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ABSTRACT

A 33 Mg, black hole (BH) was recently discovered in an 11.6-year binary only 590 pc from the Sun.
The system, Gaia BH3, contains a 0.8 M, low-metallicity giant ([M/H] = —2.2) and is kinematically
part of the Galactic halo, suggesting that the BH formed from a low-metallicity massive star. I show
that orbits similar to that of Gaia BH3 are naturally produced through isolated binary evolution.
The system’s period and eccentricity can result from a broad range of initial orbits with a modest
natal kick (vkiek < 75km s’l) to the BH. I construct MESA models for metal-poor massive stars
with initial masses ranging from 35 — 55 M, which reach maximum radii of 1150 — 1800 R as red
supergiants. Stars of this size would fit inside most plausible pre-supernova orbits for the system
without overflowing their Roche lobes. In addition, models with moderately rapid initial rotation
(©2/Qerit 2 0.45) undergo chemically homogeneous evolution and never expand to radii larger than
10 Rg. There are thus multiple channels through which a low-metallicity, extreme-mass ratio binary
could produce a system like Gaia BH3. Dynamical formation scenarios are also viable, and there
is little doubt that both isolated and dynamically-formed BH binaries with orbits similar to Gaia
BH3 will be discovered in Gaia DR4. Only about 1 in 10,000 stars in the solar neighborhood have
metallicities as low as Gaia BH3. This suggests that BH companions are dramatically over-represented
at low-metallicity, though caveats related to small number statistics apply. The fact that the luminous
star in Gaia BH3 has been a giant — greatly boosting its detectability — only for ~1% of the time
since the system’s formation implies that additional massive BHs remain to be discovered with only

moderately fainter companions.

Subject headings: stars: black holes — stars: massive — stars: evolution — supergiants

1. INTRODUCTION

Gaia Collaboration et al. (2024) recently reported dis-
covery of an astrometric binary containing a 0.8 My star
on the lower giant branch and a 33 My dark companion
that is presumably a black hole (BH). The system, which
they named Gaia BH3, was discovered with pre-release
DR4 astrometry, and its orbital motion was confirmed
with (nearly) independent radial velocity measurements
from the Gaia RVS spectrometer.

The discovery is exciting for several reasons. First,
Gaia BH3 contains the most massive robustly measured
stellar-mass BH in the local Universe. Second, the star
has the lowest metallicity of any known star orbiting
a BH, [M/H] = —2.2. Third, the system provides the
first empirical evidence that low-metallicity massive stars
leave behind massive BHs, making them prime candi-
dates for being progenitors of gravitational wave sources.
And fourth, the system is bright and nearby (G = 11.2,
d = 590 pc), suggesting that many similar systems that
are fainter and/or more distant remain to be discovered.

Gaia BH3 is the widest BH binary discovered to date,
with an orbital period of ~ 4250 days and a semima-
jor axis of ~ 16.5au. The eccentricity is relatively high,
e ~ 0.73, such that the star and BH pass within 4.5 au
of each other at periastron. How the system formed is
uncertain. Gaia Collaboration et al. (2024) note that a
typical red supergiant would not fit within the current
orbit at periastron. They thus consider formation of the
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system from an isolated binary unlikely, and invoke dy-
namical exchange as a possible alternative.

Here, I consider the possibility of formation from an
isolated binary in more detail. I conclude that — al-
though dynamical formation channels are also viable —
Gaia BH3’s properties may be naturally explained as the
end state of an isolated, extreme mass ratio binary. The
main differences between my analysis and that of Gaia
Collaboration et al. (2024) are that (a) I consider the
possibility that the orbit today may be different from
the orbit at the time of the BH’s formation, due to kicks
and/or mass loss during the BH progenitor’s death, and
(b) I show that low-metallicity massive stars remain com-
pact for most of their evolution, expanding to red super-
giant dimensions only in the final ~ 1000 years of their
lives, if at all. As a result, there is a broad parameter
space of initial orbits in which the BH progenitor either
never fills its Roche lobe, or fills it too late for the com-
panion star to spiral inward significantly.

The remainder of this paper is organized as follows.
Section 2 uses Monte Carlo simulations of BH formation
to assess the likely initial separation if Gaia BH3 formed
from an isolated binary. In Section 3, I describe evo-
lutionary models for low-metallicity massive stars that
could form the BH. Section 4 argues that BH compan-
ions appear to be strongly overrepresented at low metal-
licity, and that additional nearby BHs orbited by low-
metallicity stars likely remain to be discovered. Future
prospects and broader implications are briefly discussed
in Section 5.
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2. CONSTRAINTS ON THE PROGENITOR ORBIT

I use Monte Carlo simulations to study the combina-
tions of pre-supernova! (SN) orbits and natal kicks that
could have produced an orbit similar to that of Gaia BH3.
This approach follows Tauris et al. (2017) and El-Badry
et al. (2024); see Tauris & van den Heuvel (2023) for addi-
tional details about SN kicks. In brief, I simulate a large
number (N = 107) of orbits and kicks, and then use the
formalism from Brandt & Podsiadlowski (1995) to pre-
dict the post-SN parameters. Finally, I analyze the initial
parameters of the simulations for which the final period
and eccentricity are close to the observed values for Gaia
BH3: Forb final = 4000 — 4500d, and egna = 0.68 — 0.78.
Narrowing these ranges reduces the number of surviv-
ing Monte Carlo samples but has no significant effect on
their distribution.

I begin with a uniform distribution of pre-SN or-
bital periods between 0 and 8500d (twice the cur-
rently observed orbital period of Gaia BH3). I simulate
kicks assuming orientations distributed uniformly on the
sky and velocities distributed uniformly between 0 and
100kms~!. I take a uniform distribution of Am, the
mass loss of the BH progenitor during the SN, between
0 and 20 Mg, implying a progenitor mass of 33-53 M.
I assume the pre-SN orbit had e = 0, having been circu-
larized by tides when the BH progenitor expanded. This
is not a population synthesis simulation — pre-SN orbits
are unlikely to be uniformly distributed in all parame-
ters — but should be viewed as an exploration of what
combinations of orbits, kicks, and mass loss could have
produced the observed orbit. Later, I will check whether
the possible progenitor orbits are consistent with the ex-
pected size of the BH progenitor as a red supergiant. If
not — or if an orbit similar to the observed one could only
be produced self-consistently from very fine-tuned initial
conditions — this would suggest that formation from an
isolated binary is unlikely.

The results of this experiment are shown in Figure 1.
Initial separations ranging from ~ 800 to ~ 6000 R, can
produce the observed orbit. Initial separation closer than
~ 800 R cannot, because widening these to the sep-
aration observed today via a kick or mass loss would
result in a higher final eccentricity than is observed.
Wider initial separations could match the orbit for suit-
ably chosen kicks, but these are excluded by our prior of
Poyb,init < 8500d. The median and middle 68% range
of pre-SN separations that reproduce the observed or-
bit is ainit = 44733?32 Rq; this range encompasses the
semimajor axis observed today, which is ~ 3350 R,.

A broad range of vyjcx can also reproduce the observed
orbit; I find a middle 68% range of vy = 39ﬂ?L kms~!.
There no strong correlation between the allowed vk
and ajpni¢, but the combination of low vige, (< 20kms™1)
and large initial separation (2 1200 Rg) is ruled out be-
cause such orbits produce too low eccentricities. The
pre-SN mass is not strongly constrained. Only for
My init > 67 Mg (where most orbits become unbound
due to Blaauw 1961 kicks) would this parameter strongly
affect the results. In the limit of Msn;, = 33 Mg (no
mass loss), the required initial separation to explain the

I Here “supernova” loosely refers to the death of the massive star
and formation of the BH. Whether there was a successful explosion
or a long-lived luminous transient is uncertain.

orbit decreases slightly, to aini = 401073335 Re.

Assuming the system formed from an isolated binary
and the orbit was affected by a natal kick, we can ask
whether significant fine-tuning is required to explain the
orbit. Fine-tuning is always required to produce any spe-
cific orbit; here I am concerned with whether the orbit of
Gaia BH3 is typical of the predicted BH 4 main sequence
star population, given the inferred kick velocities. If I fix
Vkick = 39km s~! and repeat the experiment, I find that
~ 50% of all simulated orbits remain bound, and the
median eccentricity of the orbits that remain bound is
0.68. This suggests that Gaia BH3 is typical of the pre-
dicted population and the orbit does not require much
fine-tuning to explain. If vy is increased to 80kms™!,
the fraction of orbits that remain bound falls to 20%.

The largest star that could fit inside a pre-SN or-
bit of semimajor axis ainit has radius Rmax = @initfq,
where f,(My/Ms) is given by Eggleton (1983) and varies
from 0.68 to 0.70 over M; = 35 — 50 M), assuming
My = 0.8 M. This means for the pre-SN orbits that
reproduce the observed period and eccentricity, the +10
range of maximum radii is Rpax ~ 30901‘3:{’90 Ro. We
are now in a position to ask whether the progenitor of
the BH, which was presumably a low-metallicity massive
star, would have fit inside the pre-SN orbit.

3. THE BH PROGENITOR

I calculated a small suite of evolutionary models for
the progenitor of the BH using MESA (Paxton et al.
2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023). The
calculations closely follow the setup described by Klencki
et al. (2020), with MESA updated to version r23.05.1.
The most important ingredients are summarized below,
and I refer to Klencki et al. (2020, 2021) for more details.

I evolve single stars with initial masses ranging from
30 to 55 M and metallicities ranging from Z = 0.00002
(M/H] = —-2.8) to Z = 0.0014 ([M/H] = -1.0).
Convection is modeled following Henyey et al. (1965)
(mlt_option = ‘Henyey’) with a default mixing length
parameter « = 1.5. The Ledoux criterion is used
and semiconvection is modeled following Langer et al.
(1983), with efficiency parameter agc = 100 motivated
by Schootemeijer et al. (2019). MLT++ is not used.
Step overshooting is assumed above the H and He burn-
ing cores, with overshoot_f = 0.33 and overshoot_f0
= 0.05 by default. I experiment with varying the mixing
length and overshooting parameter, as described below.

Stellar winds are modeled following Brott et al. (2011):
for hot, hydrogen-rich stars (Teg > 25kK; Xg > 0.7), the
models take the wind mass loss rates from Vink et al.
(2000, 2001, here Xg is the surface hydrogen mass frac-
tion). For hydrogen-poor stars (Xg < 0.4), they use the
Wolf-Rayet wind model from Hamann et al. (1995) and
reduce the mass loss rate by a factor of 10 to account for
wind clumping (Yoon et al. 2006). For stars with inter-
mediate surface hydrogen abundances (0.4 < Xg < 0.7),
the mass loss rate is interpolated between the two pre-
scriptions above. For stars cooler than T.g = 25 kK, the
mass loss rate is set to the larger of the rates predicted
by Nieuwenhuijzen & de Jager (1990) and Vink et al.

(2001). These mass loss rates all include a M oc Z9-8%
scaling with metallicity. As a result, the predicted wind
mass-loss rates are all rather low at the metallicities of
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F1a. 1.— Constraints on kicks and the pre-SN orbit of Gaia BH3-like binaries. I assume that the binary had a circular orbit before the

SN and that the BH received a kick with velocity vyjcx when it formed. I simulate 107 pre-SN orbits with a uniform period distribution
Py, ~ U(0,2P5p,BH3), & pre-SN mass distribution My ini/Me ~ U(33,53), and a kick velocity distribution viei/(km s~ 1) ~ U(0,100).
I then show properties of the systems whose post-SN orbits have periods and eccentricities similar to Gaia BH3 (upper left). These orbits
have a wide range of pre-SN separations, ranging from 1000 to 6000 R .

interest for Gaia BH3. For consistency with Klencki
et al. (2020), the models assume Zy = 0.017 when cal-
culating mass loss rates, but I label the metallicities by
[M/H] = log(Z/0.014) following Asplund et al. (2009).
For rotating models, I include the effects of Eddington-
Sweet circulation (D_ES_factor = 1.0), secular shear
instabilities (D_SSI_factor = 1.0), and the Goldreich-
Schubert-Fricke instability (D_GSF_factor = 1.0), with
an efficiency factor am D .mix factor = 1/30 following
Heger et al. (2000). I initialize models using the MESA
create_pre_main_sequence model routine and run un-

til the end of carbon burning, by which time the model
is within days of core collapse and there is no time
for further radius evolution. I limit the timestep with
varcontrol_target = 0.0001 and delta HR limit =
0.0005 and the mesh resolution with max_dq = 0.001.
Sensitivity to these choices was explored by Klencki et al.
(2021).

To verify that the problem setup is consistent with the
one used by Klencki et al. (2020), I began by reproducing
their 35 Mg at metallicity Z = 0.00017 and comparing
to their published tracks. The model reaches a maximum
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FiGc. 2.— MESA evolutionary models for low-metallicty massive stars. The model shown in black is the same in all three panels: a
35 M star with metallicity [M/H] = —2.2 and no rotation. Colored lines show models varying metallicity (upper left), initial mass
(upper right), initial rotation rate (lower left), and overshooting or mixing length (lower right). Diamonds, circles, and stars mark core
hydrogen exhaustion, the onset of carbon burning, and core collapse. Dashed diagonal lines show constant radius. Shaded gray region
marks R > 3000 R¢), beyond which the star would have been unlikely to fit inside the pre-SN orbit of Gaia BH3. All of the models avoid
this limit, and some remain much smaller than it, such that they would not overflow their Roche lobes for any plausible progenitor orbit
of Gaia BH3. Lower left highlights models undergoing chemically homogeneous evolution (CHE), which stay smaller than 10 R at this
metallicity, even for modest initial rotation rates, €/Qc¢yit 2 0.45. CHE represents one possible channel to form Gaia BH3, but even models

without rotation could quite plausibly fit within the pre-SN orbit.

radius of 1331 R, shortly before core collapse. Their cor-
responding track has a maximum radius 1340 R, at the
same point, and its evolution in the HR diagram is nearly
indistinguishable from that of the model calculated here.

Figure 2 shows the evolution of several models in the
HR diagram. Core hydrogen exhaustion, the onset of car-
bon burning, and the end of carbon burning are marked
in each panel with a diamond, circle, and star symbol,
respectively. As a fiducial model — shown in black in each
panel — I take the nonrotating model with initial mass of
35 Mg and metallicity [M/H] = —2.2. The mass of this
model at the end of carbon burning is 34.7 Mg, reflecting
the fact that winds are predicted to be very weak at these
metallicities. This model could be expected to produce

a ~ 33 My BH if the SN shock fails and it undergoes
core collapse with little mass loss, since loss of up to a
few My, is still expected to occur as a result of neutrino
mass loss and the subsequent shock (Ferndndez et al.
2018). The fiducial model reaches a maximum radius of
1150 R shortly before core collapse.

The four panels in Figure 2 show the effects of vary-
ing metallicity, mass, rotation, and convective mixing
length and overshooting. The maximum radius reached
by our models varies relatively weakly with metallic-
ity over —2.2 < [M/H] < —1.6. The model with
[M/H] = —2.5 (slightly lower than Gaia BH3) is signifi-
cantly smaller than other models, reaching a maximum
radius of ~ 550 R. The maximum radius increases with



initial mass, ranging from =~ 850 R, for the 30 Mg model
to ~ 1800 Rg for the 50 Mg model at [M/H] = —2.2.
The maximum radius is sensitive to overshooting, as ex-
plored by Schootemeijer et al. (2019): smaller overshoot-
ing parameters lead to more compact supergiants. For
the choice of parameters explored here, sensitivity to the
mixing length is relatively weak: increasing aypr from
1.5 to 3.0 reduces the maximum radius by ~ 10%.

All the models shown in Figure 2 are consistent with
fitting within the observed orbit for more than half of
the sampled initial separations: the shaded regions in
Figure 2 show R > 3000 Ry, above which stars would
overflow their Roche lobes in Gaia BH3 for about half
of the possible initial orbits shown in Figure 1. None of
the models reach radii of 3000 R, implying that they
would not overflow their Roche lobes for a majority of
the possible pre-SN orbits.

One of the main differences between these and higher-
metallicity models is that these models remain compact
during core He burning: although they are red super-
giants at the end of their lives, they spend the large ma-
jority of their post-main sequence evolution as blue or
yellow supergiants with R < 100 R, and only expand to
red supergiant dimensions during their final ~ 1000 years
(see Klencki et al. 2020, for further discussion). This is
illustrated in Figure 3, which shows the late-stage radius
evolution for models with a range of masses (top panel)
and metallicities (bottom panel). The fiducial model in-
creases its radius by a factor of 2 in its final 800 years.
This behavior is not found in higher metallicity models,
even at “low” metallicites comparable to those found in
the Magellanic clouds. The upshot is that if a star with
properties similar to those predicted by the MESA mod-
els overflowed its Roche lobe in the Gaia BH3 system, it
would only have done so in the final few hundred years
of its evolution.

If a red supergiant overflows its Roche lobe, the inspiral
of the companion star is not instantaneous, but occurs
only once the work done by the drag force is comparable
to the star’s orbital energy. For the large mass ratios
and diffuse envelopes of interest here, the expected in-
spiral time from the outer envelope is of order 10? orbits
(O’Connor et al. 2023), or of order 10% years. Since most
of our models expand significantly in their final ~ 1000
years, it is possible that the BH progenitor did overflow
its Roche lobe, but then collapsed soon after, not leav-
ing the companion star enough time to spiral in. Such
an evolutionary history is most likely to be tenable for
pre-SN orbits in which the BH progenitor just barely
overflows its Roche lobe.

The lower left panel of Figure 2 shows another possi-
ble formation channel: formation from a rapidly-rotating
star through chemically homogeneous evolution (CHE).
At high rotation rates, large-scale meridional circula-
tions efficiently mix helium into the envelope, prevent-
ing the buildup of a chemical gradient and core/enve-
lope dichotomy that leads to expansion in nonrotating
models (Maeder 1987; Yoon & Langer 2005; Woosley &
Heger 2006). Under CHE, stars evolve from the main
sequence toward the helium main sequence, where they
have effective temperatures above 10° K and radii smaller
than 1 Rg. These models eventually ignite carbon burn-
ing and terminate their evolution without ever reach-
ing R > 10Rgs. At the low metallicities considered
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here, CHE occurs with modest initial rotation rates,
Q/Qerit > 0.45.

4. POPULATION INFERENCE FROM N =1

4.1. Wide BH companions are overrepresented at low
metallicity

Gaia BH3 has a much lower metallicity than typical
stars in the solar neighborhood. It is expected that low-
metallicity massive stars may form higher-mass BHs due
to their weaker winds (Woosley et al. 2002), and Gaia
BH3 was published in advance of DR4 primarily because
of the BH’s high mass. However, I argue here that —
even ignoring the BH’s mass — the fact that a BH of any
mass was found with such a low-metallicity companion
suggests that wide BH companions are overrepresented
at low metallicity.

Figure 4 shows differential and cumulative metallicity
distributions of giants within 1 kpc of the Sun. In black,
I show giants with high-quality metallicities from Gaia
XP spectra, which I take from Table 2 of Andrae et al.
(2023). Inred, I show giants with high-SNR spectra from
DR 17 of the APOGEE survey (Majewski et al. 2017;
Abdurro’uf et al. 2022). Here I exclude stars targeted
non-randomly, since several of the APOGEE targeting
cartons intentionally selected low-metallicity stars. The
shaded gray region shows the plausible metallicity un-
certainty of Gaia BH3, which goes from [M/H] = —2.2
as estimated by Gaia Collaboration et al. (2024) to
[M/H] = —1.82 as estimated for the source by Andrae
et al. (2023). T assume [M/H] = —2.0 in the discussion
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—2.2 according to Gaia Collaboration et al. (2024). The fraction
of giants with metallicities as low as Gaia BH1 is only ~ 0.0001.

below.

Both the XP and APOGEE samples suggest that only
1 in ~ 10* giants within 1 kpc have [M/H] < —2.0. This
very small fraction strongly implies that wide BH com-
panions are overrepresented at low metallicity. If they
were not, we could expect to find ~ 10* BH companions
— just to red giants — within 1 kpc. The true number
of BH + giant binaries within 1 kpc is unknown, but 0
have been discovered so far: the nearest such system is
Gaia BH2 at d = 1.16kpc (El-Badry et al. 2023b). It
seems quite unlikely that 10* remain to be discovered
(although published Gaia data are not yet sensitive to
orbital periods as long as that of Gaia BH3), and so a
more plausible explanation is that wide BH companions
are more common at low metallicity.

4.2. More low-metallicity BHs are expected in DR4

There is also reason to believe that more BHs or-
bited by metal-poor stars exist in the solar neighbor-
hood. Such stars are uniformly 2 12 Gyr old. This
means that giants sample a narrow mass range of roughly
(0.78 — 0.80) M. For a Kroupa IMF, there are ~165
stars with M = (0.1 — 0.78) My for every star with
M = (0.78 — 0.80) Mg, suggesting that even within 1
kpc, other massive BHs are likely orbited by lower-mass
metal-poor stars that are still on the main sequence. The
mass distribution of companions to BHs of course may
be different from the IMF, but it seems unlikely that
0.8 M companions would be significantly more common
than companions with mass of 0.7 Mg or 0.6 M. At the
distance and extinction of Gaia BH3, such companions

would have G < 14 for M > 0.75 Mg, or G < 16 for
M > 0.61 M. These magnitudes are too faint for Gaia
to have measured multi-epoch RVs from RVS spectra,
but bright enough that the astrometric orbit would be
resolved with SNR 2 100. With careful processing of
the astrometric data, a source like Gaia BH3 could likely
be detected even at G = 18 — 19 — where individual as-
trometric measurements have uncertainties of 1-3 mas in
the along-scan direction, a factor of 10-30 smaller than
Gaia BH3’s photocenter ellipse (Lindegren et al. 2018) —
although spurious solutions will be more abundant at low
SNR. Gaia BH3-like systems can thus quite plausibly be
detected with significantly lower-mass secondaries, and
to larger distances, than Gaia BH3 itself.

Unless Gaia BH3 is a major statistical fluke, these con-
siderations suggest that (a) more massive BHs remain to
be discovered around nearby metal-poor stars, and (b)
the occurrence rate of BH companions is considerably
higher at low metallicity than at solar values.

5. DISCUSSION
5.1. Formation from an isolated binary

There are at least three straightforward channels to
form binaries lie Gaia BH3 through isolated binary evo-
lution:

1. The progenitor of the BH could have become a
red supergiant but never overflowed its Roche lobe.
The MESA models described in Section 3 have
maximum radii of 1000 — 1800 Rs. Meanwhile,
Monte Carlo kick simulations (Figure 1) suggest a
median pre-SN separation of ~ 4500 R, such that
the BH progenitor would only have overflowed its
Roche lobe if its radius exceed ~ 3000 Rg,. It thus
seems quite possible that the BH progenitor and
companion star never interacted.

2. The BH progenitor could have overflowed its Roche
lobe shortly before core collapse, such that there
was no time for the companion star to spiral very
far inward. This does not necessarily require fine-
tuning: the models predict that at the very low
metallicities relevant to Gaia BH3, massive stars
spend most of their post-main sequence evolution
as blue/yellow supergiants that are too small (R <
100 Rg) to overflow their Roche lobes for any plau-
sible pre-SN orbit in Gaia BH3. They do eventually
expand to become red supergiants, but only in the
last < 1000 years before core collapse (Figure 3).
Roche lobe overflow during this phase may not have
left enough time for the companion star to spiral
inward significantly.

3. The BH could have formed via chemically homo-
geneous evolution of a ~ 35 M, star with initial
rotation rate Q/Qciy 2 0.45. Such a star would
never have become a red supergiant and so would
have comfortably fit within its Roche lobe for any
possible initial orbit.

Some caution is advisable in interpreting the maxi-
mum radii predicted by the MESA models. The radii
of red supergiants are sensitive to a variety of uncer-
tain inputs, such as the convective mixing length and



the treatment of overshooting and semiconvection (Chun
et al. 2018; Schootemeijer et al. 2019; Goldberg & Bild-
sten 2020; Klencki et al. 2021). And no one has ever
observed a massive star with a metallicity as low as Gaia
BH3, so the evolutionary models are untested. However,
I emphasize that (a) the modeling choices produce red
supergiant temperatures and luminosities in reasonably
good agreement with observations of massive stars in the
LMC and SMC (e.g. Schootemeijer et al. 2019), which are
the lowest-metallicity galaxies current observable with a
large population of evolved massive stars, and (b) the
radii predicted by these models are not unusually small
compared to the predictions of other work (e.g., the ref-
erences above). The orbit of Gaia BH3 is simply wide,
and can accommodate even very large BH progenitors.

5.2. Dynamical formation

The fact that Gaia BH3’s orbit is consistent with hav-
ing formed through isolated binary evolution does not, of
course, rule out the possibility that it formed through dy-
namic interactions in a dense cluster (e.g. Rastello et al.
2023; Di Carlo et al. 2023; Tanikawa et al. 2024b). In-
deed, Balbinot et al. (2024) report a likely association be-
tween Gaia BH3 and the ED-2 halo stellar stream, which
was most likely formed from a low-mass metal-poor star
cluster. This makes it quite natural to consider dynami-
cal formation channels, and cluster models tuned to the
progenitor of ED-2 will be able predict the population of
BH + stellar binaries they should form (e.g. Kremer et al.
2018; Gieles et al. 2021). Association with a cluster does
not, however, guarantee that Gaia BH3 formed dynam-
ically: most massive stars form in clusters, and clusters
contain both primordial and dynamically-formed bina-
ries. The key uncertainties are the initial density and
mass of the cluster and how rapidly it dissolved. If Gaia
BH3 formed in a cluster, this would require even weaker
kicks than implied by Figure 1, because the escape ve-
locity of plausible low-mass clusters is only a few kms™!.

Gaia BH3 is just at the separation beyond which
BH+star binaries can avoid a common envelope. Irre-
spective of whether Gaia BH3 in particular formed from
an isolated binary, the models presented here imply that
isolated binary evolution produces binaries with orbits
similar to Gaia BH3 — which is not the case for closer
binaries like Gaia BH1 and BH2 — and future Gaia data
releases are likely to find these binaries.

Constraints on the separation distribution of BH bina-
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ries from DR4 will provide some insight into their domi-
nant formation channel. If these systems form mainly by
isolated binary evolution, models predict the BH + low
mass star period distribution to rise steeply at Poyp = 10
yr (e.g. Breivik et al. 2017; Chawla et al. 2022), the pe-
riod beyond which a significant fraction of binaries will
have avoided a common envelope inspiral. For dynamical
formation channels, the period distribution will depend
on the mass of the clusters in which most systems are
formed, but there is little reason to expect a steep in-
crease at P, 2 10 yr. Fortunately, Gaia will obtain an
11-year observational baseline, enabling robust orbital
constraints at periods up to ~ 20 years, and perhaps
even significantly longer (e.g. Andrews et al. 2023).

The metallicity distribution of BH binaries will also
help constrain how they formed. The models pre-
sented here suggest that isolated binary evolution is more
promising at low metallicity, because the compact na-
ture of massive low-metallicity stars means that they can
avoid overflowing their Roche lobes and still form BH +
low-mass star binaries in the separation range probed
by Gaia DR4. On the other hand, the vast majority of
dense clusters that have contributed stars to the solar
neighborhood had metallicities near solar. If dynamical
interactions form most wide BH binaries, most systems
should likely have metallicities near solar, similar to Gaia
BH1 and BH2 (El-Badry et al. 2023a,b). For example,
Tanikawa et al. (2024a) predict that the formation effi-
ciency per unit mass of dynamically formed BH + star
binaries increases by less than a factor of ~ 5 between
[M/H] =0 and [M/H] = —2.

We do not know how many other BHs in the pre-release
Gaia data were not published. Because Gaia BH3 has too
long of an orbital period to have been accessible in DR3
— and the BH binary period distribution may rise steeply
at long periods, where binaries can avoid interaction and
a common envelope — population inference is still uncer-
tain. But prospects for constraining this population in
the coming years are bright.
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