
Abstract

A new model for inflation based on N=1 supergravity is discussed. By analogy with
Nambu-Jona-Lasinio model of superconductivity and its fermion condensate, we use the
gravitino condensate and use the induced 1-loop potential as the potential of the inflaton,
which gives slow-roll inflation. The model is checked by matching it against the results
from the Planck 2018 satellite mission, and it is confirmed that the model is consistent
with observations after adjusting some parameters. The formulation of N=1 supergravity
with (con)torsion induced by gravitino is explained. The basics of the Nambu-Jona-Lasinio
model, especially the derivation of the gap equation and the generation of the quark mass,
are explained also. Confirmation of viability of slow-roll inflation is given too.
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1 Introduction

Inflation is known to provide a solution to some problems of BigBang cosmology. Though it
provides a proper explanation of the Universe, the mechanism of generation of inflation itself is
yet to be established, and many models have been proposed and discussed by researchers. Since
the models of inflation must be restricted by observational results, especially from the Planck
satellite mission, only the models which match observations are considered as the candidates of an
inflation model. I discuss the basic equations for slow-roll inflation and the observational values
from the cosmic microwave background (CMB) in section 4.

When constructing a model of inflation, it is worth using supergravity. In supergravity, general
relativity is combined with supersymmetry by introducing local supersymmetry. The useful thing
about supersymmetry is that it can cancel out the quadratic divergence in perturbation theory,
thus it can resolve the hierarchy problems. Supergravity was first proposed in the hope of creating
a theory which unifies general relativity and quantum field theory without diverging. However,
supergravity is still non-renormalizable. But from the fact that supergravity is the low-energy limit
of superstring theory, which is one of the reliable candidates of unification theory, supergravity
should play an important role in high energy physics. A formulation of Supergravity can be
obtained by introducing the superpartner of graviton which is called gravitino. Supergravity is
classified by the number of the gravitinos N ≤ 8, and we used the simplest one N = 1 in our
model. The formulation of (N=1) supergravity and (con)torsion induced by gravitino is explained
in section 2.

In this thesis, we propose a new inflation model which is based on (N=1) supergravity theory
[1]. We use the gravitino condensate as inflaton. The method is similar to the Nambu-Jona-Lasinio
model of the theory of superconductivity, which dynamically generates the electron mass from the
electron condensate (Cooper pairs) [2, 3]. I explain the basics of the Nambu-Jona-Lasinio model,
especially the derivation of the gap equation from its Lagrangian and generation of the quark mass
by dynamical chiral symmetry breaking in section 3.

Inflation is induced by the scalar field called inflaton. The inflaton slowly rolls the plateau
region of its potential to make quasi-exponential expansion of the Universe and after inflation it
decays to generate usual particles, which is call reheating. Currently, the identity of inflaton is
yet to be discovered.

In our model, the gravitino condensate, which comes from the quartic interaction term derived
from the gravitino contribution to the spacetime (con)torsion, is regarded as the inflaton. There-
fore, the inflaton can be naturally generated from the model. Using the gravitino condensate, the
1-loop effective potential is derived. This was first done in [4, 5]; however, the potential which
we get differs from those results. We introduce dimensionless quantities for the potential for later
use, also the gravitino mass is dynamically generated by dynamical supersymmetry breaking by
analogy with Nambu-Jona-Lasinio model. These are discussed in section 5.

Based on the potential we get in section 5, we examine the viability of our model, using the
results from Planck 2018 [6]. By fixing the adjustable parameters to give the proper shape of
the potential we derive the slow-roll parameters. Using the slow-roll parameters, we fix the other
parameters and check the correspondences with the Planck results. This is written down in section
6.

Throughout this paper (except section 4), we adopt the signature of the spacetime metric in the
Euclidean form of (+ + ++) for simplicity. This metric can be always transformed to Minkovski
metric (−+++) by Wick rotation t→ it.
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2 SUSY and supergravity

In this section I am going to introduce some basic knowledge of supersymmetry (SUSY) and
supergravity[7].

2.1 Formulation of N=1 supergravity

SUSY is a new type of symmetry, which represents a symmetry between the bosonic and fermionic
fields in Lagrangian field theory. The local supersymmetry can only be implemented in the field
theory if space-time is curved by the presence of gravity. With the presence of supersymmetry,
the bosonic gravitational field must have its own fermionic companion, and it is called gravitino,
which is a spin 3/2 field.

The Lagrangian in supergravity theory depends on vierbein emµ and spin connection ωmnµ and
gravitino ψµ. From a theoretical point of view, supergravity theory can be gained by gauging the
space-time symmetry and supersymmetry. The vierbein and spin connection gauge the space-time
symmetry and the gravitino gauges supersymmetry.

The vierbein is used to describe a theory which involves spinors and tensor fields such as super-
gravity theory, and it works as a link between the local Lorentz system and general coordinates.
By using the vierbein formalism the metric tensor can be written with the spacetime metric ηab
as

gµν(x) = ηabe
a
µ(x)e

b
ν(x). (1)

The greek indices refers to spacetime and the latin indices refer to the local Lorentz frame. The
vierbein transformations are as follows: for general coordinate transformations,

e′aµ =
∂xν

∂x′µ
eaν , (2)

and for local Lorentz transformations,

e′aµ (x) = Λab (x)e
b
µ(x), (3)

where Λab denote the representation of Lorentz group.
Spin connections work as the connections of covariant derivatives for local Lorentz transfor-

mations. For a spin 1/2 field, the covariant derivatives can be written with the gamma matrices
γµ = eaµ(x)γa as

Dµχ = ∂µ +
1

2
ωmnµ Σmnχ where Σmn ≡ 1

4
[γmγn]−. (4)

By using this vierbein formalism, we can write the supergravity Lagrangian.
For the bosonic part of the lagrangian, we will rewrite the Einstein-Hilbert action in this

vierbein formalism.
We start with the Ricci scalar inside the action

R = δσµg
νρRµ

νρσ(Γ) where R
µ
νρσ = ∂ρΓ

µ
νσ − ∂σΓ

µ
νρ + ΓλνσΓ

µ
λρ − ΓλνρΓ

µ
λσ. (5)

Here, Γµνλ is the Christoffel symbol, which can be written as

Γµνλ =
1

2
gµα

(
∂gαν
∂xλ

+
∂gαλ
∂xν

− ∂gνλ
∂xα

)
(6)
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Then we define a new curvature with spin connection as

Rmn
µν (ω) = ∂µω

mn
ν − ∂νω

mn
µ + ωmcµ ωnνc − ωmcν ωnµc. (7)

From the condition that the full covariant derivative of the vierbein vanishes,

Dµe
m
ν = ∂µe

m
ν + ωmnµ enν − Γανµe

m
α = 0, (8)

the relation between the two curvatures (5), (6) can be derived as

Rµνmn(ω) = Rα
τµν(Γ)emαe

τ
n. (9)

By using this result, one can write the Einstein-Hilbert action in vierbein formalism as

L (2) = −M
2
Pl

2

√
gR(g,Γ) = −M

2
Pl

2
eR(e, ω) (10)

where e = det emµ and R(e, ω) = emνenµRµνmn(ω).

Here, it is to be noted that MPl is the reduced Planck mass, MPl = 1/
√
8πGN ≈ 2.4× 1018GeV.

Similarly, for the fermionic part of the Lagrangian, we will start with the Lagrangian of the
Rarita-Schwinger equation [8][9]:

L (3/2) = −1

2
ϵmnpqψ̄mγ5γn∂pψq (11)

and extend equation(11) to curved space as

L (3/2) = −1

2
ϵµνρσψ̄µγ5γνDρψσ where Dρψσ = ∂ρ +

1

2
ωmnρ Σmnψσ. (12)

Baced on these Lagrangians, we can formulate the full Lagrangian for supergravity. When we
verify the gauge invariance of the supergravity action, we can use the 1.5 order formalism [10][11],
which is the combination of the second order formalism by Freedman, van Nieuwenhuizen and
Ferrara[12], and the first orde formalism by Deser and Zumino [13].

In the second order formalism, they found that in order to obtain complete invariance, one
needs to start with the full lagrangian L as L = L (2) +L (3/2) and put δψµ as δψµ = κ−1Dµ(ω)
and replace ω with ω = ω(e, ψ), which is derived from the equation δI

δω
= 0, where κ =M−1

Pl .
In the first order formalism, they assume that the spin connection is an independent field and

from that assumption they derived the transformation law of ωabµ , which makes the full lagrangian
to be invariant.

The 1.5 order formalism is a combination of the two previous formalisms. We start by assuming
the ω in action to be independent, which the variation of the action can be written, from the chain
rule, as

δI(e, ψ, ω) = δe
δI

δe

∣∣∣∣
ψ,ω

+ δψ
δI

δψ

∣∣∣∣
e,ω

+ δψ
δI

δψ

∣∣∣∣
e,ω

+ δω
δI

δω

∣∣∣∣
ψ,e

. (13)

Requiring that δI
δω

= 0 we can have ω = ω(e, ψ). Also from these facts, one can drop the last term
in (13) due to the requirement. This means that only the variations of an vierbein field and a
gravitino field are needed.
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2.2 Spacetime torsion induced by gravitino

In the supergravity theory, torsion is induced by gravitino and from that, the contorsion tensor,
which is the difference between the connections with torsion and without torsion, can be derived.
For later use, we derive the torsion.

First, we rewrite the Einstein-Hilbert action (10) as

L (2) =
M2

Pl

8
ϵµνσρϵmncde

m
ν e

n
µR

cd
ρσ(ω). (14)

Here we used the identity,
ϵµνσρϵmncde

m
ν e

n
µ = 2e(eρce

σ
d − eσc e

ρ
d). (15)

Also by varying the spin connection of equation (7), one finds

δRcd
ρσ(ω) = Dρδω

cd
σ −Dσδω

cd
ρ where Dρδω

cd
σ = ∂ρδω

cd
σ + ωceρ δω

d
σe + ωdeρ δω

c
σe. (16)

Partially integrating equation (14), one finds the variation of the Lagrangian with the spin con-
nection as

δL (2) =
M2

Pl

2
ϵµνσρϵmncd(Dσe

m
µ )e

n
νδω

cd
ρ , where Dσe

m
µ = ∂σe

m
µ + ωmnσ enµ. (17)

We also vary the spin connection in the Rarita-Schwinger equation (12) and the result can be
written as

δL (3/2) = −1

4
ϵµνρσψ̄µγ5γνΣcdψσδω

cd
ρ . (18)

Here, ψ̄µγ5γνΣcdψσ can be decomposed into the sum of vector terms and axial vector terms as

ψ̄µγ5γνΣcdψσ =
1

2
ψ̄µγ5(ecνγd − edνγc)ψσ +

1

2
ebνϵbcdmψ̄µγ

µψσ. (19)

But since ψ̄µγ5γdψσ is symmetric in µ and σ and ψ̄µγmψσ is antisymmetric, the antisymmetric
term remains. Thus, the variation of the Rarita-Schwinger Lagrangian with spin connection can
be written as

δL (3/2) = −1

8
ϵµνσρϵmncd(ψ̄µγmψσ)e

n
νδω

cd
ρ . (20)

Comparing the two equations (17) and (20), one can get

Dµe
m
ν −Dνe

m
µ =

1

2M2
Pl

(ψµγ
mψν). (21)

The torsion Sαµν is defined by

Sαµν =
1

2
(Γαµν − Γανµ). (22)

Hence, in our case (21) the torsion can be written with gravitino as

Sαµν = − 1

4M2
Pl

(ψµγ
αψν). (23)

We also introduce the contorsion tensor κmnµ as

ωmnµ = ωmnµ (e) + κmnµ . (24)
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Then by using the equation
∂µe

m
ν + ωmµν − ∂νe

m
µ + ωmνµ = 0, (25)

one can derive the relation of the contortion tensor with gravitino as

κµmν − κνmµ =
1

2M2
Pl

(ψµγ
mψν). (26)

One can also have a more explicit form for the contorsion by using the identity

(κµmν − κνmµ) + (κmµν − κνµm) + (κmνµ − κµνm) = 2κµmν . (27)

Using this identity, equation (24) can be written as

ωµmn(e, ψ) = ωµmn(e) +
1

4M2
Pl

(ψµγmψn − ψµγnψm + ψmγµψn). (28)

The Lagrangian of supergravity L = L (2) + L (3/2) is invariant under the following transfor-
mations:

δeaµ =
κ

2
ϵγaψm, δψµ =

1

κ
Dµ(ω(e, ψ))ϵ. (29)

2.3 Auxiliary fields in pure supergravity

There still remains a problem about the degrees of freedom for the bosonic and fermionic fields.
On-shell, the degrees of freedom for bosons and fermions are the same, being equal to 2B=2F.
But off-shell, they don’t match so that SUSY algebra is not closed off-shell (i.e. without using
EoM). More concretely, there are 16 bosonic fields in vierbein emµ but the sum of general coordinate
transformation parameters and local Lorentz transformation parameters are 10. Therefore there
are 6 effective independent bosonic fields. For the fermions, there are 16 fields in gravitino ψaµ
but there are only 4 local supersymmetry transformation parameters. Therefore there are 12
effective independent fermionic fields remaining. To match the degrees of freedom of bosonic and
fermionic fields with each other even off-shell, we should introduce 6 bosonic auxiliary fields into
the Lagrangian. If we introduce an axial vector Am, a scalar S and a pseudoscalar P , which have
the extra degrees of freedom 4+1+1=6B=12F-6B. Then the full supergravity Lagrangian can be
written as

L = L (2)(e, ω) + L (3/2)(e, ψ, ω)− e

3
(S2 + P 2 − A2

m), (30)

which is invariant under the following transformations:

δemµ =
1

2MPl

ϵγmψµ (31)

δψµ = MPl(Dµ +
i

2MPl

Aµγ5)ϵ−
1

2
γµηϵ (32)

δS =
1

4
ϵγµR

µ,cov (33)

δP = − i

4
ϵγ5γµR

µ,cov (34)

δAm =
3i

4
ϵγ5(R

cov
m − 1

3
γmγµR

µ,cov) (35)

where η = −1

3
(S − iγ5P − iγmAmγ5) and R

µ,cov = ϵµνρσγ5γν(Dρψσ −
i

2
Aσγ5ψρ +

1

2
γσηψρ)
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3 NJL-model and its applications

The Nambu-Jona-Lasinio model (NJL model) is a theory which can give a description of hadrons
and generation of their mass. This theory is similar to our model, which uses gravitino instead of
quarks. In this section I briefly explain the NJL model.

The NJL model was first invented by Yoichiro Nambu and Giovanni Jona-Lasino in 1961, which
was inspired by the BCS theory of superconductivity [2, 3]. It is a chiral effective theory and can
be interpreted as a low energy approximation of Quantum Chromodynamics (QCD). It is also a
non-renormalizable theory and therefore a regularization parameter cannot be removed.

The NJL model has the same flavor symmetric as the QCD: the NJL model has symmetries
SU(3)c ⊗ SU(Nf )V ⊗ SU(Nf )A ⊗U(1)V ⊗C ⊗P ⊗ T , where Nf denotes the number of flavors in
the system. Therefore the NJL lagrangian should be symmetric under the transformations

SU(Nf )V : ψ → e−it·θV ψ ψ → ψeit·θV

SU(Nf )A : ψ → e−iγ5t·θAψ ψ → ψe−iγ5t·θA (36)

U(1)V : ψ → e−iθψ ψ → ψeiθ

(For the later calculation, I will take the number of flavors as 2 and that of colors as 3 for simplicity.)
For their Lagrangian, Nambu and Jona-Lasinio choose the one, which satisfies the symmetries,

as
L = ψ(i/∂ −m)ψ +G[(ψψ)2 − (ψγ5ψ)

2]. (37)

By using the Euler-Lagrange equation in the Lagrangian for ψ and considering the mean-field
approximation, the equation of motion (EoM) for the Lagrangian can be written as

[−i/∂ +m− 2G⟨ψψ⟩]ψ = 0. (38)

Therefore the constituent quark mass M turns out to be

M = m− 2G⟨ψψ⟩. (39)

This is called the gap equation. The quark condensate ⟨ψψ⟩ is

⟨ψψ⟩ = −
∫

d4k

(2π)4
Tr[iS(k)] (40)

in which S(k) is the quark propagator that can be written as

S(k) =
1

/k −M + iϵ
=

/k +M

k2 −M2 + iϵ
. (41)

The gap equation (39) in more explicit form reads

M = m+ 48iGM

∫
d4k

(2π)4
1

k2 −M2 + iϵ
. (42)

The NJL model is non-renormalizable as mentioned before; therefore a regularization, such as
cut-off regularization and Pauli-Villars regularization, is needed to avoid divergences. The integral
in equation (42) will diverge. For this reason, I use the proper-time regularization [14]

1

Xn
=

1

(n− 1)!

∫ ∞

0

dττn−1e−τX → 1

(n− 1)!

∫ ∞

τUV

dττn−1e−τX (43)
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to avoid this problem. Introducing the parameter τUV , the integral can be written as

48iGM

∫
d4k

(2π)4
1

k2 −M2
→ 48iGM

∫ ∞

−∞

d4k

(2π)4

∫ ∞

τUV

dτe−τ(k
2−M2). (44)

Solving this equation and substituting the result in equation (42) gives us the gap equation with
the parameter τUV ,

M = m+M
3G

π2

∫ ∞

τUV

dτ
e−τM

2

τ 2
. (45)

For the casem = 0, the equation has two solutions: the trivial solution,M = 0, and the non-trivial
solution, M ̸= 0.

To see which solution is valid, we derive the vacuum energy density ϵ for each solution, and
subtracting one from the other, we obtain

ϵ(M)− ϵ(M = 0) = − 3

4π2

∫
dτ

1

τ 3
(e−τM

2 − 1) +
M2

4G
. (46)

Therefore for G > Gcri, the lowest energy has M ̸= 0, which means that chiral symmetry is
dynamically broken and the quark mass is generated as a result.

We apply this mechanism of fermion condensation and generation of mass to supergravity in
section 5.

4 Cosmological inflation and CMB

In this section, I introduce basic knowledge of cosmological inflation and the cosmic microwave
background (CMB), which can provide a discrimination to models of inflation.

Cosmological inflation was first introduced as a solution to the initial conditions problems
in BigBang cosmology, specifically the horizon problem and flatness problem, etc. Inflation is
an quasi-exponential expansion of the Universe at its very beginning. Inflation was driven by
the scalar field called inflaton, and its potential energy filled up the early Universe to cause the
exponential expansion.

The Friedmann equation is written as

H2 =

(
ȧ

a

)2

=
1

3M2
Pl

ρ, (47)

which can be derived from the Einstein equation with the Friedmann-Lemâıtre-Robertson-Walker
metric(FLRW metric), which describes the homogeneous and isotropic space-time,

ds2 = −c2dt2 + a(t)2
(

dr2

1− kr2
+ r2(dθ2 + sin2θdϕ2)

)
where k = +1,−1, 0 (48)

For a flat universe, k = 0, which we use also.
Using the energy density of the homogeneous scalar field ϕ as

ρϕ =
1

2
ϕ̇2 + V (ϕ), (49)
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Figure 1: The graph of the potential of typical inflaton field.

the equation of motion of the inflaton can be derived as

ϕ̈+ 3Hϕ̇+
dV

dϕ
= 0. (50)

Therefore the shape of the potential V (ϕ) determines the characteristics of inflation.
There are some conditions for the inflaton that a legitimate account of inflation has to confirm,

that is: (i) the potential has to have a sufficiently long plateau region to make a slowly changing
potential, which is called slow-roll, (ii) the plateau region ends and the inclination of the potential
increases meaning the end of inflation, (iii) at the bottom of the potential, the inflaton oscillates
which starts the particle production (see Figure 1).

If we assume the slow-roll inflation, the motion term in equation (50) can be ignored for the
plateau region. For this reason, the slow-roll approximation can be applied for the region as

ϕ̇ ≃ − V ′

3H
. (51)

In order to verify the plateau for the slow-roll inflation, some parameters called the slow-roll
parameters ϵ, η are used, and they can be defined as

ϵ =
1

2
M2

Pl

(
V ′

V

)2

, η =M2
Pl

∣∣∣∣V ′′

V

∣∣∣∣ . (52)

To have the proper slow-roll inflation, the condition ϵ, η << 1 is needed, and also for the length
of the inflation, e-folding number Ne for the inflation needs to be 50 ∼ 60 to solve the flatness
problem. The e-folding number is defined as

Ne =
1

M2
Pl

∫ ϕ

ϕf

V

V ′dϕ. (53)
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Inflation not only solves the problems of cosmology, but it can generate the primordial density
fluctuations which enable the large-scale structure of the Universe we see today, and the slight
anisotropy of the CMB.

The scalar field in de Sitter space has the quantum fluctuation as follows [15]:

δϕ ≡
√
< δϕ2 > =

Hinf

2π
, (54)

where Hinf corresponds to the Hubble constant for the inflation era, and this quantum fluctuation
was enlarged by the rapid accelerating expansion, caused by the inflation, and became classical
fluctuation accounting for the density fluctuations of matter and radiation.

The energy densities for the radiation and matter differ in ρ ∝ 1/an, as n = −4 and n = −3,
respectively. Their fluctuations can be written as

δ ∼ δρ

ρ
∼ δa

a
∼ ȧ

a
δt. (55)

and if this δt was the result from the fluctuation of scalar field ϕ mentioned before, by using the
slow-roll approximation (51), the fluctuation (55) can be written with the potential V as

δ ∼ H
δϕ

ϕ̇
∼ H3

V ′ ∼ 1

M3
Pl

V 3/2

V ′ . (56)

Practically we use the curvature fluctuation ζ for the calculation of the primordial fluctuations,
where the curvature fluctuation ζ can be written as

ζ =
1√

12π2M3
Pl

V 3/2

|V ′|
. (57)

In order to describe the characteristics of the curvature fluctuation, we define the power spec-
trum Pζ as the 3-dimensional Fourier transformation of the correlation function,

⟨ζ(k1) ζ(k2)⟩ ≡ (2π)3δ(k1 + k2)Pζ(k1). (58)

By using the non-dimensional power spectrum P where

P =
k3

2π2
Pζ(k), (59)

to describe the dependance of power spectrum on the scale k, one defines the spectrum index ns
as

ns − 1 ≡ d lnPζ(k)
d lnk

. (60)

Also, using the slow-roll parameters in (52), for the standard single-field inflation model, this
spectrum index is related to the slow-roll parameters as

ns = 1− 6ϵ+ 2η. (61)

During inflation, density fluctuations were not the only ones, but also the tensor fluctuations
existed, which are the primordial gravitational waves. The tensor fluctuations can be derived
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Figure 2: The graph of viable regions of the spectrum index ns and the tensor-scalar ratio r in 68%
and 95% CL, respectively, in Planck observation alone, combination with BK15 and combination
with BK15+BAO for some inflation models [6].

similarly as the density fluctuations as written above, and the power spectrum for the tensor
fluctuation can be written as

PT (k) =
8

M2
Pl

(
H

2π

)2

. (62)

Normally we write the amplitude of the tensor fluctuation in the form of tensor-scalar ratio r,
where

r ≡ PT (k)
Pζ(k)

. (63)

For the single-field inflation model, this tensor-scalar ratio is also related to the slow roll parameters
in (52) as

r = 16ϵ. (64)

The important thing is that these two values ns and r are the observables, and by the Planck
satellite mission in 2018 [6], their values were measured and restricted. The values are as follows:

ns = 0.9649± 0.0042 (68%CL, P lanckTT+lowE+lensing) (65)

r < 0.064 (95%CL, P lanckTT+lowE+lensing+BK15+BAO)

The useful thing for these observables is that these values do provide restrictions to any inflation
model. Calculating these values for given models and comparing them with the observational
results can verify the accuracy of the model (Figure 2).

See Ref.[16] for more details.

12



5 Gravitino condensate

Our model of inflation originates from the gravitino condensate in N = 1 supergravity theory,
which is similar to the Nambu-Jona-Lasinio model, which was introduced in section 3. The con-
tribution of the gravitino to the spacetime (con)torsion leads to the quartic gravitino interaction.
The interaction gives rise to a one-loop effective action, and we used the potential part of the real
scalar field in the action as the potential of the inflaton, which makes the slow-roll inflation.

In this section, we derive the one-loop effective action for the gravitino condensate, and derive
the one-loop contribution of the scalar field potential. Also in the next section, we examine the
validity of the potential concerning whether it can survive the observational results.

We start with the N = 1 supergravity Lagrangian (30) which we derived in section 1. Using
the equation for the contortion (28) in section 1, and imposing the SUSY gauge condition:

γµψµ = 0, (66)

the Lagrangian of supergravity becomes

L = L(2) + L(3/2), L(2) = −M̃
2
Pl

2
eR(e, ψ) and L(3/2) = −1

2
εµνλρψ̄µγ5γνDλψρ (67)

Where Dλ = ∂λ +
1

2
ωabλ (e, ψ)Σab.

Here we changed the Planck scale from MPl to the effective scale of quantum gravity, M̃Pl, which
may be lower than the previous one. But from the negative results of the Large Hadron Collider
(LHC), the effective Planck scale should also be much higher than the TeV scale:

1TeV ≪ M̃Pl ≪MPl, (68)

which constitutes our assumption. The (reduced) Planck mass is given as

MPl =
1√

8πGN

≈ 2.4× 1018GeV. (69)

By rewriting the full Lagrangian by application of contorsion, the quartic gravitino coupling
terms explicitly appear as

Lquartic =
11

16
M̃−2

Pl

[
(ψ̄µψ

µ)2 − (ψ̄µγ5ψ
µ)2
]
− 33

64
M̃−2

Pl (ψ̄
µγ5γνψ

µ)2. (70)

By introducing the Lagrangian multiplier auxiliary filed, the first quartic gravitino interaction
term can be eliminated [17]. Using the equation

(ψ̄µΣ
µνψν) = −1

2
ψ̄µψ

µ, (71)

which derives from the gauge condition (66), application of the auxiliary field to the non-chiral
(first) quartic gravitino term can be written as

Lquartic =
√
11M̃−1

Pl ρ(ψ̄µΣ
µνψν)− ρ2 (72)

Here ρ is the real scalar field. The gravitino condensate means the non-vanishing Vacuum Expec-
tation Value, < ρ >≡ ρ0 ̸= 0 and the ρ0 contributes to the gravitino mass.
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The 1-loop effective potential for ρ field was first calculated by R.S.Jasinschi and A.W.Smith in
Ref.[5, 4]. However, our calculations resulted in a different answer, which is qualitatively similar,
but is quantitatively different.

First we quantize the theory using the path integral. The full Lagrangian using the auxiliary
fields ρ, π, λµ can be written as

L = −eM̃
2
Pl

2
R(e) +

1

4
e{
(
1

e

)
∂µ[e

µ
ae
ν
be][ψ̄νγ

aψb − ψ̄νγ
bψa + ψ̄bγνψ

a]}

−1

2
ϵµνλσψ̄µγ5γν [∂λ +

1

2
ωabλ (e)Σab]ψσ (73)

+
√
11M̃−1

Pl ρ(ψ̄µΣ
µνψν)− ρ2 −

√
11i

2
M̃−1

Pl (ψ̄µγ5ψ
µ)π − π2

−
√
33i

2
M̃−1

Pl (ψ̄µγ5γνψ
µ)λν − e

3
(S2 + P 2 − A2

µ)

Quantizing the theory by the path integral, we take the Gaussian integral over ψ and using the
gauge condition (66), the 1-loop contribution to the quantum effective action yields

Γ1−loop = − i

2
Tr ln∆(ρ), (74)

where ∆(ρ) is the kinetic operator in the gravitino action. The interaction with gravity is ignored
by the replacement of eaµ with δaµ, because it is irrelevant here.

By using the massless gravitino propagator in momentum space

Pab = − i

2

γbγ
µpµγa
p2

, (75)

the 1-loop contribution to the ρ-scalar potential can then be derived as

V1−loop = lim
V→∞

[
1

2V

∞∑
n=1

(
√
11M̃−1

Pl )
n

n
(−1)n+1Tr(Pabρ)

2n

]
(76)

= lim
V→∞

[
−1

2V

∞∑
n=1

(
√
11M̃Pl)

2n

2n
Tr(Pabρ)

2n

]
. (77)

Here, V is the spacetime 4-volume regulator, and the trace Tr acts on all variables. The last
equation came from the fact that the trace of the odd product of Pab vanishes.

The potential (77) in integral form with the Ultra-Violet cutoff Λ reads

V1−loop = − 4

(2π)4

∫ Λ

d4p ln

(
1 + 11M̃−2

Pl

ρ2

p2

)
, (78)

and the full potential becomes

V (ρ) ≡ Vclassical(ρ) + V1−loop(ρ) = ρ2 − 4

(2π)4

∫ Λ

d4p ln

(
1 + 11M̃−2

Pl

ρ2

p2

)
. (79)

We calculated this four-dimensional integral and the result we get is

V (ρ) = ρ2 +
1

8π2

{
121ρ4

M̃4
Pl

ln

(
1 +

M̃2
PlΛ

2

11ρ2

)
− 11ρ2Λ2

M̃2
Pl

− Λ4 ln

(
1 +

11ρ2

M̃2
PlΛ

2

)}
(80)
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The wave function renormalization of ρ in the 1-loop approximation Z(ρ), can be described by
logarithmic scaling using the renormalization scale µ as

Z[ρ] ∼ const.× ln

(
Λ2

µ2

)
. (81)

From this fact, the canonical scalar ϕ is

ϕ = const.

√
ln

(
Λ2

µ2

)
M̃−1

Pl ρ ≡ ωM̃Plσ ≡ ω̃MPlσ. (82)

By introducing the dimensionless quantities as

σ = M̃−2
Pl ρ, M̃

−1
Pl Λ = Λ̃ and M̃−1

Pl M̃SUSY = α, (83)

the full scalar potential is rewritten as

V (σ)M̃−4
Pl = σ2 − 1

8π2

{
Λ̃4 ln

(
1 +

11σ2

Λ̃2

)
− 121σ4 ln

(
1 +

Λ̃2

11σ2

)
+ 11σ2Λ̃2

}
+ α4. (84)

The renormalization quantities Λ̃ and ω̃ are the phenomenological parameters that are not de-
rived but chosen to get the desired results. The α term in the full scalar potential is needed to
compensate the cosmological constant.

The hierarchy between inflationary scale Hinf., the SUSY breaking scale Msusy, the GUT scale
MGUT, the effective gravitational scale M̃Pl and the Planck scale MPl is

Hinf. ≪Msusy ≈MGUT ≈ M̃Pl ≪MPl. (85)

Incidentally, for the GUT scale, we adopt MGUT ≈ O(1015)GeV.
The gravitino mass can be gained from the point where the scalar potential vanishes V (σc) = 0.

According to equation (72), the ρc ̸= 0 determines the gravitino mass as

m3/2 =
√
11ρcM̃

−1
Pl =

√
11M̃Plσc. (86)

Here, the non-vanishing values of ρc and σc are determined by solving the equation with the first
derivative of the potential V (σ) equal to zero, which leads to a transcendental equation.

6 Gravitino condensate as inflaton

In this section, we proceed with the potential (84) which we derived in the previous section.
The idea of a slow-roll inflation from gravitino condensation in supergravity was proposed and
studied in the papers by Ellis and Mavromatos [4, 18]. Since the scalar potential we derived in
the previous section differs from that of [4, 18], we ask whether our potential can survive the
observational results of Planck and can be a candidate of an inflation model.

From equation (84) it follows that the shape of the potential depends of the value of Λ. To have
the double-well shaped potential, which is required for inflation, a local maximum at ρ = σ = 0
with the positive height α is needed. We differentiate V1−loop(σ)M̃

−4
Pl with respect to σ2

d

dσ2
V1−loop(σ)M̃

−4
Pl =

4π2 − 11Λ̃2 + 121σ2 ln(1 + Λ̃2

11σ2 )

4π2
, (87)
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Figure 3: The shape of our potential in equation (84) with Λ̃=3.

and take the limit σ → +0 and make the result smaller than zero, which leads to the condition

4π2 − 11Λ̃2

4π2
< 0 ⇔ Λ̃2 >

4π2

11
≈ 3.59. (88)

By forcing the condition, the shape of the potential in equation (84) looks as in Figure 3.
Next, we derive the order of the ratio of the (reduced) Planck mass scale and the effective

gravitational scale (M̃Pl/MPl). Though inflation requires a potential-dominated expansion ϕ̇2 < V ,
from the Friedmann equation (47) and energy density for a scalar field (49), the height of the
potential at maximum Vmax(σ = 0) is given by

Vmax = 3M2
PlH

2
inf. (89)

From the magnitude of the primordial density perturbations, the constraint(
V

ϵ

) 1
4

= 0.0275×MPl (90)

is imposed on the value of the inflationary potential [18]. Using these equations (89), (90) and
the equation (64), inflationary Hubble scale Hinf. is related to the tensor-scalar ratio r as

Hinf.

MPl

= 1.06× 10−4
√
r. (91)
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Figure 4: The running of the slow-roll parameter η with γ = 0.5 and ω̃ = 13

The tensor-scalar ratio r is restricted by the observational results of the Planck 2018 satellite
mission (65), and from the restriction, the inflationary Hubble scale is, in turn, restricted. The
equation is derived using the previous equation (91) and the value of the (reduced) Planck mass
as

Hinf. < 6× 1013GeV. (92)

Therefore, from the magnitude correlation in equation (85), the ratio (M̃Pl/MPl) should be of the
order 10−2 ∼ 10−3 ≪ 1 for viable inflation. We then define a dimensionless parameter γ as

M̃Pl

MPl

≡ 10−3

γ
(93)

so that γ becomes of the order one.
We calculate the quantities for the potential and mass of the gravitino numerically from the

previous equations by fixing the adjustable parameter Λ̃. We choose the cutoff scale as Λ̃ = 3
to satisfy the condition in equation (88). Therefore, from the equation (84), the height of the
potential at maximum Vmax ≡ V (σ = 0), where the slow-roll occur, is

VmaxM̃
−4
Pl = 0.245. (94)

Also, the value of σc, which refers to the Minkovski vacua, is derived from the condition
dV/d(σ2) = 0, and the result is

σc = ω̃−1(ϕc/MPl) = 0.722. (95)
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In turn, from these values the gravitino mass m3/2 and the gravitino condensate mass Mcond. are

m3/2 = 2.39M̃Pl and mcond. =

√
8

11
m3/2 = 2.038M̃Pl. (96)

We finally investigate the slow-roll inflation in our model. In order to derive the running of
the slow-roll parameters, we rewrite our potential using canonical variable ϕ using equation (82)
and (83). The result is

V (ϕ)M̃−4
Pl =

121ϕ4 ln(1 + xΛ̃2

11ϕ2
)− x

(
(−8π2 + 11Λ̃2)ϕ2 + xΛ̃4 ln(1 + 11ϕ2

xΛ̃2 )
)

8π2x2
+ α(Λ̃), (97)

where x ≡ ω2M̃2
Pl.

By differentiating this potential with respect to the inflaton field ϕ, we get

V ′(ϕ)M̃−4
Pl =

ϕ
(
4π2x− 11xΛ̃2 + 121ϕ2 ln(1 + xΛ̃2

11ϕ2
)
)

2π2x2
, (98)

V ′′(ϕ)M̃−4
Pl =

x
(
4π2(xΛ̃2 + 11ϕ2)− 11(xΛ̃4 + 33Λ̃2ϕ2)

)
+ 363(xΛ̃2ϕ2 + 11ϕ4) ln(1 + xΛ̃2

11ϕ2
)

2π2x2(xΛ̃2 + 11ϕ2)
.

Then we substitute these results for the slow-roll parameters (52) and use the value of Λ̃ = 3
and the result from equation (94), to get

ϵ = 8× 106γ2
(
Φ

(
−99ω2 + 4π2ω2 + 121Φ2 ln(1 +

9ω2

11Φ2
)

)
(99)/(

121Φ4 ln(1 +
9ω2

11Φ2
) + ω2

(
−99Φ2 + 8π2(0.245ω2 + Φ2)− 81ω2 ln(1 +

11Φ2

9ω2
)

)))2

.

η = −4× 106γ2
(
4π2ω2(9ω2 + 11Φ2)− 11ω2(81ω2 + 297Φ2) + 363(9ω2Φ2 + 11Φ4) ln(1 +

9ω2

11Φ2
)

)
/(

(9ω2 + 11Φ2)×
(
−121Φ4 ln(1 +

9ω2

11Φ2
) + ω2

(
99Φ− 8π2(0.245ω2 + Φ2) (100)

+81ω2 ln(1 +
11Φ2

9ω2
)

)))
,

where Φ ≡ ϕ

M̃Pl

.

By fixing the parameter γ as 0.1, 0.5 and 1, we have found that ϵ is always under O(10−4),
and from (64) it is within the bound of the Planck 2018 data [6]. Also for η, from the value of the
scalar index ns based on the Planck 2018 data, and equation (61), while ignoring ϵ from the result
as explained above, the restriction for η becomes η = −0.0177 at the horizon crossing. This can be
satisfied by fixing the parameter ω̃ as of order one, specifically ω̃ = 13. For the e-folding number
(53), without demanding any other constraints on parameters γ and ω̃, we can have the value
between 50 ∼ 60 as is desired for viable candidates of inflation, when assigning the inflaton field
Φ ≡ ϕ

M̃Pl
to run somewhere between 0 to 5. The graph for the running of the slow-roll parameter

η is shown in Figure 4. The results can be plotted inside the blue region in Figure2, in the middle
for ns and at the bottom for r.
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7 Conclusion

We studied a new model of inflation baced on the gravitino condensate in the framework of
supergravity. The results obtained in section 6 were compared to the results in [18], and we
concluded that they are qualitatively matched but are quantitatively different. The slow-roll
parameter, η has the same order in the inflation region η = O(10−2), but ϵ has a considerably
higher value than ϵ = O(10−9) in [18], because we get ϵ = O(10−4). From equation (64), the same
result can apply to the tensor-scalar ratio r. Also for the inflationary scale Hinf., we found it gets
as high as 1012 GeV where Hinf. = O(1010)GeV in [18]. Therefore the gravitino condensate can be
considered as viable inflaton in supergravity when assuming the effective quantum gravity scale,
the (super) GUT scale and the SUSY breaking scale all close to 1015 GeV. Comparing to other
well known models of inflation, such as R2 inflationary model, we get lower values of r by one
order of the magnitude.

This Master thesis is based on my research conducted together with my supervisor Dr. S.V.
Ketov. It is part of a larger project devoted to an investigation of the gravitino condensate in su-
pergravity coupled to the supersymmetric Born-Infeld theory that also includes the goldstino field
described by Akulov-Volkov theory [1]. Some important physical issues, such as supersymmetry
breaking and cosmological constant, were only briefly mentioned in the text because their detailed
study is beyond the scope of this Master thesis. According to [1], supersymmetry is dynamically
broken by the gravitino condensate, and the cosmological constant in the classical Born-Infeld
action is exactly compensated by the gravitino condensate contribution.
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A supergravity extension of the ðRþ R2Þ gravity with the additional (Born-Infeld) structure of a massive
vector multiplet gives rise to the specific FðRÞ gravity, whose structure is investigated in detail. The
massive vector multiplet has an inflaton (scalaron), goldstino, and massive vector field as its field
components. The model describes Starobinsky inflation and allows us to extrapolate the FðRÞ function
beyond the inflationary scale (up to Planck scale). We observe some differences versus the ðRþ R2Þ
gravity and several breaking patterns of the well-known correspondence between the FðRÞ gravity and the
scalar-tensor gravity.

DOI: 10.1103/PhysRevD.98.083511

I. INTRODUCTION

An ultimate theory of cosmological inflation should be
based on quantumgravity and is yet to be constructed. This is
related to another open problem of finding an ultraviolet
(UV) completion of any phenomenologically viable infla-
tionary model. Among the most successful and popular
inflationary models, the Starobinsky inflationary model of
ðRþ R2Þ gravity [1] is special because it is entirely based on
gravitational interactions. This model is, however, nonre-
normalizable and has theUV cutoff given by Planck scale. In
addition, when extrapolating the ðRþ R2Þ gravity beyond
the inflationary scale of about 1013 GeV, i.e., when going to
the very large curvature regime, we are left with the scale-
invariantR2 gravity. The original motivation in [1] was to get
rid of the initial singularity of Einstein-Friedmann gravity, in
addition to describing inflation in the early Universe.
However, demanding the asymptotical scale invariance at
very high energies is clearly not the only option. Hence, the

open question remains: what should we expect beyond
Starobinsky inflation?
To address this question at least partially, one needs a

motivated extension of the ðRþ R2Þ gravity in a specific
framework. In this paper, we address the issue in four-
dimensional N ¼ 1 supergravity. The importance of the
inflationary model building in supergravity stems from the
natural objective to unify gravity with particle physics
beyond the standard model of elementary particles and
beyond the standard (ΛCDM) model of cosmology; see,
e.g., [2,3] for a review.
Though supergravity can be considered as the low-energy

effective theory of (compactified) superstrings, and the latter
can be viewed as a consistent theory of quantum gravity, we
obviously need more specific assumptions.
Our additional specific assumptions in this paper are the

following:
(i) Starobinsky inflationary model should be embedded

into a four-dimensional N ¼ 1 supergravity, with
linearly realized (manifest) local supersymmetry,

(ii) inflaton (scalaron) should belong to a massive N¼1
vector supermultiplet,

(iii) the kinetic terms of the vector supermultiplet should
have the Born-Infeld (or Dirac-Born-Infeld) struc-
ture, inspired by superstrings and D-branes.

This leads to the specific (modified) FðRÞ gravity model,
whose peculiar structure is in the focus of our investigation
in this paper.
Our paper is organized as follows. In Sec. II, we

outline Born-Infeld (BI) nonlinear electrodynamics and
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the supergravity theory with the BI structure. In Sec. III, we
review the Starobinsky inflationary model. In Sec. IV, we
study in detail the FðRÞ gravity extension of the ðRþ R2Þ
gravity, originating from the supergravity theory. In Sec. V,
we present the dual description of the same FðRÞ gravity in
terms of the scalar-tensor gravity. Our conclusion is in
Sec. VI. In the Appendix, we formulate the full super-
gravity theory in terms of superfields in curved superspace.

II. BORN-INFELD STRUCTURE IN GRAVITY
AND SUPERGRAVITY

The Born-Infeld (BI) Lagrangian was originally intro-
duced [4] as a nonlinear generalization of the Lagrangian of
Maxwell electrodynamics in terms of the Abelian field
strength Fμν ¼ ∂μAν − ∂νAμ,

LBI ¼ −b−2
" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

− det

�
ημν þ

b
e
Fμν

�s
− 1

#

¼ −
1

4e2
FμνFμν þOðF4Þ; ð1Þ

where we have introduced the dimensional (BI) coupling
constant b ¼ M−2

BI and the gauge (dimensionless) coupling
constant e. Being minimally coupled to gravity, the BI
action reads

SBI ¼ b−2
Z

d4x

" ffiffiffiffiffiffi
−g

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− det

�
gμν þ

b
e
Fμν

�s #
: ð2Þ

This BI structure also arises (i) in the bosonic part of the
open superstring effective action [5], (ii) as part of the Dirac-
Born-Infeld effective action of a D3-brane [6], and (iii) as
part of the Maxwell-Goldstone action describing partial
supersymmetry breaking ofN ¼ 2 supersymmetry toN ¼ 1
supersymmetry [7,8]. In string theory, b ¼ 2πα0, while the
BI scale MBI does not have to coincide with MPl.

1

In N ¼ 1 supersymmetry and supergravity, a vector field
belongs to an N ¼ 1 vector multiplet, whose supergravity
couplings are naturally (off-shell) described in supercon-
formal tensor calculus [11] and in curved superspace [12].
A massive N ¼ 1 vector multiplet has a single (real) scalar
field amongst its bosonic field components, in addition to a
massive vector field. In this paper, we identify this real
scalar with inflaton, and unify it with the massive vector
field whose kinetic terms are assumed to have the BI
structure in N ¼ 1 supergravity (we do not assume any
relation between our massive vector field and electromag-
netic field).
The full action of the self-interacting massive vector

multiplet with the BI structure in supergravity is very

complicated: it was found by using the superconformal
tensor calculus in [13], and we present this action in the
Appendix, by using superfields in curved superspace.2 In
particular, local supersymmetry (SUSY) is spontaneously
broken in this theory (after inflation also), while goldstino
is identified with a massive “photino” in the same vector
multiplet with inflaton.
For our purposes in this paper, it is enough to notice that

in the dual (modified supergravity) picture the BI structure
just leads to the presence of the contribution 12R2=ðe2M4

BIÞ
under the square root of the BI term, in addition to the
Fμν-dependent terms there. When ignoring all other inter-
actions besides the modified gravity itself (i.e., keeping
only the R-dependent terms), it gives rise to the following
FðRÞ gravity model (see Ref. [13] and the Appendix):

S¼
Z

d4x
ffiffiffiffiffiffi
−g

p
"
M2

Pl

2
RþM4

BI

3

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 12R2

e2M4
BI

s
−1

!#
: ð3Þ

It is this modified gravity theory that is the main subject
of our investigation in this paper. It is worth noticing that it
does not imply the upper bound on the values of R, unlike
the original BI theory (1) that limits the maximal values of
the gauge field strength components.
It is worth noticing here that the idea of finding a “BI-

extension” of Einstein gravity is old but still popular,
although it lacks a good definition and guiding principles;
see, e.g., [17] for classification of many such extensions in
gravitational theory and [18] for other proposals to an FðRÞ
gravity function of the BI-type.
A “BI-extension” of N ¼ 1 supergravity is more restric-

tive, but it suffers similar problems; see, e.g., [19] for some
specific proposals of BI supergravity in curved superspace.
Equation (3) is just the specific extension of Starobinsky
ðRþ R2Þ gravity in the framework of FðRÞ gravity derived
from supergravity and inspired by string theory. It is
directly related to the BI action (1) that arises together
with the FðRÞ gravity (3) in the same supergravity theory
having the BI structure.
It is also worth mentioning that Starobinsky inflation is

equivalent to the so-called Higgs inflation in gravity and
supergravity, because both lead to the same inflationary
observables [20].

III. STAROBINSKY INFLATION
AND FðRÞ GRAVITY

The Starobinsky model of inflation is defined by the
action [1]

SStar ¼
M2

Pl

2

Z
d4x

ffiffiffiffiffiffi
−g

p �
Rþ 1

6m2
R2

�
; ð4Þ

1See also [9,10] for more about special properties of the BI
action and its supersymmetric extensions. 2See also [14–16] for related papers.
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where we have introduced the reduced Planck mass
MPl ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffi
8πGN

p
≈ 2.4 × 1018 GeV, and the scalaron

(inflaton) mass m as the only parameter. We use the
spacetime signature ð−;þ;þ;þ; Þ. The ðRþ R2Þ gravity
model (4) can be considered as the simplest extension of
the standard Einstein-Hilbert action in the context of
(modified) FðRÞ gravity theories with an action

SF ¼ M2
Pl

2

Z
d4x

ffiffiffiffiffiffi
−g

p
FðRÞ; ð5Þ

in terms of the function FðRÞ of the scalar curvature R.
The FðRÞ gravity action (5) is classically equivalent to

S½gμν; χ� ¼
M2

Pl

2

Z
d4x

ffiffiffiffiffiffi
−g

p ½F0ð χÞðR − χÞ þ Fð χÞ� ð6Þ

with the real scalar field χ, provided that F00 ≠ 0 that we
always assume. Here the primes denote the derivatives with
respect to the argument. The equivalence is easy to verify
because the χ-field equation implies χ ¼ R. In turn, the
factor F0 in front of the R in (6) can be (generically)
eliminated by a Weyl transformation of metric gμν, that
transforms the action (6) into the action of the scalar field χ
minimally coupled to Einstein gravity and having the scalar
potential

V ¼
�
M2

Pl

2

�
χF0ð χÞ − Fð χÞ

F0ð χÞ2 : ð7Þ

Differentiating this scalar potential yields

dV
d χ

¼
�
M2

Pl

2

�
F00ð χÞ½2Fð χÞ − χF0ð χÞ�

ðF0ð χÞÞ3 : ð8Þ

The kinetic term of χ becomes canonically normalized
after the field redefinition χðφÞ as

F0ðχÞ ¼ exp

� ffiffiffi
2

3

r
φ=MPl

�
; φ¼

ffiffiffi
3

p
MPlffiffiffi
2

p lnF0ðχÞ; ð9Þ

in terms of the canonical inflaton field φ, with the total
acton

Squintessence½gμν;φ� ¼
M2

Pl

2

Z
d4x

ffiffiffiffiffiffi
−g

p
R

−
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
gμν∂μφ∂νφþ VðφÞ

�
:

ð10Þ

The classical and quantum stability conditions of FðRÞ
gravity theory are given by [3]

F0ðRÞ > 0 and F00ðRÞ > 0; ð11Þ

and they are obviously satisfied for the Starobinsky model
(4) for R > 0.
Differentiating the scalar potential V in Eq. (7) with

respect to φ yields

dV
dφ

¼ dV
d χ

d χ
dφ

¼ M2
Pl

2

�
χF00 þ F0 − F0

F02 − 2
χF0 − F
F03 F00

�
d χ
dφ

;

ð12Þ

where we have

d χ
dφ

¼ d χ
dF0

dF0

dφ
¼ dF0

dφ

�
dF0

d χ
¼

ffiffiffi
2

pffiffiffi
3

p
MPl

F0

F00 : ð13Þ

This implies

dV
dφ

¼ MPl
2F − χF0ffiffiffi

6
p

F02 : ð14Þ

Combining Eqs. (7) and (14) yields R and F in terms of the
scalar potential V,

R ¼
� ffiffiffi

6
p

MPl

dV
dφ

þ 4V
M2

Pl

�
exp

� ffiffiffi
2

3

r
φ=MPl

�
; ð15Þ

F ¼
� ffiffiffi

6
p

MPl

dV
dφ

þ 2V
M2

Pl

�
exp

�
2

ffiffiffi
2

3

r
φ=MPl

�
: ð16Þ

These equations define the function FðRÞ in the parametric
form, in terms of a scalar potential VðφÞ, i.e., the inverse
transformation to (7). This is known as the classical
equivalence (duality) between the FðRÞ gravity theories
(5) and the scalar-tensor (quintessence) theories of
gravity (10).
In the case of Starobinsky model (4), one gets the famous

potential

VðφÞ ¼ 3

4
M2

Plm
2

�
1 − exp

�
−

ffiffiffi
2

3

r
φ=MPl

��2
: ð17Þ

This scalar potential is bounded from below (non-negative
and stable), and it has the absolute minimum at φ ¼ 0
corresponding to a Minkowski vacuum. The scalar poten-
tial (17) also has a plateau of positive height (related to
inflationary energy density) that gives rise to the slow roll
of the inflaton in the inflationary era. The Starobinsky
model (4) is the particular case of the so-called α-attractor
inflationary models [21] and is also a member of the close
family of viable inflationary models of FðRÞ gravity,
originating from higher dimensions [22].
A duration of inflation is measured in the slow roll

approximation by the e-foldings number
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Ne ≈
1

M2
Pl

Z
φ�

φend

V
V 0 dφ; ð18Þ

where φ� is the inflaton value at the reference scale (horizon
crossing), and φend is the inflaton value at the end of
inflation when one of the slow roll parameters

εVðφÞ ¼
M2

Pl

2

�
V 0

V

�
2

and ηVðφÞ ¼ M2
Pl

�
V 00

V

�
; ð19Þ

is no longer small (close to 1).
The amplitude of scalar perturbations at horizon crossing

is given by [23]

A ¼ V3�
12π2M6

PlðV 0�Þ2
¼ 3m2

8π2M2
Pl

sinh4
�

φ�ffiffiffi
6

p
MPl

�
: ð20Þ

The Starobinsky model (4) is the excellent model of
cosmological inflation, in very good agreement with the
Planck data [24–26]. The Planck satellite mission mea-
surements of the cosmic microwave background (CMB)
radiation [24–26] give the scalar perturbations tilt as ns ≈
1þ 2ηV − 6εV ≈ 0.968� 0.006 and restrict the tensor-to-
scalar ratio as r ≈ 16εV < 0.08. The Starobinsky inflation
yields r ≈ 12=N2

e ≈ 0.004 and ns ≈ 1–2=Ne, where Ne is
the e-foldings number between 50 and 60, with the best fit
at Ne ≈ 55 [27,28].
The Starobinsky model (4) is geometrical (based on

gravity only), while its (mass) parameter m is fixed by the
observed CMB amplitude (COBE, WMAP) as

m ≈ 3 × 1013 GeV or
m
MPl

≈ 1.3 × 10−5: ð21Þ

A numerical analysis of (18) with the potential (17)
yields [23]

ffiffiffi
2

3

r
φ�=MPl ≈ ln

�
4

3
Ne

�
≈ 5.5

and

ffiffiffi
2

3

r
φend=MPl ≈ ln

�
2

11
ð4þ 3

ffiffiffi
3

p
Þ
�
≈ 0.5; ð22Þ

where we have used Ne ≈ 55.

IV. BI-MODIFIED STAROBINSKY MODEL

In accordance to (5), the modified gravity theory (3) has

FðRÞ ¼ Rþ 2g2

3β

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 12βR2

q
− 1
	
; ð23Þ

where we have introduced the parameters g ¼ 1=ðeMPlÞ
and β ¼ 1=ðe2M4

BIÞ. In this parametrization, our F-function
(23) exactly agrees with Eq. (37) of Ref. [13].

When assuming 12βR2 ≪ 1, the function (23) gives rise
to the ðRþ R2Þ gravity model of Starobinsky in (4), as it
should. It allows us to identify

g2 ¼ 1

24m2
and e2 ¼ 24

�
m
MPl

�
2

≈ 4 × 10−9; ð24Þ

where we have used (21). In terms of the dimensionless
quantities F̃ ¼ F=M2

Pl and R̃ ¼ R=M2
Pl, and the dimension-

less parameters

α ¼ MBI

MPl
and γ̃ ¼ eα2; ð25Þ

we have the dimensionless function,

F̃ðR̃Þ ¼ R̃þ 2

3
α4
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 12R̃2=γ̃2
q

− 1
	

ð26Þ

A global shape of this function is given in Fig. 1.
The physical conditions imply the range R̃ ∈ ½−1; 1�

(i.e., up to the UV cutoff) and α ∈ ½0.01; 1� (i.e., between
the grand unification scale and Planck scale), so that
γ̃ ∈ 6.3 · ½10−7; 10−5�. The Starobinsky inflation takes place
for 0 < R̃ ≪ γ̃.
The function (23) is well defined for any values of R and

implies three physical regimes:
(i) the small curvature regime, where gravity is de-

scribed by the standard Einstein-Hilbert action,
(ii) the inflationary regime, where gravity is described

by Starobinsky ðRþ R2Þ action (4),
(iii) the high curvature regime, where gravity is again

described by the Einstein-Hilbert action, though
with the different (larger) effective Planck scale
MPl;effective ¼ MPlð1þ 4g2=

ffiffiffiffiffi
3β

p Þ1=2 ≤ 189MPl for
large positive values of R.

FIG. 1. The profile of the FðRÞ gravity function (23) for α ¼ 1

and γ̃−2 ¼ 105. This value of the parameter γ̃ is only chosen to
demonstrate the global shape of the function.
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Static solutions to the FðRÞ gravity field equations with
R ¼ const≡ R0 follow from our Eqs. (8) and (14) and are
given by solutions to the algebraic equation [29]

RF0ðRÞ ¼ 2FðRÞ; ð27Þ

In our case (23), with

F0ðRÞ ¼ 1þ 8g2Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 12βR2

p > 0 for R ≥ 0; ð28Þ

we find

8g2R2
0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 12βR2
0

p ¼ R0 þ
4g2

3β

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 12βR2

0

q
− 1
	

ð29Þ

that gives rise to the condition

R0

�
4ð16g4 − 3βÞR3

0 þ 32g2R2
0 − R0 þ

8g2

3β

�
¼ 0: ð30Þ

Besides the trivial solution R0 ¼ 0 corresponding to a
stable Minkowski vacuum, any other real positive solution
(R0 > 0) must obey the cubic equation,

aR3
0 þ bR2

0 þ cR0 þ d ¼ 0; ð31Þ

whose coefficients are a¼4ð16g4−3βÞ, b ¼ 32g2, c ¼ −1
and d ¼ 8g2=ð3βÞ. By using the standard replacement,

y ¼ R0 þ
b
3a

; ð32Þ

we can bring (31) to the canonical form,

y3 þ 3pyþ 2q ¼ 0; ð33Þ

where we have

2q ¼ 2b3

27a3
−

bc
3a2

þ d
a
¼ 4g2ð1152g8 − 104g4β þ 27β2Þ

27βð16g4 − 3βÞ3 ;

ð34Þ

and

3p ¼ 3ac − b2

3a2
¼ 9β − 304g4

12ð16g4 − 3βÞ2 : ð35Þ

The number of real solutions depends upon the sign of the
cubic discriminant D ¼ q2 þ p3 that in our case reads

D ¼ ð144g4 þ βÞð32g4 þ 3βÞ2
5184β2ð16g4 − 3βÞ4 : ð36Þ

SinceD > 0, there is only one real solution. Our numerical
studies show that this root R0 is negative (e.g., with α ¼ 1

we find R0 ≈ −8.7 × 10−7M2
Pl).

The second derivative of the FðRÞ gravity function (23),

F00ðRÞ ¼ 8g2

ð1þ 12βR2Þ3=2 > 0; ð37Þ

can be compared to the laboratory bound of the Eöt-Wash
experiment [30], F00ð0Þ ≤ 2 × 10−6 cm2, or

g < 0.5 × 10−3 cm2; ð38Þ

which is well satisfied because of (21) and (24).

V. SCALAR-TENSOR GRAVITY AND THE
INFLATON SCALAR POTENTIAL

It is instructive to study the same gravitational model (3)
in the dual (scalar-tensor gravity) picture defined by (7),
(9), and (10). The classical equivalence (duality) between
the FðRÞ gravity theories and their scalar-tensor gravity (or
quintessence) counterparts is well known; see, e.g., [31].
Our Eq. (9) implies

R̃
γ̃
¼

1
2
γ̃ð1 − e−

ffiffiffiffiffiffi
2=3

p
φ̃Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

16α2 − 3γ̃2ð1 − e−
ffiffiffiffiffiffi
2=3

p
φ̃Þ2

q ; ð39Þ

where we have introduced the dimensionless inflaton field
φ̃ ¼ φ=MPl. Actually, (9) determines R2 as the function of
φ, and our sign choice in (39) comes from demanding a
plateau of the scalar potential at positive values of R.
In turn, our Eq. (7) yields

Ṽ ¼ α4

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 12R̃2=γ̃2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 12R̃2=γ̃2

p
− 1

ð8α4γ̃−1ðR̃=γ̃Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 12R̃2=γ̃2

p
Þ2
;

ð40Þ
where we have introduced the dimensionless scalar poten-
tial Ṽ ¼ V=M4

Pl. The scalar potential Ṽðφ̃Þ is obtained via a
substitution of (39) into (40), while the value of the
parameter γ̃, according to Secs. III and IV, is given by
γ̃ ≈ 6.3 × 10−5α2.
A profile of the scalar potential is given in Fig. 2.
As expected, the scalar potential VðφÞ has a plateau for

positive values of φ and R, which corresponds to
Starobinsky inflation (Sec. III). As is clear from (39),
the higher the values of φ and R are, the closer the potential
VðφÞ to the Starobinsky potential (17) with Vmax ¼
3
4
m2M2

Pl is. Hence, the BI structure does not play a
significant role for positive values of φ and R.
When formally sending φ → þ∞ in (39), we get R̃max ¼
γ̃2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16α2−3γ̃2

p > 0. The scalar-tensor gravity description does

not exist for R̃ > R̃max, whereas the F̃ðR̃Þ gravity
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description (26) is well defined there. This is an explicit
example of breaking the naive equivalence between the two
dual descriptions.
Though the scalar potential VðφÞ cannot be trusted for

large negative values of φ and R, because of intense particle
production (reheating) starting near the absolute minimum
of the scalar potential, it is instructive to illustrate two more
breaking patterns of the naive equivalence between FðRÞ
gravity theories and scalar-tensor gravity theories in our
specific example.3

First, we observe the infinite maximum of the scalar
potential in Fig. 2. It happens when the expression under
the root in the denominator of (40) vanishes, that corre-
sponds to zero of F0ðRÞ in (7) at a negative value of R.
Since this occurs at a finite value of R, it represents an
example of the broken correspondence, when the FðRÞ
gravity description is regular, but the scalar-tensor descrip-
tion is singular.
Second, yet another example of the broken correspon-

dence is given by the wall on the left-hand side of Fig. 2.
This wall appears when the expression under the root in the
denominator of (39) vanishes at a finite value of φ that gives
rise to the infinite values of R and the scalar potential VðφÞ,
although the value of VðRÞ remains finite. Beyond the wall,
the scalar-tensor gravity description does not exist in
our case.

VI. CONCLUSION

Our main results are given in Secs. IV and V. They
provide a viable extension of Starobinsky ðRþ R2Þ infla-
tionary model, motivated by the Born-Infeld structure in
supergravity, in turn, motivated by string theory.

Our physical motivation is to explore the range of
energies beyond the Starobinsky inflationary scale of
approximately 1013 GeV up to the (reduced) Planck scale
of approximately 1018 GeV, by using the specific modified
gravity function (3) derived from the supergravity model
under our assumptions formulated in Sec. I.
The significant deviation between our modified FðRÞ

gravity model and Starobinsky ðRþ R2Þ gravity model
takes place only for very large positive curvature, with the
asymptotic R2 gravity being replaced by the asymptotic
Einstein-Hilbert gravity having a larger effective Planck
scale. The corresponding values of the inflaton field are
trans-Planckian, so that the asymptotic gravity is supposed
to be considered with a grain of salt, because it may be
affected by quantum gravity effects.
On the other side, we found explicit examples of

breaking the naive correspondence between the FðRÞ
gravity theories and the scalar-tensor gravity theories in
our model. They are, however, of academic interest in the
inflationary physics context, because they occur at large
negative values of the curvature.
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APPENDIX: SUPERGRAVITY WITH BI
STRUCTURE IN SUPERSPACE

The supersymmetric extension of the ðRþ R2Þ gravity
(with Maxwell structure) in the new-minimal formulation
of N ¼ 1 supergravity is given by Eq. (38) of Ref. [13] in
the superconformal tensor calculus. In curved superspace,
with MPl ¼ 1, the Lagrangian reads [32,33]

L ¼
Z

d2Θ2E
�
−

3

16
D̄2VR þ γ

4
WαðVRÞWαðVRÞ

�
þ H:c:;

ðA1Þ

where VR is the gauge multiplet of SUSY algebra,
representing the new-minimal set of supergravity field
components, Wα is its superfield strength, and γ ∼ e−2 is
the R2 parameter. The superfield VR has the following
bosonic components (in a Wess-Zumino gauge):

D̄ _αDαVRj ¼ 2σm_ααAm;

D̄2D2VRj ¼
32

3
bmAm þ 16DR; ðA2Þ

FIG. 2. The profile of the VðφÞ function (40) for α ¼ 1 and
γ̃ ¼ 6.3 × 10−5. This function is not well defined for all values of
φ̃. It reproduces the inflationary potential (17) for the relevant
values of φ̃ (Sec. III). The infinite maximum occurs at φ̃ ≈ −0.6
that corresponds to R̃ ≈ −5 × 10−10. The only minimum occurs at
φ̃ ≈ −6.5 that corresponds to the root R̃0 ≈ −8.7 × 10−7 found in
Sec. IV. The wall on the left-hand side, where V sharply goes up
to infinity, appears at φ̃ ≈ −9.

3Our considerations are formally based on Eqs. (39) and (40)
only, ignoring Eq. (9).
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where Am is the (dynamical) gauge field,

DR ¼ 1

3

�
Rþ 3

2
BmBm

�

is the gravitational D-term, and Bm is the auxiliary
vector field of supergravity multiplet. The old-minimal
set of supergravity is also present via E and R that is
hidden in the definition of the superfield strength Wα≡
− 1

4
ðD̄2 − 8RÞDαVR.
After identifying the “old” auxiliary field bm with the

“new” auxiliary field Bm as bm ¼ − 3
2
Bm, we can expand

the Lagrangian (A1) as follows:

e−1L ¼ 1

2
Rþ 3

4
BmBm −

3

2
BmAm −

1

4e2
FmnFmn

þ 2

e2

�
Rþ 3

2
BmBm

�
2

þ � � � ; ðA3Þ

where we have kept only the relevant terms. When allowing
the superfield VR to be massive (or not using a WZ gauge),
the complex scalar M of the old-minimal set [12] also
appears.
The BI extension of the supergravity theory (A1) can be

written down as follows:

L ¼
�
−

3

16

Z
d2Θ2ED̄2VR þ H:c:

�
þ γ

4

Z
d4θEW2W̄2Λ;

ðA4Þ
where the BI structure function Λ is given by (see, e.g.,
Ref. [9])

Λ≡ κ

1þ κðωþ ω̄Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ κðωþ ω̄Þþ κ2

4
ðω− ω̄Þ2

q ; ðA5Þ

with ω≡D2W2=8 and the BI coupling κ ¼ b−2 ¼ M−4
BI .

The Lagrangian (A4) can be expanded as

e−1L ¼ 1

2
Rþ 3

4
BmBm −

3

2
BmAm

þM4
BI

3

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

3

2M4
BIe

2

�
F2 − 8

�
Rþ 3

2
BmBm

�
2
�
þ
�

3

4M4
BIe

2

�
2

ðFF̃Þ2
s

− 1

!
þ � � � ; ðA6Þ

where we have kept only the relevant terms. Using Bm ¼ Fmn ¼ 0 as a solution, we get (3).
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The N = 1 supersymmetric Born–Infeld theory coupled to N = 1 supergravity in four
spacetime dimensions is studied in the presence of a cosmological term with spontaneous
supersymmetry breaking. The consistency is achieved by compensating a negative contribu-
tion to the cosmological term from the Born–Infeld theory by a positive contribution originating
from the gravitino condensate. This leads to an identification of the Born–Infeld scale with
the supersymmetry-breaking scale. The dynamical formation of the gravitino condensate in
supergravity is reconsidered and the induced one-loop effective potential is derived. Slow-roll
cosmological inflation with the gravitino condensate as the inflaton (near the maximum of the
effective potential) is viable against the Planck 2018 data and can lead to the inflationary (Hub-
ble) scale as high as 1012 GeV. Uplifting the Minkowski vacuum (after inflation) to a de Sitter
vacuum (dark energy) is possible by the use of the alternative Fayet–Iliopoulos term. Some major
physical consequences of our scenario for reheating are also briefly discussed.
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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1. Introduction

The gravitino condensate and the gravitino mass gap in N = 1 supergravity [1] coupled to the
Volkov–Akulov field [2] in four spacetime dimensions arise as the one-loop effect due to the quartic
gravitino interaction coming from the gravitino contribution to the spacetime (con)torsion [3,4]. This
is similar to the Nambu–Jona-Lasinio model [5] of the dynamical generation of electron mass and the
formation of Cooper pairs near the Fermi surface in superconductivity. The dynamical gravitino mass
also leads to a positive contribution to the vacuum energy and, hence, the dynamical supersymmetry
breaking too [6]. Given the standard (reduced) Planck mass as the only (dimensional) coupling
constant, the gravitino mass gap should be of the order of the Planck scale also, which prevents
phenomenological applications of the gravitino condensate to physics under the Planck scale.

However, the effective scale of quantum gravity may be considerably lower than its standard value
associated with the (reduced) Planck mass MPl = 1/

√
8πGN ≈ 2.4 × 1018 GeV. This may happen

© The Author(s) 2020. Published by Oxford University Press on behalf of the Physical Society of Japan.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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because the effective strength of gravity can depend upon either large or warped extra dimensions
in the braneworld, or the dilaton expectation value in string theory, or both these factors together
[7–9].1 The negative results of the Large Hadron Collider (LHC) searches for copious production of
black holes imply that the low-scale gravity models may have to be replaced by high-scale gravity
(or supergravity) models, whose effective Planck scale M̃Pl is much higher than the TeV scale but is
still under the standard scale MPl, i.e.

1 TeV � M̃Pl � MPl. (1)

This can be of particular importance to the early Universe cosmology, where the Newtonian limit
does not apply, as well as for high-energy particle physics well above the electroweak scale.

In this scenario, supergravity may play the crucial role in the description of cosmological infla-
tion, reheating, dark energy, and dark matter; see, e.g., Ref. [11] and the references therein. For
instance, it is unknown which physical degrees of freedom were present during inflation, while
supergravity may be the answer. Describing inflation and a positive cosmological constant (dark
energy) in supergravity is non-trivial, especially when one insists on the minimalistic hidden sector.
Inflation is driven by positive energy so that it breaks supersymmetry (SUSY) spontaneously. As a
(model-independent) consequence, the goldstino should be present during inflation in supergravity
cosmology. The goldstino effective action is universal and is given by the Akulov–Volkov (AV)
action up to field redefinition [12,13]. As was demonstrated in Refs. [14,15], the viable description
of inflation and dark energy in supergravity can be achieved by employing an N = 1 vector multi-
plet with its N = 1 supersymmetric Born–Infeld (BI) action [16] in the presence of the alternative
Fayet–Iliopoulos (FI) term [17–21] without gauging the R-symmetry.2

In this paper we also employ an N = 1 vector multiplet with its N = 1 supersymmetric BI
action that automatically contains the goldstino (AV) action, but we choose the gravitino condensate
as the inflaton. A dynamical SUSY breaking is achieved at the very high scale with the vanishing
cosmological constant. The extra (FI) mechanism of spontaneous SUSY breaking is then used to
uplift a Minkowski vacuum to a de Sitter (dS) vacuum.

The BI theory has solid motivation. It is expected that Maxwell electrodynamics does not remain
unchanged up to the Planck scale, because of its internal problems related to the Coulomb singularity
and the unlimited values of electromagnetic field. This motivated Born and Infeld [26] to propose
the non-linear vacuum electrodynamics with the Lagrangian (in flat spacetime)

LBI = −M 4
BI

√
− det

(
ημν + M−2

BI Fμν
)

= −M 4
BI − 1

4F2 + O(F4), (2)

whereημν is the Minkowski metric, Fμν = ∂μAν−∂νAμ, and F2 = FμνFμν . The constant term on the
right-hand side of Eq. (2) can be ignored in flat spacetime. The BI theory has the new scale MBI whose
value cannot exceed the GUT scale where electromagnetic interactions merge with strong and weak
interactions. On the other hand, we need MBI < M̃Pl in order to ignore quantum gravity corrections.
The BI theory naturally emerges (i) in the bosonic part of the open superstring effective action [27],

1 The effective Planck scale may also be dynamically generated [10].
2 In Refs. [22–24], the N = 1 massive vector multiplet, unifying the Starobinsky inflaton (scalaron) [25]

and the goldstino (photino), was used together with the BI action, the FI term, the chiral (Polonyi) multiplet
representing the hidden SUSY-breaking sector, and the massive gravitino as the lightest SUSY particle (LSP)
for dark matter.
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(ii) as part of the Dirac–Born–Infeld (DBI) effective action of a D3-brane [28], and (iii) as part of the
Maxwell–Goldstone action describing partial supersymmetry breaking of N = 2 supersymmetry to
N = 1 supersymmetry [29,30].3 The peculiar non-linear structure of the BI theory is responsible
for its electricmagnetic (Dirac) self-duality, taming the Coulomb self-energy of a point-like electric
charge, and causal wave propagation (no shock waves and no superluminal propagation)—see, e.g.,
Refs. [39,40] and the references therein for a review and non-Abelian extensions of BI theory. All
this adds more reasons for using the BI structure.

In a curved spacetime with metric gμν the BI action is usually defined as the difference between
two spacetime densities,

SBI,standard = M 4
BI

∫
d4x

[√− det(gμν)−
√

− det
(

gμν + M−2
BI Fμν

)]
, (3)

where the first term has been added “by hand” in order to eliminate the cosmological constant
arising from the second term and in Eq. (2). In this paper we propose the gravitino condensation
as the origin and the mechanism of such cancellation in the supergravity extension of the BI theory
with spontaneously broken SUSY.

The N = 1 (rigid) supersymmetric extension of BI theory is also self-dual [41]. The supersymmet-
ric BI theory coupled to N = 1 supergravity [i.e. the locally supersymmetric extension of Eq. (3)]
was constructed in Ref. [42].

Our paper is organized as follows. In Sect. 2 we provide more details on how to deal with a
cosmological constant and spontaneous supersymmetry breaking in the context of a supersymmetric
BI theory coupled to supergravity, and relate the BI scale to the spontaneous SUSY-breaking scale.
Most of the comments in Sect. 2 are known in the literature and are recalled to justify the consistency
of our approach. In Sect. 3 we study the dynamical gravitino condensate arising from the one-loop
effective action of pure supergravity, and investigate the induced scalar potential. Slow-roll inflation
with the gravitino condensate playing the role of inflaton is studied numerically in Sect. 4. Uplifting
the Minkowski vacuum to a de Sitter vacuum using the alternative FI term is proposed in Sect. 5.
Our conclusion is presented in Sect. 6. We use the supergravity notation of Ref. [1].

2. Spontaneous SUSY breaking, AV and BI actions, and their coupling to
supergravity

We recall that the AV Lagrangian in flat spacetime is given by [2]

LAV = −M 4
susy det

(
δa

b + i

2M 4
susy

λ̄γ a∂bλ

)
= −M 4

susy − i
2 λ̄γ · ∂λ+ O(λ4), (4)

where λ(x) is a Majorana fermion field of spin 1/2. This fermionic field is called the goldstino because
the AV action has spontaneously broken non-linearly realized rigid SUSY under the transformations

δλ = M 2
susyε + i

M 2
susy

(ε̄γ aλ)∂aλ (5)

3 See Refs. [31–34] for the extensions of BI theory to extended supersymmetry and higher dimensions.
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with the infinitesimal Majorana spinor parameter ε, so that the goldstino is indeed a Nambu–
Goldstone fermion. The AV theory of Eq. (4) has the spontaneous SUSY-breaking scale Msusy.

A coupling of the AV action to supergravity is supposed to generate a gravitino mass via the so-
called super-Higgs effect [1] when the gravitino “eats up” the goldstino and thus gets the right number
of physical degrees of freedom. However, it is impossible to couple the AV action to supergravity
in a manifestly supersymmetric way (i.e. with the linearly realized SUSY) when using standard
supermultiplets or unconstrained superfields because of the mismatch in the numbers of bosonic and
fermionic physical degrees of freedom.4 We embed the goldstino into a standard vector supermulti-
plet, i.e. identify the goldstino with the photino, and use an N = 1 supersymmetric BI action for the
vector multiplet, because it is well motivated at very high energies and includes the goldstino AV
action up to a field redefinition [12,13].

The supersymmetric extension of the BI action in Eq. (3) minimally coupled to supergravity in
curved superspace of the (old-minimal) supergravity (in a superconformal gauge) with a vanishing
cosmological constant, and the vanishing gravitino mass is given by

SSBI[V ] =1
4

(∫
d4xd2θEW 2 + h.c.

)
+ 1

4M−4
BI

∫
d4xd2θd2θ̄E

W 2W̄ 2

1 + 1
2A +

√
1 + A + 1

4B2
,

A = 1
8M−4

BI

(D2W 2 + h.c.
)

, B = 1
8M−4

BI

(D2W 2 − h.c.
)

,

(6)

where E is the chiral (curved) superspace density, E is the full (curved) superspace density, Dα are
the covariant spinor derivatives in superspace, W α is the chiral gauge-invariant field strength,

Wα = −1
4
(D̄2 − 4R)DαV , (7)

of the gauge real scalar superfield pre-potential V describing an N = 1 vector multiplet, R is the
chiral (scalar curvature) supergravity superfield, W 2 = W αWα , and D2 = DαDα [1].

The action in Eq. (6) is obtained from the standard (Bagger–Galperin) action [29]

SBG[W , W ] = 1

4

∫
d4xd2θ X + h.c., X + 1

4M 4
BI

X D
2
X = W 2 (8)

in terms of the constrained chiral superfield X after solving the constraint in Eq. (8) and then
minimally coupling the resulting action with the supergravity in curved superspace [19,39], where
the spacetime metric gμν is replaced by the vierbein ea

μ and is extended to an off-shell supermultiplet
(ea
μ,ψμ, M , bμ), withψμ as the Majorana gravitino field, whereas the complex scalar M and the real

vector field bμ are the auxiliary fields.5

The gauge vector (photon) field Aμ is extended in SUSY to an off-shell (real) gauge vector multiplet
(or a general real superfield) V with the field components

V = (C,χ , H , Aμ, λ, D), (9)

where λ is the Majorana fermion called the photino, D is the auxiliary field, while the rest of the
fields (C,χ , H ) are the super-gauge degrees of freedom that are ignored in what follows.

4 The manifestly supersymmetric description is, nevertheless, possible at low energies when embedding the
goldstino into the constrained chiral superfield X̃ obeying the nilpotency condition X̃ 2 = 0 [35–38]. We avoid
that goldstino superfield because it is problematic at higher energies and in quantum theory.

5 The auxiliary fields of the supergravity multiplet do not play a significant role in our investigation and are
ignored below.
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Disturbing the action in Eq. (6) by adding a negative cosmological constant −M 4
BI to restore the

original BI action in Eq. (2) explicitly breaks SUSY, which, however, can be restored by modifying
the action and the SUSY transformation laws [6,21]. As a result, it was found that the deformed
(new) BI action cannot have a non-vanishing cosmological constant but can have a spontaneously
broken local SUSY with a non-vanishing gravitino mass related to the SUSY-breaking scale MBI.
This does not explain, however, the physical origin of the necessary compensating positive term
+M 4

BI. We explain its origin by gravitino condensation (Sect. 3). To illustrate those features, we add
a few simple arguments below.

In order to cancel the SUSY variation of the cosmological constant multiplied by
√− det(gμν) = e

due to δsusyea
μ = −iM̃−1

Pl (ε̄γ
aψμ) with the infinitesimal SUSY parameter ε(x), we have to add the

photino–gravitino mixing term

−ie
M 2

BI

M̃Pl
(λ̄γ μψμ) (10)

to the Lagrangian, and simultaneously demand the supersymmetric variation of the photino λ as

δsusyλ = M 2
BIε + · · · , (11)

where the dots stand for the other field-dependent terms. The identification of the photino λ with the
goldstino of the spontaneously broken local SUSY already requires

MBI = Msusy (12)

by comparison of Eqs. (5) and (11). This may be not surprising after taking into account that the
initial (rigid) Bagger–Galperin action of Eq. (8) has a second (spontaneously broken and non-linearly
realized) SUSY whose transformation law is similar to that of Eq. (5). However, our deformed
super-BI action in supergravity does not respect another SUSY by construction.

The SUSY-restoring deformation comes together with the gravitino mass term having the mass
parameter m2 = 1

3M 4
BI/M̃

2
Pl, and the modification of the gravitino SUSY transformation law as

δsusyψμ = −2M̃Pl(Dμε + 1
2mγμ) + · · · . This also implies (by local SUSY) the presence of the

goldstino mass term in the Lagrangian with the same mass parameter m [6]. Hence, the super-Higgs
effect is in place.

The recovery of the AV action from the super-BI action is possible by identifying the goldstino λα
with the leading field component of the superfield Wα and projecting the other fields out, Fμν(A) =
D = ψμ = 0 in the absence of gravity, ea

μ = δa
μ. Then, the action in Eq. (8) reduces to the AV

action in Eq. (4) up to a field redefinition in the higher-order terms—see Ref. [43] for details. The
same conclusions are supported by the superconformal tensor calculus in supergravity [44]. In our
approach, the AV action is thus the fermionic fragment of the supersymmetric BI theory coupled
to supergravity with the spontaneously broken SUSY at the scale MBI . In Sect. 3 we concentrate
on the pure supergravity sector of our theory, ignoring the gravitino–photino mixing (i.e. taking
into consideration only spin-3/2 gravitino components), just for simplicity. Accounting of a spin-1/2
photino contribution is beyond the scope of our investigation in this paper.
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3. One-loop effective action and gravitino condensate

The classical supergravity Lagrangian LSUGRA besides the Einstein–Hilbert and Rarita–Schwinger
terms,

LEH = −M̃ 2
Pl

2
eR (13)

and

LRS = −1
2ε
μνλρψ̄μγ5γνDλψρ , (14)

respectively, also has the quartic gravitino coupling,

Lquartic = 11
16M̃−2

Pl

[
(ψ̄μψ

μ)2 − (ψ̄μγ5ψ
μ)2
]− 33

64M̃−2
Pl (ψ̄

μγ5γνψ
μ)2, (15)

originating from the spacetime (con)torsion in the covariant derivative of the gravitino field in its
kinetic term in the second-order formalism for supergravity [1].6

Since the supergravity action is invariant under the local SUSY, whose gauge field is ψμ, one can
choose the (physical) gauge condition γ μψμ = 0, which implies (ψ̄μ�μνψν) = −1

2 ψ̄μψ
μ, in the

notation �μν = 1
4 [γ μ, γ ν]−, and rewrite the (non-chiral) quartic gravitino term in Eq. (6) as

Lquartic = √
11M̃−1

Pl ρ(ψ̄μ�
μνψν)− ρ2, (16)

where the real scalar field ρ has been introduced. As is clear from Eq. (16), a gravitino condensate
leads to a non-vanishing vacuum expectation value (VEV), 〈ρ〉 ≡ ρ0 	= 0, whereas ρ0 contributes
to the gravitino mass.

The one-loop contribution to the effective potential V1-loop(ρ) of the scalar field ρ together with
its kinetic term arise after quantizing the gravitino sector and taking the Gaussian integral over ψμ
in the gauge γ μψμ = 0. This yields the one-loop contribution to the quantum effective action in the
standard form,

�1-loop = − i
2Tr ln�(ρ), (17)

where �(ρ) stands for the kinetic operator in the gravitino action, and the interaction with gravity
is ignored (ea

μ = δa
μ). The one-loop contribution to the ρ-scalar potential [i.e. the terms without the

spacetime derivatives in Eq. (17)] was first computed in Refs. [3,4], with the result

V1-loop = lim
V→∞

[
−1

2V
∞∑

n=1

(
√

11M̃Pl)
2n

2n
Tr(Pabρ)

2n

]
= − 4

(2π)4

∫ �

d4p ln
(

1 + 11M̃−2
Pl
ρ2

p2

)
(18)

in terms of the standard massless gravitino propagator (in momentum space)

Pab = − i

2

γbγ
μpμγa

p2 , (19)

the spacetime four-volume regulator V , and the ultraviolet (UV) cutoff �, with the trace Tr acting
on all variables.

6 We separate the quartic terms from the minimal term in Eq. (14).
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The one-loop contribution in Eq. (17) expanded up to the second order in the spacetime derivatives
also yields the ρ-kinetic term subject to the wave function renormalization (i.e. with the Z factor), so
that the initially auxiliary scalar field ρ becomes dynamical with a mass Mc. The specific calculations
can be found in the literature [3,4,45–47], and the effective potential reads7

V (ρ) ≡ Vclassical(ρ)+ V1-loop(ρ) = ρ2 − 4

(2π)4

∫ �

d4p ln
(

1 + 11M̃−2
Pl
ρ2

p2

)
. (20)

Our result of taking the four-dimensional integral in Eq. (20) is given by (cf. Refs. [3,4])

V (ρ) = ρ2 + 1

8π2

{
121ρ4

M̃ 4
Pl

ln

(
1 + M̃ 2

Pl�
2

11ρ2

)
− 11ρ2�2

M̃ 2
Pl

−�4 ln

(
1 + 11ρ2

M̃ 2
Pl�

2

)}
. (21)

The logarithmic scaling of the wave function renormalization of ρ in the one-loop approximation

yields the factor proportional to ln
(
�2

μ2

)
, where μ is the renormalization scale. Hence, the canonical

(physical) scalar φ is given by [46]

φ = const.

√
ln
(
�2

μ2

)
M̃−1

Pl ρ ≡ w̃MPlσ , (22)

where we have introduced the dimensionless (renormalization) constant w̃ as the parameter. We also
use the other dimensionless quantities

σ = M̃−2
Pl ρ, M̃−1

Pl � = �̃, and M̃−1
Pl MBI = α, (23)

which allow us to rewrite the full scalar potential as

V (σ )M̃−4
Pl = σ 2 − 1

8π2

{
�̃4 ln

(
1 + 11σ 2

�̃2

)
− 121σ 4 ln

(
1 + �̃2

11σ 2

)
+ 11σ 2�̃2

}
+ α4, (24)

where we have added the contribution of the first term on the right-hand side of Eq. (2).
The scalar potential of Eq. (24) has the double-well shape and is bounded from below, see Fig. 1,

provided that

�̃2 >
4π2

11
≈ 3.59, or �̃ >

2π√
11

≈ 1.89. (25)

There is a local maximum at ρ = σ = 0 with the positive height M 4
BI. A similar potential near its

maximum was used for describing slow-roll inflation with the inflaton field φ [46]; see Sect. 4 for
more. There are also two stable Minkowski vacua at ρc 	= 0.

According to the previous section, supersymmetry requires the scalar potential of Eq. (24) to vanish
at the minimum, i.e. V (σc) = 0. In addition, according to Eq. (16), ρc 	= 0 determines the gravitino
mass

m3/2 = √
11ρc/M̃Pl = √

11M̃Plσc. (26)

7 The quantum effective action may have the imaginary part (sometimes lost in perturbation theory) that
contributes to the decay of the gravitino condensate after inflation. Our considerations are limited to the
inflationary era by assuming the scale of the imaginary part to be much less than the scale of inflation.
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Fig. 1. The profile of the V (σ ) function in Eq. (24).

The non-vanishing values of ρc and σc are determined by the condition dV/d(σ 2) = 0, which
yields the transcendental equation

121σ 2
c ln

(
1 + �̃2

11σ 2
c

)
= 11�̃2 − 4π2 > 0. (27)

The hierarchy between the inflationary scale Hinf ., the BI scale MBI, the SUSY-breaking scale
Msusy, the (super-)GUT scale MGUT, the effective gravitational scale M̃Pl, and the Planck scale MPl

in our approach reads

Hinf . � MBI = Msusy ≈ MGUT ≈ M̃Pl � MPl, (28)

where “much less” means two to three orders of magnitude “less” (in GeV), and “approximately”
means the same order of magnitude; see the next section for our numerical estimates. As regards the
GUT scale, we take MGUT ≈ O(1015)GeV.

4. Gravitino condensate as inflaton

A slow-roll inflation induced by gravitino condensation in supergravity was proposed and studied by
Ellis and Mavromatos in Ref. [46]. Since our induced scalar potential differs from that of Ref. [46],
we reconsider this inflation here by using �̃ and w̃ as the phenomenologically adjustable parameters.

A slow roll is possible near the maximum of the scalar potential of Eq. (24). Since the height of the
potential at the maximum is related to the inflationary Hubble scale Hinf . by Friedmann equation,

Vmax. = 3M 2
PlH

2
inf ., (29)

the value of Hinf ./MPl is suppressed by the factor (M̃Pl/MPl)
2. On the other hand, the inflationary

Hubble scale is related to the cosmic microwave background (CMB) tensor-to-scalar ratio r as

Hinf .

MPl
= 1.06 · 10−4√r. (30)

In turn, r is restricted by Planck (2018) measurements [49] as r < 0.064 (with 95% CL), which
implies Hinf . < 6 · 1013 GeV. Therefore, the ratio (M̃Pl/MPl) should be of order 10−2 ÷ 10−3 � 1
for viable inflation. This justifies our setup in Sect. 1. We define the dimensionless parameter γ as
(M̃Pl/MPl) ≡ 10−3/γ , where γ is of order one.
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Fig. 2. The running of the slow-roll parameter η for γ = 0.5 and w̃ = 13.

In our numerical calculations we have chosen the cutoff scale �̃ = 3, so that the restriction in
Eq. (25) is satisfied. Then, Eqs. (24) and (27) imply that

VmaxM̃−4
Pl = 0.245 and σcr. = w̃−1(φcr./MPl) = 0.722. (31)

In turn, this yields the gravitino mass m3/2 and the gravitino condensate mass mcond. as follows:

m3/2 = 2.39M̃Pl and mcond. = mφ = √
8/11 m3/2 = 2.038M̃Pl. (32)

We numerically studied the running of the slow inflationary parameters ε = 1
2M 2

Pl(V
′/V )2 and

η = M 2
Pl(V

′′/V ) with respect to the inflaton field φ for values of the parameter γ of 0.1, 0.5, and 1,
and found that ε is always under O(10−4) so that it can be ignored within the errors of the Planck
2018 data. Then the value of the scalar index ns = 1 − 6ε + 2η = 0.9649 ± 0.0042 (with 68%
CL) [49] can be reached with η = −0.0177 at the horizon crossing by using the parameter w̃ of
order one. There are no additional constraints on the parameters γ and w̃ from demanding that the
e-folding number,

Ne = − 1

M 2
Pl

∫ φend

φini.

V

V ′ dφ, (33)

be between 50 and 60, as is desired for viable inflation, when assigning the inflaton field φ/MPl to run
somewhere between 0 and 5 during inflation. The running of the slow-roll parameter η is displayed
in Fig. 2.

In summary, our results qualitatively agree with those of Ref. [46], but quantitatively allow con-
siderably higher values of ε and r up to order O(10−4), contrary to the O(10−8) of Ref. [46],
with Planckian values of the inflaton φ during inflation, contrary to its sub-Planckian values of
O(10−3)MPl in Ref. [46]. Hence, the inflationary scale Hinf . can be as high as 1012 GeV versus the
1010 GeV of Ref. [46].

5. Adding the FI term

In order to uplift the Minkowski vacuum to a de Sitter vacuum (dark energy) in our approach, we
need an extra tool of spontaneous SUSY breaking. In the BI theory (without chiral matter) coupled
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to supergravity such a tool can be provided by the (alternative) FI terms [18–21] that do not require
the gauged R-symmetry, unlike the standard FI term [17] whose extension to supergravity is severely
restricted [48].

The (Abelian) gauge vector multiplet superfield V can be decomposed into a sum of the reduced
gauge superfieldV including the gauge field Aμ, and the nilpotent gauge-invariant goldstino superfield
G that contains only th egoldstino λ and the auxiliary field D [19],

V = V + G, G2 = 0. (34)

The simplest examples of the goldstino superfield are given by [18,19]

G1 = −4
W 2W̄ 2

D2W 2D̄2W̄ 2
(DW ) (35)

and

G2 = −4
W 2W̄ 2

(DW )3
, (36)

respectively, in terms of the standard N = 1 gauge superfield strength

Wα = −1

4

(D̄2 − 4R)DαV , (37)

where R is the chiral scalar curvature superfield. The Wα obeys the Bianchi identities

D̄ •
β

W
α

= 0 and D̄ •
α

W̄
•
α ≡ D̄W̄ = DαWα ≡ DW . (38)

The field components are given by Wα| = λα , DW | = −2D, and D(αWβ)

∣∣ = i(σ ab)αβFab + · · · .
The difference between the superfields G1 and G2 is only in the gauge sector, and is not essential for
our purposes here.

The extra FI term with the coupling constant ξ 	= 0 is given by

SFI = ξ

∫
d4xd4θEG, (39)

where E is the supervielbein (super)determinant [1]. This FI term is manifestly SUSY- and gauge-
invariant, does not include the higher spacetime derivatives of the field components, but leads to the
inverse powers of the auxiliary field D (up to the fourth order) in the non-scalar sector of the theory.8

Integrating out the auxiliary field D leads to a positive contribution to the cosmological constant,

Vξ = 1

2
ξ2 > 0. (40)

Matching Vξ with the observed cosmological constant allows us to include a viable description of
the dark energy into our approach. The phenomenological values of the cosmological constant and
the related contribution (ξ) to the VEV of the auxiliary field D are tiny, so that they do not affect our
considerations of the high-scale SUSY breaking in the previous sections.

8 The limit ξ → 0 does not lead to a well-defined theory, so that 〈D〉 = ξ must be non-vanishing.
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The nilpotent goldstino superfield G introduced above is composed of the usual (standard) super-
fields and, hence, is very different from the intrinsically nilpotent goldstino superfield introduced in
Refs. [35–38].

As the FI term affects the quartic and higher-order terms with respect to the gauge field and its
fermionic (spin-1/2) superpartner, back reaction of the FI term on the effective action should be
examined (work in progress). This should be done together with quantum renormalization of those
terms and, perhaps, requires a field-dependent FI parameter ξ . The D-type scalar potential and the
associated dark energy are expected to be unaffected because of cancellation of (perturbative) quartic
and quadratic (ultraviolet) divergences due to supersymmetry of the action.

6. Conclusion

The gravitino condensate can be considered as a viable candidate for the inflaton in supergravity,
when assuming the effective (quantum) gravity scale to be close to the (super-)GUT scale that is also
close to the SUSY-breaking scale in our approach, with all scales close to 1015 GeV. Actually, in this
scenario we have the hyper-GUT where all fundamental interactions merge, including gravity. At
the same time, it is the weak point of our calculations because we ignored (other) quantum gravity
corrections.

The inflationary (Hubble) scale is well below the GUT scale, and can be as large as 1012 GeV. The
gravitino mass is above the inflationary scale, so that there is no gravitino overproduction problem in
the early Universe. The constraints from proton decay and big bang nucleosynthesis are very weak
because of high-scale SUSY. Then, SUSY is not a solution to the hierarchy problem with respect to
the electroweak scale. This is similar to the setup studied in Refs. [50,51]. Our scenario is consistent
with the known Higgs mass of about 125 GeV after taking into account the extreme possible values
of the gaugino mixing parameter tan β in the context of SUSY extensions of the Standard Model
[52].

As regards reheating after inflation, the inflaton (gravitino condensate) field decays into other
matter and radiation, which is highly model dependent, as usual. Unlike Ref. [24], the inflaton as
the gravitino condensate cannot decay into gravitinos because Eq. (32) leads to the kinematical
constraint 2m3/2 > mcond.. It also implies that the gravitino cannot be a dark matter particle in this
scenario. A detailed study of reheating requires knowledge of the couplings of the gravitino and
gravitino condensate to the Standard Model particles, which is beyond the scope of this paper.

Acknowledgements

SVK was supported by the World Premier International Research Center Initiative (WPI), Ministry of Educa-
tion, Culture, Sports, Science and Technology (MEXT), Japan, and the Competitiveness Enhancement Program
of Tomsk Polytechnic University in Russia. SVK is grateful to the Albert Einstein Institute for Gravitational
Physics of Max Planck Society in Golm, Germany, for the hospitality extended to him during the preparation
of this paper, and to Andrea Addazi, Dmitri Bykov, Gia Dvali, Maxim Khlopov, Sergey Kuzenko, and Kai
Schmitz for discussions and correspondence.

Funding

Open Access funding: SCOAP3.

References
[1] J. Wess and J. Bagger, Supersymmetry and Supergravity (Princeton University Press, Princeton, 1992).
[2] D. V. Volkov and V. P. Akulov, Phys. Lett. B 46, 109 (1973).

11/13

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article-abstract/2020/1/013B05/5714862 by Tokyo M

etropolitan U
niversity M

athem
atics Library user on 27 January 2020

http://dx.doi.org/10.1016/0370-2693(73)90490-5


PTEP 2020, 013B05 R. Ishikawa and S. V. Ketov

[3] R. S. Jasinschi and A. W. Smith, Phys. Lett. B 173, 297 (1986).
[4] R. S. Jasinschi and A. W. Smith, Phys. Lett. B 174, 183 (1986).
[5] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961).
[6] S. Deser and B. Zumino, Phys. Rev. Lett. 38, 1433 (1977).
[7] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 429, 263 (1998)

[arXiv:hep-ph/9803315] [Search INSPIRE].
[8] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B 436, 257 (1998)

[arXiv:hep-ph/9804398] [Search INSPIRE].
[9] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [arXiv:hep-ph/9905221] [Search

INSPIRE].
[10] J. Kubo, M. Lindner, K. Schmitz, and M. Yamada, Phys. Rev. D 100, 015037 (2019)

[arXiv:1811.05950 [hep-ph]] [Search INSPIRE].
[11] S. V. Ketov and M. Yu. Khlopov, Symmetry 11, 511 (2019).
[12] T. Hatanaka and S. V. Ketov, Phys. Lett. B 580, 265 (2004) [arXiv:hep-th/0310152] [Search INSPIRE].
[13] S. M. Kuzenko, Phys. Rev. D 81, 085036 (2010) [arXiv:0911.5190 [hep-th]] [Search INSPIRE].
[14] H. Abe, Y. Aldabergenov, S. Aoki, and S. V. Ketov, J. High Energy Phys. 1809, 094 (2018)

[arXiv:1808.00669 [hep-th]] [Search INSPIRE].
[15] H. Abe, Y. Aldabergenov, S. Aoki, and S. V. Ketov, Class. Quantum Grav. 36, 075012 (2019)

[arXiv:1812.01297 [hep-th]] [Search INSPIRE].
[16] S. Cecotti and S. Ferrara, Phys. Lett. B 187, 335 (1987).
[17] P. Fayet and J. Iliopoulos, Phys. Lett. B 51, 461 (1974).
[18] N. Cribiori, F. Farakos, M. Tournoy, and A. Van Proeyen, J. High Energy Phys. 1804, 032 (2018)

[arXiv:1712.08601 [hep-th]] [Search INSPIRE].
[19] S. M. Kuzenko, Phys. Lett. B 781, 723 (2018) [arXiv:1801.04794 [hep-th]] [Search INSPIRE].
[20] Y. Aldabergenov, S. V. Ketov, and R. Knoops, Phys. Lett. B 785, 284 (2018) [arXiv:1806.04290

[hep-th]] [Search INSPIRE].
[21] N. Cribiori, F. Farakos, and M. Tournoy, J. High Energy Phys. 1903, 050 (2019) [arXiv:1811.08424

[hep-th]] [Search INSPIRE].
[22] Y. Aldabergenov and S. V. Ketov, Phys. Lett. B 761, 115 (2016) [arXiv:1607.05366 [hep-th]] [Search

INSPIRE].
[23] Y. Aldabergenov and S. V. Ketov, Eur. Phys. J. C 77, 233 (2017) [arXiv:1701.08240 [hep-th]] [Search

INSPIRE].
[24] A. Addazi, S. V. Ketov, and M. Yu. Khlopov, Eur. Phys. J. C 78, 642 (2018) [arXiv:1708.05393

[hep-th]] [Search INSPIRE].
[25] A. A. Starobinsky, Phys. Lett. B 91, 99 (1980).
[26] M. Born and L. Infeld, Proc. Roy. Soc. Lond. A 144, 425 (1934).
[27] E. S. Fradkin and A. A. Tseytlin, Phys. Lett. B 163, 123 (1985).
[28] R. G. Leigh, Mod. Phys. Lett. A 4, 2767 (1989).
[29] J. Bagger and A. Galperin, Phys. Rev. D 55, 1091 (1997) [arXiv:hep-th/9608177] [Search INSPIRE].
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