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Merger of binary black holes

Masses in the Stellar Graveyard

in Solar Masses

+ Gravitational wave (GW)
observations have rapidly
increased the number of

discovered BH-BHs.

- The first detection 1s 2015 L e
(GW150914). .
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- 44 BH-BHs have been found until
now (O1/02/03a).
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The number of BHs is larger than

that discovered by X-ray .
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BH mass distribution
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- Higher mass gap

- Pair instability (PI) mass gap
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- No BH with 50 — 130M, due to
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PPI and PISN

40 S Mc,He,preSN/MO S 60

—=> e

Partial disruption
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Complete disruption

- Pulsational Pair Instability (PPI)

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

 He core partially disrupted

No remnant
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Distribution

W190521

Hanford Livingston Virgo
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. 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((,’
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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 ‘ ::> ::> ®
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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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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
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GW190521 can be formed from a Log Tet Farrell et al. (2020)
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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
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- If the L model is correct, a Pop. III binary cannot
form GW190521, the same as Pop. I/II binaries.
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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¢)



0.000

1.7202

1.7202

1.8596

4.4903

4.5971

12219

Time [Myr]
271. ZM‘

Introduction of BPS

ZAMS stars

o -

35.4M

Common envelope (CE1)

CHeB MS
271.2M 35.4M
nHe 154.9M ’ ‘ 354M, MS
Direct
collapse

BH 1549M, @ ‘354M MS

Stable mass transfer

BH 154.9M CHeB
35.4M
Direct
collapse
BH 1554M, @ e 329M, BH
@Merger
®

a [Rg]

1973

1862

83.05

83.05

82.97

93.09

0.81

0.05

0.00

0.00

0.00

0.00

Time [Myr] ZAMS stars
280.5M, 259.0M,
Stable mass transfer
1.6919 |CHeB MS
259.0M,
280.5M,
Double common envelope (CE4)
1.7314 |CHeB CHeB
277.6M, 262.0M,
1.7314 | nHe  159.2M, ‘ @ 451, nHe
Direct
collapse @
1.7654 | BH  1592M, @ ‘ 148.1M, nHe
Direct
collapse
1.7894 | BH 1592M, @ @ 148.1M, BH
@Merger
12339 @
v

a [Rg]

1971

1662

1630

154.7

154.7

154.6

0.41

0.12

0.00

0.00

0.00

0.00



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 1s 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).
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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.
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- Initial conditions

- GW190521 could be below and

¢« My max = 150Mg — 300M

optiq0.0alel
13OM®J;{J:O)BHﬂ:Z}ﬂC t4=0—15 Gyr
- BH Mergers of > 130M_, and 200F - portaeE L] pe 00
< 50M are ~ 107*Gpc " yr~". | .

above the mass gap (Fishbach,
Holtz 2020; Nitz, Capano 2020).

0 50 00 150 200 10° 10° 102 0
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Tanikawa et al. (2020b)



