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Abstract

Tree-level moduli stabilization via geometric and non-geometric fluxes in type IIB orientifolds on Calabi—
Yau manifolds is investigated. The focus is on stable non-supersymmetric minima, where all moduli are
fixed except for some massless axions. The scenario includes the purely axionic orientifold-odd moduli.
A set of vacua allowing for parametric control over the moduli vacuum expectation values and their masses
is presented, featuring a specific scaling with the fluxes. Uplift mechanisms and supersymmetry breaking
soft masses on MSSM-like D7-branes are discussed as well. This scenario provides a complete effective
framework for realizing the idea of F-term axion monodromy inflation in string theory. It is argued that,
with all masses close to the Planck and GUT scales, one is confronted with working at the threshold of
controlling all mass hierarchies.
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1. Introduction

The central element in relating string theory to the real world is moduli stabilization, i.e.
a dynamical mechanism that gives a mass to the ubiquitous massless scalar fields. Most of the
more detailed questions about string phenomenology and string cosmology can only be answered
in a framework of moduli stabilization. Of course, it would be a big advance to isolate generic
but specific predictions of string theory derived models, but so far there are only very general
predictions, such as the existence of supersymmetry at a high scale, the existence of axions,
gauge interactions with chiral fermions and the existence of inflaton candidates.

The usual approach to moduli stabilization [1-6] is to start with an A/ = 1 supersymmetric
compactification to four dimensions of one of the ten-dimensional superstring theories, and then
generate a scalar potential for the many moduli by taking into account additional ingredients.
These are tree-level background fluxes as well as perturbative and non-perturbative corrections
to the Kihler potential and the superpotential. Once these data are specified, one can compute
the resulting scalar potential for the moduli and search for minima, which can either preserve
supersymmetry or break it spontaneously. A scenario of moduli stabilization is a restricted set-
up, where a certain type of minima is guaranteed to exist and where one has parametric control
over the emerging scales of the vacuum expectation values and masses of the moduli. It is fair to
say that in view of the vast landscape, so far there only exist few such scenarios. The most stud-
ied ones are the racetrack, the KKLT [7] the large volume scenario (LVS) [8,9], and variations
thereof.

The aim of this paper is to propose a scenario of moduli stabilization, which is entirely based
on the tree-level flux induced scalar potential. The motivation for this study is two-fold, and to
appreciate our approach and its historical embedding let us elucidate this point further.

In the first run of LHC no direct indication of supersymmetry has been found, so that natu-
ralness as a guiding principle is under pressure, and fine-tuning of the Higgs mass (in the string
landscape) might eventually be something we have to face. In most approaches to string phe-
nomenology, a supersymmetry breaking scale of the order Mgusy ~ 1 TeV was used as an input
to fix the stringy scales. Due to Mpi/Msysy ~ 1013, a moduli stabilization scenario, dynami-
cally generating exponential hierarchies, seemed very natural. This is precisely what the LVS
achieves. However, if Myysy is indeed much larger or even close to the GUT scale, then scenarios
generating only polynomial hierarchies might also be interesting to consider.

Furthermore, the BICEP2 claim [10] to have measured primordial B-modes with a large
tensor-to-scalar ratio of r ~ (0.2 has triggered quite some activity in realizing large-field infla-
tion models in string theory. Although by now there is agreement between the PLANCK and the
BICEP2 Collaborations that the main component of the B-modes is due to dust in the foreground
[11-13], BICEP2’s initial results have led to a number of developments in string cosmology.
Invoking string theory is motivated because inflation is UV sensitive. For instance, for chaotic
inflation with a quadratic potential, the mass scale of inflation is at Mju¢ ~ 10'% GeV, the Hubble
scale of inflation at Hinr ~ 101 GeV and the mass of the inflaton is mg ~ 1013 GeV. Therefore,
a mechanism such as the shift symmetry of an axion is necessary to gain control over higher-
order Planck-suppressed operators.” Various scenarios for axion inflation have been proposed,
such as natural inflation [15], N-flation [16], or aligned inflation [17]. During the last year, it was
analyzed how these scenarios can be embedded into string theory [18-32].

2 For other symmetry-based mechanisms to suppress higher-order corrections, see [ 14].
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A promising string theory approach, still allowing for some control over the higher-order
corrections, is axion monodromy inflation [33,34], for which a field-theory version has been
proposed in [35,36] (for a review see for instance [37]). More recently, axion monodromy in-
flation has been realized via the F-term scalar potential induced by background fluxes [38—40].
This has the advantage that supersymmetry is broken spontaneously by the very same effect by
which usually moduli are stabilized. Various scenarios have been studied, mostly in the type IIB
context, which differ by what kind of axion is identified as the inflaton. The latter can be the uni-
versal axion [39], a geometric axion like a complex structure modulus or a D7-brane deformation
developing a shift symmetry in the large complex structure regime [40—42], a Higgs-like open
string modulus [43], or the Kalb—-Ramond or Ramond-Ramond (R-R) two-form field [38,44].
Moreover, in [45] non-geometric fluxes were employed and the inflaton was given by a Kihler
modulus.

In view of single-field large-field inflation, a challenge for string theory is to find a scheme of
moduli stabilization such that a single axion 6 is the lightest state, beyond maybe some lighter
axions providing candidates for the QCD axion or dark radiation [46]. In fact, the challenge is to
fix the moduli such that during inflation the following sensitive hierarchy of scales is guaranteed

Mp > Mg > Mgk > Mint ~ Mmod > Hint > [Mp|, (1.D

where neighboring scales differ by (only) a factor of O(10). An argument for the second-last
relation was presented in [47]. Such a hierarchy can either appear just by numerical coincidence,
or by having a parameter that controls the quotient of two scales. On the formal side such a string
theory realization is constrained by the no-go theorem of [48]. It states that once an axion is com-
pletely unstabilized in a supersymmetry-preserving minimum, its saxionic partner is tachyonic.
Therefore, non-supersymmetric minima are a better-suited starting point.

In [49] it was analyzed whether the no-scale scalar potential for the complex structure and
axio-dilaton moduli in type IIB orientifolds with NS-NS and R-R three-form fluxes admits non-
supersymmetric minima, where a single axion can be parametrically lighter than the rest of the
moduli (see also [50] for an alternative approach invoking tunings in the string landscape). The
procedure, that we will also follow in this paper, is to first turn on large fluxes such that all mod-
uli except one axion are frozen. In a second step, we turn on order-one fluxes freezing also the
last axion, which was parametrically lighter than the rest. The main shortcoming of the original
approach was to neglect the Kéhler moduli. If they could be stabilized by some subleading effect
(as in KKLT or LVS) their masses would be parametrically lighter than the tree-level induced in-
flaton mass. Since the F-term monodromy potential for the latter is a tree-level effect, one should
better stabilize all heavy moduli by a flux induced tree-level potential.

Working in type IIB superstring theory, a superpotential for the Kéhler moduli is generated
(at tree-level) by turning on non-geometric fluxes. In this paper, following [51,52], we study type
IIB orientifolds on Calabi—Yau three-folds and their flux induced scalar potential for the Kéhler,
the complex structure and the axio-dilaton moduli. Therefore, the induced scalar potential is the
one of (orientifolded) N = 2 gauged supergravity [53], where the fluxes are considered as small
perturbations around the Calabi—Yau geometry. Vacua of this potential have been discussed in
toroidal backgrounds in [54—70] and in more general CY three-folds [71,72]. Here, we examine
this framework for the existence of a scheme (a subset of fluxes) such that the following aspects
are realized:

e There exist non-supersymmetric minima stabilizing the saxions in their perturbative regime.
o All mass eigenvalues are positive semi-definite, where the massless states are only axions.
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e For both the values of the moduli in the minima and the mass of the heavy moduli one has
parametric control in terms of ratios of fluxes.

e One has either parametric or at least numerical control over the mass of the lightest (massive)
axion, i.e. the inflaton candidate.’

e The moduli masses are smaller than the string and the Kaluza—Klein scale.

Since, as in the LVS, we deal with a non-supersymmetric minimum, once this is determined we
can continue to study many string-phenomenological and cosmological questions. For instance,
we can compute the effect of this supersymmetry breaking on the MSSM-like theory on stacks
of D7-branes, wrapping a four-cycle not forbidden by Freed—Witten anomalies.

Since we introduce non-geometric fluxes, let us mention some of the open questions and
limitations of our approach:

e We work in the effective four-dimensional supergravity theory. The uplift of new minima of
the scalar potential to genuine solutions of the ten-dimensional string equations of motion is
a subtle problem.

e It is often questioned whether there exists a clear separation of Kaluza—Klein and moduli
mass scales that allow to only consider a finite number of modes in the effective theory.

e Here we are mostly interested in the scalar potential and its mathematical structure for a small
treatable number of moduli. Therefore, we are not carefully specifying global Calabi—Yau
geometries and orientifold projections that concretely realize our supergravity models.

Concerning the first item, we will confirm that for non-geometric fluxes a proper dilute-flux
limit does not exist, so that backreaction is expected. Our point of view is that not having an
explicit uplift does not mean that orientifolded A = 2 gauged supergravity cannot be a consistent
truncation for the dynamics of the string modes kept in the model.

Having expressed our concerns, let us summarize how this paper is organized. In Section 2
we describe the string theory framework that will be used, i.e. type IIB orientifolds on Calabi—
Yau three-folds with various kinds of geometric and non-geometric fluxes. These induce a scalar
potential which is the one of (orientifolded) A" = 2 gauged supergravity. This section partially
reviews known results from generalized geometry, but also adds some new aspects, like the cou-
plings of orientifold-odd moduli to geometric fluxes and the inclusion of non-geometric R-R
P-flux. We also derive the tadpole cancellation conditions and the generalized Freed—Witten
anomaly conditions. Generically, the fluxes fix all closed string moduli at tree-level.

In Section 3 we first present some simple examples, with a small number of Kéhler moduli
and no complex structure moduli, that show a peculiar pattern. Namely, for n moduli the superpo-
tential contains 7 4 1 terms so that the requirement that all terms scale in the same way with the
fluxes uniquely fixes the scaling of the frozen moduli with the fluxes. By minimizing the scalar
potential we find that this intended scaling behavior indeed shows up in the minima. Generically,
both supersymmetric AdS and stable non-supersymmetric AdS minima appear, where the latter
can be tachyon-free and are our main interest throughout this paper. The scaling behavior allows
us to gain parametric control over the physics in these minima, in particular to fix the dilaton
and the Kéhler moduli in their perturbative regime, or to adjust the relative sizes of the string,

3 Axions staying massless at tree-level can only receive tiny masses from non-perturbative effects and are expected not
to interfere with the moduli dynamics in the early universe.
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Kaluza—Klein and moduli-mass scale. We also consider models which cannot be realized on tori,
having for instance a Kéhler potential of swiss-cheese or K3-fibration type. Thus, the flux scaling
behavior is the tool to design certain properties in the minimum.

In the second part of Section 3 we generalize the construction to models also having complex
structure moduli. The more moduli we add, the more likely it becomes that one encounters tachy-
onic directions. We also discuss more models with odd Kdhler moduli and non-geometric P-flux.
At the end, we describe how we can systematically search for this kind of scaling minima.

In Section 4 we investigate whether there exists a general mechanism to uplift tachyons, in
particular those arising when more than one Kéahler modulus is involved. Indeed, we find that the
D-term of an appropriate stack of D7-branes, subject to the generalized Freed—Witten anomalies,
precisely adds a positive contribution to the mass-square of this type of tachyons, while not
affecting the masses of the other moduli. We believe that this is a fairly non-trivial result. In
this section we also discuss the uplift of the cosmological constant by adding a simple term of
the form ¢/V* with « > 0. We find that the uplift by anti D3-branes does not work for these
tree-level models in the sense that « has to be smaller than 4/3.

Section 5 is devoted to discussing aspects related to string phenomenology. First, we com-
ment on the generic issue of justifying the existence of a string theory uplift of these flux vacua
to the full ten-dimensional string theory. Then, we concretely evaluate the various resulting mass
scales, which generically are only a few orders below the Planck-scale. For that purpose we in-
troduce a well-defined notion of parametric equality or inequality, respectively. We also estimate
the tunneling amplitude between different branches of the flux landscape. Having a source of
supersymmetry breaking in the bulk, we compute the gravity-mediated soft-masses on stacks of
D7-branes, both for a bulk and a sequestered set-up. For the latter case anomaly-mediation is the
dominant contribution. Such a sequestered scenario is important for lowering the supersymmetry
breaking scale down to the intermediate or even the TeV regime.

In Section 6 we analyze the models with respect to the presence of axions capable of realizing
F-term axion monodromy inflation. We mostly consider the scenario where an axion can gain a
parametrically small mass via turning on additional fluxes. In this case we follow the ideas put
forward in [49] in the context of no-scale models. Generically, a tension between this kind of
parametric control and the Kaluza—Klein scale shows up. In a separate article [73] we discuss a
toy model for this kind of scenario, in which the backreaction [74] of the heavy moduli onto the
flow of the inflaton can be taken into account analytically.

2. Fluxes and branes in type IIB orientifolds

In this section, we describe the set-up we will be employing in the following: This is type IIB
orientifolds with geometric and non-geometric fluxes, where the latter are used to stabilize all
moduli at string tree-level. We also derive conditions arising when fluxes and D-branes are
present simultaneously, which can be considered as generalized Freed—Witten anomaly cancel-
lation conditions.

2.1. Orientifold compactifications

The framework we are considering is that of type IIB string theory compactified on orien-
tifolds of Calabi—Yau manifolds M. The orientifold projection Qp(—1)Lo contains, besides
the world-sheet parity operator Q2p and the left-moving fermion number Fi,, a holomorphic in-
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volution o : M — M. We choose the latter to act on the Kéhler form J and the holomorphic
(3, 0)-form 23 of the Calabi—Yau three-fold M as

o*:J—+J, o*: Q53— —Q3. (2.1)

The fixed loci of this involution correspond to O7- and O3-planes, which in general require the
presence of D7- and D3-branes to satisfy the tadpole cancellation conditions.

2.1.1. Cohomology
In order to establish the conventions for our subsequent discussion, let us note the following.
We denote a symplectic basis for the third cohomology of the Calabi—Yau manifold M by

fan, Yy e H' M), A=0,....h"", (2.2)
which can be chosen such that the only non-vanishing pairings satisfy

/aA ABE =857 (2.3)

M

For the (1, 1)- and (2, 2)-cohomology of M we introduce bases of the form

{wa} € HYI (M),

A=1,... Kbl 2.4
(@) € H22(M), et 24

and for later convenience we also define {w4} = {1, wa} and {®*} = {dvolg, @"}, with A =
0,...,h"1. The latter two bases are chosen as

/a)A AP =548 (2.5)
M

Turning to the orientifold projection, we have to take into account that the holomorphic invo-
lution ¢ shown in equation (2.1) splits the cohomology into even and odd parts. This means in
particular that

HPI(M)=HP I M)y HP Y M), hPd =nl? + hP7 (2.6)

We also note that constants as well as the volume form dvolg on M are always even under the
involution. For the other bases introduced above, we employ the following notation

{we) € HU' M) a=1,...,hL", {w) e HY' M) a=1,...,h"",
{@ye HI*(M) a=1,...,hL", {@ e H* M) a=1,....h"",
fog, e HIM)  A=1,...h%", (e pleH M) A=0,....0%" @7

2.1.2. Moduli fields

Compactifications of type IIB string theory on Calabi—Yau orientifolds with O7- and
O3-planes are well-studied. Here, we recall only some results which are needed below; for
more details we would like to refer the reader to the original papers [75-77], and for a broader
overview for instance to [4,78].

We first note that under the combined world-sheet parity and left-moving fermion number
operator Qp(—1)f1 the ten-dimensional bosonic fields in type IIB string theory transform as
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Table 1

Moduli in type IIB orientifold compactifications.

Number Modulus Name

1 S=e?—iC axio-dilaton

h%l Ul=vi +iul complex structure

nl! Ty = tq +i po + - Kihler

'l GY=Sb" +ic axionic odd
g ¢, Co, C4 even,

Qp(—DT = 2.8)

By, Cy odd,

where g, ¢, By are the metric, dilaton and Kalb—Ramond field, and C, denote the Ramond—
Ramond potentials. The components of the ten-dimensional form fields which are purely in the
six-dimensional space M can then be expanded as

e ) =10y,  Br=b'w,, Cr=c"wy, Ca=pyd”, (2.9)

where the factor of e=#/2 for J has been included for later convenience. It implies that {t*} is
expressed in Einstein frame. We also note that the potential C4 appears in the five-form field
strength as fs =dCyq4 — Cy A dB>. The moduli fields of the effective four-dimensional theory
after compactification are summarized in Table 1 (see [76] for more details). The full definition
of the Kéhler moduli 7, is given by

1 1 1 -
To=3 Kapy 1?17 +i (pa ) Kaabcabb) 4 ¢ kaabG*(G +G)’, (2.10)

where the triple intersection numbers are defined as xagc = f M @A N wB A wc. Note that since
the holomorphic involution o has to leave the constants xagc invariant, it follows that the com-
ponents K4y and kg, are vanishing.

The complex structure moduli U' are contained in the holomorphic three-form €23. The latter
can be expanded in the basis of odd three-forms shown in (2.7) as follows

Q3 =X oy — F. . (2.11)
Usually, the periods F; can be expressed as derivatives F; = d F /3 X* of a prepotential F. In the

large complex structure limit Re U > 1, the prepotential takes the form

dijr X' X7 x*
F=20k2 272 iRt 2.12)
X0
where the constants d; jx are symmetric in their indices. In terms of the periods X *_ the complex
structure moduli are given by
r__ o1 Pl — 5
U=v+iu = lXO. (2.13)
Note that X° does not contain any physical information and can be chosen as X° = 1. For later
reference, we also note the following relation

0<—i/93A§3=8|X°|2d,~,~kvaf'v’< for k2! 0. (2.14)
M
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For h*! =0 the right-hand side in (2.14) is replaced by 2 |XO|2 Im (FO/XO) and we usually take
Fy=i.

2.1.3. Scalar potential
After compactifying the ten-dimensional theory on a Calabi—Yau orientifold, the F-term po-
tential of the four-dimensional theory is given by the standard supergravity formula
M4
Vp=-2
T

expressed in terms of a Kéhler potential K, the corresponding Kéhler metric K ;7 = 9;93 K and
a superpotential W. The Kéhler-covariant derivative is given by DfW = o; W + (3; K) W, and
the sum runs over all holomorphic and anti-holomorphic fields in the theory. At tree-level and in
the large-volume regime, the Kéhler potential reads

eK<K17D1WDjW—3|W|2), (2.15)

K = —log —i[QA§ —log(S+§) —2logV, (2.16)
M

where V = é Kapy1®tP17 denotes the volume of the Calabi-Yau three-fold M in Einstein frame.
It is expressed in terms of the two-cycle volumes 7% introduced in (2.9). Note that in order to write
V in terms of the moduli fields T, G¢, S, one has to invert the relation (2.10). We furthermore
observe that the Kéhler potential (2.16) satisfies a no-scale relation [76]

K" 0K)@;K) =4, (2.17)

where the sum runs over the axio-dilaton S, and the even and odd moduli 7T, and G%. However,
perturbative corrections to the Kdhler potential will spoil this no-scale structure.

2.2. Geometric and non-geometric fluxes

The moduli fields shown in Table 1 are a priori massless, and therefore are in conflict with ex-
perimental observations. However, by turning on fluxes on the Calabi—Yau manifold M, a mass
term for the moduli can be generated. Usually, one considers the three-form flux

Gy=F—iSH, (2.18)

where § = (dC») and H = (d B,) are fluxes for the two-form potentials C, and B;. These fluxes
can be expanded in the basis of three-forms as

F=—Fan+frp", H=—h"ap+hypt. (2.19)

In addition to the §- and H-flux, in this work we also take into account geometric and non-
geometric fluxes F/;x, Q;/K and R’/K . In the context of type IIB orientifolds, these fluxes
have been studied for instance in [52,54,57,71,79]; here we will not repeat this analysis but re-
call only those expressions needed in our discussion.

2.2.1. Twisted differential and Bianchi identities
Following the approach of [52,54,57,71], let us introduce a twisted differential acting on
p-forms. This differential contains the constant fluxes H, F, Q and R, and is given by

D=d—HAN —-Fo —Qe —R_, (2.20)
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where the operators appearing in (2.20) implement the mapping

HA: p-form — (p+ 3)-form,
Fo : p-form — (p+ 1)-form,
Qe : p-form — (p — I)-form,
R. : p-form — (p —3)-form.

2.21)

For the present example of a Calabi—Yau three-fold, we can be more specific about the action
of D. Recalling our notation (2.7) and following [52], we introduce the geometric and non-
geometric fluxes as

Dap =qawa + faad?, DL =g twa + fRa0",
Dwa= fAaan — fanp®, Dot =—3"ap + qap2. (2.22)

Here, fA 4 and f A, denote the geometric fluxes, while ¢ A2 and qAA are the non-geometric
ones. Moreover, we use the following convention for the H- and R-flux

fao=ha, fro=n",
ar’=ra.  @'=7t. (2.23)

Imposing then a nilpotency condition of the form D? = 0 leads to the well-known Bianchi iden-
tities for the fluxes [54]

0=g" 4 f¥4— fAag*2, 0=gafsa— fangs?,
0=ga fZa— fang™", 0= f2aqa® — faag"?,
0=fMafap—faafls,  0=3""ga? —qa"g". (2.24)

We now want to take the orientifold projection into account. To do so, we first note that under
the combined world-sheet parity and left-moving fermion-number transformation, the five types
of fluxes behave as

§—> -7,
H— —H,
Qp(—DL:l F S F, (2.25)
Q - - Q )
R— R.
Thus, under Qp(—1)T only the fluxes F and R are even. Including the holomorphic involution o
defined in (2.1) and recalling (2.7), we can deduce the non-vanishing flux components as follows

S s i)‘,
H: hi, h*,
F : f};av f)\otv f)\a’ f)L(la (226)
Q . qﬂa q~):a C]Aa ch{
. A‘ 9 N b 9 9
R : T, P

2.2.2. Superpotential

Let us turn to the scalar F-term potential (2.15). The Kéahler potential appearing in Vg is
shown in equation (2.16), whereas the superpotential W induced by the background fluxes will
be determined in the following. For non-trivial fluxes § and H, it has been shown in [80] that the
superpotential takes the form
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wh = /[3+ dchgVL AQ;, (2.27)
M

where, in the present conventions, the complex multi-form of even degree ®¢¥ is defined as
follows

O =iS—iGwy —iTy&. (2.28)

The subscript on the parentheses in (2.27) means that the three-form part of a multi-form should
be selected, and the operator dy is defined as dg = d — H A. Evaluating then (2.27) leads to the
familiar Gukov—Vafa—Witten superpotential [81].

However, in order to account for other geometric as well as non-geometric fluxes, the authors
in [54] (see also [57,71,79]) proposed to replace the operator dg in (2.27) by D defined in (2.20),
that is

dyg —D. (2.29)

‘We mention that in [71], the case At =0 was studied, which we generalize here to htt #0.
The superpotential we are therefore considering is expressed as

W = /[g+pq>§V]3 A
M

=/[S—iSH+iG“(Fowa)+iTa(Qo(?)"‘)L/\Qg. (2.30)
M
Employing then the expansions (2.11) and (2.19) together with (2.3), and using the action of D
on the cohomology defined in (2.22), we find the following expression for the superpotential
W(z) — _(TKX)L _ Nf‘)x F)L)
+iS(hu X" — " Fy)
—i Ga(fkaX)L - f‘)haFA)
+i Ty (" X* — ™ F) . (2.31)
Note that the fluxes are subject to the Bianchi identities (2.24). We observe that the R-flux does
not appear in W and that the geometric flux couples to the odd moduli G¢. Furthermore, the

peculiar feature of this superpotential is that it only depends linearly on the three kinds of moduli
S, G T,.

2.2.3. Contribution to the tadpoles
The fluxes appearing in the superpotential (2.30) contribute to the tadpole cancellation condi-
tions. In general, for a D p-brane charge the tadpole cancellation conditions take the form

Np 4+ Y 0p), =0, (2.32)
D-branes
O-planes i
where the sum runs over all D-branes and orientifold planes present in the setting. The flux part
can be derived by varying the type IIB action with respect to the R-R potentials C,, (in the
democratic formulation [82]). We find that [83]
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P
1 (-Dz ~
Sc, Sp = —5 s, n[@-HNF] 233
¢, SiB 2 / > p A ( 3N § 10mp (2.33)
R31x M
where § p=dCp_1 — H3 N Cp_3 denotes the generalized R-R field strength. To obtain the

contribution of the non-geometric fluxes, we then perform the replacement shown in (2.29) (see
also [71]).

The D3-brane tadpole originates from the variation with respect to Cy4, and leads to the famil-
iar H A § expression. For the D5- and D7-brane tadpole we consider the variation with respect
to Cg and Cg, to which non-geometric fluxes contribute. After a short computation, we obtain

NI = —f, it +§* s
[ND¥], = +5x fra =T fra
[NBS]" = =56 + 7 a2 (2.34)

Below we discuss the contribution to Qp, due to magnetized D7-branes.
2.3. D7-branes, tadpoles and Freed—Witten anomalies

When constructing models of particle physics in type IIB string theory, we are required to
introduce D-branes which, in the present setting, are D3- and magnetized D7-branes. Note that
these D-branes contribute to the tadpole cancellation conditions (2.32), and that the mutual pres-
ence of fluxes and D-branes gives rise to a number of consistency conditions. The most famous
one is the Freed—Witten anomaly condition [84], following from the relation dF = H for the
two-form gauge field

F=FKh+B (2.35)

on the D-brane. This implies that fr3 H = 0 for every three-cycle '3 in the D-brane world-
volume. In this section, we discuss the contribution of D-branes to the tadpole cancellation
conditions, and we derive generalized Freed—Witten anomalies for D-branes in non-geometric
flux backgrounds.

2.3.1. D-branes and tadpole contributions

We begin by recalling some fact about D7-branes in type IIB orientifolds. In order to keep
our discussion general, it is useful to work in the upstairs picture and carry out the orientifold
projection later. For that purpose, upstairs, we introduce all objects such that the orientifold
projection leaves the whole configuration invariant.

The generic single-brane configuration we are considering consists of a D7-brane wrapping a
homological four-cycle X in M, and carries an abelian gauge flux £ = (F) along the four-cycle.
From the upstairs point of view, the orientifold projection Qp(=)fLs maps such a brane to an
image brane, wrapping an image four-cycle ¥’ with an image gauge flux £’. Neither item of the
data has to be orientifold invariant by itself. Instead, for a generic U (1) brane configuration we

have
E=%+3- Qp(~DfLo Y =%, -%_
<5=8++€ ) — <g/=_g++5>, (2.36)

where the overall minus sign for £ comes from the fact that the gauge field is odd under
Qp(—=1)TL. The fluxes as well as the Poincaré duals of the four-cycles are two-forms, that we
can expand in the basis (2.7) as



R. Blumenhagen et al. / Nuclear Physics B 897 (2015) 500-554 511

[E]+ :mawa ) [Z]— Zmawa )
Er=ewy, E_=cw,. (2.37)

A stack of N such brane-image-brane pairs contributes to the D7-, D5- and D3-brane tadpole
equations (2.32). For the present setting, we can refer for instance to [83,85] (see also [78] for a
more extended discussion) for the contribution to the tadpoles. With x (X) the Euler number of
the four-cycle ¥ wrapped by the D7-brane, we find

Op3 =—N e*ePmCrpsc — 2 x (D),
[Ops], = +2N (m®e” + e“m”) kaa .
[Op7]" = +2Nm”. (2.38)

2.3.2. Freed—Witten anomalies

Let us now turn to the Freed—Witten anomaly cancellation conditions. This issue has been
discussed in similar configurations of D-branes and fluxes in [56,65,86-88].

In the presence of geometric flux, the Freed—Witten conditions guarantee that the cycle
wrapped by the D-brane is still closed in the deformed geometry. For the previously introduced
D7-brane wrapping ¥ = X + ¥_ this means that

OIS =m (ot = frab®) +m(Fac; = f;,6") =0. (2.39)

In components, this relation can be expressed in the following way

Ozm“f’\a, Ozm“f;\a,
0=m? fo.q, 0=m" flo (2.40)

In order to generalize (2.39) to include non-geometric Q- and R-fluxes, let us note that a
U (1) brane can result in a gauging of axionic shift symmetries. This leads to the so-called gen-
eralized Green—Schwarz mechanism, which plays an important role for canceling possible chiral
gauge anomalies in four dimensions. The couplings relevant for the Green—Schwarz mechanism
originate from the Chern—Simons action of a D7-brane and read

Scs ~ / Co N Fp — / Co N F;
R31x% R31Ix %’

+ f CinNENF) — / CiNE NP+, (2.41)
R3Ix¥® R3Ix¥/

where F, denotes the four-dimensional abelian gauge field and £, as before, denotes the internal
background gauge field supported on the D7-brane. The ellipsis indicate that there are additional
terms in the Chern—Simons action, which are however not of importance here.

Let us now focus on the first line in (2.41) and expand the R—R form Cg in the basis of even
and odd four-forms shown in (2.7). Ignoring terms of different degree in the compact space, we
find

Co=Croq@*+Crad*+--- (2.42)

Performing a dimensional reduction of the first line in (2.41) to four dimensions, we obtain the
Stiickelberg mass terms
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844 ~ [ 2m® Cyq A F;. (2.43)
R3.1
As usual, such a term implies a gauging of shift symmetries of the zero-forms dual to C; , in
four dimensions. In the present setting, we have the relation (see for instance [78])

Cora «— —c*, (2.44)
where the four-dimensional scalars ¢* have been defined in (2.9). The gauging of the shift sym-
metry means that under a U (1) gauge transformation A — A + dA the scalars transform as

=t +ma, (2.45)

where A is the open string gauge field on the D-brane with field strength F5. Since gauge in-
variance is a fundamental property of all interactions, we have to require that the flux induced
superpotential (2.31) is gauge invariant. This imposes extra constraints on the fluxes, which are
the generalized Freed—Witten anomalies. More concretely, in order for the superpotential (2.57)
to be invariant under (infinitesimal) transformations (2.45), we have to impose

OZmaanv OZmufkas

0=kapem” @2, 0=kapem” 3" (2.46)
Note that the first column corresponds to half of the conditions shown in (2.39).

We next turn to the second line in (2.41) and perform a similar analysis. We expand the R-R

four-form Cy as

C4=Cwg+Cwa~+ -, (2.47)

and dimensionally reduce the Chern—Simons terms. The resulting Stiickelberg mass terms take
the form

S4 ~ / 2 (Kaﬁy mP e + kupe m”e“) C{AF,. (2.48)

R3,1

The four-dimensional two-forms C5 are dual to the four-dimensional scalars p,, appearing in the
Kéhler moduli 7y, whose shift symmetry is again gauged. In particular, under open string U (1)
gauge transformations A — A + dA, we have

Pa = Pa + (Ka/gy mPe’ + kgpe mbec) A (2.49)

The gauge invariance of the superpotential (2.57) together with the relations (2.46) then leads to
the following Freed—Witten conditions

0=kKapy mP e’ ¢,% 0=kKapy mP e’ Gt . (2.50)

Let us conclude this section with the following two remarks on the generalized Freed—Witten
constraints derived above:

e The relations shown in (2.46) and (2.50) imply that a pure D7-brane placed on an orientifold-
even four-cycle with vanishing gauge flux satisfies the generalized Freed—Witten constraints.
Such a brane would carry SO/SP gauge group.
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e Once we deform it to a U(1) brane, either geometrically or by gauge flux, we find extra
non-trivial constraints. Note that this generically also leads to a chiral matter spectrum on
the D7-branes. Thus, we expect that the Kihler moduli governing the size of the four-cycle
wrapped by a (chiral) D7-brane cannot be stabilized by turning on (non)-geometric fluxes.
We investigate this effect for certain examples later. This situation is reminiscent of the
freezing of Kéhler moduli via brane instanton effects [89].

2.4. S-dual completion of non-geometric fluxes

With the additional geometric and non-geometric fluxes F, Q and R, the superpotential (2.30)
does not transform covariantly under S-duality. In particular, a non-vanishing Q-flux spoils the
invariance of the scalar potential (2.15) under SL(2, Z); it has therefore been suggested to intro-
duce a so-called P-flux in order to restore the covariance of W [55]. Further aspects of P-fluxes
have been considered in [61,65,88,90,91]. Here we are mostly interested in extending the super-
potential to include G-moduli.

To address this point, let us begin by recalling that the ten-dimensional type IIB action (in
Einstein frame) is invariant under the following transformation*

aS—ib Cy a b C
—> s 2.51
T icS+d (B2>_><c d)<32> @3

where the matrix with components a, b, ¢, d is an element of SL(2,Z). The Kéhler potential
(2.16) transforms under SL(2, Z), and thus the superpotential W has to transform as well for the
scalar F-term potential (2.15) to be invariant. More concretely, we have

K—K+log(lies+df’) = w- (2.52)

—W.
icS+d
Turning now to the moduli shown in Table I, from (2.51) we can determine the following trans-
formations

G* - ﬁ G, T, —T,+ ’5 ﬁ Keape GPGE . (2.53)

Let us note that despite these somewhat involved transformations rules, the term —21logV in the

Kéhler potential (2.16) stays invariant. This is to be expected since V = %Kaﬁyt“tﬂ ¢tV depends

only on the two-cycle volumina {#*} (in Einstein frame), which do not transform under SL(2, Z).

Given the above results, we can now construct an SL(2, Z)-covariant extension of the super-

potential (2.30). In particular, in analogy to the Q-flux we introduce a so-called P-flux [55] as a
map

Pe : p-form— (p —1)-form, (2.54)
which transforms in combination with Q as a SL(2, 7Z) doublet
0 a b 0
<P) — (c d> (P) . (2.55)

Note that the action of the P-flux (2.54) is analogous to that of the Q-flux. In particular, extending
(2.22) we have

4 In the conventions employed here, the combination Cq — % Cy A By is invariant under SL(2, Z), and the unusual
factors of i in the transformation of § are due to S =e~® — i Cop.
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—PoaAszAa)A, —Po,BAzﬁAAa)A,
A=—pMan+ patpt. (2.56)

For the superpotential, we then require the transformation behavior shown in (2.52), which leads
us to the following expression

W<3>=/[s—iSH
M
+iG*(Fowy)

—Pewy =0, —Ped

+iTy ([Q—iSPled”)+ %KW G"G* (P .5)“)]3 AQ3. (2.57)

Evaluating this expression leads to

1
w®=w® 4 (S Ta + 5 Kabe GbGC> (X" = P Fy). (2.58)

Note that this superpotential contains new terms S T, as well as terms quadratic in the G¢ fields.
Furthermore, the term involving the geometric flux F transforms covariantly under SL(2, Z), and
therefore no additional flux parameters have to be introduced. This observation is particularly
interesting, because it contradicts the common expectation that for every known flux one has to
introduce a dual flux, when constructing a duality-invariant theory. One explanation might be
that the geometric flux involves solely the metric which does not transform under S-duality.

3. Non-supersymmetric flux vacua

In this section, we analyze the flux induced scalar potential in several examples with increas-
ing complexity. We will not be completely specific in the sense that we do not present a concrete
Calabi—Yau three-fold with a fixed orientifold projection. Instead, we only specify the data at
the level of supergravity by taking a set of moduli together with their Kihler potential and
superpotential. We believe that this approach gives a representative picture of the structure of
mathematically well-defined models of background geometries. The intention is to learn about
the structure of the flux landscape, in particular about the space of stable non-supersymmetric
minima of the scalar potential. Since in later sections we apply our findings to string phenomenol-
ogy and string cosmology, in this section we focus on the following properties:

e Vacua should be non-supersymmetric and tachyon-free, so that after uplifting they can lead
to stable de Sitter vacua.

e The moduli should be stabilized in the perturbative regime, i.e. at weak string coupling and
large radius.

e All saxionic moduli should be stabilized with axions providing candidates for the inflaton
and possibly dark radiation.

The aim of this section is to gain some insight into a subset of generic and well-treatable
models, which show a particular scaling behavior with the fluxes. The ratios of the latter provide
relations among the various mass scales of the background, such as the string scale, the Kaluza—
Klein scale, the moduli-mass scale, the inflaton-mass scale and the soft-term scale. After briefly
describing some generalities, we consider particular examples. First, we discuss models without
complex structure moduli, in which Kéhler-moduli stabilization can occur due to non-geometric
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fluxes. Then, we study cases with all types of moduli. Readers who are primarily interested in
the phenomenology can skip parts of this section and come back later when a certain model is
used later.

3.1. Generalities

Our starting point is the A" = 1 supergravity scalar potential (2.15), which we recall for con-
venience
M?’l K(gl] W 2
v="He (K D;WD;W —3|W| ) 3.1)
4
where K;7 = 09,07 K, and D;W = 9;W + (8;K) W. The indices run over the moduli fields
displayed in Table 1, and for ease of notation we set

S:=s+ic, G =y +in®. (3.2)

The Kéhler potential is determined from (2.16), and turning on fluxes induces superpotentials of
the form shown in (2.31). When S-dual P-flux is included, there are additional terms derived
from (2.57).

The Planck mass in (3.1) is Mp; = (87 G)~ /2 ~ 2.435 . 10'8 GeV in our conventions. As
usual the string mass is Mg = (a’)_%, and in terms of Mp; the string and Kaluza—Klein scales
can be expressed as

‘/?Ml” . Mgk = Mi"‘z , (3.3)
53V2 VAr V3
where s = ¢~ ¢ (see e.g. [92]). Recall that V is the volume of the Calabi—Yau manifold in Einstein
frame measured in string units, namely V) = Vol/ E? with £; =27 v/a'.

Supersymmetric extrema of the potential (3.1) are generically AdS. Such extrema are stable
even if the Hessian of the potential has negative eigenvalues. Indeed, as it is well known, for AdS
vacua tachyonic fluctuations are stable provided they satisfy the Breitenlohner—Freedman bound
[93]

My =

3
T ER (3.4)

where Vj is the value of the potential at the extremum and m? is the physical mass. For supersym-
metric extrema the bound is always verified. At a given extremum of a potential V' the squared
physical masses for the canonically normalized fields can be computed as the eigenvalues of the
matrix

(M), =Ky, (3.5)
with Vi = %Bk 0;V [94]. It is also useful to introduce the gravitino mass term
2

M
M3 = X0 w2 -2 (3.6)
3 4

with Ko and Wy denoting the value of the Kéhler and superpotential in the minimum. The scale
of supersymmetry breaking is determined by the non-vanishing F-terms F! = e K17 D;W.
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In general there are numerical factors coming from eX that are fixed by the geometry which we
do not specify here.

We use conventions in which the flux parameters entering in the superpotential are quantized.
These fluxes are constrained by the Bianchi identities (2.24), and they induce tadpoles (2.34)
for the R-R p-form potentials that can be cancelled by couplings to appropriate sources. In
particular, magnetized D7-branes give a specific contribution to the R—R tadpoles as indicated in
(2.38). In turn, including D-branes leads to additional Freed—Witten cancellation conditions on
the fluxes, cf. (2.46) and (2.50).

Non-geometric fluxes were originally considered in [54]. Subsequently many authors have
looked into the question of moduli stabilization due to a scalar potential induced by non-
geometric fluxes [55-57,59-72]. Similar vacua have also been constructed and analyzed in
detail in the T-dual type IIA language [86,95—-109]. In this paper we direct our search to non-
supersymmetric and tachyon-free vacua, that can give rise to de Sitter after uplifting. Moreover,
we will look for vacua in which all saxionic moduli are stabilized whereas axions furnish viable
candidates for the inflaton.

3.2. Models without complex structure moduli

In this section we describe examples in which the fields are the axio-dilaton and up to two
Kihler moduli, while complex structure moduli are absent.

3.2.1. Model A
Let us consider the simple case of a CY manifold with h*'=0and hl_’l = 1. One can consider
this model as the isotropic six-torus with frozen complex structure modulus. In this situation the
Kihler potential is given by
K = —3log(T +T) —log(S+ ). (3.7)

We also consider NS-NS flux /¢ = h, the non-geometric flux go' = ¢, and the R-R three-form
flux f* = f. These fluxes satisfy the Bianchi identities (2.24), and are subject to the quantization
condition §, &, g € Z. From (2.31) we determine the corresponding superpotential as

W=if+ihS+iqT, (3.8)

where we have set X* = 1 and F = i. The resulting scalar potential takes the very simple form

My, (hs — )2 _ GOhgs + 29§ 547
sT3 sT2 3stT

1
_ e SENTIL A 2 3.
P, +ST3(c+qp)}, (3.9

which only depends on the following linear combination of axions
O=hc+qp. (3.10)

Hence, the orthogonal linear combination of axions is not stabilized by the potential (3.9).

The extremal points of (3.9) are obtained by solving for o,V =9,V = 9y V =0, and we find
the three solutions shown in Table 2. Note that the fluxes must be chosen so that the values of s
and t are inside the physical domain s, 7 > 0.

e The first solution in Table 2 is the supersymmetric one, since here D7 W = DgW = 0. As
W does not depend on one axionic direction, the no-go theorem of [48] implies that the
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Table 2

Extrema of the scalar potential (3.9) for Model A.

Solution (s, 7,0) Susy Tachyons A

1 (_j-%ﬁ_%;i’ 0) yes yes AdS
2 (- 850 no yes AdS
3 -f.-4.0 no no AdS

4

Fig. 1. The scalar potential V' in units of

M ~
471.])214 for h = q =1, § = 10, showing the expected stable minimum at sy = 10

and 79 = 12.

saxionic partner is tachyonic, which can indeed be confirmed for this minimum. However,
as expected in the supersymmetric case, the Breitenlohner—Freedman bound (3.4) is satisfied
and the minimum is stable.

e Solution three of Table 2 is non-supersymmetric and has no tachyonic directions. Such AdS
vacua we call strictly stable, as they can be uplifted to stable de Sitter vacua. Moreover,
for |¥/ h|>1 and |¥/q| >> 1 we obtain weak string coupling and large radius, so that it is
justified to ignore higher-order corrections to the scalar potential. Note that the scaling of the
stabilized moduli with the fluxes implies that all terms in the superpotential are of the same
order. For 6 = 0, the potential has the shape shown in Fig. 1.

So far, one linear combination of axions remains unstabilized. Let us analyze whether this
modulus can be given a parametrically-light mass by turning on more general fluxes. If that can
be achieved, this axion is a good candidate for realizing F-term axion monodromy inflation. From
(2.31) we determine the most general superpotential (without P-flux) as follows

W=—f+if+ith—ih)S+ilg—i§ T, G.11)
with f = fo, A = h° and § = G°'. The only non-trivial Bianchi identity following from (2.24)
reads

hg—hg=0, (3.12)
so that the superpotential (3.11) reduces to

W=—f+i§+(1—i§)i(hs+qT). (3.13)
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Therefore, W still depends only on the linear combination of axions (3.10), so that the orthogo-
nal direction remains unfixed. In fact, the vacua of the superpotential (3.13) can be determined
analytically and share the same qualitative structure of the three minima shown in Table 2.

Let us now turn to the contribution of the fluxes to the tadpoles. From the expressions shown
in (2.34) we find

N =Fh.  NE=0. N =Fq. (3.14)

For the extrema 1 and 3 in Table 2, we have Nggx < 0 and NS‘;X < 0, whereas it is the op-
posite in extremum 2. Note that since in this model the Q-flux go' has been turned on, the
FW-condition forbids to wrap a magnetized D7-brane on the single homological four-cycle
%1 = [w1]. Therefore, for non-trivial flux, the D7-brane tadpole can only be cancelled by a
number of un-magnetized D7-branes wrapping X and giving SO/SP gauge symmetry. A chiral
gauge/matter sector is not possible.

We finally compute the mass eigenvalues and eigenstates for the canonically normalized fields
and compare them to the string and Kaluza—Klein scales. Evaluating the physical mass matrix
(3.5) for the non-supersymmetric tachyon free minimum (solution 3 of Table 2) gives

60hg 12h> 0 0
y— ME 542 [ 2542 25ng 0O 0

Ty '54']52 0 0 12hg 12h% (315)
0 0 25¢% 25hq
The mass eigenvalues can be written as
hg® M3
2 Pl
Minoda,i = Hi =~ FRESCTE (3.16)
with the numerical values
25(17++/97) 25(17 — /9 185
i = (20T VI 25¢ D18 o)~ 62,1.7:3.4,0). (3.17)
108 108 54°

The eigenvectors of the first (last) two masses are combinations of saxions (axions). The massless
state is the axionic combination (g ¢ — & p), and the three massive states are parametrically of
the same mass. The gravitino shares the same flux dependence as the moduli (3.16) with the
numerical prefactor u 3= % ~ (.833. This model should be considered as our simplest prototype

example and we will come back to it throughout this paper.

3.2.2. Model B: inclusion of H"! moduli
Let us consider a generalization of the previous model and add a G-modulus as well as a
geometric flux. The underlying CY manifold therefore has to have Hodge numbers h*' =0 and

hl' = h"" = 1. Using (2.10), the Kihler potential is

K=—3log((T+T)+ (G+G) )—1og(s+§), (3.18)

4(5 5)

where for later convenience we have set k := 2 ky4p for « =a = b = 1. We turn on fluxes such
that the superpotential (2.31) becomes

W=if+ihS+iqT —ifG, (3.19)
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with } = %O, h=ho,q=qo',and f = fy. For this set of fluxes, the contribution to the tadpoles
(2.34) is given by

NBx=Fn,  NB=_Fr, NBx=j4. (3.20)

The signs of these tadpoles depend on the signs of the fluxes, which are in turn fixed by the
condition that the saxions have positive vevs. In the most interesting vacuum discussed below we
must demand g, h <0 < f, f for which all tadpole contributions in (3.20) are negative.

The scalar potential can be computed from (3.18) and (3.19), for which we find three AdS
extrema. One of them is supersymmetric and tachyonic, another one non-supersymmetric and
tachyonic and the other one non-supersymmetric and non-tachyonic. In the following, we focus
on the non-supersymmetric non-tachyonic extremum which is characterized by

GRS SRR N -2
514+x)q’ x4+ 1h’ Cx+1f]
O=gp—fn+hc, (3.21)

where we remind the reader that our conventions for the modulus G are shown in (3.2). In (3.21),
we have simplified the formulas by introducing the parameter

f2
khq'

X = (3.22)
As expected, the superpotential (3.19) fixes only one linear combination of axions. Furthermore,
notice that all the saxion vevs in (3.21) scale with f, which has to be large to be in the perturbative
regime. In the minimum specified by (3.21), the superpotential becomes x-independent and we
are left with

Wo=——F. (3.23)

We also note Ehat for the other extrema in this model, we find a similar scaling with the flux,
namely Wy ~ §. The scalar potential at the above-mentioned minimum is given by
2 4 3
2°-Mp 25 hg

Vo= — 220 gy, 3.24
0 o osed p OV G2

where the dependence on x originates from the ¢X factor. The masses are given by the following
expression

22 M3 hq?
2 f_(lﬂ) (3.25)

2 — .
Mmod,i = Hi
with the numerical coefficients

i ~ (0.097, 0.026, 0; 0.054, 0, 0). (3.26)

The first three entries correspond to (linear combinations of) saxionic moduli, while the last
three entries are axionic combinations. A novel feature is the appearance of a massless saxion in
the direction of (f 7 + g v). The gravitino mass has the same flux dependence (3.25), with the
numerical factor given by H3 = % ~0.013.
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Table 3

Extrema of the scalar potential in the K3-fibration model.

Solution (s, 71, 72,0) Susy Tachyons A

1 (,%’,%’,%’0) yes 2 AdS
2 (%,%,%,O) no 2 AdS
3 (_2,_%,—%,0) no 1 AdS
4 (_%,_5_‘%,_%,0) no 1 AdS

3.2.3. Models with two Kéhler moduli, h'y" =2

Next, we investigate the effect of having several Kéhler moduli. To this end, we consider
models, whose Kéhler moduli sectors can be thought to be based on the K3-fibration Py 1 2.2 2[8],
and the swiss-cheese manifold IP; 1,1 6,9[18]. It turns out that the vacuum solutions of the h_l‘_’1 =1
example generalize, but the spectrum contains additional tachyons.

K3-fibration In the Kihler sector of PP 1 2.2,2[8] the intersection numbers are such that the
Kihler potential splits into sums and is given by

K =—=2log(Ti + T1) — log(T> + T>) —log(S+ ), (3.27)

where for simplicity we have set h*! = 0. Fluxes are chosen such that the superpotential (2.31)
takes the form

W=if+ihS+iqTi+iqT, (3.28)

with f = fo, h = hq and — for ease of notation — with ¢; = go’. The resulting scalar potential has
four AdS vacua summarized in Table 3, three of which are generalizations of those in Table 2.
The stabilized axion is 8 = g1p1 + 202 + hc, and the potential does not depend on the two
orthogonal axion combinations which thus remain unstabilized.

The physical masses of the fields scale with the fluxes in the following way

2
M2 . h‘hz q2 Mpl
mod,i — i 52 4 - 24 ’

(3.29)

where the numerical factors ©; depend on the specific solution. The cosmological constant is
negative and has the same relation to the fluxes as the physical masses. The supersymmetric
case contains, as expected, two tachyons above the Breitenlohner—Freedman bound; for the non-
supersymmetric vacua, tachyons are below the bound. In vacua 1, 2 and 3 there is a tachyon given
by the combination of saxions 7y = g2 71 — ¢1 72. In Section 4.1 we will see that this tachyon
can be lifted by adding a D-term to the F-term potential.

Turning to the tadpole conditions, according to (2.34) in this model the flux contributions are
given by

flux __ % flux ! 5 flux 2 -
Npy =fh, [Nm] =fq1, [Nm] =fq. (3.30)

For the vacua 1, 2 and 3 to have positive vevs for the saxions, we take for concreteness f <0and
the remaining fluxes positive. The contributions (3.30) to the flux tadpoles are then all negative.
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Table 4
Extrema of the ‘swiss-cheese’ scalar potential.
Solution (s,71,72,0) Susy Tachyons A
3747 3743
1 —ole, - 2.0 es 2 AdS
TG T Y
I 3§43
2 g L, 2.0 1o 2 AdS
(s 8(gi+43)" 8(g7+43) )
7 6§4? 6742
3 (-1 Ik 19 _ o) no 1 AdS

b s@i+d3)’ S@i+as)

Swiss cheese  As a second example we discuss the Kéhler sector of the swiss-cheese Calabi—Yau
P1.1.1,6,9[18] with Kéhler potential

K =—log(S+5) — 210g<(T1 +T)D)? - (n+ T2)3/2) ) (3.31)
As in the K3-fibration example, for the superpotential we choose

W=if+ihS+iqTi+iqg:Ts, (3.32)

and the complex structure sector of [Py 1,1,6,9[ 18] is again set to zero for simplification.
In case that the non-geometric fluxes satisty g1 g2 < 0, we find four extrema of the potential
with data summarized in Table 4. The linear combination of axions 68 = g1 p1 + g2 p2 + hc is
stabilized, but two orthogonal combinations remain unstabilized.
The physical mass eigenvalues exhibit the following scaling with the flux parameters
(g} +a3) My

M2 g = mi—= : (3.33)
§2 4

mod,i

with vacuum-dependent numerical coefficients u;. The vacua are analogous to those in the ex-
amples discussed so far. In particular, as in the two previous models with & fr’l =2, there is an
additional tachyonic state given by a combination of the saxions of the two Kahler moduli, either
T and G, or T and T>». In Section 4.1 we show that this tachyon can be uplifted adding a D-term
to the potential.

To have positive saxion vevs, for definiteness we take # > 0, (qf + qg ) > 0 and } < 0in vacua
1 and 3, but f > 0 in vacuum 2. The flux tadpoles are again given by (3.30). Then, in vacua 1
and 3 the D3-brane tadpole is Nggx < 0. Satisfying g1g2 < 0 via g > 0 and ¢, < 0, the two

D7-brane tadpoles have signs [Ng‘;x]l <0, and [NS‘;X]Z > 0.
3.3. Flux scaling minima with complex structure moduli

Let us now consider models which have complex structure moduli, and analyze whether they
admit strictly stable, non-supersymmetric minima of the flux-scaling type encountered before.

3.3.1. Model C
To begin, we analyze a model with h*!'=1and h L’l = 1, for which the Kéhler potential in
the large complex structure limit can be written as

K =—3log(T +T) —log(S +S) —3log (U + U). (3.34)
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One can view this model as the isotropic six-torus. In the superpotential we have now more fluxes
available, which of course have to satisfy the Bianchi identities. For the flux superpotential (2.30)
we choose

W=—f—3FU>-—hUS—qUT, (3.35)

where we note that U2 denotes the square of the modulus U, and where h := hy and ¢ := g;.
Note that this superpotential only depends on the linear combination of axions (k¢ + g p), and
thus leaves its orthogonal combination unstabilized. The latter is a possible inflaton candidate,
and we analyze below whether by turning on additional fluxes a (parametrically small) mass can
be generated.

Analyzing the scalar potential following from (3.34) and (3.35), we find two interesting ex-
trema. The first one is the supersymmetric AdS minimum with values of the moduli

il 71
r:—lSvf—, s=—6vf—, v = f_o’
h §1

O=hc+gqgp, u=0. (3.36)

O =

Since one axion is unstabilized, this extremum contains tachyons which are above the
Breitenlohner—Freedman bound. The second extremum is a non-supersymmetric tachyon-free
AdS minimum with frozen moduli

71 71
1
e A lf—o,
q h 3.10z f!
O=hc+qp, u=0. (3.37)

For h,q <0 < fo,fl, all moduli are in the physical regime. The scaling of the moduli with
the fluxes can already be detected from the superpotential, which is also the case for the other
extrema we found. For this scaling, all terms in W are of the same order fy. The contribution of
the fluxes to the tadpoles are

Nps'=P'h,  Nps=0,  Ny=jq. (338)

Note that the flux fo does not contribute to any of the tadpoles. Therefore, by scaling fo >
%1, h,q ~ O(1), we can ensure that all moduli are fixed in the perturbative regime.

Let us now analyze the non-tachyonic model (3.37) in more detail. The moduli masses in the
canonically normalized basis are

hq? M
M2oq; = i — o (3.39)
()2 (f1)2 47 -2
with numerical values
pA (2.1, 0.37,0.25; 1.3, 0.013, 0). (3.40)

The first three eigenstates are saxions and the last three are axions. The massless mode is the
axionic combination (g ¢ — h p). Note that the lightest massive mode is axionic, and although
not parametrically light, its mass is numerically light. In fact, it is by a factor of 1/5 smaller
than the second-lightest massive state, which is purely saxionic. For the gravitino mass the flux
dependence is the same as for the moduli masses, with the numerical prefactor given by u 3 ~

0.152.
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3.3.2. Model D
We next consider a variation of Model C, with the same Kihler potential

K =—3log(T +T) —log(S + S) —3log (U + U), (3.41)
but with a different superpotential
W=i}iU+iPU>+3ih' U*S+3iG' UT. (3.42)

Note that here we introduced %1 = —f; for notational convenience.
For this model, we find extrema of the scalar potential in which the flux dependence of the
moduli is governed by the following overall scaling of the superpotential

A3
2
Wo ~ Q . (3.43)
(792
For instance, there exists a supersymmetric AdS minimum with values of the moduli
2 §° 2 §° i
———f—v, ———f—v, v2=3f—1,
34! 9 ul 0
Ozﬁlc—i—c}lp, u=0. (3.44)

For this solution there are tachyons in the spectrum, that however fulfill the Breitenlohner—
Freedman bound. The value of the potential at the minimum is given by

Al ah3 M4
Vo=—27-32 — fq) . (3.45)
(22 47 -2
We also find a non-supersymmetric strictly stable AdS minimum with frozen moduli
1 ~ 3 ~ A
52 0 22 0
e lf_lv, LI S T L
3.22 4 3.22 h! §0
0=h'c+4'p, u=0. (3.46)

Note that for ¢', 7' <0 < f1 , }0’ the moduli are in their physical regime. The non-trivial contri-
bution of the fluxes to the tadpoles given by

N =R, N =" (3.47)

which in the physical regime are negative. We furthermore note that the flux ]Eo does not enter
into the tadpoles. Thus, to guarantee weak coupling and large radius we can take large ]20, to-
gether with i, 2", ' ~ O(1). The value of the potential of the non-tachyonic model (3.46) in
the minimum is found to be
3 715143 4
Vo=—216524 Ah $q~) : MP]77 (3.48)
51 (20 42

which is smaller than the potential (3.45) in the supersymmetric extremum. The moduli masses
in the canonically normalized basis are

- ﬁl(él)3 Ml%l
(i 427

Mg =1t (3.49)



524 R. Blumenhagen et al. / Nuclear Physics B 897 (2015) 500-554

with
ni = (291, 52, 35; 210, 1.8, O). (3.50)

The first three eigenstates are saxions and the last three are axions. Note that again the lightest
massive mode is an axion, whose mass is smaller than the lightest saxion by a factor 1/5. The
gravitino mass is again of the same order as the fluxes with numerical prefactor p 3 ~ 114.

It is interesting to notice that the isotropic torus model D is related to Model C by the trans-
formation U — 1/U under which

L[ s.2 50 a7l ~1 Lo
W—)—m[—flU ~P_3hlus—34 UT]:—WW (3.51)

Hence, eX|W|? = ¢X|W’|? and the resulting scalar potential is basically the same as in Model C
because W’ above has the same form as the superpotential in (3.35). Indeed, notice that the vevs
in both models, for instance (3.37) and (3.46), match under U — 1/U and appropriate redef-
inition of the fluxes involved. This kind of transformation was exploited in [60,62] to classify
the allowed superpotentials induced by non-geometric fluxes. Moreover, duality symmetries in
moduli space allow to fix the moduli vevs, thereby simplifying the search for vacua [66,110]. In
non-toroidal models the transformation U — 1/U is not expected to be a duality, but still it can
be used as a solution-generating technique.

3.3.3. Freezing axionic H moduli

Let us consider the case of a CY manifold with h%l =1 and h}r’l = hLl =1, for which the
Kihler potential reads

K = —3log ((T +T)+ G+ 6)2) —log(S+38)—3log(U+T).  (3.52)

4(S+S)
Although the resulting Kéhler metric is off diagonal, we can still find extrema by extending the
superpotentials of models C and D to include a term depending on the G modulus. Here, we just
present the generalization of model D. Turning on an additional geometric flux f! leads to

W=ifU—ifPU+3ih'U?S+3ig' U*T —=3i f' UG, (3.53)
where we again introduced fl = —f1. Similarly to model D, we obtain extrema with the flux

scaling of Wy shown in (3.43). In particular, we find a strictly stable non-supersymmetric AdS
minimum characterized by

1 x+57§ 4 1§
T=— ] ~—1U, S =— 1 = U,
3.102 x+14g 3.102 1+x Al
2 <0
=10t 1L __ 8 _x I,
O 3.102 1+x f1
O=h'c+g'p—fln, u=0, (3.54)
where
F1\2
p= Y (3.55)
Kh1q~1

To ensure that the moduli are in the physical regime, we require §', 7' <0 < %1, fOA. The flux
induced tadpoles, which are again given by (3.47), are negative and do not depend on fo. We can
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then achieve weak coupling as well as large radius taking fo > 1, and fl A, G' ~ 0(1). The
value of the scalar potential at the minimum is

27 h'@GYHY A +x) M
Vo=— B AR PL (3.56)
20-105 (2 (0 472
and the mass eigenvalues of the fields are

R@H 4w My

Mo = Hi =T = : (3.57)
oz (0z 472
with the numerical prefactors given by
wi = (4.6, 0.82,0.55, 0; 3.3, 0.028, 0, 0), 13 =0.333. (3.58)

The lightest eigenstate is still axionic, but the mass gap to the second-lightest state has decreased
as compared to model D. As in Model B, a saxionic combination of 7 and i has become
massless. It would be interesting to know whether this is a generic feature of non-tachyonic,
non-supersymmetric minima for models with odd-moduli.

3.3.4. Stabilization with non-geometric P-fluxes

We now want to present models including the S-dual P-fluxes discussed in Section 2.4. The
allowed P-fluxes are in general constrained by Bianchi identities. The models we analyze fulfill
the constraints derived for instance in [55]. We will consider examples with and without odd
Kéhler moduli G,.

h&l =0 We come back to Model C with h&z =1and hi_’l = 1, for which the Kihler potential
is given by (3.34). The new ingredient is an additional P-flux. As an illustrative example we
consider the superpotential

W=F-3fU>—hSU+pST, (3.59)

with f = —fo, % = fl, h:=hy and p := po. We find the same structure of minima as in the other
examples with the same Hodge numbers. Note that the superpotential is chosen in such a way
that every modulus is stabilized. For /& negative and other fluxes positive, we find a tachyon-free
supersymmetric AdS vacuum at

3h 12§ , 5§
T=-—0, S§=—— -0, V=2,
2 p 5 h 97
p=0, ¢=0, u=0. (3.60)

The scalar potential and the superpotential at the minimum read

~5
288 PPz M}

4 A
Vo= __

fs (3.61)

) Wo =
5% hZ('f)% 4o - 27 0 3

and the masses are given by

~ 5
PrPH My
' h2(f)% 4 .27

Mpoq; =—1t (3.62)

where the numerical prefactors take the values
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wi=(5231,15:73,17,5.7),  py=172. (3.63)

To be in the physical regime we demand 4, p < O such that the masses are positive and the
cosmological constant is negative.

The non- supersymmetnc minimum is analogous to the above, except that in (3.60) a minus
appears in front of f in v2. Thus f should now be taken negative. In this case Wy = 10f/3 while
the scalar potential and the flux dependence of the masses are the same as in the supersymmet-
ric vacuum, except for the extra minus sign. The numerical prefactors of the masses are now
,u% = 10.7 for the gravitino and w; = (52, 31, 15; 45, —3.4, 19) for the moduli, signaling the

appearance of one tachyon above the Breitenlohner—Freedman bound.

htl=1 Itis interesting to extend the previous model by adding one odd Kihler modulus
G = ¢ + in. In this case the Kéhler potential is given by (3.18). According to the general su-
perpotential (2.57) the same p flux in (3.59) then leads to an additional term quadratic in G,
namely

W=$—3$U2—hSU+p(ST+§G2), (3.64)

where as in the Kihler potential x = 2ky4p With « =a = b = 1. It is important to notice that
the G*> and ST terms are generated by the same P-flux. Since the Kihler potential and the
superpotential differ from the previous ones only by terms depending on G there are supersym-
metric and non-supersymmetric minima with the axionic odd moduli stabilized at ¥ =n = 0.
The remaining moduli still take the values (3.60) in the supersymmetric minimum, while in the
non-supersymmetric counterpart the difference is again a minus in front of fy. The potential and
the superpotential at the minima are still given by (3.61).

The G modulus decouples from the S, 7', U moduli in the canonically normalized mass ma-
trix, thereby leading to the same masses in the S, T, U sector as before. On the other hand, n
and v turn out to be eigenstates of the canonically normalized mass matrix. The correspond-
ing mass eigenvalues are of the form (3.62) with numerical prefactors (uy, 1) = (0, —3.4) and
(0, 17), for the supersymmetric and non-supersymmetric extrema, respectively. Therefore both
cases are now plagued with a tachyon and a massless saxion. There exist additional extrema with
unstabilized ¥ # 0 showing the same qualitative behavior.

3.3.5. A simple example with =2

As the final example, let us discuss the case of more than one complex structure modulus. We
choose h*! =2, h}r’l =1and 2" =0 and work with a particularly simple prepotential such that
Kihler potential reads

K = —2log(U; + U1) —log(Us + Us) — log(S + S) —3log(T +T). (3.65)

This corresponds to the mirror dual of the Kéhler sector of P; 1 22 2[8], which was discussed in
Section 3.2.3. For the superpotential we take

Wz—fo—(h5+61T+¥2U1+2¥1U2)U1, (3.66)

where we have set i1 = h and g1 = ¢q. In the extrema we obtain u; = 0, thus the superpotential
depends effectively on the axionic combination 6 =hc +q p + 2%1 uz, and the two orthogonal
axions are unstabilized. In addition, all extrema contain at least one additional tachyon. As ex-
pected from the no-go theorem of [48], the supersymmetric minimum has in fact two tachyonic
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states, although above the Breitenlohner—Freedman bound. A representative non-supersymmetric
AdS extremum is given by

2§ 1§
r=2—2v1, s=—f—2v1, v%:f—o, v%:—f—zvl,
3h f2 35
O=hc+qp—+2fius, u; =0, (3.67)
with
fihg® My 16
Vo=— , Wo=——"o. 3.68
0 g 0 3 1o (3.68)
fo 2

The eigenstates of the normalized mass matrix can be computed to be

}1 hq3 M2
Mioqi =1i 55 7571 (3.69)
557 42
fo 2

where the numerical prefactor is w3 =~ 16 for the gravitino mass and u; = (18, 18, -2, —2;
10, 10, 0, 0) for the moduli masses. The massless eigenstates refer to the axionic combina-
tions (2}1 ¢ —huy) and (hp — gc), respectively, and the tachyonic directions are (h Tt — ¢ 5) and
2s f1 — hvy). One can verify that the tachyons lie below the Breitenlohner—Freedman bound.

Let us mention one new feature arising in this model. Computing the values of the auxiliary
fields Fi = ¢ KiJ F3 in the minimum (3.67), we obtain

_ x16G0)? (A ok 16G0)} ()2
=2 —, =2 ——,

FS FT
3h q
x 8(0)? ()7
FUr =0, FU2=¢2 T ) (3.70)

This exemplifies that accidentally it can happen that an F-term vanishes in a certain minimum.
As we discuss in Section 5, such a result is essential for realizing sequestered supersymmetry
breaking on the Standard Model branes.

3.4. General properties of the flux scaling minima

In this section we summarize the salient aspects of the models constructed previously. We first
explain the systematics behind our search of vacua and then address more specific features.

The defining property of the models is a common flux scaling of W which in turn implies a
common flux scaling of V and the moduli masses. This is potentially powerful to achieve para-
metric control over the hierarchies among the relevant scales Mg, Mxk and the moduli masses.
On the other hand, parametrically controlled hierarchies among the different moduli masses are
then excluded. Later in Section 6, we will try to circumvent this problem by introducing addi-
tional fluxes in W that break the scaling.

The strategy is to choose a superpotential dictated by a particular scaling. In practice this
means that only a subset of the allowed fluxes is turned on to ensure that the moduli vevs scale in
a simple way. A typical example is model C in Section 3.3.1. In this case, at the extrema Wy ~ fo,
whereas sv ~ fo/ h, Tv ~ fo/q and vZ ~ fo/fl, as we can easily read from (3.35).
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Generically, for n complex moduli it suffices to switch on n + 1 flux parameters. For instance,
to stabilize T% we include one flux of type g or one of type g;. Similarly, for S we take one

h;. or one ;.. For the complex structure moduli we need one R—R flux of type f; and one ﬁ.
Of course, we have to be careful that the chosen NS-NS, R-R and non-geometric fluxes satisfy
the Bianchi identities. We observe that in the studied examples an off diagonal Kéhler metric did
not spoil the scaling of the potential and the masses. We want to stress that the scaling strategy
can be used to efficiently engineer models with the desired pattern of masses. This will become
apparent when we discuss the moduli spectroscopy in Section 5.2 and axion monodromy inflation
in Section 6.

All models include NS-NS and R-R three-form fluxes that lead to stabilization of the real
parts of the axio-dilaton and the complex structure moduli. Further addition of non-geometric
fluxes, as well as of geometric ones when hLl # 0, enables the stabilization of the Kédhler mod-
uli saxions. In general, the fluxes always allow the existence of supersymmetric AdS vacua which
often have tachyons above the Breitenlohner—Freedman bound. One of the main and maybe un-
expected results of this paper is that we have also found non-supersymmetric, non-tachyonic AdS
vacua. We have seen that, once we introduce more Kéhler or more complex structure moduli, new
tachyonic modes appear. A natural question is whether one can identify an uplift mechanism for
these tachyons, hence enlarging the space of good models. In Section 4, we will see that a D-term
uplift exists for tachyons appearing for multiple Kéhler moduli. For the tachyons appearing for
multiple complex structure moduli, such an uplift is still an open question.

Equipped with a class of tachyon-free, non-supersymmetric AdS minima, as in the LVS sce-
nario, one can proceed to perform string phenomenology studies in order to explore what particle
physics predictions can be made. This will be analyzed in more detail in Section 5. Recall that in
these models (without P-flux) typically only one axionic combination is fixed. In Section 6 we
examine how the axion sector can give rise to large field inflation.

A common feature of the models is the existence of R-R tadpoles due to the fluxes. Interest-
ingly, in most examples of AdS vacua we find that Ng‘;x and Ng‘;x are negative, as it happens
in related T-dual type IIA models [86,100]. Thus, the flux tadpoles can be compensated by in-
troducing D3- and D7-branes instead of O3- and O7-planes. Magnetized D7-branes that induce
D3-charge are in principle allowed but they are constrained by cancellation of Freed—Witten
anomalies.

The R-R fluxes play a special role in the models since they determine the vevs of the moduli.
This is indeed the case for the complex structure moduli. On the other hand, the scale of the dila-
ton and the Kéhler moduli is also set by the R-R fluxes upon taking the NS—NS, non-geometric
and geometric fluxes to be O(1). Moreover, as we have seen, in models with complex structure
moduli there are R—R fluxes that do not enter the flux tadpoles at all. It turns out that such fluxes
can be chosen large enough to attain moduli vevs leading to large volume and small string cou-
pling. In Section 5 we will discuss to what extent these fluxes are diluted in order to guarantee a
reliable supergravity approximation.

4. Uplift mechanisms

The models studied in the last section face two problems: all of them have a negative cos-
mological constant, and some of them have tachyonic mass eigenstates. To make an uplift to de
Sitter possible, we therefore discuss a mechanism to uplift tachyonic Kédhler moduli to a positive
mass. Afterwards, we identify possible terms that uplift the cosmological constant and discuss
their behavior.



R. Blumenhagen et al. / Nuclear Physics B 897 (2015) 500-554 529

4.1. D-term uplifting of the tachyon

To uplift tachyons one could think that taking perturbative and non-perturbative corrections to
K and W into account might help. However, since we have taken care of freezing the moduli in
the perturbative regime, these corrections are generically suppressed against the tree-level values.
Of course, this also holds for the tachyonic mass. The second and more natural option is to have
an additional positive-definite contribution such as a D-term potential. Thus, in the following we
study how a D-term of a stack of D7-branes contributes to moduli stabilization and the mass
terms. An analogous mechanism to uplift tachyons via D-terms from D-branes was proposed
in [56].

K3-fibration To show how the D-term uplift works, we perform our analysis in a concrete model.
In particular, we consider the K3-fibration with nbt =2 and h%l = 0 studied in Section 3.2.3.
The Kéhler potential is given by

K = —2log(T; + T1) — log(T» + T>) — log(S + S), 4.1)

whereas the superpotential is taken to be

W=if+ihS+iqTi+iqTs. (4.2)
Recall that in this model the supersymmetric AdS minimum is at
_ i _ _ 7 _
n=——, D=—5—, S=—5-, hc+qipi+q02=0, (4.3)
q1 29> 2h
and that there also exists a non-supersymmetric AdS minimum at
4 2 _
T=—7—, D=—7—, S=——, hc+qp1+qp=0, 4.4)
5q1 5¢2 h

which has mass eigenvalues
h q12 9 M }2>1

2
Mmod,i = Wi 'fz 47 - 24 ’

4.5)

with u; = (—15, 11, 42;23, 0, 0). The tachyonic mode corresponds to a linear combination of
Kihler saxions given by T = g271 — g1 2. To obtain positive vevs for the saxions we take % <0,
h>0,q1 >0and g2 > 0.

We now introduce a stack of N D7-branes equipped with a U (1) gauge flux with

[eci(]=[€]=0LD1+ 1Dy, (4.6)

where D 7 are two (effective) divisors in P11 2.2,2[8] and /1 2 € Z. The D7-branes are wrapping
a four-cycle defined by

Y =miDy+myDy, 4.7
with m1 » € Z, which leads to a D-term potential of the form
M4
Vp=—"b g2, (4.8)
2Re(f)

Here £ is the Fayet—Iliopoulos (FI) term of the U (1) C U(N) carried by the branes, which is
given by
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1
%_:E/]/\Cl(l‘), 4.9)
b)

and in (4.8) we have assumed that all charged fields have vanishing vevs. The holomorphic gauge
kinetic function for the D7-branesis f =T + x S, where x = # f F A F denotes the instanton

number of the gauge flux on the D7-branes. In the example at hand, the volume is V = (r1)%2.
The wrapping numbers (m1, m>) and the gauge fluxes (/1, l2) are constrained by the general-
ized Freed—Witten anomaly cancellation conditions (2.50), which in the present case lead to

miligy+ (limy +1lLmi)g =0. (4.10)
Using this condition, we find that the FI-parameter can be expressed as

mily

5= /Y

Note that for a supersymmetric minimum, a vanishing F-term implies a vanishing D-term.
And indeed, the values (4.3) give a vanishing FI-term. Moreover, £ also vanishes for the non-
supersymmetric minimum in (4.4). Therefore, adding the D-term will not change the position of
either extremum, but due to its positive-definiteness it is expected to add positive contributions
to the squares of the saxion masses.

We now study in more detail the effect of adding a D-term to the former F-term scalar poten-
tial. Concretely, we add

(i1 —2q2 ). .11

2
-2
Vp = 2k (171 702 72) ’ @.12)
2 (mit1+man)n

which is obtained by substituting the various ingredients in (4.8). Here k is a positive numer-
ical prefactor and for the gauge kinetic function we only included the string tree-level part
Re(f) = mi 11 + my 1. As expected, the position of both the supersymmetric (4.3) and the
non-supersymmetric (4.4) extrema do not change. Moreover, from the resulting mass matrix it
follows that only the mass eigenvalue corresponding to the tachyonic saxion 7y, receives cor-
rections and can become positive. In the supersymmetric case a tachyonic state will remain,
although above the Breitenlohner—Freedman bound. In the non-supersymmetric extremum there
is only one negative mass eigenvalue that receives corrections, which is given by (in units of
Mg/ (4))”

»  15hqiq 375q; g5 k

Y16 4P migi +2maq)
We observe that the mass can become positive because f < 0. For instance, choosing 7 = 2, and
Q=q=my=my= 1, implies that mtzac will turn positive provided k > —3§/50. We could take
for instance f = —10 and k = 1. Thus, the tachyonic mode can be uplifted while the masses of the

other moduli do not change. Moreover, as the D-term vanishes in the minimum, the cosmological
constant Vj does not change either.

(4.13)

Swiss cheese Uplifting of tachyons by D-terms also works in the ‘swiss-cheese’ model of Sec-
tion 3.30, as we now briefly describe. As in the previous example we introduce N D7-branes

5 Note that in the following, we have omitted the factor Mél /(4rr) for ease of notation. It can be re-installed easily by
dimensional analysis.
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with a U (1) gauge field (4.6) wrapping a four-cycle (4.7). The main difference now is that the
non-zero intersection numbers are 111 and k22> which are taken to be equal. Moreover, we ex-
pand the Kihler form as [J] = t'D; + 12Dy, with 12 < 0. Then, up to normalization, 1= VTl

2= —/72,and V = (‘L'13/2 — 123/2). The FI parameter is found to be

1

$=§(m111\/ﬁ—mlz\/5). 4.14)
On the other hand, the Freed—Witten anomaly cancellation condition (2.50) now implies

miliqr+Ilhmygr=0. (4.15)
Substituting in (4.8) then gives

2
k 71 + T
vy = Klaz T+ a1 yB) wi)

(mi71+ma12) (T13/2 - T23/2)2 ’
where k is again some positive number, and for Re f we took only the tree-level contribution of
the gauge kinetic function. The important point is that Vp vanishes not only for the supersym-
metric AdS extremum as expected, but also for the non-supersymmetric ones in Table 4, which
all happen to have /71 /72 = |q1|/|g2|. Indeed, cancellation occurs because necessarily g1g2 < 0
for the vevs in Table 4 to correspond to true extrema of the F-term potential.

Adding Vp to the F-term potential we find that only the mass eigenvalue corresponding to the
tachyonic direction T = g2 T1 — ¢1 T2 changes. In the non-supersymmetric extremum with only
the tachyon 1, (third in Table 4) the new mass eigenvalue is given by (in units of Mgl /(4m))

» _ Shigi+a)) 125k (g} + g3)°
“ 362 324Pq1920m1q7 + magd)

4.17)

Notice that mtzaC can be uplifted precisely because gig2 < 0, while & > 0, f < 0, and

(ql3 + q23) > 0 to keep the saxion vevs positive.

To summarize, we have identified a tachyon uplift mechanism, where a D-term on a D7-brane,
the Freed—Witten anomaly conditions, and the nature of the non-supersymmetric minimum
nicely conspire to give a positive shift only for the tachyon mass. Let us emphasize that for
this uplift mechanism to work, it is essential that £ vanishes not only for the supersymmetric
minimum, but also for the non-supersymmetric one. Note that in concrete string model building,
one will also have to take into account tadpole cancellation conditions.

4.2. Uplift of cosmological constant

Eventually, also the cosmological constant needs to be uplifted so that the vacuum becomes
de Sitter. The common mechanism is to add an extra sector to the theory, which changes the
values of the moduli in the minimum in a controlled way, but adding a substantial contribution to
the vacuum energy. In the KKLT [7] and the LVS [8] scenario, this can for instance be achieved
by adding anti-D3-branes which provide a positive-definite contribution to the potential

€
ye
where @ = 2 for a D3-brane in the bulk and o = 4/3 for a brane located in a warped throat.
In the LVS scenario, the F-term contribution to the potential in the AdS minimum scales as

Vap= —, (4.18)
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Ve ~Vy 3 5o that for the D3-brane to compete one needs & ~ V; —3 which is small and provides
the parameter controlling the slight shift of the minimum after including the uplift potential.

Let us discuss whether such an uplift mechanism also works for the tree-level minima we
are working with here. For concreteness, let us first consider this question for Model A that was
discussed in Section 3.2.1. To simplify notation, we define % = —f such that all fluxes in this
section must be chosen positive to be in the physical regime. Looking at the terms in the scalar
potential (3.9), we realize that in the minimum all terms scale as & ¢>/§*. Taking into account
that for perturbative control we need f > h, g, we are led to an uplift term of the form

& .
Vup = m with 0 < ﬂ < 2, (419)

in order to have ¢ ~ %/3’2 small. Therefore, the two types of D3-brane uplifts mentioned above
do not work in our case.

We can nonetheless study the above uplift for general 8. Working at linear order in the small
parameter &, one can show that the values in the stable, non-supersymmetric minimum are shifted

as
6% 3> Fp P q P 2
ro—ngsW HW(?) + 0(&9),

N i T A 0 P
SO_Z_SWW ? +0(8) (420)

The value of the scalar potential at the minimum gets shifted as

25hq®> & (5¢\° 5
Vo=—"—-+— =) +0eH. 42D
21652 16 \ 6f
Therefore, we could uplift to Vy = 0 for
26+152- g3 [ § p
e~ A N (4.22)
33-8 f2 q

which is small in the perturbative regime % > h, q. Inserting this value back into (4.20), we find

_f(s.B i, B
ro—q<5+3), so_h<1 3), (4.23)

so that the correction term is of the same order as the initial value. Therefore, it is not clear
whether the O (£2) corrections are actually subleading. Performing a numerical analysis we find
that, indeed, choosing ¢ sufficiently large to uplift to a de-Sitter vacuum (4.22), the minimum
gets destabilized for 8 2 1/4. The same numerical behavior is found for Model B. For 8 = 1/4
and a specific choice of fluxes, Fig. 2 shows a plot of the potential around the uplifted de Sitter
minimum. We note that no linear approximation in & was done here.

Let us also check how the mass eigenvalues of Model A change due to the uplift. Recall from
(3.17) that the masses of the moduli in the stable AdS vacuum scale as MI%lod,i = Wi % %
with the numerical factors u; = (6.2, 1.7; 3.4, 0). In the uplifted Minkowski vacuum the scaling
remains the same and the numerical factors decrease slightly to u?p =(5.3,0.8; 2.9, 0).

Of course, the question now is which string theoretical effect can generate an effective uplift
potential of the required type. As we have discussed, the introduction of just D3-branes does not
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Fig. 2. The exact potential V (z, 59, cg, pg) for h =2, g = 1 and § = 100 and the uplift term Vyp =0.0013/(1674). Here
the numerical minimum lies at tg = 135.13, 59 = 40.60 and 2¢y + pg = 0. The uplifted minimum is de Sitter.

give the appropriate power . One could envision more complicated uplift sectors, where also
matter-field contributions to D-terms and F-terms play a role.® However, for our purposes here,
we just state that the uplift procedure is in principle possible, but needs more care than in the
KKLT and LVS scenarios.

5. Physical aspects of the scaling vacua

In this section, we study several phenomenological aspects and problems of the flux vacua
constructed above. After discussing issues concerning the dilute-flux limit, we investigate the
mass hierarchies of our models in several examples. We then consider particle-physics questions,
in particular, we compute soft terms for a MSSM-like D-brane setup.

5.1. A note on the dilute flux limit

Describing the string flux compactifications investigated above in an orientifolded N = 2
gauged-supergravity framework can only be an approximation, where fluxes are considered as
(small) perturbations around the flux-less Calabi—Yau geometry. The superpotential and the in-
duced scalar potential describe in an effective four-dimensional framework, how the system
reacts upon turning on fluxes that give extra contributions to the ten-dimensional equations of
motion. Usually, one hopes that the appearance of minima of V¢ signals new solutions of the
full ten-dimensional string equations of motion.

In the case that only NS—-NS and R-R three-form fluxes are turned on, it has been shown
that the backreaction gives a warped Calabi—Yau geometry [112]. Since, due to the no-scale
structure, the Kéhler moduli are unstabilized, one can take the large-volume limit, in which the
fluxes become diluted and the effective gauged supergravity description becomes a controlled
approximation.

For the models discussed here, also the Kihler moduli are stabilized by turning on non-
geometric fluxes, so that the backreacted geometry is not explicitly known. Even though the
Kihler moduli are stabilized in terms of fluxes in the perturbative regime, a priori it is not clear

6 For a D-term with such low B the modular weight of the matter field Kihler metric needs to be positive. For abelian
heterotic orbifolds this can occur for the twisted sector fields [111].



534 R. Blumenhagen et al. / Nuclear Physics B 897 (2015) 500-554

whether a dilute-flux limit really exists. In fact, the expectation from generalized geometry and
double field theory is that non-geometric flux changes the space from a smooth manifold to a
T-fold where the transition functions between two charts are given by a T-duality transformation
(for reviews see [113—115]). Since the latter identifies small and big radii, it would be surprising
if a dilute-flux limit did exist because the geometry could then be better and better approximated
by a flat torus or Ricci-flat Calabi—Yau space, respectively.

Let us investigate this point for the class of models presented in this paper. For that purpose,
we focus on Model A as being realized on the isotropic six-torus with fixed complex structure
modulus U = 1. We then consider the flux kinetic terms in the ten-dimensional Einstein-frame

action, including also the non-geometric Q-flux [116—118]
1
S=57 d"x =g (LHH 1+ £00 4 £0C 4+ LHO 4 LRR), .1)
10

with the various contributions given by

—¢ P 1 i
e ’ ’ ’ ’
,CHH:—EHU/( Hi’j’k’g” g” gkk s »CHQZEHmm' Qi’mng” s
é ]
e .. e / e . i’
ﬁlQQ = _IQkU o'’ g,',‘/g.,'j'gkk , £2QQ = —?Qmm 0. giir,
[RR _ _ﬁ O R T § L 7.4 5.2
- L vy . ’
= ik B g g7 g (-2)

In [118] it was shown explicitly that this action coincides with the one derived in double field
theory. Moreover, upon dimensional reduction it gives the scalar potential generated by the su-
perpotential and tree-level Kéhler potential reviewed in Section 2. With the fluxes being integers,
in Model A the dilaton and metric behave as

1 1

eiqﬁr\,sr\/_ gwﬁf\/_, g71NQ_’ (5‘3)

1
2

A

[N}

—n>

where f = —%. Hence, all the kinetic terms in (5.2) scale in the same way as

hq%

Al

LHH A £O0 . £O0 L pHO L [RR (5.4)

(S]]

Therefore, in the large radius limit, ]3 >> 1, all terms are suppressed and one could think that
there exists a dilute flux limit. However, in order to control the backreaction of the fluxes on
the geometry, the essential quantity is not the action but the energy-momentum tensor 7;; =

\/L__g B‘ngj, appearing on the right-hand side of the Einstein equation. Now, it turns out that all
contributions to 7;; scale in the same way, namely
HH 00 Q0 HQ RR
L7~ Ty ~ Ty ~ Ty =~ T~ ha ©-3)

ThereAfore, the backreaction of the fluxes on the metric is of order one and is not diluted in the
limit fA>> 1. On the other hand, the backreaction is also not substantially large, i.e. we do not have
T;j ~ fP for some positive power p. Therefore, it can be claimed that we are on the boundary of
controlling/non-controlling the backreaction.

The upshot is that the existence of a full string theory uplift of the solutions found using the
effective supergravity action, is on a less firm ground than for no-scale models with only NS—NS
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and R-R three-form fluxes H and §. Nevertheless, absence of an argument for dilute fluxes
logically does not rule out that the effective string (double field) theory still provides a sort of
consistent truncation of the full dynamics of the theory. This is still an unsettled open question
in double field theory.

5.2. Moduli spectroscopy

We now look at the moduli spectroscopy of the flux-scaling vacua, i.e. we investigate whether
one has control over the desired hierarchy of mass scales

Mp) > Mg > Mgk > Mnoq - (5.6)

The first two hierarchies are evident. In order to trust the four-dimensional supergravity approx-
imation we are using, the masses of the moduli should also be smaller than the Kaluza—Klein
scale. One can define an additional mass-scale which is related to the energy density in the uplift
potential

1 1
Myp = (Vp)* =|Vol* . (5.7)

In the flux-scaling models we had large fluxes f; guaranteeing that the moduli are in their pertur-
bative regime and other fluxes fg that we usually choose to be of order one. Moreover, there are
further order one coefficients entering the Kihler potential, once we specify a concrete Calabi—
Yau manifold.

Let us now formalize what we mean by parametrical control: A scale M is called paramet-
rically larger than a scale M», denoted as M| 2 M>, if it occurs that M,/ M| — 0 for f — oo.

The two scales are called parametrically equizl, M, ~ M, if M>/M; — O(1) for fi — oo.
This distinguishes the case where one has parametric control over the relative size of two mass
scales from the case when their relative size is just a numerical coincidence. It can happen that
even though M, = M> one of the order one fluxes fs can guarantee parametric control. If that is
the case we mention it explicitly. It is also possible that in our examples it just happens that the
numerical prefactors are such that M| > M>. In this case, we say that M is numerically larger
than M, and denote it as M| = M.

‘We observe that in all the ;nodels we have studied, we have demanded that moduli are stabi-

lized in the perturbative regimes as 7, s, v 2 1, which lead us to the following relations for the
P
mass scales

MSP ;—“MmodMPla Mup;M& (5.8)

The first relation can be viewed as a generic prediction for this class of models, where the second
relation rather indicates that the energy density in the uplift potentially exceeds the scale where
we can confidently use the effective supergravity description. In Appendix A we provide a model,
showing that one can have My, < M, once one gives up the requirement that all 7,5, v 2 1. We
will come back to this point inpSection 6, when we discuss inflation. In that context lthe two
relations receive a different interpretation.

The relative sizes of Mg, Mgk and Mg turn out to be model dependent. Let us discuss three
representative examples.

Model A We first discuss Model A of Section 3.2.1. Using (3.3) we can calculate the Kaluza—
Klein and the string scale. For the tachyon-free vacuum 3 of Model A we obtain
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M, 20\ 1 12\7 (h\1
o (25) 2on (2 (1) 5.9)
Mxx s 5 q

Therefore, to have the string scale parametrically higher than the KK-scale, we need to require
h > ¢. This means t > s so that «’-corrections to the tree-level Kihler potential are indeed
subleading. The ratio of the KK-scale to the moduli mass scale comes out as

Mxx _ 10
Mmoa 6/ i hg ’

Since both ratios do not depend on the very large flux f, we would write that M > Mgk =~ Minod-

(5.10)

However, by choosing for the order one fluxes & > g we can at least guarantee Mg 2> Mkk.

~

However, the KK-scale is not separated from the flux induced moduli masses.

Model D The same problem appears for model D of Section 3.3.2. The scales for the tachyon-free
vacuum are

~ 1 3
(hH2(gh: Mp ) G"Hr Mp
Mo = fijo 4m-27” Mick = pcx Fij0 4m-27’ G.1D

with g = 2274 and ugg = 36. For the ratio of the Kaluza—Klein scale and the moduli masses
we find
NN !
MZy  (H@GHG:? 0
> T H 01 ’ (5.12)

Myy (792
with the prefactor u of order one. Recall that we had to scale f; > h', ¢!, 5 ~ O(1) in order
to be in the weak-coupling and large-radius regime. Then the KK-scale becomes parametrically
lighter than the heavy moduli, My,oq = MkK.

P

Model C Finally, let us present a model where parametric control over the ratios in principle is
not in conflict with the perturbative regime. Using (3.3) in Model C, the string and Kaluza—Klein
scale are computed as

13
h2 q:2 M2 q2 M2
M? = pg — P M= S — 5.13
S s fo fl 47 .27 KK = MKK f fl ax .27 ( )
with g = 84 and ugg = 1.4. For the ratio of the Kaluza—Klein and the string scale we obtain
M2 1
ZKK — 0,016 (1)2 : (5.14)
M h

whereas the ratio of the moduli masses and the Kaluza—Klein scale is
2 1\ L
Mmod ~ hq (fl)z

2 1

Micx 2

so that for large enough fp one can ensure that the moduli are lighter than the Kaluza—Klein scale,
i.e. Mgk 2 Mmod. To summarize, for this model we find the following controlled hierarchy of

) (5.15)

P
mass scales

Mp ,12 Myp ; M; ; Mgk pZ Miod - (5.16)
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Fig. 3. The potential V (x, y) around the minimum, where x is pointing in the direction of the lightest axionic modulus
and y in the direction of the lightest saxionic modulus.

Since all scales differ only by a relative factor of O(10), they are very sensitive to numerical
prefactors. For concreteness let us make the choice

fo = 3200, fl=1, h=-2, g=—1, (5.17)
and analyze the moduli around the minimum with values

T =275, s=110, v=18, u=c=p=0. (5.18)
Using Mp) =2.44 - 10'8 GeV, the string and KK-scale come out as

Mg~1.17-10'%Gev, Mgk ~1.25-10"GeV. (5.19)
The masses of the saxion moduli are

M ~ (2.9, 1.2, 1.0) 10" GeV, (5.20)
and the masses of the two heavy axions are

M~ (2.5,0.23) - 10" GeV. (5.21)

Note that the second axion is the lightest (massive) axion and therefore could be a candidate for
an inflaton. In Fig. 3 we show the potential around the minimum, in the directions of the lightest
and the second-lightest modulus.

5.3. Tunneling between flux branches

Another potential problem could be the occurrence of substantial tunneling between the var-
ious branches in the flux landscape. Such tunnelings are induced by domain walls changing
the value of the fluxes and were discussed to be a potential problem also to maintain axion-
monodromy inflation for a long enough period [32].

Let us estimate this tunneling rate for Model A using the formulas from Coleman—De Luccia
for the thin-wall approximation [119,120]. The tunneling amplitude can be computed from

B

P~ e S Sep ~ ———— |
‘ Ty an?

(5.22)
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with coefficients given by

2 4
_ 2In%e” ’ A— V3o ) (5.23)
2(AV)3 2J/AV Mp

Here o denotes the tension of the domain wall and AV the potential difference on the left and
the right-hand side of the domain wall.

For Model A the fluxes we have turned on are the NS—-NS and R-R three-form fluxes and the
non-geometric Q-flux. Thus, following [38], the corresponding domain walls are the NS5-brane,
the D5-brane and the non-geometric 5%—brane [121,122] wrapped on three-cycles of the Calabi—
Yau manifold. Due to the tadpole cancellation conditions, we cannot change a single flux but
only all three fluxes at the same time. Therefore, we expect the corresponding domain wall to be
a bound state of those three kinds of branes. Let us compute the action for each individual brane,
where as we will see it is sufficient to consider the NS5-brane and the D5-brane.

Via dimensional reduction of the corresponding world-volume actions, we find

3 1 3 3 5 3
ops ~ M; s3 1%, oNss ~ M7 s4 T4, (5.24)

Using AV ~V ~ Mmod M 2 and the expressions for M and Mgy for Model A, we obtain for a
D5-domain wall

B M ! A2 My ] (5.25)
Ds™~n 6 T n 3o D5~ o T :
MPl Mmod fth3 MPl Mmod fz
and for a NS5 domain wall
M12 M2 fZ M6 1
Buss~ K<z P e Mk L (5.26)
M§ Mmod h 4q M4 Mmod h

where % = —f This is the result just for unit one domain walls, i.e. those changing Af =Ah=1.
As mentioned we need to satisfy the tadpole cancellation conditions A f = const and g f = const.
The solution to these constraints is f — lcf while # — «~'h and ¢ — «~'q. For the vacuum
energy to decrease, we need k > 1. As a consequence, the relevant domain wall must change
the three fluxes as Af ~ f, Ah ~ h and Ag ~ g so that also the individual tensions scale as

0]()5) ~ %0D5 and UIEIKS)S ~ honss. Including these factors, one finds

)
(k) («) f 2 2
Bp§ ~ Bygs ™~ hq®’ (A5 ~ (A")Rss ~ 1, (5.27)

i.e. both branes have parametrically the same action. Therefore, assuming that the bound state is
essentially at threshold, the tunneling amplitude scales as

P ~exp (—%2) , (5.28)

so that one has parametric control to suppress such tunneling transitions.
5.4. Soft masses of MSSM on D7-branes

In this section, we study some of the particle-physics aspects of the scaling-type minima
presented in the previous sections. Since the vacua generically break supersymmetry, we are
in particular interested in the induced supersymmetry breaking scale in some D7-brane sector
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supporting the Standard Model. We have already seen that the gravitino mass scale is of the
same order as the moduli masses. For models of large-field inflation, this scale is of the order
10'4-10'5 GeV, thus leading to a very high supersymmetry breaking scale. Motivated by the
sequestered scenario in the LVS framework [92], we can therefore ask whether also here it is
possible to obtain soft-masses that are smaller than the gravitino mass.

5.4.1. Bulk scenario

We now add an extra four-cycle to the geometry and compute the soft gaugino and sfermion
masses for magnetized D7-branes wrapping that cycle and supporting the MSSM. For concrete-
ness we consider the Model C described in Section 3.3.1. Due to the FW anomalies, we cannot
place a magnetized D7-brane on the single four-cycle. Thus, in order to also allow a sector where
the Standard Model can be supported, we need to introduce additional four-cycles into the geom-
etry. In order to avoid brane deformation moduli, we deform the geometry such that we introduce
a further del Pezzo surface so that the volume form is given by the familiar swiss-cheese type

3

V=t13_1]. (5.29)

Moreover, to avoid Freed—Witten anomalies, the superpotential should not depend on the Kéhler
modulus 7.

We now assume that the MSSM is realized on stacks of magnetized D7-branes wrapping the
added four-cycle and proceed as in the analysis of the sequestered LVS scenario [92]. The axion
ps in Ty becomes massive via the Stiickelberg mechanism and the Kéhler modulus t; appears in
an induced Fayet-Iliopoulos term that shrinks the del Pezzo surface to zero size t; ~ 0. Since W
does not depend on 7 and KTsi9, K = —27, ~0, we find FIs = 0.

Focusing on the supersymmetry breaking strictly stable minimum (3.37), using the formalism
from [123], let us compute the soft supersymmetry breaking masses on the magnetized D7-branes
wrapping the small cycle. The gaugino masses are then given by

1 .
My =7 Re ) Fa; fa, (5.30)
with
Fl=eK'D:W, (5.31)

and where f, = T + x,S is the holomorphic gauge kinetic function for the D7-brane. Here
Xa = # J Fa A Fy is again the instanton number of the gauge flux on the D7-branes. Using

FTs =0 and evaluating F¥, we find for the gaugino masses

h 3 M2
1) P M2, (5.32)

M2: a 3 ~
T R a2t

with u, = 12. The sfermion masses are given by
M2=M3+Vo— F'Fi3;0;log Z,, (5.33)
2

where Z,, is the Kéhler metric for the matter-field. It was argued in [124] that for magnetized
branes on a small shrinkable cycle, at tree-level one has Z, = ko /7. Assuming also an uplift
mechanism to Vi = 0, the sfermion masses become
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FT 2 h 3 M2
(F%) _ 1(q1) Pl NM%, (5.34)

42 = He (fo)%(fl)%4n~24 2

with u, = 28. Thus, we realize that all soft masses are of the same order as the gravitino mass.
The shrinkable cycle itself therefore does not lead to sequestering. Opposed to the sequestered
LVS scenario [92], the main difference is that here F5 # 0 already at tree-level.

5.4.2. Sequestered scenario

As we have seen, in order to achieve a suppression for the soft-masses, we need F¥ =0 at
tree-level and we need to turn on a further small correction that can induce FS # 0. In our model
search so far we have not’ obtained a non-supersymmetric model with F$ = 0. Therefore, we
now consider the non-supersymmetric minimum of Model B discussed in Section 3.2.2, where
we will be able to enforce F7 =0 for a subset of fluxes. If we now place an unmagnetized
D7-brane on the four-cycle, we have a toy model for the situation we are interested in.

Gravity-mediated gaugino masses Let us estimate the size of the gaugino masses, once we take
into account the («’)3-correction to the Kihler potential as

%-pé

K=—2log[((T+T)+ (G + )) ?s2:|—10g(5+3‘), (5.35)

4(S+5)

— XMXEB) The superpotential (3.19) for this model is not changed. The values of

2(2n)3
. K Pt
the auxiliary fields F' =e2 K"/ F ; at the minimum are

where &, =

FTZe‘%—f— Fsz_egg_lf_ 1
25 g l—i—x’ 5 h (1+x)’
k16i * «x
FG = L 5.36
TS it (5.36)

-2
with x = Kqu Thus, we see that we can force F7 = 0 by choosing 8x + 3 = 0. This is only
possible for negative k since otherwise we would leave the physical regime and s, 79 < O.
To assess the order of magnitude of the o’-correction first notice that (3.3) implies Mgk /M ~

3
s /V% for the ratio of the KK and the string scale. Using that the volume is VV (2r + %1//2) 2,
and substituting the values of the moduli in the minimum (3.21), we then find

M 1
YKK (2)4 i (5.37)
M h
where x = —3 has been used. Inserting in (5.35) we then conclude that the a’-correction is small

compared to the tree-level term provided &,(q/ h)3/? « 1, which can be achieved taking & > ¢.
A numerical analysis shows that in this regime the former minimum gets slightly shifted and
that the main contribution to the new value of F”, denoted FET, comes from plugging in the

values of the old minimum in the corrected expression for F7. Thus at linear order in & p» the
induced vacuum expectation value of the auxiliary field F7 is parametrically given by

7 In Section 3.3.5 with h&z = 2, we found a model with FUi1 =0 (see (3.70)), which does not help here as only FT
and F$ appear in the gaugino or sfermion masses. Nevertheless, it shows that accidentally a zero auxiliary field is in
principle possible.
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oo ().

where FOT is the size of the tree-level F-term (5.36) for x # — and where we used (5.37). The
gravity-mediated gaugino masses can now be expressed as

My \°
M, < M, > M%, (5.39)

which is suppressed relative to the gravitino mass scale by a high power of the ratio of the
KK-scale to the string scale.

Anomaly-mediated gaugino masses With the tree-level gravity-mediated gaugino masses van-
ishing at leading order, the one-loop generated anomaly-mediated gaugino masses are expected
to be generically larger than the next-to-leading order tree-level masses. In the sequestered LVS
scenario, it turned out that even the leading-order anomaly-mediated contribution vanishes due
to an extended no-scale structure. Let us estimate this contribution in our model. The anomaly-
mediated gaugino masses are given by [125]

2

M = =4 (3 T6 = T)My — (T — T @G K)F'
_2TR

e Flilogdet Zap), (5.40)

where Tg = N is the Dynkin index of the adjoint representation of U(N) and T is the Dynkin
index of some matter representation R of dimension dg. In our simple case of unmagnetized
D7-branes, there is no charged matter so that the above formula simplifies. Indeed, there is no
cancellation between the first and second term and we obtain

1 8 1 16N Mk M;
M= " NM;= - 2 (5.41)
1672 Re(f,) 3 2 (4m)2 9 Mpy

Therefore, we still get a suppression, which generically will be weaker than the next-to-leading

order gravity-mediated one (5.39). For instance, for M ~ 10 GeV, Mgk ~ 10! GeV and

M3 ~ 10" GeV, we find M, ~ 10% GeV and M2"°™ ~ 10!! GeV. Therefore, one can get gaug-
2

ino masses in the intermediate regime.

As argued in [92], the computation of other soft terms is sensitive to higher-order corrections
to the matter-field metric and to the uplift, so that we are not pursuing this question here further.
Of course, what we have presented is just a toy model, as the brane wrapping the four-cycle is
non-chiral and presumably will carry extra massless deformation modes (that also have to be
stabilized). The purpose of our analysis was to show how one can arrange for a situation where
the gaugino masses are induced by higher-order corrections, and can therefore be parametrically
smaller than the gravitino mass scale. This is important for string model building, if one wants to
have the supersymmetry breaking scale for the MSSM smaller than the GUT or inflation scale.
With the supersymmetry breaking scale in the intermediate regime, one can realize the scenario
of [126], where gauge coupling unification is obtained by the F-theory motivated scenario pro-
posed in [127].
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6. Axion monodromy inflation

We now turn to string-cosmological properties of our models. Recall that a large tensor-to-
scalar ratio points towards an inflationary scenario with the slow rolling occurring for large field
values ® /Mp; ~ 1-10. Therefore, in any UV complete theory of gravity one has to control
higher order corrections. Axions with their perturbative shift-symmetries are good candidates
and various scenarios have been proposed, ranging from natural inflation, over N-flation to axion
monodromy inflation. The latter can be naturally realized in string theory, where the very same
scalar potential that stabilizes the moduli can also give rise to the axion potential. Here the shift
symmetry of the axion is spontaneously broken by the choice of fluxes in the background, thus
giving rise to an effective potential and an unwrapping of the compact field range for the axion.

In this section we investigate whether the flux scaling models we have discussed can pro-
vide working examples to realize F-term axion monodromy inflation in set-ups with consistent
moduli stabilization. As a matter of fact, this was our initial motivation to look into this part of
the string/gauged supergravity landscape in more detail. Please recall the challenges for such a
construction that have been listed in the introduction.

By including all closed string moduli in the tree-level flux superpotential, we have available
many of the axions that have been put forward as inflaton candidates in the literature. In general,
the eventual inflaton ® will be a linear combination of some of the following axions:

e There is the universal axion ¢ from the axio-dilaton superfield. It was proposed [39] that if
this axion is part of the inflaton, it can provide an appealing reheating mechanism.

e The Kihler moduli 7, contain the R-R four-form axions py. As opposed to KKLT and
the LVS scenario these moduli are also stabilized at tree-level by turning on non-geometric
Q-flux [45,54].

e In [38,44] the proposal was to consider the two-forms By or C; as the inflaton. This can be
realized by generating an F-term potential for odd Kihler moduli G? by turning on geometric
flux.

e In the large complex structure limit, extra geometric shift symmetries arise so that the quasi-
axions Re(U) = u can also be considered as inflaton candidates [40].

The purpose of this section is not to construct a fully-fledged cosmological model, but, con-
tinuing the analysis of [49,50], to study the question whether an axion can realize large field
inflation.

In the following the inflaton is considered to be an initially massless axion, which receives
a parametrically smaller mass by turning on additional fluxes. Since fluxes are of order one,
the hierarchy occurs by turning on large fluxes XA for the heavy moduli. Thus, we have a (flux)
parameter available by which we can control both the mass hierarchy of the inflaton and the
heavy moduli as well as its backreaction on the other moduli. In fact it has been shown in [50]
that for A >> 1 the backreaction is under control and that one obtains the naive polynomial scalar
potential. We find that this is in principle possible but that, in all examples we have looked at, the
KK-scale becomes lighter than the moduli masses.

In [73] we analyze a toy model for this scenario, where the backreaction can be taken into
account analytically. There, changing a parameter analogous to A interpolates between chaotic,
linear and Starobinsky-like inflation.
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6.1. Brief review on large field inflation

In this section we review the basics of large field inflationary models. (For more details see
for instance [128].) In general, one can distinguish convex and concave scenarios. The prototype
examples of the first type are models with polynomial scalar potentials, like for instance chaotic
inflation governed by a quadratic potential. Such models would have been the best candidates to
explain the BICEP2 [10] result » = 0.2. However, due to the PLANCK 2015 data [12,13] this is
explained by the foreground dust contamination of the signal and substituted by the upper bound
r < 0.113. Moreover, the reported values for the spectral index and its running are ny; = 0.9667 &=
0.0040 and oy = —0.002 +0.013, respectively. As a consequence, potentials V ~ @7 with p > 2
are disfavored. Instead, the recent results point towards concave models. The Bayesian analysis
reviewed in [129] also indicates that plateau-like potentials are the best class of models fitting
the current data. Nonetheless, in the following we will investigate how polynomial inflation is
realized in our fluxed vacua.

Let us recall the cosmological data needed for our discussion. For a polynomial potential
appearing in the single field Lagrangian

1
L= 5aM@af*@Jm“*P er, 6.1)
the slow-roll parameters

1 V/ 2 V//
625(7) ’ "=(7)’ (2

can be computed as

2
= % & = % . 6.3)
The number of e-foldings is expressed as
O v ] O, o2
Ng=/7d®=;/®d®:ﬁ. 6.4)
Ocnd Ocnd

Thus, we can write N, ~ ﬁ. Therefore, for the spectral indices and the tensor-to-scalar ratio one
obtains

(p+2)
— 142 —6e~1— ,
s = 1 20 — e 2N,
n[=_25'\’_ P .
2N,
4
r=16e ~ -L. 6.5)
N,

e

For a quadratic potential, that is p = 2, and 60 e-foldings, this leads to

ns ~0.967, n; ~—0.017, r=0.133, (6.6)

which is excluded by the recent measurements from Planck and from BICEP2 at 95% confidence
level [12,13]. The amplitude of the scalar power spectrum P = 2.142 - 10~ can be written as
follows
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2
p~ M (6.7)
8n2e M3
which leads to a Hubble constant during inflation of Hjpr ~ 9.14 - 1013 GeV. Using Vipr =
3Ml§l Hi%lf, we can extract the mass scale of inflation as M, = Villf ~1.96 - 10!° GeV, which
is of the order of the GUT scale. Finally, the mass of the axion M(z_) = 377Hi%1f comes out as
Mg ~ 1.45-10"3 GeV.
From a stringy point of view, for realizing single field inflation in a controlled way, one needs
the hierarchy of string theoretic and inflationary scales®

Mpy > Mg > Mgx > Minf ~ Mmod > Hinf > [Me] . (6.8)

As we have seen, for large field inflation we have H ~ 10'% GeV so that between the Hubble-
scale and the Planck-scale there are only four orders of magnitude for all the other scales. Clearly,
to achieve and control such a sensitive hierarchy is a major challenge for string theory.

6.2. Realization of polynomial inflation

Following the procedure suggested in [49], the idea is to generate a non-trivial scalar potential
for the axion ® (in the following called inflaton) by turning on the additional fluxes fux, while
the former fluxes are scaled by a large number A. Thus the total superpotential reads

WianAW‘l'fax AW. (6-9)

In [49] this procedure led to a parametrically lighter axion mass.” We will see that for our case,
where now all moduli appear in W, the situation is different and more subtle.

6.2.1. Parametrically light axion for Model C
As a first attempt we consider the superpotential

Winfzx( —fo—3f'U*—mnUS —quT) +i(hoS + qoT). (6.10)

Let us first proceed under the assumption that the mass for ® can be parametrically smaller than
the masses of all the other moduli and that the backreaction of AW on the values of the moduli in
the old minimum (3.37) is negligible. Then we can analyze the problem by first integrating out all
heavy moduli and computing an effective potential for ® ~ c. In practice this means determining
the scalar potential induced by Wi,r and then inserting the values (3.37) for the moduli. In this
way we obtain

1 2
Verr(©) = 37 (4 € = B + Vo). ©.11)
with
15
A 27 gqihi(hiqo — q1ho)? _ g1for 6.12)
5% ~3% fé (?1)% ’ 2(q1ho — h1go)

8 For a recent discussion of these hierarchies see [130].
9 An alternative idea with A = 1 was promoted in [50], where certain assumptions about tunings in the string landscape
had to be made.
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and

7.21 Ahiq;

Vo= + O(fg%). (6.13)

sto3t g

Therefore, the inflaton receives a large vacuum expectation value. In particular, inserting its value
back into the superpotential (6.10) one realizes that the two terms AW and fax AW scale in the
same way with the fluxes. Therefore, one expects that the backreaction on the old minimum is
substantial. This is confirmed by a numerical analysis of the scalar potential. As a consequence,
the effect of this form of AW is not under parametric control and therefore it is not a good
candidate for a deformation. The problem is the resulting linear term in ® in the effective scalar
potential, whose prefactor relative to the quadratic term is generically of the order AWy. To
control the backreaction on the former minimum, one needs an effective potential, where the
prefactor becomes zero, as was generically the case in [49].

Let us consider a different deformation of the superpotential, now generated by turning on
non-geometric P flux

winfzW+AW:A(—f0—3$1U2—hlus—q1UT)—pOST. (6.14)
In this case the effective scalar potential becomes
1 4 2
Veff=2—7(Ac +Bc+C), (6.15)
with
3 ~
28 phiq 2% pohiqi(20hh1q) +73+/10pof")
A=——5 B=—— 5 , (6.16)
33 gEhe >3 fo (1)
and
15 ~ ~
27 —h3q23% + 21 poh1gif' x4 90p2 (71)?
C— q1(—hiq; pohiqif o) ). 6.17)

53 3 .
3.3 s ()2
For all fluxes and A being positive, the effective potential has a global minimum at ¢ = 0. There-

fore, in this case we expect that the backreaction of the P-flux term on the other moduli can be
made small. In this minimum the mass of the canonically normalized inflaton is computed as

~ 1 ~
pog1 (712 20h1g1A + 73/ 10pof") M},
3 .07
hlfé 4 -2

with ue = 1.6. Therefore, in the regime 20k g1 A > 734/10 pofl the mass of the inflaton can be
made parametrically smaller than the mass of the heavy moduli

(6.18)

M = pe

Mg pof
M?> higir”

mod

(6.19)

In order to realize chaotic inflation with a quadratic potential, we have to ensure that for
¢ ~ 10 Mpj the quartic term in the canonically normalized V¢ can be neglected. Indeed, as long
as
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X
A« q1 1~ ’

10 pof!
the effective potential is dominated by the quadratic term, where the same combination of fluxes
as in (6.19) appears. Therefore, we conclude that for sufficiently large A we can gain parametric

control over the scales in the inflaton sector while also guaranteeing a quadratic potential. Note
that the ratio of the KK-scale and the moduli masses behaves as

(6.20)

SN
Mg - »hyq, ()2

i .
fo

Mgk
For large X, it becomes impossible to keep the KK-scale larger than the heavy moduli mass,
while still having a string scale of the order of the GUT scale. We can summarize these findings
for realizing quadratic inflation by

6.21)

Mmod 2 Mo = Mmnod 2 Mkk . (6.22)
P P

6.2.2. Axion potential for Model D

As a second example let us also consider Model D, which was designed such that a deforma-
tion of the superpotential of the type already mentioned in (6.10) can generate a parametrically
small mass for the so far massless axion. We then choose the deformation

Wint = A(flU +ifPU? +3i 'U% S +3i §'U? T) +i(hoS +qoT). (6.23)

After integrating out the massive moduli we obtain an effective potential
1 _3

Verr(c) = 2—7(Ac2 +Vo+ 0} ) (6.24)

with
1 ~y o~
32423 g'h (h'qo — G'ho)?
A g h (h'qo—q ho) 7 6.25)

51174 W1

fi ()2
Al

where Vo ~ f, * is the value given in (3.45) multiplied by A2. Since this effective potential is

minimized at ¢ = 0 and the mass of the inflaton is parametrically smaller than the mass of the

heavy moduli, we expect that one can trust this approximation. Taking into account the kinetic
term for ¢ the mass for the canonically normalized inflaton becomes

1.7 - ~0n L
G'(h'qo—G'ho)> (%2 M3,

M2 = o —d , (6.26)
© il (fl)% 47 . 27
with ug = 10. Therefore, due to
Mg (h'q0—q'ho)* ) 627

5 —

Miiod A2(h1 gh)? ﬁ
the mass of the inflaton can be made parametrically smaller than the mass of the heavy moduli
by choosing the flux Af; large enough. However, we come into conflict with the separation of

the KK and moduli scales. Recalling the ratio of the Kaluza—Klein scale and the moduli masses
(5.12),
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M2y 2 (RH@EGHG?

— (6.28)
Mg >
we can derive the relation
ME M8 - N
- 2 ~ 8RN G (h'q0 — G ho)* = 1. (6.29)
M M
mod KK

We want both quantities on the right to be smaller than one, but this is not compatible with the
mass scales we derived for this model.

We conclude from this analysis that our attempts to gain parametric control over axion masses
were only half-successful. By turning on additional fluxes it was possible to find slightly shifted
minima, where the lightest axion was parametrically smaller than all the other moduli. However,
it was not possible at the same time to keep the heavy moduli lighter than the KK-scale. All this
is reflected in the simple formula

Mpod 2 Mo = Mmnod 2 Mkk - (6.30)
p p

‘We close this section with two remarks:

e These tree-level flux induced potentials clearly provide a generic framework for realizing F-
term axion monodromy inflation in type IIB string theory, while also controlling the masses
of other relevant moduli. They contain all the closed string axions that have been proposed in
the literature as inflaton candidates. The models discussed in this section involved the three
axions {p, ¢, u}. Note in particular, that in contrast to the no-go results from [49], for the
generic superpotential involving also the Kihler moduli, the universal axion c could also be
present in the linear combination for the inflaton. Moreover, by turning on also the geomet-
ric fluxes, generically the orientifold odd axions Im(G) = C, would appear in the inflaton.
We did not explicitly discuss an example of this class, as the two models presented in Sec-
tions 3.2.2 and 3.3.3 were plagued by massless saxions.

e In [73] we analyze backreaction issues. While the models discussed in the present section are
already quite involved, in [73] a simple toy model based on Model A is defined, for which
the backreaction can be solved analytically. For very large values of a parameter similar to A,
indeed the potential becomes effectively quadratic while for decreasing values the effect of
the flattening becomes more and more visible. First, one gets an effective linear potential
while for values of O(1) the potential becomes Starobinsky-like. However, in this regime
also the hierarchy between the inflaton and the heavy moduli mass diminishes so that one is
actually dealing with a model of multi-field inflation.'”

7. Conclusions and outlook

In this paper we have proposed a certain large scale scenario of tree-level moduli stabi-
lization. We considered the class of non-supersymmetric, strictly stable minima of the scalar
potential generated by type IIB orientifolds on CY three-folds with non-trivial geometric and
non-geometric fluxes turned on. This gives the scalar potential of orientifolded N = 2 gauged
supergravity and also involves the orientifold odd moduli made up by the B, and C, two-forms.

10" We thank Francisco Pedro for pointing this out to us.
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We have presented an algorithm to construct such minima. Their characteristic feature is a
certain scaling with the fluxes that allows to parametrically control many properties of the vac-
uum. For instance, it is easy to guarantee that all moduli are stabilized in the perturbative regime
where higher order corrections are suppressed. We have started our investigation with simple
models with a few moduli. By going to more involved models, we encountered the appearance
of tachyonic states. For multiple Kéihler moduli we identified a general mechanism, involving the
addition of certain D7-branes, which allows to uplift a class of tachyonic modes. For models with
multiple complex structure moduli such a mechanism is still an open question. We also mention
that our model search is not exhaustive.

All the vacua considered are of AdS type. Since all moduli are stabilized at string tree-level,
identifying a proper uplift mechanism for the cosmological constant is a more involved task. We
provided a possible uplifting term but could not justify how it could arise. It would be interesting
to really find a stringy realization of this type of uplift. In the literature it has been asserted
that there exist de Sitter vacua for non-geometric flux models. It would be interesting to find out
whether extending the set of fluxes in our models can lead to dS minima, while maintaining other
desirable properties.

We also addressed some phenomenological issues. Since all moduli are stabilized at tree-
level, the whole physics is expected to happen at the high scale. For ultra-large fluxes one could
in principle lower the moduli masses and the gravitino mass scale. We have computed soft su-
persymmetry breaking masses on MSSM-like D7-brane set-ups. Generically, the supersymmetry
breaking scale is given by the gravitino mass which is of the same scale as the moduli masses.
One can arrange for sequestering of the gravity mediated terms, but then anomaly mediation
happens to be the dominant contribution. This allows for a further suppression of the soft masses
down to e.g. the intermediate regime.

A technical problem is that models with non-geometric fluxes do not admit a proper dilute
flux limit. Thus, one cannot argue that the minima found in the effective four-dimensional theory
can be uplifted to true solutions of the ten-dimensional string equations of motion or double field
theory. This is an open issue whose eventual clarification relies on further progress in the un-
derstanding of non-geometric backgrounds in e.g. generalized geometry and double field theory.
Another generic feature is that to achieve parametric control over the perturbative regime, the
uplift mass-scale is larger than the string scale.

In the final section, we applied our results to the study of inflation, more concretely to F-term
monodromy inflation with the inflaton given by an axion. In particular we asked the question
whether by an appropriate scaling of the fluxes one can engineer viable models with polynomial
potentials. We find that this is in principle possible via turning on additional fluxes, though at
the expense of introducing large flux quanta and of making the moduli masses larger than the
KK-scale. One way of interpreting these difficulties we realized in controlling all mass scales at
the same time, is that maybe string theory, as a UV complete theory, wants to tell us that one has
to give up at least some of the usual order of scales. A proper description of large field inflation
in string theory might require to take some of the Kaluza—Klein and string states into account
from the very beginning.
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Appendix A. A model with parametric control M > M,

We again consider a model with h*'=1and hil = 1, that can also be related to the isotropic
six-torus with Kéher potential

K =—3log(T +T) —log(S + S5) —3log (U + U). (A.1)
For the flux superpotential we now choose
W=Fo—ifiU+hU3S+qU’T, (A.2)
where h = fto, q= éo and fo = —fo. Analyzing the scalar potential, we find a non-supersym-
metric, non-tachyonic minimum with stabilized moduli
5t R 2751 f 2
_2%. %q% s = 3% h—%, hc—i—qp:—ﬁ%,
3-61-57fo B 3-v6 o

_ fo o3 V0 o A3
G+ve h' T G+veh (A-3)

To stay in the physical region we take all fluxes positive. It is interesting to notice that in this
example the flux tadpoles are positive.
The value of the cosmological constant in the AdS minimum is

6561-3% hq? fOM;;]

Vo= 50 P f? ot (A4)
For the ratio of the string scale and the uplift scale it then follows
M T 1 5o M 93152 g
s _54.6%.58.23 10 - £l (A5)
M, ép f3 M, flfp 2% - T h f?

so that for fo / ﬁ > 1 we have gained parametric control. However, in this regime parametrically
we get 7,5 < 1.
)

To give a concrete example, let us choose the numerical values fo =1 and f; = 3, leaving A
and ¢ free. For the moduli we readily obtain

1.75 2.33
T=—", s:T, v=047, u=-033, c+p=-2, (A.6)
q
and for the mass scales
1
M, 1.78 M, M, 0.69¢g%
Pl — ﬁ , S :48, KK — lq (A7)
M h#qgs Muyp Muyp h%

This shows that it is not possible to have all moduli in the perturbative regime while also attaining
Myp < Mxk. For the purpose of realizing models of large field inflation, this means that we get
parametric control of Miyr < Mgk only for T <0.3.

P P
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After all, independent of parametrically controlling certain ratios of scales or not, in models
of large field inflation the mass scales are pushed to the threshold of having control. Moreover,
with all scales being close together, extra numerical factors matter.
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