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Modified gravity
Motivation to study

» Solutions without singularities.

1. Compact objects
2. Cosmological solutions

» Other modified gravity solutions (e.g. hairy BH, neutron star)

» Null Energy Condition: T, k*k” >0
» Penrose theorem: no singularity = NEC-violation

» Null Convergence Condition: R, k*k” > 0 (for modified gravity
solutions)



Horndeski theory and its generalization
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Time-dependent spherically symmetric background.

» Background scalar field: 7 = 7(r, t)

» Background metric

dr?

2 _ 2
ds® = —A(r, t) dt* + B(r. 1)

+ S(r,t) (d6® + sin® 6 dyp?)

> Shift-symmetric scalar field (i.e. 7(r,t) = g -t +1(r))
[T. Kobayashi 1510.07400]



Horndeski theory. G4 subclass.

S = /d4X\/—g(£2 + L3 +[/4),

Ly = F(m, X),
L3 =—K(m, X)On,

L4 = Gy(m, X)R + Gax(m, X) [(D7r)2 — Tt .



Perturbations.

» Perturbations
T=T+X

Buv = g;w + hp.llv



Perturbations.

» Perturbations
T=7+X

8w = Buv + h;wv

» Regge-Wheeler classification of perturbations
» Odd parity (axial) and even parity (polar) modes (Z> rotations).

2 tensor modes Scalar

0dd sector Even sector




Even parity sector. Parametrization.
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Even parity sector. Gauge transformation.

> xH — xH 4 EF with £# parametrized as

egm(t, r)a@

sin 0

f'u = (Tfm(t; r)vRZm(ta r)aelm(ta r)89, ) YZm(gaﬁa)

» In use in the static case.
=0, K=0, G=0.
> No static scalar field 7(r, t) limit.
x=0, K=0, G=0.
» Shift-symmetric solutions:
m(t,r) =n(r)+ qt

> Stability conditions and propagation speeds do not depend on gauge
choice.



High momentum regime in even sector.

» Quadratic action. v! = vZ=aq.

s@ = /dtdk\/ Z R (Kgv' v + kQyv' v — I2Gyviv + ),



High momentum regime in even sector.

» Quadratic action. v! = vZ=aq.

s@ = /dtdk\/ Z R (Kgv' v + kQyv' v — I2Gyviv + ),

» Dispersion relation:

(cA2K5 — ca2(AB)/2Q; — (AB) Gy |gemetves = O,

IBJ
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Stability conditions. G4 subclass. Even sector

(C,2172/CU —cn12(AB)7Y2Q; — (AB)_lgij) | Eigenvalues = 0,

» No-ghost:
K11 > 0, det K > 0.

» No radial gradient:

Gi? >0,  detG“?>0.

» Angular gradient.
» Tachyonic (low energies).



Even sector. No-go theorem.

> Static spherically symmetric or cosmological case in Horndeski
theory:

Stability conditions = no-go theorem.
[V. Rubakov, S. Mironov, M. Libanov]



Even sector. No-go theorem.

> Static spherically symmetric or cosmological case in Horndeski
theory:

Stability conditions = no-go theorem.
[V. Rubakov, S. Mironov, M. Libanov]

Generalizations:

» Additional matter.

» Multi-galileon.

» Several ways to bypass the no-go theorem.

» Absence of the no-go theorem in Beyond Horndeski.



No-go theorem. Spherically symmetric background.
» Static case in full Horndeski theory:
Stability conditions = no-go theorem.

» Dynamical background in cubic subclass:

S= /d“x\/fg(R + F(m, X) — K(m, X)On)

Stability conditions = generalized no-go theorem.



No-go theorem. Spherically symmetric background.

» Static case in full Horndeski theory:

Stability conditions = no-go theorem.

» Dynamical background in cubic subclass:

S— /d‘*x\/fg(R + F(r, X) — K(x, X)Or)
Stability conditions = generalized no-go theorem.
K%w? = K"k,* + K%ky* + K wk,.
K% >0

K2>0

ctr 2
ICFI’ Z 7(4)C02)




Sufficient conditions of the generalized no-go theorem.

» Coordinate transformation = 7 is a function of one variable.

» Jy(A) € (r, t): at any point of v, its tangent vector {# = %;
satisfies £, = 0, 7(r, t).

» In the region around the curve ~:

The stability conditions are satisfied.

The field equations are satisfied.

The curve +y is either timelike or spacelike.

~ does not contain zeros and singularities of the background
functions.

b N



Sufficient conditions of the generalized no-go theorem.

» Coordinate transformation = 7 is a function of one variable.

» Jy(A) € (r, t): at any point of v, its tangent vector {# = %;
satisfies £, = 0, 7(r, t).

» In the region around the curve ~:

The stability conditions are satisfied.

The field equations are satisfied.

The curve +y is either timelike or spacelike.

~ does not contain zeros and singularities of the background
functions.

b N

As a result:

» ~ is spacelike, 7 |,= 7(r") = Static no-go th.
» The case reduces to either the static or cosmological no-go theorem.



Generalized no-go in the cubic subclass.

» Sufficient conditions only in the region around the ~.

» Now the no-go theorem applies to solutions with special points.



Odd parity sector. Horndeski theory + F4

S= / d*xv/"g (Lo + L3+ L4),
£2 = F(W,X),
L3 = —K(m, X)Om,

L4 = Ga(m, X)R + Gax(, X) [(w)2 — ]

2 tensor modes Scalar

0dd sector Even sector




Odd parity sector. Horndeski theory + F4

» Quadratic action

@ _ |Bp f+1)  [1FH? ., B-: 1c7-[ )
Lo =\ 2" 5-nurn a2z @ (@)
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12200 - T u@t - vine

» Stability analysis



Odd parity sector. Horndeski theory + F4

» Quadratic action
@ _ |Bp f+1)  [1FH? ., B-: IC?-[ )
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» Stability analysis
» Absence of the no-go theorem in the odd parity sector.



Odd parity sector. Horndeski theory + F4

» Quadratic action
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» Stability analysis
» Absence of the no-go theorem in the odd parity sector.

» Propagation speeds

BJ
c®) = ]__i}_\/><1 =——<1



Odd parity. Additional restrictions.

> After GW170817: |cow/c, — 1| <5 x 10716

» Restrictions for the propagation speeds

BJ |1 Z
(:l:) = _—— — = 2 = —=
fop y + =vZ=1, o 1,



Odd parity. Additional restrictions.

> After GW170817: |cow/c, — 1| <5 x 10716

» Restrictions for the propagation speeds

Bg 1 Z
) /2 L = 7z 2~
C ]__:I:]__ Z=1, cg_]__ =1,

r

» The only viable subclass of BH theory
1. Gs(m,X)=0
2. Fay(m, X) = Sx(z:X)
3. Arbitrary Gy(m, X)



Speeds of graviton.

Odd
1. Radial speeds

(£) _ ()
Cr,Q - Cr,V -

2 tensor modes

0dd sector

Scalar

X Hixe

Even sector
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2. Angular speeds
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Even
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mixed



Kaluza-Klein compactification.

» Compactification R® — R* x St
» Kaluza-Klein metric, 5D theory

v PALA, A
gAB_<g” ¢2¢AV“ ¢¢2“>

» Horndeski action in 5D theory
Ss = / &x \/~g6) (Golm, X) + Go(m, X) O
+Gy Rs) + Gax ((Om)2 = (VaVpr)?) + G5(7T)GABVAVB7T)

» Cylindrical conditions.



KK compactification of Horndeski theory.

(L2 + L3+ La) + C4A“ + Lagp =
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KK compactification of Horndeski theory.

RS — R* x St

» Generalized Galileons — Generalized Galileons
» 2nd derivatives in the action — 2nd derivatives in the action

» no higher derivatives in EOMs — no higher derivatives in EOMs

» Metric + scalar ——  Metric 4+ vector + scalar + scalar
[U(1) gauge]



Time-dependent spherically symmetric background.

» Background metric

dr?

2 _ 2
ds® = —A(r,t) dt° + B(r. D)

+ J(r, t) (d6? + sin® 0 dp?)

» Background fields

m=m(r,t), ¢ = o(t, r), A = (Ao(t,r), Au(t,r), 0, 0).



Classification of perturbations.

T=T+X, gMV:gMU+hMU7

b =¢+ 00, A=A, +5A,.

2 tensor modes Vector 2 scalars

Odd sector Even sector

Graviton + photon Graviton + photon



Speeds of graviton and modified photon

2 tensor modes Vector 2 scalars

e

0dd sector Even sector

Graviton + photon Graviton + photon

Odd Even
1. Radial speeds

4 n BJ, 1 BJ, 1
c,(@) = Cr(,V) = Zfi?\/z;é 1. | E = C,(,j\[;) = Zfif\/z?é L
2. Angular speeds

mixed

Z
€,Qq = Cg,v = ﬁ?ﬁ 1.

(The notations were saved from the non-compactified theory)



Conclusion and outlook

vV v v v

v

General time-dependent spherically symmetric background within
Horndeski theory.

Stability conditions.

Speeds of gravity waves.

Generalized no-go theorem in the cubic subclass.
KK compactification of Horndeski theory.

cGw = Cy



