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GW events from merging BBHs

from O1/02 runs
0 by adv LIGO/Virgo

EM Neutron Stars



Compact binary mergers (O1/02)

LIGO/Virgo collaboration (arXiv:1811.12907)

Event m /Mo  m/Me  M/Mg Xeff M; /Mg dp/Mpc z

BH-BH GWI50914 35678 30679 28.67¢ —0.017012 63.1733 4307130 (09003
BH-BH GWI51012 2337140 1361 152720 0047028  357+99 10607340 0.21+09
BH-BH GWI51226 13788 77+22  89#03 (18020 90 5+04 440%180 () (g+004
BH-BH GWI70104 31.0772 20.1**? 2151 —0.04*017 49.1%32 960+430 (.19+007
BH-BH GWI70608 10933 7613 7902 003019 17832 320%120 (7002
BH-BH GWI70729 50.6:165 34.3%91  357+3 036021 80.3*146 27501330 (481019
BH-BH GWI70809 352%%3 238+2 2501 007016 564+32 990+320 (20005
BH-BH GWI170814 30737 253%29 242t14  007:012  534%32 5g0rle0 () 1003
NS-NS  GWI70817 1.46012 1274009 | 186001 (0002 <28 4010 ,01+00
BH-BH GWI70818 35573 2683 267 —0.09%08 .
BH-BH  GW170823 39.61496-70 29.4%3 20342 (0802 [ More detections!

HLV (03): 22 more BH-BH c[ Venumadhav’s talk

- heavy binary BHs: 19 < Mo /Mg < 85 V

no significant spin alignment (positive for two BB

, . 55.6
merger rate: R = 5297527

Gpc™ yr~! @ local universe



Formation channels

@isolated field massive binaries
(e.g., Dominik+ 2013; Belczynski+ 2016; Kinugawa+ 2014, 2016; Inayoshi+ 2017; Mapelli+ 2017)

- binary formation in low-metallicity gas

- interaction btw two Popll stars (Z<0.1 Zsun)

- aligned spin is expected ( xe < 0)

Rodriguez’s &
Samsing’s talk

* dynamical formation in dense clusters

(e.g., Portegies Zwart 2000, O’Leary, Meiron & Kocsis 2009, Rodriguez+ 2016, Antonini+ 2016)

- mass segregation, 3-body interaction
- eccentric binaries (Kozai-Lidov)

- uniform Xeft -distribution is expected




PoplI-BBH formation (~0.1Zsun)
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1. The origin of stellar-mass BBHs

~ First massive stars ~

Kinugawa, Inayoshi & Hotokezaka et al. (2014) MNRAS 442, 2963

Inayoshi, Hirai, Kinugawa & Hotokezaka (2017) MNRAS 468, 5020



low metallicity = high redshift

I—I_GO/ Development of
Virgo/ Galaxies, Stars, Planets. Dark ages
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Formation of SMBHs at high-z

A

“The Assembly of the First Massive Black Holes”
Inayoshi, Visbal & Haiman (2020), ARA&A in press

10%Msun
L .
- gas accretion
L
m

BH mergers
(GWSs)

seed BHs
(e.g. Poplll BHs)

>

Z~0 z~20
(th ~ 1Gyr) redshift



Formation of First Stars

log T [K] logn [em™]
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Hirano et al. (20*)
H, He, e-. H2

i N [Hosokawa et al. (2011)

Collapse of metal-free, warm gas clouds (Z~0):

Mgas ~ 103Msun » M* ~ 100 Msun
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Poplll stellar IMF
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Poplll binary formation

Turk et al. (2009); Stacy et al. (2013,2016), Susa et al. (2013), Hosokawa et al. (2016)
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Number of stars in each minihalo

( )
- Binary formation due to disk fragmentation

* high binary fraction (fbin~60% @MW)
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log (L/Lsun)

Pop 11 vs. Pop 111
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Binary evolution




Binary structure evolution

MES A : stellar structure evolution code (Paxton et al. 2011)

binary - single stellar
interaction

evolution

log L (Lsun)
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PopllI-BBH formation (Z=0)
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Termination of stable MT

mass
loss

1. mass loss by MT

2. the mass ratio of He core
to the total mass increases

3. reach the critical ratio

qu ~ 06



60

N
o

He core mass (Msun)
N
o

Termination of stable MT

Marigo et al. (2001)
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- O 2=0.02 © - ] 1. mass loss by MT
- % Z=0.0004 Q- L

] 2. the mass ratio of He core
to the total mass increases

3. reach the critical ratio

a gHe ~ 0.6
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initial total mass (Msun) ’

Typical mass of BHs in Poplll binaries ~ 30Msun




Mergers of Poplll BBHs

Kinugawa, Inayoshi et al. (2014); Inayoshi et al. (2017)
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Typical mass of merging Pop BBHs ~ 30+30Msun

(high-mass end depends on CE model...)



Poplll BBH merging rate
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2. Stochastic GW background from
high-z & massive BBHs

Inayoshi, Kashiyama, Visbal & Haiman (2016) MNRAS 461, 2722



First binary BH mergers

Development of
Galaxies, Stars, Planets. Dark ages
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Relation between GWB & CMB

Development of

- C Galaxies, Stars, Planets. Dark ages
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LIGO/Virgo/KAGRA



ReeH (Gpc3 yr-1)

Poplll BBH merging rate
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Gravitational wave backgrounds

- GWB energy density (Phinney 2001)

,OCCZng(f) — /Oog (f dng) dZ

Zmin y__ < dZ dfr fr=f+2)

merging rate

GW spectrum from each BBH

5/3 (P T Jr< v
EW TG 2/31\40 1r
dE, — (G) hip J o 7Gx N = fr < fa,

dfr 3 4 22
(e LEh<

if GW emission due to inspiral phases dominates,

Qoo (f) o< f2/3 power-law index ~2/3



Pop-11I GW background
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Smoking-gun signature for high-z & heavy BBH population



Summary

- Star formation in low-metallicity environments is required
to form massive BBHs

- Pop lll stars (Z~0) are expected to be born as massive
stars with ~10-100Msun in a binary

- Pop Il binaries could result in BBHs with 30+30 Msun
via stable mass transfer (w/o uncertain CE process)

- GWB produced from high-z & massive BBH population
could be distinguishable from other sources
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- KIAA fellowships (all fields)

https://jobregister.aas.org/ad/de436¢12

- BHOLE postdoc researchers

(SMBH, galaxies and coevolution, high-z)

https://jobregister.aas.org/ad/930735dc

..

+ PKING postdoc researchers

(Gravitational Astrophysics, Interstellar Medium, Sky-Survey Science)
https://jobregister.aas.org/ad/0bb38802

- Kavli Astrophysics Postdoctoral Fellowship (KIAA-IMPU)

https://jobregister.aas.org/ad/3cbdS5¢c3




Thank you !!



