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Introduction

Introduction

Generalized Theories of Gravity

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

e Black holes

e Neutron stars

e Exotic compact objects

e Cosmology?
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Introduction

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 = Ryuupo M7 — 4R, R + R®
coupling function f(¢)

In 4 spacetime dimensions the coupling to the scalar is needed.

The resulting set of equations of motion are of second order (Horndeski).

Jutta Kunz (Univ t Oldenburg)
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Einstein-scalar-Gauss-Bonnet Theories

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

Jutta Kunz (Universitdt Oldenburg) Vienna, 20.10. 2022



Introduction

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 spontaneously scalarized black holes emerge

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022
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arized 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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arized BHs EdGB BHs

EdGB black holes

coupling function

0.10 e———— ]
f(g) = Ge?
4 o
static black holes . 22 24 2a 0B a0
critical black holes: a=01,a;=1, ¢,=0.5
-0.05 — T,
horizon expansion Tt
t
-0.10
12 Tea
a? . . : . .
1—6—46 b 10 20 25 30
Ty, r
lower bound negative effective energy density

on the horizon size

for fixed o'
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Scalarized BHs EdGB BHs

EdGB black holes

horizon area versus angular momentum
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rized BHs EdGB BHs

EdGB black holes

quadrupole moment versus angular momentum

12 , . ,
static
1.15 extr
Critical
o B :
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EJdGB BHs

arized BHs

EdGB black holes

shadow

EJGB shadow
Kerr shadow

ldenbur,
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Scalarized 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;

Jutta Kunz (Uniw



arized BHs EdGB BHs

EdGB black holes

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

normalized to the Schwarzschild values
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arized BHs EdGB BHs

EdGB black holes

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

normalized to the Schwarzschild values
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Scalarized BHs EsGB B

Scalar-Tensor Theories: Spontaneous Scalarization

VOLUME 70, NUMBER 15 PHYSICAL REVIEW LETTERS 12 APRIL 1993

Nonperturbative Strong-Field Effects in Tensor-Scalar Theories of Gravitation

Thibault Damour
Institut des Hautes Etudes Scientifiques, 91440 Bures sur Yvette, France
and Département d’Astrophysique Relativiste et de C: logie, Observatoire de Paris,
Centre National de la Recherche Scientifique, 92195 Meudon, France

Gilles Esposito-Farese
Centre de Physique Théorique, Centre National de la Recherche Scientifique, Luminy, Case 907,
5 Energy

% s
z
2

matter induced “spontaneous scalarization™
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Static curvature 1nduced scalarized black holes

curvature induced scalarized black holes

Einstein equations

Guw="Tuw
scalar equation
np U p
VMV (p + df B — O
df (¢
GR solutions remain solutions: ¢ = 0, ('}:{(y) =0
¥
Gauss-Bonnet: Schwarzschild ASM
RGB 6

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

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022



arized BHs EsGB BHs

Static curvature induced scalarized black holes

domain of existence of spontaneously scalarized static black holes

0 70
no solutions
singular limit —
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arized BHs EsGB BHs

Static curvature induced scalarized black holes

unstable radial modes

‘ ‘ ‘ ~ Schwarzschild blue
02 - TS Q=112 1 .

o scalarized n =0 —
scalarized n > 0 ...

& )
L & | j
0.1 5 :

< : Schwarzschild
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/ n=4
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-0.2 - no modes --- <
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solutions
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scalarized n > 0 ...
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arized BHs EsGB BHs

Static curvature induced scalarized black holes

scalar equation

20024 /" / .
02 F I-‘((p):(l.e"“f’z)/lz 1 g (I )‘1‘91 - 301 + Cl (7")(,01 + U(T)(Pl =0
0.1 Qo\‘c ! | 3L Schwarzschﬂd — ]
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< : =03 —
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: Ny 13=0.07 'S
01t 1 £ \
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solutions 0 02
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L-ry/r

Schwarzschild blue ez -
scalarized n = 0 dark green (1—="1)2g* vs 1 —rg/r

scalarized n > 0 ... lost hyperbolicity
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arized BHs EsGB BHs

Static curvature induced scalarized black holes

sy Polar 1=2 scalar-led modes Igy Polar 1=2 grav-led modes
4t 4t —
& &
< <
2t 2 1
0 0
0 0 0.4 0.8
M/A
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Polar 1=2 grav-led modes
Is2
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< 057 s 03 1

Scalarized
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arized BHs EsGB BHs

Static curvature induced scalarized black holes

025 025 1 1
020 020 1 1
0.15 0.15 1 1

™ ™
0.10 Unstable 0.10 ] 4

Stable
0.05 0.05 1
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0.00 L - 0.00 0.00
0356 0.58 0.60 062 0.64 0.56 0.58 0.60 062 0.64 0.56 0.58 0.60 0.62 0.64
] M M

quadratic coupling function
scalar field potential

1 1
Vip) = §M2‘P2 + §>\<P4

radial stability: small mass, large self-interaction

Jutta Kunz (Uni



Rotating curvature 1nduced scalarlzed black holes

scalar equation

df
Vuv“99+* as =0

Gauss-Bonnet: Kerr

) A8 M2

OB = 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

Vienna, 20.10. 2022
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Scalarized BHs EsGB BHs

Rotating curvature induced scalarized black holes

coupling function

fo) =2 (1-e) >0, Vig)=0
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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

Jutta Kunz (Universitdt Oldenburg) Vienna, 20.10. 2022 14 /33
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Rotating spin induced scalarized black holes

6] ~ exp(t/7)

coupling function

0.999
_ 2 (/M)
fle)=—ne
0.9
50.00
Vip) =0
10.00
onset of scalarization 0.8 2.00
= 1.00
=
< 0.60
p(m—0) = +p(0) 07 0.40
. 0.20
odd scalar field
0.6 0.10
_ 0.05
p(m —0) = —p(0)
05 0.01
range 10° 10! 10? 10° 10 10°

—n/M?
05<j<1
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arized BHs EsGB BHs

Rotating spin induced scalarized black holes

I
o

fle) = 12(1—6‘6“")» n<0, V(p)

Kerr BHs
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Scalarized BHs EsGB BHs

Rotating spin induced scalarized black holes

Kerr BHs 1.9 . i i ‘ ‘
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Scalarized BHs EsGB+R BHs

Outline

© Scalarized BHs

e EsGB+R BHs

Jutta Kunz



Einstein-scalar-Gau

Compact object scalarization with general relativity as a cosmic attractor

EsGB with Ricci action

Y = lr— L0+ (arz. —
S—lﬁw/dm\/ g{R 2(8#90)—1-2 aR&p 2R

,gz

coupling function f(¢) = 5
® o ®

Development of
Afterglow Light Pattem ~ Dark Ages Galaes, Panets,etc
375,000 yrs

0]

Present

Quanty
Fluctuations \&y

tStars
about 400 milion yrs.

Big Bang Expansion
1377 bilion yers

Jutta Kunz (Unive t Oldenburg) Black Holes... Vienna, 20.10.
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Einstein-scalar-Gauss-Bonnet with Ricci coupling

scalar equation in a cosmological background with Hubble function H
¢+ 3Hp+m2gp0 =0

effective mass

m ER — aR

Ricci scalar and Gauss-Bonnet term
R=6 (20 + 1)
Ry = 2412 <H2 n H)
for spontaneously scalarized black holes ¢(00) = 0 needed

general relativistic black hole solutions should remain solutions

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022
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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
X — B=0 B=02 — =1 N
—1t I ;
1010 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

BBN: big bang nucleosysthesis
Figure with 8: 28 =0

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022
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Static curvature induced scalarized black holes

domain of existence of spontaneously scalarized static black holes
B
2
tachyonic instability: independent of 8 (R = 0)

mZs = “R—aR4p <0

1.0f

0.8F

0.6fF

0.4F

0.2F

0.0

0.6 0.8 1 M 13
N
scaled scalar charge vs scaled mass for varying Ricci coupling

endpoint: onset of instability

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022
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B+R BHs

Static curvature induced scalarized black holes

stability of Schwarzschild and spontaneously scalarized static black holes

08—
025 : 07
AMO ~ 1174 ‘
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Jutta

Charge VS mass

radial mode vs mass

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

@ scalarized black holes in part radially stable for g = 1.2

Kunz (Universitdt Oldenburg)

Black Holes...

Vienna, 20.10. 2022



Scalarized BHs EsGB+R BHs

Rotating curvature induced scalarized black holes

Ricci coupling =5

ay

05 L L L L 05 L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

IM? IM?

angular momentum vs mass area/entropy vs angular momentum

scalarized black holes are entropically preferred
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Wormbholes

e 2 asymptotically flat
regions

@ sphere of minimal
surface/radius

@ no horizon

e no singularity

violation of the energy
embedding diagram conditions

Jutta Kunz (Universitidt Oldenburg) /ienna, 20.10. 2022



ucC Wormholes

Static EAGB Wormbholes

static spherically symmetric wormholes

ds* = —efodt? + e [dn? + h (6 + sin® 0dp?) ]

h=1n"+n;

Rok. . circumferential radius

R = Velf1h

embedding of the throat of the wormhole

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022



UCOs

Static EAGB Wormbholes

Jutta Kunz (Uni

circum. radius

junction conditions: thin shell of ordinary matter needed

Wormholes

singularity

single throat
wormhole

throat

dil. EGB solution

ldenbur,

radial coordinate




UCOs Wormholes

Static EAGB Wormbholes

18 —
0.250
1.7 0220 . .
. 0.200 domain of existence
[ 0170 --- |
15| 0162 - S D“ J .
0.160 S e dashed lines
N_ 14| 0140 --- L 7 o
= 0.130 --- sl a = = = const
;g 1o | 0050 i e lower boundary:
ul ; black hole
b T e right boundary:
09 | PR singularity
0.8 L— = ° :
= P 1 left boundary:

R =0, R' =0
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UCOs Wormholes

Double Throat EAGB Wormbholes

double throat single throat
wormhole \ wormhole

(%) Ny
= =0 =
E £l £
s
£
3
&)
=
o
dil. EGB solution
= .
< S
=] T §
>
c o =
@ @ E=]

radial coordinate

junction conditions: thin shell of ordinary matter needed
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UCOs Wormholes

» Throat EAGB Wormbholes

embedding of double throat wormhole

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022



Wormholes

1.8 T
0.361 —
1.7 | 0360 — double throat: solid .
0.350 —
16 | 0.340 single throat: dashed |
8%8 o @ stars
N L5 0280 — i singularity
2 l4r 8%28 - 1 equator
© 0.200
< 13 o180 — ;
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0130 - singularity
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UCOs Wormholes

Geodesics of EAGB Wormbholes

@ geodesics from Lagrangian

1
L= 5672&;59“”5'8#.@”

B = const. (= 1/2 for heterotic string theory)

@ conjugate momenta p, = adTLH
pe = —e 2P0eFoi | p = e 2P0F (12 42
py = e %M

o first integrals
py = const. = —E |, p, = const. = L

o time-like geodesics

2
2O — _62ﬂ¢€—F0E2+€ 2[7’(15 Fy 2+€2/3¢ Li =1

ng +n?

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022



Wormholes

Geodesics of EAGB Wormbholes

e radial equation: 72 = e8P Fo—F1 [E2 — V2 L)]

LZ
o effective potential: V% (n, L) = e'® (eQW +e It 2)

M +n?
E,
- e
2
o = | o E 2 Vﬂ“(n) )
e @ turning points 7;:
Lo 1 2 2 _
a E _‘/fai'f(n7aL)_O
. 11 .
3 1 @ no horizon
: @ bound orbits:
0.85  [ii L=0 q .
| 00 ‘ motion around the throat
0 LE ‘ , 00 10 20 motion across the throat
0 0.5 1 15 2
logo(r/rp)

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022



UCOs Wormholes

Geodesics of Dilatonic EGB Wormholes

L=2, E=0.90

Jutta Kunz (Universitidt Oldenburg) Vienna, 20.10. 2022



UcC Wormholes

Traversable EAGB W’orniholes?

acceleration of a traveler at the throat?

@ string theory
OLNEQP = r9 ~ 104p
acceleration (101 — 10°?) gg

Jge: acceleration of gravity at the
surface of the earth

@ acceleration on the order of gg:

throat radius (10 — 100)
light-years

Jutta Kunz (Universitidt Oldenburg) Black Holes... Vienna, 20.10. 2022 27 /33



Wormholes

EsGB Wormbholes

no spontaneous scalarization: no GR wormholes

11 T

log10(p)

single throat: dashed

§ 05 single throat: dashed TR
09515 o double throat: solid double throat: solid  F=ag?, @(e0)=0, N=0
08 d . . . | ) . 0 | . A . f 4 A
0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08
D/IM

D/IM
domain of existence matter at throat
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Outline

© UCOs

o Particle-like
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UCOs Par
3

EsGB Particle-like Solutions

metric
ds* = —elodt? + el [dr? + 1% (d6? + sin® 0dp?) |
coupling F(¢) = ag™, n > 2

expansion at origin

fo = foot Sipr s oy
0 7 1T G4q 96aco
efic v .
fi = fie+ 64047)2 + 637'3+(9(7'4)
fie 32 —efieg,
Co € Co QCols € c 92 3
= —_— e — O

¢ s % 56 " 7680 400

foes fie, V3, @¢, and cq are constants

stress-energy tensor (n = 2)

THO) = oo TI(0) = TH(0) = TZ(0)

_ 2
T 320

Jutta Kunz (Universitidt Oldenburg) Vienna, 20.10. 2022



UCOs Particle-like

EsGB Particle-like Solutions

globally regular metric, regular stress-energy tensor, diverging scalar (origin)

($=0.0
6 .
particle-like
5
4 particle-like with throat & equator
s 3 wormholes
cusp
2 sing ——
bh-lim ——
1 particle-like deg
ph-sph ------
]
] 0.2 0.4 0.6 0.8 1
d
. . ~ «
domain of existence: & = — vs d =
M? M

F(p) = ap®, ¢(o0) =0
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EsGB Particle-like Solution

embeddings
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UCOs Particle-like

EsGB Particle-like Solutions

ECOs and UCOs

4 T T T T T T T T T T
12 F ]
35 d,d | F= ag? @,=0 ] ,
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0 05 1 15 2 25 3 35 4 0 1 2 3 4 5
Ir\C ,r\C
energy density p = —Tg mass function ,u,(f‘(,)

vs circumferential radius 7. = r./M
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UCOs Particle-like

EsGB Particle-like Solutions

UCOs: pairs of light-rings

T T 3
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14
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photon effective potential Vg local extrema 7¢ max and 7 min

vs circumferential radius 7. = r./M
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UCOs Particle-like

EsGB Particle-like Solutions
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Conclusions

Beyond General Relativity: Scalar EGB Theories

black holes wormbholes

o dilatonic @ static
e single throat

e spontaneously scalarized
e double throat

e curvature induced
e spin induced @ geodesics

e rotating?

particle-like solutions

.\
®

regular metric, regular T},
UCOs with pairs of light-rings
echoes of ECOs

e rotating?
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