UNIVERSITE

PARIS
SWD P

UNIVERSITE PARIS-SUD

EcoLE DOCTORALE 564
INSTITUT DE PHYSIQUE THEORIQUE DU CEA SACLAY

DISCIPLINE : PHYSIQUE
SPECIALITE : COSMOLOGIE

THESE DE DOCTORAT

THESE SUR TRAVAUX

Soutenue le 05/06/2015 par

Jérome Gleyzes

L’énergie noire et la formation
des grandes structures de I’Univers

Directeur de thése : Filippo Vernizzi IPhT-CEA Saclay

Composition du jury :

Président du jury :

Rapporteurs : Olivier Doré JPL (Etats-unis)
Pedro Ferreira Oxford (Angleterre)

Examinateurs : Francis Bernardeau IAP (Paris)
Christos Charmousis LPT (Orsay)

Enrico Pajer ITF (Utrecht)



Acknowledgements

This Ph.D has been a great adventure, for which I am extremely grateful. It has been
a pleasure to share these moments with nice postdocs, such as Marco, Filippo and Juan
and other Ph.D students at IPhT: from the old ones, with Alexandre, Julien and Katya,
to the newcomers, Guillaume, Andrei, Lals, Soumya, Raphaél, Luca, and Thibault,
without forgetting my own generation, Antoine, Hanna, Rémi, Yunfeng and Gagélle.
There are two people that I specially bothered during these three years, and that stand
out from the crowd: Benoit and Piotr. Thanks for having the patience to deal with
me, I know I can be tiring sometimes. We did share some good laughs though ! Many
thanks also to the students at ICTP, like Marko and Gabriele, whom I visited numerous
times: I always came back wiser and happier. To Michele, I say thank you for sharing

the work, writing notes, and being there to compare our codes.

More seriously, I have learnt a lot from a number of excellent people. In particular, I
would like to thank Claudia de Rham, Andrew Tolley, Justin Khoury and Mark Trodden
for the time I had with them last summer in the US, where our interactions were very
fruitful. I would also like to give many thanks to Pedro Ferreira and Tessa Baker. My

visits to Oxford where always enriching, both from a scientific and from a personal level.

Finally, I would like to give special thanks to the people that played a crucial role during
my Ph.D and have shaped the researcher I am today: Paolo Creminelli, David Langlois,
Federico Piazza. The most important of them is Filippo Vernizzi, my advisor. Thanks
for always being there to answer my questions, for treating me like an equal, for giving
me so many opportunities to travel and present our work, and for guiding me through

many aspects of the world of physicists.

ii



Contents

Acknowledgements

List of Figures

List of Tables

Abbreviations

Notations

1 Introduction

2 The Effective Field Theory of Dark Energy

2.1
2.2
2.3
2.4
2.5

2.6

The Unitary Gauge Action . . . . . . . . . .. .. ... .. ...
ADM formalism and the Effective Field Theory of Dark Energy . . . . .
Going from models to the EFT of DE . . . . ... ... ... .. ....
Stability and theoretical consistency . . . . . ... ... ... ...
Evolution of cosmological perturbations . . . . ... ... ... ... ..
2.5.1 Vector sector . . . . . . . . ...
2.5.2 Tensorsector . . . . . . . . .. L
2.5.3 Scalarsector . . . .. ...

2.5.3.1 Obtaining the equations . . . . . . . .. ... ... ...

2.5.3.2 Imterpretation . .. ... ... ... L.
Conclusions . . . . . . . . e

3 Beyond Horndeski

3.1
3.2
3.3
3.4
3.5
3.6

3.7

Horndeski theories . . . . . . . . . . ... ...
General considerations on higher order derivatives . . .. ... .. ...
Generalized Generalized Galileons G . . . . .. ... .. ... .....
Hamiltonian analysis . . . . . . . .. ... .. ... ... ... . ...,
Field redefinitions . . . . . . .. ... Lo
Linear analysis and coupling to matter . . . . . . .. .. ... ... ...
3.6.1  Stability and ghosts . . . . . .. ... oL
3.6.2 Newtonian gauge and Einstein frame . . . . . . . ... ... ...
Conclusions . . . . . . . . . . e

iii

ii

vi

vii

viii

© o Ut W W

11
12
12
12
12
15
18



Contents v

Predictions for primordial tensor modes 34
4.1 Tensor sound speed and quadratic action . . . . . ... ... ... ... 34
4.2 Other operators . . . . . . . . . . 37
4.3 Conclusions . . . . . .. . 38
Consistency relations of the large scale structure 39
5.1 Deriving consistency relations . . . . . . .. ... ... 0L 40
5.2 Going to redshift space . . . . . . .. Lo L L L 42
5.3 Violation of the Equivalence Principle . . . . .. ... ... ... .... 43

53.1 Atoymodel . .. .. ... ... 44

5.3.2 Estimate of the signal tonoise . . . ... ... ... ... .... 45
5.4 Conclusions . . . . . . . .. 47
Conclusion 48
6.1 Summary . . . ... 48
6.2 Outlook . . . . . . . e 49
Essential Building Blocks of Dark Energy 58

B Single-Field Consistency Relations of Large Scale Structure Part II:

H0 &H O

Q

Resummation and Redshift Space 87

Single-Field Consistency Relations of Large Scale Structure Part III:
Test of the Equivalence Principle 103

Healthy theories beyond Horndeski 120
Resilience of the standard predictions for primordial tensor modes 126
Exploring gravitational theories beyond Horndeski 132

A Unifying Description of Dark Energy 164



List of Figures

2.1
2.2

5.1
5.2
5.3

The unitary gauge . . . . . . . . . . . 4
Geometrical quantities . . . . . . . ... Lo L 5
Unequal time correlators . . . . . . . . . . ... ... oo 41
Equivalence Principle violation . . . . . . ... ... . ... ....... 44
Limits on a® . . . . ... 46



List of Tables

2.1 Understanding the oc; . . . . . . . . . . ..

vi



Abbreviations

GR General Relativity
EFT of DE Effective Field Theory of Dark Energy

EOM Equation(s) Of Motion

DOF Degree(s) Of Freedom

FLRW Friedmann-Lemaitre-Roberston-Walker
ADM Arnowitt-Deser-Misner

EP Equivalence Principle

WEP Weak Equivalence Principle

EFTI Effective Field Theory of Inflation

vii



Notations

P 00 part of the metric

v trace of the spatial metric
fa= %{1

bu = Vo,

S =V, V0, ...

X = gt

R=0OR When not specified, the Ricci scalar is the spatial one.

viii



Chapter 1

Introduction

I feel particularly lucky to have been working on my Ph.D at such an exciting time
for cosmology. With the fantastic results of the Planck mission [1], our picture of the
Universe and its history has become much clearer. The precision of these observations, as
well as that of future large scale structure missions such as EUCLID [2] and LSST [3], has
also highlighted the challenges that cosmology faces. One of them is that theorists need
to build efficient ways to compare theory and observations to say anything quantitative
about potential deviations from the standard model of cosmology, ACDM. Secondly, to
make sure no theoretically consistent model is overlooked, the conditions to have stable
theories need to be further investigated. These are the two ideas that fueled my research
during my Ph.D.

In particular, this has led me to develop a way to parametrize deviations from ACDM
at the level of linear perturbations, which is called the Effective Field Theory of Dark
Energy (EFT of DE). While the background evolution of the Universe is now quite
constrained by distance measurements, much less is known about the evolution of the
inhomegeneities that give rise to the large scale structure. Studying their behavior in the
linear regime, where theoretical control is still reachable, should prove very informative.
I will show in Chapter 2 that the EFT of DE allows for a systematic and quantitative
exploration of deviations from ACDM, because of its model independence and minimal
number of parameters.

While working on the EFT of DE, we realized that what was thought to be the largest
class of stable theories for gravity plus a scalar, Horndeski theories [4], could actually be
extended. Usually, the stability of theories is obtained by imposing that the equations of
motion do not contain terms with more than two derivatives. In Chapter 3, I will argue
that this is actually not a necessary condition for scalar-tensor theories. This means
that before discarding higher derivatives theories, a more careful analysis needs to be
performed. As we shall see, this opens the gate to new models.

Although most of cosmology has been focused on scalar perturbations since they have
been actually observed, the precision reached by BICEP2 [5] seems to indicate that
detecting primordial gravitational waves might well be within our grasp. They are
potentially a great source of information on the early universe, since the standard pre-
dictions for tensor modes from inflation give straightforward access to its energy scale.



In Chapter 4, I will present why, contrarily to the scalar case, the predictions for ten-
sor modes are very robust. In particular, this implies that it is difficult to get a scale
invariant power spectrum for gravitational waves without a period of inflation.

The final subject that I will discuss is the work I have done on consistency relations.
These relations allow to express (n+ 1)-point correlation functions of the cosmic density
fields in term of the n-point ones in the limit where one density field is slowly varying
in space. As I will show in Chapter 5, their strength comes from the fact that very
little information on the n others fields is needed: only that they have Gaussian initial
conditions and that they obey the Equivalence Principle. This is a huge advantage since
taking correlation functions in the large scale structure typically requires to deal with
non linear evolutions that are hard to control theoretically. This control is further lim-
ited by the poorly known relation between the galaxy distribution, that we observe, and
the underlying dark matter distribution, that we predict. The lack of an accurate under-
standing of these phenomena reduces the amount of information that can be extracted
from galaxy surveys. Since consistency relations do not rely on the knowledge of short
scales physics, they do not suffer from this problem. In particular, this gives access to
new ways of testing the Equivalence Principle on very large scales, where gravity is less
tested.

In this thesis, I have chosen to present the main results of my work and to emphasize
the intuition behind those results, as well as their physical implications. This is why
I have tried to keep things short in the main text. Any potential thirst for technical
aspects can be quenched by the full articles A—G at the end of this thesis.



Chapter 2

The Effective Field Theory of
Dark Energy

When looking at alternatives to the standard ACDM+GR model, the simplest and most
common way is to introduce an extra scalar field (see [6] for a review). It can either act as
an additional dark energy fluid, or as a modification of the laws of gravity themselves. It
is the easiest modification one can make and is as such the first that should be explored:
there is only one additional degree of freedom to consider, making it an informative
step before looking at more complicated scenarios. Even in some cases where multiple
degrees of freedom are added, such as in massive [7] or bimetric gravity [8] for example,
one recovers the case of a single scalar field in relevant limits.

This universality is yet more manifest for a second reason. The goal of the modifications
at hand are to try and explain the current accelerated expansion of the Universe [9, 10].
Thus, in general, any field added for this purpose will have a background value that is
time dependent, since the homogeneous Universe evolves in time. This explicitly breaks
the time diffeomorphism invariance, that can be restored as usual with Goldstone modes,
which would be a single scalar in this case (see for example [11]). Therefore, the low
energy perturbations around a time dependent background will generically be described
by this scalar, regardless of the fundamental origin of the theory.

These ideas were first developed in the case of inflation in [12] under the name of the
Effective Field Theory of Inflation and then used for example to compute higher order
correlation functions, which allow to probe non-Gaussianities [13, 14]. Later, it was
applied in the context of late time acceleration in the Effective Field Theory of Dark
Energy (EFT of DE) in [15, 16] and also [17].

In this section, I will present the concepts behind such an approach as well as its many
advantages, based on the work I did in [GLPV1], later summarized in a review [GLV].

2.1 The Unitary Gauge Action

The first thing I will assume is the Weak Equivalence Principle, namely that there exists
a metric that universally couples to the matter sector, even if the formalism I am going
to present would apply if species coupled to different metrics.

3



Next, the goal is to look for a generic action that would describe cosmological pertur-
bations around a FLRW background when looking at cosmology beyond ACDM. By
this I mean either dark energy and/or modifications of the actual laws of gravity. For
concreteness, I will consider the case of an extra scalar field, ¢. However, the idea is to
be as model independent as possible considering these assumptions.

As I mentioned before, this scalar field, in a cosmological context, is naturally expected
to be spacelike, i.e. to have a gradient such that V,¢V#¢ < 0. In this case, the
hypersurfaces of constant ¢ define a preferred foliation of time. It is convenient to use
the gauge freedom in the theory to choose this specific time: this is called the unitary

gauge.
ﬁ\ = ¢ = conat
A ___I,.-""" t = const

= T { = const

FIGURE 2.1: The original time £ hypersurface in red. In black, the new time in unitary
gauge, that is chosen to match the ¢ hypersurfaces (blue).

By doing so, the perturbation in the scalar field are hidden, since now we have

¢(1,7) = ¢o(t) + 00(t, %) = ¢o(t), (2.1)

where the last equality holds because of the choice of specific time ¢ that is made. Of
course, the perturbation d¢ did not disappear, it is part of the perturbations of the
metric. For example, the standard kinetic term for ¢ becomes in this gauge

X = V.9V = g"43, (2.2)
so that these quantities still contribute to the perturbative expansion through ¢% =
—1 + 6¢%. The unitary gauge has therefore the advantage of having to deal only with
the metric, however it has a minor inconvenient. Since a choice of time was made, the
invariance under time reparametrization is lost (while leaving the spatial one intact).
This means that the theory will not be manifestly covariant, as can be seen already from
eq. (2.2). Indeed, tensors with upper indices set to 0 are allowed in this gauge (they
correspond to contractions with the gradient of the scalar field, e.g. P ~ P¥'V ¢V, ).
This should not be worried over, as a simple redefinition of time

t—t+m(t, &), (2.3)

allows to explicitly reintroduce the invariance under time reparametrization of the theory
[11]. This is known as the Stueckelberg trick and the variable 7 is the field that non
linearly realizes this invariance. This will be useful to change gauge. In particular, to go
to Newtonian gauge, where the equations of motion (EOM) have an easier interpretation.

Nevertheless, the unitary gauge will enable us to write the most general action for a
scalar-tensor theory, without reference to a specific model. Indeed, in this gauge, all
the terms that are invariant under spatial diffeomorphisms are in principle allowed.
Further conditions can be imposed, such as second-order EOM for example, but the
basic ingredients can be obtained from the geometry of the hypersurfaces of Fig. 2.1
and are the following:



e The normal vector orthogonal to the surfaces, n, = — \7%. This term is the one

responsible for the presence of tensors with 0 as upper indices.

e The extrinsic curvature, K,,. It quantifies the variation of the normal vector
K = (guo +nung) Vony, . (2.4)
This quantity tells us how the hypersurfaces are embedded in the full 4-D space.

e The final ingredient is the intrinsic curvature, given be the 3-D Ricci tensor R;;
of the hypersurface. This is the equivalent! of the 4-D Riemann tensor (4)Rm,pg
for the full space. In what follows, unless specified explicitly with a (4), the Ricci
tensor R;; and scalar R will always be the 3-D ones.

o

VX

y K = hﬂ"'\?,\{

2 (hw = g + nun)

FIGURE 2.2: The ¢ hypersurface and its geometrical quantities.

The numbers of combinations of these terms is infinite. This is why in the following I will
impose restrictions on the categories of action I will consider. To be more quantitative,
I will discuss these restrictions in the formalism of Arnowitt-Deser-Misner (ADM) [18].

2.2 ADM formalism and the Effective Field Theory of
Dark Energy

In order to be more specific about the action, I will go one step further in the distinction
between space and time. To make more explicit the 3+1 decomposition, I will use the
ADM form of the metric, namely write the line element as

ds? = —N2dt> + hyj (da’ + N'dt) (dz’ + N7dt) (2.6)

where N is the lapse, N the shift and hi; is the spatial metric on constant time hy-
persurfaces, which can be decomposed into a scalar part, ¢, and a tensorial one, ~;;
as

hij = a2€2<(5ij + ’Yij) 5 amj = Yiz = 0. (2.7)

'In three dimensions, there is as much information in the Ricci tensor as in the Riemann tensor
since

1
Ru,l/po = Ruphmy - Ryph‘uo' — R;wgup + Ryo‘hup — §R(huphyo- — h,ucrhl/p) . (25)



With this metric and in unitary gauge, the basic ingredients I mentioned above take the
simpler form

1

Ny = —52N, g% = “NT (2.8)
1 .

Kij = 5 [hij — D;N; — D;N;| . (2.9)

The other components are not needed. Indeed, K% = K% = 0 since by definition (2.4)
the extrinsic curvature is orthogonal to the unit vector, n,K*” = 0. D; is the covariant
derivative associated with the spatial metric h;;. The 3-D Ricci tensor R;; is the standard
one constructed from this metric. With this decomposition of the metric, any Lagrangian
respecting the spatial diffeomorphisms invariance can be cast into the generic form

Sg = /d4x\/—gL(N, Kij,Rij,hij,Di,ao;t) . (2.10)

As an example, the Einstein-Hilbert action of standard GR,

M2
Sap = /d4x\/592m(4>R’ (2.11)

can be rewritten in this form as

M?2 .
Lgr = % [Ki; K" — K* +R] , (2.12)

using the Gauss Codazzi relation
WR = K, K" — K% + R+ 2V, (Kn" — n’V n*) . (2.13)

Virtually all known models of dark energy involving a single field can be mapped onto
a specific form of the Lagrangian (2.10). However, the real strength of this approach is
that it allows to generically look at modifications of ACDM, without the need to specify
a model.

To be quantitative, I will only look at the linearized theory, which means the action will
only contain perturbations up to second order. Secondly, I will discuss the case where
the three DOF of the theory (the two tensor polarizations and the additional scalar)
obey second-order dynamics, to ensure stability. Moreover, I will assume that the full
theory is given by an action Sgy = S¢ + Smat, Where Spa¢ is an action that describes
minimally coupled matter. Then, one expands eq. (2.10) in terms of the perturbative
quantities

SN=N-1, 0K';=K',-—H;, R;.

(2.14)
Let me concentrate more particularly on the scalar sector, since this is were restrictions
need to be imposed in order to keep second-order dynamics. I will use the further
parametrization

N =5§Y99;1p, (2.15)

for the scalar part of g%. Together with the form of the metric (2.7), the perturbations
of the geometrical quantities read

. . 1
oVh=3d%C,  SK'; = (g _ H(SN) ) — 0% 0050 (2.16)



and

SRy = 05— 00, BR=— 5 [007 4. (217)

I will restrict to the case where no time derivatives 0% appear explicitly in the Lagrangian,
since it leads in general to extra DOF (see Article G for a discussion on including such
derivatives). In this case, the variation with respect to JN and v gives constraint
equations. They allow to express 6 N and % in terms of ¢ and its derivatives, yielding
an action only for this variable. It is on this action that conditions need to be imposed
to get second-order dynamics?.

An example of such conditions concerns the derivative with respect to the extrinsic
curvature, which is of the form

9L S . 4
= Al o Ay (0705 + 0% 5) | 2.18
9 KZJ P K]lf 7l 1% J ( )
because of the FLRW symmetries of the background. In order to prevent higher order
derivatives, one has to prescribe Ax = —2Ax. Two other conditions need to be
imposed and then the most general action that abides by these criteria can be written
as

2
S, = /d4xa3]\g |:5K#V(5K“V_(5K2+(1+OCT) (5(2)R+56\£};R> +H2C¥K5N2

+4HapdNJK + (1 +aH)R5N} 4.

(2.19)
where h = det h;; and the - - - denotes terms that vanish when the background equations
are enforced. The functions M and «; are all in principle dependent on time, which is
allowed by the presence of the extra scalar field. Additionally, one can define

2M
= 2.20
which parametrizes the potential time dependence of the Planck mass. These coeffi-
cients, originally introduced in [19], are defined so that the standard case of ACDM+GR
would correspond to setting all of them to zero.

They can be related to the original Lagrangian (2.10) and its derivatives with respect
to the various quantities N, K;j;, ... The starting point is to define the equivalent of the
Planck mass, M, which is associated with the normalization of the tensor kinetic term,
%2] Since ¥;; only appears in Kjj, the M is going to be given by the derivative of the
Lagrangian with respect to the extrinsic curvature, eq. (2.18). More precisely,

M?* =2Ak. (2.21)
Then, all the coefficients «; follow almost algorithmically. For instance,

_ 2Ln+LnN

aK == (2.22)

2Indeed, it is too restrictive to impose no higher derivatives in all of the equations before the
constraint are solved. Indeed, such constraints might remove these higher derivatives so that the actual
propagating DOF still obeys a second-order EOM. See Section 3.2 for more details.



The others, while being slightly more involved, are of the same form, as can be seen in
Table 1 of Article G. In the next section, for concreteness, I will give examples on how
to get these parameters in the case of specific models.

2.3 Going from models to the EFT of DE

Once a model is decomposed in 341 quantities, computing its parameters is completely
automatic, making the link with possible constraints straightforward. Let me go through
the functions o, one at a time, increasing the complexity of the model needed to illustrate
the parameter.

[ ] O(K
Taking the simplest case of GR plus quintessence, [20] i.e.

_ M3,
2

L (K, K" — K*+R| — %Vu(bV“qﬁ —V(e). (2.23)

After going to unitary gauge, one finds

i

M = Mp, ag= HME,

(2.24)

while all the others coefficients vanish. One can indeed check that ACDM corre-
sponds to all the «; being zero: one recovers the cosmological constant for ¢y = 0,
which would set axg = 0.

As a side note, it might seem odd that the potential V' does not appear in eq. (2.24).
The reason is that this parametrization is specifically designed to look at linear
perturbations, while V' is a background quantity in unitary gauge. More precisely,
the Friedmann equations impose

M2 [
V= T’” 2H + 3H* (2 — Q)| . (2.25)

Therefore, if the history of H and the matter content are known, V is fixed.

.aB

This example requires a more complicated model: kinetic braiding [21]. This
theory is characterized by a Lagrangian of the form

L3 = Lgor + G3(X) ¢ = Lgr — /ng\/ —XdXK. (2.26)

Since the [ operator is made with covariant derivatives, [1¢ contains derivative
couplings (0g)(0¢) between gravity and the scalar, hence its name kinetic gravity
braiding.

The last term is going to give a nonzero ap in the EFT Lagrangian (2.19), and
the whole set of coefficients is given by

.3 Gax — 92Gaxx Gix
M= Mp ar =124 , ap=— :
I-IMI%1 lT{Mlg1

(2.27)



where I have used the fact that in unitary gauge X = —qB% /N2, so that a depen-
dence on X can be seen as a dependence on N and vice versa.

.aT

To get a non zero ar, one needs a model that does not preserve the relation be-
tween the intrinsic and the extrinsic curvatures in eq. (2.12). Since the extrinsic
curvatures give terms in fyfj while the intrinsic one gives (ak%-j)?, changing the
relation between them brings a change in the speed of sound of tensors. This hap-
pens for example for what is known as the quartic galileon [22], whose Lagrangian
is

Ly = G4(X) WR - 2G,x(X)[(O¢)* - (VFV6)(V,Vue)] - (2.28)

The covariant second derivatives of the scalar field introduce first derivatives for
the metric through the Christoffel symbols, which modifies the kinetic terms for
gravity and gives a non zero ar. In unitary gauge this Lagrangian reads

Ly =G4R+ (2XG4X — G4)(K2 — K”Klj) , (229)

so that the EFT coefficients are

. . _ 12 4'4
M? =2 (Gu+ GaxdR) . ax = —1283 Cax S%G”‘ﬁf PG (5 30)
o Gux — 202G . G
ap =48 X M‘é“ XX ap = -4 % (2.31)

I will not discuss here the case of ay, which parametrizes deviations from Horndeski
theories, since the next chapter is specifically focused on theories beyond Horndeski. In
particular, the effect of ay will be explored in Section 3.6.

The theoretical origin of the parameters a, of eq. (2.19) is summarized in the following
Table

M 2 [03V4 [(677¢ ap ar ay
Normalization
of the Planck mass Kinetic term | Kinetic braiding Modification of Theories
Interpretation tensor rate of change for between tensor beyond
quadratic action the scalar gravity and scalar sound speed Horndeski

= Planck mass

Example GR f(R) [23] k-essence Cubic Galileon Quartic Galileon G# theories
(when constant) | Brans-Dicke [24] [25] [21] [22] (see Chapter 3)

TABLE 2.1: In the first row, the parameters «; introduced in eq. (2.19).

2.4 Stability and theoretical consistency

Even if the terms in eq. (2.19) passed the first condition of yielding second-order dynam-
ics (which guarantees the absence of extra, ghost-like DOF), further restrictions need
to be imposed on the EFT parameters. Indeed, before thinking about comparing the
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predictions of a theory to observations, stringent constraints must be imposed in order
for the theory to be stable. This is where using a parametrization at the level of the
action and not of the EOM has a clear advantage, since these stability conditions can
in principle be read off directly from the action. The idea can be simplified thusly: in
the case of two scalar fields® 11 (¢, ), o(t, ¥) their quadratic Lagrangian is generically
of the form:

L = &t — 1007 + 93 — c20i3 + Vi (11, ¥2). (2.32)

In this illustrative case, the stability of the theory requires the coefficient £ to be positive.
When this is not the case, the field 1 is called a ghost and in general violent instabilities
are present in the theory.

Let me give some intuition on why that is, by thinking of the Lagrangian as L =T -V,
where T is the kinetic energy and V' the potential one. If the two signs are not the same
in T, kinetic energy can flow without limits from one field to the other without changing
the total energy E =T + V, meaning that the ground state of the theory is not stable
(see [26] for a discussion on classical and quantum ghosts).

On top of this, one needs to impose that the coefficients ¢; and co (which represent the
squared sound speeds) are positive, to avoid gradient instabilities. These instabilities
can be understood very easily from the EOM: when varying (2.32) with respect to 1

for example, one gets
1 a‘/int

2 0y;
If ¢ is negative, this equation admits in Fourier space a solution ¢ proportional to

|Cl|k‘t
e

U1 — 1Ay =

(2.33)

, which is divergent.

The analysis in the case of the action (2.19) is more involved, since tensor modes are
present on top of the scalar. Moreover, other non dynamical variables are present
(scalar and vector), so that at first glance the form of the quadratic action is not as
simple as (2.32). If we parametrize the unitary gauge metric as before

N =1+6N, N = o + N‘i/, hij = a%e* ((51] + ’yij) , (2.34)

with aiN‘i, = 0 and 74 = 0;755 = 0, only ¢ and ~;; are dynamical®. Once the constraints
are solved, the quadratic part of the action can be rewritten in terms of dynamical DOF
only, in a manner very similar to eq. (2.32):

. |4 \%4

2 (1+ap)? ol 4a? 4at
(2.35)
I have used the following definitions
a = ag + 6a%, (2.36)

31 will not treat the case of one field, as it present less interests. In particular, one cannot have a
ghost field in this case: the sign of the kinetic term does not matter when there is nothing to compare
it to. Moreover, in cosmology, the scalar field is always coupled to gravity.

4In general, the spatial metric contains also a (non-dynamical) vectorial part, which can be set to
zero by using the spatial gauge freedom.
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1+ayg H 1d[{1+ay
2 _
=201 - (1 ——) _ -4 , 2.37
K { L i G Hdt(l—i—aB (2:37)
the latter being valid only in the absence of matter. The stability conditions discussed

above can be stated as

M? >0, aK+6a2B>O, (2.38)
A=0+ar)>0, >0, '

which defines the tensor sound speed.

The presence of matter, both at the background and perturbative levels, slightly com-
plicates the situation. In the case ap = 0, one finds

2 (1 + aB)2 1 ( H ) aB Pm + Pm
—9 1 -2 - - -
& o Trap\LTom —gp) —(Ihar) = gm0 = aEhe
(2.39)

while the speed of sound for matter and tensors are unchanged. In the case ayg # 0,
which will be treated in more details in Chapter 3, both the sound speed of matter and
the extra scalar field are affected.

Of course, the conditions (2.38) can be translated into conditions on parameters of
models, using for example Section 2.3. However, the advantage of the EFT of DE is
that those conditions are really imposed on deviations from ACDM, not just on a specific
model. It might well be that the regions of the parameter space they allow are not fully
explored by any of the known theories (which lead us to the theories beyond Horndeski
of Chapter 3). As we will see, the same kind of reasoning applies to the comparison
with observations.

2.5 Evolution of cosmological perturbations

In this section I will discuss the effects of the deviations from ACDM on the evolution of
perturbations, in the vector, tensor and scalar sectors, the latter being the richest—and
most complicated—in term of phenomenology. The matter sector will be parametrized
by its total stress energy tensor, decomposed at linear order as

T = —(pu + pu) - (2.40)
T = Oigm + (%) = (pm + pn)Divm + (19)" (2.41)

T = (pum + 6pm)0j + (azaj - 35§'62> ow + (0°C; + 0,070 +(T)", (242)

where dpy and dpy, are the energy density and pressure perturbations, ¢, and vy, are
respectively the 3-momentum and the 3-velocity potentials; oy, is the anisotropic stress
potential. (TOZ-)V is the transverse part of the matter energy flux, (OiCj + OjCi)V and
(T;;)TT are respectively the transverse and the transverse-traceless parts of the spatial
matter stress tensor.
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2.5.1 Vector sector

As we have seen from eq. (2.35), the vector sector is the simplest one as it does not
contain propagating DOF. However, the presence of a time varying Planck mass, char-
acterized by apr # 0 still affects the perturbations. Indeed, when considering the full
action supplemented by matter, the vector equation reads:

loyv _ @ o\v
For a perfect fluid where CiV = 0, the conservation of the matter stress-energy tensor
implies that (7%)7 oc 1/a® [27]. Thus, the metric vector perturbations scale as

, 1 1

2 —
where the last equality holds for a constant ays. It is therefore interesting to see that
the evolution of the vector sector only depends on a single parameter.

Since they typically decay, vector modes are very difficult to observe. This very fact
already signals that ap; cannot be too negative, i.e. the Planck mass cannot have been
growing too strongly in time, otherwise they would not necessarily be negligible today.
If vectors mode were to be detected, this would allow to constrain aj;; without having
to treat the other parameters.

2.5.2 Tensor sector

The tensor sector, slightly more complicated, leads to the evolution equation

2
g + G+ )iy — (1 o)~y = 203 (Tg) 7T (2.45)
Thus, even for a perfect fluid where the anisotropic stress is zero, the propagation of
tensor modes is affected both by an additional friction term proportional to ay, as well
as a different speed of propagation. In principle, the combined observation of vector and
tensor modes could therefore provide constraints on ajp; and ap independently of each
other and of the other «;.

2.5.3 Scalar sector
2.5.3.1 Obtaining the equations

In principle, five (non independent) scalar equations can be derived from the action (2.19).
Four are the Einstein scalar equations (00, 0i, 4 and ij traceless), where one needs to
further introduce the scalar part of the traceless component of the spatial metric, y
5
hij = CL2(1 + 2() |:5U + (818] — % 82> X:| . (2.46)
Then, the action needs to be varied with respect to (, 6N, ¢ and x, giving the four
Einstein equations.
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The fifth equation is the one for the scalar field ¢. However, in unitary gauge this field
is not explicit. Omne can still derive what would be the unitary gauge version of this
equation (that will depend only on metric quantities) by imposing the invariance under
time reparametrization of the action. Indeed, by definition of the unitary gauge,

0516 gl | _ OSugll gl (2.47)

do(x) =t ot

where the time derivative is understood as a partial one (that is to say, not taking into
account the time dependence of the metric).

For a general infinitesimal diffeomorphism x# — z# + £#, the metric changes as dg,, =
V& + V&, Therefore,

dSu.g. dSue.
0Syg = / d*x S (i ) (V& (2) + Vio€u(x)) + ngo =0. (2.48)

After integrating by parts and combining this with eq. (2.47), one obtains that the equa-

tion of the scalar field in unitary gauge is simply the zero component of the divergence

of Einstein’s equations®,

5(9, g

5¢()

 0Sus.
Y

0Su.g.
"8G,

=29V =0, (2.49)

b=t

where the last equality holds when Einstein’s equations 653 ‘;f = 0 are inforced. Hence,
this yields the fifth scalar equation, which is not independent from the others.

These five equations are for the scalar variables of the metric, namely (, N, ¢ and Y.
To describe scalar perturbations and their physics, the Newtonian gauge is more adapted
than the unitary gauge. In order to go from one to the other, a time diffeomorphism is
performed

t—t+w(tT), (2.50)

where 7 describes the fluctuations of the scalar field
p=t+m. (2.51)
In Newtonian gauge the scalar part of the metric is parametrized as
ds? = —(1 4 2®)dt?* + a®(t)(1 — 2W)d; dx"dx’ . (2.52)

One can relate the metric perturbations in unitary gauge defined in eq. (2.34) to he
metric perturbations ® and ¥, as well as the scalar fluctuation 7 by®

SIN=d—7, (=-V+Hr, ¢Yp=a2r, x=0. (2.53)

Then, the five equations can be put in the following form (in Fourier space):

5Since we assumed the presence of a Jordan frame, where matter is minimally coupled, its stress
energy tensor is conserved independently.
5More precisely, to remove also the variable x one needs a spatial diffeomorphism z* — z* + 8;3,.
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The Hamiltonian constraint ((00) component of Einstein’s equation) is

. k2
6(1+ap)HV + (6 — ax + 12a5)H*® +2(1 + aH)ﬁ\I/ + (ax — 6ap) H*7

Pm + Pm 1k?

+6|(1+ap)H + —l—(aH—ozB)} Hr=—-——

2M? 3 a2
(2.54)

e The momentum constraint ((0i) components of Einstein’s equation) reads

20 +2(1 + ap)H® — 2Hapt + <2H+ P +p‘“>7r _ _PmtPuUn oy

M? M?

The traceless part of the 15 components of Einstein’s equation gives

Om

SR (2.56)

(1+ag)®—(1+apr)¥+ (ay —ar)Hr —agrn = —

The trace of the same components gives, using the equation above,

20 +2(3 4+ ap)HY +2(1 + ap)HP

: + .
+ 2 [H— % + (apH) 4+ 3+ am)(1 +aB)H2] P
Pm + Pm _ (2.57)
2M?2
P . 1 2 k?
+2 [(3+06M)HH+ 2]\?2 —l—H] = 2 (5Pm— gﬁgm .

—2HO¢B7'I.'+2[H+ (QBH)'—(3+C¥M)(XBH2:|T'F

e Finally, the evolution equation for 7 reads

H20x7 + { [HQ(S + o) + H} ax + (HaK)'} Hr
. . . . . 2 .
+6{(H+ P +pm> f+ Hag [H2(3+QM) +H} +H(Ha3)'}7r— 2%1{77

2M?
k2 pm+pm 2 .
= WJrH M+ap(l+ay)+ar—1+ag)(l+anm)+ (Hlag —ag)) om

Pm + Pm

M2 +H2OzB(3+OzM)+(OéBH)':| \I’

+6HapV + H%(6ap — ag)® +6 [H+

+ |:6 <H—|— P2]\4§> + H2(6aB — aK)(3 +aM) + 2(9043 — OéK)H +H(6aB — OJK):| H®

I
+25 {OZH\I’ + [H(anr + an (1 + an) — ar) — ag] € + (g — QB)Hq)} 0.
(2.58)

These equations are much more involved than in the two other sectors and as such are
not readily useful. Nevertheless, one has to remember that there is only one propagating
degree of freedom, which means that 4 of these equations are just constraints. Therefore,
the five equations can be combined into a single equation for a single variable, e.g.



15

i+ B2 + /330923 k? Hi 4+ B1B4 + B1Bs k? + cZad k!
Bi + a%k? B1+ a2 k2
1 | B1fs + Brad k? B1Bs + Boay, k2

(077¢
- =~ 6 m+ =~ H m+ mvm_ié m
YL Bl“‘aQB L2 p Bl+a23 72 (p Pm) o P

H>U =

. (2.59)

where k = k/(aH), a is defined in eq. (2.36) and for simplicity, I have assumed that
the anistropic stress of matter is zero. The §; are functions of the coefficients o,
whose-rather cumbersome—expressions are given in Appendix C of Article G in the case
ap = 0. Although this equation is enough to describe the dynamics of the scalar sector,
it is useful to have the relation between the two metric potentials ® and ¥ to connect
with observations (in particular lensing). This relation takes the form

aZi? [@—\11 <1+O£T+OMV[):| + B [CID—\IJ(1+ozT) <1+aaT_O‘M)] -
ap 2B1
2 K
{aB [0pm — 3H (pm + Pm)Vm]| + HM“a ¥ + H7 (Pm —I—pm)vm} )
(2.60)

o — O)\f
2H2M?

To complete the system of equations, one needs to provide the evolution equations for
the matter sector. Since it is assumed to be minimally coupled, these equations come
from the conservation of the stress energy tensor. At linear order in the perturbations,
treating one species of matter only for simplicity, they read

. k2 .
Om — 3H (Wm0m — 0pm) — (1 + wp) <a2vm + 3\IJ> =0, (2.61)
[ m 6 m

b — |3Hwm — —2 |y + —P 4§ =0, (2.62)

1+ wy 1+ wy

with the definitions

m 6 m
Wy = p—, O = p , (2.63)

Pm Pm

where wy, is the usual equation of state parameter and d,, the density contrast. Note that
in general, when the fluid is not at rest, the relation between the pressure perturbation
and the density contrast involves more than just the speed of sound (see for example
[28]) which is why I kept explicitly dpy, in these equations.

2.5.3.2 Interpretation

The system of equations (2.59)—(2.62) is complete (provided dpy, and wy, are specified)
and can in principle be solved to get the evolution of the matter perturbations and
gravitational potentials. To do so without approximations would require a numerical
implementation. However, the physics can be discussed analytically in specific cases,
that give an idea of the effects expected. In particular, I will focus on the role played by
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kinetic braiding. Indeed, one can see appearing in eq. (2.59) a new scale when ap # 0:

1/2
P (2.64)
ap

which has been called braiding scale [19]. We shall explore two examples that show it
is associated with noticeable modifications of gravity.

e ap =0

It can be seen as the extreme limit where kg — 0o, meaning that all modes are
outside of the braiding length, k£ < kp. In this case most of the scale dependences
go away. We are left with the simpler expression

.. . 2
U+ (44 2ap +37) HY + (54H2 +c§k"2) U=
a

1
W {2 [6pm — 3H (pm + Pm)Vm] + (ar — o + 3T)H (pw + P )V — 0P }
(2.65)

where T is defined in Appendix C of Article G. Although both aj; and ar can
be nonzero here, the form of this equation is very similar to that obtained in
the standard k-essence case [25]. One recovers in the quasistatic limit (i.e. by
neglecting time derivatives and taking k > aH/c;s)

kz 1 o — O\
- =¥ =—2=9 P =(1 1 —— | V. 2.66
a2 2M2 Pm ( +OZT) +OZK 261 ( )
This means that no scale dependence is introduced in the effective Newton constant
defined as
k‘2
- ﬁfb = 47 Geff P - (2.67)

As we will see, this no longer necessarily holds when ap # 0.

° a23>>aK:

This case corresponds to having most of the kinetic energy of the scalar field
coming from kinetic braiding. Indeed, one can see in this case that the kinetic
energy (the term in ¢? in eq. (2.35)) is dominated by the contribution of ap.

For simplicity we consider only the case ar = 0. Moreover, to avoid gradient
instabilities the following relation is required (see eq. (2.39))

apB S (’)(aM) . (2.68)

However, no restrictions are imposed on «;, whose value can affect the braiding
scale. Indeed, when onB > a, this is given by

k2 :
ch ~ 3(H?ap — H) , (2.69)
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which can be inside the Hubble horizon. In this case, considering modes with
k> kp, eq. (2.59) simplifies to

. : k%8s k2 1 (k%06 1 ay
U+ (3 HU B 2Y Vo~ [ B 24 - ) 6o
+ (3 + am) +( 2 +Csa2> 2M2( 12 +cs+3 Sag Pm

(2.70)

where we have neglected relativistic terms on the right hand side of (2.59). If the
ratio Bs5/c? is larger than one, the scale dependence cannot be neglected even in
the case k > kp. Therefore, a non vanishing ap, or the fact that kg < oo, brings
a transition scale in the effective Newton constant”, which is a strong signal that
gravity is modified.

Another interpretation would be that dark energy clusters: one can write Einstein
equations as

T#1V + TSV
= VE ,
which defines effective fluid variables for dark energy/modified gravity. Thus, for
subhorizon scales, the Poisson equation has the form

GHv (2.71)

2
= s (ot 00m) (2.72)
For a cosmological constant, there are no perturbation in the dark energy fluid,
dpp = 0, and the standard behavior is recovered. However, as soon as dark energy
clusters, i.e. dpp ~ O(dpm), the relation between the gravitational potential
and matter is no longer as simple, leading to a different (and potentially scale
dependent) effective Newton constant.

The equations (2.59) and (2.60) can be seen as the generalization to arbitrary scales of
the usual parametrization in term of Geg (defined in eq. (2.67)) and the slip parameter

_v 2.73
1= (2.73)

that are employed in the quasistatic limit. However, if this limit is clearly defined in
GR where it means focusing on subhorizon scales k > aH, its definition in the presence
of an extra scalar field is more ambiguous. Indeed, in general, new scales (see [29] for
a general discussion concerning new scales in modified gravity) and time dependences
appear and its not always clear how this limit would translate, although in general it is
expected to hold well inside the sound horizon of the scalar perturbations, kcs > aH.

To alleviate this uncertainty, one can look at what is called the extreme quasistatic
limit [19] corresponding to wavenumber & much bigger than any scale in the problem,
i.e. taking & — oo in egs. (2.59)—(2.60). This yields the following expressions

ac(1+ar)+2[ag(l+ ar) + ar — ay)?

8mGeg = o2
S

M2, (2.74)

Y= ac?+2aplag(l +ar) +ar — ay] (2.75)
ac2(1+ar)+2[ag(l+ar) +ar —ay)*’

" Although the standard relation defining Gog involves ® and not W, it easy to convince oneself that
the relation between them set by eq. (2.60) does not remove this transition.
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where I have expressed both quantities directly in terms of the functions ¢, (recall that
a=oag+ 60423 and ayy is here set to zero). These two quantities are observable since the
first affects directly the growth of structures and therefore affects the power spectrum
of the large scale structure. The second is related to the gravitational potential felt by
photon, ® + ¥, and thus can be probed in weak lensing experiments (see for example
[30]).

In this Section, I have shown that by looking at the evolution of cosmological pertur-
bations, one can relate the parametrization of the action in eq. (2.19) to observable
quantities. The simplest cases from the theoretical side are the vector and tensor sec-
tors. They only depend on the time variation of the Planck mass, ajs, and on the
deviation from unity of the tensor sound speed, . However, these sectors are precisely
the fields of observations where the signals are the weakest.

The more experimentally accessible scalar sector corresponds to the most complicated
domain, where all five functions «; play a role. Although their effects are understood
from a theoretical point of view (see Table 2.1), they appear in a non trivial way when
going to observable quantities such as the growth of structures or weak lensing. This can
be seen analytically in the quasistatic limit with the modifications of the way matter
sources the gravitational potential (through Geg) or the way the two potentials are
related to each other (through +). This is why, to break the degeneracies that remain,
one may need to go beyond the quasistatic limit, starting for example from eq. (2.59).

One idea would be to solve perturbatively eqs. (2.59)—(2.62) around k& — oo without
necessarily making assumptions on the time derivatives. This would be a way to see
the range of validity of the quasistatic approximation (see also [31]). We have actually
started looking into this, but taking care of the time dependence is rather subtle and
requires more work.

2.6 Conclusions

In this chapter, I presented a method called the Effective Field Theory for Dark Energy,
that allows to explore the vast landscape beyond the standard model of cosmology,
ACDM. Tt is based on the parametrization of an action, describing scalar-tensor theories
in a very broad sense. I used the preferred time foliation that the scalar field offers,
along with its 34+1 geometry, to construct a very generic Lagrangian that describes
linear perturbations with second-order dynamics. This Lagrangian depends only on five
functions of time, provided the expansion of the Universe and its matter content are
known.

This has many advantages, both theoretically and observationally. The stability condi-
tions that one needs to impose for a theory to be sensible can be easily read from this
action. Moreover, this reduces to a single channel of analysis the comparison to exper-
iments. The straigthforward links that we developped between wide classes of models
and the parameters make it particularly convenient to use, since constraints on the five
parameters easily translate to constraints on models.

However, this point of view is somewhat limiting the potential of this approach. The
action (2.19) explores domains beyond the models currently known, potentially leading
to new models, as we shall see in the next chapter. Indeed, it is solely based on the fact
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that in general, the background solution of an additional field in a cosmological setting
explictly breaks time reparametrization invariance. This opens the possibility of new
terms in the action beside the standard Ricci scalar. It really is deviations from ACDM
+GR that are captured by this formalism.

Because of its minimal number of parameters, the EFT of DE has started to be used
by the community. It first started with people developing codes, in particular [32], that
is based on the popular CMB code CAMB [33] and others doing forecasts for galaxy
surveys [34]. Now, the parametrization, conveniently optimized by [19], is being used in
the analysis of the Planck collaboration [35]. Hopefully, future surveys such as EUCLID
[2] and LSST [3] will also use it, and the constraints on the a, will improve.

From a theoretical point of view, there is still work to be done. As I mentioned above,
there is a yet untamed wealth of information contained in eq. (2.59), which includes for
example relativistic effects that become important when looking at increasingly large
surveys. It would be interesting to see how much of this information can be extracted
using numerical solutions, or analytical method generalizing the quasistatic limit.

Another point I have been working on recently consists of extending this formalism to
the case of where the Weak Equivalence Principle (WEP) is violated, i.e. species couple
to different metrics. This has been studied for ACDM under the name of interacting
dark energy (see for example [36-39]). The idea is to investigate the interplay between
these two properties, namely modifications of gravity and violation of the WEP. In
particular, one can generalize the stability conditions (2.38), as well as the evolution
equations (2.59)—(2.62) to include the different couplings of the matter fields, to look at
the effect on the power spectrum and weak leasing.



Chapter 3

Beyond Horndeski

Although using parametrizations such as the EFT of DE (for other examples, see [40, 41])
proves useful when testing our understanding of cosmology, finding a more complete de-
scription through a specific model provides advantages. For example, it allows to go
beyond the linear approximation, which is necessary when looking at smaller scales,
where it breaks down. A very important step in this endeavour was the work of Horn-
deski [4] and its rediscovery [22, 42]. What are now known as Horndeski theories, or
generalized galileons, are the most general Lorentz invariant scalar-tensor theories lead-
ing to second-order equations of motion, both for the scalar and for the tensors. This
property guarantees that they are well behaved and free of ghosts. The fondness for
these theories comes from the standard lore that theories ruled by EOM with more than
two derivatives should be automatically discarded because they suffer from instabilities,
according to Ostrogradski’s theorem. However, this reasoning is too hasty. Indeed, in
order for this statement to be correct, the theory needs to be non degenerate, in a sense
that I will make clear later.

In this chapter, I will describe scalar-tensor theories that are not contained in Horn-
deski’s. As a consequence, their EOM contain terms with three derivatives, but I will
show that the theories are still “healthy”, meaning devoid of Ostrogradski’s instability.
First, I will spend some time on what Horndeski theories are, before moving to these
new theories, that we dubbed G? for “Generalized Generalized Galileons”. Finally, I
will use the formalism of Chapter 2 to explore the novel phenomenology that appears
when going beyond Horndeksi.

3.1 Horndeski theories

As T have said before, the easiest way to modify ACDM is to introduce a scalar field.
The goal is therefore to write a Lagrangian for this scalar field

L(¢7 ¢a = va¢a ¢ﬂ'y = V6V7¢7 Guvs - - ) . (3'1)

Usually, when writing such Lagrangians, only first derivatives of the scalar field are
involved. However, one can be more general and include terms such as ¢ = g"¢,,.
They are slightly more delicate, as they can lead to extra, unstable DOF. A sufficient

20
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condition to avoid this is to require that the EOM derived from the Lagrangian are at
most second-order in derivative. Before turning to the case of a general metric g, it
is instructive to focus on the Minkowski limit, where the only dynamical DOF is the
scalar. The key ingredient are the so-called galileons Lagrangians of [43]:

L%al,l - X, (3.2)
L%al,l = XO¢ — dud6y | (3.3)
LFY = X[(06)? — ¢t — 2(0"6" 6,06 — ¢ drvdrd™) (3.4)
LE" = X[(06)° — 3(06) ¢ + 20,67 0",) (3:5)

— 3[(@¢)%0ud" ¢ — 200G " Gpd” — ™ bpd* dx + 20, Bupd™ 5]

which are can be generalized to

LYk = Ay(¢, X) (3.6)
LYk = A3(¢, X)0g (3.7)
LY = Ay(¢, X)[(O9)? — o] (3.8)
LE = A5(¢, X)[(O¢)* — 3(00) " + 260,07 8",) | (3.9)

where here ¢, = 0,0, ¢ since this is in flat space. For the choice of functions A, oc X
one recover the previous expressions up to total derivatives.

The action S = [d*z) , LM"k constitutes the most general action for a scalar in
flat space that leads to second-order EOM. What is essential in order to avoid higher
derivatives is the antisymmetric structure that appears, in particular in the quartic
(3.8) and quintic (3.9) galileons. Note that the same sort of structure appears in ghost-
free massive gravity [44, 45] when focusing on the scalar mode (taking the so-called
decoupling limit).

If we now want to write a covariant version of the most general action leading to second-
order EOM in curved spacetime, the allowed Lagrangians can be decomposed into four
classes

LY [Gs) = Ga(¢, X) (3.10)
LY (Gs) = G3(¢, X) 0o, (3.11)
LG4 = Ga(¢, X) R — 2Gux (¢, X) [(0)? — ¢ ] (3.12)
L1Gs) = Gs (6, X) UG + 3Gax (6, X)[(06)° = 3069 by + 20" 60y, ]
(3.13)

The first type (3.10) corresponds to quintessence and k-essence, while the second (3.11)
corresponds to the kinetic gravity braiding Lagrangian (2.26).

The third Lagrangian (3.12) contains the Einstein Hilbert action (2.12), for G4 =
M3,/2. When Gux # 0 the second piece has the structure inherited from the quar-
tic galileon (3.8). However, when the metric is dynamical and the partial derivatives
are replaced by covariant ones, a non minimal coupling term, G4(¢, X )(4)R, is needed
in order to keep the EOM second-order. Finally, the last type, eq. (3.13), known as the
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quintic generalized galileon, is the extension of (3.12) to more fields ¢. The list stops
there because any Lagrangian with more fields satisfying Horndeski’s conditions would
be a total derivative.

In the following section, I am going to argue that one can in fact write a more general
action that is still stable, even though it possesses terms with more than two derivatives
in the EOM.

3.2 General considerations on higher order derivatives

The desire for second-order EOM stems from Ostrogradski’s theorem, which can be
stated as following: imagine the position ¢(t) of a particle is described by a Lagrangian

L(q,4,4) - (3.14)

Note that, usually, the Lagrangian does not depend on the second derivative of the
position. In this peculiar case, one can define the conjugate momenta to these variable
as

(3.15)

Ostrogradski’s theorem states (see for example [46]) that if the system is non-degenerate,
i.e. if one can express the variable ¢ and ¢ as functions of P; and P», the system will
suffer from ghost instabilities as discussed in Section 2.4. In this simple case, the non
degeneracy conditions translates simply to the invertibility of the 2x2 matrix

oL OL
aq(l) aq(j) ’ (316)

where ¢l7) denotes the j-th derivative of ¢ w.r.t. time. It is easy to convince oneself that
when this is the case, the EOM contains terms with more than two time derivatives.

Indeed, even though Ostrogradski’s proof is formulated at the level of the action, its
consequences can be directly seen in the EOM. Let’s take the case of single DOF, v(t),
whose EOM contains three time derivatives'. This means that, in order to evolve ¢ from
an initial state, one needs three conditions: the usual “position” 1 (tg) and “velocity”
¢(t0) but also the “acceleration” 12}(750). This goes against the idea that a DOF is given
by the couple position-momentum. It signifies the presence of an extra DOF, which,
according to Ostrogradski, is a ghost (in the sense of eq. (2.32) with £ < 0).

At the root of the proof is a notion of non degeneracy. This is not apparent in the case
of one field since as soon as there is a higher derivative in the EOM, one must specify
more initial conditions. However, when considering an action for more than one field,
the non degeneracy conditions are not always this trivial: one can have the coefficient in
front of higher derivative non zero but still have a degenerate system. A simple example

!Note that the case of three derivatives is somewhat particular, since only one additional initial
condition in needed, instead of the two associated with a full DOF. Moreover, it is not possible to
construct a Lagrangian for a single field 1 that gives odd number of time derivatives. However, it can
happen when more than one field are present and constitutes thus a case worth mentioning.
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is the following set of equations

Y+ ¢+ Hp+ Hp=0,

46 HG=0, -

where the H; are arbitrary constants. Naively, one could think this would require three
initial conditions for ¢ and ¢, for a total of six, and the apparition of a third DOF. How-
ever, by plugging the second equation in the first, one can see the system is degenerate,
since it is equivalent to

H3é + Hip+ Hyp =0,

46 =0, .

which is a standard second-order system describing two DOF.

The case of Lorentz invariant scalar-tensor theories is even more involved. Indeed, be-
cause of the gauge freedom, the system is degenerate: we saw for example in Section 2.4
that the lapse N and the shift NV; yielded constraint equations. This explains the fact
that even GR, which a priori has ten DOF (the ten components of the metric), propa-
gates only two.

In the case of egs. (3.4) and (3.5) (as well as the other quartic (3.12) and quintic (3.13)
Lagrangians), the degeneracy is increased by the specific antisymmetric structure of the
Lagrangians: in particular, one can see that because of this structure, 882 (f; = 0. Of
course, as | said above, the degeneracy condition is really on the full matrix (3.16), but
intuitively this is a sign that the theory is more degenerate.

It is exactly this degeneracy that would render the proof of Ostrogradski inapplicable in
the Lagrangians of Horndeski, even before studying the EOM. Therefore, this realization
gives hope that one can construct theories that are more general than Horndeski with-
out introducing ghost DOF by considering Lagrangians that are deignerate enough. It
should be noted that this is not a miracle recipe that would get rid of every ghost. The
larger the number of derivatives, the more degenerate the theory needs to be, making it
harder and harder to conceive one.

3.3 Generalized Generalized Galileons G*

Before introducing G3 theories, let me make a general remark here. When taking the
flat space limit of any scalar-tensor theory, the possibility of non trivial degeneracy
disappears since only the scalar remains. There, the number of possibilities is limited
to the Lagrangians (3.6)—(3.9). This is why a necessary condition for any scalar-tensor
theory to be ghost free is to reduce to these Lagrangians when g, — 7,,°.

With this idea in mind, in [GLPV2, GLPV3] we studied the following Lagrangians

Ly = LY [By(¢, X)] + Fa(¢, X)L, (3.19)
Ls = L¥[Bs(¢, X)) + Fs(¢, X)LE™ (3.20)

2When this is not the case, the theory might be ghost free around specific background, but the
property might not be Lorentz invariant.
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where L& and LEM' the Lagrangians from eqs. (3.4) and (3.5) with the replacement

Nuv — Guu au — v,u . (3.21)

Under this form it is easy to see that the Horndeski case corresponds to Fy = F5 = 0.
However, when these functions are not zero, the EOM contain terms with three deriva-
tives. More precisely, the metric equations contain three derivatives of the scalar and
the scalar field equation contains three derivative of the metric. This means that when
going to flat space, the scalar field recovers its second-order EOM, which is expected
since it flat space these Lagrangians reduce to eq. (3.8)—(3.9) (up to total derivatives,
see Article F).

This is not how we first discovered these Lagrangians. The first hint we had was when
looking at the EFT of DE and realizing that, at linear order, one could be more general
than Horndeski theories: we had an additional parameter a7 in eq. (2.19) that accounted
for a deviation from Horndeski, while keeping the right number of DOF. We then built a
non linear theory that respected this property. Therefore, when we first wrote it, it was
in the context of the EFT of DE and as such it was in unitary gauge. Using eqgs. (2.4)
and (2.13), the Lagrangians (3.19) and (3.20) can be recast into:

Ly = A4, X) (K? — K, K") + Ba(¢, X)R ,

14 14 14 1
Ls = As(¢, X) (K® = 3K K, K" + 2K, K" K"} + Bs($, X)K* <RW - 2h,WR> :

(3.22)
where
Ay = —By +2XByx — X2F4 ,
XB (3.23)
as = KB | i,

This yields the expression of the Horndeski Lagrangians in terms of 3+1 quantities in
the case Fy = F5 = 0, which was first derived in [GLPV1]. On top of making the
connection with Chapter 2 easier, these expressions are going to allow us to prove that
the theory has no extra DOF. In order to do so, we will specialize to the case where the
scalar field is spacelike, so that we can go to unitary gauge.

One could rightfully argue that proving the soundness of the theory under this assump-
tion does not guarantee it will hold on a different background. This is indeed true.
However, it is a necessary condition and under this assumption one can actually say
something quantitative about the number of DOF. Moreover, the fact that it also re-
duces to galileons in Minkowski is a strong signal that the theory is safe around any
background. I will give a purely Lorentz invariant proof in a following section, which
relies on knowing a priori a transformation of the metric that maps subsets of G2 onto
Horndeski.



25

3.4 Hamiltonian analysis

In unitary gauge, the proof is very general and is based on a Hamiltonian analysis. We
are back to using the metric whose line element is

ds* = —N?dt* + h;j (dz' + N'dt) (dz’ + N7dt) . (3.24)

Moreover, in this gauge, the extrinsic curvatures in eq. (3.22) take their usual 3+1
expression

1 7.
Kij = IN [hij — DiNj — Dsz} ) (3.25)

and again, the other components are not needed (see eq. (2.9)).

To prove that there are no extra DOF, I will use a Hamiltonian analysis, that will allow
me to count the number of DOF. The case is actually quite similar to the standard
counting of DOF in GR, starting from eq. (2.12).

The first step is to compute the conjugate momenta of the “position” variables (N, Ny, h;j)
in order to write the Hamiltonian as a function of the twenty canonical variables (N, 7y ),
(Ng, k), (hij, mi;). Since the lapse and the shift do not appear with time derivatives,
their conjugate momenta vanish

=0, m =0, (3.26)
and their EOM will yield constraints.

The Hamiltonian is defined as
H = /dgi" [ﬂ'ijhij — £:| . (3.27)

What is left to do is to invert the relation between hzy and m;;. This can be done
explicitly in the case of L4. However, in the case of L5 the relation between these two
quantities is not linear: expressing hZ] as a function of m;; requires taking the square
root of a matrix. Therefore, even though the inversion is locally well defined, one cannot
get an explicit expression (see Article F for a discussion on the matter).

After this inversion in the case of Ly (3.19), the Hamiltonian can be put in the form
H= / &*7 [NHo(N) + N'H;] | (3.28)

with '
Hi = _2Dj77]i7 (329)

1 o1
= gen —222) _ R B,®
Ho = Y <7rzj7r 27?) V'h By R,

Ay =—By— NByy — F}.

(3.30)

The last equality stems from eq. (3.23) in unitary gauge, where X = —1/N? (choosing
¢o(t) = t). The Hamiltonian of GR has exactly the same form, with By = —Ay =
1/(16mw @), implying that Hg is independent of IV, which is not the case in general.
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To count the DOF in a constrained system such as the one described by eq. (3.28), one
has to sort the constraints according to their class in Dirac’s terminology. A constraint
can either be first-class, which implies that its Poisson bracket with all the other con-
straints vanish, or second class otherwise. Although these definitions are quite technical
for the unfamiliar reader, let me distill their relevant properties. First class constraints
are particular constraints that are in general associated with gauge freedom. This is
why, on top of eliminating one variable, the freedom associated with the gauge removes
an additional variable. The statement is thus that a first class constraint removes a full
DOF (which corresponds to a couple of canonical variables). Second class constraints
however do not stem from gauge freedom and as such remove only half a DOF (see for
example [47] for a discussion on constrained Hamiltonian and number of DOF).

In the case of GR, all the constraints

0H o0H
7'(']\/:07 87N:%0:0’ 71'1‘:07 ON;

=H; =0, (3.31)

are first class (this is actually guaranteed by the fact that N and N; only appear linearly
in the action). This can be understood because, even though a specific foliation is chosen
to decompose the Ricci scalar in 3+1 quantities, this foliation is completely arbitrary.
Therefore, the time gauge freedom is still maintained in the action and IV is the variable
that enforces it. The same can be said about the spatial gauge freedom and N;.

The counting can then be done as following: there are two constraints for (IV,7y) and
six for (IV;,m;), each removing a full DOF. This leaves two DOF out of the naive ten,
which are the two polarizations of gravity waves.

In the case of G3, the only difference is that the constraints associated with (N, 7x)

OH
are in general second class and remove only half of DOF each. Technically, this is
because in general Hg depends on N. More intuitively, this is just the expression that
the time diffeomorphism invariance is broken by the choice of the unitary gauge, which
represents a specific choice of time given by the scalar field.

However, as we discussed in Section 2.1, the action is still invariant under spatial diffs,
so the six constraints for (N;,7;) remain first class. Actually, it is not exactly H,; that
is first class, but rather H; + my0;N (see for example [48]), which is actually the total
momentum constraint that would appear for GR plus a scalar field.

The counting therefore yields three DOF, which are the expected tensor (two) and
scalar (one) modes. Contrarily to what could have been thought naively, no extra DOF
appears in the theory. Notice that imposing the Horndeski conditions (3.23) does not
yield anything special in this formulation.

Nevertheless, the simplicity of the unitary gauge action hides the fact that the La-
grangians (3.19) and (3.20) are quite peculiar. Two things should be kept in mind.

e The counting of DOF could have yielded four. For example, if one were to simply
detune the functions G4 and G4x in eq. (3.19), when going to unitary gauge the
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action would contain terms in NK. Indeed it can be checked using eq. (2.4) that
(06)% — $ud*” > =2V, XKn# o« NK | (3.33)

since X o< 1/N? in unitary gauge. In this case, 7y # 0 and one can invert
the momenta to write N and hza in terms of 7y and mj?’. Then the equations
associated to N become dynamical: they are no longer constraints. The only
constraints that remain are those for IV;, which remove six of the ten initial DOF:
an extra mode appears, which is a ghost according to Ostrogradski’s theorem.

e The proof in unitary gauge could be extended to any Lagrangians that depends on
arbitrary combinations of the extrinsic curvature, see for example [50]. However,
as soon as they do not appear in the specific forms of egs. (3.19) and (3.20),
the theories do not reduce to galileons in flat space. As I mentioned above, this
means that they potentially develop ghost like DOF when the unitary gauge is not
defined, i.e. when the scalar field is not spacelike. As such, they might be Lorentz
violating theories, which is what happens for Hotrava-Lifshitz gravity [51, 52].

3.5 Field redefinitions

A well known situation where Ostrogradski’s theorem does not apply even though higher
derivatives are present is when there exists an invertible mapping between a theory and
one that is healthy (see e.g. [53]). The term invertible is here taken in its formal math-
ematical definition: the mapping must be a bijection between the two set of variables.

In particular, in the case of a single variable ¥ mapped to 1;, the transformation cannot
involve derivatives of the field: the “inversion” is always defined up to integration con-
stants, implying the mapping is not injective. This means that one cannot remove the
extra DOF associated to a term in ¥(">2) by defining a new variable 1& = (=2 The
extra DOF are just hidden in the solution of the equation for ¢ in terms of ¢. This is
yet another way of saying that when there is only one variable, there is no room to play
with degeneracies: Ostrogradski’s theorem always applies.

However, as soon as more variables are at play, the situation changes. For example, a
transformation of the form

(R

) (3.34)
¢1 — P2+ 2,

is invertible, since there are no differential equations to solve to express the new variables
in terms of the old ones. Thus, the Lagrangian

N (3))2
> g2 Y
L=—2 -2 4y () - ) (3.35)

3The last statement is essential. Indeed, there exist situations where my # 0 but the Lagrangian
is too degenerate to allow the inversion of the momenta, so that there is actually no extra DOF. See
Article F and [49] for examples of such a case.
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has the same number of DOF as the standard free field Lagrangian

12
P o

since they are related by eq. (3.34).

One can also see this in a way similar to eq. (3.17) since the EOM derived from the
Lagrangian (3.35) are

i+ 08 + 9 =0, (3:37)
which are equivalent to . .
By =0, ¢y=0. (3.39)

It turns out that in the case of G3, we found a way to write this mapping, when restricting
to the case of either (3.19) or (3.20), but not when both are considered at the same time.
The key is to use disformal transformations [54], such as

gui = Q(¢7 X)2g/w + F(¢7 X)Qbu(bu )
p=¢.

For most choices of €2 and I' this transformation is invertible in the sense I defined
above, since no differential equation needs to be solved to express the original quantities
in terms of the tilde ones. It was shown [55] that when the functions £ and I" do not
depend on X = ¢,¢*, this transformation leaves the structure of Horndeski theories
invariant. By thls I mean that when performing such a transformation on the whole
theory L = Za 9 Lq, one gets a Lagrangian L= Za 9 Lq, where L, and L, are of the
forms (3.10)—(3.13), but with different functions Gj.

(3.40)

Once the functions 2 and I' are allowed to depend on X, the Horndeski form is no
longer preserved. In particular, when focusing on the case where only I' depends on
X, we showed in [GLPV3] that the transformation creates a bridge between Horndeski
theories and G3. More precisely, when considering

Guv = G = X (0) g + T (6, X) ¢ S0, (3.41)

the geometrical quantities above change as?
R— Q%R, (3.42)
K Ko (3.43)

g
o2 TX

Since the extrinsic and intrinsic curvatures transform differently, the function of (¢, X)
in front of the two different parts of the Horndeski Lagrangians, e.g.

Ly = (By — 2XBax) (K? — K, K™) + Ba(¢, X)R | (3.44)

Tt is easier to see the effect of the transformation (3.41) on these quantities than directly on the
scalar field and its derivatives. However this can be done, see for example [49].



29

will be modified differently. The freedom in I'(¢, X) allows to detune these functions,
leading to the case of eq. (3.19) with arbitrary A4 and By. Conversely, if one starts from

L = Asg(¢, X)(K? — K, K') + Ba(¢, X)R, (3.45)

and performs a disformal transformation with I' solution of

A4+ By —2XByx

'y = 3.46
the resulting Lagrangian belongs to the Horndeski class
L = (Bs— 2XB,g)(K? — K K™) + By(¢, X)R. (3.47)

The same reasoning can be made for the case of Lz alone. However, in general it is not
possible to choose I' to put both Lagrangians in the Horndeski form. Indeed, there is
only a single free function of (¢, X), which is not enough to eliminate the two functions
Ay and Aj from egs. (3.19) and (3.20) simultaneously.

What about introducing a new function of (¢, X') by giving a X dependence to Q7 By
considering such a transformation, one not only goes out of Horndeski theories, but out
of G3 as well.

If one were to use a structure involving second derivatives of ¢ in eq. (3.41), those
would have to be covariant and introduce first derivatives of the metric through the
Christoffel symbols. In principle, this means that the transformation for the metric
becomes differential and would not conserve the number of DOF. We have not been
able to find a field redefinition that brings the full action Ly + Ls to Horndeski. The
very existence of such transformation is not guaranteed. This is where the strength of
the Hamilonian analysis is manifest: it is a standalone procedure and does not rely on
exterior knowledge.

One could argue that since the theory can be mapped to Horndeski, the two theories
are equivalent. However this is not the case, in particular in the context of late time
acceleration. Indeed, the Universe is not just described by gravity plus a scalar field;
the matter sector has to be accounted for. When changing the metric in a way similar
to eq. (3.41), the matter sector also changes: a coupling to the scalar field is introduced.
This implies in particular that the stress energy tensor of matter is no longer conserved
(this is similar to Brans-Dicke theory [24]) and has consequences already at the linear
level.

3.6 Linear analysis and coupling to matter

In order to study the stability conditions and to see how the presence of matter affects
the theory, I now turn to the linear perturbations. For that, I will rely on the formalism
of Chapter 2. Indeed, the Lagrangians (3.22) are particularly adapted since they already
are in terms of geometrical quantities. The main difference with Horndeski will come
from the presence of ay in eq. (2.19). I will show in this section how this brings a
non standard derivative coupling between matter and the scalar field, which affects the
propagation of matter perturbations. This also means that, contrarily to the standard
idea of the Jeans phenomenon, gravity’s effect will not be negligible at very small scales.
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3.6.1 Stability and ghosts

What I have proven with the Hamiltonian analysis in section 3.4 is the absence of extra
DOF. One might still be worried that some of those DOF are ghosts. In order to
conduct an explicit analysis similar to the one of section 2.4 in the presence of matter,
I will describe the latter as a scalar field o(t,Z) = 0¢(t) + do(t, ¥) with a non standard
kinetic term, that is

Sm = /d4a:\/—g P(Y,0), Y =g¢"0,00,0. (3.48)
This is enough to describe a perfect fluid, characterized by the stress energy tensor

TIU/ = (pm + pm)uuuy - pmguu ) (349)
0,0

pm=P, pn=2YPy—-P, u,= (3.50)

-

This choice allows to have a non trivial sound speed, given by c2, = Py /(Py — 263 Pyy)
[56].

What will interest us for stability is the kinetic mixing between the variable ¢ in eq. (2.34)
and the gauge-invariant variable Q, = do — (69/H)(. The presence of ay # 0 or matter
does not modify the quadratic action for tensors, so the conditions will be the same
as in Section 2.4. Once the constraints are solved, the kinetic par tof the quadratic
Lagrangian (that is, the one where each field is derived once) is given in Fourier space
by the matrix

2 \Alapw? — &, (ap — an)k? —2Pyc; 2 (w? — 2 k?) ’

with )
20‘0Py

A= CHE(1+ap)

(3.52)
L & and /jacac are functions of the paramaters «,, whose expressions are not very useful
here, but can be found in section 5.2 of Article F. In order to get the no ghost conditions,
the positivity of the eigenvalues of the time kinetic matrix (i.e. the above matrix with
k = 0) is required. This leads to the conditions

ag +60% >0, Pyc,2=Py+2YPyy <0. (3.53)

The first one is the same as in Section 2.4, while the second is the standard condition
for k-essence. Once again, we can see here that the case of Horndeski is in no way
special regarding ghosts, since ay does not appear in the conditions. Nevertheless the
sound speeds are modified, which changes the conditions to avoid gradient instabilities
of egs. (2.38). To see this, one first needs the dispersion relations. They can be obtained
by requiring that the kinetic matrix is singular, implying that its determinant vanishes

2
(W? = A kD) (W? — &k = (2 — &) (1 j_q;H> w?k?, (3.54)
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with )
* H2M? ag+6a%

(3.55)

2

This equation has two solutions, w? = ¢%. To avoid gradient instabilities, we require

that ¢3 > 0.

One can see that when restricted to Horndeski, ay = 0, w? = 2 k? is a solution of
this equation and matter perturbations propagate at their usual sound speed. This is in
itself not completely trivial, since the presence of ap induces a kinetic braiding, which
brings off-diagonal terms in (3.51).

When apy # 0, this mixing has a stronger effect: the presence of the scalar field ¢
modifies the sound speed of matter. Thinking back to the standard Newtonian picture
of the pressure perturbation, dp = c2,dp, this means that the scalar field act as additional
pressure contribution. This will be clearer in Newtonian gauge, where the scalar field is
explicit.

3.6.2 Newtonian gauge and Einstein frame

As I have said before, the Newtonian gauge is more appropriate to discuss the EOM,
particularly in the Newtonian (small scales) limit. Therefore, I reintroduce again the
scalar field thanks to the transformation

t—t+n(to), (3.56)
and parametrize the scalar part of the metric as
ds? = —(1 4 2®)dt?* + a(t)*(1 — 20)d;dx"dx’ . (3.57)

In the action in terms of w, ® and V¥, even the kinetic part alone is very involved.
This makes the analysis of the propagating DOF rather complicated. However, very
much alike the case of Brans-Dicke theory, one can do a field transformation at the
level of the metric potentials that puts the gravitational part of the action in a simpler
form. By extension of the Brans-Dicke case, where such transformation leaves only the
Einstein Hilbert term for gravity, I will call this new frame the Einstein frame. The
Einstein metric is related to the original Jordan metric (i.e. the metric to which matter
is minimally coupled) through

1+ag 14+ an 1+ap aH
dp = — Hm — ,
ag —Aap
Vp=¥V+4+ ——Hm.
E + 1+ g T
In terms of these variables the kinetic part of the EFT action reads
H2 2
S = / d4xa3M2{a2 (er _ 2V )
2(1+apn) a (3.59)

1+ ar
(12

— 302 + [(VUg)? —2VOpV ] } .
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The new metric variables are not derivatively coupled to the scalar field, making trans-
parent the kinetic structure of the theory. Notice that when apy # 0, &g contains a
derivative of . This comes from the fact that in terms on the original variables ® and
W, the quadratic action contains a term in VUV, which is exactly the term leading to
higher derivatives in the EOM. In this new frame however, the equations are explicitly
second-order.

This is reminiscent of Section 3.5, where field redefinitions were used to map the theory
with higher-order derivatives to one with only second-order EOM. And indeed, we proved
in Appendix C of Article F that the term in 7 in eq. (3.58) arises exactly because of the
X dependence of T in eq. (3.41).

This transformation also has an effect on the matter sector. In the Jordan frame, the
matter action contains an interacting part

1
Lint = 500, 0T" = —(®8pm + 3V0pp) , (3.60)

which is the standard one for minimally coupled matter. However, when working with
the Einstein frame metric, a coupling between the scalar field and the matter perturba-
tions appears explicitly. If agy = 0, the coupling is of the form

Lint D C’/T(Spm R (361)

where C is a function of time, not important for the present discussion. The stress
energy of matter is not conserved and we have the schematic set of equations

- V265 pm \&
5pm — 67271 a2p + CmT; ~0 s (362)
v2
i — 5372” — Cybpm ~ 0, (3.63)

where the symbol &~ stands for an equality in the limit & > aH/c,,. This means that,
qualitatively, V2m ~ dp,, (very akin to the Poisson equation of GR), which translates
into a non derived term in eq. (3.62). This is negligible compared to the other terms at
small scales, just as for the Jeans phenomenon in GR.

If now ay # 0, eq. (3.58) implies the presence of a coupling

afg

Ling D —
int 1+aH

T pm, - (3.64)

The equation for matter contains new derivative terms which are relevant at small scales
k > aH/cy, since the system scalar plus matter then obeys

. V26 ag Vi
Som — G ™ — () T R0,
a l4+apg a (3.65)
fr—éQVZﬂ-—aH(l—i_aH)&'p ~0
5 a? aH?2M? m '

The dispersion relations that one gets from this set of equations are exactly the same
as in eq. (3.54). One can see from the second line that now V2’7T"N 0p,,, which, when
plugged back into the matter equation, adds a contribution to dp,,. This cannot be
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ignored when going to smaller and smaller scales, contrarily to the Horndeski case. Here
is yet another proof that Horndeski and G? are not equivalent even though connections
do exist between the two.

Let me end this section with a small comment on the notion of frames that I used here.
The field redefinitions (3.58) are simply a convenient way of seeing the mixing of sound
speeds. In a sense, it is a sort of diagonalization of the kinetic matrix. There is not
more information in the Einstein frame than in the Jordan frame and if one were to get
down to observable quantities, the results would be the same.

3.7 Conclusions

In this chapter, I introduced theories beyond Horndeski, that we dubbed G3. These
theories can be seen as alternative covariantazition of the flat space galileons [43]. As
such, they are guaranteed to be ghost free in Minkowski space. When going to curved
space, the EOM get in general terms with three derivatives, which could be worrisome
for stability. However, a careful Hamiltonian analysis shows that these theories are
stable, since they exhibit only the three DOF contained from the beginning.

Links with Horndeski theories can be made for subclasses of G? via field redefinitions of
the disformal nature (see eq. (3.41)), but they cannot be used to map the full G* onto
Horndeski. From a cosmological perspective, a new behavior is uncovered when matter
is added to the picture, with novel features such as a mixing of sound speeds. Moreover,
it was argued in [57] that, even with screening mechanisms, the time variation of the
Planck mass coming from the non minimal coupling to the Ricci in eq. (3.12) cannot be
hidden. Since one can choose By constant in eq. (3.19) and still get a quartic galileon
structure from the second piece, this might be a solution to alleviate this problem.

The community has started to turn its attention to these models. For example, the
non gaussian features that arise from these new theories have been explored in [58] and
the screening mechanism was studied in [59]. The latter is different from the one in
Horndeski theories which might have an effect on the formation of stars, as shown in
[60] and [SYMGD)].

On a more general note, the considerations developed here shed light on the unwarranted
theoretical prejudice on higher derivatives. The assumptions in Ostrogradski’s proof are
precise and they do not exclude completely their presence in the EOM. These sort of
theories need to be thoroughly analyzed before being discarded.



Chapter 4

Predictions for primordial tensor
modes

Even though the detection turned out not to be of primordial origin [61], the BICEP2
results had the merit of putting the study of tensor modes in the spotlight by showing
that the sensitivity for B-modes is reaching the levels of what is expected from theories.
So far, most of the attention has been devoted to scalar perturbations, since those are the
ones that give rise to the temperature anisotropies in the CMB. Although more easily
connected to observations, the scalar sector is much more complex. The predictions for
the power spectrum depends on many parameters, such as the speed of sound for the
scalar, or the shape of the potential. This means that it is difficult to use temperature
measurements to put robust constraints on models of inflation. The situation is even
worse, since the almost scale invariant spectrum that Planck observed can be produced
without having inflation [62].

Tensor modes on the other hand are much simpler from a theoretical point of view since
their power spectrum depends only on the energy scale of inflation. Using the Effective
Field Theory of Inflation (EFTI) framework [12], I am going to show in this chapter
that these predictions are very robust, contrarily to the scalar case.

4.1 Tensor sound speed and quadratic action

The EFTI, from which the EFT of DE in Chapter 2 is inspired, describes inflationary
perturbations in unitary gauge. This specific time slicing breaks the explicit invariance
under time diffs and velocities are no longer forced to be unity, as we have seen in
Section 2.4. In particular, when the scalar sound speed is non trivial, the (dimensionless)
power spectrum of the curvature perturbations ¢ has an expression that depends both
one=—H /H? and c,. Since this expression is estimated at horizon crossing csk = aH,
any time dependence can be related to a scale dependence. Therefore, in general, the
scalar spectral tilt is
Qg 13 Cs

n5—1:—26—n—ﬁ, M= g0, A= _. (4.1)
S
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It was argued for example in [62] that one could get nearly scale invariance, ns — 1 < 1
without having slow roll inflation, ¢ < 1, by a proper choice of sound speed. Thus,
measurements of the scalar tilt cannot distinguish between inflation and other scenarios.

For gravity waves, the situation is somewhat different. It is true that the tensor sound
speed can be modified. When considering the EFTIT action

2
S = / d4x\ﬁ—g@ [<4>R — 2(H +3H?) +2Hg" — (1 — c72(t)) (0K 0 K — 5K2)} :

(4.2)
and parametrizing the tensor perturbations v as
hij = a’e®()i;, i =0= 05 , (4.3)
the quadratic action for tensors reads, using eq. (2.9),
M3 . (Okij)*
Syy = % /d4:ca30T2 [%2] - C%TU . (4.4)

The only other way to modify the tensor sound speed would be with a term in ®)R (that
contains spatial derivatives of the metric), but this is equivalent to the case of (4.2)
since the two are related by the Gauss-Codazzi relation eq. (2.13). One can compute
the tensor power spectrum associated with eq. (4.4). For this, we do a change of variable
dy = epdt/a
M3 ~1/2

Syy = —H /d?’xdy q2 |:(’Yz{j)2 - (ak’Yij)Z:| y G =acp / ) (4.5)
where a prime denote the derivative with respect to y. One can decompose the helicity
modes in Fourier space as

d3k s s —ik-@
Yij :/(2”)325:7’;%6 ; (4.6)

. . . . /
with the polarization tensors efj normalized as efjefj = 4§,y where s,s denote the

helicity states. Defining a new variable vL = qyé we get the standard equation

v+ /c2—q—// ve =0 (4.7)
E q k_ . .

As usual (see e.g. [63]), if and only if one has ¢ ~ y~! does one get a scale invariant
power spectrum, given in the small k£ limit by
1 1 -1 (H —ay/2)?

Vs) = 2m)30(k + K)o g5 0ss = (2m)38(k + K) o5 by, (4.8
< k k‘> ( ) ( )2k3 MlgquyQ ( ) ( )2k3 MgICT ( )

where ay = ép/cr and T used the scale invariance condition (gy)’ = 0 to express y in
terms of H, oy and cp.

A priori one might be worried that the situation is the same as for the scalar. However,
what we showed in [CGNV] is that, through a disformal transformation plus a conformal
one and a redefinition of time, one can always write the action in a form that is standard
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for the tensor modes, namely
- M?2 ~ B - I3
S = /dtd3x\/—§2m{(4)R —2(H +3H?) +2H7"
oNF 3 2 aof. % 1, —55\ 2

+ 2(1—CT)H—§a5—cT 045+Ha5+§a5 ><<1— —g )

+ 20, 5[((1 - \/—gOO) } , (4.9)
where tildes are to distinguish the quantities from those in the original frame. In this
action, only the Ricci scalar (YR contributes to the quadratic action for -y, which is the

same as in GR. The rest only modifies the scalar sector. Therefore, in this frame the
tensor power spectrum is the standard one

(virs) = (2m)36(k + K) g5 17 0ssr | (4.10)

There is of course no contradiction with the result in the original frame, since when
going through all the transformations, one can see that

H=c;'*(H-a/2). (4.11)
The tilde frame has the advantage of having a constant Planck mass (i.e. the normal-
ization of the quadratic action), making the connection to the present Planck mass (and
therefore present observations) clearer. Contrarily to the case of Chapter 3, there is

no matter during inflation that would couple differently after disformal and conformal
transformations.

From eq. (4.10), one can compute the tensor tilt np, which has its usual form in the
tilde frame

(4.12)

but has a more complicated relation to the H given by eq. (4.11).

In particular, one can choose the variation of the tensor sound speed such that the tilt is
blue, np > 0, without violating the Null Energy Condition (NEC) for a FLRW universe,
which is H < 0. Violating this condition usually leads to instabilities [64]'. Therefore,
in the original frame, one can have nr > 0 without instabilities.

In the tilde frame, having ny > 0 really implies H > 0, i.e. violation of the NEC.
However, the system is still devoid of instabilities, because the terms in the last two
lines of eq. (4.9), in particular the one in 6K 5g%, are going to contribute to the kinetic
energy of the scalar field. Indeed, this term gives a non zero ap in the language of
the EFT of DE, which means the no-ghost condition is modified by its presence (see
eq. (2.38) and also [65])

Thus, one can without loss of generality assume that the tensor quadratic action comes
only from the usual 4D Ricci scalar. We went further in the comparison between the
two frames and proved also that the non-Gaussianity was the same in both. This means

'The idea is that if H > 0, the kinetic term for the scalar field in eq. (4.2), which is —¢°° has the
wrong sign (in the sense of Section 2.4).
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that it cannot be enhanced by a non trivial speed of sound, which is the case for scalars
[63] and was claimed for tensors in the literature.

4.2 Other operators

In the previous section, I explained that the quadratic action for tensors can always be
cast in the standard form, i.e.

M2 i 2
s, = 2B / d*za® [ﬁ - (a,m)] . (4.13)

a2

This statement holds as long as one does not consider higher derivatives terms?. In
an effective field theory approach, which is assumed to be the low energy limit of a
more complex theory, one expects generally higher derivatives terms to be suppressed.
Therefore, they can be treated as small corrections to the power spectrum (4.10). Only
two terms are possible (they need to respect the spatial diffs invariance, just like for the
EFT of DE), both of them violating parity

e 0 €700 j1Om i - (4.14)

The contribution of an arbitrary combination of the two to the quadratic action is
M?2 1 [a ;. B .
- é;l/d4$m7 [A€Uk8ﬂ}l’>’l/k + KEUkaiam’leam’Ylk ) (4.15)

where a prime denotes here the derivative with respect to the conformal time n = [ dt/a,
« and [ are dimensionless coefficients and A is the scale that suppresses these higher
dimension operators. In order to get an idea of the corrections that this brings to the
power spectrum, I will take the simplest case, where o and § are constant. In addition,
I will assume that they are indeed corrections, namely that the scale A is much higher
than the energy scale of the problem, H. Then, to compute the power spectrum, we
can treat (4.15) as an interaction term and use the in-in formalism [66]. In the late-time
limit, n — 0, the result does not depend on « and the power spectrum is modified to

- . H? T H
+,. £ 3 !
Ty =02m)0(k+ k) ——=(1+8=-— ) . 4.16
() = P8+ R gy (1265 ) (1.16)

Such a parity violating power spectrum would yield non zero T'B and F B power spectra
in the CMB polarization. The authors of [67] quote the detectability of parity violations
of order one in the power spectrum with future experiments, which is probably far from
what is expected here.

Finally, another way to modify the standard predictions for tensor modes is to change
the non-Gaussianity by introducing cubic terms in the EFTI Lagrangian. Since we
cannot construct operators with explicit underived ~ that respect the 3-D symmetry,
the lowest order in derivatives is two. The only two operators that one can then construct
are 0K;j0 K 7 and ®)R. We have seen in the previous section that they can always be
reabsorbed in the Ricci scalar by suitable transformations. The only other way is to

2With two derivatives, only the terms in eq. (4.13) can appear, the other possibilities being total
derivatives.
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pay the price of an additional derivative and consider operators such as 6 K;;0 K k5K kj .
However, they should be suppressed with respect to lower derivatives terms and only
bring small corrections to the correlator (yvy7). The same sort of reasoning can be made
for the correlator (y(() which, at lowest order in derivatives, can only come from the
term ¢g%. On the other hand, it is hard to say anything definite for (yy¢) which can be
enhanced by operators such as 0 K;;j0 K USN.

4.3 Conclusions

By use of field redefinitions, I have shown that one can always put the quadratic action
for tensor in the standard form. In particular, the sound speed of tensor can always be
set to unity. Physically, this makes sense, since in the absence of matter like in inflation,
the benchmark for velocities is the one of gravitons. It means that the power spectrum
for gravity waves is always given by the simple form of eq. (4.10). This is heavy with
consequences. First, it means that the amplitude of the power spectrum directly gives
the energy scale of inflation. There is no degeneracy with the shape of the potential
or the sound speed as for scalars. Second, this implies that measuring a scale invariant
power spectrum can only mean that H is almost constant, i.e. that there was a period
of inflation.



Chapter 5

Consistency relations of the large
scale structure

The CMB is great source of observational knowledge in cosmology and it is has been
extensively used, in particular by Planck [1]. To obtain even more information on
cosmology, the next step is to rely on the large scale structure, via galaxy surveys for
example. This has two main advantages. First, contrarily to the CMB which is a 2-D
surface, galaxy surveys span the full 3-D space, which greatly increases their statistical
power. Second, they probe the late time universe, where the effects of dark energy
are expected to be the strongest, which means more constraining power. However, even
within ACDM+GR, it is still hard to make accurate late-time predictions at small scales.
Indeed, if for the CMB the physics is well described by the linear regime, at late-time
the structure has grown into the non linear regime, which means a breakdown of the
usual perturbative tools. Moreover, if the dark matter distribution can be predicted
through N-body simulations for example, this cannot be said for galaxies. The problem
is that galaxies are what we observe when doing those experiments, so that one needs
models to relate their distribution to that of dark matter. This limits the theoretical
control we have on predicting the galaxies’ distribution.

Fortunately, there exist testable relations that do not rely on a specific description of
the small scale physics. One such example are consistency relations of the large scale
structure [68-70] (see also [66] for inflationary consistency relations). They allow to
make a bridge between (n + 1)-point and n-point correlation functions in the limit
where one of the fields, called the long mode, varies much less than the others. Their
strength resides in the fact that very little information on the physics of the short modes
is needed, which can in principle be in the non linear regime. Moreover, these relations
are very robust since they are based only on two assumptions: the Gaussianity of initial
conditions and the validity of the Equivalence Principle (EP). The later is particularly
interesting for the late-time universe, as some models for dark energy involve a fifth
force that may break the EP.

In the first part [71] of a series of three papers, these relations were derived for the
large scale structure including relativistic corrections. This is necessary if one wants to
follow the evolution of the modes from inflation to now. In the second part [CGSV1],
that I will present in this chapter, we focused on the non relativistic case to include
a resummation of infrared effects, as well as a generalization to redshift space, where

39
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observations are made. Then, I will discuss the last part [CGSV2] where we proposed
to use these relations to test the Equivalence Principle.

5.1 Deriving consistency relations

When the EP is satisfied, i.e. objects respond identically to gravity, only second deriva-
tives of the gravitational field are important. Let me work in conformal time and
decompose a gravitational field ®;, as

1 o
@L(n,f) = ‘I)L‘o + 8¢<I>L\O '+ 5 8,-8]@L|0 ') + ... (51)

The first two terms of the r.h.s. can be removed by an appropriate change of coordinates
which corresponds to going to the accelerated frame in the elevator argument of Einstein.

The last term, however, is physical, since it is related to tidal forces. In the non relativis-
tic limit, a constant gravitational field has no effect, so that I will focus on the constant
gradient term 0;®r|,. In Fourier space, this can be though of as ®1(¢) with ¢ — 0. To
remove this constant gradient, the following change of coordinates is performed

IS

—F4oE(n),  0F(n)=- / 3(77) i (5.2)

while time is left untouched. The velocity U7, satisfies the Euler equation in the presence
of the homogeneous force, whose solution is

7n() = —— / a(i) 91 (7) i (5.3)

If we denote by §(9) (#,7m) the overdensity in the galaxy distribution!, the EP guarantees
then that

(09(Z1,m) - 69 (T, )| L(F)) = (69 (T1,m) -+ 69 (T 1) Yo - (5.4)

The notation on the lLh.s. means that the correlation function is evaluated in the
presence of a constant gradient of @, while the subscript 0 on the r.h.s. signifies that
it is evaluated with ®; = 0. Note that in order for this relation to hold, the fact that
short and long mode are not correlated is essential. This is where the assumption of
Gaussianity plays a role.

The next step is to express the displacement dZ(n) on the r.h.s. as a function of an
overdensity. For this, one combines egs. (5.2) and (5.3) with the continuity equation
d' + V - ¥ = 0 to obtain in, Fourier space

— —

SE(d,n) = —i26(3,m) = —iq%D(n)%(q_) , (5.5)

where in the second equality we have defined D(n), the linear growth factor of density
fluctuations. dp(q) is a Gaussian random field with power spectrum FPy(p) which rep-
resents the initial condition of the density fluctuations of the long mode [72]. Finally,

'Note that this is for concreteness; the argument would hold for any type of overdensity.
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one multiplies each side by dr,, takes the average over the long mode and uses standard
results for Gaussian integrals. In Fourier space, this leads to

(a8 (m) -5 (m)) = —Pla.n) X2, BT (57 () - 67 (m))' | (5.6)

The primes denote that the delta function of momentum conservation have been re-
moved. Moreover the = signifies that this equality is valid in the limit ¢ — 0. Note
that, to derive this relation, dg is assumed to be small and obey linear theory, but no
assumption is made on the size of the displacement (5.5), allowing for

67|k
T~ =0z~ 1. .
|f q q (57)

This result is very robust: nowhere in the derivation does one need to specify anything
on the short modes except Gaussianity and EP. In particular, the divergence in %‘1 in the

r.h.s. disappears at equal time 7, = 1 because ), Ea = ¢. This can be understood more
physically as the following: when looking at correlations between a long and several
short modes, what we are really doing is measuring how much objects have fallen in a
constant gravitational gradient. The correlation at equal time corresponds exactly to
the case where we have waited for the same amount of time for each objects. Since
they all feel the same field, the displacement they made is the same and translational
invariance guarantees that the effect on the correlation is zero?. Only in the unequal
time case does one get a divergent contribution.

However, this case seems less reachable from an observational point of view. Indeed, for
the equal time correlators, we are basically comparing the positions at the moment we
see the objects with the positions we know they had in the beginning, since in cosmology
we know the initial conditions. For unequal time, we would have to observe the positions
at a given time and then wait different amounts of time for different objects. But since
they fall at velocities much smaller than the speed of light, they would not remain on
the lightcone and therefore become unobservable as schematically shown in Fig. (5.1).
Nevertheless, this is a good test for N-body simulations, where one is not restricted to
measurements on the lightcone.

Zs

v << cf

FIGURE 5.1: Galaxies getting out of the light cone for unequal time correlators.

The relation (5.6) can be generalized to the case of several “soft legs”, meaning corre-
lation functions with more than one long mode. The starting point is still eq. (5.4). If

2The consistency relation does not give exactly zero, because a long mode is not exactly a constant
gradient, but only an approximation.
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now one multiplies by m soft modes and repeat the procedure described above one gets
(6 (1) -0, (7). () -6 ()’ =~ (=1 Plq1,71) - Pl Ton)

E{n A l;:am m /
XZ D((Tl)) q% Z D((Z'm)) q?nq <5(g)( 1) 52‘?(%» .

(5.8)

a1
This results is valid in the limit ¢, < k; for all (a, b).

Let me reiterate that the equalities that I have just shown do not rely on any assump-
tions except the EP and the Gaussianity of the initial conditions. The long modes are
however supposed to obey linear perturbation theory, which is the case provided they
are sufficiently long (g, < 0.1AMpc~! at redshift z = 0).

5.2 Going to redshift space

The relation derived in the previous section were set in real space, or the Fourier space
associated with it. However, observations for galaxies are made in redshift space. In the
plane parallel approximation, the mapping between the two spaces is given by

dl
F=F+ 2z, H="r"
dn

(5.9)

where Z is the direction of the line of sight, v, = ¢'- 2 and ¥ is the peculiar velocity.
Therefore, one could worry that the consistency relations do not translate nicely in
redshift space, since one has to deal with peculiar velocities. As I will show, this is not
the case. The ingredient needed is to see how velocities are affected by the presence of
a constant gradient. This is straightforward, since we already used the Euler equation
to get that

0= v—0(n), UL(n) =—(67), (5.10)

with vy, given by eq. (5.3) and 0% by eq. (5.2). Thus, one can see how the redshift
coordinates change when removing a constant gradient of the gravitational field,

5 !
CENE I S U (5.11)
H
Using the form of the time dependence of 0% in eq. (5.5), this can be cast into
dln D
5 F4 0T fonz, f=Snt (5.12)
dlna

Then, to see how the density changes in redshift space, let me write its expression as

(5) = ma—3/d3pf (5— %2,17) . (5.13)
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where F(Z, p) is the real space distribution function. Therefore, the statistical properties
of p(§) are inherited from real space. In the presence of the long mode

m o Uz, RN -
ps(8)a, = ag/d?’p]-' (3 — §z+6x,p+am5v>
- m/d3p’f g0 0 s s ) = pu(5 4 69) o1

(13 H 9 S 9

and this relation does not depend on a fluid description, implying it is valid even at
small scales where shell-crossings occur. Using this, we can write

(69 (5),m1) - 69 (50, )| @L) & (8951 1) -+ 59 (5, m)) (5.15)

which is the redshift space equivalent of eq. (5.4), since I used the redshift space density
contrast (9%). The last step is very similar to the real space case, except for one thing.
To express everything in term of the redshift space quantities, one needs to relate g
contained in 07 (see eq. (5.5)) to 6(9%). Since this is for the long mode, one can use
linear perturbation theory to get [72]

619)(q,n) = (b1 + fuZ) D()do(a), ng=4q-2/a, (5.16)

where b; is the linear galaxy bias. Combining all of this, one obtains the consistency
relation in redshift space

)8 ,8 X sq’ na q k
(B oS ) - 60 () o — 2 ZD o L4 Kot S Oong i

by + fﬂ~
X (09 (1) - 09 (70

(5.17)
with p = p/p. Notice that, just as in the real space case, the divergence in the con-
sistency relation vanishes at equal times. This adds to the robustness of the results:
any deviation, even in redshift space, would be a sign of violation of the EP and/or
non-Gaussianity in the initial conditions [69]. In the next section, I will focus on the
constraints one can put on EP violations using these relations [CGSV2].

5.3 Violation of the Equivalence Principle

When the Equivalence Principle is not satisfied, one cannot remove the effect of a con-
stant gravitational field with a common change of coordinates. Indeed, in principle,
different objects feel differently the effect of a long mode, which is nothing more than
saying that objects fall at different rates in the same potential and in general, one expects
the bispectrum to be of the form

iy o535 (037 ) = (5574 01k ) PlamPastion), (618)

q—0 1

where € is (model dependent) parameter that characterizes the violation of the EP and
k= (ki —ka)/2.
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The situation is actually much more complicated than when the EP is satisfied, as can
be see in Fig. 5.2. On the right panel, the EP is violated, and object do no fall by
the same amount (represented by the red and black arrows) in a constant gravitational
field, contrarily to the left panel. Therefore, the distance between them changes in time
and the force that each object has on the other (gravitational and/or electromagnetic
if they are charged, represented by the blue arrow) changes as well. In general, this
greatly complicates the dynamics and no definite answer can be found for the form of e
in eq. (5.18).

Vo, Vo,

FIGURE 5.2: Two types of objects in a constant V®p,. € characterizes deviations from
EP, so that on the left, it is valid, while it is violated on the right.

This is why in [CGSV2], we chose a specific model, to serve as a benchmark for EP
violations.

5.3.1 A toy model

The idea is to consider the case of two species A and B, in the presence of an extra
scalar field ¢ that couples only to species B, for example through a conformal coupling
[36, 73, 74]. The setup is then

S+ V- [1+6x)0x]=0, X=ARB, (5.19)

for the continuity equations (the time evolution of ¢ is neglected). The Euler equation
for B contains the fifth force, whose coupling is parameterized by «,
Ty +Hoa+ (G4 - V) Ts = -V, (5.20)
Uy + Hig + (T - V) ip = —V® — aVp . (5.21)

Assuming that the stress energy tensor of the scalar field is negligible, ® is related to
matter densities through the standard Poisson equation

V20 = 471G pi 6 = 470G pr (wad4 + wEIR) , (5.22)

where pyp, is the total matter density and wx = px/pm. The final ingredient is a relation
between ¢ and the matter density. In the quasistatic limit, the equation for the scalar
field reduces to [74]

V2<p = a - 87Gpuwpdp . (5.23)

Then one applies the standard perturbation theory tools (see e.g. [75]) to compute the
bispectrum, assuming Gaussian initial conditions. For the mixed bispectrum, the result
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is

lim o (3(n)3% " ()07 () == Lwp a2 L P(q, m) PAP) (k,m) |, (5.24)

with § defined in eq. (5.22) and

(0o () =@r)*op(E+KIP(k) . 0 0ol () = @m)Pap(k + K) P (k) .
(5.25)

This corresponds to having € = %w pa? in eq. (5.18). Now that we have an explicit form

for the bispectrum BB (ky, ky, k3), defined by

(6, O )3 () = (2m)6p (Ry + Ry + ) BAP (k. ke ) (5.26)

I will show in the next part how one can use future galaxy surveys to constrain a.

5.3.2 Estimate of the signal to noise

To see how well this effect can be measured, I will present an estimate of the signal
to noise. Physically, this quantity measure how far the new bispectrum is from the
standard prediction, in unit of the expected variance. Technically, this translates into
the formula

2
SN2 [ B ko ks) = B (ko k)| .
(3) - 2 ABAB Rk, b, ko) ’ (520
the sum T being on configurations for El, Eg, /2,:3 that respect El + ]Zg + Eg = 0. Fur-
thermore, each k; is between kp, (given by the size of the survey ki, = 27/ v/ 3) and
kmax that signals when linear theory breaks down. I will take kyax = 7/(2R) where R
is chosen in such a way that linear density fluctuations of the matter field in a ball of

radius R have a root mean squared o equal to 0.5.

The variance of the bispectrum is given by (see for example [76])
A[BAP(ky, ko k) = K22 Pk P (k) PO (k) (5.28)
123

where I ignored the shot noise contribution to see what an ideal survey could probe.
Moreover, the bispectra are computed using perturbation theory in the full case (not
only in the squeezed limit ¢ < k) to gain access to more modes. To get the limit on the
detectability of EP violations in our model, one requires that the signal to noise (5.27)
is of order one. The constraints are shown in Fig. 5.3.
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FIGURE 5.3: Limits on a? for a survey with volume V = 1(Gpc/h)? at three different
redshifts, z = 0, z = 0.5 and z = 1. Left: Expected bound on a? as a function of
kmax. We have chosen ki, = 27T/V1/3 so that the violation of the EP extends to
the whole survey. Right: Expected bound on a? as a function of kmin. kmax iS given
by 0.10, 0.14, 0.19 A Mpc™* for z = 0, 0.5, 1 respectively. The dotted lines represent
a? <107%(m/H)?, i.e. the bound on a? from screening the Milky Way [77].

On the left panel, the constraints are compared with that for chameleon models derived
in Ref. [77] from requiring that the Milky Way must be screened. This yields

o? <107%(m/H)? . (5.29)

On the left panel one sees a improvement of the bound when increasing the redshift.
This comes from the fact that, when going back in time, structures are less formed and
the linear regime extends to larger k. This is why the choice of kpax increases with z.

Let me comment now on the applicability of such results.

First, it should be kept in mind that this is only a toy model, to get an estimate. The
form of € in (5.18) is model dependent and in general is different from the value obtained
in eq. (5.24). The robustness is really that e vanishes when there are no violation of EP.
However, the simple model gives an order of magnitude of what can be expected.

The next to leading order O[(¢q/k)°] is also very model dependent. If one wants to
use as much modes as possible and not restrict to ¢/k < 1, this form has to be speci-
fied. For example, a scale dependent bias gives in general contributions and one should
marginalize over it, which would deteriorate the constraints. Nevertheless, the peculiar
scale and angular dependences of the signal we want to probe give hope that this effect
should not be large.

There are two main scenarios for A and B where our model with a fifth force could
apply.

e Species A are baryons and B dark matter. While the absence of fifth force is well
tested on Earth for baryons [78], the dark matter sector is less constrained, even
though Planck already constrains a? < 1074 [79].

However, this situation is not ideal from an observational point of view: it is hard
to separate galaxies into baryons and dark matter, since they all have fairly similar
baryon to dark matter ratio.
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e The second scenario would be when A represents screened objects and B un-
screened. This is also challenging. Indeed, for chameleon theories, the requirement
that the Milky way is screened implies [77]

o® <107%(m/H)?, (5.30)

where m is the Compton mass of the chameleon. In this case kyi, can be iden-
tified with m, the inverse of the Compton wavelength of the chameleon. Fig. 5.3
shows that the condition (5.30) is already pretty restrictive, though for m 2
0.01 A Mpc™!, our constraints are better.

Another difficulty is that for galaxies to be unscreened, they need to have a smaller
gravitational potential than the Milky Way, while it is typically the opposite in
galaxy surveys.

5.4 Conclusions

On cosmological scales, there are few tests as robust and simple as consistency relations.
Using the Equivalence Principle as well as the Gaussianity of the initial conditions, one
can derive relations between the (n + 1)-point and n-point correlation functions, when
one of the mode is much longer than the others. This long mode is the only one that
needs to be dealt with explicitly (using linear perturbation theory), while no additional
information on the short modes is necessary. This means one does not have to worry
about baryons, bias, shell-crossing, etc, when using these relations, which makes them
very robust. In this chapter, I proved that this robustness extends further. Indeed,
they hold regardless of the size of the displacement caused by the long mode. Moreover,
they translate very easily in redshift space, where observations are made. Therefore,
by looking for potential violations of these relations, one can put constraints on non-
Gaussianity® [76] that will in the future surpass those from Planck [82].

For the late universe, they allow to test deviations from the Equivalence Principle, which
is a central property of ACDM+GR. Once the accelerated expansion is assumed to come
from a scalar field, this opens the gate to new couplings that may not obey this principle.

By means of a simple toy model, I have given the bounds on EP violations one can
expect from testing consistency relations in large scale structure. Although the bounds
are not competitive with local tests, I want to emphasize that this is a unique test that
probes the EP on cosmological scales. It is precisely at this scales that the laws of gravity
need to be modified to account for the acceleration and we do not have yet a definite
idea on how to do it. Thus, the model independence of this test makes it essential to
understand better our Universe.

3 Another promising mean of probing non-Gaussianity in the large scale structure is through scale-
dependent bias [80, 81].



Chapter 6

Conclusion

6.1 Summary

In this thesis, I have condensed what I thought were the most interesting results that I
obtained during my Ph.D. I have voluntarily left out a large part of the technical details
and focused on the physical origin of these results, as well as their impact.

In Chapter 2, I explained how we developed a very general parametrization for linear
perturbations. It is largely model independent since it is based mainly on symmetry
considerations inherited from the FLRW structure of our Universe. In this apronach,
the deviations from ACDM are given in terms of a minimal set of five functions of time.
These functions can be related to virtually every model of modified cosmology, but the
real strength of this approach is that it is not necessary to do so. Theoretical, as well
as observational [35] constraints can be put directly on these parameters, shaping our
understanding of linear cosmology without having to rely on a specific model.

By extending the stability conditions found in this chapter to the non linear case, we
devised a set of Lagrangians that go beyond what was believed to be the most general
stable scalar-tensor theories. I gave an overview of these new theories, called G2, and
their genesis in Chapter 3, along with a very general procedure that allows to identify
well posed theories. The main goal behind this work was to convince the community
not to discard every theory with higher order derivatives in their equations of motion.
In the case of G3, I have presented the unusual mixing that occurs between matter and
scalar perturbations already at the linear level, using the EFT of DE.

Turning now specifically to tensor modes, in Chapter 4 I have shown that their standard
predictions from single field inflation are very robust. In principle, the action for tensors
can be non standard because of the presence of an extra scalar. However, using field
redefinitions, I have shown that one can always return to the usual case at the linear
level. Even at the next order in perturbations, the choice of modifications is rather
limited. This means that the power spectrum is always given solely in term of the Hubble
parameter H, which represents the energy scale of inflation and that non-Gaussianity
cannot be enhanced. As a corollary, this proves that a scale invariant power spectrum
for gravity waves constitutes very strong evidence for inflation.

Chapter 5 was dedicated to an approach somewhat different from the others. It was not
focused on scalar-tensor theories per se, but rather on very robust tests called consistency
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relations. They are relations between correlation functions of the density contrast d;: in
the limit where one (or several) of the momenta becomes much smaller than the others.
To use them does not require any knowledge of the short scale behavior, where non
linearities and baryonic physics play an important role. They are very useful to probe
the non-Gaussianity in the initial conditions and/or the Equivalence Principle, that is
not always respected in alternatives to ACDM.

6.2 Outlook

While writing the thesis, I have also been working on extending the formalism of the
EFT of DE to the case where dark matter is non minimally coupled to the scalar field,
whereas baryons are only coupled to gravity (a sort of generalization of Section 5.3.1).
This scenario has been well studied in the literature, beginning with conformal couplings
of the form ¢ T, [36] and more recently disformal ones ¢,¢, T in [39] for example.
What is usually done in these studies is to assume that gravity is described by GR, on top
of which one adds a quintessence scalar field. The idea we had was to consider a general
conformal plus disformal coupling for dark matter (that is, g,,T"", with g, given by
eq. (3.41)) combined with modifications of gravity as in Chapter 2. In particular, this
brings two additional functions of time to the analysis, which are going to change the
stability conditions of Section 2.4 and the phenomenology discussed in Section 2.5.3.2.

Another possible direction of research is to investigate the equation for ¥, eq. (2.59),
which is the combination of Einstein’s equations into a single one. It would certainly be
interesting to solve it numerically. Even analytically, this should allow oneself to probe
the modifications of gravity in a regime where the quasistatic approximation starts to
break down. Bellini and Sawicki have started to look into this recently [31], where they
show that in general the quasistatic regime breaks down at the sound horizon, kcg ~ aH.
I think there are still much information that can be extracted from this equation, in
particular concerning relativistic effects.

The exploration of theories beyond Horndeski is just at its beginning. The goal would be
to find a necessary and sufficient condition for Lorentz invariant scalar-tensor theories to
be stable, that can be checked straightforwardly from the action. Requiring second-order
EOM does not fulfill all these requirements since I showed in Chapter 3 that it is not
necessary. The Hamiltonian analysis in unitary gauge of Section 3.4 also falls short, since
it is not a Lorentz invariant proof. Doing it from the covariant Lagrangian, i.e. without
choosing a specific gauge, is bound to be an extremely cumbersome computation, which
cannot be classified as straightforward. The existence of field redefinitions that map the
theory to a stable one, on top of not being necessary, cannot qualify as a straightforward
check either, since one has in general to guess a specific transformation for each theory.

Concerning more particularly our proposal, G3, people have started to look at its non
linear behavior [59]. It was shown that contrarily to the Horndeski case, where non
linearities allow to fully recover GR on small scales (through Vainshtein screening), in
G3 the gravitational potentials differs from that of GR inside sources, such as stars. This
was latter used in [60] to study the evolution of stars for a specific G3 Lagrangian. In
[SYMGD], we derived the very general modification due to this non standard behavior
in the Lane-Emden equation [83], that governs the profile of stars for a polytropic fluid.
In particular, we found a generic bound on the parameter ap of Chapter 2 for the
existence of physical solutions to this equation.
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Let me end with some considerations on consistency relations. The theoretical com-
munity has really shown a frank enthusiasm regarding these relations, as seen by the
number of authors that have recently published on the subject [84-87]. It has been
proposed to test the origin of magnetic fields [88], and as a mean to compute higher
order corrections to the linear power spectrum [89]. What I think would be interesting
is to check these relations in N-body simulations, where one is not limited to equal times
correlators, but can actually look at the r.h.s. of eq. (5.6).
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Abstract

We propose a minimal description of single field dark energy/modified gravity within the
effective field theory formalism for cosmological perturbations, which encompasses most existing
models. We start from a generic Lagrangian given as an arbitrary function of the lapse and of the
extrinsic and intrinsic curvature tensors of the time hypersurfaces in unitary gauge, i.e. choosing
as time slicing the uniform scalar field hypersurfaces. Focusing on linear perturbations, we identify
seven Lagrangian operators that lead to equations of motion containing at most two (space or
time) derivatives, the background evolution being determined by the time dependent coefficients of
only three of these operators. We then establish a dictionary that translates any existing or future
model whose Lagrangian can be written in the above form into our parametrized framework. As
an illustration, we study Horndeski’s—or generalized Galileon—theories and show that they can
be described, up to linear order, by only six of the seven operators mentioned above. This implies,
remarkably, that the dynamics of linear perturbations can be more general than that of Horndeski
while remaining second order. Finally, in order to make the link with observations, we provide
the entire set of linear perturbation equations in Newtonian gauge, the effective Newton constant
in the quasi-static approximation and the ratio of the two gravitational potentials, in terms of the
time-dependent coefficients of our Lagrangian.
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1 Introduction

Dark energy has now become a generic name that includes a huge number of models trying to account
for the present cosmic acceleration [1,2]. Given their proliferation, the confrontation of such models
with present and future cosmological data would be greatly facilitated by an effective approach that
can mediate between observational data and theory. Ideally, such a phenomenological approach
would provide an effective parameterisation that minimizes the number of free functions and deals
directly with the relevant low-energy degrees of freedom, which in our context are the cosmological
perturbations (together with the background evolution). A precise dictionary rephrasing the various
models into this common language would then simplify the confrontation with the data and point out
possible degeneracies between different theories. Within its unifying picture, this effective approach
should have the extra virtue of stimulating theorists to study previously unexplored regions of the
parameter space which could lead to interesting new models or, conversely, to better understanding
why certain regions might be forbidden.

A few steps in this direction have been undertaken recently. The so-called effective field theory
(EFT) of cosmological perturbations is a powerful tool that allows to deal directly with the relevant
low-energy degrees of freedom of the problem at hand. Such an approach was proposed and intensively
used for inflation [3,4], in particular to characterize high-energy corrections to slow-roll models and
to predict high-order correlation functions (see e.g. [5,6]). The EFT of inflation has now become
a standard way of parametrising primordial non-Gaussianity and was used, for instance, in the



interpretation of the most recent WMAP [7] and Planck [8] data. This approach has also been
applied to dark energy, first in the minimally-coupled case [9] where it was proven a useful tool to
study the stability in full generality and, for models with vanishing sound speed, the clustering of
dark energy down to very nonlinear scales [10].

More recently, the EFT formalism has been extended to dark energy with non-minimal cou-
plings [11,12], providing a unifying theoretical framework for practically all single-field dark energy
and modified gravity models.! This approach relies on two basic steps [11]: a) assume the weak
equivalence principle and therefore the existence of a metric g, universally coupled to all matter
fields (it is straightforward to relax this assumption, but at the price of complicating the formalism);
b) write the unitary gauge action, i.e. the most general gravitational action for such a metric compat-
ible with the (unbroken) spatial diffeomorphism invariance on hypersurfaces of constant dark energy
field.

In [11] it was argued that the EFT of dark energy has all the virtues advocated at the beginning
of this section. The goal of this article is to provide a systematic procedure to translate an arbitrary
dark energy model into the EFT language, as well as to establish a firm minimal setting of Lagrangian
operators within this framework. In particular, here we focus our attention on the operators of the
unitary gauge action that lead to at most two derivatives in the equations of motion for linear
perturbations.? This minimal set of operators encompasses most of the theoretical models of dark
energy and/or modified gravity discussed in the current literature.

The key ingredient of our derivation is a 3 + 1 decomposition a la ADM, where time slicings
coincide with the uniform scalar field hypersurfaces. With this time choice, the dynamics of the
underlying degree of freedom is embodied in the dynamics of the 3-dimensional metric. In Sec. 2
we consider a generic Lagrangian given as an arbitrary function of the lapse N = 1/4/—¢% and of
the 3-dimensional metric h,, = g, + nyn,, where n# is the unit vector perpendicular to constant
time hypersurfaces, more specifically of its extrinsic and intrinsic curvature tensors, respectively
K = h/V,n* and GR*,,

S = / d'z/=g L(N, K" K, K" ,®R,®R,, BR™ 1) (1)

In our construction we include combinations of these 3-dimensional objects without taking their
derivatives. This automatically prevents the appearance of higher (more than two) time derivatives
in the equations of motion. However, it is not enough to also remove higher spatial derivatives. By
expanding this Lagrangian up to quadratic order in the cosmological perturbations and making use
of an ADM analysis in unitary gauge (see for instance [3,19,20]) we obtain specific conditions that
ensure the absence of higher spatial derivatives in Sec. 2.2.

Moreover, we also show how the parameters in front of the standard EFT operators of [11] can be
expressed in terms of the time-dependent coefficients of the expansion of (1). Since the action of most
of the existing theoretical models can be written as eq. (1), this can be used to derive a dictionary
between theoretical models and our EFT language. As an illustration, in Sec. 3 we explicitly derive
this dictionary for the most general scalar field theory leading to at most second order equations
of motion, i.e. the Horndeski theory [21] (see also [22]), recently rediscovered in the context of the
so-called Galileon field [23,24] under the name of “generalized Galileons” [25,26].

Let us summarize here the main results of Secs. 2 and 3:

! An alternative formulation of a background independent effective approach to dark energy and modified gravity
was given in [13]. A covariant EFT of cosmological acceleration was developed in [14] for inflation and generalized to
the case of dark energy in [15, 16]—see discussion in [11] for a comparison between the latter approach and the one
advocated here. For a different unifying framework to cosmological perturbations for dark energy and modified gravity
see, for instance, [17].

2This is sufficient to ensure that we only have a single propagating degree of freedom. Note, however, that higher
time derivatives do not lead to higher degrees of freedom if they can be treated perturbatively, i.e. evaluating them
using the lower order equations of motion [18].



e The most general EFT action, up to quadratic order, for single-field dark energy, in the Jordan
frame, leading to at most second-order equations of motion for linear perturbations can be
written as

M M; (1) m3(t)

2* FOR = A(t) — c(t)g” + 7(5900)2 -5 5K 59"

S = / d*z/—g [ o

52
— m3(t) (OK?* — 6K*", 6K",) + m‘;(t) R 4%

)

where 6g%° = ¢ +1, 6K, = K,,,—Hh,,,, K = K’ and we have assumed a flat Universe so that
()R, vanishes on the background®. This action describes the propagation of one scalar degree
of freedom with dispersion relation w? = ¢2k?, where c, is the sound speed of fluctuations given
by eq. (35) with the relations (47). Stability (absence of ghosts) is ensured by the positivity
of the time kinetic term given in (47). The particular combination appearing in the operator
proportional to m? is such that it does not lead to higher-order spatial derivatives. One can
check that also the combination

ORM 5K %(3)]% K (3)

does not generate higher derivatives. However, this operator is not explicitly included in eq. (2)
because it can be reexpressed in terms of the others (see App. A).

e In the particular case where mi = Thi, the above action is equivalent to the linearized Horn-

deski’s theory/generalized Galileons and the explicit dictionary between generalized Galileons
and this action is given in App. C. This implies that the dynamics of linear scalar perturbations
of action (2) is more general than that of Horndeski, while remaining second order in time and
space derivatives.

e Expanding the Lagrangian (1) up to quadratic order we also find three operators that lead to
higher order space—but not time—derivatives. These are

Shad = /d4x\/—g [— m2(t) 0K 2 + m5T(t)<3)R(5K n %(3)32 _ ()

When one of these operators is present in the action the dispersion relation of the propagating
mode receives corrections at large momenta, w? = cng + k*/M?, where M is a mass scale.
These corrections may become important in the limit of vanishing sound speed, such as in the
model of the Ghost Condensate [27] or for deformations of this particular limit [3,9].

Once a Lagrangian describing matter has been included, the action (2) can be used as a benchmark
for the study of physical signatures of dark energy/modified gravity in the linear regime. In this
context, cosmological perturbations are usually discussed in Newtonian gauge, which is the one that
we employ in Sec. 4. In order to do that, in Sec. 4.1 we restore the covariance via the Stueckelberg
trick [3,4,27] and we vary this action with respect to all the scalar dynamical degrees of freedom.
This allows to derive Einstein’s equations and the evolution equation for the fluctuations of the scalar
field responsible of the acceleration, recovering and generalizing previous results [9,11]. Interestingly,
in the Newtonian gauge Einstein’s equations and the scalar equation of motion contain higher order
derivatives when m32 # m3, even if the dynamical equation for the true degree of freedom is only
second order. Finally, in Sec. 4.2 we use these equations to derive the effective Newton constant and
the ratio between the two gravitational potentials.

3The case of non-vanishing spatial curvature is commented on in footnote 7.



The phenomenology of the operators appearing in action (2) was also studied in [12]. In this
reference it was indeed mentioned that these operators are sufficient to describe linear perturbations
of Horndeski’s theories. However, no proof of this statement was given nor the particular combination
in which such operators appear shown.

2 General Lagrangian in unitary gauge

In the presence of a scalar field ¢ with a non-vanishing timelike gradient, the so-called unitary
gauge corresponds to a choice of time slicing where the constant time hypersurfaces are uniform ¢
hypersurfaces. The use of unitary gauge accomplishes two main objectives. First, as explained at
length in Refs. [3,4,27], it makes it straightforward to write a generic Lagrangian for cosmological
perturbations. Since the dynamics of the scalar field has been “eaten” by the metric, the most generic
Lagrangian is simply that for the metric perturbations around a FLRW solution, compatible with the
unbroken symmetry of 3-dimensional diffeomorphisms.

Second, the 3+1 splitting in unitary gauge easily allows to keep the number of time derivatives
under control, while considering higher and higher space derivatives. Therefore, the unitary gauge
is helpful to systematically explore the space of higher spatial derivative theories by considering
geometric invariants on the ¢ = constant hypersurfaces. In practice, we will use the metric in the
ADM form

ds®> = —N?dt* + h;j (dz' + N'dt) (dz? + N7dt) (5)

where the 3-dimensional metric h;; is used to lower and raise latin indices 4, j,--- = 1,2, 3. Since 3-
dimensional diffeomorphism invariance is preserved in unitary gauge, it is natural to write operators
(with up to two spatial derivatives per field) in terms of the extrinsic and intrinsic curvatures K,
and (3)R/w and their possible contractions. The Lagrangian is also an explicit function of the lapse
function N in general.

Therefore, in the following, we consider a general action of the form

S = /d4a:«/_—gL(N, K,8,R,Z:t) , (6)

where the Lagrangian L is an arbitrary function of N and of the following four scalar quantities
constructed by contracting the extrinsic and intrinsic curvature tensors:

K=r*", R=Wr=ORr  S=K,Kk", 2=0OR,Yr". (7)

Although one should also allow, in principle, for a dependence on Y = (3)RWK v we have preferred
not to include it explicitly in the main body, for simplicity. As shown in App. A, this extra dependence
leads to a quadratic Lagrangian of the same form as that found later in this section, with slightly
modified coefficients. Indeed, since ) is equivalent to HR at linear order, the quadratic terms in the
expansion of the Lagrangian induced by its dependence on ) are analogous to those induced by its
dependence on R. As for the linear term, one can use the equality

)\(t)(3)RWK“V = ?CﬂR K + % ®)R + boundary terms , (8)

which is also shown in App. A.
Moreover, one could also consider scalars that are combinations of three or more tensors, like
K /\uK K", but it is easy to show that also in this case they can be re-expressed in terms of the
above combinations, plus corrections which are at least cubic in the perturbations. We will show
this explicitly for the extended Galileon in the next section. Finally, one could take quadratic
combinations of the Riemann tensor such as (?’)Rm,pg(?’)R‘“/p‘7 . However, in three dimensions the



Riemann tensor can be expressed in terms of the Ricci scalar and tensor.* Thus, at quadratic order
in the perturbations, the action above seems to exhaust all the possibilities compatible with our
requirements.

In order to explicitly write the expansion of the action (6) up to second order in the perturbations,
it is useful to define the tensors

0K = K — 3H, 0K, = K., — Hhy, , (10)
which vanish on the background, and to use the decompositions
S=3H>+0S, 6S=2HSK + 6K" K", . (11)

The quantities R and Z vanish on the background and are therefore already perturbative (Z is even
a second order quantity).

The expansion of the Lagrangian up to second order in the perturbations yields, after discarding
irrelevant boundary terms, the expression

L(N,K,8,R,Z2) =L —F —3HF + (F 4+ Ly) 6N + Lr 6R
A ) 1 :
+ E(SKZ +L35K”V5KM+ <§LNN —.7:> SN? (12)
1
+ 5Lrr OR?* 4+ BOKSN + COKOR + Lyr INOR 4+ Lz6Z + O(3),

where we have introduced the following notations for some combinations of the partial derivatives of
the Lagrangian (denoting Ly = OL/ON, etc.), to make this expression more compact:

F=2HLs+ Ly,

A=4H?Lss +4HLsk + Lik ,
B=2HLsn + Lxn,
C=2HLsr + Lxr .

(13)

The first term, L, is the homogeneous Lagrangian and all partial derivatives of L that appear in the
above expression are evaluated on the homogeneous background, i.e. for N =1, S = 3H? K = 3H,
R = 0 and Z = 0. Note that, in order to obtain the expression (12), we have rewritten the term
linear in 0K as

FoK = F(K —3H) , (14)

and integrated it by parts using K = V n#,
4 4 4 F
/d a:\/—g]:K:—/dx —gn“Vu]::—/d x\/—gﬁ, (15)

where n* is the unit vector orthogonal to constant time hypersurfaces and, in unitary gauge, has
time component n® = 1/N.

4This can be done using the relation

1
mew = (3)Ruphw - (3)Ruph/w - (S)ngl/p + (3)Rwhup - 5(3)R(huphw = huohup) - (9)



2.1 Background equations
For the background we assume a flat homogeneous FLRW metric, written in the form
ds? = —N%(t)dt* + a*(t)d;;dx'dx? . (16)

In this case K = 3H/N and S = 3H?/N?, where H = a/a is the Hubble rate. Note that it is crucial
to explicitly keep the lapse function NV, because the first Friedmann equation is the constraint arising
from the invariance under time reparametrization. Linear variation of the homogeneous action Sy
with respect to the lapse N and the scale factor a yields

35S0 = / dtd*x [a?’ (L+ Ly —3HF) 6N + 3a (i —3HF — J'f) 54 , (17)

where we have used \/—¢ = a®N. Then the Friedmann equations are directly given by®

3HF —L— Ly =0, (18)
which depends on first time derivatives at most, and

F+3HF-L=0, (19)

which determines the dynamics of the scale factor.

As expected, by using the above equations one can check that the first order of the total La-
grangian £ = /—g L vanishes. Indeed, using /=g = VA N, where h is the determinant of the
3-dimensional metric h;; in the ADM decomposition, one easily finds

Ly = (E _3HF - f) 5Vh+a3(Ly + L — 3HF)SN + a®Lg 6R , (20)

where the last term is a total derivative and can be ignored.

2.2 Perturbations in the ADM formalism

In this sub-section we perform the analysis of the perturbations in unitary gauge and by using the
ADM form of the metric, eq. (5). For the action at second order, we will only need to take into
account the perturbations of \/—g at first order, §,/—g = 6v/h + a3 N, because the second order one
multiplies the LHS of eq. (19). Thus, the quadratic Lagrangian for perturbations is given by

Ly =6Vh [(ﬁ 4 Ly)ON + Ly 57@}
+a* [(LN - %LNN) SN? + LréyR + %AdKQ +BSKSN +COKR (21)
1
+Ls 0Ky 0K + Lz R OR;; + - Lrr oR*+ (Lr + Lyr) ONOR|

where doR denotes the expansion of R at second order in the perturbations.

In the ADM decomposition (5) the only relevant components of the extrinsic curvature tensor
are given by .
where V; stands for the covariant derivative associated with the 3-dimensional metric h;;. For explicit
calculations in unitary gauge we choose to describe scalar perturbations of the spatial metric in terms

of ¢ [19],

K;

hij = a2(t)€24(5¢j . (23)

5We have not included explicitly the matter in the Friedmann equations, but it is straightforward to do so.



(We consider the tensor modes separately in App. B.) Thus, the perturbations of the quantities used
above are given by

_ ) 1
oVh=3d%, K= (g - H6N> ) — —50™0N;) | (24)

and

SRij = —0i;0°C — 9,0;¢ , R = —a—22 [(0¢)? — 4¢0%(] . (25)

Note that in this section O stands for a spatial derivative and 0% = 9;0°. By using the above
expressions, the variation of Lo with respect to 6V yields the Hamiltonian constraint, which reads

[Lyn + 2Ly +3H (3HA +2HLs — 2B)| 0N + 3 (B —3HA — 2HLg) ( + 3(Ly + F)¢
2

0 0?
—(B—3HA—2HL3)—2—4(LR+LNR—3HC)—2C:0. (26)
a a
By varying £, with respect to the shift
one obtains the momentum constraint, which implies
& : 9*¢

By combining the two constraints, one can express both N and 0% as functions of ¢ and its
derivatives and then substitute in the action to write it only in terms of { and its derivatives. In
general, a term proportional to (92¢)? will remain. Here, in order to single out the lowest derivatives
operators first, we want to find conditions under which this term disappears. If one considers the
second order action before the substitution of the constraints, one finds the following terms

101
— |5 (A+2Ls) (0%9)" +4C 0" ¢ + 2 (4Lrr +3Lz) (9°C)° | - (29)
Taking into account the momentum constraint (28), one immediately sees that imposing the three
conditions®

A+2Ls =0, C=0, 4Lprr +3Lz =0, (30)

implies the elimination of the term proportional to (9?¢)? in the final action and the absence of
higher derivatives in the equation of motion for (. As we will see in the next section, all generalized
Galileon models satisfy the three conditions (30).

When (30) are satisfied, the momentum constraint reduces to

4Ls

N = D¢ D= —2 .
0 < B+4HLg

(31)

By direct substitution into £2 and after an integration by parts to get rid of the term CO%¢ (note that
the (¢ term vanishes because of the background equations of motion), we finally get the following

Lagrangian for ¢:
(9i¢)?

a2

3
_a 2
Lo = 9 ['ggC + Lacoc

; (32)

5Note that these conditions are only sufficient. A more general analysis can be performed by explicitly requiring that
the coefficient of (824 )2 vanishes once the two constraints have been solved. However, this leads to a very complicated
equation involving many of the coefficients of the quadratic Lagrangian and it is not clear whether one can find physically
relevant solutions that evade (30).



with

1
Li=2 <§LNN +Ly—3HB - 6H2L5) D*+12Ls ,
(33)
Lococ =4 [LR - ——(GM)] , M=D(Lr+ Lyr)-

Classical and quantum stability (absence of ghosts) requires that the time kinetic energy is positive
(see, e.g. [3,9]),

['CC >0. (34)
The sound speed (squared) of fluctuations can be simply computed by taking the ratio
Lo.co,
¢ = - (35)
€4

2.3 The EFT language

We are now going to express the conditions on the absence of higher derivatives in terms of the

coefficients of the action of the EFT formalism of Refs. [11,12]. The action up to quadratic order in
the perturbations can be written as

Mg m3

/d4.fl? [ |: 5 (5900) 215K5900

—cg™ + =2

) 36

_ M sper - M5 pen s v FLeRs 0 L TS Gpsk - ALOR2 4 A2 ORe G v )
2 g O OB Ty g 2 9 tv

where R in the first term inside the bracket is the four-dimensional Ricci scalar. Note that, in order
to make the comparison with the previous subsection simpler, we have found more convenient to
use the 3-dimensional Ricci scalar and tensor in the quadratic terms, instead of the four-dimensional
ones used in Ref. [11], since the link with the ADM decomposition is then transparent.

Let us first discuss how the background equations (18) and (19) translate in this language. In
action (36) we have used the time-time component of the inverse metric g° and its perturbation
in the expansion of quadratic and higher order operators, as it is customary in the EFT formalism.
However, in the previous subsections it was more convenient to work directly with the lapse function
N, related to ¢°° by .

9" = N2 (37)
Only the first three terms in brackets in eq. (36) contribute to L, Ly and F, and thus to the
background equations of motion. Using eq. (37) and employing the decomposition of the four-
dimensional curvature scalar,

R=OR+ K, K" — K+ 2V,(n"V,n* —n'V,n"), (38)
after an integration by parts in the action we can rewrite these terms as

M2
Lo =

(fR+fS fK?—2f— >—A+ (39)

N2’

(we remind the reader that R = (3)R). By expanding at linear order in 0NV, integrating by parts the
terms linear in K, we can match the background and linear terms of this action with the first line of
eq. (12), which yields

L—F —3HF = M’3fH>+2fH+2fH+ f)+c— A,

. o L (40)
F+Ly=MfH - 2fH — f)—2c.



From these two relations and using the background equations of motion (18) and (19) one finds that
c and A are given by

¢+ A = 3M2 (fH2+fH) , (41)
A—C:Mf(sz+3fH2+2fH+f) . (42)

This coincides with what was found in Ref. [11] in the absence of matter.

To discuss linear perturbations we only need the second-order expansion of the action (36). By
rewriting the first three terms as in eq. (39), expressing ¢"° in terms of N and using the definitions
(10) and (11), one immediately sees that the EFT action is of the form (6). One can thus use the
second-order expansion of the Lagrangian (21) with the following dictionary:

1
1
§LNN+LNZC+2M§,
ms
C=—2=2 43
=, (13)
1
L3:§(M*2 — M3) ,
A
Lzzga
Lyr =13,
Lrr = A1,

which is completed with eq. (40).
With these relations, the conditions for the absence of higher derivatives, eq. (30), can be written
in the EFT of dark energy language. They read:

S 3
M3+M;=0, m5=0, i+ 5 =0 (44)

These conditions are straightforward to verify. Using eqs. (24) and (27), §K? contains a higher
derivative term, (9%)2, while K, 6K ./, contains (9:0;4)?. However, when the first condition in
eq. (44) is satisfied the combination of higher derivative terms in eq. (36) gives an irrelevant boundary
term. The second condition implies that the operator ®)RJK, which contains 921d%¢, does not
appear. Finally, ®)R? = 16(0%¢)?/a* and ®R;;ORY = [5(52¢)? + (8;0;¢)?]/a: one can check that
when the third condition is satisfied the sum of the two operators in eq. (36) vanishes up to a total
derivative.

In summary, the most general EFT Lagrangian which does not generate higher derivatives in the

linear equations for the perturbations is”
M2 M4 3
L= 2* FR — A(t) — c(t)g™ + —22(t) (6g°9)2 — _m32(t) 6K 6g%
(45)

~ 2
— mi(t) (6K? — 0K*", 6K",) + m4T(t) GRsg"0 |

“Let us comment here on the case of a non-vanishing spatial curvature, to which our formalism can be extended
straightforwardly with the following caveats. Obviously, 0 )R should be used instead of )R in the quadratic operators,
but apart from this the Lagrangian (45) and its properties are unchanged. The background equations change (see
e.g. eqs. 16 and 17 or Ref. [11]), as well as the dictionary (43), because some first order quantity will now contribute
already at zeroth order. The explicit expressions (25) of ®)R change by a term linear in ¢ but with no derivatives,
which, therefore, will not produce higher derivatives in the ADM analysis of Sec 2.2.
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where

mi=mi,  mi= (B M), ad=p, (46)

as in eq. (2). Terms containing ()R2Z and GIRY (3)RZ do not appear because they only contain higher
spatial derivatives. By employing the dictionary (43) in eq. (33), the quadratic action for ¢ is given
by eq. (32) where

Li=2 (C+2M§ — 3H?M?2f —3HM?f 4+ 3Hm3 — 6H2mi) D? + 6(M2f +2m3) ,

P (47)
Lo,co,c =2 {Mf - —i(aM) ;

and

B 2(M2f +2m?)
2H(M2f +2m3) + M2f —m3 (48)

M= D2 + ).

The stability of a given model is then determined by the condition Eéé > 0 and the speed of sound
can be straightforwardly computed from eq. (35) by using the relations above. One can check that
these results agree with those found in [11] in the limit m3 = m3 = 0.

Finally, we can also write down the independent operators that generate higher spatial derivatives.
These are

t At
Lhsa = —m3(t) 0K? + 2( ) CRSK + (¢ )(3)32 (49)
We now turn to study a well known example of scalar-tensor theories of gravity which does not

generate equations of motion with higher derivatives and, when restricting to linear perturbations,
is contained in the Lagrangian (45).

3 Generalised Galileons

In four dimensions, the most general scalar tensor theory having field equations of second order in
derivatives is a combination of the following generalized Galileon Lagrangians [21, 25, 26],

Ga(¢,X) , (50)
G3(¢ X)0¢ , (51)

L4 —G4(¢ X)R — 2G4x(¢ X) (06" — ¢ biyu) (52)
( )G ¢ i + G5X(¢7 )(D¢3 -3 ng d);;u/(b”w + 2 ¢;uu¢;ua¢;l;ja) . (53)

For notational convenience, in this section we mostly indicate covariant differentiation with a semi-
colon symbol, i.e. .,. Moreover, we have defined X = ¢*#¢,, (note that X is sometimes defined
differently, i.e., with a factor of —1/2).

In order to translate the above Lagrangians into our EFT language we will proceed in two steps.
First, we will rewrite each of these Lagrangians in terms of 3-dimensional geometrical objects (K Y
()Rv 11> etc.) so that their unitary gauge expression becomes easily readable. The 3+ 1 decomposition
that we are after loses manifest general covariance but shows straightforwardly the lack of higher time
derivatives already at the level of the action. The second step will be to compute the corresponding
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coefficients of the operators (45) by simply inverting the dictionary that we derived in the previous
section—eqs (40) and (43):

c:—% (f—l—LN)"FHLR_QLRH_iR?

1 1. : . .
A=—-L— 5LN+§JE+3HJT+QHLR+6H2LR+5HLR+LR,

f=2LrM;?

1 . 1 . . .
Mg*:Z(LNN+3LN+}')—§(HLR—2HLR—LR), (54)
m§:2LR—2HLSN—LKN:2LR—B,

9 1 9 1 1 1
my = 5 LS—QLR—QH LS$—2HL3K— §LKK = E(LS—QLR)—Z.A,
mzzl - LN'R )

where we have directly adopted the notation (46) which holds in absence of higher derivatives—more
general relations are easily found when eq. (44) is not satisfied.

The main result of this section is that the dynamics of linear perturbations for all generalized
Galileons is described by (45), with the further restriction m3 = /3. This is in agreement with the
result [25,26] that also higher space derivatives are absent from the equations of motion. This section
is rather technical; the reader uninterested in the details of the calculations can skip the following

subsections and go directly to Sec. 3.5 where we summarize our main results.

3.1 Geometric preliminaries

In order to express in unitary gauge terms of increasing complexity, it is useful to review the geo-
metric formalism adapted to the 3 + 1 decomposition and separate the quantities into “orthogonal”
and “parallel” to the hypersurface ¢ = const. First, we define the future directed unitary vector
orthogonal to the hypersurface. Up to a factor -, this is proportional to the gradient of ¢ ,

Ny = —7% d’;ua Y= (55)

J-

The metric induced on the ¢ = const. hypersurface is h,, = n,n, + g,,. Orthogonal to n, are
also various quantities that “live” on the hypersurface, in the sense that they vanish when contracted
with n,: the extrinsic curvature and the “acceleration” vector

K = hjny,, Ny =n" Ny . (56)

The last two equations can be inverted by decomposing the derivative of n, into parallel and paral-
lel/orthogonal components,
Ny = Ky — nyiy (57)
By means of the quantities just defined, we can decompose the second derivative of the scalar
field as

2
S = =7 (K ) — ity — nying) + %WX; Ay - (58)

Again, this decomposition into parallel and orthogonal quantities is useful when calculating compli-
cated products such ¢,,, ¢ ¢, that appear in Ls, see eq. (53).

Other relevant equations are the Gauss-Codazzi equations, relating the Ricci tensor and scalar
intrinsic to the hypersurface, (3)RW and ®)R, to the four-dimensional ones [28,29],

Ry = () + (070" Brgup)| = K Ky + Ko K%, (59)
®R =R+ K? — K, K" — 2(Kn" —7t),, (60)
where the symbol || means projection on the hypersurface of all tensor indices, e.g. (VM)H =h, V.

12



3.2 I

Since Ly is trivial, following [11] we start from L3 and see how to rewrite it in the EFT of dark
energy formalism. First, it is convenient to define an auxiliary function F3(¢, X) such that

Gs=F3+2XF3x . (61)
Thus, L3 in eq. (51) can be written as
Ly = F30¢p 4+ 2X FyxOo . (62)

We integrate by parts the first term on the right-hand side and we rewrite the second term using
O¢p = —y 'K + %&“XW/X, which is obtained by tracing eq. (58). This yields

Ly = —(Fsx Xy + F3 0) 0" — 2X7 ' Fsx K + F3x X,.0" . (63)

After noticing that the first term inside the parenthesis cancels with the last one we finally obtain
an expression for L3 which is of the form of eq. (12),

Ly =2(—X)*?F3x K — X Fy (64)
where we have used v = 1/v/—X. In unitary gauge ¢(t,Z) = ¢o(t), which implies, for instance,
Fsx(¢,X) — Fsx(¢o(t), —¢5(t)/N?) . (65)

Using eq. (54), it is now straightforward to derive the corresponding EFT parameters in terms of
the Lagrangian parameters evaluated on the background. They are explicitly given in App. C and
coincide with those given in [11]. They only depend on four Lagrangian parameters, G34, G3x,
G3xe and Gz xx, so that the dependence on the auxiliary function F3 disappears. As expected from
eq. (64), f, m3 and m3 all vanish: in order to describe L3 we only need ¢, A, M3 and m3.

3.3 Ly

We now proceed with Ly, defined in eq. (52). Using eq. (58) and its trace we can rewrite this as

2 2 4
Ly = G4R - 2Gux [(le + L") =y K = 2i) = T (60 X,)° .
= G4R +2XGyx(K? — K K") 4+ 2G4 x X, (Kt — nt)
where in the second line we have used that y~2 = —X. Moreover, for the last term we have

replaced v~ 1¢#* by —n* and used ny, = ghu”X;y. In this last term we can employ that G4x X, =
0,G4 — Gapdy = 0,Ga + v 1Gygny. After an integration by parts this yields, using n,n# = 0,
2Gyx X (Knt — ) = 2G4 (Knt — )., — 27 Gyy K . (67)
The first term on the right-hand side of this expression can be rewritten by using the Gauss-Codazzi
equation (59). Plugging all this into the second line of eq. (66) we finally obtain L4 in 34+1 decom-
position,
Ly = G4®R + (2XGyx — G4)(K? — K,y KM) — 2/ =X Gy K . (68)

It is now lengthy but straightforward to apply our usual dictionary (54) to derive the corresponding
EFT parameters. Their explicit expression can be found in App. C. They depend on the six
Lagrangian parameters G, G4x, Gaxg¢, Gaxx, Gaxxs and Gyxxx. We need all the seven parameters
of the EFT action (45) to describe Ly but the last two are equal, m? = m3.
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3.4 Ls

This Galileon Lagrangian is more involved than the others. Let us start working on the first term
on the right-hand side of eq. (53), G5 G, ¢*". Integrating it by parts gives

G5 Gud™ = —Gsx XV ¢" G — Gsgy 2Gntn” . (69)
At this stage, as we did for Ls, it is convenient to define an auxiliary function F5(¢, X), such that

F5
Gsx = F — 70
5X 5X T 29X (70)
and use this definition to integrate by parts the term proportional to Gsx in (69). In particular,
using that

GsxX,p =YV, (v ' F5) + Fspy 'n, (71)
we obtain

G5 GWCZWV = FSQZ);IWG;W + 7_2(F5¢ - G5¢)G,ul/n'uny - %FSXWTZVG,LLV . (72)

Let us now work on the second term on the right-hand side of eq. (53). Using eq. (58) we can
rewrite this as
3

SGsx (006" ~ 3006, 0™ + 20,67 6%,) = ~Gsx LK + Gax T (73)

where
K=K*-3KK, K" +2K,,K"K",, (74)
J = —%gb?pX;p(Kz — KW KM — 2973 (Kt — Kntn'). (75)

The term proportional to J on the right-hand side of eq. (73) can be integrated by parts using the
same trick as above, which yields
1 —2
GsxJ = —Fsy~ ! (§IC + K"'n'n’ R 5pp — KnnP Ry, + h"npRgp> — VTFM(KQ - K, K") .
(76)
For the last part of the calculation we need the (one time-)contracted Gauss-Codazzi relation,
eq. (59), which gives
1
K" Gy = K" ®R,, — K"'n%n Rygy, + KK2, — K3, — SRK (77)
Replacing ¢* with eq. (58) in eq. (72) and using this relation, the terms proportional to Fj in
egs. (72) and (76) combine and simplify to

1
—~ IRy <(3)G/WK;LV _ 6K> ' (78)

Using this and putting together all the terms of Ls from eqs. (72), (73) and (76) we finally obtain

1 1
Ls= —vV—XF; (K“”(?’)RW — 5K(3)R> - g(—X)?’/%:5 xK
(79)
1 1
+ 5 X (Gso — F54)®R + 5 X G (K2 — K K1)
where in the last line we have used
2G ' n” = PR + K? — K, KM . (80)
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Operator Fl A c| My | mi| mi=nmj
Loy 0| v |V v 0 0
L 0| v | v v v 0
Ly VIV |V v v v
Ls VIV Y v v v

Table 1: A list of the different contributions of the generalized Galileon Lagrangians (50)—(53) to the operators
of (45).

Note that the last line of (79) has the same form as the first two terms of L4 given in eq. (68): by
using eq. (70) it can be written as

G4®R + (2XGax — G4)(K? — K, K™ (81)

with G4 = %X(Gg)(z, — F5¢).

In order to compute the coefficients of the various EFT operators we use the dictionary (54). To
treat the term K*¥ (S)RW we employ the prescription described by eq. (126) in App. A. Moreover, it
is useful to notice that, up to quadratic order, the combination I of the extrinsic curvature tensor
can be replaced by an expression that depends only on S and K:

K =6H®—-6H>K +3HK? -~ 3HS + O(3). (82)

The EFT operator coefficients are explicitly given in App. C. One finds that they depend on the six
Lagrangian parameters G54, Gs5x, G5x¢, G5xx, G5xx¢ and G5 x x x—the dependence on Fj5 explic-
itly cancels out—and, as in the case of Ly, mi = Thi. Thus, at linear order in the perturbations—
quadratic in the action—Ls does not bring any new operator with respect to Ly. The difference
between L4 and L5 appears at the cubic order in the action.

3.5 Summary

We have established a dictionary between the generalized Galileon theory, egs. (50)—(53), and the
EFT of dark energy parameters entering the action (2). Such a dictionary is explicitly given in App. C.
As summarised in Table 1, the EFT operators and their associated time-dependent parameters that
are needed to describe the generalized Galileons are only six: ¢, A and f, the three usual parameters
already present at the background level, and Mé, mg, mi = fni, progressively appearing in Lo, Ls,
L, and Ls, contributing only to the perturbations. As already stressed, at quadratic order in the
perturbations, L4 contains the same number of independent operators as Ls—in particular, only
the combination m? = m? appears in the action. The case m? # m? encompasses the generalized
Galileons: it does not contain higher derivatives and yet does not belong to the generalized Galileon
class.® When m? # m?2, higher derivatives are expected to appear beyond linear order. However,
the effect of these higher derivatives can be ignored as long as perturbations remain small and linear

theory is a good approximation.

4 Observables

Observables describing large scale structures are computed in the framework of linear cosmological
perturbation theory. In this section we first derive the perturbation equations describing the dynamics
of dark energy and modified gravity. We include a matter sector describing cosmological species such

8Note that our formalism easily applies to nonlinear extensions of Hordenskis theories, such as described in Ref. [30].
In this particular case, one finds that m3 # 3 but the quadratic action contains higher order spatial derivatives.
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as cold dark matter, baryons, photons and neutrinos—by adding the matter Lagrangian £, (g, ¥m)
to eq. (2), so that the final Jordan frame action in unitary gauge reads

s= dngPf FOR - A0 — (g™ + 220 sy — 80 g0
— m3(t) (6K? — 0K, 0KM) + @@R g% (83)

—m3(t)6K? + m5T(t)(3)R SK + @W + Lo (G, m)

We then discuss the modifications of gravity expected in linear theory. We will use Newtonian gauge,
which is often used in cosmology, especially to describe cosmological perturbations for modified
gravity. Extension to other gauges or to so-called “gauge invariant” formalisms is straightforward.

4.1 Perturbation equations

We will first restore the general covariance of the action above and write it in a generic coordinate
system. In order to do that we need to reintroduce the scalar fluctuation 7 via the Stueckelberg
trick [3,4,27]. Under the time coordinate change t — t + (¢, &), the four-Ricci scalar R remains
invariant, while functions of time such as f and the 3-dimensional quantities change as® °

1.
Fo ¥ fre i, (34)
g% — ¢ + QQO”GMW + g0, mo, (85)
(SKZ'J' — (SK,] — Hﬂ'hij — 8i6j7r s (86)
0K — 6K —3Hm — %a% , (87)

a
(S)Rij — (B)Rij + H(@iﬁjw + 6ij827r) , (88)
R — BR + %Ha% : (89)
a

In the new coordinates we consider a linearly perturbed FLRW metric with only scalar fluctua-
tions, ) S

ds? = —(1+2®)dt* + 20, dtdz’ + a*(t) [(1 — 20)d;; + 2x45] da'da? | (90)

where Y;; is traceless and given in terms of the scalar perturbation 3, x;; = (9;0; — %62-]-82) B. The

extrinsic curvature and the 3-dimensional Ricci tensor of the new equal-time hypersurfaces thus read

Kij = efcb(H - ‘I’)hij + XZ] - 8i0ja s

(91)
(3)Rl‘j = 818]\11 + 51‘]'82‘1’ + 28k8(ixj§ — (32)(1‘]' .
We also decompose the matter stress-energy tensor at linear order as
TOO = _(pm + 5pm) ) (92)
T% = (pm + P )00 = —a®TY (93)
i i i L
T' = (P + 6pm)dj + <a 0; — §5ja2> o, (94)

9With an abuse of notation, here we denote the extrinsic curvature on hypersurfaces of constant time with K;; even
when we are not in unitary gauge. The reader must be aware that K;; is not the same geometrical object before and
after the Stueckelberg trick. The same also holds for (3)Rij. In particular, after the Stueckelberg trick K;; and (3)Rij
are respectively given by eq. (91).

10The operator 73 is also considered in Ref. [12]. However, in v1 of this reference, the variation (89) of R under the
Stueckelberg trick has been overlooked and the error propagates into the Einstein equations and the various observables.
With the authors of [12] there is now agreement on this issue [31].
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where p,, and p,, are respectively the background energy density and pressure and dp,, and dp,, their
perturbations, v is the 3-velocity potential and o the scalar component of the anisotropic stress. The
background equations derived from the action (83) are [11]

e+ A =3M2(fH? + fH) — p , (95)
A—c=M>2fH+3fH? +2fH + f) + pm - (96)
Using these expressions and the transformations (84)-(89) allows us to rewrite (83) as an action

for the scalar fluctuations @, a, ¥, § and . We can vary eq. (83) expanded at second order and then
fix the Newtonian gauge by setting o« = 0 = 3 in the equations derived. This yields five equations,

2
0= =% a:O:B_Aq><I>+A § U+ Anm o Ap = (A( '+ AD7) + 679, (97)
0= L9 =} | Be® + By W + By + B; 7r—|—k (BOW + BOr)| — ikioT", (98)
/=g0a|o_g_p ™ * i
1 68 : , y . .
02—95— =CoP +C3®+CyV + Cy ¥ + Crm + Cirir + Ciit
- a=0=p4
4
+—2(C(2)<D+C(2)\Il+02)7r+0(2) ) + a4(C\(;)\II+C7(T4)7r)—5Tk . (99)
1 05 : : 2) (2) ) @
0= = % — (k- Lo0k2) |kik ( DY® + YW + DY + DA+ DY
V_géﬁ a=0=4 ( 3 ) |:
K@ " :
+—3(Dy \I/+D7(r)7r)) —5Tg} : (100)
1 68
0:\/—_95 = Ee® + L <I>+Eq,\IJ+E \I/+E \If—l—Eﬂr—i—Eﬂﬂ'—l—Eﬂﬂ
- a=0=p
4
k—z(E(% + EQU+ EQV + EQr) + 24 (B W + EWr) . (101)

The coefficients Ag, By, Cy, D, and E, of these equations are detailed in App. D.

The explicit expressions of the above coefficients given in the appendix contain also higher-
derivative terms—those proportional to m?, ms and A\. To compare with the usual Einstein equa-
tions, here we rewrite these equations by replacing the components of the stress- energy tensor T,
with their expressions given in eqs. (92)—(94). For simplicity, we set m? = m5 = A = 0. We obtain:

e 00-component (05/® = 0):
k2 . (k2 ) ..
[ 2f ( U+ 3HV + 3H?® > + f <¥7T+3H27r—3H((I> —7) —3(¥ +H<I>)> +3Hf7r]
. k2 . .
— (64 A7+ (2c 4+ 4M3 + 3Hm3) (® — ) + (m3 — 4Hm3) —pm+ 3(HO + mH + xp)}

k2 _
- 4a—2mi(\11 + Hr) = 6pp, .

(102)
e Oi-component (65/0a = 0):

M2[(Hf - f)m+ f(® —7) + 2f(H® + ¥)] — 2cr — m3 (@ — 71) + 4m3(H® + ¥ + Hr)

- (pm + Pm) v (103)
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e ij-trace component (§S/6¥ = 0):

ME{Qf [—%z—z@ —U) + (3H? + 2H)® + H(® + 30) + \Il]

O2k2 ) . )
+f[—5—271—1—2H(I>+2H(<I>—7'r)—(3H2+2H)7T+2\I/+<I>—7'%}
a

+ f[-2H7m 4 2(® — 7)) — f(3)7r} + (A= é)m+2¢(® — 7) (104)
— g% [m3(® — ) + (Hmi + (m3)") © + mi7]

+A(Hm3)'m + A4miH7 — [(m3) + 3Hmj] (& — ) — m3(D — #)
+4 [H(mi)‘ +3H2m2 + Hmﬂ O+ A(m2) VU + AmEH(3Hr + & + 39) + 4m2F = dp,, .

e ij-traceless component (45/55 = 0):
M2 [f(q) —0) + fﬂ +2 [m27 + m2Hn + (m2) 7] + 202(® — 7) = 0 . (105)

By combining egs. (97) and (98) we obtain the relativistic generalization of the Poisson equation,

k2

Fp® +F‘i/¢’ + Frm + Frm + E(F\E?)\P +F7(r2)77) = 0pm — BH(pm +pm)v = pmAm (106)

which can be also written as:

e Generalized Poisson equation:

k2 ) . . .
— Z[@F M2 + 4m3)W — (fM? = m + 4Hm? — 4Hmi)7r] 4 (6M2Hf — 6He — ¢ — A+ 3m3H)n
a
— (2¢ +4M3)7 — BM2H f — 2¢ — AM3)® — 3M2fU + 3m3 (¥ + H®) = ppA,,
(107)

Note that when m? # m? some of the equations contain terms with higher derivates: for instance,
the terms with k?7 in eq. (104), fourth line, and those with 7 in eq. (105). However, the scalar
propagating degree of freedom satisfies a second order equation. Indeed, one can use eq. (105) to
remove the higher derivative terms from eq. (104) and derive a purely second order equation for W.
This is even clearer in unitary gauge, where higher derivative are explicitly absent—see analysis of
Sec. (2.2).

4.2 Modification of gravity

In order to derive the effective Newton constant, Geg, we consider the quasi static approximation,
i.e. we neglect the time derivatives in the equations of motion and we neglect the anisotropic stress,
o = 0 in eq. (100). This is a good approximation for scales much smaller than the sound horizon
scale, i.e. for k > aH/cs. For models with small or vanishing sound speed (see e.g. [10]) or on scales
longer than the sound horizon, a consistent treatment which takes into account the time derivatives
should be undertaken.

In the quasi-static limit, G.g is defined by

k‘2
—ﬁfb = 4G (t, k) pim A, - (108)
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Following [32,33], in order to write the Poisson equation in this form we can use egs. (100), (101)
and (106). For ¢; ~ O(1), we can neglect Dy, Dy, Dy, Ep, Ey, Fp and F; from these equations
and the effective Newton constant is thus given by

D¢ DY + DY (k/a)? DY + DY (k/a)?
AnGeg = —[M 13, M = | EP EP + EP(k/a)? Er(k/a)~?+ EP + EY (k/a)?
0 £y Y
(109)
We can write it in a slightly more compact form as
a_s(k/a)"2 +ag + az(k/a)? + as(k/a)?
AnGeg (k) = , 110
TGt (k) b72(k/a)_2—|—b0—|—bg(k/a)2 ( )
where
a_y=DYE,

o= DOBE DB 4 DYE,
ay =DPEW — pWEP _ pAE® 4 pWED
a; =-DWEY + DWEW | (111)
by =DYEFY
by = DPEPF® — pPEPFp@ _ p@E@r® 4 p@ @@
by = —DPEV F? - pWEP FY + DO EWFY + DY EP E®

Another quantity often used to parameterize deviations from General Relativity is the ratio
between the gravitational potentials v = ¥ /®, which is given by

[com(M)]32

_ Lcom{M)is2 112
T leom(M)]s1 (112)

where com(M) denotes the comatrix of M. This reads
_ c_a(k/a)" + co + ca(k/a)? (113)

7T a(kja) % + ag + as(k/a)® + aa(kja)*’
with

¢c.o=-DYE, (114)
co =DPEY — DY EP (115)
¢ =DWEY - DY EW | (116)

The expressions for Geg and 7, egs. (110) and (113), generalize those given for instance in [32]
in absence of higher derivative operators, in which case as = a4 = by = ¢ = 0. When also
a_g = b_g = c_g = 0 we recover the results of [11]. Finally, we note that the numerator of Geg
equals the denominator of 7, which confirms the results of Ref. [33]'1.

1Tt simply follows from [M )13 = (det M)~ *[com(M)]s1.
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5 Conclusion

In this paper we lay down the basic building blocks for a systematic phenomenological study of dark
energy and its cosmological perturbations. Following [11], our basic assumptions are that a) dark
energy/modified gravity brings in at most one scalar propagating degree of freedom and that b) the
weak equivalence principle is satisfied—there exists a metric tensor universally coupled to matter. We
use the effective field theory formalism developed for inflation in [3,4], that is based on an expansion
in number of perturbations rather than in number of fields. Indeed, expanding the action in number
of fields [15,16] becomes unpractical every time that the background field configuration undergoes
a large excursion. On the opposite, the main advantage of the present (non-covariant) approach is
that an expansion in number of perturbations can always be consistently truncated at the desired
order of approximation, in virtue of the empirical fact that perturbations are small on the largest
scales. Moreover, our formalism is “ready to go”, in the sense that there is no need of solving for the
background equations first. Apart from the three operators f, ¢ and A responsible for the background
evolution [11], every new operator is at least quadratic in the perturbations: it does not affect the
background and its dynamical effects can be studied independently.

In particular, we consider only operators that are at most quadratic in the number of perturba-
tions—those needed for the linearized equations of motion—and we single out a set of seven operators
that bring up to two derivatives in the equations of motion. To achieve this result, in Sec. 2 we provide
a systematic treatment of any Lagrangian that can be written in ADM form as a general function
of extrinsic and intrinsic 3-dimensional curvature tensors and of the lapse function. This is already
enough to avoid higher time derivatives in the equations of motion. Then, in Sec. 2.3 we identify
specific combinations of the EFT operators that are required to avoid higher-order spatial derivatives.
Some operators can be re-expressed into other ones, thus simplifying the EFT Lagrangians up to
quadratic order.

The entire Horndeski, or “generalized Galileon”, theory can be written in this formalism (Sec. 3):
a relevant amount of work has gone into re-expressing all the generalized Galileon Lagrangians in
their ADM form and obtaining their EFT formulation. At linear order, Horndeski theories can
be described by a total of six operators: only three quadratic operators in addition to those—f,
¢ and A—accounting for the background (see eq. (2) with m2 = m?2). This seems a substantial
simplification if compared to the full covariant treatment and well represents the power of the non-
covariant EFT approach. The two Galileon Lagrangians L4 and Lj, despite their scaring looks (52)-
(53), are affordable at linear order in the perturbations with the addition of just one operator with
respect to those needed for Lg.

At linear order, Horndeski theory is not the most general scalar-tensor theory with second-order
dynamics. Indeed, for mi #* ﬁ”LZ there exists another operator beyond Horndeski that in unitary gauge
gives equations of motion limited to second order in time and space derivatives. In some gauges (for
instance in Newtonian gauge, see Sec. 4.1), this operator generates higher derivatives in the equations
of motion but one can show that the dynamics of the propagating degree of freedom remains second
order. [At linear order, there exists another operator beyond the Horndeski theory (for m2 # m3)
that still gives equations of motion limited to second order in time and space derivatives.] Finally,
we analyze also some higher spatial derivative operators, those in eq. (4).

The time dependent coefficients of our seven plus three operators described by actions (2) and
(4) remain to be constrained or measured by observations. Indeed, in Sec. 4.1 we provide the set
of linear perturbation equations in Newtonian gauge by varying these actions with respect to scalar
metric and field fluctuations in a generic gauge. As an illustration, using these equations we com-
pute the effective Newton constant in the quasi-static approximation and the ratio between the two
gravitational potentials (Sec. 4.2). The computation of these ”observables” should be considered as a
first step towards a more general and systematic study of the impact of dark energy on cosmological
perturbations in order to fully exploit future observational data.
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A Lagrangian dependence on (3)RWK Hy

In this appendix we show how to treat a dependence on

Y = OR,, K" (117)
in the unitary gauge Lagrangian.
Let us first show the relation
/ d*a/—g At) PR, KM = / d*z/—g [%Q’)R K+ % GR| | (118)
or, equivalently,
/ diz/—g {)\(t)(?’)RWKW - @“‘ﬂ}z K — %(3)}2 =0, (119)

up to some irrelevant boundary terms. Since K = V,n*, the last two terms in the above integral
can be simplified via an integration by parts, so that the expression reduces to

I
/ d*z/—g () <(3)RWK“” + %VM(P’)R) : (120)

It remains to show that this can be written as the integral of a total derivative.
Using the explicit expressions for the extrinsic curvature in the ADM decomposition, eq. (22),
and n* = —N g%, the above expression can be rewritten as

1/ 0 . ) o 1 .
/ d*zvVhA(t) [5 <hlkh]lhkl(3)Rij + <3>R) —~ VINIGIR,; — §N1Vi(3)R} : (121)

where V; is the covariant derivative with respect to the three-metric h;;. The second term can be
integrated by parts and then vanishes when combined with the last term, as a consequence of the
Bianchi identity V’(?’)Gij = 0. Finally, the term in parenthesis can be rewritten as

hERI Ry + OR = B W hyy OR;; + B9 OR,; + hIOR;; = b BR,; . (122)

and it is known that the last expression can be reexpressed as the divergence of a three-vector, i.e.
hii (3)Rij = V,J' (the very same property is used to derive Einstein’s equations from the Einstein-
Hilbert action'?). We have thus proved Eq. (118).

Let us now assume that the Lagrangian L introduced in Eq. (6) also contains an explicit depen-
dence on Y. By noting that ) is already a perturbative quantity, i.e. vanishes in the background,
and can be decomposed as

Y=HR+ R, K", (123)

where the first term on the right hand side is a first (and higher) order quantity while the second term
is only second order, one immediately finds that the expansion of the Lagrangian, up to quadratic

128ee for instance Eq. (7.5.14) of Ref. [29].

21



order, will yield the following extra terms with respect to the expression (12) obtained in the main
body:

1
L(N,S,K,R,Y,Z) D LyY + (LnySN + LgydK + LsydS + LrydR) H6R + §LyyH25R2 . (124)

The first term can be expressed in terms of R and K by using eq. (118) with A = Ly. Expanding
up to second order then yields

LyYy = (Ly + 3HLy> OR + = (LyaK LyéN) SR + O(3) + boundary terms , (125)
so that the expansion of the full Lagrangian now reads
L(N,S,K,R,V,Z) =L — F — 3HF + Ly 6N + % (2LR iyt SHLy) IR
+ Ls 0K}/6 K], + <2H2L35 +2HLsg + %LKK> SK? + %LNNcSNQ
(Lrr + H>Lyy + 2HLyR) 6R* + (2HLsy + Lxn) 0KSN (126)

2HLS72+LKR+HLKy+2H Lsy + Ly) KR

_|_
/\/\Nl'—‘

Lngr —l-HLNy — %Ly) (SN(SR+O(3)

In summary, an explicit dependence of the action on ) can easily be included in our treatment, via
the following substitutions in Eq. (12),

1. 3
Lr — Lr + 5Ly—|—§HLy,
Lrr — Lrr + HQLyy + 2HL3;R s

1. (127)
Lngr = Lnr + HLNy — §Ly ;

1
C—>C+HLKy+2H2L5y+§Ly.

B Tensor modes

In this appendix we study the propagation of tensor modes in the action (2). We consider the spatial
metric [19]

2 7 1
hl] (t)e hl] ) det h - ]_ s hU = 5@3 _|_ /‘ylj _|_ 5

with v;; traceless and divergence-free, v;; = 0 = 0;y;;. Since tensor modes decouple from scalars,
we can simply replace this metric into the action (2) by setting scalar perturbations to zero, which

yields
. 2f 2

where we used that, up to integration by parts,

VikVkj » (128)

. 1
3 _ 2 _
G = 12 Omg)” s K =31, (130)

1 y 1
0K =15, KyK7— K= —6H" + 245, (131)
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and the Gauss-Codazzi relation (38). Thus, for m% # 0 the speed of sound of gravity waves is different
from the speed of light,
2m?2

-1
= <1 - M2f> : (132)

which confirms [34,35] in the case of generalised Galileon theories.

C EFT parameters for generalized Galileons

Here we explicitly give the EFT of dark energy parameters in terms of the Lagrangian (12), for the
generalized Galileon Lagrangians egs. (51)—(53). All quantities in the expressions below are calcu-
lated on the background.

o [3:
f=0, (133)
A=¢*(¢+3H$)Gsx (134)
c=¢*(—d+ 3HP)G3x + ¢*Gsy, (135)

12 14

M} = 7(<z> +3H$)Gsx — 3HP G xx — %G&X(ﬁ, (136)
mi =20°Gsx, mi=mi=0. (137)

[ ] L4:
M?2f=2Gy, (138)

1= . . . .
A=F+3HXGix - I8H2Gyx¢* + 6HGyxpd® + 12H*Gyxxd* (139)
1= . . . .
¢=—5F +3HXGax - 6H?Gyx¢? + 6HGyxs9® + 12H*Gyxx9* (140)
Mél = Zf — §HXG4X + 6HG4)(¢¢53 + 18H2G4XX¢4 — 6HG4XX(¢,¢5 — 12H2G4XXX¢6 , (141)
m§ = 2XG4X — 8HG4)((&2 + 4G4x¢¢3 + 16FIG4XX€54 5 (142)
m? =m? = 2G4x¢?, (143)
with B . . .

F=2M?Hf +M?*f+ F =2XGyx — 8HG4x¢*. (144)

o [r:
M2f = —G5y8* + 2G5 x9° (145)
c= _§f+ 5Jw;f’Hf — 3H?G540* — 3H*G5x¢* + 3H*G5x40" + 2H*G5x x0° | (146)

1= . . . . .
A=SF+ SM2H?f + ngHf — 6H?G540” — TH*G5x¢° + 3H*G5x40" + 2H G5 xx¢° |
(147)
1= 3 .3 . . . . ,
My = 1}- - ZMfo - §H3G5X¢3 +6H?G5xp0" + 6H G5 xx¢” — 3H*Gsxx990° — 2HGsxxx 9",

(148)
mi = M2f — AHG540* — 6H*G5x ¢ + 4HG5 x 30" + AH*G5xx¢° (149)
mi = TNTLZ = G5¢(/.)2 + HG5X¢53 - G5x</.>2(5, (150)
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with
F=2M2Hf+ M?f + F=2M2fH + M?f — 2HG5,¢° — 2H*G5x 9" . (151)

D Coefficients of the perturbation equations

In this appendix we define the coefficients appearing in eqs. (97)—(101). For convenience we have
used M? defined as
M3 =2m3 +3m3 . (152)

Moreover, from the background equations (95) and (96) and using the background conservation
equation for matter, p,, + 3H (pm + pm) = 0, one obtains

¢+ A=—6Hc+ 6H>M2f + 3M2fH . (153)

We will make use of this relation to simplify some of the terms and eliminate the dependence with
respect to A and A.
e Variation with respect to ®:

Ap = 2c+AML — 6H [fHMf F M2 —md HMZ} , (154)
Ay =3 [2H (FM2+ M2) + M2f — mg] : (155)

Ap =3H?>M?f 4+ 3m3H — ¢ — A — 6M2HH + 3M2f

=6Hc—3(H? + H)YM2f +3M?f + 3m3H — 6M;HH , (156)

Ay = —2¢ — 4AM3 — 3H(m3 — M2f) , (157)

AP = —2fM? + 6Hms — 43 , (158)

A® = M2f —m3 +2HM?} — 4AHm? + 6H%ms . (159)
e Variation with respect to a:

By = —mj +2H (fM2 + M}) + M2f, (160)

By =2 (fM? + Mj3) , (161)

By = —2c+2M:H + M2(Hf - f), (162)

Bi =mj — M2f | (163)

BY) = —2m; (164)

B® = —2(m2 + Hms) . (165)
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e Variation with respect to V:
Cp=3 [20 +2(3H? + H)M?2
Yo fM2(3H? + 2H) — (md) + H (—3m§ FAM2f 4 2(M42)') + 2M3ﬂ ,
Cy = —3mj + 6H (fM? + M}) + 3M2f
Cy <3fHM2 +3HM2 + M2f + (M2 )
Cy =6 (fM2+M7) ,
C, [c — A — 2B (M2) — 2(H + 3SHE)M? + M2(2fH + f® + 3H2f + 2Hf')}

Ci =3 <—2c +3HmS — 2HM2f + 2M2H + (m3) — 2M3f') :
Cy = 3(mj — M2f) ,

C¥) = — (2f M? — 6Hms + 4m3)

CY) =2fM? — 6Hins — 6ins ,

C) = —2 (M2f + (M3) + HM3 + 3H%ms + 3Hins ) |

C® = —2(M? — 22 + 3Hms) |

o = 16X,

CW = —2m5 + 16H .

e Variation with respect to f:

DY) = M2f + 2m2 — 3msH

Dy = -M:f,
DY = —3ms ,

DP = M?f +2m3H + 2(m3)" — 3Hins ,
DY = 2m} - 23,

Dy = —8x,

DW = s — 8HX .
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-3 [2@ +6Hc — 2H(M?) — 2(H + 3HH)M2 + M? (f<3> — BHX+ H)f + 2Hf')} :



e Variation with respect to :
B = 6¢H + ¢+ H2(9m3 — 6M2f) + 3(2m3 — M2f)H — A + 3H [4M§ —oM2H + (mg)'} A(MEY

— 12cH + 2¢ + 3m3(3H? + 2H) — 6M2f(2H + H?) + 3H [4M§ ~oM2H + <m§>'] A

(186)

Eg = 2c+4My + 3H(m3 — M2f) (187)

By =3 [GCH et A 3M2f(2H? + H)} =0, (188)

By =3 [2(; 4 3HmS — AHM?f — 2M2H + (mg)'] , (189)

Ey = 3(m3 - MZf), (190)
Ey=— [6M§H2 — 3(m3) H + 6Hé — OHHm3 + ¢ — SM2Hf — 6H2M2f — 3m3H + A}

S [GMZHQ — 3(m3) H + 6Hec+ 3M2(H + AHH) f — 9H Hm3 — 3m§’jﬂ : (191)

Er = —2[3H (c+2Mj3) +¢+2(M3) ] , (192)

Ez = —2(c+2M3) , (193)

B® = [mg + H (—2M2 — 6Hms + 41m2) — Mfﬂ : (194)

B® = 2 [2Hm§ + M2f — 3imsH + 2(mi)'] , (195)

EY) = 2M3 + 6Hims — 4 | (196)

E® = [20 CAMZH + 4m2H + (md) + 4H%m2 + Hmd — 12msHH + 4H(m§)'] : (197)

EY) = —2ms + 16HX (198)

EW = —2(m?2 + 2H1ms) + 16H?) . (199)

e Generalized Poisson equation:

Fp = —3MZ2Hf + 2¢c + 4Mj + 3Hm} (200)

Fy = —3MZ2f +3mj , (201)

Fp =6M2H%*f —6Hc—¢— A+ 3miH = —3H(M?2f —m3), (202)

Fp = —(2¢ +4Mjy) , (203)

FP) = —(2f M2 + 4m3) (204)

F® = fM? —m3 +4Hm? — 4Hm? . (205)
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Abstract

We generalize the recently derived single-field consistency relations of Large Scale Structure in two
directions. First, we treat the effect of the long modes (with momentum ¢) on the short ones (with
momentum k) non-perturbatively, by writing resummed consistency relations which do not require
k/q- 64 < 1. These relations do not make any assumptions on the short-scales physics and are ex-
tended to include (an arbitrary number of) multiple long modes, internal lines with soft momenta and
soft loops. We do several checks of these relations in perturbation theory and we verify that the effect
of soft modes always cancels out in equal-time correlators. Second, we write the relations directly in
redshift space, without assuming the single-stream approximation: not only the long mode affects the
short scales as a homogeneous gravitational field, but it also displaces them by its velocity along the
line-of-sight. Redshift space consistency relations still vanish when short modes are taken at equal
time: an observation of a signal in the squeezed limit would point towards multifield inflation or a
violation of the equivalence principle.




1 Introduction

Our detailed knowledge of the Universe is mostly based on the study of correlation functions of per-
turbations around a homogeneous background. A considerable effort has been devoted over the years
to the calculation of these correlators during inflation, for the CMB temperature fluctuations and for
the present distribution of dark and luminous matter. It is by now well understood that calculations
dramatically simplify in the parametric limit in which one (or more) of the momenta (that we call
g in this paper) becomes much smaller than the others (denoted by k). Recently [1, 2, 3], these ar-
guments have been applied to the matter (or A)-dominated phase to show that the leading term as
g — 0 of any correlation function with (n + 1) legs can be written in terms of an n-point function:
the so-called consistency relations. Although the arguments work in a fully relativistic treatment [3],
which is mandatory if we want to follow the evolution of the modes back in time and connect with
inflation, in this paper we focus on the non-relativistic limit, which is valid deep inside the horizon.

The physical argument behind the consistency relations in the non-relativistic limit is that at
leading order in ¢ a long mode gives rise to a homogeneous gravitational field V®. The effect of this
mode on the short-scale physics can be derived exactly using the equivalence principle and erasing the
long mode with a suitable change of coordinates. This logic makes virtually no assumption about the
physics at short scales, including the complications due to baryons. However, the cancellation of the
long mode by a change of coordinates can be performed only assuming that gravity is all there is: no
extra degrees of freedom during inflation (i.e. single-field inflation) and no extra forces (violation of the
equivalence principle) at present. Therefore the consistency relations can be seen as a test of these two
assumptions.

In this paper, which is the natural continuation of [3], we follow our study of the subject in two
directions. First, we want to extend the consistency relations non-linearly in the long mode (Section 2).
The displacement due to a homogeneous gravitational field scales with time as AT ~ Vo t2, so that
the effect on the short modes of momentum k goes as

. k
k-Afwkq(I)LﬁwaéL, (1)

where d7, is the long-mode density contrast'. Notice that this is parametrically larger than 7, the
natural expansion parameter of perturbation theory, and this is why one is able to capture the leading
q — 0 behaviour. Obviously, the fact that we can erase a homogeneous gravitational field by going to a
free falling frame is an exact statement, that does not require the gravitational field to be small. This
implies that we do not need to expand in k/q - 6y that can be large, while we keep d;, small to allow
for a perturbative treatment of the long mode. In Section 2 we are going to give a resummed version
of the consistency relations which is exact in k/q - dr. This allows to discuss the case of multiple soft
modes and check the relations with the perturbation theory result. With the same logic, we will study
the effect of internal soft modes and loops of soft modes.

The second topic of the paper (Section 3) is to derive consistency relations directly in redshift
space, since this is where the distribution of matter is measured. We will do so without assuming
anything about the short modes, in particular the single-stream approximation that breaks down in
virialized objects. The redshift consistency relations contain an extra piece because the long mode,

IThis is the leading effect in the non-relativistic limit: relativistic corrections are further suppressed by
powers of k/aH < 1 [3], which are negligible well inside the horizon.



besides inducing a homogeneous gravitational field in real space, also affects the position of the short
modes in redshift space along the line-of-sight. The redshift space consistency relations state that the
correlation functions vanish at leading order for ¢ — 0 when the short modes are taken at the same
time, as it happens in real space. Given that it is practically impossible, as we will discuss, to study
correlation functions of short modes at different times, it is hard to believe that these relations will be
verified with real data. However, if a signal is detected at equal times, the consistency relations are
not satisfied and this would indicate that at least one of the assumptions does not hold. This would
represent a detection of either multi-field inflation or violation of the equivalence principle (or both!).

As explained in [3], one of the conditions for the validity of the consistency relations is that the
long mode has always been out of the sound horizon since inflation. Indeed, a well-understood example
where the consistency relations are not obeyed is the case of baryons and cold dark matter particles af-
ter decoupling. Before recombination, while dark matter follows geodesics, baryons are tightly coupled
to photons through Thomson scattering and display acoustic oscillations. Later on, baryons recombine
and decouple from photons. Thus, as their sound speed drops they start following geodesics, but with
a larger velocity than that of dark matter on comoving scales below the sound horizon at recombina-
tion. As discussed in [4], the long-wavelength relative velocity between baryons and CDM reduces the
formation of early structures on small scales, through a genuinely nonlinear effect.

The fact that baryons have a different initial large-scale velocity compared to dark matter implies,
if the long mode is shorter than the comoving sound horizon at recombination, that the change of
coordinates that erases the effect of the long mode is not the same for the two species. Thus the effect
of the long mode does not cancel out in the equal-time correlators involving different species [5, 6]. In
particular, the amplitude of the short-scale equal-time n-point functions becomes correlated with the
long-wavelength isodensity mode, so that the (n+1)-point functions in the squeezed limit do not vanish
at equal time. This effect, however, becomes rapidly negligible at low redshifts because the relative
comoving velocity between baryons and dark matter decays as the scale factor, |ty — Tcpm| o< 1/a.?
Hence, while a deviation can be sizable at high redshifts, it can be neglected in galaxy surveys and the
consistency relations apply also when the long mode is shorter than the comoving sound horizon at
recombination. We conclude that the vanishing of the correlation functions at leading order in ¢ — 0
is very robust.

2 Resumming the long mode

Let us consider a flat unperturbed FRW universe and add to it a homogenous gradient of the Newtonian
potential ®7.2 Provided all species feel gravity the same way—namely, assuming the equivalence
principle—we can get rid of the effect of Vo, by going into a frame which is free falling in the constant
gravitational field. The coordinate change to the free-falling frame is (we are using conformal time

2The violation of the consistency relations decays as (Diso/D)? o (a?HfD)™2 ~ (1 4 2)3/? where Diy, o
|0, — UcpMm|/(aH f) is the growth function of the long-wavelength isodensity mode, D is the growth function of
the long-wavelength adiabatic growing mode, f is the growth rate and H is the Hubble rate (see [5] for details);
in the last approximate equality we have used matter dominance. Thus, the effect is already sub-percent at
z ~ 40.

3Since we are interested in the non-relativistic limit, we do not consider a constant value of ®;, which is
immaterial in this limit.
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while time is left untouched. The velocity o7 satisfies the Euler equation in the presence of the
homogenous force, whose solution is

Gn(n) = ——— / o)1 (7) dif (3)

To derive the consistency relations we start from real space. Here, for definiteness, we denote by
609 the density contrast of the galaxy distribution. However, the relations that we will derive are
more general and hold for any species—halos, baryons, etc., irrespectively of their bias with respect
to the underlying dark matter field. Following the argument above, any n-point correlation function
of short wavelength modes of §(9) in the presence of a slowly varying ®;, (9) is equivalent to the same
correlation function in displaced spatial coordinates, I=T+ dZ(¥,n), where the displacement field
0Z(y,n) is given by eq. (2) and 7 is an arbitrary point—e.g., the midpoint between Z1, ..., Z,—whose
choice is irrelevant at order g/k. This statement can be formulated with the following relation,

(8D (@, m) - 89 (Ey )| @L(§)) = (69 (F1,m) -+ 69 (Fnsma))o

d3k‘ d3kn i - »
- /(277)13 '“ng)(m)mééi)(ﬁn»oe Lo ko (Fa+0(Fyma))

(4)

)

where in the last line we have simply taken the Fourier transform of the right-hand side of the first
line. Here and in the following, by the subscript 0 after an expectation value we mean that the average
is taken setting ®;, = 0 (and not averaging over it); while by ~ we mean an equality that holds in the
limit in which there is a separation of scales between long and short modes. In momentum space this
holds when the momenta of the soft modes is sent to zero. In other words, corrections to the right-hand
side of ~ are suppressed by O(q/k).

From eq. (2) and using the continuity equation ¢ + V7= 0, we can rewrite each Fourier mode of
the displacement field as

— —

SE(F,m) = —i]%(S(ﬁ,n) = —iI%D(n)do(ﬁ) , (5)

where in the second equality we have defined D(n), the growth factor of density fluctuations of the
long mode and 0y (p), a Gaussian random field with power spectrum Py(p) which represents the initial
condition of the density fluctuations of the long mode [7]. Notice that the first equality of eq. (4) is
based on the crucial assumption that the long mode is statistically uncorrelated with the short ones.
This only works in single-field models of inflation, which we assume throughout. Notice also that
eq. (5), when going beyond the linear theory, will only receive corrections of order 4, that we can
neglect for our purposes since we are only interested in corrections which are enhanced by 1/p.

At this stage, we can compute an (n + 1)-point correlation function in the squeezed limit by
multiplying the left-hand side of eq. (4) by dr and averaging over the long mode. Since the only
dependence on @y, in eq. (4) is in the exponential of i), Ky - 0Z(Y,na), we obtain

d3ky d3k,

Ttk (2w)3<5(9)(m) 89 ()0 ¢ e K.z

k1 En

(OL(@ (D (F1,m) - 69 (@, ma) DL, ~/
(6)

g iz i Fa-0F(Gima)
% [ e T et BT,
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It is then convenient to rewrite this exponential as

3

o [i SR st = o [ [ S0 0909). (7

where

—

1) =Y D) P 5 (8)

p2

The integral is restricted to soft momenta, smaller than a UV cut-off A, which must be much smaller
than the hard modes of momenta k,. Averaging the right-hand side of eq. (7) over the long wavelength
Gaussian random initial condition do(p) yields*

(o] [ oiwm]

We can use this relation to compute the expectation value of §r with the exponential,

A 3
—ew |5 [ G IR )

dp

(sitme (1SR 023.10) ) = s (oo | [ S0 ram)] )

oL
J(—q) 1 AN d3p
oo |y [ g @ICDRG)|

L (10)

= P(q,n)

where we have defined the power spectrum at time 1: P(q,n) = D?(n)Py(q). Finally, rewriting eq. (6)
in Fourier space using the above relation and the definition of J, eq. (8), we obtain the resummed
consistency relations in the squeezed limit,

D(na) ka - @, () @/
O (0 (m) -+ 57 ()i

< exp H /A %(;D(%)W)QPO@)} ,

where, here and in the following, primes on correlation functions indicate that the momentum conserv-

(055 () -6 ()’ ~ = Pla,m)

n

(11)

ing delta functions have been removed. However, what one observes in practice is not the expectation
value (...)p with the long modes set artificially to zero: one wants to rewrite the right-hand side of
eq. (11) in terms of an average over the long modes. Using eq. (9) one gets:

A 33 o=\ 2
@ (Y. .. 59 U N ka - P @0y 59
(o m) o owiene, =ew |5 [ G5 (00T ) Re)| 662 o
(12)
Once written in terms of the observable quantity the consistency relation comes back to the simple
form: ~
@ s@ W D(a) ka T o)\ <(9)(, \v
(6amg () -- 5 om) & —Plan) 3 BASEE (0 m) -0 () (13)

a

4This result will receive corrections due to primordial non-Gaussianities. Indeed, even in single-field models
of inflation, the statistics of modes with comparable wavelength can deviate from Gaussianity. We neglect these
corrections in the following.



This equation has the same form as the consistency relations obtained in Refs. [1, 2, 3], but now it does
not rely on a linear expansion in the displacement field,
@ ~ 65 L1 (14)
1zl o«

Indeed, to derive eq. (11) we have assumed that the long mode is in the linear regime, i.e. 07, < 1,
but no assumption has been made on (k/q)dr, which can be as large as one wishes. For equal-time
correlators the right-hand side vanishes at leading order in ¢ because ), Ea = ¢, in the same way as in
the linearized version [1, 2, 3]. The resummation of long wavelengths in terms of a global translation of
spatial coordinates—whose effect vanishes in equal-time correlation functions—was also performed in
[5, 6] by using the so-called eikonal approximation of the equations of motion of standard perturbation
theory®

It is important to stress that here we made practically no assumptions on the short modes. We
did not assume that they are in the linear regime or that the single-stream approximation holds. The
relation also takes into account all complications due to baryon physics and it does not assume a
description in terms of a Vlasov-Poisson system. We did not assume any model of bias between the
short-scale ) and the underlying dark matter distribution 6. We did not assume that the number
of galaxies is conserved at short-scales, so the relation is valid including the formation and merging
history. We thus believe that our derivation, rooted only on the equivalence principle, is more robust
than the one of [1, 2| based on the explicit equations for dark matter and for the galaxy fluid. Notice
however that, while we are completely general about the short-modes physics, the long mode is treated
in perturbation theory including its bias. Of course what enters in the consistency relations is only the
velocity field of the long mode eq. (3), related to @z, by the Euler equation. In converting this quantity
in the density of some kind of objects, one has to rely on the conservation equation and this introduces
the issue of bias and of its time-dependence. However, one can measure the large-scale potential in
many ways, minimizing the systematic and cosmic-variance uncertainty [8].

As shown below, one can straightforwardly extend this procedure and derive consistency relations
involving an arbitrary number of soft legs in the correlation functions or use it to study the effect of

soft loops and internal lines.

2.1 Several soft legs

The generalisation of the consistency relations above to multiple soft legs (for an analogous discussion
in inflation see [9]) relies on taking successive functional derivatives with respect to J(g;) of eq. (9). As
an example, we can explicitly compute the consistency relations with two soft modes. In this case the

5Tt is not surprising that the consistency relation eq. (13) remains the same even non-linearly in (k/q)dr,
working directly in terms of the expectation values (...) averaged over the long modes. Indeed, neglecting
primordial non-Gaussianities, the effect of the mode with momentum ¢ is the same as a change of coordinates,
even when the short-scale correlation functions are averaged over all long modes. Since, as we discussed, also
eq. (5) does not require an expansion in (k/q)dr, eq. (13) follows.
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Figure 1: Two diagrams that contribute to the tree-level trispectrum. Left: Ty199. Right: Ti113.

(n + 2)-point function reads

Pri Ak, i Es
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(15)

To compute the average over the long modes in the last line, it is enough to take two functional
derivatives of eq. (9),

R R ) 6 ) ) I Lo (950 ()
(1) - — (21)°D(r)D )
<5q1(71)5q2(72)€ (2m)°D(71) (7'2)5J((j,1)5j((72) e

J(=q) J () LA L 55 0(=p) Po(p)
= P(q1,7)P(q2, 72)e?’ @m°
D(Tl) D(7_2) ( 1 1) (CI2 2)

(16)

)

where we have assumed q1 + ¢ # 0 to get rid of unconnected contributions. In Fourier space, this
yields

(0g: (11)0g, (72)5,%17) (m) - '5,(;?(%))’ ~ P(q1,m)P(g2, m2)

Dl ka di 5~ Dlm) - , o an
X Z D((le q%(h Z DEZ;; bqg(JZ <5]%‘i) (1) - - 51(21) ()Y,
e b

where again we have used eq. (12) to write the result in terms of correlation functions averaged over
the long modes.

As a simple example, let us consider eq. (17) in the case where n = 2 and ¢ (@) describes dark matter
perturbations, i.e. 8¢9 = §. In this case, at lowest order in 55 (g, n)—i.e. setting the exponential in the
third line to unity—the above relation reduces to

(D(m) — D)2 & - k1 @ -k

(0 (71)03, (r2)0g, (m)og, (m))' ~ == T e v

P(q1, m)P(az, 72) {0, (m1)dz, (n2)).
(18)
We can check that this expression correctly reproduces the tree-level trispectrum computed in pertur-
bation theory in the double-squeezed limit. This can be easily computed by summing the two types of
diagrams displayed in Fig. 1. The diagram on the left-hand side represents the case where the density



perturbations of the short modes are both taken at second order, yielding

Ti122 = D(71) D(72) D(11) D (12) Po(1) Po(g2) Fa(— 1, k1 + G1) Fa(—2, ka2 + @) (67, (m)dg, (n2))’ + perms

~ _8(71 k1 @ - k1 D(11)D(12)
2¢3  2¢3 D(m1)D(72)

Plq1,70)Plaz, 72) {05, ()3, ()

(19)
where, on the right-hand side of the first line, F»(p1,p2) is the usual kernel of perturbation theory,
which in the limit where p; < po simply reduces to py - po/(2p3) [7]. The second type of diagram,

displayed on the right-hand side of Fig. 1, is obtained when one of the short density perturbations is
taken at third order; it gives

Tinz = D(12)2D(1) D(2) Po(q1) Po(g2) Fs (=G, — 2, —k1) (07, (m1)07, (n2))’ + perms

G- k1 G-k D(n)? , (20)
P P o o
QQ% 2q% D(Tl)D(TQ) (QIle) (q277_2)<5k1 (n1)5k2(772)> 3

where, on the right-hand side of the first line, F5(pi,pa,p3) is the third-order perturbation theory
kernel, which in the limit where pi,ps < p3 reduces to (1 - p3)(Pa - §3)/(4p3p3) |7]. As expected,
summing up all the contributions to the connected part of the trispectrum, i.e. Ti199 + T1131 + 11113,
using eqs. (19) and (20) and ks ~ —k; one obtains eq. (18).

2.2 Soft Loops

So far we have derived consistency relations where the long modes appear explicitly as external legs.
We now show that our arguments can also capture the effect on short-scale correlation functions of soft
modes running in loop diagrams. We already did this in eq (12)

A g3 Lo\ 2
<<5,(£)(771)"‘5,%?1)(77”)’@13»% A exp [—;/ %(ZD(%)I{;J)> Po(p)] <5](Zfi)(?71)...5]%i)(nn)>o.

(21)
The exponential in this expression can be expanded at a given order, corresponding to the number of
soft loops dressing the n-point correlation function. Each loop carries a contribution o< k2 J dpPy(p)
to the correlation function. However, this expression makes it very explicit that at all loop order these
contributions have no effect on equal-time correlators, because in this case the exponential on the
right-hand side is identically unity. This confirms previous analysis on this subject [10, 11, 5, 6, 12, 13|.
It is important to notice again, however, that in our derivation this cancellation is more general and
robust that in those references, as it takes place independently of the equations of motion for the short
modes and is completely agnostic about the short-scale physics. It simply derives from the equivalence
principle.

Nevertheless, soft loops contribute to unequal-time correlators. As a check of the expression above,
one can compute the contribution of soft modes to the 1-loop unequal-time matter power spectrum,
(05, (m)g, (n2))', and verify that this reproduces the standard perturbation theory result. Expanding

at order (%5)2 the exponential in eq. (12) for n = 2, one obtains the 1-loop contribution to the power

spectrum,
1 A @3y ﬁE 2
B2 MO i~ —5 (D) = D) [ 555 (250) ABL )6y (22
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Figure 2: Two diagrams that contribute to the 1-loop power spectrum. Left: Pss. Right: Ps;.

Let us now compute the analogous contribution in perturbation theory. Two types of diagrams are
going to be relevant; these are shown in Fig. 2. The one on the left, usually called Pss, yields

N A d3p p- K\ /
Psy ~ 4D(m1)D(n2) @rp\ 22 Po(p)(0z(m)d_z(n2))0 5 (23)
while the diagram on the right, Ps;, gives
A 43, /= \2
d°p (p-k
N 2
Pu s —20m)?* [ 55 (55) R GHm_mlh. (24)

Summing up all the different contributions, Pss + P31 + Pi3, one obtains eq. (22).

2.3 Soft internal lines

Another kinematical regime in which the consistency relations can be applied is the limit in which the
sum of some of the external momenta becomes very small, for instance |El 4+ 4 Em] Lk, .. kp. In
this limit, the dominant contribution to the n-point function comes from the diagram where m external
legs of momenta El, e Em exchange soft modes with momentum ¢ = El 4+ 4 Em with n —m external
legs with momenta Em+1, ce Ky, (for an analogous case in inflation see |14, 15]). In the language of our
approach, this contribution comes from averaging a product of m-point and (n — m)-point functions
under the effect of long modes.
In this case, the n-point function in real space can be written as

<(5(f1a 771) to 5(fma 77m) 5(fm+17 ?7m+1) o 5(fnv nn»

(25)
~ ((0(Z1,m) - 6(Zm, 1) |PL) (O (Tt D) -+ (T, 1) [PL) @,

where here and in the rest of the section we drop the superscript (9 on the galaxy density contrast
to lighten the notation. Now we can straightforwardly apply the equations from the previous sections.
As before, the long mode can be traded for the change of coordinates. Rewriting the right-hand side
in Fourier space we get

<5(f17 771) e 5(fma nm) 5(fm+17 77m+1> o 5(fm 7771)>

0eia Eo-&a

RO TE (O, (m) -+ 0 (1m))o(0g, . (hm+1) -~ O (1))

x<exp ot e [ 3 Ea-af<gz,na>]> ,
P

a=1 a=m+1

(26)
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where 7 and 7 are two different points respectively close to (Z1, Z2, . .., Zm) and (Zp41, Tm42, - - - Tn)-
The average over the long mode can be rewritten as

(oo [" 1+ )] ) (27)

o
with . .
= ka ﬁ D = ka p 7
J1(p) = ZD("?a)pTepyl . B = ) D)5 e e (28)
a=1 a=m+1

Taking the expectation value over the long mode using the expression for averaging the exponential of
a Gaussian variable, i.e. eq. (9), eq. (26) can be written as

<5(£17 771) T 5(fma 77m) 5(fm+17 77m+1) e 5(fn> 77n)>

3k A3k, , 1A, Raa
~ ] @ s R ) O, ()Y O ) -+ O, ()" € e (29)

A 33
X exp [—/ é&h(ﬁ)b(ﬁ)%(@

We are interested in the soft internal lines, that come from the cross term, i.e. the last line of eq. (29).
Notice that Ji(p) and Jo(p) are evaluated at different points 41 and ij» separated by a distance .5 It
is lengthy but straightforward to take the Fourier transform of this equation, which yields

(O, (m) -6 (mn)dg . (Mm1) - 65
(0, (m) -+ 05 (mm)) (05|

5 iy R VTR ko P ko P
x [ d'ze =t exXp | — (27T)3e ZD(%) B Z D(ﬁa)pTPO(P)

Q

The last line encodes the effect of soft modes with total momentum ¢ = El + e+ k:m exchanged
between m external legs of momenta El, .. k:m and n — m external legs with momenta km+1, ... kn,
in the limit ¢/k; — 0. Expanding the exponential at a given order in Py(p) yields the number of soft
lines exchanged. The integral in d®z ensures that the sum of the internal momenta is .

Equation (30) can be easily generalized to consider the case where more than two sums of momenta
become small, i.e. when soft internal lines are exchanged between more than two hard-modes diagrams.
The conclusion is always the same: soft internal lines do not contribute to equal time correlators at
order o k? [ dpPy(p). Again, this statement is very general irrespectively of the assumption about the
short scales.

As a concrete example, let us consider the case m = 2,n = 4, i.e. a 4-point function in the collapsed
limit |E1 + Eg\ < k1, ko, and the exchange of a single soft line. In this case, expanding the exponential
at first order in Py(p), the above equation yields

o, 4< )
= s8R 56 ) 1)
k1

A ks - L o o
x / a*p(Dlm) = D) 255 P (D(ns) — D) "2 Py(p)op (i — Fa — Fo)

SFor definiteness, we can choose §j; = = > | Z, and jp = —->"" 7,
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where we have considered only the connected diagram and, for simplicity, we are neglecting soft loops
attached to each lines. To compare with perturbation theory, we need to compute the tree-level
exchange diagram. The contribution from taking k; and k3 at second order yields

k1 - (K1 + ko) ks - (k1 + ks)
2|k‘1+]{22|2 2|k‘1—|—k‘2|2

Torz1 & —4D(n) D(n) Po (|1 + K2 (0, (m)og, (n2)) (0, (13)05;, (na))» (32)

and summing up the other permutations lead to

(0, (m) oz, (12)35;, (13)07, (ma))e = — (D (m) — D(12)) (D(n3) — D(na)) Po(|k1 + k)

El : (E1 + /52) E3 : (El + ng) / ’ (33)
X —= = = = Oz Oz Oz Oz ,
‘kl n k2‘2 ‘kl n k2‘2 ( P8 (m) k2(772)> ( k3(773) k4(774)>

which confirms eq. (31). One can easily extend this check to the case of several soft-lines.

3 Going to redshift space

The derivation of the consistency relations has been done in real space, but the galaxy distribution will
of course be observed in redshift space. It is thus natural to ask if it is possible to write relations directly
in terms of redshift space correlation function. Before doing so, let us stress that it will be difficult—if
not impossible—to measure consistency relations at different times. To see the effect of the long mode,
one would like to measure at quite different redshifts the short-scale correlation function at a spatial
distance which is much smaller than Hubble. This is of course impossible since we can only observe
objects on our past lightcone. This implies that, although one can check the consistency relations at
different times in simulations, for real data we will have to stick to correlation functions at the same
time. Given that the consistency relations vanish at equal time, their main phenomenological interest
will be to look for their possible violations, which would indicate that one of the assumptions does not
hold. This would represent a detection of either multi-field inflation or violation of the equivalence
principle (or both!)

The mapping between real space T and redshift space 5 in the plane-parallel approximation is given
by

<

z

S=i+ 23, (34)

X

where Z is the direction of the line of sight, v, = ¢ - 2, and ¥ is the peculiar velocity. Also the
relation between z and 7 receives corrections due to peculiar velocities. These corrections are small for
sufficiently distant objects for which v < Hz. Notice that we do not assume that the peculiar velocity
is a function of the position & since this holds only in the single-stream approximation, which breaks
down for virialized objects on small scales [16, 17].

The derivation of the consistency relations follows closely what we did in real space, once we observe
that also in redshift space the long mode induces a (time-dependent) translation. Indeed we have

= Z+DVdy, (35)
v — 17+fHD§‘I)Q7L, (36)

where D(n) is the growth factor, f(n) = dlnD/dlna is the growth rate and 6¢0,L a homogenous
gradient of the initial gravitational potential ®q 1, related to dp defined in eq. (5) by V2<I>07L = 00,L-
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This corresponds to a redshift space translation

wy
I
0y

+ 63, (37)

0§=D (VO + fV.P0,12), (38)

where we have applied to eq. (34) a spatial translation of the real-space coordinates and a shift of the
peculiar velocity along the line of sight, respectively egs. (35) and (36). As in real space, we can thus
conclude that a redshift-space correlation function in the presence of a long mode @, is the same as
the correlation function in the absence of the long mode but in translated redshift-space coordinates:

<6(g7s) (§17 771) e 6(978) (§n7 77n>‘(I)L> ~ <6(g75) (517 771) e 5(975)(5717 77n)>
= 3 65069 (51, -+ V000 Gy ma) 60 Gy, B

where 65, = D, (ﬁaq)o, L+ faVa,:®o,r.2). To show this notice that the density in redshift space can be
written in terms of the real-space distribution function [16, 17]

pu®) =ma™ [ @ (5 22p) (10)

where m is the mass of the particles and p' is the physical momentum. The statistical properties of

ps(8) in the presence of the long mode are inherited by its expression in real space

ps(3)a, = % /d3p f (g— %z +OF,F+ am&_f) - % /d3p' f (5— U_,H&Uz—k 5:3,;5/) = ps(5+63),
(41)

where dx and 0¥ are given by egs. (35) and (36).

Again this statement can be directly applied to the galaxy distribution and it thus includes the bias
with respect to the dark matter distribution. Notice that in the plane-parallel approximation redshift
space is still translationally invariant (although it is not rotationally invariant, since the line-of-sight is
a preferred direction): correlation function only depends on the distance between points. This implies
that the consistency relations will be zero when the short modes are taken at equal time, since the
common translation does not change distances.

In the Fourier space conjugate to redshift space, eq. (39) becomes

(@@ (1) -+ 8 () ~ Po(@) Y D(0a) [a K+ F 1)z biae] (68 (m) - 09 () . (42)

By using for the long mode the linear relation between the density contrast in redshift space § and the
gravitational potential @, i.e.

§(9:5) (@,n) = —(b1 + fﬂé)D(n)QQ@o(ﬂ ; (43)

where by is a linear bias parameter between galaxies and dark matter and pz = k-2 /k, the consistency
relation above becomes

s s s P, S(Q’ 77) D(ﬁa) ka ~ T
5(;97 ) 5&97 ) "'5£gr ) n ~ — 9, _ ka+ a )=
< q (77) i (771) i, (77 )> by + f'ug Ea: D(77) q [ f(77 )Hq Nka} (44)

X (69 () -+ 69 () .
k1 kn
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We can check that this relation holds in perturbative calculation of redshift space distortions. The
redshift space bispectrum reads [7]

(0 o (m)od () =

’
2

225(—q, —k2; ) Z1 () Z1 (ks 1) (8(, )3 (=G, m))' (8 (1, m1 )6 (K, 1)) + cyelic )
where
Zi(k;m) = (b + f1) ,
Zo(Fa, ki) = b1 Fa(ka, k) + f112Ga(Fa, ko) + f;;,;k l;i (b1 + fuf )+ iib (b + frf ) +b§2 : 1o

Here b; and by are the linear and non-linear bias parameters and F5 and (G9 are the standard second-
order perturbation kernels for density and velocity respectively [7]. In the limit ¢ — 0 we have

—

S 7 7k k
2Z9(=q, —k2;m) = (b1 + f1M%2)q(JT2 + (b1 + fm%)ﬁ;?qu,; : (47)
This gives
(9,5) (9,5) (9,5) /
<5q (77)5,;1 (771)5];2 (m2))

—

Py.s(q,m) D(m) 2 q- ko k2 - > - ,
~ b = —pguy | Z1(ko; o(k O(k
bl —|—f,u§ D(n) ( 1 +f1’uk2) q2 +f1 q /“Lq/'Lkz 1( 2,772)< ( 177)1) ( 27772» (48)

~ Pg,s(q,n)D(m)kl . on - . .
Ty + fuz D) q (G- k1 + fipgug )(6(k,m)o(kz,m2))" + (1< 2).

The consistency relation is satisfied.
As in real space, it is possible to derive a resummed version of eq. (44). The translation in redshift
space introduces a factor

exp [i S0 o 05tGm)| = exp | [ ' (;i‘)’g >° D(na) (7 Fa+ FOa)p: kaz) 77007 (49)

in the correlation functions. It is then straightforward to show that, as in Sec. 2, the consistency
relation in redshift space eq. (44) remains the same even when the effect of all soft modes is resummed.
Moreover, using the same procedures developed in the previous section, one can easily extend the
consistency relations with multiple soft legs, softs loops and soft internal lines to redshift space.

4 Conclusions

In this paper we showed that one can have a complete control of soft modes at any order in g -0q. The
known cancellation of these effects for equal time correlators [10, 11, 5, 6, 12, 13] is now on more general
grounds: it is physically a consequence of the equivalence principle and the lack of statistical correlation
between long and short modes, which holds in single-field inflation. Therefore this cancellation is very
robust and holds beyond the single-stream approximation, and including the effects of baryons on short
scales. These regimes are beyond the usual arguments based on perturbation theory. Moreover, we

13



now know exactly what is the effect of soft modes on correlators at different times. To make contact
with observations one has to understand if the consistency relations can be written directly in redshift
space. We showed that this is the case, without adding any assumption about the short modes: for
example one does not need to assume the single-stream approximation, which breaks down on short
scales.

Besides the theoretical interest of these results, the main conclusion for observations is that a
detection in the squeezed limit of a 1/q behaviour at equal time would be a robust detection of either
multi-field inflation or a violation of the equivalence principle. The next step is to evaluate how
constraining measurements will be for explicit models that do not respect equivalence principle, taking
into account that in the data one is obviously limited in the hierarchy between k£ and ¢q. We will come
back to this in a future publication [18].
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Abstract

The recently derived consistency relations for Large Scale Structure do not hold if the Equivalence
Principle (EP) is violated. We show it explicitly in a toy model with two fluids, one of which is coupled
to a fifth force. We explore the constraints that galaxy surveys can set on EP violation looking at
the squeezed limit of the 3-point function involving two populations of objects. We find that one can
explore EP violations of order 1072 = 10~ on cosmological scales. Chameleon models are already very
constrained by the requirement of screening within the Solar System and only a very tiny region of
the parameter space can be explored with this method. We show that no violation of the consistency

relations is expected in Galileon models.




1 Introduction

Experimental tests of the Equivalence Principle (EP) are, from Galileo to modern torsion balance
experiments, a prototypical example of the scientific method. The impressive modern limits on the
equality of inertial and gravitational mass testify that we understand gravity very well, at least on scales
much shorter than the Hubble size. On the other hand, the observed acceleration of the Universe may
suggest that something new happens to gravity at very large distances. It is at first difficult to imagine
how to test the EP on scales comparable to the size of the Universe, since even the most patient
experimentalist cannot follow the fall of astrophysical objects for lengths and timescales comparable
to Hubble. In this paper we show that this kind of test is indeed possible: we do not have to wait for
things to fall, we just have to look at their final position, provided we make the correct guess about
their initial conditions long back in time. It is like saying that Galileo could have simply studied the
arrival time of the different rolling balls along the inclined plane, provided somebody had told him
in advance the initial conditions at the top of the plane. Usually, initial conditions are part of the
experimental setup and not something that can be predicted from the theory, or at least this was the
situation for Galileo. Nowadays we think we know the initial conditions of our Universe, at least in
a statistical, if not deterministic, sense. All the experiments are compatible with the simple picture
of Gaussian initial conditions and this is what we are going to assume throughout this paper, keeping
of course in mind that a deviation from this assumption would be a big discovery on its own!. The
absence of non-Gaussianity, i.e. the statistical independence of the Fourier modes, tells us that the
homogeneous gravitational field where the experiment will take place does not affect the (statistics
of) initial conditions for the small objects whose fall we test. This educated assumption about initial
conditions allows to test the EP on cosmological scales by simply measuring the position of different
astrophysical objects at a given time.

This paper is a natural continuation of [1, 2|, where we showed, following [3, 4], that for single-
field inflationary models and if the EP holds, certain consistency relations for cosmological correlation
functions can be derived. The violation of the consistency relations in modified gravity theories has
been recently discussed in [5, 6, 7, 8] (with some differences that we are going to point out). In this
paper we will concentrate on equal-time correlators, which are the most relevant observationally, and
on the 3-point function which, in the non-relativistic limit, reads

q—0

iy 050t 3 ) = (¢ 57 + Ol(a/i) ) Pla.o Pas(i). 1)

The notation requires some explanation. A prime on the correlation function on the left-hand side
indicates that the momentum conserving Dirac function has been removed. 64 and 6P) are the
number densities of the two classes of objects (e.g. galaxies with different mass) we want to compare
in their fall and P4p(k,n) their cross power spectrum, with k = (k; — k)/2. The third mode dg with
small momentum ¢ corresponds to the approximately homogeneous gravitational field where objects A
and B fall. It is treated in the linear regime and can be measured using any probe we like. If objects
A and B fall in the same way, then € vanishes. Conversely, as we will see, a deviation from the EP for
the two classes of objects induces a non-zero e. Equation (1) represents a violation of the consistency
relation, which tells us that there should be no k/¢ term in such an equal-time correlator, if the EP and
single-field initial condition were respected. The actual size of the violation of the consistency relation

'What we need to assume is the absence of non-Gaussianity in the squeezed limit.



is model-dependent. In Section 2 we are going to calculate € in a simple model in which the objects A
and B have a different coupling with a long range fifth force. Although modified gravity models can
be significantly more complicated, this will represent our benchmark model. In Section 3 we are going
to study the limits one will be able to put on the parameter € in future surveys with a simple estimate
of the cumulative signal-to-noise in the bispectrum. Notice that exchanging A with B is equivalent to
flipping the sign of ¢ so that the relation for A = B trivially vanishes: only for two different kinds of
objects the consistency relation can be violated?.

What kind of models are expected to violate the EP on cosmological scales? One possibility is the
existence of some non-universal long-range force, another is the EP violation induced on macroscopic
objects by one of the screening mechanisms, which hide the deviations from GR on short scales, where
stringent experimental bounds apply. We will review these possibilities in Sec. 4. It is fair to anticipate
that most of these models give a negligible signal for our test, either because of other experimental
constraints or because the EP violation is anyway suppressed. We think, however, that this does not
diminish the interest in testing the EP on cosmological scales. Indeed one has to admit that none of the
models which modify gravity on large scales addresses the cosmological constant problem, which is the
main reason why we are interested in modifications of gravity in the first place. Therefore, if gravity
changes on large scales in a way connected with the cosmological constant, we expect something much
more dramatic and interesting than the theories studied so far. From this point of view, a test of the
basic tenet of GR on cosmological scales is surely worthwhile.

One can read eq. (1), when the EP holds, i.e. ¢ = 0, as the statement that there is no velocity
bias between species A and B on large scales: the long mode induces exactly the same velocity for
all objects. It is important to stress that this holds even considering statistical velocity bias. Objects
do not form randomly, but in special places of the density field: therefore, even if they locally fall
together with the dark matter, there can be a velocity bias in a statistical sense [9, 10]. However, the
arguments of [1, 2, 3| tell us that the long mode (at leading order in ¢) is equivalent to a change of
coordinates. Apart from this change of coordinates the long mode affects neither the dynamics nor
the statistics of short modes. Therefore, the EP implies that the statistical velocity bias disappears on
large scales: again, this statement is completely non-perturbative in the short scales and includes the
effect of baryons. For the case of dark matter only, we know that the statistical velocity bias vanishes
on large scales as ~ ¢>R?, where R is a length scale of order the Lagrangian size of the object; this
can be calculated by looking at the statistics of peaks [9, 10] and verified in numerical simulations [11].
One expects that the effect of statistical velocity bias is therefore subdominant with respect to the
unknown corrections in eq. (1) since k < R7L.(3)

2This point has not been made explicit in Ref. [6], where they concentrate on correlation functions for the
same class of objects.

3 Reference |5| quotes from [11] that, for ¢ = 0.05hMpc~!, objects in the range (25 <+ 40) - 10'2A~' M, have
a velocity bias of 1.05 compared to dark matter. This effect is more important than the unknown corrections
O[(g/k)°] to the consistency relation (1) only for k > R~'/1/0.05, where R is the Lagrangian size of the objects.
However, it is difficult to measure the correlation function of objects on scales smaller than their Lagrangian
size.



2 An example of equivalence principle violation

In this section we are going to study a toy model in which the Universe is composed of two non-
relativistic fluids A and B, with the latter coupled to a scalar field mediating a fifth force. For
example, the two fluids could be baryons and dark matter but, with some modifications that we will
discuss below, the model can also describe two populations of astrophysical objects, say different types
of galaxies. If the scalar field ¢ has a negligible time evolution, the continuity equations of the two

fluids are the same,
O+ V- [(L+dx)ix] =0, X=AB, (2)

where a prime denotes the derivative with respect to the conformal time n = [ dt/a(t) (we assume a
flat FRW metric, with scale factor a), ' = 9. The Euler equation of B contains the fifth force, whose
coupling is parameterized by «,

=-Vo ) (3)
= -V®—aVyp, (4)

Ty + Hia+ (G4 - V)
'y + Hig + (T - V)

where H = 0,a/a is the comoving Hubble parameter. To close this system of equations we need
Poisson’s equation and the evolution equation of the scalar field. Assuming that the scalar field stress-
energy tensor is negligible, only matter appears as a source in the Poisson’s equation,

V20 = 470G p 0 = 470G py (wpad4 + wpdB) , (5)

where pp, is the total matter density and wx = px/pm is the density fraction of the X species.
Moreover, in the non-relativistic approximation we can neglect time derivatives in comparison with

spatial gradients and the equation for the scalar field reads
Vi = a 81Gpmwpis , (6)

where we have neglected the mass of the scalar field, assuming we are on scales much shorter than its
Compton wavelength.

Let us start with the linear theory and, following [12], look for two of the four independent solutions
of the system in which the density and the velocity of the species B differ from those of the species A
by a (possibly time-dependent) bias factor b,

3 1) = Dn) Bo(F) 7
0 () = ~H(n) (5 () (®)
5 ) = bn)o () )
08 () = —+H(m) F 0P () (10)

where we have defined §(X) = V- 7y and 50(5) is a Gaussian random variable. Plugging this ansatz in



egs. (2)—(6) and using the background Friedmann equations for a flat universe, we find, at linear order,

f=Sa2, (1)

dcllI{a + 17+ <2 - ;Qm> f- gﬂm(wA +wpb) =0, (12)

d(lirll)a - (13)

wpb+wa <1—11)> —wp(14+2a%) =0, (14)
Using eqs. (11) and (12), the linear growth factor D satisfies a second-order equation,

ddlilc)ﬂ + <2 — ng> % — ng(wA +wpb)D =0, (15)

whose growing and decaying solutions are Dy and D_. Note that eq. (13) implies that the bias b is
time independent. In the absence of EP violation (o = 0) we get b = 1 (using wa + wp = 1) and we
recover from eq. (15) the usual evolution of the growth of matter perturbations.

Following [13, 14], we introduce y = In D as the time variable. Defining the field multiplet

§5A)
—0W A £y
v, = 5B ) (16)
—pB) JH S+
the equations of motion of the two fluids can be then written in a very compact form as
8y U o (k) + Qap Uy (k) = Yape Wy (k1) Ue(ka) (17)

where integration over El and EQ is implied on the right-hand side. The entries of 74, vanish except

for
Y21 = yaa3 = (27)%0p(k — k1 — k) 1(1322) ’
1
T (18)
= o ok Ea(ky + k)
o220 = aaa = (2m)38p(k — ky — k2) = 22(k;kz : ’
L)
the matrix Qg reads
0 -1 0 0
3Qm 39[1] 3Qlll
QO “ypwa gy watbwg) —1 IR !
ab — ’
0 0 0 -1
3%, 0 —§p(wpb+wa (1-1)) 398 (wa+bwp) — 1
(19)

and we have employed eq. (14) to replace the dependence on o by a dependence on the bias b. The

solution of eq. (17) can be formally written as

Yy
Voly) = gus(y)s + /0 Ay gy — o) ea¥e(y ) Waly/)

5

(20)



where ¢y, is the initial condition, ¢, = ¥y(y = 0), and gq(y) is the linear propagator which is given by
[13]
1 [Etico
Glv) = 5 [ dw (wI+ )l 21)
27T Je—ioo
where ¢ is a real number larger than the real parts of the poles of (wl + Q)71

In the following we consider small couplings to the fifth force, a® < 1, which by virtue of eq. (14)
implies b ~ 1. In this case, it is reasonable to use the approximation f_% ~ O, which for b =1 is very
good throughout the whole evolution [15]. We choose to use this approximation because it considerably
simplifies the presentation but one can easily drop it and make an exact computation.

The linear evolution is characterized by four modes. Expanding for small b — 1, apart from the
“adiabatic” growing and decaying modes already introduced above, respectively going as D = e¥ and
D_ = efg[HwB(b*l)]y, one finds two “isodensity” modes, one decaying as D; = e~ 3[13(1+wa)(6-Dly 54
an almost constant one going as D, = e3wa(b—1a%y (4)

We are interested in the equal-time 3-point function involving the two species. In particular, we
compute

(55, L ()5 (0)) = wa (Wi ks, m) Dy (ky, m) s (ka, ) + wp (W ks, m) W1 (ke m)Wa (ko)) L (22)

where § = w0 + wpdB). The calculation can be straightforwardly done at tree level by per-
turbatively expanding the solution (20) as ¥, = \I/((ll) + \Il((lz) + ..., which up to second order in g
yields

UM () = gan(y) oo »

v (23)
v (y) = /0 Ay gab (¥ — v )9O ()T (1))

and by applying Wick’s theorem over the Gaussian initial conditions. In the squeezed limit, the
expression for (22) simplifies considerably. Assuming that the initial conditions are in the most growing
mode, i.e. they are given by ¢q(k) = ugdo(k) with u, = (1,1,b,b), at leading order in b — 1 one finds

i

tim (3234 (6 () = — (b — 1)Pla, ) Pas(k,0) 7
q—0 1 2 q (24)

y !
X /0 dy'e® [g1(y— ) + g2y — ¥) — 951y — ¥) — g32(y — ¥/)]

which shows that the long wavelength adiabatic evolution has no effect on the 3-point function® [16,
17]. As before, the prime on the correlation function denotes that the delta function of momentum
conservation has been dropped. Retaining the most growing contribution and using b ~ 1 4+ 2wpa?
one finally finds

SO 5B oy T o2 BT
i (Og (), (g, ()" = gwp o™ =57 P(a,n)Pap(k,n) . (25)

4With an abuse of language, we denote the modes (+) and (—) as adiabatic and (i) and (c) as isodensity even
though, strictly speaking, they do not correspond to the usual notion of adiabatic and isocurvature. Indeed, (+)
and (—) correspond to 4 = dp/b and not to 64 = dp as in the standard adiabatic case without a fifth force,
while (i) and (c) yield w46 4 bwpdB) = 0 instead of w484 4 wpd®) = 0 which one finds in the standard
isodensity case (see [16] for a discussion of adiabatic and isodensity modes in the standard case b = 1).

5For b = 1 one finds gg'{) = gé‘f), gg) = g:(,);r), gﬁ) = géI) and gg) = gég).



The result that we obtained remains qualitatively the same if A or B represent extended objects,
for example a fluid of galaxies of a given kind [18|. For instance, one can take A to represent galaxies
that are not coupled to the fifth force because they are screened (see Sec. 4), while B represents
the dark matter fluid. In this case one should start from initial conditions in which there is a bias
between the galaxy and the dark matter overdensities: u, = (bg, 1,b,0). This is equivalent to exciting
decaying modes, given that asymptotically the galaxy bias becomes unity (b is the initial galaxy bias).
Consequently, the result (25) will be different. Still, it is straightforward to check that, as expected,
there is no 1/q divergence if the EP is not violated, i.e. « = 0. In the limit w4 < 1 (i.e. the screened
galaxies contribute a subdominant component of the overall mass density) and keeping only the slowest
decaying mode, one gets (in this case we take the long mode to be dark matter only)

7 . k-G

tim (55”3 ()8t ()’ =~ o

10
— 1)e—(w—10)
4—0 k1 5% g2 <1 T (bg — 1)e >P(q,77)PAB(k,77)~ (26)

Notice that yo here represents the initial value when the local galaxy bias b, is set up.

Another complication in this case comes from the fact that objects become screened only at a
certain stage of their evolution, so that the coupling of the fluid A with the scalar is time-dependent.
All this modifies the numerical value on the right-hand side of eq. (25). In any case, given the model-
dependence of the result, we stick to eq. (25) as our benchmark model when discussing the capabilities
of experiments to constrain EP violation.

3 Detecting an equivalence principle violation

In this section we want to explore how well we can constrain the violation of the EP in our toy model
using large scale structure surveys. We will use this bound to comment on the possible detection of
EP violation in different modified gravity scenarios.

3.1 Signal to noise for the bispectrum

The signal to noise calculation closely follows the standard calculation for the case of primordial non-
Gaussianities (see for example [19]). We will assume a survey of a given comoving volume V' which
defines the fundamental scale in momentum space, ky = 27/ V1/3. In this setup, the bispectrum
estimator is given by
Bl k) = - [ @ [ P [ @ o+ o+ @) 000 1)
123 Jky k2 k3

where Vy = (27)3/V is the volume of the fundamental cell, the integration is done over the spherical
shells with bins defined by ¢; € (k; — 0k/2, k; + 0k/2) and

Vo= [ Co [ Co [ Cord@+ ) s hikok 50 (28)
k1 ko k3

We will assume no significant correlation among different triangular configurations or, in other words,
that the bispectrum covariance matrix is diagonal and given by a Gaussian statistics. It can be shown
that in this case the variance is given by [19]

S
AB*(ky, ka, ks) = k;’z%ﬂoﬁ<k1>Ptot<k2)Ptot<k3) , (29)
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where s193 = 6, 2,1 for equilateral, isosceles and general triangles, respectively. The power spectrum

Piot(k) is given by
1 1

(@2m)*a’

where the last term on the right hand side accounts for the shot noise and 7 is the number density

Puo(k) = P(k) + (30)

of galaxies in the survey. In what follows we will neglect the shot noise contribution because we want
to estimate the total amount of signal in principle available for a survey of a given volume, without
restricting our analysis specifically to galaxy surveys. Moreover, for our estimates we will use only
modes that are in the linear regime where the shot noise is expected to be negligible.

Given these definitions, the signal-to-noise ratio is calculated as

<S) 2 _ Z (Bnew physics(kla k27 kB) - Bstandard(kla k2a k3))2

1
N AB2(ky, kg, k3) ’ (31)

T

where the sum runs over all possible triangles formed by El, /32 and Eg given kpyin and kpax. Typically,
the sum is written down such that the same triangles are not counted twice and the symmetry factor
s123 takes care of special configurations. In our case, with two different species of particles, the bispec-
trum is not symmetric when momenta are exchanged and the previous equations have to be modified
accordingly. We will impose sj23 = 1 for all configurations and the sum over triangles will be

k*

kmax kmax max

.= DL , (32)

T klzkmin k2:kmin ks=k?

min

*
min
piniy

Emax — kmin|/dk steps where dk is a multiple of k,. In the following we fix 0k = k.
f !

where k%, = max(kmin, [k1 — k2|), k. = min(|k1 4 k2|, kmax) and the discrete sum is done with

3.2 Estimate for our toy model

Now that we have defined the estimator, we apply it to the case of violation of the EP. We will not
restrict ourselves to squeezed triangle configurations but we exploit all possible triangular configurations
of eq. (22).

In the case at hand, the signal to noise takes the form

2
g\ 2 B Uk, ) = B (ks K, ) .
(¥) - 2 ABABI Gk, ko, k) ’ (%)
where the bispectrum BB (ky, ko, k3) is defined by
(0, (3L (0L () = (2m)dp (R + Ko + Ka) BAP) (ki o, k) (34)

where the left hand side of this equation is computed from eq. (22) at leading order in o?. For the

computation we employ

(4) LS By = L )
% = e o (”)_wA/b+w35k(”)’ (35)
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Figure 1: Expected error on o?, o(a?), for a survey with volume V = 1(Gpc/h)? at three different
redshifts, z = 0, z = 0.5 and z = 1. Left: U(OéQ) is plotted as a function of k.. We have chosen
Kmin = 27/ V1/3 so that the violation of the EP extends to the whole survey. Right: o(a?) is plotted
as a function of kpin. kmax is given by 0.10, 0.14, 0.19 for z = 0, 0.5, 1 respectively. The dotted lines
represent o < 107(m/H)?, i.e. the bound on o? from screening the Milky Way [23].

where we compute the transfer function of the total matter density contrast J using the code CAMB

[20]. We then define
(0p(m Sz () = @rPop(RE+K)P(k), (65 oo ) = (@m)*p(k+F)PX (k). (36)
Following eq. (29), for the variance of the bispectrum we use

A[B(AB)]Q(kl, ko, ks) = k?%P(kl)P(A)(kQ)P(B)(k@ ) (37)

Figure 1 shows the estimated error on o2, o(a?), for three different surveys of volume V =
1(h~'Gpc)? at redshift z = 0, z = 0.5 and z = 1, respectively. On the left panel this is shown as

a function of kyax for the smallest possible Ky, i.e. kpin = ky = 27/ V1/3. The smallest measurable
—2.8

e, so that it crucially depends on our ability to capture the shortest

value of o roughly scales as k
scales.6

On the right panel, the estimated relative variance is shown as a function of k. For each survey,
we take kpax such that we are still in a quasi-linear regime where theoretical control in perturbation
theory is possible. In particular, we fix kpax = 7/(2R) where R is chosen in such a way that og, the

root mean squared linear density fluctuation of the matter field in a ball of radius R, is 0.5.(") This

SFor kmax ~ 0.1h~*Mpc we roughly agree with [6] but we find a different dependence on k.. Our result can
be roughly understood as follows. Recall that the experimental constraint on fif goes like Af3¢ ~ 5./106/N,
where N is the number of modes. This is consistent with the fact that the Planck limit is about fi&¢ < 5,

for N ~ 10% [21]. For the large scale structure we are interested in here, N ~ (kmax/kmin)> ~ 4 - 103, and so
Afie ~ 80, which is consistent with Fig. 3 of Ref. [19]. In the case of the EP violation we effectively have
¢~ a? x qk/(QnHE). Assuming k/q ~ 102/(27), we therefore have a bound of a? that is about 4 - 1073.

loc

This argument also tells us the scaling with kpax: VN « k:rgn/fx, and the scaling of the effective f adds one
more power of kpax, giving us a limit on a? that scales as k27, roughly agreeing with our k28 scaling.

7Apart from the theoretical uncertainty in understanding the nonlinear regime of density fluctuations, other



yields kmax = 0.10, 0.14, 0.19 for z = 0, 0.5, 1 respectively. From Fig. 1 we see that the dependence on
Emin is very mild when going to zero. This seems counterintuitive, because eq. (1) indicates that the
bispectrum diverges as 1/q at small ¢, giving more signal. However, in that limit the power spectrum of
matter fluctuations scales as g, P(q) o ¢, canceling the enhancement. This differs from the familiar case
of local non-Gaussianity where the divergence scales as 1/¢?, causing the known increase of precision
on 11\?f when going to larger surveys. The improvement of the constraints at higher redshifts, discussed
also in [6], is due to the fact that k. increases and, assuming a fixed volume, we have access to more
modes. Our constraints can be compared with that for chameleon models derived in Ref. [23] from

requiring that the Milky Way must be screened. This yields
a? $107%(m/H)?, (38)

where m is the Compton mass of the chameleon. In this case kmin can be identified with m™!, the
Compton wavelength of the chameleon and one sees that for m~! > 0.01 our constraints can improve
that of Ref. [23].

When looking for EP violation, a possible contaminant is the initial density or velocity bias be-
tween two different species. For instance, even in single-field inflation we know that baryons and dark
matter have different initial conditions on scales below the sound horizon at recombination, because at
recombination baryons are tightly coupled to photons through Thomson scattering, while dark matter
particles are free falling. As discussed in [24, 16, 17], the relative velocity between baryons and dark
matter excites long wavelength isodensity modes that couple to small scales reducing the formation of
early structures. However, one can check that this effect decays more rapidly than the one described
by eq. (25). For instance, assuming no violation of the EP but an initial density and velocity bias
between the two species A and B, u, = (ba,ba,bp,bp), one obtains

-
—

lim (0:()0%" ()6 ()" ~ 4 (ba — bp)e™ 20~ ZLP(q, ) Pap(k,m). (39)
q—0 1 2 q

independently of ws and wp. Thus, the effect is still divergent as 1/¢ but rapidly decays, so that

—3/2 where 2y represents the initial redshift. For the

it is typically suppressed by a factor ~ (1 + z)
example discussed above of baryons and dark matter we can take zg ~ 1100 and today this effect is thus
suppressed by ~ O(107?). Moreover, if we use galaxies to probe the EP it will be further suppressed
by the fact that the baryon-to-dark matter ratio is rather constant in different galaxies.

When using galaxies, one should also remember that their density field is a biased tracer and that in
general we expect the bias to contain nonlinearities. Thus, other contributions are expected in eq. (1),
for instance of O[(k/q)?] if the nonlinear bias is scale independent. To compute the signal-to-noise
ratio correctly taking into account this effect, one should include these nonlinear contributions and
marginalise over the bias parameters, similarly to what done in the context of non-Gaussianity, for
instance in Ref. [19]. However, due to its different scale and angular dependence, we do not expect the
marginalization over nonlinear bias to dramatically change our estimates.

Before concluding, it is important to stress that our estimates so far assume that we know which are

the two classes of objects that violate the EP. In practice, one will have to classify objects either based

effects neglected here hinder the access to small scales. In redshift surveys, the smallest scales are affected by
the radial smearing due to redshift distortion that are uncorrelated with the density fluctuations, such as the
one coming from the Doppler shift due to the virialized motion of galaxies within clusters or the one due to the
redshift uncertainty of spectroscopic galaxy samples. See for instance [22] for a discussion.
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on some intrinsic property (mass, luminosity, dark matter content) or some environmental property
(like being inside an overdense or underdense region), and astrophysical uncertainties in the selection
of these objects may significantly suppress the signal. In particular, if the kind of objects we aim for is
quite rare, the shot noise, which we have neglected so far, will be an important limitation. In this sense
the limits discussed above are the most stringent one can get for an ideal survey of a given volume.

Despite these limitations, the absence of any signal when the EP holds is very robust. The long
mode cannot give any 1/q effect, independently of the bias of the objects and of the selection strategy
we use. Furthermore, the same statement holds also in redshift space [2, 6], which makes the connection
with observations even more straightforward. In other words, all the complications that enter when
one wants to use the data to infer the underlying dark matter 3-point function are not relevant here
if we only want to show that the EP is violated. Of course, once a violation is detected, it would be
much more challenging to better characterize the source of the violation.

4 Modifications of gravity and equivalence principle viola-
tion

A violation of the consistency relations requires a macroscopic violation of the EP: different astrophys-
ical objects must fall at a different rate. One can envisage various possibilities depending on which is
the relevant feature that determines the EP violation.

Baryon content. If dark matter and baryons have a different coupling with a light scalar, one
has a violation of the EP at the fundamental level. This causes different astrophysical objects, with
a different baryon/dark matter ratio to fall at a different rate in an external field. This scenario is
however very constrained: Planck [25] limits this kind of couplings to be < 10~* smaller than gravity.
This is far from what we can achieve with our method, since most astrophysical objects have a quite
similar baryon content and this suppresses substantially the EP violation.

Amount of screening. The screening of extra forces to satisfy the gravity tests in the solar
system induces violations of the EP [26]. We can distinguish various cases, depending on the screening
mechanism.

For chameleon [27] or symmetron [28, 29, 30| screening the EP violation can be of order unity
between screened and unscreened objects. However, the necessity of screening inside the solar system
limits the impact of the fifth force on cosmological scales. Indeed, one can find a model-independent
limit on the mass of the scalar |23, 31|

m? > 10%2H? . (40)

This inequality, which is valid at low redshifts, limits the effect of the scalar on short scales k/a < m.
In Fig. 1 we compare this limit with our signal to noise forecast at different redshifts: a detection of
EP violation is possible, though quite challenging. The screening here depends on the typical value of
the gravitational potential GM/r of the object. Given that we know the Milky Way is screened, one
should look for objects with a lower ® to find unscreened objects. This looks challenging since in a
survey one is typically sensitive to galaxies which are more luminous and therefore more massive than
the Milky Way.

For Galileon screening [32| the issue of EP violation is rather subtle. On one hand, one can show
that an object immersed in an external field which is constant over the size of the object will receive
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an acceleration proportional to the mass and independent of the possible Vainshtein screening of the
object [26]. On the other hand, given the nonlinearity of the scalar equations, the value of the external
field may not be the same before and after the object is put into place. For example, the Moon changes
the solution of the Galileon around the Earth and the nonlinearity of the system is such that the
acceleration the Moon experiences is different from the one of a test particle orbiting around the Earth
[33, 34]. This complicated nonlinear behaviour is difficult to control in general, but we can however
prove that the Galileon models do not lead to violations of our consistency relations. Well inside the
horizon, structure formation in the presence of the Galileon 7 follows the equations

U+ (7-V)i=-V®—aVr, (41)
F(0;0;m) = a87Gp , (42)
V20 = 47Gp , (43)

where F' is the equation of motion for the Galileon, which only depends on the second derivatives of
. The point is that one can run the same argument as in the absence of the Galileon: a homogeneous
ﬁ(fb + am) can be removed by a change of coordinates that brings us to an accelerated frame 8. For
this to happen the symmetry of Galileons is crucial, since it makes a homogeneous gradient of m drop
out of eq. (42) [35]. (This does not work, for example, in the case of the chameleon.) The homogenous
gradient can describe a long mode in the linear regime (simulations [36, 37, 38, 39, 40| show that
the scalar force is active, i.e. not Vainshtein suppressed, on sufficiently large scales) so that, barring
primordial non-Gaussianity, the effect of a long mode boils down to the change of coordinates, which
does not give any effect at equal time. *

An intermediate case between the ones above is given by K-mouflage [41], where the screening
depends neither on the value of the field—like in the chameleon—mor on the value of the second
derivatives—like in the Galileon—but on the first derivative. This happens when we have a generic
kinetic term of the form P(X) with X = (0¢)%. Although this case has not been thoroughly studied,
there is no reason to expect our consistency relations to work since, in the absence of Galileon symmetry,
the argument above does not go through. In this case the screening depends on the typical value of
V& of the object.

Gravitational potential. The no-hair theorem implies that black-holes do not couple with a
scalar force. More generally, the mass due to self-gravity will violate the EP in the presence of a
fifth force. Unfortunately, it seems impossible to observe isolated objects with a sizable component of
gravitational mass. The mass of clusters only receives a contribution in the range 107 <10~ from the
gravitational potential and the correction is even smaller for less massive objects. Black holes, whose
mass is entirely gravitational in origin, do not significantly contribute to the mass of the host galaxy.

Environment. Another possibility is to divide the objects depending not on some intrinsic feature
but on their environment, for example comparing galaxies in a generic place against galaxies in voids

8Notice that we can remove a homogeneous field, with arbitrary time-dependence. This is not a symmetry
of the full Galileon theory, but it holds deep inside the Hubble radius, when time-derivatives can be neglected
in eq. (42).

9The reader might wonder how one can reconcile the lack of consistency relation violation, with the known
equivalence principle violation (at a small level) in the case of the Galileon. The point is that the boundary
condition in the Earth-Moon example is quite different from that in the cosmological example. In cosmology,
we know from numerical simulations that 7 is in the linear regime on large scales; in the Earth-Moon example,
it is a computation entirely within the Vainshtein radius of the system.
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[6]. The fifth force tends to be screened in a dense environment (blanket screening), while it is active
in voids. Notice that this is not a test of the Galilean EP (different objects fall at the same rate in
the same external field), but it still checks whether the effect of the long mode can be reabsorbed
completely by a change of coordinates. The arguments made above for the Galileon case work also
here and we expect no violation of the consistency relation in this case. This effect will be present
in the case of chameleon screening (with the same limitations on the Compton wavelength discussed
above) and in K-mouflage.

5 Conclusions

In this paper we discussed a method to test the Equivalence Principle on cosmological scales based
on the recently proposed consistency relations for Large Scale Structure. The idea is simply that a
homogeneous gravitational potential can be ezactly removed by a suitable change of coordinates [1].
This is not true if the EP is violated, in which case € # 0 in eq. (1).

The method that we propose is very robust because the absence of a 1/¢ signal when the EP holds is
not affected by nonlinearities at short scales, baryon physics, the issue of bias, redshift-space distortions
and the way objects are selected [1, 2, 3, 4, 6]. Moreover, the signal of EP violation in the 3-point
function cannot be confused with one due to primordial non-Gaussianity. The reason is that, due to
the parity of the 2-point function, the squeezed limit of the primordial 3-point function cannot have a
dipolar structure of the form (1). Indeed, there are models of inflation which induce 1/¢ dependence of
the 3-point function in the squeezed limit, such as Quasi-Single Field [43] or Khronon Inflation [44], but
in these cases the 3-point function in the squeezed limit is a function of ¢ only and not of its direction.
In models where the 3-point function in the squeezed limit depends on the direction of ¢, such as Solid
Inflation [45], this dependence has a quadrupolar structure.

In conclusion, assuming there is no primordial non-Gaussianity, any appearance of 1/q divergences
in the 3-point function would be a clear signal of violation of the EP. Therefore, even though most of
the models that violate the EP are either very constrained or produce small effects, the proposed test
is so general that it deserves to be done. One can even take an agnostic point of view and, without
referring to any particular model, try to explore correlations among different types of objects in N-body
simulations or directly in the data. For instance, as explained above, one aspect that has not been
studied in the literature is EP violation in scalar-tensor theories with a generic kinetic term P(X) [41].
It would be interesting to analyze the screening in these theories and directly observe violations of
the type of eq. (1) in N-body simulations. Testing the EP in the data using our method will become
particularly relevant for forthcoming large scale structure surveys, whose volumes will be large enough
to put interesting limits on the violation of the EP on cosmological scales. In this case, one needs to go
beyond what done in [1, 2] and carefully include relativistic effects in galaxy surveys and a treatment
of redshift-space distortions beyond the plane-parallel approximation. We leave this for the future.

Notice that the same limit of the 3-point function of eq. (1), when the long mode is taken outside
the Hubble scale, induces a dipolar modulation of the cross power spectrum between objects A and B.
The modulation is of order!? .

kg
€ <I>L7 ) (44)

0The 1/q behavior is only valid in the non-relativistic limit and it saturates at the Hubble scale, see [1].
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where the direction ¢ is fixed by the average over long modes. Although the anisotropy is suppressed by
the long-mode amplitude, it grows going to short scales where it can become significant. Limits on the
anisotropy of the auto-power spectrum are presently of order O(10~2) [42] and it would be interesting
to see what can be done using different objects, although it is difficult that this will do better than
directly looking at the 3-point function.
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We introduce a new class of scalar-tensor theories of gravity that extend Horndeski, or “generalized
galileon”, models. Despite possessing equations of motion of higher order in derivatives, we show
that the true propagating degrees of freedom obey well-behaved second-order equations and are thus
free from Ostrogradski instabilities, in contrast to standard lore. Remarkably, the covariant versions
of the original galileon Lagrangians—obtained by direct replacement of derivatives with covariant

derivatives—belong to this class of theories.

These extensions of Horndeski theories exhibit an

uncommon, interesting phenomenology: The scalar degree of freedom affects the speed of sound of
matter, even when the latter is minimally coupled to gravity.

The discovery of the present cosmological acceleration
has spurred the exploration of gravitational theories that
could account for this effect. Many extensions of general
relativity (GR) are based on the inclusion of a scalar
degree of freedom (DOF) in addition to the two ten-
sor propagating modes of GR (see e.g. [1] for a review).
In this context, a recent important proposal is the so-
called galileon models [2], with Lagrangians that involve
second-order derivatives of the scalar field and lead, nev-
ertheless, to equations of motions of second order. Such
a property guarantees the avoidance of Ostrogradski in-
stabilities, i.e. of the ghost-like DOF that are usually
associated with higher time derivatives (see e.g. [3]).

Initially introduced in Minkowski spacetime, galileons
have then been generalized to curved spacetimes [4-6],
where they turn out to be equivalent to a class of theories
originally constructed by Horndeski forty years ago [7].
Today, Horndeski theories, which include quintessence, k-
essence and f(R) models, constitute the main theoretical
framework for scalar-tensor theories, in which cosmologi-
cal observations are interpreted. The purpose of this Let-
ter is to show that this framework is not as exhaustive as
generally believed, and can in fact be extended to include
new Lagrangians. Indeed, having equations of motion of
second order in derivatives—while indeed sufficient—is
not necessary to avoid Ostrogradski instabilities, as al-
ready pointed out in e.g. [8, 9]. The theories beyond
Horndeski that we propose lead to distinct observational
effects and are thus fully relevant for an extensive com-
parison of scalar-tensor theories with observations.

The model. The theories that we consider here can
be viewed as a broader generalization of the galileons to
curved spacetimes . They are described by linear combi-
nations of the Lagrangians

Lg = G2(¢’ X) ) (1)
L = G3(¢, X) 0, (2)

LY = Ga(¢, X) R — 2G4 x (¢, X)(O6” — ¢ d0)

+ F4(¢7 X)e,uvpa et U¢u¢u’¢uu/¢pp’ 5 (3)
L§ = Gs(¢, X) WG, 0"

1
+ gGS,X(¢7 X)(I:kb?) -3 D(b ¢,LLV¢#V +2 ¢uu¢#0¢)u¢r)

+ F5 (¢> X)EMW)UEH vre ¢u¢u’¢wx’¢pp’ boo (4)

which depend on a scalar field ¢ (and its derivatives
bp = Vud, o = V,V,u0), on X = ¢"¢,¢,, and on
a metric g,,,, with respect to which matter is assumed to
be minimally coupled; €,,,0 is the totally antisymmetric
Levi-Civita tensor and a comma denotes a partial deriva-
tive with respect to the argument. Horndeski theories
correspond to a subset of the above theories, subjected
to the restricting conditions

F4(¢7X):0a F5(¢7X):0’ (5)

which ensure that the equations of motion (EOM) are
second order. By contrast, we allow here arbitrary func-
tions Fy and Fj, which means that our theories contain
two additional free functions with respect to the Horn-
deski ones.

The new terms proportional to Fy and Fj5 are, respec-
tively, the covariant version of the original quartic and
quintic galileon Lagrangians proposed in Ref. [2]. This
guarantees second-order dynamics for the scalar field in
the absence of gravity. When the metric is dynamical,
the EOM involve up to third-order derivatives in these
extended theories, but this does not imply the presence
of unwanted extra DOF, as we show below.

Arnowitt-Deser-Misner (ADM) formulation. In cos-
mology, where the scalar field gradient is timelike, it is
convenient to perform an ADM decomposition of space-
time, with metric

ds* = —N?dt® + h;;(dz" + N'dt)(dx? + N7dt), (6)



by choosing the uniform scalar field (¢ = const) hyper-
surfaces as constant-time hypersurfaces. The above La-
grangians then have a very simple form in terms of the
intrinsic and extrinsic 3-d curvature tensors of the spatial
slices, R;; and K, as well as the lapse function V. This
reformulation uses the unit vector n* = —¢#//—X nor-
mal to the uniform ¢ hypersurfaces, in terms of which the
extrinsic curvature is given by K, = (97, +n7n,)Vyn,.
We also make use of the Gauss-Codazzi relatlons to relate
the 4-d curvature to the 3-d one.

After cumbersome but straightforward manipulations,
one finds that any combination of the L? leads to an
ADM Lagrangian density of the form £ = /=g )", Lq,
with

= A2 y Lg = A3 K
Ly=A4 Ko+ B4 R, (7)
Ls = A5 Ks + Bs K [Ri; — hi;R/2] ,
where K = hi-jKij, R = hinij, and the quantities Ko
and K3 are, respectively, quadratic and cubic combina-
tions of Kij = (h” — DlNJ — DJNZ)/(ZN) (Where Dz is
the covariant derivative of h;;), explicitly defined as
Ko=K?— K K", (8)
Ks=K® - 3KK; ;K +2K; K*K’, . (9)

The coeflicients in eq. (7) are related to the original func-
tions in egs. (1)—(4) by

Ay =Gy — (—X)3 [ J2bedX (10)
Ay =—] Gg,X\ﬁdX —2V—XGuy, (11)
Ay = -Gy +2XGyx +5Gs54— X?Fy, (12)
By=Gi+V=X [~ GWdX (13)
Asz—(_%ﬂG ,X-ﬁ-(—X)%E—,7 (14)
Bs = — [ G5 xV/—XdX . (15)

In this ADM formulation, these functions of ¢ and X
can also be seen as funptions of t and N via the relations
¢ = ¢o(t) and X = —¢j(t)/N?.

By using egs. (12)—(15), the Horndeski conditions (5)
translate into

Ay =—By4+2XDBy x As =—-XDBs5 x/3. (16)

Hamiltonian analysis. In general, higher derivative
theories are pathological because they lead, according to
Ostrogradski’s theorem, to extra DOF that behave like
ghosts. Here we show, by resorting to a simple count-
ing of the number of DOF in the Hamiltonian formalism,
that the theories (7) do not contain more than three de-
grees of freedom. Thus, there is no room for an extra
DOF in addition to the scalar DOF initially built in and
the two tensor modes similar to those of GR.

The Hamiltonian is obtained from the Lagrangian via
a Legendre transform,

H= /de {ﬂijhij — E} , (17)

where the 7%/ are the conjugate momenta associated with
the h;;, defined by

- oL
= —. (18)
8hij
Ignoring Ls for simplicity, one can easily invert the above
relation to express h;; as a function of 7/ and obtain the
explicit Hamiltonian, which can be written in the form

H= /d% [NHo + N'H;] (19)
with
3A2 Asm
Ho=— Vh|As — —3 - + B4R
0 [ 2 A, QfA4 4
1
- oty 2

+ ShA, (27rw7r T )} , (20)

H; = — 2D, (21)

We leave aside the uninteresting case A4 = 0, which does
not contain propagating tensor DOF.

In GR, variation with respect to N and N yields, re-
spectively, the Hamiltonian constraint Hg = 0 and the
momentum constraints H; = 0. These constraints are,
in Dirac’s terminology, first class and eventually elimi-
nate eight out of the initial ten degrees of freedom (see

g. [10]). In our case, the gauge invariance under spatial
diffeomorphims is preserved, leading to first-class con-
straints analogous to the momentum constraints of GR
and eliminating six DOF (see [11] for details). How-
ever, variation with respect to N now gives the constraint
Ho = Ho + NOHo/ON = 0, which is in general second
class, instead of first class. This can be understood as
a consequence of the scalar field that fixes the preferred
slicing and thus breaks the full spacetime diffeomorphism
invariance. This entails the elimination of only one DOF
(instead of two in GR). Note that this reasoning cru-
cially depends on the absence of N from the Lagrangians
(7), which is guaranteed by the specific form of the new
terms proportional to Fy and Fy introduced in egs. (3)
and (4). The final number of physical DOF is there-
fore three, which correspond to the two standard tensor
modes plus a scalar mode, as will be clear from the linear
analysis below.

When Lj is included, the full Hamiltonian cannot be
written in closed form because one cannot invert explic-
itly the relation (18), even if the inversion is in general
well defined locally [11]. For this reason, we have not
been able to compute explicitly the constraint algebra in
the full case. However, our counting depends only on the



nature of the constraints. Since the full Hamiltonian is,
by construction, invariant under spatial diffeomorphims,
the associated constraints should remain first class and
thus eliminate six DOF as before. Taking into account
the other constraints, one thus expects at most three
DOF and, therefore, the absence of any ghostly extra
DOF. The counting is also similar if one includes matter,
with the matter DOF adding to the three from the gravi-
tational sector. Finally, note that our analysis could also
be applied almost straightforwardly to general ADM La-
grangians invariant under spatial diffeomorphisms involv-
ing arbitrary combinations of the extrinsic and intrinsic
curvature tensors and their spatial derivatives. However,
such a wider set of possibilities is not necessarily a co-
variant extension of galileons as egs. (1)—(4).

Covariant formulation. The above Hamiltonian anal-
ysis is based on our ADM reformulation of the theories
and requires the gradient of the scalar field to be time-
like so that uniform scalar-field hypersurfaces are space-
like. Although this is the case in cosmology, which is the
main motivation to study these models, one can won-
der whether our findings are still valid for more general
situations.

For simplicity, let us consider theories involving up to
L%, but not LZ. We have found that the analysis of their
equations of motion can be greatly simplified via the use
of disformal transformations. Indeed, the gravitational
action with the Lagrangians (1)—(3) reexpressed in terms
of ¢ and of the new metric

gul/ = Guv + F(¢7 X)6M¢8V¢a (22)

with

Fy
I'= dX 23
/G4—2XG4X + X2F, ’ ( )

turns out to belong to the Horndeski class. This means
that the equations of motion obtained by varying the ac-
tion with respect to the metric g,, are second order. By
using this property and by combining the (third-order)
equations of motion for ¢ and g,,,, derived from the full ac-
tion (including that of matter minimally coupled to g,..),
one can explicitly replace higher-order time derivatives of
¢ by at most second order time derivatives (see details in
[11], and related ideas in [9]). This shows that the equa-
tions of motion can be reduced to second order in time
derivatives and do not require additional initial condi-
tions, thus extending the conclusions of our Hamiltonian
analysis to general configurations. The same method ap-
plies to theories without Lf, although one cannot simul-
taneously map Lf and L? to Horndeski for general com-
binations of these Lagrangians.

Quadratic action. The above arguments exclude the
presence of extra DOF, but one still needs to check that
the remaining scalar and tensor DOF are not themselves

ghostlike, for which we need to calculate the quadratic ac-
tion for perturbations of the propagating DOF and make
sure that the kinetic terms have the right signs. We per-
form this calculation around a spatially flat FLRW metric
and follow the general procedure developed in [12] for the
specific Lagrangian L given by eq. (7). Namely, we ex-
pand at second order the action S = [ d*z\/=gL, using
(-gauge, i.e. hiyj = a®(1)e* (0i5 + vij), vie = 0 = ivijy
and splitting the shift as N* = 9;¢0 4+ Ny, 0;N{, = 0. Be-
cause of the particular structure of the terms in egs. (8)
and (9), the Lagrangian (7) satisfies the criteria obtained
in [12] that ensure that the linear equations of motion
contain no more than two spatial derivatives. In partic-
ular, terms proportional to (921)? cancel up to a total
derivative. By varying the action with respect to N?,
one obtains the momentum constraints, whose solution
is N, =0 and
44,

N=1+D( D= . (24
+ D¢, A+ A=A, Y

Above and in the following a dot and a prime, respec-
tively, denote derivative with respect to t and N. Fur-
thermore, we use the new functions

AQ = A2+3HA3+6H2A4+6H3A5 y
.Ag EA3—|—6HA4 +12H2A5 i

Ay = Ay +3HA; , (25)
1 . HBL.
=By +—DBs|y—1 — (N -1 5,
By 1+ 5N sIv=1— ( ) 5

After substitution of eq. (24) into the action all the terms
containing ¢ drop out, up to boundary terms [13]. After
some manipulations the quadratic action becomes S(?) =
[d*za®L® with

)2 2
o +i[—A4ﬁ3j—B4<a’””) } . (20)

1O = ad 5 :

where the functions « and § are defined as

2 A\
o= OV;E)—3HAQ+6H%NA@1D2—&M,

_ 2d /
= — 284 + a% [aD(NB4)] 5
(27)

evaluated on the background (N = 1). As expected
from the previous Hamiltonian analysis, the quadratic
Lagrangian (26) does not contain higher time derivatives.
Moreover, for a > 0 and — A4 > 0 we ensure that the
propagating DOF are not ghostlike. Gradient instabili-
ties are avoided for ¢ = 3/a > 0 and c?y = —By/ Ay > 0.

Coupling with matter. In cosmology, the power of
gravity at large scales—and its irrelevance at short
distances—is well illustrated by the Jeans phenomenon.



A matter overdensity dp,, of a given Fourier mode k
evolves, schematically, as

(07 + co,k* — gravity) dpm, = 0. (28)
In the above, ¢, is the square of the speed of sound, pro-
portional to the pressure perturbation, ¢, = dp,, / 0Pm-
For ¢2, > 0, the positive sign in front of the k2 term
guarantees an oscillating solution at sufficiently short dis-
tances, where the overdensity is supported by its own
pressure gradients. The last term in parentheses stands
for k-independent contributions roughly of Hubble size
~ H?. Only at distances larger than ~ ¢,, H~' do these
terms dominate, leading to gravitational (Jeans) insta-
bility. This well-known feature of standard cosmologi-
cal perturbation theory holds true at small scales also in
most modified gravity models—say, for definiteness, in all
Horndeski theories as long as matter fields are minimally
coupled to the metric.

The extension of Horndeski theories that we are
proposing provides a counterexample to such an appar-
ently universal behavior, even when matter is minimally
coupled to the metric tensor. Let us illustrate this with
a matter scalar field o (not to be confused with the dark
energy field ¢), described by the k-essence type action,

Sy = /d4x\/jg P(Y,0), Y =g"8,00,0, (29)
with sound speed ¢2, = Py /(Py — 263 Pyy). One can
then repeat the procedure discussed earlier in order to
obtain the quadratic action for the scalar fluctuations
expressed in terms of {, N, ¥ and the matter field per-
turbation do. Making use of the momentum constraints,
the final Lagrangian expressed in terms of ¢ and of the
gauge-invariant variable Q, = do — (6¢/H)(, reads

12— (a-Sl)er (54 D o"ogs> (01

4P H a?
P . 0:Q, 0:€0;Q
_C’QY( g_cm( Q)>+gtCQa+gs C Q

(30)

where g5 = —c2,g¢ + 260 Py A, with

_ 2Py ([, 1 _ (NB,)'
g = an (D H)’ A_D(1+ A, ) (31)

and we have included only the terms quadratic in time
or space derivatives, the other terms (in the ellipses) be-
ing irrelevant for the following discussion. The dispersion
relations for the propagating DOF can be obtained by re-
quiring that the determinant of the matrix of the kinetic
and spatial gradient terms vanishes, which yields

~ m +pm)
2 _ 2 p2Y(2 — 242 :(P A2 2k2
(UJ Cm )(UJ CS ) 20[ w ’ (32)

& = [B8—(1/2)(pm + pm)(D — A)?] /a

where we have used 20’0P y = —(pm + pm). From this
equation one derives the two dlspersion relations w? =
c2k?. In Horndeski theories, A oc Ay + (NBy)' = 0 be-
cause of eq. (16), and we thus find that, despite the cou-
plings in the action between the time and space deriva-
tive of ¢ and @, the matter sound speed is unchanged
as a consequence of the special relation g, = —c2 g;.
This is no longer the case in our non-Horndeski exten-
sions, where A # 0 and the two couplings are “detuned”.
This remarkable difference between Horndeski and non-
Horndeski theories was not pointed out in the recent work
Ref. [14], which also extends our previous analysis [12] to
compute the quadratic action of dark energy coupled to
a scalar field.

This unusual behavior can also be seen by writing the
perturbed EOM derived from the manifestly covariant
Lagrangian for ¢, together with eq. (28). On sufficiently
small scales, we find (see [11] for details)

(02 + Bk2)6p — Cyp 0r0pm ~ 0, (33)
(07 + 2, k%)0pm — Couk® 0,(30 /) = 0, (34)

with

Cy = fMAQi;D) . (35)

o = Alom + pm)

m — A _ D )
which leads to the same dispersion relation as in eq. (32).
This clearly shows that, in contrast to the standard Jeans
lore, the gravitational scalar mode d¢ cannot be decou-
pled from matter by going at sufficiently short distances.
The origin of the special coupling between matter and the
scalar field in eq. (33) can also be understood as follows.
Taking the example of L, for simplicity, one can see that
the variation of (3) with respect to ¢ yields a term of the
form ¢*(g"” + n*n”)V, Ry,. Using Einstein’s equations
(this assumes to separate Ly into a GR term and an ef-
fective additional term), one can express the Ricci tensor
in terms of the matter energy-momentum tensor, which
leads to the term ¢ d;8p,, in eq. (33).

Conclusion. We have introduced a novel class of scalar-
tensor theories, which include and extend Horndeski the-
ories. For configurations where the scalar field gradient
is timelike, these theories can be formulated in a very
simple form via an ADM description of spacetime based
on uniform ¢ slicing. This formulation allows to absorb
the scalar degree of freedom in the spatial metric, and
makes it particularly transparent to show the absence
of Ostrogradski instabilities. For generic configurations,
one can use disformal transformations to relate subclasses
of these theories to theories with manifest second-order
equations of motion. However, this procedure cannot be
simultaneously applied to the most general case that in-
cludes both LY and Lg’, which means that a complete
understanding of the full covariant theory requires fur-
ther investigation.



An important corollary of this work applies to the orig-
inal galileons proposed in [2]: Their direct covariantiza-
tion, obtained by substituting ordinary derivatives with
covariant ones, belongs to the class of theories considered
here. Our work suggests that such theories are already
free of ghosts instabilities and do not need the gravita-
tional “counterterms” prescribed in [4].

We have also uncovered a remarkable phenomenologi-
cal property of the non-Horndeski subclass of our theo-
ries: When minimally coupled to ordinary matter, they
exhibit a kinetic-type coupling, leading to a mixing of
the dark energy and matter sound speeds. It would be
interesting to study further the phenomenology of these
theories.
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We show that the prediction for the primordial tensor power spectrum cannot be modified at
leading order in derivatives. Indeed, one can always set to unity the speed of propagation of
gravitational waves during inflation by a suitable disformal transformation of the metric, while
a conformal one can make the Planck mass time-independent. Therefore, the tensor amplitude
unambiguously fixes the energy scale of inflation. Using the Effective Field Theory of Inflation, we
check that predictions are independent of the choice of frame, as expected. The first corrections to
the standard prediction come from two parity violating operators with three derivatives. Also the
correlator (yyy) is standard and only receives higher derivative corrections. These results hold also
in multifield models of inflation and in alternatives to inflation and make the connection between a

(quasi) scale-invariant tensor spectrum and inflation completely robust.

Introduction - We are entering an exciting period for
primordial gravitational waves, since BICEP2 [1] has
shown that the experimental sensitivity to B-modes is
now at the level of an interesting regime for tensors, pro-
vided foreground contamination is under control. The
importance of primordial tensor modes lies in their ro-
bustness: while scalar perturbations are sensitive to
many details (the shape of the potential, the speed of
propagation of scalar fluctuations ¢y, the number of fields
and their conversion to adiabatic perturbations) and can
also be viably produced in non-inflationary models, ten-
sor modes are much more model independent. In this
Letter we strengthen this robustness, showing that one
cannot change the tensor quadratic and cubic action at
leading order in derivatives. Since the inflaton defines
a preferred frame, the time and spatial kinetic term of
gravitons can have in general different time-dependent
coefficients. However, without loss of generality, one can
always make the graviton speed equal to unity by doing
a suitable disformal transformation. A conformal trans-
formation can then remove any time dependence of the
overall normalization of the action, i.e., the Planck mass,
so that the dynamics of gravitons is completely standard.

Disformal vs Finstein frame - We work here with the
(single-field) Effective Field Theory of Inflation [2, 3] and
we will comment on generalizations later. Working in
unitary gauge, where the inflaton perturbations are set
to zero, the speed of gravitons can be changed by the
operator 6K, 6 K", where K, is the perturbation of
the extrinsic curvature of the spatial slices, K, [3-5].
This kind of modifications arises when considering higher
derivative operators for the inflaton, such as in Horn-
deski theories [6]. We are free to subtract § K2, which at
quadratic order contains only scalars. As shown below,

the combination 6K, 0 K" — §K? does not change the
sound speed of scalar fluctuations. Thus, we consider the
action

4 MPQ’ g 2 .00
Sz/deQ}?%R—uH+3H)+2Hg "
= (1= 2 (0) (K, 8K — 5K7)]

where H = a/a is the Hubble rate and the first line
describes a minimal slow-roll model [3].
We will use the usual ADM decomposition,

ds? = —N2dt? + hyj(N'dt + da’)(N7dt +da?),  (2)

and describe scalar and tensor perturbations as [7]

2 2¢

hij = a”e™(e7)ij » Yii = 0 = 0yij - (3)

In these variables the extrinsic curvature is given by

1

Kij= =
2N

(hij — ViN;j — V;N;) . (4)
The coefficient in the second line of eq. (1) is chosen such
that the tensor quadratic action reads

2 2
Syy = %/d%a%ﬁ [%2] - CQTi(akJ;J) - )
The second line of (1) modifies the time kinetic term of
gravitons; the only other way to change tensor modes at
quadratic order is to modify the spatial kinetic term with
the operator ®)R, the 3d Ricci tensor. The two choices
are related by the Gauss-Codazzi identity,

R=CR+ K, K" — K*+2V,(Kn" —n’V,n"), (6)



where n* is the unit vector perpendicular to the surfaces
of constant time.

The main point of this paper is that it is possible to set
to one the speed of propagation of gravitons in action (5)
by a proper redefinition of the metric. Metric transforma-
tions that change the light-cone are known as disformal
transformations [8], so that we denote the metric used to
write eq. (1) as the disformal metric. We first perform a
disformal transformation which leaves the spatial metric
in unitary gauge unchanged,® 2

Guw = G + (1= G ())nm - (7)

This transformation does not affect N’ and h;j while
N + c¢rN. Thus K;; + K;j/er, while ®)R is not
changed. In this way the relative coefficient between the
time and the spatial kinetic term of gravitons can be set
to one and combined to give the 4d Ricci scalar through
(6). However, the normalization of the Einstein-Hilbert
term is now non-standard and given by M2 R/cr(t).
This can be cast in the standard form by going to the
Einstein frame with a conformal transformation of the
metric,

Guv = e (1) Gy - (8)

Notice that in doing the disformal and conformal trans-
formations the FLRW line element becomes d3? =
cpt[—cdt? + a?di?]. Tt is thus convenient to redefine
the time coordinate and the scale factor as

t= /C;/Q(t)dt,

Under this combined set of transformations the com-
ponents of the metric in Einstein frame read §°%° = ¢%
(gOO = —1/N2), Nt = C;/QNZ' and hij = C;lhij. Us-
ing these relations it is straightforward to compute the
Einstein-frame action,

a(f) = e a(t) . (9)

2 . .
S = /dfd%\/—g%{é —2(H +3H?) +2Hg"™

=3 .~ 1
+ [2(1 fc2T)Hf 5042 02T<a+Ha+ 2042)]

x (1W)Q+2aak(1m)}, (10)

where o = ¢r/ep. Here and in the action above time
derivatives are with respect to t. The last term in the ac-
tion is obtained when using the Gauss-Codazzi identity

! In terms of the inflaton field ¢, the new metric reads gu,
guv — (1= C%)8M¢8U¢/(a¢)2~

2 A similar transformation was also employed for instance in [9] to
set an action with modified graviton sound speed in the standard
Einstein-frame form.

to combine 3d quantities to form the 4d Ricci scalar, by
integrating by parts the last term of (6). The first line has
the expected dependence on the background evolution in
Einstein frame, while the rest starts quadratic in the per-
turbations. In this frame, the kinetic term of gravitons
is the standard one, given by the Einstein-Hilbert term.
If @ = 0 we just have a polynomial in % + 1, which
describes an inflationary model with a Lagrangian of the

form P(¢, (06)?).

We stress that in doing disformal and conformal trans-
formations one changes the way other particles are cou-
pled to the metric; this however is immaterial, since it
does not enter in the inflationary predictions.

Frame independence of predictions - Since the defini-
tion of ¢ and +;; is the same in the disformal and Einstein
frame, we expect all the inflationary predictions to re-
main unchanged, as we are now going to show. We start
by discussing the scalar fluctuations. It is important to
note that in the disformal frame, for significant modifi-
cations of ¢, the coefficient in front of 6K, 6 K" — § K*
in action (1) is of order M3. Thus, one cannot rely on
the decoupling limit when deriving predictions from this
action.

As anticipated above, the operator in the second line
of eq. (1) does not contribute to scalar fluctuations up to
quadratic order. Indeed, to fix N we need the solution
of the momentum constraint, which is the same as in
the standard cp = 1 case, i.e. N =1+ ¢/H [7] (use for
instance eq. (74) of [10]). Thus, from eq. (4) the scalar
contributions to K;; from N and h” cancel and we are
left with those coming from N which, in the combination
that appears in eq. (1), only give a total derivative. Thus,
the scalar sound speed in the disformal frame is ¢; = 1.

Since in the Einstein frame tensor modes propagate on
the light-cone, we expect the scalar speed of propagation
to be és = 1/cp. For a constant ¢y (o = 0), this can be
easily seen from the first term on the second line of action
(10). Indeed, introducing the scalar Goldstone boson 7
associated with the breaking of time-diff invariance by
the time transformation ¢ — ¢+ (£, Z), and expanding up
to cubic order in the decoupling limit, the action becomes

- : i T 2 oz (O 2
L=a*M3|H|c | 7% — 0;2—((9&2) —(1- cT2)7r(ad2)
(11)
One can verify that ¢, = 1/c¢p, as expected, also when
a # 0 (use e.g. eq. (69) of [11]).

Let us now check that the spectrum of gravitational
waves is the same when computed in either frame. For
the quadratic action (5), scale invariance is obtained for

ac;l/2 [(er/a)dt ~ const. (we do not assume cp slowly

varying, see [12]). Perturbations evolve with an effective
1/2

scale factor ac;”/” so that the gravitational wave spec-



trum becomes

(H - a/2)?

3
(@m)°(k + K )21:3 MZer

(vevs) = 6ssr . (12)

(The polarization tensors €f; are normalized as €;; e” =

405 where s, ' denote the helicity states.) Using eq. (9
the Einstein frame Hubble rate is H = 0;1/2( — a/2
implying that eq. (12) is simply the standard spectrum
for gravitational waves with unit sound speed in Einstein
frame. It is straightforward to verify, using again eq. (9),
that also the scalar power spectrum is the same in both
frames.

Given that the relation between the two frames does

not involve the spatial coordinates, also the tilt of the
tensor and scalar power spectra remains the same. For

tensors, this is given by the usual formula ny = 2H/H?.
In the disformal frame, it is possible to obtain a blue tilt
by a time varying cr, keeping H < 0. In this case one
does not violate the Null Energy Condition (NEC) and,
indeed, there is no sign of instability. It is interesting
to see how this translates in the Einstein frame where a
blue tilt requires H > 0. One can check that the usual
gradient instability associated with the violation of the
NEC is cured by the last term of action (10), as showed in
[2]. For example, this operator arises in Galileon models
that violate the NEC [13].

We conclude that there is no loss of generality in
assuming that gravitons have a standard kinetic term.
In particular, this implies that the amplitude of tensor
modes is fixed by the vacuum energy of inflation and
that a blue spectrum of gravitational waves, ny > 0, re-

quires H > 0, i.e. a violation of the NEC in Einstein
frame. Moreover, the observation of an approximately
scale-invariant tensor spectrum would imply an approxi-
mately time-independent H. While one can make a scale-
invariant scalar power spectrum playing with a variable
speed of sound ¢ and equation of state ¢ = —H/H2
[12], tensors are absolutely robust and sensitive only to
H. It is worthwhile to stress that these conclusions do
not change if we consider multifield models of inflation,
or even alternatives to inflation. However, our conclu-
sions do not apply to cases with a different symmetry
structure, like solid inflation [14] (in this case one can

have ny > 0 with H < 0) or gauge-flation [15], or when
tensors are produced not as vacuum fluctuations [16].

Non-Gaussianity - We now show the equivalence be-
tween the two frames beyond linear order, taking cr
time-independent for simplicity. We saw that in Einstein
frame the scalar has a nontrivial sound speed ¢; = 1/c7.
This implies a cubic interaction o< (1—¢; 2), asin eq. (11).
In the disformal frame this is not obvious, since the sec-
ond line of action (1) does not contribute to the action
of 7 in the decoupling limit. However, as mentioned
above, one cannot rely on this limit, but has to solve

the constraints. The linear Hamiltonian constraint fixes
the scalar part of the shift. Crucially, this gets rescaled
by a factor ¢2 with respect to the standard case (use
eq. (75) of [10]),

¢

P = 87287;]\”. = —CT 2H

+x, Px=eq(. (13)
Using this solution, after several manipulations and inte-
gration by parts, one obtains that the leading interaction
in the slow-roll limit, up to field redefinitions which die

out on super-Hubble scales, is

Lee=ae(l- )—(3 )%, (14)
which yields fxp ~1—c% =1—¢;2

Let us now discuss cubic interactions involving gravi-
tons. As already noticed in [17], the second line of eq. (1)
does not contain cubic graviton vertices. Therefore, in
both frames (yv7) coincides with the minimal slow-roll
result of [7]. To study interactions involving two gravi-
tons and one scalar we need to expand the action to cubic
order and plug in the linear solutions to the constraints,
i.e. N =1+(/H and eq. (13). After some manipulations
and integrations by parts (see [7]) one obtains, at leading
order in slow-roll,

Loye = %a?’cﬁ [e( <%J + cT( %J) > — 2#1.7872-‘78)(}.

(15)
In the Einstein frame the cubic interaction is standard
(see eq. (3.17) of [7]) except for a factor of c2 in the
solution for x due to the scalar speed of sound (see
eq. (4.9) of [18]). Taking into account eq. (9) and the
different wavefunctions, one can check that (yy¢) com-
puted in the two frames coincide. This correlator goes
as (yyC) ~ €(C¢)(yy).® This differs from the result of [5]
obtained in the decoupling limit. Finally, it is straight-
forward to verify that also the prediction for (y(() is the
same in the two frames and coincides with the minimal
slow-roll model [7].

Quadratic terms with three derivatives - We have seen
that it is possible, without loss of generality, to cast
the graviton kinetic term in the standard form. From
now on we assume to be in Einstein frame and we drop
the tildes. Notice that the operators 47 and (9vij)?

3 The cubic yy¢ action is suppressed by € compared to the gravi-
ton kinetic term. This holds also for the term including x in the
limit ¢s < 1 since, in the Einstein frame,

L
A}’;C D 4OyOx ~ €5 *yoyd ~6787 C~ed*¢,  (16)
where we used ¢ ~ EE(?Z(/FI. Indeed, given the different dis-
persion relation, ¢ is already frozen when tensor modes exit the
Hubble radius.



are the only quadratic operators with two derivatives.
Indeed, one could imagine a term with one time and
one space derivative, in the parity violating combination
€% 9,131k, where £9% is the totally antisymmetric ten-
sor. However, it is easy to see that this is a total deriva-
tive.

The first possible corrections to the tensor power spec-
trum come from terms with three derivatives. The combi-
nations with an even number of spatial derivatives, 7;;%i;
and 0;7;;01:5, are total derivatives, so we are left to
consider parity-violating terms with one or three spatial
derivatives. There are two possible combinations,

TR0 €98 0,0, j10m Vi - (17)
The first term comes from 4 f d*z EOijkVi(SKjl(SKlk. The
second term comes from the 3d Chern-Simons term,

Ly

!
—4/d4z gk <§3rfqaj3r‘,§p +3

rffrgﬁr’@) , (18)
where T, are the Christoffel symbols of the 3d metric.
The impact of these terms on primordial gravitational
waves has been studied in the context of Horava-Lifschitz
gravity in [19, 20].*

It is easy to study the effect of the two 3-derivative
operators on the power spectrum of tensor modes. The
standard quadratic action is modified by the addition of

2
_% d4xI{L77 [%E”kaﬂéﬁfk + %Ezykaiam,yjlam,ylk] ,

(21)
where a prime denotes the derivative with respect to the
conformal time n = [ dt/a, o and 8 are dimensionless co-
efficients and A is the scale that suppresses these higher
dimension operators. We are going to assume an exact de
Sitter background and take o and g, which could depend
on time, to be approximately constant. In this limit the
dilation isometry of de Sitter guarantees the spectrum to
remain scale invariant also in the presence of the new op-
erators. We are going to treat the corrections due to these
terms perturbatively, i.e. assume that the energy scale of
the problem, the Hubble scale H, is small compared to

4 Parity violation in the context of inflation [21] is usually discussed
in terms of the topological current

1 1
K# = 2ehof7 (;guaﬁrsa + grgy%%) . ()
which satisfies
1 v
Oukt = et PR R - (20)

It is easy to see that the operator —2fd4a: KO gives, at
quadratic order in ~, the linear combination eifkamjmk —
eijkaiamn/jlamm. Notice, however, that in general the rela-
tive coefficient of the two operators in eq. (17) is not fixed by
symmetry.

A. The action (21) violates parity and induces opposite
corrections to the power spectrum of gravitons with op-
posite helicities. Indeed, the polarization tensors efj of
the two helicities satisfy ik; e/'™mer = +kef 7. The in-
teraction Hamiltonian ;. in Fourier space is thus given
by

M2 [ &k k

ins =4 -
P =578 | @y

oy + B

(22)
For the other helicity we would have an overall minus
sign. It is straightforward to study the effect of this term
in the usual in-in formalism [7]. The correction to the
power spectrum is given by

(i) = Fi [ i (Y EH (@) +cc. . (23)

In the late-time limit, n — 0, the result does not depend
on « and the power spectrum is modified to

H? ™ H
72M1§1k3 (liB§K) . (24)

(vEvZ) = (2m)%6(k + K)
The same result was obtained in [22]. For a large back-
ground of tensor modes, r ~ 0.1, one will be able to
distinguish a 50% difference in the power spectra of the
two helicities [23].

Enhanced graviton non-Gaussianity? - We saw above
that it is not possible, at the lowest derivative level, to
change the predictions for the power spectrum of tensor
modes. We now check that the same happens for the
cubic correlator (yyvy). With three gravitons, the min-
imum number of derivatives is two.® If they are both
with respect to time, schematically 45y, one is forced
by invariance under time-dependent spatial diffs to pro-
mote 7 to the extrinsic curvature. The only operator that
one can write is thus 6 K;;0 K%: as discussed before, this
operator does not contain a cubic graviton interaction.
It is straightforward to realize that it is impossible to
write an operator with one time and one spatial deriva-
tive: one may include the totally antisymmetric € tensor
but cannot build an invariant geometric operator. If the
derivatives are both spatial, the operator has only to do
with the 3d geometry. The only scalar that one can write
with two derivatives is the 3d Ricci scalar: we saw above
this term can always be cast in the standard form in-
side the 4d Ricci. We conclude that, at two derivative

5 In pure de Sitter, i.e. in the absence of a breaking of time diffs
due to the inflaton, this correlator is strongly constrained by the
isometry of de Sitter space, so that it can be fixed in terms of
three constants, without relying on a derivative expansion [17].
In the presence of the inflaton one cannot get such a general
result, but one can rely on the derivative expansion: the corre-
lator will be dominated by operators with the lowest number of
derivatives.



level, the correlator (yyv) has always the standard form,
first calculated in [7]. Higher derivative corrections start
with three derivatives: parity violating operators were
discussed above, while parity-conserving ones may have
three time derivatives (e.g. dK;j0K;;0K;) or one time
derivative (e.g. 6K;;6®)R).

It is difficult to reach general conclusions involving
mixed correlators. For example, one can induce an arbi-
trarily large ((y7) with the operators INSK;;6 K% and
SNSBR, though this may be quite unnatural. On the
other hand, the (y({) correlator comes, in the stan-
dard case, from the tadpole ¢%°0: it is thus impossible
to enhance this correlator, unless one relies on higher-
derivative operators.

Conclusions - We showed that the tensor power-
spectrum formula (yy) = (H/Mp))?/(2k?), with H and
Mp Einstein frame quantities, is completely general and
only receives (small) higher-derivative corrections. In
particular, the tensor amplitude fixes the energy scale
of inflation. The tilt of the power spectrum cannot be
modified by a time-dependent speed of tensor modes: a
blue tensor tilt requires violation of the NEC in the Ein-
stein frame.
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Abstract

We have recently proposed a new class of gravitational scalar-tensor theories free from Ostro-
gradski instabilities, in Ref. [1]. As they generalize Horndeski theories, or “generalized” galileons,
we call them G®. These theories possess a simple formulation when the time hypersurfaces are
chosen to coincide with the uniform scalar field hypersurfaces. We confirm that they contain only
three propagating degrees of freedom by presenting the details of the Hamiltonian formulation.
We examine the coupling between these theories and matter. Moreover, we investigate how they
transform under a disformal redefinition of the metric. Remarkably, these theories are preserved
by disformal transformations that depend on the scalar field gradient, which also allow to map
subfamilies of G? into Horndeski theories.
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1 Introduction

The fact that current cosmological observations consistently point to a recent phase of accelerated
expansion has boosted the exploration of alternative theories of gravity (see e.g. [2] for a review), that
could provide a more natural explanation than simply a cosmological constant. Even if these efforts
have not led to a compelling or even realistic model, these research activities have deepened our un-
derstanding of gravity by highlighting the theoretical and observational constraints that alternatives
to general relativity must satisfy.

Many models of modified gravity involve the presence of at least one scalar degree of freedom in
addition to the two tensor degrees of freedom of general relativity. The underlying scalar field can
sometimes be hidden in the explicit formulation of the theory. A typical example is f(R) theory,
where the Lagrangian is written as a function of the Ricci scalar R, but which can be reformulated
as a manifestly scalar-tensor theory (see e.g. [3]).

A minimal requirement on alternative theories is the absence of ghost-like instabilities within their
domains of validity (see e.g. [4] on this point). According to the so-called Ostrogradski’s theorem,



such instabilities arise in theories characterized by a non-degenerate Lagrangian' with higher time
derivatives (see e.g. [5]). The simplest example is the Lagrangian

L:_q.a (1)

which leads to fourth-order equations of motion. In the Hamiltonian formulation, an extra degree of
freedom appears so that the corresponding phase space is four-dimensional, with a Hamiltonian that
depends linearly on one of the momenta and is thus (kinetically) unbounded from below. In this case
the extra degree of freedom is a ghost and the theory is not viable.

Not all theories containing higher-order time derivatives in the Lagrangian suffer from Ostro-
gradski instabilities. In particular, this is the case for theories that lead to second-order equations of
motion, such as the much studied galileon models [6], briefly reviewed in Sec. 2.1. Although originally
introduced in Minkowski, the galileon Lagrangians can be extended to general curved spacetimes by
promoting the derivatives to covariant derivatives. However, as discussed in Sec. 2.2, maintaining
second-order equations of motion with respect to spacetime derivatives requires the addition of suit-
able gravitational “counterterms” [7, 8]. The largest class of these Generalized Galileons [9], or G2,
turns out to be equivalent to the more ancient Horndeski’s theories [10], which correspond to the
most general scalar-tensor theories with second-order field equations.

Although Horndeski theories are often considered as the most general scalar-tensor theories im-
mune from Ostrogradski’s instabilities, we have recently showed that this is not the case and proposed
a new class of scalar-tensor theories, reviewed in Sec. 3 (see also Appendix A for the details of the
calculations), that do not suffer from such instabilities [1]. Since our theory contains generalized
galileons (Horndeski) as a special limit, we dubbed it “Generalized Generalized Galileons” or G3
for brevity. It turns out that our theories have the same decoupling limit as Horndeski theories, as
briefly showed at the end of Sec. 3.

The stability properties of G3 are most easily seen by using the ADM formalism applied to the
uniform scalar field hypersurfaces (also called unitary gauge formulation). In this formulation, the
scalar field does not appear explicitly as it is part of the degrees of freedom of the metric, and the
action depends only on first time derivatives of the metric (the “velocities”), as generally expected
from healthy theories. Indeed, the Hamiltonian analysis confirms the absence of unwanted extra
degrees of freedom, and thus the absence of Ostrogradski instabilies [1]. In Sec. 4 of the present
article we give more details about the derivation of the Hamiltonian and about the counting of the
degrees of freedom, which depends on the number and nature (first or second class) of the constraints
between canonical variables. Our analysis clearly proves that our theories contain only three degrees
of freedom and do not suffer from Ostrogradski instabilities, as stated in [1].

Hints that one could go beyond Horndeski theories without encountering fatal instabilities ap-
peared in our previous work [11], where we studied the most general quadratic Lagrangian for linear
perturbations about a homogenous and isotropic spacetime that does not induce higher derivatives
on the linear propagating scalar degree of freedom. Such a Lagrangian contains an additional term,
which is absent in Horndeski theories. In Sec. 5.1 we review this analysis of linear perturbations
and we extend it in Sec. 5.2 by including some matter field, detailing the analysis of [1]. For con-
venience, we describe matter by means of a scalar field with non-standard kinetic term, which can
be formulated in terms of a simple Lagrangian and which is characterized by a nontrivial speed of
sound. We are thus able to derive a quadratic Lagrangian that includes both metric and matter
perturbations in the unitary gauge. A similar calculation was presented in [12], and generalized to
several matter scalar fields in [13]. We also give an equivalent treatment for perfect fluid matter by
working directly with the equations of motion written in the Newtonian gauge, in Sec. 5.3. For this
analysis we find it convenient to employ the notation proposed in Ref. [14], based on the effective

'A Lagrangian L(q, ¢, §) is said to be nondegenate if ?L/0¢* # 0



approach to cosmological perturbations for dark energy, introduced in [15, 16, 11, 17]. In Appendix
B we review the connection between the different notations employed in these references.

Other fissures in the standard lore concerning Horndeski theories were pointed out in [18], which
studied scalar-tensor theories generated by disformal relations [19]

G = Q4X, 0) g + (X, 0)0,00, 6, (2)

where X = ¢"”0,,00,¢. In particular, it was shown that starting from an action consisting of the
Einstein-Hilbert term for g, and of a standard action for ¢, one obtains equations of motion for g,
and ¢ that are higher order but can be combined so that the dynamics is only second order. This is
another example beyond Horndeski that is not Ostrogradski unstable. Interestingly, a very similar
argument has been invoked in the context of ghost-free massive gravity in [20].

It is natural to wonder whether our theories could be formulated in a similar way, i.e. derived
via a disformal transformation from a theory belonging to the Horndeski class. We discuss this
issue in Sec. 6 and find that our general theory cannot be derived from Horndeski via a disformal
transformation. Remarkably however, the two non-Horndeski pieces contained in our Lagrangian can
be separately derived from a Horndeski Lagrangian combined with a disformal transformation. Since
the disformal transformation that we consider conserves the number of degrees of freedom, this proves
that our two non-Horndeski pieces are separately equivalent to a subset of Horndeski theories. In
Appendix C we explicitly check in Newtonian gauge that the disformal metric redefinition de-mixes
part of the kinetic couplings (the part containing higher derivatives) between the scalar field and
the metric. In this respect, the disformal transformations considered here are analogous to the field
redefinition removing higher derivatives discussed in the context of massive gravity in [20]. Since
the two disformal transformations are distinct for the two non-Horndeski pieces of G2, the procedure
cannot be applied to the whole Lagrangian. However, the fact that these pieces can be mapped
to Horndeski provides an alternative way to show the healthy behavior of our theories. Using a
disformal transformation, in Sec. 6.5 we provide an example of naively higher-derivative equations of
motion which can be reduced to second order ones, generalizing the treatment of [18].

2 Galileons and Horndeski theories

2.1 Galileon theories

One of the most explored frameworks for infra-red modifications of gravity is the so-called galileon
theory [6], which distills and generalizes the interesting features of the DGP scenario [21] and emerges
in the decoupling limit of massive gravity [22].

Galileon theories can be seen as the effective theory of a Goldstone boson ¢ in Minkowski space,
that is invariant under a generalized shift symmetry,

o(x) = o(x)+ byt + ¢, (3)

for the five arbitrary parameters b, and c. Only in Minkowski can we arbitrarily choose a constant
vector field b* and thus this is where galileon theories are naturally set. At lowest order in derivatives,
there exists a limited number of Lagrangian terms invariant under (3), with schematic form £,, ~
(09)%(0?¢)" 2, where n < 5 in four dimensions. Such operators are protected by the symmetry (3)
against quantum corrections [23, 24].

These theories can be most naturally formulated as [6]

al, e bn V1 ... Un
‘C%Jrll = (Aﬂl Hntt QSNI ¢Z/1> ¢uzuz cee d’unl/n ) (4)

where AH1-Hn¥1-Vn g a tensor separately antisymmetric in the indices p’s and v’s and symmetric
under the exchange {y;} <> {v;}, e.g. AFIH2IV2 o glV1ghiaba _ giiV2 g2Vl (gee e.g. the nice review [25)]
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for technical details). In the above expression and in the rest of this section, we use the shorthand
notation ¢, = V¢, ¢, = V, V¢ for convenience. More explicitly, the galileon Lagrangians are
written as linear combinations of the five following Lagrangians:

Lgal,l - X ’

L5 = XO6 — ¢ ¢y,

LE = X[(O9)° = $ud™™] — 2(0"¢" 06 — ¢ Sudrd™) .

17
LY = X[(06)° - 3(06) G ¢ + 20,00" ¢,
-3 [(D¢)2¢u¢w’¢u - 2D¢¢u¢w/¢up¢p - ¢uu¢uy¢p¢p)\¢)\ + 2¢M¢MV¢W)¢W\¢)\] .

In flat space there exist alternative (in fact, infinite) versions of galileon Lagrangians, equivalent
up to total derivatives. A particularly compact and popular choice (called “form 3” in [25]) is

i ©)
LF"® = 2X[(09)* - ¢ ] | "
L£%% = 2X[(O0)° ~ 3(0)80 0" + 268" "

where we have chosen the normalization factors in order to be consistent with the original expres-
sions (5)-(8).

2.2 Coupling to gravity and Horndeski theories

By going from (5)-(8) to (9)-(12) we have exchanged the order of partial derivatives, which can be
consistently done in flat space. But in general curved spaces, while doing so for L4 and L5 we have
to pay a commutator proportional to the curvature. Indeed, by taking f as a general function of X,
we find that the two main blocks of terms appearing in L%al’l and L%al’l are related by, respectively,

f[(D¢)2 - (ﬁuuﬁbuy] = _2fX(¢M¢V¢uVD¢ - ¢M¢uy¢)\¢)\”) + f (4)le¢u¢u + boundary terms, (13)
and

F1(0¢)° = 3(0¢) buv ™ + 208" ¢",] =
—2fx [(09)*¢ud"” by — 2006, $1p0” — G d” o™ Ix + 20,0 0”02 (14)
—-2Xf <(4)R,wpu¢“ PP7P” + (4)RMV¢O'¢MU¢V — (4)RW¢“ qﬁ”Dqﬁ) + boundary terms.

This also means that the different versions of the galileon Lagrangians, which are all equivalent in
flat space, correspond to genuinely different theories once minimally coupled to gravity by trading
ordinary derivatives for covariant derivatives. Of course, as realized in [7], the minimally coupled
versions of galileons L4 and Lz bring higher (third order) derivatives into the equations of motion.
For example, by varying X ((l¢)? with respect to ¢, one ends up with terms containing two derivatives
hitting on a Christoffel symbol, i.e., three derivatives of the metric. In order to get rid of such higher
derivatives, the authors of [7] added to L& and LEM! suitable gravitational “counterterms” and thus
“re-discovered” Horndeski theories [10], which can be described by an arbitrary linear combination



of the Lagrangians

LIGs) = Gs(6, X) 0o (16)
LEG4) = Ga(6, X) DR — 2G4 x (6, X) (O — ¢ dpu) (17)
LH1G5] = Gs(6, X) W60 + 2Gsx (6, X)(06° ~ 30006 +26u6°9%) . (19

following the presentation given in Ref. [9].

3 Beyond Horndeski: G?

As we have recently shown in [1], it turns out that it is possible to extend the Horndeski Lagrangians
presented above without encountering ghost-like Ostrogradski instabilities. In order to introduce
these theories, it is much simpler to use the so-called unitary gauge, where the uniform scalar field
(¢ = const) hypersurfaces coincide with constant-time hypersurfaces. To do so, we assume that the
gradient of the scalar field, d,,¢, is time-like. Using an ADM decomposition of the metric,

ds® = —N%dt* + hij(da’ + N'dt)(dz/ + N7dt) (19)

we write the Lagrangian density in terms of the intrinsic and extrinsic 3-d curvature tensors of the
spatial slices, respectively denoted R;; and Kj;;, their traces, R = h R;;, K = hY K;;, as well as the
lapse function N. The theories presented in [1] are then given by the action

S = /d4xv —g(L2 + L3+ Ly + Ls) , (20)
with
Ly = AQ(tvN) 3
L3 = As(t, N)K ,
L4EA4(t,N)(K2—KZ‘jKij) +B4(t,N)R, (21)
~ o 3 1
= A5(t,N) (KS — 3KKZ']'KZ] + QKZ'jKZkK]k) + B5(t, N)K” (Ri]’ — ihUR> ,

where A, and B, (a = 2,3,4,5) are generic functions of ¢ and N. Let us remind that, in terms of
ADM variables, the extrinsic curvature reads

1

T

(hij — DiNj — D;N;) , (22)
where Dj; is the spatial covariant derivative. The combination K? — Ki; K J in the third line is the
usual GR kinetic term. Indeed, when By = —Ay = 1/(167G), while the other coefficients vanish, the
above action corresponds to the Einstein-Hilbert action up to boundary terms, as can be easily seen
upon using the Gauss-Codazzi relation (see eq. (132) in App. A). In this case the action becomes
fully 4-d diff invariant and there are no propagating scalar degrees of freedom.

We now rewrite the above Lagrangians in a manifestly covariant form, i.e. in terms of ¢ and
its spacetime derivatives. The dependence on ¢t and N of the functions A, and B, will turn into a
dependence on ¢ and X = ¢g"”0,¢0, ¢, since ¢ = ¢o(t) and X = —q'%(t)/]\ﬂ in our ADM formulation.
We can then introduce the unit vector normal to the uniform ¢ hypersurfaces,

Ouo
VX’

6

(23)

nu:*



and define the extrinsic curvature as
K = (9%, +nnu)Veny, . (24)

Using this expression and K = V,n#, and denoting the derivation by a lower index, e.g. Asx =
0As/0X, the above Lagrangians can be rewritten, after lengthy but straightforward manipulations
explicitly given in App. A, as [1]

Ly = Li[A9] (25)

Ly = LY [C3 + 2X Csx] + LY [X O3], (26)
B, + Ay —2XB .

Ly = LY [By] + LY [Cy 4+ 2X Cux] + LY [X Cyy) — =2 4X2 X peabl (27)
XBsy +3A

Ls = LY [G5) + LY[C5) + LY [Ds + 2X Dsx) + LY [X Dsy) + WL%QM , (28)

where A, and B, are now functions of ¢ and X, A, = A,(¢, X), By, = By(¢, X), and Cs, Cy, Cs,
Ds and G5 are defined as

Cg = —/Ag(—X)_3/2 ClX,
Cy= —/B4¢(—X)1/2 dx ,

Cs = ——X/B5¢(—X)_3/2dX , (29)

If A4 and As are related to By and Bs by
Ay =By +2XByy , As = —XBsx/3, (30)

the last terms of both eqgs. (27) and (28) vanish. In this case one is left only with the Horndeski
Lagrangians, which manifestly shows that eqs. (25)—(28) (and thus action (20)) contain Horndeski
theories. In general, the functions A4 and As are completely free, which means that our theories
contain two additional free functions with respect to the Horndeski ones.

It is straighforward to see that the minimally coupled versions of the original galileons proposed
in [6], (5)—(8), are contained in egs. (25)—(28) by the choice of functions By = 0, B; = 0, A2 = X, A3 =
3X/2, Ay = —X? and A5 = (—X)%2. As a corollary, L&' and L are already healthy without the
need of additional gravitational counterterms. In other words, the straightforward covariantization of
galileons, i.e. substituting ordinary derivatives with covariant derivatives, is a viable covariantization.
It should be noted, however, that galileon symmetry remains broken by terms proportional to the
curvature, regardless of the chosen covariantization procedure.

Finally, before concluding this section, let us briefly comment on the decoupling limit of eqs. (25)—
(28). In Ref. [26], the decoupling limit of Horndeski theories has been studied by expanding the metric
9w around Minkowski and the scalar field ¢ around a constant background value. In doing so, the
following scaling of the functions G, (¢, X) introduced in egs. (15)—(18) was assumed [27],

Gy~ AjMp, Gz~ Mp, Gy~ Mpj, G5~ A3°ME, (31)

where A3 is a mass scale which may be associated to the current accelerated expansion of the universe
(in which case A3 ~ MpHZ) and Mp is the Planck mass. The decoupling limit is defined as Mp; — oo



while A3 remains constant. It is easy to see that taking this limit in eqs. (25)—(28) leads to the same
decoupling limit found in [26] for Horndeski, but with different dimensionless parameters. This is
clearly the case for eqgs. (25) and (26), because they are equivalent to the Horndeski Lagrangians L&
and LY. BEquations (27) and (28) contain non-Horndeski pieces, respectively L&' and L. By
expanding these terms in scalar field and metric perturbations, the only contributions that do not
vanish in the decoupling limit are galileons, i.e.,

By + A4 —2XByx
_ =

XBsyx + 345
3(—X)5/2

1,1 - 1,1 1,1 — 1,1
LE ~ A5 LE ~ AFPLE (32)

where the functions (By+ A4 —2XByy)/X? and (XBsx/3 + As)/(—X)*? are evaluated on the
background. In conclusion, operators leading to higher-derivative equations of motion in egs. (27)
and (28) are also higher order in the decoupling limit.

4 Hamiltonian analysis

As discussed in the introduction, theories that contain higher-order time derivatives often lead to
lethal Ostrogradski instabilities. The presence of higher derivatives manifests itself in the form of
extra degrees of freedom that behave like ghosts (i.e. negative energy states). For instance, the
dynamics of a system with a nondegenerate Lagrangian of the form L(q,q, §) is described by a 4-
dimensional phase space, corresponding to two degrees of freedom, one of which behaves like a ghost
(see e.g. [5]).

In the ADM formulation, our Lagrangian (21) depends on the dynamical quantities h;; and their
“velocities” Kjj: in this sense, it is already evident that the Lagrangian does not contain higher-
order time derivatives and that Ostrogradski instabilities should not be there. In order to confirm
this intuition, we now perform the Hamiltonian analysis for the Lagrangian (21) and show that
the number of degrees of freedom remains three—i.e. two tensor modes and one scalar mode, thus
excluding the appearance of dangerous extra degrees of freedom. The present analysis details that
of [1] and confirms its conclusions.

The phase space of our theory is described by the variables h;;, IV, N? and their conjugate
momenta, given respectively by

o= 95 g [(Ag 4 2A4K + 3A45(K? — KlmKlm)> hio
i , (33)
—2(Ay + 3A5K)KY + 6As K[ K + B (Riﬂ‘ — 5Rhiﬂ‘ﬂ ,
and Y oL
== -0 i = = 34
™ oN T N (34)

The absence of time derivatives of the lapse N and the shift N* in the action implies that their
conjugate momenta automatically vanish. The relations 7y = 0 and m; = 0 can thus be seen as
restrictions of the initial 20-dimensional phase space, corresponding to so-called primary constraints.
So far, the situation is quite similar to that of pure general relativity.

The canonical Hamiltonian is then obtained via the Legendre transform of the Lagrangian,

H= / &7 {wiﬂ‘hij - L} . (35)

The Hamiltonian is expressed in terms of the canonical variables, which means that, in principle, one
must invert the relation in (33) to obtain h;; as a function of 7*7. Because of the presence of primary



constraints, the time evolution is governed by the extended Hamiltonian,

H:H+/d33? [An 7N+ A (36)
where Ay and \; play the role of Lagrange multipliers. For any function F' defined on the phase
space, its time evolution is given by

d oF .
TF=a {F.H}. (37)

The Poisson bracket in the above formula is defined, as usual, by the expression

- s ( OF  8G oF 4G
{F.G} = zA:/d ! <5¢A(f) oma(Z)  oma(Z) 5¢A(f)> ’ .

where we use the collective notation ¢* = (h;;, N, N%) and 74 = (7, 7y, 7).

4.1 Lagrangians up to L4

It is straightforward to apply the procedure outlined above to our Lagrangians up to L4, because the
expression (33) for 7% is linear in K;; and can be easily inverted. Including Ls is more involved, as
(33) is quadratic in K;; and we briefly discuss the procedure in the next subsection.

Therefore, assuming that Ls is absent, i.e. A5 = Bs = 0, one can immediately invert (33) to find

ij ]4\/E <7‘w 2”th> 4 44hw (39)

Using (22), it is then straightforward to express hu as a function of m;; and to substitute the result
in (35). Using integrations by parts to get rid of the derivatives of the shift, one finds that the
Hamiltonian can be written in the form

H= / d*% [NHo(N) + N'H;] (40)
with
1 o1 A 3452
SR L h(=2 —Ay) —VhB 41
Ho Ny <7TZ]7T 57 ) 2A47T +vh < & 2> Vh B4R , (41)
H;=— 2D, . (42)
As mentioned in the previous section, by specializing the above expressions to the case By = —A4 =

1/(16wG) and A = A3z = 0 one recovers the usual general relativity Hamiltonian. In the general
case, however, the A, and B, are functions of N, so that Hy now depends on N, in contrast with
general relativity. This difference plays a crucial role, as we will see below.

Let us now consider the time evolution of the primary constraints. Imposing that they are

conserved in time leads to the so-called secondary constraints. For the first constraint, mx ~ 0, one

finds 5
oy = (o ) = v H) = = 5 (Vo) (3

where the symbol ~ denotes equality in a “weak” sense, i.e. restricted to the constrained phase space.
Thus, the above equation yields the secondary constraint,
OHo



Note that, in general relativity, Ho is independent of N, thus leading to the familiar Hamiltonian
constraint Hg = Ho ~ 0. Similarly, using

iy ={m,H} ~ {m,H} = —H,i, (45)
the conservation in time of the three primary constraints m; ~ 0 gives the secondary constraints

These constraints are exactly the same as in pure general relativity, where they are associated with
the invariance under spatial diffeomorphims.

Let us now compute the Poisson brackets of the constraints. We start with the constraints
‘H;, for which the treatment is very similar to general relativity. It is convenient to introduce the
“momentum” function

M; = / B3 () Hy () (47)

where the f? are three arbitrary functions of space. By reproducing the general relativity calculations
(see e.g. the appendix of [28]), one finds

{Mp Mg} =My, B = fFDrg’ = ¢"Dyf". (48)

It is also straightforward to check that
M T} = [ @2gDiTs) = [ @371 Dy, (19)

with
7= [ @i9@) T@), (50)

where g is an arbitrary function of space and 7T is any combination of the Hamiltonian that depends
on 7 and h;;, but not on N. So T can be any of the following expressions,
1 i 1 9
7-1:_(7Tij7r]__7r)a 7-2:71', 75:\/Ea 721:\/ER) (51)
Vh 2
or any linear combination of these with coefficients independent of N. In particular, (49) implies
that in general relativity, where the constraint Hy does not depend on NV, the Poisson bracket of M ¢
with Ho weakly vanishes.
If the combination 7 is now multiplied by a function of N,

T =F(N)T, (52)

one immediately deduces from (49) that
(M. Ty} == [ @297 DATF). (53)

and 7 cannot appear after integration by parts. However, by introducing the slightly modified
constraints?

7‘21‘ =H; + WNaiN, (54)

2Note that its form is similar to the total momentum constraint that would arise in general relativity with a scalar
field.
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one obtains
(M To) = {M T — /d?w TfZDN——/ ng(Tf’)—/d3:E7~’fiDig, (55)

where now T appears explicitly.

This treatment also applies to any linear combination of T terms. In particular, it applies to Ho,
since this is given by a linear combination of 7, with coefficients that depend on time and IV, and as
a consequence it applies to Ho defined in eq. (44). Thus, from the above analysis one concludes that
the Poisson brackets of the constraints H; with Hg vanish weakly, i.e.

{Hi, Ho} ~ 0. (56)

Using eq. (48) and the fact that H; does not depend on N, my, N or m;, it is also immediate to
verify that o ) )
{Hi,H;} =0,  {Himan}=0, {Hym}=~0. (57)

Therefore, the Poisson brackets of the three constraints H; with all the other constraints vanish
weakly. The same is true for the three primary constraints 7m; ~ 0. Consequently, these six constraints,
associated with the 3-dimensional diffeomorphism invariance, are first-class constraints.

The remaining constraints, Ho and 7n ~ 0, satisfy the relations

oHo . OHo N &*Ho
ON “ON = ONZ '

{mn (), 75 (y)} =0, {Ho,mn} = (58)
Provided that the derivative of Hy with respect to N does not vanish, this shows that these two
constraints are of the second-class type, in contrast with general relativity.

It is also useful to check that no additional constraint arises from the time evolution of the
secondary constraints. Indeed, since

OHo
ON

OH

(%0 + {Ho,H} + AN ——

d ~
—H 59
a0 (59)
imposing the conservation of Ho simply fixes the Lagrange multiplier Ay without generating any
new constraint, provided 0Hy/ON does not vanish, which is assumed here. As for the momentum

constraints, we simply have
d -~ -
%"Hz: {Hi,H} =0, (60)

because the brackets of H; with all the elements in H vanish weakly, according to (55) and the first
relation in (57).

In conclusion, we find that the dynamical system is, in general, characterized by a 20-dimensional
phase space with six first-class constraints and two second-class constraints. Each first-class con-
straint eliminates two canonical variables and each second-class constraint eliminates one canonical
variable. In total, 14 canonical variables can be eliminated, which corresponds to a 6-dimensional
physical phase space, i.e. three degrees of freedom. The difference with general relativity, where all
eight constraints are first-class thus leaving only two physical degrees of freedom, is due to the pres-
ence of a preferred slicing defined by the scalar field, which breaks the full spacetime diffeomorphism
invariance.

Let us briefly discuss a special case where the second Poisson bracket in (58) vanishes weakly,
which happens when the whole N dependence factorizes in Hg. Let us illustrate this case by consid-

ering the Lagrangian L, with .
By=——. 61
4 ]4 ( )
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In this case

Ho = Ba [ﬁ@mjﬂ'zj — 7r2) — \/ER} (62)
and
o = <B4 + %) [ﬁ(mﬁj ~7?) ~ VhE|. (63)

One then notices that the system is equivalent to general relativity, up to the redefinition of a new
lapse function N = N B,.

Finally, let us make a few considerations on the restriction to the unitary gauge which is at the
basis of the Hamiltonian analysis of this section. An explicit Hamiltonian analysis without fixing
unitary gauge seems to be a very tedious task in view of the complicated expressions of our theories in
the covariant form, egs. (25)-(28). Indeed, resorting to the unitary gauge has the huge advantage to
hide the scalar degree of freedom in the metric and to enormously simplify the analysis. Thus, the full
Hamiltonian treatment in an arbitrary gauge is beyond the scope of the present work. Fortunately, in
Sec. 6 we present a completely different approach, which shows that the higher-order time derivatives
in the equations of motion can be eliminated by using constraints that follow from these equations.
This other approach is valid in any gauge and it confirms that no additional degree of freedom is
necessary to describe higher-order time derivatives.

4.2 Including the Lagrangian L;

The inclusion of L5 makes the Hamiltonian analysis more involved, the main subtlety in this case
being inverting eq. (33) in order to obtain K;; as a function of 7%/, However, this technical difficulty
does not impair the basic counting of degrees of freedom, which is the main target of our Hamiltonian
analysis.

In the case when only Ajs is considered, from the last line of (21) we obtain

i 3@ > [(K? = Ky K™Y 4 20K K9 — KEY)] oy

Inverting the above equation is technically more involved and because Kj; is essentially a “square
root” of m;; there is generally more than one branches of solutions. However, the inversion problem
is well-defined locally around some non-singular chosen value of Kj;. It is worth mentioning how
the problem can be tackled in practice with a systematic series expansion around, for instance, a
spatially flat Friedmann-Lemaitre-Robertson-Walker (FLRW) configuration,

(Ko) = H&],  (mo) = 3VhA;H?] . (65)

(2

We can then fix whatever value of the conjugate momentum through the new “shifted” variable ﬁij )
I = (mo) + VA &)
m) = (mo), + gVhAs T, (66)
write a formal power expansion for K l.j ,

K7 = (Ko)/ + (K1), + (K2),” + ... (67)

and solve (64) order by order. By doing this, we obtain the recursive relations

(K0 = 5o (ﬁﬁ-%éﬁ), (68)
(o) = g [((R0? = (K2, m) 6 4+ 4 (), ) — ()] o (69)
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where (K,) = (K,),"
A completely analogous procedure applies to other cases, such as when the full battery of terms
is present, as in eq. (33). In this case, the easily invertible part (Ls-L4) can be used as the zeroth

order piece and one can make a formal Taylor expansion in As.

4.3 Generalizations

Although we have focused our discussion on a specific class of theories, which represent a natural
extension of Horndeski theories from the ADM point of view, similar conclusions can be drawn for
a much wider class of models. Essentially, the basic ingredients that lead us to exclude the presence
of unwanted additional degrees of freedom can be formulated in unitary gauge as

1. unbroken spatial diffecomorphism (producing three first-class momentum constraints as in gen-
eral relativity);

2. absence of time derivatives of the lapse function N (which makes the Hamiltonian constraint
an algebraic equation for N);

3. absence of time derivatives of the extrinsic curvature K;; (which prevents that the Lagrangian
depends on the “accelerations”, i.e. the second time derivatives of h;).

Such an approach has already been used in the past to study, for instance, the behavior of specific
models of Horava’s gravity [29]. In analogy with Horava’s gravity, one could consider various combi-
nations of the intrinsic curvature tensor and its spatial derivatives, as well as various combinations
of the extrinsic curvature tensor, as recently discussed in [30]. Note, however, that these theories do
not generically have the same decoupling limit as Horndeski, as it is the case for G3 theories (see
discussion at the end of Sec. 3).

5 Linear theory and coupling with matter

The Hamiltonian analysis excludes the presence of extra degrees of freedom. However, one still needs
to check that the remaining scalar and tensor degrees of freedom are not themselves ghosts. In this
section we compute the quadratic action for the perturbations of the propagating degrees of freedom
and derive the conditions for which the kinetic terms have the right signs. We then add matter fields
minimally coupled to gravity and study the phenomenology on small scales. We first perform this
analysis in unitary gauge and then in Newtonian gauge.

5.1 Unitary gauge

Let us expand action (20) around a spatially flat FLRW metric following the general procedure
developed in [11, 31] (see also [32]). We use the (-gauge and write the spatial metric as

hij = a®(t)e” (855 + vig) vii = 0= 0iyij , (70)

and we split the shift as A A A
N' = 0;¢ + Ny, , OiNy =0. (71)

Moreover, it is convenient to express the dependence of the second-order action on the function A,
and B, introduced in the Lagrangians (21) in terms of the following functions evaluated on the
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background,?

M? = —2(Ay +3HAs5),
aK:_gAg+A§+3H@Ag+A@44ﬂﬂ@Ag+A@+4ﬂﬁ@Ag+A@
o 2H2(A4 + 3HA5) ’
AL +4HA, + 6H?AL
ap = — ’
AH (A4 + 3HAs5) (72)
B4+ Bs)2
ar=————7—"7"——1,
Ay + 3HA;
By + B}, — HBL/2
ag = — —1,
Ay +3HA5

where a prime denotes a derivative with respect to N and a dot a derivative with respect to t. We
discuss in Appendix B how these functions are related to the general formalism of Ref. [11].

Higher (spatial) derivative terms proportional to (9%¢)?, which are contained in quadratic prod-
ucts of the extrinsic curvature, cancel from the action up to a total derivative because of the particular
combinations in which these products appear in eq. (21). By varying the quadratic action with respect
to N?, one obtains the momentum constraints, whose solution is N‘i/ =0 and

1 ¢
1+ap "'
After substitution of this equation into the quadratic action, all the terms containing v drop out,
up to total derivatives [31]. For this reason, we do not need the Hamiltonian constraint, obtained by

varying the action with respect to IV, to solve for ¢. After some manipulations the quadratic action
becomes [11, 31, 14]

N=1+ (73)

1 . AP M2, M O
@ _ : /d4x o3 [£¢'<’C2 4 ﬁagac( a2) 4 T%Zj - T(1 + OJT)%} ) (74)
where
20Kt 60
fy= i (75)
2.d [aM?*(1 + o)
=2M*(1 T ol T A S
Lacoc (1+ar) a dt [ H(l1+ ap) } o

As expected from the previous Hamiltonian analysis, the quadratic Lagrangian (74) does not contain
higher-order time derivatives. As a consequence of the particular combination of extrinsic curvature
in eq. (21), neither does it contain higher space derivatives.

The condition required to ensure that the propagating degrees of freedom are not ghost-like is
that their time kinetic terms are positive, £:: > 0 and M? > 0. Moreover, gradient instabilities are
avoided when the speed of sound of the scalar and tensor propagating degrees of freedom,

Laco

L

2
Cs

Ci =1+4ar, (77)

are also positive, ¢2 > 0 and ci > 0.

3The first four functions in eq. (72) have been introduced by Bellini and Sawicki in Ref. [14], where they consider
linear perturbations in Horndeski theories, with the difference o™ = —a/®°*°/2, which simplifies further the equations.
In particular, M?, ak, ap and ar respectively parameterize the effective Planck mass, a modification of the scalar
kinetic term [34, 35], a kinetic mixing between the scalar and the metric (the so-called braiding) [36, 37, 38, 39] and a
tensor speed excess. As stressed in such a reference and also shown in Appendix B, these functions are just a convenient
basis of the parameters previously introduced in the context of the so-called Effective Field Theory of Dark Energy in
Refs. [15, 16, 11, 17] (see [31, 33] for reviews). Here we adopt this parameterization because it simplifies the notation.

We also introduce a new function, ay, which parametrizes the deviation from Horndeski theories [11, 1].
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5.2 Adding matter: P(0,Y)

To study our theories in the presence of matter fields minimally coupled to gravity, we add to action
(20) a k-essence type action describing a matter scalar field o (not to be confused with the dark
energy field ¢),

Sm = /d4x\/—g P(Y,0), Y = ¢"0,00,0, (78)

with sound speed c2, = Py /(Py — 263 Pyy).

We can then expand at second order these actions and repeat the procedure discussed earlier. To
describe matter fluctuations it is convenient to use the gauge-invariant variable Q, = do — (69/H)(.
After substitution of the momentum constraints, the final action expressed in terms of ( and Q.

reads
L5 ~ (6C)2 Py s (6iQa)2
S@ = /d4xa3 |:—2 <’CCC<2 + Lococ . 2 Qg — C?n

a?

- Y ((anlQo ~ o ) 25002 )
+mEC +mgQp + miCQq + AC'QJ} : (79)
with the new coefficients for the kinetic and gradient terms of ¢
z--:c-~+pm+pm< o5 )2 (80)
<< << H22, \1+ap) ’
Lococ = Lacoc — %H# (1 - %) (81)
where we have used 263Py = —(pm + pm). The second line contains two derivative couplings

between ¢ and ), while the third line contains non-derivative terms, which are irrelevant for the
present discussion.
The kinetic matrix for (¢, Q,) reads

M= 1 Eééuﬂ + ﬁagang A[a3w2 —c2 (ap — aH)k:Q] e 260 Py .
2 \Alapw? — ¢ (ap — an)k?] —2Pyc; 2 (w? — 2 k?) ’ He2 (1+ ap)

(82)

Requiring that its determinant vanishes yields the dispersion relation

o 2
(@2 - BRI - ) = (- ) (12 ) w2, (55)
14+ ap
with )
1

5§EC§_Pm+pm( +on) (84)

H2M? ag +6a% "

From this equation one derives the two dispersion relations w? = c¢%k?. For Horndeski theories
(g = 0), the matter sound speed is unchanged, despite the presence of couplings in the action
between the time and space derivative of ¢ and @), i.e. the non- vanishing of the non-diagonal terms
in the kinetic matrix. Indeed, these couplings are precisely proportional to w? — c2,k? and give the
standard dispersion relation for matter. However, this is no longer true with our non-Horndeski
extensions, where ay # 0.
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5.3 Newtonian gauge

We now study linear perturbations for our theories in the presence of a more general type of matter
by considering a gauge often employed in the study of cosmological perturbations: the Newtonian
gauge, where the metric reads

ds® = —(1 + 20)dt® + a%(1 — 2T)di? (85)

taking into account only scalar perturbations.
Let us directly expand the action for the sum of the Lagrangians (25)—(28) up to quadratic order
around the background field solution ¢¢(t) = t, i.e.,

p=t+mn(tT), (86)
where 7 describes the scalar field perturbation.* The quadratic action for linear perturbations is
given by

1 . 1 . .
S :/d4xa3M2{§H2aK7'r2 + [H - m(pm +pm + 2(M?Hap) — 2(HM?ag)’) + H*(ap — au)
V)2 : V)2
+ H(ar — aH)] ( Z) _ 302 4+ (14 ap) 2) +2H(ap — ay)VeVn
a a
\AAY . Vovy
—2H(ans — ar)~—— + 6Hagi¥ + H(6ap — ax)t — 2(1 + ap)~—;
a a
. 1 ViV
—6H(1 + ap)Vd + H? <§aK —3(1+ 2a3)) % + 2ap ”2 +... } ,
a

(87)

where we have used the background equations to rewrite the coefficient of (Vr)?. We have written
explicitly all the terms that are quadratic in derivatives, as well as other terms involving ® without
derivatives because they also contribute to the kinetic limit as we will see below. The ellipses in
the last line stand for all the other terms, irrelevant for the present discussion. As expected from
the Lagrangians (27) and (28), the quadratic action in the Newtonian gauge contains a higher order
derivative term, VaVW, which is proportional to the non-Horndeski coefficient ay. This term
generates higher order (one time- and two spatial-) derivative terms in the equations of motion, as
discussed in detail in Ref. [11].

It is possible to find a redefinition of the metric perturbations that de-mixes the new metric
variables from the scalar field m and removes the higher derivative term from the gravitational action.
In Brans-Dicke theories such de-mixed variables are usually referred to as Finstein-frame quantities.
In our much more general framework they are explicitly given by

14+ ag I+ay 1+ag o .
dp = — Hm— T,
1+04T 1+aT 1+C¥H 1+aT (88)
g —ap
Vp=V+——H
E + 1t an s
Using this change of variables into the quadratic action, one ends up with
2, .. 2
S = /al456a3M2 M e (1tap 72 — & (Vm)*
2M? \1+agy 5 a? (89)

1+ ar

1,2
-3+

[(VUg)? —2VOpV ] +}

4Assuming a monotonic ¢o = ¢o(t), one can always make a field redefinition of ¢ and choose the background
solution ¢ = t.
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whose first line corresponds to the action of a minimally coupled scalar field. In particular, the term
proportional to 7 in the definition of ® g entails the removal of the higher derivative term VaV V.
Let us now consider matter. Since it is minimally coupled to the original metric, i.e.

1
Liy = iéguuéT/w = _((I)(Spm + 3\If5pm> ) (90)

it becomes coupled to m after the field redefinition (88). When ay = 0, matter is coupled to
the gravitational sector with standard terms, ®gdp,, and Vgip,,, as well as to 7 via fifth-force
terms, wdp,, and wop,,. These couplings can be neglected on scales smaller than the matter sound
horizon, i.e. for k > Ha/c,,, where ¢, is the matter sound speed. However, in the non-Horndeski
case (apg # 0), the interaction Lagrangian (90) contains a new coupling proportional to the time

derivative of the scalar m,
of

14+ ayg
which cannot be neglected on scales smaller than the sound horizon. Indeed, on these scales, the
propagation equations for the density contrast dp,, and field perturbation m become

< V26
0pm — C%z aQPm — (pm + Pm)

Ling O — TOPm (91)

ag Vi
— =0 92
14+ ay a? ’ (92)
~2V27T B 1 ag(l+ag) .

5 g2 Hzﬁéé (1+OéB)2 Pm

~0, (93)

where the symbol ~ stands for an equality in the kinetic limit. One can check that the propagation
equation is given also in this case by eq. (83). In contrast to the standard Jeans lore, the gravitational
scalar mode 7 cannot be decoupled from matter by going at sufficiently short distances. The presence
of the scalar field perturbations impacts the propagation of matter fluctuations, by changing their
sound speed.

6 Field redefinitions

This section is devoted to exploring some mathematical properties of the class of theories that we are
proposing and to confirm their soundness for subclasses of these theories. The approach discussed
in this section does not rely on the ADM formulation and we do not need to assume V,¢ being
timelike, in contrast with our Hamiltonian analysis.

First, we analyse disformal transformations and focus on a specific class of disformal transforma-
tions that act as a “morphism” on our theories, in the same way in which conformal transformations
preserve the basic structure of Brans-Dicke theories. Next, we show how to relate, by means of such
disformal transformations, subsets of our theories—i.e. L4 and L5, separately studied in Secs. 6.2
and 6.3, respectively—into Horndeski ones. As these disformal transformations conserve the number
of degrees of freedom, this is yet another proof that our theories do not contain ghosts, even if they
contain higher derivatives. In the cases in which the mapping with Horndeski is possible, we further
clarify this issue in Sec. 6.5, by showing that naively higher-derivative equations can be reduced to
second-order ones. In passing, we also verify in Sec. 6.4 that the presence of matter does not spoil
the soundness of the theory.

6.1 Disformal transformations

In this section we compute the transformation properties of our theories under disformal transfor-
mations. More precisely, we consider a field redefinition of the metric tensor made of a conformal
transformation and of a further lightcone structure-changing piece [19],

Juv = Guv = Q2(¢7X) Juv + F(¢7X> 8u¢8u¢~ (94>
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For convenience, we directly work in unitary gauge even though the same results can be reached using
a covariant approach (see e.g. [40, 18]). As we shall see, the use of the unitary gauge considerably
simplifies the calculations.

In this gauge, the dependence of 2 and I on ¢ and X translates into an explicit dependence on
the time variable ¢ and on the lapse function N. Moreover, we choose time to coincide with ¢, so
that 0,¢ = (52 and eq. (94) reads, in ADM components,

N'= N, hij=Q*t,N)h;j,  N?*=Q%*t,N)N? T (t,N). (95)
Thus, the volume element is transformed accordingly,
VT = Vg O TN (96)

In order to find how the three-dimensional Ricci scalars, R and R, are related to each other,
we can apply the standard formulae to the conformal transformations of the 3-d metric (95) (see

e.g. [41]),

R=Q7?[R—4D*InQ —20;(InQ)0"(In Q)] . (97)
Moreover, using the definition of the extrinsic curvature, eq. (22), one finds
K= N gi - N9, s
i_ﬁ[i_ 9" Opin z} (98)

As in unitary gauge ) depends on the spatial coordinates only through N, it makes a lot of
difference whether or not €2 depends on N. If it does, the transformation (95) generates derivatives
of N explicitly in the action, therefore changing the structure of action (20). Thus, transformations
with © dependent on N do not preserve the G* form of the Lagrangian. On the contrary, if € is
independent of N, eq. (95) is just an overall (spatial) coordinate-independent rescaling from the 3-
dimensional point of view and the structure of our theory does not change after the field redefinition.

Thus, let us consider an N independent conformal factor, 2 = Q(t). Explicitly, starting from the
action (20) written in terms of the barred metric quantities with coefficients 4, and B,, and making
the substitution (95) with €2 = §(¢), one ends up with an action in terms of the unbarred quantities.
Remarkably, this new action shares the same structure (20), up to a reshuffling of the coefficients:

4,28 A2+3d1;{QA3+6<d211{9>2A4+6<d2_9>3A5 ,
Ay =P A3+4d1dnt_QA4+6<dldnt_Q)2A5 ,
A4—Q37N [A4+3dldr;_§2A5} ; (99)
A5—Q;]ZQA5,
QN[5  1dlnQ -
BFW[ 5 35} ’
Bs = QBs,

where df = Ndt. One notes that, in this disformal transformation, a Lagrangian of a given order
generally contributes also to the lower-order Lagrangians. For instance, the transformation of L4
contains also L3 and Lo pieces. Only when {2 = const. does this mixing not occur.

Although we have worked specifically in the unitary gauge, it is straightforward to perform the
same analysis covariantly, directly with the 4-dimensional transformation

G = Guv = QX(9) G + (9, X) 8 0,6 (100)
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One then obtains relations between the coefficients Ay (¢, X), Bu(¢, X) and A,(¢, X), BAgb,_X),
which are essentially the above relations (99) with the correspondence N = 1/v/—X and N =
1/v/—X. The relation between X and X can be computed by contracting the inverse metric,

r
g = Q77 (g — o7 0100 101
g <g rx T ? ¢> : (101)
with 0,¢0,¢. This gives
_ X 02X
X=-— X = _ . 102
X +02’ 1-TX (102)
We also have B
vV—g9 Vv1I-XT" 1 (103)
-7 9* VIX Q2
which implies in particular that, in unitary gauge,
N V1-XT 1
I = (104)

N Q VIX + Q2

which can be substituted in eq. (99).

6.2 Link between L, and Horndeski

The disformal transformations discussed in the previous subsection can be used to relate Horndeski
theories with our general Lagrangians.

First, let us start from a Horndeski Lagrangian L4 expressed in terms of the metric Juv, With
coefficients A4(¢, X) and By (¢, X) satisfying the Horndeski condition (see eq. (30))

14_14 = —B4 + QXBU‘( . (105)
Substituting in this Lagrangian the expression
G = Guv + F4(¢7 X) 8u¢ oo, (106)

leads to a G3 Lagrangian, now expressed in terms of the metric g and X, with coefficients A4(¢, X)
and By (¢, X). According to the results of the previous subsection, specialized to the case 2 = 1, the
link between the old and new coefficients is given by the relations

Ay(9, X) = Ay, X)\/1+ XTy, Ay, X) = Ay, X)V1 — XTy (107)

and _ _
5 > B4(¢7X) B4(¢5X)
By(¢, X) = —=, By(¢, X) = ———=, 108
with ¥ 2
X=—— X=——. 1
1+T4X7 1-Ty4X (109)

The Horndeski condition (105) on the coefficients A4 and B, implies the following relation between
I'4; and the new coefficients A4 and Bjy:
Civ — Ay + By — 2X Byx

(110)

It is thus clear that the new Lagrangian, expressed in terms of the metric g,,, is not of the Horndeski
type unless I'y is independent of X. This is consistent with the findings of Ref. [40] that the Horndeski
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form of the Lagrangian is preserved under a restricted version of (100), in which the disformal function
I, like €2, does not depend on X.

Conversely, if we start with a G? Lagrangian without Ls terms, but otherwise with arbitrary
functions A4(¢, X) and By(¢, X), one can always rewrite it as a Horndeski Lagrangian LY provided
that the transformation function I'y is a solution of the differential equation (110). Note that the
field redefinition (106) is well-defined, in the sense that it leaves invariant the number of degrees of
freedom (see other examples in [20]). Indeed, one can express g, in terms of g,, and ¢ without
introducing additional degrees of freedom. As the set of fields (.., ¢) obeys the Horndeski equations
of motion, it describes three degrees of freedom. By the field transformation (106), also (g, ®)
obeying the equations of motion derived from the G3 Lagrangian L, describe the same number of
degrees of freedom, i.e. three. This essentially confirms the Hamiltonian analysis of Sec. 4 which
excludes the presence of more than three degrees of freedom in G? theories. As expected, the field
redefinition (106) partly de-mixes the metric and scalar field kinetic mixing presented in Sec. (5).
In Newtonian gauge, this corresponds to removing the higher-derivative coupling 2ayVaVV¥ from
action (87), as explicitly shown in Appendix C.

6.3 Link between Ls; and Horndeski

The same procedure described above applies to Ly Lagrangians along similar lines. Namely, one can
always relate a G3 Lagrangian with arbitrary As and Bs, but with A4 = B, = 0, to a Horndeski
Lagrangian of the type Lg{ , provided the two metrics are related by

guu :guu+r5(¢>X) au¢av¢ ) (111)
with I's satisfying the condition
3A5 + X Bsx
5x = ————F—— 112
T TTX2 A, (112)

Analogously to the above discussion, this follows from requiring that As and Bj, given by (see
eq. (99)) B B ) B
A5(¢7X) :A5(¢7X)(1+XF5)7 BS((Z)?X) :B5(¢5X)a (113)

satisfy Horndeski condition (see eq. (30)),
A5 =—-XBs5/3. (114)

However, one cannot in general re-express an arbitrary G3 Lagrangian as a Horndeski Lagrangian
via a disformal transformation, because the would-be transformation coefficient I' cannot satisfy
simultaneously the two differential equations (110) and (112).

6.4 Coupling to matter

When the G3 Lagrangian can be re-expressed as a Horndeski Lagrangian, i.e. in either of the two
cases discussed above, the coupling between matter and the gravitational sector, now described by
g and ¢, becomes more complicated since the matter Lagrangian depends on the combination

Juv = gmx - F(¢a X)au(bau(by (115>
or its inverse, -
_ (¢, X)
T J___GPHgoV . 11
= T ox I 0905 ¢ (116)

Let us illustrate this with the simple example of an ordinary matter scalar field, minimally coupled
to the metric g,,,,. Its action, which intially reads

Smat = /d4l’\/ -9 [%g’“’@ua&,a - V(U) ) (117)
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becomes, when expressed in terms of g, and ¢,

S / Ao/ =5/ 1-TX —%g’“’@uo*@,,cr -5 L §™0,00,0 V()| . (118)

(1-TX)
The equation of motion for ¢ is obtained by varying this action with respect to o. Since each field
is at most derived once in the action, the equation of motion for ¢ will be second order. The same
conclusion holds with the matter contribution to the equation of motion of ¢. Therefore, the presence
of a matter scalar field does not introduce higher-order derivative terms in the equations of motion.

6.5 Equations of motion

Using a disformal transformation, we provide a new example of naively higher-derivative equations
of motion which can be reduced to second-order ones. We consider a subclass of G3 theories that
can be mapped into Horndeski (where they appear with the metric g,,,) and are minimally coupled
to matter with their usual metric g,,,. The associated action can thus be written in the form

5= / 0/ "G L7 (G 6] + / '2/G Lunlgpa] (119)

with
G = G +1'(9,X) 0,0 0,9 (120)

Since the theory, written in terms of g,,, is not of the Horndeski type, one expects to find higher
derivatives in the equations of motion. We show below how to reduce such a system of equations to
a second order system.

The variation of the action (119) yields

08 = /d4x\/—§ [O% 0G0 + S 0¢] + % /d4x\/—gT%”5gm,, (121)

with
S = O + T x 06 By 0X + Ts 0,6 0,606 + 200,V 00 (122)

and
65X = 0G0 $3gu + 201V 166 (123)

The operators O and Sy, when expressed in terms of g, and ¢, contain only second order deriva-
tives since they come from a Horndeski Lagrangian. Variation of the action with respect to the
metric g, gives the equations of motion

1
O — O 0, D3 T x 0 p 0" + SETH =0, (124)

where

ST — (125)
V=9 V1+TX

and we used eq. (103) for the second equality. Variation with respect to ¢ gives the scalar equation

of motion:

[11

2V, O%ﬁﬁagzb IppTx 0" + O 0, ¢ F} — O}'}ﬁaaqﬁ 09Ty —Sp =0. (126)
Contracting (124) with 0,¢0,¢ yields
=150, ¢ 0z
af _ m Uqa (o]
O 00030 = —2(1 Xy (127)
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Substituting back in (124) gives the equation of motion for g,,,

2T 000 0

no_
On = 2(1 — X2T'y)

D 09"0 — ST, (128)
which is second order with respect to g,,,. However, it also contains third order derivatives of ¢ since
O}‘;’ is second order in g,,, which itself depends on the gradient of ¢. By taking the trace of (128),
one can find a relation expressing the third time derivative of ¢ in terms of at most second-order
time derivatives. In this way, the equations of motion (128) are effectively second order in time
derivatives. Finally, substituting equation (128) in the scalar equation (126), one gets

(1 +TX)T 000050
1— X2Ty

TP 0005
1— X2T'x

1
Vi |ETlx oMo+ ZI'TH 0, ¢| — §EF¢, +8y =0, (129)
which is manifestly second order. This procedure extends that given in [18] and illustrates how

equations of motion that at first view look higher order can in fact be only second order.

7 Conclusions

Since its original appearance in [6], the galileon mechanism has proved an essential tool for modified
gravity. Several concrete modified gravity proposals happen to have galileons as their basic skeleton
and reduce to galileons in the appropriate decoupling limit. This leads to the possibility of classifying
modified gravity scenarios according to the different inequivalent ways in which the galileons can be
consistently coupled to gravity, or “covariantized”. For instance, massive gravity models can be seen
as non-minimal covariantizations of the galileon [22], because they involve other degrees of freedom
than simply the metric and the scalar field. If we insist on having the minimal number of degrees of
freedom and equations of motion strictly of second order in derivatives, we end up in the realm of
Horndeski—or generalized galileons, G2 theories [10, 9].

In this paper we have studied in details the scalar-tensor theories proposed in [1], called here G3.
This class of theories, presented in Sec. 3, covariantizes the galileons in a minimal way, i.e. without
introducing any other degree of freedom than the metric and a scalar field. However, they extend
Horndeski in containing two more free functions. They can display equations of motion with deriva-
tives higher than second order in some gauges, but such higher derivatives are in fact harmless, in
the sense that they do not bring in unwanted extra degrees of freedom, as we have shown with a
detailed Hamiltonian analysis in Sec. 4. It turns out that the direct covariantization of the original
galileons proposed in [6], obtained by simply substituting ordinary derivatives with covariant ones,
belongs to our class of theories. As such, original galileons are “ready to go” without the need of the
gravitational counterterms prescribed in [7]. Contrarily to what was previously thought, their simple
minimally coupled versions are free of ghosts instabilities.

Despite the aspects of “minimality” just discussed, the covariant form of G theories is mathemat-
ically challenging, due to the high number of derivatives and complexity of the equations involved.
We have highlighted a few “handles” to manage their basic properties. First of all, the unitary gauge
formulation based on a 3+ 1 ADM decomposition, eq. (21), is particularly compact and reveals the
basic healthy structure of the dynamical system that we are considering. Indeed, the expressions (21)
only contain “velocities”, i.e., first time derivatives of the dynamical variables.

Important insights about scalar-tensor theories can also be given by field transformations. The
simplest well-known example is constituted by Brans-Dicke theories, that maintain their basic form
under a conformal rescaling of the metric tensor that depends only on the scalar field. On the other
hand, the structure of our G? theories is invariant under disformal transformations, as we discussed
in some detail in Sec. 6. In particular, disformal transformations with the conformal factor depending
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on the scalar field only, and the disformal one depending on both ¢ and X,

G = (D) g + (9, X)0,00,6 , (130)

are the most general class of transformations that preserve the basic G? structure. This is analogous
to the role played by disformal transformations with I' = T'(¢) for Horndeski theories, which leave
them invariant [40]. We have showed that by applying eq. (130) to a Horndeski theory we end up
in G3—another way of proving the soundness of the corresponding G theory—but that, conversely,
not all G3 theories can be reduced to the Horndeski form by using (130).

Finally, disformal transformations also help understanding another remarkable property of G3:
even when minimally coupled to ordinary matter, G3 exhibit a kinetic type coupling, leading to a
mixing of the dark energy and matter sound speeds, and thus to a modified Jeans phenomenon [1].
In linear perturbations theory, in order to isolate the scalar propagating degree of freedom, one is
implicitly de-mixing the scalar from the metric with a field redefinition. For Brans-Dicke theories this
can be done at full non-linear level by simply going to the Finstein-frame metric with a conformal
transformation. In our more general set of theories the mixing terms between the scalar and the met-
ric can be higher in derivatives, in which case they are weighted by the parameter ap, with which we
measure the departure from Horndeski. However, it is still possible to perform the de-mixing, at least
at the linear level in perturbation theory. As we show in App. C, part of the field redefinitions (88)
that bring us to this generalized Einstein frame corresponds to a disformal transformation of the
type discussed above. Because such transformations contain higher derivatives, it ends up mixing
matter with the scalar field at a higher order in derivatives, thus affecting the speed of sound of
both components. The phenomenology of G2, which includes this type of mixing, is an interesting
development of this work that we intend to pursue in the future.’

Note added: While finishing this paper, Ref. [43] appeared with an analysis and results similar
to those of our Sec. 4
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A Covariant theory

Let us give more details on how to go from the Lagrangians in eq. (21) to their covariant versions,
eqs. (25)—(28). A crucial relation needed for this calculation is

Ky =— fZLX + Nty + Nyt —
which follows from (23) and (24). As the covariantization of Ly is trivial we start from L3. To rewrite
K in terms of scalar field quantities we use the trace of eq. (131), K = — (0¢ — ¢* VX /2X) /vV—X.
Integrating by parts the term proportional to VX we obtain eq. (26).

1 . y
=X n*VaXn,mn, (ny, =n"Vyn,), (131)

"Besides dark energy, the other playground for these theories is inflation, as recently considered in [42].
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For L, we replace the 3-d Ricci curvature R in terms of the 4-d one, (YR, using the Gauss-Codazzi
relation,
WR =R — K%+ K, KM 4 2V ,(Kn" — nPV ;n*) | (132)
after which L4 becomes
Ly = BiWR + (A4 + By)(K? — K, K") — 2B,V ,(Kn#* — i) . (133)

Then, using eq. (131) and that 7, = h,V, X/(-2X), it is possible to express the quadratic combi-
nation of extrinsic curvatures as

B (0¢)% — ot ~ VuX(Knt —nk)
X X '
After an integration by parts on the last term of eq. (133) we obtain

By+ Ay
X

K2 _ K KM = (134)

Ly=B;%R - [(0¢)? — o]

Al —
B4 + 4)(2 2XB4X (¢M¢V¢MVD¢ _ ¢u¢uy¢)\¢/\u)

+ (04 + 2XC4)()D¢ + XC4¢ ,

+2

where the last line comes from rewriting the term proportional to By, analogously to L3 above. This
equation can be rewritten as eq. (27) by using the definition of L& in eq. (7) and eqgs. (15)-(17).

The case of Ls is the most cumbersome. In addition to the relations (131) and (132), we will also
need the Gauss Codazzi relation

Ry = ((4)R/W)|| + (”Unp(4)Ru0Vp)|| - KKy + Ko K%, (135)

where a symbol || denotes the projection on the hypersurface of all tensor indices, e.g. (V) = h,/V,.
For simplicity, let us treat the two parts of L5 separately. Using eq. (131) we can rewrite the term
proportional to As as

As(K® = 3K K, K" + 2K, K' K",
= = A5(=X)7¥2[(@9)° — 3(00) Gt + 28" ¢*,] (136)
+345(—X) 32| - %gprpX(KZ — K KM — 2(—X)32(Knat — Kw,h“h”)]
As we did for L3, we define an auxiliary function, Fj, satisfying 2F—)5( + Fsx = As(—X)73/? and
integrate by parts the last line so that up to boundary terms the above equation reads,
As(K? — 3K K K" + 2K, KM KY,)
= — A5(=X) "2 [(06)* - 3(06) by " + 26,0870,

1
—3F5V—X {5 (K3 — 3K K, K™ + 2K, K" K" ) + K" n"n" YR, 5, (137)
o,p(4) 20 p(4) X 2 iz
= 3Knn""Rs, + 1" VR, +EF5¢(K - K, K").

Now we need to deal with the second part. Using the Gauss-Codazzi relations, egs. (132) and
(135), this can be rewritten as

Bs K/WG/W = B; |:KIW(4)G/W 4 Klwngnp(@R;wup _ Kngnp(4)R"p
(138)

3 v v
+ o (K? = 3K K, K™ + 2K, K" K") | .

1
2
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We can now replace K, YG" using eq. (131) and again 7, = h,/V,X/(—=2X). Introducing a new
auxiliary function defined as G5 = — [ BE,X(—X)_I/2 dX, and integrating by parts, first on the ¢,

term, then on the Bsx term that appears, we finally obtain

B
B5KMVG‘MV — G5¢uy(4)Gul’ 4 <\/_5—(§( + G5¢> ¢M¢V(4)G;w

+ Bs B (K? = 3K K, K" + 2K, K" K",) (139)
+ Kw,nanp(4)R“””p - Kngnp(4)R”p + hunl,(4)R“” )

We can now combine the two parts of Ls, eqs. (137) and (139), and use the Gauss-Codazzi relation,
n,m, WG = %(R + K2 — K, K™, (140)

to rewrite the term ¢M¢V(4)G’“’ in eq. (139). To simplify this further, we rewrite the combination of
Riemann and Ricci that remains employing again eq. (137) which yields

Ls = G5, WG" — A5(—X) 732 [(06)* - 3(0¢)$uw " + 200",

1
+ (345 + X Bsx) [5 (K® = 3KK,, K" + 2K, K" K",)

141
+ (=X)7¥2(0¢)* — 3(06) v 0 + 26,6 ¢ )

X
-= |G R— ZGs4(K? — K, KM).
2 < 5¢ t m) 2 5¢( o )
For the last step, we rewrite the cubic combination of extrinsic curvatures using eq. (131) and rewrite
the last line analogously to L4, which finally leads to

Ly = G5 VG, ¢ — (= X) 2 A45[(06)* — 3(006) s " + 206”0,
XB 3A
- (3((—;/25 [(06)%6,0"" ¢y — 200 Gup” — St o6 dx + 26,0 bupd” 6]
+ 05 WR — 2C5x [(O¢)? — 0" dyu] + (Ds + 2X Dsx )06 + X D3,

where, again, the last line comes from applying the method of L4 to the last line of eq (141). To
rewrite this expression as eq. (28) we use the definition of L%al’l, eq. (8), and egs. (15)—(18).

B Connection to the building blocks of dark energy

The dynamics of cosmological perturbations around a FLRW background in the presence of dark
energy and modifications of gravity can be systematically studied using the Effective Field Theory of
Dark Energy, introduced in Refs. [37, 15, 16, 11, 17] in the case where dark energy can be described
by a single scalar degree of freedom. In particular, Ref. [11] proposed a minimal description of
dark energy and modified gravity encompassing all existing models in terms of quadratic Lagrangian
operators leading to at most two derivatives in the equations of motion, the so-called Building Blocks
of Dark Energy. In this section we would like to make the connection between these operators, the
unitary gauge Lagrangians in eq. (21) and the parametrisation introduced in Ref. [14].
As in [11], let us consider a Lagrangian which is a function of N, K, R, S and ), where § = K;; K%
and Y = K;; RV, i.e.,
L=L(N,K,S,R)Y), (142)
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such as eq. (21). To isolate linear perturbations, we focus on the quadratic action. This can be
expanded at second order in the perturbations around a flat FLRW metric, ds? = —dt? + a?(t)da?,
using that v/—g = VAN and that v/A|g = a® on the background. Then, integrating by parts the term
linear in K and using the background equations of motion (the details of these calculations can be
found in [11]) the second-order action can be rewritten as

Sy = / d*z02(v/—gL)

- d%@{ag [\/—_g<(4)R —6H? + 2p/M? — %(2}'} + (pm +pm)/M2)>}

(143)
+ 2Han (t)02 [VR(K — 2H)] + ar(t) 62(VhR)
+a*H?ag (t)ON? + 4a*Hap(t) SNOK + a®a(t) 6NR} ,
where we have introduced the time-dependent quantities
M? =2Ls,
_ Ls
QN = HLS )
o = 2LN + Lyn
K= "H?Ls
2HLsN + Lin (144)
ap =
b iHLs '
Lr+ Ly/2+3HLy/3
ar = -1 )
Ls
_ Lr+LNyr+3HLy/2+ HLNy
O = LS — 1 y

evaluated on the background. Notice that to remove the dependence of action (142) on ) and obtain
eq. (143) we have used the relation [11]
At)

A e 2 g (145)

ABY === ON

valid up to boundary terms.

For a constant M, the first line of action (143) describes second-order metric perturbations in
a ACDM universe. The parameters in eq. (144) appear naturally as the coefficients of the second-
order expansion of L beyond this standard case. This expansion makes it also clear that these are
the minimal number of parameters describing the dynamics once the background expansion history,
H(t), and the matter content, i.e. p,,(to) and its equation of state, are given.

Not surprisingly, the first 5 of these parameters are the same as those proposed in Ref. [14]. The
last one is new and parameterizes a deviation from Horndeski theories. Using L = Lo+ Ls+ Ly + Ls,
in eq. (72) we have written these parameters in terms of the functions A; and B; appearing in the
Lagrangians (21).

In Ref. [11] we explicitly separated the operators affecting the perturbations from those fixed by
the background evolution, writing the action as
M My (t) m3(t)

2
5 FOWR = A(t) = e(t)g™ + —5 - (09") — == 6K4g"

S = /d4x\/—_g[ -

— m3(t) (K2 — 6K*, 6K",) + m4T(t> Rég™| .
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As explained in [15, 16, 11, 17], the functions ¢ and A are fully specified by the background expansion
history. We are thus left with 6 free parameters in this action. As expected, there is a simple relation
between these parameters and those in eq. (144). Indeed, at second order the above action reduces
to eq. (143) with the following dictionary between the two notations,

M= M2f + 2w

_2M
M=
2c + 4 My
QR = MZ2H?2 y
M2 f — m (147)
BT ToMrH
2m3
O ="
2(mj — mg)
To see this, one can use "0 = —1/N? and rewrite the term proportional to ¢ up to second order as
— g™ = —%(1—51\7) — ¢ON? . (148)

The last term combines with the operator proportional to M4. Moreover, one can rewrite the term
proportional to m?, up to boundary terms, as

K

m2 (K2 — 5K, 6K",) = m? <<4>R ~R-6H? + 4HK) +2(m3)

o |

M./ + 3HM? fé—N ,
N

(149)

= m3 (R = R) + [M2] + 2(m3)| 1 + MEfONGK +

and use the background equations of motion for the last two terms.

Finally, it is also easy to make connection with the (slightly different) notation adopted in [44],
where the phenomenological aspects of dark energy were studied by using the formalism developed
in [15, 16, 11, 17, 31]. There, the time-dependent “Planck mass squared” M2 f(t) was pulled out of
the action,

S = / d%ﬁ@ WR — 2X(t) — 2¢(t)g™
(150)

IR0 — () SKTG + ea(t) (5K, 057, — 5K%) + L g

2

so that the natural order of magnitude of the time-dependent coefficients (inside the square brackets
above) is the Hubble parameter to the appropriate power. This is also evident by the following
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dictionary

MQ:MEf(1+E4)>

_ G )
M HAte) TH
N 2C + 443

K = 759/ , >
H2(1 + €4) (151)
ap=_H—H
2H(1 +¢4)’
€4
ar = —
r 1—|—64’
54—64
O = .
H 1+ ey

C Disformal transformation in Newtonian gauge

In this appendix we show that (part of) the change of variables introduced in Sec. 5.3 in order to de-
mix the metric Newtonian potentials and the scalar field can be understood in terms of a disformal
transformation. In particular, we restrict to the G® Lagrangian L4 in eq. (21), given in terms of
the metric g, and we show that after the disformal transformation (106) with I' = I'y satisfying
eq. (110), all the couplings proportional to oy disappear from action (87). To maintain the usual
background time-time component of the barred metric, g(()g) = —1, together with the field redefinition
(106) we also perform a time coordinate change,

_ Ty
t= | V1-Todt—a, ——2 152
/ A (152)

where ['y is the background value of I'. The change t — t — « ensures that gg; = go; and that we
thus remain in Newtonian gauge (see eq. (85)). Using ¢ = t + m, the combination of eq. (106) and
the above time redefinition gives, up to linear order,

B +T(1+ 27 do B _
Joo = 900 ( ) —2— , goi = Goi = 0 > 9i5 = Gij » (153)
1—-Ty dt

where a dot always denotes the derivative with respect to t. Expanding I' to linear order and defining
Goo = —(1 +2®) and g;; = a*(f)(1 — 2¥)4;;, we obtain, for the potentials in the barred frame,

i):(l—rx)q)—l-FX?T Foﬂ J—w_ Iy
1-T, 2(1 — )2’ 1-T,

Hr . (154)

Since the time has been redefined according to eq. (152), 7 in the barred frame reads

1
T=—n, 155
T (155)
where we have used m = —dt and ™ = —dt. ‘
We can rewrite the time dependent quantities I'g, I'g and I'x in terms of the quantities «; and &;,
using the definitions of «; in eq. (72) together with the metric transformation (106) and egs. (107)
and (108). This yields

1+ ar . 1+ ar
— Lo =
1+ ar

1-Ty= (OéM*dM), I's = —agy. (156)



Replacing these relations in the above equations and using H = H/+/1 —I'g due to the time redefi-
nition, we obtain

_ 14a
b = 113? [(1+aH)<I>+(aM—dM)H7r—aH7'r] ,
=0+ LTy (157)
1+ ar
_ 1+ar H
T = —=T .
l4+ar H

These are the field redefinitions in Netwonian gauge between the two frames. One can use these
relations, together with an expression for ap and &k as a function of the other quantities, to rewrite
action (87) in the barred frame, where all the couplings proportional to oy disappear. Here we
simply check, using the relations above and

_ 1+ ap 1+ ar
=-1 158
B 14+ agl+ ar ’ ( )
that & and Vg given in eq. (88) become, as expected,
1 1+ a _
bp=— 3 < +O‘M—1—aB>H7-r,
1+ar 1+ ar (159)

Up= U — @Bf_fﬁ' .
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Abstract

We review and extend a novel approach that we recently introduced , to describe general dark
energy or scalar-tensor models. Our approach relies on an Arnowitt-Deser-Misner (ADM) formu-
lation based on the hypersurfaces where the underlying scalar field is uniform. The advantage of
this approach is that it can describe in the same language and in a minimal way a vast number of
existing models, such as quintessence models, F(R) theories, scalar tensor theories, their Horn-
deski extensions and beyond. It also naturally includes Horava-Lifshitz theories. As summarized
in this review, our approach provides a unified treatment of the linear cosmological perturbations
about a Friedmann-Lemaitre-Robertson-Walker (FLRW) universe, obtained by a systematic ex-
pansion of our general action up to quadratic order. This shows that the behaviour of these linear
perturbations is generically characterized by five time-dependent functions. We derive the full
equations of motion in the Newtonian gauge. In the Horndeski case, we obtainthe equation of
state for dark energy perturbations in terms of these functions. Our unifying description thus
provides the simplest and most systematic way to confront theoretical models with current and
future cosmological observations.
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1 Introduction

The discovery of the present cosmological acceleration, consistently confirmed by various cosmological
probes, has spurred an intense theoretical activity to account for this observational fact. Although
a cosmological constant is by far the simplest explanation for this acceleration, the huge fine-tuning
that seems required, at least from a current perspective, has motivated the exploration of alternative
models.

As a consequence, the dark energy landscape is now very similar to that of inflation, containing
a huge number of models with various motivations and various degrees of sophistication. In fact,
many of the inflationary models have been reconverted into dark energy models, and vice-versa. A
majority of models of dark energy, although not all of them, involve a scalar field, in an explicit or
implicit way. This scalar component can be simply added to standard gravity, like in quintessence



models, or, more subtly, intertwined with gravity itself, like in scalar-tensor gravitational theories.
This illustrates the two ways to modify the dynamical equations in cosmology: either by adding a
new matter component or by modifying gravity itself.

In this paper we review and extend the approach introduced in [1] to describe in a unifying
and minimal way most existing dark energy or modified gravity models that contain a single scalar
degree of freedom. This approach was initially inspired by the so-called effective field theory (EFT)
formalism, pioneered in [2, 3] for inflation and in [4] for minimally coupled dark energy, and later
developed in the context of dark energy [5, 6, 7] (see also [8] for a recent review and e.g. [9, 10, 11,
12, 13] for applications of the EFT formalism!), but exploits more systematically the 341 spacetime
ADM decomposition by starting from a Lagrangian written only in terms of ADM quantities. This
leads to an almost automatic treatment of the equations of motion, both at the background and
perturbative levels. Our ADM approach is also at the core of several recent works [17, 18] and is very
useful for the theories beyond Horndeski that we proposed in [19, 20] (see also [21, 22, 23, 24, 25]).

In the present article, we give a slightly more general presentation of our formalism than that
given in [1], by parametrizing the dynamical equations with (background-dependent) functions that
are constructed directly from partial derivatives of the initial Lagrangian with respect to the ADM
tensors, rather than from partial derivatives with respect to a few scalar combinations of the ADM
tensors. This makes our formalism readily applicable to a larger class of models without further
preparation work, but the results are essentially the same. The results obtained in [1] and in [7] have
been reformulated in [26] by introducing dimensionless (time-dependent) functions that are combi-
nations of those that appear in the effective formalisms previously introduced, with the advantage of
clearly parametrizing deviations from General Relativity (GR). Here we will use this notation, up to
a minor redefinition and an extension to theories beyond Horndeski.

The advantage of a unified treatment of dark energy is multiple. First, it provides a global view
of the lanscape of theoretical models, by translating them in the same language. They thus become
easy to compare, with a clear identification of approximate or exact degeneracies between the models.
Moreover, a precise map also enables theorists to identify, beyond well-known regions, unchartered
territories that remain to be explored. A striking illustration of this is the recent realization that
theories beyond Horndeski could be free from Ostrogradski instabilities [19, 20]: these theories were
initially motivated by noticing that Horndeski theories correspond to a subset of all possibilities at
the level of linear perturbations [1].

Second, a unified treatment of theoretical models enormously simplifies the confrontation of
these with observational constraints. Instead of constraining separately each existing model in the
literature, one can simply constrain the parametrized functions of the general formalism and then
infer what this implies for each model. Our treatment reduces redundancies, ensuring that the
number of parametrized functions is minimal for a given set of assumptions (number of space or
time derivatives, etc.). One can also identify models that are confined to “subspaces” of the general
framework and devise optimized ways to rule them out by observations.

Our plan is the following. In Sec. 2, we introduce the central starting point of our formalism, a
generic Lagrangian written in the ADM formulation, and show how well-known models proposed in
the literature can be reformulated in this form. In Sec. 3 we rederive the main results obtained in
[1], but adopting a more general presentation than that given originally. Then, in Sec. 4 we focus
our attention on the evolution of cosmological perturbations and translate the results of the previous
section into the more familiar Newtonian gauge. Moreover, we derived the perturbed Einstein and
scalar field equations. In the case of Horndeski, we provide an expression for the equation of state of
dark energy perturbations and discuss its observational implications. In Appendix A we discuss the
long wavelength limit of the perturbation equations, in Appendix B we give the perturbation equa-
tions in the synchronous gauge, while in Appendix C we provide the definitions of several parameters

!Other general treatments of single degree of freedom dark energy, based on the equations of motion, can be found
in Refs. [14, 15, 16]. The advantage of an action formulation is, of course, that one can easily identify ghost instabilities.



useful in the paper.

2 A unifying action

2.1 General action principle

In this section we review the approach introduced in [1]. Following [5], we assume the validity of
the weak equivalence principle and thus the existence of a metric g,, universally coupled to all
matter fields. The fundamental idea is then to start from a generic action that depends on the basic
geometric quantities that appear in an ADM decomposition of spacetime, with uniform scalar field
hypersurfaces as constant time hypersurfaces. The equations governing the background evolution and
the linear perturbations can then be obtained in a generic way, up to a few simplifying assumptions
(which can be easily relaxed) that are verified by most existing models.

2.1.1 Geometrical quantities

Our approach relies on the existence of a scalar field characterized by a time-like spacetime gradient,
which is a natural assumption in a cosmological context. As a consequence, the uniform scalar field
hypersurfaces correspond to space-like hypersurfaces and can be used for a 3+1 decomposition of
spacetime.

One can associate various geometrical quantities to these hypersurfaces, which will be useful in
order to build a generic variational principle. The most immediate geometrical quantities are the
future-oriented time-like unit vector normal to the hypersurfaces n#, which satisfies g,,n*n” = —1,
and the projection tensor on the hypersurfaces,

huw = guw +npnu - (1)

One can also introduce the intrinsic curvature of the hypersurfaces, described by the Ricci tensor
(which contains as much information as the Riemann tensor for three-dimensional manifolds)

R, (2)
and the extrinsic curvature tensor
K", = btV n, . (3)
Other quantities can be derived by combining the above tensors, together with the covariant derivative
V,, and the spacetime metric g,,. For example, one can define the “acceleration” vector field

a" = n 'V nt, (4)

which is tangent to the hypersurfaces (since n,at = 0).

With the geometrical quantities introduced above, the dependence on the scalar field is implicit.
Since many dark energy models are given explicitly in terms of a scalar field ¢, it is useful to write
down the correspondance between the various geometrical tensors and expressions of ¢. The relation
between the unit vector n* and the first derivative of ¢ is simply

1

ny, = *\/f—Xvu(b, X =g Vp¢ Voo (5)

The extrinsic curvature tensor is related to second derivatives of ¢, according to the expression

1 1 A
K#V = —ﬁvqu¢ + npay +nyay, + ﬁn# n,n" VX, (6)

which can be derived by substituting (5) into (3).



Finally, since the Lagrangian for gravitational theories often involves the four-dimensional curva-
ture, it is useful to recall the Gauss-Codazzi relation,

WR = K, K" — K + R+ 2V ,(Kn" — n’V ") (7)

which expresses the four-dimensional curvature R in terms of the extrinsic curvature tensor and of
the intrinsic curvature. We will always denote the four-dimensional curvature with the superscript
(4) to distinguish it from the hypersurface intrinsic curvature.

2.1.2 ADM coordinates

So far, all geometrical quantities have been introduced intrinsically, without reference to any specific

coordinate system. However, since spacetime is endowed with a preferred slicing, defined by the

uniform scalar field hypersurfaces, it is convenient to use coordinate systems especially adapted to this

slicing, in other words so that constant time hypersurfaces coincide with the preferred hypersurfaces.
We thus express the four-dimensional metric in the ADM form

ds? = —N2dt? + hyj (dz’ + N'dt) (dz’ + N7dt) , (8)

where N is the lapse and N’ the shift. In matricial form, the components of the metric and of its
inverse are given respectively by

- —N?2 + hi],NiNj hi]’Nj v
uv = hz’jNi hij > 9

[ —1/N? NI /N? ()

~ \ Ni/N? h¥ — NINI/N? |~

In ADM coordinates, we obtain ‘

X = gg2(t) = ()
- g - N2 )

since the scalar field depends only on time, by construction. The components of the normal vector
are thus given by

(10)

TLOI—N, TLZ':O. (11)
The components of the extrinsic curvature tensor can be written as
1 .
Kij = 537 (hij = DiNj — D;N;) (12)

where a dot stands for a time derivative with respect to ¢, and D; denotes the covariant derivative
associated with the three-dimensional spatial metric h;;. Spatial indices are lowered and raised by
the spatial metric.

In the following, we will consider general gravitational actions which can be written in terms of
the geometrical quantities that we have introduced, expressed in ADM coordinates,

Sg = /d4$\/ —g L(N, Kij, Rij, hij, Dist) (13)

with /—g = N V'h, where h is the determinant of hij. Note that, by construction, the above
action is automatically invariant under spatial diffeomorphisms, corresponding to a change of spatial
coordinates.

2.2 Examples

To make things concrete, let us illustrate our formalism by listing briefly the main scalar tensor
theories that have been studied in the context of dark energy and by presenting their explicit refor-
mulations in the general form (13).



2.2.1 General relativity

Before introducing models with a scalar component, let us start by simply rewriting the action for
general relativity in the above ADM form. Starting from the Einstein-Hilbert action

M2
Sar = /d4$\/—g % “R, (14)

and substituting the Gauss-Codazzi expression (7), one can get rid of the total derivative term and
express the action in terms of the extrinsic and intrinsic curvature terms only. Therefore, one easily
obtains a Lagrangian of the form (13) for General Relativity (GR), which reads

2

M. -
Ler = % [Ki; K7 — K*+R] . (15)

Note that, in contrast with the following examples that intrinsically contain a scalar degree of freedom,
the slicing of spacetime is arbitrary since there is no preferred family of spacelike hypersurfaces. This
means that the Lagrangian (15) contains an additional symmetry, leading to full four-dimensional
invariance, which is not directly manifest in the ADM form.

2.2.2 Quintessence and k-essence

The simplest way to extend gravity with a scalar component is to add to the Einstein-Hilbert action a
standard action for the scalar field, which consists of a kinetic term plus a potential. This corresponds
to quintessence models. The initial covariant action

1
S = Sar + / d*z/—g (—5 PO — V(¢)> (16)
leads to the ADM Lagrangian

¢ (t)
NE

L=Ler+Lqg, Lq(t,N)= —V(8(t)). (17)

In a similar way, one can describe k-essence theories [27, 28] by expressing their Lagrangian P(X, ¢)
in terms of NV and ¢: .
°(t)

- 2N2’

Lk—essence(ta N) =P ¢(t) . (18)

2.2.3 F(“R) theories

Theories described by a Lagrangian consisting of a nonlinear function of the four-dimensional cur-
vature scalar (YR are equivalent to a scalar-tensor theory. Indeed, it is easy to verify that the
Lagrangian

L) = F(9) + Fs(6)(WR - ¢), (19)

is equivalent to the Lagrangian F((YR), as they lead to the same equations of motion (as long as
Fuypwp # 0). Given this property, one can then use eq. (7) to rewrite the above Lagrangian, after
integration by parts, in the ADM form

Lpr) = Fo(R+ KW K" — K?) 4+ 2F45 KN/—=X + F(¢) — ¢F,. (20)



2.2.4 Horndeski theories

In the last few years, a lot of activity has been focussed on a large class of theories, known as
Hordenski theories [29], shown to be equivalent to Generalized Galileons [30] in [31]. Although their
Lagrangians contain up to second derivatives of a scalar field, these theories correspond to the most
general scalar-tensor theories that directly lead to at most second order equations of motion. As
such, they include all the examples introduced above. They can be written as an arbitrary linear
combination of the following Lagrangians:

LYGo) = Ga(¢, X) | (21)
LY [G3] = G3(6, X) 06, (22)
Li[G4] = G4(¢, X) R — 2Gux (6, X)[(O0)? — (VIVY$)(V,V.0)] | (23)

LH(Gs) = Gs(6,X) V6,0, 79" + £Gisx (6, X)x
[(09)° — 300 (V1V76)(V,V.0) + 2(V, 9,0 (VW6 (VaVra)] . (20

Rewriting these Lagrangians in the ADM form turns out to be significantly more involved than in the
previous examples. This calculation was undertaken in [1], where all the details are given explicitly.
The final result is that the above Lagrangians (21)—(24) yield, in the ADM form, combinations of
the following four Lagrangians

L = Fy(¢, X) ,
L = F3(¢, X) K

(

(4, (

Li{ = F4(¢ X) R + (2XF4X - F4)(K2 KMVKMV) 9 <
( (

L = F5(¢, X) G K" — —XF5 x(K* — 3K K, K" + 2K, K" K",) .
The functions F,, appearing here are related to the G, in egs. (21)—(24) through (see [1] for details

P GQ—J—/ G — X,
—/ngﬁdx—zﬁc;w,

F4_G4+\/—/ 5¢ ax,
/G5X\/—XdX.

It is then straightforward to express the above Lagrangians in ADM coordinates (8).

(29)

2.2.5 Beyond Horndeski

Requiring equations of motion to be at most second order, which leads to Horndeski theories, has
long seemed to be a necessary requirement in order to avoid ghost-like instabilities, associated with
higher order time derivatives, also known as Ostrogradksi instabilities. However, it has been shown
n [19, 20] (see also [24] for similar analysis and conclusion and [21, 22, 25] for extensions) that an
action composed of the Lagrangians

LQ = Ag(t,N) s
= Ag(t N)K,
Ly = Ag(t,N)(K? — K;;K7) + By(t, N)R , (30)

1
= A5(t, N)(K® - 3KK;; KV + 2K;; K" K7,) + Bs(t, N) K" (R Eh"jR> )
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with arbitrary functions B4 and Bs, i.e. without assuming B4 and Bs to depend on, respectively,
Ay and Aj (as implied by the Hordenski Lagrangians (27) and (28)),? does not lead to Ostrogradski
instabilities, in contrast with previous expectations. This conclusion is based on a Hamiltonian
analysis of the Lagrangian (30), which applies to all configurations where the spacetime gradient of
the scalar field is timelike.

Interestingly, one can also map two subclasses of the general covariant Lagrangian, namely the
subclass without L4 and the subclass without Ls, to Horndeski theories via a disformal transformation
of the metric (disformal transformations are discussed in section 3.4). Since L4 and L5 require distinct
disformal transformations to be related to Horndeski theories, such transformation cannot be applied
to the whole Lagrangian [20].

2.2.6 Horava-Lifshitz theories

An interesting class of Lorentz-violating gravitational theories has been introduced by Horava with
the goal of obtaining (power counting) renormalizability [32]. These theories, dubbed Hofava-Lifshitz
gravity, assume the existence of a preferred foliation of spacelike hypersurfaces. An ADM formula-
tion of these theories is thus very natural, even if a covariant description is also possible, via the
introduction of a scalar field, often called “khronon”, that describes the foliation. Several variants
of Horava-Lifshitz gravity have been proposed in the literature. In particular, the so-called healthy
non-projectable extension has been shown to be free of instabitilities [33, 34]. All these theories
are describable by a Lagrangian of the form (13), which can be written as (see [35] for a general

discussion)
2

M. .
Luy = = [KigK" = AK? + V(Rij, NT'OiN)] . (31)

Note that the dependence on N~19;N has been introduced in the healthy non-projectable extension
of Hotava-Lifshitz gravity. Since the Horava-Lifshitz Lagrangian is already in an ADM form, it is
very natural to include these theories in our general approach, as discussed in [21] (see also [36]).

3 Cosmology: background equations and linear perturbations

In this section, we analyse from a general perspective the cosmological dynamics, for the background
and linear perturbations, simply starting from a generic Lagrangian of the form (13).

3.1 Background evolution

We first discuss the background equations by considering a spatially flat FLRW spacetime, endowed
with the metric o
ds? = —N?(t)dt* + a*(t)6;;dz"dz’ . (32)

In this spacetime, the intrinsic curvature tensor of the constant time hypersurfaces vanishes, i.e.
R;; = 0, and the components of the extrinsic curvature tensor are given by
a

where H is the Hubble parameter. Substituting into the Lagrangian L of (13), one thus obtains an
homogeneous Lagrangian, which is a function of N (t), a(t) and of time:

L(a.a,N) = L |Kj = <8}, R = 0,N = N(1)] . (34)

2The Lagrangians (30) describe Horndeski theories if the following relations hold: As = —Bi + 2XBsx and
As = — X Bsx /3.



The variation of the homogeneous action,
S, = / dt dPaNa’L, (35)
leads to
G 3 3(7 4 N N 257 [ 7 F
08y = /dtd x {a (L+NLN — 3H]:) ON + 3a°N (L —3HF — ﬁ) 5@} , (36)

where Ly denotes the partial derivative 9L/ON |peq, evaluated on the homogeneous background. We
have also introduced the coefficient F, which is defined from the derivative of the Lagrangian with
respect to the extrinsic curvature, evaluated on the background?

oL > iy
= Fg", (37)
<0Kz‘j bed

where g7 = a=26% are the spatial components of the inverse background metric.
If we add some matter minimally coupled to the metric g,,, the variation of the corresponding
action with respect to the metric defines the energy-momentum tensor,

/d4x\/—g TH 5gu - (38)

1

0Sm 5

In a FLRW spacetime, this reduces to
_ _ SN da
68m = [ d*zNa® [ —pm— + 3pm— | - 39
/ zNa < P +3p a) (39)

Consequently, variation of the total homogeneous action S = Sg + S, with respect to N and a yields,
respectively, the first and second Friedmann equations in a very unusual form:

L+ NLy —3HF = py (40)
and .

I_/—3H.7:—%:—pm. (41)
These two equations also imply ‘

%—I—NLN:pm—Fpm. (42)

Although written in a very unusual form, it is easy to check that one recovers the usual Friedmann
equations when gravity is described by GR. Indeed, in this case,

OLGR _ 32 (1 j
ot = M (K7 - Ko), (43)
which, after substituting K;: =H 6}, yields,
Far = —2M3H, (44)

whereas Lgr = —3Mp3,H? and Ly = 0.

3The present formulation of our approach is more general than that given explicitly in [1], where we assumed
that the Lagrangian L was a function of specific scalar combinations of the geometric tensors, namely of K = K},
S =K%Y Kij, R = Rﬁ and Z = Rinij. The coefficient F was then related to the derivatives of L with respect to K
and S, i.e. F = Lxg +2HLg. The definition (37) enables us to include automatically a dependence on other scalar
combinations, such as K in ’,;K * which appears in Ls.



3.2 Quadratic action

In order to describe the dynamics of linear perturbations about the FLRW background solution, we
now expand the action up to quadratic order. The tensor R;; vanishes in the background and is thus
a perturbative quantity. It is useful to introduce the two other perturbative quantities (remembering
the definition of H in eq. (33))

SN=N-N, K/ =K —H¢. (45)

The expansion of the Lagrangian L up to quadratic order yields

oL oL

L(N,K! R.. ...V =L+ Ly6N 0K + SRE+ L3 4 46
( ) j’Rj7 ) + LN + aKz 6Rz RJ + + ’ ( )
with the quadratic part given by
1 0L 1 0L :
L® ——L ON? + - = OKIOK[ + - ————0R.OR}
NN S OKIOK] L 2 omioRET T
2 2 2 (47)
+ LM@‘&R’C + G—L(SN(SKZ’ + oL ——_§NJR, +
OKIORf 77" T ONOK! ONOR! ’

where all the partial derivatives are evaluated on the FLRW background (without explicit notation,
as will be the case in the rest of this paper). The coefficient Ly denotes the second derivative of
the Lagrangian with respect to N. The dots in the two above equations correspond to other possible
terms which are not indicated explicitly to avoid too lengthy equations, but can be treated exactly
in the same way. This includes for instance the spatial derivatives of the curvature or of the lapse,
which appear in Horava-Lifshitz gravity.

The third term on the right hand side of (46) can be simplified as follows. Rewriting it as

oL
0K} :

5K1 FoK = F(K —3H), (48)
and noting that K = V,n#, one can use the integration by parts

/d4x\/—_g]-'K = —/d4x —gnhV,F = —/d4x\/—_g%. (49)
This implies that the Lagrangian (46) can be replaced by the equivalent Lagrangian

_ F oL _ .

L' =L —3HF — = + LyON + —0R: + L) . 50

N ANt OR. * (50)
Let us now consider the quadratic part (47). Because of the background geometry, the coefficient

of the second term is necessarily of the form*

9*L

A sisk i sk | siks
W_AKajal + Ag (61 5+ 5ﬂ), (51)

4This is equivalent to the definition below, expressed with covariant indices for the extrinsic curvature tensors,
which makes the symmetry under exchange of the indices more manifest:
0°L

EA _1] kl A (Uc gl =il ]k).
DK, 0K tAK\gT g tg

10



where we have introduced the (a priori time-dependent) coefficients Ak and Ag. Similarly, one can
write

0’L

= = AR dL & + Ap (8] 0¥ + 66y ) (52)
OR! ORL, ’ (o4 )
and 52
L ~ . .
—— = =Cdi o +C (0 0k 4+ 6%55) . (53)
OK! ORL ! ( ’ )

The mixed coefficients that appear on the second line of eq. (47) are proportional to 62 and can be

written as 927 021
— ¥ _ — Bpé. 54
ONOK! ~ " aNoR; ~ T 5

Taking into account the term /—g = N Vh, it is straightforward to derive the quadratic part
of the full Lagrangian £ = \/—g L, which is relevant to study linear perturbations. After some
cancellations due to the background equations of motion®, one finds

Lo = Ng(is(S\/E-l-aB <LN + %NLNN) SN?
= 1. 5 o
+ Na? [gagR + 5 Ak 0K? + BOKON +C KSR +COK; OR] (55)
. . ) A
+Ax 0K 0K + ApORj OR] + 5 Ap OR” + <% + BR> 6N5R] o,

where, in analogy with the definition (37) of F, we have introduced the coefficient G defined by

- =Gol. (56)

We have also denoted as 01 R and ds R, respectively, the first and second order terms of the curvature
R expressed in terms of the metric perturbations.

Note that the coefficients that enter here in the quadratic Lagrangian are more general than
those introduced explicitly in [1], where the Lagrangian L was considered as a function of N, K,
S = KK U R and Z = Rinij . It is however straightforward to derive the relation between the
present coefficients in terms of our former notation®. The present definitions have the advantage to
automatically include cases with more complicated combinations involving the tensors K;; or R;j,
such as KZJ K ]’“K,’g in the Lagrangian term Lj that appears in Horndeski theories and beyond.

The above quadratic expression can be further simplified, as shown in [1], by reexpressing 5K;: 5Rg
in terms of the other terms, thanks to the identity

’ A(t At
/d4x\/_—g AR KY = /d4ac\/_—g %R K+ % R (57)
This implies the following replacement at quadratic order:
. ;o Na® | [ C 5vV'h HC
Na’C 0K R — Ta <ﬁ =+ HC) (62R + L;éR) 4+ COROK + W5N5R . (58)
a

5If matter is present, one must also include in the quadratic Lagrangian the terms from the expansion of the matter
action with respect to the metric perturbations.

5The correspondence is given by Ax = 4H?Lgs + 4HLsk + Lxkk, Ak = Ls, B=2HLsny + Lxn, Br = Lnr,
Ar =Lz, G = Lg, ./Z\R = Lrr and C= 2HLsRr + Lkr-

11



Consequently, the quadratic Lagrangian (55) is equivalent to the new one
L5 = NG* 6, R6Vh + a® (LN + %NLNN> SN?
+N&[¢@R+%AKM@+BMQN+CWKMB (59)
+Ak 0K 6K + AR 6R, 6R] + %AR SR* + <% + B}) 6N6R} +o.n,

with the “renormalized” coefficients 7

C

*: — H

g Q+2N+ C,

c*=é+%c, (60)
. C

3.2.1 Tensor modes

Let us first investigate the tensor modes in the general quadratic Lagrangian (59). At linear order,
tensor modes correspond to the perturbations of the spatial metric

hij = a®(t) (8i5 + vij) (61)
with 7;; traceless and divergence-free, v;; = 0 = 0;7;5. Using

1

and
0o R = 2\ 0vij + Zak%‘ja v §3k%‘ja v ' (63)
one finally obtains
Ak . g
S,(YQ) = /dsxdt a’ [TK%% — @(31@%]')2] s (64)

where here and below we set N = 1. We recover the standard GR result when Ax = G* = M§1/2.
By comparison, this suggests to define the effective Planck mass squared by

M? =24k >0, (65)

where the sign is required to avoid ghost instabilities, and write the action as
M? . 2
S,(YQ) = /d3xdt a?’? |:’}/ZQ] - a—g(ﬁk%j)z} . (66)

The square of the graviton propagation speed is given by

> g

cTzl—l—aT:AK,

"For a Lagrangian L which is a function of N, K, S = K;; K| R, Z = R;;R" and also of Y = R;; K"/, the relation
between the coefficients defined in this paper and the derivatives of L with respect to the above quantities is unchanged
for Ax, Ar, B and Agr (see footnote 6). The other coefficients, taking into account the dependence on Y, are given
lzy BE = L?VR = Lyr + HLNy — Ly/Q, gr = L}% = Lg +Ly/2 + 3HLy/2, AR = Lgrr +H2Lyy +2H Ly g and
C* =2HLsr+ Lxr + HLky +2H?Lsy + Ly /2 with N =1 .

(67)
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where ap represents the deviation with respect to the GR result.

The graviton sector is thus characterized by the two coefficients Ax and G*, or equivalently by M
and ap. In practice, it is the time variation which can distinguish the effective Planck mass defined
here with respect to the standard Planck mass, so it is convenient, following [26], to introduce the
dimensionless parameter

1d
=_——1InM?.
ay = - (68)
With these definitions, the evolution equation for tensor modes is given by
V2 2 1 m
Fig + HB +an)iy — A+ ar) 5% = 35 (Tz - §T5ij> 7 (69)

where (T;; — T6;;/3)™T is the transverse-traceless projection of the anisotropic matter stress tensor.

3.2.2 Vector modes

Let us now study the behaviour of vector modes. In unitary gauge, these are parameterized by the
transverse components of the shift vector, i.e. N* = Ny, with 0;N{, = 0. The second-order action for
vector modes then is

9 1 M?
SY) = / d*adt == (0N} + O;N})”. (70)

Including matter, variation of the action with respect to NZ-V gives the transverse part of the momen-
tum constraint,

looyv _ @ o\T

VN =T (71)
where (T°)T is the transverse projection of the matter energy flux. For a perfect fluid, the con-
servation of the matter stress-energy tensor implies that (7%)7 oc 1/a®; then the metric vector

perturbations scale as

; 1 1
N‘l/ x aM? - alton (72)

where the last equality holds for a constant aps. It is interesting to note that the evolution of
the vector modes is modified when the gravitational effective mass M is time-dependent, i.e. when
apr # 0. Thus, in principle, measuring the time evolution of the vector and tensor perturbations
could determine «aj; and a7, independently of the scalar modes.

3.2.3 Scalar modes

Without loss of generality, in unitary gauge the scalar modes can be described by the metric pertur-
bations [37]

N =14+6N, Ni= 5ij0jw, hij = aQ(t)eQC(Sij . (73)
Substituting
. ) . . 1 .
_ 3 i 7 ik
oVh=3d%C,  SK',— (g - H(SN) 5 — =% 00,0, (74)
and 5
01 Ry = —6,0°C = 0i0;C,  BR=—-[(00) - 4], (75)

into (59), one obtains a lengthy Lagrangian in terms of 0N, 1) and (. Since the Lagrangian does not
depend on the time derivatives of the lapse and of the shift, the variation of the Lagrangian with
respect to 6N and v yields two constraints, corresponding to the familiar Hamiltonian constraint
and (the scalar part of) the momentum constraint.

13



In the following, we will assume for simplicity the conditions
A +24x =0, C =0, 4Ar+34r=0, (76)

which ensure that there are at most two spatial derivatives in the quadratic Lagrangian written in
terms of ¢ only. This includes Horndeski theories as well as their extensions discussed in Section 2.2.5.
Provided conditions (76) are satisfied, one finds that the momentum constraint reduces to

dAk ¢
ON = = , 7
B—&—4H.AKC H (14 ap) (77)
where we have introduced the dimensionless quantity®
B

which expresses the deviation from the standard expression 6N = C /JH. When ap # 0, part of
the kinetic term of scalar fluctuations comes from the term JKJN in action (59), i.e. from kinetic
mixing between gravitational and scalar degrees of freedom [2, 3, 4]. This phenomenon has been
called kinetic braiding in [38, 39].

Substituting (77), the quadratic action for ¢ is then given by

[ ~ 0:¢)? |, M 5 M’ (Oryig)?
5@ = 2 / d3zdt {EC'C'CZ + £a<a¢7 + T%'Qj - T(l + OéT)TQJ ) (79)
with
=M Y — 2
Lie=M ATop?’ a=ag +6ag, (80)
14+ agy H 1d [(1+ag
Lococ = 2M? 11 — (1 ——)——— : 81
o6& { torm o, Ut T ) T ma T ag (81)
where we have introduced the dimensionless time-dependent functions
2Ly + Lyn g* + By
= " =—£& 1. 2
OK 2H?2 Ay ’ oH Ax (8 )

Note that the coefficient of the kinetic term reduces to ['('é = M?ay when ag = 0. In this case,

the kinetic coefficient for ¢ is directly related to the coefficient of the term JN? in the quadratic
Lagrangian (59), which represents the kinetic energy of the scalar field fluctuations. The parameter
ay is different from zero for theories that deviate from Horndeski theories [1, 19, 20]. In particular,
this includes theories that can be related to Horndeski theories via disformal transformations, as
shown in [20]. Indeed, starting from a Horndeski theory for a metric g, related to g, via a
disformal transformation that depends on X, the Lagrangian expressed in terms of g, differs from
the standard Horndeski Lagrangian, which implies agy # 0.

Classical and quantum stability (absence of ghosts) requires the kinetic coefficient to be positive,

Lp>0 = a=ag+6a;>0. (83)
The sound speed (squared) of fluctuations can be simply computed by taking the ratio

Lococ

L

2
Cs:_

: (84)

8 Although we use the same symbol, our variable ap differs from that introduced in [26] by a factor —2. This
simplifies the subsequent equations.
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Eq. (86) M? ang ak aB ar oy

Eq. (59) 2Ak %% In A ZLQJ;{;FJZ(V N 4H[f4,< jK -1 g*IKB R

Eq. (12) of [1] 2L %% In Lg QL;VHJ; LLSNN 2H ng L+SLKN fi_z; 1 LR%SLNR —1
Eq. (30) Eq. (87) | M2f + 2m2 M; fﬂ;%mi)' 21?24;%; Mf}@ ;ng —2%2‘% w

Table 1: In the first row, the parameters «; introduced in egs. (67), (68), (78) and (82), i.e. the Lagrangian
coefficients of eq. (86). These parameters are written in terms of the Lagrangian coefficients of eq. (59), defined
in egs. (51)—(54) (second row), of the coefficients introduced in [1], where the derivative of the Lagrangian L
with respect to N, K, S = K;;K¥ R, Z = R;;RY and Y = R;; K% (third row) and, finally, of the EFT
Lagrangian, action (87) (fourth row). All these quantities are understood to be evaluated on the background,
with NV = 1.

When adding matter to the dark energy Lagrangian, the kinetic and spatial gradient terms of the
scalar fluctuations acquire new contributions that modify the expression for the sound speed [19, 20].
The final expression for the sound speed, when matter is present, reads

1 2 1 H 1d /1 1 2 o+ Pm
02:_2( +ap) {1+QT_ +ag ) < +aH>}_( +ag)’ pm+p ‘
(6]

s 1—|—a3(1+aM__ C Hdt \1+ag e MZ2H?
(85)
In the simple case of k-essence field with a Lagrangian P(¢, X), where all a; coefficients vanish
except ag = (2X Py + 4X?Pxx)/(M?H?), the above formula yields ¢2 = —2H /(ag H?) — (pm +
pm)/(axg M?H?) and one recovers ¢2 = Px/(Px + 2X Pxx) after using the Friedmann equation
H = —(2XPx + pm + pm)/(2M?).

3.3 Link with the building blocks of dark energy

In the previous subsection, we have focussed our attention on Lagrangians that satisfy the conditions

(76) in order to get propagation equations with no more than two (space) derivatives. At quadratic

order, the most general action of the form (59) that satisfies these conditions can be written in the
form

52 = / dBrdta® il {Mijam’j — 6K+ (1+ar) <R@ + 62R>

2 a (86)

+ agH*N? + 4apH 0K 0N + (1 + ag)R 5N] ,

where, for convenience, we summarize in Table 1 the definitions of the parameters «; introduced
in the previous subsection, in terms of the original coefficients defined in Sec. 3.2 (second row) and
those introduced explicitly in Ref. [1] (third row).

The action leading to the quadratic Lagrangian (86) can also be written in the standard EFT
form, with an explicit dependence on the four-dimensional scalar curvature, ¢°° and several quadratic
operators. This action reads [1]

M;(t) m3(t)

M2
S = /d4$\/—_g {T*f(t)(ZL)R —A(t) = e(t)g™ + 7(5900)2 - 5K 5"

~ 2
— m3(t) (6K — K", 6K",) + m4T(t) R g™
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It leads to the background equations of motion [1]
c+A=3M>(fH?+ fH) — pm , (88)
A—c=M*QfH +3fH?+2fH + ) + pu , (89)

and to the quadratic action for the linear perturbations (86), where the relation between the co-
efficients «; and the seven parameters appearing in (87) is given in Table 1. The two background
equations of motion (88) and (89) imply that only five of the EFT parameters are independent, thus
setting the minimal number of functions parametrizing deviations from General Relativity [1].

3.4 Disformal transformations and dependence on N

In our discussion, we have assumed that the initial Lagrangian depends on NN, but not on its time
derivative N. Allowing a dependence on N leads in general to an additional propagating degree of
freedom. However, this is not always the case, as illustrated by considering disformal transformations
of the metric, originally introduced in [40], of the form

v — gul/ = QQ(¢7 X) Guv + F(d)a X) a,ugb 0. (90)

As shown in [41], Horneski theories are invariant under a restricted class of disformal transformations
where Q and I" depend on ¢ only, not on X. In [20], we showed explicitly that one could use disformal
transformations with an X-dependent function I' to relate subclasses of theories beyond Horndeski to
Horndeski theories. A similar result for a disformal transformation of the Einstein-Hilbert Lagrangian
was previously obtained in [42].

In unitary gauge, €2 and I' become functions of the time variable ¢ and of the lapse function N.
By choosing time to coincide with ¢, i.e. J,¢ = 52, the disformal transformation (90) corresponds,
in the ADM language, to the transformations [20]

Ni= N, hij = Q2(t, N) hij , N?=Q%(t,N)N? —T(t,N). (91)
Moreover, the relations between the old and new curvature tensors are given by
R=Q"?[R-4D*InQ - 29;(In Q)" (In Q)] , (92)
and
& = NIki — Nga,mas
i_ﬁ[i_ g Opin J (93)
The last relation can be expanded into
. N ‘
Jio_ ot i J
i = N[K +NQ(Qt+QN(N N&N))&Z]. (94)

Consequently, a Lagrangian that depends initially on tilded quantities, will finally depend on N when
reexpressed in terms of untilded quantities. The quadratic Lagrangian will now depend on §/NV, in
addition to all the terms discussed previously. However, according to (74) and (94), one sees that
SN will always appear associated with C in the combination

Y

¢+ NQéN’ (95)

which implies that the matrix of the kinetic coefficients is degenerate. Thus, one can introduce a

new degree Of freedom
Coow = € + —26N (96)

which absorbs all time derivatives of §N. Contrarily to what could have been expected, the explicit
dependence on N does not lead, in this particular case, to an extra degree of freedom.
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4 Evolution of the cosmological perturbations

In this section we follow [1] and derive the evolution equations for linear scalar perturbations described
by the action (86), together with some matter field minimally coupled to the metric g,,,. We first
restore the general covariance of the action and write it in a generic coordinate system. In order to
do so, we perform the time diffeomorphism [43, 2, 3]

t—t+m(t,T) (97)

where 7 describes the fluctuations of the scalar degree of freedom. Under this time diffeomorphism,
any function of time f changes up to second order as

. 1.
[ 1 i+ o), (99)

while the metric component ¢°° = —1/N? exactly transforms as
g% — ¢ +2¢%9, 7 + " 0,0, . (99)

For the other perturbed geometric quantities, we only need their change at linear order in 7, i.e. [1]

(5K¢j — (5K” — Hﬂ'hi]’ — 6i6j7r + O(W2) s 100

. 1
0K — 6K —3Hm — Fﬂ +0(r?) , 101
Rij — Rij + H(é)i@jw + 6ij827r) + O(WQ) , 102

(
(
(
(103

)
)
)
4
R— R+ —SH®r+0(r?) . )
a
We stress that in the above expressions K;; and R;; respectively denote the extrinsic and intrinsic
curvature on hypersurfaces of constant time, even when we are not in unitary gauge. Therefore they
are not the same geometrical quantities before and after the change of time.

We can then expand the covariant action up to quadratic order, considering a linearly perturbed
FLRW metric. Varying the action with respect to the four scalar perturbations in the metric and
the scalar fluctuation 7 we obtain five scalar equations; see Ref. [1] for details on their derivations.
We turn to a discussion of these equations restricting to Newtonian gauge.

4.1 Perturbation equations in Newtonian gauge

We assume a perturbed FLRW metric in Newtonian gauge with only scalar perturbations, i.e.,
ds? = —(1+ 2®)dt* + a®(t)(1 — 2V)8;;dx'da? . (104)

The metric perturbations ® and ¥ and the scalar fluctuation « are related to the metric perturbations
in unitary gauge defined in eq. (73) by

® = 6N + (a®y)", U =—(C—a’Hi, T=ad%. (105)

Moreover, in this gauge we decompose the total matter stress-energy tensor at linear order as

T = —(pm + 0pm) , (106)

T% = 0iqm = (pm + Pm)0ivm = _GQTiO ) (107)
) . : 1.

T"; = (pm + 6pm)d; + (318]- - §5;-82) Om , (108)
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where dp,, and dpy, are the energy density and pressure perturbations, ¢, and vy, are respectively
the 3-momentum and the 3-velocity potentials; oy, is the anisotropic stress potential.
The Hamiltonian constraint ((00) component of the Einstein equation) is

2

: k
6(14 ap)HV + (6 — ax + 12a5)H*® +2(1 + ap)—5 ¥
a

m T Pm 1 k2 0pm
u+——(OKH—CVB):| Hr=—"Pm (109)

2. :
+(aK—6aB)H 7T+6|:(1+OZB)H+ e 32 2

while the momentum constraint ((0i) components of the Einstein equation) reads

T . g m + m m + m)VUm
90 + 2(1 + ap)H® — 2Hapr + <2H+%>w: —% (110)
The traceless part of the ij components of the Einstein equation gives
. Om
(1+aH)<I>—(1+aT)\II+(aM—aT)H7T—aH7r:—m , (111)
while the trace of the same components gives, using the equation above,
20 + 2(3 + ap ) HY + 2(1 + ap)HO
g Pm +pm . 2
+2|H— W+(QBH) +B+am)(l+ap)H?| P
. 112
—2HO¢B?'r—|—2l:H—i—%—(OzBH)'—(:g—i—aM)QBHQ}T} ( )

- Pm 1 2 k?

The evolution equation for 7 reads
H2ax7 + { [H2(3 +oan) + H} ax + (HaK)'}Hfr
+60(H+ = |H+Hap |H (B4+am)+ H|+H(Hap) ¢ m

Pm + Pm

k(. .
—2@—2 {H+ W+H2 [1+ap(l+an)+ar— (1 +ag)l+ay)]+ (H(ap —ay)) }77
Pm + Pm

+6HO¢B\I’+H2(6043 *O[K)(i)+6 |:H+ W

+ H?ap(3 + aum) + (aBH)'] 1\

. l’l’l+ m " . .
+ |:6 <H+ %) + H2(6aB — OzK)(?) —|—aM) + 2(90[3 — aK)H + H(GOZB — OéK):| H®

k2 . .
+ 2a_2 {CMH\I’ + [H(CMM + aH(l + aM) — aT) — OzH} v+ (aH — aB)H<I>} =0.

(113)

These equations have been previously derived in [1] in terms of the effective field theory parameters.
Restricting to Horndeski theories (az = 0), they have been also obtained in [7] and later reproduced
in [26], where the notation used here was introduced. Note that as a consequence of the parame-
terization where M? is in factor of the full gravitational Lagrangian (79), matter quantities always
appear divided by a M? factor. In Appendix A we discuss the long wavelength behaviour of these
equations for adiabatic initial conditions; in Appendix B we write these equations in synchronous
gauge and conformal time, which is the coordinate system usually employed in CMB codes.
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4.2 Fluid description

It is sometimes convenient to describe the dark energy, both in the background and perturbative
equations, as an effective fluid. In order to do so, we define the background energy density and
pressure for dark energy, respectively, as

pp =3M?H? —p,,  pp=—M?*2H +3H?) —py, . (114)

These are simply derived quantities that can be computed once the evolution of the expansion history,
the matter content and the effective Planck mass M are known. With these definitions, and using
the conservation of the background matter stress-energy tensor,

pm + 3H(pm +pm) =0, (115)
the conservation of the background dark energy stress-energy tensor reads
pp = —3H(pp + pp) + 3an M?H? = 3H (pu + pm) + 6M>H (H + ap H?) . (116)
Another useful relation that one can use to express pp in terms of matter and geometry is
Pp = —pm — M?[2H + 2HH (3 + an) + 3an H?] | (117)

which can be derived from the equations above.
Equations (109)—(112) can then be rewritten in the usual form,

k2 . 1
S U4+3H(U+HP)=——2N 6 118
CLZ + ( + ) 2M2; PrI , ( )
. 1
\I/+H<I>——2M2212q[, (119)
1
\I/—q):WZU[, (120)
I
(I'r+H<i>+2H<1>+3H(\iI+H<I>):LZ 5p[—gk—201 (121)
2M? £ 3 a2 ’

where the sum is over the matter and the dark energy components. These equations implicitely
define the quantities dpp, ¢p, dpp and op as the energy density perturbation, momentum, pres-
sure perturbation and anisotropic stress of the dark energy fluid. An explicit definition is given in
Newtonian gauge in Appendix A and in synchronous gauge in Appendix B.

With these definitions, one can verify that the evolution equation for 7, eq. (113), is equivalent
to a conservation equation of the dark energy fluid quantities,

: k2
0pp +3H(3pp + pp) = 3(pp +pp)¥ — —qp = anHY dpr - (122)
I

The Euler equation,

2

. 2k
Gp +3Hqp + (pp +pp)® +0pp — 550D = ayHY ar, (123)
I

is identically satisfied by the definitions of ¢p, dpp and op. Conservation of matter in the Jordan
frame implies a continuity and Euler equations for matter with vanishing right-hand side.

To close the system, one needs to provide an equation of state for dark energy or, at least, a
relation between dpp and op in terms of dpp, qp and the other matter variables. In order to do
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so in the simpler case where ag = 0, we solve egs. (109)—(111) for W, U and 7 and then we plug
these solutions in egs. (118) and (119) to express 7 and ¢ in terms of dpm, ¢m, om, dpp and gp.
® is obtained from the first derivative of (111). To obtain W and # we use egs. (112) and (113).
Combining all these solutions we can finally express op and dpp in terms of the other fluid variables.
We obtain

_ e+ pahk?

14 + Y505k I
Y1+ a%kQ

Y1+ OéZBi{‘,Q
Y176 + 3’y7aQBk2H 6a%
Y1+ 042B/<72 "

dpp (0pp —3Hqp) +

+77(8pm — 3Hqm) +

— —Oz 6pm , (124)
2 2 72 72
a® | mar + ysagk Yok
op=—|———=—=—(6pp —3Hqp) + ————Hqp
2k |y + k2 e @) Y1 + apk? !
710752

7(5p [y Y

Han |, (125)

where we use the notation k = k/(aH) and we have introduced dimensionless coefficients ~,, whose
expressions are explicitly given in Appendix C. These relations for dpp and op are derived, to
our knowledge, for the first time and represent the most general description of dark energy in the
context of Horndeski theories. In particular, eqs. (124) and (125) extend the equations of state for
perturbations derived in Refs. [45, 10].

One can check that for adiabatic initial conditions, i.e.

T~—(UV+ H®)/H , Spm & PmT OPm ~ P , U R —TT, (126)

where the symbol &~ denotes equality in the long wavelength limit k < 1, the dark energy equation
of state satisfies

épp ~ —3H(pp +pp)T  dpp =~ —ppm, (127)
qp ~ —(pp +pp)7,  op=~—arM>*¥ — (ar —ay)M*Hr ,

which is what expected from the equations of motion in Sec. 4.1, see discussion in Appendix A.
Going back to arbitrary scales, let us discuss two illustrative examples.

e ap = 0: there is no braiding and the kinetic term of scalar fluctuations depends on ax only,
a = ag. In this case egs. (124) and (125) reduce to

N pD+3aMH3M2 2M? k2
Spp = & (6pp —3Hqp) — +H(ar —am) (11— 7——=—5 ) |4D
0% ) pD +PD ( ) 3(pp + pp) a?
ar aK
+ ?5Ptot - ?(QT - aM)HQm s (128)
M2
UD:—OZTM2\II+H(OLT—OLM)mqD, (129)

where we have used egs. (118), (119) and & = ¢ — 2(ar — anr)/ax = (pp +pp)/(ax H*M?),
0ptot = 0pm + dpp. For ar = 0 = apr we recover the standard k-essence pressure perturbation
[44] and no anisotropic stress. For ar # 0 or ar — ap # 0, the dark energy anisotropic
stress is nonzero and simply given in terms of the total curvature W and the dark energy
momentum ¢p. Note that the term containing k2 in the pressure perturbation dpp cancels
from the combination dpp — (2k?/3a?)op, which appears as a source in the Euler equation and
in the evolution equation for W.

20



° a2B > ag: braiding dominates the time kinetic term, o ~ 6a2B. However, one needs ap < 1
to avoid gradient instabilities [4]. In this case, from the definition of v, eq. (184), we have
v 73a2BH /H? so that, if we concentrate on sub-horizon scales, k > aH, eqs. (124) and
(125) reduce to

2H + H/H — ¢H
6pD=<c§+%T+§— ¢ a>(5,0D—3HqD) (14 ¢) Hqp
ap k2
Ha? 8 Pm
35 € — (14 5" — 0pun (130)
a? 3
op = kg { (6pp —3Hqp) + Hoqutot] : (131)

where £ = (ap —ap)/ap and ot = gm + qp- As expected in this case [46], the behavior
of dark energy is very different from that of a perfect fluid. In particular, for k2 < v2/73
the relation between pressure and density perturbations is scale dependent. For £ # 0, the
anisotropic stress is nonzero and has a scale dependence that differs from the ap = 0 case
discussed above.

4.3 Interface with the observations

In Sec. 4.1 we have described the full set of evolution equations including the standard matter species
directly using the scalar fluctuation 7. These equations can be solved in a modified Boltzmann code;
for instance, they have been recently implemented in a code in [47, 48]. Alternatively, in Sec. 4.2
we have rewritten these equations in terms of dark energy fluid quantities and we have provided the
full equations of state for Horndeski theories (ag = 0), egs. (124) and (125). In this approach, the
equations of state fully encode the description of dark energy.

To discuss more easily the relation with late time observations we can use the Einstein equations
in the fluid form, eqgs. (118)—(121), and rewrite these two equations as an evolution equation for
the gravitational potential ¥ and a relation between ¥ and ®. For simplicity, we restrict again our
discussion to the case ay = 0. To do that we can first combine eqs. (118)—(120) to solve for @, dpp
and ¢p in terms of W, \P, op and the matter field. Moreover, we can use eq. (121) to express dpp as
a function of the other quantities. Using these relations, it is straighforward to show that eqs. (124)
and (125) are equivalent to a dynamical equation for the gravitational potential ¥, sourced by the
matter fields,”

S B1Bs + Bsad, k2 H 4 B1Ba+ B1Bs k2 + c2adkt g2y L |PBet Brag 1525
Bi+ a% k2 B+ a% k2 2M? | By + o} k2 "
b B (132)
51,88 + Boa k2H N BiBro + B1Bi1 k? + 2okt H2 — K50 _9Hs
—2 2 m 2 79 m Pm m|
Br+axk B+ a% k «

where the dimensionless parameters (3, are explicitly given in Appendix C, and a relation between ®
and U, involving ¥ and the matter fields,

7 279 "
2 7.2 +
agk {@ \I/<1+aT+ >+ Q}Jrﬁl [@ V(1 +ar)—= 2]

(133)
(5pm 3Hqm) + HM? ¥ + H(;—K o — H? am] .
(0%

Y9
H?2M?

9An alternative derivation of eq. (132) is to combine eqs. (109)-(111) to solve for &, 7 and ® in terms of ¥, ¥ and
the matter field. We can then use the time derivative of (111) to solve for @ and the scalar field equation (113) to solve
for 7. Using these solutions, it is possible to eliminate the scalar field fluctuations and derive (132) [26]. We can then
derive eq. (133) from (111).
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Combined with the evolution equations for matter, these equations form a close system. They
generalize those given in [26], which we recover for dp,, = 0 = oy,. Following [26], the parameter
f1 appears in eq. (132) to make explicit the existence of a transition scale in the dynamics, kg =
aH 511/ 2 /ap, which has been called braiding scale. Here we find that for ap # aps this scale is
different from the transition scale a H 711/ 2 /ap appearing in eqs. (124) and (125). In particular, /3 is
related to v, by

Br=m—7, (134)

(see the explicit definition in terms of the «; in eq. (198)). Note that eq. (133) displays both scales.
Let us consider again the two limits discussed before (see also [26]).

e ap = 0: In this case most of the scale dependences go away. We are left with the simpler
expression

. . k2

2

1 2k .
Cg(dpm - 3HQm) + (aM —ar + ST)qu + <610}I2 + —> Om — 6pm + 2}IO'm:| .

2M?

3a?

(135)

Although both aj; and ap can be nonzero here, the form of this equation is very similar to
that obtained in the standard k-essence case.

° a2B > ag: For simplicity we consider only the case ap = 0. Moreover, to avoid negative
gradient instabilities we require ap < O(1) [4]. However, no such a restriction is imposed on
a7, whose value can affect the braiding scale. Indeed, when azB > ay, this is given by

kg

5 3(H% oy — H) . (136)

Considering modes with k > kg, eq. (132) simplifies to

. . k285 o k? 1 K586 o 1 ay
\P+(3+QM)H\IJ+< a2 +C$a—2 ‘I’Z—W k‘2 +CS+§—@ 5pm7 (137)

where we have neglected relativistic terms on the right hand side of (132). The mass scale
k%ﬁg) /a? corresponds to the so-called Compton mass. Depending on the value of S5, this scale
may be inside the horizon and induce a transition on the behaviour of the effective Newton
constant, which is considered a strong signal of modified gravity.

To make the link with observations without resorting to numerical calculations, one often relies
on the quasi static approximation, which corresponds to neglecting time derivatives with respect to
spatial ones on scales much below the sound horizon, i.e. for k > aH/cs. In this regime, modifications
of gravity can be captured by two quantities, the effective Newton constant G.g, defined by

k2
——5® = 4nGedpm (138)

and the gravitational slip v = ¥ /®.

Both these quantities can be computed using egs. (132) and (133). However, as discussed in [26]
this does not give the same result as neglecting time derivatives in eq. (113) and using eqgs. (109)
and (111) to derive Geg and . The two procedures are consistent if & is much larger than the other
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scales, i.e. in the limit k& — oco. In this case we recover (compare for instance with the results of [1]
in the same limit)

ac2(l1+ar)+2[ap(l+ar)+ ar — ay]

2
M2 139
o , (139)

87 Gt

ac +2ap[ap(l +ar) +ar — ay]
y=— ! (140)
ac2(l+ar)+2[ap(l+ ar)+ ar — ap]
where we have expressed both quantities directly in terms of the functions «; (recall that a =
ai + 6a2B and oy is here set to zero), obtained from the derivatives of the initial ADM Lagrangian.

5 Conclusions

In this article, we have presented a very general approach to parametrize theoretically motivated
deviations from the ACDM standard model. This approach combines several advantages, both from
the theoretical and observational points of view. On the one hand, it provides a unified treatment of
theoretical models, using as a starting point a Lagrangian expressed in terms of ADM geometrical
quantities defined for a foliation of uniform scalar field hypersurfaces. On the other hand, it expresses
all the relevant information about the linear cosmological perturbations in terms of a minimal set
of five time-dependent functions, which can be constrained by observations. These five functions,
together with the background time evolution (and a constant parameter), are sufficient to fully
characterize the background and linear perturbations, within the large class of models we have
considered (corresponding to the conditions (76) to avoid a non trivial dispersion relation for the
scalar mode).

The link between these two endpoints, theoretical and observational, is direct since the five
functions correspond to combinations of the derivatives of the initial Lagrangian. Omne can thus
automatically derive the observational predictions for any existing or novel model by computing these
functions from the ADM Lagrangian. Conversely, one can use this approach in a model-independent
way by trying to constrain the five arbitrary functions (this requires some parametrization of these
free functions expressed for instance in terms of the redshift; see e.g. [11]) with observations. Of
course, since the bounds on parameters are less stringent as the number of parameters increases, it
would be interesting to analyse the data with a scale of increasing complexity, corresponding to the
number of free functions, thus covering the range from the simplest theory, i.e. ACDM, where all
functions are zero, to more and more general theories.
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A Superhorizon evolution

In this appendix we extend the arguments of [49, 50] and check that the Einstein equations of Sec. 4.1
satisfy the usual adiabatic solution on superhorizon scales. To this end, it is convenient to define the
quantities

P=M(#—-®), Q=M (V+HO+Hr), R=M*V+Hn), (141)
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(note that Q@ = R — H(P + ayR)) and rewrite the Einstein equations (109)—(112) respectively as

k2
-2 [(1+ag)R— (1 +ap)M*Hn]

—6H(1 +ap)Q — H*(ax — 6ap)P = 6pm — puT , (142)
—29Q + 2apHP = (pm + pm)(vm + 7) , (143)
M?*(W — ®) + arR — ayHr + ayP = oy, , (144)
: m + Pm . . 2k2
20+ 6HQ + 2(% - 3aBH2>7> — 2AHapP) = dpm ~ PuT — 5 —0m - (145)
The evolution of 7 reads
(H2agP) +6(HapQ) + 3H (axH? — 205H)P +36( H + Pt P a2, ) Q
K B aK ap WE ap
2
—|—k—2{2aHQ+2[HaH—|—(M2aH)'M_2+HaM—HaT]R (146)
a
oy [H + % + H%ap + (MQHaB)'M_Q] M2r — 2M2HaB<I>} ~0.

Moreover, in terms of these quantites, the definitions of the fluid variables introduced in egs. (118)—
(121) are given by

k.Z
opp = 29(04}17% —apM?Hr) — 3H [(pp + pp)m — 2a5Q] + H*(ax — 6ap)P, (147)
gp = —2apHP — (pp +pp)7, (148)
op = ayM*Hr — arR — agP , (149)
Spp = [pp + an HM?*(2H + 3H?)| 7 — 200/ HQ
pD + PD 9 .2k
+ (W—FGO&BH >P+2(aBH7>) +3520D (150)

Independently of the constituents of the Universe, the £ = 0 mode of the field equations for scalar
fluctuations in Newtonian gauge is invariant under the coordinate transformation [49]

t—t+e(t), (151)
2t =2 (1 =)\, (152)
where ¢ is an arbitrary infinitesimal function of time and A an arbitrary infinitesimal constant.

In particular, using these transformations one can start from an unperturbed FLRW solution and
generate a solution in Newtonian gauge with metric perturbations

U =~He—\, P =—¢, (153)
and, assuming the Universe filled by several fluids and scalar fields, with matter perturbations
5PX = —[)Xe y 5@){ = —ngE . (154)

Note that these solutions remain valid also if individual matter components are not separately con-
served [49], as in the case of dark energy components that are non-minimally coupled to gravity.
Let us check that this is solution of the above equations. For our dark energy and matter
components, eq. (154) becomes
0pm = —Pme , T=—¢. (155)
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This second equality, together with eq. (153), implies that P = 0 and Q = 0 from which it follows
that eqgs. (142), (145) and the evolution equation for 7, eq. (146), are satisfied for k = 0.

The remaining equations, i.e. (143) and (144), are automatically satisfied because they multiply
an overall factor of k and k?, respectively, that has been dropped here. However, for the solutions
(153) and (154) to be physical we must require that these equations are satisfied for finite £ in the
k — 0 limit [49], which implies

Um = —70, (156)
and
(M?€)" + HM?¢ — oy = M*(1 + ag)\ (157)
with solution . .
€= M—2a/ a [M?*(1+ ar)X + ow] dt’ . (158)

Equations (153) and (155), with the conditions (156) and (158) correspond to the well-known
super-horizon adiabatic solution. One can define the quantity ¢ from the metric perturbation as

U+ HO
ot = =¥ + H—7r—, (159)
H
which is known to be conserved in the k& — 0 limit for adiabatic perturbations [51]. Indeed, one
can replace the solutions (153) in its definition and check that in this limit it coincides with the

constant A in eq. (152),
Got =A=-RM 2, k—=0. (160)

We note that on super-Hubble scales and for adiabatic initial conditions, eq. (126), egs. (132)-(133)
reduce to the conservation of the total comoving curvature perturbation, i.e., (it ~ 0.

B Evolution equations in synchronous gauge

For completeness, in this section we give the perturbation equations in synchronous gauge. In this
gauge, the perturbed FLRW metric including scalar perturbations reads

ds? = —dt® + a®(t)(6;j + hyj)da'da? | (161)
with 1 kik; 1
_ ik;
hij = ghéi]’ + (? - g&j) (h + 677) . (162)

Using gauge transformations (see for instance [52]), we can express the variables in Newtonian gauge
into those in synchronous gauge, which yields

7™ = 79 4 6t

o = ot
v =n— Hét,
5p ) = 6p) — 3H (pm + pum)dt (163)
SpY) = 6p() + pimot ,
(S)
0
N m
'Ur(n ) = —? — 6t,
with
a2 . .
5t = ﬁ(h +61) , (164)
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and where we have introduced the divergence of the velocity, 0 = v U, related to the velocity
potential, in Fourier space, by § = —k?v. The anisotropic stress is gauge invariant.

We can now apply these gauge transformations to egs. (109)—(112). We will use conformal time,
7 = [ dt/a, which is usually employed in numerical codes. Using this time, it is convenient to rescale
the scalar fluctuation 7 and the velocity divergence € by the conformal factor and redefine

T—=7/a, 0—0/a. (165)

By denoting by a prime the derivative with respect to conformal time, the Einstein equations in
synchronous gauge read ((00) component)

2k*(1 + ap)n — H(1 4+ ap)h’ — H?(6ap — ax)r’

2 (166)
+H [2k*(oyr — o) + H(ag — 120) + 6H'ap| m = —% [6pm — 3H(pp + pp)7| ,
((07) component)
2
o = Hapn' — H2apm = 520 [ (pm + pu)un/K + (o0 + PD)7] | (167)

((17)-traceless)

2k2
Tzl
(168)

B 460" +H(2 + an) (B +61) — 2k*(1 + ar)n — 2k*agm’ — 2k*H (o + ar — ay) =

and ((i1)-trace)

B+ H(2+ an)h = 2K*(1 + ar)n + 6apr” + 2 [3H?ap(3 + anm) + (3apH) — Kag] 7’
{37‘[2[3051\4 + 2053(2 + OZM)} + 60&37‘[, + 6(0&37‘[)/ — 2/{72(OzH + ar — aM)} Hm

(169)
(12 , , k?
=2 —3(pp + pp) (7" + H7) — 3ppm — 36pm — 2¥am ,
where ) .
M a
pD+pD:_Pm—pm—2?(H/—7'[2), H=—. (170)
The evolution equation for the scalar fluctuation reads
— Hagr” — [HPakx(2+ an) + Hak + (axH)| Hr'
a2
+ 2k? {H2 [(QB — aH)aM + ar — aM] + [(OéB — 047.[)7‘[]/ — m(pD -|—pD)} s
+ {H4[6aBaM — aK(l + OZM)} — 37‘[27'[/[05}( — 2043(3 — aM)]
32 (171)
a
— 6apH? + H3(60/y — o) — 6H(apH) — oz (Po + pp)(H? — H’)}w
2
+ Hagh” — 2k2aH77/ + 7—[2a3(1 +an) + (apH) — QQW('OD +pp)| A

— 2k? {’H[aM +ap(l+ay) —ar]+ a;{}n =0.
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Moreover, we can write these equations in terms of fluid quantities,

1 a®
2 !

K — S Hh __2MQZI:5PI’ (172)
K = 0 173
U —2MQZ(P1+191) I, (173)

1
B 460" + 2H (W + 61) — 2k* ——EZ (174)

77 77 7] - M2 gy 9
1
3 2 k2

W'+ 2HE — 2k = —ap (5;01 - ggaf) : (175)

1

where we have defined

M2
dpp = —2{2k2ag77 — Haph' + " (ax — 6ap)r’ + [— 2k%(ap — ay) + 6H ap
a

(L2
+ 7‘[2(041( — 12&3) — 3W(pD +pD):| Hﬂ'} s (176)
k2M?2 a?
= {2Hapr' + |2H* + —(pp + ] } 177
D= o ] (o0 [+ 5o )| ()
M? H
op= "5 [anaT - % (1 +61') + K2ap + k* (am + ar — an) HW] : (178)
2 k2 S M? / " 2 / a? /
opp = 320D T o) — 2Hau +2HapT" + 2[H ap(3 + an) + (apH)'] + e (pp +pp)| ™

2

+ [H?’ [Bans +2a5(2 + ay)] + 2HH ap + 2H(agH) + % [H(pp + pD) —|—p’D]] 7r} . (179)

The equation for 7 is equivalent to the continuity equation in conformal synchronous gauge, namely

!/

h
opp +3H(6pp + dpp) + (pp + PD) <‘9D + 5) =Hon Y opr, (180)
T

and the Euler equation

/

Pp PI
1+ — D _
+7—[ n +OZMZ

0p+H
P (pp +pD) — PD + DD

1 2 k2 pI+pr1
Op+—— (Opp — =—0p ) = Ha PLTPLy,
pD—l-pD(pD 3 a? D) MZPD+Z7D !

is an identity just as in the Newtonian gauge case.
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C Scale dependence and definitions of the parameters
We report here the two “equations of state” for the dark energy fluid, eqs. (124) and (125),

_ e+ yapk? N +50Rk

(6pp —3Hqp) +

N+ ahk? M+ aph?
+ 3703 k? (%
+ 91(6pm — 3Haw) + T B Hay — =By, (182)
Y1 + OéBk
a? 'Y1OéT+’YsaBk2(6 SHqp) + Yok? I
op = ———=,—(0pp — D)+ ——=Hap
2k2 T + a%k? r 1 T+ a%k? e
];2
+ ar(6pm — 3Hdm) + — 2 — Han| , (183)
1+ apk?

and provide the definitions of the parameters ,, for which we have assumed ayg = 0:

_ PD +PpD , H
N =K sy
24T 1 —
725c§+%T—20‘B( +0)+ (1 +ap)law —ar) (185)
[0
n=d+ (156)
1 :
vy = 7,0]3 +pD{ —pD/H-l-OéM[PD +DppD —3H2M2]
2
+ 6% [(3+ v+ T){om + pm) — /] | (187
(6ap — ak)(ar — an) ozzB aK ’
=_1— 188
s 6a%, " Ha o (188)
2+7T — 6a7
v = —Ga oy QKM DR (189)
[0
agoay — ba 6ap — ag)(ar — «
7 = s (Bon—oxllor —ou) (190
Ble! 3o
8 = ar + ar - oM ) (191)
ap
9 an : (192)
Y0 = 3ag(ar — o), (193)
where
o , ;
pD +pp) (K H
r= i + i) — P/ H — S PD) (AR T 194
gt 4H2M2 (3 + aar)(pm + Pm) — Pm/ o (aQB>} eV (194)
and
, 2(1 +aB)[H — (ap — ar)H? + H?ap(1 +ozT)} + 2Hép + (pm + pm)/M?
c;=— 7 . (195)

As explained in Sec. 4.3, the equations of state are equivalent to the dynamical equation for ¥,
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eq. (132) and eq. (133),

2 72 2 274 , 2 7.2
i+ B1Bs + Bsak k o+ PrBu+ BrBs k™ + csaph” oy 1 ! P1fs + Brag k” -
i + apk? Bi+ag k? 2MZ | Bi+ap k2
2 B2 1 20204
5158 + Boa k Haw 51510 + 1511 2o, 0 — a_K(gpm — 9Hé, (196)
B+ ah k? B+ o k? o
- 279
272 g _ Im. Zm
agk [CD v <1+aT+ 04043> + MQ} + b1 [‘D ‘I’(l‘f’O‘T)B + M2:|
Y9 QK
s [ (9pm = 3Hgw) + HM? ¥ + HE g, — H? am} . (197)
Here the parameters 3,, for which we have assumed again o = 0, are:'°
ey g Putpe L (H
Pr=m—1=-0Kk Foym ~ 5 <H2 + ar OéM) ; (198)
B2 =2(2+ ay)+37, (199)
5 .
E —_— —_— 2
B3 3+O¢M+Ha<a23> , (200)
Bi=(1+ar)[2H/H* +31+7Y) + am]| +ar/H , (201)
2c — a? a?
gz 2B ) | Ob(y Loy, - o)+ 222 (202)
a b1 b1
Bs = Br — 2@ : (203)
2
1 _
67 = Cg + 2aB( + aT) + OéB(Cl(T CYM) ’ (204)
(6%
— 6 —
By = fy — O ai)(ﬂ?’ Pa). (205)
9 )
_ 2 Op [ 2K
Bo=—(1+3c +ar)+ 2 <£> : (206)
Bro=—6(1+7)—4H/H?, (207)
2 a? at o\’
=--2-B@2- 2H /H?| —2 208
b= 3 -2 (2 awn) 211/ - 278 (25 (209
with
126 H3M?Y = 2aM2{ [H + (ar —anm)H?] + (3 + on)H[H + (ar — aM)Hﬂ}
b Tay (209)
+ QK Pm — (pm +pm)H(aK 60&]3)(0(7“ - aM) + 6(pm + pm) aB (a_2> :
B

References

[1] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, “Essential Building Blocks of Dark Energy,”
JCAP 1308, 025 (2013) [arXiv:1304.4840 [hep-th]].

These parameters do not exactly correspond to those introduced in [26]. Indeed, here the 8, and YT have been
made dimensionless by dividing by the appropriate power of H and, because of the different definition of ap, we have
divided 8 by a factor 4 so that 8,0 = 5§th°r°) /(4H?). Moreover, we have corrected minor typos in the definitions
of T and B7. We thank the authors of Ref. [26] for having checked and privately agreed on these corrections.

29



2]

[14]

[15]

[16]

[17]

P. Creminelli, M. A. Luty, A. Nicolis and L. Senatore, “Starting the Universe: Stable Violation
of the Null Energy Condition and Non-standard Cosmologies,” JHEP 0612, 080 (2006) [hep-
th,/0606090].

C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan and L. Senatore, “The Effective Field
Theory of Inflation,” JHEP 0803, 014 (2008) [arXiv:0709.0293 [hep-th]].

P. Creminelli, G. D’Amico, J. Norena and F. Vernizzi, “The Effective Theory of Quintessence:
the w < —1 Side Unveiled,” JCAP 0902, 018 (2009) [arXiv:0811.0827 [astro-ph]].

G. Gubitosi, F. Piazza and F. Vernizzi, “The Effective Field Theory of Dark Energy,” JCAP
1302, 032 (2013) [arXiv:1210.0201 [hep-th]].

J. K. Bloomfield, E. Flanagan, M. Park and S. Watson, “Dark energy or modified gravity? An
effective field theory approach,” JCAP 1308, 010 (2013) [arXiv:1211.7054 [astro-ph.CO]].

J. Bloomfield, “A Simplified Approach to General Scalar-Tensor Theories,” JCAP 1312, 044
(2013) [arXiv:1304.6712 [astro-ph.CO]].

F. Piazza and F. Vernizzi, “Effective Field Theory of Cosmological Perturbations,” Class. Quant.
Grav. 30, 214007 (2013) [arXiv:1307.4350].

N. Frusciante, M. Raveri and A. Silvestri, “Effective Field Theory of Dark Energy: a Dynamical
Analysis,” JCAP 1402, 026 (2014) [arXiv:1310.6026 [astro-ph.CO]].

J. Bloomfield and J. Pearson, “Simple implementation of general dark energy models,” JCAP
1403, 017 (2014) [arXiv:1310.6033 [astro-ph.CO]].

F. Piazza, H. Steigerwald and C. Marinoni, “Phenomenology of dark energy: exploring the
space of theories with future redshift surveys,” JCAP 1405, 043 (2014) [arXiv:1312.6111 [astro-
ph.CO]].

M. Raveri, B. Hu, N. Frusciante and A. Silvestri, “Effective Field Theory of Cosmic Acceleration:
constraining dark energy with CMB data,” Phys. Rev. D 90, 043513 (2014) [arXiv:1405.1022
[astro-ph.CO]].

L. Lombriser and A. Taylor, “Classifying linearly shielded modified gravity models in Effective
Field Theory,” arXiv:1405.2896 [astro-ph.CO].

T. Baker, P. G. Ferreira, C. Skordis and J. Zuntz, “Towards a fully consistent parameterization
of modified gravity,” Phys. Rev. D 84, 124018 (2011) [arXiv:1107.0491 [astro-ph.CO]].

T. Baker, P. G. Ferreira and C. Skordis, “The Parameterized Post-Friedmann Framework for
Theories of Modified Gravity: Concepts, Formalism and Examples,” Phys. Rev. D 87, 024015
(2013) [arXiv:1209.2117 [astro-ph.CO]].

R. A. Battye and J. A. Pearson, “Effective action approach to cosmological perturbations in
dark energy and modified gravity,” JCAP 1207, 019 (2012) [arXiv:1203.0398 [hep-th]].

L. A. Gergely and S. Tsujikawa, “Effective field theory of modified gravity with two scalar fields:
dark energy and dark matter,” Phys. Rev. D 89, 064059 (2014) [arXiv:1402.0553 [hep-th]].

R. Kase, L. A Gergely and S. Tsujikawa, “Effective field theory of modified gravity on the
spherically symmetric background: leading order dynamics and the odd-type perturbations,”
arXiv:1406.2402 |[hep-th].

30



[19] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, “Healthy theories beyond Horndeski”
[arXiv:1404.6495 [hep-th]]

[20] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, “Exploring gravitational theories beyond
Horndeski,” arXiv:1408.1952 [astro-ph.CO].

[21] X. Gao, “Unifying framework for scalar-tensor theories of gravity,” arXiv:1406.0822 [gr-qc].

[22] R. Kase and S. Tsujikawa, “Cosmology in generalized Horndeski theories with second-order
equations of motion,” arXiv:1407.0794 |[hep-th].

[23] M. Fasiello and S. Renaux-Petel, “Non-Gaussian inflationary shapes beyond Horndeski,”
arXiv:1407.7280 [astro-ph.CO].

[24] C. Lin, S. Mukohyama, R. Namba and R. Saitou, “Hamiltonian structure of scalar-tensor theories
beyond Horndeski,” arXiv:1408.0670 [hep-th].

[25] X. Gao, “Hamiltonian analysis of spatially covariant gravity,” arXiv:1409.6708 [gr-qc].

[26] E. Bellini and I. Sawicki, “Maximal freedom at minimum cost- linear large-scale structure in
general modifications of gravity,” [arXiv:1404.3713 [astro-ph]].

[27] C. Armendariz-Picon, V. F. Mukhanov and P. J. Steinhardt, “A Dynamical solution to the
problem of a small cosmological constant and late time cosmic acceleration,” Phys. Rev. Lett.
85, 4438 (2000) [astro-ph/0004134].

[28] C. Armendariz-Picon, V. F. Mukhanov and P. J. Steinhardt, “Essentials of k essence,” Phys.
Rev. D 63, 103510 (2001) [astro-ph/0006373].

[29] G. W. Horndeski, Int. J. Theor. Phys. 10, 363 (1974).

[30] C. Deffayet, X. Gao, D. A. Steer and G. Zahariade, “From k-essence to generalised Galileons,”
Phys. Rev. D 84, 064039 (2011) [arXiv:1103.3260 [hep-th]].

[31] T. Kobayashi, M. Yamaguchi and J. Yokoyama, Prog. Theor. Phys. 126, 511 (2011)
[arXiv:1105.5723 [hep-th]].

[32] P. Horava, “Quantum Gravity at a Lifshitz Point,” Phys. Rev. D 79, 084008 (2009)
[arXiv:0901.3775 [hep-th]].

[33] D. Blas, O. Pujolas and S. Sibiryakov, “On the Extra Mode and Inconsistency of Horava Grav-
ity,” JHEP 0910, 029 (2009) [arXiv:0906.3046 [hep-th]].

[34] D. Blas, O. Pujolas and S. Sibiryakov, “Consistent Extension of Horava Gravity,” Phys. Rev.
Lett. 104, 181302 (2010) [arXiv:0909.3525 [hep-th]].

[35] D. Blas, O. Pujolas and S. Sibiryakov, “Models of non-relativistic quantum gravity: The Good,
the bad and the healthy,” JHEP 1104, 018 (2011) [arXiv:1007.3503 [hep-th]].

[36] R. Kase and S. Tsujikawa, “Effective field theory approach to modified gravity including Horn-
deski theory and Horava-Lifshitz gravity,” arXiv:1409.1984 [hep-th].

[37] J. M. Maldacena, JHEP 0305, 013 (2003) [astro-ph/0210603].

[38] C. Deffayet, O. Pujolas, I. Sawicki and A. Vikman, “Imperfect Dark Energy from Kinetic Gravity
Braiding,” JCAP 1010, 026 (2010) [arXiv:1008.0048 [hep-th]].

31



[39]

[40]

[41]

[42]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

O. Pujolas, I. Sawicki and A. Vikman, “The Imperfect Fluid behind Kinetic Gravity Braiding,”
JHEP 1111, 156 (2011) [arXiv:1103.5360 [hep-th]].

J. D. Bekenstein, “The Relation between physical and gravitational geometry,” Phys. Rev. D
48, 3641 (1993) [gr-qc/9211017].

D. Bettoni and S. Liberati, “Disformal invariance of second order scalar-tensor theories: Framing
the Horndeski action,” Phys. Rev. D 88, no. 8, 084020 (2013) [arXiv:1306.6724 [gr-qc]].

M. Zumalacdrregui and J. Garcia-Bellido, “Transforming gravity: from derivative couplings to
matter to second-order scalar-tensor theories beyond the Horndeski Lagrangian,” Phys. Rev. D
89, 064046 (2014) [arXiv:1308.4685 [gr-qc]].

N. Arkani-Hamed, H. C. Cheng, M. A. Luty and S. Mukohyama, “Ghost condensation and a
consistent infrared modification of gravity,” JHEP 0405, 074 (2004) [hep-th/0312099].

J. Garriga and V. F. Mukhanov, “Perturbations in k-inflation,” Phys. Lett. B 458, 219 (1999)
[hep-th/9904176].

[45]

R. A. Battye and J. A. Pearson, “Parametrizing dark sector perturbations via equations of
state,” Phys. Rev. D 88, no. 6, 061301 (2013) [arXiv:1306.1175 [astro-ph.CO]].

I. Sawicki, I. D. Saltas, L. Amendola and M. Kunz, “Consistent perturbations in an imperfect
fluid,” JCAP 1301, 004 (2013) [arXiv:1208.4855 [astro-ph.CO]].

B. Hu, M. Raveri, N. Frusciante and A. Silvestri, “Effective Field Theory of Cosmic Acceleration:
an implementation in CAMB,” Phys. Rev. D 89, 103530 (2014) [arXiv:1312.5742 [astro-ph.CO]].

B. Hu, M. Raveri, N. Frusciante and A. Silvestri, “EFTCAMB/EFTCosmoMC: Numerical Notes
v1.0,” arXiv:1405.3590 [astro-ph.IM].

S. Weinberg, “Adiabatic modes in cosmology,” Phys. Rev. D67, 123504 (2003). [astro-
ph/0302326].

E. Bertschinger, “On the Growth of Perturbations as a Test of Dark Energy,” Astrophys. J.
648, 797 (2006) [astro-ph/0604485].

J. M. Bardeen, P. J. Steinhardt and M. S. Turner, “Spontaneous Creation Of Almost Scale -
Free Density Perturbations In An Inflationary Universe,” Phys. Rev. D 28, 679 (1983).

C. P. Ma and E. Bertschinger, “Cosmological perturbation theory in the synchronous and con-
formal Newtonian gauges,” Astrophys. J. 455, 7 (1995) [astro-ph/9506072].

32



	Acknowledgements
	List of Figures
	List of Tables
	Abbreviations
	Notations
	1 Introduction
	2 The Effective Field Theory of Dark Energy
	2.1 The Unitary Gauge Action
	2.2 ADM formalism and the Effective Field Theory of Dark Energy
	2.3 Going from models to the EFT of DE
	2.4 Stability and theoretical consistency
	2.5 Evolution of cosmological perturbations
	2.5.1 Vector sector
	2.5.2 Tensor sector
	2.5.3 Scalar sector
	2.5.3.1 Obtaining the equations
	2.5.3.2 Interpretation


	2.6 Conclusions

	3 Beyond Horndeski
	3.1 Horndeski theories
	3.2 General considerations on higher order derivatives
	3.3 Generalized Generalized Galileons G3
	3.4 Hamiltonian analysis
	3.5 Field redefinitions
	3.6 Linear analysis and coupling to matter
	3.6.1  Stability and ghosts
	3.6.2 Newtonian gauge and Einstein frame

	3.7 Conclusions

	4 Predictions for primordial tensor modes
	4.1 Tensor sound speed and quadratic action
	4.2 Other operators
	4.3 Conclusions

	5 Consistency relations of the large scale structure
	5.1 Deriving consistency relations
	5.2 Going to redshift space
	5.3 Violation of the Equivalence Principle
	5.3.1 A toy model
	5.3.2 Estimate of the signal to noise

	5.4 Conclusions

	6 Conclusion
	6.1 Summary
	6.2 Outlook

	A Essential Building Blocks of Dark Energy
	B Single-Field Consistency Relations of Large Scale Structure Part II: Resummation and Redshift Space
	C Single-Field Consistency Relations of Large Scale Structure Part III: Test of the Equivalence Principle 
	D Healthy theories beyond Horndeski
	E Resilience of the standard predictions for primordial tensor modes
	F Exploring gravitational theories beyond Horndeski 
	G A Unifying Description of Dark Energy

