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Exploring the weak-coupling frontier
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Ultralight particles — Bounds
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Ultralight, weak coupling regime is largely unconstrained

— 2 —Stockholm — 1st July 2025 [ Adapted from O’Hare ’20 ]
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Ultralight particles — Why we care (even if you already do)

How to produce them abundantly, and in high densities?

Ultralight scalars

Strong CP problem
Dark Matter

String Axiverse

[ Peccei and Quinn ’77; Wilczek ’78; Weinberg 
’78; Kim ’79; Shifman et al. ’80; Dine et al. ’81 ]

[ Preskill et al. ’83; Abbott and Sikivie ’83; Dine 
and Fischler ’83; Hu et al. ’00; Hui et al. ‘16 ] 

[ Green et al. ’87; Svrcek and Witten ’06; Arvanitaki et al. ’10 ]
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Black hole superradiance — Penrose process

ErgoregionOuter horizon r+
<latexit sha1_base64="cn33TE8ftwsB/3fFTt44NFOCELg=">AAAB8XicdVDLSgNBEOyNrxhfUY9eBoPgKWxiMPEiQS8eI5gHJiHMTmaTIbOzy0yvEJb8hRcPinj1b7z5N05eoKIFDUVVN91dXiSFQdf9dFIrq2vrG+nNzNb2zu5edv+gYcJYM15noQx1y6OGS6F4HQVK3oo0p4EnedMbXU/95gPXRoTqDscR7wZ0oIQvGEUr3Q96CeKEXBK3l825+eJFxT2rkDkplZekSAp5d4YcLFDrZT86/ZDFAVfIJDWmXXAj7CZUo2CSTzKd2PCIshEd8LaligbcdJPZxRNyYpU+8UNtSyGZqd8nEhoYMw482xlQHJrf3lT8y2vH6Fe6iVBRjFyx+SI/lgRDMn2f9IXmDOXYEsq0sLcSNqSaMrQhZWwIy0/J/6RRzBfO86XbUq56tYgjDUdwDKdQgDJU4QZqUAcGCh7hGV4c4zw5r87bvDXlLGYO4Qec9y8YZpCQ</latexit>

gtt > 0
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Black hole superradiance — Penrose process

ErgoregionOuter horizon r+
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ErgoregionOuter horizon r+

E

EA EB

Black hole superradiance — Penrose process

<latexit sha1_base64="qnva2phyvxIntFc/I79ZUl7BTO8=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIXgy7EtSLEiMLHiOYByTLMjuZJENmH8zMCnHJl3jxoIhXP8Wbf+Mk2YMmFjQUVd10d/kxZ1JZ1reRW1ldW9/Ibxa2tnd2i+beflNGiSC0QSIeibaPJeUspA3FFKftWFAc+Jy2/NHt1G89UiFZFD6ocUzdAA9C1mcEKy15ZtHxaugKOaeOd4OukeOZJatszYCWiZ2REmSoe+ZXtxeRJKChIhxL2bGtWLkpFooRTieFbiJpjMkID2hH0xAHVLrp7PAJOtZKD/UjoStUaKb+nkhxIOU48HVngNVQLnpT8T+vk6j+pZuyME4UDcl8UT/hSEVomgLqMUGJ4mNNMBFM34rIEAtMlM6qoEOwF19eJs2zsn1ertxXStVaFkceDuEITsCGC6jCHdShAQQSeIZXeDOejBfj3fiYt+aMbOYA/sD4/AEThZDH</latexit>

EB = E → EA > E
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Black hole superradiance — Gravitational atom

<latexit sha1_base64="ug0UGY8j7vfHOWhiyfV+CnScOWU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEirpwUXTjzgr2Ak0ok+mkHTqXMDMplNA3ceNCEbe+iTvfxkmbhbb+MPDxn3M4Z/4oYVQbz/t2SmvrG5tb5e3Kzu7e/oF7eNTWMlWYtLBkUnUjpAmjgrQMNYx0E0UQjxjpROO7vN6ZEKWpFE9mmpCQo6GgMcXIWKvvuoHkZIjgDeTBQ059t+rVvLngKvgFVEGhZt/9CgYSp5wIgxnSuud7iQkzpAzFjMwqQapJgvAYDUnPokCc6DCbXz6DZ9YZwFgq+4SBc/f3RIa41lMe2U6OzEgv13Lzv1ovNfF1mFGRpIYIvFgUpwwaCfMY4IAqgg2bWkBYUXsrxCOkEDY2rIoNwV/+8iq0L2r+Za3+WK82bos4yuAEnIJz4IMr0AD3oAlaAIMJeAav4M3JnBfn3flYtJacYuYY/JHz+QNympLn</latexit>

ω < m!

ω = 0

|211→

Bohr

fine

hyperfine

ω = 1

+1
0

↑1
m

ω = 2

n = 1

n = 2

n = 3

<latexit sha1_base64="q4WUmqw1Fd+UgVzDB3wln2sV0OI="></latexit>rg
ωc

= µM → ε ↑ O(0.01)↓O(1)
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Black hole superradiance — Gravitational atom

<latexit sha1_base64="ug0UGY8j7vfHOWhiyfV+CnScOWU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEirpwUXTjzgr2Ak0ok+mkHTqXMDMplNA3ceNCEbe+iTvfxkmbhbb+MPDxn3M4Z/4oYVQbz/t2SmvrG5tb5e3Kzu7e/oF7eNTWMlWYtLBkUnUjpAmjgrQMNYx0E0UQjxjpROO7vN6ZEKWpFE9mmpCQo6GgMcXIWKvvuoHkZIjgDeTBQ059t+rVvLngKvgFVEGhZt/9CgYSp5wIgxnSuud7iQkzpAzFjMwqQapJgvAYDUnPokCc6DCbXz6DZ9YZwFgq+4SBc/f3RIa41lMe2U6OzEgv13Lzv1ovNfF1mFGRpIYIvFgUpwwaCfMY4IAqgg2bWkBYUXsrxCOkEDY2rIoNwV/+8iq0L2r+Za3+WK82bos4yuAEnIJz4IMr0AD3oAlaAIMJeAav4M3JnBfn3flYtJacYuYY/JHz+QNympLn</latexit>

ω < m!

ω = 0

|211→

Bohr

fine

hyperfine

ω = 1

+1
0

↑1
m

ω = 2

n = 1

n = 2

n = 3

<latexit sha1_base64="Gbern4+GgbChR6fcBuQUMdll2ME=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgxpJIUZdFN24KFewDkhgmk0k7dJIJMxOhhCzc+CtuXCji1o9w5984fSy09cCFwzn3cu89QcqoVJb1bZRWVtfWN8qbla3tnd09c/+gK3kmMOlgzrjoB0gSRhPSUVQx0k8FQXHASC8YXU/83gMRkvLkTo1T4sVokNCIYqS05JvVFnQljaFjn9rWfW5bhdfyc5eHXBW+WbPq1hRwmdhzUgNztH3zyw05zmKSKMyQlI5tpcrLkVAUM1JU3EySFOERGhBH0wTFRHr59IkCHmslhBEXuhIFp+rviRzFUo7jQHfGSA3lojcR//OcTEWXXk6TNFMkwbNFUcag4nCSCAypIFixsSYIC6pvhXiIBMJK51bRIdiLLy+T7lndPq83bhu15tU8jjKogiNwAmxwAZrgBrRBB2DwCJ7BK3gznowX4934mLWWjPnMIfgD4/MHn8WW2A==</latexit>

M → [1↑ 1010]M→

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

µ → [10→20 ↑ 10→10] eV

Ultralight bosons

[ Zel’Dovich ’72; Starobinsky ’73; Dolan ’07; Arvanitaki et al. ’09 ]

<latexit sha1_base64="q4WUmqw1Fd+UgVzDB3wln2sV0OI="></latexit>rg
ωc

= µM → ε ↑ O(0.01)↓O(1)
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Black hole superradiance — Spectrum
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ω
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<latexit sha1_base64="1ZaSCzgjcMe+LYpRYgbf4mb2a/g=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAh1YUlKUTdCqRuXFewDmlgm00k7dB5hZiItob/ixoUibv0Rd/6N0zYLbT1w4XDOvdx7TxhTorTrfltr6xubW9u5nfzu3v7BoX1UaCmRSISbSFAhOyFUmBKOm5poijuxxJCFFLfD0e3Mbz9hqYjgD3oS44DBAScRQVAbqWcXSn5djC98ljxWzv3GkNy4Pbvolt05nFXiZaQIMjR69pffFyhhmGtEoVJdz411kEKpCaJ4mvcThWOIRnCAu4ZyyLAK0vntU+fMKH0nEtIU185c/T2RQqbUhIWmk0E9VMveTPzP6yY6ug5SwuNEY44Wi6KEOlo4syCcPpEYaToxBCJJzK0OGkIJkTZx5U0I3vLLq6RVKXuX5ep9tVirZ3HkwAk4BSXggStQA3egAZoAgTF4Bq/gzZpaL9a79bFoXbOymWPwB9bnDwEjkyM=</latexit>

(↭→ µ2)! = 0

<latexit sha1_base64="mXjU5D+ah3aI5IoouIBdW60zzTI="></latexit>

i
dω
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→

(
↑ 1
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↓2 ↑ ε

r
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)
ω
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Searching for axions in regions of strong gravity
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Searching for axions in regions of strong gravity
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Searching for axions in regions of strong gravity
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BH spin-down leads to gaps in the BH mass-spin diagram

Gravitational atoms — Probes



Gravitational atoms — Probes

— 8 —Stockholm — 1st July 2025 [ Arvanitaki et al. ’11 ]

BH spin-down leads to gaps in the BH mass-spin diagram

Tentative bounds in the range:

<latexit sha1_base64="OuoVNbZW/om163o7AcPabzi610c=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgKtiRa1GXRjcsK9gFNLJPptB06MwkzE6GEfIMbf8WNC0XcunLn3zhps9DWAxcO59zLvfcEEaNKO863tbC4tLyyWlgrrm9sbm3bO7tNFcYSkwYOWSjbAVKEUUEammpG2pEkiAeMtILRdea3HohUNBR3ehwRn6OBoH2KkTZS1z72eAw9RTnsuM59UnbP0vKUuKnvnXgc6aHkCWmmXbvkVJwJ4Dxxc1ICOepd+8vrhTjmRGjMkFJmQaT9BElNMSNp0YsViRAeoQHpGCoQJ8pPJi+l8NAoPdgPpSmh4UT9PZEgrtSYB6YzO1HNepn4n9eJdf/ST6iIYk0Eni7qxwzqEGb5wB6VBGs2NgRhSc2tEA+RRFibFIsmBHf25XnSPK2455XqbbVUu8rjKIB9cACOgAsuQA3cgDpoAAwewTN4BW/Wk/VivVsf09YFK5/ZA39gff4ARkucBA==</latexit>

µ → [10→13 ↑ 10→11] eV

Next-generation gravitational wave 
detectors can extend this range
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<latexit sha1_base64="LP8WHw/gTDcuZuGXN2x5iYUitTU="></latexit>

fGW → 483Hz

( µ

10→12 eV

)

[ Brito et al. ’17 ]

Gravitational atoms — Probes

<latexit sha1_base64="X/RVcgOms+VoKiWOjcu8Fudn8MA=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIFaTMaFGXRTcuK9gHtEPJpJk2NJMZkozQluKvuHGhiFv/w51/Y6adhVYPhJyccy/35vgxZ0o7zpeVW1peWV3Lrxc2Nre2d+zdvYaKEklonUQ8ki0fK8qZoHXNNKetWFIc+pw2/eFN6jcfqFQsEvd6FFMvxH3BAkawNlLXPhijDhOo5JQdxz1F5+l10rWL6TsF+kvcjBQhQ61rf3Z6EUlCKjThWKm268Tam2CpGeF0WugkisaYDHGftg0VOKTKm8y2n6Jjo/RQEElzhEYz9WfHBIdKjULfVIZYD9Sil4r/ee1EB1fehIk40VSQ+aAg4UhHKI0C9ZikRPORIZhIZnZFZIAlJtoEVjAhuItf/ksaZ2X3oly5qxSr11kceTiEIyiBC5dQhVuoQR0IjOEJXuDVerSerTfrfV6as7KeffgF6+MbTO2R5w==</latexit>

z → (0.001, 3.001)

<latexit sha1_base64="GZ8EAnI7ZmJL7Du2Y+f8AZcw9ro=">AAAB83icbVDLSsNAFL1TX7W+qi7dDBbBVUhEfCyEohuXFewDmlAm00k7dDIJMxOhhP6GGxeKuPVn3Pk3TtsstPXAhcM593LvPWEquDau+41KK6tr6xvlzcrW9s7uXnX/oKWTTFHWpIlIVCckmgkuWdNwI1gnVYzEoWDtcHQ39dtPTGmeyEczTlkQk4HkEafEWMn36ZD3OL7BrnPdq9Zcx50BLxOvIDUo0OhVv/x+QrOYSUMF0brruakJcqIMp4JNKn6mWUroiAxY11JJYqaDfHbzBJ9YpY+jRNmSBs/U3xM5ibUex6HtjIkZ6kVvKv7ndTMTXQU5l2lmmKTzRVEmsEnwNADc54pRI8aWEKq4vRXTIVGEGhtTxYbgLb68TFpnjnfhnD+c1+q3RRxlOIJjOAUPLqEO99CAJlBI4Rle4Q1l6AW9o495awkVM4fwB+jzBw/tkGc=</latexit>

ωi = 0.9
Boson clouds emit monochromatic gravitational waves



t

Aμ

Ψ Ψ

Ψ

[ Spieksma et al. ’23 ]

Axionic couplings — Overview

Stockholm — 1st July 2025 — 10 —



Axionic couplings — Levels of complexity

Axionic couplings to the Maxwell sector: 
<latexit sha1_base64="GRVi07j+Z5flUtl85t0p3/76dbw="></latexit>

L → ka!
→FµωFµω

— 11 —Stockholm — 1st July 2025



<latexit sha1_base64="GRVi07j+Z5flUtl85t0p3/76dbw="></latexit>

L → ka!
→FµωFµω

<latexit sha1_base64="/YakxL3Z157op6VsnsWYmt1U8AA=">AAACMHicbVDLSgMxFM34tr5GXbqJFkEEy0wp6kYQBXVZwT6gU8udNLWhSWZIMkIZ5pPc+Cm6UVDErV9hWgtq9UDg5Jx7SO4JY8608bxnZ2Jyanpmdm4+t7C4tLzirq5VdZQoQisk4pGqh6ApZ5JWDDOc1mNFQYSc1sLe6cCv3VKlWSSvTD+mTQE3knUYAWOllnseSAg5XKeBTDJ81koDkQzpEd4r9uxVCQxZml2nu1mw+e3/jAVlzVpu3it4Q+C/xB+RPBqh3HIfgnZEEkGlIRy0bvhebJopKMMIp1kuSDSNgfTghjYslSCobqbDhTO8bZU27kTKHmnwUP2ZSEFo3RehnRRgunrcG4j/eY3EdA6bKZNxYqgkXw91Eo5NhAft4TZTlBjetwSIYvavmHRBATG245wtwR9f+S+pFgv+fqF0Wcofn4zqmEMbaAvtIB8doGN0gcqoggi6Q4/oBb06986T8+a8f41OOKPMOvoF5+MTecOqgw==</latexit>

→ωFµω = ↑2ka
→Fµω→ω!

Axionic couplings — Levels of complexity

Axionic couplings to the Maxwell sector: 

Maxwell’s equations:

Stockholm — 1st July 2025 — 11 —



<latexit sha1_base64="GRVi07j+Z5flUtl85t0p3/76dbw="></latexit>

L → ka!
→FµωFµω

<latexit sha1_base64="/YakxL3Z157op6VsnsWYmt1U8AA=">AAACMHicbVDLSgMxFM34tr5GXbqJFkEEy0wp6kYQBXVZwT6gU8udNLWhSWZIMkIZ5pPc+Cm6UVDErV9hWgtq9UDg5Jx7SO4JY8608bxnZ2Jyanpmdm4+t7C4tLzirq5VdZQoQisk4pGqh6ApZ5JWDDOc1mNFQYSc1sLe6cCv3VKlWSSvTD+mTQE3knUYAWOllnseSAg5XKeBTDJ81koDkQzpEd4r9uxVCQxZml2nu1mw+e3/jAVlzVpu3it4Q+C/xB+RPBqh3HIfgnZEEkGlIRy0bvhebJopKMMIp1kuSDSNgfTghjYslSCobqbDhTO8bZU27kTKHmnwUP2ZSEFo3RehnRRgunrcG4j/eY3EdA6bKZNxYqgkXw91Eo5NhAft4TZTlBjetwSIYvavmHRBATG245wtwR9f+S+pFgv+fqF0Wcofn4zqmEMbaAvtIB8doGN0gcqoggi6Q4/oBb06986T8+a8f41OOKPMOvoF5+MTecOqgw==</latexit>

→ωFµω = ↑2ka
→Fµω→ω!

Axionic couplings — Levels of complexity

Axionic couplings to the Maxwell sector: 

Maxwell’s equations:

Stockholm — 1st July 2025

d

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

<latexit sha1_base64="OswW2M9zPmfAno9mAQLs5HxN6Us="></latexit>

ωesc →
1

d
> µka!0 → ω→

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

<latexit sha1_base64="n7eTv7cze0RnQXoGhOted9VbISg=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuiG5cV7AOaECaTSTt0ZhJmJkIJ+QY3/oobF4q4deXOv3HaZqGtBy4czrmXe+8JU0aVdpxvq7Kyura+Ud2sbW3v7O7Z+wddlWQSkw5OWCL7IVKEUUE6mmpG+qkkiIeM9MLxzdTvPRCpaCLu9SQlPkdDQWOKkTZSYJ95sUQ4d4s8KqDHiFKKcujxDI6D3JMcosJrKxo4MLDrTsOZAS4TtyR1UKId2F9elOCME6ExQ0oNXCfVfo6kppiRouZliqQIj9GQDAwViBPl57OXCnhilAjGiTQlNJypvydyxJWa8NB0cqRHatGbiv95g0zHV35ORZppIvB8UZwxqBM4zQdGVBKs2cQQhCU1t0I8QiYjbVKsmRDcxZeXSfe84V40mnfNeuu6jKMKjsAxOAUuuAQtcAvaoAMweATP4BW8WU/Wi/VufcxbK1Y5cwj+wPr8AbN7nXo=</latexit>

1

d
↭ µka!0

[ Rosa & Kephart ’18; Boskovic et al. ’19; Ikeda et al. ’19 ]— 11 —
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[ Spieksma et al. ’23 ]

Axionic couplings — Boson clouds <latexit sha1_base64="OgR5APnm4sqGEFk+Zl6ztqZ08Ns=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0UQFyUpRd0IRTcuK9gHNCFMJpN26EwSZiZCCfkNN/6KGxeKuNSVf+OkzUJbDwwczjmXO/f4CaNSWda3UVlZXVvfqG7WtrZ3dvfM/YOejFOBSRfHLBYDH0nCaES6iipGBokgiPuM9P3JTeH3H4iQNI7u1TQhLkejiIYUI6Ulz7QcpsMB8s7gFXRCgXBm51kzh07MyaiQJ17mCA5R7nQk9SzPrFsNawa4TOyS1EGJjmd+OkGMU04ihRmScmhbiXIzJBTFjOQ1J5UkQXiCRmSoaYQ4kW42uyyHJ1oJYBgL/SIFZ+rviQxxKafc10mO1FgueoX4nzdMVXjpZjRKUkUiPF8UpgyqGBY1wYAKghWbaoKwoPqvEI+RrkfpMmu6BHvx5GXSazbs80brrlVvX5d1VMEROAanwAYXoA1uQQd0AQaP4Bm8gjfjyXgx3o2PebRilDOH4A+Mrx+EbJ9l</latexit>

�⇤ =
1

2
!⇤ka 0

Stockholm — 1st July 2025 — 12 —
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Turn on coupling

[ Spieksma et al. ’23 ]

Axionic couplings — Overview

Stockholm — 1st July 2025 — 13 —
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Turn on coupling

[ Spieksma et al. ’23 ]

Axionic couplings — Overview

Stockholm — 1st July 2025 — 13 —



Saturation phaseEnergy outflow from EM radiation and axion production balance
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t/M

Axionic couplings — Superradiance

[ Spieksma et al. ’23 ]

Varying initial 
EM perturbation
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Including SR growthNo SR growth 
Subcritical

Axionic couplings — Summary
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Observational signatures — EM emission

Saturation phase: 
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!SR → !PI
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Observational signatures — EM emission

Saturation phase: 
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!SR → !PI

[ Spieksma et al. ’23 ]
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Saturation phase: 
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!SR → !PI

[ Spieksma et al. ’23 ]
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✦ High luminosity 

✦ (Nearly) Constant 

✦ Monochromatic 

But detectable…?



Consider a plasma in the two-fluid formalism, 
where electrons and ions are treated as separate 
fluids, coupled through the Maxwell equations

[ Cannizzaro et al. ’21 ]

Axionic couplings — Plasma effects
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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: 

<latexit sha1_base64="8sunUngOn8VJZc+0dZePvHvqdEk="></latexit>
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Axionic couplings — Plasma effects
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[ Spieksma et al. ’23 ]
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Axionic couplings — Higher bands
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ωpM = 0.2
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Axionic couplings — Higher bands

[ Spieksma et al. ’23 ]
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 + ! � + �
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Superradiance to the rescue!

Axionic couplings — Plasma and superradiance

[ Spieksma et al. ’23 ]
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ωpM = 0.07
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Axionic couplings — Plasma and superradiance
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Axionic couplings — Plasma and superradiance

[ Spieksma et al. ’23 ]
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µM = 0.1
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ωpM = 0.07
Instabilities triggered for plasmas way denser 
than the interstellar medium!
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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

Stockholm — 1st July 2025 — 20 —

Conclusions — Part I



Boson clouds in black hole binaries
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Boson clouds in black hole binaries
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Boson clouds in black hole binaries

Stockholm — 1st July 2025

A chronological story
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Boson clouds in black hole binaries

Stockholm — 1st July 2025

A chronological story

• Is the cloud there when the binary becomes detectable? 
• What is the state of the cloud? 
• What is the binary’s configuration?
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Boson clouds in binaries — Spectrum
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Boson clouds in binaries — Perturbation
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M

Newtonian perturbation with slowly increasing frequency 
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Boson clouds in binaries — Resonances
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Boson clouds in binaries — Resonances
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Boson clouds in binaries — Resonances
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Boson clouds in binaries — A resonant history

102103104

Hyperfine resonances Fine resonances Bohr resonances and ionization

?

binary separation R→/M
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Boson clouds in binaries — Timescales

[Tomaselli, Spieksma, Bertone ’24]
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Boson clouds in binaries — A resonant history

[Tomaselli, Spieksma, Bertone ’24]
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The resonant history
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Survives Dies

Two outcomes
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Indirect observational signatures through the impact on binary parameters 

Indirect signatures
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Evolution of the eccentricity and inclination during a float:
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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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Final values of binary parameters determined by:
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Cloud’s legacy

Stockholm — 1st July 2025 — 30 — [ Tomaselli, Spieksma, Bertone ’24 ]



Final values of binary parameters determined by:
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Statistical analysis of large number of BH binaries could unveil existence boson clouds!
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Direct signatures

Direct observational signatures through dynamical effects… 

Survives
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Direct signatures
Survives
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Orbital frequency above a threshold, transitions to unbound states are excited
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Survives
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Survives
Direct signatures
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Direct observational signatures through dynamical effects… 
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Survives
Direct signatures
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• Initial state of the cloud remains 
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• Near-counter rotating

[ Baumann et al. ’22 ]

Direct observational signatures through dynamical effects… 
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Direct signatures
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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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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 — Part II
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Expand the metric and the field in both the mass ratio and the energy densities
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Boson clouds in binaries — Relativistic regime
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Boson clouds in binaries — Relativistic regime
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Boson clouds in binaries — Relativistic regime
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Outlook — Looking ahead

Complicated task… But unique channel into the ultralight and 
weak coupling regime of particle physics

— 40 —

In the middle of nowhere, 
Sweden, July 2024

Data-analysis

Systematics
• Instrumental 

• Theoretical 

• Astrophysics

From modelling sources 

To dynamics  

To bounds

Pipelines
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Ultralight particles — Self-Interactions
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<latexit sha1_base64="0v9asMSRZTdf7xoaEhBs6T4sdMY="></latexit>

ω → µ2/f2
a ↑ 10→74

( µ

10→12 eV

)2
(
1016 GeV

fa

)2

Self-interactions:

• Gravitational interactions are all that is necessary for superradiance. 

• However, many beyond-the-Standard-Model candidates (including the 

QCD axion) have other interactions, e.g.,
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Self-interactions:

[ Witte and Mummery ’25 ]

• Gravitational interactions are all that is necessary for superradiance. 

• However, many beyond-the-Standard-Model candidates (including the 

QCD axion) have other interactions, e.g.,



Ultralight particles — Self-Interactions

— 8 —Stockholm — 1st July 2025

<latexit sha1_base64="0v9asMSRZTdf7xoaEhBs6T4sdMY="></latexit>

ω → µ2/f2
a ↑ 10→74

( µ

10→12 eV

)2
(
1016 GeV

fa

)2

Self-interactions:
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• Gravitational interactions are all that is necessary for superradiance. 

• However, many beyond-the-Standard-Model candidates (including the 

QCD axion) have other interactions, e.g.,



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 superradiance

<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⌫
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EM field

Axionic couplings — no SR — large radii
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Axion field

Axionic couplings — no SR — axion emission
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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
⇠ �⇤

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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�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!

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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