
Dynamical extreme black hole horizons

Achilleas P. Porfyriadis

University of Crete

[JHEP 2606, 068] with C. Rosen, G. Tsaraktsidis

Workshop on Quantum Gravity and Strings, Corfu, Sept 2026



Extreme black holes: why care?

1. Observationally relevant:

Astronomers observe many BHs spinning very rapidly

2. Theoretically fascinating:

• hep-th: Quantum fluctuations in their near-horizon region

• hep-th: Effective Field Theory breakdown near the horizon

• math-ph: Non-linear stability with weak instability features



Rapidly spinning black holes



Rapidly spinning black holes
Gravitational wave event GW231123 also rapidly spinning

Note: Our best shot at observing extreme BH dynamics: EMRIs at LISA



AdS2 and near-extreme black holes

Near the horizon of (near-)extreme black holes spacetime is AdS2-like

• Extreme Reissner-Nordstrom; Bertotti-Robinson: [Bertotti, Robinson (1959)]

ds2 = M2
[
− r 2dt2 +

dr 2

r 2 + dΩ2
]
, Fθϕ = M sin θ

• Extreme Kerr; NHEK: [Bardeen, Horowitz (1999)]

ds2 = 2M2Γ(θ)
[
− r2dt2 +

dr2

r2
+ dθ2 + Λ(θ)2(dϕ+ r dt)2

]

▶ Applies for a wide class of theories in any D [Kunduri, Lucietti, Reall (2007)]

Kinematics of extremal horizon → scaling symmetry
Einstein equations → SL(2)

▶ Near-horizon approximations and Exact solutions



AdS2 × S2 from static RN

Diff and SL(2) invariant characterization of “anabasis” perturbations
of AdS2 can tell apart the asymptotically flat solution. [Hadar, Lupsasca, APP (2021)]



Gravitational dynamics of AdS2 throats

▶ Nearly decoupled from far asymptotic region

▶ Governed by effective 2D models like Jackiw-Teitelboim (JT) gravity

▶ Backreaction —classical or quantum— is often solvable

[Review: Mertens, Turiaci (2023)]

Currently in hep-th:

• Large quantum mechanical fluctuations in AdS2 throats
⇒ SBH diminishes as T → 0 (non-supersymmetric BHs) [Iliesiu, Turiaci (2021)]

• EFT of General Relativity breaks down near extreme horizons
⇒ Higher curvature corrections/axions lead to singular horizon

[Horowitz, Kolanowski, Remmen, Santos (2023-2026)]

In this talk: Pure Einstein-Maxwell and ℏ → 0 first.
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Extreme BHs in mathematical relativity

▶ Extreme RN can form in finite time by collapse of a charged scalar

(in opposition to the Third Law of Black Hole Mechanics) [Kehle, Unger (2022)]

▶ Extreme RN can lie on the threshold of BH formation/dispersion

(Einstein-Maxwell-Vlasov theory) [Kehle, Unger (2024)]

▶ Extreme RN is non-linearly stable: [Angelopoulos, Kehle, Unger (2024, 2026)]

• Proof in spherical symmetry, Einstein-Maxwell-neutral scalar
• Presence of Aretakis instability ad infinitum
• Lie on the threshold of black hole formation

Due to the Aretakis instability these are not static BHs:

Dynamical Extreme Reissner-Nordström (DERN)

First conjectured numerically by: [Murata, Reall, Tanahashi (2013)]



Local picture of moduli space of initial data

[AKU (2024, 2026)]

Msub Mnon-collapse

M1
stab = DERNs

Mr<1
stab

ERN

Note: No more difficult to make a stable DERN (r = 1) than
any other fixed charge-to-mass ratio (r < 1) sub-extreme RN.

Conjecture: For complete initial data Mnon-collapse = Mdispersion
“extremal critical collapse”



The linear Aretakis instability and its non-linear fate

A weak linear instability [Aretakis (2011)]

□σ = 0

▶ Decay: The field σ decays on and outside H+.
▶ Non-Decay: Transverse derivatives ∂k

⊥σ do not all decay on H+.

Lots of followup → it’s a robust feature of all perturbed extreme BH horizons.

The generic non-linear fate [MRT (2013), AKU (2024,2026)]

Rµν − 1
2

R gµν = 2
(

FµρFν
ρ − 1

4
gµνF 2

)
+∇µσ∇νσ − 1

2
gµν(∇σ)2

dF = d ⋆ F = 0 , □σ = 0

For a neutral scalar σ ∼ O(ϵ) gravitational backreaction regulates instability:

▶ BH settles to sub-extreme RN with κ = O(ϵ)

▶ Instability survives transiently for O(1/ϵ) time
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Dynamical Extreme Reissner-Nordström (DERN)

▶ Initial data on Σ1 ∪ Σ2 close to ERN,

Mi(ϵ) = Q +O(ϵ2) and σ ∼ O(ϵ)

▶ There is data given by M⋆(ϵ) such that
for Mi > M⋆(ϵ) −→ sub-extreme RN
for Mi < M⋆(ϵ) −→ super-extreme RN
for Mi = M⋆(ϵ) −→ DERN

▶ DERN features:

(i) The metric tends to static ERN

(ii) The scalar field exhibits the linear

Aretakis instability ad infinitum.

I+

H+

Σ2Σ1

i+

=⇒ DERN at late times = dynamical extreme horizon + static ERN exterior

Our Result [APP, Rosen, Tsaraktsidis (2026)] : Explicit closed-form description
of the late-time near-horizon approach to DERN. Obtained using JT gravity
and identifying the the correct boundary conditions for (i) and (ii).



JT gravity

SJT =
1
2

∫
d2x

√
−g Φ (R + 2)− 1

2

∫
d2x

√
−g (∇σ)2

▶ Describes s-wave dynamics of 4D Einstein-Maxwell-neutral scalar

near an AdS2 × S2 black hole throat close to extremality. (LAdS2 ≡ 1)

▶ Scalar σ: direct descendant of the 4D spherically symmetric scalar

▶ Dilaton Φ: variation in the area of S2 as one climbs out of the throat.

▶ EOMs
R[g] = −2 , □σ = 0 ,

gµν□Φ−∇µ∇νΦ− gµνΦ = Tµν [σ]

=⇒ Metric is fixed to AdS2: ds2 = −r 2dt2 + dr2

r2 = −4dUdV
sin2(U−V )

=⇒ Matter propagates freely on it: σ = f (U) + g(V )

The non-linear gravitational dynamics is encoded in the solution for Φ:



JT gravity

Φ = Φvac +Φbal −
1

sin (U − V )

∫ π/2

V
dX sin (U − X ) sin (X − V ) δT (X ) ,

Measures the size of the transverse S2 as one moves outwards from AdS2 × S2

▶ Φvac vacuum soln corresp. to a static RN

▶ Φbal ∝
∫ U

V dX f ′(X )2 . . . solution with

vanishing net matter flux along B (U = V )

▶ δT (U) ≡ (TVV − TUU) |B = g′(U)2 − f ′(U)2

the net matter flux through B

▶ DERN in JT gravity via
boundary conditions at late times on B:

(i) Metric glues onto ERN in the exterior:

=⇒ Φ ≈ ΦERN
vac

(ii) Scalar exhibits linear Aretakis:

=⇒ δT (π/2) = 0, δT ′(π/2) = 0

B

U
=
π/

2
Φ ≈ Φvac

δT < 0



DERN in JT gravity: singularity avoidance

▶ Singularity locus: 1 +Φ = 0

(corresponds to r = 0 in 4D)

▶ Need a singularity-free horizon U = π/2

▶ Requires sufficiently leaky δT < 0

▶ Example: an explicit DERN via

ΦERN
vac = 4 cos U cos V

sin(U−V )
, f (U) = −2U

δT (U) = −A(π/2 − U)2 with A > Amin ≈ 2.76

On the right: A = Amin/10, A = Amin, A = 10Amin
0123

-3

-2

-1

0

1

2

3

ΦDERN =
4 cosU cosV
sin(U − V )

+ cot(U − V )

[
2(U − V )− A

6

(π
2
− V

)3
+

A
4

(π
2
− V

)]
−A

4
sin(U) cos(V )

sin(U − V )
+

A
4

(π
2
− V

)2
− 2



Summary

I+

H+

Σ2Σ1

i+

B

H+

▶ DERN exists: Provided explicit closed-form description of the late-time

near-horizon approach. Requires final burst of outgoing matter flux.

▶ JT gravity: Exact solutions with boundary conditions at AdS2 boundary,

matching linear Aretakis for matter and critical dilaton for the geometry

▶ To do list:
→ Charged matter; numerically: [Gelles, Pretorius (2026)]
→ Pure gravity; Dynamical Extreme Kerr?
→ 3rd Law of BH thermodynamics? QM must intervene!
→ . . .



Thank you


