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Introduction

Introduction

Generalized Theories of Gravity

Compatible with all solar system tests!
Strong gravity?

Black holes
Neutron stars
Exotic compact objects

Cosmology?
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Introduction

Einstein-scalar-Gauss-Bonnet Theories

EsGB action

S =
1

16π

∫
d4x

√
−g

[
R− 1

2
(∂µφ)

2 + f(φ)R2
GB

]
Gauss-Bonnet term: quadratic in the curvature

R2
GB = RµνρσR

µνρσ − 4RµνR
µν +R2

coupling function f(φ)

In 4 spacetime dimensions the coupling to the scalar is needed.
The resulting set of equations of motion are of second order (Horndeski).
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Introduction

Einstein-scalar-Gauss-Bonnet Theories

Gregory Horndeski, ‘Horndeski Scalar Theory, Past, Present and Future’
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Introduction

Einstein-scalar-Gauss-Bonnet Theories

generalized Einstein equations

Gµν = −1

4
gµν∂ρφ∂

ρφ+
1

2
∂µφ∂νφ

− 1

2
(gρµgλν + gλµgρν) η

κλαβR̃ργαβ∇γ∂κf(φ)

scalar equation
∇µ∇µφ+

df

dφ
R2

GB = 0

crucial: choice of coupling function f(φ)

GR black hole solutions do not remain solutions
=⇒ only hairy black holes result
GR black hole solutions do remain solutions
=⇒ in addition spontaneously scalarized black holes emerge
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Scalarized BHs EdGB BHs

EdGB black holes

Kanti et al. hep-th/9511071, Torii et al. gr-qc/9606034

coupling function

f(ϕ) =
α

4
e−γϕ

static black holes

critical black holes:
horizon expansion√

1− 6
α′2

r4h
e2ϕh

lower bound
on the horizon size

for fixed α′
lower bound on the mass
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Scalarized BHs EdGB BHs

EdGB black holes

Kanti et al. hep-th/9511071, Antoniou et al. 1711.03390

coupling function

f(ϕ) =
α

4
e−γϕ

static black holes

critical black holes:
horizon expansion√

1− 6
α′2

r4h
e2ϕh

lower bound
on the horizon size

for fixed α′

negative effective energy density
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Scalarized BHs EdGB BHs

EdGB black holes
Kleihaus et al. 1101.2868

horizon area versus angular momentum
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Scalarized BHs EdGB BHs

EdGB black holes
Kleihaus et al. arXiv:1101.2868

quadrupole moment versus angular momentum
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Scalarized BHs EdGB BHs

EdGB black holes
Cunha et al. arXiv:1701.00079

shadow

α/M2 = 0.172, J/M2 = 0.41
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Scalarized BHs EdGB BHs

EdGB black holes
perturbation theory: damped oscillations
metric

gµν = g(0)µν (r) + ϵhµν(t, r, θ, φ)

scalar
ϕ = ϕ0(r) + ϵδϕ(t, r, θ, φ)

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

master equation: Schrödinger-like equation
eigenvalue ω

ω = ωR + iωI

frequency: ωR decay time: τ = 1/ωI
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Scalarized BHs EdGB BHs

EdGB black holes

Blazquez-Salcedo et al. 1609.01286
quasi-normal mode (axial l = 2) versus coupling constant
normalized to the Schwarzschild values

real part imaginary partζ =
α′

M2
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Scalarized BHs EdGB BHs

EdGB black holes

Blazquez-Salcedo et al. 1609.01286
quasi-normal mode (polar l = 2) versus coupling constant
normalized to the Schwarzschild values

real part imaginary partζ =
α′

M2
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Scalarized BHs EsGB BHs

Scalar-Tensor Theories: Spontaneous Scalarization

Esposito-Farese (lecture)

matter induced
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Scalarized BHs EsGB BHs

Static curvature induced scalarized black holes

Doneva et al. 1711.01187, Silva et al. 1711.02080, Antoniou et al. 1711.03390
curvature induced scalarized black holes
Einstein equations

Gµν = Tµν

scalar equation
∇µ∇µφ+

df

dφ
R2

GB = 0

GR solutions remain solutions: φ = 0, df(φ)

dφ
= 0

Gauss-Bonnet: Schwarzschild
R2

GB =
48M2

r6
> 0

tachyonic instability
effective mass

m2
eff = −ηR2

GB < 0 , if η > 0

Jutta Kunz (Universität Oldenburg) Black Holes... Vienna, 20.10. 2022 12 / 33



Scalarized BHs EsGB BHs

Static curvature induced scalarized black holes

Blazquez-Salcedo et al. 1805.05755
domain of existence of spontaneously scalarized static black holes
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Scalarized BHs EsGB BHs

Static curvature induced scalarized black holes

Blazquez-Salcedo et al. 1805.05755
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Scalarized BHs EsGB BHs

Static curvature induced scalarized black holes

Blazquez-Salcedo et al. 1805.05755
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scalar equation

g2(r)φ̈1 − φ′′
1 + C1(r)φ

′
1 + U(r)φ1 = 0
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Scalarized BHs EsGB BHs

Static curvature induced scalarized black holes
Blazquez-Salcedo et al. 2006.06006
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Scalarized BHs EsGB BHs

Static curvature induced scalarized black holes

Macedo et al. arXiv:1903.06784

quadratic coupling function
scalar field potential

V (φ) =
1

2
µ2φ2 +

1

8
λφ4

radial stability: small mass, large self-interaction
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Scalarized BHs EsGB BHs

Rotating curvature induced scalarized black holes

Cunha et al. 1904.09997, Collodel et al. 1912.05382, Dima et al. 2006.03095
scalar equation

∇µ∇µφ+
df

dφ
R2

GB = 0

Gauss-Bonnet: Kerr

R2
GB =

48M2

(r2 + χ2)6
(
r6 − 15r4χ2 + 15r2χ4 − χ6

)
, χ = a cos θ

effective mass
m2

eff(r) = −ηR2
GB < 0

η > 0

=⇒ spin suppresses scalarization
η < 0

=⇒ spin induces scalarization
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Scalarized BHs EsGB BHs

Rotating curvature induced scalarized black holes

Cunha et al. arXiv:1904.09997
coupling function

f(φ) =
λ2

12

(
1− e−6φ2

)
, η > 0 , V (φ) = 0

angular momentum vs mass area/entropy vs angular momentum
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Scalarized BHs EsGB BHs

Rotating curvature induced scalarized black holes

Cunha et al. arXiv:1904.09997

EsGB Kerr
M/λ = 0.237(j = 0.24)
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Scalarized BHs EsGB BHs

Rotating spin induced scalarized black holes
Dima et al. arXiv:2006.03095 |ϕ| ∼ exp(t/τ)

coupling function

f(φ) = − η φ2

V (φ) = 0

onset of scalarization
even scalar field

φ(π − θ) = +φ(θ)

odd scalar field

φ(π − θ) = −φ(θ)

range

0.5 ≤ j ≤ 1
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Scalarized BHs EsGB BHs

Rotating spin induced scalarized black holes
Herdeiro et al. arXiv:2009.03904, Berti et al. arXiv:2009.03905
coupling function

f(φ) =
λ2

12

(
1− e−6φ2

)
, η < 0 , V (φ) = 0

area vs angular momentum entropy vs angular momentum

even scalar field
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Scalarized BHs EsGB BHs

Rotating spin induced scalarized black holes

Herdeiro et al. arXiv:2009.03904 Berti et al. arXiv:2009.03905

entropy vs angular momentum

f(φ) =
λ2

12

(
1− e−6φ2

)
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Scalarized BHs EsGB+R BHs

Einstein-scalar-Gauss-Bonnet with Ricci coupling

Antoniou et al. 2004.14985
Compact object scalarization with general relativity as a cosmic attractor
EsGB with Ricci action

S =
1

16π

∫
d4x

√
−g

[
R− 1

2
(∂µφ)

2 +
φ2

2

(
αR2

GB − β

2
R

)]
coupling function f(φ) =

φ2

2
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Scalarized BHs EsGB+R BHs

Einstein-scalar-Gauss-Bonnet with Ricci coupling

Antoniou et al. 2004.14985
scalar equation in a cosmological background with Hubble function H

φ̈+ 3Hφ̇+m2
effφ = 0

effective mass
m2

eff =
β

2
R− αR2

GB

Ricci scalar and Gauss-Bonnet term

R = 6
(
2H2 + Ḣ

)
R2

GB = 24H2
(
H2 + Ḣ

)
for spontaneously scalarized black holes φ(∞) = 0 needed
general relativistic black hole solutions should remain solutions
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Scalarized BHs EsGB+R BHs

Einstein-scalar-Gauss-Bonnet with Ricci coupling

Antoniou et al. 2004.14985

top: energy density ratio of scalar ρφ and cosmic fluid ρa vs redshift z

bottom: evolution of scalar field φ in units of its initial value φi

RD: radiation dominated, MD: matter dominated, Λ: Λ dominated
BBN: big bang nucleosysthesis
Figure with β̄: 2β̄ = β
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Scalarized BHs EsGB+R BHs

Static curvature induced scalarized black holes
Antoniou et al. 2105.04479
domain of existence of spontaneously scalarized static black holes

m2
eff =

β

2
R− αR2

GB < 0

tachyonic instability: independent of β (R = 0)

scaled scalar charge vs scaled mass for varying Ricci coupling β

endpoint: onset of instability
Jutta Kunz (Universität Oldenburg) Black Holes... Vienna, 20.10. 2022 18 / 33



Scalarized BHs EsGB+R BHs

Static curvature induced scalarized black holes
Antoniou et al. 2204.01684
stability of Schwarzschild and spontaneously scalarized static black holes

charge vs mass radial mode vs mass
Schwarzschild black holes unstable vor M̂ < 1.174

scalarized black holes always unstable for β = 0, 0.7, 0.9
scalarized black holes in part radially stable for β = 1.2

Jutta Kunz (Universität Oldenburg) Black Holes... Vienna, 20.10. 2022 18 / 33



Scalarized BHs EsGB+R BHs

Rotating curvature induced scalarized black holes

preliminary results
Ricci coupling β = 5

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 0  0.2  0.4  0.6  0.8  1

Kerr

β = 0a H

J/M2

ωH

0.010
0.020
0.030
0.040
0.050
0.060
0.070
0.072
0.073
0.074
0.075

angular momentum vs mass

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  0.2  0.4  0.6  0.8  1

Kerr

β = 0

s

J/M2

ωH

0.010
0.020
0.030
0.040
0.050
0.060
0.070
0.072
0.073
0.074
0.075

area/entropy vs angular momentum

scalarized black holes are entropically preferred
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UCOs Wormholes

Wormholes

embedding diagram

2 asymptotically flat
regions

sphere of minimal
surface/radius

no horizon

no singularity

violation of the energy
conditions
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UCOs Wormholes

Static EdGB Wormholes
Kanti et al. 1108.3003, 1111.4049, Antoniou et al. 1904.13091

static spherically symmetric wormholes

ds2 = −eF0dt2 + eF1
[
dη2 + h

(
dθ2 + sin2 θdφ2

)]
h = η2 + η20

−∞ < η < ∞

  R0

embedding of the throat of the wormhole

circumferential radius
R =

√
eF1h
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UCOs Wormholes

Static EdGB Wormholes
Kanti et al. 1108.3003, 1111.4049, Antoniou et al. 1904.13091

junction conditions: thin shell of ordinary matter needed
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UCOs Wormholes

Static EdGB Wormholes
Kanti et al. 1108.3003, 1111.4049, Antoniou et al. 1904.13091

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 1.4

 1.5

 1.6

 1.7

 1.8

-0.2  0  0.2  0.4  0.6  0.8  1

A
(t

)/1
6π

M
2

D/M

0.250
0.220
0.200
0.180
0.170
0.162
0.160
0.140
0.130
0.120
0.100
0.050

throat area vs dilaton charge

domain of existence

dashed lines
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UCOs Wormholes

Double Throat EdGB Wormholes
Antoniou et al. 1904.13091
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UCOs Wormholes

Double Throat EdGB Wormholes
Antoniou et al. 1904.13091

embedding of double throat wormhole
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UCOs Wormholes

Double Throat EdGB Wormholes
Antoniou et al. 1904.13091
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UCOs Wormholes

Geodesics of EdGB Wormholes

Kanti et al. 1108.3003, 1111.4049
geodesics from Lagrangian

L =
1

2
e−2βϕgµν ẋ

µẋν

β = const. (= 1/2 for heterotic string theory)
conjugate momenta pµ = ∂L

∂ẋµ

pt = −e−2βϕeF0 ṫ , pφ = e−2βϕeF1(η20 + η2)φ̇

pη = e−2βϕeF1 η̇

first integrals
pt = const. = −E , pφ = const. = L

time-like geodesics

2L = −e2βϕe−F0E2 + e−2βϕeF1 η̇2 + e2βϕe−F1
L2

η20 + η2
= −1
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UCOs Wormholes

Geodesics of EdGB Wormholes

Kanti et al. 1108.3003, 1111.4049

radial equation: η̇2 = e4βϕe−F0−F1
[
E2 − V 2

eff(η, L)
]

effective potential: V 2
eff(η, L) = eF0

(
e−2βϕ + e−F1

L2

η20 + η2

)
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UCOs Wormholes

Geodesics of Dilatonic EGB Wormholes
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UCOs Wormholes

Traversable EdGB Wormholes?

Kanti et al. 1108.3003, 1111.4049

acceleration of a traveler at the throat?

string theory
α ∼ ℓ2P =⇒ r0 ∼ 10 ℓP

acceleration (1051 − 1052) g⊕

g⊕: acceleration of gravity at the
surface of the earth

acceleration on the order of g⊕:
throat radius (10− 100)
light-years

Cuyubamba et al. 1804.11170
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UCOs Wormholes

EsGB Wormholes

Antoniou et al. 1904.13091
no spontaneous scalarization: no GR wormholes
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UCOs Particle-like
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UCOs Particle-like

EsGB Particle-like Solutions
Kanti et al. 1910.02121, 2005.07650
metric

ds2 = −ef0dt2 + ef1
[
dr2 + r2

(
dθ2 + sin2 θdφ2

)]
coupling F (ϕ) = αϕn, n ≥ 2

expansion at origin

f0 = f0c +
ef1c

64α
r2 +

ef1cϕc
96αc0

r3 +O(r4)

f1 = f1c +
ef1c

64α
r2 +

ν3
6
r3 +O(r4)

ϕ = −c0
r

+ ϕc −
ef1cc0
256α

r +
32αc0ν3 − ef1cϕc

768α
r2 +O(r3)

f0c, f1c, ν3, ϕc, and c0 are constants
stress-energy tensor (n = 2)

T tt (0) =
3

32α
, T rr (0) = T θθ (0) = Tφφ (0) =

2

32α
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UCOs Particle-like

EsGB Particle-like Solutions
Kanti et al. 1910.02121, 2005.07650
globally regular metric, regular stress-energy tensor, diverging scalar (origin)
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UCOs Particle-like

EsGB Particle-like Solutions
Kanti et al. 1910.02121, 2005.07650

embeddings

F (φ) = αφ2
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UCOs Particle-like

EsGB Particle-like Solutions
Kanti et al. 1910.02121, 2005.07650

ECOs and UCOs
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UCOs Particle-like

EsGB Particle-like Solutions
Kanti et al. 1910.02121, 2005.07650

UCOs: pairs of light-rings
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UCOs Particle-like

EsGB Particle-like Solutions
Kanti et al. 1910.02121, 2005.07650
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Conclusions

Conclusions

Beyond General Relativity: Scalar EGB Theories

black holes

dilatonic
spontaneously scalarized

curvature induced
spin induced

wormholes

static
single throat
double throat

geodesics
rotating?

particle-like solutions

regular metric, regular Tµν

UCOs with pairs of light-rings
echoes of ECOs
rotating?
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