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Abstract: The R2 inflation which is an extension of general relativity (GR) by quadratic
scalar curvature introduces a quasi-de Sitter expansion of the early Universe governed by
Ricci scalar being an eigenmode of d’Alembertian operator. In this paper, we derive a
most general theory of gravity admitting R2 inflationary solution which turned out to be
higher curvature non-local extension of GR. We study in detail inflationary perturbations
in this theory and analyse the structure of form-factors that leads to a massive scalar
(scalaron) and massless tensor degrees of freedom. We argue that the theory contains
only finite number of free parameters which can be fixed by cosmological observations.
We derive predictions of our generalized non-local R2-like inflation and obtain the scalar
spectral index ns ≈ 1 − 2

N and any value of the tensor-to-scalar ratio r < 0.036. In
this theory, tensor spectral index can be either positive or negative nt ≶ 0 and the well-
known consistency relation r = −8nt is violated in a non-trivial way. We also compute
running of the tensor spectral index and discuss observational implications to distinguish
this model from several classes of scalar field models of inflation. These predictions allow us
to probe the nature of quantum gravity in the scope of future CMB and gravitational wave
observations. Finally we comment on how the features of generalized non-local R2-like
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inflation cannot be captured by established notions of the so-called effective field theory of
single field inflation and how we must redefine the way we pursue inflationary cosmology.
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1 Introduction

Ever since the first release of the Planck CMB data R2 inflation, or Starobinsky inflation,
based on modification of general relativity (GR) by quadratic scalar curvature (which
we call shortly as R2 gravity) has became a cue for understanding the physics of early
Universe [1–7] because of its success with the predictions of a quasi-flat (scale invariant)
scalar power spectrum of primordial scalar perturbations PR ∼ 2.1×10−9 with the small tilt
ns− 1 = − 2

N and primordial gravitational waves given by the tensor-scalar ratio r = 12
N2 =

3(1−ns)2 (where N = 50−60 e-folds before the end of inflation, depending on the duration
of a post-inflationary stage of creation and thermalization of known matter), obtained by
unambiguously fixing the mass of the scalaron asM ≈ 1.3×10−5Mp in the units of reduced
Planck mass (Mp) from the measured amplitude of PR. The emergence of R2 inflation
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from the semi-classical modification of gravity due to matter quantum fields clearly points
out the importance of fundamental physics and the first principles in the construction
of successful cosmological models. Along with the observational success, R2 gravity is
also an important step beyond general relativity (GR) towards quantum gravity [8]. In
this spirit, R2-inflation has been successfully embedded in a geometric (á la Jordan frame)
construction of supergravity [9] and also recently in an ultraviolet (UV) complete framework
of analytic non-local gravity [10–13]. Despite these developments especially the later one
that we explore further in this paper, several realizations of Starobinsky-like inflatonary
scenarios have been emerged in recent years in the context of UV-complete frameworks
such as in string theory and SUGRA [14–16]. The important aspect of all these several
generalizations is that they modify the scalar power spectrum which results in modification
of the key inflationary observable - the tensor-to-scalar ratio which is bounded above from
the latest BICEP/Keck Array CMB data r < 0.036 [17], while the prediction of scalar tilt
ns ≈ 1− 2

N being almost unchanged in agreement with the Planck result [7].
Apart from the scalar field models of inflation which predominantly attempts to mod-

ify the scalar power spectrum, there is another possibility of changing the key parameter
tensor-to-scalar ratio r by modifying the gravitational power spectrum. Such a possibility
has been recently found in geometrical modifications of GR, in particular in an ultraviolet
(UV) non-local generalization of R2-inflation. Such a non-local gravity theory has emerged
with several motivations of UV completing R2 gravity (see [10, 11, 13, 18, 19] and the
references therein1). Recently found non-local extension of R2 gravity leads to testable
predictions, especially with respect to the single field consistency relation r = −8nt which
gets violated solely due to the presence of non-locality. Here in this paper, we establish
R2-like inflation in an analytic non-local gravity construction including all possible higher
curvatures (that are relevant up to the inflationary energy scales) which go beyond the pre-
viously studied model [11, 12, 23]. Non-local higher curvature terms are motivated from
quantum gravity point of view which can be witnessed from the studies of trace-anomaly
driven effective theory of quantum gravity [24–26] and from asymptotic safety (AS) ap-
proach to quantum gravity [27–29]. According to the AS approach, a generic (effective)
quantum gravity action must contain all the higher curvatures and infinite derivatives. In
this paper, we study cosmological implications of non-local higher curvature terms in the
view of R2-like inflationary paradigm. In a nutshell, our primary goal is to expose all as-
pects of higher curvature gravity embodied with non-locality in the form of analytic infinite
derivatives and higher curvature terms. We present features of this theory with respect to
the almost scale invariant scalar power spectrum and the tensor power spectrum that can
have non-trivial scale dependence.

The paper is organized as follows. In section 2 we provide a concise summary of results
obtained in this paper which will be discussed in detail in the later sections of the paper.
We highlight all the new features of our geometric framework of non-local R2-like inflation
in the scope of upcoming ground based and space based cosmological and gravitational
wave observations. In section 3 we present a most general action for R2-like inflation and

1See also [20–22] for other non-local gravity models not containing an inflationary stage.
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explain how the action turns out to be non-local in nature. We demonstrate how the theory,
despite containing infinite derivative and infinite curvature terms (written as the so-called
form-factors), can be formulated with finite parameter space using physically motivated
conditions for the theory to be ghost-free in the Minkowski and quasi-de Sitter (dS) limits.
In section 3.4 we derive the scalar and tensor power spectrum predictions of our general
higher curvature non-local gravity exploiting the results derived in [10–12]. We discuss the
structure of form-factors and their relation to the degrees of freedom in the theory. We
derive predictions for

(
ns, r,

dnt
d ln k ,

d2nt
d ln k2

)
in this model and compare them to the latest

observational bounds. In section 4 we provide an extensive discussion of distinguishing the
features of generalized non-local R2-like inflation against the effective field theory (EFT) of
single field inflation. We present how generalized non-local R2-like inflation reshapes our
understanding of early Universe cosmology. In section 5 we provide a brief outlook to go
beyond what has been studied in this paper. Also, we will comment on implications of our
study in the context of quantum gravity. In appendix A we discuss several models of f(R)
gravity and the prominence of R2 inflation in explaining the inflationary observables. In
appendix B we derive the equations of motion of the most general gravity action for R2-like
inflation we constructed in section 3. In appendix C we study cosmological perturbations
of theory obtained in section 3 and analyze the degrees of freedom and the ghost-free
conditions for different form-factors.

Notations: we use the metric signature (−, +, +, +), overdot and ′ denotes derivative
with respect to cosmic time (t) and conformal time (τ) respectively, †, ††, ††† to denote
first, second and third derivative with respect to the argument. (n) denotes n-th order
perturbation, overbar denotes background values for flat Friedmann-Lemaître-Robertson-
Walker (FLRW) space-time, 4-dimensional indices are labeled by small Greek letters and
three dimensional quantities are denoted by i, j = 1, 2, 3. We also set ~ = c = 1 and
Mp = 1/

√
8πG is the reduced Planck mass. Throughout this paper we use “≈” to denote

dS approximation, subscripts “(s), (h)” to indicate scalar and tensor parts of the pertur-
bations and subscript “dS” refers to the quantities evaluated in the quasi-dS (slow-roll)
approximation. Everywhere we perform computations in the leading order of the slow-roll
approximation. Whenever we discuss scalar field EFT models of inflation, we use the no-
tation for slow-roll parameters, Hubble parameter with subscript “E” to distinguish them
from the quantities defined in the Jordan frame. We use the letter “O” to denote the order
of magnitude and “O” to denote an arbitrary operator.

2 Summary of our results

Apart from discovering a new era in the remote past of our Universe, one of the main
goals of inflationary cosmology is to look for signatures of high energy physics including
gravity through CMB, astrophysical, and gravitational wave observations. A Plethora
of inflationary mechanisms have been developed in the last decades in order to derive
predictions of physics at UV energy and space-time curvature in terms of the following set
of observables related to two-point correlations [30]{

ns, r, nt

}
(2.1)
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The latest Planck data with their result on the scalar spectral index ns ≈ 1 − 2
N and

constraint on its running dns
d ln k strongly favour R2 inflation where the inflationary stage

is a phase of quasi-dS evolution with the Ricci scalar R being the eigenmode of the
d’Alembertian operator (3.1) which in the Einstein frame is understood as inflaton rolling
down the plateau-like potential (or the Starobinsky potential) [1, 31]. R2 inflation in-
terpolates the regime of higher curvature dominance when M2 � R � M2

p (where
M ≈ 1.3 × 10−5Mp is the restmass of the propagating scalar in f(R) gravity dubbed
scalaron) to the matter dominated phase |R| �M2 producing graceful exit from inflation,
and when to the radiation dominated stage after the decay of scalaron into other elemen-
tary particles and antiparticles and their final thermalization. The success of R2 inflation
puts stringent constraints on coefficients of additional higher order terms in the action
like Rn.

Before we attempt to understand what quantum gravity is, it is vital to understand
how one can constructively write an action beyond GR. It is trivial to think that a generic
action for quantum gravity (that is metric compatible) contains all possible curvature in-
variants that one can write using the Ricci scalar, Ricci tensor, Weyl tensor or Riemann
tensor and an infinite number of their covariant derivatives. But it is non-trivial to frame
out the rules to obtain an action that is apt for quantum gravity and cosmological applica-
tion. Inspired from the attempts of formulating a generic action of quantum gravity with
all possible curvature invariant terms [24–26] and several other approaches of quantum
gravity [13], here in this paper we took a phenomenological approach and formulated a
most general action (3.2) that one can write to have R2-like inflation dictated by the eigen-
value equation (3.1) as its particular solution. We found that our generalized action (3.2)
contains infinite order curvature terms and infinite order of their derivatives, thus becom-
ing a non-local theory of gravity. Furthermore, we realized that the earlier studied R2-like
inflation in quadratic curvature non-local theory [10–13] is an effective description of our
more fundamental action (3.2). The crux of the paper is about inflationary predictions
of our gravity action (3.2) for the following inflationary observables related to two-point
scalar and tensor correlations, scalar and tensor spectral tilts and their running

{
ns,

dns
d ln k , r, nt,

dnt
d ln k ,

d2nt
d ln k2

}
(2.2)

We have shown that the power spectrum predictions of our generalized action remain
the same as in the earlier studied model of R2-like inflation in non-local gravity [12] with
the theoretically consistent choice of form-factors which do not explicitly depend on the
background curvature. Especially, we have established in detail the structure of form-
factors and degrees of freedom of the theory (see section 3.4 along with appendix C for
details). The predictions of (ns, r) are depicted in figure 1 against the latest bounds on
the tensor-to-scalar ratio from BICEP2/Keck Array [17]. In this theory we modify the
tensor power spectrum as in (3.23), whereas the scalar power spectrum remains nearly
scale invariant, and also the scalar spectral index ns and its running dns

d ln k remain the same
as in the local R2 theory.
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Figure 1. In this plot we confront the predictions of generalized non-local R2-like inflation against
the latest BICEP/Keck array analysis (depicting the ruled out monomial models of inflation and
the natural inflation which is in purple colour) [17] which has constrained the tensor-to-scalar ratio
as r < 0.036 and the spectral index as ns = 0.9649 ± 0.0042. The black colour vertical line from
the left represents (ns, r) = (0.964, < 0.036) for N = 55 whereas the one on the right represents
(ns, r) = (0.967, < 0.036) for N = 60.

Here are the key consequences of the modification of the tensor power spectrum which
is due to terms of infinite order in powers of Ricci scalar, Weyl tensor squared and their
covariant derivatives in (3.2).

• Sound speed of tensor fluctuations remains Unity that is compatible with the latest
bounds on the sound speed of gravitational waves from GW170817 [32]. Also, the
sound speed of scalar fluctuations in our model remains Unity.

• Single field tensor consistency relation is modified, r 6= −8nt, due to modification of
the tensor tilt by non-local higher curvature effects.

• Scale invariant nature of tensor power spectrum2 can be broken and the predictions
of
(
nt,

dnt
d ln k

)
can be an order of magnitude larger than in conventional EFT models

of inflation (see section 3.4 and the discussion in section 4).

2In GR, scale invariance of the power spectrum of tensor perturbations generated during a metastable
de Sitter (inflationary) stage in the early Universe was first derived in [33] without introducing a concrete
model of inflation.
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• The tensor tilt can be positive as well as negative. Especially, it is possible to achieve
blue-tilt3 nt > 0 for any value of r < 0.036.

• In our framework, the Hubble parameter during inflation remains the same for any
value of tensor-to-scalar ratio r < 0.036. Therefore, the energy scale of inflation
remains unchanged with changing the value of r.

• We have shown in detail that our non-local gravity inflation cannot fall into any
category of EFT of single field inflation [37, 38] which is established as the unified
framework of all single scalar field models of inflation.

All together we successfully establish in this paper that geometric modifications of R2

inflation can lead to definite predictions for inflation which are in-line but still distinguish-
able from several classes of scalar field inflationary models. Thus, we open a new door for
understanding and development of cosmic inflation. Our study will be continued in the
companion papers where we study primordial scalar and tensor non-Gaussianities [35, 36].
All of the above predictions make the generalized non-local R2-like inflation a viable target
for the future experiments such as CMBS4 [39], LiteBIRD [40], e-LISA [41] and CORE [42]
which are aimed for detection of primordial gravitational waves.

3 Generalized R2-like inflation in analytic non-local gravity

3.1 Action of the model

Given the success of R2 inflation, any extension of it must preserve the values of the
scalar power spectrum and its tilt which are accurately measured by the Planck data [7].
Several finite derivative higher curvature extensions of R2 gravity have been studied in the
literature (see appendix A for a detailed discussion) which all conclude that R2-inflation
is the consistent setup to describe current bounds on spectral index and its running for
N ∼ 50− 60 e-foldings. In this section, we present the most general gravity action mostly
up to cubic in curvature terms which can be written such that the original inflationary
background solution remains the exact one. The latter is known to form the eigenvalue
problem4

�R = M2R (3.1)

A tedious but straightforward calculation leads to the following gravity action possessing
this property that contains infinite order of derivatives and in some places infinite order

3Alternative theories of inflation such as string gas cosmology can have blue tilt, too [34], but such
frameworks predict undetectably small non-Gaussianities. In our case, we can have blue tilt, but there can
be relatively large non-Gaussianities [35, 36] that is a distinguishable feature from string gas cosmology.

4This is the trace equation of R2 theory with the action Slocal
R+R2 = 1

2

∫
d4x
√
−g (M2

pR + f0R
2) with

f0 = M2
p

6M2 .

– 6 –
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curvature terms

SNon−local
H = 1

2

∫
d4x
√
−g
(
M2
pR+

[
RFR (�s)R+

(
M2
p

2M2
s

+f0Rs

)
WµνρσFW (�s, Rs)Wµνρσ

+ f0λc
M2

s

L1 (�s)RL2 (�s)RL3 (�s)R

+ f0λR
M2

s

D1 (�s)RD2 (�s)WµνγλD3 (�s)Wµνγλ

+ f0λW
M2

s

C1 (�s)WµνρσC2 (�s)WµνγλC3 (�s)W ρσ
γλ

]
+· · ·

)
,

(3.2)
where · · · represent higher order curvature terms which do not contribute neither to two-
point nor to 3-point correlations of inflationary fluctuations. In the companion papers [35,
36] we further disclose details about these terms. Here R, Wµνρσ are Ricci scalar and Weyl
tensor respectively and �s = �

M2
s
with � being the d’Alembertian operator. Ms is the

scale of higher derivative corrections, Rs = R
M2

s
, and{

FR (�s) , FW (�s, Rs) , Li (�s) , Ci (�s) , Di (�s)
}

(3.3)

are analytic infinite derivative (AID) operators often called form-factors. We assume that
M2 � M2

s � M2
p and also, since the scope of (3.2) is only limited to the inflationary

context, we assume that R � M2
p throughout our analysis. Analyticity at zero curvature

is essential to restore Einstein’s gravity in IR. We stress that (3.2) is structurally very
different from the earlier studied versions of non-local gravity [10, 11]. Compared to the
non-local gravity model studied in [10, 11], the action (3.2) obviously contains higher cur-
vature terms but the term

(
M2
p

2M2
s

+ f0Rs

)
WµνρσFW (�s, R)Wµνρσ, in particular, contains

a combination of infinite curvature terms involving Ricci scalar which are constrained by
the ghost-free structure of form-factor (3.13) around the inflationary background that shall
be explained in detail in the later part of the section. We should observe here that in the
previous frameworks [10, 11] this R dependence in the non-local Weyl square term was not
present. However, the form-factor considered there does contain the particular dependence
on the value of quasi-dS curvature during inflation (see eq. (5.14) of [10]). Therefore, our
formulation of (3.2) gives a consistent extension of the non-local gravity theory studied
in [10, 11].

Let us elaborate on how action (3.2) emerges. In general, any higher curvature exten-
sion of GR is constructed through adding all possible curvature invariants involving the
following three curvature tensors

R =
{
R Rµν Wµνρσ

}
, (3.4)

where R denotes either Ricci scalar, or Ricci tensor, or the Weyl tensor. Since Riemann
tensor can be expressed in terms of the basics (3.4), we can drop it from our construction

– 7 –
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of the action. Weyl tensor is a convenient choice for FLRW backgrounds compared to
Riemann tensor. In the context of inflationary backgrounds, since R̄µν ≈ R̄

4 gµν , it is wise
to eliminate terms in the action containing Ricci tensor to simplify our analysis. Moreover,
our task here is to find a pure gravitational action compatible with (3.1). Therefore, we can
resort for the moment to just terms containing the scalar curvature R leaving the detailed
analysis of the impact of the terms containing Ricci tensor for future studies.

Extending Einstein’s gravity to a 4-derivative action, we end up with the Stelle gravity

S4 = 1
2

∫
d4x
√
−g (M2

pR+ f0R
2 + fW0WµνρσW

µνρσ) , (3.5)

and the trace equation here is identical to (3.1). Stelle gravity was found to be renor-
malizable [43] but non-unitary because of the presence of the Weyl ghost.5 Even though
non-unitary, Stelle gravity tells us that the higher curvature modification is the right ap-
proach towards quantum gravity due to manifest renormalizability of the model. Assuming
the ghost mass to be heavy, i.e. f0 � fW0, Stelle gravity successfully leads to Starobinsky
inflation [1]. Let us remind here that f0 is very large indeed in the local R2 inflation,
f0 = N2

144π2PR ≈ 109, that follows from the smallness of the primordial scalar perturbation
spectrum PR only (PR(N) ∝ N2, N � 1 for Starobinsky inflation, so f0 isN -independent).

Later on it has become clear that by adding higher (infinite) derivative terms, an in-
finite derivative extension of Stelle gravity [13, 53] can lead to a ghost-free theory around
Minkowski. The action (3.6) is found to have good UV complete properties such as super-
renormalizability [10, 54–61], and in some cases with more local higher curvature terms
finite quantum gravity has also been known to be achieved by removing the finite loop
divergences using the methods of power counting and β-function computations [10, 18, 60–
64]. However, still several open questions exist about unitarity of the theory at the non-
perturbative level, behavior of scattering amplitudes and the uniqueness of higher deriva-
tive operators. To be more precise, the scattering amplitudes and the non-perturbative
unitarity have been addressed in only a sub-class of non-local theories without the Weyl
tensor terms [21, 65–67]. Therefore, we stress that the study of super-renormalizability
or finiteness and also the non-perturbative unitarity of our generalized action (3.2) is a
subject of future investigation. In our generalized non-local gravity (3.2) we have higher
curvature non-local terms which are added for necessity to achieve a ghost-free behaviour
in the quasi-dS limit. This is in the view of cosmological applicability through R2-like
inflation as a guiding principle for achieving a consistent non-local (quantum) gravity.

SNon−local
q = 1

2

∫
d4x
√
−g (M2

pR+RFR (�s)R+WµνρσFC (�s)Wµνρσ) (3.6)

5However at quantum level, the unitarity problem resolutions for Stelle gravity were elaborated by
changing the Feynman prescription via the so-called Fakeon prescription or PT-symmetric quantization or
by Renormalization Group approach by including matter couplings [44–48]. Motivated by these approaches,
there have been studies of R2-inflation and other local higher-derivative models and their respective UV-
completions [49–52].

– 8 –
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with the form-factors (see [10, 59] for more details)

FR (�s) =
∑
n≥0

fn�
n
s = f0M

2
1−

(
1− �

M2

)
eγS(�s)

�

FC (�s) =
∑
n≥0

fWn�
n
s =

M2
p

2
eγT (�s) − 1
�

.

(3.7)

where γS (�s) , γT (�s) are entire functions, quite arbitrary in principle. The fact that these
functions are entire and come in the exponent guarantees that extra degrees of freedom do
not emerge. Note that finite number of derivatives will not kill ghosts in the spectrum, we
need infinite number of derivatives! From the point of view of convergence of loop integrals,
one want that form-factors F at least do not decay for large momenta (meaning that the
propagator behaves at least like in Stelle gravity).

Though looking promising, this construction suffers from the inability to be healthy
around any background but Minkowski. Indeed, it was shown explicitly in [68] how the
form-factors would look like around dS background (assuming explicit cosmological con-
stant term in the action), and the crucial point is that Taylor coefficients of form-factors
should implicitly depend on the background curvature. Even though one can do adjust
the coefficient in the right way, it becomes possible for one given background (one given
dS curvature) only. On the other hand, the very structure of the above action (3.6) does
not assume an inclusion of extra curvature factors anywhere meaning that this model is
yet incomplete.

In the present paper we want to break free out of the above problem by considering
extra dependence on curvature. To start with and give a feeling of what we are looking
for, we notice that since Weyl tensor is zero for any FLRW background, in principle we
can include any curvature dependence inside the form-factor FC (�s) without changing the
propagator around Minkowski space-time (or more generically, as long as we are interested
in FLRW background). In this regard, we can generalize the non-local Weyl square term
in (3.6) as

SNon−local
W 2 = 1

2

∫
d4x
√
−g
[(

M2
p

2M2
s

+ f0
R

M2
s

)
WµνρσFW (�s, Rs)Wµνρσ

]
(3.8)

where FW (�s, Rs) is a general function of d’Alembertian and Ricci scalar being analytic
at zero values of its arguments. We can also include any arbitrary function of a generic
Riemann tensor analytic at zero argument, but for the moment we restrict ourselves to the
scalar curvature R only. We note that (3.8) is different from what was considered in [23].
First of all, the non-local Weyl tensor square term in [23] does not contain Ricci scalar-
dependent factors but rather it contains terms involving a particular constant value of Ricci
scalar (which is R̄dS in the notation of this paper). To be precise, the non-local Weyl ten-
sor square term in action considered in [23] is

(
M2
p

2M2
s

+ f0
R̄dS
M2

s

)
WµνρσFW

(
�s,

R̄dS
M2

s

)
Wµνρσ

which matches with the one in [10] in the approximation M2
p � f0R̄dS. All these studies

clearly signal that the earlier studied non-local gravity models [10, 23] must be an effective
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version of a more fundamental one and the construction of our action (3.2) is a first step
in achieving that.

In the construction of (3.8), we exploit the following non-local extension of identities
of Weyl tensor [25, 26]

RσλWµνρσW
µνρλ = R

4 WµνρσW
µνρσ

=⇒ RσλO (�s)WµνρσO (�s)Wµνρλ = R

4 O (�s)WµνρσO (�s)Wµνρσ
(3.9)

Following the papers [25, 26], one can realize that at the cubic order in curvatures all possi-
ble terms can be recasted to have only d’Alembertians and not single covariant derivatives
as follows6

O1(�s)RO2(�s)RO3(�s)R (3.10)

Then recalling that we use only terms involving Ricci scalar and Weyl tensor which do not
spoil the Minkowski propagator, we arrive at (3.2). It is useful to recall here the following
identities of Weyl tensor which confirms that the cubic in Weyl tensor term that we have
in (3.2) is indeed the only possible combination

W γλ
[µν O (�s)W αβ

γλ O (�s)W µν
α]σ = 0 ,

WµνρσO (�s)Wµνρλ = 1
4δ

σ
λW

µνραO (�s)Wµνρα ,
(3.11)

where in the first line we have complete anti-symmetrization over the five indices. Moreover,
we can make the form-factors C (�s) to further depend on Rs but we drop this generalization
for brevity.

It is important to mention that action (3.2) can be viewed as leading terms in the
series expansion in the approximation R�M2

P , so one may expect other higher curvature
terms to be added to build a full action. We note that the presence of higher derivative
R dependent terms with the Weyl tensor squared is essential for the theory to be ghost-
free during inflation. As a short comment, we can mention that even though a local
term RW 2

M2
p

renders the action non-renormalizable in a local theory of gravity, one may ex-
pect that the presence of cubic curvature non-local terms together with the R-dependent(

M2
p

2M2
s

+ f0
R
M2

s

)
WµνρσFW (�s, Rs)Wµνρσ retains the model to be renormalizable with ex-

pected additional conditions on the cubic non-local form factors in the 2nd, 3rd and 4th
lines of (3.2). This, however, requires further study as this model is different from pre-
viously examined constructions like in [11, 23]. Moreover, in the current manuscript, we
focus on the study of inflation when it satisfies the condition R̄dS � M2

p . Even though
R̄dS can be larger than M2

s, we should not worry at this stage about the validity of our
model for all sub-Planckian energies.

6Indeed we can eliminate all terms with single covariant derivatives acting on curvature tensor by adding
arbitrary number of total derivatives. For example, suppose we have a term of the form R∇µR∇µR in the
action. Then we can eliminate this term by adding a total derivative of the form �

(
R3). We can continue

this procedure for any arbitrary number of derivatives until we arrive at (3.10).
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3.2 Restrictions on form-factors (3.3)

The requirement that (3.1) is an exact background can be met by imposing the following
constraints on the operators (see appendix B for a detailed derivation using equations of
motion following from the action (3.2))

FR

(
M2

M2
s

)
= f0 =

M2
p

6M2 , F†R

(
M2

M2
s

)
= 0 , Li

(
M2

M2
s

)
= 0 , (3.12)

where † denotes derivative with respect to the argument. Since Weyl tensor vanishes on
FLRW backgrounds, we do not get any constraints on the form-factors FW

(
�s, 2R

3M2
s

)
,

Ci (�s) and Di (�s) as long as the background solution is concerned. Conditions on FR are
naturally the same as they were in the previous studies [10, 11] based on the action (3.6).
The last equality in (3.12) is a new condition that is sufficient, but not necessary though,
and can be weakened as only 2 out of 3 operators Li must vanish at the point M2/M2

s to
have (3.1) as an exact background.7

Another requirement is that the action (3.2) must be ghost-free containing only a
scalaron and a massless graviton degree of freedom in the Minkowski and in the quasi-dS
limits (i.e., R̄dS ≈ const and f0R̄dS �M2

p , though still R̄dS �M2
p ) during inflation. This

leads to [10, 11]

FR (�s) = f0M
2
1−

(
1− �

M2

)
eγS(�s)

�

FW (�s, Rs) = eγT (�s− 2
3Rs) − 1

�s − 2
3Rs

D1

(
M2

M2
s

)
= 0 ,

(3.13)

where γ-s are entire functions. With the last condition in (3.13), we can notice that the
contribution to the second order perturbed action from the 3rd line of (3.2) vanishes exactly
(see section 3.4 for details). Additionally combining (3.12) with (3.13), one yields

γS

(
M2

M2
s

)
= 0 =⇒ γS (�s) =

(
�s −

M2

M2
s

)
γ̃S (�s) . (3.14)

where γ̃S is another entire function.
Indeed, we count the degrees of freedom perturbatively by computing the second order

action around a given background. Around Minkowski space-time, all the cubic and higher
order curvature terms are irrelevant, and with (3.13) the graviton propagator as a function
of the 4-momentum square p2 is given by [10, 53]

Π
(
p2
)
∼ − P (2)

p2eγT (−p2) + P (0)

2p2
(
1 + p2

M2

)
eγS(−p2)

, (3.15)

where P (2), P (0) are spin projection operators.
7The eigenvalue equation (3.1) recently realized to give interesting cosmological solutions in a new class

of non-local theories involving higher order scalar curvatures [69].
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This implies the theory contains only a scalaron and a massless graviton in the spec-
trum [10, 53]. From the UV-completion point of view, it is expected that the propagator
for the high momenta p → ∞ is suppressed at least as in the Stelle gravity. Similarly,
it is preliminary expected that Li

(
p2

M2
s

)
, Ci

(
p2

M2
s

)
and Di

(
p2

M2
s

)
at least do not grow in

the high energy limit. Note that the action (3.2) with the form-factors (3.13) is a gener-
alization of the earlier studied non-local quadratic curvature gravity [10–12] which can be
seen as inclusion of the curvature dependence in the form-factors compared to the previous
studies. This move is motivated by the understanding that the form-factors which depend
on the d’Alembertian only cannot accommodate ghost-free conditions around Minkowski
and (quasi)-dS spaces simultaneously. We note that the conditions (3.12) are sufficient
but not necessary. Indeed those conditions guarantee that (3.1) is an exact background
solution as we demanded from the beginning of our consideration. However, regarding
operators Li it is enough that only any 2 out of 3 vanish at the point M2/M2

s. Then
any term in the equations of motion coming from R3 part would vanish anyway. This
can be traced by examining equations of motion given explicitly in appendix B. However,
imposing Li

(
M2

M2
s

)
= 0 on all 3 operators will make the contribution of cubic curvature

term to the second order perturbed action vanish (see section (3.4) for details) that will
simplify our analysis. We defer the other possible but complicated choices of Li (�s) for
future investigation, but we greatly expect that observational aspects of the model remain
almost the same even in the general case.

3.3 On the number of model parameters

Examining the construction of our action (3.2) which involve infinite order derivatives
and infinite order terms in curvature, one might think the theory has infinite number of
parameters. However we can end up with a theory with only finite parameter space. For
example, let us take the entire functions{

γ̄S (�s) , γT (�s)
}

(3.16)

defined in (3.13) and (3.14) can be chosen to be either polynomials or functions of polyno-
mials8 which leads to finite parameter space and it can be observationally probed through
inflationary observables that we shall study in the rest of the paper. In this paper, we
study two-point inflationary correlations which do not receive any contributions from

8For example, we can consider a choice prescribed in the context of super-renormalizable quadratic
curvature non-local theories [10]

γ̄S (�s) = γT (�s) = Γ
(

0, HT (�s)2
)

+ γE + ln
(
HT (�s)2

)
. (3.17)

where Γ (0, z) =
∫∞
z
dt e
−t

t
is the incomplete gamma function with first argument being zero, γE is the

Euler-Mascheroni constant and HT (�s) is some polynomial which determines the high energy behaviour
of the graviton propagator around Minkowski. We can clearly see here that the entire functions depend
on the choice of the polynomial function HT (�s), thus leading us to finite parameter space. Worth to
mention here that in [23] entire functions similar to (3.17) were phenomenologically studied with respect to
the inflationary observables (ns, r, nt) in the quadratic curvature non-local theories.
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the last three lines of the action in (3.2). Thus, the parameter space associated with
Li (�s) , Di (�s) , Ci (�s) is irrelevant for this paper, but we address it in the companion
works [35, 36].

3.4 Power spectrum predictions of generalized non-local R2-like inflation
with (3.2)

In this section, we derive that the power spectrum predictions of R2-like inflation in (3.2)
using the several results obtained in [10–12] as explained below. Calculating the second
order perturbation of the action (3.2) around the background solution �̄R̄ = M2R̄, we
obtain

δ(2)SNon−local
H = δ(2)Slocal

R+R2 + δ(2)SNon−local
R+R2 + δ(2)SNon−local

R3 (3.18)

where Slocal
R+R2 is the local R2 action and

SNon−local
R+R2 =SNon−local

R2 + SNon−local
W 2

= 1
2

∫
d4x
√
−g
{
R

[
FR (�s)− f0

]
R

+
(
M2
p

2M2
s

+ f0
R

M2
s

)
WµνρσFW

(
�s,

R

M2
s

)
Wµνρσ

} (3.19)

and SNon−local
R3 constitute from the last 3-lines in (3.2) which are cubic in curvature. Re-

markably, applying Li
(
M2

M2
s

)
= 0 from (3.12), we can see that the cubic non-local term

has no contribution to the above second order action around the flat FLRW background
satisfying9 (3.1).

δ(2)SR3

∣∣∣∣∣
�̄R̄=M2R̄

= 0 . (3.21)

Therefore, non-local contribution to the two-point inflationary correlations comes only
from the second variation of (3.19). The cubic in curvature terms in (3.2) will give non-
trivial shapes of non-Gaussianities which will be investigated in a separate paper [35].
We present in detail the computation of the second order action (3.18) and analyze the

9It is also not very surprising that the cubic scalar curvature term in the action (3.2) do not affect the
second order action around the inflationary solution �̄R̄ = M2R̄. An analogous simple example is the
following action

SMin
R3 = 1

2

∫
d4x
√
−g
[
M2
pR+ f0R

2 + f0Λ2R3] (3.20)

where Λ is some mass scale. The above Lagrangian has the following property that the cubic term R3 does
not effect the second order action (or the linearized equations of motion) around Minknowski, however, it
is obviously not true in other backgrounds. If we study inflation in any local higher curvature extension of
R2, we do modify inflationary solution unless we assume R2 is the most relevant term during inflation and
remaining terms are highly negligible. In fact, the general statement is that slow-roll inflation in local f(R)
gravity occurs for the range of R for which the Lagrangian density L is close to R2, namely, L = A(R)R2

where A(R) is a slowly changing function of R, | d lnA
d lnR | � 1 [70]. In our case the cubic scalar curvature

non-local terms (3.2) are introduced in order not to effect the second order scalar perturbations around the
inflationary phase given by �̄R̄ = M2R̄.
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corresponding perturbed degrees of freedom in the quasi-dS limit in appendix C. After long
computations, we deduce that our second order action in (3.18) exactly coincides with the
result obtained in (4.5) of [11]. As a result, the predictions for scalar and tensor power
spectra become exactly the same as in the theory studied in [10–12]. The crucial difference
in our study is that we consider a choice of FR (�s) , FW (�s) that does not explicitly
depend on the background curvatures during inflation which was the case of [11, 12, 19].
Therefore, the scalar power spectrum PR and spectral index ns of generalized non-local
R2 inflation are

PR(k) ≈ 1
3f0R̄dS

H2

16π2ε2

∣∣∣∣∣
k=aH

, ns − 1 ≡ d lnPR
d ln k

∣∣∣∣∣
k=aH

≈ − 2
N
, (3.22)

where a(t)H(t) is estimated at the first Hubble radius crossing during inflation for a given
mode wavenumber k. The above result (3.22) is almost independent of FR (�s) as far as
M2 �M2

s, and the dimensionless coefficients of FR (�s) (3.13) are of the O(1) (see [11, 12]
for further details, where it was shown that the non-local corrections to ns are of the order
of O

(
M4

M4
s

)
).

The inflationary tensor power spectrum of generalized non-local R2 model

PT = 1
12π2f0

(1− 3ε) e
−2γT

(
−R̄dS
6M2

s

)∣∣∣∣∣
k=aH

, (3.23)

Computing the tensor-to-scalar ratio from (3.22) and (3.23) we obtain

r = 12
N2 e

−2γT
(
− R̄

6M2
s

)∣∣∣∣∣
k=aH

. (3.24)

The tensor spectral index and its running and running of running can be computed as

nt ≡
d lnPT
d ln k

∣∣∣∣∣
k=aH

≈ − 3
2N2 −

( 2
N

+ 1
N2

)
R̄dS
6M2

s

γ†T

(
− R̄dS

6M2
s

)

dnt
d ln k

∣∣∣∣∣
k=aH

≈ − 3
N3 −

1
N3

R̄dS
6M2

s

γ†T

(
− R̄dS

6M2
s

)
− 1

18N2
R̄2

dS
M4

s

γ††T

(
− R̄dS

6M2
s

)

d2nt
d ln k2

∣∣∣∣∣
k=aH

≈ − 9
N4 −

1
3N4

R̄dS
M2

s

γ†T

(
− R̄dS

6M2
s

)
− 1

12N3
R̄2

dS
M4

s

γ††T

(
− R̄dS

6M2
s

)

− 1
108N3

R̄3
dS
M6

s

γ†††T

(
− R̄dS

6M2
s

)
(3.25)

where †, ††, ††† indicate first, second and third derivative with respect to the argument,
we used d

d ln k ≈ −
(
1 + 1

2N

)
d
dN and dR̄dS

dN ≈ 2R̄dSε. From (3.23), (3.24) and (3.25) we can
conclude the following

• The tensor power spectrum is modified due to the non-local contributions from the
higher curvature non-local terms involving Ricci scalar and Weyl tensor in (3.2) i.e.,
due to the effect of (3.8) in the limit M2

p � f0R.
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Figure 2. In the upper left and right panel we plot the tensor-to-scalar ratio (r) and the tensor
tilt (nt) versus the ratio of scalaron mass (M) and the scale of non-locality (Ms) respectively. In
the lower panel we plot the running

(
dnt

d ln k

)
and running of running of the tensor spectral index(

d2nt

d ln k2

)
versus M

Ms
. The parameters for all these plots are (β1, β2) = (0.8, 1.215), (β1, β2) =

(0.65, 0.117), (β1, β2) = (0.5, 0.09) for full, dashed and dotted lines in magenta respectively.

• In comparison with local R2 gravity, the tensor power spectrum contains a strong

scale dependence due to the exponential term e
γT

(
R̄dS
M2
s

)
where R̄dS(k) depends on

wave number k.

• With tensor tilt and its running and running of running computed in from (3.25) we
can probe γT

(
R̄dS
M2

s

)
and reconstruct the form-factor (3.13) from the future primordial

gravitational wave observations [39, 71].

• The single field tensor consistency relation r = −8nt gets violated solely due to the
modification of tensor-power spectrum.

To illustrate the above conclusions we consider a choice of entire function

γT

(
�s −

2R
3M2

s

)
= β1

(
�s −

2R
3M2

s

)2
+ β2

(
�s −

2R
3M2

s

)3
. (3.26)

and present the predictions of the model for the different ranges of parameter space (β1, β2)
in figure 2 and figure 3.
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Figure 3. In the upper left and right panel we plot the tensor-to-scalar ratio (r) and the tensor
tilt (nt) versus the ratio of scalaron mass (M) and the scale of non-locality (Ms) respectively. In
the lower panel we plot the running

(
dnt

d ln k

)
and running of running of the tensor spectral index(

d2nt

d ln k2

)
versus M

Ms
. The parameters for all these plots are (β1, β2) = (0.625, 0.1125), (β1, β2) =

(0.4, 0.072), (β1, β2) = (0.2, 0.036) for full, dashed and dotted lines in brown respectively.

From (3.24) and (3.25) we can derive the following relation between tensor tilt nt,
running of tensor to scalar ratio d ln r

d ln k .

nt ≈ − (1− ns) + d ln r
d ln k (3.27)

Nature of scalaron: from (C.15) we can extract that the sound speed of curvature per-
turbation is unity. Therefore, we have a canonical scalar field propagating during inflation
similar to the local R2 theory. Thus, we can also conclude that there is no super-horizon
evolution of the curvature perturbation R and it can be assumed to be approximately
constant on superhorizon scales as its solution generally contain a growing mode and a
decaying mode [72]

R = c1 + c2

∫
dt

a3ε
. (3.28)

4 Non-local R2-like inflation versus effective field theory of scalar field
inflation

The goal of this section is to provide a qualitative and somewhat quantitative understanding
of how the framework of inflation in non-local gravity (3.2) is different from the effective field
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theory of (single-field) inflation (EFTI) [37, 73]. Of course, the obvious difference between
the two is “locality”, but here we discuss in detail how EFTI cannot capture everything
about our ignorance of UV-completion. We argue that even though EFTI is a useful tool
to probe the unknown UV-physics, the well-motivated inputs from UV-completion point of
gravity may shed new lights on inflationary cosmology beyond what is promised by EFTI.

4.1 Nature of primordial fields in EFTI

Ever since the EFTI was proposed [37, 73–75], it is widely understood and established
that EFTI captures all our ignorance about UV-completion and the approach unifies all
our models of inflation through the so-called EFT parameters. As far as the inflationary
two-point correlations are concerned, EFTI prescribes that everything about inflation can
be captured by the following set of slowly varying time-dependent parameters{

Hinf , εE , ηE , cs, ct

}
(4.1)

where Hinf is the nearly constant Hubble parameter during inflation in an EFT. The
corresponding slow-roll parameters are

εE = −Ḣinf
H2

inf
, ηE = ε̇E

HinfεE
. (4.2)

The additional two-parameters (which are also nearly constant) (cs, ct) are the sound speed
of scalar and tensor perturbations defined through their second order actions

δ(2)
s SEFTI =

∫
d4x
√
−g
[
M2
p

c2
s

ε

(
ζ̇2 − c2

s

(∂iζ)2

a2

)]

δ
(2)
t SEFTI =

∫
d4x
√
−g
[
M2
p

c2
t

ε

(
ḣ2
jk − c2

t

(∂ihjk)2

a2

)] (4.3)

where ζ = −R is the curvature perturbation defined in the so-called Unitary gauge of EFTI
and hij is the tensor standard tensor perturbation. During inflation the scalar perturbation
can be approximated to be massless in the first approximation. In standard canonical scalar
field inflation (for example Starobinsky or Higgs inflation [15]), the sound speeds cs = ct = 1
which means that the speed of propagation of scalar and tensor perturbed modes equals
to the velocity of light.

The construction of EFTI conveys that our ignorance of UV-completion beyond stan-
dard canonical scalar field inflation should be encoded in (cs, ct) different from Unity. As
a consequence, the key observables of inflation are modified in the leading order of the
slow-roll approximation as [76, 77]

ns = 1− 2εE − ηE − εs, r = 16cs
ct
εE , nt = −2εE − εt, r 6= −8nt . (4.4)

where εs = ċs
Hcs
� 1, εt = ċt

Hct
� 1 are the slow-roll parameters associated with the sound

speeds. Therefore, the central observationally relevant message from EFTI is that any
violation of single field tensor consistency relation r = −8nt must arise from 0 ≤ (cs, ct) ≤
1. The generalized non-local R2-like inflation is a counterexample to this which we discuss
below.
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4.2 Differences between non-local R2-like inflation and EFTI

Here we make theoretical and observational comparisons between our framework of geo-
metric inflation with (3.2) and the EFTI. In the theoretical part we exploit the differences
between the construction of EFTI and (3.2) with respect to the nature of perturbed de-
grees of freedom and the cut-off scale and the roads to UV-completion. In the observational
part we make qualitative and few quantitative remarks on distinguishing EFTI with our
generalized non-local R2-like inflation.

4.2.1 With respect to theoretical framework

Here we provide a comparative discussion of EFTI [37, 73] and our non-local gravity infla-
tion.

• EFTI is motivated from particle physics and identifying carefully the symmetries
based on the adiabatic evolution of the inflationary background. EFTI construction
by Cheung et al. [37] captures the nature of inflationary perturbations and their
interactions around a standard slow-roll inflation by exploiting time dependent spatial
diffeomorphisim invariance in the frame of the broken time diffeomorphisms. This
procedure further employs the so-called Stuckelberg trick to non-linearly recover time-
diffeomorphism invariance and to obtain an effective Lagrangian for a scalar field that
is valid below a cut-off scale Λ & Hinf . Our geometric framework of inflation studied
in this paper goes beyond any of the assumptions of symmetries and perturbative
expansion of terms of order H

Λ in the EFTI. We collected all possible curvature
invariant terms one can write around an exact inflationary background (3.1). We
have ended up with infinite number of curvature invariant terms in the action (3.2)
which cannot be truncated at any order as far as the M2

s . R̄dS � M2
p . Moreover,

our diffeomorphism invariant action (3.2) captures a significant set of terms which
can be relevant for quantum gravity.

• The construction of EFTI relies on an existence of a cut-off scale Λ > Hinf , and it
assumes that all effects (of possible existence of heavy modes that can be integrated
out) above this cut-off scale can be encoded in terms of EFTI parameters. In our con-
struction, we do have a scaleMs & H which is the scale of non-locality, but we have
found that collecting all possible non-local terms we get new effects for inflationary
correlations which cannot be mapped to EFTI parameters. Indeed comparing (4.3)
with (C.15) and (C.17), we can deduce that the sound speeds of perturbations in the
generalized non-local R2-like inflation are Unity. But in our study we do obtain viola-
tion of tensor consistency relation (read from (3.24) and (3.25)) due to the non-local
effect, more precisely due to the terms involving Weyl tensor in (3.2). Therefore,
perturbations in generalized non-local R2-like inflation do not belong to any special
case of EFTI which thus proves that the assumptions of EFTI capturing all possible
UV-signatures breaks down at least in our context.

• In EFTI the sound speeds deviation from Unity is signature of non-relativistic effects
that can occur in the low-energy (at the scale of inflation) theory which may or may
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not persist in the UV-theory. For example, if the fundamental theory is Lorentz
invariant, the non-relativistic effects are emergent in the low-energy limit. In the
alternative case, Lorentz invariance may not be the fundamental symmetry in the
UV [78, 79]. Our theory (3.2) is Lorentz invariant and we do not have any non-
relativistic regime at any energy scale. Moreover, we entirely fix the gravitational
degrees of freedom at all energy scales (see section 3.4 and appendix C).

• In [73] Weinberg has proposed a version of EFTI by constructing a covariant action
which is a bit more general than the one by Cheung et al. [37]. Weinberg has intro-
duced new terms that indeed are relevant in the EFTI, especially the term relevant
to our discussion is10

∫
d4x
√
−g
[
f1

(
φ

Λ

)
WµνρσWµνρσ

]
(4.5)

where φ is a canonically normalized inflaton field or the Goldstone boson in the
language of EFTI in [37]. The presence of Weyl square terms in the action does
not effect the background equations for FLRW, but they do effect perturbations.
However, for any effective scale Λ < Mp, Weyl square term (4.5) may not be the
lowest order term and in principle we could add higher derivative and higher curvature
terms which do not effect the FLRW solutions∫

d4x
√
−g
[
f1

(
φ

Λ

)
WµνρσF1

(
�
Λ2 ,

R

Λ2

)
Wµνρσ

]
(4.6)

where F1
(
�
Λ2 ,

R
Λ2

)
is an analytic non-polynomial functions of d’Alembertian and

the Ricci scalar. The Weyl tensor contributions in (4.6) cannot be truncated to any
finite order especially if R & Λ2, � & Λ2 and if φ ∼ O (Mp) during inflation11 one can
expect f1

(
φ
Λ

)
� 1. The scalar field model of inflation with (4.6) is not the subject

of present paper at all, but (4.6) expands the current understanding of EFTI and
inevitability of the higher curvature and higher derivative terms, especially when the
square of the cut-off scale is comparable to Ricci scalar. Analogously, we can think
of (4.5) as the one similar to the term R

M2
s
WµνρσWµνρσ in our action (3.2), and it is

indeed not the lowest order term of the action. Therefore, our construction in a way
goes beyond the EFTI proposed by Weinberg [73]. Moreover, including just the Weyl
square terms like (4.5) can lead to non-trivial sound speed for tensor modes as well
as for a tensor ghost [77], but it need not be the case if we sum up all possible terms
(which is precisely true in our case). Therefore, in this sense EFTI cannot actually
capture fully the UV-complete theory, but on the contrary, EFTI could lead us to the
physics that may not be compatible with UV-theory. This is certainly because EFTI
is built on just writing the lowest order terms with symmetry assumptions which are
subjected to only particular class of UV-complete theories [76].

10In the Weinberg’s paper [73] the scalar field φ is dimensionless and the scalar field kinetic term is
written as −Λ2

2 (∂φ)2, but here we do the rescaling φ→ φ
Λ that is reflected in (4.5).

11This is true in the context of large field inflation, e.g., local R2 or Higgs inflation.
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• Since our action (3.2) contains higher derivative terms involving Weyl tensor, it is not
possible to rewrite this action in the Einstein frame by using a conformal transforma-
tion of the metric. This means that we cannot cast our action (3.2) to the form where
gravity part is described by the Einstein-Hilbert term only and all the rest is written
as a (non-local) scalar field with a potential. This can be also understood focusing
on the fact that the graviton propagator (3.15) in our case gets modified compared
to GR exactly due to the presence of the Weyl tensor terms. This is a significant
difference in comparison to many models of scalar-tensor theories that belong to the
class of EFTI [76] where inflation can be rewritten in the Einstein frame.

4.2.2 With respect to inflationary observables

Here we discuss the ways to distinguish EFTI with non-local gravity inflation in the context
of inflationary observables built from two-point correlation functions. With the 3-point
correlations (i.e., Non-Gaussianities) which we study in the companion paper [35], we can
further distinguish the non-local gravity with EFTI.

• Inflationary observables (2.2) in the EFTI depends on the time dependent parameters
(cs, ct) which are determined by the background scalar field evolution whereas the in
the case of non-local gravity we have constant parameters associated with the choice
of entire functions (3.16).

• Since the sound speeds must be bounded 0 ≤ (cs, ct) ≤ 1 to avoid instabilities,
they must be slowly-varying or almost constant during inflation. Let us consider
EFTI with ct = 1 and cs 6= 1 i.e., the case of a non-canonical scalar field inflation
in which r = −8csnt, nt = −2ε and r < −8nt. In our non-local gravity inflation
tensor tilt is modified as well as its running (3.25). We can see this in figure 2
and figure 3. Moreover, we can have r > −8nt and also blue tensor tilt nt that is
not possible to achieve in the context of inflation with non-canonical scalar field [80].
Inflationary models with ct 6= 1 suggested within EFTI (and also generalized Galileon
theories [81] and the models where inflaton is coupled to Weyl tensor square term
like in (4.5) [77]) can lead to varied predictions with respect to nt and its running,
which are in common with our inflation in non-local gravity. But ct is expected to
be slowly varying, so we greatly expect dnt

d ln k � nt in these models. But in our case
we can read from figure 2 and figure 3 that both tensor tilt and its running can be
of comparable order dnt

d ln k ∼ O (nt), or running of nt can dominate over nt, that is
dnt
d ln k � nt and vice versa. These new features place the non-local gravity inflation
as the unique interesting target in the scope of future observations [42].

• Moreover, possible relation between cs and ct via (dis-) conformal transformation
sheds further light on the inflationary observables [74, 82] which might help us to
distinguish the EFTI and our framework of non-local gravity where we cannot perform
a transformation to the Einstein frame.

Primordial non-Gaussianities is another powerful window to further probe the signa-
tures of generalized non-local R2-like inflation which we shall be presenting in the compan-
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ion paper [35]. In this section we have only discussed EFTI of single field inflation in the
face of non-local gravity inflation, but there exist two other categories known as multi-field
inflation (where more than one scalar fields of comparable mass drive inflation) and the
quasi-single field inflation(where inflation is driven by a single scalar field with additional
degrees of freedom whose masses are being of the order of Hubble perarameter square [83]).
These scenarios lead to notable observational signatures in the context of primordial non-
Gaussianities [38]. Therefore, we defer the detailed discussion of these effects to the paper
on primordial non-Gaussianities in non-local gravity inflation [35].

5 Conclusions and outlook

In this paper, we take a significant step forward on understanding cosmic inflation beyond
the R2 model. Our quest for a most general theory of gravity consistent with R2-like
inflation has led to the construction of gravity theory containing terms of infinite order in
derivatives and curvature which goes beyond the previous construction of non-local gravity
theories [13]. Our theory opens doors for a new understanding of quantum gravity. So
far only non-local quadratic curvature theories were expected to be good candidates for
quantum gravity, but here we propose higher order terms which are inevitable if we wish
to explain inflation in non-local gravity.

The quadratic curvature non-local theories (3.6) [10, 54, 57, 58] are so far shown to
be super-renormalizable only by power counting methods around the Minkowski back-
ground.12 Although super-renormalizability around Minkowski is a promising aspect, it
is greatly expected that one must go beyond (3.6) for a consistent formulation of quan-
tum gravity. In this regard, our formulation of (3.2) as an extension of (3.6) valid up to
the inflationary energy scale is a pertinent advancement towards a full theory of quan-
tum gravity. In our opinion, the presence of non-local term RWµνρσFW (�s, Rs)Wµνρσ

does not necessarily spoil the power counting renormalizability because of the additional
presence of cubic and higher order curvature non-local terms. Indeed if one considers
the generalized ghost-free form-factor (3.13) of the action (3.2), the N-point graviton ver-
tices arising from WµνρσO (�s)Wµνρσ dominate over the N−point vertices arising from
RN−2WµνρσW

µνρσ term in the high energy limit. Furthermore, one must also notice
that we have similar cubic curvature terms with different structure of non-locality i.e.,
f0RsWµνρσF (�s, Rs)

∣∣∣
Rs=0

Wµνρσ and f0λR
M2

s
D1 (�s)RD2 (�s)WµνρσD3 (�s)Wµνρσ whose

vertices can cancel with each other with appropriate conditions on the different form fac-
tors. Therefore, it is very unlikely that the Ricci scalar-dependent terms spoil the tra-
ditional power counting renormalizability around Minkowski background which is studied
in [10]. Despite this observation, we would like to point out that renormalizability might
further require more additional terms to those present in (3.2). This detailed analysis of
the renormalizability of the action (3.2) and further possible extension of it is beyond the
scope of this paper, so we defer its detailed investigation for the future. In this paper,
we constrained the form-factors in the action (3.2) with the aim of achieving ghost-free

12Renormalizability around de Sitter is studied in a class of non-local theories where f0 = 0 [84]. But
assuming f0 = 0, one cannot get R2-like inflation in non-local gravity [23].
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degrees of freedom in the Minkowski and quasi-dS limits, but it is important to constrain
them from the UV-completion point of view. In this regard, studying scattering amplitudes
and perturbative renormalizability of (3.2) is the most important direction to progress fur-
ther. In appendix C we discuss how the form-factors can lead to infinitely many complex
conjugate poles in the propagator of perturbed modes in curved space-time. In our study,
we assumed zero initial conditions for degrees of freedom associated with these complex
conjugate poles, but it is worth investigating this issue further by formulating the optical
theorem in curved space-time rigorously.

In our formulation of gravity action (3.2), we explicitly dropped terms involving Ricci
tensor, but it is interesting to study further the implications of including these terms
for quantum gravity and inflationary observables. Also in this study, we do not include
curvature terms that violate parity, but in principle, one can include them and compute
their implications in the context of inflationary observables. Finally, it is interesting to
explore the frameworks of multi-field and quasi-single field inflation in the non-local context
that might lead us to new directions in the field.
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A Lessons from local extensions of R2 inflation

Higher curvature modification of R2 inflation is motivated both from quantum gravity and
phenomenological point of view [85, 86]. Higher curvature extensions of R2 model with Rn
terms such as

SR3 = 1
2

∫
d4x
√
−g

[
M2
pR+ f0

(
R2 + f1

6M2R
3
)]

(A.1)

SR4 = 1
2

∫
d4x
√
−g

[
M2
pR+ f0

(
R2 + f2

4M4R
4
)]

(A.2)

were extensively studied in recent years [86–90] and it was found that the dimensionless co-
efficients of R3 and R4 terms must be f1 . O

(
10−4) and f2 . O

(
10−7) (reading from [88])

to be compatible with the present constraints on (ns, r). This conveys that any higher
curvature correction beyond R2 term should not modify significantly the background evo-
lution during N ∼ (50−60) e-folds from the end of inflation, otherwise we severely spoil the
approximate scale invariance of the observed power spectrum of scalar perturbations and
especially the prediction ns = 1− 2

N , so that the model will no longer be compatible with
the CMB data. Furthermore, the effects of these higher curvature corrections are expected

– 22 –



J
H
E
P
0
7
(
2
0
2
3
)
1
4
6

to be even more negligible after the end of inflation, i.e., at the stage of reheating when
the R and R2 terms dominate. Similar conclusions can be drawn with other higher cur-
vature modifications such as R3/2 [91] and those inspired from the asymptotic safety (AS)
approach. In the latter case, suitable renormalization group (RG) based re-summation of
quantum corrections to R2 term gives [92]

SAS = 1
2

∫
d4x
√
−g
[
M2
pR+ aR2

1 + b ln
(
R
µ

)] . (A.3)

From the conclusions of [93] where inflationary observables for this action were calculated,
we learn that if b� 10−3 the inflationary predictions are very close to those of R2 model,
whereas for b ≥ 10−3 predictions slightly deviate and the tensor-to-scalar ratio can be as
large as r ∼ 10−2 which can be verified in the future detection of B-modes [39]. Apart
from (ns, r), the running of spectral index is also a crucial parameter that gets affected by
deviations from R2 model (see [93] for details). Currently the running of spectral index is
severely constrained:

dns
d ln k

∣∣∣∣∣
k=k∗

= −0.0045± 0.0067 at 68% CL . (A.4)

So, future CMB probes and even more precise measurement of ns will tell us more about
the effects of higher curvature terms.

Instead of higher curvature extensions, higher derivative (6th order) corrections to the
R2-inflation studied in [94] with the following action

S6
R2 =

M2
p

2

∫ [
R+ αR2 + γR�R

]
(A.5)

where the 6th order term R�R is considered as a small perturbation with β = γ
6α2 � 1.

The inflationary predictions (ns, r) (A.5) were estimated within the background solution
�̄R̄ ≈M2�R as

ns = 1− 2
N
± β

N
, r = 12

N2 ±
β

N2 , (A.6)

where |β| � 1 and its maximum value is |β|max = 0.3 inferred from the Planck 2018
data [94]. Moreover, studies of reconstructing f(R) based on the Planck data of (ns, r) [95]
also revealed that R2 inflation is the best fit paradigm once we assume the number of e-
foldings to be N = 55−60. Therefore, from all this knowledge of geometrical modifications
of R2 theory we can fairly assume that observationally compatible FLRW background must
be very close to the solution of the eigenvalue equation (3.1).

B Equations of motion of (3.2)

In this appendix we work out the equations of motion (EOMs) of our model (3.2). First, we
reiterate the action in a bit more general way as follows. EOMs are obtained by computing

δSNon−local
H =

∫
d4x

δ(√−gL)
δgµν

hµν =
∫
d4x

Eµν

2 hµν (B.1)
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We start by deriving the part of the EOMs coming from terms quadratic in Weyl keeping
only the contributions where one of the Weyl tensors is varied. These terms are relevant
for the quadratic variation and derivation of the propagator. Using the explicit expression
for the Weyl tensor in 4 dimensions

Wµα
νβ = Rµανβ −

1
2(δµνRαβ − δ

µ
βR

α
ν +Rµν δ

α
β −R

µ
βδ
α
ν ) + R

6 (δµν δαβ − δ
µ
βδ

α
ν )

which uses the position of indexes such that explicit metrics are avoided, one can compute

δ(O1RO2W
µα
νβO3W

νβ
µα )

=O1R
(
O2δR

µα
νβO3W

νβ
µα +O2W

µα
νβO3δR

νβ
µα

)
+O(W 2)

=hµβ(Rαν + 2∇α∇ν)
[
O2(O1RO3W

ανβ
µ ) +O3(O1RO2W

ανβ
µ )

]
+O(W 2)

From the above derivation we can deduce

δ(WµνρσO (�s, Rs)Wµνρσ) = hµβ2(Rαν + 2∇α∇ν)O (�s, Rs)W ανβ
µ +O(W 2)

The part of EOMs linear in Weyl tensor thus reads (we use twice variation of the action)

EβµW = (Rαν+2∇α∇ν)
{

2FWW ανβ
µ +2f0

λR
M2

s

[
O2(O1RO3W

ανβ
µ )+O3(O1RO2W

ανβ
µ )

]}
(B.2)

We notice that terms linear in Weyl in EOMs would vanish in the trace of Einstein equations
due to the total tracelessness of the Weyl tensor.

Turning to the part containing only R, we start by noting that∫
d4x
√
−g(δ(AO(�s)B))

=
∫
d4x
√
−g

δAO (�s)B +AO (�s) δB +
∑
n≥1

fn

n−1∑
l=0

A(l)δ�sB
(n−1−l)


as long as F = ∑

n≥0
fn�ns and total derivatives are omitted. Also A(n) ≡ �nsA. d’Alembertian

acting on scalars is simply given gµν∇µ∂ν and its variation reads

δ(�s)B = 1
M2

s

(−hµν∇µ∂ν − gµνγρµν∂ρ)B

The double summation term upon moving derivatives transforms into

∫
d4x
√
−g

 hµβ
M2

s

∑
n≥1

fn

n−1∑
l=0

[
∂βA(l)∂µB

(n−l−1)− 1
2δ

β
µ∂

νA(l)∂νB
(n−l−1)− 1

2δ
β
µA

(l)�B(n−l−1)
]

When A = B = R and O = FR (�s), we have

EβµR2 = 2(−Rβµ +DβDµ − δβµ�)FRR+Kβµ −
1
2δ

β
µKνν −

1
2δ

β
µK̃ (B.3)
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where we have defined

Kβµ = 1
M2

s

∞∑
n=1

fRn

n−1∑
l=0

∂βR(l)∂µR
(n−l−1) , K̃ =

∞∑
n=1

fRn

n−1∑
l=0

R(l)R(n−l)

Dealing with the cubic in curvature term when A = L1 (�s)RL2 (�s)R, B = R and
O = L3 (�s), we have

δ(L1RL2R)L3R+ (−Rβµ +DβDµ − δβµ�)L3(L1RL2R) +K3
β
µ −

1
2δ

β
µK3

ν
ν −

1
2δ

β
µK̃3µ

β (B.4)

where we have defined

K3
β
µ = 1
M2

s

∞∑
n=1

l3n

n−1∑
l=0

∂β(L1RL2R)(l)∂µR
(n−l−1) , K̃3 =

∞∑
n=1

l3n

n−1∑
l=0

(L1RL2R)(l)R(n−l)

and the first term in (B.4) results in a cycling rotation of indices. The result with all
normalizations and the factor 2 reads

EβµR3 = 2 λ3
M2

s

(−Rβµ +∇β∇µ − δβµ�)R3 +
∑

i=1,2,3

(
Kiβµ −

1
2δ

β
µKiνν −

1
2δ

β
µK̃i

) (B.5)

where
R3 = L1(L2RL3R) + L2(L1RL3R) + L3(L1RL2R)

The remaining is the Einstein term and the square root of −g variation canonically
leading to

EβµR = δβµL
Non−local
H −M2

PR
β
µ (B.6)

Performing the routine one has

Eβµ = δβµL
Non−local
H −M2

PR
β
µ + 2(−Rβµ +DβDµ − δβµ�)FRR+Kβµ −

1
2δ

β
µKνν −

1
2δ

β
µK̃

+2
3
λc
M2

s

(−Rβµ +DβDµ − δβµ�)R3 +
∑

i=1,2,3

(
Kiβµ −

1
2δ

β
µKiνν −

1
2δ

β
µK̃i

)
+(Rαν + 2∇α∇ν)

{
2FWW ανβ

µ + 2
3
λR
M2

s

[
D2(D1RD3W

ανβ
µ ) +D3(D1RD2W

ανβ
µ )

]}
+ · · ·

(B.7)

where auxiliary definitions from the above are used and · · · contain terms irrelevant for
both the FLRW background and linear perturbations because all these additional terms
· · · are quadratic in Weyl tensor. Computing the trace, one gets

E =M2
pR+ 4

3
λ3
M2

s

L1 (�s)RL2 (�s)RL3 (�s)R− 6�FRR− (Kνν + 2K̃)

− 2 λc
M2

s

(R+ 3�)R3 +
∑

i=1,2,3

(
Kiνν + 2K̃i

)+ . . .

(B.8)
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where we see that linear in Weyl tensor terms went away identically due to the traceless-
ness of the Weyl tensor and · · · are the terms irrelevant even for linear variations. We
remind that in the absence of matter, solving the trace equation on a spatially-flat FLRW
background is enough to solve all the system modulo perhaps some radiation source. As
such we start solving the EOMs with the latter equation as it seems to be the simplest
one, even though highly non-trivial. Now we try to see whether Starobinsky solution (3.1)
can be a solution here. This would preserve a lot of the famous local R2 inflation model.
Substituting this into the EOMs simplifies them considerably. First we compute

Kβµ = 1
M2

s

F†R (rs) ∂βR∂µR , K̃ = rsF†R (rs)R2 (B.9)

K3
β
µ = 1
M2

s

L1(rs)L2(rs)∂β
(L3(�s)− L3(rs)

�s − rs
R2
)
∂µR

K̃3 = rsL1(rs)L2(rs)
(L3(�s)− L3(rs)

�s − rs
R2
)
R

where rs = M2/M2
s. Now we, can notice that (3.1) passes through all equations proving

it is a solution as long as FLRW backgrounds are considered (meaning that Weyl tensor
vanishes) and conditions (3.12) are met.

C Degrees of freedom and two point correlations of (3.2) in quasi-dS
limit

In this section we compute the inflationary observables related to two point correlations
of fluctuations. To study quantum fluctuations generated during inflation, we first define
metric perturbations by the following line element in terms of the gauge invariant Bardeen
potentials (Φ, Ψ) and the transverse and traceless tensor fluctuations hij

ds2 = a2 (τ)
[
− (1 + 2Φ) dτ2 + ((1− 2Ψ) δij + 2hij) dxidxj

]
. (C.1)

The above perturbed metric remains the same when we choose the Newtonian gauge.
By studying the linearized perturbed equations (B.7) in the dS approximation, i.e.

assuming R̄ ≈ constant, we obtain[
f0R̄dS + f0R̄dS

(
�̄dS −

R̄dS
6

)
FR

(
�̄dS
M2

s

+ R̄dS
2M2

s

)]
Φ + Ψ
a2 = 0. (C.2)

Substituting the form-factor (3.13) in (C.2), we obtain

e
γT

(
�̄dS
M2
s
− R̄dS

6M2
s

)
(Φ + Ψ) = 0 , (C.3)

whose general solution is Φ+Ψ = 0 since the exponent of an entire function of d’Alembertian
operator do not generate any new solutions that is extensively explored in [11]. At the
second order level around dS, the part of the action (3.2) containing Weyl tensor terms
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becomes equivalent to the one studied in [10–12]. Therefore, our result (C.3) matches with
eq. 5.33 of [10]. We, however, show this explicitly in appendix C.

Imposing (C.2) it is straight forward to see from (C.4) that the scalar part of the Weyl
tensor perturbation vanishes [10]

δ(s)W
αβ
µν = Φ + Ψ

a2 Kαβ
µν , (C.4)

where

K0i
0j = −1

6δ
i
jk

2 + 1
2k

ikj

Kil
jm = 1

3k
2
(
δlmδ

i
j − δljδim

)
− 1

2δ
l
mk

ikj −
1
2δ

i
jk
lkm + 1

2δ
l
jk
ikm + 1

2δ
i
mk

lkj .
(C.5)

Thus, the second order action for the scalar perturbations for (3.2) become

δ
(2)
(s)S = 1

2f0R̄dS

∫
d4x

√
−ḡΥ

W
(
�̄s
)

FR
(
�̄s
) (�̄dS −M2

)
Υ . (C.6)

where Υ = 2f0R̄dSΨ is the canonical variable, and it is related to the curvature perturbation
as Υ ≈ −2f0R̄dSR. The operator W (�s) is related to the form-factor FR (�s) as

W (�s) = 3FR (�s) +
(
R̄dS + 3M2

) FR (�s)− f0
�−M2 , (C.7)

From (C.6) we can first deduce that the kinetic term of Υ has one real zero corresponding
to �̄dS = M2 which indicates there is one propagating degree of freedom which we call
‘scalaron’. If there are any other degrees of freedom, they must arise from zeros of the
operator W (�s) (C.7).13 Computing it for the form-factor (3.7), we obtain

W (�s) = −f0R̄dS

(
1− eγS(�s)

�

)
+ 3f0e

γS(�s) (C.9)

To obtain zeros of W (�s), we need to solve the following characteristic equation

W
(
Z

M2
s

)
= 0 =⇒ R̄dS

1− e
γS

(
Z

M2
s

)
Z

 = 3e
γS

(
Z

M2
s

)
. (C.10)

13If W (�s) = 3f0e
γ0

(
�s+ R̄dS

3M2
s

)
, where γ0 is an entire function of �s + R̄dS

3M2
s
operator, then it will have

no zeros in the entire complex plane. But as a consequence the form-factor FR (�s) must depend on the
background R̄dS as [12, 19]

FR (�s) ≡ FR
(
�s, R̄dS

)
= f0

e
γ0

(
�s+ R̄dS

3M2
s

) (
�s − M2

M2
s

)
+
(
R̄dS + 3M2)

3�+ R̄dS
(C.8)

This choice of form-factor was considered in [12, 19], but it leads to background dependence in the ac-
tion (3.2) through the factor R̄dS in (C.8). In this paper we rather consider the choice of form-factor
FR (�s) corresponding to (3.7), so that we can take a smooth low-energy limit and avoid background
dependence.
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To solve (C.10), first we must specify the choice of entire function γS (�s). For simplicity,
let us take a compatible choice of entire function (C.11) corresponding to pi (�s) = α1�s
that gives

γS (�s) = α1�s

(
�s −

M2

M2
s

)
. (C.11)

Substituting (C.11) into the characteristic equation (C.10), we obtain no real solutions but
instead we get infinite tower of complex conjugate solutions given by

Z = M2

2 + M
2
s

2

[
(2π + 4qπ)2 +

(
M

Ms

)8
]1/4{

cos
[

1
2Arg

[
4πi

(
q + 1

2

)
+ M4

M4
s

]]

+ i sin
[

1
2Arg

[
4πi

(
q + 1

2

)
+ M4

M4
s

]]}

≈
∣∣∣∣∣
M2�M2

s

±M2
s

√
q + 1

2 (1± i)

(C.12)

where q ≥ 1 is a positive integer. In the context of string field theory, it was known
that complex conjugate poles give (classical) degrees of freedom for a coupled system of
scalar fields (both with positive and negative kinetic terms in equal numbers) [96–99]. The
primary question here is whether degrees of freedom corresponding to the infinite tower
of complex conjugate poles are physical and contribute to the inflationary correlations. In
this context, we can take inspiration from the studies in different context [100, 101] where
non-local scalar field theories with infinitely many complex conjugate poles are considered
with the following type of Lagrangians

Lφ = 1
2φ
(
eγφ(�s) − 1

)
φ− V (φ) , (C.13)

where γφ being an arbitrary entire function. It was shown that the Lagrangians of this
type satisfy the optical theorem both at the tree-level [100, 101] and one-loop level [102]
due to the exact cancellation of contributions from complex conjugate poles. Unitarity
due to the presence of complex conjugate poles has been studied in the context of Lee-
Wick theories, and it was proposed that one can project away the states corresponding to
complex conjugate poles using new quantum field theory prescriptions (such as fakeon).
Thus, one can disregard these states as unphysical14 [44, 49, 52, 104–110].

All the above mentioned studies are about the non-local scalar field theories in
Minkowski space-time. Our case is in the context of gravity and our gravitational ac-
tion (3.2) has no degrees of freedom (classically) with complex conjugate poles around
Minkowski space-time. Indeed, we can observe that in the Minkowski limit we have
W (�s) → 3f0e

γS(�s) (see (C.9)), and therefore we have only one real pole for the ki-
netic operator of Υ at �̄ = M2. This is expected as our form-factor (3.7) is fixed for the

14One can alternatively chose a suitable entire function such that the imaginary part of the pole is small
enough to avoid any classical instabilities [103]. But however, such a choice of entire function necessarily
should depend on the background value of R̄dS. In the present construction we aim to avoid any background
dependence of form-factors.
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ghost-free condition around Minkowski background [59]. It is well known that R2 infla-
tion is an intermediate phase of evolution which is unstable to the past as well as to the
future [1, 111, 112]. Moreover, when we quantize the inflationary modes, we take them
to be deep inside the Hubble radius k � aH and impose adiabatic vacuum initial condi-
tions [12, 31]. The Fourier modes deep inside the Hubble radius k � aH are the ones close
to the locally Minkowski space-time since the effects of dS curvature can be neglected [31].
Therefore, physically for the purposes of inflationary quantum fluctuations, we ignore all
the complex conjugate modes (C.12) by setting initial conditions of them to be zero de-
ferring the detailed study of non-local (quantum) theories in curved space-time for future
investigations.

Thus, in addition to massless graviton, we have only one propagating scalar (scalaron)
with mass M2 in Minkowski space-time. Thus, we can deduce from (C.6) that solutions of
Υ are governed by (

�̄dS −M2
)

Υ = 0 , (C.14)

Following the previous studies [11, 19], we redefine the field Υ after imposing the on-shell

condition (C.14) as Υ→

√√√√√ W
(
M2
M@
s

)
f0R̄dSFR

(
M2
M2
s

)Υ. As a result, we obtain the second order action

for the curvature perturbation R = Ψ+H δR
˙̄R
≈ −Ψ

ε identical to that in the local R2-theory:

δ
(2)
(s)S

Non−local
H =

M2
p

2 ε

∫
d4x

√
−ḡR

(
�̄dS −M2

)
R , (C.15)

where �̄dS is the d’Alembertian operator in the dS approximation.

C.1 Tensor fluctuations around �̄R̄ = M2R̄ and dS approximation

Computing the second order action of (3.2) for transverse and traceless tensor perturbations
hij (C.1) in the dS approximation, i.e., R̄dS ≈ const, we get

δ
(2)
(h)S

Non−local
H =

∫
d4x

√
−ḡ
[(

M2
p

2 + f0R̄dS

)(
δ(2)R+ δ(2)

g

)
− f0

2 δ
(2)
g f0R̄dS

+ f0R̄dS δWµνρσFW

(
�̄dS
M2

s

,
R̄dS
M2

s

)
δWµνρσ

+ f0λR
M2

s

D1

(
M2

M2
s

)
D2

(
�̄dS
M2

s

)
δWµνρσD3

(
�̄dS
M2

s

)
δWµνρσ

]
.

(C.16)

Imposing D1
(
M2

M2
s

)
= 0 and using FW (�s, Rs) from (3.13) with the approximation M2

p �
f0R̄dS, the second order action for tensor fluctuations becomes

δ
(2)
(t) S

Non−local
H =

∫
d4x
√
−g
[
hij e

γT

(
�̄dS
M2
s
− R̄dS

3M2
s

) (
�̄dS −

R̄dS
6

)
hij
]

(C.17)

that coincides with the results of [10, 12].
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