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Massive Black Holes in 
Galactic Nuclei

Cosmological (ΛCDM) 

merger paradigm

Formation of a large number of Massive BH Binaries

Coalescence via GWs emission!
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Why are Massive BH Binaries so important?

Powerful sources of low 
frequency GWs, that will be 
accessible to the Pulsar 
Timing Array and future 
observatories as LISA

→ unprecedented information on (the origin of) Massive BHs 
→ a way to test the current cosmological paradigm 

Such GW detections will give us

Premio Magini – E. Bortolas



  

How do Massive BH Binaries evolve?

Dynamical friction 
driven inspiral

GW emission stage
(10-2 – 10-3 pc separation)

Central IMG credits: Paolo Bonfini

Stars must be 
continuously supplied 
to the BH Binary to 
reach the GW phase!

Slingshot ejection 
mechanism
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Geometry of the Host Galaxy
Spherical system Triaxial system

Centrophobic (rosetta) orbits Center-filling orbits

Stalling ☹ Coalescence☺

MERGER 
REMNANTS are  

non-spherical!☺

• Diffusion in 
angular 
momentum

• Large-scale 
torques
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Limits of N-body simulations
Direct summation 
N-body simulations

Simulated 
“stars” 

(m N∝  -1) are 
>1,000 times  
 heavier than 

real stars!

Real galaxies

Host (hundreds of) 
BILLIONS of stars

Can evolve about
1 MILLION objects 

at most

Spurious 

low-N 

effects?
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Binary Brownian motion
After each slingshot interaction 

the Binary recoils

Too massive “stars” 
 increase the Brownian Motion 

of the Binary!

→ Artificially 
enhanced BH do 

Binary shrinking cc?
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Too many stellar orbits 
intersected



  

● Galaxies mass ratio = 1
• Galaxies on a bound 
eccentric (e=0.5) orbit

• Dehnen(1993) density profiles
• Integrator: HiGPUs (Capuzzo-

Dolcetta, Spera, Punzo 2013)  
➔ designed to run on GPUs
➔ sixth order Hermite scheme

Direct-summation N-body simulations of 
spherical galaxy mergers

A Massive BH is included in each 
merging galaxy (MBH=0.005Mgal)

We varied the number of 
“stars” in each simulation:

N = 8k, 16k, 32k, 64k, 128k, 256k, 512k (1M)
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● Hardening (shrinking) 
rate

 Orbital parameters 
Semimajor axis a
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Binary Evolution

● Binary separation

s

∝ binary 
energy loss



  

Shrinking rate & Brownian Motion
Dependence on N
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Hardening rate:
Very weak N-dependence

Brownian motion:
● considerably smaller than 

the size of the system 
(~100 pc)

● Expected behavior:

  Δr
B
  ∝ m0.5 ∝N -0.5

Brownian motion 
seems to have 
a small effect



  

Fixed BH Binary
We anchor the BH Binary in the center 

of the system and we evaluate
 the new hardening rate

EB+2016

Low N: 
Artificial 

Brownian 
motion is not 

negligible N~1 Million: 
Convergence!
The Brownian 
motion has a 
negligible 
effect ☺



  

Conclusions

EB+2016Premio Magini – E. Bortolas

● The Brownian motion amplitude scales as 
N−0.5, while the binary hardening rate only 
weakly depends on N

● The hardening rate in low-N models 
with a fixed-binary is only slightly larger 
than the one measured at N~1Million, 
suggesting that the role of Brownian 
motion is dominant for 104 < N < 106

● Brownian motion has a negligible effect in state-of-the-art 
simulations with N~1M

 →binaries can reach the GW-emission stage 
within a few Gyr at most

● Our findings support the idea that non-sphericity of merger 
remnants lead to the efficient collisionless loss cone 
refilling (Khan+2011; Preto+2011; Gualandris&Merritt 2012; 
Vasiliev+2015; Gualandris+2016).



  

(I) How do the merger 
properties influence the 

Binary shrinking?

(II) Does the presence of the 
Binary change the remnant 
shape beyond its influence 

sphere?

The geometry of a galaxy is related to
• The properties of the progenitors

• Their merging orbits

Yes!☺

New Projects (1)

EB, Gualandris, Dotti – in prep.

x
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New Projects (2)

EB, Mapelli, Spera – submitted to MNRAS

May the infall of a massive stellar cluster  
enhance the black hole binary shrinking?

Young star clusters:
• Are common in galactic centres

• May form as a result of galaxy mergers
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● The Brownian motion amplitude scales as 
N−0.5, while the binary hardening rate only 
weakly depends on N

● The hardening rate in low-N models 
with a fixed-binary is only slightly larger 
than the one measured at N~1Million, 
suggesting that the role of Brownian 
motion is dominant for 104 < N < 106

● Brownian motion has a negligible effect in state-of-the-art 
simulations with N~1M

 →binaries can reach the GW-emission stage 
within a few Gyr at most

● Our findings support the idea that non-sphericity of merger 
remnants lead to the efficient collisionless loss cone 
refilling (Khan+2011; Preto+2011; Gualandris&Merritt 2012; 
Vasiliev+2015; Gualandris+2016).


