (Bavera et al. 2023). As pointed out in the works
of Sciarini et al. (2025) and Shariat et al. (2025c), compared to
the MESA code, the SSE code tends to overestimate the radii
of massive stars and their stellar winds. These differences can
lead to significant discrepancies in the predicted final outcomes
and orbital evolution of massive stars. For example, the RSE
code may result in an overestimation of the interaction fre-
quency among massive stars, affect the efficiency of tidal inter-
actions, and underestimate the effectiveness of the ZLLK mecha-
nism in triple evolution. In addition, the TSE code currently does
not model systems undergoing dynamical instability or RLOF
involving the tertiary. In the study by Glanz & Perets (2021),
Hamers et al. (2022a,b), Li et al. (2025b), Bruenech et al. (2025)
and Kummer et al. (2025b) it was shown that MT from the ter-
tiary to the inner binary or dynamical instability in triple systems
can lead to inner binary mergers or the ejection of the lowest-

mass star. The contribution of such scenarios to the dBH-LC
population remains unknown.

For the BH SN kicks, we adopted the more recent prescrip-
tion proposed by Giacobbo & Mapelli (2020). This SN model
can explain a wide range of observational constraints, includ-
ing the merger rates of binary neutron stars, binary BHs, and
neutron star-BH binaries inferred by the LIGO-Virgo collab-
oration (e.g., GW170817; Abbott et al. 2019); the natal kicks
of young pulsars; and the differences in kick between core-
collapse SNe, electron-capture SNe, and ultra-stripped SNe in
binary systems. Specifically, this SN prescription accounts for
the remnant mass, the fallback fraction, and the ejecta mass
(see Eq. (4)). According to this model, the natal kick distribu-
tion of BHs shows two peaks: one at ~Okm/s (corresponding
to BHs formed via direct collapse, which make up about 60%
of the population), and another at tens of kilometers per sec-
ond (<100 km/s). The average natal kick velocity for BHs under
this prescription is ~30 km/s (see Table 2 in Giacobbo & Mapelli
2020). At present, the distribution of BH natal kicks is still not
well understood. Recent studies support the idea that many BHs
receive negligible natal kicks at birth (Mirabel & Rodrigues 2003;
Shenar et al. 2022; Burdge et al. 2024; Vigna-Gémez et al. 2024;
van Son et al. 2025; Nagarajan & El-Badry 2025; Shariat et al.
2025¢c). In particular, Burdge et al. (2024) and Shariat et al.
(2025c) found that known BHs in a triple likely formed without
any significant kicks. However, some BHs do appear to receive
relatively large natal kicks, ranging from tens to over one hundred
kilometers per second (Andrews & Kalogera2022; Kimball et al.
2023; Mata Sanchez et al. 2025). In addition, previous studies
have shown that low natal kicks (<40 ~ 50km/s) are gener-
ally favored for the formation of wide-orbit BH binaries (e.g.,
GaiaBH1/2/3; El-Badry et al. 2023b,a; Kotko et al. 2024; Li et al.
2024b).

Due to observational limitations, the statistics of binaries or
multiple systems with low mass ratios remain highly uncertain,
mainly because of the large brightness contrast. In this work,
we extrapolated the minimum companion mass down to the
brown dwarf boundary, assuming a hydrogen-burning limit of
0.08 M. Our extrapolated results are consistent with those of
Generozov & Perets (2024), who also found that lowering the
minimum mass ratio leads to a significantly increased probabil-
ity of forming companions at wider separations (with a typical
peak orbital period around 10 days; see also Fig. 1). This sug-
gests that the primary is very likely to host one or more compan-
ions in wide orbits (i.e., to form in binary or multiple systems),
but such companions are extremely difficult to detect observa-
tionally, which introduces large uncertainties in the statistics of
low mass-ratio companions. On the other hand, our study is lim-
ited to systems with up to triple systems. In reality, the probabil-
ity of forming higher-order multiples increases significantly with
the mass of the primary (see also Fig. 39 in Moe & Di Stefano
2017). This implies that the binary and triple fractions used in
our convolution also carry uncertainties.

This study is limited by the assumption of a single metal-
licity value (Z=2Z;=0.014) to represent that of the MW. In
reality, the thick disk of the MW is characterized by a lower
metallicity, typically Z = 0.15 Z, (Yoshii 2013). It is well known
that as metallicity decreases, the opacity of massive stars is
reduced, leading to lower mass-loss rates and smaller maxi-
mum radii (Vink et al. 2001). Consequently, orbital expansion
in a binary or triple is expected to be suppressed for low
metallicity populations, and the probability of binary interac-
tions is reduced. More importantly, massive stars with a lower
metallicity tend to form more massive BHs, which is crucial
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for predicting a dBH-LC with a heavy BH (e.g., Gaia BH3).
Additionally, the reduced mass-loss rate in low metallicity envi-
ronments allows massive stars to retain more of their rota-
tional angular momentum during evolution. This allows rota-
tionally induced mixing to drive chemically homogeneous
evolution (CHE) in massive stars (Zahn 1975; Hut 1981;
Packet 1981; Maeder 1987; Pols et al. 1991; Podsiadlowski et al.
1992; Petrovic et al. 2005; Yoon & Langer 2005; Yoon et al.
2006; de Mink et al. 2009; Tylenda et al. 2011; Brott et al. 2011;
Vanbeveren et al. 2013; Shao & Li 2014; Kohler et al. 2015;
Szécsi et al. 2015; Renzo & Gotberg 2021; Lietal. 2023).
Notably, CHE is a key pathway for forming Wolf-Rayet
stars (Cui et al. 2018; Lu et al. 2023; Li et al. 2024a; He et al.
2025), BHs (Mandel & de Mink 2016; Marchant et al. 2016;
de Mink & Mandel 2016; Hastings et al. 2020; du Buisson et al.
2020; Riley etal. 2021; Lietal. 2025a), magnetars, and the
progenitors of long gamma-ray bursts (Podsiadlowski et al.
2004; Yoon & Langer 2005; Yoon et al. 2006; Woosley & Heger
2006; Martins et al. 2013). In particular, Dorozsmai et al. (2024)
showed that in a triple, the inner binary can undergo CHE and
produce double BHs, which may eventually merge due to a ZLK
mechanism within the triple. This channel may also be important
for the formation of dBH-LC.

5. Conclusions

In this study, we have used the MOBSE and TSE codes to sim-
ulate the formation and evolution of dBH-LCs in the MW. We
considered progenitor systems originating from both isolated
binaries and hierarchical triples. In the MW, the birth rates of
dBH-LC systems calculated from the IBE and triple evolution
channels are 4.35 x 107 yr~! and 1.47 x 1073 yr~!, respectively.
Compared to isolated binaries, massive stars in triples are more
likely to interact within the inner binary due to ZLK oscilla-
tions. As a result, dBH-LC systems are predominantly formed
through the channel in which the inner binary merges and forms
a new binary (see Fig. 3). In our calculation, the birth rate of
dBH-LCs from triple evolution is one to two orders of magni-
tude higher than that from the IBE channel. In addition, we find
that the dBH-LC formed from post-merger binaries in triple sys-
tems have a much larger Mgy than those formed through the
IBE channel. The reason is that the merger product of a MS plus
CHeB inner binary is a massive star with a small helium core
and a large envelope. Because the helium core is small and the
total mass is large, these merger products can form BHs in the
predicted PISN range (60 My ~ 120 My).

We summarize the main results on the orbital properties of
dBH-MS and dBH-PMS formed in the MW as follows. (1.) For
dBH-MS, the M| ¢ from the IBE channel shows two peaks in the
range of 10-63 M. The low-mass LCs are mainly contributed
by the no MT channel. At the same time, the eccentricities of
dBH-MS from the IBE channel cover a wide range. The circu-
larized dBH-MS are mainly contributed by the CE and stable
MT channels. On the other hand, the M of dBH-MS formed
through triple evolution shows peaks at 1 M and 63 M, mainly
contributed by the IBM and SN channels, respectively. (2.) For
dBH-PMS, because some LCs undergo MT with the BH dur-
ing later evolution, both the IBE and triple evolution channels
produce more low-mass companions (M ¢ < 1.6 M) and circu-
larized systems compared to dBH-MS.

Our results show that triple evolution plays a key role in the
formation of dBH-LCs and helps explain observational phenom-
ena that the IBE model struggles to account for. This highlights
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the importance of considering triple evolution in future studies
to better understand the diversity of dBH-LC systems.
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