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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 suffer from an
Ostrogradski instability due to an extra dof

• Degenerate theories: EOM higher order, no extra dof

• DHOST (Degenerate Higher-Order Scalar-Tensor)
DL & Noui ‘15 
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DHOST theories
• Action of quadratic DHOST

The functions and satisfy three degeneracy conditions.

• Extension to cubic order (in )

• DHOST includes Horndeski, Beyond Horndeski, Einstein-scalar-
Gauss-Bonnet
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• Transformation 

• From an action , one gets the new action

• DHOST families
are closed
under these
transformations  

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



Dark energy & GW170817

• Constraint on the speed of GW:

implies (and no cubic term)

• To avoid GW decay into dark energy

• However, constraints from GW170817 valid for 

Not necessarily relevant for cosmological scales
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Cosmology of (quadratic) DHOST

• Quadratic DHOST theories (Ia): 

• Background:

– Homogeneous action

– Variation w.r.t. to    ,    and     yields the generalized Friedmann & 
scalar equations, which are higher order.
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Effective description of Dark Energy

• Action of the form: 

• Homogeneous equations
– FLRW metric:

– Lagrangian

• Perturbations:

The quadratic action describes the dynamics of linear perturbations.
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DHOST cosmological perturbations 
• Quadratic action 
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2
+

�3

a2
(@i�N)2

�

Squad =

Z
d3x dt a3

M2

2

⇢
�Kij�K

ij � �K2 + (1 + ↵T)

✓
R
�
p
h

a3
+ �2R

◆

<latexit sha1_base64="vc/48Lb/X7C1QWZbFjvT/eKYsKA="></latexit><latexit sha1_base64="vc/48Lb/X7C1QWZbFjvT/eKYsKA="></latexit><latexit sha1_base64="vc/48Lb/X7C1QWZbFjvT/eKYsKA="></latexit><latexit sha1_base64="vc/48Lb/X7C1QWZbFjvT/eKYsKA="></latexit>

! M! K ↵B ! T ! H

K-essence !

Kinetic braiding, DGP ! !

Brans-Dicke, f(R) ! ! !

Horndeski

Beyond Horndeski

! ! !

! ! !
!

!!

�1
<latexit sha1_base64="VjLWilQmBcG46IMwhJpE5Tl8aEk="></latexit><latexit sha1_base64="VjLWilQmBcG46IMwhJpE5Tl8aEk="></latexit><latexit sha1_base64="VjLWilQmBcG46IMwhJpE5Tl8aEk="></latexit><latexit sha1_base64="VjLWilQmBcG46IMwhJpE5Tl8aEk="></latexit>

DHOST ! ! ! ! ! !

↵M =
1
H

d

dt
ln M

2
, �2 = �6�2

1 , �3 = �2�1 [2(1 + ↵H ) + �1(1 + ↵T )]
<latexit sha1_base64="ykybbHoVFlja4do9PvnZJbqyX+0="></latexit><latexit sha1_base64="ykybbHoVFlja4do9PvnZJbqyX+0="></latexit><latexit sha1_base64="ykybbHoVFlja4do9PvnZJbqyX+0="></latexit><latexit sha1_base64="ykybbHoVFlja4do9PvnZJbqyX+0="></latexit>



Physical degrees of freedom 

• Scalar (                                                          )

• Tensor: 

• Stability (neither ghost nor gradient instability)
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Axial modes in DHOST
• The equations have a similar structure:

where and depend on the Lagrangian’s functions and
on the background.

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

where and depend on the choice .

dY
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<latexit sha1_base64="8xngP6pd4BdPXoJPybl88tXXdcg="></latexit><latexit sha1_base64="8xngP6pd4BdPXoJPybl88tXXdcg="></latexit><latexit sha1_base64="8xngP6pd4BdPXoJPybl88tXXdcg="></latexit><latexit sha1_base64="8xngP6pd4BdPXoJPybl88tXXdcg="></latexit>

dr
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<latexit sha1_base64="PfPiCTKS4BA14H/RVfzmfA9k0i8="></latexit><latexit sha1_base64="PfPiCTKS4BA14H/RVfzmfA9k0i8="></latexit><latexit sha1_base64="PfPiCTKS4BA14H/RVfzmfA9k0i8="></latexit><latexit sha1_base64="PfPiCTKS4BA14H/RVfzmfA9k0i8="></latexit>
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<latexit sha1_base64="+YJaFFaaMoXTaTL1quU+Tp5A0xI="></latexit><latexit sha1_base64="+YJaFFaaMoXTaTL1quU+Tp5A0xI="></latexit><latexit sha1_base64="+YJaFFaaMoXTaTL1quU+Tp5A0xI="></latexit><latexit sha1_base64="+YJaFFaaMoXTaTL1quU+Tp5A0xI="></latexit>
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<latexit sha1_base64="NI/09717aQyrKUluiOg6sFjBCzI="></latexit><latexit sha1_base64="NI/09717aQyrKUluiOg6sFjBCzI="></latexit><latexit sha1_base64="NI/09717aQyrKUluiOg6sFjBCzI="></latexit><latexit sha1_base64="NI/09717aQyrKUluiOg6sFjBCzI="></latexit>
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<latexit sha1_base64="zW1ftSG90f+JL2jAB8cSU4fcLdg="></latexit><latexit sha1_base64="zW1ftSG90f+JL2jAB8cSU4fcLdg="></latexit><latexit sha1_base64="zW1ftSG90f+JL2jAB8cSU4fcLdg="></latexit><latexit sha1_base64="zW1ftSG90f+JL2jAB8cSU4fcLdg="></latexit>
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<latexit sha1_base64="NV+PWxT2qjcWYxKZQU9qc/Yijf4="></latexit><latexit sha1_base64="NV+PWxT2qjcWYxKZQU9qc/Yijf4="></latexit><latexit sha1_base64="NV+PWxT2qjcWYxKZQU9qc/Yijf4="></latexit><latexit sha1_base64="NV+PWxT2qjcWYxKZQU9qc/Yijf4="></latexit>

n(r)
<latexit sha1_base64="Zl+1VOZ6BTqwbfKHbtHUY7lT4lQ="></latexit><latexit sha1_base64="Zl+1VOZ6BTqwbfKHbtHUY7lT4lQ="></latexit><latexit sha1_base64="Zl+1VOZ6BTqwbfKHbtHUY7lT4lQ="></latexit><latexit sha1_base64="Zl+1VOZ6BTqwbfKHbtHUY7lT4lQ="></latexit>
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<latexit sha1_base64="LzyzxxWddDkJJlaki5mVgxFy0ow="></latexit><latexit sha1_base64="LzyzxxWddDkJJlaki5mVgxFy0ow="></latexit><latexit sha1_base64="LzyzxxWddDkJJlaki5mVgxFy0ow="></latexit><latexit sha1_base64="LzyzxxWddDkJJlaki5mVgxFy0ow="></latexit>
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<latexit sha1_base64="1Y2mUp5wjDsSW7TLoS0AiaUx6eA="></latexit><latexit sha1_base64="1Y2mUp5wjDsSW7TLoS0AiaUx6eA="></latexit><latexit sha1_base64="1Y2mUp5wjDsSW7TLoS0AiaUx6eA="></latexit><latexit sha1_base64="1Y2mUp5wjDsSW7TLoS0AiaUx6eA="></latexit>
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<latexit sha1_base64="ennxiE4g1sv8ObJW23kgO0Mgzf4="></latexit><latexit sha1_base64="ennxiE4g1sv8ObJW23kgO0Mgzf4="></latexit><latexit sha1_base64="ennxiE4g1sv8ObJW23kgO0Mgzf4="></latexit><latexit sha1_base64="ennxiE4g1sv8ObJW23kgO0Mgzf4="></latexit>

÷gµ !
<latexit sha1_base64="yoMoOqiP4UFfLQl19/e3kkmadp8="></latexit><latexit sha1_base64="yoMoOqiP4UFfLQl19/e3kkmadp8="></latexit><latexit sha1_base64="yoMoOqiP4UFfLQl19/e3kkmadp8="></latexit><latexit sha1_base64="yoMoOqiP4UFfLQl19/e3kkmadp8="></latexit>
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<latexit sha1_base64="e444j7SrbqW4zmo/BEjeHKL/ENI="></latexit><latexit sha1_base64="e444j7SrbqW4zmo/BEjeHKL/ENI="></latexit><latexit sha1_base64="e444j7SrbqW4zmo/BEjeHKL/ENI="></latexit><latexit sha1_base64="e444j7SrbqW4zmo/BEjeHKL/ENI="></latexit>
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<latexit sha1_base64="iGRGr9ZGYFsMwX1wgmXcJEPqkiY="></latexit><latexit sha1_base64="iGRGr9ZGYFsMwX1wgmXcJEPqkiY="></latexit><latexit sha1_base64="iGRGr9ZGYFsMwX1wgmXcJEPqkiY="></latexit><latexit sha1_base64="iGRGr9ZGYFsMwX1wgmXcJEPqkiY="></latexit>

ögµ ! =
!

F (F ! XA 1)
"

gµ ! +
A1

F ! XA 1
! µ ! !

#

<latexit sha1_base64="dU9nhZgXgvdlP3aSYjqFSj0WzFg="></latexit><latexit sha1_base64="dU9nhZgXgvdlP3aSYjqFSj0WzFg="></latexit><latexit sha1_base64="dU9nhZgXgvdlP3aSYjqFSj0WzFg="></latexit><latexit sha1_base64="dU9nhZgXgvdlP3aSYjqFSj0WzFg="></latexit>
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<latexit sha1_base64="yoMoOqiP4UFfLQl19/e3kkmadp8="></latexit><latexit sha1_base64="yoMoOqiP4UFfLQl19/e3kkmadp8="></latexit><latexit sha1_base64="yoMoOqiP4UFfLQl19/e3kkmadp8="></latexit><latexit sha1_base64="yoMoOqiP4UFfLQl19/e3kkmadp8="></latexit>
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<latexit sha1_base64="Upb7GPEk4opvAW+0LTCvZs8tBaE="></latexit><latexit sha1_base64="Upb7GPEk4opvAW+0LTCvZs8tBaE="></latexit><latexit sha1_base64="Upb7GPEk4opvAW+0LTCvZs8tBaE="></latexit><latexit sha1_base64="Upb7GPEk4opvAW+0LTCvZs8tBaE="></latexit>
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<latexit sha1_base64="J4WG7oroVK5iN/mHid9Cx3tvUJI="></latexit><latexit sha1_base64="J4WG7oroVK5iN/mHid9Cx3tvUJI="></latexit><latexit sha1_base64="J4WG7oroVK5iN/mHid9Cx3tvUJI="></latexit><latexit sha1_base64="J4WG7oroVK5iN/mHid9Cx3tvUJI="></latexit>
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<latexit sha1_base64="got8Q1FUp6NXQPhSqEBoDLyfWp0="></latexit><latexit sha1_base64="got8Q1FUp6NXQPhSqEBoDLyfWp0="></latexit><latexit sha1_base64="got8Q1FUp6NXQPhSqEBoDLyfWp0="></latexit><latexit sha1_base64="got8Q1FUp6NXQPhSqEBoDLyfWp0="></latexit>
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<latexit sha1_base64="pXSNQIoeS+QIkso4Td3E4mEVlWU="></latexit><latexit sha1_base64="pXSNQIoeS+QIkso4Td3E4mEVlWU="></latexit><latexit sha1_base64="pXSNQIoeS+QIkso4Td3E4mEVlWU="></latexit><latexit sha1_base64="pXSNQIoeS+QIkso4Td3E4mEVlWU="></latexit>
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<latexit sha1_base64="DItpuHth9OHSmH3SNwg7jfL0xmk="></latexit><latexit sha1_base64="DItpuHth9OHSmH3SNwg7jfL0xmk="></latexit><latexit sha1_base64="DItpuHth9OHSmH3SNwg7jfL0xmk="></latexit><latexit sha1_base64="DItpuHth9OHSmH3SNwg7jfL0xmk="></latexit>

r s
<latexit sha1_base64="KfWEnTv7pIh/btt3irBvc6UFYQs="></latexit><latexit sha1_base64="KfWEnTv7pIh/btt3irBvc6UFYQs="></latexit><latexit sha1_base64="KfWEnTv7pIh/btt3irBvc6UFYQs="></latexit><latexit sha1_base64="KfWEnTv7pIh/btt3irBvc6UFYQs="></latexit>
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<latexit sha1_base64="D7YqbctE9Zu2JxFDCMMcc4C5rkI="></latexit><latexit sha1_base64="D7YqbctE9Zu2JxFDCMMcc4C5rkI="></latexit><latexit sha1_base64="D7YqbctE9Zu2JxFDCMMcc4C5rkI="></latexit><latexit sha1_base64="D7YqbctE9Zu2JxFDCMMcc4C5rkI="></latexit>
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<latexit sha1_base64="n05lQ3edaYRrmxC2cL7/0zey0XQ="></latexit><latexit sha1_base64="n05lQ3edaYRrmxC2cL7/0zey0XQ="></latexit><latexit sha1_base64="n05lQ3edaYRrmxC2cL7/0zey0XQ="></latexit><latexit sha1_base64="n05lQ3edaYRrmxC2cL7/0zey0XQ="></latexit>
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<latexit sha1_base64="GtC/Fgb0A50+Gdv43F1fActK6RU="></latexit><latexit sha1_base64="GtC/Fgb0A50+Gdv43F1fActK6RU="></latexit><latexit sha1_base64="GtC/Fgb0A50+Gdv43F1fActK6RU="></latexit><latexit sha1_base64="GtC/Fgb0A50+Gdv43F1fActK6RU="></latexit>
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<latexit sha1_base64="95tAqdLugmb13kyiTmYgK6E0CdQ="></latexit><latexit sha1_base64="95tAqdLugmb13kyiTmYgK6E0CdQ="></latexit><latexit sha1_base64="95tAqdLugmb13kyiTmYgK6E0CdQ="></latexit><latexit sha1_base64="95tAqdLugmb13kyiTmYgK6E0CdQ="></latexit>

A = B = 1 !
2µ/r

1 +
!

1 + 4! µ/r 3
<latexit sha1_base64="/4JbMXpxiw2zUlsAOfnRsrRUSBs="></latexit><latexit sha1_base64="/4JbMXpxiw2zUlsAOfnRsrRUSBs="></latexit><latexit sha1_base64="/4JbMXpxiw2zUlsAOfnRsrRUSBs="></latexit><latexit sha1_base64="/4JbMXpxiw2zUlsAOfnRsrRUSBs="></latexit>
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<latexit sha1_base64="BuNX1H/ZKp+3iFluRsydCrfXteY="></latexit><latexit sha1_base64="BuNX1H/ZKp+3iFluRsydCrfXteY="></latexit><latexit sha1_base64="BuNX1H/ZKp+3iFluRsydCrfXteY="></latexit><latexit sha1_base64="BuNX1H/ZKp+3iFluRsydCrfXteY="></latexit>



!"#$%&'"()*

! "#$ %&'$()&*$+,$-)&. $/0(-&1'* 2&$%+
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3 + ,-().)-()-/ )01$/,"-* &' <=>?" -#$1)&$*84 +1:;

! @'23 A4B+&,$'*&1'(% *2*-$, CD#&.# .(' E$ D)&--$' &' (
?.#)1$+&'F$) :1), G

! @'45678 C-#$ *2*-$, &*'1D HB+&,$'*&1'(%CD&-#

! @-&* .1'I$'&$'- -1 +1 (' $*9'./"/,: $-$#9*,* 1: -#$ :&)*-B1)+$)
*2*-$, ;

Y ! = M Y
<latexit sha1_base64="JX55uoHPLN8oJXQZUSJ0N9hNN/k="></latexit><latexit sha1_base64="JX55uoHPLN8oJXQZUSJ0N9hNN/k="></latexit><latexit sha1_base64="JX55uoHPLN8oJXQZUSJ0N9hNN/k="></latexit><latexit sha1_base64="JX55uoHPLN8oJXQZUSJ0N9hNN/k="></latexit>

Y ! = M Y
<latexit sha1_base64="JX55uoHPLN8oJXQZUSJ0N9hNN/k="></latexit><latexit sha1_base64="JX55uoHPLN8oJXQZUSJ0N9hNN/k="></latexit><latexit sha1_base64="JX55uoHPLN8oJXQZUSJ0N9hNN/k="></latexit><latexit sha1_base64="JX55uoHPLN8oJXQZUSJ0N9hNN/k="></latexit>

Y = T(K !" H1 H0)
<latexit sha1_base64="x9G2B8odhurmO5VQoOpd0CB3is4="></latexit><latexit sha1_base64="x9G2B8odhurmO5VQoOpd0CB3is4="></latexit><latexit sha1_base64="x9G2B8odhurmO5VQoOpd0CB3is4="></latexit><latexit sha1_base64="x9G2B8odhurmO5VQoOpd0CB3is4="></latexit>
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dY
dz

= M (z) Y , M (z) = M r zr + M r ! 1zr ! 1 + . . . (z ! " )
<latexit sha1_base64="xE16CHGSUwRJlQ/OLk2AvzVDi3U="></latexit><latexit sha1_base64="xE16CHGSUwRJlQ/OLk2AvzVDi3U="></latexit><latexit sha1_base64="xE16CHGSUwRJlQ/OLk2AvzVDi3U="></latexit><latexit sha1_base64="xE16CHGSUwRJlQ/OLk2AvzVDi3U="></latexit>

Y (z) = e! (z) z" F(z) Y0, (z ! " )
<latexit sha1_base64="ZP7QZYD3gAZ3fDRFWHM6AWN6e8M="></latexit><latexit sha1_base64="ZP7QZYD3gAZ3fDRFWHM6AWN6e8M="></latexit><latexit sha1_base64="ZP7QZYD3gAZ3fDRFWHM6AWN6e8M="></latexit><latexit sha1_base64="ZP7QZYD3gAZ3fDRFWHM6AWN6e8M="></latexit>

! (z) "
<latexit sha1_base64="pkBeOd7k6gNlKNnYpH2rAhN4/wk="></latexit><latexit sha1_base64="pkBeOd7k6gNlKNnYpH2rAhN4/wk="></latexit><latexit sha1_base64="pkBeOd7k6gNlKNnYpH2rAhN4/wk="></latexit><latexit sha1_base64="pkBeOd7k6gNlKNnYpH2rAhN4/wk="></latexit>

Y (z) = P(z) ÷Y(z)
<latexit sha1_base64="LDUSSnIJosecpTzxG+jmhE/w7GU="></latexit><latexit sha1_base64="LDUSSnIJosecpTzxG+jmhE/w7GU="></latexit><latexit sha1_base64="LDUSSnIJosecpTzxG+jmhE/w7GU="></latexit><latexit sha1_base64="LDUSSnIJosecpTzxG+jmhE/w7GU="></latexit>

d÷Y
dz

= ÷M (z) ÷Y , ÷M (z) ! P ! 1MP " P! 1 dP
dz

<latexit sha1_base64="pWeUrqOuIrWeu6zm8t2vk+JOM/s="></latexit><latexit sha1_base64="pWeUrqOuIrWeu6zm8t2vk+JOM/s="></latexit><latexit sha1_base64="pWeUrqOuIrWeu6zm8t2vk+JOM/s="></latexit><latexit sha1_base64="pWeUrqOuIrWeu6zm8t2vk+JOM/s="></latexit>
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