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vWhy modify gravity™?

Why modify gravity?

- cosmological constant problems,

- hon-renormalizability problem,

- benchmarks for testing General Relativity
- theoretical curiosity.

Many ways to modify gravity:

- f(R), scalar-tensor theories,

- Galileons, Horndeski (and beyond) theory, KGB, Fab-four,
- higher-dimensions,

- DGP,
- Horava, Khronometric
- massive gravity

- Most general scalar-tensor theory leading to equations of motions
with no more than 2 derivatives;
- Cancellation of Lambda (Fab-Four), Self-tuning, Self-acceleration;
- Vainshtein mechanism



Scalar-tensor theories



_inear theory

P
Canonical kinetic term + quadratic mass:

S = /d4x (—%(Lgb@“gb— %m2¢2>

— gV, Ve + mPo =0

Linear partial differential equation of second order (one degree of freedom).
Need to specify two conditions, ¢ and ¢



Non-linearity INn potental term

Canonical Kinetic term + arbitrary potential:

S = / d'x (—% L POH P — V<¢>>

- V, V' V(o) =

dg

Non-linear partial differential equation of second order (inflationary models,
guintessence).

However, because the kinetic term is canonical, the characteristic structure
IS the same.



Non-linearity INn kinetic term

Armendariz-Picon, Damour, Mukhanov’'99

Non-linear kinetic term?

- General Relativity
-QCD
- Hydrodynamics

X

(0,60

4 )

k-essence: S — /d4$ /C(X)

J




FPure k-essence

k-essence as perfect fluid

-

Se = /d4x\/—gp(X) X = %g“”vmbvuqb
Definitions:
uy= 20 arfen £(X) = 2Xp x (X) —p(X)

scalar field is
V22X timelike)

p
Stress tensor:

2 0S8
Ty = ® = (e+ D) uptly — gD
v —g ogH

pure kinetic k-essence is perfect fluid !




Even more Nnon-linear™

Nonge-Ampere equaiton

p
- : Monge1784, Ampere'1820
Monge-Ampere equation - ’
2 _
A(UgaUyy — ug,) + Bugg + Cgy + Dugy + E =0

- to find a surface with a prescribed Gaussian curvature

- optimizing transportation costs
\§

\

ua;a;uyy — U,?By First galileon in his

tory



Even more Nnon-linear™

g3alileons, Horndeski

( a
The most generic scalar-tensor theory in 4D, whose equations of  Horndeski1974

motion contain no more than second derivatives

S = /d%F 9,0g,0%g, @, 0, 0%p)
* fp Horndeski theory

Elg,0g,0%, p,0p,8%p] =0

Why no more than 2 derivatives in EOMs?



Ostrogradski ghost

Ostrogradski‘1850

dL _ ddL _
dg dtdq

S = /L(q,d)dt e

dL.  ddL = d®dL

5=/L@%®ﬁ — |

— 0
dg  dtdq ' di? di

- Generically Hamiltonian is unbounded from below.
- New propagating degree of freedom appear. It is a ghost.

- Avoiding the theorem ?



Even more Nnon-linear™

Universal equations

“Universal field equations”

£'n, — Fn(aga)Wn_l, W() =3
W, =€&L,

,Cl:(agO)Q%Wl: QY —

Ly = (0p)’

g&%gﬁgz(

Fairlie et al“1991

p)? — (VVy)?




Galileons: flat case

first non-standard term

DGP: brane model of gravity

Dvali et al'00

-

~

Particular limit of the theory (decoupling limit) gives scalar field Lagrangian,

M2
Lpep = — Tp

W (Eh),, — 3(0m)?

(

!

p)’ — (VVp)’

Monge-Ampére type

Luty et al'03
1 1
A Ve

direct coupling to
matter




Galileons: flat case

generalisation

Generalization of DGP scalar:

_ _ Nicolis et al'09
- direct coupling to matter
- Galilean symmetry
- up to second order derivatives in EOM
,Cl — 7T,
1
i=5 522—5 pTor,
ET(' — Ci£’i7 1
; L3 = —= (0r)* O,
2
£7; ~ T 1 2 1 %
Ly = _Z( m)=0,mo! T + 5 70, w0, mOH 0" T 4 ...
1 3
Ly = _5( m)30, T T + 5( 7)20, 70, mO* O T + ...



Galileons: flat case

equations of motion

Equations of motion (in flat space-time)

& = 1

52 — 70

53 — ( 7T)2—(6M6V7T)2

& = (Or)® —30r(0,0,7)* +2(8,0,7)>

& = (Or)* —6(0r)%(9,0,m)% + 80m(9,0,m)% + 3[(8,0,7)2]” — 6(3,,0,7)"

Nonlinear second-order equations of motion !
No additional degree of freedom => no Ostrogradski ghost



Galileons: covariant case

Covariant Galileon: adding non-minimal scalar-matter coupling to flat Galileon.

Deffayet et al'09
+ many other works

Most general galileon Shift-symmetric action:

Lo =K (X)
L3 =G® (X)
Ly =GY(X)

(

¥

£ =GR (%) |(

0)° = (VV@)*| + RGW(X),

0)° —3

0 (VV@)? +2(VVe)?| — 66, VvV’ GO (X)



m Gleyzes, et al'14
Beyond Horndeskl o0,

There are extra Lagrangians which give
higher order equations of motion,
but the number of degrees of freedom does not increase !

Two extra pieces may be written as Deffayet et al'15

Babichev et al'15
syt = [ s V=g Fi6.X) 69,090,

ext
Sp

/ diz /=g Fp(p, X) PO 06V ,6V 5V,

There are more of them. Langlois, Noui'15
Beyond beyond HorndeskKi Crisostomi, Koyama, Tasinato’16



Black holes



Bllack holes are bald (?)

- Gravitational collapse...

- Black holes eat or expel surrounding matter

- Their stationary phase is characterised by a limited number of charges
- No details about collapse

- Black holes are bald

No hair theorems/arguments dictate that adding degrees of freedom
lead to trivial (General Relativity) or singular solutions.

E.g. in the standard scalar-tensor theories BH solutions are GR black
holes with constant scalar.



Example of hairy black hole

BBI\VEB solution Bocharova et al'70, Bekenstein'74

Conformally coupled scalar field:

1 o 1 4
g,uw¢ /\/7<16 G §aa¢8 ¢— ER¢2> d-x

Static spherically symmetric (nontrivial) solution:

9 2
ds® = — (1 — %) dt® - ( ar )2 e (d6’2 + sin” 9ng2)
1 - m

r

Secondary scalar hair: 3 m
AdrGr—m

NB. The geometry is of that of extremal RN.
The scalar field is unbounded at r=m



Shift-symmetric galileons

Arbitrary GQ(X), GQ(X), G4(X), G5(X)
0S5

Conserved current because of shift-symmetry: JH* — 5

(Ou®)



No hair for galileon A

Shift-symmetric galileon, with arbitrary G5 (X), G2(X), G4(X), G5(X)
Assume that:

(i) spacetime and scalar field is static spherically symmetric,
2
ds* = —h(r)dt* ar - 2 d€)? ¢ = ¢(r)
f(r)
(if) spacetime is asymptotically flat, and ¢ — 0 as r — oc
and the norm of the current j2 is finite (at the horizon)
(iii) there is a canonical kinetic term in the action and G; are such that

their derivatives dG(X);/dX contain only positive or zero powers of X

A no-hair theorem then follows: the metric is Schwarzschild and the
scalar field is constant



Plan fto avoid no-hair

theorem

Shift-symmetric
Galileons

~

Gi(X)

i

r

(G;x contains only
positive powers of X

No asymptotic flatness

~

~

Asymptotic flatness

(G;x contains ne-
gative powers of X

-

Hair with J" #£ 0

Sotiriou-Zhou
G5(X) x In(X)

Hair with J" = 0

-

Rinaldi, Anabalon
et al., Minamitsuji,
Babichev et al., etc

J

Y

No kinetic term

Hair with J" = 0

f
|

Stealth Schwarz-
schild black hole

]
|

Kinetic term

Y

No hair

i
L Hui-Nicolis theorem

)
J




Constructing hairs

ds® = —h(r)dt* -

L r2d§)?

The only consistent solution for this ansatz is when

_qJT — gtrf

The norm of the current:

JT, = —A(J) + (J)?/A

O = qt + w(r) Time-dependent scalar !

The physical requirement of no-hair theorem is
automatically satisfied by virtue of EOMSs.

Babichev, Charmousis’'13

+ p(r)*(d0* + sin6 dp?).

J =0



Explicit example saiche,Crammousi

LA = R —n(0¢)* + BG*D,¢00,¢ — 2.

follows from general galileon with G4, = 1 + X and Gy = —2A + 2nX.

The general solution is given by the solution of the algebraic equation:

(48)° (fe + ;_B> - (% +(1 - 261\);—5) k(r) + Cok*?(r) = 0,
w1 [ k() (k + 35)°Bh
h(r);+@/ﬁ+%dr, f= TR
_ VT (2/{ T_2 ,_1—|—25A 2,2 />1/2
U gy T T T ()



Explicit solutions

Asymptotically dS/AdS:

Ae
f:hzl—g— 2 @D’::I:%m, Aot

3

Asymptotically static universe:

R . nr ;.4 p
h=1-L, f_<1 T><1+ 6) ¥ ih\/T(HZTQ)

Asymptotically flat (no standard kinetic term)

f=h=1-1 V= Eq/pr/(r — p)

r



Extension to other theories

The solutions are almost identical for the theory: Kobayashi, Tanahashi 14

L = Go(X)+G4(X)R+ Gax|(

Beyond Horndeski:
LM = R+ Fy(X)G"0,40,0.

Cubic Galileon:

¢>2 - (vuvl/gb)Q]

Babichev et al'15

Babichev et al’16

L =((R-2A)—n(9¢)* +~O¢ (0¢)



auss-BBonnet term Sotiou, Zhou 1

R
L:GB:_
2

1 N
~ 50u00" + agC.

follows from general galileon with G5 X 1I1|X‘

The requirement iii) is violated!

é+ aG = 0.

It Is natural to have a non-trivial scalar

J2 diverges at the horizon => violation of the condition ii) as well



Stars



Neutron stars with John

L =R+ BG"0,¢0,¢

Stealth solution

¢ = qt + ()

25

black hole -> neutron star ?
Outside the star the
solution is the same as for
stealth BH

20-

1.5+

MM

Deviation from GR solution 10
Inside the star. *

05~




Neutron stars with John
L =R+ BG"0,00,0¢

Stealth solution

¢ = qt + ()

black hole -> neutron star ?
Outside the star the
solution is the same as for

stealth BH

Deviation from GR solution
Inside the star.




Stars iINn beyond Horndeski
theory

The Vainshtein mechanism is broken inside stars in beyond
Horndeski theory



Stars iINn beyond Horndeski
theory

An example of a relativistic star:

R
S = /d4x vV —g [M§1 (5 — A) — koLo + f4LavH

Outside the star : GR with an effective Lambda
Inside the star : deviation from GR

M
Mo
4 Polytrope




Conclusions

@ Hairy black holes
& Non-trivial neutron stars
& Stability?

& Observational signatures?



