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ABSTRACT: We discuss a novel strategy to construct 4D N = 0 stable flux vacua of type
IT string theory, based on the existence of BPS bounds for probe D-branes in some of
these backgrounds. In particular, we consider compactifications where D-branes filling the
4D space-time obey the same BPS bound as they would in an A/ = 1 compactification,
while other D-branes, like those appearing as domain walls from the 4D perspective, can
no longer be BPS. We construct a subfamily of such backgrounds giving rise to 4D N =0
Minkowski no-scale vacua, generalizing the well-known case of type IIB on a warped Calabi-
Yau. We provide several explicit examples of these constructions, and compute quantities
of phenomenological interest like flux-induced soft terms on D-branes. Our results have
a natural, simple description in the language of Generalized Complex Geometry, and in
particular in terms of D-brane generalized calibrations. Finally, we extend the integrability
theorems for 10D supersymmetric type II backgrounds to the A/ = 0 case and use the results
to construct a new class of N = 0 AdS, compactifications.
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Integrability of GKP vacua

1. Introduction

Most string compactifications to four space-time dimensions built so far preserve at least
N =1 supersymmetry. The main reason to focus on supersymmetric, also known as BPS,
string vacua is twofold. First, supersymmetric string vacua are relatively easy to con-
struct. The underlying supersymmetry /BPS equations are first order differential equations,
whose solutions are known in several instances. Well-known examples include Calabi-Yau
compactifications, flux compactifications, calibrated brane configurations, supersymmetric,
charged black holes and many more. Second, from the phenomenological point of view,
supersymmetric string compactifications are a good starting point, since a promising sce-
nario is to assume that space-time sypersymmetry is broken at the TeV scale, much below
a string scale or a compactification scale not far from the Planck mass.

On the other hand we know that supersymmetry is eventually broken in nature: the
spectrum of elementary particles is non-supersymmetric and observed astrophysical black
holes are not supersymmetric or extremal either. Hence, a stringy realization of everyday
physics should involve, in some sense, a non-supersymmetric string vacuum. In contrast



to BPS vacua, non-supersymmetric stable string vacua are very difficult to obtain directly,
since one has to solve the full string equations of motion. Even in the supergravity approx-
imation, this implies solving generically cumbersome second order differential equations
whose solutions are complicated and to large extent unknown.

In practice, however, one may still hope to break supersymmetry in a controlled, soft
way via a ‘small perturbation’ around a certain supersymmetric background, so that most
of the nice properties of the latter are kept. This is essentially the strategy we will adopt
in this paper in order to construct non-supersymmetric flux vacua. We will keep some of
the good properties of known supersymmetric string solutions, and we will introduce some
SUSY-breaking parameters in a controllable way. In a sense to be made precise below, we
will consider partially-BPS vacua and, as a result, we will discover that the equations to
be solved are essentially still some first order differential equations.

While our philosophy can be applied to general situations, we will first focus on the
construction of non-supersymmetric vacua with vanishing vacuum energy, and potentially
leading to A/ = 0 compactifications of the no-scale type. More specifically, we will consider
type II supergravity vacua with broken supersymmetry which generalize to arbitrary su-
pergravity backgrounds the warped CY /F-theory solutions discussed by Giddings, Kachru
and Polchinski (GKP) [[l.! One obvious motivation is that, in the past few years, the
example provided by GKP has generated a lot of activity in the construction of promising
string compactification scenarios, like the so-called KKLT [ and Large Volume Models [f,
leading to de Sitter vacua. Note that in both examples one starts with an A/ = 0 Minkowski
no-scale vacuum, which is then modified by the addition of some stringy ingredient (anti-
D3-branes and E3-branes in KKLT and o/ corrections in the Large Volume Models) in
order to construct the final dS4 vacuum. It is then reasonable to expect that, by consid-
ering generalizations of the GKP construction, one can achieve new ways of constructing
de Sitter vacua. These new constructions may have new features, different from the ones
mentioned above. Therefore, in the context of the string Landscape, a basic question is
which features and predictions of the KKLT and Large Volume scenarios are robust enough
to survive this generalization.

Therefore, in analyzing general N’ = 0 vacua, we will use as a prototypical example
the class of IIB warped CY /F-theory compactifications discussed in [I]. This example is
particularly simple since we can identify the source of SUSY-breaking as a non-zero g3°’3
flux component, that can be turned on without modifying the underlying CY /F-theory
structure of the compactification. This nice property of the GKP vacua is not expected to
be valid in the generic case of type Il vacua considered in the present paper, and thus it
cannot be used as the leading principle in our analysis. A first task is then to identify a
different characterization of N'= 0 GKP vacua which is more suitable for generalizations.

In this spirit, one may ask how N/ = 0 GKP vacua fit in the scheme of generalized
complex geometry, which has already proven to be an organizing principle in the construc-
tion of N'= 1 supergravity vacua. This question is answered in section B, where the GKP

!The conditions characterizing warped CY solutions with constant dilaton were previously found in [ﬂ]
See also [E] for earlier, related (albeit supersymmetric) solutions.



properties are rephrased in terms of the physics of probe D-branes in these backgrounds.
Indeed, from [ff] we know that the supersymmetry conditions for a general flux background
are equivalent to requiring that certain kinds of probe D-branes obey a BPS bound.? As
we will show, this is only partially true in A/ = 0 GKP vacua, where a particular set of
D-branes, namely some of those that look like domain-walls from the 4D viewpoint, no
longer obey this BPS bound, and are thus intrinsically unstable in this background. On
the other hand, D-branes that fill the 4D spacetime directions or look like strings in 4D
still maintain their BPS properties unchanged with respect to the N’ = 1 case.

This observation suggests an immediate way to generalize the GKP construction to
other settings. Indeed, instead of considering the whole set of N' = 0 supergravity compact-
ifications to 4D Minkowski, we may restrict to those where 4D space-filling and string-like
D-branes develop a BPS bound, while 4D domain walls will be lacking such a ‘BPSness’
property. The analysis of these backgrounds, which we dub ‘Domain Wall SUSY-breaking’
(DWSB) backgrounds, will be organized as follows:

In section P we translate the DWSB pattern in terms of the usual 10D gravitino and
dilatino variations, in order to parameterize the space of DWSB backgrounds. Within
this parameter space we single out a particular one-parameter subansatz, which despite
its simplicity contains the GKP case, and discuss its main features from the point of view
of Generalized Complex Geometry (GCG).3 In section | we construct an effective action
for compactifications of type II supergravity to 4D whose extremization is equivalent to
the 10D equations of motion, and use it to show that our DWSB subansatz corresponds
to 10D vacua provided that some first order differential conditions are satisfied. Moreover,
we will see that, by imposing some mild assumptions, such 10D vacua will also be stable,
tachyon-free vacua, with an effective potential that suggests a no-scale structure. Such
intuition will be confirmed in section f], where we describe DWSB vacua in a 4D N = 1
language by using the formalism of [{.

As the sections above treat the subject at a rather general and formal level, we pro-
ceed to give explicit realizations, as well as phenomenological applications, of DWSB back-
grounds. In section f] we analyze several subfamilies of one-parameter DWSB vacua, some
of them related to those obtained in [[[J] from a 4D-like approach. We find good agreement
with the results of ], except for some extra constraints arising from the 10D equations
of motion. In section [ we give explicit examples of these subfamilies of vacua, and in sec-
tion § we perform a soft-term analysis for certain D-branes on them. Finally, in section f]
we explore the possibility of adding anti-D-branes in DWSB vacua.

Note that the strategy followed above does not rely on compactifying to a flat 4D space.
In fact, thanks to the results of [L], it is straightforward to apply the DWSB concept to
compactifications to AdSy, as discussed in section [[(} There we also generalize the DWSB

2Let us emphasize that such backgrounds a priori exist without the calibrated probe D-branes on top
of them, i.e. they are consistent closed string supergravity backgrounds by themselves. One may then add
space-time filling BPS probe D-branes on top of them for model-building applications. In such cases one
gets additional consistency relations, like RR tadpole conditions, which for compact examples can be solved
by introducing appropriate orientifold geometries. See [ﬂ] for recent reviews on this subject.

3For applications of GCG to string theory see @] and references therein.



pattern for those backgrounds where probe D-strings do not necessarily have a BPS bound.

Finally, in the last part of the paper we turn to a different, complementary approach
to the construction of N/ = 0 vacua, based on the integrability techniques of [[F-[4].
Although these techniques have so far only been applied to N' = 1 backgrounds, it will
be shown in section [[]] that they can be extended to the N' = 0 case. As in the case of
DWSB backgrounds, it turns out that the presence of a BPS bound is a key ingredient of
integrability when localized sources are present in the background. Roughly-speaking, the
main idea of this approach is the factorization of the second-order equations of motion into
two first-order equations involving spinorial quantities. As an illustration, in section we
use this method to construct a class of non-supersymmetric vacua of the form AdS,; x Mg,
where Mg can be any nearly-Ké&hler manifold.

Several details and technical computations are relegated to the appendices. In ap-
pendix [A] we provide the supergravity conventions and definitions used in the main text.
In appendix B we describe in detail how the brane BPSness conditions, expressed in terms
of SO(6,6) pure spinors, are related to the more familiar 10D gravitino and dilatino vari-
ations. In appendix [J we discuss how to express the scalar curvature of a six-dimensional
manifold in terms of its pure spinors. Appendix [J is dedicated to argue how the results
of the paper apply to non-geometric backgrounds as well. Finally, appendix [H contains
the details of the derivation of the integrability conditions of section [L1], while appendix [f
applies the techniques of that section to prove the integrability of GKP vacua.

2. N = 0 flux vacua and D-brane stability

The purpose of this section is to identify the key features of N’ = 0 GKP vacua [[] that
have a natural generalization in the context of type II supergravity. For instance, a basic
property of such vacua is that they admit orientifolds and stable D-branes. As shown below,
in the GCG language D-brane stability is rephrased as the existence of certain background
calibrations, of the kind discussed in [[[§, [, [[f].* While the existence of such calibrations is
guaranteed for A" = 1 backgrounds [@, [[]], this is not true for V"= 0 vacua. Only a subset
of N' = 0 vacua contains such D-brane calibrations and, in order to generalize N' = 0 GKP
vacua, we will restrict to this subset.”?

Having D-brane calibrations in our background is, of course, also a basic requirement
for model building, for we need stable D-branes in order to embed the Standard Model
in a type II construction. Interestingly, as we will argue in sections f| and [L1], they also
constitute a key ingredient to simplify the analysis of the full supergravity equations of
motion. Finally, although in this section we will restrict to compactifications to flat space,
the same ideas can be applied to N' = 0 compactifications to AdSy, a case which we will
address in section [L(.

ADifferently from more traditional calibrations [ﬁ], the calibrations of [E, E, E] allow to consider
D-branes with non-trivial world-volume fluxes and networks thereof.

°It may seem surprising at first sight that calibrations play such an important role in N = 0 vacua.
Note, however, that they are related to the BPS bound for D-branes, which can also be present in absence
of supersymmetry. Using calibrations in /' = 0 vacua is a novel feature of the present analysis that, to the
best of our knowledge, has not been considered before in the string theory literature.



2.1 GKP vacua as calibrated backgrounds

Let us begin our analysis by showing how the A/ = 0 warped Calabi-Yau/F-theory flux
vacua of [fl] fit in the general picture of D-brane calibrations. In constructing such vacua,
one assumes a 10D spacetime of the form X9 = R"3 x, M. In the string frame, the 10D
metric has the form

ds?, = e2A(y)dx“dazM + e AWM g (y)dy™dy" (2.1)

where § is an F-theory metric on the internal space, with associated Kéahler form J and
normalized holomorphic (3, 0)-form Qy = ¢®/ 2() satisfying

—JANJAJ = —%e“l’Qo A Qo (2.2)

In the limit of constant dilaton, § is a standard CY3 metric. Then, one finds that a class
of supergravity backgrounds is given by the following conditions

>T<6g3 = ’Lg3 (23&)
d(4A — ®) = %56 Fy (2.3b)
or=0 (2.3c)

whereS Gs = F3 + ie ®H and 7 = Cy + ie~® is the type IIB axio-dilaton.” Here we
express everything in terms of internal RR-field strengths F}, which in absence of sources
are locally defined by F' = >, Fj, = dgC = (d+ HA)Y_; Cy. Considering the Bianchi
identities in addition to the above equations and assuming the saturation of a BPS bound
for sources localized in Mg

1
Z(Tmm — T ) > Typ5° (2.4)

one gets a IIB supergravity vacuum. If furthermore
QoNGy =0 (2.5)

then the vacuum is supersymmetric. The imaginary-self-duality (ISD) condition (R.34) is
satisfied by 3-forms of type (0, 3), primitive (2, 1) and non-primitive (1,2).2 We can exclude
this last possibility by assuming the primitivity condition JANH = 0, that arises from
supersymmetry [B]. Finally, the condition (R.F) would also eliminate the (0,3) component,
leaving just a (2,1) primitive flux Gs.

In the following, we would like to characterize this class of vacua from a somewhat
different viewpoint: the existence of a BPS/stability bound, analogous to (B.4), for the
localized sources. Indeed, in [fl] the bound (R.4) was argued to be satisfied and saturated
by D3-branes and appropriate D7-brane configurations, and one may wonder when an

SWe are using conventions which differ from [EI] in the definition of G3 and the Bianchi identities. Our
conventions are related to the ones in [ﬂ] via H — —H.

"In the warped Calabi-Yau case with constant dilaton, the conditions (E) were first found in [E]

8That is, those (1,2)-forms that can be written as J A a with o a non-trivial closed (0, 1)-form.



analogous statement can be made for other N' = 0 vacua. As we will see, answering this
question naturally suggests how to extend the GKP construction to more general settings.

Let us start by rewriting the conditions (2.3) in a different form, along the lines of
the approach pioneered in [18] to analyze N’ = 1 vacua. First, we observe that the total
(democratic) 10D RR field-strength F'' = %", Ff°' has the form

F©o' = F 4+ da® Ada! Ada? Ada? A etAF (2.6)
with the ‘electric’ components given by
F =%F (2.7)

where %¢ is a signed Hodge star operator defined in appendix [} (see eq. (A.21))). Denoting
the internal metric of the background by g = e 247®§ and the associated (non-closed)

Kihler form by J = ¢=24+® ] the equations (F-3) can be rewritten as

dy [e4A_q>Re (e)] = ME gauge BPSness (2.8a)
dy [ezA_q)Im (e“)] =0 D-string BPSness (2.8b)

where even the assumption that J = €24=%J is closed follows from the second equation.

We have dubbed the differential equations above in terms of their 4D physical inter-
pretation. Both equations in (R.§) imply that there is a BPS lower bound for the energy
of space-time filling and string-like D-branes, respectively, which is saturated for those D-
branes calibrated by (B.9) below. As a result, thanks to (P.§) calibrated D-branes appear
in the 4D effective theory as stable gauge theories and string-like defects.”

Let us see how this works, following [[§, fi]. First, note that (P.§) is the kind of
condition that a background needs to satisfy in order to contain generalized calibrations
for D-branes. In particular, (B-§) are relevant for those D-branes that fill either all four or
exactly two dimensions in R13, their calibrations being

W) = 14-2Re (/) and  w(string) — 24-Py () (2.9)

respectively. Indeed, one can check that (as in the supersymmetric case of [fJ]) D-branes
filling two or four dimensions of R"? satisfy the local bound!'®

EDBI(E,.F) > [u)’z A 6'7:] (2.10)

top

pointwise for any pair (3, F) of an internal p-cycle ¥ with worldvolume flux F on it. Here
Epn1 denotes the DBI energy density

Eppi(X, F) = 4= det(g|s + F)do (2.11)

9Condition () also has a 4D interpretation as D-flatness of the U(1) gauge bosons arising from the
bulk [E] So when it is satisfied we have pure F-term SUSY-breaking.
OFor simplicity, we do not indicate possible curvature corrections to the DBI and CS actions. In BPS

saturated expressions, they can be always reintroduced through the substitution e — e* A (curv. corr.).



where ¢ = 4 for space-filling branes and ¢ = 2 for D-strings. From this bound, one can
identify the potential BPS D-branes as those satisfying

Epi(, F)pps = [wln Ae”] (2.12)

top

Second, and again as in the N' = 1 case, one can easily show that D-branes satisfying (£.19)
minimize their four-dimensional potential energy

V(Z, Fleps < V(X' F') (2.13)

with respect to any configuration (X', ') continuously connected to (2, F)gps.'! For this
to be true, however, the background has to satisfy the differential equations (B.§), which
in terms of the calibrations (R.9) read

dpw®) = F  and  dpwGtine) = (2.14)

and which lead to the BPS bound (R.13). For instance, for space-filling/gauge D-branes
we have

V(2, F)pps = / [EpBI(Z, F)BpS + Ecs(, F)pps | = /(w —CNY g Ane
> >

— / (w — Cel)|2/ A 6‘7:, < / [&)BI(E,,}—/) + 5@3(2/,}—/)]
oy g
=V, F) (2.15)

where the ‘electric’ RR potential C' is defined by dyC® = e*4F and (P.14) is used in
going from the first to the second line. The case of D-strings is analogous, but without CS
contribution.

Although the results above are general, for wCY /F-theory vacua W) and wEng) take
the particular form (£.9). Plugging w® into (P-13), one can see that the BPS bound for
space-filling D-branes can only be satisfied by D3-branes and D7-branes with appropriate
orientation. More precisely, it is always satisfied for D3-branes, while it requires the D7-
branes to wrap an internal holomorphic 4-cycle with a primitive (1,1) world-volume flux
F, just like in ' = 1 GKP backgrounds [[[J]. Similarly, one obtains that 4D BPS D-strings
arise from, e.g., a D3-brane wrapping a holomorphic 2-cycle with F = 0.

To sum up, the GKP conditions (R.3) can be restated in the form (R.§) that corresponds
to the differential conditions for the existence of calibrations for space-filling and string-like
D-branes. These calibrations provide a background structure that automatically ensures
the stability of a D-brane or a D-brane configuration satisfying the bound (B.13). This is
completely identical to what happens for BPS D-branes on supersymmetric backgrounds,
since all the arguments rely on the same equations. However, in the supersymmetric case
we also have the additional condition (R.§) and it is natural to ask if it has a similar
interpretation in terms of calibrations.

To arrive at such an interpretation let us, using the ISD property of Gs, rewrite the
SUSY condition (R.5) as H A Qg = 0. We can now make the assumption that dQg = 0 and

H)\More precisely, inside its same generalized homology class [@]



combine it with H A Qg = 0 into the condition di2¢ = 0. In this form, the supersymmetry
condition (R.§) can indeed be related to a calibration, now corresponding to D-branes filling
142 dimensions in RY3, i.e. domain walls. The associated calibration in this case is given

by (A
wPW) = Re (¢0)) (2.16)

where 6 is a constant phase specifying the N' = 1/2 preserved by the domain wall. Hence,
73)

the presence of Q?EO can be equivalently characterized by the supersymmetry breaking

condition
daQ=HANQy #0 DW (non)BPSness (2.17)

We then see that, while w®W) always satisfies (2.10]) (with ¢ = 3 in (P.11))), if the supersym-

(DW)

metry is broken by Qéo’g) then dgw = 0 will be violated. As a result, for domain-walls

the stability argument (R.15) above cannot be straightforwardly repeated.

2.2 Extensions to generalized settings

Given the observations above, we would now like to discuss the possible generalizations
thereof. Consider a generic configuration with 10D space-time X9 = R"3 x, Mg and 10D

metric
ds? = e2A(y)dx“d$“ + Gmndy™dy™, (2.18)

and RR fields that split as in (R.6). As in the supersymmetric case, we assume the existence
of globally defined (generically non-Killing) spinors that endow the internal space with an
SU(3) x SU(3) structure. This SU(3) x SU(3) structure can be alternatively characterized
by the two internal SO(6,6) pure spinors Wy and Wo, which are complex polyforms (see
appendix [A] for definitions). ¥; and ¥y define the real polyforms

WD) = 2A=PRey, ,  HBUINg) — 24P g, (OW) = egA_che(ew\I/g) (2.19)

that satisfy the algebraic bound (R.10) [A, d).
In the supersymmetric case, the bulk supersymmetry conditions can be written com-

pletely in terms of W1 and Wy [[Ig] - see egs. ([A.2§) with wy = 0 - and automatically imply
that all three polyforms in (R.19) are proper calibrations, satisfying the appropriate differ-
ential conditions [f, BJ]. So, in order to generalize the GKP example above we will consider
backgrounds that, although non-supersymmetric, still admit properly defined calibrations

w) and wE"8) | as in section P1] This means that the differential conditions

dpw®) = dg (e Re W) = A F gauge BPSness (2.20a)
de(String) = dH(ezA_q’Im\Ill) =0 D-string BPSness/D-flatness (2.20b)

should be satisfied, as in the supersymmetric case. As already indicated in (R.20H), the
D-string BPSness condition can also be interpreted as a 4D D-flatness condition [g].



Note that, since 2 = —1 when acting on forms of any degree, the relation (B7) allows

to write the gauge BPSness condition (R.20g) as an imaginary anti-self-duality (IASD)
condition. Indeed, defining the polyform

G = F +ie*4dy (e "Re ) (2.21)
it is easy to see that
%¥6G = —iG (IASD) & gauge BPSness (2.22)

The TASD condition (R.22) relates forms of different degree, with the only exception of the
3-form Gs in type IIB, for which (R.29) reduces to a more familiar ISD condition

*g 3 = 103 IIB 3-form ISD (2.23)

that incorporates the GKP condition (2.34) as a special subcase.
To summarize, in the following we will consider backgrounds satisfying both equations
in (R.20), which can be merged into

e (7 W)) = —2dA ARe U + ¥ F gauge & D-string BPSness  (2.24)
On the other hand, the supersymmetry breaking will be characterized by
dgw®W) = dy(e34~®W,) = {susy-breaking terms} DW (non)BPSness  (2.25)

which implies that w®W) is not a well-defined calibration. We will dub such class of back-
grounds as Domain-Wall SUSY-breaking backgrounds, or DWSB backgrounds for short.
Finally, note that everything reduces to the GKP subcase of section R.1] if we set

\IngKP) _ o \IngKP) — e 3ATRQ0, (2.26)

so that (P-20) reduces to (P.§), while the supersymmetry breaking (R:29) has the specific
form (R.17).

3. DWSB backgrounds

From the very definition of DWSB vacua in terms of calibrations, one can easily deduce
several common features in their 4D effective theory.'? For instance, the gauge BPSness
condition (R.204) will imply that space-time filling D-branes yield 4D gauge theories without
tachyons in the adjoint representation. The D-string BPSness condition (R.20b), in turn,
forbids fluxes to generate non-vanishing D-terms [[]. These features are of course all present
in ' = 0 GKP vacua,'® which however display much more specific features like the well-
known 4D no-scale structure, a particular pattern of SUSY-breaking soft terms, etc. One

120ur analysis below will be general and, in many aspects, independent of whether our 10D background
leads to a 4D effective theory or not. For phenomenological purposes, however, it is useful to assume a 10D
— 4D compactification.

13Strictly speaking, the vanishing of the D-term in GKP vacua is ensured when the internal space is a
compact CY. See [@] for the discussion of a non-compact example with non-vanishing D-term.
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may thus wonder whether such specific features can be generalized and, if so, whether they
constitute a substantial fraction of the set of DWSB vacua.

In this context, a popular approach to address these questions has been the use of
the 4D effective Kéhler potential and superpotential, that produce an effective potential
and a certain soft-term pattern via the usual 4D supergravity formulse. While the results
of such strategy are quite encouraging, it is important to bear in mind that they neglect
key ingredients of flux compactifications like warping effects, that modify non-protected
quantities like the Kéhler potential even in the well-known warped Calabi-Yau case [RJ]
(see [[, B3 RF] for explicit proposals for these corrections, and [Rf] for further evidence).
In addition, the effective approach relies on the knowledge of the light fields of the theory,
which, beyond the Calabi-Yau approximation, is not usually available.!4

We would then like to generalize the features of GKP N = 0 vacua from a fully 10D
perspective, not necessarily tied up to any dimensional reduction scheme. In this spirit, we
will first express the DWSB ansatz of the previous section in terms of the more familiar 10D
dilatino and gravitino variations, in order to parameterize the space of DWSB backgrounds.
As we will see, such parameter space is quite involved and so, in order to achieve interesting
physics via a more tractable ansatz, we will single out a subfamily of DWSB backgrounds
where the r.h.s. of (2.25) depends on a single complex parameter, and where the internal
space Mg can be understood as a generalized foliation. Despite this simplification we will
show that our one-parameter subansatz contains the set of GKP vacua, as well as many
other families of vacua that will be analyzed in section f.

3.1 Generic DWSB

In general, an SU(3) x SU(3) structure is specified by two internal chiral spinors 7; and 72,
which define a ten dimensional bispinor € = (e, €2)” via

€ =(®m+ cc € =(®mn + c.c. (3.1)

In NV = 1 supergravity backgrounds ¢ is identified with the ten dimensional supersymmetry
generator. In our case, since we are assuming an approximate supersymmetry, such e should
also exist, although it will of course not satisfy the usual Killing equations. If we restrict
ourselves to 4D Poincaré invariant backgrounds, we will generically have!®

1 1
sy = 5&%( @V + cc. sy = §eAﬁ/uC @ Vs + cec.
syl =coul + cc. W2 =¢oU? + cc.
Aeg =(® S+ cc. Aeg =(® Sy + c.c. (3.2)

where V) o, U and 812 are internal spinors parametrizing the supersymmetry breaking.
Their explicit form in terms of n; and 72, as well as most of the technical computations
performed in this subsection is relegated to appendix B.

MAn exception is AdSs-compactifications on nilmanifolds and coset-manifolds, where the warping is
constant and the spectrum of light fields can be explicitly worked out [ﬁ]
5Here Ag; is not the usual dilatino variation, but rather the modification defined in ()
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By restricting to backgrounds satisfying (R.24), the SUSY-breaking spinors Vi 2, Si.2,
UL? will be constrained. The obtained DWSB pattern turns out to be (see appendix [B))

Vi =rn; Vo =1
St = —rii + Py m Sy = —r1s + P2
U, = phom + gty UE = p2a + @2 s (3.3)

with the following extra constraints

Rep,ln =0= Repzn
(1 + iJl)anrlnk =0= (1 - Z'J2)kaI£n
(1 +id)kg2, = 0= (1 —iJ)* g, (3.4)

where Ji, Jy are the (almost) complex structures defined by 71, 72, respectively.
Plugging this into the DW BPSness condition, we obtain that the r.h.s. of (P-2H) has
the form

. 1 . 1
AL (M) = i ()P I 0y + S5, YT = Sy
2

(P = ")t + (" 4 P7)mdy ™AWy (3.5)

where |Ws| is the degree mod 2 of the polyform W¥y. Note that the generalized complex
structure defined by ¥, is integrable if and only if the susy-breaking parameters r and q}ni

are vanishing [Rg].

3.2 One-parameter DWSB

It is useful to further restrict the generic DWSB ansatz above to a simpler and more
tractable one. In the following, we will consider a simple subfamily of DWSB backgrounds,
which still contains the GKP case, where the SUSY-breaking ansatz (B.3) depends on just
one parameter, r. As usual, this choice of 10D subansatz will be reflected in the 4D effective
theory, and more precisely in the structure of 4D F-terms. We will come back to the 4D
interpretation of this ansatz in section [, where we will show that these one-parameter
backgrounds are, in fact, no-scale vacua.

Let us then constrain the above ansatz (B.3) by first setting pi, = 0, and then by
expressing the complex parameters ¢’ . in terms of the complex parameter r as

V1 = —51 = rnf VQ - —82 = 7"77’5
1 1 n * 2 1 n *
U, = —3 r A"y Uz = —3 A" 5 (3.6)

where A is an O(6) rotation matrix. This DWSB subansatz thus reads, in terms of the
DW (non)BPSness equation (2.25):

1
dg(e42Wy) = ire3A=2 | (—)¥2limw, + 5 Amn Y™ (I W) (3.7)
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While in principle A depends on 15 real parameters, we will specify them in terms of
the background, so that r is the only remaining parameter. Indeed, recall that given an
SU(3) x SU(3) structure specified by (B.1]), the internal spinors are related by

m = iUny (3.8)

where U is a unitary, in general point-dependent operator acting on six-dimensional
spinors'® so that
U’Y(G) = :F’Y(G)U in HA/HB . (39)

This implies that in IIB U defines an element of SU(4), while in ITA we can choose any
6D real vector v so that it is now v U that gives an element of SU(4). In the vector
representation, such rotations will be described by an O(6) matrix A, satisfying

U U™t = A%y (3.10)

Hence A™,, can be understood as an element of SO(6) in IIB, while in ITA det A = —1 and
A can be identified with an element of SO(6) up to a reflection in an arbitrary direction.!”

Therefore an obvious choice for A in (B.§) is the one given by the local O(6) rotation
in (B.10). As a first consistency check, one can see that this choice is compatible with the

constraints (B.4) of the general DWSB ansatz (B.3). Indeed, the subansatz (B.§) implies that

1 1
q, = -1 r(1—iJ)*uApy and 2, = -1 (1 —iJ2)* 0 A (3.11)

In addition, from (B.§) and (B.10) there follows the identity
(J)™ A = A (o) (3.12)
and thus ¢’,,, in (B-1]) satisfy
(1= ih2) gy = 0 (1= iJ1) gty =0 (3.13)

in agreement with (B.4).

It is however easy to see that (B.§) does not fully specify the rotation U. Indeed,
since 77 and 72 have the same norm, we can rewrite @) as n1 = U] 1UnU2772, where
Uin; = n for some fixed spinor 7. Any element U, belonging to the stabilizer subgroup of
n, SU(4), ~ SU(3) will then satisfy this relation. Hence, since dimg SU(4), = 8, eight real
parameters still need to be specified in the ansatz (B.6).!® In the following we will consider
background geometries that naturally do the job.

Some intuition on how to construct such geometries can be obtained from our knowl-
edge of fermionic D-brane actions. Indeed, unitary operators with the properties of U above
are naturally found when constructing the k-symmetry operator associated with D-branes
in a certain background [B{): To each kind of D-brane we can associate a different rotation

1With our Clifford algebra conventions of appendix @ we can choose U to be a real 8 x 8 matrix.
For an explicit construction of A in terms of U, see e.g. section 3 of the second paper in [@]
8n fact, these would be eight real functions, since U is in general point-dependent.

— 13 -



U, and vice versa. From this point of view, the fact that SU(4), is non-trivial only means
that locally there is more than one kind of BPS D-brane in a given N' = 1 (or almost
N = 1) background, that is, for a given choice of 1; and 79. This also suggests that A
will be fixed by the background if, at least locally, a D-brane is singled out over the whole
family of possibilities.

Indeed, one can easily do so as follows. Given the metric ansatz (R.1§), let us first
suppose that we can split the internal space tangent bundle as Ty, = 111 ® Tl%, where 117
is a subbundle of odd/even dimension n in IIA/IIB, and T} is its orthogonal completion.
Furthermore, we consider a real two-form R € AT, 11» and construct the operator U as

€010 —2k01...Bok

U =
Moy 2 (n — 2k)!k!128 /det(gn + R)

’Yal---an—QkR,[ﬁﬁZ T RﬁQk—lﬁZk (3'14)

where the indices a, 3 correspond to some basis e, of T; and we denote with |;; the pull-
back to T11. The associated O(6) transformation A has the following explicit form

A=1,—(gln+R)'gu—R), (3.15)

where 1, denotes the projection along T; r% Since we are also assuming that U satisfies the
condition (B.§), (111, R) is a (generalized) subbundle calibrated by Re ;.

Finally, using this parameterization of U in terms of 111 and R, we can write the DW
(non)BPSness equation (B:7) as follows:1?

J/det
gy (400 = dir (—)Palga—e__VItdln  r gy (3.16)
det(g|n + R)

where dVol | is the volume form of T; l-f, such that dVolg = dVolg A dVol . This equation
strongly constrains the choice of Tir and R, until now just restricted by algebraic conditions.
Indeed, the r.h.s. of (B.10) is dg-exact and so dy-closed. By Frobenius’ theorem, it is not
difficult to realize that this implies that 717 must be integrable, foliating Mg into leaves
II, and furthermore that dR = H|p. Thus, this construction applies to internal spaces
Mg that can be foliated by calibrated generalized submanifolds (II, R). This geometry can
be physically probed by space-filling D-branes wrapping II with F = R, that can move
around and span the entire internal space Mg. We will refer to such calibrated D-branes
as aligned with the background.

In addition, (B.16) constrains the choices of r which, up to now, could be taken to
be an arbitrary complex function of Mg. However, given a choice of generalized foliation
(IT, R), r must be chosen such that the r.h.s. of (B.16) is dy-exact. This will still be true if
r is multiplied by an overall complex constant, but not if changed by an arbitrary complex
function. Hence, we see that our ansatz truly depends on a single complex parameter, r.

Furthermore, we see that the SUSY-breaking term appearing on the right-hand side
of (B.]) can be interpreted as a polyform which is Poincaré dual to the generalized sub-
manifold (IT, R). The minimal degree of the polyform appearing in this SUSY-breaking

9Recall that o is the operator that reverses the order of the indices of a form.

— 14 —



term corresponds to the codimension of II, while higher degree contributions are induced
by a non-vanishing R. Recall that the type of a pure spinor is defined as its lowest degree.
Then (B.7) can be satisfied only if

type(¥2) < codim(Il) —1 . (3.17)

For example, in IIB SU(3)-structure backgrounds Ws is a three-form, hence ¥y is of type
three and the above construction applies only if Il corresponds to D3 or D5 branes. In the
next subsection we will discuss in more detail the properties of these configurations from
the viewpoint of generalized complex geometry.

Let us now check that the GKP case of subsection P.] fits into this one-parameter
subfamily of backgrounds. Recall that in this particular case we are in type IIB theory and
our pure spinors/polyforms are given by (.26). Also, supersymmetry is broken via a non
vanishing H(®3) = —je®F(03) flux. Using the warped CY /F-theory relation 7, = iny =7
we obtain that the SUSY-breaking spinorial parameters are

1
S1=—iSy = -V =iV = ZH(Q?))

which indeed fit into the ansatz (B.G), with

1
Uy = —ilhy = L™ (318)

1
r= —16_3A+¢QQ - H©3) A=1 (3.19)

where the contraction - is defined in ([A.3). In this case, the DW (non)BPSness equa-

tion (R.17) reads
dp(e347%Wy) = HAQy = 4ir e~ 2dVolg (3.20)

so clearly A = 1 corresponds to choosing the leaves II of the above description as the
points of Mg, singling out D3-branes of all other space-filling BPS D-branes. This is not
surprising, since in warped Calabi-Yau compactifications with ISD fluxes D3-branes at any
point are automatically BPS and, at least at the classical level that we are working, do not
feel any effect of the background fluxes, much in contrast to D7-branes.

In the same spirit as GKP, we can interpret each family of these one-parameter DWSB
vacua as a deformation of a class of N = 1 vacua where (B.§) is also true. Since this
relation between 6D internal spinors is related to the spectrum of localized BPS sources
like space-filling D-branes and O-planes, turning on the one-parameter deformation will
not change the definition of a BPS gauge D-brane, even if for r # 0 our theory is no longer
supersymmetric. Note that this nicely matches the fact that for DWSB vacua the gauge
BPSness condition (R.204) is unchanged with respect to the supersymmetric case.

Finally, let us point out that the GKP SUSY-breaking parameters in (B.19) have a
well-defined interpretation from the 4D effective physics viewpoint. On the one hand, r is
related to the vev of the auxiliary field T', the complexified overall Kahler modulus and,
since this is the modulus which dominates SUSY breaking in the GKP scenario, to the
four-dimensional gravitino mass. On the other hand, A is related to the structure of soft-
terms felt by D7-branes in this kind of backgrounds [d, P4, 4]. As we will see in sections [
and [, similar statements apply to the more general family of one-parameter DWSB vacua
obtained from (B.6).
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3.3 Generalized geometry of DWSB backgrounds

We would now like to discuss some of the geometrical features of the above class of DWSB
backgrounds, and again the GCG language [R§| turns out to be the most natural for
this purpose. First of all, let us rename the main objects of our discussion, by defining
Z = 3429, and

\/det
|\I’2|63A_q>e—g’ne_R A o(dVol] ) (3.21)

) = 4(—
o =4 det(gln + 1)

We have used the letter j intentionally, since j gy can be thought of as a smeared version
of the source current j associated with a D-brane wrapping a generalized submanifold
(I, R). In particular, since (I, R) are calibrated, ji,g) is normalized so that

(ReWy, jim r)) = 4(—)"2e347dVolg (3.22)
The DWSB equation (B.16) can then be rewritten in the more concise form
dHZ = iTj(H,R) (323)

Z is a complex pure spinor, that defines an almost generalized complex structure J that
is not integrable. The obstruction to its integrability is given exactly by the non-vanishing
rjr,r) term that appears on the r.h.s. of (B:23). This absence of integrability implies that
either we have no natural complex/symplectic coordinates defined by Z on the internal
space, or the H-twist does not respect them. For instance, in the GKP case J defines and
ordinary complex structure which is still integrable and the (generalized) non-integrability
of J reduces to the presence of a non-vanishing H 0.3 fux.

On the other hand, j gy defines a Dirac structure (see e.g. ) that is integrable
precisely because of (B.23)). Indeed, as we have seen in the previous subsection, eq. (B.23)
implies that 771 can be integrated into the foliation IT and that dR = H ;. The maximal
isotropic sub-bundle?®

Ti,r) = X €Thme ®Thy © X Ju,r) =0} =

then corresponds to the generalized tangent bundle of the foliation (II, R). The integra-
bility of the Dirac structure, i.e. the existence of the foliation (II, R), is then equivalent to
requiring that T(qy ) is involutive under the twisted Courant bracket [ ]g 2t

For completeness, let us give two additional characterizations of T{yy ry. First, it can

be directly defined in terms of the O(6) matrix A in (B.1§) as follows

X+¢éeTnr < (A+AMX+(1-Ag'-£=0 (3.25)

*We recall that the Clifford action of a generalized vector X = X + & € T @ Ty, on a SO(6, 6) spinor
(i.e. a polyform) « is given by X - o :=txa + & A a.

21Let us recall that, if X = X + & and Y = Y + y, their twisted Courant bracket is given by X, Y]g =
[)(7 Y] + LXX — Ly{ — %d(bxx — Lyf) +xty H.
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Second, it can also be defined in terms of the following linear operator acting on T, DTy,

P 0
R = , 3.26
(ILR) (RP—I—PTR _PT) ( )
where P = L —1, s the canonical product structure associated with T1;. One can think
of R(,g) as the generalized product structure associated with T(y g, since R%H’ R) = 1

and T(q,r) = {X € T @ Ty, * Ra,r)X = X}. Of course, the integrability of the Dirac
structure constrains R and A, that must satisfy appropriate differential conditions.

In any case, the fact that the Dirac structure is integrable has a direct consequence,
namely that the Courant bracket defines a Lie algebroid structure?? on T(m,r) and further-
more that one can define a differential d (i1 ) acting on the graded complex @2:0 AkT("i_L R)"

Let us now come back to the generalized almost complex structure 7, and analyze it
from this latter point of view. We can indeed think of 7 as a almost Dirac structure associ-
ated with the maximal isotropic sub-bundle L C (Tm, ©T 3, ) ®C defined as the annihilator
of Z (i.e. L-Z = 0). The fact that 7 is not integrable means that L is not involutive under
the Courant bracket, and so we can define neither an associated Lie algebroid structure
on L, nor the corresponding differential 0 acting on @2:0 AkT(*m R)" The differential 07
would be the generalization of the usual Dolbeaut differential of complex geometry, and its
existence is equivalent to the integrability of the generalized complex structure.

The foliation (I, R), however, is calibrated and thus an almost generalized complex
foliation, in the sense that 7y ) is stable under J .23 Then, we can consider the following
complex bundle

L(H,R) = LﬁT(rLR) = {XG (TMG @T.X/ls)@)(c : X Z =0 and X'j(H,R) :O} (327)

The key point is that L g) is involutive under the Courant bracket thanks to (B.29), since
for any X, Y € L1, ) we obviously have that X, Y& e T (n,r) and furthermore

X, Y]d -2 =-Y-X-dgZ=—rY X jup =0 (3.28)

This implies that the Courant bracket defines a Lie algebroid structure on Ly z). We will
denote with 9y gy the associated differential acting on the graded complex @izo AkL’(km R)"

To summarize, we have seen that 7, although non integrable, allows to define a ‘holo-
morphic’ differential Jyy gy with respect to the foliation (II, R). This is a remarkable
property of the class of one-parameter DWSB configurations that could also hold for more
general DWSB backgrounds, and could also have interesting implications for the associ-
ated 4D effective theories. For example, in the case of supersymmetric compactifications, it
turns out that the first cohomology group H é of this Lie algebroid defines the local moduli
space of BPS D-branes [BI]|, and the fact that it comes with natural holomorphic structure

is related to the fact that this moduli space is a complex manifold. It is thus natural to

28ee, e.g., [@] for definitions and properties of Lie algebroids and Dirac structures in the GCG context.

ZThe fact that (II, R) is an almost generalized complex foliation could be taken as the only assumption
made for this construction, since ) automatically implies that (ImWs, jq1,r)) = 0, and this provides
the additional D-flatness condition that implies that (II, R) is calibrated [E7 .

— 17 —



speculate that H é (TI, R) could define some holomorphic structure on the space of calibrated
leaves, and so on the moduli space of aligned D-branes. For instance, in the GKP case
H})(H, R) = Ling = le\;IOS, and so the space of all leaves (that in this case are just points)
corresponds to Mg. The holomorphic structure of the space of leaves corresponds, in turn,
to the holomorphic structure of Mg defined by the non-integrable (in the H-twisted sense)
pure spinor Z = )g. This matches the fact that the moduli space of D3-branes does not
change with respect to the supersymmetric case, and it is still a complex manifold Mg. It
would be interesting to see if an analogous statement applies for other aligned D-branes in
more general DWSB vacua.

Finally, it is also tempting to speculate that the non-integrability of 7 may be related
to a closed string moduli space that is not a complex manifold. Indeed, again looking at the
GKP example, is easy to see that as long that we break supersymmetry via a non-vanishing
H?Y the moduli space of complex structures and complex axio-dilaton is no longer a
complex manifold. This is easy to see in the toroidal GKP example of section [j, where the
moduli space is given by the solution to the non-holomorphic equations ([7.6(). In more
general N' = 0 GKP compactifications, the same holds because the ISD condition (R.34d) is
not holomorphic. Finally, the constraints that the equations of motion impose on DWSB
backgrounds (see next section) are also of non-holomorphic nature, so one would expect the
same statement to apply. A complete analysis of all these interesting problems is beyond
the scope of the present work, but we hope to come back to them in the near future.

4. The effective potential of type II flux vacua

In the last section we have specified a set of non-supersymmetric backgrounds that general-
ize the well-known N = 0 GKP vacua. The next main question to be addressed is whether
these generalized backgrounds are stable vacua of the theory. As discussed in the introduc-
tion, even at the classical supergravity level that we are working this is not an easy question
to address. Not only need we to show that our backgrounds satisfy the equations of motion
of type II supergravity, but also that they do not contain any closed string tachyons.

The purpose of this section is to address both questions and to argue that, indeed,
the DWSB backgrounds discussed in section B.J are tachyon-free vacua. Our strategy will
be to construct the effective action for type II compactifications to 4D directly from the
10D type II supergravity action,?® and to show that the extremization of the action is
equivalent to satisfying the type II equations of motion. We will also address the absence
of closed string tachyons for our compactifications to flat space, that will be guaranteed if
the effective potential Vg entering this action is positive semi-definite. In order to present a
simple, clear derivation of our results we will, in subsection [L.3, rewrite the type II effective
potential in terms of the pure spinors ¥y and Ws, which played a key role in classifying
N = 0 vacua in section [J. Then, in subsection .3, we will analyze V.g for the particular case
of the one-parameter DWSB backgrounds of section B.34. We will see that, by truncating

24In some particular cases one may hope to construct such potential from a 4D effective Kihler potential
and superpotential, a practice largely followed in the literature. However, as argued above this strategy is
not fully reliable in general situations.
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the full potential in a way naturally suggested by the geometry of these configurations, we
obtain a positive semi-definite potential Veg. This analysis will be essential in proving the
no-scale properties of these vacua, a subject that we will address in the next section.

Note that, in some sense, our philosophy in analyzing V.g is quite similar to the one
in [B7], where 4D A/ = 1 heterotic vacua were analyzed directly from the 10D action. The
present approach is however more general since we do not restrict to A/ = 1 but also ana-
lyze N' = 0 vacua of the theory. This has a direct consequence, namely that while in [B7]
the equations of motion do not impose any additional constraint to the supersymmetry
equations and Bianchi identities, we do find additional constraints to the DWSB condi-
tions (R.24) and (R.24). We will compute explicitly such extra constraints in the case of the
one-parameter DWSB backgrounds of section B.3, and give a 4D interpretation of them in
section [|. While these extra constraints are automatically satisfied in GKP vacua, they
could be non-trivial in other DWSB compactifications, so in section [f] we will analyze them
for several families of DWSB vacua.

Finally, let us point out that besides computing the effective potential, another quite
powerful approach to prove that A' = 0 backgrounds are indeed vacua is based on the
integrability results of [[2—[[4]. While these integrability techniques have so far only been
applied to N = 1 backgrounds, we will show in section [ that they can be extended to
N = 0 backgrounds, and we will use them to construct novel N’ = 0 vacua.

4.1 Effective potential and equations of motion

Let us begin our discussion by introducing an effective 4D action that gives the complete
set of 10D equations of motion for backgrounds with metric of the form (R.1§). In fact, we
will be more general and consider the 10D metric ansatz

2A(y)

ds?y = e dsk, + gmndy™dy" (4.1)

where X, is a general 4D space whose metric g4 only depends on the 4D coordinates z*,

and all the other fields (warping included) depend only on the internal coordinates y™.

The ‘effective’ 4D action for these configurations is?

1
Scﬂ‘ = / d4a; —3g4 (—./\/R4 — 27TVCff> (4.2)
X4 2
where Ry is the 4D scalar curvature,

N = 4x / 422 qVolg (4.3)
Mg

%In order to simplify the expressions to follow, we work in units of 2rv/a’ = 1, so that all D-brane
tensions are equal. The dimensionful expressions can be easily obtained by reinstating 2wy, as in sec-
tion ﬂ Furthermore, we are neglecting anomalous curvature-like corrections to the D-brane and O-plane
contribution not to clutter the notation. They can be easily added without affecting the results of the
discussion.
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is the warped-volume of the internal space (and gives the conformal Kéhler potential of
the 4D description - see [ and section ), and

Vg = dVolg e4A{e—2<I’ { ~ R+ %H2 —4(d®)? + 8V2A + 20(dA)2] — %ﬁ}
Me

v 3w [ ety + ) - [ csne) (1.49)
i Y

i€loc. sources

is the type II effective potential density. In ([.4), the first line (where R refers to the
6D scalar curvature) contains the closed string sector, while the second line contains the
contribution from localized sources, labeled by the index i. We only consider D-branes and
O-planes as localized sources, with 7p, = 1 and 704 = —2975 respectively.? They both
couple to the electric RR-field C!, defined by e*4F = dC®'. Note that here we are using
the ‘electric’ frame to describe the RR-degrees of freedom, instead of using the ‘magnetic’
one where the fundamental field is C, that is (locally) defined by dgC = F = —%sF. In
any case in this effective formulation, in either frame, the usual problems related to the
self-duality conditions on the total RR-field strengths are not present.

Let us now to compare the 10D equations of motion for the above ansatz with the
equations obtained by extremizing the 4D effective action (@).27 One can check that,
by varying (f.J) with respect to the dilaton ®, B-field, internal metric g, electric RR-
potentials C® and open-string degrees of freedom, one gets the same set of equations
as obtained by first varying the full 10D supergravity plus D-brane action with respect
to the same fields and then restricting to our class of configurations. Furthermore, by
varying ({.2) with respect to the the warping, one gets the trace of the external Einstein
equations. Finally, from the variation with respect to g4 one gets that the 4D space is
Einstein, clearly in agreement with the 10D picture, with Ry = 87Veg/N. This same
equation can indeed be obtained by integrating over the internal space the trace of the
10D external Einstein equations, multiplied by an appropriate factor. Thus, we conclude
that the effective action ([L3) reproduces the full set of equations of motion that must be
imposed on the most generic flux compactification to an Einstein 4D space.

In particular, the ‘electric’ RR equations of motion reproduce the ordinary (‘magnetic’)
Bianchi identities

dgF = —dp*eF = —jior == — Z TijJi (4.5)
i
where the source current j for a D-brane wrapping an internal cycle ¥ is defined by

[xdsne - /M6<x,j> (4.6)

for any polyform y, where (-, -) is the six-dimensional Mukai pairing (see (A.11))). Also, for
later convenience, let us observe that the following combined variation of (f.2) reproduces

26For O-planes one should set F = 0 and, despite their contribution to the supergravity action, they
should not be seen as dynamical objects of the compactification.

In (@) we are omitting kinetic terms for the internal fields since we are only considering configurations
where they are constant along the 4D directions.
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the external components of modified Einstein equations ([A.10):

5SCH 5Seff
54 25

=0 <« modified external Einstein egs. (4.7)

4.2 Effective potential, pure spinors and calibrations

To proceed, let us rewrite the effective potential Veg in terms of the generalized calibrations
of section Pl. Consider first the contribution coming from the closed string RR sector +
localized sources, i.e. the second line plus the last term in the first line of ([L4). This piece

of Veg can be rewritten as®®
1 ~ 1
— dVolg ¢4 [F— e~ dg (e ®Re \111)]2 - - dVolg e ™4 [dH(e4A_¢Re\I’1)]2
2 J g 2 g

+ Z T /MG et (dVolﬁ pioc — (Re \Ifl,ji>)

i€loc. sources

v / (A Re Wy — L Ay F + jir) (4.8)
Me

where the Born-Infeld density p'°° associated with a D-brane/O-plane wrapping (X, F) is

defined as
oo V/det(gls + F)
= 6= 49
p o) (1.9

Note that, in terms of p'°¢ the algebraic inequality (R.10) takes the form

<e_CI>Re \Pl ; J>
- dVOlﬁ

loc

(4.10)

where by 1/dVolg we mean that we remove the dVolg factor in the numerator. As bound-
ary condition, we impose that the orientifolds be calibrated, so that for them the above
inequality is saturated. Thus, the term in the second line of (|.§) is always positive.

We now face the challenging problem of expressing the six-dimensional scalar curvature
R in terms of the pure spinors ¥, and ¥4, that indeed contain the full information about the
metric. Recently, a formula was found in [BJ], that solves this problem provided that some
restrictions on the form of dy ¥y o are satisfied (see eqs. (4.19-20) in [BJ]). Unfortunately,
our backgrounds do not satisfy these restrictions and, furthermore, in [BJ] the warp-factor
is considered constant. Thus, the result therein needs to be appropriately generalized. By
going through the derivation in [BJ], it is possible to obtain such a generalization. We carry
out this somewhat technical discussion in appendix [J. Applying (C.3), one can easily com-
pute the terms in (f4) that complete (.§). The resulting full potential ([.4) takes the form

Vg = —/ dVolg e*4 [F — e_4AdH(e4A_¢Re\I'1)]2
Mg

28The square of a polyform is the sum of the squares of its components of definite degree, as defined in
appendix @7 before eq. (@) The same rule applies to the absolute value squared |...|*, defined after
eq. (@)7 that will be used below.
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1 1
+5 / dVolg [dg (4~ Tm W )] + +5 / dVolge 24 [dp (342 Wy) |

Mg
L ¥ / = (AVol g — (Rey, i)
i€D-branes
Ry |<w1,dH<e3A I | [T, ()
4 Mg dVOlG dVOlﬁ
—4 / dVolg e 72 [(uf)? + (u})?] + / (e PReW| — C dpF + jiot)
Mg Mg

(4.11)

where u%f = (up? + up®)dy™ are the real extension (and contain the same information)

of the vector-like SUSY-breaking terms entering the expansion (B.4). The corresponding
contribution to Vg can also be expressed in terms of ¥, and W5 by using (@)

In this new form the effective potential Ve depends explicitly on the warping, dilaton,
H-fields and RR-fields F. As a consequence, the corresponding field equations in pure
spinor form can be directly derived by varying (JL11]) with respect to these fields. On
the other hand, ([L11]) depends only implicitly on the internal metric through the pure
spinors ¥; and ¥o, the volume form dVolg = (i/8)(¥1, 1) = (i/8)(¥y, ¥s) and the Hodge
star operator %g. Nevertheless, the variation of these objects under metric deformations
can be easily described. Indeed, under a deformation d¢"", the volume element gives

dv/det g = —(1/2)0g™" gn/det g as usual, the Hodge star gives

1 -
mn —Gmn (%6 X1, X2) (4.12)

(¥6Lm X1, tnX2) — 5

6(*6x1,x2) = g
for any pair of polyforms y; and xo, and finally the pure spinors ¥ and Wy give
1
00; = —5dg™" Ormdy* AT i=1,2 (4.13)

Thus, by using these simple rules, one can vary (f.11) inside ({.3) with respect to the
internal metric and straightforwardly obtain the internal Einstein equations in pure spinor
form.??

As simple check, let us see how (f11]) behaves in the case of supersymmetric com-
pactifications. If we consider compactifications to AdS,4, we can plug in the supersymmet-
ric conditions (A:2§) into ([EI1)) and obtain from (.9) that the 4D cosmological constant

21Vt /N is given by —3|wg|?, in agreement with the 10D result. If we now take wy = 0 and

restrict to compactifications to flat space, then the extremization of S.g amounts to that
of Vegr, and it is easy to see that N' = 1 backgrounds solve the equations of motion. Indeed,
the first four terms in ([.11) are positive definite and vanish exactly when the configuration
is supersymmetric (i.e. when (2.2() is satisfied and the r.h.s. of (R.25) vanishes). Of the re-
maining terms, the first two are negative definite but still quadratic in the SUSY-breaking

2By that we mean a form where the derivatives act only on the pure spinors. In fact, the residual
dependence on the metric contained in the Hodge star can be eliminated by decomposing the forms in the
generalized Hodge decomposition defined by the pure spinors: a decomposition in +i-eigenspaces of % (see,
e.g., the appendix A of [E])
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terms, while the last term can be seen to be the product of two quantities that vanish
because of the gauge BPSness condition and the Bianchi identity ({.5) respectively. Thus,
clearly any supersymmetric compactification to flat space extremizes the potential (£.24).
This provides an alternative proof that all supersymmetric flux compactifications (with cal-
ibrated sources) are solutions of equations of motion, already demonstrated by integrability
arguments in [I4].

As a further check, let us again focus on compactifications to R'3 and analyze their
modified external Einstein equations. As explained above, they can be obtained by con-
sidering the combined variation (J.7) of Veg. Now, it is easy to see that, if we vary ({.11)
around a configuration that satisfies the gauge and string BPSness conditions (2.2(), the
terms containing W9 do not contribute at all. Thus, the gauge and string BPSness, the
Bianchi identities and the calibration condition for the sources are sufficient to prove that
the modified external Einstein equations are satisfied. This can also be verified directly as
follows. First note that the external components of the modified Einstein equation (JA.1()
reduce to

Ve 22V, et = MF . F 4 40 Z TipoC (4.14)

i€loc. sources

Using the Bianchi identity ([.F) we can rewrite this equation as
—d(e72® xg de) = (36 F, e F) — (dg#gF, e ®Re ¥y)
fetA? Z i [p%OCdVolﬁ — (Re \Ifl,jiﬁ (4.15)

i€loc. sources

In addition, using the string-BPSness/D-flatness condition (P.20H) one can prove that
d(e72® x5 de?) = d(%¢dp (e PReW;), e PRe )5 (4.16)
and so the modified external Einstein equations can be restated in the form

(eMF —dy(e*PRe W), F + dgig(e ®Re W)
Y {piOCdVolg — (Re 'y, ji>] =0 (4.17)

i€loc. sources

The term in the first line vanishes after imposing (R.20d) while the term in the second line
vanishes if we assume the saturation of the bound (4.1(}). Note that in this derivation we
have only assumed that we have a DWSB background, and not any specific subansatz.

4.3 Effective potential for DWSB backgrounds

Let us now use Veg to compute which additional constraints need to be imposed on the
DWSB backgrounds of section B.3 to promote them to DWSB vacua. One can immediately
see that the only terms in ([..11]) that can give a non-trivial contribution to these equations
are

Vg O & / A (g [ (472 Wy)], dpr (¥4 20))
Mg

2

1 Uy, dp (47 20) 2 (U1, dpg (3472 0,)))

/ e_QA{u Ldp (W) (T, d (€40 0) } (4.18)
4 J g dVolg dVolg

— 923 —



since the rest are quadratic in quantities vanishing in the backgrounds under consideration.
As follows from the discussion at the end of the previous subsection, the variation of ({.1§)
with respect to the combination ([L7) vanishes on our configurations. The same is true
for the variation of ([.1§) with respect to the dilaton ®, although for this one has to use
the particular form (B.1q) of the DWSB condition. Thus, dilaton and external Einstein
equations are satisfied in our class of backgrounds.

On the other hand, by varying (JLI§) with respect to the B-field and taking (B.7) into

account, we obtain the equation
1
d|e* 472 (Im (r* Uy), 3Re ¥y + 5(—)‘“1“2|Am’wml>ua\Iflwg =0 (4.19)

where the explicit r dependence can be eliminated via r = 2(—)Y1(Re Uy, dg¥s) /(T ¥y).
For example in the GKP case, one can easily see that ([L.19) is satisfied by using (P.26) and
AGKP) — 1 Of course, in the supersymmetric case (.19) is trivially satisfied since r = 0.

Finally, one can obtain the non-trivial contributions to the internal Einstein equations
by varying (f.1§) with respect to the internal metric, using the rules described in subsec-
tion [.d. Massaging the resulting equation and taking our restriction (B.7) into account,

we arrive at the following equation®”

1
Im{(gk(mdyk AtpyWa,dy eA= Py (3Re\IJ1 + 5(—)\I’2|Akr7kRe\I'1’yr)] >} =0 (4.20)

Again, (§.2(]) is satisfied in the supersymmetric case » = 0. As a less trivial check, one
can use again (:26) and AGKP) = 1 to easily see that GKP vacua satisfy (f:20) as well.
Thus, our formalism reproduces the known fact that GKP configurations solve the full set
of equations of motion.

Let us summarize our results. Provided that the Bianchi identities (fl.J) are satisfied,
the DWSB backgrounds described in section B.3, with calibrated localized sources, auto-
matically solve the dilaton and external Einstein equations. On the other hand, the B-field
and internal Einstein equations reduce to (.19) and ([.2() respectively. Thus, inside this
DWSB subansatz, we need only impose ({.19) and (}.20) to get a true vacuum.

Note that both equations (#.19) and (g.2() can be unified in the following integrated
condition

1
/ eA_q)Im{r*<5g7B [du (347 2W,)], 3Re Wy + 5(—)‘I’2Am"7mRe\Ifl%>} =0 (4.21)
Me
for any deformation d, p of internal metric and B-field. Since in our DWSB vacua we have
1
(dp(e**=®Ws,), 3Re Uy + 5(—)"1’2|Am”’ymRe\Illfyn> =0 (4.22)

the condition (.21]) may be seen as a requirement of stability of (f.23) under deformations
of dg(e34=2W,). We will give a 4D interpretation of (f:23) and ([E21) in the next section
(see the discussion following (f.23)).

39T show () one should take the following identity into account: QESJU, = —ASmAan"pQSIL which

is a consequence of @) and ()
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A very interesting property of this DWSB subansatz is that, by slightly constraining
the fields entering ([£.11), the effective potential becomes positive semi-definite. In order to
see this, one must first impose the Bianchi identities ([£J), so that the last term in ({.11])
vanishes. Second, the possible modified dilatino variations should be restricted so that
ub? =0 identically. In other words we impose that, even off-shell, S; in (B.2) are only de-
scribed by singlets under the SU(3) x SU(3) structure group. From (C.2), (B.9) and (B.1()
we see that this condition is equivalent to excluding some vector-like components in the
violation of string and DW BPSness (R.20H) and (R.25). Note that such a restriction affects
only the NS-sector and involves vector-like modes under the SU(3) x SU(3) structure group,
that are anyway expected not to give rise to light - possibly tachyonic - zero-modes.?! Fi-
nally, let us consider a particular setting where the internal space is foliated by generalized
leaves (I, R) of the kind described in section B.9, but without imposing any particular
condition on them. For this generalized foliation the allowed DWSB condition is given by

dg(e47*Wy) = irjm (4.23)

as in subsection B.J, where r will eventually correspond to our SUSY-breaking parame-
ter. We stress that ji ), while necessarily compatible with (E:23), is otherwise a quite
generic real pure spinor, associated with the generic foliation (II, R), and need not obey
any particular calibration condition. In other words, jig) is ‘off-shell’. For example,
in the GKP case this restriction is much milder than the assumption that Qg in (B.9) is
closed, that is indeed assumed in the derivations of (warped) effective potentials in the

literature [, B3, 3.

Applying this ‘truncation’ to the potential (f.11)), we get

1 -
YOWSE — - / dVolg e [ — e~ 4dp (e~ PRe ¥y))”
Me

2
1
+- / dVolg [dg (24~ Tm ;)]
e ! ;
1 B o . Uy, Jim,R))
+§/M e 2A\7‘!2 [(*6](H,R)7](H,R)>_ #16)}
6
+ Y 7 / gA—20 (dVolﬁ ploe — (Re 'y, ji>> (4.24)
i€D-branes Me

where we have used (*6j(11,R), J(1,R)) = 16 e84-22qVolg. All of the four terms appearing
in the above four lines are positive definite: the first two trivially; the last one because
of (1), and the third one because of an analogous local bound

- - (U1, jor)) *
(*6J(m,R) JL,R)) = W (4.25)

that again follows from an algebraic inequality similar to (R.10).
Thus, upon some mild restrictions, we end up with a positive semi-definite warped
potential ([.24) that vanishes precisely for our foliated DWSB vacua. The vanishing of

31For example, in the SU(3)-structure GKP case with underlying Calabi-Yau geometry, vector-like zero-
modes are excluded.
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the first and second terms imposes the gauge and string-BPSness conditions (P.2(]), while
the vanishing of the last term implies that all D-branes must be calibrated. Finally, the
vanishing of the third term implies that the bound ([l.2J) must be saturated and this,
together with (f.23), is equivalent to the requirement that the fibers of the generalized
foliation (II, R) must be calibrated by w) . Furthermore, we explicitly see how, once
the generalized foliation (II, R) is chosen to be calibrated — which, in the GKP case, is
guaranteed by d€g = 0 — the dependence of V.g on the SUSY-breaking parameter r
disappears. This encodes the fundamental no-scale structure of these class of vacua, a
point to which we will return in section [J.

As a simple check, we can compute V(%WSB in the GKP case, once we plug in the usual
restrictions considered in, e.g., [fl, B3, B§]. Namely, let us impose from the beginning the
relation between warping and RR five-form (R.3H), the underlying CY-structure and the
fact that we have calibrated sources. The only surviving contribution in (f.24) comes from

the second line, that gives the following effective potential

1
2 /M dVolg e*4 [« F + e~ H]?
6

1

= —/ dV016€4A‘(1+’i*6)g3‘2
4 )

(4.26)
Once translated into Einstein frame variables (where A® = A—®/4), this indeed reproduces
the warped potential found in [23, B].

5. 4D structure of DWSB vacua

After constructing a stable set of (4+6)D vacua, the obvious question to address is which
kind of effective 4D theories (if any) they give rise to. We have already mentioned several
features of the DWSB vacua of section ] that follow from their definition, like 4D Poincaré
invariance, D-flatness and the absence of open string tachyons.?? We have, in addition,
considered a subfamily of models where SUSY-breaking depends on a single parameter r,
on which the scalar potential density Veg does not depend at its minima.

All this, of course, points to a 4D theory with pure F-term breaking and a no-scale
structure, as in the well-known case of [[l]. We would then like to recast our intuition in
terms of ordinary 4D N = 1 terminology, in order to answer basic questions such as what
is the relation between the DWSB parameter r and the 4D gravitino mass.

This is not such an easy task because, as mentioned before, in order to have a full 4D
description one needs an appropriate prescription to truncate the theory to a finite number
of 4D modes, and such a prescription is not always available. We can, nevertheless, use the
formalism and results of [J] to describe our DWSB configurations in a simple 4D N = 1
language, so that most of the features of the 4D effective theory become manifest. By
exploiting such an idea we will be able to describe the 4D F-term structure of our DWSB
vacua and, in particular, to rewrite the effective potential of the previous section as a 4D F-
term potential. This will allow us, in turn, to unveil the no-scale structure of one-parameter
DWSB vacua from a 4D viewpoint.

32We will generalize the first two features in section @
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To proceed let us define as in [J] the rescaled pure spinors
t = e %Wy Zz = B340y, (5.1)

where Z was already introduced in section B.3 In terms of these rescaled spinors the gauge
and string BPSness conditions (R.20) become

dH(e4ARet) = M3 F (5.2a)
dH(eQAImt) =0 (5.2b)

while the DWSB condition for one-parameter backgrounds (B.16)) reads
dHZ = iTj(H,R) (53)

with ji, gy defined as in (B.21)).

The importance of the definitions (5.1) is that ¢ and Z contain the full NS sector
information of our supergravity background,** and that one can consider Z as a chiral
field of the associated 4D AN = 1 description, while a second chiral field 7 contains the
information about ¢ and the RR-sector. More explicitly, one can show that the independent
degrees of freedom contained in ¢ can be described by Ret alone [B4]. Then, one defines

T = Ret —iC (5.4)

where C' is the RR gauge potential locally defined by F = FP% 4+ dyC, and F2 is some
fixed background non-trivial flux. Thus, 7 and Z are chiral fields describing the complete
flux compactification. Finally, it is useful to define the complex polyform

G := F +idyRet (5.5)

that may be considered as the field strength of 7.34
As discussed in [E], warped flux compactifications are naturally described by a 4D
N = 1 Weyl invariant formulation. The usual Einstein frame formulation can then be
recovered by gauge fixing the Weyl symmetry, as we will briefly recall at the end of this
section. Using the 4D formalism of [B], one can then introduce a superpotential V' and
conformal Kéhler potential N as functions of Z and 7 [[l]. In order to do so, one first
defines the following superpotential and conformal K&hler potential densities
=

W =ana(-)EHz G N =—(z 2341 (5.6)

33Gtrictly speaking this is not true, as t and Z do not contain the B-field information. The full NS sector
information is contained in the twisted version of ¢ and Z, denoted t*¥ and Z*. By twisting of a polyform
we mean the operation w — e~ Pw, so that the dy differential becomes the ordinary exterior derivative.
Also, it is Z'™ and the complexification of Ret™ that should be considered as 4D chiral fields, and not
their untwisted counterparts. These untwisted spinors have however the nice property of being globally
well-defined, so in the following we will express everything in terms of them. One may express everything
in terms of ™ and Z™ at any time by also replacing di by d. We refer the reader to [H] for further details
on the 4D relevance of twisted spinors.

34The polyform G in (@) is related to G defined in () by G = G+4idAARet and thus in @) and (@)
below one may substitute G with G. Furthermore, notice that G and G coincide in the approximation of
constant warping.
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where, here and in the following, ¢ should be considered as a function of 7. Then the
superpotential and conformal Kéahler potential are given by

w= [ w-= w(—)ZH/ (2,6) (5.7)
Mg Me

and

N=[ ~n= ﬂ/ (0232, Z)1/3 (5.8)
Me 2 Me

matching the previous definition ([£.3). Note that W and N can be seen as the ‘zero modes’
of the densities W and N, that can in turn be seen as defining a local N/ = 1 structure
pointwise in the internal space Mg.3?

Given these definitions, let us consider the problem of relating our DWSB parame-
ter v and the gravitino mass. We can do this directly, starting with the 10D gravitino
= (%(\}[),wg\?)T and dilatino A = (AW, A®)T Recall that in compactifications to four
dimensions one can define the following combination with diagonal 4D kinetic term

1
wu = % + §Fu(Fm¢m - )\) (59)

where p, v, ... denote 4D indices and m,n,... are internal 6D indices. Then, using the
underlying SU(3) x SU(3) structure, one can give a natural definition of the 4D gravitino
density ¢f§D as follows

i 1 . ~ 1 .

The associated 4D kinetic term is then given by

i _
- N (AP AHP7 14D (5.11)
2 Jmq a P

4D

.y » that is constant

and the standard 4D gravitino is given just by the zero mode w?(% " of ¢
in the internal space. Indeed, it has the correct kinetic term [B]

i 7 %
5N Doy "V, (5.12)

that is essentially defined by the conformal Kéhler potential N. On the other hand, ¢;‘;D
contains information about higher order KK modes in the reduction of the 10D fermions
and (p.11]) corresponds to the generalization of the 4D formula (p.12) that includes higher
KK gravitini.

From this, it follows that the 4D gravitino mass is given by mg,, = W/N [BJ]. Anal-
ogously, we can define the gravitino mass density as

35This local structure may be seen as a warped A/ = 1 version of the local N = 2 structure discussed
in [@] for flux compactifications with approximatly constant warp-factor.
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and so we can think of the ordinary gravitino mass ms/, as the average value of ms/,
evaluated with respect to the warped volume:
- Sy maj2 €472 dVolg
/ 1) Me e24-22dVolg

(5.14)

In the particular case of one-parameter DWSB vacua, it is not difficult to show that
the above definitions, together with (5.9) and (b.3), lead to the identification

myy = —2er (5.15)

that, up to a warp factor, identifies the SUSY-breaking parameter r with the gravitino
mass density. One can reach the same conclusion in a different way, starting from the
following 4D formula for the SUSY transformation of the 4D gravitino density

I 4
SYP =Vt + o i€ (5.16)

that is obtained by extending the transformation for the ordinary 4D gravitino [fJ]. Then,
by using (5.9), (F-10) and the 10D gravitino and dilatino variations for DWSB vacua,
one can directly compute (MﬁD in terms of r. Indeed, comparing the result with (f.16)
and (p.13), one gets the same identification (f.17).

For a generic supersymmetric background, equations (f-3) and (5.3) (with r = 0), as
well as their extension to AdS, compactifications ([A.2§), can be understood as F- and
D-flatness conditions for W and N [[].2® Hence, one may try to obtain a 4D interpretation
of DWSB by expressing (5.3) in 4D N = 1 terms. Since imposing (5.2H) amounts to
requiring D-flatness in our vacuum [f], the source of the SUSY-breaking must derive from
a non-vanishing F-term. In the following, we would like to understand more precisely such
a pattern of F-term SUSY-breaking.

Let us start by observing that, by using the D-flatness condition (f.2H), it is possible
to rewrite (p.2d) as

G(_l) =0 and G(g) =0 (5.17)

where () denotes the k-th components in the the generalized Hodge decomposition
ATy = @V induced by Z (see, e.g., appendix A of [{l]). On the other hand
eq. (b.3), encoding the DWSB pattern, decomposes as follows under the generalized Hodge
decomposition

(duZ)@) =0  (duZ)o) = irjmr (5.18)

The generic holomorphic variation of Z takes values in V(3) & V() while the holo-
morphic fluctuations of 7 take value in Vi) & V(_y) [B]. One can immediately see that
the first conditions in (f.17) and (f.1§) are equivalent to the vanishing of the F-terms
DW = 0W — 3Wdlog N associated with the holomorphic variations §Z) and 67_s
respectively [{], that is

Dz, W =0 Dy_,W =0 (5.19)

36Gee also @] for a similar analysis that uses the AN/ = 2 formalism of [@], assuming approximately
constant warping.
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On the other hand, we can analogously consider the F-term densities DW := 0W —
3W Olog N associated with the densities W and N .37 Generically one has DZ(S)W =0and

D1, W = mil(—)1#l(dx 2) ) + 2imy pe*Imt] . (5.20)

From (b.3) we then conclude that, if m; /2 = —2er # 0, then Dz, W # 0. The reason is
that ji g) is a pure spinor while Imt is a ‘stable’ SO(6, 6) spinor [B4] not pure by definition,
and so the two terms in (f.20) cannot cancel each other out. More precisely, using (B.7)
we get the following non-vanishing F-term density

1 1
Dy W = —57162‘41113/2 3Imt + 5(—)|t‘AmnfymImtfy” . (5.21)

Interestingly, this particular form for DT(O)W automatically implies the second condition
in (p.17), G(3) = 0. Indeed, let us introduce the fluctuation of 7" with respect to the
complex scalar field «

(SOCT = a>T<6j(H7R) (522)

Then, the property G(3) = 0 is equivalent to
DoW = (*6j(1,r), D110y W) = 0 (5.23)

that directly follows from (f23). On the other hand, if we denote by 671 the other
fluctuations of 7 orthogonal to §,7 with respect to the ‘pointwise’ metric (¥g ., . ), then
generically DT(é)W # 0.

Note that (5.23) suggests an interpretation of the constraints (f.19) and ({.20) that
need to be imposed to have DWSB vacua. Indeed, the equivalent constraint (f.21)) coming
from the field equations can be written as

/ e *m (%60,5(du Z), D1, W) = 0 (5.24)
Me

Recalling that the DWSB condition takes the form (§.3) for these backgrounds, the field
equations could be seen as a stability condition of the F-flatness (§.29) under deformations
of d HZ .

We have then concluded that, in one-parameter DWSB vacua, the supersymmetry-
breaking is characterized by the non-vanishing F-term density DT@W. Let us however

stress that in order to have A/ = 1 vacua one has to require, in addition to (f.19),
that the F-terms D7, W and Dz, W vanish [B]. Of course, in generic supersymmetric
vacua (including compactifications to AdSy) one has a constant mg,, = mg/, and thus
DT(O)W = Dz(g)W = 0 implies DT(O)W = 0 (while Dg(3)W = 0 identically). The converse
is not true, and for example in our case D7, W = 0 would not be enough to assure
supersymmetry: the condition Dz, W =0 has to be considered in addition, and leads to
the the condition G(_3) =0

37The reader should not be confused here. We name DW ‘F-term density’ not because it is a density for
the F-term DWW, but because it is defined in terms of the densities W and N.
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On the other hand, in the non-supersymmetric case, if Dy, W # 0, then we clearly
have Dz, W # 0, but also Dz, W # 0 even if Dz, W = 0. Indeed, assuming Dy, W #0
we obtain ]

i C4A S
DzyyW = & (m3)p —mgp)e M2, (5.25)
and thus Dz, W =0 only if my/5 = const., which is generically not the case. For instance,

in the warped CY case one gets
d(e *myp) = 0 (5.26)

and thus a constant mz;; would require a constant warping, which cannot happen if
the fluxes are non-vanishing. If we nevertheless take the constant warping/dilaton
approximation, as often assumed in the literature, we get Dz, W ~ 0 and we are thus
led to identify the warping as the origin of the non-vanishing F-term Dz, W. This is in
agreement with the interpretation of 6Z3) as describing fluctuations of the warping a-

To summarize, we have shown that in order to get the conditions (f.2)-(5.J) in the
4D formulation of [f], we need to impose D-flatness (that corresponds to (B.2H)), partial
F-flatness (.19), and that SUSY-breaking is described by the non-vanishing F-term den-
sity (B-2])). The latter in turn implies that the F-term D1, W is non-vanishing, as well as
Dg(S)W that does not vanish due to warping effects. Since in the constant warp-factor ap-
proximation 7 and Z may be identified with the chiral fields of hyper- and vector-multiplets
of an underlying A = 2 structure [Bf, B, we see that one-parameter DWSB may be seen
as a quaternionic SUSY-breaking (using the terminology of [[L0]), up to ‘warping mediation’
to the vector multiplet sector.?®

We can now show that the potential (4.24) can be understood as a no-scale potential
in the case of our DWSB vacua. In order to do so, we have to restrict from the beginning
to SUSY-breaking configurations that satisfy (f.29) with a calibrated associated foliation
(I, R). This implies that the superpotential (5.7]) depends only on the fluctuation §,7
defined in (F.29) and on the generic Z, while it does not depend on §7 . We also impose
the D-flatness condition (5.2H). Then, the potential (fl.24) takes the following form

po—scale _ /M aVolg ¢4 (1G(_y)[2 + G(g) ) (5.27)
6

It is not difficult to see that this potential has indeed the features of no-scale superpoten-
tials. Namely, it is positive semi-definite and is the sum of the following F-term (densities)
associated with the chiral fields 6Z and 6,7 that the superpotential density depends on:

DZW ~ G(—l) DQW ~ G(g) (528)

It is useful to keep in mind the GKP subcase as an example, whose no-scale structure
was discussed e.g. in [, BJ]. In this case, the restriction on calibrated foliations (II, R)

38When using this A’ = 2 terminology, we are being inevitably sloppy. As already mentioned, it can really
be used only in the constant warp-factor approximation. For example, the §Z3) fluctuation is unphysical
in that limit [E] and does not really correspond to any vector multiplet.
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boils down to requiring that the associated (3, 0)-form €y be closed and thus the H-field is
the only source of the SUSY-breaking. Then, the above fluctuation (f.29) that affects the
superpotential corresponds to the axion-dilaton fluctuations and indeed the usual Gukov-
Vafa-Witten superpotential [B9] (which is what (.7) reduces to by the usual CY truncation)
depends on it. The D-flatness corresponds to restricting to Kahler spaces and primitive H-
fields and both conditions are automatic for warped Calabi-Yau’s. Then the F-terms (p.2§)
entering the potential (ff.24) in its form (5.27) correspond to the F-terms associated with
the complex structure moduli and the axion-dilaton.

Finally, let us end this section by briefly recalling how to obtain the more usual Einstein
frame formulation [BH, [f]. One must first isolate the compensator Y by the rescaling

zZ - Y3z, (5.29)

that corresponds to the complexification of the rescaling e — ]Y]eA of the warping. Then
the Einstein frame quantities Wg and Ky are defined by
Y3
W= o EWe N = |YPeRe/3, (5.30)
P

—Ke/3 One can then go to the

with analogous expressions for the densities Wg and e
Einstein frame by gauge-fixing Y = MpeXE/6. For example, in this frame the gravitino
mass takes the usual form

1
m3/2 = @6’CE/2WE . (531)

while the gravitino mass density reads

1
™= 3 eKn/2(Ke=Ke) /3y, (5.32)

6. Some subcases in detail

So far our discussion has remained at a rather general, even abstract, level. It is then
reasonable to wonder to which set of supergravity vacua it applies and, in particular, if the
landscape of DWSB vacua is non-trivial. In fact, most of our results apply to the subfamily
of backgrounds constructed in section B.9, where we restricted the DWSB ansatz to depend
on a single complex parameter. As we have shown, this subfamily contains a non-trivial
set of non-SUSY flux vacua, since it contains the GKP construction. One may still wonder,
however, if it really includes any interesting class of N’ = 0 vacua beyond the GKP case.

The purpose of this section is to show that this is indeed the case and, in addition,
to give a flavor of what DWSB vacua look like. Again, we will focus on the DWSB
backgrounds of section B.3, which can always be related to N' = 1 backgrounds by taking
the SUSY-breaking parameter 7 — 0. From the discussion of section B.3, we are led to
consider backgrounds involving fibered3? internal spaces of the form

n —< Mg — B (6.1)

39Tn this section we assume that the foliations characterizing the one-parameter DWSB vacua of section @
are fibrations of the internal space.
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with a base B and fibers II. Also, from section | we know that for these backgrounds
to be vacua the fibers need to be calibrated by W) In particular, this implies that in
some cases this fibration must be supplemented by a two-form R on the fibers II, such that
dR = H|py, which together with IT specifies a generalized fibration (II, R) that specifies our
DWSB ansatz.

So, in the following, we will spell out several classes of backgrounds inside the DWSB
subansatz of section B.9, giving explicit formulz relating fluxes, geometrical structures and
SUSY-breaking parameters, and leaving the construction of explicit examples for the next
section. As we will see, some of these backgrounds have been already identified in [[[{]
as no-scale N' = 0 vacua via the use of effective Kihler and superpotentials derived in
the GCG literature.’C Here we will revisit these constructions from a full 10D viewpoint,
generalizing them and giving the additional conditions needed to satisfy the 10D equations
of motion. Finally, we will also construct a novel set of N/ = 0 vacua not considered
before. In particular, we will consider backgrounds where the generalized foliation (II, R)
contains a non-trivial two-form R. While these kind of backgrounds (dubbed magnetized
backgrounds henceforth) are not very common in the literature, we will show that simple
examples of them can be obtained via a B-deformation [i0-[Z] of usual GKP vacua.
Further examples can also be obtained via non-geometric backgrounds, whose analysis is
relegated to appendix D

6.1 SU(3)-structure backgrounds

Let us first consider backgrounds whose structure group is SU(3). As recalled in ap-
pendix [A.3, these are defined by the fact that the internal 6D spinors n; and 7 are parallel.
Then the SU(3) structure can be characterized by the pair (J,Q) defined in ([A-25), where
J is a Kiihler'! and (2 is a nowhere vanishing (3,0) form. Locally, we can choose a vielbein
e® such that

—(etnetF et Ae® e Aed)
(e' +iet) A (2 +ie) A (€3 + ie) (6.2)

J
Q

These SU(3)-structure backgrounds are morally closer to Calabi-Yau vacua in the sense
that there is (at least formally) a weak flux limit where the deviation from a Calabi-Yau
metric is small compared to the KK scale. A useful way to describe such deviation is given
by the five torsion classes W;, defined as

dJ = —glm(ng) + WiNJ+Ws
dQ:W1J/\J+W2/\J+W5/\Q (6.3)

49We will not reproduce all of the constructions of [E], since several of them do not fit into the DWSB
ansatz of section E Indeed, for some cases in [E] tachyonic adjoint fields are found in the D-brane world-
volumes, something that is forbidden from the very beginning by our gauge BPSness condition (P.20a]).

41By Kihler form we mean the (1,1)-form associated with the almost complex structure J™,, as in (|A.25),
and which may or may not be closed. While we denote both objects (two-form and complex structure) by
the same symbol, it should be clear to which one we refer from the context.
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where W is a complex scalar, Wy is (1,1) and primitive, W3 is real (2,1) + (1,2) and
primitive, Wy is a real one-form, W5 is a (1,0)-form. So, as long as any of these torsion
classes does not vanish we will be away from the CY case dJ = d2 = 0.

Following this general philosophy, we would like to investigate N = 1 — N = 0
deformations of SU(3)-structure backgrounds that fit into our DWSB ansatz, and see how
the torsion classes depend on the SUSY-breaking parameter r. This will simplify the
comparison of our approach with the one taken in [[[(], where similar SU(3)-structure
N = 0 backgrounds were considered and the discussion was presented from the point of
view of torsion classes (see also [[IJ). In order to do a more direct comparison, we will
restrict to type IIB backgrounds with calibrated D5-branes and type IIA backgrounds with
calibrated D6-branes.

6.1.1 IIB vacua with aligned D5-branes

Type IIB SU(3)-structure backgrounds have the following pure spinors (see appendix [A.3)
U, = el Uy, = e 00 (6.4)

Let us now consider backgrounds that admit BPS (i.e., calibrated) D5-branes wrapped on
a two-cycle ¥ with a worldvolume flux F = 0. Then, certain restrictions should be applied
to Uy and Ws. Indeed, following the arguments of [f], R0] one may see that such a D5-brane
may develop F and/or D-terms in its 4D gauge theory if non-BPS. F-flatness requires that
32 be almost-complex with respect to the almost-complex structure defined by €2, while the
D-flatness condition fixes

Ops = —7/2 (6.5)

on top of ¥.. To make contact with the setup of [L]], we will also require that @ be constant.
In that case, the background conditions for string and gauge BPSness (R.20) translate to

H=F=F=0 e?4=® = const. dJAJ =0
w6y = —e 22d(e®) (6.6)

Note that the last condition is equivalent to the ISD condition (2.23) since using (2.21)), (5.5)
and the second condition in (B.§) we can write G3 = F3 + ie"2®d(e®J). Thus

Gz = F3 +ie 2®d(e®J)  is ISD (6.7)
which can be decomposed as??

[F3 +id(e®J)]0 = 0 [F3 +id(e=®J)]"? = 0

6.8
[F3 + e 2®id(e®J)]>!  is primitive (68)

This is the analogue of the ISD condition eq. (2.3d) in the GKP case, as discussed in general
in subsection P.2.

“2Recall that the ISD condition on a three-form implies that it only has pieces (0,3), (2, 1)prim and (1,2)
of the form n®* A J.
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Let us now induce supersymmetry breaking via our DWSB ansatz of section B.9, while
still preserving the SU(3)-structure above. We need an internal space fibered as in (p.]),
with calibrated generalized fibers (II, R) that, because of (f.4) and (B.17), must satisfy
codim(IT) > 4. Thus the only possibility is that the fibers II are almost-complex two-cycles
(i.e. such that Q| = 0) with R = 0. Note that, from this general approach, one obtains
the setting that was assumed as the starting point in [[L(].

Since II is almost complex, in the basis entering (f.4) we can choose e; and ey as
tangent to II. As a consequence, the Kéahler form J splits as follows

J = Jg, + Jm, (6.9)

with Jg, = —(e2 Ae® + e Aeb) and Jp, = —e! Ae. Then the DWSB ansatz (B.16]) takes
the form

d(e2Q) = —2er Jp, A Jg, (6.10)
It is not difficult then to identify the source of SUSY-breaking with the non-vanishing (0, 3)
component of Fy + id(e~®J). This is clear from the general formula (F.15) relating r to
the gravitino mass density (p.13), that in this case is given by

a+e QA (B +id(e”®J))
QAQ

Finally, we have to impose the field equations (4.19) and (}£.20) to get a true vac-
uum. The B-field equation ({.19) is automatically satisfied while the internal Einstein

equation (f£20) reduces to*3

myy = —2er = 2e (6.11)

Re (gk(mdyk A Ln)Q,d(e_Ar*JB4)> =0 (6.12)
Since gk(mdyk A 1)) is either a (3,0) or a primitive (2,1) form, it is sufficient to impose
[d(e™r T, )[** = [d(e™ 75, piim = 0 (6.13)

to guarantee (.19). For example, if A and r are constant along the fiber II (as is typical
when localized sources are wrapped along the fibers) and dJg, = df A Jp, for some real
function defined on the base By, then the conditions (f-13) amount to [d(e~rf)]"0 = 0.
We will construct simple examples in the next section where the latter is satisfied.

Let us now write the above conditions in terms of the torsion classes defined in (f.3).
First of all, from (p.10) we have a direct relation between our susy-breaking parameter r
and the first torsion class:

2
Wi =37 (6.14)
In addition, we have
Wy = 2W1(Jg — 2Jn) Wy = —ie®(F3)%, + cc
Wi =0 Ws = —(dA)10 (6.15)

“3Here and in the following examples with R = 0, it is useful to note that 3ReW¥; — %A"”L’ymRe\I/lfyn =
4(Re W1 — dVolrr) when R = 0, as follows from (@) and (B.16).
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Furthermore, there are some additional relations coming from the BPSness condi-
tions (R.20) that we repeat here for completeness

d2A-®) =0 H=F =F=0 (F)% = —ie e AT (6.16)

non—prim

All the above conditions are in perfect agreement with the conditions proposed in [[[{]
for SU(3) vacua with D5/D9-branes. In [[L0] this set of relations were first obtained in the
constant warp-factor/dilaton approximation, and later completed to include non-trivial
dilaton and warp-factor. In this second step, the prescription was imposed that any non-
singlet condition under the SU(3)-structure group should remain unchanged with respect to
the supersymmetric case. It is quite satisfactory to rederive the same set of conditions from
our 10D approach. Note, however, that we also find an extra condition, namely (.19), that
must be satisfied by any true vacuum. It would be interesting to see which backgrounds
this extra condition excludes as true vacua.

6.1.2 ITA vacua with aligned D6-branes

We now turn to ITA backgrounds with SU(3) structure and D6-branes. The pure spinors
have the following form
U =Q Uy = e el (6.17)

where we have reabsorbed in € the phase appearing in (jA.27). The BPSness condi-
tions (R.2() now become

Fy =Fs=0 d(e*~?ImQ) = 0 HAImQ =0
xFy = e PH A ReQ xglH = —e_4Ad(e4A_¢ReQ) . (6.18)

Following the same argument as for D5-branes, if we want to have BPS D6-branes, they
should satisfy the F-flatness and D-flatness conditions derived in [f, RJ]. F-flatness now
implies that the internal three-cycle ¥ wrapped by the D6-brane should be Lagrangian with
respect to J (i.e. J|y =0) and that F = 0, while the D-flatness requires that ImQ|y, = 0.

Let us then assume that the fibration (6.1]) characterizing the SUSY-breaking has
special Lagrangian three-cycles as fibers* and thus R = 0 by the above arguments. In the
vielbein basis introduced in (@) we can choose eq, e, e3 as tangent to the fibers II3. The
resulting pure spinor expression (B.7) is then given by

dp (34727 0ey = 4ire3A~*ImQp, (6.19)

3A—-®

where ImQp, = —e* Aed Aeb. This equation in turn implies that § and e are constant

and thus the following relations

H+idJ = 4ie¥rImQpz, JAdJ=0 JAH =0 (6.20)
must be satisfied. Note that the first condition in (f.2() implies the other two, as well as
the condition H AIm§ = 0 in (f.I§). In this case the gravitino mass can be written as

9 (H +1idJ) ARe®
JNTNT

mgy = —2¢4r = 3iet (6.21)

44 Another possibility would be given by coisotropic five-dimensional fibers
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To summarize, for ITA backgrounds with aligned D6-branes wrapping Ils we must
impose the following relations

Fy =F =0 e34=% = const. d(e"4mQ) = 0
e® xg Fy = —e “d(e"Re) e®Fy = —4Im (er)
H = —4Im (7)) ImQp, dJ = 4Re(e“r) ImQp, (6.22)

in addition to which we must consider the constraints coming from the equations of mo-
tion (f.19) and (f.20). In the present context they reduce to

d[e **r (Re© — ReQuy,)] = 0 (6.23)

where ReQr, = e A e? A €.
Let us now translate the above conditions in terms of torsion classes. Again, we have
a direct relation between the first torsion class and r:

Wy, = —;Re(ewr) (6.24)

while the other torsion classes are given by

3
Il)’rlim Ws = —§W1(4IH1933 —ImQ),

W2 = e‘b(Fg)
Wy=0 Ws = (dA)M0 . (6.25)
The remaining conditions not encoded in the torsion classes are

Fy=F; =0 d(3A—®) = 0 Im(er) = —=e®Fy

1
H = —Weq’FodJ e®Fy = 2dA-ImQ—2W, J+ Wy (6.26)
1

as well as the equation of motion (.23). Again, one can check that such conditions re-
produce the ones found in [[I(] via a 4D approach and some educated guessing, while the

relation (f.23) is new.

6.2 IIB vacua with static SU(2)-structure

Let us now consider classes of backgrounds beyond the ones in [I(], but to which our 10D
approach applies equally well. We will first consider static SU(2)-structure backgrounds,
defined by the condition that the two internal spinors n; and 72 are everywhere orthogonal.
In the case of IIB, this means that we can introduce a one-form 6 = 6,,dy™ such that

i *
N2 = —§9m7mn1 (6.27)
Note that, by definition,

om0, = 2 (1+4J)"mbp = (1+iJ5)" by =0 (6.28)
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We can now split the two SU(3)-structures defined by n; and 72 in components tangent
and orthogonal to @ as follows (see e.g. [[4])

Jl——%e/\é—l-j Q= —-0ANw
: — 2
{Jg— ‘ Qo =0Aw (6:29)

with tgj = tgj = tpw = tw = 0. The resulting pure spinors have the form

Uy =w A e%GAé
Ty = ONeY (6.30)

Let us now consider a D5-brane wrapping a two-cycle X. Its BPS conditions read [R(]

O]z, =0 jlx =0 F=0 F — flatness (6.31)

Imw|y =0 D — flatness

Again, if we choose the two-dimensional fibers (II, R) in the generalized fibration associated
with the SUSY-breaking, they have to obey the same conditions. Thus R = 0 and the
right-hand side of (B.16)) is a four-form, implying that

d(e34%9) = 0 (6.32)

This means that we can locally introduce a complex coordinate z such that dz = e34-%4.

The hypersurfaces D defined by z = constant then admit an SU(2) structure defined by
the pair (j|p,w|p). Finally, (b.31]) reduces to the statement that calibrated two-cycles are
SLag cycles inside the leaves D, and hence the fibers II in the fibration (p.1]) define a SLag
fibration of the leaves D. From (B.16), this also implies that

dj|D:0 H|D:0 (6.33)

so that j|p is a symplectic form on the leaves D.
We can select a local basis e, such that ej, eq, €4, €5 are tangent to D and

i=—(e'Aet + et Aed)
w = (e! +iet) A (e? +ied)
0 = e 4 ief (6.34)

Furthermore we can take e; and es tangent to II. With choice of basis, let us decompose
dj and H as follows

dj:(fAé+c.c.)+%uA0Aé H:(gAé+c.c.)+%hA9Aé (6.35)

with f, g complex two-forms and u, h real one-forms that can be expanded in the basis
el e? et e®. Then (B-16) reduces to the condition

g+if = 2retned (6.36)
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that identifies the origin of SUSY-breaking in the component of H + idj along e* A e® A 6.
Further constraints come form the string BPSness condition (R.20H), that gives

d(e2A_q)Imw) =0 hNhnImw = €4A_q)[d(eq>_4ARew)]D (637)

where p indicates that, in the expansion in the vielbein basis e, we pick up only terms
containing e', e?,e*, . The first condition in (6.39) may be rephrased by saying that
the SU(2) structure (j|p,w|p) on D is ‘half-flat’. In addition, from the gauge BPSness
condition (2.204) we get

F5:0 *6F3:—€_4Ad(€4A_<DRew)
e? %6 Fl= HARew —i(2dA—d®)AImw AOAG (6.38)

The second condition can be restated as
Gs = F3 + ie *d(e* " ®Rew) is ISD (6.39)

as discussed in general in subsection P.2.
It remains to discuss the possible constraints coming from the equations of mo-

tion (f.19) and (f.20). For both, we need first to compute

3ReV¥; — %Am"’ymRe\Illfyn = 4 NS F 20NN (! N e’ + et Ae?) (6.40)

Then, the B-field equations (|.19) reduce to
Im (0, d(e?~Pr* et Ae?))y = 0 (6.41)

This is solved if for example we impose that
d(e=r et Aed) = 0 (6.42)

Note that if we assume that ([.49) is indeed satisfied, the internal Einstein equations ({.2()
get simplified too, reducing to the following conditions

(6_7A+2q>7‘) (6_7A+2q>7‘) -0

e1 = ey 64(6_7A+2q>7‘) — —6_7A+2q>7‘ Lelh

ghetne® =0 es(e” ATy = o7 TAR2L  h (6.43)
The more general case where (6.49) is not satisfied can be worked out straightforwardly
and for simplicity we refrain from discussing it explicitly.
6.3 Magnetized vacua from [-deformations

So far we have considered DWSB vacua described by generalized fibrations (II, R) that
are ordinary ones, with no ‘magnetic flux’ R supplementing (@) The purpose of this
subsection is to describe a simple way to construct magnetized DWSB vacua.

Indeed, suppose that we have a GKP vacuum that admits a U(1) x U(1) isometry
group, and thus defines a T? fibration of the internal space Mg. Then, we can obtain a new
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(dual) background by performing a 3-deformation, which is a particular transformation of
the SO(2, 2) extended T-duality group associated with the U(1) x U(1) symmetry. Recently,
this trick was used in [i{] to find the supergravity background dual to the field theory j3-
deformation [45] of the A" = 4 SYM theory. In [[t]] it was realized that generalized geometry
provides a very natural way to describe 3-deformations and [[iJ] followed this approach to
find new classes of backgrounds dual to 3-deformed N = 1 superconformal quiver gauge
theories. Here we will apply the procedure described in [I3] to compact non-SUSY vacua.

To proceed, let us call y', 4% the coordinates along T? (with y'? ~ y»2 4 1) and
y3,...,y% the remaining coordinates. Then a 3 deformation can be described as a O(6,6)
T-duality transformation, acting on the H-twisted extension bundle E defined in (D.2)
(which is locally isomorphic to Ty @ T},), of the form

05 = <§ f) (6.44)

where 8 = v 0,1 A 0,2, with v constant. The action on the twisted pure spinors defined in
footnote BJ and (D.3) is given by

Op = el =14+5- with B = Yty (6.45)

By assumption, the background fields and the pure spinors are invariant under the U(1) x
U(1) group describing T2 and thus it is easy to see that Og- commutes with the exterior
derivative d appearing in the twisted version of (:20) and (B.1¢). This explicitly shows
that, starting with a GKP vacuum (that has jgkp ~ dy' A...Ady"), after a 3-deformation
we get a DWSB vacuum with

jz¥27R) ~ (y —dyt AdyPA)dyP AL A dyS (6.46)

Clearly, jir2,r) = e B A j’E%Q R) describes a generalized fibration with non-zero R, up to
non-generic cancellations generated by the B-field twist. By the very same argument, one
can also see that the new Wy contains a point-dependent one-form and thus generically this
background corresponds to a non-static SU(2)-structure.

Let us be more specific and consider a simplified setting, where the original GKP
vacuum has constant dilaton e® = g, and the internal space has factorized structure Mg ~
T2 x D with metric

g9 = 7245 — e 24 (Gp2 + §p) (6.47)

where § = g2 + ¢p is the unwarped CY metric. Furthermore, we assume that BSKP has
no legs along y',4%.%5 Then, by smearing the background D3-branes and O3-plane along
T? and performing the S-deformation one gets a NS background

ds? = 724 (gs_2ez¢d82r2 + ds%))
B = BYXP L AB = BOKP _ ;=222 44 (et G dyt A dy?
e® = go(1 4+ 4% det Gpa) /2 (6.48)

45See [@, @] for examples with more complicated geometries.
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as well as RR background fields given by

F = e 2B A (P - FOKP) (6.49)
This implies that the ISD 3-form of this background is
Gy = F3+ie ®Re (e [H —ie **d(e*1]))]) (6.50)
where J = g;2e24(e*® Jp2 + Jp) and
cosa = g;te? and sina = g5 te®y e 24 (detgpe) /2 (6.51)

so that Gz interpolates between the expressions G = F3 4+ ie”®H and @).46
The pure spinors e~ ®W¥; 5 and J¢r2,R) also transform as the RR fields in (b-49) and so
comparing the end result with the DWSB ansatz (B.1() one gets

1
R = —g;22dy' Ady? = —y 2 AB (6.52)
Y

The @-transform does, of course, also act on D-branes. Instead of the GKP D3-brane we
will have D5-branes wrapping T? at different points in D. We can split the gauge invariant
world-volume field-strength into F = B|p2+F /27, where F is a pure U(1) field-strength. As
in [[Y], the precise value of F generated by the 3-deformation can be easily computed to be

2
F =" dyl Ady? (6.53)
v

If v = m/n, the B-deformation maps n coinciding D3-branes to m coinciding D5-branes
on which F is quantized (see e.g. [iJ]). However, it is important to observe that F = 0
on the resulting D5-branes since on them e4 — 0 and so B|g2 — —(1/7)dy* A dy?. Hence
these D5-branes are unmagnetized and no D3-brane charge is induced on them. The same
conclusion can be reached by directly looking at the calibration condition for D5-branes
wrapped on T2.

7. Simple examples

Let us now provide explicit constructions of the DWSB subcases that were analyzed in the
previous section, in order to illustrate the physics of DWSB vacua in a more concrete way.
As our ansatz involves the fibration (B.1]), the natural laboratory to build such vacua are
twisted tori and other toroidal-like geometries, which is the kind of geometric backgrounds
that we will consider here. This will allow us to further compare the results of our 10D
approach with those of [[[(J] where detailed soft term computations were performed for the
particular case of twisted tori.

Note that constructing explicit backgrounds not only allows to materialize the general
ideas and computations carried above, but also to push the calculation of quantities of
phenomenological interest, like the spectrum of D-brane soft terms that we will discuss in
the next section. Again, since such computations will be carried out for twisted tori and
close relatives, it will be straightforward to compare with the soft term results of [[[]].

468uch interpolating ISD form also appears in the supergravity description of non-geometric back-
grounds @]7 which as discussed in appendix are another example of magnetized backgrounds, and
in interpolating SU(3) solutions in the sense of |
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7.1 Type IIB on SU(3)-structure twisted tori

To construct an explicit type IIB SU(3)-structure compactification let us, following [@],
first consider the following NSNS background*”

ds? = e*dsdi s + dsiy, (7.1a)

dshe, = o/ (21)° S A RI(' )’ + Ri(")*] + e D Ri(dy/)’ (7.1b)
j=2,3,5,6

H=0 (7.1c)

where the warp factor A only depends on By = {32,v%,4°, 4%} and n', n* are non-closed
one-forms satisfying

1 .
dn" = Sfdy Ady*, a=14, jk=2356 (7.2)

and so, in the limit of constant warp factor, Mg is nothing but a twisted six-torus. In
terms of the SU(3)-structure backgrounds discussed in section we have that the SU(3)-
invariant forms are

J = —d/(2n)? [62AR1R4 ntAnt e (R2R5 dy? A dy® + RsRe dy® A dy6)] (7.3a)
Q= a®22r)Pe ™ (Rin' +iRan") A (Rody® + iR5dy®) A (Rsdy® + iRedy®)  (7.3b)

]
be integer constants. Besides that, in principle they can take any discrete value. Similarly,

In order to ensure that Mg is compact, we will demand that the structure constants

the six radii R, R; can take any real value and the dilaton ® may be an arbitrary function.®
Imposing D-string and gauge BPSness, namely eqs. (f.6), implies that
e®724 = g, = const. (7.4a)
dJNT =0 = f3R3Rs+ fssR2R5 =0, a=1,4 (7.4b)
as well as
gs *m F3 = o/ (27)*R1 Ry [4dA A ntAnt+d (771 A 774)] (7.5)

which can also be seen as constraints arising from the equations of motion [g]. This last
condition can be rewritten as

gs F3 = *B4de_4A - 0/(277)2 (R% 771 A *B4d771 + R?l 774 N *B4d774) (76)

or

-+ (R R
By = g;txg, de™* — o/ (27)%g; ! <R_j; nt A xg,dnt + R—j nt A *B4d774> (7.7)

where we have defined §, = gs/R1 R4 as the vev of the 4D dilaton field, as in [i]. Here,
*p, stands for Hodge duality in the unwarped coordinates {y2, 1%, y3,4°}.

4"n this section we recover the 2mv/a/ factors neglected in the rest of the paper.
48We could also consider a richer NS ansatz by giving a more complicated metric to By, by turning on a
closed B-field, etc. but we are ignoring such possibilities for the sake of simplicity.
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The first component of ([7.6) arises from the backreaction of D5-branes and O5-planes
transverse to By, and vanishes in the limit of constant warp factor. On the other hand, the
second terms survives this limit, and should be thought as a properly quantized background
flux. Indeed, one should be able to write (7.4) as

Fy = g7lsg, de 4 — o/ (27)2 (n* ANFS, +1* NFB) = g, *5, de™44 ¢ F;g (7.8)

where Fg are primitive, integer-valued two-forms of By, just like dn®. In practice, the fact
that all these forms are integer-valued and the equality between (7.7) and (7.§) will select
particular values for the radii R; and gs. In some cases, this process can be described via
an effective potential lifting these would-be moduli. For instance, note that if we further
impose the constraint

d(e?) =0 (7.9)

then dn® must be (1,1) primitive forms of B4. This implies that they are integer anti-self-
dual forms of B4. This indeed fixes the B4 complex structure moduli, since not every By
admits ASD integer 2-forms. In addition, since then Fé4 = —§;'Ry/Rydn! and F§4 =
—§5 ' R4/ Ry dn*, this puts constraints on Ry/R, and on gs.

However, from the discussion in section (see also []) we know that ([7.9) is only
imposed by supersymmetry, and that it will not be satisfied for DWSB vacua. Indeed, in
general we have

d (eAQ) = o*?(2n)3 [(dnl)SD + Z'(d774)SD] A Qg, (7.10)
where S'D selects the self-dual component of dn® and
Qp, = (Redy® + iRsdy”) A (Rsdy® + iRgdy®) (7.11)
One can rewrite this expression more explicitly by defining
Jp, = —(2m)%e 24 (R2Rs dy? A dy® + R3Rg dy® A dy6) (7.12)
using the splitting J = Jg, + Jp, in (6.9). Then
e [ fatifss  fletifis i (f%@’ +ify  f33 Tifss

1
—Jp, N\ J
2mva! | RaR3 RsRg Ry Rg R5R3 ﬂ g b1 B
(7.13)

from which one can extract the value of 7 in (p.10): €4 times a complex constant. This
in turn implies that d(e~“rJg,) = 0, so that (F.1J) is automatically satisfied and no
background relations beyond (.6) and (B.10) arise from the equations of motion. Finally,
the only non-trivial Bianchi identity is that of F3, which reads

d (eAQ) =

gs APy = —Viie ¥ dvolps — o/ (21)? (R} dn' A spadn® + R dnp* A squdn®)  (7.14)

Let us now compute the dilatino and gravitino variations for this background. First,
let us note that one can rewrite F; € as

e® (F3 - F§g> = 250, (D A Jpy,) (7.15)
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which will be a useful expression when computing the dilatino and gravitino operators.
Indeed, the dilatino operator reduces to

1 1
O = P — §e¢F30’1 = —§e¢F1§g01 + 29 P2 (7.16)
where we have used ([.1§) and defined the fermionic projectors*’

P = = (1 +if1,7v6)01) (7.17)

1
2
Hence, if one considers a background spinor € projected out by be, then the corresponding

dilatino variation will only depend on F; . If in addition one defines the antisymmetrized
geometric flux

and uses the identity eq’Flgg =ifJ m(6) = if m."Y(6) /> one has

1 1
Oe = —§e¢F2g016+2$<I>PEIQE = —§f€ (7.19)

Similarly, one can compute the external gravitino variation to be

1 1 1 1
Dy = Ot 7Lud® — Ty Fyor = 0, - gfueq)Fggal + gude P (7.20)

and the internal gravitino variation as

1
Dy = Vi + §G¢F3Fm01 (721)
where . |
V. = O + §Am" <<§9A1“n — O A+ §/n> (7.22)
and
Amn = 9mn — 2€$necma a €1l (723)

where a € Il means that the flat index a only runs over the Il fiber coordinates. Hence
one finds an internal gravitino variation of the form

D, = 0, — éra/ - % (f +209) I, Pl a €Il (7.24a)
D, = (aj — i@@) + %Ajmrm/ - i (7 +20®) AT, P j € By (7.24b)

where we have separated the internal index m into a fiber index a and a base index j.

49Guch kind of projectors arise in the fermionic action of D-branes, as discussed in next section. In
particular, note that the projection condition P™2¢ = 0 amounts to

er = i,y €2 = Ty €2 = Tosm, e

where I'os,11, is the action of an O5-plane wrapping II> on bulk spinors.
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To summarize, if we consider a spinor € = e/2¢’ such that ¢ is constant and satisfies

Pl2¢ — 0, then the supersymmetry variations amount to

Oe = —%/e (7.25a)
D€ = —%Fu Je p e RY? (7.25D)
Dye = —éra Je = éAa"Fn /  acll (7.25¢)
Dje = LA,"T,f ieB, (7.25d)

8
Comparing with the general DWSB ansatz (B.J), we have that

1 : 1
Vi = —Z/m and u, = gAmnF"fm (7.26)
In addition, the modified dilatino variation now reads
M 1 myn 1
Aec = (TY"Dy —0) e = SAmal"T" fe = fe (7.27)
And so we recover the ansatz (B.6), with
N 1

in agreement with ([.13).

7.2 Type ITA on SU(3)-structure twisted tori

Let us now turn to type ITA background with the following NSNS ansatz

ds? = e*Adsdi s + ds.QMG (7.29a)
dsiy, = o/ (2m)* |24 Y Ra(n®)’ e Y RIdy)? (7.29b)
i a=1,2,3 j=4,5,6
H=d/'(2m)? | Ndy* Ady® A dy® + Z By dn® A dy®*3 (7.29¢)
a=1,2,3

where N € Z, B, € R, and the warp factor now depends on {y*, 3°,4°}. The one-forms n!,
n%, % now satisfy (7.9) for a = 1,2,3 and 5,k = 4,5,6 and so again, in the limit of constant
warp factor, we recover a twisted six-torus. In terms of the notation of section [.1.9, the
SU(3)-invariant forms are

J =—d'(2m)? [RiRan' Ady* + RaRsn* A dy® + RsRen® A dy° (7.30a)
Q = a322m)3 (eARin* + ie” A Rydy™) A
(eAR2n2 + z'e_AR5dy5) A (eAR3773 + ie_ARGdyG) (7.30b)
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where J can be complexified as

Jo = —a(2m)%i Y Tyn" Ady™*, T, = ReRats+iB, (7.31)
a=1,2,3

and the T;, encode the light Kéhler-like moduli of the compactification (see e.g. [I9]). Note
that, from this point of view, H = H® 4+ dRe.J,, where H® = o/(27)%? Ndy* A dy® A dyb
is some ‘background’ component of H. From the point of view of the supergravity such
splitting is somewhat arbitrary, and so the physical quantity can only be H8 4+ d.J..
Imposing string and gauge BPSness via (p.1§) restricts the rest of the background as

e® 34 = g, = const. (7.32a)
ff5R2R6 + f634R3R5 =0

d(e M mQ) =0 = f3%R3Ry + fisRiRg

fé4R1R5 + fg6R2R4 =0

Il
o

(7.32b)

and

gs *ame Fo = —a'*?(21)3R1 Ry R [4dA A A A +d (771 ADENA 773)] (7.33a)
dvol apg

Js *MG FO = —a/—1/2(2ﬂ')_1 (N + Blf516 + B2f624 + B3f4§5) R4T5R6

(7.33b)
while Fy = Fz = 0. Also note that dJ? = 0 and so, in the limit of constant warp factor,
we have a half-flat internal manifold.

Again, these last conditions can be rewritten as

Py = g7t xg, de™* — o/ (2m)%g7" Y R2n™ Asp,dn® (7.34)
a=1,2,3
= g5 ' xpy de M — a2 2m) g7 ) 0t Adyle T (7.35)
a.j,k itk
= g s de™ M — /Y2 (21) Z n*ANFg, = g7l xp, de™ 4 4 F2bg (7.36)
a=1,2,3

Fo = —a'7Y2(2m)71(gsVol(Mg)) ™1 [N + Bifis + Baf2, + Bsfs] = F® (7.37)

where now §; = gs/R1R2R3, B3 stands for the unwarped flat metric along {y*,v°,v%},
Vol(Mg) is normalized in o’ units and F, 3, is an integer-valued one-form in Bs. As before,
the fact that sz & and Fé) ¢ are quantized is what selects particular values of the (now
Kihler) moduli, or else the equations of motion that depend on ([7.334) are not satisfied.

Following we can identify
ImQp, = —a’¥2(2m)3e 34 RyRs Re dy* A dy® A dy® (7.38)

and so from

B 63Aa/—1/2(2ﬂ.)—1 ‘ . ) 5
H+dJ. = — TR R [N —1 (T1f56 + T fes + T3f45)] ImQp, (7.39)
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and (p.20) one can easily deduce the value of re’®, which is again a complex number times
34, If we now define

ReQu, = — s, ImQp, (7.40)

it is easy to see that the extra constraint (5.23) is again automatically satisfied by our
initial NS ansatz. Finally, the Bianchi identity for F5 reads

gs dFy = —VZse dvolps — o/ (27)? Z R2 dn® A spsdn® (7.41)
a=1,2,3

Quite similarly to (7-I7), the background flux F2]O ® satisfies the relation

2

e® (F2 - F§g> = — #uy 5 (A AReOn) (7.42)

and this again simplifies the computation of the supersymmetry variations. Indeed, the
dilatino variation is now

1 1 3
O = $®+§HUS_16¢ (5F00’1 + 3iF202) = _Zeq) (F()O’l + iFgg02>+(2$@ — eq)iFoo'g) PEI3
where we have defined the projectors

Pils = (1 + RePr,v(6)02) (7.43)

N =

Hence, if we consider a spinor € satisfying Pllse = 0, the corresponding dilatino variation
is given by

Oe = —Z (f/+ Hos)e (7.44)
where we have used the identity ie® ' ';’g = fRe QHg’V(G)- The external gravitino operator is
D, = 8u+é1“u$¢— %eq)Fu (Fooy + iF300) = B %e‘l’ru <F001 + iFggag) +éfu$¢ P
while the internal one

Dy, = Vo + %Hmag — ée‘l’ (Fyor +il'902) T, (7.45)

where V,, is given by ([.22), and A,,, is defined as in (7-23) but with a € II3. By splitting
the internal index m into fiber and base indices, we obtain

D, =0, — %Fa (f + eq)FOOj) — <%f + %aq)) FGPEIS a € 1l3 (7.46&)
1 1, ..
Dj = <8§ — 68j<1>> + g/\j T, </ + H03>

1, 1 1
+ [(Zf + §¢’9<I>> AT + ZF]HU;),} P jeBs (7.46b)
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So by considering a spinor € = e/2¢ such that ¢ is constant and satisfies Pfge’ =0, the
supersymmetry variations amount to

Oc= 3 1/ +Hos)e (7.47a)
Dye = ——r (f+ Hos) e pe RS (7.47Db)
Dye = gAanrn (/+ Hos) e a €l (7.47c)
Dje = éAj"Fn (/+ Hos)e j € B3 (7.47d)

obtaining a SUSY-breaking pattern of the form

Vi= 2 (/+H)m Uy = Al (£ -+ 1)
Vo= (/- M) W = Al ([ W) (749)

Finally, the modified dilatino variation reads

Ae = (FMDM—O)e = é(Z—i—AmnFmF") (f—l—HUg)e = (/+H03)e (7.49)

N

And so we again recover the ansatz (B.4), with

mi= s (A H) e and e = (- H)m (7.50)

which imply that
1
r= Q- (f 4 H) (7.51)

in agreement with ([7.39).

7.3 Type IIB on a simple static SU(2)-structure vacuum

Let us now construct a simple example of static SU(2)-structure background, in order to
illustrate the discussion of section [6.9. Instead of a twisted six-torus, we will now consider
a standard factorizable six-torus with a non-trivial warp factor

dshy, = (2m)%a’ < A RE(dy")? + R3(dy?)? 2AZR2 (dy)? (7.52)

and we fix the fibration describing our SUSY-breaking by choosing the 2-torus spanned by
y',y? as the fiber IIy and the 4-torus spanned by 32, y*, 3, 4% as the base B4. Furthermore
there are 16 O5-planes wrapping I, at the fixed points of the involution y3%56 — —yy3:4:5,6
on the base, and we allow for possible D5-branes wrapping Ils at arbitrary points in By.
We also assume that all fields vary only along Bj.

The static SU(2)-structure as defined in subsection .9, is defined by the tensors

j = —(2m)% (RiRudy" A dy* + RoRsdy® A dy®)
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w = (2m)%a/ (e Ridy' + ie”* Rydy?) A (e” Rody? + ie™“ Rsdy?)
0 = 2rvo/e 4 (Rsdy® + iRedy®) (7.53)

so from (p.32) we obtain that we must set
e® = g, et (7.54)

From ([.53) we see that dj = 0 and thus the first condition in (6.33) is automatically
satisfied while the second is fulfilled if we take

H = (2r)%a/ Nng dy? A dy® A dy® (7.55)

with Nng € Z. This corresponds to having f = v = h = 0 and g = imvo/eA Nygdy?* A dy®
in (6.35). Then, from (f.36) we get the SUSY-breaking parameter

- ’iegANNS
8wV o/ RyR5Rg
One can also check that (.37) are satisfied, while (p.38) constrains the RR fields to be

(7.56)

N 1
fsNxs g5 gy = ——ig,de™™ By =0 (7.57)

F o= ———30NS
! gsR4R5Re Js

where %p, is constructed from the (unwarped) flat metric d§z234 = (27)%d/ 2?23 R]Z(dyj )2
and restricted to Bs. Finally, (b.49) and (6.43) are also easily checked to be satisfied.
The RR-flux quantization implies that we must set

R3Nns
——2 = Ngp €Z 7.58
gsR4R5Rg (7.58)
and so the RR-bianchi identities reduce to
~ _ 9s 4
—Vg,e 4 = NNsNRr + 0 (Yi) (7.59)
! (2m)2a/ T]5—3 Ra ieD;,:oas Z Z
where gps = —qos = 1. The corresponding tadpole condition requires that NxgNgr+nps =

16, which is a tadpole constraint quite similar to that obtained in toroidal GKP vacua.
Indeed, it is easy to check that, by performing two T-dualities along y!, y?, one obtains the
GKP background discussed at the beginning of the following subsection.

As in the previous examples, one can compute the dilatino and gravitino operators.
The dilatino operator is given by

1 1 1
O = dd + §H03 —e®Fioy — §€¢F30'1 = —§H03 +2 ($<I> + Hag) p (7.60)

where we have used the relations e® f'5 = 2i)® Re7/JH2’y(6) and e®Jy =il Re¢H2’y(6), and
defined the projectors

Pi? = — (1£Rep,(6)01) (7.61)

N =
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The external gravitino variation is

1

1 1 .
D“ = au—l—zfu@(l)—gfueq) (F1ZO'2 + F30-1) = 8;“_1

T, [Hdg — (Hos +209) Plh] (7.62)
and the internal ones

1 1

Dy = 0o — gLallos — 5 (Hos +209) r, P a €1l (7.63a)
1 1 1

D; = <aj - Zaj<1>> + grjﬂag +7 (Hos + 2¢®) T; P Jj € By (7.63b)

where again we have separated the internal index into a fiber index @ and a base index
j. Note that we essentially obtain the same operators to those of subsection [/1]. In-
deed, we only need to replace (-I7]) with ([261)), / with Hos, and take into account that
Ayn is now diagonal, and the above expressions are obtained from ([-14), ([-20), (-244d)
and ([.24H). Hence, a similar pattern of dilatino and gravitino variations, again inside our
DWSB subansatz, follows.

7.4 Type 1IB on a g-deformed background

To construct an explicit G-deformed background, let us start from the following simple
N = 0 GKP background with toroidal internal manifold Mg = T® ~ T? x T, modeled
on the examples discussed in [f(]. We take as internal unwarped (flat) metric

3
dsZe = (Zw)za/ZR?dzidZi (7.64)
i=1
with 2! = y' + Xy™*3 (ie., A’ are complex structure moduli). The axio-dilaton 7 =
Co) + ie~?® is taken to be constant (with e® = g) and the three-form fluxes are chosen in
the following way

H = (2r)%a’ Nxs dy* A dy® A dyS
Fy = (2m)2a/ Nr dy* A dy? Ady? + (ReT)H (7.65)

where Nxs and Ny are even numbers.?® Then, the ISD condition (P-:3d) on Gy = I3+
ie~® H is satisfied whenever (see e.g. appendix A of [F1])

AINZN3 = AIN2N3 = NA2A3 = AIA203 = 7 Nng/NR (7.66)

For simplicity, we will assume that Re\’ = Re7 = 0, so that our T is the direct product
of 6 orthogonal S'’s.

To complete the construction of this background, one needs to take into account 26
O3-planes located at the fixed point of the Zy orientifold action z* — —2z’. Both these
O3-planes and D3-branes are sources of the internal RR five-form flux, which is related to
the warping by F5 = gs_l%Gde_‘lA. Hence, the Bianchi identity ([I.5) reduces to

—VZei4 = Js NnsNr+ > ai0®(ys) (7.67)
2 2 . K] 7 b
(2m)2a’ [; BTm A, i€D3’s,03’s

50We choose Nns, Nr € 2Z in order to avoid subtleties with the charge quantization condition [@]
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where gps = 1 and qo3 = —1/4. If nps denotes the number of D3 branes, by integrat-
ing ([[.67) over T%/Zsy one gets the tadpole condition

1
§NN5NR + np3 = 16 (768)

Finally, the pure spinors are given by
GHRP — exp [27r2a’e—2A > RIEA dzi] (7.69a)
TSKP — =34 (2nV0/ )3 (Ry Ry R3)d 2! A dz? A d2? (7.69b)

Let us now apply the procedure described in subsection by splitting T¢ ~ T2 x D,
where T? is described by the coordinates y', 4% and D = T? is described by %3, ...,%5.
Then, applying a f-deformation along T? generated by the bi-vector 8 = ~/[(27)?a/]9,1 A
0,2 we obtain the following NS background

ds® = (271')2()4,6_2A {gs_ze2<I> [R%(dyl)2 + R%(dy2)2] +

3

Ry(dy*)’ + > R Imx(dy”i”)?]}
i=1

B = (2m)*d (NNS y'dy® A dy® — g 2RI RS dyt A dy2>

e? = g.(1+~%e*RiR) '/ (7.70)

where A and ® depend only on the T coordinates. Similarly, by applying (5-49) one
obtains the RR field-strengths

Fy = —yNrdy’®
Fy = (2m)%a/ Ny 93_262(13 dy' Ady? Ady® —vg; 'R Ry >?<T4de_4A
Fs5 = (2m)2’R1 Ry g72€2® dy* A dy? A #pade™4 (7.71)

As discussed in subsection .3, if ¥ = m/n then S-deformation maps n D3-branes to
m D5-branes. The relation F; = —yNg found above is the flux counterpart of this result
and indeed flux-quantization imposes that yNgr € Z. The Bianchi identity (.§) reduces to

i _ Js 4
—V2,e 4 = YNNsNRr + qi01a (Yi) (7.72)
T v(2m)2/ T]; R Tm A i€D5ZS;O5’S Z Z
with ¢gps = —qos = 1. If we insist in imposing the identification y3’4’5’6 ~ y3’4’5’6 +

1, we would be forced to introduce exotic orientifolds with non-vanishing Blps =
—(27)2a/ /ydy* A dy? on them. If v = 1/m, this would be appropriately quantized to
be equivalent to zero. In any case, the fulfillment of the corresponding projection con-
ditions for the background fields seems non-trivial and, to be conservative, one can just
consider one or more of the above coordinates as non-compact.

Finally, the pure-spinors of the S-deformed background are given by

Uy = gs_leq’ exp [(27‘()20/’}’R%R%€_4A (gs_zezcl)dy1 A dy? — Im A Tm A2dy* A dy5)] A

exp <27T20/e_2A Z Ridz* A d2i> (7.73a)
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Uy = =21V olvg; Le® P4 R Ry Ry dz3A

dz! A dz?
exp [(277)20/< — % + yRIR3g; 224 dyt A dy2>] (7.73b)

and the DWSB ansatz has the form (B.16) with IT = T? and

- ’iegANNS
8tV [; Rilm \

R = v g7 22 dyt A dy? (7.74)
Note that, as claimed earlier, R — 0 on top of the sources.

8. DWSB and soft terms on D-branes

While in section f] we discussed the 4D structure of DWSB vacua, we mainly focused on the
closed string sector of the theory. An important issue in A/ = 0 compactifications, however,
is how supersymmetry breaking is felt by D-branes, which contain the gauge sector and chi-
ral matter of the theory. Following common wisdom, one expects that spontaneous breaking
of SUSY in the bulk is communicated via gravitational effects to the D-branes, which as
a result develop a moduli mediated soft-term pattern [@].51 Such a scenario has been
worked out for GKP vacua in [f4-pg], and more recently for other no-scale vacua in [L{].

The purpose of the present section is to generalize the computation of moduli-mediated
soft terms for setups beyond GKP, and in particular for the no-scale DWSB vacua of
section B.3. In the spirit of the rest of the paper, our approach will be based on the
analysis of the higher-dimensional D-brane action, as in [4], (7], rather than relying on a
4D effective action. The final results, nevertheless, should be understandable within the
4D context of moduli mediation and, in particular, compatible with the 4D structure of
F-terms obtained in section f]. In addition, if we restrict to the subcase of no-scale DWSB
vacua with SU(3)-structure (see section [.1]), we are led to those backgrounds analyzed
in [[[]), where soft terms were computed via an effective 4D approach. While the 10D
versus 4D soft term computation may differ via some effects such as those of warping, in
general one expects that they should agree qualitatively. We will show below that, at least
for simple examples, this is indeed the case.

8.1 Soft gaugino masses

Let us first consider the computation of the D-brane gaugino masses which, as we now
show, can be carried out generally for no-scale DWSB vacua. As advertised in section [,
the key quantity of the DWSB ansatz (B.7) for the structure of D-brane soft terms is the
rotation matrix A, and this is particularly transparent in the case of soft gaugino masses.

The starting point of our analysis will be the D-brane fermionic action, quadratic
in the fermions, computed in [59, p0]. Specialized to space-filling D-branes wrapping an

51 Additional contributions such as those induced by anomaly mediation will of course be present and, as
pointed out in @], they may be comparable to the moduli mediated ones. In the following we will focus on
the tree-level computation of moduli mediated soft-term masses, leaving the analysis of other contributions
for future work.
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internal cycle ¥ C Mg, with worldvolume flux F, it gives the following four-dimensional
Lagrangian density

Lp =i / doe*1=®/det(g|s + F) 0[1 — T(F)] (F”Du + M*PT, Dy — %o) 0 (8.1)
%

where «, 3,... are world-volume indices on the internal cycle X, and D,, D, and O are
the pull-back of the operators appearing in the dilatino, external and internal gravitino,
respectively, which are defined in ([A.16). In addition, 6 is the (doubled) GS-spinor living
on the D-brane, I'(F) is the s-symmetry operator and M*? denotes the inverse of M :=
gl + o3F. Finally, we are again setting 2mva! = 1.

In order to analyze fermionic masses, we first of all remove the pure gauge fermionic
degrees of freedom by imposing the k-fixing

oT(F) = —0 (8.2)

Then, in order to extract the gaugino bilinear from (@), we use the approximate super-
symmetry generators € = (e1, €2), specified by 7, and 1y as in ([A.23). As we are considering
BPS D-branes they must be calibrated by w®"), which means that eé['(F) = € even if the
background is non-supersymmetric. Using this and the s-fixing (B.2), we are led to identify
the gaugino A as the fermionic mode § = (6, 65) such that

1 1
6, = —e 2 A@n + cc. Oy = ——e 2AN@m + cc. (8.3)
47 47

As a check of this decomposition, it is easy to see that from the general supersymmetry
transformations found in [59, one obtains the standard four-dimensional supersymmetry
transformations relating the gauge field to A.
Plugging (8.) into (B.I]) and using (B.6), one gets the following effective four-
dimensional terms )
[ 3 L T40
Ly = §Ref)\(}9)\ + §m)\)\ AN+ cec. (8.4)

where

F= %/Eﬂsz (8.5)

gives the gauge kinetic function as a function of the chiral field 7 defined in (f.4), and
the gaugino mass is given by

7 1 _
m = o /E o [ReTls A e, [3_ L (a-Ag,) (8.6)

where mg/y is the gravitino mass density (p-13) which is related to the susy-breaking
parameter r by (B.19), and Az ) is defined as in (B.1§) but with (3, ) instead of (I, R).
As in section ] we call a calibrated D-brane aligned if it wraps a leaf (II, R) of the
generalized foliation that defines our DWSB background. Again, these are special D-branes
that are selected by the polarization matrix A of our background. From (B.6) it is immediate
to see that they can also be characterized by the vanishing of their gaugino mass, since

my = 0 for aligned D-branes (8.7)
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while non-aligned calibrated D-branes will always have non-vanishing gaugino mass.
Let us now check that (B.6) fits the usual 4D supergravity formula for gaugino masses,
which has the schematic form

Z' _
myP = —ZG¢¢F¢(5¢f) (8.8)

where Fj is the F-term associated with the chiral field ¢ that f depends on, and G99 is the
inverse of the Kihler metric for the chiral field. To see the relation between (B.) and (B.§),
let us take (B.§) for a calibrated D-brane and consider its variation under the variation of
T. We first identify the field ¢ that enters the gauge kinetic function (B.H) as

0T = d*aji(s.7) (8.9)
since deformations orthogonal to this one do not affect (B.§). Then, we can write (B.6) as
my = =7 | GPDW(5,f(T)) (8.10)
Me
where we have introduced the inverse metric density
2

Go® .— _ :
(*6J(2,7),J(=.7))

T re24

(8.11)

and the densities

DgW = (%62, 7), D W) 66 f(T) = (k67,07 f(T)) (8.12)

where Dz, W is the F-term density given in (f.21)).

This rewriting of the gaugino mass provides a 4D interpretation of (B.7). Indeed, for
aligned D-branes we have 047 = 0,7, with 6,7 defined in (p.29). Because of (p.23) D, W
vanishes, and from (B.1() so does my. For instance, in the GKP case we have A = 1 and
(I, R) is the trivial foliation whose leaves are points of Mg. The D-branes sitting on such
leaves (i.e., the aligned D-branes) are D3-branes, for which it is well-known that m¥? = 0 in
the presence of ISD G3 fluxes [6], f4]. From the 4D viewpoint above this happens because,
on the one hand, fps ~ 7 (that is, the D3-brane gauge kinetic function only depends on
the axio-dilaton 7, which is nothing but §,7 in the GKP case). On the other hand, the
GVW superpotential depends on 7, and so the no-scale structure implies that F. must
vanish on-shell. In general, we would expect exactly the same 4D situation for any aligned
D-brane. Indeed, the gauge kinetic function of a general aligned D-brane will depend on
the field a defined by (p.23), and because of (5.27) and (5.2§), the corresponding F-term
(density) D, W needs to vanish on-shell.

Finally, we can test our computation for the other BPS D-branes in GKP vacua,

namely D7-branes. These are not aligned and so their gaugini will get a soft mass. From
the general formula (B.§) we obtain

) 1
mp7 — 81_7r e~ my ), {1 + 1 Tlgls + F) Mgl = F)| [FAF = (IaDls]  (8.13)
by

which matches and extends previous results [57, Bg].
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8.2 Further soft terms

Using a similar strategy, one can in principle compute the full spectrum of moduli mediated
soft terms for a D-brane in DWSB vacua. In particular, (B.I) contains the information of
all fermion masses that a D-brane with a U(1) gauge group develops in such backgrounds.
Beyond the case of the gaugino, however, the dilatino and gravitino variations (B.6) do not
contain enough information to compute the fermion mass, and one should compute the
full fermionic operators Dy; and O. In the following we would like to illustrate how such
fermion mass computations work in some simple examples, leaving a more detailed study
for future work.

Let us first consider the case of type IIB on a warped Calabi-Yau with constant dilaton
and ISD G3 = F3 4 ie®0H. The fermionic operators in this case are given by

O = HO’gP_,’(_)g
i
D, = 0, + T, JAPP — D)0 (8.14)

1 1 1
D, = V%Y — §8m14 + <$A + ZHOB) FmPf?’ + grmﬁdg

where ;1 runs over the coordinates of R, V%Y is the covariant derivative in the unwarped
Calabi-Yau, and we have defined the projectors

1
PO3 = 3 (1£ve)02) (8.15)

Then, if we consider a D7-brane in this background wrapping a 4-cycle Sy with F = 0 we
find that the fermionic operator appearing in (B.1)) is

1 1 1
D, +T°Da =50 = s+ = $A<§ = 2Pf3> -3 (# — g*'Talip) o3 P* (3.16)

where o, 3 are indices pulled-back onto S;. Note that the last term in (B.16) vanishes if H
has only one index on S4, but not otherwise. In addition, an H with three components on
S, is not compatible with F = 0. So we are left with the fermionic Lagrangian density

~ 1 1
9P_D7 @Rl,s + WCY — $A<§ — 2P_,(_)3> + §H(2)03P$3:| 0 (8.17)

where PP7 is the D7-brane projector enforcing the x-fixing (B.3), and H (2) stands for those
components of H with two indices on the D7-brane worldvolume: the case analyzed in [57]
in flat space.

All flux-induced fermion masses arise then from the term

1
S0 HosP P76 (8.18)

and are non-vanishing only for those spinors that satisfy Pfr) 9= Pf39 = ¢. This is indeed
the case for the gaugino (B.J) and so, by using (5.13) and (B.1J), we recover the gaugino
mass (B.13)) for the case F = 0.
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There are, of course, further fermionic modes @ that also satisfy Pf h = Pf39 =4.
Using the results in [63], it is easy to see that they correspond to the fermionic partners of
the geometric deformations of S4. That all such bosonic modes pick up a mass proportional
to H was seen in [[I] using a DBI analysis. The above formula shows the analogous
statement for the corresponding fermionic modes, since for generic H all possible mass
terms for these would-be geometric modulini will be non-zero. Finally, there are fermionic
modes that satisfy Pf 0 = 6 but Pf?’ﬁ = 0, and so do not get any mass term. The bosonic
partners are nothing but the D7-brane Wilson lines, which are indeed moduli that do not
get lifted by background fluxes, even if the latter break supersymmetry [57, [[9].

Similarly, one can compute the fermion mass structure of different D-branes in other
DWSB backgrounds. For instance, let us consider a D9-brane in the twisted torus back-
ground of section [7.1. The Dirac action contains the operator

I‘MDM—%O:é)—iéMH—% (/1 +20,,®) A, I P2 zalo_aAe_zPEb) +%/PP2

where we have taken into account that A™, is block diagonal. Hence, we again obtain a
fermion mass structure of the form

1_
50 PPy (8.19)

in full analogy with (8:I§). Following a similar reasoning as for the D7-brane case, we find
that from the four fermion modes that satisfy Pfgﬁ = # and have vanishing KK mass,
only two (those satisfying plzg — f) may obtain a mass induced by f, while the other
two (Plb@ = 0) will not get a mass at this classical level, even if supersymmetry is broken.
From the two fermions with f-induced masses one is, of course, the gaugino, while the
other one is a would-be Wilson line along the Il5 fiber coordinates. Note that, if we set
A = const., this reproduces the D9-brane u-term computation of [[(J], table 3, obtained
via a 4D effective approach. Similarly, one can compute the pu-terms for the D5-branes in
this background, matching again the results of [[(]. Finally, a similar computation can be
performed for the fermion masses of D6-branes in the type ITA background of section [.3,
matching the results of [F3, [J].

8.3 Vanishing soft terms and fermionic projectors

We have seen above that an aligned D-brane in a DWSB background does not develop a
gaugino mass via moduli mediation. In fact, from the prototypical example of an aligned
D-brane, namely a D3-brane in a GKP background, we know that a stronger statement
may hold. Indeed, such a D3-brane does not develop any soft mass term at the classical
level [p4]. One may then wonder if such a statement is true for any aligned D-brane in a
more general DWSB background.

In light of the fermion mass computations above, it is easy to understand why D3-
branes do not develop fermion masses. Indeed, in general the fermionic Lagrangian density

in (8.1) has the form
7 <fT MDD - %0)9 (8.20)
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where T is defined in the tangent space of the D-brane and we have defined the projectors

PPP = %(1 + [(F)) (8.21)

I'(F) being the k-symmetry operator. In the case of a D3-brane in a constant dilaton
background we have that PP3 = (1 + Y(4y02)/2 and that the quantity in brackets reads

1 1 1
DDy — 50 = Proa + P <4¢’9A - 55403) ~ Ppis + PP3 <4$A — §HO'3> (8.22)

where we have taken into account that P93 ~ §Pf)3 for a type IIB spinor. Since we
have to multiply this quantity with PP3 to the right, only the 4D derivative term @g1.s
survives. Note that in the above discussion we are not making any assumption about the
fermionic modes 6, and so all of the D3-brane fermionic modes are free of flux-induced
soft term masses.

A similar statement holds for aligned D-branes in the twisted torus backgrounds of
section . Indeed, for a D5-brane wrapping the fiber Il in the background of section [.3
we have that the Dirac operator reduces to

| | |
ID, +T"Dy = 50 = 5 — 1 (ewggal n /) = ds— 3PS, aell;  (823)

where @g = $R1»3x1‘12- Since now PE2 ~ PDP5 we again find that only the derivative term
survives. Finally, the same result is obtained for a D6-brane wrapping Il3 in the type ITA
background of section [/

It is then easy to see when all fermionic soft masses will vanish for a D-brane. Namely
when the Dirac operator in (B.2() reduces to

= - 1
'’ m'.D- 5(9 = {derivatives} + pr{something} (8.24)

It would be interesting to see if this statement generalizes to aligned D-branes in more
complicated DWSB backgrounds beyond twisted tori.

9. Anti-D-branes in DWSB vacua

The bulk of this paper is devoted to non-supersymmetric compactifications where the
source of SUSY-breaking is certain background fluxes in the internal space. In particular,
we have focused on backgrounds that can be seen as deformations of supersymmetric ones.
In this case, the internal fluxes generate a mass for the 4D gravitino of an underlying 4D
N =1 theory, and the supersymmetry may be seen as spontaneously broken.

On the other hand, in variations of the GKP construction, like the KKL(MM)T sce-
nario [, p4], there is an additional source of supersymmetry breaking that comes from
probe anti-D-branes (or D-branes) which explicitly break the (approximate) N = 1 super-
symmetry selected by the background fluxes, D-branes and orientifolds. In these models,
the effect of the D-branes on the four-dimensional physics is usually described by some
effective 4D potential, extracted by combining 4D and 10D arguments.
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Here we would like to study some aspects of the 4D physics of D-branes in our gen-
eralized setup, again trying to keep a 10D approach. A first step will be to realize that
the existence of the calibration w®f) for space-filling branes can be useful for D-branes too.
Furthermore, this will also allow us to give a 10D derivation of the super-Higgs mechanism
induced by D-branes, that cannot be described starting from a 4D effective N' = 1 theory.

9.1 Effective potential for pseudo-calibrated D-branes

In section P we have characterized our backgrounds by the existence of the calibrations

w(sf) and w (string)

for space-filling and string-like D-branes, while due to the breaking of
supersymmetry the calibration w®W) is not integrable because of (2.29). In this case,
from (P:20d) we see that we can choose C® = w®f) as electric RR-potentials and this

amounts to setting
E(X, F)pps = Eppi(%, F)pps + Ecs(X, F)pps =0 (9.1)

If we consider space-filling D-branes (D and D strings are physically equivalent), w ()
provides the following local lower bound for the associated energy density®?

gl_)—branc(zvf) = gDBI(Z7f) - gCS(Eaf)

= e4A_‘b\/det(g‘E + F)do + [w(Sf)]z A ef]top

> 2[wg ne”] (9.2)
Stable configurations must minimize
VD—brano(E7‘7:) = /gD—brano(E7‘7:) > 2/ w(Sf)|E /\6]: (93)
b pX

and the latter inequality implies that stable configurations can be obtained by configura-
tions that minimize the simplified potential

Vo (5.7) = 2 [ s 1" o4
b

and are furthermore pseudo-calibrated, i.e. satisfy (R.12) but nevertheless are not calibrated

because of the wrong orientation. Indeed, if (3, F) is a global (local) pseudo-calibrated
(eff)

minimum of Vg, then it is a global (local) minimum of Vp p,,pe since for any (small)

deformation to (X', F")

Vbbrane(EH F) 2 VED (0 F) > VD (2. F) = Vo prane(SF)  (9.5)

Note that, in particular, if (3, F) is an isolated calibrated configuration,®® then the D-brane
is automatically at a (locally) stable configuration.

Moreover, by restricting ourselves to pseudo-calibrated D-branes, Vp pane reduces to
(eff)

Vi 1iane:  The latter may be used as an effective (off-shell) potential where we have inte-

grated out fluctuations deforming the D-brane away from the pseudo-calibration condition,

52We set the orientation by imposing fz w(Sf)|g Ae” > 0 and change the sign of the CS term.
®3The deformations of calibrated configurations have been studied in [@]
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that are indeed massive because of (P.3).5* Furthermore, we expect pseudo-calibrated D-

branes to be described by a finite-dimensional (pseudo)-moduli space (as it happens in the

supersymmetric case [B1]) and so the resulting v](je—flf))rane should in fact depend on a finite

number of four-dimensional fields.

The simplest example is provided by D3-branes in GKP vacua, whose w(f)

is given
in (R.9). In this case D3-branes are automatically pseudo-calibrated and
(eff) _ 9,4A(y)=2(y)
Vﬁ = 2e (9.6)

Thus, in e.g. warped CY’s with constant dilaton, D3-branes tend to move towards the
points where the warping is minimal. The typical example is the case of the warped
deformed conifold solution found in [65], where D3-branes fall to the tip of the cone.

To summarize, we have seen how in studying D-branes it is natural to restrict to pseudo-
calibrated ones and use the effective potential (0.4). In the next section we turn our atten-
tion to the fermionic degrees of freedom associated with these pseudo-calibrated D-branes.

9.2 Super-Higgs effect: the pseudo-gaugino is the (almost-) goldstino

D-branes have opposite CS terms and correspondingly we must make the sign change
1-T(F) — 14T(F) (9.7)

in the k-symmetry projector appearing in the fermionic action (B.]). Thus, we must also
change the sign in the s-fixing condition (B.J) and, for pseudo-calibrated D-branes, this
leads to identifying the pseudo-gaugino A inside § = (1, 6) in the following way

1 .
0, = —e 2 N@m + cc., 0y = 24y ®mn2 + c.c. (9.8)
47 47

We will call A the pseudo-gaugino since it transforms non-linearly under the (almost-)
supersymmetry preserved by the flux-vacuum, the latter being explicitly broken by the
D-brane. Such explicit supersymmetry breaking is similar in spirit to a D-term supersym-
metry breaking and indeed A can be considered an (almost-)goldstino. This can be seen
by plugging the expansion (0.§) in (8.1) and taking into account the change (P.7) and the
pseudo-calibration condition. In this way, one obtains again terms of the form (B.4)), with
f as in (B.§) but with mass now given by

D i F 1 -1
my = —g/zm3/2 [ReT|g/\€ ]top{l'i'g’]jr[A A(E,}')]} (9.9)

Note that in the supersymmetric case mg/, = 0 and thus m)\D = 0 for all anti-D-branes,
consistently with the fact that X is the goldstino associated with breaking of the background
supersymmetry.?®> On the other hand, in the non-supersymmetric case even aligned anti-
D-branes (that have Ay 7) = A) have non-vanishing gaugino mass term.

*"Here we are making the (often reasonable) assumption that the masses of the fluctuations preserving
the pseudo-calibration conditions are much lower then the masses of the ‘KK-modes’ violating it.

%In the fluxless CY case, A would be the true gaugino associated with the ' = 1 ¢ A = 2 bulk
supersymmetry preserved by the D-brane. In the presence of fluxes such supersymmetry is no longer there.
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Consider for example the GKP case. In this case the pseudo-calibrated D-branes are
D3 and D7 branes. For D3-branes we have

m?fg = —;—W€_¢m3/2 (910)

while for D7-branes we have
== 7 _ 1 _
my’ = & ) e ‘I>m3/2{1 —1 Tr(gls + F) " (gls — f)} [(JAD|s—=FAF]  (9.11)

Note that if 7 = 0 then m?7 = 0, consistently with the results of [p7]. Nevertheless, as
for other D-branes, the D7 gaugino acquires a mass anyway by super-Higgs effect, once
gravity is taken into account. We will discuss this point in the next subsection.

9.3 Super-Higgs effect from D-branes

In the previous subsection we have seen that, for a supersymmetric background, m? =0
and it was explained how this result comes from the identification of A with the goldstino
created by the complete breaking of the background supersymmetry by the D-brane. Thus,
we expect A to acquire a mass, together with the 4D gravitino (and other fermions), by
some kind of super-Higgs effect.

To see concretely how this works, we need the quadratic interaction terms between
background and world-volume fermions. These terms can be obtained by extending the
procedure followed in [59, pd] to include background fermionic fields.?® Without repeating
all the details, since they are analogous to the case of pure bosonic backgrounds, we quote
just the final result. For a general D-brane configuration (I', ) on an arbitrary background,
the fermionic interaction term is given by

et = i [ eI TR T (W 1) (012
T

where £ are world-volume coordinates and ), refers to the pull-back of the background
string-frame (doubled) gravitino ¢s. Furthermore, differently from the rest of the paper,
in (0.19) we denote the dilatino by x, to distinguish it from the world-volume X field.

We now restrict to our class of backgrounds. We are interested in the coupling between
the worldvolume field A and the 4D gravitino ¢;‘;D, that was identified in section [J and
therein denoted by 1/)?(]3“ (while ¢;‘;D referred to the 4D gravitino density) — here we will
omit the subscript ().

Let us start by first considering space-filling BPS D-branes. In (9.12) we must take
I' = RY3 x ¥, F completely internal and ¢% = (2, 0®). Plugging the decompositions (B.d)
and (5.9)-(5.10) into (P-13), it is not difficult to see that the AP term vanishes, as ex-
pected. We then turn to D-branes. In practice this amounts to making the sign change (p.7)

in (0.13) and using the decomposition (P.§). In this case, one obtains the following non
trivial interacting term

Line = —%pAT’?O’?“wﬁD + oce (9.13)

56 Alternatively, it should be possible to obtain these couplings by direct expansion of the background
superfields in the superspace D-brane actions @], see e.g. @]
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with
p = 2/ AReT g A e” (9.14)
by

Comparing with the 4D supergravity [Bg], the above term leads to the identification of p
as a D-term. This identification is also supported by rewriting (0.4) as

yen = 2/ ¢ ReTls Ae” (9.15)
%

that has indeed the structure f~!(D-term)?/2 of a D-term potential, if we think in terms of
densities, by removing the integrals in (B.H) and (D:14) to get f and the D-term respectively,
and then integrating the resulting density to get the potential. Extrapolating the known
results about the 4D super-Higgs effect [B§] to our context, we are lead to

(eff)
D D-brane
my ~ (9.16)
Mlgmg/g
where myg), is the gravitino mass (5.14). Note however that the proper evaluation of

mg o should depend on the backreaction of the D-brane on the background. For example,

: ff D ff
assuming that €= Wg|? ~ ME)VI%O_ b)ranc, we get my ~ V](jo_b)rano/ Mp

10. DWSB AdS, vacua

In our quest to generalize the GKP construction, we have mainly focused on obtaining 4D
Minkowski and no-scale stable vacua. With this goal in mind, the DWSB ansatz that we
have taken in sections f] and [ seems the most natural one. From the broader perspective
of constructing 4D N = 0 supergravity vacua we could have relaxed several assumptions
taken in section @ and, in particular, the fact that our 10D space is X190 = X4 X, Mg
with X, = Rb3. In the following, we would like to extend the analysis of these sections to
N = 0 compactifications where X, = AdS,.

Indeed, while from a phenomenological viewpoint AdS4 vacua may a priori seem not
too attractive, it has been shown that, in terms of moduli stabilization via fluxes, they
possess much nicer properties than Minkowski vacua [9-[1, 9. In addition, following
the ideas in [[]|, one may consider uplifting such an AdS, vacuum to a de Sitter one by
including anti-D-branes. While in the original proposal of [] these uplifting ingredients
were anti-D3-branes, we have seen in the previous section that in a generalized setup one
could consider similar objects, namely pseudo-calibrated anti-D-branes, that could also do
the job. Finally, note that the key point to arrive at the DWSB ansatz (£.24) and (2.23)
was the understanding of V' = 1 Minkowski vacua in terms of D-brane calibrations [f]. As
this understanding has been extended to N'= 1 AdS4 vacua in [[LT], it is natural to apply
the same philosophy to the construction of A" = 0 AdS, backgrounds.

We can thus proceed as in section P.J and consider a 10D spacetime of the form
X10 = X4 Xw Mﬁ, with metric

ds?y = e2Ads§(4 + gmndy"dy" (10.1)
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and RR fields of the form (R.§), but where now X, is an AdS, space of radius Raqs. Again,
we will assume that Mg is endowed with an SU(3) x SU(3) structure, corresponding to
an approximate 4D supersymmetry in this background. As before, such an SU(3) x SU(3)
structure is equivalent to the presence of the internal pure spinors ¥ and Wy, which define
in turn the real polyforms (P.19) playing the role of D-brane calibrations. Finally, the
supersymmetry conditions for this background can again be expressed in terms of these
calibrations as in ([A.2§), where the only new ingredient is the complex constant wg defined
by (A.29) and related to the AdS, radius by Rags = 1/|wp]-

Now, in our extension to AdS, we would like to keep an essential property of our DWSB
backgrounds, which is that calibrated space-filling D-branes do not develop tachyons. This
amounts to imposing from the very beginning the gauge BPSness condition, that in the
present context reads

dp (e PRe W) = 36 F + 3(—)V21e34~PRe (o ¥y) gauge BPSness (10.2)

where again |Ws| is the degree mod 2 of the polyform W,. Just like in the Minkowski
case, ([[0.2) can be rephrased in terms of the selfduality properties of the polyform (2.21).
We now have that

(%6 +1)G = 3(—)Vile= A%y (10.3)

reproducing (R.29) for wy = 0.

Having imposed ([10.9), we now relax the other two BPSness conditions. First, note
that, for wy # 0, ([0.9) automatically implies that dg[e34~®Re(wy¥3)] = 0 so that ‘half’
of the DW BPSness is satisfied (see [[[J] for an interpretation of this). Thus, for wy # 0, the
SUSY-breaking pattern will be encoded in the following real DW (non)BPSness condition

dp[Im (wee> A~ Wy)] — 2(—)2l|wg 224~ Im ¥, = {DWSB} DW (non)BPSness
(10.4)
while the string (non)BPSness condition will be a consequence of the above. Indeed, by

looking at (JA.2§) one can check that it amounts to
lwol? dg (e~ ®Im¥,) « dy{DWSB} D-string (non)BPSness (10.5)

and so it is fixed by the DWSB ansatz in ([L0.4). In particular, if we impose DW BP-
Sness and wgy # 0, the D-string BPSness condition is automatically satisfied. Note that,
since (|L0.H) encodes the 4D bulk D-flatness, the above is equivalent to the familiar statement
that in AdS, vacua F-flatness implies D-flatness [[J]. On the other hand, in compactifica-
tions to flat space we may impose DW BPSness and still have non-vanishing D-terms.

In analogy with the procedure of section B, we can translate the DWSB pattern into
constraints for the SUSY-breaking spinors V; o, UL? and S1,2. As derived in appendix B,

we obtain that ([[0.J) imposes the following constraints

ri+ro+t1+t2=0

sh+uk, + 21+ i) (p2)* =0
s2 +ud, + $(1+iJ)"m(ph)* =0
(1= id2) ! map, = (1= iJ1)Fngf,,

gauge BPSness (10.6)
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on the set of parameters defined in (B.4). By restricting to backgrounds where the SUSY-
breaking vectors vanish, i.e., by setting

sh2 = yb2 = pl2 — ¢ (10.7)

we obtain a SUSY-breaking pattern of the form

Vi =rin; Vo = ron;
Si =t Sy = tany
Uy, = grnY" 1 Uz = ¢\ (10.8)

where these SUSY-breaking parameters are, in addition, restricted by ([[0.4). From (B.9)
and (B.10), we see that the gauge BPSness violation has the form

1
Ay (e472Wy) = 2i(—)V2lwee?A~*Im U, + 5(-)'“11\6“—@(1:2@1 — £, 07%) (10.9)
1
+§e3A_¢(q,1ﬂn7”\IJﬁm —¢2,7™¥14") DW (non)BPSness
while the string BPSness violation looks like

A (A~ PTm ) = %(—)l%lem—qﬁm[(ze2 )] (10.10)

L e2A-Pr [(q},m)*fy"\yﬂm] string (non)BPSness

In the last expression we have already taken into account the following relations between
the scalar SUSY-breaking parameters

1
ri=r] =1y = —5(751 +t2) (10.11)

required by the mutual consistency of (JL0.9) and (JL0.1(). Furthermore, if we write wy =
e~ /R, the restricted form ([l0.4) of the allowed DW (non)BPSness requires that

Xty = e Xt} and eX(1 4 iJy) e mar, = e X1 +iJ)*(d2,,)" (10.12)
Finally, if we impose the string BPSness/D-flatness condition we obtain a further relation

pure F-term t1 = to and
SUSY breaking < (1 —ido)*mgt, = (1 —iJ1)kq?, =0 (10.13)
Given this AdS; DWSB framework, one could in principle pursue the philosophy of
section f], and define a one-parameter set of backgrounds, interpret them in terms of foliated
or other kind of geometries, etc. We will not attempt to construct AdS4 vacua in such way,
but rather turn to a quite different, although complementary, approach to find N' = 0,
AdS4 supergravity vacua: that based on integrability.
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11. Integrability of A/ = 0 vacua

In the previous sections we have discussed extensively a class of type II flux compactifi-
cations to four-dimensions. One of their key ingredients is the existence of background
(generalized) calibrations of the kind introduced in [[5, ff] and the assumption that the
(fully-backreacting) localized sources are calibrated by them. This fact allowed to simplify
considerably not only the open-string equations of motion, but also the closed-string ones,
even in absence of supersymmetry, that would have been otherwise extremely complicated
by the presence of the sources.

In this section we will explain how this remarkable property has more general validity,
not necessarily related to compactifications to four dimensions. In fact, as we will see, the
same mechanism is at the origin of the integrability of supersymmetric (static) backgrounds
with localized sources that was already studied in [[4], extending previous results valid in
the sourceless case [19, [J]. Supersymmetry implies the existence of well-defined calibra-
tions — i.e. satisfying a certain differential condition — for the sources [L1]. In [[4] it was
shown that, under certain mild assumptions, the inclusion of supersymmetric (and thus
calibrated) sources does indeed guarantee that the (first-order) Killing-spinor conditions
imply that the appropriately source-modified (second-order) Einstein, dilaton and B-field
equations of motion are automatically satisfied, once the Bianchi identities are taken into
account. As we will see in the following, this result can be though of as a corollary of a
more general integrability theorem, valid also for non-supersymmetric backgrounds.

In the general non-supersymmetric case considered here we will assume the D-branes
and orientifolds to be calibrated with respect to a well-defined calibration constructed
from an underlying globally-defined spinor e. This will allow us to rewrite the second-order
bosonic equations of motion as spinorial equations involving the product of two first-order
operators, where the contribution from the localized sources has disappeared by using the
(generalized) Bianchi identities.?” Schematically, let € be the ten-dimensional supersymme-
try generator, so that Ae = 1, where 1 parameterizes the supersymmetry-breaking and A is
a first-order differential operator. The integrability result presented here, amounts to iden-
tifying a first-order differential operator B such that, provided the (generalized) Bianchi
identities are satisfied, e/ B1) is a linear combination of the (second-order) equations of
motion. Note that by taking € to be a Killing spinor, so that v vanishes, one reproduces as
a corollary the integrability results of [[[3—[4] for supersymmetric backgrounds. It follows
from the above that an alternative strategy for the construction of general ten-dimensional
non-supersymmetric vacua would be to search for backgrounds such that v is non-vanishing
but nevertheless lies in the kernel of €’ B.

In the next subsection we will first discuss the general sourceless case, to later introduce
calibrated sources in static spaces in subsection [[.4. In subsection we then specialize
back to compactifications to four dimensions, writing explicitly the spinorial equations in
this case. These equations will be used in subsection [[1.4, where we construct new non-
supersymmetric ITA AdS, vacua, as well as in appendix [], where we revisit the GKP vacua.

5TRecall that in the democratic formalism the Bianchi identities of the dual RR fields correspond, after
implementing the self-duality condition, to the equations of motion of the original fields.
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11.1 Spinorial factorization of sourceless equations of motion

In this section we show how sourceless equations of motion and Bianchi identities can
be combined in spinorial equations involving the product of two first-order differential
operators.

First, we choose a (doubled) supersymmetry generator € = (e, e2) and introduce the
associated supersymmetry breaking spinorial ‘parameters’ X;, Y and Z as follows

(Dpse); =: X}'w
(O¢); =: Y
(Ae)y =TMxi, —Yi= 7 (11.1)

where i = 1,2 and Djs, O and A are the operators entering the fermionic supersymmetry
transformations and are defined by (A1) and ([A17). Clearly, if the background is su-
persymmetric and € is the associated Killing spinor, then X, Y and Z must all vanish.
Furthermore, let us define the operator P

1 1
(P2)! = (V= po 4 L) 2" = o *F T 2

16
(PZ)?* .= (V — PP — %g) 72+ 1—%&’@ SnVA (11.2)

as well as the following tensors entering the modified Einstein, B-field and dilaton bosonic

equations of motion (A.10), (A7) and ([A.6))
Eny = Ryn +2VyVy® — %HM ‘Hy — ie%FM - Fy
0H := e®® % [d(e_2CI> x10 H) — %(*mF N F)g
D:=2R— H?+8(V*® — (09)?) . (11.3)

The main result of this subsection is the following set of identities, whose derivation is
discussed in appendix [H, that express the double action of first order operators acting on
€ in terms of the tensors Eyn, 0H and D defined in ([[1.3)

1 1 1
™MDy X)) — B (VN + ZLNH> Y+ 5(0 - Xn)t =
1 1 1
— ZENKFK a3 (0HNgT® + indH) € — 1—6€q’dHF - TnT(1g)€2 (11.4a)
1 1 1
™. (DiyXp)? - 3 (VN — ZLNH> Y24 5O Xy)? =

1
4

1
(PZ)' — <VM —20Mo + ZgMNLNH> CXi=-

1 1
ENKPKGQ — g ((5HNKPK + LNdH) € + Eeq)r(lo)O'(dHF) . PN61 (11.4b)
1

1 1
8D61 + 1@61 + gdHFEQ (11.4c)

1 1 1 1
(PZ)2 - <VM —20M® — ZQMNLNH> X12\4 = _gDEQ — Zd_HEQ + gd(dHF)El (11.4d)
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From the above equations one can immediately derive the integrability property of source-
less supersymmetric vacua discussed in [[4, [[J]. Indeed, in this case the left-hand side of
the above equations vanishes and, once we impose the sourceless Bianchi identities dH = 0
and dgF = 0, they reduce to identities setting to zero D and combinations of Fj;ny and
0 H s n acting on the spinors. For example, in the case of static spaces with vanishing mixed
time-space components of Ey, this automatically implies that the full set of equations is
satisfied. We will consider the static case in more detail in the next subsection, where we
will include localized sources in the discussion. As we will see, equations ([L1.4) naturally
encode the possibility to incorporate calibrated localized sources in the background.

11.2 Adding calibrated sources

To treat the sources we will assume a general static space-time X790 = R X Mg of metric
GundzMdz = e24de? + gpnda™dz™ (11.5)

with A and ¢, depending only on the internal coordinates ™. We will include static

(loc)

D-branes and/or O-plane sources corresponding to a piece S in the total action which

is the sum of two terms®®
Sloe — —2777'/ v/ — det(G|rp +f)+27TT/C’F/\€]: (11.6)
r r
In units of 27va/ = 1, 7 is given by mpp = 1 for all D-branes and 7o, = —277° for

Og-planes, and in the latter case F = 0. By introducing the total current ji.; defined by

/ (o, Jrot) = Z Ti/ alr, A e’ (11.7)
X10 r;

i€loc. sources

for any polyform «, we can write the Bianchi identities as dg F' = —jiot. For static sources
we have I' = R x ¥, where R denotes the time direction and > C My is an internal cycle,
and thus jiot is defined on Mg. Furthermore, we can split the RR field-strength in electric
and magnetic parts F! and F™& defined on My as follows

F = F™& 4 dt A F9 (11.8)
so that F' = e 4g(xgF™8), dg F®! = 0 and
dHFmg == _jtot (119)

We can now use a globally defined spinor € = (e1,€2) to construct a calibration as
follows. Following [[4], we decompose first €; o in

€= (é) ® X1 €2 = (é) ® x2 (1IB) €2 = <$> ® x2 (IIA) (11.10)

58For simplicity, we avoid to explicitly write down the higher-order corrections, which can be easily

included in the present formalism.
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where x12 are real spinors on My. The gamma-matrices decompose accordingly as
Ig=(io2)®1, Tm=01®%m, TLay=0301 (11.11)

with o; the Pauli matrices, and ~,, the 9-dimensional gamma-matrices. Using the internal
spinors x1,2 one can construct on My the real polyform

A-D
€
p even/odd P

where one has to sum over p even/odd in ITA/IIB respectively. For any ¥ C My (with
world-volume coordinates ¢), the polyform w defined in ([[1.1]) satisfies the algebraic
inequality

[Ws A e iop < eA7®/det(g]s + F) dé (11.13)

Thus, if furthermore w satisfies the differential condition
dpw = —F* (11.14)

then w is a proper (generalized) calibration.

In the following we will assume that the differential condition ([[1.14) is satisfied,>
thus indirectly imposing a differential condition on e. We will also assume that all local-
ized sources are calibrated by w, i.e. they saturate the local lower bound ([[1.13). These
restrictions will allow us to greatly simplify the following discussion for two reasons. First,
the open-string equations of motion are automatically satisfied, as can be seen by a simple
extension to this generalized setting of the stability argument (R.If). Second, in deriving
the NS closed-string equations of motion we can use the simplified ‘effective’ action

Se = —277/ (dt A w, jrot) (11.15)
X10

Using ([[L1.17), it is not difficult to see that the source-modified Einstein, dilaton and H-field
equations of motion read:

1 . 1 .
EMN = —§€2<I> *10 GK(M<d.Z'K VAN LN)(dt /\U.)),]tot> - §GMN<dt /\w,]tot> s (1116&)
1
0H = §e2‘1’ 510 (dt A w, Jiot )8 (11.16b)
D = €2® %10 (At A w, jior) (11.16¢)

Note that, as expected for static sources, the mixed time/space components on the right-
hand side of ([[1.16d) vanish and indeed, for the backgrounds we consider here, we auto-
matically have

Eom =0 (11.17)

59The condition () is automatically satisfied if € is a Killing spinor [@], up to some additional mild
assumptions.
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Consider now eq. ([L1.44) for N = n, along the spatial directions. Assuming that the
contraction of the left-hand side with €] T}, vanishes and taking eqs. ([1.10)-([[1.17) and
the H-field Bianchi identity dH = 0 into account, we obtain

4

for ITA /IIB. Substituting into ([[1.1§) the RR Bianchi identities ([[1.9), symmetrizing in
m,n and taking eq. (EI7]) into account, we obtain the space/space components of the
source-corrected Einstein equation ([[1.16d). The time/time component of the source-
corrected Einstein equation is obtained similarly by considering eq. ([1.4d) for N = 0, i.e.
along the time direction, assuming the contraction of the left-hand side with E{PQ vanishes.

Moreover, by antisymmetrizing eq. ([{I.1§) in m,n and taking eq. (E.1§) into account,
we obtain instead the source-corrected H-field equation-of-motion (note that 0H has no
non-vanishing time components), eq. ([L.I6H). Finally, in order to obtain the source-
corrected dilaton equation-of-motion we assume that the contraction of the left-hand side
of eq. ([T.4d) with €l vanishes. Taking ([I.1() into account and imposing the H-field
Bianchi identity we thus obtain

1 1
|a|? (Emn + 5cSHmn> F—e® (T v - dgF™8 - 7, x2) = 0 (11.18)

la>D = e® (xT dr F™8 o) (11.19)

Imposing the RR Bianchi identities ([[1.9) and using eq. (E.1Y), we arrive at the dilaton
equation-of-motion ([1.16¢). Note that the same results can similarly be obtained starting
from ([T.4H)) and ([1.4d) instead of ([1.4d) and ([1.4d).

In summary: if we consider static space-times with localized sources calibrated by a
calibration w, constructed from a doubled spinor € = (€1, €3) as in ([L1.12), the vanishing of
the following contraction of the left-hand side of either eq. ([LL44), or eq. ([[1.4H)%°

o1 1, 1 .
eI Ty {PM (D Xa)' = 5 <VN - Z(—)%NH> Y+ 5(0- XN)Z} =0 (11.20)

either for ¢ = 1 or for ¢ = 2 and for (K, N) space/space or time/time indices (but not
mixed), is sufficient to guarantee that the source-corrected Einstein and H-field equation-
of-motion are automatically satisfied, provided one imposes the (source-corrected) RR-field
Bianchi identities ([L1.9) and the H-field Bianchi identity. Similarly, the vanishing of the
following contraction of the left-hand side of either eq. ([L1.4d), or eq. ([L1.4d)

er {(PZ)i — <vM —20Mo — i(—)igMNM> -Xfw} =0 (11.21)
either for i+ = 1 or for ¢ = 2, is sufficient to guarantee that the source-corrected dilaton
equation-of-motion is automatically satisfied.

Finally, let us observe that if we consider space-times without sources, the equa-
tions ([1.20) and (II.21)) are valid without any need to restrict to static space-times or
impose the condition ([[1.14)) — since the latter is only needed in order to ensure that the
open-string equations of motion are satisfied.

50Tn |11.2i|) and (| 1.2“) the €’s are given by ([L1.1()). One could write the spinor contraction in a
convention-independent form by replacing €' on the left with €. In addition, it has to be remembered

that in this case the €'’s are commuting ten-dimensional spinors.
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11.3 Integrability conditions for flux compactifications

In this section, we give the general form of eqs. ([[1.20) and ([1.21]) for compactifications

to R13 or AdS;. We decompose the ten-dimensional spinor as in eq. (A.29), with the four-
dimensional spinor ¢ satisfying the Killing equation (|A.28d), where the parameter wy is re-
lated to the AdS radius by R = 1/|wp| and flat space is recovered by specializing to wy = 0.

Direct substitution of definitions (B.]) into egs. ([1.20), ([I.2]]), using the equations
above, leads to the following conditions

0 :<Y7 — P+ 29A + %H)vl —wo(V' +8')

, | (11.22)
and
1% 1 1 1 mq 1
) 4 X (11.23)
+ <vn + ZH"> St + 20, AV + ge%mﬁ%fy@u; + Ze¢F’ynV2 ,
coming from equation eq. ([[1.20), as well as
1 1
0= 771{ <Y7 — P +20A + ZH>51 - ge‘z’FW(ﬁ)Sz

(11.24)

1, m
- (vm —20™m® + ZH )u,; + JAV! + wo(V' — 251)*}

coming from eq. ([1.21)).

In deriving the above we have observed that the only nonvanishing spinor bilinears
which can be constructed from the commuting (cf. footnote p()) four-dimensional spinor ¢
are Qfﬁ“( , ¢ *Auv¢ and their complex conjugates.

Note that condition ([[1.24) is expressed as the vanishing of a spinor contraction, i.e.
it has the same form as the ten-dimensional integrability equation ([[1.21)) from which it
descends. On the other hand, the two conditions ([1.23) and (I1.2J), coming from the
ten-dimensional integrability equation ([L1.21)), do not contain spinor contractions. This is
because requiring that equation ([[1.21)) be satisfied for all (K, M) such that K, M are either
both spatial or both timelike, amounts to requiring that the right-hand sides of ([[1.23)
and ([L1.29) vanish upon contraction with both 7 and nhm for any six-dimensional gamma
matrix v,,. For a nonzero six-dimensional Weyl spinor 7, this is equivalent to requiring
that the right-hand sides vanish identically.

11.4 Non-supersymmetric AdS,; vacua from integrability

We would now like to provide some examples where we can apply the results of sub-
section to look for susy-breaking vacua. The strategy is to select an underly-
ing SU(3) x SU(3) structure defined by two internal spinors n; and 72, compatible
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with the possible localized space-filling sources that must be calibrated, and use equa-
tions ([L1.22), ([L1.23) and ([L1.24)) to investigate the restrictions imposed by the equations
of motion. As we explain in appendix [F], one can easily recover in this way the fact that

the GKP vacua of section P.]] satisfy the equations of motion. Here we show how using the
above results one can systematically investigate non-supersymmetric vacua of IIA super-
gravity of the form AdS4 x Mg, where Mg is a six-dimensional nearly-Kéhler manifold with
constant dilaton and warp factor. To our knowledge, the first class of solutions presented
here (eq. ([1.3) below) is new. The second class (eq. ([1.39) below) was first constructed
by Romans in [7J].5" Finally, supersymmetric vacua of this form (eq. ([[1.4() below), which
are a special case of the broader class of AdS, vacua of [1Z], were first constructed in [73.

A nearly-Kéhler manifold is a special case of an SU(3)-structure six-dimensional man-
ifold and, as such, it possesses a nowhere-vanishing spinor n of positive chirality. Its only
non-zero torsion class — the torsion classes of an SU(3)-structure are defined in (p.J) —
is Wy (which can be taken to be constant and imaginary); it is related to the nowhere-
vanishing spinor through

1
Vin = ZWyymn* (11.25)

Acting with a covariant derivative on the left-hand side we obtain, after some standard
manipulations:

5
Rin = lellzgmn (11.26)

hence nearly-Kéahler manifolds are Einstein spaces. In the following we will set W7 = iw,
with w a real constant. Finally let us note that in terms of the SU(3)-structure (J,$2),
equation ([[1.25) can be written equivalently as

dJ = gwReQ
dImQ =wJ A J (11.27)
Let us now assume the following ansatz for the fluxes:
1 1
Fo=a; Fob=0J;, Fy= 5%12; Fs = 65,]3; H = cRe) (11.28)

where a, 3,7,d,¢ are real constants. Using ([1.27) it is easy to see that the Bianchi iden-
tities for the RR fluxes are equivalent to the conditions

_ 2 2 11.2
5 3% 7 3w5 (11.29)

while the H-field Bianchi identity is automatically satisfied.

51 Non-supersymmetric solutions of the form AdS,x Mg, where M is a six-dimensional complez manifold,
were also constructed in [@] These are different from the solutions presented here: the nearly-Kéhler
solutions use an almost complex structure on Mg which is not integrable. It would be interesting to
examine whether the non-supersymmetric AdS4 vacua of four-dimensional effective supergravity considered
in [@] admit a ten-dimensional lift to the solutions presented here.
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We are now ready to come to the integrability equations ([1.29), ([1.24). Assuming a
strict SU(3) ansatz
m=mn; m=c¥n (11.30)
for some constant phase ¢ and plugging the above ansatz into ([11.29) we obtain, after
some algebra,
1
0 = 3Jwol* — E(:&]AP +ul?) (11.31)
where we have introduced:
Ai=a—if+y—1id
wi=a—3if —3y+1id (11.32)

that satisfy the following equations

N
e(u* +3)) — éw(u* —)) =0 (11.33)

by virtue of the RR Bianchi identities ([[1.29). The second integrability condition,
eq. ([1.23), can similarly be seen to be equivalent to

_ Do Lo i Loy )2
0= v +5e e 16()\,u + (\")7) (11.34)

Separating real and imaginary parts, taking the definitions ([[1.32) into account, eq. ([1.34)
can be seen to be equivalent to the following two conditions

0=¢?— sz — i(az + 32 — 42— 6% (11.35)
0=cw— %(aﬁ + 26y +796) (11.36)

Finally the third integrability condition, eq. ([[1.24)), can be seen to be equivalent to the
following equation:

15 1
0 = 3|wo|® — ng + 562

where again we have made use of ([1.33). Thus, according to the inte-
grability prescription, the solution is determined by the coupled set of equa-
tions ([1.29), ([1.31), ((1.33), ([1.36), ([1.37). We find the following three classes of
solutions

(11.37)

e Flirst solution: sgn(wa) = —sgn(de) and
1 3 9 3
|’LU0|2 = 5&)2 a2 — Zw2 52 — Z(/‘}2 62 _ Z(/‘}2 (11.38)

e Second solution:

2
lwo|? = ng o = §w2 6% = —5w2 e=0 (11.39)
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o Third solution: sgn(wa) = sgn(de) and

_ 81, 2 3 9

3 9 15 4
w o =¥ € =¥

lwol? = - = 16 5 (11.40)
The third solution ([[1.4() is the supersymmetric solution of [[/J], while the first two are
genuinely non-supersymmetric. In all three cases one can check directly that the super-
gravity equations of motion are satisfied, in agreement with the general discussion of sub-
sections and [[T.3.

Unfortunately, only the supersymmetric case satisfies the gauge BPSness condi-
tions ([L0.6), so that the above non-supersymmetric vacua do not naturally allow the
introduction of D-branes or orientifolds. To show this, let us first observe that the SUSY-

breaking has the form ([10.§) with parameters

1, 3i 3 ., .
T =T9 = —Wy — Ze"p,u* t1 = —2wg + Ezw +e tg = —2wy+ Ezwem‘p + ge?i® (11.41)
G = <§W+Z5—E>\ €w>(1—lt])mn G = <§W€2w+15€2w—ﬁ>\ €w>(1+le])mn
where we have taken into account that J., = in'vmnt = (J1)mn = —(J2)mn. From the

(]

third line of the gauge BPSness equation ([L0.6), we arrive at the condition: ¢ = 0,; i.e.
n = %n5. It is then straightforward to verify that only the supersymmetric solution ([[1.4()
satisfies the first line of ([[0.6). In particular, ¢ = 0 corresponds to the subcases sgn(wd) =
1, while ¢ = 7 corresponds to sgn(wd) = —1. Finally, let us note that the second line
in ([10.6) is trivially satisfied by all three classes of solutions.

12. Conclusions and outlook

In the present paper we have analyzed the structure of non-supersymmetric type II flux
vacua from the vantage point of generalized complex geometry. While GCG techniques have
mainly been applied to supersymmetric type II vacua, we have shown that they are equally
useful for N' = 0 backgrounds, as long as an approximate 4D supersymmetry survives.
As a first application of this idea we have rephrased the well-known properties of N' = 0
warped CY /F-theory vacua in terms of generalized calibrations, that are the natural objects
describing the BPS properties of probe D-branes in general flux backgrounds. Roughly-
speaking, while in an /' = 1 background the full set of D-branes must obey a BPS bound,
only a subset of these bounds will survive in the absence of supersymmetry, and so we can
classify A = 0 backgrounds in terms of the D-brane BPS bounds/generalized calibrations
they contain. In the case of GKP vacua, the D-branes whose BPSness is affected by SUSY-
breaking look like 3D domain walls from the 4D viewpoint, and so we have named this
SUSY-breaking pattern ‘Domain-Wall SUSY-breaking’ (DWSB).

We have analyzed the structure of DWSB backgrounds from different perspectives,
with the particular goal of finding those backgrounds that are most similar to the N/ = 0
no-scale vacua of [[l. In this quest we have selected in section ] a simple DWSB subansatz
which, analyzed from the 4D perspective in sections [ and [, can indeed reproduce the
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desired no-scale structure. From the geometric point of view, this subansatz is based on
compactification manifolds Mg that contain a calibrated generalized foliation, which is a
rather strong restriction. However, the techniques used in sections ] and [f| are valid for
general N' = 0 flux compactifications, and so they can be applied to DWSB backgrounds
beyond the simple subansatz considered above. It would be interesting to see which new
kinds of 6D geometries and 4D effective theories can be obtained in this way. In particular,
it would be interesting to explore how likely the generalization of the KKLT [[l] and Large
Volume [[] scenarios is in this context, as well as whether new scenarios for constructing
de Sitter vacua may naturally appear.

The effective potential considered in section [ also allows to address a basic issue of
N = 0 vacua, which is the presence of closed string tachyons. We have seen that even
for the DWSB subansatz of section P the absence of tachyons is not guaranteed, and
that some mild assumptions on the off-shell gravitino and dilatino variations should be
made. While these assumptions come naturally in the case of warped Calabi-Yau vacua,
their interpretation is less clear for more general backgrounds, and in particular for those
beyond our DWSB subansatz. It would be very interesting to gain further understanding
on such tachyon-free conditions for this kind of backgrounds.

Note that while the techniques of sections ] and [] admit a 4D perspective, the approach
used is fully ten-dimensional. Hence, it allows us to address issues that effective 4D-like
approaches cannot deal with, such as warping effects. This is particularly manifest in the
results of section f|, when comparing some simple subcases of DWSB backgrounds with
some no-scale vacua found in [[[(f]. Indeed, by comparing results we see that the 10D eom’s
derived in section [] seem to impose further constraints beyond the background relations
found in [I(]. As in these cases the extra conditions become trivial for constant warping,
it is tempting to speculate that they arise from warping corrections to the 4D Kahler
potential, along the lines of [fl, BJ-PH|. Since the explicit examples provided in section [
satisfy these extra 10D constraints automatically, it would be very interesting to extend
the set of examples to include some where this is not the case.

Another obvious extension of this work is to construct vacua which are not Minkowski.
Indeed, as shown in section [[( the general philosophy of this paper can be easily extended to
compactifications to AdS,. There we have described the minimal requirements to construct
phenomenologically viable vacua, which amounts to requiring that 4D spacetime-filling D-
branes develop a BPS bound, while domain walls and D-strings may not have such a
BPSness property. In this AdS4 context, it is essential to consider uplifting mechanisms
to de Sitter space, and so our discussion of anti-D-branes in N' = 0 flux backgrounds in
section f] could be a key point for the construction of novel examples of metastable vacua.

Another important point that has been addressed in this paper is the structure of
F-terms in the closed string sector and the flux-induced soft terms in the open string
sector. We have found good agreement between both, in particular for the case of the
gaugino mass, that we have computed in full generality. Other soft terms, like fermionic
u-terms, have also been computed in particular cases, finding qualitative good agreement
with the results of [I(]. It would be interesting to extend this computation to more general
situations, including more backgrounds beyond twisted tori and compactifications to AdSy,
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and to also compute the spectrum of scalar soft terms for these cases.

Finally, we have seen that an alternative, complementary approach, based on integra-
bility, can be used for the construction of N' = 0 type II vacua. The method relies on the
ability to factorize second-order equations of motion into two first-order equations involv-
ing spinorial quantities. We have illustrated the procedure by constructing a new class
of N' = 0 vacua of the form AdS; x Mg, where Mg can be any nearly-Kahler manifold.
It would be interesting to explore whether this approach can be used as a tool for the
classification of general non-supersymmetric type Il supergravity backgrounds.

We hope that the ideas and techniques developed in this paper serve to understand
the set of N' = 0 supergravity/string theory vacua from a different perspective, that allows
to derive interesting results on the above and related issues.
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A. Supergravity conventions

A.1 Bosonic sector

Our bosonic conventions are identical to those of [[4], up to the sign changes H — —H

in IIB and C9,41 — (—)"Cap41 in ITA. This implies that the self-duality relations read
(n—1)(n—2) . . .

F,=(-) 2 %10 Flo—n.9%2 By introducing the operator ¢ which reverses the order of

the indices of a p-form, the self-duality condition can be written as
F = x190(F) (A1)

The pseudo-action (i.e. a mnemonic tool to obtain the e.o.m’s) of the democratic
formulation is

1
- ZF2} + glec) (A.2)

2

where 2x3, = (27)7(a/)* and for any form w we define w? = w - w, with - given by

1
Wp:* Xp = HWML..MPXML“MP (A3)

52The ten dimensional Hodge-star operator 19 is defined by

1
P Y

*loWp = —

where 1% = 1.

— 74 —



If w is complex, we also define |w|? = w - @.9% In addition to the RR e.o.m./BI’s

dHF’ = _jsourcc (A4)
we get:
The dilaton e.o.m.:
6S 1 1 2k2, 6.5000)
2 00 o —20 |24 _ 2, 1 Lo 10 _
2/{10&1) 8e Vo — (dP)” + 4R 8H + N 0 (A.5)
and thus 2 2% 5 afioc)
1 1 1 k{ne® §SVOC
25 2 Ltp Lo 1Ry _
VP — (dP)* + 4R 8H 1 /=5 0% 0 (A.6)
The B-field e.o.m.:
oS _ 1 8§ (loc)
2&%0@ = —d(e 2% 50 H) - §[F No(F)ls + 2R%OF
00 1 ) 55(100)
= —d(e *10 H) + 5[*10F A\ F]S + 2/{10573 = 0 (A?)

The Einstein e.o.m.:

\/% 5;A§N = e 2?|Gun + 29 NdD - dD — 2951 V2D
+2V VD — %LMH nH + %gMNH -H
—%MF AN F — k2T = 0 (A.8)
where ) 50100
TN = = g (A.9)

By combining ([A.§) with the dilaton equation we get the modified Einstein e.o.m.

1 1 loc 9gMN g§loc)
Ry +2VuV® = soarH - onH = 2 i F - on F — e (TA(M) o e )

(A.10)
Finally, let us recall that the Mukai pairing on a certain space of dimension n is
defined by

(W, x) = wAa(X)ln (A.11)

for any pair of polyforms w and y, where ¢ is the operator that reverses the order of the
indices of a form. More generically, we can also define

(W, 0 = wA () (A.12)

for k < n.

*

%30n non-spinorial quantities, we use both (...) and (...)* interchangeably to indicate the ordinary

complex conjugation. On the other hand, on ordinary spinors (...) denotes the Dirac conjugate.
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A.2 Fermionic sector

We can use a representation in which the 10D gamma matrices I'jy; are real. Underlying
the flat indices, the 10D chiral operator is given by

For any form w, with denote by both ¢ and w its image under Clifford map. More explicitly,
for a p-form

1
L/)p =wp = HlemMpI‘Ml'“MP (A.14)

Then the self-duality condition ([A.])) can be written as
Capl = F (A.15)

The type II supersymmetry transformations are parameterized by two MW spinors,
€1 and €2, which in our representation are real and satisfy Fagyer = e and 1062 = Feo
in ITA/IIB. In our conventions, the type Il supersymmetry transformations of 4] can be
written as follows

1 1
50 = (Dare)r = <VM + ZHM) €1+ TGQQFFMF(IO)Q

1 1
57/)](5[) = (Dpse€)2 <VM - ZHM> €2 — —6‘1)0’(1}1’)F1\/1F(10)61

16
1 1
5)\(1) — (@6)1 = <@<1> + §H> €1 + 1—66<I>I‘MFFMF(10)62
1 1
A2 = (0e)y = <@‘I’ - §H> € — 1_66¢PMU(F)PMF(10)€1 (A-16)

Note also that one has the following modified dilatino equations
PM(S”L/J%? — 5\ = A¢ = <V — 9D+ %H)el
5@ — 5@ = Aey = (v — PP — iﬂ) e (A.17)

In double spinor notation, the equations (A.1f) we can be written as

Sy = |V + %HMU?) - 1—16e<1> (—U?F) ?) er(m)] €
1 1 0

A.3 Splitting to 446 dimensions and pure spinors

Let us now consider a ten-dimensional spacetime of the form X;9 = X4 X, Mg, with Xy
either AdS4 or RM3, and split the coordinates accordingly ™ — (2#,3™). We assume that
the ten-dimensional metric (in the string frame) has the form

ds?y = e2Ads§(4 + gmndy"dy" (A.19)

— 76 —



and that the H-field has only internal legs. In addition, we assume that the ten-dimensional
RR field-strengths, denoted here by F*°t, split as follows

F*°t = F 4 e*dVoly A #6F (A.20)
where F' has only internal legs, dVoly is the volume form of ds%{4 and we have defined%4
k6 = %6 OO0 (A.21)

so that we have >T<§ = —1. Finally, all fields are independent of the external coordinates x*.

The ten-dimensional gamma matrices T'™ can also be split in terms of four- and six-
dimensional gamma matrices 4* (associated with the unwarped X4 metric) and ™ in the
following way

M =e 44891 '™ = yu) @™ (A.22)
where 74y = i4%23 is the standard four-dimensional chiral operator. The six-dimensional
chiral operator is in turn g = —i~123456 and so we have that T (10) = Y(4) ® V). The

ten-dimensional type II supersymmetry generators can accordingly be decomposed as
€1 = (®m + c.c. €2 = (®@mn2+ c.c. (A.23)

where ¢ = 7(4)¢ is the generic Killing spinor of Xj. Furthermore, y)m = m for both
A and IIB, while ygm2 = —n2 in IIA and vy@)ne = 72 in IIB. We also assume that
771771 = 77%772 = |al?, since this is a necessary condition in order to have calibrations for
static D-branes [, fl]. The internal spinors 7; and 7y define the SU(3) x SU(3)-structure
of the configuration, that can be alternatively characterized in terms of the pure spinors

¥, and ¥y defined by
8i 8i
¥, = —Wﬂl @03, ¥, = —Wm ®1 (A.24)
where the overall normalization is chosen for later convenience. As polyforms of definite
parity, ¥; is even/odd in IIB/ITA and ¥ is even/odd in ITA/IIB.
Let us now consider the case where Mg is an SU(3)-structure manifold in some detail.
For this to be true in IIA supergravity, the condition 7, = ie‘ieng has to be satisfied for
some (possibly point-dependent) phase e, Similarly, in type IIB we should require that
n = ie"ny. We can thus introduce the normalized spinor Y = 11 /|a| and use it to construct

the following tensors on Mg

Imn = iXT'anX anp = XT’anpX (A25)

J is the two-form associated with the almost complex structure J™,, with respect to which
Nisa (3,0)-form. Together J and €2 provide an alternative definition of the SU(3) structure
of the configuration. They are normalized so that

(1/3VJANJTAJT = —(i/8)QAQ = dVolg (A.26)

64The six-dimensional Hodge-star is defined as

V9

my_,...mg mi 6—p
pi!((s_p)!emlmmﬁw P dy"™ N N dy

*keWp =
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In this case, the pure spinors ¥; and ¥y take the form

U, = 90 Uy = e et in ITA
Uy = et Uy = e Y0 in IIB (A.27)

the particular type I1IB case of [f, [, [[§] being obtained by setting ef =1.

Going back to a generic SU(3) x SU(3)-structure, one can write the background super-
symmetry conditions in terms of the pure spinors [[§]. In our conventions, such equations
have the form

dp (e PRe W) = 56 F + 3(—)"2le34 P Re (o Uy) (A.284a)
dp (24 *Im W) = (A.28b)
Ay (e472Wy) = 2i(—)¥2lwye? A Im ¥, (A.28¢)

where wyg is the constant entering the AdS, Killing spinor equation
1_ Ak
VG = EWO’YMC (A.29)

and is related to the AdS, radius by R = 1/|wg|. Hence, it vanishes in the case of com-
pactification to flat space. Note that in the AdS, case wg # 0, (A.28H) does not contain
any new information, since it is a consequence of (JA.28d). In addition to ([A.2§), one needs
to impose the supersymmetry condition dlog|a|> = dA relating the norm of the internal
spinors to the warp factor.

B. SUSY-breaking and pure spinors

Let us consider a ten-dimensional ansatz of the form ([A.19)), supporting an SU(3) x SU(3)
structure background. Then the ten dimensional bispinor € = (eq, EQ)T is specified by two
internal chiral spinors 7; and 7y as in ([A.2J). Since in addition we are assuming that
supersymmetry is broken, we generically have

1 4. 14,
(Due)r = §eA’yuC @V + cc. (Du€)a = §eA’yuC @ Vs + c.c.
(Dime)1 = C QUL + c.c. (Dime)s = C QU + c.c.
Aeg =(® 81+ cc. Aey =(® Sy + c.c. (B.1)

where V) o, Us? and 812 are internal spinors parametrizing the supersymmetry breaking.
Their explicit form in terms of 7, and 7y is

1 -
Vi = PAn + ZQQV(G)FWZ +e Awon}
1
Vo = PAn, — ZGCI)’Y(G)FTm + e Awon;
1
s= (V- 00+ 2044 1 o + 26w

1
So= (V= 904204~ L1 )+ 2o
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1 1
Up, = (Vm + —Hm> m+ ge Frm Yo

4
U2 = (Vo 2l )i — Lt (B2)
m = m = g m 2 86 Tm7(6)71 .

where we have allowed for a non-trivial AdS, parameter wg for X4. We choose the norm of
the internal spinors |a|? = 771771 = 77%772 to be related to the warp-factor by dl|a|? = |a|>dA

as in the supersymmetric case, which gives the following constraint

1 1
Re (ni%ﬁ - 5773%11}2) = Re (ngu% - gnI’YmM) =0 (B.3)

Let us now expand the spinorial supersymmetry parameters Z/{},{z, S12 and V2 in
terms of tensorial susy-breaking parameters in the following way

Vi =t + shy™m Vo = roms + s2,7"1e
St =t} + up, Y™ m Sy = tams + ut, Y"1
U, = plom + ghny™n; UL = P2 + 2™ (B.4)

Note that, because of (B.J), we must take Repl, = Res?,, Rep?, = Res!, and that by
definition

(1 —iJ)Epup =0 (1 —iJ)k sk =0 (14 iJ) gk, =0
(1—iy)*u? =0 (1—iy)*,s2 =0 (1+iJo)*,q%, =0 (B.5)

where the almost complex structures Jj o are defined as

(J1)™n = WUI’Y n (J2)™n = Wﬂb nl2 - (B.6)

.. . 12 12 12 12
It is important to note that the new susy-breaking parameters 712, t12, sm°, Pri, Un) 5 Gmn

do not mix under T-duality.5?

65 Assuming an isometry along a coordinate ¢ and applying the T-duality formulea for spinors of [@], we
find that the above susy-breaking parameters transform as follows under T-duality

1 =71 To =T2 t1 =1t to=to

~1 n 1 ~2 n 2

Sm (Q+) mSp Sm = (Q*) mSp

o = (Q+)" mun i = (Q-)"muy (B.7)
ﬁ%ﬂ = (Q+)nmp}L ﬁgn = (Q*)nmpi
q}nn = (Q*)km(QJﬁ)lan}:,l ‘j’rznn = (Q+)km( *) nq}%,l

where the tildes are used for the T-transformed quantities and

0 = <gg$ —ggé(g]lJr B)¢m> 0. = <—g¢$ —950 (9 — B)¢m> (B.8)

with y™ # ¢.
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Then, we have the SO(6, 6) spinorial identities

6_2A+<I>dH(€2A_CI>\I/1) +2dA A ReW; — 6<I>>T<6F _ 3(_)\‘1/2‘6_AR6(1D0\I/2) =7
e‘3A+¢dH(63A_¢‘I’2) - 21’(—)|%|w0€_AIm‘I’1 =E (BY)

where the polyforms T and Z are given by

T _ %(_)\w(r; )W, + %(—)'Wm + 1) WS + %(sin)*vmklf’f + %<—>'@1'an‘?’{7’”
gl + )T+ [+ Bl e
+%(qin)*’ym\l’z’v" - %%M"‘I’E’Ym

= = %(—)‘\P”tz% - %(—)‘%'thff + %(uin + PV T + %(—)‘%'(U?n + P W™
+%qi~m"\1"{’vm - %q%n’vm‘l’wn (B.10)

and where we are following the usual notation where the action of v, on a form w from
the left and the right stands for

Ymw = (tm + Grndy"Nw  and  wym = (=) (1 — grndy™A)w (B.11)

respectively.

Note that each of the polyforms in the expansion of T and of = belong to a different
element of the so-called pure Hodge diamond (see e.g. [I§]), and as such are independent
elements in the space of polyforms. As a consequence, requiring that T = 0 is equivalent
to asking that all the coefficients of its expansion (B.1(}) vanish and the same applies to Z.
With this observation, one can easily check that T = Z = 0 is equivalent to the vanishing
of all the susy-breaking parameters in (B.4), and hence to having a supersymmetric
vacuum. This fact was first proved in [L§] (see also [[f] for a more detailed derivation),
so the above observation is an alternative, although rather elegant derivation of the same
result. On the other hand, when dealing with N/ = 0 vacua we may only impose one of
the two conditions, say T = 0, and so the above formalism becomes essential. In order to
illustrate how the computations proceed in such cases, let us focus on the backgrounds of
main interest in this paper.

B.1 Pure DWSB Minkowski backgrounds

Let us consider the particular case of compactifications to flat space (wyp = 0) of pure
DWSB backgrounds. That is, as in section ] we will impose both egs. (R.204) and (R.20H) or,
equivalently, (.24). The background need thus only satisfy T = 0, and this is equivalent to
imposing the following relations between the susy-breaking parameters appearing in (B.4)

1= —"2 lg = —r1,
1 . « 1 , x
Uy = —5(1 + i)  m(p7) up, = —5(1 + i) (ph)*
871n =0 Sgn = 07
(1 —iJo)*ngh, =0 (1—iJ)* gk, =0. (B.12)
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Once we impose these restrictions, the original fermionic susy-breaking parameters
V12, S1,2 and Z/{%f take the form

Vi =rin Vo = 1am3,
St = —rant — (p2)"'m Sy = =11 — (phy) "2,
U = pLom + gty UZ = p2ia + Y™ - (B.13)

and the susy-breaking equation (R.25) reads

_ _ 1 . 1 . 1
AR TN) = o () (W1 = 12 0]) + S0 YT = Sy
—|—(p1 +p2)mdym AWy + (p2 — pl)mbmlllg . (B.14)

Moreover, since dH(ezA_q’ImlPl) =0 and (ImWy, ¥y)5 = 0, by consistency we have

Ly — ) (@24 I Wy, 3A-PRe W) = — (24~ Im Ty, djg (A0 W,))  (B.15)

2
= —(dy(* " *Im¥y), 4P Wy) = 0
and thus
rL=To =T (B.16)

To summarize, the DWSB compactifications to flat space considered in the main text
are characterized by the SUSY-breaking fermionic parameters

Vi =rn; Vo =1
St = —rn} +p2y™m Sy = =105 + Py ™2
U, = phom + gty n; UL = P2 + @™ (B.17)

with the following extra constraints

Rep,lﬂ =0= Repfn
(1 + Z'Jl)knq}nk =0= (1 — Z.J2)kaIin
(1+iJ2) g2, = 0= (1 —iJ)Fnd?, (B.18)

as claimed in section . From (B.7), this subset of vacua is closed under T-duality.

C. The scalar curvature from pure spinors

In this section we present a formula that expresses the combination R — H?/2 of the
six-dimensional scalar curvature R and the H-field in terms of the internal pure spinors,
extending the one given in eq. (4.20) of BJ] to cases where the restrictions imposed in that
paper — see eq. (4.19) therein — are not valid and the warp factor can be non-trivial.
Our formula is practically contained in the derivation presented in that paper, although it
needs to be adapted to our setting and completed with some further steps.%6

56Note that our conventions are different from the ones used in [@] and the appropriate changes have to
be taken into account.
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Indeed, going through the derivation in [BJ], we obtain the following very general

equation
1 Lo [ Gedu(fU1),du(f1)) | (Fedu(fV2),du(fT2))
Sy g2
R=3 U { dVolg * dVolg
L da ) || (O, da ) [
4 dVOlG dVOlG

1 2 1 2
—|—4<d<I> — gdA—l— 5d10gf+u11{> +4<d<I> — gdA—l— 5d10gf+u§>

5 1
—4v? <<1> — 5A +3 log f) — 2V (uf + ud)m + 2f IVESf (C.1)

2

. . . : : 1 1,2
where f is an arbitrary positive definite real function and uy” := ul? + uh? = (up” +
*1,2

um'”)dy™ are the real extension of SUSY-breaking one-forms introduced in (B-4) - note

that ullf and u"? contain the same amount of information. One can express u? in terms
of the pure spinors as follows
L = K@ (A7 @) (B, dp (€0 0))
m 62‘4_(1) <\I’1, \I’1> 263‘4_(1) <\I’2, \I’2>
o _ i)Wy, A (AP Im W) () (W, dig (34700
Um = €2A_CI)<\I/1, \If1> + 263‘4_(1) <\I’2, \I’2> (02)

For example, the sub-case considered in [BJ corresponds to the choice A = 0 and
f = e ? and to imposing the conditions given in eq. (4.19) of that paper, that in this case
are equivalent to the conditions u' = u? = 0.

On the other hand, for the purposes of this paper, the most convenient choice is
f = e*4~®. In this case, equation ([C-1]) can be written in the form

o Lo Lo fad(e~PRe D). du (e Rewy)
2 2 dVolg

1 2eua (Fed g (A 2Tm 1), d gy (24~ ®Im ¥y))

2 dVolg
1 206a (Fedp (3472 Wy), dy (3477 Wy))

2 dVolg

_ 2 — _ 2

+162<1>—6A (U, dp(e34720,)) (T, dg (e34~2Wy))

4 dVolg dVolg

+22(dA)? + 4(d®)? — 20dA - AP + 10VZA — 4V2d
HA(dD — 2dA) - (uk + ud) — 2V (uk + ud)m + 4 (uh)? + (ud)?] (C.3)

D. Comments on non-geometric backgrounds

The analysis presented in this paper is mainly local and does not explicitly involve the global
structure of the background. Thus, we could apply it to non-geometric compactifications,
where local patches of the internal space are related by elements of the extended T-duality
group O(6,6;Z) (for a review, see e.g. [[4]). Generalized geometry provides a natural
framework to discuss these kinds of configurations. For example, if all the fields (pure
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spinors included) are invariant under n U(1) symmetries, the conditions we have obtained
are naturally covariant under the associated O(n,n;Z) T-duality group. This is better
described in the twisted picture, where we consider the pure spinors

Uy =UyoNel (D.1)

instead of Wy o, and all the twisted differentials dy are substituted by the ordinary exterior
derivative d. W% contain the full information about metric and B-field and transform as
spinors under the O(6, 6; R) structure group of the extension bundle E defined by

T, — E — T (D.2)

where the transition functions are given by B-field gauge transformations [f§]. Now, the
key point is that, under T-duality, e_q)\Ifﬁvf’Q transform as follows:

WYY TP = O - (7P (D.3)

where O- is exactly the spinorial representation of the element O of O(n,n;Z) seen as a
subgroup of the local structure group O(6,6;R) and the overall dilaton factor takes care
of the normalization of the pure spinors, see e.g. [[9, {6, [, BQ]. This can be seen also
from (B.9)-(B.10). Indeed, it is known that twisted RR-fields transform as O(n,n;Z)
spinors [BI]) and since the transformation (anti-)commutes (if type II changes) with the
ordinary exterior derivative P9, we see that e_q’\I/‘ifVQ must transform as F™V, up to an
overall different sign if the type II theory changes.

Thus, T-duality maps DWSB vacua to DWSB vacua and in particular the associated
twisted smeared currents jg% R) = eB A Jan,r) transform as F' tw 67 Equivalently, the
transformation of A under T-duality can be described by using the matrices Q)5 and Q_
that enter the two possible transformations of the vielbein e? — (€%4), = €%(Q+)"m,
defined in [RY|®® - in the case of a single T-duality, Q+ are given in (B.§). Then, A

transforms as follows
A — A=Q7'AQ- (D.4)

This, together with the fact that the warp-factor e”* and the susy-breaking parameter r are
invariant under T-duality, completes the description of the gluing rules that must be used
to patch together the local conditions (B.2() and (B.7)-(B.1q) in a globally non-geometric
configuration.

A standard way to obtain non-geometric vacua is by T-dualizing a geometric vacuum
with non-trivial H-flux. For example, one can start from the simple non-supersymmetric
GKP vacuum of subsection [7.4 and T-dualize it along the 2-torus Q2 spanned by y°, 45, In
fact, this gives a concrete warped non-supersymmetric realization of the usual toy model
obtained by a double T-duality on a flat 3-torus with constant H-flux. For example, using

570ur discussion is local and we completely ignore global topological issues.
%8Note that Q+ here corresponds to Q;l in @]
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natural units of 27v/a/ and setting R; = Im)\; = 1 in the GKP vacuum of subsection 4
for simplicity, the T-dual NS fields are given by

ds? = ezAds§<4 +e724 (ds%u; + dséz)
4
dsy, = g5 '** [(dy®)? + (dy®)?] dsihi = 3 (dy™)?

m=1

B = —g; e Nysyt dy® A dy® e® = N —fs(N YR (D.5)
NS

The generalized geometry description of the corresponding toy-model has been dis-

cussed e.g. in [BF and applies to our non-supersymmetric vacuum too. The key point is
that in the T-dual GKP vacuum the B-field can be written as Baxp = Nngy*dy® A dy®
and thus has monodromy Baxp — Bakrp + Nnsdy® A dy® under y* — y* + 1. This
transformation can be see as an element of the extended T-duality group O(2,2;Z) along
Q> and in spin representation it acts on the GKP twisted polyforms as Op- = e’A, with
b = Nnsdy® A dyb. Now, all the twisted polyforms of the T-dual non-geometric vacuum -
ie. e_cb\I'%, F™ and ﬁ‘ﬁm - are related to the GKP ones by a T-duality operator Og,.
Thus the monodromy in the non-geometric background is given by Og, (’)bOé; that turns
out to be exactly a beta-transformation Op of the kind discussed in subsection p.d, with
B = NNs Oys A Oys [BZ. Note that, since Jep ~ dy' A...Ady® then jEVﬁ’R) ~dyt AL Ady?t
and thus j ) ~ e BAdy' A...Ady*. Comparing with ([B.16) we see that we can identify
(I, R) with (Q2, B). Thus, this non-geometric vacuum gives another example of ‘magne-
tized” DWSB. Furthermore, note that the monodromy operator Og acts trivially on f(”l-vl R)
and thus affects (II, R) = (Q2,B) only through the transformation of B. Finally, the
same arguments can be applied to deduce that D3-branes and O3-planes are mapped to
D5-branes and O5-planes in the non-geometric vacuum, with F = Blsources = 0.

E. 10d integrability

In this section we give some further details on the derivation of the integrability conditions
of section [[1. From the definitions ([{1.1]) and (A-14) it follows that:5°

1 1 1 1
(Div X)) :<§RNMABFAB+ZV[N L H +EL[NH'LM}H+ %eﬂjE'F[N‘O—(F)'FM}) €1

1 1] 1 1] 1 (]

and
1 . 1 1 1
VN + ZM Y = VN@(I)-F §VNE+ Z [LNH,a(I)] + g [LNH,E]

1 1
— 1—61“K Vn(e®F) Ty — %eN’rK -F.Tg-o(F) -FN>51

%9Here we give the details of the computation for IIA. The proof for the IIB case is completely analogous.
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1
+1—6<e¢@q>-E.PN—PK.vN(e‘1’5).PK+§e‘1’ﬂ.E.rN

— %e‘l’ {inH, TK -E-PK}>62 +(0-Xy)! (E.2)

Taking the above into account we are now ready to compute the left-hand side of eq. ([1.44d),
by straightforwardly expanding all gamma-matrix products™ on the right-hand sides of
egs. (E), (E-3). We break down the computation to the following parts.

Terms proportional to €1. These are of the form:

1

1 1 1 1
- {RNK+2VN8K<I>— §LNH'LKH— §6HNK = <FNPFKP+ 2

FnporF, KPQR>

1 1 1 1
+ ZQNK<F2+gFMPFMP‘i‘EFMPQRFMPQR>}PK€1 - EV[KHLMN]FLMNQ
(E.3)

where
1
OHNK s |:VL(€_2¢HLNK) + FngF + §FNKLMFLM
+ W‘SNKMI---MSF 1 4 8 (E4)

can be recognized as the component form of eq. (11.9). In deriving (E.J) we have imposed
the self-duality condition on the RR fields as well as the Hodge-duality relation on the
gamma-matrices:

() — (=)2 =1 4 TP (E.5)

where we recall that I'(jg) is the chirality matrix in ten dimensions. To compare with
eq. ([1.4d) note that the self-duality condition implies:

e Fao—n) - tNFao—n) = tmFlny - tNFlny — 9uNFny - Foy (E.6)
from which it then follows that (for both IIA /IIB):
1 1 1 1
—ZLMF N F + ggMNF = Z —§LMF(n) UNFiny + ZQMNF(n) Fln)

n<b

1
_ZLMF(S) : LNF(5) (E7)

We can now see that the terms in ([E.J) exactly reproduce the terms proportional to €; in
eq. ([[1.4d), where we must also note that

(dH)unkL = 4V Hyg (E.8)

"OWe have found the symbolic gamma-matrix algebra program [E] to be very useful.
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Terms proportional to €. These can be assembled in the form given in eq. ([L1.44), by
using the following identities:

éer'“MG AaE )Ny .. Mg = —%FNMPQVLFLMPQ + EZFML"MGH[NMlMgFMg...Mg}
%FNMl“'M7(dHF)M1...M7 = —%FMPVLFLNMP + ﬁTNMl"'M7H[M1...M3FM4...M7]
(E.9)
and
éer'"Ms(dHF)NMl...Mg = TNMVEFLy + %FNMHPQRFPQRM
%TNMl“'MQ(dHF)MI...Mg = VN + %HPQRFPQRN (E.10)
where in components we have:
(AaF)ay ., = 0V Frgy.on,) + ?)!(nniig)!H[Ml...MgFle...Mn] (E.11)

These identities can be shown by use of the self-duality of the RR fields as well as the
Hodge-duality relation ([E).

The easiest way to derive eq. ([L1.4H) is to observe that the left-hand side of that
equation can be obtained from the left-hand side of eq. ([[1.4d)), upon substituting: €; < g,
H — —H and F < +0(F), for ITA/IIB.

Equations ([1.4d), (I1.4d) can be shown by similar manipulations. The proof amounts
to expanding all products of gamma-matrices on the left-hand side, taking the following
identities into account:

TMNTPRR ) N pg = —2R (E.12)

which can be shown by expanding the products of gamma-matrices and taking the Bianchi
identities of the Riemann tensor into account, and:

1 1 1
ﬁPMl"'M7(dHF)M1...M7 = _EFNMPVLFLNMP + mFMl"'M7H[M1...M3FM4...M7}
1 1
gl“Ml"'Mg(dHF)MlmMg = (—VLFLN + EHPQRFPQRN> ry (E.13)

which can be shown by contracting (E.9), (E.10) with I'V.
To treat the sources, let us first note the following gamma-matrix identities:

T B G
Yom 32 Ty = p

_\p
’7[m'ﬁ"7n}:( |)
p:

{gmnfyql---qum---qxa - 2]7 ’Y(mqlmqpiljn)ql...qp71} (E14)

{anqlmquqyqu +p(p — 1)7q1"'qp72jmnq1.~qp72} (E.15)

where ﬂ = 1/ply®-9 g, 4 . Using the definition of the calibration w given in eq. (TT.13)
as well as the nine-dimensional gamma-matrix Hodge duality

~P) = _(_)%p(p—l) 5g (O7P) (E.16)
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it is straightforward to prove that:

X{V(m g YmyX2 = :l:|a|2eq) *10 (ng(m(dxk Aty (dt Aw), J) — Gmn(dE A w,j}) ,  (E7)
X{’y[m e Tn)X2 = :F\a]2e<b *10 (<dt A w,j>8 + (dt A w, *90’(j)>8) (E.18)

- mn

for ITA /TIB. It can be shown that the second term on the right-hand side of eq. (E.I§) above
vanishes identically for static calibrated sources. Let us also note the following relation:

(X1 jx2) = —|al*e® 10 (dt Aw, j) (E.19)

which can be arrived at either directly, or by contracting (E.17) with g"".

F. Integrability of GKP vacua

Let us first note some useful relations. The ISD condition (R.3d) together with the six
dimensional Hodge-duality of the gamma matrices

. in(n— -n
*ny(n) — —1(_)2 (n—1) *g ,Y(G )7(6) (Fl)
where () is the six-dimensional chiral operator defined in appendix A:3, imply that

Fody = die PP (F.2)

for any six-dimensional Weyl spinor Ay, where the subscript denotes the chirality. Similarly
from (2.3H) and the definition of 7 we obtain

iecb (Fi+Fs) Ay = <£€¢@T - $A> Ay
L (B + ) A= <§e% n aA) A (F.3)

In the GKP background the six-dimensional spinors 71 o are related via n := 71 = ins.
Moreover 7 is related to the unimodular spinor 7 of the underlying six-dimensional man-
ifold through n = e%f], where A is the warp factor appearing in (R.1]). The holomorphy
condition (R.3d) implies

Jrn=0
P = 2ie"CJon (F.4)
where we have taken into account that ~,,n is holomorphic™ with respect to the almost

complex structure constructed out of 7 and the (unwarped) metric § of (R.1)). It is also
useful to note that n obeys the Killing equation

A

1 .
Vmn = <§8mA + ieq’Fm> n (F.5)

"IThe reader may find it useful to consult appendix B of [@] for some relevant formulze.
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from which it follows that
1
Vit = 7 { (204 = §2) 3 + i€® 0t} (F.6)

where V and V are associated with the metrics g and g, respectively. The SU(3) structure
corresponding to (1), §) can be specified equivalently by the data (j , Q), where the associated
Kéhler form is given in (P.9) and the (3,0) form Q is related to the normalized holomorphic
form Qo of (2:3) through Q = e 2 Q.

Taking the above as well as egs. (2.3) into account, a direct computation involving some
standard gamma-matrix algebra reveals that the right-hand side of ([[1.23) is equal to

(rd® — 3rd A+ gr)n* (F.7)

where r is defined through

=i (F8)

Similarly, the right-hand side of eq. ([[1.23) can be evaluated to give
1 *
—57n (rd® = 3rdA+dr)n (F.9)

On the other hand, using the fact that |§A2|2 = 8, where the measure is computed in the
unwarped metric g, the above equation can be written equivalently as

1
HO3 = —57‘6(}_3‘493 (F.10)

The Bianchi identity for the NS three-form and the fact that 2 is closed imply that
ot (re? Y AQE =0 (F.11)

where O is the projection of the exterior differential to its holomorphic part. It then
follows from the above equation and the fact that ~,,n* is antiholomorphic, that the

expressions (F.7), (F.9) vanish.

Finally, the expression in the curly brackets on the right-hand side of eq. ([[1.24) can
be seen to be equal to

—2rd An* (F.12)

The contraction with nf, and therefore the right-hand side of ([1.24), then vanishes by
virtue of the fact that the bilinear n'~,,7* vanishes for any six-dimensional gamma-matrix
Ym- This concludes the proof that the GKP background satisfies the integrability condi-

tions ([[1.29), ([1.24), or equivalently, conditions ([1.2), ([(1.21)).
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