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Abstract

In the context of the LARGE volume scenario, stabilization of axionic moduli is revisited. This includes
both even and odd axions with their scalar potential being generated by F-term contributions via various
tree-level and non-perturbative effects like fluxed E3-brane instantons and fluxed poly-instantons. In all the
cases, we estimate the decay constants and masses of the axions involved.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.

1. Introduction

From the point of view of constructing (semi-)realistic models in string compactifications, the
understanding of moduli stabilization is a very central issue and has been under deep investiga-
tion for more than a decade. In order to quantitatively address certain aspects of cosmology and
of particle physics, moduli stabilization is a prerequisite, as on the one hand some physical pa-
rameters depend on the value of the moduli and on the other hand the existence of such massless
scalars is incompatible with observations.

The standard paradigm for string moduli stabilization is described (and better understood)
in the framework of Type IIB orientifolds with O7- and O3-planes, and two popular classes of
models, namely KKLT [1] and LARGE volume scenarios [2], have been in the market for almost
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a decade. In these models, a combination of background three-form fluxes and D3-brane instan-
tons can lead to a potential for the axion—dilaton, the complex structure and the Kéhler moduli
[3—6]. Usually, the moduli stabilization scheme in these two classes of models is a two-step
procedure. In first step, one stabilizes complex structure moduli along with axion—dilaton at the
leading order via a tree-level Kéhler potential and a perturbative flux-contribution to the super-
potential. The Kéhler moduli which remains flat (due to a so-called ‘no-scale structure’) at this
stage are lifted in a second step by including the subleading non-perturbative corrections to the
superpotential W, and the same results in a supersymmetric (KKLT) AdS-minimum [1]. Taking
also the leading order perturbative a’-corrections to the Kéhler potential into account, a non-
supersymmetric AdS-minimum at large overall volume appears. This is the so-called LARGE
volume scenario (LVS) [2], which has been exploited in the literature in the context of get-
ting realistic particle physics and realizing inflationary cosmology both (see [7,8] and references
therein). Recently, the orientifold even axionic sector was scrutinized [9] leading to the proposal
that in the context of the LVS there exists a whole axiverse, which means that the decay con-
stants of the different axions vary over a wide range of values. This is mainly owed to the fact
that different axions get different volume suppression factors in their kinetic terms. Further, most
of these studies are only focused on the orientifold even sector of axions. A detailed analysis
in these directions with orientifold odd axionic sector is missing. However, in some models,
moduli stabilization [10], inflationary aspects [11-13] as well as particle pheno model building
[14] with the inclusion of involutively odd (1, 1)-cohomology sector have been initiated in the
meantime.

These orientifold odd axions also play a crucial role in global model building in string
compactification. Here we have in mind the string constraints governing the coexistence of
D7-branes, fluxes and instantons, like the chirality problem pointed out in [15] or the Freed—
Witten anomalies [ 16]. The chirality issue comes with the appearance of extra zero modes located
at the intersection between the instanton E3-brane and D7-brane supporting the visible sector.
This prevents a class of instantons from participating in moduli stabilization. Several approaches
have been proposed in building up models which (could) avoid such a problem. One way is, not
to support the visible sector on the divisor which gives rise to the non-perturbative superpotential
contribution [17-20]. Models which support visible sector with D-branes at singularities have
been proposed in [19,20] in which one needs to embed such singularities in a compact Calabi—
Yau threefold X with non-zero odd components in cohomology class Hi’l(X /o). Another way
to avoid the chirality issue is to include the gauge flux on the instanton E3-brane supported by
the orientifold odd two-cycle [21].

For having the fluxed-instanton contribution, one needs the involutively odd-moduli (6%, c%)
which arise from the NS-NS field B, and R-R field C; in Type IIB orientifolds to correct the
E3-brane superpotential and remove the extra charged zero modes. These odd axions combine
in pure axionic chiral multiplets for which the entire complex boson is made from axions. These
new chiral multiplets G* appear in the effective action, i.e. in the Kéhler- and superpotential in a
completely different manner than the even moduli so that they must be treated separately. In addi-
tion, we also include those axions sitting in the same chiral multiplet as the saxions governing the
size of four-cycles having the right topology to support so-called poly-instantons. These are sub-
leading non-perturbative contributions which can be briefly described as instanton corrections to
instanton actions. These were introduced in [22], further elaborated on in [23] and have been ana-
lyzed recently in the context of the LVS in [24-32]. In order to support the odd moduli in models
of (Type IIB) string compactification, a classification of the involutions on the toric Calabi—Yau
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threefolds with 2!-! < 4 which may result non-zero odd component of (1, 1)-cohomology class
is also studied in [33].

In general, axions play an important role in physics beyond the Standard Model and, via axion
driven inflation, might provide a bridge between particle physics with cosmology. On the particle
physics side, axions were introduced to solve the strong CP problem of QCD [34-39]. However,
due to the shift symmetry of the axions, a non-trivial subleading potential is generated at the non-
perturbative level, making them ideal inflaton candidates as well [37,38,40-43]." Since in most
of the axionic model building purposes (e.g. in axionic inflation), the axionic decay constants
are required to be very high, a treatment in a UV-complete theoretical framework such as string
theory is desirable and has indeed been pursued. axionic fields are already ubiquitous in super-
string theories in ten-dimensions and via compactification generically lead to the order of 10-102
axionic fields in four dimensions [46,47]. These axions often appear in a chiral supermultiplet,
where they are combined with a scalar field, a so-called saxion, which describes the deformation
of the underlying compact geometry. These geometric moduli can for instance be the Kéhler or
complex structure moduli of Calabi—Yau manifolds. For a string model to be realistic, all moduli
have to be stabilized as they lead to unobserved fifth force and interfere with the standard big
bang cosmology, in particular big bang nucleosynthesis [46—48].

In this article, our main focus is to revisit the F-term moduli stabilization in LARGE volume
scenarios. The idea is to include the involutively odd axions and instanton flux effects to generate
F-term contributions depending on odd axions. Addressing more involved issues, for example, the
ones mentioned in the aforementioned paragraph need more concreteness in the setup, and are
beyond the scope of this article. To be specific, we limit ourselves to a toy-model setup, and
without supporting a concrete MSSM-like visible sector on D7-brane wrapping a holomorphic
divisor, we assume that concrete setups with desired divisor intersections and allowed fluxes
consistent with tadpole/anomaly cancellations can be constructed. Apart from moduli stabiliza-
tion, as a by-product of our investigations regarding the simple estimates of volume scalings in
axion decay constants and masses, we explore the possible mass hierarchy among the various
moduli.

The article is organized as follows. In Section 2, we start with a brief review of a generic
Type IIB orientifold framework, and following [21], we collect the relevant ingredients on fluxed
D3-brane instanton contributions to the superpotential. In Section 3, we discuss the moduli stabi-
lization in an extended LARGE volume setup with the inclusion of a single involutively odd axion
and fluxed-instanton effects. In Section 4, we extend the analysis for a fluxed poly-instanton
setup. For all the cases, we also present some estimates for the decay constants and masses of
various even/odd axions. Section 5 presents the overall conclusions followed by Appendices A—C
of the relevant intermediate expressions.

2. Preliminaries

Let us review some of the basic ingredients in Type IIB orientifold compactifications with O7-
and O3-planes. Here we focus on those aspects which will become relevant in our investigation
of axions in the LARGE volume scenario.

1 See [44] for applications of axions as quintessence fields, and [45] for an interesting field theoretic attempt of com-
bining the three axionic scenarios (QCD axion, inflaton and quintessence axion) into a single framework.
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Table 1
Orientifold invariant states.
(—fr 2p o

¢ + + +
Co — - +
8uv + + +
B + - -
Cy - + -
Cy — - +

2.1. Type IIB orientifolds

We consider Type IIB superstring theory compactified on an orientifold of a Calabi—Yau three-
fold X. The admissible orientifold projections fall into two categories, which are distinguished
by their action on the Kéhler form J and the holomorphic three-form £23 of the Calabi—Yau:

o_ {.Qpa witho*(J) = J, 0*(£23) = £23,

F, : * * (1)
(=) 82,0 witho*(J)=J,0%(£23) = — 823,

where £2), is the world-sheet parity transformation and F7 denotes the left-moving space-time
fermion number. Moreover, o is a holomorphic, isometric involution. The first choice leads to
orientifold O9- and O5-planes whereas the second choice to O7- and O3-planes. The gener-
ated R-R tadpoles need to be canceled by the introduction of the corresponding D-branes. For
latter case, the one of primary interest here, these are in general D7-branes carrying addition
gauge flux and D3-branes. The (—)/2 2 pO invariant states in four-dimensions are listed in Ta-
ble 1.

Therefore, the massless states are in one-to-one correspondence with harmonic forms which
are either even or odd under the action of ¢. These do generate the equivariant cohomology
groups HY'?(X). Therefore, the Kihler form J, the two-forms By, C and the R-R four-form
C4 can be expanded as

J =t%wqy,
(0)) =Cawa, B> :bawav
C4=D§‘/\a)a—l—V&/\a&—l—U&/\ﬂ&—l—pa&)"‘, )

where w, and w, denote a bases for H}r’l (X) and H L1 (X), respectively. Similarly, ®* and &¢
is a basis of H42_’2(X) and HE’Z(X), while (g, 55‘) is a real symplectic basis of H_?_(X).

Since o* reflects the holomorphic three-form, in the orientifold one keeps n! (X) complex
structure moduli zé, which are complex scalars. Moreover, b%, ¢* and p“ are also scalars, while
V& and Uy are space-time one-forms and DY a space-time two-form. Due to the self-duality
of the R-R four-form, half of the degrees of freedom of C4 are removed. Note that the even
component of the Kalb—-Ramond field B, = b*w,, though not a continuous modulus, can take
the two discrete values b* € {0, 1/2}. The resulting N’ = 1 supersymmetric massless bosonic
spectrum is summarized in Table 2.

By performing the detailed dimensional reduction from ten to four dimensions [6], one real-
izes that the complex bosons in the chiral superfields are given by the combinations
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Table 2
N =1 massless bosonic spectrum of Type IIB Calabi—Yau orientifold.
Chiral multiplets n*! 24
nk! (1%, p)
nt! (CEE!
1 (¢, Co)
Vector multiplet hil va
Gravity multiplet 1 guv
S=iCo+e?,
G =ic" — Sp?,
1 1 1 _ _ b
. b
Ty = Exotﬂytﬂty +1 (Ioa - Elcaahcab ) - Zed)’caabGa(G +G) . (3)

The low energy effective action at second order in derivatives is given by a supergravity theory,
whose dynamics is encoded in a Kihler potential K, a holomorphic superpotential W and the
holomorphic gauge kinetic functions. In our case, the Kéhler potential can be expanded as

K=-In(S+5) - ln(—i / 23 A 93) —2In(Y(S, G, Ty, ....)) 4)
X

where Y = $KapctAt8tC
two-cycle volumes 4. The dots in (4) denote the potential appearance of other moduli like
D3/D7-brane fluctuations (and hence complex structure moduli which get coupled after includ-
ing brane-fluctuations) or Wilson line moduli. Unfortunately, ) is only implicitly given in terms
of the chiral superfields. It is in general non-trivial to invert the last relation in (3).

As we will review in more detail below, the general schematic form of the superpotential W
is given as

is the volume of the Calabi—Yau manifold expressed in terms of

W= / GinR+Y Ap(z*.G* Fg...)e ™
X E

=Wo+ Wy 4)

where the first term is the Gukov—Vafa—Witten (GVW) three-form flux induced tree-level super-
potential [3] (see [49,50] also for related work). The second term denotes a sum over non-pertur-
bative corrections coming from Euclidean D3-brane instantons or gaugino condensation on
D7-branes [51]. Here, the pre-factor does not only contain the one-loop Pfaffian for fluctuations
around the instanton background but also contributions from so-called (gauge-)fluxed instan-
tons and Euclidean D1-brane instantons. Again the dots indicate a further dependence on e.g.
D3/D7-brane fluctuations or Wilson line moduli. From the Kéhler- and the superpotential one
can compute the ' = 1 scalar potential

vzeK(ZK”D,W{)JW—3|W|2> (6)
1,J

where the sum runs over all moduli.
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2.2. Fluxed D3-brane instantons

Let us provide some more relevant information about the fluxed D3-brane instanton contribu-
tions to the superpotential. Here we essentially follow [21,52].”

For a single Euclidean D3-brane instanton to contribute to the superpotential it needs to carry
the right zero-mode structure. In particular, the instanton has to be a so-called O (1) instanton,
which means that is has to wrap an orientifold invariant four-cycle, i.e. 0 (Dg) = Dg. In addition
one has the freedom to turn on a gauge flux f"E =2ma’ Fg —t*B on the brane, where t : Dg — X
denotes the inclusion map of the four-cycle into the Calabi—Yau threefold. Since the gauge flux is
anti-invariant under the world-sheet parity transformation §2,,, the instanton remains to be O (1)
only if the gauge flux is supported on a o-odd two-cycle. Therefore, the gauge flux is supported
on two-cycles in H i’l(D £) which can be expanded as

2nd' Fg = Fpt*wa + Fp 7

where (*w, denotes a o -odd basis of harmonic two-forms lying in the image of the pullback ¢*.
The second component F7, is given by fluxes supported on two-cycles inside the divisor Dg,
which are trivial in the bulk, i.e. they are in the co-kernel of ¢*.

Such a family of fluxed D3-brane instantons, all wrapping the divisor D, contributes to the
superpotential as

Wap ~ > e 5. (8)
FE
Dimensionally reducing the corresponding DBI and CS actions, one finds
Sg =m(a%(Ty + Aga) + A}) 9)
with
S
Apg = Kotchb]:[C«j + E(Kotbc}—gflcz)a
”E=S/.FZ~/\.7-'E (10)
Dg

where af, = /, Dy w®*. Collecting the various terms, the superpotential can be written as

Wap = Ag(Fp)e "5 Te 0" an
FE

where

S X
Ag(Fp)=A exp(—a [na%xabcfgfé + 2 [ FEA fg])
Dg
an = ﬂKocabaaE]:g~ (12)

2 For more on instanton-corrections to the superpotential, see [53]. For recent progress towards the possibility of
new-instanton corrections; see [54] for rigidifying the deformation zero modes of a divisor wrapped by E3-instanton,
and [55] for avoiding the strong constraints from Freed—Witten anomaly [16] relevant for a non-spin divisor wrapping an
E3-instanton.
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Here A denotes the one-loop determinant for fluctuations around the instanton, which only de-
pends on the complex structure moduli and the D7-brane deformations. Thus, it can be assumed
to be a constant for our analysis.

Following the discussion in [52], one now introduces a basis of two-forms of Hl’l (DEg) sat-
isfying fDE wpm Aoy =28y with the index M = {m, m}. The extra factor of two is due to the
orientifold projection (see [52]). The two-cycles w,, are related to the pull-back two-cycles in
cHb (X) as wy = M]' o, where the matrix M) satisfies

a%xahcszhch=2M;"M28mn. (13)

DEg

The w; denote a basis of the orthogonal complement of L*Hl’l (X) in Hl’l (DEg).
Now, one can expand the instanton fluxes as Fg = _,, f My with fM € Z so that the entire
instanton generated superpotential can be written as

Wap =AY e il N exp(—m S N8y — 20 G™ f"Sn). (14)
E fMez

Due to the diagonal form in the exponential part of Eq. (14), it can be further simplified as:

Wnp — As Ze—ﬂa%Ta Z e—nSf’"z—an’"Gm (15)
E fmel

where A, =AY fier e St > is just a O(1) constant. This is the form of the superpotential
to be heavily utilized in the subsequent analysis of axion moduli stabilization. There we will
assume that the zero mode structure of such an instanton is just right to guarantee a contribution
to W.

In general, for stabilizing the odd moduli in a realistic setup which concretely supports a
MSSM-like visible sector, one should also examine for the possible D-term potential coming
from the D7-brane fluxes F4 turned-on on a stack of D7-branes along the holomorphic divisor
D 4 and its orientifold image D 4/. Such a D-term reads as

2

l
Dy = 27';1/ / JA (L*Bz — Zna/}"A)
Da
ls2 of, / b b\ ~c =B ~v
= 477]/ (Kabc(b _]:A)CA - "aﬁy]:ACA) (16)

where CZ’“ = Ny fDAi Rl (Df = D4 U (£Dyr)) are the wrapping number along the basis of

Hf(X) and Kapc = fCY3 wa AN wp A wc with A = {a, a} gives the intersection numbers for
even/odd sectors. In general, several k. intersection numbers can be non-zero, then b moduli
are stabilized at tree level by requiring D-flatness condition.> However, this may not be always
the case; for example, to generate the FI-term as given in (16), one requires a U (1) group on
the D7-brane configuration which may not be necessarily met. In case of a U (1) gauge group

3 For example, one way to impose the D-flatness conditions is to set two-cycle volumes % appearing in (16) to zero.
This leads to models of D-branes at singularity in [20] where only self-intersecting (shrinkable) del-Pezzo divisors have
been exchanged under involution o
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being present with certain brane configuration, it can also happen that the two-cycle w;, intersects
with the w, dual to D}, divisor trivially, i.e. «,. = 0. It is worth to mention that «/,, . = 0 does
not mean that the intersection number between E3-instanton divisor and odd cycle has to vanish
(kape 7 0) unless the D7-brane appearing in (16) wraps the same divisor. Here, we stress that
our main motivation is to investigate F-term moduli stabilization with the inclusion of instanton
flux effects in a toy model, and therefore in the present work, we assume that concrete setups
with desired divisor intersections and allowed fluxes can be constructed. Further, as our inves-
tigations are based on a phenomenologically oriented approach, we do not intend to explicitly
address the issue of supporting a concrete MSSM-like visible sector. Therefore, we can choose
the configuration in which D7-brane does not wrap the instanton divisor and results in gg, # 0
while «/, =0.

abc

3. Extended LARGE volume scenario

In this section, we discuss the moduli stabilization in an extended LARGE volume setup with
the inclusion of involutively odd axions in the context of Type IIB orientifold compactification.
Let us start with briefly reviewing the standard features of the minimal LARGE volume setup.
We assume that all the complex structure moduli as well as axion—dilaton are supersymmetrically
stabilized at the perturbative stage by background-flux superpotential Wy via Des Wy =0 =
DsWy. This remains justified with the inclusion of non-perturbative contributions as long as the
overall volume of the Calabi—Yau space remains sufficiently large. For stabilizing the Kéhler
moduli, one starts with the following form of Kéhler potential and superpotential,

h_l*_’1
K=-2In), W=Wo+» A T, (17)
s=2
where ) = V(Ty) + Cy such that

/’ll'l
B _ 3
V=E(Tp+Tp)2 = Y &I +T)% + Cor.

s=2

Here, we consider the ansatz of multi-hole swiss-cheese structure in the Calabi—Yau volume with
3
_XME=D2EB) i
4(2m)3(2i)2

o> -correction breaks the no-scale structure,” and the ansatz (17) results in the following form of
F-term effective scalar potential

/3

a shift C,» which denotes the perturbative ' °-correction given as Cy =

hl,l
3Cq | Wo|? * 2202 A2e 2T T
VIVS(V: {1y, py) = o Wol” s A Vs

3
v T 36,V
1,1
+ —
dasAge™ T 1o cos[as ps ]Wo
+ E ¥ . (18)
s=2

4 Inthe meantime, there have been proposals for string-loop corrections [56,57] as well as ‘new’ o’-corrections [58—60]
(see also [61] for a related progress in ' = 2 F-theory compactifications). However, an ‘extended’ no-scale structure has
been observed making the LARGE volume scenarios more robust. From a field theoretic approach, similar structure has
been observed earlier for certain form of corrections to the Kéhler potential [62].
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This potential stabilizes the overall volume mode at exponentially large value in terms of stabi-
lized value of the ‘small’ divisor volume V ~ |Wp| exp(asTs) where T4 ~ (Ca/)z/ 3. One realizes
a non-supersymmetric AdS minimum which can be uplifted to a de-Sitter minimum via various
uplifting mechanisms [1,63-67]. Further, the leading order contributions to the decay constants
for all the axions can be estimated in large volume limit to be

2/3
for = «/6‘5;, ~V23  and fpo = —— v 3&;s ~

V12 ovsefa, . nlt) (19)

After looking at the eigenvalues of the mass-squared matrix M;; =, %(K )ik Vij, one gets
the following leading order contributions for moduli masses (evaluated at the minimum),

8 8 1
My ~ 573 My, ~ 3. M,, =0, My~ 5 vse{2,....h}'}, (20)
K
where § ~ M. It is important to note that the axionic direction p, corresponding to the

non-local (so-called ‘big’) divisor remains flat. Furthermore, one can lower the decay constant
fp, naturally (in large volume limit) to get the correct order of magnitude for QCD axion, and so
the p;, axion has appeared to be quite attractive for this purpose [68].°

Now, let us consider an extension of the simplest LARGE volume scenario with the inclu-
sion of a single involutively odd modulus G'. In order to support the odd modulus, a non-zero
component in (1, 1)-cohomology class on the Calabi—Yau threefold under some homomorphic
involution o is needed, i.e. hi ! (CY3/o) #0.In [33], we scanned through the toric Calabi—Yau
threefolds with hl'l(C Y3) < 4 and studied two kinds of involutions, namely divisor exchange
involution and divisor reflection, which can result a non-trivial odd (1, 1)-cohomology. In the
presence of a single odd modulus G', the superpotential (15) including the non-perturbative
fluxed-instanton contribution becomes

2
W=/G3/\Q+Ase—asz Z e—ﬂSfl —erflGl (21)
X flez

where Ay =AY iy e~ 7S f"12. Again, we assume that all the complex structure moduli and
axion—dilaton are stabilized by Gukov—Vafa—Witten superpotential perturbatively. For simplic-
ity, we also assume that the background flux are tuned such that RR scalar is set to zero, Co=0.
Subsequently, the non-perturbative term in the superpotential (21) can be written in terms of
simplified elliptic theta function 8(G'). The appearance of theta-function as a holomorphic pre-
factor of a standard instanton correction (to the superpotential) has been also argued in [71].
The same was based on modular completion arguments assuming that a subgroup of SL(2, Z)
survives after orientifold truncation.

For a generalized LARGE volume setup, we proceed with the following ansatz for the Kihler
potential and the superpotential

K=—-2Y=-2In(&5,* - &5 +Cy),
W =Wo+ As/gs e 4T (8760 03[ g,m G, 787 ]) 22)

where

5 See [9,69.70] also for recent progress with more phenomenological approach.
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= Kbl1 1, A1 1, A1
=Ty +Tp+ ———(G' + G (G' + G,
p=Tp+ b+2(S+S)( +G')(G'+G)
= Ksl1l 1, A1 1, A1
> =T 4+T,+—"_(G'+G")(G'+G"). 23
s =T, + s+2(S+S)( +G")(G'+G") (23)

Depending on the possible intersections of various even/odd four-cycles, we consider two cases
for stabilizing all the even/odd moduli using F-term contributions. These two cases are also of
interest because of the different volume scaling in the leading order axion decay constants as we
will see later.

3.1. Casel: kp11 #0

Let us assume that the so-called big divisor has non-zero intersections with the odd cycles, i.e.
kp11 # 0. Utilizing the ansatz (22)—(23) for the Kihler potential and superpotential, the leading
order contributions to the F-term scalar potential can be collected in three types of terms as under

V(V, 1 ps, bl,cl) = Vo + Vap1 + Vipo  where

3Cq |Wol?
2a,A 1%
Vapl = %;/g_so X exp[%(/csnblbl —2g,T) + i(bl - igxcl)ﬂ
X {cos(as,os)((:)(bl,cl)ei4””3blcl + @(bl,cl))
—isin(asp,) (O (b, ") — o (b, ")),
2./21 gga’ A2
vnpzzifgi"s Ho ')
11 _
X exp[aS(K‘mb b ~26%) + 2—T[(Clzgf - blz)i| (24)
8s 8s

where @(b1 e =63[—=blw +ic! gs7, e 8T]. There are several extrema in the axionic direc-
tions due to periodicities appearing in the potential (24), and the generic extremization conditions
are quite coupled. However, after utilizing one extremizing condition into another, the most sim-
plest local extremum of the scalar potential (24) can be collectively described by intersection of
the following hypersurfaces in moduli space:

5

3242 2(—1 ,

asps=Nm, b'=0, =0, Cyp= I:S%fzx(ar;am’
- sts

asAse” BBV (=1 + 4615‘53-)\/5@(0)
0v265. /T (—1 +a,10)

where ©(0) = 03[x, e 87 ],—o. From Eq. (25), one finds that similar to the standard LARGE

volume scenario, the 7, stabilization condition can get decoupled from V dependence and results

inT; ~ (Cq)*3. Subsequently, the overall volume V) gets stabilized at an exponential large value
via V ~ exp(a;sTs). The scalar potential at this non-susy AdS minimum (25) is simply given as

Wo =

(25)

3/2
242,73 Wol2(ayT, — 1)
V3(1 — dagt,)?

VAdSmin = — (26)
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Table 3

Sampling of the model dependent parameters.

Model Co Kpil K511 &p &s Wo as As 8s
BI 1.697 —1 —1 935 ﬁ —0.1 2 1 0.5
B2 1.697 ~1 ~1 ﬁ ﬁ —0.1 21 0.5 0.1

Fig. 1. The quasi-periodicity of the scalar potential in the odd-axion direction b! and ¢! after stabilizing all the other
even moduli in a consistent way.

It is worth to recall that in the above discussion, we have considered only the simplest minimum
for which the extremization conditions could be analytically solved. In fact, there are many ex-
trema in the odd moduli directions due to the quasi-periodic property of the inverse elliptic theta
function. An easy way to illustrate such property is to show the section of the scalar potential as a
function of odd-axionic modulus after stabilizing all the other even moduli in a consistent way.°
Using the following sampling of model dependent parameters in Table 3, the scalar potential (24)
are shown in Figs. 1, 2 where the quasi-periodicity in both (b' and ¢') directions are observed.

3.2. Axion decay constant and mass matrix

Let us look at the axion decay constant and the masses of various moduli at the non-
supersymmetric minimum. Utilizing the Kéhler metric, all kinetic terms for the respective moduli
can be written as

Lxinetic (V. Ts. o, 053 b, ') = K, 5(D, T (D" T). 27)

In the basis of real moduli {V, t5, pp, Ps; bl ! }, the kinetic matrix (see Appendix A) is found to
be block diagonal in both even and odd sector. The axionic sector of the kinetic matrix implies

% From Eq. (24) one can see that the volume and tz moduli couples to blandclina complicated way. In general, it
is hard to get a simple expression to show explicitly how the stabilization conditions for moduli V and 7, depend on the
odd moduli. However, we can solve these coupled extremization conditions numerically to get a potential for bl and ¢!
moduli.
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Fig. 2. The periodicity of the scalar potential in b! direction for ¢! =0, and in ¢! direction for b! = 0 after stabilizing
all the other even moduli.

that the leading order contributions to the decay constants for all the axions can be estimated to
be

for = N 23, o V3

~M 5 _ NS L2
V2/3 s T (2r3)1/4vl/2 4

bl

v =3Kp11 511/3 ~13 v —38skp11 511/3 _13
fp=—— VvV . Joo=— ~VT (28)
V28 V13 V2 P13

This shows that the positive definiteness of the kinetic matrix of odd axionic sector demands that
kp11 < 0. Now, let us investigate the squared-mass matrix evaluated at the minimum (25),

ﬁlﬁo

Vi V2 0 0
Lo 0 0
Mij=10 o %o 0 (29)
0 0 0 Mblbl 0
0 O 0 0 M.

The upper left 3 x 3 block corresponds to the even-moduli sector {V, 75, o5} and reproduces the
standard LARGE volume results without odd-axions. The lower right 2 x 2 block corresponds to
the odd-moduli sector {b!, c'}. Before we analyze the odd axion mass in detail, let us recall from
the superpotential expression (21), that in the absence of instanton-flux, the ¢! modulus direction
is flat as the theta-function appearance in the superpotential disappears, however, the b! axionic
flatness is lifted even in the absence of instanton-flux because of its implicit appearance in chiral
coordinate T through the non-perturbative exponential suppression. For the eigenvalues of the

mass-squared matrix (29), one gets the following volume scalings in the moduli masses evaluated
at the minimum,

5
My~ 3pe Mo~y Mp =00 My~
SA(F 5 45(F
My~ 22Dy, 222D (30)
Vs Vi

2 . .
where § ~ 4/ %. The first line represents the expected results of even-moduli sector and
volume scalings are as per expectations [8]. The A;(F)’s appearing in odd axionic masses are
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Fig. 3. The estimate of suppression factor A with different values of string coupling gs.

introduced in place of multiplicative factors having a theta-function dependence, and are given
as

A1 (F) ~ O(1)(g,720" (0) + 270 (0) + asks110(0)) /2,
25(F) ~ O(1) (g, 720" (0) + 27 0(0)) "/ 31)

where ©”(0) = 32605(x, e~"8)|,_,. Here, it is worth to mention that A;(F) does not have ex-
plicit flux dependence as fluxes on the instanton divisor are already summed over, even then
we mention F to keep one reminded that such theta-function contributions are rooted into the
instanton flux effects. Further, the naive volume scalings in mass estimates (30) imply that odd-
axions are heavier than the overall volume mode. However, the analytic expressions (31) of
A; (F)s show that | A (F)| ~ O(1) while |A2(F)| < O(1) for natural model dependent param-
eters. The reason for the same is a crucial multiplicative factor appearing in A,(F), which is
(263[0, e8] + gsrré?é’[O, e 781)1/2 as seen from (31). This is a reasonable amount of sup-
pression of the order 10~'2 for g; ~ 0.1 in mass-squared value of the ¢! axion. This happens
because of a fine cancellation in two pieces of A;. Let us make it explicit by taking some numer-
ical values:

8s 0.05 0.1 0.2 0.3 0.4 0.5
2603[0, e85 ] 8.94427 6.32456 4.47214 3.65169 3.16473 2.83899
gSnQé’[O, e 78s] —8.94427 —6.32456 —4.47209 —3.64736 —3.12617 —2.70624

The suppression factor in the squared-mass values of ¢!, whichis given as Ag; = (263[0, e 7785]
+ gsm05[0, e7785]), gets more clear from the Fig. 3.

However, for larger values of string coupling, the factor A; becomes order one implying that
the mass of ¢! axion will be larger than that of overall volume mode. Thus, for ¢! axion to be the
lightest, one has to keep string coupling g, small enough such that A; < O(V~2/3). Utilizing the
sampling given in Table 3, the eigenvalues of mass-squared matrix are shown in Table 4.

Note that, the b! axion is always heavier than the overall volume mode and lighter than small
divisor volume mode in large volume limit. This is quite expected because b! flatness is expected
to get lifted with the standard (unfluxed) E3-instanton correction due to an implicit appearance
of b! (and not ') in the chiral coordinate 7,. The same is reflected through A1 (F) in (31) which
has an additional piece asxy11 @ (0), directly coming from e ~%7s as just have been argued above.
This additional piece, in general, causes an imbalance in the fine cancellation of other two terms
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Table 4
Stabilized values of (divisor) volume moduli along with the eigenvalues of mass-squared matrix (evaluated at the mini-
mum) in Mp = 1 units. The respective stabilized values for the axions are py =0 = pl=cl.

Model v Ty m%} m%_v ~ m%s mil mil
Bl 3 x 108 3.93 3.4 x10728 3.2x 10716 6.9 x 10722 3.4x 10723
B2 1x108 3.93 33x 10728 3.1x 1010 7.2 x 10722 1.5 x 10736

(we discussed earlier), and results in an order one value. Note that, to nullify this extra pieces
asks11©(0) via k11 = 0 is not sensible as that would mean that small divisor does not have
intersection with odd four-cycle and so no odd moduli can be supported on that divisor, and thus
things would be too trivialized.

Another important observation in this setup is the fact that there are no tachyons present. It
has been argued in [68,13] that in a setup equipped with supersymmetric moduli stabilization,
in the presence of flat axionic directions, there are always tachyons. However, such a No-Go
theorem does not holds for large volume model in which moduli stabilization is done in a non-
supersymmetric manner [68], and hence there is no conflict in having a flat p,-direction and no
tachyons.

3.3. Casell: kp11 =0

Let us assume that the big divisor does not intersect with the odd four-cycles, i.e. k511 = 0.
This is also common when one considers the holomorphic involution which permutes two “non-
trivial identical” shrinkable del-Pezzo surfaces [33].

Using «p11 = 0 in the ansatz Eq. (23), the volume form appearing in the Kihler potential
Eq. (23) simplifies to’

Ks11
2(S+S5)

The leading order contributions to the F-term scalar potential can be again collected as three
types of terms,

3/2
V=&, +Tp)"* - & ((Ts + 1))+ (G'+GY(G' + G‘)) +Cy. (32)

VK},“:O =Vy + Vnpl + Vnp2

where Vs and V,,,1 are the same as in Eq. (24) while V), is modified, and is given as under

2 A2 plpl —2 2
\/_ S eXp[aS(KS“ 8sTs) + —jT(Clzg_% _ b12):|
36V /Ty 8s 8s

X {Zafgsrs |@(b1, cl) |2 + asgsbl(cos(asps) +1i sin(asps))

Vnp2 =

X (—gsn@/(bl, cl)@(bl,cl) + @_(bl,cl)(—g‘yn@’(bl, cl)
+agb k110 (b, ') +dgmb'O(b', ') cos(aspy))
- i(gsrr@’(bl, cl)@)(bl, )+ o, cl)(—gsn@)’(bl, ") +asbies10(b' ')

7 We thank T. Higaki for bringing our notice to [69] where volume form of type (32) with 311 = 0 has been considered
(without odd moduli stabilization via F-term scalar potential).
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Table 5
Stabilized values of (divisor) volume moduli along with the eigenvalues of mass-squared matrix (evaluated at the mini-
mum) in Mp = 1 units. The respective stabilized values for the axion are py =0 = pl=cl.

Model v Tg m%} m%s N’n%x mil mil
S1 3.7 x 108 3.93 3.4x 10728 3.1x 10716 —84x10720 1.7 x 10720
S2 1.0 x 108 3.93 33x 10728 3.1x 10716 —3.5x 10720 2.0 x 10734
g2, _ B
—4ic]gszn@(bl,c])) sin(as,os)) — 28 (@/(bl,cl) —2@(19],c1)(b1 —i—iclgs))
Ks11
X (cos(Zas,os) + i sin(2ay ps))} (33)

where @'(b!, ¢!) = Qé[—bln +iclgym, e8] and 63 (u, q) gives the derivative with respect u.
It is important to mention that the simplest critical point which minimizes the potential (33) is the
same as what was in Case I (25). The reason for the same is the fact that the difference between
Egs. (33) and (24) effectively vanish at this critical point. So, it realizes the same LARGE volume
non-susy AdS minimum as given by Eq. (26).

3.4. Axion decay constant and mass matrix

The axionic sector of the kinetic matrix results in the following estimates for the leading order
contributions to the axion decay constants,

2/3
7 V65T o foa V3 ip
Pb V2/3 ’ Ps (21,)1/4p1/2

Vv 3&sk5114/ 2T ~V‘1/2 VvV 3gsks1185+/ 275 - V_l/z

V& V172 Jo= V172

Here, we observe two things; first, the positive definiteness of the kinetic matrix of odd axionic
sector demands that «511 > 0 and second, the volume scalings in decay constants for odd-axions
are different from the previous case (28). For the present case, it has an extra volume suppression
of order V1%, However, there is a crucial observation that in this case b!-axionic direction is
tachyonic. After looking at the eigenvalues of the mass-squared matrix, one gets the following
estimates,

bl

for = (34)

MVNW, MT.rNV’ M,ob:Oy MpSN§7
SA3(F) SA4(F)
Mbl"’T, CINT (35)
where § ~ %ZO'Z. The above volume scaling differs in odd-axionic sector from those of

Case I (30) while the scaling for the even-moduli sector remain the same. In odd-moduli sec-
tor, |[Az(F)| ~ O(1) while |[A4(F)| < O(1) for natural model dependent parameters the same as
Table 3 except that k11 = 0 and k511 = 1. From Table 5, one realize that b modulus direction is
always tachyonic for a generic volume form (32) with k517 = 0.

Note that, in both cases with different volume forms (23) and (32) studied in this section,
the model dependent parameters are chosen such that volume mode avoids the cosmological
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moduli problem. Further, it is observed that ¢! axion is not the lightest for generic values of
string coupling. For string coupling g; ~ 0.5, we find that overall volume mode is the lightest,
and thus a mass hierarchy is not very generic. For building inflationary model of odd axion ¢!,
one has to consider a small enough string coupling which is well consistent and very natural in
the large volume limits. In the next section, we will investigate a poly-instanton LARGE volume
setup in which a mass hierarchy (in a part of even and odd sector) is manifestly present via a

subdominant poly-instanton correction on top of standard non-perturbative effect.
4. Extended poly-instanton LARGE volume scenario

In this section, we start with a short review of the moduli stabilization mechanism after imple-
menting the poly-instanton corrections in the standard LARGE volume scenario. The hierarchy
of the poly-instanton contribution at the level of superpotential appears in the F-term scalar poten-
tial also. This hierarchial contribution facilitates the moduli stabilization process to be performed
in three steps [30]. After stabilizing all the complex structure moduli and axion—dilaton by the
GVW superpotential, the Kihler moduli along with respective C4 axions are stabilized in the
next two steps with/without poly-instanton effects. Unlike previous cases studied regarding odd-
moduli stabilization, we expect to have decoupled standard LARGE volume framework from
some of the (lighter) moduli. Recall that in the earlier cases, the stabilization process of all the
even/odd moduli was coupled because the leading contribution for the odd moduli was origi-
nated on top of the standard E3-instanton correction to the superpotential which is responsible
for stabilizing ‘small’ divisor volume mode. Hence, from the point of view of volume scaling,
the masses of the odd axions were found to be larger than that of the overall volume mode. We
will investigate if there is some improvement in this regard with the inclusion of fluxed poly-
instanton corrections. The same is expected due to the appearance of a new hierarchy among
standard E3-instanton and the poly-instanton corrections to the superpotential.

Before analyzing the poly-instanton setup with presence of odd moduli, let us briefly recall
the relevant features of the moduli stabilization mechanism in the standard poly-instanton setup
in LARGE volume scenario. We consider one C4 axion corresponding to the complexified di-
visor volume of a del-Pezzo ‘small’ divisor and another C4 axion complexifying the volume
mode of a so-called ‘Wilson’ divisor relevant for generating poly-instanton contributions to the
superpotential [28]. The expressions for the Kihler potential and the superpotential are

K=-2In),
W = WO + Ase_aSTs + ASAwe_aSTS_awTw _ Bxe_bsn _ BSBwe_bsTs_bwTw, (36)
where
_ 3 - 3 - - 3
YV=85Tp+Tp)2 —&(Ts +Ty)2 — EYU}((TY +Ts) + (Ty + Tw))2 +Cy. 37

Here, we consider a racetrack form of the superpotential as it has been realized that with a
superpotential ansatz without racetrack form, one does not get a minimum which could be trusted
within the regime of validity of effective field theory description [30]. One can show that the same
happens for the present case also. Now, in the large volume limit, (sub)leading contributions to
the generic scalar potential V(tp, 75, Ty; ps, Pw) are simply given as:

VOV, T, T ps, puw) 2= VEVS OV, 755 05) + Violy (W, T, Tws Ps, Pw)- (38)

As expected, the first term Vg‘glraok ~ V73 in the scalar potential (38) does not depend on

the Wilson line divisor volume modulus t,, (along with its respective C4 axion p,,). So these
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directions remain flat at leading order and get lifted via subdominant poly-instanton effects
Violy ~ V737P, where p is a model dependent parameter. All the Kihler moduli are stabilized
with this form of potential (38) resulting in a non-susy AdS minimum, and the details for the
same can be found in [30,31]. Further, in large volume limits, the estimates for axionic decay
constants are as

fa V2P =V 2=, 39)

while the various masses scale as

My

’\/_V3/2, M‘[S’\/gv Tw 24p ?

M, =0, M, (40)

~ —
s V’

2 .. . . .
where § ~ %. Thus, we observe that the masses of axionic directions lifted by a non-
perturbative term in the superpotential come out to be of the same order as those of the respective

saxion divisor volume modulus appearing in complexified chiral coordinate T,, = 14 + ipq-
4.1. Fluxed poly-instanton corrections

Assuming that the desired mathematical conditions relevant for generating the poly-instanton
corrections can be satisfied, let us consider the following ansatz for the Kihler potential and the
superpotential

3/2 3/2 3/2
K=-2nY=—-2In(5%," - &2 £ 50" +C),

W= / G3 AR+ Age T — BT 4 (ASAwe_“-‘TSe_““’Tw

X
— ByBye PTe b Tn)(/g; 970 6 03[ g, G, e %7]) (41)
where
Sy =Ty +Tp + —2L (G + G) (G + G,
2(S+S)
= Ksi1 1, Al 1, A1
=T+ T+ ———(G'+ GY)(G' + G"),
s s+s+2(S+S)( +G')(G'+G")

(k511 +Kwi1)
2(S+5)

Here, we assume that the E3-instanton wrapping the ‘Wilson’ divisor is fluxed and hence
correct the holomorphic pre-factor via a odd-modulus dependent theta function. Further, the
E3-instanton wrapping the ‘small’ divisor is not fluxed.

In large volume limit, the F-term scalar potential with the aforementioned ansatz (41) comes
out to be in the following form:

Sow =T+ T+ T, + Ty + (G'+G")(G'+GM). 42)

V(V3 TS’ Tw; 105'7 puhblvcl) = Vf\X/S(V’ TS; IOS’ bl) + pe())(ly(vv tSs Tw; IOS7 puhblvcl) (43)

where
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° Vf{‘,s WV, ts; ps; b") denotes the extended version of LARGE volume potential with the in-
clusion of b! odd axion.® This potential scales as V™2 in large volume limit and stabilizes
the heavier moduli {V, 1g; p;, bl 1.

e The leading corrections to ¢! axion along with the Wilson divisor volume mode 7,, (and
its respective axion p,,) come from the subdominant contributions V;(’)‘ly WV, t5, Tw; Ps, Pw’

b', ¢!y which scales as V377 Here, the parameter p is model dependent and in the absence
of instanton-fluxes, p > 1 is required for the “Wilson’ divisor volume mode to be the lightest
volume modulus [30].

The general expressions for V/5q(V, Ts; ps: b') and V;(’)‘ly(rw; pw, c!) are given in Appendix B.
After stabilizing the heavier moduli at their respective minimum, the subleading scalar potential

can be simplified to’

V;)ély(fw’ Ows Cl) — ¢ GwTw ()\1 +)\2fw)e_ﬂgwlz[(@(cl) + @(cl))cos[au,pw]
—i(0(c") — B(ct) sinlanpu ] (@4

where Ag, A1 and X, depend on the stabilized values of the heavier moduli and other model
dependent parameters. The expressions for the same are given by Eq. (B.5) in Appendix B. The
potential (44) has the following minimum,

c1=0, aypy = N, fwzl—ﬂ

ay A

Recall that in the absence of racetrack form of the superpotential, the parameters A;’s are such
that one can not have a minimum which could be trusted in the regime of validity of the effective
field theory. However, the presence of racetrack form introduces more parameters in the picture
which facilitates more freedom in model dependent parameters such that A > 0 and A, < O,
and T, > 1 can be easily realized. Further, following the same strategy for computing the axion
decay constants as well as moduli masses, in large volume limit, we find

1 g
W, fcl ~ ;}/12 (45)

for =V, foo =V P gy, Jor =

and
8 8 8
MVNW’ Mpb :0, MTA'NENMPS’ Mb]’\’—%;
8A5(F)
Tw ~ ﬁ ~ Mpw’ MC1 ~ 2.p (46)
pit+s V3its
where 8 ~ /&% The first line represents the masses for those moduli which have been sta-

bilized at the leading order in the absence of poly-instanton corrections, while the second line
represents masses for those moduli which have been stabilized by fluxed poly-instanton correc-
tions. For obvious reasons, the moduli masses in the even sector are same as in [30]. For justifying
the two-step Kéhler moduli stabilization, we have to choose model dependent parameters such

8 Recall that ¢! flatness is present in the absence of fluxes turned-on on the instanton divisor.
9 In the absence of odd moduli sector, this potential (44) reduces to a two field poly-instanton setup which has been
used to study the possibility of realizing the non-Gaussianities signatures in [31].
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that p > 1. Then the lighter ones which remain flat in the absence of poly-instanton effects get
stabilized after including the same, and we observe different volume scalings for t,,, o, and !
moduli masses. However, similar to the previous case, we again realize the same suppression
factor Ay = (203[0, e 78] + gm@é [0, e778s]) appearing inside As(F) for ¢! axion mass, and
for natural model dependent parameters, Ay << O(1). To get an idea about the numerics, with
the following sampling of parameters (similar to the ones used in [30,31]),

1 1 1 0165

= —, ¢ = ——, w = ———=, C/_—’
éb 36 éb 6\/5 Esw 6ﬁ (% gs/z
2 2
Wo=—20, g =0.12, as=7”, bs=?”, Gy =27 = by,
Ay=3, Ap=05, Bi=2,  By=1749, iy =—1=rs (47)

we have the stabilized values of moduli in the simplest minimum as
Y~0904.86, T,~5.68  Ty~173, ps=0=py, bl =0=cl. 48)

Further, utilizing the (47) and (48), we have the following estimates for masses of the canonically
normalized moduli and the axions (in M, = 1 units)

My ~20x107% M, ~1.8x1072, M, ~2.0x107,

M, =0, M, ~1.8x1072, M, ~2.0x107,

My ~2.4x 1073, M, ~33x10"1 (49)
which reflects the following mass hierarchies

My ~M, >Myu >My>M, ~M,, >M.

as discussed earlier. Further, although in the present case, the risk of ¢! axion being heavier than
volume mode can be easily avoided for p > 1, however, now the problem with lowering of axion
mass along with those of saxion in model dependent way reappears through the lowering the
mass of ‘Wilson’ divisor volume mode. This can be seen from (46) that if A5(F) becomes order
one by increasing the string coupling as seen from the plots 3, then simple volume scaling shows
that M;, ~ M, > M.

5. Conclusion

In this article, we revisited the F-term moduli stabilization in an extended LARGE volume
setup equipped with the involutively odd moduli. First, we considered a simple extension of
large volume setup with the inclusion of a single odd modulus, and investigated the odd axion
stabilization with the inclusion of instanton flux effects. Then, we extended the analysis into
a poly-instanton LARGE volume framework and revisited the moduli stabilization in the pres-
ence of odd moduli. We also computed the masses and decay constants for various even/odd
axions present in the respective setups. Subsequently, we realized a mass hierarchy among the
divisor volume moduli masses and even/odd axion masses which might be helpful in exploring
the inflationary implications of odd-axions. Further, it is also desired to implement this mod-
uli stabilization process in a less simple Type IIB orientifold setup which supports an ‘explicit’
MSSM-like visible sector and subsequently explore the utility of odd axions for studying various
cosmo/pheno aspects in the regime of Axion Physics.
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Appendix A. Kinetic matrices for various K ansatz

All the kinetic terms for the respective moduli in a given ansatz for the Kéhler potential can
be written out utilizing the Kihler metric as below,

Liinetic (Vs Ts. -+ 3 b, pss -1 b1, el ) = K (DT (D T), (A.1)

where the Kéhler potential is generically defined as K = —2In) = —2In(V + C,), V being
overall volume of the Calabi—Yau. Neglecting the o’-corrections Cg/, in this section, we present
the kinetic matrix for each of the Kéhler potential ansatz studied in this article. The kinetic matrix
when evaluated at the respective minimum of the potential is found to be of block diagonal form
with three blocks corresponding to divisor volume moduli, respective C4 axions and odd (B3, C»)
axions, if present in the ansatz for K. The relevant volume scalings in the even/odd axion decay
constants can be easily estimated utilizing large volume limit.

A.l. Standard LARGE volume setup

For the volume form of type

s

L
V=6 + )% = Y &(T, + T,
s=2

the non-zero components of the kinetic matrix are as under

38T
K = _7 K = — S = N
V=305 Vv, Nl %
3 3 J
Kfjfs = $1 KTS‘L’, = _LZTS‘C” = KTrTS’
227,V v
4/3 2/3
3t/ o _ %TsVT
PbPb V4/3 ’ Pb Ps \/EVS/?’ PsPb>
3 9§,/
Kpsﬂs = #’ Kpspr = ij’ = Kprpx (AZ)
V2T,V 1%
where {s,r} € {2, ..., h}i_l} and s # r is considered in cross terms.

A.2. Extended LARGE volume setup

For the volume form of type
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5
n Kp11 1, Ayl o Al
(T4 7o)+ 52 (6 +G)(G'+G)
= Ks11 - =1y ) 2
—Ss((TerTs)er(Gl+G1)(G1+G1)) ) (A.3)
the non-zero components of the kinetic matrix are as under
2/3
PR E S ik STUN By
32’ Ts \/EVZ ’ Vb gsV5/3 s Vels
3&s 3$sKsllb1 1
Kpygy=——2—, K pj=—2"" —_ K .,
R W IVERY 02 mY T g
Kol — 3kp116, _1le K _355;/3
blb! T T gV T 2 clels PoPy = 473
S K
o _ % &V _3% b 1
PbPs = _W’ ppb! = W - _g ppcts
3&; 3ESKS11b1 1
Kpp,=——, p=——=——K, .. (A4)
SNV SN PRV S VPR

Therefore, the kinetic matrix is block diagonal in even/odd sector only when evaluated at the

minimum which requires ' = 0.
A.3. Poly-instanton setup

For the volume form of type

V=_§(Tp + Tb)% —&(Ts + Tv)% - gsw((Ts + Tv) + Ty + Tw))%,

the non-zero independent components of the kinetic matrix are as under

3(\/7:_ng + &uw/Ts + Tw)
Kyy = =3, Ky, =— ;
32 V212
S.Y ESU}
Ky =_3§swx/fs+7w _ 3(«/77—*_ \/rs—&-rw)
Tw 7\/5 V2 , TsTs —2 \/EV
_ b _ 3
TsTw 2 \/EV m’ TwTw 2 \/EV m’
&\ 98, (VT & + Evud/Ts T Tw)
Kpbﬂb =3l ’ Kphps == ’
% J2V5/3
SS S.Y'Il}
K . _95[3/355'10\/ Ty + Tw _ 3(\/TT + «/r_r—&-rw)
PbPw — \/§V5/3 ’ PsPs — 2\/§V
_ 3 _ 3 as)
Ps Pw Zﬁvm’ Pw Pw zﬁvm .
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A.4. Extended poly-instanton setup

For the volume for os type

V= §b23/2 & X 3/2 - %_sw23/2

Sw »
where
2b=Tb+Tb+Ll—(Gl-i-Gl)(Gl—}—(_;l),
2(S+9)
= Ksll 1, Al 1, A1
Y, =T, +T,+ ——— (G +G")(G G),
S s+s+2(S+S)( +G')(G' +G)

(k511 +Kw11)(
2(S+9)

the non-zero independent components of the kinetic matrix are as in Eq. (A.5) along with the
following extra components in odd sector,

Sw=Ti+Ty+ T+ Ty + G'+G"(G'+ G,

2/3
Eb/ Kkp11b! 1
Kypr = TV T —g—chl’
&k Eswlisiitrwin)
3b ( \/_ + T+ Tw ) 1
Krvbl = =__Kfvcl’
i 2v2¢g,V &
3, (Ky 11)b! 1
K, = Sswlksn tra)b” 1

L,
272 85/Ts F T V g ¢

2/3
K 3Kb11§;,/ IK
Iyl =———F5 = = K,.1.1,
b'b 285V2/3 g% cle

3%';/3161,11[)1 1

Kopr == pam— = =5 Koner:
Esks1i Esw (Ks11+HKwi1)
K 1:3b(«/—+ \/Ts"l‘fw ):_LK B
psb 2\/—gs &8s T5C
3 Ks11 + Ks11)b! 1
K= Esw (Ks11 + Ks11) Lk (A6)
2\/_g3\/ Ts +th 8s )

Appendix B. Scalar potential and moduli stabilization

In the large volume limit, (sub)leading contributions to the generic scalar potential V(V, T,
Tw: Ps» Pws bl cl) are simply given as:

V(V Ts, Tw} Ps, pur b1, ')
~ViVs(V. 753 05, ') + V5 (V) T, Tws o5, pu b ). (B.1)
In Eq. (B.1), the leading contributions for the two types of terms are given as under

3Cu |Wol? | 2v2aiuiyT | 2v2b713

tvs (V. s o5 01) =
s (V.7 o b) 23 ETRY, 3£V
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+ das Wo1 Ty coslas ps] _ 4bs Wo T cos[bs ps]

V2 V2
_ 4\/§asbsﬂlﬂ2 Ty cos[(as — by) ps] (B.2)
3&V '
_ _as(fx_,(s”blbl) _ —by(ts— “Ib o! )
where | = Age 28s and u, = Byse . The extrema of the above leading

order scalar potential can be collectively described by the intersection of the following hypersur-
faces in moduli space
b! =0, asps = Nm, where N €Z,
o v(bSEZ —agit))[bsita (=1 +4bsTs) — a1 (=1 +4asTy)]
OV2 6Ty [bsfia (=1 + b, Ty) — as i1 (=1 +aT)]
3272673 (02712 — a2 by (=1 + bFy) — agfhi (<1 + 7))
lasiy (=1 +4asTs) — bsiia(—1 + 4b; Ts)]z
with i1 = p1 (b' =0) = Aye™™  and [io = po(b' =0) = Bye ™™, (B.3)

Cor ~

)

After stabilizing the (heavier) moduli {V, 75, o5, bl} via the aforementioned extremization con-
ditions (B.3), the second part of the expression (B.1) which is subleading contribution coming
from the poly-instanton corrections simplifies to the form below

_ _ 12
g)(()ly (Tw, Pw, Cl) =e (A + AaTy)e T8

x [(@(cl) + @(cl)) coslawpwl —i(O (cl) - T(cl)) sinfay pw]]

(B.4)
where
Al = )LO|:4fs ((as —ay)Aywit; — (bs — aw)BwEZ)
Ts(bsBwity — asAyii1)(agit1 (=1 +4asTy) — byjta(—1 + 4bsfs)):|
asit1 (=1 +asTs) — byt (—1 + by Ty) ’
Ay = )\Oaw|:(Bwﬁ2 - AwEl)(axﬁl(__l +4as7zs) - bsﬁ2(__1 +4bsfs))] (B.5)
agit1 (=1 +asTs) — bypa (=1 + by Ty)

with

_ «/g(asﬁl — by i12)
V26 VT,

Appendix C. Expressions for odd-axion masses

e The expressions for squared-mass values of the odd-moduli for «511 # O case are given as

4825 W2t (—1 + agty) (g, 20”<0>+2no<0>+aAK3110<0)>
&3 kp110 V3 (1 — dayt)?
4828 Wit (1 4 ay1y) (g 20”(0)+2n0(0))
&1 © OV (1 — dayty)?

Mbl’bl =

M .

cle

(C.1)
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e For «p11 =0, the squared-mass values of odd-moduli become:

AW (—1 + ay7y) 2
Mo 0 x {—2¢%7%(7®"(0) +20(0
e reT TR {~2¢in% (76" (0) +20(0))
X (=14 as57y) + as85k5117 O (0) (7O (0) (4 — ay75) — 860(0)
x (=1 +a57y)) + agks1100) (67 + k5112 + a57)) }.
Ar WG (—1+
M W ( a%) {3a; gsT3x5111 0" (0)0(0)

T a2 VIO (0)2(1 — 4ayy)
+ 627,110 (0)% + 2g,7 (18,0”(0) +20(0)) (—1 +a57)}.  (C.2)
e The squared-mass expression for odd moduli in extended poly-instanton setup are as under,
My = 8V 037D — a3 V_Vo|2f?/ ’ i
&, ko1 V3 (asmi (=1 + 4ayTy) — by o (=1 + 4bsTy))?
X (—asi1 (=1 + a;Ty) + byjia(—1 + b Ty)),

gy
_goae TR 20(0) +74,07(0)

Mg = (C3)

3awkpil

where A;s and p;s are defined in previous Appendix B.

In all above expressions, ©'(0) = 9§[—b1n +iclgom, e 87 pl=0,c1=0- The explicit expressions
for masses of even sector moduli can be found in earlier work [31].
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