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Tidal Love numbers

Astrophysical objects may be deformed by external tidal fields 
(e.g. companion in a binary system)

The tidal deformability of a compact object is expressed in terms of its 
Tidal Love numbers, which depend on the internal properties of the object



Gravitational waves

GWs GWs

Tidal interactions affect the binary dynamics, leaving a 
footprint in the emitted GW signals at 5PN order

Compact objects may assemble in binary systems,  
emitting gravitational waves as the coalescence proceeds

Flanagan, Hinderer (2008)



Interactions of BHs with external tidal fields at long distances

Response:

Gravitational potential

Linear response theory:

Static TLNs Dissipative
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Tidal field Mass quadrupole

Fang, Lovelace (2005) 
Damour, Nagar (2009) 

Binnington, Poisson (2009) 
Kol, Smolkin (2011)
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Newtonian gravity



BH perturbation theory 
dynamics of massless fields propagating in a Schwarzschild background
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match full GR calculation 
 with Newtonian expansion
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General Relativity



The TLNs of (non-)spinning black holes in vacuum are exactly zero  
within Einstein gravity in 4-dimensions

This result has been connected to special symmetries of 
perturbations fields around black holes

Damour, Nagar (2009) 
Binnington, Poisson (2009)

What happens for BHs in environments?

Hui, Joyce, Penco, Santoni, Solomon (2021) 
Charalambous, Dubovsky, Ivanov (2021, 2022) 
Ben Achour, Livine, Mukohyama, Uzan (2022)

Black holes



BHs surrounded by clouds of ultralight bosons can be tidally deformed

Corresponding TLNs may be used to probe the environment around merging BHs

Dressed BHs

SuperradianceAccretion

i) ii)
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<latexit sha1_base64="eBbkymRAmi1CO9Q0zG+BypTPdSY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBJR9FjqpRehgv2ANoTNdtMu3WzC7kQtsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMCxLBNTjOt7Wyura+sVnYKm7v7O7t26WDlo5TRVmTxiJWnYBoJrhkTeAgWCdRjESBYO1gdD312/dMaR7LOxgnzIvIQPKQUwJG8u3Sjd8D9ghZD7gc41p94ttlp+LMgJeJm5MyytHw7a9eP6ZpxCRQQbTuuk4CXkYUcCrYpNhLNUsIHZEB6xoqScS0l81On+ATo/RxGCtTEvBM/T2RkUjrcRSYzojAUC96U/E/r5tCeOVlXCYpMEnni8JUYIjxNAfc54pREGNDCFXc3IrpkChCwaRVNCG4iy8vk9ZZxb2oOLfn5Wotj6OAjtAxOkUuukRVVEcN1EQUPaBn9IrerCfrxXq3PuatK1Y+c4j+wPr8ASARk+g=</latexit>

MBH

i)

<latexit sha1_base64="1lJPrP76578u4M8iq1CbpZeNWjA=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9gVRY9BLx4jmAdklzA76SRDZmeXmd6QsORXvHhQxKs/4s2/cfI4aGJBQ1HVTXdXmEhh0HW/ndzG5tb2Tn63sLd/cHhUPC41TJxqDnUey1i3QmZACgV1FCihlWhgUSihGQ7vZ35zBNqIWD3hJIEgYn0leoIztFKnWBp1fIQxZj4KNaEa5LRTLLsVdw66TrwlKZMlap3il9+NeRqBQi6ZMW3PTTDImEbBJUwLfmogYXzI+tC2VLEITJDNb5/Sc6t0aS/WthTSufp7ImORMZMotJ0Rw4FZ9Wbif147xd5tkAmVpAiKLxb1UkkxprMgaFdo4CgnljCuhb2V8gHTjKONq2BD8FZfXieNy4p3XXEfr8rVu2UceXJKzsgF8cgNqZIHUiN1wsmYPJNX8uZMnRfn3flYtOac5cwJ+QPn8welzJTU</latexit>vrel



InspiralEarly inspiral

Roche frequency:

After the cut-frequency, the inspiral proceeds with zero TLNs !

Tidal effects Disruption

Evolution of dressed BH binaries

De Luca, Pani JCAP [2106.14428]

TLNs of dressed BHs:
<latexit sha1_base64="BoKP8bQixpnPQgFcvTUv5f/zs5g="></latexit>

f (i)
cut =

3
p
3

⇡�3/2
(Gmimb)

3

✓
Ms

mi

◆1/2

fisco

<latexit sha1_base64="MLeyfW9iZHT0hGmIQuPA1p0NYM0="></latexit>

k(i)2 / 1

(Gmimb)8

✓
Ms

mi

◆
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De Luca, Maselli, Pani PRD [2022.03343]

<latexit sha1_base64="I+BqpwNXuf9i4v5f3y8IxHXoZuw="></latexit>

h̃(f) = C⌦APNe
i PP(f)+i Tidal(f)

<latexit sha1_base64="bXi7MZUi+z53F2HihUq5mMbkFIE="></latexit>

⇤̃ ! S(f) · ⇤̃ =


1 + e�fcut/fslope

1 + e(f�fcut)/fslope

�
· ⇤̃

Gravitational waveform:

Frequency-dependent TLN

<latexit sha1_base64="7ZFmTJoSwamjkE3+RHjsmFXOBg4="></latexit>

 Tidal(f) = �39

2
⇤̃(⇡Mf)5/3Tidal contribution: 

5PN order

GW waveform with tidal effects

environment

vacuum

<latexit sha1_base64="psLiV9XFmeD9U/IeAlU0MB/hTvg=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgtlJIERTdC0Y0LFxXsA5oYJpNpO3QmCTMToYR+gxt/xY0LRdy6cuffOG2z0NYDA4dz7uHOPUHCqFSW9W0sLa+srq0XNoqbW9s7u+befkvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0bawfBq4rcfiJA0ju7UKCEeR/2I9ihGSku+WXEVZSHJ3BudCdEYXsB+mft2FXLfqcCh79xnZbvqVMa+WbJq1hRwkdg5KYEcDd/8csMYp5xECjMkZde2EuVlSCiKGRkX3VSSBOEh6pOuphHiRHrZ9KQxPNZKCHux0C9ScKr+TmSISznigZ7kSA3kvDcR//O6qeqdexmNklSRCM8W9VIGVQwn/cCQCoIVG2mCsKD6rxAPkEBY6RaLugR7/uRF0nJq9mnNuj0p1S/zOgrgEByBMrDBGaiDa9AATYDBI3gGr+DNeDJejHfjYza6ZOSZA/AHxucP/S2bGg==</latexit>

⇤̃ = g(m1,m2)k
(1,2)
2

How well can we measure the TLNs at GW experiments?



Forecast tidal deformability using GW measurements

<latexit sha1_base64="7N9dd/dV1sQTl9lNOGq1dpuSqTU="></latexit>

~✓ = {M, ⌘,�s,�a, tc,�c, dL, ✓,�, , ◆, ⇤̃, fcut, fslope}Model parameters:

Fisher analysis:

<latexit sha1_base64="O3VAryavsecayUaholC4+V7I+ls="></latexit>

�ij =

⌧
@h

@✓i

����
@h

@✓j

�

~✓=~̂✓

<latexit sha1_base64="qTASgSu42h/lfDzY67dxTQTqioQ=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuKpJUXQjFN24rGgv0MQwmU7aoTOTMDMRSgi48VXcuFDErS/hzrdx0mahrT8MfPznHM6cP4gpkcq2v43SwuLS8kp5tbK2vrG5ZW7vtGWUCIRbKKKR6AZQYko4bimiKO7GAkMWUNwJRld5vfOAhSQRv1PjGHsMDjgJCYJKW76550oyYNAnF+5tDvepc1zP/JSQzDerds2eyJoHp4AqKNT0zS+3H6GEYa4QhVL2HDtWXgqFIojirOImEscQjeAA9zRyyLD00skNmXWonb4VRkI/rqyJ+3sihUzKMQt0J4NqKGdruflfrZeo8NxLCY8ThTmaLgoTaqnIygOx+kRgpOhYA0SC6L9aaAgFRErHVtEhOLMnz0O7XnNOa/bNSbVxWcRRBvvgABwBB5yBBrgGTdACCDyCZ/AK3own48V4Nz6mrSWjmNkFf2R8/gCiLpeD</latexit>

�i = ⌃1/2
ii

<latexit sha1_base64="8Yiro8D1IZHG83lm71RBBndsqaE=">AAACCXicbVDLSsNAFL3xWesr6tLNYBHcWBJRdCMUXeiyon1AU8tkOmmHziRhZiKUkK0bf8WNC0Xc+gfu/BunbRbaemDg3HPu5c49fsyZ0o7zbc3NLywuLRdWiqtr6xub9tZ2XUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4HLkNx6oVCwK7/Qwpm2BeyELGMHaSB0bpZ4fIO+W9QTO0HleXmFhyvv00M06dskpO2OgWeLmpAQ5qh37y+tGJBE01IRjpVquE+t2iqVmhNOs6CWKxpgMcI+2DA2xoKqdji/J0L5RuiiIpHmhRmP190SKhVJD4ZtOgXVfTXsj8T+vlejgrJ2yME40DclkUZBwpCM0igV1maRE86EhmEhm/opIH0tMtAmvaEJwp0+eJfWjsntSdm6OS5WLPI4C7MIeHIALp1CBa6hCDQg8wjO8wpv1ZL1Y79bHpHXOymd24A+szx/R1pkk</latexit>

⌃ = ��1
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ET & LISA

Early inspiral

Late inspiral

IMRPhenomD waveform

Fisher analysis



Forecasts on frequency-dependent effective TLN:  
case of BHs dressed by ultralight bosons

Smaller number of waveform parameters, since mb determines both TLN and cut-off

σmb/mb=10%
σmb/mb=50%

1 5 10 50 1000.01

0.10

1

10

100

m1[M⊙]
d L
[G
pc

]

m2=m1/2

Boson mass can be measured with accuracy of few percent with distances of Gpc

<latexit sha1_base64="sKwb3Xz3Sd7YpkFNbJUIlvRXT+U=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpXnWjbrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH0aEjco=</latexit>mb

ET

Bounds on dressed BHs

<latexit sha1_base64="kNQbZ/z3MqV4C8LVVY96WWJS2iQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURRTdC0YUuXFSwD2hCmEwm7dCZSZiZCDUUf8WNC0Xc+h/u/BunbRbaeuDC4Zx7ufeeMGVUacf5tubmFxaXlksr5dW19Y1Ne2u7qZJMYtLACUtkO0SKMCpIQ1PNSDuVBPGQkVbYvxr5rQciFU3EvR6kxOeoK2hMMdJGCuzdKLiFF9CF3hHMPcnhdYqHgV1xqs4YcJa4BamAAvXA/vKiBGecCI0ZUqrjOqn2cyQ1xYwMy16mSIpwH3VJx1CBOFF+Pr5+CA+MEsE4kaaEhmP190SOuFIDHppOjnRPTXsj8T+vk+n43M+pSDNNBJ4sijMGdQJHUcCISoI1GxiCsKTmVoh7SCKsTWBlE4I7/fIsaR5X3dOqc3dSqV0WcZTAHtgHh8AFZ6AGbkAdNAAGj+AZvII368l6sd6tj0nrnFXM7IA/sD5/AJ68k2k=</latexit>

dL = 1Gpc

<latexit sha1_base64="LIc7x03f7JFRzL8Hbuv7J5A6bK4=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEgtQ5VUIDpWMMBYJPqQmjRyXKe16jiR7SBVUf6BhV9hYQAhVhY2/ga3zQAtR7rS0Tn3yj7HjxmVyrK+jZXVtfWNzcJWcXtnd2/fPDhsyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfX0/9zgMRkkb8Xk1i4oZoyGlAMVJa8syzsVeD/bRMKxl0YhHFKoJOIBBO7Swt38DQo3r8Sr+eeWbJqlozwGVi56QEcjQ988sZRDgJCVeYISl7thUrN0VCUcxIVnQSSWKEx2hIeppyFBLpprNMGTzVygAGkdDDFZypvy9SFEo5CX29GSI1koveVPzP6yUqqLsp5XGiCMfzh4KEQR18WhAcUEGwYhNNEBZU/xXiEdKNKF1jUZdgL0ZeJu1a1b6oWnfnpcZVXkcBHIMTUAY2uAQNcAuaoAUweATP4BW8GU/Gi/FufMxXV4z85gj8gfH5A30nnKk=</latexit>

k(i)2 / 1

(Gmimb)8
<latexit sha1_base64="Z6rPiwquy8CKgL4A2vhE0Be4h1c=">AAACF3icbVDLSgMxFM3UV62vqks3wSK0mzLjA10WXeiygn1Apx0yaaYNzWSG5I5Yhv6FG3/FjQtF3OrOvzF9LLT1wIXDOfeSnOPHgmuw7W8rs7S8srqWXc9tbG5t7+R39+o6ShRlNRqJSDV9opngktWAg2DNWDES+oI1/MHV2G/cM6V5JO9gGLN2SHqSB5wSMJKXLweeC+wBUhe4HGKawKiTFnlphN1YRTFEuHiNQ4+b8UudEy9fsMv2BHiRODNSQDNUvfyX241oEjIJVBCtW44dQzslCjgVbJRzE81iQgekx1qGShIy3U4nuUb4yChdHETKjAQ8UX9fpCTUehj6ZjMk0Nfz3lj8z2slEFy0Uy7jBJik04eCRGATd1wS7nLFKIihIYQqbv6KaZ8oQsFUmTMlOPORF0n9uOycle3b00LlclZHFh2gQ1REDjpHFXSDqqiGKHpEz+gVvVlP1ov1bn1MVzPW7GYf/YH1+QPL4p8B</latexit>

f (i)
cut / (Gmimb)

3

De Luca, Maselli, Pani PRD [2022.03343]
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ET and LISA together could probe the ultralight range 
<latexit sha1_base64="tQWDkOcq9gRKH4M6xSoQKe8iVhM=">AAACJHicbVC7TsNAEDyHVwivACXNiQiJhmAjUCgjaCiDRB5SHKLzZRNOubOtuzVSZOU3+AS+ghYqOkRBAd+C47gICVONZma1u+OFUhi07S8rt7S8srqWXy9sbG5t7xR39xomiDSHOg9koFseMyCFD3UUKKEVamDKk9D0htcTv/kI2ojAv8NRCB3FBr7oC84wkbpF27Hv4xOnMqauBGOMUFR1vdPY1YpCY0ad5pxxt1iyy3YKukicjJRIhlq3+O32Ah4p8JFLZkzbsUPsxEyj4BLGBTcyEDI+ZANoJ9RnCkwnTj8b06PIMAxoCJoKSVMRZidipowZKS9JKoYPZt6biP957Qj7l51Y+GGE4PPJIhQS0kWGa5FUBrQnNCCyyeVAhU850wwRtKCM80SMkg4LSR/O/PeLpHFWdi7K9u15qXqVNZMnB+SQHBOHVEiV3JAaqRNOnsgLeSVv1rP1bn1Yn9Nozspm9skfWD+/2h+jSQ==</latexit>

10�17 . mb/eV . 10�11

Forecast tidal deformability using GW measurements at ET or LISA 

De Luca, Pani JCAP [2106.14428]

Bounds on ultralight bosons

ET LISA

Tidal interactions can be used to probe the range around 
             filling the gap from other superradiance-driven constraints

<latexit sha1_base64="v8H05yjCBrU7c5tlJfWpjcyw6ZM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCy2JVHRZdOOygn1AE8tketsOnUzCzESoIfgrblwo4tb/cOffOG2z0OqBC4dz7uXee4KYM6Ud58sqLCwuLa8UV0tr6xubW/b2TlNFiaTQoBGPZDsgCjgT0NBMc2jHEkgYcGgFo6uJ37oHqVgkbvU4Bj8kA8H6jBJtpK695zp36YlbzbB3jFNPhhiaWdcuOxVnCvyXuDkpoxz1rv3p9SKahCA05USpjuvE2k+J1IxyyEpeoiAmdEQG0DFUkBCUn06vz/ChUXq4H0lTQuOp+nMiJaFS4zAwnSHRQzXvTcT/vE6i+xd+ykScaBB0tqifcKwjPIkC95gEqvnYEEIlM7diOiSSUG0CK5kQ3PmX/5LmacU9qzg31XLtMo+jiPbRATpCLjpHNXSN6qiBKHpAT+gFvVqP1rP1Zr3PWgtWPrOLfsH6+AblJpOW</latexit>

10�14 eV,



Tidal Love numbers provide deep insights on the nature of compact 
objects, and play a role in gravitational wave physics

LISA and ET can probe tidal effects from BHs dressed by scalar
condensates in the combined mass range              

<latexit sha1_base64="n1a6o7eW7UCH9+iRwlJqOmnyn70=">AAACEnicbVC7SgNBFJ2Nrxhfq5aCDAYhFgm7osQyaGMZwTwgWcPs5CYOmX0wc1cIy3Z+gl9hq5Wd2PoDFv6Lm00KTTzV4Zx7ufccN5RCo2V9Gbml5ZXVtfx6YWNza3vH3N1r6iBSHBo8kIFqu0yDFD40UKCEdqiAea6Elju6mvitB1BaBP4tjkNwPDb0xUBwhqnUMw9LtnUXl+1qQst0Su3khMZd5VFoJj2zaFWsDHSR2DNSJDPUe+Z3tx/wyAMfuWRad2wrRCdmCgWXkBS6kYaQ8REbQielPvNAO3GWI6HHkWYY0BAUFZJmIvzeiJmn9dhz00mP4b2e9ybif14nwsGFEws/jBB8PjmEQkJ2SHMl0oKA9oUCRDb5HKjwKWeKIYISlHGeilHaWCHtw55Pv0iapxX7vGLdnBVrl7Nm8uSAHJESsUmV1Mg1qZMG4eSRPJMX8mo8GW/Gu/ExHc0Zs5198gfG5w8nBJre</latexit>

(10�17 � 10�11)eV

Tidal Love numbers of black holes are found to be exactly zero in 
the vacuum within Einstein gravity

Conclusions



Thank you!



Backup slides



Spherically symmetric isolated body within scalar field environment

Klein-Gordon equation:

Schwarzschild metric:

dress-driving process

scalar field 
condensate

Detweiler (1980)

What is backreaction of the condensate on the BH metric?

<latexit sha1_base64="ZswKWyWX4OavupMXgOaDqWqMrvI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoiih6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSu9cY8ao675crbs2dg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6qHlXNffhslK/zeMowgmcQhU8uIY63EMDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w9/so8E</latexit>

�(r)

<latexit sha1_base64="yOTyX1YHwKhuuOcJcpm0wFAMvHE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZouhGKHXjsoJ9QDsOmTTThiaZIcmIZezCX3HjQhG3/oY7/8Z0OgttPXDh5Jx7yb0niBlV2nG+rcLS8srqWnG9tLG5tb1j7+61VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g5GV1O/fU+kopG41eOYeBwNBA0pRtpIvn3Qq0cPsNcYUngJuR/cVbOHb5edipMBLhI3J2WQo+HbX71+hBNOhMYMKdV1nVh7KZKaYkYmpV6iSIzwCA1I11CBOFFemu0/gcdG6cMwkqaEhpn6eyJFXKkxD0wnR3qo5r2p+J/XTXR44aVUxIkmAs8+ChMGdQSnYcA+lQRrNjYEYUnNrhAPkURYm8hKJgR3/uRF0qpW3LOKc3NartXzOIrgEByBE+CCc1AD16ABmgCDR/AMXsGb9WS9WO/Wx6y1YOUz++APrM8fj+WUhQ==</latexit>

⇤� = m2
b�

Metric of dressed BHs

<latexit sha1_base64="rwcUXzp8mg5yL231+IxhL5IDpbU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gOaUCbbTbt0swm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJY84RWMl30eRjpD4QhCvX625dXcOskq8gtSgQLNf/fIHCc1iJg0VqHXPc1MT5KgMp4JNK36mWYp0jEPWs1RizHSQz2+ekjOrDEiUKFvSkLn6eyLHWOtJHNrOGM1IL3sz8T+vl5noJsi5TDPDJF0sijJBTEJmAZABV4waMbEEqeL2VkJHqJAaG1PFhuAtv7xK2hd176ruPlzWGrdFHGU4gVM4Bw+uoQH30IQWUEjhGV7hzcmcF+fd+Vi0lpxi5hj+wPn8AftekP0=</latexit>

↵ ⌧ 1



Babichev, Dokuchaev, Eroshenko (2012) 
Bamber, Tattersall, Clough, Ferreira (2021)

Perturbative expansion in scalar field:

<latexit sha1_base64="EGVmxJ2OcHIYarn6o/ixgcGBJUQ=">AAACAHicbVC7TsNAEFzzDOEVoKQ5ESFRRTYCQRlBQxkk8pASE50vm3DK+aG7daTIcsNX0EJFh2j5Ewr+BdukgISpRjO7N3vjRUoasu1Pa2l5ZXVtvbRR3tza3tmt7O23TBhrgU0RqlB3PG5QyQCbJElhJ9LIfU9h2xtf5357gtrIMLijaYSuz0eBHErBKZPue8ULicZBmkzSfqVq1+wCbJE4M1KFGRr9yldvEIrYx4CE4sZ0HTsiN+GapFCYlnuxwYiLMR9hN6MB99G4SZGZsuPYcApZhJpJxQoRf28k3Ddm6nvZpM/pwcx7ufif141peOkmMohiwkDkQSQVFkFGaJnVgWwgNRLx/HJkMmCCa06EWjIuRCbGWT/lrA9n/veLpHVac85r9u1ZtX41a6YEh3AEJ+DABdThBhrQBAEanuAZXqxH69V6s95/Rpes2c4B/IH18Q1aFJer</latexit>v

BH metric with cloud backreaction:

Spherical accretion flow of a scalar field P over a naked BH
<latexit sha1_base64="bDO1vpc5sTYFTAs4PYLQyVF3DFQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfVdB8uG63bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+QLjiM=</latexit>

�
<latexit sha1_base64="sKwb3Xz3Sd7YpkFNbJUIlvRXT+U=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpXnWjbrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH0aEjco=</latexit>mb

<latexit sha1_base64="eBbkymRAmi1CO9Q0zG+BypTPdSY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBJR9FjqpRehgv2ANoTNdtMu3WzC7kQtsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMCxLBNTjOt7Wyura+sVnYKm7v7O7t26WDlo5TRVmTxiJWnYBoJrhkTeAgWCdRjESBYO1gdD312/dMaR7LOxgnzIvIQPKQUwJG8u3Sjd8D9ghZD7gc41p94ttlp+LMgJeJm5MyytHw7a9eP6ZpxCRQQbTuuk4CXkYUcCrYpNhLNUsIHZEB6xoqScS0l81On+ATo/RxGCtTEvBM/T2RkUjrcRSYzojAUC96U/E/r5tCeOVlXCYpMEnni8JUYIjxNAfc54pREGNDCFXc3IrpkChCwaRVNCG4iy8vk9ZZxb2oOLfn5Wotj6OAjtAxOkUuukRVVEcN1EQUPaBn9IrerCfrxXq3PuatK1Y+c4j+wPr8ASARk+g=</latexit>

MBH

Metric of dressed BHs: accretion

Backreaction depends on the BH properties and  
on the profile of the scalar field condensate B P = mb P

<latexit sha1_base64="fuhhcYw8RyWz9r0AiJv8moaQhcc=">AAAB/HicbVBNS8NAEN34WetXtEcvi0Wol5KIoheh6MVjBfsBTQib7bRdutmE3Y0QQv0rXjwo4tUf4s1/47bNQVsfDDzem2FmXphwprTjfFsrq2vrG5ulrfL2zu7evn1w2FZxKim0aMxj2Q2JAs4EtDTTHLqJBBKFHDrh+Hbqdx5BKhaLB50l4EdkKNiAUaKNFNgVrzliQe4B5/gaOxNck6eBXXXqzgx4mbgFqaICzcD+8voxTSMQmnKiVM91Eu3nRGpGOUzKXqogIXRMhtAzVJAIlJ/Pjp/gE6P08SCWpoTGM/X3RE4ipbIoNJ0R0SO16E3F/7xeqgdXfs5EkmoQdL5okHKsYzxNAveZBKp5ZgihkplbMR0RSag2eZVNCO7iy8ukfVZ3L+rO/Xm1cVPEUUJH6BjVkIsuUQPdoSZqIYoy9Ixe0Zv1ZL1Y79bHvHXFKmYq6A+szx+TOpNq</latexit>

�`=0(r)



<latexit sha1_base64="TcFO9YX3Rwd5C5DJCaNq/6DkWZA=">AAAB/HicbVC7TsNAEDyHVwivACXNiQgpNJGNQNBEiqChDBJ5iMSKzpdNOOV8tu7WSJEVvoIWKjpEy79Q8C/YxgUkTDWa2dXOjhdKYdC2P63C0vLK6lpxvbSxubW9U97da5sg0hxaPJCB7nrMgBQKWihQQjfUwHxPQsebXKV+5wG0EYG6xWkIrs/GSowEZ5hId9U+SFn3687xoFyxa3YGukicnFRIjuag/NUfBjzyQSGXzJieY4foxkyj4BJmpX5kIGR8wsbQS6hiPhg3zhLP6FFkGAY0BE2FpJkIvzdi5hsz9b1k0md4b+a9VPzP60U4unBjocIIQfH0EAoJ2SHDtUiqADoUGhBZmhyoUJQzzRBBC8o4T8Qo6aaU9OHMf79I2ic156xm35xWGpd5M0VyQA5JlTjknDTINWmSFuFEkSfyTF6sR+vVerPef0YLVr6zT/7A+vgG2ICUaQ==</latexit>

(` = m = 1)

Treated as above for spherical perturbationsBackreaction  
on the metric:

<latexit sha1_base64="EEx5QbWJ6k0SIxVc0KHJsaXJFUk=">AAAB+nicbVC7TsNAEFyHVwivACXNiQiJKrIRCBqkCBrKIJGHlFjR+bIJp5wfulsjRSY/QQsVHaLlZyj4F2zjAhKmGs3samfHi5Q0ZNufVmlpeWV1rbxe2djc2t6p7u61TRhrgS0RqlB3PW5QyQBbJElhN9LIfU9hx5tcZ37nAbWRYXBH0whdn48DOZKCUyp1+6gUu2T2oFqz63YOtkicgtSgQHNQ/eoPQxH7GJBQ3JieY0fkJlyTFApnlX5sMOJiwsfYS2nAfTRukuedsaPYcApZhJpJxXIRf28k3Ddm6nvppM/p3sx7mfif14tpdOEmMohiwkBkh0gqzA8ZoWVaBLKh1EjEs+TIZMAE15wItWRciFSM02YqaR/O/PeLpH1Sd87q9u1prXFVNFOGAziEY3DgHBpwA01ogQAFT/AML9aj9Wq9We8/oyWr2NmHP7A+vgFkhJOZ</latexit>

` = 0

<latexit sha1_base64="JJUtJEdzsdqZ6itfpkrbtsUVA14=">AAAB+nicbVC7TsNAEFzzDOEVoKQ5ESFRRXYEggYpgoYySOQhJVZ0vmzCKeeH7tZIkclP0EJFh2j5GQr+Bdu4gISpRjO72tnxIiUN2fantbS8srq2Xtoob25t7+xW9vbbJoy1wJYIVai7HjeoZIAtkqSwG2nkvqew402uM7/zgNrIMLijaYSuz8eBHEnBKZW6fVSKXbL6oFK1a3YOtkicglShQHNQ+eoPQxH7GJBQ3JieY0fkJlyTFApn5X5sMOJiwsfYS2nAfTRukuedsePYcApZhJpJxXIRf28k3Ddm6nvppM/p3sx7mfif14tpdOEmMohiwkBkh0gqzA8ZoWVaBLKh1EjEs+TIZMAE15wItWRciFSM02bKaR/O/PeLpF2vOWc1+/a02rgqminBIRzBCThwDg24gSa0QICCJ3iGF+vRerXerPef0SWr2DmAP7A+vgFnopOb</latexit>

` = 2 Neglected (conservative estimate for TLN)

We neglect the spin of the final BH (subleading contribution to the TLN)

Ultralight bosonic fields can trigger the formation of 
nonaxisymmetric condensates around spinning BHs

<latexit sha1_base64="0AbpKnRtRMtvExTs9lz840wfeAQ=">AAACAHicbVA9TwJBEN3DL8Qv1NJmIzGxIndGo4UF0cZONPKRAJK5ZcANu3eX3TkNudD4K2y1sjO2/hML/4sHUij4qpf3ZjJvnh8pacl1P53M3PzC4lJ2Obeyura+kd/cqtowNgIrIlShqftgUckAKyRJYT0yCNpXWPP75yO/do/GyjC4oUGELQ29QHalAEql24f2NT/lmjcvNfagnS+4RXcMPku8CSmwCcrt/FezE4pYY0BCgbUNz42olYAhKRQOc83YYgSiDz1spDQAjbaVjFMP+V5sgUIeoeFS8bGIvzcS0NYOtJ9OaqA7O+2NxP+8Rkzdk1YigygmDMToEEmF40NWGJnWgbwjDRLBKDlyGXABBojQSA5CpGKc9pNL+/Cmv58l1YOid1R0rw4LpbNJM1m2w3bZPvPYMSuxC1ZmFSaYYU/smb04j86r8+a8/4xmnMnONvsD5+MbvZCWBQ==</latexit>

wR < m⌦

Dominant dipolar mode
<latexit sha1_base64="lwPiZGRS95HUghodhNpvYN579Ec="></latexit>

� / �(r)cos('� wRt)sin✓

Pani, Gualtieri, Maselli, Ferrari (2015)

Brito, Cardoso, Pani (2015)

<latexit sha1_base64="sKwb3Xz3Sd7YpkFNbJUIlvRXT+U=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpXnWjbrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH0aEjco=</latexit>mb <latexit sha1_base64="eBbkymRAmi1CO9Q0zG+BypTPdSY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBJR9FjqpRehgv2ANoTNdtMu3WzC7kQtsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMCxLBNTjOt7Wyura+sVnYKm7v7O7t26WDlo5TRVmTxiJWnYBoJrhkTeAgWCdRjESBYO1gdD312/dMaR7LOxgnzIvIQPKQUwJG8u3Sjd8D9ghZD7gc41p94ttlp+LMgJeJm5MyytHw7a9eP6ZpxCRQQbTuuk4CXkYUcCrYpNhLNUsIHZEB6xoqScS0l81On+ATo/RxGCtTEvBM/T2RkUjrcRSYzojAUC96U/E/r5tCeOVlXCYpMEnni8JUYIjxNAfc54pREGNDCFXc3IrpkChCwaRVNCG4iy8vk9ZZxb2oOLfn5Wotj6OAjtAxOkUuukRVVEcN1EQUPaBn9IrerCfrxXq3PuatK1Y+c4j+wPr8ASARk+g=</latexit>

MBH

Metric of dressed BHs: superradiance

<latexit sha1_base64="Hyi6nI+xDce/1Z16K0+MS5rVksQ=">AAACEnicbVDLSsNAFJ3UV62vqEs3g6XQbkpSFLsRii50WaEvaGKYTCft0MkkzEyEEvINbvwVNy4UcevKnX/j9LHQ1gMXzpxzL3Pv8WNGpbKsbyO3tr6xuZXfLuzs7u0fmIdHHRklApM2jlgkej6ShFFO2ooqRnqxICj0Gen64+up330gQtKIt9QkJm6IhpwGFCOlJc+s3Hgp8jN4CevQiSlszZ9lpzmiXuoQxrRlZ/e1imcWrao1A1wl9oIUwQJNz/xyBhFOQsIVZkjKvm3Fyk2RUBQzkhWcRJIY4TEakr6mHIVEuunspAyWtDKAQSR0cQVn6u+JFIVSTkK9ailEaiSXvan4n9dPVFB3U8rjRBGO5x8FCYMqgtN84IAKghWbaIKwoHpXiEdIIKx0igUdgr188irp1Kr2edW6Oys2rhZx5MEJOAVlYIML0AC3oAnaAINH8AxewZvxZLwY78bHvDVnLGaOwR8Ynz9WMZte</latexit>
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Solve EOMs of tidal perturbations on the metric with cloud backreaction,  
and match solutions to asymptotic expansions

TLNs of dressed BHs:
<latexit sha1_base64="GtoAJNhpZLcMrfOXPnt9qzrByzE="></latexit>

k2 / 1

(GMBHmb)8

Baumann, Chia, Porto, Stout (2019) 
De Luca, Pani JCAP [2106.14428]

Asymptotic expansion of fields: 
- tensor field (s=2) 

- axial vector field (s=1) 
- scalar field (s=0)

TLNs:

<latexit sha1_base64="3AtZluKVNyNBWK4T32u3Rxo46Zo="></latexit>
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All tidal parameters can be measured with high accuracy

Potential of ET in measuring the transition point where the TLN vanishes

Forecasts on frequency-dependent effective TLN

<latexit sha1_base64="gp0rfzM4MTAiFDy3NZLJEpVsWdg="></latexit>

fcut = fisco/5

fslope = fcut/5

ET

Frequency-dependent TLN

<latexit sha1_base64="kNQbZ/z3MqV4C8LVVY96WWJS2iQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURRTdC0YUuXFSwD2hCmEwm7dCZSZiZCDUUf8WNC0Xc+h/u/BunbRbaeuDC4Zx7ufeeMGVUacf5tubmFxaXlksr5dW19Y1Ne2u7qZJMYtLACUtkO0SKMCpIQ1PNSDuVBPGQkVbYvxr5rQciFU3EvR6kxOeoK2hMMdJGCuzdKLiFF9CF3hHMPcnhdYqHgV1xqs4YcJa4BamAAvXA/vKiBGecCI0ZUqrjOqn2cyQ1xYwMy16mSIpwH3VJx1CBOFF+Pr5+CA+MEsE4kaaEhmP190SOuFIDHppOjnRPTXsj8T+vk+n43M+pSDNNBJ4sijMGdQJHUcCISoI1GxiCsKTmVoh7SCKsTWBlE4I7/fIsaR5X3dOqc3dSqV0WcZTAHtgHh8AFZ6AGbkAdNAAGj+AZvII368l6sd6tj0nrnFXM7IA/sD5/AJ68k2k=</latexit>

dL = 1Gpc

Multiband analyses between ET & LISA for 
<latexit sha1_base64="a37YCNXE4fOXWDj0PAVnCgZ0NfU=">AAACDnicbVA9SwNBEN3zM8avqKXNYhCswp0oWobYpBEimETIxbC3mZgle7vn7pwYjvwCG/+KjYUittZ2/hs3MYVfDwYe780wMy9KpLDo+x/ezOzc/MJibim/vLK6tl7Y2GxYnRoOda6lNhcRsyCFgjoKlHCRGGBxJKEZDU7GfvMGjBVaneMwgXbMrpToCc7QSZ3C7mknRLjFLEShhrRSHdHQihiuaeBf7lPn6q7GTqHol/wJ6F8STEmRTFHrFN7DruZpDAq5ZNa2Aj/BdsYMCi5hlA9TCwnjA3YFLUcVi8G2s8k7I7rrlC7taeNKIZ2o3ycyFls7jCPXGTPs29/eWPzPa6XYO25nQiUpguJfi3qppKjpOBvaFQY4yqEjjBvhbqW8zwzj6BLMuxCC3y//JY39UnBY8s8OiuXKNI4c2SY7ZI8E5IiUSZXUSJ1wckceyBN59u69R+/Fe/1qnfGmM1vkB7y3T7Dnmzo=</latexit>

MBH ' 102M�

De Luca, Maselli, Pani PRD [2022.03343]
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Bounds on ultralight bosons

Continuous GW signals

EM and GW observations 
can potentially constrain 

ultralight scalar fields
<latexit sha1_base64="9ik/m//Dq0i3iMaZexpuFPkXyy4=">AAACJHicbVC7TsNAEDyHVwgvAyXNiQiJhnCOQFBG0FAGiTykJETnyyacuLOtuzVSZOU3+AS+ghYqOkRBAd+CY1KEhKlGM7Pa3fEjJS0y9unkFhaXllfyq4W19Y3NLXd7p27D2AioiVCFpulzC0oGUEOJCpqRAa59BQ3//nLsNx7AWBkGNziMoKP5IJB9KTimUtdlHrtNjsrlEW0rsNZKTXXXP07aRlOoT6lZzmOjrltkJZaBzhNvQopkgmrX/Wr3QhFrCFAobm3LYxF2Em5QCgWjQju2EHFxzwfQSmnANdhOkn02ogex5RjSCAyVimYiTE8kXFs71H6a1Bzv7Kw3Fv/zWjH2zzuJDKIYIRDjRSgVZIusMDKtDGhPGkDk48uByoAKbjgiGEm5EKkYpx0W0j682e/nSb1c8k5L7PqkWLmYNJMne2SfHBKPnJEKuSJVUiOCPJJn8kJenSfnzXl3Pn6jOWcys0v+wPn+AdGwo0Q=</latexit>
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Regge plane: exclusion region

Brito, Cardoso, Pani “Superradiance” Lect. Notes Phys. 971 (2020)


