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20 Abstract

23 The magnitude of the vacuum expectation value of the Gukov-Vafa-Witten superpotential |Wy| plays
a central role in the phenomenology of type IIB flux compactifications. Recent analytical constructions
have shown that perturbatively flat vacua can be used to obtain very low values of |Wy|. We present
57 systematic algorithms to carry out exhaustive numerical searches for such vacua. We also analyse them in
28 the statistical context, as part of the entire ensemble of type IIB flux vacua at low |Wp|. Our preliminary
29 analysis indicates that these perturbatively flat vacua are statistically sparse in the whole set of vacua at
30 low |Wy| as calculated by Denef and Douglas. Two-moduli examples are used to illustrate these more
31 general findings in specific settings. We find that these simple (two moduli) cases are good examples
for existence proofs but they do not feature a large statistical tuning freedom for phenomenological
applications.
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1 Introduction

Central to the venture of string phenomenology is to carry out explicit constructions of reliable vacua which
are phenomenologically viable. In this light, particularly attractive are type I1IB flux compactifications [1].
Here, the complex structure moduli and axio-dilaton can be stabilised by turning on background 3-form
fluxes. There are instead various scenarios for stabilising the Kidhler moduli (see for example [2H11]]). The
Standard Model can be realised on intersecting D-branes, branes at singularities or their F-theory generalisa-
tions [[12]]. Cosmic inflation can also be driven by either closed or open string moduli [[13}{14]]. Furthermore,
the large number of possibilities for choosing flux quanta leads to a multitude of solutions which can provide
a way to tune the parameters of the associated 4-dimensional effective theory [/15]/16].

Our understanding of the physics of type 1IB flux compactifications has been growing steadily. This
often involves the discovery of a novel class of solutions which have some desirable property needed for
the construction of string vacua. One such very interesting class has been discovered recently [[17]. These
vacua are in the large complex structure limit of the underlying Calabi-Yau of the compactification. They
correspond to choices of flux quanta that yield a Gukov-Vafa-Witten superpotential [[18]] which, when com-
puted using the perturbative part of the prepotential, is a degree-2 homogeneous polynomial in the complex
structure moduli and the axio-dilaton. As a result, at this level, these vacua have a flat direction and the ex-
pectation value of the Gukov-Vafa-Witten superpotential vanishes along the flat direction. Therefore, these
vacua have been dubbed ‘perturbatively flat’. The flat direction is lifted when non-perturbative corrections
to the prepotential are incorporated. With this, the Gukov-Vafa-Witten superpotential acquires a value which
is exponentially small (at weak string coupling).

This discovery is particularly interesting in the context of KKLT models [2]]. Defining as in [17]] the
vacuum expectation value of the Gukov-Vafa-Witten superpotential asE]

Wy = \/z(e’C/XGS AQ), (1.1)

'Unless otherwise stated, in this article we will follow all the conventions of [17].
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where K is the Kéhler potential for the complex structure moduli and axio-dilaton, G's is the complexified 3-
form flux, and €2 the holomorphic 3-form of the underlying (orientifolded) Calabi-Yau X, controlled KKLT
vacua require exponentially small values of |W0|E] This is effectively realised in perturbatively flat vacua
which feature |Wy| ~ e=27/(c9) < 1 at small string coupling g, < 1 (with ¢ € Q%). The paper [17]
presented an explicit choice of flux quanta in an orientifold of the Calabi-Yau obtained by considering a
degree-18 hypersurface in CPy 1 169, Which yielded [Wp| ~ 10~® (for earlier work on obtaining low
values of | Wy see for example [2021]). Not stopping at that, an explicit example with [y | as low as 10~
was presented in [22,23]]. Here, important advances were made in developing Kéhler moduli stabilisation
in this context. Furthermore, [24,25] extended the method to settings with a shrinking conifold modulus, an
essential ingredient of the KKLT construction for anti-brane uplifting. The generalisation to F-theory has
been considered in [26]].

Perturbatively flat vacua are important also for LVS recent explicit realisations of the Standard Model
with D3-branes at an orientifolded dPs singularity [27]]. In these constructions the cancellation of all D7-
charges and Freed-Witten anomalies forces the presence of a hidden D7-sector with non-zero gauge fluxes
which induce a T-brane background suitable for de Sitter uplifting [28]]. As can be seen from equations
(5.41) and (5.46) of [27] the T-brane contribution can give a leading order Minkowski vacuum if || takes
a form similar to the one typical of perturbative flat vacua since |Wy| ~ A; e~ 2™2/9s where \; and A,
are O(1) model-dependent coefficients which depend on microscopic quantities like the Calabi-Yau Euler
characteristic and intersection numbers, the number of blow-up modes, gauge flux quanta and the rank of
condensing gauge groups. Phenomenologically viable vacua with a de Sitter minimum and soft terms above
the TeV scale can requireﬂ |Wo| as small as [Wy| ~ 10713, All of these are significant developments in the
direction of explicit constructions of fully reliable de Sitter vacua in string theory.

Returning to a broader discussion, phenomenological requirements will invariably lead us to specific
subclasses of flux vacua (such as perturbatively flat vacua for low |[Wy|). As we continue to examine flux
vacua in detail, we will certainly discover many other interesting subclasses. Given a subclass of flux vacua,
there are two important questions that are natural to ask:

e How does the subclass fit within the larger ensemble of the full set of vacua? More specifically, what
can we say about the set from the point of view of the statistical approach to string phenomenology
[30534] (see [35H49] for studies in various settings in this context)?

e How can one carry out exhaustive searches which will allow us to have a complete understanding of
the vacua in this set (and their physics)?

The goal of this paper is to take the first steps and develop methods necessary to answer the above
questions in the context of perturbatively flat vacua. In the process, we hope to learn some lessons which
should be applicable to the study of any subclass. Apart from the general motivation, there are interesting
reasons to address both questions in the context of perturbatively flat vacua.

Usually, finding flux vacua requires solving a coupled set of equations involving the flux quanta and the
complex structure moduli. In the case of perturbatively flat vacua, there is considerable simplification. As
we will review below, to find vacua one just needs to solve a set of diophantine equations involving the flux
quanta (once solutions to this set are found, the vacuum expectation values of the complex structure moduli

’For a general discussion on the magnitude Wy in the context of moduli stabilisation and phenomenological implications,
see [[19] and references therein.

3Notice that very small values of |Wo| are not a necessary condition for T-brane uplifting since this depends crucially on the
model-dependent values of Ay and A2. In fact, [29]] found explicit LVS de Sitter models with |Wy| ~ O(1 — 10).
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are automatically determined by a simple analytic formula). Given this simplification, perturbatively flat
vacua are the ideal set to look at to develop methods for exhaustive searches for flux vacua.

As already mentioned, perturbatively flat vacua provide a natural way to construct KKLT models and
can be useful for effective T-brane uplifting in some LVS models. Thus, developing an understanding of
how they fit into the full set of flux vacua (in the statistical context) is important for obtaining the statistical
predictions for observables in these models. For instance, the analysis of [50,/51] implies that if |Wp| is
exponentially small in the dilaton in most vacua in a set, then the scale of supersymmetry breaking has a
logarithmic distribution. The above property is true for all perturbatively flat vacua. Therefore, gaining
an understanding of what fraction of the vacua at low || are perturbatively flat is central to determining
the distribution of the scale of supersymmetry breaking in KKLT models. The distribution of the scale of
supersymmetry breaking in the landscape is of course of much interest [52H57]].

Before closing the introduction, we would like to make some comments regarding the approach that this
article takes. Work on the search for flux vacua and their properties is a two step process - development
of methods and then extensive numerical scan through models. The focus of the present paper is on the
former. While we will make use of specific models to illustrate the methodsﬂ we will not be carrying out
any extensive numerical scans through models. In fact, we will often stop midway with the analysis of
particular models when the necessary point regarding the methods is made. We leave detailed numerical
scans of models for future work [58]].

This paper is organised as follows. In Sec. [2|we review the main ingredients of perturbatively flat vacua,
while in Sec. [3] we discuss their statistical significance. Sec. [ provides all the details of an algorithm to
perform exhaustive searches for perturbatively flat vacua for the case with 2 complex structure moduli. In
Sec. [5] we outline instead a more general search algorithm which is valid in principle to obtain perturba-
tively flat vacua for examples with any number of complex structure moduli (although the requirement of
computational resources grows with the number of complex structure moduli, this growth has the number
of complex structure moduli in an exponent). We present our conclusions and discuss our results in Sec.
[6l Some technical details regarding our numerical search for cases with 2 complex structure moduli are
summarised in App. [Al

2 A brief review of perturbatively flat vacua

In this section we first recapitulate some basic material on type IIB flux compactifications and then go on
to review [[17]]. Our discussion in the first part shall be primarily to set notation and will be quite brief. We
refer the reader to [1,/59-62] for further details.

Type 1IB flux compactifications have an internal manifold that is conformally an orientifolded Calabi-
Yau X. To describe these in the language of special geometry, one works with a symplectic basis for
H3(X,7Z), {Aq, B*} fora = 1,...,h"*(X) with A, N Ay = 0, A, N B® = §, and B> N B® = 0, and
projective coordinates on the complex structure moduli, U? (in what follows, we will take U° = 1). The
central object is the prepotential F, which is degree-2 and homogeneous in the projective coordinates. The

- (12)-(2)

The flux vectors F' and H are obtained by integrating the 3-form field strengths of the type IIB theory over

period vector is given by

*For this we will work with models with 2 complex structure moduli, keeping the numerics light.
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the A, and B, cycles

o F: . H.

g Jee s . H= Jpe Hs ) (2.2)
J A, 13 J A, Hs

Dirac quantisation conditions require that these are integer valued. The flux superpotential, which is pertur-

batively exact, is given by
W= /2(F-7H)".-%.1I, (2.3)

™

0 -1
E:(l 0)’ 2.4

is the symplectic matrix. The tree-level Kéhler potential (for the complex structure moduli and the axio-

where

dilaton) is
K=—In (—mf P H) —In(—i(r — 7)) . 2.5)

In the large complex structure limitE] the prepotential is a sum of perturbative terms which are at most
degree-3 and instanton corrections, i.e F(U) = Fper(U) + Finst(U) with

1 1
Fpert(U) = 2 Kap UUUC + 3 aU U 4 b, U + €, (2.6)
where K. are the triple intersection numbers of the mirror Calabi-Yau, a,; and b, are rational, and £ =
— 2%?;)‘3 , with x the Euler number of the Calabi-Yau. The instanton corrections are

1 wig-U
fmst(U)zmzzél@e? o, 2.7)
q

where the sum runs over effective curves in the mirror Calabi-Yau.

Supersymmetric vacua which have W = 0 at the perturbative level of the prepotential and also have a
flat direction were termed as perturbatively flat in [[17]. The basic idea of [[17] is that, when the instanton
corrections are incorporated, the flat direction is lifted and W acquires an exponentially small vacuum
expectation value. Furthermore, the paper provides an explicit algorithm to obtain perturbatively flat vacua,
which was stated in the form of a Lemma.

The statement of the Lemma is: if there is a pair (M, ff) € Z" x 7" satistying Nux = —%]\Zfﬁ < @p3
(Qp3 being the D3-charge tadpole bound), such that Ny, = Kyp. M€ is invertible, and KTN-'K =0, and
p=N ~1K lies in the Kihler cone of the mirror Calabi-Yau, and such that a,, M? and b, M® take on
values in integers; then there exists a choice of fluxes for which a perturbatively flat vacuum exists. The
perturbative F-flatness conditions are satisfied along the 1-dimensional subspace U= 7P, on which Wpey
vanishes. The Lemma is easily verified by taking the flux vectors to be

F=(M-b,M"-a,0,M") and H=(0,K",0,0). (2.8)

The above choice of the flux vectors is also the most general that leads to a superpotential that is a degree-2
homogenous polynomial in the (hi2 + 1) moduliﬂ Note that this guarantees that the F-flatness conditions
imply Wpere = 0, and also the existence of the flat direction.

3For detailed studies of flux vacua in the large complex structure limit see e.g. [63H69].
Degree-2 homogeneous flux superpotentials and associated flat directions in toroidal compactifications were discussed in [70]).
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As mentioned earlier, the flat direction is lifted by the non-perturbative terms in /. Choosing the axio-
dilaton to be the coordinate along the flat direction, the superpotential which is effectively generated looks
like

Weg (T)

V2 7

The above superpotential can lead to a controlled racetrack stabilisation if the two dominant instantons

Aq‘Mq_‘ 27

= M0y Finst = Z (272 2T (2.9)
q

(which we will call ¢1 and ¢5) satisfy p'- g1 ~ p'- ¢3. Furthermore, stabilisation at weak string coupling
requires that there is a hierarchy between the prefactors of the instantons. This amounts to a hierarchy in the
associated Gopakumar-Vafa invariants [71.[72].

3 Expectations from statistics

As discussed in the introduction, it is of much interest to develop an understanding of how perturbatively
flat vacua fit in the larger ensemble of type IIB flux vacua in the statistical sense. The question is central to
understanding the distribution of the scale of supersymmetry breaking for KKLT vacua [50]. Perturbatively
flat vacua are supersymmetric (even after the incorporation of instanton effects in the prepotential) and have
low values of |Wj|. The statistical properties of such vacua were derived in [32]. The number of such vacua
N with the value of [Wy|? below ), is given by an integral of a density over the moduli space[]

2 2m A*
N (N < Qo [Wof? < ) = ETLIT0 [ o ), G
where the density function is given by
2mm 12 g2 0 Zy
=—— " I(F) for I(F)= [ d® Ze %" |det P 3.2
§) = g ) for 1) = [ @ ze e ()T E 6

withm = b + 1 (hl_’2 being the number of complex structure moduli). The d>™z integration runs over
the 2m-dimensional space of the complex structure moduli and the axio-dilaton and it involves its metric.
Frji are components of triple derivatives of the prepotential expressed in a local frame. The integration
variables Z; are related to derivatives of the flux superpotential, but can be thought of as dummy integration
variables for the purposes of computation of (F).

Now, let us turn to examining perturbatively flat vacua in this context. For this, we will exploit universal
properties of these vacua. A striking property of these vacua is that for all of them, at their minima

U =rp, (3.3)

where the vector p'is real and has all positive entries. The real parts of U are axionic. Thus, after the axions
are brought to their fundamental domain, the relations in (3.3) will continue to hold modulo factors of in-
tegers. Therefore, the solutions under consideration are contained in a subspace of the moduli space which
is isomorphic to M, X (RJF)hl*’Q. Given that perturbatively flat vacua are a subset of the set of all solutions
satisfying (3.3)), a necessary criterion for them to have statistical significance is that the set of all solutions
on the subspace have statistical significance. This question can be examined from the point of view of
the densities of [[32]. Here, the continuous flux approximation was taken, correspondingly for the discussion

at hand, one can imagine that the vector p can be dialed continuously, sweeping out essentially the entirety

"In the discussion below, we translate the results of [32] and report them in the conventions of [|17].
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of the Kéhler cone of the mirror-CY. Notice that the entire moduli space is 2 (hl_’z + 1) -dimensional, while

the subspace described by is only <h£2 + 2) -dimensional. Since the subspace is of lower di-
mensionality than the entire moduli space, and the densities are smooth function on the entire moduli space,
even the set of all vacua on this subspace are not expected to be of statistical significance, implying the same
for perturbatively flat vacua. Hence perturbatively flat vacua are expected to be statistically sparse in the
set of flux vacua with low |IWy| as given by the distribution from [32]] which already gives a much smaller
number of vacua with respect to cases with |IWy| ~ O(1 — 10) since is linear in A, implying (at fixed
Qp3) N (|[Wo|* < M) /N ([Wol* < 1) ~ A..

Notice that comparisons in [32]] of results of explicit searches to the predictions making use of densities
did show local fluctuations (such as overdensities and voids) but these were local effects not having any
effect on the overall statistical predictions. It is however important to check if the distributions of [32]
are peaked along the space described by (3.3). Consider the subspace in which the axio-dilaton is purely
imaginary. Being on (3.3)), then implies that U® are also purely imaginary. The densities of [32]] can be
expressed in terms of the Kéhler potential, the metric on the moduli space and triple derivatives of the
prepotential F7;x. For the perturbative part of the prepotential (which dominates in the large complex
structure limit), all the above quantities are independent of the real part of U®. Thus the densities are also
independent of the real part of U®. Therefore, at fixed purely imaginary axio-dilaton, moving away from
the locus by switching on a non-zero real part of U® does not lead to a fall in the value of the density.
Similar considerations also apply when the axio-dilaton is not purely imaginary.

We would like to close this section with a cautionary remark. The diagnostics presented here relies on
the fact that the basic reasoning of [[32] is valid, i.e. that the space of flux vacua of a given compactification
can be described by smooth density functions obtained by replacing sums over flux quanta by integrals. The
reasoning of [32]] is based on the general theorems in [88]] . If for some reason this fails in some cases at hand,
the diagnostics would be irrelevant and there could be a high density of vacua localised in the (hi2 + 2) -
dimensional subspace of the moduli space for |I¥;| below a certain value (in contradiction with the general
reasoning of [32]]). Next, we turn our discussion of setting up exhaustive searches for perturbatively flat
vacua, which is crucial for developing a full understanding of their explicit properties.

4 Exhaustive search with two moduli

4.1 The CP ;69 example

In this section we describe algorithms for carrying out exhaustive searches for perturbatively flat vacua in
Calabi-Yau threefolds with 2 complex structure moduli. As mentioned in the introduction, even if this paper
intends mainly to focus on methods for searches of flux vacua, for completeness we will present an explicit
example in full detail. We do so by looking at the degree-18 hypersurface in CPj; 1 1 69 used in [17] (studied
in the context of mirror symmetry in [[73]]).

We begin by recalling some basic facts about the Calabi-Yau and some details of the analysis of [[17].
The Calabi-Yau has 272 complex structure moduli but has a G = Zg X Zi3 symmetry. By considering
G-invariant fluxes, a solution found in truncation to G-singlets is guaranteed to lift to a solution of the full
theory (see [20]). Thus the stabilisation problem is effectively reduced to a 2-moduli one. The relevant
geometric data are

1/9 3 - 1 (17
Kii1 =9, Kuz2=3, K , a=g (3 0) ; 1 (6) ; 4.1
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and the instanton corrections are

(270)° Finst = F1 + Fa 4 -+, (4.2)

F1 = -540 q1 — 3QQ s (43)
1215 45

Fo=——5—al +1080q1g2 + = g3, (44)

where ¢, = exp(2miU®) with a € {1,2}. We consider the orientifold involution described in [74] which
yields a D3-charge QQps = 138.
Making use of @I)), the condition KT N~1K = 0 gives

ot MPE? (2K - 3K?)
- (K'—3K?)?

- ! K!'-3K?% [(-K?/K!
U:r@?) _ T - 8K) = ) ( 1/ ) . 4.6)
M

K)

M= <_16> . K= ( 3) , 4.7)
50 —4

meets all the conditions of the Lemma and the flat direction can be lifted by the inclusion of non-perturbative

) (4.5)

and the flat direction is

The following choice of the vectors (

terms.
In the large complex structure limit, the Kahler potential (for the complex structure moduli and axio-
dilaton) is given by

K=—-1In (iélCabC(U“ — U U - UY)(U® - U°) + 4z‘§> —In(—i(t = 7)). (4.8)

We are interested in the locus U® = p®7. Furthermore, since in this limit Im(U®) > 1, the term involving £
is subdominant. Thus, along this locus one has

K = —In (élCabcp“pbpc (—i(T — 7“))3 + 4z'§> —In(—i(r —7))
~ —In (ElilCabcpapbpc) —4ln(—i(t —7)). 4.9)

The effective superpotential for stabilising the perturbatively flat direction takes the form

Weff(T) —c (627Tip17 + Ae?wip%') 4o (4.10)

where ¢ = \/g (3%92 and A = —2%8. Making use of the fluxes in |b it can be easily found that
[Wo| ~ 2 x 1078,

4.2 The algorithm

Now, we describe an algorithm for finding all perturbatively flat vacua in the CP[; ; ; 6 9) model, which
can however be easily generalised to other 2-moduli examples. The F-flatness condition is D, Weg =
(07 + 0 K) Weg = 0. Note that the form of the Kihler potential li implies that 0, K (Imr)_l = gs.

WILEY-VCH
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Therefore, for consistent stabilisation at weak string coupling, the term involving 0, K must be a small
correction to the F-flatness condition. The F-flatness condition neglecting this term is
Ap?

e2mit(pt—p®) _ _
= 1
p

4.11)
Let us start our search by considering the cases with p! > p?. Now, by making use of (4.6) the condition
p! > p? translates to

— > L (4.12)

Thus K* and K? have to be of opposite sign. Furthermore, the entire set of conditions in the Lemma have
a symmetry:

K——-K ad M- —M. (4.13)
This in fact corresponds to an S-duality transformation with the centre of the group. Thus, without loss of
generality, we will look at cases with K' > 0 and K? < 0. With this, the factor (K I 3K 2) in lm) is
positive, implying that M2 must be positive (so that p? is positive, as required by the Kihler cone condition
in the Lemma). With these signs of XK', K? and M?, equation gives the sign of M! to be negative.
This implies that A = M?2/(180M") has to be negative, which can be compatible with if at the
minimum Re(7) = k/(p' — p?) mod Z with k € Z. The above suggests the following efficient algorithm
to carry out an exhaustive search for vacua:

1. Consider a rational number = between 0 and 1, express this as x = p/q such that p and ¢ are positive
and have no common factors. Define the vector

. (R
“)-0)

The vector K will eventually be related to the vector K being searched for.

2. Now, compute the ratio
K? (2K~ 3K?)

y = 4.15)

~ N2
(A -3K2)
Note that this is related to the ratio M'/M? as given by (4.5). Express y as /s, such that 7 and s
have no common factors, and s > 0. Define

M= <T> . (4.16)
S

The vector M will be eventually related to the vector M being searched for.

3. Check if K, abcM ¢ is invertible or not. If it is not invertible, discard = and start again with a new one.
If it is invertible, then proceed further.

4. Compute the values . .
ca.M and ag.M, “4.17)

for « = 1,2, 4. Determine the minimum value of « for which the above quantities are integer valued.
Call this &. Note that they certainly must be integer valued for the case of o = 4, given the form of a

and b in equation |i
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= =

MT KT b.M | (a M) | Nyux | T g Wo
(32,-98) | (-1,2) 11 (-3,48) | 114 [ 102550 | (1.465,0.7325)i | 6.989 x 10~*
(16,-50) | (-3,4) -7 (-3,24) | 124 |6855i | (2.742,2.0565)i | 2.048 x 1078

Table 1: All perturbatively flat vacua for the CP[ 1 1 6,9] example.

5. Consider the quantity

1 = =
—QdM.K.

(4.18)

If this does not satisfy the D3-tadpole bound, then discard x and move to another x. If it lies in the
allowed range, we have a solution satisfying all conditions of the Lemma with

M—aM and K=K, (4.19)

Also, for any positive integer /3 such that —% BaM.K satisfies the D3-tadpole bound, we have solu-
tions . -
M=alM and K =pK, (4.20)

where (31 and 35 are positive and provide a factorisation of 3.

. To scan through all z, note that the signs of K® and M® (with our working assumption of K' > 0)

are such that M1 K' < 0 and M2K? < 0. Thus both terms contribute with a positive sign to the inner
product — %]\Z K. Therefore, the maximum value of | K?| necessary to carry out an exhaustive search
is 2Qp3 = 2 x 138 (as higher values would violate the D3-tadpole condition). This bound on |K 2|
implies that we need to consider only those x for which ¢ < 2Q)p3. Reduced rationals between 0 and
1 with a fixed upper bound on the denominator are given by the Farey sequence. Thus an exhaustive

search is carried out by selecting = from the set Farey,q ..

7. Scan through the solutions obtained in this way, checking that non-perturbative effects lead to stabili-

sation at weak string coupling. Discard the ones that do not satisfy this condition.

8. Enlarge the solution list by considering the solutions obtained by the above process and then generat-

ing the solutions related to them by the S-duality symmetry

K —

~K and

M — —M.

9. Finally, run the same algorithm considering the possibility of p' < p?.

4.21)

Carrying out the search using the above algorithm, after S-duality identification, we find that there exist

only 2 solutions which satisfy the conditions of the Lemma, although one of them is at the borderline for the

validity of the large complex structure approximation. We report these in Tab. [I] along with the associated

value of ||, after stabilisation by non-perturbative effects. The second entry in the table is the solution

reported in [[17] with |[Wp| ~ 2 x 10~8. The first has a low value of W, but the value of one of the complex

structure moduli is slightly below one, in this case a detailed check validity of the large complex structure

approximation can be carried out using the results of [[73]]. In any case, for our purposes (which is to gain

an understanding of the statistics), we conclude that the CP[; 1 1 6.9) model essentially features only o(1)

perturbatively flat solutions with very low |[Wp|.
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(D3 Number of perturbatively flat vacua
50 37

100 128

250 531

500 1445

Table 2: Number of perturbatively flat vacua in the CP[y ; 5 5 5) model taking Qps as a free parameter. The
reported numbers are before imposing any of the following 3 requirements: stabilisation at weak string
coupling, low |[Wj|, S-duality identification.

4.3 General treatment of 2-moduli case

In this section we will present a general discussion of the cases with 2 complex structure moduli. A key-
feature of the algorithm in Sec. was the bound on the range of the elements of the vectors M and K.
First we show that this follows from general considerations. The definition p = N 1K together with the
equation KTN-1K =0 implies

K'p=0. (4.22)

The requirement that ' lies in the Kihler cone, then implies that K and K ? have opposite signs. By making
use of the definition of p’ again, the equation KTN-'K can alternatively be written as

PP K M€ =0. (4.23)

The requirement that p'lies in the Kdhler cone implies also that p. = ppP K gpe has positive entries. Thus
the vector M satisfies an equation similar to K, ie.

MT5=0. (4.24)

Therefore, M"' and M? have to have different signs.

Now, if K and M! have the same sign, then so would K2 and M?2. And this would imply a negative
value for Ngux = —%]\7[ K, which is impossible for imaginary self dual ﬂuxes Thus viable solutions
feature K and M" of opposite siglﬂ This implies that both terms contributing to the Ng,x inner product
have to be positive. Thus, an exhaustive search can be carried out by considering the range

IM® <2Qps and |K° <2Qps, (4.25)

which is the same as for the CPP[; ;1 6 9] example, obtained by using slightly different considerations. As an
example, we have carried out the analysis for the Calabi-Yau embedded in CP[; ; 5 5 5) discussed in [75]]. To
gain a model-independent picture, we treat (Jps as a free parameter. The results are summarised in Tab.

All these solutions can potentially correspond to perturbatively flat vacua but these numbers would
be reduced by the following 3 requirements which have still to be imposed: (¢) dilaton stabilisation at
weak string coupling by instanton effects; (i7) a value of |WW,| which is indeed very small; (ii7) possible
equivalences between solutions via S-duality. Given that these numbers are still small to be attractive in the
context of a landscape, we do not push the analysis further. This expectation has been confirmed by detailed
scan of models in [87].

8 Any fluxes that solve the conditions being imposed are imaginary self dual from the 10-dimensional perspective (see e.g. [[1]).
*These sign correlations have been confirmed in the detailed numerical scans of [87]

10
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It is important to note that the key-element in obtaining the bounds in (4.25)) was the sign correlations
between the elements in M and K. While the arguments in the first part of this section hold for any number
of moduli, it is easy to see that the sign correlations need not hold when there are more than 2 moduli. To
remedy this, we will discuss a more general method in Sec. [5

4.4 Comparison with statistics
Let us compare our results with the statistical expectations of [[32]]. For ht? =2, (3.1) yields

2674

N (Naux < Qps, [Wol? < \y) = <5'

) QY3 /M d02\/q e Fope FC, (4.26)

where the indices of 7 have been converted to tangent bundle ones. For the CP[; ; ; ¢ 9] example discussed
in Sec. carrying out the integration over the large complex structure patch one finds

N (Ngux < Qps = 138, [Wo|? < A\) = 3 x 10"2\,. (4.27)

As pointed out in [[17]], this predicts the lowest value of || being of order 6x 10~7, close to what was found.
On the other hand, the same formula predicts O(10%) vacua for [Wy| < 0.01, even if our exhaustive search
has shown that there are only O(1) vacua with such a feature, in agreement with the argument presented
in Sec. We therefore conclude that in the CPy 1 1 6 9) model, perturbatively flat vacua are interesting
examples to show explicitly the existence of vacua with very low |W|, but they do not possess any tuning
freedom in the value of |IWj|. Given the argument presented in Sec. we expect this conclusion to hold
for all cases with 2 complex structure moduli. Notice, for example, that in the CIP}; ; 5 5 o) model the number
of perturbatively flat vacua summarised in Tab. [2|is also much less than as predicted by the Q%3 scaling
of (#.26). Models with more than 2 complex structure moduli require a refined analysis for exhaustive
searches which we outline in the next section, although the analysis of Sec. [3]indicates that they should still
be statistically sparse (of course, in this context the caveat discussed at the end of section 3 should be kept
in mind).

Let us close this section by stressing that a key-assumption in the derivation of the results of [32], is a
high density of flux vacua allowing for the sums over integer fluxes to be converted to integrals. Our results
indicate that for the CP; ; 1 9 model, under these circumstances, there are many more vacua at low [Wo|
that remain to be discovered.

S A more general search algorithm

The key to carry out exhaustive searches is isolating the region in the flux vector space which contains all
perturbatively flat vacua. Once such a region is obtained, one can carry out numerical searches in this region
to obtain all solutions (if the region is not too large). In this section we present a general method to isolate
such regions which is in principle valid for examples with an arbitrary large number of complex structure
moduli. Here, we will discuss the method and leave its detailed numerical implementation for future work

'n this context, we would like to mention that the values of |Wo| obtained after stabilisation crucially depend on the hierarchy
in the Gopakumar-Vafa invariants. However, the densities of [32]] in the moduli space in the large complex structure limit have mild
sensitivity to this. This is in keeping with the arguments of Sec. 8] which suggest that perturbatively flat vacua are a small fraction
of the vacua at low |Wy|. Of course, the cautionary remark at the end of sectionis a caveat that should be kept in mind.

" Our preliminary analysis indicates that the numerics can be quite involved when one considers models with more than 2 moduli.

11
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M.K is equal

Central to our arguments will be certain properties of Ng,. Recall that the quantity —%

to the contribution of the fluxes to the D3-charge

1 - = 1
Nopx=—-M.K=-—7— | H3NFE3, 5.1
flu 5 @r)ia? /X 3N\ F3 (5.1)
where the integration is over the Calabi-Yau X. The fluxes of interest to us correspond to an imaginary self
dual G, i.e.

H.
9s
Thus (see e.g. [76])
1
/ Hs A\ Fy = 3 d%y\/g6 H? . (5.3)
X ‘9s JX

This is the usual argument given to show that Ngy is positive semi-definite. Here we list two consequences
that are important for our arguments:

(a) Equation (5.3)) implies that the only way for Ng, to vanish is H3 = 0. Equation (5.2)) then implies
that 3 = 0. Translating this in terms of the vectors M and K, one learns that, for consistent solutions,
Niux = 0 only if M = K = 0.

(b) The derivation of (5.3)) does not make use of flux integrality. Thus, the conclusions of the above point
remain valid even when one considers fluxes which do not obey the Dirac quantisation conditions (we
will do so as an intermediate step in our analysis).

Now, returning to finding the solutions to the conditions of the Lemma, let us think of carrying out
a search by scanning through the vectors M and K, by starting from the origin and progressively going
through points with larger and larger |M| and |K|. We would like to obtain upper bounds on the values
of |M| and | K| which can possibly yield solutions to the conditions of the Lemma. For this, we write the
D3-tadpole condition as

1 - -
— SITIIR € < Qps. (5.4)

where ¢ is the cosine of the angle between the vectors M and K. Since both \M | and \K’i | are bounded
from below, the only way | M| or | K| (or both) can be large is if |¢| is small. While in general the cosine of
the angle between two vectors in Z" can be arbitrarily small, our interest is only in vectors that satisfy the
conditions of the Lemma (i.e. provide consistent solutions to the type IIB equations of motion). We begin
by defining B .
m= ﬂ_, . k= £_, and g, = Kgem©. (5.5)

| M]| K]
The vectors 17 and k lie on the unit sphere and the integrality condition of the fluxes is now that the ratio of
any two components of the vectors is rational. The equation constraining the vectors in the Lemma becomes

T

>

=

EF=0. (5.6)

We will consider the equation as an equation over real variables m and k (taking values on the unit
sphere). Furthermore, we will demand that the vector p = A1k lies in the Kihler cone of the mirror
Calabi-Yau. With the variables taking on values over reals, the solution space can be studied using standard
numerical methods. A lower bound on |¢| can be obtained by numerically searching for the minimum (or
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infimum) of |77.k| in the solution space. Once such a bound is obtained, an exhaustive search can be carried

out by scanning through
2Qp3

’6|inf .

We note that a bound so obtained is conservative, due to the expansion of the domain of the variables to the

0 < |[M],|K| < (5.7)

reals.

Next, we would like to discuss some aspects of the minimisation problem at hand. As we have reviewed
above, as long as one is in the physically allowed region of the moduli space, Ngy is always greater than
zero, i.e. |¢| > 0. Thus there are two possibilities for the infimum of |¢|: either it is a positive number or it
is equal to zero. In the former case, an exhaustive search can be carried out by considering |M| and | K| in
the range (5.7).

The later case (in which |e| takes on arbitrarily small values) is more subtle. In this case, there would be
a point with |e| = 0 as a limit point of points in the solution space. Since all points in the physically allowed
region must have |¢| > 0, the limit point must lie in the boundary of the physical region. Typically, as one
approaches the boundary, one loses control over the effective field theory (for example new light degree of
freedom can arise) or encounters phenomenological challenges (as we will see in our discussion below).
Taking this into consideration will lead to an effective |€|;,s which can be used to determine a region to carry
out exhaustive searches A limitation of the algorithm is that for |e|;,s of order one one would at large h2_’1

2,1
have to scan through at least of order (Q p3)2"~

candidate flux quanta, which is exponentially unfeasible at
large h*t

To illustrate the method in a concrete setting, we consider the 39 Calabi-Yau threefolds with 2 Kéhler
modulﬁ constructed by Kreuzer and Skarke in [77] and listed (along with the intersection numbers) in
Table 11 of [[11]. In all these cases we have followed the above described procedure to determine |€|iys.
For 22 of them, |¢|;,s does not take values close to zero, implying a strong bound on the region where all
solutions are contained. We record the associated values of |e;,s for them in Tab. 3 in App. @

On the other hand, in the remaining 17, the numerics yield very low values of |¢|;,¢. Thus these models
might seem to be more promising to find a larger number of perturbatively flat vacua (from the perspective
of the present algorithm). However, as we discuss below, most of the would-be solutions would not be ideal
for phenomenological applications. In fact, in these cases we find a solution to the equations with |e| = 0
on the boundary of the Kéhler cone, i.e. p® = 0 for some b. The definition of # in together with the

definition of p implies that o = p % Thus we have the relation
- K
U=>p Q T. (5.8)
| M|

Being in the large complex structure limit requires Im(U¢) > 1 Ve. Considering the limit p* — 0 for one of
the a € 1,2, while maintaining Im(U*) in the large complex structure limit, implies that either | K | /| M|>1
or Im(7) — co. However both cases are problematic for the following reasons. | K| / |M| > 1 will induce
large hierarchies in the vector p, making it unsuited for racetrack stabilisation at small string couplinﬂ .

2In principle, there can be situations where there are no good reasons to exclude a region of arbitrary small . In such a case,
one would need to carry out a more extensive search along vectors 772 and k in this region.

3The mirrors have 2 complex structure moduli. Of course, our analysis in Sec. M already provides regions for exhaustive
searches for these. The goal here is to obtain the analogous regions from the algorithm presented in this section. We will proceed
without worrying about issues that can arise from orientifolding.

14Weaﬁnd by direction computation that in none of the 17 cases both p' and p? tend to zero simultaneously, thus the relation
p= ﬁ% leads to a large hierarchy in the vector p'if the value of % is large. This of course is in the context of the 17 two moduli
examples at hand.
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On the other hand, Im(7) = g; ! cannot become too small without inducing phenomenological problems.
In fact, in type IIB compactifications the Standard Model can either be realised on D3- or D7-branes. In the
first case, the strength of the gauge couplings is set by gs, and in the second by the Einstein frame volume
of the 4-cycle wrapped by the D7-stack (which we denote as Re(7gyr)). In the scenario at hand, however
Kihler moduli stabilisation [23]] gives

47 1

1 _
= Re(Tsy) =~ 5 In Wo| ™t ~ —. (5.9)

9ém s
Thus, irrespective of how the Standard Model is realised, in perturbatively flat vacua the strength of its gauge
couplings is always determined by gSE] This effectively sets a lower bound on the range of interest for g
(for instance one can demand 102 < g, < 0.1). Thus, the regions of small e should be effectively avoided,
implying that also the remaining 17 models are not expected to produce a large number of perturbatively
flat vacua which are phenomenologically viable. Here, we have sought KKLT vacua with small g5 so as to
accommodate the Standard Model sector. Let us mention another more general challenge in this context, the
results of [[79] imply in the case in which the Standard Model is realised on D7 branes, unless the complex
phases of the non-perturbative corrections are tuned there is tension with having a small QCD 6 angle.
Combining both the conditions can lead to strong constraints.

Before closing this section, we note that the key-aspect of the algorithm has been that, by determining
the minimum value of the angle between the flux vectors, one can isolate a region by scanning through
which exhaustive searches can be carried out. It will be interesting to see if the same considerations can be

used in other settings.

6 Conclusion and discussion

In this article we have developed exhaustive search algorithms to find perturbatively flat vacua. The 2-
moduli case has been discussed in detail and an algorithm applicable to any number of moduli has been
presented. Detailed numerical scans going through specific models (including ones with higher number of
complex structure moduli) will be presented elsewhere [58]].

In Sec. [3] we have also examined perturbatively flat vacua as part of the entire ensemble of vacua at
low |Wp| from the point of view of a statistical approach. We found that they are statistically sparse when
compared to the expectation from the distribution of low values of | Wy | from [32]]. This expectation has been
confirmed in Sec. 4] by our numerical searches for cases with 2 complex structure moduli. In particular, for
the CPy 11,69 model we found that there are only O(1) perturbatively flat solution with [Wp| < 0.01
(featuring |Wo| ~ 10~%), while [32] would predict around O(10%) flux vacua. We argued that similar
considerations apply to all other 2-moduli cases. This has been confirmed in the detailed numerical scans of
two moduli models [87]. We therefore conclude that this set by itself does not provide tuning freedom for
phenomenological applications. Using the general algorithm outlined in Sec. [5] it would be interesting in
the future to perform a detailed search for cases with more than 2 complex structure moduli [S8], although
one expects them to be statistically sparse from the analysis of Sec. [3] Let us just mention here that, as
one goes to higher values of h'?, one can expect more solutions. However, the analysis of [33]] implies
that with higher values of h'? the vacua in the large complex structure limit give a lower contribution

“Notice that in the string frame Re(Tsm)|,,, = gsRe(Tsm) ~ O(1), implying that one should consider all perturbative and

str
non-perturbative o corrections at string tree-level, except for those which come from 10-dimensional terms proportional to G2"
with n > 1 when |[Wy| < 1 [[78]. However, as shown in [23], these o effects should induce just a subdominant shift of the KKLT

minimum for |Wo| < 1.
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to the statistics. This poses an interesting challenge for achieving statistical tuning in phenomenological
applications. Furthermore, one can expect that the numerics required to obtain all vacua explicitly should
become harder as one goes up in the number of complex structure moduli. Of course, the cautionary remark
at the end of section[J]is a caveat that should be kept in mind while making any conclusions regarding the
full ensemble of vacua (as opposed to the ensemble captured by the analysis of [32]].)

Let us also stress that our analysis in Sec. [3|relied heavily on the specific form of the vacuum expectation
values of the complex structure moduli (equation which is specific to the vacua of [[17]) but in principle
there can be other families of vacua featuring W = 0 at perturbative level. An interesting question is
to develop diagnostic methods to study the statistical significance of the vacua of [17] in general. Let us
touch upon this briefly. For all such vacua, the instanton effects that give Wj a non-zero value would also
be responsible for giving the perturbatively flat direction a mass. Thus a universal property is a modulus
(in the subspace spanned by the complex structure moduli and the axio-dilaton) with a low mass, more
specifically a mass proportional to a positive power of |IWy|. Given this, one can ask whether there is a
correlation between low || and a modulus of low mass. This question can be addressed by examining the
bosonic mass matrix of Sec. 3.2 of [32]. If one of the masses scales as |W0\k (for some positive k), then
the determinant of the mass matrix would scale as |Wy|?*, i.e. it would vanish in the Wy — 0 limit. On the
other hand, taking Wy — 0 (which is equal to X in the notation of [32]) is not a sufficient condition for the
vanishing of the determinant. This indicates that the correlation is not universal, and so that there should
exist another set of vacua with W = 0 at perturbative level but with no flat directions. This observation
agrees with the analysis of [80] based on scale invariance of the 10-dimensional tree-level type IIB action.
One family of the two original scaling symmetries is broken spontaneously by the vacuum expectation value
of the dilaton, resulting in a massless Goldstone boson in 4 dimensions which can be identified with 7. Non-
zero background fluxes can act as explicit symmetry breaking parameters (like non-zero quark masses in
chiral perturbation theory), and can lift this flat direction. However, W = 0 is not enough to guarantee no
explicit breaking, and so no flat direction, since also derivatives of W should vanish (see [81] for a study
of flat directions in toroidal flux vacua in this context). Given a model, the statistical significance of any
family of perturbatively flat vacua can be determined by the cut in the integration range of the flux variable
Z! (of [32)) put by the requirement of a low mass (at |1¥j| below a certain value). We hope to return to this
question in the future.

Finally, let us summarise how our results can be crucial for addressing some important physics issues:

e We have provided explicit procedures to obtain all perturbatively flat vacua given an orientifolded
Calabi Yau in IIB. As a proof of principle, all the vacua with [Wy| < 1072 have been enumerated
for the CPy 1 1 6,9) example. Complex structure moduli stabilisation is the first of many steps in the
construction of de Sitter vacua. Thus detailed studies of understanding of complex structure moduli
(along with the enumeration of all flux quanta that can lead to a low value of [W}|) is a vital step in
obtaining a rigorous understanding of the question of existence of de Sitter vacua in string theory. The
methods developed in the present work are concrete advance in this direction.

e The question of statistical significance of perturbatively flat vacua has been examined and they have
been found to be sparse in the ensemble of vacua at low || as computed by Denef and Douglas. It
has been found that perturbatively flat vacua can lead to very low values of the cosmological constant
[23]]. An anthropic solution to the cosmological constant problem via the landscape requires a large
number of vacua with finely spaced values of the cosmological constant. In this light, understanding
the statistics of perturbatively flat vacua is of utmost importance. Again, this paper takes concrete

15

WILEY-VCH



Page 17 of 24 Fortschritte der Physik - Progress of Physics

steps in the direction.

Of course, addressing both questions will require the use of sophisticated numerical methods. For
explicit use of such methods in the context of string phenomenology see e.g [82-86]. They can be useful for
our future explorations.
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Model mT kT |€lint

M o (—0.186,0.982) (—0.399,0.917) 0.9751
My (—0.966, 0.257) (—0.746, 0.666) 0.8919
Msy (—0.966,0.257) (—0.746,0.666) 0.8919
My s (—0.966, 0.257) (—0.746, 0.666) 0.8919
Ms 7 (—0.967.,0.253) (—0.778,0.628) 0.9114
Ms 1 (—0.143,0.989) (—0.297, 0.955) 0.9870
Ms 18 (—0.132,0.991) (—0.272,0.962) 0.9897
Ms 1 (—0.186,0.982) (—0.399,0.917) 0.9750
My (0.966, —0.257) (0.746, —0.666) 0.8919
Ms 2o (—0.896,0.438) (—0.695,0.709) 0.9336
My s (—0.896, 0.438) (—0.695, 0.709) 0.9336
My 24 (—0.896,0.438) (—0.695,0.709) 0.9336
My o5 (—0.186,0.982) (—0.399,0.917) 0.9752
My 6 (—0.969, 0.243) (—0.816, 0.577) 0.9321
Ms o (—0.969, 0.247) (—0.599, 0.801) 0.7784
My s (—0.969, 0.247) (—0.599, 0.801) 0.7784
M 29 (—0.969, 0.247) (—0.599,0.801) 0.7784
M 35 (—0.993,0.114) (—0.972,0.233) 0.9927
M, 36 (—0.186,0.982) (—0.399,0.917) 0.9752
My 57 (—0.186,0.982) (—0.399,0.917) 0.9752
M, 55 (—0.186, 0.982) (—0.399,0.917) 0.9752
M 39 (—0.970,0.243) (—0.577,0.817) 0.7581
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Table 3: 22 2-moduli examples from the Kreuzer-Skarke list in which |¢|;,s does not take values close to
zero. For each model, we show the associated values of |¢|i,¢ and the values of 17 and k at which the infimum

As discussed in Sec. [ our numerical analysis has shown that in 22 of the 39 2-moduli examples in the
Kreuzer-Skarke list, |€|ins does not take values close to zero. This by itself gives a strong bound on the
region where all possible solutions to the Lemma are contained (without the need of imposing requirements
such as validity of the effective field theory or phenomenological viability). We list these models in Tab.
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