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ABSTRACT: We analyse type ITA Calabi-Yau orientifolds with background fluxes, taking
into account the effect of perturbative o’-corrections. In particular, we consider the o'-
corrections that modify the metrics in the Kéhler sector of the compactification. As it has
been argued in the literature, including such o'-corrections allows to construct the mirror
duals of type IIB Calabi-Yau flux compactifications, in which the effect of flux backreaction
is under control. We compute the o’-corrected scalar potential generated by the presence of
RR and NS fluxes, and reformulate it as a bilinear of the flux-axion polynomials invariant
under the discrete shift symmetries of the compactification. The use of such invariants
allows to express in a compact and simple manner the conditions for Minkowski and AdS
flux vacua, and to extract the effect of o/-corrections on them.
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1 Introduction

Compactifications with background fluxes have proven to be a very fertile framework to
construct phenomenologically appealing string theory vacua [1-4]. A simple and somehow
paradigmatic example of such constructions are type IIB orientifold compactifications with
three-form fluxes and their F/M-theory counterparts [5-8]. One important feature of this
class of vacua is that one can incorporate background fluxes as quantised harmonic forms
on top of an internal Calabi-Yau geometry, and solve for the 10d supergravity equations of
motion by simply adding a non-trivial warp factor with a specific internal profile. Given
our knowledge of compact Calabi-Yau geometries, this allows to build a plethora of explicit
flux compactifications.

Another interesting feature of this case is that, in the large volume regime, one can eas-
ily generate a parametric separation between the Kaluza-Klein scale and the flux-induced
mass scale for the Calabi-Yau former moduli. On general grounds, one would expect that
when such scale separation is large the modification of the 4d effective theory by the pres-
ence of fluxes is minimal, in the sense that they generate a non-trivial superpotential [7]
but their effect on the Kéhler metrics is negligible. In this case one may describe the 4d



effective potential in terms of a flux-induced superpotential and the Kéahler potential of the
Calabi-Yau compactification, as it is standard practice in most of the flux literature.
These two attractive features are less established in other corners of the flux landscape,
like for instance type ITA flux compactifications. There, it is known that the presence of
RR and NS fluxes will modify the internal background geometry to a manifold of SU(3)
or SU(3) x SU(3) structure [20-26], but there is less control on how such a geometry is

2 As a result, a mechanism

related to a deformation of a compact Calabi-Yau metric.
to generate an abundance of 10d explicit solutions with six compact internal dimensions
is lacking, in sharp contrast with the type IIB case. One may address this obstacle by
considering Calabi-Yau flux compactifications in the large volume limit, in a regime where
fluxes are diluted. In principle, if the 4d cosmological constant and the flux-induced masses
of scalars are well below the Kaluza-Klein scale, one should be able to apply the above
criterion to argue for the consistency of the flux compactification. Moreover, it should
then be possible to implement a systematic search for vacua using a 4d approach, with
the flux generated superpotential and the Kahler potential of the pure Calabi-Yau case.
Nevertheless, since essentially all the compactifications of this kind involve massive type
ITA supergravity [29-33], and therefore a Romans’ parameter that cannot be diluted as
other fluxes, objections have been raised on whether the whole approach is justified [34].

Rather than debating on general grounds, one may instead consider classes of type
ITA flux compactifications whose existence is assured by string dualities. For instance,
one may consider the mirror duals of the type IIB warped Calabi-Yau compactifications
in [8]. Just as in the type IIB side one may describe the 4d effective theory in terms of a
Kahler potential computed from dimensional reduction on a Calabi-Yau, the same should
be true in the type IIA side of the mirror map. In other words, for this class of type IIA
vacua flux backreaction may take the internal geometry away from a Calabi-Yau metric,
but in the same way as the effect of warping can be neglected in many instances, so can
the corresponding type IIA deformation. In that case one may safely implement the above
4d approach for a systematic search of vacua, using the naive Calabi-Yau Kéhler potential
and the flux-induced superpotential, as long as the flux-induced masses are well below the
compactification scale.

A fairly general class of type ITA Calabi-Yau compactifications mirror dual to the con-
structions in [8] was analysed in [35]. As stressed in there, a key ingredient to capture the
proper stabilisation of moduli in the type IIB side is the inclusion of (perturbative) o'-
corrections in the type ITA side, in particular those that affect the Kahler moduli sector of
the compactification. In fact, together with the fluxes such corrections control the stabili-
sation of the Kéahler moduli, and so to some extent determine whether the compactification
is in the appropriate regime of validity.

In this paper we analyse type IIA flux compactifications on Calabi-Yau orientifolds at
large or moderately large volume, in the sense that we include the effect of perturbative

!This rule may fail in compactifications with modes localised in regions of strong warping. See e.g. [9-19)
for modifications of the effective Kahler potential by warping in type IIB compactifications.

2One proposal is to smear out the O6-plane content of a given type ITA flux compactification [27].
However it is not a priori clear [28] if smeared O-planes offer consistent approximate solutions to the string
theory equations with localised O-planes.



o/-corrections for the Kéhler sector. We extend the analysis of [35], in the sense that we
compute the full scalar potential® in the presence of general NS and RR fluxes, and apply
it to compute both Minkowski and AdS four-dimensional vacua. Our main strategy for
this analysis will be to rewrite the Cremmer et al. F-term scalar potential as a bilinear
of flux-axion polynomials, namely of the form V = Z4Bp,pp, as in recent work [36-39)].
As shown in these references, the classical flux potential can be reformulated as such a
bilinear, with A running over the fluxes of the compactification, p4 polynomials of the
closed and open string axions of the 4d effective theory, and Z4P an (inverse) metric that
only depends on their saxionic partners. The polynomial coefficients in the different p»
are topological quantities of the compactification, like triple intersection numbers or flux
quanta, and such that the p4 are invariant under the discrete shift symmetries of the 4d
effective theory. As we will show below, this structure is preserved when o/-corrections
are included with some o/-corrections entering the definition of the axion polynomials and
others affecting the form of ZAB. This shows that the bilinear structure still holds beyond
the large volume approximation and, more importantly, in flux compactifications in which
the flux backreaction is under control. As in [38] using the flux-axion polynomials makes
manifest the discrete shift symmetries of the 4d effective theory and, as in [39], the bilinear
formalism allows to implement the search for flux vacua in a more systematic way. Indeed,
with our analysis we both recover the results of [35] and find the o'-corrected version of
the supersymmetric AdS vacua in [32, 39].

The paper is organised as follows. In section 2 we revisit the type IIA flux potential in
absence of a’-corrections, and its reformulation in terms of a bilinear of axion polynomials
reviewing the results of [38, 39]. In section 3 we introduce the effect of perturbative o’-
corrections in the Kahler sector and compute the resulting F-term scalar potential, again
rewriting it in terms of o’-corrected axion polynomials. With these results, in section 4 we
compute how o/-corrections affect the stabilisation of non-supersymmetric Minkowski and
supersymmetric AdS 4d vacua, reproducing previous results in the literature and obtaining
new ones. We draw our conclusion in section 5. Finally, we relegate to appendix A the
technical details regarding the computations of section 4.

2 The classical type ITA flux potential

Type ITA flux compactifications offer a unique playground to extract symmetries and struc-
tures inherent to (a corner of) the perturbative string landscape. To obtain these land-
scape properties, the top-down physicist starts from the (tree-level) ten-dimensional type
ITA supergravity theory and compactifies it on a suitable background by choice, such as a
three-dimensional Calabi-Yau (orientifold) background with internal fluxes. The bottom-
up physicist on the other hand will obtain the resulting effective field theory in four di-

3More precisely, we consider the classical supergravity potential with perturbative o'-corrections, ig-
noring gs-loop and worldsheet instanton corrections. We expect this to be a good approximation for the
compactifications at weak coupling and moderate volumes that we consider. See [35] for a more detailed
discussion of why gs-loop effects should be subdominant. Unlike in [35] we also neglect the effect of D-brane
instantons.



mensions by applying the appropriate supergravity formalism upon specifying the pre-
potentials, Kéhler potentials and/or superpotentials. Irrespective of the chosen approach,
it is essential to uncover the special properties of the landscape by using the most suitable
formalism. In light of recent results [36-39], it seems that such a formalism could be the
reformulation of the scalar potential in terms of shift-invariant axion polynomials, which
is the approach taken in this paper. These considerations will be further clarified by this
section, which summarises various well-known aspects of type IIA flux compactifications.

2.1 Type ITIA flux vacua

When compactifying type IIA string theory on a Calabi-Yau three-fold C)3, the effective
four-dimensional theory is characterised by a residual (local) N = 2 supersymmetry. The
Kaluza-Klein (KK) zero-modes of the massless Neveu-Schwarz (NS) and Ramond-Ramond
(RR) fields recombine into complex scalar fields (and gauge bosons) filling out the bosonic
components of the N = 2 multiplets, i.e. one gravity multiplet, h'"!(CY3) vector multiplets,
h?1(CY3) hypermultiplets and one tensor multiplet. For a properly defined effective N = 2
supergravity description, the Bs-axions are used to complexify the Kahler deformations of
the Calabi-Yau metric into h!(CY3) Kihler moduli 7%

Jo=B+ietJ=T%y,, a€{l,... hhY}. (2.1)

The massless modes of the NS 2-form and massless Kéahler deformations associated to the
Kahler two-form J are in one-to-one with respect to harmonic representatives of the Kéahler
classes [(;2w,] in HYY (Mg, Z), which are taken to be dimensionless given the insertion of
the string length ¢, = 27v/o/. The additional insertion of the ten-dimensional dilaton ¢
indicates that the Kéahler 2-form is expressed in the Einstein frame. The Kéahler moduli
parameterise the Kahler moduli space 9y of the Calabi-Yau manifold, which exhibits a
Kahler structure with Kahler potential:

b

Kr = —log<4/ e INJA J> = —log <Z]Cabc(Ta —Ta)(Tb —T)(T¢ —Tc)> . (2.2)
3 JMe 6

The Kahler potential depends solely on the internal volume V = %4;6 / Mg d NI N,
which is expressed as a cubic polynomial in t* = Im (7'%) on the righthand side by virtue of
(moduli-independent) integral triple intersection numbers KCyp. = 6;6 f Mg Wa Awp Awe. The
Bs-axions on the other hand do not enter in the Kéhler potential, which in turn manifests
itself in all geometric quantities derived from the Kéhler potential, such as the moduli space
metric.? Furthermore, the function Gy = e %7 corresponds to a homogenous function of
degree three in the geometric Kahler moduli t*, which implies a no-scale condition for the
Kahler potential Krp:

(K7)a(E7)®(K7); = 3. (2.3)

4Note however that the b®-axions do pop up in the non-canonical couplings between the RR U(1) gauge
potentials inherent to the A/ = 2 vector multiplets. These kinetic and topological mixings between U(1)
gauge bosons are equally computed by virtue of the N’ = 2 pre-potential for the Kidhler moduli sector.



The homogeneity of the function Gy implies that the Kahler moduli space Mg is equipped
with a special Kéhler geometry for NV = 2 compactifications and that Gr is determined in
terms of a holomorphic pre-potential F by the relation:

Gr =i (T"Fra = TAF ) (2.4)

T0=1"

where we included a complex coordinate T in the set of the Kihler moduli 74 = (79, 7)
in order to work with homogeneous (projective) coordinates on the Kihler moduli space.®
One can then easily check that the Kéhler potential (2.2) results from the (tree-level)

holomorphic pre-potential, valid at large internal volumes:
1 KapeTOTPTE
3 10

In the next section, we will discuss potential corrections to this pre-potential, which have

Ftree(T) == (26)

to be taken into account in regions of the moduli space away from the large volume limit.
For now, we shift our focus to the complex structure moduli z* with & € {1,..., K%},
which reside in the N’ = 2 hypermultiplets together with the axions emerging as the zero
modes of the RR 3-form (5 upon dimensional reduction. The discussion of the complex
structure deformations usually starts from a symplectic basis of real harmonic three-forms
(o, B) in H3(CY3), in which the Calabi-Yau three-form 3 is expanded:

Q3 = Z"(2)ay, — Fu(2)B", ke {0,...,h1 (2.7)

with (Z*,F,) the holomorphic periods depending only on the complex structure mod-
uli z®. Through some algebra, the metric on the complex structure moduli space M.,
parameterised by the complex structure moduli, can be related to first order derivatives of
the holomorphic three-form. Consequently, the moduli space 9. is also equipped with a
Kahler structure through the Kahler potential:

i — — -
K., = —log <£6 /Cy Q3 A 93> = —log (iZ"F, —iZ"Fy) . (2.8)
S 3

The expansion of the Kéhler potential in terms of the holomorphic periods reveals immedi-
ately the special Kahler property as well, where the periods F; play the role of first order
derivatives of a pre-potential 7 with respect to the periods Z". More precisely, the peri-
ods F, can be seen as homogeneous functions of degree one in the homogeneous projective
coordinates Z”, such that the pre-potential F¢° = %Z”}} is a homogeneous function of
degree two. As is well-known, the holomorphic three-form 3 is determined up to a com-
plex phase, which implies the presence of a complex rescaling symmetry 23 — e h2) Qg by

h(

a holomorphic function e™#). By virtue of this rescaling symmetry, we can set one of the

periods to one and work in an affine coordinate patch instead.

®In case one prefers to work in the affine coordinate patch (1,7%), the relation between the homogenous
function Gr and the pre-potential has to be properly adjusted:

—igT=2f—2?—(T“—T“)(8F af).

577 T o (2.5)



For compactifications on generic Calabi-Yau three-folds with non-vanishing Hodge
numbers, the four-dimensional theory exhibits a plethora of massless moduli in the vector
multiplets and hypermultiplets. In order to lift these flat directions and break supersym-
metry (partially), internal RR~ and NS-fluxes can be introduced in the compactification.
Adding fluxes along the internal dimensions boils down to adding harmonic components
to the exact forms in the RR-~ and NS-fieldstrength:

G=e"nNdA — G=e2A(dA+G),

. (2.9)
Hs =dB, — H3;=dBs + Hs,

such that the fieldstrengths G = Gy + G2 + G4 + Gg + Gg + G1o and Hj still satisfy the
Bianchi identities in the absence of localised sources:

d(e®*AG)=0, dH;=0. (2.10)
The Bianchi identities also infer the quantisation of the Page charge (in line with Dirac’s
philosophy):
1 — 1 —
2_1/ dA2p71 + GQp € Z, 2/ dB2 + H3 € Z (211)
Esp 7T2p /€S ™3

when integrated over non-trivial homological cycles m, with p = 1,2, 3 for the RR sector
and w3 for the NS-sector. In the absence of localised sources such as D-branes, the con-
tribution of the exact forms to the Page charge is trivial, such that flux quanta are fully
encoded in the harmonic components:
— 1 — a 1 — 1 —
ESGO =1m, - G2 =m-, 3 G4 = €q, 75 G@ = €y, (2.12)
68 wa 68 Ta s JCY3

with 7% € Hy(CY3,Z) and 7, € Hy(CY3,Z). To express the flux quanta associated to the
NS 3-form flux,

1

2 Jpe

1

H3: _hH7 62 A
S A

Hz=h, (2.13)
we select the set of three-cycles (Ay, B®) € H3(CY3,Z) that are de Rahm duals to the
symplectic basis of harmonic three-forms (., 3"). In string theory the flux quanta ¢§ =
(€0, €q, m®, m, hy, hA) are integers, while in the low energy supergravity theory these flux
parameters are often treated as continuous deformations turning the 4d effective theory into
an N = 2 gauged supergravity with masses, Stiickelberg charges and topological charges.
The internal RR-fluxes induce a 4d scalar potential for the Kéahler moduli whose shape is
constrained by a symplectic Sp(2h!'! + 2) invariance, while the NS-fluxes provide a scalar
potential for the complex structure moduli and Cs-axions in the hypermultiplets.

The formalism used so far builds heavily on the known geometric properties of Calabi-
Yau manifolds, which secretly assume a large internal volume and a weakly coupled dila-
ton. Away from the large volume regime the background fluxes cannot be considered as
diluted and their back-reaction forces us to start from SU(3) x SU(3) structure manifolds
as compactification backgrounds. Nevertheless, one can identify a sub-class of strict SU(3)
structure manifolds preserving N' = 1 supersymmetry along the four-dimensional directions



forming a Minkowski [33, 40] or Anti-de Sitter vacua [23]. Oftentimes, and in particular to
obtain Minkowski flux vacua, localised sources of negative tension such as orientifold planes
need to be present in these constructions. In this paper we choose to include O6-planes via
an orientifold projection that eliminates half of the N' = 2 spacetime supersymmetry from
the start. More precisely, following [31] we consider type IIA Calabi-Yau orientifolds Mg
that correspond to the quotient manifold of a Calabi-Yau three-fold modded out by the
orientifold action ,R(—)%, with (2, the worldsheet parity operator, (—)f* the projection
operator counting the number of spacetime fermions in the left-moving sector and R an
anti-holomorphic involution along the internal directions. By looking at the action of the
involution on the Kahler two-form J and the NS two-form:

R(J)=—J,  R(Bs)=—B, (2.14)

one can deduce that the orientifold projection decomposes the h' N = 2 vector multi-
plets in the Kihler moduli sector to hi’l N =1 vector multiplets and h' A = 1 chiral
multiplets, with the latter ones containing the Kahler deformations of the Calabi-Yau
metric. The moduli space for the Kéhler moduli maintains its special Kahler structure, de-
spite the orientifold projection, for which the pre-potential (2.6) now runs over the indices
a€{l,... ,h&l}. The orientifold projection also eliminates part of the RR-fluxes, in line
with their transformation properties under the operators Qp(—)F L. The RR two-form flux
G is only supported on R-odd two-cycles 7§ € Hy (Mg, Z), while the RR four-form flux
G4 only threads R-even four-cycles m, € H I (Mg, Z). The impact of the orientifold pro-
jection on the complex structure moduli sector is more drastic, yet also here the complex
structure moduli space does retain its special Kéahler structure in terms of the redefined
complex structure moduli for the N' = 1 supersymmetric theory. A proper definition of the
N =1 complex structure moduli starts by considering the action of the anti-holomorphic
involution on the Calabi-Yau three-form and the RR three-form Cfs:

R(Q3) = Qs, R(C3) = C3. (2.15)

Under the anti-holomorphic involution the symplectic basis of three-forms decomposes into
a basis of R-even three-forms (ag, %) € H3 (Mg, Z) and R-odd three-forms (8%, ay) €
H3 (Mg, Z), such that one can easily deduce that the orientifold projection eliminates half
of the degree of freedom from the original complex periods in Q3. To arrive at the N' =1
complex structure moduli one has to consider instead the complexified three-form €2:

Q. = O + i Re (CQ3), (2.16)

(Kcs_KT)

where the compensator field C = e~%e3 guarantees the scale-invariance of the

—Re(h)()s3 and the RR three-form insures the holomorphic

holomorphic three-form Q3 — e
nature of the complex structure moduli in the orientifolded theory. The independent N = 1
complex structure moduli are thus defined through the complexified three-form by virtue

of the R-odd three-forms:

NE =3 /M Q. A BE, Upn =03 /M Q. A ay. (2.17)
6 6



The geometry of the complex structure moduli space IM.s is characterised by a Kéhler
structure with Kéhler potential given in terms of the N'= 1 complex structure moduli:

Ko = —2log (ilm (CZMRe (CFp) — %Re (CZ%)Im (C}'K)) =—log(e*P). (2.18)

In the last step, we expressed the Kéhler potential for the complex structure moduli sector
in terms of the four-dimensional dilaton D defined through e” = \e/—(%. The periods Fx and
JFA are not independent, as they correspond to homogeneous functions of degree one in
the periods ZX and Z». As such, the function Gg = e~Ka/2 is a homogeneous function of
degree two in the complex structure coordinates n’* = Im (N¥) and up = Im (Uy). Hence,
the Kéhler potential K¢ satisfies the following no-scale condition:

(KQ)n(KQ)™ (Kq)5 = 4, (2.19)

where #, A run over all complex structure moduli N¥ and Uy. Similarly to the RR-fluxes,
the orientifold projection eliminates part of the NS-fluxes, which are now only supported
along the R-odd three-cycles (BX, Ay) de Rahm dual to the three-forms (5%, ay).

To sum up, both N’ =2 and /' = 1 Type IIA Calabi-Yau compactifications come with
a moduli space that factorises into the product manifold i x M., each equipped with a
metric obtained from a suitable Kéhler potential. In the presence of (mobile) D6-branes,
this innocuous description in terms of a factorised closed string moduli space no longer
holds, as the total moduli space in such a set-up also develops directions parameterised
by the open string moduli (or D6-brane position moduli), which induce specific mixings in
the Kéahler potential between Kéhler moduli and complex structure moduli [37-39]. Upon
inclusion of background fluxes, one may wonder if their backreaction may induce mixing as
well, as is the case for warped Calabi-Yau type IIB compactifications [17]. As in this paper
we aim to describe flux vacua in which the flux backreaction can be neglected, we will also
neglect their potential effect on the Kéhler metrics and assume that they only appear in
the superpotential, as we now describe.

2.2 The bilinear form of the potential

The realisation that background closed string fluxes generate a four-dimensional superpo-
tential for the closed string moduli forms a crucial element in the search for string vacua,
as the internal fluxes give mass to moduli and stabilise their vacuum expectation value at
non-zero values. From a ten-dimensional perspective the background RR-fluxes and NS-
fluxes couple to the geometric quantities J and {23 that characterise the internal geometry,
such that a four-dimensional superpotential is induced upon integrating out the compact
directions [7, 41]:

1
Wﬂux =

@) G Ae' + Q. N Hs, (2.20)
S 6

that is globally well-defined and manifestly gauge-invariant. By virtue of the defini-
tions (2.1) and (2.17) for the closed string moduli and the definitions for the flux quanta,



one immediately notices that the superpotential factorises in a purely Kahler moduli de-
pendent part:

_ 1
LWr= | GAe* =eo+e "+ SKupem"T"T" + %/cabCT“TbTC, (2.21)
M

and a purely complex structure dependent component:

W = Q. A Hsz = he NE + AU, (2.22)
Mg
The structure of these perturbative superpotentials, inherited from ten-dimensional
gauge-invariance, allows for a further factorisation in geometric moduli (t%,n', uy), ax-
ions (b, &5 ,£)) and a charge vector ¢ conmsisting of the quantised fluxes, i.e. § =
(€0, €q, m®, m, hyc, kM)t
C(Wr+Wo) =T (R - ¢ (2.23)
In this factorisation, the geometric moduli-dependent part is fully captured by the saxion
vector ﬁt(ta, n up) = (1, e, —%Kabctbtc, —B%ICabct“tbtc, in®, iuA), while a (2h51 +h>l 4
3) x (2h™' + K21 + 3) dimensional matrix,

1 0 000 O
—pe 5% 00 0 0
e Tapcb®0¢  —Kapeb® 6% 0 0 0
RO &5, 60) = — L Capeb®be LCabPbe =021 0 0 | (2.24)
—¢K 0 0 065, 0
—&r 0 00 0 65

contains all terms depending on the closed string axions. This rotation matrix is generated
through exponentiation

RI(b%, €5 ¢p) = " Pt Picteal?, (2.25)

by a set of nilpotent matrices P,, Px and P»:

0000 —& 0
0000 0 O
0-6 0 0 00 Pe=|0000 0 0,
0 0 —Kagpe 0 00 0000 0 0
00 0 -6,00 0000 0 O
=100 0o 000l . (2.26)
00000 —(&5%)
00 O 000 00000 0
00 0 000 P =|o00000 o0
00000 O
0

00000



String Flux Domain Wall

Axion H Brane Set-up type Brane Set-up H Rank
By = b%w, ||NS5on [r,] € Hy (Mg, Z) Go=m D6 on [m,) m
By =b"w, ||NS5 on [m,] € Hf (Mg, Z)|| G2 = m*w, | D4 on [PD(G2 A wa)] || [0 we = Kapem®
[ma] (
] (

By = b%w, ||NS5 on [r,]| € H+ M, Z) || Gy = e,0® D2 at point in Mg fwa Gy =e,
=&Fak ||D4 on [BE] € Hy (Me,Z) || Hs = hx % || D2 at point in Mg fBK Hs = hg
Cs = —E0B" || D4 on [Ap] € Hy (Mg,Z) || H3 = h*ay || D2 at point in Mg fA Hs = +h

Table 1. Summary of 4d axionic strings with their respective attached domain walls arising from
Dp- and NS5-branes wrapping internal cycles on a Calabi-Yau manifold with internal flux.

By virtue of these nilpotent generators, the effect of axion shift symmetries on the axion
rotation matrix can be deduced in a fairly straightforward way:

(R—l)t(ba + ’I”a, §K + wK7 §A + WA) — (R_l)t(ba, §K, gA)e_raPa—wKPK—zUAPA’ (2'27)

with 7%, @’ wy € Z. The invariance of the superpotential (2.23) under the axion shift
symmetries is guaranteed provided that the charge vector transforms accordingly,®

(j‘ N eTGPa+wKPK+wAPAq—*' (228)

The transformation of the flux quanta under the axion shift symmetries is a property
inherent to the multi-branched structure of the vacua for the closed string axions, which is
microscopically related to the cancellation of Freed-Witten anomalies for four-dimensional
strings in the presence of background fluxes. The latter statement can be discussed in a
more explicit way, say for example for the Kahler axion b* associated to the two-form wy,
which is Hodge dualised in four dimensions to a two-form. This two-form couples to its
respective four-dimensional string arising from an NS5-brane that wraps the Poincaré-dual
four-cycle PD(w,). In case the pull-back é(gp)‘ PD(wa)
trivial in cohomology, the b*-axionic string develops a Freed-Witten anomaly along the

of a background RR-flux is non-

internal directions that needs to be mediated by emitting a D(6 — 2p)-brane wrapping the

(4 — 2p)-cycle in the Poincaré-dual class of G With respect to the non-compact

(2p) ‘PD(wa)'
directions, this emitted D-brane forms a four-dimensional domain wall bounded by b%-
axionic strings. Such a domain wall separates vacua that differ in their RR-flux content [42]
and is unstable against the nucleation of holes bounded by axionic strings. This instability
is tied to an axion monodromy generated by P, by which an axion b* crosses the domain
wall and ends up in a vacuum with different RR-fluxes. The transformation of the RR-fluxes
under the axion monodromy thus ensures that the entire set-up remains gauge-invariant at
all times. Note that these axion shift symmetries form a particular subset of the full gauge
transformations under which the field strengths in equation (2.9) remain invariant. Similar
considerations hold for the complex structure axions % and &,, whose respective axionic
strings develop Freed-Witten anomalies in the presence of NS-fluxes H3. These Freed-

Witten anomalies can be mediated by emitting D2-branes as presented by table 1, which

SNotice that in general (2.28) will not map a vector of integer entries ¢ to a vector of integer entries, as
it should for a vector of quantised fluxes. This will be fixed when o'-corrections are taken into account.
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summarises all potential Freed-Witten anomalies in the presence of background fluxes and
how their mediated by emitting appropriate D-branes.

The invariance of the superpotential (2.23) under the axion shift symmetry suggests
the existence of a set of gauge-invariant axion polynomials £;5 = (R™!)! - ¢, whose explicit
component forms are given by,

1
Cspo = €0+ eab® + §Kabcm“bbbc i %Kabcb“bbbc + hi€E 4 hien,

m
gspa =e€q + Kabcmbbc + Elcabcbbbc7

lep® = m® +mb®, (2.29)
lsp =m,

lspr = hi,

0,pM = nh.

As such, the above superpotential can be written as the scalar product of the saxion vector
I1 with the axion polynomial vector p) or in component-form:

. 1. A S
W = po+it*pg — 5/Ca,0“ — gle +in® pre + iup p. (2.30)

In the large-volume, classical regime in which we are working,” this factorisation in terms
of saxions, axions and flux quanta does not only hold for the N’ = 1 superpotential, but
can be extended to the F-term scalar potential resulting from the background fluxes,

1
8/@21(2

S

VF = (Tt : R_l(ba 6) : Z_l(t’ n, u) : R_lt(bv 6) ’ (77 (231)

where the inverse metric Z7!(t,n,u) corresponds to a real, symmetric matrix depending
purely on the geometric moduli (t¢, n, uy):

4
Kag
442
,]C K -
1 _ K 9 ab
%ICTLJ KIJ KIE

2Kuy, KM KA®

Apart from being aesthetically appealing, the formulation in terms of the axion polynomials
7 = (po, pa, P% P, Prc, p*) can be used to methodically search for flux vacua in which the
axions and (part of the) geometric moduli are stabilised [39], in which case the vacuum
conditions are written as constraints relating the various axion polynomials to each other.
More explicitly, if one is interested in (partly) supersymmetric vacua, one needs to write

down the four-dimensional F-terms for the associated A/ = 1 chiral multiplets in terms of

"Which implies neglecting loop, world-sheet and D-brane instanton corrections, as well as modifications
of the Kéhler potential due to the presence of background fluxes.
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the axion polynomials and find appropriate relations between the latter for the F-terms
to vanish. This method turns out to be useful to identify non-supersymmetric Minkowski
vacua and supersymmetric Anti-de Sitter vacua, even in the presence of o’-corrections as
will be discussed in section 4. Alternatively, one can directly determine the local extrema of
the full scalar potential along each axion and geometric moduli. This method is drastically
simplified in the axion polynomial language as well, since the first order derivatives of the
scalar potential can equally be expressed in terms of the axion polynomials and derivatives
of the inverse metric Z~! with respect to geometric moduli.

3 Introducing a’-corrections in Type ITA

The previous section provided a short review of the important lessons Type IIA string com-
pactifications on Calabi-Yau (orientifold) with background fluxes have to offer in the large
volume limit. If one goes away from regions in the moduli space where the six-dimensional
internal volume is huge, quantum corrections such as higher-derivative curvature correc-
tions and worldsheet instanton corrections have to be taken into account. In this section
we will investigate how the perturbative o/-corrections modify the classical theory by con-
sidering how they affect the Kéahler potential and superpotential in the four-dimensional
N = 1 supergravity description. This will in turn also allow us to expose how perturbative
o/-corrections fit into the axion polynomial formalism and alter the scalar potential.

3.1 Axion polynomials and o'-corrections

The N = 1 supergravity description of Type IIA orientifold compactifications with Kahler
potential (2.2) is only reliable for sufficiently large internal volumes. Away from this
limit, the Kahler potential is modified by the so-called o'-corrections, which break the
no-scale structure of Kp for generic Calabi-Yau manifolds. In the regime of moderately
large volumes in which the world-sheet instanton corrections can be neglected, the most
relevant o/-corrections are those that descend from (a/)3R* curvature corrections in the
ten-dimensional supergravity action. Following [35], such corrections can be incorporated
via a modification of the pre-potential (2.6) of the parent N' = 2 compactification. In terms
of the homogeneous coordinates T4 = (T°,7%) in Kéhler moduli space the most generic
(perturbative) pre-potential is given by:

1 KapeTOTTS 1)

+oK

JT"per (T) = 6 T0 9 ab

ToTb + K@ %K(?’) (T9)2. (3.1)
The first term is the usual tree-level Calabi-Yau volume from (2.2) and the remaining three
terms encode different orders of curvature corrections in . The term proportional to K )
corresponds to the (a’)3-correction and is the only effective contribution to the Kihler

potential. In the A/ = 2 parent compactification, the parameter K G = — éf’))g XM € R

is proportional to the Euler characteristic x a4 of the compactification manifold Mg. The
corrections K (5117) and Kéz) correspond respectively to one-loop and two-loop corrections in
o, yet do not have a ten-dimensional counterpart due to the lack of a ten-dimensional

curvature polynomial with the appropriate features. Their presence can nevertheless be
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argued from mirror symmetry, which in fact allows to express them in terms of topo-
logical quantities of Mg like its triple intersection numbers and second Chern class, see
e.g. [43, 44]. Their presence is however physically irrelevant at the level of the Kéhler
metrics, as confirmed by their absence in the K&hler potential that results from (3.1):

4 2
Kp = —log (3/Cabct“tbtc + 2K(3)> = —log <3IC(2 + 3s)> , (3.2)
where the symbol € = $ was introduced to capture the (a/)® curvature corrections to

the Kihler volume K = Kgct*t?t = 6. As anticipated earlier, in the presence of these
perturbative o/-corrections the classical no-scale condition for the Kahler potential (2.3)
no longer holds and needs to be modified as well:

(Kr)a(Er)®(Kr); = (3.3)

1-3e
For generic Calabi-Yau compactifications with background fluxes, the (perturbative) o’-
corrections to the Kahler moduli pre-potential (3.1) also induce corrections to the superpo-
tential for K&hler moduli [35]. By rewriting the superpotential in terms of the homogeneous
coordinates T4 = (T°,T?), the o/-corrected superpotential can be obtained from the pre-
potential (3.1):

fs (WT + WQ) - (T07 Ta? 76T“‘Fpera 8TO‘F.pera NKa UA)TO:1 : i? (34)

with ¢ the vector of flux quanta as introduced above. The superpotential Wy for the
complex structure moduli remains unchanged by the curvature corrections, while the part
Wr with the Kédhler moduli takes a similar form as (2.21),

1
LW =B+ E T + 5Kapem"T'T° + gICQbCT“TbTC —imK® + heNE 4 1A Uy (3.5)

upon taking into account the curvature correction K3 and after introducing the curvature
corrected flux quanta ey = ey — m*K, ,(12) and e, = e, — K é?mb +mK, (52). This clearly shows
that the corrections Kéllj) and K(SZ) become relevant in the presence of a superpotential for
the Kéhler moduli and cannot be ignored.

Let us now see how the inclusion of the curvature corrections is compatible with the
axionic shift symmetries of the superpotential. First, notice that its inclusion does not
destroy the factorability of the superpotential in terms of geometric moduli and axions.
Indeed, we can write the o/-corrected flux superpotential as

St

((Wr+Wo) =T -Q-(R )¢, (3.6)

provided that we modify the previous quantities. The saxion vector is now given by
-t

I (t%,n", up) = (1,4t —%Kabctbtc, —%Kabcta’tbtc —iK® in® iuy), we have introduced a

~13 -



square matrix ) defined below, and the axion rotation matrix is given by

1 0 000 0
—be 5% 000 0
o LCapeb?b + K Db —Capeb 5% 0 0 0
R, €K, 6n) = 3.7
(b5,8%,40) — L KCapeb®00¢ — 2K 00 L b — KW —b* 1 0 0 (3.1)
_¢K 0 0 065, 0
—&x 0 0 0 0 6%,

Second, the axion rotation matrix is still generated through exponentiation as in (2.25), but
now by a modified set of nilpotent, commuting matrices (Pg, Px, P*). The shift-generator
P, for the Kihler axions is related to the previous version in (2.26) by conjugation with

the charge matrix @,

10 -KP 0 o0
a 1 2
06 —K\) K 0
0
0

P.=Q7'PQ, Q=00 4o 0
00 0 1
00 0 0 50
00 0 0 0 6

(3.8)

o O o O

Given these simple extensions, the superpotential remains invariant under the shift sym-
metries of the closed string axions, provided that the flux quanta transform simultaneously

as follows: B
§ — e Petw Priwalty (3.9)
The transformed flux vector has integer entries provided that K (11)) + %ICabb € Z and ZKC(?) +

a
élC,ma € Z, Va,b, which we will assume in the following. Finally, one may express the

superpotential in terms of the previous rotation matrix as

=t

bs(Wr +Wo) =T - (R™)" -7, Q-q (3.10)

Ay
Il

Hence, also in the presence of a/-corrections one is encouraged to introduce gauge-invariant
axion polynomials £,p = (R™1t .q, which can be given explicitly in terms of the flux quanta,

1
o = B0 + Eab® + 5/c(d,cm%bbc + %Kabcb“bbbc K 4 Rbe,,

m
Pg = €q T ,Ca,bcmbbc + Elcabcbbbcv

5= m® 4+ mb®, (3.11)
p_ m7

[)K — hK7

AN hA

where €y and €, are the curvature-corrected flux quanta as introduced before.
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This flux redefinition can be interpreted microscopically by noticing that the curvature

(1)

corrections K ai and K§2) induce lower-dimensional D-brane charge on D-branes wrapping
internal cycles, see e.g. [45]. They will, in particular, induce lower-dimensional charge
on D-brane domain walls with non-trivial internal worldvolumes. For instance, the K(SQ)
curvature corrections induce D4-brane charges on D8-brane domain walls wrapping the
full compactification space, and also create bound states of D6-D2 brane domain walls.
The K((lll)) curvature corrections on the other hand turn D6-brane domain walls into bound
states of D6-D4 brane domain walls. The induced lower-dimensional D-brane charges due
to the curvature corrections also imply that the Freed-Witten anomalies associated to the
b-type axionic strings have to be cured by bound states of domain walls. To end up in a
different vacuum separated by the bound states of domain walls, the b-axions have to un-
dergo a monodromy transformation generated by the modified matrix P, defined in (3.8).
Alternatively, one may redefine the basis of domain walls (or, equivalently the flux basis)
by the matrix @) such that the monodromy matrix is generated by P,. The Freed-Witten
anomaly cancelation for the £-type axionic strings on the other hand remains unaffected by
the curvature corrections. These considerations offer a microscopic rationale behind the su-
perpotential (3.10), which allows for a factorisation in which curvature corrections of order
O(a’) and O(a’?) are incorporated into the set of shift-invariant axion polynomials (3.11).

The O(a/3) curvature contributions represented by K) correct the overall volume of the
=t
internal space and therefore have to be included in the modified saxion vector II .

3.2 The scalar potential and o'-corrections

Since the factorability of the superpotential into saxions and shift-invariant axion polyno-
mials persists in the presence of perturbative o’-corrections, one is naturally driven to the
question how the modified form of the scalar potential looks like. The most straightforward
path to obtain the four-dimensional scalar potential in the presence of background fluxes
and perturbative o/-corrections consists in computing it directly from the F-term scalar
potential:

eKT+KQ — . .
V= —%5— [(aaW + K W) K°P (aBW + KBW) - 3|W|2} ’ (3.12)
Ky

by inserting the Kahler potential (3.2) and superpotential (3.10) as obtained in the previous
section. In this expression, summation over all closed string moduli is indicated through
the Greek letters (a, ).

In practice, the explicit computation of the F-term scalar potential (3.12) is drastically
simplified by deconstructing the expression into three components and applying the elegant
formulation of the axion polynomials to the fullest for each component. The first term
consists purely of the derivatives of the superpotential with respect to the closed string
moduli and requires us to use the modified expressions for the Kéahler metric as discussed
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in appendix A.1:

1+ 6¢

~a\2 -

— S 4 3N ..
0uW K*P05W = K*p,py, + 5/@ (1 + 25> K350 +

2
(1+3)
1— 3¢

4 T . R T T
—3 + KN prepr 4+ KN b+ K& psspr,+ K= pspa.
(3.13)

The second component considers the terms without derivatives of the superpotential:

3 3
KoKPKAW? = 3|W P = | —— +4) |[W]? = 3|W|?
B 1-—3¢
43

1-—3¢

K D,

(3.14)

[(Re W2 4 (Im W)?

where the real and imaginary part of the superpotential can be read off as a function of the
axion polynomials directly from the modified superpotential (3.5). The third and last com-
ponent consists of the remaining terms containing derivatives of the superpotential, which
can be simplified by virtue of relation (A.11) and the holomorphicity of the superpotential:

1+ %5
1—3¢
—4Im W (nKﬁK + uAﬁA) .

K WKW + 0, WKPKGW =4 (Re Wt*dRe W + Im Wt®8eIm W)

(3.15)
In order to arrive at the simplest expression for the F-term scalar potential further sim-
plifications and manipulations have to be made, which will be discussed at length in ap-
pendix A.2. For now, we state the end result of the computation, expressed in terms of
the (modified) axion polynomials (7, B, 5%, B A, P™):

Kr+Kq - 4 3\? 1 3\?
Vi = 672 4p% + K5, + - K2 (1 + 5) Koqptpt + = p*K? (1 + 5)
Kj 9 2 9 2

4 _ 3 . R T A =~
+ gP/C (1 + 25) (prn® + prun) + KX piepr,

+ K% peps + KM pafr + K2 pyps (3.16)
2
€ - 1. K A AL N\2
+ "3 [9 <,00-|- 2]Cbp> +9(n" pr + pun)
1 2
o (on fpea-0) |}
where now D 1o
eKr+Ke = __° ¢ (3.17)

IK(1+3e) ~ 8V3(1+ 3¢)3

One notices immediately that the bilinear structure of the F-term scalar potential

prevails in the presence of curvature corrections, such that the scalar potential can still be
written as,

1 =

Ve=—pt-Z71.7p, 3.18

F 8:‘@21 P P ( )
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where the inverse metric Z~! is now modified by the K3) curvature corrections expressed
in terms of the parameter ¢,

4 0 0 0 0 0
0 Kab 0 0 0 0
e [ 00 KK (1432)7 0 0 0
e o0 0 B49” 3eE(14e) $Kus(1+]9)
0 0 0 kK (1+43e) KK KK
[\o o 0 Ziup(143) KA KM
9 0 IKa 0 0 0 \]
0 —9gtatb 0 -3Kt*(1-3¢) 0 0
9 9
g *]Cb 0 *ICGICb 0 0 0
+ 2 4 3.19
1-3c | 0 —3Kk(1-35) 0 -E(1-39> 0 0 (3.19)
0 0 0 0 InEnl onKus
0 0 0 0 InKup upus

Due to the curvature corrections, i.e. € # 0, off-diagonal terms enter in the symmetric
matrix. As we will see in the next section, this complicates the search for extrema of the
scalar potential at a technical level, but conceptually one may apply the same principles
as in [39] to explore the set of vacua in the presence of o’-corrections.

4 o'-corrected flux vacua

The previous section shows how the axion polynomial language allows to incorporate per-
turbative o/-corrections in type ITA Calabi-Yau orientifold compactifications with back-
ground fluxes. This insight allowed us to extract the bilinear structure of the scalar po-
tential in terms of the (modified) axion polynomials, but the intricacies of the curvature
corrections make the search for vacua of the full perturbative scalar potential quite de-
manding. This section is therefore devoted to exploiting well-known methods for vacua
searches in this context. More precisely, we will extend the results of [39], that analyses
non-supersymmetry Minkowski vacua and supersymmetric Anti-de Sitter vacua in terms
of the axion polynomials, to include the effect of curvature corrections. For simplicity, here
we will not consider models with mobile D6-branes.

4.1 Non-supersymmetric Minkowski flux vacua

Following [35], one may construct the mirror dual of the no-scale ISD flux vacua of [8] by
taking a particular choice of symplectic basis of three-forms with respect to the orientifold
projection. For this choice, the complex structure moduli { N*} K=o are projected out and
the four-dimensional dilaton N? = S = ¢° 4 is factorises from the other complex structures
moduli Uy in the Kéhler potential:

KCIQSD = —log (—i(S —S)) — 2log Golun). (4.1)
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The function Gg(ua) is a homogeneous function of degree 3/2 of the geometric moduli u.
The flux background consists of non-trivial RR-fluxes and a non-vanishing NS-flux hqg sup-
ported by the QR-odd three-form B°. All other NS-fluxes are set to zero, such that the
flux background can be T-dualised to an imaginary self-dual (ISD) three-form Hs — SF3
in type IIB flux vacua. Due to the absence of the NS-fluxes h* = 0, the F-terms for the
complex structure moduli U reduce to Fyy, = KxW, and because for these configurations
the on-shell superpotential (W) # 0 the corresponding vacuum configuration breaks su-
persymmetry spontaneously. Finally, by applying the unbroken no-scale symmetry in the
complex structure moduli sector, i.e. Ky K AEKE = 3, the scalar potential for ISD flux
vacua reduces to a positive semi-definite function in terms of the remaining F-terms [39]:

a0 q
VEP = S5 [ KT PraFr + K P
4
K 2 2 (4'2)
e 5 4 K 6s
— |4 2 Kab *]C2K*~a~b I i )
"@21 po+ Pan+9 P Pt 9 p+ lCPO

In the last step we used the bilinear form of the o/-uncorrected scalar potential (2.31) to
obtain a positive semi-definite expression as a function of the axion polynomials. Based
on these expressions for the ISD scalar potential, one immediately sees that the vacuum
configuration corresponds to vanishing (uncorrected) F-terms for the dilaton and Kéhler
moduli, or equivalently to the following constraints on the axion polynomials:

- . bs
po=0=p" ps=0, pt4ho=0. (4.3)

In this vacuum configuration, the first two constraints stabilise the axion £° and the Kéhler
axions, the third constraint expresses a condition on the flux quanta and the last condition
allows for the stabilisation of the four-dimensional dilaton in terms of the overall volume
Kahler modulus.

In the next phase, we investigate how the ISD flux vacua are modified in the regions
of moduli space where the perturbative o’-corrections cannot be neglected. As argued in
the previous section, the Kéhler potential for the Kihler moduli is modified by the (a/)3-
correction to expression (3.2), while the ISD superpotential also requires modifications due
to lower order o/-corrections. In particular we have that for this case the expression (3.10)
reduces to 1 )

Wisp = By + iBat" = 5Kap" = 5K — iK®p+ ispo. (4.4)

Since the o/-corrections do not violate the no-scale symmetry in the Uj-complex structure
moduli sector, the first equality of (4.2) still holds, and the same reasoning as above applies
to arrive at the vacuum configuration for the ISD flux background. That is, we may derive
the Minkowski vacuum conditions by imposing the vanishing of the F-terms for the dilaton
and Kéahler moduli. The dilaton modulus comes with the following F-term in the presence
of perturbative o’-corrections

1/ I S 1 . ~ A
Fs =5 (Zpo — 10, — 5Kap" + Kp+ K5+ SPO) : (4.5)
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while the corrected F-term for the Kahler moduli reads
2i1C,,

1
g O P b
P T I 2K ®

FT(L = ﬁa + 'L]Cabﬁa - 2

Wisp. (4.6)
We may now set both quantities to zero and solve the resulting algebraic equations explic-
itly. As in [39], we may simplify such computations by first considering the following linear
combination

t*Fra <§IC + 2K(3)> = 2iKp, + 1°7, <—§IC + 2K(3)> + iKqp (;K + 2K(3)>
] (4.7)

—Kp (SIC - K<3>> — 2pgskK.

The combined set of the algebraic equations that describe the vacuum constraints for ISD

flux vacua can be simply expressed in terms of the redefined axion polynomials (3.11). At

a first stage one can see that the vanishing of (4.5) and (4.7) is equivalent to

1
po =0, ~t"Pa+ K+ K+ s5po =0,
5 ) (4.8)
=0, 19,7 <3K + 2K<3>7> +Kp <3IC + K<3>) — 2posK = 0.

Notice that the conditions py, = 0 and p® = 0 are essentially similar to the uncorrected
case (4.3), while now we no longer have that p, = 0. The set of equations p* = 0 stabilises
the Kahler axions through the same flux quanta as in absence of o’-corrections, and the
axionic partner of the dilaton £° is stabilised by virtue of the condition p, = 0, such that
its vacuum expectation value can be expressed purely in terms of the curvature corrected
flux quanta €y and €,:

1

hot? = ——
0€ 3m2

(Kabcm“mbmc — 3€amam> — . (4.9)

Notice as well that the condition p* = 0 and the vanishing eq (4.6) imply that 54 o K4,
and so solving (4.8) is equivalent to the vanishing of (4.5) and (4.6). The remaining two
set of equations are solved simultaneously by the relations

K+ K® m®m* 3 __ 5Ka

m, ﬁa == éa - Kabci == ﬁK T 7oy (410)
3

1
K5 50 = K3
6Kp+8p0 p 2m K- KB

which clearly reduce to the previous conditions in the limit K®) — 0. They also pro-
vide explicit vacuum relations for the dilaton in terms of the flux quanta and curvature

corrections:
1 lK: + K(S) 1 ta
- _ - @6~ " - (3) I s b,,c
hos 6mlC +mK %/C 7E) 6m (lC + 6K ) + o <2mea Kaper’m ) ,
(4.11)
as well as for the Kahler moduli:
(8K -6K®) (4K -3K®) e
]Ca = Wﬁspa = W (2€am — ,Cabcm m ) . (412)
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in agreement with the results of section 4.2 in [35].% Finally, one may insert the value of the
stabilised moduli into the expression (4.4) to obtain the on-shell value of the superpotential
for this set of vacua:

K—3K®)

X IK®" (4.13)

(Wrsp) = —%ﬁ (IC + ;K(3)>
As discussed in section 5 of [39] this quantity controls the effective gravitino mass for
this set of vacua and, to some extent, the whole spectrum of flux-induced soft-terms in
models of intersecting D6-branes. It would be interesting to extract the phenomenological
consequences of the a/-corrected spectrum of soft-terms in semi-realistic intersecting D6-
brane models, a task that we leave for the future.

From the first equality in (4.2), that only relies on the choice of Kédhler metrics (4.1)
and of NS-fluxes h* = 0, it is clear that the scalar potential is positive semi-definite, as one
would expect from the mirror construction in [8]. As discussed in [39], one should be able
to see this same feature directly from the bilinear formulation (3.18) of V. Because of the
more complicated expression for Z~! when o/-corrections have been taken into account,
showing the positive semi-definiteness of V' in this case is more involved. Nevertheless, as
we discuss in appendix A.3 under the above assumptions one can rewrite (3.18) as

1 ¢

Vi = g2 Pisp - G~ Bisp, (4.14)
Ry

where prgp is a shorter vector than 7, containing as many entries as RR fluxes, but whose
entries are no longer only axion dependent but instead

Po
- 27¢ Kaor
. Pa ™ G0+ ge) K P
pI1sp = 5 ’ (4.15)
. 6(1—2e)

P T g kP

and the symmetric matrix G~! is given by

4 0 0 0
0 K 0 0
—1 Kr+K
= gelirtHa +
o=t 0 0 K2(1+3)°K,; 0
0 0 0 K2 (1 4 3¢)
9 ( + 25) (416)
9 0 SKa 0
L_¢ 0 —9gtatb 0 —3Kt*(1-3e)
1-3¢ | 2K, 0 Ky 0
2
0 —3Kt*(1-32) 0 —E(1-3¢)?

One can easily check that this matrix is positive definite and, in fact, corresponds to
the Kéhler moduli metric derived from the Ké&hler potential (3.2), as a quick comparison

8To compare with the results in [35], one needs to take into account the difference in conventions for the
definition of the fluxes, like a flip in the sign in the Romans’ parameter m.
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with (3.19) shows. As such, the minima of the potential will only be attained when each
of the entries of the vector (4.15) vanish, or in other words upon imposing:

27e K N

_ a 6 (1 — %5) s
— —3 =
Pa 41-3¢e) (14 3¢) K o P

B (1-3¢)(1+ 3¢) K
(4.17)
It is easy to convince oneself that these conditions are equivalent to the relations satisfied

in non-supersymmetric Minkowski vacua. Indeed, inserting the last relation in the third
one we find that the latter is equivalent to

9elCy,
8 (1 - fe)

Pa = 2 (4.18)
which is nothing but the second equation in (4.10). Similarly, the last relation in (4.17)

can be rewritten as
EN—i—sA _~EE1+65
S

(4.19)
which is equivalent to the first equation in (4.10).

These relations reproduce precisely the proposal of [35] to stabilise the Kéhler moduli
by virtue of o'-corrections. Whether or not this stabilisation mechanism for the Kahler
moduli is consistent relies on the possibility of finding a solution to the polynomial equa-
tion (4.12) for large values of the Kéahler moduli. In order for the o/-correction on the
left-hand side to counter-balance the tree-level overall volume, the RR-flux quanta and in
particular Roman’s mass m have to be chosen appropriately without over-shooting the RR
tadpole cancellation conditions. Notice that at the end of this academic exercise, how-
ever, the complex structure moduli still remain unstabilised in these non-supersymmetric
Minkowski vacua.

4.2 Supersymmetric AdS vacua

Just as for non-supersymmetric Minkowski vacua, o’-corrections will also affect the condi-
tions that describe AdS supersymmetric vacua in type ITA compactifications. In this case
we expect that the effect of o/-corrections is a priori less dramatic, in the sense that Kéhler
moduli and complex structure moduli are already stabilised in their absence. Nevertheless,
taking into account such corrections may be crucial in setups where moduli are stabilised at
moderately large volumes. As we will see in the following, the axion polynomial formalism
allows to treat such vacua in a somewhat equal footing as the previous case, and to easily
extend the results obtained in [39], where o/-corrections were neglected.
To analyse o'-corrected N'= 1 AdS vacua we consider a general Kahler potential

4 1 1
K = —log <3/c + 2K(3>> —2log [4Im (CZMup — ZnKIm (CFx) (4.20)
and a superpotential given by:
1 .
W =P + ipt" — SKap" — 2Kp—iK®p+ in pre + iuppt. (4.21)

6
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Following the strategy of [39], we write the different F-terms in terms of axion polynomials
and set them to zero:

_ Im(CF
Fyi = prc — im0 (w1 wig) =,
20,
Im (C2*
Fy, = o+ 2D (L wg) — o, (4.22)
260
1 2i K
— . 5 L ~ a _
Fra =p, + iKapp 21Ca,0 + 7%IC Y70 (Wr 4+ Wg) =0.

Analogously to our previous discussion, simpler equations are obtained when we consider
certain linear combinations of complex structure F-terms

h h h h
Y onEFyx + Y waFu, = D prni + Y prua +2(Wr +Wg) =0, (4.23)
K=0 A=0 K=0 A=0

from where we find the following relations:
1. . . N ) 1 . -
Po — §ICap“ =0, nEpg +unp® = glC,o — 2t%, + 2K 5. (4.24)

The same can be done with the Kahler moduli F-terms, obtaining:

(;l/c + K<3>> 19 Fra = 195, (g)/c + 2K<3>> ikl <§IC + 2K(3)> —Kp (/c + 3K<3>) ,

(4.25)
were we have used (4.24) to simplify the r.h.s. It is easy to see that this last one can
vanish if p = 0, which in turn implies that p, < K, and the vanishing of (4.25) is the
only non-trivial F-term condition in the K&ahler sector. Combining such a condition with
the first equation in (4.24) one obtains the following vacuum relations

3
10P a

Po=0, p*=0, p,= (4.26)

K+3K®)
K+2K6) |’

which generalise the conditions obtained in [39]. Comparing to eq. (3.36) therein, only the
third condition is essentially different from the uncorrected case. On the one hand, since
the first two conditions are the ones that implement the stabilisation of Kahler axions and
one linear combination of complex structure moduli, their vacuum expectation values in
terms of the fluxes will have a similar form as in [39]

= 2 = a 1 ap b, C a
eom® — me,m® + = Kopem®mm m
¢ 3 e . b= (4.27)

m? m

hKéf('f‘hAg*A = -

On the other hand, the geometric part of the Kéahler moduli, which are stabilised in terms
of the background fluxes by the third condition in (4.26), will be affected nontrivially by
the (a')3-correction term K ).
To proceed, we may insert these conditions and the second equation in (4.24) to obtain
the vacuum expectation value for the superpotential in these AdS vacua, finding that
2 _(K—3K®) (K +3K®)

(Wads) = —1zP K+ 2K® : (4.28)
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Combined with the vanishing conditions for the F-terms in the complex structure sector,
this allows to write down the stabilisation conditions for the complex structure moduli in
terms of their “dual” periods:

PK P 1 _(K=3K®)(K+3K®)

Im(CFs) 79 czM ~ 15 . 4.29
gQIm (CFKk) gQIm (CZA) 157 K+ %K(B) ( )

Again, these geometric moduli are directly affected by the cubic correction term K®), in
sharp contrast with the axionic moduli.

5 Conclusions

In this paper we have analysed type IIA orientifold flux vacua taking into account the effect
of perturbative o/-corrections in the Kahler sector. Such corrections are relevant in the
sense that they allow to combine the set of RR and NSNS fluxes used to stabilise Kéahler
and complex structure moduli in standard type ITA flux compactifications [29-33] with an
underlying Calabi-Yau geometry [35]. Such a geometry not only allows to construct a large
number of explicit examples, but also simplifies the computation of the 4d effective Kahler
potential. As a result, one has a large ensemble of flux configurations that can be analysed
as a whole.

Such a set of examples was instrumental in [38] to rewrite the F-term scalar potential
as a bilinear in flux-axion polynomials V = Z48p,pp. Even if the Calabi-Yau condition
is not essential for this reformulation (it can also be obtained for, e.g., twisted tori) it

ZAB in terms of the saxions and for p4 in terms of the

provides explicit expressions for
axions of the compactification. As we have shown, both the bilinear structure and the
separate dependence into axions and saxions is maintained in the presence of perturbative
o’-corrections. This constitutes a proof of concept that the bilinear form of the scalar
potential is valid for a large set of flux vacua. It also supports the idea that the factorised
dependence into axions and saxions should occur as long as it is a good approximation to
assume that fluxes do not affect the 4d Kéhler metrics of the light fields, or in other words
that Z4P is independent of the p4.

We have seen that certain o/ corrections modify the definition of the flux-axion polyno-
mials p4, in the sense that they redefine the basis of quantised fluxes. Others, namely the
cubic correction K®) that enters the Kihler potential as in (3.2), only affect the expression
for ZAB. Armed with the explicit expressions for both quantities, we have written down
the full scalar potential and analysed several of its vacua. We have first considered the
class of Minkowski vacua studied in [35], and shown that in this case the potential can be
written as a bilinear positive definite form (4.14), as expected from mirror symmetry. The
vanishing of each of the entries of the vector (4.15) gives the vacuum conditions for this
class of compactifications, and reproduces the results in [35]. Second, we have considered
how «’-corrections modify the vacuum conditions of supersymmetric AdS flux vacua, fol-
lowing the same strategy as in [39] and rewriting the vanishing F-term conditions in terms
of axion polynomials and solving for them. As in the case of Minkowski vacua, we have
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found that the cubic correction K®) only affects the stabilisation of geometric of saxionic
moduli, while the other two corrections also affect (implicitly) the stabilisation of axions.

It would be interesting to extend our results to include more general classes of type
ITA flux vacua. For instance one could add open string sectors, like e.g. mobile D6-branes,
and see how o/-corrections modify the scalar potential in [38] and the corresponding vacua
analysed in [39]. Tt would also be interesting to see how the effect of o'-corrections modi-
fies the spectrum of soft masses in non-supersymmetric flux vacua, extending the analysis
of [39]. In addition, it would also be interesting to compute the effect of perturbative
o/-corrections for non-Calabi-Yau geometries. In general, we expect that a better under-
standing of a/-corrections in all these cases will allow to root the landscape of type ITA
flux vacua on firmer ground.
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A Full computation of the a’-corrected potentials

A.1 o/-corrected Kihler potentials

The compactification of Type ITA string theory on six-dimensional Calabi-Yau orientifolds
results in a four-dimensional effective field theory corresponding to N = 1 supergravity
coupled to chiral and vector superfields. The chiral supermultiplets comprise of the Kéahler
and complex structure moduli, which parameterise the moduli space associated to the
Calabi-Yau metric. In the absence of D-branes, the closed string moduli space factorises
properly into a Kahler moduli space and a complex structure moduli space, which are both
equipped with a moduli-dependent Kéahler metric arising from the Kéhler potential:

K = Ky + Kqg = —10g(GrG), (A.1)

where the functions Gr and Gg have been introduced in section 2.1. The factorability of
the moduli space naturally exhibits itself in the Kéhler potential as well, yet the product
g = nggg can be considered as a whole in which case it is a homogeneous function of

degree seven in the geometric moduli 1® € {t*, n® uy}:

P20aG = (t"0p + n 0, + urdu,) G = TG. (A.2)
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From this homogeneous function G, the Kéhler metric on the moduli spaces can be com-
puted straightforwardly,

1 0aG

Ka= —5 "2, (A3)
1 (005G 0.G050
Kg=—7 ( . * ) . (A1)

By employing the homogeneous property (A.2) of the function G it is easy to verify that
the inverse metric is given by,

KoP = §w%ﬂ —4GGe8, (A.5)

where G is the inverse of 0008G. Property (A.2) also implies some additional relations,
KKz = —2iy*, (A.6)

and

Ko K*Kg=1, (A7)

that are typical for no-scale symmetries in the closed string moduli sector of Calabi-Yau
(orientifold) compactifications. As pointed out in section 3, these no-scale symmetries rely
on the hidden assumption that we consider large volume regions in the K&ahler moduli
space. Away from this large volume limit, perturbative curvature corrections in o/ have
to be taken into account, which alter the Ké&hler potential for the Kéhler moduli space
but maintain the factorability of the closed string moduli space. As such, the modified
Kahler potential derived in (3.2) allows to compute the K&hler metric in the same manner
as equation (A.4) using the modified function Gp:

3 K
g =3t Ka A8
2K 1+ 3e) —
3 1 3 3
Kaf = —-———— IC (1 + 6) ICab - ’Cale> ) (Ag)
’ 21C2(1+g£)2< 2 2

while the inverse metric in the presence of perturbative o’-corrections is given by:

z 2 3 totb
ab _ % e ab
K = 3IC (1 + 26) (IC 37}C(1 — 35)) . (A.10)

Subsequently, relation (A.6) is modified as well in the Ké&hler moduli sector due to the
curvature corrections:

KYK; = —2it*—2 Al
b 1 e ( )
which immediately implies the violation of the no-scale symmetry:
5 3
KYK, K; = ——. A12
b1 — 3¢ ( )

This set of relations for the Kahler moduli sector turned out to be crucial for the compu-
tation of the F-term scalar potential obtained in section 3.2.
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A.2 o/-corrected scalar potential

Next, we discuss the computation of the F-term scalar potential in full detail and highlight
some manipulations that help us to arrive at the more elegant bilinear form of the scalar
potential in equation (3.18). The philosophy used in section 3.2 consists in decomposing
the F-term scalar potential in three separate terms and write each term as a function of
the (a'-corrected) axion polynomials in the simplest form possible. Given that the Kéhler
potentials still factorise between the Kéahler moduli and complex structure moduli sector,
the term containing the derivatives of the superpotential can be written as,

W K PO = Opa WK 6T + Oy WK ToNu W + Oy WK N W
+ Oy WEKSLONL W + Oy WK ™20 W
— K <pa - ;ﬁ/ca) <pb - ;ﬁlcb> KK o Ky
+ KN prepr + KNNpgcpn + K pspr + K2 pspa. (A.13)
Inserting the expression for the inverse Kahler metric (A.10) on the Kéhler moduli space

allows to simplify this relation to the expression in (3.13). Moreover, this expression can
be further rewritten as,

2
Do W KPO;W = K5, 5, + g/@ (1+§5>2 K %0 + 1 fgi (Kap™)? + ;K2ﬁ2(11t§;)€€)
2
- %ﬁIC (ImW + %ﬁ/c + pKe — prn® — ﬁAuA) (1141*;;:6)
+ KN pyepr + KNNpgepa + K= psspr + K= pspa, (A.14)
by eliminating p,t* through the expression for Im W,
Im W = p,t* — 1ﬁic — pKe + prn® + pPun. (A.15)

6

The second component (3.14) is a consequence of imposing the no-scale symmetry in the
complex structure moduli sector and the modified relation (A.12) in the presence of per-
turbative o'-corrections. The third component (3.15) of the F-term scalar potential results
from the factorisation of the Kéahler potentials (A.1) for K&hler moduli and complex struc-
ture moduli, after which one uses the relation (A.6) for the complex structure moduli
sector and the modified relation (A.11) for the Kéhler moduli sector. Then, we combine
the second component (3.14) and third component (3.15), upon multiplication by (1 — 3¢),
to obtain a simplified expression written entirely in terms of the axion polynomials,

3
(4—3¢)|[W|*—4 <1+ 25) [Re Wt%0raRe W +Im W20 Im W] —4(1—3e)Im W (nL o +up p™)

15
= (4 — 3¢)p8 + IKap Poe — (Kap™)? <1 + 45) — 9eIm W (15, — prn®™ — p™ua)

+ pKIm W <§ — %5(1 — 6€)> . (A.16)
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Adding up the three components correctly, one can then deduce the final expression for
the scalar potential including the perturbative o’-corrections, namely equation (3.16), by
manipulating the end result further and separating zeroth order terms O(g"), similar to
the ones that appear in the inverse metric (2.32), from higher order e-corrections.

A.3 Alternative computation of the ISD scalar potential

In section 4.1 a positive semi-definite form of the scalar potential in the presence of ISD
flux was used to extract the non-supersymmetric Minkowski vacuum configuration in term
of the axion polynomials. The precise form of this scalar potential can be derived by a
series of computations that start from the T-dual Type IIB picture. In Type IIB the scalar
potential associated to ISD flux vacua is explicitly positive definite when expressed in terms
of the background ISD G35 fluxes, see e.g. appendix A of [§],

Ve 1 / |G3 + @ %¢ G3’2

GKP —
24VM16 po D (A.17)
= W /MG (Re G3 — xgIlm Gg) VAN *G(Re G3 — xglm G3),

with the three-form flux G3 = F3 — 7H3 and 7 = Cy +ie~? the (four-dimensional) axio-
dilaton. According the appendix A of [35] the Type IIB three-form flux can be T-dualised
to the closed string fluxes of Type IIA compactifications, when one considers the following
decomposition of the G3-flux in terms of harmonic three-forms,

60
ﬁa

Gy =— (60 + Shg, eq, —m, ma) .

(A.18)

In order to evaluate the scalar potential for the ISD-flux background, one needs to determine
the Hodge duals of the harmonic three-forms [31, 35],

X6 <_5;[> =M (;@) . (A.19)

The transformation matrix M~ can be further decomposed in terms of the matrices
R = Re(N7y) and Z = Im (N7y),

- 771 TR i 7-1 I-R
M= (—Rzl I+R21R> - (—R ]1) ( I) ( I ) (A.20)

which follow form the moduli-dependent matrix N7; computed directly [31] from a pre-

potential F,
(Im F) ;g XK (Im F) ;L X
XE(Im F)g Xt

Nijg=Frj+2i (A.21)

where XX represent the homogeneous coordinates used to parameterise the corresponding
moduli space. In the absence of perturbative o/-corrections one can insert the tree-level
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pre-potential (2.6) for the K&hler moduli sector to obtain the respective matrices, while
the inclusion of the perturbative curvature corrections requires us to use the modified
pre-potential (3.1). In the latter case, the resulting transformation matrix M~! can be
decomposed as

ML= _th RL.GTL.RTM.Q, (A.22)
with R the axion rotation matrix,
1
b 5
R= | Lk bbbt L bbk 1o (A.23)
sl b* —Kijrb* 8
and the lower order curvature corrections K(g) and KC(LZ) encoded in the matrix Q,
10 0 -K
Q= 8 50? _?GISZ) —féfdl,) , (A.24)
00 g 1

Furthermore, the symmetric matrix G~! incorporates the curvature corrections propor-
tional to K in the form of the parameter e,

40 0 0
Gl 1 0 K 0 0
K{+3e) |0 0 K (1+3e)? 0o
00 0 aKr(143e) K
_ (A.25)
9 0 0 IKa
c 0 —9tat® 3Kt (1-3¢) 0
_|_
1=3c| 0 3Kth(1-3¢) -2 (1-3¢)2 0
5K 0 0 KK

By using the Hodge duality relations (A.19) we can rewrite the ISD three-form flux in
terms of the matrices R and Q and the (modified) axion polynomials (3.11) as follows,

t

Po 50
Pa+ T a0 (i35 K 5P0 a
“Re(Gy) + ol (G) = | VAT T @ | 2L @)
-y — — " 47 S5 -
P s (143e) K0 o,

~a

Next, we evaluate the expression of the scalar potential (A.17) for this flux background and
use the Hodge duality relations for the harmonic three-forms (A.19), such that a bilinear
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structure in terms of the axion polynomials emerges explicitly. After the appropriate Weyl
rescaling to 4d Einstein frame we obtain

t

Po Po
— 27¢e Ka o5 — 27¢ Ka o5
Vo = ofriiiq | P O () K g1 | P T A g K
Gkp=¢€ i, . A
(1-3¢)(1+3) K0 P 391432 KO
P p°

(A.27)
with G~ = K(1+ 3¢)G~!. Note that this expression is equivalent to equation (4.14) upon
rotation of the axion basis by the transformation matrix T,

100 0
0620 0

T = a A.28
000 -1} ( )
003 0

which equally allows to switch between the flux quanta basis (eq,eq, —m, m®) and
(€0, €q, m*, m).
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