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Gravitational waves and Black Holes
are key predictions of General Relativity
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Era of Gravitational Wave Astronomy

Masses In the Stellar Grave_yard
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Current and future sensitivities
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Role of Symmetries in BH observables

Two examples:

- Non-linearities in the BH ringdowns

- Static Love number



Non-linearities in the BH Ringdown



BH Quasi-Normal Modes
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The BH ringdown is described by the QNMs



Black Hole Spectroscopy

QNMs dominate the BH response to any kind of disturbances
Frequencies determined by the BH mass, spin and charge

W(n,t,m) = Re W(n,,m) +¢1m W(n,£,m)

Solutions of the perturbation equations for purely outgoing GW's
at infinity and purely ingoing waves at the horizon



Black Hole QNMs

1
R,uv - §Rg,uu =0, Juv = QB% T 5g/w

After separation of variables, decoupled master radial equation(s)

<dd; - (w? - Veff)> h(x) =0

outgoing

Incoming : asymptotically flat

horizon
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Kerr Black Hole
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QNMs for Kerr Black Holes
U, (t,7,0,0) =e “e™?S(0)R(r)

Teukolsky separable equations
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Black Hole QNMs

N
[

h(é,m) (u)—Qif(é,m) (‘97 ¢)
14

v
LN
VA

[m|

— W (e, m,n) (U—Upk)

M |

(ﬁ,m,n)6

S
'V
&

U=k




Black Hole
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Common lore: linear perturbation theory suffices

However GR is nonlinear




Black Hole QNMs
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Second-order amplitudes from linear amplitudes are sizeable
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Second-order amplitudes from linear amplitudes are sizeable



A symmetry argument

QNMs are generated near the horizon

Go to the near horizon limit and extremal BH limit

A. Kehagias, D. Perrone, A.R. and F. Riva, Phys. Rev. D108 (2023), 2



Kerr/CFT Correspondence

Near Horizon geometry of Extremal Kerr (NHEK)
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NHEK is a warped geometry AdS;

Isometry group SL(2,R) ® U(1)
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M. Guica et al. (2008)
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Kerr/CFT Correspondence

Asymptotic symmetry in bulk gravity

global symmetry of boundary field theory



Asymptotic Symmetry Group

Boundary conditions
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Kerr/CFT Correspondence

Excitations around the NHEK depend on
the Asymptotic Symmetric Group = global symmetry of the dual theory

Em = —e 7 (4mrd, + 0y )

Z[f’ma gn]L.B. — (m — n)§m+n

The symmetry U (1) is enhanced to a Virasoro with central charge 12.J

States in the NHEK form a representation of one copy of the Virasoro
Duality with a chiral half of a 2D finite temperature CFT
Left-movers with temperature
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L 2T

M. Guica et al. (2008)



Kerr/CFT Correspondence

T — OO

Zngs, e8] = €5418) — (T cfonas 900

CFT

Boundary operator of the gravitational strain = energy-momentum tensor
Correlators fixed by the central charge



Kerr/CFT Correspondence
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Prescription

1. Calculate correlators of the 2D energy momentum tensor at finite temperature
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2. Find find the gravitational strain correlators on the boundary
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3. Integrate over the remaining part of the spin-with spherical harmonics along
the polar angle 6
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A. Kehagias, D. Perrone, A.R. and F. Riva, Phys. Rev. D108 (2023), 2



Results
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BH Static Love Number



£_(= static Love number)
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The Love number enters at the fifth PN order order

At the linear order the Love number of the Schwarzschild BH vanishes
because of ladder symmetries

L. Hui et al. (2021), P. Charalambous (2021), M. Ivanov et al. (2022)



The static Love number of the Schwarzschild BH vanishes
at any order in perturbation theory due to a non-linear ladder symmetry

The static axisymmetric vacuum spacetime in Weyl coordinates
ds? = —e?Vdt? + e 2V ek (dp2 + dz2) + p?e 2V d¢?

ViU =0
O,k = p [(0,U)* + (0,U)%], 9,k =2pd,Ud,U.

A. Kehagias and A.R., gr-qc/2410.11014



In prolate spheroidal coordinates
p=po(a® = 1)2(1 —y*)'/?
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operators




Very far from and very close to the BH

The decaying mode diverges at the horizon and is unphysical

The full non-linear Love number vanishes because of
symmetiry arguments:

The ladder operators are part of the generators of
the Geroch group



Conclusions

- Symmetries play a fundamental role in BH physics

Related observables will be measured in the next future



