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Superradiance
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M → [1↑ 1010]M→

<latexit sha1_base64="KapeKgl7LUPYmnFDlrkMMOF83Is=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgKtiSlqMuiG5cV7AOaWCbTSTt0JgkzE6GEfIMbf8WNC0XcunLn3zhJs9DWAxcO59zLvfd4EaNSWda3sbS8srq2Xtoob25t7+yae/sdGcYCkzYOWSh6HpKE0YC0FVWM9CJBEPcY6XqT68zvPhAhaRjcqWlEXI5GAfUpRkpLA/PU4TF0JOWwb1v3SbVupdWc2FbqOmcOR2oseEI66cCsWDUrB1wkdkEqoEBrYH45wxDHnAQKMySlXhApN0FCUcxIWnZiSSKEJ2hE+poGiBPpJvlLKTzWyhD6odAVKJirvycSxKWcck93ZifKeS8T//P6sfIv3YQGUaxIgGeL/JhBFcIsHzikgmDFppogLKi+FeIxEggrnWJZh2DPv7xIOvWafV5r3DYqzasijhI4BEfgBNjgAjTBDWiBNsDgETyDV/BmPBkvxrvxMWtdMoqZA/AHxucPQYGcAQ==</latexit>

µ → [10→20 ↑ 10→10] eV
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Ultralight, weak coupling regime is largely unconstrained
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Axionic couplings — Levels of complexity

Axionic couplings to the Maxwell sector: 
<latexit sha1_base64="GRVi07j+Z5flUtl85t0p3/76dbw="></latexit>
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→ωFµω = ↑2ka
→Fµω→ω!
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Flat space and homogenous axion condensate
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→Fµω→ω!Maxwell’s equations:

Flat space and homogenous axion condensate

<latexit sha1_base64="HD7l/3648kO6QxWWl6oWVbu7IFY="></latexit>
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<latexit sha1_base64="11UE0Qo03XChjfZ/L5HJxW54OmM=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQD4YZCepFCHrxGMEskAmhplNJmvQsdPeIYcjNi7/ixYMiXv0Fb/6NneWg0QcFj/eqqKrnx4Ir7ThfVmZhcWl5JbuaW1vf2Nyyt3dqKkokwyqLRCQbPigUPMSq5lpgI5YIgS+w7g+uxn79DqXiUXirhzG2AuiFvMsZaCO17f0hvaAeiLgP7ZSPPLyPC8fciwLsAdVHbTvvFJ0J6F/izkiezFBp259eJ2JJgKFmApRquk6sWylIzZnAUc5LFMbABtDDpqEhBKha6eSPET00Sod2I2kq1HSi/pxIIVBqGPimMwDdV/PeWPzPaya6e95KeRgnGkM2XdRNBNURHYdCO1wi02JoCDDJza2U9UEC0ya6nAnBnX/5L6mdFN3TYummlC9fzuLIkj1yQArEJWekTK5JhVQJIw/kibyQV+vRerberPdpa8aazeySX7A+vgGVQJiB</latexit>

y = ωi exp(→iεt)

Axionic couplings — Levels of complexity

[ Hertzberg & Schappacasse ’19; Boskovic et al. ’19; Ikeda et al. ’19 ]

Axionic couplings to the Maxwell sector: 
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<latexit sha1_base64="HD7l/3648kO6QxWWl6oWVbu7IFY="></latexit>

@2
T y +

�
!2/µ2 + 2ka 0!/µ cosT

�
y = 0

Axionic couplings — Mathieu equation

Ince-Strutt diagram

Parametric instabilities:

<latexit sha1_base64="OgR5APnm4sqGEFk+Zl6ztqZ08Ns=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0UQFyUpRd0IRTcuK9gHNCFMJpN26EwSZiZCCfkNN/6KGxeKuNSVf+OkzUJbDwwczjmXO/f4CaNSWda3UVlZXVvfqG7WtrZ3dvfM/YOejFOBSRfHLBYDH0nCaES6iipGBokgiPuM9P3JTeH3H4iQNI7u1TQhLkejiIYUI6Ulz7QcpsMB8s7gFXRCgXBm51kzh07MyaiQJ17mCA5R7nQk9SzPrFsNawa4TOyS1EGJjmd+OkGMU04ihRmScmhbiXIzJBTFjOQ1J5UkQXiCRmSoaYQ4kW42uyyHJ1oJYBgL/SIFZ+rviQxxKafc10mO1FgueoX4nzdMVXjpZjRKUkUiPF8UpgyqGBY1wYAKghWbaoKwoPqvEI+RrkfpMmu6BHvx5GXSazbs80brrlVvX5d1VMEROAanwAYXoA1uQQd0AQaP4Bm8gjfjyXgx3o2PebRilDOH4A+Mrx+EbJ9l</latexit>
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<latexit sha1_base64="0/EpN+q/P0oghsJ77we8vwHQvNI=">AAACD3icbVDLSgMxFM3UV62vqks3waKIlDpTi7oRim5cVrAP6AxDJk3b0DyGJCOUoX/gxl9x40IRt27d+Temj4VWD4ScnHMvN/dEMaPauO6Xk1lYXFpeya7m1tY3Nrfy2zsNLROFSR1LJlUrQpowKkjdUMNIK1YE8YiRZjS4HvvNe6I0leLODGMScNQTtEsxMlYK84e+5KSHwmN4CVOfJyflIrRXEZ5OHz7rSKNHYb7gltwJ4F/izUgBzFAL859+R+KEE2EwQ1q3PTc2QYqUoZiRUc5PNIkRHqAeaVsqECc6SCf7jOCBVTqwK5U9wsCJ+rMjRVzrIY9sJUemr+e9sfif105M9yJIqYgTQwSeDuomDBoJx+HADlUEGza0BGFF7V8h7iOFsLER5mwI3vzKf0mjXPLOSpXbSqF6NYsjC/bAPjgCHjgHVXADaqAOMHgAT+AFvDqPzrPz5rxPSzPOrGcX/ILz8Q2eDpqI</latexit>
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[ Hertzberg & Schappacasse ’19; Boskovic et al. ’19; Ikeda et al. ’19 ]
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<latexit sha1_base64="2dg8RMnu8XvAHivTDNNh+H59mMc="></latexit>
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Parametric instabilities:

<latexit sha1_base64="OgR5APnm4sqGEFk+Zl6ztqZ08Ns=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0UQFyUpRd0IRTcuK9gHNCFMJpN26EwSZiZCCfkNN/6KGxeKuNSVf+OkzUJbDwwczjmXO/f4CaNSWda3UVlZXVvfqG7WtrZ3dvfM/YOejFOBSRfHLBYDH0nCaES6iipGBokgiPuM9P3JTeH3H4iQNI7u1TQhLkejiIYUI6Ulz7QcpsMB8s7gFXRCgXBm51kzh07MyaiQJ17mCA5R7nQk9SzPrFsNawa4TOyS1EGJjmd+OkGMU04ihRmScmhbiXIzJBTFjOQ1J5UkQXiCRmSoaYQ4kW42uyyHJ1oJYBgL/SIFZ+rviQxxKafc10mO1FgueoX4nzdMVXjpZjRKUkUiPF8UpgyqGBY1wYAKghWbaoKwoPqvEI+RrkfpMmu6BHvx5GXSazbs80brrlVvX5d1VMEROAanwAYXoA1uQQd0AQaP4Bm8gjfjyXgx3o2PebRilDOH4A+Mrx+EbJ9l</latexit>
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<latexit sha1_base64="0/EpN+q/P0oghsJ77we8vwHQvNI=">AAACD3icbVDLSgMxFM3UV62vqks3waKIlDpTi7oRim5cVrAP6AxDJk3b0DyGJCOUoX/gxl9x40IRt27d+Temj4VWD4ScnHMvN/dEMaPauO6Xk1lYXFpeya7m1tY3Nrfy2zsNLROFSR1LJlUrQpowKkjdUMNIK1YE8YiRZjS4HvvNe6I0leLODGMScNQTtEsxMlYK84e+5KSHwmN4CVOfJyflIrRXEZ5OHz7rSKNHYb7gltwJ4F/izUgBzFAL859+R+KEE2EwQ1q3PTc2QYqUoZiRUc5PNIkRHqAeaVsqECc6SCf7jOCBVTqwK5U9wsCJ+rMjRVzrIY9sJUemr+e9sfif105M9yJIqYgTQwSeDuomDBoJx+HADlUEGza0BGFF7V8h7iOFsLER5mwI3vzKf0mjXPLOSpXbSqF6NYsjC/bAPjgCHjgHVXADaqAOMHgAT+AFvDqPzrPz5rxPSzPOrGcX/ILz8Q2eDpqI</latexit>
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[ Hertzberg & Schappacasse ’19; Boskovic et al. ’19; Ikeda et al. ’19 ]
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ω→ = µ/2, µ, 3µ/2, . . .

Ince-Strutt diagram
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ka!0ω/µ

[ Hertzberg & Schappacasse ’19; Boskovic et al. ’19; Ikeda et al. ’19 ]

https://en.wikipedia.org/wiki/Daejeon,_South_Korea


d

[ Rosa & Kephart ’18; Boskovic et al. ’19; Ikeda et al. ’19 ]Daejeon — 26th May 2025 — 6 —

Compared to the previous case, there are 
now finite-size effects related to the time 
needed for photons to leave the cloud 

Axionic couplings — Boson clouds
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<latexit sha1_base64="+EsK4D3KnrFuqZPQ+RXc2npbwtc=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JIUY9FLx4r2A9oQthsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkpr6xubW+Xtys7u3v6BXT3sqCSThLZJwhPZC7GinMW0rZnmtJdKikXIaTcc38z87gOViiXxvZ6k1Bd4GLOIEayNFNjVcZB7UiCMpshrKRY4gV1z6s4caJW4BalBgVZgf3mDhGSCxppwrFTfdVLt51hqRjidVrxM0RSTMR7SvqExFlT5+fz0KTo1ygBFiTQVazRXf0/kWCg1EaHpFFiP1LI3E//z+pmOrvycxWmmaUwWi6KMI52gWQ5owCQlmk8MwUQycysiIywx0SatignBXX55lXTO6+5FvXHXqDWvizjKcAwncAYuXEITbqEFbSDwCM/wCm/Wk/VivVsfi9aSVcwcwR9Ynz8DCpMz</latexit>

ka 0

In the subcritical regime, photons leave the 
system before the instability ensues 

In the supercritical regime, photons build up inside 
the cloud, triggering an exponential growth

Depending on         and         , there exist two regimes:
<latexit sha1_base64="huKxbZsijm8Umfh+5rbHCGrYrTM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiFy9CBdMW2lA22027dHcTdjdCCP0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphwpo3rfjultfWNza3ydmVnd2//oHp41NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7czv/NElWaxfDRZQgOBR5JFjGBjJb8vUnQ/qNbcujsHWiVeQWpQoDWofvWHMUkFlYZwrHXPcxMT5FgZRjidVvqppgkmEzyiPUslFlQH+fzYKTqzyhBFsbIlDZqrvydyLLTORGg7BTZjvezNxP+8Xmqi6yBnMkkNlWSxKEo5MjGafY6GTFFieGYJJorZWxEZY4WJsflUbAje8surpH1R9y7rjYdGrXlTxFGGEziFc/DgCppwBy3wgQCDZ3iFN0c6L86787FoLTnFzDH8gfP5A1H9jmA=</latexit>

µMCompared to the previous case, there are 
now finite-size effects related to the time 
needed for photons to leave the cloud 

d

Axionic couplings — Boson clouds

Daejeon — 26th May 2025 [ Rosa & Kephart ’18; Boskovic et al. ’19; Ikeda et al. ’19 ]— 6 —
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d
↭ µka!0
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�⇤ =
1

2
!⇤ka 0
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Varying initial 
EM perturbation
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ω2
T y +

1

µ2

(
p2z + 2pze

CT/µ!0ka(C cosT → µ sinT )
)
y = 0
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ωSM =
µ

2
ka!0e

CT/2

The Mathieu equation again!
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↑
C
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Consider a plasma in the two-fluid formalism, 
where electrons and ions are treated as separate 
fluids, coupled through the Maxwell equations
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Consider a plasma in the two-fluid formalism, 
where electrons and ions are treated as separate 
fluids, coupled through the Maxwell equations

If plasma is perturbed by an EM wave, electrons are 
displaced and start oscillating with the plasma frequency: 
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Instabilities triggered for plasmas way denser 
than the interstellar medium!
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Conclusions

Superradiance offers a way to explore the ultralight, weak-coupling regime of particle physics

✦  Consistent evolution of the coupled cloud-Maxwell system reveals a monochromatic, 
powerful flux of light 

✦  Consideration of astrophysical plasma is important, as it may stop the signal from 

propagating
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Superradiance offers a way to explore the ultralight, weak-coupling regime of particle physics

✦  Consistent evolution of the coupled cloud-Maxwell system reveals a monochromatic, 
powerful flux of light 

✦  Consideration of astrophysical plasma is important, as it may stop the signal from 

propagating

Further analysis should focus on geometric structure and nonlinear effects of the plasma
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Discover new scenarios
Boson clouds in black hole binaries
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Boson clouds in binaries
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The resonant history

[Tomaselli, Spieksma, Bertone ’24]— 20 —Daejeon — 26th May 2025
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Direct signatures
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Direct observational signatures through dynamical effects… 
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Direct observational signatures through dynamical effects… 
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✦ Initial state of the cloud remains 
the same 
✦ Near-counter rotating

[ Baumann et al. ’22 ]

Direct observational signatures through dynamical effects… 
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… but also sinking resonances!

[ Baumann et al. ’19; Tomaselli, Spieksma, Bertone ’24 ]
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Directly probing the microscopic properties of the cloud
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Dies

Indirect observational signatures through the impact on binary parameters 

Indirect signatures

[Tomaselli, Spieksma, Bertone ’24]
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Evolution of the eccentricity and inclination during a float:
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Dies
Indirect signatures

Evolution of the eccentricity and inclination during a float:
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Fixed points: 
✦ Inclination always goes to zero 
✦ Eccentricity goes to (potentially) nonzero point
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Interesting overlap with results 
from circumbinary disks

[ Zrake et al. ’21;  
D’Orazio & Duffell ’21;  
Siwek, Weinberger, Hernquist ’23;  
Tiede & D’Orazio ’23 ]

Fixed points: 
✦ Inclination always goes to zero 
✦ Eccentricity goes to (potentially) nonzero point

[Tomaselli, Spieksma, Bertone ’24]
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Statistical analysis of large number of BH binaries could unveil existence boson clouds!
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Cloud’s legacy
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Observational signatures in any scenario

The cloud survives, becoming directly observable in the sensitivity band of future detectors

The cloud dies, becoming indirectly observable through the binary parameters.

Conclusions
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