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1 Introduction

The vacuum structure of four-dimensional gauged supergravities has been under intense
scrutiny ever since the first matter-coupled theories were constructed and their close connec-
tion to string theory was appreciated. However, it is not always evident which supergravity
models are true low-energy effective theories arising from string compactifications, which
are truncations of larger low-energy field theories, and which may have no relation to string
theory at all. To make progress on this question one can turn to the swampland criteria [1],
a set of interconnected conjectures that aim to restrict the properties of low-energy effective
field theories (EFTs) that have a consistent embedding into quantum gravity.

The swampland criteria are motivated by black hole arguments, quantum gravity
arguments, or simply by recurring patterns in string flux compactifications. Arguably,
among the most well-established of the swampland criteria is the weak gravity conjecture
(WGC) [2]. The “electric” version of the WGC places restrictions on the possible masses
and charges that can exist in an EFT, whereas the “magnetic” version further posits that
there is a prematurely low ultraviolet (UV) cut-off that depends on the gauge coupling.
In parallel, various considerations have cast doubt on the possibility of realizing de Sitter
space within string theory [3], or in quantum gravity more broadly [4]. This culminated in
a series of conjectures that explicitly forbid stable [5-8] or long-lived [9-11] de Sitter solu-
tions in a UV-completable EFT. These conjectures, if correct, have profound implications
for string cosmology. It would be therefore desirable to acquire further evidence for or
against these conjectures, in particular by exploring their connections to other more estab-
lished ones. In this vein, it was demonstrated in [12] that applying the magnetic WGC on
certain supergravity de Sitter vacua results in their elimination without the need to invoke
other conjectures. It was further noted that this violation of the WGC correlates with the
presence of charged massless gravitini which was proposed as an independent swampland
criterion in its own right.

In this work we further build on the results of [12] using N=2 matter-coupled gauged
supergravity as our main framework [13, 14]. We present for the first time a general proof
that parametrically light or massless' charged gravitini at a de Sitter critical point result
in a violation of the magnetic WGC in N=2 supergravity. This result is illustrated with
several N=2 models that have de Sitter critical points, both stable or unstable, or even have
flat directions corresponding to moduli. We are able to exclude a majority of these de Sitter
solutions, including some that fail to be excluded even by the de Sitter swampland criteria.
We also discuss examples that evade exclusion by the WGC by having either uncharged
gravitini or by breaking all gauge symmetry at the critical point. After examining the N=2
models, we also provide a parallel proof that de Sitter critical points with light charged

'We stress that the mass is not a good quantum number to describe physical states in de Sitter and
Anti-de Sitter spacetimes, because P? is not a good Casimir of the corresponding symmetry algebras. Also,
gravitini are never truly massless in de Sitter, even when they have vanishing Lagrangian mass, in the sense
that they always propagate four degrees of freedom instead of two. Therefore in our work when we refer to
“massless gravitini” we mean gravitini with vanishing Lagrangian mass, whereas by “light gravitini” we will
mean a vanishing or parametrically small Lagrangian mass compared to the Hubble scale. We will omit
the word “Lagrangian” to avoid clutter and we hope the reader will not be confused by this omission.



gravitini are similarly excluded in N=8 supergravity. Our findings strongly indicate that
an analogous result for other extended supergravities with 8>N>2 should hold.

As a cross-validation of our findings, we see that our results are strongly consonant
with the “festina lente” (FL) bound [15-17], which places a lower bound on the masses of
all charged particles in a de Sitter background. Conversely, our findings can be interpreted
as a highly non-trivial check on the consistency of the FL bound, by simply applying it
on the N=2 gravitini and demanding gravity to be the weakest force. Complementary
arguments, that deal with the lowering of the EFT cut-off in the limit of light gravitini,
including considerations based on the WGC, appear in [18], and are further established
in [19].? For completeness, let us note that further restrictions on the properties of scalar
potentials such that gravity remains the weakest force have been considered in [24-26],
while the WGC in de Sitter space has been further studied in [27, 28].

2 General considerations

In this section we present our main arguments for why (quasi) de Sitter backgrounds with
charged light gravitini belong to the swampland. First we recall how the magnetic weak
gravity conjecture for a U(1) places a restriction on the energy density of a theory and
then we further argue for an extension of this restriction to the case of non-abelian gauge
symmetry. After that we present a general proof that de Sitter critical points in N=2 gauged
supergravity with charged massless gravitini belong to the swampland and we show that
it also applies to the case of parametrically light masses. We close the section by relating
our results to other swampland conjectures.

2.1 Magnetic WGC and de Sitter

In this section we review the implications that the weak gravity conjecture can have on
de Sitter backgrounds. Let us first recall that the magnetic WGC postulates that for any
U(1) gauge symmetry there is a quantum gravity-induced UV cut-off [2]. The value of that
cut-off Ayy for an EFT is bounded from above by the formula

Avv < gua) g Mp, for every charged object , (2.1)

where gy(1) is the U(1) gauge coupling and g is the charge with respect to that U(1).
From now on we will call gy(1)ger the physical coupling of an object

Gphys = GU(1)el - (2.2)

Clearly the object with the lowest physical coupling sets the strongest restriction on the
allowed UV cut-off, and for uncharged objects (2.1) does not apply. The way the UV cut-off
manifests in the EFT is not known a priori unless one knows also the UV completion of the
theory. For example it can be due to towers of massive states that have a mass controlled
by Ayy. For us here this UV cut-off will be simply used as a device to signal when higher

2For a different line of investigation concerning massless gravitini based on post-inflationary cosmological
considerations, see [20-23].



order corrections to the effective theory become important. If one wants to safely ignore
such corrections, then one should work at energies parametrically lower than Ayy.

On a de Sitter background there is one simple condition that should be satisfied such
that higher order gravitational corrections do not immediately threaten the EFT. For a
background with Hubble constant H the condition is

H <« Ayy . (2.3)

An extended discussion justifying this condition can be found in [12]. If (2.3) does not hold
then the two-derivative gravitational theory may be subject to strong quantum corrections.
As a result it is not a trustworthy EFT.

2.1.1 Warm-up: gauged R-symmetry in N=1

A simple illustration of the restrictions placed by the magnetic WGC on supergravity
theories is the following observation that was presented in [29]. If we consider the Freedman
model [30] then the Lagrangian contains only gravitation with a positive cosmological
constant, a U(1) gauge field (v,) that gauges the R-symmetry, and a massless, but charged,
gravitino (¢,). In the unitary gauge this is

_ 1 1 — _

'L == SR+ 5N (8, 8Duthy — broa Dyl )

. (2.4)
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where D, here is the spacetime Lorentz-covariant derivative, which includes the gravitino-
dependent spin-connection. This de Sitter space is characterized by a Hubble scale that
is of the same order as the gravitino charge times the gauge coupling. As a result one
can argue that the Hubble scale of such a simple model already hits the magnetic WGC
cut-off and thus is faced with a Dine-Seiberg problem [31]. Interestingly, one could place

this model in the swampland equally well just by applying the FL conjecture [17].

2.2 WGC and non-abelian gauge groups

The magnetic WGC is formulated for U(1) gauge symmetries, and a natural question is
whether a similar expression for the UV cut-off exists involving the gauge couplings of non-
abelian groups. In theories with charged scalar fields one should expect this to be the case,
because the gauge group itself can be broken or enhanced depending on the expectation
values of the fields. This is especially true in gauged extended supergravities, where the
gauging of a non-abelian group forces the theory to contain the would-be goldstones of the
non-abelian gauge symmetries.

The simplest case to consider would be a theory where a certain vacuum preserves a
non-abelian gauge symmetry but also has a charged modulus, such that giving it an expec-
tation value breaks the non-abelian symmetry to a U(1). For any value of this modulus,
we have a vacuum of the theory, where one can clearly apply the WGC using the gauge
coupling of this U(1). We can then take the limit as the expectation value approaches the



original “central” vacuum where the full non-abelian symmetry is restored. In this limit
the U(1) gauge coupling will approach the non-abelian coupling of the central vacuum.

In this sequence of U(1) gauge theories we can determine the WGC cut-off in the usual
manner and then by continuity, we conclude that the cut-off of the vacuum with non-
abelian symmetry must be the limit of the cut-offs of the broken phase. Since this cut-off
is determined from the U(1) gauge coupling, which in turn approaches the non-abelian
coupling, we conclude that the non-abelian coupling can also be used to determine the UV
cut-off for the original non-abelian theory.

If we interpret the WGC cut-off as, for example, coming from the mass scale of some
UV states that aren’t captured by the effective theory, these masses would not change
drastically between nearby points in moduli space. We expect this to be the case, regardless
of any gauge symmetry enhancement or breaking that may also be taking place. Thus if
the WGC is a good criterion for determining the cut-off of a U(1) gauge theory, it should
work when we approach a point where this symmetry is enhanced. The same holds for any
other UV origin of the cut-off.

A more subtle situation happens when the direction in field space that breaks the
non-abelian symmetry but preserves a U(1) is not a modulus. In this case, although we
can still consider a sequence of points in moduli space that approach the central vacuum,
they will not dynamically “stay in place”, so to speak.

In that case, the next best scenario is if the U(1) preserving direction also has the
gradient of the potential tangent to it. Then there exists a U(1)-preserving classical tra-
jectory, and the situation is similar to the case when it’s a modulus. Indeed, if we set
conditions at t = 0 where this field has a sufficiently small but non-zero expectation value
and vanishing kinetic energy, the subsequent trajectory will be along the U(1)-preserving
direction. In this case we can expand the action around that path and this expansion will
still have a massless U(1) gauge field manifestly present, with the various field excitations
charged under it. The magnetic WGC can then be applied as usual to determine a (pos-
sibly time-dependent) UV cut-off for the effective theory defined by the expansion around
such a non-stationary classical path.

If we can carry out this procedure of defining effective theories around U(1)-preserving
non-stationary backgrounds, we can consider a sequence of such effective theories defined
around paths with ¢ = 0 conditions closer and closer to the central vacuum. Once again
we expect the cut-offs for this sequence of effective theories to approach the cut-off of the
non-abelian theory, while the U(1) gauge coupling will approach the non-abelian coupling,
leading to the non-abelian WGC.

Of course in general theories, we do not always have the ability to break the non-
abelian group while preserving a U(1) subgroup. The above arguments are particularly
relevant to N=2 supergravity, where the vector multiplet scalars transform in the adjoint
of the non-abelian gauge group and can thus be used to break it to a U(1). In section 4
we will see examples of both of the above scenarios, where an SU(2) gauge group in the
central vacuum gets broken down to a U(1) either by a modulus or a tachyonic scalar that
allows for U(1)-preserving classical trajectories. In both of those examples we will be able
to exclude the central vacuum with non-abelian gauge group by considering the WGC for
the neighboring U(1)-preserving points.



A final possible caveat is that although a U(1) preserving direction in field space might
exist, there might be no U(1) preserving classical trajectories, if the gradient of the potential
is not aligned with the U(1) preserving direction. In this case it isn’t clear how to apply
the WGC. We have not encountered such examples in our investigations.

2.3 N=2 with charged light gravitini

Here we provide a simple proof of the fact that in N=2 gauged supergravity de Sitter critical
points with charged massless gravitini are incompatible with the consistency requirements
of the weak gravity conjecture. For the sake of clarity in the presentation we directly give
the argument in the following, using only the N=2 ingredients that are directly relevant.
The interested reader can find a summary of N=2 gauged supergravity and all relevant
references in appendix A. In detail, we need three ingredients: the kinetic terms of the vec-
tors in order to identify the gauge couplings, the gravitini-gauge vectors minimal couplings
in order to identify the charge, and the value of the vacuum energy when the gravitino
mass is vanishing. Since it is not restrictive, we assume that the gauging is purely electric.
Once we establish that massless charged gravitini are in the swampland we show that if
they have a parametrically small mass then the same results still apply.
The kinetic terms of the gauge vectors Al/} have the form

_ 1 v
e Lyin, = 1Dz Fp B> (2.5)

where Z)y, is a negative definite scalar dependent matrix and F] /ﬁ\y = 26[1#4;\} + ngpAEAE.
Once we define vielbeins and inverse vielbeins for the matrix Z as follows

—Tas = 6AB ERES Exep = o3, (2.6)

we get the kinetic terms for the canonical vectors v = EjeAA
- 1 y
e 1£kin. = —Z(sABF:},F” B (2.7)

Within these ’U;:‘ vectors will be the massless U(1) gauge field we are interested in.
Now we wish to identify the physical charge of the gravitini under this U(1). To this
end we focus on the minimal coupling between the gravitini and the U(1) vector. The

relevant term takes the form
~1p — D Amrep b p A 57 p° T J P o 9
€ kin.3/2 = 7[),[7 u(w)wzp 2#’,[}’ vV, (05 L4+ 07y w_]pa ( '8)
once we define
PYes = PY PIES = P (2.9)

In (2.8) we also include the kinetic term of the gravitino to stress that it is already canon-
ically normalized. In choosing the vielbein basis we have enough freedom to ensure that
our U(1) gauge field, u,,, is along one specific basis element

_ UA:I

w, = vt (2.10)



so that the corresponding minimal coupling to the gravitino is
e Lygn.3/2 = —%’Y”V’)Du(w)%p - i%’Y“VpUuQijwjp, (2.11)
where we defined the hermitian matrix
2Q; =6/ P) + 0% I PY . (2.12)

Since the two-by-two matrix @) is hermitian we can diagonalize it by a unitary transforma-
tion U, which we can also use to rotate the gravitini

Q—UQUY, ¢ Uy, ¥ —9Ul, (2.13)
so that the minimal coupling has the form
_ —i R 2
e Liin 32 = =0, Dy(w)hip — W, Puy @1y — i, UL, (2.14)

Note that ¢; and ¢ are the physical couplings (i.e. gauge coupling X integer charge)
between the canonical gauge bosons and the gravitini. Therefore they are the quantities
that enter the WGC. As a result the magnetic WGC for the U(1) under which the gravitini
are charged states that

Avv <q1 & Auy <@, (2.15)

where we remind the reader that we are working in Planck units.

Now we turn to the scalar potential. We will see that under the assumption that the
charged gravitini masses vanish, the vacuum energy hits the WGC cut-off. The N=2 scalar
potential with vanishing gravitini masses takes the form

V= —%I‘”AE | PRPE + PYPE| + 4hy, ik LAL¥. (2.16)
This means the scalar potential has the property
V> %51“3 |PYPg + P5Pg). (2.17)
Then we further have

548 | Py PE+ P PR = %MB |6/ PY+0" P |8} P +0", PY| > % |67 P) 40 P | g
(2.18)

Once we make use of the  matrix (2.12) and perform the rotation (2.13) we obtain
V> T (UQUIUQUT) = Tt (QQ) = ¢t + 4. (2.19)
We conclude that

Vg & V¢ = VAL (2.20)



This translates into
H > Aoy/V3, (2.21)

which means that the tree-level de Sitter critical points will receive large quantum correc-
tions and cannot be trusted. This is a manifestation of the Dine-Seiberg problem [31] and
challenges the consistency of such de Sitter vacua. It is important to keep in mind that we
are always talking about charges of the gravitino under massless gauge fields, such that the
weak gravity conjecture can be directly applied. Instead, when a gauge symmetry is broken
even though a (covariantly) conserved current does still exist one cannot unambiguously
define the charge any more, at least in Minkowski.

As promised we can extend our conclusions to the case of very light gravitini, in
particular when they are parametrically lighter than the Hubble scale. Indeed, a gravitino
mass matrix has the form

Sii = iPYLMo4) e (2.22)

and will only influence the supergravity scalar potential by the supersymmetry requirement
that we include a new term of the form

Vs = —4LALEPEPE (2.23)

Having gravitino masses parametrically small compared to the Hubble scale means

VIAL®PIPE < H . (2.24)

As a result the dominant contribution still comes from the term (2.20) and therefore the
Hubble still hits the cut-off. We see that de Sitter backgrounds in N=2 supergravity with
charged light gravitini are faced with a Dine-Seiberg problem. In the upcoming sections
we will give explicit examples that show how the magnetic WGC restricts such vacua.

Note that if the gravitini are uncharged the situation is different. Indeed in such a
setup we would have P/(\) = 0 = Py}, and then the scalar potential takes the form

V = dhy, k4ES LALE > 0. (2.25)

Thus, if we have an isometry with non-vanishing Killing vectors this can lead to positive
vacuum energy while maintaining vanishing gravitini mass. However if such a background
contains only spectator massless U(1) gauge fields then in any case the WGC cannot be
directly applied and we cannot conclude if it is in the swampland or not. We will present
an example where this happens in subsection 5.2.

If one does not consider gauged supergravities then the WGC is even less restrictive, at
least at first sight. For example de Sitter vacua with an underlying non-linear realization
of N=2 would not require charged gravitini or any gauging at all [32, 33]. Such models can
evade the restrictions we have found here but this does not mean they can arise from string
theory, or even if they do, they may still lead to short-lived vacua [34]. In addition one may
find complementary restrictions on such theories from EFT arguments as discussed in [35].
There are also examples where the N=2 de Sitter is supported by condensates of gravitini
bi-linears [36], which hints that the vacuum does lie within a strongly coupled regime.



2.4 Main result and related conjectures

Our results have common ground with other conjectures and swampland bounds. It is thus
instructive to state clearly what we find here and then discuss what is the relation to the
existing swampland bounds. Our results here can be expressed in the following way:

Quasi-de Sitter with mg,, < H & g3/2#0 has a Dine-Seiberg problem.  (2.26)

Indeed, when the conditions described in (2.26) are met we find that the EFT has a very
low cut-off and so the two-derivative truncation is inherently inconsistent. One can thus
say that such EFTs belong to the swampland. We have already presented a general proof
for gauged N=2 in subsection 2.3, and we also give a proof for N=8 in section 6. We further
illustrate this result in the various examples in the following sections.

Let us stress that the bound (2.26) follows from the magnetic weak gravity conjecture,
and that it was already noticed in [12] for gauged N=2 without hypermultiplets. There it
was also rephrased as a conjecture, stating that de Sitter vacua with degenerate gravitino
mass matrix belong to the swampland. Our results here thus yield further credence to such
a bound, also in the presence of hypermultiplets.

There is a non-trivial convergence between our results and the festina lente bound [15],
which roughly states that m? > qgH has to hold for every charged particle in the spectrum,
and has been further sharpened in [17]. There are three instances where we can draw
compatible conclusions. Firstly, if we apply the FL bound on the gravitino we can bring it
exactly to the form:

mzp < H & q30#0 = in the swampland. (2.27)

We see that this exactly matches our main conclusion. Thus our results can be considered
solid independent evidence that the gravitino abides by the festina lente bound. Conversely,
if we had assumed the FL bound, then (2.26) would emerge as simply a particular instance
of it. Secondly, in [17] it is further argued that the Hubble is bounded from above by the
magnetic WGC, which can be recast in a form that is relevant to us, that is:

H > qpnysMp = in the swampland. (2.28)

Again this condition is at the core of our work here and is already discussed in [12]. Thirdly,
according to [17] the FL bound also gives restrictions on non-abelian gauge theories, im-
plying that they should either confine or break spontaneously at a scale above Hubble,
that is:

de Sitter with perturbative non-abelian gauging =  in the swampland. (2.29)

This result again aligns nicely with our earlier discussion on non-abelian gaugings because
we have used the WGC to argue that de Sitter N=2 vacua with perturbative non-abelian
groups and massless gravitini are in the swampland.

Clearly our work also makes partial contact with the de Sitter/TCC conjectures [3, 5—
10] which indicate that de Sitter space either does not exist as a solution within a theory



of quantum gravity, or is inherently unstable. Our results however differs in that it is
based solely on the magnetic weak gravity conjecture without reference to the shape of the
potential around the critical point. In particular, this leads to the elimination of certain de
Sitter solutions that would be otherwise acceptable by the refined de Sitter conjecture [6, 7],
i.e. de Sitter points with steep tachyons.

Our analysis also makes contact with recent work [18, 19] claiming that the massless
gravitini limit would correspond to a parametrically low cut-off due to towers of light
states entering the EFT. Our work here and the earlier work [12] is in agreement with
these conjectures as the de Sitter points with vanishing gravitino mass are proposed to be
in the swampland precisely because of a very low cut-off, and thus, clearly, so is the limit

when approaching such points.

3 Stable de Sitter vacua with massless gravitini

3.1 SO(2,1) x U(1) with one hypermultiplet

The first illustrative model with vanishing gravitino masses comes from the gauging of
a SO(2,1) x U(1) group in a supergravity model with three vector multiplets and one
hypermultiplet. The scalar manifolds are

SU(2,1)

SU(1,1)7? B
] ’ T SU2) xU(1)

Msk = "51)

Maqk (3.1)

For the Special-Kéhler geometry we use as a starting point the symplectic frame where the
prepotential is

F(X) = /((X0)2 + (X1)2) (X2)2 + (X3)?), (3.2)

which was shown in [37] to give a description in terms of the Calabi-Vesentini coordinates
2l = {S,yo,y1}, by means of the symplectic sections

s+ +u7)
s —y3—ud)
Syo
z=|, Sylz , (3.3)
38(1+yg + yi)
251 —y3 —ud)
Yo
Y1

~10 -



The gauging that we perform is not electric in this frame and therefore we introduce the
symplectic rotation

1o
0 0 1 0
0 —sin 0 cos
Ssp(s.R) = 4 1 ¢ (3.4)
2
-1 0 0 0

0 —cos¢o 0 —sing

acting on the symplectic section according to (A.2). The resulting holomorphic sections are

(1+yg +yi)
(1 —yg — i)
Yo

yi(cos ¢ — S sin @)
351+ 5 +7)
$5(1 =y —7)

—SYo
—y1(S cos ¢ +sin ¢)

Sl

|

which fix the Kéahler potential as
e = —ImS(1 = 2Jyol* = 2[w1* + |yg + v7I) , (3.6)

and the rest of the geometry according to the formulae in the appendix A.
In this parameterization there is an obvious SO(2,1) symmetry acting on the first three
sections, generated by the Killing vectors

0 0 0
ko= | =5+ —wD) |, mi=|s0-wp-v)|. m=|iw]|, (7
—iYoY1 —Yoy1 i1

which we choose to gauge with the first three vectors (the graviphoton and two of the other
vectors in the vector multiplets), hence fixing

kA = eo (kh .51, K5, 0), (3.8)

where we also introduced explicitly the SO(2,1) coupling e, which is going to be crucial
in the following analysis.

The Quaternionic-Kéhler geometry is that of the universal hypermultiplet (see for
instance [38]), parametrized by the scalar fields ¢* = {p, 0,0, 7}, with metric

1
ds® = huwdg"dq® = - +
2p

dp?
2p?

2
(do — 27d6 + 20d7)* + ;(d92 +dr?). (3.9)

- 11 -



In this sector we decide to gauge a compact U(1) symmetry generated by the Killing vector

4pT
20 + 20T + 2p0 + 260(6% + 12
Kl = pb+20( s (3.10)
40T — o

1—p—36% 4 72
The gauging is performed using the last vector available, hence fixing
ki =e1 (0, 0, 0,K%), (3.11)

where once again, we made explicit the coupling e;. Since the scalar potential (A.45)
is determined not only by the Killing vectors of the hypermultiplets, but also by their
prepotentials, we also give here the explicit form of the prepotential associated to the
isometry k%
—%(1 +p— 3602+ 72)
Py =e; 2(0 —467) : (3.12)
%(9 +3p0 — 02 + o7 — 07?)

Once one puts together the various pieces to the scalar potential, one can see that it
has a critical point at

€0

S:cotqﬁ—i

=1 =y1=0=0=7=0 3.13
€15in¢" P ) Yo Y1 g T ) ( )

where
V=4 |€0 €1 sin¢|. (3.14)

This implies that the Hubble scale at this critical point is

4
H = \lglegel sin ¢| . (3.15)

Moreover the gravitini mass matrix is identically vanishing at this critical point. The U(1)
Killing vector also vanishes at this critical point, indicating that the U(1) symmetry is
preserved and thus the WGC can be applied.

To check explicitly the consistency of such vacua against the weak gravity conjecture,
we first compute the gauge couplings at the critical point, which follow from

dei/eg 0 0 0
0 4 0 0
s Lo e1/eo . (3.16)
2 0 0 461/60 0
0 0 0 60/61
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We also note that the gravitino is only charged under the U(1) symmetry with charge
q3/2 = 2e1, so the magnetic WGC cut-off is

Auv = gua)gs/2 = \/2leoer sin gl (3.17)

and we see that the Hubble scale is of the order of the cut-off dictated by the magnetic
WGC and illustrates why there is a Dine-Seiberg problem.

The mass spectrum of the scalar fluctuations around the critical point includes two
zero-modes, corresponding to the goldstone modes eaten by the two broken non-compact
SO(2,1) isometries. The rest of the spectrum is positive definite

m%multiplicity) = (0¢2), /4wy, L2)» 2¢2)) x V, (3.18)

so this critical point is also in violation of the de Sitter criterion.

For completeness, we note that there is also another unbroken U(1) isometry coming
from the compact generator of SO(2,1) gauged on the vectors. The gravitino charge under
that U(1) is given by P9, which at the critical point simply evaluates to

1
Q3/2 = §P20 = €Q. (319)

Multiplying by the appropriate component of Z we obtain the same cut-off as before,
Auv = /2|eger sin ¢|, which again points to the Dine-Seiberg problem.

3.2 SO(2,1) x U(1)3 with two hypermultiplets

The model presented in this subsection has again massless gravitini at its critical point. A
version of this model without hypermultiplets can be found in [39] and is already discussed
from the WGC perspective in [12] and eliminated.

The modification that we consider here contains two hypermultiplets and is the first
time a model with two hypermultiplets and a fully stable de Sitter vacuum has been
constructed. However, as we will see, it still suffers from a Dine-Seiberg problem that is
signaled by the WGC.

The matter content of the model is given by five vector multiplets and two hypermul-
tiplets, with scalar geometry

su@, ) SO(2,4)
Msk = "5y * 50(2) x SO{)’

3.2.1 Vector multiplets

_S0(4,2)
~ SO(4) xSO(2)

Maqk (3.20)

The geometry of the vector multiplet sector is described in a similar way as in the example
above, starting from the prepotential

F(X) = (X0 + (x1)2) (X2 X0s,5). (3.21)

where @,b = 2,3,4,5. As in the previous case, we can describe our gauging in the electric
frame by introducing the Calabi-Vesentini coordinates [37, 39]

2= {S, y*}, where vy ={° 9%}, x=1,2,3, (3.22)

and by performing an appropriate symplectic rotation analogous to (3.4).

~13 -



The resulting holomorphic sections in the new frame are

XA
Z:( ), (3.23)

F,
where
(1+yy")
(1 =y
y° ’
y*(cos ¢ — S'sin @)

N NI

XA(S, y*) = (3.24)

and
$S(1+y"y")
351 —yy?)
_ Syo
—y*(S cos ¢ + sin @)

FA(S,y") = (3.25)

The geometry of this sector follows from these sections according to the formulae in ap-
pendix A. The Kéhler potential is the sum of two factors

K =—log[i(X"Fy — FsX¥)] = K1 + Ks, (3.26)
where
Ky = —logli(S — 5)], (3.27)
1 a—a a, a—a—a
szz-—log[2(1-2y 7+ vy ' 4 : (3.28)
The metric for the scalar fields is factorized as
_(9s5 O
g5 = , 3.29
Y ( 0 gab) 529
with
1 o 0

955 = almsy % oy o (530

Also in this model we gauge the SO(2,1) symmetry in the vector sector that rotates
the first three sections. This is generated by the Killing vectors

Kh = (0= ) [1 +yg — wa)z] s —1Yoy1, —1Yoy2, —zyoy3> ; (3.31)
x
I 1 2 2
K1 = (0, 5 [1 — Yo + Z(yac) ] » —YoY1, —YoYy2, _y0y3> ) (332)
x
'%é = (Oaiy()aiybiy%iy?») . (333)
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We gauge these isometries with the graviphoton and the first two vectors in the vector
multiplet sector. The Killing vectors then are

ki =eg (K(I],K,{,Iig, 0,0, 0), (3.34)

where we made once more explicit the coupling ey. From the above ingredients we can
compute,

T=A
Vp, = g5 kak{ T"L” (3.35)

which only depends on the vector multiplets and will therefore remain the same regardless
of our choice of hypermultiplets or their gauging.

3.2.2 Gauging U(1)2 on two hypermultiplets

We will now include two hypermultiplets in the model that we studied in the previous
subsection. The hyper manifold Mqxk given above is a coset space and therefore we can
exploit this fact to explicitly provide the details of its construction in the appendix B. We
only report here its metric

ds® = hypdq“dg"

1
=7 {déﬁ +@2dg3 + (dga+V2qrdqq)* + (dgz + ﬁqucm)z}
1

+72q1%q§ {6\/§dQG—12Q7dQ2—12Q8dQ3+2\/§Q4(Q7dQ7+Q8dQS)—5\/§(Q$+Q§)dQ4)}2
+q1§(dq§+dqg+dqg) : (3.36)

Given that the isometries of Mgy are a subset of those of Mgk, one could gauge an
SO(2,1) x SO(3) gauge group using at the same time their action on the vector scalars
and on the hypers. This is what was done in [39] to find one of the first examples of
marginally stable de Sitter vacua. These models however do not lead to scalars with all
masses positive and a simple analysis of their vacuum structure also shows that they are
in tension with the WGC.

We therefore decided to follow a different path and gauge three abelian commuting
isometries in the hypermultiplet geometry while leaving the SO(2,1) action confined to the

vector multiplet sectors. To summarize, our gauging is

ggauge = 80(2, 1)only on vectors X (U(l) X U(l) X U(1>) (337)

only on hypers *

This gauging is specified by the Killing vectors (3.34), together with the Killing vectors
specifying the isometries that we want to gauge on the hypermultiplet sector

U k§ = (0, 0, 0, eakiy,, eskiy, , o ki) (3.38)

where the explicit expression of the k%ab can be found in appendix B. The gauging is electric
in the frame given by (3.23). Notice that we could have made use of additional symplectic
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rotation parameters ¢; for each U(1) and indeed that would lead to different expressions
for the masses. However, in all cases where the masses are positive, the properties of the
vacuum do not significantly depend on the values of the angles and so we took them here
to be all of the same value ¢ for simplicity. In the end these ingredients contribute to the
scalar potential that relates to the hypers and has the form

Vi, = 4 huy kLRSI L. (3.39)

When hypers are introduced the would-be FI terms are field-dependent and are given
by the appropriate prepotentials Py (¢"), which are determined by the isometries gauged
on the hypers as reviewed in appendix A. We thus have

Vi = (UM 30" L¥) PEPE, (3.40)

and the total potential is Vp, + Vp, + Vr.
One can then verify that there is a central critical point at

¢'=¢=1, ¢=C=¢="=¢=¢=0, (3.41)
and
W =y" =0, S:cot¢—ie—0 . (3.42)
/e +e2 sing
It is interesting to note that at this critical point most prepotentials vanish
0 —ey —es
Py=P'=P =P =0, PF=] 0|, Pi=1] 0], (3.43)
0 0 0

as well as all Killing vectors of the compact U(1) isometries gauged in the hyper-sector
kX =0. (3.44)

This is in accordance with the fact that we have a residual U(1)* gauge symmetry on the
vacuum. The value of the scalar potential is then

V =/e?+e2lepsing|, (3.45)

and the canonically normalized mass eigenvalues are given by

2 2
2 _ 64 65
m(multiplicity) - (0(2) ) 1(6) ) 2(2) ) 6?1 T 6% (4) » 6421 T 8% (4)) XV, (346)

which include two goldstone modes, while all the other masses are positive definite. We
therefore see that we have a fully stabilized de Sitter critical point with both vector and hy-
permultiplets. This is the first instance where a model with these properties is constructed.
We also see however that the gravitini remain massless

Sij = iP{L N (04) e = 0 (3.47)

~16 —



and hence we expect this model to fail to give a proper effective theory, according to
the WGC.

In order to check this, we need the kinetic terms of the vectors, and in particular of
the ones that are performing the U(1) gaugings. At the critical point this sector of the
Lagrangian becomes

2
1 1 +\/ei+e
eilﬁkin.vec. =7 « E F2<AA) \/i E F2 AA (348)
4| /2 +e2 sing 4 leg sing| §
4 5 A=0

and we see that there is a rather intricated dependence of the gauge couplings on the
charges eg, e4 and e5. The simplest way to check compatibility with the magnetic WGC
is the following. We first notice that we have a spontaneous breaking of the SO(2,1) to
a U(1) and the goldstone modes associated to this symmetry breaking are the real and
imaginary parts of yg. This is seen from the fact that on the vacuum we have

kL = e (0,-—2,0,0,0) , (3.49)
[ 1

ki =eo(0,5,0,0,0), (3.50)
k2 = e (0,0,0,0,0) , (3.51)
kE=kl=kl=0. (3.52)

This means that the U(1) that survives the Higgsing is the one corresponding to k%, which
is just a standard U(1) acting on the y*’s as follows

U(l)residual : yx — 6iaeo yw . (353)

As a result we can identify the physical minimal coupling between the y*’s and the residual
massless U(1) gauge vector as

%m:%X¢ ﬁ+%8m¢. (3.54)
For any charged field the magnetic WGC tells us that in Planck units
Auv < @ohys 5 (3.55)
while inspecting (3.45) and (3.54) we have that
H ~ Ayv, (3.56)

which is the signal that such vacua are faced with a Dine-Seiberg problem. One can reach
the same conclusion by identifying the gravitino charge under the residual U(1) from P9 /2
which gives g3/ = ep, and thus also the gravitino has physical coupling (3.54).

It is interesting to note that the model we just presented can also be obtained from
a reduction from the SO(4,4) gauged N=8 supergravity of [40]. In particular, if we set
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e5 = eg = 0 in the model above and keep only the e4 we get that the mass eigenvalues are
given by

m%multiplicity+goldst0nes) = (0(4+2)7 1(10)7 2(2)) XV ) (357)

which match the truncated spectrum of the central vacuum in [40]. This can be under-
stood from the fact that the scalar manifold (3.20) can be obtained as a N=2 truncation
of the N=8 scalar manifold E(7)/SU(8), following [41], and that the SO(4,4) gauging pro-
duces an action on the scalar fields which is factorized in the same way as that of our
truncated model.

3.2.3 Gauging the SO(3)

The same model with scalar manifold (3.20), has been used in [39], but with a SO(3)
gauging rather than a U(1)3. Also, both the SO(3) and the SO(2,1) factors have been
gauged with a diagonal action on the vectors and hypermultiplets. The resulting scalar
potential has a critical point where the hypers have non-negative masses. For completeness,
we show here that these models are still faced with a Dine-Seiberg problem.

Since all details of the model can be found in [39], we will only report here the details
relevant for our discussion. Let us recall that ey corresponds to the coupling of the SO(2,1)
factor (and 79 = 0,1 is the coefficient that signals the presence of a simultaneous action
on the hyperscalars) and e; is the coupling of the SO(3) factor (and r; = 0,1 again signals
the action on the hyperscalars).

These models have a meta-stable vacuum with vacuum energy

V=1/3(1+2r3)|egerrs sing| > 0. (3.58)

On this point the SO(2,1) gauge group is broken to a residual U(1), whose gauge vector
has a kinetic term of the form

eo /(1 +2r3)
\/361 T1 Sin¢

1

e_l‘cresidualU(l) = 4 F,uz/FuV . (359)

Under the surviving U(1) the scalars of the vector multiplet are still charged with charge
ep, that is

U(l)residual : 5yx =i €0 ym . (360)

As a result the physical charge of the y* scalars under the residual U(1) is

\/361 71 Sin¢
eoy/(1+ 27“3)

Gdphys = Xeq, (361)

which sets the upper bound on the WGC cut-off. We conclude again that

H ~ Ayvy, (3.62)
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both for rp = 0 and for rg = 1. Note that here we used the charge of the y* scalars under
the U(1) to find the WGC cut-off, but we could have equally well used the gravitino charge.

Note that in all of the examples presented in this section, the central vacuum has
vanishing gravitino mass. The contribution to the gravitino mass from the SO(2,1) gauging
vanishes because the corresponding prepotentials vanish, while the contributions associated
to the rest of the gauge group vanish due to the vanishing of the corresponding section
components. Thus all these examples serve to illustrate the result that critical points with
charged massless gravitini violate the WGC. Of course, these examples also violate the de
Sitter criterion directly, by virtue of their scalar mass spectra being positive (semi-)definite.

4 Multiple unstable de Sitter vacua with various gravitini masses

We now turn to a different set of examples, where the de Sitter critical points are unstable
and could survive the de Sitter conjecture. We will show that whenever the gravitini
masses are vanishing, we still can place these models in the swampland. Also, among these
examples we find a case where there is a modulus such that the gravitini masses vary with
its expectation value. This is a very instructive example because it shows explicitly how we
can violate the WGC in a dynamic way, showing that not only vanishing gravitini masses
are dangerous, but also very light ones. We also give another example that we think is
instructive, because it makes explicit the discussion of our section 2.2, having a central
vacuum with non-abelian gauge symmetry and massless gravitini, for which the argument
in section 2.2 allows to point out a Dine-Seiberg problem.

4.1 Scalar manifolds

Both models we consider in the following contain three vector multiplets and two hyper-
multiplets, parameterizing the scalar manifold

~SU(1,3)
~ SU(@3) x U(1)’

SO(4, 2)

Msxk ~ SO(4) x SO(2)

Maxk (4.1)
The Special-Kéhler manifold describes a vector multiplet geometry with minimal couplings

and follows from the prepotential

1

F(X) =~

XAXE nps, (4.2)

with n = diag{1,—1, -1, —1}. The associated symplectic frame is described by the holo-
morphic sections

~

z=|" 1, I1=1,23, (4.3)

Rl= |
— DNl
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where the z! are the three complex vector multiplet scalars. The K&hler potential is
given by

K = —log [1 - 2121} , (4.4)

which makes explicit the SU(2) isometry that rotates the three scalars. The Killing vectors
for these isometries are

0 —Z3 zZ2
1 I 1
K1 = z3 y Ko = 0 ; Ry = | —21 . (45)
—2Z9 z1 0

The hypermultiplet scalar manifold is the same as in the previous section and the
details of its parametrization are given in appendix B.

4.2 Gauging

The two models that we are going to analyze in the following have a gauge group that
is the direct product of an SO(3) factor and an abelian compact or non-compact one-
dimensional group.

The common SO(3) factor is taken to act simultaneously on the vector multiplet scalars
as well as on the hyperscalars. The action on the vector scalar fields is identified with the
isometries generated by the Killing vectors (4.5) and is gauged by the vector fields in the
vector multiplets

k‘:{\ =€ (07 K/{a Kéa K‘I) : (46)

The same SO(3) gauge group acts on the hyperscalars as specified by the generators
Ti2, Ti3, Tog of the s0(4, 2) algebra (see equation (B.1) in appendix B). In addition we either
take a compact abelian factor gauged by the graviphoton and acting on the hyperscalars
as specified by T56, or a non-compact abelian factor, always gauged by the graviphoton,
and acting on the hyperscalars as specified by Tyg. Overall on the hypermultiplets we have
the identifications

80(3) X U(l) : k}{ = (eok‘%i, €1/€77{Q, elk%ﬁ, elk%ﬁ), (4.7)
80(3) X O(l, 1) : k‘X = (eol{fgfwﬁ, 61]€%Q, 61]{?%&, 61/617{@), (4.8)

i.e. the SU(2) acting on the vector multiplets is identified with the SO(3) of the hyper

manifold, while the U(1) or the O(1,1) symmetry is gauged by the graviphoton. From the

Killing vectors and the metric we can also compute the prepotentials P* using (A.38).
Both models have a critical point at the SO(3) invariant point

n=¢p=1, g=@=qu=@=q¢g=9g=0, z' =0, (4.9)

where the SO(3) Killing vectors vanish. The U(1) Killing vector also vanishes at this point,
hence showing that the whole gauge group survives, while the O(1,1) Killing vector takes
the form

ks = 0%, (4.10)
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thus signalling its breaking at the critical point. The corresponding prepotentials at the
same point are

0 e1 0 0
pe=|o|, Pr=|o|, Pr=|e|. PE=]0], (4.11)
0 0 0 el

with P§ vanishing for both the U(1) and the O(1,1) generators. As anticipated in the
introduction to this section, both models have interesting features for our analysis, which
we now are going to examine.

4.3 SO(3) x U(1)

The central critical point in this model has energy
V=3e, (4.12)

while the eigenvalues of the scalar mass matrix are

2 4 4
m?multiplicity) = <—3(6) ) 57'(22) ; 5(7'2 + 1)(6)> XV, (4.13)

where r = eg/e; is the ratio of the U(1) and SO(3) couplings. The gravitino mass matrix
vanishes at this critical point and hence we could be within the assumptions of our general
proof of section 2.3. However, the gravitino charges under the four gauge bosons are

qaA = (ﬂ:O :I:Lel :I:iel :|:1€1) (414)
so that we see that the gravitini are not charged under the U(1), but only with respect
to the SO(3) gauge group. The charges listed above have been computed by taking into
account the normalization of the vector kinetic terms, given by the values of the gauge
kinetic functions at the critical point, namely Zyy, = —% OAS.

Since the gravitini are not charged under the U(1) gauge group, and the SO(3) factor
is unbroken, we can not confidently apply the WGC in its usual form, using its gauge
coupling. We must therefore resort to the argument presented in section 2.2 where we look
at nearby configurations that break the SO(3) symmetry down to a U(1). This allows us to
use the SO(3) coupling in the magnetic WGC, giving a cut-off Ayy = %, and the Hubble
scale exceeds this. In particular, we assume a small perturbation of the SO(3) point of
the form

z9=1€, 21 =23=0. (4.15)

This point is not a critical point of the theory of course, but it is still a legitimate config-
uration in our field space. In particular since Im zo gets a vacuum expectation value, the
central SO(3) gauge group is Higgsed and only a U(1) remains under which fields are still
charged with charge e;. In addition the total energy density, which is dominated by the
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dVv
dlmzo

vacuum energy, is still given approximately by p ~ 3e? + ¢ . As a result, for small e

we have

Awee e H, (4.16)

€V

which can be extrapolated to the central vacuum as the limit ¢ — 0. We conclude that the
central critical point is also threatened by the WGC cut-off.

It is worth pointing out that for non-zero Im 2o, the derivative of the potential also
points in that direction. This allows for classical trajectories which preserve the U(1)
symmetry throughout their entire duration. This puts us in the second scenario discussed
in section 2.2, where we do not have a modulus, but do still have a classical path. An
example, where Im 25 is a true modulus will be however presented in the next subsection.

Before moving on, we would like to point out that the same model possesses a second
critical point, where the SO(3) gauge group is fully broken. This vacuum can be found by
letting, for example, Re z; and Im zo vary. The new critical point appears at

1 1
Rez = 2 Im 2y = 2’ (4.17)

and has energy V = 2 e%. The normalized scalar mass spectrum is
m%mult.) = (0(3) ,—1(2),8(1),2+4r* =2r(2), B+ B(2), B°— By2) 2+27"+4T(22)) xV, (4.18)

with r = eg/e; describing the ratio of the charges and 5 = 4r + 1. Once again this critical
point respects the de Sitter criterion and also our criterion fails because the gravitino mass

Sy = (@)el 8) : (4.19)

matrix at this saddle point is

so that one gravitino acquires a mass of order the Hubble scale, while the other remains
massless. We can also see that the gravitini are still uncharged under the residual U(1),
because the gauge kinetic functions at this point are given by

3200
2200
0020
0001

1
—52—1 = (4.20)

and physical gravitino charges are then given by the eigenvalues of

) 1 )
(g4)i" = 5E4PR(0"), (4.21)

where

V220 0

0200
N = , 4.22
A 0020 (4.22)

0 00+2
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One might hope to apply the WGC despite a complete breaking of the SO(3) gauge
symmetry, if some of the gauge fields have masses below the Hubble scale and therefore still
effectively mediate long-range forces within a Hubble patch, however, in this model this is
not the case. The masses of the gauge bosons can be determined from the eigenvalues of

mip = 7(5 MGG shaE + huc), (4.24)

which are (0, 8¢%, 4e?, 4e?). The zero mass corresponds to the unbroken U(1) under
which the gravitino is uncharged. The remaining masses are clearly of order the Hubble
scale and thus do not mediate long-range forces.

4.4 SO(3) x O(1,1)

A very instructive model is the one described by (4.1), but now with a SO(3) x O(1,1)
gauge group. This model also has a critical point at (4.9), with a vacuum energy

V=2¢l+3e2, (4.25)
and scalar mass spectrum

m%multiplicity) = (0(1)» 2(63 - 6%)(3% 463 (1) s 46% (2)>T1 (1) T2 (1)» T3 (1)

(4.26)
el + \/460 4ede? + 961 - \/460 4ede? + 961( )) XV,
where x1 2 3 are solutions of the cubic equation
2%+ 6e12” + (4efel — aef) @ — (16¢get — 16e3e] + 32¢]) = 0. (4.27)

This mass spectrum pushes the limits of the de Sitter criterion, but not parametrically
so. Again, the normalization of the vector kinetic terms, given by the values of the gauge
kinetic functions at the critical point, is trivial, because Zyx; = —% OAs-

As in the previous model, the gravitino masses vanish at the central point, but, once
again, the unbroken SO(3) prevents a straightforward application of the WGC and one
must therefore resort to the argument presented in section 2.2 where we look at nearby
configurations that break the SO(3) symmetry down to a U(1). In particular, for the
special choice eg = eq, we find entire lines of critical points that pass from the center and
are parametrized by any of the three imaginary components. Along each of these lines,
except the central point, the SO(3) is broken to a U(1) and therefore we can confidently
invoke the WGC.

For the rest of this subsection we will set eg = e; and for concreteness let us take
Im 29 = 2z as the modulus, with all other scalars remaining fixed at zero. The scalar mass
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Figure 1. The ratio m?/V of all the scalar fields in the SU(2) xO(1,1) model, plotted as a function
of the modulus z = Im z9. The central vacuum z = 0 preserves the full SU(2) gauge group. Tachyons
with m?2/V = —2/5 are present for all values of z.

spectrum along this line is given by

4
m%multiplicity) = (0(4)a _2/5(1)74/5(3)7 5 _ 5,2 (1)’ 1 (1), %2 (1), %3 (1)

(4.28)

1+224V9- 1424922 1422 V91424922 1\ y

5 — 522 )’ 5 — 522 1) ’

where x1 2 3 are now solutions of
23+ V1 — 22(6 — 22%)2? + (1622 — 322 +162%)z

(4.29)

+ V1 — 22(—32 + 12822 — 1922% 4+ 12825 — 32:%) = 0.

The behavior of these normalized masses is shown in figure 1. Notice that, in addition to
the three goldstone modes of the SU(2)xO(1,1) breaking to U(1), there is an additional
massless scalar field, z = Imzo. We therefore now have a residual U(1) gauge group with
respect to which the gravitini are charged. This is specified by the physical gravitino

1 2
qA:<j:0,j:el,j:eH/1+ZQ,j:el), (4.30)
— Z

where the normalizations follow from the gauge couplings at the line of critical points

charges

1 2
2250 0 0
1 0 1 0 0
——7171= > |- (4.31)
1
2 0 0150
00 0 1
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Figure 2. The ratios Ayyv/H (solid) and mg/,/H (dot-dashed) as a function of the modulus
z = Imz, in the SU(2)xO(1,1) model. For small values of z the gravitino mass vanishes and the
Hubble scale is above the cut-off, so the theory has a Dine-Seiberg problem. The shaded gray region
denotes where the effective theory is increasingly well controlled; in the dark gray part H < Ayy.
The gravitino mass is always below the cut-off, approaching it as z approaches the boundary of
moduli space.

The third eigenvalue of (4.30) is the coupling of the unbroken U(1) subgroup of the SO(3)
symmetry and thus is the one that can be used for the WGC. This implies that the WGC

cut-off is
1+ 22
Ayy = . 4.32
v =T s (4.32)

On the other hand the gravitino mass matrix is

1-27 oz (4.33)
V1—2z2

and therefore, as we move away from the central point, both gravitini become massive,

Sij =

while the gauge coupling increases, thus increasing the magnetic WGC cut-off.

As we mentioned before, this is very instructive for various reasons. First of all, we
see that the vacuum at z = 0 has a symmetry enhancement, so we could not apply directly
the WGC. However, this vacuum is now the limiting point of a series of critical points
with a residual U(1) gauge group for which we can apply the WGC and having charged
gravitini, we can apply our argument. In fact, all the critical points close to the central
one are not part of a good EFT, because the vacuum energy is larger than the cut-off
scale (Ayy/H < 1). Then, as the gravitini mass approaches the Hubble, the Hubble
parameter itself becomes smaller than the cut-off energy, saving the EF'T approximation.
This can be seen explicitly in figure 2, where both the ratios of the cut-off over Hubble
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and gravitini mass over Hubble are plotted, for the whole range of validity of the scalar
vacuum expectation value z.

5 Unstable vacua with no massless U(1) couplings

We conclude our discussion of N=2 models by giving some simple models for which our
criteria do not apply, just to clarify the existence of situations that avoid our assumptions.

5.1 Massive gravitini

The first simple example is based on a method to construct stable de Sitter critical points
in N=2 presented in [42]. Such critical points always have non-vanishing gravitini mass and
therefore our general argument does not apply. In addition as the only gauging involved is
a Higgsed U(1) the WGC cannot be applied to eliminate such vacua. Taking however into
account that in [42] only a general strategy is presented but no explicit example is given, we
believe it is useful to see a concrete example. We thus skip the general properties presented
in [42] and focus on a model that contains a single hypermultiplet with a Quaternionic-
Kahler geometry that is not homogeneous. This is a special case of the general metric
presented in [42] of a Quaternionic-Kéhler with one isometry. The specific example we
study has a metric given by

ds® = 21p2 (fdp2 + fe(do* + dr?) + f~Y(do + @)2) : (5.1)

where the scalar fields are ¢* = {p,0, 7,0} and

ap +2b
ap+b’

h=log(ap+b), f= 0= % (6dr — 7db) (5.2)

for a,b real parameters. This metric has an obvious shift symmetry along o. After the
gauging with the graviphoton of such isometry

k" = e (0,0,0,1), (5.3)

we have a scalar potential of the form

2
eg (ap+b 3)
=23 -—. A4
4 P> <ap+2b 4 (5:4)

This has a critical point at

p= “Tm , (5.5)

which gives a positive vacuum energy

(5v/5 — 11)(126(2)

V= 322

(5.6)
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The scalar p is tachyonic of course, while the scalars § and 7 are flat directions. In particular
the canonically normalized mass of p is given by

m)=—(5+V5)x V. (5.7)

As a result the refined de Sitter conjecture [6, 7] is not violated. We can also compute the
gravitini masses

eda?

2
mgja = W : (5.8)

We see that this critical point is not threatened by a low cut-off because there is no
U(1) to invoke the WGC, and at the same time both gravitini are massive. One can work
out different examples that include additional vector multiplets, but they essentially have
the same property as far as our work is concerned. It is further worth noting that in the
procedure of [42] for constructing fully stable de Sitter vacua, there is always a spectator
U(1) related to the graviphoton because the shift symmetry of the hypermultiplet is gauged
by a vector belonging to a physical vector multiplet.

5.2 Massless uncharged gravitini

Another simple instance where our argument in section 2 does not apply is when the
gravitini are both massless and uncharged. A model of this type is simply obtained from
the models of subsection 4.4 by taking e; = 0, i.e. removing the SO(3) gauging. The central
vacuum is still present, with energy V = 22, but there is no longer any physical U(1) charge
to determine a WGC cut-off. Indeed, the vacuum energy only comes from the charges of the
hypermultiplets under the broken symmetries, in this case our O(1,1). Note that there are
three more vectors in the theory on top of the graviphoton, but they are merely spectators
and one can truncate them without changing the properties of the example.

We see that the fact that we cannot exclude the existence of this de Sitter vacuum
due to the massless but uncharged gravitini aligns nicely with the FL bound [15-17] which
does not prohibit massless uncharged fields either. Furthermore, models that contain only
hypers and where the gauging is from the graviphoton have been proven to be tachyonic [43].
In particular as shown in [43], such models always contain an O(1) in Hubble units mass
tachyon and so do not violate the de Sitter criterion [5-7].

6 Maximal supergravity with light gravitini

While all the discussions and examples provided so far are related to N=2 gauged super-
gravity, we strongly believe that our arguments are fairly general and should apply to any
gauged extended supergravity theory. In this section, we show how the proof of section 2
can be applied to the case of maximal supergravity. We believe that similar results could
be obtained for any N > 2.

Let us first recall some crucial aspects of N=8 gauged supergravity [44]. Maximal su-
pergravity contains a single gravity multiplet, whose fields are the graviton, g, , 8 gravitini,
1% (i=1,...,8), 28 vector fields, Aﬁ (conventionally A = 0,...,27), 56 spin 1/2 dilatini,
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Xijk = X[ijk], and 70 real scalar fields, ¢ (u=1,...,70). The scalar fields describe a
non-linear o-model given by a homogeneous manifold

E7(7)
SU(8)”

Mscalar = (61)

The vector fields and their duals transform in the 56 dimensional fundamental represen-
tation of Er(7), which is a symplectic representation, defining an embedding of Ez(7) in
Sp(56,R), i.e. VM = {VA V3 }. The coset representative is customarily described by com-
plex 56-dimensional vectors, Ly/% = —Ly7*, and their complex conjugates, Lys ij» which
together build a matrix

LY = (LMij,LMkl>. (6.2)

This matrix transforms under rigid E7(7) transformations from the left and under local
SU(8) transformations from the right. We also note the following properties of L2,
which follow from their definition,

Ly Lnij — LNV Ly =i Quin,
OMN L\ Ly gy =16, (6.3)
QMN LI =0,
where (2 is the symplectic invariant matrix.

The gauging procedure fixes the gauge generators Xy from the Er(7) ones t, specifying
the embedding tensor ©

Xun? = 0y (ta)n". (6.4)

Of course, consistent gaugings have restrictions on the allowed form of © and consequently
of X, as discussed in [44].

We are interested in the vector kinetic terms, in the Lagrangian sector describing the
kinetic and mass terms for the gravitini, and in the scalar potential. The vector kinetic
terms have the usual form

_ 1 y
e Ly, = 7 Zax Fi P (6.5)

although now the vector kinetic term can be expressed in terms of the coset representa-
tives as
T7UAY — oA, LR (6.6)

The relevant sector for the gravitini is

1 - 1 _ ,
_ §5Mllpa (qﬁMZ%IDp(w’ Qi + h.C.) +ge (2\/§A1 ij ¢L7#V¢IJ/ + h.C.) , (6.7)

where the covariant derivative acts as

1 )
Dp(wu Q)wai = Dp(w)wai + igpzjwcrj ; (6'8)
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and the gauged SU(8) connection Q,, contains the gauging charges Qps;7 in the form
2.
i

Quij =35

3 (Lp g 0, L% — LA 0, LA%) — g AM Quri? (6.9)

The explicit expression of the gauging charges can be obtained from the following identities,

Qi = 0" Queyfl =i O Liv i Xarp® Lo,

1 (6.10)
Purrijrr = o4 Sidkimnpg Py =i QNP L i Xarp© Lo
where Q Mij = -0 sz' and Q' = 0, which means that Q)7 is taken to be antihermitian
ol = —Oup- The‘Lagrangian mass Aj;; is defined by the gauging procedure, together
with the tensor A%, which will fix the scalar potential, as
POMN Q0 Ly = — g8 — 2 4,7k 61, (6.11)

Finally, the scalar potential can be written by using the various structures we introduced

so far as
v=g {5 |4 - 2avf"}
= % 9> MMN {8 Prr ' Pyiing + 9 Qurid QNji} , (6.12)
e Muyn =Ly Ly + Larig LvY,  MMN = QMPQNQAqp, (6.13)

and one notes the relations
MMV Py IR PN g = 4| AR, (6.14)
MMN Qi Qb = —2| Ay TR — 284,912 (6.15)
Now that all necessary ingredients have been put forward, we can build our argument
along the lines of section 2.

First of all we assume that all gravitini are massless and hence that we have a de Sitter
critical point where A7 = 0. This implies that at the critical point it holds that

MM AIRP G = =2 MMV Q)17 Q' (6.16)
and in turn that the potential can be written as

1 . .
V= 8 P MMN QI On;' > 0. (6.17)
If we move to an electric symplectic frame, we can further simplify this to

1

4 48

G2 M0, O > 0 (6.18)
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and using (6.6), (6.13) and the coset relations (6.3) we find MA¥ = —TA®

1 , , 1
V= 5 P TEQ,I Os;' = VT g IAET’I“(QRQE) >0, (6.19)

where we recall that Z is negative definite and Q is anti-hermitian.
At this point the argument follows along the same lines as in section 2. We define a
set of vielbeins to put the kinetic terms of the vectors in canonical form

—Tas = oA ENER EXED =54, (6.20)

use the same vielbeins to identify the physical, now hermitian, charges of the gravitini

?
Qa=5984Q, (6:21)
so that (6.8) becomes

Djtpoi = Dp(w)thoi + ... + iAZ‘QAij%j, (6.22)

and the scalar potential at the critical point is

V= 1% AP Tr (QaQp) - (6.23)

We therefore see that if there is a U(1) surviving at the critical point under which the
gravitini are charged, the scalar potential is larger than the sum of its square.

Clearly the only effect of switching-on a parametrically small gravitino mass is to
slightly alter the vacuum energy. However, as long as such contribution is parametrically
smaller than the Hubble scale it does not alter the fact that the vacuum energy hits the cut-
off. As a result we conclude once again that (quasi) de Sitter with light charged gravitini
belongs to the swampland.

So far we do not have many examples of de Sitter vacua in maximal gauged supergravity
and all the examples we have do not have abelian factors in the residual gauge symmetry.
However, we can once more employ the argument about the WGC for critical points with
a non-abelian gauge symmetry made in section 2, because in maximal supergravity every
time we gauge a non-abelian symmetry of the scalar manifold, we will have scalars that
potentially break this symmetry by acquiring a vev. This would tell us that the SO(4) x
SO(4) vacuum of the SO(4,4) gauging in [40] is not a consistent effective theory, because it
has massless gravitini, charged under the residual gauge group. While this was expected
for the vacuum coming from the regular gauging, which is a consistent truncation of type
II compactifications on a hyperboloid, and therefore do not have a mass gap with the
Kaluza-Klein states, it is certainly interesting for the deformed models, where the SO(4,4)
gauge group was embedded in a new, rotated way inside E7(7). We also confirm that the
second de Sitter vacuum found in [40], when the deformation parameter is non-vanishing,
has non-vanishing gravitino masses and therefore could still survive the WGC constraints,
while having a parametrically small tachyon.?

3See also [45] for further solutions of Type IT on non-compact group manifolds.
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7 Conclusions

In this paper, we have argued that de Sitter critical points in extended supergravity violate
the magnetic weak gravity conjecture when they have charged, light gravitini. We have
presented a general proof of this claim in N=2 and N=8 gauged supergravity. We have
further illustrated this claim with several N=2 models with hypermultiplets, whose scalar
potentials admit de Sitter critical points, both stable and unstable. We also presented
examples of critical points that escape the WGC by having either massive gravitini or
no U(1) gauge symmetry at the critical point, and a model where a modulus interpolates
between respecting and violating the WGC. Many of the unstable critical points that we
rule out respect the de Sitter criterion. Interestingly, our results are especially consonant
with the festina lente bound, which forbids charged particles that are too light in a de
Sitter background. Our findings are also similar in spirit to other works pointing towards
a lowering of the UV cut-off of effective theories in the limit of vanishing gravitino mass.
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A Basic ingredients of 4D N=2 gauged supergravity

In this appendix we give a very short description of some identities in Special-Kahler ge-
ometry, Quaternionic-Kahler geometry and in the gauging procedure of N=2 supergravity.
It is by no means a comprehensive summary of gauged N=2 supergravity theories, but
it contains the ingredients required to reproduce the calculations in this work. For the
derivation of what follows we refer the reader to the original works we used [46-50] and to
the very nice review [13].

We should start by stressing that although a full N=2 duality covariant supergravity
action has not been built so far, decisive steps have been taken in this direction. As
shown in [51], whenever one introduces magnetic gaugings, tensor multiplets have to be
introduced. In the case of supergravity coupled to vector multiplets, one has therefore to
improve couplings to vector-tensor multiplets [52, 53] (and its extension to non-trivial FI
terms in [54]). For the general matter-coupled case, an outline of the general procedure by
using the embedding tensor formalism can be found in [55] and general Lagrangians for N=2
conformal supergravity theories with arbitrary gaugings have been presented in [56]. Our
formulae are straightforward applications of the results contained in the above references.

A.1 Vector multiplets

The geometry described by the scalar fields appearing in N=2 vector multiplets coupled
to supergravity is called Special-Kéhler. A Special-Kdhler manifold is parameterized by
complex coordinates z/, I = 1,...,ny. Since this is the geometry of the vector-multiplet
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sector, electric-magnetic duality plays a role in constraining the manifold and this is made
manifest by describing the geometry by means of holomorphic sections

_ (X 2 _
zM — (FA(Z)) , A=0,1, (A1)

where the additional sections with index 0 have been added to take into account the
graviphoton and its dual, which do not have corresponding scalars in their multiplet. When
a prepotential F'(X) exists, these sections can also be though of as projective coordinates
and Fy = OpF(X). However, special geometry can be defined in the absence of such a
prepotential and, unless specified otherwise, we will not assume the sections are chosen in
such a specific frame. Note that two different patches of the manifold are related by

Z'(z) = e T3S Z(2), (A.2)

where S is a constant symplectic matrix and f is a holomorphic function of the coordinates,
generating the Kéahler transformations of the Kéhler potential. Defining the symplectic
product

(A,B) = ATQB = AMB) — B Ay, (A.3)

the Kahler potential is then
K = —log |-i(Z, Z)| (A.4)

and changing patches, from (A.2), we get the usual Kahler transformation

K'(2,2) —» K(2,2) + f(2) + f(2). (A.5)
On the Hodge bundle over the manifold one can also define covariantly-holomorphic sections

VM =3 zM (A.6)

such that the whole geometric structure gets encoded in the following algebraic and differ-
ential constraints:

(V, V) =1, (A.7)
Ur =DV = (f', hin), (A.8)
DUy =iCryx g"5U &, (A.9)
DiUj=g;;V, (A.10)
D,V =0, (A.11)

where now Dj is the covariant derivative with respect to the usual Levi-Civita connection
and the Kéhler connection 7K. This means that under a Kéhler transformation (A.5),
a generic field x!, with charge p, namely transforming as y! — e 5/t5] x!, has covariant
derivative

Dix? =0T + Thix™ + g oK X!, (A.12)
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and analogously for D 7, with p — p. We followed standard conventions and chose p =
—p =1 for the weight of V. Note also that

917 =1{U1,Uy). (A.13)

One more ingredient needed is the matrix defining the non-minimal couplings of the
vector multiplets

) - -\ 1
Naz = Ras +iTys = (My, br) (L5, F7) (A.14)
which results in the kinetic Lagrangian for the vector multiplets
1 1
Lyin = 1 eIy FPIL\VFE;W + 5 Ras €47P7 F;I}VF/)ZW (A.15)

which means that Z is negative definite.

The scalar potential following from the gauging procedure has two main contributions.
The first one Vg is coming from the N = 2 Fayet-lliopoulos terms, which are the relics
of the possible coupling to hypermultiplets. If we consider full symplectic invariance, the
FI terms are given in terms of the triplet of FI charge vectors QM* = (PA“ , Pf(”), with
z=1,2,3 )

Ve = g"(Q". U@, U ) - 3(Q7, V)(Q". V). (A.16)

The second contribution is the D-term Vp generated by the proper gauging of the
isometries of the Special-Kédhler scalar manifold. Again, trying to be general and main-
taining symplectic invariance, for Special-Kéhler manifolds, the isometries can be derived
by looking at their linear action on the sections. In fact all isometries must preserve (A.2)
and therefore

(5PZM = (TP)NMZN - fp(Z)ZM, (Al?)

where Tp is a symplectic matrix (the generator of S) satisfying
TIQ + QT =0, (A.18)

and fyn(z) are compensating holomorphic functions, which are going to be related to how
the Kéhler potential transforms under such isometries. Using full Sp(2ny + 2,R) indices:

Ty ®Qpp = 0. (A.19)
Consistency of the gauging also requires
TounQpyg = 0. (A.20)

Note that now the position of the index transforming with S is fixed, so that indices
M, N, ... are lowered and raised with the symplectic matrix. Upper indices transform with
S and lower indices transform with S™' = —QS7Q, so that VMW, = VMQunWV is
symplectic invariant

VMWL = VM QWY = VESM b0 v SN oW @ = VMO nW N = VMW, (A21)
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The non-linear action on the coordinates can be obtained by means of holomorphic Killing
vectors, which can be related to the linear action above in frames where the prepotential ex-
ists. In this case the Killing vectors follow by introducing normal coordinates z' = X1/ X0:

s T — SuXT XTouXY
MZ =70 T x0 x0
(T 2) X1 (Ty2)°

= e = kL (2). (A.22)
At the infinitesimal level
o VY = ~Ta pMVE, (A.23)
SuWn = Tyun"Wp. (A.24)
Under an isometry the Kéahler potential transforms as
oK = =% i (6 ZT0Z + 2706 Z) = fur + fur- (A.25)

As is customary in supergravity, the gauging procedure is enforced by the introduc-
tion of prepotentials (or moment maps) for the gauged isometries. In this context, the
prepotential definition is

Py, = —ik' 0K + i far, (A.26)

which, in the frame where a prepotential exists, becomes
P =X Z 0Ty 7 = X Tyn®Q0p2V7Z" . (A.27)
Prepotentials satisfy the constraint
ZM(2)PY(2,2) =0 (A.28)

which also implies
ZM (kL (2) =0. (A.29)

The relations between the prepotentials and the Killing vectors also imply that
ZM (D)L (2) =i g U PY . (A.30)
After the gauging, the resulting scalar potential is therefore
Vo, = VLV NEL g, 5 = " UMTY PY,PY . (A.31)
A.2 Hypermultiplets

Hyper-scalars, ¢“,u = 1,...,4ny, span a Quaternionic-Kéhler manifold, namely a 4ng-
dimensional real manifold endowed with an invertible metric h,, and a triplet of complex

(2

structures (J%),", x = 1,2, 3, satisfying the quaternionic algebra

JEJY = 51 + €97 ] | (A.32)
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and with respect to which the metric is hermitian
(Jx)uw(t]x)vthwt = huv~ (A.33)

From the complex structures one can introduce a triplet of 2-forms K% = hy, (J7%)," dg* A
dq”, which are proportional to the curvatures of an SU(2) bundle with connections w®,
namely

1
R* = dw® + 3 VWY N = — K7L (A.34)
This implies that the quaternionic structures are preserved by the SU(2) connection, i.e.
VK?* =dK* 4+ e"Y*WwY AN K7 = 0. (A.35)

This same structure also implies that for each isometry of the manifold, é¢* = €™ kS,
we can introduce a triplet of moment maps by

2 Ry, kyr = OuPiy + €7 wi Py (A.36)
and satisfy the consistency condition
1 1
Ry, Kk + B eV Py Py = 3 funt PR, (A.37)

required by gauge invariance of the N=2 action, where fy;n? are the structure constants
of the gauge algebra. Using the properties of the SU(2) curvatures, one can also find

Oy PY = —(R%),"V,kY, . (A.38)

In the absence of hypermultiplets we can still introduce constant Py,, which correspond to
the FI-terms of the previous subsection.
The gauging of a non-abelian gauge group introduces a new D-term potential

Vi, = AV KL VVES B (A.39)
and the F-term potential gets improved from the U(1) charges of the previous section to
the full prepotentials PM* = (PAQC , Pj{):

Vr = g (P, Up)(P*, U 5) — 3(P", V)(P", V). (A.40)
A.3 Potential, gravitino mass and charge

Summarizing, the scalar potential of a generic N=2 matter coupled gauged supergravity
theory can be written as the sum of three pieces

Y =Vp, + Vp, + Vr, (A.41)
Vo, = VL VNEL g, = ¢ UNTY P, PY, (A.42)
Vo, = AV L VVES B, (A.43)

Vi = ¢! (P* UNP, T ;) — 3(P*, VY(P", V). (A.44)
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A general result of consistent gaugings is that we can always rotate the symplectic
frame from which we start in the description of the lagrangian so that the couplings and
the potentials result from purely electric gaugings [14]. This means that once we introduce
new sections as in (A.2) with an appropriate symplectic matrix S, we can write the scalar
potential above as

V =Vp, +Vp, + Vr, (A.45)
Vp, = LKL L%k g, ; = UMEPY P, (A.46)
Vo, = 4L k3 VRS o, (A.47)

Vi = g" [A T PRS- 3LALTPLPE = (UM - 3LALY) PURE, (A.48)

where we note the useful identity
— 1 _
UM = PP % = —51—1”2 — IALE (A.49)

Clearly in all these expressions the L refer to the new frame V.
From the full Lagrangian [13, 48, 50] we can also extract two ingredients that are
central in our analysis, the gravitino mass matrix

Sij = (P*, V)i (o2);"€ji, (A.50)
and the physical charges of the gravitini, which, in the electric frame, are the eigenvalues of

1 .

(aa)i’ =5 Eh P(0")i (A.51)
where Eﬁé’g‘ 648 = 7-UAX These are the charges to be used when determining the mag-
netic WGC cut-off.

B SO(4,2)/SO(4) x SO(2) coset space hyper geometry

In this appendix we describve the Quaternionic-Kéhler geometry of the coset space
%, parametrized by the scalars ¢%, v = 1,...,8. We start from the SO(4,2)
generators

d
(Tap)? = Mefally (B.1)
where @ = 1,...6 is in the fundamental of so(4,2) and 7, = diag{1,1,1,1, -1, —1}.
We use C1 = T15 and Cy = T36 as the non-compact Cartan generators and introduce
the following set of positive roots with respect to C; and Co

1 oy 1
B = = (Tip+Tas —Tae+Tse) g = —= (Tiz+Tos+T16—Tho)

V2 V2 (B.2)
EM0) =T34+ Ty5, Ezgl’o):TgﬂLT@, BV =Ty + Ty, Eéo’l)ZT%JrT@,

Eg
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where the superscripts denote the weights under the non-compact Cartans and the a,b
subscript distinguishes between generators of different weight under the remaining compact
Cartan. Together with C] and (Y, these six generators form a basis for the tangent space
of the coset space, which we will collectively denote

a

Go=(C1, BQO, B BV, 0o, BV, EO, EPY) (B.3)

We then write the coset representative as

L= eXpl( Lh ngg) EY + ( g+ qm‘*) E(O 4 <q + qu“) B0

d6 —
V2 V2 V2 V2
(B.4)
+qrEOY + gs BV + q4E81’_1)] exp [log(q1)C1] exp [log(g5)Ce]
from which we can read off the vielbeins e, through
Gae®,dg" = L7t . (B.5)
The resulting vielbein is
1
Toa (1) 0 0 0 0 0 0
ar
0 Toa 0 o 0 0 0 0
1 a8
0 0 NS m 0 0 0 0
0 0 0 - 0 0 0 0
¢, = Vi (B.6)
“ 0 0 0 0 7 0 0 0
a5
0 —ar _ g _5Slaztd) 1 q4q7 q49s
ags @145 6v/2q1qs V2q1q5 3v2q1q5 3v2q1g5
0 0 0 0 0 i
0 0 0 0 0 0 0 e

and the metric is then
ds® = hypdqdg® = dap e“uebvdq“dq”

?[dql+Q5dQ4+(dQQ+\fQ7dQ4) (dQB+\/§QSdQ4)2}
1

1 2
+ W [6\[0[% —12g7dg> —12qsdgs+2v/2q4(grdqr +qsdgs) —5v/2(q3 +q§)dq4)]
5

t2 . (dgé+dg?+dgl) (B.7)
5

The homogeneous nature of the scalar manifold allows us to find the Killing vectors of
the SO(4,2) isometries by the action of the generators on the coset representative (see for
instance [14]):

k%80<472>6"”‘ = Tsoupl - Luw" TH=50(4)xS0(2) s (B.8)
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where the last term is the H-compensator and cancels the part of the transformation that
moves along the coset. For each generator this is a set of 15 equations (L has 15 independent
components) in 15 unknowns (8 components for the Killing vector k% and 7 coefficients for
the compensator w’). Finding the solution is straightforward, but the resulting expressions
are very elaborate and we do not present them here.

Finally, we give here the quaternionic structures
Jr =T+ Ty, J>=-Tig+Tou, J>=Ty+Tu, (B.9)

which correspond to a normal SU(2) subgroup of the SO(4). The action of the genera-
tors on the vielbeins defined in (B.6) can be deduced from their commutators with the
corresponding generators such that

[J%,e2Gy] = (J®)%e’Ga (B.10)
and take the form
1 1
000 -7 0 —5500
00-1 0 0 0 00
010 0 0 000
1 1
S 700 ?—ﬁ 0100 |
(1100 NG (1)—%00
500 0 —5 0 00
000 0O 0 0 0-1
000 0O 0 0 10
0-10 0 0 0O 0 0
10 0 0 0 0 0 0
1 1
00 (1)—30—ﬁ 010
00 L 0o o o —-Lo
J? = V2 v2 o (B.11)
00 0 0 0 0 0 1
1 1
ooﬁ(l) 0 01 7 0
00 0 55 0 -5 00
00 0 0 -1 0 0 0
00 100 0 0 0
1 1
00 0 505 0 0
1 0 0000 0 0
1 1
5 0-55 0 00 0 0 -5
00 0000 -1 0
1 1
0-95 0 00 0 0 I
00 0010 0 0
1 1
00 0 50-750 0
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