
HST captures a binary SMBH kicking stars out of a galaxy
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What is a supermassive black hole (SMBH)?
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What is a supermassive black hole (SMBH)?

M 87
SMBH mass: 6× 109 M�

Milky Way (Sgr A?)

mass: 4× 106 M�



What is a binary SMBH?

– two SMBHs orbiting each other!

(and not just roaming somewhere in the same galaxy)

3C 75 [Owen+ 1985]



How do they come about?

hierarchical merger tree



Life path of a typical binary SMBH
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Dynamical friction

illustration by M.Whittle



Dynamical friction
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Gravitational slingshot

interplanetary transport 3-body scattering



Shrinking of the binary
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Shrinking of the binary
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Shrinking of the binary
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The final-parsec problem!
(stalling of the binary shrinking at ∼ 1 pc)



Energy loss to gravitational waves

rate of orbital shrinking:
dr

dt
∝ − 1

r 3

=⇒ orbital radius: r ∝ (tend − t)1/4

when r . 0.01 pc, the binary merges in . 109 yr
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Final coalescence



Final coalescence



Gravitational-wave observatories

LIGO–Hanford (WA, USA)

LIGO–Livingston (LA, USA) VIRGO (Italy)

KAGRA (Japan)



Gravitational-wave observatories

LIGO–Hanford (WA, USA)

LIGO–Livingston (LA, USA) VIRGO (Italy)

KAGRA (Japan)



Gravitational-wave observatories in space

SMBH stellar BH

106 M� 10M�



Gravitational-wave observatories in space

SMBH stellar BH

106 M� 10M�

LISA space mission (ESA, 2030s)



Final handwave

Anisotropic emission of gravitational waves

=⇒ recoil velocity ∼ 100− 1000 km/s
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Final handwave
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Summary: life cycle of binary SMBHs


