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Inspiral Merger Ringdown
Dimitrios Talk from CAGE 1 Our target
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Kerr Black Hole

Spin J and mass M
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Linear Quasi-Normal modes

Perturbing around the background

Write the perturbation

8, =8,+th, |h <Kl - j
v N IN scalar variables

d2
(@ + (a)z V,, (x))) W () = 0

_|_
Angular Equation =0

Equations decouple
It written as Weyl scalars

x=r+r,log(r—r,) Tortoise Coordinate



Quasi-Normal modes boundary conditions

Ingoing at horizon and outgoing at Iinfinity

WN e_ia)x l/fN ela)x
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Black Hole Light ring Free Space
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Reconstructing the metric

For specific values of angular momentum

d2
(@ + (0)2 _V,, (x))) W () = 0

Known frequencies!
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Reconstructing the metric

For specific values of angular momentum

d2
(@ + (0)2 _V,, (x))) W () = 0

Known frequencies!

Ringdown, linear

We target the amplitudes A, ,

Depend on initial conditions



General Relativity is Non-Linear!

Does linear perturbation theory suffice?

Linear order

Non-Linear order




Correlation between amplitudes
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Second-order amplitudes from linear amplitudes are sizeable!
K. Mitman et al. (2022), M. Cheung et al. (2022) ‘ ' : : :

Mass ratio g



How to find the Amplitude of Non-Linearity

Three point normalised with linear amplitude square

hll,ml

K. Mitman et al. (2022),
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Numerical values, a=0.7/M

M. Cheung et al. (2022)




QNM Nonlinearities
are generated near the horizon

Near horizon limit of Kerr metric

J = M?
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We take the extremal limit for simplicity

A. Kehagias, D.P, F. Rlva, A. Riotto (2023)
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Squashed AdS for each fixed &
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Near Horizon Extreme Kerr Metric
Squashed AdS for each fixed &
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e outside the horizon

J. M. Bardeen et al. (1999)



Near Horizon Extreme Kerr Metric
Squashed AdS for each fixed ¢

AdS; metric

SL(2,R) ® U(1)

Take a fixed @ slice
e outside the horizon

J. M. Bardeen et al. (1999)



M. Gu

Kerr/CFT correspondence
Evaluating the Asymptotic Symmetry Group

AdS; metric

SL(2,R) ® U(1)

———————— = = == =
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e e

ica et al. (2008)

Boundary CFT

g === = ———— — —




Kerr/CFT correspondence
Evaluating the Asymptotic Symmetry Group

AdS; metric

- SL(Z,R)®@U(1)
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Boundary CFT

Not extended Half Virasoro Algebra, ¢ =12J
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AdS; metric
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Kerr/CFT correspondence
Evaluating the Asymptotic Symmetry Group

AdS; metric

#UM)  _ Boundary GFT
Not extended Half Virasoro Algebra, ¢ = 12J
- Infinite Gap Left movers excited
INn extremal limit with T, = —
21T

M. Guica et al. (2008)



2D CFT correlators

Exploiting the duality

Gravitational strain in bulk

“)CFT =
Stress-Energy tensor on boundary

iSlh] — < e Jonas Ty,

(Tw))T(Wwy)), (Tw)T(wy)T(w;)) Known correlators in 2D CFT

W; = él)i — M, Fourier transform of correlators

A. Kehagias, D.P, F. Rlva, A. Riotto (2023)



Prescription

» Calculate correlators of the 2D energy-momentum tensor at finite
temperature

Lo, Toys AT, T, T,

* Find the gravitational strain correlators
2Re(T,, Ty, Ty )

IT; (-2Re(T,, T_,,))

<hm, h—m>/ — = <hm1 hm2 hm3>/ —

Re(T,T_. )"

* Integrate the spin-weighted spherical harmonics over the polar angle 0

A. Kehagias, D.P, F. Rlva, A. Riotto (2023), Maldacena (2002)



Kerr Black Hole Non-Linearity

And 1ts estimate in Extremal lIimit
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A. Kehagias, D.P, F. Rlva, A. Riotto (2023)



Non-Linearities for non-extremal

Kerr/CFT works only in the extremal case

Difterent Kerr/CFT
technique?



Summary and outlook

Non-Linearities are large but their magnitude can be understood

» Crucial for the future of Gravitational Wave analysis
* A lot of techniques are being developed to evaluate them

* Could be captured by symmetry, but still unclear outside
extremal case






Results with exact definition of C
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Full Teukolsky equations
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Amplitude dependence
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Second-order amplitudes from linear amplitudes are sizeable

M. Cheung et al. (2022)
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Second-order amplitudes from linear amplitudes are sizeable
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Near Horizon Extremal Kerr geometry

Zooming close to the Horizon

2

d
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NHEK is a warped AdSs geometry

Isometry group SL(2,R) ® U(1)

J. M. Bardeen et al. (1999)



Asymptotic symmetry group

Non-trivial symmetries at the boundary of AdS

Boundary conditions on AdSs

htt — (’)(7‘2) ht(b — O(l) htg — O(T_l) htr —
a hot = hie hos = heo  heo = O(r=") he, =
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Diffeomorphism which preserve the
boundary conditions, w/o the trivial ones
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M. Guica et al. (2008)



Kerr NHEK transformation
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Typical values for Black Hole QNMs
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E. Berti, V. Cardoso and C.M. Will (2006)



