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Abstract: Merging compact objects encode a vast deal of information about their progenitor stellar systems, such as the types of
environments they were born in, the intricacies of stellar evolution the persisted throughout their lives, and the physics of the supernov
marked their deaths. In this talk, | will highlight multiple open questions that can be illuminated through a combination of compact ok
observations (via gravitational waves and/or electromagnetic radiation) and computational modeling of environments that lead to the forma
black holes and neutron stars. | first focus on how the growing catalog of black hole mergers observed by the LIGO/Virgo network can
constraints on binary black hole formation scenarios, both by uncovering gravitational-wave sources that have features specific to a su
formation scenarios (such as spins that are anti-aligned from the orbital angular momentum, high masses that occupy the pair instability m:
and distinguishable eccentricities at merger) and through pairing Bayesian hierarchical inference with state-of-the-art astrophysical models.
will show how various uncertain aspects of binary stellar evolution and supernova physics can be constrained by phenomena attributed to |
neutron stars, such as enigmatic r-process enrichment in globular clusters and the association between short gamma-ray bursts and t
galaxies.
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ISOLATED EVOLUTION

.

74

» Hardening through

common envelope phase
(e.g., Belczynski+ 2016,
Stevenson+ 2017)

» Chemically

homogeneous evolution
(e.g., Mandel & de Mink 2016,
de Mink & Mandel 2016,
Marchant+ 2016)

e e e SN S T B R —

» AGN Disks
(e.g., Bartos+ 2017, Stone+ 2017)

- Evolution of Triples
(e.g., Antonini+ 2017)

» Pop Il Stars
(e.g., Inayoshi+ 2017)

» Primordial Black Holes
(e.g., Bird+ 2016)

DYNAMICAL ASSEMBLY

i

» Globular Clusters
(e.g., Rodriguez+ 2016)
Askar+ 2017)

» Nuclear Clusters
(e.g., Antonini & Rasio 2016)

Young Stellar Clusters
(e.g., Chatterjee+ 2016,
Di Carlo+ 2019)

At~ ~l 7oy
Michael Zevin
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What properties of black hole
mergers are distinctive to a
particular formation scenario?

Michael Zevin Perimeter Institute Dec 12 2019
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distinguishing spins between isolated and dynamical black I;oles

» Dynamically-assembled black DYNAMICAL ASSEMBLY ISOLATED EVOLUTION
holes form and evolve before

meeting their final partners O e

» relative spin orientations will
be misaligned

» Black holes from isolated
binaries stay with their partners

retain memory of previous
interactions Spins vectors random Spins vectors ~aligned

Michael Zevin
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What if LIGO’s black holes have low spins?

A'!Ichirp (‘M)
20 30 40

F+ LIGO BH Mergers IAS BH Mergers | » Angular momentum transport in

BH progenitors suggests efficient
AM loss and low BH natal spins
Fuller & Ma 2019 (ApJL 881, L1)

e

‘..—.L; 0o e IR ‘ » Since most BHs in clusters form
j L =17 e as single stars or without
significant binary interactions...

Mo, Single Star Mpe, Case B (unstable)
My, Case A (stable) ® My Case B (tide)

My, Case B (stable) My, Homogeneous

1 L L L i 1 L L L L 1 I L L I 1 L
10 20 30 40
Helium Core Mass (M)

Fuller & Ma 2019 (ApJL 881, L1)
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What if LIGO’s black holes have low spins?

!\Achirp (M)
20 30 40

v+ LIGO BH Mergers

IAS BH Mergers | » Angular momentum transport in
1 BH progenitors suggests efficient
AM loss and low BH natal spins
Fuller & Ma 2019 (ApJL 881, L1)

» Since most BHs in clusters form
as single stars or without
significant binary interactions...

Mjje, Single Star Mo, Case B (unstable)

Mite Case A (stable) @ My, Case B (tide) | most black holes in
My, Case B (stable) My, Homogeneous '

clusters may have

10 20 30 40

Helium Core Mass (M) low na tal Spins.’

Fuller & Ma 2019 (ApJL 881, L1)
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LVC 2019 (ApJL, in press)

» In massive helium cores, conversion of photons to electron-positron pairs remove pressure support in the
core, leading to pulsational pair instabilities or pair instability supernovae

» Predict dearth of black holes with masses between ~ 50 — 130 M  (e.g., Woosley 2017, ApJ 836, 2)

Michael Zevin Perimeter Institute — Dec 12 2019 Northwestern | &=
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LVC 2019 (ApJL, in press)
» In massive helium cores, conversion of photons to electron-positron pairs remove pressure support in the
core, leading to pulsational pair instabilities or pair instability supernovae

» Predict dearth of black holes with masses between ~ 50 — 130 M  (e.g., Woosley 2017, ApJ 836, 2)

Perimeter Institute — Dec 12 2019 Northwestern | :
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can a merger product stay bound in a cluster?

» Merging compact binary systems receive a recoil kick, due to
anisotropies in GW emission
e.g., Favata, Hughes, & Holz 2004 (ApJL 607, 1)

» Magnitude of recoil kick dependent on mass ratio and component
spin magnitude

Figure from Wiseman 1992

Michael Zevin Perimeter Institute — Dec 12 2019 Northwestern | ° e A
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Merging compact binary systems receive a recoil kick, due to
anisotropies in GW emission
e.g., Favata, Hughes, & Holz 2004 (ApJL 607, 1)

Magnitude of recoil Kick dependent on mass ratio and component
spin magnitude

n initi in . 0
>my 2 gen, initial spin a = 0. 99

ivlll < vyl . i igﬁn
1 -- 3gen

" i~ —— 4 gen
Figure from Wiseman 1992 :

» If spin magnitudes for BBHs in clusters are low, the
recoil kicks are suppressed

» Merger product can remain in the cluster, and merge "0z B2 64 0% 08 07 08

Spin parameter o

as a highly spinning, massive system
e.g., Fishbach, Holz, & Farr (ApJL 840, L24), Gerosa & Berti (PRD 95, 124046) FishbachSole&iait el ian 1040, 224

Michael Zevin Perimeter Institute Dec 12 2019 Northwestern | ¢ M8 4
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“hierarchical” black hole mérgers & masses in the upper mass gap

Xoirth = 0

Detected Distribution

B 50 Percentile
B 90 Percentile
99 Percentile

o

» If natal spins are low, >20% of detectable st

I

mergers from globular clusters have a 2G 40
black hole, with 7% having M 2 55 M m (Mo)

Rodriguez, MZ et al. 2019 (PRD 100, 043027)
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“hierarchical” black hole mergers & masses in the upper mass gap

i - IR Abirth = 0

Detected Distribution

Component BHs have appreciable
spins and are not retained in the cluster
after their first merger, but a significant Bl 50 Percentile

. P 90 P til
fraction have negative y . — 99 pZ;Z:th:

Option B:

Component BHs have low (or no) natal
spin, but are more likely retained in the
cluster after their first merger, leading to
second-generation mergers with high
masses and component spins Rodriguez, MZ et al. 2019 (PRD 100, 043027)
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What about eccentricity?
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