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We construct inflationary models in the context of supergravity with orthogonal nilpotent su-
perfields [1]. When local supersymmetry is gauge-fixed in the unitary gauge, these models describe
theories with only a single real scalar (the inflaton), a graviton and a gravitino. Critically, there is no
inflatino, no sgoldstino, and no sinflaton in these models. This dramatically simplifies cosmological
models which can simultaneously describe inflation, dark energy and SUSY breaking.

Introduction. In this letter we show that the re-
cently constructed models of supergravity with orthog-
onal nilpotent superfields [1] significantly simplify con-
struction of cosmological models which simultaneously
describe inflation, dark energy and SUSY breaking. Now
one can achieve this goal using the absolutely minimal
number of ingredients: graviton, gravitino, and a single
real scalar, the inflaton. Our methods apply to a broad
class of inflationary theories, but they are especially suit-
able for describing a-attractors [2], which provide a very
good fit to the latest cosmological data [3].

Orthogonal nilpotent superfields. Global supersym-
metry models with orthogonal nilpotent superfields were
studied in [4,|5]. Their generalization to local supergrav-
ity interacting with orthogonal nilpotent multiplets was
presented in [1]. The models depend on two constrained
chiral superfields, S and ® [G]. A stabilizer S has a nilpo-
tency of degree two, 8™ = 0 for n > 2. This constraint
removes the complex scalar S(x), sgoldstino, from the
bosonic spectrum. The chiral inflaton multiplet ® has as
a first component a complex scalar ®(z) = ¢(x) + ib(z).

One can form a real superfield B = % (<I> — ‘5) with the

first component b(x), the sinflaton, and impose the or-
thogonality constraint SB = 0. As a result, fields in the
inflaton multiplet are no longer independent: the sinfla-
ton b(z), inflatino x?® and the auxiliary F® become func-
tions of the spin 1/2 field x*® in the S-multiplet. All of
these fields vanish in the unitary gauge x® = 0, which
fixes the local supersymmetry of the action.

It follows from S? = 0 and SB = 0 that B is nilpotent
of degree 3, B™ = 0 for m > 3, |4, 5, [7]. The second real
superfield which can be formed from the chiral inflaton

superfield is A = %(@ + <i>). It starts with one real
inflaton scalar field, ¢(x).

The unusual property of these models is that in the
unitary gauge, fixing local supersymmetry, there is only
one real scalar ¢(z), a massless graviton and a massive
gravitino. There is no sgoldstino, no sinflaton and no
inflatino. An essential property of these models is that
the form of the potential is different from the standard

supergravity potentials, as shown in [1/]:

V =B (|DsW|? — 3W?) . (1)

S=8=p—5=0

First, the 3 scalars S, S and ® — ® vanish, there is no
need to stabilize them. Secondly, the terms which would
normally be present in the potential, quadratic and linear
in DgW , are absent, despite the fact that DgW can be
arbitrary. This is because the auxiliary field F® from the
inflaton multiplet is fermionic as a consequence of the
orthogonality constraint SB = 0.

Here we will study supergravity models with con-
strained superfields

K(S,S;®,®), W= f(®)S+g(®), S*=SB=0. (2)

The consistency of these models with the constraints was
studied in [1] where it was shown that the superfield
Kahler potential can be also brought to the form

K(S,5;®,8) =SS+ h(A)B?. (3)

This means, in particular that the Kéhler potential in
supergravity vanishes when the bosonic constraints are
imposed:

K(SS;®,®) =0. (4)

S=S=d—-d=0

Note, however, that the bosonic constraints S = S =
® — & = 0, when deriving the supergravity action, have
to be applied only after the relevant derivatives over S
and S and ® and ® are taken.

For models with orthogonal nilpotent superfields, the
inflaton action is very simple. Taking into account ()
and with a proper normalization of S, we find

¢ Ling = —Kq 50200 + [3g*(®) — f2(®)]| . (5)

P=3

Kihler potentials in models with S? = SB = 0.
Many successful inflationary models in supergravity are
based on theories where the Kéahler potential either van-
ishes along the inflaton direction, or can be represented
in such form after some Kahler transformations, see for



example [8-14, [16]. In models with S? = SB = 0, where
B = (® — ®)/(2i), this requirement is naturally satisfied
@), @.

Here we study the cosmological models with orthogo-
nal nilpotent superfields ([2)) over several different Kahler
potentials. The simplest Kahler potential with a flat di-
rection describing a canonically normalized inflaton field
¢ = Re ® is given by [9, 10]

K:—%((I)—(i))QJrSS. (6)

Here the geometry of the moduli space is flat.

We will be especially interested in the Kéhler poten-
tials for a broad class of cosmological attractors describ-
ing Escher-type hyperbolic geometry [11, [12] of the in-
flaton moduli space. Compatibility of the constraints
S? = SB = 0 with the hyperbolic geometry is demon-
strated in the Appendix. Examples of such Kahler po-
tentials include

K= —§alog

5 L (1_(1)@22 +85 . (1)

1—-®2)(1-9)

It describes hyperbolic geometry in disk variables. The
same geometry can be described in half-plane variables
by the Kahler potential

3 [((I) + @)?

K=—=alog 133

5 ] +S8S. (8)

These two versions correspond to equivalent ways of
describing the Kéahler geometry of a-attractors. See
refs. [12-14] and the Appendix of our paper for a dis-
cussion of this issue.

One may also consider these Kahler potentials with the
term SS under the logarithm. In all of these cases, the
Kiihler potential vanishes for ® = ®, and K 5.5 = lorcan
be brought to Kg g = 1 by a holomorphic transformation
defined in [1]. The inflaton action is given by (@), and

the inflaton potential is given by a simple expression

V= f3(¢) - 3¢%(9) - 9)

This result is similar to the expression V = f2(¢) for
the family of models with W = S f(®) developed in [10].
The new generation of models is different in two respects.
First of all, it describes a non-vanishing gravitino mass

m3/2(¢) =9(¢) . (10)

Additionally, it may also describe non-vanishing vacuum
energy (cosmological constant) at the minimum of the
potential. Without any loss of generality one may assume
that the minimum of the potential corresponding to our
vacuum state is at ¢ = 0. The cosmological constant is
equal to

A= f2(0) = 3¢%(0) . (11)

The condition that ¢ = 0 is a minimum implies that
f'(0) = v/3¢'(0), up to small corrections vanishing in the
limit A — 0.

These conditions, plus the requirement that the func-
tions f(¢) and g(¢) are holomorphic, leave lots of freedom
to describe observational data. Indeed there are many
ways to do so, depending on the choice of the Kahler
potential.

Even though the expression of the potential V =
2(¢) — 3¢°(¢) is valid for all choices of the Kéhler po-
tentials described above, the field ¢ in the theories with
the Kahler potentials (7)) and (8]) is not canonically nor-
malized. In the theory () the field ¢ is related to the
canonically normalized inflaton field ¢ as follows:

¢ = tanh \/% . (12)

Meanwhile for the theory () one has
p=e Via¥ (13)

Thus, the potential V = f2(¢) — 3g%(4), expressed in
terms of a canonically normalized field ¢, depends on
the choice of the K&hler potential. In the next section
we will describe several realistic inflationary models in
this context.

Inflationary models.

Model 1: f(¢) = M¢? +a, g(¢)="b.
The potential in this model is

V = M%¢* + 2aM¢* + a® — 3b* . (14)

The cosmological constant in this model, and all other
models we present here, is equal to

A =a® - 3b% (15)

In realistic models we should have A ~ 10720 due to an
almost precise cancellation between a? and 3b? in accor-
dance with a string landscape scenario. The gravitino
mass is mg/p = b, which nearly coincides with a/ V/3. For
b ~ 107! one can have the gravitino mass in the of-
ten discussed TeV range. To have a proper amplitude of
scalar perturbations one should have M ~ 107° > a, b.

If we consider a model with the simplest canonical
Kiébhler potential (@), the potential (I4]) is quartic with re-
spect to the canonically normalized inflaton field, which
rules out this simple model.

The situation instantly improves in the theory with
the logarithmic Kéhler potential (7)), which yields the
following potential in terms of the canonically normalized
field ¢:

V = M?tanh® L+2aMtanh2 L+a2—3b2 . (16
VA6 VA6 ( )



This is the typical T-model « attractor potential [2]. In-
flation occurs at the plateau where tanh \/% ~ 1. In this
regime the second term in ([I6]) is much smaller than the
first term, and both terms are much greater than A, so
inflation is described by the quartic T-model potential

2 4 ¥
V = M*tanh o (17)
The observational predictions of this model for av < 10
practically coincide with the predictions of the simpler
model V = M2 tanh? \/%, for the same number of e-
foldings N [2]. However, at the end of inflation in the
model (7)) the inflaton field begins to oscillate in the ap-
proximately quartic potential ~ ¢*. The average equa-
tion of state during this stage is the same as of the hot
plasma, p = p/3, as if reheating finishes immediately
after inflation. This increases the required number of e-
foldings by AN ~ 3 [15]. In its turn, this leads to a slight
increase of the spectral index ng, which may provide even

better fit to the recent Planck data.

Model 2: f(¢) = M¢? +a, g(¢p) =me?+b
The potential is

V = (M?—3m?)¢* +2(Ma —3mb)p? +a® — 3b* . (18)

This model is very similar to the previous one, but
there is one potentially interesting difference: The grav-
itino mass depends on the inflaton, m3/, = mao? + b.

Model 3: f(¢) = /2262 + a2,  g(¢) =D

The potential is

M2
T2

The potential for ¢ is exactly quadratic, plus a cosmo-
logical constant.

In the theory with the logarithmic Kéahler potential
(@) this potential becomes a potential for the simplest
a-attractor model of the canonically normalized field ¢:

v ¢* +a® — 3b% . (19)

M? %)
V = — tanh? —2— + q% — 3b% . 20
5 o (20)

The gravitino mass is mg/, = b.

Model 4: f(¢) = /2262 + a2, g(¢) = /2>¢% + b2

In this model one has

M? — 3m?

V= %¢2+G2—3b2. (21)

In the theory with the logarithmic Kéhler potential ()

the potential of a canonically normalized inflaton field
becomes

2 _ 9.2
V= M” — 3m tanh? Ld
2 Vba

+a?—-3v%.  (22)

This model is very similar to Model 3, but the gravitino

mass is ¢-dependent, mg/5 = y /m72¢2 42

Model 5: f(¢) = \/F2(¢) +a?, g(¢) = /G*(¢) + b>

In this model

V = F?(¢) —3G*(¢) +a®> — 3b%, mye = \/G2(}) + b2
(23)

Because of the freedom of choice of the holomorphic func-
tions F’ and G, one can have a wide variety of potentials
fitting all observational data even if the fields ¢ is canon-
ically normalized, with the Kéhler potential (@), see e.g.
[16]. Meanwhile in the theories with the K&hler potential
([@ one finds a family of T-model a-attractors with

2 ¥ 2 ¥ 2 2

V = F*(tanh \/6_a) 3G*(tanh \/6_a) +a”—3b° . (24)
For a wide range of functions F' and G, these theo-
ries have universal cosmological predictions for a < 10
and any given number of e-foldings: ns = 1 — 2/N,
r = 12a/N? |2]. However, by a proper choice of the func-
tion F' one can modify the required number of e-foldings
N, which can be useful for tuning the predictions for ng.

Model 6: f(¢) = /(1= ¢)*>+a*  g(¢) =0
It is a particular version of Model 5 for F(¢) = M (1 — ¢)
and G(¢) = 0. This yields

V=M1-9¢)>+A, A=da>—-3b" myz,=>0 (25)

Using the half-plane Kéhler potential (8) and the relation

o= e V& (@3) one finds
2
V:MQ(l—e’ s%*") AL (26)

This represents the family of E-model a-attractors |2, [11],
which reduces to the Starobinsky model fora =1, A =0
and mg/, = 0. Meanwhile our class of theories describes
E-models with arbitrary o, A and mgs.

Conclusions. As one could see from the previous sec-
tion, it is very easy to formulate and analyze models with
orthogonal nilpotent fields. Previously, it was a much
more complicated task because of certain constraints im-
posed on inflationary models with nilpotent fields, see
e.g. [17H19] and the more advanced models presented in
[14]. These constraints where required for simplification
of the fermionic sector, but they are no longer required in
the new class of models where the fermionic sector is triv-
ial because the inflatino disappears in the unitary gauge.
As a result, we have lots of flexibility in finding econom-
ical models containing only inflaton, graviton and grav-
itino, and yet capable of simultaneously describing infla-
tion, dark energy and SUSY breaking. Note that SUSY
breaking is achieved without introducing light Polonyi-
type moduli, which plagued supergravity cosmology for
more than three decades.



The absence of the inflatino also helps us argue that
there there is no problem with the unitarity bound dur-
ing inflation in these models. The effective cutoff in su-
pergravity is the scale at which scattering amplitudes
violate unitarity bound. In the theories with nilpotent
fields in Minkowski space, this cutoff is expected at A ~
VM3 2 M, [18]. Tt was argued in [5] that the cutoff dur-
ing inflation is expected at A ~ /H M,,. More precisely,
it was shown in [20] that helicity 1/2 gravitino projectors
in an expanding universe instead of m3/, involve the ef-

fective gravitino mass ,/H?2 + mg /20 Therefore the UV

cutoff is expected at A ~ (H2+m§/2)1/4M1}/2 > /HM,,.
During inflation with H < M), this cutoff is much higher
than the typical energy of inflationary quantum fluctua-
tions ~ H.

In general, there could be some additional contribu-
tions to scattering due to gravitino-inflatino mixing, but
in our models there is no inflatino. Therefore no viola-
tion of the unitarity bound is expected during inflation
at sub-Planckian energy density.

We hope to return to this issue in the future, simulta-
neously with investigation of reheating in the new class of
models. In particular, we expect that the absence of the
inflatino should significantly simplify the theory of non-
thermal gravitino production by an oscillating inflaton
field [20-23].

We are grateful to S. Ferrara and J. Thaler for many
enlightening discussions and collaboration. JJMC is sup-
ported by the European Research Council under ERC-
STG-639729, ‘Strategic Predictions for Quantum Field
Theories’. The work of RK and AL is supported by the
SITP, and by the NSF Grant PHY-1316699. The work of
AL is also supported by the Templeton foundation grant
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Appendix A. Hyperbolic geometry models with
orthogonal nilpotent superfields

Three equivalent versions of a-attractor models with
S2(x,0) = 0 and hyperbolic geometry of the inflaton
moduli space |11, [12] are given either by a disk geom-
etry ZZ < 1,

(1—227)?
(1-22)(1-72")

W = A(Z) + SB(Z), (27)

K= —§o¢10g

5 +85,

or a half-plane geometry, T + T > 0,

3 (T +1T)? .
K——50410g [W} +SS,

W = G(T) + SF(T) . (28)

or a Killing adapted geometry

i )
VA"

) ®
W = A(tanh —) + SB(tanh —
(an \/@) (an \/@)

= G(eVF?) + SF(eVFHT) . (29)

K:—3alog[cosh } + 99,

In all of these models the Kahler potential and the super-
potential, separately, are related by a change of variables

1+Z
T:L

7 T=eVi® (30

P

Z = tanh NS
Now we would like to impose the orthogonality constraint
on our superfields. The Killing-adapted variable ® in (29)
is an unconstrained superfield whose scalar part is not
restricted by the boundaries. Therefore we may start by
imposing the orthogonality and the nilpotency constraint
in the form

S?=0, S(®-®)=0, (-®)"=0,n>3, (31)
Using the relation between these variables, one can de-
rive the related constraints for the disk and half-plane
variables Z, and T, respectively.
S(®-®)=0 = S(Z-Z)=0 = S(T-T)=0.
It can be shown also that the Kéhler potentials in (27]),
@8), [29), take the form of eq. [B) due to orthogonality
constraints.

For the Kahler potential ([29), one finds that the cor-
responding h(A) = 1 in eq. @) and therefore the model
with hyperbolic geometry in variables shown in (29) with
constraints B3 = 0 is reduced to the simplest form of
the shift-symmetric, inflaton-independent Kahler poten-
tial given in eq. (B). In disk and half-plane variables,
the corresponding h(A) are not trivial and lead to non-
canonical kinetic terms for the inflaton.
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