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The system considered:

A rotating, supermassive BH surrounded by a boson cloud.

The cloud would experience the phenomenon of superradiance: 
enhanced energy and angular momentum transferred from the 
BH to the cloud, thanks to the absorbing boundary condition 
(the event horizon)

Zeldovich, Press, Teukolsky (1970)
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!+ > !/mSuperradiance occurs for

BH angular velocity at EH : Boson frequency
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One candidate: a light boson field

Motivation: Light bosons might be DM candidates. 

Examples:

• Fuzzy DM

• Dark Energy

• String- or QCD-axion and ALPs

• Vector DM, dark/hidden photons

However, a light boson field might not need be DM or DE
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Massless bosons

There is an additional shift symmetry � ! �+ c

The symmetry is lost whenever a potential is added, such a 
quadratic mass term 

The symmetry is broken at some level, at least by QG 
effects that spoil all continuous global symmetries.

Nearly-massless boson         shift symmetry is “approximate”

S =
1

2

Z
d4x

p
�g gµ⌫@µ�@⌫�
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→ µ2ω2/2
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An important example is the periodic potential, for which a 
residual discrete shift symmetry exists � ! �+ 2⇡nF

This model has two parameters: mass     and energy scalem F

S =

Z
d4x

p
�g


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2
gµ⌫@µ�@⌫�+ V (�)

�

String-inspired particle models predict numbers of these 
type of fields (Svrcek&Witten hep-th/0605206, Cicoli+ 2110.02964)
Important applications in cosmology (Arvanitaki+ 0905.4720)

Giving a small mass to the boson

<latexit sha1_base64="oWZ4/cHFqzrXv0jq93dPsSz2OF8="></latexit>

V (ω) = µ2F 2(1→ cosω/F )
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Giving a small mass to the boson

Instanton-suppressing energy scale by SUSY⇤

Instanton action S ⇠ 2⇡/↵SM

ReducedPlanck mass MPl = 1/
p
8⇡G ⇡ 2.435⇥ 1018 GeV

<latexit sha1_base64="oWZ4/cHFqzrXv0jq93dPsSz2OF8="></latexit>

V (ω) = µ2F 2(1→ cosω/F )
<latexit sha1_base64="0pPZ3VRmuk7gedytP3Ij8M7dPEA="></latexit>

µ2F 2 = M2
Pl!

2e→S
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Giving a small mass to the boson

Instanton-suppressing energy scale by SUSY⇤

Instanton action S ⇠ 2⇡/↵SM

ReducedPlanck mass MPl = 1/
p
8⇡G ⇡ 2.435⇥ 1018 GeV

⇤ ⇠ MPl

⇤ ⇠ 1011 GeV

⇤ ⇠ 104 GeV

(No suppression)

(Gravity-mediated 
SUSY breaking)
(Gauge-mediated 
SUSY breaking) S ⇠ 170

S ⇠ 200

S ⇠ 230
F = 1017 GeV

<latexit sha1_base64="oWZ4/cHFqzrXv0jq93dPsSz2OF8="></latexit>

V (ω) = µ2F 2(1→ cosω/F )
<latexit sha1_base64="0pPZ3VRmuk7gedytP3Ij8M7dPEA="></latexit>

µ2F 2 = M2
Pl!

2e→S
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Dark sector with massive boson fields

Consider a real scalar field    of mass
<latexit sha1_base64="un0wv3/fGwNMyn5L2qBVer4YWg4=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07Krteqt6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3ZtsKKvpg4PHeDDPzwoQzbTzvwyksLa+srhXXSxubW9s75d29lo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Dr32/dUaRbLOzNJaCDwULKIEWxyqZeMWL9c8dzLHKdoTmo58aq+558h3/VmqMACjX75vTeISSqoNIRjrbu+l5ggw8owwum01Es1TTAZ4yHtWiqxoDrIZrdO0ZFVBiiKlS1p0Ez9PpFhofVEhLZTYDPSv71c/Mvrpia6CDImk9RQSeaLopQjE6P8cTRgihLDJ5Zgopi9FZERVpgYG0/JhvD1KfqftE5cv+b6t9VK/WoRRxEO4BCOwYdzqMMNNKAJBEbwAE/w7Ajn0XlxXuetBWcxsw8/4Lx9Aq1sjq0=</latexit>

� <latexit sha1_base64="KRzctXUNlLD534oU/L1MrptGEmM=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB07Krteqt6MVjRVsL7VKyabYNTbJLkhXK0p/gxYMiXv1F3vw3ZtsKKvpg4PHeDDPzwoQzbTzvwyksLC4trxRXS2vrG5tb5e2dlo5TRWiTxDxW7RBrypmkTcMMp+1EUSxCTu/C0WXu391TpVksb804oYHAA8kiRrCx0k1XpL1yxXPPcxyjGanlxKv6nn+CfNebogJzNHrl924/Jqmg0hCOte74XmKCDCvDCKeTUjfVNMFkhAe0Y6nEguogm546QQdW6aMoVrakQVP1+0SGhdZjEdpOgc1Q//Zy8S+vk5roLMiYTFJDJZktilKOTIzyv1GfKUoMH1uCiWL2VkSGWGFibDolG8LXp+h/0jpy/ZrrX1cr9Yt5HEXYg304BB9OoQ5X0IAmEBjAAzzBs8OdR+fFeZ21Fpz5zC78gPP2CfdCjkQ=</latexit>µ

The boson cloud around a BH of mass     peaks at
<latexit sha1_base64="w34py028c8VTWSm1SX5U+oI+Ads=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8Lbsao96CXrwICZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40o7zYS0sLi2vrObW8usbm1vbhZ3dhooSybDOIhHJlk8VCh5iXXMtsBVLpIEvsOmPrjK/eY9S8Si81eMYvYAOQt7njGoj1W66haJjX2Q4ITNSzohTch33lLi2M0UR5qh2C++dXsSSAEPNBFWq7Tqx9lIqNWcCJ/lOojCmbEQH2DY0pAEqL50eOiGHRumRfiRNhZpM1e8TKQ2UGge+6QyoHqrfXib+5bUT3T/3Uh7GicaQzRb1E0F0RLKvSY9LZFqMDaFMcnMrYUMqKdMmm7wJ4etT8j9pHNtu2XZrpWLlch5HDvbhAI7AhTOowDVUoQ4MEB7gCZ6tO+vRerFeZ60L1nxmD37AevsEPwCNPw==</latexit>

M

<latexit sha1_base64="exBgZkxLsN0DWQFtE8NyK+HKxug=">AAACCHicdVDLSsNAFJ3UV62vqEsXDhahbmKitequ2I3LCrYWmhAmk0k7dPJwZlIooUs3/oobF4q49RPc+TdO2goqemDgcM653LnHSxgV0jQ/tMLc/MLiUnG5tLK6tr6hb261RZxyTFo4ZjHveEgQRiPSklQy0kk4QaHHyI03aOT+zZBwQePoWo4S4oSoF9GAYiSV5Oq7NlNhH7kNaJPblA6h3fcQh4cVO0whPnD1smmc5ziGU1LLiVm1TOsEWoY5QRnM0HT1d9uPcRqSSGKGhOhaZiKdDHFJMSPjkp0KkiA8QD3SVTRCIRFONjlkDPeV4sMg5upFEk7U7xMZCoUYhZ5Khkj2xW8vF//yuqkMzpyMRkkqSYSni4KUQRnDvBXoU06wZCNFEOZU/RXiPuIIS9VdSZXwdSn8n7SPDKtmWFfVcv1iVkcR7IA9UAEWOAV1cAmaoAUwuAMP4Ak8a/fao/aivU6jBW02sw1+QHv7BCqJmM4=</latexit>

�C ⌘ ~/(µc)
<latexit sha1_base64="91+dWd1jfl2b4KjT94ttJUnVcEU=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwVZNaq+6KLnSjVLAPaGOYTCft0MkkzkwKNRR/xY0LRdz6H+78GydtBRU9cOFwzr3ce48XMSqVZX0YU9Mzs3PzmYXs4tLyyqq5tl6TYSwwqeKQhaLhIUkY5aSqqGKkEQmCAo+Rutc7Tf16nwhJQ36tBhFxAtTh1KcYKS255qZwO7BFbmPah2fuJbzYwzcF18xZ+eMU+3BMSimxirZlH0A7b42QAxNUXPO91Q5xHBCuMENSNm0rUk6ChKKYkWG2FUsSIdxDHdLUlKOASCcZXT+EO1ppQz8UuriCI/X7RIICKQeBpzsDpLryt5eKf3nNWPlHTkJ5FCvC8XiRHzOoQphGAdtUEKzYQBOEBdW3QtxFAmGlA8vqEL4+hf+TWiFvl/L2VTFXPpnEkQFbYBvsAhscgjI4BxVQBRjcgQfwBJ6Ne+PReDFex61TxmRmA/yA8fYJH6yUYg==</latexit>

rg ⌘ GNM/c2

Compton wavelength

Gravitational radius

Efficient superradiance occurs for
<latexit sha1_base64="5b911D8t2GY4DmZ+3p6wQJCEUx4="></latexit>

↵ ⌘ rg
�C

. 1

<latexit sha1_base64="KxLiX8+muqoRlL93ro4wwhJNx6o="></latexit>

r ⇠ 1/(GNMµ2) ⇠ �2
C/rg

<latexit sha1_base64="2FW+k7T0PrtIVw4IEPtOYE4zYkE=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0Vr2V9uKxiv3ANpTNdtMu3WzC7kYoof/CiwdFvPpvvPlv3LQVVPTBwOO9GWbm+TFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3743rmt++pVCwSt3oSUy/EQ8ECRrA20t1NP+3JENXq036x5NiXGU7RnFQy4pRdxz1Dru3MUIIFGv3ie28QkSSkQhOOleq6Tqy9FEvNCKfTQi9RNMZkjIe0a6jAIVVeOrt4io6MMkBBJE0JjWbq94kUh0pNQt90hliP1G8vE//yuokOLryUiTjRVJD5oiDhSEcoex8NmKRE84khmEhmbkVkhCUm2oRUMCF8fYr+J60T263Y7nW5VK0t4sjDARzCMbhwDlW4ggY0gYCAB3iCZ0tZj9aL9TpvzVmLmX34AevtE4MKkNU=</latexit>

RBC
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Figure from Rittick Roy

<latexit sha1_base64="2FW+k7T0PrtIVw4IEPtOYE4zYkE=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0Vr2V9uKxiv3ANpTNdtMu3WzC7kYoof/CiwdFvPpvvPlv3LQVVPTBwOO9GWbm+TFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3743rmt++pVCwSt3oSUy/EQ8ECRrA20t1NP+3JENXq036x5NiXGU7RnFQy4pRdxz1Dru3MUIIFGv3ie28QkSSkQhOOleq6Tqy9FEvNCKfTQi9RNMZkjIe0a6jAIVVeOrt4io6MMkBBJE0JjWbq94kUh0pNQt90hliP1G8vE//yuokOLryUiTjRVJD5oiDhSEcoex8NmKRE84khmEhmbkVkhCUm2oRUMCF8fYr+J60T263Y7nW5VK0t4sjDARzCMbhwDlW4ggY0gYCAB3iCZ0tZj9aL9TpvzVmLmX34AevtE4MKkNU=</latexit>

RBC

<latexit sha1_base64="KxLiX8+muqoRlL93ro4wwhJNx6o="></latexit>

r ⇠ 1/(GNMµ2) ⇠ �2
C/rg
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Competing effects

1) Accretion (e.g. Barausse+ 1404.7149)
<latexit sha1_base64="epuo5qu2kXn9qjZJmegsYyfQyAs="></latexit>

Ṁacc ⇡ 0.02fEdd
M(t)

106M�
M� yr�1

<latexit sha1_base64="Mjgpum4ml+Q2bth3grsHGu7X5r0=">AAACEnicdVDNS8MwHE3n15xfVY9egkPQS2l1Tr0NvYggTHAfsJaSZtkWlrYhSYVR9jd48V/x4kERr568+d+YdhM/0AeBx3u/X5L3As6oVLb9bhRmZufmF4qLpaXlldU1c32jKeNEYNLAMYtFO0CSMBqRhqKKkTYXBIUBI61geJb5rRsiJI2jazXixAtRP6I9ipHSkm/uud1YwQs/dUUIEcZj6HIRcxXD3Lj8MnyzbFsnGQ7ghFQzYlcc2zmEjmXnKIMp6r75pq/ASUgihRmSsuPYXHkpEopiRsYlN5GEIzxEfdLRNEIhkV6aRxrDHa10YS8W+kQK5ur3jRSFUo7CQE+GSA3kby8T//I6ieodeymNeKJIhCcP9RIGdeKsH9ilgmDFRpogLKj+K8QDJBBWusWSLuEzKfyfNPctp2o5V5Vy7XRaRxFsgW2wCxxwBGrgHNRBA2BwC+7BI3gy7owH49l4mYwWjOnOJvgB4/UDDrCdwg==</latexit>

J̇acc / Ṁacc

e.g.                 for AGNs;                        for SgrA*
<latexit sha1_base64="hYNgZeJzZNUOts+rJ10yYvgrtMQ=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXIVEa9VdUQSXFewDmhAmk0k7dCYJMxOhxC78FTcuFHHrb7jzb5y0FVT0wIXDOfdy7z1ByqhUtv1hlObmFxaXysuVldW19Q1zc6stk0xg0sIJS0Q3QJIwGpOWooqRbioI4gEjnWB4UfidWyIkTeIbNUqJx1E/phHFSGnJN3ciP3cFh5dhOIYuI1JKyqHjm1XbOitwBKekXhC75tjOMXQse4IqmKHpm+9umOCMk1hhhqTsOXaqvBwJRTEj44qbSZIiPER90tM0RpxIL5/cP4b7WglhlAhdsYIT9ftEjriUIx7oTo7UQP72CvEvr5ep6NTLaZxmisR4uijKGFQJLMKAIRUEKzbSBGFB9a0QD5BAWOnIKjqEr0/h/6R9aDl1y7muVRvnszjKYBfsgQPggBPQAFegCVoAgzvwAJ7As3FvPBovxuu0tWTMZrbBDxhvn6z6lec=</latexit>

fEdd . 1
<latexit sha1_base64="UcZBeiVbTN+Ivo8n2UOqVaXbsLo=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSyCG0uitdpdUQSXFewDmlgmk0k7dCYJMxOhhLjxV9y4UMStf+HOv3HSVlDRAxcO59zLvfd4MaNSWdaHMTM7N7+wWFgqLq+srq2bG5stGSUCkyaOWCQ6HpKE0ZA0FVWMdGJBEPcYaXvD89xv3xIhaRReq1FMXI76IQ0oRkpLPXM76KWO4PDC9zPoSMqhbd2kB7WsZ5asci3HEZyQak6sim3Zx9AuW2OUwBSNnvnu+BFOOAkVZkjKrm3Fyk2RUBQzkhWdRJIY4SHqk66mIeJEuun4gwzuacWHQSR0hQqO1e8TKeJSjrinOzlSA/nby8W/vG6iglM3pWGcKBLiyaIgYVBFMI8D+lQQrNhIE4QF1bdCPEACYaVDK+oQvj6F/5PWYdmulu2rSql+No2jAHbALtgHNjgBdXAJGqAJMLgDD+AJPBv3xqPxYrxOWmeM6cwW+AHj7RNT75Yw</latexit>

fEdd ⇠ 10�9

2) GW emission (e.g. Yoshino&Kodama 1312.2326)
<latexit sha1_base64="+p1PrWfW6Z2psk9p+3hXI8VtdfI="></latexit>

ĖGW ⇠ 484 + 9⇡2

23040

✓
NBµ

M

◆2

(GNMµ)14

<latexit sha1_base64="CmeUXA8Bs1315qsvq4UTo60OXXU="></latexit>

acrit ⇡
2µMr+

m

3) Superradiance evolution of the boson cloud 
<latexit sha1_base64="8lbKdRoElVbTvgypqrMSOi14bfk=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEV8OM1qoLodSFrqSCfUA7DJk0bUOTzJBkhDIU/BU3LhRx63e482/MtBVU9EDg5Jx7b25OGDOqtOt+WLm5+YXFpfxyYWV1bX3D3txqqCiRmNRxxCLZCpEijApS11Qz0oolQTxkpBkOLzK/eUekopG41aOY+Bz1Be1RjLSRAnun0400vA6q8Bx2LhHnKLsEdtF1zjIcwSkpZ8Qtea53DD3HnaAIZqgF9ruZgxNOhMYMKdX23Fj7KZKaYkbGhU6iSIzwEPVJ21CBOFF+Oll/DPeN0oW9SJojNJyo3ztSxJUa8dBUcqQH6reXiX957UT3Tv2UijjRRODpQ72EQR3BLAvYpZJgzUaGICyp2RXiAZIIa5NYwYTw9VP4P2kcOl7Z8W5KxUp1Fkce7II9cAA8cAIq4ArUQB1gkIIH8ASerXvr0XqxXqelOWvWsw1+wHr7BD6ClGg=</latexit>

ṄB = �NB

Superradiance halts when <latexit sha1_base64="8YOnsuQNCFg1u3JVtfFwKkFgt9Q=">AAACNHicdVBdaxNBFJ1t/WjjR9P66MvFIKSIYTemXw+FYh8qSKWCaQvZuNydzCZDZ3aXmbuFsOyP8qU/pC+l4IMivvobnE0iqOiBgTPnnMvMPXGupCXfv/WWlu/cvXd/ZbXx4OGjx2vN9Y1TmxWGiz7PVGbOY7RCyVT0SZIS57kRqGMlzuKLw9o/uxTGyiz9QNNcDDWOU5lIjuSkqPk2PEKtEfYhTAzysn 0UvYPjUBebH/eqstuD2b0KlUiojfByEeu6BByDiV5Upa5CI8cT2oyaLb+zV+MVzMl2Tfxe4AdbEHT8GVpsgZOoeR2OMl5okRJXaO0g8HMalmhIciWqRlhYkSO/wLEYOJqiFnZYzpau4LlTRpBkxp2UYKb+PlGitnaqY5fUSBP7t1eL//IGBSW7w1KmeUEi5fOHkkIBZVA3CCNpBCc1dQS5ke6vwCfoWiHXc8OV8GtT+D857XaC7U7wvtc6eL2oY4U9Zc9YmwVshx2wN+yE9Rlnn9gN+8K+elfeZ++b930eXfIWM0/YH/B+/ARzz6kH</latexit>
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Roy, Vagnozzi, LV 2112.06932

Superradiance with two boson fields

https://arxiv.org/abs/2112.06932
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Application to Sgr A*
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Application to Sgr A*

Chen, Roy, Vagnozzi, LV, 2205.06238

https://arxiv.org/search/astro-ph?searchtype=author&query=Chen,+Y
https://arxiv.org/search/astro-ph?searchtype=author&query=Roy,+R
https://arxiv.org/search/astro-ph?searchtype=author&query=Vagnozzi,+S
https://arxiv.org/search/astro-ph?searchtype=author&query=Visinelli,+L
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https://arxiv.org/abs/2312.02130
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Can we detect the evolution of a BH shadow?

YES in principle. In more detail:

1. Observationally-favored conditions

(SMBHs in the light mass window and close)

2. Improvements in VLBI angular resolution

(Sub-   as angular resolution, slightly below space-

based VLBI, see Fish+ 1903.09539)
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