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It has been argued that supergravity models of inflation with vanishing sound speeds, ¢, lead to an
unbounded growth in the production rate of gravitinos. We consider several models of inflation to delineate
the conditions for which ¢, = 0. In models with unconstrained superfields, we argue that the mixing of the
Goldstino and inflatino in a time-varying background prevents the uncontrolled production of the
longitudinal modes. This conclusion is unchanged if there is a nilpotent field associated with
supersymmetry breaking with constraint S = 0, i.e., (s)Goldstino-less models. Models with a second
orthogonal constraint, S(® — &)) = 0, where ® is the inflaton superfield, which eliminates the inflatino,
may suffer from the overproduction of gravitinos. However, we point out that these models may be
problematic if this constraint originates from a UV Lagrangian, as this may require using higher derivative
operators. These models may also exhibit other pathologies, such as ¢, > 1, which are absent in theories

with the single constraint or unconstrained fields.
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I. INTRODUCTION

Although supersymmetry has so far eluded discovery at
the LHC [1,2], it remains an important component for
building models beyond the Standard Model, particularly
when going to grand unified scales and beyond. It is well
known that supersymmetry can provide for the naturalness
of the weak scale [3], the unification of gauge couplings
[4], and a cold dark matter candidate [5,6]. As supergravity
[7,8] is the extension of supersymmetry that includes
gravity, it is the natural framework for any cosmological
scenario involving supersymmetry. Thus, the gravitino also
becomes a component in postinflationary cosmology.

The gravitino has long since been a cosmological
headache [9-12]. It has the potential to overclose the
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Universe if it is stable (and hence, a dark matter candidate),
or lead to an overabundance of the lightest supersymmetric
particle if it decays. While inflation may dilute any
primordial gravitinos [11], they are reproduced during
reheating after inflation [6,13-33]. Decaying gravitinos
may also upset the concordance of big bang nucleosyn-
thesis [34], and these constraints result in limits on the
gravitino abundance that ultimately translate into limits on
the reheat temperature [19,24,26,35,36].

In addition, there is also a nonthermal contribution to the
gravitino abundance stemming from the nonperturbative
decay of the inflaton when supersymmetry is broken during
inflation [22,37-42]. However, it was shown that what is
produced in this process is the Goldstino, that is, the
combination of fermions contributing to supersymmetry
breaking at the time of their production. At the inflationary
scale, the Goldstino is typically dominated by the inflatino,
the fermionic partner of the inflaton. The longitudinal
component of the gravitino at low energy is associated with
the true Goldstino, which may be unrelated to the inflatino
produced in reheating [40,41]. The production of inflatinos
may be problematic, particularly if the mass of the inflatino
is less than the mass of the inflaton, but may be suppressed,
and the final gravitino abundance is model dependent [43].

It has been claimed in [44], and more recently, in [45,46],
that if the sound speed, c,, for gravitinos were to vanish,
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there would be a catastrophic nonthermal production of
slow gravitinos [47]. This is due to the lack of suppression
in the production of high momentum modes in the helicity
1/2 spectrum. While ¢, may indeed vanish in certain
models of inflation derived from supergravity, as in the case
of the nonthermal production of the longitudinal mode,
mixing with other fermionic fields whose scalar partners
have nonvanishing time derivatives precludes the runaway
production of gravitinos. Nevertheless, in some realizations
of nonlinear supergravity with constrained fields, the
inflatino may not be present in the spectrum, and indeed,
catastrophic production may occur.

In this paper, we consider the conditions that lead to
¢y = 0. We look at several models of inflation in super-
gravity theories and distinguish those for which ¢, = 0 at
some point in the postinflationary oscillation period of the
inflaton. We stress that ¢, = 0 is not a generic feature of
supergravity inflation models. Further, we argue that even if
¢y, = 0, in the absence of constrained fields, catastrophic
gravitino production does not occur. Indeed even in con-
strained models with a nilpotent field (eliminating a scalar
from the spectrum) [48-57], there is no catastrophic
production. Only when a second, orthogonal constraint
[58-62], which eliminates the pseudoscalar, fermionic, and
auxiliary partners of the inflaton, can catastrophic produc-
tion occur when ¢; = 0. In a time dependent background, if
the inflatino is present in the spectrum of the theory, it
couples at the linear level to the longitudinal gravitino. In
this context, the physical gravitino sound speed is an
eigenvalue of a 2 x 2 matrix, which, as we show, is not
suppressed. For simplicity, in this work, we always denote
as ¢? the diagonal entry corresponding to the gravitino field
(rather than the physical eigenvalue). In [44], only models
with both constraints were considered' leading to a
truncated equation of motion for the longitudinal compo-
nent of the gravitino [58] and explosive particle production.
While the nilpotent constraint can easily be viewed as the
infrared limit of a heavy (s)Goldstino (the scalar field
associated with supersymmetry breaking), the orthogonal
constraint appears to require higher derivative operators in
the action [62]. Indeed, we would argue that the constraints
from gravitino production signal a further problem for the
orthogonal constraint rather than imposing conditions on
general models of inflation in supergravity.

In what follows, we first consider, in Sec. II, the
calculation of the sound speed in supergravity theories.
It is easy to see that in models with a single chiral field,
¢, = 1. We next consider, in Sec. III, several models of
inflation with supersymmetry breaking showing that c; is
quite model dependent. In some cases, ¢, = 0 occurs at

'On the other hand, this constraint is not always invoked in the
models considered in [45,46]. We stress that it is incorrect to
disregard the mixing with the inflatino in absence of this
constraint.

some specific points during the oscillation of the inflaton,
while in other often studied models, ¢, ~ 1 always. In
Sec. IV, we reconsider the equations of motion for the
longitudinal component of the gravitino. We show clearly
that even when ¢, = 0, there is no enhanced production of
gravitinos. The nilpotency conditions are discussed in
Sec. V. With a single nilpotent field, our conclusions are
left unchanged. Only when a second orthogonal condition
is imposed, and the inflatino is eliminated from the
spectrum, is there the potential for explosive gravitino
production. A discussion and our conclusions are given
in Sec. VL.

II. GRAVITINO SOUND SPEED IN
SUPERGRAVITY

It is argued in [45,46] that the vanishing of the gravitino
sound speed is accompanied by a catastrophic gravitino
overproduction during the first set of inflaton oscillations.
The mathematical reason for this statement can be under-
stood from the linearized theory of an uncoupled longi-
tudinal gravitino. The gravitino has a dispersion relation of
the type @? = c2k* + a*m*(t), a being the scale factor and
k the comoving momentum. As is well known from studies
of preheating [63-66], a nonadiabatic change of the
frequency, w}/@; > 1 (where prime denotes derivative
with respect to conformal time) results in significant
particle production. Normally, the k> term ensures that
the variation is adiabatic in the deep UV, so that modes of
high momenta remain in their vacuum state. This is not the
case if ¢2 = 0. In fact, the production obtained in [44—46] is
formally divergent in the UV, and it is presumably regulated
by higher-order operators. This would, in any case, result
in the production of an unacceptably large gravitino
abundance.

As we shall see in Sec. IV, this problem is typically not
present in multifield models, since in this case, the
longitudinal gravitino is coupled already at the linearized
level to a linear combination Y of the fermions in the theory
[39,41]. The gravitino momentum term is then replaced by
a matrix in field space, that is nonsingular when c¢? = 0.
Therefore, the physical eigenvalues of the system do not
vanish, and the catastrophic production in the UV is
avoided.

We begin by first computing ¢, in supergravity. The
equations for the transverse and longitudinal gravitino
component presented in this work follow the formalism
of Ref. [39]. In that work, the Friedmann-Lemaitre-
Robertson-Walker line element is chosen according to
ds* = a*(r)[—dz* + dx*], where 7 is the conformal time.
We denote by y# the gamma matrices in flat spacetime.
We work in units of M p= 1, where M » is the reduced
Planck mass.

The equation of motion for the transverse gravitino
component is
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(200 + iy'k; + ams )" =0, (1)

where k is the comoving momentum, and 0J, is the
derivative with respect to the conformal time. The propa-
gation of the transverse mode of the gravitino is not directly
affected by the supersymmetry breaking mechanism and
obeys a classical Dirac equation with a speed of sound
¢y, = 1. The gravitino mass is given by

, (2)

where K and W denote the Kihler potential and the
superpotential, respectively.

The equation for the longitudinal gravitino will be
presented and discussed in Sec. IV. Here, we discuss
one important difference with Eq. (1) for the longitudinal
component. Namely, the momentum-dependent term in the
equation for the longitudinal component is multiplied by a
function of the background scalar fields, that, once squared,
is identified as the square of the longitudinal gravitino
sound speed c2,

ms;,, = CK/2|W

, (p- 3’"%/2)2 4m§/2 3
CS_(+3m2 )24—(4—32 2’ (3)
P 32 P m3/2)

where p is the pressure, p is the energy density, and dot
denotes the derivative with respect to cosmological time.
Reference [45] provides a rather compact expression for
this quantity in a supergravity model, namely,

4 . o
s{@PFI* =@ F*}y, (4)

S . S
' (Ip> + [F?)

where ¢ is the multiplet of scalar fields in the model, and
the F term is

Fi=eK2K D W, (5)

where, using standard supergravity notation, K/~ is the
inverse of the Kihler metric,

K

= 6
t a(pla[pj* ( )
while
oW 0K
DW= - - W.
lW aq)l + 8(ﬂl (7)

The dot operator in Eq. (4) denotes a scalar product with the
Kihler metric (6), namely, |¢[* = ¢'K,-¢’*, and analo-
gously for the other terms. Notice that due to the Cauchy-
Schwarz type inequality |@|*|F|> > |¢p- F*|?, causality
¢y <1 is always guaranteed to hold.

In the case of a single chiral superfield, the two terms in
the curly bracket in Eq. (4) are equal to each other, and
therefore, c; = 1. Thus, ¢? ~1 is expected whenever a
single field dominates the kinetic energy and supersym-
metry breaking in the model.

Reference [45] considered the case in which multiple
fields are relevant, and they conspire to give a vanishing or
nearly vanishing c2. This can be achieved if

@9 F*=0 and ¢-¢"=F-F'=c2=0. (8)

Note that the first of these conditions, ¢ - F* =0, is
realized whenever the gravitino mass is constant. These
conditions can be satisfied during inflaton oscillations after
inflation. Typically, the inflaton dominates the kinetic
energy, so the condition ¢ - F* ~( generically requires
that the F' term associated with the inflaton is small. Barring
cancellations, this would typically require that both W and
%—Z, where ¢p denotes the inflaton field, are small. We note

that the potential energy is given by

V=FF —3eK|W

g ©)

which we can approximate by V~ F - F* if W is small.
Then the second condition in (8) simply demands that the
kinetic and the potential energy are equal to each other,
which happens twice per period of the inflaton oscillations.
In Sec. III, we discuss several supergravity models of
inflation where these conditions are and are not achieved.

III. GRAVITINO SOUND SPEED IN
SPECIFIC MODELS

In this section, we consider several specific supergravity
models where c¢Z is very small, or is of order one, to
emphasize what aspects of the model can lead to a slow
gravitino.

We start our discussion from a model constructed in [45],
where @ is the inflaton superfield while S is a superfield
responsible for supersymmetry breaking. Reference [45]
imposes that this field is nilpotent, S> = 0. To study the
relevance of this assumption, we instead use a strong
stabilization mechanism for S [12,67-73] (see also
Sec. V below),

(® — D)? N §S (s8)?
2 1+2 @) A
W =MS + W,. (10)

k]

The resulting potential is extremized along the real
directions ® = d = \% S=8S= i The minimum of
the potential with respect to s is ¢ dependent and given by
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A2

We see that, as is typical for strong stabilization, (s),
vanishes in the limit A — 0. Inserting this into the potential,
leads to

2¢2 1
ERNNC )

>A2 +0(AY.  (12)

In both Eqs. (11) and (12), the parameter W, has been set to
Wy = \/—( A & + O(A%)), so to have a vanishing poten-

tial in the minimum at ¢ = 0. In the minimum, the
gravitino mass is given by

M

m =—+ O(A?). 13

3/2 s V3 + O(A?) (13)
From Egs. (12) and (13), we see that m corresponds to the
inflaton mass, while (assuming gravity mediation), M to
the supersymmetry breaking scale in the model. Therefore,
the ratio (m/M)? ~ (m/my),)* appearing in the Kihler
potential is typically much greater than 1 in models with
weak-scale supersymmetry breaking.

Evaluating the quantities entering in Eq. (4) leads to

L@ {1 8\/§A2M4}
- \/2 ’ f m* ¢5
: 22MA* mP¢?
R YEEE AN (14
3 mt¢p® T 2M
where i = 1, 2 corresponds to the field @, S, respectively.
These expressions hold for A < 1 and M? < m*¢?, and
only the dominant term has been retained in each entry.
From Eq. (14), we see that the model approximately
meets the conditions (8) for a vanishing sound speed.
The scale of the superpotential, M, is much smaller than the
inflationary scale, m, and dW/d¢ = 0. In particular, the

inflaton provides a negligible contribution to supersym-
metry breaking. Applying Eq. (4), we find

P _m M? 2
= (W) +O(A?), (15)
5=+ M
which indeed vanishes to O(A”) when the inflaton kinetic
and potential energy are equal to each other (disregarding
the subdominant M? correction). Expanding the various
terms to higher order in A we find that, when the O(A°)
vanishes, the minimum sound speed is

256A* [ M\ 10 M?

The strong stabilization condition A <« 1 provided us
with an expansion parameter to organize the study of the
model and present a simple analytical result. However, we
see that it (or the nilpotency condition) is not the origin for
the near vanishing of ¢, which is instead mostly due to the
absence of ¢ from the superpotential and from the small-
ness of the mass scale M.

To emphasize this, let us consider a different model with
strong stabilization, which does not lead to a small
gravitino sound speed. The model [74] is also characterized
by the two superfields @ and S, and by

(- |4
K= e
W=f@)1+55).  f(®)=fot+z @ (17)

The Kihler potential in this model is relatively simple, and
the origin of the inflationary potential resides in the
superpotential. Supersymmetry breaking in the vacuum
is due to the constant f, though supersymmetry breaking
gets a contribution from the inflaton during inflation and in
its subsequent oscillations. We can anticipate that the
condition (8), and in particular, ¢ - F* = 0 will not be
satisfied.

As in the previous example considered, this model has
real solutions. The field s is stabilized to a ¢ dependent

O(A?) Value while the parameter § can be set to J =

V3425

vamshes in the minimum at ¢ = 0. We then find that
the potential and the gravitino mass are given by

—|— O(A*) to ensure that the vacuum energy

V(g) = VO (g) + O(A2).
maa () = m)s(h) + O(A?), (18)
with
vog =lr@E ="
and
m 2
@) = @) = fo+ " (20)

and we see that m is the inflaton mass, while f; is the
gravitino mass in the vacuum. In terms of the zeroth order
potential and gravitino mass, the ¢-dependent minimum
value of s is given by the compact expression,
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02 _ /(0
2m; VA2
/2 4
<s>¢: 02 + O(A%). (21)
mg />2 2v6

For this model, we then have

Fi= {m—\/g,\f(fo+—¢2)}+0(/\2). (22)

We see that F? is not suppressed, and hence, we do not
expect a small sound speed. Indeed, we obtain

6
2=1- o' 3/2 + O(A?)

B + VO + 3miP)
2 3 h2 P38 g
[P0+ + B .zzzmzfﬁ +o(@,/\2), (23)
[42(1+3¢%) + 4] "

which is always of O(1).

The comparison of the two models (10) and (17) shows
that, as already remarked, the main cause for the suppressed
sound speed is the smallness of the inflaton F term. In the
model (10), this happens because of the rather peculiar fact
that @ is absent from the superpotential, particularly when
combined with the lack of mobility of § (S =0 in the
nilpotent limit A — 0). That is, ¢ and F* are nearly
orthogonal (¢ ~ {¢,0}, F' ~{0,Fs}). In the model of
(17), that is clearly not the case, as there is a large
contribution to supersymmetry breaking from @ as long
as @ is displaced from its minimum at @ = 0. Thus, with
this latter simple example, we see that ¢, — 0 is not a
general consequence for supergravity models of inflation
nor for the restricted set of examples with a nilpotent field.

The above two examples, lead to chaotic inflation
models of the type V = m?¢* [75]. As this model is
disfavored due to the upper limit on the tensor-to-scalar
ratio (the model predicts r = 0.13, whereas the experimen-
tal upper limit is r < 0.06 [76-78]), we next consider an
alternative set of models leading to Starobinsky-like infla-
tion [79]. These models are based on no-scale supergravity
[80,81], which can be derived from string models as their
effective low-energy theories [82]. Further, there is a strong
relation between no-scale supergravity and higher deriva-
tive theories of gravity [83-85]. Starobinsky inflation
models in no-scale supergravity generally require two
chiral superfields, one of which is associated with the
volume modulus of string theory. Depending on a choice of
basis, this or the second field may serve as the inflaton
[71,86,87]. In the former, it is necessary to include a third
chiral multiplet for supersymmetry breaking. In the remain-
der of this section, we consider an example of each type.

In the first Starobinsky-like model we consider, the
volume modulus serves as the inflaton [71,88]. As noted
above, to include supersymmetry breaking, we need to add
a third chiral superfield [72,73,89], which we denote as Z
and plays the role of a Polonyi field [90].> The Kihler
potential and superpotential can be written as

= ISI4 1 Z*
=m {xf S( 2) +8(Z + b)} (24)

As we will see, Starobinsky inflation is obtained for S and
Z near 0.

As in the previous cases, the model admits real solutions,
and we parametrize as ® = ® = ¢, S S=s,Z=7=z.
The potential is minimized by () =1+ 2+ 0(5% A?), by

2
(s) =6+0(8.A%), and by (z) =2Lz+O(FA%AY),
. _ 52
where the coefficient b has been set to b = \%( -%) +

O(8*, A?) s0 to have a vanishing potential in the minimum.
In the minimum, the gravitino mass is

mé
=—+mxO(5,A). 25
msz \/§ m ( ) ( )

The extremization of the potential with respect to s and z
when ¢ is away from the minimum gives instead

4N24
o = 3502970+ /fg(l gt O, A%),
0, = 2NA%
3V3[36(1 - 2¢)%¢ + A3(1 + 4¢ — 4¢%)]
+ O(8°A%, A*Y). (26)

The potential along this direction is

~3m? (1 -2¢)?
V= 16 ¢?

Note that unlike the previous examples discussed, ¢ does
not have a properly normalized kinetic term. For small s
and z, the canonical field is given by

p= \é In (2¢). (28)

*The model described here is the untwisted Polonyi field
model of Refs. [72,73,89]. Analogous result are obtained for the
twisted Polonyi field model of that work. To keep a notation as
close as possible to that of the models (10) and (17) discussed
above, we have relabeled as ® and as S the inflaton and the
stabilizer field that were denoted, respectively, as T and ¢ in those
papers.

+m? x O(8%, A?). (27)
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so that the potential becomes
3m? 2
V:T(l—e 7). (29)

The inflaton mass is m, and hence, we see that § < 1 is the
ratio of the gravitino mass to the inflaton mass and justifies
the limit that we have adopted in our analysis. Along this
direction, labeling as 1,2,3 the fields @, S, Z, respectively,
we find

o' ={p.mx O, AY),mx O(A?)},

V3(1-29)

Fi:m{O(é,AQ),— N

O, A2), 0, AZ)}.
(30)

We see that ¢ - F is suppressed, leading to the possibility of
a small gravitino sound speed. We indeed find

72 2 2\ 2
2 = <4§.[’2 m=(1 = 2¢) ) + O3, A%, (31)
4¢" + m?(1 = 2¢)?
and the leading term can vanish during the oscillations of
the inflaton.

We conclude this section with a second no-scale super-
gravity model, based on a simple Wess-Zumino form for
the inflaton superpotential [91]. In this case, the volume
modulus is strongly stabilized [71]. This simple model
further emphasizes that the suppression of the sound speed
is by no means a generic feature of supergravity models.
The model does not require an additional field for super-
symmetry breaking and can be written as [72,73]

- (SHS-1* d(S-5* |of

W—m<——;> +Am?, (32)

where d is a constant of O(1), and A sets the scale of
supersymmetry breaking.

The model admits real solutions that we parametrize as
in the previous models, ® = D=¢, 5= S=s. In the
minimum, (¢) =0 and (s) =3. For these values, the
potential vanishes, while the gravitino mass is m3,, = Am3.

Extremizing the potential with respect to s, with the
inflaton away from the minimum, we find

1 ¢’ V3-¢

<s)¢:§+2(6/1m2+¢2)2\/§+¢A2+(’)(A4), (33)

leading to the potential,

m2 2
V= ﬁ + O(A2). (34)

As in the previous no-scale example, ¢ is not canonical and

writing

¢ = V3tanh (\/Lg) (35)

leads to the same potential given in Eq. (29).
We then find, using the same notation as for the previous
models,

@' = {h.mx O(A?)},

il \/§—¢_m(3/1m2+¢2) i 5
F‘{ a1ivesn mm}+ O(A%).

(36)

We see that ¢ - F is not suppressed, and we do not expect a
suppression in the gravitino sound speed. A direct inspec-
tion of the O(A®) term indicates that this is indeed the case,
though the full expression is not particularly illuminating.

In the Vim < (,b,% < 1 regime, we obtain

20432 y

—%,A« 1,VAm <<¢,£<< 1. (37)
6(m*¢* +¢°) m

@i

IV. COMPLETE LINEARIZED EQUATION FOR
THE LONGITUDINAL GRAVITINO

So far, we have seen that while it is possible to find
models with ¢, ~ 0, it is by no means a generic feature of
supergravity inflation models. Next, we point out that even
if ¢, = 0, one can not conclude that there is any enhanced
production of gravitinos. We show that this is the case by
considering the equation of motion for the longitudinal
gravitino, as obtained in [39] and then studied in [41].

In the unitary gauge, the dynamical variable encoding
the longitudinal gravitino is the combination 6 = y'y;,
where y is the gravitino field. In a nontrivial background,
the longitudinal gravitino is coupled to another fermionic
combination Y at the linearized level. In a cosmological
background, where the scalar fields depend on time,

T =Ky (r'0o0” + 2" 0ogp"). (38)

where the indices run over the number of chiral superfields
in the model, (¢, y") are the scalar and fermion compo-
nents of a chiral complex multiplet (where y' is a left-
handed fermion), while (¢, ') are their conjugates.
For simplicity, we consider the case of two chiral
superfields, although this can be immediately generalized
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to an arbitrary number. In this case, the coupled equations
for @ and Y form a closed system. To write these equations,
we introduce the following quantities (that we express
through the scalar product defined above):

a=p+3my,=¢- ¢ +F F,
a=p=3m3,=¢ ¢ —F F,

0

a = 25 [eX2WP, 4 eX2W*Py]

=2 F*Py+ @ - FPy)

0K . OK
+ ek/2 <(Pl 8_¢z — " 3(/,*1') (W*PR - WPL). (39)

In these expressions p and p denote, respectively, the
energy density and pressure of the background scalars,
while P are the left- and right-handed chiral fermion
projection operators. These expressions considerably sim-
plify along real solutions for the scalar fields,

real scalars:a =@ -¢@+ F - F,
ay=¢-¢-F-F,
a, =2¢-F. (40)
These expressions apply to the models considered in the
previous sections, that have real background solutions. In

the following, we employ the simplified expressions (40).
The closed system of equations for 6 and Y is

. 0
(r°0% + iy'k;N + M)X = 0, X:<T> (41)

where § and T, are canonically normalized fields, related to
the original fields by

2iy'k; A (a\1/2
0= feayi® TEE<Z> T (@)

(with A to be defined shortly), and where

a 0 OQ

a "V % 4 1

N < Oﬁ a 001>7 ( 3)
/4 a] /4 az

while the expression for M is not important for the present
discussion and can be found in [41].

Disregarding the presence of the field T amounts to the
system studied in [45,46]. The square of the gravitino
sound speed would then be given by the square of the Ny;
element (we note that, due to the signature we have chosen,

" is anti-Hermitian),

ar|? + |y |?
N11N;1 :‘|71| 2| 2 = . (44)
[04
Namely, using the expressions (40) leads precisely to the
sound speed (4). The complete system however has also

off-diagonal elements, with

A=/1-c2 (45)

Therefore, when the coefficient c% vanishes,

0 _ 0

leading to a nonsingular matrix N and therefore, to a
nonvanishing sound speed for the physical eigenstates of
the system. Consequently, none of the models discussed in
Sec. III have -catastrophic production of gravitinos.
Problems can only arise if T can be ignored as is the case
when a second, orthogonal nilpotency condition, is applied
as discussed in the next section. Then, the only problematic
models would be those defined in Egs. (10) and (24), in
the case where the inflaton multiplet @ is subject to the
additional orthogonal constraint S(® — @) = 0. Indeed,
this additional constraint removes the inflatino from the
spectrum (hence, T = 0) and the speed of sound in these
models hits zero at some point during the inflationary
evolution. As we will see, such models seem suspicious
from the viewpoint of a fundamental theory of gravity.

V. MODELS WITH ORTHOGONAL
NILPOTENT SUPERFIELDS

In the cases considered in this paper, the goldstino G
belongs to a chiral multiplet and has a scalar superpartner
[the (s)Goldstino], which, once supersymmetry is broken,
acquires a nonsupersymmetric mass. Decoupling the
(s)Goldstino by giving it an infinite mass leads to a
nonlinear realization of supersymmetry. A particularly
simple way nonlinear realization can be obtained is by
imposing the nilpotent constraint [48-54,56,57],

$? =0. (47)

When supersymmetry is broken by means of a nontrivial
FS # 0, the constraint is solved by

G2

S=—0
2FS

+ V260G + 6*F5. (48)

Here and in what follows, we discuss the constraints at the
level of global supersymmetry for simplicity. The gener-
alization to supergravity can be found in the literature
[50-62]. The constraint (47) can be interpreted as the
infrared limit of a very heavy (s)Goldstino. This can
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be obtained starting from a microscopic Lagrangian of the
type [49],

1
K:|S|2—F|S|4, W=W,+W;S, (49)

in the limit A — 0. Indeed, the (s)Goldstino mass m% =
4FA—SZ2 is sent to infinity in this limit, leading to a nonlinear
realization of supersymmetry in the IR. The limit A — 0
has its limitations [74], since it implies field-theory
dynamics in some heavy sector, which after decoupling,
leaves behind the ‘“strong stabilization” term % |S|*.
Modulo these subtleties, the UV Lagrangian (49) contains
only two derivatives and is pretty standard.

The situation is different for the orthogonal constraint on
the chiral superfield ® that removes the imaginary part of
the scalar, the fermion, and the auxiliary field [49,58-62],

S(® - &) =0. (50)

It was shown in [62] that (50) is equivalent to the following
set of constraints:

SP(@ - @) =0, (51)
ISPD® = 0, (52)
ISPD%® = 0. (53)

Each constraint above eliminates one component field:
Eq. (51) eliminates the scalar, Eq. (52) eliminates the
fermion, whereas Eq. (53) eliminates the auxiliary field in
the @ multiplet. The constraint (50) can be obtained starting
from a microscopic Lagrangian containing three additional
terms [62], which generate nonsupersymmetric masses for
the component fields that we remove

2
/ &40 [m—bz SP(@ - &)2 = IE |52 D20 D% d
2f f

mg

212
In (54), f can be taken to be (by convention) the
supersymmetry breaking scale in the vacuum f = (F),
my, and m; are mass parameters for the decoupling scalar
and fermion, respectively, gre is a dimensionless coupling,
D, denotes a covariant derivative in superspace, and
D? = D?D,; see, e.g., [92]. Notice that only the first term
in (54) is a standard correction to the Kéhler potential,
whereas the second and the third terms contain higher
derivatives. The limit m;, — oo, gre — co and m; — oo
generate infinitely large masses to the scalar and fermion
and an infinite coefficient to the auxiliary field F®. In this
limit, the superspace equations of motion for the chiral
superfield @ are dominated by

/ dO]SPD DD + c.c). (54)

_ . (m? _ m
D{f— SP(@ - @) + 7 D(1SPD,0)

—gfiz“’pzquDZé)} = 0. (55)

This indeed reproduces the constraints (51)—(53) and
therefore, (50): multiplication with SS leads to (53), the
multiplication with DS S gives (52), and finally, using (53)
and (52) in (55) then multiplying with S leads to (51).

As emphasized already, in contrast to the nilpotent UV
Lagrangian (49), the action (54) contains higher deriva-
tives. As such, it is qualitatively different and the orthogo-
nal constraint cannot therefore be obtained, to our
knowledge, starting from a standard two-derivative action
in the UV. In particular, if the chiral superfield S was not
nilpotent, the second term in Eq. (54) proportional to ggpe
could introduce ghosts into the theory. This is a special
property of the decoupling procedure and could signal that
such constraints could (but not necessarily) come from a
sick UV theory. This could explain the problems with the
slow gravitinos in some inflationary models using the
orthogonal constraint.

We conclude this section with some general properties
and implications of supersymmetric models with a second
degree nilpotency condition, S> = 0, and the orthogonality
constraint, S(® — @) = 0. It follows from these constraints
that if we choose to work in the unitary gauge the Goldstino
and inflatino fields are absent in these models. If we
consider a supergravity model with a Kihler potential
and superpotential of the form,

@-%r + S8, (56)
and
W(D,S) = f(®)S + g(P), (57)

so that the Kihler potential possesses a shift symmetry,
and vanishes when the field constraints are imposed,
K(S,S;®,®)|s_5_¢-3_o =0. The orthogonality con-
straint ensures that the covariant derivative Dg W is absent
in the effective scalar potential, which is then given by
[58,59]

V= X (K3 |DsWI? = 3|WP) = f2 = 3m3,,.  (58)

where the gravitino mass is

mz = |9(q’)‘ (59)

Note that the sound speed given in Eq. (4) should not be
used in this case, since F? = 0 for the bosonic part, while
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D4W # 0. Rather, one can use Eq. (3) and the potential in
Eq. (58) with Eq. (59) to obtain

) (f(@P-9)  (2d(@)@)
T (@ + @) (f(@) +P?)
(i)Z

1 _ )
=14 g o) (60)

where ¢ (®) = dg/0®. If we want to ensure that the
sound speed ¢, > 0 does not vanish, we must impose
the constraint,

(f(@)? = &)* + (2 (@)D)* > 0. (61)

The above quantity is non-negative at all times in moduli

space, and this condition is only violated when f(®) = +®
and ¢'(®) = 0. If the gravitino mass is constant at all times,
this implies that ¢’(®) = 0 and the constraint (61) will be
violated when the first term vanishes.

While it is straightforward to construct models for which
the gravitino mass is not constant, additional problems
quickly ensue. Consider, for example, a superpotential
defined by

1
f=fo+V39. g :m(afo +m),  (62)

where m is associated with the weak scale, and the
parameter a is an arbitrary positive number. At the
minimum of the potential, the gravitino mass is of order
/. Any variation in a quantity this small will still lead to a
sound speed which is also very small. For a # 0, the
variation of the gravitino mass may be comparable to the
potential. The effective scalar potential (58) becomes

V = (a+1)f3+ mf,. (63)
If we choose
V3 20
fo—z\/ﬁm(l—e i), (64)

and use the canonically normalized field ® = ¢/v/2, we
recover approximately, for i1 < m, the Starobinsky infla-
tionary potential (29). However, during each oscillation,
when @ =0, f? — ¢g? = —a?/12(1 + a). As a result the
sound speed exceeds 1, signaling a sickness in the theory.
The Cauchy-Schwarz inequality noted above is no longer
guaranteed to hold as the sound speed is now

4 . .
A=1-—— _{|OP|F5* — |®ek2De W]},
5 (\(1>\2+IFS|2)2{| |*|F°]* — | oW|°}

(65)

and there is no such inequality between |@|*|F|*> =
|®P2|FS[2 and |¢- F*> = |eK/2dDyW|?, since we can
no longer use Eq. (5) to relate F® and DgW. Thus,
pathologies might arise whenever |eX/?2DyW| > |FS|.
Such behavior was also seen in [45]. We are not sure if
this behavior is a remnant of the lack of two derivative UV
origin stemming from the orthogonal constraint.

VI. CONCLUSIONS

If supersymmetry is realized below the Planck scale, it is
natural to construct models of inflation in the context of
supersymmetry/supergravity. Particle production and
reheating after the period of exponential expansion is an
essential component of any model of inflation, and in the
context of supersymmetry, the production of gravitinos
must be considered. If the gravitino is not the lightest
supersymmetric particle, it is expected to be unstable.
Because of its gravitational coupling, its lifetime can be
quite long (for weak scale gravitino masses), causing a host
of potential problems [10].

In general, the production of gravitinos following infla-
tion is complicated by the possibility that the field content
of the longitudinal mode comprised of the Goldstino may
be different during inflation from that in the vacuum.
Indeed, supersymmetry might be broken during inflation,
and the longitudinal component of the gravitino may be
identified with the inflatino. Thus, models with substantial
nonperturbative particle production [22,37-39] may be
producing an inflatino rather than a gravitino [40,41].
The inflatino problem is generally model dependent and
is nonexistent in certain constructions [43].

An additional problem associated with gravitinos has
been discussed recently [44—46] in connection with a
vanishing sound speed for gravitinos. It was argued that
when ¢, — 0, the nonperturbative production of high-
momentum modes in the helicity 1/2 mode is unsup-
pressed. Indeed, there are a variety of well-studied models
where the gravitino sound speed does vanish. We have
discussed several examples for which ¢, — 0 and several
for which it does not. That is, while a vanishing sound
speed may occur in supergravity models of inflation, it is by
no means a necessary consequence. Furthermore, we have
shown that even in the models where ¢, — 0, runaway
gravitino production is blocked by mixing with the infla-
tino in a time-dependent background. This is the case in
models with and without a nilpotent field associated with
supersymmetry breaking.

However, the problem of catastrophic gravitino produc-
tion may occur in models with a second orthogonal
constraint for which the inflatino is removed from the
particle spectrum. It is not clear how these models can be
extracted from a UV theory involving no more than two
derivatives. This argument along with the problem of a
vanishing sound speed (or superluminal sound speed when
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¢y #0) may be a constraint on models with constrained
fields rather than supergravity models of inflation in
general.
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