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1. Introduction

In the context of four-dimensional type IIB supergravities, the study of non-geometric fluxes has
attracted a huge amount of interest in last two decades. The existence of such fluxes are supported
through the presence of various dualities which, in general, have played a crucial role in connecting
different limits of string theories, providing supplemental interpretations and new perspectives. For
instance, considering the NS-NS three-form flux H,,,, of the type II supergravities, a chain of
successive T-dualities leads to various (non-)geometric fluxes [1, 2],

Hmnp - (Unpm - men — R™P, (D

where w;,,"™ denotes the geometric fluxes (also known as metric flux) while 9 ,"""" and R""? denote
the set of non-geometric fluxes. For type IIB orientifold models one can choose the holomorphic
involutions such that the geometric flux w,,™ and the non-geometric flux R""? are absent [3—
6], and one is left with a pair of S-dual flux RR and NS-NS three-form fluxes (F, H), and the
non-geometric Q-flux. However after adding these non-geometric fluxes, the underlying modular
invariance in broken, and it can only be restored through the inclusion of a new kind of non-geometric
flux, the so-called P-flux, which is S-dual to the non-geometric Q-flux [5, 7-12]. Subsequently
if one demands a successive application of such S/T-dualities, one needs two additional S-dual
pairs of fluxes, denoted as (P’,Q’) and (H’, F’) [5, 10, 13-15]. The presence of such four S-
dual pairs of ‘generalized’ fluxes, namely (F, H), (Q, P),(P’,Q’) and (H’, F’), induces a wide
range of superpotential couplings which can subsequently result in a very rich structure for the
four-dimensional effective scalar potential. However, how many and which type of fluxes can be
simultaneously turned-on in a given concrete construction remains an open challenge for the most
generic models. Some initiatives have been taken in this direction leading to a set of flux constraints
arising in the form of Bianchi identities and tadpole cancellation conditions [5, 7, 10, 14—17].

The study of models based on non-geometric flux compactifications has been motivated along
(but not limited to) the following points:

* One of the main attractive features of non-geometric flux models is the fact that one can in
principle stabilize all types of moduli [18-30] without invoking non-perturbative effects in the
superpotential, or utilizing any corrections of the Kéhler potential. In this regard, it should
be emphasized that this approach of stabilization includes also the Kéhler moduli which,
in conventional flux compactifications, are protected by the so-called “no-scale structure".
From this point of view, the subsequent consideration of non-geometric fluxes which can
generically induce the superpotential couplings for the K@hler moduli as well, has emerged as
an important ingredient in the area of moduli stabilization and generic model building [18-
34].

* However, as we have earlier argued, although the inclusion of the new (non-geometric) fluxes
may greatly facilitate the presence of new flux vacua, it is also true that it introduces numerous
inevitable complexities due to the huge number of flux-induced terms in the scalar potential.
For example, in the context of type IIB on T®/(Z, X Z,) orientifold- it has been found that the
resulting four-dimensional scalar potential is very often so huge that it gets hard to analytically
solve the extremization conditions. Thus, one has to look either for a simplified Ansatz by
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switching off certain flux components at a time, or else one has to opt for a rather involved
numerical analysis; for phenomenological model building attempts with (non-)geometric
fluxes see [7, 8, 10, 21, 23-25, 34-38, 38-44].

* Apart from the phenomenological applications, understanding the higher dimensional origin
of the four-dimensional scalar potential induced from the generalized flux superpotential has
helped in exploiting the applications of symplectic geometries [40, 45-51].

* The natural incorporation of non-geometric fluxes in the context of Double Field Theory and
its subsequent connection with the non-geometric type Il models arrived at after dimensional
reduction has opened a completely new avenue to explore the higher dimensional origins of
the generalized flux superpotentials [50, 52, 53].

* In addition to the phenomenological model building motivations, the interesting connections
among the ingredients of superstring flux-compactifications and those of the gauged super-
gravities have significant relevance in understanding both sectors as fluxes in one setting are
related to the gauging in the other one [1, 5, 18-20, 54-59].

The main aim of this work is to present a brief review about the scalar potential formulations which
is a crucial step towards performing any model building attempts using non-geometric setups. The
F-term scalar potential governing the dynamics of the N' = 1 low energy effective supergravity can
be computed from the Kéhler potential (K) and the flux induced holomorphic superpotential (W)
by considering the following well known formula,

V= eK(KAE (DAW) (D5W) - 3|W|2) , )

where the covariant derivatives for a chiral coordinate A is defined as DAW = AW + (0rK) W.
This general expression (2) has resulted in a series of the so-called “master-formulae” for the scalar
potential for a given set of Kihler- and the super-potentials; e.g. see [13, 17, 42, 49, 51, 53, 60-67]
Along these lines we plan to briefly recall the iterative steps taken in the literature to understand
the insights of the (generalized) flux superpotential via the understanding of the effective scalar
potential. In this regard, the initial model building studies have been performed by considering the
4D effective potential derived by merely knowing the Kéhler- and the super-potentials [6, 16, 21—
24, 26, 52, 59, 68], and without having a complete understanding of their ten-dimensional origin.
This issue has been taken into consideration in recent years via two approaches; the first one being
through the Double Field Theory (DFT) [50, 69, 70] and the second approach being through the
study of the underlying supergravity theories [49, 52, 59, 68, 71-76]. Some of the timelines about
exploring the 10D origin of the 4D effective potential can be recalled as below:

* Step-0: In the context of standard type IIB flux compactification with the usual NS-NS and
RR fluxes, H3 and F3, the four-dimensional scalar potential induced by the flux superpotential
[77, 78] has been compactly derived through the dimensional reduction of the 10D kinetic
pieces [46, 47]. In this case the flux superpotential takes the following schematic form:

Wen = p1(U') + S po(UY), A3)



On Formulating the Non-Geometric Scalar Potentials George K. Leontaris

where p1, p» are some cubic polynomials in terms of U’ moduli. This leads to the so-called
“no-scale-structure” as there is no dependence on the Kihler moduli in V defined in (2),
except from a V=2 dependence arising from the overall factor eX.

» Step-1: Motivated by the study of 4D effective scalar potential in a type IIA flux com-
pactification setup with geometric flux [59], a rearrangement of the scalar potential induced
through a generalized flux superpotential with non-geometric Q-fluxes on top of having the
standard H3/F3 within a type IIB non-geometric framework, has been presented in [52].
This “rearranged” scalar potential has a “suitable” form which helps in anticipating the 10D
origin of the 4D pieces, a process called as “dimensional oxidation" of the non-geometric
flux superpotential [52].

In this case the flux superpotential takes the following schematic form:
Wrnq = p1(U', To) + S p2(UY), C))

where p1, py are some cubic polynomials in terms of U’ moduli. In addition, the polynomial
p1 has a linear dependence on the Kihler moduli 7, which breaks the no-scale structure and
creates the possibilities of stabilizing all moduli without including any (non-)perturbative
effects from string-loops or instanton series.

» Step-2: In order to restore the S-duality invariance broken by including the non-geometric
Q-flux in the type 1IB T®/(Zs x Z,)-orientifold setup, the proposal of [52] was further
generalized in [68] via the inclusion of the so-called P-flux which is S-dual to the Q-flux. In
the meantime the prescription was further extended for the odd axion models within a type
IIB compactification on T /Z4-orientifold in [71, 72].

In this case the flux superpotential takes the following schematic form:

Wrngp = p1(U', Ty) + S p2(U', Ta), )

where p1, po are some cubic polynomials in terms of U’ moduli whereas they both have
only a linear dependence on the Kdhler moduli 7,. The scalar potential induced through this
superpotential beyond the toroidal case has been studied in [13].

* Step-3: One can further extend the S/T dual completion arguments to arrive at a more
general flux superpotential of the following form, via including two more S-dual pairs of
fluxes, usually denoted as (P’,Q’) and (H’, F’) [5, 10, 14, 15, 79]

Wengproue = p1(U',Te) + S pa(U', Ty), (6)

where now p1, p, are some cubic polynomials in terms of U’ as well as T, moduli. Let
us note that such a U-dual completed flux superpotential has been explicitly known since
quite some time, and for the toroidal type IIB T®/(Z, x Z») orientifold based model it has
a total of 128 flux parameters and 7 complexified variable [5]. However its insights (or any
phenomenological application in model building) have not been explored in detail because of
the huge size of the scalar potential which was recently found to have a total of 76276 terms
[17,51]!
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In the current work we plan to briefly elaborate on these iterative steps taken to understand the
deeper insights of the four-dimensional scalar potentials in the presence of non-geometric fluxes.
For this task we basically follow two approaches: (i). To formulate the scalar potential using the
metric of the internal toroidal background [52, 68, 71], and (ii). To formulate the scalar potential
using the symplectic ingredients [13, 17,49-51, 62, 67, 80, 81]. These beyond toroidal formulations
are generically valid for arbitrary number of complex structure moduli as well as Kéhler moduli,
and on top of it, do not need the knowledge of internal background metric.

2. Internal metric formulation

Most of the studies related to the 4D type II effective theories in a non-geometric flux com-
pactification framework have been centered around toroidal examples, and in particular using a
T®/(Z, x Z») orientifold. An obvious reason is its relatively simpler structure to perform explicit
and concrete computations, which have led toroidal setups to serve as promising toolkit in studying
concrete examples. In this regard, one useful ingredient is the metric of the toroidal background
which is explicitly known unlike the case of generic CY backgrounds, and we will demonstrate
the use of internal metric in writing down the scalar potential pieces a la ‘dimensional oxidation’
approach of [17, 52, 68, 72].

2.1 Type IIB model using a T®/(Z, x Z,) orientifold

Let us start by briefly revisiting the relevant features of a concrete setup in the framework of
the type IIB orientifold compactification using the well studied T®/(Z, x Z;) orbifold, where the
two Z, actions are defined as,

0:(z",2%2) > (-7, -2 ) (7)

Next, the orientifold action is defined via O = Q,, Is (—1)FL where Q,, is the worldsheet parity, Fr.
is left-fermion number and /¢ denotes the holomorphic involution defined as,

Is: (z1, 242 — (=7', -2, -2%), (8)

which subsequently results in a setup of O3/07-type. The complexified coordinates (z*) on the
six-torus T® = T2 x T2 x T2 are defined as below,

Z=x'+ U, 2=+ U, 2= + U, ©))
where the three complex structure moduli U’’s can be written as U’ = v —iu’, i = 1,2,3. Now,
the holomorphic three-form Q3 = dz' A dz? A dZ3 can be expanded as,

Q3 =qq+ U1a/1+U2a/2+U3a3 (10)
LU PR B - U R B - U U B,
where we have chosen the following basis of the closed three-forms,
ag=1A3AS, a1 =2A3A5,ap=1A4A5,a3=1A3A6, (11D
BO=2A4N6, B =—1A4AAN6 BP=-2A3N6, 8 =-2A4A5.
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In the above we use the shorthand notations such as 1 A3 A5 = dx! A dx? A dx> etc. along with the
normalization f ap A B2 = =52, Using these ingredients, the holomorphic three-form can also
be expressed in terms of the symplectic period vectors (X, Fa) as Q3 = X" ap — FAB", where
the complex structure moduli dependent prepotential ¥ is given as,

X'x2x3
F=—% - U'vru? (12)
which results in the following period-vectors,
X'=1, x'=U', x*=0%, X’=0°, (13)

Ffo=-U'UU, F=U00, H=UU., H=UU.

Now, using the same shorthand notations we choose the following bases for the orientifold even
two-forms u, and their dual four-forms g<,

ur=1A2, pp=3A4, u3=5A6; (14)
G'=3A4A5M6, G2=1A2A5A6, A°=1A2A3A4,

Let us mention that for this toroidal orientifold construction there are no two-forms which are
anti-invariant under the orientifold projection, i.e. 2*!(X) = 0, and similarly there dual four-forms
are also trivial, and therefore no B, and C; moduli as well as no geometric-flux components will be
present in this model; for the construction of concrete type IIB orientifold models with odd moduli,
e.g. see [65, 82-87].

The other chiral variables are the so-called axio-dilaton S and the complexified Kéhler moduli
which are defined as,

S=Co+ie? j=C(4)—%J/\JETaﬂ“, (15)

where J = t%u, is the Kihler form involving the (Einstein-frame) two-cycle volume moduli ¢
while the moduli 7, = p — i 7, consist of RR axions Ci(jlzl and the four-cycle volume moduli 7; jx;
which in terms of six-dimensional components are given as follows,

4. 4 . 4 .
I = C3(4;6 — 1 T3456, I, = Cf2§6 — [ T1256, I3 = C1(2%4 — [ T1234, (16)

where 71 = 283, 7 = 21!, 3 = 112 are expressed in the Einstein-frame. The overall volume

(V) of the sixfold (in the Einstein-frame) can be given as,

ov

V=t = oo, Ta =5 (17)

where a useful relation between the two-cycle volumes #* and the four-cycles volumes 7, can be

T T T T T
=22 A= A2 P 22 (18)
T1 ™ K]

given as below,
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Another crucially relevant ingredient in our current study is the information about the internal
metric of the toroidal sixfold. It turns out that the internal metric g;; is block-diagonal and has the
following non-vanishing components,

! l‘lvl tl((ul)Z + (Vl)l)
811 = 7> 812 = — = 821> 822 = o
u u
t2 t2v2 t2((u2)2+(v2) )
833 =", 834 = —5 =843, 844 = 3 (19)
u u u
3 t3v3 t3((u3)2 + (VS)Z)
855 = 3 856 = —3~ = 865 866 = 3 .
u u u

These internal metric components can be written out in a more suitable form, to be utilized later,
by using the four-cycle volumes 7;’s and the same is given as below,

VEVG vV vavE (@20 vE VG

81 = W 812 = PN =821, 822 = T
VTIVT V2 NTIVT (@) + (2)?) VT VT
83 =3 N1k 834= g T8 8uS T ; (20)
VTVT Y NTVD (@) + (7)) v Vo
gss=m, 5e=u3—\/T_3=865, 866 = AT .

For the current toroidal setup, the (tree level) Kihler potential takes the following form in terms of
the S, T and U moduli,

K:—ln(—i(S—E))—iln(i(Uj— )Zl( Ta “)) Q1)
=1

2.2 U-dual completion of the flux Superpotential

The four-dimensional effective scalar potential generically has an S-duality invariance following
from the underlying ten-dimensional type IIB supergravity. This corresponds to the following
SL(2,Z) transformation,

aS+b
ﬁ
cS+d

where ad—-bc=1; a, b,c,deZ 22)

Under this SL(2,Z) transformation, the complex-structure moduli (U’) and the Einstein-frame
internal volume (V) are invariant. Moreover, the Einstein-frame chiral coordinate 7, is S-duality
invariant, without orientifold odd axions, i.e. h'!(Xs/O) = 0 [88]. Subsequently, it turns out that
the tree level Kihler potential given in eqn. (46) transforms as:

K _leS+d?eX. (23)

This subsequently implies that the S-duality invariance of the physical quantities (such as gravitino
mass-square m% n X eX|W|?) suggests that the holomorphic superpotential, W should have a
modularity of weight —1, which means the following [88-90]

w
cS+d’

—

(24)
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As we will discuss in the upcoming sections, a generic holomorphic superpotential, respecting the
modular weight being -1, can have four S-dual pairs of fluxes denoted as (F, H), (Q, P), (P’,Q’)
and (H’, F’) [5, 10, 14, 15, 79]. This set of eight fluxes transforms in the following manner under
the SL(2,Z) transformations,

F a b F 0] a b o
(H)_’(c da |\ H | P)_)(c d)(P)’ 25)
H’ N b H P’ N b P’

F’ c d F |’ o’ c d o’

Under the SL(2,7Z) transformations, the various fluxes can readjust themselves to respect the
modularity condition (24) in the following two ways [5],

(). S—>S+1,  (ii). Sﬂ_é. (26)

Note that the first case simply corresponds to a shift in the universal axion Cy — Cy + 1 which
amounts to having a constant rescaling of the Kihler potential as eX — |d|?> X, and the super-
potential as W — W/d. This follows from Egs. (23)-(24) due to the fact that S — S + 1 simply
corresponds to ¢ = 0 case in the SL(2, Z) transformation (22). The second case is quite peculiar in
the sense that it corresponds to the following transformation of the universal axions and the dilaton,

Co s

COH_—’ SH—’
s2+C§ 52+Cg

(27
which takes g, — g;! and hence is known as strong-week duality or S-duality. This relation (27)
shows that Cy/s flips sign under S-duality, something which will be useful in understanding the
modular completion of the scalar potential later on. From now onwards we will focus only on the
second case, i.e. on strong/weak duality. This means that under the SL(2,2Z) transformation of
the second type which simply takes the axio-dilaton § — -1/, the fluxes can be considered to
transform as below,

H—F, F—-H, Q—>-P, P—Q, (28)
F/ N H/’ H/ N _F/, P/ N _Q/’ Q/ N P/.

Now let us mention that the complete set of fluxes, including the so-called prime fluxes P’, Q’, H’
and F’ which are some mixed-tensor quantities, have the following index structure [5, 10, 14, 15, 79],

j k k
Fijk, Hijk, 0", P, (29)
P/i,jklm’ Q/i,jklm, Hlijk,lmnpqr, F/ijk,lmnpqr'

Subsequently, one can understand (P’, Q”) flux as a (1, 4) tensor such that only the last four-indices
are anti-symmetrized, while (H’, F’) flux can be considered as a (3, 6) tensor where first three
indices and last six indices are separately anti-symmetrized. These can also be understood as

1 1
7 k 1k, r k _ rk,l
P,'j = 47 €ijlmnp prEIP Q,‘j = 47 €ijlmnp Qe (30)

_ . __
rijk rijk,l rijk _
H'IK = = etnpge HRIP0T - K =

rijk,Imnpgr
a €Elmnpqr F'Y par,
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Using (30) for prime fluxes, the number of flux parameters consistent with our toroidal orientifold
for (P’,Q’) are 24 each, while those of (H’, F’) are 8 each. Subsequently, one has a total of
8+8+24+24+24+24+8+8 = 128 flux parameters allowed by the orientifold action, however these
flux parameters are not all independent, since they are subject to restrictions derived from the
Bianchi identities and tadpole cancellation conditions [6, 26, 40, 91, 92]. Using generalized geom-
etry motivated through toroidal constructions, it has been argued that the type IIB superpotential
governing the dynamics of the four-dimensional effective theory which respects the invariance under
SL(2,Z)7 symmetry can be given as [5, 10, 14, 15, 79],

W=/ (fo = Sf) e A Q3. 31)
X3

where J denotes the complexified four-form defined in Eq. (15), and one has the following
expansions for the quantities f,

fi-ed=F+0vJ+P o J*+H 0 J° (32)
fooed=H+P>T+0Q o J*+F 09°.

Here, the flux-actions on the ; jx; four-form polynomial pieces resulting in three-forms are [5, 10,
14, 15, 79]

3
Q> DNayazas = 5 Q1a,” Taraslorbr - (33)

aj

3 obib
(PDJ)alazag = EP ' 2jﬂﬂ]blb2’

(a1

1
’ 2 _ rc,b1bybsby
(P < j )a|a2ag - Z p «T[alaz\cbll Jﬂ]bzbﬂu 5
1
’ 2 _ rc,b1bybsby
(Q o J )alazaz = Z o jwlcbll jﬂ]b2b3b4 P
1 .
’ 3 _ rc1¢2¢3,b1b2b3bybsbg
(H © J )a]azaq - 19_2 :T[alazlclczl jﬂ]cﬂﬂbz %3b4b5b6 5
1
’ 3 _ rc1cac3,b1bybybybsbg
(F 0J )alaza3 - 192 F Jaraslercs] jﬂ]cﬂ?lbz Tb3bsbsbe -

Subsequently one finds an explicit and expanded version of the generalized flux superpotential W
with 128 terms, each having one of the 128 flux parameters such that they are coupled with the
complexified moduli resulting in cubic polynomial in T,, as well as U’ moduli while being linear in
the axio-dilaton S.

2.3 Axionic fluxes and the scalar potential taxonomy

From the iterative models studied/revisited so far, one has the educated guess to invoke the
following set of so-called axionic-flux combinations which will turn out to be extremely useful for
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rearranging the scalar potential pieces into a compact form [17],

3 bib L e bibabib
Fiji = (Fijk + 500 Pkl + 3 P Dl jleb ) Pribabby (34)
1 bibabsbabsb
+192 H 1 Imamns 6p[£1|0102|pk]63b1b2 Pbsbibsbs | — CoHijt,
3 bib L e bibybiby
Hijie = \Hijc+ 5 P pjkibio, + 7 Q Plijlebi| PK1babsbs
I, bibyb3bbsb
+192 F C1C2C3,01020304D5 ﬁp[iﬂclcﬂpk]qblbz pb3b4b5b6 ,

. | . 1. .
X k se.jkbyb , jke,bybybsbsbsh k
Q" = (QiJ - EP TE2 b e b1 +—48HJ 1P2PPATST6 b e biby Phababsbs | — CoPi’ ™,

k k 1c,jkb1b 1jkc,bibybsbybsb
Pi'l - (P’J - _2Q I zpicblbz +_18F] 1PRTITAES 6picb1b2pb3b4b5b6 4

. . T s .
P/l,]klm — (P/l,]klm + Z H'U k', I'm’ jklm Pk | - CO Q/l,]klm7

)i, jkim sivjkim . L ik U jkim

Q I =(Q I +ZF I I Pj’k’l’m’),
ijk,Imnpgr ijk,Imnpqgr ijk,Imnpqgr

H'] pr4q :H’J prq _COF'J pr4q ,

]F/ijk,lmnpqr — F/ijk,lmnpqr

Using Eq. (34) for our toroidal construction, one finds that there are 128 axionic fluxes corresponding
to 128 standard fluxes, and one can solve this set of linear relations to determine one set of fluxes
from the other,

{F’ H’ Q’ P, P,’ Q”H,’F,} = {P’ H’ Q’ P’ P,’ Q”H/’F/} . (35)

Subsequently using the N = 1 formula (2) for this toroidal model, one can compute the scalar
potential induced by the generalized flux superpotential (31) having 128 terms. The final result
consists of 76276 terms in the scalar potential, in a so-called bilinear formulation presented in
[42, 43, 93-96]. All these 76276 terms can be distributed into 36 types of pieces, in the form of
diagonal and off-diagonal flux bilinears arising from {F, H,Q, P, P’,Q’, H’, F’}. As an immediate
illustration of the significant use of the axionic fluxes (34), let us mention that the scalar potential
can be equivalently expressed by 10888 terms if we use the axionic flux components, distributed
into the new 36 pieces arising as bilinears from {F, H, Q, P, P, Q’, H', F'}.

It is not very illuminating to display all the 36 pieces of the scalar potential which are detailed in
[17], however to appreciate the importance of the axionic-flux polynomials we present the taxonomy
of various pieces from the perspective of counting terms in scalar potential written with usual fluxes
or the axionic fluxes in Table 1.

Another point worth mentioning here is the fact that all the RR axionic dependencies are encoded
in the axionic fluxes (34) and the scalar potential does not have an explicit dependence on any of the
RR axions. In our detailed analysis of rewriting the scalar potential pieces we find that using the set

10
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Fluxes #(terms) in V using || Axionic-fluxes | #(terms) in V using
standard fluxes axionic-fluxes in (60)

1 F 76 E 76
2 F,H 361 F,H 160
3 F.H,Q 2422 FH,Q 772
4 F,H,Q,P 9661 F,H,Q,P 2356
5| F,HQ,P,P 23314 F, H, Q, P, P’ 4855
6 F,H,Q,P 50185 F . H,Q,P, 8326

1% P,Q
7 F,H,Q,P, 60750 F . H,Q,P, 9603

P ,Q',H P, Q' H
8 F,H Q,P, 76276 F,H,Q,P, 10888
P,Q ,H ,F' P,Q ,H',F

Table 1: Counting of scalar potential terms for a set of fluxes being turned-on at a time. [17, 51]

of axionic fluxes reduces the number of scalar potential terms quite significantly. This subsequently
helps us in understanding the insights within each terms towards seeking a compact and concise
formulation of the full scalar potential and we can take an educated route to arrive at generic setups
beyond the torodial orientifold. This is what is the motivation for the symplectic formulation we
present next.

3. Symplectic formulation

To begin with, let us also recollect some relevant ingredients for rewriting the F-term scalar potential
in a symplectic formulation. We start by resetting our notations and conventions for symplectic
formulation which would be valid for setups beyond the toroidal orientifolds.

3.1 Necessary cohomological and symplectic ingredients

The massless states in the four dimensional (4D) effective theory are in one-to-one correspondence
with harmonic forms which are either even or odd under the action of an isometric, holomorphic
involution (o) acting on the internal compactifying sixfold X, and these do generate the equivariant
cohomology groups HZ*(X). For that purpose, let us fix our conventions, and denote the bases
of even/odd two-forms as (u4, v,) and four-forms as (i, v,) Where a € hi’l(X), a € h1(X).
However for our current objectives, we will be interested in orientifold setups resulting in 2! (X) =
0 which means that the so-called odd-moduli G¢ counted by h!:!(X) # 0 will be absent, and
explicit construction of such CY orientifolds with odd two-cycles can be found in [82, 97-101]. In
addition, we consider the orientifold involutions resulting in 03/07 system with a trivial H3 (X), and
basis of 3-forms in the odd (2,1)-cohomology sector being denoted as (Ax, B2) where {A, A} €
{0,1, .., k> (X)}. We fix the normalization in the various cohomology bases as,

[uani =o' [ uanmpni =kom. [ a8 =5t Go)
X X X

11
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Subsequently the Kéhler form J, and the RR four-form C4 can be expanded as [102]: J =
1% o, Cy = po A% where t“, and p, denote the Einstein-frame two-cycle volume moduli, and ax-
ions descending from the 4-form potential C4. For the choice of involution o we have 0" Q3 = —Q3,
where €23 denotes the nowhere vanishing holomorphic three-form depending on the complex struc-
ture moduli U’ counted in the 4! (X) cohomology, which can be generically given as below,

Q3 = XMNAN - FaBL. (37)

Here, the period vectors (X, ) are encoded in a pre-potential () of the following form,
. ‘ 1 o 1 o N
F =X Uy,  fUY= —2 b U U Uk + Saij U U+ bi U+ %y. (38)

In fact, the function f(U’) can generically have an infinite series of non-perturbative contributions,
which we ignore for the current work assuming to be working in the large complex structure limit.

The quantities a; ;, b; and y are real numbers where y is related to the perturbative (a’)3-corrections
5 XA
X0

on the mirror side [103—105]. Furthermore, the chiral coordinates U’’s are defined as U’ =
where £;;;’s are triple intersection numbers on the mirror (CY) threefold.

In addition to the normalizations defined in (36) we define the following Hodge star operations
acting on the various (odd) 3-forms via introducing a set of so-called M matrices [45],

* Apr = M, As + Mas 8%, and * 8" = M Az + MP B, (39)
where
MAS = ImNAA, M, ® = ReNar InNT2, (40)
M, = - (M AA)T, Maa = —ImN pa — ReN s ImAET ReNra.

Here the period matrix N for the involutively odd (2,1)-cohomology sector can be given by the

derivatives of the prepotential (38) as below,

Im(Far) X'X* (ImFsa)
Im(Frs) XV X*

Moreover, it was observed in [49] that an interesting relation analogous to the period matrix

Naa = Fan+2i 1)

expression (41) holds which is given as below:

Im(Nar) XTx= (ImNsa)
Im(er)XFXZ ’

and, similar to the period matrices given in (40), one can define another set of symplectic quantities

ﬂA=NAA+2l'

(42)

as below,
LM =TmF™, L," = ReF pr ImF 2, (43)
A A\" ST
LA =- (LA ) , Laa = -ImFpa —ReFps ImF~ ReFra.
Let us mention here at the outset that in addition to having hi’l(X ) = 0 = AL1(X) in order to
avoid the D-term effects and the presence of odd moduli (G¢), in our current analysis we will make
another assumption in our superpotential by considering the fluxes to adopt appropriate rational

shifts [95, 105] in order to absorb the appearance of a;; and b; sourced from the prepotential (38).
Also, we set y = 0 assuming the large complex structure limit.

12
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3.2 The Kahler potential and the flux superpotential

Using these pieces of information one defines a set of chiral coordinates, namely S, T, and U, as
below [3],

S=Co+ie ?=Cyo+is, Ty =pa—IiTa, U =vi—iu, 44)

where {Cp, pa,Vv'} are axionic moduli while {s, 7o, u’} are saxionic moduli. The Einstein-frame
overall volume (V) of the internal background is connected with the 2-cycle volume moduli ¢ and
the 4-cycle volume moduli as below,

1 1
V= ZKapyt? P, 14=0V = Ekaﬁyrﬁﬂ : (45)

Using appropriate chiral variables (S, T, U’) as defined in (44), a generic form of the tree-level
Kihler potential can be written as below,

K=-In (—i/Q3AQ3)—1n (—i(S—E))—zlnfv. (46)
X

The tree-level Kihler potential (46) leads to a decoupled sector for U moduli and the {S,T,}
moduli sectors, thus implying the following derivatives along with the block diagonals matrices,

-
Kr, = ——— = K- @7)

Ks = :
S 2V Ta

i
I
2s S
1
K= Ksr, =0=Kp 5 Kpg, =4(Tatp = Viap) =4 Gap,

KSS =452, KSTe=0=KTeS, KTaTp =

1
219P — 4y "ﬁ) = -G,
1672 ( ) =39
where we have introduced two new quantities G o5 and G to avoid any confusion with lower/upper
indices in the Kéhler metric and its inverse metric. We also note that the metrics defined in (47)
result in the following useful identities [67],
t(l’

Gapt” = Vg, GapttF =3V2 G%r0 =5, GPratg=3. (48)
Now, it turns out that making successive applications of T/S-dualities results in the need of intro-
ducing more and more fluxes. In fact, one needs a total of four S-dual pairs of fluxes, commonly
denotes as: (F,H), (Q,P), (P’,Q’) and (H', F’) [5, 5, 10, 10, 14, 15, 17, 71, 79]. This leads to
the following generalized flux superpotential,

-

where J = T, u® the dual complexified four-form dual to the Kéhler form, and the symplectic

(F-SH)+(Q-SP)» T+ (P -SQ)oJ*+(H -SF)0J°| AQ3, (49)

form of the various flux actions are defined as below [51],

(QrJ)=T,07, (P>J) =Ty P", (50)
(P’ojz):%P’ﬁ“/TBT , (Q’ojz):%Q’BVTBT ,
(#og?) = %H"’BV ToT3T,,  (FoJ?) =%F’“’37 T,TsT,.

13



On Formulating the Non-Geometric Scalar Potentials George K. Leontaris

Here Q¢, P2, PP, Q'BY  H'*BY and F’*BY denote the 3-forms similar to the standard F3/H3 fluxes
and can be expanded in the symplectic basis {Ax, B2} in the following manner,

F=FMNAy - Fp 8", H=HyApy - Hy 8", (51)
Qa:QaAﬂA_QaABA, Pa/:Pa/AﬂA_PaABA’

p'BY — p'ByA Ap - p’ﬁ)’A BA , Q’ﬁ)’ — Q'ﬁ)’/\ Ap - Q'ﬁ)’A BA ,

H/aﬁy — H/a,ByA Ap — H/aﬁyA BA , F/afﬁy — F/aﬁyA Ap - F/aﬁyA BA )

Note that the flux components Q¢ and P having a single index « € hi’l (and A € h>! indices) are
counted accordingly. However, counting of the prime flux components is a bit tricky because their
appearance as P’#7, Q'Y H'*BY and F’®BY in (50) does not seem to have any constraint except for
being symmetric in indices {a, 8,7y} € h}r’l. For that purpose, motivated by the previous toroidal
studies [14, 15, 17, 79], one can equivalently define [51],

PPt QL0 HWLH"  F,F*, (52)

a

which are related to the earlier set of prime fluxes as below

P,'BYA = P,(xA Ka,B’y, P,'BYA = P,(xA Kaﬁy > (53)
QrﬁyA — Q,Q’A Ka/ﬁy, Q/ﬁ'yA — Q,aA K(tﬁy ,
HaBYA — A k@BY H' Y = H'  k?PY |

FraByA — prA K”ﬁ)” F’Oﬁ)’A =F', KBY

Here k%P7 is defined as k®PY = V3 k5, G¥Y GPP' G77 where the tree-level metric G and

its inverse G, are introduced in (47). This leads to the following interesting relation [51]

1
19 = EkaﬁyTﬁTy, V= yk"ﬁyr(t‘qg?’y,

where 7, corresponds to the volume of the 4-cycle and can be written in terms of the 2-cycle volumes
as: Ty = % KaBy By = % K o. Here we used the shorthand notations k, = kqp P = KaBy B 17 etc.

From this approach it is clear that counting of prime fluxes is also similar to those of the
non-prime fluxes, i.e. {H’, F’} are counted by the #%!(CY) indices similar to the standard H3/F3
fluxes while {P’, Q’} are counted via one « index and one A index. However, the crucial property
we must take into account is the holomorphicity of the flux superpotential which shows that fluxes
used in actions (50) and (51) are the ones to be considered in the superpotential along with the
chiral variables S, T,, and U’. Subsequently one has the following generalized flux superpotential,

-

1 1
(F+Qa Ta + 5I)/aﬁ Ta/ TB + EH’O'BY T(Y Tﬁ T’}’) (54)

A Q3

1 1
-5 (H+P" To+ EQ“B ToTp + EF"’BV ToTp Ty)
3

where all the terms appearing inside the bracket [...]3 denote a collection of three-forms as expanded
in (51). Let us also make a side remark that for the holomorphicity of the flux superpotential all

14
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these 3-form flux ingredients in (54), or equivalently in (51), are independent of the volume moduli
and therefore such fluxes are used for expressing the superpotential for the purpose of computing
the scalar potential using the N = 1 formula (2). After the scalar potential is computed one can
always reshuffle and rewrite the scalar potential pieces in order to achieve a more compact way of
expressing the full potential, which a priori is a complicated task.

Using the flux actions in Eq. (51), the generalized flux superpotential W in (54) can be
equivalently given as,

WE/[Flux]3A§23:e,\XA—mAT,\, (55)
X
where the symplectic electromagnetic vectors (e, m™) are given as,
1
en=(Fa=SH) +To Q% = SPN) + 3T Tg (P Py =SQ'Fs)  (56)
1
+ = To T T, (H'“BVA . F"’MA) :
1
mt = (FN = SH) 4T, (@Y =S P™) 4 3T, T (PP — 5 0"*)
1
=TTy T, (preprd — s prapva).
The generic superpotential (55) is linear in the axio-dilaton modulus S and has cubic dependence
in moduli U? and T,, both. Using the symplectic vectors (e, m™) of (56) in the flux superpotential
(55), one can compute the derivatives with respect to chiral variables, S and T,, which are given by

Ws = (en)p X™ = (m1)" Fa, Wr, = (e2)§ X = (m2) ™ Fa, (57)

where the two new pairs of symplectic vectors (e, m;) and (e;, m;) are given as:

(e))p=—|Hp+T, P + %TQ Ts QP + é ToTp Ty F'*P7 |, (58)
(m) = =|H  + T, PN + %T(, Ts QPN + é To T Ty F'®PYN |
and
(e2)% = (Q%a — S PY\) +Tp (P""BA - SQ'“BA) + %Tﬁ T, (H'“ﬁm - SF"’BVA) : (59)

1
(mz)aA — (Q(ZA _ SP(ZA) + T,B (P/(z/ﬁA _ SQ/(IBA) + 5 T,B Ty (Hraﬁ'yA _ SF/aﬂyA) .

3.3 Invoking the axionic fluxes

With the concrete form of the holomorphic superpotential at hand, now, we define the following set
of the so-called axionic-flux combinations which will turn out to be extremely useful for rearranging
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the scalar potential pieces into a compact form,

1 1
Fa =FA+PaQaA+§PaPﬁP'“ﬁA+ gpapﬁpyH'“mA— CoHa, (60)
_ a 1 raB 1 rapy
HA = HA + po P A+§PapﬁQ At gpaPﬁPyF As
1
QA= Q%+ pg PP p+ EpﬁpyH’aByA - CoP%a,

1
P*A= P+ pg Q' Pr+ EPBPyFWﬁyA,
PP\ =P %P+ py HPV\ —CoQ %,
Q,Q'BA — QutﬁA + Py F/aﬁyA’

H/aﬁy[\ — H/aﬁ'yA _ CO F/af,ByA’
F/aﬁy[\ — F/(Z,B)/A ,

where the analogous axionic fluxes with upper A index are expressed in a similar fashion. Using
these axionic-flux combinations (60) along with the definitions of chiral variables in Eq. (44), the
three pairs of symplectic vectors, namely (e, m), (e1,m;) and (ez, my) which are respectively given
in Egs. (56), (58) and (59), can be expressed in the following compact form,

epN = (FA—SPA —P//\+SF//\)+i (—SH/\—QA+SQ/A+H/A), (61)
m® = (FA—SPA—P’A+SF’A) i (—sHA—QA+sQ’A+H’A),

(eNa=(-Ha+ Q) +i(Ba=Fa), (m)"=(-H'+ Q%) +i(B* - F*), (62

(€2)?A=(QA = sQ N = HA) +i (=sPA - P"A+5F) , (63)
(mz)aA — (QaA _ SQ/aA _ HIQA) +i (_ SPQA _ Q/aA + SF/Q/A) ,

where we have used the shorthand notations such as Q, = 7,Q%, Q¥ = TﬁQ"’ﬁ A Q) =
%Ta, TBQ"’ﬁ A HYy = % TC,TBT,,H""BV A etc. In addition, we mention that such shorthand notations
are applicable only with 7, contractions, and not to be (conf)used with axionic (p,) contractions.
This convention will be used wherever the (Q, P), (P’,Q’) and (H’, F’) fluxes are seen with/without
a free index a € h}r’l (X). Here we recall that 7, = % Kaﬁytﬁ .

Now the main task is to rewrite the scalar potential (2) in a generic symplectic formulation. The
blocks in the Kéhler metric and inverse metric corresponding to the Kihler moduli and axio-dilaton
dependent sector are determined by (47) while for simplifying the complex structure dependent
pieces one needs to use the period matrix components defined in (40)-(43). In this regard, one of
the most important identities for simplifying the scalar potential is the following one [45],

= — = == 1
K (D;iX") (D3X%) = XN X* - 3 e Kes InNAA, (64)
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Subsequently after some tedious computations, one arrives at a generic scalar potential promoted
for the beyond toroidal case. This scalar potential can be expressed using the following 36 pieces,

V = Ver + Vi + Voo + Ver + Ve + Voo + Vaw + Ver, (65)
+Vem + Vg + Ve + Vepr + Veg + Ve + VEe + Viag + Viep + Vipr + Viag + Ve + Ve
+Vap + Vor + Voor + Vowr + Vo + Vepr + Veg + Vewr + Ve + Ve + Verw + Ve
+Vow +Vor + Vs .

The explicit forms of the various pieces are elaborated in the appendix of [51].

3.4 Master formula for the scalar potential

The attempts so far have just been to elaborate on the insights of various terms and how they could
appear from the flux superpotential in connection with the standard U-dual flux parameters, and it
is desirable that we club these 36 terms in a more concise symplectic formulation. With this goal
in mind, we investigated the 36 pieces in some more detail and found that using the axionic fluxes
(60), the following triplet { v, v, ¥} of quantities turn out to be useful,

Ya=s (“Ha+ Q'a) +is (Pa—Fp), (66)
XA = (FA=PA) +i (-Qa+H'A) +i ¢y,
\PaA - (Q(zA _ SQIQA _ H/(zA) +i (—S PQA _ P/aA + SF/aA) ,

where the analogous quantities with upper A index are expressed in a similar fashion. Also
we used the shorthand notations such as Q, = 7, Q%, Q)" = TﬁQ'“ﬁ A Q) = %Ta TBQ’aﬁ As
H', = & Ta7p7,H®7 5 etc. In the similar way we write ¥ = 7, ¥4 and ¥ = 7, W wherever
Y appears without an hl’l index . Subsequently, we will have the following relations consistent

with out shorthand notations,
YA=(Qpr—25QA—-3H'A)+i(—sPy —2P'A+35Fy), 67)
wA = (QA _2sQA —3]H['A) +i(—s]P>A - ZQ’A+3SF’A) .
Also, let us recall that the electric/magnetic components of the fluxes defined in (66), are expanded
in the three-form basis as Flux = Flux® A, — Flux, 8%, where Flux = { X, v, ¥}

Subsequently, the full scalar potential can be expressed in just a few lines, and can be clubbed
into two types of terms, namely (O; A *O3) and (O; A O3), which we present below,

V=Vio,no, t Voo, (68)
where
1 — —_~ —_ —_—~ —_
Viomoy = “ 1592 /XG X N+ N s+ Gap WO NP (69)

+% (j(”/\ *E—)’(_‘/\ *[[) +%(@A*§—$A*})],

1 . _ — ~ = o =2
V(Ol/\5z)=_m ‘/X() (—1)()(/\)(+)(/\)(+2a,0/\¢/+2ga,3‘~}‘ /\‘I’ﬁ)

+(}A$+?AJ)+(‘T’A?+$A)’Z)

2
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where the so-called tilde fluxes for y, ¥ and ¥ are defined as below,
7= (S™xa+ S%ax®) As + (S5 xa + Ssax’) 8%, (70)
U=- (SEAlﬂA + SZAlﬁA) As + (SzAlﬁA + SEAIPA) B,
B = - (ST 4 ST W) Ay + (S5 Wy + Ssa W) B
and using (40) and (43) the S matrices are defined as
SAA (/\/[Az LI L pAE LZA) ’ 1)
Shy=- (MAz L¥h+ MM Lm) + %4,
S\ = (MAZ L+ My le) —0A%,
Saa =-— (MAE L35+ Mp* LzA) :

In order to demonstrate the use of the mater formula in the symplectic proposal (68)-(69), we get
back to the toroidal type IIB model model based on T®/(Z, x Z5) orientifold. As we have already
observed for the previous formulation using the metric of the toroidal orbifold, the symplectic
formulation (65) also leads to a total of 76276 terms while being expressed in terms of the usual
fluxes, however this number reduces to 10888 terms when the total scalar potential is expressed in
terms of the axionic-fluxes (60), subsequently leading to the numerics about the number of terms
in each of the 36 pieces as presented in Table 1. As a particular case, several scenarios can be
considered by switching-off certain fluxes at a time. Moreover, in light of recovering the results
from our master formula (68)-(69), we have a clear splitting of 10888 terms in the following manner,

# (v = 5312, (72)

(o) = 5576, #(v,

(0 /\52))
4. Summary and conclusions

In this work we presented a brief review about the various available formulations of non-geometric
scalar potential arising from the generalized flux superpotential. The basic starting point is the
four-dimensional type IIB flux superpotential which is induced by the standard three-form RR and
NS-NS fluxes (F, H) resulting in a cubic polynomial in complex structure moduli along with a
linear dependence on the axio-dilaton modulus. A set of successive applications of S/T-dualities
lead to the U-dual completion of the flux superpotential which has a cubic dependence for the
complex structure moduli as well as the Kédhler moduli, in addition to having a linear dependence
on the axio-dilaton. We discussed multiple methods of arriving at the same N = 1 four-dimensional
scalar potentials generated by the generalized flux superpotentials. These methods are:

e Method 1: This is the direct method of computing the scalar potential using the N = 1
formula (2) for a given generic form of Kéhler potential K and the superpotenial W.

* Method 2: In this method the scalar potential is calculated using the metric of the internal
sixfold background. For the same reason this method is applicable for the cases where the
metric of the compactified space is known, e.g. the case of toroidal models.
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e Method 3: The notion of non-geometric fluxes has been motivated by the toroidal setup,
and in order to understand/promote the idea to cases like Calabi Yau compactifications, one
has to understand the insights of the effective scalar potential without the need of using the
internal metric. For this purpose, the role of symplectic geometries gets very crucial [45, 48]
and it turns out that the scalar potential can be equivalently expressed in terms of symplectic
ingredients. We presented the master formula (68) which is generically applicable to such
cases.

* Method 4: After writing all the relevant quantities in terms of symplectic ingredients (68),
one finds that although the formulation is quite generic and compact, making attempts for
phenomenology or addressing any model building issues is still hard. This is because of the
fact that the required symplectic quantities are implicit in terms of moduli dependence and
it is hard to make direct use of symplectic understanding at the level of scalar potential for
the search of physical vacua. In this regard, a particular type IIB setting with the absence
of prime fluxes has been studied in [13, 62] which have been extended for the most generic
case recently in [67]. These formulations are such that one can directly read-off the scalar
potentials by using the topological data of the compactifying CY and its mirror threefold, and
we hope that it can be useful for search physics vacua, including the de-Sitter ones in the vast
landscape of the non-geometric fluxes.

The main aim of formulating the scalar potential in various equivalent forms is to write down the
same in a compact and concise way which can be useful and easy-to-handle for the phenomenological
purposes such as moduli stabilization and the search for de-Sitter vacua [106].
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