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1 Introduction

Our current picture of the string Landscape is tightly connected to the different mechanisms
for moduli stabilization. This is because a simple procedure to generate an ensemble of vacua
is to consider an effective field theory (EFT) with a perturbative multi-dimensional moduli
space M, and implement one or several moduli-fixing mechanisms that select a discrete
set of points in M. In string theory compactifications, this philosophy can be realized by
means of background fluxes threading the internal dimensions [1-10], so that the discretum
of vacua is a consequence of flux quantization. Particularly simple is the case of type IIB
Calabi-Yau (CY) orientifolds with three-form fluxes. In the absence of strongly warped
regions [11], the main effect of these fluxes is to generate a superpotential for the axio-dilaton
and complex structure fields [12]. Thus, from a single Calabi-Yau geometry and below the
scale of flux-induced masses, one obtains an ensemble of 4d EFTs indexed by the three-form
flux quanta,! whose physics can be extracted from the same parent (fluxless) 4d EFT.

Despite its relative simplicity, in practice there is not much analytic control when
describing this setup. In particular, as soon as there are several complex structure moduli
stabilized by fluxes, the analytic description of the set of vacua is typically lost, except
in some special cases where the use of discrete isometry groups allows for a consistent
reduction of the complex structure sector [14-23] possibly down to a single field [24-33].
The same statement applies to the mass spectrum of the fields that are stabilized by fluxes,
which depends on the scalar potential and the vacuum expectation values (vevs) of the
fields. These two ingredients, vevs and mass spectra, are crucial in order to implement full
moduli stabilization, and therefore to develop an overall picture of the ensemble of vacua
and to extract its phenomenological features.

The aim of this paper is to improve the current state of affairs, by providing a class
of type IIB flux configurations where the vevs and mass spectrum in the axio-dilaton
and complex structure sector can be described analytically.? This analytic description is
independent of the number of complex structure fields, and the key ingredient to implement
it is a simplified description of the Calabi-Yau holomorphic three-form periods in some
asymptotic region. We focus on the region of Large Complex Structure (LCS), where such
periods can be expressed as polynomials of the complex structure fields, up to exponential
terms that can be neglected. It is precisely in this region where recent progress in describing
the flux-induced mass spectrum [33, 34] and the flux potential [35] analytically and for an
arbitrary number of fields has been made, so it is a particularly promising regime to look
at. In this work we show how these two different set of results are connected to each other,
and how they can be merged into a single framework that leads to a more detailed analysis
of such flux vacua.

!Note that a 4d EFT of this sort has fixed NS three-form flux quanta [13], so there is an ensemble of 4d
EFTs even at the scale of flux-induced masses, giving rise to a larger ensemble at lower scales.

2In most type IIB CY schemes that implement full moduli stabilization, the flux-induced vevs and masses
are independent of the Kéahler moduli stabilization details, and can therefore be seen as properties of the
final vacuum. In this paper we will not discuss Kéhler moduli stabilization, and we will dub as fluz vacua
those vevs in the axio-dilaton and complex structure sector that solve their equations of motion at tree-level
in 4d Minkowski.



Indeed, as pointed out in [35-38], in order to find vacua in the LCS limit, the flux
contribution to the D3-brane tadpole must grow with the field vevs, unless certain flux
quanta are set to zero. A particular family of flux configurations avoiding this problem
was proposed in [35], and dubbed IIBI scenario therein. As we show in this work, this
family corresponds to a set of compactifications in which the flux-induced superpotential is
quadratic in the axio-dilaton and complex structure fields. It follows from here that the set
of flux vacua splits into three distinct classes, that can be classified according to the nature
of the field directions that are unfixed by fluxes.? In the first class, in which supersymmetry
is broken in the Kéahler sector, all fields in the complex structure/axio-dilaton sector are
stabilized. Moreover, the simplest choice of fluxes leads to the no-scale aligned vacua of [33].
In this case, one can describe the field vevs in terms of quadratic and cubic equations, and
apply the techniques of [33] to obtain the flux-induced mass spectrum analytically, for an
arbitrary number of complex structure moduli. The second class also breaks supersymmetry
in the Kéhler sector, but now contains one or more axion-like fields that are flat directions
of the flux potential. Finally, in the third class, vacua are fully supersymmetric and,
remarkably, they always contain some complexified flat directions.

These results can be compared to other strategies in the literature employed to analyze
the same setup. For instance, one may compute the flux-induced mass spectrum by first
extracting the Hessian from the analytic expression for the scalar potential provided in [35].
While this analysis is in general quite involved, one can see that for the axionic sector of the
IIB1 scenario one obtains a perfect match with our analytic expressions. A different, more
direct method is to perform a numerical analysis of the flux vacua solutions and their mass
spectra. When applying this approach to the IIB1 scenario the result is two-fold: on the
one hand, it shows that the analytical control inside the IIB1 setup allows to very efficiently
find flux configurations yielding consistent vacua. On the other hand, various features of
the numerical vacua are shown to precisely match the analytical results developed in the
paper, supporting the robustness of the analysis.

The paper is organized as follows: in section 2 we define usual notations and conventions
for type IIB flux compactifications at LCS. In section 3, we provide a coarse-grained
classification of vacua that can arise from a quadratic superpotential and uncover the
supersymmetric and the two non-supersymmetric families mentioned above. We detail
here what is the IIB1 scenario for which, precisely, the superpotential takes a bilinear
form. In section 4, we explore the non-supersymmetric vacua highlighted in the generic
classification in more detail. We focus on a specific branch of vacua by assuming an ansatz
for the saxions, where, upon further refinement to two cases, we can express analytically the
vacuum expectation values of the axio-dilaton and all complex structure moduli. We prove
here that one of these two cases falls into the no-scale aligned class described in [33], so that
we are able to determine their complete tree-level mass spectra analytically. Details about
the computation of these masses are presented in appendices A and B. In section 5, we
briefly investigate the supersymmetric family exhibited from the generic classification. In

3More precisely, these are flat directions at the approximation level in which all polynomial corrections
to the leading behaviour of the periods are included, while exponential corrections are neglected.



section 6, we numerically generate and analyze an ensemble of IIB1 vacua that fits into the
no-scale aligned branch in a toy two-parameter model. We end up with some conclusions
and prospects in section 7.

2 Generics of type IIB flux compactifications

In this section, we review some usual definitions and notations about the effective super-
gravity of type IIB string theory compactified on a Calabi-Yau 3-fold Xs.

2.1 The prepotential

In a symplectic basis {A!, B;}, I =0,...,h*! of H3(X3,Z), the periods of the Calabi-Yau
(3,0)-form Q are encoded in the vector

HtE(]-"],XI):(/BIQ,/AIQ), (2.1)

where t stands for the transpose. The complex structure moduli fields are defined to be
2t = X1/X% i =1,...,h%" and the F; components are expressed as derivatives of the
prepotential F. Setting the gauge X = 1, the period vector takes the following form:

2F — Zlal]:
1
i
In the LCS regime the prepotential reads
1 ik 1 i g i 1
F = —éﬁijkz 220 — §aijz 2 42t + 5/10 + Finst - (2.3)

The instanton contribution Fig is subleading in the LCS regime and can be expressed
k

as sum of polylogarithm Liy(q) = >7;~¢ f5 ponderated by Gopakumar-Vafa invariants n i

labeled by d € (ZT)h*" [23],

Finst = *W % njL13 [6 ] : (24)

The coefficients x;;, a;; and ¢; can be computed from topological data of the mirror
manifold Y3 of the Calabi-Yau X3, while kg depends on the Euler characteristic of X3. More
precisely, we have [39]

1
Kijk = / wi Nwj A w, a;j = —= | w; Adychy(P.D[wy]),
e 2% (2.5)
1 CB)x(Xs) . C(3) ;11 21 '
i = 57 i A\ cha(Y3), = , = RUL — p21y
€= g @i che¥s), mo =T ET =i )

where w;, i = 1,...,hY}(Y3) form a basis of H?(Y3,Z), i, denotes the pushforward of the
embedding 7 of the divisors into Y3, P.D stands for Poincaré Dual and ch; and chy denote



the first and second Chern classes respectively. It can further be shown [23] that a;; can be
rewritten in terms of the triple intersection numbers as follows

1
ajj = _5 /Y w; N\ wj AN wj mod Z. (26)
3

Finally, it is important to note that both ¢; and a;; are defined only modulo Z, since shifts
on these parameters correspond to different choices for the symplectic basis of 3-cycles of
X3. This leads to important restrictions on their values, when considered in terms of the
transformation properties of the period vector under monodromies z* — 2* +v*, v* € Z
at LCS. More concretely, the coefficients of the prepotential must satisfy the following
conditions [39]:
1 1

a;; + ilﬁijj €Z and 2¢ + 6:‘%1“ S/ (2.7)

The first equation can also be generalized to take the form

1 .
a;jv’ + iﬁijkv]vk =0 mod Z. (2.8)

Note that we can make use of the redundancy of a;; to shift its value like a;; — a;; + nij,
nij € Z so that the Lh.s. of (2.8) is actually 0.

2.2 Kaihler potential
The tree-level Kéhler potential is given by
K = Ky + Kqii + Kes = —2log(V) — log(—i(t — 7)) — log(—iIl" - & - 1), (2.9)

where V is the volume of X3, 7 is the axio-dilaton and we have defined the canonical
symplectic (2h*! 4 2) x (2h%! 4 2) matrix

(01
Y= (—]1 0) . (2.10)

The Kéhler potential at the approximation of large complex structure can be shown to read
Ko = —log (é/ﬁjk(zi — 2 — ) (2F - Z*) — 2Im (/10))

4 o
~ log <3/€ijktltjtk ~9Tm (,{0)) , (2.11)

where we have defined z* = b’ + it and, for later use, we also introduce 7 = b° + it0.
It will be important to develop some of the derivatives of the Kéhler potential, for
future reference. The most relevant ones are the following:

1 i

Kr=——— =55, (2.12)
1 1

Kt = =2 = g (2.13)

K; = —%mjk(zf — 2)(2F = 2%) = iyt tE (2.14)
1

Kj = ikip(" — 2°) + o Fimnfijpg (27 = 27) (2" = 27)(2F = 2P) (27 = 29)
= 2 jt" 4 Afsimnfijpgt ™t P (2.15)



where we have defined #;;;, = efes riji and the indices 7 and ¢ denote derivatives of the Kéhler
potential with respect to the axio-dilaton and the complex structure moduli 2* respectively
(barred indices naturally denote derivatives with respect to the complex conjugate fields).

Intuitively, the LCS regime establishes how the cubic term inside the previous logarithm
compares with the constant contribution kg. Thus, we introduce the following LCS parameter
to measure how close to the LCS point a given solution is:

—2Im (ko) —2eXeIm (ko)
%K,ijktitjtk 1 + 2efesIm (Ho) '

€= (2.16)
By definition, the Large Complex Structure limit is the regime where t' — oo,Vi €
{1,...,h*'}. This implies that the LCS point is located at £ = 0. In what follows, we will
regard the limit & — 0 as the LCS limit; however, one should note that this correspondence
may not be always applicable, since one may obtain ¢ ~ 0 with some saxions remaining
small, giving rise to non-negligible exponential corrections. In any case, we consider the
condition £ — 0 to be sufficiently constraining as to become a good indicator of how close to
the LCS point a vacuum can be located and, thus, how small exponential corrections can be.

On the other hand, it can be checked that in those geometries where A% > ALl we
obtain negative eigenvalues in the field-space metric K;; if £ > 1 /2, thus rendering those
solutions unphysical; as for geometries with h?! > hb!l, solutions with ¢ < —1 will suffer
from the same problem* [33].

2.3 Flux superpotential

With these definitions, we can express the usual Gukov-Vafa-Witten (GVW) superpotential
W [12], induced by fluxes threading the compact geometry. We first introduce the flux vector

7 hg
F B H B
N=f—7h with fz<fB’ 3); flo and hz<f3’ 3)5 hg . (2.17)
Ja, Fs fa Ja, Hs ha
fa g

These fluxes induce a D3-tadpole Ramond-Ramond charge in the compact space, which has
to be cancelled by negatively charged objects, like orientifold planes. The full D3-charge
Naux induced by these fluxes is shown to be

Nt. 2. N
Nix = f1 -8 h=—-"—"—"—. (2.18)
T—T
The GVW superpotential can then be easily expressed as® [12]
Wz/(Fg—Tﬂg)AQ:NT-z-H. (2.19)

“Note that for the definition (2.16) to be useful, we require o to be non-zero, which implies x(X3) # 0
or, equivalently, A% # h?!. In what follows, we will assume the models under study to satisfy this property.

5Note that we deliberately forget a factor 1 / V47 since it will be irrelevant for the vacuum equations and
everything we will compute.



From this equation we can obtain the full expression for the superpotential, which reads

1 . 1 o , A
W= —=NOk. 2tk & Z . NG IR N g+ NB - NO. ) 5

G Anzjkz% z" 4+ 2f<a”k A%z —|—( A Qi + NG Acz)z (2.20)
— kN — Nic; + NP

2.4 Vacuum equations

At tree-level, type IIB Calabi-Yau compactifications with three-form fluxes yield 4d
Minkowski vacua. Since the 4d EFT features a no-scale structure in the Kéahler sec-
tor (K?? K,K, = 3 where p,o run over Kéhler moduli), the corresponding vacua equations
are given by DAW = O4W + KW =0, A € {7, zi}. Let us write these equations explicitly:
1 T JR——

—(f—71h)| -X-TI=-— -N* - X-1I=0, (2.21)

T—T T—T
D;W=NT.2.DII=0, (2.22)

DW= |—-h—

which translate into
1 - o 1 L . _ _ . _ . _
- gNg/fiijZZ‘jZk + ilﬂ?ijkNAZ]Zk + (Nixaz’j + N7 - N,E)xcz') 2 = roNj = Nje; + Ny =0,

1 . , ,

— §Ng/€ijkzjzk + Hz'jkNﬁle + (Nilaij + NiB — Ngc,) + KW =0. (2.23)
Supersymmetric vacua are realized if, in addition, the covariant derivatives of the superpo-
tential with respect to the Kéhler moduli are zero. Since they are proportional to W, the

superpotential should vanish to yield a supersymmetric vacuum. Namely, with o referring
to the Kahler sector:

Supersymmetric condition: D,W = K,W =0<= W =0. (2.24)

2.5 Various contractions with triple intersection numbers

We define here several notations we use in the paper to describe the triple intersection
number x;j;, contracted with various quantities. They will be redefined in the sequel at the
appropriate moment but we find useful to have them summarized here. We denote

_ k _ j ok _ i 17 4k
Rij = Fﬁijkt s R; = Hijkt]t N R = /iijktlt]t ;

_ k _ | ok _ i £ ok
Sij = Kijkfa Si = kiR A4, S =kijfafifi, (2.25)
/@Z} = niijk"hf, H;H = HiijjmhflSk"hf, Kt = /ﬁiijilhlBSjmhfsz”hf,

where S% is such that Siijk = 6};.

3 Vacua from a quadratic superpotential

In this section, we present a generic classification of type IIB flux vacua at large complex
structure arising from superpotentials that take a generic bilinear form, i.e., that are of the
following kind:

1= - - o
W:§ZtMZ+L-Z+Q, (3.1)



where Z = (7,7) and where the (h?! + 1)-dimensional matrix M, the vector L and the
scalar @ are real flux-dependent quantities. Note that the matrix M is symmetric by
construction. As we will see in section 3.3, the IIB1 scenario that is of interest in this paper
is precisely designed to get a quadratic structure from the superpotential (2.20). In the rest
of the paper, we will apply the general formulas derived here in more detail and push the
analytical developments. Note that generically the superpotential is cubic in the complex
structure/axio-dilaton sector, as shown in the previous section.

Let us denote the covariant derivatives with respect to 7 and 2z’ in a vector notation
D= (D, D;). Likewise, we package the first derivatives of the Kéhler potential within
the vector 9K = (K, K;), which is pure imaginary and axion-independent (see eqs. (2.12)
and (2.14)). The vacuum equations then take the form

DW =0 < MZ+L+ (0K)W =0. (3.2)

The superpotential at vacua enjoys a reality property. Indeed, decomposing Z=B+iT
into eq. (3.1) yields
Im(W)=B'MT+L-T. (3.3)
On the other hand, and thanks to this expression for Im (1), the real part of (3.2) contracted
with T gives
- 44¢

Im(W) (14T -0K)=———<Im(W)=0. 3.4

m (W) (14T 9K) = =55 Tm (1) (3.4)
Here, we made use of eq. (2.14) and the definition of the LCS parameter £ introduced in
eq. (2.16) to express T -JK. Since ¢ cannot be equal to —4, as explained below (2.16), we
deduce that Im (W) vanishes at vacua so that the superpotential is real on-shell. With this

result at hand, the vacuum equations (3.2) split into

—

MB = —L, (3.5)
MT = i(0K)W , (3.6)

which in particular imply that L should be in the image of the matrix M in order to find
a vacuum solution, which is a non-trivial requirement on the flux quanta when M is not
invertible. For this reason it is natural to discuss separately those cases in which the matrix
M is regular and when it is not. In both cases, using (3.5), we can write the superpotential
at vacua like 1

W = —iftMT +Q, (3.7)

where ' is a flux-dependent quantity defined by
1- -
Q=Q- §LtM+L, (3.8)
and M™ is the generalized inverse of M, whose explicit expression we give below. Then,
from (3.6) and (3.7) we deduce that

= < :%14_5@,:_26_[(057@/ :
1-iT-0K 3 & 3 Im £

(3.9)

Therefore, when approaching the LCS point at £ = 0, the superpotential diverges. Also,
notice that supersymmetric vacua are only possible if Q' = 0.



3.1 When M is invertible

When M has an inverse then M T = M~! and so eq. (3.5) stabilizes all the axions at

-

B=-M"L. (3.10)

On the other hand, eq. (3.6) is implicit on the saxions since OK and W depend on T. This
is summed up in the following expression for Z:

Z=-M"(L+@K)W) . (3.11)
The superpotential at vacua reads as (3.9) with " given by
! 1 rtasr—17
Q:Q—QLM L. (3.12)

As noted above, supersymmetric vacua only arise if ' = 0. But with M invertible this
would imply that 7' = 0 due to (3.6). Supersymmetric vacua are thus forbidden when M is
regular.

3.2 When M is singular

As mentioned earlier, eq. (3.5) tells us that L lies in the image of M since L = M(—B). As
a consequence, the field directions inside the kernel of M do not enter the superpotential.
Thus, in the LCS approximation, the axionic directions that correspond to ker(M) do
not enter the scalar potential at all, implying a number of flat directions. To describe
the number of these flat directions one must distinguish between supersymmetric and

non-supersymmmetric vacua:

e When W # 0, which corresponds to flux choices such that @’ # 0, we have that
rank (M) of the axions are stabilized, while h?! 41 —rank (M) constraints on the flux
quanta must be satisfied in order for vacua to exist. To see this, we can diagonalize the
matrix M to a matrix D = diag(\g, ..., Ar—1,0,...,0) with Ao, ..., A\,_1 representing
the r = rank (M) non-zero eigenvalues of the matrix, and where there are as many
zeroes as the dimension of the kernel. We write the similarity transformation with a
matrix N like

M =N'DN and N'=N"1', (3.13)
Defining B’ = NB and L' = NL, the axionic system of equations (3.5) becomes
DB = -TL'. (3.14)

We now split the h>! + 1 indices {0,i} like o € {0,...,7 — 1} and B € {r,...,h%'}
to get the following vacuum expectation values and constraints:

L -
Ve = -+~ and " =o0. (3.15)

(67



The superpotential at vacua (3.9) involves the quantity @' which again is flux-
dependent-only and reads

Quff'§+Q——EZfHW+Q——EMWf+Q (3.16)
2 24 A, 2 ’ ‘
where M+ = N'D*N and D = diag(\;',...,A\'},0,...,0). As for the saxions,

they satisfy the non-linear implicit relation (3.6), where the superpotential W takes the
saxion-dependent form (3.9). Since all axions enter in this condition, one generically
expects that its solution stabilizes all of them.

e When W = 0, we read from (3.2) that the vacuum solutions are
Z = B +ker (M), (3.17)

and so only rank (M) complex moduli are stabilized. As in the previous case, the
same h?! +1 —rank (M) constraints on the flux quanta should hold. Moreover, Q' = 0
provides one additional constraint on the fluxes. In total, we expect the fluxes to satisfy
h*! 4+ 2 — rank (M) relations in order to fall into this supersymmetric class of vacua.

3.3 The IIB1 family

In this subsection, we introduce the ITBI scenario described in [35]. There, the starting
point of the authors is F-theory compactifications at large complex structure. They develop
analytical expressions of the scalar potential in full generality and recast it with a bilinear

structure V = py Z4P

pB, which is found to be very useful to express the vacuum equations
and systematically characterize the possible families of vacua (see [40-46] for applications of
this strategy). Requiring the tadpole not to diverge at LCS, two distinct families of vacua
are uncovered and, in the type IIB limit of F-theory, they yield two scenarios, one of them
being the IIB1 setup on which we focus here. It is characterized by putting some specific

flux quanta to zero:
IIB1 flux configuration: f4 =0, A% =0 and hY% =0, i€ {1,...,h*}. (3.18)

We can motivate the interest on this ansatz by looking at its effects on the type 11B
superpotential (2.20). The choice f = A% =0, i.e. N = 0, has important consequences.
We see that it removes the “pure complex structure” cubic, highest-order term z°z72F,
from the superpotential. This ends up being quite a non-trivial effect, since it leads to
solutions arbitrarily close to the LCS point, as opposed to the Ng # 0 case [36-38]. In
one-parameter models, this choice of fluxes has been proven to lead to completely different
mass spectra than in the generic NG # 0 case, along with its own statistical ensembles of
vacua [33]. Following a similar reasoning as to the statements above, we remark that with
the additional choice h%y = 0 we get N4 = f%, which removes the mixed (complex structure
and axio-dilaton) cubic term 2277 from the superpotential, and only leaves a quadratic
one on 227,



Thus, the IIB1 flux choice ensures that the superpotential takes the bilinear form (3.1)
with Z! = (7, 7) and the following flux-dependent quantities:

pBt

M= (_%B g ) o D=0, fP+ayfy), Q=f—afy,  (319)
J

and where the matrix S is defined as S;; = ki f f&- We further write [ = (Lo, L;) so that

Lo=—hf and L, = P + a;j fﬁx. Note that in the following sections, we will focus on flux

configurations for which the matrix S is invertible. When it is the case, the invertibility of

M is determined by the value of det(M)/det(S) = H = hBSY h]B.

n [35], the authors expressed the vacuum equations descending from the F-theory
ones and wrote them at first order in the LCS parameter £. In the following, we will
generalize this analysis and extend it to the full LCS region, i.e. for arbitrary &, by
applying the generic results of the present section. We consider the non-supersymmetric
(section 4) and supersymmetric (section 5) vacua highlighted above and, in both cases, fully
analytical relations for the axions and saxions vacuum locations are displayed. In the non-
supersymmetric case, the analytical control over the saxions comes at the cost of restricting
to a particular branch of solutions that we know is not unique thanks to numerics. Moreover,
yet in a further subclass, we are able to express the vacuum expectation values with formulas
that are exact in £ and we are able to uncover the scalar mass spectrum analytically.

4 Non-supersymmetric vacua

We study here the non-supersymmetric flux vacua exhibited in the previous section, that
can arise both with M invertible or singular. We recall that the vacuum equations reduce
0 (3.5) and (3.6), where the superpotential at vacua takes the form (3.9). We thus have

MB=—L, (4.1)

- 2 Q-
MT = —Zje K % (JK). 4.2
ie T HO( ) (4.2)

We first focus on the saxionic system which can be recast as

. / 4 Q .
anBrid = oK 1 Rt et —2Q) 43
¢ € Im kg SImKOI{Uk @ (4.3)
4 Q )
B0 k
_hi t + Sz‘jt] = gihn K Hijktjt s (44)

from which it seems natural to define the following rescaled variables:

oéQ/to i4Q/

= = 4.5
. 3Imkg T = 3m Ko (4.5)

In terms of these rescaled variables, the above equations read
—3hPa'a" = kipatabat — Sa, (4.6)

B
—h; 2 + Sijx = KijkT Izk
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where

25Q/3
32(Im k()28 ’
Notice that eq. (4.7) only depends on triple intersection numbers and fluxes bounded
by the D3-brane tadpole. Therefore, one expects 24 ~ O(Nl/Z), with A € {0,7} and

flux

o =

S = ki fififh . (4.8)

Niux = — filth . To generate larger values for the saxions ¢, one may consider flux choices
such that
Q/
< 1. 4.9
Im R0 ( )

When it is the case,
1> |a| ~ €], (4.10)

so vacua satisfying this condition may be compatible with a large complex structure regime
description.

The system of equations (4.6) and (4.7) is rather involved as it is, so we will propose
an ansatz to make analytical progress, that we will further refine into two cases in which
we are able to obtain concrete results. Our working assumption will be that the matrix
S is invertible, and we will oftentimes also assume that S # 0, in order to define « as
above. To build the ansatz we take inspiration from the analysis performed in [35]. There, a
decomposition of the flux quanta f% and h? in terms of saxion vevs was introduced as follows

fi=At+ 0 WP = Brytith + G, (4.11)

with C’%ijktj tF = C;t" = 0. This fully general decomposition was helpful in the study of the
equations of motion, which required the relations A = t°B and —C;t" = nijCj . However,
in order to provide concrete expressions for the vacuum expectation values of the moduli
including first order polynomial corrections, the authors restricted the flux space to the
case C; = C* = 0 and linearized the equations in £&. We now aim to extend this ansatz and
to consider the effect of polynomial corrections at all orders. To do so we turn on the vector
C" but demand a concrete relation with the flux quanta. We thus propose the ansatz

L= {fi +1SVRP — 2l =af 4+ 2SYnP. (4.12)

The vacua equations then read

32" (Nguxd — HE) = 23S — 3Ngux it + 3H2E* + 23k — Sa, (4.13)
hB (& — %) + S;2 = 2%S; + 22ahP + K1, (4.14)

where we have defined
kIt = kiSSP RERE | KT = Ky STSTSE P RE B | (4.15)

and recall that H = det(M)/ det(S) = hZBSithB. Upon contracting (4.14) with f% and with
S hf , and plugging back into (4.14), we obtain a consistency flux condition that reads

(N = SH) sl + (SK™ + HNawe) hP + (K™ Naw + H?) Si = 0, (4.16)

where S; = ki fifh.
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As evoked above, progressing without further refining the branch under consideration
seems very involved. However, we notice that the constraint (4.16) is compatible with the
relation H = 0, which will define our first subclass of interest developed in section 4.1.
This case falls into the kind of non-supersymmetric vacua described in section 3.2 where
the matrix M is singular. The other subclass to be studied in the sequel assumes the
ansatz (4.12) with the simplification # = 0, and will be discussed in section 4.2

4.1 A subcase with M singular
In this subsection, we push the analytics sketched above with the further flux condition
H=hlS"h =0. (4.17)

In this case, the matrix M has a one-dimensional kernel generated by ((1, S hJB )). From
the generic discussion of section 3.2, we then expect one constraint to arise from the axionic
system (4.1) as well as one flat direction. More precisely, we have

hPS9L;=h§ and b =—SYL;+b°SYRF. (4.18)

The saxionic system given by egs. (4.13) and (4.14) reduces to the following one when
H=0:

3Nfux 2z’ = 238 — 3Npue 22t + 23kM — Sa, (4.19)

hB (& — %) + S;& = 2%S; + 225hP + 7K1, (4.20)

and the flux condition (4.16) becomes®
Nguxﬁ;ﬂ + 'S’%thg + /iHNﬁuXSi =0. (421)

One can manipulate the system of equations to arrive at an expression giving Z as a function
of &, a relation giving z° as a function of # and # and an equation involving only Z. Indeed

we have”
i = Zﬂj":@(ﬁ; ~1), (4.22)
0 Sx](\z; Dz 2z, (4.23)
(22° - 33 + a)2 = 16%@3@ —1)3, (4.24)

The last equation involving only & is polynomial of sixth order. To proceed, we can
neglect « to find approximate solutions valid close to the LCS point. The polynomial then
becomes only of third order and can be written like
35 B 3/4 A /3 Nf:lgux

— ~ ith =4 .
o1 T -1 0, wi B 52,7

SNotice that this condition is automatically satisfied for models with two complex structure moduli where

3 — 322 +

(4.25)

‘H = 0, because then the vector in (4.21) is always orthogonal to f4 and Sijhf.
"These expressions assume £ # 0 and S # 0. If not, we find £ = 1, ¥ = —z° and one saxion is left
unstabilized. When x* = 0 and S # 0, the flux relation o = 1 should also be satisfied.

- 12 —



This cubic equation admits three roots, either one real and two complex or three reals. If
we label them Zg, 1 and Z2, they are given by

.k .

. Jy 1 . —1+iV3
=14+4— k 0,1,2 d _
Tk + 9 2]k7(5_1)7 e{ s Ly } an J 2 3

and where v is such that
1 p
3 —
=—|1 — . 4.2
gl 5_1<+\/ﬂ_1> (4.27)

Note that we cannot determine in full generality which of these solutions correspond to the

(4.26)

real ones. With a solution for &, eq. (4.22) allows to compute # so that we can deduce x°
from the ansatz. On the other hand, eq. (4.23) allows to compute . From the definitions
of the rescaled variables, one can then deduce the vacuum expectation values of the saxions
t0 and t'.

We can refine this approximate solution, valid near the LCS point, by using a pertubative
approach. Indeed, if we denote the above approximate solution 2(?), we can write

i =20 46z, (4.28)

with 62 ~ O(a) < 1. Plugging this into the full equation (4.24) and restricting to first
order in « yields

(220 — 3)S%KHa

5/\ pu—
T 60 — 1) AN (30 — 1)(220) — 1) — S26H20)(220) — 3)]

+0(?).  (4.29)

One can plug this refined value of & into (4.24), and again linearize the equation to obtain
its value to the next order in a. The procedure can be repeated to provide an analytic

expression up to any order in a.

4.2 A simpler ansatz for full analyticity

Another very interesting subclass of vacua arises when one considers a particular restriction
of the ansatz proposed in (4.12). This restriction consists in assuming £ = 0, so that we are
left with

t=ify, = 2'=2afY. (4.30)
For reasons that will be clearer later, we call this branch of vacua the no-scale aligned
branch. The vacuum equations for this branch reduce to

3Npuda’ = 23S — Sa, (4.31)
—hPa 4+ 82 = 5,22 (4.32)

Contracting (4.32) with f4 we obtain
8('%2 - {%) - ]Vﬁuxx0 ) (4.33)

so we deduce that S # 0. Plugging this equation back into (4.32), we obtain a condition for
the flux vector i_iB:

St g jppdt (4.34)

hZB = _Nﬁux
S q
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where hP € Z and ¢ = ged(S;). This flux relation can be thought of as a simpler version
of (4.16) for this particular ansatz. It is worth noting that in the language of [35], (4.30)
and (4.34) correspond to the choice C;, C* = 0 using the decomposition (4.11). If we assume
that the matrix S is invertible, the above relation implies that H = hlB S hf =# 0, and so
M is regular. We are thus in the generic case described in section 3.1. In the sequel, we

will solve the axionic and saxionic systems of equations.

4.2.1 Moduli stabilization

Axions. The axions are stabilized at B = —M~'L. The inverse of the matrix M defined
in eq. (3.19) cannot be expressed in full generality but it can under the assumption that
the matrix S is invertible.® When it is the case, we have [35]

1 -1 —SikpB
-1 _ 1 i
M=% (—Sikhf HS — giksﬂhghl3> : (4.35)
This yields
_ h?SIL; - hi
H ’ (4.36)
bi = S (bohf - Lj) .

bO

Note that the quantity @’ in this case is given by

(hPS9L; —hF)* 1. i
TP SLiSTL . (4.37)

Q' = fo’ — faci+
Saxions. For the saxions, the relation (4.33) allows to solve for # as a function of x°.
We find

~ 1 Neux 0
- g0 4.
2=3 (1 +4/1+4 S 7 ) (4.38)

We now plug (4.31) into this expression, to obtain

4 a
28 =1+4/14+ - (22— = 4.39
Z \/+3<x j)’ ( )

which yields the following cubic equation:

28— 332 +a=0. (4.40)
The discriminant A of the cubic can be expressed simply as a function of « like
A=4ala—1). (4.41)
When o < 0 or a > 1, the discrimant is positive and there is a single real root given by

L1 1 3 _ /
:E:2(1—|—T—|—F> where T —1—2(a+ a(a—l)). (4.42)

8And in this case we saw above that  # 0.

— 14 —



When « € [0,1], the discriminant is negative and there are three real roots. The formula
above is still valid to describe one of them if one defines the square and cubic roots as
principal values. A (unique or not) solution for £ is thus always given by

§Im/€0 <
8 Q

We will show below that this expression for ¢ with roots defined as principal values always

. 1
f= 1+F+F> : (4.43)

gives the unique physical solution. With this exact expression for ¢ at hand, we can use (4.38)
to isolate t°. With the help of eq. (4.3) that we repeat here

/
SNt = e e 9 (4.44)
Im RQ
we arrive at
2513 — 31 .
#0=1 20 g (4.45)

~ 7B 4813 + 3Im ko

Using (4.43), we can express a useful relation between the LCS parameter { and the
quantity a:

& «

T (4.46)

Physical solutions. Let us now take a more detailed look at the physical solutions
depending on the sign of a. From eq. (4.44) above, we see that the sign of # is the same as
that of the ratio @'/Im ko. We thus have:

e When o < 0, then if £ > 0 we deduce Q' < 0 from the definition of « and thus
Im ko < 0 from (4.44). If £ < 0 we deduce Q' > 0 from the definition of a and still
Im Ky < 0 from (4.44). Thus, « negative corresponds exclusively to models with a
negative Im xg. For those models, we mentioned in section 2 that £ should be in the
range [0, 1/2] for the Kahler metric to be well-defined with positive eigenvalues. By
solving & < 1/2, we can deduce a lower bound that the solution Z of the cubic should
satisfy. We find

&> 2133, (4.47)

Equivalently, (4.46) yields o > —4.

e When a > 0, same arguments lead to conclude that no matter what the sign of £ is,
@’ has the same and Im kg is positive. For those models, we should have & € [—1,0].
Solving £ > —1, we find

&> a3, (4.48)

and equivalently, (4.46) yields oo < —1.

Figure 1 shows the values of the roots of the cubic equation (4.40) as a function of «
as well as the bounds derived above. We observe that for o < 0, the Kéhler cone bound is
violated when o < —4 and when « > 1, there is no physical solution as expected. When
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Figure 1. The roots of the cubic (4.40) with respect to the parameter a.

0 < a < 1, we observe that only one root is compatible with the Kéahler cone condition.
Moreover, it turns out that this is the one that can be expressed like (4.42) with the proper
principal value definitions of the roots.

Apart from the full analytical expressions for the moduli vacuum expectation values,
valid at arbitrary £, the simpler ansatz under consideration here also allows to uncover the
scalar mass spectrum. Computing these masses is the purpose of the next subsection.

4.2.2 Mass spectrum

To uncover the mass spectrum, we make use of the symplectic decomposition of the flux
vector introduced in [47], which reads

N = Vageles (—iWIl + 21" D= D;W K7 DiIl ) . (4.49)

Inserting the flux constraints of the IIB1 setup fg = h% = hf4 = 0 inside the above

expression yields two relations
W =—2i'D WEKIK; and  fi=2e" (D WK — W) (4.50)
from which we deduce

_ o (Kepi ot
DWW = 55K (7R pf+260W) (4.51)

1,

Now we can make use of the proportionality relations (4.30) that defines the ansatz to
replace f? in the above formula and factor a term Kijtj. From egs. (2.14) and (2.15), this
factor reads

Kth = =2kt t" 4 i fojpat " " 110 = i (1 — 2&) K, (4.52)
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where we have defined & = effes mijktitj tk. Plugging this result back into eq. (4.51) yields

; 2 —Kes
DWW = ’(1%02“) <2W _C : ) K;. (4.53)
These steps show that under the IIB1 flux configuration and for our branch of solution
of interest, the two-derivative of the superpotential with respect to the axio-dilaton and
some complex structure field is proportional to the first derivative of the Kéhler potential
with respect to this latter modulus. As such, the IIB1 scenario fullfills the prerequisite for
the derivation of the no-scale aligned mass spectrum, introduced in [34] and reviewed in
appendix A. The tree-level mass spectrum is thus given by (A.16) that we repeat here:

2
(1 + 1—32%(5)) A=0
2
Fix —F 2
iy =\ (1 VEE ) ) A= (454
2
(1i%) A=2,... 2!

where we have defined the quantities

(E) = \}5 (2 +h(6)? — m(E)y/1+ m(&)?) "

R(€) = 2(1+€)%/4/3(1 - 2€)3.

The evolution of this normalized mass spectrum is displayed in figure 2. Expanded around
the LCS point at £ = 0, the spectrum reads

(4.55)

Y406, §+06) r=0
Hax
e, =4+0(9), 1€ +0(E) A=1 (4.56)
B1+00©), 2+0) X=2,... %
Notice that the mode labeled by —1 becomes rapidly massless as £ — 0, as can also be seen
from figure 2. This is also true in Planck units, since the gravitino mass dependence on ¢ is
given by X
m2.— 3 ShE o 3 Niw o
327 9y2q2—¢)" P T 22 ¢

This nicely matches the expectations put forward in [35]. There it was found that given the

(4.57)

choice of fluxes (4.34), polynomial corrections are required to stabilize all moduli, and that
otherwise a field is left unstabilized. It is thus natural to identify such a field with the lightest
mode of the spectrum, whose mass goes proportional to £ as we approach the LCS point.

All these results are verified by appendix B, which develops a different approach to the
computation of the mass spectrum. This method works directly with the scalar potential
derived from the results of [35], from where the Hessian can be obtained. One can see
that in terms of the Hessian, the axion-like fields and their saxionic partners are decoupled.
Therefore, by analyzing one of these two sets, it enables us to distinguish between axions

17 -



Analytical mass spectrum
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Figure 2. Evolution of the scalar mass spectrum (4.54) with respect to the LCS parameter £. The
correspondence between the curves and the labels £\ of the different modes is as follows: blue curve
is +1; orange curve is +\, A = 2,...,h%!; green curve is 4+0; red curve is —0; purple curve is — A\,
A=2,...,h%! and Brown curve is —1.

and saxions in (4.54). In particular, appendix B works out explicit analytic expressions for
the axionic masses of the no-scale aligned branch, obtaining a perfect match with half of
the spectrum in (4.54). One can then check that the lightest field of (4.54) is not one of
the axion-like fields and that it instead belongs to the saxionic sector, in agreement with
the expectations of [35].

4.2.3 Generating flux vacua

In the previous paragraphs we have studied how a choice of fluxes which satisfies
Si

S )

admits an analytical solution for the real and imaginary parts of the axio-dilaton and all of

fg:h?‘l:hazov h'B:_Nﬂux

)

(4.58)

the complex structure moduli, as long as the rest of the fluxes satisfy the constraints outlined
above. Indeed, given such a choice of fluxes, one may compute the axionic components
using eqgs. (4.36). On the other hand, we have seen that given the ansatz t' = {f for the
complex structure saxions, one may use eq. (4.43) to compute £ and, finally, use (4.45) to
determine the value of t°. As a consequence, the search for flux vacua in the branch we
have described here can be completely automatized.

Note that once fi and h? are fixed, one is free to choose f@, hf and fP without
changing the D3-tadpole. Thanks to the relation (4.46), the definition of « (4.8) and the
definition of @’ in (4.37), these flux quanta may be easily tuned to generate vacua at the
desired distance from the LCS point. This procedure has been explicitly carried out in the
two-parameter example explored in section 6.

~ 18 —



In particular, this can also be useful to easily generate tuples of fluxes which yield
vacua close to the LCS point, where exponentially suppressed corrections to the tree-level
prepotential may be neglected. From (4.46), we find that vacua close to the LCS point
where |£] < 1 satisfy

28 3
~ 4.59

€ 35 (Im /{/0)28 Q ) ( )
where we recall that S = /{kajlfﬁlff‘ and @’ has been defined in (4.37). Thus, we need @’ to
be small and negative. An easy way to satisfy such a condition is by choosing fZ-B = — fhaij,

so that L; = 0. In that case, Q' is simplified to

2
i = Tt =Jo —Jatit 55 Now. | (4.60)

Thus, having chosen f% and Npux, we can easily generate pairs of f£ and h which yield
vacua with small &.

5 Supersymmetric vacua

We now turn our attention to supersymmetric vacua which, as already mentioned, always
contain a number of complex flat directions at the level of approximation to which we are
working. One important feature of these vacua is that the flux quanta need to satisfy a
series of constraints, in agreement with recent results in the literature. While obtaining
the vevs for the stabilized fields is straightforward, working out the mass spectra for these
vacua turns out to be more involved than in the no scale aligned case.

5.1 Moduli stabilization and flat directions

Here we describe the supersymmetric class of vacua defined in section 3.2. As already
said there and similarly to the case above, the requirement that M B=-L generates
h?'4+1—rank (M) constraints that the fluxes must satisfy to fall into this case. The solutions
for the moduli are expressed like Z = B + ker(M) such that there are h2! + 1 — rank (M)
complex flat directions, and the additional requirement W = 0 at vacua provides one more
constraint on fluxes. If we put this back into the vacuum equations (3.6), we obtain a

simple linear system of equations where axions and saxions are decoupled:
MB=-1L,

~ (5.1)

MT =0.

The equation regarding the saxions can be further decomposed in the following relations
hBti =0,  Syt! = hPtO. (5.2)

Remembering now the decomposition discussed in (4.11), we observe that supersymmetric
vacua require A = B = 0 and C;, C? # 0, which contrasts with the set of non-supersymmetric
solutions described by (4.30).
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In order to make analytical progress, let us study again the subclass when the matrix S
possesses an inverse denoted S% in components. When this is the case, then rank of M is at
least h>! and for M not to be invertible, it cannot be more than that. The non-invertibility
of M translates into the requirement

H=hlSh} =0. (5.3)

When solving M B = —E, as expected we derive one constraint and one axion is left
unstabilized (this is the same situation as in section 4.1):

hPSYL; = hg
b =—S9L; +6°S7hF .
Besides, the kernel of M is one dimensional and given by
ker(M) = ((1,57h%)) . (5.6)

We thus have
=04\

o 5.7
2= b+ ASThP >0

Z =B +ker(M) {

where A is some complex number that we can fix using the first equation of the system:
Re(\)=0 and Im()\) =1, (5.8)

The second set of equations then gives expressions for ¢* with t as a free parameter.”
Summarizing, we have

b =—SYL; +6°S9hP (5.9)
th = S9nPt0 (5.10)

These relations define the two real flat directions that we expected from the general analysis.
One last constraint arising from the requirement of a vanishing superpotential is to be
uncovered. Demanding ' = 0 from eq. (3.8) yields

oy
fo—cify = 5LiSYL; =0. (5.11)

Following similar arguments to the ones presented in section 4.2.3, a straightforward
choice of fluxes which satisfy all the above conditions, egs. (5.3), (5.4) and (5.11), is based
on picking f% and f such that

afy€Z, ayfhel, fP=—-ayf}. (5.12)
This automatically implies

fE=cfy, w=0, (5.13)

9Note that here we applied naively the generic relation of section 3 but we could have expressed t* easily
from eq. (5.2).
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so all that is left to do is to find h? such that
hPS9nP =0. (5.14)

Notice that the flux constraints (5.3) and (5.11) agree with the tree-level conditions
exposed in [48, 49] where the authors further consider exponentially suppressed corrections
in order to generate small flux superpotentials. The complex flat direction we found here
when S is invertible also seems to generalize the supersymmetric vacua uncovered in [50] to
arbitrary Calabi-Yau geometries.

5.2 Towards the mass spectrum

In this section we push the computation of the mass spectrum for the supersymmetric
vacua as far as we can. In the end, however, we will not be able to express it analytically in
full generality like for the non-supersymmetric vacua with the simple saxionic ansatz. It is
still interesting to understand what prevents us from doing so.

As we proved in the section above, the supersymmetric vacua satisfy

th=0"1", o'=8YAP,  with APV =hPSYRT =0. (5.15)

We will follow the same logic as in the derivation of the mass spectrum for no-scale aligned
vacua presented in appendix A. This means we want to simplify the K&hler metric as best
as we can, in order to obtain the simplest form possible for the matrix Zsp = K2 ADgW
where the indices A, B run into {7,z}. As reviewed in appendix A and shown in [36],
the scalar masses i+, A =0,...,h%! are simply given in the supersymmetric case by the
fermion masses m:

U = My, (5.16)

which correspond to the eigenvalues of the matrix Z.

To start orthonormalizing the Kéhler metric (2.15), we can introduced two vielbeins
inspired by the two preferred directions of the supersymmetric vacua: t* = t%v* and f4.
Notice, as we will explicitly see shortly, that in the non-supersymmetric branch studied
earlier, these two vectors are aligned, which implies the alignment of D; D, W with K; and
hence the “no-scale aligned” property of the vacua, which enabled us to uncover the mass
spectrum. We thus define the two vielbeins e} and e} like

fhi
y Y

e] = and €5

4
5.17

where x and y are normalization factors that can be straightforwardly expressed like

with Ngux = — ff;‘h?. These two vielbeins are indeed orthogonal since we can show that

et K¢l o hESURE = 0. (5.19)
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Plugging the vielbeins into the Kéhler metric (2.15), we can obtain expressions for the
rescaled Yukawa couplings Fqpe involving the direction 1 similar to (A.5):

2(1 +¢)? : , —(1+¢

( ) ka1 =0, Kepr = ( )

SV (=T 3(1 - 26)

where the prime indices run from 2 onwards.

Sartr (5.20)

With this, we are now ready to see the special role played by these two directions:
direction 1 is aligned with the no-scale direction while direction 2 is aligned with Zj,. Indeed,
making use of (2.14) and the symplectic decomposition of the flux vector (4.49) we find

K, = eflKi = 2ix%fq11 X 5; and Zp, = yeK/2_KC552. (5.21)
Finally, using eq. (A.9), the expression for Z,, is
Zap = —iye/2Kesg 1o (5.22)

Precisely because directions 1 and 2 are not aligned, we lack information to characterize
the rescaled Yukawa couplings 42 and the only matrix elements we have control of are

Zoo = yel/2Kesg2 Z11 =0,
. (5.23)
Z1q = %6”27&552, Zoy = —ie" Py 28,

while the elements Zs; and Z_; are unknown for a, b running from 3 onwards. The
canonically normalized fermion mass matrix then reads

0 0 Zypl 0
0 0 Zi2l 0

Z = . 5.24
Zoa Z12 Zoo|Zag (5:24)
0 0 Zoa|Zy

Remember that the scalar masses correspond to the fermion ones, only doubled. The
mass matrix (5.24) cannot be diagonalized in full generality but it is easy to see that it
features a massless mode, which thus translates into two massless directions in the scalar
potential. This matches the expectations of the previous subsection.

6 A numerical set of vacua in a two-parameter model

The goal of this section is to provide a numerical cross-check of the analytical results exposed
in the previous section for the non-supersymmetric class of vacua following the no-scale
aligned branch with t* o fj'l. To this end, we generate an ensemble of [IB1 flux vacua in a
two-parameter model by solving the vacuum equations numerically and then check various
properties of these vacua. The model in question is the one arising from a symmetric point
in the moduli space of the Calabi-Yau hypersurface CP?1,1,1,6,9]' We will first see how the
analytical control of the IIB1 scenario enables us to generate a large number of vacua in the
LCS regime very efficiently and we then show the perfect agreement between the features
of these numerical vacua and the expectations from the analytics presented in section 4.2.

- 29 —



6.1 Generating flux tuples

The first step to generate a numerical ensemble of vacua is to create a set of flux tuples
meant to be run through in search for solutions of the vacuum equations. In order to reduce
a bit the number of parameters, we consider the following restriction on the flux quanta f%,
1=1,2:

fi=fi=fa. (6.1)

If we trust our ansatz (4.30), this means that at the vacua we will have ¢! = ¢2.

We want flux configurations that do not overshoot the tadpole D3-charge bound Qps.
With an O7-plane/D7-brane configuration identical to the one used in [48] and described
n [22], the induced D3-charge is restricted to satisfy @Qps < 138. The flux contribution to
the tadpole Npux depends only on f ', and hP and thus we first generate a set of tuples for
these flux quanta subject to the tadpole constraint. More precisely, we consider all flux
entries in the range [—6, 6] and produce 14 configurations satisfying the tadpole bound.

The fluxes remaining to be fixed at this point are f£, ff, f# and h. For the sake
of efficiency, instead of generating a random set of tuples for them, we make use of our
analytical expectations derived in section 4.2. This is done by expressing the flux-dependent
quantity « defined in (4.8) in terms of the unfixed flux quanta and by ensuring a choice of
the latter such that « lies in the range [—4,0]. Since we want to cross-check our £-dependent
analytics, we can do more than that and produce flux tuples that we expect to span the
whole allowed range for £. To this end, we subdivide the « range [—4, 0] into 200 pieces and
try to find fluxes f&, ff, f2, h¥ to fall into each piece, for each of the 14 configurations
f 1, hB previously generated. This results into a set of 2650 full flux configurations that will

use in the next subsection.®

6.2 Vacua analysis

We numerically implemented the vacuum equations and searched for solutions for each flux
configuration of our ensemble. The two-parameter model is characterized by the following
topological quantities that fully define the prepotential (2.3) (neglecting exponentially
suppressed corrections):

k111 =9,  kKu2=3, Kie=1, k22 =0,
9 4 B
Fi1=-—g, ke2=U, K2=-g5, (6.2)
17 3 ¢(3)
e — = — = _540 .
K1 4 ) K2 2 ) Ko (227[')3

As expected from our careful choice of fluxes guided by the analytics, each flux tuple yields
a consistent vacuum inside the Kéhler cone. The vacua are displayed in the (¢!,t°)-plane
in figure 3.

ONote that all these steps are very easy and quick to implement so that a much bigger set of flux
configurations could be generated effortlessly.
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Figure 3. This plot shows the locations of the numerically generated IIB1 vacua in the (¢!,°)-plane.
The vacua are depicted with different colors corresponding to different values of f 4, with different
branches corresponding to different values for BB, present in the ensemble. For a given color,
the expression (6.3) is displayed on top of the numerical data. We observe a perfect agreement.
More precisely, the colors correspond to the following fluxes: blue: f 4 =1, hB = 1,...,6; orange:
fA =2, hB = 1,...,3; green: fA =3, hB = 1,2; red: fA =4, hB = 1; purple: fA =5, hB = 1; and
Brown: fA =6, hB =1. As explained in section 6.3, vacua with & < 0.17 i.e. with ¢!, > > 1 are
expected to be safe under instanton corrections as the relative changes induced by the corrections
on the moduli space and other quantities are small.

A first analytical relation that we can check is eq. (4.45). In the case at hand with
fi=fi= fa, we have ¢ = (f4)? and S = 21(f4)*. The relation then becomes

0o fA 14(t1)3 —Im kg N

fa 6.3
hB 28(t1)3 + Im kg (6:3)

The comparison between this analytical formula and the data of our ensemble of vacua is
displayed in figure 3. We observe a perfect match between the two.

Another non-trivial result we can check is the relation between £ and the quantity «
(see egs. (4.8) and (4.46)). Figure 4 shows a nice fit of the data by the analytical expression.

One last important result to be checked is the mass spectrum in the vacua. We have
shown in section 4.2 that the vacua under consideration fall into the definition of the
no-scale aligned setup whose mass spectrum normalized by the gravitino mass mg/; is given
as a function of ¢ by eq. (4.54). The canonically normalized masses, numerically computed
for each vacuum, are displayed in figure 5. We again observe that the numerical results
perfectly match the analytical expectations displayed in figure 2 in section 4.2.2.
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Figure 4. This plots shows the values of ¢ against a for the numerical vacua of our ensemble. The
relation (4.46) is plotted in red and fits perfectly the data points.
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Figure 5. This plot shows the squared masses, normalized by the gravitino mass squared, numerically
obtained in the set of vacua. They precisely reproduce the analytical behaviour (4.54) displayed
in figure 2.

Mass spectrum normalized by m3 /2
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6.3 Exponential corrections

Of course we expect exponential corrections in the prepotential (2.3) to become more and
more relevant as the LCS parameter £ goes away from the LCS point and gets closer to
the boundary at £ = 1/2. In specific examples and following [33, 34], we can evaluate the
effect of the exponentially suppressed corrections by computing their relative effects on the
geometry of the moduli space and other physical quantities.

For the C]P’El1 1,1,6,9] hypersurface, the dominant exponential corrections are expressed
like [34, 51]

- 9ima?
Finst = —5t€ — e (6.4)
™

and we can use them to numerically compute the relative errors induced on the Kéahler
metric, the gravitino mass m3/, and efes. Note that this definition for the validity of the
perturbative result is rather conservative and much more stringent than only requiring the
non-perturbative part of the prepotential to be dominated by the perturbative one. We
find that vacuum expectation values for ¢! = ¢? slightly above 1 are enough to guarantee
the stability of the perturbative vacua since all the relative corrections are smaller than a
small threshold of 5%. In terms of the LCS parameter, £ < 0.17 ensures robustness of the
perturbative results.

7 Conclusions and outlook

In this paper, we investigated a specific type IIB family of flux vacua at large complex
structure introduced in [35] and called IIBI scenario. Arising as a type IIB limit from an
F-theory construction, the vacuum equations were studied there at first order in the LCS
parameter ¢ defined in (2.16), i.e., not too far from the LCS point. Our analysis extends
these results by exploring in more detail different classes of vacua allowed by the IIB1 setup,
and by pushing their analytical resolutions (computation of the complex structure and
axio-dilaton vevs as well as mass spectra) as far as possible.

The IIB1 choice of fluxes ensures that all cubic terms disappear from the flux-induced
superpotential such that it is simply quadratic in the axio-dilaton and complex structure
fields. A very generic and coarse-grained classification of vacua arising from such a quadratic
structure reveals the existence of one supersymmetric family and two non-supersymmetric
ones, depending on the definiteness or not of the bilinear form involved in the superpotential.
More precisely, a regular bilinear structure forbids supersymmetric vacua while a singular
one allows vacua that are either supersymmetric or not. In any of these cases, the vacuum
equations nicely split into two separate systems: a very simple one involving only the axions
(thanks to the independence on the axions of the superpotential at vacua), and a more
involved one relating the saxions. Moduli stabilization can then be studied separately for
these two sets of fields.
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We then explored the three classes mentioned above further in detail. The supersym-
metric vacua are described by very simple vacuum equations thanks to the vanishing of
the superpotential on-shell. Restricting to fluxes such that the matrix S, with S;; = ki ff‘
involving the triple intersection numbers of the mirror manifold, is invertible (a recurring
assumption in this paper), we saw that the supersymmetric vacua feature one complex
flat direction and are similar to those used in [48, 49] to achieve small superpotentials.
They also generalize the supersymmetric models studied in [50] to arbitrary Calabi-Yau
compactifications. For these supersymmetric vacua, we addressed the computation of the
scalar masses, and it seems that further analytical progress in obtaining the mass spectrum
for models with h?! > 2 requires more definite knowledge of the model under study.

The two non-supersymmetric classes highlighted above differ if the bilinear form involved
in the superpotential is degenerate or not. The effect of a non-trivial kernel is to generate
one flux constraint and one flat direction for each dimension of the kernel of the bilinear
form. As a particular case, when the matrix M representing the form is invertible, all
axions are stabilized. Whether M is regular or not, the saxionic system of equations is
highly non-linear and generically stabilizes all fields. As a counterpart, it is trickier to
handle. To make analytical progress, we proposed an ansatz (4.12) for the saxions and
studied the subsequent vacuum equations. This led us to consider two further refined
branches where we could provide analytic expressions for all the vevs of the axio-dilaton
and complex structure fields, and even express analytically the scalar mass spectrum for
one of these branches.

The first branch is a subcase where the matrix M is singular with a specific uni-
dimensional kernel. One axionic direction is thus left as a flat direction. The saxionic
vacuum equations produce a sixth order polynomial relation, from which we can express
the saxion vevs. The polynomial can be analytically solved using a perturbative expansion
in the LCS parameter £&. The second branch is uncovered when assuming a simpler sub-
ansatz (4.30) for the saxions. It is shown to be allowed only when M is regular, so that all
axions are fixed. The saxionic system yields a manageable cubic polynomial such that the
vevs can be fully expressed within the LCS region. Moreover, we showed that this branch
falls into the no-scale aligned family studied in [33, 34], for which the scalar mass spectrum
can be fully expressed analytically in terms of the LCS parameter. As already observed
in [35] and expected from the necessity of incorporating polynomial corrections to stabilize
all moduli in this context, these kind of mass spectra feature a mode becoming lighter as
one gets closer to the LCS point.

We checked numerically the validity of our approximations in the non-supersymmetric
no-scale aligned branch, and in particular the accuracy of the mass spectrum. We did this
by investigating a small ensemble of IIB1 vacua in this branch, generated numerically. We
worked with the two-parameter model coming from a symmetric point in the moduli space of
the Calabi-Yau hypersurface (CP?LLLGB]' In addition to providing a solid cross-check of the
analytics derived in the paper, the numerical analysis shows that the IIB1 scenario provides
a setup where we can very efficiently generate vacua numerically at (almost) arbitrary
distance of the LCS point desired. We can compactly summarize the analytical results for
this highly controllable branch of vacua as follows.
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7.1 Summary of analytic type IIB mass spectra

If one considers a Calabi-Yau orientifold of IIB string theory described by the tree-level

prepotential
1 o 1 o 1
F= —gfﬁijkzlzjzk — a2 A et + ok, (7.1)
and with fluxes subject to
fg =0, hgl =0, h’fA =0, hf = _q_lhB’%ijkfﬂfz]Z’ (72)

where hP € Z and q = ged(kijk fi ffl). Then, there exist non-supersymmetric no-scale
vacua, i.e. configurations of the moduli that satisfy D,.W = D;W = 0 for the axio-dilaton
7 = b9 + 4it° and the complex structure moduli z* = b* + it?, such that all moduli are
stabilized at

hBS hB |’ 28 LhB(2 — €)el/3’ -
qh i i i 3|Im kg 1/3 i '
b = [fA j+ = O]f —- S5, 75—( 2SE ) Ia,

where we have defined L; = le+aijfi, Sij = mijkff‘ and its inverse S¥, and S = nijkfzfﬂff‘.
In the expressions above, ¢ parameterizes the distance of the vacuum to the LCS point
located at & = 0, provided all exponential corrections are negligible. It can also be written
entirely in terms of fluxes as

9 + ad?
{=2+——= (7.4)
where
3
32 1 qhB 1 »
=__°° : Li+ L0 _~r86r;) |
« O[T 1o 28 (fo CfA+28 faLi + B ] 5 S J) 75)

_ ) Y —-1/3
d=3|a"+ /a3 (a—1) .

Furthermore, these vacua correspond to the no-scale aligned class, which implies their scalar
mass spectrum /ft)\, normalized by the gravitino mass squared mg /2 = eX|W|?, can be

written analytically as

2
25N 2
e, <li > A=1

where we have defined

~
—
H-
oo‘-i—
Yy
~—
>
Il
N
>
[\
=

(7.7)
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7.2 Outlook

Our simple ansatz presented in section 4.2 allows for complete analytical control over
both the distance to the LCS point and the vevs of all complex structure moduli and the
axio-dilaton. As such, this setup can be extremely useful to consider further corrections to
the tree-level solutions, either by the inclusion of stringy corrections which would render
more accurate solutions, or by the inclusion of exponentially suppressed corrections to the
prepotential. An interesting line of work in this sense can be the stabilization of the Kéahler
sector through different means, either through racetrack potentials [14, 15] or by more
generic mechanisms [52].

The analytics derived in this paper hold for models with an arbitrary number of complex
structure moduli at large complex structure. However, one should keep in mind that when
the number of moduli is large, the flux-induced contribution to the D3-brane tadpole may
go out of control as proposed by the Tadpole Conjecture [53, 54]. In the setup of our simple
ansatz, it is worth noticing that our estimates for the flux-induced tadpole Ngux are in the
same footing as the solutions discussed in [55-58]. This is because, on the one hand, the
ansatz forces the flux quanta ff4 to be non-zero and to have a same common sign for the
saxionic vevs to be well-defined. On the other hand, the constraint (4.34) on the fluxes
hE also imposes these quanta to be non-zero and have the same sign, such that Ny, is a
generically a sum of h%! positive terms [35]. As a consequence, the tadpole contribution
indeed grows with the number of moduli in this context. However, we cannot say much
more in this sense for the more involved ansatz (4.12) where flux quanta are less restricted
or even for solutions outside this generic ansatz.

We should also point out that in our numerical analysis we are using a model where
effectively only two moduli play the game thanks to a consistent truncation, and thus, small
tadpoles can be achieved there without too much tinkering. This is also in line with [59],
where a similar reasoning is applied to F-theory compactifications built at loci of discrete
symmetry groups of the moduli space. Even though the tadpole conjecture is generically
very sound, it is also true that such symmetric models may allow for non-generic solutions
where the tadpole is small. We expect to answer such claims in the large complex structure
regime of type IIB string theory in a future work.
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A Mass spectrum of no-scale aligned vacua

The no-scale aligned vacua described in [33] are defined by the following relation between
two-derivatives of the superpotential and one-derivative of the Kéhler potential as well as
two constraints on flux quanta:

D.DW x K; and f4=0%=0. (A1)

These vacua feature an analytical mass spectrum expressed solely in terms of the LCS
parameter. In this section, we present the key steps of its derivation.

One of the main difficulties to obtain the mass spectrum in generic points of field-space
is the fact that one has to compute eigenvalues with respect to the field space metric K ;.
In order to overcome this difficulty, it is customary to introduce real vielbein e{ which
render the metric to a canonical form [33, 37|, such that

sz = e?éabe;—’. , Ogp = EZKZEBZ . (A.2)

In what follows, we will reserve letters i, j, ... to refer to curved indices in field space, while
a,b, ... will label flat indices.

From the block-diagonal form of the metric in the axio-dilaton and complex structure
sectors, we can easily see that ej = —2t% On the other hand, since we are free to choose
the first vielbein to diagonalize the metric, we will pick

ti
L, (A.3)

€l
where x is a normalization factor. Plugging this into the field-space metric (2.15), we get
Oab = eZKi3eg = —2TRap1 + 43'4/%(111"%1311 . (A.4)

Using the definition of the LCS parameter (2.16) and the previous equation, we can obtain
several identities:

V-2 o 20482 L (14O
2(1_1_5) 3 111_\/m5 a’ll — Y, Rha/b'l — 3(1_26)

where the prime indices a/, b’ run from 2 onwards.

Salty R (A5)

The “1” direction in the vielbein turns out to have special significance. Contracting its
corresponding vielbein with K; given in eq. (2.14), we find

Z(]a X Ka = efZKi = 2i$2/°€a11 X 5; y (AG)

where the matrix Z is defined below. Thus, the introduction of the vielbein into our problem
not only simplifies expressions involving the field-space metric or its inverse, but it also
aligns the so-called no-scale direction K; with the 1-direction.

We are now prepared to tackle the computation of the mass spectrum. In order to
do this, we will proceed in the lines of [33]. As explicitly proven in that work, the mass
spectrum can be neatly written as [36]

piy = (mgys £my)?, (A.7)
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where A = 0, ..., h*! and we have defined the gravitino mass mgz g = eK/QIW] as well as the

fermion masses m). The easiest way to obtain the latter ones is through the diagonalization

of the following matrix'!

(Z12)} = KACZ55KPF Zyp | (A.8)

where Zsp = eX/2D DWW and the indices A, B, ... run into {7, z’}. Thus, eigenvalues of
Z1Z will yield the masses m?\

In order to compute these values we will employ several simplifying schemes. First of
all, it is easy to check that Z.; = 0 at supersymmetric vacua described by the tree-level
LCS prepotential. Another useful identity is [47, 60]

Zij = —(7’ — f)eKcsliiijkl_Zq—_l*. (Ag)
This identity can be easily rewritten in terms of the vielbein introduced above:
Zap = iFape0Zog . (A.10)

On the other hand, since the vacua we are studying have the no-scale-aligned property (A.1),
we have that Zg, o §! and therefore,

Zap = ifap1 Zo1 - (A.11)

Note that we have a closed expression in terms of £ for all the required K431 that will appear
when constructing Z. Using eq. (A.5), the matrix reads

0 Zuw 0 Ol
Zap=|Z0 ikmZn 0 |=|%0 e 0 (A.12)
0 0 ka1 201 0 0 %5@/201
The diagonalization of ZZ gives the following eigenvalues:
(&) Zon>  A=0
m3 = { (&) 2o A =1 (A.13)
;g;fg; Zoa|2 A=2,..., 0%
where we have defined the quantities
N , -\ 12
() = 5 (24 5l — rOV 4+ r(E?) A

R(€) = Aun = 2(1+ £)%/\/3(1 - 26)3.

In order to deal with the dependency on |Zp;|, we use the other defining feature of no-scale
aligned vacua, namely fg = hY = 0. According to the decomposition of the flux vector

1The first metric factor must be introduced due to the kinetic term of the scalar fields being potentially
non-canonical.
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given in eq. (4.49) together with the form of the period vector (2.2), this choice of fluxes
leads to

- | 3
W = —2it’ D WK/ K; = iDo, W™ K, = Mgy = 1_72{_’_|Zm|. (A.15)

Therefore, when plugging the eigenvalues m?\ into eq. (A.7), we can factorize an mg /2 factor
and obtain the scalar masss spectrum at no-scale-aligned vacua:

(= /Eag)  Amo
1+ ﬁ%(&))l)g A=1 (A.16)
(1 + %5)2

B Scalar potential and mass matrix

2
NSA mass spectrum: ,u? = (
m3 o

In this section we present a detailed derivation of the scalar potential that describes the IIB1
scenario and use it to directly compute the Hessian of the axionic sector, hence providing
an alternative way to obtain the associated mass spectrum.

B.1 Metric tensor

In the main text we found the vacuum equations using the no-scale structure of type IIB and
working only with the superpotential. This procedure proved to be a powerful simplifying
tool. However we now wish to go back to the results of [35] and write the scalar potential for
the IIB1 scenario with corrections to all orders. The first step in this process is to revisit the
Kéhler potential and analyse the moduli space metric in more detail. From (2.11) we have

4 .
Kcs = —log <3/€ijktlt]tk(1 + f)) . (Bl)

Taking partial derivatives with respect to the dilaton and complex structure moduli we find

1
KTT = 0N B.2
Ky i=0, (B.3)
9 RiKj Rij ° K RiKj

3 9
K= e rer 2n+ 0 MRt 4m2(1 10

5€ 5 (B.4)

with k;; = /{ijktk, K; = /{ijtj and k = k;t'. Finally we denote by Kf] the leading order
metric, that is, the metric in the limit £ — 0.

Using the last expression for Kj;, it is straightforward to obtain its inverse in terms of
the inverse of the leading order metric:

K= K9(1+¢) + =22t (B.5)
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Following the same line of reasoning as in [35, appendix B.3] we also compute

1+¢

KVK; = 2@#’1 %

(B.6)

Finally, note that the metric leading order metric splits in its primitive and non primitive
components as

3 KK
KONP _ =Y
Y 4 I€2 ’ (B 7)
FoP — SRy 3K .
£ 2 K2 2 Kk

In particular they satisfy K%Ptj =0 and Ké{)fij = 0. We can replicate this split for the full
metric to find

1-—2¢
K" =K e
. (B.8)
KE = KEJ'P?

B.2 Scalar potential

The scalar potential of the type IIB1 scenario can be derived following the same steps as
the computation performed in [35, appendix B.3]. We start with the standard Cremmer et
al. formula [61] for the F-term potential in F-theory

e BVp = K™D, WD;W — 3|W|?, (B.9)

where D, W = 0, W + (0,, K)W, K™" is the inverse field space metric and m,n run over
all moduli. Ignoring corrections to the Kéahler sector of the compactification we recover the
standard cancellation of no-scale structure models and the above expression simplifies to

e KVp = KABD WDzW
= KB [Re WaRe W + Im Walm W + ((Re W)? + Im (W)?) KaK p
—i—KAWWB + R—BWAW} , (B.10)

with W4 = 04W and now A, B € {0,i} only run over the dilaton and complex structure
moduli.

Using our knowledge of the metric and its properties, the above expression can be
expanded to
4 — 2 2 2 ij
— ((ReW)?+ (Im W)?) + K (Re WiRe W + Tm Wilm IV

— 2¢

1+4+e¢€
1—2e
+ 4t°[Re WIm Wy — Im WRe Wp) . (B.11)

e_KVF =

+ 4t [Re WIm W; — Im WRe W;] + 4(t°)%[(Re Wp)? + (Im Wp)?]
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We proceed to consider the version of the superpotential and the Kéhler potential described
in the main text in eq. (3.1):

1= - - o
W:§ZtMZ+L-Z+Q. (B.12)

Splitting the real and imaginary parts we see that

1

Y 4 o o 1~ - 1 . ,
ReW = ~BM L-B — ZTMT = p— ~k; fi + t°%hE
T TL-BrQ-3 P grifattEh, (B.13)
ImW =T .- (MB+ L) = pat?,
where we have defined
_leMByE Bio
P=3 ’ (B.14)

pa = Muspb® + La.

Similarly, the real and imaginary parts of the partial derivatives of the superpotential can
be written as follows:

ReWy = 00 5 Im Wy = _tihiB )
ReW;=pi,  ImW; = —t°hP + ki f . (B.15)

Substituting, expanding, rearranging and using the expressions found in the previous section
we conclude that

B y g 4 oy .
Ve =46+ 4lpot® + (14 &) (Kl pupy + (P KINERS + SRy Fifh + St0nnl 1} )

£

HERST:

1 . ) .
60+ 60 + 5 (ki f3)° + 6(t™)? — 20t~ ACHPE? (B16)

+2€ [20pit")? + 2(84°0P) + (if})?]

which at leading order recovers the result [35, eq. (4.18)] in the IIB1 scenario.

B.3 Hessian

Now that we have the potential, we can compute the second derivatives. We focus only
on the simpler axionic directions. For that mission, the following relations prove to be
very useful.

dp dp dpo

a0 a1 Piy a0 07

%9 ~h{, o ~h{, o0 _ g fh -
ob obo obI
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Thanks to them we obtain that the first derivatives can be written as

av _ ii
a0 ¢ K =8ppo — (1+ (2K} pj)

+ ¢ (4PPO + 2poki fly + %hBtip-tj — 8£hBtip-tj> (B.18)

1—2¢ 3 3> )
ov _ ;
i€ K= 8ppi — 8potht° + (1 + &) 2K kiji fapr)
3¢ App: + D0k Fh — ARB 02_éAJ‘. k § Y
+ 1—2¢ ppi + 2piki; fa 7 po(t”) 3p]t Kikfa + ng]t KikfA

We proceed with the second derivatives. From the above expressions we can already see
that axions and saxions are decoupled in the vacuum. Noting that the p’s do not depend
on the saxions and that the equation of motion (3.5) implies p4 = 0, it is easy to see that
the cross terms involving derivatives of saxions and axions vanish. Therefore, the saxionic
and axionic mass matrices are decoupled. Focusing on the pure axionic sector we find

0’V 5 y 3¢ 4 , 8 ,

K= 1 2K hBRE (4 2 Z(hPth)? + Z¢(hPE 2)
(8b0)26 8p0+( +£)( o 'Y ])+1_2§ Po 3( 1 ) +3€( i ) )
o*V .

Weil( = 8pipo — 8phf — (1 + €)2K ki fuhy (B.19)
3¢ | . 8 .
T <4pip0 — 4phP —2nPr;f) + ghftﬂmk fh - gfhf’t]nik ff,) :
62‘/ _ m £n
SyonC = Spipg + 8prigk fi + ShPRF (1) + (1 + &) 2K Kikmijin [ 1)
3 ; 4
+ 152 _52 : <4Pipj + ApRiefi + 260 Ak fy + ARP AT (10)? — SHik Fhrafh

8
+ 3§H¢kﬁjlf,’fxf}4> .

To evaluate the Hessian in the vacuum, we introduce the equations of motion and restrict
ourselves to the ansatz considered in the main text (4.30). Hence, from now on the results
will be only valid in a particular subranch of the non-supersymmetric vacua with M regular.
The relation for the axions demands p4 = 0 while the ansatz (4.30) in combination with
the equations of motion of the saxions (4.34) implies

) tl —1]AT/B
fi=%, nP=-1 i (B.20)

For the sake of convenience we rewrite the last two relations in terms of the coefficients of
the decomposition introduced in (4.11). Then, with the help of (4.45) we have the simple
relations

fiy=—~t"¢B,  hP=Bx, (B.21)

where B = —A/(t"r¢), A =1/t and we have defined

[\

I

7”5 1 (B.22)



Finally, when the axionic equations of motion are satisfied, eq. (3.5) means p = @’ and
using (4.46) and the above definitions we can derive the following equation
3 &

P oe

Kt°B. (B.23)

Putting all together, we conclude that the Hessian evaluated in the branch (4.30) takes the
form

0*V 4
(8b0)267K = §B2(2 — &)K?
PV g AB*et%(2-¢€)*
T TS (B.24)
OV g 4B* (26" —166° 43067 — 196 +14) (¢°)*  8B*(£ —2)%k*(19)?
abioni ¢ 3(E+1)2(26 - 1) Ty v

The last step is to write the Hessian for canonically normalized fields. We separate the
dilaton and the non-primitive directions by considering an orthogonal basis of the form
B {eo, €1, eq} where the elements are chosen such that eOKoon =1, elKNP =1 and

et K OPeJ = 1 Va, with Kje Pel =0 = KgPeZX. To make the basis explicit we make use
of (B.8). We have

eo = {2t°,0,...,0},

o2 1+¢€ (B.25)
bVBVI-2

Note that since ngfxeﬂ = 43, then KOPeZ eﬁ = 0a3(1 +&). Projecting the Hessian (B.24)
along the directions of our canonically normahzed basis, we obtain the final following form:

169 _ 16(2—¢)*

5(2-9) W 0

H— eKB2h;2(tO)2 16(2—¢)2  16(26*—16£°+30£2—-19¢+14) 0 ) (B.26)

3y/3-6¢ 9(1-2¢)

0 0 5(2-¢)7?

Ignoring the global factors, this matrix has the following eigenvalues:

_ 16(6—2) 4 ore3 2
M= gmeT 1y (25 92563 1+ 3062 — 19¢ + 5
VT2~ (€~ 2) (260 — 37§3+3og2105+2)> ,
C16(6=2) (L4 o3 2
Ay = 0@e 1P <2g 25¢3 + 3062 — 19¢ +5 (B.27)
T2/ (¢ 254—37g3+30§2—105+2)>
8 o
= S(e-22.
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The first two eigenvalues have multiplicity one whereas the last one has multiplicity h%! — 1.
Adding the factors and remembering that the mass spectrum gets and additional factor
1/2, the masses will be given by
1
m? = ieKA252(t0)2)\i M3 . (B.28)
To compare with the results found in (A.16), we expand the exponential of the Kéhler

potential

11 1

K

K = , (B.29)
V2210 2k(1 +€)

and the gravitino mass

Mis = gy MP = gy Mp- (B-30)

Putting all together we conclude that the eigenvalues coincide with the results in (A.16).
This calculation has the advantage that it enables us to distinguish the axionic and saxionic
masses. The axionic ones under consideration here then correspond to the following choices
of signs in (A.16)

2
7@=m%(bwf}%m©), (B31)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP3 supports
the goals of the International Year of Basic Sciences for Sustainable Development.

References
[1] M. Grana, Fluz compactifications in string theory: A Comprehensive review, Phys. Rept. 423
(2006) 91 [hep-th/0509003] [INSPIRE].

[2] M.R. Douglas and S. Kachru, Fluz compactification, Rev. Mod. Phys. 79 (2007) 733
[hep-th/0610102] [INSPIRE].

[3] R. Blumenhagen, B. Kors, D. Liist and S. Stieberger, Four-dimensional String
Compactifications with D-Branes, Orientifolds and Fluzes, Phys. Rept. 445 (2007) 1
[hep-th/0610327] [INSPIRE].

[4] K. Becker, M. Becker and J.H. Schwarz, String theory and M-theory: A modern introduction,
Cambridge University Press (2006) [doi:10.1017/CB0O9780511816086] [iNSPIRE].

— 37 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physrep.2005.10.008
https://doi.org/10.1016/j.physrep.2005.10.008
https://arxiv.org/abs/hep-th/0509003
https://inspirehep.net/literature/691224
https://doi.org/10.1103/RevModPhys.79.733
https://arxiv.org/abs/hep-th/0610102
https://inspirehep.net/literature/728369
https://doi.org/10.1016/j.physrep.2007.04.003
https://arxiv.org/abs/hep-th/0610327
https://inspirehep.net/literature/730501
https://doi.org/10.1017/CBO9780511816086
https://inspirehep.net/literature/744404

[5]

[12]

F. Marchesano, Progress in D-brane model building, Fortsch. Phys. 55 (2007) 491
[hep—th/0702094] [INSPIRE].

F. Denef, Les Houches Lectures on Constructing String Vacua, Les Houches 87 (2008) 483
[arXiv:0803.1194] [INSPIRE].

F. Denef, M.R. Douglas and S. Kachru, Physics of String Fluxz Compactifications, Ann. Rev.
Nucl. Part. Sci. 57 (2007) 119 [hep-th/0701050] [INSPIRE].

L.E. Ibanez and A.M. Uranga, String theory and particle physics: An introduction to string
phenomenology, Cambridge University Press (2012) [INSPIRE].

F. Quevedo, Local String Models and Moduli Stabilisation, Mod. Phys. Lett. A 30 (2015)
1530004 [arXiv:1404.5151] [INSPIRE].

D. Baumann and L. McAllister, Inflation and String Theory, Cambridge Monographs on
Mathematical Physics, Cambridge University Press (2015) [doi:10.1017/CB09781316105733]
[arXiv:1404.2601] [INSPIRE].

S.B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluzes in string compactifications,
Phys. Rev. D 66 (2002) 106006 [hep-th/0105097] [INSPIRE].

S. Gukov, C. Vafa and E. Witten, CFT’s from Calabi-Yau four folds, Nucl. Phys. B 584
(2000) 69 [hep-th/9906070] [Erratum ibid. 608 (2001) 477] [INSPIRE].

S. Lanza, F. Marchesano, L. Martucci and D. Sorokin, How many fluzes fit in an EFT?, JHEP
10 (2019) 110 [arXiv:1907.11256] [INSPIRE].

S. Kachru, R. Kallosh, A.D. Linde and S.P. Trivedi, De Sitter vacua in string theory, Phys.
Rev. D 68 (2003) 046005 [hep-th/0301240] [iNSPIRE].

V. Balasubramanian, P. Berglund, J.P. Conlon and F. Quevedo, Systematics of moduli
stabilisation in Calabi-Yau flux compactifications, JHEP 03 (2005) 007 [hep-th/0502058]
[INSPIRE].

J.P. Conlon, F. Quevedo and K. Suruliz, Large-volume flux compactifications: Moduli spectrum
and D3/D7 soft supersymmetry breaking, JHEP 08 (2005) 007 [hep-th/0505076] [INSPIRE].

A. Westphal, de Sitter string vacua from Kdhler uplifting, JHEP 03 (2007) 102
[hep-th/0611332] [INSPIRE].

A. Giryavets, S. Kachru, P.K. Tripathy and S.P. Trivedi, Fluz compactifications on Calabi-Yau
threefolds, JHEP 04 (2004) 003 [hep-th/0312104] InSPIRE].

A. Giryavets, S. Kachru and P.K. Tripathy, On the tazonomy of flux vacua, JHEP 08 (2004)
002 [hep-th/0404243] [INSPIRE].

0. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, Enumerating flux vacua with enhanced
symmetries, JHEP 02 (2005) 037 [hep-th/0411061] [INSPIRE].

F. Denef, M.R. Douglas and B. Florea, Building a better racetrack, JHEP 06 (2004) 034
[hep-th/0404257] [INSPIRE].

J. Louis, M. Rummel, R. Valandro and A. Westphal, Building an explicit de Sitter, JHEP 10
(2012) 163 [arXiv:1208.3208] [INSPIRE].

M. Cicoli, D. Klevers, S. Krippendorf, C. Mayrhofer, F. Quevedo and R. Valandro, Fzplicit de
Sitter Fluz Vacua for Global String Models with Chiral Matter, JHEP 05 (2014) 001
[arXiv:1312.0014] [INSPIRE].

— 38 —


https://doi.org/10.1002/prop.200610381
https://arxiv.org/abs/hep-th/0702094
https://inspirehep.net/literature/744471
https://arxiv.org/abs/0803.1194
https://inspirehep.net/literature/780946
https://doi.org/10.1146/annurev.nucl.57.090506.123042
https://doi.org/10.1146/annurev.nucl.57.090506.123042
https://arxiv.org/abs/hep-th/0701050
https://inspirehep.net/literature/741903
https://inspirehep.net/literature/1112474
https://doi.org/10.1142/S0217732315300049
https://doi.org/10.1142/S0217732315300049
https://arxiv.org/abs/1404.5151
https://inspirehep.net/literature/1291391
https://doi.org/10.1017/CBO9781316105733
https://arxiv.org/abs/1404.2601
https://inspirehep.net/literature/1289899
https://doi.org/10.1103/PhysRevD.66.106006
https://arxiv.org/abs/hep-th/0105097
https://inspirehep.net/literature/556430
https://doi.org/10.1016/S0550-3213(00)00373-4
https://doi.org/10.1016/S0550-3213(00)00373-4
https://arxiv.org/abs/hep-th/9906070
https://inspirehep.net/literature/501505
https://doi.org/10.1007/JHEP10(2019)110
https://doi.org/10.1007/JHEP10(2019)110
https://arxiv.org/abs/1907.11256
https://inspirehep.net/literature/1746474
https://doi.org/10.1103/PhysRevD.68.046005
https://doi.org/10.1103/PhysRevD.68.046005
https://arxiv.org/abs/hep-th/0301240
https://inspirehep.net/literature/612481
https://doi.org/10.1088/1126-6708/2005/03/007
https://arxiv.org/abs/hep-th/0502058
https://inspirehep.net/literature/676185
https://doi.org/10.1088/1126-6708/2005/08/007
https://arxiv.org/abs/hep-th/0505076
https://inspirehep.net/literature/682214
https://doi.org/10.1088/1126-6708/2007/03/102
https://arxiv.org/abs/hep-th/0611332
https://inspirehep.net/literature/733131
https://doi.org/10.1088/1126-6708/2004/04/003
https://arxiv.org/abs/hep-th/0312104
https://inspirehep.net/literature/635197
https://doi.org/10.1088/1126-6708/2004/08/002
https://doi.org/10.1088/1126-6708/2004/08/002
https://arxiv.org/abs/hep-th/0404243
https://inspirehep.net/literature/649373
https://doi.org/10.1088/1126-6708/2005/02/037
https://arxiv.org/abs/hep-th/0411061
https://inspirehep.net/literature/663642
https://doi.org/10.1088/1126-6708/2004/06/034
https://arxiv.org/abs/hep-th/0404257
https://inspirehep.net/literature/649464
https://doi.org/10.1007/JHEP10(2012)163
https://doi.org/10.1007/JHEP10(2012)163
https://arxiv.org/abs/1208.3208
https://inspirehep.net/literature/1127666
https://doi.org/10.1007/JHEP05(2014)001
https://arxiv.org/abs/1312.0014
https://inspirehep.net/literature/1267008

[24] A. Klemm and S. Theisen, Considerations of one modulus Calabi- Yau compactifications:
Picard-Fuchs equations, Kihler potentials and mirror maps, Nucl. Phys. B 389 (1993) 153
[hep-th/9205041] [INSPIRE].

[25] C. Doran, B. Greene and S. Judes, Families of quintic Calabi-Yau 3-folds with discrete
symmetries, Commun. Math. Phys. 280 (2008) 675 [hep-th/0701206] [INSPIRE].

[26] P. Candelas and C. Mishra, Highly Symmetric Quintic Quotients, Fortsch. Phys. 66 (2018)
1800017 [arXiv:1709.01081] [NSPIRE].

[27] V. Braun, The 24-Cell and Calabi-Yau Threefolds with Hodge Numbers (1,1), JHEP 05 (2012)
101 [arXiv:1102.4880] [INSPIRE].

[28] V. Batyrev and M. Kreuzer, Constructing new Calabi-Yau 3-folds and their mirrors via
conifold transitions, Adv. Theor. Math. Phys. 14 (2010) 879 [arXiv:0802.3376] [INSPIRE].

[29] C.F. Doran and J.W. Morgan, Mirror symmetry and integral variations of Hodge structure
underlying one parameter families of Calabi-Yau threefolds, in Workshop on Calabi- Yau
Varieties and Mirror Symmetry, pp. 517-537 (2005) [math/0505272] [INSPIRE].

[30] P. Candelas, X. de la Ossa, M. Elmi and D. Van Straten, A One Parameter Family of
Calabi-Yau Manifolds with Attractor Points of Rank Two, JHEP 10 (2020) 202
[arXiv:1912.06146] [NSPIRE].

[31] A. Joshi and A. Klemm, Swampland Distance Conjecture for One-Parameter Calabi-Yau
Threefolds, JHEP 08 (2019) 086 [arXiv:1903.00596] [INSPIRE].

[32] T.W. Grimm, C. Li and I. Valenzuela, Asymptotic Flux Compactifications and the Swampland,
JHEP 06 (2020) 009 [arXiv:1910.09549] [Erratum ibid. 01 (2021) 007] [NSPIRE].

[33] J.J. Blanco-Pillado, K. Sousa, M.A. Urkiola and J.M. Wachter, Towards a complete mass
spectrum. of type-1IB flux vacua at large complex structure, JHEP 04 (2021) 149
[arXiv:2007.10381] [INSPIRE].

[34] J.J. Blanco-Pillado, K. Sousa, M.A. Urkiola and J.M. Wachter, Universal Class of Type-IIB
Fluz Vacua with Analytic Mass Spectrum, Phys. Rev. D 103 (2021) 106006
[arXiv:2011.13953] [iNSPIRE].

[35] F. Marchesano, D. Prieto and M. Wiesner, F-theory flux vacua at large complex structure,
JHEP 08 (2021) 077 [arXiv:2105.09326] [iNSPIRE].

[36] K. Sousa and P. Ortiz, Perturbative Stability along the Supersymmetric Directions of the
Landscape, JCAP 02 (2015) 017 [arXiv:1408.6521] INSPIRE].

[37] M.C.D. Marsh and K. Sousa, Universal Properties of Type IIB and F-theory Flux
Compactifications at Large Complex Structure, JHEP 03 (2016) 064 [arXiv:1512.08549]
[INSPIRE].

[38] C. Brodie and M.C.D. Marsh, The Spectra of Type IIB Fluz Compactifications at Large
Complex Structure, JHEP 01 (2016) 037 [arXiv:1509.06761] InSPIRE].

[39] P. Mayr, Phases of supersymmetric D-branes on Kdhler manifolds and the McKay
correspondence, JHEP 01 (2001) 018 [hep-th/0010223] [INSPIRE].

[40] S. Bielleman, L.E. Ibanez and 1. Valenzuela, Minkowski 3-forms, Flux String Vacua, Azion
Stability and Naturalness, JHEP 12 (2015) 119 [arXiv:1507.06793] INSPIRE].

[41] F. Carta, F. Marchesano, W. Staessens and G. Zoccarato, Open string multi-branched and
Kdhler potentials, JHEP 09 (2016) 062 [arXiv:1606.00508] [INSPIRE].

-39 —


https://doi.org/10.1016/0550-3213(93)90289-2
https://arxiv.org/abs/hep-th/9205041
https://inspirehep.net/literature/334343
https://doi.org/10.1007/s00220-008-0473-x
https://arxiv.org/abs/hep-th/0701206
https://inspirehep.net/literature/742973
https://doi.org/10.1002/prop.201800017
https://doi.org/10.1002/prop.201800017
https://arxiv.org/abs/1709.01081
https://inspirehep.net/literature/1621624
https://doi.org/10.1007/JHEP05(2012)101
https://doi.org/10.1007/JHEP05(2012)101
https://arxiv.org/abs/1102.4880
https://inspirehep.net/literature/890678
https://doi.org/10.4310/ATMP.2010.v14.n3.a3
https://arxiv.org/abs/0802.3376
https://inspirehep.net/literature/779987
https://arxiv.org/abs/math/0505272
https://inspirehep.net/literature/682606
https://doi.org/10.1007/JHEP10(2020)202
https://arxiv.org/abs/1912.06146
https://inspirehep.net/literature/1770760
https://doi.org/10.1007/JHEP08(2019)086
https://arxiv.org/abs/1903.00596
https://inspirehep.net/literature/1723289
https://doi.org/10.1007/JHEP06(2020)009
https://arxiv.org/abs/1910.09549
https://inspirehep.net/literature/1760192
https://doi.org/10.1007/JHEP04(2021)149
https://arxiv.org/abs/2007.10381
https://inspirehep.net/literature/1808128
https://doi.org/10.1103/PhysRevD.103.106006
https://arxiv.org/abs/2011.13953
https://inspirehep.net/literature/1834016
https://doi.org/10.1007/JHEP08(2021)077
https://arxiv.org/abs/2105.09326
https://inspirehep.net/literature/1864401
https://doi.org/10.1088/1475-7516/2015/02/017
https://arxiv.org/abs/1408.6521
https://inspirehep.net/literature/1312782
https://doi.org/10.1007/JHEP03(2016)064
https://arxiv.org/abs/1512.08549
https://inspirehep.net/literature/1411707
https://doi.org/10.1007/JHEP01(2016)037
https://arxiv.org/abs/1509.06761
https://inspirehep.net/literature/1394572
https://doi.org/10.1088/1126-6708/2001/01/018
https://arxiv.org/abs/hep-th/0010223
https://inspirehep.net/literature/535644
https://doi.org/10.1007/JHEP12(2015)119
https://arxiv.org/abs/1507.06793
https://inspirehep.net/literature/1384794
https://doi.org/10.1007/JHEP09(2016)062
https://arxiv.org/abs/1606.00508
https://inspirehep.net/literature/1466800

[42] A. Herraez, L.E. Ibanez, F. Marchesano and G. Zoccarato, The Type ITA Flux Potential,
4-forms and Freed-Witten anomalies, JHEP 09 (2018) 018 [arXiv:1802.05771] [INSPIRE].

[43] F. Marchesano, D. Prieto, J. Quirant and P. Shukla, Systematics of Type IIA moduli
stabilisation, JHEP 11 (2020) 113 [arXiv:2007.00672] INSPIRE].

[44] D. Escobar, F. Marchesano and W. Staessens, Type IIA Fluz Vacua with Mobile D6-branes,
JHEP 01 (2019) 096 [arXiv:1811.09282] [NSPIRE].

[45] D. Escobar, F. Marchesano and W. Staessens, Type IIA flux vacua and o' -corrections, JHEP
06 (2019) 129 [arXiv:1812.08735] [INSPIRE].

[46] F. Marchesano and J. Quirant, A Landscape of AdS Fluz Vacua, JHEP 12 (2019) 110
[arXiv:1908.11386] [INSPIRE].

[47] F. Denef and M.R. Douglas, Distributions of fluxz vacua, JHEP 05 (2004) 072
[hep-th/0404116] [NSPIRE].

[48] M. Demirtas, M. Kim, L. Mcallister and J. Moritz, Vacua with Small Fluz Superpotential,
Phys. Rev. Lett. 124 (2020) 211603 [arXiv:1912.10047] [INSPIRE].

[49] M. Demirtas, M. Kim, L. McAllister and J. Moritz, Conifold Vacua with Small Flux
Superpotential, Fortsch. Phys. 68 (2020) 2000085 [arXiv:2009.03312] [INSPIRE].

[50] M. Cicoli, M. Licheri, R. Mahanta and A. Maharana, Fluz vacua with approzimate flat
directions, JHEP 10 (2022) 086 [arXiv:2209.02720] [INSPIRE].

[61] P. Candelas, A. Font, S.H. Katz and D.R. Morrison, Mirror symmetry for two parameter
models. 2, Nucl. Phys. B 429 (1994) 626 [hep-th/9403187| [INSPIRE].

[62] S. AbdusSalam, S. Abel, M. Cicoli, F. Quevedo and P. Shukla, A systematic approach to
Kdhler moduli stabilisation, JHEP 08 (2020) 047 [arXiv:2005.11329] [INSPIRE].

[53] I. Bena, J. Blabédck, M. Grafia and S. Liist, The tadpole problem, JHEP 11 (2021) 223
[arXiv:2010.10519] [NSPIRE].

[54] 1. Bena, J. Blabédck, M. Grafia and S. Liist, Algorithmically Solving the Tadpole Problem, Adv.
Appl. Clifford Algebras 32 (2022) 7 [arXiv:2103.03250] [INSPIRE].

[65] E. Plauschinn, The tadpole conjecture at large complex-structure, JHEP 02 (2022) 206
[arXiv:2109.00029] [NSPIRE].

[56] S. Liist, Large complex structure fluz vacua of IIB and the Tadpole Conjecture,
arXiv:2109.05033 [INSPIRE].

[67] T.W. Grimm, E. Plauschinn and D. van de Heisteeg, Moduli stabilization in asymptotic fluz
compactifications, JHEP 03 (2022) 117 [arXiv:2110.05511] INSPIRE].

[68] M. Grana, T.W. Grimm, D. van de Heisteeg, A. Herraez and E. Plauschinn, The tadpole
conjecture in asymptotic limits, JHEP 08 (2022) 237 [arXiv:2204.05331] [INSPIRE].

[59] S. Liist and M. Wiesner, The Tadpole Conjecture in the Interior of Moduli Space,
arXiv:2211.05128 [INSPIRE].

[60] P. Candelas and X. de la Ossa, Moduli Space of Calabi-Yau Manifolds, Nucl. Phys. B 355
(1991) 455 [INSPIRE].

[61] E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Yang-Mills Theories with Local
Supersymmetry: Lagrangian, Transformation Laws and SuperHiggs Effect, Nucl. Phys. B 212
(1983) 413 [INSPIRE].

40 —


https://doi.org/10.1007/JHEP09(2018)018
https://arxiv.org/abs/1802.05771
https://inspirehep.net/literature/1655579
https://doi.org/10.1007/JHEP11(2020)113
https://arxiv.org/abs/2007.00672
https://inspirehep.net/literature/1804794
https://doi.org/10.1007/JHEP01(2019)096
https://arxiv.org/abs/1811.09282
https://inspirehep.net/literature/1704697
https://doi.org/10.1007/JHEP06(2019)129
https://doi.org/10.1007/JHEP06(2019)129
https://arxiv.org/abs/1812.08735
https://inspirehep.net/literature/1710416
https://doi.org/10.1007/JHEP12(2019)110
https://arxiv.org/abs/1908.11386
https://inspirehep.net/literature/1751950
https://doi.org/10.1088/1126-6708/2004/05/072
https://arxiv.org/abs/hep-th/0404116
https://inspirehep.net/literature/648462
https://doi.org/10.1103/PhysRevLett.124.211603
https://arxiv.org/abs/1912.10047
https://inspirehep.net/literature/1772253
https://doi.org/10.1002/prop.202000085
https://arxiv.org/abs/2009.03312
https://inspirehep.net/literature/1815749
https://doi.org/10.1007/JHEP10(2022)086
https://arxiv.org/abs/2209.02720
https://inspirehep.net/literature/2148172
https://doi.org/10.1016/0550-3213(94)90155-4
https://arxiv.org/abs/hep-th/9403187
https://inspirehep.net/literature/372454
https://doi.org/10.1007/JHEP08(2020)047
https://arxiv.org/abs/2005.11329
https://inspirehep.net/literature/1797658
https://doi.org/10.1007/JHEP11(2021)223
https://arxiv.org/abs/2010.10519
https://inspirehep.net/literature/1824298
https://doi.org/10.1007/s00006-021-01189-6
https://doi.org/10.1007/s00006-021-01189-6
https://arxiv.org/abs/2103.03250
https://inspirehep.net/literature/1850474
https://doi.org/10.1007/JHEP02(2022)206
https://arxiv.org/abs/2109.00029
https://inspirehep.net/literature/1914746
https://arxiv.org/abs/2109.05033
https://inspirehep.net/literature/1920980
https://doi.org/10.1007/JHEP03(2022)117
https://arxiv.org/abs/2110.05511
https://inspirehep.net/literature/1942195
https://doi.org/10.1007/JHEP08(2022)237
https://arxiv.org/abs/2204.05331
https://inspirehep.net/literature/2065995
https://arxiv.org/abs/2211.05128
https://inspirehep.net/literature/2180416
https://doi.org/10.1016/0550-3213(91)90122-E
https://doi.org/10.1016/0550-3213(91)90122-E
https://inspirehep.net/literature/295485
https://doi.org/10.1016/0550-3213(83)90679-X
https://doi.org/10.1016/0550-3213(83)90679-X
https://inspirehep.net/literature/179527

	Introduction
	Generics of type IIB flux compactifications
	The prepotential
	Kähler potential
	Flux superpotential
	Vacuum equations
	Various contractions with triple intersection numbers

	Vacua from a quadratic superpotential
	When M is invertible
	When M is singular
	The IIB1 family

	Non-supersymmetric vacua
	A subcase with M singular
	A simpler ansatz for full analyticity
	Moduli stabilization
	Mass spectrum
	Generating flux vacua


	Supersymmetric vacua
	Moduli stabilization and flat directions
	Towards the mass spectrum

	A numerical set of vacua in a two-parameter model
	Generating flux tuples
	Vacua analysis
	Exponential corrections

	Conclusions and outlook
	Summary of analytic type IIB mass spectra
	Outlook

	Mass spectrum of no-scale aligned vacua
	Scalar potential and mass matrix
	Metric tensor
	Scalar potential
	Hessian




