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This is what we observe:



But where do they come from?



What is the origin of BBH mergers?
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What is the origin of BBH mergers?

Clusters Previous studies:

- Classical studies (global evolution.):
- Piet Hut. John Bahcall. Lyman Spitzer. 

- Relativistic Studies (sin-sin GW cap.):
- G. Quinlan. S. Shapiro. H.B. Lee. 

- Black Hole Mergers (analytical):
- S. McMillan. S.P. Zwart. 

- Black Hole Mergers (Numerical):
- Fred Rasio. Mirek Giersz. 

- Black Hole Mergers (Relativistic):
- Ongoing studies… 

a completely new 
picture is under 
development!



Old Newtonian Studies

LISA
DECIGO

LIGO



Our new PN Studies

LISA
DECIGO

LIGO

The key to probe the 
origin of BBH mergers!



Background



Background



Background

Why is it so difficult?



Background







MODEL:

How do BBHs form and merge? What is the peak freq. dist?
Correlate this with e!



MODEL:



Merger Type: Single-Single Capture:



Merger Type: Single-Single
Cross section:

Rate:



Merger Type: Single-Single



Few-body BBH mergers: Formation of a BBH



Merger Type: Ejected Merger



Merger Type: Ejected Merger



Merger Type: Ejected Merger
Classical way of forming BBH mergers
Suggested by: P. Zwart, S. McMillan

Newtonian outcome.
Leads to interesting rate, 
but standard circular mergers.



Merger Type: Ejected Merger

Circular GW sources



Merger Type: 2-body Merger



Merger Type: 2-body Merger
Time scales:

Eccentricity:

Probability:



Merger Type: 2-body Merger
Time scales:

Eccentricity:

Probability:



Merger Type: 2-body Merger

Eccentric LISA sources



Merger Type: 3-body Merger

Post-Newtonian



Merger Type: 3-body Merger Topology



Merger Type: 3-body Merger Topology





Merger Type: 3-body Merger Topology



Merger Type: 3-body Merger

3-body GW capture:



Merger Type: 3-body Merger

3-body Ecc. encounter:



Merger Type: 3-body Merger

3-body Ecc. Probability:



Merger Type: 3-body Merger

X

number of tries

 +GR: 20x20 = 400 
- GR: 1x1     = 1

Eccentric Black Hole Mergers Forming in Globular Clusters
Authors: Johan Samsing

Newtonian codes underestimate the rate by more 
than a factor of 100!



Merger Type: 3-body Merger

Eccentric LIGO sources



Comparing binary-single and single-single:

uniform sphere:

Can we here probe the BH core properties?

binary fraction

f distribution



Merger Type: 4-body Merger



Merger Type: 4-body Merger



Merger Type: 4-body Merger



Peak Normalizations:

ejected

2-body

3-body

start to reach 10% high ecc. LIGO mergers



Merger Type: Secular-processes
- work done with Adrian Hamers (IAS)



Merger Type: Secular-processes

1.order (Heggie, Rasio 96)

2.order (Hamers, Samsing 19)



non-parabolic limit…



Merger Type: Secular-processes

PN effects?
2.5 1,2



Merger Type: Secular-processes



Results from our MC code

more BBHs are driven to merger!



Promising..

Antonini et al. 2019



Future



THANK YOU


