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ABSTRACT: Recent work on flux compactifications suggests that the tadpole constraint
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model. This model lives at strong coupling and features no Kéhler moduli. We show that
indeed massless fields can be stabilized in this fashion. We observe that, depending on the
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1 Introduction

In the context of string model building, moduli stabilization refers to the lifting of flat
directions in the deformation space of string compactifications by symmetry breaking and
dynamical effects. It has been at the forefront of research in string phenomenology for more
than two decades. The influential early work that proposed various promising scenarios and
constructions is reviewed, for example, in [1-3]. Explicit model building has however been
hampered by many computational challenges as well as deep conceptual problems. In recent
years, the swampland program has emerged as a hopeful guiding principle to disentangle
these complications. Reversing the burden of proof, it calls into question the very existence of
low-energy effective theories that would naturally be expected as part of the string landscape,
but have proven difficult to realize in practice. This encompasses 4-dimensional Anti-de
Sitter, Minkowski, and de Sitter vacua with specific conditions on spectrum and interactions.
Given the absence of massless scalar fields in our universe, moduli stabilization remains the
greatest current challenge among all of these. Continued effort as well as the development of
new techniques and approaches are required to tackle this profound problem.

In this paper we continue our study [4-10] of this problem in an orientifold of the 17
Landau-Ginzburg model that is mirror dual to a rigid Calabi-Yau manifold. It describes the
compactification on a “non-geometric” Calabi-Yau manifold with A = 0. The absence of
Kahler moduli makes it an excellent test case in which to study the stabilization of complex



structure moduli in type IIB flux compactifications. The seminal GKP construction [11]
described how fluxes stabilize the complex structure moduli. Early explicit realizations [12-14]
seemed to confirm the expectation that generic fluxes will stabilize all complex structure
moduli. In the last few years this expectation has been examined more closely and called
into question. In the concrete example of the sextic Calabi-Yau fourfold, it was observed
that there is a tension between satisfying the tadpole constraint and stabilizing all complex
structure moduli [15]. This tension has been formalized in the tadpole conjecture in [16].

The tadpole conjecture states that the fluxes used to stabilize moduli contribute to
the D3-brane tadpole by an amount that grows in an unacceptable way the more moduli
one wishes to stabilize. In quantitative terms, the conjecture says that the number ng,p, of
moduli that are stabilized! for a specific choice of flux, and the contribution N,y of this
flux to the D3-brane tadpole satisfy the constraint

1
Nﬂux > gnstab . (1.1)

To preserve supersymmetry, all other contributions to the D3-brane tadpole are positive.
They can only be cancelled by the fixed contribution from the orientifold plane. If (1.1) is
correct, this implies that it is not possible to stabilize large numbers of moduli using fluxes.

The tadpole conjecture has been scrutinized extensively in the asymptotics of moduli
space [17-25] and at special points with discrete symmetries [26]. Our work contributes to
a better understanding in the deep interior of moduli space. Related work on the sextic
Calabi-Yau fourfold appears in [27].

The quantities Ngux and nggap appearing in (1.1) are of paramount interest for the physics
of moduli stabilization. The statement however is in principle of purely Hodge theoretic
nature, as pointed out in particular in [8, 22]. The conjecture is therefore amenable to a
completely rigorous analysis. Of course, this depends on a precise definition of the problem,
and in particular of the notion of “stabilization of moduli”. As pointed out in [8], this is
more subtle than one might naively expect. On a first approach, one might be tempted
to simply require that there be no massless fields left in the supersymmetric vacuum. In
mathematical terms, this means that the critical point of the superpotential Wy, induced by
the flux should be non-degenerate. For the purposes of the tadpole conjecture, the quantity
Nstab Would then be defined as the number of erstwhile moduli that have become massive
after turning on the flux. Mathematically, this corresponds to the rank of the Hessian at the
critical point, and leads to a stronger version of the tadpole conjecture.

Nstab = rank (970 Waux) ~»  stronger version of tadpole conjecture (1.2)

Note that we are here (and also in (1.3) below) being imprecise in the distinction between AdS
and Minkowski vacua. In fact, for geometric compactifications, there are the well-known GKP
type Minkowski vacua with imaginary self-dual (ISD) fluxes [11] and related AdS vacua with
ISD fluxes that appear in the KKLT construction [28]. For non-geometric compactifications,
fluxes have to be ISD only for Minkowski vacua that we study in this paper. For AdS
vacua fluxes can contribute with either sign to the tadpole conjecture [6, 7, 29]. The tadpole
conjecture therefore seems mute in that case.

'We will discuss the precise definition of this notion momentarily.



From the physical point of view, massless scalars could be tolerated as long as all flat
directions of the potential are lifted, possibly at higher order in the field expansion. Consider,
for example, a massless scalar field ¢ subject to a pure ¢* potential. Such a field will
still mediate long-range forces. However, cosmological solutions in which it rolls at small
constant ng are impossible. Perturbation theory around the vacuum is in principle well-defined.
In fact, one expects radiative corrections to render the field massive at very low energies.
Mathematically, this means that one should merely require that the critical point of the
superpotential be isolated, but allow that it is possibly degenerate. For this weaker version of
the tadpole conjecture, one would define ngt,1, as the co-dimension of the critical locus.

Ngtab ‘= COdim{81WﬁuX = O} ~  weaker version of tadpole conjecture (1.3)

We understand, of course, that the critical locus need not be a smooth manifold. It can
also consist of several components that intersect at the origin. We will see that this might
very well be true in the case at hand. If so, we define ng,p, as the minimum co-dimension
of all these components.

The relation between (1.2) and (1.3) follows from the inequality

rank (070 Wiy ) < codim{9;Waux = 0} . (1.4)

Namely, (1.2) requires less for (1.1) to be true than (1.3). It is hence more difficult to
disprove, and therefore physically stronger in that sense.? The distinction between the two
versions does not appear in the original literature cited above. This appears to be due, at
least in part, to the absence of any discussion of higher-order terms in the context of moduli
stabilization. In our view, it is only the weaker version (1.3) that, if true, would really
jeopardize “stabilization of complex structure moduli by fluxes in the sense of GKP etc.”
Some initial considerations of higher-order terms in the 1° model can be found in [8]. The
main aim of the present work is to analyze this more systematically, in light of the weaker
version of the tadpole conjecture. We will find that indeed higher-order terms can stabilize
some more massless moduli. For computational reasons, we have not been able to decide
whether the critical points first found in [4] are degenerate or not. The technique that we
develop along the way however is general. It can also be applied in other contexts.

We anticipate some other features and limitations of our analysis. As in previous works,
we will study the superpotential around the Fermat point in moduli space. This allows for
an easy calculation of the periods as complete power series, and hence the higher-order terms
in the superpotential. The analysis around other points in moduli space is possible, but more
complicated. We will also restrict the axio-dilaton to 7 = Cy +ie ® = e Thus, we are
clearly at strong coupling. We can nevertheless perform exact calculations, if we restrict
to N’ = 1 supersymmetric Minkowski vacua. This is because string loop corrections only
enter the Kéhler potential [4], while the critical point condition remains holomorphic. The
absence of Kéhler moduli in the 1° Landau-Ginzburg model entails that if we were able to
stabilize all moduli, we would in fact not only disprove the weaker version of the tadpole
conjecture, but we would immediately produce Minkowksi vacua of string theory without

2In the reverse (mathematical) sense, (1.3) is stronger since it claims more than (1.2).



any flat directions. It is interesting to remark that by itself this would not disprove the
recently proposed Massless Minkowski conjecture [30]. This conjecture states that any N/ =1
supersymmetric vacuum will admit some massless fields. Again, these massless fields do
not have to give rise to true flat directions. If the stronger form of the tadpole conjecture,
based on (1.2) remains true, it would imply the persistence of massless fields that could
nevertheless be stabilized at higher order.

We will also pursue the classification of flux configurations that can stabilize (some of)
the moduli at the Fermat point in the 1° model. This question was also first raised in [4]. Tt
arises naturally due to the high rank of the supersymmetric flux lattice. A systematic study
was initiated in the recent paper [10]. Specifically, it was explained how to find many linearly
independent integral vectors in the flux lattice that have a small tadpole contribution Ngyy.
In particular, this led to a solution of the shortest vector problem for the 1° model. Concretely,
using exhaustive computer searches, it was shown that there are no quantized flux solutions
that contribute less than Ng,x = 8 to the tadpole cancellation condition. Furthermore, the
authors presented a large set of flux configurations that give Npyx = 8. In this paper we
now present all flux configuration with such a small contribution to the tadpole. For the
19 orientifold the flux contribution is bounded Ny < 12 = Np3/2 [4]. Given that there
are probably no flux configuration with 8 < Npu < 12 and part of the Ngu = 12 flux
configurations have already been classified in [10], this puts a full classification of all flux
configuration for the 19 model within reach.

The outline of the paper is as follows: in section 2 we review the 19 Landau-Ginzburg
model and the ingredients of moduli stabilization. In section 3 we describe what is known
about the set of supersymmetric 3-form fluxes in the model. In particular, we show that the
recent paper [10] covers almost all flux configurations with 8 non-zero components in the
()-basis (defined in section 2) and Npux = 8. We complete this list. In section 4 we evaluate
order by order higher terms in the superpotential and identify the number of massless fields
that are stabilized through higher order terms. We summarize our findings in section 5.

2 Review of the model

The mirror dual of a rigid Calabi-Yau threefold, i.e., a CY3 manifold with A%! = 0, would
have h'! = 0 and hence does not admit a Kihler manifold description. Instead, one can
resort to the more general class of orbifoldized Landau-Ginzburg models [31], as first studied
in the context of moduli stabilization in [4]. In general, an N/ = (2,2) Landau-Ginzburg
model can be attached to any world-sheet superpotential W({x;}) that is a holomorphic
and (weighted-)homogeneous function of a set of chiral fields {z;}. The worldsheet action
is of the form

S — /szd4HIC({xi,fi}) + (/ P2d?0W (o)) + c.c> . (2.1)

Here, K is the (worldsheet) Kéhler potential. It is conjectured that ¥V determines K uniquely
at the IR fixed point of the renormalization group flow [32]. K is therefore not required for
the specification of the model. The superpotential itself is invariant along the flow (up to
wavefunction renormalization). The central charge of the IR CFT is given by ¢ = >, (1 — w;).



Here, the w; are the U(1) R-charges of the ;. They are normalized such that W has charge
2. To construct a 4-dimensional string background, one requires ¢ = 3. It is then possible to
orbifold by a subgroup of phase symmetries to project the model onto integral U(1) R-charges.
This ensures a spacetime supersymmetric string background. We will deal exclusively with
the simplest such model in this paper. This is the so-called 1° model. It has 9 chiral fields
x1,...,%9, and superpotential

9

W({zi}) =D i (2.2)

=1

The orbifold is by a Z3 group generated by the following action on the chiral fields:

g T w;. (2.3)

i

Here, and throughout this paper, w = =
In general, the rings formed by chiral and anti-chiral fields in the left- and right-moving
sectors of the above N' = (2,2) superconformal field theory are analogous to cohomology
rings of Calabi-Yau manifolds, of dimension equal to the central charge. They correspond
to left /right Ramond ground states by spectral flow. Specifically, the (¢, ¢) ring arises from
the states in the untwisted sector of the Hilbert space of the theory, and is given by the
invariant part of the Jacobi ring. In the case at hand this is
Clay,...,m] 1%

R: 8xiW(l'1,...,f139)

(2.4)

As a complex vector space, this ring has dimension 170. It is spanned by monomials of the form
xK = gkt ghe g (2.5)
where k = (ki, ..., ko) satisfies k; € {0,1} for all i and }_ k; = 0 mod 3. The elements with

> ki = 3 are the 84 monomials x;xjx) with ¢ # j # k # i. They form a basis for the allowed
marginal deformations of the superpotential W.

9 9
W({z;}) = Zacf’ — W({xi}; {tk}) = Zw? — Z thxk (2.6)
i=1 i=1 k
> k=3

The deformation parameters tX are analogous to complex structure moduli of a geometric
compactification. Together with the axio-dilaton 7 = Cy +ie~? they give rise to massless
spacetime fields that we wish to stabilize. On the other hand, the Kéhler moduli are contained
in the (a,c) ring. This ring arises from the twisted sector of the orbifold. The 19 model
orbifolded as in (2.3) has only two non-trivial twisted sectors. Therefore, the (a,c) ring
contains no marginal deformations. In particular, there is no volume modulus. This is one way
to see that the model does not have an interpretation as a geometric compactification manifold.



2.1 Middle-dimensional (co-)homology

Because the 19 model is non-geometric, it is not possible to study Ramond and Neveu-
Schwarz fluxes in the usual fashion in the supergravity approximation. However, the vertex
operators creating the corresponding spacetime fields still exist in the worldsheet theory. Their
interactions with the moduli induce a superpotential completely analogous to the geometric
formulation. The fluxes are also subject to the same quantization and tadpole cancellation
conditions. We refer to [4] for a rigorous justification of these statements. Here, we only broach
some ideas, and summarize the results. Crucially, to describe the wrapped fluxes, we require
an integral homology basis, and to understand the space-time superpotential and tadpole
cancellation, the pairing with cohomology. Physically, one can think of integral homology
in terms of supersymmetric cycles wrapped by D-branes. In type IIB, the cycles that can
be threaded by fluxes are represented by A-branes. The cycles that support the orientifold
planes and carry (the analogues of) the D3/D7-brane tadpole are represented by B-branes.

The undeformed 19 model is an orbifolded tensor product of A/ = 2 minimal models
with smallest possible central charge ¢ = % This has a Landau-Ginzburg representation
with a single chiral field, and superpotential

W=a3. (2.7)

The A-branes of this model are represented by contours in the x-plane that asymptote to
regions in which Im(WV) = 0 [33]. There are three such contours, (Vp, V1, V2), shown in figure 1
below. These are not independent cycles, but satisfy the one relation,

Vo+Vi+V2=0. (2.8)
Under the Zs action (2.3), they transform as
g: Vn = Vn+l mod 3 - (29)

Somewhat fancily, one can think of the charge lattice A of A-branes in the minimal model
as fitting into the exact sequence,

0=2Z—=7Z3—=A—=0 (2.10)

where the middle Z?3 is generated by the Vg, Vi, Vo, and Z represents the relation (2.8).

The chiral ring of the minimal model is spanned by the elements 1,z € R = C[z]/2?.
These correspond by spectral flow to Ramond-Ramond ground states traditionally labelled
as |l) with | = 1,2

— 11l
=01 SR TV 9 (2.11)
The overlap between these Ramond ground states and the boundary states represented by
the V,, (the disk one-point function) can be calculated (after supersymmetric localization)
as a contour integral [33]. Up to normalization, we have

Vall) = /n e Wiy — éw"l(l —uhr (é) , (2.12)



Vo

Vi

A Y
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Figure 1. The three contours (Vp, Vi, V3) in the complex z-plane.

where n € {0,1,2} and [ € {1,2}. The same integral also calculates the variation of the
overlaps under the deformation W — z3 — ta.

(gt)r‘t:o (Vull) = /Vn g e gy = %w"(rﬂ)(l —wthr (7;1) . (2.13)
This vanishes when r + 1 = 0 mod 3 because the integrand is exact in this case. The fact that
it does not vanish when r + 1 > 2 (but not 0 mod 3), when formally z"+~! = 0 € R is zero
by the equations of motion, is physically a result of “contact terms” in the operator product
expansion. Mathematically, this amounts to integration by parts. The formula (2.13) will be
the basis for the calculation of the higher-order terms in the superpotential in section 4.

To determine the contribution of the fluxes to the D3-brane tadpole, we require the
intersection form on the charge lattice. Physically, the intersection of V,,; and V,, can be
defined as the open string Witten index between the respective branes. Mathematically, it
is the geometric intersection between a small counter-clockwise rotation of V,,» and V;, [33].
In matrix form [34],

1 -1 0
((VarlVa)) meoa2 =10 1 =1 =1~-g (2.14)
-1 0 1

where ¢ is the matrix representation of (2.9). The fact that (2.14) is neither symmetric nor
anti-symmetric reflects that a single minimal model is not yet Calabi-Yau.

The calculations are expedited if one uses the Poincaré duals of the Ramond ground
states as basis for the charge lattice. This was emphasized in [4, 10]. Defining for [ = 1,2

1 l
Q= gzn:w” Vi (2.15)
with inverse relation



Sl 9 12 15 18
gea | gGo) | g@1) | g2) | [g(0:3)

Table 1. Hodge decomposition of RR ground states in 1° LG model.

we find from (2.14)

1
() = dv4a3 5 (1~ w') (2.17)
and )
(Vo) = gw”l(l —wh). (2.18)

Thus, by comparison with (2.12),

0y =T <;) ) . (2.19)

All these relations are compatible with (2.8) and |l) = 0 when [ = 3. Egs. (2.15) and the
reality of the V,, also imply that complex conjugation acts on the €); via

=0 (2.20)

In combination with (2.17), this produces the tt*-metric on the RR ground states [35].
The full orbifoldized 1° model can now be worked out straightforwardly. The Ramond
ground states are tensor products labelled as |1) with 1 = (I1,12,...,1l9), l; € {1,2}, and }_;
divisible by 3 in order to satisfy the orbifold projection. These correspond to the basis of the
chiral ring (2.4) by spectral flow and can be classified by Hodge type as shown in table 1. An
(over-complete) integral basis of cycles is obtained by taking tensor products of the V;, to
Vo =Vy X+ x Vpy for n = (n1,n2,...,n9), n; € {0, 1,2}, and summing over Zs images.

Yn = Vo + Vat1 + Voo (2.21)

where 1 =(1,1,1,1,1,1,1,1,1) and 2=2-1 = (2,2,2,2,2,2,2,2,2). On the tensor product
of (2.10),

07— 9723 = 36(Z3)° —» - = (23 - A -0, (2.22)

the Zs action is free except on the very first term, where it is trivial. This shows that the
rank of the lattice A spanned by the v, is ((3 —1)? +1)/3 — 1 = 170. This is equal to the
dimension of the chiral ring (2.4). The overlap integrals (2.12) become

9 .
<’7n|1> _ %wn.l H(l — wli)I‘ <l§) (2‘23)
=1

where n.1 = 329, n; l;, and one factor of 3 is owed to (2.21). The intersection form is obtained
by orbifolding the tensor product (2.14).

() = (Vi [Va) + (Va1 Vi) + (Vi 2[ Vi) (2.24)



In the Poincaré dual basis

1 n 1 n
|Ql> = ? Zw 'l’yn = ? Zw 'IVn, (225)
[n] n

the intersection form becomes
1 .
(Qul€h) = Or+13 75 H(l —wh). (2.26)

We will refer to this as the “2-basis”. Complex conjugation acts on it by
Q= (2.27)

where 1=3 —1, and 3 =3-1 = (3,3,3,3,3,3,3,3,3). The form (2.26) is anti-symmetric
following the orbifold projection.

2.2 Supersymmetric fluxes and tadpole cancellation

We are now in a position to describe supersymmetric 3-form fluxes in the 19 model. There
are two ways to do this. The first is to expand the standard combination of Ramond and
Neveu-Schwarz fluxes G3 = F3 — 7H3 in terms of the integral cohomology basis given by
the v,. Writing

Gs=> (N™—=7M") 1, (2.28)
n
the N™, M™ should be integer. They are not uniquely determined because the 7, are not

linearly independent. The spacetime superpotential induced by this flux is given by the
Landau-Ginzburg version of the standard GVW formula [36]

Wavw = /(F3 _Hy) AQ = (G4l1) (2.29)

Here, we have used table 1 to identify the holomorphic three-form €2 with the ground state |1).
The overlap should be evaluated with the help of (2.23). The first (and higher) derivatives of
the superpotential with respect to the moduli (including the axio-dilation 7) can be evaluated
with the help of (2.13), see subsection 2.3. Setting them to zero will constrain G3 to be of
a certain Hodge type as usual. This gives a set of linear equations on the N™, M™, which
have to be solved over the integers. The precise formula also depends on the spacetime
Kahler potential, see section 3.
The alternative approach is to expand G3 in the 2-basis

Gs =Y Al (2.30)
1
This allows to directly constrain its Hodge type by simply setting the undesired A! to 0.

Flux quantization is equivalent to the condition that in

G3 = (1l|G3) = Nn — 7Mn, (2.31)
Tn



which is again to be evaluated with (2.23), the N, and M, have to be integer. They
are related to the integers in (2.28) by lowering indices with the help of the symplectic
intersection form (2.24).

The two formulations (2.28) and (2.30) are of course equivalent as far as the parametriza-
tion of the supersymmetric fluxes is concerned. However, the calculation of the higher-order
terms in the superpotential is considerably more efficient in the 2-basis. We therefore prefer it.

The final ingredients are the orientifold projection and the comparison between the
O-plane charge and flux tadpole. These were determined in [4] using the general formulas
provided in [37]. We will restrict to the orientifold of the 1° model that is generated by
dressing worldsheet parity with the exchange of the first two coordinates. This has to be
accompanied by a phase rotation in order to guarantee invariance of the superpotential term
in (2.1). Namely, we are orientifolding by

o (w1, 2,23, 4, T5, T, T7, T8, T9) — — (T2, T1, T3, T4, T5, Te, L7, T8, T9) - (2.32)

There are 63 invariant monomials under this orientifold. Including the axio-dilaton, this gives
a total of 64 moduli that we wish to stabilize. The above orientifold projection breaks the
initial permutation group Sy of the 19 model to a Zy x S7 subgroup. We will later use this
group to connect different flux configurations. The O-plane associated with the orientifold
projection in equation (2.32) is of “O3-plane type”. Its charge is equal to 12 in natural units.
This induces a RR tadpole that must be cancelled by the fluxes that we turn on, as well as
possibly adding Np3 background D3-branes. The precise condition is that

1
T—T
The overlap of fluxes is to be evaluated with the help of (2.26) or (2.27), if working with
the Q-basis.

Nﬂux =

/GgAéngFgAH3£12—ND3. (2.33)

2.3 The all-order superpotential

By combining (2.13) with (2.21), we obtain the following explicit formula for an arbitrary
multi-derivative of the space-time superpotential (2.29) in the ~-basis

W= S (N® — 7M™) (a1) (2.34)

with respect to the deformation parameters in (2.6) labelled by ¥, with k having nine entries,
six of which are 0 and three of which are 1.

o 0 d 1 o (L
nll = —w™ 1—w™I' | — 2.35
ok e+ g (el | = g A=) ( 3 ) (23
Here, as always, w = e%, and we have abbreviated L = (L, ..., Lg) with
L=) kq+1. (2.36)
a=1

The normalization in (2.35) is the same as in (2.23). Transforming to the Q-basis

w=>" A1) (2.37)
1

,10,



with the help of (2.25), we find [§]

o 9 0 1 i (L
ik ks Gk /91 AQ e oL 39 Z:1_[1 (1 —w ) r (3) ) (2.38)

Here, the Kronecker-9 is understood mod 3 in all 9 components. Taking account of the product

of (1 —w’i)’s, we find that the derivative in equation (2.38) vanishes whenever L; = 0 mod 3
or l;+ L; # 0 mod 3 for any ¢ € {1,2,...,9}. Since all /; and (L; mod 3) are either 1 or 2, the
second condition is equivalent to 1 = L mod 3, where 1 =3 —1, and 3 = (3,3,3,3,3,3,3,3,3).
Because 1 has six entries equal to 1 and 3 entries equal to 2, we can simplify

0 9 {_wfgrg 1T(Y) forT=Lmod 3,

0
otk1 grke " ke / LKL

Moreover, by the functional equation of the Gamma-function, the product is always a rational

(2.39)

tk=0 0 otherwise .

multiple of F(%)ﬁf‘(%)g. The importance of the result (2.39) is computational. It means
that before calculating the derivative explicitly, we can check whether 1 = 3"k, + 1 mod 3.
This substantially speeds up the calculation of higher order terms. We also note that the
derivative does not depend on the individual k, but rather only on their sum.

We now turn to mixed multi-derivatives involving both complex structure moduli and
the axio-dilaton. Since by (2.29), W is linear in 7, we only need to worry about first partial
derivatives with respect to 7. The derivative with respect to 7 can be calculated from (2.28)

and the reality of F3, Hs as usual

0, W = ! — /(G3 —G3) AN Q (2.40)

T—T
In the v-basis, this reduces a multi-derivative of the type

9 9 0 0
ot Otk gtk2 "~ 77 Otkr

(2.41)

to (2.35) with the same ks, but summed only against M™’s. In the Q-basis, we can use (2.27)
to similarly reduce to (2.38). However, we have to be careful to take into account that in
general the coefficients A! will be complex numbers and also have to be complex conjugated
along the way. For a single complex A' with G = Al we have

_ o o 0
10, ilo.
/ (Al — Al A o, (2.42)

9 9 9 o 1
L U I N S

Using the result (2.39), this becomes

iAl(\/jfi)_g gzlf(h) for 1= L mod 3
90 o 0 B o oL
N —3)~ 9 L; —
or otk otke " Prke th=0,r= =14 2Tm(rp) 1li=1 F(?) for1=Lmod3, (243)
TUHTET0 0 otherwise

where we defined 7y to be the vacuum expectation value of the axio-dilaton. Again, this can
be evaluated quite speedily on a computer using only modular arithmetic. Note however
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that the contributions from 1 = L are proportional to F(%)GF(%)?’ and are not rationally
related to those from 1 = L.
By combining all of the above, the exact superpotential for a generic flux G3 = 3, Al

with complex prefactors A! becomes

W TS E () (1)

1 r=1"" \{tke} with L=17=1

9
- Li\ koo e ;1 T T0
i > HI‘(g)t t2 % A 2Tm(n) | (2.44)

{tka} with L=14=1

For the purposes of moduli stabilization, this function has to be restricted to the orientifold
fixed locus t¥ = ¢t Following [10], we do this in practice by ordering the k’s alphabetically
and dropping orientifold repetitions. We identify

th = ¢k = golkn) (2.45)
with I € {1,...,63} and include the axio-dilaton via
=7r—1. (2.46)

This gives us finally a flux-dependent and highly transcendental function of 64 variables
whose critical behaviour at the origin is the subject of the following sections.

3 The supersymmetric flux lattice

In most studies of moduli stabilization, one begins with a fixed choice of 3-form flux G5
within the tadpole bound. The moduli that give rise to vacua preserving N’ = 1 spacetime
supersymmetry are then solutions of the F-term equations D;W = 0. Here, the index I runs
over all moduli including the axio-dilaton, 7. The covariant derivative DiW = 0;W + 0K W
of the Gukov-Vafa-Witten superpotential (2.29) depends on the Kéhler potential K. In
geometric compactifications, with the standard dependence of K O —logIm(7), the moduli
have to be adjusted such that Gg is imaginary self-dual (ISD) [11]. This defines a subset
in the product of the complex structure moduli space with the upper half-plane that has
been called “the supersymmetric locus”. The tadpole conjecture [16] is concerned with the
co-dimension of this locus, as explained in the introduction. This is a stringent constraint
because, as emphasized in [38] the tadpole is positive definite for ISD fluxes.

In the setting of the non-geometric 1° Landau-Ginzburg model [4, 7, 8], we describe fluxes
that are supersymmetric at the Fermat point in moduli space. We also fix the axio-dilaton to
a particular value. We call the set of such fluxes the “supersymmetric flux lattice”.® For any
point on this lattice, the superpotential is critical by definition. We are then interested in
the behaviour of the superpotential around that point, in dependence on the contribution
to the D3-brane tadpole. An important distinction to the geometric situation, emphasized
in [6], is that the Kéhler potential needs to be determined by mirror symmetry. Type ITA

3The condition that the flux be invariant under the orientifold will usually be left implicit.
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string theory compactified on a rigid CY3 (h?! = 0) leads to the Kihler potential for the
Kéahler moduli and axio-dilaton [39]

K11A=—410g[7—f]—10g[/ JANJTNJ]. (3.1)
M

Mirror symmetry exchanges the Kahler moduli with complex structure moduli. The Kéahler
potential is given by

K = —4log|[r — 7] — log {/MQ/\Q}, (3.2)

or rather its Landau-Ginzburg analogue, see section 2. Crucially, this differs by a factor of
4 from geometric type IIB compactifications to 4d [40]. As a consequence, the equations
D;W = 0 do not restrict G to be ISD. This was exploited in [5, 6, 8, 29]. In this work, we
will restrict to supersymmetric Minkowski vacua. This imposes the additional constraint
W = 0. Then the equations D;W = 9;W = 0 become independent of the Kahler potential.
They are not affected by string loop corrections. The candidate instantons that could correct
the superpotential are absent [4, 6, 41]. The solutions are identical to geometric type 1B
compactifications to Minkowski space, G3 € H*!, except that in non-geometric settings there
are no Kéahler moduli and it is in principle possible to stabilize all moduli with fluxes.

3.1 An integral basis of the flux lattice

We will now write out these conditions in terms of the cohomology basis reviewed in section 2.
In order to satisfy flux quantization, the coefficients with respect to the integral basis v, must
be integral periods of the torus with complex structure 7. In order to be supersymmetric,
G3 should be purely of Hodge type (2,1). In the dual expansions

Gy=) (N™— 7M™y =) AQ. (3.3)

n 1
the N™, M™ are integer, and the Al are zero except when Y.1; = 12. The v, and Q; are
related by (2.25), (2.21). If this relation (the “period matrix” of the Landau-Ginzburg model)
were completely generic, these conditions would have no non-trivial solution at all. In the
situation at hand, in which all period coefficients are integral linear combinations of w = e
and w?, there are very many. More precisely, as observed in [4], there are still no solutions

unless the axio-dilaton is of the form

aw + b
= — 4
T= o d (3.4)

with integer a, b, ¢, d. This is easiest to see by writing the second condition in (3.3) as
(G3|) = 0 unless Y I; = 15. For simplicity, we will restrict to 7 = w. For this choice,
it follows from (2.23) that one may set all but one A! in (3.3) to zero. Namely, for any
1 with S0, = 12,

Gy = 27(w — w?) (3.5)

(but no smaller multiple of ;) is an integral flux of type (2,1). Here, and from now on, we
will replace the subscript ‘3" on G with labels for various explicit solutions. We will indicate
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their physical characteristics by a superscript as they become available. We observe that Gy
and wG ) are linearly independent over the integers (in fact, the reals). When [ =1y =1
or [; = Iy = 2, the flux Gy is invariant under the orientifold (2.32). Its contribution to the
D3-brane tadpole is given by (2.33) in terms of its length (2.26),

1
W — w?

(GG =27. (3.6)

When [1 # lo, we need to add the respective orientifold image. The tadpole contribution
doubles. In total, we obtain 126 linearly independent primitive integral flux vectors
1,27 27
G[(l 1)] = 27(w — ") G )] = 27(w? — 1) (h =1s)

1,
1,2
Gy = 27w — W)+ Q) Gy = 27"~ D +Qq)  (h#1)

(3.7)

The first entry in the superscript square brackets gives the number of non-zero components
in the Q-basis, and the second, the tadpole contribution. We also use an additional subscript
to label different flux choices with the same square bracket superscripts. As a result, the
supersymmetric flux lattice in fact has full maximal rank.

All the fluxes in (3.7) have a tadpole in excess of the orientifold charge (equal to 12,
see (2.33)). Fluxes with smaller tadpole can be constructed by taking suitable linear (but
non-integral!) combinations of (3.7). For example, one may verify that the flux

(2,18
Gy = 27(Q1.1,111,1,222 — 22211,1,1,1,1,2)

L e [1,27] [1,27] [1,27]
-2 (G(lhl) +2G7%) + Gl + 2(;(1272))

where 1} = (1,1,1,1,1,1,2,2,2) and 1; = (2,2,1,1,1,1,1,1,2), is integral for 7 = w and
has tadpole 18 as indicated. The flux

(3.8)

[4.12) _
Gy =9w = w)(Qir11222+ 1121220 Q12200012 - Qz22111)  (3.9)

has tadpole 12, and

8,8]
Goy = 9(—M112121,21 F Q11212112+ Q111,211,221 — Q11,1,2,1,1,2,1,2 (3.10)

+ 1122121 — Q10122002 — Q1,121,220 + Q,1,1,1,2,1,2,1,2)

Lt et ikl I et et e e et Rt Pt it i) IR ]

which was first found in [4], has tadpole 8. The latter two fluxes can hence be used to
construct N/ = 1 supersymmetric Minkowski vacua.

To describe the full set of physical flux configurations (in particular, to enumerate
integral flux vectors of tadpole < 12), it is important to first find an integral basis of the
supersymmetric flux lattice consisting of vectors of smallest length possible.* This problem
was tackled in [10], and solved in a two-step process. First, a lucky coincidence that we
describe momentarily yields an integral basis containing individual vectors of possibly rather

4An integral basis of a lattice A is a basis of the vector space A ® Q with respect to which any lattice vector
has integral coefficients. Eq. (3.7) are not an integral basis, because (for example) it does not contain (3.8) in
its Z-span. Finding lattice vectors of small(est) length in high-dimensional lattices is famously a very hard
computational problem.
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large length. Second, by some judicious computational efforts, one transforms this into
another integral basis with smaller lengths. We do not know whether the result is optimal.

The number of )’s of Hodge-type (2, 1) is 63, and the corresponding complex coefficients
Al in equation (3.3) parameterize the flux. This amounts to 126 real parameters, which we
assemble in a vector of R126. The flux quantization conditions (2.31), explicitly

1 ) ,
<7n|G3> = 378 ZAIWH.I H(l - Wll) = Nn - 7-an (3'11)
1 i=1

are linear, complex constraints between the A' and the 340 integers Ny, My. (Actually, only
2 x 128 = 256 of these are independent because of the orientifold.) Separating real and
imaginary parts, and viewing the set Un{Nn, Mn} = {N,, : n = 1(1)340} as coordinatizing
integral points Z340 c R34°, we can recast (3.11) in terms of a real linear map® B € R340x126
from R'%6 to R340 as

> Bud'=N,. (3.12)
1

According to (3.7), this map hits a lattice of rank 126 inside Z34° c R340, In particular, the
matrix B has full rank 126. (This is true on general grounds.) We can pick 126 R-linearly
independent rows from this system. We term the NV,,’s in the corresponding rows independent
flux quantum numbers, and denote them {y; : i = 1(1)126}. One can then solve the system

d Badl=y; (3.13)
1

to obtain the Al as linear functions of y;: A' = Al(yy, ..., y12¢). Having done this, it is still a
non-trivial demand that the remaining 340 — 126 = 214 flux numbers are integral. Luckily,
this in fact is true, as the linearly dependent equations in (3.12) are Z-linear combinations of

—! are an integral basis of the

the independent ones. This means that the columns of [B;]
supersymmetric flux lattice [10]. Many of the elements in this basis have large tadpole values.
One would like to swap them for fluxes of smaller length, such as (3.9), (3.10) and those
presented below. In [10], it was shown that this can be done via a convenient SL(126,7Z)
transformation. This guarantees that the result is still an integral basis. See appendix B
of [10] for the explicit list.

Having described the rank and an integral basis, we now turn to the problem of finding
the finite set of vectors satisfying the tadpole cancellation condition within the infinite lattice.
For a generic flux G5 = 3°; A'Qy, the contribution made by each summand to the flux-tadpole
is determined completely by its coefficient A! because of equations (2.26), (2.27). Doing this
in practice, one finds [8, 10] that the contribution to the flux tadpole from each turned-on
Q) is a homogeneous quadratic in the y; with positive integer coefficients and hence positive
integer-valued. Therefore, to catalogue all physical solutions with Ngu < 12, we only need
to turn on at most 12 of the €)’s. This process has been initiated in [10] where the search
for physical solutions was organized by the number of €2;’s turned on. In the remainder of

5Tt is to be noted that equation (3.12) are not (real and imaginary parts of) equation (2.31) on the nose,
but a linear transform of it by an invertible 340 x 340 matrix.
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this section, we summarize some of these results of [10] to get a sense of the flux vectors
satisfying the tadpole constraint, and their simplest physical characteristics. We also provide
some additional details on the classification of solutions in this model.

3.2 Taxonomy of massive moduli

By construction, the superpotential (2.44) computed in subsection 2.3
W= /03 AQ = Wt (3.14)

as a function of the 64 moduli remaining after the orientifold and its first derivatives 0;W
vanish at the origin ¢/ = 0, for any G3 in the supersymmetric flux lattice described in the
previous subsection. The simplest non-trivial physical invariant is the Hessian,

Mry; = 0r0;W . (3.15)

We think of it as the “holomorphic mass matrix”. As shown in [7, 8|, its rank gives the
number of moduli that are rendered massive by turning on the flux. This is ng.1, appearing
in the stronger version (1.2) of the tadpole conjecture. The result is interesting already for
the simplest fluxes listed in (3.7) (which mind you are non-physical because their tadpole is
too large). For the “1-0” fluxes with tadpole 27, it turns out that when 1 has I; = Iy = 1,
the rank of My is 16. When [; = Iy = 2, it is 22. For the “2-Q” fluxes, i.e., I # l2 (tadpole
54), it is also 22. For the record, under the S7 symmetry group, the 1-€2 solutions GE?; ],

GEZZ)? ] organize into 6 distinct orbits, and the 2-) solutions, in three.

We then proceed by increasing the number of non-zero coefficients in G3 = )", Al Tt
was found in [10] not to be possible to satisfy the tadpole constraint (2.33) with 2- or 3-Q
fluxes, so we skip the details such as minimum-Ng.y solutions of these types and the ranks of
the corresponding mass matrices. The interested reader may consult [10]. With four Q,’s
one can produce physical fluxes satisfying (2.33). The smallest value of Ngux in this class
is 12, and is attained by precisely 54 distinct S7 orbits of solutions. Representatives from
these orbits are given in equations (3.16), (3.17), (3.18).

Gz = (111111222 a2 11112122 a3 11121212+ a1 111221,12) (3.16a)

(_17 17 17 _1) )

\‘P—‘
|
€
|
\:ﬂ
&

with  (ag,...,a4) = 9(w — w?)wP p=0,1,2 (3.16b)

all of which have 16 massive moduli. The solution G%’)lz} given in equations (4.6) and (4.21)
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in the next section belongs to the S; orbit of the first of these with p = 0.

Gs = (a1,1,1,1,1,1,222 F a2 11,112,122 Fa3Qi 112212110 +aai11,2221,1,1)  (3.17a)

(_17 ]-7 1’ _1) ;
_17 17w7 _w> )
with  (ag,...,a4) = 9w — wHwP{ (-1,w,1, —w p=0,1,2 (3.17b)

(
( bl
(-1, w,w, —w?),
( %)

lv_wv_waw )

all of which have 22 massive moduli. The solution G[é’)w] given in (4.19) belongs to the S7

orbit of the first of these with p = 0.

Gz = (a11,1,111222 a2 11112122+ a3221111211 +aaQ2211121.11) (3.18a)

I e e e e e It P e b Rt et e ) I e e e e b et ) e e e e L e Rt ]

(_17 ]-7 1, _1) 9

(
(
(
with (a1,...,a4) = 9(w — w?)wP{ (-1,w,1, —w p=0,1,2, (3.18b)
(
(
(
(

all of which have 26 massive moduli. The solution G[é’)u] given in (4.20) belongs to the S7

orbit of the first of these with p = 0.

Continuing in this way, it is possible to classify all physical solutions in this model given
sufficient CPU-hours. We leave this tedious but straightforward task for future work. In
anticipation, we have generated a large set of fluxes that are small linear combination of the
integral basis vectors, and evaluated their tadpole and mass matrix rank, by the following
process: we generated all linear combinations of up to 4 basis vectors with magnitude one
coeflicients and for these we computed the tadpole and the mass matrix rank. This is shown
in figure 2, where we plot only results with Ngu« < 50. By construction this gives small
tadpole fluxes but the set of generated fluxes is, of course, only a subset of all possible fluxes
for the displayed range of parameters.

In our data set, the largest mass matrix rank to Npuy ratio is 57/21 ~ 2.71. This is
intriguingly close to the (strong form of the) tadpole conjecture (1.1). The corresponding flux is

19,21,57] _ 2 2
Gl e 9(—w1,1,11,21,22 — 11112221 — W Q111,1,2,1,1,22 — W Q11,1,2,1,1,1,2,2

+w119221121 + @ 12111221 +w Q12112112 —wQi1211212.1
+ 121129011 w0 12121112 W 10211112 — W 12221111
—w?Q09111211 Fw221121101 — W 12111211+ w0 1211211.1
+w?Mo1111211 — W 01112111 — (W—w)21121111)

I e et Rt B I ) e e e e e Eet it ) P e e e e et et )

(3.19)
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Figure 2. A plot of the mass matrix rank vs. tadpole contribution for various supersymmetric
Minkowski vacua. The red line denotes the bound provided by the strong version of the tadpole
conjecture. The total number of moduli in our orientifold of the 1° model is 64. Most flux configurations
shown are unphysical since the tadpole cancellation requires Ngux < 12. As described in the text the
set of displayed fluxes was generated using particular linear combinations of basis vectors and is only
a subset of all possible fluxes for the displayed range of parameters.

We find the smallest tadpole contribution of a flux that makes all moduli massive is Ngux = 26.
(We do however not know whether this is absolutely the smallest possible.) One such solution
is given explicitly as

2
—w 11111222 Fw Qi 11,1,121,22 — w1 1,1,1,21,2,1,2

GI24:2664) — o
—w?Qaaa21221 — Q11122120 — Q11122200 +WQ11,21,1,2,1,2
+w11221112 —w11221121 FwQi12111212 — W Q112111221

—w Q12112102 + W0 Q12112210 +wQ1221,1,1,21 — w11,22,1,1,2,1,1 (3.20)
+ Q21122111 —wi2121 11,12 + 221,1,1,2,2,1,1,0 — w22,1,1,2,1,1,1,1,2
+wQ21111112 — W 221112111 FwW221211111 — 221121111

—(w—wH2211111.1)

3.3 Complete classification of the shortest vector solutions

In the recent paper [10], two of the present authors solved the shortest vector problem for
the 1° model. This result was derived using the observation that having exactly n of the
coefficients A! non-zero in Gs = 2 A'Q results in a crude lower bound for the flux tadpole:
Naux > n [8]. Already in [4] the solution GE?’)S], given below in equation (4.15), was found to
have tadpole 8. By turning on up to 7 {y’s, an exhaustive search was launched for solutions
with tadpole smaller or equal to 7. None was found, proving that 8 is the smallest value

of Npux for Minkowski solutions in this model.
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To find more solutions that saturate this bound, an Ansatz was made:
G3 x (_Qh +Qp, — Qi + Oy, — O, + Oy — Q1 + ng) , (3.21)

where the 1, vectors are indexed in a certain way (see [10] for more details). The space
of 8- combinations being too large for an exhaustive search, this simplifying Ansatz was
made inspired by the case of 4-) solutions where the solutions generating the lowest value
Npux = 12 belong to families of the form

G3 x (_Qh +Q, — O, + 914) . (3.22)
The flux quantization condition, combined with the Ansatz above, implies that
(L +l—13+1; —15+15— 17 +1g); mod 3 =0, (3.23)

significantly reducing the number of 8-{2 combinations allowed. An exhaustive search then
yielded 14 different 8-€2 solutions with tadpole 8, each having 14 massive moduli. Despite
the success in finding solutions, one finds the lack of proper justification of the Ansatz
somewhat unsatisfactory. Furthermore, this Ansatz was restricted to only non-orientifold
fluxes, meaning 1, vectors of the kind (1,1,...) and (2,2,...).

Prompted by this, we have now relaxed this Ansatz and made an exhaustive search
through all possible 8-) combinations, including cases where one, two, three, or four orientifold
fluxes are turned on. We find that the only choices of 8 distinct £2;’s that can yield tadpole 8
are the ones presented in [10]. Moreover, all solutions arising from one of these 8-Q choices
can be mapped to those from the remaining ones via Sy transformations, which explains
why all of the solutions in [10] have the same number of massive moduli. Therefore, it
suffices to look for solutions of the form

Gs =91 11,1,1,1222+ a2 11112122+ 03111122112+ 0111121212+
as1,1,1,2,1,21,21 + a621,1,1,2,1,1,22,1 + ar1,1,1221,21,1 +agi1,1,2221,1,1) 5 (3.24)

with a; € C, which belong to the first family presented in section 3.2.3 of [10], such that the
flux is properly quantized and has tadpole 8. One finds a set of 162 solutions, which can
be further modded by the action of the subgroup of S7 that keeps the choice of the above
eight 1 vectors invariant. There are exactly 21 distinct solutions (all of them have 14 massive
moduli) up to the action of this stability subgroup. These correspond to:

(—1,1,-1,1,-1,1,~1,1)

(1,71 w,—w, 1, —1,w, —w)

(-1,1, —w,w, —w,w, —w?, w?)

(a1,...,a8) =wP< (-1,w, —w,1,—w,1,—1,w) , p=0,1,2. (3.25)
(1,—w w?, —w,w, —1,w, —w?)

(-1, w, —w? w, —w? w, —w?,1)

(1, —w,w2,—w,w2 —w,w?, —1)

This leads to the conclusion that, up to the symmetries of the model, there are 21 short-
8,8]

est vectors in this lattice. The solution GEI) , found originally in [4] and given above in
equation (3.10), is in the S7 orbit of the first solution in (3.25) with p = 0.
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4 Moduli stabilization at higher order

In this section, we study the stabilization of massless fields via the higher-order terms in
the superpotential that we discussed in subsection 2.3. We will use previously studied flux
choices and calculate explicitly the higher-order terms and how they stabilize massless fields.

4.1 The algorithm and its limitations

The main idea, sketched in [8] and discussed in detail in the introduction, is to address the
tadpole conjecture in its weaker form, in which ngt,p is defined not as the number of massive
moduli, but as the number of fields whose vacuum expectations values are not free parameters,
but determined by the field equations, possibly in terms of other fields that themselves remain
massless to all orders in the expansion. Mathematically, this is the difference between the
Zariski and Krull co-dimension of the critical locus of the superpotential at the origin. To
explain this concretely, consider a superpotential

w=w(h ec[t?,... V] (4.1)

that is known as a (formal or convergent) power series in the erstwhile moduli #/, including
the axio-dilaton as I = 0, and assume that ¢/ = 0 corresponds to a supersymmetric Minkowksi
vacuum. This just means that the first non-vanishing term in the expansion of W is the
holomorphic mass matrix from (3.15), i.e., we have

1 1
W = §M[Jtltj + EC]L]KtItJtK + - (4.2)

where Crjx is completely symmetric and --- denotes higher order terms. In the following,
we will use the shorthand notation W, for the terms in W that are of order r in the t/. Thus
by definition W = "2, W,.. There are then two key ideas to study the effect of the W, for
r > 2 on the vacuum structure for arbitrary numbers of fields.

The first point is to shift the focus from the critical point equations 9;W = 0 as a
geometric locus to the Jacobi ring of the space-time superpotential,

fw

R==C0 (4.3)

Mathematically, R is known as the Milnor ring of the function germ defined by W. This ring
is finite-dimensional as a complex vector space precisely if and only if the origin is an isolated
singularity. Physically, (4.3) contains those physical operators that remain non-trivial and
independent after imposing the (static) field equations. This is of course just the space-time
analogue of (2.4). Intuitively, flat directions in {9;W = 0}, say one parameterized (possibly
non-linearly) by a field ¢, will be detected by the infinite number of independent operators ¢,
%, 3, .... In principle, the nature of the critical locus, its decomposition into branches, their
singularities, etc. is all contained in the algebraic properties of the ring R and can be analyzed
with standard computer algebra packages. In practice however, this is computationally very
expensive when the number of moduli N becomes large, and one wishes to obtain exact
statements that depend on terms W, for arbitrary large r.
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The second idea, then, is to return to a more geometric picture, but proceed order by order
in the field expansion. For example, including terms up to r = 3 gives us equations of the form

1
Mygt? + §C[JKtJtK =0 mod (cub.) (4.4)

where (cub.) are elements of R generated by cubic operators. If M;; has full rank, these
equations have a unique solution in the neighborhood of the origin, which is the origin itself.
Namely, all moduli have become massive. When rank M;; < N + 1 is less than maximal,
egs. (4.4) only allow us to eliminate that many linear combinations of operators, in terms of
the remaining ones. This means that the Zariski dimension, intuitively defined as

(lin.)

dim? ({9, W'}) = # {quadr.)

=N+4+1- rank(ML]) (4.5)

where (lin.) and (quadr.) are the elements of R generated by linear and quadratic operators,
respectively, remains non-zero. Eliminating these linear operators corresponds to “solving”
rank(M;s) of the equations (4.4). Doing this, and neglecting any cubic terms as indicated,
the remaining equations reduce to a set of N 4+ 1 — rank(M7;) quadratic equations in the
same number of independent variables. Some of these equations might vanish identically
(this happens quite regularly in our examples). Moreover, the number of linearly independent
quadratic equations might be larger than the co-dimension of the subspace they cut out.®
Alternatively, this can be thought of as eliminating this many quadratic operators in favor
of the independent ones. These statements will be modified by the cubic terms in (4.4)
originating from Wj. The linear operators that we eliminated in the first step will acquire
cubic terms. The intersection of the non-trivial quadrics will also be deformed. It might go
down in dimension in the process. Finally, some of the equations that vanished identically
before, might become non-trivial. And so on it goes to higher order.

In practice, we begin by picking a subset of fields t/a, a = 1,...,rank(My;) that we
eliminate by solving the respective linear equations originating from Ws. These fields could
appear either quadratically, like (tI“)2 in Ws, in which case we solve 9,1, Wa = 0 by setting
tla = 0 or they only appear linearly like t/a¢/» in which case we can solve 0,1, Wy = 0 for t'¢
and 0,1, Wo = 0 for tla. If say t'e appears in another such term, like t’e¢”/, then really ¢/ is
not on the list of t/+’s and we solve t/* ~ —t/, while ¢/ remains unstabilized at this order.
It is appealing to think of the variables t/e as “massive fields”. Strictly speaking, we can
not decide which combination actually acquires a physical mass without knowledge of the
Kahler potential. It was shown in [7] that the rank of the physical mass matrix is equal to
rank(Myy). At the level of counting degrees of freedom, the procedure is completely correct.
Although, there is some arbitrariness in the selection of the tfe.

Solving linear equations for the massive fields does not only work at this order but
actually extends to all orders. Once we have the linear order solutions t!e = tlo 4+ O(t?),
where t{“ are linear polynomials in independent, so-far unstabilized fields found by solving

5A most famous example for this phenomenon is the so-called twisted cubic space curve, image of
(s,t) = (x,y, z,w) = (s3, 5%, st?,t3), which is cut out by the three quadrics zw = yz, y* = xz, 2° = yw, but
no subset of two of these.
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all the 9y, Wy = 0, we can make the Ansatz tle = ti* 4 ¢l 4 O(#%) and plug this into
Oyta (Wa + W3) = 0 4 O(t?) to get linear equations for the tf*. We can solve these linear
equations and find quadratic polynomials in unstabilized fields as solutions for the ¢,*. We
Iq

can proceed like this to higher order and solve only linear equations to get tfe = 3=, _; tla,

where each of the tfﬂ is a polynomial of r-th power in the ¢’s that are unstabilized at this
order. The upshot is that the t/e can easily be solved for and thereby we satisfy all the
equations 0y, W = 0 to arbitrary order in ¢ for all the massive fields /s in any given example.

We now focus on the fields that are not massive and their corresponding derivatives of
the superpotential. Concretely, by solving for the massive fields above we have ensured that
0,y Wy = 0 + O(t?) for all J when plugging in tle =, _, tla. However, at cubic order we
have to solve 0;(Wa 4+ W3) = 0+ O(t3). Plugging in t/a = 3", _; t!s solves a subset of these
equations, however, generically there remain additional non-trivial quadratic equations that
we need to solve. Here things get a bit more complicated. Generically, solving quadratic and
higher order equations is a non-algebraic operation. It typically involves taking square roots
of other combinations of fields. Luckily, in our examples this never happens. For reasons
that can be traced back to the selection rules in (2.39) and (2.43), the relevant polynomials
always involve a sufficient number of fields that appear only linearly. We can solve for them
by merely inverting some of the remaining, independent variables. Similar statements hold
at higher order in the expansion, at least as far as we have explored. The only remaining
complication is that these solutions might involve different “branches” that need to be studied
independently. For example, equations xy = xz = 0 give rise to two components with different
numbers of stabilized fields: x = 0 or y = z = 0.

For the purposes of notation, we append the variables that we thereby eliminate to the
list of t!a’s, but include an additional index 7, that indicates at which order we have done so.
Thus, 7, = 2 for a = 1,...,rank(M;jy), corresponding to the massive fields, r, = 3 for those
that we eliminate by solving the independent quadratic equations, etc. Note again that the
number of a’s with given r, cannot be deduced from the number of independent non-trivial
equations that appear at that order alone, and moreover will depend on the branch on
which we are working. We will not introduce explicit notation to distinguish these branches,
although this is of course essential in practice. The number of fields that are stabilized up to
order r will be denoted A,. Thus, Ay = rank(Mj), A3 = Ay + #{a | r, = 3}, etc.

An important observation is that we cannot trivially solve the next higher order by
adding quadratic terms to the ¢!« with r, = 3. For example, we usually find linear solutions
for the quadratic equations: ta = tl* 4 O(t?). We can and have to extend those as
tle = tlo 4l 4 O(#3) but when we plug these back into s (Wa + W3+ Wy) = 0+ O(t*) then
not all té“ will actually appear. We can only solve a subset of these equations using the t5*
because some quadratic equations have terms like tlet/o = ¢lolt 4 ¢lotlb 4 O(t4), where both
rqe = rp = 3. If both t{“ = t{b = 0 then the corresponding téa, téb do not appear at all. While
this statement seems contrived, this actually does happen in some examples. So, at this
stage, things become more complicated but we can generically solve some of the higher-order
equations by fixing higher-order terms in already stabilized fields. If there are then still
unsolved equations that involve the so far not stabilized fields only, then we stabilize some
more fields at this order and proceed to the next higher order.
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Given that we start with a finite number of moduli, N + 1, initially, the procedure must
eventually stabilize, in the sense that there exists an rmax such that A, = Ay for all 7 > rpax.
This can happen at different times on different branches, but again there is a maximum
order after which the only effect can be a change of the explicit shape of the branches, but
not their dimension. If Ao = N + 1 on all branches, this means that all fields have been
stabilized. Otherwise, the minimum A, over all branches is what we take as ng,p, in the
weak form (1.3) of the tadpole conjecture. Mathematically, this corresponds to the Krull
co-dimension of the critical locus at the origin.

The algorithm that we just described in principle allows to decide how many moduli are
stabilized by any given flux. It can also be applied in other background models. Some of the
phenomena that we alluded to however are not easily captured by toy models. So to make the
generic discussion more concrete and accessible, we work through the details of a particular
example up to cubic order in the 1° model in the next subsection. Then we summarize the
results of some further calculations up to order » = 7. There are two important challenges.

1. While the formulas of subsection 2.3 allow us to in principle calculate all higher order
terms, their number grows quickly. At cubic order, we have just from the 63 complex
structure moduli 63 - 64 - 65/6 = 43,680 terms, which is easy to calculate. At septic order,
there are 1,078,897,248 terms and it becomes problematic to calculate and store them
when using a normal laptop.

2. When analysing the stabilization of higher order terms we have to solve 9,;W = 0. When
including cubic terms in W we have to solve generically a large number of coupled quadratic
equations, which is difficult. At higher order, this would then very quickly become an
impossible task. However, we surprisingly find that the higher order polynomials remain
usually relatively simple and we can normally solve them without getting square or higher
roots. This might be due to the large number of symmetries in this model but it would be
important to understand this better.

4.2 A fully worked example

In this subsection we discuss a non-trivial example with massless stabilized fields to cubic
order in the superpotential. The flux, which was first presented in [10] is given by

[4,12] 2
Goy” =9w-w)(-Maa1222+ Q2122+ Qaaa21212 — Qa1122102) (4.6)

It has Ny = 12 and it was shown in [8] that it has 16 massive complex scalars and that
its cubic terms lead to 10 linearly independent quadratic constraints. Indeed, the quadratic
terms in the superpotential (2.44) being

W2 :Ato(t1 _ t2 _ t6 + t8) + B((t48 _ t49)(t52 _ t55) + (t47 _ t50)(t53 _ t54)

1 1

+ 1t62(t23 _ t25 _ 7529 + t30) + 1t63(t13 _ t15 _ 7519 + t20)>

2 2
(e (2) s

where

2 1 6 9 3 2)
A=Y “r() r<) . B=-r
27 3 3 9
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We can easily solve 0;Ws = 0 in terms of the sixteen “massive” fields
tle with I, € {0,1,13,23,34, 35, 38,49, 50, 54, 55, 56, 60, 61, 62, 63 }. (4.9)

This fixes for example t° = 0+ O(#?) and t! = t2 + 6 — % + O(¢?). The latter equation
shows that there is an ambiguity in which fields we identify as “massive”. However, as
mentioned above, without knowledge of the Kéhler potential this cannot be resolved. Note
that we have already been careful in allowing for higher order terms in the massive fields
that will become important once we go to higher order. Concretely for this example the
cubic terms in the super potential are

W3 =C <t31t36t37 *t31t36t39 *t33t38t41 +t34t40t41 7t31t37t42 +t31t39t42 *t32t38t43 +t32t40t43 +t33t41 t44
+t35t43t44 —t34t41t45 —t35t43t45 —|—t22t36t46 —t24t36t46 +t21t37t46 —t27t37t46 —t21t39t46 +t27t39t46
—t22t42t46 +t24t42t46 —t28t38t47 +t28t40t47—t23t43t47 +t25t43t47—t26t38t48 —t23t41t48 +t29t41t48
+t26t44t48 +t26t40t49 +t25t41t49*t30t41t49 *t26t45t49 +t29t43t50*t30t43t50 +t28t44t50*t28t45t50
+t12t36t51—t14t36t51 +t11t37t51—t17t37t51—t11t39t51 +t17t39t51—t12t42t51 +t14t42t51 +t1t46t51
—t2t46t51 —t6t46t51 +t8t46t51 —t18t38t52 +t18t40t52—t13t43t52 +t15t43t52—t7t47t52 —|—t9t47t52
—t16t38t53 —t13t41t53 +t19t41t53 —|—t16t44t53 —t4t48t53 +t10t48t53 +t16f40t54 —|—t15t41t54 —t20t41f54
—t16t45t54 +t4t49t54—t10t49t54 +t19t43t55 —t20t43t55 +t18t44t55 —t18t45t55 +t7t50t55 —t9t50t55

+1t12t21t57_1t14t21t57+1t11t22t57_1t17t22t57_1t11t24t57+1t17t24t57_1t12t27t57+1t14t27t57

2 2 2 2 2 2 2
+1t1t31t57_1t2t31t57_1t6t31t57+1t8t31t57_1t18t23t58+1t18t25t58_1t13t28t58+1t15t28tss

2 2 2 2 2 2 2 2

L 73258, Losass 16,2350 1139650, 1 10,26,50  1,16,20,50 1 4,383,501 10,3350
— =ttt AN A AR A i A A e A -ttt —t 0t — =ttt -ttt

2 +2 2 2 +2 +2 2 +2
+1t16t25t60+1t15t26t6071t20t26t6071t16t30t60+1t4t34t607}t10t34t60+1t19t28t6171t20t28t61

2 2 2 2 2 2 2 2
+%t18t29t61_%t18t30t61+%t7t35t61_1t9t35t61

+(w_w2> —t0t48t52 —|—t0t49t52 —t0t47t53 +t0t50t53 +t0t47t54 —t0t50t54+t0t48t55—tot49t55

40438456 1 40,440,56 4 10444456 _ 40445,56 _ ltot:astss + }t0t34t58 _ 1t0t32t59 + }t0t35t59

2 2 2 2
1 1 1 1 1 1 1
240432460 _ ©,0435,60 4 ,0,33,61 _ 1 ,0,34,61 _ 1 40,423,62 | ©,0,25,62 | ©,0,29,62
+2 2 +2 2 2 +2 +2
L o,30,62 1,0,13,63, 10,1563, 1,0,10063 10,2063
_itt t —§tt t +§tt t +§tt t —§tt t

(4.10)

where C = B/3.
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to—(w-—wQ)O“(i)/r(é))g(2#%“-+;#“ﬁf>

th=12415—¢8
t13 — t15 4 7519 _ t20

£23 _ 425 4 429 430

t34 — 2533 _ 1t19t28 + 1t20t28 _ 1t18t29 + }t18t30 _ 1t7t32 + 1t9t32

3

(35 _ 432 _ 1t16t25 _ }t15t26 I }tzot%‘ i }t16t30 _ }t4t33 i }t10t33
3 3 3 3 3 3

{38 _ 440 | 444 445

49 _ 448 _ 1t19t43 4 }t20t43 _ }t18t44 i }t18t45 _ 17577547 I 1t9t47
3 3 3 3 3 3

450 _ 447 _ 1t16t40 _ }t15t41 i }t2ot41 i }t16t45 _ 17547548 i }t10t48
3 3 3 3 3 3
1 1 1 1 1 1

54 458 _ 1429443 | 1430443 _ 1 28,44 | 1428445 _ 17,52 | 14945
3 + 3 3 + 3 3 + 3
1 1 1 1 1 1

(55 _ 452 _ 1426440 _ 1425441 | 1430441 | 1426445 _ 44,58 | 141053
3 3 + 3 + 3 3 + 3

56 _ }t33t41 i }t32t43 I 1t28t47 n 1t26t48 i }tlstsz i }t16t53

3 3 3 3 3 3

2 2 1 1

460 _ 459 L4344 | 2443445 147,58 | © 40,58
3 3 3 3

(61 _ 458 _ gt4ot41 1 2t41t45 _ }t4t59 I }t10t59

62 _ 2t43t47 i 2t41t48 i }t18t58 + 1t16t59

3 3 3 3
2 2 1 1

463 _ £443452 | 241,53 | 498458 | 426459
3 * 3 - 3 + 3

(37 — 39)51 4 %@22 2T — ¢
(136 — 112)p51 ¢ %(tm 2T = 0
(137 — 139)446 1 %(tlz 5T = 0
(136 — 12)446 | %(tn Ty

=0
(36 — 112)(537 — 139) = 0

LT 39) 4 (122 — 2410 4 (112 _ 5 —
31136 — 12y 4 (21— 2Ty (11 175 — g
(122 — 124(% — $12) 4 (122 — 2TY (3T — 39) = 0
(112 — gMy(36 — 442) 1 (11— A7) (3T — 39) = 0
(112 — Myt 2D 4 (1 )2 — 2 =0

,25,

Solving the 16 equations Dy, (Wa + W3) = 0 for the 16 massive fields in equation (4.9),
we find up to this order

(4.11)

However when looking at all 64 equations Dj(Ws + W3) = 0 we find the additional ten
linearly independent quadratic relations

(4.12)



One can calculate the Groebner basis for the above set of polynomial equations and finds
the Krull co-dimension of the ideal to be 6. This means that 6 additional massive fields get
stabilized. However, at higher order or in more complicated examples below, it becomes
computationally too expensive to do such an analysis and therefore we quickly review how the
above equations can be solved explicitly. This leads to different branches or components as
briefly mentioned above. Concretely, there are components along which 6 fields are stabilized
and others along which seven fields are fixed: let us look at the fifth equation, solve it, plug
the solution in the other equations and keep solving. For ease of presentation we present
only two of the different branches that arise:

The branch 1) fixes only six fields and the branch 2) fixes seven fields. Given that all branches
fix either six or seven fields, one might then be tempted to conclude that there are six
stabilized fields and one could discard the other branches with 7 fixed fields. However, there
are two reasons to keep track of all different components of solutions: firstly, it is possible
that at higher order the branch with less stabilized fields suddenly stabilizes more fields than
another branch. We do not find an explicit example of this below. Secondly, it is possible
that we cannot pursue the branch with the lowest number of stabilized fields to higher order
because it is too complicated. If one is able to pursue another branch to higher order, then
this other branch provides an upper bound on the number of fields that can get stabilized
to higher order. We do find an instance of that were we cannot pursue the branch with the
smallest number of stabilized fields beyond cubic order but we can pursue another branch up
to W, thereby providing a useful upper bound on the maximal number of stabilized fields.

4.3 More examples and results

Here we will carry out the above-described procedure for many more explicit examples to
higher order and summarize the results. The first example was called G in [8] and appeared
already above in equation (3.10) but we repeat it here for convenience
GBI~ 9(—0 Q Q Q
=9(—N 11212121 F Q212102+ Q211,221 — Q11,1,2,1,1,2,1,2
1)
11122121 — Q1122102 — Q11121221 FQ111,21,212) - (4.15)

The above solution has 14 massive fields and as was observed in [8], there are no further
quadratic constraints. So, even when including W3 there are no further stabilized fields at
this order, although at this order all 63 complex structure moduli and the axio-dilaton do
appear in the superpotential. Surprisingly, we find that the same holds true when including
Wy, W5, Ws. So, even when including sextic terms in the superpotential we can solve the
64 equations 0,y (W + W3 + Wy + W5 + Ws) = 0+ O(t5) purely in terms of the 14 massive
fields t!e of r, = 2. Given this one might wonder whether one can prove that no further
stabilization is possible at all. Clearly, this cannot result from the unstabilized moduli not
being present in W since they already do all appear in W3 as remarked above. In general,
one can prove that all moduli always appear the latest in W (see appendix A). Thus, one
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would have to find a more elaborate proof that shows that (some) flat directions remain
because (some) unstabilized fields appear only in a very particular way combined with the
massive fields so that 0,xW = 0 to all orders. We did not succeed with this and it is possible
that some higher orders are non-zero. We thus leave this as a challenge for the future to
study this flux choice GE?’)S}
Before discussing flux choices that lead to the stabilization of massless fields via higher

to higher order.

order terms in W, we list more examples (see [8, 10]) that exhibit the same behavior as

Ggsl,)s] above. The flux choice

[12,12]
Goy ™~ = 9(—1,112221101 — 11221211 — Q11,221,121 + 01,1,1,21,21,1,2
+ Q11211212+ Q1211122 — Q111,222,110 — Q11,1,1,2.2,1,2,1 (4.16)
—Ma121221 Q100012212+ Q11,2122+ Q11,1,1,1,22,2)
leads to Npux = 12 and 22 massive fields. The flux choices

[12,12]
Go) =9(Q1,1,1221,1.210 — Q12,121,120 — D1,1,22,1,1,1,2,0 + Q1,1,2,2.2,1,1,1,1

Pt et e e b Rt Tt ) e e e L e R Et ] e e e e e Rt Lt ) e e L e b Rt et )

—M21221,1,11 — 221,122,1,1,1,1 FQ1,221,1,1,1,21 + 2212,1,1,1,1,2,1 (4.17)
— 201111121+ 2211211110 + Q221211111 — D222111,1,11)
[12,12] 2
G = 9w (12221111 — 121221111 — 211221111 + 221,121,111
(3)
+ Q221211111 — D2221,1,1,1,1,1 + Q111222111 — 21,1,2,1,22,1,1,1 (4.18)

—Mi122121101+ Q221121110 +D212112111 — D2211121,11)

have both Ngu = 12 and 26 massive fields [8].
Two new solutions were presented in [10] that are given by

[4,12] .
Gy = V3 (— Q11111222 + Q11121221 + Q22112 — Q12221101),  (4.19)
[

Gé’)w]:9i\/§(—9111111222+Q112111221+9221111112—9222111111)- (4.20)

I e bt e e e Bt e e e e e b Lt ) 1y Ly by by byt ds e e e e e Rt Et ]

These solutions GEZ;’)H] and G%’)m have both Ny = 12 and 22 or 26 massive fields, respectively.

For all the solutions Gy}, G, G, G, Gt Giy™ above we find that
no massless fields are being stabilized even when including up to sextic terms in the su-
perpotential W.

Now let us look at the more interesting and complicated example

[4,12] .
Gy =93 ( Q21212 = Qg2 — Qe + Qe - (4.21)

This example was discussed in detail in the previous subsection 4.2 up to cubic order in W.
As we have seen there, we have to solve 10 linearly independent quadratic equations and
can do so without generating square roots since none of the variables appear quadratically.
There are different components and they fix either six or seven massless fields. We can now
pursue the different components to higher order, keeping in mind that the total number
of stabilized fields is the smallest number of fixed fields, which is six in this case up to
this order. Since we do not know how many more fields will get stabilized at higher it is
worthwhile to keep track of all components.
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Model | massive | 3rd power | 4th power | 5th power | 6th power
Gy 14 0 0 0 0
G 22 0 0 0 0
G| 26 0 0 0 0
G| 26 0 0 0 0
Gy” | 2 0 0 0 0
Gi” | 2 0 0 0 0
Gyt 6 6 0 0 0
16 6 0 0 ?
16 6 4 0 0
16 7 1 0 0
16 7 4 0 0
Gl 20 2 0 4 1
20 2 0 0 0
G P 18 2 ? ? ?
18 4 0 0 0

Table 2. A summary of the different models that we have analyzed. The superscript [n, Ngux] on
the model denotes the number of €; components and the tadpole contribution Ng.,. The subscript
labels different flux configurations with the same [n, Naux]. The second column lists the massive fields
and the other columns list the number of fields that get fixed due to terms in the superpotential that
are polynomials of the r-th power in the moduli. For some models we find different components that
either fix the same or different numbers of fields, as indicated in the multiple rows for the same model.

Concretely, there is one component where we have 16 massive fields plus six stabilized
massless fields that allow us to solve the higher order constraints up to 0,7 (Wa + W5 + Wy +
W5 + Wg) = 0+ O(t°). So, for this component, we find no further stabilized fields and have
a total of 22 stabilized fields, 16 of which are massive and 6 of which are massless. There
are other components where in addition to the 16 massive fields there are 6 + 4 + 0 + 0,
74+14+0+0and 7+4+ 0+ 0 fixed massless fields. The smallest number of fixed fields
is the number of stabilized fields which turns out to be 22 up to order t% in W. We have
summarized this in table 2, where a question mark means that we have not been able to
solve the corresponding polynomial equations.

There are two previously discussed solutions [8] for which we calculated the higher order
terms and for which we also find that there are stabilized but massless fields. For

G%’IQ] =9[-Q11121212+ 11121221+ 011122112 — 11122121

Fw(=Mo1111212+ Q21111221+ Noii12102 — Qoiiioier  (422)

— Q1110212+ Q111221+ Q211112112 — D21,1,1,1,2,1,2.1)]
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which has 20 massive fields, we encounter an interesting feature that has not appeared before.
While usually, whenever we found no further fixed massless fields at a particular order, then
this persisted up until sextic terms in W. However, for this solution G%’m], we encounter
2 stabilized fields at cubic order and then for a particular component 0 stabilized fields at
quartic order, followed again by 4 fixed fields at quintic order and 1 fixed field at sextic
order in W. It shows explicitly that even if we encounter at a certain low order no further
stabilization this could change again at higher order.

The solution G%’H] below has 18 massive fields

12,12
GE5) ]:9[—9111121212+Q111121221+9111122112—9111122121

Fw(=Qi1211202 Q1211221+ Qg2 — Q1212 (423)

—Ma2111212+ Q12111221 Q12112112 — Q11,21,1,21,2.1)] -

I e et Rt B e ] e e e e e e Rt P e e e e Ee it )

We find that the quadratic equations resulting from cubic terms in W give rise to two
components. For one component we have four fixed fields and all higher order equations up
to sextic terms in W are then automatically solved in terms of the higher order terms in
the 18 massive and 4 fixed fields. Another component has only 2 stabilized fields but this
component is so complicated that we have not been able to solve higher order constraints,
leading to the question marks in the table. This example exemplifies an interesting point.
We would say that we have 18 massive and 2 stabilized massive fields at cubic order in
W. It is in principle possible that more fields get stabilized if we were able to pursue the
first component to quartic or quintic order. However, from the last row in the table we
know that even when going to sextic power in the superpotential we cannot stabilized more
than 4 massless fields in this model.

We have also calculated cubic, quartic and quintic terms for the solution above that has
the largest mass matrix rank to tadpole contribution Nguy and that is given above in (3.19).
Note this is not a physical solution since Ngux > 12. We find that there are no further
stabilized fields up to quintic order in the superpotential. This is in line with the empirical
observation from table 2 that models with the largest mass matrix rank do not have fields
that get stabilized at higher order in this 1° model.

5 Conclusion

In this paper we have continued the study of an orientifold of the 19 Landau-Ginzburg model.
The shortest vector problem in this model was solved in [10]. Specifically, it was shown
that any (non-zero) quantized Gs-flux in H 21 contributes at least Nyux = 8 to the tadpole
cancellation condition: Npux = 12 — Nps3 . In a convenient basis one can write the flux
as Gz = Y AlQy and each non-zero flux component A! will contribute at least 1 to Ngux.
Thus, any quantized flux configuration in this model can have at most 12 non-zero flux
components [8]. An exhaustive search in [10] proved that quantized flux solutions only exist
for 4, 8 or more non-zero flux components. Furthermore, all solutions with 4 components
were classified and a large class of 8 flux component solutions was presented. In this paper
we have proven that this large class actually contains all 8 flux component solutions. These
solutions are all related by an S7 symmetry that is preserved after the orientifold projection
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so that there is essentially only one such solution with 8 flux components. There are no
known solutions with 9, 10 and 11 flux components but several different ones with 12 flux
components. It remains an important challenge for the future to fully classify the flux
configurations with 12 flux components and to prove the absence of solutions with 9, 10 or
11 components or to find such solutions. However, the full classification of all possible flux
configurations in this model seems now to be within reach.

Given the importance of moduli stabilization in trying to connect string theory to the
real world, 4d N/ = 1 Minkowski vacua in this model were studied in [8]. It was found
that all known solutions and some newly constructed ones have a large number of massless
moduli. Out of the 64 complex scalar fields only between 14 and 26 were massive due
to the presence of the fluxes [8]. In this paper we have generated a large number of flux
configuration with relatively small tadpole and calculated the number of massive fields. The
scatter plot above in figure 2 shows the tadpole contribution vs the number of massive fields.
We find no violation of the tadpole conjecture even for flux configuration whose tadpole
is larger than the allowed Npux < 12.

Lastly, we developed a procedure for systematically calculating higher order terms in
the superpotential and checking whether there are massless fields that are stabilized in these
Minkowski vacua. In addition to the eight different solutions discussed in [8], we performed
such a study of higher order stabilization for two more solutions from [10]. In the latter
paper it was found that the flux configuration with only four flux components come in
three families with either 16, 22 or 26 massive fields. We have included one representative
from all three of those, a representative from the single family with eight flux components
discussed above and several solutions with twelve flux components. Thereby making this
a relatively complete set of examples.

Our findings are summarized in table 2 above and are interesting in many aspects. First,
we actually find that some flux configurations do not stabilize massless fields via higher
terms in the superpotential, even when including cubic, quartic, quintic and sextic terms.
This might be due to the large symmetry group of this model and it would be interesting
to understand better [42]. For setups where higher order constraints appear, we are faced
with solving polynomial equations in many variables and one might have expected that this
is an insurmountable task. However, we actually found that these constraint equations are
often solvable and they lead to the stabilization of several massless fields. We have found
three examples where massless fields get stabilized when including up to sextic terms in the
superpotential. The total number of stabilized fields is still below the maximum number
allowed by the (weaker version of the) tadpole conjecture. However, given that there is an
infinite number of higher order terms in the superpotential it is not clear whether and how
many more moduli will be stabilized at even higher order. We are currently at the limit of
what can be calculated with a normal computer and it would be interesting to use more
powerful computers or to develop more sophisticated techniques to extend our result to higher
order. We leave this as an exciting challenge for the future.
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A Proof that all t* appear in W

Given that it is difficult to stabilize all fields, one might ask whether one can show that flat
directions arise due to the simple fact that some fields do not appear in the superpotential at
all. This is however not the case and in this appendix, we prove that the dilaton and all 63
complex structure moduli do appear (at higher order) in W for any non-zero flux choice.

Let us assume that we turn on some flux and generate thereby a mass term for some
fields, i.e., we assume that Oy, O, W # 0 for some ki, ky. This is true for any non-zero flux
choice and implies from equation (2.36) above that

1= (k; +ky+1) mod3. (A.1)

Now we ask whether a t¥ exists that does not appear in W. The answer is no as can be seen
as follows: since k contains only 0’s and 1’s we have that 3-k = 0 mod 3. So at quintic
order in the superpotential, there is a term proportional to t¥1#2(¢¥)3 since we have

1= (ki +ko+3-k+1)mod3=(k; +ks+ 1) mod 3. (A.2)

Thus at quintic order, every t¥ will appear for sure. However, it will do so in a rather
simple way multiplied by terms that already appeared at quadratic order and thus these
terms cannot really stabilize tX. In concrete examples, we usually find that all fields already
appear when including quartic terms in W.
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