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Black Hole Superradiance

•cloud size
<latexit sha1_base64="k9AuWBbE03kSLgvEwAuP2CnTpKI=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzpTpLosdaEboYJ9QGccMmnahiaZIckIdSj+ihsXirj1P9z5N6btLLT1wIXDOfdy7z1hzKjSjvNt5ZaWV1bX8uuFjc2t7R17d6+pokRi0sARi2Q7RIowKkhDU81IO5YE8ZCRVji8nPitByIVjcSdHsXE56gvaI9ipI0U2AcyqEFPUQ6vbk49xOIBui8HdtEpOVPAReJmpAgy1AP7y+tGOOFEaMyQUh3XibWfIqkpZmRc8BJFYoSHqE86hgrEifLT6fVjeGyULuxF0pTQcKr+nkgRV2rEQ9PJkR6oeW8i/ud1Et278FMq4kQTgWeLegmDOoKTKGCXSoI1GxmCsKTmVogHSCKsTWAFE4I7//IiaZZLbqVUuT0rVmtZHHlwCI7ACXDBOaiCa1AHDYDBI3gGr+DNerJerHfrY9aas7KZffAH1ucPyGqUKw==</latexit>

rB ⇠ GM/↵2

•cloud mass <latexit sha1_base64="MmPID0a6grXpn2g/9z1EpvxpcTM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIVI9FL14KFewHNCFsttt26W4SdjdKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXphwprTjfFuFtfWNza3idmlnd2//wC4ftlWcSkJbJOax7IZYUc4i2tJMc9pNJMUi5LQTjm9mfueBSsXi6F5PEuoLPIzYgBGsjRTY5UZAkKeYQB7myQijRmBXnKozB1olbk4qkKMZ2F9ePyapoJEmHCvVc51E+xmWmhFOpyUvVTTBZIyHtGdohAVVfjY/fYpOjdJHg1iaijSaq78nMiyUmojQdAqsR2rZm4n/eb1UD678jEVJqmlEFosGKUc6RrMcUJ9JSjSfGIKJZOZWREZYYqJNWiUTgrv88ippn1fdWrV2d1GpX+dxFOEYTuAMXLiEOtxCE1pA4BGe4RXerCfrxXq3PhatBSufOYI/sD5/AOWakyM=</latexit>

Mc ⇠ ↵M

n = 1

n = 3

n = 2

ℓ = 1ℓ = 0 ℓ = 2

m
+1

−1

0

n = 1

n = 3

n = 2

ℓ = 1ℓ = 0 ℓ = 2

m
+1

−1

0

n = 1

n = 3

n = 2

ℓ = 1ℓ = 0 ℓ = 2

m
+1

−1

0

↵ ⌘ GMµ

~c ' 0.1

✓
M

10M�

◆⇣ µ

10�12eV

⌘

<latexit sha1_base64="V5DD75+OQSwVYgw2t3vkG5m5IWc="></latexit><latexit sha1_base64="V5DD75+OQSwVYgw2t3vkG5m5IWc="></latexit><latexit sha1_base64="V5DD75+OQSwVYgw2t3vkG5m5IWc="></latexit><latexit sha1_base64="V5DD75+OQSwVYgw2t3vkG5m5IWc="></latexit>

2 Boson Clouds around Black Holes

When a BH rotates faster than the angular phase velocity of an incoming wave, it amplifies the

energy and angular momentum of the field in its vicinity.4 This superradiance e↵ect [53–57] is a

natural mechanism to create clouds of ultralight bosons around Kerr BHs (see [60] for a review).

In this section, we will review this phenomenon and the properties of the boson clouds that it

generates.

2.1 Black Hole Superradiance

Consider a rotating BH of mass M and spin J ⌘ aM . A bosonic field with mass µ and angular

frequency ! experiences a superradiant instability if

!

m
< ⌦H =

a

2Mr+
, (2.1)

where m is the azimutal angular momentum of the field, ⌦H is the angular velocity of the black

hole and r+ ⌘ M +
p
M2 � a2 is the size of the event horizon of the black hole (see Appendix A).

Superradiant growth requires m > 0, i.e. modes that co-rotate with the Kerr black hole.

In principle, superradiance occurs for both massive and massless fields. However, the mass of

the bosonic field plays the crucial role of a reflecting barrier, so that the superradiantly amplified

field is reflected back onto the black hole and continuously extracts angular momentum from it.

This provides a natural realization of the ‘black-hole bomb’ scenario proposed by Teukolsky and

Press [88]. The amplitude of the field increases while the black hole spin decreases, until the

inequality (2.1) is saturated. The black hole spin at saturation is

as

Ms

=
4m(Ms!s)

m2 + 4(Ms!s)2
, (2.2)

where Ms and !s are the relevant quantities evaluated after superradiance has ended. The

existence of black holes with spins above this critical value would rule out ultralight scalar fields

in the corresponding mass range [69].

Although superradiance is a phenomenon that occurs for bosons of any spin [56, 57, 89], in

the rest of the paper we will focus only on the scalar case. The reason is twofold: from a practical

point of view, the Klein-Gordon equation for a massive scalar field in a Kerr background is

separable in Boyer-Lindquist coordinates [90, 91], which makes the problem analytically tractable

(see Appendix A). This is not the case for massive vector and tensor fields. From a theoretical

point of view, ultralight scalar fields arise naturally as particle candidates in various scenarios

for physics beyond the Standard Model. The Kerr-scalar system is therefore a particularly well-

motivated system to be studied.

2.2 Gravitational Atom

The equation of motion of a massive scalar field  around a rotating BH is
⇣
g
ab
rarb � µ

2

⌘
 (t, r) = 0 , (2.3)

4This is the rotational analogue of Cherenkov radiation [87], where spontaneous emission of light occurs when

a test particle moves with a speed that is faster than the phase velocity of the medium.
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Black hole spindown

Observational Signatures of BH Superradiance

GW emitted by superradiant clouds 
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Dynamical signatures of superradiant cloud in black hole binaries

Observational Signatures of BH Superradiance
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Dynamical signatures of superrdiant cloud in black hole binaries

Observational Signatures of BH Superradiance
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Summary

• Dynamical signatures of clouds provide an independent way of probing 
ultralight bosons. 

• We propose a framework to investigate the evolution of clouds in the late 
inspiral stage of comparable mass ratio binaries. 

• We find that the eccentricity of the orbit could be enhanced in the late 
inspiral by the clouds. 

• This framework can be used in modeling GWs from black hole binaries in 
the presence of clouds.



Thank you !


