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The Upper Mass Gap(Pulsational) Pair-Instability Supernovae 

Adapted from 
Renzo+2020

Pair Instability supernova with 
complete disruption

Pulse with mass ejection
Pair production
𝛄 → e++ e-- 

Explosive oxygen ignition

Adapted from Renzo et al. 2020
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The Upper Mass GapThe mass gap encodes interesting physics

Uncertainties in the lower edge of the mass gap 
from

Nuclear reaction rates (12C16O)

Stellar rotation

Convection

Stellar collisions

Farmer et al. 2020
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The Upper Mass Gap

Uncertainties in the lower edge of the mass gap 
from

Nuclear reaction rates (12C16O)

Stellar rotation

Convection

Stellar collisions

Farmer et al. 2020

Wouldn’t it be nice to use GW 
observations to constrain some 

of this physics?

The mass gap encodes interesting physics
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1G + 2G

Nuclear Star Clusters

Credit: ESO 

Credit: ESA / NASA / Hubble / Rosario et al.

Credit: ESA / NASA / Hubble

Active Galactic Nuclei

Globular Clusters
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Nuclear Star Clusters
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Active Galactic Nuclei

Globular Clusters
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Mass segregation leads to efficient 
BBH merger production
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Black Hole Mergers in Globular Clusters

VKICK
Asymmetric GW emission may eject 

merger products

Retained merger products can re-merge

Mass segregation leads to efficient 
BBH merger production

So how can we:

❖ Infer details of the merging binary black 
hole population while accounting for this 
channel

❖ Identify potential mass gap pollutants 
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Data Source Parameters Population Model

Hierarchical Bayesian Inference (no relation) 



Data Source Parameters Population Model Hyperposteriors

mmin mmax 𝛼

m
m

ax
𝛼

Sample likelihood with gwpopulation (Colm Talbot)

Hierarchical Bayesian Inference (no relation) 

https://github.com/ColmTalbot/gwpopulation
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Data Source Parameters Population Model Hyperposteriors

mmin mmax 𝛼

m
m

ax
𝛼

Odds of 
hierarchical merger

Hierarchical Bayesian Inference (no relation) 



Data Source Parameters Population Model Hyperposteriors

mmin mmax 𝛼

m
m

ax
𝛼

Branching fraction
Hyperposterior 

Parameter 
Likelihood

Population model
Odds of 

hierarchical merger

Hierarchical Bayesian Inference (no relation) 
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Parameterizing the hierarchical population

p(m1|2G) ∝  p(m1/2|1G)

1G+2G mass ratio should peak ~ 0.5

2G spins should peak ~ 0.67
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Kimball et al. 2020, ApJ 900(2):177

Calculating branching fractions



Kimball et al. 2020, ApJ 900(2):177

Calculating branching fractions



Kimball et al. 2020, ApJ 900(2):177



Key Results



Lessons from GWTC-1

Higher 2G rates 
correlated with less 
spin in the 
population

Kimball et al. 2020, ApJ 900(2):177
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Lessons from GWTC-1

Higher 2G rates 
correlated with less 
spin in the 
population

Kimball et al. 2020, ApJ 900(2):177

Allow some fraction λ0 of 1G BHs to have 0 spin 
(~ Fuller & Ma 2019 channel)

The rest belong to some Beta distribution

1G Spins



Kimball et al. 2020, ApJ 900(2):177Lessons from GWTC-1



Not all 1G BHs have 0 spin

Kimball et al. 2020, ApJ 900(2):177

High 2G rates correlate with 
low-spinning 1G population

Lessons from GWTC-1
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High 2G rates correlate with 
low-spinning 1G population
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Kimball et al. 2021, ApJ Letters 915(2), L35Lessons from GWTC-2
λo  <  0.12 with 99% probabilityStart preferring events to be hierarchical



Kimball et al. 2021, ApJ Letters 915(2), L35
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Increasing escape velocity 

More reasonable mmax More next gen mergers GW190521 solidly 2G+2G

Lessons from GWTC-2

Hierarchical mergers depend strongly on 
escape velocity: 

     Antonini et al. 2019
     Gerosa & Berti 2019

                            Rodriguez et al. 2020
                            Sedda et al. 2020

     Fragione et al. 2020
    Mapelli et al. 2021



Kimball et al. 2021, ApJ Letters 915(2), L35

Increasing escape velocity 

More reasonable mmax More next gen mergers GW190521 solidly 2G+2G

Lessons from GWTC-2

❖ For nominal cluster model, probability that GWTC-2 
contains no hierarchical black holes < 4%

❖ For all models, including hierarchical 
channels preferred to excluding:
➢ Nominal cluster: BF > 5
➢ Best fit cluster:   BF > 700



Preview of GWTC-3 Kimball et al. 2022, In-prep 



Antonini & Rasio 2016

Kimball et al. 2022, In-prep Preview of GWTC-3 PRELIMINARY



Antonini & Rasio 2016
Kremer et al. 2020
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Preview of GWTC-3

~35% of 1G population has spin <0.05

Kimball et al. 2022, In-prep PRELIMINARY



Preview of GWTC-3 Kimball et al. 2022, In-prep PRELIMINARYWithout hierarchical channel

With hierarchical channel



Preview of GWTC-3 Kimball et al. 2022, In-prep PRELIMINARYWithout hierarchical channel

With hierarchical channel

Including hierarchical channels preferred to excluding 
hierarchical channels with BF ~ 700
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Preview of GWTC-3 Kimball et al. 2022, In-prep PRELIMINARY

~ 12% of the merger rate is contributed by 
hierarchical mergers

General agreement with Mould, Gerosa, and Taylor 2022
● Discrepancy due to treatment of retained merger 

products?
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Preview of GWTC-3 Kimball et al. 2022, In-prep PRELIMINARY

GW190521 and GW191109 favored to be 
hierarchical with odds >300:1



Kimball et al. 2022, In-prep Preview of GWTC-3 PRELIMINARY



PRELIMINARY

Kimball et al. 2022, In-prep Preview of GWTC-3

To Do:
❖ Extend 1G + 1G mass distribution “beyond the gap”

➢ Test GW190521 “straddling-the-gap” scenario (See Fishbach and Holtz 2020)

❖ Include other dynamical environments with respective branching fractions

➢ Nuclear Star Clusters

➢ Active Galactic Nuclei
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Summary
❖ We need to identify hierarchical mergers if we want to use GW observations to infer 

anything about the mass gap

❖ We can self-consistently include hierarchical mergers when fitting the BBH 

populations

➢ The data -- and our current understanding of PISN -- prefers models including 

hierarchical channels

➢ Our model heavily favors GW190521 and GW191109 (among others) being 

hierarchical mergers

❖ We need to be careful about 1G black hole spins and how we model dynamical 

environments


