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Credit: NASA's Goddard Space Flight Center/J. Schnittman & B. Powell

https://science.nasa.gov/universe/black-holes/supermassive-black-holes/new-nasa-black-hole-visualization-takes-viewers-beyond-the-brink/
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First, let us consider astrophysical 
black hole “anatomy”

Credit: NASA's Goddard Space Flight Center/J. Schnittman & B. Powell

https://science.nasa.gov/universe/black-holes/supermassive-black-holes/new-nasa-black-hole-visualization-takes-viewers-beyond-the-brink/
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Credit: NASA's Goddard Space Flight Center/J. Schnittman & B. Powell

First, let us consider astrophysical 
black hole “anatomy”

https://science.nasa.gov/universe/black-holes/supermassive-black-holes/new-nasa-black-hole-visualization-takes-viewers-beyond-the-brink/
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Credit: NASA's Goddard Space Flight Center/J. Schnittman & B. Powell

Weak Cosmic Censorship: horizon must cloak singularity
   ↳extremality bounds, Weak Gravity Conjecture, etc.

Strong Cosmic Censorship: generic initial data should determine a unique spacetime evolution
   ↳preserves determinism in GR; singularity is coordinate artefact  a genuine inextendible boundary

First, let us consider astrophysical 
black hole “anatomy” – and the formal 
GR principles governing causal structure

https://science.nasa.gov/universe/black-holes/supermassive-black-holes/new-nasa-black-hole-visualization-takes-viewers-beyond-the-brink/
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Credit: NASA's Goddard Space Flight Center/J. Schnittman & B. Powell

With EHT, we can “see” black 
holes(‘ photon rings, accretion disks, etc.)

https://science.nasa.gov/universe/black-holes/supermassive-black-holes/new-nasa-black-hole-visualization-takes-viewers-beyond-the-brink/
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 types of gravitational wave sourcesWith GWs, we can “hear” black 
holes(‘ merger events)

(Shanika Galaudage)

https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB


(Shanika Galaudage)
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 types of gravitational wave sources

(Shanika Galaudage)

NANOGrav LISA LVK

f [Hz]

2035!

https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB


(Shanika Galaudage)
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(Shanika Galaudage)

 

« Compact binary coalescence » (CBC) 
~400 CBCs detected by LIGO-Virgo-KAGRA

LIGO and Virgo Collaborations, PRL 116 (2016)

https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://arxiv.org/abs/2605.27225
https://arxiv.org/abs/1602.03837
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(Shanika Galaudage)

« Compact binary coalescence » (CBC) 
~400 CBCs detected by LIGO-Virgo-KAGRA
Post-merger « ringdown » phase dominated 
by a superposition of damped frequencies 
characteristic of their black hole source: 
quasinormal modes (QNMs)

 

https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://arxiv.org/abs/2605.27225
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(Shanika Galaudage)

« Compact binary coalescence » (CBC) 
~400 CBCs detected by LIGO-Virgo-KAGRA
Post-merger « ringdown » phase dominated 
by a superposition of damped frequencies 
characteristic of their black hole source: 
quasinormal modes (QNMs)

Black holes: “perfect” labs to test strong-field GR

Perfect/extreme GR laboratories

Simple in theory
Uniqueness theorems: M, Q, a 
   → ringdown well-modelled in GR

Rich in data
QNMs encode mass, spin, geometry, stability …
Singularities, horizon(s) ; therm. → constraints

Precision testing & EFT validation
Deviations from GR predictions → new physics 

https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://arxiv.org/abs/2605.27225


Black holes & their perturbations
Quasinormal modes + their excitations : a Schwarzschild example
HT Cho, CH Chen, AC, AS Cornell, Phys. Rev. D 111 (2025)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.064030


A. Chrysostomou | PBH2026 @ MITP

A quick GR primer: the Schwarzschild black hole

17

Stationary, neutral, spherically-symmetric black hole

all isolated, stationary black hole 
solutions of the Einstein-Maxwell 
equations in GR are fully characterised 
by their mass (M), electric charge (Q), 
and angular momentum (a) [Israel, Carter]
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Black hole quasinormal modes
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Quasinormal mode (QNM)

Quasinormal frequency (QNF)
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Quasinormal mode eigenvalue problem: boundary conditions

19

Black hole wave equation



A. Chrysostomou | PBH2026 @ MITP

How can we identify individual QNMs in the superposition?

20

which is a product of a source factor (initial data) ×  an independent 
« quasinormal excitation factor »

Formally, we model the QNM contribution to the black hole response through a
Green’s function analysis. This requires explicit expressions for the wavefunction,
evaluated at the QNF.

In the GW context, strain is a function of the « excitation coefficient »
Oshita, Phys. Rev. D 104 (2021)

excitation coefficient 
    = QNEF ⨉ initial data

Near a simple 
QNM pole

S. Detweiler, Proc. R. Soc. A 352 (1977)
E. W. Leaver, Phys. Rev. D 34 (1986)
N. Andersson, Phys. Rev. D 51 (1995)

QNFs = poles of f-domain retarded Green function 
QNEF = residue at each pole, measuring intrinsic 
weight with which each mode contributes to black 
hole response

https://arxiv.org/abs/2109.09757
https://royalsocietypublishing.org/doi/10.1098/rspa.1977.0005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.384
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.51.353
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How do we calculate these QNM frequencies, wavefunctions, excitation factors?

21

Challenges:
★ Non-Hermitian Operator: complex 
eigenvalues; QNMs do not form a 
complete set of eigenfunctions
★ Boundary conditions: dissipative 
system requiring semi-classical/ 
numerical treatment
★ Spectral instability: highly sensitive 
- small perturbations alter, even 
destabilise QNM spectrum
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How do we calculate these QNM frequencies, wavefunctions, excitation factors?
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How do we calculate these QNM frequencies, wavefunctions, excitation factors?
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25
breakdown at photon orbit radius

How do we calculate these QNM frequencies, wavefunctions, excitation factors?
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Reminiscent of a scattering problem, subjected to QNM boundary conditions

QNM boundary conditions at the event horizon & spatial infinity
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Managing breakdowns in the DO method: QNM solutions
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WKB

Iyer and Will, Phys. Rev. D 35, 3621 (1987)

exterior: Dolan-Ottewill 
interior: WKB (DO breaks down at r~rpeak)

QNM boundary conditions at the event horizon & spatial infinity

parabolic cylinder function

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.35.3621
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Managing breakdowns in the DO method: QNM solutions

28
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Schwarzschild QNEFs for n = 0 and increasing ℓ 

29

  Results:
★ For n = 0, larger excitation for lower
    harmonics: |B| ∝ L-½ L=ℓ+½ 
★ Excellent agreement with
    analytical formalism developed by
    Mano, Suzuki and Takasugi at
    NNLO 
★ As a “no-hair" quantity, QNEFs to be
    used as a new test for mod-GR?

ℓ-dependent scattering & matching phase accumulated 
by wave around  photon-sphere potential barrier
Recall: QNEF = residue of Green function at QNM pole 
=> naturally contains amplitude + phase
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Schwarzschild QNEFs for n = 0 and increasing ℓ 
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  Results:
★ For n = 0, larger excitation for lower
    harmonics: |B| ∝ L-½ L=ℓ+½ 
★ Excellent agreement with
    analytical formalism developed by
    Mano, Suzuki and Takasugi at
    NNLO
★ As a “no-hair" quantity, QNEFs to be
    used as a new test for mod-GR?

ℓ-dependent scattering & matching phase accumulated 
by wave around  photon-sphere potential barrier
Recall: QNEF = residue of Green function at QNM pole 
=> naturally contains amplitude + phase

NB: closely related to greybody factors that 
contribute to Hawking radiation



Black holes & their interiors
Strong Cosmic Censorship, probed using quasinormal frequencies for Q, Λ >0
AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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A quick GR primer: the Reissner-Nordström black hole 
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Stationary, charged, spherically-symmetric black hole

=
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A quick GR primer: the Reissner-Nordström de Sitter black hole
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Stationary, charged, spherically-symmetric black hole
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A quick GR primer: the Reissner-Nordström de Sitter black hole

34

The RNdS “sharkfin” phase space 

AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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Formal GR theory: massive scalar QNMs in a Reissner-Nordström de Sitter black hole
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conformal diagram: 
Schwarzschild black hole
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Formal GR theory: massive scalar QNMs in a Reissner-Nordström de Sitter black hole
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Strong Cosmic Censorship ensures that for
generic initial data, the maximal future Cauchy
development is inextendible, at the specified regularity, 
past the singularity
→ rigorously approached from 2003 [Dafermos] (!)
→ no formal universal proof , many revisions

e.g. Sbierski (2018): proved C0–inextendability of the 

metric beyond the r = 0 singularity in Schwarzschild 
⇒ SCC preservation under strongest criteria

Problem: Cauchy horizon = boundary of domain of 
dependence of an initial data. 
Before reaching it, every event is fixed by initial data
Beyond it, causal curves can enter from regions not 
controlled by those data, so different continuations of the 
metric may all satisfy Einstein’s equations while agreeing 
on everything before the horizon.

AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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Strong Cosmic Censorship (SCC) in Reissner-Nordström de Sitter black holes 

37

For our purposes: SCC requires that the metric (M, g),  as a well-defined solution to the 
vacuum Einstein field equations, cannot be extended past the Cauchy horizon (CH)

Different SCC versions distinguished by smoothness level required at CH

C°  version (strongest SCC): generically no continuous extension exists across CH
⇒ singularity exists before Cauchy horizon forms

Christodoulou version: generically no weak extension (with loc. sq. integrable 
Christoffel sym.)
⇒ Cauchy surface is a weak null singularity

C² version: generically no extension in C²

For Einstein-Maxwell(-massless scalar) theory, with Λ = 0:
C° version is false [Christodoulou; Dafermos-Luk]
Christodoulou version believed to be true [Dafermos-Rothman; Luk-Oh]

Scalar field is used as a proxy 
for the full nonlinear solution

strength
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Reissner-Nordström de Sitter black holes: blueshift vs redshift

38

For Λ = 0, consider two time-like observers: 
A: remains in I → reaches ∞ at infinite proper time
B: falls into II →  reaches CH at  finite proper time 

If observer 𝐴 sends periodic (in 𝐴’s time)
signals to observer 𝐵, observer 𝐵 will perceive 
them as incoming with greater frequency
⇒  energy of an oscillating Φ entering the black 
      hole will increase infinitely as it approaches 𝑟 = 𝑟_ 

In GR, infinite energy ⇒  curvature divergence
“Blueshift instability” rescues SCC [Penrose, 1970s]

A

B

determinism fails past CH

signals emitted over infinite 
exterior time are received within
 a finite proper time, causing their 
frequencies & energies to diverge

38

Infinite energy at Cauchy horizon ⇒  curvature divergence
“Blueshift instability” rescues SCC for Λ = 0 [Penrose 1978]

AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://ui.adsabs.harvard.edu/abs/1978tpar.book..217P/abstract
https://doi.org/10.1088/1361-6382/add5b4
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Reissner-Nordström de Sitter black holes: blueshift vs redshift
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For Λ = 0, consider two time-like observers: 
A: remains in I → reaches ∞ at infinite proper time
B: falls into II →  reaches CH at  finite proper time 

If observer 𝐴 sends periodic (in 𝐴’s time)
signals to observer 𝐵, observer 𝐵 will perceive 
them as incoming with greater frequency
⇒  energy of an oscillating Φ entering the black 
      hole will increase infinitely as it approaches 𝑟 = 𝑟_ 

In GR, infinite energy ⇒  curvature divergence
“Blueshift instability” rescues SCC [Penrose, 1970s]

For Λ > 0, perturbations decay rapidly (exponentially).
Is there enough energy to lead to blueshift instability?

A

B

determinism fails past CH

signals emitted over infinite 
exterior time are received within
 a finite proper time, causing their 
frequencies & energies to diverge

39

Infinite energy at Cauchy horizon ⇒  curvature divergence
“Blueshift instability” rescues SCC for Λ = 0 [Penrose 1978]

AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://ui.adsabs.harvard.edu/abs/1978tpar.book..217P/abstract
https://doi.org/10.1088/1361-6382/add5b4
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Formal GR theory: massive scalar QNMs in a Reissner-Nordström de Sitter black holes

Two competing behaviours:

redshift at [quasinormal mode]

Blueshift at

SCC preservation:

an upper bound on the damping rate of the 
incoming scalar field Φ above which the 
red-shift effect will overcome the blue-shift

[Hintz & Vasy 2017]

A

B

determinism fails past CH

signals emitted over infinite 
exterior time are received within
 a finite proper time, causing their 
frequencies & energies to diverge

40AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://arxiv.org/abs/1512.08004
https://doi.org/10.1088/1361-6382/add5b4
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SCC violations in Reissner-Nordström de Sitter black holes 

41

LdS = 1
𝑞 = 1
𝜇 = 0.1

LdS = 1
𝑞 = 0.1
𝜇 = 1

too damped to trigger 
blueshift instability

>

AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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Reissner-Nordström de Sitter black holes: violations in SCC

42

LdS = 1
𝑞 = 0.1
𝜇 = 1

Result:

consistently for Q ≳ M 

      increasing ℓ, q  leads to further failures of SCC within 
     the RNdS solution space

Do large, cold BHs fail to 
respect cosmic censorship?

Can non-linear/quantum 
effects save SCC?

To summarise: 
linearised massive + charged Klein-Gordon eq. 

>

AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4


Black holes & their throat deformations
Succumbing to non-vanishing scalar potentials in Einstein-Maxwell-dilaton theory
K Benakli, AC, arXiv:2607.05488 [hep-th]

https://arxiv.org/abs/2607.05488
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Black holes as probes of field space

44

Instead of scalar test-fields as probes of black hole structure, 
we now consider black holes as probes of moduli space

Can a black hole create a macroscopic region in which
    the local effective theory differs from the theory at infinity?
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Black holes as probes of field space
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Instead of scalar test-fields as probes of black hole structure, 
we now consider black holes as probes of moduli space

Can a black hole create a macroscopic region in which
    the local effective theory differs from the theory at infinity?

Sen 2025: 

https://arxiv.org/abs/2503.00601
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Instead of scalar test-fields as probes of black hole structure, 
we now consider black holes as probes of moduli space

Can a black hole create a macroscopic region in which
    the local effective theory differs from the theory at infinity?

Sen 2025: 

https://arxiv.org/abs/2503.00601
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Black holes as probes of field space
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Instead of scalar test-fields as probes of black hole structure, 
we now consider black holes as probes of moduli space

Can a black hole create a macroscopic region in which
    the local effective theory differs from the theory at infinity?

adding a potential changes horizon structure, 
modifies extremal limit, 
& casts doubt on whether infinite near-horizon 
throat of the massless solution survives

For example:

Sen 2025: 

https://arxiv.org/abs/2503.00601
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Black holes as probes of field space
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Instead of scalar test-fields as probes of black hole structure, 
we now consider black holes as probes of moduli space

Can a black hole create a macroscopic region in which
    the local effective theory differs from the theory at infinity?

Considered by Harvey&Gregory in 1993! Sen 2025: 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.47.2411
https://arxiv.org/abs/2503.00601
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Black holes as probes of field space
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Instead of scalar test-fields as probes of black hole structure, 
we now consider black holes as probes of moduli space

Can a black hole create a macroscopic region in which
    the local effective theory differs from the theory at infinity?

> quadratic stabilising
> shifted exponentials
> exponential runaways
> inverse-power runaways
> racetrack barriers
> axion-like periodic 
> supergravity-inspired corrections

Considered by Harvey&Gregory in 1993! 

Here:

Sen 2025: 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.47.2411
https://arxiv.org/abs/2503.00601
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Black holes as probes of field space
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Instead of scalar test-fields as probes of black hole structure, 
we now consider black holes as probes of moduli space

Can a black hole create a macroscopic region in which
    the local effective theory differs from the theory at infinity?

Considered by Harvey&Gregory in 1993! 

Gauge-induced & potential-induced 
forces are in competition.
What determines whether the
black hole-induced modulus 
excursion survives?

Sen 2025: 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.47.2411
https://arxiv.org/abs/2503.00601
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Can a black hole change the local effective theory?
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event horizon

Can a black hole change the local effective theory?
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event horizon

Can a black hole change the local effective theory?
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event horizon

Can a black hole change the local effective theory?
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event horizon

Can a black hole change the local effective theory?

Massless 
benchmark
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a ≪ 1 (near-extremal): long throat

event horizon

Can a black hole change the local effective theory?

Massless 
benchmark

Approaching extremality results 
in a parametrically long scalar 
excursion outside the horizon
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Quantifying survival

57

radial operator takes the 
Sturm–Liouville form

Flux

v = 0

v = 0

e.g. pointwise diagnostic

For each case, we proceed in two stages:
1. With V=0 geometry & scalar profile fixed, analyse deformation via set diagnostics:

pointwise; local; cumulative
2. Compare against corresponding back-reacted check

threshold
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Example: racetrack potential

58

pure V = 0 estimate
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Summary of results

59
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Summary & conclusions
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Black hole perturbations
QNMs encode the geometry & stability of the remnant; 
their excitation factors  retain the amplitude & phase info associated with the photon-sphere potential barrier

Black hole interiors
In RNdS, the exterior decay rate competes with blueshift at the Cauchy horizon. 

For sufficiently rapid decay,  β > ½ ,  linear perturbations can remain extendible, threatening SCC

Black holes as probes of field space
Near-extremal magnetically-charged black holes generate long throats in which the gauge-field source can 
compete with moduli stabilisation, producing an O(1) scalar displacement while curvature & gradients remain 
parametrically controlled

Exterior: QNMs & their excitation factors probe black hole geometry, stability, & scattering
Interior: QNM decay rates determine whether blueshift destabilises the Cauchy horizon & preserves SCC
Field space: near-extremal throats can support controlled, macroscopic excursions of stabilised moduli



Thank you for your 
time & attention!
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Questions ? I’m around !

Or write to me at
chrysostomou@lpthe.jussieu.fr

Victor de Schwanberg / Science Photo Library 



(Shanika Galaudage)
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(Shanika Galaudage)

« Compact binary coalescence » (CBC) 
~400 CBCs detected by LIGO-Virgo-KAGRA
Post-merger « ringdown » phase dominated 
by a superposition of damped frequencies 
characteristic of their black hole source: 
quasinormal modes (QNMs)

 
QNM eigenvalue problem

s = 0,1,2

QNM boundary conditions : purely ingoing/outgoing 

(spherically-symmetric)

https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://photos.google.com/share/AF1QipP-dHXamnGtn1SzCHqe9cfpzFuSLv56J6OXKiQGRNK5gRsM4qQtqsEKjnR0nbtXRA?key=ZTZIUTZxMm1UMElSVVNxUHJiQTVwSDVnd1dFa0VB
https://arxiv.org/abs/2605.27225
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Reminiscent of a scattering problem…
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WKB
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DO method: details
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High-SNR black hole ringdown detections ⇒ measure subdominant harmonics & overtones

What this means for phenomenologists: 

spacetime structure → ringdown spectrum → detector tests
     semi-classical + numerical methods: QNMs for beyond-GR
     excitation factors as detector-facing observable [direct]

     greybody factors & Hawking radiation [indirect] → test semiclassical limits 

Beyond-GR compact objects: 
e.g. black holes coupled to additional DoF
black holes with additional fields, charges
ultralight boson clouds & dark-sector environments

QNM frequencies tell us what modes exist; 
excitation factors tell us what detectors can measure. Both can be used to test GR.

65

From black hole theory to ringdown observables 

greybody factor boundary conditions 
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Quasinormal excitation factor via semi-classical methods – spherically-symmetric case

66

GW strain is a function of the excitation coefficient

excitation coefficient 
    = QNEF ⨉ initial data

QNM boundary conditions at the event horizon & spatial infinity

exterior: Dolan-Ottewill 
interior: WKB (DO breaks down at r~rpeak)
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Higher harmonics and overtones
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Higher harmonics and overtones

68

a multimodal analysis of the GW150914 
data using PYRING, see Carullo et al.

first 10 overtones for s = 0 QNFs for increasing n

https://arxiv.org/abs/1902.07527
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a multimodal analysis of the GW150914 
data using pyRing, see Carullo et al.

first 10 overtones for s = 0 QNFs for increasing n

Higher harmonics and overtones

...By modelling the ringdown of accurate numerical 
relativity simulations, we find, in agreement with 
previous findings, that the fundamental mode alone is 
insufficient to recover the true underlying mass and spin, 
unless the analysis is started very late in the ringdown. 
Including higher overtones associated with this ℓ = m = 2 
harmonic resolves this… – Teukolsky et al. PRX 9 (2019)

https://arxiv.org/abs/1902.07527
https://doi.org/10.1103/PhysRevX.9.041060
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Schwarzschild QNEFs for various ℓ  and increasing n
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|B
ℓn

 |

Results:
★ Larger excitation for higher
    harmonics/overtones, beyond
    “fundamental mode”
★ For n = 0, excellent agreement with
    analytical formalism developed by
    Mano, Suzuki and Takasugi at
    NNLO with rel. ease
★ As a “no-hair" quantity, QNEFs to be
    used as a new test for mod-GR?
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Motivation: 

If gravity propagates beyond 4D →  GWs appear suppressed (“leak”)

My questions:

Measurable imprints in ringdown? Is LVK sensitive? 

Model: 

Black hole embedded in 4D × compact negatively curved space*

   → numerics: Veff (μ), shifted spectra

Test GR: 

Bayesian ringdown analysis [PyRing] on public GW150914 LVK data: 
GR = null hypothesis vs GR + parametric deviations

Leveraging ringdown data in the search for new physics – e.g. compact extra dimensions

71

 Chrysostomou et al. EPJC 83 (2023) 

* D. Andriot, A. Cornell, A. Deandrea, F. Dogliotti, D. Tsimpis, JHEP 05 (2020) 

https://lscsoft.docs.ligo.org/pyring/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
https://inspirehep.net/literature/2182943
https://inspirehep.net/literature/1782382
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Quasinormal mode eigenvalue problem: charged, massive scalar on RNdS
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Black hole wave equation:
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Semi-classical analysis of the RNdS QNFs

73



A. Chrysostomou | PBH2026 @ MITP

Reissner-Nordström de Sitter black hole

74AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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Anomalous decay rates for massive, charged scalar fields in charged de Sitter black holes
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anomalous decay precedes “critical mass” – intersection
higher multipoles decaying slower than lower multipoles
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Anomalous decay rates for massive, charged scalar fields in charged de Sitter black holes
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Strong Cosmic Censorship (SCC) in RNdS 

77

For our purposes: SCC requires that the metric (M, g),  as a well-defined solution to the 
vacuum Einstein field equations, cannot be extended past the Cauchy horizon (CH )

AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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Strong Cosmic Censorship (SCC) in RNdS 
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For our purposes: SCC requires that the metric (M, g),  as a well-defined solution to the 
vacuum Einstein field equations, cannot be extended past the Cauchy horizon (CH )

AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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Strong Cosmic Censorship (SCC) in RNdS 

79AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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Strong Cosmic Censorship (SCC) in RNdS 

80AC, AS Cornell, A Deandrea, SC Park, Class. Quantum Grav. 42 (2025)

https://doi.org/10.1088/1361-6382/add5b4
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Strong Cosmic Censorship (SCC) in RNdS 
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Credit: NASA's Goddard Space Flight Center/J. Schnittman & B. Powell

Erik Curiel. Nat Astron 3, 27–34 (2019)

https://science.nasa.gov/universe/black-holes/supermassive-black-holes/new-nasa-black-hole-visualization-takes-viewers-beyond-the-brink/

