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Plan of the talk

Brief introduction to inflationary cosmology, current status and
UV-physics
R + R2-inflation and foundations
Beyond R + R2-gravity and emergence of non-locality!
Predictions of generalized non-local R2-like inflation
New revelations on probing the physics of early Universe.
Distinguishing non-local R2-like inflation with respect to EFT of
inflation
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General relativity and beyond

GR has been the most successful theory (perfect with solar system
and also perfect in many astrophysical observations) and even today it
surprises us with its utmost predictions (Recent LIGO achievements).
But GR put us in singularities (big bang and black holes) or it just
direct us to modify it at high energies.
Singularities in GR strongly indicate there exist a regime where the
curvature of space-time (designated by R, Rµν , Wµνρσ ∼ 1

tn or 1
rn )
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Planck CMB map: Scale Invariance

Figure: Planck 2015 CMB map with ∆T
T ∼ 10−5

K. Sravan Kumar QG Seminar, OIST, Japan May 11, 2022 4 / 40



Inflationary paradigm
(A. A. Starobinsky, A. H. Guth, A. D. Linde and F. Mukhanov )
Homogeneous, isotropic and spatially flat geometry
=⇒ Friedmann-Lemaître-Robertson-Walker (FLRW) metric
ds2 = −dt2 + a(t)2

1−kr2 dr2 + r2dΩ2

The Universe scale factor a(t) increases exponentially (N = 50− 60 number of
e-foldings)
=⇒ Hubble parameter H = 1

a
da
dt almost constant

=⇒ Comoving Hubble radius (aH)−1 decreases i.e., d
dt
( 1

aH
)
< 0.

=⇒ Slow-roll conditions ε = − Ḣ
H2 � 1 , η = ε̇

Hε � 1. m
Modifying General Relativity or addition of hypothetical matter fields

Rµν −
1
2gµνR = 1

m2
P
Tµν ,

m m
Scalaron Inflaton(s)

⇓
Primordial fluctuations.
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Standard demonstration of inflation

Figure: There exists some scalar field and it rolls down the hill causing expansion
of Universe (Picture Credit: Baumann lectures on inflation)

Quantum gravity 
 Inflation 
 Standard Model of particle physics.
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Inflationary observables, consistency relations and new
physics

The key observables of inflationary paradigm are related to two and 3-point
correlations of primordial fluctuations.
The two-point correlations give the scalar power spectrum PR∗ ∼ 10−9 and
its tilt ns ≈ 1− 2

N , the tensor power spectrum is usually expressed through
tensor-to-scalar ratio r = PT

PR < 0.036 and the tilt of tensor power spectrum
(nt) is not YET measured (BICEP/Keck Array 2021).
3-point correlations give non-Gaussianities (also called bispectrum).
measured by the parameter fNL and the current constraints are
f loc
NL = 0.8± 5.0 , f equi

NL = −4± 43 , f ortho
NL = −26± 21 ,at 68% CL.

In the case of single field inflation there are so-called consistency relations
given by (Tensor and Maldacena consistency relations)

r = −8nt , f sq
NL = 5

12 (1− ns) .
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How to generate non-Gaussianities (NGs)?

Violate one of these (E. Komatsu et al, 2009)

Single Field: There was only one quantum field responsible for driving
inflation and for generating the primordial seeds for structures.

Canonical Kinetic Energy: The kinetic energy of the quantum field is
such that the speed of propagation of fluctuations is equal to the speed of
light.

Slow Roll: The evolution of the field was always very slow compared to the
Hubble time during inflation.

Initial Vacuum State: The quantum field was in the preferred adiabatic
vacuum state (also sometimes called the ?Bunch-Davies vacuum?) just
before the quantum fluctuations were generated during inflation.

None of the above??
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Shapes of NGs

Figure: Physics of NG? from E. Komatsu et al, 2009
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Inflationary model building: Top down vs Bottom up

Minimal canonical 
scalar (standard)

Complexity

Non-minimal
canonical scalar

Minimal Non-
canonical scalar

      Non-minimal
Non-canonical scalar  

Generalized scalar-tensor
(or) Horndeski theories 

String theory/M-Theory

Inflation 

Standard Model of
Particle Physics

Low energy 
limit

Beyond SM 

~ 1016 GeV 

~ 1018 GeV

~100 GeV

 

Calabi-Yau
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Encyclopedia ∼ 300 models

Figure:
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Figure: Spectral index Vs. tensor to scalar ratio
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Starobinsky inflation: A phase of unstable de Sitter

The R + R2 gravity is

S local
R+R2 =

∫
d4x
√
−g
[
M2

p
2 R + f0

2 R
2

]
,

f0 = M2
p

6M2 . Two regimes

Higher curvature regime: M2 � R � M2
p or M2

p � f0R

Low-curvature regime: M2
p � f0R

Inflation happens in high curvature regime and particle production happens
in a low-curvature regime Starobinsky (Quantum Gravity 1981 proceedings)

de-Sitter phase is unstable both to the future and also to the past, Hawking,
Hertog and Reall (2001).
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R2 inflation or Starobinsky inflation

M2
p

2 R + M2
p

12M2 R2 is the first model of inflation (A.A. Starobinsky, 1980) with
the simplest one parameter extension of GR.
Inflation in this model is achieved by growth of scale factor in the following
manner (given by the solution of trace-equation �R = M2R)

a(t) ≈ a0(ts − t)−1/6 e−r1(ts−t)2/12 ,

H = ȧ
a = r1(ts − t)

6 + 1
6(ts − t) + ... ,

R̄dS = 6(Ḣ + 2H2) = r2
1 (ts − t)2

3 − r1
3 + 4

3(ts − t)2 + ... ,

where ts mark the end of inflation corresponds to the slow-roll parameter
ε = −Ḣ

H2 ∼ 1
During inflation H is nearly constant and ε� 1 which is nothing but “ quasi
de Sitter (dS) " expansion.
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In the light of recent CMB data, Starobinsky inflation stands out to be the
best fit with

ns = 1− 2
N , r = 12

N2 .

The scalaron mass is constrained as M ∼ 5.5× 10−5MP and the Hubble
parameter is Hinf ∼ O(10)M.
This model features a graceful exit and power-law expansion stage with
a(t) ∝ t2/3 (1 + 2

3t sin(Mt)
)
modulated by small oscillations (Starobinsky

(1980,1981,1984), Fundamental Interactions, MGPI Press, Moscow, 1984, p.
55-79).
R2 model in Einstein frame gives a scalar field with an exponentially flat

potential V ∼
(
1− e−

√
2
3

ϕ
MP

)2

Several Starobinsky like inflationary scenarios with V ∼
(
1− e−

√
2

3B
ϕ

MP

)2

(which gives r = 12B
N2 ) were recently found in the context of String

theory/SUGRA.
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Foundations of R2 model

R2 inflation was first motivated from conformal anomaly of gravity which in
short given by

Gµν = 8πG〈Tµν〉 ,

where 〈Tµν〉 is the expectation value of the quantum energy momentum
tensor.
In D = 4 it is known that

〈Tµ
µ 〉 = b

(
W + 2

3�R
)

+ b′G + δ�R =⇒ �R = M2R ,

where W , G = R2 − 4RµνRµν + RµνρσRµνρσ are Weyl square and the
Gauss-Bonnet terms. The coefficients depend on the no. of massless
(conformal) scalar and vector fields.

Neglecting contribution from GB term we get �R ≈ M2R .
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Beyond R + R2

By adding higher curvatures? L. Sebastiani and R. Myrzakulov (2015)

SR3 =
∫

d4x
√
−g
[
M2

p
2 R + f0

2

{
R2 + f1

6M2R
3

}]

SR4 =
∫

d4x
√
−g
[
M2

p
2 R + f0

2

{
R2 + f2

4M4R
4

}]
where f1 ∼ 10−5 and f2 ∼ 10−7 Motivated from Asymptotic safety

SAS =
∫

d4x
√
−g
[
M2

p
2 R + a

2
R2

1 + b ln
(

R
µ

)] .
and a < 0.1

S6
R2 =

M2
p
2

∫ [
R + αR2 + γR�R

]
(1)
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Planck data and lessons from f (R)

Planck data says , PR ∼ As

(
k
k∗

)ns−1

ns = 1− 2
N

dns
d ln k

∣∣∣∣∣
k=k∗

= −0.0045± 0.0067 at 68% CL .

We do not know {
r < 0.036, nt = d lnPT

d ln k , fNL

}
Questions: Scale-invariance in tensor-sector? and Non-Gaussianities?
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Generalized quantum gravity action with R2-like inflation

In general, any higher curvature extension of GR is constructed through adding all
possible curvature invariants involving the following three curvature tensors

R =
{
R Rµν Wµνρσ

}
,

We can choose either Riemann tensor or Weyl tensor

Rµνρσ�n
sRµνρσ = Wµνρσ�

n
sW µνρσ + 2Rµν�n

sRµν −
1
3R�

n
sR .

Question: What is the most general action that admits �R = M2R as a
solution (in FLRW)
Since during inflation Rµν ≈ gµν R

4 we omit Ricci tensor from the construction
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Higher derivative curvature invariants:

Stelle’s 4th order gravity (Renormalizable but has a tensor-ghost, therefore
non-Unitary theory)

S4 =
∫

d4x
√
−g
[
M2

p
2 R + f0

2 R
2 + fW 0

2 WµνρσW µνρσ

]
,

With new prescriptions ghost problem can be solved (Works of D. Anselmi,
Carl Bender and Phillip Mannheim, A. Strumia and A. Salvio etc.. )
We can extend stelle gravity by adding R�s R, R�2

s R, · · · we end up by a
non-local gravity

SNon−local
q =

∫
d4x
√
−g
[
M2

p
2 R+ 1

2RFR (�s)R+ 1
2WµνρσFC (�s)W µνρσ

]
where �s = �

M2
s
See A. S. Koshelev, KSK, A. Starobinsky IJMPD (2020)

and L. Buoninfante (2021) for some fundamental motivations for non-local
gravity.
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R2-like inflation in Non-local gravity

EOM of AID gravity even though looks complicated they can be solved by a
simple equation which is exactly the trace equation of local R2 gravity

�R = M2R =⇒ F
(
�
M2

s

)
R = F

(
M2

M2
s

)
R .

Since the CMB observations indicate scale invariance we expect
M � Ms .Ms .
Using the above trace equation the trace equation for non-local gravity
become[

M2
P − 6λM2FR

(
M2

M2
s

)]
R − λF (1)

R

(
M2

M2
s

)
(∂µR∂µR + 2M2R2) = 0

It was showed that the only solution of the above equation for R 6= 0 (See
Appendix C of 1711.08864) is

F (1)
R

(
M2

M2
s

)
= 0, M2

P
2λ = 3M2F1, where F1 ≡ FR

(
M2

M2
s

)
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Towards generalized non-local R2-like inflation

SNon−local
W 2 =

∫
d4x
√
−g
[(

M2
p

2M2
s

+ f0
R
M2

s

)
WµνρσFW (�s , R)W µνρσ

]
where FW (�s , R) is a general analytic function of d’Alembertian and the Ricci
scalar which can be expanded as

FC
(
�s , R/M2

s
)

=
∞∑

m,n=0
fC {m,n}�n

s

(
R
M2

s

)m
+

∞∑
m,n=0

fC {n,m}
(

R
M2

s

)n
�m

s ,

where fC {m,n} 6= fC {n,m} are arbitrary dimensionless coefficients.
One can add cubic order curvature invariants of the form

�R�sR�sR
�2

sR�2
sR�2

sR
...

�n
sR�n

sR�n
sR
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Generalized non-local R2-like inflation

This is the most general action that admits R2-like inflation (using several
identities from Barvinsky et al 1994)

SNon−local
H =

∫
d4x
√
−g
(
M2

p
2 R

+ 1
2

[
RFR (�s)R + f0λc

M2
s
L1 (�s)R L2 (�s)R L3 (�s)R

+
(

M2
p

2M2
s

+ f0
R
M2

s

)
WµνρσFW

(
�s ,

R
M2

s

)
W µνρσ

+ f0λW
M2

s
C1 (�s)WµνρσC2 (�s)W µνγλC3 (�s)W ρσ

γλ

+ f0λW
M2

s
D1 (�s)WµνρσD2 (�s)W µνρσD3 (�s)R

]
+ · · ·

)
,
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Form factors and parameter space
{
FR (�s) , FW

(
�s ,

2R
3M2

s

)
, Li (�s) , Ci (�s)

}
with

FR

(
M2

M2
s

)
= f0 =

M2
p

6M2 , F†R

(
M2

M2
s

)
= 0 , Li

(
M2

M2
s

)
= 0 .

where † denotes derivative with respect to the argument.

F (�s) = f0M2 1−
(
1− �

M2

)
eγS (�s )

�s

FW

(
�s ,

R
M2

s

)
= e

γT

(
�s− 2

3
R
M2

s

)
− 1

�s − 2R
3M2

s

.

γS

(
M2

M2
s

)
= 0 =⇒ γS (�s) =

(
�s −

M2

M2
s

)
pi (�s) .
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Form factors and parameter space

Li (�s) =
∞∑

n=0
Lin�

n
s =

(
e`i (�s ) − 1

)
.

where `i (�s) are entire functions that satisfy following property

`i (�s) =
(
�s −

M2

M2
s

)
Pi (�s) ,

Ci (�s) = eci (�s ) − 1 .

The finite parameters here determined by the entire functions which can be finite
degree polynomials. {

γS (�s) , γT (�s) , `i (�s) , ci (�s)
}
.
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Power spectrum predictions of generalized non-local
R2-like inflation

Sound speed of scalar and tensor degrees of freedom is Unity
Scalar power spectrum and tilts are

PR ≈
1

3f0R̄dS

H2

16π2ε2

∣∣∣∣∣
k∗=a∗H∗

, ns − 1 ≡ d lnPR
d ln k

∣∣∣∣∣
k∗=a∗H∗

≈ − 2
N ,

Tensor to scalar ratio is

r = 12
N2 e

−2γT

(
− R̄dS

2M2
s

)∣∣∣∣∣
k∗=a∗H∗

.

The tensor spectral index is

nt ≡
d lnPT
d ln k

∣∣∣∣∣
k∗=a∗H∗

≈ − 3
2N2 −

(
2
N + 3

2N2

)
R̄dS

2M2
s
γ†T

(
− R̄dS

2M2
s

)
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Case of r < 0.004 and N = 55

Figure: Predictions of r , nt and running and running of the running of tensor
spectral index. Tensor consistency relation r = −8nt is violated.
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Case of r < 0.004

Figure: Predictions of r , nt and running and running of the running of tensor
spectral index. Tensor consistency relation r = −8nt is violated.

K. Sravan Kumar QG Seminar, OIST, Japan May 11, 2022 28 / 40



Tensor to scalar ratio
The tensor to scalar ratio in R2-like inflation in AID gravity gives

r = 12
N2 e
−2γT

(
−R̄

2M2
s

)∣∣∣∣∣
k=aH

.

Figure: Spectral index Vs. tensor to scalar ratio
K. Sravan Kumar QG Seminar, OIST, Japan May 11, 2022 29 / 40



Modified consistency relation and possibility of blue tilt

Figure: The (nt , r) plane of latest Planck 2018.
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Beyond two-point correlations: Scalar Non-Gaussianities

Beyond two point correlations it is interesting to see if there will be
non-Gaussianities in non-local R2-like inflation.
How non-locality effects the interactions of various curvature modes ? and
Can they be detectable ?

Figure: In the above plot R = {R, ∂R, Dµ∂R} imply various tree level
interactions of different modes of the curvature perturbation in the local R2

and the non-local R2-like inflation. O
(

�̄
M2

s

)
is some analytic non-local

operator.
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Reduced bispectrum fNL

To calculate bi-spectrum, first we expand our action to cubic order to the
leading order in slow-roll parameter. We consider the mode functions
R ≈ −Ψ/ε given by �R = M2R
New Interactions arise via the commutation relation in dS approximation
�∇µR = ∇µ�R+ R̄

4∇µR.
Our obtained cubic order action in R of AID gravity in the leading order
slow-roll approximation is

δ(3)S(S) =4εM2
p

∫
dτd3x

{
T ∗1R∇R · ∇R+ T ∗2RR′2 + T ∗3H2R3

+T ∗4HRRR′ + T ∗5H−1∇R · ∇RR′ + T ∗6H−1R′3

+ T ∗7H−2R′∇R · ∇R′
}
,

where Ti ’s are dimensionless constants.
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Non-local R2-like inflation with peak in the equilateral limit
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Non-local R2-like inflation with peak in the squeezed limit
and orthogonal limit
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Non-local R2-like inflation with equilateral and orthogonal
limits and fNL ∼ 1
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Shape of Non-Gaussianities
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In a nutshell

We obtain several shapes of non-Gaussianities without violating the
standard nature of inflaton such as sound speed, slow-roll and
adiabatic initial conditions.
We obtain new shapes of non-Gaussianities and large running contrary
to the EFT of inflation.
Non-Gaussianities we obtain are scale dependent,

fNL

(
k1, k2, k3, K , e

γS

(
R̄dS
4M2

s

)
, γ†

S

(
R̄dS
4M2

s

)
, Li

(
R̄dS
4M2

s

))
Most importantly for the first time we obtain sizeable
non-Gaussianities in a geometric theory of inflation.
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Generalized non-local R2-like inflation versus EFT of
inflation

EFT of inflation Cheung et al 2008 promotes the new physics of inflation in
terms of EFT (slowly varying) parameters{

Hinf , εE , ηE , cs , ct

}
According to EFTI violation consistency relations must be encoded in
non-trivial sound speeds which are either constant or slowly-varying.
In our case we do not have any non-trivial sound speeds but violation of
consistency relations and large PNGs are result of non-locality!
According to Weinberg’s version of EFTI (2008) one must also consider
inflaton couplings to Weyl square∫

d4x
√
−g
[
f1
(
φ

Λ

)
W µνρσWµνρσ + f2

(
φ

Λ

)
εµναβW ρσ

µν Wαβρσ

]
that gives ct 6= 1 Bauman et al (2015) but this is result of truncation.

K. Sravan Kumar QG Seminar, OIST, Japan May 11, 2022 38 / 40



Conclusions

We obtain most general theory of gravity consistent with observations
and new predictions.
We obtain r < 0.036 with tensor power spectrum modification. We
get a violation of tensor consistency relation r = −8nt and also we
can have blue tilt. This proves inflation is consistent with blue-tilt.
We obtain all shapes of scalar non-Gaussianities predicted also from
EFT of inflation. Furthermore, we get more predictions compared to
EFT.
What about tensor non-Gaussianities? (yes, work in progress.)
Generalized non-local R2-like inflation is an interesting target for
CMBS4, LISA and LSS observations such as 21cm.
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Thank you for your attention

Stay tuned to arXiv for further results!
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