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Merging binary black holes (BHs)

• Loudest for GWs 
• More massive than EM BHs



The origin of merging binary BHs

© NAOJ/NOAO

Primordial BH

Ioka et al. (1998); Sasaki et al. (2016)

Isolated binary

Belczynski et al. (2016); Kinugawa et al. (2014) 
Tanikawa et al. (2022)

Eta Carinae © ESA/HUBBLE/NASA

Dense star cluster

Rodriguez et al. (2016); Tanikawa (2013); 
Kumamoto et al. (2019); Tagawa et al. (2020)

M15 © NASA



Low spatial resolution

Possible region of a binary black hole merger

© A. Mellinger/LIGO
© Robert Williams (NASA, ESA, STScl), Hubble

Binary neutron star

Utsumi et al. (2017)

© University of Warwick/Mark Garlick



BH properties

GWTC-3 (Abbott et al. 2021)
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binary BHs?



Attack on the isolated binary scenario
• The isolated binary scenario 

• A sufficiently large number of BHs ✔ 

• Mass and spin parameter space limited ✖ 

• The dense star cluster scenario 

• A small number of BHs ✖ 

• Wide parameter space of mass and spin ✔

Possibly rejected by 
only one event

• GW190521: the pair instability mass gap merger 
• GW190412: the asymmetric merger 
• (GW190814: the lower mass gap merger)



GW190521: 
the pair instability mass gap event

Abbott et al. (2020, PRL, 125, 101102) , m1 = 85+21
−14M⊙ m2 = 66+17

−18M⊙



Pair instability mass gap

Naked helium star 
( )MHe ∼ 0.4Mi

Main sequence 
( )Mi ≳ 8M⊙

Red/blue 
supergiant 

Core-collapse 
supernova

NS or  BH≲ 40M⊙

MHe ≲ 40M⊙

Pulsational PISN

PISN

 BH∼ 40M⊙

Direct collapse

No BH

 BH≳ 130M⊙

Pop I and II stars

MHe ∼ 40 − 60M⊙

MHe ∼ 60 − 130M⊙

MHe ≳ 130M⊙

Mass gap between 40 − 130M⊙
Abbott et al. (2020, ApJL, 900, 13)

Pair instability mass gap



Main stream: mass gap shifted upward

Large 12C(α, γ)16O

Small 12C(α, γ)16O

Large  
heating rate

12C +12 C

Shell convective region

Effectively less-massive core 
→ Pair creation inactive

Fiducial

3-  smallerσ
∼ 90 − 180M⊙

∼ 40 − 130M⊙

Farmer et al. (2020)

Koh Takahashi (2018, ApJ, 863, 153) 川下さんのトーク 
（２日目）



Tanikawa’s model: Pop III stars
Pop III starsCore-collapse 

supernova

NS or  BH≲ 100M⊙

MHe,c ≲ 40M⊙

Pulsational PISN

PISN

 BH∼ 40M⊙

Direct collapse

No BH

 BH≳ 300M⊙

MHe,c ∼ 40 − 60M⊙

MHe,c ∼ 60 − 130M⊙

MHe,c ≳ 130M⊙

Main sequence 
( )Mi ≳ 8M⊙

 Mtotal ∼ Mi
MHe,c ∼ 0.4Mi

Mass gap between 100 − 300M⊙

∼ 100R⊙

Large overshoot → Large He core → Large radius

Small overshoot → Small He core → Small radius

∼ 100R⊙Tanikawa et al. (2021, MNRAS, 505, 2170)



Comparison with GW observations
Tanikawa et al. (2022, ApJ, 926, 83)

Roulet et al. (2021)

No evidence More Likely

GW190521 from Pop III

Next topic

PPISN bump 
(smoothable)

Chon’s IMF (Chon et al. 2021)



Prior-dependent BH mass

Fishbach & Holz (2020); see also Nitz & Capano (2021)

Tanikawa et al. (2021, ApJ, 910, 30); 
see also Hijikawa et al. (2021)

∼ 10−3 − 10−2 yr−1 Gpc−3

GW190521 (Abbott et al. 2020)

• frequency:  
• Damping time:

∼ 66Hz
∼ 19ms

• Redshifted mass:  
• Source mass: 

∼ 252M⊙
∼ 142M⊙

“Straddling” the mass gap: 
+> 130M⊙ < 40M⊙

The ringdown signal was seen, but 
the chirp signal was not seen well…



PISN survey by Euclid telescope

Fiducial

3-  smallerσ
∼ 90 − 180M⊙

∼ 40 − 130M⊙

Farmer et al. (2020)

Tanikawa et al. (2022, arXiv:2204.09402)

Tanikawa’s model

The Main stream



Multi-band GW observations
@250Mpc

Special thanks to A. Trani and L. Wang

Deceleration

Circularized 
at 10Hz

Isolated binary Cluster

10Hz GWs

Samsing, Ramirez-Ruiz (2017)



BH binary exploration



BH X-ray binary
© DSS © NASA/CXC/M. Weiss

Fishbach & Kalogera (2022)

HMXB: Subpopulation of merging binary BHs? LMXB: spun-up by mass accretion?



Non-interacting BH binary
© background image: CSO/M.-R. Cioni/VISAT, Magellanic Cloud survey; 
visualization: Isca Mayo/Sara Pinilla

El-Badry et al. (2022)

BH binaries with longer periods (  days)≳ 10



Spectroscopic binary
• NGC 3210 BH (Giesers et al. 2018) ✔ 

• LB-1 (Liu et al. 2019) ✖ 

• 2MASS J05215658+4359220 (Thompson et al. 2019) ✖ 

• HR 6819 (Rivinius et al. 2020) ✖ 

• NGC 2004#115 (Lennon et al. 2021) ✖ 

• Unicorn (Jayasinghe et al. 2021) ✖ 

• Giraffe (Jayasinghe et al. 2022) ✖ 

• NGC 1850 BH1 (Saracino et al. 2022) ✖ 

• VFTS 243 (Shenar et al. 2022) ✔

f(M) ≡
M3

unseen sin3 i
(Munseen + Mvisible)2

=
K3

visibleP
2πG

(1 − e2)3/2

Observables by 
spectroscopy

Observables if synchronized (e.g. Thompson et al. 2019), 
but highly uncertain

Highly uncertain 
(e.g. Algol-type problem by El-badry et al. 2022)

Rejected by K. El-Badry (BH destroyer)



Highly uncertain 
(e.g. Algol-type problem by El-badry et al. 2022)

Gaia: astrometry with spectroscopy

Unseen object (e.g. BH)

Visible star

© ESA/D. Ducros

f(M) ≡
M3

unseen sin3 i
(Munseen + Mvisible)2

=
K3

visibleP
2πG

(1 − e2)3/2

Observables by 
spectroscopy

Observables by astrometry

and astrometry



Promising BH candidate
f(M) ≡

M3
unseen

(Munseen + Mvisible)2
=

K3
visibleP
2πG

(1 − e2)3/2sin−3 i ≥ 5.25M⊙

Munseen ≥ 5.25M⊙

Tanikawa et al (2022, 
arXiv:2209.05632)

El-Badry et al (2022, 
arXiv:2209.06833)

El-Badry’s BH Tanikawa’s BH

El-Badry et al (2022, arXiv:2209.06833)

Tanikawa’s BH



El-Badry’s BH

Unstable mass transfer 
due to small mass ratio

BH progenitor

Observed star

Common envelope merger 
due to small binding energy 
of binary orbit

Crisis of the conventional binary evolution model?

 MBH = 9.78M⊙
Mvisible = 0.93M⊙



El-Badry’s BH in an open cluster?

No BH binary

Shikauchi et al. (2020, PASJ, 72, 45)

Difficult to be formed in an open cluster



Summary
• The isolated binary scenario(s) can explain not only the BH properties, but 

also peculiar events like GW190521 and GW190412. 

• These scenarios may be constrained by future projects, such as Euclid PISN 
survey. 

• BH binary exploration is providing further information for understanding 
binary evolution. 

• LIGO-Virgo-KAGRA O4 will add much more binary BH population next 
year.


