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Inflation, gravity mediated supersymmetry breaking, and de Sitter vacua
in supergravity with a Kéhler-invariant Fayet-Iliopoulos term
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We use a new mechanism for generating a Fayet-Iliopoulos term in supergravity, which is not associated
to an R-symmetry, to construct a semirealistic theory of slow-roll inflation for a theory with the same
Kihler potential and superpotential as the Kachru-Kallosh-Linde-Trivedi string background (without anti-
D3 branes). In our model, supersymmetry must be broken at a high scale in a hidden sector to ensure that
the cutoff of the effective field theory is above the Hubble scale of inflation. The gravitino has a super-EeV
mass and supersymmetry breaking is communicated to the observable sector through gravity mediation.
Some mass scales of the supersymmetry-breaking soft terms in the observable sector can be parametrically
smaller than the SUSY breaking scale. If a string realization of the new Fayet-Iliopoulos term were found,
our model could be the basis for a low energy effective supergravity description of realistic superstring

models of inflation.
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I. INTRODUCTION

It is rather challenging to describe inflation, supersym-
metry (SUSY) breaking, and de Sitter (dS) vacua in simple
supergravity models and even more so in string theory. In
string theory, the Kachru-Kallosh-Linde-Trivedi (KKLT)
model [1] is a prototype that can give dS vacua, under
certain assumptions about moduli stabilization. The effec-
tive field theory description of the KKLT model is a
supergravity with a no-scale Kéhler potential for its volume
modulus and with a superpotential that differs from its
constant no-scale form because of two nonperturbative
corrections.' The superpotential produces a supersymmet-
ric anti—de-Sitter (AdS) vacuum. In Ref. [1], a mechanism
was proposed for generating dS vacua through the addition
of anti-D3 brane contributions to the superpotential,
that uplifts the AdS vacuum to dS. While the additional
correction by anti-D3 branes creates dS vacua, it also
deforms the shape of the scalar potential creating a “bump”
which gives rise to a moduli stabilization problem [1]. As
an attempt to improve on KKLT, Kachru, Kallosh, Linde,
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Maldacena, McAllister, and Trivedi (KKLMMT) proposed
a model that modifies KKLT by introducing a contribution
arising from the anti-D3 tension in highly warped com-
pactifications [2].

Both models, KKLT and the KKLMMT, contain anti-D3
branes, whose known effective field theory description uses
nonlinear realizations of supersymmetry. The presence of
nonlinearly realized supersymmetry means that if super-
symmetry is restored at energies below the string scale,
M ing, then the known description of KKLT cannot
accurately describe the whole energy range E < Msmng.z
On the other hand, nothing in principle forbids the
existence of some effective field theory description even
in that energy range, but such description must employ a
linear realization of supersymmetry, which would neces-
sarily employ only whole multiplets. A natural question to
ask from an effective field theory point of view is whether
such a description is possible. Said differently: does a
supergravity with the same Kihler potential and super-
potential as KKLT exist, that breaks supersymmetry, gives
rise to an inflationary potential and a dS post-inflationary
vacuum, and is valid even at energy scales where super-
symmetry is restored? We answer affirmatively to this
question by adding to the KKLT effective theory a new
Fayet-Iliopoulos (FI) term, in the form proposed by
Antoniadis, Chatrabhuti, Isono, and Knoops (ACIK) [3].
We will show that this FI term also generates irrelevant
operators that introduce a cutoff scale for the effective

*We assume M ging < My, with My, the Planck scale.
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theory. We will also show that differently from nonlinear
realizations, this cutoff can be made larger than the
supersymmetry breaking scale—and in fact even larger
than the Planck scale.

Our construction begins with the observation that, in the
absence of anti-D3 branes, the supergravity scalar potential
of the KKLT model has a supersymmetric AdS vacuum and
it becomes flat for large values of the volume modulus field.
The flat direction could be used for constructing a viable
model of inflation without eta problem, if the scalar
potential minimum V, could be simply translated upward
by a constant, V; — V|, + constant. This could happen if a
constant positive FI term existed. This term was long
thought to be forbidden in supergravity, since the only
possible FI terms were thought to arise from gauging the
R-symmetry [4], require an R-invariant superpotential [5],
and be subject to quantization conditions when the gauged
R-symmetry is compact [6]. On the other hand, recently FI
terms not associated with R-symmetry were proposed,
starting with Ref. [7]. We use here the Kéhler-invariant
FI term proposed in [3] and we call it “ACIK-FI” to
distinguish it from many other new FI terms suggested in
the literature (for instance in [7-10]). To find an approx-
imately flat potential for inflation and a dS postinflationary
vacuum, we add an ACIK-FI term to the A/ = 1 super-
gravity describing the KKLT model without anti-D3
branes. We must remark that a field-dependent generali-
zation of the new Kihler-invariant FI term has been
introduced recently in Ref. [11], which also studies the
cosmological consequences of such a term.

In our model supersymmetry is spontaneously broken in
a hidden sector at a very high but still sub-Planckian scale
My > Mg > 10""M,. We employ gravity mediation
(see e.g., the review [12]) to communicate the SUSY
breaking to the observable sector, where supersymmetry
breaking manifests itself through the existence of explicit
soft SUSY breaking terms, characterized by an energy scale
M gpservanle << Mg. The reason for a high My is that M
controls the magnitude of nonrenormalizable fermionic
terms that determine the cutoff of the effective theory. This
is a feature that the ACIK-FI term shares with liberated
supergravity (see e.g., [13,14]).

The purpose of our work is to find an effective field
theory of inflation, de-Sitter moduli stabilization, and
supersymmetry breaking as a cosmological application
to the effective theory of KKLT of the ACIK-FI term
proposed in [3]. The string theory origin of one particular
type of the new FI terms has recently been investigated
through a supersymmetric Born-Infeld action [15], so it
would be of clear interest to study a possible string-
theoretical origin of the ACIK-FI term.

This paper is organized as follows. In Sec. IT we show how
to add an ACIK-FI term to the N' = 1 supergravity effective
theory of the KKLT model. Next we add matter, which we
divide into a hidden sector and an observable sector.

Supersymmetry is broken in the hidden sector and the
SUSY breaking is communicated to the observable sector
via gravity mediation. In Secs. III and IV we probe the
hidden-sector dynamics of our model. In Sec. III, we
construct a minimal supergravity model of plateau-potential
inflation—sometimes called in the literature “Starobinsky”
or “Higgs” inflation—with high scale SUSY breaking and
dS vacua, using the results from Sec. II. In Sec. IV, we
explore the gravitino mass, which is very high, being well
above the EeV scale. We also study possible constraints on
the ACIK-FI term by investigating the nonrenormalizable
fermionic terms in the Lagrangian. These constraints can be
satisfied if the gauge coupling for a certain U(1) necessarily
present in our model is sufficiently small. They also lead to a
hierarchy of energy scales. In Sec. V we study the observ-
able-sector dynamics of our model by computing its soft
SUSY breaking terms. A few final observations are collected
in Sec. VL.

II. ADDING A KAHLER-INVARIANT
FAYET-ILIOPOULOUS TERM TO
KKLT-TYPE N =1 SUPERGRAVITY

In this section, we propose an A/ = 1 supergravity model
that can describe the low energy effective field theory of
inflation and moduli stabilization in KKLT-type backgrounds
[1]. To do so, we first add an ACIK-FI term to an N = 1
supergravity that is compatible with the KKLT model.

In general, an ACIK-FI term can be introduced into
an N =1 supergravity without requiring a gauged
R-symmetry [3,11]. In our proposal, we will introduce
instead only an ordinary U(1) symmetry (under which the
superpotential is invariant) which will be gauged by a
vector multiplet V. Inflation will come from the same
potential as in the KKLT scenario. KKLT [1] argues that in
string theory some moduli can develop a nonperturbative
superpotential of the form

W =Wy + Ae=T, (1)

where T is a “volume” modulus field, which is a chiral
superfield, and W), A are constants. For our construction it
is sufficient to compute the component action of N =1
supergravity characterized by the superpotential (1) and by
an ACIK-FI term. Notice that Antoniadis and Rondeau
have recently studied cosmological applications of gener-
alized ACIK-FI terms by considering no-scale models with
a constant superpotential W = W, [11]. Differently from
that model, ours uses the KKLT-type superpotential (1).

The key assumption that we will use is that both the
volume modulus 7' and the other matter fields that may
exist in the superpotential are gauge-invariant under the
U(1) that is used to introduce the ACIK-FI term. In this
paper, we use superconformal tensor calculus [16] to
calculate the action.
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The goal of this work is to find a modestly realistic
minimal supergravity model of inflation with realistic
moduli stabilization and supersymmetry breaking pattern.
The study of irrelevant operators generated by the ACIK-FI
term will show that a low energy supersymmetry breaking is
incompatible with demanding that the cutoff for the effective
field theory is higher than the Hubble constant during
inflation. So, we take an alternative approach and break
supersymmetry at a high scale in the hidden sector (asine.g.,
[17]) while keeping some of the scales of supersymmetry
breaking interactions in the observable sector low [18].

To do so, we first decompose matter into a hidden sector and
an observable sector. We will discuss them separately in Secs.
IIL, IV, and V. So we separate the field coordinates y4 into

{T. 2"} {='}), (2)

where 7= (I,i) and {T,z'}" are hidden-sector fields,
while {z'}° are the observable-sector ones. In addition
to this, we write a generic superpotential W as a sum of a
hidden-sector term W’ and observable-sector term W¢:

yi=(T.7) =

W) = WH(T. ") + We(2). (3)
We further assume that the hidden-sector superpotential
carries a high energy scale compared to the observable-sector

k(zem 2)y-3 WalVIWV (Vz)

one. This implies that we decompose the F-term scalar
potential into two different parts: a hidden sector F-term
potential characterized by a high energy scale and
observable-sector F-term potential containing only low scale
SUSY-breaking soft terms.

Next, to introduce an ACIK-FI term into our theory we
suppose that the volume modulus multiplet 7 and all
observable-sector chiral matter multiplets Z' are neutral
under an ordinary (non-R) U(1) gauge symmetry, while the
hidden-sector chiral matter multiplets z/ are charged, i.e.,
they transform as

VARSYAR T-T, VAR Y/ (4)

Here g; denotes the U(1) gauge charges of the hidden-
sector chiral multiplets Z/ and Q is the chiral multiplet
containing in its lowest component the ordinary gauge
parameter. We make these choices because we will intro-
duce both a new FI term generated by a gauge vector
multiplet and a KKLT superpotential, which depends on the
volume modulus 7 and must be gauge invariant under all
gauge symmetries.

The superconformal action of the ACIK-FI term [3,11] is
defined by

J(V)WVA(V))

Lxpwr = —¢ [(50303_

o
)T () V] ®)

and the corresponding superconformal action of AV = 1 supergravity with superpotential (1) and the new FI term is

£ = =3[SySee K" D03, 4

[SSW(Z. Z))

3 Wu(VI)W

+ Lz Wo(VYW*(V)] 5 + c.c.
JWa(V)WH(V))

-¢ {(Sosoe K(ze.2))

In Egs. (5), (6) S, is the conformal compensator with
Weyl/chiral weights (1,1); Z4 = (T,Z";Z") and V are
chiral matter and vector multiplets with weights (0,0);
K(Ze?V,Z) is a Kihler potential gauged by a vector
multiplet V; W(Z,Z') is a superpotential; W, (V) is the
field strength of the vector multiplet V; & is the constant
coefficient of the ACIK-FI term; w? EMM

(SoSoe )
w2 = WaV)WE(V)

(SOSOe—K(Z.Z))Z
chiral projectors, and (V), is a real multiplet, whose
lowest component is the auxiliary field D of the vector
multiplet V.

Next, we write the following Kihler potential,
invariant under the same U(1) that generates the ACIK-FI
term,

and

are composite multiplets, T(X), T(X) are

T(w

(V) (vm]. ©)

D

OV
T(w?)

[
K(ZAe?V, Z%)
=3[l +T-®Ze 7,21, 2))/3], (7)

where @ is a real function of the matter multiplets Z', Z!

and the two terms in the superpotential W = W" 4+ W¢ are

the hidden-sector term
WHT) =Wy + Ae~T (8)

and the observable-sector superpotential

Wo(Z') =By + S, Z' + M;;Z'Z) + Y 3 221 ZF + - -+, (9)

where B, S;, M;;, Y;j. are constant coefficients. We will

choose @ to be sum of a term containing only hidden-sector
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fields and one containing only those of the observable
sector

O = 0"(ZetV, 71 + @°(Z1, 7). (10)

The supergravity G-function corresponding to our model
is then

GO 3) = Ky 34 + In [W (")
o,
:—3ln[T+T—¥}

+1In|WH(T, ')+ Wwe (). (11)

The F-term supergravity scalar potential is given by the
formula Vy = ¢%(G,G*8Gy — 3), which in our case reads

1 h o\TWh h /0 h 1 |W¥|2 1 |W¥|2 1J ij
Vi == (W WO 4 (W W)W 4+ 35 4+ 5 (0,070 + 0,000
X 3 X 9 X
11 _ _— - .
3l (@@ W] + @,0VWY) + Wi(Wi 0! ®; + WDV D;)]
1 = -
+ e [W?CDUW? + Wg’(ID’/W;-?]. (12)
|
When matter scalars are charged under a gauge group 1 1| Whp? .
there exists also a D-term contribution to the scalar V= —— [WoWh + WoWh] + L 0,0 d;
potential, V. In our model, we find it to be )1( | 9 X
+3¢ [W’T’q>,-q>fiv‘v§ + Whwo o]
1 - 2
Vp= 592 <§ + Z(‘IIZ[GI + 4111G7)> + % W?q)iiqu. (16)
1 @ + g7 ®p\2
:2gz<§+qllqul> , (13)
II1. HIDDEN SECTOR DYNAMICS 1:

where X =T + T — ®/3, g is the gauge coupling constant
and ¢ is the ACIK-FI constant. Remember that only hidden-
sector chiral matter multiplets are charged under the U(1).
The scalar potential is the sum of two terms. One, V,,
contains the D-term contribution and the F-term potential
of the hidden sector, depends on the high mass scale Mg
and is O(H*>M?;) during inflation; the other, Vg contains
the observable sector scalars and depends only on low mass
scales:

V= Vh + Vsoft’ (14)
where
WiWh - Wawh Wi 1 ;
V,=Vp-— T L X+ -o,0d;
h D X2 + 3X2 < + 3 1 J)
11 - _ _
+352 Wi @@ W) + Wi ol )
1 -
+ FWﬁlcb”wg, (15)

A MINIMAL SUPERGRAVITY MODEL
OF INFLATION, HIGH-SCALE
SUPERSYMMETRY BREAKING
AND DE SITTER VACUA

In this section, we explore a minimal supergravity
model of high-scale supersymmetry breaking and pla-
teau-potential inflation through gravity mediation and
no-scale Kéhler potential. We investigate first the hidden
sector dynamics. We have assumed that the hidden-sector
potential depends on a high energy scale and dominates
over the observable-sector one. Hence, it is reasonable to
minimize the hidden-sector potential first. Let us compute
now the F-term potential in the hidden sector. Recalling that
the KKLT superpotential is

WHT) = Wy + Ae™T, (17)
and redefining Wy, = —cA, we rewrite it as
Wh(T) =A(e T - ¢), (18)

where a, ¢, A are positive constants. Note that Wﬁ’ =
oW /97! = 0.
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Since we defined X =T + T — ®/3, the KKLT superpotential gives

Wh = —ade=, (Wh? = a2A2e=alT+T) = g2A2¢=alX+0/3) (19)

Whwh + W%Wh = —aA2e™T (=T — ¢) — gA2e™T (¢79T — ¢)
_ _zaAZe—a(T+T) T aA2C(e—aT + e—aT)
— _DgA2e—a(X+@/3) 4 aAZC(e—zz(ReT+iImT) 4 e—a(ReT—iImT))
= —2aA%e~*X+®/3) 1 2aA%ce~ReT cos(almT)

= —2aA%e~1X+®/3) 4 2qcA?e~XHP/3)/2 cos(almT), (20)

|Wh|2 _ A2|e_”T _ c|2 _ AZ(e—aT _ C)(e_“T _ C) _ AZ(e—a(TJrT) _ C(e‘“T + e—uT) + CZ)

= A%(e7@XH+®/3) _2ce=alXH+®/3)/2 cos(almT) + ?). (21)

Here we have used the following transformation from the complex coordinate 7 to two real coordinates X, Im7"

1 ®
T =ReT +ilmT = <X + 3> + iImT, (22)

which gives e™97 = ¢ 5(X+%) ¢~ailmT Remember that X =T + T — ®/3.
Then, since W} = 0, the corresponding hidden-sector F-term scalar potential is given by

hyyh h ywh
yh _WEWE Wi +|W/;|2<

X 1q>q>’7q>—
X2 3x2 T3 I

3

1 1 1 .
-3 (—2aA2e=*X+2/3) 1 2acA2e=*X+2/3)/2 cos(almT)) + e <X + §d>,d>”d>7> a’A2e~X+2/3) - (23)

Since we assume that the D-term potential belongs to the hidden sector, the hidden-sector total scalar potential can be
written as

Vi=Vp+ V’;
1 1p-\ 2
E %g2 <§ + M) _ % (_2aA26—a(X+(I)/3) 4 2acA26—a(X+<D/3)/2 cos(aImT))
1 1 .
+ 3 (X +3 cb,cp”q>,> a*A?e=1XT®/3), (24)

We define the SUSY breaking scale M in terms of the scalar potential V), and the gravitino mass ms,, as

3
Vy=Mg=V,+3m3,=V,+ FAz(e‘“(X“DB) — 2ce™X+®/3)/2 cos(aImT) + c?). (25)

To investigate the moduli stabilization, we identify the canonically normalized fields by inspection of the kinetic terms,
which are given by

D, = . = 3 3 5 5
Lg = % 9D, D7 + e 9,0,X0,X + 32 9 [0,ImT — (ImD,z'®;/3)][0,ImT — (ImD,z'®;/3)],  (26)

where D, =0, —iq;A, is the U(1) gauge covariant derivative for the matter multiplets A= (z!,7') with gauge charge
q; = (q; #0.¢9; = 0), and A, is the corresponding gauge field.
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After performing another field redefinition X = ¢V?/3%,
we find

_/ 1
Lx = De 2/3¢gﬂyDﬂz1D”zj + Egﬂyaﬂdb@vqﬁ

+ 3¢ V23, [, ImT — (ImD,2'®,;/3)]

x [0,ImT — (ImD,z'®,/3)]. (27)
Notice that ¢ is canonically normalized, while the other
fields z/, ImT are so only when ¢ is small.

Now, let us investigate the scalar potential vacuum. First
of all, we find the minimum with respect to the matter
scalars 7/,

—:O:>(I)?:0.

7! (28)

If we choose a real function such that ®; = 0 implies

@ = 0 together with z! = 0 then at this vacuum the scalar
potential becomes’

1 1
Vil :§g2.§2 —F(—ZaAze_“X +2acA%e=*/2cos(almT))
1
+oatAre™ X, (29)

3X

Next, we consider the vacuum with respect to the Im7 field.
We find the vacuum at alm7 = nz, where n is an even
integer, leading to cos(alm7’) = 1* and

1 2a4A% _ 2acA? _
Vh|z7:0,almT:o - 59252 + X2 e~ X — Te aX/2
a’A?
—aX' 30
T3x ¢ (30)

Next, let us find the vacuum with respect to the ¢ field.
Recalling that X = ¢V?/3*¢_calling (¢) the vacuum expect-
ation value of ¢ and setting ¢p={(¢) = \/§In<X> = \/élnx,

where X = (X) = x, we have

0V,
o

_ OV,
p=tp) OX

- - =0,
x=x 0Py X

X=x

(31)
which gives

The observable-sector superpotential W can shift the vacuum
expectation values (VEVs) of the scalars in the observable sector
7', but since those VEVs must be in any case small compared to H
and M, we can approximately set 7' = 0. Moreover, in our toy
example in Sec. V we will choose a superpotential that indeed
gives a minimum at 7' = 0.

When cos(aImT) = 1, the second derivative of the potential
can be positive, which means that the stationary point is a
minimum.

oV,
oX 2 =0,aImT=0 X=x
2 242 2
- _4aA omax _ 2a°A - dacA /2
- 3 2 3
X X X
a?cA? , a*A? aPA?
e—ax/ _ e—ax _ —ax
x2 3x2 3x

= 0. (32)

At first glance, this equation seems a little complicated, but
after a short calculation, we can obtain the following simple
relation:

0V,
12).4

=0=c= (1 +§> eme¥/2, (33)
X=x 3

Inserting the value of ¢ into V,, we obtain the following
equation:

1 2aA?
5 — 2 £2 —aX
Vh|z’=0,aImT=0 _595 + X2 e @
2aA? ax
—ax/2 ,—aX/2
_7(1+?>e 20X/
a2A2
o 34
tax e (34)
where X = eV?%/3%,
Then, the vacuum energy at X = x is given by
1 a’A?e™
%) _
Vh |zi=0~aImT=0,X=x - Eg é - T = A, (35)

where A is defined to be the postinflationary cosmological
constant, and the SUSY breaking scale is given by

V"" |zi=0,aImT=0.X=x

= Vh | z7:0,aImT:0.X:x

3
+_A2(e—aX _ 2ce—aX/2 4 C2)

X3 Z=0,almT=0,X=x

3 3A2 2.2 ,—ax
— A A (2 )2 = A+_3u
by X 9

B aZAZe—ax_l o e
=A+ i fzgf = M5, (36)
where M is by definition the SUSY breaking scale. We can
set A to any value we wish, in particular we can choose it to
be A ~ 107120,

Here, we point out that the term g¢’£* governs the
magnitude of the total scalar potential, and simultaneously
controls the scale of spontaneously supersymmetry break-
ing. Hence, if we want that the scalar potential describes
inflation, we need to impose

(37)

1
My =3 PE=HM}, = M,
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where H is the Hubble parameter, and M is defined to be
the mass scale of inflation.

We then identify
3x(M} = A)e™

a? ’

A=

3x(M} — A
Woz—cA:—<1+a3x) 3X(Mi=8) 3
a

Substituting the above parameters A, W, M; into the
hidden-sector potential, we can obtain a plateau inflation
potential

Vh |17:0,almT:0

6e—a(X—x)/2 ax
=M= (M = A)x|——— (1 —emaX=x)/2 L. 72

e—a(X—x)
. } (39)

where X = eV?3% and ¢ is defined to be the inflaton.
Notice that the inflaton mass after inflation is of order of the
Hubble scale, i.e., mé ~H? = IO‘IOMgl.

We note that the hidden-sector scalar potential V, has a
plateau, so it is of HI type (in the notations of Ref. [19]).
Furthermore, it depends only on four parameters, which are
the vacuum expectation value of X (i.e., x = (X)); the
KKLT parameter a in the superpotential, which will be
determined according to the type of the nonperturbative
correction we chooses; the inflation scale M;; and the
postinflationary cosmological constant A. At X = x, the
potential indeed reduces to the postinflationary cosmologi-
cal constant. As an additional remark, we observe that for
fixed x, M;, A inflation ends earlier when a is smaller.
When the nonperturbative corrections to the KKLT
superportential come from gaugino condensation [1], a
smaller parameter a corresponds to more D7 branes being
stacked.

IV. HIDDEN SECTOR DYNAMICS 2: SUPER-EeV
GRAVITINO MASS, WEAK GAUGE COUPLING,
AND A HIERARCHY OF ENERGY SCALES

In this section, we investigate some physical implica-
tions that can be obtained from our model. First of all, let us
find the gravitino mass after inflation, which is generated
by the high-scale SUSY breaking in the hidden sector. It is
given by

WhE A2
m3, = e = = T (e XT3 — 2cemtX TR/ cos(almT) 4 ¢?)
X X /=0,aImT=0,X=x
3X(M4 - A)eax —ax —ax 3X(M4 — A)eax —ax
:T(e —2ce /2+c2):T(c—e /2)2
M3 —A H
= (’3—) = myp R 5 107°M; ~ 10" GeV = 10° EeV, (40)

which is compatible with the case of EeV-scale gravitino
cold dark matter candidates. This is not surprising because
we are considering the same high-scale supersymmetry
breaking scale as in [20-23], where that scenario was
proposed. The possibility of direct detection for such heavy
dark matter candidates has recently been studied in
Ref. [24]. Notice that in our model the gravitino mass is
always O(H), irrespective of the ultraviolet cutoff.

Next, we explore possible constraints on the FI term by
analyzing the fermionic nonrenormalizable interaction
terms that are induced by such term (5). Schematically
the general fermionic terms have the form

LrD §M;4)1m+2D—2m—4+p 05:10—2[’)’ (41)

>For example, if we consider a nonperturbative correction due
to gaugino condensation, then we find a = 12\,—” for a non-Abelian
.

gauge group SU(N.) where N, is interpreted as the number of
coincident D7 branes being stacked [1].

|
where £ is the dimensionless ACIK-FI constant; (’)Ef) is an
effective field operator of dimension d, which does not
contain any power of D; m is the total order of derivatives
with respect to the composite chiral fields 7(#?) and 7'(w?)
defined after Eq. (6), and p = 0, 1. Detailed calculations
will be given in [25], here we will only briefly summarize
the main points.

To evaluate the fermionic terms we need to solve for
the auxiliary field D. Equation (5) gives the following
Lagrangian for them:

1 4 5
Loxp = §D2 —i(Gik' = G;k'")D — €D

1
=D = +8)D. (42
where £ is the new FI constant while & = i(G;K' — G;K")
is the standard field-dependent linear term in D. It is written
in terms of the Killing vector K = K'0); giving the action of
our U(1) gauge symmetry on the scalar fields. G is the
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standard supergravity G-function [16]. Restoring the
dependence on the gauge coupling constant g we have

1
EauxD:ngDz_g/D_iD—ﬁDz (§,+§)D (43)

After solving the equation of motion for D, we find the
solution
D=gMy(¢+&) (=g (E+¢&) when My =1). (44)
Plugging this solution into the fermionic terms in Eq. (41)
we obtain

Lr D EM 2 (MY (& + )2 O
— é(g (5 + 5/))—2m—4+pM;16+2PO;‘10—2]7). (45)

The fermionic nonrenormalizable interactions generated by
the ACIK-FI term introduce a strong coupling scale that
sets the limit of validity of the effective field theory
description. If we demand that the theory is valid up to
some cutoff scale A, we find the following constraint on
the ACIK-FI term:

5(92(§+5/))—2m—4+p < (?)6—217. (46)

We must also examine the constraints on the post-
inflation vacuum, that is the true vacuum, in which
& = 0. In this case, we obtain

A 6—2[7 2(2m+4-p) A 6_217
() < EF () M se @)
p p

This inequality reduces to the following: for all Ay, < M,
we obtain

- ACut 4
g <M—pl> <é (48)

Now we are ready to ask how does this constraint affect our
supergravity model of inflation. To answer this, let us get
back to the definition of the inflation scale (restoring the
mass dimension)

1
M‘,‘:EngzM = &= f 2g T~ 107571, (49)
pl

Inserting this equation into the constraints, we find that for

Acut < Mpl:
A\ 4
10° (ﬂ) <g (50)
My,

We see from this equation that it is easy to obtain g < 1. Let
us define A = IOkMpl where k € R and plug this into the
constraint in Eq. (50). Then, we have

105+4 < g. (51)

If we demand a small gauge coupling such that g < 1, then
the constraint reduces to

10 < g <1 = k<125 = Ay S10715M, < My,
(52)

Therefore, we note that requiring a small gauge coupling
such that g < 1 guarantees that the cutoff scale A, is lower
than the Planck scale M, and enables us to choose any sub-
Planckian cutoff scale up to the upper bound in Eq. (52).
As an example, if we assume that the cutoff of our theory
is given by a grand unified theory (GUT) scale (i.e.,
Ayt ~1072My > H % 107°M ), then we find that the
gauge coupling must only obey 1073 < g, so it can easily
obey g < 1. Remember that our SUSY breaking scale was
given by Mg=M;=,/HM ; ~107>>M,,;, which is slightly
below the GUT-scale cutoff, i.e., Mg < Aoy = Agur =
10‘2MP1. Consequently, we have to consider an effective
theory with the following hierarchy of scales: H < Mg
Acut = Agur < My, to ensure that the gauge coupling
constant obeys O(1073) <g<1. We may also set the
cutoff at the string scale My, ~ 10‘3Mp1. In this case, the
hierarchy of mass scales is given by H <Ay =
Mming <Mg < Mpl.
V. OBSERVABLE SECTOR DYNAMICS:
LOW SCALE SOFT SUPERSYMMETRY
BREAKING INTERACTIONS

In this section we investigate the mass scales of the soft
supersymmetry-breaking interactions in the observable
sector. We need to find under which conditions our model
could be phenomenologically realistic. A full investigation
of the detailed structure of the soft interactions in the
observable sector requires a study that goes beyond the
scope of this work, so here we will limit ourselves to
general remarks and a coarse-grained analysis of necessary
conditions for the viability of our model. We focus our
analysis on the soft masses.

Restoring the mass dimension (so that the T, z' have
canonical mass dimension 1), the soft-term potential becomes

LW
— oyh oWh ij -
VSOft:_Mplxz[WW +WW]+§M2X2(D(D](DJ
11 th) (Di}Wo Wwh W{)q)i;q)_
+3 3M X [ i 7+ WiW ol ds]
1 -
+ o Wi, (53)
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This formula is obtained by taking the following low-energy limit: F*, M pl = oo (where F " are the hidden-sector auxiliary
F-term fields) while m3, = constant [12]. Elegant examples of gravity mediation and soft SUSY breaking are simply explained

ine.g., [26].
In addition, the hidden-sector superpotential can be written as

wh = A(e_“T/MPI -c)

M4_A ax
XM N oty _ (1 4 ax/3)eor2)

= My, a2
3x(M% = A)e® _ .
_ Mpl x( Ia2 )6 (6 a(X+<I>/3M§]>/Ze—zalmT/Mpl _ (1 + ax/3)e—ax/2)’ (54)
where we have used ¢~ = ¢ 3X+®/3My) p—ailmT /My,
Then, using
Wh — — MLaAe—a(X+<l>/3M;1)/2e—iaImT/Mpl’ Wh|2 = #azAze—a(xm/mﬁl)’ (55)
pl pl
we obtain
aAe—a(x+<1>/3M§l)/2 ' B ' 1 azAze—a(X+cI>/3Ml§]) .
Vsoft = M21X2 [WoezaImT/Mp] 4 Woe—taImT/Mpl] 4 5 M41X2 ¢i(1)lj¢}_
P
laAe™ a(X+o/3Mp)/2 - ) - 1 -
-3 M2 e [e "”ImT/MPICDI-(D’JW? + elalmT/My W;’(D”d);] + e W?®’1W§. (56)
pl
At the true vacuum we have alm7'/ Mpl =nr, X = x, 77 = 0 where n is an even integer, so the soft terms become
aAe=/2 - 1 a%2A%e™x 1 aAe=/2 - - 1 -
Veort = We 4+ W+ —-——F——; ol d)— D DPVWI + WDV D-| + — WIDTWY. 57
soft = Mplx [ + ] + 9 Mglxz 3 Mplx [ i J + i j] + xz i j ( )

4_ ax
From A = MMM ~ V3 y1/2 gax/ 2M3M,, we find aAe™*/? = \/3x'/2M}M,,. Inserting this expression into the
a a

soft-terms potential, we get
2Mim _ 1 VMM ) -
3x X -
ot = V3 o w4 o]+ = (v3 ) D, D
Mplx 9 Mplx

1V3x'2MIM e 1 o
M [©DTW? + WeDIDs] + — WiDTW?,
. X

3 M plx

The soft-terms potential thus reduces to

Vax3Pmy o 1 MY - 1 x32M 1 -
=~ — . P .DPYW? oplP- opliWe
Vot = —7 4 +W]+3M§1x v [@;@UVW? + WD <I>]]—|—x2 Wi We.  (59)

pl
Next, let us consider a general expansion of the observable-sector superpotential W¢
(60)

Z

. %4 . . .
we(z') :Z n’|k Loob=By+ 82+ My + Y+

n=0

ijk are constant parameters determining masses and interactions.

where W¢_, = 0"W°(z')/0z" - - 0z" and By, S;, M;;, Y,
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We will not perform a full analysis of all possible ranges
of values for By, S;, M;;, and Y ;; instead, we will simplify
our analysis by setting S; = 0, so that the vacuum of the
observable sector is at z' = 0, assume that for all i, j, k all
M;; and Y ;. are of the same order, and set B, = 0. The soft
terms in the scalar potential are then generated only by the
following terms in the expansion of W [18]:

We(2') = M2’ + Y2zl 2k, (61)

where the M;; have mass dimension one and the Y;;, are
dimensionless.

This choice also implies that such superpotential does
not significantly change the cosmological constant because
all the minima of the 7' are located at zero. We will choose
the U(1) gauge-invariant Kihler function of matter fields as
follows:

|

® = 5,527 + 8527, (62)

where the first (second) term corresponds to the hidden
(observable) sector.
With our simplifying assumptions we obtain

20/3x732M73
3 M
Mix~!
M

F a2 [M 2 + Y MU M7 4 Vaip'EY]. (63)

Viott = [(Mijzizj + Y,-jkzizjzk) +c.c]

pl

iz
éijz 7/

We also find the magnitude of the corresponding soft
parameters from Eq. (63) as

3 Mpl Y st 3 Mpl Y i 3M§1 532
_ _ mgs _
M Px7% = m, |V je?x2 = Misl . MY il = my. (64)
p

We observe that during inflation (for large X or ¢) all the soft mass parameters are very small. Also, the above result gives us

the following relations:

4 2 4 2 2 2 4
oM H ‘M,,|:lﬂmsl — g :éﬂxm |yuk|:lﬂm52
b ij ) ij 3
3mf3M12)] 3m?3 6 Mgl m§’3 m§3 2 H 6 MIZJ] mi
1m?, 1 (mg\2 1 (mg\2
mgy = ——>—, M = — M, My = — M. 65
s4 4 ms 55 4 mg pl 56 4 m 52 ( )

We note that only mg, my, mg are free parameters.
However, when we examine the kinetic term in Eq. (27)
we observe that at x = 1 the kinetic terms of the matter
multiplets are canonically normalized. The condition x = 1
then gives m; = \% = 107°M; ~ mj,. So in this case, the
free parameters reduce to m; and m, only. Notice that in
the regime mg ~ ms,, the parameter my; determines the
magnitude of [M;;| and m, while m,, determines that of
|Yijk|’ mys, and mge.

Finally, let us investigate further the physical masses of
matter scalars in the observable sector. Here, we are going
to look only at the matter scalar masses and leave a detailed
study of fermion masses and interactions to a future work,

|

V= VD =+ V}IE“ + Vot

1 7@ + 7 o\2 1
_ 2M4 1 1 1 1 _
27 o <5+ XM

since the purpose of this section is to demonstrate the
existence of light scalars in the observable sector, whose
masses can be smaller than that of the gravitino. Because of
the soft mass parameters we found, we expect that some
scalars will be as heavy as the gravitino, while other scalars
could be much lighter.

To compute the scalar masses we must remember to
include contributions coming from the expansion of the
hidden-sector potential to second order in the observable-
sector scalars z': Vj(z/,2) = V,(0.0) + V,,;5;2'27/. We
thus consider the general expression for the total scalar
potential, which is written with the canonical mass
dimensions by

(—ZaAze_“(XHD/M/Igl> + 2acA2e !X TO/M)/2 cos(almT /M)
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+—L <x+
3X2M2, 3M2

1 a2A2 —a(X+®/3M?)

arne ~o,0li0; -

—a(x+<1>/3Ml§l) /2

@, 0" q)i) B

1 aAe —a(X+<1>/3M2 )/2

+ —
9 MiX 3 MY

1 -
5 WrRs.

First, we find that masses of the hidden-sector matter
scalars z/ and ImT can be independently defined by tuning
the magnitude of the U(1) gauge charge V I:q; = ¢ and the
parameter a respectively such that they are positive definite.
This implies that the hidden-sector fields can be heavy as
much as we wish. Thus, to get an effective single-field
slow-roll inflation we should make the hidden-sector matter
scalars much heavier than the Hubble scale during slow
roll. Their masses can be lighter than the Hubble scale
before the onset of the slow-roll period, that is for very large
values of X. Second, it is obvious that the inflaton mass is
of the same order as the Hubble scale, i.e., my ~ H, since
the scalar potential is of “HI” or “Starobinsky”form and has
a de Sitter vacuum, as we have seen in the previous
sections.

J

2a’A? ca’A?
R _—aX _—aX/2
Vij = —375,% o 3X2 die=
1 - 2a2A? M?
_ w q)l w —aXs _
=x2 VW - 9X2ea5’7(x2_
aA aA
_ —aX/2 —aX/2

Restoring the mass dimension, the mass eigenvalues are

M?  24?A? A
mi = 2~ az 2 e X i 2 e XM
X2 OXMY, 3X0MY
1 aA 2 g2A2
= (MmM+ —aX/2 ) —aX 69
X2 < 6m2 ¢ ) ax2m (69)

We observe that if M ~ aA/M?, (which is equivalent to the
condition that mg; ~ H), then both masses m . are positive

definite for all X = e\/z/_3‘f’ > 0 (or all ¢), which means that
during inflation the matter scalar masses are well defined
(and become very light for large values of X or ¢b). This will
be confirmed in the following.

Let us check the values of the scalar masses on
the postinﬂationary vacuum. Using the relations A =
Mp1 3x(M} - —A)e _ (1
in Eq. (65) and setting A~0 at X =x=1, where the

ax) —ax/2, and M = \/val ¥3/2

WoeiaImT/Mpl 4 V_Vae—ialmT/Mp]]
M2 XZ [
pl

[ —iaImT/Mp]q)i(I)i]'W? _~_eiaImT/Mp1W?q)17q)ﬂ

(66)

Next, we investigate masses of the observable-sector
fields. We can simplify further our analysis to make our
point clearer by assuming that the quadratic term in the
superpotential is diagonal M;; = 6;;M. From the total
scalar potential, we find the observable-sector squared
mass matrix M2, at the vacuum specified by the conditions
that alm7 = nzx, z/ =0, and 22 =0

Vi_' Vi'
M= (000 7

where

2 2 2 1

A
—aX —aX o plnyyo
5 + —9 Ve 5 + > Wi W

2c12A2
9x2 61} ’

(68)

kinetic terms of the matter scalars are canonically normal-
ized, we obtain

M 4
Sl 2M’i1msl_<§k2ik—§)H2,

2 P
ami™ TN T2

mi:

(70)

in which we define m? =kH?> (where k>0 and
M2/ M, = H). We notice that physical masses of scalars
are determined only by the “free” parameter m,,; (or k) and
the Hubble mass H. Positivity of the physical masses “m
imposes the inequality

.——+ \/_<k —+ \/§<k:> 3+3 \/§<k

33
(71)

Then, with this inequality, we can choose an arbitrary value
of k such that

105006-11



HUN JANG and MASSIMO PORRATI

PHYS. REV. D 103, 105006 (2021)

3(1+m?2/H?) (72)

allowing one physical mass m_ to be parametrically lighter
than the other physical mass m, as

4H*(1 4 \/3(1 + m*/H?)) + 3m?
3 :

= (73)
We note that m = VkH ~ H when m_ < H, implying
that m% > 0 is indeed satisfied. In this limit, we find that
one physical mass m_ can be much smaller than the Hubble

scale, while the other physical mass are of the order of the
Hubble scale:

m_ < H, m, 2 H. (74)

From this we note that in the observable sector after
inflation (that is at x = 1) one physical mass m_ can be
lighter than that of the gravitino, while the other physical
mass m, becomes of the same order of the gravitino mass.
We also note that the matter scalar with mass of order
of the super-EeV gravitino mass (~10‘6Mp1) may be a
heavy dark matter candidate, because it is in the mass range
IO‘SMpl < m, < M, which is outside the excluded region
shown in Figs. 2, 3, and 4 of Ref. [24]. To summarize, we
found the following constraints on soft masses. First, m
must satisfy Eq. (71) to allow for some light scalars while
my3 is of the same order as the gravitino mass ms;, and mg
is determined by the chosen value of mg,. Notice that all
these mass parameters are subject to strict constraints such
as Eq. (71). Furthermore, mg,, my, and my can be
arbitrarily small, ms and mg are proportional to m2,
and my, respectively, and my, is a free parameter.

It is worth noticing that the observable sector masses m1_
are compatible with the “Case 17 reheating-scenario con-
dition of Ref. [19], for which single-field plateau-potential
inflation is robust under the introduction of light scalars.
The parameters characterizing the reheating scenario are

<zi>
M

Iy<T,<mi~m_<H, <1, (75)

pl

where 'y, I are the decay rates of ¢ and Z' during the

reheating phase and (z’) are the expectation values of

matter scalars z' after inflation. We note that 1% <1
P

implies that the slow-roll inflation should begin around
the minima of matter scalars, so that at the end of inflation

the corresponding vacuum expectation values will be much
smaller than the Planck scale Mp,. Hence, as long as the
above “Case 17 reheating-scenario condition is satisfied,
the slow-roll inflation in our model will effectively be
driven by a single inflaton field ¢ along the minima of the
matter scalars.

VI. CONCLUSIONS AND OUTLOOK

To summarize our findings, we have seen that our
model can naturally produce plateau-potential inflation at
the Hubble scale with a high scale spontaneously super-
symmetry breaking in the hidden sector and low scale
soft supersymmetry breaking interactions with various soft
masses in the observable sector. We also obtain naturally
a super-EeV gravitino, which is compatible with
constraint for heavy gravitino cold dark matter (i.e.,
0.1 EeV < m3/, <1000 EeV) [21]. In this work, we have
not investigated the specific structure and dynamics of
observable-sector interactions or the detailed construction
of a realistic low energy effective theory of the observable
sector. It would be of obvious interest to see how far this
scenario could be pursued and how to incorporate in it a
supersymmetric extension of the Standard Model or a grand
unified theory. Models with a dynamically generated FI
term, realistic observable sector, D-term inflation, and high-
scale supersymmetry breaking have been studied in [27];
other uses of FI terms for inflation were presented in [28]. It
would be interesting to reproduce the phenomenologically
desirable features of [27,28] and other models proposed in
the literature in our scenario. On a different note, it would
be extremely interesting to see if the new FI term in general
and in our KKLT-type scenario in particular can be
obtained in string theory. In other words, it would be
interesting to see if our model belongs to the string
landscape or the string swampland [29] (See refs. [30,31]
for recent reviews of swampland conjectures). Here we
shall just mention that the magnetic weak gravity con-
jecture given e.g., in Eq. (3.7) of Ref. [31] can be easily
satisfied in our model.

On a more concrete note, a detailed analysis and
derivation of the bounds on the new FI terms that were
crucial in this paper is highly desirable. This will be the
main focus of our forthcoming paper [25].

ACKNOWLEDGMENTS

M. P. is supported in part by NSF Grant No. PHY-
1915219.

105006-12



INFLATION, GRAVITY MEDIATED SUPERSYMMETRY ...

PHYS. REV. D 103, 105006 (2021)

[1] S. Kachru, R. Kallosh, A.D. Linde, and S.P. Trivedi,
De Sitter vacua in string theory, Phys. Rev. D 68,
046005 (2003).

[2] S. Kachru, R. Kallosh, A. D. Linde, J. M. Maldacena, L. P.
McAllister, and S.P. Trivedi, Towards inflation in string
theory, J. Cosmol. Astropart. Phys. 10 (2003) 013.

[3] L. Antoniadis, A. Chatrabhuti, H. Isono, and R. Knoops, The
cosmological constant in supergravity, Eur. Phys. J. C 78,
718 (2018).

[4] D.Z. Freedman, Supergravity with axial gauge invariance,
Phys. Rev. D 15, 1173 (1977); A. Das, M. Fischler, and M.
Rocek, SuperHiggs effect in a new class of scalar models
and a model of super QED, Phys. Rev. D 16, 3427 (1977);
B. de Wit and P. van Nieuwenhuizen, The auxiliary field
structure in chirally extended supergravity, Nucl. Phys.
B139, 216 (1978).

[5] R. Barbieri, S. Ferrara, D. V. Nanopoulos, and K. S. Stelle,
Supergravity, R invariance and spontaneous supersymmetry
breaking, Phys. Lett. 113B, 219 (1982).

[6] N. Seiberg, Modifying the sum over topological sectors and
constraints on supergravity, J. High Energy Phys. 07 (2010)
070.

[7] N. Cribiori, F. Farakos, M. Tournoy, and A. Van Proeyen,
Fayet-Iliopoulos terms in supergravity without gauged
R-symmetry, J. High Energy Phys. 04 (2018) 032.

[8] I. Antoniadis, A. Chatrabhuti, H. Isono, and R. Knoops,
Fayet-Iliopoulos terms in supergravity and D-term inflation,
Eur. Phys. J. C 78, 366 (2018).

[9] Y. Aldabergenova, S.V. Ketova, and R. Knoops, General
couplings of a vector multiplet in A = 1 supergravity with
new FI terms, Phys. Lett. B 785, 284 (2018).

[10] S.M. Kuzenko, Taking a vector supermultiplet apart:
Alternative Fayet-Iliopoulos-type terms, Phys. Lett. B
781, 723 (2018).

[11] I. Antoniadis and F. Rondeau, New Kihler invariant Fayet-
Iliopoulos terms in supergravity and cosmological applica-
tions, Eur. Phys. J. C 80, 346 (2020).

[12] H.P. Nilles, Supersymmetry, supergravity and particle
physics, Phys. Rep. 110, 1 (1984).

[13] F. Farakos, A. Kehagias, and A. Riotto, Liberated N/ = 1
supergravity, J. High Energy Phys. 06 (2018) O11.

[14] H. Jang and M. Porrati, Constraining liberated supergravity,
Phys. Rev. D 103, 025008 (2021).

[15] N. Cribiori, F. Farakos, and M. Tournoy, Supersymmetric
born-infeld actions and new Fayet-Iliopoulos terms, J. High
Energy Phys. 03 (2019) 050.

[16] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello,
and P. van Nieuwenhuizen, Spontaneous symmetry
breaking and Higgs effect in supergravity without
cosmological constant, Nucl. Phys. B147, 105 (1979); E.
Cremmer, S. Ferrara, L. Girardello, and A. Van Proeyen,
Yang-Mills theories with local supersymmetry: Lagrangian,
transformation laws and SuperHiggs effect, Nucl. Phys.
B212, 413 (1983); S. Ferrara, R. Kallosh, A.V. Proyen,

and T. Wrase, Linear versus non-linear supersymmetry, in
general, J. High Energy Phys. 04 (2016) 065.

[17] S. A.R. Ellis and J. D. Wells, High-scale Supersymmetry,
the Higgs mass and gauge unification, Phys. Rev. D 96,
055024 (2017).

[18] L. Girardello and M.T. Grisaru, Soft breaking of
supersymmetry, Nucl. Phys. B194, 65 (1982); D.J.H.
Chung, L.L. Everett, G.L. Kane, S.F King, 1.
Lykken, and L.-T. Wang, The soft supersymmetry-breaking
Lagrangian: Theory and applications, Phys. Rep. 407, 1
(2005).

[19] V. Vennin, K. Koyama, and D. Wands, Inflation with an
extra light scalar field after Planck, J. Cosmol. Astropart.
Phys. 03 (2016) 024.

[20] E. Dudas, Y. Mambrini, and K. A. Olive, Case for an EeV
Gravitino, Phys. Rev. Lett. 119, 051801 (2017).

[21] E. Dudas, T. Gherghetta, Y. Mambrini, and K. A. Olive,
Inflation and high-scale supersymmetry with an EeV
gravitino, Phys. Rev. D 96, 115032 (2017).

[22] K. A. Meissner and H. Nicolai, Standard Model Fermions
and Infinite-Dimensional R-Symmetries, Phys. Rev. Lett.
121, 091601 (2018).

[23] K. A. Meissner and H. Nicolai, Planck mass charged
gravitino dark matter, Phys. Rev. D 100, 035001 (2019).

[24] M. Clark, A. Depoian, B. Elshimy, A. Kopec, R. F. Lang,
and J. Qin, Direct detection limits on heavy dark matter,
Phys. Rev. D 102, 123026 (2020).

[25] H. Jang and M. Porrati, Component action of liberated
N =1 supergravity and new FI terms in superconformal
tensor calculus (to be published).

[26] D.Z. Freedman and A. Van Proeyen,
(Cambridge University Press,
2012).

[27] V. Domcke and K. Schmitz, Unified model of D-term
inflation, Phys. Rev. D 95, 075020 (2017); Inflation from
high-scale supersymmetry breaking, Phys. Rev. D 97,
115025 (2018).

[28] T. Li, Z. Li, and D. V. Nanopoulos, Chaotic inflation in no-
scale supergravity with string inspired moduli stabilization,
Eur. Phys. J. C 75, 55 (2015); Natural inflation with natural
trans-Planckian axion decay constant from anomalous
U(1)y, J. High Energy Phys. 07 (2014) 052; Aligned
natural inflation and moduli stabilization from anomalous
U(1) gauge symmetries, J. High Energy Phys. 11 (2014)
012.

[29] C. Vafa, The string landscape and the swampland, arXiv:
hep-th/0509212.

[30] T.D. Brennan, F. Carta, and C. Vafa, The string landscape,
the swampland, and the missing corner, Proc. Sci.,
TASI2017 (2017) 015 [arXiv:1711.00864].

[31] E. Palti, The swampland: Introduction and review, Fortsch.
Phys. 67, 1900037 (2019).

Supergravity
Cambridge, England,

105006-13


https://doi.org/10.1103/PhysRevD.68.046005
https://doi.org/10.1103/PhysRevD.68.046005
https://doi.org/10.1088/1475-7516/2003/10/013
https://doi.org/10.1140/epjc/s10052-018-6175-4
https://doi.org/10.1140/epjc/s10052-018-6175-4
https://doi.org/10.1103/PhysRevD.15.1173
https://doi.org/10.1103/PhysRevD.16.3427
https://doi.org/10.1016/0550-3213(78)90188-8
https://doi.org/10.1016/0550-3213(78)90188-8
https://doi.org/10.1016/0370-2693(82)90825-5
https://doi.org/10.1007/JHEP07(2010)070
https://doi.org/10.1007/JHEP07(2010)070
https://doi.org/10.1007/JHEP04(2018)032
https://doi.org/10.1140/epjc/s10052-018-5861-6
https://doi.org/10.1016/j.physletb.2018.07.072
https://doi.org/10.1016/j.physletb.2018.04.051
https://doi.org/10.1016/j.physletb.2018.04.051
https://doi.org/10.1140/epjc/s10052-020-7912-z
https://doi.org/10.1016/0370-1573(84)90008-5
https://doi.org/10.1007/JHEP06(2018)011
https://doi.org/10.1103/PhysRevD.103.025008
https://doi.org/10.1007/JHEP03(2019)050
https://doi.org/10.1007/JHEP03(2019)050
https://doi.org/10.1016/0550-3213(79)90417-6
https://doi.org/10.1016/0550-3213(83)90679-X
https://doi.org/10.1016/0550-3213(83)90679-X
https://doi.org/10.1007/JHEP04(2016)065
https://doi.org/10.1103/PhysRevD.96.055024
https://doi.org/10.1103/PhysRevD.96.055024
https://doi.org/10.1016/0550-3213(82)90512-0
https://doi.org/10.1016/j.physrep.2004.08.032
https://doi.org/10.1016/j.physrep.2004.08.032
https://doi.org/10.1088/1475-7516/2016/03/024
https://doi.org/10.1088/1475-7516/2016/03/024
https://doi.org/10.1103/PhysRevLett.119.051801
https://doi.org/10.1103/PhysRevD.96.115032
https://doi.org/10.1103/PhysRevLett.121.091601
https://doi.org/10.1103/PhysRevLett.121.091601
https://doi.org/10.1103/PhysRevD.100.035001
https://doi.org/10.1103/PhysRevD.102.123026
https://doi.org/10.1103/PhysRevD.95.075020
https://doi.org/10.1103/PhysRevD.97.115025
https://doi.org/10.1103/PhysRevD.97.115025
https://doi.org/10.1140/epjc/s10052-015-3291-2
https://doi.org/10.1007/JHEP07(2014)052
https://doi.org/10.1007/JHEP11(2014)012
https://doi.org/10.1007/JHEP11(2014)012
https://arXiv.org/abs/hep-th/0509212
https://arXiv.org/abs/hep-th/0509212
https://arXiv.org/abs/1711.00864
https://doi.org/10.1002/prop.201900037
https://doi.org/10.1002/prop.201900037

