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ABSTRACT: We analyse the flux-induced scalar potential for type ITA orientifolds in the
presence of p-form, geometric and non-geometric fluxes. Just like in the Calabi-Yau case,
the potential presents a bilinear structure, with a factorised dependence on axions and
saxions. This feature allows one to perform a systematic search for vacua, which we
implement for the case of geometric backgrounds. Guided by stability criteria, we consider
configurations with a particular on-shell F-term pattern, and show that no de Sitter extrema
are allowed for them. We classify branches of supersymmetric and non-supersymmetric
vacua, and argue that the latter are perturbatively stable for a large subset of them. Our
solutions reproduce and generalise previous results in the literature, obtained either from
the 4d or 10d viewpoint.
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1 Introduction

One of the major challenges in the field of string theory is to determine the structure of

four-dimensional meta-stable vacua, a.k.a. the string Landscape. Progress in this program

has recently taken an interesting turn, as it has been argued that general quantum gravity

arguments significantly constrain such structure [1-3]. In this context, two of the most

dramatic proposals address the difficulties to construct meta-stable de Sitter vacua [4—6]

and to achieve separation of scales in anti-de Sitter ones [7, 8]. Remarkably, type ITA flux

compactifications have played a key role in motivating and in testing both Swampland



conjectures. To some extent this is because, in appropriate regimes, type IIA moduli
stabilisation can be purely addressed at the classical level [9-12], opening the door for a
direct 10d microscopic description of such vacua. For instance, this feature has recently
been exploited in [13-15] to test the AdS distance conjectures.

Despite all these key features, it is fair to say that the general structure of geometric
type ITA flux compactifications is less understood than their type IIB counterpart [16-20].
Part of the problem is all the different kinds of fluxes that are present in the type IIA setup,
which, on the other hand, is the peculiarity that permits to stabilise all moduli classically.
Traditionally, each kind of flux is treated differently, and as soon as geometric fluxes are
introduced the classification of vacua becomes quite involved.

The purpose of this paper is to improve this picture by providing a unifying treatment
of moduli stabilisation in (massive) type IIA orientifold flux vacua. Our main tool will

ZAB

be the bilinear form of the scalar potential V = papp found in [21-23], where p4 are

ZAB only

axion polynomials with flux-quanta coefficients and the entries of the matrix
depend on the saxions. While this bilinear structure was originally found for the case of
Calabi-Yau compactifications with p-form fluxes, building on [24] we show that it can be
extended to include the presence of geometric and non-geometric fluxes, even when these
fluxes generate both an F-term and a D-term potential.

With this form of the flux potential, one may perform a systematic search for vacua,
as already carried out for the Calabi-Yau case [25-27]. We do so for the case of orientifold
compactifications with p-form and geometric fluxes, which are one of the main sources of
classical AdSs and dS4 backgrounds in string theory, and have already provided crucial
information regarding swampland criteria. On the one hand, the microscopic 10d descrip-
tion of AdSs geometric flux vacua has been discussed in several instances [28-33]. On the
other hand, they have provided several no-go results on de Sitter solutions [34—40], as well
as examples of unstable de Sitter extrema that have served to refine the original de Sitter
conjecture [41]. Therefore, it is expected that a global, more exhaustive description of this
class of vacua and a systematic understanding of their properties leads to further tests,
and perhaps even refinements, of the de Sitter and AdS distance conjectures.

To perform our search for vacua we consider a certain pattern of on-shell F-terms, that
is then translated into an Ansatz. Even if this F-term pattern is motivated from general
stability criteria for de Sitter vacua [42-46], one can show that de Sitter extrema are
incompatible with such F-terms, obtaining a new kind of no-go result. Compactifications
to AdS4 are on the other hand allowed, and using our Ansatz we find both a supersymmetric
and a non-supersymmetric branch of vacua, intersecting at one point. In some cases we
can check explicitly the perturbative stability of the non-SUSY AdS,4 branch, finding that
the vacua are stable for a large region of the parameter space of our Ansatz, and even
free of tachyons for a large subregion. We finally comment on the 10d description of this
set of vacua.

The paper is organised as follows. In section 2 we consider the classical F-term and
D-term potential of type IIA compactifications with all kind of fluxes and express both
potentials in a bilinear form. In section 3 we propose an F-term pattern to avoid tachyons
in de Sitter vacua, and build a general Ansatz from it. We also describe the flux invariants



Cohomology group Hi’l H™! Hf_’z H*? H3 H3

Dimension hi’l Rt Rt hil Rl 41 | Rl 41

Basis Wa Wq w® @ | ar,Br| B, ax

Table 1. Representation of various harmonic forms and their counting.

present in this class of compactifications. In section 4 we apply our results to configurations
with p-form and geometric fluxes, in order to classify their different extrema. We find two
different branches, that contain several previous results in the literature. In section 5 we
discuss which of these extrema are perturbatively stable, as well as their 10d description.
We draw our conclusions in section 6.

Some technical details have been relegated to the appendices. Appendix A contains
several aspects regarding NS fluxes and flux-axion polynomials. Appendix B develops the
computations motivating our F-term Ansatz. Appendix C contains the computation of the
Hessian for geometric flux extrema.

2 The Type ITIA general flux potential

Type IIA compactifications with orientifolds and fluxes represent a particularly interesting
corner of the string landscape, as already the classical potential generated by p-form fluxes
suffices to stabilise all moduli [11, 12]. Even so, as pointed out in [47] one may consider a
larger set of NS fluxes for this class of compactifications, related to each other by T-duality.
Taking them into account results into a richer scalar potential, as analysed in [48-53]. In
this section we consider the scalar potential obtained from the set of geometric and non-
geometric fluxes defined over a Calabi-Yau manifold. As shown in [24], such a potential
can be expressed in a quite compact form, reminiscent of the bilinear expression introduced
in [21, 23] for the case with p-form fluxes. This last form is particularly useful to study
the vacua of the scalar potential, as demonstrated in [25-27] (see also [54]). Therefore in
the following we will adapt the results of [24] to rewrite the potential in a bilinear form, in
order to perform our moduli stabilisation analysis in subsequent sections.

2.1 Type IIA orientifolds with general fluxes

Let us consider type IIA string theory compactified on an orientifold of X4 x Xg with
X a compact Calabi-Yau three-fold. We take the standard orientifold quotient by
Q,(—)FTR [20, 55-57],! with R an involution of the Calabi-Yau metric acting on the Kéihler
2-form J and the holomorphic 3-form Q as R(J) = —J and R(Q) = €2}, respectively.
In the absence of background fluxes and neglecting worldsheet and D-brane instanton
effects, dimensional reduction to 4d of the closed string sector yields several massless chiral
fields, whose scalar components are described in terms of the Calabi-Yau harmonic forms
and their R eigenvalue [58]. We summarise in table 1 the various R-even and odd cohomol-
ogy groups of Xg, together with their harmonic representatives. Moreover, we consider the

Here Q,, the worldsheet parity reversal operator and Fr spacetime fermion number for the left movers.



basis of harmonic representatives to be quantised in units of the string length £; = 2wv/ o/,
such that they satisfy

1 1 1 N

E X6(I)6:1> Eg/xﬁw(j’/\wb/\w(::’cabc’ gg/XGwa/\wa/\w/j:K:aaﬂ7
1 b b 1 -
Eg/)(gwa w a g(s) X(;wa w «
1 1
76/ Oq/\ﬁ‘]:é]‘], 76/ agABA:52A, (2.1)
Zs Xe Es Xe

A

where Kype, Koap are triple intersection numbers and we have introduced the normalised
volume form ®g. We define the complexified K&hler moduli 7% = b* + ¢t* through

Jo=Bties ] = (b +it") wa, (2.2)

where J is expressed in the Einstein frame and ¢ is the 10d dilaton. The kinetic terms for
these moduli is encoded in their Kahler potential

Ki = —log (é/cabC(Ta _ oy (Tt — TO)(T° — TC)) — log (§/c> (23

where K = K t?°t¢ = 6Volyx, = %QT is homogeneous of degree three on the t*.

The remaining moduli of the compactification are a combination of complex structure
moduli and axions arising from the RR three-form potential C3. To define them one first
expands the CY three-form as

O =Z"a, — F\B, (2.4)

where (o, ) € H3(Meg,Z) is a symplectic basis of three-forms. The orientifold projection
decomposes this basis into R-even (o, BY) € Hﬂi and R-odd 3-forms (8%, ap) € H3, and
eliminates half of the degrees of freedom of the original complex periods of €2. Then one
defines the complexified 3-form €, as

Q. =C3+iRe(CQ), (2.5)

where C = e~ 9103 (Kes=KT) ap4 K. = —log (zl% fX6 QA ﬁ) Finally, the moduli includ-
ing the complex structure defined as:

NE = ¢K 4 jnK = E;?’/ QABY, Uy =éx+iuy = eg3/ Qo haxn.  (26)
XG XG
Their kinetic terms are given in terms of the following piece of the Kéhler potential:
1 1
Ko = —2log <4Re (CZ5)Im (CFg) — Im (CZMRe (CIA)) = 4D, (2.7)

where D is the four-dimensional dilaton eP = Veli‘f/? The periods Fx and F, are ho-
o

X6

mogeneous functions of degree one in ZX and Z%, and so the function Gg = e Ka/2

is
homogeneous of degree two in n’*, u,. These moduli are redefined in the presence of D6-
brane moduli, and so is the Kéhler potential (2.7) [22, 23, 59, 60]. For simplicity, we will

not consider compactifications with D6-brane moduli in the following.



In addition to the spectrum of chiral multiplets, vector multiplets arise from the di-
mensional reduction of the closed string sector. More precisely, dimensionally reducing the
RR potentials yields

O3 =Bag + 68 + A0,  C5 =0y B’ + Clax + Au@°, (2.8)

where Co 7, C3' are the 4d two-forms dual to the axions £¥, ¢,, respectively. The vectors
A represent each of the U(1) gauge generators of the closed string sector, with gauge
kinetic function

2fop =i Kaap T, (2.9)

and their magnetic duals correspond to [60]
d (Aq = Kaapb A7) = —2Re fog +1 dA” — 2Im fopdA”. (2.10)

The flux superpotential. The flux superpotential including RR and geometric and
non-geometric NS fluxes is described in terms of a twisted differential operator [49]

D=d+HAN+ f<+ Q>+ Re, (2.11)

where H is the NS three-form flux, f encodes the geometric fluxes, @) that of globally-non-
geometric fluxes and R is the locally-non-geometric fluxes, see e.g. [52, 61] for more details.
The action of various fluxes appearing in D is such that for an arbitrary p-form A,, the
pieces H N A,, f<Ap, Q> Ay and Re A, denote a (p+3), (p+1), (p—1) and (p — 3)-form
respectively. We describe their action on the basis of harmonic forms in appendix A. In
addition, the internal RR fluxes can be gathered in a single polyform

Frr=Fy+ F+ F;+ Fs. (2.12)
Given these definitions, the flux-generated superpotential reads W = Wrgr + Wg [48, 49]
War = 1/ e N Frr,  Wxs = 1/ Q.AD (eJc) . (2.13)
€3 Jxs €3 Jxs
Expanding the p-form field strengths in the basis of quantised forms
Fo=-m, F=mlw,, F;=—e,&% Fs=ey®Ps, H=hgBX —nhtay, (2.14)

and using the action of the NS fluxes on such a basis as given in (A.1), one obtains the
following expressions [48-52]

1
lsWrr = o +eaT” + 5 Kapen“T"T* + % Kape T*T"T*, (2.15)
1 1
(sWNs = U By + fopT® + SKae T T°Q% + & Kape T*T'T Ry |, (2.16)

where for simplicity we have collected both sets of moduli (V KU A) into U#, and modified
the definition of the fluxes accordingly. Here eg, eq, m®, m, hy, fou, Q%u, R, are all integers.



2.2 The F-term flux potential

Under the assumption that background fluxes do not affect the Kéhler potential pieces (2.3)
and (2.7),? one can easily compute the F-term flux potential for closed string moduli via
the standard supergravity expression

K3 Vi = e (K45 D oW D W — 3|W[?), (2.17)

where the index A = {a, pu} runs over all moduli. As in [21, 23], one can show that this
F-term potential displays a bilinear structure of the form

ki Ve = pa 2% ps, (2.18)

where the matrix entries Z42 only depend on the saxions {t?, n*}, while the p4 only
depend on the flux quanta and the axions {b% &#}. Indeed, one can easily rewrite the
results in [24] to fit the above expression, obtaining the following result.

The set of axion polynomials with flux-quanta coefficients are

PA= {pOapaaﬁaaﬁapuapamﬁZ>ﬁu}7 (2.19)

and are defined as

a 1 apbrc m arbyc m
65100 =ep + eab + §Kabcm b°b° + E’Cabcb b’b° + puﬁ y (220&)
lspa = €q + Kabemb° + %Kabcbbbc + papc (2.20Db)
(op® = m® + mb® + Er, (2.20¢)
lsp=m+ pu&", (2.20d)
and
a 1 bica 1 a1bic
Copp = Ty + faud® + 5Kabel b Qy + SRapeb VDR (2.21a)
1

gspau - fau + ’Cabcbeﬁ + ilcabcbbbcRu s (2.21b)
lsPy = Qp + V"R, (2.21c)
Uspy = Ry, . (2.21d)

The polynomials (2.21) are mostly new with respect to the Calabi-Yau case with p-form
fluxes, as they highly depend on the presence of geometric and non-geometric fluxes. As
n [23], both (2.20) and (2.21) have the interpretation of invariants under the discrete
shift symmetries of the combined superpotential W = Wgrpr + Wng. This invariance is

2The validity of this assumption should not be taken for granted and will depend on the particular class
of vacua. The results in [8, 14, 15] suggest that it is valid in the presence of only p-form fluxes Frgr, H.
However, [13] gives an example of compactification with metric fluxes in which the naive KK scale is heavily
corrected by fluxes, and so should be the Kéhler potential.



more manifest by writing ¢sp4 = RaPqp, where g4 = {eo, ey, mb, m, Py fou, Qbu, Ru}
encodes the flux quanta of the compactification and

10 TKape b0 ¢ Kape b2 00 0°
Ro Ro &* 0o & Kape b° LICape 0O b€
R = Ro = ¢ 2 2.22
[0 Rodt]” "o o 5 b - 22
0 0 0 1

is an axion-dependent upper triangular matrix, see appendix A for details. Including

curvature corrections will modify Ry, such that discrete shift symmetries become manifest,

and shifting an axion by a unit period can be compensated by an integer shift of g4 [26].
As for the bilinear form Z, one finds the following expression

G O
AB _ K
748 = ¢ [ o c] : (2.23)
where
40 0 0 0 0 0 —Zu
0g® 0 0 0 0 Zuvsy 0
G = , 0= 377 , 2.24
00 *§gu 0 0 —2%ust 0 0 (2:24)
oo o X w0 0 0
chv 0 —avke 0
0 w9 + gibuku” 0 —ghvgak
C= g 6 (2.25)
_awKe lowpe o o4 4K2 BV ‘
= 0 7€ ol + “5—Gapu" U 0
0 —errpbk 0 K2 v

Here K = K + Kq, gap = 10100p K = 30,00Kk, and ¢ = 1000 Kg = 10,0, Kq,
while upper indices denote their inverses. Also u* = ImU* = (nK ,up) stands for the
complex structure saxions, and we have defined K, = Kapet?t and v = ™ — 4uty”.
Compared to the Calabi-Yau case of [23, 27] the matrices C and O are more involved,
again due to the presence of geometric and non-geometric fluxes. Interestingly, the off-
diagonal matrix O has the same source as in the Calabi-Yau case, namely the contribution
from the tension of the localised sources after taking into account tadpole cancellation.
Indeed, the contribution of background fluxes to the D6-brane tadpole is given by [48]

DFRrr = — (mhu - mafau + eaQau - eORu) ﬁll ) (2'26)

which can be easily expressed in terms of the p 4. The corresponding absence of D6-branes
needed to cancel such tadpole then translates into the following piece of the potential

4 _ ~ - N
KiViee = € K" (Ppp = 5" pays + Pab’ s = po p) (2.27)

which is nothing but the said off-diagonal contribution.



Putting all this together, the final expression for the F-term potential reads
) S
405 + 9" papy + — o ganP" B’ +

5 o P pupy + (@t + g**uu" ) payupun

KAVE = ek

o Ka Ky 4K? w K2 Ak, 4K,
+ (c“”;2 + ggabU“uV) Py + 36 Pubv =~ popy + = papy,

e 4K K
R SR pw,sy} . (2.28)

This expression generalises the result of [23] and can be easily connected to other known
formulations of (non-)geometric potentials in the type ITA literature, e.g. [10, 37, 62, 63].

2.3 The D-term flux potential

In the presence of a non-trivial even cohomology group H_lF’l, U(1) gauge symmetries arise
from the closed string sector of the compactification. In addition, as pointed out in [51, 53],
the presence of geometric and non-geometric fluxes will generate a D-term contribution to
the scalar potential. This can be computed as

1
Vp = 5 (Ref)™" " Do Ds. (2.29)
where D, is the D-term for the U(1) gauge group corresponding to a 1-form potential A¢
Do = i04K 00 + Ca (2.30)

where d,0# is the variation of the scalar field ¢ under a gauge transformation, and (,
is the corresponding Fayet-Iliopoulos term. In order to find the explicit expression of the
D-term potential we perform a gauge transformation on the gauge bosons in (2.8)

AY Ay, — A 4+dN\Y, Ay — Ay +dA . (2.31)

The transformation of the RR p-form potential Crr = C1 + C3 + C5 + ... can then be
given in terms of the twisted differential D given in (2.11)

Crr — Crr+ D (A @y + Ao @) (2.32)
= (€K+)‘afaK+>\aQAaK) K — (§A+>\afaA+>\aQAaA) 5A+"-
where we have used the flux actions given in (A.1), with fo 5, QK Foa, Q%) integers.

This transformation shows that the scalar fields €%, £, are not invariant under the gauge
transformation, leading to the following shift in the A= 1 coordinates U* = (N, U,),

SUM = X\ Fol 4 Ay Q¥ (2.33)

where we have again unified the NS fluxes under the index p. Note that due to the Bianchi
identities (A.6) only the combinations of fields U* invariant under (2.33) appear in the
superpotential and, as a result, the Fayet-Iliopoulos terms vanish. Interpreting (2.33) as
gaugings of the U(1) gauge fields and their magnetic duals one obtains the D-terms

1 I . 1 R
Do = 50,K ( Foul o+ lcaaﬁb“Qﬁ“) D= 0K Q™ (2.34)



Taking into account the kinetic couplings (2.9) we end up with the following D-term scalar
potential

Vo = — 10uK0K (In K7 (Ful 4+ Kb Q) (F5 + Ko Q™)

+Im Iéoz,BQaM Qﬁy) ) (235)

where Iéag = I@aag T®. Alternatively, one may obtain the same potential by following the
tensor multiplet analysis of [64, 65].%

Finally, one can rewrite this expression in a bilinear form similar to (2.18) by defining
the following flux-axion polynomials

esﬁau = oncN + Ieaaﬁ b* Qﬁ,u ) gsﬁau = Qa,u ) (236)
so that one has
1 3909, K0, K 0 0"
2 _ A ~ K ut Gy B
Vp = - R )
R4 VD 4 [pa P } [ 0 ZéCgaﬂauKayKl lﬁﬁy
1 3 o 2K —all ~
= Z%K&,K (mcgaﬁpa”ﬂﬂy + ?gaﬁ Paupﬁy) ) (2.37)

with go5 = —%Im l@ag and ¢®? its inverse. It is then easy to see that the full flux potential
V = Vg + Vp can be written of the bilinear form (2.18), by simply adding (2.36) to the
polynomials (2.19) and enlarging Z accordingly.

3 Analysis of the potential

While axion polynomials allow for a simple, compact expression for the flux potential,
finding its vacua in full generality is still quite a formidable task. In this section we discuss
some general features of this potential that, in particular, will lead to a simple Ansatz
for the search of vacua. In the following section we will implement these observations for
the case of compactifications with geometric fluxes. As the D-term piece of the potential
will not play a significant role, in this section we will neglect its presence by considering
compactifications such that h}r’l = 0. Nevertheless, the whole discussion can be easily
extended to a more general case.

3.1 Stability and F-terms

Given the F-term potential (2.28), one may directly compute its first derivatives to find
its extrema and, subsequently, its second derivatives to check their perturbative stability.
However, as (meta)stability may be rather delicate to check for non-supersymmetric vacua,
it is always desirable to have criteria that simplify the stability analysis.

3This result is different from the type ITA D-term potential of [53], and recovers the expected discrete
gauge symmetries related to b-field shifts. The same strategy can be applied to type IIB setups with
non-geometric fluxes, recovering the full scalar obtained by DFT dimensional reduction in [66].



A simple criterium to analyse vacua metastability for F-term potentials in 4d super-
gravity was developed in [42—46], with particular interest on de Sitter vacua. As argued in
there, the sGoldstino direction in field space is the one more likely to become tachyonic in
generic de Sitter vacua. Therefore, a crucial necessary condition for metastability is that
such a mass is positive. Interestingly, the stability analysis along the sGoldstino direction
can essentially be formulated in terms of the Kéhler potential, which allows analysing large
classes of string compactifications simultaneously.

Following the general discussion in [42-46] the sGoldstino masses can be estimated by

2
m? = (3m3y + K3V) 6 — gmﬁv, (3.1)

where mg/; = eX/2|W| is the gravitino mass, and

0= g ~ Rapenf P rofP, (3.2)

is a function of the normalised F-terms f4 = 7z With G4 = D4W, and the Riemann

Ga
(GAGA)
curvature tensor R ,5-p. Therefore, if V' is positive so must be &, or else the extremum
will be unstable. Reversing the logic, the larger & is, the more favorable will be a class of
extrema to host metastable vacua.

It is quite instructive to compute & in our setup. Notice that because the Riemann
curvature tensor only depends on the Kéhler potential, the analysis can be done indepen-
dently of which kind of fluxes are present. Moreover, because the moduli space metric
factorises, R 450p # 0 only if all indices correspond to either Kéhler or complex structure

directions. As a consequence, the normalised F-terms can be expressed as

fA = (COS 5 Ya, sin /8 g,u) (3.3)
where g, = 0 Gag“)l 720 9u = 7 Gug“)l 7 are the normalised F-terms in the Kéhler and complex
a Iz
/
structure sectors, respectively, and tan § = % Therefore we have that
A 2 4 b i . 4 % 0
6 =3~ (cos )" Rypegg9"g°g" — (sin B)" Rno 99797 9" - (3.4)

Following the discussion of appendix B, one finds that the terms R ;.; g“gl_’gcgJ and
R,pop " g g% gP are respectively minimized by

YK
a = 7Ka7 =
g \/§ gu

where v, v € C are such that |yx|? = |7g|? = 1. In this case we have that

i
5K (3.5)

G=2_ (cos B)* - (sin 8)"

= = , (3.6)

N

and it is positive for any value of 5. The choice (3.5) corresponds to F-terms of the form

Ga={Ga,Gu} = {arxKq, agK,} , (3.7)

~10 -



with ax, ag € C, the maximum value of (3.6) being attained for ax = ag or equivalently
tan 8 = 2/4/3. Remarkably, the explicit branches of vacua obtained in [27] have this F-
term pattern.® In the following we will explore type ITA flux vacua whose F-terms are of
the form (3.7), assuming that they include a significant fraction of perturbatively stable
vacua. It would be interesting to extend our analysis to other possible maxima of & not
captured by (3.5).

An F-term Ansatz. As it turns out, (3.7) can be easily combined with the bilinear
formalism used in the previous section. Indeed, as pointed out in [23], F-terms can be
easily expressed in terms of the axion polynomials p4. The expressions in [23] can be
generalised to the more involved flux superpotential (2.15) and (2.16), obtaining that

_ 3K 1. 1
Go= [pa — Kappbut — =2 (t“pa +u'py — glepZU“ + Kp)}

2 K 6
. B 3K 1, ., 1. .
+1 [Icabﬂb + paput + ifa (PO — t"ut poy — §Kbpb - 6ICPMUN>} ) (3.8)
1. . 0K 1. 1.
Gu = {pu = 5Kapy + ”T <t“pa +utpy — ilepZU“ - 6’@)}
4 1. 9,K 1., 1
+1i (t“pau — 6P~ “T (Po — t"ut pay — §’Cb/0b + 6/C/JHU“)) : (3.9)

Therefore, to realise (3.7), one needs to impose the following on-shell conditions

Pa — Kappou = 0;'P 9, K (3.10a)
Kapd® + paput = €51 Q9. K (3.10D)

Py — %/caﬁg =0 MO, K, (3.10c)
t*pap — éICﬁM =0;'N O, K , (3.10d)

where P, Q, M, N are real functions of the moduli. In the next section we will impose
these conditions for compactifications with geometric fluxes, obtaining a simple Ansatz for
the search of type ITA flux vacua.

3.2 Moduli and flux invariants

If instead of the above Ansatz we were to apply the more standard strategy of [27], we would
compute the first and second derivatives of the potential (2.28), to classify its different
families of extrema and determine the perturbative stability of each of them. As pointed
out in [23] for the Calabi-Yau case, the derivatives of the axion polynomials (2.20) and (2.21)
are themselves combinations of axion polynomials, see appendix A for the expressions in
our more general setup. As a result, all the derivatives of the potential are functions of the

“More precisely, S1 vacua branches in [27] are of the form (3.7). The solutions found within the branches
S2 correspond to cases where the complex structure metric factorises in two, and so their F-terms are
specified in terms of a third constant «. Finally, F-terms for Minkowski vacua with D6-brane moduli also
have a similar structure, except that (3.7) should be written in terms of contravariant F-terms [25].
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saxions {t*,u*} and the p4, and in particular the extrema conditions OV |y = 0 amount
to algebraic equations involving both:

(aOéV) (taau“ap./l)‘vac = 07 (311)

where « runs over the whole set of moduli {b%,&#,t% u*}. The fact that the extrema
equations depend on the quantised fluxes g4 only through the p4 is not surprising, as
these are the gauge invariant quantities of the problem [21, 22]. In addition, because in
our approximation the axions {b% &"} do not appear in the Kéhler potential and in the
superpotential they appear polynomially, they do not appear explicitly in (3.11), but only
through the p4 as well. Therefore, finding the extrema of the F-term potential amounts
to solve a number of algebraic equations on {t%, u*, p4}.

This simplifying picture may however give the impression that the more fluxes that
are present, the less constrained the system of equations is. Indeed, (3.11) always amounts
to 2(1+ hbt 4 h?1) equations, while the number of unknowns is 1+ RLL 4 p21 4 ng, With ng
the number of different p’s, which depends on the fluxes that we turn on. For Calabi-Yau
with p-form fluxes ny, = 3 + on'! + h?', while by including geometric and non-geometric
fluxes we can increase it up to n, = 2(2 + h>1)(1 + h'!). From this counting, it would
naively seem that the more fluxes we have, the easier it is to solve the extrema equations.
This is however the opposite of what is expected for flux compactifications.

The solution to this apparent paradox is to realise that the p 4 are not fully independent
variables, but are constrained by certain relations that appear at linear and quadratic order
in them. Such relations turn out to be crucial to properly describe the different branches
of vacua. In the following we will describe them for different cases in our setup.

Calabi-Yau with p-form fluxes. Let us consider the case where only the fluxes F5,,
H are turned on, while f = @ = R = 0. The moduli stabilisation analysis reduces to
that in [27], and the extrema conditions reduce to 2hb 4+ b2 + 2 because only one linear
combination h,&" of complex structure axions appears in the F-term potential. In this
case the vector of axion polynomials p4 = (po, pa, p%, P, ppu) has 3+ 2nbt 4 p21 entries, but
several are independent of the axions. Indeed, at the linear level

1

p=1L"m, pu=10;"h,, (3.12)

s
are axion-independent, while at the quadratic level

pu = Gareds = 37 (mea = 5K ) (313)
is also independent of the axions. If we fix the flux quanta g4 = (eq, €5, m?, m, hy), the
value of (3.12) and (3.13) will be fixed, and p4 will take values in a (1 4 h>')-dimensional
orbit. This orbit corresponds to the number of axions that enter the F-term potential, and
so taking these constraints into account allows to see (3.11) as a determined system.
Interestingly, the quadratic invariant (3.13) was already identified in [11] as the quan-
tity that determines the value of the Kahler saxions in supersymmetric vacua of this kind.
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In fact, this is also true for non-supersymmetric vacua [27]. One has that

1 ~
meg — ilCabcmbmc = AK,, (3.14)
with A € R fixed for each branch of vacua. Moreover, for the branches satisfying (3.7), the
complex structure saxions are fixed in terms of the fluxes as h,, = AICBMK , with A constant.
Therefore the fluxes fix both the saxions and the allowed orbit for the p4. Finding the

latter in terms of (3.11) is equivalent to finding the values of b* and h,&".

Adding geometric fluxes. Let us now turn to compactifications with fluxes Fs,, H,
f, while keeping ) = R = 0. The number of axions £ that enter the scalar potential
now corresponds to the dimension of the vector space spanned by (h,, fau), for all possible
values of a. If we see f,, as a At % (b2 + 1) matrix of rank r¢, the number of relevant
entries on pa = (po, Pa, P*, P, Pus Pap) 18 2+ (2 + rf)hl_’l + (L +rp)(+h2h) — r]%. At the
linear level the invariants are

1

:5:&_ m, Papzes_lfapa (3'15)

while at the quadratic level we have

. . _ . 1 b~
Pou = P pap = 057 (mhy —m®fap) , (ppa - ziCabcpbpc) : (3.16)

Here the ¢ € Z are such that c%p,, = 0 Vu, so there are i ry of this last class
of invariants. Taking all these invariants into account we find that p4 takes values in a
(1+ht 4+ r¢)-dimensional orbit,” signalling the number of stabilised axions. In other
words, with the inclusion of metric fluxes the orbit of allowed p 4 increases its dimension,
which implies that more moduli, in particular more axions &* are fixed by the potential.
As in the CY case, the saxions are expected to be determined in terms of these invariants.

Adding non-geometric fluxes. The same kind of pattern occurs when non-geometric
fluxes are included. If one sets R = 0, the invariants at the linear level are p and pj;, as well
the combinations c¢®d"p,y, with ¢*,d" € Z such that c¢*d'KapcQy, = 0, Vb. At the quadratic
level, the first invariant in (3.16) is replaced by

PPy — P Pap + Paﬁz ) (3.17)

where we have taken into account the Bianchi identity f,, @%,) = 0. Additionally, the
second invariant in (3.16) may also survive if there are choices of ¢* € Z such that c*p,, " =
0 V&*. Finally, when all kind of fluxes are nonvanishing, the only invariant at the linear
level is R, and some particular choices of pf; and pgy. At the quadratic level we have the
generalisation of (3.17)

ﬁpu - ﬁapau -+ Paﬁz - pOﬁu ’ (3'18)

STf d® fay, = hy for some d® € R, then the p4 draw a (h"' + r;)-dimensional orbit, and one less axion is
stabilised. As a result one can define an additional flux invariant. See next section for an example.
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where we have imposed the Bianchi identity py, pu) — pafu 0% = hju Ry — fau @y = 0,
see appendix A. Notice that this invariant and its simpler versions are nothing but the
D6-brane tadpole (2.26) induced by fluxes. We also have the new invariants

ﬁﬁuﬁu} ) pa(,uﬁu) - ’CabCﬁZﬁIC/ ) (319)

where as above () and [ | stand for symmetrisation and anti-symmetrisation of indices,
respectively. Finally, if the second invariant in (3.19) vanishes, or in other words if we have
fa(uQu) = ICachZin then

pa(,u[)?/) - 3p(uﬁl/) > (320)

is also an invariant.®

4 Geometric flux vacua

In this section we would like to apply our previous results to the search of vacua in type
ITA flux compactifications. For concreteness, we focus on those configurations with p-form
and geometric fluxes only, leaving the systematic search of non-geometric flux vacua for
future work. As we will see, for geometric flux vacua the Ansatz formulated in the last
section, which amounts to impose on-shell F-terms of the form (3.7), forbids de Sitter
solutions. In contrast, we find two branches of AdS extrema corresponding to our Ansatz,
one supersymmetric and one non-supersymmetric. The perturbative stability of the latter
will be analysed in the next section.

4.1 The geometric flux potential

Let us first of all summarise our previous results and restrict them to the case of p-form
and geometric fluxes. The scalar potential reads V = Vg 4+ Vp, with

2 IC2

anKr N
KiVe =™ {4p3 + 9% papy + =590’ + =57
) 4K . aK o,
+ ™ pupy + (C“”t“t” + Q“bU"uV) PapPby = U’ P pay + =" ppy | (A1)
2 3 afl A pa v
kiVp = —=0,K0,K g*” pa''pg” . (4.2)

8K

The definitions for ¢*, ¢, @ and ¢™° are just as in section 2, while the p4 simplify to

Copo = o + eab + %Kabcm“bbbc + %Kabcb“bbbc + gt (4.32)
lspa = €q + Kapem?b° + %Kabcbbbc + pap”, (4.3b)
lp" = m® + mb”, (4.3c)

6 =m, (4.3d)

®Remarkably, both (3.20) and the second invariant in (3.19) vanish if the “missing” Bianchi identities
Sfau@v) = ’CabCQZQ,C/ and fq(.Qy) = 3h(,R,) proposed in [67] turn out to hold generally.
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gsp,u =hy + fa,uba ) (4.3e)
spa,u fap ) (4.3f)
lsply = Fh. (4.3g)

Using these explicit expressions one may compute the first order derivatives of the
scalar potential with respect to the axions {¢#,b%} and saxions {u*,t*} of the compactifi-
cation. As expected the extrema conditions are of the form (3.11), with

Axionic directions:

ov
-K b
i 8p0pu + 29" papey , (4.4a)
KOV _ 8 K2 000 + 2Woapag™pe® + 207 4.4b
e 5pa = 80000 + 5K GacPD” + 2Kabag™ pep” + 26" pappy (4.4b)
Saxionic directions:
L0V 4 . 4
K@uﬂ = KVFa,uK + glcppu + aucli PrPo — *]Cpapau + QQGbPaMPbuUV (4.5a)
(D4 parpro — SPapPnu”) + Re‘K 0,0, KO0, K g°° po’ ps"
_g OV _ 4 5 4. N -
(& K% = € KVFaaK + 8@ <9K2pbpcgbc> + 6agc PecPd —+ ICap <3ICp + 4uﬂpu>

— Ao PP pru? + 2"t papper + 8agbcpbﬂu“pc,,u”

Ko s
8Kz €

3 _
+R€ Ka Ko, Kaag Pal' pﬂ -

4.2 de Sitter no-go results revisited

0. KO, K g°° pat'pl.  (4.5b)

From (4.5) one can obtain the following off-shell relation
wWouV +xt%0pV = — (44 32)Vrp — (2+2)Vp

1 aKr . K 1
+ 4€K |:.T (29bcpbpc + Tgbcpbpc + 6/)2) + §C'uypup,, (46)

1 1
+ <3 +:c) Ku"” (ﬁpy—ﬁbpby) + 5(1 + 2) (B + g"uru” ) ppen |

with z € R an arbitrary parameter. Different choices of x will lead to different equalities
by which one may try to constrain the presence of extrema with positive energy, in the
spirit of [34, 37]. In practice it is useful to rewrite this relation as

u“@uuV + xt“@taV = -3V + Ez s (47)

where, for instance, the choice x = 1/3 leads to

[1]

1 ~V 14
bpcICngc 5 (tatbcu + gabuuu )pa,upau ’
(4.8)

2 1
173 =3V +4e" | =205 — 2" ppe -

3 27"
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while the choice x = 1 gives

K2 1 1,
TP — 400 — 59" paps — 50 pupy| - (4.9)

2 2
Extrema of positive energy require 9V = 0 and V > 0, and so necessarily both (4.8)
and (4.9) should be positive. It is easy to see that this requires that both the Romans’
parameter p and geometric fluxes (either p,, or p¥) are present, in agreement with previous
results in the literature [35-40]. In that case, it is unlikely that the potential satisfies an
off-shell inequality of the form proposed in [4], at least at the classical level.

In our formulation one can make more precise which kind of fluxes are necessary to
attain de Sitter extrema. For this, let us express the last term of (4.8) as

v )
(4P + gPuru” — 4P ) pagpay = {t“tbcg + utu’ g — gtatbuﬂu” PapPav , (4.10)
i

where g%,b, ¢p” are the primitive components of the Kahler and complex structure metric,
respectively. That is

9 = ; (00— ) b= é“uuy —4GQGy (4.11)
where G = e e and G‘é” is the inverse of 0,,0,Gg. These metric components have the
property that they project out the Kéhler potential derivatives along the overall volume
and dilaton directions, namely g9y K = cfp”9, K = 0. So in order for the bracket in (4.8)
to be positive, the geometric fluxes p,, not only must be non-vanishing, but they must
also be such that

%Pt pa A+ paptt payu’ g # 0. (4.12)

In other words, either the vector pq,uf is not proportional to 9,K or the vector t%pq, is
not proportional to 9, K. The condition is likely to be satisfied at some point in field space,
but in order to allow for a de Sitter extremum it must be satisfied on-shell as well.

Remarkably, we find that the F-term Ansatz of section 3.1 forbids de Sitter extrema.
Indeed, if we impose that the on-shell relations (3.10) are satisfied with the non-geometric
fluxes turned off (cf. (4.16) below) we obtain that, on-shell

4 ~a ~
tapau tbpal/ ng + pa,uuu Pavtt” gllil’b = §K:295bpapb ) (4'13)
with gfb the inverse of ¢g& in the primitive sector. Even if this term is positive, it can never
be bigger than the other negative contributions within the bracket in (4.8). In fact, after
plugging (4.13) in (4.8) there is a partial cancellation between the third and fourth term
of the bracket, that then becomes semidefinite negative:

1 2 5
4e! | =205 = 29" papy = P 0K gay — Lot U paprn | (4.14)

with g}fbp = Gup — gfb = %K;&Q b the non-primitive component of the Kéhler moduli metric.
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Even if the bracket in (4.8) is definite negative, there is still the contribution from the
piece %VD, which is positive semidefinite. However, one can see that with the Ansatz (3.7)
this contribution vanishes. Indeed, using the Bianchi identity fo,fo" = 0 and (4.16d), or
alternatively h, fo* =0and (4.16¢). one can see that the D-term D, = %8MK fo vanishes,
and so does Vp.

To sum up, for type ITA geometric flux configurations, in any region of field space in
which the F-terms are of the form (3.7) we have that the F-term potential satisfies

1
u“@uuV + gtaatav S —3V, (415)

and so de Sitter extrema are excluded. In other words:
In type ITA geometric flur compactifications, classical de Sitter extrema
are incompatible with F-terms of the form (3.7).

In section 5.2 we will interpret this result from a geometrical viewpoint. It would be
interesting to extend this discussion to non-geometric flux compactifications, along the
lines of [68, 69], to see if this result applies there as well.

4.3 Imposing the Ansatz

Besides the cosmological constant sign, let us see other constraints that the on-shell con-
dition (3.7) leads to. By switching off all non-geometric fluxes, (3.10) simplifies to

pa = ;P 0K, (4.16a)

Kap?? + paput = (51 Q0K (4.16D)
pp =L MO, K, (4.16¢)

%00y = 5 'N 9, K (4.16d)

where again P, Q, M, N are real functions of the moduli. Such functions and other aspects
of this Ansatz are constrained by the extrema conditions (4.4) and (4.5) with which they
must be compatible. Indeed, plugging (4.16) into (4.4) one obtains

8 (poM — PN )9O, K =0, (4.17a)

8P(po — Q) — %ﬁ]c (—29 + 8/\/)] 0o K + [;llCﬁ + 8P — 8M| pguutt =0, (4.17b)

which must be satisfied on-shell. Even when both brackets in (4.17b) vanish, this equation
implies that on-shell
Papu’ < O, K , and pY ot (4.18)

simplifying the Ansatz. More precisely, we are led to the following on-shell relations

lspo = AKC, (4.19a)
lspq = BKOK , (4.19b)
0,5° = Ct, (4.19¢)

tp=D, (4.19d)
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lspy = EKO, K, (4.19e)
F

lspaut® = ZICauK, (4.19f)
F

Uspaput = glCaaK, (4.19¢)

where A, B,C, D, E, F' are functions of the saxions. We have extracted a factor of I in
some of them so that the expression for the on-shell equations simplifies. In terms of (4.19)
we have that the vanishing of (4.4) amounts to

4AE — BF =0, (4.20a)

1
3AB — 5CD + BC —~ EF =0, (4.20Db)

assuming that at each vacuum 0, K # 0 # 0,/K. Similarly, the vanishing of (4.5) implies

1 1

4A% + 12B% + 302 - §D2 + 8E% — %FZ +CF —4DFE = 0, (4.21a)
1 1

4A% 4 4B? — §C’2 - §D2 + 16E2 — gzﬂ =0, (4.21D)

where we have used the identities in [27, appendix A].

Expressing the extrema equations in terms of the Ansatz (4.19) has the advantage that
we recover a system of algebraic equations. Nevertheless, egs. (4.20) and (4.21) may give
the wrong impression that we have an underdetermined system, with four equations and six
unknowns A, B, C, D, E, F'. Notice, however, that these unknowns are not all independent,
and that relations among them arise when the flux quanta are fixed. Indeed, let us first
consider the case without geometric fluxes, which sets F' = 0. In this case, AdS vacua
require that the Roman’s parameter m is non-vanishing so we may assume that D # 0.
Because the Lh.s. of (4.20) and (4.21) are homogeneous polynomials of degree two, we
may divide each of them by D? to obtain four equations on four variables: Ap = A/D,
Bp = B/D, Cp = C/D, Ep = E/D. The solutions correspond to Ap = 0 and several
rational values for Bp,Cp, Ep, which reproduce the different S1 branches found in [27].7
Finally, the variable D = m is fixed when the flux quanta are specified.

The analysis is slightly more involved in the presence of geometric fluxes. Now we may
assume that F' # 0, since otherwise we are back to the previous case. Our Ansatz implies
that the first flux invariant in (3.16) is a linear combination of the vectors (f,), = fap, as

A F 4DFE
mhy, = mhy, —m® fy, = (DE — C4> KoK = (F - C’) t fau » (4.22)

where K, 9,K, t* correspond to the value of the Kéhler saxions in the corresponding
extremum, etc. One can write the above relation as

mhy, = d° fa, (4.23)

"To compare to [27] one needs to use the dictionary: Bp = —Cumq/3, Cp = Buq, Ep = Aumq.
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where the constants d* are fixed once that we specify the fluxes m, h,, m®, fu.. As
a consequence, the number of stabilised complex structure axions ¥ is ry = rank f,,,
while the rest may participate in Stiickelberg mechanisms triggered by the presence of D6-
branes [12].% Strictly speaking, d” is only fixed up to an element in the kernel of fq,, but
this is irrelevant for our purposes. Indeed, notice that due to our Ansatz

1 C?
meé, = meg — ilCabcmbmc = (BD + 6) KooK —m fqu &t

3BD (?
(T ) e

where again IC, u#, £* stand for the vevs at each extremum. This implies several things.
First, the second set of invariants in (3.16) vanishes identically. Second, the combination
md®é, is fully specified by the flux quanta, without any ambiguity. Finally in terms of

m2éy = m%eq — mme, + glCabcm“mbmc, (4.25)

we can define the following cubic flux invariant

m?éy — md*é, = K|AD* + 3BCD + 033 + <4DFE - C> <3BD + C;ﬂ : (4.26)
The existence of this additional invariant is expected from the discussion of section 3.2. As
we now show, KC is fixed at each extremum by the choice of the flux quanta and the Ansatz’
variables. Therefore (4.26) and D = m provide two extra constraints on these variables,
which together with (4.20) and (4.21) yield a determined system of algebraic equations.
To show how K is specified, let us first see how the saxionic moduli are determined.
First (4.22) determines (4DE — CF)K0,K in terms of the flux quanta, which is equivalent
to determine (4DE — CF)~'u#/K. Plugging this value into (4.19g) one fixes (4DE/F —
C)719,K in terms of the fluxes, which is equivalent to fix (4DE/F — C)t*. Therefore at

each extremum we have that 5
4DF
(F - C’) K, (4.27)

is specified by the flux quanta. Notice that this is compatible with (4.22), and we can
actually use this result to fix the definition of d?, by equating (4.27) with Kup.d®d®d®.
4.4 Branches of vacua

Let us analyse the different solutions to the algebraic equations (4.20) and (4.21). Following
the strategy of the previous subsection, we assume that F' # 0 and define Ap = A/F,
Br =B/F,Cr=C/F, D = D/F, Ep = E/F. Then, from (4.20a) we obtain

Bp = 4ApEp, (4.28)

8Microscopically, (4.23) means that h,, is in the image of the matrix of geometric fluxes f,,, and as such
it is cohomologically trivial. Macroscopically, it means that the number of independent complex structure
axions entering the scalar potential are dim(h,, fiu, fou,...) = rankfs, = r¢, and not ry + 1.
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which substituted into (4.20b) gives the following relation
CrpDp = 12Ep(12A% + 4ApCr — 1). (4.29)
Then, multiplying (4.21b) by C% and using (4.29) we obtain
VU4BEAp = C} [3643 - C} - 5] (4.30)

where
Ap = (124% + 4ApCr — 1) — 4A%.C% — C%. (4.31)
We have two possibilities, depending on whether Ar = 0 or not. Let us consider both:
e Ap =0
In this case, from (4.30) and (4.31), we find four different real solutions for (Ap, Cr):

3 1
A _-_ — = — 4.32
F 87 CF 47 (3&)
3 1
Apr = — Cp=—= 4.32b
P25 P=—g (4.320)
1
Ap = +—— Cp=0. 4.32
F==53 F (4:32¢)

Given the solution (4.32a), one can solve for Dp in (4.29) and check that (4.21a)
and (4.21b) are automatically satisfied. We then find that:

3
eq. (432&) — BF = —§EF, DF = 15EF, (433)

with Er unfixed. Thus, at this level (E, F') are free parameters of the solution. As
we will see below, this case corresponds to the supersymmetric branch of solutions.
The remaining solutions can be seen as limiting cases of the following possibility:

e Ap #0

Under this assumption we can solve for Er in (4.30):

02
F2 — F
P 144A R

[364% — C} - 5] (4.34)

Then we see that (4.21a) and (4.21b) amount to solve the following relation:

78

16ApC3
+4ApCH — - 64A%C3 + 48A% O3 — 164rCr

3
2
—4ApCE + r

3
1004
+ 2304A%.Cp — 592A%.Cp + 24A%.CF + 1004rCr _ 2CF (4.35)

3
2 _
5

8ALCH
3

296A4%.C?
4O + 576 45C3 + 144.43.03 — 2OARCE

+ 3456 A% — 1176 A% 4 124A% — 0,
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Figure 1. Set of points that verify (4.35) (blue curve) and have E% > 0. The coloured dots
correspond to the particular solutions (4.32). Both curves tend asymptotically to Ap = 1/4 for
CF — +oo.

which selects a one-dimensional family of solutions in the (Ap, Cr)-plane. We only
consider those such that (4.34) is non-negative, see figure 1. One can check that all
values in (4.32) are also solutions of (4.35). Even if for them Ar = 0, we have that

2 2
D2 = <1 + CF(42§+1)> [364% — % — 5], (4.36)

as well as (4.34), attain regular limiting values that solve the equations of motion.
Because (4.35) constrains one parameter in terms of the other, we have two free
parameters, say (C, F'), unfixed by the equations (4.20) and (4.21).

4.5 Summary

Let us summarise our results so far. Given the on-shell F-terms (3.7), we find two branches
of vacua, summarised in table 2. Naively, each branch seems to contain two continuous
parameters. However, after choosing a specific set of flux quanta, two extra constrains
will be imposed on these solutions, due to the fact that D = m and eq. (4.26). Then, as
we scan over different choices of flux quanta, we will obtain a discretum of values for the
parameters of the Ansatz, within the above continuous solutions. In other words, the two
branches become a discrete set of points once that flux quantisation is imposed.

As we show below, the branch where Ap = —3/8, Cr = 1/4 and EF is not constrained
by the vacuum equations corresponds to supersymmetric vacua, while the other branch
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Branch AF BF CF DF

SUSY —

non-SUSY | eq. (4.35) | 4ArEr | eq. (4.35) | \/5F + (4A% + 1) 12EF
F

Table 2. Branches of solutions in terms of the quotients Ap = A/F, etc. of the parameters of the
Ansatz (4.19). In the SUSY branch EF is not constrained by the equations of motion, while in the
non-SUSY extrema it is given by (4.34). Moreover Ap is given by (4.31), being always zero in the
SUSY branch.

olw
\
[
83!
|

15EF

=

contains non-supersymmetric ones. Remarkably, both branches intersect at one point.
The non-supersymmetric branch splits into three when imposing the physical condition
E% > 0, as can be appreciated from figure 1. Each point of these blue curves contains two

solutions, corresponding to the two values Fp = :l:%\/ AR (3642 — CF — 5).

F-terms. One can recast the F-terms for each of these extrema as

B 1 1 . 1 1 1 2
Go= |(~3Br —2Br + 55Dr ) +i (—35Cr - 3Ar — ¢ )| FR%0K, (3m)
o —[(—33 1, _E)-|—'(—1—1A +ie ﬂFK?aK (4.37b)
S AN Rt D el A NI R W '

and one can see that requiring that they vanish is equivalent to impose (4.32a) and (4.33).
Therefore, the branch (4.32a) corresponds to supersymmetric vacua, while general solutions

to (4.35) represent non-supersymmetric extrema of the potential.

Vacuum energy and KK scale. Using (4.8) and imposing the extremisation of the
potential, one can see that the vacuum energy has the following expression in the above
branches of solutions:

4 1 5
ARGV [yae = —geK K2 F? (zA% + 64A2E2 + ECI% - 18) . (4.38)

In the supersymmetric branch this expression further simplifies to

vac 4

3
ArkdV|SUSY = _ K22 (12E% + ) : (4.39)

So essentially we recover that the AdS, scale in Planck units is of order

Adas ePVy F? ~ ﬁFQX (4.40)

M3 oA |
where in the last step we have defined x = 2A4% + 64A%E% + %C% + 1%. This is to be
compared with the KK scale

2
Mix 2Dy M3 1y , (4.41)
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obtaining the quotient

Mas _ opya/spe 1o
BB~ PPVITFR ~ Py (4.42)
u

Scale separation will occur when this quotient is small, which seems hard to achieve para-
metrically, unlike in [11, 27]. Indeed, unless some fine tuning occurs, at large ¢, u one
expects that e’ |WW|? ~ e |[Wgrgr|? + e®|Wns|?, which in supersymmetric vacua dominates
the vacuum energy. If both terms are comparable, then in type IIA setups with bounded
geometric fluxes and Romans mass u ~ t2, and there is no separation due to the naive
modulus dependence in (4.42). If one term dominates over the other the consequences are
even worse, at least for supersymmetric vacua.’ Because y is at least an order one number,
the most promising possibility for achieving scale separation is that F' scales down with
t. While this scaling is compatible with (4.22), we have not been able to find examples
where this possibility is realised.!® Even if F' does not scale with the moduli, it would
seem that generically F' < O(0.1) is a necessary condition to achieve a vacuum at minimal
scale separation. This is perhaps to be expected because in the limit /' — 0 we recover
the analysis of [27], where parametric scale separation occurs, at least from the present
4d perspective.

In fact, the case F' = 0 also displays vacua at parametric large volume and small string
coupling. While in our setup we have not been able to find families of vacua with such
behaviour, one can see that small values of F' also favour vacua in the large volume-weak
coupling regime, where the Kéhler potential used in our analysis can be trusted. Indeed,
notice that the Lh.s. of (4.22) corresponds to the contribution to the fluxes to the tadpoles
and so it is a bounded integer number. As such, large values of the Kahler moduli will be
linked to small values of (4DpEp — Cp)F. Using the scaling u ~ t2, a similar conclusion
can be drawn for weak coupling.

4.6 Relation to previous results

In order to verify the validity of our formalism and the results we have obtained, we
proceed to recover some of the existing results in the literature. As argued in the next
section, from the viewpoint of SU(3)-structure manifolds our vacua correspond to nearly-
Kahler compactifications. We will therefore focus on examples that fit within that class,
and mainly on two papers whose results we will link with ours.

Comparison to Camara et al. [12]. This reference studies RR, NS and metric fluxes
on a T6/(Q(—1)frI3) Type IIA orientifold. We are particularly interested in section 4.4,
where A/ = 1 AdS vacua in the presence of metric fluxes are analysed. One can easily
use our SUSY branch (see table 2), the definitions of the flux polynomials (4.3) and our
Ansatz (4.19) to reproduce their relations between flux quanta and moduli fixing. We
briefly discuss the most relevant ones.

9With specific relations between flux quanta parametric scale separation at the 4d level is possible [13].
Remarkably, it was there found that this naive 4d scale separation did not occur at the 10d level.

10T particular, in the SUSY branch of toroidal compactifications we have not found any flux configuration
with naive scale separation beyond the case of [13] mentioned in footnote 9.
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In [12] they study the particular toroidal geometry in which all three complexified
Kahler moduli are identified. This choice greatly simplifies the potential and the flux
polynomials. To reproduce the superpotential in [12, eq. (3.15)] we consider the case
T = T, Va, so that there is only one Kéahler modulus and the Kéhler index a can be
removed. The flux quanta {eg, €., m*, m, hy, pau} are such that e, = 3c1, m* = cp and

3 ~0,
pap =14 a a,b, €. (4.43)
b,u M#O)

Imposing the constraint D = m on the SUSY Ansatz we have

3 m 1
A=—-F B=—— =-F D =m=15F. 4.44
8 10’ “=3 m=1 (4.44)
The first step is to use the invariant combinations of fluxes and axion polynomials
together with the Ansatz to fix the value of the saxions. Notice that because we only have
one Kéhler modulus, p,, has necessarily rank one, and so (4.22) fixes ¢ as function of the

fluxes and the parameter [

4m? 1

o g 3at = mhg — 3acy  if u=0,
4ED 15F 4
(F—C> pa#ta = mhu—pa#ma — 4 9

m 1 .
<15F_4F> byt =mhy, —byco i p#0 .
(4.45)

This relation provides a constraint for the fluxes in order for this family of solutions to
be realised (cf. [12, eq. (4.32)]). The complex structure saxions are instead determined in

terms of pg,:

F 3at = —L£&
papt” = T KOK — { i i (4.46)
BE T 4k

which reproduces the relation [12, eq. (4.31)].

To obtain the remaining relations of [12, section 4.4], we take into account that K = 6t
and take advantage of the particularly simple dependence of our Anstaz when considered
on an isotropic torus. Using that F' = 4C we can go back to (4.46) to eliminate the F
dependence of the complex structure moduli.

66°F 65 61*

4u0 Y

Pafpu=oit® = FKOu—oK = — P — 3atu® = —6t%(co+vm), (4.47)

which, up to redefinition of the parameters, is just relation [12, eq. (4.34)]. Similarly,

we have
— BKO,—oK __mo 4
Pu=0 = =0 — ho + 3av = _Bﬁ . ( 48)
Replacing ug using (4.47) in the above expression leads to
2 _ 5(ho + 3av)(ca + mo) 7 (4.49)

am
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which is equivalent to [12, eq. (4.41)] and provides an alternative way to fix the Kéhler
moduli ¢.
To fix the complex structure axions £* we note that

3 3u? 9
pu = BKOK = —SEKO,K = %puzoaax — pat® = =5 (ho 4+ 3av)u’ . (4.50)

Expanding p, and replacing ¢ using (4.47) we arrive at

9
3¢t 4 6cav + 3mo® + 3a€’ + > by = =(ca + mw)(ho + 3av) (4.51)
a
o
and hence we derive an analogous relation to [12, eq. (4.33)]. We observe that it only fixes
one linear combination of complex structure saxions. This was to be expected, since by
construction the geometric fluxes are of rank one. Finally, we can fix the Kéhler axion b
using the flux polynomial pg

3C 3
po=AK = —71C = —Eﬁ“IC — po = —9(ca + muv)t?, (4.52)
which after replacing the complex axions using (4.51) and substituting ¢ using (4.48)
and (4.49) leads to the same equation for the Kéhler axion as the one shown in [12,

eq. (4.40)].

Comparison to Dibitetto et al. [70]. In this reference the vacuum structure of
isotropic Zo X Zo compactifications is analysed, combining algebraic geometry and su-
pergravity techniques. We are particularly interested in the results shown in [70, section
4], where they consider a setup similar to [12, section 4.4], but go beyond supersymmetric
vacua.'! More concretely, in this section they study type IIA orientifold compactifications
on a T®/(Zy x Zs) isotropic orbifold in the presence of metric fluxes. Hence, they have an
STU model with the axiodilaton .S, the overall Kdhler modulus 7" and the overall complex
structure modulus U.

They obtain sixteen critical points with one free parameter and an additional solution
with two free parameters. This last case is not covered by our Ansatz, since the associated
geometric fluxes do not satisfy (4.19f) and (4.19g). Therefore it should correspond to a
non-supersymmetric vacuum with F-terms different from (3.7). The remaining sixteen
critical points are grouped into four families and summarised in [70, table 3]. Taking into
account their moduli fixing choices, we can relate their results for the flux quanta with the
parameters of our Ansatz as follows:

e When sy = 1, solution 1 from [70, table 3] corresponds to a particular point of the
SUSY branch in our table 2, with Ep = :l:ﬁ (sign given by s1).

171t is worth noting that in order to solve the vacuum equations, [70] follows a complementary approach
to the standard one. Typically, one starts from the assumption that the flux quanta have been fixed and
then computes the values of the axions and saxions that minimise the potential. ref. [70] instead fixes a
point in field space, and reduces the problem to find the set of consistent flux backgrounds compatible with
this point being an extremum of the scalar potential. Both descriptions should be compatible.
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e When so = —1, solution 1 of [70, table 3] corresponds to the limit solution (4.32b) of
the non-SUSY branch (point (b) in figure 1). We confirm the result of [70] regarding
stability: similarly to the SUSY case, this is a saddle point with tachyonic mass m? =

—8/9|m% | (for a detailed analysis on stability check section 5.1 and appendix C).

e Solution 2 from [70, table 3] corresponds to a limit point Cr = 0 of the non-SUSY
branch with Ap # 0 and Ap = £5/12. Such solution was not detailed in our analysis
of section 4.4 since, despite being a limit point, it still verifies (4.34), (4.35) and (4.36).
In [70, table 4 ] it is stated that this solution is perturbatively unstable, in agreement
with our results below (see figure 2).

e Solution 3 from [70, table 3] is a particular case of the non-SUSY branch, correspond-
ing to Ap = s1/4 and Cp = s1/2 (with s; = £1). This specific point falls in the
stable region of figure 2. The analysis of section 5.1 reveals that the mass spectrum
has two massless modes, confirming the results of [70].

e Solution 4 of [70, table 3] is not covered by our ansatz since, similarly to the two-
dimensional solution, our parameter F' is not well-defined under this combination of
geometric fluxes. We then expect F-terms not of the form (3.7).

Hence, the results of [70] provide concrete examples of solutions for both the super-
symmetric and non-supersymmetric branches of table 2.

Examples of de Sitter extrema. In [36], the authors study the cosmological properties
of type ITA compactifications on orientifolds of manifolds with geometric fluxes. They
apply the no-go result of [37] to rule out de Sitter vacua in all the scenarios they consider
except for the manifold SU(2) x SU(2), where they find a de Sitter extremum, albeit with
tachyons. One can check that the fluxes considered in section 4.2 of [36] do not satisfy
condition (4.23). Therefore, this example lies outside of our Ansatz and so relation (4.15)
does not hold.

More generally, geometric examples of de Sitter extrema are built from compacti-
fications on SU(3)-structure manifolds which are not nearly-Kéhler. As we will see in
section 5.2, our Ansatz (4.19) implies that the internal manifold is nearly-Kéhler, in the
approximation of smeared sources. Therefore, our analysis does not capture the attempts
to find extrema in manifolds with torsion class Wy # 0, see e.g. [31, 32, 36, 38, 39]. Remark-
ably, it follows from our results that such extrema cannot have F-terms of the form (3.7).

5 Stability and 10d description

Given the above set of 4d AdS extrema some questions arise naturally. First of all, one
should check which of these points are actual vacua, meaning stable in the perturbative
sense. In other words, we should verify that they do not contain tachyons violating the
BF bound [71]. As it will be discussed below, for an arbitrary geometric flux matrix f,,
it is not possible to perform this analysis without the explicit knowledge of the moduli
space metric. Nevertheless, the problem can be easily addressed if we restrict to the case

— 96 —



Branch | Tachyons (at least) | Physical eigenvalues | Massless modes (at least)

2,1 2 _ 8,2 2,1
SUSY h Mipen = 5MBF h

Table 3. Massless and tachyonic modes for the supersymmetric minimum.

in which f,, is a rank-one matrix, which will be the case studied in section 5.1. On the
other hand, one may wonder if these 4d solutions have a 10d interpretation. We will see
that our Ansatz can be described as an approximate SU(3)-structure background, which
we will match with known 10d solutions in the literature.

5.1 Perturbative stability

Following the approach in [27] we will compute the physical eigenvalues of the Hessian
by decomposing the Kéhler metrics (both for the complex structure and Kéhler fields)
into their primitive and non-primitive pieces. This decomposition together with the
Ansatz (4.19) reduces the Hessian to a matrix whose components are just numbers and
whose eigenvalues are proportional to the physical masses of the moduli. The explicit
computations and details are given in appendix C, whose main results we will summarise
in here. To simplify this analysis we will initially ignore the contribution of the D-term
potential, that is, we will set p,** = 0. We will briefly discuss its effect at the end of
this section.

As mentioned above, we will consider the case in which f,,, = ¢sp,, has rank one, since
the case with a higher rank cannot be solved in general. Let us see briefly why. One can
show that the Ansatz (4.19) implies:

FK = 3 F
Jon = =75 0a KK + fap, with t fap =0 =v"fap, (5.1

1L
o

orthogonal to t%*, and similarly for ulf The contribution of the first term of (5.1) to the

and so fau must be spanned by ¢ ® ul, where the {tf;} form a basis of the subspace
Hessian can be studied in general. The contribution of the second term depends, among
other things, on how both the ¢ and u/f are stabilised, which can only be studied if the
explicit form of the internal metric is known. Therefore, in the following we will set f,,, = 0.
Notice that, for this case, our Ansatz implies that just one linear combination of axions is
stabilised, since from (4.19) it follows that p, o pau, Va.

SUSY branch. As expected, the SUSY case is perturbatively stable. The results are
summarised in table 3.

Let us explain the content of the table and especially the meaning of “at least”. All
the details of this analysis are discussed in appendix C

e Since the potential only depends on a linear combination of complex structure ax-
ions and the dilaton, the other h%! axions of this sector are seen as flat directions.
Their saxionic partners, which pair up with them into complex fields, are tachyonic
directions with mass %mQB - Both modes are always present for any value of Er so
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Figure 2. Set of points that verify (4.35) with E% > 0 and: have no tachyons violating the BF
bound and therefore are perturbatively stable (blue curve); have tachyons violating the BF bound
and therefore are perturbatively unstable (red curve). The colored dots correspond to the particular
solutions (4.32).

we refer to them with the “at least” tag. This is expected form general arguments,
see e.g. [72].

e For Fr < 0.1 there appear new tachyons with masses above the BF bound, in princi-
ple different from %mQB - The masses of these modes change continuously with EF,
and so they become massless before becoming tachyonic.

e Finally, there are also modes which have a positive mass for any Ep.

Non-SUSY branch. This case presents a casuistry that makes it difficult to summarise
in just one table. As discussed in section 4.4, the non-SUSY vacuum candidates are de-
scribed by the physical solutions of eq. (4.35), represented in figure 1. On top of this curve
one can represent the regions that are excluded at the perturbative level. Some comments

are in order regarding the behaviour of the modes:

e In the regions with |Ap| 2 0.4 there is always a tachyon whose mass violates the BF
bound. This corresponds to the red pieces of the curves in figure 2.

e On the blue region of the curves, tachyons appear only in the vicinity of the red
region, while away from it all the masses are positive. For instance, in the curve
stretching to the right there are no tachyons for Cp = 1.5.

The explicit computation of the modes and their masses is studied in appendix C.

D-term contribution. As announced in the introduction, let us finish this section by
commenting on the effect of the D-terms on stability. The first thing one has to notice
is that, although Vp = 0 once we impose the ansatz (4.19), the Hessian Hp associated
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to the D-terms is generically different from zero — see (C.30). Indeed one can show that
the matrix Hp is a positive semidefinite matrix. Therefore, splitting the contribution of
Vr and Vp to the Hessian into H = Hr + Hp and using the inequalities collected in [73],
one can prove that the resulting eigenvalues of the full Hessian H will always be equal or
greater than the corresponding Hp eigenvalues. Physically, what this means is that the
D-terms push the system towards a more stable regime. In terms of the figure (2) and
taking into account the directions affected by Hp — see again (C.30) — one would expect
that, besides having no new unstable points (red region), some of them do actually turn
into stable ones (blue points) once the D-terms come into play.

5.2 10d interpretation

For those geometric vacua that fall in the large-volume regime, one may try to infer a
microscopic description in terms of a 10d background AdSy x Xg. In this section we will do
so by following the general philosophy of [27, section 5.2], by interpreting our 4d solution
in terms of an internal manifold X with SU(3)-structure. We hasten to stress that this
does not mean that the internal metric of X¢ corresponds to a SU(3)-structure. As in the
10d uplift of the 4d supersymmetric vacua [11], recently analysed in [14, 15], it could be
that the actual 10d background displays a more general SU(3) x SU(3)-structure that is
approximated by an SU(3)-structure in some limit. This is in fact to be expected for type
ITA supersymmetric backgrounds with localised sources like O6-planes, as advanced in [27,
section 5.2]. Based on the lessons learnt from the (approximate) Calabi-Yau case [14, 15],
one should be able to describe the 4d vacua from a 10d SU(3)-structure perspective if
the localised sources are smeared, so that the Bianchi identities amount to the tadpole
conditions derived from (2.26), already taken into account by our analysis.

Following [27, section 5.2], one may translate our Ansatz into 10d backgrounds in terms
of the gauge invariant combination of fluxes

Grr = duCrr +¢ P A Frp, (5.2)
where dy = d + HA. From here one reads
(.G =6Advolx,, (;Gy=3BJANJ, (,Go=CJ, (,H=6FEgIm(e ?Q), (53)

and £;Go = —D. A vanishing D-term D, = %BMK fo/‘ implies no contribution from f‘a“ to
the torsion classes, as in the setup in [74]. Conversely, (4.19f) and (4.19g) imply that

dJ = ;ngéslm (e7Q),  dRe(e Q) = —FglsJ A J, (5.4)
which translate into the following SU(3) torsion classes
Wy = —Lyg,e F, Wo=Ws=W;=Ws5=0. (5.5)

Therefore, in terms of an internal SU(3)-structure manifold, our vacua correspond to nearly-
Kahler compactifications.
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With this dictionary, it is easy to interpret our SUSY branch of solutions in terms of
the general SU(3)-structure solutions for N' =1 AdS, type IIA vacua [75, 76]. Taking for
instance the choice § = —m/2, we can compare with the parametrisation of [77, eq. (4.24)],
and see that the relations (4.32a) and (4.33) fit perfectly upon identifying

0s|Wole A~ = 3¢, <E + zi) , (5.6)
where |Wp| is the AdSy scale from the 10d frame, and 6 a phase describing the solution.

One can in fact use this dictionary to identify some solutions in the non-supersymmetric
branch with 10d solutions in the literature, like e.g. those in [78]. Indeed, let us in par-
ticular consider [78, section 11.4], where N' = 0 AdS; compactifications are constructed
by extending integrability theorems for 10d supersymmetric type II backgrounds. We
first observe that the second Bianchi identity in [78, eq. (11.29)] describes our first vac-
uum equation (4.20a). Similarly [78, egs. (11.31), (11.35), (11.36)] are directly related
to (4.21a), (4.21b) and (4.20b) respectively.

Using these relations three classes of solutions are found in [78, section 11.4]:

1. The first solution [78, (11.38)] is a particular case of the non-SUSY branch, corre-
sponding to Ap = £1/4 and Cr = £1/2, with ApCp > 0.

2. The second solution [78, (11.39)] corresponds the limit solution of the non-SUSY
branch with Cr =0 and Agr # 0.

3. The third solution [78, (11.40)] describes a point in the SUSY branch characterised
by Ep = +——.
4v/15

To sum up, the results of [78] provide concrete 10d realisation of solutions for both the
supersymmetric and non-supersymmetric branches of table 2.

Finally, this 10d picture allows us to understand our no-go result of section 4.2 from a
different perspective. Indeed, given the torsion classes (5.5) the Ricci tensor of the internal

manifold Xg reads [79, 80]
5)

Rinn = ngn|vvl|2 ) (57)
and so it corresponds to a manifold of positive scalar curvature, instead of the negative
curvature necessary to circumvent the obstruction to de Sitter solutions [81].

6 Conclusions

In this paper we have taken a systematic approach towards moduli stabilisation in 4d
type ITA orientifold flux compactifications. The first step has been to rewrite the scalar
potential, including both the F-term and D-term contributions, in a bilinear form, such that
the dependence on the axions and the saxions of the compactification is factorised. This
bilinear form highlights the presence of discrete gauge symmetries on the compactification,
which correspond to simultaneous discrete shifts of the axions and the background fluxes.
This structure has been already highlighted for the F-term piece of the potential in Calabi-
Yau compactifications with p-form fluxes [21-23], and in here we have seen how it can be
extended to include general geometric and non-geometric fluxes as well.
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Besides a superpotential, these new fluxes generate a D-term potential, which displays
the same bilinear structure. The D-term potential arises from flux-induced Stiickelberg
gaugings of the U(1)’s of the compactification by some axions that do not appear in the
superpotential, and that generate conventional discrete gauge symmetries arising from
BAF couplings. Such discrete symmetries are unrelated to the ones in the F-term potential.
However, the D-term potential itself depends on the B-field axions b%, because they appear
in the gauge kinetic function f,g, and these axions do appear as well in the F-term potential,
participating in its discrete symmetries. It would be interesting to understand the general
structure of discrete shift symmetries that one can have in flux compactifications with both
F-term and D-term potentials. In addition, it would be interesting to complete the analysis
by including the presence of D6-branes with moduli and curvature corrections, along the
lines of [22, 23, 25, 26].

As in [21-23], it is the presence of discrete shift symmetries that is behind the fac-

torisation of the scalar potential into the form (2.18), where ZA5

only depends on the
saxionic fields, and py4 are gauge invariant combinations of flux quanta and axions. With
the explicit form of the p4 one may construct combinations that are axion independent,
and therefore invariant under the discrete shifts of the compactification. In any class of
compactifications, some of the fluxes are invariant by themselves, while others need to
be combined quadratically to yield a flux invariant. We have analysed the flux invariants
that appear in type IIA Calabi-Yau, geometric and non-geometric flux compactifications, '?
their interest being that they determine the vev of the saxions at the vacua of the potential.
Therefore, in practice, the value of these flux invariants will control whether the vacua are

located or not in regions in which the effective field theory is under control.

Another important aspect when analysing flux vacua is to guarantee their stability,
at least at the perturbative level. Guided by the results of [42-46], we have analysed the
sGoldstino mass estimate in our setup, imposing that it must be positive as a necessary
stability criterium to which de Sitter extrema are particularly sensitive. Our analysis has
led us to the simple Ansatz (3.7) for the F-terms on-shell, which can be easily translated
to relations between the p4 and the value of the saxions at each extremum, cf. (3.10).

The next step of our approach has been to find potential extrema based on this Ansatz,
a systematic procedure that we have implemented for the case of geometric flux compact-
ifications. This class of configurations is particularly interesting because they contain de
Sitter extrema and are therefore simple counterexamples of the initial de Sitter conjec-
ture [4], although so far seem to satisfy its refined version [5, 6]. In this respect, we have
reproduced previous de Sitter no-go results in the literature [34, 37] with our bilinear ex-
pression for the potential, but with two interesting novelties. First, when imposing that
the F-terms are of the form (3.7) either on-shell or off-shell, we recover an inequality of the
form (4.15) that forbids de Sitter extrema. We find quite amusing that this result is re-
covered after imposing an Ansatz inspired by de Sitter metastability. Second, our analysis
includes a flux-induced D-term potential, and so the possibility of D-term uplifting, typi-

2The bilinear formulation may be extended to non-geometric type IIB orientifolds with O3/07 planes
along the lines of [82] which could subsequently help in performing a systematic type IIB vacua analysis.

~ 31—



cally considered in the moduli stabilisation literature, does not seem to work in the present
setting. We see our result as an interesting product of integrating several de Sitter criteria,
and it would be interesting to combine it with yet other no-go results in the literature, like
for instance those in [83-85].

As is well known, type IIA orientifold compactifications with geometric fluxes provide
a non-trivial set of AdS4 vacua, which we have analysed from our perspective. We have
seen that, by imposing the on-shell Ansatz (3.7), the equations of motion translate into
four algebraic equations. By solving them, we have found two different branches of vacua,
one supersymmetric and one-non-supersymmetric, and we have shown how both of them
include most of the vacua found in the geometric flux compactification literature. This link
with previous results can be made both with references that perform a 4d analysis and those
that solve the equations of motion at the 10d level which is particularly interesting for non-
supersymmetric solutions, which are scarce. Regarding 10d configurations, we have seen
that our Ansatz corresponds to a nearly-Kéhler geometry in the limit of smeared sources.
This implies, in particular, that geometric flux compactifications that can be deformed to
a non-trivial torsion class Ws, correspond to F-terms that deviate from (3.7). It would be
interesting to work out the phenomenological consequences of this fact.

All these results demonstrate that analysing the bilinear form of the scalar potential
provides a systematic strategy to determine the vacua of this class of compactifications,
overarching previous results in the literature. Needless to say, to obtain a clear overall
picture it would be important to generalise our analysis in several directions. First, it would
be interesting to consider other on-shell F-term Ansatz beyond (3.7) that also guarantee
vacua metastability. Indeed, our analysis of the Hessian shows that, for certain geometric
flux compactifications, perturbative stability occurs for a very large region of the parameter
space of our F-term Ansatz, and it would be important to determine how general this
result is. Second, a natural extension of our results would be to implement our approach to
compactifications with non-geometric fluxes, a task that we leave for the future. In this case
it would be particularly pressing to characterise the potential corrections to the effective
flux-potential, and in particular to the Kéhler potential that we have assumed throughout
our analysis. For the case of geometric fluxes these corrections should be suppressed for
those vacua that sit at large volume and weak coupling. A thorough analysis of which
subset of vacua lie in this regime is left for future work, although as mentioned our findings
suggest that solutions with a small value for the Ansatz parameter F' may realise this
feature. Remarkably, it is through the same small parameter that it seems to be possible
to control the separation between the AdS4 scale and the cut-off scale of the theory. This
is in agreement with that in the limit F' — 0 such scale separation may, a priori, be realised
parametrically.

In any event, we hope to have demonstrated that with our systematic approach one
may be able to obtain an overall picture of classical type ITA flux vacua. Our strategy not
only serves to find and characterise different metastable vacua, but also to easily extract
the relevant physics out of them, like the F-terms, vacuum energy and light spectrum of
scalars. A global picture of this sort is essential to determine what the set of string theory
flux vacua is and it is not, and the lessons that one can learn from it. Hopefully, our results
will provide a non-trivial step towards this final picture.
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A Fluxes and axion polynomials

In type ITA orientifold compactifications, geometric and non-geometric fluxes are defined
in terms of their action on the basis of p-forms of table 1, that correspond to the harmonic
representatives of p-form cohomology classes of a would-be Calabi-Yau manifold Xg. In
this framework, and following the conventions in [51], the action of the different NS fluxes
on each p-form is determined as

HAL1=hgf% —htay, H A (ag + ) = —(hg + h™) D,

fawa = fax BY = falan, famwa = fo" ax — fanB®,

faak = fax &, fapf =—f~ e,

faph=—f e, faapn = faor@®, (A1)
Q>a"=Q 'k B — Q" an Q> =Q " ax - QR8,
Qrok =—Q Kk wa, Qv N =Q* @,

Q> B = Q" w,, Q> oy = —Q% wa,

Re ®s = R B% — Ry, Re(ag +BY = (Rkx + RM1,

and we also have that H A X = HA oy = Re 3% = Reay =0. The NS flux quanta are
hics N, Fares fal, Fo S Fons Q%kc, Q2D 0K O, Ric, RN € 7. This specifies the action of
the twisted differential operator (2.11) on each p-form, and in particular the superpoten-
tial (2.16) and the RR potential transformation (2.32) leading to the D-term potential.

Axionic flux orbits and the P-matrices. From the superpotential it is easy to read
the gauge-invariant flux-axion polynomials (2.20) and (2.21). Then, as in the Calabi-Yau
case [23], one can check that all the remaining entries of p4 can be generated by taking
derivatives of the master polynomial pg. Indeed, in our more general case one finds that

Ipo _ 9po Koo 50 _Opo  _ o5 9o _
oy P Bger el R s S
dpo 9po . 9po 5
- a 9 N AT — aoc ¢ ) Ao iRl Al aoc ) A'2
O0eRk — P GragpiogRk — el K Gragiionogk — KoK -

while all the other derivatives vanish. Just like in [23], one can understand these relations
from the fact that the matrix R in relating quantised and gauge invariant fluxes can be
written as

R = " FPate Pic (A.3)
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with P, and Pk nilpotent matrices. Indeed, given (2.22) one can check that

0 6 0 0 0 0 0 0
0 0 Kawe 0 0 0 0 0
0 0 0 b 0 O 0 0
p_0 0 0 00 _'tOL 0 0| (A.4)
0 0 0 0 0 4ok 0 0
0 0 0 0 0 0 Kwdk 0
0o 0 0 0 0 0 0 5, 0%
0o 0 0 0 0 0 0 0
and
0 0 0 0 & 0 0 0]
00 0 0 0 66 0 0
00 0 0 0 0 .0k 0
NG
pe_ |0 0 0 0 0 0 0 ok (4.5)
00 0 0 0 0 0 0
00 0 0 0 0 0 0
00 0 0 0 0 0 0
0 0 0 0 0 0 0 0

Constraints from Bianchi identities. On compactifications with geometric and non-
geometric fluxes, one important set of consistency constraints are the flux Bianchi iden-
tities. In our setup, these can be obtained by imposing that the twisted differential D
in (2.11) satisfies the idempotency constraint D? = 0 when applied on the p-form basis of
table 1 [51, 53, 86]. For simplicity let us group the 3-form/complex structure indices like
in the main text, so that (f,x, f.*) are grouped into fau, and so on. Then, applying the

definitions (A.1), one obtains'?
hufa“:(), h”QOCM:O’ fa,quaM:Oa fauQaM:07
RMQOWZ(), Rufa'u:oa Qau Aau:O’ fa#Qau:[L (AG)

fa[uQAaV} =0, h[uRV} _fa[,uQau] =0.

B Curvature and sGoldstino masses

In this appendix we will show that the directions (3.5) minimise respectively R,;;79° g’gcq?

and Ruﬁp&g“gﬁ g"g%. To do so we will follow closely [45, 46].

Curvature. Before talking about the extrema conditions, there are some relations that
must be introduced. Consider a Kéhler potential depending on some set of complex chiral
fields ¢ obeying a no-scale type condition:

KA K =p, (B.1)

13Compared to [53], in our setup the flux components h*, R*, f,/", Q**, fau and Qau are projected out.

~ 34—



where K4 = V4K, K4 = GABKB and G 45 = 0405 K. Taking the derivative with respect
to Vp in (B.1) one obtains:

Kp+ KAVEK4 =0, (B.2)
and deriving now with respect to V¢ we find:
WeKp+KAVeVpKy=0. (B.3)
Equation (B.3) can be contracted with KCYKP and KP to obtain respectively
RopynKCKMKNKP = 2p, RopynKMENKP =2Ko.  (BA)
We will need these two last relations to study the extrema of R 5, DgAgB gcgD

sGoldstino masses. As discussed in section 3.1, the relevant parameter to compute the

sGoldstino masses is 5

5~ Raponf 121017 (B.5)

which we are interested in maximise. In this sense, it was shown in [46] that the extrema

o=

of (B.5) are given by the fo4 satisfying the implicit relation:
fou = BapcnfOSEIY
Rupenfs 1815 17

Using the results above it is now straightforward to see that fo4 = em%, a € R are

(B.6)

solutions of (B.6) and therefore extrema of (B.5).

Type ITA on a CYg3.. The moduli space metric of ITA on a CY3 orientifold is described
from the Kéhler potential:

K:KK+KQ, (B7)

where the subindex K refers to the Kéhler sector whereas we use () for the complex sector.
All the relations discussed above can be applied independently to Kx with p = 3 and to
Kq with p = 4. In particular, this shows that (3.5) extremise respectively Raédczg“gbgcgd
and Rm;p;,g“gﬁg” ¢%. Regarding the character of the points one can show that they are
minima by doing small perturbations around these directions.

If one just considered the Kéahler sector or the complex sector (meaning taking K¢ = 0
in the first case and Kp = 0 in the second case) this would be the end of the story.
Nevertheless, since in general we want to have both contributions, there appear some

B C_ D

subtleties one has to take into account. The point is that now R, . DgAg g~ g~ does not

have just “one” contribution but two independent contributions:

Rapepg” 9”99 9" = Rucaqs“9°9 9" + Ruspsg'9°9" ¢ , (B.8)
and the novelty is that it new extremum appears:
1 4

i = 7 {Kas K} (B.9)

with @ € R, which is precisely the one discussed below (3.7). Doing again a small
perturbation around the points, it can be shown that now both fOA = {em& O} and

\/g?
fo = {0, em%} are saddle points of (B.8) whereas (B.9) is a minimum.
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C Analysis of the Hessian

In this appendix we will compute the Hessian of the scalar potential and study its proper-
ties. We will first focus on the F-term potential, whose complexity will require a detailed
analysis and the use of a simplified version of our Ansatz. Once the associated Hessian
matrix has been found, we will evaluate the result in both the SUSY and the non-SUSY
branches independently, in order to obtain information regarding their stability. Finally,
we will briefly discuss the general behaviour of the D-term potential Hessian matrix.

F-term potential. Starting from (4.1) and evaluating the second derivatives along the
vacuum equations we obtain:

_x ®Vp b
DEmagn e = 8P0e + 20 arin (C1a)
_x 0*V) . )
K 850(92@ |vac =800 Pa + 8P0Pac + 29b Kabdpcopd s (Clb)
_x O*Vp
K@anu" [vac =0, (C.1c)
_x OPVp .
KW|V&C = 28agb PbvoPc (Cld)
-K O?Vp . od o f wd )
Spagy Ve = 8Papy + 8poKabed” + 29 KaceKoay %07 + 29" Kavepap
8K ,
+ Tgabp2 + 2 PapPov (C.le)
_x PV ,
‘ Kﬁu”@ba|vac = 205" pappu ; (C.1f)
82V 16]C 8’C2
-K F cd e e
A lvac =2 ace e ac A ac s 1
8baatb| g Kacepap® + ( 3 KbGac + 9 Oby )p I (C.1g)
0%V,
Gur i hee = VPOsO\K = Vpd, KO\K (C.1h)
+ e [&ﬂ%@“”ﬂupu + t“tb(a)\aaclwpaupby — 8pasppr) + 29abpaapb)\} ’
0*Vp X " i .
Dt e = VPOoDuK = ViOy KOLK + X [~ 4Kaf o + 4K apps (C.10)
8 P Pt t" = 8 Pttt + 2050 pay it + 2049" oyt peo |
0*Vp K cd ,
W|Vac =Vr0,00K — VEO, KO, K + 7 |0a0p9° pepa + 2K oKy p
16KC SKC 8K '
-+ (Slcalcbgcd + 73 ,Cabgcd + ?’Caabgcd + ?K;baagcd (Clj)

4K eg AK N .
+ 9aaabgcd> PCPd + ?’CabPQ - SKachPcuUV + 8Kabpp1/uy

+ 28" pappow + 8a8bngPc,upduuuUV:| -
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If we now introduce the ansatz (4.19) and make use of the decomposition of the metric in

its primitive and non primitive parts — see (4.11) — we are left with:

_x 0*V) 1 .
K ot = (8E2 4 6F2>/c2aAKagK +20% D P
9%V, 4 4
K F o = 2 =
SE7 b lvac = <8BE 3C’F>IC 0, K0, K + <8A 30> Kpao ,
—x Ve lvac =0
ag}\aug vac )
9%V,
e_K &5081;“ |vac = — 16B,Cpao' s
0%V, 4 2 2
-K F _ 9 MV 2 * 2 “ N2 22 2
e 78b“6bb|vac 2¢p PapPrw + <8B + 90 + 9D + 9F >IC O, KO K
4 4
+ <8AC —8BD — 502 - 3D2> KK .
9%V,
e K abaaZU lvac = — 16EK pag ,
02V, 8
-k Y Vr _( _ ©
g lvac ( 16BC + 3CD) KK ,
9%V, F? G 1 4 1
K a 2 2 Hv 2 2
" ae = (8E? + — | K20, KO\K — 16E%> — ~F?2 - “DE+ -CF
T G e ( + 6) A G ( 3 Tl

+ 2% pac pox »

_x 0%V, 1 4
e KW;MVM = ( 8E% + 6F2),C28aK80'K = 3FKpac
0%V, 4 2 2
—-K F 2 2 2 2 2
———|vac = | 8B —C -D — I K0, KO0, K
8ta8tb|ac < +9 ‘|‘9 ‘|‘9 ) a b

8 4
(= 9682 = 5C7 5P KK + 26 posn

where we have used the following relations
OGact® = —2Gap ,
O0sOC" 0, KO, K = 32¢u, ,
0a0b9° 0 K DK = 324y,

aaabgcdtctd = 6gab .

(C.2a)

(C.2b)

(C.2c)

(C.2d)

e

(C.2h)

(C.2i)

Unfortunately, it is not possible to provide a general description of the stability using the

results above. As discussed in section 5, for an arbitrary p,, one needs to know explicitly

the internal metric. Only if we restrict ourselves to the case in which p,, has rank one are

we able to derive a universal analysis. Therefore, from now on we will set

F
Pap = —E,CaaKTauKQ .
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Plugging this expression back into (C.2) the on-shell second derivatives of the potential are
finally reduced to:

o OV <8E2 + 1F2> K20, KO\ K (C.8a)
85085)‘ vac — 6 o A ) .
0%V 2 2
-K F _ 4 4 2
oe e lvae = <8EB AP 90F>/c s KoK (C.8b)
_x 0%V
K é.o_aF)\|vac :0, (CSC)
9%V, 4
-K F _ 2
e agaaw'm = 3 BFK?0,K0, K, (C.8d)
R 4 2 2
-K F 2, 22 A2 A2\ 2
Spaaph vac = <8B + O+ gD+ S F )IC 0. K0, K
4 2 4 2
+ (8AC —8BD — gc — gD >ICICab, (Cge)
02V, 4
-K F _ 2
5o opa e = 3 EFK?0,K0, K (C.8f)
_k 0%V,
K g lve = < 16BC + CD)ICICab, (C.8¢)
2
K 830? e = <8E2 + F2>/c28 KoK (C.8h)
G o 1,5 4 1 ) 2 :
16E? — ~F? - _DE+ -CF .
G(G SF? - SDE+ CF K2, (C.80)
0%V, 5
-k Y VF _ 2 2\ 12 .
augata‘vac ( SE* + 18F )IC 8 K@ K (CSJ)
0%V, 2 8
-K F _ 2 2 | 42 2 O a2\ 42
Bpagh ae <8A +16B% + SC* 4 32E° — O F )IC 0a KO, K ,
2 8 2 4 2
+{ —96B% = 2C + o F* | KKy (C.8k)

In order to make the computations manageable, we follow the same procedure as in [27]
and consider a basis of canonically normalised fields by performing the following change
of basis:

(6",6%) — (&.5.6"07), (u,1%) = (@8, 17) | (C.9)
where {13, t} ({é ,}) are unit vectors along the subspace corresponding to gN |vac (cfX,P lvac)

and {b%, 1%} ({&¢*,u"}) correspond'* analogously to vectors of unit norm with respect to
gfb|vaC cffy|vac . We can then rearrange the Hessian H in a 8 x 8 matrix with basis

“Notice that a =1,...,R" = 1; g =1,..., K>
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(é, b, &P, b0, 0, ¢, uf,t%) so that it reads

2
384E§‘ +8 H]_Q 0 O % 0
Hyo Hyy O 3?}? Hy O
0 0 0 0 0 0
Hp = K K2F? 0 32% 0 Hu O 00 Hsf (C.10)
0 B2 Hss Hsg O 0
3%/3; Hy O Hsg Hgs 0 0
0 0 0 0 0 0 Hp 0
0 0 0 Hg O 0 0  Hgg
where we have defined:
8Dp? — 96BrpDp + 32CF% + 96 ApCr + 864Bp? + 24
Hoy — F rDp + F9+ rCp + o+ 7 (C.11)
Dp? + 48BpD 2484
H44:8 F~ +48BF F;‘8CF 8 FCF’ (C.12)
192E5% — 48D pEp + 12CF — 20
Hys = — —20F Lot +1tr =20 (C.13)
3456 Ep? — 8Cp2 + 576 Bp2 + 864 A2 — 80
66 = = L 9 = a ; (C.14)
192Ep?2 —16DpEp + 4Cp — 4
Hyp = —27F - S ey (C.15)
16Cr% + 576 Bp> — 8
Heg = —20F ) P78 (C.16)
2 24
Hys =83 <8BFEF - % - 3F> (C.17)
20 Dr — 192B
Hyg _ 32CrDr 5 FCF, (C.18)
16CrDp — 96 BpC
Hys = — —7% F9 e (C.19)
5
Hse =8V3 (18 - 8EF2> : (C.20)

Note that (C.10) defines a symmetric matrix whose components are determined once we
chose a vacuum. In other words, given an extremum of the potential, one just needs to
plug the correspondent {Ap, B, Cr, Dr} into (C.10) to analyse its perturbative stability.
The physical masses of the moduli will be given by 1/2 of the eigenvalues of the Hessian.

Once the explicit form of Hessian has been introduced, we are ready to discuss the
spectrum of the two branches obtained in the main text. This will be done in detail below.

SUSY light spectrum. We consider now the Hessian of the F-term potential associated
to the supersymemtric branch of solutions. As explained in sections 4.4 and 4.5 this solution
is characterised by

Ap = —3/8, Bp = —3Ep/2, Cp=1/4, Dy = 15Ep. (C.21)
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Then, one just has to plug (C.21) into (C.10), diagonalize and divide by 1/2 to obtain the
corresponding mass spectrum. The result is:

1 1 1
m? :FZeKICQ{O, —50+ 16E7), 5t 56 E% + §\/1 + 160E2 + 2304E%,

A5, A6, A7, As} , (C.22)

where the \; are the four roots of

0 = — 160380 + 18662400E% + 62547240960 F %
+ 2721784135680 E%. + 29797731532800E%
+ (—19971 — 33191568 E2 — 4174924032EF — 74992988160E%.)18) (C.23)
+ (4483 + 1392480 E% + 55800576 E%) (18)\)2 + (—133 — 13392E2) (18))% + (18A)* .

In order to discuss the stability, we must compare (C.22) to the BF bound, which for this
case takes the value:

3 9
myp = 1v|m = _<16 + QE%) B K22, (C.24)

It is straightforward to see that the first non-zero eigenvalue can be rewritten as:

1 8
m3 = —5 1+ 16E%) = §m?BF. (C.25)

Regarding the other masses, although they can also be written as functions of mpp their
expressions are not that illuminating. In this sense, one can check that the third eigenvalue
is always positive, whereas m3 has a negative region -respecting the BF bound- for |Ep| <
0.1. Finally, the dependence of the four remaining eigenvalues with E'r, conveyed as implicit
solutions of (C.23), has to be studied numerically. One finds that only one of them enters
in a negative region -again above m% - for |Ep| < 0.04.

We conclude that the SUSY vacuum may have up to three tachyons, though only one
is preserved for |Er| 2 0.1. None of them violates the BF bound, as it is expected for this
class of vacua. To finish this part of the appendix, let us also write the tachyonic directions:

° m% Direction: u#.15

e m3. Direction: linear combination of b% and t?.

e m? = F2eKK2)\5 (lowest solution of (C.23)). Direction: combination of all non
primitive directions, i.e. é , B, @ and £.

Non-SUSY branch. We end this section of the appendix by analysing the Hessian of
the F-term potential associated with the non-SUSY solutions. As it was studied in detail
in the main text, this branch has to be defined implicitly in terms of the Ar and CF solving
equation (4.35) (check table 2 and figure 1 for details). In consequence, trying to explore

15For the complex axions, the direction £” is the one with zero eigenvalue.
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the stable regions analytically is, in practice, impossible, and things must be computed
numerically. What we have done is to extract the physical Ap and Cr satisfying (4.35),
plug them into (C.10) -Bp, Dr and Ef are determined once Ar and Cr are chosen- and
study the mass spectrum. Despite the numerical approach, results can be obtained easily.

After performing a complete analysis, we conclude that a single mode is responsible
for the stability of the solution. In other words, seven out of the eight masses respect
the BF bound at every point of the Non-SUSY branch. Therefore, the behaviour of the
aforementioned mode is precisely the one which determines the unstable region (red points)
in figure 2. For the sake of completeness, let us write it explicitly:

m? = — F2eX K2 9(124% — 1)((245 + Cr)(6Ap + Cp) = 1)|
x [—9 + 7776 A% + 5184A5Cr + 4ApCp(2 + Cr)(C% — 5CF + 9)
+ 1296 A% (C% — 2) 4+ 144A%LCR(C% + Cp — 9) (C.26)
—Cp(Cp —2)(CE + 6Cx — 1) + 6A%(C- + 8C3 — 46C2 + 4Cp + 45)] .
As it happened in the SUSY case for the mode with mass %mQB r» the direction of the mode
with mass (C.26) is given by w/. It is worth to point out that we are not saying that the
other modes do not yield tachyons, but they are always above the BF bound. As discussed

below figure 2, these other tachyons are localised close to the regions where m? defined
n (C.26) violates the BF bound.

D-term potential. We perform a similar analysis with the D-terms. Starting from (4.2)
and evaluating the second derivatives along the vacuum equations, we obtain that the only
non-vanishing second partial derivatives of the potential Vp are

?*Vp i 12 i
oulou’ E({)MCWC%\KQ Pabi + ECMUCV)\Q papﬁ , (C.27)
0%V, 3 B~ 9, o
Suigia = w0 Ips — S KT 55, (C.28)
0"V NV I,
0, KONK 7 3) (= 0a0pg™® —
otedtd = ( VK DZ.03) (8/C b9 K2
I, ap . 2TK.K ws 9Ka o
8}Cga b+ 1K 20, Ko\K g — 4,C2bg 5) (C.29)

If we now take into consideration the ansatz (4.19) together with the Bianchi identity
fap fc’j = 0, we have that, on-shell, 0,Kpt = 0. Hence the saxionic sector of the D-term
Hessian becomes

(C.30)

12 ~af8 AT AN

CucCurg*" popy 0

aAaBVD_(ICMUV alp )’
0 0

which is clearly positive-semidefinite for any choice of the geometric fluxes.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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