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• Q:What’s inside a large astrophysical BH? 

       Growing interest motivated by GW experiments

• A1: We’ll never know – it’s inside the horizon

• A2: An ultra-compact BH-like object – “BH mimicker” 

• Q: How can we tell? 

• A: Emitted GW when they collide (not today)
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Is GR right ?
• Yes, but … 

• All tests to date are consistent with the GR predictions

• But, … Tests probe a region a few RS away from the horizon



Deviations from GR ?
• Two perspectives:

• Quantify how well GR does, “BSM”

• Discover deviations from GR, may indicate a need for a new 

framework for describing BHs – My preference: string theory

➔Need consistent models which can describe a

“black hole mimicker” – an object whose exterior geometry 

resembles that of a GR BH but differs in its interior geometry and 

matter composition 



Quantum mechanics resolves BH singularity?

• Common expectations:

• Quantum effects relevant for curvature @ Planck scale ➔                       

classical description changes  only near singularity

• Horizon curvature extremely small ➔ 

   no quantum effects @ horizon scales

   Scale separation ➔ horizon, singularity decoupled

This talk: indications to the contrary



Idea: resolving BH singularities requires 

-  Horizon-scale internal quantum structure

   Can be “mimicked” by

- Horizon-scale modifications to geometry



The case for horizon-scale corrections :
• Assumption 1: 

• BHs are nonsingular states, do not collapse under their own gravity 

• Assumption 2: 

• Strong quantum effects “smear” the would-be singularity           

over horizon-size length scales       

• Consequence 1:    strings keep popping up

• Characteristic scale of excitations is the horizon (not Planck)         

• Consequence 2: Self-consistency ➔  significant departure from 

semiclassical gravity +  exotic matter beyond the standard model



• What can be observed when two BH’s collide ? 

Additional GWs, longer decay time & 

lower amplitude  than the leading signal.

RB, Medved, Yagi ’17

RB, Sherf ’21

RB, Medved, Shindelman, 2304.04984
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Plan

Singularity resolution by:

• Maximal entropy on horizon scale

• Maximally negative pressure on horizon scale 

– Static frozen star sourced by a “string fluid”

– Rotating frozen star sourced by a “string fluid” (time allowing)

• Stability and internal structure (not today)



BH as a bound state of 

highly excited strings

“neutral fuzzball”, “string star”

RB+Medved ‘16



Maximal entropy prevents 

collapse to a singularity
RB+Medved, 1505.07131  

➢ Entropy ~ L/ℓ𝑠

➢ For their size to decrease strings must cut 

themselves ➔ entropy decreases exponentially

R

➢ Each sphere (almost) a horizon

➢ Gravity strongly coupled 

➢ No classical geometry



New “quantum pressure” prevents collapse

Quantum pressure –

Fermi pressure

neutron star

Quantum pressure – 

string entropy

“string star”

“neutral fuzzball”}BH

Scale invariance ➔ 

Scale determined by M, 

not 𝒍𝑷



Plan

Singularity resolution by:

• Maximal entropy on horizon scale

• Maximally negative pressure on horizon scale  

– Static frozen star sourced by a “string fluid”  

– Rotating frozen star sourced by a “string fluid” (time allowing) 

• Stability and internal structure (not today)



Frozen Star model: 

Horizon-scale modifications to geometry

𝑝𝑟 = −𝜌 = −
1 − 𝜀2

𝑟2𝑙𝑃
 2

𝑅 ≈ 2𝑀(1 + 𝜀2)

Needs smoothing @ surface and core ✓ 

➢ Each sphere (almost) a horizon

➢ Gravity weakly coupled 

➢ Regular classical geometry

2𝑚 𝑟 = 𝑟 1 − 𝜀2

𝜀2
−𝜀2

Exactly Schwarzschild for r > R

RB, Medved ‘19

RB, Medved, Simhon ’22

RB, Medved, Shindelman, Simhon ’23

RB, Medved, Shindelman ’23

RB, Medved, ’23

RB, Medved, Simhon, ’23

RB, Medved, Simhon, ’24

RB, Medved, ’24

RB, Medved, Simhon, to appear
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Maximally negative pressure 

prevents collapse
Horizon-scale modifications to geometry

1 9

−𝑝𝑟𝑎𝑑𝑖𝑎𝑙 = 𝜌 =
1 − 𝜀2

𝑟2𝑙𝑃
 2  

𝑝⊥ = 0

𝑅 ≈ 2𝑀(1 + 𝜀2) 𝑅 ≥ 2𝑀 × 9
8

Looks EXACTLY like a BH from the outside

𝜀2 ≪ 1



Frozen star model

Radial rigid strings

Each sphere (almost) a horizon

Totally rigid classical geometry

Sourced by a “string fluid”



Frozen star  :

BH sourced by rigid strings

• Spherically symmetric collection of rigid strings with tension

• The total mass enclosed in a sphere of radius 𝑟,

• Comparing with  

𝛼′ = 8𝜋G

2𝐺𝑚 𝑟 ≅ 𝑟

𝑔𝑠
2 =

1

8𝜋

Letelier ’79 (in some limit)

(in a Cosmological context)

Letelier ‘83

Rabinowitz, Guendelman ‘93 

…



Tachyon effective action

Gibbons, Hori, Yi 0009061

Gibbons 0106059

Yee, Yi 0402027

Sen (Review) 0410103

Frozen star model:  Sourced by a “string fluid”

Born-Infeld Lagrangian

L= 0 for V → 0 ➔ Hamiltonian End point of tachyon condensation V→0 



End point of tachyon condensation 

𝒦 ~ 2D area element

∇𝜇𝒦𝜇𝜈 = 0

Frozen star model:  Sourced by a “string fluid”

(Hodge) Dual Lagrangian

K 𝐷𝑖

𝐷𝑖 ≡ 𝒦𝑡𝑖

Nielsen, Olesen ‘73

“Gravitational confinement”



Frozen star model:  Sourced by “string fluid”

K 𝐷𝑖



Needs smoothing @ surface and core

Simplest solution: only 

electric flux in the radial 

direction – electric monopole

The  frozen star model

Frozen star model:  Sourced by “string fluid”

𝐷𝑟 ≡ 𝐾𝑡𝑟 ≠ 0 , 𝑃𝑖 = 0, 𝐾𝑖𝑗 = 0



Frozen star model: 

BH sourced by “string fluid”

𝐷𝑟𝐷𝑟
𝐷𝑟𝐷𝑟

𝑞𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = −𝜋
𝛼′

𝐺

Stability is ensured by fixing the mass

∇𝑟𝐷𝑟 = 𝑞𝑐𝑜𝑟𝑒𝛿 3  𝑟 + 𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝛿(𝑟 − 𝑅)



Frozen star :
a regular BH mimicker

Einstein equations      ✓

Completely regular  ✓

Arbitrary compactness ✓

Black                           ✓

Null energy condition  ✓

No pathologies           ✓

Ultrastable (not today) ✓

Temperature, Entropy  ✓

AFAIK – first example



Plan

Singularity resolution by:

• Maximal entropy on horizon scale

• Maximally negative pressure on horizon scale  

– Static frozen star 

– Rotating frozen star sourced by a “string fluid” (time allowing) 

• Stability and internal structure (not today)



Reminder: Kerr BH 

𝑑𝑠2 → − ΤΔ Σ 𝑑𝜒2 +
𝑑𝑟2

ΤΔ Σ
+ Σ 𝑑𝜃2 +

(𝑟2+𝑎2)2

Σ
 sin2 𝜃  𝑑𝜙2

ZAMO – co-rotating observer

Near horizon geometry

+Ω𝐻 Ω𝐻)

𝑅2 = 𝑟2 + 𝑎2



Rotating frozen star

Everywhere in the interior

𝑑𝑠2 → − ΤΔ Σ 𝑑𝜒2 +
𝑑𝑟2

ΤΔ Σ
+ Σ 𝑑𝜃2 +

(𝑟2+𝑎2)2

Σ
sin2 𝜃 𝑑𝜙2

ΤΔ Σ →  𝜀2

𝜀2
−𝜀2

Near horizon geometry

Near horizon geometry extended throughout

RB, Medved, 2310.16467

RB, Medved, Simhon, to appear



Rotating frozen star: symmetry

Carter constant vanishes identically

Only radial trajectories

is the Carter constant per square massǁ𝑐



Rotating frozen star: mass
1Units:

Restored at the end

“Rest mass” = Irreducible mass of the BH

𝑝𝑟 = −𝜌



Rotating frozen star: angular momentum

Not a ZAMO – spacetime rotates@ Ω𝐻 1Units:

Restored at the end



Rotating frozen star

Adding rotational energy in 

the standard Kerr way 

using the 1st  law

   J= 𝑎𝑀



𝑝𝑟 = −𝜌

Rotating frozen star:  Sourced by “string fluid”



Cross sections of fixed 𝑅 = 𝑟2 + 𝑎2 

are confocal ellipses

The radial direction is a hyperbola

𝑅(𝑟 = 0) = 𝑎2





Frozen star :
a regular BH mimicker

Einstein equations      ✓

Completely regular  ✓

Arbitrary compactness ✓

Black                           ✓

Null energy condition  ✓

No pathologies           ✓

Ultrastable (not today) ✓

Temperature, Entropy (last year)  ✓

AFAIK – first example



What’s inside a black hole ?
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• Q:What’s inside a large astrophysical BH? 

       Growing interest motivated by GW experiments

• A1: We’ll never know – it’s inside the horizon

• A2: An ultra-compact BH-like object – “BH mimicker” 

• Q: How can we tell? 

• A: Emitted GW when they collide (if time allows)
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