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Introduction

General Relativity
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Introduction

Schwarzschild Black Holes

Schwarzschild 1916

@ solution of the Einstein equations
in vacuum
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o Schwarzschild radius
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@ event horizon

@ black hole with mass M o singularity » =0
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Introduction

Kerr Black Holes

rotating generalization of the Schwarzschild black holes:
Kerr (1963)
astrophysical black holes
are described by the Kerr solution!?

Roy Kerr *¥1934
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Testing GR: Kerr black holes
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Introduction

Testing GR: Kerr black holes

M87* Sgr A*
Mercury's orbit

er 1

Sun's diametel
. Pluto's .
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Introduction

Alternative Theories of Gravity

e Compatible with all solar system tests!
e Strong gravity?

e Black holes

e Neutron stars

e Exotic compact objects

e Cosmology?
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EdGB BHs

Einstein-scalar-Gauss-Bonnet Theories

EsGB action

S = o /d4x\/7{ ( 0u)® + f(o)Rep

Gauss-Bonnet term: quadratic in the curvature
R%p = Ruvpe R — 4R, R" + R*
coupling function f(y)
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EdGB BHs

EdGB black holes: properties

dilatonic coupling 2.4 : . .
function (a)
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EdGB BHs

EdGB black holes: properties

horizon area versus angular momentum
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EdGB BHs

EdGB black holes: properties

angular momentum versus coupling constant

1t static
0.75 critical
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limited domain of existence of background black hole solutions
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EdGB BHs

EdGB black holes: properties

shadow
T = S ]
v \
/{” (\\ )
EdGB shadow

Kerr shadow

a/M? =0.172, J/M? = 0.41
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EdGB black holes: QNMs of static BHs

perturbation theory: damped oscillations
metric
G = 95) (1) + el (87,6, )

scalar @ = @o(r) + edp(t,r,0,0)

polar modes:  even-parity perturbations
axial modes:  odd-parity perturbations (pure space-time modes)

master equation: Schrédinger-like equation
eigenvalue w
W= Wpr + Wy

frequency: wg decay time: 7 =1/w;

Jutta Kunz (Universitidt Oldenburg) Black Holes... Online, 14-15 April 2025 13/21



Ringdown

EdGB black holes: QNMs of static BHs

quasi-normal mode (axial I = 2) versus coupling constant

normalized to the Schwarzschild values
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Ringdown

EdGB black holes: QNMs of static BHs

quasi-normal mode (polar [ = 2) versus coupling constant

normalized to the Schwarzschild values
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EdGB black holes: QNMs of rotating BHs

axial-led (A) perturbations

o

(A) _ i(M.p—wt) 0
Ohy,) =e ay(r,0) as(r,0) 0 0
as(r,0) aq(r,0) 0 0

polar-led metric (P) perturbations

No(T, 0) Hl(T, 9) 0 0
ShP) — (i(M.p—wi) Hy(r,0) Lo(r,0) 0 0
L ’ 0 0 To(r,0) 0
0 0 0 So(r,0)
scalar-led perturbations
p = 0" fesp(t,r,0,0) = ¢V + ! MmN B(r, 0)

time dependence e~ ¢-dependence M=% no r - 6 decoupling
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Ringdown

EdGB black holes: QNMs of rotating BHs

approaches:
@ perturbation theory for slow rotation
e numerical methods for rapid rotation

e spectral decomposition
r in Chebyshev polynomials, 6 in Legendre functions

Kerr QNMs — ‘ ‘
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EdGB black holes: QNMs of rotating BHs

axial-led (A) perturbations

o

(A) _ i(M.p—wt) 0
Ohy,) =e ay(r,0) as(r,0) 0 0
as(r,0) aq(r,0) 0 0

polar-led metric (P) perturbations
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Ringdown

EdGB black holes: QNMs of rotating BHs

approaches:
@ perturbation theory for slow rotation
e numerical methods for rapid rotation

e spectral decomposition
r in Chebyshev polynomials, 6 in Legendre functions

Kerr QNMs — ‘ ‘
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Ringdown

EdGB black holes: QNMs of rotating BHs

polar-led, axial-led, and scalar-led QNMs versus coupling constant a,/M?
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Ringdown

EdGB black holes: QNMs of rotating BHs

polar-led, axial-led, and scalar-led QNMs versus coupling constant a,/M?
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Ringdown

EdGB black holes: QNMs of rotating BHs

polar-led, axial-led, and scalar-led QNMs versus coupling constant a,/M?
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Ringdown

EdGB black holes: QNMs of rotating BHs

polar-led, axial-led, and scalar-led QNMs versus coupling constant a,/M?
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e-one-body formalism

EdGB black holes: effect

Inspiral-merger-ringdown waveforms in EAGB
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Conclusions

GR versus generalized gravity theories

GR black holes: no hair black holes beyond GR: hair

o Kerr

o GW: QNMs, Numerical Rel.
o shadow
o ...

e EAdGB
0 o GW: QNMs, EOB approach
e perturbatively stable
o shadow
° .
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Conclusions
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