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Abstract

We analyze the interplay between Ké&hler moduli stabilization and chaotic inflation in
supergravity. While heavy moduli decouple from inflation in the supersymmetric limit,
supersymmetry breaking generically introduces non-decoupling effects. These lead to in-
flation driven by a soft mass term, mi
parameter. This scenario needs no stabilizer field, but the stability of moduli during in-

~ mmsz/p, where m is a supersymmetric mass

flation imposes a large supersymmetry breaking scale, ms3,5 > H, and a careful choice
of initial conditions. This is illustrated in three prominent examples of moduli stabiliza-
tion: KKLT stabilization, Kahler Uplifting, and the Large Volume Scenario. Remarkably,
all models have a universal effective inflaton potential which is flattened compared to
quadratic inflation. Hence, they share universal predictions for the CMB observables, in

particular a lower bound on the tensor-to-scalar ratio, r 2 0.05.
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1 Introduction

Large-field chaotic inflation is an attractive scenario for describing the initial phase of the
universe [1]. The simple quadratic potential V = %mi(pQ predicts a scalar spectral index
of ng &~ 0.967 and a tensor-to-scalar ratio of r =~ 0.13 for 60 e-folds of inflation, compatible
with observations of the Cosmic Microwave Background (CMB) [2]. The amplitude of scalar
perturbations requires a small inflaton mass, m, ~ 6 x 1079, and super-Planckian values of the
inflaton field, ¢ < 15, during the slow-roll periodH At such large energy scales there are several
good reasons to believe that the underlying theory should be space-time supersymmetric.
However, the simplest implementations of chaotic inflation in supergravity are subject to a
number of subtleties.

In supergravity ¢ is part of a complex scalar field ¢ = %(X + ip). The supergravity
n-problem then requires the Kéhler potential to have a symmetry to protect the inflaton from
becoming too heavy. A simple candidate seems to be the global shift symmetry ¢ — ¢ + ic,
first used in chaotic inflation in [3]. Clearly, the symmetry must be broken for the inflaton to

be massive. Naively, a simple supergravity model can be defined by
1 -\ 2 1 2
K=5(@+0), W=gme. (1.1)

There is, however, another problem. In this formulation the scalar potential is unbounded
from below at large inflaton field values. Only for ¢ < 1 the potential defined by Egs. is
approximately quadratic. This problem may be solved by invoking a second chiral multiplet,
sometimes called “stabilizer field”, denoted by S [3]. It is supposed to be heavier than the
inflaton and to have a vanishing, or very small, vacuum expectation value during inflation.

The simplest example is defined by

_} 7\2 Q_L 4

W =mSé.

The quartic term in the Kahler potential is necessary for S to be heavy enough during
m2p?
A2
For A < 1 indeed mg > H, while (S) = 0. The inflaton potential is then simply

inflation. In particular, m% ~ ~ f{—;, where H denotes the Hubble scale during inflation.

1
V(p) = gme”. (1.3)
With such high energy scales involved it seems natural to study how a supergravity model
of chaotic inflation can be embedded in string theory. There has been substantial progress in

implementing chaotic inflation without a stabilizer, and related models, in string theory. For

!Throughout this paper we work in units where Mp = 1.



recent discussions, cf. [4-12]. In particular, the authors of [9,(10] have analyzed the effects
of moduli stabilization in F-term axion monodromy inflation. On the other hand, it has
proven difficult to implement the model proposed in [3] in explicit string constructions. For
recent treatments, cf. [5,/13]. Since string compactifications typically yield an abundance
of scalar fields in four dimensions, such as geometric moduli or the axio-dilaton, one may
ask whether some of these fields can mitigate the problems of the quadratic inflation model
without a stabilizer field. In particular, it may be possible that in no-scale supergravity setups
involving moduli fields the negative term which makes V' unbounded from below is canceled.
In the following we consider models which only contain K&hler moduli, assuming all other
moduli to be stabilized supersymmetrically.

A no-scale cancellation, however, can only happen when the moduli break supersymme-
try. In the absence of supersymmetry breaking, fields heavier than the Hubble scale can be
completely decoupled from the dynamics of inflation, as discussed in [14] and, for the case of
chaotic inflation without a stabilizer field, in [15]. On the contrary, supersymmetry breaking
induces effects which do not decouple, in particular soft-breaking terms. Therefore, moduli
stabilization with broken supersymmetry affects inflation even if the involved fields are heavy

and can be integrated out. We divide moduli stabilization schemes in two classes.

1. The stabilization of moduli does not (or almost not) induce supersymmetry breaking.
This means the moduli masses and the inflaton mass are much bigger than the scale of
supersymmetry breaking, given by the gravitino mass mg/5. In this case, the moduli
can decouple with little effects on the dynamics of inflation, cf. [14]. Examples in
this class are those with “strong moduli stabilization”, treated in [16,/17], as well as
stabilization via world-sheet instanton couplings as discussed in [18]. In models of this
class chaotic inflation without a stabilizer does not work because the inflaton potential

remains unbounded from below for ¢ 2 1.

2. The stabilization of moduli spontaneously breaks supersymmetry such that the scale
of supersymmetry breaking is larger than the inflaton mass. In this case, integrating
out the heavy moduli results in substantial effects on the dynamics of inflation. This
class is the main subject of this paper. As examples we study the model of KKLT [19],
Kéhler Uplifting [20], the Large Volume Scenario [21], and their interplay with chaotic
inflation as defined in . In all three examples inflation is possible if the gravitino
mass is larger than the Hubble scale. Many of the details are, however, different in
the three cases. Note that the considered models of moduli stabilization are hardly
compatible with the alternative inflation model of [3] which requires the gravitino mass

to be parametrically smaller than the inflaton mass [15].



Despite the differences in detail, all considered models reduce to an effective single-field
inflaton potential of remarkable universality. The moduli backreact on the inflaton, and the

flattened effective potential in all models is of the form

2

V= %mi ©? (1 - 2(212\/[> . (1.4)
This potential is characterized by the inflaton mass m setting the scale of the potential
and position @y of a local maximum induced by the negative quartic terms stemming from
integrating out the moduli. Hence, all our setups share universal predictions for the CMB
observables, in particular r 2 0.05, after imposing the Planck constraints.

This paper is organized as follows. In Sec. 2 we discuss, in general terms, how integrating
out heavy moduli which break supersymmetry can have strong effects on the effective inflaton
potential. We derive explicit formulae for the latter, assuming that the inflaton and moduli
sectors interact only gravitationally. For the sake of completeness, this is done in the cases
with and without the stabilizer field. We illustrate these general results with three examples
— KKLT moduli stabilization, K&hler Uplifting, and the Large Volume Scenario — in Secs. 3,
4, and 5, respectively. In each model we briefly review the stabilization mechanism itself and
provide different techniques which can be used to integrate out the moduli. We derive bounds
on the gravitino mass and the field value of the inflaton arising from stability of the moduli.
Furthermore, each one of the examples is illustrated by means of a numerical example. In
Sec. 6 we discuss the universality of the leading-order effective inflaton potential arising in
all our examples and the shared universal CMB observables this predicts. Finally, our results

are discussed in Sec. 7, and technical details are summarized in the Appendices A and B.

2 Integrating out supersymmetry-breaking moduli

2.1 Effects of supersymmetry breaking

We are interested in supergravity models in which the inflaton field ¢, which is the imaginary
part of a complex scalar field ¢ = %(X—i—igo), interacts with heavy moduli and supersymmetry

breaking fields, collectively denoted by T,. The effective action is defined by

K = Ko(Ty, Ta) + %Klm,fa)w + )2,

) (2.1)
W = Wioa(Ta) + 5me” .

It can potentially reconcile chaotic inflation, moduli stabilization, and supersymmetry break-
ing. We are interested in the regime where the moduli and the supersymmetry breaking fields

T, are much heavier than the inflaton. Such heavy fields usually decouple from low-energy



dynamics once they settle into their minima, denoted by T\, . The case without supersym-
metry breaking was studied in [14]. It was shown that for a single heavy modulus 7' with
Ko(T,T) = =3In (T +T) and K;(T,T) = 1 the effects on the dynamics of inflation can be

expressed as

~ Vvinf((lsa) 3 I ~ o
v (2Tp)3 B 2(210)9/2 myp {VVinf [Vinf(éf)a) +e KaaaavvinfDo?Winf} + c.c.} .
3eks _ 2 .
T (9T\6 2 KaaDocVVinfa&Winf s
(2Tp)8 m%

up to terms suppressed by higher powers of the modulus mass mp. Here, Wi, denotes
the superpotential of the inflaton sector, comprised of scalar fields ¢,. Vint(éq) denotes
the inflaton scalar potential in the absence of a modulus sector. Evidently, all corrections
stemming from integrating out the heavy modulus disappear in the limit mp — oo.
However, if any of the fields T, break supersymmetry the picture changes. In this case,
there are well-known effects that do not decouple from inflation. In the context of low-energy
supersymmetric models these lead to soft-breaking terms whose size is controlled by the
gravitino mass. In particular, considering spontaneous supersymmetry breaking we expect

the effective inflaton potential to be of the form
C .
V = Vsucra + §mm3/2802 +.. (2.3)
where c is a model-dependent real constant and Vsyggra is to be computed using

with m = Kfle%KO(To’T‘))m and the wave-function normalization ¢ — Kfl/ng to match the
notation of Eq. (2.1)). Notice that in Eq. (2.3]) a term proportional to mg /2<p2 is absent due to
the shift symmetry ¢ — ¢+ia, which is broken softly by the mass term in the superpotential.
Computing Vsygra from Egs. (2.4) while imposing cancellation of the cosmological constant
at the end of inflation, ¢ = 0, and setting the heavy real scalar x to its minimum at (y) = 0,
we find

Loy o 2 3 .9 4
V:§m<p —i—immg/g(p—ﬁm(p +.o.. (2.5)

Apparently, the second term only decouples from inflation if mg /5 < m. The dots in Eqgs.
and denote sub-leading terms and higher powers in ¢, for example terms of order
O(mms /2g04). Usually, such terms can be discarded easily. In large-field inflation, however,
super-Planckian excursions of ¢ can make corrections relevant. Therefore, in the following we
systematically calculate corrections to the leading-order potential in Eq. . We are curious

to find out if corrections from the modulus sector can cancel the third term in the effective



potential, which makes V unbounded from below. Furthermore, if the modulus sector has
an approximate no-scale symmetry we expect a cancellation of the bilinear soft mass term,
i.e., ¢ < 1. We wish to discuss if, in this situation, chaotic inflation can proceed via the

supersymmetric mass term of ¢ without spoiling the stabilization of moduli.

2.2 Integrating out heavy moduli

In the following, we would like to generalize the results of |[14], in particular Eq. (2.2)), to more
general supergravity Lagrangians. Starting from Eqs. (2.1)) we find for the Kéhler metric and

Ky,5 O - (K0
K[j — 0,a8 , KIJ — 0 - (26)
0 K 0 Kl_

The indices I and J run over the T, and ¢. Accordingly, the scalar potential is given by

its inverse

V = efo {Kgﬁ [Wa + Koo (Wmod(Ta) + ;m¢2>] [Wﬁ + Ko 3 (Wmod(T@) + ;m¢2>]

|
(2.7)

Assuming the cosmological constant to be canceled at ¢ = 0, i.e., after inflation has ended,

_ 1
+ Kl 1m2’¢‘2 -3 ‘Wmod(TOz) + §m¢2

means
Kgﬁ [Wa + KO,anod] [WB + K076Wm0dj| =3 |Wm0d(Ta,0)|2 . (2'8)

Furthermore, we assume that the moduli fields adiabatically trace the minimum of their
potential during inflation. This is justified as long as their masses are larger than the Hubble

scale. Specifically,
VoV =0 = GIV,Gr+G,=0. (2.9)

Here V, denotes the covariant derivative on field space, i.e., VoG = Gor — Fi ;G in terms
of the Kihler function G = K + In|W|?, where T is defined in Appendix A.1.

We can now integrate out the heavy fields T, to obtain an effective scalar potential for
the inflaton . Using Eq. and using that x is heavy due to its soft mass and stabilized

at the origin we can expand V in powers of the inflaton field,

aof 1 — — — 1
V= eK(){Koﬁ Wt Koo (Winaa(To) = g )| [+ Ko (Winaa T) — ye? )

4 4
2}

oo 1 = 1 —
= Vo(Ta, Ta) + 5Vi(Ta, Ta)mep® + 4 Va(Ta, Ta)m*a" (2.10)

me

=

1_
+ §K1 1m2§02 -3 ‘Wmod(Ta) -




The explicit coefficients V;, V7, and Vo and other details of the computation are given in

Appendix [B] During inflation the fields T,, are displaced from their minima,
Ty = Tao+0T,. (2.11)

We can expand the coefficients V; in Eq. (2.10)) at leading order in 6Ty, as long as |07, | < T4 0l-
Introducing p, = (Tw,Ts) this can be written as

1 1 oV, 1
V= §6paM255p5 + 3 <V1 + 8,;5%‘> me? + ZV2m2<p4 +..., (2.12)

where Mgﬂ denotes the un-normalized mass matrix of the p,. Again, details can be found in
Appendix [B] Minimizing this expression with respect to dp, we find for the displacement of

the moduli at leading order,

1
5o = —2 (28I 2

5 o (2.13)

Plugging this back into Eq. (2.12)) we obtain the effective potential in its most general form,
1 — 1 _
V= §V1 (Ta0, Tap) me® + ZVz (Ta0, Tap) m*o*

_1(% av1)<(m2)°‘5 (m2)aﬁ> g% (2.14)

2 4
_= _ mop 4+ ... .
2 \9Ta  9T4 —2yaB —2yaB oV;
(m=2)2 (m=2)% ) \ o

To simplify this expression it is useful to consider a limit in which supersymmetry is
weakly broken, cf. the more detailed discussion in Appendix A.2. This is the case when the
supersymmetric mass, i.e., the mass of the fermions associated with the scalars T}, is much

larger than the gravitino massﬂ Specifically, when
1
Eigenvalues [(mp)qs] = Eigenvalues [eG/Q <VQG5 + 3GQG5>] > mg)g (2.15)

Alternatively, one may consider the case where the supersymmetry breaking scale is large but
the supersymmetry breaking sector decouples from moduli stabilization. An example for this
is supersymmetry breaking in the O’Raifeartaigh model with a very heavy Polonyi field. For
both of these possibilities the effective inflaton potential becomes

2 1 ap — 3 —
V ~ LL;” e {—2K0 7 (Ko,3DaWmod + Ko.aDgWinoa) +mEy " + 5 (Winoa + Wmod>}

m2p
16

4

eKO{ — 34 M0/ [Ka (mz")” [ — K" (Kpe + KgKe — T K ) DW

_|_

+ 2D5W + 3K5W + 2mK1_2 (Ko’gKl - KL@)] + h.C.} } s

(2.16)

2With the exception of the goldstino, of course.



which is the desired generalization of Eq. . Notice, however, that the quadratic term
is independent of the small-supersymmetry breaking approximation. It is simply the total
mass — supersymmetric and soft mass — of the inflaton in the true vacuum, computed from
the effective action defined by . Indeed, using the definition of the inflaton Im ¢ = ¢/v/2
and the supergravity scalar masses in Egs. , we find that the inflaton mass is

1

It is a straight-forward, though non-trivial exercise to prove that Eq. equals the mass
term in the first line of Eq. .

Using this result we can, in principle, calculate the effective potential with corrections for
any model of moduli stabilization described by the ansatz Egs. . In practice, however,
the approximation outlined above to obtain Eq. — more precisely, the quartic term, as
explained above — is not always applicable. In that case, either a more general expression for
the effective potential can be used, given by Eq. , or the calculation can be significantly
simplified by expanding in small parameters while performing the above analysis. Before
demonstrating this in three popular examples of moduli stabilization with spontaneously

broken supersymmetry, we give a short remark on chaotic inflation with a stabilizer field.

2.3 Chaotic inflation with a stabilizer field

Although the main focus of this paper is the simple chaotic inflation model with a quadratic
superpotential, we consider it worthwhile to make a couple of remarks about the scenario with
a stabilizer field. This model has been intensively studied in the literature, and its interplay
with supersymmetric moduli stabilization has been treated in [14.22,23]. A generalization of
the results in [14] can be found analogously to the above analysis.

As a starting point we consider
1

_ _ _ 1
K = Ko(Ta, Ta) + 5 K1 (Ta, Ta) (6 + 6)° + Kgs|S|* +  KsssslSI" + ..,

W = Wmod(Ta) + m5<f>

(2.18)

As before, for simplicity we assume the superpotentials of the moduli sector and inflation
sector to be decoupled. The canonically normalized inflaton is ¢ = v/2Im ¢, and ¢ = +/2Im S.
The real parts of ¢ and S are assumed to be stabilized at the origin. The scalar potential is

given by
V= eK{Kgﬂ [Wa + Ko.o(Waod + mS®)] [W5 + Ko 5(Wmod + mSe)| + Ki 'm?|S|?

1

_.I_
Kgg + KggsglSI?

|(1+ Kgg|S|*) mo + KSgS’WmOd\Q — 3|Winod + mSo[? } .

(2.19)



Imposing cancellation of the cosmological constant, Eq. (2.8), and stabilization of all T, and

S during inflation,

VoV =0 = GIV,Gr + Gy =0,

(2.20)
VsV =0 = GIVSG[-i-GS:O,

we can again integrate out the heavy T,. Details of this computation are given in Ap-

pendix Expanding in powers of the inflaton we find
o o 1 o
V = Vo(Ta, 8, T §) + VilTa, 8, T, S)mipp + 5 Va(Ta, 8, T, S)m*” (2.21)

Expanding this in the moduli displacements and in 4% during inflation, with (S) = 0, yields

1 1

1 3 Koses
m% + §m2(p2eKo (KgﬁKO,aKo,B _ SSSS)

K2,
B 55 (2.22)
6V1 1 2 92 e 0
+ mpd <V +—90 )—i—m —t ..,
o | Vi 9pa e ) T Ks
with po = (Tw,Ts). Consequently,
_ oV
8pa = —mp(M 2)04/38715@@, (2.23)
Ps
with
Vi
S = — e . (2.24)
m2 + Fm2p2eko <K8“BKOQK05 — K;g?)

In the near-supersymmetric limit outlined in Appendix[A.2]we find for the effective inflaton

potential
1 _ V2 VZeKo Koses _
Vi~ omie? (KséeKO - ml%) TR B A [Kmpl)“ (2.25)
SS
_ o 1
X [KSE(K& + KgKe — T3 Ky) DeWinod — DgWinod — §K5Wmod] + h-C-] } ,
where
1 3 o _
Vi=W ‘570 — —2(3K{K8‘5 (KO,BDO‘WmOd —+ K07aD5Wm0d) — Q(Wmod + Wmod)} . (2.26)

Analogous to the case without stabilizer the quadratic term in ¢ is independent of the small-
supersymmetry breaking approximation.
Let us compare this result to the the case without stabilizer, Eq. (2.16). Since V; ~ mg /2

and m% ~ ﬁl2+m§ /20 the corrections to the chaotic scalar potential %ﬁl2g02, with 7 = mef0/2,

10



are negligible for mg/, < m. For large gravitino masses ms/, 2 m, on the other hand, the
quadratic inflaton term in Eq. becomes negative and stops inflation. Simultaneously,
the quartic term becomes sizeable. Thus, these generic results fit nicely with the explicit
analysis performed in [15]. However, remember that Eq. is only valid in the near-
supersymmetric limit. If the supersymmetry-breaking T;, can not be completely decoupled in
the fermion mass matrix, the appropriate quartic term in the scalar potential is given by the
more general result Eq. . Since all moduli stabilization schemes with supersymmetry
breaking that we consider require a large gravitino mass, it is difficult to reconcile these
schemes with chaotic inflation with a stabilizer. Therefore, in the examples treated in the

following sections we restrict ourselves to the more interesting models with no stabilizer field.

3 Chaotic inflation with KKLT moduli stabilization

As a first example we discuss stabilization of a single Kdhler modulus 7" by the mechanism of
KKLT [19] and its interaction with chaotic inflation. Before treating the coupled Lagrangian
we discuss important properties of the original KKLT vacuum and its uplift. Many of these are
well-known facts, nonetheless it is instructive to review them before discussing the interaction

with inflation.

3.1 KKLT moduli stabilization and uplift

The possibly simplest setup to stabilize Kéhler moduli via non-perturbative effects was pro-
posed in [19]. The original model assumes all complex structure moduli of the compact
manifold and the dilaton to be stabilized by fluxes, as first developed in [24]. The remaining
effective theory contains a single lightest Kdhler modulus, in the following denoted by T,
which parameterizes the volume of the compact manifold. 7" then has the following tree-level

Kéhler potential,
K=-3m(T+T), (3.1)

and does not appear in the flux superpotential, Wy, responsible for stabilizing the complex
structure and the dilaton. Therefore, T' is massless at perturbative tree-level and must be
stabilized to avoid a series of well-known problems. This is achieved by employing non-

perturbative corrections to the superpotential, so that W takes the form
W =Wy + Ae T, (3.2)

We treat Wy and A as constants determined by fluxes and vacuum expectation values of

complex structure moduli. They are assumed to be real in what follows. A relative phase

11



between A and Wy can always be compensated by a field redefinition. Depending on whether

the non-perturbative term stems from a Euclidean D3 instanton or from a gaugino condensate

on a stack of D7 branes, a can be 27 or %’r, where N is the rank of the condensing gauge
group. The scalar potential
V=l (KTTDTWDTW - 3|W\2) : (3.3)

has two extrema, 07V = 0, corresponding to
DrW =0. (3.4)

One extremum lies at T' = oo, where the potential vanishes. In addition there is a supersym-

metric AdS vacuum at Ty which is determined by
—aT 2 =
Wy = —Ae (14 gaTo . (35)

For real parameters of the superpotential Ty is real. ImT is stabilized at the origin at the
same mass scale as ReT'.

To uplift the AdS vacuum to a Minkowski vacuum the authors of [19] introduced an anti-
D3 brane. To avoid explicit supersymmetry breakinﬂ we resort to uplifting via the F-term
of a Polonyi field X, with

Kup = k(| X[?) , Wy = fX . (3.6)

Uplifting of AdS vacua via F-terms of matter fields was first discussed in [26]. We assume
that the function k contains a quartic term so that X is stabilized close to the origin at a high
scale, and thus the field completely decouples from the dynamics of moduli stabilization and
inflation. Such a quartic term may effectively arise from couplings to heavy fields, cf. [27]E|

The only contribution of the Polonyi field to V is then its F-term,
Vip = e 12, (3.7)

which can be used to cancel the cosmological constant in the true vacuum defined by Eq. (3.5)).
In addition to the extremum at 1" = oo corresponding to DWW = 0, the uplifted scalar

potential has two further extrema which are determined by

3w 242
DrW =~ <1i\/1—(aT+2)W2> . (3.8)

3See, however, [25] for a very recent treatment of this issue.

4For a more thorough treatment of the dynamics linking supersymmetry breaking and chaotic inflation,
cf. [15]23).

12



The negative sign yields the uplifted AdS minimum,
3f?

DyW = —————
g 4aT3 Wy,

+O(Ty %), (3.9)

where the value of the modulus T is shifted to Ty = Tp + 0Tup. The shift in T is easily
obtained by expanding DrW in 6Ty,
DTW|T0 ~ DTW‘TO — (5Tup 8TDTW|T0
~ DrWly, — 0Tw ((—a+ K7) DrWlg, + ((a — K1) K7+ 0rKr) Wlg,) . (3.10)

Using Eqgs. (3.4) and (3.9)) we find
6T . J?
To ~ 2a2ToW
where we have used W]TO ~ Wy. Using Eqgs. (3.3)), , and (3.9) one finds that the

cosmological constant of the AdS vacuum is canceled by tuning f to

+0(Ty %), (3.11)

f=v3W <1 - %?’TO + O(T02)) . (3.12)

Note that there is a sub-leading contribution of the modulus to supersymmetry breaking,

f— 3v3W, 3(Fx)
(Fr) =e W ™ T a@ny ¥ T dat

Since aTp > 1 for consistency of the single-instanton approximation, the dominant contri-

(3.13)

bution to supersymmetry breaking stems from the Polonyi field. The gravitino mass in the

Minkowski vacuum is given by

W, 3 W,
—eRKyy = 20 (2 T) 2 )~ — 14
mgj = e W (T2 ( SaTy + O(aTp) ) T2 (3.14)
It is closely related to the mass of the canonically normalized modulus,
my ~ 2aTomsg)s . (3.15)

The uplifted Minkowski vacuum is protected by a barrier from the run-away vacuum at
T = oo. The height of the barrier can be found by choosing the positive sign in the expression
(3.8)) for the covariant derivative, corresponding to the local maximum in the scalar potential.

For the field value of the modulus at the position of the barrier, Ty, we find

_f 2
VB =V T ~ (2TB)3 ~ 3m3/2 . (316)

We are now ready to analyze the effect of chaotic inflation on the uplifted KKLT vacuum.

Since the F-term of T" does not vanish, one may hope that it can cure the problem of un-
boundedness which plagues the simplest variant of chaotic inflation. To analyze the two-field
system defined by the modulus and the inflaton, it is instructive to use both an analytic and

a numerical approach.

13



3.2 KKLT and chaotic inflation: analytic approach

Treating the interaction between the modulus and inflaton sectors in the simplest way, we
assume that their superpotentials and Kahler potentials completely decouple. Thus, the

theory is defined by
1
W =Wy+ Ae T + fX + §m¢2 , (3.17a)
_ 1 _
K ==3m(T+T) +k(IX]) + 5 (6 +9)". (3.17b)

In particular, in the notation of Sec. [2| we choose

Winod(Tw) = Wo + Ae T + fX (3.18)
Ko(To,Ts) = =3I (T +T) + k(| X[?) (3.19)
Ki(T,,Ts)=1. (3.20)

Note that the relative phase between Wy and m is physical. In the following we choose all
superpotential parameters to be real, so that only the real part of T is affected by inflation.
Therefore, we set T =T in the following discussion. Our results do not change qualitatively
if we allow for m and/or Wy to be complex. Moreover, the Polonyi field X is treated in the
way discussed in Sec. The canonically normalized inflaton field is v/2Im ¢ = ¢, which
does not appear in the Kahler potential. On the inflationary trajectory the superpotential

reads
1
W =Wy + Ae T — chpQ : (3.21)

A natural question to ask is the following: can the effective theory of inflation defined by

Eqgs. (3.17) resemble chaotic inflation, after integrating out 7" at a high scale?

Leading-order effective potential
To answer this question we solve the equation of motion for 1" during inflation, 7V = 0,

which yields for the covariant derivative

1+ \/1 - (anQ)WQ <f2 + ;m2<,02>] : (3.22)

which implicitly determines 7" as function of . In addition, there is the extremum at T' = oo
with DyW =V = 0. The negative sign in Eq. (3.22) again yields the uplifted AdS minimum,

DrW ==

3 f2+ %m2<,02

DWW = —
W =17 W

+0(T73). (3.23)
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Using Egs. (3.21]) and (3.23]) we obtain for the effective inflaton potential

1 2, 1 9 9 2 -2
- - - T
V(p) o7)? <f + 5 3W<+O( )
1 ~2 92 3 - 2 3 ~92 4 5T
= ;M + QMM 2" — Tom™p + 0O ) (3.24)
with m = W and mg/y given by Eq. (3.14). The corrections of order §7//Ty are due

to the p-dependent shift of the modulus, 67(¢) = T(¢) — Tp. Thus, it seems that after
integrating out 7" the negative definite term proportional to m?¢? still appears in the potential,
making it unbounded from below. This is related to the fact that the modulus is only a sub-
leading source of supersymmetry breaking. Notice that this way of obtaining the leading-order
potential is equivalent to the naive treatment outlined in Sec. which resulted in Eq. .

However, things are not quite as they seem by merely studying the result Eq. .
For large values of ¢, i.e., when the quartic term in the effective potential dominates, the
modulus can be destabilized by the potential energy of . In this case, the inflationary
trajectory becomes tachyonic and the modulus can no longer be integrated out. To see when
this point is reached, it suffices to consider the structure of Eq. . A necessary condition
for the existence of real solutions for D7W is clearly W?2 > 0. For W2 = 0, the uplifted AdS
minimum and the maximum merge in a saddle point. Using Eq. we then obtain an

upper bound on allowed values of ¢,
e < dms g . (3.25)

This is the well-known bound H < my/ stressed in [16], as will become more clear in our
numerical example in Sec. There, a more detailed analysis reveals that the modulus is
destabilized slightly before the above bound is saturated. In fact, the local maximum of the
effective inflaton potential Eq. is never reached while the modulus is stabilizedﬂ

Corrections to the effective potential
The corrections to the effective potential are determined by the shift of the modulus field
0T (p) = T(@)—Tgﬁ Expanding the covariant derivative in §7" and ¢?, analogous to Eq. (3.10),
we find
= 2
(Z = M;’ZZ‘;M +O(Ty2). (3.26)
With this, the effective inflaton potential including the leading-order correction becomes, at

quartic order in ¢ and leading order in (aTp)~! and 7 /mg /2

1 3 3
V(o) = —i20? 1 Ziima p0? — 2ot —
(p) = 579" + Smg a¢ 6" " IaTy
°In fact, the full potential defined by Egs. (3.17) is bounded from below at all points in field space.
SNotice that for real superpotential parameters the displacement of T is real as well.

- 3.
<3mm3/2902 + 4m2cp4> +....  (3.27)
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To obtain higher-order corrections to the potential, the potential must be expanded to higher
orders in 67, and 67" must be computed up to higher powers in Tj;” L

So far we have analyzed the deformation of the Minkowski vacuum due to the inflaton
field starting from the covariant derivative. Alternatively, on can directly find the shift §7'(¢)

by minimizing the scalar potential,
1
V =Vig + 0rV)|1,0T + 5(6%V)1T05T2 +O(6T?), (3.28)

along the lines of the general analysis in Sec. One then expects that the shift 67 is
inversely proportional to the modulus mass, cf. Eq. (2.13). Eq. (3.26]) can indeed be rewritten
in this form,
ST mp? 9
—=—4 O(T; . 3.29
= e+ () (3.29)
In a manner similar to integrating out 7', it is possible to verify that the displacement § X

of the Polonyi field during inflation gives negligible contributions to the inflaton potential.

For the particular choice

| x|*
B(IXP) = 1XP = = (3.30)
for example, the displacement of X is at leading order
§X = A*T . (3.31)

Since A <« 1 to stabilize X at a high scale with a small vacuum expectation value, the
contribution of integrating out X at Eq. is clearly negligible.

Among other things, this means that the sector which dominates supersymmetry breaking
can be completely decoupled from the dynamics of inflation. In this case, it is possible
to obtain the effective potential Eq. essentially by applying the general expression
Eq. . Details of this computation can be found in Appendix

3.3 A numerical example

Let us now study whether 60 e-folds of inflation can be realized with the effective inflaton
potential Eq. , and if the resulting predictions for the CMB observables resemble those
of chaotic inflation. It is worth noting that in the parameter regime where T is stabilized,
L.e., when mg s is very large, the bilinear term proportional to mmg/, actually dominates in

V and drives inflation. In this case, the relevant terms in the inflaton potential are

3 . 1 m
wwaWWM#Q—SWWﬁ). (3.32)
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Figure 1: Effective inflaton potential in KKLT for Wy = 0.009, A = —0.75, a = 21—’6, and m =
1.67 x 107°. With these parameters we find Ty = 10 and msz/» = 107*. The dotted line denotes a
purely quadratic potential with m, = 6 x 107°% imposed by COBE normalization. The dashed line
is the effective potential Eq. evaluated at all orders in (aTy)~'. This potential is valid only as
long as the modulus remains stabilized. The solid line is obtained numerically by setting the modulus
to its minimum value at each value of p. Evidently, above the critical value . ~ 24 the modulus

is destabilized towards the run-away minimum at T = oo and the theory can not be described by

Eq. (3.27)) any longer.

Consequently, inflation is only possible if m and mg /5 have the same sign. With Eq. the
corrections can be interpreted as a power series in ‘%2, the squared Hubble scale divided by
the barrier height of the modulus potential. This is a natural expansion parameter because
the modulus is destabilized when the vacuum energy of ¢ lifts the modulus over the barrier,
cf. the bound found in Eq. . Neglecting order-one coefficients, COBE normalization
imposes 4 /[mmg /| ~ 3 x 1075, This puts a lower bound on the gravitino mass, i.e.,

Mg > y/|img s @ ~5x107° ~ H | (3.33)

where ¢, =~ 15 denotes the inflaton field value at the beginning of the last 60 e-folds of
inflation. This means that the gravitino must be very heavy and there is a moderate hierarchy
between the gravitino and inflaton mass for 60 e-folds of chaotic inflation to be possible. This
is illustrated in Fig. [I] for a suitable set of parameters.

Indeed, 60 e-folds of inflation can take place starting at ¢, =~ 15. The CMB observables
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Figure 2: Scalar potential as defined by Egs. (3.17) as a function of T and ¢, for the same parameter
example as in Fig. [Il Apparently, a minimum for the modulus exists for ¢ < ¢, ~ 24. Beyond this
point the modulus runs away towards T' = co and can no longer be integrated out. For ¢ < ¢, inflation

may take place in the valley of the uplifted modulus minimum.

in our example are found to be

ns = 0.966,,
r=0.106,

(3.34)

which are slightly below the predictions of pure quadratic inflation. This is due to the flat-
tening of the quadratic potential by the negative quartic term. Notice that the modulus
is destabilized and the inflaton trajectory becomes tachyonic at the critical value p. =~ 24,
corresponding to the bound in . Therefore, Eq. and the dashed line in Fig. (1| are
only meaningful up to this point.

Moreover, the interplay between inflaton and modulus can be illustrated by means of the
full scalar potential as a function of 7" and ¢, depicted in Fig.[2 The minimum in the modulus

direction is uplifted as ¢ increases, until the point where it disappears at ¢, ~ 24.
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4 Chaotic inflation with Kahler Uplifting

4.1 Moduli stabilization by Kahler Uplifting

Another instructive example for moduli stabilization with broken supersymmetry is Kéhler
Uplifting, first proposed in [20]. An appealing feature of this scheme is that Kahler moduli
can be stabilized in Minkowski or dS vacua without the need of an uplift sector. It is based
on the observation that the interplay between a non-perturbative term and a constant term
in the superpotential and the leading-order o'-correction in the Kéahler potential can produce
local minima in the scalar potential with both negative and positive cosmological constant.

In particular, for a careful choice of parameters the Lagrangian defined by

W =Wy + Ae T (4.1)
and
—\3/2
K= -2l [(T+T)"" +¢], (4.2)
can stabilize T in a suitable Minkowski vacuum. Here, £ = — 4(42(5;))3 x(Re S >3/ 2 where x denotes

the Euler number of the compactification manifold and S denotes the dilaton. Throughout
this work we assume the dilaton to be stabilized supersymmetrically at a high scale so that
& can be treated as a constant. We remark that this mechanism only works if £ is positive,
hence we only consider negative Euler numbers.

The vacuum structure of this model can again be analyzed by means of the covariant

derivative. The extrema of the potential, found by solving drV = 0, correspond to
DTW =0 or DTW = YW, (4.3)

where the function Y (T, T) is given in Appendix The second equation is of particular

interest because it allows a vacuum with vanishing cosmological constant, i.e.,
DrW = +V3K 2w (4.4)

Together with Eq. (4.3]) this yields

1/2 _
+VIK L =Y. (4.5)
For the negative sign this equation has a solution at large T corresponding to ng < 1, where
we have defined n = W and 79 = 1n(Tp). Expanding both sides of Eq. (4.5) in powers of
n, cf. Egs. (B.22) and (B.23), we find
5  2Tn
aly = 5 = =52 +00)), (4.6)
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i.e., the vacuum expectation value of the modulus only depends on a and & E A relation
between the parameters Wy and A of the superpotential is then obtained from Eq. (4.4),
which yields

4 1
Wy = —3—aT0Ae_aTO - gAe_“TO (34 7aTy) + O(no) - (4.7)
7o
Since ng < 1 it follows Wy > A, contrary to the KKLT case. Therefore, similar to KKLT,
the superpotential in the vacuum is dominated by the constant, W (T') ~ Wy. Clearly, Tj
breaks supersymmetry and the gravitino mass is given by
W(] 23770
mg g = —
327 (2132 10

Wo

+0mf>%@%Pﬂ. (4.8)

The extremum with vanishing cosmological constant is a local minimum of the modulus
potential. The canonically normalized real and imaginary parts of T have the following

masses,

25
Mo = 5m3 om0 + O(15) s My = 5’”?&/2770 +0(n3) (4.9)

respectively. Hence, this particular vacuum disappears if & — 0.
As in KKLT, the potential has an extremum at T' = oo with DpW = opV =V = 0.

Hence, there exists a local maximum at Ty with

Ve =eB(Y2-3)|W|*| ~ nomg/Q : (4.10)
Ts

Thus, compared to KKLT, the barrier which separates the Minkowski vacuum from the run-
away vacuum is suppressed by a factor 7.

Furthermore, the model possesses an AdS minimum at a small value Tags < £2/3. Al-
though this minimum is not viable from the point of view of supergravity, it is instructive to
study its properties in order to understand the differences between KKLT and Kahler Uplift-
ing. The supersymmetric AdS minimum corresponds to a solution of DyW = 0. For small T’
we can perform an expansion in powers of £~ which yields, cf. Eq. ,

2T 1/2
orw = —qAeTads — —KpWlp, & 3(/;25)

4.11

Taas ( )
Since Wy > A, this implies Thgs < 2. The AdS minimum is protected by another barrier,
located at TB with a(TB — Tags) =~ In2. The AdS minimum is much deeper than the local
Minkowski vacuum, in the sense that its barrier is taller by a factor n, 3. Finally, the AdS

minimum and the associated local maximum are separated from the Minkowski vacuum by a

"Notice that the numerical value aTp ~ 2.5 is at the border of control over the single-instanton approxima-

tion.
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2/3 which originates from a pole in the inverse Kéhler metric Thus,

singularity at 7' = %(3—25)
the o/-correction to the Kahler potential allows for a separate local Minkowski vacuum that,
contrary to the KKLT scenario, is not an uplifted AdS minimum.

After this discussion of the vacuum structure produced by Kéahler Uplifting, we can again

couple chaotic inflation and investigate the effective inflaton potential.

4.2 Kahler Uplifting and chaotic inflation: analytic approach

As before, to simplify the discussion we assume that the interactions between modulus and

inflaton sector are purely gravitational. Hence, we study the theory defined by

1
W =Wy + Ae™T + §m¢2 , (4.12a)

3/2

K= -2 [(T+T)"" +¢| +%(¢+¢3)2. (4.12b)

Again, since we choose real superpotential parameters only the real part of T is affected by
inflation. Hence, we set T = T in the scalar potential. The ¢-dependence of the superpotential
leads to a deformation of the Minkowski vacuum and the associated local maximum, which

are now determined by the following equation for the covariant derivative,

1 A
(4.13)
3W 3 m2p? 3
=2 _ T
2T  8aT? W +O(T™),

where the function Z = O(aT)~! is defined in Eq. . Again, this equation implicitly
determines T'(¢) = Tp + 6T(¢). Since the modulus F-term in this case is bigger than in
KKLT, at leading order it cancels the negative contribution to the inflaton potential. At
leading order in 07, o and T}, Lit is simply

1
V= §rn2¢2 +OT,n0, Ty 1) (4.14)

There are two upper bounds on the value of the inflaton field. First, the F-term potential of

the inflaton should not exceed the height of the modulus barrier. Second, the expression in

Eq. (4.13) should yield real values for DpW. Consequently,
ﬁl(p2 5 4m3/2 )

9 ) (4.15)
m-op 5770m3/2~

8This is related to the fact that the dilaton is assumed to be integrated out.
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Starting from Eq. (4.13) the shift in the modulus field can again be obtained by expanding
the covariant derivative in d7" and 79. The leading-order result reads

5T ~2 2 Oy 2
L 4 e (4.16)

Ty 5770m§/2  20my)

where the dots denote higher-order terms in 79 and Tj; 1. Clearly, if the conditions (£.15) are
fulfilled the expansion converges. Expanding the inflaton potential in ‘ST—:S and 79, we find at
leading order

1 3 3 mie*r  2Tmle* 183
V(@)%§m2§02 o ~ 2 m-p 77’)’1,(,0 . n0~2804_’_”" (417)

200 m2,, ' 40 mg; 320

which contains negative quartic terms in the inflaton field, analogous to the KKLT case. This
time, however, they are suppressed by factors of ‘% or 1g.

As in Sec. [3.2] we can obtain the same result by means of a Taylor expansion of the
scalar potential, i.e., by minimizing the expression Eq. . The modulus shift is inversely
proportional to m?p, and can be written as

0T _ 4m*@* — Inoinms ¢
To 4m?.

SR (4.18)

The first term in the numerator is the leading order inflaton uplift of the potential and the
second terms arises due to the incomplete no-scale cancellation at the shifted modulus vacuum

expectation value,
§V o< KTT|DpW 2 = 3[W |2 ~ n|W 2. (4.19)

The procedure to find the effective potential is significantly simplified by expanding all
quantities in powers of 7. Since, in this case, 1" is the only field which contributes to su-
persymmetry breaking in the vacuum and mg/, is generically very large, the general formula
Eq. does not apply. However, it is possible to obtain Eq. by applying the most
general result Eq. , which does not contain assumptions about the scale of supersym-
metry breaking.

In the following we study the phenomenology of inflation resulting from this effective
potential in two numerical examples. To this end, it is instructive to rewrite the effective

potential as

V(p) ~

N

5 3 m? 310 . < 61 m >
2 2 2 2 2
< 10mg 3/2 ) 4 3/2 80 m3/o ( )

At leading order V (¢) consists of two quadratic terms and one relevant correction to each,
suppressed by one power of %2_ The second piece in Eq. (4.20) is very similar to the leading-
order potential found in the KKLT case, but is suppressed by one power of 9. This means that
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the supersymmetric mass term for ¢ can drive inflation as well. Before discussing inflation
in more detail, let us remark that to guarantee stability of T we require H?> < V. Using
Eq. this leads to a generic bound on the gravitino mass,
o> L o 2
BTV v

(4.21)

4.3 Numerical examples

Starting from the effective potential Eq. (4.20) we can distinguish two cases. Inflation can
either be driven by the supersymmetric term proportional to m2p?, or by the bilinear soft

term proportional to mms /2902.

The supersymmetric term dominates
If nom3/, < m chaotic inflation may be realized in the “traditional” sense. The leading-order

potential in this parameter regime is simply the first piece of Eq. (4.20)), i.e.,

1 3 m?

V(p) = —m?e? <1 — 2g02) . (4.22)
2 10770 3/2

The viable parameter regime in this scenario is particularly constrained. On the one hand,

nom3 o must be small for the soft term to be suppressed. On the other hand, nomg /2 must

be large enough to guarantee a high barrier in the modulus potential. Specifically, we find
=92 2

m *
Tn3/2 >
T3 /2

> 2 > 10H ~ 1073, (4.23)

~

A suitable example is illustrated in Fig. As expected, the parameter choices are quite
elaborate, especially from the perspective of string theory. Specifically, the hierarchy between
Wy and A as well as the size of 7y are rather particular. With such a small value of &
it is doubtful whether the string coupling can be small enough to allow for a perturbative
description of the theory.

If one ignores this problem inflation can be realized and we find for the solid line

ns = 0.966,,
(4.24)
r=0.116,

for . &~ 15.2. The modulus is destabilized at ¢. ~ 19.

The bilinear soft term dominates
In this respect, the scenario noms /o > m seems slightly more appealing since it can be realized
with more realistic choices for the input parameters. The leading-order potential becomes

3

ey, 6L
TRk TN (1—|— 20 m3/2<p ) . (4.25)

Q

V(p)
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Figure 3: Effective inflaton potential in Kahler Uplifting for Wy = 4.67, A = =34 x 1074, a = %:

m = 8 x 1074, and ¢ = 0.0047. With these parameters we find T, = 11.9, mgzso = 0.04, and
no = 2 x 107°. The dotted line denotes a purely quadratic potential with my, = 6 x 106 imposed by
COBE normalization. The dashed line is the effective potential Eq. evaluated at all orders in
1. The solid line is obtained numerically by setting the modulus to its minimum value at each value
of ¢. In this case, modulus destabilization occurs at ¢, ~ 19. Again, Eq. and the dashed line

are only meaningful for ¢ < ..

Notice the sign difference of the soft term compared to KKLT. Since 79 > 0 this means that
m and mg/, must have opposite signs for inflation to work in this parameter regime. COBE
normalization imposes  /[nommsg s| ~ 5 X 1076, Since 79 is allowed to be larger in this case,
the only bound on mg/y is the generic one, . An example is depicted in Fig.

The corresponding CMB observables are found to be

ngs = 0.965,
r=0.107,

(4.26)

at ¢, =~ 15. In this case, the modulus is destabilized at ¢, ~ 20.

5 Chaotic inflation and the Large Volume Scenario

5.1 LVS moduli stabilization and uplift

Another well-known example of moduli stabilization with spontaneously broken supersym-
metry is the Large Volume Scenario developed in [21]. It is based on the observation that, for

certain types of compactification manifolds with multiple Kéhler moduli, the scalar potential
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Figure 4: Effective inflaton potential in Kéhler Uplifting for Wy = 0.23, A = —0.008, a = g—g,

m = —1.37 x 1074, and ¢ = 2.29. With these parameters we find Ty = 11.8, mg3/o = 0.002, and
1o = 0.01. The dotted line denotes a purely quadratic potential with m, = 6 X 105 imposed by
COBE normalization. The dashed line is the effective potential Eq. evaluated at all orders in
1. The solid line is obtained numerically by setting the modulus to its minimum value at each value
of . In this setup, modulus destabilization occurs at o, ~ 20. Again, Eq. and the dashed line

are only meaningful for ¢ < ..

may have a non-supersymmetric AdS minimum at exponentially large volume. A particularly
simple example of this type is given by a “swiss-cheese” manifold with a single “hole”, i.e., a

manifold whose volume is parameterized by
V= (T, +Tu)*? — (Tu + Te)*? (5.1)

where T, is the Kahler modulus of some big four-cycle, i.e., the “cheese”, and Ty controls the
volume of a small four-cycle, the “hole”. The simplest setup for a Large Volume Scenario is

then described by

W =Wy + Ae s | (5.2)
and

K=-2l(V+¢), (5.3)

with £ defined as in Sec. [ As in the previous examples we consider real superpotential
parameters, and hence restrict our attention to the real parts of the moduli, i.e., we set

Ths = Ths in the following.
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The extrema of the potential satisfy the two equations 01,V = Jr,V = 0. Since the
superpotential does not depend on T}, they lead to two quadratic equations for D7, W which

can be rewritten as

DLW =YW,  Z;=0. (5.4)

The functions Y and Z; are given in Appendix Assuming that V is large and expanding
K7, and Y in powers of V™1, the equation for D7 W yields
3(2T) /2

2V
Remarkably, this equation coincides with Eq. for the AdS minimum in Kéahler Uplifting
after the replacement & — V), which corresponds to the large volume limit in the LVS scenario.
Eq. determines the volume in terms of Ty,

Vi~ 3m6aTOW0 1_ 3
0~ \/iaA 4aTy ’

at next-to-leading order in (aTp)~'. The second equation in (5.4) determines the value of Ty.
Using the large volume expansions for the functions Z;, cf. Eqs. (B.44) and (B.45)), we find

O, Wiy, = ade T ~ Wo. (5.5)

(5.6)

L& 2 /3y
Ty~ > <1 + 3a£2/3> +0 ((a£2 3) 2) . (5.7)

At leading order in V=1, Ty only depends on ¢ and a, as in Kihler Uplifting. Eqgs. (5.6) and
(5.7) can also be obtained by considering the scalar potential in the large volume limit,

N 22 a2 A%\ /Ty e 20T 4a AW Ty e T 3§WO2

v
3V V? 23

(5.8)

To obtain this form the imaginary part of T has been fixed at (Im7;) = 7. In this case, Wy

and A must have the same sign for the stabilization mechanism to work. Minimizing V' with

respect to V and T; one finds the local AdS minimum with the values Vy and T given above.
The depth of the AdS vacuum is

Wi

Vads ~ Y
0

(5.9)

rather than I/VO2 / Vg as one may naively expect. This is due to the approximate no-scale
cancellation between Fr, and W02 . To achieve a complete uplift to a Minkowski vacuum we
employ, once more, a Polonyi field X as a toy example. Treating the uplift in the same way as
in KKLT moduli stabilization, we assume that X is stabilized with a nearly-vanishing vacuum

expectation Valueﬂ However, in the LVS scheme the quartic term in the Kéahler potential is

9Indeed it is possible to verify that, once coupled to chaotic inflation, the displacement of X is again

negligible compared to that of V and Ts.
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not required as X is stabilized by its soft mass term. The contribution of the Polonyi field
then amounts to a term V,,, = {;—z in the scalar potential. To cancel the cosmological constant
in the vacuum, it must be

92Ty
2aVy

PrxoWg,  xo= (5.10)

up to terms suppressed by higher powers of V or aTgs. Here, Vy and Ty denote the values of the
two real fields in the uplifted vacuum. Note that yo plays a role analogous to the parameter
no in Kéhler Uplifting. The expression for the volume is still given by Eq. (5.6]), where Tj is

now the shifted modulus

2/3 9

The F-terms of the fields in this vacuum are given by

W W W
Fsz—\/év—;’, FTS%\/&LT)XOVS, FX“\/XOV(?' (5.12)

Clearly, the dominant contribution to supersymmetry breaking comes from the volume mode.
As expected, the uplift sector is important to cancel the cosmological constant but its contri-
bution to supersymmetry breaking is suppressed in the large volume limit. The corresponding

gravitino mass is, again,

up to terms suppressed by higher powers of the inverse volume or aly. The masses of the

canonically normalized moduli are, schematicallym

Wo Wo

mr, ~ VS/Q ) mry ~ Vo . (5.14)
The uplifted vacuum is protected by a potential barrier of height
2
M3/2
Vi ~ ) 5.15
B~ (5.15)

Although the structure of this vacuum is more complicated than in the previous two cases,
the coupling of chaotic inflation works in the same way. As will become clear in the following,

the results are qualitatively similar.

ONote that the axion of Ti, is exactly massless and thus irrelevant during inflation. The axion of Ty is

stabilized at the same mass scale as the real part of Ts.
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5.2 LVS and chaotic inflation

Our starting point for the coupled model is this time

1
W =Wy + Ae 5 + fX + §mq§2, (5.16)

3/2

K =-2In [(Tb +T)? — (T + T + 5} + (X)) + % (6+9)°. (5.17)

The uplift sector is treated as described above, since it is safe to neglect its influence on

inflation. The scalar potential at leading order in V™! reads

v — 220242\ /Tye 20T 160 ATy e 15 (4Wo — m<p2)

3V V2
5.18
3¢ (W —mg?)? (V= 26) (£ + 3me?) 19
3213 V3 .

Comparing this expression to Eq. ([5.8)) we observe that, in principle, the contribution of the
inflaton can be absorbed in a redefinition of Wy and f. As before, we treat inflation as a
perturbation of the true vacuum. Hence, we naively expect chaotic inflation to be successful

in LVS as long as
m2p? < f?, me? < Wy, (5.19)

neglecting order-one coefficients. It will become clear in the following that these two conditions
precisely guarantee that the inflaton energy density does not destabilize the moduli.
To compute the effective inflaton potential we have to take the displacements of both

moduli into account. Hence, we expand the potential around
V=Y -V, 0y =T, —1Ty. (5.20)

Minimizing the result with respect to both shifts yields

5 ~2 2 ~ 2
v AL SR S (5.21a)
Voo Xxomg, o 4msp
5T =2 2 = 2
PN 4 e (5.21b)

T, aT0X0m§/2 2aToms /s’

up to terms suppressed by higher powers of V! or (aTp)~!. Note that the shifts have the
same form as in Ké&hler Uplifting, cf. Eq. . Furthermore, the displacement of Tg is
relatively suppressed by one power of V. This is to be expected because Ty is the heavier of
the two moduli. Nonetheless, §Ts must be taken into account to find the correct leading-order

result.
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Integrating out the displacements of both moduli, we are left with the leading-order ef-

fective potential

1_ X0 -~
Vip) ~ §m2<ﬁ2 + me3/2<P2 -

1 ’I’7’L4 4 lmS 4 ~
P im -y X0 2<p4. (5.22)

TXO m§/2 4 ms /o B 16aT0m
We refrain from rewriting this unwieldy expression in terms of the moduli masses, but the
idea is the same as in our previous examples. Some of the correction terms are suppressed by
inverse powers of mp, and mr, and vanish in the limit of very heavy moduli. Others, like the
supersymmetry breaking second term in Eq. grow with the moduli masses, and hence
do not vanish. As in the previous examples, the region where V() is unbounded from below
is never reached since the moduli are destabilized at smaller values of .

As in our model with Kéahler Uplifting we rewrite the effective potential to study inflation.
In particular,
2

~ I m X0 ~ < 1 m >

2 2 2 2 2

mp |1 - — © + =—mmgne° | 1-— © . 5.23
( X0 7n§/2 ) 4 3/2 4adp mg)o ( )

N | =

V(p) ~

Again, V() contains a supersymmetric mass term and a bilinear soft term — suppressed by
one power of yo —, both with a correction proportional to 5—;. By requiring the barrier to be
larger than the Hubble scale during inflation, the gravitino mass is generically constrained as

follows,
mg/a > H\/Vy ~ 1074 Vo - (5.24)

As before, this constraint is equivalent to demanding that ¢ is not large enough to uplift the

modulus minimum to a saddle point.
5.3 Numerical examples
Based on the effective potential Eq. (5.23)) we can distinguish two cases in which 60 e-folds

of inflation may be realized.

The supersymmetric term dominates
If m > xoms/p ~ mg/2/Vo, in principle the supersymmetric quadratic term in Eq. (5.23)

could dominate, yielding the leading-order potential

~ 1 m?
V(p) = —m%p? (1 -—— <p2> . (5.25)

However, this scenario is excluded by a consistency requirement of the LVS scheme. Specifi-
cally, the gravitino mass must not exceed the Kaluza-Klein scale which, as discussed in [28],
means that Wy <« Vé/ s, Requiring the supersymmetric term to be larger than the soft term

while both moduli are stabilized always violates this bound.
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Figure 5: Effective inflaton potential in LVS for Wy = 1, A = 0.13, a = 2m, m = 5.8 x 1074, and
§ = 1.25. With these parameters we find Ty = 0.75, Vo = 200, and m3;, = 0.005. The dotted
line denotes a purely quadratic potential with m, = 6 X 10~% imposed by COBE normalization.
The dashed line is the effective potential Eq. evaluated at all orders in aTy. The solid line is
obtained numerically by setting the modulus to its minimum value at each value of p. Since the barrier
height and Hubble scale are the same as in the previous example, modulus destabilization occurs at
pe =~ 18. Again, Eq. and the dashed line are only meaningful for ¢ < @.. Notice that the
difference between the dashed and the solid line is comparably large in this example. This is because

the relatively small value of V, limits the precision of the expansion in V™!,

The bilinear soft term dominates
If, on the other hand, m < xom3/2 ~ m3/2/Vo, the term proportional to mms/, may drive

inflation. In this case, the leading-order inflaton potential reads

X0 -~ 1 Th
V(o) & Ximyn” (1 7 T @2) . (5.26)

The gravitino mass is constrained by the generic requirement (5.24)). Interestingly, by re-
quiring mg/, < mxk for consistency, the volume of the compactification manifold is bounded
from above, Vy < 103. A numerical example for this scenario is depicted in Fig.
The CMB observables in our example are found to be
ng = 0.964,

(5.27)
r=0.116,

at @, =~ 15.2. Modulus destabilization towards the run-away minimum occurs at ¢, ~ 18.
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6 Universality and CMB observables

Let us consider the effective single-field inflaton potential arising in all three example models
as well as in the general discussion of Sec. 2. We observe that a simple expression captures

all models and their flattening of the inflaton potential by moduli backreaction,

V)=

This expression is valid at leading order in the modulus shift, and thus holds for a certain

1
mi o — Z)\cp4, A>0. (6.1)

range ¢ < @, until the moduli are destabilized.
Due to the negative quartic term the potential has a local maximum at ¢y = m/ V. Al
three scenarios share the property that the moduli destabilization point occurs to the left of

the maximum of the leading-order inflaton potential,

e < OM - (6.2)

Hence, V(¢) is a good approximation for ¢ < .. Two parameters determine the effective
potential, m/ VA gives the position of the maximum and m fixes the overall normalization of
V(). Thus, we can write the potential in terms of m and ¢y,
2

Vip) = %mi ©? <1 - ;;2\/[> . (6.3)
As long as ¢, @ > 1 inflation can occur to the left of the local maximum. For ¢y — oo the
potential asymptotes to the pure quadratic form. In this limit, the field value @, corresponding
to Ne(px) e-folds of slow-roll before the end of inflation takes the limiting value ¢, = 2v/Ng,
which for N, = 50 — 60 is about 15.

For decreasing ¢y the 60 e-fold point lies increasingly close to the local maximum and the
destabilization point. Thus, for ¢, — ¢, the inflationary dynamics changes continuously from
the quadratic large-field behaviour to a nearly hill-top small-field model. Correspondingly,
the scalar spectral index and r are decreased compared to pure quadratic inflation.

Inflaton potentials of this type arise in the context of non-minimally coupled quadratic
inflation [29] and more recently in subcritical models of D-term hybrid inflation [18,/30,31].
As the leading-order scalar potential is the same for all our models, the CMB observables

agree as well. Reproducing the particularly simple form given in [30,31] one finds

2 2 2

1— 2 _ 3¢

2 2 2 2
e=S5 | —x] . n= 5| —2 |- (6.4)

2\1- 2 ?\1- 2

200 200

Extracting ¢, from N, = f(;i* dy/v/2¢ we obtain
4N2 8NN3 4N

P =4AN, +2 — —° £ € 4. (6.5)

03 3oy 38
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Figure 6: Prediction for the CMB observables ns and r of the leading-order effective inflaton potential.
In the limit @)y — oo the observables asymptote to the predictions of pure quadratic inflation. De-
creasing oy brings the potential increasingly into the hill-top regime. This leads to the green band of
decreasing ngs and r values spanned by the 60 and 50 e-fold curves. Note, once more, that the regime
of true hill-top inflation can actually never be reached because moduli destabilization occurs to the

left of the would-be local maximum in V(p) at .

where we have used the leading-order expression for the end-point of slow-roll inflation,
Ve =V2 — O(«pgf). From this it is evident that all our models approach the quadratic infla-
tion limit as ¢y — o0.

Comparison with the full numerical solution for ¢, reveals that the analytic expression
above must be given up to O(py,) for sufficient accuracy. The terms with inverse powers
of p\ are given at leading order in N, to allow for a compact expression. We find that for
ng 2 0.94 this form approximates the ensuing values of ng and r to 5% numerical accuracy
compared to the exact coefficients given in [31]. Plugging back ¢, into the expressions for

e and 1 we can compute the spectral parameters of the curvature and tensor perturbation
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power spectra

ns =1 —6€(px) + 2n(x) 5
r = 16€(py) .

at horizon exit. Doing this numerically and comparing the result with the Planck data results

(6.6)

in the green band in Fig. |§| which is identical to the corresponding graph in [31]. Imposing
the constraints on ng and r we find a lower bound on the tensor-to-scalar ratio, r 2 0.05, for
N = 60.

Finally, we make an interesting observation. On the one hand, our effective inflation
potential arises for all three models studied here as an approximation of, for example, type
IIB string theory constructions of axion monodromy inflation with an F-term supergravity
description [4-12] as well as of models of D-term hybrid inflation [18,30,31]. Moreover, we
found in this work that all our models show a form of polynomial flattening of the naive

quadratic inflation potential by subtracting (at leading order) a higher-power monomial term
in ¢
Vie)~ ¢ fp),  flo)=1-cp’+...,  py=2. (6.7)

The flattening occurs in a regime with ¢ < 1 and small higher-oder coefficients.

On the other hand, there is a large class of models of axion monodromy inflation which fea-
ture a form of monomial flattening [32,33]. Some of these setups work without a supergravity
embedding or with inflation from a sector with non-linearly realized supersymmetry arising
from non-supersymmetric compactifications like Riemann surfaces [32-36] while another one
uses an F-term monodromy setup [11]. In these constructions a quadratic or quartic inflation

potential flattens by suppressing the monomial power p < py,

V() ~ o f(p),  fle)=¢ "  pyp=24. (6.8)

The correlation between the two types of flattening — polynomial and monomial — may be due
to the different mechanisms of volume stabilization (non-perturbative versus perturbative),
which may hold more widely. Moreover, the two types of flattening have quite different
observational predictions, with polynomial flattening corresponding to the green band and
monomial flattening yielding the red band in Fig. [f] Future CMB data may enable us to
discriminate between the two types of flattening — and hence maybe even between classes of

string compactifications.

7 Discussion and conclusion

The aim of this paper is to study the interplay between Kéhler moduli stabilization and large-

field inflation in the context of string-effective supergravity models. We find that if moduli
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stabilization breaks supersymmetry, the modulus sector never decouples from inflation. On
the one hand, supersymmetry breaking induces a bilinear soft mass term for the inflaton
which can potentially drive 60 e-folds of slow-roll inflation. On the other hand, the potential
contains dangerous terms which destabilize the moduli if the inflaton field exceeds a critical
value.

We have illustrated our results in three prominent models of moduli stabilization: KKLT,
Kahler Uplifting and the simplest Large Volume Scenario. In all three models we have ana-
lyzed corrections to the inflaton potential from supersymmetry breaking and from integrating
out the moduli. Although the dominant source of supersymmetry breaking and the structure
of vacua differ in the three models, they share a number of common features. First, we find

that all of them give rise to an effective inflaton potential of the form

1

1
Vip) = §m?p <P2 - Z)\@4,

after the moduli have been integrated out. Hence, they share universal predictions for the
CMB observables, in particular r» = 0.05. Second, in all models the stability of moduli during
inflation imposes a severe lower bound on the scale of supersymmetry breaking. In KKLT
this is the well-known bound m3/, > H. In Kéhler Uplifting and the Large Volume Scenario,
the moduli masses and the potential barrier are suppressed compared to mg/, due to an
approximate no-scale symmetry. This leads to the more stringent constraint mg,, > H VYV,
where V denotes the volume of the compactification manifold. Unfortunately, this implies
that supersymmetry can no longer protect the flatness of the inflaton potential. This is
opposite to chaotic inflation with a stabilizer field, where the gravitino mass must be para-
metrically smaller than the inflaton mass. Third, in all considered schemes the parameter
choices required by successful inflation appear unnatural from the perspective of string the-
ory. Although our analysis is limited to specific examples we believe that this problem is
characteristic for a wide class of large-field inflation models coupled to a modulus sector.
Another important caveat is that the initial conditions of inflation must be chosen very
carefully. The moduli are destabilized if the energy density of the universe exceeds the barrier
protecting their local minimum. In this case, the desired regime of slow-roll inflation is never
reached. In this sense, the effective inflation models obtained after integrating out the moduli

are no longer “chaotic”.

Acknowledgments

The authors would like to thank Arthur Hebecker, Koji Ishiwata, Renata Kallosh, Andrei
Linde, and Lukas Witkowski for stimulating discussions. This work has been supported by the
German Science Foundation (DFG) within the Collaborative Research Center 676 “Particles,

34



Strings and the Early Universe” and the SFB-Transregio TR33 “The Dark Universe”, and
by the ERC advanced grant “MassTeV”. C.W. acknowledges support by the Joachim Herz
Foundation and would like to thank the CPhT at Ecole Polytechnique for hospitality. E.D.
and L.H. thank the Alexander von Humboldt foundation and DESY Hamburg for support
and hospitality.

A  Moduli masses

A.1 Supergravity mass formulae

Scalar masses in supergravity with zero cosmological constant are given by [37]

2 G _ _ 5 Ayl
maB =€ (Gaﬁ — RO&B’}/&G’YG + VQG’YV5G3/) y (A 1)
mgg = e (2VaGp + G'VaV3G,) |

without taking canonical normalization into account. Here, R 3.5 is the Riemann curvature

aBy
of the Kéhler manifold and Fg‘7 = G**03G~5. Notice that these expressions can be used to
compute physical masses in the ground state of the theory, but not during inflation.

The fermionic mass matrix, on the other hand, is given by
(Mp)ag = €92 (VaGs + GaGp) . (A.2)

After extracting the goldstino-gravitino mass mixing, the fermionic mass matrix becomes

1 2
(mF)aﬁ = eG/Q (vaGﬁ + 3GaGﬁ> = eK/2 (DaDﬁW — BVVDQWD,BW> . (A.3)

The fermionic masses also define the supersymmetric contribution to the scalar masses. Hence,

we can define the soft scalar mass matrix mg by subtracting the fermionic mass contribution,

5 1
meg = (mrmp)ag + (Gaﬁ — Rojs GG + 3GaGﬁ> = (memh) o+ (m8)05
9 (A.4)
mi,@’ = 26G/2(mp)a5 + e¢ <3GQG5 + G’YVQVBG,Y> ,
where (mFm}> 5= GV (mp)ay (M) gy = (m%)ag. Furthermore, it is useful to define the

inverse supersymmetric mass matrix,



A.2 Nearly-supersymmetric stabilization

If the supersymmetric masses are much larger than the supersymmetry breaking scale, mp > mg s,

we can expand the inverse mass matrix,
2 (2 ¥ —2\70 (2
Mo = (M3),, [55 + (mg”) (mo)ag]
—onaB __ . —2\BB [ca —2\a0 ¢ 9
= (m )~ ()" 55 = (mg?)™ (md) 53] - (A7)
In this limit the holomorphic terms mi 5 are small, so that for the inverse of the mass matrix

2 2

2 _ maB ma,B
M= oo | (A8)
afB ap
we find
L (m=)P ()l (m)P
M= _ N . (A.9)
_(mf2)ﬁam25(mf2)ﬁv (m—2)P7

B Details of integrating out supersymmetry-breaking moduli

B.1 Obtaining the general result
The coefficients of the Taylor series in Eq. are given by
Vo = %0 { K57 W + Ko.aWinod] [W5 + Ko 5Wmoa] = 3|Wanoa[*} (B.1a)
Vi = el {—;Kg‘ﬁ (Ko,5DaWod + Ko.aDgWmod) + mK; ' + g(Wmod + Wmod)} ,
(B.1b)

1 —
Vi = ;e {KgﬁKo,aKoﬁ _ 3} , (B.1c)

where DoWiod = Wiod,a + K0,aWmod- Expanding these coefficients at leading order in
0Ty < Th 0 leads to

_ 1 _ m? . m? 0T 5
VoTo, Ta) = 5 (67w 6Ta) | 9% 27 ) (B.2a)

2 m2_. m2 013

af apB

— — oy oV —
Vi(Ta, Ta) = Vi(Tao, Tao) + 6T + 6T + ..., B.2b
1 ) =Vi(Tap, Tap) + ot OTe + 57 0Ta (B.2b)
V2(TaaTa) = ‘/Q(TQ,O)TE!,O) o, (BQC)

keeping only the leading-order terms up to fourth order in . mi 3 and miﬂ denote the mass

matrices of the moduli fields in the true vacuum. They can be found in Appendix [A]l In the
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expansion of Vj we have used that the cosmological constant vanishes in the vacuum and that

the moduli trace their minima adiabatically. In particular,
Vo(Ta0, Tao) = 0aVolr=1, = 0. (B.3)

Plugging the results Eqgs. (B.2a) back into V and introducing p, = (Ta,Ts) leads to the
expression given in Eq. (2.12)). From this, by minimizing we find the moduli displacements

Eq. (2.13), and subsequently the most general expression for the effective inflaton potential,

cf. Eq. (Z14),

V= 4/1( T, Tap0) me® + V2( To0, Ta0) m*e"

_1(% M) ((mZ)aB (m2)a,8> % 2, (B.4)

2 \9Ta 9T4 (m—2)&8 (m—Z)a,B Vi

Ts
By a straight-forward computation, one can find

oy

1 - .
o r=n = ¢ { - 5k{ [ K5DaDgW + (Kop + KoK — T,K,) D5 W

(B.5)
+ DWW + K W +mK[ 2(K Ky — Kl,a)} ;

where Do DgW = VoDgW + K,DgW.
Using the mass formulas of Appendix |A] the effective potential Eq. (2.14]) can be further
simplified. In particular, using the approximation that the supersymmetric mass scale is much

larger than myg/,, cf. Appendix we find

(M av1><(m_2)“5 (m—2)a6> 5’%

0T Ts —-2\& —-2\&
T, T s (m 2) ] (m 2) B %

~ L L _m2 —| +he
o7 (m™%) 9T, mg-(m™") T, +h.c

1 3 1 - €E a)
~ §eK0K35K07aK075 — 263K0/2{K5(mpl)55 [ — K§(Kpe + KgKe — T K-) De

W
+ 2D W + 3K5W + 2mK; 2 (Ko g K1 — Kw) +hee. } (B.6)

Inserting this into V', we find the approximate effective potential Eq. ( - We remark
that there are subtleties involved: when supersymmetry is broken, the fermion mass matrix
has a zero eigenvalue, corresponding to the goldstino direction. Therefore, it is necessary to
make the scalar partner of the goldstino very heavy, so that its entry in the inverse scalar
mass matrix can be neglected and Eq. indeed can be used to obtain the leading-order
result. However, it would be interesting to find an analogous expression to Eq. in the
case that this is not possible. Note that this problem can be avoided in the case where the

supersymmetry breaking field is nilpotent [3§].
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B.2 Applying the general result: KKLT moduli stabilization

In order to illustrate how this general result can be applied to specific examples, we consider

the effective action described by

4
K_—31n(T+T)+;(¢+$)2+]X]2—)jg, -

1
W =Wy+ Ae T 4+ fX + §m¢2,

i.e., the example of Sec. [3] As discussed before, if A is small enough the scalar in X is
heavy and its displacement during inflation dX negligible. In this case, we can safely omit
the sgoldstino and goldstino entries in the scalar and fermion mass matrices, respectively.
With f ~ /3Wy for cancellation of the cosmological constant, the leading-order vacuum

expectation value of T and its contribution to supersymmetry breaking are

3 9 3
Ae=9To 4+ 2 W~ 0 Gr o ——2 T2 B.8
ade "+ o oD, TS T haTg a (B.8)

A leading-order computation of the scalar and fermion masses in Eqgs. (A.1)) and (A.3]), re-
spectively, leads to

3a
—m
275

3a

2 2 ~
32, (mp)rr = ~or, /2 (B.9)

~ 20202 2
My /& 3a"ms g, Mpp &

Notice that m%T < m%T. Moreover, after canonical normalization of the kinetic terms the

scalar and fermion masses are, at leading order
ma ~ |(mp)r|> ~ 4a2T02m§/2. (B.10)

Therefore, in this case the “nearly-supersymmetric” approximation outlined in Appendix
applies. Thus, also the final result Eq. (2.16]) does apply. Actually, using the assumption that
the scalar X is heavy and that its vacuum expectation value is negligibly small, all indices in

Eq. (2.16) turn out to be modulus indices only. A straight-forward computation then yields

IWy 3 6
V= f 2 3 — 2_° (4 2 4
1673 [(m omio aTom>“’ 8( +2aT0>m‘p
1/ ., .. 9 , 3 3\ 5.
:2<m +3mm3/2—2aT0mm3/2><p —16<1—|—aT0>m90, (B.11)

which, at leading-order, coincides with the naive expectation of Sec. and at next-to-
leading-order with the result of Sec. [3.2]
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B.3 Chaotic inflation with a stabilizer field

The coefficients of the Taylor series in Eq. (2.22)) are given by

vo:eK{Kg%awmodD T e + K 2| o - K55 WanoaST —3'Wm°d'2}
Kgg + KgggslS?
(B.12a)
Vi = — 2K LK (K 3DaWanod + Ko.aDWinod)
1= 26 0 0,8 a ¥ mod 0,3 V¥ mod
K55(Winod + Winoa) (1 + KgglS|? 174
+ s5( m}o{d . ;od)( o s5151%) —3(Wmod+Wmod)}a (B.12b)
55+ Kggs3!S]
_ 1+ Kgg|S)?
0 *08 Kgg + KgggslS?

where we have defined DoWinod = Winod,a + K0,aWmod- Expansion of these coefficients in
0T, and v leads to

1 N\ [mPs m2g) [T
Vo = 7<6T 5T@) af  ep B+ mde? + ... (B.13a)
2 méﬁ méﬁ 0713
oV; oV,
Vi = Vi(Toa, Toa) + 8T1 5Ty + aTl 6T : (B.13b)
= effo 2 Ko [ 0B Kgsss
Va(Ta,Ta) = o + 0% | K Ko a5 — —35°% | + ... (B.13c)
SS S

keeping only the leading-order terms at order ¢ in the scalar potential. Plugging the coeffi-
cients back into V' and minimizing with respect to the field displacements gives Eqs. ([2.23)
and (2.24). The most general result for the inflaton scalar potential then reads

V = 17’)’[,2()02 eKO _ ‘/12
2 Kcs
S5 m% 4+ Im2p2efo (K Koo Koz — KSSSS)

4 4v2

B 2

2 [m% + 3m2p2elo (KO Koo Koz — KSSSS)]
_ 3 _ [2d%
y (ﬂ 3\/1) <(m 2)%6 (m 2)aﬁ> 6?; + (B.14)
T o7 L L .
T 5 m 2)a,3 (m 2)a6 %

Again we can rewrite

oy

1 _ o
— __¢Ko {ng[KﬁpaDﬁWmod + (Ko + KoK — T 3K ) Dy Winod
aT T=Tb,5=0 2

(B.15)
—DoWiod — Kanod} .
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In the near-supersymmetric limit, using the expressions in Appendix we find

) (o o) (B

o T4 m72)o75 (m72)d5 %

1 3 1 _ _
~ §eK°KgBKO,aKO7B + 2e3K0/2{K5(mF1)55 [ng(Kﬁe + KK — T K\ ) DeWnoa
1.
— DsWinod — §K3Wmod} + h.c.} . (B.16)
Using this, we find the simplified inflaton scalar potential in Eq. (2.25)).

B.4 Details on Kahler Uplifting and LVS

From the Kéhler potential of the Kéhler Uplifting scenario,
K=-2In [(T+T>3/2 +el,

we obtain for its derivative and the inverse Kéahler metric,

3T +1)V?
Kp= T TR (B.17)
1T _ (TAT)2 (T +T)°2 +¢)?

3 (T+T)3/2 %

(B.18)

Note that K TT, and therefore the scalar potential, has a singularity at T + T = (%)2/ 3. To

analyze the vacuum structure it is convenient to define the functions

 (~a+ Kp)KTTKr 41
IrKTT 4 (—a+ 2K7)KTT’
_ 2 K
Z(T,T) = — _ T . (B.20)
Y(T,T)2 0rKTT + (—a + 2K7)KTT

(B.19)

The Minkowski vacuum and the barrier to the run-away vacuum can be studied using an
expansion in n = £/(2(T + T)3/?),

KT:—(TiT)(l—%Jr...), (B.21)
_ m\2
KTT = (T+3T)(1+5n+...), (B.22)
3 9
Y= [1_2”(1+4(a(T+T)+4))+"']’ (B.23)
2 9
Z—W[1—3n<1—2(a(T+T)+4))+...] . (B.24)
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The AdS minimum and the associated local maximum lie to the left of the singularityIE where

we can use an expansion for small T+ T,

/ /
K= SCDYEN @D (B.25)
3 3
o 3(2m)Y? 10(277)3/2
=5 —— (B.26)

The simplest Large Volume Scenario is closely related to K&ahler Uplifting. From the
Kaéhler potential

corresponding to compactification on a swiss-cheese manifold, we obtain,

3(Ty, + Tp) /2

Ky=—""">7 B.27
b Ve (B.27)
3(Ts +Ts)'/?
K= st os) B.28
V+E£ ( )
5 (T +Tp)Y2(V V+3(Ty + T)*/?
3 Y — g
s = — V+
Kbb:(Tb“‘Tb)(Ts‘FTs)iV g (B.30)
2
| — Y 2V + 3(Ty + T)?/% —
K* = 7(TS+TS)1/2( 8 (V43T + T —¢) : (B.31)
3 VY — g
with dr, = 0s, O, = 0. Notice the partial no-scale cancellation
K" R2 + 0K Ky Ky + KSK2 = 3+ ;’fo : (B.32)
2

Since the superpotential does not depend on Tj, the scalar potential takes the simple form
V=K [(KbBKg - 3) W2+ KK, (WDLW + Dp,WW) + KS|DW|2| . (B.33)

Analogous to Kéhler Uplifting the two equations for local extrema, 0,V = 9,V = 0, lead to

two quadratic equations for Dy W,
AW? + BWDr W + Ci(Dr.W)? =0, i=1,2, (B.34)

where we have assumed real parameters. If W?2 # 0 these can be rewritten as

DWW =YW, Z;=0,

1K eeping in mind that this regime is not trustworthy from the perspective of supergravity and string theory.
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where

A1Cy — AxCy

y="-2 """ 7. = A, +BY +C;Y? B.35
B2Cl—BlC2, (2 ’L+ (2 + 7 bl ( )

and

Ay = Ky(KPP K + 2K K5 — 3) + 0y (K" KE), (B.36)
B = 2(KP®K? 4+ K¥Kys + 0 (K™ KY)), (B.37)
C) = Ky K™ + 0, K™, (B.38)
Ay = 05(K"PK2) + KKy (aKs — K2 + 2K) | (B.39)
By = 2(K" Ky K + 05(K"Ky)) + KPP K2 — 3

—aK" Ky + K¥(aK, — K? + 2K) , (B.40)
Cy = K¥(2K, — a) + K» Ky, + 0,K% . (B.41)

In the large volume expansion we obtain, with Ty, = Ty, Ty = T,

KS:W[l—iJr...], (B.42)
e s dar (B4
Z) = 45;3 [1 ~ (2Tf)3/2_a1TS + a(2'_1§)5/2 +.. } : (B.44)
Zy = ?;“Vf [1 - (2T5)3/2—45TS - 2@(2?2)5/2 +] . (B.45)
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