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ABSTRACT

Gaia BH3 is the first observed dormant black hole (BH) with a mass of ≈30 M⊙, and it represents the first confirmation that such
massive BHs are associated with metal-poor stars. Here, we explore the isolated binary formation channel for Gaia BH3, focusing on
the old and metal-poor stellar population of the Milky Way halo. We used the MIST stellar models and our open-source population
synthesis code SEVN to evolve 5.6 × 108 binaries, exploring 20 sets of parameters that encompass different natal kicks, metallicities,
common envelope efficiencies and binding energies, and models for the Roche-lobe overflow. We find that systems such as Gaia BH3
form preferentially from binaries initially composed of a massive star (40–60 M⊙) and a low-mass companion (<1 M⊙) in a wide
(P > 103 days) and eccentric orbit (e > 0.6). Such progenitor binary stars do not undergo any Roche-lobe overflow episode during their
entire evolution, so the final orbital properties of the BH-star system are essentially determined at the core collapse of the primary star.
Low natal kicks (≲ 10 km/s) significantly favour the formation of Gaia BH3-like systems, but high velocity kicks up to ≈220 km/s
are also allowed. We estimated the formation efficiency for Gaia BH3-like systems in old (t >10 Gyr) and metal-poor (Z < 0.01)
populations to be ∼4 × 10−8 M−1

⊙ (for our fiducial model), representing ∼3% of the whole simulated BH-star population. We expect
up to ≈4000 BH-star systems in the Galactic halo formed through isolated evolution, of which ≈100 are compatible with Gaia BH3.
Gaia BH3-like systems represent a common product of isolated binary evolution at low metallicity (Z < 0.01), but given the steep
density profile of the Galactic halo, we do not expect more than one at the observed distance of Gaia BH3. Our models show that even
if it was born inside a stellar cluster, Gaia BH3 is compatible with a primordial binary star that escaped from its parent cluster without
experiencing significant dynamical interactions.
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1. Introduction

Gaia data (Gaia Collaboration 2023) offer a unique opportunity
to search for dormant black holes (BHs), that is X-ray and
radio-quiet BHs that are members of a binary system with a
star (Guseinov & Zel’dovich 1966; Trimble & Thorne 1969).
Gaia BH3, the third dormant BH retrieved from these data,
has a mass of ≈33 M⊙ and is member of a loose eccentric
binary system (orbital period P≈ 4000 days, eccentricity
e≈ 0.72) that includes a ≈0.76 M⊙ very metal-poor giant star

⋆ Corresponding authors; giuliano.iorio.astro@gmail.com;
stefano.torniamenti@uni-heidelberg.de;
mapelli@uni-heidelberg.de

([Fe/H]=−2.56± 0.12 obtained from the spectrum of the Ultra-
violet and Visual Echelle Spectrograph; Gaia Collaboration
2024).

Gaia BH3 is the first-ever discovered dormant BH with a
mass ≳30 M⊙ and the first stellar BH with such a high mass
unequivocally observed in the Milky Way. The other two Gaia
BHs (BH1 and BH2) both have a mass of ≈10 M⊙ (El-Badry
et al. 2023b,a; Chakrabarti et al. 2023; Tanikawa et al. 2024). All
the other dormant BH candidates (Casares et al. 2014; Ribó et al.
2017; Giesers et al. 2018, 2019; Thompson et al. 2019; Shenar
et al. 2022a,b; Mahy et al. 2022; Lennon et al. 2022; Saracino
et al. 2022, 2023) and the BHs in X-ray binary systems with a
dynamical measurement have a mass between a few and ≈20 M⊙
(Oëzel et al. 2010; Miller-Jones et al. 2021).
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Stellar BHs with a mass ≳30 M⊙ have been observed for
the first time with gravitational waves (Abbott et al. 2016a,b,
2021, 2024, 2023). According to the main formation scenario,
such massive BHs are expected to form from metal-poor stars,
which do not lose much mass by stellar winds and collapse to a
BH directly (Heger & Woosley 2002; Mapelli et al. 2009, 2010,
2013; Zampieri & Roberts 2009; Belczynski et al. 2010; Fryer
et al. 2012; Ziosi et al. 2014; Spera et al. 2015). Gravitational
wave data have proven the existence of such ‘oversized’ BHs, but
they do not carry any information about the progenitor’s metal-
licity because no electromagnetic counterpart has been observed.
Hence, Gaia BH3 is the first direct confirmation that BHs with
a mass in excess of 30 M⊙ are associated with metal-poor stellar
populations, thus supporting the main theoretical scenario.

For both its chemical composition and Galactic orbit,
Gaia BH3 is associated with the ED-2 stream, which is com-
posed of stars that are at least 12 Gyr old (Balbinot et al. 2024).
Thus, this is the first BH unambiguously associated with a dis-
rupted star cluster with a mass of 2×103–4.2×104 M⊙ (Balbinot
et al. 2024). Preliminary numerical models have shown that
Gaia BH3 might have assembled dynamically from a low-mass
star and a BH that did not evolve in the same binary star system
(Marín Pina et al. 2024).

While the association of Gaia BH3 with the ED–2 stream is
indisputable, in this work we show that this system is compati-
ble with the nearly unperturbed evolution of a primordial binary
star. Our population-synthesis simulations show that we do not
need to invoke a dynamical exchange or a dynamical capture to
explain its orbital properties.

Gaia BH3 is very different from both Gaia BH1 and Gaia
BH2, which challenge our models of binary evolution (El-Badry
et al. 2023b,a; Chakrabarti et al. 2023; Tanikawa et al. 2023;
Rastello et al. 2023; Di Carlo et al. 2024; Generozov & Perets
2024, but see Kotko et al. 2024). The wide orbital separation of
Gaia BH3 does not require evolution via Roche-lobe overflow or
a common envelope. Rather, it is consistent with a wide system
that never went through mass transfer and survived the formation
of the BH because it happened via an almost direct collapse with
a mild natal kick.

In this work, we show that the measured orbital eccentricity
helps constrain the phase of the binary at the time of the forma-
tion of the BH. This paper is organised as follows. We describe
our methodology in Sect. 2, present the main results in Sect. 3,
and discuss the implications in Sect. 4. Section 5 provides a
summary of our main takeaways.

2. Methods

In this work, we compare the observational features of the
Gaia BH3 system with a synthetic population of stellar bina-
ries produced with the Stellar EVolution for N-body (SEVN)
code1 (Spera & Mapelli 2017; Spera et al. 2019; Mapelli et al.
2020; Iorio et al. 2023). In SEVN, the evolution of single stars is
estimated by interpolating on the fly across pre-calculated stel-
lar evolution tracks stored in custom lookup tables. The models
presented in this study were computed using the MIST stel-
lar tracks by Choi et al. (2016). We used TRACKCRUNCHER2

1 In this work, we used the SEVN version V 2.10.1 (commit a4753f11)
publicly available at the GitLab repository https://gitlab.com/
sevncodes/sevn
2 The version of the code we used to produce the tables is avail-
able at https://gitlab.com/sevncodes/trackcruncher (commit
0827337).

(Iorio et al. 2023) to produce the SEVN tables from the MIST
stellar tracks. We produced eight sets of tables from metallicity
Z = 1.4× 10−5 to 4.5× 10−2; each set contains stellar tracks from
0.71 M⊙ to 150 M⊙.

In SEVN, binary interactions are described through analyti-
cal and semi-analytical prescriptions, encompassing stable mass
transfer by Roche-lobe overflow and winds, common envelope
evolution, angular momentum dissipation by magnetic braking,
tidal interactions, orbital decay by gravitational-wave emission,
dynamical hardening, chemically homogeneous evolution, and
stellar mergers. In our models, we treated tidal forces with the
analytical formalism developed by Hut (1981) and as imple-
mented by Hurley et al. (2002). For more details, we refer to
Iorio et al. (2023).

2.1. Initial conditions

We generated the initial conditions for 2 × 107 binary systems
by extracting the zero-age main-sequence mass of the primary
(more massive) star, m1, from the Kroupa initial mass function
(Kroupa 2001) from 5 to 150 M⊙. The mass of the secondary
(less massive) star was set from the binary mass ratio q following
the distribution PDF(q) ∝ q−0.1 with q ∈ [0.71 M⊙/m1, 1]. We
obtained the initial orbital period (P) and eccentricity (e) from
the following distributions: PDF

(
log P/days

)
∝
(
log P

)−0.55,
PDF(e) ∝ e−0.42. These distributions of mass ratios, orbital peri-
ods, and eccentricities represent the best fits to observations of
massive binary stars in Galactic young clusters (Sana et al. 2012).
The periods range from 1.4 days to 866 years, while the eccen-
tricities range from 0 to emax = 1 −

(
P/2 days

)−2/3, according
to Moe & Di Stefano (2017). The total mass of the simulated
population is Msim = 4.2 × 108 M⊙, corresponding to a mass
of Mtot = 1.4 × 109 M⊙ (roughly equivalent to the mass of the
Galactic stellar halo; see Deason et al. 2019) when accounting
for the fact that we did not simulate low-mass primary stars and
systems with secondary stars less massive than 0.71 M⊙3. We
used SEVN to evolve all the generated binaries from the zero
age main sequence up to the moment in which the two stars are
compact remnants (white dwarfs, neutron stars, BHs). The files
of the initial conditions and parameters are publicly available in
Zenodo4.

2.2. Fiducial model

In our fiducial model, we used the default SEVN options as
described by Iorio et al. (2023) (see also Sgalletta et al. 2023;
Costa et al. 2023) except for the circularisation option. Here, we
used the new default circularisation option angmom, in which
at the onset of the Roche-lobe overflow the orbit is circularised,
conserving the angular momentum so that the new semi-major
axis is anew = aold(1 − e2

old).
The stability of the Roche-lobe mass transfer is checked by

comparing the current binary mass ratio to a critical mass ratio
that depends on the stellar evolutionary phase. In this work, we
used the default option of SEVN (Iorio et al. 2023) in which
the Roche-lobe overflow episodes involving stars with a radia-
tive envelope (main-sequence stars and low-mass stars before
climbing the red giant branch) are always stable, while in all
the other cases we used the value of the critical mass ratio by

3 We assumed a parent population with primary masses m1 between
0.08 M⊙ and 150 M⊙ and mass ratios in the range q ∈ [0.08 M⊙/m1, 1].
4 10.5281/zenodo.11617742
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Fig. 1. Hertzsprung–Russell diagram of a sample of stars at metallicity
Z = 4.1 × 10−5 interpolated by SEVN from the MIST stellar tracks. The
blue and red lines respectively show the likely progenitors of the BH
and stellar companion in Gaia BH3.

Hurley et al. (2002). When the mass transfer is unstable, a com-
mon envelope evolution phase begins (Ivanova et al. 2013). We
used the standard α − λ prescription for the common envelope
(Webbink 1984; Hurley et al. 2002, and references therein) with
the ejection efficiency parameter α = 1, whereas we estimated λ
using the formalism by Claeys et al. (2014) and as implemented
in SEVN (see Appendix A1.4 in Iorio et al. 2023).

After a core-collapse supernova, we decided the mass of
the BH based on the delayed model by Fryer et al. (2012).
We adopted the supernova kick model by Giacobbo & Mapelli
(2020), where the natal kick is drawn from a Maxwellian
distribution with a one-dimensional root-mean-square σrms =
265 km/s (Hobbs et al. 2005), re-scaled by the ejecta mass
and the compact-remnant mass and resulting in a much lower
(⪅10 km/s) effective kick for the massive BHs (> 30 M⊙).

In the fiducial model, we set the metallicity to Z =
4.1 × 10−5, which corresponds to the observed value of
[Fe/H] = −2.56 when considering the MIST stellar models.
The MIST stellar tracks with the fiducial metallicity are shown
in Fig. 1.

2.3. Additional models: Parameter-space exploration

To explore the parameter space for the formation of Gaia BH3-
like systems, we ran an additional set of 17 simulations varying
one parameter of the fiducial simulation per time and two
additional sets varying the initial conditions. For the initial con-
ditions, we used the same set of 2× 107 binary systems as for the
fiducial model.

We simulated eight additional metallicities: Z = 0.0001
(model Z1E-4), Z = 0.0004 (model Z4E-4), Z = 0.0008 (model

Z8E-4), Z = 0.001 (model Z1E-3), Z = 0.004 model (Z4E-
3), Z = 0.006 (model Z6E-3), Z = 0.008 (model Z8E-3), and
Z = 0.01 (model Z1E-2). We also explored the effect of the
supernova kick by running four different simulations in which
the kicks are drawn from a Maxwellian distribution with σrms =
1 km/s (essentially no kick, model VK1), 50 km/s (VK50),
100 km/s (VK100), and 265 km/s (VK265). In these mod-
els, the kick is not re-scaled for the ejected mass and the mass
of the compact remnant. We also tested the importance of the
common-envelope phase by running two simulations varying the
common envelope efficiency (α = 3, model CEα3, and α = 5,
model CEα5) and two additional simulations varying the binding
energy formalism (model CEλXL10 using the fitting equations
by Xu & Li 2010 and model CEλK21 using the fitting equa-
tions by Klencki et al. 20215). Furthermore, we ran an additional
model (RLOp) in which we allowed the system to start a Roche-
lobe overflow in an eccentric orbit if the condition of Roche-lobe
overflow is satisfied at the periastron, that is, if the stellar radius
is larger than RL = rperi f (q), where rperi is the periastron and f (q)
is a function that depends on the binary mass ratio (Eggleton
1983).

Since Gaia BH3 is an eccentric system, we also ran an addi-
tional simulation (model ICthermal) to examine the impact of
the initial eccentricity distribution. In this simulation, the initial
orbital eccentricity is drawn from a thermal distribution, which
favours eccentric systems, PDF(e) ∝ e (see e.g. Geller et al.
2019).

Finally, to assess the uncertainties due to the initial con-
dition sampling, we drew an additional set of 1.8 × 108 bina-
ries and simulated their evolution using the same setup as
the fiducial simulation. We combined the results of the addi-
tional simulations with those from the fiducial simulation, and
labeled the final combined dataset as ‘fiducial2E8’. The total
mass evolved in this case is Msim = 4.2 × 109 M⊙, correspond-
ing to a total population mass of Mtot = 1.4 × 1010 M⊙ (see
Sect. 2.2). The results of the simulations are publicly available in
Zenodo.

3. Results

Figure 2 shows the properties of the BH-star systems in the fidu-
cial model. We considered all the simulation outputs in which
a binary system is composed of a BH and a giant star, that
is, a star that left the main sequence and has not started the
core helium burning phase yet. We imposed the additional con-
dition that the system is not undergoing a common-envelope
or Roche-lobe overflow episode. The colour map of Fig. 2
represents the time spent by all the systems in such a configu-
ration, which is a proxy of the likelihood of observing a given
system.

Binaries hosting a BH and a massive companion are, in gen-
eral, more common in the simulations, but the short lifetime of

5 In SEVN version 2.10.0, we revised the implementation of the λK21 fit-
ting equations by Klencki et al. 2021. We corrected a bug in the code that
affected the λK21 estimate for metallicities Z < 0.017 (the bug has been
fixed for all the versions greater than 2.8.0). Additionally, we improved
the fit for cases in which the stellar radius is less than the radius at the
terminal age main sequence (TAMS) of the MESA stellar tracks used
in Klencki et al. (2021) (private communication). In this radial range,
the original fitting equations were extrapolated, leading to high binding
energies (>1052 ergs). For additional information, we refer to the dis-
cussion in the SEVN repository: https://gitlab.com/sevncodes/
sevn/-/issues/4
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Fig. 2. Properties of non-interacting BH-star systems in the fiducial model. Here, we only show stars in the giant phase, that is, outside the main
sequence and that have not started the core helium burning phase yet. Also, we do not show systems that undergo a Roche-lobe overflow episode.
From top to bottom and from left to right: Orbital period versus companion star mass; BH mass versus companion star mass; eccentricity versus
orbital period; eccentricity versus companion star mass. The colour map shows the integrated time spent by the systems in a given bin; thus, it is
a proxy of the likelihood of observing a system with such properties. The map does not include information about the stellar luminosity, which is
also important for detectability. We assumed a metallicity of Z = 4.1 × 10−5. The star indicates the properties of Gaia BH3, while the light blue
boxes show the criteria used to select Gaia BH3-like systems. The colour maps saturate at 98% of the maximum value.

the massive star makes them less likely to be observed. In con-
trast, BH–low-mass star binaries are rarer, but once formed, they
can remain in the same configuration for several gigayears.

Gaia BH3 is located in a region of the parameter space well
covered by the fiducial simulation, especially when considering
binary systems older than 10 Gyr. In addition, the Gaia BH3
properties (mostly period and BH mass) cover a range in which
Gaia is particularly sensitive to astrometric signals of binarity
(see e.g. Penoyre et al. 2022). From Fig. 2, we can conclude
that if a BH-star system is observed in an old and metal-poor
population, it is not surprising to find it with the Gaia BH3 con-
figuration. In this sense, Gaia BH3 is not an outlier, unlike Gaia
BH1 and BH2 (El-Badry et al. 2023b; Rastello et al. 2023).

It is convenient to define a region of the observed param-
eter space to identify Gaia BH3-like systems. For the sake of
simplicity and to help the comparison with previous work,
we used a selection cut similar to the one used in Marín
Pina et al. (2024): P ∈ [400, 40 000] days, ms ∈ [0.2, 1] M⊙,

mbh ∈ [25, 45] M⊙, e ∈ [0.63, 0.83]. The box represents about
1% of the volume of the parameter space that includes BH-star
systems at ages older than 10 Gyr.

3.1. Formation history

All the Gaia BH3-like systems in our models have the same
simple formation history. Their progenitors consist of a massive
star (>40 M⊙) and a low-mass companion (<1 M⊙). The binary
components never interact through Roche-lobe overflow, so the
orbital properties at BH formation are almost the same as their
initial ones. The final properties of the BH-star system are thus
determined by the binary phase at the moment of the supernova
explosion, the amount of mass lost during the evolution, and the
BH natal kick.

In our fiducial model, the initial BH progenitor mass is about
40–50 M⊙, and the ejected mass at BH formation is 10–20 M⊙.
The mild BH natal kick (<10 km/s) cannot drastically change
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the binary orbital parameters. As a consequence, a large major-
ity of BH progenitors originated with orbital properties very
similar to Gaia BH3, namely, a period between 103 and 104

days and an eccentricity in the range 0.6–0.9. The system more
similar to Gaia BH3 has an initial period of about 1500 days,
an eccentricity of 0.65, a stellar mass of 0.83 M⊙, and an ini-
tial BH progenitor mass of 41 M⊙. We found a sub-population
(<10% of the total) that produces Gaia BH3-like systems start-
ing from almost circular orbits (e < 0.2) and lower initial periods
(<103 days). For these systems, the final orbital properties are
determined by the high value of the BH natal kick. A few systems
(≈3%) have very massive BH progenitors of about 120 M⊙ that
produce BHs with a mass of ∼30 M⊙ because of mass loss during
pulsational pair instability (Heger & Woosley 2002; Belczynski
et al. 2016; Woosley 2017, 2019; Farmer et al. 2019; Costa et al.
2021; Tanikawa et al. 2021).

In all of our models, the progenitors of Gaia BH3 do not
undergo any (stable or unstable) mass transfer episode. There-
fore, there are no differences among the models CEα3, CEα5,
CEλXL10, and CEλK21. Also, we found only a mild decrease
in the number of Gaia BH3-like systems for the model RLOp,
which indicates that including or not including the possibility
to trigger a stable mass transfer at periastron is not important
for the production of such binary systems. We found the same
progenitors in the case of the kick model VK1, which serves as
confirmation that in the fiducial model, the implemented kick
model produces very low kicks for the case of Gaia BH3-like
progenitors.

Models with higher kick velocities show significant differ-
ences in the initial orbital properties. The BH natal kicks in
models VK50 and VK100 are able to wash out any correla-
tion between the initial and final period and eccentricity. The
Gaia BH3-like progenitors have initial periods and eccentric-
ities almost uniformly distributed in the range 100–4000 days
and 0–0.8, respectively. At very high velocities (model VK265),
the formation of Gaia BH3-like binaries is strongly suppressed.
Most systems break during BH formation, and just a few of
them (four out of the 20 million simulated binaries) had a lucky
configuration of binary phase and/or velocity kick that let them
survive the supernova event.

We found a trend with metallicity for the initial orbital
period, eccentricity, and BH progenitor mass. From low metal-
licity (model Z1E-4) to intermediate-high metallicity (model
Z1E-2), the lower limit of the initial period moves toward
higher values (P > 1000 days for model Z1E-2), while the
sub-populations with initial low eccentricity (e < 0.6) tend to
disappear. As for the BH progenitor mass, the range of val-
ues widens with increasing metallicity, up to initial masses of
100 M⊙. This is due to the non-monotonic trend of the initial
BH mass relation of the MIST tracks used in this work when
paired with the rapid and delayed supernova models by Fryer
et al. (2012). When assuming initial masses lower than 60 M⊙,
the combination of the Fryer et al. (2012) supernova models and
the MIST tracks produces BHs more massive than 25 and 30 M⊙
up to a metallicity Z = 0.02 and 0.01, respectively. When relax-
ing the limit on the initial masses, BHs more massive than 30 M⊙
are excluded only for Z > 0.02.

Mass transfer through stellar winds is negligible (<10−9 M⊙)
in all of the simulated Gaia BH3-like objects. At BH formation,
a typical Gaia BH3 progenitor hosts a low-mass star with stellar
radius R∗ < 1 R⊙ at a distance from the supernova explosion
of Dsn = 1000–4000 R⊙. Considering a total ejected mass of
Mej = 10 M⊙, the amount of mass deposited into the low-mass
companion is <MejR2

∗/D
2
sn ∼ 10−5–10−6 M⊙. As discussed by

El-Badry (2024), this amount of pollution is hardly detectable
in the spectral lines. In addition, the MIST models predict that a
∼0.8 M⊙ star loses 10−2–10−3 M⊙ from the main-sequence to the
red giant phase, likely removing all the material deposited from
the supernova into the star external layer. In conclusion, we do
not expect any peculiar chemical signature in the Gaia BH3 star
if it formed through the isolated channel. This is consistent with
the observations (Gaia Collaboration 2024).

3.2. Bayesian sampling

The SEVN simulations indicate that the region of Gaia BH3 in
the observed parameter space (P, e, mBH, mms) tends to be popu-
lated by systems in which the binary components never interact.
Therefore, the final binary properties are determined by the ini-
tial binary parameters and the details of the BH formation only.
In order to focus on Gaia BH3 progenitors independently of the
chosen selection cut, we implemented a simple Bayesian sam-
pling technique in which we sample the posteriors of the binary
initial conditions. We assume the likelihood is a multivariate
normal distribution centred on the Gaia BH3 values and with
the standard deviations equal to the reported errors (which we
assumed to be independent).

For the parameter priors, we used:
– a uniform distribution for the mean anomaly (between 0 and

2π) at the moment of the BH formation,
– a uniform distribution for the mass of the BH progenitor

between 20 and 100 M⊙,
– a uniform distribution for eccentricity between 0 and 1,
– a log-uniform distribution for the period between 10 and

106 days,
– a normal distribution for the three spherical components of

the velocity kick, corresponding to a Maxwellian distribu-
tion of the velocity module.

For the velocity distribution, we tested five different values of the
one-dimensional root-mean-square velocity for the Maxwellian
distribution (1, 10, 50, 100, 256 km/s). We also excluded the
interacting binary systems by setting the prior to be equal to zero
when the maximum radius of the BH progenitor is larger than
either the separation at periastron or the Roche-lobe radius at
periastron (see Sect. 2). To estimate the final properties of the
binary, we used the formalism in the appendix of Hurley et al.
(2002), and we estimated the maximum radius and the final mass
of the BH progenitor by using SEVN. The posteriors were sam-
pled using the Monte Carlo Markov chain (MCMC) ensemble
sampler available in the ‘emcee’ python package (Foreman-
Mackey et al. 2013). This method is similar to the grid search
presented by El-Badry (2024), but our method is tailored to
exactly reproducing the observed properties of Gaia BH3. Since
we included the reduction of the parameter space due to stellar
interactions directly in the priors, the posteriors do not need to
be corrected a posteriori.

We show the posterior samples in Fig. 3. Overall, they are
consistent with what was obtained from the SEVN simulations
for the wider space of the selection cut assumed in Sect. 3.1.
Assuming low kick velocities, the Gaia BH3 progenitor is very
likely to have originated from a wide and eccentric binary (P ≈
3500 days, e ∼ 0.75). The smaller peak at around 103 days and
e ∼ 0.4 is due to systems that form the BH at periastron, where it
is more favourable to produce large final eccentricities due to the
impact of mass loss during the supernova explosion. Larger kicks
widen the range of initial periods and eccentricities, with most
of the initial periods being around 500–600 days. The period
distribution is sharply cut below 300 days because the objects
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Fig. 3. Distribution of the initial conditions of the binaries that reproduce the Gaia BH3 properties after BH formation. From top left to bottom
right, the panels show the initial binary period, initial eccentricity, the module of the BH natal kick velocity, and the initial mass of the BH
progenitor. We show the distributions obtained assuming different Maxwellian-distribution priors for the kick velocity: σv = 1 km/s (blue thick
solid line), σv = 10 km/s (orange thick dashed line), σv = 50 km/s (green dotted line), σv = 100 km/s (red thin solid line), σv = 256 km/s (violet
thin dashed line).

are tight enough to interact. It is possible to form a Gaia BH3
system with initial kicks up to 200 km/s. For higher values, the
kick is larger than the escape velocity at periastron in the whole
range of periods that are consistent with a non-interacting binary.

Independent of the explored parameters, a clear picture
emerged. In the presence of low supernova kicks (<10 km/s),
Gaia BH3-like systems form from non-interacting binary pro-
genitors preferentially in a wide (500 < P/days < 2 × 104)
and eccentric configuration. Alternatively, on the off chance
that the binary survives to higher supernova kicks, systems
with Gaia BH3 properties can form preferentially from tighter
(P/days ∼ 500) systems almost independently of their initial
eccentricity if e < 0.7. For this reason, the initial properties of
the binary can play a key role in setting the formation efficiency
of Gaia BH3-like systems. Indeed, the model with a higher ini-
tial eccentricity (ICthermal) produces two to three times more
Gaia BH3-like systems compared to our fiducial run (Table 1).

3.3. Halo population
In the explored models, Gaia BH3-like systems represent
one of the standard outcomes of binary evolution. Next, we

investigated how common Gaia BH3-like systems and BH-star
binaries are in the Galactic halo environment, which is charac-
terised by low metallicity and old ages. We also assumed t > 10
Gyr. First, we estimated the formation efficiency, defined as the
ratio of the number of objects to the total simulated mass. We
corrected the total mass in the initial conditions for the incom-
plete mass sampling of the primary, and we assumed an initial
binary fraction of one for the sake of simplicity. Table 1 reports
the formation efficiency of all the systems in the Gaia BH3
selection box (Fig. 2) as well as of those systems that are in the
selection box and in the BH-star configuration after 10 Gyr.

In the fiducial model, the population of Gaia BH3-like
objects accounts for about 2–3% of the whole population at
t > 10 Gyr. This number is consistent with the volume frac-
tion sampled by the selection box. Models with higher kicks
significantly suppress the formation of both Gaia BH3-like and
BH-star systems, while a higher metallicity increases their for-
mation efficiency up to a factor of two. Given the formation
history of Gaia BH3-like objects, the efficiency is not affected
by the choice of the common-envelope ejection efficiency and
binding energy. However, larger values of the common envelope
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Table 1. Formation efficiency (M−1
⊙ ) for Gaia BH3-like and BH-star systems obtained from different simulation models.

Model ηGaia BH3−like
ηGaia BH3−like
(t > 10 Gyr)

ηGaia BH3−like
(t > 10 Gyr)

(vsys < 10 km s−1)

ηGaia BH3−like
(t > 10 Gyr)

(vsys < 1 km s−1)

ηBH−star
(t > 10 Gyr)

fiducial (9.7 ± 0.8) × 10−8 (3.9 ± 0.5) × 10−8 (2.8 ± 0.4) × 10−8 (2.5 ± 0.4) × 10−8 (1.6 ± 0.1) × 10−6

fiducial2E8 (1.0 ± 0.1) × 10−7 (4.4 ± 0.2) × 10−8 (3.5 ± 0.2) × 10−8 (3.0 ± 0.2) × 10−8 (1.6 ± 0.1) × 10−6

ICthermal (2.4 ± 0.1) × 10−7 (1.0 ± 0.1) × 10−7 (9.0 ± 0.8) × 10−8 (7.8 ± 0.7) × 10−8 (1.3 ± 0.1) × 10−6

RLOp (9.1 ± 0.8) × 10−8 (3.5 ± 0.5) × 10−8 (2.5 ± 0.4) × 10−8 (2.3 ± 0.4) × 10−8 (1.6 ± 0.1) × 10−6

VK1 (1.0 ± 0.1) × 10−7 (3.9 ± 0.5) × 10−8 (3.9 ± 0.5) × 10−8 (8.5 ± 0.2) × 10−9 (2.3 ± 0.1) × 10−6

VK50 (9.0 ± 0.8) × 10−8 (4.0 ± 0.5) × 10−8 0 0 (9.0 ± 0.3) × 10−7

VK100 (3.6 ± 0.5) × 10−8 (1.1 ± 0.3) × 10−8 0 0 (6.0 ± 0.2) × 10−7

VK265 (6.4 ± 2.1) × 10−9 (2.1 ± 1.2) × 10−9 0 0 (6.2 ± 0.2) × 10−8

CEα3 (9.7 ± 0.8) × 10−8 (3.9 ± 0.5) × 10−8 (2.8 ± 0.4) × 10−8 (2.5 ± 0.4) × 10−8 (2.5 ± 0.1) × 10−6

CEα5 (9.7 ± 0.8) × 10−8 (3.9 ± 0.5) × 10−8 (2.8 ± 0.4) × 10−8 (2.5 ± 0.4) × 10−8 (2.8 ± 0.1) × 10−6

CEλXL10 (9.7 ± 0.8) × 10−8 (3.9 ± 0.5) × 10−8 (2.8 ± 0.4) × 10−8 (2.5 ± 0.4) × 10−8 (1.4 ± 0.1) × 10−6

CEλK21 (9.7 ± 0.8) × 10−8 (3.9 ± 0.5) × 10−8 (2.8 ± 0.4) × 10−8 (2.5 ± 0.4) × 10−8 (1.4 ± 0.1) × 10−6

Z1E-4 (1.3 ± 0.1) × 10−7 (4.8 ± 0.6) × 10−8 (3.0 ± 0.5) × 10−8 (2.7 ± 0.4) × 10−8 (1.4 ± 0.1) × 10−6

Z4E-4 (1.1 ± 0.1) × 10−7 (4.8 ± 0.6) × 10−8 (2.1 ± 0.4) × 10−8 (1.7 ± 0.3) × 10−8 (1.4 ± 0.1) × 10−6

Z8E-4 (9.4 ± 0.8) × 10−8 (3.9 ± 0.5) × 10−8 (1.8 ± 0.4) × 10−8 (1.4 ± 0.3) × 10−8 (1.5 ± 0.1) × 10−6

Z1E-3 (9.2 ± 0.8) × 10−8 (4.0 ± 0.5) × 10−8 (2.1 ± 0.4) × 10−8 (1.9 ± 0.4) × 10−8 (1.6 ± 0.1) × 10−6

Z4E-3 (9.1 ± 0.8) × 10−8 (5.3 ± 0.6) × 10−8 (2.8 ± 0.5) × 10−8 (2.1 ± 0.4) × 10−8 (2.4 ± 0.1) × 10−6

Z6E-3 (9.4 ± 0.8) × 10−8 (5.8 ± 0.6) × 10−8 (3.9 ± 0.5) × 10−8 (2.8 ± 0.4) × 10−8 (2.7 ± 0.1) × 10−6

Z8E-3 (8.2 ± 0.8) × 10−8 (6.2 ± 0.7) × 10−8 (4.7 ± 0.6) × 10−8 (3.3 ± 0.5) × 10−8 (3.1 ± 0.1) × 10−6

Z1E-2 (8.2 ± 0.8) × 10−8 (7.1 ± 0.7) × 10−8 (7.0 ± 0.7) × 10−8 (5.9 ± 0.6) × 10−8 (3.4 ± 0.1) × 10−6

Notes. Column 1: model name; Column 2: formation efficiency of all Gaia BH3-like systems, as defined by the section cut (Sect. 3); Col. 3: same
as Col. 2 but with the additional condition that the system is still in the BH-star configuration after 10 Gyr; Col. 4 (5): same as Col. 3 but with
the additional condition that the binary has a systemic velocity of vsys < 10 km/s (vsys < 1 km/s); Col. 6: all BH-star systems with an age >10 Gyr.
To calculate the formation efficiency, we assumed a 100% binary fraction. The errors are estimated as the square root of the counts over the
total mass.

efficiency parameter α slightly increase the formation efficiency
of the whole BH-star systems, resulting in a lower fraction of
Gaia BH3-like systems.

Even if the Galactic stellar halo is the least massive compo-
nent of our Galaxy, the most recent estimates revise its mass from
a few 108 M⊙ (see, e.g., Bell et al. 2008) up to 0.7–1.2 × 109 M⊙
(Deason et al. 2019; Lane et al. 2023). Combining the total halo
mass with the formation efficiencies in Table 1, we predict the
number of BH stars in the halo to be in the range of ≈1000–4000.
Among these systems, about 20–120 fall in the Gaia BH3 selec-
tion cut used in this work (Fig. 2). The Galactic stellar halo is a
diffuse component extended up to 100 kpc with a steep density
profile (ρ ∝ r−γ, with 2 < γ < 5; see, e.g., Medina et al. 2024;
Iorio et al. 2018 and references therein).

Deason et al. (2019) report a local density profile at the Sun
location of ρh,⊙ ≈ 8 × 104 M⊙/kpc3. Multiplying this density
by the formation efficiencies of the old BH-star binaries, we
obtained a local density of nBHStar = ηBHStar ρh,⊙ ranging from
0.1 to 0.3 kpc−3. The values correspond to an expected num-
ber of objects between 0.13 and 0.27 at the distance of Gaia
BH3 (≈0.6 kpc). At face value, we do not expect any BH-star
binary system from the halo in the solar neighbourhood. How-
ever, we can account for the statistical noise by assuming that
the number of systems follows a Poissonian distribution with
the rate λBHStar ranging between 0.13 and 0.27. In this case,
the probability to observe at least one object is between 12%
and 25%. By simply using the formation efficiency for the old
systems in the Gaia BH3 selection box (Fig. 2), we obtained
a Poisson rate between 0.003 and 0.006, corresponding to a

probability of observing at least one Gaia BH3-like system
of 0.3–0.6%. Although these numbers correspond to the very
low probability tail of the distribution, they cannot be rejected
at the 3σ level. However, a single future detection of another
Gaia BH3-like binary system in the Galactic halo within the
solar neighbourhood would be enough to significantly rule out
the isolated formation channel, according to the models pre-
sented in this work. However, this will also represent a challenge
for the alternative dynamical formation channel (see Sect. 4.4).

3.4. Populations in the stellar clusters and cold structures

Balbinot et al. (2024) show that Gaia BH3 is associated with
the ED-2 stellar stream. The presence of Gaia BH3-like systems
in star clusters and kinematically cold structures, such as a stel-
lar stream, pose additional constraints on the natal kick velocity
in the binary centre of mass, vsys. In fact, if the kick velocity
is significantly larger than the typical velocity dispersion of the
host cluster or stream, the BH will escape from the system and
join the field population in the Milky Way. The escape velocity
from globular clusters ranges from ∼10 km s−1 km to ∼50 km s−1

(Gnedin et al. 2002). Almost all (> 90%) the Gaia BH-3 sys-
tems in our simulations have vsys < 50 km s−1, except for models
VK50, VK100, and VK265 (Fig. 3).

Focusing on the low-velocity tail of the kick distribu-
tion, Table 1 reports the formation efficiency of Gaia BH3-
like systems when we apply the additional selection cut of
vsys < 10 km s−1 (typical velocity dispersion of globular clus-
ters) and vsys < 1 km s−1 (drift velocity of the ED-2 components
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with respect to the progenitor cluster; Marín Pina et al. 2024).
For most of our models, the formation efficiency decreases by
≤20–30%. Although the effect is not negligible, the formation
efficiency decrease is not significant enough to rule out the iso-
lated formation channel for Gaia BH3-like systems at a 3σ level.

4. Discussion
4.1. Stellar evolution models

Uncertainties about massive star evolution have an important
impact on our results. For instance, differences in the maximum
radius of the BH progenitor are crucial to selecting which objects
interact during binary evolution.

El-Badry (2024) explored the main uncertainties about stel-
lar evolution models, concluding that most models predict that
the progenitor of Gaia BH3 reached radii up to 1000 R⊙. Such
stars cannot avoid interaction before BH formation. For this rea-
son, El-Badry (2024) conclude that dynamical interactions in
a star cluster represent the only possible formation channel for
Gaia BH3, unless the radius of the BH progenitor did not exceed
≈700 R⊙. In our stellar evolution models based on the MIST
tracks (Choi et al. 2016), the BH progenitor reaches a maximum
radius of ≲200–300 R⊙ for Z < 0.0002 (Fig. 1). We find sim-
ilar results for the PARSEC stellar tracks (Bressan et al. 2012;
Chen et al. 2015; Costa et al. 2021; Nguyen et al. 2022) avail-
able in SEVN (Iorio et al. 2023). While a detailed analysis of
the differences in stellar evolution models is beyond the scope of
this paper (see, e.g., Agrawal et al. 2020, 2022a,b; Klencki et al.
2020; Gilkis et al. 2021), it is still crucial to note their signifi-
cant impact on the interpretation of Gaia BH3 and other BH-star
systems.

4.2. Initial eccentricity and stellar tides

In all the simulations assuming our fiducial kick model
(Giacobbo & Mapelli 2020), Gaia BH3-like systems form pref-
erentially from binary systems with an initial eccentric orbit
(e > 0.6). Therefore, we expect that initial distributions that
favour eccentric orbits, such as the thermal distribution, boost
the number of Gaia BH3-like systems (model ICthermal; see
Table 1). In contrast, circular orbits significantly suppress the
formation of such systems unless high kick models are used.

In some cases, initial circular binaries are justified by the
effect of tides. The SEVN simulations used in this work imple-
ment the tides following the formalism by Hurley et al. (2002)
(see also Iorio et al. 2023) and show that for Gaia BH3-like sys-
tems, tides are extremely inefficient. The tidal efficiency is at
its maximum after the main-sequence phase of the BH progen-
itor, when the star expands and develops a convective envelope.
Assuming that the dominant tidal dissipation mechanism is due
to convective motions in the envelope (Zahn 1977; Hurley et al.
2002) and considering the MIST models at Z = 4.1 × 10−5

(Fig. 1), we estimated a circularisation timescale due to tides
of τcirc ≃ 1025–1038 Gyr. This timescale is orders of magni-
tude longer than the lifetime of the binary system and especially
longer than the post main-sequence phase, when tides are more
efficient.

4.3. Systematic uncertainties

Table 1 shows that the formation efficiency of BH-star systems
drops significantly for models with high supernova kicks. In the
models VK100 and VK265, we can exclude the hypothesis that
the observation of Gaia BH3 is consistent with the isolated chan-
nel at a high level of significance (>3σ). Estimates of BH kicks

rely on a few tracers (e.g. X-ray binaries) and are subject to many
uncertainties and systematics (see, e.g., Andrews & Kalogera
2022; Atri et al. 2019; Shenar et al. 2022a). The association of
Gaia BH3 with a stellar stream (Balbinot et al. 2024) indicates
that the binary system did not experience a kick much higher
than the typical escape velocity from a star cluster (<10 km/s) at
the time of BH formation (Sect. 3.4).

In our analysis, we did not consider binaries with compan-
ion stars less massive than 0.71 M⊙. As discussed by El-Badry
(2024), such a population can represent a significant portion
of the stellar companions of Gaia BH3-like systems. To assess
the relevance of this population on the estimate of the forma-
tion efficiency, we generated new initial conditions, as done in
Sect. 2.1, but we assumed an extended mass ratio range from
0.08 M⊙/m1 to 1. We find that the percentage of binaries hosting
a BH progenitor and a secondary star less massive than 0.71 M⊙
is 40% of similar binaries with a secondary in the mass range
0.71–1.0 M⊙. Therefore, we expect an overall increase in the
formation efficiency by about 40% with respect to the value
reported in Table 1. This factor is balanced by the commonly
assumed binary fraction in stellar populations (40–60%; see,
e.g., Moe & Di Stefano 2017).

Many population synthesis studies on BH-star binaries are
based on stellar evolution models by Pols et al. (1998) (see,
e.g., Breivik et al. 2017; Shao & Li 2019; Olejak et al. 2020;
Chawla et al. 2022; Shikauchi et al. 2023; Di Carlo et al. 2024).
In general, the stars in these tracks tend to expand to larger radii
compared to the MIST models. Most of these works focus on
the Galactic population, of which the stellar halo is a negligible
component. Hence a direct comparison is not straightforward.
We note that the properties of the few metal-poor stars reported
by Chawla et al. (2022) and the halo population discussed by
Olejak et al. (2020) seem to be qualitatively consistent with the
distribution of the BH-star systems found in our simulations in
terms of period and companion mass.

Di Carlo et al. (2024) report a BH star formation efficiency
for the isolated channel at least one order of magnitude lower
than what we found in our simulations. Moreover, these authors
claim that any BH-star system with an eccentricity larger than
0.5 and a BH mass larger than 30 M⊙ are exclusively associ-
ated with the dynamical formation channel. The origin of this
discrepancy is twofold. First, their sample is dominated by the
metal-rich population of the Milky Way disc. Secondly, their
stellar and binary evolution models are significantly different
from the ones adopted in this work. In particular, Di Carlo et al.
(2024) used stellar tracks by Pols et al. (1998) and a different
supernova and natal kick model.

The number of binaries simulated in our models correspond
to a stellar population with a total mass of ∼109 M⊙. This mass
is representative of the old and metal-poor Galactic stellar halo
(Deason et al. 2019). However, a single halo realisation suffers
from stochastic fluctuations. The model fiducial2E8, in which
we simulated 2 × 108 binaries, indicates that our fiducial model
slightly underestimates the number of Gaia BH3-like binaries
(Table 1). However, by dividing the initial conditions of fidu-
cial2E8 (Sect. 2.3) into sub-samples of 2 × 107 binaries, we are
able to confirm that the errors quoted in Table 1 realistically
capture the uncertainties.

4.4. Alternative formation channel

Gaia BH3 is associated with the ED-2 stream (Balbinot et al.
2024). Therefore, it possibly spent a part of its life in a dynam-
ical environment. The variety of interactions in dynamical
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environments has two competitive effects. On the one hand, they
can pair BHs and stars or create binary systems with orbital
properties (e.g. high eccentricities) that boost the production of
Gaia BH3-like binaries. On the other hand, dynamical interac-
tions could destroy original and newly formed BH-star systems,
especially if their orbit is wide and the companion is a low-mass
star.

The other two BH-star systems retrieved from Gaia data
(BH1, El-Badry et al. 2023b; Chakrabarti et al. 2023, and BH2,
El-Badry et al. 2023a) are difficult to reconcile with isolated
binary evolution models (El-Badry et al. 2023a). However, they
are more easily formed in star clusters (Rastello et al. 2023; Di
Carlo et al. 2024; Tanikawa et al. 2024, but see Kotko et al.
2024).

Marín Pina et al. (2024) show that BH-star systems dynam-
ically form in an efficient way in globular clusters with mass
105–106 M⊙. They estimated a formation efficiency of 10−5–
3 × 10−4 M−1

⊙ by considering all the BH-star systems formed in
their Monte Carlo simulations (both escaped or retained in the
cluster). Di Carlo et al. (2024) estimate a formation efficiency
of 1.8 × 10−5 M−1

⊙ by considering star clusters in the mass range
103 − 3 × 104 M⊙; Rastello et al. (2023) show that the formation
efficiency rises up to ≈10−3 M−1

⊙ for low-mass clusters (≈102–
103 M⊙) at high metallicity (Z = 0.02). Assuming a mass of the
ED-2 cluster progenitor in the range ∼103–104 (Balbinot et al.
2024), the dynamical channel is one to two orders of magnitude
more efficient than the isolated channel presented in this work.
However, when considering the mass of the halo (Deason et al.
2019) and the cluster radial profile (e.g. Gieles & Gnedin 2023),
the difference on the expected formation efficiency of BH-star
systems in the solar neighbourhood reduces to a factor of three
to ten between the isolated and star cluster scenario.

When focusing specifically on Gaia BH3-like systems,
Marín Pina et al. (2024) find that only 0.6% of their BH-star
systems (nine out of 1435) fall within the same selection box
used in our work (Fig. 2), and only two of them (0.1%) are
candidates to be within an ED2-like stream at the present time
(i.e. they experience a late ejection or are still in the cluster
at the end of the simulation; Marín Pina, private communica-
tion). This fraction is a factor of two to ten smaller than what
we found in our fiducial model (see Table 1) when consider-
ing only old Gaia BH3-like systems that received a low natal
kick (Table 1). Therefore, the ratio between the dynamical to
isolated formation efficiency ranges from 0.6 (isolated channel
slightly favoured) to 90 (dynamical channel strongly favoured).
Considering the model with the higher Gaia BH3-like forma-
tion efficiency (ICthermal; see Table 1), the ratio ranges from
0.1 (isolated formation channel favoured) to 20 (dynamical for-
mation channel favoured). Marín Pina et al. (2024) selected Gaia
BH-3-like systems using a wider eccentricity range: from 0.5
to 0.9. With this selection criterion, the number of Gaia BH-
3-like systems approximately doubles, yet the ratio between the
isolated and dynamical channels remains unchanged. Taken at
face value, these numbers seem to indicate that although the
dynamical channel has an overall higher likelihood to form
Gaia BH3, we cannot rule out the possibility that the system is
compatible with a primordial binary star that escaped from the
ED2 cluster.

A more quantitative comparison and model selection would
require a detailed analysis of systematics, including stellar evo-
lution models, selection effects, channel definitions, and halo
population models (see e.g. Di Carlo et al. 2024). Additionally,
the use of robust statistical tools is essential, as highlighted by

studies such as Mould et al. (2023). However, these aspects are
beyond the scope of this paper.

5. Summary

We have explored the formation of Gaia BH3 (Gaia
Collaboration 2024), a non-interacting binary system composed
of a massive BH (≈30 M⊙) and a low-mass giant star (≈0.8 M⊙),
by means of population synthesis simulations. We have exploited
the flexibility of our code SEVN (Iorio et al. 2023) to perform the
first population study of BH-star systems using the MIST stel-
lar models (Choi et al. 2016). We explored the parameter space
by considering nine different metallicities, four different super-
nova kick models, five models for the common envelope, two
models for the onset of Roche-lobe overflow, and three differ-
ent sets of initial conditions. We also implemented a Bayesian
sampling analysis to study the distribution of initial conditions
that reproduce the observed properties of Gaia BH3 exactly. The
main takeaways of our analysis are as follows:

– Systems such as Gaia BH3 represent a common product of
isolated binary evolution at low metallicity (Z < 0.01). They
form preferentially from a massive star (40–60 M⊙) in an
initially wide (P > 103 days) and eccentric (e > 0.6) orbit
with a low-mass companion. The progenitor binary system
never underwent Roche-lobe overflow during its life;

– Our fiducial natal kick model (Giacobbo & Mapelli 2020)
produces low natal kicks for Gaia BH3-like systems, leaving
the initial orbital properties of the binary almost unchanged.
The formation of Gaia BH3 is possible up to kicks as high
as 220 km/s, but such high kicks require fine-tuning for
the properties at BH formation, reducing the overall forma-
tion efficiency by about one order of magnitude, and they
are not compatible with the association with a cold stellar
stream;

– Focusing on systems older than 10 Gyr, we find a forma-
tion efficiency of ηBHStar ∼ 10−6 M−1

⊙ for BH-star binaries in
general and ηGaia BH3−like ∼ 4 × 10−8 M−1

⊙ for Gaia BH3-like
systems;

– Considering the Galactic stellar halo model by Deason et al.
(2019), we expected up to ≈ 4000 BH-star systems born in
the stellar halo from isolated evolution. About 20–120 of
them are Gaia BH3-like systems in terms of mass and orbital
properties.

Overall, Gaia BH3 is compatible with a primordial, metal-poor
binary system that never evolved via Roche-lobe overflow and
experienced a long, ‘boring’ life. Given its association with the
ED-2 stream, Gaia BH3 was born in a stellar cluster but is com-
patible with a primordial binary star that escaped from its parent
cluster without experiencing significant dynamical interactions.
Unlike Gaia BH1 and BH2, its orbital properties are easy to
explain with current stellar and binary evolution models. How-
ever, uncertainties about massive star evolution (e.g. maximum
stellar radius of the BH progenitor) and natal kicks substantially
affect our final results. Future detections of dormant BHs are
thus crucial to set constraints on massive star and natal kick
models.

Data availability

Our initial conditions and parameter files are publicly available
at https://zenodo.org/records/11617742. The sample of
BH-star systems produced in the simulations can be downloaded
from https://zenodo.org/records/11992265, https://
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zenodo.org/records/12188369, and https://zenodo.
org/records/12189734.
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