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Abstract:

Quasinormal modes of a black hole are closely related to the dynamics of the spacetime near the horizon. In this connection, the
black hole ringdown phase is a powerful probe into the nature of gravity. However, the challenge of computing quasinormal
mode frequencies has meant that ringdown tests of gravity have largely remained model-independent. In this talk, | will
introduce Metric pErTuRbations with speCtral methodS (METRICS) [1], a novel spectral scheme capable of accurately computing
the quasinormal mode frequencies of black holes, including those with modifications beyond Einstein's theory or the presence of
matter. | will demonstrate METRICS' accuracy in calculating quasinormal mode frequencies within general relativity, as a
validation, and its application to Einstein-scalar-Gauss-Bonnet gravity [2, 3], an example of modified gravity theory to which
METRICS has been applied. | will also present preliminary results from applying METRICS to dynamical Chern-Simons gravity.
Finally, I will discuss potential future applications of METRICS beyond computing black hole quasinormal modes.

[1]: https://arxiv.org/abs/2312.08435

[2]: https://arxiv.org/abs/2405.12280
[3]: https://arxiv.org/abs/2406.11986
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Metric pErTuRbations wlth speCtral methodS
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Content of the talk

What is METRICS? Why?
METRICS in general relativity
METRICS in modified gravity

Future directions
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Black-hole metric perturbations
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Black-hole perturbations

Perturbations of a BH by the radial infall of a test mass. Mass ratio 20:1. Simulated
using NRPy+
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Black-hole quasinormal modes (QNMs)

Inspiral Merger Ring-
down

)

Strain (102!

Modified from: B. P. Abbott et al. (LIGO Scientific Collaboration
and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Black-hole quasinormal modes (QNMs)

Inspiral Merger Ring-
down

Strain (10

— Numerical relativity
Reconstructed (wavelet)
Reconstructed (template)

Modified from: B. P. Abbott et al. (LIGO Scientific Collaboration
and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Why should we care about black-hole QNMs?

Inspiral Merger Ring-
down

Picture credit: https://upload.wikimedia.org/ See, e.g., Chung et. al, Phys. Rev. D 99,
wikipedia/commons/3/3e/ 124023 (20 19) UNIVERSITY OF
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Why should we care about black-hole QNMs?

See, e.g., Chung et. al,
PhyS°Rcv'D104’ UNIVERSITY OF

084028 (2021) ILLINOIS

Picture credit: https://physics.aps.org/articles/v10/83
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Spectral functions
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Modified from Pedro G. S. Fernandes, David J. Mulryne, arXiv: 2212.07293
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Content of the talk

What is METRICS? Why?
METRICS in general relativity
METRICS in modified gravity

Future directions
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Sketch (in GR)

___— Boundary conditions:

- Purely ingoing at the horizon: 4, (r — ry) ¢ ~H@—mQy)r:

— o0
g;w - ;Sv)_*_h,uv

- Purely outgoing at spatial infinity: h(r — + 00) o €'*”

—— Numerical relativity
Reconstructed (wavelet)
Reconstructed (template)

PRD 107, 124032
(2023) & 109,

044072 (2024) ILLINOIS
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Sketch (in GR)

_ O Construct an asymptotic factor A(r)
Euv = 8 Ty

N N
b, = AQ) e—iwr+im¢'z Z a,,(¢,n) x (spectral function),,
£=0 n=0

N N
RY=0= [R1D =A(r)e™"m N ¥ b,,(¢,n;w)x (spectral function),, = 0
£=0 n=0

Orthogonality
PRD 107, 124032

(2023) & 109, by= D@ ay=0

044072 (2024) e I ILLINOIS
[guadratic in o

AAAAAA ~CHAMPAIGN

Pirsa: 24100135 Page 14/36




Some technical details

Kerr metric in the Boyer-Lindquist coordinates
The Regge-Wheeler gauge is used
At most using 30 spectral bases

Newton-Raphson method for solving for the eigenvalues
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Linearized Einstein equations
How long are the equations?

a W mn I L] + \Jl .l 1
2b2m r2 rp2 Y[x] G

: 24 b?
16 b% ¥ rp x® Gy [,

show less
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Numerical results
Complex plane

Teukolsky equation
Axial-led
Polar-led
Averaged
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Numerical results
Relative error A, =

mRe/Im(TCUk)
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Numerical results
Metric reconstruction

* We compute the Teukolsky perturbation function for a Kerr BH of a = 0.9,

yw = (r — iMa cos 9)41//4

~—— Leaver, N = 150 = Leaver, N = 150
===+ Axial-led, N =20 i -=-=- Axial-led, N = 20
—— Polar-led, N =20 —-— Polar-led, N = 20

T T T
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New lessons learnt about Kerr BH perturbations

e The Regge-Wheeler gauge is applicable for rapidly rotating Kerr BHs

e The associated Legendre polynomials can just be applied fine

Based on Phys. Rev. D 107, 124032, 109, 044072, 110, 064019 and Phys. Rev. Lett 133, 181401 UMIRRRBIEN B
Adrian K.W. Chung, Pratik Wagle and Nicolas Yunes, (ICASU, UIUC)
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General relativity

In theunitofc =G =1

R} =0
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Modified gravity

In the unit of c = G = M = 1, and write { = a”

1
RA+L( o, =V, 899 ) =0,

19 + eQ{ 9 — 0,
E.g. for dynamical Chern-Simons (dCS) gravity [e.g. Alexander & Yunes 2009],

A" = (V,9) eV RVs + (V,V9) *ROW°,

I k RUUPO k RUVPO 1 poap puv
dgzzRyﬂpg R where *R =o€ R¥ 5

Based on Phys. Rev. D 107, 124032, 109, 044072, 110, 064019 and Phys. Rev. Lett 133, 181401 UMIRRRBIEN B
Adrian K.W. Chung, Pratik Wagle and Nicolas Yunes, (ICASU, UIUC)
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Modified gravity

In the unit of c = G = M = 1, and write { = a”

1
We can solve for g, as
R'+{\A ) —=V IV =0
1z G 7 y o H 2 8 =85 0+(8) les
Yunes & Pretorius PRD 2009

19 + &3{ — 0 v Cano & Ruipérez JHEP 201!;]
J— Y

E.g. for Einstein scalar Gauss Bonnet (EsGB) gravity [Ripley & Pretorius CQG 2019]

|
— guvoaf pyd A - oaf pyd A
4, = TR, VA 8 = =5, 1R, VPV 0,

ol g=R*— 4R, 3R + R 5 sR"°

Based on Phys. Rev. D 107, 124032, 109, 044072, 110, 064019 and Phys. Rev. Lett 133, 181401 UMIRRABIEN B
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Sketch (modified gravity)

Construct an asymptotic factor A(7)

N N
= A(r)e iwr+imé Z Z a,,  o(¢,n) X (spectral function),,
£=0 n=0

E.g.in GR [E
E':=R}'=0

P N N
W ] = A(r)ei@ttim¢ E Z b, s(Z,n; @) X (spectral function),, =0
Eg:=[9=0 [Eg]“) £=0 n=0

Orthogonality
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The length of linearized field equations just grows out of control
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Some technical details

e We solve w as @ P+
The Regge-Wheeler gauge is used
At most using 25 spectral bases
Newton-Raphson method for solving for the eigenvalues

Metric modifications up to 40th order in a are used for the computation
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Quasinormal-mode spectra in scalar-Gauss-Bonnet gravity
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Quasinormal-mode spectra in scalar-Gauss-Bonnet gravity

- —0.03 1
¢ a=0b Teukolsky equation —0.075
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Accuracy of '), where v = » V40V

022 axial
022 polar
033 axial
033 polar
021 axial
021 polar

UNIVERSITY OF
Adrian K.W. Chung (akwchung@illinois.edu), and Nicolas Yunes, (ICASU, UIUC) I ILLINOIS
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Application and extensions of our METRICS - EsGB results

e Gain insight into numerical-relativity simulations in EsGB gravity [Corman & East 2024]

e Model specific test of EAGB gravity with LIGO data [Juli¢, Pompili & Buonanno 2024]

e Applied METRICS to EAGB with strong coupling [Blazquez-Salcedo, Khoo, Kleihaus &
Kunz 2024]

Based on Phys. Rev. D 107, 124032, 109, 044072, 110, 064019 and Phys. Rev. Lett 133, 181401 P i e
Adrian K.W. Chung, Pratik Wagle and Nicolas Yunes, (ICASU, UIUC)
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Preliminary results in dynamical Chern-Simons gravity

) . 1
o Lagrangian & =R + Q&Raﬁ},éR“ﬁ?‘s - —2—4’ V,9VHY

o »Uata=0.00498, uncertainty < 10~
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Based on Phys. Rev. D 107, 124032, 109, 044072, 110, 064019 and Phys. Rev. Lett 133, 181401 UMIRRRBIEN B
Adrian K.W. Chung, Pratik Wagle and Nicolas Yunes, (ICASU, UIUC)
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Possible future applications of METRICS

* QNMs of other modified gravity theories —> PE

* Results cross check with modified Teukolsky formalism?
[c;f‘ e.g. D. Li et al PRX 2022, P. Wagle et al PRD 2024, etc

* Waveform modeling of EMRISs, and self force calculations

[c.f'. e.g. P. Bourg et al arXiv:2403.12634, A. Pound and B. Wardell arXiv: 2101.04592, etc

* Environmental effects/model-specific search for scalar charge?

[c.ﬁ e.g. Enrico Barausse, Vitor Cardoso, Paolo Pani PRD 2014, A. Maselli et al PRL 2021, Nat Ast. 2022]

» Rapidly rotating neutron star seismology?
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Summary

We develop METRICS which
e (Can accurately compute BH QNM frequency,

e (Can rapidly reconstruct metric perturbations,

e Can easily be adapted to a general/beyond GR black hole

Phys. Rev. D 107, 124032, 109, 044072, 110,
064019 & Phys. Rev. Lett 133, 181401

Based on Phys. Rev. D 107, 124032, 109, 044072, 110, 064019 and Phys. Rev. Lett 133, 181401 UMIRRRBIEN B
Adrian K.W. Chung, Pratik Wagle and Nicolas Yunes, (ICASU, UIUC)
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METRICS makes black-hole perturbations easier!

We will be linearizing the following field equations [11],

where [0 = V,V*# is the d’Alembert operator,
Ct, = (Vob) e®biv, Ry + (V,V50) *R5,7,

[T* .= I(\_“aﬂ- (Tz” ;
Start your research Google a gravity theory

c perturbations of black holes:
in general relativity

Apply METRICS

Get QNM frequencies sometime later

Based on Phys. Rev. D 107, 124032, 109, 044072, 110, 064019 and Phys. Rev. Lett 133, 181401 HIMIVERB VY0 E
Adrian K.W. Chung, Pratik Wagle and Nicolas Yunes, (ICASU, UIUC) ILLINOIS
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Why should we care about black-hole QNMs?

See, e.g., Chung et. al,
Phys. Rev. D 104, UNIVERSITY OF

084028 (2021) ILLINOIS

Picture credit: https://physics.aps.org/articles/v10/83
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