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Introduction



What are Black Holes?
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• Compact Objects

• High mass, low volume

Sun

1 𝑀⊙ ∼ 1030kg

1 𝑅⊙ ∼ 109 km

Black Hole

1 𝑀⊙ ∼ 1030kg
𝟑 𝒌𝒎

Dark!
𝑀𝑖𝑛 [𝑀⊙]
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• Stellar evolution remnants

[S.E. Woosley et al., 2002]



Black Hole observations
1. Optical: we observe the effect of  BHs on matter around them

2. Gravitational Waves
from black hole binaries
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[ESO] [EHT]

[R. Hurt]



Gravitational Waves observations
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∼ 60 𝑀⊙



How do these mass gap BHs exist?

A. The theory of  stellar evolution is somewhat wrong

B. These BHs do not come directly from stellar evolution, but 
from dynamical formation channels
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Dynamical Formation
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In environments with high stellar density: 

1g

1g

2g

1g

3g

• Frequent interaction → binary formation

• Deep gravitational potential well → the remnants of  previous 

mergers are retained and can form new binaries

HIERARCHICAL MERGERS



Dense environments
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[Globular Cluster M2, HST]

1. Full N-body simulation
• The most accurate approach

• Computationally slow: it’s hard to 
simulate more than 100 binary BHs

2. Semi-analytical code
• Less accurate: you can only reproduce 

the average behaviour

• Fast: you can efficiently explore the 
parameter space
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GLOBULAR CLUSTERS

[M2, HST]

[NGC 2164, HST]

OPEN CLUSTERS

[NGC 300, Nadine Neumayer]

NUCLEAR CLUSTERS

[Artist impression, NASA]

ACTIVE GALACTIC 

NUCLEI
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The physics of  the 
AGN environment
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Active Galactic Nucleus: the recipe

[Image credits: B. McKernan]
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Super-massive black hole: 

𝑀 > 105𝑀⊙

Gaseous accretion disk 

with lifetime 𝜏

Surrounding black holes 

(Nuclear Star Cluster)



The effects of  gas
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1) DAMPING 2) TYPE I MIGRATION
𝑖 → 0, 𝑒 → 0 𝑅 → 𝑅trap

𝑎3) ASSISTED INSPIRAL
𝑎 ↓
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The effects of  gas

𝐽 𝐿

𝜒1

𝜒2

Gravitational Waves are sensitive to the effective spin

𝜒eff =
𝑚1 𝜒1 cos𝜃1+𝑚2 𝜒2 cos𝜃2

𝑚1+𝑚2

𝐿
𝜃
𝜒

High effective spin is a

signature of  mergers in AGNs

4) SPIN ALIGNMENT

Gas torques align  𝜒1,2 and 𝐿 with Ԧ𝐽



What happens after the merger?
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Can the merger remnant go 
through a new merger event?

Ejection:

𝑣𝑖𝑛 + 𝑣𝑘𝑖𝑐𝑘 > 𝑣𝑒𝑠𝑐

Timescale too long:

𝑡merg > 𝜏

No other BH:

𝑚1 + 𝑚2
(𝑔)

> 𝑀max ∝ 𝑁BH
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Fastcluster tutorial



Logic sequence of  the script
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Simulation

parameters

initialization

1° gen binary initialization

1° gen binary evolution

Loop exit if no 

BH are left in 

the simulation

Hierarchical merger 

filters

n° gen binary initialization

n° gen binary evolution



gitlab.com/mariapaola.vaccaro/fastcluster_pod_workshop
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gitlab.com/mariapaola.vaccaro/fastcluster_pod_workshop

Launch the script 

from terminal with 

the command 

python fastcluster.py
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Example gitlab.com/mariapaola.vaccaro/fastcluster_pod_workshop

SMBH

primary

secondary

remnant
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Example gitlab.com/mariapaola.vaccaro/fastcluster_pod_workshop
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gitlab.com/mariapaola.vaccaro/fastcluster_pod_workshop
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Results



AGNs are a breeding ground for the formation of  
intermediate-mass black holes
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PRELIMINARY!

LVK data 



Conclusions
• Is dynamical formation of  BBHs possible (and efficient) in AGNs?  Yes!

• Merger remnants with masses up to ∼ 103 𝑀⊙

• The average remnant mass correlates with the SMBH mass

• Has any observed BBH been produced in an AGN?  Maybe.

• For a fair comparison we need to account for the observational biases 

of  the LIGO-Virgo-KAGRA instruments
Stay tuned, paper in 

preparation!
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