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Abstract: Among the discoveriesin LIGO/Virgo/KAGRA's third observing run are a handful of compact binary coelescences (CBCs) that stand out
for one reason or another -- exceptional either because they were the first entry in a previously undetected class of CBCs, or because of the mass,
mass ratio, or spins of their component compact objects. After briefly discussing the implications of these observations and their merger rates, | will
focus on the tension that has arisen from the discovery of the most massive binaries in LVK's catalog. These binaries have component black holes
encroaching on the pair-instability mass gap, where black holes are not expected to be formed directly from stars. I'll discuss an alternate formation
channel, where massive black holes are assembled dynamically from repeated binary black hole mergers, and an analysis that constructs a binary
black hole population that allows for hierarchical formation in both globular cluster-like and nuclear star cluster-like environments.

Zoom Link: https://pitp.zoom.us/j/94867401133?pwd=bTImVy8vUk9rb1RvTDIrMzl 1ZHdEZZz09
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Observing Compact Objects with Gravitational Waves

Chase Kimball (he/hi...

How often do compact objects merge? What
can this tell us about black hole and neutron star
formation?

How are LIGO’s biggest black holes made?

Credit: SXS Lensin e Credit: Nasa/JPL
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Observing Compact Objects with Gravitational Waves

Chase Kimball (he/hi...
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Isolated Binary
Evolution
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Observing Compact Objects with Gravitational Waves

ISOlatEd Binary Dyn ami C al Forma ChaseKmbal (i hi.
Evolution

Credits: NASA, ESA, T. Brown, S.
Casertano, and J. Anderson (STScl)

Credit: Vishal Baibhav
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GWTC-3
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Why care about merger rates?

irsa: 22040115 Page 11/46



Mandel & Broekgaarden, 2021
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Local BH-BH merger rate density [Gpe *yr™!]
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Mandel & Broekgaarden, 2021
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Mandel & Broekgaarden, 2021
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GW190814 -

Taken together:

Small mass ratio (= 0.1)
Secondary mass (= 2.6 M,,)

Inferred merger rate (= 1-23 Gpc™ yr?)

GW190814 is challenging
for standard formation
scenarios
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GW190521

A Massive BBH Merger

Most massive binary ever detected at
the time

Mot = 1501?3 M

my = 8572 Mgy my = 66711 M,

Remnant is first ever observed
intermediate-mass black hole

My = 14272 M,

< 28 > i
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(Pulsational) Pair-Instability Supernovae
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(Pulsational) Pair-Instavuny supernvvae

Adapted from Renzo et al. 2020
Explosive oxygen ignition
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The Upper Mass Gap
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Farmer et al. 2019
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The Upper Mass Gap
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Farmer et al. 2019
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Sneaking Into The Mass Gap

= b

Chase Kimball (he/hi...
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'Retaining Merger Products

Globular =L

1G + 2G Active Galactic Nuclei

Credit: ESA / NASA / Hubble

Nuclear Star Clusters

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

Credit: ESO
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Globular Clusters
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Globular Clusters
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Globular Clusters
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Globular Clusters

| ]
Chase Kimball (he/hi...

*,
0’0

What does the inferred binary black hole ,
population (mass + spin) look like when \ KICK
we allow this formation channel?

% What happens to the edge of the mass I
gap? I
% Can we identify >1G mergers in GW /
catalogs?
~ ~ -

Pirsa: 22040115 Page 29/46



Hierarchical Mergers via Hierarchical Inference
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Hierarchical Mergers via Hierarchical Inference | ‘

Chase Kimball (he/hi...
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1G + 1G Mass Model
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xG + 2G Populations
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Retaining Merger Products
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10

Kimball et al. 2020, ApeGERECE NV TS

Not all 1G BHs have
0 spin

High 2G rates
correlate with low
spin

p(x1)

Without Zero Spin
With Zcro Spin
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Kimball et al. 2020, ApLeGEEECrlE H (T

Not all 1G BHs have
0 spin

= With zero-spin channel

= Without zero-spin channel

High 2G rates
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Kimball et al. 2020, ApeGERR - EIRG TN T
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Higher escape velocity

More next gen mergers
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GWTC-3 + Model Extens

Antonini & Rasio 2016
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GWTC-3 + Model Extension

Kimball et al. 2022, In-prep
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GWTC-3 + Model Extension
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GWTC-3 + Model Extension
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To Do:

e Extend 1G + 1G mass distribution “beyond the gap”

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

e Include other dynamical environments with respective branching

fractions

o Immediately, Nuclear Star Clusters

o Eventually, Active Galactic Nuclei
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Conclusions
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> GW Merger rates can help constrain our astrophysical models
o Can’t pin down formation channels
o  Can rule out some channels as dominant
> Dynamical channels are needed to explain some of our observations
o Black holes in the pair-instability mass gap can be explained by hierarchical mergers
o For wide range of assumptions, models including hierarchical mergers are preferred

o Inference depends strongly on escape velocity of dynamical environment
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xG + 2G Populations
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