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ABSTRACT

Gaia’s third data release found three wide, dormant black hole binaries: GaiaBH1, Ga-

iaBH2, and GaiaBH3. isolated binary evolution models don’t reproduce similar orbital

properties. Most simulated Milky Ways yield nearly zero detectable systems like these.

Dynamical formation in young star clusters does better, producing Gaia-like binaries up

to a thousand times more efficiently per unit of stellar mass. This thesis explores what

this formation channel will yield in a realistic environment, using N-body simulations of

open clusters that undergo instantaneous gas expulsion. We ran 81 star cluster simula-

tions. The pipeline combines MCLUSTER for initial mass and binary distributions, the

AGAMA library for phase-space sampling in a residual gas potential, and PeTar with

SSE/BSE stellar evolution. Every cluster has a star formation efficiency of SFE = 0.17,

a primordial binary fraction of fb = 0.5, and solar metallicity (Z = 0.02). They sit

in a Milky Way-like tidal field at roughly 8 kpc from the Galactic center. Initial mass

and phase-space random seeds are the only things that vary between runs. Each cluster

evolved for 150 Myr, with snapshots saved every 1 Myr. We tracked black hole–star,

neutron star-star, and black hole–black hole binaries, classifying each as primordial, dy-

namical, retained, or escaped. Across the 81 runs, the simulations produced 4006 binary

systems, mostly primordial, including 271 black hole–star and 144 black hole–black hole

pairs. Black hole–luminous companion binaries tend toward orbital periods of 170− 200

days, near-zero eccentricities, and companion masses of 1.0 − 1.2 M⊙. These are within

Gaia’s detectability window but still don’t match the observed systems well enough. The

bottleneck is the mass-ratio distribution (q ∈ [0.1, 1]), which doesn’t generate the extreme

mass-ratio progenitors (q ∼ 0.03 − 0.05) that Gaia-like systems require. Getting there

means trying different pairing prescriptions, exploring lower metallicities, and running

bigger simulations.
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1 INTRODUCTION

1.1 X-ray Surveys

Historically, the majority of black holes have been discovered through X-ray surveys of

the sky, which detect X-ray emission from mass accretion onto compact objects in binary

systems [1]. Different survey techniques have revealed different pieces of the black hole

population. The first solid evidence for supermassive black holes (SMBHs) came from

watching stars orbit the Galactic Centre [2] and from recognizing that active galactic

nuclei (AGNs) and quasars are black holes actively accreting [3]. The Sloan Digital Sky

Survey (SDSS) [4] produced the first complete quasar samples at z ≳ 6, showing billion-

solar-mass black holes existed within the first Gyr of the universe. Optically selected

samples miss obscured AGN [5], so hard X-ray surveys were essential. The Chandra

Deep Fields pushed to flux limits of ∼6 × 10−17 erg cm−2 s−1 [6], finding AGN at z > 4

and revealing X-ray-bright galaxies invisible in optical data. These surveys gave us a

workable picture of cosmic black hole growth. But black holes not actively accreting

remained an observational challenge.

1.2 Gravitational Wave Astrometry

A new window opened with gravitational wave detections from merging stellar-mass black

holes. The first event, GW150914, recorded by LIGO [7], provided unambiguous evidence

for stellar-origin black holes exceeding ∼20M⊙ and subsequent LIGO-Virgo-KAGRA ob-

servations revealed a mass distribution extending to ∼90M⊙ [8]. These detections raised

the question of which stellar populations produce such massive remnants. Gravitational

wave observations are, however, sensitive only to compact binaries in the final stages of

inspiral. They provide no information on wider-orbit progenitor systems

However, the third data release of the Gaia Mission has revealed a new method for

discovering black holes through precise binary orbital measurements [9]. As of the lat-

est data release, three strong candidates for black hole binaries identified through Gaia

astrometry have been reported [9–11]. The third Gaia data release yielded the first two

dormant black holes in the Milky Way: Gaia BH1 [9] and Gaia BH2 [10]. These systems

present in the solar neighborhood yet undetected throughout decades of X-ray monitor-

ing. Pre-release DR4 astrometry subsequently revealed Gaia BH3, a 33M⊙ black hole

orbiting a metal-poor giant with [M/H] ≈ −2.5 at ∼2 kpc [11]. The images of their lumi-

nous companions are presented in Figure 1, and thier orbital parameters are presented in

Table 1
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Table 1: Main properties of Gaia BH1 [9], Gaia BH2 [10], and Gaia BH3 [11].

Stellar Type MBH (M⊙) M∗ (M⊙) a (R⊙) P (days) e [Fe/H]

Gaia BH1 G-type main sequence 9.62+0.18
−0.18 0.93+0.05

−0.05 301.55+2.15
−2.15 185.59+0.05

−0.05 0.45+0.005
−0.005 −0.2

Gaia BH2 Red giant 8.94+0.34
−0.34 1.07+0.19

−0.19 1066.55+17.20
−17.20 1276.7+0.6

−0.6 0.5176+0.0009
−0.0009 −0.2

Gaia BH3 G-type giant 32.7+0.82
−0.82 0.76+0.05

−0.05 2477.0.35+58.058
−58.058 4253.1+98.5

−98.5 0.7291+0.0048
−0.0048 −2.6

1.3 Formation of Gaia-type Black Holes

Despite these detections, current formation models of binary systems struggle to reliably

predict the detection of black hole-star systems with Gaia-like parameters [12]. These Gaia

detections have motivated significant theoretical interest in understanding how such wide

binary systems form. Furthermore, Rastello et al. [13] demonstrated in their simulations

of star clusters that binaries with parameters similar to Gaia BH1 only become detectable

after a post-common-envelope system undergoes gravitational exchanges with other stars

in a cluster environment. Additionally, some simulations formed Gaia-like binaries only

in low metallicity clusters, which contrasts with the high metallicity measured for Gaia

BH1 and Gaia BH2 [14].

Moe & Di Stefano [15] compiled early-type binary populations and found that compan-

ion frequency scales with primary mass. Solar-type primaries have a companion frequency

around 0.50, while O-type stars reach 2.1. This means most black hole progenitors evolve

with close stellar companions, not in isolation.

There are three distinct formation channels recognized in the literature: Isolated Bi-

nary Evolition, Hierarchical triple-star evolution, Dynamical formation in star clusters.

(a) GaiaBH1 (b) GaiaBH2 (c) GaiaBH3

Figure 1: These are images of luminous companions of GaiaBH1, GaiaBH2, GaiaBH3
made by Two Micron All-Sky Survey (2MASS) and taken from Aladin an interactive sky
atlas
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Isolated binary evolution

The isolated binary evolution (IBE) channel has been the go-to model for BH–stellar

binary formation for years. But it can’t explain what Gaia found. Gaia BH1 and Gaia

BH2 each host a ≈ 9 M⊙ black hole on a wide, eccentric orbit around a low-mass com-

panion—186 days and 1277 days respectively. These fall squarely in the 102–104 day

period range where IBE models predict almost nothing [12]. The issue lies in the common

envelope phase. When the massive BH progenitor overflows its Roche lobe onto a ≈ 1

M⊙ companion, the inspiral should shrink the orbit by a factor of 100 − 1000. Post-CE

separations should end up at least 50 times smaller than what we observe [10]. Even

tweaking CE efficiency or adding pre-CE wind mass loss cutting the envelope to just ≈ 3

M⊙ the numbers still don’t work. And there’s no well-motivated physical mechanism for

αCE > 1 [16]. The rates are equally grim. Nagarajan et al. [12] ran the Gaia DR3 selec-

tion function against Chawla et al.’s IBE population. In most simulated Milky Ways, the

model predicts zero detectable BH binaries. Eight out of 100 trials produced one—but

only for companions far more luminous than anything Gaia BH1 or BH2 show.

Kotko et al. [16] calculated intrinsic formation rates: ≈ 3.2 × 10−10 M−1
⊙ for Gaia

BH1-like systems, ≈ 1.4×10−10 M−1
⊙ for Gaia BH2-like. That’s at most ≈ 900 detectable

systems across the entire Galactic thin disc. Gaia BH2 is the harder case—it needs the

natal kick within 15o of the orbital plane at roughly 20 km
s
. As Nagarajan et al. [12] note,

IBE predictions for Gaia-detectable BHs ”have generally become more pessimistic over

time.”

Hierarchical triple-star evolution

Few-body gravitational interactions have been shown to play a crucial role in the forma-

tion of star systems with unusual parameters [17]. For many massive stars, long-period

companions at logP ≈ 5.5–7.5 (a ≈ 200–5000 au) are outer tertiary components in hier-

archical triples. About 55% of O-star primaries have two or more companions [18]. Li et

al. found one working configuration: a triple with masses 9.03 M⊙, 3.12 M⊙, and 1.00

M⊙, inner and outer periods of 2.21 and 121.92 days [19]. TEDI-driven merger plus CHE

of the 12.11 M⊙ product (Ωcrit = 0.8, Bo = 5000 G) yields a post-merger binary matching

Gaia BH1’s orbit—if the supernova or failed supernova kicks out only ≈ 0.22 M⊙. The

rates are where things fall apart. Generozov & Perets evolved ≈ 106 triples and got at

most ≈ 2.9 × 10−7 M−1
⊙ for Gaia BH1-like systems [20]. As Generozov & Perets note,

more simulations are needed [18]. Small-number statistics and poorly understood merger

product evolution keep the model constrained.

Li et al. have the same issue. Post-merger stars need rapid rotation (Ωcrit ≈ 0.8) and

strong magnetic fields (Bo ≈ 5000 G) [19]. They’ve tested one set of initial conditions.
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Dynamical formation in star clusters

Rastello et al. found young star clusters form Gaia BH1-like systems about two orders of

magnitude more efficiently per unit stellar mass than isolated binary evolution: roughly

2 × 10−7 M−1 for ejected systems [13]. Di Carlo et al. scaled to a full Milky Way and

found the dynamical channel is roughly 50 times more efficient overall [21]. Even with

only 10% of star formation in young clusters, about four out of five BH-stellar binaries

in the Galaxy form dynamically — roughly 2 × 105 total. Tanikawa et al. was able to

obtain open cluster rates around 10−5 M−1, exceeding isolated binary evolution by three

orders of magnitude [22].

Dynamical channels also uniquely occupy the period-eccentricity space where Gaia

BH1 and Gaia BH2 actually sit. Di Carlo et al. showed that any detectable BH bi-

nary older than 100 Myr with e > 0.5 or MBH > 10 M⊙ must be dynamically formed

[21]. Nagarajan et al. applied Gaia’s selection function and found the dynamical model

produces a roughly log-uniform period distribution, right where Gaia is sensitive, while

isolated binary evolution predicts a gap, yielding zero detections in 92 out of 100 simu-

lated Milky Ways [12]. Fantocobi et al. ran N-body simulations of massive star clusters

(Mc = 104−106 M⊙) and obtained two Gaia BH1-like systems, both dynamically formed.

Gaia BH2-like systems also appeared, with efficiency ≈ 4.4×10−7 M−1 [14]. Nagarajan et

al. found the Di Carlo et al. model overpredicts DR3 orbital solutions by a factor of ≈ 8

[12, 21]. Normalization still needs work [12, 21]. Fantocolli et al. note their candidates

form in low-metallicity clusters (Z = 0.001), slightly at odds with the observed near-solar

metallicities ([Fe/H] ≈ −0.2) [14]. These findings support further investigation of star

cluster models for formation of Gaia-like binaries.

1.4 Aims of the work

The aim of this thesis is to explore a possible formation track for Gaia-like black holes

through modern N-body simulation methods where a star cluster undergoes a gas ex-

pulsion and is placed in a galactic potential. We use MCLUSTER to generate mass

distributions, binary pair distribution, and distribution of binary orbital parameters such

as eccentricity, mass ratio, semi-major axis. Phase-space for the particles is generated

AGAMA module, where the gas expulsion aspect is emulated through velocity is dis-

tributed in a residual gas + stars potential. All of that information is passed to PeTar,

a highly accurate N-body solver. It accurately simulates the short and long range inter-

actions, employs stellar evolution models, and allows to place a star cluster in a Milky

Way-like potential. Moreover, PeTar provides a wide array of tools for tracking individ-

ual stars and their properties. We simulate 81 clusters with the same properties except

for mass and phase-space randomizations. We gather the data on binary populations of
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these clusters and asses the orbital parameter distributions over time. We compare their

parameters to parameters of GaiaBH1 and GaiaBH2. In addition, we explore formation

of compact binaries that may produce a mereger event.
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Table 2: Common initial conditions passed to MCLUSTER

Option Set Value Explanation

ni 20000 Initial number of objects for each sub-population
fb 0.5 Primoridal binary fraction
InitialModel 1 Initial density distribution. Plummer model was chosen.
S 0.0 Mass segregation parameter. Chosen value means no segregation
fractal C Fractal dimensions. Chosen option means no fractal dimensions
qvir 0.5 Virial ratio is set to 0.5 so the system is in virial equilbrium
mfunc 1 Stellar mass function for initial mass distribution. Kroupa IMF was chosen
pairing 3 Pairing of binary components. Chosen option follows works of Kiminki & Kobulnicky

[26]; Sana et al., [27]; Kobulnicky et al., [28]. Meaning, uniform distribution of mass ratio
(0.1 ¡ q ¡ 1.0) for M > 5 M⊙ and random pairing for remaining particles

adis 6 Semi-major axis distribution. Chosen option is the following distribution: uniform dis-
tribution in log(a), between amin and amax for M < 5 M⊙ ; Sana et al. [27] period
distribution for M > 5 M⊙

eigen Off Eigenevolution is off, as I want unevolved stars at the begining of a simulation
amin 1 AU Minimum binary semi-major axis. Set values is given to MCLUSTER in solar radii, R⊙.
amax 1000 AU Maximum binary semi-major axis. Set values is given to MCLUSTER in solar radii, R⊙.
tf 1 point mass galaxy
rhmcl 1.0 Hlaf mass radius in pc
epoch 0 Age of population in Myr
Z 0.02 Initial metallicity
seedmc 9 random seeds Initial integer number to start random number generator for Mcluster initial conditions.

Nine integer numbers were used to initialize random number generator.

2 METHODS

This section describes the methods used to prepare and simulate the evolution of our star

cluster model. Initial conditions are only varied in initial phase space and initial mass

distribution. The generated initial conditions then are passed down to PeTar to evolve in

a GPU-accelerated N-body simulation. All of the output data is then analyzed through

python scripts with PeTar’s own python module, which aimed to assist the work with

output data.

2.1 Initial Conditions

Initial conditions are prepared using Python algorithm combining MCLUSTER [23] with

the agama galactic dynamics library [24]. This produces a self-consistent equilibrium

model accounting for stellar mass distribution and residual gas potential.

Initial parameter space - mass (m), metallicity (Z), semi-major axis (a), mass ratio

(q) - is handeled through MCLUSTER. Common initial parameters are listed in Table 2.

Stellar masses drawn from the Kroupa [25] initial mass function with limits 0.08 M⊙ ≤
M ≤ 150 M⊙.

For each pair of phase space and mass randomizations, the same parameters were

used. After the MCLUSTER generates a cluster population, the binary population is

filtered by primary mass to track dynamical black hole binary formation. A mass thresh-

old Mthresh = 10.0 M⊙ applies to primordial pairs. Binaries with primary above this
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threshold stay bound; below it, the binary breaks into isolated single stars. Each cluster

undergoes instantaneous gas expulsion following the model of Shukirgaliyev et al. [29],

where the residual gas mass is removed at the start of dynamical evolution. The clusters

are embedded in a galactic tidal field at a Galactocentric distance similar to that of the

solar system (RG ≈ 8 kpc).

The total density profile is the sum of the density profiles of the residual gas, ρgas, and

the embedded cluster, ρ∗, at any time:

ρ0(r) = ρgas(t, r) + ρ∗(t, r); (1)

here r if the distance from the clump center. The density of the pure gas at time t is

given by Eq.(19) from Parmentier and Pflanzer:

ρgas(t, r) =

(
ρ0(r)

− 1
2 +

√
8G

3π
ϵff t

)−2

. (2)

G is the gravitational constant and ϵff is the SFE per free-fall time.

The aim of these models is to investigate the stellar evolution of such binary systems

after instantaneous gas expulsion. Thus, our approach is to adopt a well documented star

density profile and derive initial gas density through it and Eq. 2. For our star density

profile, we took Plummer [30] model:

ρ∗(r) =
3M∗

4πa3∗

(
1 +

r2

a2∗

)− 5
2

. (3)

M∗ is the total mass of the star cluster and a∗ is the Plummer radius. The latter a∗ is

directly proportional to the half-mass radius of the cluster. I chose the Plummer model

because it has an analytical expression, and we may consider a certain finite mass for gas

and stars. Moreover, the model is supported by a wide range of N-body simulation codes,

which makes it possible to accurately compare our results to results from different works.

Now what is left is to take the star density profile, ρ∗(r),

ρ0(r, tSF ) = ρgas(r, tSF ) + ρ∗(r); (4)

ρgas(r, tSF ) =

(
(ρgas(r, tSF ) + ρ∗(r))

− 1
2 +

√
8G

3π
ϵff tSF

)−2

. (5)

In this equation, tSF , the star formation duration is given in units of Myr if densities of

stars, ρ∗, and residual gas ρgas are measured in M⊙ pc−3, and the gravitational constant

is G = 0.0045 pc3 M−1
sun Myr−2. Eq. 5 has an analytical solution for stellar density, which

was taken from Shukirgaliyev, B. [31]:

ρgas =
1

k2
− ρ∗

2
− 1

2

√
K2 +

8

k6K1

+K1. (6)
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Here, k =
√

8G
3π
ϵff tSF , and K1,2 are terms dependent on k and ρ∗. For the sake of clarity,

we show Eq. 13-16:

α = k4ρ2∗; (7)

K0 =
3

√
α3 + 36α2 + 216α + 24α

√
3(α + 27); (8)

K1 =

√
α2 + α(K0 + 24) +K0(K0 + 12)

12k4K0

; (9)

K2 =
(α−K0 + 24)(k0 − α)

3k2K0

(10)

This certain solution decreases as we move away from the center of the star forming

region, which follows the behavior of centrally concentrated star forming regions where

stellar density decreases with increasing radius. This analytic density profile of a residual

gas is then passed to AGAMA to generate an effective potential.

The initial positions and velocities of stellar particles are generated using the AGAMA

stellar dynamics library, following a self-consistent phase-space sampling procedure. The

gravitational potential of the gas component is constructed numerically via a spheri-

cally symmetric multipole expansion of the gas density profile ρgas from Eq. 6, evaluated

over a prescribed radial grid from rmin to rmax, while the stellar potential is represented

analytically by a Plummer sphere of total mass Ms and Plummer radius a. These two

components are superposed to form the total gravitational potential Φtotal, which captures

the combined dynamical influence of both the stellar and gaseous mass distributions. A

quasi-spherical distribution function f(E,L) for the stellar population is then constructed,

self-consistently reproducing the Plummer stellar density profile within Φtotal, thus ensur-

ing that the stars are initialised in dynamical equilibrium with the full two-component

potential rather than their self-gravity alone. This distribution function and the total po-

tential are encapsulated in an AGAMA GalaxyModel object, from which N phase-space

particles, described by a position and velocity vector (x, y, z, vx, vy, vz), are sampled,

yielding a set of initial phase space. Then, these positions and velocities are then replace

the ones generated by MCLUSTER. For binary particles, the center of mass positions and

velocities are replaced.

Data formats for PeTar ingestion. If an external galactic tidal field applies (Galac-

tocentric radius Xsc, velocity Vsc), the cluster’s half-mass radius rh scales to fraction λ

of theoretical Jacobi tidal radius rJ . Output writes to petar.init-compatible 7-column

format for simulation launch.

McLuster produces raw structural and kinematic data, but PeTar needs specific data

structures. The petar.init preprocessing tool handles this translation. McLuster out-

puts phase-space coordinates for each star: mass, three-dimensional position and velocity.

For primordial binaries, binary components appear on adjacent lines at the file’s start.
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The petar.init reads the first 2×Nb rows to initialize hierarchical binary system struc-

tures before reading single stars. It also handles unit conversion. McLuster outputs

in standard astronomical units (M⊙, pc,
km
s
), but PeTar uses velocity in pc

Myr
. The -v

kms2pcmyr flag automatically converts all velocities. Mass and spatial coordinates stay in

M⊙ and parsecs for compatibility with embedded stellar evolution routines. This study

tracks compact-object binary formation over cosmic time, so we enable PeTar’s BSE im-

plementation from t = 0. The -s bse flag appends necessary columns: Zero Age Main

Sequence (ZAMS) mass, stellar type, fractional age, and internal structure. These let

PeTar hand off particles to BSE routines during simulation run-time.

The cluster embeds in a realistic galactic environment using the Galpy potential library

[32]. Since initialization happens in the center-of-mass frame, the -c and -t flags apply

global position and velocity offsets to all particles. This places the cluster at the correct

Galactocentric radius and assigns appropriate orbital velocity relative to the Galpy poten-

tial, letting PeTar compute tidal stripping and dynamical friction. Galpy uses simplified

Milky Way-like potential fits described by Bovy et. al. [33].

2.2 PeTar Simulations

For the simulations in this work, we use PeTar [34], a high-performance N-body code

for modeling massive collisional stellar systems like globular clusters. Star cluster sim-

ulations span vastly different timescales: binary orbital periods as short as a few days,

stellar crossing times on the order of Myr, and two-body relaxation times of several Gyr.

PeTar handles this by combining three methods within a Hamiltonian-splitting frame-

work: the Barnes-Hut particle-tree (PT) for long-range interactions at O(N log N) cost,

the fourth-order Hermite integrator with block time steps for short-range neighbor inter-

actions, and the Slow-Down Algorithmic Regularization (SDAR) method for accurately

integrating few-body systems and tight binaries. Compared to nbody6++gpu, PeTar han-

dles an arbitrary fraction of primordial binaries and hierarchical multiple systems, and

uses a mass-dependent changeover function that correctly treats wide mass spectra con-

taining objects as massive as supermassive black holes. Benchmark tests show PeTar

achieves up to ∼ 11 times better performance than nbody6++gpu for million-body simu-

lations with large binary fractions, and scales to 107 particles on modern supercomputers

using hybrid MPI, OpenMP, SIMD (AVX/AVX-512), and GPU (CUDA) parallelization.

Stellar Evolution

For the purposes of understanding the evolution of stellar systems, it is necessary to

adhere to stellar evolution models that will enrich interactions of stars beyond point mass

simulations. For our simulations we have chosen a SSE/BSE model developed by Banerjee
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et. al. [35].

Banerjee’s updated SSE/BSE implementation produces realistic masses and velocities

for compact remnants (black holes, neutron stars) across a wide range of initial stellar

masses and metallicities [35]. For stellar winds that set up the pre-supernova structure,

the code uses the semi-empirical prescriptions from Belczynski et al. [36] for massive stars

and their evolved phases, replacing the older wind treatment of Hurley et al. [37]. On the

remnant side, it drops the simple old prescriptions in favor of the core-collapse models

of Fryer et al. [38], so the final compact-object mass depends on the full prior stellar

evolution rather than a simple mapping from initial mass.

Core-collapse events use the ”rapid” and ”delayed” explosion models of Fryer et al.

[38], combined with treatments of pulsational pair-instability and full pair-instability su-

pernovae following Belczynski et al. [39]. For each collapsing star, the code computes

a proto-remnant mass and fallback fraction as functions of the carbon-oxygen core mass

and pre-supernova mass, then applies the Belczynski et al. [39] criteria to decide when

pulsational pair-instability reduces the final black hole mass or when full pair-instability

removes the star entirely. This reproduces modern initial-final mass relations, including

a maximum black hole mass and a pair-instability gap.

Beyond the mass prescription, Banerjee et al. [35] implement natal kick models

tied to fallback and different physical mechanisms. A fallback-modulated, momentum-

conserving kick prescription serves as the baseline. They also include recipe-based versions

of convection-asymmetry-driven, collapse-asymmetry-driven, and neutrino-driven kicks

from the core-collapse literature. Applied to cluster models, the resulting retention frac-

tions and mass distributions differ strongly between kick models — collapse-asymmetry

kicks retain nearly all black holes, while neutrino-driven kicks eject almost all.

2.3 Data Analysis

Each run has ran for 150 Myr, and data files were written out every Myr. Hence, every

run had 150 snapshot files. Since the BSE and Galpy external potential were enabled,

the data files contain additional columns covering the stellar evolution of each particle

(binary/single), and it contains columns tracking the external potential relative to the

particles. Once the run is finished, I employed PeTar’s helper script petar.gether that

gather information on binary population, single population at each snapshot. Then, I use

PeTar’s petar.process script to generate data files on binary/single type change events,

escaped binary systems, cluster core information.

All of this data is then fed through a series of my python scripts in an interactive python

notebook. I tracked binary systems by their ids and assigned the following categories:

primordial, escaped, BH-Luminous, NS-Luminous, BH-BH. Primordial binaries are binary

systems which id pairs were present in the initial snapshot. Escaped binaries are flagged
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if they have an escape time and their escape time is less than the snapshot time. BH-

Luminous and NS-Luminous statuses are assigned when at least on of the stars is of

corresponding type (BH - black hole, NS - neutron star), and then when at least one of

the stars has a luminance higher than 0.1 L⊙. The BH-BH status is assigned when both

of the components has type BH.

For the purposes of assessing possible compact object mergers, I have used time to

coalescence, Tmerge,approximations for eccentricities close to zero from P. C. Peter:

Tmerge(e0) = Tcirc(a0)× f(e0) (11)

Tcirc(a0) =
12

19
· a

4
0

4β
(12)

β =
64

5

G3m1m2(m1 +m2)

c5
(13)

f(e) ≈ (1− e2)
7
2

1 + 73
24
e2 + 37

96
e4
. (14)

Tcirc(a0) is a special case for circular orbits. f(e) is an approximation factor that helps

computing approximate values of Tmerge around small eccentricities (e ∼ 0.2− 0.3). This

value is computed for all entries.

3 RESULTS

This section covers the results from the 81 star cluster simulations evolved till 150 Myrs.

Overall, our simulations have produced 4006 binary systems, both hard and wide. Table 3

holds count of total number, minimum and maximum count per cluster, and mean/median

per cluster of all binaries and several sub-populations from our simulations. For each bi-

nary type: black hole-star (BH-S), neutron star-star (NS-S), and black hole-black hole

(BH-BH), the table lists the total number of systems, the range of systems per cluster,

and the mean/median number per cluster. Binaries are separated into primordial and dy-

namical populations. Moreover, I have looked at distributions of five parameters, namely:

Initially primary mass (m1), Eccentricity (e), Semi-major axis (a), Orbital period (P ),

Initially companion mass (m2). These five parameters are assessed for seven populations

of binary systems at three snapshots (T = [50, 100, 150] Myr) across all realizations.

3.1 Binary Parameters Distribution

Figure 3 shows primary mass m1, eccentricity e, semi-major axis log[a], orbital period

log[Torbital], and secondary mass m2 for all BH binaries across 81 realisations, at 50, 100,

and 150 Myr. Primary mass splits into two peaks: low masses (m1 ≲ 2M⊙) dominate, and

there’s a secondary group at 7–10M⊙. Eccentricity bunches toward low values (e ≲ 0.2)
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Figure 2: These are distributions of eccentricity (e, left panel), semi-major axis (a, middle
panel), and orbital period (T , right panel) at the initial snapshot. The semi-major axis
and the orbital period are scaled logarithmically.

Table 3: Population statistics of compact binaries across simulated star clusters.

Total number Range per cluster Mean/Median

All Binary Systems 4006 39-66 49.46/48.00
BH-S 271 1-5 3.35/3.00
NS-S 484 2-10 5.97/5.00

BH-BH 144 1-3 1.78/2.00
Primordial Binaries 3843 37-64 47.5/46

BH-S 261 1-5 3.2/3.00
NS-S 484 2-10 5.97/5.00

BH-BH 135 0-3 1.67/2.00
Dynamical Binaries 163 0-5 2.01/2.0

BH-S 10 0-1 0.12/0.00
NS-S 0 0 0.00/0.00

BH-BH 9 0-1 0.11/0.00

at all epochs, but there’s a tail of high-eccentricity systems (e ≳ 0.6). Semi-major axis

and orbital period are bimodal as well. Compact group: log[a] ∼ 0–2 (a ∼ 1–100R⊙,

log[Torbital] ∼ −2–2 days). Wide group: log[a] ∼ 5–6 (log[Torbital] ∼ 8–10 days). Count

grows from 50 to 150 Myr. Most of the growth is in the low-m1 and wide-orbit populations.

Primordial and Dynamical

Figure 4 shows primordial black hole binaries at 50, 100, and 150 Myr. Primary

mass is broad, 0–10M⊙, with a low-mass peak at m1 ≲ 2M⊙ and a high-mass one

at m1 ∼ 7–9M⊙. Primordial binaries make up most of the binary population. Ec-

centricities distirbuted near zero. Semi-major axes split into two groups: compact at

log[a] ∼ 0–2, wide at log[a] ∼ 5–6. Secondary mass m2 is bimodal—m2 ≲ 1M⊙ and
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m2 ∼ 6–8M⊙—low-mass stars to compact objects.Count grows from 50 to 150 Myr.

New BH systems keep coming from the primordial binary pool as the cluster evolves.

Now for the dynamically formed binaries (Fig 5), the population size is smaller than pri-

mordial population (peak ≲ 80 vs. ∼ 400–500 primordial), and primaries are massive,

m1 ∼ 6–10M⊙. Eccentricity is broad and nearly uniform, e ∼ 0–0.9. Semi-major axes at

intermediate-to-wide (log[a] ∼ 1–2), orbital periods at log[Torbital] ∼ 0–1 days. Dynamical

formation does not make very tight binaries in the first 150 Myr. Secondary mass m2 also

high, m2 ∼ 5–8M⊙.

Retained and Escaped

Figure 6 shows black hole binaries that remain gravitationally bound to the cluster, at

50, 100, and 150 Myr. Retained primaries sit at high masses (m1 ∼ 7–9M⊙). The 50

Myr is the only snapshot with substantial numbers. The retained binary counts drop at

100 and at 150 Myr. Possibly, they get disrupted by dynamical encounters or escape into

galactic potential. Eccentricity spans e ∼ 0–1. Semi-major axes cluster at intermediate

separations (log[a] ∼ 1–2, a ∼ 10–100R⊙). Secondary masses are m2 ∼ 6–8M⊙, so

BH–BH or BH–massive-star pairs dominate. Orbital periods peak at log[Torbital] ∼ 0–1

days. Now for the escaped population (Fig. 7), the escaped count is way higher than

retained (peak ∼ 400 at 150 Myr), and it’s dominated by low-mass primaries (m1 ≲

2M⊙). Eccentricities bunch near e ∼ 0. Semi-major axes go from log[a] ∼ 0 to ∼ 2.

Orbital periods span near log[Torbital] ≈ 0 days. Secondary masses also low (m2 ≲ 1M⊙).

Count grows steadily over 150 Myr.

3.2 Binaries with compact companions

NS-Luminous and BH-Lumionus

Figure 8 shows distributions for the neutron star binaries. Primary mass m1 concentrates

near 1.2–1.6M⊙, and the count grows from 50 to 150 Myr. Eccentricity distribution peaks

near e ∼ 0, but there is a long tail stretching to e ∼ 0.8–0.9. Semi-major axes go from

log[a] ∼ 0 to ∼ 2, dominant peak at the low end. Orbital periods are sub-day to about

a day short. Secondary mass m2 spans ≲ 1 to ∼ 6M⊙. Figure 9 shows BH-luminous

star binaries at 50 Myr. Primary mass m1 sits at 6.5–8M⊙. Eccentricities are very low

(e ≲ 0.05). Semi-major axis peaks at log[a] ∼ 2.4 (a ∼ 250R⊙), orbital periods around

170–200 days. Tight clustering in a narrow band of parameter space. Secondary mass m2

is 1.0–1.2M⊙.
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BBH

Figure 10 shows the orbital and mass distributions of BH–BH binaries at 50, 100, and

150 Myr. Both component masses sit in the range m1,m2 ∼ 6–10M⊙. This population

comes from the most massive stellar progenitors under the Kroupa IMF at solar metallic-

ity. Eccentricity spans nearly the full range e ∼ 0–1, roughly uniform. Semi-major axes

concentrate at large separations—dominant peak at log[a] ∼ 5–6 (a ∼ 105–106R⊙). Or-

bital periods peak at log[Torbital] ∼ 8–10 days. Most BH–BH binaries at these epochs are

wide, loosely bound—nowhere near hard enough for efficient gravitational wave inspiral.

A secondary population at compact separations (log[a] ∼ 1–2) grows from 50 to 150 Myr.
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4 DISCUSSION

I have performed 81 simulations of a star cluster with SFE = 0.17 and massive primordial

binary population combining PeTar with MCLUSTER and AGAMA. They have yielded

a substantial number of binary systems with a more or less uniform distribution of mass

ratio. Comparing them to parameters of GaiaBH1 and GaiaBH2 and their similarity

regions have highlighted certain aspects of sub-population of binaries presented in this

work.

Looking at the black hole-luminous companion population of binaries, It must be note

that the parameters of these objects are detectable by Gaia telescope. They might not

be similar to GaiaBH1 and GaiaBH2, but their companion apparent magnitude suggest

that Gaia would have been assess the radial motion of such objects.

One of the important limitation of my work is the uniform distribution of mass ratio.

Kotko et al. argue that binary systems in isolated evolution had to have progenitor masses

∼ 39.7 M⊙&∼ 1.2 M⊙ (q = 0.03) for GaiaBH1 and ∼ 22.6 M⊙&∼ 1.1 M⊙ (q=0.05) for

GaiaBH2 to form[16]. Our initial mass ratio distribution spans q ∈ [0.1, 1], which does not

capture parings mentioned in their work. In future simulations, we will need to reconsider

paring method for our primordial binaries. Possibly, it will allows us to have GaiaBHs

within escaped binary population.

Our clusters have much less dynamically formed binaries compared to primordial pop-

ulation, which is expected as the cluster model is sparse. Our cluster is not able to produce

triple or quadruple interactions, though Li et al. argue that GaiaBH1 might be a product

of a hierarchical triple system, where inner binary system resulted in a merge leaving a

system similar to GaiaBH1 [19]. This scenario could be explored in our simulation either

through increase in initial star number or in initial density of a cluster.
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5 CONCLUSION

This work ran 81 N-body simulations of young open star clusters undergoing instanta-

neous gas expulsion, testing whether compact-star binaries with Gaia-like parameters can

form dynamically. Using MCLUSTER, AGAMA, and PeTar with full stellar evolution,

the simulations produced 4006 binary systems: 271 black hole–luminous star pairs, 484

neutron star–luminous star pairs, and 144 black hole–black hole pairs.

The black hole–luminous companions sat at orbital periods of 170 − 200 days, with

near-circular orbits (e ≲ 0.05) and masses around 1.0− 1.2 M⊙. This narrow region sits

right in Gaia’s detectability window. If these systems form dynamically in young clusters,

Gaia should be able to spot them. The black hole–black hole population, by contrast,

was mostly wide pairs at 105–106 R⊙, too loose to inspiral within a Hubble time.

There are limitations that needed to be addressed. The mass-ratio distribution runs

q ∈ [0.1, 1.0], missing the extreme mass-ratio pairs (q ∼ 0.03− 0.05) that isolated binary

evolution models say are needed for GaiaBH1 and GaiaBH2. The clusters were also

relatively sparse, producing fewer dynamically formed binaries than primordial ones, so

exchange interactions which other work shows are crucial for Gaia-like configurations were

not well sampled. Future runs will use denser clusters, a range of metallicities, and more

particles to narrow down how efficiently dynamical formation produces the wide black

hole binaries Gaia can detect.
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Figure 3: Corner plot of pairwise parameter distributions for binaries from all simulated
clusters. The five parameters are initial primary mass (m1), eccentricity (e), log semi-
major axis (log[a]), log orbital period (log[Torbital]), and initial companion mass (m2).
Points are color-coded by snapshot time: 50 Myr (darkblue), 100 Myr (lightpink), 150
Myr (yellow). Red and black stars mark Gaia BH1 and Gaia BH2 parameters. Black
and red boxes show the similarity regions used to select Gaia BH1-like and Gaia BH2-like
systems, with bounds on m1, m2, e, a, and Torbital from Fantoccolli et. el. [14]. Diagonal
panels give the 1D marginalized counts for each parameter.
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Figure 4: Corner plot of pairwise parameter distributions for primordial binary systems
from simulated clusters. The five parameters are initial primary mass (m1), eccentricity
(e), log semi-major axis (log[a]), log orbital period (log[Torbital]), and initial companion
mass (m2). Points are color-coded by snapshot time: 50 Myr (darkblue), 100 Myr (light-
pink), 150 Myr (yellow). Red and black stars mark Gaia BH1 and Gaia BH2 parameters.
Black and red boxes show the similarity regions used to select Gaia BH1-like and Gaia
BH2-like systems, with bounds on m1, m2, e, a, and Torbital from Fantoccolli et. el. [14].
Diagonal panels give the 1D marginalized counts for each parameter.
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Figure 5: Corner plot of pairwise parameter distributions for dynamical binary systems
from simulated clusters. The five parameters are initial primary mass (m1), eccentricity
(e), log semi-major axis (log[a]), log orbital period (log[Torbital]), and initial companion
mass (m2). Points are color-coded by snapshot time: 50 Myr (darkblue), 100 Myr (light-
pink), 150 Myr (yellow). Red and black stars mark Gaia BH1 and Gaia BH2 parameters.
Black and red boxes show the similarity regions used to select Gaia BH1-like and Gaia
BH2-like systems, with bounds on m1, m2, e, a, and Torbital from Fantoccolli et. el. [14].
Diagonal panels give the 1D marginalized counts for each parameter.
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Figure 6: Corner plot of pairwise parameter distributions for retained binaries from all
realizations. The five parameters are initial primary mass (m1), eccentricity (e), log semi-
major axis (log[a]), log orbital period (log[Torbital]), and initial companion mass (m2).
Points are color-coded by snapshot time: 50 Myr (darkblue), 100 Myr (lightpink), 150
Myr (yellow). Red and black stars mark Gaia BH1 and Gaia BH2 parameters. Black
and red boxes show the similarity regions used to select Gaia BH1-like and Gaia BH2-like
systems, with bounds on m1, m2, e, a, and Torbital from Fantoccolli et. el. [14]. Diagonal
panels give the 1D marginalized counts for each parameter.

24



0 5 10
0

100

200

300

400

0 5 10
0

0.2
0.4
0.6
0.8

1

0 0.5 1
0

100

200

300

0 5 10

0

2

4

6

0 0.5 1

0

2

4

6

0 2 4 6
0

50

100

150

200

0 5 10

0

5

10

0 0.5 1

0

5

10

0 2 4 6

0

5

10

0 5
0

50

100

150

200

250

0 5 10

0

2

4

6

8

0 0.5 1

0

2

4

6

8

0 2 4 6

0

2

4

6

8

0 5 10

0

2

4

6

8

0 2 4 6 8
0

50

100

150

GaiaBH2
GaiaBH1
150 Myr
100 Myr
50 Myr

C
ou

nt

Figure 7: Corner plot of pairwise parameter distributions for escaped binaries from all
realizations. The five parameters are initial primary mass (m1), eccentricity (e), log semi-
major axis (log[a]), log orbital period (log[Torbital]), and initial companion mass (m2).
Points are color-coded by snapshot time: 50 Myr (darkblue), 100 Myr (lightpink), 150
Myr (yellow). Red and black stars mark Gaia BH1 and Gaia BH2 parameters. Black
and red boxes show the similarity regions used to select Gaia BH1-like and Gaia BH2-like
systems, with bounds on m1, m2, e, a, and Torbital from Fantoccolli et. el. [14]. Diagonal
panels give the 1D marginalized counts for each parameter.
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Figure 8: Corner plot of pairwise parameter distributions for neutron star-luminous com-
panion binaries. The five parameters are initial primary mass (m1), eccentricity (e), log
semi-major axis (log[a]), log orbital period (log[Torbital]), and initial companion mass (m2).
Points are color-coded by snapshot time: 50 Myr (darkblue), 100 Myr (lightpink), 150
Myr (yellow). Red and black stars mark Gaia BH1 and Gaia BH2 parameters. Black
and red boxes show the similarity regions used to select Gaia BH1-like and Gaia BH2-like
systems, with bounds on m1, m2, e, a, and Torbital from Fantoccolli et. el. [14]. Diagonal
panels give the 1D marginalized counts for each parameter.
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Figure 9: Corner plot of pairwise parameter distributions for black hole-luminous com-
panion binaries. The five parameters are initial primary mass (m1), eccentricity (e), log
semi-major axis (log[a]), log orbital period (log[Torbital]), and initial companion mass (m2).
Points are color-coded by snapshot time: 50 Myr (darkblue), 100 Myr (lightpink), 150
Myr (yellow). Red and black stars mark Gaia BH1 and Gaia BH2 parameters. Black
and red boxes show the similarity regions used to select Gaia BH1-like and Gaia BH2-like
systems, with bounds on m1, m2, e, a, and Torbital from Fantoccolli et. el. [14]. Diagonal
panels give the 1D marginalized counts for each parameter.
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Figure 10: Corner plot of pairwise parameter distributions for binary black holes in our
simulations. The five parameters are initial primary mass (m1), eccentricity (e), log semi-
major axis (log[a]), log orbital period (log[Torbital]), and initial companion mass (m2).
Points are color-coded by snapshot time: 50 Myr (darkblue), 100 Myr (lightpink), 150
Myr (yellow). Red and black stars mark Gaia BH1 and Gaia BH2 parameters. Black
and red boxes show the similarity regions used to select Gaia BH1-like and Gaia BH2-like
systems, with bounds on m1, m2, e, a, and Torbital from Fantoccolli et. el. [14]. Diagonal
panels give the 1D marginalized counts for each parameter.
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