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1 Introduction

The Hubble constant Hy, as inferred from Planck 2018 Cosmic Microwave Background (CMB)
data [1], is in 50 disagreement with the SHOES cosmic distance ladder measurement [2].
This ‘Hubble tension’ has spurred on an intense experimental effort and the development of
new ways to measure Hy (see [3, 4] for reviews). The tension persists between varied early
and late universe probes at the level of 4-60 [4]. A commensurate effort has been made



on the theory side, aimed at developing an alternative cosmological model to bring these
measurements in agreement. Amongst the theory approaches, the modification of early
universe physics holds particular promise (see [5]) by satisfying first and foremost the tight
constraints that the CMB places on any new cosmological physics. A detailed review is
provided in section 2 (see also the review section of [6]).

Early Dark Energy (EDE) [7, 8] is an example of new physics in the early universe
that resolves the Hubble tension by bringing the CMB inference into agreement with
SHOES, while leaving the former nearly indistinguishable from ACDM. The model proposed
in [7] utilizes a scalar field with potential energy V() = Vi [1 — cos (¢/f)]?, featuring an
exponent that distinguishes it from the conventional potential of an axion-like particle.
This potential is motivated by data: it provides a significantly better fit to the data than a
monomial V' ~ ¢?" [9] or a cosine with a different exponent [7]. The vast majority of work
on EDE (see e.g. [6, 10, 11]) has therefore focused on this form of the potential, though
alternative EDE-like models abound [12-26]. This work has elucidated challenges to the
model from data, in particular, tension with large scale structure (see e.g. [10, 11]), that has
motivated extensions of the EDE model, see [24, 27-29], to include an additional ultralight
axion dark matter component [28, 29]. Relatively little input has come from the formal
theory community, with exception of ref. [6] and [30].

In this work, we seek to identify and address the challenges to building a phenomeno-
logically viable EDE model within the context of string theory. The first steps have been
already provided in [6], in the context of KKLT compactifications, with the EDE field
identified as a C9 axion. Its potential is derived from non-perturbative corrections to the
superpotential W generated by gaugino condensation on D5-branes. Besides the need to
tune the prefactors of these non-perturbative effects to reproduce the correct EDE scale,
it remains unclear if gaugino condensation on D5-branes can actually yield a non-zero
contribution to the superpotential for cycles in the geometric regime'® [32, 33].

Here we go beyond what achieved in [6] and perform a deeper analysis of EDE model
building in type IIB string theory which is one of the most promising corners of string theory
for moduli stabilization. We propose string embeddings of EDE in the moduli stabilization
frameworks of KKLT [34] and the Large Volume Scenario (LVS) [35, 36]. Moreover, we
identify different choices of axion as the EDE candidate. In particular, we try to realize the
EDE potential V' = Vj [1 — cos(¢/ f )]3 with the phenomenologically relevant parameters
Vo ~ eVt and f ~ 0.2 Mp, while satisfying the following conditions:

1. Controlled de Sitter moduli stabilization: all string moduli should be stabilized
in a dS vacuum where the effective field theory is under control. In particular the
compactification volume should be large enough to trust the o’ expansion, the string
coupling should be small enough to remain in the perturbative regime, and the
instanton expansion should be well behaved. Omne of the main obstacles against
achieving moduli stabilization with full control is the fact that the decay constant f
of the EDE field has to be relatively close to the Planck scale. This can intuitively
be seen as follows. Explicit string computations [37-39], as well as the weak gravity

!See however [31] for cosmological applications.



conjecture applied to axions [40-43], give fS ~ AMp where S is the instanton action
and A an O(1) constant. Hence, f ~ 0.2 Mp implies S ~ O(10). Given that in
string compactifications S is set by the volume of the internal cycle wrapped by the
instanton which generates the EDE potential, f ~ 0.2 Mp implies volumes of O(10)
in string units which might not be large enough to control the effective field theory.

2. Decoupling of non-EDE modes: all moduli different from the EDE field should be
stabilized at an energy scale much larger than Vj, so that they become much heavier
than the EDE field whose mass is of order m ~ 10727 eV. This requirement is needed
for two reasons: (¢) saxions with masses below about 1 meV would mediate unobserved
fifth-forces; (44) the dynamics of ultra-light axions with masses around m ~ 10727 eV
could play a significant role around matter-radiation equality, potentially modifying
the cosmological evolution of the EDE model.? The EDE scale V; should also be
decoupled from the scale of supersymmetry breaking and the gravitino mass.

3. Absence of fine-tuning: the main phenomenological features of the model, namely
the desired EDE energy scale Vj, the typical [1 — cos(¢/f)]® shape of the potential
and the decoupling of the non-EDE modes, should be realized without the need to
fine-tune the underlying microscopic parameters. If instead some parameters need to
take unnatural values, the UV completion should provide enough tuning freedom.

4. Explicit Calabi-Yau realization: a full-fledged string model of EDE should feature
a globally consistent compactification with an explicit Calabi-Yau orientifold involution
and brane setup which allow for tadpole cancellation and the realization of all
perturbative and non-perturbative ingredients needed to fix the moduli and generate
the EDE potential.

These challenges are not independent, but instead exhibit a rich interplay. For example,
large volume can help achieve a convergent o/ and instanton expansion and the desired
EDE energy scale, but at the cost of lowering both the decay constant and all mass scales.
On the other hand, at moderate volume, the EDE energy scale can be adjusted simply by
lowering the prefactors of non-perturbative terms (this was the approach of [6]), at the cost
of introducing an exponential fine-tuning in the model.

We elucidate and address the first 3 challenges within the context of various string
theory realizations of EDE. We consider moduli stabilization both in the context of KKLT
and LVS (a concise summary of the string theory background is provided in section 3).
These scenarios have been studied in depth in the literature and are two of the most
promising frameworks for controlled moduli stabilization.

In order to ensure the decoupling of non-EDE modes, we consider both Cy and Cy
axions as potential EDE candidates. In fact, both of these fields enjoy a continuous shift
symmetry, which is exact at the perturbative level. Hence, any perturbative correction
would generate the required hierarchy by fixing the corresponding saxions while leaving the

20n the other hand, an ultra-light axion component of dark matter may in fact help the model to be in
agreement with Large Scale Structure data [28, 29].



C4 and Cs axions flat. This is what happens typically for Cs axions and the bulk C4 axion in
LVS. The situation is somewhat different for Cy axions in KKLT where moduli stabilization
relies only on non-perturbative effects. In this case the Cy axion cannot therefore play the
role of the EDE field.

Regarding the task to reproduce the EDE scale, Cs axions seem more promising than
C, axions. An intuitive explanation concerns the fact that matching Vo ~ eV* without
fine-tuning requires a violation of the weak gravity conjecture applied to axions. In fact,
writing again fS ~ AMp, the EDE scale can be written as

Vo=Ae S Mp~ Ae Me/T Mh ~ Ae™ M3 for f~02Mp. (1.1)

Demanding Vp ~ eV* ~ 107108 Mj*;. corresponds to A e 2 ~ 107108 which clearly requires
A < 1 for A ~ O(1).2 On the other hand, cases with A > 1 (i.e. violation of the weak
gravity conjecture) could reproduce the correct EDE scale without the need to tune the
prefactor A. Ref. [44] found A ~ V3 > 1 (where V > 1 is the compactification volume
in string units) for Cy axions with superpotential from fluxed ED3-instantons/gaugino
condensation on D7s, while A ~ O(1) for Cy axions with ED1-instanton corrections to the
Kéhler potential, and C4 axions with superpotential generated by ED3-instantons/gaugino
condensation on D7-branes. Therefore, we identify Cy axions, with a potential generated by
fluxed ED3-instantons or gaugino condensation on D7-branes with non-zero world-volume
fluxes [44], as in principle the most promising candidates to match the EDE scale with
minimal fine-tuning of the model.

However, as we shall see, matching the required EDE scale without any tuning of
the prefactors of non-perturbative effects leads to a compactification volume of order
V ~ O(10*-10°). In turn, obtaining f ~ 0.2 Mp requires O(100) D7-branes supporting
the gaugino condensates which generate the EDE potential. This number is relatively
large but still achievable in F-theory compactifications [45]. Moreover, V ~ O(10*-10%)
can be obtained easily in LVS models, while in KKLT it requires scenarios with O(1000)
D7-branes supporting the gaugino condensate that yields the leading KKLT potential,
otherwise the mass of the volume modulus would be below the cosmological moduli problem
bound, my < 50TeV. Such a large number of D7-branes might be hard to achieve in a way
compatible with D7 tadpole cancellation and a controlled backreaction. Thus, our analysis
indicates that the most promising candidates to realize EDE from type IIB string theory
are C9 axions in LVS with a potential generated by gaugino condensation on D7-branes
with non-vanishing gauge fluxes. Fluxed ED3-instantons would instead not be compatible
with f ~ 0.2 Mp for V ~ O(10*-10%).

The main challenge left is to construct an explicit Calabi-Yau embedding of these
models where all the needed non-perturbative effects are explicitly shown to arise with the
exact coefficients needed to reproduce the [1 — cos(/f)]? shape of the EDE potential.

Let us also point out that the KKLT and LVS implementations of EDE are distin-
guished in part by the mass of the gravitino. The most natural LVS models predict a

3Here our logic is different from the one of [30], which set A ~ 10™® to get an overall Mg scale and
fixed A ~ O(1) to infer the value of f needed to match the EDE scale. This logic yields f ~ 0.008 Mp,
which is below the best fit value f ~ 0.2 Mp.



gravitino mass far above the energy scale of any particle physics experiment. In particular,
typical Swiss-cheese Calabi-Yau models lead to mg/, ~ O(10'3) GeV, while K3-fibered
compactifications feature mg; ~ O(10'%) GeV. On the other hand, KKLT models with
the lowest possible number of D7-branes correlate with a TeV-scale gravitino mass. This
suggests that experimental searches for the gravitino may be complementary to cosmological
searches for EDE as it emerges from KKLT. An additional complementary direction is to
interface the LVS EDE models with LVS inflation models [46-52], wherein the volume V is
fixed by matching to the amplitude of the CMB power spectrum, even if in some models
the volume can evolve from inflation to today [53, 54].

These analyses suggest that EDE can be a viable cosmological model from the per-
spective of string theory. The more difficult model building task is to realize multiple
non-perturbative contributions to W with precise coefficients that reproduce the EDE
potential, even if other features of the model (like moduli stabilization, the EDE scale and
decay constant, and the decoupling of non-EDE modes) can be achieved in LVS without
fine-tuning. Hence we do not consider the theory challenges so different in difficulty in
comparison to those faced by other cosmological models, such as dark energy [55-60], or
fuzzy dark matter [44, 61], and thus one expects an eventual plethora of model realizations,
of which we have only scratched the surface. By expanding the playground of model-building
frameworks for EDE, this work will enable future efforts to target specific aspects of phe-
nomenology that may be of observational interest, such as the coupling to photons [39] and
the associated particle and gravitational wave production [62].

Notation: in this work Mp = 2.435 x 10’8 GeV is the reduced Planck mass.

2 Early Dark Energy and the Hubble Tension

The Hubble tension is sharpest between Planck 2018 CMB data and SHOES cosmic distance
ladder measurement. Here we focus on these two experiments, but re-emphasize that the
tension exists between varied data sets — see [3] for a recent review. What follows is
intended to be a non-technical review of the essential physics of the Hubble tension and the
EDE model (see [8] for a detailed review), with a particular focus on the constraints from
data that guide the model-building process. This is complementary but distinct from the
review given in [6].

Key to understanding the EDE approach to the Hubble tension is that the CMB data,
namely the distribution of CMB anisotropies on the sky, is an intrinsically two-dimensional
picture of the universe. Thus, while one may directly measure the angular scale of features
in the CMB, to translate this into length scales one must assume a cosmological model.
The Hubble length, Hy ! is one such length scale that one may try to infer.

Indeed the most precise cosmological measurement to date is the Planck 2018 mea-
surement of the angular extent of the comoving sound horizon at last scattering, 100 6; =
1.0411 £ 0.0003 [1]. This is defined by a ratio of length scales, as

0, = (2.1)



where r, measures distances between points in the surface of last scattering,* while D4
corresponds to the distance from an observer to the CMB last scattering surface. More
precisely, rs(z) is the comoving sound horizon at last scattering, defined as

Zre  dz
rs(z4) = —cs(2), 2.2
(2= [ et (22)
with z, the redshift of last scattering, z.. is the redshift of reheating after cosmic inflation,
and ¢ the sound speed of the photon-baryon plasma, whereas D4(z) is the angular

diameter distance to the surface of last scattering,
Zx 1
Da(ze) = / dz——, 2.3
= g (23

which is sensitive to H(z = 0), i.e. the Hubble constant Hy. These expressions suggest
a path forward for resolving the Hubble tension: the 0.03% measurement of the angle
0, can accommodate the ~ 10% increase in Hy if there is a commensurate increase in
H(z ~ z). This approach, which acts to reduce the sound horizon at last scattering, has
been extensively studied (see [3] for a review). A popular model realization is Early Dark
Energy [7].

The reduction of the sound horizon can be easily achieved by an ultralight scalar,
satisfying the Klein-Gordon equation,

$+3Hp+V' =0. (2.4)

At early times, when the Hubble drag term dominates the dynamics, the scalar is nearly
frozen in place and contributes a dark energy-like component to the universe. This phase
eventually terminates, as the contents of the universe redshift and the Hubble parameter
decreases, releasing the field from Hubble drag and triggering the decay of the EDE. This
occurs around the time at which H? ~ V. The decay of the EDE is necessary to avoid any
unintended impact on post-CMB physics. On the other hand, in order to have any sizeable
effect on the sound horizon, the decay of the EDE must happen within the decade of redshift
preceding last scattering [5]. This fixes the mass of the ultralight scalar to m ~ 10727 V.

The sound horizon is not the only scale probed the CMB, and likewise the dark energy
-like phase of the EDE is not the only aspect of the dynamics that is constrained by data.
The dissipation of CMB anisotropies on small angular scales (high multipole moment /),
known as ‘Silk Damping’, provides another characteristic scale — the damping scale rg.
The damping scale constrains the decay of the EDE via its impact on the relative size r;/r4.
CMB data selects as the best EDE-like model the one that maximizes the decrease in r;
and minimizes the change in rg/rq [7].

Putting these puzzle pieces together, one may build a concrete model. A well studied
example is given by [7]

Vip)=W [1—005 (?)F =W B—TCOS (;’f) —I—;COS (2}0) —icos (3}'0” , (2.5)

1Last scattering surface refers to the time of last scattering of photons and electrons before the re-

combination of electrons and protons into hydrogen. For a review of CMB physics and terminology,
see [63].



with Vo = m?f2. The EDE potential (2.5) may be thought of as a generalization of the usual
axion potential. The unconventional exponent is selected by data, which can be understood
as largely due to the ability of the model to reduce the sound horizon while minimizing the
impact on the damping scale, as described above. The exponent determines the shape of
the potential near the minimum as locally V o< %, such that the energy density redshifts as
a~9/2 in the decaying phase. This can be contrasted with the conventional axion potential,
V ~1—cos(p/f), which has a quadratic minimum, leading to a dark matter-like evolution
in the decaying phase. An ultra-light axion component of dark matter is tightly constrained
by data [64, 65] and can not resolve the Hubble tension. This model can also be contrasted
with a monomial EDE potential V = V; (¢/Mp)*" [13], which, due to the convexity of the
potential and the dynamics of perturbations, is strongly disfavored by CMB data relative
to a cosine-type potential [9]. We note that similar generalizations of an axion potential
have been studied as an inflation model in [66-68].

The parameter values relevant to the Hubble tension in the EDE model, eq. (2.5),
follow from simple considerations. Electrons and protons recombine when the temperature
of the primordial plasma drops below T ~ €V, selecting Vg ~ eV* as the benchmark energy
scale if the EDE is to play a cosmologically relevant role around that time. The mass of the
EDE scalar field should be comparable to the Hubble parameter at that time, H ~ T2/Mp,
to trigger the decay of the EDE, which fixes m ~ 10727 ¢V. From (2.5), these determine
the decay constant as f ~ Mp. These order of magnitude estimates are born out in the fit
to data, which selects out a near- but sub-Planckian decay constant, f ~ 0.2 Mp, as the
preferred value [24].

The EDE model is a promising candidate to replace ACDM as the concordance model
of cosmology [69]. However, the model faces serious challenges from both theory and data,
as discussed in the introduction, that bring this privileged status into question [11]. On
the data side, chief among these is the tension of EDE with large scale structure (LSS)
data [10, 11, 70-73] (see also [74-77]). As discussed in detail in [10, 11, 70-72] and reviewed
in [6], the addition of an EDE-like component necessitates a commensurate increase in the
amount of dark matter, to compensate the impact of the EDE on the redshifting of CMB
photons, as encoded in the height of the first peak of the CMB temperature anisotropy
angular power spectrum. This increased dark matter is in tension with observations of weak
gravitational lensing and galaxy clustering [10, 11], such as data from the Dark Energy
Survey [78], and from BOSS [79]. The tension with LSS can be ameliorated by adding in
additional degrees of freedom, such as in [24, 27-29]. We also note the preference for a
non-zero EDE component from the Atacama Cosmology Telescope, see refs. [80, 81]. These
results add to the motivation to study the EDE in a UV complete framework, such as
string theory.

3 Moduli stabilization

We now shift gears to string theory. We first review the low energy effective field theory
of the KKLT [34] and LVS [35, 36] approaches to moduli stabilization. These frameworks
provide in fact ideal settings for a controlled EDE dynamics in string theory.



We will hereby assume that the axion-dilaton and complex structure moduli are
stabilized at a higher scale, and that all quantities, implicitly depending on these fields,
such as the flux-induced superpotential Wy or the prefactor of instanton corrections, can
be regarded as constant. The F-term scalar potential is then calculated employing the
supergravity formula (setting Mp = 1)

V= (DWKYD;W - 3[W]?) (3.1)

where [ labels chiral superfields, the covariant derivative is Di/W = oW + WorK and
K7 is the inverse of the Kihler metric K 17 = 0105K. Moreover, the gravitino mass is
defined as

my e = /2| W] (3.2)

Let us note that, in the present paper, we will focus on type IIB compactifications, where
the tree-level Kéahler potential reads

K = Kxanler + Kes + Kdilaton (3.3)

and one has that the overall factor, both in the gravitino mass and in the F-term potential,

K — eRxanter gfes gKaiaton | Given that we will focus exclusively on the Kéhler

factorizes as e
moduli sector, we will henceforth omit the effesefdiaton factors, though the reader should
be aware that they are implicit throughout. In our estimates of the energy scales relevant

for phenomenology, we will simply set effesefdilaton = 1,

3.1 KKLT

Let us first focus on KKLT [34]. We consider a simple model consisting in only one
Kéhler modulus 7' = 7 + i6 and a chiral nilpotent superfield X [82-91], which encapsulates
the degrees of freedom of an anti-D3 brane providing the uplift mechanism [92-107]. The
nilpotency condition X? = 0 implies that the scalar part of the superfield X is effectively
replaced by a fermion bi-linear. Since the expectation value of this is expected to be zero
(except if the fermion condenses in the vacuum), we can safely set X = 0 in the final
output of the scalar potential. Let us stress that in this paper we focus on anti-D3 brane
uplifting for the sake of simplicity but all our considerations on EDE from string theory
are completely independent from the mechanism responsible to achieve a dS minimum,
and so would apply more in general (for other uplifting scenarios see for example [108] for
T-branes, [109] for o effects, [110] for non-zero F-terms of the complex structure moduli
and [111] for non-perturbative effects at singularities).
The Kahler potential in KKLT may be written as (with V = (27)3/2)
XX

K:—BIn(T+T>+3m, (3.4)

while the superpotential reads

W=Wy+MX+Ae T, (3.5)



Writing Wy = [Wo| €0 and A = |A| "4, without loss of generality, we set ¢y, = 7 and
¢4 =0, so that Wy = —|Wy| and A = |A| € R*. Using (3.1) one can compute the uplifted
scalar potential

a?A2e=207 N aA?e29 g A|Wole T M?

0) + = .
67 272 orz o) o (3.6)

Vkkrr =

where the nilpotency condition has been imposed. The minimum for the axion lies at the
origin: 8 = 0. Note that a different choice of the phase of Wy would give a different location
of the axion minimum. For example, choosing ¢y, = 0 would imply 6 = 7/a. As we will
see in section 5 and 6, the choice that leads to # = 0 is however important for the derivation
of the EDE potential.

With this minimisation condition we get

02A2€_2uT aA2e—2ClT ClA‘Wo’C_aT M2

6r 22 2 1272
This scalar potential admits a Minkowski minimum with spontaneously broken supersym-
metry for M and |Wy| given by

(3.7)

VkkiT =

2 )
[Wo| = cAare " <1 + ) ,

3 2ar (3.8)

M =+2aAe “var +2,

where the gravitino mass in Planck units scales as
Aa —ar

Mgjg = ——¢€ . 3.9
3/2 3\/§ ( )

The minimum may be further lifted to a small but non-zero cosmological constant via
a small shift in M. We will use (3.8) when discussing parameter values in KKLT.

3.2 Large Volume Scenario

We now turn to the LVS [35, 36]. We will divide this discussion in two, each with a different
choice of the underlying structure of the Calabi-Yau (CY) manifold. First, we assume a
so called ‘Swiss cheese’ CY, where, given the field content Ty, = 7, + 10, and T = 75 + 6,
(representing ‘big’ and ‘small’ 4-cycle volume moduli, respectively), the total volume takes

the form
V:TE/Z—TS/Q. (3.10)
Now, adding a nilpotent superfield X as in the KKLT case, we have the following Kéhler
potential A B
1S XX
K = —2111 <V+ 5 + 41}2/3 ) (311)
where O(a’3) corrections are proportional to E=¢gs 32 ith £= —24((23%% where x is the

CY Euler number. Furthermore, in order to generate a potential for the fields, we take a
superpotential with the contribution coming from non-perturbative corrections as

W=Wo+MX + Age T 4 Aye Db, (3.12)



Computing the scalar potential we find 2 contributions: a leading one responsible for
stabilizing the volume, 75 and the axion 6, in a Minkowski (or slightly dS) vacuum, and a
subleading one stabilizing the axion 8. The scalar potential is then given by

V =Vivs (V7 Ts 08) +V (Qb) ) (3'13)

where, in detail, we have the LVS potential (at leading order in the V > 1 and as7s > 1
expansions, and setting again Wy = —|Wy| and A = |As|)
a2 AZe 20Ts /70 da AT, |Wole % 3[Wol26 M2
Vivs (W, 75, 05) = ——= o — 2 cos (asfs) + E + Vifs
(3.14)
where one can immediately see that the axion gets stabilized at 65 = 0, and the potential

for the axion 6

day Ap|Wo| e_abVZ/3
- V4/3
which fixes the axion 6y at 8, = 0. The leading order LVS potential, at 8, = 0, therefore reads

Vi (0h) =

cos (apty) , (3.15)

8a2A2e 20T /T Aa Ayt Wol e N 3[Wol26 M?

Vive = . 3.16
LVS 3V V2 43 + V4/3 ( )
As shown in detail in appendix A, this potential admits a global Minkowski minimum at
3IWolv/Ts a.r o (£)2/7 (§ 23
~ ——FL— %7 ~ |Wp| evs \2 == — 3.17
Ve SE T e T, - (5) (3.17)
27 [Wol? /75
M? = : 3.18
20 a, V5/3 (3.18)
Moreover, the gravitino mass turns out to be
Wi _as(£)%/3
m3/2:|vo‘:e o (3) (3.19)

We now turn to a Calabi-Yau with a K3 or 7 fibration over a P! base and a diagonal del
Pezzo divisor [112, 113]. In this case the volume is written in terms of the 3 Kéahler moduli as

V= mn-12. (3.20)

This class of manifolds was used in the context of Fibre Inflation [47], where the inflaton
is the direction u = 71 /75 orthogonal to the overall volume mode. The Kéhler potential
assumes the form®

&\ XX
Furthermore, the superpotential takes the form
W=Wo+MX+A;e T 4 Ay e @Dt 4 Ay o272 (3.22)

5The actual moduli dependence of the uplifting contribution in fibred CY cases might be more complicated
since it might involve both the overall volume and the fibre modulus. In this case, perturbative corrections
to K should be used to fix the fibre modulus in terms of the overall volume to obtain an uplifting term of
the standard form.
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After stabilizing the axion at 65 = 0, one finds again the uplifted potential given in (3.16),
following the same minimisation conditions as in the Swiss cheese case. Given that in
this case, in the 7, — 0 limit, the volume is determined by 2 fields, rather than the 1 of
the simpler Swiss cheese geometry, one direction in the (71, 72)-plane is left flat by LVS
stabilization. This flat direction can be lifted by string loops [47, 51, 52, 114], higher
derivative [50] or non-perturbative corrections [115, 116] to the action and can play a role
either in early [47-52, 117] or late time cosmology [56]. Finally, the potential of the two
bulk axions 01 and 65 is generated at an even subleading order by the T1- and T5-dependent
non-perturbative contributions to the superpotential.

4 0Odd axions and moduli stabilization

4.1 Axions in string theory

For a detailed treatment of axions in string theory, we refer the reader to [37-39, 118]. Here
we provide a brief overview, covering the necessary background for the detailed discussion
to follow.

In addition to the fundamental axion Cy, axions emerge in the 4-dimensional low-energy
effective theory of type IIB string compactifications from dimensional reduction of p-form
gauge fields. The shift-symmetry which earns these fields the name ‘axion’ corresponds to
gauge invariance of the higher dimensional theory, and the small axion mass, like a standard
field theory axion, is generated by non-perturbative effects, such as gaugino condensation
and instantons.

We define the 4-dimensional axion fields as,

b = BQ s = CQ N 0« = C4, (4.1)

Y )3 Dqo
where Bo, Co, and Cl4, correspond to the Kalb-Ramond 2-form and the Ramond-Ramond 2-
and 4-form fields, respectively, and ¥, and D, denote respectively a basis of 2-cycles and
4-cycles of the underlying CY three-fold X with a =1,... ,hl_’l()() anda=1,..., hi’l(é‘().
Here hi’l(X ) are the so-called Hodge numbers which count the number of holomorphic
(1,1)-forms of X which are even or odd under the orientifold involution with h!! = hi’l T

The C4 axions are inextricably linked to stabilization of the volume moduli in both
the KKLT and LVS approaches, as can be appreciated from (3.6) for KKLT and (3.14)
and (3.15) for LVS. In KKLT, stabilization of the volume 7 necessitates stabilization of the
Cy axion 6, and similarly in LVS stabilization of the small cycle volumes 7, necessitates
stabilization of 5. The 6, axion, partner to the LVS large cycle volume 7, is ostensibly
decoupled from stabilization of 73, which is fixed by perturbative effects.

The By axions are also linked to the stabilization of the volume moduli due to the
mixing between b and 7 fields in the Kéahler potential which breaks the shift symmetry of
the By axions at the perturbative level. Consequently, any effect that stabilizes the Kéhler
moduli generates also a potential for the b-fields [33]. The shift symmetry is also broken
by D-branes through the DBI action, which manifests in the 4-dimensional theory as a
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D-term [119, 120]. These effects generically stabilize b at a high energy scale, allowing b to
be neglected in analyses of cosmology, as in [121].

The situation is instead different for the Cs axions which are not a priori linked to the
stabilization of the volume moduli, and therefore provide an opportunity for cosmological
model building. In fact, the shift symmetry of the Cs axions is unbroken by many of the
standard ingredients of flux compactifications, but can be broken upon the inclusion of
different effects we study in this work, such as fluxed ED1-instantons or gaugino condensation
on D7-branes in the presence of worldvolume fluxes.

Finally, the Cp axion is stabilized by the superpotential induced by background

3-form fluxes

Wo = /(F3 _SHy) AQ, (4.2)

where € is the CY holomorphic (3,0)-form and S = e~? 4 iCj is the axio-dilaton which set
the string coupling as e™® = s = 1/g,. This generates a mass for Cy that is comparable
to that of the dilaton, and thus stabilization of the dilaton precludes Cj from playing a
cosmological role (with some exceptions [122]).

Let us point out that axions can also be eaten up by anomalous U(1)s in the process of
anomaly cancellation. In this case they would become as heavy as the string scale, and so
would disappear from the low energy theory. Investigations in this direction [123] have shown
that C4 and Cy axions are eaten up by anomalous U(1)s only in the presence of D3-branes
at singularities. Throughout this work we will always focus on branes wrapping cycles in
the geometric regime, where therefore Cy and (5 axions are guaranteed to survive in the
4-dimensional theory (in this case the modes eaten up correspond to open string axions).

4.2 0Odd axions in effective field theory

Let us now focus on the description of odd axions in type IIB string theory compactified on
an orientifolded Calabi-Yau manifold X' [33]. Let us denote the basis of 2- and 4-forms as

Do € HY'(X), De HY*(X), a=1,....,hy"(X), (4.3)
D, e HY'(X), De H**(X), a=1,...,hb"(x) (4.4)

which lead to the normalization and intersection numbers

/ﬁamwm:kam, /ﬁamamb:kmb, (4.5)
X X
/ﬁaAfo:ag, /DGADbzag. (4.6)
X X
Furthermore, the Kéhler form, Cy, Co and By can be expanded as [124]

J=1t*Dy,  By=10'D,  Cy=c"Dy,, (4.7)
Ca=DYANDy+VENag — Vi ABK —0,D%,
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where (ag, 8%) € H3 (X) is a basis of symplectic forms such that [y ax A 87 = §7.. These
combine to give the chiral coordinates of the N' = 1 supergravity effective theory that read

_ bo 1

G = Sb" +ic* = 0 +i(c* = Cob™),  Ta = 5 Fasn e (4.9)
1 _

To = Ta + i — 7 9skaasG*(G + G)’. (4.10)

The CY volume is an implicit function of the T, and G* fields
1 a8
V = hap 7t (4.11)
which determines the tree-level Kahler potential
K=-2InV. (4.12)

We now restrict ourselves to the simple case with h''! = 2 and hi’l =pbt = 1, where the
orientifold image of the divisor D is Ds. It is therefore possible to define an orientifold-even
4-cycle Dy = D; U Dy and orientifold-odd 4-cycle D_ = D; U (—D2). Hence the Kéhler
form and the Kéhler modulus take the form

1 _
J=tDy, T:T+iQfZgSkG(G+G), (4.13)

where ky__ =k, 74 = 7 and D, is the 2-form Poincaré dual to D,. Defining ky,, = k,
the CY volume takes therefore the form

1 /2 - -\ 2 4
vzg\/;f?’/?, 2r =T+T —7(G+G) — 2Re (T) — —2 17, (4.14)
where we have introduced .
v = —ngk. (4.15)

Substituting (4.14) in (4.12), we can obtain the Kéhler potential which becomes
2
K=-3n <Re (1) - =1 b2> . (4.16)

Note the explicit dependence of the Kéhler potential on the Bs axion, implying that this
field does not enjoy any perturbative shift symmetry. Moreover, the sign of v is required to
be positive (y > 0 < k < 0) in order to avoid the Cs axion being a ghost. This can be
seen by calculating the kinetic term for the orientifold odd axion

Liin = K 0,G "G D K 0uc 0 = ?’Tl(ac)2 , (4.17)

where K~ = 005K and we have set b = 0. One can then define the canonically normalized

field as

6y
=4/ —c. 4.18
@ —c (4.18)
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1

' ED3

Figure 1. ED3-instanton wrapping the smooth orientifold-even divisor D .

4.3 0Odd axions and non-perturbative effects

Type 1IB compactifications feature different non-perturbative effects that can generate
corrections to both the superpotential and the Kéhler potential. We discuss now how these
effects can break the perturbative shift symmetry of Cy and Cy axions.

4.3.1 ED3-instantons

A typical source of non-perturbative corrections to the superpotential is 4-cycles wrapped
by Euclidean D3-brane (ED3) instantons [125]. The simplest configurations are fluxless
but ED3-instantons can also support non-zero 2-form fluxes as studied in [126, 127]. In
order to obtain a non-zero contribution to W the ED3 should wrap an orientifold-even
rigid cycle, which in our simple case can only be D, which we assume to be a smooth and
connected divisor (see figure 1). Moreover, in the case of a rank-1 instanton, a non-zero W
is compatible only with a purely odd 2-form flux F; = f_f)_, while rank-2 instantons can
contribute to W also for even fluxes [128].

Restricting just to odd fluxes, the resulting contribution to the superpotential
is [126, 127]

WEDS — Z An,f7 ef2wn(T+kf_G+%k$27§) ) (419)
neN
f-€ez

This expression shows that in general ED3-instantons generate a scalar potential for Cy
axions, while they lift C'y axions only in the presence of fluxes.

Interestingly, in the presence of D7-branes some of the terms of this series can be absent
due to gauge invariance. To see this more precisely, let us consider a stack of N D7-branes
wrapped either on D, as shown in figure 2, or on D; and its orientifold image Ds, as
shown in figure 3.

The T- and G-fields can get charged under the diagonal U(1) of the stack of N D7-
branes. G develops a non-zero charge go due to a geometric Stiickelberg mechanism only
when the D7s wrap D, while the U(1) charge of T, gp, is due to the world-volume flux on
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involution
1

' ED3

Figure 2. ED3-instanton and a stack of D7-branes wrapping the smooth orientifold-even divisor D .

involution

Figure 3. ED3-instanton wrapping the smooth orientifold-even divisor Dy and a stack of D7-branes
wrapping D; and its orientifold image Da.

the D7-stack Fy = fy Dy +§_D_:5

D7on D : ¢gg=0, gr = —2N k4 , (4.20)
D7on Di: qo=N, gr=-N(kfs+kj ). (4.21)

Consequently the ED3-instanton acquires a U(1) charge given by [126]

D7onD;: q=2nNkf;, (4.22)
D7on Di: g=nN[k(f-—f)+Fkfy], (4.23)

which in general induce non-zero charges for all terms in the ED3-instanton series (4.19).
In order to obtain a gauge invariant contribution to the superpotential, each of these terms
has therefore to be multiplied by an operator of the form O ~ IL;®; involving a product of
open string modes whose U(1)-charge cancels the one of the instanton. However, if these
are visible sector fields, they have to acquire a vanishing vacuum expectation value in order

SMore precisely, the even flux on the ED3 and the D7-stack contains also a contribution from the Ba-field
which can be either 0 or 1/2, so that F» = F> — Bs for both of them. For non-spin cycles, Freed-Witten
anomaly cancellation forces a half integer contribution to the even F» flux which can be cancelled by choosing
by = 1/2 so that the total even flux for the ED3 is zero. With this choice of Ba-field, the gauge flux on the
D7s is then just given by F, with integer quanta when the D7s wrap D, while a half integer contribution
should be added to the even flux ﬁ'z when the D7s wrap D;. In this case, we shall however omit this
contribution and consider it implicitly included in f.

~15 —



involution

Figure 4. A stack of D7-branes wrapped around D; and its orientifold image Ds.

not to break the Standard Model gauge symmetry at high scales. Hence, if the Standard
Model lives on the D7-stack under consideration, the only possibility to have a non-zero
ED3-contribution to W is by choosing the flux quanta such that ¢ = 0 without the need of
any field-dependent prefactor. However this is never possible when the D7s wrap D, since
k §. is necessarily non-zero given that it is proportional to the number of chiral states on the
D7-stack. This kills any possible ED3 contribution to W, which is a manifestation of the
known tension between chirality and moduli stabilization [129]. On the other hand, when
the D7s wrap Dj, the U(1)-charge (4.23) can be vanishing for an appropriate value of f_. In
fact, the only non-zero contribution in the ED3-expansion (4.19) is the one corresponding
to f— such that

=4 h=f (4.24)

Thus the ED3-series (4.19) would reduce to:

SM D7 on D+ : WEDS = 0, (425)
SMD7on Di: Wapg= 3 Apje 2m(THHGH347S) (4.26)
neN

On the other hand, if the D7-stack wrapping Dy or D; is a hidden sector, open string
fields can acquire non-zero vacuum expectation values, and so all terms in (4.19) can in
principle survive.

4.3.2 (Gaugino condensation on D7-branes

The superpotential can in general also receive a non-zero contribution from gaugino conden-
sation in the gauge theory living on a stack of N D7-branes. We shall consider the case
where N D7-branes wrap Dy and N D7-branes wrap its orientifold image D5, as shown in
figure 4 (similar considerations apply for the case when the D7-branes wrap D). In this
case the world-volume theory is an SU(NNV) gauge theory and we shall allow for a general

gauge flux of the form Fy = f,. D, +§_D_.
In this case the induced W is given in terms of the gauge kinetic function fp7 as

Wiy = Ae™ /o7 (4.27)
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where fp7 reads
Lo 72)a
D7 on Dy : fD7:T+k;f_G+§(kf,+kf+)S, (4.28)
1 ~ _
D7on Di: fpr=T+k(f++f-)G+ B (k]&— + kY + 2k:f+f,) S (4.29)
Note that Wp7 would have a U(1)-charge of the form

D7on D, : q=2Nkfy, (4.30)
D7on Di: g=N(k—k)fs, (4.31)

which could vanish if f; = 0 (or also for k& = k when gaugino condensation is on D;).
For f1 # 0, the U(1)-charge is non-zero, and so gaugino condensation can generate an
Affleck-Dine-Seiberg non-zero contribution to the superpotential [130] only in the presence
of a prefactor @ which depends on chiral matter fields with appropriate U(1)-charges to
make Wp7 gauge invariant. Clearly these fields need also to develop non-zero vacuum
expectation values, which is not necessarily a problem if the SU(N) theory undergoing
gaugino condensation belongs to a hidden sector. Let us however point out that the
generation of a non-zero Wp7 should be studied carefully since this situation is more
complicated than the simplest one with no gauge fluxes where the world-volume theory is a
pure SU(N) gauge theory that is known to undergo gaugino condensation.

Comparing (4.27) with (4.26) one immediately sees that, for N > 1, ED3 contributions
are subleading in respect to the one from gaugino condensation on D7-branes, and thus can
be safely ignored when Wpr is generated.

An intriguing possibility, which is clearly harder to realize explicitly, is when branes in
the same stack are differently magnetized. In this case the original SU(N) theory factorizes
into SU(N7) x SU(Ng) x ... x SU(N,) with N7 + Ny + ... N, = N allowing, in principle,
for multiple gaugino condensation contributions to W where each of them takes the same
form as (4.27):

P
WD7 = Z Ai 6_2%]0]3“ . (4.32)
i=1
Alternatively, multiple non-perturbative corrections to W due to gaugino condensation
could arise from different stacks of D7-branes wrapped around 4-cycles which are distinct
representatives of the same homology class [121].

4.3.3 EDIl-instantons and gaugino condensation on D5-branes

Another potential source of non-perturbative corrections to the effective action are ED1-
instantons and gaugino condensation on Db5-branes wrapping internal 2-cycles. Due to
holomorphy, these effects are expected to correct the Kéahler potential but not the superpo-
tential [32, 33, 44]. This can be seen as follows. Due to the general arguments presented
in [125], any non-perturbative correction to the superpotential should go to zero either in
the large volume limit or for vanishing string coupling. Hence ED1/D5 non-perturbative cor-

rections to W should depend on the volume of the wrapped 2-cycle ¢ as Wgp1/ps ~ e (tHG)

17 -



so that Wgp;/ps — 0 for ¢ — co. However, as can be seen from (4.10), t is not a correct
chiral coordinate for the type IIB supergravity effective theory. The correct chiral superfield
is instead T' ~ t?. Thus, the putative superpotential Wgp, /D5 ™~ e~ (VT+G) would not be
a holomorphic function, and so it is expected to vanish. On the other hand, note that a
non-zero non-perturbative W could arise from gaugino condensation on D5-branes wrapping
vanishing 2-cycles [118], though this in turn introduces new subtleties, in particular, control
of the effective field theory around the singularity, and that axions can be ‘eaten’ up by
anomalous U(1)’s at singularities [131-133].

We shall therefore ignore potential ED1/D5 corrections to W but we will consider
the possibility of non-perturbative corrections to K since this quantity is not protected
by holomorphy. These corrections have not been computed explicitly in type IIB (see
however [134] for a derivation of in type I toroidal orbifolds). However the authors of [32, 44]
estimated the scaling of the leading ED1/D5 corrections to the Kéhler potential. Here,
we generalize their results proposing an educated guess for the series of non-perturbative
corrections to K from ED1/D5-branes wrapped on an internal 2-cycle ¢ with non-zero odd
gauge flux. Making an analogy with the ED3 case (4.19), we propose

2 —27mn | —=+kf_G
Kgpp = —31n Re(T)——ZbQ—i—...—i—ZAn%e ’m(ﬁs I ) , (4.33)
UE AnEN o
jez

where

S

= (e -55). )

and the dots denote perturbative corrections in o’ and gs, as well as non-perturbative
worldsheet o' corrections [127], which do not depend on the Cy axion due to its shift
symmetry. In (4.33) we have absorbed in the prefactor An,f, a potential dilaton-dependent
factor e~2mM3kIZ S,

Making an analogy with the D7 case (4.32), we can also propose a similar form for the
corrections to the Kéhler potential for the case of multiple gaugino condensates on a stack

of D5-branes (absorbing again in the prefactors potential S-dependent exponents)

2 p —27 (L4 kf,G
KD5:—3111<R€(T)_ga2+...+ZAi€ Ni(m+f )> (4.35)
s =1

4.3.4 ED(-1)-instantons and gaugino condensation on D3-branes

Other possible non-perturbative effects in type IIB can be generated by ED(-1)-instantons
or gaugino condensation on D3-branes at singularities. We shall however not consider these
corrections to the superpotential since they depends just on the dilaton (and the blow-up
mode resolving the local singularity Tio.) [111], WEgD(-1)/D3 ~ e~ (8+Tec) . Moreover, in this
case, Cy and Cy axions tend to be removed from the low energy theory since they get eaten
up by anomalous U(1)s localized at the singularity [123].
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4.4 0Odd axions and D-terms

As we have explained above, the shift symmetry of (s axions can be broken only in
the presence of non-zero 2-form fluxes. However these world-volume fluxes generate also
moduli-dependent Fayet-Iliopoulos (FI) terms for the diagonal U(1) of D7-branes. We need
therefore to analyze these FI-terms carefully.

4.4.1 Fayet-Iliopoulos terms

For a stack of D7-branes wrapping the divisor Dpr; with world-volume flux Fo = F5 — Bg
the Fl-term takes the form [119, 120]

&r1 JNFy. (4.36)

- 47V Jpp,

The Kéhler form can be expanded as J = taf)a, while the gauge flux F can be decomposed
as (without including potential half integer contributions for the even Bsy field)

Fy=Fy— By =Dy + (f* = %) D, . (4.37)

Focusing for concreteness on the simple case with ! = 2 and hi’l =pht = 1, the exact
expression of the FI-term (4.36) depends on the nature of the divisor Dp7 wrapped by the
D7-branes. If Dp7 = D4, as in figure 2, we have

3k \ 1+
- JAF) = 4.38
§FL= b, 2 <47T> — (4.38)
which does not depend on the By axion since kyi— = 0. Note that for and ED3-

instanton (4.38) is identically zero since the flux can only be purely odd, i.e. f = 0,
to have a non-zero contribution to W.
On the other hand, if Dp; = D, as in figure 3, the FI-term (4.36) takes the form

1
= [ IrR=—"] JrF —/ JAF
&1 4V Jp, REY'SY Dy 2+87TV D_ 2
3 .
= o M+ k(- - b)) (4.39)

which introduces an explicit dependence on the By axion, even for F» = 0. In what follows
we shall assume, without loss of generality, F» = fDl — ng = fﬁ_, which implies f_ = f and
f+ = 0. This choice guarantees that ED3/D7 non-perturbative corrections to W maintain
their dependence on the G-field but simplifies the expression of the FI-term (4.39) to

§r1 = (i))k) u (4.40)

8 T

The total D-term potential includes also open string modes x; with U(1) charges ¢;
and looks like

9 2
_9 Tyl |2 — ; 2 _
Vp =7 (Z il Xl §F1> with g% = T (4.41)
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The D-term potential scales as Vp ~ {%I /7 ~ V72, and so it is leading with respect to the
F-term potential due to the no-scale cancellation. Hence, the minimum is located at

q|x|* =~ &1, (4.42)

where for simplicity we have focused just on a single charged matter field whose charge ¢
has an opposite sign with respect to the FI-term. All charged matter fields whose charge
has the same sign as gy are instead fixed to zero.

As can be seen from (4.40), &gy is in general a function of two fields: 7 and b. Hence,
the relation (4.42) fixes one direction, among |¢|, 7 and b, in terms of the other two which,
at this level of approximation, remain still flat. They are lifted by subdominant F-term
contributions. Before studying the stabilization of these two directions, let us point out
that the axionic partner of the saxionic direction fixed by the D-terms is eaten up by
the anomalous U(1) via the Stiickelberg mechanism. This axion is in general a linear
combination of the axionic phase ¢ of ¢ = |¢|e¥, the Cy axion 6, and the Cy axion c. The
resulting U(1) mass is proportional to the decay constants of these axions [135]

Moy ~g* (2 + £+ 2), (4.43)

where ) )
2 — 2 2 9
f( ~ Epyp ~ — fo 2K'Tjﬂ’vﬁ, fe ZKGG‘M\J?S. (4.44)
In the presence of a hierarchy among these decay constants, the combination of axions eaten
up by the anomalous U(1) is mostly given by the axion with the largest decay constant.

We will see that F-term stabilization gives two branches for b:

e b=0: in this case the Abelian gauge boson becomes massive by eating up the open
string axion ( since

o f

gs
I

1
> f2~ = fE~ — for 771 <O0(0.01) < gs ~ O0.1) € f~O(1).

(4.45)

e b =f: in this case the Abelian gauge boson becomes massive by eating up the C5
axion c since

1
2~ 97 > i~ > En0 for TN S0(001) < g~ 0(01). (4.46)
4.4.2 Bs axion stabilization

The two directions left flat by D-term stabilization are lifted by F-term contributions. The
matter fields receive F-term contributions from soft supersymmetry breaking terms of order
the gravitino mass

W; 2
Villd) = Cm3a P+ = SO0 2 4 (4.47)

where C is an O(1) coefficient and the dots denote potential contributions with higher powers
of |x|. On the other hand, the F-term potential for the Kédhler moduli 7 and b is given
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in KKLT by (3.7) and in LVS by (3.16) after including the dependence on b through the
mixing in the Kahler coordinates, as can be seen from (4.14). Using the general formalism
developed in [33], in the KKLT case we obtain (after fixing the C4 axion)

a2 A2~ 20(T+707) aA’WO|€7a(T+'7b2) ) M2
67 272 12727

Vkkrr(T,b) ~ (4.48)
where we have defined 4 = 2v/¢2 and we have included only the leading terms for ar > 1
and 7 > Ab°.

In LVS we will consider only the case where the G-modulus mixes with the big modulus
Ty, i.e. ks—— = 0 while ky__ # 0, since the huge e ™™ < 1 suppression is crucial
to reproduce the correct EDE scale. Hence the total LVS potential including the Bj
axion becomes

4Cleb‘W0| e (Tb+’~y b2)

VLVS(V7 Ts) 0b7 b) = VLVS(V7 TS) - V4/3

cos (apfy) , (4.49)

where Viys(V, 7s) is given by (3.16) with the axion 65 fixed at zero, and we have included
again only the leading terms for 7, > 2.

Let us analyze the KKLT and LVS cases separately for D7-branes wrapping either D
of Dl.

o KKLT with D7s on Dy or D;: D-term fixing gives

a2 ~ U4 (4.50)
T
where d = 0 and | = {4 when Dp; = D4, while d = 1 when Dp; = D;. The
relation (4.50) fixes |x| in terms of 7 and b (or just 7 for Dpy; = D). The remaining
flat directions are fixed by Vkkpr(7,b) since this potential dominates over Vr(|x|). In
fact, substituting (4.50) in (4.47) we obtain

[Wol?

T4

|[Wol?
< VkKiT ~ T for 7>1. (4.51)

Ve(Ix]) ~ (F — db)

It is then straightforward to realize that Vi fixes b = 0 and 7 as in KKLT, implying
that the axion eaten up by the anomalous U(1) is (.

o LVS with D7s on D: D-term moduli stabilization sets

f+
alxX®~ a7 (4.52)
which fixes |x| in terms of V. Substituting this result in (4.47) we obtain

W, 2
Ve(Ix]) ~ er‘VS(;’?’ ) (4.53)

that represents the standard expression for T-brane dS uplifting [108]. Hence, in
this case the UV consistency of the underlying model forces the presence of a precise
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dS uplifting source, in addition to the potential existence of anti D3-branes. The
Kéhler moduli and the By axion are then stabilized by (4.53) together with the LVS
potential (4.49) which fix b = 0 and the T-moduli as in standard LVS construction.
This implies that the axion eaten up by the anomalous U(1) is again the open string
mode (.

LVS with D7s on D;: D-term fixing implies

qlx*> ~ (’;;/s) : (4.54)

which fixes b in terms of |x| and V that have to be considered as two independent
variables. Given that the LVS potential (4.49) does not depend on |x|, the charged
matter field has to be stabilized by its F-term potential (4.47). Two different situations
can arise:

1. If C > 0, the minimum for |x| lies at |x| = 0. Substituting this result back
in (4.54) we find b = f which implies that the Cy axion is removed from the low
energy effective theory since it is eaten up by the anomalous U(1). The location
of the ¥V minimum remains instead the same as in the LVS case without odd
moduli since it is still determined by the leading order potential Viyg in (4.49).

2. If C < 0, the matter field is tachyonic and can develop a non-zero vacuum
expectation value. For example, if the F-term potential for |y| features an
additional cubic contribution of the form (setting |Wy| ~ O(1)):

1 1
Vi(X) = =355 x|+ va X%, (4.55)

with @ > 0, the minimum of the charged matter field is located at |x| ~ V2.
Substituting this relation back in (4.54) we obtain

(f —b) ~ V2-5). (4.56)

For o < 5/3, (f — b) is V-suppressed, and so the solution is given again, at first
approximation, by b ~ f, implying that the Cy axion is eaten up. On the other
hand, for o > 5/3, (f — b) becomes larger than unity. Consequently, as can be
seen from (4.44), the axion eaten up by the anomalous U(1) becomes the open
string mode ( since its decay constant becomes larger than the one of the Co
axion. As in the previous case, the T-moduli are still fixed by the standard LVS
potential.

The best case scenario is therefore the one where the By axion is fixed at zero, so

that the (9 axion can survive in the low energy effective theory and play the role of the

EDE field. Let us finally stress that, at this level of approximation, the Bs axion becomes

massive, while the Cy axion is still massless. If the potential for the Cy axion is generated

by subleading non-perturbative effects, the resulting moduli mass spectrum would feature a

hierarchical structure with the lightest mode given by the Cy axion.
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5 EDE in KKLT

As our first string theory realization of EDE, we consider the KKLT scenario. In this case
the EDE field has to be a C'y axion since (4 axions would be too heavy given that in KKLT
the moduli are stabilized by non-perturbative effects, and so C4 axions are as heavy as the
Kéhler moduli.

We therefore focus on Cy axions and build our model following the recipe given in [6]
to ensure the correct shape of the EDE potential. The Kéhler potential and superpotential
are given by

_ - XX
K=-=3Wm|T+T—-~(G+G)? +3—"—, 5.1
[ WG +GP| +3 (5.1)
W — WO 4 MX + Ae—aT + Al e—a(T-‘rk‘h G) 4 A2 e—a(T-}—kh G) + A3 e—ﬁ(T+ka3 G)’ (52)
with 5 5

T T

= —<a=— & M <N 5.3
N <%= 7; ; (5.3)
to ensure that the EDE scale, ~ €V, is naturally suppressed with respect to the standard

a

KKLT potential. This exponential suppression removes the EDE fine-tuning to obtain
the correct EDE scale previously argued in [6] since the parameters A and A; (i = 1,2, 3)
can take natural O(1) values in Planck units. Moreover, in order to generate the desired
periodicity of the EDE potential, we have to impose

fi=F, fo=2f, f3=3f. (5.4)

According to our discussion of non-perturbative effects in type IIB compactifications
presented in section 4.3, this situation can be reproduced at the microscopic level in two
different possible ways:

1. ED3-instantons on D,: the superpotential (5.2) can arise from fluxed ED3-
instantons wrapped around D, if this divisor does not intersect with a D7-stack
supporting the Standard Model. For a = 27n and a = 27m, the condition (5.3) can
be met if m > n. On the other hand, the condition (5.4) can be satisfied if different
terms in the instanton expansion compete among each other. Clearly, the underlying
assumption is that all the other terms in the expansion are either absent or suppressed.

2. Gaugino condensation on D7-branes: as we have seen, in the presence of gaugino
condensation on D7-branes, ED3-instanton contributions are subdominant and can be
safely neglected. In this case, the superpotential (5.2) can be reproduced by gaugino
condensation on 4 stacks of D7-branes wrapping the same cycle. This can arise,
for example, if there are 4 distinct representatives of the same homology class or if
different branes of the same stack are differently magnetized. 1 D7-stack is not fluxed
and consists of N D7-branes with a = 27/N. On the other hand, the other 3 stacks
have the same number of D7-branes M < N, so that @ = 27 /M and the condition (5.3)
is met. Moreover, these 3 D7-stacks should carry different world-volume fluxes to
satisfy the periodicity condition (5.4).
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Note that, as explained in section 4.3, each of the 3 fluxed non-perturbative effects
in (5.2) should come along with extra dilaton-dependent exponential suppressions of the form:

Aj=A; e 52«1 Wi=1,2,3. (5.5)

If present, these exponential suppression factors would require some fine tuning to obtain
the correct [1 — cos (p/f)]* shape of the EDE potential. In fact, the condition (5.4), when
inserted in (5.5), implies that the 3 prefactors A; are not all of the same order if all A; are
O(1) coefficients, implying the need to tune the A, appropriately.

We shall however exploit model building to avoid this tuning by noticing that (4.28)
and (4.29) allow for a cancellation of the S-dependent part of the gauge kinetic function if
even fluxes are turned on. This is always possible for gaugino condensation on D7-branes
and ED3-instantons with rank m > 1 [128], which is actually forced to be the case due
to the m > n > 1 condition. When the ED3/D7-stack is wrapping D, if k = —p%k with
p € N (where in particular p # 0), (4.28) reduces to

for =T+ k- G+ 2 (2 -PR)S=T+H_G, (5.6)

if the fluxes are chosen such that f_ = £pf,. Similar considerations apply to the case when
the ED3/D7-stack is wrapping D;.
We shall therefore focus on the effective field theory defined by (5.1) and (5.2). The

—ar

resulting scalar potential can be separated into terms that scale with e and a series of

corrections suppressed by powers of e~%". We expand the scalar potential in small =97, to
arrive at

V' = Vkkrr + VEDE (5.7)

where Vikkrr is the standard KKLT potential defined in (3.7) and”
Viepg = Vo [A1 cos(a|k|fc) + Az cos(2alk|f c) + As cos(3dlk|fc)]. (5.8)

The potential (5.8) can reproduce the [1 — cos (¢/f)]> EDE potential if A, = 15 A4/4,
Ay = —3A/2 and A3 = A/4. The EDE scale is then given by

s A (97 _ —(a+d)T
Vi _AVO:AA(Qa 3a) e ‘
672

(5.9)

Let us point out that a cos(2alk|fc) term would also arise from the mixed term between
the 2 non-perturbative contributions in (5.2) proportional to A; and As, suggesting that
the potential (5.8) could also be generated for Ao = 0. However, this is not the case since it
can be proven that, under the condition that the EDE field is hierarchically lighter than
the Kéhler modulus 7, this mixed term has always to be negligible. Hence As # 0 is indeed
needed to generate the cos(2a|k|fc) term in the EDE potential (5.8) and keep the correct
hierarchy of scales.

"Here and it what follows we will not include in Vepg the constant term in (2.5). This contribution can
be obtained by an appropriate tuning of the uplifting contribution.
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Notice that we are computing the EDE potential at the Minkowski minimum of KKLT,
namely enforcing conditions (3.8), and that, at leading order, we have the stabilization
b = gsRe(G) = 0 (which implies ¢ = Im(G)) and § = Im(T) = 0. As discussed in
section 4.4.2, when b is stabilized at zero, the C axion is not eaten up by an anomalous U(1).

Furthermore, recalling the canonical normalization for the C3 axion given in (4.18), we
obtain a term in the potential of the form

cos (alk|fc¢) = cos (&\k\f@@) = cos ((;) , (5.10)

giving the following decay constant

_ 6y 1 [ 3¢ 1
/= \/Ta|k:]f V2| raf (5.11)

Upon switching to the canonically normalized EDE field ¢, we may write

VepE = Vo {—25 cos (?) + gcos (2}0) — %cos (3;00)} , (5.12)

where the overall scale Vi can be expressed in terms of the decay constant f and the

gravitino mass mg/; as (reinstating powers of Mp)

2

A 3 gsM (M

= A (2 _ 3) (m3/2> () M. (5.13)
V2732 \M N Mp

Note that, contrary to general expectations from the weak gravity conjecture, V; is expo-

nentially suppressed in terms of gsM (Mp/f)?, instead of just (Mp/f). For M > 1 and

f < Mp, this helps to suppress the EDE scale and to reduce the required fine tuning on

A, even if the presence of the small factor gs < 1 does not allow to remove the tuning
completely. Setting f = 0.2 Mp and § = |k| = 1, the EDE scale V} scales as

Vo A (T2 ) e EoM (5.14)
Mp

This relation depends on the gravitino mass. In KKLT models this is related to the mass of
the Kiéhler modulus m; ~ m3/; In (Mp/mg/g) which has to be above O(50) TeV in order to
avoid any cosmological moduli problem. This implies m3/, 2 O(1) TeV. Imposing therefore
a gravitino mass at the TeV-scale to maximize the suppression in (5.14) (larger values of
m3 /o would also require a larger value of N), Vg ~ 10108 Mj‘_f, gives the value of M for a
given string coupling. In turn, (5.11) yields the value of 7 at the minimum that, when
substituted in (3.9), sets the value of N for natural O(1) values of A.

We present in table 1 some selected numerical examples for the present model for
various choices of g5, A, M and N, all of which give rise to the correct EDE scale, decay
constant and a gravitino mass at the TeV-scale. If the string coupling is kept in the regime
where perturbation theory does not break down, i.e. gs < 0.3, natural O(1) values of A
correlate with N ~ O(1000) > M ~ O(100) > 1 and larger values of 7. Such large values
of the ranks of the condensing gauge groups are very likely to be incompatible with D7
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gs | A | M| N | 1 [ V10Mp* | myp (TeV) | m. (TeV)
1

0.1 340 | 3200 | 10980.7 1.4 4.6 155.5
0.3 1 114 | 1000 | 3703.4 2.0 4.6 155.2
0.3 | 10~ || 100 | 750 | 2849.7 1.6 3.8 129.6
0.3 10727 || 80 | 470 | 1823.8 0.9 4.6 154.8
0.3]107% || 36 | 85 369.3 2.2 3.0 104.0

Table 1. Benchmark parameters that realize the EDE potential (2.5) with f = 0.2 Mp, |A] =1
and m, = mg/; In (Mp/mg/g). Recall that a = 27/N, a = 2n/M, with M < N.

tadpole cancellation and to induce an uncontrolled backreaction on the internal geometry
(see [45] for a study of the maximal rank of condensing gauge groups as a function of h':!
for F-theory compactifications). On the other hand, tuned values of the overall prefactor
of the EDE potential of order A ~ @(10~%°), can allow for viable models with acceptably
smaller numbers of D7-branes, N ~ O(100) > M ~ O(10) > 1 and smaller values of 7.
Note that, at fixed g5, larger values of ms,, as can be seen from (5.14), would require larger
values of M, and so from (5.11) larger values of 7, which imply even larger values of N, as
can be seen from (3.9). Hence, cases with mj3 /9 considerably above the TeV-scale are highly
disfavored. Let also point out that in general ED3-instantons would not give the required
EDE decay constant since viable models with 7 > 1 require large values of M.

Summarizing, our analysis shows that EDE can be realized in KKLT with a Cy axion
whose potential is generated by gaugino condensates on D7-branes with world-volume
fluxes. When the string coupling is small enough to trust the string loop expansion and
ms/o 2, O(1) TeV, matching the EDE scale seems to require a substantial tuning of the
prefactors of these non-perturbative effects. If instead A takes natural O(1) numbers, then
the number of D7-branes becomes too large to be compatible with a controlled effective
field theory. The best scenarios correlate with a TeV-scale gravitino mass.

6 EDE in the Large Volume Scenario

We will now turn our attention to another class of models, built using the LVS. We will
analyze the possibility of building the EDE potential from Cjy axions, as in the previous
KKLT construction, and the new option of using Cy axions. This last option is possible in
LVS but not in KKLT. In fact, in LVS models the big cycle 7 is much heavier than the
corresponding axion 0, since 7, is stabilized by perturbative o’ effects which do not lift 6,.

6.1 EDE from C, axions

Consider a ‘Swiss cheese’ manifold with a large 4-cycle with size 7, and a small 4-cycle with
size 7s. The low energy supergravity action is defined by the following Kéhler potential
and superpotential:

_ 3/2 3/2 § XX
K =—-2In (Tb — T+ 2) + VR (6.1)
W=Wo+MX+ Age T 4 A e 0To 4 Aye™%2Tb 4 Age=%To (6.2)
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As explained in section 4.3, the non-perturbative corrections to W could arise from either
gaugino condensation on D7-branes or ED3-instantons, where in this case we are focusing
on situations without orientifold-odd moduli and vanishing world-volume fluxes (more
precisely, in the case of ED3-instantons, flux-dependent contributions would be exponentially
suppressed in the dilaton with respect to the leading fluxless term). Moreover, in order to
engineer the desired EDE periodic potential, we proceed similarly to (5.4) and require

ar = a as = 2ay, as = 3ap. (6.3)
The scalar potential turns out to be
V =Vivs + Vepg, (6.4)
with Viys as in (3.16) and the EDE part given by
Vepe = Vo [/11 cos (apfp) + Az e ®™ cos (2ap0y) + Az e 2%™ cos (3%91))} , (6.5)

where the EDE scale reads (for 7, ~ V?/3)

N 4ab ’W0|

‘/E) — W Ab eiabTb 5 (66)

and we have redefined A; = Abfli (i = 1,2,3) to factor out in V) and overall coefficient
Ap. This example displays a crucial difference with respect to the KKLT Cy example of
section 5: the moduli dependence, namely on 73, cannot be included completely into the
overall normalization V. Instead, the 3 periodic terms appear in Vgpg with different powers
of e=®7  which must be compensated with an exponential hierarchy in 4; (i = 1,2,3) if
one is to recover (2.5) for the EDE potential.® This situation is also different from the
model of [6], where each harmonic has the same modulus-dependent suppression, which can
in fact be reabsorbed into Vj.

This model requires also an exponential tuning of the overall prefactor A; in order to
match the EDE scale since Cy axions do not give rise to any violation of the weak gravity
conjecture (see Introduction). To see this more in detail, let us compute the EDE decay
constant. The kinetic terms for the EDE field look like

- 3
Ekin = KTbTbauTbB#Tb D) KTbTbaueba“Qb = 4772 (aeb)2 s (6.7)
b
and thus we canonically normalize the field as
36,
Th

We then obtain in the potential the term

cos (apfp) = cos (\/gam'b cp) = cos (i’;) , (6.9)

8The different scaling of each term with 7, would also backreact on the vacuum expectation value of 7,

even if this effect is tiny since Vepg is hierarchically smaller than Viys.

_97 —



Ny [N ono | Wl | A | A | V51018 Mt
100 | 3 | 975 || 6.0x 10719 | 5x 10792 | 0.29 1.8
1000 | 4 | 9746 | 1.1x1077 | 2x 10791 | 0.28 1.3

Table 2. Benchmark parameters for LVS EDE with Cy axions. Each parameter set gives f = 0.2 Mp
and my ~ 50 TeV, and features a; = 27/N;, 7, = 10 for g = 0.1 and & = 2.

from which we can easily see that the decay constant of the EDE field ¢ is

31 N, P
F=y/2 ~0222  for gy =T

. = —. 6.10
2 apTp Tp Ny ( )

Setting f ~ 0.2 Mp, (6.10) clearly implies 7, ~ N;,. Given that the o’ expansion is controlled
by V3 = 7';1/2 < 1, the big modulus should be at least 7, 2 O(100) which requires a
large number of D7-branes N, 2 O(100). Moreover, the EDE scale (6.6) can be rewritten
down as (reinstating appropriate powers of Mp)

6473 ‘Wo’Ab f 2 4 _\/EMJ
= M 277 11
Yo="3 ( NP (Mp> Pe ’ (6.11)
which for f ~ 0.2 Mp reduces to
Vo ~ 0.06 < A7 M. (6.12)

From this expression it is clear that Vg ~ 10719 M} can be achieved only by fine-tuning A,
to exponentially small values since the flux superpotential |[Wy| cannot be taken too small,
otherwise the volume modulus would become lighter than O(50) TeV. In fact, the volume
modulus mass scales as

_ [Wo| Mp

V =~
9/4
Ty

>50TeV & [Wo|22x 107477 (6.13)

For 7, 2 100, this gives also a lower bound on the gravitino mass of order:
W
My = % Mp>2x 1077/ Mp > 1.5 x 105 GeV . (6.14)
Tp

In table 2 we show two benchmark examples for N, = 100 and N, = 1000, which give
f >~ 0.2 Mp and the right EDE scale for the smallest possible value of |Wy|. At fixed Ny
and 73, larger values of |Wp| would give larger moduli masses and would require smaller A,
and larger N, as can be seen from (3.17).

The need to perform a double fine-tuning on the 3 prefactors of the Tj-dependent
non-perturbative effects, to get both the right EDE scale and periodicity, suggests that
the Cy axion associated with the volume modulus in LVS is not an optimal candidate for
building an EDE model in string theory.
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This conclusion continues to hold when we add more complication to the geometry,
e.g. by considering a Calabi-Yau manifold with a fibered structure, as we will do in the
following. Consider a manifold with volume given by

V= rim — Y2, (6.15)

and focus on the case 7, >~ 7 < 7 such that the volume is predominantly set by m. The
scalar potential derived from

B €\ XX
W=Wo+MX + Age T 4 Ayem T 4 Ay 72011  Age3uTt (6.17)

would take again the form V = Viyg + Vepg with
Vipe = Vo {Al cos (a161) + Age” M cos (2a1601) + A3 2T cog (3a191)} , (6.18)

where the EDE scale scales as (for 4; = A1 4;)

_ Awn |[Wol

Vo Ve

Ape (6.19)
Just like in the previous case, this scenario exhibits an explicit dependence of Vgpg on
4-cycle moduli, in this case 71, requiring an exponential hierarchy between Ay, Ay and As.

However, the fibered model provides one advantage, in the form of increased flexibility
in setting the EDE decay constant. Following the same procedure as before, we compute
the kinetic terms at leading order in 1/V

- 1
Liin = Ky, 7,0,T10" T O Koy 7,0,610"01 = — (961)” . (6.20)
1

Thus, canonically normalizing as

1
7T Ve

we have that the potential will contain terms like

01, (6.21)

cos (a16;) = cos (\/§a17'1<p) = cos (S;) , (6.22)

finding
f= ~0.1— for a = —

(6.23)

which depends only on 71 and not 7. Given that in anisotropic compactifications with
To > 11, the overall internal volume is controlled mainly by 72, an o’ expansion under
control can be compatible with 71 ~ O(10) which removes, in turn, the need to go to a
large number of D7-branes N; to reproduce f ~ 0.2 Mp. Clearly, in this case, more natural
values N1 ~ O(10) can be allowed. However, the system still needs a very large tuning of
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the prefactor A; in (6.19) since the EDE scale can be rewritten as (showing explicit powers
of M p)

4/3 M 1 Mp

my P 1 7P
Vo = A < > < > Mpe V2T | 6.24
= 7o) 020

which, setting f ~ 0.2 Mp and taking in (6.13) my ~ 50 TeV, reduces to
_ Ay

Vo=24x10"" = M} 6.25
" |[Wot/3 (6:25)

For [Wy| ~ O(1), clearly Vy ~ 10719 M} requires to tune A; down to A; ~ O(107%).

The lesson to learn from these attempts of building EDE potentials by means of non-
perturbative effects in W is twofold: (i) models, where the real part of the chiral superfield
used for EDE is stabilized at zero, require less tuning of the underlying parameters to
reproduce the correct periodicity of the EDE potential; (¢4) matching the EDE scale without
fine-tuning any prefactor of the non-perturbative effects, which generate the EDE potential,
requires a violation of the weak gravity conjecture. This singles out Cs axions since they
can violate the weak gravity conjecture and belong to the chiral superfield G = Sb+ic
where the By axion is fixed at b = 0. With this in mind let us explore C5 models in the
framework of LVS.

6.2 EDE from C, axions

We now return to the Cs axion case, studied previously in the context of KKLT in section 5.
We consider two possibilities for generating the EDE potential, namely gaugino condensation
on D7-branes (or fluxed ED3-instantons) and gaugino condensation on D5-branes (or fluxed
ED1-instantons).

6.2.1 Gaugino condensation on D7-branes

We focus on a situation with h}r’l = 2 and h"!' = 1 where the orientifold even moduli
describe a typical Swiss-cheese Calabi-Yau, while the orientifold odd modulus mixes just
with the big modulus. The volume form therefore looks like

_ 32 3p_ 1 - 2\ 3/2 3/2
venltonlt = {(TH—T;, VG +GP) - (T + ) (6.26)
The low-energy effective action is determined by the following Kéhler potential and super-
potential
£\ XX
K=-2In <V—|— +V2/57 (6.27)
W = WLVS +A1 e*u(Tb+ka1G) + A2 e*ﬁ(T[,ﬁ*kaG) 4 A3 e*a(Tb*HCng)’ (628)
with
Wivs = Wo + MX + Age % 4 Ay em®T0 (6.29)
Similarly to (5.4), we also impose
fi=", fo = 2f, f3 = 3f, (6.30)
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in order to match the periodicity of the EDE potential. Wiyg is the standard LVS
superpotential with the inclusion of the T;-dependent non-perturbative effect which stabilizes
the C4 axion 6. The last 3 terms in (6.28) are instead responsible for the generation of
the EDE potential. As explained in section 5, these can arise from branes wrapping the
big divisor which can be either fluxed ED3-instantons or D7-branes with non-zero world-
volume fluxes which support gaugino condensation. Similarly to section 5, we will see that
ED3-instantons cannot reproduce the correct EDE decay constant for ¥V > 1, as well as the
correct EDE scale without fine-tuning the prefactors A; (i = 1,2,3) to exponentially small
values. Moreover, when both effects are present, ED3-instantons are always subdominant
with respect to gaugino condensation. In the following, we shall therefore focus mainly on
gaugino condensation on D7-branes, keeping in mind however that the EDE potential could
also be realized by ED3-instantons (at the price of introducing fine-tuning and working at
small internal volume) if gaugino condensation effects are not generated.

As explained in section 5, the last 3 non-perturbative effects in (6.28) receive also
S-dependent contributions in the exponents, which might destroy the required periodicity
of the EDE potential if the corresponding prefactors take natural O(1) numbers. However,
we have seen that these dilaton-dependent contributions can be cancelled by an appropriate
choice of even and odd fluxes. In the LVS case, there is another intriguing possibility if
initially the number of odd moduli is h'! = 2. Note that this is not possible in KKLT since
in cases where the orientifold involution exchanges two non-identical divisors [136, 137],
0 < hl! <rfor b1 =27 or M = 2r+1 with r € N, implying that hi’l = 1is incompatible
with ™! = 2. On the other hand, LVS models with hil = 2 can feature K = 2. In this
case, if the initial divisors are D; (i = 1,2,3,4) and the involution exchanges D, <+ Dy and
D3 <> Dy, the even and odd divisors are

l

p =p,up,, DY =D, uU(-Dy), (6.31)
DY =psuD,, DY =DsU(-Dy), (6.32)

where we have assumed to have a big and a small orientifold-even modulus. For 2 orientifold-
odd moduli the expression (4.29) for the gauge kinetic function of a D7-stack wrapping D
generalizes to [126] (focusing for simplicity just on the case with odd world-volume fluxes)

for =Ty + (kyify + kypsfs) Gy + (Rypsfy + Kossfs) G
1

+ 5 [kl + Fygsfs) i + (Kol + Kossfs) fs] 5 (6.33)

where the indices with a tilde denote odd-moduli. If k5 = 0 and the flux quantum f; is set
to zero, this expression simplifies to

for =1+ kbl;éfg GE , (6.34)

implying that the superpotential would not depend on G5. The Bs-axion bz would however
appear in the Fl-term since (4.39) would generalize to

ty

&1 v

[Fyipbp + Kyps (b5 — )] - (6.35)
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If kyz; = 0, the Fl-term would simply depend on bs and, as explained in section 4.4.2,
D-term stabilization would fix bz = f3 if the charged matter fields do not acquire tachyonic
masses from supersymmetry breaking. This implies that the G5 axion is eaten up and
disappears from the effective field theory. The Bs axion by could instead be fixed at zero by
subleading effects.

The total scalar potential can be written as

V = Vivs(V, s, 0s) + Vy(0p,b) + VeDE(C) (6.36)

where in each term we have written down explicitly just the dependence on the moduli
which get frozen by each type of contribution. Viyg is the uplifted LVS potential (3.16)
which stabilizes V, 75 and the axion 0, V}, is the contribution included in (4.49) which fixes
0, and b = 0, while the EDE potential reads

Ve = Vo {—145 cos [ (kfe + 0,)] + gcos (@ (2Kfc + 0y)] — icos (@ (3kc + eb)]} . (6.37)

with ~
4’Wo|a

V4/3
where we have set A; = —154/4, Ay = 34/2 and A3 = —A/4. In order to obtain the
correct EDE potential we require a; < a, so that Vgpg < V} and the stabilization of 6, is

Vo = Ae 0, (6.38)

completely determined by V; for b = 0. The overall sign of (3.15) plays an important role
in this EDE realization: if A, > 0 the bulk Cy axion is stabilised at 6, = 7/ap, whereas if
Ap < 0 the minimum is at 6, = 0. Given the 6, dependence of (6.37) it is evident that only
Ay < 0 can lead to the desired EDE potential?

15 3 1
Viow = Vo |~ cos(@lklfc) + 5 cos(2alkljc) — cos(3&\k|fc)] | (6.39)

Let us now determine the EDE decay constant. Using the canonically normalized field
defined in (4.18), the cosine terms in the EDE potential behave as

cos (a|kl|fc) = cos (ﬁ]kz\f \/ggo) = cos <S;) , (6.40)

39s M N 2T
,/ _29s M _ T 6.41
a\k\f se2lkz v o YT M (6.41)

The overall EDE scale (6.38) therefore becomes (reinstating powers of Mp)

2
16(2 5k24 5 4 _ 3 gsM(Mp

finding

Note that the exponential suppression is the same as in (5.13) since we are again using C5
axions whose potential is generated by gaugino condensation on D7-branes with non-zero

9More in general, if , = 7/a,, the correct EDE potential could still be obtained if & = pa, with p € N.
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g |A| N M| wol | v=r o | %109 Mpt | A | € | my (TeV)
03] 1 1 |128 1 3.2 x 10° | 2.37 2.6 1.70 | 1.2 | 3.2 x 107
03| 1| 1/2]121|28x1076]2.7x10°|2.24 2.7 1.51 | 1.1 50
011 2 |362[33x107°|1.4x10%]8.25 2.2 2.96 | 1.5 50

Table 3. Benchmark parameters that realize the EDE potential (6.39) with f = 0.2 Mp. We
have used the LVS minimization relations (3.17) with a;, = 27/N, and @ = 27/M. The case with
Ng = 1/2 corresponds to a rank-2 ED3-instanton [128].

fluxes. Contrary to the KKLT EDE case discussed in section 5, however this case can
realize EDE without the need to go to an excessively large number of D7-branes. The main
reason is that in LVS, as can be seen from the minimization relations (3.17), large 7, does
not require a very large number of D7-branes to avoid ultralight moduli that would induce
cosmological problems. Let us see this crucial point more in detail. For f = 0.2 Mp and
f = |k| = 1, the EDE scale Vj reduces to
2185
~ W

where the lowest possible value of || that maximizes the suppression is given by (6.13) in

1 (Wo| Aeim9sM prd (6.43)

terms of 7, which is fixed by (6.10) for a given M and gs.

We present in table 3 three numerical examples with a different value of g5 which
reproduce the correct EDE scale without the need to tune the prefactor A. Contrary to the
KKLT case discussed in section 5, there is no need to have O(1000) D7-branes. If A is kept of
order unity, the number of D7-branes M has to be M ~ O(100) which is however realizable
in F-theory compactifications [45]. Smaller values of M would require an exponentially small
A and would also reduce the value of 7, due to the need to reproduce f ~ 0.2 Mp from (6.41).
The first case in table 3 is the most generic since the flux superpotential takes the natural
value [Wo| = 1 which correlates with my ~ O(10'°) GeV and mg/, ~ O(10'*) GeV. On
the other hand, the last two cases in table 3 are characterized by lower moduli masses,
my ~ 50TeV and mg3 /5 ~ 10% GeV, due to the tuning of [Wy| to small values. Let us stress
that in all cases the CY volume is large enough to trust the effective field theory.

To complete our analysis, let us consider also K3-fibered LVS compactifications with
volume V = /7172 — oot /2 since, as we have already seen in section 6.1, they give more
freedom in matching the EDE energy scale and decay constant if V is anisotropic with
79 > 7 > 1. If the G-modulus mixes only with 77, the superpotential would still be given
by (6.28) but with the substitution 7, — T7. The stabilisation of §; would proceed as the
stabilization of 6, above, while 83 would in practice remain as a massless spectator field.
The EDE decay constant would still be given by (6.41) but again with the substitution
7, — 71. The EDE potential would take the same form as in (6.37) but the EDE scale
would become (for f = 0.2 Mp and f = |k| =1)

W ~
Vo ~ 23.9 |V20| gs M Ae~ 1 9sM N (6.44)

The difference with the previous case is that in fibered CY models, the lightest modulus
is the direction w orthogonal to the volume mode which is stabilized beyond leading LVS
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0.1 31362 1 |1.24x10%]2.74x%x 108 | 9.32 1.7 1.2 | 1.8
0.3 1 | 121 1 | 4.17x10% | 3.29 x 10% | 3.33 1.3 0.83 | 2

gs | AN | M | Wl | V| om0 Mt | A | €

Table 4. Benchmark parameters that realize the EDE potential (6.39) with f = 0.2 Mp and
my, >~ 50 TeV for K3 fibered CY models. We have used the LVS minimization relations (3.17) with
as = 27 /Ns and a = 27 /M.

order. Imposing that its mass is above the bound from the cosmological moduli problem,
we find [138]

[Wol

W= Mp 20TV & VS 13 x 107 W e (6.45)
V3/27,]

When 71 is fixed around 71 ~ O(10%) by the requirement to obtain f ~ 0.2 Mp, this condition
can clearly be compatible with [Wy| ~ O(1) since it would just require V < O(10%). Setting
V ~ 0(10%) would indeed correspond to an anisotropic extra-dimensional volume with
9 ~ O(10%) > 71 ~ O(10%) > 1. We present in table 4 two numerical examples with a
different value of gs which reproduce the correct EDE scale without the need to tune the
prefactors A and |[Wy|. Both examples feature m, ~ 50 TeV, my ~ O(5 x 10°) GeV and
mg e ~ O(10'%) GeV.

Summarizing, our analysis shows that EDE can be realized in LVS with a 5y axion
whose potential is generated by gaugino condensates on D7-branes with non-vanishing world-
volume fluxes. When the string coupling is small enough to trust the string loop expansion,
matching the EDE scale requires O(100) D7-branes, if A takes natural O(1) numbers.
Swiss-cheese models with natural O(1) values of |[W| are characterized by V ~ O(10°) and
mg e ~ O(10'%) GeV, which can be lowered down at most to mg/; ~ O(10°) GeV by tuning
|[Wo| (otherwise the volume modulus would cause cosmological problems). On the other
hand, K3-fibered CY examples can realize EDE for larger values of the internal volume,
V ~ O(108), improving the control over the effective field theory. In turn, the resulting
gravitino mass for [Wy| ~ O(1) is lower, mg/, ~ O(10'%) GeV.

6.2.2 Gaugino condensation on D5-branes

As explained in section 4.3.3, C5 axions can develop a potential also due to non-perturbative
corrections to the Kéhler potential arising from ED1-instantons or gaugino condensation on
D5-branes. However, similarly to situation of the Cy4 axions, this case implies a severe tuning
on the prefactors of the non-perturbative effects to match the correct EDE scale. This fact
is related to consistency of the model with the weak gravity conjecture as explained in [44].
We shall therefore be brief in the description of this case.

Focusing on the case where these non-perturbative effects correct the big modulus
Ty, the Kéhler potential and the superpotential would still be given by the standard LVS
expressions (3.11) and (3.12) but now with the replacement:

T — Tb—’y(G—i—é)z—i—e*atb/\/ﬁ (A1 Re [efaka] + AsRe [eiQaka] + Az Re [efgaka]) (6.46)
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where @ = 27/M and G = Sb + ic, as defined in section 4. The scalar potential admits 3
contributions of the form

V =Vivs(V, 7s) + Vepr(c) + V() , (6.47)
where Viys and V}, are given by (3.16) and (3.15), while the EDE potential is (for b = 0)
Vipe = Vo [Al cos(d|k[f ) + As cos(2d|k|fc) + As cos(3a|kyfc)] , (6.48)
where we have set 4; = AA; (i = 1,2,3) and

3A|WO‘262 —at s — 1 —at s
%:We ab/ﬁ:AA@ ab/ﬁ. (649)
Note that the potential V4 for the axion 6 is decoupled from the EDE dynamics, and so 6
can be safely set to zero, as in a standard LVS model. Using the canonically normalised
field defined in (4.18), we obtain in the potential the term

cos (alk|f¢) = cos (ﬁ\k\f@@) = cos (?) , (6.50)

from which we can obtain the decay constant of the EDE field ¢

1 39s 1 39 M

T= 5\ 2lklm = T\ 82 v

(6.51)

Obtaining f = 0.2 in Planck units for g; ~ O(0.1) and 7, 2 O(100), clearly requires
M =z O(30), suggesting that gaugino condensation on D5-branes is better than ED1-
instantons which would anyway be volume-suppressed if both effects are present. Moreover,

for f=|k| =k =1and f = 0.2 Mp, the EDE scale becomes

_1 /3 (Mp -
Vo=AAde ' k“’“'< ! >M§,~10*4AAM§>, (6.52)

which shows that V ~ 107108 Mj‘; can be obtained only by tuning A to exponentially small
values, in complete analogy with the Cy axion case (see (6.11)).

We therefore conclude that realizing EDE with Cy axions and ED1/D5 non-perturbative
effects requires always an exponential tuning of the prefactors. Given that we have shown
instead that models with Cy axions and ED3/D7 non-perturbative effects can realize
EDE in a more natural way, it is important to check that ED3/D7 contributions to the
scalar potential dominate over ED1/D5 effects. This is guaranteed if the non-perturbative
corrections to K are characterized by a = 27/M, with M < 2, since in this case (6.49)
would give Vy < eV* for the values of ¢, and gs found in section 6.2.1 which reproduce the
correct EDE scale for ED3/D7 effects.

— 35 —



7 Conclusions

In this work we have performed a detailed analysis of the theoretical and phenomenological
requirements to realize a viable EDE model [7] from string theory. We have focused on
KKLT and LVS models in type IIB flux compactifications which are the best developed
scenarios for moduli stabilization. Following the idea proposed in [6], we have tried to
reproduce the EDE potential by exploiting 3 non-perturbative corrections to the effective
action, considering both Cy and C5 axions. The outcome of our investigation is a set of
working models, amongst which the most promising candidates to realize EDE in type
IIB string theory are (5 axions with a potential generated by gaugino condensation on
D7-branes with non-zero world-volume fluxes. In this case the EDE scale and decay constant
can be matched without tuning any of the underlying parameters and with the effective
field theory approach under control. Let us explain in simple terms how we got to this
conclusion by discussing the challenges outlined in section 1:

1. Controlled de Sitter moduli stabilization: as already pointed out, KKLT and
LVS are well-studied frameworks for moduli stabilization. However, the main re-
quirement, in both cases, to trust the low-energy supergravity approximation is that
the internal volume V is stabilized at large values to keep control over o’ correc-
tions. More precisely, the dimensionful CY volume can be expressed as Vol = V £8
(with 43 = 271'\/9), implying that the parameter controlling the o/ expansion is
€0 =/ Vol™1/3 ~ V=1/3_In the simplest compactification with just a single Kéhler
modulus 7 ~ V?/3, we need therefore to ensure that 7 > ©(100) so that e, < 0.1.
Writing the EDE decay constant f in terms of the instanton action S = 277 /M, with
M the number of branes, as f S ~ AMp, as we did in section 1, we easily see that
matching f ~ 0.2 Mp implies

AM (Mp
:%(f) ~AM. (7.1)

As found in [44], C4 axions with potential generated by ED3/D7 effects and Cy axions

with potential generated by fluxed ED1/D5 effects feature A ~ O(1), in agreement

with expectations from the weak gravity conjecture applied to axions [40-43]. In this
case, 7 2 O(100) can be achieved only by considering M 2> O(100). On the other

hand, Cy axions with potential generated by fluxed ED3/D7 effects can lead to a

violation of the weak gravity conjecture since they are characterized by A ~ /g7 [44].

In this case, (7.1) reduces to 7 ~ g5 M? which could give 7 > O(100) for M > O(30)

if the string coupling is fixed (by an appropriate choice of background 3-form fluxes)

at gs < O(0.1) so that string perturbation theory does not break down. Hence, in all
cases we are forced to consider situations with a relatively large number of branes.

2. Decoupling of non-EDE modes: this requirement is crucial to ensure that the
EDE dynamics is not affected by any other field. The cleanest situation is therefore
the one where all the non-EDE modes are stabilized at an energy scale which is
higher than the EDE one. This observation implies that Cy and By axions are not
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well-suited to realize EDE since their shift symmetry is broken at perturbative level.
Best candidates are instead Cy and Cy4 axions whose shift symmetry is broken only at
non-perturbative level. More precisely, C'y axion are in principle good EDE candidates
in both KKLT and LVS models, while Cy axions can play the role of the EDE field
only in LVS models since in KKLT they would be as heavy as the corresponding
saxions, thus inducing a cosmological moduli problem.

. Absence of fine-tuning: two levels of fine-tuning can be necessary to reproduce
the EDE potential: a tuning to get the right periodicity, and an additional tuning
to match the EDE scale. We found that Cj axions in LVS require both tunings,
and so appear to be the worst EDE candidates. Cs axions with potential generated
by ED1/D5 corrections to the Kéhler potential can instead reproduce the required
periodicity naturally but need tuning to obtain the correct EDE scale, and so do not
seem to be optimal EDE fields. The best EDE candidates are instead Cy axions with
potential generated by fluxed ED3/D7 corrections to the superpotential since they
can, in principle, avoid both tunings.

These results can be intuitively understood as follows. As explained in section 6.1,
the EDE periodicity can be naturally realized only when the saxionic partner of the
EDE axion is stabilized at zero. The saxion associated to C4 controls the volume
of a 4-cycle which cannot be set to zero since it would cause a deviation from the
supergravity approximation. This implies that EDE models based on Cy axion require
tuning. On the other hand, the saxion associated to Cs is the Bs axion which is
naturally fixed at b = 0, implying that Cs axions can realize the EDE periodicity in
a more natural way. Regarding instead the matching of the EDE scale V without
any tuning of the UV parameters, as already explained in section 1, this requires a
violation of the weak gravity conjecture. In fact, (1.1) with f ~ 0.2 Mp, becomes

Vorr AeMe/F M~ Ae™ A M ~ 107198 MY for A~50 if A~1. (7.2)

As we have already seen, Cy axions with ED3/D7 effects and Cy axions with fluxed
ED1/D5 effects have A ~ O(1), and so can match Vo ~ 107108 M4 only by tuning
A to exponentially small values. On the contrary, Cy axions with fluxed ED3/D7
effects feature

s M M
A~ /g5 :(gfp>3:().2]\/[ for gs~0.2 and f~02Mp. (7.3)

4
Hence, A ~ 50 can be achieved for A ~ 1 and M ~ O(100), implying that V{ can
be realized without tuning only for gaugino condensation on D7-branes since ED3-
instantons, if the corresponding action is written as S = 277 /M, can allow only for
M = 1/p with p € N. In turn, such a relatively large number of D7-branes ensures
that the effective field theory is fully under control since (7.1) combined with (7.3)
implies 7 ~ 0.2 M? ~ O(5 x 10%). Such a large value of T can be easily realized in
LVS models, while it would imply a very low gravitino mass in KKLT scenarios where
mg/g ~ e=277/N Mp where N is the number of D7-branes supporting the gaugino
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condensate that lifts the volume modulus. Requiring mg/, 2 O(1)TeV to ensure
my 2 50TeV, implies N 2 O(1000) which is very difficult to achieve in controlled CY
orientifold compactifications with D7 tadpole cancellation. Thus, the only way-out in
KKLT models to avoid such a huge number of D7-branes seems to involve again an

exponential tuning of the prefactor A.

This problem is absent in LVS models. As explained in section 6.2.1, Cy axions with
potential generated by 3 gaugino condensates on D7-branes with non-zero gauge
fluxes can realize EDE without any tuning of the microscopic parameters. Two
scenarios arise, depending on the topology of the underlying CY threefold. If the
compactification space has a Swiss-cheese structure, 7 is identified with the overall
volume V ~ 73/2 ~ 0(10), leading to mg /e ~ O(10") GeV and my ~ O(10") GeV.
If instead the internal space is a K3-fibered CY, the overall volume is controlled by 2
divisors V ~ /7173 and 7 can be identified with the fiber modulus 71. Thus, matching
f ~ 0.2 Mp fixes only 71 ~ O(5 x 10%), but not V, which can therefore be larger
than in the Swiss-cheese case if moduli stabilization yields an anisotropic CY with
75 3> 71 > 1. In fact, we have obtained V ~ O(10%), which improves the control
over the effective field theory and leads to lower moduli masses: mg/5 ~ O(101%) GeV,
my ~ O(10%) GeV and m, ~ 50TeV (where u is the direction in the (71-72)-plane
orthogonal to the volume mode V).

4. Explicit Calabi-Yau realization: our analysis outlines the features that a globally
consistent compactification should have to realize a viable EDE model. The next step,
to build a full-fledged string model, would be to provide a rigorous description of
the underlying Calabi-Yau threefold, orientifold involution and brane setup in a way
compatible with tadpole cancellation. The setup should also explicitly realize 3 gaugino
condensates on fluxed D7-branes wrapping different homologous representatives of
the same divisor, or on a single stack of D7-branes where however some subsets of
branes are differently magnetized. Such a detailed construction is beyond the scope
of this paper and we leave it for future work.

We conclude that our analysis establishes EDE as a viable model of string cosmology.
While the model-building presented here is to some degree contrived, being designed to yield
the [1 — cos(¢/f)]* EDE potential, it makes use of well-known and well-studied ingredients
and does not rely on any exponential tuning of UV parameters for Cy axions in LVS with
gaugino condensation on fluxed D7-branes. In this sense, realizing our EDE models does
not seem considerably harder than constructing other scenarios in string cosmology such as
quintessence and inflation.

This is an important step towards understanding and developing the predictions of the
model: with a concrete model realization in hand, one may then investigate the interactions
of the EDE field with other fields which generate complementary indirect signals of the
EDE dynamics, e.g. gravitational waves from the coupling to gauge fields [62], and may
identify other ingredients in the model that play a cosmological role, such as an ultra-light
axion component of dark matter. An additional interesting future direction of investigation
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is to unify these EDE constructions with other epochs of cosmic acceleration, namely with
cosmic inflation or late-time dark energy. In the context of LVS, EDE seems particularly
well suited to incorporating fiber inflation [47, 49-52, 117], and the use of a Cy axion to
generate an observable level of chiral primordial gravitational waves [139]. There is also a
natural compatibility of EDE presented here with fuzzy dark matter as presented in [44],
wherein one C5 axion in the compactification could play the role of fuzzy dark matter and
another the EDE. It would be interesting to revisit in this context some of the observables
of fuzzy dark matter, such as dark matter substructure [140]. Moreover, an orthogonal
approach would be to consider other possible EDE candidates, such as ultralight scalars
that are composite states of fermions, following related work on ultralight dark matter,
e.g. [141-143]. We leave these interesting avenues to future research.
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A LVS Moduli Stabilization with Anti-brane Uplift

We will now concern ourselves with the potential (3.16) after the stabilization of the axions.
To find the minimum of the theory we first solve for 74 by deriving V, finding

e 0sTs — 3‘W0’\/7TS as7s — 1 ~ 3|W0‘\/7TS (A 1)
a; AV dagre — 1 dagAY ’

Moreover, in order to simplify the equations, we perform the following change of variables
Y w( 1-1/¢ ) 3[Wol
= V = —_— , - 5 A.2
V=0T, SRV Sy = Jasa, (2-2)
which implies ¢ ~ In V. Thus, at leading order in ¥ > 1, the scalar potential looks like

o= () 0 2) ) )
(A.3)

where we kept the first correction in the 1 > 1 expansion. Solving for the minimum and

requiring it to be Minkowski (i.e. 9V =V = 0) we find the minima conditions to be

N

2 as 10a, \ as ~ \ag F '

a2l 2T Wl sy 2TV Vs (A5)
20 (2/3 35/31/3 20 a, V5/37 '

where again we included only the first correction for ¢» > 1. Note that (A.4), when
substituted in (A.3), would give a leading order cancellation and an AdS vacuum for M = 0.
Lastly, let us mention that a dS minimum can be achieved by allowing small shifts of M.
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