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Problems on the horizon

1. Entropy problem (largest discrepancy in physics!)

General Relativity: “Black holes have no hair”— one state

95
10 states

Quantum Mechanics: Entropy « horizon area — €

2. Hawking’s Information Paradox (evaporation violates unitarity)

3. Singularities: theory breakdown inside black holes
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Problems on the horizon

1. Entropy problem (largest discrepancy in physics!)

General Relativity: “Black holes have no hair”— one state

95
10 states

Quantum Mechanics: Entropy « horizon area — €

2. Hawking’s Information Paradox (evaporation violates unitarity)

3. Singularities: theory breakdown inside black holes

> 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

RY/Zyo_

] S? bubble at a

R4/Zm
EeN; ({,N)eZ; gl <1

» Holy Grail:

» Microstates for astrophysical BHs: Neutral & Spinning

» Confront data with classical BHs
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Black Hole Fingerprints

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

» Dark

» Compact

> Mass is free parameter

> Size grows with G

> Stable (at least over astro timescales)

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

Nearly impossible within GR and ordinary matter
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Black Hole Fingerprints

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

» Dark

» Compact

> Mass is free parameter

> Size grows with G

> Stable (at least over astro timescales)

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

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
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GW-based tests of BHs

echoes,
ifferent ringdown, V\
tidal disruption,
postmerger,

o P (s
AW~
@ @ o_ Q-

tidal effects

~point masses: : absence of horizon echoes
same szg_nal multipolar absorption
for all objects structure effects
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W-solitons

» 5D minimal supergravity (one small, compact extra dimension
p

1 3
R 1l—= FAxs F—FAFANA
167rG5/( XS LT S )

» 5D metric: Static, non-extremal, smooth

(Soumangsu) Chakraborty-Heidmann; 2503.13589

S —
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fM =l ’ fQ =l = 72

ry = 2M £ /2(2M2 — Q2?)
coordinate degeneracy

» Compactification — 4D metric apparently “singular”

5 dt? dr? 2 F o sl 2
dsyy = \/fQ(QfM — fo) [— 75 + i — T +r (df? + sin“ 0 d¢ ) \
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r fo rfq fu fm
axion dilaton
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W-solitons

» Same mass and charge of the corresponding BH — no tunable parameter!

(Soumangsu) Chakraborty-Heidmann; 2503.13589

> Mass is a free parameter

» Neutral case: microstate of Schwarzschild

/ Schwarzschild redshift \

2M r—2M r(r —4M)
dssilo_i =— [ L——— | dt* 2 d)? — 2M)(dB? + sin? 0 do?
swlo=0 ( . ) —I—T_4Mdfr' + (r —201)° v+ r(r )(d6” + sin” 6 d¢p~),
2IM
o = d
r—929M ¥,

\ M axion /

» Bffective size:

Ry =1V fulr=r, = V/14(ry —2M) =

V4ak? — N2
2

Ry
b\

. . size extra dim
» Geodesics and perturbations are separable
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(Geodesics properties: microstate vs BH

Radius of the S* at the Orbit (Rs_,) : Angular Momentum and Apparent Size (pg) -
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Qualitatively similar properties, yet O(10%) differences
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Black String with @ = 1.2M :

Neutral W-Soliton:

W-So

Schwarzschild BH:
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Effective absorption? Radiation from inside?
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Scalar perturbations are separable

V=9

p.m

[lé‘mw—gay@) = 0] 2= [ do 1)) oAy ime=er)

> Angular equation

1
sin @

sin” 6

: 1 pN .
Jp (sinf 9yS) — m—7(1+c059) - Al S=0

> Radial equation (W-soliton)
2

2 r? fi p 2 S ?
ar (T (fovf - fQ)arlP) - fQ(2fo —fQ) Rﬁ ==l fQ (l’.u'—l— 2TfQNp> + AP =0

> Radial equation (black hole)

g RE
= W
AR fu

8’.“ (Tgf— fﬂff arlp) -

1 2
QTerNp) —I—/\] =10
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Scalar perturbations are separable

1

sin

Sin

: 1 pN 2
Jp (sinf 9yS) — 5 m—7(1+c059) - Al 8=0

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

N
)«:E(f+1)+5(1+2€):£(€+1)—%(1+2£’), leN, (> |pN|2+pN:

angular eigenvalue quantization

£ > |m|
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Scalar perturbations are separable

1

sin

Sin

, , 1 pN ?
Jp (sinf 9yS) — 5 m—7(1+cosﬂ) - Al 8=0

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

[pN| + pN
2 1

A:ff‘(f+1)+s(1+2€):£(€+1)—E§(1+2£’), feN, £.> ¢ > |m|

angular eigenvalue quantization

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

R, = gsfng_s[(l+"°)+fS£m (r__|_)2€—|—1

r—0oC

(1+-)]

, i L 2 2
i(—=1)""" an (f—g)! (f+83' H [k2 (1 — T__) + (Qam) ] for bosons, (s, ¢, m) integers,

Fsﬁm:<

2 (20+ 1) (20)]

1 (+3 2 2
—_1)3—38 - | |
(=1) (E—s)l{f+3)! [(k — 2)? (1 - T—_) e (QGm) ] for fermions, (s,#, m) half-integers,
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Love numbers of Kerr

(Sumanta) Chakraborty-Heidmann-PP 2508.20155
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Scalar perturbations
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» WKB in excellent agreement with numerics

» V>0 — W-solitons are stable!

> O(10%) differences — measurable and falsifible

L1
2
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Confronting with GW250114

280
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> ~30% deviations in overtone frequency are (still) allowed

> Mass and spin (fundamental mode) more accurate (<10%)
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Time-domain response: microstate vs BH

_qjtt + lIJa:x = Vv w(0,r) = A(r) W (0,7) = B(r)
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Rotating Top Stars: main features

Heidmann-PP-Santos, 2510.05200

> 1 continuous param (q) and 3 integers (k,I,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

R*/Z|o— |

] S? bubble at an origin of R?

R4/Zq
keN; ((,LN)€Z; gl <1
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Rotating Top Stars: quadrupole
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prolate Positive M exotic, but

not excluded by GW observations

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



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” Jcit./
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Full W-solitaon

A HyHyH3)s T
ds? = (% + Pocosfdg + xdi)? + FLH2HS): l_\/ﬂdt2+ L gl
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> 4 magnetic 4+ 4 electric charges, 3+2 independent parameters:

3
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Py = QTLHCOEEEI, = 2n| 5 Ismfx; COS (v, COS (V¢ ,
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- l€17K| - -
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