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One of the fundamental questions in black hole physics is whether 
singularities, where our current laws of physics break down, are always 
hidden behind event horizons. This is known as the Weak Cosmic 
Censorship Conjecture (wCCC), proposed by Roger Penrose.

• However, when quantum effects are considered, black holes might 
behave differently than in classical general relativity. 

• Quantum effects can influence its structure, potentially modifying its 
stability, entropy, and thermodynamic properties.
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MOTIVATIONS

✦ In this talk I will focus on backreaction effects from quantum matter on 
a rotating space-time:

4

1. To understand the properties of rotating 
black holes in the presence of quantum 
corrections

2. To study its impact on common 
assumptions in classical GR e.g., the fate 
of naked singularities in connection with the 
weak cosmic censorship
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Bañados, Teitelboim, Zanelli (1992)

✦ Such study is technically challenging in a Kerr black hole space-time, but 
progress is possible by analyzing a 3D rotating BTZ black hole.  

✦ A major simplification in (2+1) dimensions is that all quantum corrections 
arise only from the ``matter sector´´ (given the absence of propagating 
gravitational dofs).

1. To understand the properties of rotating 
black holes in the presence of quantum 
corrections

2. To study its impact on common 
assumptions in classical GR e.g., the fate 
of naked singularities in connection with the 
weak cosmic censorship
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• How backreaction affects the 3D BTZ black hole. 
Classical geometry of black hole modified (possibly a lot) by quantum 
effects: quantum backreacted black hole.  

• Whether the wCCC still holds in the presence of strong quantum 
backreaction. 

• New quantum inequalities, such as the quantum Penrose Inequality  
and the quantum Reverse Isoperimetric Inequality, which impose 
bounds on black hole mass and entropy. 

By using holography and braneworld scenarios, we examine whether 
these quantum effects reinforce or challenge our understanding of black 

holes and cosmic censorship.

OUTLINE
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AMF, Hennigar, Pedraza, Svesko PRL (2024)
AMF, Rocha, Sanna, JHEP (2024)
AMF, Pedraza, Svesko, Visser, PRL (2023)
Emparan, AMF, Way, JHEP (2020) 

1. Construction of a black hole solution on a brane (qBTZ).

2. Study of the qBTZ thermodynamics (Sgen).

3. Quantum (weak) cosmic censorship (wCCC).

4. Quantum inequalities:     
- Penrose Inequality  
- Reverse Isoperimetric Inequality

OUTLINE



SETUP
The quantum BTZ black hole

Emparan, AMF, Way, JHEP (2020) 



BRANEWORLD SCENARIO

8

The essential feature of the braneworld 
scenario is that the matter fields of the 
Standard Model are supposed to be 
localized on the brane, while the graviton 
can propagate in a higher dimensional 
spacetime (bulk).

• One application is considering warped geometries, i.e., a 
negatively curved bulk (AdS), with branes (e.g. Randall-Sundrum 
or Karch-Randall braneworlds). 

• This scenario provides a generalization of AdS/CFT to spaces with 
boundaries (Braneworld holography).

hep-ph/0210296



SEMI-CLASSICAL GRAVITY

Gμν(gαβ) = 8π G ⟨Tμν(gαβ)⟩
renormalized stress tensor
of quantum matter fields 

✦ In the absence of a complete theory of quantum gravity, it is common to 
resort to solving the semi-classical Einstein equations: 

9

Einstein tensor for the quantum
back reacted metric  gαβ
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renormalized stress tensor
of quantum matter fields 

✦ In the absence of a complete theory of quantum gravity, it is common to 
resort to solving the semi-classical Einstein equations: 

9

Einstein tensor for the quantum
back reacted metric  gαβ

✦ Still, computing  and solving the coupled system of equations:⟨Tμν⟩

✦ Typical approach: assume backreaction to be small and work perturbatively.

                     spacetime metric         +      quantum correlators 

is often a daunting task.



tim
e

✦ One such approach is offered by ‘holography’:

quantum theory of 3D 
conformal fields 

gravity in a 4D 
AdS spacetime

AdS4/CFT3

duality

In very special cases, alternative non-perturbative approaches are possible.

AdS4

10

HOLOGRAPHY (A NON-PERTURBATIVE TOOL)

Maldacena (1998)
Witten (1998)

Gubser, Klebanov, Polyakov (1998)



tim
e

✦ One such approach is offered by ‘holography’:

quantum theory of 3D 
conformal fields 

gravity in a 4D 
AdS spacetime

AdS4/CFT3

duality

In very special cases, alternative non-perturbative approaches are possible.

AdS4

4AdS4

10

HOLOGRAPHY (A NON-PERTURBATIVE TOOL)

Maldacena (1998)
Witten (1998)

Gubser, Klebanov, Polyakov (1998)



AdS4

4

✦ In the simplest incarnation of the gauge-gravity correspondence, the 
(conformal) field theory is formulated in a non-dynamical spacetime.

11

BRANEWORLD GRAVITY

CFT on the boundary



AdS4
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✦ In the simplest incarnation of the gauge-gravity correspondence, the 
(conformal) field theory is formulated in a non-dynamical spacetime.

11

✦ A consistent description of a CFT in a dynamical spacetime                  
is captured by the Karch-Randall model:

- The metric on the brane is asymptotically AdS3.

- Gravity is recovered on a 3D braneworld supporting the quantum fields.

AdS3 brane with tension

Karch, Randall (2001)

BRANEWORLD GRAVITY

CFT on the boundary



The braneworld scenario allows the construction of quantum black holes: 

12

Emparan, Fabbri, Kaloper (2002)
Tanaka (2003)

Emparan, AMF, Way (2020)

BRANEWORLD BLACK HOLES

Emparan, Horowitz, Myers (2000)
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✦ Instead of starting with pure AdS4 spacetime, now take an accelerated black 
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✦ Instead of starting with pure AdS4 spacetime, now take an accelerated black 
hole in AdS — the AdS C-metric — and slice it with a Karch-Randall brane.

The braneworld scenario allows the construction of quantum black holes: 

✦ Discard the side containing the cosmic string. 
✦ Then glue along the brane with another copy to obtain a two-sided brane.

rotation can 
be included

12

Emparan, Fabbri, Kaloper (2002)
Tanaka (2003)

Emparan, AMF, Way (2020)

BRANEWORLD BLACK HOLES

Emparan, Horowitz, Myers (2000)



DESCRIPTION OF THE BH SOLUTION

13

4✦ Bulk AdS rotating C-metric is parametrized by                                                                    
{  ,   ,   ,   ,   }.

✦ The acceleration    controls the tension of the 
cosmic string that pulls on the BH. It can be tuned to 
put the BH in a place where it can be sliced by the 
KR brane.

✦ The bulk cosmological constant   

A ℓ4 μ a κ

A

Λ4 ∝ ℓ4
−2

✦   and    control the mass and angular momentum of the BH. 
(   and    yield pure AdS4)

✦   is a discrete parameter.

μ a
μ = 0 a = 0

κ = ± 1 , 0

ν = ℓ
ℓ3

= 1
Aℓ3
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4✦ Bulk AdS rotating C-metric is parametrized by                                                                    
{  ,   ,   ,   ,   }.

✦ The acceleration    controls the tension of the 
cosmic string that pulls on the BH. It can be tuned to 
put the BH in a place where it can be sliced by the 
KR brane.

✦ The bulk cosmological constant   

A ℓ4 μ a κ

A

Λ4 ∝ ℓ4
−2

✦   and    control the mass and angular momentum of the BH. 
(   and    yield pure AdS4)

✦   is a discrete parameter.

μ a
μ = 0 a = 0

κ = ± 1 , 0

✦ In the corresponding geometry on the 3D brane:

✦ The acceleration  turns out to be proportional to the tension  of 

the 3D brane and controls the backreaction effects .

A τ

ν = 1
Aℓ3

ν = ℓ
ℓ3

= 1
Aℓ3



ROTATING QBTZ METRIC

14

✦ From this construction we get the geometry of a 
quantum backreacted BTZ black hole (and the 
vev of the stess-energy tensor). 

4

✦ The qBTZ geometry still features a 
singularity at .

✦ The event horizon is located at the 
largest root of , if it exists:

✦ Classical BTZ is recovered when 
.

r = 0

grr = H(r)

ν → 0

✦ Charged case: 
Climent, Emparan, Hennigar (2024);  Feng, Ma, Mann, Xue, Zhang (2024)



BH THERMODYNAMICS

15

Bulk BH thermodynamics translates into the thermodynamics of qBTZ:

T = TqBTZ

Sgen ≡ SBH + Soutside

Black holes obey a set of relations, known as black hole mechanics, 
that can be mapped into thermodynamics with a finite temperature:

dM = TdS + ΩdJFirst law of BH thermodynamics

SBH ≡ SWald
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Bulk BH thermodynamics translates into the thermodynamics of qBTZ:

INDUCED THERMODYNAMICS OF QBTZ

16

T = TqBTZ

Sgen ≡ SWald + Soutside

Sgen = Abulk

4G4
SWald = Abrane

4G3

Bulk BH entropy Brane BH entropy Obtained by 
subtraction: Entropy of 
the conformal fields 
that support the BH

Soutside = Sgen − SWald

Use this result in BH 
thermodynamics

Emparan (2006)



Bulk BH thermodynamics translates into the thermodynamics of qBTZ:

INDUCED THERMODYNAMICS OF QBTZ

17

T = TqBTZ

Sgen ≡ SWald + Soutside

✦ If the holographic interpretation of braneworld is consistent, then:

2nd law: Trivial 

1st law:  Not trivial 

In the bulk On the brane w/ higher 
curvature gravity

Holds exactly to all 
orders in the 
backreaction and 
higher-curvature 
corrections. 

Emparan, AMF, Way (2020)



Bulk BH thermodynamics translates into the thermodynamics of qBTZ:

INDUCED THERMODYNAMICS OF QBTZ
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T = TqBTZ

Sgen ≡ SWald + Soutside

✦ If the holographic interpretation of braneworld is consistent, then:

2nd law: Trivial 

1st law:  Not trivial 

In the bulk On the brane w/ higher 
curvature gravity

Holds exactly to all 
orders in the 
backreaction and 
higher-curvature 
corrections. 

✦   alone will not satisfy these relations.

✦ Thermodynamics with fixed tension.

SWald Emparan, AMF, Way (2020)



WEAK COSMIC 
CENSORSHIP
(wCCC)



DETERMINISM IN CLASSICAL PHYSICS

✦  Newtonian physics is deterministic.

 

✦  General Relativity (GR) is an extension of Newtonian gravity. 
✦ However, determinism does not carry over automatically…

19

Gravitational collapse can lead to curvature singularities at 
which point GR loses its predictive power.



PENROSE’S CONJECTURE

✦  Formulated by Penrose in 1969 to protect the deterministic picture of 
classical evolution in gravitational collapse:

“Assuming physically reasonable matter and genericity of initial conditions, 
a regular configuration cannot develop naked singularities under 

gravitational collapse with the classical equations of motion,                       
unless they are veiled by event horizons.”

20

Penrose (1969)

✦ In other words, under reasonable assumptions, singularities (e.g., formed 
in gravitational collapse) must be shielded behind event horizons.



TESTS OF THE WEAK COSMIC CENSORSHIP CONJECTURE

Very long list of variations:

✦ Different spacetime dimensions.
✦ Inclusion of cosmological constant.
✦ Test fields.
✦ Rotating thin shells.
✦ …

21

All attempts either:

✦ failed.
✦ succeeded, but approximation were later understood to be 

invalid.
✦ managed to produce naked singularities but scenarios 

require exotic matter or infinite fine-tuning.



SEMI-CLASSICAL GRAVITY (AGAIN)

✦ Previous studies about quantum backreaction on 3D black holes indicate 
that quantum effects (in the pertubative semi-classical regime) on a 
naked singularity lead to the formation of a horizon that covers it.

 

✦ Those results suggest wCCC is strengthened when quantum 
backreaction is taken into account.  
This hints at a quantum cosmic censorship conjecture.

✦ With the qBTZ at our disposal, we can now perform a calculation on a 
fully backreacted geometry and test such a conjecture.

22

Steif (1994)
Casals, Fabbri, Martínez, Zanelli (2017)

AMF, Rocha, Sanna (2024)



WALD’S TEST OF WEAK COSMIC CENSORSHIP

23

✦ Wald’s thought experiment: try to destroy the event horizon of an extremal 
rotating BH by throwing at it test particles with large angular momentum.

However, all such attempts are unsuccessful: 

Point particles with dangerously high spin bounce off the centrifugal 
potential before reaching the black hole, instead of disrupting the horizon.

✦ Kerr BHs have their angular momentum  bounded by their mass :

        

If   then one gets a naked singularity.

J M
|J | ≤ M2 (in 4 dimentions)

|J | > M2

Wald (1974)



MASS VS. SPIN DIAGRAM OF THE CLASSICAL BTZ SPACETIME

Extremal BHs

Black holes

Naked singularities

24



MASS VS. SPIN DIAGRAM OF THE QUANTUM BTZ SPACETIME

no solutions

Black holes
Naked

singularities

✦ Curve of extremal qBTZ spacetimes depends on the backreaction parameter .

✦ Region of parameter space occupied by BHs grows with backreaction.

ν

25

Parameter space of qBTZ solutions:
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WALD’S GEDANKEN EXPERIMENT ON QBTZ

M

J

✦ Assuming the test particle approximation (fixed background), with the 
absorbed particle imparting perturbations on the mass and  
angular momentum of the BH.

Black holes

Naked
singularities

26
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WALD’S GEDANKEN EXPERIMENT ON QBTZ

M

J

✦ Assuming the test particle approximation (fixed background), with the 
absorbed particle imparting perturbations on the mass and  
angular momentum of the BH.

Black holes

Naked
singularities

1. Pick an extremal background BH.

2. Compute the variations  and .

3. Check if final BH lies above or 
below the extremality curve.

δM δJ

26



TESTING THE RESILIENCE OF THE EVENT HORIZON OF THE QBTZ

M

J

We endow the test particle with the maximum angular momentum that still 
allows it to reach the horizon. (This is the most dangerous scenario for wCCC.)

For this threshold case, 
and in the linear regime 
(infinitesimal variations), 
an analytic calculation 
reveals that the perturbed 
BH remains extremal.             

Event horizon is not 
destroyed.

Black holes

Naked
singularities

27



BEYOND THE LINEAR APPROXIMATION

Numerical assessment, still under the test particle assumption, but considering 

particles of finite mass ( ):δM / M ≪ 1

✦ For massive test particles, in the whole parameter space (except perhaps a point) 
the perturbed extremal black hole becomes sub-extremal.

✦ Cosmic censorship is respected.
✦ Quantum backreaction typically strengthens cosmic censorship. 28



QUANTUM 
INEQUALITIES
1. Penrose 

Inequality



ORIGIN OF PENROSE INEQUALITY
✦ In 1973 Penrose considered a convex shell of null dust with flat interior, collapsing 

from infinity down to a singularity.
✦ Assuming there is a trapped surface one gets a sequence of inequalities bounding its 

area  (  is the area of the intersection of the horizon with the null shell).A A0

30

Penrose (1973) 

A ≤ A0 ≤ Afin = AKerr ≤ ASchw = 16π M2
Schw ≤ 16π M2

ADM

Hawking’s area increase theorem relies on the 
validity of the weak cosmic censorship conjecture

HorizonA
A0

Afin

Mtim
e



EXTENSIONS OF THE PENROSE INEQUALITY

✦ The classical Penrose inequality has been extended to include a     
negative cosmological constant (also charge can be added):  
 

(Subtlety: the ADM mass is replaced with the AMD mass,                              
which is properly defined for asymptotically AdS spacetimes) 

31

Itkin, Oz (2012) 
Folkestad (2023) 16πGDMAMD

(D − 2)ΩD−2
≥ ( A[σ]

ΩD−2 )
D − 3
D − 2

+ ℓ−2
D ( A[σ]

ΩD−2 )
D − 1
D − 2

Gibbons, Perry, Pope (2006)
Gibbons, Perry, Pope (2005)

✦ Partial forms of the above identity (including the extension to 
higher dims) had been obtained previously.



EXTENSIONS OF THE PENROSE INEQUALITY

✦ It has also been promoted to a quantum inequality:

32

Bousso, Shahbazi-Moghaddam, Tomašević (2019)

16πGDMAMD

(D − 2)ΩD−2
≥ (

4GDSgen

ΩD−2 )
D − 3
D − 2

+ ℓ−2
D (

4GDSgen

ΩD−2 )
D − 1
D − 2

Sgen = A[Σ]
4GD

+ Smat
vN + SWaldwhere

✦ But only perturbatively…
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✦ It has also been promoted to a quantum inequality:
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Bousso, Shahbazi-Moghaddam, Tomašević (2019)

16πGDMAMD

(D − 2)ΩD−2
≥ (

4GDSgen

ΩD−2 )
D − 3
D − 2

+ ℓ−2
D (

4GDSgen

ΩD−2 )
D − 1
D − 2

Sgen = A[Σ]
4GD

+ Smat
vN + SWaldwhere

✦ With the qBTZ, we have a solution to test the quantum Penrose 
inequality at all orders in backreaction.

✦ But only perturbatively…



3D QUANTUM PENROSE INEQUALITY

✦ New proposal:

33

8πG3MAMD ≥ ℓ−2
3 (

4G3Sgen

2π )
2

AMF, Hennigar, Pedraza, Svesko (2024)

This inequality is satisfied by the qBTZ black hole, whereas the validity of the 
previous proposal faces challenges in the  case.D = 3



3D QUANTUM PENROSE INEQUALITY

✦ New proposal:

33

8πG3MAMD ≥ ℓ−2
3 (

4G3Sgen

2π )
2

AMF, Hennigar, Pedraza, Svesko (2024)

✦ This is unsurprising since already the classical Penrose inequality in 
 is more subtle than in higher dimensions.

✦ Conceptually, unlike in , black holes in AdS3 formed under 
collapse cannot have arbitrarily small mass — given the gap in the 
mass spectrum between empty AdS3 and the BTZ black hole

✦ This mass gap is not present in the qBTZ case. Classical conical 
singularities get dressed by quantum backreaction and form a black 
hole: quantum effects strength the censorship (wCCC).

D = 3
D ≥ 4

This inequality is satisfied by the qBTZ black hole, whereas the validity of the 
previous proposal faces challenges in the  case.D = 3



QUANTUM 
INEQUALITIES
1. Penrose 

Inequality
2. Reverse 

Isoperimetric 
Inequality



ISOPERIMETRIC INEQUALITY

✦ Isoperimetric Inequality in Euclidean space:  
 
The isoperimetric inequality for Volume  bounded by a surface of area :V 𝒜

35

ℛ = ( (D − 1)V
𝒱0 )

1
D − 1

( 𝒜0
𝒜 )

1
D − 2

≤ 1 .

 and : area and volume of the unit -sphere𝒜0 𝒱0 (D − 2)

✦ The isoperimetric inequality states that a 
sphere has the smallest surface area per 
given V



EXTENDED THERMODYNAMICS FRAMEWORK

36

1. Consider an asymptotically AdS black hole spacetime

2. Identify the cosmological constant with a thermodynamic pressure  
 

3. Allow this to be a (thermo)dynamical quantity

P ≡ − Λ
8πG

✦Concept of the thermodynamic volume (conjugate quantity of )

→ Isoperimetric inequalities conjecture for AdS black hole

P
V = (∂M/∂P)S

Cvetič, Gibbons, Kubizňák and Pope (2011)

AMF, Kubiznak, Mann, Simovic (2014)
✦Study of black hole phase transitions

Kastor, S. Ray, and J. Traschen (2009) Dolan (2011)
Kubizňák and Mann (2012)



REVERSE ISOPERIMETRIC INEQUALITIES

✦ Reverse Isoperimetric Inequality (RII): the thermodynamic volume 𝑉 and the 
BH’s horizon area   satisfy the inequality𝒜

37

Cvetič, Gibbons, Kubizňák and Pope (2011)

ℛ = ( (D − 1)V
ΩD−2 )

1
D − 1

( ΩD−2
𝒜 )

1
D − 2

≤ 1 .

✦ At fixed thermodynamic volume, the Schwarzschild-AdS black hole has 
maximum entropy (saturate the RII)

𝒜sol(V ) ≤ 𝒜Schw(V )
✦ Quantum generalization of the classical RII:

ℛQ = ( (D − 1)Vth

ΩD−2 )
1

D − 1

( ΩD−2
4GSgen )

1
D − 2

≤ 1
Vth ≡ V − Vcas

AMF, Hennigar, Pedraza, Svesko (2024)

thermodynamic 
volume assigned to 
empty AdS space



CONCLUSIONS

✦ Cosmic censorship holds with quantum corrected black holes.
✦ Even seems to be strengthened by quantum backreaction.

Braneworld holography offers a natural framework to explore extended 
black hole thermodynamics: 

As proof of concept, we focused on a specific type of black hole, the 
qBTZ, exhibiting markedly different behavior from the classic BTZ.

WALD’S TEST OF WEAK COSMIC CENSORSHIP

✦ New proposal for quantum Penrose Inequality in 3D
✦ Quantum version of the reverse isoperimetric inequality for the 

thermodynamic volume

QUANTUM INEQUALITIES



Thank you!



Bkup slides



✦ The RII places an upper bound on the area (entropy) of a BH by 
comparing it to a non-rotating, neutral BH, the Schwarzschild 
geometry.

✦ The extension of the RII to include quantum backreacted 
spacetimes, may serve as guidance for defining features of quantum 
gravity.

CONCLUSIONS ABOUT QUANTUM INEQUALITIES

41
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✦ Another guiding principle is offered by the famous Penrose inequality.       
✦ The Penrose inequality also places an upper bound on the area of a 

surface (a trapped surface) but in a sense is more powerful: it only 
requires evaluating quantities defined instantaneously for whatever 
spacetime we may want to consider; no comparison with other 
geometries.

✦ Recently a proposal has been made to promote it to a quantum 
Penrose inequality.



THE QUANTUM BTZ BLACK HOLE (QBTZ)

42

The resulting geometry on the 3D brane is a quantum backreacted version 
of the (classical) BTZ black hole:

[Emparan,  AMF,  Way (2020)]



STRESS ENERGY TENSOR

43



EXTENDED THERMODYNAMICS FRAMEWORK

45

1. Consider an asymptotically AdS black hole spacetime

2. Identify the cosmological constant with a thermodynamic pressure  
 

3. Allow this to be a (thermo)dynamical quantity

P ≡ − Λ
8πG

✦  Consistency between 1st law and Smarr formula in AdS  

✦Concept of the thermodynamic volume (conjugate quantity of )

→ Isoperimetric inequalities conjecture for AdS black hole

P
dM = TdS + VdP

V = (∂M/∂P)S

Cvetič, Gibbons, Kubizňák and Pope (2011)

AMF, Kubiznak, Mann, Simovic (2014)
✦Study of black hole phase transitions

Kastor, S. Ray, and J. Traschen (2009) Dolan (2011)
Kubizňák and Mann (2012)



From the bulk perspective, it is very natural to tune the tension of the brane,    
since it is a physical parameter of the system.
The tension determines the position of the brane via Israel junction conditions, 
thence varying the tension changes its position.

Varying the tension corresponds to varying the CC on the brane: 

VARIATION OF THE TENSION

49dτ = dΛ3
8πG3

4 4

AdS4 BH           
(only Z2 symmetry)

BH+CFT  bd geometry       
is BTZ

κ = − 1

0 < τ < ∞ τ → ∞τ → 0

Λ3 ∝ ℓ3
−2 = 2 ℓ4

−2 (1 − 2πG4ℓ4τ) Λ4 ∝ ℓ4
−2 fixed
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✦ Holographic braneworlds offer a different perspective:                  
a higher-dimensional origin of extended BH thermodynamics.

AMF, Pedraza, Svesko, Visser (2023)

Kastor, S. Ray, and J. Traschen (2009) 
Dolan (2011)
Kubizňák and Mann (2012)

Extended thermodynamics is a framework in which the usual black hole 
thermodynamics is extended by including a variable cosmological 
constant.

Where is the  term?PdV

✦ This makes contact with the following question:
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Consider the case when the brane tension is treated as a 
thermodynamic variable, similar to the surface tension of liquids. 
✦ The effect is that the brane will do work on the black hole system, 

such that the bulk 1st law becomes

dM = TdS + Aτdτ

✦ From the brane perspective, the variation of the tension induces 
extended thermodynamics on the brane. 

✦ The bulk first law maps to the brane 1st law:

dM = TdSgen + V3dP3
Generalization of the 
brane 1st law with 
variable pressure

AMF, Pedraza, Svesko, Visser (2023)

Aτ ≡ ( ∂M
∂τ )

S

P3 ≡ − Λ3
8πG3

V3 ≡ ( ∂M
∂P3 )

S


