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Introduction

General Relativity

o Incompatibility with Quantum Mechanics

Singularities
Dark Matter, Dark Energy
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Introduction

GR or Alternative Theories of Gravity

e Scalar-tensor theories

e f(R) theories

e Quadratic gravity (EsGB, CS, ...) ? 7?
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Introduction

Introduction

GR or Alternative Theories of Gravity

e Compatible with all solar system tests!
e Observational consequences: strong gravity?
e Neutron stars

e Black holes

e Exotic objects
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Neutron

Neutron star basics

Richard C. Tolman (1881 — 1948)
J. Robert Oppenheimer (1904 — 1967)
George Michael Volkoff (1914 — 2000)

Tolman-Oppenheimer-Volkoff equations
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Neutron

Neutron star basics

Einstein equations
1
§g,uuR = 87TGT;“,

with stress-energy tensor of an isotropic perfect fluid

Gu =Ry —

T:u,l/ = (5 + P) Uy Uy + g,wP

with four-velocity u*, energy density € and pressure P

metric ansatz for static spherically symmetric neutron stars

1
ds?® = Guvdxtda” = L A I R —; [ R (dt‘)2 + sin? 9d¢52)
1

2m( )
TOV equations m = oy ’ o — gr3jz +m
2 -2
pr_ L (e + P) (m+ 5Pr?)
72 _2m

r
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Neutron star b
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Universal relations

Relations between neutron star properties, that are to a large extent
independent of the neutron star’s internal structure (EOS).
e moment of interia [
@ quadrupole moment @)
e Love number
° ..

=
XS0
R

S

N
Rt
DR
TN

@ quasi-normal modes: asteroseismology

no exact relations, but valid at the (few) percent level
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Universal relations

I-Love-Q)

moment of inertia

Q (spin-induced) A2 tidal Love number
quadrupole moment (tidal deformability)

Oblate . e

_ (tidally induced)
tidal field
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Neutron Stars

Universal relations
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Universal relations

T

(fit)

lG_Qlﬂ[

/\
/
RH L

10*

s
10 5
’ 10' 10° 10’
A

relation: Q = —QM/J?, Xy = \o/M°
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Universal relations

three hair relations: relativistic results
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Universal relations

quasi-normal modes: polar (parity even)
w = wg + iwy, frequency wr, damping time 7 = 1/wy

160— T T
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universal wp R—M /R relation
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Universal relations

quasi-normal modes: polar (parity even)
w = wg + iwy, frequency wr, damping time 7 = 1/wy
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Neutron Stars Beyond GR

Scalar-Tensor Theories

action: Jordan frame

1

5= 167G,

/ Ao/ [F®)R ~ 2(2)5 8,80, —2U(®)| + S, [V, 5]

G.: gravitational constant

R: Ricci scalar with respect to g,
®: gravitational scalar field

S,,: matter action

¥,,: matter fields

® does not couple directly to ¥,,: weak equivalence principle is satisfied

Jutta Kunz (Universitidt Oldenburg) Compact Ob . Tartu, June 17-21, 2019



Scalar-Tensor Theories

transformation to Einstein frame

() -3 (2

action: Einstein frame

1
167G,

/ d*z/=g[R — 2¢" 8,00, — AV ()] + Sm [V A% () gpu0]

relations between the Jordan frame functions F(®) and U(®) and the Einstein
frame functions A(p) and V (p)

Alp)=F712(@),  2V(p) =U(®)F*(®)

Jutta Kunz (Universitat Oldenburg) Compact Obj



Scalar-Tensor Theories

Brans—Dicke Theory

1 ~ P
5= 1 [ A7 R~ g 0,8) (0,8) — 20(®)] + 5[0
167G, P
relation between Jordan-frame and Einstein-frame quantites

O=A"2(p), 3+2w(®)=alp)?
a(p) = d(In A(p))/dyp
a(p) = ap =constant, i.e., w(P) =constant

observational bound: w > 40000 (Cassini-Huygens) | i’
limit: w — oo GR

Jutta Kunz (Universitat Oldenburg) Compact Obj



Neutron Stars

Scalar-Tensor Theories

Beyond GR

LLR

observational
constraints on STT
parameters
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Neutron Stars Beyond GR

Scalar-Tensor Theories
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Neutron Stars Beyond GR

Scalar-Tensor Theories

In A(p) = 2 Bop?, Bo > —4.5
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spontaneous scalarization: static and Kepler limit

Jutta Kunz ( i ldenbur, Tartu, Ju



Neutron Stars Beyond GR

Scalar-Tensor Theories

(APR)
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Neutron Stars Beyond GR

Scalar-Tensor Theories
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Neutron Stars Beyond GR

Scalar-Tensor Theories

50
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axial (odd parity) quasi-normal modes: Mw;—Mwpg (8o = —4.5)
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Neutron Stars Beyond GR

Scalar-Tensor Theories

40
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20

8 9 10 11 12 13 14 15
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axial (odd parity) quasi-normal modes: Mwi-Mwp (o = —6)
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Scalar-Tensor Theories

Horndeski gravity

second-order field equations and one scalar field

5= [ dtay=g{K(6.X) - Gato. x)06

+Ga(¢, X)R + Gax(6,X) [(0¢)* = (V. V) (V*V"9)]

~ Gsx(4,X)
6

+ 2V, V,6)(VIV,6)(V' V7)) |

+ G5(¢, X) G VIV ¢ [(0¢)° = 306(V,.V,9)(VFV"9)

Kand G’s (i=1...5):

functions of the scalar field ¢ and of its kinetic term X = —1/20"*¢0, ¢
Gy‘,’X:

derivatives of G; with respect to X

Jutta Kunz (Universitidt Oldenburg) Co act C . Tartu, June 17-21, 2019



Neutron Beyond GR

Scalar-Tensor Theories

subsector: Fab Four

special cases of Horndeski gravity
e general relativity (“George”)
e Einstein-dilaton-Gauss-Bonnet gravity (“Ringo”)
e theories with a nonminimal coupling with the Einstein tensor (“John”)

e theories involving the double-dual of the Riemann tensor (“Paul”)

Jutta Kunz (Universitidt Oldenburg) Compact Obj . Tartu, June 17-21, 2019 11 / 23



Neutron Stars Beyond GR

Scalar-Tensor Theories

“George” + “John” ¢(r,t) = Qt + F(r)
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Neutron Stars Beyond GR

Scalar-Tensor Theories

“George” + “John” ¢(r,t) = Qt + F(r)
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Beyond GR

Quadratic Gravity

Curvature invariants

2 2 2 *
R”, R;w , prw RR
2 g
R;w =R.,R
Kretschmann scalar
2 — uvpo
]%Nupa ::]%HVPU]%
Pontryagin/Chern-Simons scalar
‘RR = 1}% uukﬁ}{pa
= 5’ nvpo€ AR

Levi-Civita tensor e#¥P?
Gauss-Bonnet scalar

R{p =R*— 4R, + R’

nvpo
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Neutron Stars Beyond GR

Einstein-Gauss-Bonnet-Dilaton Theory

String Theory

unification of all fundamental interactions
dimensional reduction to 4 spacetime dimensions:

low energy effective theories

e additional fields

e dilaton

e axion

o Maxwell fields

e Yang-Mills fields
]

e higher order curvature corrections

o Gauss-Bonnet term
° ...

Jutta Kunz (Uni Oldenbur; Co Tartu, June



Neutron Beyond GR

Einstein-Gauss-Bonnet-Dilaton Theory

Action
oo e foaln- o

Gauss-Bonnet term: quadratic in the curvature

RéB = R/wan#VpU - 4RIJ,IJRILV + R2

e o Gauss-Bonnet coupling constant

e v dilaton coupling constant (y = 1)

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

The resulting set of equations of motion are of second order.

Jutta Kunz (Universitidt Oldenburg) Compact Obj . Tartu, June 17-21, 2019



consequences
e scalar “hair”: dilaton “hair”

@ negative energy density

bounds on « (y =1)

@ observational

e Shapiro time delay
Va <10%em

o BH low-mass X-ray binaries

Va <3.8x10°cm

e theoretical/observational

o lower bound on BH mass

(0%
<

Jutta Kunz (Uniw Oldenburg) Compac



Neutron s Beyond GR

Einstein-Gauss-Bonnet-Dilaton Theory

25

20}
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static neutron stars with APR EoS: dependence on « and

branches end
expansion around origin: square roots
reality condition: condition on «f, maximum central density

Jutta Kunz (Univ

Tartu, June



Neutron Stars Beyond GR

Einstein-Gauss-Bonnet-Dilaton Theory

(APR)

M Mgl
2.18 1.87 1.47 1.23
18 T T T
16— -
F aad 4
14+ -
— 12 z %= DML o =0 ||
F ) G~ DML o =1M, | o
10+ * DL, 0pi=2 M |~
L & FPS, o= 0 1
8 GO FPS, o= 1My [
s £ FPS, oy, =2 M, |
: t T } - . : t
2 r MK =0 1
& F o 2l A
Tt GO =1 Mg
2 [ Gpan=2Mo | |
&
o
a
T=

Jutta Ku




Neutron Stars Beyond GR

Einstein-Gauss-Bonnet-Dilaton Theory

SLy Einstein
30k SLy EGBd o
N APR4 Einstein
APR4 EGBd
BHZBM Einstein =

ar Mass/(Ls)

T BHZBM EGBd 1
WCS| Einstein
20 e . b
v
< BS4 Einstein v
15 54 EGBd 7
WSPHS3 Einstein =+
WSPHS3 EGBd  ©
10 | ALF4 Einstein  « T
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5 i . . \
0.1 0.15 0.2 0.25 03 0.35
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axial (odd parity) quasi-normal modes: Mw;—M/R




Neutron Beyond GR

Chern-Simons Gravity

action

S = % / V—gd'z [R — 2V ,¢V*¢ — V(¢) + acs ¢ *RR]

two cases
o dynamical:
scalar true dynamical degree of freedom
dCS gravity
e nondynamical:

scalar kinetic term absent

@ a spherically symmetric solution of GR is also a solution of dCS gravity

@ corrections in the presence of a parity-odd source such as rotation

bound: Gravity Probe B

V]acs| < 0(10')em

Jutta Kunz (Universitidt Oldenburg) Compact Obj . Tartu, June 17-21, 2019



Neutron Stars Beyond GR

Chern-Simons Gravity

. . g .23 1.0
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Neutron Stars Beyond GR

Chern-Simons Gravity

APR
o SLy
LS220
201 Shen
*  WFF1
— fit, dCS
- —- fit, GR
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Black Holes

Black holes in GR
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Black Holes

Black holes in GR

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

Jutta Kunz (Uni Oldenbu:



Black Holes

Black holes in GR

Multipole moments M; (goo) and S; (gog)

All multiple moments can be expressed in terms of only two quantities

My=M S1=J
J l
M;+iS; =M (LM>

J2
M

Quadrupole moment

My=Q=—

Jutta Kunz (Universitidt Oldenburg) Compact Obj . Tartu, June 17-21, 2019 17 / 23



Black holes in GR

angular momentum bound

) <1
=33 <
@ < 1 non-extremal black

hole
o = 1 extremal black hole

e > 1 naked singularity

Black Holes

shadow
[} [}
B 0 0 Sm? 0
14 0 %Hl % m. %m
A 0 0 107“m=~ 0
(max m Im 1.51m 3m
Kerr Kerr— KN‘—NUT Kerr—
NUT with A NUT

Jutta Kunz
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Black Holes

EGBAJ black holes

2.4 ' : ,
(@) ,
22| y
critical black holes: e
IS 2.0 Schwarzschild b.h. .-~
. . b .0 -
horizon expansion S
N—
= 1.8
a’2 Il PR ]
1—6—e2®n
!
h 1.6 | :
lower bound
. . 1.4 L L L
on the horizon size 0.8 0.9 1.0 1.1 1.2
for fixed o/ GM / (a')”

lower bound on the mass
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Black Holes

EGBAJ black holes

horizon area versus angular momentum

ay, = Ay/16TM2

05 0.99 1.0 1.01 \)

Kunz (Uni

ldenbur,

Tartu, Ju



Black Holes

EGBAJ black holes

quadrupole moment versus angular momentum

12 : : ,
static
1.15 extr
Jcritical

o 5 .,
= : ‘., GR
2 11} g : =
= : B
(o4

1.05 - 1
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Black Holes

EGBAJ black holes

shadow

EJGB shadow
Kerr shadow

Tartu, Ju
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Black Holes

EGBAJ black holes

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

normalized to the Schwarzschild values
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Black Holes

EGBAJ black holes

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

normalized to the Schwarzschild values
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Black Holes

EsGB black holes

Curvature induced scalarized black holes

action

1

5= [ ey Ta[R - 29,090 — V(o) + X (p)R2)]

167

0.2

coupling function
0.1

D /A

small ¢
1 -0.1
fle) = 9

sequence of radial excitations

-0.2

Jutta Kunz (Univ denburg)
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Black Holes

EsGB black holes

unstable modes

' ' Ino modes, IV>() ------
0.2F no modes - - .
unstable — Schwarzschild red
il | scalarized n = 0 orange
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< P 0 - . . .
S NS / |
g
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Black Holes

EsGB black holes

jos}
S M/A=0.24 . critical line
M/A=0.17 2
0251 ’ ]
3 . |
oLF 0 025 05 075 1 .
L - . JI :
0 0.25 05 0.75 1

1

rotating EsGB black holes
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Black Holes

EsGB black holes

Cunha et al. arXiv:1904.09997
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Conclusions

Conclusions

GR versus generalized gravity theories

neutron stars
black holes

@ properties
o shadow
@ quasi-normal modes

@ properties
@ quasi-normal modes
@ universal relations

Jutta Kunz (Uni C bur, Tartu, Ju



ormbholes

acceleration of a traveler at the throat?

@ gg: acceleration of gravity at the
surface of the earth

@ acceleration on the order of gg:
throat radius on the order of
(10 — 100) light-years

Jutta Kunz (Univ 4t Oldenburg) Compact O . Tartu, June 17-21, 2019
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