
Gravitational wave observations of  black hole mimickers: where do 
we look, and what do we look for

@ Black Hole Mimickers: From Theory to Observation 

March 3, 2025

Andrea Maselli



Where do we look for signatures

BH Mimickers: From Theory to Observation

Comparable-mass binaries

Different families of  sources with different orbital setups,  to potentially observe BH mimickers 

post-Newtonian approach (inspiral)

Many observables and (some) waveform 
models already in “place”

lessons from analogous sciences cases  
(neutron stars)

asymmetric bianries

Numerical Simulations  

Self  Force theory

Simplifications due to 
mass asymmetry

(some) common observables but: different approaches, simplifications, waveform models 

moving to the 
“microphysics” of  

the model



Where do we look for signatures

BH Mimickers: From Theory to Observation

spin deformations tidal heatingpoint particle

Through comparable-mass signals

tidal effects

post-Newtonian relevance  (v/c)n

part of  the “game” is already in place



What do we look for

BH Mimickers: From Theory to Observation

Deformation properties of  a compact object encoded within a set of  Love numbers

neutron stars

BHs (in GR)

[P. Landry & E. Poisson, 2015; P. Pani + incl. A. M., 2015; 
N. Gürlebeck, 2015; A. Le Tiec +, 2021]

Schwarzschild 
Kerr

[V. Cardoso + incl. A. M., 2017; A. Maselli +, 2017]

BHs non vacuum/
beyondGR 

ECOs
generic tests of   

gravity

Tidal interactions leave the footprint of  the compact object structure on the GW signal

body’s quadrupole external tidal field

[T. Hinderer, 2008; T. Binnington & E. Poisson, 2009; T. Damour & A. Nagar, 200]



Exotic Love numbers

Boson stars

Behaviour for BS in qualitative agreement with the neutron star case

Black hole mimickers
<latexit sha1_base64="CbT+HutzSOEfipDimMhnmZ8A428=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxAiQpgRt4sQ9OIxBrNAJoSeTk/SpJehu0eIQw5e/BUvHhTx6kd482/sLAdNfFDweK+KqnphzKg2nvftLCwuLa+sZtay6xubW9vuzm5Ny0RhUsWSSdUIkSaMClI11DDSiBVBPGSkHvavR379nihNpbgzg5i0OOoKGlGMjJXabq5yWWmngeKwJxV9kGJY8I+CDmEGHbbdvFf0xoDzxJ+SPJii3Ha/go7ECSfCYIa0bvpebFopUoZiRobZINEkRriPuqRpqUCc6FY6fmIID6zSgZFUtoSBY/X3RIq41gMe2k6OTE/PeiPxP6+ZmOiilVIRJ4YIPFkUJQwaCUeJwA5VBBs2sARhRe2tEPeQQtjY3LI2BH/25XlSOy76Z8XT25N86WoaRwbkwD4oAB+cgxK4AWVQBRg8gmfwCt6cJ+fFeXc+Jq0LznRmD/yB8/kDnEyXcg==</latexit>

R = Rhorizon(1 + ω)

For mimickers Love numbers show a logarithmic dependence on δ

BH Mimickers: From Theory to Observation

[V. Cardoso + incl. A. M., 2017]

the Love number enters the waveform 



What do we look for

BH Mimickers: From Theory to Observation

<latexit sha1_base64="FbI7Foy17lZMM49uC3o7dxd/A6U=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKoUyI2rdCKVuuilUtLXQaYdMmmlDM5khyQhl6KO48VXcuFBEd/o0ppeFbf0h8OU/55Cc34sYlcqyvo3Uyura+kZ6M7O1vbO7Z+4fNGQYC0zqOGShaHpIEkY5qSuqGGlGgqDAY+TBG9yM6w+PREga8ns1jEg7QD1OfYqR0pZrFquuQxjrJI4IYLkyytO7eeO6qlEbeXuUow7u09PO+OqaWatgTQSXwZ5BFsxUc80vpxviOCBcYYakbNlWpNoJEopiRkYZJ5YkQniAeqSlkaOAyHYyWXAET7TThX4o9OEKTty/EwkKpBwGnu4MkOrLxdrY/K/WipV/1U4oj2JFOJ4+5McMqhCO04JdKghWbKgBYUH1XyHuI4Gw0plmdAj24srL0Dgr2JeFi9vzbKk8iyMNjsAxyAEbFEEJVEAN1AEGT+AFvIF349l4NT6Mz2lrypjNHII5GT+/c4qiiw==</latexit>

MBH

ω + iSBH

ω = M ω+1(iω)ω
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Mωm = MBH

ω + ωMωm

<latexit sha1_base64="yW5CWl6P1i7BnZObS34c90oWvWg=">AAACFXicbVDLSgMxFM3UV62vqks3wSIISpkRXxuh1E2XldoHdOqQSW/b0GRmSDJCGfoTbvwVNy4UcSu4829MH6C2HggczjmXm3v8iDOlbfvLSi0sLi2vpFcza+sbm1vZ7Z2aCmNJoUpDHsqGTxRwFkBVM82hEUkgwudQ9/vXI79+D1KxMLjVgwhagnQD1mGUaCN52eOKl7jAORbDq4o3YneJKwUuloZHbhu4Jvgn4WVzdt4eA88TZ0pyaIqyl/102yGNBQSacqJU07Ej3UqI1IxyGGbcWEFEaJ90oWloQASoVjK+aogPjNLGnVCaF2g8Vn9PJEQoNRC+SQqie2rWG4n/ec1Ydy5bCQuiWENAJ4s6Mcc6xKOKcJtJoJoPDCFUMvNXTHtEEqpNkRlTgjN78jypneSd8/zZzWmuUJzWkUZ7aB8dIgddoAIqoTKqIooe0BN6Qa/Wo/VsvVnvk2jKms7soj+wPr4BozOegQ==</latexit>

Sωm = SBH

ω + ωSωm

Multipolar structure of  Kerr black holes benefits from axial/equatorial symmetry [R. O. Hansen, 1974]

Objects different from BHs can violate this relation and induce generic deviations

 depend on the structure of  the compact objectδMℓm, δSℓm

The leading contribution to the waveform is given by the mass moment  at the 2pN order M20 = − M3χ2 (v/c)2

agnostic way to parametrize deviations from Kerr  and M20 = − κM3χ2 κ = 1 + δκ

<latexit sha1_base64="S40BAlBJ3tQG+xESb0Uj+lSpn04=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVq16EohcvhQr2Q9qlZNNsG5pklyQrlKW/wosHRbz6c7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7K6tr6R3yxsbe/s7hX3D5o6ShShDRLxSLUDrClnkjYMM5y2Y0WxCDhtBaPbqd96okqzSD6YcUx9gQeShYxgY6XH2nWtl7rInfSKJbfszoCWiZeREmSo94pf3X5EEkGlIRxr3fHc2PgpVoYRTieFbqJpjMkID2jHUokF1X46O3iCTqzSR2GkbEmDZurviRQLrccisJ0Cm6Fe9Kbif14nMeGVnzIZJ4ZKMl8UJhyZCE2/R32mKDF8bAkmitlbERlihYmxGRVsCN7iy8ukeVb2LsqV+/NS9SaLIw9HcAyn4MElVOEO6tAAAgKe4RXeHOW8OO/Ox7w152Qzh/AHzucPdZyPjA==</latexit>

M = M00
<latexit sha1_base64="PheL5aoOTMdH14EVzKnx6WjxqBY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVq16EohfxVNF+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyQcziqkvcF+ykBFsrPR4e3nfTT3kjrvFklt2p0CLxMtICTLUusWvTi8iiaDSEI61bntubPwUK8MIp+NCJ9E0xmSI+7RtqcSCaj+dHjxGR1bpoTBStqRBU/X3RIqF1iMR2E6BzUDPexPxP6+dmPDCT5mME0MlmS0KE45MhCbfox5TlBg+sgQTxeytiAywwsTYjAo2BG/+5UXSOCl7Z+XK3WmpepXFkYcDOIRj8OAcqnADNagDAQHP8ApvjnJenHfnY9aac7KZffgD5/MHe7uPkA==</latexit>

J = S10
<latexit sha1_base64="sWV2vLDvKn+ViQsTGYSpwb2eQLo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUnE10YounFTqGAf0IYwmU7boZNJmJkoJfZT3LhQxK1f4s6/cdJmodUDl3s4517mzglizpR2nC+rsLS8srpWXC9tbG5t79jl3ZaKEklok0Q8kp0AK8qZoE3NNKedWFIcBpy2g/F15rfvqVQsEnd6ElMvxEPBBoxgbSTfLtf9HuX8su6nWUfO1LcrTtWZAf0lbk4qkKPh25+9fkSSkApNOFaq6zqx9lIsNSOcTku9RNEYkzEe0q6hAodUeens9Ck6NEofDSJpSmg0U39upDhUahIGZjLEeqQWvUz8z+smenDhpUzEiaaCzB8aJBzpCGU5oD6TlGg+MQQTycytiIywxESbtEomBHfxy39J67jqnlVPb08qtas8jiLswwEcgQvnUIMbaEATCDzAE7zAq/VoPVtv1vt8tGDlO3vwC9bHN1tbk24=</latexit>

Mω = Mω0
<latexit sha1_base64="REEGRpPIHoCWa5Easl3rDznAWVM=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiTiayMU3bis1D6gDWEyvW2HTiZhZqKU2E9x40IRt36JO//GSZuFVg9c7uGce5k7J4g5U9pxvqzC0vLK6lpxvbSxubW9Y5d3WypKJIUmjXgkOwFRwJmApmaaQyeWQMKAQzsYX2d++x6kYpG405MYvJAMBRswSrSRfLvc8HvA+WXDT7OOnalvV5yqMwP+S9ycVFCOum9/9voRTUIQmnKiVNd1Yu2lRGpGOUxLvURBTOiYDKFrqCAhKC+dnT7Fh0bp40EkTQmNZ+rPjZSESk3CwEyGRI/UopeJ/3ndRA8uvJSJONEg6PyhQcKxjnCWA+4zCVTziSGESmZuxXREJKHapFUyIbiLX/5LWsdV96x6entSqV3lcRTRPjpAR8hF56iGblAdNRFFD+gJvaBX69F6tt6s9/lowcp39tAvWB/fbiGTeg==</latexit>

Sω = Sω0

[G. Raposo & P. Pani 2020; L. Bena & D.R. Mayrrson, 2020;  
M. Bianchi +, 2021; P. Cunha + 2022;  

N. Loutrel + inc. A.M, 2023, 2022]



A coherent waveform model

BH Mimickers: From Theory to Observation

<latexit sha1_base64="6oUnDMjDkFvoAYW67eupiVycXzE="></latexit>

h̃(f, ω) = A(f, ω)e→iω(f,ε)

<latexit sha1_base64="azoTZ7NCTEt0nclv9xLRQsdRGio="></latexit>

ω = 2εftc → ωc → ε/4 +
3

128ϑx5/2
↑
(

7∑

i=0

ω pp,i/2x
i/2 + ωω,2x

2 + ωω,3x
3 + ωT,5x

5 + ωT,6x
6

)

A waveform beyond minimal modelling (for inspiral)

post-Newtonian expanded waveform with finite size effects, x = (πmf )2/3

point-particle quadrupole tidal

<latexit sha1_base64="7gKku544khjTIeeSpTc+fCSoFAs="></latexit>

ωT,5 = →12[(1 + 7ε → 31ε2)(!1 + !2) + ϑ(1 + 9ε → 11ε2)(!1 → !2)]

<latexit sha1_base64="5Q+DLeubJpL+Y+1Ei6X7iocKWRw="></latexit>

ωω,2 = → 50

m2
(ε1m

2
1ϑ

2
1 + ε2m

2
2ϑ

2
2)

introduce  (or combination of) as independent single or multiple parameters, and constrain deviations 
from zero

Λi, κi

<latexit sha1_base64="H/wTBmLyOEadGab7HCzNvVlGBEE="></latexit>

ω = {M, ε,ϑ1,ϑ2,ϖi,!i, dL, tc,ϱc}

[M. Vaglio + inc. A.M,  2023]



Forecasts with ET

<latexit sha1_base64="W5B5X3TWq+OCzBioheN7TQPhMCg=">AAACBHicbVDLSsNAFL2pr1pfUZfdBIvgqiZi1Y1QdONCoYJ9QBPLZDJth04mYWYilNCFG3/FjQtF3PoR7vwbp20W2npg4HDOPdy5x48Zlcq2v43cwuLS8kp+tbC2vrG5ZW7vNGSUCEzqOGKRaPlIEkY5qSuqGGnFgqDQZ6TpDy7HfvOBCEkjfqeGMfFC1OO0SzFSWuqYRVdRFpDUvdaZAI3OM3J4c1/pmCW7bE9gzRMnIyXIUOuYX24Q4SQkXGGGpGw7dqy8FAlFMSOjgptIEiM8QD3S1pSjkEgvnRwxsva1EljdSOjHlTVRfydSFEo5DH09GSLVl7PeWPzPayeqe+allMeJIhxPF3UTZqnIGjdiBVQQrNhQE4QF1X+1cB8JhJXuraBLcGZPnieNo7JzUq7cHpeqF1kdeSjCHhyAA6dQhSuoQR0wPMIzvMKb8WS8GO/Gx3Q0Z2SZXfgD4/MHAaCXrw==</latexit>

⇤̃ = ⇤/M5

[M. Branchesi +,  2023]

Constraints on the tidal deformability and quadrupole deviations from ET observations

BH Mimickers: From Theory to Observation

<latexit sha1_base64="Q55ZvoGVS0ISdZeus7PmKexR6JY="></latexit>

ω = {M, ε,ϑ1,ϑ2,!i, dL, tc,ϖc}
<latexit sha1_base64="ASP+8DqoJCfdtpETYLQUS6LdgfI="></latexit>

ω = {M, ε,ϑ1,ϑ2,ϖi, dL, tc,ϱc}

<latexit sha1_base64="bGmtHqnIwfK2kVzXnBudyzvWfYU=">AAACKXicbVDLSgMxFM34rPVVdekmWARBKDPF10YounFZwT6gU8qdNNOGZh4kd5Qy9Hfc+CtuFBR164+YtiOo9UDg5Jx7SO7xYik02va7NTe/sLi0nFvJr66tb2wWtrbrOkoU4zUWyUg1PdBcipDXUKDkzVhxCDzJG97gcuw3brnSIgpvcBjzdgC9UPiCARqpU6i4A4hj6Ohz11fA0uzqHGakPErLI1eJXh9BqeiOGqfLJcJ3rlMo2iV7AjpLnIwUSYZqp/DsdiOWBDxEJkHrlmPH2E5BoWCSj/JuonkMbAA93jI0hIDrdjrZdET3jdKlfqTMCZFO1J+JFAKth4FnJgPAvv7rjcX/vFaC/lk7FWGcIA/Z9CE/kRQjOq6NdoXiDOXQEGBKmL9S1gfTGJpy86YE5+/Ks6ReLjknpePro2LlIqsjR3bJHjkgDjklFXJFqqRGGLknj+SFvFoP1pP1Zn1MR+esLLNDfsH6/ALnHKen</latexit>

ωs =
ω1 + ω2

2
→ 1 + εωs

<latexit sha1_base64="klIAUrdIB/JslRCkp7eac1BjwRg=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoIGVGfC2LblwIVrAP6JRyJ5O2ocnMkGSEMsxPuPFX3LhQxK3gzr8xfSy09UDgcM495N7jx5wp7TjfVm5hcWl5Jb9aWFvf2Nyyt3fqKkokoTUS8Ug2fVCUs5DWNNOcNmNJQficNvzB1chvPFCpWBTe62FM2wJ6IesyAtpIHfvIU6wnoJN6mvGApt6NyQaQZUYX2BOg+wR4epuVXOewYxedsjMGnifulBTRFNWO/eUFEUkEDTXhoFTLdWLdTkFqRjjNCl6iaAxkAD3aMjQEQVU7HV+V4QOjBLgbSfNCjcfq70QKQqmh8M3kaE01643E/7xWorsX7ZSFcaJpSCYfdROOdYRHFeGASUo0HxoCRDKzKyZ9kEC0KbJgSnBnT54n9eOye1Y+vTspVi6ndeTRHtpHJeSic1RB16iKaoigR/SMXtGb9WS9WO/Wx2Q0Z00zu+gPrM8fwGefKA==</latexit>

ω!̃ → O(10)
NS mass

<latexit sha1_base64="qx8+E32HxaelIbTfzkJuYPna9YY="></latexit>

ωGW170817
!̃

→ O(100)

as a reference

<latexit sha1_base64="7SMj6pZpiey8iD+gYdo+NNitFKw=">AAACFHicbVA9SwNBEN3z2/gVtbRZDIIghttg1FK00FLBmEAuhrnNJC7ZvTt294Rw5EfY+FdsLBSxtbDz37iJKTTxwcDjvRlm5oWJFMb6/pc3NT0zOze/sJhbWl5ZXcuvb9yYONUcKzyWsa6FYFCKCCtWWIm1RCOoUGI17J4N/Oo9aiPi6Nr2Emwo6ESiLThYJzXze0ELpYWgC0kCTXObBVrR8yors1LpsB9INMYIxfx95vvNfMEv+kPQScJGpEBGuGzmP4NWzFOFkeUSjKkzP7GNDLQVXGI/F6QGE+Bd6GDd0QgUmkY2fKpPd5zSou1Yu4osHaq/JzJQxvRU6DoV2Dsz7g3E/7x6atvHjUxESWox4j+L2qmkNqaDhGhLaORW9hwBroW7lfI70MCtyzHnQmDjL0+Sm1KRHRbLVweFk9NRHAtki2yTXcLIETkhF+SSVAgnD+SJvJBX79F79t6895/WKW80s0n+wPv4BjSMnP8=</latexit>

ωεGW151226
s ↭ 10→ 100

[N. Khrishnendu +,  2019]

<latexit sha1_base64="uoRCuzu0JZuEvURcyqlQOBggwZk=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEgsrZKK11jBwlgk+pCaUN04TmvVech2kKooH8DCr7AwgBArH8DG3+CmGaDlSJaPzjlX9j1uzJlUpvltLC2vrK6tlzbKm1vbO7uVvf2OjBJBaJtEPBI9FyTlLKRtxRSnvVhQCFxOu+74eup3H6iQLArv1CSmTgDDkPmMgNLSoFK1PcoVYHsMcQwDaUsWYMu8T2tWVsvvRqZTZt3MgReJVZAqKtAaVL5sLyJJQENFOEjZt8xYOSkIxQinWdlOJI2BjGFI+5qGEFDppPkyGT7Wiof9SOgTKpyrvydSCKScBK5OBqBGct6biv95/UT5l07KwjhRNCSzh/yEYxXhaTPYY4ISxSeaABFM/xWTEQggSvdX1iVY8ysvkk6jbp3Xz25Pq82roo4SOkRH6ARZ6AI10Q1qoTYi6BE9o1f0ZjwZL8a78TGLLhnFzAH6A+PzB2xsmfE=</latexit>

ωεs → 10→1 ↑ 10→2



A coherent waveform model

BH Mimickers: From Theory to Observation

Or…introduce physics information to reduce the volume of  the model
<latexit sha1_base64="kkLuLj3C8NWYfbAlOmMyd2tUg9E="></latexit>

Lω = →1

2
gµεω→

,µω,ε → 1

2
µ2|ω|2 → 1

4
ε|ω|4

In the limit  equilibrium solutions can be very compactσ ≫ μ2

Properties of  equilibrium configurations depend only on the ratio  MB = σ /μ2

Learning from the neutron star case, this allows to map macroscopic observables to microscopic fundamental 
parameters

<latexit sha1_base64="cjBXYrE6Cwo7DLkV/33Ri3xCdSE=">AAACGHicbVC7SgNBFJ2Nrxhfq5Y2g0GwirsSH00gaGNhEcE8IJssdyeTZNjZBzOzQlj2M2z8FRsLRWzT+TdOHoUmHhg4nHMPd+7xYs6ksqxvI7eyura+kd8sbG3v7O6Z+wcNGSWC0DqJeCRaHkjKWUjriilOW7GgEHicNj3/duI3n6iQLAof1SimnQAGIeszAkpLrnnm8GjgpraVOfc61YMKdmQSuKlfsbJuGTvA4yG4PnY8qqDru2bRKllT4GViz0kRzVFzzbHTi0gS0FARDlK2bStWnRSEYoTTrOAkksZAfBjQtqYhBFR20ulhGT7RSg/3I6FfqPBU/Z1IIZByFHh6MgA1lIveRPzPayeqf91JWRgnioZktqifcKwiPGkJ95igRPGRJkAE03/FZAgCiNJdFnQJ9uLJy6RxXrIvSxcP5WL1Zl5HHh2hY3SKbHSFqugO1VAdEfSMXtE7+jBejDfj0/iajeaMeeYQ/YEx/gGJ4p96</latexit>

log10 ! =
4∑

k=0

ωkε
k

use this relation for spinning BS (but…[G. Castro + inc. A.M,  2020])

Semi-analytic expression relating the static tidal deformability with β = M/MB

[M. Vaglio + inc. A.M,  2023]

[N. Sennet + 2017, ; C. Adams + 2023]



A coherent waveform model

BH Mimickers: From Theory to Observation

<latexit sha1_base64="60F6RUxMTmiC0ct4AmJnUcMcqAI=">AAACEnicbZDJSgNBEIZ74h63qEcvjUFIQMKMuF0E0YvHCEaFTAg1nZqkSc9Cd40Qgs/gxVfx4kERr568+TZ2FkGNPzR8/FVFdf1BqqQh1/10clPTM7Nz8wv5xaXlldXC2vqVSTItsCYSleibAAwqGWONJCm8STVCFCi8Drpng/r1LWojk/iSeik2ImjHMpQCyFrNQtnvQppCc/f4G7ivMKSSHyDBji860tey3aFys1B0K+5QfBK8MRTZWNVm4cNvJSKLMCahwJi656bU6IMmKRTe5f3MYAqiC22sW4whQtPoD0+649vWafEw0fbFxIfuz4k+RMb0osB2RkAd87c2MP+r1TMKjxp9GacZYSxGi8JMcUr4IB/ekhoFqZ4FEFrav3LRAQ2CbIp5G4L39+RJuNqteAeV/Yu94snpOI55tsm2WIl57JCdsHNWZTUm2D17ZM/sxXlwnpxX523UmnPGMxvsl5z3LyA/nSY=</latexit>

ω2 = ω2 (ε,ϑ)

<latexit sha1_base64="Z29n188udJk4FVdkLHb4K5Zr1CA="></latexit>

ω = {M, ε,ϑ1,ϑ2,MB , dL, tc,ϖc}

Quadrupole moment in terms of   and the dimensionless spin ,β χ

Can we directly constrain  from GW observations ?MB

Interpolation of  numerical data obtained from multipolar 
structure of  spinning boson stars

 ,   with M2 = − κ2(χ, β)χ2M3 κBH
2 = 1

Deviations from BH evolution encoded within a single 
parameter

[M. Vaglio + inc. A.M,  2022]

 only at low spin 
& has a minimum

κ2 ∼ const

universal relations among  
BS parameters



A coherent waveform model

BH Mimickers: From Theory to Observation
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rRoche → ωr2
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m2

) 1
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fRoche =
1

ωm

√
3 + q + 3q→1 + q→2

(
C2
ε

) 3
2

Bayesian study for 3g detectors (Einstein Telescope, Cosmic Explorer) 

Injection/recovery using inspiral only signals (TaylorF2) with different configurations

Sampling on the waveform parameters up to mass shedding (q = m2/m1 ≤ 1)
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(ω1,ω2) = (0.2, 0.1)
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(ω1,ω2) = (0.05, 0.35)

normalised phase contribution

[M. Vaglio + inc. A.M,  2023]



BH Mimickers: From Theory to Observation
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fRoche = 100Hz

q = 0.7

(ω1,ω2) = (0.2, 0.1)
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fRoche = 127Hz

q = 0.8

(ω1,ω2) = (0.05, 0.35)

Reconstruction of  the source parameters
A coherent waveform model

% level



BH Mimickers: From Theory to Observation
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fRoche = 100Hz

q = 0.7

(ω1,ω2) = (0.2, 0.1)

Reconstruction of  the source parameters
A coherent waveform model

still % level
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fRoche = 45Hz

q = 0.7

(ω1,ω2) = (0.2, 0.1)



BH Mimickers: From Theory to Observation
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Including the quadrupole matters

<latexit sha1_base64="E7rQaiRLQckzpTP4zwQosapFHWk=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRi1Y1QdOOmUME+oAlhMpm2QyczYWailNhPceNCEbd+iTv/xmmbhbYeuHA4517uvSdMGFXacb6twsrq2vpGcbO0tb2zu2eX99tKpBKTFhZMyG6IFGGUk5ammpFuIgmKQ0Y64ehm6nceiFRU8Hs9TogfowGnfYqRNlJglzMPIwYbk6taI/BEJHRgV5yqMwNcJm5OKiBHM7C/vEjgNCZcY4aU6rlOov0MSU0xI5OSlyqSIDxCA9IzlKOYKD+bnT6Bx0aJYF9IU1zDmfp7IkOxUuM4NJ0x0kO16E3F/7xeqvuXfkZ5kmrC8XxRP2VQCzjNAUZUEqzZ2BCEJTW3QjxEEmFt0iqZENzFl5dJ+7Tqnldrd2eV+nUeRxEcgiNwAlxwAergFjRBC2DwCJ7BK3iznqwX6936mLcWrHzmAPyB9fkDda6TgA==</latexit>

M = 5M→

<latexit sha1_base64="73XN94g/FS++CaE4OSOEJgOebHY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTiayMU3bgpVLAPaEKYTKbt0MlMmJmIJeRX3LhQxK0/4s6/cdpmoa0HLhzOuZd77wkTRpV2nG+rtLK6tr5R3qxsbe/s7tn71Y4SqcSkjQUTshciRRjlpK2pZqSXSILikJFuOL6d+t1HIhUV/EFPEuLHaMjpgGKkjRTY1czDiMFmfu06zcATkdCBXXPqzgxwmbgFqYECrcD+8iKB05hwjRlSqu86ifYzJDXFjOQVL1UkQXiMhqRvKEcxUX42uz2Hx0aJ4EBIU1zDmfp7IkOxUpM4NJ0x0iO16E3F/7x+qgdXfkZ5kmrC8XzRIGVQCzgNAkZUEqzZxBCEJTW3QjxCEmFt4qqYENzFl5dJ57TuXtTP789qjZsijjI4BEfgBLjgEjTAHWiBNsDgCTyDV/Bm5daL9W59zFtLVjFzAP7A+vwB4hSTtg==</latexit>

M = 10M→

<latexit sha1_base64="zKGRjjxddjiqU3F63llcZoX7uwg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEFkpISrVuhKIblxVsLbQhTKbTduhkEmYmQgnFjb/ixoUibv0Kd/6N0zQLbT1wuYdz7mXmHj9iVCrb/jZyK6tr6xv5zcLW9s7unrl/0JZhLDBp4ZCFouMjSRjlpKWoYqQTCYICn5F7f3w98+8fiJA05HdqEhE3QENOBxQjpSXPPCr18Ih6TiVt1fJlybZqFduqlz2zaFt2CrhMnIwUQYamZ371+iGOA8IVZkjKrmNHyk2QUBQzMi30YkkihMdoSLqachQQ6SbpCVN4qpU+HIRCF1cwVX9vJCiQchL4ejJAaiQXvZn4n9eN1eDCTSiPYkU4nj80iBlUIZzlAftUEKzYRBOEBdV/hXiEBMJKp1bQITiLJy+TdtVyzq2z21qxcZXFkQfH4ASUgAPqoAFuQBO0AAaP4Bm8gjfjyXgx3o2P+WjOyHYOwR8Ynz+H7ZRO</latexit>

(ω1,ω2) = (0.4, 0.7)

<latexit sha1_base64="Szg0xFoebCZBgfXwf3Yi3ysRudE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEFkpIiq+NUHTjsoKthTaEyXTSDp1MwsxEKKG48VfcuFDErV/hzr9xmmahrQcu93DOvczc48eMSmXb30ZhaXllda24XtrY3NreMXf32jJKBCYtHLFIdHwkCaOctBRVjHRiQVDoM3Lvj66n/v0DEZJG/E6NY+KGaMBpQDFSWvLMg0oPD6nn1LJWr15WbKtesy2n6pll27IzwEXi5KQMcjQ986vXj3ASEq4wQ1J2HTtWboqEopiRSamXSBIjPEID0tWUo5BIN81OmMBjrfRhEAldXMFM/b2RolDKcejryRCpoZz3puJ/XjdRwYWbUh4ninA8eyhIGFQRnOYB+1QQrNhYE4QF1X+FeIgEwkqnVtIhOPMnL5J23XLOrNPbk3LjKo+jCA7BEagAB5yDBrgBTdACGDyCZ/AK3own48V4Nz5mowUj39kHf2B8/gB7vZRG</latexit>

(ω1,ω2) = (0.2, 0.1)

<latexit sha1_base64="73XN94g/FS++CaE4OSOEJgOebHY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTiayMU3bgpVLAPaEKYTKbt0MlMmJmIJeRX3LhQxK0/4s6/cdpmoa0HLhzOuZd77wkTRpV2nG+rtLK6tr5R3qxsbe/s7tn71Y4SqcSkjQUTshciRRjlpK2pZqSXSILikJFuOL6d+t1HIhUV/EFPEuLHaMjpgGKkjRTY1czDiMFmfu06zcATkdCBXXPqzgxwmbgFqYECrcD+8iKB05hwjRlSqu86ifYzJDXFjOQVL1UkQXiMhqRvKEcxUX42uz2Hx0aJ4EBIU1zDmfp7IkOxUpM4NJ0x0iO16E3F/7x+qgdXfkZ5kmrC8XzRIGVQCzgNAkZUEqzZxBCEJTW3QjxCEmFt4qqYENzFl5dJ57TuXtTP789qjZsijjI4BEfgBLjgEjTAHWiBNsDgCTyDV/Bm5daL9W59zFtLVjFzAP7A+vwB4hSTtg==</latexit>

M = 10M→

<latexit sha1_base64="Szg0xFoebCZBgfXwf3Yi3ysRudE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEFkpIiq+NUHTjsoKthTaEyXTSDp1MwsxEKKG48VfcuFDErV/hzr9xmmahrQcu93DOvczc48eMSmXb30ZhaXllda24XtrY3NreMXf32jJKBCYtHLFIdHwkCaOctBRVjHRiQVDoM3Lvj66n/v0DEZJG/E6NY+KGaMBpQDFSWvLMg0oPD6nn1LJWr15WbKtesy2n6pll27IzwEXi5KQMcjQ986vXj3ASEq4wQ1J2HTtWboqEopiRSamXSBIjPEID0tWUo5BIN81OmMBjrfRhEAldXMFM/b2RolDKcejryRCpoZz3puJ/XjdRwYWbUh4ninA8eyhIGFQRnOYB+1QQrNhYE4QF1X+FeIgEwkqnVtIhOPMnL5J23XLOrNPbk3LjKo+jCA7BEagAB5yDBrgBTdACGDyCZ/AK3own48V4Nz5mowUj39kHf2B8/gB7vZRG</latexit>

(ω1,ω2) = (0.2, 0.1)

no quadrupole  
in the recovery

quadrupole  
in the recovery

larger quadrupolar effectslarger spins

larger bias 

A coherent waveform model



BH Mimickers: From Theory to Observation

Speaking of  the bias
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Is there any systematic error in the source parameters when using a wrong waveforms model?
[E. Berti + inc. A.M,  2025]

Injection: GW signal with  Λ̃ ≠ 0 Recovery: GW signal with  Λ̃ = 0

bias over  
injected value

distance @  
bias   statistical error≳

Equal mass binaries observed by ET & LISA 
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Asymmetric binaries and next gen detectors
90+ events observed so far from LVK, spanning a relatively small interval of  mass ratios q ∼ 1 : 30

Space and ground based detectors can beat down such value by 
several orders of  magnitudes m /M = q ∼ 10−2 − 10−7

Dynamics dictated by q, with the duration of  the inspiral & 
number of  cycles growing as q decreases 

Slow inspiral phase which could allow to continuously observe EMRI/IMRI for very long periods, from months to years 

Dynamical evolutions with an uncommon richness, with resonances, large eccentricities and off-equatorial orbits, etc.

rich astro-fundamental physics science cases

Discovery potential

[J. Baker +, 2019]

E/IMRIs as golden sources for milli-Hz and deci-Hz 
detectors

BH Mimickers: From Theory to Observation



EMRIs
EMRIs provide a rich phenomenology, due to their orbital features

Berry +, Astro2020 1903.03686 (2019) Precise space-time map and accurate binary parameters 

Very appealing to test fundamental & astro-physics

blessing in disguise

Tracking EMRIs for O(year) requires accurate templates

Non equatorial orbits

Eccentric motion

Resonances

Complete  cycles before the plunge∼ 104 − 105

How do we include and test new physics with such sources?

BH Mimickers: From Theory to Observation

[A. Avendāno & C. Sopuerta, 2024]



EMRIs in nuce

BH Mimickers: From Theory to Observation

Regge-Wheleer-Zerilli  
(Schwarzschild)

Teukolsky 
(Kerr)

leading

adiabatic

first post-adiabaticadiabatic

ϕ(t) = ϕdiss−1 + …
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g↵� = g(0)↵� + h↵� + . . .

The asymmetric character introduces a natural parameter to study the problem in perturbation theory q = mp/M ≪ 1

The solution determines the phase evolution 



EMRIs and tidal effects
Multipolar structure and absence of  the horizon as signatures of  non-Kerrness for the massive component

[F. Ryan, 1997, G. Raposo +, 2019, C. Herdeiro +, 2021, N. Loutrel +, 2022, K. Fransen & D. Mayerson 2022]

Tidal effects for asymmetric binaries. Learning some lesson from pN expansion (EMRIs are not pN binaries though….)

<latexit sha1_base64="QHUYjZXSVVhiVrD1YGbgJ+PrGWc="></latexit>

ωtidal(f) → [k1q
→1 + q3k2]v

5

Scaling of  the pN tidal phase for binaries with .     q ≪ 1

Love number primary

Love number secondary

Tidal deformability of  the primary is naturally “promoted” within the phase hierarchy 

with  tidal effects become more important than conservative effects which are k1 ≫ q 𝒪(q)

Same order in  of  the leading point-particle contributionq

[P. Pani, A. M., 2019]
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ωN (f) → v→5q→1

BH Mimickers: From Theory to Observation



[G. Piovano, A. M., P. Pani 2023]

BH Mimickers: From Theory to Observation

EMRIs and tidal effects
Uncertainties on the tidal Love number from EMRI observations by LISA

Binary evolution with “kludge” waveforms
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Ė = ĖTeuk + Ėtidal
pNRelativistic amplitudes and mixed GW fluxes

As reference,   
for constraints on tidal effects from  

GW170817

σk1
≲ 103<latexit sha1_base64="k81wG3FPtnI2CuODEUlVmhpUo/8=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0WoC0siWl0W3bgRKtgHtDFMJpN26GQmzEwKJfRP3LhQxK1/4s6/cdpmoa0HLhzOuZd77wkSRpV2nG+rsLK6tr5R3Cxtbe/s7tn7By0lUolJEwsmZCdAijDKSVNTzUgnkQTFASPtYHg79dsjIhUV/FGPE+LFqM9pRDHSRvJtu+I6T7Uz1zm993siFNq3y07VmQEuEzcnZZCj4dtfvVDgNCZcY4aU6rpOor0MSU0xI5NSL1UkQXiI+qRrKEcxUV42u3wCT4wSwkhIU1zDmfp7IkOxUuM4MJ0x0gO16E3F/7xuqqNrL6M8STXheL4oShnUAk5jgCGVBGs2NgRhSc2tEA+QRFibsEomBHfx5WXSOq+6terlw0W5fpPHUQRH4BhUgAuuQB3cgQZoAgxG4Bm8gjcrs16sd+tj3lqw8plD8AfW5w/fUZHn</latexit>

(106 → 10)M→



BH Mimickers: From Theory to Observation

EMRIs and heating
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Ėsurf = (1→ |R|2)ĖH(partial) reflection by surface

difference in phase ϕℛ=0 − ϕℛ=1

[S. Datta +, 2020]

Absence of  horizon as potential discriminator for non - Kerrness
Boundary conditions, QNMs, low frequency modes, partial absorption [S. Hughes 2001; S Bernuzzi +, 2012; P. Pani +, 2009; E. Maggio +, 2017; E. Maggio 

+, 2017; P. Pani +, 2010; C. Macedo +, 2013, A. M. +, 2018; V. Cardoso +, 2019]
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EMRIs and heating
Absence of  horizon as potential discriminator for non - Kerrness

Boundary conditions, QNMs, low frequency modes, partial absorption [S. Hughes 2001; S Bernuzzi +, 2012; P. Pani +, 2009; E. Maggio +, 2017; E. Maggio 
+, 2017; P. Pani +, 2010; C. Macedo +, 2013, A. M. +, 2018; V. Cardoso +, 2019]

<latexit sha1_base64="Kgc3LLZpQNlVlWFaqIKKxz2rHQE=">AAACKXicbVDLSgMxFM3UV62vUZdugkWoC8tM8bURiiJ0WcU+oDMtmTTThmYeJBmhDPM7bvwVNwqKuvVHTKezsK0XAifn3HOTe5yQUSEN40vLLS2vrK7l1wsbm1vbO/ruXlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nNHNRG89Ei5o4D/IcUhsDw186lKMpKJ6etXqBzK2MGLwNunGFvegiLibXJXME0sZM+0+SS/dyvFsfy3p6UWjbKQFF4GZgSLIqt7T39QIHHnEl5ghITqmEUo7RlxSzEhSsCJBQoRHaEA6CvrII8KO000TeKSYPnQDro4vYcr+dcTIE2LsOarTQ3Io5rUJ+Z/WiaR7acfUDyNJfDx9yI0YlAGcxAb7lBMs2VgBhDlVf4V4iDjCUoVbUCGY8ysvgmalbJ6Xz+5Oi9XrLI48OACHoARMcAGqoAbqoAEweAIv4B18aM/aq/apfU9bc1rm2Qczpf38AuPWpwg=</latexit>

Ėsurf = (1→ |R|2)ĖH(partial) reflection by surface [S. Datta +, 2020]

the same

very different

<latexit sha1_base64="zV6guxVsT9XixKYkA3TwU96Btgw="></latexit>

O(h1|h2) = max
t0,phi0

→h1|h2↑√
→h1|h1↑→h2|h2↑

weighted by LISA 
sensitivity 
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Other smoking guns? Quadrupole moment
Measuring the quadrupole moment of  the massive EMRI component with LISA observations

[L. Barack & C. Cutler, 2006]
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Thoughts
Using the inspiral phase of  binary merger looks an appealing environment for searching new physics

pN approaches

“recycle” theoretical developments, techniques, data analysis approaches… 

Do we have a faithful model for fundamental physics?

Installed on BH/NS baseline models (theory still can and needs to inform the way we construct them) 

Goal to construct hybrid models. Few examples on realistic models

ok for early (?) inspiral. When do we stop?

SF approaches

Vast majority of  works/analysis exploratory science

At very best “kludge” waveform models mixing fully relativistic & pN results

[T. Evstafyeva + 2024; N, Siemonsen 2024; N. Siemonsen & W. East, 2023]



Back up
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A coherent waveform model

only quadrupole only tidal quadrupole + tidal quadrupole + tidal (up)

Constraining  with massive binaries evolving in the LISA bandMB

Fisher matrix analysis including different phase contributions
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Universal relations among multipole moments
Semi-analytic relation between mass quadrupole and mass octupole and tidal deformability [M. Vaglio + inc. A.M,  2022]

Can be used to break degeneracy among the source parameters
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D2z↵

d⌧2
= qf↵

1 + q2f↵
2 +O(q3)

Contributions to the orbital trajectory

<latexit sha1_base64="xT7UeAY51WS1aUYds0F2wFQDhuQ="></latexit>

g↵� = g↵� + qh↵� + q2h(2)
↵� +O

�
q3
�
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trr = E/Ė ⇠ M/q
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2 t

2
rr ⇠ q0

Inspiral evolution on radiation-reaction time

cumulative shift 

of  second order SF
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[T. Hinderer & E. Flanagan, 2008]

EMRIs in nuce

Match filtering require error in phase << 1 radian:


