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Black hole chirp mass

20 30 40 50 60 70 80
M [M.)]

LIGO/VIRGO Collaboration Very top heavy!
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Primary black hole mass
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Measured merger rate

17 — 45 Gpc 3 yr! implies

100 =
e 1-3 mergers/day within z=0.5 .
* 1-3 mergers/hour within z=2 10
=
1
LARGE GW SOURCE POPULATION
TO BE DETECTED! 0.1

Future prospects

= GO A+
mm \oyager
== Cosmic Explorer

== Einstein Telescope

10 100 1000 10000
Total source-frame mass / Mg



Globular clusters

* 0.5% of stellar mass of the Universe
e 100 per galaxy

* Size: 1 pc—10pc

e Density 103—10° x higher

Galactic nuclei
S . 0.5% of stellar mass of the Universe

* 10°-7 M, supermassive black hole

* 104> stellar mass black holes

* Size: 1 pc—10pc
* Density 10°— 100 x higher
encounter rate ~ density?2

Star
cluster




Dense Triple scattering Binary interactions Dynamical friction merger
population

* binary formation from singles
* exchange interactions

* mass segregation Expectation:

mergers more likely for heavier objects
eccentric mergers possible



Mass distribution for globular clusters

Monte Carlo and Nbody simulations

O’Leary, Meiron, Kocsis (2016), Rodriguez+’19, Askar+ ’18, etc

probability of merger [arbitrary scale]
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Q’Leary, Meiron, Kocsis 2016
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2"d generation mergers are possible: 5%-10%
3'd generation mergers are difficult to produce



Primary Spin y;

Mass Ratio ¢

Observations show evidence of hierarchical mergers

1G+2G merger (odds ratio)

1.0~ .
SW190517 o
0.8~ S
SW100706
061 &W190620
. ) &W100521
a
0.4 <]
lo e
0.2 i
o
® (o}
00 —aa ale ol ESSSNNIN o LW190602 |
Y0 20 40 60 80 100
1.0~ ——
® L]
- [#] =] A 1
08— o Ba I £W100521
[s] (o]
oo °°° of¥egsI ghwi0706
. (] AT
0.6 ® o 15 &W 19062001171 90602
. o}
0.4~ 1
o
0.2
| | I | | |
0.0 20 40 60 80 100

Primary Mass m; /M.,

Inferred merger rate density

1G+2G: 5% -- 0.05%

log10(O16+26)

2G+2G merger (odds ratio)

1.0 — E—
o
. 0.8 = 63\-\-"190-51'3
b o
B 0.6 o S
2 ! | $W190521
-
— [ ]
Z 04+ o
0.2 1
(5]
. Q
0 DI— - a e o o SRS PN _] [ | |
0 20 10 60 80 100
1.0
o [ ]
0.8— - $W100521
L]
- .G e @ o.. ."! [s] P AL QN
xl o &BV190519
306 o o 8 il o
= o e
er o |
%04 I
= ®
0.2—
| | | | | |
0-09 20 40 60 80 100

Primary Mass my /M

2G+2G: 0.1% -- 10"-5%

1L
10.%10((92(;—2(:)

Kimball+ arxiv:2011.05332



Mass distribution for different processes

universal diagnostic: independent of the mass function

1

0.9

Given: R(m1,mo) oc L{(my, ma)f(my)f(mo) o5l
0.7
How can we eliminate the unknown f(m)? q o6l
0.5
i 04}
—(my +mg]2—l[]'R(m|?ng} T

aml 3m2 025 20 m m 50

tot[MSuu]
=4 in globular clusters
=1.4...—5 for GW capture binaries in galactic nuclei

= 1.4 for GW capture binaries in collisionless systems

= 1 for PBH binaries formed in early universe

Kocsis, Suyama, Takahiro, Yokoyama 2018; Gondan, Kocsis, Raffai, Frei 2018
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log,(P(@.M,_))



Explaining the mass exponent

Triple single scattering — binary formation
single-single encounter rate  nogV.

cross section: o0y = eréo
change in velocity Sv /v~ bgy/b

impact parameter for gravitational focusing: hg, = 2Gm/1,:2

—

During an encounter, the probability of having a third object in the same region anO

s = JTNHZZJSOU

r P Nn2G m? 1% 10~ vr~! v 2N n 2 m 1
— — 33X I -
sss Az o\ 20kmss ) 100 \105pe—3 ) oMo,




Is there a similar universality for the eccentricity distribution?



Eccentricity distribution
for merging binaries in globular clusters

GW frequency fqw at formation

:2-body  :3-body
merger :merger
{ecc. in LISA) i(ecc. in LIGO)
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Binary-single scattering

Binary-single scattering rate s = 1/(nopgv).
cross section: Opg = 4\/;(612 + abgp)

U

—1 _
| Ny v 1123 a \—!
- —410] *" (
4. /mn Gmra Sde ( 10° pc—? ) 20 km/s (BOM@) [ AU)

Ihs

Binary separation follows a geometrical sequence a,, = apd”

2 My

O m

hardening factor: 5§ = 1

initial condition (hard-soft boundary)

final encounter: binary merges or it is ejected from cluster

AEn, = %(2111)1)&1] + %msvg = (57 — 1)Gm2/a



Binary-single scattering

Hardening time: sum of geometrical sequence

NMmax

Ibs U |
fh = fhsd A — H =152
h ”Z_(:) bs | ) GHnimga 0
Final encounter at ejection dej = l —1 s G
) 2(2m + my) v2,.

mean orbital velocity
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Scattering outcomes

Binary merger outside cluster (ejected)
Binary merger inside cluster between encounter episodes (2body)

Binary merger inside cluster during an encounter episode during
intermediate binary state (IMS)

Merger inside cluster during a three body scramble (3body)
Merger during single single encounters (SS)



Eccentricity estimate

Eccentricity draws a random value from the €2

thermal distribution during encounters is uniformly distributed

Merger condition GW merger timescale ; lifetime of a given episode
fow ~ fgwe(l — )’/ Nife
fite '\~ 5 v P
Probability of merger D :( — ) t = orb t
y g Pmerger fawe GWe = oo . orb
U/t \ 27
Merger if eccentricity is larger than Corit = 1 — = ( - )
2 \ tgwe

—3 19/18 - —19/42
Eccentricity after GW-driven inspiral = ¢ 5y, &~ [ — V8U5 ( life )
(Peters 1964) (1.7 Jaet) 2 Gm) 'Gwe



Eccentricity for different channels

“lifetime of a given episode”

ejected binary mergers: t;.. = bl

ZbOdy mergers. tIife = tbinary—single encounter

intermediate state bmary tIife = tejected scatterer orb period

B W

3-body merger t;.=t_,,



Eccentricity for different channels

increases exponentially until

for 3body mergers VA42Vesc
mBH
2/7 10/7
» l(tlife)/4 @)/
Pmerger,3b = =
merger §) t(}w'c_ 52X7 c

| 1 lorb 2/7_1 2?7 Vorb 10/7_1 18 Vorb 1077
€crit,3b ~ _E fawe =1 — 5277 . =1 —1. .

e e () (e )T 014((ﬁm>)_1 I
10Hz,3b — VY. 10Mg, 200 km/s . 10Mg 30 km/s

 event rate dominated by conditions close to ejection
* eccentricity of GW sources measures orbital velocity =2 infer v,
 jtisindependent of GW source mass and cluster parameters




Merger probability

2/7
. . i
Probability of merger during each encounter:  Pmerger = (rGl\: )
C

Probability of merger = 1 — probability of no mergers
* during all binary-single interactions from hard-soft boundary to ejection
e during all intermediate state binaries during each binary-single interaction

_ 2
| fhs \' (128 G2m*v \"’ B 4vvclnob /
P2b = c,rlt 2b — fGWe - 15/mc3na’ o 15/ G3c>nm?

s [ ~6/7 e\ 27 v N7/ T, \27 increases exppnenhally
- 10 Mg 105pc—3 30km/s 200km)/s - as a geometric sequence
Pypy=1—]]1= pwaul=1—exp Zln — Pabon } (20)
n=>0 L n=0

Mot 2 7 2
o P || — P2b,ej ~ P e P2b,ej
~ 1—exp |:_Z |:p2b.n+ > i|wl—6Xp|:l 510/7i|exp|:2(1 — §20/7) ~ 1 ;163/7

n=0



Similarly for IMS mergers

N ‘s
2 /771 Nivs
— 1 2 Nivs — 1 fMs / //)O
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and for 3-body mergers

~ | — 62 _ 427 Vorb e
P3b ™~ crit,3b — 52/7 C

P3b.n ~ Nivs P3b

P3p &

P3bej u o ANIMS [ Vorb 071 Nims m Vorb,ej I
T 857 T 52/7 1 —§5/7

~ 0.01
C 20 myg \ 200km/s



Merger probability — summary

In cluster mergers:
P = 1—(1=Pop,)(1 = Ppys) (1= P3p) & 1 —e~ Potbvs+530) ~ pot P+ Psy,

For typical smallish black holes:
For Mge = 10°Mg.  Pn=4%  form =ms = 10Mg

Mg = 10° Mg Pin = 59%

(P, Pivs. Pab)/(Pap + Pivs + P3p) = (710%, 26%, 4%) .
eccentric

For heavier black holes:
For My = 10° Mgp. Ph=10% for m = 3ms = 30Mg

Mgc — 106 M@ Pin =78%

(Pab, Pivs, P3b)/(Pay + Pivs + Psb) = (50%, 42%, 8%)
) eCCEHtFIC
cf.: currently one eccentric source: GW190521 e=0.7 Gayathri+ (2022), e=0.1 Romero-Shaw+ (2020)



Eccentricity distribution function

A superposition of truncated thermal distributions. As v_,,, grows, merger probability

grows, leads to superthermal distribution.

| In(1 =€) = In(prvs.ej)
In Pvis(eo < €) ~ Npvs(1 — €°) < .
= Ind

Explains simulation results of Kimball+ arxiv:2011.05332
;}ll BBHF ' l()"":: fow < 1Hz '
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Universality in eccentricity distribution

Consider the following measurable quantity

K(e) = —

(1 —e?) d [m P(ey < e)]

2¢ de | — ¢

This is independent of binary parameters and cluster parameters

10 10 2.785
Koph = — — Z./08.
7/né|  7|In )
5 5
KIMS = K3b = = 5.571

~ 7lInsl 7|k

Kes = 0.



Universality broken for single-single GW captures in
galactic nuclel

Specifically for single-single captures
— velocity dispersion determines the eccentricity
- mass segregation
—> correlation between mass — velocity dispersion



Eccentricity distribution
for GW capture binaries following single-single encounters

Velocity dispersion = maximum initial pericenter distance rp/M - eccentricity at merger

km 5 [ €LSO peak \ /32
7~ 258 0 (412 (1)
‘ﬁ ;401
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105 0.0001 0.001 0.01 10
€0

O’Leary, Kocsis, Loeb (2009); see also Rodriguez+ 2016, Gondan+ 2018, Samsing 2017, Gondan & Kocsis 2021



Eccentricity distribution for single-single GW capture binaries

km 1/2 €LS0,peak 35/32
o~ 258 —— (dp)1/? (B Qupeak
S 0.01
1.2F
L 1F
_ 10 ~
= i 208
on i m =m= lOMSllrl G.)d
é R .'. m,=m,=20M_ = 06
ﬁ 10 il _mA=mB=30MSun %D ‘
o i m =10M =
H A Sun ¥ 0.4
! mB=3OMSun
1
10_3 | i _-.mA=mB=10M5un 0.2
I (Single)
1
4 3 2 : 1 0 0 -3 = -
107 10 10 10 10 10 10 10
r[pc] eLSO

radial distribution of mergers

shows mass segregation
Gondan, Kocsis, Raffai, Frei (2018b)

— Eccentricity distribution
reveals mass segregation
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>90% at least mildly eccentric
>50% very highly eccentric



Summary

* There is some hope to make sense of the GW distributions to infer the dominant
astrophysical mechanism leading to merger

* Universal exponents in globular cluster mergers in mass and eccentricity
distribution

* Things to do:

* Eccentricity models neglected mass segregation, radial dependence (Samsing, D’Orazio+ 2020 for
single-single), binary-binary scatterings (see Zevin, Samsing+ 2019), cluster anisotropy, Kozai-
Lidov type effects (Antonini & Perets 2012, Tremaine & Silsbee 2018, Antonini+ 2016, Hoang+
2018), AGN channel (e.g. Tagawa+ 2021, Samsing+ 2022), evolution within the host galaxy
(Fragione & Kocsis 2018, Arca-Sedda+ 2021), etc.

* similar toy model may be constructed to explain the Kozai-Lidov channel eccentricity distribution
— look for universality there
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