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● Ripples in spacetime

● Inspiral of compact objects

● Compact objects - black holes (BH), neutron 

stars (NS) are remnants of massive stars

Gravitational waves (GWs)
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Why multiple-star systems (quadruples specifically)?

1. Massive stars are found mostly in multiple systems (triples and 

quadruples)
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Why multiple-star systems (quadruples specifically)?

1. Massive stars are found mostly in multiple systems (triples and 

quadruples)

2. Possible eccentricity enhancements due to interactions → closer 

approaches for mergers
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2. Eccentricity enhancement

● Secular evolution

● von Zeipel-Lidov-Kozai (ZLK) 

oscillations

● Maximum eccentricity depends 

on initial mutual inclination

● Larger parameter space for 

secular effects in quadruples 

(Hamers & Lai 2018)
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Why multiple-star systems (quadruples specifically)?

1. Massive stars are found mostly in multiple systems (triples and 

quadruples)

2. Possible eccentricity enhancements due to interactions → closer 

approaches for mergers

3. Binary evolution plays an important role as well
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3. Binary evolution
Roche lobe overflow (RLOF)

Common envelope (CE)

(Stable)

(Unstable)
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Why multiple-star systems (quadruples specifically)?

1. Massive stars are found mostly in multiple systems (triples and 

quadruples)

2. Possible eccentricity enhancements due to interactions → closer 

approaches for mergers

3. Binary evolution plays an important role as well

4. The more, the merrier!
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Non-hierarchical 
Triple (unstable)
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https://docs.google.com/file/d/1sPKBez_sl-1x4jb-Z2bVioT1lnjsmhbw/preview


Pavan Vynatheya, 2022

https://docs.google.com/file/d/1vffb_w3j_Vu_SgJViq5LIDw-UdeMjq9A/preview
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https://docs.google.com/file/d/13aYP-67LgeYiWEdKp-9vXIb1TT_pesOL/preview
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https://docs.google.com/file/d/1eR66Z6Bu_ydpRW9za7nVJGGVCXrShqYu/preview


Project outline

❖ Population synthesis using MSE 

code (next slide)

❖ (2+2) quadruples compared with 

isolated binaries (same initial 

conditions)

❖ (3+1) quadruples

❖ Look for BH-BH, BH-NS or 

NS-NS ‘mergers’

Refer to Vynatheya & Hamers (2022)

(ApJ, 926, 195V)



Population synthesis : MSE code

● ‘Multiple Stellar Evolution’ by Hamers et al. (2021)

● Stellar evolution + dynamics

● Two modes - secular (orbit averaged) and direct N-body integration

● Uses SSE (Hurley et al. 2000) for stellar evolution tracks, and improves upon BSE 

(Hurley et al. 2002) for binary events

● Features – eccentric mass transfer, effect of flybys, triple mass transfer/CE evolution, 

equilibrium tides, supernova kicks
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● 100,000 2+2 quadruples & 200,000 isolated binaries

● m - Kroupa (2001); a - log flat; e - flat; isotropic

Initial conditions: 2+2 quadruples
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Initial conditions: 3+1 quadruples
● 100,000 3+1 quadruples

● m - Kroupa (2001); a - log flat; e - flat; isotropic
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Different models

Vynatheya & Hamers (2022)
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Merger 
numbers

Vynatheya & Hamers (2022)
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Merger type 2+2 quadruples 3+1 quadruples LIGO (GWTC-3)

BH-BH 10.8 ± 0.9 2.9 ± 0.5 17.3 – 45

BH-NS 5.7 ± 0.6 1.4 ± 0.4 7.4 – 320

NS-NS 0.6 ± 0.2 0.7 ± 0.3 13 – 1900

For our fiducial model (in units of Gpc

-3

yr

-1

)

Vynatheya & Hamers (2022)

Merger rates
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Merger 
scenarios

Vynatheya & Hamers (2022)
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eLIGO dist.
(LIGO band 
eccentricities)

Vynatheya & Hamers (2022)

SNe kicks!
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No SNe kicks!
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𝜒eff dist.
(effective spin 
parameters)
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SNe kicks!
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𝜒eff dist.
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mpri vs. 
msec
(pre-merger masses)
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Z = Z

⊙
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mpri vs. 
msec
(pre-merger masses)
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Z = 0.1 Z

⊙
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mpri vs. 
msec
(pre-merger masses)
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Z = 0.01 Z

⊙
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Summary

❖ BH-BH rates agree with LIGO, 

others fall short

❖ CE evolution more important than 

secular evolution

❖ 3+1 quadruples have lesser mergers 

than 2+2 quadruples

❖ Zero SNe kicks -> more mergers, 

possible high e

LIGO

 and negative 𝜒
eff

❖ Low metallicities -> more mergers, 

higher BH masses

Refer to Vynatheya & Hamers (2022)

(ApJ, 926, 195V)



The End


