
Black hole ringdown beyond

General Relativity

Giovanni D’Addario

In collaboration with:
Jacopo Lestingi, Thomas Sotiriou

University of Nottingham

University of Nottingham, 09 April 2025

;



GWTC-3 catalogue, plus electromagnetic observations.

2



Outline

Black hole ringdown in General Relativity (GR): Teukolsky equation

Ringdown beyond GR: modified Teukolsky equation

What is the correct ansatz for metric perturbations?
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Black hole ringdown in General Relativity

Field equations in vacuum:

Gµν [g ] = 0 (1)

Linearised equation:
Eµν [h] = 0 (2)

Wald identity (Wald, 1978):

SE = OT (3)

Perturbations obey the Teukolsky equation (Teukolsky, 1973):

SE [h] = OT [h] = Oψ = 0 . (4)
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Ringdown beyond GR

Background metric differs from Kerr

The operator acting on the perturbation is different

Couplings with additional fields can be important
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Example of a modified Teukolsky equation

GR Beyond GR

Master Eq. O(0)ψ(0) = 0 O(0)ψ(1) = −O(1)ψ(0)

Radial Eq. d2R
dr2∗

+ (ω2
(0) − V (0)(r))R = 0 d2R

dr2∗
+ (ω2 − V (r))R = 0

Potential V (0) V = V (0) + ζV (1)

Frequency ω(0) ω = ω(0) + ζω(1)

Spherically symmetric and rotating black holes (Cardoso et al.,
2019; Cano et al., 2024).
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Modified Teukolsky equation in beyond GR theories

General Modified Teukolsky equations have been derived (Li et al.,
2023; Hussain and Zimmerman, 2022):

O(0)ψ(1) = W
(1)
geo +W (1) , (5)

which can be brought to the form

O(0)ψ(1) = −O(1)ψ(0) − X (1)[h(0)] + I
(1)
B [h(0)] + I

(0)
A [φ(1)] , (6)

where
X (1) := (SE − OT )(1) . (7)
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Constructing the ansatz for ψ(1)

Consider a general case with a scalar field coupled to gravity:

O(0)
g ψ(0) = 0 (8)

O(0)
s φ(1) = −Σ(1)[ψ(0)] (9)

O(0)
g ψ(1) = I (1)[ψ(0)] + I

(0)
A [φ(1)] (10)
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O(0)
g ψ(0) = 0

O(0)
s φ(1) =−Σ(1)[ψ(0)]

O(0)
g ψ(1) =I (1)[ψ(0)] + I

(0)
A [φ(1)]

Initial data:

ψ(t0) = ψ(0)(t0) + ζψ(1)(t0)

Ansatz:

ψ(0) ∼ c
(0)
n e−iω

(0)
n t (11)
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O(0)
g ψ(0) = 0

O(0)
s φ(1) = −Σ(1)[ψ(0)]

O(0)
g ψ(1) = I (1)[ψ(0)] + I

(0)
A [φ(1)]

Initial data:

φ(t0) = ζφ(1)(t0)

Ansatz:

φ(1) ∼ c
(1)
n,s e

−iω
(0)
n,s t + d

(1)
n e−iω

(0)
n t (12)
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O(0)
g ψ(0) = 0

O(0)
s φ(1) = −Σ(1)[ψ(0)]

O(0)
g ψ(1) = I (1)[ψ(0)] + I

(0)
A [φ(1)]

Initial data:

ψ(t0) = ψ(0)(t0) + ζψ(1)(t0)

Ansatz:

ψ(1) ∼ c
(1)
n e−iω

(0)
n t + c

(0)
n ψ

(1)
n + f

(1)
n,s e

−iω
(0)
n,s t (13)
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Final ansatz for metric perturbations

For the gravitational sector, we have

ψ(0) ∼ c
(0)
n e−iω

(0)
n t

ψ(1) ∼ c
(1)
n e−iω

(0)
n t + c

(0)
n ψ

(1)
n + f

(1)
n,s e

−iω
(0)
n,s t

Then, at future null infinity, we can define the ansatz

ψ(ζ) =
∑
n

c
(0)
n e−i(ω

(0)
n +ζω

(1)
n )t + ζ

∑
n

[(
c
(1)
n + u

(1)
n

)
e−iω

(0)
n t

+ f
(1)
n,s e

−iω
(0)
n,s t

]
+ O(ζ2) (14)
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Comparison with a recent proposal

The result is consistent with the ansatz employed in a recent
theory-agnostic search for deviations from GR (Crescimbeni et al.,
2024)

h(t) =
∑
i

Ai cos
(
2πf Kerri (1 + δfi )t + ϕi

)
e
− t

τKerr
i

(1+δτi )

+
∑
i

Âi cos
(
2πf̂i t + ϕ̂i

)
e−t/τ̂i

(15)
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Conclusions

Master equations for perturbations in many classes of beyond GR
theories have been derived

We use this equation to motivate the ansatz for metric
perturbations

An interesting question left to address is the relative importance of
the contributions of extra fields and of the frequency shift!
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Modified Teukolsky Equation

(Li et al., 2023)

HGR
0 Ψ

(1,1)
0 = S

(1,1)
geo + S (1,1) (16)

S
(1,1)
geo = S

(1,1)
0,D + S

(1,1)
0,nonD + S

(1,1)
1,nonD (17)

S
(1,1)
0,D = −H

(1,0)
0 Ψ

(0,1)
0 (18)

S
(1,1)
0,nonD = −H

(0,1)
0 Ψ

(1,0)
0 (19)

S
(1,1)
1,nonD = H

(0,1)
1 Ψ

(1,0)
1 . (20)

Higher derivative EFT: (Cano et al., 2023).
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Classes of beyond GR theories

L = LGR + ℓpLbGR + Lfield + Lmatter , (21)

ζ =
α2

sGB
M4

. (22)
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What is ψ
(1)
n ?

O(0)
g ψ(1) = I (1)[ψ(0)] (23)

ψ
(1)
n = −iω(1)tψ

(0)
n + u

(1)
n (x)e−iω

(0)
n t (24)

So there is a frequency shift ω
(1)
n , but there is also a shift of the

radial function un(x)!
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