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Black Hole Superradiance
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Black Hole Superradiance
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Black Hole Superradiance
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Junmai - Full Bodied  

Numerical Relativity
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Honjozo - Fresh & Light  

Analytic Estimates

Approach - Japanese Sake
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Maxwell equations:

[ Hertzberg, Schappacasse ’19 ], [ Boskovic et al. ’19 ], [ Ikeda et al. ’19 ]
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Axionic couplings - no SR

Flat space + Mathieu equation:

Parametric instabilities:
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Depending on         and          , 
there exist two regimes

<latexit sha1_base64="+EsK4D3KnrFuqZPQ+RXc2npbwtc=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JIUY9FLx4r2A9oQthsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkpr6xubW+Xtys7u3v6BXT3sqCSThLZJwhPZC7GinMW0rZnmtJdKikXIaTcc38z87gOViiXxvZ6k1Bd4GLOIEayNFNjVcZB7UiCMpshrKRY4gV1z6s4caJW4BalBgVZgf3mDhGSCxppwrFTfdVLt51hqRjidVrxM0RSTMR7SvqExFlT5+fz0KTo1ygBFiTQVazRXf0/kWCg1EaHpFFiP1LI3E//z+pmOrvycxWmmaUwWi6KMI52gWQ5owCQlmk8MwUQycysiIywx0SatignBXX55lXTO6+5FvXHXqDWvizjKcAwncAYuXEITbqEFbSDwCM/wCm/Wk/VivVsfi9aSVcwcwR9Ynz8DCpMz</latexit>
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Compared to the previous case, there are 
now finite-size effects related to the time 
needed for photons to leave the cloud 
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Axionic couplings - no SR

[ Rosa, Kephart ’18 ],  [ Boskovic et al. ’19 ], [ Ikeda et al. ’19 ]
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In the subcritical regime, 
photons leave the system 
before the instability ensues 

Conversely, in the supercritical regime, a 
large quantity of photons is built up inside 
the cloud, triggering an exponential growth
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Axionic couplings - no SR

[ Rosa, Kephart ’18 ],  [ Boskovic et al. ’19 ], [ Ikeda et al. ’19 ]

Depending on         and          , 
there exist two regimes
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Axion field

Axionic couplings - no SR

[ Spieksma et al. ’23 ]
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Axionic couplings - no SR
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Axionic couplings - no SR
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Saturation phaseEnergy outflow from EM radiation and axion production balance

Varying initial 
EM perturbation
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Including SR growthNo SR growth 
Subcritical

Axionic couplings - summary



11YITP - Feb 19th 2024

Observational signatures

[ Spieksma et al. ’23 ]
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We adopt a two-fluid formalism, where 
electrons and ions are treated as separate 
fluids, coupled through the Maxwell equations.

If a plasma is perturbed by an EM wave, 
electrons are displaced and start 
oscillating with the plasma frequency 
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Plasma effects
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A burst is highly suppressed when
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Plasma effects
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Plasma effects
<latexit sha1_base64="ngkdqQqcrh/P3XoYh5kzie9JeTE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadnVol6EohcvQgX7AdulZNO0DU2ySzIrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzIsSwQ143rdTWFldW98obpa2tnd298r7B00Tp5qyBo1FrNsRMUxwxRrAQbB2ohmRkWCtaHQ79VtPTBseq0cYJyyUZKB4n1MCVgo6MsX3+Bp77nm3XPFcbwa8TPycVFCOerf81enFNJVMARXEmMD3EggzooFTwSalTmpYQuiIDFhgqSKSmTCbnTzBJ1bp4X6sbSnAM/X3REakMWMZ2U5JYGgWvan4nxek0L8KM66SFJii80X9VGCI8fR/3OOaURBjSwjV3N6K6ZBoQsGmVLIh+IsvL5PmmetfuNWHaqV2k8dRREfoGJ0iH12iGrpDddRAFMXoGb2iNwecF+fd+Zi3Fpx85hD9gfP5A9V9j6o=</latexit>

µM = 0.3

[ Spieksma et al. ’23 ]

A burst is highly suppressed when

<latexit sha1_base64="I6R1XljoINC8I5tOe09zQTJwDCU=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5qUoq6k6MZlBfuAJpTJdNIOnUeYmQglduGvuHGhiFt/w51/47TNQlsPXDiccy/33hMljGrjed/O0vLK6tp6YaO4ubW9s+vu7Te1TBUmDSyZVO0IacKoIA1DDSPtRBHEI0Za0fBm4rceiNJUinszSkjIUV/QmGJkrNR1DwPJSR91s0BxmIzhFQx4elbpuiWv7E0BF4mfkxLIUe+6X0FP4pQTYTBDWnd8LzFhhpShmJFxMUg1SRAeoj7pWCoQJzrMpveP4YlVejCWypYwcKr+nsgQ13rEI9vJkRnoeW8i/ud1UhNfhhkVSWqIwLNFccqgkXASBuxRRbBhI0sQVtTeCvEAKYSNjaxoQ/DnX14kzUrZPy9X76ql2nUeRwEcgWNwCnxwAWrgFtRBA2DwCJ7BK3hznpwX5935mLUuOfnMAfgD5/MHoMiVNA==</latexit>

!p > µ/2
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Plasma effects

<latexit sha1_base64="vM7TJ6ROys5bvk5gqZdaOL7/U/c=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QXUo2zbahSXabZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6H7utydUaRbLJzNNaCDwQLKIEWysFIx6ma8EwjO/oVmvXHGr7gJonXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDor+ammCSYjPKBdSyUWVAfZ4ugZurBKH0WxsiUNWqi/JzIstJ6K0HYKbIZ61ZuL/3nd1ES3QcZkkhoqyXJRlHJkYjRPAPWZosTwqSWYKGZvRWSIFSbG5lSyIXirL6+T1lXVu67WHmuV+l0eRxHO4BwuwYMbqMMDNKAJBMbwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AaqIkgs=</latexit>

ka 

<latexit sha1_base64="ngkdqQqcrh/P3XoYh5kzie9JeTE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadnVol6EohcvQgX7AdulZNO0DU2ySzIrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzIsSwQ143rdTWFldW98obpa2tnd298r7B00Tp5qyBo1FrNsRMUxwxRrAQbB2ohmRkWCtaHQ79VtPTBseq0cYJyyUZKB4n1MCVgo6MsX3+Bp77nm3XPFcbwa8TPycVFCOerf81enFNJVMARXEmMD3EggzooFTwSalTmpYQuiIDFhgqSKSmTCbnTzBJ1bp4X6sbSnAM/X3REakMWMZ2U5JYGgWvan4nxek0L8KM66SFJii80X9VGCI8fR/3OOaURBjSwjV3N6K6ZBoQsGmVLIh+IsvL5PmmetfuNWHaqV2k8dRREfoGJ0iH12iGrpDddRAFMXoGb2iNwecF+fd+Zi3Fpx85hD9gfP5A9V9j6o=</latexit>

µM = 0.3

[ Spieksma et al. ’23 ]
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Plasma effects

<latexit sha1_base64="r7syWGm7FEs7KY5F0rumNgCeQkI=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARBaHMSFGXRTcuK9gLdEo5k6bT0CQzJBmllD6CG1/FjQtF3Lp059uYTrvQ1gMhH/9/Dsn5w4QzbTzv28ktLa+sruXXCxubW9s77u5eXcepIrRGYh6rZgiaciZpzTDDaTNRFETIaSMcXE/8xj1VmsXyzgwT2hYQSdZjBIyVOu5xUNUMn+LsChSL+gaUih9wEIEQMHEy6LhFr+RlhRfBn0ERzaracb+CbkxSQaUhHLRu+V5i2iNQhhFOx4Ug1TQBMoCItixKEFS3R9lCY3xklS7uxcoeaXCm/p4YgdB6KELbKcD09bw3Ef/zWqnpXbZHTCapoZJMH+qlHJsYT9LBXaYoMXxoAYhi9q+Y9EEBMTbDgg3Bn195EepnJf+8VL4tFytXszjy6AAdohPkowtUQTeoimqIoEf0jF7Rm/PkvDjvzse0NefMZvbRn3I+fwCvEJvD</latexit>

 + ! � + �

<latexit sha1_base64="vM7TJ6ROys5bvk5gqZdaOL7/U/c=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QXUo2zbahSXabZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6H7utydUaRbLJzNNaCDwQLKIEWysFIx6ma8EwjO/oVmvXHGr7gJonXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDor+ammCSYjPKBdSyUWVAfZ4ugZurBKH0WxsiUNWqi/JzIstJ6K0HYKbIZ61ZuL/3nd1ES3QcZkkhoqyXJRlHJkYjRPAPWZosTwqSWYKGZvRWSIFSbG5lSyIXirL6+T1lXVu67WHmuV+l0eRxHO4BwuwYMbqMMDNKAJBMbwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AaqIkgs=</latexit>

ka 
<latexit sha1_base64="ZLWNyTn/xmgVv3l6wZLfIb1paGA=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRBKEkUtRl0Y3LCvYCTSgn00k6dCYJMxOlhK7d+CpuXCji1idw59uYtFlo6w8DH/85hzPn92LOlLasb6O0tLyyulZer2xsbm3vmLt7bRUlktAWiXgkux4oyllIW5ppTruxpCA8Tjve6Dqvd+6pVCwK7/Q4pq6AIGQ+I6Azq28eOk3FsCNZMNQgZfSAnQCEAHxaQKVvVq2aNRVeBLuAKirU7JtfziAiiaChJhyU6tlWrN0UpGaE00nFSRSNgYwgoL0MQxBUuen0lAk+zpwB9iOZvVDjqft7IgWh1Fh4WacAPVTztdz8r9ZLtH/ppiyME01DMlvkJxzrCOe54AGTlGg+zgCIZNlfMRmCBKKz9PIQ7PmTF6F9VrPPa/XberVxVcRRRgfoCJ0gG12gBrpBTdRCBD2iZ/SK3own48V4Nz5mrSWjmNlHf2R8/gCwDJme</latexit>

 ! � + �

<latexit sha1_base64="ngkdqQqcrh/P3XoYh5kzie9JeTE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadnVol6EohcvQgX7AdulZNO0DU2ySzIrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzIsSwQ143rdTWFldW98obpa2tnd298r7B00Tp5qyBo1FrNsRMUxwxRrAQbB2ohmRkWCtaHQ79VtPTBseq0cYJyyUZKB4n1MCVgo6MsX3+Bp77nm3XPFcbwa8TPycVFCOerf81enFNJVMARXEmMD3EggzooFTwSalTmpYQuiIDFhgqSKSmTCbnTzBJ1bp4X6sbSnAM/X3REakMWMZ2U5JYGgWvan4nxek0L8KM66SFJii80X9VGCI8fR/3OOaURBjSwjV3N6K6ZBoQsGmVLIh+IsvL5PmmetfuNWHaqV2k8dRREfoGJ0iH12iGrpDddRAFMXoGb2iNwecF+fd+Zi3Fpx85hD9gfP5A9V9j6o=</latexit>

µM = 0.3

[ Spieksma et al. ’23 ]
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Plasma effects

Superradiance to the rescue!

[ Spieksma et al. ’23 ]
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<latexit sha1_base64="t2kBqXWZt5GcOgSUGo0oUk8fH0w="></latexit>

10�13 GeV�1

ka
. 8⇥ 105

✓
10�3 cm�3

ne

◆✓
Mc/M

0.1

◆1/2

⇥
✓
1M�
M

◆2✓µM

0.2

◆4

Mathieu equation predicts 
when an instability occurs:

15YITP - Feb 19th 2024

Plasma effects

Superradiance to the rescue!

Instabilities still triggered for 
plasmic environments way denser 
than interstellar medium!

[ Spieksma et al. ’23 ]



Conclusions
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A growing SR cloud that is coupled to the EM field gives rise to a constant EM flux

This could lead to a potentially detectable EM signal, while influencing the mass of the cloud
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Even in the presence of plasma, these bursts can be initiated and propagated



Conclusions & Outlook

16

A growing SR cloud that is coupled to the EM field gives rise to a constant EM flux

This could lead to a potentially detectable EM signal, while influencing the mass of the cloud

YITP - Feb 19th 2024

Even in the presence of plasma, these bursts can be initiated and propagated

The geometry of realistic plasmic environments

Non-linear dynamics of axion-photon-plasma system
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Initial data

[ Spieksma et al. ’23 ]

<latexit sha1_base64="xOrU54/qymWbVxLUgomKbS7nmaE="></latexit>

DiB
i = 0 ,

DiE
i = ⇢� 2kaBiD

i ,

(nµ + Uµ)rµ�e = �eU iU jKij � �eU iai �
qe
me

EiUi

Scalar field (bound state constructed through Leaver):
<latexit sha1_base64="rFgJPDuxUA2Omy2YdRVTnXsoKyQ="></latexit>

 `m = e�i!tBLS`m (✓BL)R`m (rBL)

<latexit sha1_base64="E2qOJVCqM30J8vdB8YPIUlmagz8="></latexit>

Er = E✓ = Ai = 0 ,

E' = E0e
�( r�r0

� )
2

M
<latexit sha1_base64="dfktOSsMoPyprGX3KHZWnt5jY5Q="></latexit>

⇢ = �nµ(eneu
µ
e � Zenionu

µ
ion) = ene � Zenion = 0

Constraint equations:

EM field (Gaussian):
Plasma (assume quasi-neutrality):
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Artificial SR

[ Spieksma et al. ’23 ]

<latexit sha1_base64="aA/QswmkWnFMda2DJiMl71C6qxE=">AAACBXicbVA9SwNBEN2LXzF+nVpqsRgEq3gnQS2DaSwjmA9IQtjbbJIlu3vH7pxwHGls/Cs2ForY+h/s/Ddukis08cHA470ZZuYFkeAGPO/bya2srq1v5DcLW9s7u3vu/kHDhLGmrE5DEepWQAwTXLE6cBCsFWlGZCBYMxhXp37zgWnDQ3UPScS6kgwVH3BKwEo99xh6aUdLzJUBEnDBIZngjuES++fVnlv0St4MeJn4GSmiDLWe+9XphzSWTAEVxJi270XQTYkGTgWbFDqxYRGhYzJkbUsVkcx009kXE3xqlT4ehNqWAjxTf0+kRBqTyMB2SgIjs+hNxf+8dgyD627KVRQDU3S+aBALDCGeRoL7XDMKIrGEUM3trZiOiCYUbHAFG4K/+PIyaVyU/MtS+a5crNxkceTRETpBZ8hHV6iCblEN1RFFj+gZvaI358l5cd6dj3lrzslmDtEfOJ8/2s2YJg==</latexit>

tinstability ⇠ 1/C

<latexit sha1_base64="wOkbDrhp9eKLP0eDQSqTtjA8j6s="></latexit>�
rµrµ � µ2

�
 = C

@ 

@t
+

ka
2

⇤Fµ⌫Fµ⌫



EM field
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Axionic couplings - no SR - large radii
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[ Spieksma et al. ’23 ]



Axion field

YITP - Feb 19th 2024

Axionic couplings - no SR - axion emission
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[ Spieksma et al. ’23 ]



d

During saturation

Saturation value of the axion field does 
not depend on (artificial) SR growth rate!

<latexit sha1_base64="u0mKcT76T0NQ7k/A1lNv6Pydqvs="></latexit>

�esc ⇠
1

d
⇡ µka sat

2
⇠ �⇤

YITP - Feb 19th 2024

Axionic couplings - with SR

<latexit sha1_base64="I8vRnKw6J9xAECmOfDwL5GmyAhg=">AAACH3icbZDLSsNAFIYn9VbrrerSzWARXJVES3VZdONGqGBVaEo5mU7s0JkkzpyIJeRN3PgqblwoIu76Nk4vC28/DHz85xzOnD9IpDDouiOnMDe/sLhUXC6trK6tb5Q3t65MnGrGWyyWsb4JwHApIt5CgZLfJJqDCiS/Dgan4/r1PddGxNElDhPeUXAbiVAwQGt1y/VBN/O1opD7TSOmbABz6kOS6PiB+qEGlvkqped55ps7jdlhnnfLFbfqTkT/gjeDCpmp2S1/+r2YpYpHyCQY0/bcBDsZaBRM8rzkp4YnwAZwy9sWI1DcdLLJfTnds06PhrG2L0I6cb9PZKCMGarAdirAvvldG5v/1dophsedTERJijxi00VhKinGdBwW7QnNGcqhBWBa2L9S1gcbCNpISzYE7/fJf+HqoOrVq7WLWqVxMoujSHbILtknHjkiDXJGmqRFGHkkz+SVvDlPzovz7nxMWwvObGab/JAz+gKDNaPq</latexit>

ka sat ⇡
µMp

3



d <latexit sha1_base64="EJSdeup0kSeWPxa25KHkbltCfc8=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmKkEVMFYwAFt59CE1UeS4TmvVdiLbQaqi/AALv8LCAEKs7Gz8De5jKC1HutLROffq3nvChFGlHefHWlhcWl5ZLawV1zc2t7btnd2GilOJSR3HLJatECnCqCB1TTUjrUQSxENGmmH/cug3H4lUNBYPepAQn6OuoBHFSBspsA+9K8Q5CjJPcnh/l0NPUQ6nxdpNHtglp+yMAOeJOyElMEEtsL+9ToxTToTGDCnVdp1E+xmSmmJG8qKXKpIg3Edd0jZUIE6Un42+yeGRUTowiqUpoeFInZ7IEFdqwEPTyZHuqVlvKP7ntVMdnfsZFUmqicDjRVHKoI7hMBrYoZJgzQaGICypuRXiHpIIaxNg0YTgzr48TxonZfe0XLmtlKoXkzgKYB8cgGPggjNQBdegBuoAgyfwAt7Au/VsvVof1ue4dcGazOyBP7C+fgFfXZsh</latexit>

�SR ⇠ �PI

<latexit sha1_base64="w7uqiKy3Eck8k64f2h3KcJAVibg="></latexit>

A2
�

 2
sat

⇡ 4C

⇡µka sat
⇡ 2C

⇡�esc

During saturation

Amplitude EM field  
depends on 

<latexit sha1_base64="MvDk89BjgVJbNFabHSmid0I0rSQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELh4xkUcCGzI7DDBhdnaZ6TUhG37CiweN8ervePNvHGAPClbSSaWqO91dQSyFQdf9dnIbm1vbO/ndwt7+weFR8fikaaJEM95gkYx0O6CGS6F4AwVK3o41p2EgeSsY1+Z+64lrIyL1iNOY+yEdKjEQjKKV2l0z0ZjWZr1iyS27C5B14mWkBBnqveJXtx+xJOQKmaTGdDw3Rj+lGgWTfFboJobHlI3pkHcsVTTkxk8X987IhVX6ZBBpWwrJQv09kdLQmGkY2M6Q4sisenPxP6+T4ODWT4WKE+SKLRcNEkkwIvPnSV9ozlBOLaFMC3srYSOqKUMbUcGG4K2+vE6aV2Xvulx5qJSqd1kceTiDc7gED26gCvdQhwYwkPAMr/DmTJwX5935WLbmnGzmFP7A+fwBYNOQNA==</latexit>p
C

<latexit sha1_base64="u0mKcT76T0NQ7k/A1lNv6Pydqvs="></latexit>

�esc ⇠
1

d
⇡ µka sat

2
⇠ �⇤

Saturation value of the axion field does 
not depend on (artificial) SR growth rate!

YITP - Feb 19th 2024

Axionic couplings - with SR

<latexit sha1_base64="I8vRnKw6J9xAECmOfDwL5GmyAhg=">AAACH3icbZDLSsNAFIYn9VbrrerSzWARXJVES3VZdONGqGBVaEo5mU7s0JkkzpyIJeRN3PgqblwoIu76Nk4vC28/DHz85xzOnD9IpDDouiOnMDe/sLhUXC6trK6tb5Q3t65MnGrGWyyWsb4JwHApIt5CgZLfJJqDCiS/Dgan4/r1PddGxNElDhPeUXAbiVAwQGt1y/VBN/O1opD7TSOmbABz6kOS6PiB+qEGlvkqped55ps7jdlhnnfLFbfqTkT/gjeDCpmp2S1/+r2YpYpHyCQY0/bcBDsZaBRM8rzkp4YnwAZwy9sWI1DcdLLJfTnds06PhrG2L0I6cb9PZKCMGarAdirAvvldG5v/1dophsedTERJijxi00VhKinGdBwW7QnNGcqhBWBa2L9S1gcbCNpISzYE7/fJf+HqoOrVq7WLWqVxMoujSHbILtknHjkiDXJGmqRFGHkkz+SVvDlPzovz7nxMWwvObGab/JAz+gKDNaPq</latexit>

ka sat ⇡
µMp

3
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Observational signatures

[ Spieksma et al. ’23 ]


