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Black�hole�physics:�on-going�breakthroughs

- Gravitational�wave
- Imaging
- Origin:�100�𝑀⨀?�Supermassive?�PBH?�
- Black�hole�entropy�&�information
- Tests�of�GR,�dark�matter,�...
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Introduction

Penrose�Process�and�BH�Superradiance







𝐸" > 0

𝐸# < 0

𝐸$ > 𝐸"

用彭罗斯过程提取转动黑洞的能量
粒子：Penrose 1969



How�does�the�Penrose�Process�work?�A�Newtonian�analog



How�does�the�Penrose�

Process�work?

A�bit�more�math
of�a�rotating�(Kerr)�BH
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The Kerr background



Exterior region

𝑡̂: timelike

𝐸 = −𝑚𝑣%𝑡̂% > 0

Ergo-region

𝑡̂: spacelike

𝐸 = −𝑚𝑣%𝑡̂%

Can be ±

Kerr: has Killing vector 𝑡̂ = 𝜕&

Killing energy 𝐸 = −𝑝%𝑡̂% = −𝑚 '(!

')
𝑡̂% = −𝑚𝑣%𝑡̂%

is conserved along geodesic 



𝐸" > 0

𝐸# < 0

Wave fallen in

𝐸$ > 𝐸"

用彭罗斯过程提取转动黑洞的能量
粒子：Penrose 1969 场 (superradiance) ：Zeldovich 1971

Incoming wave

Outgoing

wave



From�the�Penrose�Process�
to�superradiance:

How�to�re-use�the�
out-going�wave�energy?
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黑
洞
炸
弹

？

Press, Teukolsky
1972



以照镜子为生的"黑洞文明"？



超辐射 Superradiance

黑洞生轴子的气？ ⇒ 引力原子



“String Axiverse”, Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell, 2010
See also “Superradiance”, Brito, Cardoso, Pani, 2020

Faster with
companion



What�happens�
for�a�superradiant�BH
with�a�companion�star?
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“Gravitational Collider Physics” (GCP), Baumann, Chia, Porto, Stout, 2019



“Gravitational Collider Physics” (GCP), Baumann, Chia, Porto, Stout, 2019

Qianhang Ding, Xi Tong, YW, 2020



“Gravitational Collider Physics” (GCP), Baumann, Chia, Porto, Stout, 2019

Xi Tong, YW, Hui-Yu Zhu, 2020

Hyper-fine structures



Outline

1. Introduction (P)

2. Scalar cloud over Kerr (←)

3. GCP Bohr transitions

4. Termination of superradiance

5. Pulsar timing, hyperfine

Ref of 2 and 3: 
Brito, Cardoso, Pani, 2020
Baumann, Chia, Porto 2018
Baumann, Chia, Stout, Haar 2019
Baumann, Chia, Porto, Stout, 2019

Ref: 
Ding, Tong, YW, 2020
Tong, YW, Zhu, 2021

Ref: Tong, YW, Zhu, 2022



标量场内禀 标量场模式 黑洞

𝜇: 标量场质量 𝑚: 磁量子数（𝑌!"） 𝑀: 黑洞质量

𝜔: 频率（𝑒#$%&） Ω': 外视界拖曳速度（零角
动量粒子在视界的角速度）

符号约定



The Kerr background



Scalar EoM in the Kerr background

Ansatz:

Non-relativistic approximation: Schrodinger-like eq

Δ𝑉: higher order in 𝛼



Separation of variables:

After solving the Schrodinger-like equation:

Note the sign of Γ

- Negative: decay

- Positive ( *+ < Ω, ) : superradiance

Angular velocity of wave
from 𝑒!"#$%"&'



Scalar energy spectrum

Solid blue: growing modes

Dashed red: decaying modes



For initially extremal Kerr, 

the mass and angular momentum for leading states





Outline

1. Introduction (P)

2. Scalar cloud over Kerr (P)

3. GCP Bohr transitions (←)

4. Termination of superradiance

5. Pulsar timing, hyperfine



Selection rules

ℓ,𝑚: old axion state

ℓ., 𝑚′: new axion state

ℓ∗, 𝑚∗: perturbation 

(no dipole ℓ∗ = 1)



Two-state transitions

small gravitational
perturbation

Landau-Zener 
transition happens
when this vanishes



Period of the perturbation for Landau-Zener transition:



+: floating orbit, Δ𝐸 < 0, cloud releases energy

- : sinking orbit , Δ𝐸 > 0, cloud gets energy



Outline

1. Introduction (P)

2. Scalar cloud over Kerr (P)

3. GCP Bohr transitions (P)

4. Termination of superradiance (←)

5. Pulsar timing, fine & hyperfine



ways to
deplete

the
cloud?



GCP requires a companion:

Tidal perturbation not only

(1) Trigger GCP resonance, but also

(2) Trigger off-resonance decay



More stableUnstable

Mixed by 𝑀∗. How to solve the mixing?



Mixed by 𝑀∗. How to solve the mixing?

Simple estimate: adiabatic approximation

WKB solution of 

𝜆±: instantaneous eigenvalues of 𝐻



Example:



More careful calculation: the same thing in co-rotating frame

Summing over all decay channels:



For 𝛼 = 0.1, 𝑞 = 0.2



Critical distance of 𝑅∗: 𝑅∗,7

Gray: 𝑅∗,7 < (cloud size), our calculation breaks down



Safe transitions (shaded == allowed; white == cannot resonant)

Implication to GCP: Cloud can decay before resonance



Off-resonance GCP signals:

For example: the 322 state:



Outline

1. Introduction (P)

2. Scalar cloud over Kerr (P)

3. GCP Bohr transitions (P)

4. Termination of superradiance (P)

5. Pulsar timing, hyperfine (←)



Binary pulsars

“Binary and Millisecond Pulsars”, Lorimer, 2008



… …

… …





Using pulsars to

search for 

resonance GCP

Hyperfine structure



Using pulsars to

search for 

off-resonance GCP



Conclusion & outlook:

- GCP Bohr resonance: only 211 remains
𝑅∗ ∼ (cloud size), focus on 211 & more careful

- GCP fine structure resonance: not good

- GCP hyperfine structure resonance : good

But cloud back reaction is big

- Off resonance GCP: good

Off resonance signal should be more robust against general orbits

- Axion constraints from BH: 

Need reconsideration for BH with companion

Thank you!
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