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Introduction

« So far, GR seems compatible with all observations.

« Several motivations for exploring modified gravity
— Quantum gravity effects
— Understand cosmological acceleration
— Explore alternative gravitational theories
— Testing gravity

« Many models of dark energy or modified gravity

* In this talk: scalar-tensor theories (allowing for 2nd
order derivatives in their Lagrangian)
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Degenerate theories

* In general, higher-order theories L(q, q,q) suffer from an
Ostrogradski instability due to an extra dof

« Degenerate theories: EOM higher order, no extra dof

L= 508 +bdi+ gedt +30° V(6.9 [ac—lf # 0 : 3 dof
ac —b®> =0 :2dof

1 b-\" 1. .
‘Ldeg=§c<4+g¢> +5¢° = V(¢ 9) =g+ 76 amd

« DHOST (Degenerate Higher-Order Scalar-Tensor)

¢(t) N gb(x“) DL & Noui ‘15
qt) —  Guv



DHOST theories

« Action of quadratic DHOST [DL & Noui "15]
/d4x\/— P(X, )+ Q(X, ¢)0¢ + F(X, ¢) R+ZA (X, ) L%
1=1
v X = H
LY =g o, LY =(09)%, LY = (06)¢" Gus” :Vv”gbqbv :
LY = ¢ pupd™ 6, LY = (0" duve”)? -
¢,u1/ = vuv,u¢

The functions I and A; satisfy three degeneracy conditions.

Extension to cubic order (in¢,,,) [Ben Achour et al *16]
10
L® = F3(X, 9)G ™ + Y Bi(X,¢)L"
1=1
DHOST includes Horndeski, Beyond Horndeski, Einstein-scalar-
Gauss-Bonnet

e.g. (quadratic) Horndeski: A1 = —A; =2Fx, A3=A,=A5=0



Disformal transformations

Transformation 9ur — Guw = C(X,0) g + D(X, 9) 0,0 0, ¢

From an action S [®, G,] , one gets the new action

S[¢7g,ul/] = g [¢a gul/ — Cg,uu +D ¢M¢V]

DHOST families
are closed
under these
transformations

When standard fields are (minimally) included, two disformally
related theories are physically inequivalent !

S[g,ul/a ¢] + Sm [\Ijma gw/]

Beyond Homdeskll
C(¢), D(X, ¢) .

C(X’ ¢)’

DHOST

D(X, ¢)

Type |

Type ll

* g[g,ul/a ¢] + Sm[qu,guy]




Cosmology



Dark energy & GW170817

« Constraint on the speed of GW.: \ng — c\/c < 10~

Cow = C implies A = Ay =0 (and no cubic term)

« To avoid GW decay into dark energy Creminelli, Lewandowski,
Tambalo & Vernizzi ‘18
Az =0

2
LEOT tecny = FX06) Rt POX,6) + QUX, 6) 006 + 6 66,06 6,

cg=1,nodecay
« However, constraints from GW170817 valid for f ~ 1 — 100 Hz

Not necessarily relevant for cosmological scales

[ Moreover, at the limit of the regime of validity De Rham & Melville "18]



Cosmology of (quadratic) DHOST

Crisostomi, Koyama, DL, Noui & Steer ‘18; Boumaza, DL, Noui ‘20

« Quadratic DHOST theories (la):

5
L=F(X,$) R+ P(X,¢) + Q(X,0) 0+ Y Ar(X,$) LY

I=1

« Background: ds> = | N?(t)dt? + a?(t) ! dx'dx’ | "= ()

— Homogeneous action

. . 2 . .
G — 3 _g(F — 4y do)] _ a9 _Hld (o
S/dtNa{ 6(F — XAp) o VN2dt <N> 3(Q+2F¢)N2a Qth <N>+P}
. AFy + XA3" 2A; _,»
with V1 HE " XA D) X =1 N2

— Variation w.r.t. toN, aand! yields the generalized Friedmann &
scalar equations, which are higher order.
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Effective description of Dark Energy
* Action of the form: Sg = /d4:z: N\/EL(N, Kii, Rij;t)

- Homogeneous equations
— FLRW metric: ds? = —N2(¢) dt® + a%(t) 57;jd:vidxj

— Lagrangian

L(a,a,N) =L [KJ = < 85, R = 0,N = N(1

» Perturbations: jN =N - N, §K! = K! — H§:, 6R. = R]
_ JL 1 0L

L(ga) = L+ ——6q" + -

(24) dga 1 T 20qa0qs

The quadratic action describes the dynamics of linear perturbations.

0qa0qp + ...



DHOST cosmological perturbations

« Quadratic action

M? g
Squad = /dBCE dt CL3 7{5]{@]51{” — 5K2 —+ (1 + CKT)< 5\/7 QR)

a?

53

I K ag I'M ' T ' H o

K-essence
Kinetic braiding, DGP | ! !
Brans-Dicke, f(R) ! ! !
Horndeski ! ! ! !
Beyond Horndeski ! !

DHOST ! ! !

Bo= —68%, Bz= —2B1[2(L+ ap)+ Bi(l+ aT)]



Physical degrees of freedom

« Scalar (6N, N, =00, hy=a*(t)e*d;;)

M2 ] a@c 2
Squad[C] = /d?’azdta37 [Ac ¢* — B¢ ( az)
. 1 2 6 d 3 2 n
With = G [ G ()
B 2 d [aM?(1+ag+ B1(1+ar))
BC__2(1+04T)+@M2E[ H(1+ap)— 5 ]
1 M? M? (Orii)?
. - a2) 3 .3 . 2 kVig
Tensor: S§ ) = 5 /dtd T a [4%;]- — T(l + ar) >

 Stability (neither ghost nor gradient instability)

M2>O, A >0, B >0, C-?—! (1—|—!T)>O
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Axial modes in DHOST

 The equations have a similar structure:

ay (2/7“ +iwl  —iw? + 20D /r?

— =MY, M= : :
7 , —i A+ wW ) e+
-2

where ¥, ®,1"and! depend on the Lagrangian’s functions and
on the background.

« After some redefinitions, one can get a Schroedinger-like equation

ey = 172
— I V(r) Y=0 dr _
dr? cZ(r) (") ar, — ")

where C (r) and V (r) depend on the choice n(r).
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