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1. Introduction and discussion

One of the main lessons that has been learned from quantum gravity is that not any low energy
effective theory (EFT) that looks consistent remains so when coupled to dynamical gravity. In fact,
the vast majority of effective theories do not and, as such, they are said to be in the swampland. With
our present understanding, the swampland program [1-3] is a web of conjectures and statements
which capture fundamental aspects of quantum gravity and in turn constrain the form of low energy
effective theories. Even if for technical reason the majority of work testing swampland conjectures
is performed on supersymmetric models, among the most solid and far reaching conjectures are
statements like the absence of global symmetries in quantum gravity or the fact that gravity has to
be the weakest force. As such, these statements do not assume supersymmetry and in fact they may
be independent from it. As of now, it is not clear whether any of the known swampland conjectures
implies supersymmetry in some form and at some energy scale. Indeed, it would be extremely
important to be able to argue for the existence of supersymmetry just from swampland reasoning.
While we are not able to perform such a step, in these proceedings we collect known and new
evidence for the fact that, for what concerns swampland conjectures, effective supergravity theories
are somehow well behaved with respect to generic effective theories. A priori this had not to be
the case, for there is indeed no evidence at present that swampland constraints imply (low energy)
supersymmetry.

Let us stress it from the very beginning: by no means we are saying that supergravity theories
are automatically outside the swampland. This cannot be right. Instead, we want to point out
that supergravity is better behaved than general effective theories, with respect to swampland
conjectures. In fact, we will argue in favor of this assertion by showing that certain constraints are
automatically implemented in supergravity models without the need for almost any additional input,
except for some (well-established) conjectures. It is then tempting to think that, for some reason
unknown to us (which is perhaps supersymmetry itself), supergravity has built-in the property to
link swampland conjectures to one another. Schematically, we mean that

SUGRA + conjecture A <=  SUGRA + conjecture B,

where A and B are here two different swampland conjectures. This phenomenon can have important
consequence within the swampland program, since it can furnish a direct method of structuring
and reinforcing the aforementioned web of swampland conjectures. A bolder statement is that one
could potentially use supergravity as tool to generate new conjectures, that is

SUGRA + known conjecture(s) =  SUGRA + new conjecture(s).

In this review, we will discuss various examples of both statements.

Supergravity is the theory of local supersymmetry. Since its discovery [4, 5], it has been widely
employed in a variety of different areas in fundamental high energy physics in such a way that it
is hard to think of an aspect in which supergravity has not been employed at all. Arguably, two of
the main motivations why it is still alive after almost half a century are the fact that supergravity is
the low energy limit of the superstring, and indeed it even captures strong coupling in its eleven-
dimensional formulation, and the fact that supergravity can be related to (conformal) field theories
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through holography. Indeed, the vast majority of the works in string phenomenology and holography
are using supergravity in one way or another, and sometimes even unconsciously.

However, supergravity is not string theory. As such, one should not take for granted that
supergravity is well behaved for what concerns quantum gravity. Nevertheless, in some cases it is,
and in these case it is probably much better behaved that any other effective field theory one may
come up with.

In this contribution, we give evidence that supergravity is indeed a very good starting point
when studying low energy effective theories in a swampland perspective. We will mainly present
two related but not completely equivalent approaches. Our guiding principle is purely bottom-up:
we take swampland conjectures as principles of quantum gravity and then use them actively to
constrain low energy effective field theories. In particular, we do not aim at testing swampland
conjectures, rather we want to understand their consequences assuming them to be fundamental
quantum gravity features.

First, we consider the standard supergravity action from textbooks and apply directly swampland
conjectures. This approach is perhaps coarse, but we will argue that it leads to non-trivial results
nevertheless. In particular, we will show that certain swampland conjectures, taken as they stand, can
be automatically implemented within supergravity at the cost of introducing very mild assumptions,
like some form of charge quantization. Second, we will review (not in a comprehensive manner
though) a related approach in which supergravity is first supplemented by additional ingredients in
the low energy, as strings or membranes, and then swampland conjectures are investigated in such
an enriched setup. This approach is perhaps not completely bottom-up, for it draws information
and inspiration from string theory models, but the analysis is ultimately four-dimensional. We
believe that these two lines of research are primary examples of the a priory unexpected well-
behaviour of supergravity with respect to swampland conjectures. Finally, we focus on further
constraints which most clearly are inspired by the very structure of supergravity. We point out what
could be a potentially new swampland conjecture involving Yukawa couplings and we analyze the
consequences of the so called Festina Lente bound on D-term inflation, concluding that the majority
of inflationary models of this type are generically in tension with it. Throughout this review, we
will mostly work in Planck units, but we will restore the Planck mass Mp explicit in some relevant
formulae. Any misconception in the presentation of the work by other authors is of course ours.

Before entering the main topic of the discussion, we need to review basic elements of four-
dimensional supergravity with four and eight supercharges. This is the topic of the next section.

2. Basic elements of supergravity in four dimensions

In this section, we review the ingredients of four-dimensional supergravity with four and eight
supercharges that we are going to employ in what follows. For more details, we refer to standard
textbooks, such as [6-8].

2.1 N =1 supergravity

The minimal theory in four dimensions has four preserved supercharges and it is denoted as
N =1 supergravity. Due to the low amount of supersymmetry, it is the theory whose structure
is constrained the less. On the one hand, this makes it an efficient and versatile tool for model
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building, on the other hand it may render the identification of the ultraviolet origin of a generic
model rather obscure, in particular due to the lack of control over corrections.

The main ingredients of the theory are the gravity multiplet and matter multiplets, among
which we recall chiral and vector multiplets. Other matter representations are known, such as linear
multiplets, but we will not need them extensively in what follows. The gravity multiplet contains
the graviton and the gravitino. Chiral multiplets are arguably the simplest matter multiplets and
are made up of a complex scalar and a majorana (or Weyl) fermion, {z, y}. Vector multiplets,
instead, contain one fermion and one real vector, {4, A, }, but no scalars. When looking at off-shell
representations, chiral multiplets contain one complex scalar auxiliary fields while vector multiplets
areal one.

The Lagrangian is completely fixed by three (or better two) functions of the scalar fields.
These are: the Kéhler potential K(z,Z), the superpotential W(z) and the gauge kinetic function
f(z). More precisely, K and W are not independent, for they are related by Kéhler transformations,
K - K+w(z)+d(z) and W — ¢~ “W, with w = w(z) an arbitrary holomorphic function, but one
can construct the Kéhler invariant quantity

G =K +logWW, (2.1)

which is indeed the only combination of K and W appearing in the Lagrangian. The bosonic sector
of the theory reads'

_ 1 R | 1
7 L= SR = gDy DM = ZIm fusFy, FI™S = oRefax 0T Fy, Fp =V, 2.2)
where the scalar potential is
. _ - 1
V =eX (¢VD;WD;W - 3WW) + 5 (Im FHMP\Ps. (2.3)
Here, the covariant derivative on the scalar fields is
D, = 0,7 — ANKY, (2.4)
while on the superpotential is
D;W = aiW + W@,-K. (25)
The indices i, j = 1, ..., nc are counting the number of chiral multiplets, while A, X =1,...,ny

the number of vector multiplets. Notice that we are already considering the gauged theory. In
particular, we introduced the real moment maps #4(z, Z) and the Killing vectors k', = —ig"/9;P,
which correspond to the infinitesimal transformations

. Ari
6z =a” k) . (2.6)
They are such that
r
[ka, ks] = fas” kr, (2.7)
I'With respect to [7], we are following conventions in which the gauge kinetic function is (f)here = =i (f)here, OF

equivalently (Ref)there = (Imf)herea (Imf)there = —(Ref)nere-
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where fis! are the structure constants of the gauge group and have to satisfy the equivariance
consistency condition
kpgigky — Ky gigkly = ifax' Pr. (2.8)

Since Killing vectors are derivatives of the moment maps, two $, differing by a constant vector
éx € R give rise to the same k5. This ambiguity in choosing the 5 up to &5 gives rise to the
existence of physical £j-dependent couplings corresponding to Fayet-Iliopouls D-terms in the limit
of global supersymmetry.

The only piece of information from the fermionic sector that we are going to employ extensively
is the gravitino covariant derivative, which reads

1 i i
Dythy = | O + 0" Yab + 50u¥+ = SALPAY= | Uy - (2.9)
Here, v, = —% (0,7 0:K — 8,7/ 9;K) is a composite connection indicating that the manifold of the

scalar fields is Kihler-Hodge.” Contrary to what happens for extended supergravity, especially for
N > 2,in the N = 1 theory there is no restriction on the form of the scalar manifold, which can be
any Kéhler-Hodge variety. For completeness, we report also the supersymmetry transformations of
the fermions, which read

1
6P Yy =D,uPre+ Ey,,ﬁWPRHO(w,X, ), (2.10)
. 1 . 1 k .- -

Oox' = —=y'Dui'e ——e2g"DijWe+ 0¥, x, ), (2.11)

V2 V2

i .
6A% = 2y F e+ %y*(lm FYAEDe e L Oy, x, A). (2.12)
The quantity
K

ms3p = e W (213)

is the covariantly-holomorphic gravitino Lagrangian mass parameter. We will refer to it just as the
gravitino mass in what follows, but one has to keep in mind that the concept of mass is strictly
well-defined only in flat space.

The classical two-derivatives Lagrangian can be supplement with various corrections. Later
on, we will discuss certain higher-derivative corrections to the Einstein—Hilbert term which in an
appropriate normalization take the form [9-11]

~ 1 ~
—% Imftr(R/\*R)—E/Reftr(R/\R)+ (214)

where dots contain R, R” and R? terms which can be combined with R A *R to reconstruct the
Gauss-Bonnet coupling 55— [ Imf Egp = 1, with

EGB = Ruvpo R*P7 — 4R, R* + R (2.15)

2A Kihler-Hodge manifold, or Kédhler manifold of restricted type, is a Kéhler manifold equipped with a complex line
bundle L such that the first Chern class is equivalent to the (de Rahm) cohomology class of the Kéhler form, ¢ (L) = [K].
This line bundle can be equipped with a connection dK. Then, fermions are sections of the associated U(1)-bundle with
connection v = Im(dd).
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The structure of the terms (2.14) resembles closely that of the kinetic and theta-term of the vector
fields in the original Lagrangian (2.2). Furthermore, we introduced an holomorphic function
f = f(z) parametrizing the coupling of the scalar fields to these corrections. Finally, we point out
that the terms (2.14) arise from a superspace contribution

1 3
— / d*xd*@2E f(2) W? + c.c., (2.16)
24mi

where the composite chiral multiplet

W2 = WBY W5, — % (D" - 3R] (2RR + 6°6.) @.17)

is constructed out of the chiral W,g,, R and real G, multiplets of minimal supergravity [6, 12].

2.2 N =2 supergravity

The theory preserving eight supercharges in four dimensions is denoted N = 2 supergravity.
With respect to the minimal theory, the larger amount of supersymmetry constrains the interactions
in a more severe way. The ungauged theory is known to arise for example as the low energy limit of
the type II superstring compactified on a Calabi-Yau threefold. An orientifold of such construction
may then truncate the amount of supersymmetry down to N' = 1. Below, we review the N = 2
theory following mostly the conventions of [13, 14]. With respect to these works, we differ by a
minus sign in the definition of the Ricci scalar, and also in the signature of the spacetime metric,
which we take to be mostly plus.

The main ingredients are the gravity multiplet and matter multiplets, among which we recall
vector and hyper multiplets. The gravity multiplet contains the graviton, an SU(2)g doublet of
gravitini zﬁf}, with A = 1, 2, and the graviphoton. Vector multiplets contains one complex scalar, an
SU(2)g doublet of fermions and one vector, {z, 14, A «}- Hyper multiplets contain four real scalars
and two fermions, {g"“, ¢!, £%}.

Scalar fields arise from two different superymmetry representations and in fact the whole scalar
manifold has a product structure

M=8S®Q. (2.18)
The scalar fields z' of the vector multiplets, withi = 1, ..., ny, are coordinates of a special Kihler
manifold S.? The scalar fields g" of the hyper multiplets, withi = 1, ...,4ng, are coordinates of a

quaternionic Kihler manifold Q.* Due to the product structure, the two manifolds are independent
and do not mix.

Interactions on S are fixed by specifying simplectic sections (X AF W), withA=0,1,...,ny,
or possibly a prepotential F' = F(X), such that F, = 0o F (this relation might not hold in all

3A special Kéhler manifold [15] is a Kidhler-Hodge manifold of dimension ny together with a Sp((2ny +2), R) vector
bundle H over it. The tensor bundle H ® L, where L is the complex line bundle entering the Kédhler-Hodge definition,
has symplectic sections (X, F) in terms of which the Kihler potential can be expressed as in (2.20). Furthermore, the
symplectic section has to be constrained as XA3; Fp — 8; X F, = 0.

‘A quaternionic Kéhler manifold is a 4np-dimensional manifold together with an SU(2) bundle such that its
curvature is proportional to the HyperKéhler form. Despite the name, a quaternionic Kédhler manifold is not Kéhler, for
its HyperKéhler form is not strictly closed, but only covariantly closed.
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symplectic frames). The physical scalars of the vector multiplets are recovered as local coordinates
on S, namely
i X x'=1 (2.19)
ik = 1. .

Given the symplectic section, one can construct the Kéhler potential
K =—logi (XAFA - XAFA) . (2.20)
It may also be useful to introduce the sections
(LM Mp) = 2 (XM, Fy), 221

such that LAM) — LAM, = —i. They are covariantly holomorphic and their covariant derivatives
A A 1 A 1
fi = DlL = ai + EGLK L . hiA = Dl'MA = (9,- + 5(9,1( MA, (222)
can be employed as vielbeins to construct the pullback of the Kdhler metric
L 1 -
gl =UM = —E(ImN‘l)AE —LAL*. (2.23)

Here, we introduced the gauge kinetic function ImN,yx, which is the imaginary part of the complex
symmetric matrix Ny such that Mp = Nys L, hip = Nas f* and InNp s LAL® = -1

Interactions on Q are fixed by the quaternionic metric A,,,, = (Ll,j‘“ (Llf B €apCap, Where €4 and
Cqop are metrics on SU(2)g and Sp(2np) respectively. We are not going to use much quaternionic
geometry in what follows, but we refer the interested reader to [13] for more details.

The gauged theory can be constructed as a deformation of the ungauged one. To preserve
the same amount of supercharges, the deformation affects the supersymmetry transformations of
fermions, up to order g, with g the deformation parameter, and also the Lagrangian, up to order g2.
In particular, the term at order g is the scalar potential. Concretely, the gauging is performed by
introducing two sets of moment maps, one on the manifold S and one on @, respectively a singlet
and a SU(2) triplet,

P(z,2), PX(q,q),  x=1,2,3, (2.24)

such that their derivatives are the Killing vectors
; . 1
K\ =ig"a;P, ki = QYA (2.25)

Here, we have V,P{ = 0,P + €Y Zwi?ﬁ, where w* is the connection of the SU(2) bundle with
curvature Q*. The Killing vectors furnish a representation of the gauge algebra [k, ks ] = — fas' kr
(the minus sign difference with respect to the N' = 1 discussion is due to conventions) and the
prepotentials have to satisfy the equivariance consistency conditions

igis(K\ kL — kKEk]) = — fas" PL, (2.26)
2k, = —fax! P - €V2PIPE. (2.27)
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The bosonic sector of the theory reads (we set the deformation parameter g = 1 in what follows)

1 ) i}
e’ 'L :ER — 8D 7' D*7 = hyyD yq" D* "

| (2.28)
+ImNps Fp, FH7 5 + EReNAze“"p”F//}VFEG -V,
where the scalar potential is
V = (8i7khKL + 4hu iy ) EALF 4 (UM = 3LALE) 2y (2.29)

Notice that the matrix ImN,x is negative definite, as it can be deduced from the kinetic term of the
vector fields.

The only piece of information from the fermionic sector that we are going to employ extensively
is the gravitino covariant derivative,

1 i i

Duyy = duiy ~ szbyab'#f ~3 (Vu + Aﬁf"ﬁ) Uy + (wﬁB + EA//)PX(O-X)AB) vy

. . (2.30)
i i

== EA,/)P,QIM‘ + EA,/}PXA(O'X)ABlﬁf,

where in the second line we highlighted the terms which are most relevant for our analysis. Here,
v = Im(JK) is the connection on the line bundle associated to a Kéhler-Hodge manifold, while
wip = %a)x (0*)4 3 is the connection on the SU(2) bundle characterizing the quaternionic Kéhler
manifold.

For completeness, we report also the supersymmetry transformations of the fermions

OWay = Dyea —iSapyue® + €apT,,y € + Oy, 1, 0), (2.31)
oA =WPep +iyF D2 et — GIoy* e + Oy, A, 0), (2.32)
60 = Nlea +iUP YD g € eapCap + O, A, ), (2.33)

where we can distinguish the so called fermionic shifts

i
SAB — E(O_X)ACGBCPXLA’ (234)
WA = Bl LN 4 i(0¥) o BeCAPY gl A, (2.35)
NA = 2UA kLA, (2.36)

Here, the quantity S 4p is the gravitino mass matrix. Furthermore, we introduced the objects

T, = 2ImN s LA, + O (W, A, ), (2.37)
Gl = =g ImNAs fAFE, + O, 4,0), (2.38)

while the analogous quantities 7}, and GL‘V can be found by complex conjugation.
Notice that the supersymmetry transformations link the gravity multiplet, namely the gravitino,

to a certain combination 7},
Liv is instead entering the supersymmetry transformations of the gaugini A%4.

of vector field strengths and special Kihler scalar fields. The orthog-
onal combination G
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Orthogonality follows from the special geometry identity InANps L fi2 = 0. Due to this structure,
even if the vector Ag is usually referred to as graviphoton, when supergravity is coupled to matter it
might be more convenient to really think of the graviphoton as the linear combination of vector and
scalar fields giving the field strengths entering the supersymmetry transformations of the gravitino
in the gravity multiplet. Accordingly, the matter vector fields will be the orthogonal combination,
entering the supersymmetry transformations of the matter multiplets.

3. WGC and supergravity EFTs

The Weak Gravity Conjecture (WGC) [16] is one of the first swampland conjectures to be
proposed and it is currently one of the most established. There are various ways of formulating
it, but perhaps the simplest is the statement that gravity has to be the weakest force. According
to the so called electric version of the WGC, any effective theory coupled to gravity and with an
abelian gauge group should contain a state whose mass is smaller than the product of the gauge
coupling and the charge in Planck units, times a numerical coefficient which can be calculated. In
the following, we will employ the so called magnetic formulation of the WGC, which states that the
ultraviolet cutoff Ayy of an effective theory with an abelian gauge group and coupled to gravity is
bounded from above by the gauge coupling g in Planck units, namely (in four dimensions)

Ayv < gMp. (3.1)

The magnetic WGC is the prototype example of swampland conjecture in the following sense.
Naively, one would assume that the ultraviolet cutoff of an effective theory coupled to gravity is the
Planck scale, namely the scale at which the gravitational interaction becomes strongly coupled.’
However, what the magnetic WGC is telling us is that this naive expectation is indeed not correct.
The cutoff of the effective theory is lower than expected, due to quantum gravity effects. One
can think of (3.1) as a constraint on a given effective theory that is not obvious from a bottom-up
perspective, but that is required for having a consistent coupling to gravity in the ultraviolet regime.
In other words, one cannot really probe the theory up to the Planck scale, but rather up to the scale
dictated by the gauge coupling in Planck units.®

The WGC has been originally formulated in flat space and, as such, it might not directly apply
to a curved background. Therefore, care is needed when trying to use the WGC in, say, anti-de
Sitter or de Sitter space. To proceed, we will assume that some formulation of the WGC on a
curved background exists, for example the one proposed by [22] (see also [23]), and it is such that
the deviation from the flat space formulation is suppressed by the Hubble or (anti-)de Sitter radius.
In the regime of validity of the supergravity approximation, this radius has to be large and thus the
expected corrections should be negligible. This will be the main working assumption for the results
reviewed in the present section.

SIn presence of a high number of light species, this statement might not be correct and one should rather use the
species scale as cutoff [17-21].

The gauge coupling is a running coupling and thus its value depends on the energy scale at which it is measured. As
for the magnetic WGC statement, in [16] it is suggested that g appearing in (3.1) has to be measured at the scale Ay,
which is a defining scale of the effective theory.

10
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In the following, we are going to show that in large classes of supergravity models with at
least eight supercharges at the Lagrangian level, the cosmological constant is of the form (omitting
numerical factors)

VI > g3,,Mp, (3.2)

where g3, is the gravitino gauge coupling associated to the gauging of the R-symmetry. The bound
is actually saturated for N' = 2 anti-de Sitter vacua, while for de Sitter vacua we will need an
additional assumption on the gravitino mass to arrive precisely at (3.2). The above relation will be
then the starting point to apply swampland conjectures.

3.1 WGC versus scale separation

In this section, we focus on N = 2 anti-de Sitter vacua and we review the general argument
given in [24] which forbids the existence of scale separation as a consequence of the WGC.

Scale separation is a property of certain models with extra compact spacetime dimensions. It
amounts to ask that the typical length scale of the non-compact dimensions, e.g. the anti-de Sitter
radius L 45 in our case, is (parametrically) larger than the Kaluza-Klein scale Lx g associated to
the extra dimensions. In practice, for scale separation one would like to have

Lkk
Lags

< 1. 3.3)

As such, this is a phenomenologically motivated requirement, for no experimental evidence of
more than four spacetime dimensions is confirmed at present, while on the other hand critical string
theory is defined in ten spacetime dimensions. One way to bring string theory closer to the real
world is thus to assume that the extra dimensions are indeed compact and small compared to the
observed ones. In particular, they are supposed to be so small that they have not been observed yet.

The vast majority of known supersymmetric anti-de Sitter backgrounds in string theory do
not admit scale separation. The prototype example is perhaps the celebrated AdSs x S° solution
of type IIB string theory, for which it is known that the sizes of the two spaces are identified by
supersymmetry. In fact, no anti-de Sitter vacuum with at least eight supercharges and with scale
separation has been found in the string landscape, to the best of our knowledge; see e.g. [25-32] in
support to this statement. This remarkable amount of evidence led to the proposal of swampland
conjectures forbidding scale separation in anti-de Sitter [33], see also [34—37] for interesting related
works. To summarise, one could imagine a relation of the following type

Laas ~ (Lkk)“, (3.4)

for some order one parameter . The strong version of the conjecture in [33] postulates that @ = 1
and thus no scale separation is possible in anti-de Sitter.

However, certain counterexamples to Lags ~ Lxg are known. These are a class of four-
dimensional N = 1 anti-de Sitter vacua from massive IIA compactifications, usually denoted as
DGKT vacua [38] (see also [39, 40]), their double T-dual versions in massless IIA/M-theory [41]
and three-dimensional vacua of [42—44] from massive IIA on G, orientifolds. Even if these models
recently passed non-trivial tests [41, 45—47], their precise embedding in string theory is yet not
completely understood. In the following, we will show how a relation of the type Lags ~ Lxk can
be derived from the magnetic WGC in vacua with at least eight supercharges.

11
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The conditions to find supersymmetric anti-de Sitter vacua in N = 2 supergravity have been
studied in [48] and, in general, they can be found by setting to zero the supersymmetry variations
of the fermions and assuming maximal symmetry of the background. In our case, they are

ki = ki =Prfi=0. (3.5)
The vacuum energy thus reduces to the (trace of the) gravitino mass
Vaas = -3LAL*PIPs. (3.6)

For the purposes of our analysis, we have to rewrite it in terms of the gauge couplings. While with
only four supercharges such a step cannot in general be performed, thanks to the extended amount
of supersymmetry it can here be performed in a model-independent manner. Taking the square of
the vacuum condition £} fi’\ = 0 and using the relation (2.23), we have

_ 1
LALPYPy = —E(ImN_l)AEPXPg (3.7)

and thus 3
Vads = E(Im/\/-l)AZ@;(sog ) (3.8)

Given that in special geometry one has (ImA _1)’\25027)2 =-2g; j—ki\k'g LAL*, which can be derived
from ?XLA = 0, and that this vanishes on the vacuum, we can freely supplement the expression for
Vaas with an additional term to get

3
Vads = 5(ImN‘l)AZ (Pﬁsog + song) = 3(ImN )M TrQaQy, (3.9)
where we defined the SU(2) charge matrix
2Qna® = PROE + P () A%, (3.10)

such that |
TrQnQs = 5 (PRPE+PAP3) (3.11)

The expression (3.9) is on the right track towards (3.2), since it expresses the cosmological
constant as a product of the gauge kinetic function and of the charge, without any other quantity
entering the relation. However, the WGC is formulated in terms of an abelian gauge coupling
associated to a canonically normalized field. Thus, to make contact with the WGC, we should
identify an unbroken abelian gauge group on the vacuum and canonically normalize the gauge field
associated to it.

To identify the unbroken group on the vacuum we take advantage of the results of [49].
According to that work, on a supersymmetric anti-de Sitter vacuum the unbroken gauge group
branches into two factors, one of which, H‘Ii, is gauged by the graviphotons of the theory. This
statement is fairly independent from the number of dimensions and of preserved supercharges. In
four dimensions, one has [49]

Hi = SO(N), (3.12)
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implying that N' = 2 vacua have er = U(1)g. Thus, in the vacua under investigation there is
always an unbroken abelian gauge group of the full gauge group and we can proceed by applying
the WGC with respect to it.

By definition, H i is gauged by the graviphoton(s). In this context, what is meant by graviphoton
is not really A, but rather the linear combination of vector fields (and scalars) whose field strengths
enter the supersymmetry transformation of the gravitini, as commented at the of section 2.2. Thus,
the candidate vector field gauging H}% is in fact a linear combinations of vectors and scalars.
Without loss of generality, we introduce a general linear combination of vector fields (we suppress
the spacetime index when obvious)

A =0,AM (3.13)

The vector A will be the one associated to the WGC. Here, ®, are arbitrary coefficients; one can
think of them more or less as the vacuum expectation values of the scalar fields constructing 7},
in (2.37). In fact, in concrete models the coefficients ®, can be identified by asking that A gauges
er. This fixes ®5 up to an overall normalization which can then be chosen my matching with the
vacuum energy.

Next, we split the whole set of vector fields, charges and moment maps into objects which are
parallel and orthogonal with respect to the direction singled out by A. This can be done with the
projectors used in [24, 50]. We have (indices A, %, ... are raised and lowered with Im/Nyy)

Op -~
An=Al v At = ®—§A + AL, (3.14)

where we denoted ®% = ®, (ImN~1)A*@y. Similarly, we split the combination A*Q, entering the
gravitino covariant derivative (we omit SU(2) indices)

ANQN = A0QIM + ALQM = QA + ApQM, (3.15)
where in the last step we defined the gravitino charge

~ ImN~1)AZ@ B B <
QP = (@#Qh . Ql, =exQ,% (3.16)

We split also the vector fields kinetic terms

ImNps FM(A) A #FX(A) = ImNAzZ—;\g—jF(A) A #F(A) + InNps FA(AY) A #FE(AY) a1
= éF (A) A #F(A) + ImNps FA(AY) A 5FE(AY), ’
from which we identify the (abelian) gravitino gauge coupling
8= —292 = —i®A(ImN‘1)AZ®z. (3.18)

Recall that the matrix Im/N,y is negative definite.
Taking all of these redefinitions into account, we can eventually recast the scalar potential as

Vaas = 3(ImN " H " TrQaQx
=3(mN )M Tr (@lal +@rad)
<3(ImN " HMETrQlQl
=-12¢3,TrQQ,

(3.19)
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or in absolute value
[Vaas| = 12g§/2Tréé. (3.20)

Eventually, we derived (3.2) as desired.

Actually, for N' = 2 vacua the bound is saturated. Indeed, the contributions along A+ would
be associated to vector fields gauging an orthogonal direction with respect to U (1), i.e the abelian
factor with respect to which we apply the WGC, but still inside the group nge' Since in these vacua
H Ig; = U(1), there cannot be any such orthogonal contribution. On vacua with more preserved
supercharges, the group H 1% is enlarged and thus in general one finds an inequality as above.

The relation (3.20) is the main formula from which we can draw our conclusions on scale
separation. In what follows, we assume that some form of charge quantization is implemented, in
the sense that Tr QQ is quantized and cannot be arbitrarily small.” Therefore, the only parameter
which can in principle vary arbitrarily is the gauge coupling g3/>. A first observation is that, in the
limit g3/» — 0, assuming this is smooth, we recover a global (R-)symmetry. Since there cannot
be global symmetries in quantum gravity, such a limit should not be allowed and the cosmological
constant cannot be arbitrarily small. This has been recently pointed out in [51]. However, we can
argue that the relation (3.20) is problematic already as it is, without the need to take any limit.
Indeed, if we enforce the magnetic WGC (3.1), we have

\Vaas| 2 Afy M3, (3.21)

which is telling us that the cosmological constant is quantized in terms of the ultraviolet cutoff of the
theory. In particular, the two scales cannot be decoupled since there is no additional parameter which
can be used to disentangle them. If the ultraviolet cutoff dictated by the WGC is the Kaluza-Klein
scale Lk, as it is natural to assume in supergravity, then the relation above is in fact

Lxxk
Laas

> 1, 3.22)

which forbids scale separation in these vacua. Thus, supersymmetric anti-de Sitter vacua with (at
least) eight supercharges are not genuinely four-dimensional effective theories if the WGC holds.
Rather, they should be understood as higher dimensional theories. We refer to [24] for a discussion
on how to extend the result to more than eight preserved supercharges and for an explicit proof in
the maximal theory in four dimensions. The extension to five dimensions has been recently worked
out in [52].

3.2 WGC versus de Sitter

A slightly modified version of the argument above against scale separation in anti-de Sitter
can be formulated and used to constrain effective theories with de Sitter critical points and with
a vanishing gravitino mass on the vacuum. This argument appeared originally in [53-55] and is
reviewed in the present section together with some examples.

The motivation to constrain the viability of de Sitter vacua, and more in general critical points,
in effective supergravity theories is phenomenological, for one of the possible explanations for the

TThis assumption is not needed if one restores the charge in the original formula of the WGC, namely if one uses
Auv S 89Mp.
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positive value of the dark energy density measured today is a cosmological constant. On the other
hand, constructing de Sitter vacua in string theory seems extremely challenging, at the very least.
Even the most studied scenarios, namely KKLT and LVS [56, 57], are not free from criticisms, see
e.g. [28, 58-63] for recent works. The absence of fully understood examples has once more led to
the formulation of swampland conjectures forbidding de Sitter vacua in quantum gravity, such as
those of [64—67]. It is worth to observe however, that, imposing restrictions that have been deduced
by the properties of well-controlled regions of moduli space to hold also in the interior may be
misleading; such an issue has indeed been raised in [68, 69] for the study of late-time cosmology.
The de Sitter criterion has been studied also directly in four-dimensional N' = 1 supergravity in
[70]. In the following, we show that, similarly to scale separation, the WGC can be used to rule out
certain de Sitter critical points in gauged supergravity without the need to enforce other conjectures.

Looking at the complete scalar potential (2.29) and assuming the gravitino mass to be vanishing
on the background, we have a manifestly positive expression of the form

Vs = —% (ImN‘l)AZ (7)2732 + PXP%) +4hy kY kg LM L*
> —% (ImN—‘)AZ (PAPL+PiP) (3.23)
=- (Im/\/‘l)Az Tr Q\Qs.

where we used (2.23) and also g; jkj\k;:ZALZ = —$(ImN~)AZPOP which can be derived from
PXLA = 0. This form of the scalar potential is analogous to (3.9).

We can now repeat a similar analysis as for the anti-de Sitter case. One important difference
concerns the presence of an unbroken abelian group at the critical point, which is not guaranteed
in de Sitter. In fact, the unbroken gauge group can in general be different or even absent. Besides,
a subgroup of the gauge group must be in any case broken, otherwise supersymmetry would be
completely preserved. To proceed, we need to assume that part of the gauge group is preserved
at the critical point. In case this part contains an abelian factor, we can apply the WGC directly
to it. In case, this does not happen, we can still apply the WGC with respect to any of the Cartan
generators of the unbroken gauge algebra.

Keeping this in mind, we can proceed as for anti-de Sitter, namely by splitting all quantities
with a symplectic index A =0, 1, ..., ny in directions parallel and orthogonal with respect to the
WGC one. Using the same redefinitions as before for vectors, charges, and gauge coupling, we can
then write (3.23) as

AZ
Vis = — (ImN_]) Tr QpQs
= —(ImN~HA>Tr (Q/”\Qg + QXQf)
> —(ImN " HM* TrQlQl
=483, TrQQ.

(3.24)

Eventually, we derived (3.2) for de Sitter critical points with a vanishing gravitino mass. The
argument extends directly to gravitini with parametrically small mass compared to the Hubble
scale.
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This formula is again the main relation from which we can draw our conclusions. First, one can
see easily that a parametrically small positive cosmological constant would lead to the restoration
of a global symmetry as g% n = 0 (assuming smoothness of the limit). This is believed not to be
possible in quantum gravity. Second, one can see that the relation

Vas > 483, TrQQ (3.25)

is problematic as it is, if the WGC holds. To this purpose, recall that in de Sitter the Hubble scale,
H =~ +/Vgs, is a natural proxy for the infrared cutoff, H ~ Ajg, for it indicates the longest length
that can be measured. Applying the WGC to (3.25), we thus have

Ajg = Vas 2 ALy - (3.26)

This is worrisome for an effective theory, for it means that the latter is not protected against
corrections suppressed by Ayy. Indeed, a favorable situation in which any effective theory should
be defined is Ajg < Ayy, but this is clearly in contradiction with (3.26). We conclude that these
de Sitter critical points of gauged supergravity with vanishing gravitino mass cannot be considered
as consistent low energy effective theories and rather belong to the swampland.

3.2.1 Examples

The condition of vanishing gravitino mass on a de Sitter critical point might seem exotic, but it
is really not. Indeed, it is met in several explicit models, including all known stable de Sitter vacua
in N' = 2 supergravity. In this sense, the results here reviewed suggest that the most promising
chance to get de Sitter vacua in four-dimension is in models with at most four-supercharges. This is
compatible with the top-down analysis of [32, 71, 72]. Before looking at stable vacua, let us review
what is probably the simplest example in which the argument above can be run.

Pure Fayet—Iliopoulos terms. The relation between the magnetic WGC and de Sitter critical
points has been pointed out first in [73], for a very simple model in N = 1 supergravity. This is the
so called Freedman model, namely a pure Fayet—Iliopoulos term. In the language of section 2.1,
this is a model without chiral multiplets, but with just one vector multiplet and a constant moment
map Py = &6, leading to a scalar potential

1
Vir = Engz. (3.27)

Since there is no superpotential, the gravitino mass is identically vanishing. Indeed, this is required
by consistency of the model itself, for a non-vanishing superpotential would break explicitly the
U(1)g symmetry which is here gauged.® Therefore, the argument presented above applies and the
simple Freedman model without chiral multiplets is in the swampland.

Notice that one can also arrive at a related conclusion by asking that there be no global
symmetries in quantum gravity. In the scalar potential (3.27) & plays the role of a charge and as
such it should be quantized [79]. Then, the only way to get a parametrically small cosmological

8Fayet—lliopoulos terms associated to the gauging of a non-R-symmetry have been constructed in [74] and subsequently
developed e.g. in [75-78]. As such, they allow in principle for a non-vanishing gravitino mass and thus might evade the
argument ruling out de Sitter critical points as a consequence of the WGC.
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constant is by tuning the gauge coupling g to be small as well, but this would lead to the restoration
of a global symmetry. Indeed, a connection between pure Fayet—Iliopoulos terms and the presence
of a global symmetry has been pointed out already in [80]. Given that swampland conjectures are
believed to be related to one another, one may expect that de Sitter critical points can be constrained
also by the WGC. In fact, one can understand the WGC as an obstruction in restoring a global
symmetry.

A simple model with pure Fayet—Iliopoulos terms in N = 2 supergravity can be analysed in a
similar way and it actually fits our discussion both for de Sitter critical points and for anti-de Sitter
vacua with(out) scale separation. In fact, the de Sitter critical point to be discussed is unstable, but
the lesson one learns is valid and it can be applied to stable de Sitter vacua as well. The model
appears as Exercise 6.1 in the textbook [81], where the reader can find more details. Here, we
simply recall the few ingredients that we need for our discussion in relation to the WGC.

We consider N = 2 supergravity coupled to a single vector multiplet with interactions governed
by a prepotential F(X) = —"1—' ((XO)2 — (X")?). The complex scalar spans a special Kihler manifold

of the type
_Su(1,1)

S= U(l)

and its associated Kihler potential is K = —log (1 — zZ). We can calculate the matrix U** in (2.23)

(3.28)

and the (inverse) gauge kinetic matrix

1 7 Z AZ 2 1+2zZ Z
AS (ZZ i) (ImN_l) __ (+zz z+z), (3.29)

1-zz\ z 1-zZ\z+z 1+4+2zZ

while the sections are L = \/1;_? (1,z)T. Notice that at z = 0, which is going to be the critical
point in the models considered below, the gauge kinetic matrix becomes diagonal, InNxs |,—o =
—%diag(l, 1). The pure Fayet-Iliopoulos term arises from a gauging with constant moment maps
#r. To satisfy the equivariance condition (2.27), they need to point towards the same SU(2)g
direction. Concretely, we choose the non-vanishing moment maps

PY =&, Pr=& 06 (3.30)

Since the killing vectors are vanishing, the only term contributing to the scalar potential (2.29) is
the last. Using (3.29) and (3.30), it can be calculated to be

1 _ _ _
V=12 [£5(22 = 3) = 260¢1 (2 +2) + €1 (1 = 322)] . (3.31)
Recall that from the gravitino covariant derivative (2.30) one can understand &y and £ in terms of
charges and gauge couplings of the gravitino under the vectors Ag and AL respectively. Depending

on their values, there are two illustrative cases to be distinguished.

* We can set &) = 2 g3/2 g and &1 = O (the factor 2 is introduced just to canonically normalize
the vector fields in the vacuum). The resulting scalar potential admits a critical point at
z = 0 and vacuum energy Vags = —12g§ /Zqz, which saturates (3.20). As a consequence,
this example illustrates our analysis on scale separation in anti-de Sitter vacua: the magnetic
WGC implies that the cut-off of the theory is of order of the anti-de Sitter radius, meaning
that there is no separation of scales.
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* We can set & = 0 and & = 2 g3/, g, which leads to a scalar potential with critical point
at z = 0 and vacuum energy Vgs = 4g§ /zqz, saturating (3.25). This critical point is de
Sitter, albeit unstable, and it illustrates our general analysis for de Sitter vacua with vanishing
gravitino mass. Indeed, one can check that the matrix (2.34) is Syp = 0atz =0. Asa
consequence, when applying the magnetic WGC we have that the ultraviolet cut-off of the
effective description is of order of the Hubble scale and thus the model is not protected against
corrections.

Stable de Sitter vacua. Less trivial examples in which the argument against de Sitter critical
points can be applied exist as well. Remarkably, as shown in [50, 53], all known stable de Sitter
vacua of N = 2 supergravity have a vanishing gravitino mass and thus are in tension with the
WGC. Among those, we recall the models in [53, 82]. For illustrative purposes, let us review a
specific model introduced in [53], containing three vector multiplets and one hyper multiplet, with
the gauging of an SO(2, 1)xU(1) isometry.

The scalar manifolds are

su(1, 1 ]? SU(2,1)
S=|———F1| . = 3.32
Rion @ s x U G
As for the special Kihler geometry, it might be convenient to start from a prepotential
F(X) = V(X2 + (X)) ((X2)? + (X)), (3.33)

from which one can calculate the symplectic sections and parametrize them in terms of the Calabi-
Visentini coordinates z' = {S, yo, y1}; notice that they differ from the normal coordinates (2.19) .
However, the isometries to be gauged would then mix electric and magnetic sections. In order to
avoid this complication, we can rotate our original symplectic frame by an angle ¢ and work with
the rotated sections

s(1+Y5+y7)
LA-y3-yd)

Yo

cos ¢ — S sin
- yl(ls(lﬁsz,yZ)d)) . (3.34)
2 0T
5S(1=yg =)
—Syo
—y1(S cos ¢ +sin ¢)

Here, ¢ is an example of so called de Roo—Wagemans symplectic angles. In this new frame, in
which we will work from now on, the Kihler potential takes the form

K = ~log (~ImS (1= 2lyol> = 231> + I3 +»3)) (3.33)
and the SO(2, 1) isometry is generated by the Killing vectors

kX = eq (Kb, ki ki, 0)T (3.36)
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with
0 0 0
ko =|-5(L+y2 -y, K =|31=y2-yH|, Kki=|iyo|. (3.37)
—iyoy1 —Yoy1 iy

Here, e plays the role of the SO(2, 1) coupling and the vector fields participating to the gauging
are Ag, Ai, and Ai.

As for the quaternionic geometry, we take that of the universal hypermultiplet, see e.g. [83],
parametrized by the scalar fields ¢* = {p, o, 8, T}, with metric

dp? 1 2
ds® = hyydg'dq’ = LZ + —(do = 21d0 + 20d7)* + =(d6* + d7?) . (3.38)
2p%  2p? P
On the manifold Q, we gauge a compact U(1) symmetry generated by the Killing vector
k4 = €1(0,0,0, k%), (3.39)
with
4p1
20+ 207 +2p0 +20(6% + %)
kY = . (3.40)
40t — o

1-p-30%+7?
The gauging is performed with Afl and e; is the corresponding coupling.
The above ingredients define the model completely and we refer the reader to [53] for more
details. By direct inspection, one can identify a critical point of the scalar potential at

€0

i
S=cot¢p —— -
e1sin ¢

4

At this point, the cosmological constant is positive (semi-)definite, V = 4|ege; sin ¢|, thus giving

4
H= ,/5 leger sin¢| , (3.42)

while the mass matrix of the gravitini is identically vanishing. One can also check that the U(1)

, p=1, yvo=y1=0c=0=1t=0. (3.41)

an Hubble scale

Killing vector kf, vanishes as well at the critical point and thus the vacuum preserves an abelian
factor of the original gauge group, with respect to which we can apply the WGC. Since at the same
point the gauge kinetic matrix is diagonal

AZ 1
(ImN‘l) = - sin ¢ diag (42,42,46—1, @) (3.43)
eo. ey ep el

and the abelian gravitino charge is g = 2e;, we find the gravitino gauge coupling

83/2 = \2|eer sin B, (3.44)

to be identified with the magnetic WGC cutoff. Thus, the Hubble scale is of order of the cutoff
dictated by the magnetic WGC, g3, and this model is a particular case of our general analysis. Note
that 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,
whereas the rest of the spectrum is positive definite making the critical point perturbatively stable.
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Other scenarios and open questions. Besides the works we discussed above, we would like to
briefly recall also [84], in which the existence of stable de Sitter vacua in N' = 2 supergravity
with both (one) vector and (one) hyper multiplets is investigated as well. There, a fairly model-
independent analysis is performed and general conditions to find stable de Sitter vacua are specified.
Crucially, among those conditions, one finds a non-vanishing gravitino mass. As a consequence,
the argument given above relying on the WGC is evaded and these vacua, if they exist, might in
principle not be in the swampland. However, existence is not proven in [84], and while a generic
scenario is provided, concrete models are not. For this reason, we believe that this may be in
principle a promising direction for future research. In particular, it would be important to (dis)prove
the existence of explicit models in the scenario proposed by [84].

3.3 WGC and Festina Lente

The gravitino charge, gauge coupling and mass have played a central role in our discussion of
de Sitter critical points in gauged supergravity. In particular, whenever the gravitino had vanishing
mass but non-vanishing charge, the de Sitter critical point turned out to be in tension with the WGC.
It turns out that there exists a swampland bound enforcing such a condition not only for the gravitino
but for all charged fields in the low energy effective description. In particular, it should hold that
on a (quasi-)de Sitter background with Hubble scale H and with an abelian gauge field [85]

m* 2 gqHMp (3.45)

for every charged particle in the theory with mass m, charge g and gauge coupling g. This is the so
called “Festina Lente” bound introduced in [85] and explored further e.g. in [§6-90].

By studying de Sitter critical points in gauged supergravity, we noticed systematically that
when the condition (3.45) is violated for the gravitino, then the de Sitter background is in tension
with the magnetic WGC. Therefore it seems that supergravity iselfs serves as a link between the
WGC and the Festina Lemte bound and we have explicitly seen this link at work via the gravitino.
Notably, another condition that can be deduced from (3.45) is [86]

gqMp 2 H, (3.46)

for every charged particle in the theory. This is exactly the condition that the analyzed de Sitter
critical points we studied do not satisfy, for they rather satisfy the opposite inequality (3.25).
To summarize, our discussion suggests the possible existence of some sort of analogy

Supergravity + magnetic WGC =  Supergravity + Festina Lente

and one could wonder what new swampland conditions or bounds can be deduced for (anti-)de Sitter
backgrounds by further applying the Festina Lente bound or the magnetic WGC on supergravity.
We will come to this point later on when discussing more speculative conjectures that originate
from the main course of our analysis.

3.4 WGC and scalar fields

Besides applying the WGC in its original formulation, another fruitful direction is to consider
conjectures equivalent to (or perhaps re-formulations of) the WGC in the presence of light mediator
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scalar fields ¢'. Since they can contribute as an additional attractive force felt by the particle with
the largest charge-to-mass ratio in the theory, the requirement that the total repulsive force should
be stronger than the attractive one, which leads to the WGC, is modified to [91]

2¢%°q* > m* + GYY;. (3.47)

The crucial step is to assume the mass of the WGC particle to be field dependent so that there is
a Yukawa coupling ¥; = d;m(¢) entering explicitly the above bound. Here, G;; is the field space
metric for the light scalars and we are assuming only one electric charge for simplicity. We refer the
reader to [91] for more details and generalizations. This condition was further studied in [92] where,
among other things, it was noticed that if a WGC particle couples almost equally to gauge and light
scalar fields, namely 2g2g*> ~ G'7Y;Y;, then its mass must be light, m*> ~ 0, as a consequence of
(3.47). Notice that this holds even if the magnetic WGC cutoff 2g?¢? ~ Ayy is in principle high.
As such, this is an example of UV/IR mixing, for the UV consistency imposes the existence of a
very light particle in the IR.

Another related conjecture holds that, even in the absence of electromagnetic interactions, one
should have at least one state with the property [91]

GUY;Y; > m?, (3.48)

which was dubbed scalar weak gravity conjecture in [2]. Notice that this time one has a strict
inequality. An interesting aspect of this conjecture, which resonates with our discussion here, is
that the condition (3.48) is satisfied by the BPS states in four-dimensional N' = 2 supergravity
theories. This follows directly from the special geometry relation |D;Z|> — |Z|*> = %QTM (F)Q,
see e.g. formula (57) and (58) in [14], where Z is the central charge of the N' = 2 algebra.
Therefore, (3.48) is satisfied in compactifications of Type II string theory on Calabi—Yau threefolds
by construction.

A possible extension of (3.48) was proposed in [93] in the framework of a general field theory
of scalars coupled to gravity. The idea was to impose that scalar self-interactions should always be
stronger than gravity, now for any value of the scalar field in the theory. Such a strong bound results

in the condition [93]

(V//)Z
2 b
P

2V VIV > (3.49)
where prime refers to the derivative with respect to the probe scalar field, e.g. V' = g—g for a real
probe scalar ¢. Staying outside the explicit domain of supergravity theories, in [94] the impact of
the scalar weak gravity conjectures was studied for various cosmological scenarios.

Inspiration from supergravity in deriving and refining swampland bounds was further exploited
in [91]. It is known that the central charge of the N' = 2 supersymmetry algebra satisfy a specific
identity that depends on the derivatives with respect to the special Kéhler scalar fields. Extrapolating
this relation into a swampland conjecture, one can obtain an inequality of the form [91]

.. 1
nm? +GUYY; < 5D,»a,»(mz), (3.50)

where now n is the number of scalar fields coupled to the WGC state. This conjecture was further
studied in [95], especially in relation to the identities that the central charges of N' > 2 supergravity
satisfy.
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4. Introducing strings and membranes

In the previous section, swampland conjectures have been applied directly to supergravity
effective theories with particles as matter content. A possible generalization is to supplement
the theory with additional ingredients and then study swampland conjectures in such an enriched
setup. These ingredients can be extended objects, as for example string or membranes, and they are
inserted directly in the four-dimensional theory. Such a step can be motivated by the completeness
hypothesis [96]. This approach has been recently pursued in [97-101] (see [102] for a similar work
in five dimensions), based on the manifest supersymmetric formalism developed in [103, 104], but
the history of supergravity coupled to extended objects dates back to [105, 106].

In this section, we briefly review these recent developments, with particular focus on [99],
since they provide a somehow complementary approach to the one we presented above. Any
misconception in the presentation of the work by other authors is of course ours.

4.1 String and membranes in the perturbative regime of the effective theory

Besides particles, in four dimensions one can have strings and membranes which are co-
dimension two and one objects respectively. When introduced in the effective description as
probes, one can derive consistency conditions for the whole theory by demanding consistency of
the probe. This approach has been followed in five dimensions in [102] and more recently in four
dimensional NV = 1 supergravity in [99]. Before entering the discussion of [99], we would like to
review how strings and membranes can be introduced into the setup of minimal supergravity in four
dimensions.

First, we would like to outline the regime we will be working in. One can define a perturbative
regime of the effective theory by looking at the gauge sector and demanding it to be weakly coupled.
In the same regime, non-perturbative contributions to the superpotential are suppressed. This is
described below.

In the four-dimensional effective theories of interest there are axions a’, with fixed periodicity
a ~a' +1, 4.1)

and which, together with saxions s?, form the lowest components of N’ = 1 chiral multiplets
' =a' +is'. 4.2)

Besides, one can also have spectator chiral multiplets ¢ such that the full set of scalars z = {t', ¢}
parametrizes a Kdhler-Hodge field space. From a bottom-up perspective, axions are associated to
continuous shift isometries, a’ — a' + ¢', which are usually broken to discrete transformations by
means of BPS instanton effects,

Winst = eZ:rm,-t"’ 4.3)

with m; the BPS instanton charges. The perturbative regime we will be working in is defined by

the condition
’eZRmiti

— ‘e—Zﬂmisi

<1, (4.4)
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guaranteeing that the continuous shift symmetry of the axions is approximately preserved, while
the Kéhler potential depends only on the saxions

K = K(s). 4.5)
This regime corresponds to weak coupling in the gauge sector. Without loss of generality, we

consider a gauge group G = [14U(1)4 X I1;G;, where G are simple groups. The couplings of

vector to scalar fields are given by the kinetic terms’

—%/ [(Amf)*BFa A xFp + (Ref)*BFa A Fg|

| (4.6)
- g/ [Imf'te(F A *F); +Ref'tr(F A F),] .
We assume that we are allowed to expand
A8t ¢) = CAPE + AfAB(4) +. .., 4.7)
it ¢)=Clt +Af' () +..., (4.8)

where C;“B , Cil are constants and dots stand for terms which will be exponentially suppressed.
Then, we see that the perturbative regime corresponds to Im f42, Im ! > 1, which is indeed weak
gauge coupling, and the dominant terms in (4.6) are

1 _as i i 1 i i

_EC" / [s'FaA A %Fg+a'Fa A Fp| - gci / [s"tt(F A*F)p+a'w(F AF)| +.... (49)
The very form of these couplings will be a working assumption for the discussion of quantum
gravity constraints in the next sections. Besides, it is expected that A f4Z(¢) and Af!(¢) are order
one contributions for generic values of ¢, so that one has to require C*8s’ > 0 and C/s' > 0 to
avoid ghosts in this regime. Compatibility of gauge instanton corrections with axion periodicity
requires in addition that these coefficients are quantized as CA%, C! € Z.

As we have seen in section 2.1, we can also consider higher curvature corrections to the
supergravity action, such as those in formula (2.14). Similarly to the gauge kinetic function, we can
expand f = f(1,¢) as

f(t,¢)=Cit' +Af(9) +..., (4.10)

where again dots stand for non-perturbative terms which are exponentially suppressed in the per-
turbative regime. Thus, from (2.14) we read the coupling

1 - . .
__Ci/ [s'tr (RA=R)+a'tr (RAR)], 4.11)
967
where the quantization condition 2C; € Z is needed not to break the axion periodicity by possible

gravitational instantons.

9With respect to section 2.1, we rescale the gauge kinetic function by a factor of 1/2x for abelian groups and 1/4x
for G, to match with the conventions of [99]. Besides, we split the vector field indices as A = (A, I) in accordance with
the splitting of the gauge group G.
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Having specified the main features of the perturbative regime we are considering, we want
now to introduce (probe) strings and membranes in the setup. We mainly focus on the former, and
indeed we consider a specific class of BPS axionic strings, called EFT strings for short [97, 98].
They have the property that their backreaction on the moduli is such that close to the string core the
effective theory becomes weakly coupled, namely axionic shift symmetries become exact. In this
respect, EFT strings can be considered as fundamental, in the sense that they cannot be completed
into smooth solitonic objects within the effective description.

More concretely, EFT strings are detected by axions, which undergo integral shifts around
them,

a—ad+e, el (4.12)
They have a field-dependent tension
T = M3 é'l;, (4.13)

where [; = —%% = —%% are linear multiplets dual to the saxions and e’ are the charges entering
the coupling with the 2-form potential B; ;, namely e’ fw B i, where ‘W is the string worldsheet.
The tension is such that A% e <T < M%,, which is another way to see that these strings cannot
be resolved within the effective theory and as such are fundamental. Close to their core, the

backreaction induces a profile for the saxions of the type [107, 108]
. R ei
s'(r) = sy + z—log —, (4.14)
Vs r
where sf) = 5'(0) and r is the coordinate parametrizing the distance from the core sitting at r = 0.
Thus, we see that the backreaction becomes strong approaching the core, such as s* > 1 and thus
the effective theory is in the perturbative regime.

Membranes can be introduced by generalizing the discussion on strings. In particular, in
four-dimensional N = 1 supergravity a natural way to introduce membranes is to first trade scalar
auxiliary fields for (hodge duals of) gauge four-form field strengths. Remarkably, this step can
be performed in a manifestly supersymmetric manner [73, 103—106, 109, 110] (see [111] for an
analysis in global N' = 2 supersymmetry) and we will come back to it in section 4.4."% Then,
membranes are the objects coupling to these newly introduced gauge three-form fields C5, such that
their local action contains a term g fW3 C3“, with ‘Wj the membrane worldvolume. They can act
as domain walls separating, say, two different N' = 1 flux vacua. When crossing the wall, certain
fluxes jump by g, units and in turn the value of the cosmological constant is changed.

An interesting question is how these strings and membranes behave with respect to the WGC.
This has been investigated in [97, 98] to which we refer the reader for more details. Here, we would

101 the matter-coupled old minimal formulation of supergravity there can be mainly three kinds of scalar auxiliary
fields: a complex scalar from the gravity multiplet, one complex scalar from each chiral multiplet and one real scalar
from each vector multiplet. The supersymmetric procedure to replace them with gauge four-form field strengths has
been outlined in [106] for the first kind of auxiliary field, then extended in [103-105, 109, 110] to auxiliary field of
chiral multiplets, and more recently in [73] to the auxiliary field of vector multiplets. The setup in [73] allows in fact
for a dynamical generation of the Einstein-Hilbert kinetic term from a scale-invariant action. As a result, the Planck
mass and the cosmological constant are scanning variables and membranes can interpolate between vacua with different
values of these quantities. As such, the model in [73] can be seen as an explicit embedding into N = 1 supergravity of
a mechanism to lower dynamically the value of the cosmological constant and of the Planck mass. More recently, this
mechanism has been further considered in the subsequent works [112—-114].
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just like to point out that a similar question is behind the works reviewed in section 3. In fact, one
of the results of [97] is that imposing the WGC for fundamental membranes leads to a runaway
contribution to the scalar potential forbidding de Sitter critical points.

4.2 Anomaly inflow on EFT strings

The idea of [99] is to derive constraints on four-dimensional N' = 1 supergravity by asking
cancellation of anomalies on the probe EFT string with an anomaly inflow from the bulk theory. In
practice, one has to calculate the possible anomalies on the string worldsheet theory and in the bulk
supergravity theory separately, and then ask that their combination cancels. Following this strategy,
one can constrain the bulk supergravity theory itself by asking consistency of the probe string.

As for the bulk theory, the axionic couplings produce an anomaly inflow to the EFT string. In
the setup under investigation, we can recast the axionic couplings from (4.9) and (4.11) as

27 / a'ly; = -2n / WAL, (4.15)
where we introduced the globally defined one-forms h‘i = da' and we set

1 1 1
Ij;=—CABF s ANFp— ——Cltr(FAF); - ——tr(RAR);. 4.16
4i =53 FanFp— 725G, ( )i 1922 r( )i (4.16)

This object is an example of invariant polynomial, see e.g. the standard textbook [115]. According
to Chern-Weil theorem, invariant polynomials are closed (and do not dependent on the choice of a
particular connection). Hence, by Poincaré lemma they are locally exact and one can write

Iy, = dI°). 4.17)

The object 13(’01.) is called transgression in general, and Chern-Simons form in our particular case.
Asking that it describes a theory on its own, invariant under general gauge and local Lorentz
transformations, amounts to ask that

1) = dry!). (4.18)

for some two-form Iz(’ll.). The latter is the anomaly inflow induced by the axionic couplings on the
worldsheet of the string. Indeed, recalling that the axion field strengths /) in the presence of a
string satisfy the Bianchi identity

dh' = e'5,(‘W), (4.19)

we can calculate the variation of the bulk axionic couplings

OSputk =0 (27r/ ai14,i) = —27r/ R A 613(01.)
= —2ré’ / 52 (W) ALY = —2ref / B
, w2

Since this is non-vanishing, there is an anomaly which must be cancelled by an analogous contri-

(4.20)

bution from the worldsheet string action, namely we should find

0Sstring = 2me" / Y. 4.21)
w2
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In other words, by consistency the object = e'l4,; is required to be the anomaly polynomial of

IWS
4
the worldsheet theory.
Before proceeding further, we need two perform two different steps. First, we want to rewrite
IXVS in a more convenient form. To this purpose, we split the contribution of the bulk first Pontryagin
class p1(M) = —8—71rztr (R A R) into tangent and normal contributions with respect to the worldsheet.

This can be done as'!

1 1
p1(M) = pi(W) +ci(Nay)? = —@tf (Rw A Ray) + ) (Fn NFn), (4.22)

where Fy = dAp is the field strength of the U(1)y connection induced on the normal bundle Ny
by the bulk Riemannian connection.

Second, there is an additional contribution to be taken into account. This arises by requiring
that the normal bundle N4y must be trivial, similarly to the discussion in [116] for the normal
bundle to the NS5 brane in type IIA string theory. Intuitively, we are considering a (probe) string
in an effective theory and thus we have to glue properly the worldsheet theory (the zero-modes
perturbation theory) to the bulk. In this respect, the delta function on right hand side of the Bianchi
identity (4.19) can be seen as a tool to keep track of the string. A more precise mathematical
description is available in cohomology, where the right hand side of (4.19), and also its restriction
to ‘W, can be seen as a two-form representative of a certain class. By combining proposition 6.24
and 6.41 of [117], one finds that the pullback of this cohomology class to the string worldsheet is
the Euler class of the normal bundle, namely

52(W)|4y = x(Nay). (4.23)

A natural choice for a connection on this bundle is Ay and thus we can write

1
X(Nqy) = 2_FN~ (4.24)
T

Then, combining with (4.19), we get a finite contribution from the delta source

el

dh'|,, = —FN. 4.25

|(W o N ( )
This is the precise sense in which the normal bundle to the string worldsheet is trivial in cohomology
and we will take it as a defining property for EFT strings, implying in turn that Fy = dA globally.
The Bianchi identity (4.25) suggests the presence of an additional term in the effective action

localized on the string and of the type
1

Sy=-=C; | Il AAy. 4.26
N 2 Ci /w | NAN (4.26)
Due to (4.25), this term is anomalous under U(1) gauge transformations 6Ayx = dAy, indeed

1 4 . 1 . .
oSy =——¢C; dht AN Ay = ———Cjé' FnaAn. 4.27
N 7 l/(W 1A AN 18, C1¢ /w NAN (4.27)

110ne needs to use TM |y = TW @& Nqy, where Ny is the normal bundle of ‘W, together with Whitney sum formula
implying p1 (TM|qy) = p1(T'W) + p1(Nqy). Then, one uses also that in general p; = —2¢ + c%, but ¢y (Nqy) =0 in
our case.
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In turn, this implies the existence of a new contribution to the anomaly polynomial, namely

.e~
I4yn = Fn N Fy. 4.28
4N = e v AEN (4.28)

The total worldsheet anomaly polynomial is thus the sum of e’l4;, written taking into account
(4.22), and the additional piece (4.28), giving

IXVS = eiI4,,- + f4’N
‘ABeiF AF Cileit (FAF)
=— - r(F A
gn2 AT TP T en2 ! (4.29)
C‘iei C',-ei + éiei
- tr (Ryw ANRyw)+ ———Fn A Fy.
ro22 " (Rw A Ray) + =505 —F A Ey

4.3 Constraints on N = 1 supergravity

The idea is to match the anomaly polynomial (4.29) with the one arising from the string
worldsheet, which can be calculated directly. It contains one contribution from gravitational and
U(1)y anomalies and another from "t Hooft gauge anomalies. We discuss both of them separately
below.

The first contribution has been originally calculated in [118] and reads

ngp—nc+nN —
1922

nc—-—nr+1

1t (Rw ARqy) +
I
waRw 3272

LS graviv(yn = = Fn A Fy. (4.30)

Here, nr, nc and ny are respectively the number of chiral U(1)4-charged fermi multiplets, the
number of chiral U(1)4-charged scalar multiplets and the number of chiral U(1)y-charged fermi
multiplets of the N' = (0, 2) non-linear sigma-model worldsheet theory. Besides, there is also an
additional universal U(1)4-charged chiral multiplet to be taken into account. At a generic point of
the moduli space one expects that nc —np > —1, for an enhancement to N = (2, 2) supersymmetry
requires ng = 0 and nc — ny = —1, while otherwise it is reasonable to assume nc — ny > 0. We
refer to [99] for more details. By matching the coefficients of (4.30) with those of the analogous
terms in (4.29), one finds

Cie' =np —nc+ny -1, 4.31)
Cie' +Cie' =3(nc —ny +1). (4.32)
Assuming completeness of the EFT string spectrum gives then
Cie' =np—nc+ny -1, (4.33)
Cie' + Cie' € 3Zs. (4.34)
These are neat examples of quantum gravity constraints on the parameters of N = 1 supergravity
which are not obvious from a low energy perspective.

Next, we look at 't Hooft gauge anomalies. They can receive contributions from the ny fermi
multiplets and the n¢ chiral multiplets. Their anomaly polynomial will be of the form

1
—@K%Fﬂ A Fg, (4.35)
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where we collected all field strengths in Fq = (Fa, F1o), witha@ = 1,...,rk(gy), and we defined
kA8 = K?B + K?B , with the first term associated to fermi multiplets and the second to chiral
multiplets. Tacitly, we have already decomposed tr(F A F); on a basis of the Cartan h; C gj, with
g1 being the algebra of G;. The goal is to derive an upper bound for the rank of the gauge group G,
which is defined as
r(e) = rank{C/Be'} + Z rk(gr). (4.36)
I:Clei>0

and receives a contribution from fermi multiplets,

rr(e) = rank{K}‘}B(e)} + Z rk(gy) = rank{K?B(e)}, 4.37)

i
I'kp>0

and from chiral multiplets
rc(e) = rank{«2*?(e)}. (4.38)

Using that for any two matrices M, M, one has rank(M; + M,) < rank(M;) + rank(M>), one can
write
r(e) <rp(e) +rc(e) (4.39)

and then the strategy is to derive upper bounds for rr(e) and rc(e) separately. The analysis is
involved and must be performed with care. We do not aim at presenting a complete derivation,
rather we just sketch the main steps and refer the reader to [99] for more details.

We start from rg (e), namely the contribution from fermi multiplets. Without loss of generality,

= > g%, (4.40)

qefermi

we can write

which is a sum of ny matrices q”'q® with rank either 0 or 1. Thus, we get that
rr(e) = rank{k 7 (e)} < nr. (4.41)

Combining this with (4.31) and (4.32), one arrives at the bound
4 . . 1 . .
rep(e) < np = gCie‘ + §C,-e’. (4.42)

To give a bound on r¢ (e) is more subtle. If the chiral multiplets are charged under the gauge
group, their fermions contribute negatively to the anomaly polynomial and so they cannot increase
the rank of the gauge algebra. The only possibility for a chiral multiplet to contribute to the upper
bound on the rank is then the situation in which such multiplet has an axionic shift symmetry gauged
by the four-dimensional gauge symmetry. In the present setup, this can happen for at most nc — ny
chiral multiplets. Working out the details, one finds that they contribute to the anomaly polynomial
as in (4.35) and one can derive that

rc(e) = rank{xZ®(e)} < 2 (nc —ny), (4.43)

where the factor 2 arises from the fact the matrix K?B (e) has two pieces giving the same contribu-
tion. Using (4.32), this becomes

2~ . 24
rc(e) < §C,-e’ + gCie’ - 2. (4.44)
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Eventually, one finds that the total rank r(e) is bounded as
r(e) <rtr(e) +rc(e) < np+ (nc —nyn), (4.45)

or equivalently
r(e) < 2Cie' + Cie' — 2. (4.46)

This indicates a correlation between the rank of the gauge algebra and higher curvature corrections
which is not obvious a priori from a low energy perspective. To summarize, the quantum gravity
constraints (4.33), (4.34) and (4.46) are among the main results of [99].

4.3.1 Example: D3-brane tadpole from bottom-up

It is illustrative to study the quantum gravity constraints reviewed above in a concrete models.
Here, we consider an example taken from section 6.6 of [99], but we present it in a slightly different
way, to show that in fact those constraints are powerful enough to derive certain string theory tadpole
cancellation conditions from an (almost) exclusively bottom-up perspective. Several additional and
interesting examples are discussed at length in [99], to which we most definitely refer the reader.

The setup is type 1IB string theory on an orientifold of a Calabi-Yau threefold with O3-planes,
D3 and D7-branes. The D3/03 sources are spacetime filling while the D7-branes wrap the full
Calabi-Yau and can be seen as EFT strings in the non-compact space. As it is known, in the absence
of O7-planes, but also of D7-branes wrapping four-cycles and of fluxes, the integrated D3-brane
tadpole reduces to

nps = =22, (4.47)
where np3 and nps are the number of D3-branes and O3-planes respectively. The goal is to derive
this tadpole from the constraints discussed above (and with one additional assumption).

To start, we have to identify the various couplings of the effective N' = 1 supergravity theory
and match them with the microscopic quantities. There is one relevant scalar field, namely the
axio-dilaton

t=a+is=CyR +ie ?. (4.48)

Furthermore, we assume the D3-branes to be non-coincident, so that they are described by the

abelian couplings
1 np3

—4— E SFA N xFy4. (4.49)
T
A=1

With respect to (4.9), we thus have CA2 = 648 and C! = 0. Higher curvature couplings are known
from string theory and they can be read off from the Chern-Simons action of the sources. For the
D3-branes, one has the A-roof genus,

- 2
~2nnps / CRR\JA(R) = ”4”8D3 / api(M)+..., (4.50)

while for the O3-planes one has the Hirzebruch L-polynomial

2tn 2 n
403/C§R /L(R/4):T% api(M)+.... (4.51)
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Here, p1 (M) = —8—71r2trR A R is the first Pontryagin class of the tangent bundle of the spacetime M.
Putting everything together, we have the axionic coupling

27‘[‘(8}1[)3 + n03)
4-96

8nD3 +nop3

ap(M) = -— 5

1 -
/ atr(RAR) = ——C/ atr(RAR), (4.52)
961
from which we identify the macroscopic parameter C in terms of microscopic data as
~ 1
C= R(SHDS + I’l03). (4.53)

Here and in the following we absorb the charge e into C, or equivalently we set it to one.
Now, let us look at the bound (4.46) on the gauge group. Since C;e! = 0 in this example, we

have
8n D3 Tt Nno3

16

That the right hand side is an integer follows from the quantization condition C;e’ € Z discussed

r(e) <2C-2= 2. (4.54)

in section 4.1. This leads to interesting constraints, such as that np3 must be a multiple of sixteen,
as pointed out in [99]. However, we proceed below following a slightly different path with respect
to [99]. Let us assume that chiral multiplets do not contribute to the rank r(e), namely rc(e) = 0.
Thus, we have

4 . . 1
r(e) <rr(e) < np = §Ciel = E (8nD3 +no3) . 4.55)

Given that the gauge group is associated to D3-branes only, the rank cannot be bigger than np3 and
then

1
r(e) < - (8np3 +np3) = np3. (4.56)

From this, one finds (4.47) with precisely the same coefficients. We have shown that, modulo
the assumption r¢ (e) = 0, the quantum gravity constraints (4.33), (4.34) and (4.46) succeeded in
reproducing string theory information from a bottom-up perspective. It would be interesting to see
if a similar logic can be pursued also in other setups.

4.4 Goldstino evaporation

In this section, we review another application of supergravity in the presence of membranes
which has been discussed in [119]. We show that this formalism allows for an explicit description
of a non-smooth transition between a non-supersymmetric vacuum with non-linearly realized su-
persymmetry and a supersymmetric one. The transition happens due to the presence of membranes
and it can have important consequences on the fate of de Sitter vacua in N = 1 supergravity.

The archetypal model for supersymmetry breaking is the Volkov—Akulov model [120] (for
the supergravity coupling see e.g. [121-125]), which has a single goldstino fermion G whose
self-interactions are governed by the lagrangian

1

1— 1 = —2 —2

2 22 2 22492

= GPLJIG + G 0°G G°G 0°G°0°G , 4.57
Lya f KL 2 166 ( )

where /f is the supersymmetry breaking scale and we use the notation G> = GP;G. Once gauge
three-forms C; are introduced in supersymmetry and supergravity, as briefly reviewed at the end of
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section 4.1, one also has the option to support the breaking of supersymmetry with four-form flux,
that is one can have
f = %dCs, (4.58)

for a real three-form C3. The way to achieve this self-consistently with non-linear supersymmetry
has been analyzed in [119, 126], to which we refer the reader for more details. What we want to
review instead is how the systems with inherently non-linear realizations of supersymmetry can
decay to systems where supersymmetry is restored and the goldstino evaporates, as depicted in
[119]. More broadly, this resonates with the expectation that non-supersymmetric vacua should
decay.'”

To describe the goldstino evaporation, we have first to exchange one of the two real components
of the complex auxiliary field F of the nilpotent goldstino multiplet with the gauge three-form. Thus,
we set

F=%F+i0,Ct=F +ixdCs, 4.59)

where ¥ is a real scalar and the vector C,, is defined via C3 = %dxc A dx? A dx?Cupe = %dxc A
dx? A dx®eupegC?. In the simple setup studied in [119] we have the vacuum-expectation-values

(FY=0,  (xdC3)=n, (4.60)

which are telling us that supersymmetry is broken only due to the four-form flux. Once the three-
form has been introduced, one can couple it to a (super-)membrane, leading to an overall bosonic
sector of the form

Shos = / dx [7—‘2+ (8,C")? =28, (C”(?VC")]
4.61)

- [ et @opron - £ [l

T Wy A Wy
where Wj is the membrane worldvolume, which is parametrized by coordinates /¢, withi = 0, 1,2,
while ¢ is the tension and u the charge under the three-form. Assuming completeness of the
spectrum, one could argue that the existence of charged membranes is natural [96]. We see
immediately that by varying ¥ we get ¥ = 0. Varying instead the action with respect to the
three-form we find that

8,0,C” = — 4“ 3¢ Mg (0)8;x7 (0)ix” (O)€vorand™® (x = x(0)) (4.62)

8 M;
where we used dZ% A ded A dit = XT3
Let us assume to have a spherical membrane, such that there is a region outside and a region
inside the membrane. Integrating the three-form equation we find that the value of n = (xdC3) is
different on the sides of the membrane, thus inducing a jump on the flux

An = ngy -y = —4- . (4.63)
8

12 Another way that non-supersymmetric vacua could decay, is related to goldstino condensation [127-129], or the
equivalent effect from the gravitino perspective [130, 131].
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If ngye = f, where f is a non-zero real constant and 4 = —8x f, then nj, = 0, which means that
the value of n = (J,C*) goes from non-vanishing to vanishing, and supersymmetry gets restored.
When supersymmetry is restored the full goldstino multiplet has to vanish. Indeed, the simplest
way to see this is by noticing that the transformation of the goldstino reads

G2
6G = fPLe+PL<ﬁ(ﬁ)e+.... (4.64)

Therefore, when f vanishes it enforces the condition

f—>0 = G=0, (4.65)

and the goldstino evaporates while supersymmetry gets restored. Note that while the two back-

grounds/vacua are disconnected, there can be a bubble of true vacuum growing within the meta-
stable state as depicted in the figure below.

y

(*dC3) #0 — NL-SUSY

*dC3=0 — G=0

This has been analyzed in a fully supersymmetric setup in [119], using superspace methods. In the
same work, it has also been shown that four-dimensional de Sitter vacua of N' = 1 supergravity
supported only by the nilpotent goldstino could decay if the supersymmetry breaking is supported
by a flux and if the three-form is coupled to a membrane, see figure 1.
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Figure 1: The uplift due to the nilpotent goldstino from anti-de Sitter to de Sitter in the KKLT model. This
system can decay back to a supersymmetric anti-de Sitter phase if the supersymmetry breaking is supported
by a four-form flux. Depending on the membrane tension the decay can be rapid or slow.
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5. Further constraints from supergravity EFTs

In this section, we present known but also new swampland conjectures which most clearly
draw inspiration and motivation from supergravity. In particular, we review the gravitino conjecture
originally put forward in [132, 133], we speculate on the possible existence of a new conjecture
related to the Yukawa couplings and we discuss the consequence of applying the Festina Lente
bound, reviewed in section 3.3, to D-term inflation.'? The material contained in sections 5.2 and
5.3 is new and it has not been published elsewhere.

5.1 Gravitino conjecture

The gravitino is perhaps the central building block of any supergravity theory and a considerable
amount of information can be deduce just by looking at its interactions. Indeed, we exploited this fact
already in section 3, where the gravitino played a central role in applying the WGC to supergravity
models.

A swampland conjecture exclusively centred around the gravitino has been proposed in [132,
133]. It holds that the limit of vanishing gravitino mass,

msp — 0, (51)

is accompanied by an infinite tower of states becoming light and invalidating the effective descrip-
tion. In simple enough cases, one expects the typical mass m of these states to scale with a power
of the gravitino mass as

m -~ (—) Mp, 5.2)

where n is a model dependent positive parameter of order one.

Notice that for supersymmetric anti-de Sitter vacua this statement is equivalent to the anti-de
Sitter distance conjecture of [33]. However, the gravitino conjecture is proposed to be valid on any
background, not only on supersymmetric anti-de Sitter phases, and perhaps its most relevant appli-
cation for phenomenology is to non-supersymmetric vacua with an almost vanishing cosmological
constant, as the one measured today. Indeed, in these setups the general structure of supergravity
tells us that the gravitino mass is related to the supersymmetry breaking scale as

Mgy = m3pMp, (5.3)

and thus one may hope to learn something about the scale at which supersymmetry is broken in our
universe by investigating the domain of validity of the effective theory describing it. In [135], this
aspect has been analyzed further in the context of the Dark Dimension scenario [136].

The gravitino conjecture can be tested directly in various supergravity effective models. A
natural ultraviolet cutoff in supergravity is the Kaluza-Klein scale and thus one can expect the
states predicted by the gravitino conjecture to be Kaluza-Klein states.'* For an isotropic compact

13Within this logic one could also study what happens if we impose the A-TCC condition [134] on four-dimensional
supergravity theories and search for new constraints.

4More in general, a well-defined notion of ultraviolet cutoff for the gravitation interactions is the so called species
scale [17-21]. Its interplay with the gravitino conjecture has been studied already in the original paper [132].
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manifold with volume V, one has mgx ~ V~23Mp. On the other hand, for Calabi-Yau and
orbifold compactifications the volume V enters the Kahler potential as

K =-alogV+K’, 5.4)

for some model-dependent parameter @. Here, V is a function of the Kéhler moduli, while the

remaining part K’ depends on the complex structure moduli and the axio-dilaton. Assuming that at
.. . . . B .

the critical point of the scalar potential the superpotential scales as W ~ V2, one derives

B-a

msjp ~ V. (5.5

By comparing with (5.2), one identifies the parameter of the conjecture with

3 4
3(a-p)’
and it can then be calculated in concrete examples [132, 133]. For instance, in heterotic com-

pactifications one finds n = 4/3, while for GKP orientifolds n = 2/3, and for Scherk-Schwarz
compactifications n = 4. Models with non-perturbative superpotential and in which the gravitino

5.6)

n

conjecture is dynamically realized have been pointed out in [55]. Additional support to the con-
jecture stems from N = 2 supergravity, as discussed in [132]. Indeed, in the STU model arising
e.g. from heterotic compactifications on K3 X 72, one finds a one to one relation between the grav-
itino mass and the gauge coupling, m3,, ~ g3/2, which allows to connect the gravitino conjecture
to the WGC and to the absence of global symmetries in quantum gravity. Further evidence for
the gravitino conjecture in string theory has been provided in [137]. These constructions have the
peculiar feature that the gravitino mass can be decoupled from the cosmological constant, while
avoiding open strings tachyonic instabilities. It is then shown that the limit of vanishing gravitino
mass is inconsistent, for it clashes with the boundary conditions of the gravitinos imposed by the
simultaneous presence of orientifold and anti-orientifold planes.

5.2 Constraints on Yukawa couplings?

In this section, we focus on Yukawa couplings ¥ and we would like to analyze if and how
supergravity can hint at swampland restrictions on them. As we will see, we can deduce a condition
of the form

Ayy SY®Mp, (5.7)

for some parameter «. At the present stage, we do not know if such a condition is an accident
that happens to hold only in few instances or if it has a deeper origin within string theory and
therefore can constitute an actual swampland conjecture. In case the latter option turns out to be
correct, our discussion can be seen as yet another confirmation of the fact that supergravity is in
many circumstances closer to quantum gravity than an ordinary effective theory. In addition, here
we cannot tell for certain what is the order of magnitude of the parameter «.

We will give two examples where supergravity supplemented by a given swampland conjecture
leads to the condition (5.7). Note that, due to (5.7), one can further speculate that the limit

Y—-0 (5.9)
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corresponds to travelling to infinite distance in the moduli space. Indeed, the two conditions (5.7)
and (5.8) can be related to each other since as we go to infinite distance we expect the cut-off to
be lowered and towers of states to become massless. Then, the parameter @ would be identified
by the nature of states becoming light. Notice that the above constraints are not really the bounds
studied in [138], but do have a similar gist to it, therefore one can speculate that there might be an
underlying connection.

First, let us consider the simple no-scale model

K=-3log(T+T) , W=W,. (5.9

The idea is to relate the Yukawa coupling of the scalar T to the gravitino mass. Then, enforcing the
gravitino conjecture we can get a constraint on the Yukawa coupling itself. In other words, we will
see that the gravitino conjecture automatically becomes a conjecture on the Yukawa coupling. The
gravitino mass is given by

Wo
M3 = ——=—7. 5.10
SR ST (5.10)
Due to the no-scale structure, the scalar potential is identically vanishing. The kinetic term of T is
e Liin = —;8 TOMT = 1 PO+ P + (5.11)
in (T + 7—,,)2 gl 5 u RN .
where we have introduced the canonically normalized real scalar ¢ defined as
2
ReT = V3¢ (5.12)
In terms of ¢, the gravitino mass reads
3
majy = 2_3/2Woe_‘/;¢ . (5.13)

This produces a Yukawa coupling of the form

3
YMP = —\/;m3/2. (514)

By enforcing the gravitino conjecture (5.2), we expect a tower of states to become light in the
limit ¥ — 0, invalidanting the effective description. Notice that the relation between the Yukawa
coupling and the gravitino mass is a consequence of the supersymmetric structure of the lagrangian
and might not hold outside the realm of supergravity.

The second instance where the Yukawa coupling takes a suggestive form is when considering
gauged N = 1 supergravity. Once again, let us discuss the simplest case where this effect can
happen. We consider a flat Kihler potential

K =z, (5.15)

with a typical U(1) gauging with Killing vector k = iz and constant gauge kinetic function f = 1/g>.
Then, an inspection of the component Lagrangian reveals that supersymmetry requires a term of
the form

gzxPrA, (5.16)
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where y is the fermionic superpartner of z and A the gaugino. This is clearly a Yukawa coupling
between the scalar and the fermions. Enforcing the magnetic WGC, we eventually have that

YMp =gMp ~ Awgc , (5.17)

which is along the same lines of (5.7).

We conclude that supergravity readily gives indications that Yukawa couplings are often
restricted by swampland-like constraints that have the form (5.7) and therefore also imply (5.8).
This may be an actual independent swampland constraint on its own or simply an accidental
restriction due to supersymmetry, however our experience until now hints to the former possibility.
Nevertheless, we do not have enough evidence to further support the existence of such a conjecture
for the time being, nor do we know its exact form or the expected values of the parameter a.

5.3 Festina Lente versus D-term inflation

We have seen in the discussion on N' = 1 and N = 2 de Sitter vacua in section 3 that the
magnetic WGC or the Festina Lente bound can equally well raise questions about the validity of the
two-derivative approximation within the effective theory. One further step would be to investigate
the extension of such restrictions to dynamical systems, as for example supergravity models of
inflation [139, 140]. The bibliography on supergravity cosmology is vast and it is not our purpose
to review it here, but it is fair to say that in principle there are two concrete methods allowing
the construction of single-field inflationary models within four-dimensional N' = 1 supergravity.
These are related to the basic source of the energy density driving inflation: it can be either a
D-term or an F-term. The former is for situations where inflation is essentially controlled by the
potential due to a gauging, whereas the latter is for when the inflationary potential is controlled
by the superpotential. The most general constructions for single-field inflationary models with
vector multiplets, i.e. D-term models, can be found in [141]. They are based on the supergravity
inflationary model that first appeared in [142], whereas the single-field inflationary models with
superpotentials, i.e. F-term models, can be found in [143]. The latter are based on the ideas that
first appeared in [144]."5 Efforts to construct inflationary models in N = 2 supergravity with
similar logic were made in [146]. Here, we will show that, modulo some caveats that we highlight,
the Festina Lente bound can pose strong constraints on the D-term models, whereas we can only
speculate for similar restrictions for the F-term models.'®

Let us recap the basic requirements for single-field inflation in supergravity and its challenges,
which become even worse when one has to find an embedding into string theory. This is possibly
reflected in the difficulty of reconciling such models with the constraints coming from the swampland
program. First of all, taking into account that we introduce various multiplets to be able to build
the desired scalar potential, during inflation it is crucial to have a so-called strong stabilization of
all scalars except the inflaton. This means that all extra scalars should get masses safely above the

15However, the first successful models that utilize the idea of chaotic inflation in supergravity where constructed quite
early in the literature [145].

16There are of course already interesting alternatives, see e.g. [147-149] for supergravity embedding, that should
be studied in more detail in case the simple way to realize inflation/dark energy within supergravity fails. Constraints
imposed on inflation by the swampland distance conjecture have been studied e.g. in [150], but they turn out to be milder
than those that we derive below by imposing Festina Lente.
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Hubble scale, H = +/V/3 in Planck units. Subsequently one focuses on the potential for the single
scalar, say ¢, that plays the role of the inflaton and studies the slow-roll conditions. This field has
typically a lagrangian

e L= %R - %w(qﬁ) 09" p - V(9) (5.18)

and for our analysis here it is enough to look at the so-called € slow-roll condition

1 (V)
] ion 2w(e) (7) <1, (5.19)

inflation

while inflation conventionally ends when €(¢eng) = 1. This condition essentially means the potential
is not steep in the region where inflation takes place. There is also one further slow-roll condition
that restricts V', but we do not need to invoke it here; it can be found for example in [151] for
general V(¢) and w(¢). Even if we do have such a potential, there are various other issues that have
to be addressed, the zeroth order test being to match with observations [152]. Further theoretical
issues that need to be addressed are the initial conditions problem [153—156], or the problem of
higher order corrections [142, 157]. However, we will not look into these problems here.

5.3.1 General restrictions from Festina Lente

A proposal that allows to build versatile single-field models of D-term inflation was presented
in [141, 142] and it is technically based on models with massive vector multiplets [158-160]. In
the setup we have two multiplets, a chiral multiplet z and an abelian gauge multiplet, while the
superpotential vanishes. The isometry we want to gauge is a shift

77— z+ia, (5.20)

which means that the gauge field is essentially massive and therefore it will absorb one of the two
real scalars residing in z, leaving behind only one real scalar that becomes the inflaton. That the
gauge field is massive can be seen from the covariant derivative of the scalar (2.4) which, for the
shift symmetry described here, reads D,z = d,z — iA,, leading to a mass term for A,. Indeed,
from the definition of the Killing vectors (2.6) we see that k = i which means that the real moment
map is such

0:P = —gzz 62D

giving in turn
P=-K,+¢. (5.22)

From this, one deduces that the Kihler potential has the form K = K(z + Z) and the real constant
¢ is the Fayet-Iliopoulos term. Since the gauge vector will eventually absorb the imaginary part
of z, we can readily go to the unitary gauge and set z to a real scalar Z, such that we have
D,z =(1/2)0,Z —iA,. Furthermore, we choose the gauge kinetic function to be just a constant,
f = 1/g?. From the property that the Kihler potential depends only on the real part z + Z = Z, we
have g,; = J"(Z) > 0and K, = K; = J'(Z), where we introduced J(Z) = K|,,3-z. Taking all of
this into account, we rewrite the moment map as

P(Z)=¢-T(2), (5.23)
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and the bosonic sector of the Lagrangian, in the abelian unitary gauge, reads

— 1 1 1,7 17 1 1
eI L= SR = 31"(2)3,20"Z = 1" (2) A AV - @FMVF’“’ - EgZPZ(Z). (5.24)

Most importantly, we also see that the gravitino has charge g3/, under A, and mass given by
q32 =P (2), m3;p =0, (5.25)

implying that during inflation, which can only take place for £(Z) # 0, the gravitino is in fact
charged and massless.'”

At this point, one could naively apply the Festina Lente bound right away, but that would not
be correct. This is because the vector A, is massive and so the bound does not apply directly.
However, according to [86] the bound can apply when the mass of the vector is safely below the
Hubble scale, that is when -

- <L (5.26)

Hence, when the vector is that light, one can apply the Festina Lente bound and conclude that because

the gravitino is charged but massless this class of inflationary models belongs to the swampland, or

at least such a region of the scalar potential cannot be trusted. Let us therefore check under which

conditions the vector becomes parametrically light. In this model, the mass of the vector is given
by

m? =2g%1"(Z). (5.27)

It is then instructive to rewrite the slow-roll e-parameter as

e(Z2) =

I (V'<Z>)2 _ 28 my (5.28)

w(2)\V(2)]  lg2p2 3H?

From this relation, one can see directly that the slow-roll regime € < 1 corresponds precisely to a
parametrically light vector, namely

2
My
ex1 — — <1, (5.29)
3H?
and thus, within such a regime the Festina Lente bound applies and relegates the inflating region into
the swampland. Instead of invoking a massless charged gravitino, one can arrive at an analogous
result by comparing the vacuum energy of the system to the bound imposed by Festina Lente.

One can also ask if a similar conclusion can be reached by using the magnetic WGC. In the
limit where we are deep in the regime of slow-roll then the system effectively behaves like a model
with a pure Fayet-Iliopoulos term and a massless gravitino, and so one could already expect that
the results found in [73] apply and set the model in the swampland.

Let us stress that this result has a series of caveats that should be studied in detail. First of all,

one should test carefully that the Festina Lente bound is to be trusted on dynamical backgrounds

7Here, we are taking the charge of the gravitino to be a function of the scalar fields, #(Z). In general, the physical
coupling is the product of the charge with the gauge coupling, g¢, which is in principle field-dependent. Similarly, here
we have g3/ = gP(Z), namely a field-dependent coupling between the gravitino and the vector (which is in any case
massive in this model).
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as for example an inflating universe. Second, since the original bound is for massless vectors,
one should verify that the Festina Lente bound can be concretely trusted for (parametrically) light
vectors whose mass is below the Hubble scale. Clearly, for an observer living within a causally
connected region within the de Sitter Hubble horizon, a vector with mass smaller than the Hubble
scale is effectively massless and it acts as a long-range force. Thirdly, in a realistic setup one should
unavoidably consider including a superpotential W and it is therefore possible that, maybe with a
judicious choice of W, inflation can be safe. Either way, the clean simple model discussed above
seems to be in conflict with the Festina Lente bound.

5.3.2 Examples: Chaotic and Starobinsky inflation

Before, we required € < 1 since we were interested in a situation where inflation is safe and
can happen for as many e-folds as one wants. Now, we turn to regimes in which slow-roll has
marginal validity and takes place for a very restricted amount of e-folds. Indeed, one could ask
if it is possible to satisfy slow-roll while staying outside of the swampland, that is while keeping
the vector’s mass above H, even for a restricted number of e-folds. This requirement implies the
inflationary trajectory is bounded by two conditions. First, we know that inflation ends near € ~ 1,
which means that we have

Elea=1 — mzA(Zend) = 3I_Iz(zend) . (5.30)

As we discussed, the Festina Lente bound (assuming always it applies to massive vectors) places
the inflationary phase in the swampland when m 4 < H, so we can be generous about the validity of
the effective description and say that Zg;, corresponds to an upper bound value of m 4 given, say, by

1
ma(Zp) = g % H(ZpL) . (5.31)
Then, we conclude that inflation at best can take place within the region

Zend < Zinﬂation < ZFL (532)

and the question is if there is enough amount of distance that can be travelled by the inflaton within
such bound and how many e-folds of inflation we can have. We will investigate this question below
by studying two inflationary models: the typical quadratic chaotic inflation and the Starobinsky
model. Notably these two models are limiting cases of the so-called a-attractor models [141, 161],
therefore one might expect a-attractors to have similar bounds as well.

Quadratic chaotic inflation. We consider first the quadratic chaotic inflation model, which is
however currently in tension with observations from the Planck satellite. It requires

J(Z2) =72, £=0. (5.33)

The scalar and the vector fields have a canonical kinetic terms, while the scalar potential and the
vector mass take the form

V = 2g222’ mZA = 4g2 s (5.34)
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E— 3¢
Figure 2: Plot of a plateau-type inflationary potential. The red star corresponds to the minimal position
where inflation can start in order to eventually give a reasonable number of e-folds, whereas the green regions
correspond to regimes that are more and more into the swampland due to the Festina Lente bound. One can
interpret this effect as the way that supergravity relates the Festina Lente bound to the Distance Conjecture.

giving in turn
2
\/6H €= —.
72
The gravitino is massless and charged with g3/, = —2Z. We find the boundaries of the inflating

(5.35)

region to be

Zena = V2,  ZpL = 6V6. (5.36)
The number of e-folds then reads
ZrL 1 6V6
Ne folds = - mdz =5 /\/E ZdZ ~54. (5.37)

At best, we see that inflation will only produce a very limited amount of e-folds. If we assume that
Zpy is instead determined by a stronger constraint, say m(Zg;) = % X H(Zp), then we get a much
smaller amount of e-folds, say Ne fo1qs = 13.

Starobinsky model of inflation. Next, we check a model of plateau inflation which is currently
favored by Planck data. For the Starobinsky model we have

J=-3(og(-Z)+Z), £=0. (5.38)

This leads to a bosonic sector of the form

plp 3 g zonz o S aan LE, e 921+12 (5.39)
e ==R-— - = -— - = = . .

27 T a2 Z2 0 T gt 28 Z
Note that the way inflation works here is similar in logic as the method discussed in [162]. To go

2 .
to a canonically normalized scalar we set Z = —e‘ﬁ‘p. The scalar potential and the vector mass
become

2
V= ggZ (1 - e_‘/gqj) , mi = 6gze_2‘/g¢ . (5.40)
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From our previous discussion we find that now
$end = 0.94, ¢rL = 3.15. (5.41)

The number of e-folds then reads

PFL

1
pand V2€(9)

We see that the bound is stronger on models of plateau inflation and so one would have to assume

Ne folds = dp ~ 6.85. (5.42)

a weaker onset of the Festina Lente bound than m 4 (Zgy) =~ % X H(ZgL) to get a larger number of
e-folds. Indeed, if we assume m4(Zgy) = % X H(ZpL), then we find Zp, ~ 5.382, which gives
Ne-folds = 56.4, marginally compatible with the Planck data.

Actually, it seems that if we extrapolate the results to small-field inflation, the bound from
Festina Lente will be severe. This happens because a very flat region is required for inflation to
take place which automatically means that the vector will be extremely light thus Festina Lente will
apply and set all the inflating regime in the swampland.
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