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GW events

Cumulative Count of Events
01 = 3, 02 =8, O3a =39, Total =50

50

+ The first detection GW150914 1n O1 02 O3a

2015 (only LIGO) .

£, incl. NS-NS,

- 10 BH-BHs discovered in O1/02 s NS-BH

by 2017 (entry of Virgo) 2
+ 44 confident BH-BHs in O1/02/ ° i,

O3a by the last month T

Time (Days) vt

+ GW sensitivity to NS-NSs

Masses in the Stellar Graveyard

in Solar Masses

- H: 66Mpc to 108Mpc
- L: 88Mpc to 135Mpc
« V:26Mpc to 45Mpc




BH-BH rate density

. 01/02: 53.23553:% Gpc™ yr~!

- 01/02/03a

9+14.9

ter? Gpe ™ yr!

. No cosmic evolution: 23

+57.3
—15.9

~ 10 -100 Gpc™ yr ! - ~ 10 Gpc™ yr~!

. Cosmic evolution: 19.7 Gpcyrlatz=0

 Good news for scenarios other than binary evolution?



BH mass distribution

* Primary BH

. Global maximum at 7.8J_“%:%M®

- Lower mass gap inferred by
BH X-ray binaries

- Break or bump at ~ 40M

- Pair instability (or Pop. I117?)

- Mass ratio

- Consistent with g = m,/m; ~ 1

- But, see GW 190412,
GW190426 152155 (NS-BH?)
and GW190814 (NS-BH?)

Primary BH
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BH spin distribution

- 12-44% of BH-BH spins tilted by > 90°

~ 500 km/s BH kick?

+ Intrinsic spin?

 Dynamical capture?

- No single event with y,, > 0 nor .4 <0
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) 15,
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my m;
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where S;, = 8; — (5;- Ly)Ly/||Ly||* and x = q(4q + 3)/
(4 +3qg). Large values of y, correspond to strong

precession.

~ 1

-
......
!

.........................

.................................................................................

Galissian
Default

0.8

1.0

—0.6 —0.4 —0.2 0.0 0.2 0.4 0.6
Xeff



Cosmic evolution

Consistent with a non-evolving
distribution (x = 0)

But, more consistent with

1 a+2.1 1 o421 T,

k=13"7,andk = 1.877, i

2.

Slower than the star formation %
rate (k = 2.7) S0PR) (St N R F—r—

. . F léower Laviv + Peak :
BH'BHS Wlth lOﬂg delay fime [ === Star Formiation (Ar;bitrary Norm.)

0.00 0.25 0.50 0.75 1.00 1.25 1.50
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BH-BH formation scenarios

+ Binary evolution (Kinugawa’s talk)
 Pop. I/Il common envelope evolution
 Pop. I/II chemically homogeneous evolution
- Pop. III stable mass transfer

- Dynamical capture in dense stellar clusters
+ Globular cluster (Alessandro’s and Long’s talks)
 Open cluster (Kumamoto’s and Alessandro’s talks)
- Galactic center (Tagawa’s talk)

+ Hierarchical multiple star evolution

« Primordial BH
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Black hole budget (GC)

I T
. BH-BH density: ngy_gyg ~ 10" Gpe=3 | « BH-BH Hubble>
110Gpc—2yr—1 y \ 10Gyr

+ Binary evolution: \
Abbott et al. (2020)

15 -3 Pstar HBH
. MBHsr ~ 1077GPpe (:ri-()-ng;;Gi)-cté-D (;'1'(3'_'3']{4'5)

"'BH-BH —4 I'su_BH
~ 10 2001), M. > 20M.. — BH
NBH,star ( IOGPC_3YI'_1 ) Kroupa( 00 )9 zams ~ o —
- Dynamical capture in globular clusters: Madau, Dickinson (2014)

B Pstar HBH pGC/ Pstar
. "BR.GC P <1018M®Gpc3> <103M@> < 1073

"BH-BH _ 0.1 I'sy—_BH P! Pstar \
‘ MW GC

nBH’GC 10GpC‘3yr_1 10_3




Supplementary budget

- More many GCs at the formation time (pgc/py,r > 107°)
»  (as expulsion
- Stellar evolution mass loss (stellar wind, supernova)

» Thermodynamical evaporation

- Repeated mergers (e.g. Rodriguez et al. 2019)

» Dark clusters (e.g. Wang 2020)



o oy = g(e)

BH-BH Energetics
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Numerical simulation

+ N-body simulation (Portegies Zwart, McMillan 2000;
Banerjee et al. 2010; Tanikawa 2013; Fujiu1 et al. 2017; etc)

+ Small N ( < 10°), but N ~ 10° in reality
- Toy model (O’Leary et al. 2006; Sadowski et al. 2008; etc)
» No cluster evolution

» Monte Carlo method (Downing et al. 2010; Rodriguez et
al. 2016; Askar et al. 2017; etc)

. N ~ 10°, but approximate evolution



Monte Carlo method

- Single and binary stars orbit in a GC with
constant E and J during two-body relaxation
time.

N

rlx

- Their E and J diffuse every two-body
relaxation time.

- They probabilistically experience close
encounters with other single or binary stars,
which calculated as gravitational few-body
problems.

- They evolve due to stellar evolution and
binary evolution, such as tidal interaction,
mass transfer, common envelope evolution,
and so on.

- Two codes: CMC (Rodriguez), MOCCA
(Giersz)

- Several problems are becoming clear (Long
’s talk).




Total Mass (M)

In-cluster mergers

+ 10% of BH-BHs merge inside of GCs

owing to high eccentricity.
« The MOCCA code (right)
» The CMC code (below)

- This allows repeated mergers.

- BHs with large masses and spins

- Filling of pair-instability mass gap

All Mergers vs Redshift

Mergers (z < 1)
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PPI and PISN

40 S Mc,He,preSN/MO S 60

—=> e

Partial disruption

60 S Mc,He,preSN/MO 5 130

Complete disruption

- Pulsational Pair Instability (PPI)

- 40 5 MC,He,preSN/MG S 60

+ He core partially disrupted

No remnant

- Pair instability supernova (PISN) 300

200 4 GW events J—2x102——10? Mass gaps

- 6035 Mc,He,preSN/MG) S 130 &

0]  gxzitih rmm--
. SRS ETH L § ]
+ He core completely disrupted S i | N
BRE % f ‘;
- No remnant .
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BH Mass distribution

Total Source-Fra
1

N e ' A
R M. . = 150M ey | 1. | Tl
. BH—BH( tot @) - 10_1 . 10_1.5 ] 'i-.L‘—;IZi’LJ"_" :1_: i::m"'i I *3!T:':ELT"|_I ™
Ku-pHMior = 70M)
at z < 1 inferred by GW .
observations
Kpu-a(Mor = T0M)

at z < 1 for GCs

- Strong PPI/PISN model (No 10-1 z<1
> 40M, BH without stellar a _ B
BH mergers S !
gers) = 1072 | »
= B
103 S
100 150

Rodriguez et al. (2019)
Total Mass (My)



- GC BH-BHs may need other
populations 1f they are the major
component.

BH spin distribution

Isotropic spin distribution for

GCs
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Open clusters

- Enough BH budget S 10, . 2o

+ Common envelope and dynamical o »
capture (Kumamoto et al. 2019; 05 s
2020) 0 oo "

+ Mass gap BHs (Di Carlo et al. o N
2019; 2020) via post-MS and MS i S = = === 1
mergers (Kirihara’s study can T Va0 ppF
apply to) Di Carlo et al (2020)

+ Strong PPI/PISN model (No

> 40M , BH without stellar and e 1ok
Al .

0 10 20 30 40 50
Merger primary mass M, ( Mg

Kumamoto et al. (2019;2020) | Banerjee (2020)




BH-BH eccentricity

~1% of BH-BH mergers leave finite
eccentricities at LIGO/Virgo/KAGRA
bands.

Their masses are similar to those of 1n-

cluster mergers, but smaller than those of
¢jected BH-BHs.

The present-day BHs in GCs are lighter
than previously ejected BHs.

GW190521 might be an eccentric merger
(Gayathri et al. 2020; Romero-Shaw et al.
2020).

- But, people who believe it are supporters
of the AGN scenario (Samsing et al.
2020; Tagawa et al. 2020).

BBH Eccentricity Distribution at 10Hz
& P Rodriguez et al. 2016

[ GW inspiral mergers
[ Post-interaction GW mergers T

cumulative histogram
1.000 - -

0.995 ﬁ

0.990 |

0.985

histogram counts

0980 1 1 L 1
0.0 0.2 04 0.6 08 1.0 A
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log e [10 Hz]

Samsing, Ramirez-Ruiz (2017)
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Black hole budget (Pop. 111)

I T
. BH-BH density: ngy_py ~ 10''Gpc™ : BH-BH Hubble
:10Gpc=3yr—1 J \ 10Gyr

+ Binary evolution: \
Abbott et al. (2020)

15 -3 Pstar HBH
. MBHsr ~ 1077GPpe (i-o-l-g Y3 -G'i)-c:é) ('1'(3'_'3']{4'5)

"'BH-BH —4 I'sH_BH
~ 10 S
"BH,star ( 10Gpc—3yr-1 ) Kroupa (2001), M, 2 20M, — BH
- Pop. III binary evolution Madau, Dickinson (2014)

11 _3 Pstar WBH

n I \ f(M) o« M~' (10 < M/M, < 100)
BH—-BH BH—-BH
~ 1 R
(10Gpc—3yr—1> M, s 2 20M, — BH

Zams ~v
NBH 111

Magg et al. (2016); Skinner, Wise (2020);
but de Souza et al. (2011); Inayoshi et al. (2016)



Binary population synthesis

e 10 < 1y e/ My < 300
* 1O/Wll,zams < m2,zams/m1,zams <1
+ 1y; = 10 or 200R

- Pop. III model with large
convective overshooting (L
model)

+ Mass transfer, common envelope
etc.

» Fryer’s SN model with PPI/PISN

* One Pop. III binary per minihalo

2 3 4
Ry 10°Rg 10°Rg 10°Kg
l ' o
T — , ¥
o .
Q6 | -
S| 7: . ]
2 1R, /“‘_ B
sE T -
4 —l i l L " lfll L | il L 1 L L i ' l ]
5 4.5 4 3.5
log(T,/K)
T T
4’
=10° F S
= |
22 ]01 E _ -7 : ' NO\.‘Vind — 73
e 107Z, — ]
- 10°Z,.
100 N . e sl
10 107 10°
M7zams (M ]

Tanikawa et al. (2020a)
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Pop. 111 BH-BHSs

Kinugawa’s peak
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Pop. 111 BH-BHSs

+ T <csom, ~ 0.1 Gpe™ yr! =

3 |
_3 _1 'T;) optiq0.0alel
o F50M95m1§130M® ~ O GpC yI‘ E% ta=0-15 Gyr
3 1 5
+ Iyz130m, ~ 0-01 Gpe™ yr e —
200 [ [yt~ Gpe™> MZ2] 1 1200
L -6 -5 4 302 -
+ GW190521 can be »
m; 2 130M (e.g. Fishbach, _ |
0] ! ©
s | | | =
Holz 2020). = Joo} I l100=
% 50 100 150 200 10 10° 102 O
10 mo,p [Mo] I [yr~' Gpe™ M3']
P Tanikawa et al. (2020b)
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Distribution

GW190521

Hanford Livingston Virgo

—14

W cWB max-L

. Merger of 85*1) M and 66 ;M i | ‘ - |

BHs AR L LA

+ The primary BH has only a 0.32% — . .

_m
probability of being below 65M,. .~
- At least one BH lies within the PI
frass gap. e Tli’n:),\- O 0o DE00sh R 04 Tlt’“:’[ 050 055 060030 035 040 Tli)“:'[_\] o

TABLE [I. Parameters of GWI190521 according to the
NRSur7dq4 waveform model. We quote median values with

90% credible intervals that include statistical errors. Abbott et al (2 02 0)

Frequency [Hz]

Parameter

Primary mass 8514 Mg
Secondary mass 66111 Mg
Primary spin magnitude 0. 6)_(()’(:7
Secondary spin magnitude 073102
Total mass 15017 M
Mass ratio (m,/m; < 1) 0.79:019
Effective inspiral spin parameter (y.¢r) ().()8_"(;_'322
Effective precession spin parameter (y,) 0.68 8‘37’
Luminosity Distance 53 3’(, Gpc
Redshift 0.8270%%
Final mass 14277 1 S M,
Final spin 0.727013
P (m; <65 Mg) 0.32%
log,, Bayes factor for orbital precession 1.067 000
log)y Bayes factor for nonzero spins 0. 97_8(';((,‘

B I I mass log,, Bayes factor for higher harmonics —0. ?8_(()’8((,’




Single star evolution

: M 90M, Men 2 50Mo
» It is not hard to form mass-gap BH zams ™~ 7o
' 1 Z ~0.017Z
through single star evolution. ° My, ~ 90M,
- Formation Process ‘ ::> ::> ®
- Astar with M, .. ~ 90M and Weak stellar No PPI/PISN
wind

Z ~0.01Z,,

Table 1. Summary of the results

Mini Mco Mye # of PPI Ejection # Log Tpeak  Mrem  Ejecta Energy

. Eyolut1on to a BH progenitor o) ) o) ® ) 0%y
Wlth MtOt ~ 9OM o and L Models (foy=0.03)

70 34.2  38.9-48.8 4 0 - 70
M < 4OM 75 34.9 39.3 4 1 9.81 42.4 6.5
C,He ~J @o 80 374 42.2-42.9 3 1 9.71 42.4 0.18
100 48.1 53.6 2 1 9.65 52.2 4.5
120 57.9 64.9 1 1 9.66 60.3 4.7
135 65.4 73.5 1 1 9.63 66.9 5.6

* COllapse tO ~Y 9OM® BH M Models (foy=0.01)

70 27.0 30.3-34.4 0 0 - 70
without PPI/PISN owing to 0 w2 asus 3 1 e om0 14

small He core mass. l;op. HI
- +Light He core,iimassive H envelope M, =T0My — M, = T0M,,
= SOMQ —> Mbh — SOMQ

Rt [ | T — d M
(interval: 3.1 yr) 2 9.80 7.7 39
Umeda ct al. (2020) 35 58t.3 65.3—7);.6 1 1 9.64 108.7 5.6

Zams




Binary star evolution

Merger of 85M and 66M  BHs
- Merger time < 10 Gyr
. a,SlOzR@,eNO

Astarwith M, . 2 2 S80M,

expands to R > 10° R

The star loses 1ts H envelope,
stripped by 1ts companion star.

No massive H envelope, no mass-
gap BH.

IOR 102RA 10°R, 10'R,

: \ a"'&
\\\ \\\ ' \\\ '
: \ S0M,,
6" L tmest
\\ \\\ \\ 4OM
/-G\) \ \ \
S
-
2's|
41 e T 1025
5 45 435
logTerr IR] - Tanikawa et al. (2020a)
M,y 2 50M
M, . < 40M,

c,He ~
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BH natal kick

ZAMS stars a[Ry] e

Time [Myr]
0.000 | MS ‘ MS | 43754 0.91
77.8M - - - - - -
o} 72.0M 4 02 = hBHO
1 ' ] hBHI
— ] hBH2
CHeB N Al
2.5525 | CHeB ‘ ‘ 43755 0.91 | O - e 50<myp <130
o 1L
1
77 80 72.0M, Q. 0 =) §(5)<mb’p< i 130
1 - <Mp,p, Mp,s < 1
Direct collapse @ + O b !
+ kick T 1
2.8491 | BH 77.8M®. CHeB | 9388  0.991 10 e R
e
72.0M, A2
Common envelope % 1 O
=3
28491 | BH CHeB | 9388 0.991 =10 |
aa
77.8M, 72.0 o —4
28491 | BH 778M.@ @ 374My nHe | 665  0.00 -
@ Direct collapse T 0_5 : 0
10 *o 10 10° 10° 10 10° 107
2958 | BH 778M.@ @ 374My; BH 70.0  0.10 a ]
Merger time [Myr]
@ Merger
10835 o  /

Tanikawa et al. (2020b)



Summary

» Globular clusters can f1ll the pair instability mass gap.

- But, the event rate ratio does not seem consistent.

- Pop. IlII merger rate with m; 2 130M 1s
~ 0.01 Gpc™ yr .

- It may be consistent with GW190521 1f GW 190521
contains m; 2 130M (e.g. Fishbach, Holtz 2020)

- Whether Pop. III binaries can form GW 190521 strongly
depends on convective overshooting.



