
Gravitational Wave Astrophysics

Johan Samsing 
Princeton University 

Part I



Gravitational Wave Properties

Objects:

Solar Binary: 

WD Binary: 

NS Binary: 

Frequency: Strain: Merger time:

In an expanding U: redshift, (1+z)



Gravitational Wave Properties

Frequency: Strain: Merger time:



Gravitational Waves have now been observed!

Animation:Real Signal:

Nobel Prize: 2017



Dynamics, Merger, and Simulation

The three stages of merger:

First GR sim.



How Gravitational Waves are Detected

Direct: Indirect:

Hulse-Taylor Pulsar





Current Status: Any Surprises yet?

Black Holes: Neutron Stars:

What observations are we waiting for?

NS-NS optical signal:



How do we know its Black Holes?

Solar Binary: WD Binary: 

NS/BH Binary: 



What can we learn from Gravitational Waves?

- What we measure: - What we can learn about:
- Masses 
- Spins 
- Eccentricity 
- Dist./Pos./Redshift 
- Acceleration

- Gravity 
- Space time: Extra Dim? 
- Cosmology: Expansion 
- Nuclear Physics 
- Astrophysics
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Generic Inspiral:
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Highly Spinning:
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Highly Eccentric:
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Observation: Simulation:
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What can we learn from Gravitational Waves?

- What we measure: - What we can learn about:
- Masses 
- Spins 
- Eccentricity 
- Dist./Pos./Redshift 
- Acceleration

- Gravity (modify waveform)
- Space time: Extra Dim?
- Cosmology: Expansion 
- Nuclear Physics 
- Astrophysics

Constraining the number 
of space-time dimensions:
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The cosmological params. 
can also be measured!

Hubble’s law:
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Tidal coupling and disruption: Jet/Enrichment:
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Astrophysics: How do Black Holes Form and Merge?

- Primordial BHs 
- Galactic Nuclei 
- Supernovae 
- Isolated BSE 
- 3,4-body BSE 
- AGN Disk 
- NS Mountains 
- … ?
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Observation: Simulation:



But where do they come from?



What is the origin of BBH mergers?

parametersClusters Field

Mass

Spin

Eccentricity

Rates
Location



Old Newtonian Studies

LISA
DECIGO

LIGO

< 2017



New Post-Newtonian Studies

LISA
DECIGO

LIGO

> 2017

THESE are real ‘useful’ predictions…















New Post-Newtonian Studies
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THESE are real ‘useful’ predictions…



Background

eccentric black hole mergers forming in globular clusters
Samsing, 18.



Background

(Samsing, Ramirez-Ruiz, 17)



Background

Why is it so difficult?



Background

Clusters give rise to 
predictable outcomes.  

Pen and paper can 
reach percent precision!

Our two methods 
greatly complement 
each other!







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

Single-Single

see our new paper: 
‘GW captures of single BHs in GCs'
(Samsing, et al. 2019)

S-S captures do not only 
operate in Galactic Nuclei!

Distribution depends on:
BH distribution (Plummer/Uniform..) 
Binary Fraction



Few-body BBH mergers: Formation of a BBH



Merger Type: Ejected Merger

Samsing, D’Orazio. 18.



Merger Type: Ejected Merger



Merger Type: Ejected Merger

Circular GW sources

Important point: It is all about characteristic time scales!

ejected



Merger Type: 2-body Merger



Merger Type: 2-body Merger



Merger Type: 2-body Merger Eccentric LISA sources

Consider again the characteristic time-scale argument:

2-body

series of papers: Samsing, D’Orazio



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. 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

3-body

‘Eccentric BHs forming in GCs'
Samsing, 18.

100 x larger than predicted for decades



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 2x(Hamers, Samsing 19)

and 1x(Samsing, Hamers, Types 19)

Why is this important?



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!



Future



THANK YOU


