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NASA’s Anatomy of a Black Hole

https://science.nasa.gov/universe/black-holes/anatomy/


photon sphere

event horizon

photon sphere
Photons become trapped 

into unstable circular orbits, 

forming a “surface”.

event horizon
There is no escape from within 

the black hole boundary.

singularity
Shielded from view by the event 

horizon, and beyond the predictive 

power of general relativity, the 

curvature singularity could be the 

site of new physics…

accretion disk
Astrophysical black holes 

consume matter from this hot, 

bright, rapidly spinning disk. 

NASA’s Anatomy of a Black Hole

https://science.nasa.gov/universe/black-holes/anatomy/


Singularity: Consider (M, g) to be a 4D time-orientable Lorentzian
manifold. Then a singularity is denoted by a future-directed
future-inextendible time-like curve C ⊂ M.

Weak Cosmic Censorship: Consider this strongly causal space-time
(M, g) that is asymptotically-flat at null infinity. Then (M, g)
contains no naked singularities

Strong Cosmic Censorship: For generic vacuum data sets, the maximal
Cauchy development (M, gab) is inextendible as a suitably regular
Lorentzian manifold.
⇒ ensures that for a physically-reasonable space-time, a future-directed
time-like curve is inextendible past a singularity

⋆ no formal universal proof, many revisions
⋆ Sbierski (2018): proved inextendability of the metric beyond

r = 0 singularity for Schwarzschild ⇒ SCC preservation

Preliminaries: what is cosmic censorship?
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Stationary, charged, spherically-symmetric black hole:

gµνdxµdxν = −f (r)dt2 + f (r)−1dr2 + r2
(

dθ2 + sin2 θdϕ2
)

Einstein–Maxwell field equations

∇νFµν = 0 ,∇[µFνρ]=0

= 16π
[

FµρF ρ
ν − 1

4
gµνFρσFρσ

]Rµν − 1
2

gµνR + Λgµν

in de Sitter space-time

The “no-hair" conjecture

f (r) = 1 − 2M
r

+
Q2

r2
− r2

L2
dS

= 0

horizons: r−, r+, rc; r0

length scale: M = GmBHc−2

Q = G1/2qBHc−2

LdS = (3/Λ)1/2 = 1

r± ̸= M2 ±
√

M2 − Q2

Black hole basics: Reissner-Nordström de Sitter
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L2
dS

= 0

horizons: r−, r+, rc; r0

M = GmBHc−2

Q = G1/2qBHc−2

LdS = (3/Λ)1/2 = 1

c.f. RN : r± = M2 ±
√

M2 − Q2

Black hole basics: Reissner-Nordström de Sitter
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Consequences of Λ > 0: RN phase space
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Schwarzschild dS

Charged Nariai (dS2 × S
2)

r+ ~ rc

Extremal (AdS2 × S
2)

r- ~ r+

Δ = 0

M = Q

Q2

M2
≲ 1 + ...

Thermal equilibrium:
M = Q, r+ ≈ rc

κi =
1
2

d
dr f (r)

∣∣∣∣
r=ri

Ti =
κi
2π

ℏc
kB

Consequences of Λ > 0: RNdS phase space
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Aim
What about the black hole structure?
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Two competing behaviours (Λ > 0 ⇒ exp vs exp):

Asymptotic decay at r+, ψ ∼ eIm{ωn=0}t [exponential decay]

Blueshift at r−, ψ ∼ eκ−t

A blueshift amplification phenomenon characterises the dynamics of

infalling fields as they accumulate along the inner Cauchy horizon

−Im{ωn=0}
|κ−|

<
1
2
,

where Im{ω} < 0 is a necessary condition for black hole stability

Strong cosmic censorship hypothesis in RNdS
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Two competing behaviours (Λ > 0 ⇒ exp vs exp):
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Two competing behaviours (Λ > 0 ⇒ exp vs exp):

Asymptotic decay at r+, ψ ∼ eIm{ωn=0}t [quasinormal modes]

Blueshift at r−, ψ ∼ eκ−t

A blueshift amplification phenomenon characterises the dynamics of

infalling fields as they accumulate along the inner Cauchy horizon

−Im{ωn=0}
|κ−|

<
1
2

[Hintz & Vasy]

where Im{ω} < 0 is a necessary condition for black hole stability

Strong cosmic censorship hypothesis in RNdS
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Aim
What are black hole quasinormal modes?



Quasinormal mode and frequency

Ψ(xµ) =
∞∑

n=0

∑
ℓ,m

ψsnℓ(r)
r

e−iωtYℓm(θ, ϕ)

⋆ s: spin of perturbing field
⋆ m: azimuthal number for spherical harmonic decomposition in θ, ϕ
⋆ ℓ: angular/multipolar number for spherical harmonic decomposition in θ, ϕ
⋆ n: overtone number labels ω by a monotonically increasing |Im{ω}|

ωsnℓ = ωR − iωI

⋆ Re{ω}: physical oscillation frequency → Re{ω} ∝ ℓ

⋆ Im{ω}: damping → dissipative, "quasi" → limℓ→∞ |Im{ω}| = constant

Black hole quasinormal modes
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Black hole wave equation for massive charged scalar field:

d2

dr2
∗
φ+

[(
ω− qQ

r

)2
− V(r)

]
φ = 0 ,

dr
dr∗

= f (r)

e.g. Vs=0 = f (r)
(
ℓ(ℓ+ 1)

r2
+

f ′(r)
r

+µ2
)

µ =
ms

ℏ
, q ∝ e ([µ] = L−1

, [q] = 1)

Subjected to QNM boundary conditions:

purely ingoing: φ(r) ∼ e
−i

(
ω− qQ

r+

)
r

. r → r+

purely outgoing: φ(r) ∼ e+i
(
ω− qQ

rc

)
r

. r → rc

Waves escape domain of study at the boundaries ⇒ dissipative

Quasinormal mode eigenvalue problem
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e.g. for ℓ = 1, µ = 1 & q = 0.1

-
Im[ω+]

κ-
> 1

2
⋃ -

Im[ωc]

κ-
> 1

2

-
Im[ω+]

κ-
> 1

2

-
Im[ωc]

κ-
> 1

2

0.15 0.20 0.25 0.30

0.15

0.20

0.25

0.30

M

Q

Regions in violation of SCC

12/13 Anna CHRYSOSTOMOU Probing cosmic censorship in RNdS BHs



e.g. for ℓ = 1, µ = 0.1 & q = 1

-
Im[ω+]

κ-
> 1

2
⋃ -

Im[ωc]

κ-
> 1

2

-
Im[ω+]

κ-
> 1

2

-
Im[ωc]

κ-
> 1

2

0.15 0.20 0.25 0.30

0.15

0.20

0.25

0.30

M

Q

Regions in violation of SCC

12/13 Anna CHRYSOSTOMOU Probing cosmic censorship in RNdS BHs



∗ Λ > 0 & cosmic censorship influence parameter space

Conclusions
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∗ Λ > 0 & cosmic censorship influence parameter space

∗ In non-extremised regions, V(r) is a potential barrier on
r+ ≤ r ≤ rc for ℓ > 0 ⇒ QNMs throughout the phase space

∗ Schwarz: beyond µ2 > V(rpeak), QNFs long-lived
⇒ RNdS (non-ext.): V(rpeak) rises with µ on r+ < r < rc

∗ But below µcrit: anomalous behaviour (Im{ω} ↓ with ℓ)
(weak ℓ dependence; before which QNMs are anomalous)

Conclusions
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∗ Λ > 0 & cosmic censorship influence parameter space

∗ In non-extremised regions, V(r) is a potential barrier on
r+ ≤ r ≤ rc for ℓ > 0 ⇒ QNMs throughout the phase space

⋆ Schwarz: beyond µ2 > V(rpeak), QNFs long-lived
⇒ lose QNM character
RNdS (non-ext.): V(rpeak) rises with µ on r+ < r < rc

⋆ But below µcrit: anomalous behaviour (Im{ω} ↓ with ℓ)
(weak ℓ dependence; before which QNMs are anomalous)

⋆ SCC violated for “cold" RNdS black holes, on the OU line,
particularly near M ∼ Q ∼ 0.089 − quantum effects?

Conclusions
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Fin

Thank you



Aim
Backup slides



⋆ Influence of field mass

⋆ Weak Gravity Conjecture & Festina-Lente bound

⋆ Families of QNMs within RNdS, no anomalous behaviour q ̸= 0

⋆ RNdS: Penrose diagram, thermodynamics

⋆ Strong Cosmic Censorship: background, RN vs RNdS

⋆ Strong Cosmic Censorship: QNMs in RNdS

⋆ Kaluza-Klein modes in 5D

⋆ Landscape of extra dimensional models

Backup slides
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Effective potential for M = 0.185, Q = 0.016, Λ = 3, n = 0, ℓ = 1, q = 0.1, and ↑ µ:

μ = 0.0

μ = 0.5

μ = 1

μ = 5

μ = 10

r-

r+

rc

0.0 0.2 0.4 0.6 0.8 1.0

-1

0

1

2

3

r

V
(r
)

Increasing µ increases the height of the potential barrier for r+ < r < rc

Influence of mass in the RNdS case
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anomalous behaviour observed for β > 1/2

ℓ  1

ℓ  10

ℓ  20

ℓ  30

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.5840

0.5845

0.5850

0.5855

0.5860

μ

-
Im {ω+}

κ-

Recall: µ ↑ ⇒ |Im{ω}| ↓ & ℓ ↑ ⇒ |Im{ω}| ↑

↪→ not so for µ < µcrit ∼ 1.7

Anomalous behaviour precedes critical mass
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Schwarz. : ∆Re{ω} = Ω = Λ = 1/
√

27 ± 10−4

lim
ℓ→∞

|ωn=0,ℓ| = 2∆Re{ω} = Λ/2

SdS : ∆Re{ω} =

(
27

1 − 9Λ

)−1/2
± 10−4

lim
ℓ→∞

|ωn=0,ℓ| = 2∆Re{ω}

RN ∆Re{ω} =


(

3 +
√

9 − 8Q2
)3

2
(

1 +
√

9 − 8Q2
)


−1/2

± 10−4

lim
ℓ→∞

|ωn=0,ℓ| = 2∆Re{ω}

QNFs in eikonal regime for M = 1
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From Andreas Maximilianus’
Scriptorum Seu Togae & Belli Notationum Selecta

N. Arkani-Hamed, L. Motl, A. Nicolis, C. Vafa, JHEP 06 (2007) 060
M. Montero, T Van Riet, G. Venken, JHEP 01 (2020) 039

WGC:
m

g1q
<

√
2Mp for some charged state

FL:
m4

2g2
1q2

≳ 3M2
PH2 for every charged state

√
6g1qMPH < m2 < 2g2

1q2M2
P

All SM fields satisfy the full bound!

Weak Gravity Conjecture & Festina-Lente bound
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r+ ~ rc
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Δ = 0

M = Q

Q2

M2
≲ 1 + ...

Thermal equilibrium:
M = Q, r+ ≈ rc

κi =
1
2

d
dr f (r)

∣∣∣∣
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Ti =
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2π

ℏc
kB

Consequences of Λ > 0: RNdS phase space
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Schwarzschild modes (I) & de Sitter modes (II):

(I.i) photon-sphere modes: beneath line M = Q, approaching NU
large Im{ω}, Re{ω} ∼ O(0.01) for Q < 0.1

Im{ωPS} ≈ −i
(

n +
1
2

)
κ+ on NU

(I.ii) near-extremal modes: branch OU (r− ∼ r+)

ωNE ≈ −i(ℓ+ n + 1)κ− = −i(ℓ+ n + 1)κ+ ;

(II) dS modes: along branch OU (κc ∼ 1/LdS)

ωdSn=0 ≈ −iℓκc , ωdSn̸=0 ≈ −i(ℓ+ n + 1)κc ;

Quasinormal frequencies: 2 main branches
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For L =
√
ℓ(ℓ+ 1), as a series expansion ω =

∑
k=−1

ωkL−k

ωk =
√

V(rmax∗ )− 2iU , U ≡ U(V(2),V(3),V(4),V(5),V(6))

Vj =
djV(rmax

∗ )

drj = f (r)
d
dr

[
f (r)

d
dr

[
...

[
f (r)

dV(r)
dr

]
...

]]
r→rmax

∗

.

rmax
∗ ≈ r0 + r1L−2 + ... ,

V(rmax
∗ ) ≈ V0 + V1L−2 + ...

q ̸= 0 ⇒ two sets of solutions:

ω+ (black-hole family) & ωc (cosmological-horizon family)

For a fixed q, |Re{ω+}| < |Re{ωc}| & |Im{ω+}| < |Im{ωc}|

A semi-classical analysis: QNFs
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e.g. for M = Q = 0.104,
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Increasing the charge from q = 0 to q = 0.1 displaces the intersection
↪→ µcrit can only be found in the µM ≫ qQ regime.

Anomalous behaviour precedes critical mass
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Three physical horizons,

r± = ±a ∓ b , rc = +a + b , r0 = −a − b ,

a =
1

2
√

3

√
(1 + X)2 − 12Q2

X
, b =

1
2

√
4
3
− 1 − 12Q2

3X
− X

3
+

2M
a

,

X =
(
−1 + 54M2 − 36Q2 − 2

√
27

√
∆
)1/3

,

and constraints,

Q2

M2 ≲ 1+
1
3
(M2Λ) +

4
9
(M2Λ)2 +

8
9
(M2Λ)3 +O(M8Λ4).

M2Λ ≤ 1
18

[
1 + 12Q2Λ + (1 − 4Q2Λ)3/2

]

Consequences of cosmological constant on RN
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