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We extend the swampland from effective field theories (EFTs) inconsistent with quantum gravity to
EFTs inconsistent with quantum supergravity. This enlarges the swampland to include EFTs that become
inconsistent when the gravitino is quantized. We propose the “gravitino swampland conjecture”: the
gravitino sound speed must be nonvanishing in all EFTs that are low-energy limits of quantum
supergravity. This seemingly simple statement has important consequences for both theories and
observations. The conjecture is consistent with and supported by the Kachru-Kallosh-Linde-Trivedi
and large volume scenarios for moduli stabilization in string theory.

DOI: 10.1103/PhysRevLett.127.131603

Introduction.—The swampland program [1,2] seeks to
circumscribe the set of four-dimensional effective field
theories (EFTs) that are a low-energy limit of quantum
gravity, e.g., the landscape of superstring theory vacua [3,4],
and distinguish these theories from those that are not,
thereby enhancing the predictive power of quantum gravity
and, in particular, superstring theory. This is done by
enumerating criteria that an EFT must satisfy in order to
be in the landscape, rather than be relegated to the “swamp-
land.” In this Letter, we extend the swampland program from
quantum gravity to quantum supergravity and consider the
criteria that emerge from quantization of the fermionic
superpartner of the graviton, namely, the gravitino.

The observed cosmological constant implies that local
supersymmetry must be nonlinearly realized in our
Universe. The supergravity theory that describes this is de
Sitter (dS) supergravity [5—10]. This theory was shown in
[11-16] to be the low-energy effective field theory of the
Kachru-Kallosh-Linde-Trivedi (KKLT) proposal for de
Sitter vacua in string theory [17]. In the unitary gauge, pure
dS supergravity describes a massive gravitino and the
graviton. In this sense, the massive gravitino is intrinsic to
the supergravity description of our Universe. In cases where
the gravitino mass is constant, such as in simple models of
cosmic acceleration in dS supergravity, the gravitino is well
described by the Rarita-Schwinger model [18].

The canonical kinetic term for the gravitino along with
the constraint equations lead to a modified dispersion
relation for the helicity-1/2 gravitino [19-22], which
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corresponds to the Goldstino of supersymmetry breaking.
The sound speed ¢, determines the energy associated with a
spatial momentum k; ¢ k, with ¢, < 1 in units of the speed
of light. In [23], it was shown that, for certain supergravity
models and certain parameter regimes, the sound speed can
vanish in the early Universe during the cosmological
evolution following cosmic inflation [24-29]. In super-
gravity models that reduce to the massive Rarita-Schwinger
model [18], a sufficient condition for the sound speed to
vanish is m < H,, where H, is the Hubble constant at the
end of inflation.

The vanishing sound speed c¢? =0 implies that the
energy per field excitation is independent of momentum
k, allowing for the production of particles with arbitrarily
high momentum. As argued in [23], this implies a break-
down of the EFT. The breakdown of the theory when the
gravitino is quantized suggests an extension of the swamp-
land program to include EFTs that become inconsistent
when supergravity is quantized. To this end, we propose the
gravitino swampland conjecture (GSC): In all 4D effective
field theories that are low-energy limits of quantum gravity,
at all points in moduli space, and for all initial conditions,
the sound speed of the gravitino(s) [30] must be non-
vanishing, ¢, > 0.

This conjecture, analogous to the ‘“no global sym-
metries” one of quantum gravity [31-34], is easy to satisfy
but surprisingly constraining. In this Letter, we discuss the
evidence and implications of the above conjecture.

Catastrophic production of slow gravitinos.—A massive
spin-3/2 field can be composed into propagating helicity-
1/2 and helicity-3/2 components. The sound speed of
helicity-1/2 gravitinos is given by [23]

AM Y i
(p+ 3m>M3,)?*

2 — (p—3m’My,)
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(p+3m*M3)?
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where p and p are the pressure and energy density of the
field content of the theory, defined by the diagonal
components of the stress tensor T%, and the dot denotes
the derivative with respect to time. This applies in full
generality, including in supergravity and in the Rarita-
Schwinger model, and is in agreement with results in the
supergravity literature [19-22]. The reduced sound speed
¢2 <1 follows from the canonical kinetic term for the
gravitino after imposing the constraint equations. Unlike
the EFT of inflation [35] and P(X) theories [36,37], the
sound speed is not generated by self-interactions or by
irrelevant operators. Thus, in contrast with those cases, the
vanishing sound speed for the gravitino does not imply
strong coupling or a breakdown of perturbative unitarity.
Finally, we note that gravitino sound speed is distinguished
from that in other theories by the dependence of ¢, on the
mass and cosmological parameters, which leads to a
violation of adiabaticity and hence particle production
whenever the sound speed vanishes [23].

In a cosmological context, the evolution of the sound
speed is dictated by the evolution of the background
cosmology. For example, for the Rarita-Schwinger model
in a Friedmann-Robertson-Walker universe with equation
of state w = p/p, the sound speed is given by

2 = (MY 2)

m? + H?

In a radiation dominated universe, w = 1/3, and with
m < H, at an initial time ¢;, after inflation, the redshifting
of the radiation causes the sound speed to vanish at a time
t, > t; defined by H(t,) = \/3m.

The cosmological dynamics of the gravitino can be
studied in a precise manner within the context of infla-
tionary cosmology. In this case, one may impose Bunch-
Davies initial conditions on field excitations deep inside the
horizon during inflation and evolve the field forward in
time to the end of inflation. The end stage of inflation is
characterized by a period of oscillations of the inflaton
field, which has been extensively studied in the context of
preheating [38-40]. The energy density and pressure
during this phase are given by p =1¢° +5mg¢?* and
p=1¢ - 3my*, where we have assumed for simplicity
that the minimum of the potential is locally quadratic. The
inflaton mass is related to the expansion rate at the end of
inflation H, by my = 2H ,Mp,/¢,. The sound speed for the
massive Rarita-Schwinger field is given by the first term of
Eq. (1). If m < H,, the sound speed vanishes once every
oscillation.

One might wonder if the vanishing of the sound speed is
particular to the Rarita-Schwinger model and is ameliorated
by supergravity. In an N' = 1, d = 4, supergravity model
with N chiral superfields, with evolving radial scalar
components, the sound speed is given by [23]

4| |FP
(1D + [FP)?

)
“© N

[1 - cos?(6)], (3)

where @ is the angle between the field-space vector of the

cosmological evolution @ and the F-term vector F. , and the
norm of these vectors is taken with respect to the field-
space metric G;;3. The sound speed vanishes when the
direction of supersymmetry (SUSY) breaking is orthogonal
to the direction of cosmological evolution and the two
ingredients contribute equally to the energy density of the
Universe.

An interesting example is the class of supergravity
models containing a constrained nilpotent superfield
S(x,0), satisfying S?(x,8) = 0. This class of models is
the low-energy EFT of an anti-D3 brane [11-15], as
famously utilized in the KKLT construction of dS vacua
in string theory [17]. As an example, consider a model
specified by a Kihler potential K and superpotential W
given by [41,42]

SS O+
f(D,P) VAdD
(4)

where S and @ are chiral superfields, f is a real function of
® and ®, and W, and M are constants. This model
generically leads [41,42] to a-attractor inflation [43-45]
in the ¢ = /2|®| direction, after which ¢ oscillates about a
point ¢, determined by the form of f(®, ®). The scalar
potential is given by Vo = A + V(¢), where A = M? —
3W3 is the cosmological constant and V(¢p) = M f/M3, is
the inflaton potential. The inflatino mass mj,nain0 =
3ma(Mp/¢)?/2 is, after inflation, set by ¢, and for
simplicity may be taken to be heavy. The gravitino mass
m = W,/Mp, is ostensibly sequestered into A and thus
naively independent of the physics of inflation. However, at

the end of inflation, the oscillations of |®| have amplitude
of approximately Mp H,, while the SUSY breaking has

amplitude |F| =M, and the field-space evolution and

SUSY breaking are orthogonal at all times & - F=0.1If
M < MpH,, then the sound speed ¢? vanishes once every

oscillation, when |®| = |F|. Meanwhile, the observed near
vanishing of the cosmological constant A ~ 0 dictates that

M ~+/3mMy,. From this, one finds that for m < H, the
sound speed vanishes in the nilpotent superfield model (4).
The vanishing of the sound speed leads to catastrophic
gravitational particle production. This can be seen numeri-
cally by solving the mode equations of the gravitino and
understood analytically. The spectrum of helicity-1/2
particles that results is calculated from the late-time
amplitude of the negative-frequency modes as [46]
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FIG. 1. The production of helicity-1/2 gravitinos in the postinflationary universe for m/H, = 1072. Left: the evolution of k®|3,, | as
a function of the scale factor, for differing values of k. Right: the spectrum of particles, defined by the late-time limit of &3|f, |>.

(5)

k3
Ny = = |Prasl?,
2w

2

for [Bu, il =lim,_ o [y_vsi(n)*, with y_u,,(n) as the
negative-frequency mode function. Here ny, ; is the comov-
ing number density of helicity-1/2 particles per logarithmi-
cally spaced wave number interval.

A numerical solution for a fiducial example is shown in
Fig. 1 form/H, = 0.01. The spectrum of particles is shown
in the right panel, where one may appreciate that n,
increases without bound as k increases. At high k, deep
inside the horizon, the spectrum also exhibits high-
frequency oscillations, which are familiar from past studies
of gravitational production of gravitinos, see, e.g., Giudice
et al. [20].

To understand the time evolution of this process, the left
panel of Fig. 1 shows the time evolution of k*|fy,|* for
differing values of k, which in the late-time limit deter-
mines the particle number n;. One may appreciate that the
dramatic rise of & |ﬁ1/2,k|2 is synchronized across k modes.
This strongly suggests that the production of high-k modes
is not obstructed by backreaction of the produced particles
on the inflaton oscillations, since there is no intermediary
time window between the production of low-k modes and
the production of high-k modes, wherein backreaction of
the former could shut off the production of the latter.

Gravitational particle production with vanishing sound
speed may be understood analytically in terms of the
violation of adiabaticity. If adiabaticity is violated for a
transient period of time, the generic outcome at later times
once adiabaticity is restored is the presence of particles with

respect to the late-time vacuum. For detailed studies, see,
e.g., Refs. [47-49]. For illustration we consider a scalar
field with dispersion relation w? = c¢2k* 4+ a’m?. The
condition for adiabatic evolution of the vacuum state of
the theory is given by A; = |ay|/w? < 1. At the moment
when ¢; = 0, the adiabaticity condition is independent of k
and is simply H/m, so adiabaticity is clearly violated for
m < H,. This property is particular to the gravitino, arising
due to the relationship between m, the vanishing of ¢, and
Ai(cy). In other theories where the evolution of c¢; is
decoupled from m, e.g., a scalar field theory of the form
L = P(X) + V(¢), no such connection exists. From this
we infer that the production of arbitrarily high-k modes,
referred to in [23] as “catastrophic production,” is a special
property of quantized gravitinos.

Breakdown of effective field theory.—The vanishing of
the gravitino sound speed generates particles of arbitrarily
high momentum %, including k equal to the cutoff of the
EFT, namely, the UV cutoff of four-dimensional super-
gravity, corresponding to the scale where quantum gravity
effects become important. This necessitates the inclusion of
new, heavy degrees of freedom with mass at or above the
cutoff. The necessity of including these new degrees of
freedom signals the breakdown of the EFT.

One may also understand this in terms of irrelevant
operators in the effective field theory that cannot be ignored
once there are on-shell degrees of freedom with momentum
at the cutoff. These operators are not present in action of
N =1 d=4 supergravity (see, e.g., [50]), but may
descend from the UV completion. Any such corrections
to the theory must vanish in the limit m — 0, since m is the
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order parameter of the spin-3/2 gauge invariance, and thus
the subleading operators start at dimension > 5 and are
irrelevant operators. For example, a set of operators labeled
by n,

9" (W'w,) k\" _
On 53 CanﬂNcnm/dSk K l////l;l//ﬂk,

where ¢, are a set of order-1 coefficients, and A is the UV
cutoff the EFT (i.e., the UV cutoff of four-dimensional
supergravity). Clearly these operators contribute non-
negligibly to scattering amplitudes once particles with
momentum k ~ A are produced, and once k = A is pro-
duced, the infinite tower must be included. Thus the theory
ceases to be effective—referred to colloquially as the
“breakdown of effective field theory.”

This stands in stark contrast to the conventional gravitino
problem [51,52], wherein the EFT is valid at all times. We
additionally note that the breakdown of the EFT is
independent of the direction of supersymmetry breaking,
and thus the particular (in principle, time-dependent)
combination of the spin-1/2 fermions that comprise the
helicity-1/2 gravitino in the unitary gauge.

The gravitino swampland conjecture.—In light of the
breakdown of EFT that occurs when the gravitino sound
speed vanishes, in the Introduction we proposed the
gravitino swampland conjecture. The GSC holds that the
gravitino sound speed cannot vanish in EFTs that have a
UV completion in a theory of quantum supergravity, such
as string theory. Despite being seemingly simple to evade
due to its nature as a nonvanishing condition, our analyses
demonstrate the GSC has remarkable power: it relegates to
the swamp massive Rarita-Schwinger models and the
constrained superfield models with a heavy inflatino and
a constant gravitino mass smaller than the expansion rate at
the end of inflation.

The GSC is supported by the KKLT [17] and large
volume (LVS) [53] scenarios for moduli stabilization in
string theory. In the KKLT scenario, stabilization of the
radial modulus requires m 2 H at all times, while the LVS
requires an even stronger constraint, m > (H>Mp)"/3.
String theory satisfies the GSC in an additional way,
through o and g, corrections to the Kihler potential. As
emphasized in [54], when supersymmetry is broken,
perturbative corrections to the Kihler potential generate
a scalar potential. They also generate a time dependence of
the gravitino mass [23]. From Eq. (1), the induced time
dependence of the gravitino mass lifts the zeros of c¢2 for
any choice of m/H,.

Thus, it certainly appears to be the case that c? is
nonvanishing in any effective field theory descended from
string theory, and thus the GSC holds true. The next
question is whether string theory provides a lower bound
on c2, e.g., ¢z > 1/a with a an order-1 number, analogous
the upper bound on axion decay constants from the weak

gravity conjecture [55]. One might reasonably call this the
strong gravitino swampland conjecture. We leave this
interesting possibility to future work.

Implications for cosmology and particle physics.—
Finally, we turn to the implications for cosmological
observations and particle physics experiments. Particle
colliders search for the gravitino, while cosmic microwave
background experiments seek to measure the expansion
rate during inflation, via the B-mode polarization generated
by primordial gravitational waves [56]. We take as the null
hypothesis a constant mass gravitino, no light superpartners
at the end of inflation that kinetically couple with the
gravitino, and a conventional inflationary thermal history.
Depending on the outcome of future experiments, one may
draw striking conclusions: (1) If a gravitino is observed at a
terrestrial particle collider, m < TeV, then cosmological
experiments will never observe the B-mode polarization of
the cosmic microwave background generated by primordial
gravitational waves. (2) If B-mode polarization of primor-
dial gravitational waves is observed, then collider experi-
ments will never see a gravitino.

An exciting alternative possibility is that both the
gravitino and primordial B modes are observed. In this
case, we may reject the null hypothesis in favor of other
possibilities, such as modifications to the thermal history of
the universe (see, e.g., [57]). One possibility is for inflation
to exit to a primordial black hole dominated phase, which
reheats the Universe much later, through Hawking radia-
tion, while in the intervening time, when w = 0, H transits
from H > m to H < m without ¢? ever touching zero.

Discussion.—In this Letter we have put forward a
conjecture to delineate the boundary between effective
supergravity theories that are low-energy limits of quantum
supergravity and those that are not. We have proposed the
gravitino swampland conjecture, which states that the
sound speed of gravitinos is nonvanishing. This is sup-
ported by gravitational production of gravitino quanta in
cosmological spacetimes and by examples in string theory.
Applied to the massive Rarita-Schwinger model, the GSC
demands that the gravitino mass satisfies m 2 H,, where
H, is the Hubble expansion rate at the end of inflation. The
GSC has surprisingly strong implications for the inferences
we may draw from future discoveries at particle physics
and cosmology experiments.

In the future, it will be interesting to consider the
interplay of the GSC with other swampland conjectures,
such as the swampland distance conjecture [2], the weak
gravity conjecture [55], and the de Sitter swampland
conjecture [58]. Along these lines, in [59] it was shown
that, in a specific context, the weak gravity conjecture
implies the swampland distance conjecture. It would be
interesting to see if something similar emerges for the
gravitino.

The models that do satisfy the GSC may be phenom-
enologically interesting as a genesis mechanism for
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gravitino dark matter. We leave this interesting topic to
future work.

Finally, we note that alternative formulations of super-
gravity may exist that lead to a dispersion relation for the
gravitino that is well behaved even when c? (or in a coupled
multifermion system, the determinant of the matrix of
sound speeds) vanishes. Whether these formulations exist
as a low-energy limit of string theory is an open and
interesting question.
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