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• Introduction of Black Hole Superradiance 

• Gravitational Atom Phenomena

• Application on OJ287

• Other Application…

Outline



Standard Model?

Unsolved mysteries 
Beyond Standard Model (BSM)

• Galaxy rotation curves
• Galaxy clusters
• Gravitational lensing
• …

Colliders?

• Strong Interaction
• Electromagnetic Force
• Weak Interaction
• (Excluding Gravity)

[https://factmyth.com/the-standard-model-of-particle-physics-explained/]



BH is a good tool to test BSM Particles



Rotational superradiance
• Zel’dovich, 1971

Dissipative • Absorptive medium boosted

𝑢

Damping: >0
• Absorptive medium at rest

Lesson: “Slow” modes with                            are actually amplified instead of absorbed

Damping (>0) / amplifying: (<0)



Rotational superradiance
Lesson: “Slow” modes with                           are actually amplified instead of absorbed

“Slow” in the rotational context: 

𝑅
𝜙

Amplification criterion:



Water wave superradiance by a vortex drain [Torres et al., 2016]

(20% amplification)



Same thing for a black hole and a boson

Image credit: eventhorizontelescope.org

[Press & Teukolsky, 
1972]
[Damour et al. 1976]



Superradiant Scattering
    KG Equation in Kerr with tortoise coordinate:

    Asymptotic behavior:

with



Wronskian Conservation
For Differential Equation 

    Define Wronskian 

    For our EoM

𝑦′￼′￼+ 𝑝(𝑥)𝑦′￼+ 𝑞(𝑥)𝑦 = 0

𝑊 = 𝑦1𝑦′￼2 − 𝑦2𝑦1′￼ so 𝑊′￼= − 𝑝𝑊

[ 𝑑2

𝑑𝑟2
∗

+ 𝑉𝑒𝑓𝑓]𝜒(𝑟∗) = 0

𝑝 = 0 𝑊 ′￼= 0 Wronskian Conserve



Superradiant Scattering
    Wronskian conservation:

    When , superradiant!𝑚Ω𝐻 > 𝜔



[Press & Teukolsky, 1972]
 [Damour et al. 1976]

Cloud

• Superradiant instability Kerr BH grows an ultralight bosonic 
cloud

𝑚 Ω𝐻 > 𝜔

Superradiant Instability



BH as a GA

Kerr BH of mass 𝑀 Bosonic field of mass 𝜇 Gravitational Atom

𝜇−1 > 𝐺𝑀
Compton 
wavelength

Black hole 
radius



BH as a GA

Kerr BH of mass 𝑀 Bosonic field of mass 𝜇 Gravitational Atom

𝜇−1 > 𝐺𝑀
Compton 
wavelength

Black hole 
radius

𝑀𝐵~[10𝑀⊙, 1010𝑀⊙]

[Baumann et al, 
2019]



[Press & Teukolsky, 1972] 
[Damour et al., 1976] 
[Detweiler, 1980] 
[Baumann et al, 2019, 2020]

BH as a GA
KG in Kerr:

Gravitational Atom
Hydrogen-like Schrodinger eq

Factoring out the rest mass

with

Gravitational fine structure constant 



[Press & Teukolsky, 1972] 
[Damour et al., 1976] 
[Detweiler, 1980] 
[Baumann et al, 2019, 2020]

     |  with𝜓𝑛𝑙𝑚⟩

Solutions:

GA in a nutshell

By in-going B.C. 

• With decaying B.C. at infinity  
• With in-going B.C. at the BH outer horizon

Determined by near far formalism :



     |  with𝜓𝑛𝑙𝑚⟩

[Press & Teukolsky, 1972] 
[Damour et al., 1976] 
[Detweiler, 1980] 
[Baumann et al, 2019, 2020]

𝐸𝑛𝑙𝑚 = 𝜇(1 −
𝛼2

2𝑛2
+ 𝛼4𝐴(𝑛, 𝑙) + 𝛼5~𝑎𝑚 𝐵(𝑛, 𝑙) + …)

Rest mass Bohr Fine Hyperfine

Solutions:

{ > 0
< 0  Absorption

Superradiance

GA in a nutshell

By in-going B.C. 

𝜓𝑛𝑙𝑚 ∼ 𝑒−𝑖𝜔𝑛𝑙𝑚𝑡 ∼ 𝑒Γ𝑛𝑙𝑚𝑡

• With decaying B.C. at infinity  
• With in-going B.C. at the BH outer horizon



[Press & Teukolsky, 1972] 
[Damour et al., 1976] 
[Detweiler, 1980] 
[Baumann et al, 2019, 2020]

GA in a nutshell

• From  
• To make sure it is bigger than zero, the spin 
      should high enough 
• Cloud saturated when spin is small enough. 
•    mode always absorptive.  

• From  : 
• The lower  modes grow much quicker. 
•  mode will dominant first if spin is  
      enough. 

𝑚Ω𝐻 − 𝜇

𝑚 ≤ 0

𝛼4𝑙+5

𝑙
|211⟩

with 



GA phenomenology in isolation
• Near-monochromatic GW

[Brito et al., 2017]



[Brito et al., 2017]

GA phenomenology in isolation
• Spin cutoff by superradiance

• GA in isolation

BH spin down

mΩH   > 𝜔 ∼ 𝜇

 Spin at saturation



Resonant 
transition

GA phenomenology in binaries
• Atomic resonant transitions

2Ω𝑟
𝑡

𝑓𝐺𝑊 (𝑡)

Backreaction:
Sinking orbits

Figure adapted from [Baumann et al, 2020]

[Baumann et al, 2022]
[Thomaselli et al, 2024]

with 𝑖𝜕𝑡𝜓(𝑡, 𝑟) = 𝐻𝜓(𝑡, 𝑟) ,   𝐻 = 𝐻0 + 𝑉∗(𝑡)

Unbound states: 
Continuous spectrum



GA phenomenology in binaries
• Atomic resonant transitions

2Ω𝑟
𝑡

𝑓𝐺𝑊 (𝑡)

Backreaction:
Sinking orbits

Figure adapted from [Baumann et al, 2020]

with 𝑖𝜕𝑡𝜓(𝑡, 𝑟) = 𝐻𝜓(𝑡, 𝑟) ,   𝐻 = 𝐻0 + 𝑉∗(𝑡)

Unbound states: 
Continuous spectrum

Ionization or Dynamical Friction

[Baumann et al, 2022]
[Thomaselli et al, 2024]



Combining Observation In Reality.



𝑀BH = 1.8 × 1010𝑀⨀

𝑚BH = 1.5 × 108𝑀⨀

𝑇 = 12 . 067 𝑦𝑟

𝑇̇ = − 0.00099

Video Credit: NASA JPL

OJ 287
[Valtonen and Lehto, 1997 ]



Video Credit: NASA JPL

OJ 287
[Valtonen and Lehto, 1997 ]
[Valtonen and Pihajoki, 2013 ]
[M. J. Valtonen et al, 2016] 
[L. Dey et al., 2018]



Video Credit: NASA JPL

𝑃orb = −
𝐺𝑀𝑚

3𝑎
𝑇̇
𝑇

= (3.66 ± 0.24) × 1041 W

𝑃GW =
32
5

𝐺4𝑀2𝑚2(𝑀 + 𝑚)
𝑐5𝑎5

𝑓(𝑒) = (2.62 ± 0.02) × 1041 W

OJ 287
[Chan, Lee, 2024]



Video Credit: NASA JPL

𝑃orb = −
𝐺𝑀𝑚

3𝑎
𝑇̇
𝑇

= (3.66 ± 0.24) × 1041 W

𝑃GW =
32
5

𝐺4𝑀2𝑚2(𝑀 + 𝑚)
𝑐5𝑎5

𝑓(𝑒) = (2.62 ± 0.02) × 1041 W

4.3𝜎

OJ 287
[Chan, Lee, 2024]



Video Credit: NASA JPL

𝑃orb = 𝑃GW + 𝑃DF

OJ 287



Is the cloud stably exist ?



Resonant 
transition

GA phenomenology in binaries
• Atomic resonant transitions

2Ω𝑟
𝑡

𝑓𝐺𝑊 (𝑡)

Backreaction:
Floating / sinking orbits

Figure adapted from [Baumann et al, 2020]

[Baumann et al, 2019]
[Baumann et al, 2020]
[Baumann et al, 2022]



|𝜓322⟩

|𝜓300⟩

grow

decay

GA in isolation

II

III

|𝜓322⟩

|𝜓300⟩

𝑀 𝑀∗

GA in a binary
[Tong, Wang & Zhu, 2022]

GA phenomenology in binaries



|211⟩ > 99.5%

OJ 287

• The state  has saturated.  
• The cloud can be survived from bound-to- 
      bound with survival rate bigger than .   
    

|211⟩

97 . 5%

by solving KG equation𝜌211 

[Ding, He, Takhistov, Zhu, 2025]



Dissipative Energy from Boson Cloud  

A Null Detection Result 

OJ 287 Constraint on Ultralight Boson
[Ding, He, Takhistov, Zhu, 2025]



Dissipative Energy from Boson Cloud  

A Null Detection Result 

OJ 287 Constraint on Ultralight Boson
[Ding, He, Takhistov, Zhu, 2025]



Dissipative Energy from Boson Cloud  

A Null Detection Result 

OJ 287 Constraint on Ultralight Boson
[Ding, He, Takhistov, Zhu, 2025]



What can we do other than OJ287 ?



Image Credit: NASA, Roen Kelly 

1. Two galaxies start 
merging

2. SMBH binary shrinks via 
flunging away star and gas.

3. No surrounding stars cause 
SMBH binary stalling at final parsec 
more than the age of universe.

4. SMBH binary is driven  by 
GW at last 0.01parsec until 
merger.

Final Parsec Problem



Stochastic Gravitational Wave Background
• After crossing final parsec, GW emission 

dominates and sources nanohertz.  

[Ding, He, Takhistov, Zhu, 2025]



Gravitational Wave Waveform
[Ding, He, Zhu, 2025]

Dark Environment

GW dephasing 

Can we construct a quantity using 
purely observable to characterize 
the BH environment? 



Gravitational Wave Waveform
By GW Emission

By DF extra power loss

[Ding, He, Zhu, 2025]



Gravitational Wave Waveform
[Ding, He, Zhu, 2025]

If no more than 
GW

 becomes constant and 𝑔 𝐷 = 0



Gravitational Wave Waveform
[Ding, He, Zhu, 2025]



Gravitational Wave Waveform
[Ding, He, Zhu, 2025]

𝑀 = 30 𝑀⊙ ,  𝑞 = 1, z = 0.5 



Gravitational Wave Waveform
[Ding, He, Zhu, 2025]

𝜇 = 5 × 10−15 𝑒𝑉 ,  
z = 0.5 

𝑀𝐵 = 1000 𝑀⊙ ,  
z = 0.5 



Superradiance boson cloud around OJ 287

Reconcile potential tension with

If no such a tension

Superradiance boson cloud around SMBH

Partially solve final parsec problem and 
leave unique imprint on SGWB and GW 

waveform 

Conclusion

Thank you!



Backup slides



|211⟩

−1⟩|31

Resonance

[Baumann et al, 2018]



Resonance and Transition Rate

[Baumann et al, 2019]



How about GA with a binary companion? 



Resonant 
transition

GA phenomenology in binaries
• Atomic resonant transitions

2Ω𝑟
𝑡

𝑓𝐺𝑊 (𝑡)

Backreaction:
Floating / Sinking orbits

Figure adapted from [Baumann et al, 2020]

[Baumann et al, 2019]
[Baumann et al, 2020]
[Baumann et al, 2022]

with 𝑖𝜕𝑡𝜓(𝑡, 𝑟) = 𝐻𝜓(𝑡, 𝑟) ,   𝐻 = 𝐻0 + 𝑉∗(𝑡)



Ionization as Dynamic Friction

[Tomaselli et al, 2023]



Cloud State in OJ 287

|211⟩ > 99.5%



Cloud Density Profile around OJ 287

Upper bound from OJ 287 flare timing



Dynamic Friction Power



OJ 287 Parameters



Other Imprints?



Image Credit: Shanika Galaudage 



Boson Cloud Transition in Final Parsec

|31 − 1⟩ > 99.8%



Final Parsec Problem



Stochastic Gravitational Wave Background


