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• New U(1) with massive vector boson gauge field

• Can mix kinetically with the SM photon

• Can be light

• Can be the DM or SM-DM mediator

+



Cristina Mondino

Model and motivations

IFPU focus week, 26th of May 2025

�0
<latexit sha1_base64="+XKFc0pplHpPS9V3ryREtFFCAG4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbRU0mqoMeiF48V7Ae0oUy2m3bpbhJ2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkesabgRrJMohjIQrB2M72Z++4kpzePo0UwS5kscRjzkFI2V2r0hSonn/XLFrbpzkFXi5aQCORr98ldvENNUsshQgVp3PTcxfobKcCrYtNRLNUuQjnHIupZGKJn2s/m5U3JmlQEJY2UrMmSu/p7IUGo9kYHtlGhGetmbif953dSEN37GoyQ1LKKLRWEqiInJ7Hcy4IpRIyaWIFXc3kroCBVSYxMq2RC85ZdXSatW9S6rtYerSv02j6MIJ3AKF+DBNdThHhrQBApjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwDqoo9K</latexit>

L � �1

4
F 0
µ⌫F

0µ⌫ � 1

2
m2A0µA0

µ
<latexit sha1_base64="u60/zpHYY9csKFZdfia2ihOvCtQ="></latexit>

• New U(1) with massive vector boson gauge field

• Can mix kinetically with the SM photon

• Can be light

• Can be the DM or SM-DM mediator
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From Ciaran O’Hare (cajohare.github.io/AxionLimits/)

Dark photon parameter space

10°
17
10°

16
10°

15
10°

14
10°

13
10°

12
10°

11
10°

10
10°

9
10°

8
10°

7
10°

6
10°

5
10°

4
10°

3
10°

2
10°

1
100

101
102

103
104

105

Dark photon mass [eV]

10°18
10°17
10°16
10°15
10°14
10°13
10°12
10°11
10°10
10°9
10°8
10°7
10°6
10°5
10°4
10°3
10°2
10°1

100

K
in

et
ic

m
ix

in
g

XENON

DAMIC

SENSEI
SuperCDMS

DarkSide

FUNK
LAMPOST

To
ky

o-
2

Tokyo-1

DM
Pathfinder

MuDHI

Q
C

Dark
photon

DM

Haloscopes

mHz Hz kHz MHz GHz THz eV keV

Reionisation
(Caputo et al.,

Trost et al.)

(Witte et al.)

Cristina Mondino IFPU focus week, 26th of May 2025

https://cajohare.github.io/AxionLimits/


From Ciaran O’Hare (cajohare.github.io/AxionLimits/)
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BH superradiance:
ultralight and 

weakly coupled
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• BH looses energy and angular momentum in 
favor of amplification of boson wave

• Create large bosonic cloud around spinning BHs

• Cloud decays through emission of long-duration 
quasi-monochromatic GWs (  ) fGW ≃ mc2/πℏ

Black hole superradiance - vector field
M. Baryakhtar, R. Lasenby, M. Teo, PRD 2017

D. Bauman, H.S. Chia, J. Stout, L.T. Haar JCAP 2019

New massive vector boson
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<latexit sha1_base64="UiRT7EGp/opO0EyXpJ3R/bfLjsM=">AAAB/HicbVC7TsMwFHV4lvIqdGSxqJCYqqQgwVjBwlgefUhNFDmu01q1nch2kKIo/AoLAwix8iFs/A1OmwFajmTp6Jx7dY9PEDOqtG1/Wyura+sbm5Wt6vbO7t5+7eCwp6JEYtLFEYvkIECKMCpIV1PNyCCWBPGAkX4wvS78/iORikbiQacx8TgaCxpSjLSR/Frd1SjxM5cjPZE8u7/Lc+jXGnbTngEuE6ckDVCi49e+3FGEE06ExgwpNXTsWHsZkppiRvKqmygSIzxFYzI0VCBOlJfNwufwxCgjGEbSPKHhTP29kSGuVMoDM1mEVIteIf7nDRMdXnoZFXGiicDzQ2HCoI5g0QQcUUmwZqkhCEtqskI8QRJhbfqqmhKcxS8vk16r6Zw1W7fnjfZVWUcFHIFjcAoccAHa4AZ0QBdgkIJn8ArerCfrxXq3PuajK1a5Uwd/YH3+ABdglQw=</latexit>
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Production of charged particles:
screening
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Kinetically-mixed dark photon cloud
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GW and EM emissions

⌧EM, ⌧GW
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For the case with accretion disk, see:
S. Xin and E. R. Most, Phys.Rev.D 111 (2025), arxiv:2406.02992
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Superradiance cloud + plasma
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Neutron star pulsar

Magnetosphere of neutron star pulsar
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Emission spectra of the Vela pulsar

From Pulsar Magnetospheres and Their Radiation  
A. Philippov and M. Kramer, Annu. Rev. Astron. Astrophys. 2022 
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Dark photon cloud-pulsar analogies
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• Large EM fields

• Rotating objects ( ~ ms periods)



Cristina Mondino IFPU focus week, 26th of May 2025

Dark photon cloud-pulsar differences
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<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>
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<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

| ~B0| ⇠ ↵| ~E0| ⌧ | ~E0|
<latexit sha1_base64="ShGygjhfedUUeFjU1OOeZex2FAA=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2ARXZWZKuiyVASXFewFOkPJpGkbmmSGJFMo0z6HG1/FjQtF3Ikb38Z0Oova+kPgz3fOITl/EDGqtOP8WLm19Y3Nrfx2YWd3b//APjxqqDCWmNRxyELZCpAijApS11Qz0ookQTxgpBkMb2f15ohIRUPxqMcR8TnqC9qjGGmDOrY78UYEJ9Xz6QR6inLoIRYNEJzjuxQztnjt2EWn5KSCq8bNTBFkqnXsL68b4pgToTFDSrVdJ9J+gqSmmJFpwYsViRAeoj5pGysQJ8pP0tWm8MyQLuyF0hyhYUoXJxLElRrzwHRypAdquTaD/9Xase7d+AkVUayJwPOHejGDOoSznGCXSoI1GxuDsKTmrxAPkERYmzQLJgR3eeVV0yiX3MtS+eGqWKlmceTBCTgFF8AF16AC7kEN1AEGT+AFvIF369l6tT6sz3lrzspmjsEfWd+/ZS6gcw==</latexit>

Dissipation is important

Electrically dominatedMagnetically dominated
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<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>
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e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>
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<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>
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<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

~J = �( ~E + ~v ⇥ ~B)
<latexit sha1_base64="+ptQY32AmHDV60tN3cBlzkVn2HM=">AAACG3icbVDLSsNAFJ34rPUVdelmsAgVoSRV0I1QKoK4qmAf0IQymU7aoZNJmJkUSsh/uPFX3LhQxJXgwr9xmmahrQcGzj3nXu7c40WMSmVZ38bS8srq2npho7i5tb2za+7tt2QYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja6nfntMhKQhf1CTiLgBGnDqU4yUlnpm1RkTnNyl8Ao6kg4CBMuZcpPCU5ixceooGhA5q+rpSc8sWRUrA1wkdk5KIEejZ346/RDHAeEKMyRl17Yi5SZIKIoZSYtOLEmE8AgNSFdTjvQ2N8luS+GxVvrQD4V+XMFM/T2RoEDKSeDpzgCpoZz3puJ/XjdW/qWbUB7FinA8W+THDKoQToOCfSoIVmyiCcKC6r9CPEQCYaXjLOoQ7PmTF0mrWrHPKtX781KtnsdRAIfgCJSBDS5ADdyCBmgCDB7BM3gFb8aT8WK8Gx+z1iUjnzkAf2B8/QCtzaCW</latexit>

Ohm’s law

@t ~B = �r⇥ ~E
<latexit sha1_base64="dub4Cg+9pVVbABhtQEcctsayMUs=">AAACFXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdCNIRXBZwarQGYY7adqGZjJDcqdQhv6EG3/FjQtF3Aru/BvTx0KrBwKHc+7l5J4olcKg6345M7Nz8wuLS8uFldW19Y3i5tatSTLNeJ0lMtH3ERguheJ1FCj5fao5xJHkd1H3Yujf9bg2IlE32E95EENbiZZggFYKiwd+ChoFyBCp3+Msrw7oGT2kvoJIAvVRxNyMnctBWCy5ZXcE+pd4E1IiE9TC4qffTFgWc4VMgjENz00xyIeJTPJBwc8MT4F1oc0bliqwYUE+umpA96zSpK1E26eQjtSfGznExvTjyE7GgB0z7Q3F/7xGhq3TIBcqzZArNg5qZZJiQocV0abQnKHsWwJMC/tXyjqggaEtsmBL8KZP/ktuK2XvqFy5Pi6dVyd1LJEdskv2iUdOyDm5IjVSJ4w8kCfyQl6dR+fZeXPex6MzzmRnm/yC8/ENKUCeMA==</latexit>

Superradiance field (source)

• Solve equations for the E, B fields
• Compute EM energy emitted for                  (             ) � ! 1

<latexit sha1_base64="F0D2Skl1Suyk7wWeYFsZgWMlr2Y=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5JUQY9FLx4r2A9oQtlsN+nSzSbsTpRQihf/ihcPinj1V3jz37htc9DWBwOP92aYmRekgmtwnG9raXlldW29tFHe3Nre2bX39ls6yRRlTZqIRHUCopngkjWBg2CdVDESB4K1g+H1xG/fM6V5Iu8gT5kfk0jykFMCRurZh57mUUywp3g0AKJU8oA9LkPIe3bFqTpT4EXiFqSCCjR69pfXT2gWMwlUEK27rpOCPyIKOBVsXPYyzVJChyRiXUMliZn2R9MXxvjEKH0cJsqUBDxVf0+MSKx1HgemMyYw0PPeRPzP62YQXvojLtMMmKSzRWEmMCR4kgfuc8UoiNwQQhU3t2I6IIpQMKmVTQju/MuLpFWrumfV2u15pX5VxFFCR+gYnSIXXaA6ukEN1EQUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AYLNl4E=</latexit>

Nils Siemonsen

Full GR numerical MHD simulations

Superradiance cloud + plasma modeling

� � m
<latexit sha1_base64="DwrPaBX0sYSO3siy7AFVdFOkOSM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQtlsN+nS3U3Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZQ2Nre2d8q7lb39g8Oj6vFJVyeZIrRDEp6ofog15UzSjmGG036qKBYhp71wcjf3e09UaZbIRzNNaSBwLFnECDZW8n3NYoGRH8dIDKs1t+4ugNaJV5AaFGgPq1/+KCGZoNIQjrUeeG5qghwrwwins4qfaZpiMsExHVgqsaA6yBc3z9CFVUYoSpQtadBC/T2RY6H1VIS2U2Az1qveXPzPG2QmuglyJtPMUEmWi6KMI5OgeQBoxBQlhk8twUQxeysiY6wwMTamig3BW315nXQbde+q3nho1lq3RRxlOINzuAQPrqEF99CGDhBI4Rle4c3JnBfn3flYtpacYuYU/sD5/AFYOJE6</latexit>

Cristina Mondino IFPU focus week, 26th of May 2025

@t ~E = r⇥ ~B � ~J � ✏m2 ~A0
<latexit sha1_base64="Ev5h9FIj11oKB2FPlJglANf8Yi0="></latexit>



The dissipative energy density is 
maximal in the regions of magnetic 

field lines reconnection.

Simulations: B field & energy dissipation

Cristina Mondino IFPU focus week, 26th of May 2025

Nils Siemonsen



Magnetic reconnection

Field energy dissipated into particle 
acceleration and high energy emissions

~B
<latexit sha1_base64="x+HWlhTeYqRpbE3+7Aa/bfE0JQc=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJvtpF262YTdTaGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4fu63J6g0j+WTmSboR3QoecgZNVZq9ybIsvqsXyq7FXcBsk68nJQhR6Nf+uoNYpZGKA0TVOuu5ybGz6gynAmcFXupxoSyMR1i11JJI9R+tjh3Ri6tMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJ7/yMyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2hC81ZfXSata8a4r1cebcq2ex1GAc7iAK/DgFmrwAA1oAoMxPMMrvDmJ8+K8Ox/L1g0nnzmDP3A+fwBhI4+Y</latexit>
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<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

• Discontinuity in the magnetic field lines

• In a neutron star pulsars it happens on the 
equatorial plane (2d structures “current sheets”)

Plasma density

Cristina Mondino IFPU focus week, 26th of May 2025
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Dark photon cloud’s luminosity

PEM =

I
dS ~r · ( ~E ⇥ ~B)

<latexit sha1_base64="vipiKbUnas9DDI5PcmYU7T0Y07M="></latexit>

• Poynting flux

• Dissipative losses

Numerical solutions and fit

Ldiss =

Z
dV ~E · ~J

<latexit sha1_base64="WFfbvBPI5mHzSX/JjBr3DGqFWQU=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuLEkVdCMURRBxUcE+oAlhMpm0QyeZMDMplJCvcOOvuHGhiFtx5984bbPQ1gMDZ865l3vv8RNGpbKsb2NhcWl5ZbW0Vl7f2NzaNnd2W5KnApMm5oyLjo8kYTQmTUUVI51EEBT5jLT9wdXYbw+JkJTHD2qUEDdCvZiGFCOlJc88vvMyR0RZQKXMc3gBHRorGLSgMyQ4u86hgwOupr/b3DMrVtWaAM4TuyAVUKDhmV9OwHEakVhhhqTs2lai3AwJRTEjedlJJUkQHqAe6Woao4hIN5uclcNDrQQw5EI/vdRE/d2RoUjKUeTrygipvpz1xuJ/XjdV4bmb0ThJFYnxdFCYMqg4HGcEAyoIVmykCcKC6l0h7iOBsNJJlnUI9uzJ86RVq9on1dr9aaV+WcRRAvvgABwBG5yBOrgBDdAEGDyCZ/AK3own48V4Nz6mpQtG0bMH/sD4/AGv/Z8R</latexit>

↵ ⌘ GNMm
<latexit sha1_base64="8+98yiMvKUoLXtOaTGDty12NdoQ=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpgi6LLnSjVLAPaEKYTCft0JlJnJkUSij4K25cKOLW73Dn3zhts9DWAxcO59zLvfeECaNKO863VVhaXlldK66XNja3tnfs3b2milOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHgauK3hkQqGosHPUqIz1FP0IhipI0U2AceYkkfQY88pnQIr4M7eAt5YJedijMFXCRuTsogRz2wv7xujFNOhMYMKdVxnUT7GZKaYkbGJS9VJEF4gHqkY6hAnCg/m54/hsdG6cIolqaEhlP190SGuFIjHppOjnRfzXsT8T+vk+rows+oSFJNBJ4tilIGdQwnWcAulQRrNjIEYUnNrRD3kURYm8RKJgR3/uVF0qxW3NNK9f6sXLvM4yiCQ3AEToALzkEN3IA6aAAMMvAMXsGb9WS9WO/Wx6y1YOUz++APrM8fl9OUlw==</latexit>
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N. Siemonsen, CM, D. Egaña-Ugrinovic, J. Huang, M. Baryakhtar, W. E. East
Phys. Rev. D (2023), arxiv:2212.09772 

Dark photon cloud’s luminosity
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Peak luminosity

Lcrab ' 1038 erg/s
<latexit sha1_base64="xVgmCbNobc3DA81wU/YLAu28W/E=">AAACFnicbZC7TgJBFIZn8YZ4Qy1tJhITG3EXTKQk2lhYYCKXhEUyOxxgwszuOjNrQjb7FDa+io2FxtgaO9/GWaBQ8CSTfPn/c3Lm/F7ImdK2/W1llpZXVtey67mNza3tnfzuXkMFkaRQpwEPZMsjCjjzoa6Z5tAKJRDhcWh6o8vUbz6AVCzwb/U4hI4gA5/1GSXaSN38yXU3dqWIqSRekmBXMQH32LHv4nIlcXFqgRwkpymopJsv2EV7UngRnBkU0Kxq3fyX2wtoJMDXlBOl2o4d6k5MpGaUQ5JzIwUhoSMygLZBnwhQnXhyVoKPjNLD/UCa52s8UX9PxEQoNRae6RRED9W8l4r/ee1I9yudmPlhpMGn00X9iGMd4DQj3GMSqOZjA4RKZv6K6ZBIQrVJMmdCcOZPXoRGqeiUi6Wbs0L1YhZHFh2gQ3SMHHSOqugK1VAdUfSIntErerOerBfr3fqYtmas2cw++lPW5w9Z259+</latexit>

LSN ' 1043 � 1045 erg/s
<latexit sha1_base64="Z0h1Sayx8pQQ6d34XA34r3kHFc8=">AAACHHicbVC9TsMwGHT4LeUvwMhiUSGxUBIKghHBwoBQEbQgNSFy3K+thZ0E20GqojwIC6/CwgBCLAxIvA1O6QCFkyyf7u6T/V2YcKa043xaY+MTk1PTpZny7Nz8wqK9tNxUcSopNGjMY3kVEgWcRdDQTHO4SiQQEXK4DG+OCv/yDqRicXSh+wn4gnQj1mGUaCMFdu0kyDwpsvPTPMeeYgJusetcZzu1fHNw7+YeLgIgu/lWQVQe2BWn6gyA/xJ3SCpoiHpgv3vtmKYCIk05UarlOon2MyI1oxzyspcqSAi9IV1oGRoRAcrPBsvleN0obdyJpTmRxgP150RGhFJ9EZqkILqnRr1C/M9rpbqz72csSlINEf1+qJNyrGNcNIXbTALVvG8IoZKZv2LaI5JQbfosmxLc0ZX/kuZ21a1Vt892KgeHwzpKaBWtoQ3koj10gI5RHTUQRffoET2jF+vBerJerbfv6Jg1nFlBv2B9fAGKHKEM</latexit>

Crab pulsar
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“New pulsar”: periodicity and spectrum
• Cannot be robustly inferred from current simulations
• Pulsar analogy: low energy periodic component + X-ray/ -ray emissionsγ
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Multimessenger searches

Cristina Mondino IFPU focus week, 26th of May 2025



e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

⃗B
γ

γ

⃗B

GW

GW

GW

GW
e�

<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

“New pulsar” signals

• GW emissions with frequency  ~ few x 100 Hz

• Low and high energy EM emissions with periodicity  ~ ms

• Decays over time with timescales from ~ days to ~ thousands of 
years

mc2/πℏ
2πℏ/mc2
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Multimessenger signatures

1. EM follow-ups of compact binary mergers
     (large                     , young system) 

2. GW follow-ups of anomalous pulsars
      (small                     , old system)
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1. EM follow-ups of compact binary mergers
     (large                     , young system) 
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Source selection
3 classes of selected sources:

• Spinning-up    

• Frequency doublets: 2 pulsars with  

• Frequency triplets: 3 pulsars with  

·frot > 0
| fi − fj |
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vrad

c
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c
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Cristina Mondino IFPU focus week, 26th of May 2025



Source selection
3 classes of selected sources:

• Spinning-up    

• Frequency doublets: 2 pulsars with  

• Frequency triplets: 3 pulsars with  

·frot > 0
| fi − fj |

fi
<

vrad

c
≃ 10−3

| fi − fj |

fi
<

vrad

c
≃ 10−3

Cristina Mondino IFPU focus week, 26th of May 2025

59 sources selected
from ATNF pulsar catalog



Source selection
3 classes of selected sources:

• Spinning-up    

• Frequency doublets: 2 pulsars with  

• Frequency triplets: 3 pulsars with  

·frot > 0
| fi − fj |

fi
<

vrad

c
≃ 10−3

| fi − fj |

fi
<

vrad

c
≃ 10−3

Cristina Mondino IFPU focus week, 26th of May 2025

59 sources selected
from ATNF pulsar catalog

15 discarded 
(binary systems w/ bad ephemerides)

44 sources



Source selection
3 classes of selected sources:

• Spinning-up    

• Frequency doublets: 2 pulsars with  

• Frequency triplets: 3 pulsars with  

·frot > 0
| fi − fj |

fi
<

vrad

c
≃ 10−3

| fi − fj |

fi
<

vrad

c
≃ 10−3

Cristina Mondino IFPU focus week, 26th of May 2025

59 sources selected
from ATNF pulsar catalog

15 discarded 
(binary systems w/ bad ephemerides)

44 sources

4 sources already targeted LVK O2-O3 
R. Abbott et al., Astrophys.J. 935, 1 (2022), arxiv:2111.13106 

6 w/ bad sky position measurements -> 
using LVK O3 all-sky search
R. Abbott et al., Phys.Rev.D. 106, 102008 (2022), arxiv:2201.00697

34 analyzed for the first time
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59 sources selected
from ATNF pulsar catalog

15 discarded 
(binary systems w/ bad ephemerides)

44 sources

4 sources already targeted LVK O2-O3 
R. Abbott et al., Astrophys.J. 935, 1 (2022), arxiv:2111.13106 

6 w/ bad sky position measurements -> 
using LVK O3 all-sky search
R. Abbott et al., Phys.Rev.D. 106, 102008 (2022), arxiv:2201.00697

34 analyzed for the first time

Used to look for dark photon signals
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Methods for the analysis

Maximum coherence time insensitive to 
sky position uncertainty:

From Mirasola+ (2024)

Isolated sources
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TFH < T sky

FFT
. Tobs

<latexit sha1_base64="jOREVly8+ONonbQPjrWD5bLMetY=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXJWZKtSFi6JQuqzQG7R1yKSZNjTJDElGKMM8ihtfxY0LRXSnT2N6A209EPjy/+eQnN+PGFXacb6szNr6xuZWdju3s7u3f2AfHjVVGEtMGjhkoWz7SBFGBWloqhlpR5Ig7jPS8ke3E7/1QKSioajrcUR6HA0EDShG2kieXap7SVdyWKmm8BouLpV6ej8lNRqnsMuIUoryhR36KvXsvFNwpgVXwZ1DHsyr5tmf3X6IY06Exgwp1XGdSPcSJDXFjKS5bqxIhPAIDUjHoECcqF4yXTCFZ0bpwyCU5ggNp+rviQRxpcbcN50c6aFa9ibif14n1sFVL6EiijURePZQEDOoQzhJC/apJFizsQGEJTV/hXiIJMLaZJozIbjLK69Cs1hwLwrFu8t8+WYeRxacgFNwDlxQAmVQBTXQABg8gmfwCt6sJ+vFerc+Zq0Zaz5zDP6U9f0Dr12iuQ==</latexit>

TFH ⇠ T sky

FFT
⌧ Tobs

<latexit sha1_base64="GyASf2d+1FE6nWmr+gAj8qNEt9U=">AAACHnicbZBNS8MwGMdTX+d8q3r0EhyCp9FORY9DYew4YW+w1pFm2RaWtCVJhVL6Sbz4Vbx4UETwpN/GrOtANx8I/PL/Pw/J8/dCRqWyrG9jZXVtfWOzsFXc3tnd2zcPDtsyiAQmLRywQHQ9JAmjPmkpqhjphoIg7jHS8Sa3U7/zQISkgd9UcUhcjkY+HVKMlJb65mWznziCw1o9hY6kHM7vtWZ6n5GcxNpibO4Enkz7ZskqW1nBZbBzKIG8Gn3z0xkEOOLEV5ghKXu2FSo3QUJRzEhadCJJQoQnaER6Gn3EiXSTbL0UnmplAIeB0MdXMFN/TySISxlzT3dypMZy0ZuK/3m9SA2v3YT6YaSIj2cPDSMGVQCnWcEBFQQrFmtAWFD9V4jHSCCsdKJFHYK9uPIytCtl+7xcubsoVW/yOArgGJyAM2CDK1AFddAALYDBI3gGr+DNeDJejHfjY9a6YuQzR+BPGV8/JUSh5g==</latexit>

5-vector narrowband
Mastrogiovanni+ CQG (2017)

5-vector semi-coherent
D’Antonio+ PRD (2023)

results from all-sky Frequency-Hough
Abbott+, PRD (2022)

Binary sources

5-vector for sources in a binary system
Singhal+ CQG (2019)

Semi-coherent for sources in a binary system
Mirasola+ (2024)



Methods for the analysis

Maximum coherence time insensitive to 
sky position uncertainty:

From Mirasola+ (2024)

Isolated sources

Cristina Mondino IFPU focus week, 26th of May 2025

Lorenzo Mirasola, Francesco Amicucci, 
Sabrina D’Antonio, Cristiano Palomba, 

Paola Leaci, Luca D’Onofrio, Pia Astone

T sky
FFT � Tobs

<latexit sha1_base64="h8nTK/UrynMuUuWPGkK86jBFBNk=">AAACDnicbZDLSsNAFIYn9VbrLerSzWApuCpJFXRZFIrLCr1BE8NkOkmHTi7MTIQQ8gRufBU3LhRx69qdb+M0zUJbDwx8/P85nDm/GzMqpGF8a5W19Y3Nrep2bWd3b/9APzwaiCjhmPRxxCI+cpEgjIakL6lkZBRzggKXkaE7u5n7wwfCBY3CnkxjYgfID6lHMZJKcvRGz8ksHsBOp5ffFyRmaQ4t34elE7kid/S60TSKgqtgllAHZXUd/cuaRDgJSCgxQ0KMTSOWdoa4pJiRvGYlgsQIz5BPxgpDFBBhZ8U5OWwoZQK9iKsXSliovycyFAiRBq7qDJCcimVvLv7njRPpXdkZDeNEkhAvFnkJgzKC82zghHKCJUsVIMyp+ivEU8QRlirBmgrBXD55FQatpnnebN1d1NvXZRxVcAJOwRkwwSVog1vQBX2AwSN4Bq/gTXvSXrR37WPRWtHKmWPwp7TPH363m8M=</latexit>

TFH < T sky

FFT
. Tobs

<latexit sha1_base64="jOREVly8+ONonbQPjrWD5bLMetY=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARXJWZKtSFi6JQuqzQG7R1yKSZNjTJDElGKMM8ihtfxY0LRXSnT2N6A209EPjy/+eQnN+PGFXacb6szNr6xuZWdju3s7u3f2AfHjVVGEtMGjhkoWz7SBFGBWloqhlpR5Ig7jPS8ke3E7/1QKSioajrcUR6HA0EDShG2kieXap7SVdyWKmm8BouLpV6ej8lNRqnsMuIUoryhR36KvXsvFNwpgVXwZ1DHsyr5tmf3X6IY06Exgwp1XGdSPcSJDXFjKS5bqxIhPAIDUjHoECcqF4yXTCFZ0bpwyCU5ggNp+rviQRxpcbcN50c6aFa9ibif14n1sFVL6EiijURePZQEDOoQzhJC/apJFizsQGEJTV/hXiIJMLaZJozIbjLK69Cs1hwLwrFu8t8+WYeRxacgFNwDlxQAmVQBTXQABg8gmfwCt6sJ+vFerc+Zq0Zaz5zDP6U9f0Dr12iuQ==</latexit>

TFH ⇠ T sky

FFT
⌧ Tobs

<latexit sha1_base64="GyASf2d+1FE6nWmr+gAj8qNEt9U=">AAACHnicbZBNS8MwGMdTX+d8q3r0EhyCp9FORY9DYew4YW+w1pFm2RaWtCVJhVL6Sbz4Vbx4UETwpN/GrOtANx8I/PL/Pw/J8/dCRqWyrG9jZXVtfWOzsFXc3tnd2zcPDtsyiAQmLRywQHQ9JAmjPmkpqhjphoIg7jHS8Sa3U7/zQISkgd9UcUhcjkY+HVKMlJb65mWznziCw1o9hY6kHM7vtWZ6n5GcxNpibO4Enkz7ZskqW1nBZbBzKIG8Gn3z0xkEOOLEV5ghKXu2FSo3QUJRzEhadCJJQoQnaER6Gn3EiXSTbL0UnmplAIeB0MdXMFN/TySISxlzT3dypMZy0ZuK/3m9SA2v3YT6YaSIj2cPDSMGVQCnWcEBFQQrFmtAWFD9V4jHSCCsdKJFHYK9uPIytCtl+7xcubsoVW/yOArgGJyAM2CDK1AFddAALYDBI3gGr+DNeDJejHfjY9a6YuQzR+BPGV8/JUSh5g==</latexit>

5-vector narrowband
Mastrogiovanni+ CQG (2017)

5-vector semi-coherent
D’Antonio+ PRD (2023)

results from all-sky Frequency-Hough
Abbott+, PRD (2022)

Binary sources

5-vector for sources in a binary system
Singhal+ CQG (2019)

Semi-coherent for sources in a binary system
Mirasola+ (2024)

False alarm probability for outliers at 1%



Credits: Lorenzo Mirasola 

Results analysis with O3 data
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Interpretation of CW strain ULs

h0(M,�, ⌧obs, d|m) =
hs
0(M,�|m)

1 + ⌧obs/⌧GW(M,�|m)

1

d
,

<latexit sha1_base64="oTlm5P2RhA+ei1pJ5F2yk6FQArE="></latexit>

CW strain at the detector: 

BH properties

Dark photon
m

<latexit sha1_base64="hgrbGyfUs1b/Mr5+M32Ck4D9zmA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP1tuM9Q==</latexit>

Fixed by the radio observation
fGW = 2frot = mc2/πℏ

Integrate over,
Given a BH population

# of BHs
M,�, ⌧, d,

<latexit sha1_base64="nBGK1mFWiPVDQyQReqr+icrTLV4=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KCWpgi6LbtwIFewD2lAmk0k7dDIJMxOlxH6KGxeKuPVL3Pk3TtsstPXAvRzOuZe5c/yEM6Ud59taWV1b39gsbBW3d3b39u3SQUvFqSS0SWIey46PFeVM0KZmmtNOIimOfE7b/uh66rcfqFQsFvd6nFAvwgPBQkawNlLfLt1WUI8MmekapxUUVPp22ak6M6Bl4uakDDkaffurF8QkjajQhGOluq6TaC/DUjPC6aTYSxVNMBnhAe0aKnBElZfNTp+gE6MEKIylKaHRTP29keFIqXHkm8kI66Fa9Kbif1431eGllzGRpJoKMn8oTDnSMZrmgAImKdF8bAgmkplbERliiYk2aRVNCO7il5dJq1Z1z6q1u/Ny/SqPowBHcAyn4MIF1OEGGtAEAo/wDK/wZj1ZL9a79TEfXbHynUP4A+vzB6drklA=</latexit>

Cristina Mondino IFPU focus week, 26th of May 2025



Interpretation of CW strain ULs

h0(M,�, ⌧obs, d|m) =
hs
0(M,�|m)

1 + ⌧obs/⌧GW(M,�|m)

1

d
,

<latexit sha1_base64="oTlm5P2RhA+ei1pJ5F2yk6FQArE="></latexit>

CW strain at the detector: 

BH properties

Dark photon
m

<latexit sha1_base64="hgrbGyfUs1b/Mr5+M32Ck4D9zmA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP1tuM9Q==</latexit>

Fixed by the radio observation
fGW = 2frot = mc2/πℏ

Integrate over,
Given a BH population

# of BHs
M,�, ⌧, d,

<latexit sha1_base64="nBGK1mFWiPVDQyQReqr+icrTLV4=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KCWpgi6LbtwIFewD2lAmk0k7dDIJMxOlxH6KGxeKuPVL3Pk3TtsstPXAvRzOuZe5c/yEM6Ud59taWV1b39gsbBW3d3b39u3SQUvFqSS0SWIey46PFeVM0KZmmtNOIimOfE7b/uh66rcfqFQsFvd6nFAvwgPBQkawNlLfLt1WUI8MmekapxUUVPp22ak6M6Bl4uakDDkaffurF8QkjajQhGOluq6TaC/DUjPC6aTYSxVNMBnhAe0aKnBElZfNTp+gE6MEKIylKaHRTP29keFIqXHkm8kI66Fa9Kbif1431eGllzGRpJoKMn8oTDnSMZrmgAImKdF8bAgmkplbERliiYk2aRVNCO7il5dJq1Z1z6q1u/Ny/SqPowBHcAyn4MIF1OEGGtAEAo/wDK/wZj1ZL9a79TEfXbHynUP4A+vzB6drklA=</latexit>

Cristina Mondino IFPU focus week, 26th of May 2025

BH spin distributionBH mass distribution

5 M�
<latexit sha1_base64="MYJDTmmrEzosmjkSBdJsd0yBWgc=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KklV9Fj04kWoYD+gCWWz2bRLN7thdyKU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhangBlz321lZXVvf2Cxtlbd3dvf2KweHbaMyTVmLKqF0NySGCS5ZCzgI1k01I0koWCcc3U79zhPThiv5COOUBQkZSB5zSsBK/qWP7/u5ryIFk36l6tbcGfAy8QpSRQWa/cqXHymaJUwCFcSYnuemEOREA6eCTcp+ZlhK6IgMWM9SSRJmgnx28wSfWiXCsdK2JOCZ+nsiJ4kx4yS0nQmBoVn0puJ/Xi+D+DrIuUwzYJLOF8WZwKDwNAAccc0oiLElhGpub8V0SDShYGMq2xC8xZeXSbte885r9YeLauOmiKOEjtEJOkMeukINdIeaqIUoStEzekVvTua8OO/Ox7x1xSlmjtAfOJ8/iV2RXQ==</latexit>

/ M�2.35
<latexit sha1_base64="Rez/Eig6fBJvqUaKRbwTiBadvGg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHcOMy0ii6LbtwIFewD2rFk0rQNzSQhyShl7Ke4caGIW7/EnX9j2s5CWw9cOJxzL/feE0lGtfH9b2dpeWV1bT23kd/c2t7ZdQt7dS0ShUkNCyZUM0KaMMpJzVDDSFMqguKIkUY0vJr4jQeiNBX8zowkCWPU57RHMTJW6riFtlRCGgFv7tOTklc+G3fcou/5U8BFEmSkCDJUO+5XuytwEhNuMENatwJfmjBFylDMyDjfTjSRCA9Rn7Qs5SgmOkynp4/hkVW6sCeULW7gVP09kaJY61Ec2c4YmYGe9ybif14rMb2LMKVcJoZwPFvUSxi0r05ygF2qCDZsZAnCitpbIR4ghbCxaeVtCMH8y4ukXvKCsle6PS1WLrM4cuAAHIJjEIBzUAHXoApqAINH8AxewZvz5Lw4787HrHXJyWb2wR84nz/W2pMR</latexit>

Mmax = 20, 30 M�
<latexit sha1_base64="VqRRzGNBOSuDxvOdp5mznc+1Is8=">AAACCHicbVDLSsNAFJ34rPVVdenCwSK4kJK0gm6Eohs3QgX7gCaEyWTSDp3JhJmJWEKXbvwVNy4UcesnuPNvnLRdaOuBC4dz7uXee4KEUaVt+9taWFxaXlktrBXXNza3tks7uy0lUolJEwsmZCdAijAak6ammpFOIgniASPtYHCV++17IhUV8Z0eJsTjqBfTiGKkjeSXDm78zJUccvQwghewap/Amu3CXBWh0CO/VLYr9hhwnjhTUgZTNPzSlxsKnHISa8yQUl3HTrSXIakpZmRUdFNFEoQHqEe6hsaIE+Vl40dG8MgoIYyENBVrOFZ/T2SIKzXkgenkSPfVrJeL/3ndVEfnXkbjJNUkxpNFUcqgFjBPBYZUEqzZ0BCEJTW3QtxHEmFtsiuaEJzZl+dJq1pxapXq7Wm5fjmNowD2wSE4Bg44A3VwDRqgCTB4BM/gFbxZT9aL9W59TFoXrOnMHvgD6/MHxeiX6g==</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

10 Gyr
<latexit sha1_base64="3PL2gMHrL+eduzboEAAxo/MQVJ0=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LHvRYwX5AdynZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD0e3Mb4+p0iyWj2aS0EDggWQRI9hYKfBcH2W+Euhuoqa9csWtunOgVeLlpAI5Gr3yl9+PSSqoNIRjrbuem5ggw8owwum05KeaJpiM8IB2LZVYUB1k86On6MwqfRTFypY0aK7+nsiw0HoiQtspsBnqZW8m/ud1UxNdBxmTSWqoJItFUcqRidEsAdRnihLDJ5Zgopi9FZEhVpgYm1PJhuAtv7xKWrWqd1GtPVxW6jd5HEU4gVM4Bw+uoA730IAmEHiCZ3iFN2fsvDjvzseiteDkM8fwB87nD6jRkWI=</latexit>

BH age distribution BH spatial distribution

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

�max = 0.3, 0.5, 1
<latexit sha1_base64="X1KaftckluRNiR3euTtrDslIJ7c=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBRQlJq+hGKLpxWcE+oAlhMp20Q2eSMDMRS+jGjb/ixoUibv0Hd/6N0zYLbT1wL4dz7mXmniBhVCrb/jYKS8srq2vF9dLG5tb2jrm715JxKjBp4pjFohMgSRiNSFNRxUgnEQTxgJF2MLye+O17IiSNozs1SojHUT+iIcVIack3D108oH7mCg45ehjDS2hbtYpuZxXo+GbZtuwp4CJxclIGORq++eX2YpxyEinMkJRdx06UlyGhKGZkXHJTSRKEh6hPuppGiBPpZdMrxvBYKz0YxkJXpOBU/b2RIS7liAd6kiM1kPPeRPzP66YqvPAyGiWpIhGePRSmDKoYTiKBPSoIVmykCcKC6r9CPEACYaWDK+kQnPmTF0mrajk1q3p7Wq5f5XEUwQE4AifAAeegDm5AAzQBBo/gGbyCN+PJeDHejY/ZaMHId/bBHxifPx34lbk=</latexit>

2.15 kpc
<latexit sha1_base64="TNIB3wHNCfXdbtLDsJ1gXoP3R9k=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJXdquix6MVjBfsB3aVk07QNTbJLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8epIrRJYh6rToQ15UzSpmGG006iKBYRp+1ofDvz249UaRbLBzNJaCjwULIBI9hYqeeWa1X/MkBZoAQaJ2Tacyte1ZsDrRI/JxXI0ei5X0E/Jqmg0hCOte76XmLCDCvDCKfTUpBqmmAyxkPatVRiQXWYzQ+folOr9NEgVrakQXP190SGhdYTEdlOgc1IL3sz8T+vm5rBdZgxmaSGSrJYNEg5MjGapYD6TFFi+MQSTBSztyIywgoTY7Mq2RD85ZdXSctGd16t3V9U6jd5HEU4hhM4Ax+uoA530IAmEEjhGV7hzXlyXpx352PRWnDymSP4A+fzBxt2khg=</latexit>

�
<latexit sha1_base64="3UfBMnfZDlhe//Nb/tDqTr+jzYA=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjBtIU2lM1m0y7d7IbdiVBKf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXZYIb9LxvZ219Y3Nru7RT3t3bPzisHB23jMo1ZQFVQulORAwTXLIAOQrWyTQjaSRYOxrdzfz2E9OGK/mI44yFKRlInnBK0EpBT8UK+5WqV/PmcFeJX5AqFGj2K1+9WNE8ZRKpIMZ0fS/DcEI0cirYtNzLDcsIHZEB61oqScpMOJkfO3XPrRK7idK2JLpz9ffEhKTGjNPIdqYEh2bZm4n/ed0ck5twwmWWI5N0sSjJhYvKnX3uxlwzimJsCaGa21tdOiSaULT5lG0I/vLLq6RVr/mXtfrDVbVxW8RRglM4gwvw4RoacA9NCIACh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfsrI7C</latexit>

8 kpc
<latexit sha1_base64="NeuBwznj0q2n6kcYzFcRnUwkfEg=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgj0WvXisYD+gu5RsmrahSTYkWaEs/RtePCji1T/jzX9j2u5BWx8MPN6bYWZerDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbGhnEnassxy2lWaYhFz2oknd3O/80S1YYl8tFNFI4FHkg0ZwdZJYT1EWagFmigy65crftVfAK2TICcVyNHsl7/CQUJSQaUlHBvTC3xlowxrywins1KYGqowmeAR7TkqsaAmyhY3z9CFUwZomGhX0qKF+nsiw8KYqYhdp8B2bFa9ufif10vtsB5lTKrUUkmWi4YpRzZB8wDQgGlKLJ86golm7lZExlhjYl1MJRdCsPryOmnXqsFVtfZwXWnc5nEU4QzO4RICuIEG3EMTWkBAwTO8wpuXei/eu/exbC14+cwp/IH3+QNWOpE7</latexit>

/ e�⇢/(2.15 kpc)
<latexit sha1_base64="kJ532SJI+YC3bhZcWh+fb3/LDRk=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUhXWmKrosunFZwT6gM5ZMmrahmSQkGaEM8wFu/BU3LhRx6we4829M21lo9UDgcM653NwTSka1cd0vJ7ewuLS8kl8trK1vbG4Vt3eaWsQKkwYWTKh2iDRhlJOGoYaRtlQERSEjrXB0NfFb90RpKvitGUsSRGjAaZ9iZKzULZZ8qYQ0ApK75MhXQ3Fcrla8Mx8mvorgSOL0MLUpt+JOAf8SLyMlkKHeLX76PYHjiHCDGdK647nSBAlShmJG0oIfayIRHqEB6VjKUUR0kEyPSeGBVXqwL5R93MCp+nMiQZHW4yi0yQiZoZ73JuJ/Xic2/YsgoVzGhnA8W9SPGbTHT5qBPaoINmxsCcKK2r9CPEQKYWP7K9gSvPmT/5KmLe+kUr05LdUuszryYA/sgzLwwDmogWtQBw2AwQN4Ai/g1Xl0np03530WzTnZzC74BefjG5jsmg0=</latexit>

(galactic disk)

BH in the Galactic disk



Interpretation of CW strain ULs

h0(M,�, ⌧obs, d|m) =
hs
0(M,�|m)

1 + ⌧obs/⌧GW(M,�|m)

1

d
,

<latexit sha1_base64="oTlm5P2RhA+ei1pJ5F2yk6FQArE="></latexit>

CW strain at the detector: 

BH properties

Fixed by the radio observation
fGW = 2frot = mc2/πℏ

# of BHs
M,�, ⌧, d,

<latexit sha1_base64="nBGK1mFWiPVDQyQReqr+icrTLV4=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KCWpgi6LbtwIFewD2lAmk0k7dDIJMxOlxH6KGxeKuPVL3Pk3TtsstPXAvRzOuZe5c/yEM6Ud59taWV1b39gsbBW3d3b39u3SQUvFqSS0SWIey46PFeVM0KZmmtNOIimOfE7b/uh66rcfqFQsFvd6nFAvwgPBQkawNlLfLt1WUI8MmekapxUUVPp22ak6M6Bl4uakDDkaffurF8QkjajQhGOluq6TaC/DUjPC6aTYSxVNMBnhAe0aKnBElZfNTp+gE6MEKIylKaHRTP29keFIqXHkm8kI66Fa9Kbif1431eGllzGRpJoKMn8oTDnSMZrmgAImKdF8bAgmkplbERliiYk2aRVNCO7il5dJq1Z1z6q1u/Ny/SqPowBHcAyn4MIF1OEGGtAEAo/wDK/wZj1ZL9a79TEfXbHynUP4A+vzB6drklA=</latexit>

Cristina Mondino IFPU focus week, 26th of May 2025

BH spin distributionBH mass distribution

5 M�
<latexit sha1_base64="MYJDTmmrEzosmjkSBdJsd0yBWgc=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KklV9Fj04kWoYD+gCWWz2bRLN7thdyKU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhangBlz321lZXVvf2Cxtlbd3dvf2KweHbaMyTVmLKqF0NySGCS5ZCzgI1k01I0koWCcc3U79zhPThiv5COOUBQkZSB5zSsBK/qWP7/u5ryIFk36l6tbcGfAy8QpSRQWa/cqXHymaJUwCFcSYnuemEOREA6eCTcp+ZlhK6IgMWM9SSRJmgnx28wSfWiXCsdK2JOCZ+nsiJ4kx4yS0nQmBoVn0puJ/Xi+D+DrIuUwzYJLOF8WZwKDwNAAccc0oiLElhGpub8V0SDShYGMq2xC8xZeXSbte885r9YeLauOmiKOEjtEJOkMeukINdIeaqIUoStEzekVvTua8OO/Ox7x1xSlmjtAfOJ8/iV2RXQ==</latexit>

/ M�2.35
<latexit sha1_base64="Rez/Eig6fBJvqUaKRbwTiBadvGg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHcOMy0ii6LbtwIFewD2rFk0rQNzSQhyShl7Ke4caGIW7/EnX9j2s5CWw9cOJxzL/feE0lGtfH9b2dpeWV1bT23kd/c2t7ZdQt7dS0ShUkNCyZUM0KaMMpJzVDDSFMqguKIkUY0vJr4jQeiNBX8zowkCWPU57RHMTJW6riFtlRCGgFv7tOTklc+G3fcou/5U8BFEmSkCDJUO+5XuytwEhNuMENatwJfmjBFylDMyDjfTjSRCA9Rn7Qs5SgmOkynp4/hkVW6sCeULW7gVP09kaJY61Ec2c4YmYGe9ybif14rMb2LMKVcJoZwPFvUSxi0r05ygF2qCDZsZAnCitpbIR4ghbCxaeVtCMH8y4ukXvKCsle6PS1WLrM4cuAAHIJjEIBzUAHXoApqAINH8AxewZvz5Lw4787HrHXJyWb2wR84nz/W2pMR</latexit>

Mmax = 20, 30 M�
<latexit sha1_base64="VqRRzGNBOSuDxvOdp5mznc+1Is8=">AAACCHicbVDLSsNAFJ34rPVVdenCwSK4kJK0gm6Eohs3QgX7gCaEyWTSDp3JhJmJWEKXbvwVNy4UcesnuPNvnLRdaOuBC4dz7uXee4KEUaVt+9taWFxaXlktrBXXNza3tks7uy0lUolJEwsmZCdAijAak6ammpFOIgniASPtYHCV++17IhUV8Z0eJsTjqBfTiGKkjeSXDm78zJUccvQwghewap/Amu3CXBWh0CO/VLYr9hhwnjhTUgZTNPzSlxsKnHISa8yQUl3HTrSXIakpZmRUdFNFEoQHqEe6hsaIE+Vl40dG8MgoIYyENBVrOFZ/T2SIKzXkgenkSPfVrJeL/3ndVEfnXkbjJNUkxpNFUcqgFjBPBYZUEqzZ0BCEJTW3QtxHEmFtsiuaEJzZl+dJq1pxapXq7Wm5fjmNowD2wSE4Bg44A3VwDRqgCTB4BM/gFbxZT9aL9W59TFoXrOnMHvgD6/MHxeiX6g==</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

10 Gyr
<latexit sha1_base64="3PL2gMHrL+eduzboEAAxo/MQVJ0=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LHvRYwX5AdynZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD0e3Mb4+p0iyWj2aS0EDggWQRI9hYKfBcH2W+Euhuoqa9csWtunOgVeLlpAI5Gr3yl9+PSSqoNIRjrbuem5ggw8owwum05KeaJpiM8IB2LZVYUB1k86On6MwqfRTFypY0aK7+nsiw0HoiQtspsBnqZW8m/ud1UxNdBxmTSWqoJItFUcqRidEsAdRnihLDJ5Zgopi9FZEhVpgYm1PJhuAtv7xKWrWqd1GtPVxW6jd5HEU4gVM4Bw+uoA730IAmEHiCZ3iFN2fsvDjvzseiteDkM8fwB87nD6jRkWI=</latexit>

BH age distribution BH spatial distribution

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

�max = 0.3, 0.5, 1
<latexit sha1_base64="X1KaftckluRNiR3euTtrDslIJ7c=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBRQlJq+hGKLpxWcE+oAlhMp20Q2eSMDMRS+jGjb/ixoUibv0Hd/6N0zYLbT1wL4dz7mXmniBhVCrb/jYKS8srq2vF9dLG5tb2jrm715JxKjBp4pjFohMgSRiNSFNRxUgnEQTxgJF2MLye+O17IiSNozs1SojHUT+iIcVIack3D108oH7mCg45ehjDS2hbtYpuZxXo+GbZtuwp4CJxclIGORq++eX2YpxyEinMkJRdx06UlyGhKGZkXHJTSRKEh6hPuppGiBPpZdMrxvBYKz0YxkJXpOBU/b2RIS7liAd6kiM1kPPeRPzP66YqvPAyGiWpIhGePRSmDKoYTiKBPSoIVmykCcKC6r9CPEACYaWDK+kQnPmTF0mrajk1q3p7Wq5f5XEUwQE4AifAAeegDm5AAzQBBo/gGbyCN+PJeDHejY/ZaMHId/bBHxifPx34lbk=</latexit>

2.15 kpc
<latexit sha1_base64="TNIB3wHNCfXdbtLDsJ1gXoP3R9k=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJXdquix6MVjBfsB3aVk07QNTbJLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8epIrRJYh6rToQ15UzSpmGG006iKBYRp+1ofDvz249UaRbLBzNJaCjwULIBI9hYqeeWa1X/MkBZoAQaJ2Tacyte1ZsDrRI/JxXI0ei5X0E/Jqmg0hCOte76XmLCDCvDCKfTUpBqmmAyxkPatVRiQXWYzQ+folOr9NEgVrakQXP190SGhdYTEdlOgc1IL3sz8T+vm5rBdZgxmaSGSrJYNEg5MjGapYD6TFFi+MQSTBSztyIywgoTY7Mq2RD85ZdXSctGd16t3V9U6jd5HEU4hhM4Ax+uoA530IAmEEjhGV7hzXlyXpx352PRWnDymSP4A+fzBxt2khg=</latexit>

�
<latexit sha1_base64="3UfBMnfZDlhe//Nb/tDqTr+jzYA=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjBtIU2lM1m0y7d7IbdiVBKf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXZYIb9LxvZ219Y3Nru7RT3t3bPzisHB23jMo1ZQFVQulORAwTXLIAOQrWyTQjaSRYOxrdzfz2E9OGK/mI44yFKRlInnBK0EpBT8UK+5WqV/PmcFeJX5AqFGj2K1+9WNE8ZRKpIMZ0fS/DcEI0cirYtNzLDcsIHZEB61oqScpMOJkfO3XPrRK7idK2JLpz9ffEhKTGjNPIdqYEh2bZm4n/ed0ck5twwmWWI5N0sSjJhYvKnX3uxlwzimJsCaGa21tdOiSaULT5lG0I/vLLq6RVr/mXtfrDVbVxW8RRglM4gwvw4RoacA9NCIACh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfsrI7C</latexit>

8 kpc
<latexit sha1_base64="NeuBwznj0q2n6kcYzFcRnUwkfEg=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgj0WvXisYD+gu5RsmrahSTYkWaEs/RtePCji1T/jzX9j2u5BWx8MPN6bYWZerDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbGhnEnassxy2lWaYhFz2oknd3O/80S1YYl8tFNFI4FHkg0ZwdZJYT1EWagFmigy65crftVfAK2TICcVyNHsl7/CQUJSQaUlHBvTC3xlowxrywins1KYGqowmeAR7TkqsaAmyhY3z9CFUwZomGhX0qKF+nsiw8KYqYhdp8B2bFa9ufif10vtsB5lTKrUUkmWi4YpRzZB8wDQgGlKLJ86golm7lZExlhjYl1MJRdCsPryOmnXqsFVtfZwXWnc5nEU4QzO4RICuIEG3EMTWkBAwTO8wpuXei/eu/exbC14+cwp/IH3+QNWOpE7</latexit>

/ e�⇢/(2.15 kpc)
<latexit sha1_base64="kJ532SJI+YC3bhZcWh+fb3/LDRk=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUhXWmKrosunFZwT6gM5ZMmrahmSQkGaEM8wFu/BU3LhRx6we4829M21lo9UDgcM653NwTSka1cd0vJ7ewuLS8kl8trK1vbG4Vt3eaWsQKkwYWTKh2iDRhlJOGoYaRtlQERSEjrXB0NfFb90RpKvitGUsSRGjAaZ9iZKzULZZ8qYQ0ApK75MhXQ3Fcrla8Mx8mvorgSOL0MLUpt+JOAf8SLyMlkKHeLX76PYHjiHCDGdK647nSBAlShmJG0oIfayIRHqEB6VjKUUR0kEyPSeGBVXqwL5R93MCp+nMiQZHW4yi0yQiZoZ73JuJ/Xic2/YsgoVzGhnA8W9SPGbTHT5qBPaoINmxsCcKK2r9CPEQKYWP7K9gSvPmT/5KmLe+kUr05LdUuszryYA/sgzLwwDmogWtQBw2AwQN4Ai/g1Xl0np03530WzTnZzC74BefjG5jsmg0=</latexit>

(galactic disk)
Targeted search also depends on 
EM dark photon coupling!

• Large enough for the cloud to be 
luminous

• Small enough so that the cloud 
does not decay too fast

Dark photon
m, ✏

<latexit sha1_base64="93ZtBDAzYLGqeqiVQj0uid/RFhI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcJuFPQY9OIxgnnAZgmzk9lkyDyWmVkhhHyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnHJmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMirThDaJ4kp3YmwoZ5I2LbOcdlJNsYg5bceju5nffqLaMCUf7TilkcADyRJGsHVSKC5Ql6aGcSV75Ypf9edAqyTISQVyNHrlr25fkUxQaQnHxoSBn9pogrVlhNNpqZsZmmIywgMaOiqxoCaazE+eojOn9FGitCtp0Vz9PTHBwpixiF2nwHZolr2Z+J8XZja5iSZMppmlkiwWJRlHVqHZ/6jPNCWWjx3BRDN3KyJDrDGxLqWSCyFYfnmVtGrV4LJae7iq1G/zOIpwAqdwDgFcQx3uoQFNIKDgGV7hzbPei/fufSxaC14+cwx/4H3+ANw8kPs=</latexit>



Expected signal

Cristina Mondino IFPU focus week, 26th of May 2025



Expected signal

Cristina Mondino IFPU focus week, 26th of May 2025



Expected signal

Cristina Mondino IFPU focus week, 26th of May 2025
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fGW [Hz], m [10°13 eV]
113.1, 2.3
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282.3, 5.8
450.5, 9.3

Mmax [MØ], ¬max

30, 1
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" = 10�8
<latexit sha1_base64="cr17cpBTLo70ruPpf0NsJSjbd7w=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRvFiSKtiLUPTisYL9gDaWzXbSLt1swu6mUELBv+LFgyJe/R3e/Ddu2xy09cHA470ZZub5MWdKO863lVtZXVvfyG8WtrZ3dvfs/YOGihJJoU4jHsmWTxRwJqCumebQiiWQ0OfQ9Ie3U785AqlYJB70OAYvJH3BAkaJNlLXPuqMiIRYMR4JfI1d5zE9r0y6dtEpOTPgZeJmpIgy1Lr2V6cX0SQEoSknSrVdJ9ZeSqRmlMOk0EkUxIQOSR/ahgoSgvLS2fkTfGqUHg4iaUpoPFN/T6QkVGoc+qYzJHqgFr2p+J/XTnRQ8VIm4kSDoPNFQcKxjvA0C9xjEqjmY0MIlczciumASEK1SaxgQnAXX14mjXLJvSiV7y+L1Zssjjw6RifoDLnoClXRHaqhOqIoRc/oFb1ZT9aL9W59zFtzVjZziP7A+vwBzYOUuQ==</latexit>

Fraction of EM power into radio:
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Number of expected events: dark photon parameter space
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<latexit sha1_base64="JxSYracq3ver9jYhBeeS7YzDY6I=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbFT0GvXiMYB6QrGF2MkmGzM4uM71CWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3U795hPXRkTqAccx90M6UKIvGEUrNT33MT27nHSLJbfszkCWiZeREmSodYtfnV7EkpArZJIa0/bcGP2UahRM8kmhkxgeUzaiA962VNGQGz+dnTshJ1bpkX6kbSkkM/X3REpDY8ZhYDtDikOz6E3F/7x2gv1rPxUqTpArNl/UTyTBiEx/Jz2hOUM5toQyLeythA2ppgxtQgUbgrf48jJpVMreeblyf1Gq3mRx5OEIjuEUPLiCKtxBDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPQsuO3Q==</latexit>

Fraction of EM power into radio:
Several events expected above detection threshold

Cristina Mondino IFPU focus week, 26th of May 2025



Number of expected events: dark photon parameter space
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<latexit sha1_base64="JxSYracq3ver9jYhBeeS7YzDY6I=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbFT0GvXiMYB6QrGF2MkmGzM4uM71CWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3U795hPXRkTqAccx90M6UKIvGEUrNT33MT27nHSLJbfszkCWiZeREmSodYtfnV7EkpArZJIa0/bcGP2UahRM8kmhkxgeUzaiA962VNGQGz+dnTshJ1bpkX6kbSkkM/X3REpDY8ZhYDtDikOz6E3F/7x2gv1rPxUqTpArNl/UTyTBiEx/Jz2hOUM5toQyLeythA2ppgxtQgUbgrf48jJpVMreeblyf1Gq3mRx5OEIjuEUPLiCKtxBDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPQsuO3Q==</latexit>

Fraction of EM power into radio:

Cristina Mondino IFPU focus week, 26th of May 2025

Several events expected above detection threshold

Depend on (not so well known):
• BH population properties 
• Dark photon cloud EM emission properties

Not a robust “exclusion bound”, but a signal could 
have been seen.



CW emission EM emission

• CW searches targeting 
EM sources

CW+EM

Summary

• BH superradiance allows to probe the existence of new ultralight 
vector fields, irrespectively of their cosmological production

• Dark photons with EM coupling can lead to “new pulsars”

• Can be targeted with multimessanger searches
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Cristina Mondino IFPU focus week, 26th of May 2025

BH merger event EM emission

• EM follow-up of merger 
events

GW+EM



CW emission EM emission

• CW searches targeting 
EM sources

CW+EM

Summary
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Cristina Mondino IFPU focus week, 26th of May 2025

Thank you!

• BH superradiance allows to probe the existence of new ultralight 
vector fields, irrespectively of their cosmological production

• Dark photons with EM coupling can lead to “new pulsars”

• Can be targeted with multimessanger searches

BH merger event EM emission

• EM follow-up of merger 
events

GW+EM



Back-up 
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Simulation: periodicity?

• Fundamental time scale of the system


• Weak evidence of periodicity from our simulation


• Pulsar analogy 
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Simulation: spectrum?

• Synchrotron emission of highly boosted particles 

           boosted to

     synchrotron photons ~ few keV to MeV


• Coherent low-energy radio emission (continuous + periodic) ?
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Expected signals
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Fraction of EM power into radio:
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Fraction of EM power into radio: 10�7
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Fraction of EM power into radio:

Expected radio signals

Cristina Mondino IFPU focus week, 26th of May 2025
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Number of expected events
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Fraction of EM power into radio:

Cristina Mondino IFPU focus week, 26th of May 2025



Observational signatures

BH superradiance can be used to probe the existence of ultralight bosons
0905.4720, String Axiverse 
A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, J. March-Russell
1004.3558, Exploring the String Axiverse with Precision Black Hole Physics
A. Arvanitaki, S. Dubovsky
1411.2263, Discovering the QCD Axion with Black Holes and Gravitational Waves
A. Arvanitaki, M. Baryakhtar, X. Huang
1704.04791, Superradiant Instability and Backreaction of Massive Vector Fields around Kerr Black Holes
W. E. East, F. Pretorius
1801.01420, Constraining the mass of dark photons and axion-like particles through black-hole superradiance
V. Cardoso, O. J. C. Dias, G. S. Hartnett, M. Middleton, P. Pani, J. E. Santos

1. Spin distribution of BH population


2. Continuous gravitational wave signal

….



Observational signatures: spin distribution

BH superradiance can be used to probe the existence of ultralight bosons

* depends on the time between BH formation and the merger (longer merger time, longer time for SR to grow)

Arvanitaki, Baryakhtar, Dimopoulos, Dubovsky, Lasenby PRD 2017Ng, Vitale, Hannuksela, and Li PRL 2021

Axion masses around  eV already disfavored!10−13



Observational signatures: continuos GW

BH superradiance can be used to probe the existence of ultralight bosons

GW

GW

GW

GW

Jones, Sun, Siemonsen, East, Scott, Wette, PRD 2023

Vector boson clouds could be seen with 
targeted CW searches of BH merger remnants in 

future LVK observing runs!

* needs good sky localization


