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Introduction

GR: Kerr black holes

A Kerr black hole has no hair

A Kerr black hole is fully characterized in terms of only two global
parameters: the mass M and the angular momentum .J

J
— <1
M2~
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GR: Kerr black holes
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GR: Kerr black holes
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Introduction

ternative Theories of Gra

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

e Black holes

o Neutron stars

e Exotic compact objects

e Cosmology?
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EsGB BHs

Einstein-scalar-Gauss-Bonnet Theories

EsGB action
1 1
S = 1oz | ¢'0v=a |R = 500" + Fl)REn
167 2
Gauss-Bonnet term: quadratic in the curvature

R%}B = RHVPURIWPU - 4R#VR#V + R2
coupling function f(¢)
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Einstein-scalar-Gauss-Bonnet Theories

Gregory Horndeski, ‘Horndeski Scalar Theory, Past, Present and Future’
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B BHs

Einstein-scalar-Gauss-Bonnet Theories

generalized Einstein equations

1 1
Guw = —Zgw,c‘)papapgo + 58#998,,90
1 R aB ppYy »
-3 (Gougrv + 9augpr) 1 R aﬂvvanf(%o)
scalar equation
PR
V. VHe + e Rip =0

crucial: choice of coupling function f(¢)
e GR black hole solutions do not remain solutions
— only hairy black holes result
e GR black hole solutions do remain solutions

— in addition scalarized black holes emerge
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EsGB BHs EdGB BHs

EdGB black holes

coupling function 2.4 T T T
(@)
o
f(g)=Se raf -
. g Schwarzschild bh. .-~~~
static black holes 3 2or .
N
critical black holes: Y i
horizon expansion
1.6 i
12
«
1-— 6T€2¢h 1.4 1 1 !
T 0.8 0.9 1.0 1.1 1.2
GM / (')
lower bound
on the horizon size lower bound on the mass

for fixed o/
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EsGB BHs EdGB BHs

EdGB black holes

horizon area versus angular momentum
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EJdGB BHs

EsGB BHs

EdGB black holes

shadow

EJGB shadow
Kerr shadow
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EsGB BHs EdGB BHs

EdGB black holes

perturbation theory: damped oscillations
metric
Juv = gfﬁ,) (r) + ehu(t,r, 6, 0)

o= ¢0(T) + 65¢(t7 r,0, ('/9)

scalar

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;
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B BHs EdGB BHs

EdGB black holes

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

normalized to the Schwarzschild values
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Static curvature induced scalarized black holes

curvature induced scalarized black holes

Einstein equations
Guw="Tuw

scalar equation

d
V. VFo + éRéB =0
f (o
GR solutions remain solutions: ¢ = 0, ('}:{(y) =0
¥
Gauss-Bonnet: Schwarzschild , ASM2
RGB == T > 0

tachyonic instability
effective mass
mig = —nRép <0, ifn>0
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EsGB BHs EsGB BHs

Static curvature induced scalarized black holes

domain of existence of spontaneously scalarized static black holes
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EsGB BHs EsGB BHs

Static curvature induced scalarized black holes

scalar equation
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E EsGB BHs

Static curvature induced scalarized black holes

sy Polar 1=2 scalar-led modes Igy Polar 1=2 grav-led modes
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sGB BHs sGB BHs

Rotating curvature induced scalarized black holes

scalar equation

d
V.Vt + %RéB =0

Gauss-Bonnet: Kerr

48 M2
i = 7(7)2 FEI: (TG — 1572 + 152yt — xﬁ) , x=acosf

effective mass
2 () — P2
mag(r) = —nRag <0
e >0
— spin suppresses scalarization
e <0

= spin induces scalarization

Yerevan, 12-17 June 2023
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EsGB BHs

Rotating curvature induced scalarized black holes

coupling function

0.4
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Rotating curvature induced scalarized black holes

Cunha et al. arXiv:1904.09997
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EsGB BHs EsGB BHs

Rotating spin induced scalarized black holes

coupling function
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EsGB BHs EsGB BHs

Rotating spin induced scalarized black holes
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R BHs

Einstein-scalar-Gauss-Bonnet with Ricci coupling

Compact object scalarization with general relativity as a cosmic attractor

EsGB with Ricci action

1 1 ©? 5]
S=—"— | &z /=ad|R==(0 2 ¥ R _ R
167r/ * g{ 2(#90)"'2(0‘ GB T 5
02
coupling function f(¢) = %

Afterglow Light Pattem ~ Dark Ages
375,000 yrs

(@ nflation.

Quanty
Fluctuations \&y
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E +R BHs

Einstein-scalar-Gauss-Bonnet with Ricci coupling

s 8

é 0 LN

: v

k= sl RD a(2) < 1/2° MD A
2k

= A=1

s ol
n B=0 3=02 — B8=1 N
10 BBN 107 3600 0.4

top: energy density ratio of scalar p, and cosmic fluid p, vs redshift z
bottom: evolution of scalar field ¢ in units of its initial value ¢;
RD: radiation dominated, MD: matter dominated, A: A dominated

meg = gR —aRgp
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Static curvature induced scalarized black holes

domain of existence of spontaneously scalarized static black holes

s _ P

Meg = —
eff 9

R—aRip <0

tachyonic instability: independent of 8 (R = 0)
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scaled scalar charge vs scaled mass for varying Ricci coupling

endpoint: onset of instability
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0.6

0.0

2Muw;

charge vs mass

* MY ~ 1174

0<f<1t2 00

radial mode vs mass

o Schwarzschild black holes unstable vor M < 1.174
@ scalarized black holes always unstable for 8 =0, 0.7, 0.9

@ scalarized black holes in part radially stable for § = 1.2
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EsGB+R BHs

Rotating curvature induced scalarized black holes

Ricci coupling B=5

ay
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B+R BHs

Quadrupole instability of static scalarized black holes

Ricci coupling
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EsGB+R BHs

Quadrupole instability of static scalarized black holes

=5.0 a
13.45 prolate
13.79 spheric
14.05 oblate

Jutta Kunz (Universitidt Oldenburg) Black Holes... Yerevan, 12-17 June 2023 19/23



EsGB+R BHs

Quadrupole instability of static scalarized black holes

Ricci coupling B=2and =5
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B+R BHs

Hexadecupole instability of static scalarized black holes

Ricci coupling =2
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EsGB+R BHs

Hexadecupole instability of static scalarized black holes
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EsGB+R BHs

Hexadecupole instability of static scalarized black holes

Ricci coupling B=2
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Conclusions

GR versus generalized gravity theories

GR black holes black holes beyond GR

e Kerr: no hair
e gravitational waves
e shadow

e EsGB

e dilatonic
e spontaneously scalarized

o EsGB+Ricci
o stability?
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