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Small flux superpotential in F-theory compactifications
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We investigate whether a class of models describing F-theory compactifications admits a specific type of
flux vacua with an exponentially small vacuum expectation value of the superpotential, by generalizing a
method recently developed in type IIB flux compactifications. First we clarify that a restricted choice of
G -flux components reduces a general flux superpotential into a simple form, which promotes the existence
of supersymmetric vacua with one flat direction at the perturbative level. Then we utilize the techniques of
mirror symmetry to determine one-instanton corrections to the potential and investigate in detail the

vacuum solutions of a particular model.
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I. INTRODUCTION

Stabilization of moduli fields arising from space-time
compactifications is of particular relevance for the con-
struction of four-dimensional realistic universe from string
theory as well as higher-dimensional gravity. Moduli fields
correspond to not only the size and shape of the extra
dimension, but also determine various couplings in the
resultant four-dimensional effective theory. In order not to
be contradicted with the observational constraints obtained
from the realm of cosmology and phenomenology, one
needs to fix the dynamics of moduli fields adequately.

One of the well-established frameworks of moduli
stabilization has been realized in type IIB string theory on
Calabi-Yau orientifolds. There the Ramond-Ramond and
Neveu-Schwarz fluxes in string theory stabilize the complex
structure moduli and the axio-dilaton, while the Kihler
moduli can be stabilized by nonperturbative corrections.
More precisely, it is quite well known that the imaginary self-
dual three-form fluxes in type IIB string theory can provoke
stable Minkowski minima, on which complex structure
moduli and axio-dilaton are stabilized at a compactification
scale [1]. In the Kachru-Kallosh-Linde-Trivedi (KKLT)
model [2] and the LARGE Volume Scenario developed in
[3], it has been shown that perturbative stringy & corrections
and nonperturbative instanton corrections with appropriate
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uplifting mechanism completely fix the remaining Kéhler
moduli, providing the outline of the construction of de Sitter
space-time in string theory context. There the smallness of
the value of flux-induced superpotential for complex struc-
ture moduli fields played a crucial role.

Recently, the authors of [4] (see also [5,6]) described a
feasible method for constructing flux vacua with exponen-
tially suppressed superpotential in the framework of type IIB
Calabi-Yau orientifolds, which can be naturally incorpo-
rated into the KKLT construction. The main idea to obtain
such a small flux superpotential is to utilize nonperturbative
terms in the prepotential to the fullest extent. More precisely,
they first neglected nonperturbative corrections in the
prepotential and made a restricted choice of background
fluxes such that the possible minima at the perturbative level
admit a flat direction along with exactly vanishing super-
potential. Then, by taking into account the nonperturbative
corrections to the effective theory, the remaining modulus
acquires a small mass and they found preferable minima
with exponentially small flux superpotential. This mecha-
nism is so simple and thus have a broad range of appli-
cability, especially toward explicit constructions of KKLT-
like scenario in various effective field theories.

In this paper, we evaluate the validity of the above
method in the framework of F-theory flux compactifica-
tions, where both the open and closed string moduli fields
can be geometrically controlled [7]. Extending the type IIB
setup of [4] to F-theory compactified on Calabi-Yau four-
folds, we clarify how to obtain a specific type of perturba-
tively flat vacua with exactly vanishing superpotential.
After specifying an explicit example for the background,
we utilize the mirror symmetry of Calabi-Yau fourfolds
to compute relevant nonperturbative corrections to the
potential. To solve intricate equations of the system
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appropriately, we rely on a numerical calculation and
investigate whether a desirable class of F-theory vacua
with small superpotential can be allowed in our setup. Our
verification may shed new light on a realization of KKLT-
like scenario over a broad range of stringy frameworks.
This paper is organized as follows. First we briefly look ata
general formula about the effective theory arising from
F-theory compactifications in Sec. II. Then we pick up a parti-
cular Calabi-Yau fourfold as an explicit example, and nume-
rically investigate the model to verify the existence of flux
vacua equipped with the exponentially small superpotential
in Sec. III. Section IV is devoted to conclusions and dis-
cussions. In the Appendix, we describe a detailed discussion
about various perturbative vacuum solutions of our example.

II. F-THEORY COMPACTIFICATIONS

Here we describe several basic ingredients about space-
time compactifications in F-theory framework. For more
details, we refer the reader to [8] and references therein. We
also outline our strategy to find out a class of perturbatively
flat vacua, which becomes a key ingredient to realize the
small vacuum expectation value of the flux superpotential
in a subsequent discussion.

A. Basic setup

Here we first take a brief look at general aspects of four-
dimensional N = 1 effective theory arising from F-theory
compactified on a Calabi-Yau fourfold X,. In terms of the
four-dimensional N =1 supersymmetry, effective inter-
actions of moduli fields can be determined by the Kéhler
potential and superpotential. Calabi-Yau compactifications
enable us to derive these ingredients quantum mechani-
cally from characteristics of the underlying Calabi-Yau
manifolds.

More precisely, the Kéhler potential for complex struc-
ture moduli space of X, is defined by

K:—ln/ QAQ,
Xy

where Q denotes a holomorphic (4,0)-form on X,. Here
and in what follows, we adopt the reduced Planck unit
Mp, = 2.4 x 10" GeV = 1. In the presence of background
four-form fluxes Gy, Calabi-Yau compactifications also
admit a flux superpotential of the form [9]

(2.1)

W= Gy N Q,
X4

(2.2)

which is inherited from a duality between the F-theory and
M-theory compactified on the same manifold [10-13].
Here background fluxes are required to satisfy the tadpole
cancellation condition given by

1
EA—— —/ Gy A Gy, (2.3)
4

24 2 Jx

in order to globally conserve the total charges within a
compact manifold X,. Here y represents the Euler charac-
teristic of X, and npz denotes the total number of mobile
D3-branes freely moving in Xj,.

For a Calabi-Yau fourfold X, equipped with A*!(X,)
complex structure moduli, the so-called period integrals of
holomorphic (4,0)-form defined by

HA :/ Q,
7A

encode the moduli dependence of the effective theory, and
in particular the Kihler potential (2.1) for the complex
structure moduli fields can be reexpressed as

(2.4)

e XK=T11-5-11, (2.5)
where y, with A =1,...,h}(X,) correspond to basis
elements of primary horizontal subspace of H,(X,). An
intersection matrix 7,5 and a dual basis 74 in H},(X,) are
defined accordingly by

= [ A [ =t
Xy 7

Similarly, if the underlying internal manifolds are filled
with background four-form fluxes whose integer quantum

numbers are given by
ny = / G4,
vA

moduli fields have interactions through the following form
of the flux superpotential

(2.6)

(2.7)

W= nAnABHB, (28)

in terms of period integrals.

B. Our strategy

Throughout this paper, we focus on a particular class
of F-theory flux compactifications whose underlying
Calabi-Yau fourfolds X, around a large complex structure
point provide a specific type of moduli dependence into W
given by

W = Co(ny) + Co(na)S + Cy(ng)z® + C,(ny)Sz°

1 1.
+ 3 Cap(np)zz” + 3 Cop(na)Sziz?

1 1.
+ 3 Cape(n4)2°2"2° + 31 Cape(np)Sz°2"z°

1 .
+ — Caupea(na)zzbz°2%,

0 (2.9)
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at the classical level.' Here a = 1,2, ..., h3'(X,) — 1 and
the coefficients

{C07 CO’ Cav Cw Cab’ Cab’ Cabc’ C'abcv Cabcd} (210)

are functions of the background G,-fluxes ny, whose
explicit form can be determined from topological data of
X,4. Most important property of the above ansatz for
F-theory superpotential is the existence of a particular
moduli field S which can enter only linearly in each terms
of the polynomial. As we will show in the next section, we
realize S by a field originating from either the axio-dilaton
or a linear combination of axio-dilaton and other moduli in
the language of type IIB string theory.

Adopting the prescription developed in [4-6] into our
present setup, it turns out that if there exists a restricted
choice of G,-fluxes whose nonzero contributions include
primitive (2,2)-components (see for instance [8]) on a
certain background such that the superpotential becomes
a simple form?

5 1
W =C,Sz% +=C,pz°2",

> (2.11)

a class of supersymmetric F-theory vacua satisfying

OsW = 0,W =W =0, (2.12)

can perturbatively exist along a one-dimensional locus

24 = SP, (2.13)

if P4 =—1(C1)%C, satisfy the following condition:

C,P*=0. (2.14)

Although stringy « corrections generically induce
extra contributions proportional to {(3) into (2.9) at the
perturbative level [14], the restricted choice of four-form
fluxes picking up homogeneous of degree two terms does
not support such a deformation, leading to the same
result (2.11).

From a geometric point of view, the reduced form (2.11)
can be realized from a certain combination of 3-point
topological Yukawa couplings of the underlying Calabi-
Yau fourfold explicitly given by

Tn other words, here we assume that the background manifold
has a certain fibration structure whose fiber has intersection
number 0 with itself.

’In our approach, we started from just picking up homo-
geneous of degree two terms of the superpotential to realize the
small W, which also simultaneously results in a discrete shift
symmetric formula. Our prescription corresponds to provide a
sufficient condition in the context of the original discussion in
type IIB setup [4,5], and it would be interesting to clarify a
necessary condition for the derivation along the lines of [4,5].

1 .
Enanaﬁzfzf Hy AT AT, (2.15)

X4

where a labels the elements of primary subspace of the
cohomology Hoi (X4) € H**(X,) whose bases Hj are

prim

generated by the wedge products of the Kihler form
Ji A Jj. Correspondingly n, represent (2,2)-components
of the background G4-flux quanta. Here we have assumed the
existence of the appropriate modulus S and utilized a unified
expression for moduli space parameters as z' = {z4, S}.

Once there exists an appropriate background admitting
perturbative solutions of the above type, there would be a
possibility for constructing desirable vacua where only the
instanton corrections can contribute to the mass of the
remaining modulus and induce a small superpotential, real-
izing a stable minima equipped with preferable propelrties.3

III. AN EXPLICIT EXAMPLE

In the remaining part of this paper, we focus on a specific
elliptically-fibered Calabi-Yau fourfold to exemplify the
realization of exponentially small vacuum expectation
value of F-theory flux superpotential.

A. Perturbatively flat vacua

First we will show a detailed setup of our demonstration
and elucidate the existence of the perturbatively flat
solution of the above type, which becomes a key ingredient
to realize desirable vacua after including nonperturbative
corrections to the system.

Let us consider a mirror pair (X,,X,) of Calabi-Yau
fourfolds studied in [15],4 whose associated toric charge
vectors [18,19] are given by5

0,-2,1,0,1,0,0,1,-1,0),
-6,1,0,0,0,2,3,0,0,0),

0,-1,0,1,0,0,0,-1,1,0),
4 =(0,-1,0,-1,0,0,0,1,0,1).

£ = (
£ = (
£ = (
(3.1)

Their topological quantities such as the Hodge numbers
and Euler characteristic are

3Since the identification of the modulus § and determination of
its appearance in flux superpotential strongly depends on the
choice of manifolds and its triangulation, seeking a classification
for suitable or unsuitable geometries for the mechanism would be
quite difficult. However, there is no doubt that establishing a
certain classification problem may provide a wide perspective
about the subject.

*Here we would like to comment that we have also evaluated
another simple Calabi-Yau fourfold studied in [16,17] and
confirmed that there are no desirable perturbative solutions with
flat directions, largely because in that case the tadpole cancella-
tion condition becomes too severe.

See [15,20-23] for the details about explicit constructions of
the background based on mirror symmetry techniques.
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W(X,) = h(X,) =4, and the dimension of primary horizontal subspace of H,(Xy)
R1(X,) = K1(X) = 0 is given by h}(X,) = 16, which also determines the total
v ~4 - number of elements of the independent background fluxes n4.

h1(Xy) = h31(X,) = 2796, After a standard mirror symmetry calculation with the
R22(X,) = h22(X,) = 11244, charge assignment in (3.1), one can show that there exist 16
(Xa) ~( 4 independent period integrals associated with X, whose

x(Xy) = x(X4) = 16848, (3.2)  perturbative expansions are given by®
|
H] =1, szzl, H3:Zz, H4:Z3, H5:Z4,

s = z5(20 + 23 + 24)s IT; = 2,(2z; + 320 + 223), Iy = 22,(z1 + 220 + 23 + 24)s

103 9
Hg = 22% + 24Z1Zz +TZ% + 921Z3 + 342223 +§Z% + 7(Z1 + 3Z2 + Z3>Z4,

1
=5

5 {32% + 282120 + 552% +10z,z3 + 362,23 + 5;% +6(z; + 32, + Z3)Z4] ,

1
I, = 3 {3@ + 307,27, + 6123 + 107,23 + 382523 + 5z§ +8(z1 + 320 + z3)14] )

165i¢(3)
273

’

Iy, = —%2 [llz% +6z1(20 + 23 + 24) + 323(23 + 224) + 325 (423 + 314)} +
(2}

I3 = -
13 6

1 1 -3
(623 + 337,25 + 4623) + 3 (z1 4+ 322)(z1 +522)23 + 5 (z1 +42,)23 +%3
347i¢(3)
2

El

<
+5 (@1 + 3+ ) +

225i¢(3
I, = —%2 [z% + 525 + 42023 + 23 + 32024 + 22324 + 221(220 + 23 + 24)} + 21753()
. 135i¢(3
5 = —%2 (2 +3012, + 33 + 22123 + 323+ 23) + 217;:3()

I, = % [22zlz§ + 2323 + 622(25 + 23 + 24) + 62123(23 + 224) + 223(23 + 324) + 62223(223 + 324)
i(165z; + 694z, + 22575 + 13524)¢(3)

+62,22(423 + 324) + 623(523 + 324) | — 7

: (3.3)

around a large complex structure point z;,34 = co. Here we have abbreviated further possible corrections originating
from world sheet instantons in the topological A-model, in order to restrict ourselves, at this stage, to the perturbative
analysis.

In this fourfold example, the associated intersection matrix defined in (2.6) becomes

000 0 1
00 0L O

n=10 07 0 0f, (3.4)
01, 0 0 0
10000

®Note that our present notation for the complex structure moduli fields {z} deviates from a standard convention where the classical
periods are expressed by logarithmic functions of the complex structure deformations. We have redefined such a logarithm of a standard
complex structure modulus as a new single modulus, just for the later convenience.
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with

=t
I
|
|
(e) (e)
o Elw o=
PN
|
|
| —
|—
— = Jjoo
e

D=
—_

Qoo J|—

o =

S O O FEw ©
o o O Ee -
o o o

=

and the explicit form of the flux superpotential is given by

zZ
W =njs + niszg +npzy + 0320 + n1sz23 +1_1 (Tngzy + 1211029 — 211120 — 4ngzy + Tny23)

1
+ 23 (14nezi — 8n19z120 — 81112120 + 12192125 + 21025 + 201125 + 4nozs + 14ngz, 23

Z
—4ny02923 + 24n112223 — 8nyzaz3 + Tngzl) — 54 (n323 + 232125 + 6132125 + 2142122
+ 325 + 91325 + 3425 + 2132123 + 212523 + 6132523 + 2n42223 + 1323)

1
~5 (342325 + 6132325 + 3ns52325 + 6122125 + 33132125 + 12142125 + 52125 + llnzz%
+ 46n3z% + 15n4z% + 9n5z§ + 3n3z%13 + 612212023 + 2413212023 + 614212223 + 615212223
+ 12ny2523 + 45132325 + 12m42523 + Insz323 + 3n32123 + 3m2p25 + 12n32,25 + 3n42,23

24

+3n52,25 + m323) + >

n12325 + 3112123 + 3m 23 4 2n,2,2023 + 31,2323 + 112,23
1 b > P 3

1
+— (6112325 + 22n12,23 + 231,23 + 611232223 + 24n,2,2523 + 30n,2323 + 611212223

12
2.2 5, €0)
+ 12n,2525 + 2n12,23) + o7 165n, + 694n; + 225n4 + 135n5 — n;(165z; + 694z,

+ 225Z3 + 135Z4):| . (36)

which enables us to identify the modulus z4 inherited from the axio-dilaton as S explained in Sec. II B. Note that we rewrite
Z4 as S in subsequent discussions. At the perturbative level, the dynamics of effective theory arising from F-theory
compactified on X, can be completely specified by (3.6) and the Kihler potential (2.5) explicitly given by

K=(S-3) [(Zl - Zl);(zz - 2) n 3(z — 51)2(22 - 2)? n 3(z, ;22)3 4 (2 =2) (20— %) (23 — 23)
3(2-2)(z3—7) | (2—2)(3—2)] | (1 —2) (2 —2) | 1z —2)(2 - 2)°
* 2 : 2 } N 2 N 6
* 23(Z21; 2 * s 21)2(Z22_ uls %) +2(z1 = 2)(22 — 22)*(23 — Z)
n 5(z — 2223(23 - 73) n (21 —21)(22 —222)(23 - 73)? ¥ (2g = 70)(z3 — 7).
G Zz)é“ =) + iig {—660(@ —7;) = 540(S = §) — 900(z5 — z3) — 2776(z5 — Z5) |- (3.7)

Now let us check whether the above example of F-theory flux compactifications appropriately admits a class of
perturbative supersymmetric solution with a flat direction discussed in the previous section. When the background four-
form G,4-fluxes are restricted to be of the type (2,2) and primitive as represented by setting

126022-5
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Ny =ny, =n3=n4 =n5 =N =Nn;3="ny=n;5=n;=0,

(3.8)

one can easily show that the flux superpotential of the model becomes a desirable form (2.11) with the following

assignments:
~ n7 ~. 1 2 n7
C Z?, C2:7(6"10—”11 - 2ny), C3:?7 (3.9)
and
—2ny9—2n,;+3n n
Ciy Cpp Cpz e S R 2
C21 C22 C23 — —2ny9—2ny;+3n9 nyg+ng+2ng _ nyp—6ny;+2ng (3 10)
7 7 7 :
C31 C32 C33 ng __no=6bn;;+2ng ng
2 7 2

Note that the nonzero (2,2)-components of the background fluxes must be chosen such that the matrix C,;, in (3.10)
continues to be invertible and the condition (2.14) with the assignments

1
Pl = a (n10 + 8nyy + 5n9)(—ny1 (617 + ng) + nig(n7 + 6ng) + 2(n7 — ng)ny),
7
P’ = A (2n6 — ng)(—n 1 (6n7 + ng) + nyg(ng + 6ng) +2(ny — ng)ny),
3 2ni, 2ni, ny
P = 7 (6}’16 — n7 — 6l’l8) + 7 (6”6 — 8}’17 —|— ng) + ﬂ (14}’161’17 — 7n7n8 + 4()n6n9 + 68}’17”9 + 2}187’19)
)

A (—141’16”7 + 7}’17}’18 + 8”6”9 + 15”7}’19 + 6”8”9)

+ m (14]’[6”7 - 7}’17]’18 - 4n11 (377’[6 + 97’17 + 5]’[8) + 40"6”9 + 26}’17”9 + 441’18”9),

A

A= 4n? ng + 8n3, (18ng + Tng) + Tny ng(ng — 16ny) — 2ny ng(Tng + 48ng) + 2n9(7Tng(ng + 3ng) + ne(—14ng + 8ny))

+n1o(8ny1(—6ng + Tng) + Tng(ng — 4ng) + 2ne(—7ng + 8ny)),

. 7
are also satisfied.

Here let us pick up a particular choice of background
fluxes whose nonzero components are

ng = —10, ny; =ny = —8, ng = 12,

ng = 7, nyy = 15. (312)

In order to satisfy the tadpole cancellation condition (2.3)
of the present model, the background also needs to contain
additional np; = 2 mobile D3-branes, whose numbers are
sufficiently small to guarantee our exclusion of the back-
reaction to the space-time. After plugging these inputs into
the general formula (2.13), one finds that the model admits

"Here we have omitted the possibility of another type of
perturbatively flat solution satisfying Det(C,,) =0 and more
detailed analysis of the vacuum solutions of the present example
are relegated to the Appendix.

(3.11)

a desirable minimum equipped with a perturbative flat
direction along

21 3

S
o =54 (3.13)
3 9

This solution corresponds to the “vacuum A” specified in
the next section.

B. Nonperturbative uplifting of flat direction

By using algebraic methods of the toric geometry (see for
example [24,25]), one can determine nonperturbative
quantum corrections in the moduli space of Calabi-Yau
manifolds by solving the associated Picard-Fuchs equa-
tions and calculating the period integrals explicitly.
For the fourfold example described in the previous sub-
section, it turns out that the corresponding period integrals
(3.3) take the following form at the nonperturbative level:

126022-6
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1:[1:1_11:17 I, =1L, =z, ﬁ3:H32227 I, =T, = z. 1:[5:1_[5:57
B e2n:izl B eZm’S B eZﬂiz3 B 154562”i22
H6:H6+Tﬂ27 H7=H7—Tﬂz7 Hszns—zﬂz’ H9:H9—Tv
- 825¢%" - 915¢%7%

H10=H10—7”2 ) I, :Hll_iﬂ_z )

N 1 . . . .
I, =11, + = {ez’”zl (i + 27zy) — 1320e*™ 22 (i + 71z,) — 2> (i + nz3) — 25 (i + JTS)] ,
b3

B 15€2ﬂiZ2
HiS::IL3—-——;§——{23i+—ﬂ(11zl%—4612+—1523+-9Sﬁ,
- 1T . . .
H14 = H14 — F lSOO€2ﬂlZ2(i + ﬂZg) + e27tlZ3(l' + 27'[(Z1 + Z3)) + 232mS(i + ﬂS):| s
” L
] 1 [ 27 H 27iS
IT5 =I5 ~ i 540e*™% (i + 7z5) + e™S7w(zy + 23) |
_ 1 : . . .
H16 = H16 - 8_7[3 _627”2121<l. + ”Z]) + 6271113 (2Z1 + Z3)(i + ﬂ'Z3> + 2€2ﬂlS(Z1 + Z3)(i + ﬂ'S)

+ 120> (i + 7z,) (112; + 23z, + 1523 + 9S)} .

Here IT; just denote the perturbative expansions of period
integrals described in (3.3) and we have added leading
corrections due to the one-instanton O(e=2"™()) effect
from the A-model perspective, which is sufficient to
|

Im(z;)(1 4 27Im(z;))

K=K-
273

(3.14)

exemplify the uplifting mechanism realizing F-theory
vacua with small superpotential.

Accordingly, the Kéhler potential (3.7) is also deformed
into the following expression:

e—Zﬂlm(Zl ) Cos(zﬂ'Re(Zl ))

N 120(1 + 2xIm(z,) ) (11Im(z; ) + 23Im(z,) + 15Im(z3) + 9Im(S))

273
(1 + 27Im(z3))(2Im(z;) + Im(z3))
* 27

N 2(1 + 2#Im(S))(Im(z;) + Im(z3)) o~27m(S)

273

As mentioned before, we rely on a numerical calculation
to find out desirable F-theory flux vacua with exponentially
small superpotential. More precisely, in order to demon-
strate the nonperturbative uplifting mechanism, we uti-
lized the Mathematica to solve the intricate differential
system (2.12), and analyzed the vacuum structure of the
present model under the following range of background
fluxes:

-20 < ng, Ny, ng, Ng, Nyg, N1 < 20.

(3.16)

The tadpole cancellation condition (2.3) whose explicit
form is given by

cos(2zRe(S)).

e=27m(22) cos(27Re(z,))

e~2"m() cos(27Re(z3))

(3.15)

|
702 = np3 + nynyg + Ny + n3ngz + ngnyy + nsngs

8 1
+ 5 nghyo + 5 gy +ng — = nangg

7 7 2
1
+§n7n11 +Z”% +ﬁ”8n10 — g 8" el

1,
— —nyng +—ng — = nghg +—ngng (3.17)

4 4 7 14
must be also satisfied. Note that we have also restricted
ourselves to a small number of mobile D3-branes as
0 < np3 <10, in order to legitimately exclude the effect
of backreaction to the space-time.

As aresult, we found that there are 18 perturbatively flat
solutions of the type given by (2.13) in the present setup,

126022-7



YOSHINORI HONMA and HAJIME OTSUKA

PHYS. REV. D 103, 126022 (2021)

TABLE 1. Explicit values of the stabilized moduli fields and
small flux superpotential in Mp; = 1 unit.

Vacuum 2 2 Z3 S [Wo

A 1.95i  2.60i  586i  4.56i  6.75x 107
B 1351 1.97i  4.06i 4.06i  6.11x 1077
C 2.41i 1.81i 1.20i 2.71i 2.50 x 107°
TABLE II. Mass squareds of canonically normalized moduli

fields in Mp; = 1 unit.

Vacuum Eigenvalues of mass matrix 9,0,V x }?

A (24.7, 24.7, 4.86, 4.86, 0.634, 0.634,
9.79 x 10714, 9.65 x 107'%)

B (42.5, 42.5, 8.76, 8.76, 1.33, 1.33,
4.68 x 10710, 4.56 x 10719)

C (61.9, 61.9, 15.2, 15.2, 0.765, 0.765,

1.30 x 1078, 1.27 x 1079)

and after including the instanton corrections to the poten-
tial, 3 out of them remain to satisfy the differential system
(2.12) and realize desirable class of flux vacua with small
superpotential.8 Here we denote these 3 different solutions
as vacua A, B, and C, whose background data such as the
G,-flux quanta and number of mobile D3-branes have been
determined as follows:

Vacuum Set of fluxes (ng, ny, ng, ny, nyg, ny) p3
A (-10,-8,12,7,15,-8) 2
B (-9,-8,14,0,11,-11) 5
C (—15,8,6,20,—4,-8) 6

The explicit values of the superpotential W, = (eX/2W),
stabilized moduli fields and their mass squareds at each of
the flux vacua are summarized in Tables I and II, where V
and V are the scalar potential and overall volume of the
background respectively. In the case of vacuum A, the
perturbatively flat direction along (3.13) has been stabilized
due to a small nonperturbative contribution to the super-
potential of a racetrack-type given by

67iS 8ziS 18xiS

1 .
W= —44e7 +2040e T +49>S —68¢ 7
T

. (3.18)

and the perturbative shift symmetry is broken down to
a discrete subgroup. Here we used the fact that orthogo-
nal directions to the flat direction are all heavy and can
be integrated out. Note that light modes originating
from the uplifted flat direction can be involved with the
dynamics of Kidhler moduli fields, as discussed in [4-6].

To guarantee the convergence of the expansion around a large
complex structure point of the period integrals and the super-
potential, we picked up numerical solutions satisfying the
conditions Im(z;) > 1 only.

It is worth noting that one can straightforwardly genera-
lize our analysis to include higher-order instanton
corrections as well. Especially, we confirmed that the
above numerical solutions with tiny flux superpoten-
tial continue to be stable against the next instanton
corrections.

IV. CONCLUSIONS AND DISCUSSIONS

Toward an explicit realization of our four-dimensional
physics within the framework of the general concept
of F-theory, we explored the possibility of the realization
of F-theory flux compactifications with exponentially small
superpotential. It has been recently pointed out in [4,5] that
nonperturbative corrections to complex structure moduli
fields can naturally give rise to tiny flux superpotential in
type IIB string theory on Calabi-Yau threefolds. Since the
smallness of the flux superpotential plays a crucial role in
KKLT-type construction for de Sitter space, we examined
whether such a simple but broadly applicable method can
be also realized in F-theory compactified on Calabi-Yau
fourfolds.

Generalizing the type IIB setups analyzed in [4,5] into the
frameworks of F-theory compactifications, we clarified that
a restricted choice of G,-flux components reduces the
flux superpotential into a quite simple form of homo-
geneous of degree two, and a class of supersymmetric
F-theory vacua can perturbatively exist along with one
flat direction. Then we determined one-instanton correc-
tions to the potential of a particular example by utilizing
the techniques of mirror symmetry, and numerically
investigated its vacuum structure at the nonperturbative
level.

As aresult, we numerically confirmed that flat directions
of perturbative vacua of the model can be lifted appropri-
ately and remaining modulus acquired a small mass,
along with a desired tiny superpotential. Although our
explicit demonstration of this uplifting mechanism has the
potential for tremendous impact on the implementation of
KKLT construction in a broad range of F-theory frame-
works, rigorous calculation about Kihler moduli stabiliza-
tion in F-theory requires more precise understanding
about strong dynamics of seven-branes, remaining an open
problem.

From a statistical point of view, it would be interesting to
clarify to what extent flux vacua with small superpotential
distribute inside the string/F-theory landscape. One pos-
sible approach to address this intriguing subject is to
promote discrete G, fluxes to continuous parameters and
attempt to obtain a reasonable estimate for the numbers of
possible F-theory vacua, as initiated in [26—28] for type IIB
flux compactifications.

Moreover, the authors of [5,6] recently applied the
nonperturbative uplifting mechanism to the conifold
region of Calabi-Yau moduli space and explicitly found
conifold vacua with small flux superpotential. Although a
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comprehensive study about global structure of moduli
space of Calabi-Yau fourfolds has not yet been fully
elucidated, it is also fascinating to extend our F-theory
setup into other corners of the landscape in the future.
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(1) Under the condition

n7:0,

APPENDIX: ANOTHER TYPE OF
PERTURBATIVE SOLUTION

Here we comment on the existence of another type of
perturbatively flat vacua purposefully omitted from the
main text. Although the matrix C,;, has been assumed to be
invertible throughout this paper, generically it is also
possible to realize desirable solutions equipped with flat
directions, even when Det(C,;,) = 0. In the case of the
example described in Sec. III A, one can easily show that
there exist two more perturbative solutions depending on
the choice of G4-fluxes as follows:

=51}, + /(6119 — 5n11)? — 4nyong) ((2nyg — nyy)* — 4nyong)

ng = —3n10 + 4n11 + ng +

’

41’110
ng :37110—@, (Al)
2
there exists a solution to (2.12) satisfying Det(C,;,) = C, = 0 with an additional flat direction given by
—]2”%0+16"10’111—5"%1—4”10"6+\/((6”10—5”11)2—4"10”6)((—2’110+’111)2—4"10"6)
Z -
( 2) =7 4nyo(4nyp=3n,) ’ (A2)
23 (—2"10+’l11)2—4"10"6+\/((6’110—5"11)2—4"10’16)((—2”10+”11)2—4"10"0)
4(4ny9=3ny1)(n1o—n11)
as well as the obvious flat direction parametrized by S.
(i) Under the condition
e — _ n7(16n3) + nyo(=44ny, + 5ng) + 3ny,(8ny + 5ny))
° 4(4nyo — 3”11)2 ’
ng = 2”67
8
S (T (A3)
5
there exists a solution to (2.12) satisfying Det(C,;,) = 0 with a flat direction given by
__ 5my
22 8nyg—6n,
( s > = (a1 +2) (sn§0+nlo<—22n,,+5n7>+3n“(4n,,+5n7))’ (A4)
2(4nyo=3n11)?

as well as a direction given by z; — z3 locus.

The nonperturbative uplifting mechanism explicitly demonstrated in Sec. III B is presumed to be straightforwardly applied

to this type of solutions.
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