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ABSTRACT: We investigate the vacuum structure of four-dimensional effective theory aris-
ing from Type IIB flux compactifications on a mirror of the rigid Calabi-Yau threefold,
corresponding to a T-dual of the DeWolfe-Giryavets-Kachru-Taylor model in Type ITA
flux compactifications. By analyzing the vacuum structure of this interesting corner of
string landscape, it turns out that there exist perturbatively unstable de Sitter (dS) vacua
in addition to supersymmetric and non-supersymmetric anti-de Sitter vacua. On the other
hand, the stable dS vacua appearing in the low-energy effective action violate the tadpole
cancellation condition, indicating a strong correlation between the existence of dS vacua
and the flux-induced D3-brane charge (tadpole charge). We also find analytically that the
tadpole charge constrained by the tadpole cancellation condition emerges in the scalar po-
tential in a nontrivial way. Thus, the tadpole charge would restrict the existence of stable
dS vacua, and this fact underlies the statement of the dS conjecture. Furthermore, our an-
alytical and numerical results exhibit that distributions of O(1) parameters in expressions
of several swampland conjectures peak at specific values.

KEYWORDS: Superstring Vacua, Flux compactifications

ARX1v EPRINT: 2104.15030

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP12(2021)017


mailto:ishigu@post.kek.jp
mailto:hotsuka@post.kek.jp
https://arxiv.org/abs/2104.15030
https://doi.org/10.1007/JHEP12(2021)017

Contents
1 Introduction 1

2 Brief review of Type IIB flux compactifications on the mirror of

rigid CY 4
2.1 The & manifold 4
2.2 Type IIB flux compactifications with special geometry 6
2.3 Effective action 8
3 Vacuum structure and role of tadpole charge Ng,x 9
3.1 Sign of the cosmological constant A and Nguy 10
3.2 Ngux and moduli mass on SUSY AdS/Minkowski vacua 12
4 Inspection of swampland conjectures 15
4.1 Distributions of the flux vacua 15
4.2 The AdS/moduli scale separation conjecture 16
4.3 The AdS distance conjecture 19
4.4 The dS swampland conjecture 24
5 Conclusions and discussions 27
A Notation of the special geometry 28
B Calculation of the scalar potential 30
C Expression of the tadpole charge at SUSY vacua 32

1 Introduction

String compactification is one of the major topics in string theory if one expects it to be
the fundamental theory of our world. One way to understand what four-dimensional (4D)
fields derived from ten-dimensional (10D) superstring theory is the Kaluza-Klein (KK)
decomposition on the extra six-dimensional (6D) space. Then, zero-modes are supposed
to play an important role in 4D spacetime. The existence of 4D supersymmetry (SUSY)
requires the 6D space to equip SU(3) holonomy, and it is proved that Calabi-Yau (CY)
threefolds possess this structure. Hence, CY threefolds and toroidal orbifolds (consid-
ered singular limits of CY threefolds) are of particular interest. The 4D effective theories
arising from string compactifications contain a multitude of massless fields called moduli
fields, reflecting the geometry of the corresponding internal manifold. These moduli fields
appear in 4D Yukawa couplings and gauge couplings such that those free parameters in



the Standard Model are determined by their vacuum expectation values (VEVs) in string
compactifications. Furthermore, the dynamics of moduli fields are closely related to the
construction of de Sitter (dS) vacua. Although the moduli stabilization and string land-
scape have been studied intensively in the past two decades, there are several developments
from the viewpoint of the swampland program [1-3], stating that the 4D low-energy effec-
tive field theories should satisfy several conjectures to admit an ultra-violet completion to
a consistent theory of quantum gravity. (See for a review, e.g., ref. [4].)

After the moduli stabilization, the vacuum energy behaves as the cosmological constant
A. With theoretical and phenomenological motivations, one needs to find the vacuum with
the positive vacuum energy to realize the accelerating universe. However, it was known that
the stable classical de Sitter (dS) vacua are difficult to achieve in string compactifications
as stated in the Maldacena-Nuifiez no-go theorem [5]. (For an overview of the construction
of dS vacua in the string theory, see, e.g., ref. [6].) The absence of stable classical dS vacua
motivates us to consider the no-go conjectures of dS vacua, known as the dS swampland
conjecture [7-10]. So far, the dS swampland conjecture is well established in Type ITA
flux compactifications [11, 12], since all the closed string moduli fields can be stabilized
by Ramond-Ramond (RR) and Neveu-Schwarz-Neveu-Schwarz (NS) fluxes. Indeed, the dS
swampland conjecture is satisfied for some examples of Type IIA flux vacua [13] and more
general classes in a parametrically controlled regime [14]. Consequently, the obtained flux
vacua fall Anti-de Sitter (AdS) vacua or dS vacua with tachyonic directions.! Those AdS
vacua satisfy the AdS/moduli scale separation conjecture [16] and the AdS distance con-
jecture [17] in the supersymmetric case as pointed out in refs. [6, 17, 18]. These conjectures
prohibit the parametric separation between the mass of towers of the lightest states and
the AdS radius.

In Type IIB flux compactifications, Kédhler moduli describing the size of the internal
manifold cannot be stabilized by RR and NS three-form fluxes as opposed to the axio-
dilaton and complex structure moduli. (See for a review, ref. [19].) It is then required non-
perturbative effects and/or o'-corrections to stabilize the Kéhler moduli as demonstrated
in the Kachru-Kallosh-Linde-Trivedi scenario [20] and large volume scenario [21],2 where
the AdS minima are uplifted to the dS vacua by some mechanism. The validity of the
dS vacua obtained by employing non-perturbative effects and uplifting sources should be
justified from several aspects [16, 24-26]. The rigorous check of swampland conjectures is
still an important open issue to understand what constitutes exact boundaries between the
string landscape and the swampland.

In this paper, we present a different approach in Type IIB flux compactifications to
resolve this issue. We deal with “non-geometric” CY manifold with the Hodge number
being h''!' = 0,2 i.e., no deformation of the Kéhler structure, and the volume is already
fixed by symmetries [27]. The manifold can be described as a mirror of a certain “rigid”
CY manifold with A*>! = 0 but A # 0. The prototypical example of Type IIA flux
compactifications called DeWolfe-Giryavets-Kachru-Taylor (DGKT) model [12] is indeed

'For the recent developments in Type ITA flux compactifications, see, e.g., ref. [15].
2For the perturbative stabilization of Kihler moduli, we refer the reader to, e.g., refs. (22, 23].
3Here and in what follows, we use the term “non-geometric” in this sense.



based on the rigid CY threefold, namely T°/(Z3 x Zj}) toroidal orbifold. In this paper,
we examine Type IIB flux compactifications corresponding to a T-dual of the DGKT
model.* Using the fact that one can stabilize all the closed string moduli by three-form
flux themselves and deal with more general fluxes than the T-dual ITA side,” it is expected
that this setup captures some crucial properties of flux vacua and string landscape. So
far, this class of manifolds has been studied in refs. [29, 30], but the vacuum structure is
not fully understood. For this reason, we wish to set this manifold as a testing ground for
various swampland conjectures. In particular, we focus on the AdS/moduli scale separation
conjecture, the AdS distance conjecture, and the dS swampland conjecture.
Our findings of the flux vacua on the mirror of rigid CY are summarized as follows:

« We find the SUSY and non-SUSY stable AdS flux vacua® for a large region of flux
quanta satisfying the tadpole cancellation condition.

e As discussed in detail in section 3, it is found that the tadpole charge is severely
constrained by the stability condition to allow the existence of Minkowski and dS
vacua in addition to the well-known tadpole cancellation condition. It indicates that
the realization of the stable dS vacua would be difficult to be realized in the string
landscape due to the small number of tadpole charges constrained by the tadpole
cancellation condition.

e There exists a new class of dS vacua with tachyonic directions for a limited region
of flux quanta taking into account the tadpole cancellation condition,” whereas the
perturbatively stable dS vacua appearing in the low-energy effective action violate
the tadpole cancellation condition.® Furthermore, the structure of AdS vacua de-
pends on the tadpole charge as discussed in the AdS/moduli scale separation and the
AdS distance conjectures. It indicates that the tadpole charge would determine the
boundaries between the string landscape and the swampland.

o Distributions of O(1) parameters arising in expressions of swampland conjectures are
investigated for both SUSY and non-SUSY flux vacua. In particular, our analytical
and numerical results exhibit that these parameters peak around specific values for
the AdS/moduli scale separation conjecture, and a strong version of AdS distance
conjecture holds at the SUSY AdS vacua, irrespective of fluxes.

“See for the Type IIB flux compactification on the rigid 7°/(Z3 x Z4) orbifold, ref. [28].

SThroughout this paper, we focus on the stabilization of untwisted complex structure moduli.

SIn this paper, we call non-SUSY minima appearing from the 4D effective field theory (EFT) the non-
SUSY vacua. Those minima are reasonable under the assumptions that the string coupling constant gs < 1
and the KK mode mass > moduli mass from the viewpoint of the 4D EFT. However, we have not analyzed
effects of possible corrections including the flux backreaction on the non-SUSY minima. Thus, it does not
mean that we have found a fully consistent non-SUSY vacuum in the string compactification.

"Note that the existence of tachyon was observed in a broad class of dS vacua in 10D Type II super-
gravities with Dp-branes and orientifold Op-planes and for more details, we refer to, for instance, ref. [6].

8Hence, the stable dS vacua are not justified even in the 4D EFT. Moreover, it is also possible that
there is a true vacuum with lower energy. Our purpose is to reveal the vacuum (minimum in the 4D EFT)
structure through the tadpole charge.



This paper is organized as follows: in section 2, we briefly review the flux compactifi-
cations on the mirror of rigid CY manifold, corresponding to a specific Landau-Ginzburg
(LG) model. The complex structure moduli can be identified with deformations of the
superpotential in a traditional way. Since the background geometry is described by the
special geometry on a complex threefold, it enables us to obtain an exact form of the
Gukov-Vafa-Witten (GVW) type superpotential [31]. Then, all the moduli fields can be
stabilized in the context of flux compactifications, taking into account the effects of fixed
Ké&hler moduli in the Kéahler potential. On the basis of the 4D effective action in section 2,
the vacuum structure is analytically examined with an emphasis on the role of tadpole
charge in section 3. In section 4, we investigate three Swampland conjectures. Finally, we
summarize the results of this paper and discuss some remaining issues in section 5.

2 Brief review of Type IIB flux compactifications on the mirror of
rigid CY

In section 2.1, we begin with the construction of the mirror of rigid CY threefold with the
19/Z3 Gepner model, which allows us to study the Type ITA /IIB flux compactifications in a
unified way. After briefly reviewing Type IIB flux compactifications with special geometry
in section 2.2, we derive the effective moduli action in section 2.3, where the dilaton Kéhler
potential receives the correction from the effect of fixed Kédhler moduli. We refer the details
of the background geometry to refs. [27, 30].

2.1 The Z manifold

Let us consider the 1°/Z3 Gepner model, where the LG worldsheet superpotential is

given by
9
k=1
subject to
L3 : Yk, — WYk, (2:2)

27

with w = 5. On the vanishing locus of W, i.e., W = 0, there exist 84 Zs-invariant
polynomials and the background geometry corresponds to Pg[3] manifold through the LG-
CY correspondence. Based on this Gepner model, the class of rigid CY % is constructed,
and correspondingly, the class of mirror CY £ is provided by a quotient of Pg [3], namely
Z =Py [3]/G with a certain group G. More precisely, these mirror CYs have seven dimen-
sions and belong to a class called the “generalized CY” (see for details, ref. [27]).

What is important on this sevenfold is that its middle-cohomology structure is the same
as that of usual CY threefolds. Under the Hodge decomposition H (%) = D=7 Hg’q(o@;),

the corresponding Hodge number is listed as

[P0, BLO, 125, B34, 3 p52 181 pT0] = [0,0,1, 8, 8,1,0,0], (2.3)



with 3 = 84, as shown in ref. [27]. There is a unique nontrivial element of H®2 which
would correspond to the three-form €23 of an ordinary CY threefold. Here, the €5 can
be constructed by the usual way called Atiyah-Bott-Garding-Candelas method [32, 33],
but at this time, it is not holomorphic. (See for details, refs. [34, 35].) In addition,
H*3 corresponds to H*' of a CY threefold, which parametrizes the complex structure
deformations. The explicit complex structure moduli will be introduced later.

As we described, it was known that there are other possibilities to divide 1°/Z3 Gepner
model. For instance, we can utilize the other Z} action as G:

Zg : (y17y27y37y47y57y67y77y87y9) — (wylva27wy37w2y47w2y57w2y67y77y87y9) ) (24)

leading to the mirror of the rigid CY Pg[3]/Z5. In this case, there exist totally h'? =
B = 36 deformations, but the degree of freedom of complex structure corresponds to 30
deformations of the equation W = (0, maintaining the homogeneity of W and the invariance
under the Zj symmetry. Similarly, we can consider the case that the 19/Z3 model is further
divided by an additional Z5 symmetry, i.e., Pg[3]/(Z5 x Z%) with G = Z4 x Z3 whose Hodge
number is h*? = 3 = 12.

A geometrical interpretation of non-geometric internal CFT has also been studied.
The structure of toroidal orbifold appears in the mirror 7 , and it can be understood by
LG-CY correspondence from the 1°/Z3 Gepner model. Indeed, integrating out three of
nine fields in eq. (2.1) restricts us to reside in CP? x CP? x CP?. This is equivalent to
the product of three tori T2 with the SU(3) root lattice [36], although the orbifold group
is non-geometrically acting symmetry [29, 37]. This is a consequence of the fact that the
original rigid CY 2 is geometrically represented by a product of three tori 72 subject to
Zs x Zf identification [36]. Hence, it is natural to expect that the effective action can also be
accessed by T-duality from the geometric ITA model on the rigid CY, T%/(Z3 x Zj) [12].
Remarkably, for the Pg[3] case, the (2,2)-CFT description of the flux compactification
was developed in ref. [29], in which they introduced O-planes with appropriate orientifold
actions besides three-form fluxes and D-branes. These are necessary ingredients to reduce
N = 2 SUSY by half and cancel a positive contribution to the D3-brane charge induced
by SUSY-preserving three-form fluxes and the existence of D3-branes, i.e., the tadpole
cancellation condition. The authors of ref. [29] explicitly demonstrated several orientifold
actions, and it turned out that the maximal value of the tadpole charge is 12.

In this paper, we will focus on the mirror of rigid CY 2 = Pg[3]/Z3 treated in ref. [29)],
and we adopt the orientifold action leading to the tadpole charge 12. It is notable that one
can do the same calculation for the different orientifold actions since they are defined on
Pg[3]. As discussed in the next section, the % equips a symplectic structure which allows
us to employ the technique of flux compactifications on CY manifolds. There exist two
types of closed string moduli, i.e., the untwisted (bulk) moduli and the twisted moduli
from the viewpoint of toroidal orbifolds. The stabilization of the untwisted moduli at
the AdS minima was discussed in the context of flux compactification [29, 30], but the
classification of flux vacua has not been developed yet. Our purpose is to explore the
vacuum structure of untwisted moduli and inspect several swampland conjectures. The
effective action of untwisted moduli is derived by calculating the period vector in ref. [27].



Finally, we emphasize that this background is not in one-to-one correspondence with the
T-dual of DGKT model due to the different orbifolding and orientifold actions, but it
captures a part of the vacuum structure discussed in Type IIA side.”

2.2 Type IIB flux compactifications with special geometry

In this section, we briefly review Type IIB flux compactifications with special geometry. On
manifolds with special geometry, a unique holomorphic three-form 2 plays an important
role in introducing three-form fluxes in Type IIB string theory. As we mentioned in the
previous section, we can identify the holomorphic three-form €2 of CY threefold with the
(5,2)-form on %. In particular, we deal with untwisted cycles on 3-tori whose period
integrals were explicitly calculated in ref. [27].

On CY threefolds .#, we can set the three-form basis (A%, By) of H3(.#,C) to be
symplectic because of the existence of special geometry,'? i.e., it satisfies the following
relations:

AN By =6, ByNnA* = -6, A°NA*=0, B,N B, =0, (2.5)

with a,b = 0,1,...,h%'. The dual cohomology basis (ag, 3°) of H3(.#,C) is defined to
satisfy

R B Y ROTEE S
Aa M B M

from which (o, %) are the Poincaré dual with each other. Then, we introduce the (2h%! +

2,1) period vector as
F, /5 Q
=% =|("Be 2.7
(“a> <an Q) 7 20

where {u®} denotes the projective coordinates of the complex structure moduli space and
each F, becomes a function of {u®}. This yields the following expansion of €2

Q=ua, — F, 0 (2.8)

Note that Q is defined up to a holomorphic multiplication (see for details about the no-
tation, appendix A). Since {u®} is denoted as the projective coordinates with the number
h?1 4+ 1, all of them do not correspond to the complex structure deformations. In a usual
way, the flat coordinates are chosen as

a

= =5, (a70), (2.9)

on the u® # 0 patch. Hereafter, we simply set u° = 1 so that {2?} (a = 1,2,...,h%")
becomes a set of dynamical fields, namely the complex structure moduli. The Kodaira
theory [39, 41] states that if we variate  with the complex structure z%, it results in

oY)
55 € H3(#,C) o H* (#,C). (2.10)
z
9As long as we consider only bulk modes, these two systems are exactly dual.
19See for the details about the special geometry, refs. [38, 39] and the relation to the CP symmetry,

ref. [40].




Hence, we can define

o0
with x, € H?(#,C) being a harmonic (2,1)-form, and the uniqueness of harmonic
(3,0)-form is employed here. This formula plays an essential role in this framework (see
appendix A in more detail).

Let us discuss Type IIB flux compactifications, where the three-form fluxes F3 and Hj

are quantized on each cycle as'!
p=f B g=] B (2.12)
Aa B,
h® E/ Hg, ha E/ H3, (213)
Aa B,

so that {f%, fu, h% hq} becomes a set of integers. Here, a runs from 0 to h*! again. From
these expressions, F3 and Hg are expanded as

Fy = faq — fuB3", (2.14)
Hs = h®aq — hef3. (2.15)

When these quantized three-form fluxes are turned on certain three-cycles, they induce the
GVW superpotential in the 4D effective action [31]

W:/ Gy A0, (2.16)
M

with G3 = F3— SHs. Here and in what follows, the reduced Planck mass is set to be unity,
and we denote S as the axio-dilaton whose imaginary part (ImS) determines the inverse
of string coupling, i.e., ImS = g;l.

We recall that the Kéhler potential on the geometric CY threefold is given by

K = Kpq + Kes + Kyol = —kg log (—i (s - §)) ~log <—i ////Q A Q) —2logV, (2.17)

with kg = 1 and V being the volume of CY. However, as discussed in ref. [30], all the
Ké&hler moduli for the non-geometric case in our interest are projected to the invariant
point under the orbifolding on %. The contributions of fixed Kéhler moduli change the
axio-dilaton Kahler potential to

K7 = —4log (—i (S - 5)) — log (—i /f QA Q) , (2.18)

that is, kg = 4. As a result, the 4D scalar potential V is expressed by K and W as

V = eX(KYDWD;W —3|W %), (2.19)

"Here and in what follows, we set the string length I, = 1 for simplicity.



with I being the index of all the moduli, K;; = 910 7K being the Kéhler metric, and
DiW = K;W + 9;W being the covariant derivative of superpotential W and K; = 0rK.
Or f means a derivative of f with a variable which the index I denotes. Note that the scalar
potential V' does not become no-scale type, since there is no degree of freedom about the
Kahler structure deformations. All the above relevant quantities which we need in the
actual moduli stabilization can be expressed by the period vector II (or the prepotential
F) instead of Q, which is identified with the period vector of Q52 on Z.

We comment on what happens when the coefficient of the axio-dilaton part kg = 4 is
different from the geometric one (ks = 1). Because of the difference, the SL(2,Z) symmetry

aS +b F3 ab F3
@ *o 2.2
S St d (H3> - <c d) <H3> (2.20)

does not exist entirely in the effective action, since e and W transform as

of the axio-dilaton

ef = efleS +d*s, |W|? = |eS +d|72 (2.21)
Hence, only the T-transformation survives.

2.3 Effective action

Here and in what follows, we examine a specific period vector calculated in ref. [27]. In
particular, we deal with three moduli 7; (¢ = 1,2, 3), which reflects the untwisted complex
structure moduli of the underlying toroidal orbifold. The period vector II takes the form

—T1T2T3
T2T3
T1T3

M= <Fa> = ", (2.22)

a 1

71

T2

T3

Since the period vector determines the Kéhler potential of the complex structure moduli
and the flux-induced superpotential

Kcszln(i/ffﬁ/\Q) :—ln(—z’HT-E-H),
W:/ngAQ _ Z{—(f“—Sh“)Fa+(fa—Sha)u“},

their explicit forms are given by
K = —4In(—i(S = 8)) — In(i(ry — 71) (12 — 7o) (13 — 73)), (2.23)

W = (f° = ShO) 773 — [(fl — ShY)rors + (f* — Sh?)73m + (f° — Sh3)ﬁrz}

+ |(f1 = Shi)11 + (f2 — Sha)me + (f3 — Sh3)13|+(fo — Sho), (2.24)



where {f1’2’3,f17273,h1’2’3,f17273} denotes the RR- and NSNS-flux quanta. The obtained
scalar potential V' is almost the same as that in Type IIB flux compactifications on toroidal
orbifolds, but with the slightly modified coefficient of K,q with kg = 4. When considering
the isotropic toroidal background, all 7; are identified with one modulus 7. By rewriting
{122, fr,2,3,h123, f123} by {f!, f1, h*, h1}, the whole flux sets are given by {f°, f1, fo, f1}
and {h° k' hg,h1} for RR- and NSNS-fluxes, respectively. The effective action in our
interest reduces to be

K = —4In (=i(S - §)) = 3In(~i(r — 7)), (2.25)
W = (f° — ShO)73 = 3(f' — ShY)7? + 3(f1 — Sh1)T + (fo — Sho). (2.26)

Moduli stabilization in this class of flux compactification was studied already in ref. [30],
but our purpose is to clarify the flux landscape from a statistical viewpoint and explore
the boundaries between the string landscape and the swampland.

Before concluding this section, we discuss the cancellation condition of the D3-brane
charge. Since the three-form fluxes induce the D3-brane charge (tadpole charge)

Nowe= [ HynFy==h'fo + fha, (2.27)
M
it should be canceled by the so-called tadpole cancellation condition
1
Npux + Np3 — §NO3 =0. (2.28)

Here Np3 and N3 denotes the number of D3-branes and O3-planes, respectively. The
exact value of Nos is determined by the orientifold action as constructed in ref. [29]. In
the following analysis, we fix the orientifold action as o in ref. [29] unless we specify it.
This restricts the maximum Ngyy to 12.12 Hence, the Ny is upper bounded as

Naux < 12. (2.29)

Note that the tadpole charge Ng,y is required to be positive in the supersymmetric com-
pactifications on the geometrical case, but it does not hold in our non-geometric case even
in the supersymmetric fluxes [30].

3 Vacuum structure and role of tadpole charge Ngux

In this section, we analytically examine the characteristic features of the flux vacua to find
out the boundaries between the landscape and the swampland. From a general structure
of the scalar potential shown in section 3.1, we find a strong correlation between the sign
of the cosmological constant A and the tadpole charge Np., due to the fact that the
tadpole charge Np.x emerges in the scalar potential as the coeflicient of the axio-dilaton.
Furthermore, the relation between the Ng,x and the typical moduli mass is exemplified in
a concrete example in section 3.2.

2Djifferent orientifold actions give different values of maximum Ngyux allowed. Since the value 12 for o3
is determined in a discussion involving twisted cycles [29], we should say that the orbifold limit considered
here is just the case where the twisted moduli are set to be 0 everywhere. The stabilization of the twisted
moduli is left for future work.



3.1 Sign of the cosmological constant A and Ngux

In this section, we focus on the sign of cosmological constant A against the tadpole charge
Naux. Let us define V = eXV whose expression is useful to analytically study the vacua
structure. It is remarkable that V and 8)(‘7 at the minima OxV = 0 are related as

_ xOXV

V= Ky

(3.1)
where X denotes arbitrary moduli fields. Since Kg < 0 holds for the axio-dilaton direction
throughout the discussion below, the sign of the cosmological constant is determined by
dxV at the minima, and then it is important to consider the explicit form of dx V. Recall
that V is always a quadratic function of S regardless of the internal background .# since
G3 = F3 — SHj3 is a linear function for S. For that reason, we concentrate on derivatives
of V' with respect to S to extract some necessary conditions of the perturbatively stable
vacua in a subsequent discussion.

The second derivative of V' with respect to ImS at the minima (OrmsV = 0) is given by

- 1-k ~ .
¢ KOsV = g OtmsV + Ofs V., (3.2)

where kg denotes the coefficient of the axio-dilaton Kéhler potential K,q = —ksIn(—i(S —

S)). As mentioned before, ks = 1 and 4 correspond to geometric CY threefolds and the
non-geometric background %, respectively. Since

- k .
OmsV = ﬁe Ky (3.3)

holds at the minima, we arrive at the necessary condition to be stable aﬁnsv > 0,13

mS)? ~
V< e R (ks £ 1), (3.4)
0<dR, sV (ks =1). (3.5)

We observe that in the kg # 1 case of our interest, the signs of V and 812m5‘7 at the minima
are correlated with each other. If there exists a stable dS minimum (V' > 0), eq. (3.4) in-
dicates that 812m Sf/ must be positive there. On the other hand, in the kg = 1 case, 8I2mSV
and afmsff have the same sign. In both cases, the explicit form of 812m SV is an important
ingredient in whether the minima are stable.

These fundamental observations motivate us to study the structure of V, but it is quite
difficult to analyze it without any assumptions. Hence, we assume that there is no mixing
between the axio-dilaton S and complex structure moduli in the Ké&hler metric, which is
broadly applicable to the effective action in the regime of small string coupling. Hereafter,
we concentrate on the kg = 4 case whose Kahler potential is given in eq. (2.18), but the
following results hold for the kg = 1 case similarly.

13This follows from Sylvester’s criterion. Since the mass matrix is real and symmetric in this case, 63,5V
has to be positive definite to be stable at Minkowski and dS vacua. The AdS vacua are analyzed in the
next section.

~10 -



Let us split V into the following three pieces under the above assumption;

Vs = KSSDgWDsW, (3.6)

Voo = S KD, WD;W, (3.7)
a,b

Vsa = —3|W P, (3-8)

where a,b run over the complex structure moduli. Then, we derive the quantity OmsV
whose sign is directly related to the sign of the cosmological constant. (For the detailed
calculation, see appendix B.) It turned out that V is of the form

- 1 -
V= 5a%mSV(ImS)2 — e Ko Ny ImS + C, (3.9)

for both the kg = 4 and the no-scale type ks = 1. Here, C' denotes the positive-definite
function appearing in the zeroth-order part of V with respect to ImS as in eq. (B.18), and
812me/ is explicitly written in eq. (B.13). The appearance of Njuy in the scalar potential
as the coefficient of ImS = g;! is a common feature in the no-scale type kg = 1 and the
non-geometric case kg = 4, but it is a non-trivial check to derive Ngux in kg = 4 case from
the 10D supergravity action on non-geometric background. This expression is important
to understand the 10D consistency condition on the non-geometric background, but we
leave it for future work.

Following these results, we find the strong correlation between the sign of V' at the
minimum and Ngu,.'* If there exists a Minkowski minimum (V = 0), the VEV of ImS is
given by

Nj flux

ImS) = —.
<m> +812mSV

(3.10)

Since 312mSV > ( is in one-to-one correspondence with 812msf/ > 0at V=0, Ngux > 0 is
required to obtain stable Minkowski minima. In general, the expectation value of ImS at
an extremum of V is found as

3Nux + \/ (3Ngux)? — 16Ce2Ke= 02 SV

ImS) = e~ Ke ~ :
(Ims5) = e 202V

(3.11)
from which Ngux must satisfy
—Kes 2 16 o o
(6 Nﬂux) > KCGIIHSV (312)

The stability condition (3.4) states that 02, 4V > 0 is required to obtain stable Minkowski
or dS minima. After some calculation, we find that the negative sign in eq. (3.11) is a

14 Although this work was carried out independently, the fact that the Nauy emerges in the scalar potential
in the type IIB non-geometric flux compactification on CY manifolds was pointed out in ref. [42]. However,
we emphasize that this emergence on the mirror of the rigid CY is still non-trivial. Furthermore, we will
explore the explicit landscape on this background in analytic and numerical ways to show that there are
some implications on physical quantities and the swampland conjectures from the structure of eq. (3.9).
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solution for the dS minima, and then Ng,x > 0 is also required at the stable dS minima in
a similar to the Minkowski minima. Together with egs. (3.12) and (3.4), the allowed range
of Npux is further constrained to reside in

16 - N
gcaﬁmsv < (e7Fes Ny )2 < 2002 V. (3.13)

As pointed out before, it was well known that Ny, is bounded from above since only
O-planes determined by the orientifold action have negative contributions to the tadpole
cancellation condition, but our analyses show that the tadpole charge Ng.y is further
constrained by the stability condition to allow the existence of Minkowski and dS vacua.
Hence, it suggests that it would be difficult to realize the stable dS vacua inside the string
landscape due to the small range of Npuy, in particular, the maximum number is 12 in
the orientifold action of our interest. On the other hand, a large Ng,x contribution would
allow the stable dS minima, although it is outside the landscape, i.e., the swampland.
These observations will be confirmed in our numerical results in section 4, in which we find
the stable dS vacua in a region Npu > 12, indicating the strong correlation between the
existence of dS vacua and the upper bound of Ngyx.

3.2 Npux and moduli mass on SUSY AdS/Minkowski vacua

In this section, we analytically examine the structure of SUSY AdS/Minkowski vacua,
paying attention to the relation between the Ng.x and the moduli mass. These analyses
are useful to understand the hidden structure of the swampland conjectures as analyzed in
section 4. (For the detail of SUSY AdS vacua, see, ref. [30].)

We begin with the SUSY vacua of the scalar potential V' without no-scale structure.
The hermitian mass matrix at D;W = 0 for arbitrary fields ¢! takes rather a simple
form [30];

050V =€ (DI DW DD W KN 2K [|WI?), 0,0,V =" (D;DW)W, (3.14)

where I, J, K, L run over the axio-dilaton and all the complex structure moduli of our
interest. Since the following expressions hold at SUSY vacua:

ks(1—ks)
DsDsW = 2222y, DsDW = —D,Wxs,
sls (5—23) s NS
DoDyW = —ielek,,5(S — §)D:W s, (3.15)

they enable us to simplify the mass matrix there. The value of kg affects only DgDgW,
and it is identically zero in the no-scale scalar potential (kg = 1).

To find the analytical expression of the moduli mass, we focus on the isotropic back-

1

ground 7 = 7! = 72 = 73, At the SUSY AdS vacua, the physical mass matrix becomes

2 _ ﬁmz 2= oz xY _T_
3~ 108 9Y 23 93 6v3
M2 2 2 _ 192 _z_ .z ZY
phys,AdS __ oY 3~ 108 6v3 23 93 (3.16)
A, Tl o= _ 7Y T _Z_L|$’2 1 ’ ’
ds 2V3 93 6v3 3 36
_z_ __z__ =y 1 R
6v/3 2v3 93 3 36
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where Aags = —3eX|W|? = —3efadtEes| /|2 and x,y are defined by

a _ DTWNS
=S -9("1—-7)—F— 3.17
v=(5-8)(r—7) P, (317)
& _ DTWNS
=(S-9)(r— 3.18
y=(5 - 8)(r - 7) 0, (318)
satisfying 2| = |y|. The basis of mass matrix basis is set as {7, 7, §, S} for the row and
{#,%, S, 8 } for the column. Here, S and # are canonically normalized as
§— L _As (3.19)
- (ImS) " '
V3 1
r= V2 A 2
T (ImT) T (3.20)

with § = (S) + AS and 7 = (1) + A7 (in what follows, we omit ( ) that denotes a VEV).
Hence, we can see that the magnitude of the mass matrix is controlled by the parameter
x as stated in ref. [30]. To simplify our analysis, let us assume that the phases of z and y
are 0 and take

r=|z| = |yl (3.21)

It is found that the mass squared of lightest modulus in the real basis is given by

9 Aags
"Might = 577708

12r — 11r% 4+ 4 (—9 - \/(3 +7)2(81 — 367 + 77«2)) ] (3.22)

whose expression is useful to understand the structure of swampland conjectures in
section 4.

Interestingly, « and y also control the magnitude of Ng,x as analyzed in detail below.
Recall that three-forms {F3, H3} and Ng,x are expanded as in egs. (B.10) and (B.14)
respectively, the SUSY conditions enable us to simplify the expression of Ngu. We find
that the Np,x at the SUSY vacua is given in eq. (C.8) in a general complex structure moduli
space leading to the non-diagonal Kéhler metric K ;. (For more details, see, appendix C.)
When we restrict ourselves to the isotropic complex structure modulus in a similar to the
previous analysis, eq. (C.8) reduces to

Niux  8(ImS)3 (8 B |:c|2>

= 3.23
Anas 3 3 ( )
In this way, Npux also depends on |z|, and there should be a relation between the mass
squared of lightest modulus mﬁght and Nyux-

To discuss the relation, we rewrite eq. (3.23) as

|z|? =24 — (3.24)
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When we assume 8(ImS)2AAds > 9Ngux due to the small contribution from Np.y, the
lightest modulus mass and the AdS scale are related as

Aags

mﬁght ~ T (3.25)
namely
V6
Mgt Rads| =~ 5 ~1.22 (3.26)
Here, we introduce the AdS scale on the d-dimensional spacetime as
d—1)(d—-2
Raas = M, (3.27)
|Aaas|

with d = 4. It suggests that the AdS/moduli mass separation conjecture holds on the
isotropic moduli space with the definite O(1) parameter. The sub-leading term in eq. (3.26)
is determined by Npguc. As will discussed in section 4, the numerical results support
these results.

We move on to the analysis of the SUSY Minkowski vacua. Analogously, it enables us
to analyze the SUSY Minkowski vacua at which the physical mass matrix is evaluated as

19142 22
19142 ©
Mghys,Minkowski o 0 ﬁ‘x’ 0 (f% 3.98
T ek T | &2 o9 2oy | (3.28)
63 24
0 & o kF
6v3 24
with
2= (S - 9)(r — 7)D;Whs. (3.29)

Here, the basis of the mass matrix is the same as the analysis of AdS vacua. As discussed
below, this expression does not depend on the value of kg; thereby it is applicable to the
scalar potential with the no-scale structure (kg = 1). The mass squared of lightest modulus
in the real basis is given by

1 .
Mitght = m(ll — 7)|2P, (3.30)

which ensures that the SUSY Minkowski vacua are always perturbatively stable when
Npux > 0.
Since Wng = 0 = Wgpg hold at the SUSY Minkowski vacua, Npuy in eq. (C.8) reduces to

Nijyy = —iefe (S — S’)KaEDaWNSDEWNSa (3.31)
and it is further simplified on the isotropic background,

Niwx  8(ImS)3 |22
K =3 3 (3:32)
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The mass squared of lightest modulus and Ng,x are in turn related as

2 11— 4\ﬁ Nux
Might = .
& 128 (ImS)2

(3.33)

Before concluding this section, let us compare the above results to the no-scale scalar
potential corresponding to the geometric toroidal background with kg = 1. Since the no-
scale structure does not lead to the AdS vacua, we focus on the SUSY Minkowski vacua.
The hermitian mass matrix in the no-scale scalar potential V' becomes

0501V = e (DiDKkWD ;DLW KNE £ K 5 |W), 0,0,V = +2¢" (D, DWW, (3.34)

and in particular, it is of the same form (3.28) at the SUSY Minkowski minima. Note that
the Nguy in the kg = 1 case is given by

Ng 2]
o = +5 (3.35)

Then, we find that the lightest modulus mass (3.30) is determined by Ny,

Miight = 48 Nux- (336)

Remarkably, the mass squared of lightest modulus is proportional to Ngyux in both the
geometric (kg = 1) and non-geometric (ks = 4) cases. From these expressions, the SUSY
Minkowski vacua are perturbatively stable when Ngux > 0 which is consistent with the
analysis in section 3.1.

4 Inspection of swampland conjectures

We numerically investigate the distributions of flux vacua and compare them with three
types of swampland conjectures; the AdS/moduli scale separation conjecture in section 4.2,
the AdS distance conjecture in section 4.3 and the dS swampland conjecture in section 4.4.

4.1 Distributions of the flux vacua

We numerically searched the flux vacua in two cases; (i) the isotropic moduli whose Kéhler
potential and superpotential are given by egs. (2.25) and (2.26) and (ii) the anisotropic
case whose Kéhler potential and superpotential are given by eqs. (2.23) and (2.24), respec-
tively. We directly minimized the scalar potential by utilizing the “FindRoot” function in
Mathematica (v12.0). Although the various toroidal orbifolds have been discussed in the
literature, the value of kg is different from the usual geometric case, as we already men-
tioned. To perform the numerical search in isotropic and anisotropic cases, we randomly
generated 10,129,591 and 17,136,095 set of fluxes within

—20 < {f07flaf07f17h0>h17h0;hl} §2O, (41)
taking into account the tadpole cancellation condition

—12 < Nguy < 12, (4.2)
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Type Number of flux vacua (Stable/Unstable)

SUSY AdS vacua 232,800/0
non-SUSY AdS vacua 1,672,413/360,336
SUSY Minkowski vacua 0
non-SUSY Minkowski vacua 0
Unstable dS vacua 0

Table 1. The number of vacua in the isotropic case.

Type Number of flux vacua (Stable/Unstable)
SUSY AdS vacua 390/0
non-SUSY AdS vacua 5,893/4,305
SUSY Minkowski vacua 0/0
non-SUSY Minkowski vacua 0/0
Unstable dS vacua 0/0

Table 2. The number of vacua in the anistropic case.

respectively.!® As summarized in tables 1 and 2, there exist SUSY and non-SUSY AdS
stable vacua. It turns out that the number of SUSY AdS vacua is much smaller than that
of non-SUSY AdS vacua. The benchmark points for SUSY and non-SUSY AdS vacua are
summarized in table 3. Here, the stability of AdS vacuum is perturbatively ensured when
the moduli masses satisfy the Breitenlohner-Freedman (BF) bound. (See for detail, e.g.,
ref. [43].) Note that we cannot exclude Minkowski or dS vacua in our limited numerical
search, but the results we obtained illustrate the tendency in the flux landscape.

4.2 The AdS/moduli scale separation conjecture

We begin with the AdS/moduli scale separation conjecture proposed in ref. [16], stating
that the AdS size Raqs and the mass of lightest modulus mijgn satisfy the equality

Miight Raqs < ¢, (4.3)

in an AdS minimum. The constant ¢ is regarded as O(1) constant. That conjecture is
supported by the Type IIB supergravity solution on AdSs x S°, on which the mass of the
lightest modulus satisfy myjgne ~ R;,l ~ RKéSs)' Note that the sizes of AdSs (Raqgs;) and
S5 (Rgs) are correlated by the 5-form fluxes supporting the supergravity solution.

In figures 1 and 2, we fist plot the distributions of SUSY and non-SUSY AdS

vacua against mﬁghtRidS in the isotropic moduli space, respectively. Here, we employ

15The0retically, there is no lower bound on the value of Naux. Nevertheless, we set it to -12 because of
the amount of memory required to run the numerical calculations. Also, if we increase the value of | Naux|,
it will become impossible to ignore the effects of corrections, which are left for future studies. Hence, we
believe that the choice is not an irrational setting.
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Properties Vacuum 1 Vacuum 2 Vacuum 3 Vacuum 4

SUSY? Yes Yes No No
1O -1 -8 -10 7
ft 9 1 -10 -9
f? 7 10 10 -4
f3 1 10 -9 -8
fo 4 4 2
fi -1 8 -3 0
f2 -2 2 8
f3 3 -4 3 -6
ho 1 0 -1 0
h! -3 4 2 -2
h? 0 5 -5
h3 0 4 4
ho -8 -9 -10 7
hy 3 -9 8 -8
ha -1 -3 1 4
hs -9 -1 -3 3

(ReS) -1.998 0.429 3.426 -0.532
(ImS) 3.568 5.649 17.954 8.141

(Rety) -1.166 -1.797 3.012 0.168

(ImTy) 1.461 2.42 3.053 2.867

(Rets) 3.568 0.435 -6.872 -2.386

(ImTs) 3.225 3.956 3.557 4.075

(Rets) -0.343 0.0645 0.180 -1.728

(Im73) 3.326 2.744 2.962 6.947
1% -0.0929 -0.1083 -0.0054 -0.04525

Niux 12 -3 1 12

Table 3. The benchmark points for SUSY and non-SUSY AdS vacua in the anisotropic case.

[Aaas]
values, but the distribution peaks at specific values, namely O(1.2) at the SUSY vacua

and O(1.6) at the non-SUSY vacua, respectively. The points on which the ,/ mﬁghtRids
peaks are a little bit different between the SUSY and non-SUSY vacua. Similar phenomena

Rags = ,/w with d = 4. It turns out that ,/mﬁghtRidS is distributed around O(1)

appear in the distributions of the anisotropic moduli space as drawn in figures 3 and 4,
which correspond to the SUSY and non-SUSY AdS vacua, respectively.

To clarify why the O(1) parameter ¢ in the conjecture (4.3) is sharply peaked at the
specific values, we come back to the analytical expressions of section 3.1. On the isotropic
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moduli space, the product of lightest modulus mass and the AdS scale has a specific value
V6/2 >~ 1.22 as in eq. (3.26) under the assumption 8(ImS)?Aaqs > 9Nguy. Hence, this
value is well in accord with the peak value in the numerical analysis, meaning that the
assumption holds in this case. These peculiar phenomena are special to the landscape since
only small Ng,x is consistent with the tadpole cancellation condition. It indicates that the
larger Npux to be possible in the swampland does not lead to such a sharp distribution.

By contrast, the distribution of non-SUSY stable AdS vacua is different from the SUSY
case, although there exist several peaks in figure 2. It suggests several classes of non-
SUSY AdS vacua to be consistent with the tadpole cancellation condition. For illustrative
purposes, let us consider the following superpotential,

W = 7%+ 3¢r% — 6¢*r — S, (4.4)

leading to the Nguw = 1 without specifying the flux quantum ¢. This example admits a
dilute flux limit |¢| — co. By solving the minimum conditions V; = 0 with I = S, 7, we
find the non-SUSY minima

ReS =Rer =0, ImS = —16¢%, Imr = —2g, (4.5)

which requires the negative value of ¢. The vacuum energy is indeed negative

1
A= — 4.6
524288¢Y’ (46)
and in the large |¢| limit, the mass squared of the lightest modulus is evaluated as
5

2
S ———————————. 4.7
Might = 5505050415 (4.7)

It turns out that the lightest modulus mass and the vacuum energy satisfy the relation
2 15/9
Mgy = S13|A[/9. (4.8)

In this way, this illustrative example satisfies the AdS/moduli scale separation conjecture
in the limit A — 0. However, the O(1) parameter ¢ in the conjecture (4.3) is not constant,
but the moduli dependent. Such a moduli-dependent ¢ changes the structure of the dis-
tributions of non-SUSY AdS vacua in comparison with the SUSY AdS vacua as shown in
figure 2. It is notable that all the non-SUSY AdS vacua in our dataset satisfy the tadpole
cancellation condition, and there is no counterexample for this conjecture.

On the anisotropic moduli space, the distributions of AdS vacua are similar to the
isotropic case, although they have a peek at a different value. We expect that this is due
to the same reason as stated in the isotropic case. So far, the value of O(1) parameter ¢ in
the conjecture (4.3) was supported by the specific Type IIB supergravity solution, but it
was unclear how the O(1) parameter is distributed in the string landscape. By employing
our method, we would reveal the hidden structure of AdS landscape. Indeed, our results
exhibit that the distributions of O(1) parameter have a characteristic feature in both the
SUSY and non-SUSY vacua. It is interesting to find out the distribution of O(1) parameter
in other corners of the string landscape, which we leave for future work.
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Figure 1. The distributions of ,/mﬁghtRﬁds at SUSY AdS vacua in the isotropic moduli space.
All vacua here satisfy the BF bound.
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Figure 2. The distributions of | /mf, R3 45 at non-SUSY AdS vacua in the isotropic moduli space.
All vacua satisfy the BF bound. Here, we set the increments to be 0.025 to clarify the fine structure
of the distribution.

4.3 The AdS distance conjecture

In this section, we deal with the AdS distance conjecture proposed in ref. [17], stating that
at the zero-limit of the cosmological constant A — 0, there exists an infinite tower of light
states whose masses in Planck mass units behave as

Mtower = C|A|aa (49)

where « is a positive O(1) constant and ¢ = O(1). The conjecture was originally stated
on d-dimensional AdS space and especially, o = 1/2 for supersymmetric AdS vacua in its
stronger version which corresponds to the Maldacena-Nufiez type no-go theorem for the
class of Type II AdS flux vacua without negative tension objects [44]. In the following
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Figure 3. The distributions of | /mf R34 at SUSY AdS vacua in the anisotropic moduli space.
All vacua here satisfy the BF bound.
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Type Average Median Standard Deviation (SD) Maximum Minimum
iso. 0.319 0.258 0.350 46.3 0.0869
anis. 0.134 0.123 0.0541 0.375 0.0400

Table 4. Statistical Data of ¢ for SUSY AdS vacua with oo = 1/2 for the isotropic (iso.) and
anistropic (anis.) case.

analysis, we focus on just the KK tower in our setup and discuss the consequence of that
conjecture.

To clarify our discussion, we adopt the superpotential (4.4) as an illustrative example
again and consider the non-SUSY vacuum (4.5). The expression of mass myower is taken
from the T-dual picture, i.e., Miower in eq. (60) of ref. [45]. Taking into account the fixed
value of the Kéhler moduli on %, we find

9 4 1

= . 4.1
Mhower = (6373 (ImS)2Imr (4.10)

By substituting the minima (4.5) into mower (4.10) together with eq. (4.6), it results in
7
Miwer = [A]7, (4.11)

thereby a = 7/18 holds irrespective of the flux ¢. This result is consistent with the results
of previous studies in the DGKT model [45].

After the fundamental observation above, we study numerical analysis in both the
isotropic and anisotropic cases. There is a subtlety in determining « from the numerical
results that there are indeed two undefined parameters a and ¢ in the expression of conjec-
ture (4.9). Thus, we have to fix one of them by hand, at first. Let us consider only SUSY
AdS vacua and assume « = 1/2 for a moment to check whether the parameter ¢ takes the
O(1) value. From numerically found 232,800 and 390 SUSY AdS vacua on the isotropic
and anisotropic backgrounds in tables 1 and 2, we statistically analyzed the distributions
of the parameter ¢ as summarized in table 4.1 It turns out that the parameter ¢ takes the
O(1) value for all the SUSY AdS vacua with a = 1/2, in particular, the average value and
the standard deviation (SD) of ¢ are 0.134 and 0.0541 in the anisotropic case, respectively.
However, it is still interesting to ask whether the @ = 1/2 is statistically favored in the
string landscape.

Thus, we change o and calculate SD in the same way to show the dispersion of ¢
for various a. By setting the increments and the range of « as 0.025 and [0.000, 1.000],
respectively, we find that ¢ is always O(1) value around o« = 1/2 in both the isotropic
and anisotropic cases. Interestingly, the amount of dispersion exhibits a characteristic
behavior with respect to the value of a. From figures 5 and 6, it can be seen easily that
the SD of ¢ varies over the curve and the minimum in the isotropic and anisotropic cases
is located around a = 0.275 and a = 0.450, at which the value of SD is 1.09 x 10~2 and
5.36 x 1072, respectively. Although these functional behaviors of ¢ with respect to o are

16WWe consider only the lightest KK mass associated with the three complex structure moduli.
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Figure 5. The standard deviation of ¢ = myower/|A|® for each « in the case of isotropic SUSY
vacua. The range of « shown in the figure is set as [0.000,0.600] and the increments are 0.025. In
this figure, ae = 0.275 gives the minimum value 1.09 x 1072,
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Figure 6. The standard deviation of ¢ = myower/|A|* for each « in the case of anistropic SUSY
vacua. The range of a shown in the figure is set as [0.000,1.000] and the increments are 0.025. In
this figure, o = 0.450 gives the minimum value 5.36 x 10~2.

different between the isotropic and anisotropic cases, we expect that the anisotropic moduli
space captures the tendency of the string landscape. The origin of this functional behavior
is unclear, but we conclude that o ~ 0.5 is preferred in the SUSY AdS landscape. Indeed,
our numerical results exhibit that a strong version of AdS distance conjecture (4.9) with
a = 1/2 holds at the SUSY AdS vacua, independent of fluxes and VEVs. These results
support the validity of the AdS distance conjecture in addition to the previously known
Type IIB supergravity solution.
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Figure 7. The standard deviation of ¢ = myower/|A|* for each « in the case of isotropic non-SUSY
vacua. The range of a shown in the figure is set as [0.000,0.600] and the increments are 0.025. In
this figure, a = 0.275 gives the minimum value 1.18 x 1072.

For the isotropic case, we can find an upper bound of ¢ analytically which is relevant
to our numerical results. Indeed, with an assumption Im7 > 1 and taking € = |z|> — 24 in
eq. (3.24), the upper bound of ¢ = m2 .. /|A|*>® is determined as

5 81613 ¢
== —

where the numerical factor has its value ~ 1.55. Since our discussion in section 4.2 implies
|z|? ~ 24 in the landscape, we assume that e takes a small value and treat it as a constant.
Note that €/Npyuy is always positive. Then, for |A| < 1, which is the condition that the
AdS distance conjecture originally imposed, the upper bound decreases below o = 1/2 and
increases above a = 1/2. Although the SD and the upper bound are different quantities,
the upper bound can be expected to capture the behavior of the SD due to the condition
c? > 0. In fact, the behavior of the upper bound with respect to « is consistent with the
numerical results. In particular, the upper bound does not vanish under the strict limit of
A — 0 for the a = 1/2 case. This result is consistent with the strong version of the AdS
distance conjecture. Moreover, the upper bound is controlled by the O(1) tadpole charge
Niux in that case. Thus the AdS distance conjecture is also correlated with the tadpole
charge or the tadpole cancellation condition.

This analysis can also be applied to the stable non-SUSY AdS vacua shown in tables 1
and 2, although there is no guidance to determine both ¢ and «. After a statistical calcu-
lation, it is found that the same pattern also appears for the non-SUSY cases, as shown in
figures 7 and 8. In particular, in the anisotropic case of figure 8, the minimum exists around
a = 0.400 with the value of SD being 3.92 x 1072. We emphasize that these characteristic
features exist in both SUSY and non-SUSY AdS vacua, but it is difficult to find out the
origin of these functional behaviors in the non-SUSY case. We leave us to clarify this point
in the future.
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Figure 8. The standard deviation of ¢ = myower/|A|® for each a in the case of anisotropic non-
SUSY vacua. The range of o shown in the figure is set as [0.000, 1.000] and the increments are
0.025. In this figure, o = 0.400 gives the minimum value 3.92 x 1072,

4.4 The dS swampland conjecture

At last, we consider the dS swampland conjecture proposed in refs. [7-10], stating that
no (meta-)stable dS vacuum can be obtained in consistent string compactifications. The
original version of the conjecture suggests that the scalar potential V' in units of the reduced
Planck mass Mp; = 1 satisfies

VV|>c V (4.13)

with ¢ being a positive O(1) constant and |VV| denoting the norm of the gradient of V.
Hence, no stable dS vacuum is expected to exist in the landscape. Indeed, we could not
find any stable dS vacuum in the landscape with Ng,x < 12 as we showed by our numerical
search in section 4.1.

However, what we found in the discussion in section 3.1 is that Npu.x > 0 is required
to obtain stable dS or Minkowski vacua. In other words, there remains possibility that
stable dS vacua exist beyond the tadpole cancellation condition: Npux > 12. We did not
explore such a region in our previous numerical search in section 4.1 since we focused
on the landscape. Therefore, in this section, we extend the search region to find stable
dS/Minkowski vacua by focusing on the isotropic moduli whose Kéhler potential K and
superpotential W are given by eqs. (2.25) and (2.26), respectively. The flux quanta are
randomly generated within

_QOS {f07flaf()?fhhoahlyh(];hl} §207 (414)
leading to
0 < Naux < 300. (4.15)

We should emphasize again that the tadpole cancellation condition restricts Ny < 12 but
we searched the region Ngu > 12 violating the tadpole cancellation condition to clarify
what quantities characterize the existence of dS vacua.
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When we enlarge the range of Npu, we found 238 stable dS vacua and 1 stable
Minkowski vacua in the region with Ngu > 12. The whole number of independent flux
patterns and vacua containing unstable ones are 785,273,879 and 66,751,429, respectively.
All of the dS vacua we found in the region Ng,, < 12 are perturbatively unstable. We
list the benchmark points in table 5. The dS and Minkowski vacua are still rare, but it
is easier to obtain them outside the string landscape, namely violating the tadpole can-
cellation condition. Indeed, we plot the ratio of the number of stable dS vacua to that
of all against Npux in figure 9 to discuss the mutual relation between the existence of dS
vacua and Np.x. It turns out that the stable vacua begin to appear when Npuy exceeds 12,
which is the maximum value of Npuy allowed by the O-planes. The number of the vacua
increases as Npux increases. It indicates that Ngux would be the quantity that characterizes
the boundary between the landscape and the swampland.'”

To make the structure that Nguy characterizes the boundary between the landscape
and the swampland be more apparent, let us note that there is the refined version of the dS
swampland conjecture [10]. It states that the scalar potential V' satisfies either eq. (4.13) or

Min(V,;V,;V) < —¢ -V, (4.16)

where Mp; = 1 and ¢ is a positive O(1) constant. Min(V;V,;V) denotes the minimum
eigenvalue of the squared physical masses. The difference from the original version is that
this expression allows the existence of unstable dS vacua. Indeed, we observed that the un-
stable dS vacua commonly exist in the region Ngyy > 12. Moreover, we analyzed the region
0 < Naux < 12 intensively, which is part of the landscape that we searched in section 4.1.
We set the flux quanta as in eq. (4.14) again and prepare flux patterns 5.41 x 107 leading
to the 6.90 x 10% the number of vacua. As a result, we found three unstable dS vacua in the
landscape. We refer to one of them as Vacuum 5 in table 5. This fact tells us that there ex-
ist unstable dS vacua in the landscape, and the Ny, bounds the existence of (meta-)stable
dS vacua rather than the unstable dS vacua. Furthermore, we checked the refined dS con-
jecture explicitly by using the unstable dS vacua. The ratio |Min(V;V;V)/V| is defined
as an upper bound of ¢ and our results are summarized in table 6. As a result, those three
vacua support the refined dS conjecture, which predict ¢’ to have O(1) value. Although the
number of unstable dS vacua we obtained is small, we numerically find that the perturba-
tively unstable dS vacua are allowed in the landscape with correct O(1) value ¢/. However,
stable dS vacua are only allowed in the region with Ngux > 12, i.e., the swampland. We
state in section 3 that Ng.x plays an important role in distinguishing the landscape from
the swampland in a vague way, These numerical results clarify the vague statement of
section 3 that Npux characterizes and sharpens the boundaries between the landscape and
the swampland. This phenomenon must be relevant to the emergence of Nguy in the scalar
potential (3.9), but a more careful investigation of this issue is left for future work.

17Moreover7 we observed that the number of stable AdS vacua decreases as Ngux increases in the Ngux > 12
region.
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Properties Vacuum 1 Vacuum 2 Vacuum 3 Vacuum 4 Vacuum 5

Stable? Yes Yes Yes Yes No
Type Minkowski dS dS dS dS
I -18 6 0 3 2
ft -7 -12 -7 11 -2
Jo 7 11 -4 13
fi -15 -19 1 17
RO 0 -2 -1 2
h! 1 -4 2 -2 -2
ho -7 18 -11 9 6
h1 1 -8 -4 4 3
(ReS) 2.000 1.325 -1.349 1.742 0.967
(Im.S) 8.660 8.252 4.188 -0.158 1.078
(Rer) 0.500 0.988 -0.538 5.767 -1.247
(ImT) 1.443 1.286 2.104 1.200 1.382
%4 0.000 0.000368  0.0000375  0.000928 0.0306
Neux 150 190 74 235 10
Table 5. The benchmark points for Minkowski and dS vacua with the isotropic complex structure
modulus.
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Figure 9. The ratio of the number of stable dS vacua and that of all vacua against Ng,x.
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Properties Unstable dS 1 (Sol. 5) Unstable dS 2 Unstable dS 3

I 2 1 4
ft -2 1 8
fo 1 -7 -17
fi 2 7
R 2 2

h! -2 1 1
ho 6 0 -2
hq 3 1 1
1% 0.0306 8.62 x10~* 1.72 x1074
Nioux 10 11 12

d (O(1) parameter) 5.03 13.30 6.96

Table 6. The O(1) parameter of the refined dS conjecture at three unstable dS vacua.

5 Conclusions and discussions

We extensively studied the vacuum structure of 4D effective field theories arising from
Type IIB flux compactifications on the mirror of the rigid CY threefold. Since all the closed
string moduli can be stabilized by three-form fluxes themselves due to the absence of Kéahler
structure deformations, such a class of flux compactifications plays a crucial role in revealing
the vacuum structure of flux vacua and in testing the swampland conjectures. Remarkably,
one can deal with more general fluxes than the T-dual Type IIA flux compactification,
namely the DGKT model [12].

It turned out that the supersymmetric and non-supersymmetric AdS vacua are pertur-
batively stable for a large region of flux quanta, and there exist tachyonic directions for dS
vacua in the string landscape. It motivated us to explore what determines the boundaries
between these stable and unstable flux vacua. In particular, we thoroughly investigated
the relationship between the tadpole charge and the existence of dS/Minkowski vacua. As
analytically discussed in section 3, the tadpole charge is severely constrained by the stabil-
ity condition of the moduli fields in addition to the tadpole cancellation condition. Indeed,
our numerical results exhibit that the stable dS/Minkowski vacua are only allowed in the
swampland, where the tadpole cancellation condition is violated due to the limited range
of flux quanta. Hence, the boundaries between the string landscape and the swampland
would be determined by the tadpole charge. Since we relied on the numerical search to find
such a correlation, it would be interesting to reveal the underlying structure and confirm
this relation in the broader class of string compactifications, which we leave for future work.

We also analyzed the AdS/moduli scale separation and the AdS distance conjec-
tures. Our analytical and numerical results exhibit that O(1) parameters in expressions of
AdS/moduli scale separation conjecture peaked around specific values in both supersym-
metric and non-supersymmetric compactifications. Such sharp distributions are peculiar to
the landscape since only a small tadpole charge is consistent with the tadpole cancellation
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condition. Moreover, the standard deviation of O(1) parameter in the expression of AdS
distance conjecture is minimized around a ~ 0.5 with respect to a power of cosmological
constant |A|“, although there exists a slight difference between supersymmetric and non-
supersymmetric compactifications. It is remarkable that these phenomena are strongly
correlated with the tadpole charge, which determines the structure of AdS vacua. In this
way, our results show the hidden structure of the string landscape. It would be interesting
to figure out their origin in other corners of the string landscape.
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A Notation of the special geometry

In this section, we summarize the notation of the special geometry in this paper, following
ref. [39] (it was also reviewed in ref. [46]).

First, let us introduce the harmonic basis of H?(.#,C):{Q, Xa, X3, 2} with a,b =
1,...,h%1  As mentioned in eq. (2.11),  and y; are connected by a certain differenti-
ation. Since 2 is defined up to a holomorphic multiplication

Q= f(u), (A1)

the usual differentiation should be replaced with a covariant derivative D. This transfor-
mation is often called the Kéhler transformation. More concretely, € is a holomorphic
section of H ® L, where H and L denote a Sp(2n + 2,R) vector bundle and a line bun-
dle, respectively. H is attributed to the definition of the real basis of H3(.#,C) given in
eq. (2.6). The Kéhler covariant derivative is defined to be covariant on L. In general, we
can consider a quantity v that transforms under the Kéhler transformation as

¢(m,n)_>fmfn¢(mvn)’ (AQ)

ie., (M) e L™ @ L™ (we ignored a choice of the basis). Then the covariant derivative is
generalized to act on 1 as

Da¢(m7n) — (8a + mKa)d}(mvn)’ (A?))

so that these transformations are the same as the original ("),
D™ ™ — [ D, D)y Dy, (A.5)

When (™™ is a tensor, we have to use Vi, V; instead of 0,, 05 with Christoffel symbols
ry., Fgé defined on a Kéhler manifold. We recall that the Kéhler metric is a constant under
the covariant derivative, i.e., D.g,; = 0.
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Let us summarize how these covariant derivatives act on the basis {2, x4, X3, Q}. First
of all,

D, = Xa (AG)

already follows from eq. (2.11), and D,Q = 0 holds for a similar reason. Before proceeding
to analyze the transformations {xa, X3}, we introduce the Yukawa coupling [39, 4718

Kabe = +i(Q, DaDyDuQ) = + / QA DaDyD,2, (A7)
M
where the inner product (o, ) is defined as

(a, B) = —¢/ an B, (A.8)
M
The expression of k4. reduces to
Rabe — i<Q, 8a8b8CQ>, (AQ)

since only the (0, 3)- part of D,DyD.Q contributes to the integration, and kg is thus

totally symmetric with respect to its indices.?

In our notation, <Q A Q> is equal to
(QAQ) = e Fes, (A.10)
This yields another expression of the Kahler metric g,
(Xar Xp) = —gape " (A.11)
Although
[Da, D5J62 = — g5 (A.12)
follows from the above results, but this just reflects the fact that
er(L) = 1), (A.13)

with J being the Kéhler form.
Following the lines of ref. [39], it follows that

Dyxp = —ieKCSﬁabEXE. (A.14)
By using eq. (A.12) and D52, we also obtain
DaXj, = gap- (A.15)

8There is a subtle difference between this definition of Yukawa coupling and that in ref. [39] that here
0

a,b, c are indices of {z°}, but not of {u®}. However, if we discuss only on the z” = 0 patch this makes
no difference.
9 These Yukawa couplings are of phenomenological interest in the context of heterotic string with standard

embedding as recently discussed in ref. [48].

~ 99 —



B Calculation of the scalar potential

The detailed calculation of the scalar potential is given in this section with an emphasis
on the kg = 4 case. The results, which would be given below, hold for the kg = 1 case
similarly. The Kéhler potential we consider is given by

K——M%<4(S—@)—bg64/QAQ> (B.1)

Let us split V into the following three pieces under the assumption that the moduli spaces
of the axio-dilaton and complex structure are product;

Vo = KSSDgWDW, (B.2)

Ves = > KD, WD W, (B.3)
a,b

Vsa = —3|W 7, (B.4)

where a,b run over the complex structure moduli. In the following, we will derive the
quantity dmgV whose sign is directly related to the sign of the cosmological constant. The
derivation is performed by calculating three pieces: Otms Vs, OmsVes and s Vae.

¢« OmsVs
First, we calculate d,gVs whose explicit form is given by
OmsVs = 2|Wys|* ImS + 4Im(WxsWrr), (B.5)
with Wrr = [F5 AQ, Wng = [ H3 AQ and W = Wrr — SWis.
¢ OmsVes

Next, we consider &mSVCS. Note that we do not assume that the Ké&hler metric of
complex structure moduli K ; is diagonal. We recall that K ; can be expressed as

fXa/\XB
K;=—+—~— 22 B.
ab fQ/\Q’ ( 6)
and
mW:/%AM (B.7)

from the fact that k, = —K, = —9,K with k, in eq. (2.11) holds. Hence Vs takes
the form

VCSZZK‘lb/Gs/\XCL/é?)/\X;;, (B.8)
a,b
and then the derivative of ‘705 becomes

OmsVes = 2ImSZKaE/H3 A Xa/H3 A X
a,b

+iZKab(/F3/\Xa/H3/\>_<B—/H3/\Xa/F3/\>ZB)- (B.9)
a,b
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If we expand real three-forms {F3, H3} in the basis {Q, x1, X 7, Q} of H3(.#,C) as

F3=ApQ + Z BraXa + Z BraXa + ArQ
a a

) o (B.10)
Hs = ApgQ + Z BruXa + Z Braxa + Au€,
a a
the zero-th order term in OpmgVes is provided by
Otms Ves D —i K™Y Z (BF,EBH,d - BF,dBH,E) /Xa A Xe / Xd N\ Xp
c,d
_ - B N2
— iK"Y (BeeBua - BraBue) Kukiys ( [210)
c,d
—_ 2 —_ —_
= </ QA Q) >~ Kea (BrzBua — BraBug) (B.11)
c,d

where we used eq. (B.6) from the first line to the second line and summed up with
{a,b} to lead the third equality.

¢ OmsVsa
Lastly, OmgVsq is obtained as

6ImSVSG = —6Im (WNSWRR> — 61m5|WNS’2. (B.12)
As a result, we arrive at
OmsV = OmsVs + OtmsVes + Oms Vs

=92 (_2|WNS‘2 + Z K“E/H3 VAN Xa/Hg VAN )Zb) ImS — 2Im (WNSWRR>
a,b

—_ 2 — -
g (/ QA Q> > Kay (BraBuy — BryBua) - (B.13)
a,b

In fact, the first-order term of V with respect to ImS is proportional to Nguy. Using the
expansions (B.10), we obtain

Niux = /Hs/\F3

_ _9Re <AHAF [on Q> - ( [on Q) " K, (BitaBp — BraByy) . (B14)
a,b

Meanwhile, by rewriting the zeroth-order term of (B.13) into

61m5‘7‘ = 2Im /Q/\Q Re AHAF/QAQ
ImS—0

+Im ( / QA Q) > K (BaBry — BraBp;) (B.15)
a,b
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with [Q A Q being a pure imaginary quantity we conclude that

OmsV| = —e N Naue (B.16)

holds for the kg = 4 case. It is remarkable that the same expression can also be obtained
for the kg = 1 corresponding to the no-scale scalar potential.2’
It turned out that V is of the form

~ 1 ~
V= 5(’jIQmSV(InaSF — e Ko Np o ImS + C (B.17)
with

C= |Wy2( + G®D,WD;W (B.18)

ImS—0 ImS—0

C Expression of the tadpole charge at SUSY vacua

In this section, we show the simplified expression of Ng,x derived in appendix B. First, we

focus on the SUSY condition for the axio-dilaton direction
w

DsgW = (0s + Kg)W = —Wys — 4ﬁ =0, (C.1)
where Wixg and Wgg are expressed as
WRRZA_F/Q/\Q, WNS:AH/Q/\Q. (CZ)
Hence, it allows us to eliminate Ap by Ag,
Ay _
Ap=+=1 (s +389). (C.3)

On the other hand, the SUSY conditions of the complex structure sector D, W = 0 lead to
0= DuW = K, (Bpj — 5By ;) /Q A Q. (C.4)

Since [Q A Q # 0, Br can also be eliminated by By as
Bro = SBHy. (C.5)

By substituting these results into eq. (B.14), we obtain the following expression:

o a (1 5
Npux = e KCS(S - S) <2|AH|2 - KabBH»aBH,b>

. o (1 ; .
= Ze+KCS (S — S) <2|WN312 — KabDaWNsDbWNs> (C.G)
at the SUSY vacua, where we used Ay = —ieffsWyg and
Y K 3BuaByg= eQKCSK“b/Hg A Xa/Hg A Xp- (C.7)

ab
Furthermore, when we use DgW = 0 again, Np,y is correlated with the AdS scale, i.e.,
Nawx 1, . Zan3 2 ab DaWns DsWnis
=—(—i(5—-89 8—|S —S|*K¥Y———F—>2—=]. C.8
T = (=S - 9) ( 53] i (€5)

20We define V = e ¥V again for the no-scale case, but with K = log (—i (S - 5’)) — log (—i f QA Q) -
3log (—i(T — T)) with T being a Kéhler modulus. Here and what in follows, the ks = 1 case with this
different K and V is called the no-scale type.

~32 -



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.

References

[1] C. Vafa, The String landscape and the swampland, hep-th/0509212 [INSPIRE].

[2] N. Arkani-Hamed, L. Motl, A. Nicolis and C. Vafa, The String landscape, black holes and
gravity as the weakest force, JHEP 06 (2007) 060 [hep-th/0601001] [INSPIRE].

[3] H. Ooguri and C. Vafa, On the Geometry of the String Landscape and the Swampland, Nucl.
Phys. B 766 (2007) 21 [hep-th/0605264] [INSPIRE].

[4] E. Palti, The Swampland: Introduction and Review, Fortsch. Phys. 67 (2019) 1900037
[arXiv:1903.06239] [INSPIRE].

[5] J.M. Maldacena and C. Nufiez, Supergravity description of field theories on curved manifolds
and a no go theorem, Int. J. Mod. Phys. A 16 (2001) 822 [hep-th/0007018] [INSPIRE].

[6] U.H. Danielsson and T. Van Riet, What if string theory has no de Sitter vacua?, Int. J. Mod.
Phys. D 27 (2018) 1830007 [arXiv:1804.01120] [INnSPIRE].

[7] G. Obied, H. Ooguri, L. Spodyneiko and C. Vafa, de Sitter Space and the Swampland,
arXiv:1806.08362 [INSPIRE].

[8] D. Andriot, On the de Sitter swampland criterion, Phys. Lett. B 785 (2018) 570
[arXiv:1806.10999] [INSPIRE].

K. Garg an . Krishnan, Bounds on Slow Roll and the de Sitter Swampland,
9] S K. G d C. Krish Bound Slow Roll and the de Si S land, JHEP 11
(2019) 075 [arXiv:1807.05193] [INSPIRE].

[10] H. Ooguri, E. Palti, G. Shiu and C. Vafa, Distance and de Sitter Conjectures on the
Swampland, Phys. Lett. B 788 (2019) 180 [arXiv:1810.05506] [INSPIRE].

[11] P.G. Cdmara, A. Font and L.E. Ibanez, Fluzes, moduli fizing and MSSM-like vacua in a
simple ITA orientifold, JHEP 09 (2005) 013 [hep-th/0506066] [INSPIRE].

[12] O. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, Type ITA moduli stabilization, JHEP
07 (2005) 066 [hep-th/0505160] [iNSPIRE].

[13] M.P. Hertzberg, S. Kachru, W. Taylor and M. Tegmark, Inflationary Constraints on Type
ITA String Theory, JHEP 12 (2007) 095 [arXiv:0711.2512] [iINSPIRE].

[14] D. Junghans, Weakly Coupled de Sitter Vacua with Fluxes and the Swampland, JHEP 03
(2019) 150 [arXiv:1811.06990] [INSPIRE].

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

[16] F.F. Gautason, V. Van Hemelryck and T. Van Riet, The Tension between 10D Supergravity
and dS Uplifts, Fortsch. Phys. 67 (2019) 1800091 [arXiv:1810.08518] INSPIRE].

[17] D. Liist, E. Palti and C. Vafa, AdS and the Swampland, Phys. Lett. B 797 (2019) 134867
[arXiv:1906.05225] [INSPIRE].

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

— 33 —


https://creativecommons.org/licenses/by/4.0/
https://arxiv.org/abs/hep-th/0509212
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0509212
https://doi.org/10.1088/1126-6708/2007/06/060
https://arxiv.org/abs/hep-th/0601001
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0601001
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://arxiv.org/abs/hep-th/0605264
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0605264
https://doi.org/10.1002/prop.201900037
https://arxiv.org/abs/1903.06239
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.06239
https://doi.org/10.1142/S0217751X01003937
https://arxiv.org/abs/hep-th/0007018
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0007018
https://doi.org/10.1142/S0218271818300070
https://doi.org/10.1142/S0218271818300070
https://arxiv.org/abs/1804.01120
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.01120
https://arxiv.org/abs/1806.08362
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.08362
https://doi.org/10.1016/j.physletb.2018.09.022
https://arxiv.org/abs/1806.10999
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.10999
https://doi.org/10.1007/JHEP11(2019)075
https://doi.org/10.1007/JHEP11(2019)075
https://arxiv.org/abs/1807.05193
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.05193
https://doi.org/10.1016/j.physletb.2018.11.018
https://arxiv.org/abs/1810.05506
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.05506
https://doi.org/10.1088/1126-6708/2005/09/013
https://arxiv.org/abs/hep-th/0506066
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0506066
https://doi.org/10.1088/1126-6708/2005/07/066
https://doi.org/10.1088/1126-6708/2005/07/066
https://arxiv.org/abs/hep-th/0505160
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0505160
https://doi.org/10.1088/1126-6708/2007/12/095
https://arxiv.org/abs/0711.2512
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0711.2512
https://doi.org/10.1007/JHEP03(2019)150
https://doi.org/10.1007/JHEP03(2019)150
https://arxiv.org/abs/1811.06990
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.06990
https://doi.org/10.1007/JHEP11(2020)113
https://arxiv.org/abs/2007.00672
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.00672
https://doi.org/10.1002/prop.201800091
https://arxiv.org/abs/1810.08518
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.08518
https://doi.org/10.1016/j.physletb.2019.134867
https://arxiv.org/abs/1906.05225
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.05225
https://doi.org/10.1007/JHEP12(2019)110
https://arxiv.org/abs/1908.11386
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.11386

[19]

[20]

[21]

[22]

23]

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].

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].

M. Berg, M. Haack and B. Kors, On volume stabilization by quantum corrections, Phys. Rev.
Lett. 96 (2006) 021601 [hep-th/0508171] [INSPIRE].

T. Kobayashi, N. Omoto, H. Otsuka and T.H. Tatsuishi, Radiative Kdihler moduli
stabilization, Phys. Rev. D 97 (2018) 106006 [arXiv:1711.10274] [INSPIRE].

I. Bena, E. Dudas, M. Grana and S. Lust, Uplifting Runaways, Fortsch. Phys. 67 (2019)
1800100 [arXiv:1809.06861] [INSPIRE].

R. Blumenhagen, D. Klawer and L. Schlechter, Swampland Variations on a Theme by
KKLT, JHEP 05 (2019) 152 [arXiv:1902.07724] [INSPIRE].

X. Gao, A. Hebecker and D. Junghans, Control issues of KKLT, Fortsch. Phys. 68 (2020)
2000089 [arXiv:2009.03914] [NSPIRE].

P. Candelas, E. Derrick and L. Parkes, Generalized Calabi-Yau manifolds and the mirror of a
rigid manifold, Nucl. Phys. B 407 (1993) 115 [hep-th/9304045] [InSPIRE].

P. Shukla, Rigid nongeometric orientifolds and the swampland, Phys. Rev. D 103 (2021)
086010 [arXiv:1909.10993] [INSPIRE].

K. Becker, M. Becker, C. Vafa and J. Walcher, Moduli Stabilization in Non-Geometric
Backgrounds, Nucl. Phys. B 770 (2007) 1 [hep-th/0611001] [INSPIRE].

K. Becker, M. Becker and J. Walcher, Runaway in the Landscape, Phys. Rev. D 76 (2007)
106002 [arXiv:0706.0514] INSPIRE].

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

M. Atiyah, R. Bott and L. Garding, Lacunas for hyperbolic differential operators with
constant coefficients. II, Acta Math. 131 (1973) 145.

P. Candelas, Yukawa Couplings Between (2,1) Forms, Nucl. Phys. B 298 (1988) 458
[INSPIRE].

P.A. Griffiths, On the Periods of Certain Rational Integrals: I, Annals Math. 90 (1969) 460.
P.A. Griffiths, On the Periods of Certain Rational Integrals: II, Annals Math. 90 (1969) 496.

A. Giveon and D.-J. Smit, Symmetries on the Moduli Space of (2,2) Superstring Vacua,
Nucl. Phys. B 349 (1991) 168 [NSPIRE].

C. Vafa, String Vacua and Orbifoldized L-G Models, Mod. Phys. Lett. A 4 (1989) 1169
[INSPIRE].

A. Strominger, Special geometry, Commun. Math. Phys. 133 (1990) 163 [INSPIRE].

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

— 34 —


https://doi.org/10.1016/j.physrep.2007.04.003
https://arxiv.org/abs/hep-th/0610327
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0610327
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/search?p=find+EPRINT%2Bhep-th%2F0301240
https://doi.org/10.1088/1126-6708/2005/03/007
https://arxiv.org/abs/hep-th/0502058
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0502058
https://doi.org/10.1103/PhysRevLett.96.021601
https://doi.org/10.1103/PhysRevLett.96.021601
https://arxiv.org/abs/hep-th/0508171
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0508171
https://doi.org/10.1103/PhysRevD.97.106006
https://arxiv.org/abs/1711.10274
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.10274
https://doi.org/10.1002/prop.201800100
https://doi.org/10.1002/prop.201800100
https://arxiv.org/abs/1809.06861
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.06861
https://doi.org/10.1007/JHEP05(2019)152
https://arxiv.org/abs/1902.07724
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.07724
https://doi.org/10.1002/prop.202000089
https://doi.org/10.1002/prop.202000089
https://arxiv.org/abs/2009.03914
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.03914
https://doi.org/10.1016/0550-3213(93)90276-U
https://arxiv.org/abs/hep-th/9304045
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9304045
https://doi.org/10.1103/PhysRevD.103.086010
https://doi.org/10.1103/PhysRevD.103.086010
https://arxiv.org/abs/1909.10993
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.10993
https://doi.org/10.1016/j.nuclphysb.2007.01.034
https://arxiv.org/abs/hep-th/0611001
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0611001
https://doi.org/10.1103/PhysRevD.76.106002
https://doi.org/10.1103/PhysRevD.76.106002
https://arxiv.org/abs/0706.0514
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0706.0514
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/search?p=find+EPRINT%2Bhep-th%2F9906070
https://doi.org/10.1007/BF02392039
https://doi.org/10.1016/0550-3213(88)90351-3
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB298%2C458%22
https://doi.org/10.2307/1970746
https://doi.org/10.2307/1970747
https://doi.org/10.1016/0550-3213(91)90193-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB349%2C168%22
https://doi.org/10.1142/S0217732389001350
https://inspirehep.net/search?p=find+J%20%22Mod.Phys.Lett.%2CA4%2C1169%22
https://doi.org/10.1007/BF02096559
https://inspirehep.net/search?p=find+J%20%22Commun.Math.Phys.%2C133%2C163%22
https://doi.org/10.1016/0550-3213(91)90122-E
https://doi.org/10.1016/0550-3213(91)90122-E
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB355%2C455%22

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

K. Ishiguro, T. Kobayashi and H. Otsuka, Spontaneous CP-violation and symplectic modular
symmetry in Calabi- Yau compactifications, Nucl. Phys. B 973 (2021) 115598
[arXiv:2010.10782] [INSPIRE].

K. Kodaira, Complex manifolds and deformation of complex structures Springer (2006) [DOI].

E. Plauschinn, Moduli Stabilization with Non-Geometric Fluxes — Comments on Tadpole
Contributions and de-Sitter Vacua, Fortsch. Phys. 69 (2021) 2100003 [arXiv:2011.08227]
[INSPIRE].

D.Z. Freedman and A. Van Proeyen, Supergravity, Cambridge University Press, Cambridge,
U.K. (2012) [DOI].

F.F. Gautason, M. Schillo, T. Van Riet and M. Williams, Remarks on scale separation in
fluz vacua, JHEP 03 (2016) 061 [arXiv:1512.00457] [INSPIRE].

R. Blumenhagen, M. Brinkmann and A. Makridou, Quantum Log-Corrections to Swampland
Conjectures, JHEP 02 (2020) 064 [arXiv:1910.10185] [INSPIRE].

K. Becker, Y.-C. Chung and G.-y. Guo, Metastable Flux Configurations and de Sitter Spaces,
Nucl. Phys. B 790 (2008) 240 [arXiv:0706.2502] iNnSPIRE].

A. Strominger and E. Witten, New Manifolds for Superstring Compactification, Commun.
Math. Phys. 101 (1985) 341 [INSPIRE].

K. Ishiguro, T. Kobayashi and H. Otsuka, Hierarchical structure of physical Yukawa couplings
from matter field Kihler metric, JHEP 07 (2021) 064 [arXiv:2103.10240] [INSPIRE].

— 35 —


https://doi.org/10.1016/j.nuclphysb.2021.115598
https://arxiv.org/abs/2010.10782
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.10782
https://doi.org/10.1007/b138372
https://doi.org/10.1002/prop.202100003
https://arxiv.org/abs/2011.08227
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.08227
https://doi.org/10.1017/CBO9781139026833
https://doi.org/10.1007/JHEP03(2016)061
https://arxiv.org/abs/1512.00457
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.00457
https://doi.org/10.1007/JHEP02(2020)064
https://arxiv.org/abs/1910.10185
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.10185
https://doi.org/10.1016/j.nuclphysb.2007.09.019
https://arxiv.org/abs/0706.2502
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0706.2502
https://doi.org/10.1007/BF01216094
https://doi.org/10.1007/BF01216094
https://inspirehep.net/search?p=find+J%20%22Commun.Math.Phys.%2C101%2C341%22
https://doi.org/10.1007/JHEP07(2021)064
https://arxiv.org/abs/2103.10240
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.10240

	Introduction
	Brief review of Type IIB flux compactifications on the mirror of  rigid CY
	The tildeZ manifold
	Type IIB flux compactifications with special geometry
	Effective action

	Vacuum structure and role of tadpole charge Nflux
	Sign of the cosmological constant Lambda and Nflux
	Nflux and moduli mass on SUSY AdS/Minkowski vacua

	Inspection of swampland conjectures
	Distributions of the flux vacua
	The AdS/moduli scale separation conjecture
	The AdS distance conjecture
	The dS swampland conjecture

	Conclusions and discussions
	Notation of the special geometry
	Calculation of the scalar potential
	Expression of the tadpole charge at SUSY vacua

