
The Future of Gravitational-Wave Astronomy – ICTS (October 2025)

Paolo Pani
Sapienza University of Rome & INFN Roma1

The Great Impersonation: 
towards prototypical black hole microstates

 and their signatures

 

https://gmunu.web.uniroma1.it/ 

Featuring:

Dima, Heidmann, Melis, PP, Patashuri: 2509.18245

Heidmann, PP, Santos: 2510.05200

ET-NOW FIS2

https://gmunu.web.uniroma1.it/


P. Pani -The Great Impersonation - ICTS (online) - Oct 2025

Problems on the horizon
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 Fuzzball’s goal: solve all these problems with regular, horizonless, microstates 
[Lunin 2001, Mathur 2005, Bena+, Warner+, ...]

 Several microstates in string theory, but         
either extremal or non-spinning

 Holy Grail: 

 Microstates for astrophysical BHs: Neutral & Spinning

 Confront data with classical BHs

Problems on the horizon
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 Dark 

 Compact

 Mass is free parameter

 Size grows with G

 Stable (at least over astro timescales)

 Peculiar properties (multipoles, Love, QNMs...) 

[reviews: Carballo-Rubio+ JCAP 2025; Cardoso & Pani, LLR 2019; Maggio+ 2021; BHIO 24; Princeton BH Mimickers 25]

Black Hole Fingerprints

Nearly impossible within GR and ordinary matter 
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[reviews: Carballo-Rubio+ JCAP 2025; Cardoso & Pani, LLR 2019; Maggio+ 2021; BHIO 24; Princeton BH Mimickers 25]

Black Hole Fingerprints

Nearly impossible within GR and ordinary matter 

Paradigm shift from top-down approach: 
higher dimensions, fluxes, topologies → unsual/pathological 4D properties

[reviews: Mayerson 2020; Bena+ Snowmass 2022]

 Dark 

 Compact

 Mass is free parameter

 Size grows with G

 Stable (at least over astro timescales)

 Peculiar properties (multipoles, Love, QNMs...) 
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GW-based tests of BHs

multipolar
structure

See Berti’s t
alk
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W-solitons (Soumangsu) Chakraborty-Heidmann; 2503.13589 

coordinate degeneracy

 5D metric: Static, non-extremal, smooth 

 Compactification → 4D metric apparently “singular” 

axion dilaton

 5D minimal supergravity (one small, compact extra dimension)
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 Same mass and charge of the corresponding BH → no tunable parameter!

 Mass is a free parameter

 Neutral case: microstate of Schwarzschild

axion

Schwarzschild redshift

 Effective size:

 Geodesics and perturbations are separable

W-solitons (Soumangsu) Chakraborty-Heidmann; 2503.13589 

size extra dim
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Geodesics properties: microstate vs BH

Qualitatively similar properties, yet O(10%) differences

light-ring shadow size
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Effective absorption? Radiation from inside?

Imaging: microstate vs BH
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Scalar perturbations are separable

 Radial equation (W-soliton)

 Radial equation (black hole)

 Angular equation
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Scalar perturbations are separable

 Spin-weighted spherical harmonics with half-integer spin s=-pN/2

angular eigenvalue quantization



P. Pani -The Great Impersonation - ICTS (online) - Oct 2025

 Spin-weighted spherical harmonics with half-integer spin s=-pN/2

 Bonus:  Fermionic Love numbers of a black hole in GR are nonzero!!
(Sumanta) Chakraborty-Heidmann-PP 2508.20155

Scalar perturbations are separable

angular eigenvalue quantization
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Love numbers of Kerr

 Spin-weighted spherical harmonics with half-interger spin s=-pN/2

 Bonus:  Fermionic Love numbers of a black hole in GR are nonzero!!
(Sumanta) Chakraborty-Heidmann-PP 2508.20155

bosonic
purely imaginary

(Sumanta) Chakraborty-Heidmann-PP 2508.20155

fermionic
purely real
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Scalar perturbations

 WKB in excellent agreement with numerics

 V>0 → W-solitons are stable!

 O(10%) differences → measurable and falsifible 
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Confronting with GW250114

 ~30% deviations in overtone frequency are (still) allowed

 Mass and spin (fundamental mode) more accurate (<10%)

LVK 2025
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Time-domain response: microstate vs BH

No stable light ring 

→ no echoes!
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Rotating Top Stars: main features
 1 continuous param (q) and 3 integers (k,l,N)

 Both mass and angular momentum are quantized

 No 4D ergoregion, BUT 5D ergoregion near the cap 

→ ergoregion instability for modes with KK momentum?

 Geodesics and scalar perturbations are separable

Heidmann-PP-Santos, 2510.05200 
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Rotating Top Stars: quadrupole

M2<0 
oblate M2>0

prolate

J
J

LVK 2022

Positive M2 exotic, but 
not excluded by GW observations

M2>0 M2<0

 Sign of M2 for Top Star is not fixed!
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Conclusion & Outlook
 New microstates of neutral or spinning black holes

 Short blanket: sizable deviations from BHs → model can be ruled out!

 Many extensions ahead:

 Grav. perturbations of W-solitons

 Stability of neutral solutions

 Quadrupole, Love numbers, etc...

 Two-body problem and waveforms

 Neutral and rotating solitons? 
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Backup slides
“Nothing is More Necessary than the 

Unnecessary” [cit.]
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Full W-soliton

 4 magnetic + 4 electric charges, 3+2 independent parameters:
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