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moduli arising from the reduction of 2-forms (B, C2) in type IIB are largely unexplored
despite their relevance for inflationary model building. This article provides novel insights
into the general structure of 4D N = 1 F-term scalar potentials at higher orders in the
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tential contributions with distinct moduli dependences which are induced by fluxes or
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moduli in the presence of (o/)? corrections to the Kéhler potential. By studying a partially
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allow us to present rigorous expressions for the F-term scalar potential applicable to arbi-
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1 Introduction

The landscape of string vacua encompasses an immensely rich and diverse structure of
Effective Field Theories (EFTs) arising from compactifications of critical superstring theory.
It is the result of a plethora of degeneracies involved in choosing compact geometries and
suitable backgrounds of generalised electromagnetic fluxes, D-branes and O-planes. In
recent years, investigations into the properties of EFTs from string compactifications have
brought enormous advances in our capacity to engineer realistic string models. However, it
is widely known that achieving arbitrary good control over quantum corrections in string
theory is impossible due to the absence of freely tunable parameters. This is the so-called
Dine-Seiberg problem [1] which complicates the construction of fully trustable string vacua.
Although it is an unavoidable string theory condition, computational control is fortunately
attainable through the presence of extra parameters such as the plenty of integer fluxes
and ranks of condensing gauge groups. Notwithstanding, a major challenge continues to
be a unifying framework for stabilising moduli in well-controlled de Sitter minima.!

In this context, we provide innovative methods to computing F'-term scalar potentials
for type IIB orientifold compactifications with pbt # 0 signalling the presence of odd
moduli G*. To this day, they remain largely unexplored as compared to the simpler set-ups
with h"" = 0 such as KKLT [4], LVS [5] and their plethora of variants. Notwithstanding,
these moduli are ubiquitous in the string landscape and play a prominent role in the context
of axion monodromy [6, 7]. Over the years, aspects of moduli stabilisation and inflationary
model building have for instance been discussed in [7-18]. Similarly, explicit constructions
including orientifold-odd 2-cycles in concrete Calabi-Yau (CY) threefolds are available in
the literature [19-24]. In addition, odd moduli appear in the tree-level superpotential from
generalised flux in (non-)geometric set-ups as analysed in [25-35].

This paper concerns a systematic treatment of the (a)3-corrected F-term scalar po-
tential in 4D N = 1 supergravity (SUGRA) theories obtained from general type IIB CY
orientifold compactifications. We begin our endeavours by computing exact expressions for
derivatives of the Kahler potential for complex structure moduli U?, axio-dilaton S, Kihler
(or even) moduli 7, and odd moduli G* = ¢* 4+ Sb® in terms of the NS-NS Bs-axions b*
and R-R Cy-axions ¢®. In particular, we prove explicitly that the no-scale identity?

KAaK*PKgz=4, A Be/{S T,G"} (1.1)

holds for the (a’)3-corrected Kéhler potential derived by BBHL [38]. This can be antici-
pated from homogeneity arguments which hold not only at tree level [42], but also in the
presence of tree level (o’)? corrections, while being broken at higher order in the loop expan-
sion. Indeed, we derive the precise coefficient from the breaking of the above no-scale result
from a partially SL(2,7Z)-completed Kéhler potential depending on the non-holomorphic
Eisenstein series of weight 3/2. In this way, we are able to write down the exact F-term
scalar potential including closed string loop and non-perturbative D-instanton corrections.

See also [2, 3] for recent swampland conjectures.
2This identity was observed at tree level in [36] for A, B € {S, Ta, G}, but already in [37-41] for models
without odd moduli.



Our results lead us to the general master formula for the (o/)3-corrected N' = 1 F-term
scalar potential

V= Vg 4+ o& <|W|2 CWAK BT Y (A D) (W - WWA)> (1.2)
Ae{S,G*Tw}
where A, B € {S,G% T,} and where all quantities are known exactly without resorting to
any approximation in a large volume or small coupling expansion in 4D. This form of the
scalar potential is well suited for investigating moduli stabilisation aspects in (non-)SUSY
(A)dSs minima in the presence of odd moduli. We illustrate its usefulness by analysing a
variety of superpotentials.

We begin with the simplest models with superpotentials W = W (U, S) induced by
3-form fluxes [37, 43] for arbitrary numbers of (U?, T,, G®) moduli. Here, we show ex-
plicitly that the shift symmetry of NS-NS axions * remains intact even after including
the BBHL correction, due to an exact cancellation of terms at sub-leading order in the
volume. This is clearly expected given that shift symmetries are protected against pertur-
bative corrections which makes them sensitive to non-perturbative effects only. However,
whenever the supersymmetric stabilisation of the axio-dilaton is enforced by hand, terms
of the form (t*b®b®)?/V* remain as traces in the effective scalar potential as observed e.g.
in [11, 16]. Although such pieces usually get nullified at the minimum (b%) = 0, they are
potentially misleading when studying fluctuations around the minimum such as in infla-
tionary model building. We argue that, in the presence of odd moduli, the stabilisation of
the axio-dilaton and the complex structure moduli U? should be treated together with the
T, and G°, especially since odd moduli may have masses heavier than the overall volume
modulus [13].

As another direct application of our results, we examine superpotentials of the form
W =W (U, S,T,) which are commonly studied in the context of even-sector moduli stabil-
isation with A% = 0. Due to the way the chiral fields T, and G* are coupled in the Kéhler
potential, the Bs-axions b® receive a potential, while the Cs-axions ¢* remain flat. In this
context, we explicitly compute the exact Hessian for 6* axions and general superpotentials
W (U S, T,). At SUSY AdS,; minima, Rt tachyons arise due to the unfixed axionic su-
perpartners ¢, thereby reproducing the results of [44]. Further, we derive the Hessian for
non-SUSY vacua from non-perturbative D3/D7-brane superpotentials where the presence
and number of tachyons can be identified directly from properties of the model dependent
triple intersection numbers.

Lastly, we discuss superpotentials with explicit G* dependences which induce a po-
tential for the R-R axions c¢®. We provide explicit formulae for the scalar potential from
D5-brane gaugino condensation [45, 46] as well as geometric fluxes [25-30]. These results
will lead to novel insights into full moduli stabilisation in N =1 CY orientifold compacti-
fications. Indeed, previous investigations for set-ups with Rt =0in [47] already obtained
hybrid vacua sharing certain characteristics with KKLT and LVS type solutions. Given
that cases with A # 0 introduce additional axionic modulations to the potential, our
systematic framework gives rise to a much richer structure of string vacua which are highly
attractive for phenomenological model building.



This paper is organised as follows. After defining our conventions in section 2, we
analyse the Kédhler potential and its derivatives in section 3. The main results of this paper
are the three master formulae for the F-term scalar potential which are derived in section 4.
The remainder of the paper is devoted to successively including more and more moduli
couplings in the superpotential and applying the aforementioned formulae for advancing
our ability to stabilise moduli. We begin with the simple scenario of superpotentials induced
by 3-form flux in section 5. Subsequently, section 6 provides an extensive analysis for T-
dependent superpotentials where the scalar potential develops a dependence on the NS-
NS axions b®. To generate a scalar potential for R-R axions ¢%, we study superpotentials
depending on odd moduli G* in section 7. Lastly, we briefly comment on phenomenological
implications in section 8 before summarising our results in section 9.

2 Preliminaries

We focus on type IIB string theory compactified on CY threefolds X3 which gives rise to
N = 2 SUGRA theories in 4D. Including D-branes and O-planes reduces the supersymme-
try of the EFTs to N =1, see e.g. [42] for details. The massless states in the 4D effective
theory are in one-to-one correspondence with harmonic forms which are either even or
odd under the action of an isometric, holomorphic involution ¢ acting on the internal CY
threefold X3, thereby generating the equivariant cohomology groups HY?(X3).

We denote the bases of even/odd 2-forms as (pq, v4) and of 4-forms as (fiq, 7s) where
a € hi’l(Xg) and a € h''(X3). In addition, the bases for the even/odd cohomologies of
3-forms H3(X3) are denoted as the symplectic pairs (ax,b”) and (Ap, B2) respectively.
Using the conventions of [26], we fix the normalisation in the various cohomology bases as

/}(3”04/\“5/\#7:]{7&577 [){3HQAVaAVb:]%aaba
/ o AP =46, / va NP =16, (2.1)
X3 X3
/ aK/\bJ:(SKJ, AA/\BA:(SAA.
X3 X3

Here, depending on the orientifold choice, we have two possibilities:
e 03/OT-planes: K € {1,...,h%"(X3)} and A € {0,...,h>" (X3)},
e« 05/09-planes: K € {0,...,h%" (X3)} and A € {1,...,h>"(X3)}.

Now, the various p-form fields can be expanded in appropriate bases of the equivariant
cohomologies. Specifically, the Kéhler form J, the 2-forms® By, Cy and the R-R 4-form Cy
can be expanded as [36]

J:tauom BQZbaVau C2zcaVa’

Cy=pai® +VE Nag — Vg AVE + DS A pio (2.2)

3Note that the even component of the Kalb-Ramond field B = b* j14, though not a continuous modulus,
can take the two discrete values b € {0,1/2}.



where t* denotes the 2-cycle volume moduli and 0%, c%, p, are various axions which inherit
their shift symmetry from 10D p-form gauge symmetries. Further, (VE, Vi) forms a dual
pair of space-time 1-forms and Dg are space-time 2-forms dual to the scalars p,. Due to
the self-duality of Cy, half of the degrees of freedom of Cy4 are removed.

Further, since o* reflects the holomorphic three-form €23, there are h*'(X3) complex
structure deformations parametrised by complex moduli U?, i = 1,..., r* In fact, the
three-form €23 can be written as

Q3 = XM Ay — FaBA (2.3)
where the periods X*, Fy are obtained from
Xh= | Q3ABN, Fa=[ Q3AAy. (2.4)
X3 XS

Since the complex structure moduli space is equipped with a special Kéhler structure, we
can compute Kihler and superpotential from a pre-potential F = (X°)? f(X?), cf. sec-
tion 3.1.

Apart from the complex structure moduli, the spectrum of the 4D N = 1 effective
theory is encoded in the chiral variables (U?, S, G%,T,) defined as [25],

Ul =o' +iul, S=Cop+ie®=cy+is,
a a a 7. apb | a 1.b i By
G*=c"+ Sb*, To = | pa + kaaprc™ +§Skaabb b —§kaﬂwt tY. (2.5)
It will be convenient to also define
¢ =c"+cob®,
~ 7 anb 1 7 a1b I - a1b 1 By
Pa = Pa + kaapc®b +§cokaabb b, oa= —§3kaabb b +§/<:amt t (2.6)
so that
G =¢&"+1isb*, Ty = pa—i0q. (2.7)

The sign in front of o, arises from the way the chiral variables T, are defined in eq. (2.5)
which follows from consistently fixing the signs in various coordinates in a manifestly T-dual
manner [35].

The N = 1 F-term scalar potential is determined from the Kéhler potential K and
superpotential W via

V = (KABD W DgW — 3|W %), DaW = 0uW + K4 W, (2.8)

where the covariant derivatives are defined with respect to all the chiral variables A €
{U?, S, T,,G*}. At the perturbative level, the Kahler potential receives corrections from
the o/ and string-loop (gs) expansion. Using appropriate chiral variables and the leading
order o/ corrections of [38], the Kéhler potential splits in two pieces from their underlying
N = 2 special Kéhler and quaternionic structure such that

K=KU,T) + K(S,G* Ta; S, G", T (2.9)



where
KU, T') = —1In (z/ Qs /\Qg) = —ln{i (%" Fa - XAIA)} . (2.10)
X
K(8,G" To;S,G", Ta) = ~In (—i(S = 5)) = 2ln Y. (2.11)

Here, ) denotes the o'-corrected volume of the CY threefold [38],

—\ 3/2
S ——— S-S
V(S, G To; S,G aTa)EV+§< 5 ) (2.12)
—N\ 3/2
1 £ (S-S5 ¢(3) x(X3)
i agBay S - _
g ramy TN < 2i ) ¢ 2(27)3

where the 2-cycle moduli t* are implicitly functions of all the complexified chiral variables
S,G®* and T, and their complex conjugates. In the absence of any open-string moduli, the
additive structure within the Kéhler potential (2.9) results in the block-diagonal nature of
the Kéhler metric, and its inverse.

Throughout this paper, we investigate scalar potentials for a great variety of superpo-
tential couplings. A prominent example for non-trivial 3-form flux backgrounds is the tree
level Gukov-Vafa-Witten (GVW) flux superpotential [37, 43]

Wo(Ui,S):/ (F3+SH3)A93:6AXA+mAfA. (2.13)

X

Here the periods are defined in (2.4) and the components of the symplectic vectors ey and
A

m* are

en=(Fy+SHy), mh= (FA + SHA) : (2.14)

where the fluxes are obtained from integrals over 3-cycles, i.e., F) = [ x5 F3 N A ete. Be-
yond 3-form fluxes, W is protected against perturbative corrections by non-renormalisation
theorems [48-51]. However, there can be other terms in the superpotential induced by
non-perturbative effects [52] or (non-)geometric fluxes [25-35, 53-57]. For example, non-
perturbative contributions can arise from Euclidean D3-instantons [52] or gaugino con-
densations effects on stacks of D7-branes [58-60] wrapping suitable 4-cycles. Introducing
fluxes on top of these corrections gives rise to “fluxed-instantons” or magnetised gaugino
condensation effects with a more intricate moduli dependence [46]. We are going to study
these choices of superpotentials in more detail throughout the paper.

3 No-scale properties, odd moduli and o’ corrections

In this section, we derive exact expressions for the Kéhler metric in the presence of (/)3
corrections [38]. We show that certain tree level identities hold even at this order in «'.
Beyond that, we argue that they are broken once 1-loop and D-instanton effects are taken
into account. These results will be applied in the subsequent section to deriving master

3

formulae for (a/)°-corrected F-term scalar potentials.



3.1 Exact inverse Kihler metrics at order (/)3

Given that the full Kéhler potential K in (2.9) contains two decoupled pieces with K
depending only on the complex-structure moduli U?, and K on all other moduli S, G® and
T., one arrives at a block-diagonal structure for the inverse Kéahler metric,

_ Kz} O
AB _
, K2 = l o KAB] . (3.1)

K o
Kag =

0 K,z

In the remainder of this subsection, we compute exact expressions for the inverse metric
in set-ups with arbitrary Hodge numbers h?. They are subsequently utilised to compute
identities for K4 K AB and K 1A K AEKE that dramatically facilitate the computation of
F-term scalar potentials in section 4.1.

Complex structure moduli sector. Let us first consider the complex structure moduli
sector where the periods (2.4) can be computed from solving Picard-Fuchs equations [61-63]
or using asymptotic Hodge theory [64]. Throughout this paper, we restrict to the large
complex structure regime where the pre-potential is given by [62, 65, 66],

Lijp XPx7Ixk 1

5P XA £ p AOX S S0P 4 (X0 P (32)

F =% 9

This is a homogeneous function of degree two in the symplectic coordinates X, and one
can use X0 = 1 and X* = U’ to write it in terms of the non-homogeneous complex variables
U'. Further, the parameters l;jx are the triple intersection numbers on the mirror threefold
X5 which, along with the other real parameters, are defined as [67, 68]

1
lij/’f:/~ Ji NJj N J pij=—= (. JiNJjANJjmodZ,
X3 2 X3
1 5 s CB)x(X)
p] 43' &3 CQ( 3) A J] é (2 7T)3 (3 3)

Let us note that £ = —2¢ as the Euler characteristics satisfy y(X3) = —x(X3). Finally,
the string worldsheet corrections on the mirror dual side give rise to [62, 66]

X

}"inst(Ui) = Z ng Lig(qﬁ), Lig(z) = Z g qﬁ = 2midil! (3.4)
m=1

BeH, (X3,2)\{0}

in terms of Gopakumar-Vafa invariants ng [69, 70] which naively count the number of
rational (oriented) curves ¥, of genus g and of class § = d; 3" that can be holomorphically
mapped into X3. Now, the first derivatives of the prepotential F are given by

1 - Y- :
fO = — 6lz]k Ul Uj Uk +pi (]Z +Z§+ (2Enst - UZ@iEnst) ) (35)

1 . .
Fi= 5 lign U7 U* + pij U7 + pi + (0:Finst)

For simplicity, we ignore Fi,g in the subsequent analysis which we will explore in the
future.



Now using (2.10), the complex structure moduli dependent part of the Kédhler potential
is simplified as,

IKz_mLéQM(Ua47)@n_Uq(Uk_U@_zﬂ. (3.6)

Further, we define U? = v’ 4 i v’ so that

1; 21+3¢
K=ot g oo 9 (g RASS, (3.7)
214+3¢ T (214 3¢€)? 3

in terms of the short hand notations

[ = lijk Ui uj Uk 5 lz = lijk Uj uk y lz’j = lijk uk 5 le lk = UZ' . (38)
The inverse Kéhler metric is thus given by

- 9] c( . 1-3€ ..
K = 2LE38 (i 12380 (3.9)
-3¢ 3

Note that the setting £ = 0 leads to the following expressions arising from the classical
triple intersection number [;;;, on the mirror CY threefold,

which matches with the standard result for the CY threefold where [ — 6) on the mirror
Ké&hler sector. Finally, one obtains the following useful identities

20+3E = 9¢
7~UJZ—KJ’LK€, KZK”K3:3+

KK = _.
1—3¢ -3¢

(3.11)

This shows that in the absence of perturbative effects on the mirror-side, these identities
reduce to the following simpler forms,

KK7 =2iv =(U-U) =-K'K;, KK/K;=3. (3.12)

The breaking of the no-scale identity KiK’EK; — 3 (on the mirror dual side) through &
in (3.11) is of course expected from simple homogeneity arguments.

Kéahler moduli sector. Next, we compute the inverse Kahler metric for the S, G* and
T, moduli by considering the Kéhler potential (2.11) with ) defined in (2.12). To this end,
we have to rewrite the overall volume V in terms of the chiral variables S, G* T, and their
complex conjugates. The definition of the chiral variable T, in eq. (2.5) allows us to write

. P a A b —b
ko = kagfytﬁ = (Ta — TQ) _ haa (G2 (SG )S()G ¢) (3.13)
and hence we have
. —a —b
1 te — i kaap (G —G)(Gb—G)
= kot“=—1|i(To —Ta) — = 3.14
V=5 &(a ) 2(S—39) (3:.14)



Here t“ is an implicit function of the chiral variables S, G% T,. In addition, given that

there are two kinds of triple intersection numbers surviving under the orientifold action,

namely kqg, and Epap defined in (2.1), we introduce the following shorthand notation to

simplify intermediate computations,

ko :kaﬁwtat'gt’y:GV, ko :kaﬁtﬂv kap = kapyt”,
]2?0 = ];?aab [ bb ) ]%a = I%aab b bb ) %ab = ]%aab t )
é: 33/2 &, ]Afa = I%aab e bb, ]%aa = I%aab o

Initially, we compute the relations, see eq. (A.1) in appendix A for details,

0y ke 3i§ Y ike Oy it®

S 8  8s’ 9Ge 4 9T, 4
which lead to the following derivatives of K,

”
Kgo = —2iGupb?, Krp, = — .
G iGap b7, Ta 5y

i 3ié
Ko — . babb
s 2s iGab 45y’

Here the o/-corrected moduli space metric and its inverse, G and G~!, are

Gap ko kg kop b S ab
36 4Y(kg—2Y) 4Y’ g Y
k
of —9¢tf — 4y kP — _lab
360G Yy ) Gab 1y

(3.15)

(3.16)

(3.17)

(3.18)

From the above, we find that the various Kéahler metric components can be written as

1 3§ 9¢2 Gap b b 36\ 9GPk, ks
Kee=— [1-2% 14 25 ) 4 2¥ Fals
S5 432< 4y+8y2>+ 5 Tyt T ieye
Gup b 36\ 9G%Pkaa kg
Ros=—— 11y ) 53 ~Hsom

969 ks 3£ 1°
KTa§: 8y2 - 163312 :KSTaﬂ

w96 kaak
_ Yab 99 8

KGEL éb s 4y2 9
9G kg,

KTa Gt = 4)}2 = KGaTaﬂ

K. = ) Gos .

TaTgp = 4y2

(3.19)



This metric can be inverted to arrive at the inverse Ké&hler metric
ng =71,
KG°S — yy b = KSG"

it l%a + 72 ka
2

a A
KG G :Sgab+’)/1babb,

KT S = = K5Ta (3.20)

(m ]%a + 72 ko) b° — KG° Ta

KT G = 5 Gk + 2

(71 ko + 72 ka) (1 kg + 72 kg)

9

— 4 " “
KTeTs — §y2 Gop +5G% ko kgp +

4
where the v; are given by
s2 4V —§) 3sé 9
M=, Vo= —%, Y1 — Sy =4s". (3.21)
VY-5 V-9

Notice that, in the absence of the BBHL correction é = 0, we find that the inverse metric
components collected in eq. (3.20) reduce to the standard results of [36] where v; = 4 52
and 72 = 0. Furthermore, in the absence of odd moduli, we recover the (o/)3-corrected
Kéhler metric components of [71]. Moreover, the inverse Kéhler metric components have
been computed in [11] in terms of rather lengthy expressions, whereas our results exhibit
a surprisingly simple and compact structure. This will come in handy in the subsequent
section when working out powerful identities that are quintessential for deriving the master
formulae in section 4.1.

3.2 No-scale structure and useful identities

Ultimately, our aim is to streamline the computation of the A/ = 1 F-term scalar po-
tential (2.8) for general CY orientifold compactifications in the presence of perturbative
quantum corrections. Expanding the covariant derivatives in (2.8), we find terms of the
form K4 K AE%W or K4 K AEKE for which certain tree level identities exist, see e.g. [42].
At higher order in o, we can utilise our expressions (3.17), (3.19) and (3.20) to compute
equivalent relations. Due to the length of the corresponding individual terms, we listed
the intermediate steps in egs. (A.2), (A.3) in appendix A. By applying appropriate sum-
mations, we confirm that the following identities, which have already been known for the
tree level Kahler potential (e.g. see [31]), still hold true even after including the BBHL
(a')3-correction,

(3.22)

~10 -



These relations significantly simplify the F-term scalar potential as we will demonstrate
below in section 4.1. Moreover, the above identities allow us to derive

KaKAP Ky = (Ka K25) Kg + (K4 KA9) Ko + (K4 KAT2) Kg. (3.23)
3¢ ko
_ a 1.b _ a 1.b a 1.b
=|14+25G;b%b —1—23}} —i—[ 45Ga b b ] + —2y+2sgabb b

=4,

where we used the relations ky = ko t® = 6V and 12:0 = l?:a 1% = —4Y Gy b b that follow
from eq. (3.18).

Let us note that this no-scale structure relation, K4 K AB K% = 4, can also be antic-
ipated, even after including tree level (o/)3-corrections, via homogeneity arguments [42].
That is, the Kéhler potential (2.11) can be rewritten as

K = —4Ing(s, V2/3) . 9g(s, V2/3) = \/\/§ (V\/§ + §s2> ) (3.24)

where g(s,VQ/ 3) is a homogeneous function of degree one in the new coordinates z° €
{5,V?/3}. Indeed, we find that g(Az?) = \g(z?) implies 2% g; = g and 2’ g;; = 0. Subse-
quently, one derives

4q Aas Aasqs
K= -2 , Kij=-— 5 4 7912‘(]] (3.25)
g g g
so that the no-scale identity is recovered from
i ij i ij j 427 9j
v Kij =K, KUKj=-at, K KUK = -0l Kj=— " =4. (3.26)

To summarise, the explicit expression for the inverse Kéhler metric together with the
identities (3.22) and (3.23) allows for a model independent reformulation of the F-term
scalar potential which we provide in section 4.1. This is particularly useful for moduli
stabilisation in generic CY orientifold compactifications with arbitrary numbers of Kéahler
moduli T, and odd moduli G*.

3.3 No-scale breaking effects from SL(2,Z) invariance

A natural question is how the no-scale identity (3.23) is modified in the presence of further
quantum effects. Our previous homogeneity argument suggests that the no-scale structure
is broken at higher order in the string loop expansion. We can be even more precise by
repeating the above analysis for a partially* SL(2,7Z) completed Kihler potential where )
in (2.12) is replaced by®

¢

Y=Vt fl(S.5). (=553 (3.27)

@r)?

4Full modular invariance is only guaranteed by including also an additional G-dependent piece in (3.27)
as argued in [45], see (9.1) below.

5An F-theory analysis in [72] revealed that there exist further genuine N = 1 corrections. At tree
level, a single O7-plane wrapped on a divisor D results in a shift of the Euler characteristic in (2.12) by
X — X+ 2 fXa D3. More generally, fo in (3.27) would need to be replaced by a non-topological integral.
We ignore such additional corrections subsequently.
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Here, fo(S,S) is the non-holomorphic Eisenstein series of weight 3/2. The modifica-
tion (3.27) is obtained from the 10D (/) correction foR?* [73] as derived in ' = 1 CY ori-
entifold compactifications [45] under the assumption that a discrete subgroup I'g C SL(2, Z)
survives in the 4D theory.5 We focus here on the simpler case of the purely S-dependent
part of the modular completion, albeit D1-brane instanton corrections or, more precisely,
(p, q)-strings give rise to a further G®-dependent modular form in (3.27) [45], cf. the dis-
cussion in section 9.7
For the subsequent analysis, we define the modular functions

S = 3 ——

A~ ~ s ) fk = f*k . 328
(ninz0 1+ Siy) 3Tk ( ERn (3.28)

They transform covariantly under SL(2,Z)

aS+b aS+b cS +d\" -
, = (= S, S). 3.29
fk(cSer c5+d> (cS+d> Gkl (3:29)
Further, these functions satisfy
(5= S)gphe= (k+3) fort—hhi (5=5)fo=(k=3) for— ki (330)
957k = 5 ) Tkt k 957k = 5 ) Jk-1 k .
which allows us to derive the following identities
3f1 3f—1 3f0
o — — Oa =——, 0s0 = —— 3.31
s fo 25— 5) 5/0 505 — 9 505 fo RN (3.31)
This implies that
0y _iko 3¢ fi °Y _ 3¢ fo

- = _|_ i, =, — = —— 332

oS 8 8 (§—-29) 05908 16 (S — 5)2 ( )
We stress that d50g) depends only on fy instead of fio due to aforementioned identities
for fi. Last but not least, we expand fi in the large Im(S) > 1 (small string coupling)
regime where

fe(S.8) = ar + +0 (e7) (3.33)

ar,
(1 — 4k?)
in terms of
3 27 _1
ar =2¢(3)Im(S)2, ar = TIm(S) 2. (3.34)
The first term is associated with closed string tree level [77], whereas the second term with
1-loop effects [78]. The final piece encodes contributions from non-perturbative D-instanton

states [79]. For the lowest order modular functions, we can write

_ - 1
fo(S,8) = ar +ar + O(™™E)) | £.1(S,8) =ap — 0L+ O(e” M)y (3.35)

®For N = 2 theories in 4D, it was conjectured in [74] that (3.27) together with (3.28) is the correct
modular completion.

" Another caveat in A/ = 1 setups concerns the breaking of the product structure of moduli space as
anticipated in [75]. Due to the extended no-scale structure [76], the effects of [75] appear at 1-loop at order
(o/)4 making them sub-leading for our purposes.
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To recover the convention of the tree level computation in the previous section, we note
that Car = 25 .

We now would like to compute the Kahler metric for the Kéhler potential (3.27) in CY
orientifold compactifications. In this context, the sum in (3.28) needs to be appropriately
restricted to orbits of I'g [45] Proceeding as in section 3.1, we find that only the following
components of (3.19) are modified®

1 3¢fo (9 fifa\ | Gapb® b 3¢ 9gaﬂl%afcg
Kss= 152 (1_ 8y | 322 >+ ( 6y 1T/ )> 162
Gap B 3¢ 9GP ko, k
Kgag =~ : <1+8y )‘83,252 SG
9G*F ks 3¢ 1@ -
15 = e 5 _ 3oy 1= Koz, (3.36)

The presence of the modular functions fi; in K. g and K 3 imply that the components
are complex. The inverse Kéhler metric can still be written in the form (3.20) with the
only difference being that the ~; are now defined as

85*(8V — (fo) y = 24sCf-1 5y = 24sCf1

Mm=-————, 2= 2=,
3 3 3

_ _ o f6 — fif
73 = 8(2V — (fo) + 9¢ Wiif

In particular, v» is now complex due to the presence of f_; in the numerator which requires

(3.37)

appropriate complex conjugation in (3.20). Interestingly, K GeS — ~v1b® remains real.
Next, we derive the corrected expressions of section 3.2. First, the identities (3.22) are
modified as

KaKAS = 5 iy{y(’h —572) +5(V = 3V)(72 — 52)}

Ka KA = 128_;237{ 400 V(71 = 572) + 5(72 = 72) (Y = 3V)]

+ ka(v2 = %2) [1372 + 965V }

b ~
Ka K40 = 291 = s) + 5 = 39) (32 = 3) | (3:38)
At tree level, we have?
(M = 572)| (o= 45, (12— ¥2) |4 r0e= 0 (3.39)

and thus recover (3.22), while including the 1-loop coefficient ay, in the expansion (3.35)
leads to

KaKA  KyKATo K, KAG 4V 4 (a4 ar) (3.40)
S-S  T,-T, Go—-G" 4V+<((lar—ag)’ ‘

8We stress that (3.36) is not modular invariant due to combinations of the form f; 4+ f—1 or f—;. This
is expected because one would need to include also the G-dependent piece in (3.27), see (9.1) below.

°In fact, looking at (3.33), 72 — 72 = 0 remains true even at the loop level which implies that y2 — 72 is
associated with purely non-perturbative D-instanton corrections.
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Finally, we aim at computing the former no-scale identity (3.23) for the modified Kéahler
metric. Overall, we obtain
2 14s? +

A B Y { 1TSS 9

3V _\2
— — . 3.41
spp et @A
The right hand side is clearly real and vanishes at tree level due to (3.39). To gauge the
leading order breaking effect, we restrict to linear order in ¢ (any higher power would be
modified by higher order o' effects in 10D) where
3¢(2fo — fr — f-1)

KaKAB Ko =442 gy S
A *3 Vv Y,

O (e*)V) . (3.42)

Let us make the following two comments on these findings. First, the breaking of
the generalised no-scale identity can already be anticipated from the previous homogeneity
arguments. Using the fact that at large Im(.S) the fi enjoy an expansion of the form (3.33),
we have to modify (3.24) in such a way that

K = —4log(g), g= J V2 <V\/§—I— 252 + CgQ + 0(\/§es)> . (3.43)

Clearly, the 1-loop and D-instanton contributions break the previous homogeneity argu-
ment g(Az4) # Ag(z*) which is why the no-scale identity must be broken.

Secondly and also more interestingly, this coefficient is directly related to 8-derivative
corrections in the 10D effective action involving the R-R 3-form flux of the form F%R3.
Computing the o’-corrected flux scalar potential to leading order in ( gives rise to

Cfo e

Vﬂux — %ree - o) %ree + ‘/C (344)

where the second term comes from the standard Weyl rescaling of the 4D metric. In
contrast, the third term encodes the non-trivial effects of the SL(2,Z)-completed (a')3
corrections and reads!’

3 ¢
8 V3

t de20 (2f0+f1+f,1)/X Hg/\Q/X Hg/\Q}. (3.45)

Ve = {(2f0 Ji—f / GsAQ | G3AQ

X3

Notice that the R-R flux F3 appears only in the first line with the same coefficient ~
(3/8)C(2fo — fi — f-1)/V as found in eq. (3.42). In the large Im(S) expansion of fi (3.35),
this then becomes

Ve = % ch{ (SZL + non—perturbatwe) [ Gana [ Gan Q (3.46)

4 _
+ 4e2%0 (4aT + zaL + non—perturbative) Hz A Q Hs A Q} .
3 X3 X3

10The fact that the b* dependence drops out completely is shown explicitly in section 5.1.
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At tree level, the only contribution comes from the second line through NS-NS 3-form flux
as already observed in [38] which is the leading order no-scale breaking effect well-known
from LVS. Interestingly, the leading order contribution from F3-flux is determined precisely
by the coefficient derived in (3.42). This interesting because all contributions in V; are
solely determined by zero mode Kaluza-Klein reductions of higher derivative corrections
in the 10D effective action such as fy|G3|?R? and fiGZR3 + f,légR?’ which were recently
determined in [80]. In this way, the coefficient derived in (3.42) can in principle be directly
traced back to properties of the 10D theory.

4 Expressions for o’- and gs;-corrected F-term scalar potentials

In this section, we apply the identities derived in the previous section to write down general
master formulae for the F-term scalar potential at higher order in string perturbation
theory. Afterwards, we briefly discuss moduli stabilisation in supersymmetric and non-
supersymmetric settings.

4.1 Three master formulae for general CY orientifold compactifications

The block diagonal nature of the total Kéhler metric (and its inverse) facilitates the fol-
lowing splitting of the A/ = 1 F-term scalar potential

V = o |48 (D W) (D) — 3\W\2] — V4 Vi, (4.1)

where

Ves = KUV (D W) (D), Vi=e* (KAB (DAW) (DEW) — 3\W\2> . (42

Recall that the indices (4, j) count complex structure moduli U?, while the remaining indices
(A, B) account for the rest of the chiral variables {S,G% T,}. Given that our main focus
will be mostly on moduli S, T, and G%, let us begin by looking at the various pieces in V}
obtained from the Kéhler potential (2.12). We find that

Vk:e’C

(Ka KAP K —3) W+ Wa KAP W5+ (W Ky K47 W + c.c. )]

_ < <|W|2+WA E W+ Y (A-A) (WWA_WWA)> (4.3)
Ae{S,G*T,}

where we utilised the following two identities derived above (recall egs. (3.22) and (3.23)),

KaK'P K5 =4, KpKPA=(4-4)=-K'PKy. (4.4)

We stress again that these relations, while being naively true for the tree-level Kéahler
potential [36], remain correct even after including the BBHL correction [38]. This gives
rise to our “first master formula” for the scalar potential,
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First master formula

V= Vit of <W\2+WAKABWB+ > (A=A (WWA_WWA)>' (4.5)
Ae{S,G Ty}

Using the identities for the inverse metric in (3.20), the exact scalar potential is easily
computed for any given model. Contrary to commonly applied scenarios, none of the
moduli fields have been integrated out at this stage. In particular, it was imperative to treat
S on equal footing with {G®, T, } in deriving (4.5). The only undetermined input remains
the superpotential which is easily plugged into the above expression, thereby making (4.5)
highly attractive for moduli stabilisation purposes.

Although complex structure moduli are commonly studied separately from the remain-
ing fields in the established Kdhler moduli stabilisation procedures [4, 5], our exact iden-
tities in section 3 allow for a compact expression for the complete F-term scalar potential
in CY orientifold compactifications. Indeed, using the Kéhler derivatives in eq. (3.7) and
the inverse Kahler metric in eq. (3.9), the complex structure piece V s can be expressed as

Vi — e [(KUZ- KY'" KUj) W2+ (KUZ- KUV Wers W+ W Wy KV Kw.)

+ Wy KU W)}

Ui

_ K L ZMUZ Wi — WW;

=e [([-35:) |W‘2 (l_3§) (WWUZ WWUz)
(20438 ( ; 5 (=38 4 T

where we have used the identities given in eq. (3.11). Thus the most generic scalar potential
for all moduli and axions can be read off from our “second master-formula” for the scalar
potential,

Second master formula

41 -3¢ = _ .
vV =ef §\W\2+WAK““BW§+ > (A—A) (WWx—W Wy)
1—-3¢ Ae{Ui ST, G}
. 9£ui — —
+ = (WW—i —WWpi)|, 4.7
Zl—3§( 7 Ui) (4.7)

where the summation A runs over all moduli {U?, S, T,,, G*}. Notice that the last line arises
because perturbative effects on the mirror type ITA side break the no-scale identity given
in eq. (3.11) as compared to eq. (3.22). This is because € comes with a dilaton dependence
in type IIB which ensures homogeneity of the o'-corrected Kahler potential, while this is
simply not the case for . If this correction can be ignored via setting & = 0 in the limit
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of “extremely” large complex structure, the master formula (4.7) reduces to an amazingly
simple form

VoM 4| WP+ Wy KAB W5 + > (A—A) (WW5-WWu)|. (48)
Ae{U4,5,T,,Ge}

Before we continue, we wish to point out that, although both the master formulae (4.5)
and (4.7) of the scalar potential are general, they are not fully equivalent. The only slight
difference is the fact that the master formulae (4.5) is also applicable to “rigid” compact-
ifications in which complex structure moduli are frozen or simply absent. However, in
arriving at the master formula (4.7), one implicitly assumes that there is at least one com-
plex structure modulus present in the dynamics. For the so-called rigid compactification
case, one simply has the following simplifications in the Ké&hler potential (K) of the complex
structure sector [27],

{onl, fO:—i} — K:—ln[z' (XO}“O—XO}"O)] = —In2. (4.9)

In fact, one can choose a normalisation in the holomorphic three-form Q3 by a factor of v/2
to make K = 0 which, in turn, also needs to be incorporated in the superpotential, thereby
giving rise to & = 4sly2- Thus, the rigid orientifold case leads to Vs = 0 in the master
formula (4.5) making it V' = Vj. In contrast, (4.8) will have a factor of 4|W|? in the first

term instead of [W |2, and the U’ moduli will not appear in the summation over A. Given

that we are interested in studying models with a complex structure moduli dependence,
for our purposes the two expressions are equivalent. Nevertheless it is worth to point out
this subtlety in case the reader wants to apply the above to rigid compactifications, see for
example [81].

A third Master formula for the SL(2,7Z)-completed Kihler potential. As a final
step, we extend our toolkit by a third master formula that remains true even beyond string
tree level. Indeed, we have seen that the no-scale structure is broken once higher string
loop corrections are taken into account. This modification leads to another master formula
that is exact for general superpotentials and the Kéahler metric derived from the Kéahler
potential depending on the SL(2,Z)-completed volume (3.27).

Initially, we rewrite the identities (3.38) in the form

o Ko KAGT = i R
AS _ B A _ AT, _
KaKY = =2 = o P, Ky KA = o {anl + kan} : (4.10)
as well as (3.41) as
— F
AB _ 3
where we introduced
s(Y —3V) - Y2 — Y2 _
F = _ SN 0 ey — F, = 96
1= (1 —s72) + y (v2—%2), Ky 61y (372 4 965V |
Y2 + 2 2 3V ~ 2
F3 = — ——= +4 — . 4.12
s= s+ s+64y273(72 Y2) (4.12)
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Here, the ~; are the ones defined in eq. (3.37). Following the same steps as in (4.3), we
arrive at a third master formula given by

Third master formula

1 _ _ o

VeVt (1= ) WP+ o5 5 (A=) (W - P W)
57 Ae(S,GeTa)

—ika

S

+ WA KAB W5 + (W W, —FzWTaW>>. (4.13)

This expression provides the exact F-term scalar potential for N’ = 1 orientifold compact-
ifications including corrections from both string loop and D-instanton effects. Recall that
the combination (y2 — 72) vanishes at both string tree and 1-loop level which implies that
F5 contributes only non-perturbatively via D-instanton contributions ~ e™*. By using the
tree level identities (3.39), one easily verifies that F} = 4s% and Fy = F3 = 0 leading us
back to our first master formula (4.5). At string 1-loop order, we find

As 24V + ((ar +ar) —8s%Cay,
4V +((ar —ar)’ 4V + ((ar — ar)

in terms of tree level and loop coefficient ar and aj defined in (3.34). Thus, ignoring

F =

=0, F3=

(4.14)

D-instanton effects, we arrive at the 1-loop expression

_ 4V + ((ar + 3ar)
V=Yt (G5 i — ]

W2+ Wy KAP W5 (4.15)

L W dlar +ar) S (A=A (W WWA)>

4y + C(OLT — CLL) Ac{8.Ga T

In the remainder of this paper, we focus on the two master formulae (4.5) and (4.7)
for simplicity. Without too much effort, everything that has been computed is easily
generalisable by using (4.13) or (4.15).

4.2 Supersymmetric moduli stabilisation

The supersymmetric solutions can be obtained by imposing the vanishing of the covariant
derivatives with respect to the chiral varibales,

DyiW = 0= DzW, DsW =0 = DgW, (4.16)
DgaW = 0= DgaW, D, W =0= Dy W.

Using the Kahler derivatives in egs. (3.7), (3.17) and (3.18), these conditions read explicitly

~

6il;  Fa it
Wi:_ ~W, Wa: W W — W
v EN: “ 2y R
We = - (1425Gu b B + 3¢ w. (4.17)
S 25 ab 2y .
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For a supersymmetric minimum, these conditions (4.17) must be imposed for all the chiral
variables for a generic superpotential W = W (U?, S, Ty, G%).

For a superpotential W = W (U*, S, G*) which does not depend on the T,, coordinates,
the F-term conditions (4.17) yield

Wr,=0=Wz = (W)=0= (W), (4.18)

since the t* cannot vanish altogether and the decompatfication limit J — oo needs to be
avoided. This needs to be contrasted with the situation where the superpotential does not
depend on the G?, i.e., W = W (U?, S, T,). In this case, (4.17) implies

— ke, Egap £ P —
Wee =0=Weae = <y> —0= <y> for (W) #0 4 (W),  (4.19)
which can be trivially satisfied for (ks) = (kaapt®b?) = 0, or in particular for (b*) = 0, Va.
This is because the saxionic partner of the R-R Cs-axions ¢® in the odd moduli G* are the
NS-NS axions b* themselves. For this reason, there are no issues with imposing (b%) = 0
at the extremum contrary to demanding the geometrical volume moduli to vanish (t%) =0
in the previous case which would oppose the SUGRA approximation.

To illustrate this point, we look at the GVW superpotential W = Wy (U*, S) in (2.13)
which is generated from NS-NS 3-form flux (H3) and the R-R 3-form flux (F3). Subse-

quently, we write

Wo(U%, S) = wp(U?) + Swy (U?) (4.20)

where wp(U?) and wy (U?) are some cubic polynomials in complex structure moduli U*.
In this case, the tree level SUSY conditions in (4.17) with & = 0 reduce to (ignoring the
condition for Ty,)

_3il
21+ 3¢

Wi = W, Wsz—QiS(lmsgabbabb)W, Wege = —i 22 W =0.

These conditions are collectively solved for (Wp) # 0 leading to the following relations
determining the VEVs of the respective moduli/axions,

gy — AT ) () m) (o) = () (o) o)

wr[? |wr[? ’
1 121; .
m; = ’U)H\Q[m (nn; —nn) +m (nn; +nn;) — 4l+§~n (mn—nm)} v i,
1 121; )
m; = ]wHP{m (nn; —nn;)+m (nn; +nn;) — 4l+£n (mn—nm)] Vv i,

where the complex structure moduli {u,v'} get their respective susy VEVs through the
last two set of conditions. Here we have defined,

m = Re(wr), m = Im(wp), m; = Re(Opiwr) , m; = Im(0iwr) ,

n = Re(wg), n=Im(wgy), n; = Re(Opiwy) , n; = Im(Opiwy) . (4.22)
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In particular, the SUSY minimum determines the hY! conditions
(ko) = (kaqapt®0®) = 0. (4.23)

That is, the point along the flat direction of the NS-NS axions ® at which SUSY is restored
is given by (b*) = 0, Va. It turns out that the above minimum determined by (4.21)
and (4.23) is Minkowskian,

(Veviv) =0 (4.24)

which breaks SUSY because Dy, W # 0.

We close this section with two comments. First, as we will show momentarily, stabil-
ising the NS-NS axions b* through fluxes is apparently misleading. The point is that, in
the absence of a T, dependence in W, the scalar potential in the basis {t*,b%} is indepen-
dent of b* (and trivially ¢*). This becomes obvious from our second master formula (4.7)
where, setting W = W(U?,S), the only potential source of a b dependence could arise
from W4 K AB WE' However, both K S5 and K% are independent of b®. This means that
the b® dependence arises implicitly from working in the basis of chiral variables.

Secondly, we notice that an explicit b* dependence in (4.7) arises as soon as the super-
potential also depends on T, W = W(U%,S,T,). In this case, KToTs and K75 induce
terms like k, etc. as can be seen from (3.20). In addition, the chiral fields T}, in (2.5)
include the b® explicitly. As it turns out, the minimum is still determined by (b%) = 0, V a.
In this sense, the axionic solution in eq. (4.23) is a quite ‘special solution’ which reappears
in the subsequent scalar potential analysis in section 6. In fact, this can lead to signifi-
cant simplifications in the inverse Kéhler metric, thereby generically restoring many well
known moduli stabilisation schemes, in particular (A)dS, vacua realised in KKLT and LVS
models, from more general set-ups including the odd moduli.

4.3 Non-supersymmetric moduli stabilisation

For non-supersymmetric moduli stabilisation, one needs to consider the full scalar potential
V in eq. (4.1). Using the expressions in eq. (4.5) and eq. (4.7), we now analyse a variety of
scenarios by considering different forms of the superpotential. Occasionally, we will also use
the scalar potential formulation in eq. (4.8) which is valid in the large complex structure
regime. Having these so-called “master formulae” for the generic scalar potential applicable
for arbitrary numbers of S, U, T,, and G® moduli at hand allows us to easily read off the
various pieces using the inverse Kéhler metric and ansatz for the superpotential.

Indeed, for a general superpotential, our first master formula (4.5) gives rise to
V=Ve+et <|W|2 FWaAKAP W5 — 4s Tm(W W) — 456 Im(W Wge)

+2 (ko — ska) Im(WWTa)) . (4.25)
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Equivalently, the second master formula (4.7) gives rise to

41-3¢ B : 9¢ _
K 2 AB i
= = W +Wy K W=—2 24+ = | Im(W W—;
z—35| F+Wa 5 “( z_3g> m(W W)
— 45 Im(W Wyg) — 4sb* Im(W Wge) + 2 (ka — ska) Im(WWTa)] . (4.26)

Given that we will usually ignore any explicit complex structure moduli dependence, we
mostly work with variants of (4.25). Furthermore, it is straight forward to generalise (4.25)
to higher orders in the loop expansion by using our third master formula (4.13). Plugging
in the inverse Kéhler metric components of eq. (3.20), we find

V= V() +Vi+ W (4.27)

in terms of

Vo = Ves + & [|W|2 — AsTm[WWs] + Wy W

42a Qkak L
+WTQ<3795+72 6>W

9 4’}/1 Tp

+ 2k, Im [WWTQ] + o ke, RG[WS WTQ]] ,

Vi = e’C |:71 ]zja RG[WS ng] — 2s ];'a Im [WWTQ]

+ (s G kiaa kigp + % ko kg + % (ko kg + kg ]%a)) Wr, Wz | (4.28)

Vo =el {271 b*Re(Ws Wga) + (5 G+ b“bb) Wea W — 4sb® Im(W Wge)

. ko, ko) b® _
+ 2 (8 gab kab + (/Yl +272 ) ) RG(WTa Waa )] .

We will utilise this formula to study a variety of scenarios based on the form of the super-
potential. Subsequently, we separate our analysis into three steps:

« step-1: we study the GVW superpotential W = W (U?, S) = W defined in (2.13).

« step-2: we consider superpotentials of the form W = W (U?, S, T,,) which also depend
on the T, moduli. Such corrections can be induced via the non-perturbative effects
and subsequently used for Kaehler moduli stabilisation along the lines of KKLT [4]
or LVS [5].

o step-3: in the final step, we examine a class of superpotentials which can generically
depend on all the moduli, namely W =W (U?, S, T,,, G*). The various sources for in-
ducing such superpotential terms are for instance (non-)geometric flux [25-35, 55-57],
(fluxed) E3-instantons [45, 46] or D5-gaugino condensation [10, 16, 45, 82].
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In the following sections, we will show how our master formula in the form of eq. (4.28)
can help us “reading-off” the scalar potential pieces for the above three generic classes of
models, which can be subsequently utilised for moduli stabilisation purposes. Given that
our expressions are exact and compact, it facilitates the numerical implementation of both
the scalar potential and stationary point conditions. The problem of stabilising moduli is
thus reduced to finding minima for given choices of parameters which can be achieved via
sophisticated search optimisation algorithms [47, 83, 84].

Note. We stress that, after knowing the explicit form of the scalar potential V in terms
of the set of real moduli and axions, namely {s, ¢, t%, pa, b%, c*}, we plan to study moduli
stabilisation using the set of real variables and not the complexified chiral variables. This
is because converting the t* to 7, might not necessarily be possible analytically, though
it is always defined implicitly. In particular, the map between the two choices is bijective
in the Kéher cone where the Kéhler cone conditions pick out the unique solution in the
quadratic equation relating the 7; to the 5. The two choices are therefore equivalent and
we will henceforth assume that e.g. the 2-cycle volume moduli t* are independent variables
in the minimisation process, which are otherwise implicit functions of the chiral variables
t* = t%(S,To, G% S, Ty, G"). When re-deriving the supersymmetry solutions from extrema
of the scalar potential, one has to appropriately take this into account.

5 Analysing the scalar potential for W = W (U, S)

In this section we illustrate the power of the master formulae we derived for the general
scalar potential. For example, an immediate result of the formula (4.7) is the case of
a constant superpotential W = wg, which does not depend on any of the moduli and
subsequently leads to a scalar potential of the following form,

D) §~—>O

41 -3¢
38 R 2% 46K 2. (5.1)

-3¢

Note that, in the large complex structure approximation, the §~ — 0 limit on the mirror
side can generically be a reasonable assumption.

To begin with, we like to point out that in frequently studied set-ups of Kéhler moduli
stabilisation one assumes the complex-structure moduli and axio-dilaton to be stabilised
supersymmetrically via 3-form fluxes. For that purpose, we consider the usual GVW flux
superpotential (2.13)

WU, S) = wr(U") + S wy(U') = W, (5.2)

where wp(U?) and wy(U?) are cubic polynomials in the complex structure moduli U’
induced by F3- and Hs-flux respectively. Hence, the superpotential W is still independent
of any of the odd moduli G* and the T, moduli. It is convenient to impose the F-term
conditions

DyiW =0=D=W, DsW=0=DgW. (5.3)
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However, we argue that this approach is actually misleading in the presence of odd moduli.
This is because of the fact that imposing the SUSY stabilisation for the axio-dilaton induces
some “fictitious” terms in the scalar potential which are absent when one directly computes
the full scalar potential.

5.1 An apparent mismatch in the standard approach

Let us first highlight the subtle issue that appears when considering moduli stabilisation
by imposing the SUSY stabilisation of the axio-dilaton via DgW = 0 = DgW. For this
purpose, we consider the F-term scalar potential in eq. (4.1) which for W = W(U?, S) can
be expressed in the following way,

V =& (KUY (DyiWo) (D Wo) + K55 (DsWo) (D5 Wo)

+ (KSG Kge + K5Ta KTQ) (DsWo) W + (KGa K9S + Ky, KTaS) (DgWo) W
+ (KA/ KA K — 3) |W0\2} (5.4)

Here, the indices {A’, B’} run only over G* and T, moduli, and do not include the axio-
dilaton. Now using the identities given in the appendix A leads to the simplified relations
.5 3 i sé 5% ko (4V — €
KGa KG S+KTQ KT@S - _ 92:9{]} — (] k() (A V g)A (55)
EV+HV =& 22V+ 1V -§)
— 3EV24+TEV+€2) k2 (4Vv—§€)—36kolsV
KA/KABK§_3: ( - ~ 2)+ 0 ( ~ )A 2 ,
(v-£€) (+2v) 1(v-¢) (€+2v)

where the first pieces on the r.h.s. of the above two relations correspond to the case of

the absence of odd moduli. They can be precisely matched with the well known BBHL
scalar potential result, see for example eq. (3.31) of [38]. On the contrary, the second terms
involving ko = koapt®b®bP appear due to the presence of odd moduli.

At this point, if we enforce the SUSY stabilisation conditions (5.3) in the scalar po-
tential (5.4) and use the relations in eq. (5.5), the scalar potential reduces to

V= W2 (Ko KAP K - 3) (5.6)
3E(VP+TEV+ &) i3s? (4V—€) —36koésV
(v-§) ($+2v)2 1(v-9) (£+2v)2

:eIC|WO‘2

This form of scalar potential represents an odd moduli generalisation of the results of [38].
For the moment, let us consider the tree level case é = 0 in the presence of odd moduli
which leads to

5% (kaap t* b bb)T 5 (haap t b7 0Y)? (W ?

42 g4 (5.7)

V= w)? [

This result suggests that,
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e The axionic shift symmetry for the NS-NS axion b* is broken by a quartic potential
which is purely generated by the flux background which for instance has been observed

in [11, 16] in concrete set-ups. In fact, most of the odd moduli literature!!

aiming
to perform moduli stabilisation automatically assumed the SUSY stabilisation for
the axio-dilaton which is why all those models suffer from this outcome. Moreover,
this also contradicts the general notion that continuous axionic shift symmetries are

broken, usually to a discrete subgroup, only through non-perturbative effects.

» However, we note that the non-trivial axionic potential V' (b%) in eq. (5.7) appears at
the sub-leading order as compared to the usual KKLT and LVS potentials for the
Kaéhler moduli. This issue could remain hidden in the analysis where a large vol-
ume approximation is assumed before performing moduli stabilisation as, e.g. in the
analysis of [13] which keeps only terms of O(V~3). However, the term can explicitly
appear if one goes beyond this order, e.g. as in [16]. Even if the ¢*’s correspond
to, say, the ‘large’ 2-cycle volume moduli such that t* ~ V/3 as e.g. in the single
T-modulus case of KKLT models [4] or t* ~ t; in the LVS models based on strong
swiss-cheese CY compactifications [5], the scalar potential for the b* axions scales as,

vy =" O (haun 10 0)° [Wol? (8 , (5.8)
{4 p10/3
which is suppressed by additional volume factors as compared to the usual KKLT
and LVS potentials.

o Nevertheless, such a factor of 2-cycle volume moduli appearing in the numerator along
with b® dependence can be relevant for highly anisotropic compactifications. This is
for instance the case in the “large fibre” or “large base” limits of the K3-fibred CY
orientifold models [85], where the extra volume suppression might go away, making
the term compete with the LVS or KKLT potential. In such extreme scenarios, while
studying the dynamics away from the (b%) = 0 minimum, such fictitious b*-terms
may have some significant impact.

Next, we will show that such a quartic-term is purely an artefact of imposing the SUSY
extremisation conditions for the axio-dilaton, and it does not naturally arise in the scalar
potential. For that we consider our master formula in the expression (4.5), which gives us
the following scalar potential,

V =V 4l ]wF+SwH|2+KS§|wH]2—452 lwg|* —4sIm(wrwg)|.  (5.9)

Given that wp(U?) and wgy(U?) are cubic polynomials only in the U?, the only possible
source? of a dependence on the G* moduli (or the b*/c* odd-axions) can be the factor

"However, there are a couple of works in which the b*-term was not found in the generic scalar poten-
tial. For example, see [12] regarding axion-monodromy, and [27, 31, 32, 35] regarding non-geometric flux
compactifications where one needs to switch-off certain fluxes to make it manifest.

20ne can easily verify that similar arguments are true for the metric derived in section 3.3 using the
modified K&hler potential (3.27) from SL(2,Z) invariance. This leads to the scalar potential given in
eq. (3.44).
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K55 However, we found this component to be given by (cf. eq. (3.20))

K55 =~ = ‘W : (5.10)

which is a surprisingly simple expression independent of the odd moduli despite having
complicated couplings in the original Kéhler metric component K g, recall (3.19). In

3 correction é inducing a scalar potential dependence on the

particular, in spite of the (a/)
overall volume V, both of the odd moduli remain flat directions at this level. Therefore,

we conclude that:

o Using the leading order tree level GVW flux superpotential (2.13) in the presence
of general 3-form fluxes, the shift symmetry in both of the odd moduli axionic com-
ponents b* and ¢® is unbroken, irrespective of the presence of the BBHL correction.
This is because of the no-scale structure (1.1) which holds in the presence of odd
moduli.

o Our general analysis shows that the observation of a quartic potential V' (b%) in
eq. (5.8) is actually misleading and arises simply because the SUSY stabilisation
condition for the axio-dilaton (5.3) was enforced.

o This opposes the naive expectation because of the non-trivial dependence of the Kah-
ler potential on the odd moduli G* when it is expressed in terms of the chiral variables
S,G* and T,. In such cases, one would naively expect that the shift symmetry for
the NS-NS axion b* would be broken, whereas the shift symmetry for the ¢* axion
remains intact.

Tracking the mismatch. Before we continue, we would like to explicitly track the main
cause for the mismatch between the two approaches; one is obtained directly from eq. (5.9),

whereas the other one is obtained after imposing the SUSY conditions (5.3) in the scalar
potential (5.4). This becomes evident by noting that eq. (5.4) can also be rewritten as

V="Vs+e* {KSS (0sWo) (9gWo) + K54 K (9sWo) Wo + Ka K% (95Wo) Wo
+{ (KsK5 K+ Ko IS¢ Ko + KoK K, + Ko K9 g + K, KT K)

+ (KA, KA’B’KB,—:s)} yW0|2], (5.11)
where summation indices are such that A = {S,T,,G*} while A’ = {T,,G*}. In this
expression, the terms in the second line arise from expanding the Kéhler covariant deriva-

tive. Now, after using the explicit expressions for the inverse Kéhler metric and the Kéahler
derivatives and the identities (A.3), we find that the second line in eq. (5.11) sums up to
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the following pieces,
KsKSSKg+ KsK5C Ko + KsKSTo Ky + Ko K9S Kg + Kp, K>S Ky
3£(V2+7év+§2) g 52 (41;—5)—36/%0531/
(v—¢) (e+2v)’ 1(v-§)(+2v)’
=1 (Ky K7 K- 3) (5.12)

=1

which leads to a precise cancellation of moduli dependent terms in the third line of
eq. (5.11). In other words, this is simply due to the no-scale identity K4 K Agfg =4
derived above, when A and B run in the set of closed string moduli .S, G* and T4,.

The punchline is that imposing the SUSY stabilisation condition may lead to mislead-
ing conclusions in the presence of odd moduli due to exact cancellations occurring at the
sub-leading order after breaking the no-scale structure through o’ corrections. In such
a case, if some moduli are stabilised by the leading-order no-scale breaking corrections,
then those results could still be consistent. However, the no-scale structure is usually not
completely broken leaving some moduli as flat directions which require next-to-subleading
effects. For example, any inflationary model realised within a LVS framework, the infla-
tionary potential is suppressed by volume factors V™% where a > 3, e.g., in fibre inflation
a = 10/3 [86]. Hence, when adding odd moduli in such a scenario, these sub-leading terms
become especially relevant. Nevertheless, as we said before, if axion VEVs are not shifted
too much from b* ~ 0 after including all possible corrections to fix them, they may not
significantly affect the earlier minimum. This is not to say though that situations away
from the minimum e.g. in the regime where inflation occurs might be sensitive to our
aforementioned observation.

5.2 BBHL-corrected flux scalar potential

At this point, we present the explicit form of the (a/)3-corrected GVW scalar potential
which can be utilised to explore non-SUSY vacua. In this scenario, generically one can
hope to stabilise the complex structure moduli, namely the axions v’ and their respective
saxions !, as well as the universal axion ¢y along with the dilaton s. Using the scalar
potential in eq. (4.8) for &€ = 0 we have

VGVW = ngw(vi, ui, Co, S, V) ~ e’C (VC(}QW + VC(J%ZW + VG(’;;)/)W) N (5.13)
where

2 2 £

n |: 2 2 S ]wH] <4V — {)
w =4 + +(m+4+con)” + =
Vov (m+con) ( con) LV 9

VG(Y%)W = 4’ {(m +con)(m; + con;) — (M + con)(m; + con;)

+s (mn—mn)],

—l—(mni—min—&-mni—min)s—i—(nnl-—n,-n)sﬂ, (5.14)

2119

VC(Y'?\)/)'W = <2ui uj — ) [(ml + Co m)z + (mz + ¢o ni)z —2s (mini — mml)

52 ((n)? + (:)9) |-
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Here we have used the symbols for the real and imaginary parts of wg(U?), wy(U?) and
their respective derivatives as defined in eq. (4.22). This potential depends on the real fields
{vt,ut, ¢, 5, V}, albeit not on the fields b%, c¢* or any other t*. Moreover, in the absence of
the BBHL correction, the dependence on the overall volume V comes from e*.
Subsequently, we can separate out the tree level and the next sub-leading terms in the

scalar potential (5.13),

Vavw ~ VESy + VEw (5.15)
where
tree eK 2 (2) (3)
Vavw = CYSY2) AW +4s (mn—mn) + Voyw + Vovw|
Ve = —& (Ve — <« 352 ugl?) +0 (2 5.16
Gvw = Ty, GVW—WX s lwy|” | + Vi) (5.16)

As expected from (3.44), VC‘;""/W splits into a piece arising from the 4D Weyl rescaling of
ViRse, with the corrected volume V + é /2 and a non-trivial piece. The coefficient of the
latter matches the expectation from (3.46), see also (5.19) below.

Clearly, at the tree level SUSY minimum, we have (V5% )susy = 0 from eq. (4.24).
This can also be re-derived from the scalar potential given in egs. (5.15)-(5.16) after im-
posing the conditions (4.21) in the three pieces of (5.14). To appreciate the non-trivial
cancellations among the various terms, we mention that

(Vi) = (IWo[?) (3 + 4(V3£€i£>)> C Ry = 2y = —6( WD), (5.17)

where we used that at the leading order supersymmetric minimum

4(s)? (fwl?) = 4 ()2 [()2 + ()] = (W) . (5.18)
Overall, this implies
, ) o) ([T 2
Vew) =2 <£>8 <S>§LZV0' e (1214) >0. (5.19)

This positive semidefinite term is well-known from LVS models [5]. Thus, our master
formula for the generic treatment of the scalar potential can elegantly and efficiently re-
derive those results.

Note that given the form of the superpotenial, our generic formulation of the BBHL-
corrected GVW scalar potential in eqgs. (5.13)—(5.14) enables one to not only perform the
analytic computations, but also to proceed with numerical implementations. Having such
a general form can help in directly exploring the non-supersymmetric vacua of the complex
structure moduli and the axio-dilaton which could result in subleading terms that can be
useful for uplifting purposes [87].
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5.3 Axio-dilaton mass splitting via the BBHL correction

In this subsection, we will first re-derive a well known no-go results of [88, 89] about the
obstacles in creating a mass splitting between the masses of the universal axion (m,,) and
the dilaton (ms) using the GVW superpotential. For that purpose, assuming the large
volume and large complex structure limit, we consider the GVW scalar potential given in
egs. (5.15)—(5.16) by ignoring the BBHL correction, which leads to

VESS, = Ve, s) = % (1 +agco+az s+ agcd + as 32) , (5.20)

where a;’s are some complex structure moduli dependent functions while a1, in addition,
has a dependence on the overall volume V as well. To be more specific, we have the
following explicit expressions for the a; coefficients,

K

1 i
as = a—g[8(mn+mn)—|—KUU (minj—l—nimj +minj+nl-mj)

a; = (5.21)

+4u! (mn; —m;n+nm; — nim)},
1

as = ;0[4(mn—nm)+4ui (mn; —m;n— min—i—mni)—i—QKU@J (m; n; —minj)},

1 - v i
@i = o [ahwnl? + 4w’ (g = nn) KTy 4 KUY ] = s

where

ap = 4|wp|* + 4u’ (mm; — mm;) +my KU'T’ m; +m; KU'T m;.
This tree level formulation of the scalar potential produces the results of [35] by consid-
ering F3/Hj3 fluxes only, and switching-off the (non-)geometric fluxes. Now, using the
scalar potential (5.20) for the two-field {cp, s} dynamics, the solutions of the extremisation

conditions, and scalar potential as well as the Hessian evaluated at the possible extrema
amounts to

(o) = —22L (g =4

2(a) fag)  2(a)(as)) . (Ve _ (a5) _
o) ) } Veoe? ~ (ag) (5.22)

Here although we do not discuss the complex structure moduli explicitly, we anticipate

\V]
—
=)
~
~

, £

(Vi) = Ding { =

that the two-field analysis will continue to hold after fixing those moduli. Now given that
dilaton s > 0, only the positive solution of (5.22) is physical.

Note that we have simply collected the coefficients (5.21) for the scalar potential in
eq. (5.20) where it automatically turned out that a4 = a5 for the quadratic coefficients of
co and s irrespective of whether the complex structure moduli are at their minimum or
not. This two-field analysis implies that masses of the universal axion ¢y and the dilaton
s remain exactly the same. Moreover, given the fact that both fields are part of the same
chiral variable, namely S, and their source of potential is the same, it is not surprising
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that a mass hierarchy cannot be realised in this flux scenarios. This challenge was first
observed for 3-form flux backgrounds in [88] and was subsequently generalised for non-
geometric models having two pairs of the S-dual fluxes, namely the (F3, H3) fluxes and the
non-geometric (@, P) fluxes in [89].

Mass splitting via the BBHL correction. Thus far, we ignored the (o/)3-effects which
lead to a mass splitting between ¢g and s. Indeed, we can consider our generic form for
the GVW scalar potential as given in eq. (5.13) with induced dilaton dependence through
Y(s) where Y(s) =V + %é and € = s3/2¢. While the extremisation condition for ¢q still
results in a linear polynomial, the one for the dilaton results in a degree 13 polynomial in s
which cannot be solved analytically. However, we can make progress by using the possible
expansions, for example in the large volume limit V > f .

Nevertheless it turns out that the generic BBHL corrected GVW potential (5.13) can
still be expressed in the form as given in eq. (5.20), where the coefficients a;’s will however
develop a dilaton dependence along with the complex structure moduli. The new set of a;
parameters are

ek ago 3 é !wH\Q
_ : =ay+—— A 5.23
a1(8) (V %5)2 a5(s) a4 o (V 5) ( )

with all other a; as in (5.21). Now the extremisation of the ¢y axion remains the same, the
dilaton VEV is changed giving rise to

(5.24)

<‘/;j> . <‘/Zj> _ Diag{ < ><a’4>7 < ><CL5> + ‘/;(?Sorr}’

s)
(0sa1)  2(0sa1)® | (Dssan)
Na)  (@)? | a1)

where Vi = (V) << ) + (a1) (4(0sa5) + (s)(0ssa5)) -

For knowing the dilaton VEV one would need to solve the corresponding polynomial ex-
pressed in the second relation of (5.24). We notice immediately that now there is a possi-
bility of generating a mass-splitting between the masses of ¢y and s due to a4 # as. The
ratio of the Hessian eigenvalues is

Vi) _(a2) () peom
<VCOCO> B <a4> + 2<a1><a4> <V55 >

(5.25)
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which can be expanded as

A,

e _y y f18) 15 28 ) (o) (G 4 0)(1 4o + )]

<V6000> v 32 <CL0><CL4>2<S>2
1
10 (w) . (5.26)
This shows the possibility of a mass-splitting being developed between the masses of the

universal axion (cg) and the dilaton (s) due to (o/)? corrections. However, one has to
provide the VEVs of the complex structure moduli and the dilaton in order to get the
(ai)’s in the above estimates. Moreover, in realistic models, one also needs to take the
dynamics of all other moduli into account in order to gauge the effects of the off-diagonal
mixing terms in the mass matrix, especially for the cases when the superpotential depends
on the T,-moduli. Nevertheless, given that we have evaded the no-go result of the two-field

3

analysis using («’)” corrections, this is quite a significant step via an analytical approach.

6 Analysing the scalar potential for W = W (U, S, T,)

In this section, we study different scenarios involving superpotentials of the form W =
W (U%, S, T,). The associated scalar potentials explicitly depend on the NS-NS axions b%,
while the shift symmetry of the R-R axions ¢® remains intact. We derive an expression for
the Hessian of the b* which reduces to the results of [44] in the SUSY case, while improving
upon previous approximate estimates of [11] for non-SUSY minima.

6.1 General remarks on moduli stabilisation

From our above observations, one could be tempted to conclude that the axionic shift
symmetry of b® remains unbroken simply because the G are not explicitly featured in
the superpotential. In this section, we show that this is actually not the case, and after
including a T,-moduli dependence in the superpotential, the b* axions can indeed receive a
contribution in the scalar potential. This makes odd moduli rather special’® as compared
to other moduli.

Let us consider a superpotential of the form

W =Wy(U, S) + Wi (U, S, Ty). (6.1)

The second piece of the superpotential can be generated by non-perturbative ef-
fects [52, 90-93] with an exponential T,-moduli dependence or in the presence of S-dual
pair of (@, P) non-geometric fluxes [28, 29, 32, 33, 55] inducing a polynomial dependence
on the T,-moduli. Subsequently, from eq. (4.5) we obtain,

V = Ve + 5 [|WP 4+ Wy K55 W+ (W), KT (W), (6.2)

—4sIm[W W] — 4 (ImT,,) Im[W (W1)7 ] + 2KST“Re[WsWTa]} ;

13Recall that usually the partners of the R-R axions in the complexified chiral variables are called ‘saxions’,
but the partner of R-R Cs-axions ¢ appearing in the G multiplet are also axions, namely the b* axions.
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or equivalently using the master formula in eq. (4.7) this can be written as,

41 —

V=l l |W|2 + Wy KUV W 4+ W K55 W + (Wh), Ko7 Wz,
ST T, i 9¢
+2K O‘Re[WS (Wl)fa} —2u' (24 ;i 35 Im[W Wﬁ] (6 3)

—431m[WW | —4(ImT,) I [W(WI)TQ]]

From the inverse Kéhler metric components in eq. (3.20), we find that, in contrast to the
previous case where K SS i independent of odd moduli, the components K STa and KTeTs
do indeed depend on the Bs-axions b%, but not on the Cs-axions ¢®. Also notice that with
our definition of the chiral variable we have Im[T,] = 1(s ko — ko) (recall eq. (2.5)), and
therefore one can consider the following two approaches for odd moduli stabilisation:

o If we define a set of real moduli as 7, = —Im[T,] and try to eliminate all the
t* dependence in terms of 7, and b%, then subsequently the scalar potential (6.2)
can receive b® dependence through the inverse Kéhler metric components; e.g. via
replacing ko, = 27, + s ko. In this case, there would be no b* dependence arising from
the superpotential W = W(U!,Re(T,),Im(T,)) = W(U?, T4, pa) Where j, is the
collection of all R-R axions. Moreover due to the need for replacing k, = 27, + s l%a
in the inverse metric components, some additional b dependences would also be
introduced in the scalar potential.

However after looking at the inverse Kéhler metric components, one observes that,
apart from eliminating k, in favour of 7, there remain pieces of the type k,g and
kqap with linear dependence on the 2-cycle volumes t®. This can be a key obstacle
when writing down the scalar potential as an explicit function of {7,,b%} only.

e If we define 7, = %ka = %kamtﬁt'y as the usual geometric volume of the four-
cycles of the CY threefold, then we need to replace Im[T,] = %l;:a — To. Then, some
explicit b® dependence will be introduced through the Kéhler potential as well as the
superpotential despite it not depending on the odd moduli G*. However, in this case
one can stabilise moduli working in the basis {t*,b*} and therefore there would be
no need to make the conversion t* — 7.

Let us note that for both approaches, there is no scalar potential piece induced for the
¢® axions through the superpotential.'* The second approach of working in the basis
{t%, b®} works well for arbitrary number of moduli, and hence is usually preferred. However,
limitations arise when computing the mass matrix for which a combination of Hessian
components and the inverse Kéhler metric has to be considered. Thus, either of the two
approaches might not be always be applicable for generic CY orientifolds.

1411 this statement, we use that the Cy-axions only enter through the combination j, as defined in (2.6)
which serves as a single variable to avoid fictitious dependence on co, b* and ¢* axions.
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As the problem is inherited from the fact that it is hard to convert t® into the 7,
it is more convenient to consider the scalar potential as a function of the 2-cycle volumes
t* and the axions b* for many moduli stabilisation or minimisation purposes. While this
approach is not fully established yet in the literature, it has already been proposed in [47].
For that purpose, we rewrite the scalar potential (6.2) as

in terms of Vp and V; defined in (4.28). Here V| can have an explicit b* dependence only
through the superpotential piece Wy (recall that 1,72, ko as well as the metric G, are
independent of the b® axions). Further, the pieces V3 and V5 may have an explicit b®
dependence also through the Kihler metric.'® However, given that the moduli dependence
of the superpotential is

Wl = Wl(Uiﬂs’a Ta) = Wl(ui,’Ui,Co,S, kaal%avﬁa) (65)

where p,, is again some collection of all R-R axions, the form of (4.28) suggests that the b®
dependence of the scalar potential can always be collected as

A

V(ba) = V(ka, Kaa,ﬁb) (66)

where

Koaa,@b = I%aa]%[)’b . (67)

6.2 Non-perturbative superpotentials

Another commonly studied scenario is that of a non-perturbative superpotential induced
by E3-instantons or D7 gaugino condensation. In this case, we write

1

Wo = wp(UY) + Swg (U, WU, S, To) =Y Ay(U},S)e @ T (6.8)
1

>
+ =

Q
I

Here, the Pfaffian prefactors A,(U?,S) is associated with the partition function of the
D3-brane wrapping a certain divisor D in the orientifold. As argued recently in [93], for
many CY orientifolds the A,(U?, S) can be treated as constant numbers, so-called Pfaffian
numbers, since the divisor D becomes a pure rigid divisor in the F-theory uplift. Thus, we
set A (U?, S) = A, in the subsequent discussion which is commonly used in the literature.
We note, however, that our general expressions in eq. (6.2) and eq. (6.3) make it straight
forward to include such corrections systematically.

Plugging (6.8) into (6.2), we write the scalar potential as

V = ypert 4 ympl 4 jmp2 (6.9)

15Recall that G*° only has an explicit dependence on the t* moduli, but not the b* axions.
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where the individual terms are given by

ypert — 4 X (]Wg|2 —4sIm[Wowg| + wg @H)

1
hy _
el — Z { 2(1 + a®(ko — sl%a))Re [(wF + cowH)flaewaTa}
+ (25 + a“(ka(y2 — 2s) + l%a(fyl + 25?))) Im [walaewaT“] (6.10)
e A A
V2 — ok Ay Agem 0" Tatia" s\ 4 gk, — sky) + aP (kg — skg)
a,f=1
a B

+a“a

N 2k k
(ygﬁ+’yz 3

Wb h
koa k —k k ko kg + kg k
5 I +sG b+ g+ 2 (ko kg + ks ))]

This generalises the master formula of [47] in the presence of odd moduli and without
enforcing the SUSY stabilisation of the axio-dilaton S. Clearly, the shift symmetry of b®
is broken by the presence of terms ~ ko etc. due to the way the chiral variables T, and G*
are coupled in the Kahler potential eq. (3.14).

Finally, we solve the stationary point conditions for the axions in the exact scalar
potential.'® To this end, we set for the complex parameters

z)\F

wr = |wple wy = |lwyle™, Ay = |Agle?te (6.11)

which allows us to determine that a solution to 0.,V =0 and 95,V = 0 is

s

<Co> =0, Ap—Ag= 5 aa<ﬁa>—)\a—|—)\F:ﬂ'. (6.12)
At this minimum, we have
Re {(wp + cowH)/_Lyei‘ﬂT”] = —|wp||A,le” 7,
Im {wHAvemﬂ/TW} = _’wHHAﬂeiawow )
Re [A, Ao i@ TrHia Te] — |4, |Aq|em"orm0%00. (6.13)

Similarly, it is easy to see that 9y« V' = 0 is solved by (see also section 6.4)
(kaapb®) =0 (6.14)

which is again solved for e.g. (b*) = 0 Va. Below, we derive an exact expression for the
Hessian at these non-SUSY minima for the NS-NS axions *. By studying the simplest
LVS set-up with an arbitrary number of odd moduli, we show that tachyons can be avoided
in most instances which needs to be contrasted with the tachyonic no-go of [44] for SUSY

minima.

6While this is a self consistent class of solutions, there can be other sets of solutions for the axions pq.
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6.3 A tree level superpotential from the non-geometric fluxes

At tree level, there can be several possibilities to induce the Kédhler moduli dependent pieces
in the scalar potential, especially after including non-geometric fluxes [25, 26, 29, 32, 33, 55].
To illustrate the form of the axionic potential V' (b*) let us consider a superpotential of the
following form,

Wo = wr(U") + Swg(UY), Wi =Q*(U"T,, (6.15)

where Q% can generically depend on the complex structure or axio-dilaton moduli, but we
ignore this dependence subsequently. Such a superpotential with a linear dependence on
the T,-moduli naturally arises in non-geometric flux compactifications [26, 29, 31, 55, 57],
and their S-dual completions can also induce some (ST,)-type superpotential cou-
plings [27, 32, 55, 56, 89]. Plugging the superpotential into (6.2), the F-term scalar poten-
tial reads

V=V +c* {pr + Swi +TaQ% + 71 Jwi|? + (11 ka + 72 ka)Re[wy Q7]

(71 ko + 72 ko) (71 kg + 72 /‘%’)) Toli

4.5 b3 1
@ S [e akaak
+0 (9ygﬁ+sg _ s

(6.16)
—4sIm[(wp + Swy + T, Q%) wy| — 4Im(T,) Im[(wp + Swy + TﬁQﬁ)Qa]} ,

The extremisation conditions for the b® are given as,

v .
e ©

2(’71 - 232) ]%acRe[wH @a] + o~ (3 gab (lg'aac l%ﬁb + I%aa fgﬁbc)

kac(71 kg + 12 kg) + (7 ko + 72 k) kpe\ =8
+ 5 Q

— 45 ko Im[(wp + Swy + T3Q%) Q%] — 4sTm(Ty)ks. Re[Q° Q"]|.  (6.17)

Hence, I%aa = 0 is always a solution and, in particular, b8* = 0. Although there can be other
extrema, finding those analytically is a challenging task without specifying a particular

model. At the above stationary points, one finds that the Hessian'”

e Opade Vo = byea(25Tm[ Q) (@ + cop)|+2(m - 35) Re[Q W]
+ (25 +72) ka Re[g,@a]) + 25kyee G hiafaQ7Q" . (6.18)

From this expression, we deduce that the presence of tachyons is determined by the in-
tersection numbers f%cd which are highly model dependent. Once an explicit model is
specified, eq. (6.18) is readily applicable to derive the mass contribution to the b* axions.
Again, our analysis shows that, in order to (partially) fix the odd moduli, in particular the
b® axions, a superpotential dependence on G®-moduli is no prerequisite and the presence
of T, moduli could do the job.

7The expression (6.18) can easily be determined from our general expression (6.23) for the Hessian to
be derived below.
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6.4 Tachyons in SUSY and non-SUSY odd moduli stabilisation

An imperative question concerns the stabilisation of NS-NS axions 4% in the absence of a
G*-dependent superpotential. It is a well-known fact that each unfixed axion in a SUSY
AdS minimum comes with a tachyonic superpartner [44]. The situation for non-SUSY
minima is far from clear, see however [11] for earlier attempts. Below, we derive a general
expression for the Hessian for b%-axions for general T,-dependent superpotentials which is
afterwards applied to two separate set-ups, namely SUSY AdS minima reproducing [44]
and non-SUSY minima from non-perturbative superpotentials of section 6.2.

In what follows, we work in the basis of {t*,b%, pn, "} so that e.g. Opa K = 0. Further,
we assume that the superpotential is of the form (6.1) ignoring the U’ and S dependence in
Wy = W1 (Ty) for simplicity. Since the b* dependence in V' is given as in (6.6), we can write

OpeV = 2];:76 8’%‘/ + (];‘fyec/%gf + lzi,ye/;?gfc> 8}(76”‘/ . (6.19)

~

Clearly, k.. = 0 is a solution of 9ycV = 0 which can be solved for b = 0. Then we obtain
for the Hessian

abdabcv =S 2]A’€wcd 8%‘/ + 4]2‘761235,1 3];6 OEWV + Q/EIWCd(abdK)\egf) 6,;78;@5”1/

+ (]Af'yecl%éfd + l%'yed]%éfc) aKW(;fV + (ach,ye(;f)(8bdK)\gph)aK/\gph8Kwe§fV
+ 2k (Obe Kyes ) (O, 0o, V) (6.20)

At the minimum kae = 0, we are left with

OOV |, o = 2rea Oy Vi, o+ 25 kreiethsyiy 9 (W)r, W)z li, o (6:21)

To continue, we use (2.5) to find

~ 7 A s
To=paty (sha—ka) = O W=T0nW. (6.22)
Using our result (6.4), the Hessian can be written as
G_K abdach|]A€aa:0 = ];'»ycd{251m[(Wl)T7W]+2(')’1 — 282) Re[(Wl)TV (W(])g]
+ (25 + ’YQ) ke, Re[(Wl)Tw (Wl)fa]

4y2gaﬂ ’Y%kakﬂ TN
_25< o ) (W) g, g, (W)

— 25 ko Re[W(Wh)g 7. ] + 872 ka Im[(Wo)s W)z, 7] }

+ 28/;376(C|/;:5f|d)g€f (W1)Tﬂ/ (Wl)fa . (6.23)

Up to this point, we have not made any assumptions about the VEVs for the other moduli
which typically cannot be solved for analytically. Nonetheless, we can apply (6.23) to
special scenarios that allow us to fix certain subsets of fields exactly.
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SUSY minima. As a first test of our result, we look at the supersymmetric case where
for (W) #0
Wr,=-Kr, W, Wg=-KsW, Kg«=0. (6.24)

Then, one verifies that

426, Fkok T A
2 ( y9g S e ﬁ) (Wi, r, W)z, | = 2ska Re[W(Wi)z 7. | (6.25)

— 572 ko Im[(Wo)g W)z 7]

The remaining terms in (6.23) simplify to

~ 35 é f}/2 BV A A sg@‘f
2 K
(OpaOpe V)susy = 2|W|%e {kcd[w -3 <1 - 2y> o + 72 43,2} tkeck fq 43}2}

16s

= —7gcd|rm_ufp|2 (6.26)

in terms of the Breitenlohner-Freedman bound*® [94]
9
impr|? = Z\W|2e’c. (6.27)

Since G.q is positive definite, we find pbt tachyonic directions in agreement with [44].
This is because each unstabilised axion, here ¢%, comes with a tachyonic superpartner in a
SUSY AdS vacuum. Clearly, this no-go result is generically avoided once non-perturbative
effects in K are included that lift the flat directions. Similarly, explicit G®-dependent
superpotentials lead to a potential for ¢* that break the continuous shift symmetry as
discussed in section 7.

Non-SUSY minima for non-perturbative superpotentials. For SUSY breaking
minima, making any statements for general superpotentials seems impossible. To continue,
we make the convenient ansatz (6.8) for non-perturbative E3/D7 superpotentials treating
the A, again as constant numbers. In this case, we obtain

2]2:70(7[ 8,%VV|]%M:0 = e’ccﬂl;:,ycd{% [-14+a” k] Re {(wp + cowH)flyei‘ﬂT”] (6.28)

_ (252 (14+a"ky)+sy2(2+a” k’y)) Im [wH/_Lyei‘ﬂif}

4Y2 G, N V3 ky ka
9 dm

+ 28a'yao< < ) Re [A’yzae—ia’VT.y-l—iaaTa}

+ (—25 (1+a"ky —a%ka) + 72 kaaa) Re [Aazfye—ia“Ta-I-ia’YT,y] } ‘

8More generally, the Breitenlohner-Freedman bound asserts stability of the AdS vacuum provided fluc-
tuations of scalar fields satisfy

D=t 32y - 9 kg
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Using the VEVs (6.12) for the ¢y and g, axions, the Hessian can be written as

(75400 V Yasions = =507 kreal Ay ™ {2 [ 14 a7 by |wp]
~ (25 (1+aky) + 72 (2+ 0" k) [wa|}

- o (8% Gy | 3 kyka
+a7{2k7cd8a'ya ( 97 + 4;1

+ l%wcd ( —25(1+a"ky — a%ka) + 72 /{:aao‘>

+ 450k (G ko fia) } A, | |[Ay|e” @ om0 (6.29)

where (.. .)axions implies setting the axions to their VEVs. This exact result determines the
Hessian for the b*-axions, thereby generalising the approximate expression in [11]. Notice
that we have not made any assumptions about the minimum of the t* or s which typically

need to be determined numerically.

Simplest LVS set-up with arbitrary ', To extract more information from (6.29),
we look at the simplest set-up with rbt =2 and arbitrary hY! and restrict to the leading
order contributions in a volume expansion. For the volume at the minimum l;:aa = 0 for
the b® axions, we can write

V= (Klll(t1)3 + /{222(152)3) = d17'13/2 - d27’23/2 (6.30)

| =

in terms of

V2 g V2 (6.31)

= ) 2 .
3\/Ri11 3v/k222

One then obtains the following relations

di

a 1

279 2\/T2
T2 2 2 25 Koo ) 22 K222 3d2 ( )

Recall from (5.18) that the leading order SUSY conditions for S imply
4(s)? lwg]? = [Wo|? = 4|wr|*. (6.33)

Clearly, (s) is corrected by terms suppressed in the volume which we ignore for the moment.
In the limit €5 = ﬁ < 1 and V > 1, the minimum for the Kéhler moduli is determined
by [5]

y — 3d2 /2 (L= 462) WAl oy, 3d2y/T2 WOl osr, (6.34)
das(1—€3) | Ag day  |Ag]

£ do(l—4es) 390 3/2

2 N (1 — 62)2 Ty = dQTQ : (635)
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Altogether, (6.29) becomes, after ignoring terms ~ -9 as well as taking care of the last
term in the last line,

~ 3d2\/5‘W0‘2eK 2[1 + 0/27_2]+ O(Vﬁl) I%Iab =0Va,b

OpaOpe V| = kocq R (6.36)
P Thaa=0 R 4V [1 4 2a57m)+ O(V=Y3)  foyg #0.
To identify potential tachyons at the vacuum, we recall that
Eyeat® + Eoeat?

4y

must be positive definite as a proper metric where ¢! > 0 and t?> < 0. In general, we thus
expect:

o if kyog =0 for all ¢, d, then koeq > 0 is positive definite and hence no tachyons.

o if fflcd # 0 for some c,d, then l%gcd > 0 and l%gcd < 0 are allowed since there is
no restriction coming from demanding G.q > 0. In this case, tachyons can appear
depending on the model’s intersection structure with their number being determined
by the number of negative eigenvalues of koed.

As a final comment, we stress that the statements and results derived in this section are
applicable specifically to AdSy vacua considering only F-term contributions. Thus far, we
neglected both uplifting contributions to dS4 minima as well as D-term scalar potentials.
Generically, at least the former are independent of odd axions ¢* and b* when written in
terms of volume moduli which is why we expect the above analysis to easily extend to
scenarios with de Sitter uplifts. In the presence of chiral matter on e.g. D7/D3-branes,
the associated D-term contributions [19, 95] can have an induced dependence on both T,
and G%, see e.g. [20]. Given that such effects are highly model dependent, we refrained
from adding them to our present considerations, albeit it should be straight forward once
a particular background configuration has been established.

7 Analysing the scalar potential for W = W (U%, S, T, G%)

In our previous considerations, the R-R axions ¢® are never stabilised as no scalar poten-
tial is generated when the superpotential is independent of G®. In such cases, the shift
symmetry of the ¢® axions protects the flatness. In this section, we discuss superpotentials
W = W(G?*) which are suitable for stabilising all moduli simultaneously. We present a
form of the scalar potential which can be applied to specific models by merely giving the
inputs of a superpotential depend on all moduli.

We define the superpotential

W =Wy(U%, S) + Wi (U, S, T, G%) (7.1)

19Gimilar results for the Hessian for LVS models with k' = 2 were previously obtained in [16]. Notice
though that in the convention of [16] an additional minus sign is introduced in (6.36).
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where Wy might be associated with the 3-form flux background, whereas W; can arise from
D5-instantons or fluxed E3-instantons. Depending on the microscopic details, the T, and
G dependence in W7 might decouple, at least at leading order in some instanton expansion.
From our master formula (4.5), we have already derived the most general expression for
the F-term scalar potential (4.28). In the remainder of this section, we apply this result
to explicit superpotentials.

7.1 Geometric flux superpotential

At the tree level, there can be several possibilities to induce the Kéahler moduli dependence
along with the odd moduli in the scalar potential, especially after including (non-)geometric
fluxes [25, 26, 29, 32, 33, 55, 96]. We initially consider the following ansatz for the super-
potential with an explicit dependence on the odd moduli G¢,

oWy

W1(GY) = U, G o

= U,. (7.2)

where U, is quantity which depends on the metric flux,?’ and can generically depend on
the complex structure moduli as well. However, we take U, to be some complex number
for now. Subsequently the scalar potential becomes,

V(b“,c“):e’c(l |W!2+U (sG* 4+ b"t") Ty — 4sb“1m[WUa]>. (7.3)

Therefore, the simplified scalar potential is a quadratic function of 6* and ¢* moduli taking
the following form,

1
V(ba,éa) =46 [a abc + &P, +4’Y1ba77abbb—ba Qa+7)0:| (7.4)

where we assume that complex structure is fixed (i.e., Wy = const.). We further use the
redefined combination of the ¢* axion é* = ¢* + ¢ b® (recall (2.6)), along with (setting
£ = 0 for convenience)

Pap = Re(Ua) Re(Up) + Im(Uq) Im(Uy), (7.5)
Pu = 2Re(Wo)Re(By) + 2 Im(Wo)Im(Uy),
Q, = sRe(Wp)Im(U,) — s Im(Wy)Re(U,),

)

&
Po = Re(Wp)? + Im(Wy)? + ZRe(Ua G Re(U5) + ZIm(Ua) G ITm(U5y).

All the quantities Pgyp, Pa, Qo and Py are independent of the odd axions {b%,c¢*}. The
exremisation of the potential with respect to the {b% é*} axions results in the following
conditions,

1
Po+ 2Py’ =0, Q, — 3 Y1 Papb* =0, (7.6)

20Not all the components of geometric fluxes are allowed as the same are constrained by a set of quadratic
flux constraints coming from the NS-NS Bianchi identities [26, 96].
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which leads to

(V%) = —4er {—i(é“} Po + % (bY) Q4 — 730] : (7.7)

With the choice of variables {b%,¢%}, the Hessian turns out to be block diagonal, and Vj;
evaluated at the extremum reads

0’V K 0%V K
<aéaaéb> = 8€ Pab, <8b‘18bb> = 2’71@ Pab- (78)

For the current “two-field” analysis using {b%, ¢*} let us have some leading order estimates
for the axion decay constants so that we could have some estimates for the axionic masses
as well. For that purpose we consider,

a b 1 RF YO GOOME
KGaaauG 8#Gb = ifab (8“[) aﬂbb + 8/‘C 8“01)) (79)

where

2gab + 9gaﬂf€o¢akﬂb ~ 2gab

b = sb®, & =c"+cpb®, fau=2K = ~ . (7.10)
S

GeGb s 2y2
This results in a leading order decay constant matrix of the following form,

2 gab

fbabb - 2 Sgab’ fCaCb - s

(7.11)

Using (7.8) and recall that for the tree level Kihler potential v; = 4 52, and subsequently
the b* axions turn out to be the massive as compared to the ¢* axions,

2
mba 2 1
=(s)"=—< 7.12
2, (s) pe (7.12)

However, if one works with a field b* = sb%, and then this two field dynamics shows that
the masses of ¢@ and b® remain the same. This is well anticipated given that the source
of the shift symmetry breaking for both the axions {b%,¢%} is the same coupling in the
superpotential, W7 = U, G® This observation about the “no mass-splitting” for the ¢*
and b* = sb” fields at tree level is on the same footing in the canonical normalisation, and
needs to be checked in generic scenarios when more moduli are part of the dynamics!

Similar to the two-field analysis of the axio-dilaton {cg, s} in section 5.3, the BBHL
correction can induce some mass-splitting among the odd axions which reads

mi, 1, 1 3¢
mi, 1V g (” 4<v—é>> ' 1

C S
Given that the deviation is suppressed by powers of the volume, this mechanism does not

allow for mass hierarchies between the ¢@ and b® axions. Nevertheless, let us mention
that the b* axions are always heavier than the c* axions by the appearance of the string
coupling.

40 —



7.2 Db5-brane gaugino condensates

A second source of G%-dependent contributions to the superpotential is generated by gaug-
ino condensation on spacetime filling D5-branes or ED1-brane instantons wrapping internal
2-cycles [10, 16, 45, 82]. However, contrary to the case of D5/ED1-contributions to the
Kahler potential, it remains unclear whether such effects can actually be generated in the
superpotential since they survive the limits V — oo and gs; — 0 contrary to general expec-
tations [52]. Nonetheless, let us assume that such effects from D5-branes are generated in
which case the superpotential is given by

W1 (G®) = Belm " (7.14)

where we treat B as well as Wy as some complex numbers. Then, the scalar potential
becomes (setting & = 0)

V(b ) = ek <4|VV|2 + ngnp (5 G 4 41 b bb) Wi|? + 45 banaRe(WW1)> . (7.15)

Assuming that B = |Ble®* and Wy = [Wyle?? we have the following form of the scalar
potential,

V(e 6% = 46k [|WO|2 1B [Wo| ™Y (2 + sng b%) cos|naé® + A — 0]

a B 2 a
+ |B2e25mab" (1 4 snq b%) + ’4| (S G 4y b° bb) ngnye 25mab" | (7.16)

where the ¢* axions appears as an oscillatory function, while the b* axions also have expo-
nentially suppressed contributions. Assuming |B| # 0, the two extremising conditions are

given as,
(1). g (2+ snyb°) sin[nye® + X — 0] =0, (7.17)
(i7). m (1 + snpb°) cos[ne® + A — 0] + na(1 + 2 sn,.b°)
+ % <s (chnbnc) + % (nbbb) (smb® — 1)) =0.

For n, # 0, we find the solutions?!

np(e®) + A — 60 =nx (7.18)
so that
‘B|e_snbbb _ _4’WO| (1 +3nbbb)(_1)n (7 19)
2(1 + 2 sn.b%) + (s G + 41 b* bP) ngny, — ﬂ(nbbb)
S
21'We can also have e.g. sny b® = —2 which however leads to (02¢0,a V) = 0 which is not a proper minimum

of the potential.
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The Hessian is given by

Dsc0paV = —dneng e | B| |[Wo| e 5% (2 4 514 b?) cos[ngé® + X — 6],
s3na b® 6éc86dV
2 + sn, b®

+ (s G + 457 b bb) Ng nb} e 2smab® (7.20)

OpeOpaV = — +4s*n.ny e’C|B|2 {2 — 45t ny

At leading order ignoring &, we set y; = 452 in (7.19) so that

x 8IWol? (1 + 5715 b°) (2 + 514 b)
2+ (sG% + 452 b2 ) n,my,
2 (00 V)
[2 4 (sG% + 452 b9 bb) g np) (2 + sng bY)

(0pc 0, V) = neng e

(Ope0pa V') = [4 + 25G%n,ny,

— 6sbng + sbn, (452bbbC + sgbc) nbnc} (7.21)

where in both expressions (...) for the VEVs is implicitly used for s and b*. Hence

<abc 8bd V>

b ny(1 + sbnq
_ 8sb” np(1 + sb%ng,) ] (7.92)

S —— 2 —
(0pc0sa V') s [1 [2 + (s G + 452 b2 bb) ngnp] (2 + sb®ng)

At b* = 0, the r.h.s. reduces to s? as expected, though b% = 0 generically does not solve
the condition (7.19). Away from b* = 0, the mass splitting is at most polynomial in b®.
Including the BBHL correction systematically as in section 5.3 leads to additional correc-
tions which are, however, suppressed by additional powers of the volume. For convenience,
we neglected any T,-dependence in the superpotential which contributes further terms to
Ope0pa V' as previously determined in (6.29). Even though this certainly induces a mass
splitting between the b® and ¢é* axions, it is unclear whether this is always sufficient to
engineer mass hierarchies, though this has been observed in many instances via suitable
arrangements of the n, [16, 82, 97].

Before we continue, we collect a final formula including an even moduli dependence as
in (6.8). Indeed, a general superpotential will include non-perturbative sources from D7-,
D5- and D3-branes in which case

hyt nb!
W =wp + Swy + Y Age0 o 4 > Belnat" (7.23)
a=1 a=1

As discussed in section 6.2, we ignore any U’ or S dependence in both prefactors A, and
B,. Plugging (7.23) into (4.5), we find

V = ypert 4 ol 4 /P2 + 1745 (724)
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where VPert Pl 1/1P2 are defined in (6.10) and where

nht
VG =k Z 2(1+ 2sbng,) Re[(wp + cowH)Bae_maGa}
a=1
-2 [S + b%ny, (252 + 71)} Im [wHBae_i"“éa] (7.25)
Rl
— . o i b
+ Z By By Gt mimG (1 + 2s(b%nq + bbnb) + Ngmp [s G 4 o] b“bbD
b=1

it
+ Z (2(1 + a® (ko — skq)) + 4sb%ng
a=1

—a®ng (258G ko + (11 ko + 72 ko) B Re[AyByeiaTa=inaG"1 L
a[ ab ('71 e Y2 a) } [ abDg }

Again, the scalar potential is known exactly without resorting to any small coupling or
large volume expansion. Given the way the ¢* enter the potential, we notice that (6.12)
still provides a solution of the stationary point conditions for ¢y and p, provided

By = |Bale®®, 1y () + 0, +\p =7. (7.26)

However, solving the stationary point conditions for the NS-NS axions b* analytically is
challenging as can already be seen from the simplified situation (7.19) above. This is similar
to determining the VEVs for the 4-cycle volumes in LVS for which analytic solutions can
only be obtained in the large volume limit.

7.3 Fluxed E3-instanton superpotential

Another possibility to induce an explicit G* dependence in the scalar potential is through
non-perturbative effects arising from the fluxed E3-instantons or via gaugino-condensation
effects with magnetised-branes [13, 45, 46]. By modularity arguments, the non-perturbative
superpotential from fluxed D3/D7-instantons wrapping divisors D needs to have the fol-
lowing form [45]
Wip(S,G*, To) =Y Ap©p(S,G*) e mr" T, (7.27)
E

Here, Ap denotes the 1-loop determinant for fluctuations around the instanton, which only
depends on the complex structure moduli and the D7-brane deformations. Further, we can
write the modular function as

Op(S,G) = s ¢idea " (7.28)
FE
in terms of the flux dependent quantities

UBa = kaap % Fh, Bp= % {ch Fg+27m Fp A .7-"}3] . (7.29)

Dg
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The gauge flux F is separated into the components F from pulling back bulk 2-forms onto
the brane and variable flux F}, supported only on 2-cycles inside Dg [46]. The sum over
admissible gauge flux in (7.28) is such that the functions © (S, G*) become appropriate
holomorphic Jacobi forms which can be computed in particular limits in moduli space [45].

It is straight forward to plug the superpotential into the scalar potential (4.28) which
will be analysed in an upcoming publication [98]. Here, we simply point out that the form
of Op in (7.28) is such that contributions to the mass of R-R axions ¢* are exponentially
suppressed by e P25, At small string coupling g, = (s)7!, one thus expects to obtain
mass hierarchies between the ¢* and b axions since the later receive further mass contri-
butions from the inverse Kéhler metric as computed in (6.29); a fact that has already been
appreciated in [10]. This observation motivates further exploring the phenomenological
implications of such scenarios which potentially open up new avenues towards inflation in
string theory.

8 Phenomenological implications

Axions are ubiquitous in string compactifications borrowing their shift symmetries from
the gauge redundancies of p-form fields in the higher-dimensional theories. Generic models
are expected to contain of O(10 — 100) axionic fields [24, 99-101] making them highly
attractive for model building purposes. In fact, the rich cosmology of axions [102] makes
them the perfect target for the study of phenomenological implications of string theory,
see e.g. [10, 103-108].

The results of the previous sections provide a systematic approach to computing the
exact F-term scalar potentials for general N/ = 1 CY orientifold compactifications and ar-
bitrary superpotentials. From a phenomenological point of view, this is desirable because
it enables us to derive simple conditions for stabilising moduli and for avoiding tachyonic
directions that, whenever analytic methods cease to work, can easily be implemented on a
computer. Further, the precise notion of sub-leading terms in the volume and string cou-
pling is necessary to have proper control over inflationary potentials. This is of particular
relevance for models of fibre inflation [86] or poly-instanton inflation [109, 110] where the
scalar potential pieces determining the minimum are suppressed by V™% with & > 3.

In our analysis, we were mostly concerned with the general dependence of scalar po-
tentials on odd axions b and ¢%, especially due to their outstanding role in cosmological
model building such as in axion monodromy [6, 7]. The basic idea in axion monodromy is
the breaking of the discrete shift symmetry of axions by branes or fluxes in order to obtain a
sequence of non-periodic branches. Despite initial efforts in describing moduli stabilisation
in these set-ups [7], a systematic understanding still remains a key challenge where our re-
sults provide the golden opportunity to make significant progress in future endeavours [98].
More generally, a variety of inflationary models could benefit from our novel insights such
as those based on alignment and hierarchical mixing of odd axions [15, 16, 82, 97] or more
recent set-ups like harmonic hybrid inflation [18]. On top of that, the plethora of poten-
tially ultra-light axion-like particles in our set-ups may have direct applications to stringy
realisations of Dark Matter [111], Dark Radiation [112-115], Dark Energy [116-121], as well
as astrophysics [122, 123]. We hope to come back to these questions in the near future.
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9 Conclusions and future directions

The quest for fully reliable string constructions with all moduli stabilised in well-controlled
de Sitter minima in synergy with realistic particle phenomenology and cosmology remains
to large extent unfulfilled. A key obstacle is the systematic derivation of vacuum structures
from A = 1 scalar potentials including (non-)perturbative corrections as well as additional
discrete parameters such as fluxes and triple intersection numbers. In this article, we
made substantial progress in this direction by computing explicit and exact expressions for
o/- and gs-corrected F-term scalar potentials without having to utilise any additional 4D
approximation. Further, we revisited several issues pertaining to the stabilisation of odd
moduli for which our observations provide a much sought after unifying framework.

The main results of this paper are the three master formulae for ' = 1 F-term scalar
potentials derived in section 4.1 which are perfectly suited for stabilising closed string mod-
uli in general type IIB CY orientifold compactifications. These were obtained from exact
identities for derivatives of the Kéhler potential and, in particular, for the inverse Kéahler
metric at higher order in the o’ expansion using the tree level (o/)? effects of [38]. Further,
we touched upon higher order corrections in the closed string loop and non-perturbative D-
instanton expansion. Both are dictated by SL(2,Z) invariance of the 10D Einstein frame
action through appropriate modular forms where in orientifold backgrounds a subgroup
I's C SL(2,Z) is expected to survive as a symmetry of the 4D effective action [45]. We
showed that even in this case, closed expressions for the inverse Kéhler metric can be
obtained giving rise to a compact formula for the F-term scalar potential.

The remainder of this paper was concerned with studying the nature of the scalar
potential for a variety of different superpotentials. In the simplest case of the GVW super-
potential W (U?, S) depending only on complex structure moduli U? and the axio-dilaton
S, we showed explicitly that the scalar potential is independent of the b* axions. This is of
course expected in the absence of non-perturbative effects where the axionic shift symme-
tries are left untouched. In addition, we briefly elaborated on splitting the masses of the
universal axion ¢y and the dilaton s through the BBHL correction.

In the presence of an explicit T}, dependence in the superpotential W(U?, S, T,), the
NS-NS axions b* are explicitly featured in the scalar potential. We derived a general form
of the F-term scalar potential for both non-perturbative effects from D3-/D7-branes gen-
eralising the results of [47] and non-geometric fluxes. We illustrated the effectiveness of
our results by deriving closed expressions for the Hessian for 6% axions. For SUSY minima,
we reproduced the results of [44] where each unfixed R-R axion ¢* has an associated tachy-
onic superpartner b. In the non-SUSY case, we formulated conditions on the intersection
structure determining the presence and number of potential tachyonic directions.

Subsequently, we provided all the necessary tools to extract the F-term scalar poten-
tial for arbitrary superpotentials W (U?, S, T,,G®). This is of paramount importance for
advancing our understanding of moduli stabilisation in generic set-ups with pbt #0. In
this context, our results have direct applications to inflationary models based on odd ax-
ions, in particular axion monodromy [6, 7]. We derived explicit expressions for geometric
flux and non-perturbative D5-gaugino superpotentials. A particularly promising class of
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superpotentials from fluxed D3/D7-branes capable of inducing mass hierarchies between
the NS-NS and R-R axions will be discussed in a forthcoming publication [98].

In the present work, we restricted mostly to perturbative corrections to the Kéhler
potential arising from tree level (a')3-effects in 10D. Hence, the stabilisation of the Co-
axions has been sourced by superpotential contributions only. However, there is another
possibility of stabilising odd moduli via worldsheet-instanton corrections to the Kéhler
potential [124]. The modular completion of such corrections results in a modified expression
for the volume ) featured in the Kéhler potential (2.11) given by [45]

y:V+%fo(5,§) _44(S,5,G%,C"). (9.1)
Here fo(S,S) is defined in (3.28) and
e — 3/2 k(Ge - G"
a a 0 S a( ) B a

- A Bal> =7 ) 2

9(S,5,G*,G") Z ng ]n—i—mS\?’COS (n+ Sm) S mk, G (9.2)
BeH; (X,Z)
(n,m)#(0,0)

in terms of integer genus zero Gopakumar-Vafa invariants n% [69, 70] and k2 = [ 5 V" for
a basis v € H2(X,7Z). Thus far, we limited ourselves to considering the fy(S,S) piece
without including the (modular completed version of the) worldsheet and D1-instanton
effects encoded in g(S, S, G“,aa). Similarly, given that worldsheet instantons such as the
one in (3.4) have received a lot of attention recently, see in particular [93, 125], it would be
desirable to add these corrections in our general formalism. As in the case of fy, there exist
closed expressions for the derivatives of polylogarithms which should allow for a straight
forward generalisation of our framework.

Further, we focussed on analysing large complex structure pre-potentials which are
commonly studied in the literature due their relevance in the context of mirror symmetry.
However, the precise structure of pre-potentials highly depends on the monodromy symme-
tries and the additional data of the asymptotic regime in moduli space around which the
periods are being expanded, see in particular [64]. Recently, it was also suggested in [126]
that other types of boundaries in moduli space can lead to small flux superpotentials with
large mass hierarchies. It would thus be instructive to extend our general results to other
classes of pre-potentials.

Finally, let us stress again that we studied mostly AdS4 vacua ignoring additional
uplifting sources, D-terms as well as open string moduli. Clearly, these effects are critical
for the construction of fully explicit models including Standard Model sectors [127] and de
Sitter vacua from e.g. T-brane backgrounds [128]. Along the lines of [129-132], it would also
be interesting to explore the option of getting de Sitter from the sources already discussed
throughout the paper. Treating such contributions notoriously remains challenging, but
our results build a solid foundation towards finding de Sitter minima with fully stabilised
moduli in string theory.
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A Useful relations for intermediate computations

In section 3, we use the following identities

! o (A1)

_ i ap _ a8} _
Ost® = Jhak . Dont® = Sk ke, Opt® =g

to compute the derivatives of the Kéhler potential. Using the explicit expressions of the
Kahler derivatives in eq. (3.17) and of the inverse Kéhler metric in egs. (3.20)—(3.21), we
find the following useful relations,

Ko K5 = is (4V =€) (2v + 1€~ ko 5) TS
2(v=-£) (2v+9§ S
— ikgs? (aV—¢£ o
Kga K9 = (vé)<(2v+2) =~ Kge K€%,
is (/2;03 (5—41))—1851))
2(v-£) (2v+¢)
KSKS§b _ _z’sbb (4V—§) (203—2 (254— V))
2(v-§) (2v+¢€)
K KT _ is b (l;:oAS (41/—?)) st = K KT
(V=6 (2V+¢)
o KTT Rl (452+12:Os (41/—5) —8V2+22§v) e T
o 2(V-€) (2v+§) fo ’
Ko KT — i (4€ = kos +2V) (€ (3ks — shy ) + 45 Vhg) 5%
4(v=£§) (2v+¢§ s ’
Ko KT isko (€ (31%5 shs) +ilsv1%5) isks = K KT
2V -4) (2v + €)
1

_4(1/—5) (2v+£

sk (8€2 + kos (4V — ) — 16V + 26512)} = Ky KToTs. (A2)
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o
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In addition, one verifies that

- (4v-¢) (4é—l%os+2v)2
Kg K55 K = — —, (A.3)
1(v=-£) (§+2v)
K K5 K — os (4V—§A>A(4§i— 1%0522)/) Ko KOk
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Note that we utilised the shorthand notations given in eq. (3.15). Also we used ko =
kot = 6V and kot = ko = —4Y Gap b* b following from the definitions of moduli space
metrics in eq. (3.18).

In the context of two-step moduli stabilisation schemes, like KKLT and LVS, in which
the complex structure moduli (U?) and the axio-dilaton (S) are stabilised at the leading
order, while the Kédhler and odd moduli (7, and G*) are stabilised at subleading order,
the following identities are commonly used

GT, _ _ T\G"
KGa K KTQ — = KTa K Kéa ,

3v(452+4v2+£v) 2 52 (4 )—3612;05512

Vo) Ay (i)

3§(V2+7§V+§2)+k2 2( )—36k0£sv
(V-9 (E+2v) a(v-9(Er2y)

Here, the sum over indices A’ and B’ runs over the {T,,G%} chiral variables without the
axio-dilaton (5).

A'B’
Ko KYP Ky =

9

Ka KAP K —3 = (A.4)
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