
Masha Baryakhtar
New York University

June 26, 2019

Black Holes and Axions: 
Gravitational Waves and 

Axionic Beacons

Masha Baryakhtar
New York University/University of Washington

January 26, 2020



• Rotating black holes can source `clouds’ of weakly coupled bosons through 
superradiance, independently of cosmological abundance

• High-scale axions with gravitational interactions spin down BHs and source GWs

• Lower-scale axions with self-interactions source axion waves
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• A wave scattering off a 
rotating object can increase 
in amplitude by extracting 
angular momentum and 
energy. 

• Growth proportional to 
probability of absorption 
when rotating object is at 
rest: dissipation necessary 
to increase wave amplitude

Angular velocity of wave slower than angular velocity of BH horizon,

⌦a < ⌦BH

Superradiance condition:

Zel’dovich; Starobinskii; Misner
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Superradiance



Zouros & Eardley’79; Damour et al ’76; Detweiler’80; Gaina et al ’78
Tool to search for axions:  Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell 2009;  Arvanitaki, Dubovsky 2010

• For a massive particle, e.g. axion, 
gravitational potential barrier 
provides trapping

• For high superradiance rates, 
compton wavelength should be 
comparable to black hole radius:

�a ⇠ 3 km 6⇥10�11eV
µa
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Superradiance

V(r) = −
GNMBHμa

r

t

μ−1
a

rg ≲ μ−1
a

rg

• Particles/waves trapped 
near the BH repeat this 
process continuously



Gravitational Atoms

Axion 
Gravitational Atoms
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α ≡ GNMBHμa ≡ rgμa

`Fine structure constant`

n = 1, ℓ = 0, m = 0 n = 2, ℓ = 1, m = 1 n = 3, ℓ = 2, m = 2
V(r) = −

GNMBHμa

r

Gravitational potential similar to hydrogen atom

rc ≃
n2

α μa
∼ 4 − 400rg

Radius Occupation number

N ∼ 1075 − 1080



Axion 
Gravitational Atoms
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α ≡ GNMBHμa ≡ rgμa

`Fine structure constant`

n = 1, ℓ = 0, m = 0 n = 2, ℓ = 1, m = 1 n = 3, ℓ = 2, m = 2
V(r) = −

GNMBHμa

r

Gravitational potential similar to hydrogen atom

rc ≃
n2

α μa
∼ 4 − 400rg

Radius Occupation number

N ∼ 1075 − 1080

Boundary conditions at horizon give imaginary frequency:

E ≃ μ (1 −
α2

2n2 ) + iΓsr

Gravitational Atoms

exponential growth of particle number in states satisfying superradiance condition



Superradiance

ma=6*10-13eV
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• If new light axions exist, fast-spinning black 
holes will superradiate: lose energy and 
angular momentum to exponentially growing 
bound states of axions
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fa ∼ 1019 GeV



Superradiance
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• If new light axions exist, fast-spinning black 
holes will superradiate: lose energy and 
angular momentum to exponentially growing 
bound states of axions
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Superradiance

ma=6*10-13eV
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• Large energy density in the cloud, with time 
dependence set by the axion mass

• Sources monochromatic gravitational wave 
radiation

• Axion cloud depletes on long timescales 
through GW emission
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Gravitational Wave Searches for Axions



• Weak, long signals last for ~ thousand- billion years, 
visible from our galaxy
• Event rates up to 10,000 — can be observed and 

studied in detail

time

Gravitational Wave Signals

h

gravitational wave strain
 (source frame) 
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Arvanitaki, MB, Huang (2015)
Arvanitaki, MB, Dimopoulos, Dubovsky, Lasenby (2017)
Brito et al (2017)
Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2020)



• Weak, long signals last for ~ thousand- billion years, 
visible from our galaxy
• Event rates up to 10,000 — can be observed and 

studied in detail

• Loud, short signals last for ~ days - months, 
observable from BBH or NS-NS merger events
• Event rates <1/year at design aLIGO sensitivity,  up 

to 100's at future observatories

time

Gravitational Wave Signals

h

gravitational wave strain
 (source frame) 
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Arvanitaki, MB, Dimopoulos, Dubovsky, Lasenby (2017)
Isi, Sun, Brito, Melatos (2019)



13

• Current searches for gravitational waves from asymmetric rotating neutron stars ongoing
• Targeted as well as all-sky searches, reaching to very weak signals with large computational efforts
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Abbott et al PRD 96, 122004 (2017)

Gravitational Wave Searches



14Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359)

Gravitational Wave Signals

• Up to 108 black holes born in the Milky Way over age of universe
• Each can potentially grow a cloud of axions and subsequently source gravitational waves

2μ
2ω

• Signals clustered at frequency ~twice the axion mass

• Binding energy (constant) and doppler shift (time-dependent) change frequency at LIGO

• Heavier black holes produce larger signals, lower frequencies



15Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359)

Gravitational Wave Signals

• Up to 108 black holes born in the Milky Way over age of universe
• Each can potentially grow a cloud of axions and subsequently source gravitational waves

2μ
2ω

• Signals clustered at frequency ~twice the axion mass

• Binding energy (constant) and doppler shift (time-dependent) change frequency at LIGO

• Heavier black holes produce larger signals, lower frequencies

Up to 1000s of signals 
observable with 
Advanced LIGO 
searches
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Self interactions and Axionic Beacons
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Self-Interactions

• So far, have focused on gravitational 
signatures of the axion (light spin-0 
particle)

MB, M. Galanis, R. Lasenby, O. Simon, 2011.11646 

• What new effects arise when 
axion self-interactions become 
important?
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Self-Interactions

Arvanitaki, Dubovsky 2010
Yoshino, Kodama 2012
Gruzinov 2016
Fukuda, Nakayama 2020
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Self-energy: Level interactions:

• What new effects arise when 
axion self-interactions become 
important?

λ ∼
μ2

f 2
a

for typical pseudoGoldstone bosons
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Self-Interactions
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Superradiance

• What new effects arise when 
axion self-interactions become 
important?
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Self-Interactions
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322

<latexit sha1_base64="iq/N7N5xdzR7xolk0fPD0aGlt+Q=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYo5BLzlGMDGQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6Lx7cx/eKLaMCXv7SShocBDyWJGsHVSJ+tpgW4a03654lf9OdAqCXJSgRzNfvmrN1AkFVRawrEx3cBPbJhhbRnhdFrqpYYmmIzxkHYdlVhQE2bze6fozCkDFCvtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpjWthxmSSWirJYlGccmQVmj2PBkxTYvnEEUw0c7ciMsIaE+siKrkQguWXV0n7ohpcVf27y0q9lsdRhBM4hXMI4Brq0IAmtIAAh2d4hTfv0Xvx3r2PRWvBy2eO4Q+8zx+S7Y+h</latexit>

BH
<latexit sha1_base64="zgLlfeXuet9lym1KHX+GNE/nBfc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzXPG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buuuvdXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1lnjSY=</latexit>

211

<latexit sha1_base64="zgLlfeXuet9lym1KHX+GNE/nBfc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzXPG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buuuvdXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1lnjSY=</latexit>

211

<latexit sha1_base64="VMNmfbndtrO9V8rjJOaDqtcNNTE=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUeyx48VjBfkAbyma7addudsPuRAih/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLE8ENet63s7a+sbm1Xdop7+7tHxxWjo7bRqWashZVQuluSAwTXLIWchSsm2hG4lCwTji5nfmdJ6YNV/IBs4QFMRlJHnFK0ErtPpcRZoNK1at5c7irxC9IFQo0B5Wv/lDRNGYSqSDG9HwvwSAnGjkVbFrup4YlhE7IiPUslSRmJsjn107dc6sM3UhpWxLdufp7IiexMVkc2s6Y4NgsezPxP6+XYlQPci6TFJmki0VRKlxU7ux1d8g1oygySwjV3N7q0jHRhKINqGxD8JdfXiXty5p/XfPur6qNehFHCU7hDC7AhxtowB00oQUUHuEZXuHNUc6L8+58LFrXnGLmBP7A+fwBwH+PNg==</latexit>1

<latexit sha1_base64="iq/N7N5xdzR7xolk0fPD0aGlt+Q=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYo5BLzlGMDGQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6Lx7cx/eKLaMCXv7SShocBDyWJGsHVSJ+tpgW4a03654lf9OdAqCXJSgRzNfvmrN1AkFVRawrEx3cBPbJhhbRnhdFrqpYYmmIzxkHYdlVhQE2bze6fozCkDFCvtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpjWthxmSSWirJYlGccmQVmj2PBkxTYvnEEUw0c7ciMsIaE+siKrkQguWXV0n7ohpcVf27y0q9lsdRhBM4hXMI4Brq0IAmtIAAh2d4hTfv0Xvx3r2PRWvBy2eO4Q+8zx+S7Y+h</latexit>

BH

<latexit sha1_base64="zgLlfeXuet9lym1KHX+GNE/nBfc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzXPG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buuuvdXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1lnjSY=</latexit>

211

<latexit sha1_base64="3Uy2Xonroz09nO4mxDs0GQU5/Fo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV7LHgxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6uKxW+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5uasOZnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrVinddce+vyvVaHkcBTuEMLsCDG6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gBd9o0p</latexit>

322

<latexit sha1_base64="3Uy2Xonroz09nO4mxDs0GQU5/Fo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV7LHgxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6uKxW+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5uasOZnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrVinddce+vyvVaHkcBTuEMLsCDG6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gBd9o0p</latexit>

322

Superradiance Axion emissionLevel pumping

• Black hole energy sources the cloud through superradiance
• Second level populated through self-interactions
• Non-relativistic axion waves carry energy to infinity

• What new effects arise when 
axion self-interactions become 
important?
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Self-Interactions

<latexit sha1_base64="zgLlfeXuet9lym1KHX+GNE/nBfc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzXPG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buuuvdXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1lnjSY=</latexit>

211
<latexit sha1_base64="3Uy2Xonroz09nO4mxDs0GQU5/Fo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV7LHgxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6uKxW+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5uasOZnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrVinddce+vyvVaHkcBTuEMLsCDG6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gBd9o0p</latexit>

322

<latexit sha1_base64="iq/N7N5xdzR7xolk0fPD0aGlt+Q=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYo5BLzlGMDGQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6Lx7cx/eKLaMCXv7SShocBDyWJGsHVSJ+tpgW4a03654lf9OdAqCXJSgRzNfvmrN1AkFVRawrEx3cBPbJhhbRnhdFrqpYYmmIzxkHYdlVhQE2bze6fozCkDFCvtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpjWthxmSSWirJYlGccmQVmj2PBkxTYvnEEUw0c7ciMsIaE+siKrkQguWXV0n7ohpcVf27y0q9lsdRhBM4hXMI4Brq0IAmtIAAh2d4hTfv0Xvx3r2PRWvBy2eO4Q+8zx+S7Y+h</latexit>

BH
<latexit sha1_base64="zgLlfeXuet9lym1KHX+GNE/nBfc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzXPG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buuuvdXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1lnjSY=</latexit>

211

<latexit sha1_base64="zgLlfeXuet9lym1KHX+GNE/nBfc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzXPG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buuuvdXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1lnjSY=</latexit>

211

<latexit sha1_base64="VMNmfbndtrO9V8rjJOaDqtcNNTE=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUeyx48VjBfkAbyma7addudsPuRAih/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLE8ENet63s7a+sbm1Xdop7+7tHxxWjo7bRqWashZVQuluSAwTXLIWchSsm2hG4lCwTji5nfmdJ6YNV/IBs4QFMRlJHnFK0ErtPpcRZoNK1at5c7irxC9IFQo0B5Wv/lDRNGYSqSDG9HwvwSAnGjkVbFrup4YlhE7IiPUslSRmJsjn107dc6sM3UhpWxLdufp7IiexMVkc2s6Y4NgsezPxP6+XYlQPci6TFJmki0VRKlxU7ux1d8g1oygySwjV3N7q0jHRhKINqGxD8JdfXiXty5p/XfPur6qNehFHCU7hDC7AhxtowB00oQUUHuEZXuHNUc6L8+58LFrXnGLmBP7A+fwBwH+PNg==</latexit>1

<latexit sha1_base64="iq/N7N5xdzR7xolk0fPD0aGlt+Q=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYo5BLzlGMDGQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6Lx7cx/eKLaMCXv7SShocBDyWJGsHVSJ+tpgW4a03654lf9OdAqCXJSgRzNfvmrN1AkFVRawrEx3cBPbJhhbRnhdFrqpYYmmIzxkHYdlVhQE2bze6fozCkDFCvtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpjWthxmSSWirJYlGccmQVmj2PBkxTYvnEEUw0c7ciMsIaE+siKrkQguWXV0n7ohpcVf27y0q9lsdRhBM4hXMI4Brq0IAmtIAAh2d4hTfv0Xvx3r2PRWvBy2eO4Q+8zx+S7Y+h</latexit>

BH

<latexit sha1_base64="zgLlfeXuet9lym1KHX+GNE/nBfc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzXPG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buuuvdXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1lnjSY=</latexit>

211

<latexit sha1_base64="3Uy2Xonroz09nO4mxDs0GQU5/Fo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV7LHgxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6uKxW+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5uasOZnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrVinddce+vyvVaHkcBTuEMLsCDG6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gBd9o0p</latexit>

322

<latexit sha1_base64="3Uy2Xonroz09nO4mxDs0GQU5/Fo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV7LHgxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6uKxW+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5uasOZnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrVinddce+vyvVaHkcBTuEMLsCDG6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gBd9o0p</latexit>

322

Superradiance Axion emissionLevel pumping

• At large self-interactions, 
emission to infinity and into 
black hole saturates 
superradiant growth early and 
leads to quasiequilibrium of 
two levels



Self-Interactions
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• (A)  ‘gravitational superradiance’:   
GW annihilations, spindown

• (B) small self-interactions:     
GW annihilations & transitions, 
spindown

• (C) moderate self-interactions: 
reduced occupation numbers: 
weak GWs, spindown, axion 
waves

• (D) large self-interactions:       
no spindown, axion waves

A range of dynamics for different axion 
self-interactions with different 
observational implications

MB, M. Galanis, R. Lasenby, O. Simon, 2011.11646 
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Self-Interactions
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• Black hole energy sources the first level cloud 
(211) through superradiance

• Second level (322) populated through self-
interactions

Small self-interactions:
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Self-Interactions
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• Black hole energy sources the first level cloud 
(211) through superradiance

• Second level (322) populated through self-
interactions

Small self-interactions:

GW
transitions
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Self-Interactions
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• New energy loss mechanisms (into the BH and 
waves to infinity)

•  211 no longer grows to maximum

Moderate self-interactions:
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Self-Interactions
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• Smaller axion cloud parametrically slows the 
spindown of the black hole, equiliubrium can last 
longer than the age of the universe

Large self-interactions:

longer spindown

smaller axion 
cloud
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Black hole spin and mass measurements can be used to constrain 
axion parameter space

Black Hole Spins

Black hole spins measured in X-ray binaries 



Five currently measured black holes combine to set limit:

Black Hole Spins
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M33
GRS 1915+105
Cyg X-1

GRO J1655-40
LMC X-1

QCD axion

ALP DM

Larger self-interactions

• As self-interactions increase, the number of axions in each level is 
bounded and spin extraction from the black hole slows

MB, M. Galanis, R. Lasenby, O. Simon, 2011.11646 
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31

• Black hole energy slowly converted 
to axions

• Cloud size constant over time
• Non-relativistic (but faster than DM!), 

coherent axion waves emitted at 
constant amplitude throughout black 
hole lifetime

Time evolution

long period 
of axion 
emission

Large self-interactions:
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Axions emitted to infinity with 
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32

A new source of axions in the universe

• Almost monochromatic signal; similar to axion DM
<latexit sha1_base64="Tv13ajzH4cxS2sNfxUFZiRmZ1WM="></latexit>
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• Signal does not decouple at small fa in lab experiments!

• Fractional field amplitude  independent of self interactions, 
comparable to laboratory search targets
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Axionic Beacons

33

CASPEr Budker, Graham, Ledbetter, Rajendran, Sushkov (2014)
Kimball et al (2017)

A new source of axions in the universe

• Axion field gradient acts like a 
magnetic field on particle spins

• Black hole energy slowly and 
constantly converted to axion 
waves 

• Can be detected directly if 
axions couple to the Standard 
Model
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• Signal strength independent 
of self interaction strength at 
small fa

• Signal constant over spindown 
time

• Spindown time parametrically 
longer at large couplings

increasing signal tim
e

Black hole energy constantly converted to axion waves 



Axionic Beacons
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Effect on nuclear spins

Black hole energy constantly converted to axion waves 

Signals from nearby black holes
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(Cn = gnfa)

• Signal strength constant in 
time, independent of self 
interaction strength at small 
fa

• Axion waves observable in 
axion dark matter 
experiments (CASPER…) 

• Requires different data 
analysis strategies (c.f. LIGO 
continuous waves search)
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Black hole energy constantly converted to axion waves 
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Cn = 100

• Signal strength constant in 
time, independent of self 
interaction strength at small 
fa

• Axion waves observable in 
axion dark matter 
experiments (CASPER…) 

• Open axion parameter space 
can give many potential 
signals



Axionic Beacons
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• Signal strength constant in 
time, independent of self 
interaction strength at small 
fa

• Axion waves observable in 
axion dark matter 
experiments (CASPER…) 

• Requires different data 
analysis strategies (c.f. LIGO 
continuous waves search)

Black hole energy constantly converted to axion waves 
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V = 10 cm3,



• In the presence of ultralight axions, black holes spin down, converting their energy to 
axion clouds

• Axion clouds produce monochromatic GW radiation; we are looking for these signals 
in LIGO data

• Self-interactions of axions slow down energy extraction from black holes and populate 
the universe with axion waves 
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Gravitational Atoms and Axionic Beacons

searches 
with black hole 
superradiance
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