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Why Star Clusters



y We Need Fast Cluster Models

Star clusters: Dense stellar systems that act as efficient factories for black hole

binary mergers.

GW Observatories Gaia Survey JWST Observations
e 100+ BBH mergers e 150+ GCs, thousands e High-redshift clusters
(GWTC-4) DAL G e Evolution modeling
e Need population e Tidal stripping essential

synthesis measurements

Key Questions That Need Answers

o What fraction of LIGO events e What were initial masses/radii of
come from clusters? Milky Way GCs?

e What are their eccentricity e How many black holes do clusters
distributions? retain?

e Which merger channels e How do high-redshift clusters
dominate? evolve?



The Challenge



The 13-Billion-Year Problem

Cluster NGC 7078 e Globular Clusters:

e 10°-10° stars
e 10-13 Gyr old
e Black hole factories

e The Computational
Challenge:
e Full simulation: 2 6 months
(scales as O(N?))
e Requirement: Thousands of
models for population studies

5 o : e Computationally expensive
Image credit: NASA/ESA, Hubble Space Telescope.



The Big Question

How can we model
a star cluster’s complete evolution

within one second?

Answer:| Apply thermodynamic principles




The Solution:
clusterBHBdynamics (cBHBd)



Meet cBHBd

cBHBd

Unified framework for cluster evolution & BBH mergers

Input

N: Total number of initial cluster stars

[Fe/H]: Cluster metallicity Fast cluster evolution with BHs

pu: Initial half-mass density M., pe~ clusterBH ’
Rag: Galactocentric distance [kpc]

tena: Simulation end time [Myr]

+ Metallcity-dependent mass loss : « Sampling BBH component masses
+ Two-body relaxation : « BBH formation and evolution
« BH ejections H « Different channels for BBH mergers:

« Evaporation in Galactic tidal field

GW captures during binary-single resonant interactions
2. GW captures during BBH-BBH interactions

3. Ejected mergers

4. In-cluster inspirals

5. GW captures in direct interactions

ML (8), 7(t), Mg (8). (m.) (), (mm) (t)

Dynamical BBH merger catalog:

Masses, spins, semimajor axis, eccentricity,
merger channel, recoil kick

What you’re seeing: The complete flowchart from our paper. clusterBH
evolves the cluster, BHBdynamics handles BH mergers.

Comprehensive framework for 13 Gyr of evolution — every box represents a
physical process, every line a coupling

(Antonini & Gieles 2020; Antonini, Gieles et al. 2023) 2



The Speed-Accuracy Revolution

The Computational Advantage

100,000% speedup

N-body

Months to years

Monte Carlo

Days to Weeks

cBHBd
1-5 seconds

O(N?)
Key Features

Speed
1-5 seconds

per cluster

O(N log N)

Accuracy
15-20%

mean error

Validation
148 reference

models

Independent of N

Accessibility
Open source

code

Temporal
Scope
Full 13 Gyr

evolution

Key innovation: Runtime independent of cluster size!



How It Works: Part 1 - Cluster
Evolution




Key Physical Mechanisms
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The Evolution Timeline

Expansion

Stellar evolution

Energy flow
BH dynamics

Radius Response
Radius evolution via virial
theorem
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Cluster constantly adjusts radius
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Key insight: Each mechanism dominates at different times, but all work together 7
Based on: Gieles et al. 2011; Alexander & Gieles 2012; Breen & Heggie 2013



Validation: How We Know It Works

Robust Validation

We compare to two independent simulation methods: N-body models (left) and
Monte Carlo (right). cBHBd matches both with less computational cost. Uses just

7 fitted parameters.
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How It Works: Part 2 - Binary
Black Hole Dynamics




Black Hole Binary: Formation to Merger

1
1
1

A\

Hard binary
GW emnssnon/
Time Merger
l. Formation Il. Binary I11. Hardening IV. Merger

Key insight: During hardening, the binary has two possible fates:

In-cluster merger Ejected merger
Channels 1, 2, 4, 5 Channel 3 (merges later)



The Complete Picture: Five Dynamical Merger Channels

3

Ejected merger @_ > @

¢
1
Resonant interaction

Blnary—blnary interaction

I
In-cluster inspiral Direct interaction

e Original channels (1-3): Resonant interaction, In-cluster inspiral,
Ejected merger (Antonini et al. 2023)

e New channels (4-5): Binary-binary interactions, Direct interactions
(Marin Pina et al. 2025; Rando Forastier et al. 2025)

Key result: New channels add 20% more mergers to low-mass clusters.



Results




Performance Validation

From 1-year simulations to 1-second
predictions with 85% accuracy!

Cluster Properties Merger Rates
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. 0, B g 0,
e Stellar mass: 96.5% within 30% o Laveriess ahses: NWew
e Cluster radius: 100% within 30% correct!
. A 1.3
e BH mass: 83% within 50% e Scaling: Nmerg o< Mg
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Why All Cluster Masses Contribute

Mass Distribution Merger Scaling

logyg(dN/dM) log10 Nmerg

logyg Mc) log1g Mc)
Steep MF Superlinear
Observation: There are ~100X more Our result: Mergers scale
low-mass clusters (103~ 4 M) as Nmerg o M1L:3
i Esive @NEs (10677M®) A 10X more massive cluster

produces ~20X more mergers

The Combined Effect

Steep mass function (x M ~2) x Superlinear merger scaling (o< M13)

U

Almost constant mergers per mass decade
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Why This Matters




Future Applications Enabled by Rapid Modeling

From 13 billion years to 1 second

ST (Gl Technical Revolution

e Infer GC histories from « 100,000x speedup over

esent-day data ..
presen Y traditional methods

e Model tidal streams with BH

e Parameter exploration now
effects

feasible
e Population synthesis for

GWTC-4+

e Study cluster formation

e Open source and easy to use

e Freely distributed for

o community use
across cosmic time

13



cBHBd: A fast, accurate tool for
cluster evolution and BBH merger predictions

148 models validated ® 13 Gyr evolution

Speed Completeness
1-5 5 merger
sec/cluster channels
(20% error, (+20%
N-independent) mergers)

The Big Picture

By treating clusters as thermodynamic systems,
we enable population studies previously beyond computational reach

14
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