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ABSTRACT: We consider type IIB flux compactifications on six-dimensional SU(2)-structure
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and twisted tori and find that our no-go theorems forbid dS vacua and slow-roll inflation
in all but one of them. For the latter we find a dS critical point with e numerically zero.
However, the point has two tachyons and eta-parameter n ~ —3.1.
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1 Introduction

Flux compactifications of type II string theory (see e.g. [1-4] for reviews) have been inten-
sively studied in the last couple of years. The simplest compactification spaces that lead
to a four-dimensional N' = 1 action with a non-vanishing scalar potential for the closed
string moduli are Calabi-Yau orientifolds threaded with Hs and RR fluxes. In type 11B
such compactifications allow only for Hs and F3 fluxes, which generically fix all complex
structure moduli and the dilaton and yield no-scale type Minkowski vacua at tree level
with unfixed Kéhler moduli [5, 6]. In order to fix also the Kéhler moduli, typically in
AdS-vacua, the no-scale property has to be broken, which may naturally happen due to
non-perturbative quantum [7] or perturbative o’ corrections [8-10].

On the other hand, in type IIA string theory compactified on Calabi-Yau orientifolds
threaded with p-form fluxes [11, 12] it is possible to stabilize all geometric moduli at tree-
level in AdS vacua [13, 14]. In [15] it was shown that supersymmetric AdS vacua in type ITA
cannot only be obtained from Calabi-Yau compactifications but also from the more general
class of SU(3)-structure manifolds. This has lead to the exploration of compactifications
on SU(3)-structure manifolds [16-28] for which it is also possible to stabilize all moduli at
tree-level in AdS vacua.

Having compactifications with a tree-level scalar potential that depends on all closed
string moduli, one may ask whether it is also possible to have meta-stable de Sitter (dS)
vacua or slow-roll inflation [29]. In [30] a no-go theorem was derived that forbids dS
vacua and slow-roll inflation in type ITA Calabi-Yau compactifications with p-form fluxes
and O6/D6-sources. A manifold with negative scalar curvature, however, could in principle
evade this no-go theorem. Using this approach, four-dimensional dS vacua were constructed
in [31, 32], but it was argued in [33] that it may be difficult to satisfy the underlying 10-
dimensional equations of motion. A related approach was used in [34, 35|, where the
authors studied compactifications on coset spaces [18, 36-43] and twisted tori [16, 17,
25, 44-50]. The authors derived several new no-go theorems that were used to exclude
many concrete examples, but explicit dS extrema with one tachyonic direction were also
found in both papers. Since this tachyonic direction is different from the one discussed
in [51, 52] (see also [53]), its origin is unclear. In [54] an extensive search for dS vacua
was performed in a related model and the authors found dS extrema. However, stable de
Sitter (and Minkowski) vacua were only found in special non-geometric compactifications.
So it remains an open problem to construct geometric flux compactifications that lead to
controlled stable dS vacua at tree-level.

In this paper we investigate type IIB compactifications that classically lead to a four-
dimensional N = 1 supergravity action that could posssibly be interesting from a cosmo-
logical point of view. In particular, we would like to have a scalar potential that depends
at least on all geometric moduli at tree-level and that potentially could allow for dS vacua
or slow-roll inflation. This requires orientifold planes to evade the no-go theorems of [55—
57] (see also [58-60]). We will take these O-planes to be smeared over their transverse
directions (see [61] for a discussion of this point). Furthermore, for simplicity we restrict
ourselves to closed string moduli (i.e. we do not include D-branes), and only consider bulk



plane 1 2 3 4 5 6

05 X X

05 X X
O7 x x X

o7 x x X be

Table 1. O5- and O7-planes.

moduli in the analysis of concrete examples. As we explain in section 5, this leads us to
study flux compactifications on SU(2)-structure manifolds with O5- and O7-planes (see
e.g. [46, 62-71] for flux compactifications on SU(2)-structure manifolds). In these models,
also F1 and F5 flux can be turned on, as opposed to the warped Calabi-Yau compactifi-
cations of [6], where the absence of one- and five-cycles does not allow for these types of
fluxes. As we show explicitly in one particular example, compactifications of this type can
actually stabilize all moduli at tree level in a large volume and small string coupling regime.

As we discuss in more detail in section 2, SU(2)-structure manifolds have two globally
defined vector fields that lead to a natural (2+4)-split of the tangent bundle (in the special
case of SU(2)-holonomy, even the whole manifold factorizes as T? x K3). Furthermore, the
explicit examples we consider in this paper are all parallelizeable manifolds. This allows us
to choose a basis of six globally defined vector fields, e” (m = 1,...,6), that is compatible
with the (2+4)-split (i.e., we take e! and e? to span the two-dimensional part of the
tangent spaces singled out by the SU(2)-structure, and €3, ..., e® in the four-dimensional
complement). Aligning the orientifold planes with this adapted basis of vector fields, one
finds that the most general O-plane setup that still preserves N’ = 1 supersymmetry is, up
to permutations, given as in table 1.

This follows from the fact that for a pair of D-branes or O-planes to preserve a common
supersymmetry, the number of mixed Neumann-Dirichlet boundary conditions must be
divisible by four. Moreover, the globally defined vector fields of the SU(2)-structure must
be even under the OT7-projection and odd under the O5-projection, which explains the
orientation of the O-planes in the (1,2)-plane shown in the table. One also can convince
oneself that, apart from the familiar combinations O3/07 and O5/09, this O5/07 setup is
the only other possibility of having two different kinds of O-planes that both extend along
the four non-compact directions and still preserve some supersymmetry.

We see in table 1 that one can always do a single T-duality along the 1- or 2-direction
(which are the directions of the two real one-forms present in any six-dimensional SU(2)-
structure manifold) to obtain a type ITA compactification with four O6-planes along the co-
ordinate axis. However, after such a T-duality we generically have non-geometric Q-fluxes.

The organization of this paper is as follows. In section 2, we give some more details
on SU(2)-structure compactifications, their orientifolds and the effective 4D supergravity
action and set up our notation. In section 2.4, we also discuss the relation to ITA compactifi-
cations on SU(3)-structure manifolds with O6-planes via a formal T-duality transformation.
In section 3 we show the impossibility of supersymmetric Minkowski vacua in our setup
and discuss some aspects of AdS vacua and the validity of the supergravity approxima-



tion. Section 4 is devoted to several explicit examples that consist of coset spaces involving
semisimple and U(1)-group factors as well as twisted tori. All these examples allow for a
left-invariant SU(2)-structure and we can therefore use the left-invariant forms as expan-
sion forms which yields a consistent effective 4D action. We compute the scalar potentials
and show explicitly, in a simple example, how all moduli can be stabilized at tree-level.
In section 5, we discuss the cosmological properties of our class of compactifications and
derive several no-go theorems that forbid dS vacua and slow-roll inflation under certain
assumptions. We then apply these no-go theorems to our explicit models and show that
only one evades them. For that model we find a dS extremum with numerically vanishing e
and two tachyonic directions. A conclusion is given in section 6. Finally, three appendices
summarize some technical details.

2 Type IIB compactifications on SU(2)-structure orientifolds

In this section we discuss the N' = 1 supergravity theory obtained from type IIB com-
pactifications on an SU(2)-structure manifold with O5- and O7-planes. We also show that
generically the resulting scalar potential is formally T-dual to a type IIA compactification
on an SU(3)-structure space with O6-planes and non-geometric Q-fluxes.

2.1 Manifolds with SU(2)-structure

A six-dimensional manifold, M, with (static) SU(2)-structure admits two globally defined
and mutually orthogonal spinors n and 77, which we choose to be of unit norm. The existence
of these two spinors means that the tangent space group can be restricted to SU(2)C SO(6).
The spinors define a complex one-form, V', a real two-form, ws, and a complex two-form,
o, via suitable spinor bilinears on M

1

Vin 1= 277T—7m77+7 (2.1)
Wamn = ini'Ymnn-i- - iﬁi'Ymnﬁ—f—a (2'2)
Qnn = ﬁlennJm (2.3)

where the subscript + refers to the chirality of the 6D spinors, and the ~,,..,, are the usual
antisymmetrized gamma matrices. These forms are invariant under the tangent space
group SU(2) and determine the metric on M. Due to the Fierz identities and the assumed
orthonormality of the spinors 7 and 7, they satisfy a number of constraints,

1
wy N\ wo = 292/\93 # 0, (24)
wo A€o =0, Q9 AQy=0, (25)
Lvﬁg = 0, Lywo = 0. (2.6)

A set of SU(2)-invariant forms with these properties provides an equivalent definition of
an SU(2)-structure.

In the special case of SU(2)-holonomy (i.e., for M = T? x K3), the two spinors are
covariantly constant with respect to the Levi-Civita connection, which then implies that the



forms V,wq, Qs are all closed. On a general SU(2)-structure manifold, however, the spinors
are not covariantly constant with respect to the Levi-Civita connection, and V, wo, {29 are in
general no longer closed. Nevertheless, also in this generic case, one can define a different,
torsionful, connection with respect to which the spinors are covariantly constant. The
nontrivial torsion of this connection is encoded in the non-vanishing exterior derivatives of
the forms V,ws, Q. Unlike the special case of a manifold with SU(2)-holonomy, a generic
SU(2)-structure manifold is in general not Ricci-flat.

2.2 Effective theories and field expansions

In order to extract an effective 4D field theory from a given string compactification, one has
to expand the higher-dimensional fields and fluxes in an appropriate set of expansion forms
of the compact space. A 4D Lagrangian with finitely many fields requires the restriction
to a finite set of such expansion forms. For this to be a meaningful theory, no interference
with the neglected modes should spoil the dynamics of the modes one has kept, at least
not in the regime the truncated theory is supposed to be valid. One way to ensure such a
decoupling is a sufficiently large mass gap between the two sets of modes, as it may occur
for example in compactifications on Ricci-flat spaces such as tori or Calabi-Yau manifolds.
There an expansion in terms of harmonic forms provides the classically massless moduli,
well-separated from the massive Kaluza-Klein excitations.

On a generic SU(2)-structure manifold, however, the forms V,ws, )y are not closed
and hence cannot be expanded in terms of harmonic forms. Metric deformations therefore
tend to descend to massive 4D modes, and it is now less trivial to divide them into light
and heavy fields.!

Another situation in which the restriction to finitely many fields is justified is when the
neglected modes cannot be excited at all by the dynamics of the modes one has retained.
This latter case is commonly referred to as “consistent truncation” and means that any
solution of the truncated 4D theory lifts to an exact solution of the full 10D theory.

The examples we discuss in detail in this paper are expected to be models in which a
consistent truncation is possible. More precisely, we will consider in detail the case where
M is a group manifold, or a quotient thereof by suitable discrete or continuous subgroups.?
The SU(2)-structure is furthermore required to respect this group structure, i.e., to be left-
invariant under the group multiplication. The left-invariant forms on M are then taken as
the natural expansion basis that in some sense generalize the harmonic forms on a torus
and lead to consistent truncations as argued in [72-74].

The manifolds so-obtained are all parallelizeable, and would lead to an effective 4D
theory with A/ = 4 supersymmetry. In order to obtain a theory with A/ = 1 supersymmetry,
we will introduce two types of orientifold projections corresponding to O5- and O7-planes
with orientations as in table 1. The left-invariant forms that survive these orientifold
projections are labeled by Y (%P9 where n denotes the degree of the form and p, ¢ = + refer

'For a discussion of this issue see e.g. refs. [21, 27].
2The two classes we consider are: (i) products of compact semisimple and Abelian group factors, possibly

modded out by suitable continuous subgroups (so as to yield coset spaces), and (ii) nilmanifolds (or “twisted
tori”), i.e., nilpotent Lie-groups modded out by appropriate discrete subgroups.



to the transformation property of the form under the O5- and O7-orientifold projection,
respectively. In our examples these forms exhibit a natural (2+4)-split? that is compatible
with the orientation of our O-planes in table 1 and in many ways parallels properties of the
T? x K 3-compactification. More precisely, in our expansion basis, there are two one-forms,
and they can be only of the type Ya(l_+) (a = 1,2) so that they have their leg only along
the directions 1 and 2 in table 1. The two-forms, on the other hand, either arise as products

)

in table 1. The expansion forms of rank higher than 2 all turn out to be obtainable from
4

of the two one-forms Ya(l_Jr , or they have both legs along the remaining directions 3,4,5,6

wedge products of the lower rank forms, so that the independent expansion forms are

0-form: Y (©O++),

1-forms: Ya(1_+)7
2-forms: Yi(%*),
24—
Yy,
YI(2*+)

where the indices 4,j,..., A, B,..., I,J,... label the two-forms with the legs along the
directions 3,4,5,6. Just as in the T2 x K 3-case, our setups have, up to multiplication by a
function, only one four-form, Y *+1) | with legs along the 3,4,5,6 directions. When wedged
with the two one-forms Ya(l_ﬂ, this form also yields the six-dimensional volume form of
the full 6D space. We normalize it such that [ Y1(1_+) A Y2(1_+) AY @) = 1, which we
often will also write as e, = fYa(l_jL) A Y'b(l_+) AY W) with €9 = —egy = 1.

Products of two-forms with different orientifold parities can never combine to an
even/even four-form, and, due to the uniqueness of Y ++) | thus have to vanish. Y*++)
can therefore only be obtained from products of two-forms of the same parity, and we only
have the following non-vanishing symmetric intersection forms

fon / {0 A YD A A v,
Xap = /yl(l” AYLTIAYET) A ST, (2.7)

Xy = / YAy AV Ay

Before we expand the fields and fluxes in the above-described expansion forms, we sum-
marize their transformation properties under O5- and O7-orientifold projections [75].

3The complex vector field V' of a six-dimensional SU(2)-structure manifold defines a so-called almost
product structure, i.e., a tensor field of rank (1,1) that divides the tangent spaces into two-dimensional
subspaces spanned by the real components of V' and well-defined four-dimensional complements. The
two-forms w2 and Q2 of the SU(2)-structure have their legs stretched only along these complements (see
e.g. [64, 70]).

4n general it should also be possible to have compactifications with 2-forms along the four-dimensional
part of the compact space that are even under both the O5- and the O7-orientifold projection. This would
lead to D-terms as is discussed in detail in appendix A. In the concrete examples we study in detail in this
paper, however, a left-invariant (++)-two-form does not occur.



Fields O5 O7

Co, Fn -+
Co, F3  + -
Cyp 5 -+
Cs + -
B, Hs - -
w2 - -
Re(Q9) - +
Im(Qg) =+ -
A\ - +

Since the 0-form and the volume form on the six-dimensional space are both even under
the O5- and the OT-orientifold projections we find that the RR-axions Cy and Cg are
projected out. (This is required since, as we will argue below, after one formal T-duality
we have a manifold without 1- and 5-forms and therefore without C; and C5.) The scalar

components for the remaining fields can be combined into complex fields and expanded as
follows [75, 76]

w® = wy —iB = (k' — ibi)}/i(z”) _ 75iYi(277)’
§ = e ’Im(Q) +iCo = (u” + icé))Yer*) = Ay )
0f = —ie?2V AV* ARe(Q) +iCy = (v +icl )Y AT AvET (28)
— W'Y AV AV,

v = L (VT @iy ) = L (T g = Ly,

)

In the last line we have only one complex modulus 7, since the overall scale, L, of 2V
drops out of the scalar potential and can be eliminated from the K&hler and superpotential
through a Kéhler transformation. We do not get any vector fields from the metric or the B
field, since the 1-forms Ya(l_ﬂ are odd/even under the O5- and OT7-orientifold projections,
and the metric is even and the B field odd under both projections.

Next we expand the background fluxes in our basis

Fy =m Y1),

F3 _ eal’Ya(ler) A }/;(2__)’

Fy = foy =t Ay @)

Hy = h*AY =0 Ay ),

(2.9)

As mentioned above, in a generic SU(2)-structure compactification, the forms V,wq, )y are
in general not closed, so that we have to allow for the possibility of having non-closed

expansion forms, i.e. a deviation from the SU(2)-holonomy case, which we parameterize as



follows

avi = v,
dY’i(277) — ,,:ZaAYa(l—-f—) /\ Y1§2+7),

Ay = pgiy 0 Ay ) (2.10)
av> ) —o.

Here, the coefficients 7!, 7’?‘4 and 7% are constant parameters.

Note that the matrices #* and #¢ are not independent, as we have®
— e XapitB = /in(Q) AY =D Ay ) (2.11)
- / YOI Ay ndy ) = e XY,

so that

. ~ ~ ij
I g (X—1> 7B, (2.12)

We will nevertheless use both f% and F;-LB in explicit formulas to simplify expressions. The
reader should keep in mind, though, that they are not independent and in particular, if
one of them vanishes, so does the other.

6

Demanding that d squares to zero on the forms® one furthermore finds

cab™ Y = ety = 0. (2.13)

The RR-fluxes given in (2.9) are constrained by the Bianchi identities that have the fol-
lowing form

dFy = mrly®™ = 4[504),
AF; + Hy A Fy = (—eaifg?A + h“Amb> YDA DAYy —60s],  (2.14)

1
dFs + H3ANF3 = 0= 4[503],

where [dpp] denotes the (9 — p)-form contribution of the smeared Op-planes. We see that
in the absence of D-branes the setup only allows for O5- and O7-planes but no O3-planes.
The absence of NS5-branes finally requires the closure of the Hs flux

~bi 1— 1— 2——
dHs = —eph™ Y A Ay ) =, (2.15)
which gives the extra constraint
eah™ % = 0. (2.16)
SHere and at various other places in the following, we use that dy (= Y](Q__H7 whose wedge product
with 1/;(277) or Y£2+7) vanishes, so that there is no contribution from d acting on Y=,

5This is a necessary but not sufficient condition one has to impose on the metric fluxes. The sufficient
condition is given below in (3.13).



2.3 The four-dimensional scalar potential

With the conventions given above we can now discuss the resulting four-dimensional theory.
We started with 32 real supercharges in type IIB, and the compactification on the SU(2)-
structure manifold would preserve only half of this original supersymmetry in the resulting
effective action. The two orientifold projections break each another half so that we are left
with an effective 4D action with 213 of the original supersymmetry, i.e. four real supercharges
corresponding to N' = 1. Note that any two of the orientifold planes in our setup of
table 1 have four Neumann-Dirichlet directions and thus can preserve a common set of
supercharges.” We therefore can write the four-dimensional action using the language of
N = 1 supergravity. Our main interest is in the scalar potential for the closed string moduli
that is determined by the Kihler potential K and the superpotential W as®

V =€k <KMNDMW DyW — 3]W]2> . (2.17)

To determine the Kéhler potential K and the superpotential W we can plug our expansions
from the previous subsection into the generic expressions for the Kahler and superpotential
for SU(3)xSU(3) structure compactifications [19, 22-24, 26, 28, 75, 77]. For the Kéahler

potential we find

K = Ky + Kes,
K, =—In [‘2’2 /<2v A2 2V A e_i“2>} =—1In L—LQ‘; /2V A2V* A wy A wsy
— —In [_(T —|—7");Xij(ti + 1) (# +tj)] , (2.18)
K. = —2In ; /(ed’eQVAV*QQ,e—%ZV/\V*QQﬁ
— —2In _—; / (e‘2¢v AVEA Qg A Qg)}

= —2In -—i/ (6_2¢V AV Awa A wz)}

= —2In [e_ZD] =4D,

where (,) is the Mukai pairing whose action on polyforms A, B is given by (4,B) =
AN w@(B)|6—form- The operator w acts on forms by inverting the order of its coordinate
indices, and [6_ form means that we keep only the six-form part. We also used the explicit
expansion of the fields given in (2.8). In the second to last step we used the SU(2)-structure
condition wo Awy = ;QQ/\Q; and in the last step we introduced the four-dimensional dilaton

"Strictly speaking our setup is an asymmetric orbifold T°/(Z2 % (—1)¥27Z,) with a single orientifold
projection. The generators of the orbifold group together with the single orientifold projection then give
rise to both O5- and O7-planes. Since our compact space is the special type of asymmetric orbifold given
above, it should still be possible to use supergravity. We thank Ralph Blumenhagen for bringing this issue
to our attention.

8See appendix A for the four-dimensional action and potential D-term contributions to the scalar po-
tential.



D that satisfies e 2P = e 2%pols. We have written K¢ in terms of the four-dimensional
dilaton to facilitate the discussion of the formal T-duality below. For the explicit form of
K5 in terms of the complex structure moduli see (3.10). The volume of the compact space
is given by volg = —i [V AV* Away Aws = —|L|?x X;;jk'k7,° where in our conventions
the Kéhler moduli are all positive z,k* > 0 and the intersection number X}j will have
negative entries. In terms of the polyforms F' = )" F}, and C' = ) C}, the superpotential is
given by

W= / 2V A B P i (d 4 Hyn) (PeIm(@ Y AQy) +iC)). (219)

The parity assignments of B and €2, imply that their wedge product cannot combine to
the unique four-form Y “*+%) and hence must vanish, so that we have e A Qy = Qy. In
terms of the complex fields (2.8) the superpotential therefore becomes
W= / @V A e, F —i(d + Hyn) (5 + Q5)) (2.20)
= — QZL /<2V+22'V Aw’=V Aw® AW Fi+(F3—idQ5)+ (F5 —iHs A Q5—1idQg))

, ) o oL .
_ _;Ta <€ab [fb — iXapht'2P — Xt <z‘ebﬂ + 247 + 2mbtﬂ>] - z’quITa'> :

2.4 T-duality to type ITA on SU(3)-structure manifolds

We now proceed by showing that the above scalar potential is formally T-dual to the
scalar potential obtained by compactifying type IIA on an SU(3)-structure space with
non-geometric fluxes (so called Q-fluxes [78]). The resulting Kéhler and superpotential for

such compactifications are [79, 80]

1 a a C e
Kra = —In [6f~€abc(75(1m) 8 ra) ) + Trray) (Erray + t(UA))]

4D 1), (2.21)
Z’ =4 1 a C Z a C
Wiray = —, [—f(ﬁ) + Zt(IIA)f¢§4) + 2Habct(11A)tIZ11A)f(2) - 6f(o)“abct(HA)tl()HA)t(HA)

. (3 a i a c
+ihiy) Z{iiay + raxctliiayZiira - 2“abCQKtl()IIA)t(IIA)ZglA)] ; (2.22)

where f®) denote the RR-fluxes, hg) the H3-flux, r,x the metric fluxes and ¢§ the non-

geometric fluxes. t¢ are the Kihler moduli and Z%, || are the complex structure moduli.

(I1A) (II1A)

We can formally T-dualize the type IIB models along either Y1(1_+) or Y2(1_+) to

go to type ITA. The T-duality along Y1(1_+) leaves all the moduli invariant, and we can
reinterpret the type IIB Kéahler and superpotential as type IIA superpotential arising from a
compactification on an SU(3)-structure manifold. After a Kéhler transformation W4y —

°The value of |L|? is fixed through equation (3.8) to be |L|* = i XXA{;Z;Z; so that we have volg =

Xrgvlvd 15 115
Sl LRk

,10,



—iW(rr4) that leaves the Kéhler potential invariant, one can compare the Kéhler and
superpotential and finds that they are identical if one identifies

a i ZA

(I1A) = (7, 1"), Z(IEA) = <w1 ’ D14y =D, (2.23)

f(6) = f27 f(§4) = (f17Xij62j)7 f(2)(1 = (_m27 _eli)a f(O) = _m17

h(3) - XABh2B , N XABhlB ij’fij a 0 —fi]
B2\ X! )0\ =X 0 7 K=\ o )

and the only non-vanishing components of the symmetric triple intersection number are
Kiij = —Xl-j. This all agrees nicely with the T-duality rules of [81, 82] and the rule [78, 79],
which state that generalized NSNS-fluxes with no leg along the T-duality direction are
invariant while the ones with a leg along the T-duality direction transform into other types
of generalized NSNS-fluxes. In particular we see that models for which 7/ # 0 are formally
T-dual to SU(3)-structure compactifications with non-geometric fluxes.

For a T-duality along Y2(1_+) we find that the Kahler modulus 7 in front of Y2(1_+)

i. We transform the superpotential W — 7/W and the Kéhler

gets inverted 7 — 7/ =
potential K — K — In(7’) — In(7’). This results in a type IIB Kéhler potential as given
in (2.18) with 7 replaced by 7’ and the superpotential is as given in (2.20) where the only
change is that T* = (i,—7) — (i7/,—1). After this transformation we can again identify
our superpotential and Kéahler potential as arising from a compactification of type IIA on
an SU(3)-structure space with non-geometric fluxes. In particular we find that they agree,

if we make the following identifications

a ) zA
tira) = (7', 1), Zng) = (wl ; D14y = D, (2.24)
1O =~ 1 = (2 =Xyet), [0 =(m!, =), O =—m?,
—Xaph'? Xaph®P — X 0 —p2i
BB — N K = 4 il A a _ A
K < Xpry )0 Xpgr{ 0 ’ 1 o0 /)’

where again the only non-vanishing components of the symmetric triple intersection number
are ’flij = _Xz'j-

This shows that a formal T-duality along either of the two 1-cycles corresponding to
the two 1-forms leads to a compactification on type ITA on a space with SU(3)-structure
that is generically only locally geometric. In particular, SU(2)-structure compactifications
for which 71/ £ 0 and 7% # 0 are not T-dual to any geometric compactification of type IIA
on SU(3)-structure manifolds.

3 Analysis of supersymmetric vacua of type IIB on SU(2)-structure com-
pactifications

In this section we discuss the existence of supersymmetric vacua in compactifications of type
IIB theory on SU(2)-structure manifolds in the presence of O5- and O7-planes. We study
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the F-term equations arising from the Kéhler potential (2.18) and superpotential (2.20).
While there are no obstructions in finding fully stabilized AdS vacua, it is not possible
to stabilize all moduli in supersymmetric Minkowski vacua. We also discuss consistency
conditions like the tadpole condition and the possibility of obtaining large volume and
small string coupling in these compactifications.

3.1 Supersymmetric Minkowski vacua

In [25, 83] the authors show that for geometric compactifications of type IIA on SU(3)-
structure spaces it is not possible to stabilize all moduli in a supersymmetric Minkowski
vacuum. However, in [83] the authors argue that with non-geometric fluxes it is possible to
find supersymmetric Minkowski vacua. Since our type IIB compactifications are formally
T-dual to certain type ITA compactifications on SU(3)-structure spaces with non-geometric
fluxes the question of whether they allow for fully stabilized supersymmetric Minkowski
vacua is of obvious interest.

In order to find supersymmetric Minkowski vacua we have to find solutions for which
the superpotential (2.20)

W = —;T“ <€ab [fb — iXABthzB — Xl-jti <iebj + zAij + ;mbt])] — z'XUwITaJ> ,

(3.1)
and its derivatives with respect to all the moduli vanish. This means that we have to
solve an over-determined system of equations since we have one complex equation for
every complex modulus plus the extra complex equation W = 0. So for generic fluxes
one expects no solution.'® However, one can hope that for special values of the fluxes
it is possible to find solutions that stabilize all moduli. Recalling that 7% = (i, —7) the
equations for supersymmetric Minkowski vacua are

0=W, (3.2)

; . o A - ) _
0=0 W= —; (fl—iXABhlAzB—Xijtl (ielj%—zAfi‘]—l—zmlt]) —|—z'X1JwI7"2]> , (3.3)

0= 8tiW = ;T“eabf(ij <i6bj + ZAfilj + mbtj> y (3.4)

0= ,aW = ;T“eab (iXaph®® + Xyt ) (3.5)
15 1 - -

0 :8wIW:—2X[JTaTZL]: 2TX[JT§]—;X]J7“{. (3.6)

Taking the real part of the last equation and using that the Kéahler modulus z > 0 and
that the intersection number X7 is invertible we find

0=2Re(d,i W) =aXpr] = rj=0,VJ (3.7)
This then implies that 0 = 2i9,;W = X;;r{ and we can conclude that only manifolds
that have r/ = 0,Va,J can potentially have Minkowski vacua. Furthermore, we see from

OThere is always the solution in which all moduli are zero. We neglect this trivial solution, which
corresponds to a compact space with zero volume, since our supergravity analysis is certainly not applicable
in this case.
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the superpotential (3.1) that in that case the superpotential does not depend on the w!
which means that any supersymmetric Minkowski vacuum will always have the w! as flat
directions. So we can conclude that there are no fully stabilized supersymmetric Minkowski
vacua possible in these kind of compactifications.

Nevertheless, one could proceed to analyze the F-term equations further and check
how many moduli one can actually stabilize. However, from the tadpole condition (2.14)
we see that v/ = 0 = dF} = 0 = 4[5o7]. This means that it is impossible to satisfy this
condition in our setup. A way around this would be to cancel the O7-plane charge using
D7-branes. However, this would lead to open string moduli associated with the D7-branes,
which we do not consider in this paper. Another possibility is not to do the orientifold
projection that leads to the O7-planes. This should give a four-dimensional N' = 2 theory.
Both of these possibilities are beyond the scope of this paper and we do not explore them
any further.

3.2 Supersymmetric AdS vacua

In order to calculate the F-term equations we need the derivatives of the Kéhler poten-
tial (2.18) and therefore would like to have an explicit expression of the Kéhler potential
in the complex structure sector. We can get this by using the SU(2)-structure condition

0= QN0 = RG(QQ) VAN Re(ﬂg) — Im(Qg) VAN Im(Qg)
= RG(QQ) A RG(QQ) = Im(Qg) A Im(Qg), (38)
where the mixed term Re(£22) A Im(€2) vanishes since there is no odd/odd four-form. We

therefore have

Qo A Q; = 2Re(§22) AN RQ(QQ) = 21111(92) VAN Im(Qg) (39)

Using the explicit expansion of the fields as given in (2.8) we can rewrite the Kéhler
potential in the complex structure sector as an explicit function of the complex moduli in
the complex structure sector (we assume constant dilaton ¢)

K., = —2In [—; / (ef2¢2V A2V A Q9 A Q;)]

2
= —2In [— ’L‘Q xe_%/ <Y1(17+) A YQ(PJF) A Re(Q2) A Re(Q2))]

[ |LJ? _ _

— ! '2%% / (y}l RIS +)/\Re(Qg)/\Re(Qg)>]
[P o (1), 3-0—1)

—In |- e <Y1 NY, /\Im(Qg)/\Im(Qg)> (3.10)

P (1 LPr g 4op

=—In|- X —In |- X

n_ 9 ’L‘41‘2 IJUu v n 9 ABU U

1 A B1 e I,.J

= —In| Xapu“u® Xrjv'v
2 2
S )

= —In 64XAB(zA + 2N (P + 28 X1 (w! + o) (w”? —|—u_)‘])} .
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Using this explicit form for the Kahler potential we can spell out the F-term equations
DW = 0W + WOK = 0 for supersymmetric AdS vacuall

0=DW
; ) o . o . ~ 1
= —; (fl —iXaph't:P — Xt <i61] —|—zAfi1] + 2m1t]> —|—z'XUwI7’§]> ~ w,
T
i o (ibj o AR byj Xijk?
0=DsW = 2Ta€ainj <Ze T+ 2z V“AJ +m t]> — X’k;;{;kkl ; (3.11)
) .S = i b XABU,B
0= D.W="T° [X WOB 4 X, i J]—A :
a4 2 Cab |'2AB T AiGtTA XcpuCuP
1 = J X[J’UJ 1 = J Z = J X[J’UJ
0= DurW= =y 2o = g otce WV = o X0ms = Xt = g e W

3.3 The tadpole condition and the validity of the supergravity approximation

The fluxes in the superpotential are not all independent but have to satisfy several con-
straints. As mentioned above in equations (2.14) there are tadpole conditions corresponding
to the O5- and O7-planes as well as NS5-branes

AR = morly P = 4507,
dFy + Hy A Fy = (—e‘“‘fg’f‘ n h“Amb> YO DAY DAY = 60s),  (3.12)

dHy = —eph® VDAY Ay =0,

Above in (2.13) we also derived the constraints arising from demanding that d> = 0 when
acting on our basis forms. However, the metric fluxes need to satisfy a stronger constraint.
On a parallelizable manifold we have a set of globally defined one-forms e, n = 1,...6.
The metric fluxes are then defined by de” = — ; Jmp€™ A€P and from demanding that d?=0
on the one-forms we find

S =0, (3.13)

which in particular implies that d> = 0 when acting on our expansion forms. Note however,
that (3.13) is generically not implied by (2.13).

In equation (2.9) we have expanded the H3- and RR-fluxes in forms that are not all in
cohomology. Since one can always shift the B- and RR-axions to set any exact part of the
fluxes to zero, we have generically redundant parameters in our general superpotential (3.1).
Explicitly, if we make the constant shift in the axions

¢y = ¢z +0cly),
cf4) — 0{4) + 50{4), (3.14)
b — b 4 b,

"For some recent discussion of non-supersymmetric AdS-vacua, see e.g., [84, 85].
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then this leads to the following changes in the fluxes

(2)
— <e“i + f%&c&) Ya(lfﬂ A Yi(%f) +d <cé)Y1§2+7)) ,

By = ey Ay v (e vE)

Fs = foY = ay®) 44 <cf4>Y1(1_+) AYy A Yf(2_+)) (3.15)
. < Fo 4 e X 56{4)> YO-H Ay 4 g <c{4)yl(1f+> AV A YI(27+)) ’

Hy = hody 1=+ /\Yf*f) +d (bz‘yi(%f))
= (B ) YO A Y a ().

We see that we can choose the b to set any exact part of the Hz-flux to zero and 5Cé)
and 50{ 1) for the exact parts of F3 and Fj, respectively.

As long as we are discussing a generic compactification it is not possible to say which
parts of the Hs- and the RR-fluxes are exact and which metric fluxes are non-vanishing
so that the generic superpotential (3.1) cannot be simplified. However, for any concrete
model with metric fluxes there will be flux parameters that can be set to zero by shifting
an axion. In the concrete models of the next section we will always set the exact part of
the H3- and RR-fluxes to zero.

We can only neglect corrections to our supergravity analysis when the volume of the
compactification space is large and the string coupling is small. While for generic flux
compactifications of type ITA on Calabi-Yau manifolds there exists a limit of large Fy-flux
that leads simultaneously to large volume and small string coupling [13], we are not aware of
any such generic statement in compactifications of type ITA on SU(3)-structure manifolds.
This is certainly an interesting question whose answer should translate to our type IIB
compactifications on SU(2)-structure manifolds. Rather than pursuing this question we
will content ourselves with pointing out that the tadpole constraints (3.12) do not involve
the F5-flux since the last equation in (2.14) is automatically satisfied. Furthermore, as we
will see in an explicit example below, not all the flux parameters are necessarily constrained
by the tadpole conditions. So one generically expects to have unconstrained fluxes and
can hope to use these to obtain a large volume and a small string coupling so that the
supergravity analysis is valid. We will demonstrate that this is possible in an explicit
example in 4.1.

4 Explicit models

In this section we discuss several explicit examples of the SU(2)-structure compactifications
introduced in the previous sections. We start out by analyzing compactifications of type
IIB supergravity on cosets models [42, 76] with SU(2)-structure and O5- and O7-planes.
Then we discuss compactifications on spaces obtained from a base-fiber splitting [25, 45].
In all concrete models we restrict ourselves to only bulk moduli and fluxes for simplicity.'?

For concreteness, we will choose the following expansion forms, where €™, n = 1,...6, are

2For a discussion of blow-up moduli in ITA flux compactifications, see e.g. [13].
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1-forms: Yl(lfﬂ =el, Y2(17+) = e2,
2-forms: Y1(277) = 36, Y2(277) = e
Y1(2+_) — 3 Y2(2+—) — 56
Y1(2*+) — 35, Y2(2*+) _ 46

Table 2. One-and two-forms and their transformation properties under the O5- and O7-orientifold
projections of table 1.

globally defined one-forms on the compact space, and we suppressed the wedge product

such that €™ = e™ A ™. We choose the orientation of the internal manifold such that

1 = — [ ¢!23456 which then gives
Xip=Xo1=-1, Xpp=Xp=-1, Xp=2Xp =1, (4.1)
with the other components vanishing. The metric fluxes are defined by de™ = —; Jmp€™ NP
so that we find
ra _ —f35
e —fis )
7:?1 7:%1 _ _fc?4 fc?B (4 2)
~a2 a2 - _£3 4 ) :
T a5 Jab

_r4 _ 5
— ab a3
< fis  fau )
fora =1,2.

We now discuss four explicit examples of coset spaces with SU(2)-structure and then
discuss examples obtained by twisting T2 x T*/Zs. For the simplest coset example we
solve the F-term equations (3.11) explicitly and obtain fully stabilized supersymmetric
AdS vacua with large volume and small string coupling.

SU(3)xU(1)

4.1 )

For this model, the non-vanishing metric fluxes relevant for our compactification are fis =
—fi = V/3/2, cyclic. The left-invariant two-forms in the presence of the O5- and O7-planes
of table 1 read:!3

type under O5/07 basis name
odd/even 1-form el Yy
odd/odd 2-form €30 4+ ¢% Y (2—)
even/odd 2-form et 4 ¢ Yy (2+-)
odd/even 2-form €% — e y(2—+)

13We have relabeled the vielbeine used in [34, 42] so that the two one-forms of the SU(2)-structure are

e! and €.
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This means that, compared with the more generic discussion above, we have only half

as many two-forms and hence t! = t> = ¢, 2! = 22 = 2z and w' = —w? = w. Choosing
x> 0 and k > 0, the necessary condition for metric positivity!* is uv < 0.
Next we expand the background fluxes in our basis. According to (2.9) we get for the

RR fluxes!®

Fy =m'e! + m?e? ,
F3 _ f(3) (6236 + 6245), (43)
Py — — fle1346

where the exact parts of I3 and I (i.e. the (e!3¢ + e'4%) part of F3 and the ¢?*% part of
F5) are put to zero since they can be absorbed into a shift of Cy and Cy, respectively. For

the Hs-flux we choose
H; =0, (4.4)

since the absence of NS5-branes requires the closure of Hs and the exact part can be
absorbed into a shift of B (the three-forms have a trivial cohomology as b3 = 0 [76]). Using
the expression for the superpotential (3.1) we calculate

W = —; (—2f(3)t+z'm2(t)2 + V3w + flr — 2\/3tz7'+m1(t)27') . (4.5)

For the Kéhler potential we obtain from (2.18) and (3.10)

K:—ln((7+f)(t+f)2)—ln< !

r (z 4 2)*(w + w)2> . (4.6)

To demonstrate that it is possible to stabilize all moduli in a supersymmetric AdS vacuum,
we will explicitly solve the F-term equations (3.11) for this very simple model. From the
Kahler and superpotential given above we find

_ U 12 1
0=D,W = 2(f 2v3t 2+ m! (1)?) 5 W (4.7)
1
0=DW=if® +m?t+iv3zr —im'tr — W (4.8)
1
0=DW=1iV3tr— W, (4.9)
u
31
O:DwW:—i\g - W (4.10)

From D,,WW = 0 we find Re(W) = 0 which gives
\/30(4) = 2@y — fly + b (m? +mly) 4+ 2b <k:m1x + V3(—uzx + C(Q)y))
—k <k(m2 + mly) — 2\/3(0(2)1' + uy)> . (4.11)
We refer the interested reader to [19, 22, 46] for the calculation of the metric.
15Tn order to avoid confusion between the one-forms e™ and the expansion forms e*' of the F flux, we use

a different label in the expansion of the F3-flux. The minus sign in front of f! is due to y (4++) = 3456
(c.f. (2.9)).

,17,



Since Re(W) = 0 we can easily solve Re(D,W) = —v/3(ky —bx) = 0 to find

ky
b= 4.12
Y (1.12)
Re(D¢W) = 0 to find
3 +
PV (CWZ uy) (4.13)
m
and Re(D,;W) = 0 which leads to
uy(m? — m!
— v) (4.14)

x(m? +mly)
Next we solve Im(D,;W) = 0 and find

. — Fla2(m? + mly)? + 12022 (2m2y + m! (22 + 12)) 15)
B V3z(m? + mly)? '

and from Im(D, W) = 0 we get
FPx(m? +m'y)

" 2vsy (miy il (a2 +2) o

Finally, we solve Im(D,;W) = 0, which is a quartic polynomial in . There are two positive
solutions, and we choose

= 1 [(f(3))2 (m? — m'y) — Af'my22m? + m'y)
21/ (m1)*y

1/2
_f(3) \/m2 _ mly\/—16f1m1m2y2 4 (f(3))2 (m?2 — mly)] . (4.17)

We are now left with
0 =Im(D,W)
V3 (=fly 2mPy +mt (@2 +92))° + (f9)° (2mly (a2 + y?) +m? (a2 + 3y%)))
ey mt @ +2) (- () + 1 @my @+ 2))

)

where x is as given above. One can solve this equation analytically for y. However, the
resulting expression is not very illuminating and rather long so we do not write it down ex-
plicitly. The fluxes in the solution above are constrained by the tadpole conditions (2.14)

dF) =

V3
~ m' (e — ') = 4[6o7] = 4No7 (e — '),

dF3 + H3 A Fl — \/3f(3)(€1234 + 61256) _ [505] — NO5(61234 + 61256),

where we have expanded the orientifold contributions in our forms. So we see that the
tadpole condition fixes m! and f). However, the fluxes m? and f! are still unconstrained
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and one can make them large. Solving Im(D,, W) = 0 as given above gives a scaling of

y ~ |f1Om?|! for large |f!| and |m?|. From this and the solutions for the other moduli

we find
z ~ |0 m?,
u~ |2
v~ M

k ~ |f1|1/2|m2|0.
This leads to the following scaling for the four- and ten-dimensional dilaton

-D 113/4),2(1/2
e~ uo| ~ [ FHP M),
-D
—¢ _ € \/’W)’ 111/4), 2|0
e ? = ~ ~ m=|".
Vvolg xk? 1 m]
So we see that if we make simultaneously |f!| and |m?| large then we will have a large
volume with z,k > 1 and small four- and ten-dimensional dilaton e”,e? < 1. In this
limit we can trust our supergravity analysis and we have therefore found a large number
of trustworthy, fully stabilized supersymmetric AdS vacua. We present a few more explicit
models but leave it to the interested reader to solve the F-term equations and find fully
stabilized AdS vacua for the other models.
SU(2)2
a2 SHl) xU@)
The non-vanishing metric fluxes relevant for this compactification are f315 =1, cyclic, and
fiG = —1. The left-invariant two-forms in the presence of our O5- and O7-planes are

type under O5/07 basis name
odd/even 1-form el e? Yi(lﬁL)
odd/odd 2-form €30 4 ¢y (=)
even/odd 2-form €3 4% y(2+-)

odd/even 2-form  e3° | 40 Y1(2_+)

This means that comparing with the more generic model above we have to set t! =
t2 =t and 2! = 22 = 2. For the background fluxes we get

Hs =0,
F, = mlel + m262,
Py = f(3)(e236 42

1 _13456
Fs=f'e ;

(4.18)

where we again set the exact parts of Hg, F3 and F5 to zero and chose Hs to be closed.
The superpotential thus reads

W = —; (—2f(3)t +im?(t)? + w' —w? + flr =227 + ml(t)27'> . (4.19)
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For the Kéhler potential we obtain

K:—ln((7+7‘)(t+f)2) —1In <_16

1
(z 4 2)2(w* + @b (w? + w2)> . (4.20)
Necessary conditions for metric positivity are z > 0, k£ > 0 and v'v? < 0, uv! < 0.

4.3 SU(2) x SU(2)

The non-vanishing metric fluxes relevant for the compactification on SU(2)xSU(2) are
f?}S = ffG = 1, cyclic. For this model, the forms given in table 2 form the basis for the
left-invariant one- and two-forms. The background fluxes are chosen

H3 =0,
Fy =mtet + m?e?,
F3 = f(3)1(e136 4 6245) + f(3)2(e145 +6236)7 (4.21)
F5=0.
The superpotential reads for this choice
W = —; (f(s)l(_tl + z‘t2T) + f(3)2(—t2 I Z.t17) ©im2e? 4l .

+itl 22 + 22t — el — 222 — il — w2> .

The Kahler potential reads

K=-In((r+7)t +t)(#+#)) —In (— 116

(2! + 2 (2% + 22) (w! + o) (w?® + w2)> .
(4.23)

Necessary conditions for metric positivity are z > 0, k' > 0, k? > 0 and v'v? < 0, u'u? > 0
and u?v? > 0.

4.4 SU(2) x U(1)3

The analysis of this model is quite similar to the analysis of the model SU(2)xSU(2), as
one only turns off the structure constant f7; = 0. Therefore, we choose the same expansion
forms as in the model above. The only difference is in the choice of background fluxes,
since the cohomology changes, and we choose

H3 =0,

Fy =m'e! + m2e? ,

F3 = f(3)1€236 + f(3)2€245

1 13456
F5:f€ ;

(4.24)

such that the superpotential reads

W = —; (—f(3)1t2 — O Lm0 — w4 e — e — 22+ m1t1t27> . (4.25)

and the Kahler potential is as in eq. (4.23).
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4.5 Twisted tori from the base-fiber splitting

In this subsection we study models that are twisted 7% x T*/Zs and can be obtained from
a base-fiber construction [25, 44-50]. The basic idea for this construction is to split our
compact space into a base space and a fiber. If we know the T-duality group of the fiber,
we can associate a T-duality element to every non-trivial cycle in the base space. Then
we can twist the fiber by this T-duality element, if we go around the non-trivial cycle in
the base. The resulting space is often called “twisted torus”, if one starts with a torus (or,
as in our case, a toroidal orientifold), but the reader should keep in mind that the new
space has in general nothing to do with a torus anymore. It is a different topological space.
For a twist by a generic T-duality element the resulting space is only locally geometric.
Since the underlying string theory is invariant under T-duality one expects that the new
“space” is nevertheless still a good string background. We however are working on the level
of supergravity and need a geometric compactification space for our analysis to be valid.
Therefore, we restrict ourselves to twists by T-duality elements that are generated by the
geometric subgroup of the T-duality group (for a torus GL(d;Z) C SO(d,d;Z)) and shifts
of the B field. Although, the basic idea is very simple the explicit calculations are fairly
lengthy. We therefore present only the results in the main body of the paper and work out
the details of one explicit example in appendix B.

To do a full classification one needs to consider all possible splittings of the 72 x T /Z
into a base space and a fiber. This splitting needs to be invariant under the orbifold and
orientifold projection. We consider all cases in which the basis and fiber are parallel or per-
pendicular to the coordinate axis. Due to the symmetry of our space there are 19 different
possibilities. Denoting for example a one-dimensional base extending along the first direc-
tion by {1} they are {1}, {3}, {1,2}, {1, 3}, {3,4}, {3,5}, {3,6}, {1,2,3}, {1,3,4}, {1, 3,5},
{1,3,6}, {3,4,5}, {1,2,3,4}, {1,2,3,5}, {1,2,3,6}, {1,3,4,5}, {3,4,5,6}, {1,2,3,4,5},
{1,3,4,5,6}. Calculating the possible metric fluxes resulting from twisting the fiber over
these base spaces we find the following non-vanishing NSNS fluxes:

{1} : Hiss, Hise, fi5: fie fi3: fis
{3} : Huza, Hoza, f35, fi5: 13 [3s
{1,2} : Hiza, Hise, Hasa, Hase, fis, f55, figs fags 130 f230 [iar fou
f§5fir)3 - fi35f§r)3 =0, f§6ff4 - ffl6f264 =0
{1,3} : Hise, Hasa, f35, flo: fosr fiu
{3,4}: f315, fi@‘a f§5, ff& fir):sa f253, f164a f264,
fas It + fasfo1 =0, flofis+ ficfs3 =0
{3,5} + Hiza, Hise, Hasa, Hase
{3,6} : Hiss, His6, Hasa, Hose, f35, fiss 35, fiss [i6 Jog fi3s fos
fasfis + fasfas =0, fofis + ficfss =0
{1,2,3} : Hise, Hose, fre, fas far fou
fflﬁf& - f246ff4 =0
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{1,3,4} : Hise, f??5a ff& f§3a f264
[35fsn =0, fisf3s =0
{1,3,5} : Haga, Hoss, fig, fia
{1,3,6} : Hysa, Hase, f35, fi5: fog: /33
f35fa6 =0, fief33 =0
{3,4,5} : Hisg, Hases fig: figr fiar fou
{1,2,3,4} : His6, Hose
{1,2.3,5} « fis, foo, Fias [
fa6 STy — fief21 =0
{1,3,4,5} : Hasg, fis, fou
{1,2,3,6} , {3,4,5,6}, {1,2,3,4,5}, {1,3,4,5,6} : No Hs- or metric flux

where we also spelled out any constraints arising from the Bianchi identities (3.13).

The explicit expansion forms for these models are given in table 2. The superpotential
for these models is as given in (3.1) and the Kéhler potential is given in (2.18), (3.10)
where all indices run from 1 to 2 and the intersection numbers are given in (4.1). The
NSNS fluxes from above lead to h'' = Hysq, h'? = Hisg, h*' = Hosa, h*2 = Hosg and the
metric flux matrices are as given in (4.2). The necessary conditions for metric positivity
are x >0, k' >0, k2 > 0 and v'v? < 0, v'u? > 0 and w?v? > 0.

5 Cosmological aspects of SU(2)-structure compactifications of type IIB
supergravity

As we have seen in the previous sections, type IIB compactifications on SU(2)-structure
manifolds have the interesting property that their scalar potentials generically depend on
all moduli at tree level and allow for stabilized supersymmetric anti-de Sitter vacua. In this
section we discuss whether these potentials could also provide cosmologically interesting
solutions such as meta-stable de Sitter vacua and/or slow-roll inflation models in some
other regions of moduli space. We start out by showing that our general setup of SU(2)-
structure manifolds with O5- and O7-planes evades previous general no-go theorems against
dS vacua and slow-roll inflation [30, 32, 33| in tree-level IIB compactifications. For models
that are formally T-dual to type ITA compactifications on SU(3)-structure manifolds with
O6-planes and no non-geometric fluxes the no-go theorems derived in [30, 32-35] on the
ITA side could be used to rule out also the corresponding IIB models where applicable.
We will derive a number of no-go theorems directly in type IIB, some of which can be
viewed as the IIB translations of the above mentioned ITA theorems. In general, however,
the IIB compactifications studied here are formally T-dual to non-geometric type IIA
compactifications, and hence the corresponding no-go theorems proven here extend the
ITA no-go theorems of [30, 34, 35]. The dS vacua of [54] with non-geometric fluxes together
with the unstable dS extrema of [34, 35] suggest that there is no general no-go theorem for
the class of compactifications we are considering in this paper.
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5.1 Review of previous no-go theorems in type IIB

We start by reviewing the scaling of the terms in type ITA/IIB supergravity with respect
to p = (volg)'/® and ¢ = e~ P = e~ ?\/volg = e~ ?p*/? on which the no-go theorems of [30]
are based. The Einstein term in string frame is

SO /dlo \/ g(10) =20 R(0) /d4 \/ gWvolge™2¢ (R(4) ) (5.1)

so that we have to define g,(ﬁ,) = 2 g,(w) to go to the four-dimensional Einstein frame

S > /d4 \/ gDvolge™2? <R(4 /d4 \/ g(E RE) 1 ) (5.2)

From the type Il supergravity action

— ;/dl%\/_g(lm <e—2¢ <R(10> +4(8,0)* — ;|H3|2> -3 |Fp|2> (5.3)

P

(6)

and the scaling g, ~ p, we then find the following scaling for the contributions to the four-

dimensional scalar potential coming from the H3 and RR fluxes as well as the Ricci scalar,

Vig ~q %p %,
Vp ~q 4,03 7, (5.4)
Vf ~q p 1.

Note that Vg, V), > 0 while V; can have either sign.
For Dp-branes and Op-planes we find from Sp, /0, ~ %t i dp+1x\/—ge_¢ that

—6
VDp/Op ~ :l:q—?)pr ) (55)

where Vp, > 0 and Vp, < 0. Although we will not use it here, we also summarize the scaling
for NS5-branes and KK-monopoles, which can be obtained from Sygs ~ [ d%z/ —ge%¢
and Sk ~ [d'z\/—ge 2 g¥¥ [30, 86|

Vivss ~ q 2p2,
Vi ~ q*2p71. (5.6)

In principle one could also consider the addition of so called non-geometric Q- and R-
flux [54, 87] (or even the corresponding sources). By T-duality arguments one finds

Vo ~q °p',
Vi ~ q 2p3. (5.7)

For type IIB compactifications with only D3/O3-sources, Hs- and F3-flux, all terms scale
like p~% times a certain power of the dilaton e? (not ¢), and one finds the simple relation [30]

— 00,V =6V, (5.8)
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which shows that de Sitter vacua cannot exist. One can however choose the dilaton and
complex structure moduli such that the potential V' vanishes, corresponding to Minkowski
vacua with p being a classically flat direction. These are of course nothing but the no-scale
solutions of [6], and quantum effects as in [7] may be used to change this behaviour. If one
wants to stay at a purely classical level, this simple argument against de Sitter vacua or
inflation could in principle also be circumvented by including metric fluxes (or Op-planes
for p # 3).

A natural question therefore is whether one can obtain cosmologically interesting mod-
els by studying type IIB on SU(3)-structure manifolds (first assuming only O3-planes). Due
to the extra terms involving the metric fluxes [1, 23, 80] it might be possible to stabilize
the geometric moduli. Furthermore, using the scalings given above we can show that it
is impossible to have a no-go theorem in the (p, g)-plane for type IIB on SU(3)-structure
manifolds with O3-planes, H3- and Fj-fluxes. Indeed, for a no-go theorem we would have
to show that, along an arbitrary direction in the (p, ¢)-plane, we have

DV = (a0, + b0,)V > cV, ¢>0. (5.9)
Since Vi, V3 > 0, Vo3 < 0 and V; can have either sign we need to find a, b such that
DVH/g = CH/gvH/g, DVOg = 003V03, DVf = CVf, CH,C3 Z C, CO3 S C. (5.10)

It is straightforward to check that there is no such solution. So in principle these models
seem interesting and deserve further study. However, in our concrete examples we restrict
ourselves to the bulk moduli for simplicity. If one wants to have a bulk O3-plane then one
needs an orientifold projection that reverses all six coordinates. Since the metric fluxes fh,,
have to be invariant under the orientifold projection, one finds that bulk O3-planes and
bulk metric fluxes are incompatible. Therefore, for interesting examples in this direction
one would have to include for example blow-up modes and have either the O3-planes or

the metric fluxes being nontrivial in the twisted sector only.'¢ In [32] the authors look at
i
g2, b all terms that scale like ¢~

in type IIA compactifications, where a contains all terms that scale with

3 and c all terms that scale like ¢~

the quantity
This quantity is
therefore independent of ¢, and one can show that a de Sitter minimum requires that 41;‘;‘3
has a minimum in p and the remaining moduli at which 4;2‘3 ~ 1 [31]. In type ITA without

non-geometric fluxes and only O6/D6 sources one finds

4
;C ~ ST A, (Anp ™+ App®?) (5.11)
p

where the As are coefficients such that for example V), = qu*4p3*p . From the positivity
of Viy we have that Ay > 0. To evade a no-go theorem from [30, 31, 76] one would need
Ay > 0 as well, which corresponds to spaces with negative scalar curvature (see also [88]).
If there is no flux with p < 2, then the minimum in the p direction is at p = oo, i.e. we
have a runaway direction that leads to a decompactification. So the conclusion is that, in
the above setup, one needs the Romans mass parameter in type ITA.

16We thank D. Robbins and G. Dall’Agata for discussions on this point.
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In [32] it is further speculated that, by analogy to the Romans mass for type IIA, the
F} flux might be useful for classical type IIB de Sitter vacua. So let us look at type IIB
compactifications with H3-flux, Fj,-flux, metric flux and only On sources for one fixed n.

We find
e 4ac

2 Z Ay (Aup™P + Apr_p) P (5.12)

P
So we see that one needs F} flux for n = 5, while for the standard case with O3-planes
F3 flux is sufficient to avoid this no-go theorem, as we have already shown above. For
cases with only n = 7 or n = 9 O-plane sources, not even F; flux is sufficient to avoid the
no-go theorem:.

So, to summarize, we have argued that type IIB compactifications on SU(3)-structure
manifolds with O3-planes might in principle be cosmologically interesting, but they would
require to go beyond the study of just bulk moduli. Using instead O5-planes, one would
need Fj-flux, which, however, cannot be turned on on an SU(3)-structure manifold unless
it is actually an SU(2)-structure manifold. As we have also shown that having only one
kind of Op-plane with p = 7,9 would not work, it follows that IIB compactifications on
strict SU(3)-structure manifolds cannot lead to classical dS vacua or slow-roll inflation if
we have only one kind of Op-planes with p = 5,7,9, or they would require going beyond
the bulk moduli for p = 3.

Turning to cases with two different types of Op-planes (and requiring some unbro-
ken supersymmetry in the action), the only other potentially interesting SU(3)-structure
compactifications then have either O3- and O7-planes, or O5- and O9-planes. For the
03/07-plane case one has again the problem we discussed above due to the O3-planes.
The case with O5- and O9-planes is beyond the scope of this paper, as the O9-plane
charge cannot be canceled by fluxes, and we therefore have to introduce D9-branes and
worry about open string moduli. So our SU(2)-structure compactifications with Fj-flux
and O5/07-planes remain as a very tractable class of models that evades all previously
discussed no-go theorems.

5.2 No-go theorems for type IIB compactifications on SU(2)-structure mani-
folds

In this section we will derive several no-go theorems for type IIB compactifications of type
IIB on SU(2)-structure manifolds in the presence of O5- and O7-planes. The idea behind
the no-go theorems is to find a direction in moduli space along which the slope is of the
same order as the value of the potential which then leads to a slow-roll parameter € of order
one. This then excludes slow-roll inflation as well as de Sitter vacua.

The directions in moduli space we look at will generically involve the dilaton and some
of the Kéahler moduli. We also use the complex structure moduli but never the axionic
moduli coming from Cy,Cy and B. The no-go theorems will be in the spirit of the no-go
theorems derived in [34, 35] for type IIA compactifications on SU(3)-structure manifolds.
There the authors used a split of the Kéahler and/or complex structure moduli into two
sets. A priori such a split seems rather unnatural for a generic SU(3)-structure manifold,
but among the cosets spaces and twisted tori spaces studied in [34, 35] this split turns out
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to be generically present. In the SU(2)-structure manifolds we study here, the split likewise
appears naturally. The Kihler moduli split into 7 and the ¢, while the complex structure
moduli split into the 24 and the w!. We will make use of this split by studying directions
in moduli space that only involve for example 7 and not the ¢'. In the concrete models we
will study there are further splits since the intersection forms X}j, Xap, X1 have only off
diagonal entries so that for example Xijtitj = —2t'¢? is compatible with a further split of
the ¢ into t' and 2. This allows us to study also directions that involve for example only
t! but not #2.

Generically the no-go theorems we derive will only apply to models that satisfy some
restrictions on the NSNS fluxes. Such restrictions set in certain cases the flux contribution
to the O5- and/or O7-tadpole conditions to zero. This requires one to introduce D-branes
or consider cases with fewer O-planes that potentially preserve more supersymmetry in four
dimensions. This is beyond the scope of this paper. Nevertheless, we write down these
no-go theorems since they make use of the natural splitting in the Kéahler and complex
structure sector and they apply to some of the twisted tori one can obtain from the base-
fiber splitting.

To start with, we calculate the explicit scalar potential (2.17) using the Kéahler poten-
tial (2.18), (3.10) and superpotential (2.20). We redefine

A—qgsut, ol = qVI, (5.13)

with ¢ = e~ P such that X AUAUB X VIV = 4. We have summarized a couple of useful
results related to the Kéhler potential in appendix C. Using these one finds after a long
but straightforward calculation the following contributions to the scalar potential

2

Vi = 6 XS b KABX 40X pp M, (hC — 79CH) (hbD _ f?Dbz) ’ (5.14)
~X;;
1 1 2
I % kikﬂ')QQ{Mab[_ € e X Xy K 7 i Ar PR X ac XppKEY
~X;;
—SQXAB (f(_l)ijffAfé?BXklkkklf((;DucuD - 8X]JXijkiT£ijuAVJ}, (5.15)
X;ikikd b
v, = (TXuk' k) Mapmm? (5.16)
16¢*
K9 X3 X 1M ( + e - m“bk) <ebl + ey — mbbl>
Vs = : (5.17)
16(—Xik'k7) ¢
Vs = Mab (5.18)

X
ac " ai A j 1 av. 1ing
— ¢ X[JT’ 6(4) + XABh 6(2) Xz ( + ’I“AC(Q)) v+ m ijb b
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s €ap X AU (€708 + mehbB
Vo — — 5 CavXant” (75 ), (5.19)

Vor=— “n, (5.20)

where we used

1 I7|?> Tm(7)
(Map) = Re(T) (Im(T) 1 ) '

K9 = K", (5.21)
KAB _ 21 QKAB7
s2q
KT — s? K17
= LK

Here, K** denotes the inverse Kihler metric that splits into the four pieces K77, K i , K AB
and K7 as can be scen from the Kihler potential (2.18), (3.10), and we defined K4® and
K17 5o that the dependence on g and s is fully explicit in the scalar potential. For Vs we
used the Bianchi identities (2.13) arising from demanding that d? on the forms gives zero,
and for Vi we also used that dH3 = 0 (c.f. (2.15)).

Note that 7 = x + iy appears in the scalar potential only through M, and that

1
M, A®AY = N [2%(A1)? + (A% + Aly)*] >0, (5.22)

so that Vi, Vi, Vs, V5 > 0, since metric positivity requires x > 0 and in our conventions
—Xl'jkiikij > 0.
The expression for € is

6:V_Q{KTTavav LG OVOV g OV OV OV OV }

| o7 5 . 2
or o7 oti oF 924958 T8 oul gl (5.23)

or, using the real fields,

! {4902 ((ax/)? N <8V>2> e <ay av> g <3v>2 o <3v>2}
T4V ox Oy Okt OkJ dq Os ’

(5.24)

where we only spelled out the contributions relevant for us and have neglected a positive

semi-definite contribution from the axions and the &4 and V'.
For several no-go theorems we will use the following inequality (see appendix C)

- OV OV
Oki Oki

ov ov

_ i1.J
= FF) s o

2
n <2kikj _ Q(X—l)ijj(klkkkl) ovov _ ., (kiav>

Okt Oki — Okt

(5.25)
With these explicit expressions for V' and € we can now derive several new no-go theorems
in the spirit of [34, 35]. All the no-go theorems that involve the 7 modulus will come in

pairs, because we can always find a related no-go theorem that uses the new coordinate
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T=a 41y = i Since the scalar potential depends only through M, on 7, its form in
terms of My, is unchanged, and the matrix M, has to be written in terms of 7’ as

(Map) = ReiT’) <—Ir111(7") _I\:'I}](;— )> ’ (5.26)

so that now 1

1./

(M)apA®A” = [(2")*(A%)" + (A" = A%())*] > 0, (5.27)

since metric positivity required x > 0 which then implies that 2/ = 2 fryg > 0. The form
of € does not change under this coordinate transformation, since

AN A avN\® (V)
4z = 4(z')? : 5.28
’ <<3w> +<0y> ) ) <<5w’> +<3y’> (529
M, written in terms of 7" can be brought into the form (5.21) if we exchange a,b =1 and

a,b = 2 everywhere and simultaneously change the sign of v/

eV 1 72 Im()
(Mab) y_}?! (Mab) = Re(’T') (Im(T’) 1 ) .

Therefore, for every no-go theorem involving x and y, we can find a corresponding one
involving 2’ and —y/, if we exchange a,b =1 and a,b = 2.

5.2.1 The IIB version of the HKTT no-go theorem

We start out by re-deriving, for our type IIB compactifications, a no-go theorem that
has appeared in the context of type ITA flux compactifications on C'Y3 manifolds in [30].
There the authors showed that, using the overall volume and dilaton modulus, there is a
lower bound € > g if one allows for RR-fluxes, Hs-flux and O6-planes. Since our setup is
formally T-dual to a type ITA compactification with O6-planes one can ask how this no-go
theorem can be translated to our setting. Since Hs-flux and metric fluxes get mixed under
the formal T-duality, one expects that we need to restrict the Hs-flux and metric flux in
our setting. Indeed, if we demand that

WA =r] =4 =0 (5.29)
(recall that 74 = —XAB(X_l)ijf?B) then we find that

(=3q0y — x0, — k'0i)V > 9V, (5.30)

4 . \1/3
where —20, — k'O = —p0, with p = (volg)'/3 = <—x§Xijklk7) . From the explicit

expression for € (5.24) we have
1 ov\? OV ov\®
> 42? 2 (K 2
E—W{ g <am> " ( 0/&) o <aq> }
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1 1 .
4% {39 [(—3¢0y — 20, — k’@ki)V]Q +

1 ) 1 )
+ ., (a0, — 4(x0, + Kop)v]® + o (200, - kzaki)vf}
27

! { L 1(-340, — 20, - kiaki)vf} >

>
V239

Similarly, we can introduce the new variable 7/ = i as discussed above and demand that

h?4 = rl = 724 = 0 from which we find
3¢90, — 20y — K'0)V > 9V, 5.31
q k

and therefore again € > g

We have chosen the assumption (5.29) such that a formal T-duality along the 1-
direction (c.f. (2.23)) would lead to a manifold without geometric and non-geometric fluxes
in ITA. As was discussed in [31, 32, 76], this no-go theorem can be extended on the type ITA
side by allowing certain metric fluxes, i.e. non-Ricci flat manifolds: as long as the result-
ing compact space has positive curvature everywhere in moduli space, the no-go theorem
of [30] is still applicable. We can likewise ask which of our restrictions (5.29) on the fluxes
are really needed in the IIB version. From

(=30, — ©0y — k'O ) Vir (5.32)

52

=9V -2 -
16(—Xijk’/<:ﬂ)q2

RABXACXBD (hlc o lecbz) (th o 7:ZlDbl) ,

we see that we have to require that h'C — ~ilcbi = 0 everywhere in moduli space, i.e. for
all values of b*. This leads to h'4 = f}A = 0. Using this and making the extra assumption

fiQA = 0 we find

1 U, e
riry Xix Xy K55 > 9V;. (5.33)

—3q0, — x0, — k'O )V = V5 + 2 o
(=340, ROVr = Ve 26 % kiki) g2 2

So we see that V; satisfies the no-go theorem even when rl # 0. Tt is easy to see that
the same is true for all other contributions to the scalar potential so we conclude that the
no-go theorem applies to all models that satisfy only h'4 = 772?“4 = 0. In a concrete model
it is also possible to relax the condition fZ-QA = 0 if the model still satisfies

(=3q0y — 20, — k'O )V > 9V (5.34)

Again a similar conclusion can be reached considering 2’ and exchanging a = 1 and a = 2
in the previous discussion.

5.2.2 Factorization in the Kahler sector

Based on our factorization of the Kéhler moduli into 7 and the k* we have two more obvious
directions in moduli space along which we could look for no-go theorems [35]. If one can
show that

—2¢0,V — k'9:V > 6V, (5.35)
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which is certainly true if 7#¢4 (and hence also f:j via (2.12)) vanish, then one finds from

the explicit expression for e that

1 VT, (OV\?
wef2 (o) +e ()}

™
v

1 1 7 2 1 i 2

= 2 {18 [(—2(]&1 —k 3ki)V] + 36 [(—q(?q + 4k 8k¢)V] } (5.36)
1 1 i 2

2 1o {18 [(—2¢0; — k' 03V ] } > 2.

As was pointed out in [34] the assumption 7¢4 = 0 can be relaxed, and it is sufficient to

show that any particular model satisfies
—2q0,Vy — K'0,:Vy > 6V, (5.37)

in order to exclude the existence of dS vacua and the possibility of slow-roll inflation.

Another possible no-go theorem arises if

—q0,V —x0,V > 3V, (5.38)
which is always satisfied if h'4 = 714 = rl = 0. In this case it does not seem possible to

relax these constraints. We find a lower bound on the slow-roll parameter

1 ov\ 2 oV \?
42 2
FRTIVORTICAN

_ ! {1 (—q0, — 20 ) V]2 +

a
IV

5 20

> 2 {5 00, — sV} > 1.

Since this no-go theorem involves the z-direction we again have a related no-go theorem

(=40, + 4x3x)V]2} (5.39)

involving o/, if h?4 = 724 = vl = 0.

5.2.3 Factorization in the Kahler and complex structure sector

Just as in [35] we can make use of the factorization in the Kéhler sector and at the same
time of the factorization in the complex structure sector, where we have the two sets of
moduli 24 and w!. This can easily be done by looking at directions that involve both g
and s. For example, if h'4 = filA =rl =0, one finds that

(—2¢0y + s05 — x0,)V > TV. (5.40)
Using this we can derive a bound on €
1 v\’ av\? av\?
A2 2 2
W{ v (ax> T (aq> o <a>
1

1
= {21 [(—2q0, + 505 — 20,)V]* +

(@)
Y

7

! [(qaq+zsas>VJ2} =

+20
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Again there is a related no-go theorem involving z’ under the assumption that h?4 = 7’?‘4 =
’I“é =0.

We can also find a no-go theorem using only the complex structure moduli. If r! = 0,
then we have

(—q0q + 505)V > 4V, (5.42)

and find the following bound on €

e () (0]
= ;2 {; (40 + s0)V]* + é [(q0g + sas)vF} > 2. (5.43)

5.2.4 No-go theorems for a complete factorization in the Kahler and complex

structure sector

In our concrete models the volume does not only factor into x and Xij k7, but we actually
have volg = xk'k?. This means that we can also study directions involving k! or k2 or a
combination of z with k' or k2. This leads to no-go theorems very similar to the ones dis-
cussed above. Furthermore, we can use the fact that XABUAUBXUVIVJ = — AU U*YY?
to study other directions that generalize the above discussion where we used ¢ and s. For
each of the cases the restriction we have to put on the NSNS fluxes vary, but we still find
the same bound on e. There are of course many more no-go theorems one can derive for
these concrete models. We will just discuss two more in detail since we will need them to

analyze our explicit models. Since Xlg = Xgl = —1 and X9 = X1 = 1 we have
50V oV 0V oV
> V2! K48 _ L _ 5.44
€= { 024 9zB ow! gt (5.44)

> 2 {(uA)2 (5;)2 (1Y (g;)g}

It will be convenient to use the u? and v!. Their explicit dependence can be read off

from (5.14)-(5.20) if we change U4 — 22, Vi viq and ¢* — —ulu?v'v?. After this

replacement we see that for example
—ulo V>V, (5.45)
if 792 = h9% = 0. Therefore, we find the bound

¢>V? {(u1)2 (3;/1)2} > 1. (5.46)

A similar statement applies for v! under the assumptions 72 = 0. In both cases there are
related no-go theorems if we exchange A =1and A =2, or I =1 and I = 2, respectively.
5.3 Analysis of concrete examples

We can now analyze our concrete examples and check whether the existence of dS vacua
and slow-roll inflation is not possible due to one of the no-go theorems from the previous
subsection.
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SU(3) xU(1)

SU(2) For this model we have fi = —fl; = v/3/2, cyclic. Calculating Vr we find

V(V + 8z k s2U)

3
Ve =
! 16z k2522

(5.47)

Recalling that we need k > 0 and UV < 0 so that the metric is positive definite, we find that

33Uy

—2q0,Vy — kOyVy = 6Vy — g

> 6V (5.48)
and therefore that the condition in (5.37) is satisfied and one has € > 2. Under a formal
T-duality along the cycle dual to Y2(1_+) one obtains a geometric type IIA compactification
on the same manifold, which was studied in [34], where the authors found the same bound
on e.

SU(2)2

Uy X U(1). For this model we have fiz = 1, cyclic, and fis = —1. This leads to

(V1)2 + A ]CSQZ/{(Vl _ VZ) + (V2)2

S0 ksl (5.49)

Vi =
Recalling that we need k > 0, UV' < 0 and UV? > 0 so that the metric is positive definite,

we find that
—UV! +UV?
2kq?

and therefore that the condition in (5.37) is satisfied and one again has ¢ > 2. Under a
)

pactification on the same manifold, which was studied in [34], where the authors found the

— 2(]6qu — k:@ka = 6Vf + > 6Vf (5.50)

formal T-duality along the cycle dual to Y2(1_Jr one obtains a geometric type IIA com-

same bound on e.

SU(2) x SU(2). In [34, 35] it was shown that compactifications of type ITA on this space
can lead to dS extrema with one tachyonic direction. In [54] (based on the earlier work
[87, 89, 90]) the authors found fully stabilized dS vacua for type ITA on an SU(3)-structure
space with non-geometric fluxes that is very similar to the formally T-dual version of the
SU(2)xSU(2) model studied in the present paper. It is therefore very interesting to ask
whether this space allows for geometric dS minima in ITB. We have analyzed the correspond-
ing scalar potential using Mathematica and with the aid of the package STRINGVACUA
[91] but due to its complexity we were only able to find one particular solution with numer-
ically vanishing e. For the ease of presentation we have rounded the values of our solution
to six significant digits!”

z ~ 0.267585, k'~ 1.76189, k? ~ 1.97367,
u' &~ 2.38469,  u? ~ 0.0406036, o'~ —0.00820371, v? = 0.0512969,

y ~ 0.624470, b' ~ —6.22664, b* ~ —3.41528, (5.51)
Cly =~ 4.99938,  cfp ~ 6.53845,  c(,) ~ 18.2884, ¢l ~ —14.8650,

m' &~ 1.26529, m? =~ —1.92725, fOl ~ —6.09473,  f®? ~ 10.5444.

'"The solution we found has e = 1072°. The rounded values in equation (5.51) give only ¢ = 6.5 % 107>,
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This solution has 7 ~ —3.1 similar to the numerical type ITA dS extrema found in [34, 35].
Besides this tachyonic direction there is another tachyonic direction corresponding to an
eigenvalue of the  matrix of approximately -0.00039. While the above solution is not in a
regime in which we can trust supergravity, it nevertheless shows that for this model there
cannot exist a no-go theorem similar to the ones discussed earlier in this section.

It would be very interesting to study the SU(2) x SU(2) model further to check whether
one can prove that there is always at least one tachyonic direction or whether it allows for
metastable dS vacua with large volume and small string coupling. Understanding the
tachyonic directions better should also allow to decide whether there are points in the
moduli space that allow for slow-roll inflation in this model.

SU(2) x U(1)3. For this model we have fi; = 1, cyclic. This leads in terms of 7/ = ! to

_ 1 {(

- 8¢2s2x'klk?
—2(k*s*UM) (K*s°U?) — 22'V2 (k' s*U + K2sUP) }

Vy kUM + (K2s°UP)? + ((2)? + (¢)?) (V?)? (5.52)

We recall that we need 2/ > 0, & > 0, U'U? > 0 and UAV? > 0 so that the metric is
positive definite. Then we can assume that one of the three quantities |2/V?|, |k's?U!|,
|k%2s2U?| is the biggest. We will choose |2/V?| > |k's?U!| and |2/'V?| > |k?s%U?| which
leads to

—(krs2Ut — K2 s2U?)? + 2/ V(R sPUL + K2 sPUP)

—2q0,Vy— k'O Vy = 6V + 4252 k1 k2

> 6V; (5.53)
and therefore the condition in (5.37) is satisfied and one has € > 2. One can reach a similar
conclusion, if for example |k's*/!| is the biggest quantity, by looking at the direction
—2q0, — k*02 — 2’0,. Under a formal T-duality along the cycle dual to Y2(1_+) one
obtains a geometric type IIA compactification on the same manifold, which was studied
in [34], where the authors found the same bound on e.

The twisted T? x T*/Zy. The particular twisted tori models discussed above all satisfy
the conditions for one no-go theorem similar to the ones explicitly discussed in section 5.2
(see in particular the discussion in subsection 5.2.4). From the possible Hs- and metric
fluxes given in (4.26) one finds

no-go theorem model
e> T {1},{3},{3,5},{1,2,3,4},{1,2,3,5},{1,2,3,6},
-3 {3,4,5,6},{1,2,3,4,5},{1,3,4,5,6}
€>2 {1,2}, {1,2,3}, {1,3,4}, {1,3,5}, {1,3,6}, {3,4,5}, {1,3,4,5}
€>7 {3,6}
e>1 {1,3}, {3,4}

where again {...} denote the chosen base over which we twisted the complementary part
of the torus. Unlike the situation for the coset spaces, where only the SU(2)xSU(2)-space
T-dualized to a non-geometric compactification in type IIA, the twisted tori in the above
table generically become non-geometric spaces in ITA, and the no-go theorems proven here
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are hence in general not covered by the no-go theorems proven in [35]. The no-go theorem
corresponding to € > 1 also makes use of a different direction in moduli space as the no-go
theorems considered in [35].

It is also possible to allow combinations of NSNS-fluxes that cannot be explicitly con-
structed from the base-fiber splitting. Then it is not a priori clear that there is an actual
compact space that corresponds to such metric fluxes. However, there are certainly exam-
ples where this is the case like for example SU(2)xSU(2), which cannot be constructed from
a base-fiber splitting of a torus but which is nevertheless a good geometric compactification
spaces. In such a case one can hope to evade all no-go theorems related to the € parameter
and find dS extrema in the potential. This was shown to be the case in [35] in type IIA
compactifications on SU(3)-structure manifolds, where the authors found (unstable) dS
extrema by using metric fluxes that can be obtained from a base-fiber splitting but also
had examples of dS extrema that could not be constructed in this way:.

6 Conclusion

In this paper we have studied type IIB compactifications on six-dimensional SU(2)-
structure manifolds in the presence of O5- and O7-planes, Hs- and RR-fluxes. We have
spelled out the resulting classical four-dimensional N' = 1 supergravity action and studied
the scalar potential for the closed string moduli. We have shown that it is possible to
stabilize all bulk closed string moduli at tree-level in supersymmetric AdS vacua with large
volume and small string coupling, which we made fully explicit for a specific model. We
found that, by contrast, supersymmetric Minkowski vacua are not possible in this setup.
We discussed many explicit examples of six-dimensional SU(2)-structure manifolds in detail
and discussed their cosmological properties. We derived potential no-go theorems against
dS vacua and slow-roll inflation for our class of models and were able to use them to exclude
all but one of our explicit models. However, there is no known generic no-go theorem that
forbids dS vacua or slow-roll inflation in this class of models, which makes it interesting
to study further models. Also for one of our explicit models we found a dS solution with
numerically vanishing e and two tachyonic directions. It would be interesting to study this
further in particular since it was shown in [54] that it is possible to obtain fully stabilized
dS vacua in non-geometric compactifications of type ITA on SU(3)-structure spaces, and
our setup is formally T-dual to compactifications of this type.

A straightforward extension of our work would be to consider type IIB on SU(2)-
structure manifolds and include only one kind of orientifold planes. In that case it would
be interesting to find out whether it is still possible to stabilize all closed string moduli
at tree-level in the resulting four-dimensional N = 2 theory (see [92-94] for related work
on dS vacua in flux compactifications with A/ > 1 SUSY). It would also be interesting to
extend the work of [71] and study type IIA compactifications on SU(2)-structure manifolds
in the presence of two different kinds of O-planes. One can also analyze our setup from a
10-dimensional point of view as was done for type IIA on SU(3)-structure manifolds in [33].
We hope to come back to some of these issues in the future.
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A D-terms in type IIB

In this appendix we discuss the additional terms in the scalar potential that arise, if the
SU(2)-structure manifold has forms YOE2++) that are even under both the O5- and the
OT7-orientifold projections.

We define the additional symmetric intersection form

Xop = /Yl(lﬂ Ay T A Y Ay D (A1)

Acting with d on the forms can now lead to new contributions for YI(27+) (c.f. (2.10)) and

we also allow for the non-closure of the Yo$2++) forms
dy2 ) = pgey =4 Ay @)
dY, 2 = paly (0= Ay =),

The two new matrices are not independent but rather satisfy 7*3[ = —)?ag (X' *1)1‘] 7736 . De-
manding that d squares to zero on the forms one finds the necessary conditions (c.f. (2.13))

X[J’I"é?"ug;] = Eab’lngf% = Eabf%ffB = Eab’lz?afg‘] = Eab%gf,,:?ﬁ =0. (AQ)

From the RR form Cj we now also get U(1) vector fields
Cy = Aseda? AN YD Ay, (A.3)

«

Note that due to the self-duality of F5 not all of these gauge fields are independent. Half
of them are the magnetic duals of the other half.

The four-dimensional action is uniquely determined in terms of three functions. The
Kahler potential K (2.18), (3.10), the holomorphic superpotential W (2.20) and the holo-
morphic gauge-kinetic coupling f(m)(bﬁ).w The bosonic part of the action is

SH = —/ {—1R*1+KMNd¢M/\*d¢N+V*1
i L2
1 1
+2Re(f(aa)(bﬂ))Fm N+F" + QIm(f(aa)(bﬁ))Faa A Fbﬁ} , (A4)

8We will stick to our notation in which the different U(1) gauge fields are distinguished by two different
indices a and «. To increase legibility we will group the four indices on the gauge-kinetic function in groups
of two indices by using parenthesis.
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where * is the four-dimensional Hodge star, K,y = OymOyK, KMN g jts transposed

inverse, F%* = dA%, and Dy W = OyW + (Op K)W and M, N run over all scalar fields,
i.e. over {a,i, A, I}. Our main interest is in the scalar potential

N 1
V=eK (KMNDMW DyW — 3]W!2) +, (Re(N) D DDy (A5)
The D-terms Dy, for the U(1) gauge groups coming from reducing Cy are

' 6aa
Daoz = ' 5aa¢MDMW - Z.8M[(5aoz¢]u +1 W

o o (A.6)

where J400™ and 6, W are the variations of the field ¢ and superpotential W under a
gauge transformation. The equation (A.6) is not valid for W = 0 but our compactification
will have d,,W = 0, so that the explicit D-terms determined below are also valid for W = 0.

The holomorphic gauge-kinetic coupling can be read off directly from the 10-
dimensional action. See [77] for an explicit derivation for type IIB on SU(3)-structure
manifolds.

We have seen that the RR field Cy gives rise to U(1) gauge fields and axions through
the expansion

Cy = A2dat AV AV 4 el YT AT Ay (A7)
Doing a gauge transformation of Cy we find
Cy — Cy+dAB)
—Cuitd (A“a(x)ya(l*ﬂ A Yf*”)
= Cy + 92 dat AV AV g ntapbly 170y (79 y (26 (A.8)
— (Azoz + aﬂ)\aa) dat A Ya(l——l—) A YOEZ-F-‘:-) + (0(14) _ eabAaa%gI> le(ler) A Y'2(17+) A Y'I(2f+),

so we see that A® transforms as a U(1) gauge field and that the axions c{ 1) also transform,
i.e. they carry the charge —e. 7%/ under the A%® gauge group. All other fields are invariant

so that we find the following D-terms

\ J
0K bl . Xpgv bl

Dy = —iawl €abTo = ZXKLUKUL €abTor » (A.9)
where we have used that
SauW = —iT°X;, <—z’eabfgf) rd =0, (A.10)

due to the first constraint in (A.2).
So the D-term potential is

1 —1 (ac)(bB) XIJUJ vel X[J’UJ odl
- v acTe, | | 5 : A1l
Vb 9 (Re(f)) X ool €acl o Xpepokol €bdT 3 ( )

,36,



B Base-fiber construction

In this appendix we will explain the base-fiber construction [25, 44-50] using one particular
example as illustration. For a more detailed discussion and several explicit examples we
refer the reader to [25, 49].

For the base-fiber construction we split the internal space into a (6 — n)-dimensional
base and an n-dimensional fiber. The only requirement for this split is that base and fiber
do not mix under the orbifold and orientifold actions. If we know the T-duality group of
the fiber and the base space is not simply-connected, then when going around a non-trivial
cycle in the base we can twist the fiber by an element of the T-duality group. Since the
underlying string theory is invariant under the T-duality group, the resulting space is a
valid string compactification. However, in general the resulting space is not globally but
only locally geometric. Since we are interested in supergravity compactifications, we will
restrict ourselves to geometric twists.

We will now study an explicit twist of the space T? x T*/Zy with coordinates zP ~
2P+ 1, p=1,...6. The Zs acts by

0: (22 23 2% 2% 2% — (¢b, 2%, —a®, -2, 2P, —2b). (B.1)
Furthermore, we want to allow for O5- and O7-planes that can be obtained from the
projections Q,005 and (—1)f2Q,007 where

oos: (xt,2? 23 2 25 2% — (=2t —2? 23, 2t —2P, —20), (B.2)

oor: (e, 2?23 2t 20, 2% — (2t 22 23, —2?, 2, —2F). (B.3)
Now for our concrete example we choose the base to be spanned by 2?, b = {1,2,3,5} and
the fiber by 2/, f = {4,6}. We will use indices b for the base and f for the fiber. Since
the fiber is a T2 (moduli the orbifold and orientifold projections which we will take into
account below), the T-duality group for the fiber is SO(2,2;Z). Now for each base index
we choose an element in the Lie algebra of the T-duality group

—f2 H,
M, = bi TS (B.4)
O2¢2  fif,

that corresponds to an infinitesimal twist of the fiber when moving along the circle direction

z. From the action of the T-duality group on the fields one can identify the entries in

these matrices with H3-flux and metric flux f}}, [25]. To be consistent with the orbifold and

m
np
Hj3 needs to be even under § and odd under ops and op7. This gives the following matrices

orientifold projections, we have to demand that the are invariant under 0, cos, o7 while

0 —fly 0 0 0 —f3 0 0 0000
4 4
—fA 0 0 0 —fA 0 0 0 0000
My = Jio 4 | M2= ks 4 | Ms=My=
0 0 0 fi 0 0 0 f& 0000
0 0 f5 0 0 0 f§ 0 0000
(B.5)

9The lower block in the M, corresponds to non-geometric Q-flux which we have set to zero.
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So we see that this particular setup does not allow Hs-flux and we can have at most four
different metric fluxes.

There are two more requirements the M have to satisfy. If we move around a trivial
cycle in the base the resulting twist has to be trivial since we can shrink the cycle to zero.
This requirement is implemented by demanding that [M;,, Mp,] = 0 which in our case gives

—flefou + fasSts 0 0 0
0 fle S — faf? 0 0
(M, My] = . 16.J24 . 2614 P ; _0
16J24 = J26.J 14
0 0 0 —fisfoy + fas Sty
(B.6)

This constraint is the Bianchi identity (3.13).

The final constraint that arises from the base fiber splitting is that eM» € SO(2,2;7Z). This
constraint gives us the right quantization of the NSNS fluxes in our new space. For the
generic case in which M}, is not nil-potent one finds that the NSNS fluxes are not integers
but rather real numbers [25, 49]. It is also possible that the quantization condition forces

1 N
certain fluxes to vanish, e.g. if one finds that elors ,€ o5y € 7. Tn our example we find

6 ) 6 )
cosh <\/ ;16\/ 24>, 451n}i/\/ FasV T , Vi 651n1i/\/ FasVF%) €7, a=12
ab

(B.7)
C Useful relations for the calculation of the explicit scalar potential
The type IIB Kéhler potential (cf. (2.18), (3.10))
K=—-In [—(T + %);X,j(ti + )+ ) (C.1)
“n | g Kan(eA + (6 + ) X! + 0 + o)

has the following useful properties

1
K _
© - 8q*volg’
1 X kI
8TK = — s atzK: - ~ " 3
2x Xkl]{?kkl
1 XapUP X!
DMK — — Aan Oy __s Xy ’
$q XopUCUP qXKLVKVL
K™ = 422, K9 = ak'kd — 2(X 1) X kP K,

KAB — 2 < AUAYUB — (Xq)ABXCDucuD)’

KIJ — (4vaJ ( )IJX VKVL)
S
KT?a{—K — —21‘, szang = —le,
B 7 2
KABazBK - —QQSZ/{A, Kljaw]K = — qvl,
S
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where ¢ = e = e7\/volg, volg = — L2 X;;k'k) and Re(24) = gsU?, Re(w') = V! such
that XABUAUBX[JVIVJ =4.
This Kéhler potential satisfies the scaling condition

K0, K0:K+K"70, Ko K+K*P0 2K K+K' 0, Koy K = 1+24+2+2 = 7. (C.2)
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