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Matter-induced spontaneous scalarization (STTs)
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1. spontaneous scalarization: By < 0, T <0 = BoT >0

2. spontaneous scalarization: Sy >0, T >0 = 5yT > 0
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Bonnet Theorie

EsGB action
1 1
S = 1oz | '3 |R= 500" + Fl)REn
167 2
Gauss-Bonnet term: quadratic in the curvature

Rip = Ryuypo R — AR, 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).
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Einstein-scalar-Gauss-Bonnet Theories

Gregory Horndeski, ‘Horndeski Scalar Theory, Past, Present and Future’
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Einstein-scalar-Gauss-Bonnet Theories

generalized Einstein equations

1 1
G/l,u = 7Zglz,uap(rgap90 + iau(;@al/@

1 R QS D
5 (gpugAu + g)xugpl/) n A 5R%V78nf(90)

scalar equation
" df o
V,,,V "2 + @RGB = O
crucial: choice of coupling function f(p)
@ 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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Black Holes

EdGB black holes

coupling function 2.4 T T ,
(a)
f(p)=—e ¢ 2.2} 4
. g Schwarzschild b.h. .-~
static black holes 3 2or .
3
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Black Holes

EdGB black holes

coupling function

0.10 ~———— ]
f(g) = Ge?
4 .
static black holes . YEYETETEY
critical black holes: a=01,a;=1, ¢,=0.5
-0.05 — T,
horizon expansion -
t
-0.10
12 Tea
a? . . : . .
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Black Holes

EdGB black holes

horizon area versus angular momentum

ay, = Ay/16TM2
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Black Holes

EdGB black holes

perturbation theory: damped oscillations
metric

Juv = g;(fy)/) (’I“) + ehuu (t> r, 97 99)

¢ = QSO(T) + €5¢(t7 T, 07 80)

scalar

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

master equation: Schrodinger-like equation
eigenvalue w
W = WR + Wy

frequency: wg decay time: 7= 1/wy
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Black Holes

EdGB black holes

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

normalized to the Schwarzschild values
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Black Holes

EdGB black holes

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

normalized to the Schwarzschild values
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Black H.

Static curvature induced scalarized black holes

curvature induced scalarized black holes
Einstein equations
G;w = Luv
scalar equation
ﬁ R2
G

VMV“QO—Fd BZO

df ()

dy

GR solutions remain solutions: ¢ =0, =0
tachyonic instability
effective mass
mis = —nRép <0, ifn>0
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Black Holes

Static curvature induced scalarized black holes

domain of existence of spontaneously scalarized static black holes
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Black Holes

Static curvature induced scalarized black holes

unstable radial modes

no modes, V>0 -

02F no modes - - \ .
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Black Holes

Static curvature induced scalarized black holes

h
Wa}zg o hild

Polar 1=2 scalar-led modes
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Black Holes

Rotating curvature induced scalarized black holes

scalar equation

d
V.Vt + éRéB =0

Gauss-Bonnet: Kerr

) 48112

G = Gz (0 1 155 = x0) L = acosd

effective mass
mig(r) = —nRgp <0
en>0
— spin suppresses scalarization
e <0

—> spin induces scalarization
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Black Holes

Rotating curvature induced scalarized black holes

coupling function 9
A —6p?
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Black Holes

Rotating curvature induced scalarized black holes

coupling function

f(@):ﬁ

A2 (1_

critical line Kerr BHs
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entropy vs angular momentum




Black Holes

Rotating curvature induced scalarized black holes

coupling function

N 2
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Wormbholes

upper universe

e 2 asymptotically flat
regions

@ sphere of minimal
surface/radius

@ no horizon

@ no singularity

violation of the energy
embedding diagram conditions
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Wormholes

Static Dilatonic EGB Wormbholes

static spherically symmetric wormholes
ds? = —efodt? + e [an +h (d92 + sin? 9d<p2)]

h=n®+n

—00 <1 <00

embedding of the throat of the wormhole
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Wormholes

Static Dilatonic EGB Wormholes

line element

ds® = —efodt? + e [dn? + h (d6? + sin® 0dp?)]

h=n"+n3

global charges

mass M, dilaton charge D

properties of the throat

circumferential radius B:  R? R? =ef1h
throat radius Ry: R3  Min (R?)
throat area: Amy, = [ d*z/g2

g2 determinant of the metric on the throat
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Wormholes

Static Dilatonic EGB Wormbholes
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Wormholes

Static Dilatonic EGB Wormbholes

Smarr like mass relation

K D Dyy
M =25— — —
o 2y N 27

with .
Sin = 1/\/“(72 (1 + 2ae‘"’¢R) d’*z
throat surface gravity x

throat dilaton charge

1 f -
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Wormholes

Static Dilatonic EGB Wormbholes

single throat
. wormhole

circum. radius

dil. EGB solution

singularity
throat

radial coordinate

junction conditions: thin shell of ordinary matter needed

Jutta Kunz (Un



Wormholes

Double Throat Dilatonic EGB Wormbholes

double throat single throat
wormhole N wormhole

thr.

circum. radius

dil. EGB solution

throat

radial coordinate

junction conditions: thin shell of ordinary matter needed
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Wormbholes

» Throat Dilatonic EGB Wormbholes

embedding of double throat wormhole
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Wormbholes
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Wormbholes
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Wormholes

Slowly Rotating Dilatonic EGB Wormholes

rotating wormholes
ds? = —eFods? 4 o (eF2 (dn® + hd6?) + hsin® 0 (de — th)Q)

h=n"+m

—00 <1< o0

lowest order perturbation theory
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Wormbhc

ly Rotating Dilatonic EGB Wormholes
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Wormholes

Geodesics of Dilatonic EGB Wormholes

@ geodesics from Lagrangian
UV

1
L= 56_25‘159“,,55“95

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

@ conjugate momenta p, = Do

pr = —e 2PPefi  py = PP (g )
Dy = 672’8¢6F17.]

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

o time-like geodesics
L2

2 = —e2PPeTOE2 4 e720elip2 | 20— 5 =
Mo +1
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Wormholes

Geodesics of Dilatonic EGB Wormholes

e radial equation:

o effective potential:

1.05

Veff

0.85

0.8

Es
L=2 E,
) /,’L-Li*.kk EE |
,' L=Lerit
[ ——————
: E.
0.9 / e :
/‘” L=0
/j‘ 0.0 .
i ‘ 00 10 2.0
0 0.5 1 15
log9(r/rg)
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Black Holes, wormhole

L2
V2(n,L)=e™ (7280 o1 _—
eff(n ) ( ng+n2

E? = Vg(n, L)
turning points 7;:
E? = Vi(mi, L) =0
no horizon

bound orbits:
motion around the throat
motion across the throat
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Wormbholes

Geodesics of Dilatonic EGB Wormholes

L=2,E=0.90 '

Jutta Kunz (Universitidt Oldenburg) Black Holes, wormholes, ... Aveiro, 14 September 2021 16 /



Worm

Traversable Dlatonic EGB Wormholes?

acceleration of a traveler at the throat?

@ string theory
awﬁfg = r9 ~104p
acceleration (10°! — 10%?) gq

Jge: acceleration of gravity at the
surface of the earth

@ acceleration on the order of gg:

throat radius (10 — 100)
light-years
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Wormbholes

Scalar EGB Wormholes with Other Coupling Functions

no spontaneous scalarization: no GR wormholes
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Wormbholes

Scalar EGB Wormholes with Other Coupling Functions

no spontaneous scalarization: no GR wormholes
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Wormholes

Scalar EGB Wormholes with Other Coupling Functions

no spontaneous scalarization: no GR wormholes
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Particle-like ECOs

Scalar EGB Particle-like Solutions

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

Scalar EGB 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
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Particle-like ECOs

Scalar EGB Particle-like Solutions

embeddings
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Pa

Scalar EGB Particle-like Srolutions

metric
ds?2 = —efoqt? 4+ et [dr2 42 (d02 + sin? 9d<,02)]

coupling F(¢) = ag", n > 2

expansion at origin

flc flc
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(& 123
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Co ellecy acorg —elteg. 3
= - - (@)
¢ r T 256a T68a " 1O
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Particle-like ECOs

Scalar EGB Particle-like Solutions

ECOs and UCOs

N
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Particle-like ECOs

Scalar EGB Particle-like Solutions

UCOs: pairs of light-rings
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Particle-like ECOs

Scalar EGB Particle-like Solutions
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Conclusions

Beyond General Relativity: Scalar EGB Theories

black holes wormbholes

e dilatonic e static
e single throat

@ spontaneously scalarized
e double throat

e curvature induced
e spin induced e slowly rotating

e geodesics
particle-like solutions
e regular metric, regular T},

e UCOs with pairs of light-rings
@ echoes of ECOs
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