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Merger of binary black hole

o The ﬁI’St and S e C Ond ObS eerng Event m /Mg mz/M‘o M/Mg Yer MMy a _Emd/(Mocl) /‘i,c;,k/(ergs}) (/,'/M;_)c 7 AQ/deg?
GWI150914 35673 30.6770 28.6%]7 —0.01703 63.1735 0.697507  3.1707  3.650¢ x 10 4401150 0.0910%; 182
runs of LIGO/Virgo (01/02) STt SRS U B e I B B B i
GWI151226 13.7:8% 77122 89703 01801 20504 0747007 1.0501  3.4797 % 10% 450480 0.09709% 1033
found 10 BH-BH mergers.
GWI170608 110573 7.6%14 79792 003700 17.8134 06900 09709  3.5104 %10 32042 0.07:9% 392
GW170729 50.27167 34.010), 354783 0371050 79.55107 0817077 48717 42707 x 10% 28401135 0.497077) 1041
GW170809 35053 23831 2497 0.08')17 563137 070700 27708 35708 %10 1030132 020709 308

-52

° The BH mass dlStI'lbuthIl appears GW170814 30.6138 252128 2411 0075013 532537 0725097 27107 37504 %100 60013 0.121909% 87

GW170817 1467013 1.275000 1.1867 0001 0.001007 <28 <089  >004  >0.1x10° 40" 001790 16

not to have B [_] S Wlth > 50 M GWIT0818 354175 267443 26.5%21 —0.091015 50.4+42 067°007 27403 3405 x 10% 106042 0217097 39
~ ) @. 22 +0.09

GW170823 39.57¢52 29.0197 292738 0.097052 6547751 072507y 33750 3.6°07 x 10%° 19407570 035702 1666

-0.26
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Second mass gap S|
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+ Higher mass gap

Gpe

Mass gap

I/‘IIIIIIIIIII

dR/dm,

- Pair instability (PI) mass gap

my (M)

- No BH with 50 — 130M, due to

pulsational PI (PPI) and PI
supernova (PISN)?

Abbott et al. (2019)



PPI and PISN
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Partial disruption
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Complete disruption

- Pulsational Pair Instability (PPI)
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 He core partially disrupted

No remnant
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Distribution

W190521

Hanford Livingston Virgo

—14

W cWB max-L

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

BHs ER0AEREA | LA

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

_m
probability of being below 65M,. .~
- At least one BH lies within the PI -
friass 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 O)

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((,’




Contents

» Pair instability (PI) mass gap and GW 190521

- Diafficulty to form PI mass gap BH

- Pop. III binary scenarios

* Our study



Single star evolution

. M,y 2 50Mg
- It is not hard to form mass-gap BH =~ *um ~ %o
' ' Z ~0.01Z
through single star evolution. ° My, ~ 90,
- Formation Process ‘ ::> ::> ®
- Astar with M, . ~ 90M and y;;k stellar No PPI/PISN
Z ~ 0.01Z,,.
11717 —7rTrrrrr 1 T T1T T 1T T 1T T 1T 7]
- Evolution to a BH progenitor 2f 2002, 2,=0017 WINDS: o OExEancere
. 10 ™ single stellar evolution e (no PPSN/PSN)
with Mtot ~ 9OM@ and 100 [~ Lo ‘_
920 [ 7 .
MC,He S 4OM®. ;o 80 N ,/./, 7
— 70 i
s <+—— Mass-gap BH -
- Collapse to ~ 90M, BH - sl m Oggstp o
. . m B Vi S X anaar N
without PPI/PISN owing to oL 0.5xStandard ]
small He core mass. o 1/ e 1.0xStandard -
Fe=="="====s=s==== FEAALERLE R LR R LR L : 10 ]
: o | ' ° 1 or I I N I N N BN N RN S RN BN B
° :nght He COrc, 1 MmMassive H enVelOpe : 20 40 60 80 100 120 140 160 180 200 220 240 260
b h fftttt e ee e : e C tftttccctctcecceeeeeea : Initial (ZAMS) star mass [Mg]

Belczynski et al. (2020)



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.
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6 L Semet
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41 e T 1025
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logTerr (K1 Tanikawa et al. (2020a)
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Many scenarios other than
binary evolution

» Globular clusters, open clusters, AGN disks (e.g. Rodriguez et

al. 2019; D1 Carlo et al. 2020; Yang et al. 2019)

» PPI/PISN occurs in M . 2 90M, if the 2C(a, )0 rate is 3

times smaller than the standard one (Takahashi 2018; Farmer
et al. 2020; Costa et al. 2020).

- Many more ...

* Our study of GW190521 formation

- Binary evolution 1solated from star clusters

» PPI/PISN for M, i3, 2 40M, as usual
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Pop. 111 binary star evolution

4l L e 85Mo
- Pop. III star with M, .. = 85M %= 0.0003 i = 0.01
p Zams ©) 6al | | &
- Weak stellar wind mass loss Seal D
ol /
- Expansion up to ~ 160R "o /
[
6.0 |
- He core with < 40M 10R,  50R, 500R
4?8 4t6 414 4?2 4?0
GW190521 can be formed from a Log Tet Farrell et al. (2020)
Pop. III binary !!! O T o oo

M1[Mo]

Kinugawa et al. (2020)



Uncertainty of Pop. I1I model

Yoshida et al. (2019)

6

- No massive Pop. III star is discovered so far.

: (b)SetM,
- Extrapolation from nearby stars to Pop. III stars 55 [
- Nearby star models

- AB-type stars in MW open clusters,

GENEC(Ekstrom et al. 2012), adopted by
Farrell et al. (2020)

log L/ L,
log L/ L,

45

- Early B-type stars in LMC, Stern (Brott et al.

o1

5.5 5 4.5 4 35
- The maximums radius of a 80M, star B
101R;—103R;—10°R;—10?R
- M model: ~ 40R, similar to Farrell et al. — :
(2020) £ — 80M,,
6'\‘\ k—' ‘\\ < ’ 1
. Lmodel: ~ 3 x 10°R,, similar to Yoon et al. ~ 1\ o YMe | Two Pop. 111
(2012) SRR ; L "1 models
%ﬂ } 20My — 1|

- If the L model is correct, a Pop. III binary cannot
form GW190521, the same as Pop. I/II binaries.

e
—e
-
_-
-
r\ -
-
S
-
-
—”
-

\ \
\ \
\ \ \
\ 3 \
‘ —J 10M
\ \ \
\ \ \ @
\ \ \
4, \ \ \ |
\ \ \
\ \ \

S 45 4 35
logT. 1
ogTesr [K] Tanikawa et al. (20200)




Convective overshooting

» Overshoot parameter: f_, ~ 0.02

(Kippenhahn et al. 1990; 2012)

J— ﬁaw%—x- -
_2Z s . 1 " -t-.
° D(Z) — DO eXp P iy - - "'.. ,“‘ T rOpOSp ere
foVHP ol

- M model: f,, = 0.01

—7

« . model: f = 0.03 S - EUMETSAT / M Setvak
- Jov .

- Larger overshoot parameter (more
effective overshooting)

Radiative envelope

Convective
overshooting

- Larger He core at the end of MS
+ Larger luminosity in post-MS

- Larger radius 1n post-MS

Convective core
(Progenitor of He core)
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Binary population synthesis

101R—105R102R - 10°R
\\@ \‘ @ \‘ @ \\ @
. BSE (Hurley et al. 2000; 2002) modified by A — \
Tanikawa et al. (2020a) / /P— e S0M,
6", : S —
- Single star evolution N/ /_,_—— 40M,
o) \\ \ \\ \
» Fryer’s rapid model with PPI/PISN S Ny 2()M — id
s Y O —
- No stellar wind nor BH natal kick A ~
Inary star evolution i 10M,,,
- Tidal interaction o A Y 0 S S N
5 4.5 4 3.5
- Stable mass transfer, common envelope logTerr [K]
. 00— 55— _
GW orbital decay | Mass gap ,* s‘ — i/[ |
- Etc. 80; BH -
. TInitial conditions < 60
e | -
+ flm) < m', f(q) « const, f(a) x a™, f(e) x e < 4
+ Cumulative Pop. III density 20t
10°Mpc~3 ble to Magg et al. (2016 | PISN
~ oPc™~ comparable to Magg et al. ( ) 0 —0 %0 120 T60

and Skinner, Wise (2020) Mzams [M o]

Tanikawa et al. (2020c¢)



BH mass distribution

« M model

- The maximum mass: ~ 100M

= v
— B¢

- GW190521

t

- Stars lose little mass through binary interactions.

- Pop. III stars can form GW190521-like BH-
BHs.

- Support for the claims of Farrell et al. (2020)
and Kinugawa et al. (2020)

- L model

- The maximum mass: ~ 50M

My, s [MO]

- Stars lose their H envelopes through binary
Interactions

X

+ No Pop. III stars can form GW190521-like BH-
BHs.

: 0 20 40 60 80 100 10°10 10 10 2102
It depends on the choice of Pop. III models, mop [Mo] [ [yr~! Gpe™ M3!]

or overshoot parameters




It GW190521 1s Pop.III ...

- Even if the M model is correct, no
Pop. III binary can form BH-BHs
with 100 — 130M,.

- It GW190521 1s Pop. 111, the
merger rate of BH-BHs with
100 — 130M, is much smaller

than with 50 — 100M,.

- But, the converse is not true.

+ A Pop. Il binary can form
GW190521 if the >C(a, y)'°O
reaction rate 1s 3 times smaller

than the standard rate
(Belczynski 2020).

Pop. 111 BHs
Usual BHs
Another
. Mass 4P s bove PISN
S GW190521 l gfa%;%vﬁ? )
~100My  ~ 130M,

Usual BHs BHs in star clusters
O
§ l Above PISN

~ 50M,

GW190521
~ 130M,

Primary BH mass



Summary

- GW190521 1s a merger of a BH-BH with at least a BH 1n the
PI mass gap.

+ GWI190521 can be formed from a Pop. III binary (Farrell et

al. 2020; Kinugawa et al. 2020)

- We have shown that the Pop. III scenario strongly depends on
the effectiveness of convective overshooting.

» If GW190521 1s a Pop. III origin, the merger rate of
100 — 130M, BHs is much smaller than that of 50 — 100M,,.

- But, the converse 1s not true.



