
Prospects of Non-Local Field Theories in Early
Universe Cosmology

Abhishek Naskar

ShanghaiTech University

Based on arXiv:2504.06035 (JCAP)
with A. S. Koshelev

February 11, 2026

Quantum Gravity and Cosmology 2026, Bologna



Stelle Gravity

• Einstein gravity is non-renormalizable
• Stelle gravity addresses the renormalizability by adding

quadratic curvature terms:

L =
1

2κ2
(
R+ α1R

2 + α2RµνR
µν + α3RµνρσR

µνρσ
)

(1)

• The presence of the higher-derivative terms results in
Ostrogradsky ghosts

K.Stelle (PRD, 1977)



A Non-Local Solution

• One can modify Stelle theory including non-local form factors
as:

L =
1

2κ2
(R+Rγ0(□)R+Rµνγ1(□)Rµν) (2)

• The form factors can be written as: γ0(□) =
eH0(□) − 1

□
,

γ1(□) = −e
H2(□) − 1

□
, Hi(□)’s are entire functions

• This modification of Stelle’s theory modifies the propagator of
the theory and takes care the issue of ghosts.

A. Pais, G. E. Uhlenbeck (1950)
T. Biswas, E. Gerwick, T. Koivisto and A. Mazumdar (PRL, 2011)

T. Biswas, A. Conroy, A. Koshelev and A. Mazumdar (CQG, 2013)



Non-Local R2 Inflation

• Non-local extension of R2 inflation: (□s =
□
M2

)

S
Non-local
H =

∫
d
4
x
√

−g

(
M2

p

2
R +

1

2

[
RFR(□s)R

+

(
M2

p

2M2
s

+ f0Rs

)
WµνρσFW (□s, Rs)W

µνρσ

+
f0λc

M2
s

L1(□s)RL2(□s)RL3(□s)R

+
f0λR

M2
s

D1(□s)RD2(□s)Wµνγλ D3(□s)W
µνγλ

+
f0λW

M2
s

C1(□s)Wµνρσ C2(□s)W
µνγλ

C3(□s)W
ρσ

γλ

])
,

• Requirement: The Eigenvalue equation is always satisfied:
□R =M2R, where M is the scalaron mass (Trace equation for
R2 theory)

A. Koshelev, K.S. Kumar, A Starobinsky [arXiv: 2005.09550,2209.02515, 2210.16459]



Non-Local R2 Inflation

• In order the theory to be ghost free around Minkowski and de
Sitter space, the form-factors should take the form:

FR(□s) = f0M
2 1−

(
1− □

M2

)
eγS(□s)

□s
,

FW

(
□s,

R

M2
s

)
=
e
γT

(
□s−2

3R
)
− 1

□s − 2
3R

,

D1(
M2

M2
s

) = 0

γS(□s) and γT (□s) are entire functions.
• The form-factor Li can be considered as Li = eli(□s) − 1.

• γS(
M2

M2
s

) = 0 and li(
M2

M2
s

) = 0 guarantees that □R =M2R.



Observables in Non-Local R2 Inflation

• Scalar Power-spectrum:

Pζ ∼
1

3f0R̄

H2

16π2ϵ2
, ns − 1 ∼ 2

N

• Tensor spectrum gets modified and violates the consistency

relation: r =
PT

Pζ
= 8nt → r =

12

N2
e2γT ( R̄

2Ms

2
)



Non-Gaussianity in Non-local R2 inflation

• Third order action:

δ
(3)

(s)S
Non-local
H =

4M2
p

H2 ϵ

∫
dτ d

3
x
{
B1τ

−2
ζ∇ζ · ∇ζ + B2τ

−2
ζ(ζ

′
)
2
+ B3τ

−3
ζζζ

′

+ B4τ
−1

(ζ
′
)
3
+ B5τ

−4
ζ
3
+ B6τ

−1∇ζ · ∇ζ ζ
′
+ B7ζ

′ ∇ζ · ∇ζ
′
}
.

(4.14)

• Large non-Gaussianity can be produced in equilateral, squeezed

and orthogonal limit if
M

Ms
∼ 0.2, violating single field inflation

terms
• Running of fNL is also found to be non-trivial
• This Lagrangian has more operators contributing to the

bispectrum compared to EFT of inflation setup. Even with a
unity sound speed, non-local theories can produce large
non-Gaussianity



Non-local Scalar field in Cosmology

• Consider non-locality in a scalar field theory:

L =
M2

P

2
R+

1

2
ϕF(□s)ϕ− V (ϕ), (3)

with, F(□s) = □e□
2/M4

s .
• If the scalar field is massive then we can write an operator:

G(□s) =
1

2
□e□

2/M4
s − 1

2
m2 (4)

• Weierstrass product decomposition for an entire function
suggests: G(z) =

∏
i

(z − zi)
nieg(z), with g(z) is an entire

function, ni is the multiplicity, and zi’s are the roots of G(z) = 0.



Non-local Scalar field in Cosmology

• The equation of motion for the scalar field can be written as:

G(□)ϕ =
∏
i

(□−m2
i )e

g(□s)ϕ = 0, (5)

and the solution can be computed as ϕ =
∑
i

ϕi satisfying,

(□−m2
i )ϕi = 0. (6)

• In general mi’s can be complex in nature
• There will be infinite number of excitations
• Degrees of freedom with complex masses will appear in complex

conjugate pairs



Non-local Scalar field in Cosmology

• The i-th mode with complex mass mi satisfy: (□−m2
i )ϕi = 0,

which has a solution in a de Sitter background:

ϕi = e−
3
2Ht

[
αJν

(
ka0
H e−Ht

)
+ βYν

(
ka0
H e−Ht

)]
, (7)

with ν = −
√

9

4
−
m2

i

H2

• For the large t limit it can be checked that the solutions will be
stable if: (Im(m2

i ))
2 < 9H2Re(m2

i )

• This condition on the masses form a parabola shaped stability
region

A. Koshelev, A. Tokareva (PRD, 2020)



Our Questions

• The value of the complex masses will depend on the specific
form of the form factor

• Even for a given form-factor it is significantly difficult task to
determine these masses

• We re-formulate the question: is it possible to find constraints on
these masses (if present) in an inflationary scenario from the
CMB measurements?

• The parabola shaped region guarantees that bounds on scalar
power-spectrum would be satisfied if the masses are inside the
parabola

• Can bispectrum put additional bounds on the masses?



Inflation with a Non-Local Scalar Field

• Our system:

S =

∫
d4x

√
−g

[
M2

P

2
R+

1

2
φ(□−m2)F(□s)φ− V (φ)

]
,

(8)
with F(□s) =

∑
n≥0

fn□
n
s , V (φ) only contains non-linear

interaction terms.
• F(□s) is an entire function, and the Minkowski vacuum has no

extra excitation, while inflation will have additional excitations.
• We want to compute the scalar perturbations and its three-point

statistics



Perturbations

• We introduce the perturbations in the metric and matter sector as

ds2 = a(τ)2
{
−(1 + 2ϕ)dτ2 − 2∂iβdτdx

i + [(1− 2ψ)δij + 2∂i∂jγ] dx
idxj

}
,

χ = χ̄+ δχ

• Using longitudinal gauge β = γ = 0 and introducing
v = a

(
δχ+ ψχ′/H

)
we can write down the equation of motion

for v:(
∂20 + 2H∂0 − ∂i∂

i
) v
a
+ (3η − 6ϵ)H2 v

a

+
(
3H2η −m2a2

) (
G(□s)

2 − 1
) v
a
= 0.

• The derivation of the above equation requires dropping of
slow-roll suppressed terms in contrast to local theory where
slow-roll approximation is not required

A. S. Koshelev, A. Naskar (JCAP, 2025)



Appearance of Excitations with Complex Masses

• The non-local operator acting on the scalar perturbations is:

P(□) = a2□− (3η − 6ϵ)H2 −
(
3H2η −m2a2

) (
G(□/M2)2 − 1

)
.

• Again using Weierstrass decomposition to this operator we can compute
the solutions v =

∑
i

vi which will satisfy:

v′′0 − ∂i∂
iv0 −

ν20 − 1
4

τ2
v0 = 0,

v′′i − ∂k∂
kvi −

ν2i − 1
4

τ2
vi = 0, i ≥ 1,

v∗′′i − ∂k∂
kv∗i −

ν∗2i − 1
4

τ2
v∗i = 0, i ≥ 1,

with

ν20 =
9

4
+ 9ϵ− 3η; ν2i =

(
9

4
− m2

i

H2

)
.



Quantization of the Modes
The fields can be expanded as:

v̂0(τ, x) =

∫
d3k

(2π)3/2

{
â0kv0,k(τ)e

ik⃗x⃗ + â0†k v
∗
0,k(τ)e

−ik⃗x⃗
}
,

v̂i(τ, x) =

∫
d3k

(2π)3/2

{
âikvi,k(τ)e

ik⃗x⃗ + b̂i†k ui,k(τ)e
−ik⃗x⃗

}
,

v̂∗i (τ, x) =

∫
d3k

(2π)3/2

{
b̂iku

∗
i,k(τ)e

ik⃗x⃗ + âi†k v
∗
i,k(τ)e

−ik⃗x⃗
}
,

with,[
â0k, â

0†
k′

]
= δ(3)(k − k′);

[
âik, â

j†
k′

]
= δ(3)(k − k′)δij ;

[
b̂ik, b̂

j†
k′

]
= δ(3)(k − k′)δij ,

The solutions to the mode functions:

v0,k(τ) =
√
−τ

[
α0H

(1)
ν0

(−kτ) + β0H
(2)
ν0

(−kτ)
]
,

vi,k(τ) =
√
−τ

[
αiH

(1)
νi

(−kτ) + βiH
(2)
νi

(−kτ)
]
,

ui,k(τ) =
√
−τ

[
α̃iH

(1)
νi

(−kτ) + β̃iH
(2)
νi

(−kτ)
]
.



The choice of Bunch-Davies state suggests:

α0 = αi = ei
π
2 (νi+

1
2)
√
π

4
; β̃i = e−iπ

2 (νi+
1
2)
√
π

4
; β0 = βi = α̃i = 0,

and the total mode function is:

v̂(τ, x) = v̂0(τ, x) +

N∑
i=1

(v̂i(τ, x) + v̂∗i (τ, x)) ,

The scalar power-spectrum can be computed as:

∆S = ∆ζ0(k) +

N∑
i=1

∆ζi(k) +
N∑
i=1

∆ζ∗
i
(k), (9)

with,

∆ζ0(k) =
k3

2π2

1

2M2
Pa

2ϵ
(−τ)π

4
|H(1)

ν0
(−kτ)|2, (10)

∆ζi(k) =
k3

2π2

1

2M2
Pa

2ϵ
(−τ)π

4
|H(1)

νi
(−kτ)|2eiπ

2 (νi−ν∗
i ), (11)

∆ζ∗
i
(k) =

k3

2π2

1

2M2
Pa

2ϵ
(−τ)π

4
|H(1)

ν∗
i
(−kτ)|2eiπ

2 (ν∗
i −νi). (12)
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Figure: Amplitude of power-spectrum due to excitations with complex mass.

Planck Constraint: Pζ ∼ 2.1× 10−9



Computation of Non-Gaussianity

• Upon the third order variation of the Lagrangian there will be
many terms that are suppressed by slow-roll

• There will also be some terms which are not slow-roll suppressed
but will have 1/M2n suppression. We expect them to be small

• We consider only one pair of modes with complex masses
• We compute bispectrum with the operators that originate in local

theory:

O1 =
1

M2
P

a3ϵ2ζ̇2ζ, (13)

O2 =
1

M2
P

aϵ2ζ∂kζ∂
kζ, (14)

O3 = − 2

M2
P

a34ϵ2ζ̇∂kζ∂
k(∂−2ζ̇). (15)



Bispectrum Results

• Scalar bispectrum constraints:
fsqNL = −0.1± 5.6, feqNL = 26± 69 (Planck 2018)

• We compute the bispectrum numerically using in-in formalism
• For our computation we only consider the presence of one pair of

excitations with complex mass
• For the choices mR = 2H and mR = 10H we find out that the
fsqNL remains within the observational bound for
mI < 0.5mI,max, where mI,max is the maximum value allowed
by the parabolic stability region

• We also find that fsqNL is more sensitive to mI compared to feqNL



Summary

• Non-local form factors can be chosen for a specific background
such that no additional degree of freedom appears

• However in different backgrounds excitations with complex
masses can appear

• The bare minimum requirement is that these complex masses
need to be inside a parabola shaped region to be stable

• In a non-local scalar inflationary theory the bispectrum is very
sensitive to the presence of this masses leading to a very strong
bounds on the masses

Thank you



Inflation with a Non-Local Scalar Field

• The energy momentum tensor:

Tµν = ∂µχ∂νχ− gµν

{
1

2
gαβ∂αχ∂βχ+

1

2
m2χ2 + V (χ̃)

}
+

1

2

∑
n=1

gn

n−1∑
l=0

{
1

M2
∂µ□

l
sV

(1)(χ̃)∂ν□
n−1−l
s χ+ (µ↔ ν)

− gµν

(
1

M2
gαβ∂α□

lV (1)(χ̃)∂β□
n−1−l
s χ+□l

sV
(1)(χ̃)□n−l

s χ

)}
,

with, χ = F(□s)φ, G(□s) = F(□s)
−1 =

∑
gn□

n
s and

χ̃ = G(□s)χ.
• We consider H ≪ M such that the higher derivatives does not

interfere much with the background evolution → Standard
slow-roll is a solution up to corrections suppressed by M

A. S. Koshelev, A. Naskar (JCAP, 2025)


