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2 An Extended action for the
effective field theory of dark
energy: a stability analysis
and a complete guide to the

mapping at the basis of
EFTCAMB

2.1 Introduction

In the present Chapter we propose an extension of the original EFT
action for DE/MG |14} 15] by including extra operators with up to sixth
order spatial derivatives acting on perturbations. This will allow us to
cover a wider range of theories, e.g. Hofava gravity [35] [36], as shown
in Refs. [37539). The latter model has recently gained attention in the
cosmological context [39-58], as well as in the quantum gravity sector [35]
36} [59H61], since higher spatial derivatives have been shown to be relevant
in building gravity models exhibiting powercounting and renormalizable
behaviour in the ultra-violet regime (UV) [6264].

We will work out a very general recipe that can be directly applied to
any gravity theory with one extra scalar d.o.f. in order to efficiently map
it into the EFT language, once the corresponding Lagrangian is written
in the Arnowitt-Deser-Misner (ADM) formalism. We will pay particular
attention to the different conventions by adapting all the calculations to
the specific convention used in EFTCAMB, in order to provide a ready-
to-use guide on the full mapping of models into this code. This method
has already been used in Refs. [37] |65] and here we will further extend it
by including the operators in our extended action. Additionally, we will
revisit some of the already known mappings in order to accommodate the
EFTCAMB conventions. Moreover, we will present for the first time the
complete mapping of the covariant formulation of the GLPV theories [66|
67] into the EFT formalism. Subsequently, we will perform a detailed
study of the stability conditions for the gravity sector of our extended
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2 An extended action for the EFToDE/MG

EFT action. For a restricted subset of EFT models such an analysis can
already be found in the literature |14} [15, 65} |67} [68]. Doing this analysis
will allow us to have a first glimpse at the viable parameter space of
theories covered by the extended EFT framework and to obtain very
general conditions to be implemented in EFTCAMB. In particular, we
will compute the conditions necessary to avoid ghost instabilities and to
avoid gradient instabilities, both for scalar and tensor modes. We will
also present the condition to avoid tachyonic instabilities in the scalar
sector. Finally, we will proceed to extend the ReParametrized Horndeski
(RPH) basis, or a-basis, of Ref. [69] in order to include all the models of
our generalized EFT action. This will require the introduction of new
functions and we will proceed to comment on their impact on the kinetic
terms and speeds of propagation of both scalar and tensor modes.

The work in this Chapter is based on [31]: An Extended action for the
effective field theory of dark energy: a stability analysis and a complete
guide to the mapping at the basis of EFTCAMB with N. Frusciante and
A. Silvestri. In Section[2:2] we propose a generalization of the EFT action
for DE/MG that includes all operators with up to six-th order spatial
derivatives. In Section we outline a general procedure to map any
theory of gravity with one extra scalar d.o.f., and a well defined Jordan
frame, into the EFT formalism. We achieve this through an interesting,
intermediate step which consists of deriving an equivalent action in the
ADM formalism, in Section [2.3.2] and work out the mapping between
the EFT and ADM formalism, in Section In order to illustrate the
power of such method, in Section [2.4] we provide some mapping exam-
ples: minimally coupled quintessence, f(R)-theory, Horndeski/GG, GLPV
and Horava gravity. In Section we work out the physical stability
conditions for the extended EFT action, guaranteeing the avoidance of
ghost and tachyonic instabilities and positive speeds of propagation for
tensor and scalar modes. In Section we extend the RPH basis to
include the class of theories described by the generalized EFT action
and we elaborate on the phenomenology associated to it. The last two
sections are more or less independent, so the reader interested only in one
of these can skip the other parts. Finally, in Section we summarize
and comment on our results.

2.2 An extended EFT action

The EFT framework for DE/MG models, introduced in Refs. |14} [15],
provides a systematic and unified way to study the dynamics of linear
perturbations in a wide range of DE/MG models characterized by an
additional scalar d.o.f. and for which there exists a well defined Jordan
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2.2 An extended EFT action

frame [10, |11}, [70H73]. The action is constructed in the unitary gauge
as an expansion up to second order in perturbations around the FLRW
background of all operators that are invariant under time-dependent
spatial-diffeomorphisms. Each of the latter appear in the action accom-
panied by a time dependent coefficient. The choice of the unitary gauge
implies that the scalar d.o.f. is “eaten” by the metric, thus it does not
appear explicitly in the action. It can be made explicit by the Stiikelberg
technique which, by means of an infinitesimal time-coordinate transfor-
mation, allows one to restore the broken symmetry by introducing a
new field describing the dynamic and evolution of the extra d.o.f.. For a
detailed description of this formalism we refer the readers to Refs. |14,
150 [65], |74} (75]. In this Chapter we will always work in the unitary gauge.

The original EFT action introduced in Refs. |14} [15], and its follow ups
in Refs. |65, [75H77], cover most of the theories of cosmological interest,
such as Horndeski/GG [78} [79], GLPV [66] and low-energy Hofava |35]
36]. However, operators with higher order spatial derivatives are not
included. On the other hand, theories which exhibit higher than second
order spatial derivatives in the field equations have been gaining attention
in the cosmological context [37} 38, |53, (64, [76], moreover, they appear to
be interesting models for quantum gravity as well |35} 36, 59-62]. As long
as one deals with scales that are sufficiently larger than the non-linear
cutoff, the EFT formalism can be safely used to study these theories. In
the following, we propose an extended EFT action that includes operators
up to sixth order in spatial derivatives:

Sgrr = /d4x\/jg [ng(l + Q)R+ A(t) — c(t)5g” + —Mi(t) (69°)2

M3 M2 M? M?
s (t
+m2(t)h" 9,90, 9" + m5T()5R5K + A (H)(OR)? + Ao (t)SRESRY,
+A3(t) ORIV ,0,6% + Aa(t)h* 9,,9°°V?8,, 6% + A5 ()" V , RV, R
+X6 (1)WY, Rii VL, RY + A7 (t)h# 0,67V 0, g%
(

+As (R VPRV ,0,9%] (2.1)

where m3 is the Planck mass, g is the determinant of the four dimensional
metric g, " = (¢" + ntn”) is the spatial metric on constant-time
hypersurfaces, n, is the normal vector to the constant-time hypersur-
faces, 6¢°° is the perturbation of the upper time-time component of
the metric, R is the trace of the four dimensional Ricci scalar, R,
is the three dimensional Ricci tensor and R is its trace, K,, is the
extrinsic curvature and K is its trace and V2 = V,V#* with V,, be-
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2 An extended action for the EFToDE/MG

ing the covariant derivative constructed with g,,. The coeflicients
{Q, A, e, M}, M3, M2, M2, M2, m3,ms, \i} (with i = 1 to 8) are free
functions of time and hereafter we will refer to them as FFT functions.
{Q, A, ¢} are usually called background EFT functions as they are the
only ones contributing to both the background and linear perturbation
equations, while the others enter only at the level of perturbations. Let
us notice that the operators corresponding to ms, A1 2 have already been
considered in Ref. [65], while the remaining operators have been intro-
duced by some of the authors of this paper in Ref. [39], where it is shown
that they are necessary to map the high-energy Horava gravity action [64]
in the EFT formalism.

The EFT formalism offers a unifying approach to study large scale
structure (LSS) in DE/MG models. Once implemented into an Einstein-
Boltzmann solver like CAMB |20], it clearly provides a very powerful
software with which to test gravity on cosmological scales. This has
been achieved with the patches EFTCAMB/EFTCosmoMC, introduced
in Refs. [2224]. This software can be used in two main realizations:
the pure EFT and the mapping EFT. The former corresponds to an
agnostic exploration of dark energy, where the user can turn on and
off different EFT functions and explore their effects on the LSS. In the
latter case instead, one specializes to a model (or a class of models, e.g.
f(R) gravity), maps it into the EFT functions and proceed to study the
corresponding dynamics of perturbations. We refer the reader to Ref. [80]
for technical details of the code.

There are some key virtues of FFTCAMB which make it a very
interesting tool to constrain gravity on cosmological scales. One is
the possibility of imposing powerful yet general conditions of stability
at the level of the EFT action, which makes the exploration of the
parameter space very efficient [23]. We will elaborate on this in Section
Another, is the fact that a vast range of specific models of DE/MG can
be implemented ezxactly and the corresponding dynamics of perturbations
be evolved, in the same code, guaranteeing unprecedented accuracy and
consistency.

In order to use EFTCAMB in the mapping mode it is necessary to
determine the expressions of the EFT functions corresponding to the
given model. Several models are already built-in in the currently public
version of EFTCAMB. This Chapter offers a complete guide on how to
map specific models and classes of models of DE/MG all the way into
the EFT language at the basis of EFTCAMB, whether they are initially
formulated in the ADM or covariant formalism; all this, without the need
of going through the cumbersome expansion of the models to quadratic
order in perturbations around the FLRW background.
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2.3 From a General Lagrangian in ADM
formalism to the EFToDE/MG

In this Section we use a general Lagrangian in the ADM formalism which
covers the same class of theories described by the EFT action (2.1). This
will allow us to make a parallel between the ADM and EFT formalisms,
and to use the former as a convenient platform for a general mapping
description of DE/MG theories into the EFT language. In particular, in
Section we will expand a general ADM action up to second order
in perturbations, in Section we will write the EFT action in ADM
form and, finally, in Section [2.3:3] we will provide the mapping between
the two.

2.3.1 A General Lagrangian in ADM formalism

Let us introduce the 3+1 decomposition of spacetime typical of the ADM
formalism, for which the line element reads:

ds® = —N?dt* + h;j(dz" + N'dt)(dz? + N7dt), (2.2)

where N(t,2°) is the lapse function, N*(¢,z%) the shift and h;; (¢, z%)
is the three dimensional spatial metric. We also adopt the following
definition of the normal vector to the hypersurfaces of constant time and
the corresponding extrinsic curvature:

N, = Noo, K., = h;\LVAn,,. (2.3)

The general Lagrangian we use in this Section has been proposed in
Ref. [37] and can be written as follows:

L=L(N,R,S,K,Z,U, 21, 25, 01,02, 03,004, 55 t) ,  (2.4)
where the above geometrical quantities are defined as follows:

S=K,K", Z=R,R" U=TRuK", Z =VRV'R,
Zg = ViRjkV"Rjk , 1 = aiai , Qg = aiAai , O3 = Rviai s
as = a; A%, a5 = ARV;d, (2.5)

with A = V,, V¥ and a' is the acceleration of the normal vector, ntVn,.
V. and V}, are the covariant derivatives constructed respectively with
the four dimensional metric, g, and the three metric, h;;.

The operators considered in the Lagrangian allow to describe
gravity theories with up to sixth order spatial derivatives, therefore the
range of theories covered by such a Lagrangian is the same as the EFT

17



2 An extended action for the EFToDE/MG

action proposed in Section The resulting general action, constructed
with purely geometrical quantities, is sufficient to cover most of the
candidate models of modified gravity [10} |11} [7073].

We shall now proceed to work out the mapping of Lagrangian
into the EFT formalism. The procedure that we will implement in the
following retraces that of Refs. |37, |65]. However, there are some tricky
differences between the EFT language of Ref. [65] and the one at the basis
of EFTCAMB |22, [23]. Most notably the different sign convention for
the normal vector, n,, and the extrinsic curvature, K, (see Eq. ),
a different notation for the conformal coupling and the use of 5¢°° in the

action instead of ¢°°, which changes the definition of some EFT functions.

It is therefore important that we present all details of the calculation
as well as derive a final result which is compatible with EFTCAMB. In
particular, the results of this Section account for the different convention
for the normal vector.

We shall now expand the quantities in the Lagrangian in terms
of perturbations by considering for the background a flat FLRW metric
of the form:

ds® = —dt* + a(t)?6;;dx'da’, (2.6)

where a(t) is the scale factor. Therefore, we can define:

6K,, = Hh,, + K,,, 0S=8—3H>= -2HSK + §K!5K"

oo

0K =3H+ K, 0U=-HIR+JK/IK,, oda1= Qi 6NO'SN |

dag = ;0NV,VFOON | Saz = RV;0'0N, day = O;0NA%6N |

Sas = A’RV,0'6N, 02 = VidRVOR, 82y = V0R;x V' 6RI*

2.7)

where H = a/a is the Hubble parameter and d,, is the partial derivative
w.r.t. the coordinate x*. The operators R, Z and U vanish on a flat
FLRW background, thus they contribute only to perturbations, and for
convenience we can write R = dR = 1R+ 02R, Z =02, U = U, where
1R and 02R are the perturbations of the Ricci scalar respectively at
first and second order. We now proceed with a simple expansion of the
Lagrangian up to second order:

5
0L = L+ LNON + Li6K + Ls6S + LroR + LysU + Lz6Z + Y La,dc;

=1

2 2
1
+ ) Lgi(SZi—&-<5Na+6K8+688+6R8+6L{6> L

2 ON 0K oS OR ou

i=1

18
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2.3 From a General Lagrangian in ADM formalism to the EFToDE/MG

where L is the Lagrangian evaluated on the background and Lx = dL/0X
is the derivative of the Lagrangian w.r.t the quantity X. It can be shown
that by considering the perturbed quantities in and, after some
manipulations, it is possible to obtain the following expression for the
action up to second order in perturbations:

_ . . . 1
Supy = /d4x\/—g [L+f+3HF+ (Lny — F)ON + <f+ 2LNN> (6N)?
1
+ LsOK[ 0K} + 5A((SK)2 + BSNSKCSKOR + DINGR + E6R

+ %g(an)2 + Lz6RERY, + Lo, 0;6NO'SN + Lo, ;6 NV V*9'6N

Lo, RV ;00N + Lo, 0;6 NA2O'ON + Lo, ARV 00N
+ Lz VidRVSR + Lz,V;6R;,V6RI*] | (2.9)

_|_

where:

A= Lgg +4H?Lss — 4H gy,
B=Lgy—2HLgsn,

1
C=Lgr—2HLsr+ iLu — HLgy +2H?Lsy,

1.
D=Lyr + §Lz,{ — H Ly,

3 1.

F =Lk —2HLs,
G=Lrgr + H?*Lyy — 2HLRry. (2.10)

Here and throughout the Chapter, unless stated otherwise, dots indicate
derivatives w.r.t. cosmic time, t. The above quantities are general
functions of time evaluated on the background. In order to obtain
action , we have followed the same steps as in Refs. [37]|65], however,
there are some differences in the results due to the different convention
that we use for the normal vector (Eq. ) As a result the differences
stem from the terms which contain K and K,,. More details are in
Appendix where we derive the contribution of § K and S, and in
Appendix where we explicitly comment and derive the perturbations
generated by U.

Finally, we derive the modified Friedmann equations considering the
first order action, which can be written as follows:

SO, = / d'z [6VR(L+BHF + F) + *(Ly + 3HF + L)SN + a’€0,R]
(2.11)
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2 An extended action for the EFToDE/MG

where 6;R is the contribution of the Ricci scalar at first order. Notice
that we used /=g = N+v/h, where h is the determinant of the three
dimensional metric. It is straightforward to show that by varying the
above action w.r.t. 6N and dv/h, one finds the Friedmann equations:

Ly +3HF +L=0,
L+3HF +F=0. (2.12)

Hence, the homogeneous part of action (2.9)) vanishes after applying the
Friedmann equations.

2.3.2 The EFT action in ADM notation

We shall now go back to the EFT action and rewrite it in the ADM
notation. This will allow us to easily compare it with action and
obtain a general recipe to map an ADM action into the EFT language.
To this purpose, an important step is to connect the §¢°° used in this
formalism with § N used in the ADM formalism:

1
gooz_ﬁ = 142N —3(6N)? + ... = -1+ ¢, (2.13)

from which follows that (6g°°)? = 4(6N)? at second order. Considering
the Egs. (2.7) and (2.13), it is very easy to write the EFT action in terms
of ADM quantities, the only term which requires a bit of manipulation

s (1 + Q(¢))R, which we will show in the following. First, let us use
the Gauss-Codazzi relation [19] which allows one to express the four
dimensional Ricci scalar in terms of three dimensional quantities typical
of ADM formalism:

R=R+ K, K" — K?+2V,(n"V,n" — n"V,n"). (2.14)

Then, we can write:
/d%«ﬁ C14+ Q)R /d4x\/7 2(149) [R+ K K" — K?
+2V, (n"V, nt —nkV,n")],

/d‘*xf 21+ [R+S-K*+2V, (n"K —a")],

/d%f{ (1+Q)(R+87K2)+mOQK
(2.15)

20



2.3 From a General Lagrangian in ADM formalism to the EFToDE/MG

where in the last line we have used that V”a, = 0. Proceeding as usual
and employing the relation (2.139)), we obtain:

/d‘*:c\ﬁ C1+ Q)R /d‘*z\ﬁmo{ (1+QR+3H*(1+9Q)

F2H (14 Q) + 2HO + O + [HQ —2H(1+Q) - Q} SN

_OSKGSN + MTQ)(SK,%KZ _a ; Y (5K2

+ {2H(1 +Q) +2HO + € — SHQ} ((5N)2} .
(2.16)

Finally, after combining terms correctly, we obtain the final form of the
EFT action in the ADM notation, up to second order in perturbations:

SEFT:/d4$\/ { 014+ Q)R+ 3H*m2(1 + Q) + 2Hm(1 + Q)

+2m2HQ + m2Q + A + [Hng —2Hmi(1 + Q) — Om?2 — 20} ON
(3 + NP)SKON + 2 [md(1 + ) — N3] SKESK — - [m3(1+ )

+N2] (5K)? + N?6NOR + [2Hm(2)(1 + Q)+ Om2 — Hm2Q + 3¢
+2M2] (N)? + 4m3h 8,0N D, 0N + —5R5K + AL(OR)?

FA20RESRY, 4 2X30Rh*'V ,0, 6N + 4)\4h“”8#6NV28,,5N
+AshV RV LR + A6h*' YV RijV, RY + ANk 0,6 NV*0, 6N
+2Xsh*' VPRV ,0,6N } . (2.17)

This final form of the action will be the starting point from which we will
construct a general mapping between the EFT and ADM formalisms.

2.3.3 The Mapping

We now proceed to explicitly work out the mapping between the EFT
action and the ADM one . The result will be a very convenient
recipe in order to quickly map any model written in the ADM notation
into the EFT formalism. In the next Section we will apply it to most
of the interesting candidate models of DE/MG, providing a complete
guide on how to go from covariant formulations all the way to the EFT
formalism at the basis of the Einstein-Boltzmann solver EFTCAMB |22,
23).
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2 An extended action for the EFToDE/MG

A direct comparison between actions and (| allows us to
straightforwardly identify the following:

2 . . .
%(HQ):g, —2¢+m3 {—ZH(H—Q)—SH—HQ} =Ly - F,

A+m2 [3H2(1+Q)+2H(1+Q)+2HQ+Q} =L+3HF+ F,

: L
m3[2H(1+Q) HQ+Q}+2M2+3C_I+%
M) - MF=A M=T. —mi-Mp=B ™ —c

. m2 M2
M? =D, 2(1+Q)—7_L5, 4m3 = La,, As =1Lz, 4\;= Lo,
2)\3 = Lag, 4)\7 - La4, 2)\8 - L(Xs? AQ = LZy )\6 = LZ2.

(2.18)

It is now simply a matter of inverting these relations in order to obtain
the desired general mapping results:

Q)= 26— c(t)zé(f—LNH(Hé—é_ng),
mo

A(t) =L+ F+3HF — (6H?E + 28 +4HE +4HE),  M3(t) = —A - 2€,

L _ . _

My(h) = 5 (LN+];]V> —g, MP(t)=-B—2€,  Mi(t)=—2Ls+2E
2 _ LOél — _ 72 _ _ g
my(t) = =5, ms(t) =20,  MA)=D,  A()=7,

(2.19)

Let us stress that the above definitions of the EFT functions are very
useful if one is interested in writing a specific action in EFT language.
Indeed the only step required before applying , is to write the
action which specifies the chosen theory in ADM form, without the need
of perturbing the theory and its action up to quadratic order.

The expressions of the EFT functions corresponding to a given model,
and their time-dependence, are all that is needed in order to implement
a specific model of DE/MG in EFTCAMB and have it solve for the
dynamics of perturbations, outputting observable quantities of interest.
Since EFTCAMB uses the scale factor as the time variable and the
Hubble parameter expressed w.r.t conformal time, one needs to convert
the cosmic time ¢ in the argument of the functions in Eq. into

22



2.4 Model mapping examples

the scale factor, a, their time derivatives into derivatives w.r.t. the scale
factor and transform the Hubble parameter into the one in conformal
time 7, while considering it a function of a, see Ref. [80]. This is a
straightforward step and we will give some examples in Appendix [2:10]

Let us conclude this Section looking at the equations for the background.
Working with the EFT action, and expanding it to first order while using
the ADM notation, one obtains:

2
Sprr = /d‘*w {a?’”;o (1+ Q) 5iR + [3H2m3 (1 + ) + 2Hm3 (1 +9)

+ 2mBHQ +m0 + A VA + a® [3HOmE - 20+ 3Hmi (1 + Q)
+ AJON}, (2.20)

therefore the variation w.r.t. N and 6v/h yields:

3HOmME — 2+ 3H*m2(1+ Q) +A =0,
SH*m2(14 Q)+ 2Hm2(1 + Q) +2m2HQ + m2Q + A = 0.
(2.21)

Using the mapping , it is easy to verify that these equations corre-
spond to those in the ADM formalism . Once the mapping
has been worked out, it is straightforward to obtain the Friedmann
equations without having to vary the action for each specific model.

2.4 Model mapping examples

Having derived the precise mapping between the ADM formalism and
the EFT approach in Section we proceed to apply it to some
specific cases which are of cosmological interest, i.e. minimally coupled
quintessence [71], f(R) theory [11], Horndeski/GG |78, [79], GLPV [66]
and Hofava gravity [64]. The mapping of some of these theories is
already present in the literature (see Refs. |14} |15| [39, 65| {74} 75] for
more details). However, since one of the main purposes of this work
is to provide a self-contained and general recipe that can be used to
easily implement a specific theory in EFTCAMB, we will present all the
mapping of interest, including those that are already in the literature due
to the aforementioned differences in the definition of the normal vector
and some of the EFT functions. Let us notice that the mapping of the
GLPV Lagrangians in particular, is one of the new results obtained in
this work.
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2 An extended action for the EFToDE/MG

2.4.1 Minimally coupled quintessence

As illustrated in Refs. |14} |15, |75], the mapping of minimally coupled
quintessence [71] into EFT functions is very straightforward. The typical
action for such a model is of the following form:

so= [atev=g ["R-Jrens-vie] . e

where ¢(t,z%) is a scalar field and V() is its potential. Let us proceed
by rewriting the second term in unitary gauge and in ADM quantities:

_¢32(t) g0 = (Z%\(f? : (2.23)

1
_iguya;ﬂﬁaﬂb —

where ¢o(t) is the field background value. Substituting back into the
action we get, in the ADM formalism, the following action:

Sy = /d‘*wfg{";g [R+8 - K2 + %éi(t) — V(¢o)} , (2.24)

where we have used the Gauss-Codazzi relation to express the
four dimensional Ricci scalar in terms of three dimensional quantities.
Now, since the initial covariant action has been written in terms of ADM
quantities, we can finally apply the results in Eqgs. to get the EFT
functions:
_ _ % _ %

Q(t) =0, c(t) = == Alt) = 3~ Vigo)- (2.25)
Notice that the other EFT functions are zero. In Refs. |14, [15] the above
mapping has been obtained directly from the covariant action while our
approach follows more strictly the one adopted in Ref. [75]. However, let

us notice that w.r.t. it, our results differ due to a different definition of
the background EFT functions[f]

*The background EFT functions adopted here are related to the ones in Ref. |75],
by the following relations:

1+ Q(t) = f(t), A(t) = —A@t) +c(t), c(t) = é&(t). (2.26)

where f and tildes quantities correspond to the EFT functions in Ref. |[75|. These
differences are due to the fact that in our formalism we have in the EFT action the
term —cdg%0 while in the other formalism the authors use —&g%%, therefore an extra,
contribution to A from this operator comes when using g°° = —1 + 6¢%9. Instead the
different definition of the conformal coupling function, €2, is due to numerical reasons
related to the implementation of the EFT approach in CAMB.
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2.4 Model mapping examples

Moreover, in order to use them in EFTCAMB one need to convert
them in conformal time 7, therefore one has:

_gp 00 _gp 0
o) =HE AD =L V), @)

where the prime indicates the derivative w.r.t. the scale factor, a(7), and
H= %g—i is the Hubble parameter in conformal time. Minimally coupled
quintessence models are already implemented in the public versions of

EFTCAMB [R0).

2.4.2 f(R) gravity

The second example we shall illustrate is that of f(R) gravity [10,/11]. The
mapping of the latter into the EFT language was derived in Refs. |14} |75].
Here, we present an analogous approach which uses the ADM formalism.
Let us start with the action :

5= [ ataev=g" im+ s, (2.29)

where f(R) is a general function of the four dimensional Ricci scalar.

In order to map it into our EFT approach, we will proceed to ex-
pand this action around the background value of the Ricci scalar, R(©).
Therefore, we choose a specific time slicing where the constant time
hypersurfaces coincide with uniform R hypersurfaces. This allows us to
truncate the expansion at the linear order because higher orders will
always contribute one power or more of § R to the equations of motion,
which vanishes. For a more complete analysis we refer the reader to
Ref. [14] . After the expansion we obtain the following Lagrangian:

5= [ atay=g"0 {1+ fn(RO)] B+ F(RO) — RO fu(RO)},

(2.29)

where fr = %. In the ADM formalism the above action reads:

2
2 .
S; = /d%\/fg% { [1 + fR(R<0>)] [R+S—K?* + ~/nK
+ (RO - R<o>fR(R<o>)} : (2.30)
where we have used as usual the Gauss Codazzi relation (2.14)). Using

Egs. (2.19), it is easy to calculate that the only non zero EFT functions
for f(R) gravity are:

Q) = fa(R®).  A@) = "L H(RO) — RO fu(RO). @31
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2 An extended action for the EFToDE/MG

The public version of EFTCAMB already contains the designer f(R) mod-
els [12} 180} 181], while the specific Hu-Sawicki model has been implemented
through the full mapping procedure [82].

2.4.3 The Galileon Lagrangians

The Galileon class of theories were derived in Ref. [83], by studying
the decoupling limit of the five dimensional model of modified gravity
known as DGP [84]. In this limit, the dynamics of the scalar d.o.f.,
corresponding to the longitudinal mode of the massive graviton, decouple
from gravity and enjoy a galilean shift symmetry around Minkowski
background, as a remnant of the five dimensional Poincare’ invariance [85].
Requiring the scalar field to obey this symmetry and to have second
order equations of motion allows one to identify a finite amount of terms
that can enter the action. These terms are typically organized into a
set of Lagrangians which, subsequently, have been covariantized [86)
and the final form is what is known as the Generalized Galileon (GG)
model [79]. This set of models represent the most general theory of
gravity with a scalar d.o.f. and second order field equations in four
dimensions and has been shown to coincide with the class of theories
derived by Horndeski in Ref. |78]. It is therefore common to refer to
these models with the terms GG and Horndeski gravity, alternatively.
GG models have been deeply investigated in the cosmological context,
since they display self accelerated solutions which can be used to realize
both a single field inflationary scenario at early times [87H96] and a late
time accelerated expansion [97H101]. Moreover, on small scales these
models naturally display the Vainshtein screening mechanism [102} 103,
which can efficiently hide the extra d.o.f. from local tests of gravity [83,
85, [1044108].

GG models include most of the interesting and viable theories of
DE/MG that we aim to test against cosmological data. To this extent,
the Einstein-Boltzmann solver EFTCAMB can be readily used to explore
these theories both in a model-independent way, through a subset of
the EFT functions, and in a model-specific way [22}, [80]. In the latter
case, the first step consists of mapping a given GG model into the EFT
language. In the following we derive the general mapping between GG
and EFT functions, in order to provide an instructive and self-consistent
compendium to easily map any given GG model into the formalism at
the basis of EFTCAMB.

Let us introduce the GG action:

SGG = /d4.'11\/ —g (LQ + L3 + L4 + L5) 5 (232)
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2.4 Model mapping examples

where the Lagrangians have the following structure:

L2 = K(¢7X) )
Ly = G3(¢, X)Uo,

Ly = Ga(6, X)R = 2Gax (6, X) [(00)° = 6"y .

Ls = G5(6, X)Gu 6™ + 3Gx (6,X) [(06)" ~ 3066" 6,5
+26,,0"7 by ] (2.33)

here G, is the Einstein tensor, X = ¢*¢,, is the kinetic term and
{K,G;} (i = 3,4,5) are general functions of the scalar field ¢ and X,
and G;x = 0G;/0X. Moreover, O = V2 and ; stand for the covariant
derivative w.r.t. the metric g,,. The mapping of GG is already present in
the literature. For instance in Ref. [74] the mapping is obtained directly
from the covariant Lagrangians, while in Refs. |65} 75] the authors start
from the ADM version of the action. In this Chapter we present in details
all the steps from the covariant Lagrangians (2.33)) to their expressions
in ADM quantities; we then use the mapping to obtain the EFT
functions corresponding to GG. This allows us to give an instructive
presentation of the method, while providing a final result consistent with
the EFT conventions at the basis of EFTCAMB. Throughout these steps,
we will highlight the differences w.r.t. Refs. [65, |74, |75] which arise
because of different conventions. Finally, in Appendix we rewrite the
results of this Section with the scale factor as the independent variable
and the Hubble parameter defined w.r.t. the conformal time, making
them readily implementable in EFTCAMB.

Since the GG action is formulated in covariant form, we shall use the
following relations to rewrite the GG Lagrangians in ADM form:

1
nu:'y(b;;u 7:\/?,

where we have, as usual, assumed that constant time hypersurfaces
correspond to uniform field ones. We notice that the acceleration, 7,
and the extrinsic curvature K*” are orthogonal to the normal vector.
This allows us to decompose the covariant derivative of the normal vector
as follows:

Ny =n"Npyw (2.34)

Ny = Ky — npiy. (2.35)
With these definitions it can be easily verified that:

2
G = V_I(Kuv — Nty — i) + %QS;/\X;ATL#”V; (2.36)

2
O¢ =~y 1K — %¢“\X;>\. (2.37)
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2 An extended action for the EFToDE/MG

e L,- Lagrangian

Let us start with the simplest of the Lagrangians which can be Taylor
expanded in the kinetic term X, around its background value X, as
follows:

K¢, X) = ]C(¢07X0)+KX(¢07XO)(X_XO)+%KXX(X_XO)27 (2.38)

where in terms of ADM quantities we have:

do(t)? _ Xo
N2 T N2

Now by applying the results in Egs. (2.19), the corresponding EFT
functions can be written as:

X =

(2.39)

A(t) = K(¢o, Xo),  e(t) = Kx(do, Xo)Xo My (t) = Kxx (o, Xo) X5
(2.40)
The differences with previous works in this case are the ones listed in

Eq. (2:20).
e L3- Lagrangian

In order to rewrite this Lagrangian into the desired form, which depends
only on ADM quantities, we introduce an auxiliary function:

G3 = F3+2XF3x . (241)

We proceed to plug this in the Ls-Lagrangian (2.33)) and using Eq. (2.37)
we obtain, up to a total derivative:

Ly = —F33X — 2(—X)*?F3x K . (2.42)

Now going to unitary gauge and considering Eq. (2.39), we can directly
use (2.19). Let us start with ¢(¢):

ct) =3(F—Ly)= 3P doFax + 200 Fsx x Ps — e Faxe + Fspd
—Fyyx ¢l — 6HP} Faxx + IHFsx - (2.43)

Now we want to eliminate the dependence on the auxiliary function Fj.
In order to do this, we need to recombine terms by using the following;:

Gs = F3+2XFsx, Gap=Fsy —202F3x4, Gax = 3Fsx — 202Fsxx

Gaxx = 3Fsxx — 208 Fsxxx + 2F3xx,  Gagx = 3Fsx4 — 208 Fagxx
(2.44)
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2.4 Model mapping examples

which gives the final expression:
c(t) = §5Gsx (3BHo — o) + Gapdp- (2.45)
Now let us move on to the remaining non zero EFT functions corre-
sponding to the L3 Lagrangian:
A(t) = L+ F +3HF = G405 — 20003Gsx
M}(t) = —Lixn = —2G3x 5,

4 1 LNN C d)g . . .5

My (t) = 3 LN"’T _5:G3X?(¢O+3H¢O)_3HG3XX¢0
(4

—GSq&X@ , (2.46)

where we have used the relations (2.44)). In the definitions of the EFT
functions, G'3 and its derivatives are evaluated on the background. We
suppressed the dependence on (¢g, Xo) to simplify the final expressions.
Before proceeding to map the remaining GG Lagrangians, let us comment
on the differences w.r.t. the results in literature |65, 74, 75]. The results
coincide up to two notable exceptions. The background functions are
redefined as presented in Eq. and M3} = —mj3. In the latter term,
the minus sign is not a simple redefinition but rather comes from the fact
that our extrinsic curvature has an overall minus sign difference due to
the definition of the normal vector. Therefore, the term proportional to
K 6g° will always differ by a minus sign.

e L,- Lagrangian
Let us now consider the L, Lagrangian:
Ly = G4R — 2Gax [(D@Q — | (2.47)
After some preliminary manipulations of the Lagrangian, we get:
Ly = G4R +2Gx (K? — K, K") 4+ 2Gux XA (Kn* —n?).  (2.48)
We proceed by using the relation:
0,Gs = Gux X, + Gapdyp (2.49)

which we substitute in the last term of the Lagrangian (2.48]) and, using
integration by parts, we get:

Ly = G4R+ (2G41x X — G4)(K? — K,y K"™) + 2G4V - XK, (2.50)
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2 An extended action for the EFToDE/MG

where we have used the Gauss-Codazzi relation . Let us recall that
we can relate ¢,, to X by using Eq. .

Finally, in the same spirit as for L3, we derive from the Lagrangian (2.50))
the corresponding non zero EFT functions by using the results (2.19):

2
Qt)=-14+ =G
() +mg 4,

c(t) = _% ( — Ly +2HLs + 2HL5) +HLg — Lr —2HLg
= Gax (208 + 260 6o + 4H G + 2H dopo — 6H )
+ Gax (2080 + 10HE,) + Gux x (12H>¢5 — SHHdo — 467567)

At)=L+F+3HF — (6H*Lg 4+ 2Lr +4HLg +4HLyg),

= Gux {12H2¢% +8H@E + 16H pobo + 4(¢g + d’oao)}
— Gaxx (16Hdo + 86567) +8HGaxsdy ,

M(t) = %(LN +Lnn/2) — g = Gupx (A4HY — dod3) — 6HP Gapx x
—Gux <2H¢.5(2) + Heodo + do b + Q%)
+ Guxx (18H? g + 20505 + AHdody) — 12H*Guxxx ),

2(t) = —Lgg — 2Lr = 4G4x 92,
I3(t) = —2Ls + 2Lg = —4G4x ¢ = —M3(t),
M?(t) = Lyr = 2¢02Gax
VI3 (t) = 2HLsn — 2Lg — Lign = Gax (4¢odo + 8HP?)

—16HG4x x ¢y — 4Gusx 3 (2.51)

where also in this case G4 and its derivative are evaluated on the back-
ground. Let us notice that the above relations satisfy the conditions
which define Horndeski/GG theories, i.e.:

M2 = —MZ2(t) = 2M>(t), (2.52)
as found in Refs. |65, [74]. Finally, besides the differences mentioned
previously for the Ly and L3 Lagrangians which also apply here, we
notice that M? = u? when comparing with Ref. [65].

e Ls- Lagrangian

Finally, let us conclude with the L5 Lagrangian. This Lagrangian contains
cubic terms which makes it more complicated to express it in the ADM
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2.4 Model mapping examples

form:

Ly = Gs(6, X) G+ 3 Gsx (9, X) [(00)° = 8000 6 + 26,0676
(2.53)

In order to rewrite Ls, we have to enlist once again the help of an auxiliary

function, F5, which is defined as follows:

_ Fs
Gsx = Fsx + X (2.54)

Then, using this definition, we get the following relation:
GsxX,p = V(v ' Fs) = Fspy ™ 'y (2.55)

Let us start with the first term of the Lagrangian, which can be written
as:

G5G ™ = F5¢" G,y — %X”’n“GW& + (Fs — G5p)y 0¥ n" G,

(2.56)
hence we need to rewrite F5¢'*”G,,, in terms of ADM quantities which
can be achieved by employing the following relation:

1
K"G. = KK"Ku, —K,, +RuwK—K"nn’R s, — 5K(R - K?
+ KuK" —2R,n"n"). (2.57)
This leads to the following:
2
Fs¢™ G,y = F5(7 1 (=2R,,mPn") + %n“n”&)‘X;)\Gw)
+ By KK Ky — K + Ry K'Y — K*'nn Rygy,
1
— 5K (R = K? + Ku K" = 2R, n*n”)] (2.58)

The second term of the Lagrangian can be computed by considering

Eqgs. (2.36))-(2.37)), which yields:

%GSX [(D¢)3 - 3D¢¢mu¢;uu + 2¢;uu¢)mg¢;g] =

_Gsx 3

S .
+ 59 A X+ 293 KRR,

1 .
(K? —3KS +2K,, K" KY) + Gsx ( — §K2¢>;>\X’)‘ — 20T, K7

G 5
= —;X YK+ Gsx T (2.59)

31



2 An extended action for the EFToDE/MG

where the definitions of K and J come directly from the second line of
the above expression. In Appendix we treat in detail the Gsx J
term but for now we simply state the final result:

K
GsxJ = FS'Y_I [5+KuynanpRuaup+hanpRop_KnanpRap] _7(K2_S)'
Hence, after collecting all the terms, we get:

1 R (-
Ls = Fsv/—X (K’“’R,“, - 5KR) + (G — Fsp) X 5 + X7

+ %X(Kz — K, K. (2.61)

Now, in order to proceed with the mapping, we need to analyse K and
U= K"R,, terms. The latter will be treated as in Appendix while
the former can be written up to third order as follows:

K =—-6H® - 6H?K —3HK? + 3HK,, K" + O(3). (2.62)

Finally, the ultimate Lagrangian is:

1 R
Ls = Fsv/—X (u _ 5KR) + (Gsp — Fsp)X 5

(-X)*2

T3

Gsx(—6H® —6H?K —3HK? + 3HS) + %X(KQ -3).
(2.63)

Although F5 is present in the above Lagrangian, it will disappear when
computing the EFT functions as was the case for Ls. At this point we
can write down the non zero EFT functions as follows:

. . .2
o) = <G5X¢o¢(2) ~ Gay ¢°) -1,

2 2
123 2¢ 252 254 313
C(t) = 5]:+ §HmOQ —3H ¢0G5¢ +3H ¢0G5¢X —3H ¢0G5X
+2H3¢3Gsx x
At) =F = 3m2H?*(1+ Q) + 4Gs5x H3 43 + 3HG5403
F o3 . . : .
My (t) = 1 ZngQ —2H3Gsxxxbp — 3H?$3Gspxx + 6Gsx x H* )

3 .
+ 6H2G5¢X¢§ - §H‘3G5x¢>‘3,

Mz(t) = —Gsxd2do + HG5x 3 + G5¢¢% )
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2.4 Model mapping examples

M3 (t) = — M3 (t) = 2M3(t)
M(t) = —m2Q + 4HP2 G5y — 4AH paGspx — AH?¢5Gsxx + 6H*3Gsx
(2.64)

2HmZ(1 + Q). We have omitted, in the EFT functions, the dependence
on the background quantities ¢y and Xy of G5 and its derivatives. Finally
we recover, as expected, the relation .

2.4.4 GLPV Lagrangians

We shall now move on to the beyond Hordenski models derived by
Gleyzes et al. |66l |67], known as GLPV. These build on the premises of
the Galileon models and include some extra terms in the Lagrangians that,
while contributing higher order spatial derivatives in the field equations,
maintain second order equations of motion for the true propagating d.o.f..
Specifically, the GLPV action assumes the following form:

SaLpv = /d4x\/—g (LG + LS9 + L§C + L§G + LGVPY 4 LGMPV] |

(2.65)
where L{¢(i=2,3,4,5) are the GG Lagrangians listed in Eq.(2.33) and
the new terms to be added to the GG Lagrangians are the following:

G ~ v /U/ ’
L4 LPV — F4(¢7 X)Eu pa'eu P U¢;u¢;u’¢;uu’¢pp’ s
LEEPY = Fy (¢, X)W Po etV PO b b 1Dt §opt Do » (2.66)
where €*P7 is the totally antisymmetric Levi-Civita tensor and Fy, Fs

are two new arbitrary functions of (¢, X).
As usual, we will first express the new Lagrangians in terms of ADM

quantities using, among others, relations (2.36)-(2.37), and we get:
LEYY = —X2Fy(¢, X)(K? — K;; KY)
LEMY = F5 (6, X)(=X)°/?K
= F5(¢, X)(—X)*?(—6H® —6H*K —3HK? + 3HK,,, K"") .
(2.67)

The last equality holds up to second order in perturbations. It is now easy
to apply the familiar procedure. Moreover, since different Lagrangians
contribute separately to the EFT functions, we can simply calculate the
EFT functions corresponding to the new Lagrangians and add
those to the results previously derived for the GG Lagrangians.
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2 An extended action for the EFToDE/MG

e L{LPV. Lagrangian
Let us start with the operators included in the LF“"V Lagrangian:
LEYPY = —X?Fy (K% - S). (2.68)

We can easily derive the following quantities that are useful for the
mapping:

Lk =6H¢3Fy, Ls=¢pFs, Lixx=—20F,
Fr . .
Ly = 4N—05F4(K2 —8) =24H?$3Fy Lyn = —12093F4H?,
Ly = —24HG3Fy, Lns = —4d¢F,, F=4H@3F,
F = AHGLF, + 16HEyd3do — SHG o Fax + AHG Fry . (2.69)

Using the relations (2.19)), we obtain the non-zero EFT functions corre-
sponding to L§EFV:

o(t) = 2HGAFy + 8HOS G Fy — AH 3o Fyx + 2H Fuypl — 12H?GAFy
A(t) = 6H?GaFy + AH P Fy + 16 HP3do Fy + AH G Fys — SH 0 Fux
My(t) = —18¢3 FyH? — HpgFy — AH G doFy + 2H P b0 Fux — HFyp05 + 6H?G3Fy
13 (t) = 243 Fy,
I3 (t) = 16 Ho Fy,
I2(t) = —M2(t). (2.70)

As before, Fy and its derivatives are evaluated on the background, there-
fore they only depend on time.

° L5GLPV— Lagrangian
Let us now consider the last Lagrangian:

LEYPY = (=X )*?Fy(—6H® — 6H?K — 3HK? +3HS),  (2.71)
which gives the derivatives, w.r.t. ADM quantities, one needs to obtain
the mapping:

Lix = —12H*¢3Fs5, Ls=—3H®Fs, Ly = 5%%&/& = 3095 H’F5,
Lix =6H@Fs, Lyy =180H>¢5Fs, Lykx = 6043F5H?,
Lns = 156H@ F5, F = —6H2¢)Fs,

F =12H%¢5Fsx o — 12HH G5 Fs — 30H? s Fypo — 6H? G5 Fsyy .
(2.72)
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Employing these, allows us to obtain the non-zero EFT functions:

A(t) = —3H3§3F5 — 12HHGY Fs — 30H?Gp Fsgo + 12H? G5 Fsx ¢o — 6 H> G5 sy,

c(t) = 6H?*$5doFsx — 6HH Y Fs — 15H? G Fsgo — 3H2 S Fsg + 1505 H3 F
45 .o .~ s~ 5 e o~ e 3 -
My (t) = 4 9o H Fs + BHHGGFs + - H*doooFs — BH ¢Gd0Fsx + 5 H*$4Fsg
722(75) = _6H¢8F5a
I3 (t) = —30H?) F,
VI3 (t) = —M3(t). (2.73)

As usual the functions Fs and its derivatives are functions of time. Their
expressions in terms of the scale factor and the Hubble parameter w.r.t.
conformal time can be found in Appendix Let us notice that GLPV
models correspond to:

M3 = —M3, (2.74)

which is a less restrictive condition than the one defining GG theo-
ries (2.52) as M3 # 2M?3.

Let us conclude this Section by working out the mapping between the
EFT functions and a common way to write the GLPV action. This action
is built directly in terms of geometrical quantities, hence guaranteeing
the unitary gauge since the scalar d.o.f. has been eaten by the metric [66].
Therefore now we will consider the following GLPV Lagrangian instead
of the one defined previously:

Lopy = Ax(t,N)+ As(t,N)K + Ay(t, N)(K* — K;;KV) + By(t, N)R
+ At N) (K* = KKK + 2Ky KK
» R
+ Bs(t,N)KY <Rij —hij2) , (2.75)
where A;, B; are general functions of ¢ and N, and can be expressed in

terms of the scalar field, ¢, , as shown in Ref. [66], effectively creating
the equivalence between the above Lagrangian and the one introduced in

Eq. (2:63).
It is very easy to write the above Lagrangian in terms of the quantities
introduced in Section R.3.1t
Lorpy = As(t,N)+ As(t, N)K + Ay(t, N)(K? — 8) + By(t, N)R
+ A5(t,N) (—6H® — 6H’K — 3HK? + 3HS)
RK
(2.76)
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2 An extended action for the EFToDE/MG

Now, we can compute the quantities that we need for the mapping (2.19):

o B B ) .
L=Ay—3HA3; +6H*A, —6H> A5, € =By~ 3Bs.

F=A3—4HA, +6H?A;, Ls=—-As+3HA;,

Lx = A3 —6HAy + 12H? A5, Lyxx =2A, —6HAs,

Ly = Aoy —3HAsn +6H?Ayny —6H?Asy, Ly = Bs,

Lyny = Aonn —3HAsn + 6H? Agny — 6HP Asnn

Lsy = —Asn +3HAsy, Lin = Asy —6HAyy + 12H Az,

1

_ _ _ 3
Lxkr=-5Bs5, Lnu=DBsv, Lyr=Div+ HBsn, (277)

where the quantities with the bar are evaluated in the background and
A;y means derivative of A; w.r.t. Y. Then the EFT functions follow

from Eq. (2.19)):

M (1)

36

9 [ 1-:
Z(B,—:Bs) -1
m% < 4 2 5) )
Ay — 6H?A, + 12H3 A5 + A3 — AH A, — AHA, + 6H? A5 + 12HH A5
.. — 1 = = — Ea 1 .

- {2(3}12 +2H) (34 - 2B5> +2B, - BY) +4H <B4 - 235)} ,
1 - P ) - - _ —
5 (A3 —4HA, —AHA, + 6H?As + 12HH A5 — Ay + 3HA3N)

- 35 - 1 = e 1 5(3)
—6H“Ayn +6H Asny + H | By — §B5 — By + 535

. _ 1 =
—2f <B4 - 235> ,
— 94, +6HAs — 2B, + Bs,
—Agn +4H A,y — 6H? Ay — 2By + Bs )
—M3(t),
1, - _ _ _ 1 - .
7 (Aeny = 3HAgyy + 6H> Asyy — 6H* Asyy) = 4 (A3 —4HA,
—4H/i4 + 6H2fi5 + 12HHA5) + Z (AQN - 3HA3N + 6H2A4N

— 1 = 1 p3 2 1 —
—6H®Asn) — = |H (By— =Bs ) — By + =B
2 2 2

. — 1 -

(b 151)].

_ 1. 1 -
Bun + EHBSN + §B5 . (278)
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The condition ({2.74) is satisfied as desired and one can focus on the GG
subset of theories by enforcing the condition MZ(t) = 2M?(t) .

2.4.5 Horava Gravity

One of the main aspects of our paper is the inclusion of operators with
higher order spatial derivatives in the EFT action. Thus, it is natural to
proceed with the mapping of the most popular theory containing such
operators, i.e. Hofava gravity [35, 136]. This theory is a recent proposed
candidate to describe the gravitational interaction in the ultra-violet
regime (UV). This is done by breaking the Lorentz symmetry resulting
in a modification of the graviton propagator. Practically, this amounts
to adding higher-order spatial derivatives to the action while keeping the
time derivatives at most second order, in order to avoid Ostrogradsky
instabilities [25]. As a result, time and space are treated on a different
footing, therefore the natural formulation in which to construct the action
is the ADM one. It has been shown that, in order to obtain a power-
counting renormalizable theory, the action needs to contain terms with
up to sixth-order spatial derivatives [62H64]. The resulting action does
not demonstrate full diffeomorphism invariance but is rather invariant
under a restricted symmetry, the foliation preserving diffeomorphisms
(for a review see [55| [59] and references therein). Besides the UV regime,
Horava gravity has taken hold on the cosmological side as well as it
exhibits a rich phenomenology [40H47, 4951, 53] and very recently it has
started to be constrained in that context [39, |48} |52, 54l |56-58].

Here, we will consider the following action which contains up to six
order spatial derivatives, (and is therefore included in the extended EFT
action):

1 . _ )
Sg = e /d4x\/—g (K KY — AK? — 26N + €R + na;a’ + g1 R?
H
+ ggRinij + gg’RViai + g4aiAai + g5RAR + gGViRjkViRjk
+  gra;A’a’ + gsARV,a'] (2.79)

where the coefficients \, 7, € and g; are running coupling constants, A is
the ”bare” cosmological constant and G is the coupling constant |39
64):
1 mé
= . 2.80
167Gy (26 —n) (2:80)

The above action is already in unitary gauge and ADM form, then we
just need few steps to write it in terms of the quantities introduced in
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Section 2.3.1¢
1 _
Sy = /d4x\/—g [S — AK? — 26A 4+ ER +nay + 1R + g2 2
167TGH
+g3a3 + gaas — 9521 + g6 Z2 + graa + gsas| , (2.81)

then by using the results (2.19) it is easy to show that the EFT functions
read:

m2(1+ Q) = (22?_(2’2) oft) = —(22”_(2)77)(1 + 26— 3N,

A(t) (ém%n) —€R — (1 — 3X\+26) (;H2 + H)} :
M=, = -2 (e ),

m3 = 4(2;"37)777 M3(t) = 2(22'”‘%(1 +26 — 3N,
Algl(QZL—(2)77)’ AZgQ(QéTn—%n)’

o 932(2?3 ;o 944(2’;3 nT _g"’(%m%n)
g Mg g (s

and the remaining EFT functions are zero. The mapping of Hofava
gravity has been worked out in details in Ref. [39], by some of the authors
of this paper. Subsequently, the low-energy part of Horava action, which
is described by {Q,¢, A, M2, M2, M3, m3}, has been implemented in
EFTCAMB [80] and constraints on the low-energy parameters {£,7n, A\}
have been obtained in Ref. [39].

2.5 Stability

Along with its unifying aspect, a very important advantage of the
EFToDE/MG formalism is that of being formulated at the level of
the action in a model independent way. By inspecting the EFT action
expanded to quadratic order in the perturbations, it is possible to impose
conditions on the EFT functions to ensure that none of the undesired
instabilities develop. It has been preliminary shown in Ref. [23], that the
impact of such conditions can be quite significant as they can efficiently
reduce the parameter space that one needs to explore when performing a
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2.5 Stability

fit to data. In some cases they have been shown to dominate over the
constraining power of current data [23].

The study of the theoretical viability of the EFT action has already
been performed to some extent in the literature |14, |15} [65] 67, |68,
however here we will include in the analysis, for the first time, higher
order operators and consider also the instabilities related to a negative
squared mass of the scalar d.o.f.. Specifically, we will consider three
possible instabilities: ghost and gradient instabilities both in the scalar
and tensor sector, and tachyonic scalar modes (for a review see Ref. [109]).
Starting from the general action , we expand it up to quadratic
order in tensor and scalar perturbations of the metric around a flat FLRW
background. Our focus is on the stability of the gravity sector, hence we
will not consider matter fluids. The complete stability analysis of the
general action in the presence of a matter sector is the main topic
of the next Chapter.

Let us consider the following metric perturbations for the scalar com-
ponents:

ds? = —(1+ 26N)dt* + 20ipdtda’ + a*(1 + 2¢)6;;dx'da? ,  (2.83)

where as usual N (¢, z*) is the perturbation of the lapse function, ;3 (t, %)
and ((t, ) are the scalar perturbations respectively of the shift function
and the three dimensional metric. Then, the scalar perturbations of the
quantities involved in the action are:

6K = —3C +3HGSN + %a%,

§Kij = a?6,;(HON — 2HC — &) + 8,951 ,
SK! = (HSN — ()5t + %a%‘aﬂp,

6Rij = —(6:;;0°C + 0;0;C),

IR = —%azg,

52R = — 5 [(01:0)" — 4] (2.84)

Now, we can expand action (2.17)) to quadratic order in metric perturba-
tions. In the following we will Fourier transform the spatial partff] and

*More properly, in Fourier space we should write (¢(¢, k))? — (x(_k, however in
the following we prefer to drop the indices in order to simplify the notation.
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2 An extended action for the EFToDE/MG

after regrouping terms, we obtain:

1 .
Sty = B / d*kdt a® {— (Wo + Wak? + Wak*) k*¢? — 3a*Wa(SN
3 . 2
ﬂa2w5(g) <W46N + WsC — Wik + a4m5k2<) Ky
2
(W1 + 4m3 k2 - 4)\4k4 + 4A7 ) (6N)?
a
- (W6 + SAgk—4 + 8)\2k4) 5Nk2<} ,
a a
(2.85)
where:

1 .
Wy = ) [m%(l + Q)+ 3Hms +377L5] ,

. 3 _ 9 _ _
Wi =c+2M3 — 3m2H?*(1+ Q) — 3m3HQ — 5H2M§ — §H2M22 —3HM?},

As A
W, = —16—5 - 6—6

M
Wi = —16—1 - 6—2

1 . _ _ _
Wi = — <_2m3H(1 Q) - m20 — HM2 — M — 3HM22) ,
a
1 _ _
Ws=— (2m3(1 + Q) + M3 + 3M3) |
4 1 2 ~ 2 mS

1

W fr—
T o4

(M3 + M3) .

In this action we have three d.o.f. {{,0N,}, but in reality only one,

¢, is dynamical, while the other two, {0 N, ¢}, are auxiliary fields. This
implies that they can be eliminated through the constraint equations
obtained by varying the above action w.r.t. them. We will leave for the
next Sections the details of such a calculation, here we want to outline
the general procedure we are adopting. After replacing back in the action
the general expression for § N and ¢ , we end up with an action of the
form:

Bt a® { Lo (1, K)E — [K2G(1, k) + M (1, 1)
(2.87)

1
2
S(El)’T - (
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2.5 Stability

where M (t, k) depends on inverse powers of k. £C~C~(t, k) is usually called
the kinetic term and its positivity guarantees that the theory is free from
ghost in the scalar sector. The variation of the above action w.r.t. ¢
gives:

§+<3H+§<<>C+<k25+2\4>4“=0, (2.88)

¢¢ ¢¢ ¢¢

where the coefficient of ¢ is called the friction term and its sign will
damp or enhance the amplitude of the field fluctuations. M/ Lé ¢ls called
the dispersion coefficient which, in principle, can be both negative and
positive. Finally, we define the propagation speed as:

2 (2.89)

G
Lo
Let us note that the speed of propagation and the dispersion coefficient (or
“mass” term) and their effective counterparts have non-local expressions.
Therefore, their interpretation as the actual physical entities might be
ambiguous at first glance because usually these quantities are defined in
some specific limit, where they assume local expressions. In this work,
we still retain the labeling of speed of propagation and mass term for
the non-local expressions, because they reduce to the corresponding local
and physical quantity when the proper limit is considered. Moreover, the
non-local definitions are the ones which serve to our purpose, since they
represent the proper quantities on which the stability conditions have to
be imposed in order to guarantee a viable theory at all times and scales.

Now, let us perform a field redefinition in order to have a canonical
action. This step is important in order to identify the correct conditions
to avoid the gradient and tachyonic instabilities, in particular the last
one which is related to the condition of boundedness from below of the
corresponding canonical Hamiltonian. We will show that not only the
mass is sensitive to this normalization, as it is known, but that in the
general case in which the kinetic term is scale-dependent also the speed
of propagation, is affected by the field redefinition. In general, we can

C(t, k) = M, (2.90)
2£€:€:(t, k)

which, once applied to the action (2.87), gives:

@2 _ 1 3 319 2 e 2 2
SEFT - (27‘(’)3 /d kdta |:2¢ - Cs,eﬁ"(tvk)?¢ - meff(ta k)¢ )
(2.91)
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2 An extended action for the EFToDE/MG

where meg (¢, k) is an effective mass and depends on inverse powers of k,
while cieﬂ(t, k) is the effective speed of propagation.
When EC'C' is only a function of time, the field redefinition 1) will

give time-dependent contributions only to M thus generating m?2; and
leaving G unaffected. In this case we have:

C?,eff(tv k) = Ci(t k) ,
.. /] ;L *2 L
Lo (ANI(t) = 285 ) + £2, — GHL oL
meﬂ(t) = 8£2
¢

(2.92)

Let us notice that in case in which the kinetic term depends only on time,
the term M usually turns out to be zero or at most a function of time.
On the contrary, when L;; exhibits a k-dependence, the field redef-
inition will affect both M and G and in general cieﬁ # ¢ and the
above expression for the effective mass does not hold anymore. In Sec-
tion we will discuss the general expressions for these two quantities.
In general, the GLPV class of theories belongs to the case in which /3«-
is only a function of time. When one starts including operators like
{m3,ms, \i, M2 # —M3}, k-dependence will be generated in the kinetic
term. In the following sections we will analyse these cases in details.
Finally, in order to study the stability, one has to analyse the evolution
of the field equation obtained by varying the action w.r.t. ¢, ie.

O+ 3Ho+ (Kl o +mig) o =0, (2.93)

In this case H represents a friction term, which is always positive, and
mgﬂ is the dispersion coefficient. A negative value of the effective mass
squared generates a tachyonic instability, however requiring mgﬁ to be
positive is a stringent condition. It is sufficient to guarantee that the time
scale on which the instability evolves is longer then the time evolution of
the system [109] in order to be free of said instability. Therefore, we can
require that, when m2; < 0, the typical evolution scale is of the same
order as the Hubble time, Hy.

Continuing, in order to avoid gradient instabilities one enforces a
positive value of the effective speed of propagation. In the simpler cases
in which the kinetic term depends only on time (e.g. Horndeski and
GLPV theories), the normalization of the field leaves the speed of sound
unchanged, i.e. ¢2 = ¢%;, thus the condition to impose is ¢z = ¢2 > 0.
For the more general case in which the kinetic term depends on scale
in a non trivial way, cZ; = ¢2 + f(t, k) (see Section for the full
expression of f(t,k)); however, in the high k-limit, where the gradient

instability shows up, f(¢, k) is maximally of order O(1/k?) which can be
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2.5 Stability

neglected in this limit. Therefore, the condition on the effective speed
of propagation reduces indeed to the original condition on the speed of
propagation, i.e. ¢2 > 0. In summary, in order to guarantee the stability
of the scalar sector the combination of 23 > 0 and mZ; > 0, along with
the no-ghost condition, i.e. ECC > 0, provides the full set of stability
conditions.

We conclude with the stability analysis on the tensor modes. The
perturbed metric components which contribute to tensor modes are:

gi3(t, ') = a®hi(t, a?), (2.94)

therefore, the terms containing tensor perturbations in (2.17)), are the
following:

SRij = o 500N},

’L]’

5R = ;( DR hIT 4 Lo T
1 o 7.T

where 0oR is the second order perturbation of the Ricci scalar, R. Then,
the EFT action for tensor perturbations up to second order reads:

0 2

Spiq = /d4wa3 {n;o(l + Q)62R + < 5 014 Q) — 2) SKIOK]
. gkl B

+A20R50RY + )‘Ga?akRijalRZJ} ) (2.96)

from which we can notice that only four EFT functions describe the
dynamics of tensors, i.e. {Q, M2 Ay, \s}. Among the extra operators
that we added in action , only two contribute to tensor modes
{A2, As}. Now, using (2.95)), the action becomes:

2 M2
Spid = /d4xa3{ D+ (akhT) (WQLO(lJrQ);’)
Slk 2 1
+ A <a2613kh3;> +)\6$(6k6&61h5)2 .

It is clear that the additional operators associated to higher spatial
derivatives do not affect the kinetic term. However, they affect the speed

of propagation of the tensor modes, as we will show in the following.

Indeed, action (2.97)) can be written in the compact form:

1 Ar(t) T,: A (t, k)
SE}?:(QW)S/dSkdta3 7;3 {(hfj)z_ Ta2 R(hT)2|, (2.98)
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2 An extended action for the EFToDE/MG

with

Ap(t) =mg(1+Q) — M7,
Aoko + Ay
t k)= 8 @ &
() = () 82 L
mg(lJrQ)
m2(1+Q) — M2’

cA(t) = (2.99)

where we have Fourier transformed the spatial part. ¢ is the tensor

speed of propagation for all the theories belonging to the GLPV class,
as shown in Refs. [67, |69]. However, GLPV theories are characterized
by the condition MZ(t) = —M2(t), while the present definition of the
tensor speed does not rely on this constraint as it holds for a wider class
of theories. In order to avoid the development of instabilities in the
tensorial sector, one generally demands the kinetic term to be positive,
i.e. Ar >0, and to have a positive speed of propagation ¢2. > 0. From
Eqgs. it is easy to identify the corresponding conditions on the EFT
functions.

2.5.1 Stability conditions for the GLPYV class of
theories

Let us focus on the GLPV class of theories by considering the appropriate
set of operators:

1 .
S, = P / d3kdt a3 [—W65Nk2§ — WidNE*p — Wsk?y(
— WoE*C2 + Wi (6N)? — 3a®W,N( — gaQWg,éQ , (2.100)

which is obtained from action (2.85)) by imposing the following constraints:

W; =0, {m3,ms,\;} = 0. (2.101)
By varying the above action w.r.t. 0N and v we get, respectively;:
~Wek*¢ — Wak®) + 2Wi0N — 3a* Wy =0,

~WiON — Ws( = 0. (2.102)
Inverting these relations gives:
6N = —%C,
K2 = _W [(3a2w4 + MW € + W4W6k2§} , (2.103)
4
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2.5 Stability

which, once substituted back in the action ([2.100)), yields:

(2) _ 1 3 3 3 5 WIWEN o 2|3 WsWe
Salpy = @) /d kdta {<2a Ws + W2 ¢ —k 2H Wi
1 d W5W6 2
> & < Wi > JrWo] ¢ } . (2.104)

This particular form has been obtained after integrating by parts the
term containing (¢. The above action has the same form of 1) where

M = 0. Therefore, it is easy to read the no-ghost condition:

>0, (2.105)

and the condition on the speed of propagation (c? > 0):

(t) _ SHW:sWeW, + W6W4W5 + W5W4W6 - W5W6W4 + ZW()WZ
sv 3a2Ws W2 + 2 W2 '

(2.106)
The speed of propagation coincides with the phase velocity due to the
lack of k-dependence in the kinetic term, as discussed at earlier stage.
Additionally, this implies that only the mass term will be sensitive to the
field redefinition which, in this case, reads:

sk
2 (w53

After this transformation the effective mass follows directly form Eq. (2.92)),
ie.

((t, k) =

(2.107)

2 _
y o 2Ll + L3 —6HL L
¢¢

(2.108)

where the kinetic term is given by Eq. (2.105)).

2.5.2 Stability conditions for the class of theories
beyond GLPV

To go beyond the GLPV class of theories we start by naively considering
the general action (2.85) with all the higher order operators. We proceed
to integrate out the auxiliary fields N and v by solving the following
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2 An extended action for the EFToDE/MG
field equations:

k2 .
—2m5—4< + 2Wrk*h — WWOIN —Ws( =0,
A A k2 A
8 <m§ - Sk ) — 0N — (W6 +8X3— + 8§k4) k¢
a a
Wik + 2W15N —3a*Wy( =0, (2.109)

and we finally end up with an action of the form:

) 1 . _ _ .
S3, = o /d3kdt a® {ﬁéé(t, k)2 — K2B(t, k)2 — K2V, k)((} :
(2.110)
where:
ﬁ"(t k‘) _ (6(12)/\/7 + Ws) [3a4W42 + 2a2W1W5 + 8/{32W5 (m% — %]{?2 + %]{34)}
e 2a2 (Wa2 — AW Wr) — 32k2 Wy (m3 — 24 k2 + 2144) ’

B(t, k) = {a2W0 (W3 — aWiWr) + K [alﬁ (—=a®Wr (a®W§ + 16m3Wy)
—2a*msWaWs + a® (W5 — W1 Wr) W3 — dmiWy)
+k? ((118 (a'® (W5 — AW Wr) W, — 16 (a®Wr (a>m3Ws + AsWe — AaW0)

+a ’/77,5)\3W4 + mgm%)))
+k* ( 16 ( 4W7 (a m2W2 —a )\4W3 +a )\7W0 + 43 )

+a2)\g (a4W6W7 + m5W4> — m52)\4))
+k° ( 10 (a*Wr (a®AaWs — a* Ay W5 — 8A3As) — m52)\7)>

+k8 <_a10W7 (CLG)\7W2 =+ 4)\82)):| } /{a2 (W42 — 4W1W7)
—16k2W, ( 2 _ A“ Y A7 k4> }

_ k2 k2 A
V(t, k) =— { [8W4 (6a2W7 + W5) ()\3 + /\82> + 16m5W5 (mg — ;;kQ

A7
+a7k >:| + 6a4W4W7W6 +a W4W5W6 + 6m5W4 + 4 W1W5} / {a

(W3 — aWiWy) — 16K2 Wy <m§ )\4192 A%‘*)} (2.111)
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2.5 Stability

It is easy to notice that the above expressions can be written in a more
compact form as:

k2 As(t, k) + As(t)

Leet k) = ) + As(h)

= _ EBa(t, k) + By (t)

BUK) = )+ Ast)

- BVt k) +Va(t)

VR = o B A (2.112)

By considering the above definitions the action can be written in the

same form of (2.87), i.e.:

sP = (27103 /d%dtcﬁ {Léé(t,k)éQ —K2a(, k)<2} . (2.113)

where we have identified the “gradient” term as:

G(tk) = {k2 [Vz (k:2/12 + As — 3H (K Ay +A3)) + Ao A (2B,

Vi = V3 + 26%B, ) + Vi (Az — 3HA, )|
+ Vi (As —3HAs) b/ {2 (A + As) 2}

_ KGa(t k) +Gi(t) (2.114)

(K2 Ag(t, k) + As(t)®

Then the speed of propagation is c¢2(t, k) = G/L;; and the friction term
in the field equation of ¢ turn out to be a function of both ¢ and k. Let
us notice that when considering the most general case, at least one of
the functions {m3, \;} is not zero and none of the A; functions are nil.
Additionally the action does not contain the term M. We will show in
the next Section some particular cases of the action for which such
a term is present.

Let us now normalize the field by means of with the kinetic
term given by Eq. . Since the kinetic term is a function of k, the
normalization will affect both the effective mass and speed of propagation.
Thus we have:

m2s(t k) = <A12 [2,43 <3HA3 + Ag) - 3A§} — 245 A, [Ag (3HA1 + A’l)
- AlAg} + AgA‘f) (8 (K2 Ay + Ay)” (K2 Ay + Ag)g) ,
2 altk) = {GH Hk2 (A4k2 n Al) A2 42 [,43 (A4k2 + Al) KA, <A2k2
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2 An extended action for the EFToDE/MG

Ag)| Ao+ Ay (AsAs2 Ay (Ao + As) )| Ay

A3 (Ag o + Ag (Ak? + As) ) + (Aok® + Ag) Ag [ Az (Adk? + Ay ) 12
k2 Ay (A2k2 + Ag) + As (A4k2 + Al)” + [3Ai/l§k6 — 4A3A,Gok*
6A2As Ask® — 243 A3 A Agk? — 2A3 A2 Aok + 3A2A2K2 — A2 A2K2
AAsALG1K? — 2A3 AL AL Agk? — 2A3 Ay As Agk? — 2 A3 A2 Ask?
QA2 A ALK? — A2 (Aik‘* 24 Auk? — 24, (A4k2 + A’l) k2 + A%) k2
2 M5 Ay Ay Ay — 2452 A1 Ay + 22 A4, + A [3k2A22 + 6454,

2 (Agdy + A (Ao + As ) )] = 240 [A4® (Aok? + Jis) K

Ay (292k;4 + A Auk® + 261K + Ay Aok? + Az Auk? — 2 A5 A4k

+  FAAs - 2A3A1) k% 4+ As (A4k2 + A1)2] + 24, [k2 (A'4k2 + /(1) A3

- (2g2k4 + Ag Akt + 24, A0k + 261 K2 + Ay Agk?

o AgAuk® 4 240 Ak? = 24 Aik? + A Ay — 24541 ) Ay
+ 34 (Aok® + A3)2 — Ag (20:K7

o ApAuk? + 2400k + 261 + ArAs + As Ay + 2A4A'3)
+ A§A4H } J18 (Ask? + As)” (Agh? + A1)

= ci + f(t, k).

As said before the effective mass is a function of inverse powers of k. For
sufficiently high k, the effective mass is negligible while in the low k limit,
which is the one of interest in linear cosmology, it is solely a function of
time. Let us notice that the effective mass in this case has been obtained

directly from action (2.113]), not from Eq. (2.92)) which is valid only for
cases when the kinetic term does not depend on k.

2.5.3 Special cases

Although the subset of theories with higher than second order spatial
derivatives treated in the previous Section is very general, there are some
special cases for which the action assumes some particular forms due to
specific combinations of the EFT functions in the kinetic term. In order
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2.5 Stability

to illustrate said cases, we will consider the following action for practical
examples:

2 .
s@ = / d*kdt a® [mgf;((w)? — WedNE*¢ — WidNE*p — Wisk*y(

(2m)?
~Wok*C® + Wr(k*))? + Wi (6N)? — 3a®W,N¢ — gcﬁwsg'? (2.116)

for which the following conditions hold:
Wy 0  {ms, N} =0. (2.117)
By solving the Egs. for N and i we get:
Wi (6aWr + Ws) ¢+ 2WeWrk*¢
S 16m3WE Wi e,
WaWek2C + (2W1W5 + 36202 + 8mgw5’;—§) ¢
B 16m3Wr ks — W2 + awmw;

ON

)

k21 (2.118)

which allow us to eliminate the two auxiliary fields in the action. Substi-
tuting back in the action we get:

1 60’ Wy + Ws) (3a*W3 + 20> Wi W5 + 8m3Wsk?) | .
Sprr = @n)p )3/d3kdta3{l(a 7+ Ws) (3¢ Wi + 20> Wi W5 + 8m3Ws )]gz

2a% (W3 — AW W) — 32m3Wrk?
+ K [((a® (Wo (Wi — AW Wy) — EPWiW7) — 16m3WoWrk?) ¢
— (P (60 Wr +W3)) &) / (16m3Wek® — a® (W5 — awywin))] }
(2.119)

where the kinetic term reads:

(6a2W7 + W5) (3G4WZ + 2a2W1W5 + 8k2m%W5)
2a2 (Wf — 4W1W7) — 32k2m§W7 ’

L:(t, k)=

&l

(2.120)
In the following we will consider two special cases in which 1) the kinetic
term depends only on time; 2) the kinetic term has a particular k-
dependence, which needs to be studied carefully in order to correctly
identify the speed of propagation.

e First case: 3a*W3 + 2W; Ws # 0 and m3 = 0. The kinetic term is
only a function of time:

(6a2W7 + W5) (3G4W2 + 2(12W1W5)

L::(t) = 2.121
&® 2a2 (W3 — AW Wr) ’ ( )
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2 An extended action for the EFToDE/MG

which corresponds to the case Ay = A4 = 0. The above expression
must be positive in order to guarantee that the theory does not
exhibit ghost instabilities. Then, the speed of propagation can be
easily obtained from action once the terms proportional to
é( have been integrated by parts and it reads:

1
(Wz — 4W1W7) (3&2W42 + 2W1W5) (6&2W7 + Ws)
X {30a*WWeWr (Wa? — AW W;) H + 3W W W (W3
—  AWIWE) H — WoWIWs W, — AW W W W Wy
wi (WGWS + W5W6) + AW, {Ws (WG (W7W1

At k) =

W1W7> - W1W7W6) - W1W6W7W5]

MWy (W2 — M W;)? + 602 [w;‘f (W7W6 + W6W7)

+ o+ o+ o+

AVEW, (W6W1 — W Wﬁ) MWWV

- waemm} — 2k2aWEWL (W2 — 4w1w7)} ,(2.122)

where the k-dependence of the speed is due to W7 # 0. Moreover, in
this case, the final action is of the form with M = 0. Since the
kinetic terms is free from any k-dependence there is no ambiguity in
defining the mass term which, after the normalization , ends
up being of the same form as in Eq. where, in this case, £
is given by Eq. . Finally, the effective speed of propagation
remains invariant under the field redefinition.

e Second case: SaQWZ + 2Wi1 W5 = 0 and m% # 0. In this case the
kinetic term reduces to:

B Am2W2 (6a2Wy + Ws) &
W2 (6a2Wr + Ws) — 165 m3wWswy

ECC(t’k) (2.123)

which corresponds to A; = 0 and Ajy(t), A4(t) both being functions
of time. From the action it follows that there is an overall
factor k? in front of the Lagrangian which can be reabsorbed by
redefining the field as ( = k(. As a result we obtain an action of
the form . Let us notice that, in this case, Vo = 0. After
integrating by parts the term ~ C(, we end up with an action
as in where M # 0, and both the friction and dispersive
coefficients in the field equation are functions of time and k. Now
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we can compute the speed of propagation which is:

02(t k’) _ V1A2 +A2(2k25’2 — vl +2By) + 2A38; — 3H AV,
s\" - 2A4(k2A2+A3) .

(2.124)
In conclusion, we give the expressions for the effective mass and
speed of propagation:

mgﬂ(t, k?) = {6A2A3H(.A2A3 — AgAg) + A3A2<2A2A3 — 2./43./4.(2

+ Ql) + A22(2A3A3 — 3A32) + A32A22} {8A42 (szQ + Ag) 2}

C?ﬁeg(t, k) = {6A4H [.Ag <A4 (szz + Ag) - 2./43./44) + ./43./44./42

- k2A§A4} + 24, [A4 (k2A2A4 + 2K%G + As Ay
— 24544+ 291) + Ay (k%i{g + A'g) + .Ag.Ai}
A 240 (A A+ Auds + 2, )

— 3A4As (k2A2 + 2/13” + k2A2 (Aﬁ - 2,44/(4) }
[SAi (K2 As + Ag)ﬂ 7

~

where the function G;(i = 1,2) can be read from:

Gl k) = 2 (k2 Ay + As)? 1)
2.126

Finally, let us notice that in the case M # 0, one may wonder if the
conservation of the curvature perturbation is preserved on super-horizon
scales. It is not so trivial to draw a general conclusion about the behaviour
of ¢ in such limit, because the EFT functions involved in the M term
are all unknown functions of time. Therefore, we can conclude that in
the general field equation for ¢ on super-horizon scales such term might
be non zero, possibly leading to a non conserved curvature perturbation.
However, we expect that well behaved DE/MG models will have either
M = 0 or that such term will contribute a decaying mode, thus leaving
the conservation of ¢ unaffected. In this regard, we will argue our last
statement by using an explicit example, which is not conclusive but can
give an insight on how M can behave in the low k regime when theoretical
models are considered. Considering the mapping , it is easy to
verify that the low energy Horava gravity falls in the special case under
analysis and that the corresponding M # 0. However, when considering

o1

_ Vids + As(—V1 + 2B1) + 24385 — 3BHAV, + 2k2 A8,

(2.125)
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the super-horizon limit the M term goes to zero and the equation for ¢
reduces to

(+HE=0, (2.127)

A

£
V2t 533

which solution is { — _ae_
N

term is a decaying mode. Hence, the conservation of { is preserved.
Let us conclude by saying that the cases treated in this Section are
only few examples of “special” cancellations that might happen.

. (¢, c1 are constant and the second

2.6 An extended basis for theories with

higher spatial derivatives

In Ref. [69], the authors proposed a new basis to describe Horndeski
theories, in terms of four free functions of time which parametrize the
departure from GR. Specifically, these functions are: {ap, an, ok, ar},
hereafter referred to as ReParametrized Horndeski (RPH). They are
equivalent and an alternative to the EFT functions needed to describe the
dynamics of perturbations in the Horndeski class, i.e. {Q, My, M2, M3},
In both cases one needs to supply also the Hubble parameter, H(a). The
latest publicly released version of EFTCAMB contains also the RPH
basis as a built-in alternative [80]. RPH is also the building block at the
basis of HICLASS [110].

The RPH basis was constructed in order to encode departures from
GR in terms of some key properties of the (effective) DE component. As
discussed in details in Ref. [69], the braiding function ap is connected
to the clustering of DE, aj; parametrizes the time-dependence of the
Planck mass and, along with ar, is related to the anisotropic stress while
large values of the kinetic function, ax correspond to suppressed values
of the speed of propagation of the scalar mode. In Ref. [67], the RPH
basis has been extended to include the GLPV class of theories by adding
the function ag, which parametrizes the deviation from the Horndeski
class.

In this Section we introduce an extended version of the RPH basis which
generalizes the original one [69], as well as its extension to GLPV [67],
by encompassing the higher order spatial derivatives terms appearing
in action . We also present the explicit mapping between this new
basis and the EFT functions in the extended action , in order to
facilitate the link between phenomenological properties and the theory
which is responsible for them.

Let us start with tensor perturbations of the EFT action analysed
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in Section [2.5] Here, for completeness we rewrite its compact form:

ST — (2;) /d?’kdt 3‘48() [(hT) S k)kQ(hT) . (2.128)

Now, following Ref. [69], we define the deviation from GR of the tensor
speed of propagation as:

At k) =1+ ar(t k), (2.129)
where: 12 1
ar(t,k) = ar(t) + o, (t) = + oz, (t) . (2.130)
with:
or(t) = srrdm =& — 1, an(t) = —8oardm
or, (1) = =8 =i (2.131)

As expected, the additional higher order operators will contribute by
adding a k-dependence in the original definition of the a7 function
introduced in Ref. [69]. Moreover, we can define the rate of evolution of
the mass function M?(t) = Ap(t) (defined in Eq. ) as:

(InM?(1)) . (2.132)

It is clear that ar and «p differ from the ones in Ref. [69] since, in
general, M2(t) # —M2(t) for theories with higher spatial derivatives. It
is important to notice that the EFT functions which are involved in the
definition of aps and ar are {Q, M2}. Therefore, the class of theories
which can contribute to a time dependent Planck mass and modify
the tensor speed of propagation, are the ones which are non-minimally
coupled with gravity and/or contain the S-term in the action; specifically,
Horndeski models with non zero L{Y, LYY GLPV models with non
zero LGPV L?LP V" and Hofava gravity. Moreover, the k-dependence in
the speed of propagation is related to the ars, apg functions which are
present in Hofava gravity. Finally, let us notice that, since M? appears
in the denominator of c%, high values of M? will generally suppress
the speed of propagation and in case only background EFT functions
are at play or theories for which {M2(t), \a6} = 0 are considered, c2
is identically one. Therefore, it would be not possible to discriminate
between minimally and non-minimally coupled models.

Let us now focus on the scalar perturbations. Collecting terms with
the same perturbations, the second order action can be written as
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follows:
2 1 M? ~ . .
Y - R / dkdt a® = {(1+aH)6N51R—4HaB<SN5K

+ SKEOKY — (aGFPV + 1)(6K)? + ax H*(6N)?
1 B\ o5 s - - \f
— 1 ar, + OéTﬁaf2 57?,”(573 + (1 + (IT)(SQR + (1 + OéT)(Sln(S( h)
k2 ~ -~
+ (Oél + (15012) (5R)2 + (1551R5K} ,
(2.133)
where the geometrical quantities with tildes are the Fourier transform of

the corresponding quantities in Eq. (2.84]), moreover we have identified
the following functions:

ap(t) = TN gy - MEEME

ak(t k) =ax(t) + aKQ(t)S—z + aK4(t)];—i + O%(t)’:TZ 7

ak. (t) = %, ag(t, K) =an(t)+ osz(t)z—z +aH8(t)’§,

where ag(t) = W7 am,(t) = _%, (1) = %’
a1(t) = ?\% a5 (t) = % as(t) = % (2.134)

The relations between the W-functions introduced in Section 2.5 and the
above a-functions are the following:
M? .
Wy = Tz (OéT +14+3Has + 3as + 35&5H04M) s

W, = MZH2 ag + ga2HW4 —3H?M?ap,

Wy = ]\5—62 (—8a5 + iaT6) , Ws = J\j—f (—8@1 + iaT2> ,
Wy = —ij (24205 +3aGY) . Wy = ]aw—; (2+3aGEPY) |
We = —2%2 (1+ay +3Has), W;= —%iag”)v. (2.135)

Before discussing in details the meaning of the a-functions and how they
contribute to the evolution of the propagating d.o.f., we introduce the
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2.6 An extended basis for theories with higher spatial derivatives

perturbed linear equations which will help us in the discussion. The
variation of the action (2.133) w.r.t to ¢¥» and é N gives:

) k2
H[2(1+ap) +3aGEPY] 6N — (2 + 3aGEPY)(¢ — agLPVa—;Z’ — 2a5
(382 (2 dap = 30GE7Y) + H2 [N + 2H 205 + 3057V 42|

+[3H (2+ 205 + 30877 [+ 2[1 + Hag +&H}gg —0.

These equations allow us to eliminate the auxiliary fields N and %
from the action, yielding an action solely in terms of the dynamical field
(. A detailed description of how to eliminate the auxiliary fields was
the subject of the previous Section indeed the above equations are
equivalent to Eqgs. , once the relations have been considered.
At this point, we can describe the meaning of the different a-functions in
terms of the phenomenology of (.

Let us now focus on the definition of the a-functions which characterize
the new basis, {aar, dr, ag, oGPV oy, dk, as, a1, as}, extending and
generalizing the RPH one. A first difference that can be noticed w.r.t.
the RPH parametrization, is the presence of {ap, &k} which are now
functions of k, since they contain the contributions from operators with
higher spatial derivatives. Let us now describe the new basis in details

with the help of the definitions (2.134]) and Eqs. (2.136]):

e {ap, o8PV ap is the braiding function as defined in Ref. [69].
Its role is clear by looking at Eqgs. , indeed ap regulates the
relation between the auxiliary field §N and the dynamical d.o.f. (.
Analogously, we define agLP V. which contributes to the braiding
since it mediates the relationship of ¢y and § N with (. The effects
of these braiding coefficients on the kinetic term and the speed
of propagation is more involved. Indeed, by looking at the ac-
tion (2.133) we can notice that oG """ has a direct contribution to
the kinetic term since it is the pre-factor of (§K )2, which contains
QLQ. Moreover, both ap and agLP V' affect indirectly the kinetic
term: the 0N term in Eq. , whose pre-factor contains the
braiding functions, turns out to be proportional to ¢, then substi-
tuting it back to action , the term in (§N)? will generate a
contribution to the kinetic term. Furthermore, their involvement
in the speed of propagation of the scalar d.o.f. comes in two ways:
1) from the kinetic term as previously mentioned. Indeed through

*The definition of ap presented here differs from the one in Ref. [69] by a minus
sign and a factor 2.
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Eq. they enter in the denominator of the definition of the
propagating speed; 2) because they multiply both the 6N and
terms in Eq. which result to be proportional to k2¢ which
contributes to G in Eq. (2.89)). Moreover, analogously to the defini-
tion of gy, which parametrizes the deviation w.r.t. Horndeski/GG
theories, agLP V' is defined such as to parametrize the deviation
from GLPV theories; indeed the latter are characterized by the
condition a&EFV = 0, hence the name. If LV =£ 0, higher
spatial derivatives appear in the { equation. Finally, ap is different
from zero for all the theories showing non-minimal coupling to
gravity and/or possessing the d NOK operator in the action, i.e.
f(R),LSE LEYE LEE LYEPY LGPV | This operator does not ap-
pear when one considers quintessence and k-essence models (L§“)
and Hotava gravity. a&EFV is non zero for the low-energy Hofava
gravity action.

Gk (t, k): it is the generalization of the purely kinetic function
ak (t) and it describes the extension of the kinetic term to higher
order spatial derivatives in the case of non zero {a k2, ax4, ax7}.
It is easy to see that ag(t, k) is related to the kinetic term of the
scalar d.o.f. since it appears in action as a coeflicient of the
operator (0)V)? and, through the linear perturbed equations ,
ON ~ C . Since it describes the kinetic term, it will affect the speed
of propagation of ¢ as well as the condition for the absence of a
scalar ghost. The last point is easy to understand because as we
extensively discussed in Section the kinetic terms goes in the
denominator of the speed of propagation of scalar perturbation (see
Eq. ) The ak function is characteristic of theories belonging
to GLPV, while for Hotava gravity it is identically zero. On the
other hand, Hofava gravity contributes non zero {a k2, ax4, @k}
Finally, let us note that when considering theories beyond GLPV
the braiding coefficient discussed in the previous point, agLP v,
gives a direct contribution to the kinetic term through the operator
(0K)2.

{a1, a5, a5, ay}: from the constraint equations , it can be
noticed that &y and as contribute to the speed of propagation of
the scalar d.o.f. since they multiply the term k2¢. In particular, if
as and the k-dependent parts of ay are different from zero, the
dispersion relation of ¢ will be modified and the speed of propagation
will depend on k. The functions {a;, a5} have a similar impact
since they are the pre-factors of §;R in the action which, once
expressed in terms of the perturbations of the metric, gives a term
proportional to k2¢. In this case by looking at Eq. these
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functions will enter in the definition of G. The theories where these
functions are present are GLPV and Hofava gravity models. In
particular, in the case of Hotava gravity the functions associated
with higher order spatial derivatives terms are present.

The above represents an interesting extension and generalization of the
original RPH parametrization [69], carefully built while considering the
different phenomenological aspects of the dark energy fluid. However, let
us notice that the desired correspondence between the a-functions and
actual observables becomes weaker as we go beyond the Horndeski class.
Indeed, due to the high number of a-functions involved, their dependence
on many EFT functions and the way they enter in the actual physical
quantities, such as the speed of sound and the kinetic term, identifying
exactly the underlying theory of gravity responsible for a specific effect
is a hard task.

2.7 Conclusions

We started this Chapter by generalizing the original EFToDE/MG action
for DE/MG by including operators up to sixth order in spatial derivatives.
This was motivated by the recent rise of theories containing a (sub)set of
these operators with higher-order spatial derivatives, like Hotava gravity.
As such, these theories were not covered by the operators included in the
first proposal of the EFToDE/MG action as presented in Refs. [37] [39].
From there on, the extended Lagrangian became the basis of the
rest of the Chapter as the new operators play a central role.

Starting from the extended Lagrangian we proceeded to show
an efficient method to map theories of gravity, expressed in terms of
geometrical quantities, into the EFToDE/MG language. This led to a
general mapping between the ADM and the EFToDE/MG formalism for
our new extended Lagrangian. Subsequently, we illustrated this procedure
by mapping models of DE/MG, with an additional scalar d.o.f., into the
EFToDE/MG formalism, resulting in a vast set of worked out examples.
These include minimally coupled quintessence, f(R), Hornedski/GG,
GLPV and Hotava gravity. The preliminary step of writing the theories
in the ADM formalism has also been presented as it is an integral
part of the procedure. Therefore we created a very useful guide for the
theoretical steps necessary in order to implement a given model of DE/MG
into EFTCAMB and a “dictionary” for many of the existing DE/MG
models. To this extent, we have been very careful and explicit about the
conventions which lie at the basis of the EFToDE/MG formalism and, by
extension, EFTCAMB. These become obvious when comparing with the
equivalent approaches in the literature as there are some clear differences.
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Thus the take-home message is that the user should be careful with the
conventions when implementing a given model into EFTCAMB.

An ongoing field of research regarding the EFToDE/MG is the de-
termination of the parameter space corresponding to physically healthy
theories, as we introduced at the beginning of this thesis. This is vital
from a theoretical as well as from a numerical point of view. As such it
was natural to subject our extended Lagrangian to a thorough stability
analysis while considering only the gravity sector. In fact, since the
EFToDE/MG formalism is based on an action, we were able to determine
general conditions of theoretical viability which are model independent
and can, a priori, greatly reduce the parameter space. The most common
criteria would be the absence of ghosts and gradient instabilities in the
scalar and tensor sector and the exclusion of tachyonic instabilities. Re-
garding the first two criteria, one can find results in the literature either
with or without the inclusion of a matter sector [14, |15} |37} 38 65l |67,
68, [111]. In this work the study of the physical stability is particularly
interesting due to the appearance of operators with higher order spatial
derivatives. We proceeded, without including a matter sector, to study
the stability of different sets of theories, leaving the analysis of the matter
backreactions to the next Chapter. After integrating out the auxiliary
fields, we obtained an EFToDE/MG action describing only the dynamics
of the propagating d.o.f.. From this action, we identified the kinetic
term and the speed of propagation which have now become functions of
scale and time, due to the presence of higher derivative operators. We
required both to be positive in order to guarantee a viable theory free
from ghost and gradient instabilities. Subsequently we identified, at the
level of the equations of motion, the friction and dispersive coefficients.
We did this both for the scalar and tensor d.o.f.. Finally, we normalized
the scalar d.o.f. in order to obtain an action in the canonical form. This
form allowed us to identify the effective mass term on which we imposed
conditions in order to avoid the appearance of tachyonic instabilities in
the scalar sector. As a result, we obtained a set of very general stability
conditions which must be imposed in order to ensure theoretical viability
of models with operators containing up to sixth order in spatial deriva-
tives, in absence of matter. It is worth noting that due to the complicated
nature of some classes of theories, when written in the EFToDE/MG
formalism, we had to divide the treatment and the resulting conditions
in different subsets.

In the final part of this Chapter, we have built an extended and
generalized version of the phenomenological parametrization in terms of
« functions introduced in Ref. [69], to which we refer as ReParametrized
Horndeski (RPH). This parametrization was originally built to include all
models in the Horndeski class, and was afterwards extended to encompass
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beyond Horndeski models known as GLPV, in Ref. [67]. This was
achieved by introducing an additional function which parametrizes the
deviation from Horndeski theories. From this point we proceeded to
introduce new functions and generalize the definition of the original
ones, in order to account for all the beyond GLPV models described
by the higher order operators that we have included in our extended
EFToDE/MG action (2.I)). In particular, we have found a new function
parametrizing the braiding, which also contributes to the kinetic term:;
we have generalized the definitions of the kinetic and tensor speed excess
functions, the latter one now being both time and scale dependent; finally,
we have identified four extra functions entering in the definition of the
speed of propagation of the scalar d.o.f.. It is important to notice that the
structure of this extended phenomenological basis in terms of a functions
becomes quite cumbersome when higher order operators are considered
and the correspondence between the different functions and cosmological
observables becomes weaker.

2.8 Appendix A: On /K and 45
perturbations

In this Section we explicitly work out the perturbations associated to
0K and 6S used in Section and show the difference with previous
approaches |37, [65]. For this purpose, we consider the following terms of

the Lagrangian ([2.8)):

0L D LgdK+LgdS = .7-'(5K+L55K[,‘6KZ = F(K+3H) +L35K5§KZ ,
(2.137)
where we have defined:

F=Lx—2HLgs. (2.138)
Now, let us prove a relation which is useful in order to obtain action :
/d4x\/jg]-'K = /d4x\/jg.7-'vun“ = - / d*z/=gV , Fnt = /d4x\/jg% .
(2.139)
Using the above relation and the expansion of the lapse function:
N =1+46N +3N?+0O(3), (2.140)
finally, we obtain:

LK + Ls6S =3HF + F (1— 6N + (6N)?) + LsdK}6K),. (2.141)
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The differences with previous works are due to the different convention on
the normal vector, n* (see Eq. )7 which is responsible of the different
sign in Eq. w.r.t. the definition used in Refs. |37, [65] and then
in the final results . Moreover, the difference in the definition
of the extrinsic curvature, see Eq. , which is a consequence of the
convention adopted for the normal vector, leads to the minus sign in

Eq. (2.138]) because its background value is K;(O) = —H(S;.

2.9 Appendix B: On 6 perturbation

Due to the different convention for n* we adopted here (see Eq. ), the
result obtained in Refs. [37, [65] concerning the perturbation associated
to U = R, K", can not be directly applied to our Lagrangian .
Therefore, we need to derive again such result, which is crucial in order to
obtain the coefficients of the action . Then, let us prove the following
relation:

/ d* o /gAt) R KM = / d*z\/g <>\g)RK - ;(]?R> . (2.142)

where A(t) is a generic function of time. We notice that in Ref. [65] the
above relation is defined with a plus in front of the second term in the
last expression. Using the relation K = V#n, we obtain:

/ d*z/—g <)\(t)RWK’“’ - %Rv#nﬂ + 2(]?R> =0. (2.143)

Now, after integration by parts of the second term and using n* =
(=1/N,N'/N), the last term cancels and we are left with:

/d4x\/jg ()\(t)R,“,K’“’ + A?n“Vﬂ%) =0. (2.144)

The first term can be rewritten using the expression for the extrinsic
curvature in the ADM formalism:

1

where covariant derivative is w.r.t. the spatial metric h;;. The overall
minus sign which appears in the above definition makes the expression to
differ from the one usually encountered that follows from the definition
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of n* we employed. After substituting this expression into Eq. (2.144))
we get:

1 o . L 1 .
/d‘*x\/m(t) [2 (Rijh“hﬂkhlk + R) + VIN'Ry; + 5N'ViR| = 0.
(2.146)

From here on the subsequent steps follows Ref. [65], indeed the last
two terms vanish due to the Bianchi identity and the first two can be
combined as a total divergence. Hence, the relation holds.

Finally, using the above relation we can now compute the perturbations
coming from U = R, K"”. Indeed we have:

1
/ d*o/—gLyR,, K" = / d*zy/— { LMRKQNLUR]

= / d*z\/—g {2@ (K<°>5R + 5K5R)

- %LMR(l — 6N)} : (2.147)

then we get:

LydUd = —= (3Lu + ;Lu> SR+ @Luaf( + ;LuaN) SR. (2.148)

2.10 Appendix C: Conformal EFT functions
for Generalized Galileon and GLPV

In this Appendix we collect the results of Sections [2.:4.3] and [2.4.4] and
convert them to functions of the scale factor; the Hubble parameter and
its time derivative are defined in terms of the conformal time, still they
need to be considered functions of the scale factor. This further step is
important for a direct implementation in EFTCAMB of Horndeski/GG
and GLPYV theories. In this Section only, primes indicate derivatives w.r.t.
the scale factor. Furthermore, H = dIna/dr and H = dH /dr, where T is
the conformal time. In order to get the correct results {K, Gy, F;} have
to be considered functions of the scale factor.

First, we consider the EFToDE/MG functions derived in Section m
for Horndeski/GG theories:

e [o-Lagrangian

61



2 An extended action for the EFToDE/MG

Aa) = K,
(a) = ]CXXO )
Mj(a) = Kxx X3, (2.149)
where X is:
= —H>¢g . (2.150)

e [3-Lagrangian

Aa) = H?¢f

G — 2Giax <Z¢6+H2¢3>] ,
e(a) = H*of {ng ((3%2 ) % H2¢>3> + 034 :

G . 6 e
M3 (a) = Z25H20f ((3H2 +7) & % | gz ) —3%G3xx¢65 - T H

M7 (a) = —2HGax ¢p - (2.151)

e [ -Lagrangian

2
Qa) = —1+ —G
(a’) + m% 4,

c(a) = Gax [2 (72 + A+ 2029 - 5m) 2 %N (5r2m +7t) & % g 4 oty
) 4
2H? ¢y <Z¢6+H2¢3> +1o7i ]
6 4
+ Gyxx [127;2 Si < b4 + H2 o >

7_[2(725 <H2 12 27-[2/-[2 ¢6¢6/ H4¢//2>

/2

+2H o5 + Gaxo

b

Ala) = Gux [4 (7# +5HPH +H? + H#) +4 (47{4 + 5HH ) % Doy + 47—[4(;56’2]

/ /
+ 4H pL by + SH—G4x¢¢ — 8Gx xH by’ (HQZO + H%{{) <2H2‘ZO + H%
+ H¢p)

4 8

H H H
M3 (a) = Gaxe 47 o — Hep’ (a% + H2¢6’>] 6*% Gipxx — 12 S Gaxxx oy
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4 Gaxx H2OL2 { (9H4+H2+2H2 )% +2(2H2H+2H4) G041 4 oy

. . . /2
+ Gux {(27{%2 FoHt W2 H’H,) -

<H4 4 57_[2 ) ¢0¢ H4¢H2
_ H4¢0 ///] ,

3 _ / : 2 (bo 2 _ is e 3,13
Ml (a) = 4G4x7'[¢0 H+2H +H 16G4x x a ¢0 4G4x¢7'[ ¢0
M3(a) = AH*Gux ¢ = —M3i(a) = 2M2(a) . (2.152)

e [s-Lagrangian
2H? H G
o) = 0 [Gsx <a¢g+H2¢3> —25‘”1 -1,

H -, 3 H2 3HS
cla) = 5 F + 5 -—mif — ¢ Gsg + — 30 Gagx — ¢ Gox

+ 2?¢65G5XX ;

B 2 6 3
Ala) = F — 3m37i2(1 + Q) +4G5x H3 + 3H—G5¢¢

F o O3H? H1O
M;(a) = —HZ - 17 mpQY — 27¢ Gsxxx — 37 e ¢0 Gspxx + 6G5XX e ¢'5
2 ¢ yGsgx — pe ¢ yGsx

M;3(a) =2 l’}‘ﬂ@f? G54 — Gsx

g e <7j¢a +H2¢6’>H

_ H7
Mf(a) = —HmQQ/ + 47¢ G5¢ — 47(}50 G5¢X a72¢65G5XX

= —M3(a) = 2M2< ),

¢ yGsx (2.153)
where f(a) = F = mfHQ = 2%mi(1 + ) and F(r) = 2% Gsxof) +
22 G2

Let us now consider the two Lagrangians which extend the Horn-
deski/GG theories to the GLPV ones introduced in Section m

o L{LPV Lagrangian
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4 . _ 4 _ y
cla) = 27i H(H — H?)Fy + 8%¢63F4 (7;(;63 + H%{{)

6 y F
- 4H—F4X <7;¢6 + H%{{) + M6 =22 4‘¢’ oy — 12—¢ Fy,

6 4 y
Afa) = G%Fm +4H—(’H H2) Pt Fy + 16—(;5 (7:% +H2¢6’>

HE . (H HO
- 8*F4X <a¢6 + HQ(%) o+ 47F4¢¢65
HE - HA : . Wt - ([ H
Mj(a) = —18672(?64& - a7¢64(7'l — H*)Fy — 47¢63F4 E% +H g5

H ETL 46
+ 2*¢ S Fyx (a% + ’H(bg) - 7¢65F4¢ + 6¥ o Fy,
M3 (a) = 2H (' Fy = —M3(a),
_ H5
M} (a) = 16-— ¢4 F. (2.154)

o LYLPV Lagrangian

8 6 . 6 y
Afa) = —3%¢65F5 - 12% CH—H)Fs — 307'L—F5 (t‘% + 2 g) r

HE - (H HS -
12¥F5X <a¢lo + H2¢g> /06 - 6¥F5¢¢)66

7'.[ / 2 411 HO 2\ 415 17
c(a )*6*¢ Fsx SO0+ H G | — 65 (H = H)gg' s
. :
157i (7:¢6+H2¢6’> qs F5¢+15H—F5¢
45718 ”H, 15 MO H o, Y
M) = 2 R By 4 315 (- A s+ gl <G¢O+H2 0>

HE 3H
—3 7 < ¢0+H2¢>F5x+ 2¢ Fyy,

_ HE . _
M3 (a) = ~6=—¢F Fs = —Mj ().
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M} (a) = —30—F5¢> . (2.155)

Finally, we write the EFT functions obtained from the GLPV ac-
tion ([2.76]) in Section in the appropriate form adopted in EFTCAMB

2 H

o) = (34 5B5) 1,
_ 2 3 _ N 4 . B 2

Ala) = Az — 6%A4 + 12%/15 +HAy — —(H - H2) A, — 4}‘714’

+6H—3A’+12ﬂ(7—l H?)As —[ (’H2+2H)B4+ (H+2H2) 4

_ H "N - H _ _
+2H2BY — = <7—l2 +3H + H) Bl — - (3H - 2%2) BY —H*BY

b

H? H? H

4
(R = H)As = 47 A+ 65 A+ 12 (H — H) As

1 _
cla) = f(’HA’
H? H3
— Aoy + 3HAzN — 67A4N +6— A5N)
N 7-[ ) _ 3
- 2 _ / o _ 2 " 2 pr Y pm
+a(’H, ’H)B4+2a(3’H, H)B ~ H'B{ + B

b o (A 2H) By~ S (- #)B,

2a 2
H H? H3
M3 (a) = Z(AQNN —3— A3NN + 67A4NN - 67A5NN>
i HA, — A4 —(H-H) - 4H—A’ +6H AL

: H H H?2 H3
+12A5G3(H_H2):| (AQN_?) A3N+67A4N—67A5N>

- % _—%(H —HA)By + - (’H2 - 7{) B, —H*B!
(H 7—[3) B+ 2% (37{ H2> B+ ?;B”’] ,

Ni2(a) = —24, + 6%/15 9By + HB, = —N12(a),
i .
M (a) = ~Agx + 47 Auy — 670 Aoy — 2By + 2By + H7BY,

M?(a) = Byn + %BSN + %Bg . (2.156)
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2 An extended action for the EFToDE/MG

2.11 Appendix D: On the J coefficient in
the L; Lagrangian
In this Appendix we will show the details of the calculation regarding the

J coefficient in the L5 Lagrangian (2.53)). Let us consider the following
term:

1. g, 5N, ) .
GsxJ =G X(— fqb”’X;p(Kz —8)+ 2y 3(727“)(;,,)(1(71“ — K* nl,))

%28

1 .
5 ’va F5¢’y 1np) <K2 — S)(Z)"p
+ Ay (Kb — K, )b (W (v"1Fs) + F5¢’y_lnp> . (2.157)

The last parenthesis contains a quantity which is orthogonal to the
quantities that multiply it, hence it vanishes. Therefore, we have:

F 1
GsxJ = %(bnpn”(KQ —-8)— ianp(7_1F5)(K2 —8) + WOV (v P ) (K — K1''n,,)

F5 [1
= 7(1{2 -5+ = {QVp(npKQ —nPK,, K") — (Kn* — K"'n,).,
_ B (K? K
= ( WKV K — Ky K" = P KM Ky = iV, K
g
F,
—KV,it? + 7,V ,K? + KV i) — %(KQ - 9), (2.158)

where in the second line we have used the fact that n, is orthogonal to
n, and K*”. Now, employing the following geometrical quantities:
R, n*n" = —n'V, K +V ' +n'V'K,, ,
R, n"nt = n*VYK,, —n'n,V'n, - 'V K,
K"nPn’ Rygup = K71° (Vo Kgy) — K70 (V3 Koy) + K7 (Vaiy) + K700, ,

(2.159)
we obtain:
Fs (K3 K
GsxJ = 75( S KK = R K =l K1Y Ky — i
KV .n” . pv pv . F5¢
— KV, + 7, VK + K v,,nu) - (K- S)
Fs (K% K
=5 (7 — S K K" = KRynn” + 0K (V" K,,) + K*nfn?
v

+ K" nnP Ruoyy — K0P (Vo Kp,)
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2.11 Appendix D: On the J coefficient in the Ls Lagrangian

Fsg oo
(K2~ 5)

— Kt + Ry it + 0V, ) =

Py K K
(7 — S K K" — KRyynin® — KK K, + K*nin?
Y

+ K"nnf Ry, + KT*KS K,

— Kt + Ry i + 00y, ) = S22 (K2 - 8),
(2.160)

where we have dropped a total derivative term. Finally, we use the defini-
tion K in Eq. (2.59) and we obtain the final result used in Section m

K
Gsx T = Fsy~! [5 + K00 Ry + 10707 Ry — K" Ry | = “22 (K2 = 8).
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