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Abstract: In [1], a most general higher curvature non-local gravity action was derived that
admits a particular R2-like inflationary solution predicting the spectral index of primordial
scalar perturbations ns(N) ≈ 1 − 2

N , where N is the number of e-folds before the end
of inflation, N � 1, any value of the tensor-to-scalar ratio r(N) < 0.036 and the tensor
tilt nt(N) violating the r = −8nt condition. In this paper, we compute scalar primordial
non-Gaussianities (PNGs) in this theory and effectively demonstrate that higher curvature
non-local terms lead to reduced bispectrum fNL (k1, k2, k3) mimicking several classes of
scalar field models of inflation known in the literature. We obtain |fNL| ∼ O(1 − 10) in
the equilateral, orthogonal, and squeezed limits and the running of these PNGs measured
by the quantity |d ln fNL

d ln k | . 1. Such PNGs are sufficiently large to be measurable by future
CMB and Large Scale Structure observations, thus providing a possibility to probe the
nature of quantum gravity. Furthermore, we demonstrate that the R2-like inflation in non-
local modification of gravity brings non-trivial predictions which go beyond the current
status of effective field theories (EFTs) of single field, quasi-single field and multiple field
inflation. A distinguishable feature of non-local R2-like inflation compared to local EFTs
is that we can have running of PNGs at least an order of magnitude higher. In summary,
through our generalized non-local R2-like inflation, we obtain a robust geometric framework
of inflation that can explain any detection of observable quantities related to scalar PNGs.
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1 Introduction

Present CMB observations strongly support the R2 (or Starobinsky) inflation where quasi-
de Sitter (dS) expansion is a result of a phase when Ricci scalar R being an eigenmode of
d’Alembertian operator [2], see also [3–7]. In a recent paper of the authors [1], a most gen-
eral higher curvature non-local gravity action that leads to R2-like inflationary phase with
a scalaron and a massless graviton degrees of freedom was obtained. It is motivated from
several quantum gravity frameworks, especially the proposition that an action of quantum
gravity should be an extension of general relativity (GR) with all possible curvature in-
variant terms one can write. The generalized non-local R2-like inflation developed in [1]
was shown to be compatible with the observed scalar spectral index ns = 0.9649± 0.0042
at 68% CL [8] and any value of the tensor-to-scalar ratio consistent with the latest upper
bound r < 0.036 [9]. It also admits both positive and negative values of the tensor spectral
index nt and violation of the single field tensor consistency relation r = −8nt. Further-
more, it was found that the generalized non-local R2-like inflation [1] does not fall into any
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categories of so-called effective field theory of single field inflation (EFT-SI) [10, 11] since
the framework of gravity is non-local in nature and does not introduce any non-trivial
sound speeds for the perturbed degrees of freedom. In this paper, we compute 3-point
scalar correlations or the scalar Primordial Non-Gaussianities (PNGs) of generalized non-
local R2-like inflation and confront our results against the various limits of the reduced
bispectrum fNL [12, 13] that are constrained from the latest CMB data as follows [14]1

f sq
NL = −0.9± 5.1, f equiv

NL = −26± 47, forthoNL = −38± 24 at 68 % CL . (1.1)

PNGs in the case of standard single field (canonical scalar field) inflation are very small
to be detectable (i.e., fNL ∼ O(10−2)), but models based on non-canonical scalar(s) (also
generalized scalar-tensor theories like Horndeski [15]) and constructions with non adiabatic
vacuum (non-Bunch-Davies) initial conditions are known to give large PNGs with respect to
equilateral (f eq

NL) and orthogonal (forth
NL ) limits, whereas squeezed limit (f sq

NL) is understood
to be the feature of multiple scalar fields or non-slow-roll inflation or non-trivial initial
conditions for quantum states [12, 16, 17]. There has been plethora of inflationary models
developed in the context of effective field theories (EFTs) to address different types of
PNGs [10, 18–22]. Furthermore, recent developments of quasi-single field inflation present
new signatures for PNGs due to the presence of heavy fields coupled to the inflaton [23, 24].
In summary, any detection of PNGs, i.e., fNL ∼ O(1−10) with the present constraints [18]
is majorly understood to be the only feature of physics beyond the standard canonical scalar
field inflation that are mentioned above. However, in this paper a new understanding of the
PNGs emerges in the context of analytic non-local gravity where the nature of propagating
degrees of freedom significantly deviate from the standard effective field theories (EFTs)
of inflation in which “locality” is preserved, but the dispersion relations are modified due
to time dependent parameters multiplying the spatial derivative terms.

Our framework of study is how higher curvature non-local gravity affects
fNL (k1, k2, k3) which is a function of three momenta. We ultimately obtain a clear conclu-
sion that several signatures of PNGs of fNL ∼ O(1) can be well explained by geometrical
modifications of gravity mimicking several classes of scalar-tensor theories. We also study
the scale dependent nature of bi-spectrum in our theory of inflation. We envisage all the
possible observational features of our geometric non-local R2-like inflation in the context of
3-point scalar correlations and provide a detailed discussion to distinguish our framework
with large class of EFTs of inflation involving scalar fields.

The paper is organized as follows. In section 2 we provide a concise summary of results
obtained in this paper on PNGs in generalized non-local R2-like inflation. In section 3 we
review briefly the generalized non-local gravity action obtained in [1]. In section 4 and
section 5 we compute PNGs of generalized non-local R2-like inflation and discuss several
limits of PNGs which arise from different dimensionless free-parameter values. We compute
the running of PNGs defined by the Non-Gaussianity spectral index nNG = d ln fNL

d ln k and
provide details of reconstructing the formfactors in the theory through future cosmological

1In the literature “squeezed” limit f sq
NL is most often called as “local” limit [12, 14], but we stick to the

definition of “squeezed” limit [13] just in order not to confuse with the meaning of “locality” in this paper.
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observations with the ultimate aim to probe the scale of non-locality. We quantitatively
elucidate in detail the scale dependent nature of reduced bispectrum in this theory. In
section 6 we provide an extensive discussion of distinguishing the features of generalized
non-local R2-like inflation against several class of EFTs of inflation involving single and
multiple scalar fields. We show how generalized non-local R2-like inflation enhances our
understanding of early Universe cosmology. In section 7 we discuss further studies which
are possible to perform beyond the scope of this paper. In appendix A we provide additional
details for the computation of PNGs performed in section 4 and section 5. In appendix B
we provide a heuristic explanation for violation of the Maldacena consistency relation in
non-local gravity despite having slow-roll and single field behaviour during inflation and
the adiabatic vacuum initial conditions.

Notations. In this paper, our metric signature is (−, +, +, +). We use overdot and
′ denotes derivative with respect to cosmic time (t) and conformal time (τ) respectively,
†, ††, ††† for first, second and third derivative with respect to the argument. We use overbar
to denote background quantities for flat Friedmann-Lemaître-Robertson-Walker (FLRW)
spacetime, 4-dimensional indices are labelled 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. Everywhere we perform the computations in the leading order in
slow-roll parameters (ε ∼ 1

N approximation). The subscript “dS” denotes the quantities in
the quasi-dS approximation.

2 Summary of our results

Primordial Non-Gaussianities (PNGs) are an important probe to understand the nature of
self-interactions of primordial fields during inflation. In this paper, we studied the scalar
PNGs emerging from generalized non-local R2-like inflation which is developed in [1] from
the quest of finding a most general quantum gravity action compatible with the so far ob-
served physics of early Universe cosmology. Our results show that it is possible to generate
interesting limits of scalar PNGs in a geometric framework of inflation (i.e, extension of
GR with higher derivative and higher curvature terms). The novelty of our study is that
we obtain several interesting PNGs by just changing the dimensionless finite number of
free parameters of the generalized non-local R2-like inflation [1]. Most importantly, the
predictions of PNGs we report in this paper do not affect the observables of scalar and
tensor power spectrum such as{

ns,
dns
d ln k , r, nt,

dnt
d ln k ,

d2nt
d2 ln k

}
(2.1)

which is often the case in the several class of inflationary models based on the scalar
fields [25] (see section 6 for an extensive discussion). The generalized non-local gravity
action [1] given in (3.2) describes the most general gravity theory that leads to R2-like
inflation. The action (3.2) contains analytic infinite derivative (non-local) terms quadratic
and cubic in scalar curvature R and non-local terms involving Weyl tensor square and Weyl
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tensor cube etc. First, we prove that in the leading order of the slow-roll approximation
(but accounting for all corrections from infinite derivative terms), the scalar PNGs in
this theory are generated only from the terms that do not contain Weyl tensor. The
terms involving Weyl tensor are relevant for tensor PNGs which are the subject of future
investigation [26]. Secondly, we compute scalar PNGs in the theory and discover various
limits which appear as a result of changing the (finite) parameter space of the theory. Most
importantly, we obtain new class of PNGs with scale dependent runnings which are due to
the non-local terms cubic in scalar curvature that is a new revelation in comparison with
the earlier constructions of non-local R2-like inflation with quadratic curvature terms2 [27].
Furthermore, we compute running of PNGs in this theory which turned out to be most
interesting aspect of non-local theory in the scope of future cosmological observations.

The central message of our study is that large PNGs3 can appear in a purely geometric
modification of gravity in a very non-trivial way breaking all the known theorems of EFT
of inflation which states [12, 16] that large scalar PNGs can only be generated if one goes
beyond the following conditions:

• canonical single field inflation with the speed of sound cs = 1;

• standard slow-roll;

• adiabatic vacuum initial conditions (often called the Bunch-Davies vacuum).

In our case, we satisfy all the above criteria but still we generate various PNGs mimicking
large class of EFT models of scalar field inflation (see section 6 for more details). This
result of ours is completely due to non-local interactions of curvature perturbations, and
therefore we extend further the so far established notions of PNGs and the primordial
physics [14, 16, 28]. Below we enlist different class of PNGs we obtained in this model
which mimic the PNGs of several scalar field EFT of inflation (for each case we report here
the maximum values of fNL we can obtain with full detailed analysis done in section 4).
But contrary to the conventional models of inflation, fNL in our case gets a strong scale
dependence (see explanation around (4.22) to (4.27)) which allow us to distinguish our
gravity theory from EFTs which we discussed in section 6.

• Mimicking non-canonical single field inflation f eq
NL ∼ forth

NL ∼ O(10) and f sq
NL ∼

O
(
10−2) [19]. This possibility is obtained for the case of parameter space explained

in figure 5. PNG peaked in the equilateral template is usually recognized as a feature
of a non-canonical scalar field inflation (e.g., so called DBI inflation) where the pri-
mordial curvature perturbation propagates with a non-trivial sound speed (cs) [19].
Here we obtain this PNG due to non-local interactions of curvature perturbation
whose sound speed is Unity.

2The results we report here are slightly different from [27] since our choice of formfactors is different
from the one considered in [27] as explained in [1].

3By large PNGs we literally mean fNL ∼ O(1 − 10), that is ten to hundred times higher than the
prediction of standard canonical scalar field inflation [12].
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• Mimicking non-canonical multifield inflation with fNL ∼ O(1 − 10) [29]. We obtain
this PNG in the case of non-local gravity action (3.2) with and without the non-local
cubic terms in Ricci scalar (see figure 2, figure 3 and figure 6). In the case without non-
local cubic terms in Ricci scalar, i.e., λc → 0 in (3.2), we can obtain fNL ∼ O(1) and a
robust relation between different limits of fNL stated in (5.2) which is independent of
the formfactor. Furthermore, in figure 3 we depict PNGs with f eq

NL ∼ forth
NL ∼ O(10)

and f sq
NL ∼ 1. Notably, we violate the well-known Maldacena consistency relation

for the squeezed limit f sq = 5
12 (1− ns) despite having single-field slow-roll regime.

This is truly due to non-local interactions of quantum fluctuations that represents a
new physics in the context of PNGs (we explained this effect in detail with a simple
example in appendix B.)

• Mimicking multifield field inflation and/or inflation with non-adabatic initial condi-
tions f sq

NL ∼ forth
NL ∼ 1 and f eq

NL ∼ O
(
10−2) [12, 17, 30]. This curious type of PNG is

obtained for the parameter space of the theory presented through figure 4.

All the above class of various PNGs are obtained by changing various dimensionless pa-
rameters of the theory (3.2). We obtain various types of PNGs in a single theory with
non-local purely geometric modification of gravity. This is the novel finding of this work
which enforces the need to enhance our understanding of early Universe cosmology. We
also computed running of various limits of PNGs in this model in (4.27) and deduced that∣∣∣∣∣d ln fNL
d ln k

∣∣∣∣∣ . 1 that can be one to two orders of magnitude higher than in conventional models

of inflation (see section 6 for details). Running PNGs could play a pivotal role in inflation-
ary cosmology and they could be potentially detected in future CMB probes [20, 31].

All the above predictions make the generalized non-local R2-like inflation a viable
target for future CMB and Large Scale Structure observations aimed to detect fNL ∼
O(1) [32–36]. We argue that just the detection of fNL ∼ O(1) does not confirm the
nature of inflaton. As this work elucidates, one can generate all different PNGs within the
framework of a non-local higher curvature modification of gravity. Therefore, we stress that
future observations must focus on the running of PNGs in order to probe the primordial
physics correctly.

3 Generalized non-local R2-like inflation

We briefly present here the details of generalized non-local R2-like inflation established in
detail in [1]. The R2 inflationary background is actually the spatially flat FLRW solution
of the following eigen-value equation

�R = M2R (3.1)

where R is the Ricci scalar, � is the d’Alembertian operator and M2 is the mass of
the scalaron [2]. The recent Planck observations of the scalar spectral index ns strongly
support (3.1) (that corresponds to the so-called exponential-like Plateau inflation in the
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Figure 1. 68%, 95%, and 99.7% confidence regions
(
f eq

NL, f
orth
NL

)
taken from [14]. The predictions

of generalized non-local R2-like inflation lie well within the bounds in this plot along with the
squeezed limit PNG −6 < f sq

NL < 4.2. We obtain
(
f eq

NL, f
orth
NL

)
∼ O(10), and various limits of fNL

are presented in detail in section 4 and section 5.

Einstein frame). Motivated by this fact, in [1] a most general non-local gravity action that
is compatible with the R2 inflationary background (3.1) has been constructed which is

SNon−local
H =

∫
d4x
√
−gLNon−local

H

=
∫
d4x
√
−g
(
M2
p

2 R+ 1
2

[
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 Mp is the reduced Planck mass, R is the Ricci scalar, Wµνρσ is the Weyl tensor,
f0 = M2

p

6M2 with M is being the scalaron mass, �s = �
M2

s
withMs being the so-called scale

of non-locality, Rs = R
M2

s
and

{
FR (�s) , FW

(
�s,

2R
3M2

s

)
, Li (�s) , Ci (�s) , Di (�s)

}
(3.3)
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are the formfactors which are the analytic non-polynomial functions. In [1] it was explicitly
shown that these operators should take the following form in order avoid ghost degrees of
freedom in the Minkowski and quasi-de Sitter (dS) limits:

FR (�s) = f0M
2
1−

(
1− �

M2

)
eγS(�s)

�s
,

FW
(
�s,

R

M2
s

)
= eγT (�s− 2

3Rs) − 1
�s − 2

3Rs

(3.4)

where γS (�s) and γT
(
�s − 2

3
R
M2

s

)
are the entire functions which can be polynomials or

functions of polynomials [1]. The formfactors Li (�s) , C (�s) , Di (�s) should be such that
they are suppressed at the large momentum limit p→∞. These formfactors can in general
contain an infinite number of arbitrary parameters, but here we assume them to be defined
by a finite number of unknown parameters. Our assumption here is motivated from an
expectation that any UV-complete theory can be formulated with a finite number of free
parameters which can be probed by some observations. In section 4 we deduce that the
terms involving Weyl tensor do not contribute to the scalar PNGs which we are interested
in. Therefore, the details of the operators Di (�s) , Ci (�s) are irrelevant to the present
study. To illustrate our results of scalar PNGs, we express the operators Li (�s) in the
following form.

Li (�s) = e`i(�s) − 1 , (3.5)

where `i (�s) are the entire functions which we assume to be polynomials or functions
of polynomials that gives us a finite parameter space. In order to have (3.1) as a par-
ticular exact FLRW background solution of the theory (3.2), the following conditions are
sufficient [1]

γS

(
M2

M2
s

)
= 0, `i

(
M2

M2
s

)
= 0 , (3.6)

which we call as on-shell conditions. Since Weyl tensor is zero on FLRW backgrounds equa-
tions of motion are trivially satisfied and we do not need any conditions on γT

(
�s − 2

3
R
M2

s

)
,

Ci (�s) and Di (�s) at the background level. From (3.6) we can write a generic form of
entire functions as

γS (�s) =
(
�s −

M2

M2
s

)
PS (�s) ,

`i (�) =
(
�s −

M2

M2
s

)
Gi (�s)

(3.7)

where PS (�s) , Gi (�s) are the finite degree polynomials such that the operators Li
(
p2

M2
s

)
do not grow in the limit p → ∞, for the theory to be consistent in the UV-regime and
to apply it safely to the low-energy context which is inflation in our case. As a result,
the parameter space of the theory (3.2) is finite dimensional although the action (3.2) is
non-local (i.e., infinite derivative) in nature. It was shown in [1] that the cubic non-local
scalar curvature term does not contribute to the second order perturbed action but this
term does contribute to the third order perturbed action that will be explained in the
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next section. Furthermore, we would like to emphasize here the PNGs we compute and
report in the later sections are fully compatible with the predictions of scalar and tensor
power spectrum and their tilts reported in [1]. Finally, note that the terms denoted by · · ·
in (3.2) are the higher order non-local scalar curvature and Weyl curvature terms which
we assume to be not relevant for the 3-point inflationary correlations (see the discussion
around (4.10)).

4 PNGs and their running in generalized non-local R2-like inflation

This section is dedicated to computing scalar PNGs of R2-like inflation in our higher
curvature non-local action (3.2). We make use of several calculations in this regard from
the previous study [27] where the computation of PNGs in non-local theories was robustly
developed. Let us start with recalling some standard procedure and definitions related to
the computation of 3-point correlations which are defined by [27, 37]

〈R (k1)R (k2)R (k3)〉 = −i
∫ τe

−∞
dτ〈0|[R(τe, k1)R(τe, k2)R(τe, k3), Hint]|0〉 , (4.1)

where ki are wave vectors and Hint ≈ −L3 is the interaction Hamiltonian that is approxi-
mately equal to the 3rd order perturbation of the Lagrangian (3.2) (L3) within the slow-roll
approximation [37, 38] and τe denotes the end of inflation.

The so-called bi-spectrum (BR) is defined as

〈R (k1)R (k2)R (k3)〉 = (2π)3 δ3 (k1 + k2 + k3)BR (k1, k2, k3) (4.2)

where |ki| = ki and the non-linear curvature perturbation R is expressed as [39, 40]

R = Rg −
3
5fNL

(
R2
g − 〈Rg〉2

)
, (4.3)

where Rg being the Gaussian random field and the fNL is the non-linearity parameter also
known as the reduced bi-spectrum [13]. fNL is related to the amplitude of the bi-spectrum
AR (k1, k2, k3) as

fNL = −5
6
AR (k1, k2, k3)∑

i k
3
i

, (4.4)

where AR (k1, k2, k3) stands for the redefinition of the bi-spectrum BR:

BR (k1, k2, k3) = 4π4 1∏
i k

3
i

P2
RAR (k1, k2, k3) . (4.5)

Combining (4.4), (4.5) with (4.2) we obtain

〈R (k1)R (k2)R (k3)〉 = (2π)7 δ3 (k1 + k2 + k3)
∑
i k

3
i∏

i k
3
i

(
− 3

10fNL (k1, k2, k3)P2
R

)
, (4.6)

which is the standard form of 3-point correlation widely used in the literature [16, 19, 41–
43] and also it is the definition that is used in the Planck data [18]. We note that the
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same definition is used in our earlier work on PNG in the context of R2-like inflation in
quadratic curvature non-local theory [27].

Here PR is the power spectrum of curvature perturbation [1]

PR ≈
1

3f0R̄dS

H2

16π2ε2
(4.7)

where H is the Hubble parameter during inflation and ε = − Ḣ
H2 ≈ 1

2N with N � 1 where
N represents the number of e-folds. To calculate fNL, we consider the third order variation
of (3.2) around the background (3.1) which can be computed as

δ
(3)
(s)S

Non−local
H = δ

(3)
(s)S

local
R+R2 + δ

(3)
(s)S

Non−local
R+R2 + δ

(3)
(s)S

Non−local
R3 (4.8)

where

Slocal
R+R2 =

∫
d4x
√
−g
[
M2
p

2 R+ f0
2 R

2
]

SNon−local
R+R2 =

∫
d4x
√
−g
{
M2
p

2 R+ 1
2R
[
FR (�s)− f0

]
R

}

SNon−local
R3 =

∫
d4x
√
−g
[
L1 (�s)RL2 (�s)RL3 (�s)R

]
(4.9)

and the subscript (s) in (4.8) denotes that we only consider 3-point scalar correlations, so we
are dropping all interactions containing tensor modes. Using the calculations performed
in [27], since Φ + Ψ ≈ 0 during inflation and the variation δ(s)Wµνρσ ∝ Φ + Ψ, we can
conclude that all the terms involving Weyl tensor do not contribute to the scalar PNGs.
In (3.2), we can further consider quartic order non-local scalar curvature term:

SNon−local
R4 = f0λq

2M4
s

∫
d4x
√
−g
[
L4 (�s)RL1 (�s)RL2 (�s)RL2 (�s)R

]
. (4.10)

Here L4 (�s) is an arbitrary analytic infinite derivative operator. It is easy to deduce
that (4.10) still admits the inflationary solution (3.1). Applying Li

(
M2

M2
s

)
= 0 (i = 1, 2, 3),

we can conclude that the second order variation of (4.10) around the background satisfy-
ing (3.1) becomes zero exactly

δ(2)SNon−local
R4 = 0 , (4.11)

whereas the 3rd order variation of (4.10) around (3.1) in the leading order de Sitter ap-
proximation is

δ(3)SNon−local
R4 ≈ L4

(
M2

M2
s

)
λqR̄dS
λcM2

s

δ(3)SNon−local
R3 . (4.12)

Given we assume
L4

(
M2

M2
s

)
λqR̄dS
λcM2

s

� 1 , (4.13)

we can neglect the contribution of (4.10) to scalar (3-point) PNGs. However, we can
possibly have non-negligible contributions to the trispectrum (or) 4-point correlations due
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to this term. The same logic can be easily extended to other higher scalar curvature non-
local terms. Similarly, we can add quartic in Weyl tensor terms to (3.2) which do not
contribute to the 3-point inflationary correlations due to the fact that background Weyl
tensor vanishes in FLRW.

Therefore, non-local contributions to the bispectrum arise only from the part of the
action (3.2) which is quadratic and cubic in Ricci scalar. PNGs from the non-local quadratic
term in Ricci scalar were computed in [27]. We borrow and present here these results with
two important changes. First, we include the contributions that explicitly break the scale
invariance of the bispectrum. These contributions are important for studying the running
of PNGs that we compute in the next section. Second, we present PNGs for the formfactors
we introduced in (3.4). In appendix A we compute PNGs arising from the non-local cubic
in Ricci scalar term which gives several large PNGs that we shall discuss in the next section.
Finally, the 3rd order action (4.8) we obtain contains the following interactions of curvature
perturbation R in the leading order slow-roll approximation as4

δ
(3)
(s)S

Non−local
H = 4

M2
p

H2 ε

∫
dτd3x

{
B1τ

−2R∇R·∇R+B2τ
−2RR′2 +B3τ

−3RRR′ (4.14)

+B4τ
−1R′3 +B5τ

−4R3 +B6τ
−1∇R·∇RR′+B7R′∇R·∇R′

}
,

where B1 to B7 are dimensionless parameters (approximated to be constant during in-
flation) that give the final amplitude of the bispectrum (4.17) after the computation of
3-point correlation following (4.1)

B1 =−2ε− 3ε2
4

B2 = 2ε+ 3ε2
4 + 16

3 εTNL + 8
3ε

3 R̄
2
dS
M4

S

γ†S

(
R̄dS
4M2

s

)
e
γS

(
R̄dS
4M2

s

)
− 2λc

9
R̄dS
M2

s

ε
(
2ε2T 3

NL +εT 2
NL +T 1

NL

)
B3 =−32TNL−

8λc
9
R̄dS
M2

s

ε
(
2εT 2

NL +T 1
NL

)
B4 =−2TNL−

1
54
R̄dS
M2

s

ε
(
8ε3T 4

NL +4ε2T 3
NL +2εT 2

NL +T 1
NL

)
(4.15)

B5 =−ε
2

2 + 32R̄dS
M2

s

εT 1
NL

B6 =−2TNL

B7 = 16
3 εTNL + 8

3ε
3 R̄

2
dS
M4

S

γ†S

(
R̄dS
4M2

s

)
e
γS

(
R̄dS
4M2

s

)
,

where the subscript “dS” denotes the quantities in quasi-dS approximation and

TNL = 1
3ε

2
(
e
γS

(
R̄dS
4M2

s

)
− 1

)
+ ε3

R̄2
dS

12M4
S

γ†S

(
R̄dS
4M2

s

)
e
γS

(
R̄dS
4M2

s

)
(4.16)

And the quantities T 1
NL, · · · , T 4

NL are defined in (A.8).
4We have corrected here minor typographical errors in the expression (4.12) of [27].
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Computing the amplitude of 3-point correlation, we obtain

AR =
7∑
i=1

BiSi , (4.17)

where

S1 = 2k1 · k2

[
K − k1k2 + k2k3 + k3k1

K
− k1k2k3

K2

]
+ perms ,

S2 = 2k2
1k

2
2

K
+ 2k2

1k
2
2k3

K2 + perms , (4.18)

S3 ≈ k2
3

[
−2K − 2k1k2

K

]
+ C (z) k3

3 + perms

S4 = 4k2
1k

2
2k

2
3

K3 + perms

S5 = −K
3

3 + 2Kk1k2 + k1k2k3
3 + perms

S6 = 2 (k1 · k2) k2
3

[ 2
K

+ 2k1 + 2k2
K2 + 4k1k2

K3

]
+ perms (4.19)

S7 = (k2 · k3) k2
1k

2
3

[
− 2
K3 −

6k2
K4

]
where z = K

K∗
with K∗ = a∗H∗ = 0.05 Mpc−1 is a particular reference scale and C(z) ≈

γE + ln z − z2

4 + z4

96 . In deriving (4.14), we used the following on shell relations which
are the result of the background solution (3.1) and the equation of motion for curvature
perturbation at the linearized level [27, 44]:

�̄sR ≈
M2

M2
s

R =⇒ O
(
�̄s
)
R ≈ O

(
M2

M2
s

)
R

�̄sR′ ≈
(
�̄s
M2

s

+ R̄dS
4M2

s

)
R′ =⇒ O

(
�̄s
)
R′ ≈ O

(
M2

M2
s

+ R̄dS
4M2

s

)
R′ ,

(4.20)

where O is an arbitrary analytic operator. The above on-shell relations together with (3.1)
bring the 3rd order action of the non-local gravity (3.2) into the local form, and all the
effect of non-localities is transferred into the on-shell vertex factors TNL and T 1

NL, · · · , T 4
NL.

From (4.14) we can notice that the first two interaction terms of curvature perturbation
are the standard leading order interactions of the local R2 model and also of the canonical
single field inflation. In the case of non-local R2-like inflation, the second term in (4.14)
gets non-local contributions. The 3rd term in (4.14) is actually the higher order slow-roll
term that appears in the standard canonical single field inflation (See (3.12) of [41]) but
here in our case the contribution of this term can become significant due to the formfactors
present in our generalized non-local gravity (3.2). Going to the second line of (4.14) we can
again identify the first three terms which are very much analogous to the interactions of
curvature perturbation in the standard canonical case [41] but here in the expressions from
B3 to B6 we have the nonlocal factors which can win over the slow-roll parameters and
ultimately leading to large PNGs. Also, we can notice that interaction terms of these kind
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especially the term proportional to B4 is one of the dominant contribution in the context
of non-canonical single field inflation for small sound speed (cs) [19]. But here in our case
the effect of this interaction term is due to nonlocality rather than sound speed which
happens to be Unity in our case. The last term in the second line of (4.14) appears to be
a new interaction in comparison with local theories of general single field inflation [19, 41].
However, in our analysis, we find the contribution of this term to be negligible since this
term is found to be sub-dominant compared to the remaining interaction terms with scale
dependent vertex factors Bi. Note that in the limitMs →∞ (local limit) we recover the
known result for PNGs in standard canonical single field inflation.

4.1 Squeezed, equilateral and orthogonal limits of fNL (k1, k2, k3) and their
running nNG

In this section, we explore the most observationally targeted limits of the reduced bispec-
trum fNL (k1, k2, k3) and their running [13, 19, 45] which are very significant observables
to probe the nature of the scalar field (either scalaron or inflaton) and its interactions.
Discussion of results obtained in this section are presented in section 2 and section 6. The
PNGs can quantified by plotting fNL (k1, k2, k3) in terms of the following redefinition of
wave-numbers [42, 45]:

k1 = K

4 (αs + βs + 1) , k2 = K

4 (−αs + βs + 1) , k3 = K

2 (1− βs) . (4.21)

If future observations will probe fully the functional dependence of fNL (K, αs, βs), we
can fully determine self-interactions of the scalarons we see in (4.8) which are by nature
not scale-invariant. PNGs of the generalized non-local R2-like inflation (3.2) are com-
puted by substituting (4.17) in (4.4). There are three limits of reduced bi-spectrum called
“equilateral: k1 = k2 = k3 = k/3”, “orthogonal: 4k1 = 4k2 = 2k3 = k”, “squeezed:
k3 � k1 = k2 = k

2” (where the total momentum K = k) which are more relevant pop-
ular templates with the present CMB constraints [18]. Computing fNL for these three
configurations, we obtain

f sq
NL ≈

5
12 (1− ns)− 35.5 TNL + 8.9 C(z) TNL − 1.1 ε3 R̄

2
dS
M4

s

γ†S

(
R̄dS
4M2

s

)

− λc
R̄dS
M2

s

(
5.8 ε2 T 2

NL − 1.5 C (z) ε2 T 2
NL − 0.19 ε3 T 3

NL

)
,

f equiv
NL ≈ 5

12 (1− ns)− 46.6 TNL + 8.9 C(z) TNL − 1.8 ε3 R̄
2
dS
M4

s

γ†S

(
R̄dS
4M2

s

)

− λc
R̄dS
M2

s

(
7.7 ε2 T 2

NL − 1.5 C (z) ε2 T 2
NL − 0.3 ε3 T 3

NL − 0.02 ε4 T 4
NL

)
,

fortho
NL ≈ 5

12 (1− ns)− 39.1 TNL + 8.9 C(z) TNL − 1.2 ε3 R̄
2
dS
M4

s

γ†S

(
R̄dS
4M2

s

)

− λc
R̄dS
M2

s

(
6.4 ε2 T 2

NL − 1.5 C (z) ε2T 2
NL − 0.2 ε3 T 3

NL − 0.01 ε4 T 4
NL

)
.

(4.22)
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From (4.22) we can conclude that all the crucial fNL configurations get non-local contribu-
tions. There are three types of non-local contributions appearing in the expressions (4.22).

1. Contributions involving eγS(�s) come from the term that is quadratic in scalar cur-
vature (4.9) for the formfactor FR (�s) (3.4).

2. Contribution from the cubic non-local scalar curvature term (4.9): this can be read
from the terms involving T 2

NL − T 4
NL. As explained in appendix A, we found the

contributions of the terms involving T 1
NL are negligible compared to other terms and

therefore we drop them in (4.22) for brevity.

3. Contribution involving C
(
K
K∗

)
which comes from taking carefully the infrared (IR)

limit of integration using the judicious choice τ = − 1
K∗

[46, 47]. Usually this contri-
bution is slow-roll suppressed in standard single field models of inflation [19, 47, 48],
but in our case it is modulated by analytic non-local contributions5 when R̄ &M2

s.

From (4.22) we can deduce that the non-Gaussianity parameter fNL that can be potentially
observable in future depends on the following set of quantities{

e
γS

(
R̄dS
4M2

s

)
, γ†S

(
R̄dS
4M2

s

)
, λc, e

`i

(
R̄dS
4M2

s

)}
. (4.23)

As we discussed in the previous section, the scale invariance of bispectrum (4.17) is broken
in the non-local R2-like inflation due to the scale dependence of quantities (4.23) through{

R̄dS (k) , C (k)
}

(4.24)

Due to the presence of exponentials, we can expect that the scale dependence can be
significant. To quantify it we define a new parameter called running of fNL as [19]

nNG ≡
d ln fNL
d ln k (4.25)

which we can evaluate in the various limits such as squeezed, equilateral and orthogonal.
The nNG can be evaluated using the following quantities

df sq
NL

d lnk ≈−
dns
d lnk +

(
−35.5+8.9C(z)

)
∂TNL
∂N

+C† (z)
(

8.9TNL +ε2λc
R̄dS
M2

s

T 2
NL

)

−2.2ε4 R̄
3
dS
M6

s

[
γ†S

(
R̄dS
4M2

s

)
+ 1

4γ
†2
S

(
R̄dS
4M2

s

)
+ 1

4γ
††
S

(
R̄dS
4M2

s

)]
(4.26)

−ελc
2R̄dS
M2

s

(
5.8ε2T 2

NL−1.5ε2C (z)T 2
NL−0.76ε3T 3

NL

)

+ελc
R̄2

dS
2M4

s

(
5.8ε2 ∂T

2
NL

∂N
−1.5ε2C (z) ∂T

2
NL

∂N
−0.19ε3 ∂T

3
NL

∂N

)
,

5In our result (4.22) we neglected small local contributions of the order O
(
ε2
)
.
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df eq
NL

d lnk ≈−
dns
d lnk +

(
−46.6+8.9C(z)

)
∂TNL
∂N

+C† (z)
(

8.9TNL +ε2λc
R̄dS
M2

s

T 2
NL

)

−3.6ε4 R̄
3
dS
M6

s

[
γ†S

(
R̄dS
4M2

s

)
+ 1

4γ
†2
S

(
R̄dS
4M2

s

)
+ 1

4γ
††
S

(
R̄dS
4M2

s

)]

−ελc
2R̄dS
M2

s

(
7.7ε2T 2

NL−1.5ε2C (z)T 2
NL−1.2ε3T 3

NL−0.12ε4T 4
NL

)

+ελc
R̄2

dS
2M4

s

(
7.7ε2∂T

2
NL

∂T 2
NL
−1.5ε2C (z) ∂T

2
NL

∂N
−0.3ε3 ∂T

3
NL

∂N
−0.02ε4 ∂T

4
NL

∂N

)
, (4.27)

dforth
NL

d lnk ≈−
dns
d lnk +

(
−39.1+8.9C(z)

)
∂TNL
∂N

+C† (z)
(

8.9TNL +ε2λc
R̄dS
M2

s

T 2
NL

)

−2.4ε4 R̄
3
dS
M6

s

[
γ†S

(
R̄dS
4M2

s

)
+ 1

4γ
†2
S

(
R̄dS
4M2

s

)
+ 1

4γ
††
S

(
R̄dS
4M2

s

)]

−ελc
2R̄dS
M2

s

(
6.4ε2T 2

NL−1.5ε2C (z) T 2
NL−0.8ε3T 3

NL−0.06ε4T 4
NL

)

+ελc
R̄2

dS
2M4

s

(
6.4ε2 ∂T

2
NL

∂N
−1.5C (z) ε2 ∂T

2
NL

∂N
−0.2ε3 ∂T

3
NL

∂N
−0.01ε4 ∂T

4
NL

∂N

)
.

From (4.27) we can deduce that running of PNGs depend on the higher derivatives of our
formfactors (4.23). This reveals that if we measure running of PNGs in future observations,
we can probe the formfactors, reconstruct our theory and ultimately learn about UV-
completion of gravity.

4.2 Quantum fluctuations and the bi-spectrum

In [1] it was shown that the sound speed of curvature perturbations is Unity in the non-local
gravity inflation (3.2). Therefore, we have an effective scalar field (scalaron) propagating
during inflation similar to the local R2 theory. Moreover, it was shown in [1] that there is
only a single scalar mode that is propagating during inflation. Thus, we can also conclude
that the leading mode of the curvature perturbations R, corresponding to the growing mode
of energy density perturbations, is approximately time-independent on super-Hubble scales
while the generic solution for R there has the form [49]

R = c1 + c2

∫
dt

a3ε
. (4.28)

This implies all the PNGs which are generated in the generalized non-local R2-like inflation
are determined by interactions of quantum fluctuations which evolve until the moment of
the Hubble radius crossing during inflation that is exactly what we compute here. Ob-
viously since all the modes become frozen on super-Hubble scales k � aH, the fNL are
solely determined by quantum field interactions when k ∼ aH. We will see in the next sub-
section that non-local self interactions of R can generate sizeable contributions for all fNL
in squeezed, equilateral and orthogonal configurations when the non-locality scale is close
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to the Hubble scale during inflation Ms & H. As we noted before, non-commutativity
of covariant and partial derivatives in the quasi-dS regime (4.20) plays a crucial role in
getting large PNGs in the generalized non-local R2-like inflation. This result evades all
known ways of obtaining detectable level of PNGs through non-canonical scalar field(s)
and not adiabatic vacuum (or, non-Bunch-Davis) initial conditions [12]. Most notably, we
modify the Maldacena consistency relation that was argued to take place for any general
single field standard slow-roll inflation [10, 48, 50]. We further discuss this in detail later
in section 6 and appendix B.

5 Numerical illustration of fNL in various limits and their running nfNL

To illustrate our result with explicit numbers, we plot f sqNL, f
eq
NL, f

orth
NL choosing the following

entire functions `i (�s) that are compatible with (3.6)

γS (�s) = α1�s

(
�s −

M2

M2
s

)
+ · · · , `i (�s) = αi1�s

(
�s −

M2

M2
s

)
+ · · · , (5.1)

where α1, αi1 are 4 dimensionless parameters. The · · · represent higher order terms which
we assume to be irrelevant at the inflationary scales, but they are important to suppress
formfactors in the infinite momentum limit p → ±∞. The results we report here are not
that much sensitive to the choice (5.1), and in principle we can consider higher degree
polynomials in �s for γS (�s) , `i (�s), but choosing (5.1) we explicitly assume the effect
of higher order terms in �s to be negligible by setting the dimensionless coefficients of
them � (α1, αi1). We assume αi1 ∼ O(1− 10), so that we do not fine tune much our free
parameters and we can rely on the scale of non-localityMs for physics discussion.

5.1 The case with only non-local quadratic term in curvature scalar: λc = 0

In this section, we analyse the PNGs of a case without the cubic non-local Ricci scalar
term in (3.2) by setting λc = 0. Our results for the various limits of fNL in this case lead
to universal relations between them that do not explicitly depend on any choice of γS (�s):

f eq
NL ≈ 1.5f sq

NL, forth
NL ≈ 1.1f sq

NL . (5.2)

They can be verified through the expressions in (4.22) evaluating them at k = k∗, and when
the non-local contribution dominates over 5

12 (1− ns). We can also verify this numerically
in figure 2 where we also plot the running of fNL defined in (4.25). It is seen from it
that (5.2) is satisfied while running of fNL does not follow this relation because running
depends on the quantity C† (z) explicitly.

5.2 PNGs with all the terms in (3.2)

In this section, we illustrate numerically the PNGs in the generalized non-local R2-like
inflation by computing the values of fNL in the squeezed, equilateral and orthogonal limits.
With λc 6= 0 we obtain new contributions for PNGs mimicking several classes of scalar field
models of inflation and EFTs discussed in section 2 and section 6. All of these distinct
possibilities of large fNL in various limits are obtained by considering different values of
parameters (α1, αi1).
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0.45

0.50
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0.60

0.65

M/ℳs

nNG

Figure 2. In the left panel we plot f sq
NL, f

eq
NL, f

orth
NL versus M/Ms (in red, blue and green coloured

lines respectively) and in the right panel we plot the corresponding running of fNL. In both of the
plots, we take α1 = 1, λc = 0 and N = 55 corresponding to the pivot scale k∗ = a∗H∗. In these
plots we recover the predictions of local R2 gravity in the limit M

Ms
→ 0.
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-50
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50

M/ℳs

fNL

0.175 0.180 0.185 0.190

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

M/ℳs

nNG
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-0.2

0.0

0.2

0.4

M/ℳs

fNL
sq

0.170 0.175 0.180 0.185 0.190

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

M/ℳs

dfNL
sq

dlnk

Figure 3. In all of the plots we present various limits of fNL and their running nNG versus M/Ms

for λc > 0 (dashed lines) and λc < 0 (full lines) respectively, while red, blue and green lines represent
squeezed, equilateral and orthogonal limits respectively. For all of these plots we fix the parameters
as λ = ±4, α1 = 0.4, α11 = 3.1, α21 = α31 = 1 and N = 55 corresponding to the pivot scale
k∗ = a∗H∗.

1. Large PNGs compatible with the Planck constraints (1.1): see figure 3.

2. Large PNGs in the squeezed and orthogonal limit while negligible in the equilateral
limit: see figure 4.

3. Large PNGs in the equilateral and orthogonal limit while negligible in the squeezed
limit: see figure 5. The predictions of figure 5 are very much similar to the signature
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Figure 4. In above plots we present various limits of fNL and their running fNL, nNG versus
M/Ms for λc > 0 (dashed lines) and λc < 0 (full lines) respectively, while red, blue and green
lines represent squeezed, equilateral and orthogonal limits respectively. For all plots we fix the
parameters as λc = ±2, α1 = 0.2, α11 = 5, α21 = α31 = −1 and N = 55 corresponding to the pivot
scale k∗ = a∗H∗.

of PNGs in the non-canonical single field inflation. Thus, one can expect the shape
of fNL (k1, k2, k3) would be close to equilateral shape. But we must not forget the
strong running of f eqNL depicted in figure 5.

4. Large PNGs with equal contributions in the squeezed equilateral, orthogonal limits:
see figure 6.

Finally, we plot the full shape of fNL (1, αs, βs) in figure 7 as a function of (αs, βs) de-
fined in (4.21) considering the same parameter values used in figure 3. There are several
ways one can define the shape of bispectrum [12]. One definition of the shape function is
S (k1, k2, k3) = − 3

10
(∑

i k
3
i

) fNL(k1, k2, k3)
k1k2k3

[12]. In this paper, we stick to the shape function
defined by the reduced bispectrum fNL (k1, k2, k3) [13] to represent the 3D plot in figure 7.

Following the discussion we presented towards the end of section 4 (where we com-
pared the interactions of curvature perturbation in our non-local theory with analogous
interactions in local EFTs [12, 19, 41]) we can deduce that even though shapes of PNGs in
non-local R2-like inflation appears to be a mixture of so-called squeezed, equilateral and
orthogonal shape templates [12], we obtain here large non-trivial running of PNGs due to
the strong scale dependencies due to non-localities which we discussed in section 4. There-
fore, the running of PNGs plays an important role in distinguishing PNGs in non-local
R2-like inflation against local multifield non-canonical scalar fields inflation [12]. This is
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Figure 5. In the above plots we present various limits of fNL and their running nNG versusM/Ms.
The red, blue and green lines represent squeezed, equilateral and orthogonal limits respectively.
For all these plots we fix the parameters as λc = ±2 (-2 for full lines and +2 for dashed lines),
α1 = 0.2, α11 = 3.5, α21 = α31 = −1/4 and N = 55 corresponding to the pivot scale k∗ = a∗H∗.
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Figure 6. In both plots we present various limits of fNL and their running nNG versus M/Ms for
λc > 0 (full lines) and λc < 0 (dashed lines) respectively, while red, blue and green lines represent
squeezed, equilateral and orthogonal limits respectively. For both plots we fix the parameters as
λc = ±2 (+2 corresponding to full lines and -2 represented by lines) α1 = 0.2, α11 = 3, α21 =
−3, α31 = −1 and N = 55 corresponding to the pivot scale k∗ = a∗H∗.
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Figure 7. Here we plot fNL (1, αs, βs) setting K = 1. The values of parameters for this figure are
the same as those for the figure 3. In this figure, the upper plane in blue shape and lower orange
shape represent λc > 0 and λc < 0 respectively.

similar to the running of tensor spectral index that was obtained in the our earlier work [1]
which acts as a distinguishable feature of non-local R2-like inflation against local EFTs
at the level of the two-point tensor correlation function. However, we defer the detailed
analysis of shape of PNGs for the full parameter space for future investigations.

6 Distinguishing generalized non-local R2-like inflation against EFT of
scalar field inflation

In a broader view of developments in inflationary cosmology, we can notice that there are
several ways one can construct a viable inflationary phase. Due to the lack of concrete
understanding of UV-complete physics, numerous inflationary models were proposed in
the past decades [25] taking multiple approaches with different motivations towards UV-
completion. In this respect, inflationary cosmology is hugely studied in the context of
EFT involving single and multiple scalar fields of different nature [10, 15, 22]. In view of
inflationary observables related to 3-point correlations, we shall discuss how to distinguish
EFT of several classes of inflationary models against the generalized non-local R2-like
inflation we have studied in this paper. Note that distinguishing the generalized non-local
R2-like inflation against the EFT of inflation was extensively discussed in [1].

Canonical single field inflation. This is the simplest framework of understanding in-
flation driven by a scalar field with the canonical kinetic term and a suitable potential.
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The successful models of this class are R2 and Higgs inflation after the conformal transfor-
mation to the Einstein frame [8]. Independent of what is the choice of potential, this class
of models always satisfy the tensor consistency relation and the Maldacena consistency
relation. In our non-local gravity (3.2) these two consistency relations are violated (see [1]
and our result (4.22)). However, it has been widely understood that such models cannot
be really single field ones because any attempt of embedding the models in a UV-complete
framework introduce more degrees of freedom which eventually violate the consistency re-
lation (although the new particles which appear in this way could be heavier than the
inflaton) [23, 51–53].

Non-canonical single field inflation. Non-canonical scalar field (φ) is described by

SNC =
∫
d4x
√
−g
[
M2
p

2 R+ P

(
−1

2 (∂φ)2 , φ

)]
(6.1)

where P (−1
2 (∂φ)2 , φ) is a generic function of the canonical kinetic term and the field

φ. This is a general action for a scalar field whose perturbations propagate with a sound
speed 0 ≤ cs ≤ 1. Because of this, non-canonical models of inflation can predict a peak
in the equilateral limit, the tensor consistency relation is violated while tensor tilt remains
unaffected by cs:

f sq
NL ∼

1
c2
s

, r = 16csεE , nt = −2εE (6.2)

where the slow-roll parameter with subscript εE denotes the quantity in the canonical scalar
field framework of inflation. With the Planck constraints (1.1), we get cs & 0.02 [18]. There
are two ways we can distinguish our model from a non-canonical scalar one. One way is
that in our case we modify tensor tilt and it becomes scale dependent (see [1]). Another
way is provided by the shape of PNGs, in the non-canonical model it is determined by the
following interaction terms of curvature perturbation

δ(3)SNC =
∫
d3x dτ a2

{
g1
a
ζ ′3 + g2ζζ

′2 + g3ζ(∂ζ)2 + g4ζ
′∂jζ∂j∂

−2ζ ′

+ g5∂
2ζ(∂j∂−2ζ ′)(∂j∂−2ζ ′)

} (6.3)

where ζ is the curvature perturbation (ζ ≈ −R at super-Hubble scales) and gi are functions
of slow-roll parameters [48]. If we compare these interaction terms with those we obtained
in our theory (4.14), we can deduce that the large PNGs are of a possibility, and if the
future observations will be powerful enough, we can distinguish our non-local gravity from
non-canonical single field models of inflation.

Multifield inflation. Multifield inflation is basically an inflationary scenario driven by
multiple scalar fields that leads to curvature and isocurvature perturbations during infla-
tion [54]. Therefore several classes of multifield inflation were studied in literature [30, 55].
Due to the presence of isocurvature modes, curvature perturbation, if defined as being
tangent to the background trajectory of inflaton fields in the field space, is generically not
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time-independent on super-Hubble scales6 that leads to violation of the Maldacena consis-
tency relation due to the classical evolution of fluctuations on such scales [54, 58]. As a
result of this, the squeezed limit f sq

NL gives detectable level of non-Gaussianities. In our case
we obtain detectable level of f sq

NL due to the non-local interactions of short and long wave-
length modes which are quantum mechanical in nature (See section 4 and appendix B).
Therefore, we generate f sq

NL in our model in a totally different way compared to multifield
inflation. Furthermore, in the context of multifield inflation f sq

NL is almost scale indepen-
dent [54]. Moreover, multifield inflation with non-canonical scalar field predicts several
types of PNGs (with large signatures in squeezed, equilateral and orthogonal limits) [29].
In our case, we obtain various class of PNGs in a single field geometric construction of
inflation. Particularly, in our case, we generate scale dependent PNGs with detectable
running (see section 4 and section 5). Furthermore, tensor consistency relation is violated
in multifield models of inflation due to the classical evolution of curvature perturbation in
the presence of additional isocurvature fields [59]. But this feature can be distinguished
from our case because we modify the tensor power spectrum that leads to corrections to
the tensor spectral index nt and its running which are derived in [1].

EFT of single-field inflation. EFT of single field inflation (EFT-SI) [10, 11] is con-
structed to unify several single field models of inflation and aims to capture the signatures of
UV-completion through the so-called EFT parameters that determine 2-point and 3-point
inflationary correlations. It was elaborated in [1] that the physics of two-point correlations
in our generalized non-local gravity inflation with (3.2) cannot fall into the category of
EFT-SI. The key EFT-SI parameters that affect both 2-point and 3-point correlations are
the sound speeds (cs, ct) of scalar (curvature) and tensor fluctuations which are slowly
varying functions of time. In the EFT model considered in [60], cs = 1, ct 6= 1 in the
original (disformal) frame, while csE = 1

ct
, ctE = 1 in the Einstein frame obtained through

the disformal transformation which changes the light cone. This leads to relation between
scalar and tensor PNGs. In contrast to this, in our case of non-local gravity inflation we
have both sounds speeds being unity and the scalar PNGs in our case are determined by
the parameter space of the part of our full action (3.2) excluding the terms of the Weyl
tensor. Therefore, we do get additional contributions which depend on additional param-
eter space for tensor PNGs that is the subject of our future investigation [26]. This means
that our geometric construction of inflation is indeed clearly distinguishable from that of
the EFT-SI [10, 11]. Focusing on the scalar PNGs in particular, the 3rd order action of
EFT-SI prescribes

δ
(3)
(s)SEFT−SI =

∫
d4x
√
−g
[
M2
p

c2
s

εEζ
2
(
ζ̇2 − c2

s

(∂iζ)2

a2

)
−M2

p εE

(
1− 1

c2
s

)
ζ̇

(∂iζ)2

a2

+
(
M2
p

H
εE

(
1− 1

c2
s

)
+ 4

3
M4

3
H3

)
ζ̇3
]
.

(6.4)

6Note, however, that there always exists another mode (a particular solution) of scalar perturbations
in this case which is (approximately) time-independent in the super-Hubble regime [56, 57] though it is
not tangent to the inflaton background trajectory in the field space generically. Its existence can be traced
to the fact that the FLRW scale factor is defined up to an arbitrary multiplier in the absence of spatial
curvature, see [57] for more discussion.
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The above action is derived in the limit then εE � c2
s and it contains two interactions

ζ̇3 and ζ̇ (∂iζ)2 associated with two parameters (cs, M3). These two interactions can be
projected into equilateral and orthogonal shapes and the recent Planck data constrained
them [18]. Comparing the interactions in (6.4) with our case (4.14), we can easily deduce
that non-local gravity does contain more interactions and scale dependencies beyond the
standard EFT-SI. Therefore, it would be of great interest to observationally probe (4.14)
in the future CMB and LSS observations [32].

EFTs of quasi-single field inflation (aka cosmological collider physics). This is a
paradigm where there is one light scalar degree of freedom driving inflation interacting with
heavy modes whose mass is of the order of the Hubble scale during inflation [12, 52, 53].
This framework of inflation is a natural set up in several UV-complete theories such as
supergravity [23, 61–63]. In this class of inflationary models equilateral, orthogonal and
squeezed limit PNGs can be generated due to turns in the inflaton trajectory in the field
space (that occur due to the presence of additional heavy fields). The crucial test of quasi-
single field inflation is the shape of PNG that is scale dependent in the squeezed limit as
follows [64]

f sq
NL (klong, kshort, kshort) ∝

(
klong
kshort

)νs
Ps̄ (cos θ) , (6.5)

where Ps̄ (cos θ) is the function depending on s̄ which is the spin of the heavy particle, θ is
the angle between long and short wavelenghth wave vectors and

νs = 3
2 ± i

√
m2

H2 −
9
4 (6.6)

with m being the mass of the heavy particle. Depending on the mass of the heavy particle,
we get different scale dependent features in the PNGs. This is a different scale dependence
compared to what we have obtained in (4.22) where fNL has scale dependence on the overall
wave number rather than on the short and long wavelength modes in (6.5). This is the
distinguishable feature of non-local theories from EFT of quasi-single field inflation.

7 Outlook

In this paper, we have computed and analyzed scalar PNGs which can be generated in
the generalized non-local R2-like inflation and we provided detailed discussion about how
our gravity framework of inflation goes beyond the several EFTs of inflation. Quantitative
description of PNGs and their running is obtained, too. However, through scalar PNGs we
only explored part of the action (3.2) which contributes to fNL in the leading order. It is
important to further understand tensor PNGs and cross-correlations that is the subject of
our future investigation [26]. Another direction to go forward is to compute 4-point corre-
lations in the generalized non-local gravity inflation and check if the Suyama-Yamaguchi
consistency relation [65] gets violated in non-local theories. Furthermore, it is interesting to
explore the PNGs which can emerge if we couple matter degrees of freedom non-minimally
and non-locally to gravity [66]. Beyond these studies, it is theoretically very important to
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study formfactors of our gravity action (3.2) from a more fundamental point of view that
can provide us with more robust and precise predictions.
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A Computation of non-Gaussianities

In this section we compute the PNG contributions from the term which is cubic in Ricci
scalar in (3.2).

δ(3)SR3 = f0λc
2M2

s

∫
d4x

√
−ḡ
[
L1
(
�̄s
)
δRL2

(
�̄s
)
δRL2

(
�̄s
)
δR

+ δL1 (�s) R̄δL2 (�s) R̄δL3 (�s) R̄
] (A.1)

We can notice that (A.1) does not contain any terms involving second variations of Ricci
scalar and the 3rd variations of √−g such as

• Li (�s) δ(2)RLj (�s) R̄Lk (�s) δR
• Li (�s) δ(2)RLj (�s) R̄Lk (�s) δR̄
• δ(2)√−gLi (�s) R̄Lj (�s) R̄Lk (�s) R̄

(A.2)

since any such terms be multiplied by Li
(
�̄s
)
R̄ which become zero after imposing the

on-shell condition (3.6). Further simplifying (A.1) using the following formula [27]

δLi (�s) =
∑
n

Lin
∑

a+b=n−1
�̄asδ�s�̄

b
s , (A.3)
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we obtain

δ
(3)
(s)S

Non−local
R3 = f0λc

2M2
s

∫
d4x

√
−ḡ
[(
L1
(
�̄s
)
δR+

L1
(
�̄s
)

�̄s − M2

M2
s

δ�sR̄

)

×
(
L2
(
�̄s
)
δR+

L2
(
�̄s
)

�s − M2

M2
s

δ�̄sR̄

)(
L3
(
�̄s
)
δR+

L3
(
�̄s
)

�̄s − M2

M2
s

δ�sR̄

)]

= −f0λcε
3

2M2
s

∫
d4x

√
−ḡ
{[

64
a6H

3
(

8ε3T 4
NL + 4ε2T 3

NL2εT 2
NL + T 1

NL

)
R′R′R′

+ 64
a4 R̄dSH2

(
4ε2T 3

NL + 2εT 2
NL + T 1

NL

)
RR′R′ (A.4)

+ 128
a2 R̄

2
dSH

(
εT 2

NL + T 1
NL

)
RRR′ + 64R̄3

dST
1
NLR3

]}
.

where H = aH is the Hubble factor in conformal time. Here we have used the slow-roll
approximation in the next to leading order in ε and made a substitution �̄dSR = M2R
which solution in the quasi-dS approximation is

R ≈ − 1
2ε

1√
3f0R̄dS

H√
2k3

(1 + ikτ) e−ikτ . (A.5)

This follows from the computations in [1]. We have also used the following relations which
were derived using quasi-dS approximation (see Eqs (B.5) and (B.7) in [27]):

O
(
�̄s
)
δR ≈ O

(
2M2

M2
s

)
2R̄Ψ + 2R̄

M2Hε

[
O
(

2M2

M2
s

)
−O(0)

]
Ψ̇

+ 16Hε
[
O
(
M2

M2
s

+ R̄

4M2
s

)
−O(0)

]
Ψ̇

O (�s) δ�sR̄ ≈
2M2

M2
s

O
(

2M2

M2
s

)
R̄Ψ− 2R̄Hε

M2
s

O
(
M2

M2
s

+ R̄

4M2
s

)
Ψ̇

(A.6)

where O denotes an analytic function of d’Alembertian �. In (A.4) we carefully kept all
terms up to the leading order in ε ≈ 1

2N and neglected higher order contributions of O
(

1
N2

)
treating ε ≈ const. In our computation we re-sum contribution of all the infinite derivative
terms. In the second line of (A.4), we made simplifications using (4.20). Since our case
is single field inflation, perturbed modes deep inside the Hubble radius during inflation
are evaluated at the Hubble radius exit since curvature perturbations remains constant on
super-Hubble scales k � aH. So the 3-point correlations of R do not evolve after that.
Therefore, we evaluate the 3-point correlations at the moment when τe ∼ − 1

k which is a
conformal time after few e-foldings of the Hubble radius exit [47].
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Here

TNL = R̄dS
M2
p

ε3
[
FR

(
M2

M2
s

+ R̄dS
4M2

s

)
−F1

]

≈ R̄dS
M2
p

ε3
[
FR

(
R̄dS
4M2

s

)
−F1 + ε

R̄dS
8M2

s

F (†)
R

(
R̄dS
4M2

s

)]
. (A.7)

T 1
NL =

∑
i,j,k,i 6=j 6=k

Li

(
2M2

M2
s

)
Lj

(
2M2

M2
s

)
Lk

(
2M2

M2
s

)
,

T 2
NL =

∑
i,j,k,i 6=j 6=k

Li

(
2M2

M2
s

)
Lj

(
2M2

M2
s

)
Lk

(
M2

M2
s

+ R̄dS
4M2

s

)
, (A.8)

T 3
NL =

∑
i,j,k,i 6=j 6=k

Li

(
2M2

M2
s

)
Lj

(
M2

M2
s

+ R̄dS
4M2

s

)
Lk

(
M2

M2
s

+ R̄dS
4M2

s

)
,

T 4
NL =

∑
i,j,k,i 6=j 6=k

Li

(
M2

M2
s

+ R̄dS
4M2

s

)
Lj

(
M2

M2
s

+ R̄dS
4M2

s

)
Lk

(
M2

M2
s

+ R̄dS
4M2

s

)
.

Considering the formfactors of the form (3.5) with the conditions imposed in (3.6), we can
easily deduce that

T 1
NL � T 2

NL � T 3
NL � T 4

NL (A.9)

in the limit ofM2 �M2
s and R̄dS &M2

s. Note that since T 1
NL does not depend on the ratio

R̄dS
M2

s
, we found its contributions are far less than the contributions involving T 2

NL − T 4
NL,

especially for the operators `i (�s) of the form in (3.7).

B On violation of Maldacena consistency relation in non-local gravity

The goal of this section is to illustrate how the Maldacena consistency relation can be
easily violated in non-local gravity. We provide here an explicit illustrative example from
our study carried in this paper. It has been argued that the Maldacena consistency relation
given by [37, 50, 67]

f sq
NL = 5

12 (1− ns) (B.1)

cannot be violated in any single field slow-roll inflation with adiabatic vacuum initial condi-
tions. The above relation was intuitively argued to be valid as follows. Since the curvature
perturbation is constant on super-Hubble scales, the perturbed metric (say with wave-
number k1) in the so-called unitary gauge in which the inflaton perturbations can be put
to zero [50, 67] is approximated to be7

ds2 = −dt2 + e2ζk1a2(t)dx2 , (B.2)

where the part of the scalar perturbations related to lapse N and shift functions Ni in
the well-known Arnowitt-Deser-Misner (ADM) formalism [37] are approximated to zero

7C.f. eq. (17) in [68] where t0(r) is just ζ(r)
H

up to a constant, and |ζ| need not be small. In that paper,
the synchronous gauge with additional conditions excluding two gauge modes was used but the resulting
form of the metric in the leading approximation for t � t0 appeared to be essentially the same as (B.2).
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as they depend on the time and spatial derivatives of ζ which is constant on the super-
Hubble scales. Therefore, according to the standard intuitive proof [50, 67] that is well
supported by EFT of single-field inflation, the 3-point correlation in the squeezed limit
k1 � k2 = k3 = k can be decomposed as (using the simple Taylor expansion of 2-point
correlation of short wavelength mode in the effective background metric (B.2))

lim
k1→0
〈ζk1ζk2ζk3〉 ≈ lim

k1→0
〈ζk1〈ζk2ζk3〉〉

= − (2π)3 δ3
(∑

i

ki

)
(ns − 1)Pk1Pk3

(B.3)

where Pk1 , Pk3 are the power spectrum of k1 mode and k3 mode respectively. In deriving
the above result, the trick of rescaling the spatial coordinates xi → eζk1xi is used since ζk1

can be treated as a constant on super-Hubble scales that was shown in [57, 67, 68]. The
above result is also concretely established and proved in local scalar-tensor theories.

In the context of non-local gravity we have seen that non-local interactions of curva-
ture perturbations evade the above result (as we can witness from the expression of f sq

NL
in (4.22)). To illustrate this, we consider a part of the action (3.2) with local R+R2 terms
and the non-local cubic scalar curvature term

SNon−local
R+R2+R3 = Slocal

R+R2 + SNon−local
R3 (B.4)

where Slocal
R+R2 , S

Non−local
R3 are defined in (4.9) with condition (3.6).

Computing the second order perturbed action of (B.4) around the FLRW background
obtained from (3.1), we can deduce that

δ(2)SNon−local
R+R2+R3 = δ(2)Slocal

R+R2 , (B.5)

where δ(2)SNon−local
R3

∣∣∣
�̄R̄=M2R̄

= 0 which is the result derived in [1]. This means that at
the second order perturbation level, (B.4) is exactly equivalent to local R2 inflation and we
can easily confirm that curvature perturbation is conserved on super-Hubble scales. But if
we go to the interaction level, that is when we compute the bi-spectrum, we generate non-
trivial contributions from the non-local interactions generated from the non-local cubic in
scalar curvature term. These new contributions violate the Maldacena consistency relation
as we can see from expression (4.22). Therefore, we can now precisely deduce that (B.4) is
a counterexample to the intuitive derivation of the Maldacena consistency relation (B.3)
because in the case of inflation with (B.4) we can see from the second order action that
it is single field and slow-roll inflation since the background solutions is (3.1), but still we
do violate the Maldacena consistency relation. This happens because the relations (4.20)
lead to the enhancement of the interaction strength between the long wavelength mode
and short wavelength modes beyond this order of slow-roll since R̄ &M2

s.
So in summary, the proof (B.3) can only be valid in local theories, in particular two

derivative theories, where the perturbed metric can be approximated as (B.2). Then one
can Taylor expand 3-point correlation in the squeezed limit. In the case of non-local theory,
one cannot apply this simple Taylor expansion because vertices come with formfactors of
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infinite derivative structure which we localize the action using the on-shell relations (4.20).
This alters significantly the interaction picture and we get an exponential enhancement
of 3-point vertices due to the structure of formfactors (3.4). However, we are well within
the perturbative regime because the non-linear corrections to curvature perturbation in
non-local R2-like inflation are still small and fluctuations are indeed very Gaussian as the
current data suggest [18].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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