PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA

RECEIVED: November 21, 2007
ACCEPTED: January 15, 2008
PUBLISHED: January 18, 2008

D-branes on AdS flux compactifications

Paul Koerber

Maz-Planck-Institut fiir Physik — Theorie,
Féhringer Ring 6, D-80805 Minchen, Germany
E-mail: koerber@mppmu.mpg.dd

Luca Martucci

Arnold Sommerfeld Center for Theoretical Physics,
LMU Miinchen, Theresienstrafie 37, D-80333 Miinchen, Germany
E-mail: luca.martucci@physik.uni-muenchen.dq

ABSTRACT: We study D-branes in A/ = 1 flux compactifications to AdSs. We derive their
supersymmetry conditions and express them in terms of background generalized calibra-
tions. Basically because AdS has a boundary, the analysis of stability is more subtle and
qualitatively different from the usual case of Minkowski compactifications. For instance,
stable D-branes filling AdS4 may wrap trivial internal cycles. Our analysis gives a geomet-
ric realization of the four-dimensional field theory approach of Freedman and collaborators.
Furthermore, the one-to-one correspondence between the supersymmetry conditions of the
background and the existence of generalized calibrations for D-branes is clarified and ex-
tended to any supersymmetric flux background that admits a time-like Killing vector and
for which all fields are time-independent with respect to the associated time. As explicit
examples, we discuss supersymmetric D-branes on IIA nearly Kéhler AdSs flux compacti-
fications.
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1. Introduction and summary

Supersymmetric compactifications to AdS; have some qualitatively different properties
from compactifications to Minkowski space. The supersymmetry conditions seem more
restrictive in the AdS case. While in the Minkowski case fluxes are added for reasons such
as moduli stabilization, they are unavoidable in the AdS case. Furthermore, classically!
an SU(3)-structure compactification is only possible in type IIA supergravity, while for

!Starting from a classical SU(3)-structure compactification in IIB, AdS vacua are possible after taking
into account non-perturbative corrections, as in the example of [ﬂ] The internal geometry of these kinds
of vacua has been discussed in [E]7 where it has been shown how non-perturbative corrections arising from
localized D-instantons can destabilize the SU(3)-structure into a general SU(3) x SU(3)-structure, while the
SU(3)-structure can be preserved only if the D-instantons are smeared in the internal space.



type IIB we must have a static SU(2)-structure or, presumable, a more general SU(3) x
SU(3)-compactification, although examples of the latter are not known yet. The type IIA
SU(3)-structure compactifications are phenomenologically interesting as it is possible in
this setting to construct models with all moduli fixed (see e.g. [J-[])-

As shown in [, also for AdS compactifications the supersymmetry conditions are
naturally expressed in the language of generalized complex (GC) geometry [, [d] in terms
of two compatible pure spinors of SO(6,6): ¥; and Wy. They can also be thought of as
polyforms, sums of forms of different even/odd dimensions, and it may be useful to keep
in mind the SU(3)-structure case where they correspond to € and exp(:J) in IIA and
vice-versa in IIB. Then, defining diy = d + HA, the background supersymmetry conditions
schematically read (see eq. (R.7) below for the precise expressions)

dg¥; ~ (1/R)Re¥y + RR-fluxes,
dg¥s ~ (1/R)Im ¥y, (1.1)

where R is the AdS-radius. If a pure spinor is dg-closed, then it defines an integrable GC
structure.? Thus, in the flat-space limit (R — co) Ws defines and integrable GC structure,
while the Ramond-Ramond (RR) fluxes create an obstruction to the integrability of the
GC structure associated to ¥;. On the other hand, for R finite there are extra ‘geometric
fluxes’ on the right-hand side of ([.]) acting as obstructions to the integrability of both
GC structures. This will complicate even further the general study of the moduli (along
the lines of e.g. [L1])).

In this paper we will study D-branes on this general class of AdS flux compactifi-
cations. Supersymmetric D-branes should minimize their energy inside their deformation
class and this physical principle is usually realized by the existence of (generalized) calibra-
tion forms [[3—[§] which must obey appropriate differential conditions. This is expected to
happen quite generically and it was indeed shown in [[§] that in the Minkowski limit of the
above class of vacua each of the background supersymmetry equations provides exactly the
right differential condition for having a proper calibration for a different type of D-brane as
viewed from the four-dimensional space-time: space-filling, domain wall or string-like. In
particular, the presence of the RR-fluxes in ([[.1)) is required because of the Chern-Simons
term in the D-brane action, providing an extension of the general idea presented in [[L3].

However, when R is finite the appearance of the additional ‘geometric fluxes’ on the
right-hand side of ([[.]]) seems puzzling in view of this relation between background super-
symmetry and D-brane calibrations. In this paper we discuss how these additional terms
are related to one of the deep differences between AdS and flat space-time: that AdS has
a boundary that can be reached in finite time. This changes considerably the energy and
stability properties in comparison to the flat case and was studied some time ago in a series
of papers [[Ld, [L7] both at the perturbative and non-perturbative level, in supergravity and
rigid theories. For example, it was shown that the mass of the fields and more generally
the potential density of a theory in AdS need not be non-negative in order to have a stable

2In fact, the pure spinor being closed is slightly stronger so the converse is not true. For the precise
statement see [E, E]



vacuum. As we will show, these four-dimensional features have an elegant realization in our
D-brane setting: just as in the flat case we will see that the egs. ([L.1)) can be equivalently
seen as integrability conditions for a set of generalized calibrations that provide a natu-
ral setting for studying supersymmetry, energetics and stability of D-branes in AdS flux
compactifications. Even though we consider here explicitly the case of compactifications
to AdSy4, the physical arguments are quite general. Indeed, as we prove in appendix [,
any time-independent Killing spinor generating a supersymmetry of a static background
geometry can be used to construct a corresponding calibration characterizing the static
D-brane configurations preserving it.

The modification of the energetics and stability of D-branes essentially induced by the
boundary of AdS can have profound implications on the topology of stable supersymmetric
D-branes in the internal space. Indeed, consider for concreteness space-filling branes in
compactifications to flat space. To be stable they must usually wrap an internal non-
trivial cycle unless background fluxes enter the game through the dielectric Myers effect [[§].
However, in compactifications to AdS space it often happens that they wrap internal trivial
cycles. For example, we will consider somewhat more explicitly SU(3)-structure ITA flux
compactifications. They include Freund-Rubin-like compactifications on S which admit
supersymmetric D-branes wrapping a trivial $3 C S% (see also [1]).

Let us now sketch in more detail the concrete mechanism. Unlike in Minkowski space
a D-brane extending to infinity in its external AdS part has a boundary at the boundary
of AdS, even though in the internal part it wraps a cycle. In itself the D-brane is not
consistent because it violates invariance under RR gauge transformations on this bound-
ary. Intuitively RR-charge and by supersymmetry also energy can leak away. To have a
consistent description of the dynamics in cases like this, the standard procedure is to add
boundary conditions. In our setting this implies that when considering fluctuations one
would not be allowed to change the D-brane internal embedding at the boundary. As a
result, these D-brane fluctuations have non-zero gradient energy since they have to have
some profile in order to vanish at the boundary, and while naively they might seem tachy-
onic they are lifted to be massless or even massive when this gradient energy is taken into
account. This is in fact the Breitenlohner-Freedman [[[] mechanism.

A perhaps more physical intuition about how this mechanism works can be obtained
by generalizing the above prescription in such a way as to allow fluctuations that are not
vanishing at the boundary. An example would be the fluctuations that one might naively
consider, the ones constant over the AdS under which the D-brane moves homogeneously
in the internal space. The price to pay is that the system must be completed by a D-
brane lying at the boundary of AdS that acts as a sink for the charge and the energy.
This D-brane thus restores the RR gauge invariance discussed above. Now, if one looks
more closely at the bulk supersymmetry conditions of the form ([[.])) it turns out that they
are naturally associated to the calibration for the network of both the original D-brane
extending to infinity and the additional D-brane at the boundary. These networks can be
studied in generalized geometry along the lines of [Rq).

From both points of view one has to abandon (at least for the fluctuations) the pic-
ture that is used in the Minkowski analysis, where the D-branes are constant over the



space-time part. It is thus natural to study generalized calibrations in a 1+9-dimensional
setting, which, taking into account that one needs a time-like Killing vector for studying
static calibrations, is the most general. Extending the relation between the supersymmetry
conditions for the bulk and the differential calibration conditions to this general setting is
exactly the content of appendix [A.

Another peculiar effect of AdS is that in the effective four-dimensional supergravity
theory, the D-flatness condition for supersymmetric AdS vacua is automatically implied
by the F-flatness. In [[] we showed that for the closed string sector this result can be
uplifted to ten dimensions. Extending the identifications of D- and F-terms for D-branes
found in [21] to the case of AdSy flux vacua, we find in this paper that also for the open
string sector the D-flatness condition is implied by the F-flatness condition. As we will see
another related observation is that in the AdS case there are no string-like supersymmetric
D-branes. These results are of course related to the additional terms proportional to 1/R,
which appear on the right-hand side of ([L.1), giving another nice example of the deep
relation between the closed and open string sector.

We provide examples of calibrated D-branes in a special class of type ITA SU(3)-
structure backgrounds, the nearly Kahler geometries. Many of these examples are similar
to much better studied supersymmetric D-brane configurations in AdSs backgrounds, see
e.g. B9-P4], and in fact nearly Kéhler geometry can be seen as the six-dimensional analogue
of Sasaki-Finstein geometry.

2. The background AdS, flux vacua

We start by describing the background geometry, adopting the language of generalized
complex geometry as in [§]. This already proved to be a very natural framework for
compactifications to Minkowski R'3 especially once D-branes are taken into account [[[4,
[[§]. Indeed, in that case each of the background supersymmetry equations corresponds
to a type of calibrated D-brane [[§, PI]. As we will show in section [, also for AdS
compactifications a natural interpretation can be found for the extra terms and the relation
still holds.

We consider type II theories on ten-dimensional space-times of (warped) factorized
form AdSy4 X, M, where M is the internal six-dimensional space. Thus the ten-dimensional
metric has the form

dstigy = W dsty + gn(y)dy™dy" (2.1)

where dsa) is the AdSy metric. All the background fluxes preserve the conformal symmetry
SO(2,3) of AdS, and depend only on the internal coordinates y™. Thus the NSNS H-field
has only internal indices and the RR fields, which in the democratic formalism of 25 can
be conveniently organized in the polyform F' =} F,) (n is even in IIA and odd in IIB),
split as follows

F=voly A F 4+ F . (2.2)



Here voly is the (unwarped) AdS, volume form and F and F' have only internal indices. In
the democratic formalism the RR-fields are doubled and this is compensated by imposing
a Hodge duality condition, which for the internal and external components of the RR fields
implies F' = Fo(xF) in IIA/IIB,®> where o is the operator acting on forms by reversing
the order of their indices.

Since we require minimal N' = 1 four-dimensional supersymmetry, our background
admits four independent Killing spinors of the form

e = ol + (ce),
&= on + (cc), (2.3)

for ITA /IIB. In the above the two internal chiral spinors 775:) and nf) are fixed for a certain

background geometry. They define a reduction of the structure group of Ty @ T}, from
SO(6,6) to SU(3) x SU(3) [[L0] and thus characterize the solution. ¢, on the other hand is
any of the four independent AdS, Killing spinors satisfying the equation

1
V(- = i§W0’YuC+7 (2.4)

for ITA /IIB.* W} is proportional to the on-shell value of the superpotential W in the four-
dimensional description of [@] so that [Wy|? = —A/3 with A the effective four-dimensional
cosmological constant.

In [§] the supersymmetry equations obtained from putting the supersymmetry varia-
tions of the fermions to zero were written in terms of the SO(6,6) pure spinors U*. These
SO(6,6) spinors can also be seen as polyforms and related to those by the Clifford map

as the internal SO(6) bispinors 775_1) ® nfﬁ. In the case of AdS, the two internal spinors

must have the same norm [Rq]: n(j”n@ = nf”nf) = |a|?, while for compactifications to
Minkowski this is imposed as an additional requirement necessary for the background to

admit static supersymmetric D-branes [[L3]. It is convenient to introduce the normalized

pure spinors®
8i (1 2
= @n (2.5)
and rename them as
U =0F and Uy =0*  in [TA/IIB. (2.6)

The supersymmetry conditions found in [f] can be rewritten as the following minimal set
of equations

dy (64A7¢Re \111)
dp [egA_q)Im (eiG\IJQ)]

(3/R) 34 PRe (W, + *F, (2.7a)
(2/R) A Im ¥, , (2.7b)

3Here and in the following, the upper sign is for ITA while the lower is for IIB.

4We indicate the four-dimensional (unwarped) curved gamma-matrices with v, and the six-dimensional
ones with 4;. See for detailed conventions.

5Note that in [20, @, @, @] the normalized pure spinors (@) were denoted by ¥, while U referred

to the ones via the Clifford map associated to 775:) ® nf )T without normalization.



where dgy = d + HA and we put Wy = 6;9 with R the AdS radius. They imply as

integrability conditions® the two further equations
dp(e*4~®Im¥,) =0, dm [egA_che(ew\Ifg)] =0. (2.8)

So in the AdS case we have two minimal real equations for the pure spinors, while the two
additional equations (2.§) come as a necessary requirement. This is significantly different
from the Minkowski case, which we can find by taking the R — oo limit, where one has
four independent polyform equations. As explained in [J] the first equation of (R.§) can be
interpreted as a D-flatness condition, while the other equations in (2.4) and (R.§) are F-
flatness conditions. In general, the D-flatness condition indeed follows from the F-flatness
conditions if W # 0 as is the case for AdS compactifications.

As a guiding example it can be useful to keep in mind the form of the above pure
spinors in the SU(3)-structure case, in which the internal spinors are parallel. Putting
n(j) = any and nf) = bn; with |a| = |b|] and 77177+ = 1, and further defining the (almost)
symplectic two-form J,,, = iniﬁmnmr and (3,0)-form Q. = iniﬁmnpnjL characterizing
the SU(3)-structure, one has

Ut = —i(a/b)e, T =(a/D)Q. (2.9)

Such a restriction to parallel internal spinors however, while allowing AdS vacua in
ITA 29, BO], automatically excludes AdS vacua in IIB as can be easily seen from ([.7H), at
least if such a structure is not deformed by non-perturbative corrections [J. To have IIB
classical AdS vacua one is then forced to consider a more general SU(2)- or SU(3) x SU(3)-
structure background.

The extra terms on the right-hand side of (P.4) will force us to rethink the relation
between bulk supersymmetry conditions and calibration conditions. So first let us introduce

calibrated D-branes as in 14, [[J].

3. Introducing supersymmetric D-branes

Let us now introduce static supersymmetric probe D-branes on the backgrounds described
in section [ following the procedure based on s-symmetry of [[l4, [[J]. Since the details
turn out to be almost identical, we will omit them here, referring to those papers or to
appendix [A.1] where we review and extend the procedure to more general backgrounds.

Disallowing world-volume field-strength along AdS4 we see from the usual k-symmetry
argument that, locally, the supersymmetry conditions for the D-branes look exactly the
same as the ones for flat space [[§]. Thus we know that we can only have supersymmetric
D-branes which from the four-dimensional point of view are either space-filling D-branes,
strings or domain walls. The actual shape of the last case in the four dimensions will be
considered in section f.2.

5We take into account the equations of motion for F.



Focusing on the internal manifold M, an internal generalized p-dimensional cycle’
(X, F) wrapped by a supersymmetric D-brane must satisfy a calibration-like condition of
the form

[w|2 VAN 6]:] top — 5DBI(E,]:) s (3.1)

where®

5])]31(2,.7:) = qufcI)\/det(g’Z —i—f) d¥o , (3.2)

with ¢ = 4, 3, 2 for space-filling, domain wall and string-like D-brane configurations respec-
tively, while correspondingly

W) = #-PRew, | wc(pDW) = 317 PRe (e Wy), wEtring) — 24T gy | (3.3)

where ¢ is a constant phase.

From (B.1)) one gets that the four-dimensional effective tension is given by

Tyg = / w|2 /\6“7:, (3.4)
b

and should not vanish for a non-degenerate physically meaningful configuration. However,
from (P-7H) one immediately sees that w®"®) is dy-exact and thus Tiztring) = 0. We
conclude that supersymmetric tension-full strings cannot be obtained by wrapping D-
branes on internal cycles, and this suggests that any non-BPS D-brane string cannot be
stable and will eventually annihilate locally on its world-sheet. Thus, while in Minkowski
compactifications stable BPS D-brane strings are naturally admitted, in the AdS, case
they are not. This is an example of one of several deep differences between Minkowski
and AdS, flux compactifications and has a counterpart in the expected four-dimensional
description of the system. We will come back to this in the next section. For the same
reason ¢ = 6 tension-full domain walls can be obtained only if F' is not dz-exact.

So far we have only studied the purely algebraic aspect of the supersymmetry condition.
But the calibration-like condition (B.I)) requires some more discussion to be interpreted as
a proper calibration condition. Indeed, we still have to show the stability of the calibrated
configurations under continuous deformations. As explained in appendix [A.1], if we tried
to insist on a local four-dimensional picture where the main properties can be obtained
looking only at the internal six-dimensional part, this would require the calibration forms
&, which are analogously to (A.§) defined as

S0 = 6D _ AAG &jéDW) _ ,(OW)

(oW (3.5)

to be dp-closed. This is indeed the case for Minkowski compactifications, but not for
AdS because of the appearance of ‘geometric fluxes’ on the right-hand side of (P.§) whose

"We use the terminology of [@ where a generalized submanifold (X, F) is nothing but a submanifold
Y with a world-volume field-strength F satisfying the modified Bianchi identity dF = H|s, which can be
extended to include monopole sources if one considers networks of D-branes [@]

8For simplicity we put all the D-brane tensions to one. The correct tensionful prefactors can be easily
reintroduced.



role has to be properly clarified to have a consistent global picture. We will address this
problem in section || where we will see that those geometric fluxes have a very natural
interpretation in a full ten-dimensional picture. But let us first take a closer look at the
four-dimensional interpretation of the present results.

4. Four-dimensional interpretation: F- and D-terms

In this section we write the supersymmetry /calibration conditions for D-branes filling AdS,
as F- and D-flatness conditions. We will show that because of the AdS; geometry the D-
flatness condition for the open string modes follows from the F-flatness conditions, as
expected on general grounds and as was also shown for the closed string moduli in [J.
The calibration conditions obtained from (B.1) by using the three calibrations (B.)
admit an interesting alternative formulation [[[§, RI|. Indeed, an equation of the form

[Re (¢ 0F)|s; A e Jiop = V/det(gls + F), (4.1)

for some constant phase e’“, can be rewritten as the following pair of conditions (supple-
mented with a condition on the orientation)

[(X-TF) g Aelop =0, [Im (W) |5 A e iop = 0, (4.2)

forany X=X+ € Ty @ Ty, with Xe = 0x + 6N .

For space-filling branes an effective N/ = 1 four-dimensional description should exist.
The complete system should in principle include both open and closed string modes, al-
though for the moment we focus on the open string modes and freeze the closed string
modes. The effective theory is described by the Kéhler potential IC, the superpotential W
for the chiral multiplet sector, the D-term D and the holomorphic metric f for the vector
multiplet. If G indicates the metric for the chiral multiplets, the effective potential takes
the form

V =M[GTHDW, DW) - 3WI?] + %(Ref)_l(D,D) . (4.3)

1] compared the potential () with the potential found from the D-brane action and
also studied the supersymmetry transformation rules, finding in both cases the following
identifications for the D- and F-terms

D = [ %Im¥y)|s A e Jiop KPDWXK) = [(*472X - Wo)[s A el iop,  (44)

where the F-terms are defined by considering the covariant derivative D along an arbitrary
section X of the generalized normal bundle N, (s,7), Which contains the infinitesimal defor-
mations of the generalized cycle (X, F) (see [RI, R7] for the definition and more details).
Note that the discussion of [RI] about the holomorphy of the superpotential is still valid
and one can locally define a (in general non-integrable) complex structure on N, (s,7), such
that the F-term in ([.4) only contains holomorphic indices.



Until now we have only proved the algebraic equivalence (up to orientation choice) of
the supersymmetry /calibration condition (B.1]) for space-filling D-branes and the pair of
conditions

D=0 (D-flatness) , (4.5a)
KPDWX) =0, VXeTyaTy (P-flatness) . (4.5b)
However, taking into account also the differential background supersymmetry equations

more can be said. Indeed, let us choose Xy = d for some \. Then, using (R.74) we have
that

e~

0
/e’c/zDW(XA) = —2i /)\D. (4.6)
= R Js

Since A can be an arbitrary function we arrive at the conclusion that for AdS flux compact-
ifications (for which R is finite) F-flatness implies D-flatness! Thus, in order to check that
a space-filling D-brane is supersymmetric (up to the appropriate choice of orientation) it
is sufficient to check the F-flatness condition.

This remarkable result is not so unexpected if one considers the problem from the
four-dimensional point of view. Indeed, even though we are considering a probe D-brane,
we expect it to be described by a complete supergravity admitting an AdS vacuum.’ In a
general N’ = 1 supergravity there is a relation between F- and D-terms which has exactly
the form (.4) (see e.g. [BI] where this point is particularly stressed). The identification
can be made precise using the results of [RI] which allow to properly identify the D-term
as the moment map associated to the world-volume gauge transformations, parameterized
by A in ({.6). Even though [RI] focused on R flux compactifications, the analysis is still
valid here.

This also explains from a four-dimensional point of view why we cannot have stable
BPS D-brane strings in AdS flux compactifications. Indeed, they should correspond to D-
term solitonic strings that must be F-flat everywhere [BJ] and whose tension is essentially
given by a Fayet-Iliopoulos term. Since F-flatness implies D-flatness, such a non-vanishing

Fayet-Iliopoulos term is not possible.

5. A closer look at D-brane stability

5.1 D-brane energy problem and sketch of its solution

In sections fj and [ we have discussed the supersymmetry conditions that must be imposed
on the internal generalized cycles wrapped by D-branes that are space-filling, domain wall
or string-like in AdS; — concluding that the latter are dynamically excluded — from a
local and algebraic point of view. Looking at the differential conditions however, we found
that at first sight the would-be generalized calibration form is not dg-closed so that the

calibrated configurations are not at a minimum of the energy. In this subsection we state

9The closed string may be decoupled by sending both the cosmological constant and the Planck mass
to infinity in order to be left with a rigid theory on an AdS background.



the problem and sketch the main principle of the solution, for which the global structure
of AdSy turns out to be important. The details are worked out in the next subsections.

We consider for definiteness space-filling D-branes, while the analysis for domain wall
D-branes is similar. It is tempting to associate to a configuration wrapping the internal
generalized cycle (X, F) an effective four-dimensional potential

»«zrf):L/ffA—éwﬂeugb—%f)— /\#Aé5;Aef, (5.1)
> >

where C' is the (locally defined) RR-potential such that F = e~*4dy(e**C). However,
such a potential turns out not to be naturally bounded from below by its value on su-
persymmetric configurations satisfying (@) The reason is that &) = w6 — 440 ig
not dg-closed due to the term proportional to Re(e?W;) on the right-hand side of (2.74).
Thus @®) cannot be seen as a proper generalized calibration and we cannot use the usual
argument showing that calibrated configurations are energy density minimizing in their
generalized homology class as in [[[4, [[§]. Similarly for domain walls the problem comes
from the term on the right-hand side of (R.7H).

Although the calibrated configuration is not in general at a minimum of the potential,
one can show that it is still at least at a stationary point so that it is a solution of the
equations of motion. Indeed, if we vary along a section X of the generalized normal bundle
Nix,7), which as shown in [BI] describes the general deformation of (2, F), we find

&W&ﬂ:/ﬁm@AJ:/XdW@AJ:%/m@%meKMﬂL@%
b) ) b

where the last expression is zero because of the F-flatness. However, around a stationary
point that is not a minimum there are tachyonic modes. It is well known however that
in field theories on AdS space tachyonic modes do not signal instability as they would in
Minkowski space as long as they are above the Breitenlohner-Freedman bound [[Id]. In a
moment we will argue that indeed they are.

In the following we will indicate the submanifold that the D-brane wraps in the AdS
part by II. The solution to the problem comes naturally if we consider the global struc-
ture of AdSy, which can be considered as a cylinder having a boundary at infinity with
topology R x S2. Thus a space-filling or a domain wall D-brane extending to infinity that
is homogeneous — which means wrapping the same internal generalized cycle (X, F) in all
its space-time points and having vanishing world-volume gauge field along AdS; — has a
boundary at the boundary of AdSs: O(II x ¥) = 9II x ¥ = (IIN 9dAdSs) x X. Therefore,
on its own it is not a cycle, which leads to a problem of invariance under RR gauge trans-
formations (for a discussion in the generalized context see [2(]). Indeed, if we consider the
variation under 6C' = dgy A of the Chern-Simons term in the action of such a D-brane we
find

0Scs = / AMorixs A e’ #£0. (5.3)
[2)89Y

This breaking of the gauge invariance implies a breaking of charge conservation and by
supersymmetry also a leaking of energy at the boundary of AdSy.

,10,
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Figure 1: In both pictures the external AdS, is represented as a line segment, while the internal
cycles are represented as circles. (a) Fluctuation that vanishes at the boundary. The shape of
the deformed cycle ¥'(p) depends on the location in AdS,. Since the fluctuation is required to
vanish at the boundary of AdSy, the deformed cycle has to coincide there with the original cycle.
(b) Homogeneous fluctuation. ¥ is homogeneously deformed into ¥, which means in particular
that the deformation does not vanish at the boundary of AdS;. Suppose B is the space between
AdSyx Y and AdS, xY'. From the picture it is clear that the boundary of B is not only the difference
between the original D-brane and its deformation, but also includes a difference of boundary D-
branes (shaded area).

There are basically two ways out. One is to consider only gauge transformations and
for consistency also fluctuations that vanish at the boundary. This amounts to imposing
fixed boundary conditions. The other is to introduce a domain wall respectively string-
like D-brane at the boundary of AdS; that acts as a sink for RR-charge and energy.
Both of these require to extend the class of allowed deformations to the non-homogeneous
ones, even though the original configuration we expand around is homogeneous. So we
must consider the full nine-dimensional space (or at least the seven-dimensional space
including the internal space and the radial coordinate) as a whole. How to construct a
total calibration on such a space is explained in detail in appendix [A]. For the case of AdS,
compactifications the calibration is given by (b.7) and (E.16) below.

From the point of view of the low-energy field theory in AdS4 the picture where we
impose fixed boundary conditions on the fluctuations is the most natural one. In this
case the deformed internal cycle ¥'(p) depends on the radial coordinate p of AdSs. See
figure f(a). As we will discuss explicitly in the next subsections, this non-trivial radial
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dependence gives an extra contribution to the total energy density, make the latter positive
definite. One can also look in the way of Breitenlohner and Freedman [[L6]: fluctuation
modes that naively look tachyonic acquire extra gradient energy because of the non-trivial
profile ¥'(p) and are lifted to massless or even massive modes. These modes are said to
obey the Breitenlohner-Freedman bound.

Next, suppose that we want to consider fluctuations that do not vanish at the bound-
ary, an example would be the homogeneous fluctuations we originally considered. See
figure (b). Since the difference of the submanifolds wrapped by the deformed and the
original D-brane I x (¥’ — X) has a boundary, it can never be a boundary itself, invalidat-
ing the usual calibration argument () The way out is to add to the original D-brane
a boundary D-brane wrapping +9II x T (upper/lower sign for space-filling/domain wall
D-brane) with I' a submanifold in the internal space so that OI' = ¥. This also solves the
RR gauge transformation problem since 9(+0II x I') = —9II x ¥ so that the transformation
of the boundary D-brane exactly compensates the one of the original D-brane (5.3). Such
a boundary D-brane reminds us of the ‘membrane at the end of the universe’ studied in
the eighties (see e.g. [BJ] for a review and references therein for the original work). One
implication is that we should also take the energy density of the boundary D-brane into
account so that the naive four-dimensional effective potential of eq. (p.1]) is modified into

PEF) = [ elgls 1 F) - [ Alsae (5.4)
b b
where the ‘modified” RR-potential A is defined such that

dpA = %egA_che(ew\Ifg) +eME (5.5)
We will see below that the part of A corresponding to the first term on the right-hand
side of (p.§) is indeed associated to a boundary D-brane. Moreover, we will see that the
modified potential is positive definite and bounded from below by its value for calibrated
configurations.

Field theories on AdS space-times have been studied in [[[q], where the same problem of
finding a manifestly positive definite potential density was addressed. It was shown that the
proper energy density, obeying the proper commutation relations with the other charges of
the theory, contains a counterterm which corrects the ‘naive’ potential density to a positive
definite quantity. The above discussion thus provides a nice geometrical interpretation of
this counterterm. Indeed, the corrective term in (f.5) has exactly the form (3/R)Re (W)
that was found for the corrective term in the Wess-Zumino model studied in [[L7].

5.2 Total calibration in Poincaré coordinates

In the previous subsection we saw that the solution of the stability problem required con-
sidering generalized calibrations in the complete nine-dimensional space (or at least the
seven-dimensional space consisting of the radial coordinate and the internal space). Such
a complete generalized calibration can be constructed by following the general procedure
described in appendix [], which we will apply here to compactifications on AdS,. In this
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subsection we use Poincaré coordinates to describe AdS,, avoiding some technical subtleties
that arise when adopting global coordinates. However, most of the results of the present
subsection can be applied to AdS, in global coordinates too as we will show in the next
subsection.

The metric in Poincaré coordinates (¢,x!, 22, z) can be written as

ds?y = T (—dt? + d7?) + d22, (5.6)

where all the coordinates extend to all of R. To construct the calibration we need the
explicit form of the four-dimensional spinors (4 satisfying the Killing spinor equation (P-4),
which can be found for example in [B4]. Two are time-independent and we can use them
to directly construct two corresponding total generalized calibrations, which are related to
each other by a rotation in the (z!,2?)-plane. Thus, any calibration can be obtained by
applying a rotation to the following reference calibration:

Op = @Sf) + @g)W) : (5.7)

with
@Esf) —eFdael Ada2 Ade A wED + eFdz! Adaz? A w;D:\g) , (5.8)

and
0PPW) = cFda! Adz A wgaylm 4 eFdz! A wtring) (5.9)

where the different w are given in (B.3). Note that the SO(2) invariance is explicitly broken
only by @gw).

A k-symmetry argument analogous to the one used for six internal dimensions in [[[4,
] can be used to show that D-branes calibrated with respect to ©p are supersymmetric.
Furthermore using (R.72]) one can easily check that d H@Sf) = —erdal Ade?AdzAetAF and
d H@g)W) = 0. Thus Op is a well-defined “total” generalized calibration as in appendix[A.1],
so that calibrated D-brane networks will be at a minimum of the energy and thus stable.
D-branes with fixed boundary conditions should thus calibrate (p.7), which sees the non-
trivial radial dependence and thus properly picks up the gradient energy.

Note also that the above differential conditions on © p are equivalent to the requirement
that the background supersymmetry conditions (R.7) are satisfied. Thus we find that, like in
the R13 case, the AdS flux compactifications are completely characterized by the existence
of the generalized calibration © p which also identifies the supersymmetric configurations of
D-branes and networks. Differently from the R case we have used only two background
Killing spinors (the time-independent ones) to construct the total calibration ©. This is
related to the fact that we have only two independent supersymmetry equations (.7), while
the other two (R.§) come as integrability conditions and it has a natural interpretation if one
considers AdS, in Poincaré coordinates as a warped product of flat R1? times an internal
direction z. Indeed, the two independent time-independent supersymmetries correspond
to the minimal supersymmetries on R'2, while the other (time-dependent) two correspond
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to superconformal supersymmetries in the full N' = 1 superconformal algebra which is
required to have a consistent supersymmetric AdS compactification.

Let us now allow for varying boundary conditions and consider the case of a space-
filling D-brane first. After we introduce the boundary D-brane, the network of space-filling
D-brane and boundary domain wall is supersymmetric if and only if it calibrates (p.7) where
the relevant part is of course @gf). The domain wall component will then calibrate the
second term in (5.§) and the dj; of this term will indeed produce the first term on the right-
hand side of (b.5) as promised. If we consider the energy difference of two such networks,
this term, once integrated, will correspond to the energy of a domain wall at JAdS, and
stretching between the two space-filling D-brane configurations in the internal space. It
can be considered as the energy cost associated to changing the boundary conditions. More
complicated networks can be studied along the lines described in [R(].

Analogously for domain walls the solution to the energy problem comes from the second
term on the right-hand side in (5.9). The structure of ©p allows moreover to identify the
geometry of the possible domain walls in the AdS, part. Indeed, suppose that a Dp-brane
domain wall wraps a submanifold II in AdS4 and a cycle ¥ in the internal space and let us
focus on the part of © p relevant for the domain wall component. The calibration condition
can be split into a four-dimensional and an internal part

V—gaas|n d?o = eia(e%dxl Ada? — ie® dzt A dz), (5.10a)
Vals + FdP 20 = [eﬂe—a)% A e]:]t , (5.10b)
op

for some phase €'®. For the four-dimensional part it follows
Im [em(e%dxl Ada? — ie® dat A dz)} =0, (5.11)

from which we extract the profile

sina=0: z=c or
da? . . (5.12)
sina # 0 : Fe cotana e & = z° = —Rcotana e % + ¢,
z

with ¢ an integration constant. These profiles are basically the same as in [2J], but now in
AdS, instead of AdSs. The D-brane embeddings in AdSs x S° of that paper were indeed
shown to be supersymmetric in [R3]. Through e the profile that a D-brane wraps in the
four dimensions depends on the phase of the calibration form in the internal space.

A last remark follows from the observation that AdS, in Poincaré coordinates can be
seen as a warped product of R with a radial coordinate. In this way one can consider
compactifications to AdS4 on a six-dimensional internal space as compactifications to flat
Minkowski R>? on a seven-dimensional internal space. For supersymmetric compactifica-
tions the internal space has a Go X Ga-structure which is built out of the SU(3) x SU(3)-
structure of the original six-dimensional internal space. This leads to a realization of
generalized Hitchin flow, which is discussed in appendix [B]
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5.3 Supersymmetry and energetics in global coordinates

In the previous subsection we have described the total calibration for AdS, compactifica-
tions in Poincaré coordinates. The reader might remark that it would be nice to also have a
description of these total calibrations in global coordinates since in contrast to Poincaré co-
ordinates which only describe a patch of AdSy, global coordinates parameterize the whole
space. Unfortunately the general procedure described in appendix [A] cannot be applied
straightforwardly because the Killing spinors in global coordinates are time-dependent (see
e.g. [Lg] for explicit expressions) and thus do not fulfill a starting assumption of the analysis
of appendix [A]. It might seem surprising that we can describe calibrations in one coordinate
system and not in another. The basic reason is that so far our formalism of calibrations
required the existence and choice of a global time coordinate and can only describe static
configurations without electric world-volume gauge fields. An extension of the formalism to
the non-static case would require a much more subtle treatment of the energy and we leave
it for future work. In any case, it turns out that Poincaré and global coordinates are re-
lated by a time-dependent coordinate transformation so that the calibrated configurations,
which are static in the one, are generically time-dependent in the other.

Our inability of applying the procedure of appendix [A] to write a total calibration in
global coordinates may suggest that the arguments presented in subsection f.J], explain-
ing how to interpret the stability of supersymmetric D-branes, are only valid in Poincaré
coordinates. Fortunately, we can still propose a candidate for a total calibration in global
coordinates even though it is not constructed from the supersymmetry Killing spinors. Let
us take the (unwarped) AdS, metric in global coordinates

R2
ds%4) = m(—dt2 + dp? + sin? pdQy) , (5.13)

where 0 < p < 7/2 is the radial coordinate, d{2y is the metric of a two-sphere of radius
one (parameterized by (6, ¢)) and the boundary R x 5(200) is located at p = w/2. The AdS
space-like volume form is thus given by

R*sin?p 9
volg = “eostp dp A vol(S*), (5.14)

where vol(S?) = sindf A d¢. In addition it is useful to introduce the following two- and

one-dimensional volume elements

R3sin%p
cos3p

sin p
cos?p

which correspond respectively to the volume form of the plane at 8 = 7/2, of the two-sphere

3 o
volll = RL;“'OM Adp, voll? =
cos3p

vol(S?), vol; = R?

dg, (5.15)

at constant radius p and of their intersection. Then consider the polyform

06 = O + oW, (5.16)
with
@gf) = volg A w4 X2 A\ WLD:\Z) )
G(C?W) _ volgl) /\W;D:Vo}/zg +x() A w(string) (5.17)
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where we have introduced x(z) = R3tan3p vol(S?) and X(1) = R?tan?p d¢ which are such
that

3 2
dX(2) = EVOlSy dX(l) = —EVOIS) s (518)

and for any two- respectively one-dimensional submanifold IT
Xl < [voll [n| < vol(W), x| < |voli || < vol(IT) . (5.19)

We can see that O¢ satisfies the two basic properties of an ordinary calibration. Indeed,
using the properties of the internal pure spinors one finds from (5.1§) that dgz©g = —volzA
e* F and from (5.19) that O satisfies the local algebraic bound

[©c]s A el iop < EppiI(S, F) . (5.20)

Since we have not obtained O¢ from the background Killing spinors, we cannot imme-
diately state that it describes supersymmetric configurations. However, one can directly
check that ©¢ still characterizes (homogeneous) supersymmetric space-filling D-branes and
straight radial domain walls (§ = %), and can be safely used to discuss their stability along
the lines of subsections .1 and .4 because this analysis only depends on the two basic
properties we have just mentioned. These configurations correspond to the space-filling
D-branes and only part of the domain walls in Poincaré coordinates: only the ones for
which in (F.1) ¢ = 0 and cosa = 0 such that 2> = 0. Indeed, after the transforma-
tion to global coordinates the spherical domain wall of the first line of (f.1J) leads to a
time-dependent configuration in global coordinates unless z — oo, and the same applies
for the interpolating domain walls (sina # 0,cos a # 0). They are thus not found in the
global coordinate analysis. Indeed, the inequalities in (p.19) can be saturated only at the
spatial boundary p = 7 /2 so that the calibration bound (5.20) can never be satisfied unless
for straight radial domain walls or for spherical domain walls at spatial infinity p = 7/2
where the global time coincides with the Poincaré time. ©¢ thus properly identifies the
supersymmetry condition for the domain walls ‘at the end of the universe’. In the same
way also the strings ‘at the end of the universe’ are described.

6. Examples

6.1 Background: SU(3)-structure vacua in ITA

As for the backgrounds, only type ITA ones with SU(3)-structure are studied in detail in the
literature, so we will consider examples of calibrated D-branes in this setting. An example
of a type IIB vacuum with SU(2)-structure is given as the near-horizon geometry of a
certain D-brane configuration in [B3, while configurations with SU(3) x SU(3)-structure
presumably also exist, but no examples are known.
The SU(3) vacua have been analysed in [Rg, BJ]. In this case we have 7753) = any and
2

ny’ = bny and we can take the two normalized pure spinors to be

Ut = el =0 = (a/b)Q, (6.1)
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where ¢ = —ie??a/b and

Jmn - 2771’3’an+ ’ anp - iniﬁ’mnpn-‘r (62)

define the SU(3)-structure. Plugging in (p.0)) into egs. (.7) and (R.§), together with the
(sourceless) Bianchi identity for Fj
dFy =0, (6.3)

one gets that 6,® and A must be constant, and we set A = 0 without loss of generality.
To further solve the supersymmetry conditions (R.7) and (R.§) it will be convenient to
introduce the SU(3) torsion classes W as follows [Bq]

dJ = —%Im(Wlfl) + Wi AT+ W3 (6.4a)
AQ =W JAJ+Wa AJ+ W5 AL (6.4b)

We find then
Wh :—%Cosé, Wy real , W3=W4=Ws5=0, (6.5)

which is called a half-flat geometry, and for the RR-fluxes

2sinf_ - 5sin 6 _p - cos §
= e

H Ian m= F(O) = ‘ , F(Q) = — 3R e ®J + efq)Wg,
~ 3sinf _ - cosf _
Flay==—p-¢ "INT, Fg ="z "IAINT. (6.6)

It turns out that next to the equation of motion for H also the Bianchi identity for F(4)
automatically follows from the supersymmetry equations. The first was shown for general
structure in [B7 for the Minkowski case and we extend the proof in appendix A.J to a
general D-calibrated background with time-like Killing vector so that in particular it also
holds for AdS4-compactifications. The second also makes sense since a supersymmetric
D2-brane, which would source this Bianchi, is incompatible with SU(3)-structure. The
only non-trivial Bianchi identity is then the one for F{y), which we find from (A.19) to be

dFo) +mH = —js , (6.7)

where j3 is the source related to supersymmetric D6-branes and O6-planes. This leads to

1 2 A - 27 A —P _ .
IR (—2 cos” 6 + 30sin 9) ImQ + e “dWy = —j3. (6.8)
Let us focus on the (3,0) & (0,3)-part of this equation. From Wy A € = 0 one can show
that 1

dw, = Z(14/2)21mfz +(2,1) +(1,2), (6.9)

0That the warp factor should be always constant is rather mysterious especially if one should want to go
beyond the probe limit and study the backreacted geometry associated to, say, a localized supersymmetric
D6-brane. One would expect this geometry to have a non-constant warp factor.
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with (W2)? = 2 Wa,,,, W3, Since the (3,0) & (0,3)-part of the left-hand side of (E-§) is
non-singular, it follows that j3 must correspond to all smeared sources. While it is puzzling
that we are not able to introduce localized sources, this is of course consistent with our
earlier observation that the warp factor has to be constant. Now, for supersymmetric and
thus calibrated sources we have

js= Y aImQ+(2,1)+(1,2), (6.10)

lEsources

where ¢; > 0 for a D6-brane and ¢; < 0 for an O6-plane. It follows that in the absence of
O6-planes we have the bound

(6.11)

AN

|sin ] <

AdS, compactifications can circumvent the no-go theorem of [B§] so that it should indeed
be possible to find backgrounds that satisfy all the equations of motion without introducing
orientifold sources. As far as we know however examples without O6-planes are only known
for Wy = 0 [R9), saturating the above bound (if there are also no smeared D6-branes) and
leading to nearly Kéahler geometry. Since they also provide the easiest class of solutions for
the background we will present examples of calibrated D-branes in this setting.

Before we introduce the nearly Kéhler manifolds in more detail, let us note that on
the other hand it is possible to introduce smeared O6-plane sources that are tuned such
that they exactly compensate the first term in (p.§). One can then take Wi = Wy = 0
and end up with a Calabi-Yau manifold. It was proposed in [ff] that this is the underlying
geometry for the model with all moduli stabilized of [d]. However, there does not seem to
be any other compelling reason to tune the sources in this way except that it reduces to a
Calabi-Yau analysis, which is well understood.

Nearly Kéahler manifolds are such that their cone

ds? = du® 4 u?(w)*(ds?), (6.12)

is a Go-holonomy manifold [Bg]. We have allowed for an extra constant warp factor w; to
be determined in a moment. Indeed, defining the associative and coassociative forms as
follows

¢ = du A u?(w1)?J + v (w1)*ImQ, (6.13a)
1 A
*7¢ = §u4(w1)4J A J — du Aud(wp)*ReQ, (6.13b)
one finds d7¢ = d7(*x7¢) = 0 iff

dImQ =0, dJAJ =0, (6.14a)
dJ = 3w Im dReQ = —2uJ A J. (6.14b)

Comparing with (6.§) we find that we should take w; = —(1/2)W; = (2/3R)cosf. We
remark that this is not the same structure as the Gy x Ga-structure of (B.J). The latter,
for which the RR-fields spoil the holonomy as in ([A.27), is defined in general, while only
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for Wy = 0 we can define a Ga-holonomy (and then only if we define it differently as we
would in general, namely with the constant warping w;). This could be compared with a
Sasaki-Einstein geometry for supersymmetric compactifications to AdSs, of which the cone
has SU(3)-holonomy. This is also not the most general case [BY].

The only homogeneous nearly Kihler manifolds in six dimensions are [[i]]

SO ~ STER (6.15a)

53 x 83 ~ SU(2) x SU(2), (6.15b)
CP? ~ Sp(2)/SU(2) x U(1), (6.15c¢)
F(1,2) ~SU(3)/U(1) x U(1). (6.15d)

There are no non-homogeneous examples known. In the following subsection we will each
time present the D-brane example for a general nearly Kahler background and then make
it explicit for the special cases of S® and S x S3, so let us present these geometries in some
more detail. S® is most easily described through its cone, which is seven-dimensional flat
space considered as the space of imaginary octonions [[[I]. We can define the associative

form as follows
¢(x’y, Z) = G(x?y'z)a (616)

where G indicates the flat seven-dimensional metric, x,y and z are imaginary octonions

and - is the octonionic product. In coordinates we can take

¢ = du' Adu® A dut + dut Adu® Adu® + dut A de® A du” + du? A ded A de®
+ du? A du® A du” + du® Adut Adu® 4+ dut Ade® Adu” . (6.17)

The nearly Kéhler space S® can then be taken to be the unit sphere. It can be shown that
J., the right multiplication by the imaginary unit octonion z, induces a linear transforma-
tion on the tangent space 7,5, which moreover satisfies J2 = —1. We can use it to define
the complex structure and associated two-form

(w1)?J(2,y) = G(x, Joy) = G(z,y - 2) = $(,y,2), (6.18)

where x,y € T.S85. It follows that, if z is given by the coordinates (u’),
T = Ly A dut 6.19
(wl) = Lu'8¢¢|56 = 5“ ¢Z]k w u ‘567 ( : )
where as indicated we have to take the pullback to 6. The (3, 0)-form  we find as follows

(w1)3Q = [—ti0,(x70) + 0] | 46 - (6.20)
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On S3 x §3 there exists a unique left-invariant nearly Kihler structure [i(]], which is
given by

__é 1 1 2 2 3 3
J = 6\/3(101)2(6 ANfr+eEnfP+e NS, (6.21a)

R 1 1
O = {61A62A63+f1/\f2/\f3——(el/\f2/\f3+f1/\62/\f3+f1/\f2/\63)

2
1
—5(fl/\eQ/\e3+el/\f2/\63—|—61/\62/\f3)
. 1 1 2 3 1 2 3 1 2 3
+iV3 5(e APAPHFASAPH AN
1
—5(61/\62/\f3+€1/\f2/\€3+f1/\62/\63):|}, (6.21b)

where ¢! are the left-invariant Maurer-Cartan forms for the first S3, de! = e A e? and
cyclic, and f? the ones for the second, df! = f2 A f3 and cyclic.

6.2 Examples of calibrated D-branes

First we provide examples of calibrated D-branes on these nearly Kéahler geometries that
are space-filling from the four-dimensional point of view, then we come to the domain walls.
The reader can find an overview of all the calibrated D-branes we will describe in table [l

Space-filling D-branes. A space-filling D6-brane has to calibrate Re). More specifi-
cally the F-flatness condition J|y, = F = 0 implies that the D-brane wraps a Lagrangian
submanifold in the internal space. From ([£.6), which says that the F-flatness implies the
D-flatness, follows that this manifold is automatically special Lagrangian i.e. ImQ|g =0.
In this context of Lagrangian submanifolds of nearly Ké&hler manifolds this was already

noted in [[J).

A concrete example on S is the equatorial S% C S% with u! = u?

=u* = 0. One can
easily verify the special Lagrangian conditions directly or alternatively note from (6.13H)
that the intersection of S® with a radially extended coassociative cycle in R leads to a
special Lagrangian cycle. As shown in (@) a D-brane wrapping a submanifold like this
solves its equations of motion, meaning its energy is stationary under small variations, but
(naively) it is not at minimal energy. This implies that there are tachyonic modes. And
moreover, an S° inside S% is homologically trivial so one might expect that it would just
shrink to zero. In section [] however we showed the stability in general. Let us present an
explicit check for our example. Suppose we consider a perturbation du'. From the Dirac-
Born-Infeld action we find that the action for Ju' up to quadratic order is proportional to

1 3
—59"”8“ dutd, dut + §(w1)2(5u1)2 , (6.22)
from which we find
2 2 4 24
m* = —3(wy)* = —3gz 08 0, (6.23)
satisfying the Breitenlohner-Freedman bound m? > —% L6 as predicted by the general

discussion in p.1. So they do not signal an instability.
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D-brane Type | Internal cycle F=tanfJ|xy + F el
D6 sf SLAG F=0 NA
D8 sf codimension-1 no solution found NA
D2 DW point F=0 ei® = ¢if
D4 DW | complex 2-cycle F = —cotan(d — ) J|y fixed by JsFeZ
D6 DW not possible / /
D8 DW M F (1,1) and primitive e (f)

Table 1: Overview of calibrated D-branes in nearly Kéhler type ITA SU(3)-structure vacua.

On $3 x S3 we see immediately from (f-2]) that a D6-brane wrapping one of the S3
factors — homologically non-trivial this time — is calibrated.

A calibrated D8-brane wraps a codimension-one submanifold in the internal space. The
real problem is finding the world-volume gauge field so that dF = H|y, and the F-flatness
condition

(iJ|s + F)? =0, (6.24)

which is equivalent to the condition for having a coisotropic D-brane [[iJ], is satisfied. Again
the D-flatness Im§2|2 A F = 0 then follows automatically. Since H = tanfd.J, we have a
globally defined B-field B = tan 6.J, and we can put F = tan éJ|2 +F, with F a necessarily
closed U(1) world-volume field-strength. It is impossible to have supersymmetric space-
filling D8-branes with F = 0 since the F-flatness condition would then reduce to

(JAJ)|g =0, (6.25)

which cannot be satisfied. On the other hand, with a non-trivial world-volume field-
strength F we have the conditions

(JAJ)|s = cos’F AF = —cotan § J|s A F, (6.26)

which would leave room for non-trivial configurations. Unfortunately, we did not find any
solutions nor were we able to show that a solution is impossible.!!

Domain wall D-branes. Also for domain walls, it is useful to rewrite the calibration
condition ([.1]) as a pair of conditions ([L.g), which we will still refer to as F-flatness and D-
flatness conditions in analogy to the case of space-filling branes. However, now F-flatness
does mot automatically imply D-flatness so that the two conditions have to be checked
separately.

For all kinds of domain walls the F-flatness conditions read

[z Ae”] 0, [ixQs ne”] =0 VX €Ty, (6.27)

top-1 = to

HExamples of coisotropic D-branes are very few. As far as we know as for the five-dimensional
codimension-one coisotropic D-branes explicit solutions have only been found on a torus with H =0 @]
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which can be rephrased as the requirement that they should wrap an “almost” complex
cycle in the internal space, i.e. a cycle for which the tangent space in every point is stable
under the almost complex structure, and F is of type (1,1). As the complex structure is
not integrable it is not evident that such cycles exist, as the tangent spaces might not be
integrable. So let us discuss the different cases separately. A D2-brane obviously always
satisfies the F-flatness conditions (6.27) since it is point-like in the internal space.

On the other hand, calibrated D6-brane domain walls do not exist since there is no
almost complex 4-cycle. We can show this from the following property of the Courant
bracket [[L0]

X, Y] - ¥ =X-Y-dg¥, (6.28)

with ¥ a pure spinor and X,Y € I'(L). Applied to the case at hand, it follows for v,w €
0,1
I'(Ty; ) that

[v, w]| = w Silijkvjwk , (6.29)

rk)
so that for an integrable tangent space two complex coordinates will always induce the
third.

For D4-branes there are generically solutions to (f-27). On S® a concrete example of
a D4-brane satisfying (f.27) would be the equatorial 5?2 c SO with u? =uw® =ub =u" = 0.
Indeed the F-flatness condition reduces then to (1x)|gz = 0 for any X € Tqo and is
satisfied since plugging in (.20) we find

(LXQ)\SQ = ’L.(U)l)73[bx¢‘s6‘”s2 = i(w1)73[LX(du1 A du? A du4)\56]\52 =0, (6.30)

which can be checked by introducing appropriate angular coordinates for S¢ and S? c SS.
Alternatively, one can note that from (f.134) follows that the intersection of S® with a
radially extended associative cycle in R” leads to an almost complex cycle. On S3 x S3 an
example of an almost complex two-cycle would be S! x S with the first S equatorial in
the first S% and the second S! the corresponding equator (by (.21d)) in the second S3.
Again, the condition (.x)|g1xg1 = 0 can be easily checked from the explicit form of
given in (6.21H), taking into account that the pull-backs of €2, e, f2 and f3 to S' x S!
vanish.

Regarding D8-branes, they are always almost-complex since they completely fill the
internal space, and thus ([.27) reduces to the condition that F must be (1,1). In general
nearly Kéhler backgrounds we can always solve this condition together with the modified
Bianchi identity dF = H|sx, by putting F = tan6J|s + F, where F is a necessarily closed
(1,1) U(1) world-volume field-strength.

Rests us to analyse the D-flatness condition, which reads

Im [0~ I=H7] =0, (6.31)
for a constant phase e!® that also determines the shape of the domain wall in the four
dimensions as in (5.19). For a D2-brane we find €' = e, For the other cases, we can
again use the splitting F = tan éJ|2 + F, with (1,1) by F-flatness, and conclude that
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D-flatness requires

D4 : F = —[tan6 + cotan( — )] J|x, € classically free, (6.32a)
DS : F primitive, ™ fixed . (6.32b)

For the D8 the relation between a and depends on F. For example, if we take F = 0
then COS(2é — a) = 0. On the other hand, for D4-branes « is classically unfixed, but
at the quantum level must satisfy a constraint coming from the quantization of the U(1)
field-strength F, which imposes that

/ZF:nEZ. (6.33)

7. Conclusions

In this paper we have studied several aspects of supersymmetry and stability of D-branes on
flux compactifications of type II theories to AdSy space-time. Most of the arguments rely on
the existence of appropriate background generalized calibrations in the sense of [[4, [[5, R(].
They identify supersymmetric D-branes and must obey differential conditions which turn
out to be equivalent to the requirement that the background is supersymmetric. This deep
relation between D-brane and background structures allows us to give general arguments
proving the classical stability (even under large deformations) of supersymmetric D-branes,
some of them wrapping trivial cycles in the internal six-dimensional space. Our results can
be seen as a geometrical ten-dimensional realization in string theory of the results of [Ld, [
for supersymmetric field theories in AdS,. It would be nice to extend our results to include
the coupling to the closed string sector described in e.g. [B, H, t3-[£g].

Even though we have used the classical theory, it should be possible to incorporate
quantum perturbative and non-perturbative corrections along the lines of [E] without spoil-
ing the main points of our discussion. Furthermore, we have focused on the case of four-
dimensional compactifications having phenomenology as main motivation, but many ar-
guments are more general. Indeed, in appendix [A] we have proved the relation between
the conditions for general static supersymmetric backgrounds (admitting at least a static
Killing spinor), of which AdSs-compactifications are just a special case, and the differential
conditions for calibrations associated to static supersymmetric D-branes.

However, there are many interesting D-brane configurations that are supersymmetric
(possibly with respect to a non-static Killing spinor) but not static because they either are
time-dependent, like giant gravitons 9], or they have electric world-volume gauge fields,
like the F1-D3 intersection (the electric Blon) [B(]. It would be interesting to extend the
theory of calibrations to these configurations [B1].

The extension to more general backgrounds is also interesting for applications to the
AdS/CFT correspondence. For example the addition of branes filling the AdS part of the
ten-dimensional geometry corresponds to the addition of flavours to the dual conformal field
theory (see e.g. [fJ)). This generically destroys the conformal invariance in the resulting
gauge theory and indeed, after taking into account the backreaction of the flavour branes
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in the dual geometry, the AdS space should be substituted by a geometry encoding the
non-trivial renormalization group flow of the dual gauge theory (see e.g. [, p4] for a
discussion considering localized sources and [5J] for more recent examples using smeared
D-branes). This effect seems puzzling in the context of phenomenologically relevant flux
compactifications to AdS4 where the introduction of D-branes and orientifolds preserving
the background supersymmetry is not expected to modify the AdS, vacuum geometry, like
it is indeed the case in compactifications to flat space.

We see this puzzle about the backreaction directly in the examples of ITA SU(3)-
structure backgrounds, discussed in section [.], where the supersymmetry conditions (to-
gether with the Bianchi identity for ﬁb) force the warp factor to be constant. This means
that, while probe supersymmetric space-filling D-branes are possible, and indeed we con-
structed explicit examples in the special case of nearly Kéhler backgrounds, a problem
arises when one tries to consider the backreaction of such a D-brane if it is fully local-
ized. Indeed, close to the D-brane the backreacted geometry should be similar to the
backreaction of the D-brane in flat space, so that we expect a non-constant warp factor.
It is possible that the structure of the backreacted geometry gets deformed to a genuine
SU(3) x SU(3)-structure, which presumably does allow non-constant warp factor. This
would however also mean that the generators of the preserved internal supersymmetry
change, which is puzzling for the backreaction of D-branes that were already supersym-
metric with the background as probes. Another possibility is that taking into account
stringy corrections might allow for non-constant warp factor. We hope to report on this
problem in a future publication.
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A. Supersymmetry and calibrations: a general discussion

We would like to discuss the relation between the supersymmetry of a certain supergravity
vacuum and the fact that it is automatically equipped with a calibration that allows to
characterize its supersymmetric D-branes. In the absence of fluxes, this relation is well
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known [5g] and relies on the physical property that supersymmetric branes are naturally
volume-minimizing. The way to include (some of the) background fluxes was indicated
in [[13], where a calibration was required to minimize the brane energy rather than the
volume. See for example [p7] for work applying/developing this idea. This work also
indicates that the relation is not restricted to D-branes, see also [B7] for a calibration for
space-filling NS5-branes. However the prescription given in [[J] does not allow to take into
account world-volume fluxes. This limitation turns out to be problematic when considering
D-branes on type II backgrounds with general fluxes, since the world-volume flux F is
related to the background H-field by the modified Bianchi identity dF = H|sx. The way
to solve this problem was presented in [[[4, [[§] (see also [Rd]).

Before recalling our definition of a generalized calibration we have to discuss the struc-
ture of the type II backgrounds we are considering. First of all, we require that the back-
ground admits a globally defined time-like Killing vector so that it is possible to introduce
an associated time t. Secondly, as we will recall later, calibrations allow to characterize
the lower bound of the energy of a certain D-brane configuration in terms of its ‘topolog-
ical’ properties [P{]. Thus we consider a setting in which possible dynamically conserved
charges, which are not topological in nature and may enter the D-brane energy, are set to
zero. A natural way to achieve this is by requiring both the space-time and the D-branes
to be static.

We thus assume that the ten-dimensional space-time is topologically X = R x M, with
coordinates XM = (t,y™), and the ten-dimensional metric splits as

G = GundXMAxN = —24W s + g, (y)dy™dy™, (A1)

where ¢ is the metric on M. The warp factor A and the dilaton ® depend only on the
internal coordinates 4", just as the H field which we also assume to only have internal
legs. Furthermore, grouping the RR field-strengths in dg-closed polyforms F' = )", Fiy,
where k is even in ITA and odd in IIB, they can be decomposed as

F=dtNe'F+ F, (A.2)

where F and F' are polyforms on M that do not depend on the time t. As in [[[§] we use
the conventions of [5§], in which we have the following duality relation between the electric
and magnetic RR fields

F =o(xF), (A.3)

where o reverses the order of the indices of the form it is acting on. In this setting we will
study static D-brane configurations with world-volume gauge field F purely along M i.e.
we do not consider electric world-volume gauge fields.

A.1 Generalized calibrations: definition and main properties

According to , B] a generalized calibration'? is given by a dp-closed polyform & on M
such that, for any static D-brane wrapping the generalized submanifold (X, F) of M, one

1211 the following we will omit the adjective ‘generalized’, implicitly always assuming the calibrations
with both world-volume and background fluxes.

,25,



has
(Dl A e iop < E(, F), (A.4)

where £(X, F) is the energy density of the D-brane configuration. Choosing the electric
component of the RR field-strengths F' as the fundamental one, one can decompose the
RR gauge potentials C' = >, Cuyas C =dt A eAC. Then, the Dp-brane energy density
E(X, F) appearing in ([A.4), which can be extracted from the D-brane action consisting of
a Dirac-Born-Infeld and a Chern-Simons part, is given by

E(X, F) = A% /det(gly + F) dPo — eA[Cls A e op - (A.5)

Note that the definition of the calibration @ depends on the gauge choice for the RR
potential C. An alternative gauge-invariant definition is however possible, according to
which the calibration is given by a polyform w such that

[W]s A e Tiop < eA7/det(g]s + F) dPo, (A.6)

and

dyw = —eF . (A.7)
Since F' = —e~Ady(e*C), the two definitions are obviously related by

O=w-eC. (A.8)

We say that the space M is D-calibrated if it is equipped with a calibration & (or w)
as defined above. If this is the case, a generalized submanifold (X, F) of M is said to be
calibrated with respect to @ (or w) if at any point the inequality (A.4) (or equivalently (A.Q))
is saturated, i.e. in terms of w:

W]s A e Tiop = €47 P/det(g]s + F) dPo, at any point € ¥ . (A.9)

As discussed in [P(], one can define a proper boundary operator d acting on chains
of generalized submanifolds of possibly different dimensions. Thus the theory naturally
allows to treat networks of D-brane of different dimensions and gauge invariance requires
a D-brane network to wrap a generalized cycle defined by 0. Furthermore, since the
calibration @ is dg-closed, it is easy to see that a calibrated D-brane network minimizes
its energy inside its generalized homology class, and this ‘topological’ minimal energy is
obtained by integrating the calibration @ over any representative generalized cycle inside
the corresponding generalized homology class. We refer to for more details and display
here for simplicity the argument for a single D-brane. Take (X, F) a calibrated D-brane
and (X', F') any other D-brane in the same generalized homology class which means there
is a (I, F) such that o' = ¥/ — ¥ and Fl|y = F, Flyy = F'. We find

EXF > /

Olsy AT = / Ol Ae” + / dudlr A e = E(S, F), (A.10)
> b)) r
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where we used (A.4), dy& = 0 and ([A.9)). This demonstrates clearly that the d z-closedness
is an essential part of the definition of the calibration form and explains why the would-be
calibrations of section ] have problems with stability.

To a generalized submanifold (X, F) a generalized current j(s ) in M can be associ-
ated [R7], which is defined such that

F = ] A.
/Zqﬁ\z/\e /M<¢,J(z,f)>7 (A.11)

for any polyform ¢. The cohomology of these currents is dual to the above introduced
generalized homology. The energy density £(X, F) of the calibrated D-brane is then given
by

E(B,F) = /M D, jm) (A.12)

and the calibration conditions can be expressed in terms of jix r) (see B7] in the case of
compactifications to four-dimensional flat Minkowski space). One can analogously define
a current j();’]__) for the same generalized submanifold, but now seen as a submanifold of
the total ten-dimensional space X. It can be decomposed as

ity = Nt r s - (A.13)

The restriction throughout the paper to static D-branes without electric world-volume
gauge fields translates into the statement that

JeF) =0. (A.14)

Beyond the probe approximation, D-branes and orientifolds'? act as sources for the RR-
fields and change their equations of motion and Bianchi identities as follows (see e.g. [B7])

dgF = —jiot,  dpg(eF) =7t =0, (A.15)

with jior = Z(E,f)np Top jz,7)p, — Z(E)op Top j(z)o,- Furthermore it was shown in BT
that exactly if these sources are calibrated, supersymmetry of the background together
with the above source-corrected Bianchi identities and equations of motion of the form-
fields implies the source-corrected Einstein and dilaton equations.

A.2 Supersymmetry and generalized geometry of M

Let us now discuss the relation with supersymmetry. As we will discuss, under mild con-
ditions supersymmetry equips vacua with calibrations. Vacua that satisfy these conditions
will be called D-calibrated.

The supersymmetry is generated by two Majorana-Weyl Killing spinors €; and es of
opposite/same chirality in IIA /IIB. One can construct two one-forms

V]\(}) = el yer, V]\(j) = el pre9, (A.16)

131n supergravity orientifolds are described in the same way as D-branes, except that their tension is
negative and F vanishes.
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and combine them into the one-forms V& = V() + V@ Indicating with V(+) the cor-
responding vectors obtained by raising the index with the ten-dimensional metric G, one
finds from the supersymmetry Killing spinor conditions (see also e.g. [51, f9])

Ly,G=0, AV =—y H. (A.17)

These equations imply that V() is a Killing vector of the ten-dimensional metric and
H-field (the second equation is actually stronger).

Egs. (A.17) are valid in full generality, without any restriction on the bosonic con-
figuration. However in order to proceed, for our purposes we restrict to the static 149
splitting described at the beginning of this appendix, even though the following steps may
be repeated in a completely generic setting. The gamma-matrices decompose as

PQ:i02®]l, szal@)’ym, F(10)20'3®]1, (A18)

where underlining indicates flat indices, 7, are the nine-dimensional gamma-matrices,
which we take real and symmetric, and o; the standard Pauli matrices. The supersymmetry

(?) ®@x2 (IIA)

1
€1 = <0> & X1, €2 = ) (A-19)

(é) ®x2 (1IB)

where x1,2 are real spinors on M. We indicate their norms with

generators split as

Xixt=a’,  xzxz="0t7, (A.20)
and construct two one-forms on M as follows
v =xTymx1, v =Fxymxe in IIA/IIB . (A.21)
The one-forms (JA.16) on X = R x M then look in 149 notation like
v = (42, -0y, V@ = (M2, —0@) . (A.22)

Defining v = v + 9@ we find from ([A.17) applied to our static configuration two sets
of conditions. We first have the following geometrical properties for M

v (A) =0, Ly ,9=0, dv) = -, H, (A.23)

(+)
while the second set relates the norms of the internal spinors x; and x2 to the warp factor

dle (a® +v*)] =0, dle?(a® - b*)] =0. (A.24)

The two internal spinors x1 and xs can now be used to construct a real polyform of
definite parity W associated by the Clifford map to the tensor product

¥=x19x3 - (A.25)
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Note that in nine dimensions a complete base for the real 16 x 16 real matrices is given
by all the v, .m, with p either even or odd. This means that ¥ corresponds to either
an even or an odd polyform.™ As will become clear soon, we need to choose the even
representative in ITA and the odd representative in 11B:!°

U — \I](even) in ITA (A 26)
| Yqqy inIIB '

A long, but straightforward calculation, which is similar to the analogous six-
dimensional one of [E], shows that the Killing spinor equations can be manipulated into a
condition for ¥ in both IIA and IIB, which reads

_ 1 .1 1 .
dp (e ®¥) = ﬁ(cﬁ +0H)F — 3—2@< JANF — gt P - (A.27)

The integrability of this equation together with (A.29), (A.24) and ([A.15) implies that
Ly F+V iy =0, (A.28)

where we have defined the generalized vector V = (v(,, v()). If all sources are calibrated,
which implies (A.33) as we will see in the next subsection, we find that the second term

above is zero so that also £ )F = 0. Using the Killing spinor equations it is furthermore

v
possible to see that v((®) (; 0. Thus vy generates a symmetry of the full background
configuration. One can immediately recognize in ([A.27) a strong similarity with eq. (A7),
thus suggesting a natural calibration form for D-branes of the type described in subsec-
tion [A.T]. To make this point more precise, we have to discuss the supersymmetry of probe
D-branes in our background. This will allow us to clarify when our supersymmetric vacua
turn out to be really D-calibrated.

But let us first note for completeness that the following relation also follows in a similar

way from the background supersymmetry

—sd[16e* (x1®@x] —x2®x3)]s
— (a2 +b?)(e2® %9 H) T 32 [a(ﬁ) Ne W] L (A29)

for ITA/IIB, and where s is a sign defined by ;.9 = s1. The 5-form on the left-hand side
can presumably be used to construct the calibration form for an NS5-brane, although we
will not study this in detail in this paper since the action and supersymmetry of such a brane
in the presence of world-volume gauge fields is quite complicated. From the integrability of
the above equation follows in a way similar to [B7] that if (JA-36) is satisfied the background
supersymmetry implies the equation of motion for H.

4 The two possibilities are related by Hodge duality, as can be obtained from the ‘self-duality’ X = —o (%)
which is valid for any form A on M.

15This choice can for example be understood by requiring a natural ten-dimensional origin for ¥, which
can be defined as ‘I/ml.‘.mp ~ Egl“mlmmpel.
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A.3 Introducing D-branes: when is M D-calibrated?

Let us now introduce a static probe D-brane in our supersymmetric background, filling
the time direction and wrapping a generalized cycle (X, F) in M. The usual k-symmetry
argument adapted to our case implies that a Dp-brane is supersymmetric if and only if

op(F)X2 = X1 5 (A.30)

with
eQ1--a2P1...Bs
F

1
F) = E - F .
'YDp( ) det(gls + F) ol 519 araz agi—102VB1...Bs

A key observation is that yp,(F)Typ,(F) = 1 and thus vp,(F) is an orthogonal matrix.

(A.31)

This implies that static supersymmetric D-branes are allowed only if y; and y2 have the
same norm. We are then led to add the following necessary condition for a D-calibrated

background
a? =1 . (A.32)
From ([A.30) follows furthermore that
V- jzr =0. (A.33)

Since j(s ) can also be seen as the pure spinor defining the generalized tangent bundle
associated to (3, F) we find from the above equation that v 4y is along ¥ and

vy = Loy F - (A.34)

From the last equation in ([A.23) then follows that Ly, F = 0 so that v(4) is also a
symmetry of the world-volume gauge field on calibrated D-branes. Eqgs. (A.32) and (;A.39)
can be combined as VX . jX = 0 upon defining the ten-dimensional generalized vector
VX = (V(JF),V(_)) and using (A.14).

It is easy to see that the D-brane supersymmetry condition (jA.3(]) can be written in
terms of a calibration condition of the form ([A.9) if we choose as calibration

16e4-®
w = 5

. (A.35)

It turns out that requiring that all sources are calibrated is not quite sufficient to ensure
that w is a proper calibration for probes. Indeed, one has to check the two properties ([A.6)
and (A.7). The algebraic condition ([A.6) is easily derived from the orthogonality of yp,(F).
The differential condition ([A.7) on the other hand should follow from the background
supersymmetry. However, from ([A.27) we see that (JA.7) can be satisfied only if

VIANF 1 F=0. (A.36)

Thus it seems that in order to have a D-calibrated vacuum, we need to impose constraints
involving v(;y and v(_). The easiest way to impose then is to demand

F=0 and o) =0, (A.37)

bogy
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which is indeed satisfied for the four-dimensional compactifications to Minkowski and AdS

backgrounds. It would however be interesting to see if there are other explicit cases in

which the condition ([A.3§) can be satisfied by some other means.'6

B. Generalized Hitchin flow

Using the Poincaré coordinates for AdSy it is natural to define

p=etdz AReW; 4 Re(e?Wy). (B.1)
It follows that
p=H0(p) = —eAdz ATm (e9Ty) — Im Wy, (B.2)
and thus
o3 = SATE At A dat A da? A P, (B.3a)
OPW = — 24T E At Adal A p. (B.3b)

In fact, (p,p) are the pure spinors of a generalized Go x Ga-structure. We can also find
them by defining seven-dimensional spinors

B 1 o0
77(1) = e2R [<0> ®n§r1) + ¢~ <1> ®77(j) , (B.4a)
@ _ = | [1! @ o o (0 2) B.4b
n' =e o | s Ee L)@ (B.4b)

with the upper/lower sign for IIA/IIB respectively and the seven-dimensional gamma-

matrices
Vi =03R%5, v =elor @ 1. (B.5)

Note that the ten-dimensional supersymmetry ansatz (R.J) in terms of these seven-

dimensional spinors becomes

€1 = CO X 77(1) )
e2=Con?, (B.6)

with {p a constant three-dimensional spinor. Then we can write (p, p) as bilinears of the
seven-dimensional spinors

M11]1H2)
o = Il B7a

Dn®@

nMn

For example one might have non-identically vanishing v(~) but F=v A .
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From the general results of appendix [{] (see also [B(] in the absence of a warp factor
and RR-fields) we find that supersymmetry in compactifications of type II on R"? leads to
a (G X Go-structure that satisfies

dH(e?’AJr%p) = —MTRA AR, dm <62A+2§Zﬁ) =0. (B.8)

For supersymmetric three-dimensional space-time filling D-branes we find from the
k-condition fDPEQ =€
—(02® 1)y (p-2yn® =, (B.9)

which implies
Vdet(gr|s + F)dP 20 = pls A e” | (B.10)

so that p is the calibration form. An alternative formulation of the condition for the
D-brane to be calibrated is

(X pjs.r) = 0. (B.11)

Note that this F-flatness-type condition again implies the D-flatness.

References

[1] S. Kachru, R. Kallosh, A. Linde and S.P. Trivedi, de Sitter vacua in string theory,

D 68 (2003) 046007 [hep-th/0301240].

[2] P. Koerber and L. Martucci, From ten to four and back again: how to generalize the
geometry, JHEP 08 (2007) 059 [prXiv:0707.103§].

[3] J.-P. Derendinger, C. Kounnas, P.M. Petropoulos and F. Zwirner, Superpotentials in IIA
compactifications with general fluzes, [Nucl. Phys. B 715 (2005) 211| [hep-th/0411274];
G. Villadoro and F. Zwirner, N = 1 effective potential from dual type-ITA D6/O6 orientifolds
with general fluzes, JHEP 06 (2005) 047 [hep-th/0503169].

[4] O. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, Type ITA moduli stabilization, JHEP 0

(2005) 064 [hep—th/050516(].

[5] T. House and E. Palti, Effective action of (massive) IIA on manifolds with SU(3) structure,
[Phys. Rev. D 72 (2005) 026004 [hep-th/0505177).

[6] P.G. Camara, A. Font and L.E. Ibdnez, Fluzes, moduli fizing and MSSM-like vacua in a
simple ITA orientifold, JHEP 09 (2005) 013 [hep—th/0506064)].

[7] B.S. Acharya, F. Benini and R. Valandro, Fizing moduli in exact type ITA flux vacua,

02 (2007) 014 [hep-th/0607223.

[8] M. Grana, R. Minasian, M. Petrini and A. Tomasiello, Generalized structures of N =1
vacua, JHEP 11 (2005) 020 [hep-th/0505212.

[9] N. Hitchin, Generalized Calabi-Yau manifolds, |[Quart. J. Math. Oxford Ser. 54 (2003) 281|
[math.DG/0209099].

[10] M. Gualtieri, Generalized complex geometry, path.DG/0401221|.

[11] A. Tomasiello, Reformulating supersymmetry with o generalized dolbeault operator,
brXiv:0704.2619.

,32,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD68%2C046005
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD68%2C046005
http://arxiv.org/abs/hep-th/0301240
http://jhep.sissa.it/stdsearch?paper=08%282007%29059
http://arxiv.org/abs/0707.1038
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB715%2C211
http://arxiv.org/abs/hep-th/0411276
http://jhep.sissa.it/stdsearch?paper=06%282005%29047
http://arxiv.org/abs/hep-th/0503169
http://jhep.sissa.it/stdsearch?paper=07%282005%29066
http://jhep.sissa.it/stdsearch?paper=07%282005%29066
http://arxiv.org/abs/hep-th/0505160
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD72%2C026004
http://arxiv.org/abs/hep-th/0505177
http://jhep.sissa.it/stdsearch?paper=09%282005%29013
http://arxiv.org/abs/hep-th/0506066
http://jhep.sissa.it/stdsearch?paper=02%282007%29018
http://jhep.sissa.it/stdsearch?paper=02%282007%29018
http://arxiv.org/abs/hep-th/0607223
http://jhep.sissa.it/stdsearch?paper=11%282005%29020
http://arxiv.org/abs/hep-th/0505212
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=QJMAA%2C54%2C281
http://arxiv.org/abs/math.DG/0209099
http://arxiv.org/abs/math.DG/0401221
http://arxiv.org/abs/0704.2613

[12]
[13]

R. Harvey and H.B. Lawson, Calibrated geometries, |Acta Math. 148 (1982) 47,

J. Gutowski and G. Papadopoulos, AdS calibrations, [Phys. Lett. B 462 (1999) 81|
lhep-th/9902034];

J. Gutowski, G. Papadopoulos and P.K. Townsend, Supersymmetry and generalized
calibrations, [Phys. Rev. D 60 (1999) 106004 [hep-th/990515€].

P. Koerber, Stable D-branes, calibrations and generalized Calabi-Yau geometry, JHEP 08§

(2005) 099 [hep-th/0506154].

[20]

[21]

L. Martucci and P. Smyth, Supersymmetric D-branes and calibrations on general N = 1

backgrounds, JHEP 11 (2005) 04 [hep-th/0507099.

P. Breitenlohner and D.Z. Freedman, Positive energy in anti-de Sitter backgrounds and
gauged extended supergravity, |Phys. Lett. B 115 (1982) 197; Stability in gauged extended
supergravity, [Ann. Phys. (NY) 144 (1982) 249.

C.J.C. Burges, D.Z. Freedman, S. Davis and G.W. Gibbons, Supersymmetry in anti-de Sitter
space, |Ann. Phys. (NY) 167 (1986) 285
D.Z. Freedman, A fond farewell to Anti-de Sitter space, Nuffield Workshop, [C85-06-23 (1985).

R.C. Myers, Dielectric-branes, JHEP 12 (1999) 022 [hep-th/9910053].

B.S. Acharya, F. Denef, C. Hofman and N. Lambert, Freund-Rubin revisited,
lhep-th/030804§

J. Evslin and L. Martucci, D-brane networks in flux vacua, generalized cycles and

calibrations, JHEP 07 (2007) 04( [hep-th/0703124].

L. Martucci, D-branes on general N = 1 backgrounds: superpotentials and D-terms, JHEP 06

(2006) 039 [hep-th/0602129].

[22]

[23]

[24]

A. Karch and L. Randall, Open and closed string interpretation of SUSY CFT’s on branes
with boundaries, |JHEP 06 (2001) 063 [hep-th/0105132].

K. Skenderis and M. Taylor, Branes in AdS and pp-wave spacetimes, |[JHEP 06 (2002) 024
[hep-th/0204054].

J.F.G. Cascales and A.M. Uranga, Branes on generalized calibrated submanifolds, [JHEP 1

(2004) 089 [hep-th/0407137].

[25]

E. Bergshoeff, R. Kallosh, T. Ortin, D. Roest and A. Van Proeyen, New formulations of
D = 10 supersymmetry and D8 — O8 domain walls, |Class. and Quant. Grav. 18 (2001) 3359
[hep-th/0103233].

M. Grana, R. Minasian, M. Petrini and A. Tomasiello, A scan for new N =1 vacua on
twisted tori, JHEP 05 (2007) 031] [hep-th/0609124].

P. Koerber and L. Martucci, Deformations of calibrated D-branes in flux generalized complex
manifolds, UHEP 12 (2006) 062 [hep-th/0610044].

L. Martucci, Supersymmetric D-branes on fluz backgrounds, |[Fortschr. Phys. 55 (2007) 771
[hep-th/0701093.

K. Behrndt and M. Cveti¢, General N = 1 supersymmetric flux vacua of (massive) type IIA
string theory, [Phys. Rev. Lett. 95 (2005) 021601| [hep-th/0403049; General N = 1
supersymmetric fluzes in massive type IIA string theory, INucl. Phys. B 708 (2005) 4§
[hep-th/0407263].

,33,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ACMTA%2C148%2C47
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB462%2C81
http://arxiv.org/abs/hep-th/9902034
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD60%2C106006
http://arxiv.org/abs/hep-th/9905156
http://jhep.sissa.it/stdsearch?paper=08%282005%29099
http://jhep.sissa.it/stdsearch?paper=08%282005%29099
http://arxiv.org/abs/hep-th/0506154
http://jhep.sissa.it/stdsearch?paper=11%282005%29048
http://arxiv.org/abs/hep-th/0507099
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB115%2C197
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APNYA%2C144%2C249
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APNYA%2C167%2C285
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= C85-06-23
http://jhep.sissa.it/stdsearch?paper=12%281999%29022
http://arxiv.org/abs/hep-th/9910053
http://arxiv.org/abs/hep-th/0308046
http://jhep.sissa.it/stdsearch?paper=07%282007%29040
http://arxiv.org/abs/hep-th/0703129
http://jhep.sissa.it/stdsearch?paper=06%282006%29033
http://jhep.sissa.it/stdsearch?paper=06%282006%29033
http://arxiv.org/abs/hep-th/0602129
http://jhep.sissa.it/stdsearch?paper=06%282001%29063
http://arxiv.org/abs/hep-th/0105132
http://jhep.sissa.it/stdsearch?paper=06%282002%29025
http://arxiv.org/abs/hep-th/0204054
http://jhep.sissa.it/stdsearch?paper=11%282004%29083
http://jhep.sissa.it/stdsearch?paper=11%282004%29083
http://arxiv.org/abs/hep-th/0407132
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C18%2C3359
http://arxiv.org/abs/hep-th/0103233
http://jhep.sissa.it/stdsearch?paper=05%282007%29031
http://arxiv.org/abs/hep-th/0609124
http://jhep.sissa.it/stdsearch?paper=12%282006%29062
http://arxiv.org/abs/hep-th/0610044
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=FPYKA%2C55%2C771
http://arxiv.org/abs/hep-th/0701093
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C95%2C021601
http://arxiv.org/abs/hep-th/0403049
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB708%2C45
http://arxiv.org/abs/hep-th/0407263

[30] D. Liist and D. Tsimpis, Supersymmetric AdSy compactifications of IIA supergravity,
[ 02 (2005) 027 [hep-th/041225(].

[31] S.P. de Alwis, Potentials for light moduli in supergravity and string theory, hep-th/0602183.

[32] G. Dvali, R. Kallosh and A. Van Proeyen, D-term strings, JHEP 01 (2004) 035
[hep-th/0312005;
P. Binetruy, G. Dvali, R. Kallosh and A. Van Proeyen, Fayet-Iliopoulos terms in supergravity
and cosmology, [Class._and_Quant. Grav. 21 (2004) 3137 [hep—th/0402046].

[33] M.J. Duff, Anti-de Sitter space, branes, singletons, superconformal field theories and all that,
[Int. J. Mod. Phys. A 14 (1999) 81§ [hep-th/980810(].

[34] H. Lii, C.N. Pope and P.K. Townsend, Domain walls from anti-de Sitter spacetime,
[ Lett. B 391 (1997) 39 [hep-th/9607164].

[35] C. Kounnas, D. Liist, P.M. Petropoulos and D. Tsimpis, Adsy flux vacua in type-II
superstrings and their domain-wall solutions, [JHEP 09 (2007) 051 [prXiv:0707.427()].

[36] S. Chiossi and S. Salamon, The intrinsic torsion of SU(3) and Gy structures,
path.DG/020228

[37] P. Koerber and D. Tsimpis, Supersymmetric sources, integrability and generalized- structure
compactifications, |JHEP 08 (2007) 082 [prXiv:0706.1244].

[38] B. de Wit, D.J. Smit and N.D. Hari Dass, Residual supersymmetry of compactified D = 10
supergravity, [Nucl. Phys. B 283 (1987) 165;
J.M. Maldacena and C. Nunez, Supergravity description of field theories on curved manifolds
and a no go theorem, |[Int. J. Mod. Phys. A 16 (2001) 829 [hep-th/000701§].

[39] J.P. Gauntlett, D. Martelli, J. Sparks and D. Waldram, Supersymmetric AdSs solutions of
type IIB supergravity, |Class. and Quant. Grav. 23 (2006) 4693 [hep-th/0510125].

[40] J.-B. Butruille, Homogeneous nearly Kdihler manifolds, path.DG/0612655.

[41] For an excellent review of the octonions see, J. Baez, The octonions, Bull. Amer. Math. Soc.
39 (2002) 145 [Erratum ibid. 42 (2005) 213] [hath.RS/0105155].

[42] J. Gutowski, S. Ivanov and G. Papadopoulos, Deformations of generalized calibrations and
compact non-Kdahler manifolds with vanishing first Chern class, Asian J. Math. 7 (2003) 39
[math.DG/0205019].

[43] A. Kapustin and D. Orlov, Remarks on a-branes, mirror symmetry and the Fukaya category,
. Geom. Phys. 48 (2003) 84 [hep-th/010909g].

[44] A. Font, L.E. Ibafiez and F. Marchesano, Coisotropic D8-branes and model-building,
[ 09 (2006) 080 [hep-th/0607219].

[45] M. Grana, J. Louis and D. Waldram, Hitchin functionals in N = 2 supergravity, JHEP 0

[ 2006) 004 [hep-th/0505264]; SU(3) x SU(3) compactification and mirror duals of magnetic
fluzes, JHEP 04 (2007) 10] [hep-th/0612237).

[46] I. Benmachiche and T.W. Grimm, Generalized N = 1 orientifold compactifications and the
Hitchin functionals, [Nucl. Phys. B 748 (2006) 200 [hep—th/0602241].

[47] D. Cassani and A. Bilal, Effective actions and N = 1 vacuum conditions from SU(3) x SU(3)
compactifications, JHEP 09 (2007) 076 [prXiv:0707.312§.

,34,


http://jhep.sissa.it/stdsearch?paper=02%282005%29027
http://jhep.sissa.it/stdsearch?paper=02%282005%29027
http://arxiv.org/abs/hep-th/0412250
http://arxiv.org/abs/hep-th/0602182
http://jhep.sissa.it/stdsearch?paper=01%282004%29035
http://arxiv.org/abs/hep-th/0312005
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C21%2C3137
http://arxiv.org/abs/hep-th/0402046
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IMPAE%2CA14%2C815
http://arxiv.org/abs/hep-th/9808100
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB391%2C39
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB391%2C39
http://arxiv.org/abs/hep-th/9607164
http://jhep.sissa.it/stdsearch?paper=09%282007%29051
http://arxiv.org/abs/0707.4270
http://arxiv.org/abs/math.DG/0202282
http://jhep.sissa.it/stdsearch?paper=08%282007%29082
http://arxiv.org/abs/0706.1244
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB283%2C165
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IMPAE%2CA16%2C822
http://arxiv.org/abs/hep-th/0007018
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C23%2C4693
http://arxiv.org/abs/hep-th/0510125
http://arxiv.org/abs/math.DG/0612655
http://arxiv.org/abs/math.RS/0105155
http://arxiv.org/abs/math.DG/0205012
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JGPHE%2C48%2C84
http://arxiv.org/abs/hep-th/0109098
http://jhep.sissa.it/stdsearch?paper=09%282006%29080
http://jhep.sissa.it/stdsearch?paper=09%282006%29080
http://arxiv.org/abs/hep-th/0607219
http://jhep.sissa.it/stdsearch?paper=01%282006%29008
http://jhep.sissa.it/stdsearch?paper=01%282006%29008
http://arxiv.org/abs/hep-th/0505264
http://jhep.sissa.it/stdsearch?paper=04%282007%29101
http://arxiv.org/abs/hep-th/0612237
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB748%2C200
http://arxiv.org/abs/hep-th/0602241
http://jhep.sissa.it/stdsearch?paper=09%282007%29076
http://arxiv.org/abs/0707.3125

[48]
[49]

A -K. Kashani-Poor, Nearly Kdhler reduction, JHEP 11 (2007) 026 [orXiv:0709.4489].

J. McGreevy, L. Susskind and N. Toumbas, Invasion of the giant gravitons from
anti-de Sitter space, JHEP 06 (2000) 00 [hep-th/0003075];

M.T. Grisaru, R.C. Myers and O. Tafjord, SUSY and Goliath, JHEP 08 (2000) 04(
[hep-th/0008015).

C.G. Callan and J.M. Maldacena, Brane dynamics from the Born-Infeld action,

B 513 (1998) 198 [hep-th/9708147;

G.W. Gibbons, Born-Infeld particles and Dirichlet p-branes, [Nucl. Phys. B 514 (1998) 603
lhep-th/9709027].

E.J. Hackett-Jones and D.J. Smith, Type IIB Killing spinors and calibrations, JHEP 11

A. Karch and E. Katz, Adding flavor to AdS/CFT, JHEP 06 (2002) 043 [pep-th/020523§].

O. Aharony, A. Fayyazuddin and J.M. Maldacena, The large-N limit of N = 2,1 field
theories from three- branes in F-theory, UHEP 07 (1998) 013 [hep-th/9806154].

S.A. Cherkis and A. Hashimoto, Supergravity solution of intersecting branes and AdS/CFT

F. Benini, F. Canoura, S. Cremonesi, C. Nunez and A.V. Ramallo, Unquenched flavors in the

K. Becker, M. Becker and A. Strominger, Five-branes, membranes and nonperturbative string

K. Becker et al., Supersymmetric cycles in exceptional holonomy manifolds and Calabi- Yau

G.W. Gibbons and G. Papadopoulos, Calibrations and intersecting branes, |Commun. Math]

J.P. Gauntlett, N.-w. Kim, D. Martelli and D. Waldram, Fivebranes wrapped on slag
three-cycles and related geometry, JHEP 11 (2001) 01§ [hep-th/0110034];
J.P. Gauntlett, D. Martelli, S. Pakis and D. Waldram, G-structures and wrapped N S5-branes,

J.P. Gauntlett, D. Martelli and D. Waldram, Superstrings with intrinsic torsion,

D. Martelli and J. Sparks, G-structures, fluzes and calibrations in M-theory, |Phys. Rev. D 6§

L. Martucci, J. Rosseel, D. Van den Bleeken and A. Van Proeyen, Dirac actions for D-branes
on backgrounds with fluzes, |Class. and Quant. Grav. 22 (2005) 274 [hep-th/0504041].

J. Figueroa-O’Farrill, E. Hackett-Jones and G. Moutsopoulos, The Killing superalgebra of
ten-dimensional supergravity backgrounds, |Class. and Quant. Grav. 24 (2007) 3291

[51]
(2004) 029 [hep-th/0405099].
[52]
[53]
[54]
with flavor, JHEP 11 (2002) 03§ [hep-th/0210104].
[55]
Klebanov- Witten model, |[JHEP 02 (2007) 09( [hep-th/061211§].
[56]
theory, [Nucl. Phys. B 456 (1995) 13(] [hep-th/950715§];
4-folds, [Nucl. Phys. B 480 (1996) 225 [hep—-th/9608114];
Phys. 202 (1999) 593 [hep-th/9803163.
[57]
[Commun. Math. Phys. 247 (2004) 421 [lhep-th/020505(];
D 69 (2004) 086009 [hep-th/030215§];
(2003) 085014 [hep-th/030622§).
[58]
[59]
[hep-th/0703197.
[60]

F. Witt, Generalised Go-manifolds, |Commun. Math. Phys. 265 (2006) 27§
[rath.DG/0411647);
C. Jeschek and F. Witt, Generalised Ga-structures and type IIB superstrings, |[JHEP 03

(2005) 059 [hep-th/0412280).

,35,


http://jhep.sissa.it/stdsearch?paper=11%282007%29026
http://arxiv.org/abs/0709.4482
http://jhep.sissa.it/stdsearch?paper=06%282000%29008
http://arxiv.org/abs/hep-th/0003075
http://jhep.sissa.it/stdsearch?paper=08%282000%29040
http://arxiv.org/abs/hep-th/0008015
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB513%2C198
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB513%2C198
http://arxiv.org/abs/hep-th/9708147
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB514%2C603
http://arxiv.org/abs/hep-th/9709027
http://jhep.sissa.it/stdsearch?paper=11%282004%29029
http://jhep.sissa.it/stdsearch?paper=11%282004%29029
http://arxiv.org/abs/hep-th/0405098
http://jhep.sissa.it/stdsearch?paper=06%282002%29043
http://arxiv.org/abs/hep-th/0205236
http://jhep.sissa.it/stdsearch?paper=07%281998%29013
http://arxiv.org/abs/hep-th/9806159
http://jhep.sissa.it/stdsearch?paper=11%282002%29036
http://arxiv.org/abs/hep-th/0210105
http://jhep.sissa.it/stdsearch?paper=02%282007%29090
http://arxiv.org/abs/hep-th/0612118
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB456%2C130
http://arxiv.org/abs/hep-th/9507158
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB480%2C225
http://arxiv.org/abs/hep-th/9608116
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C202%2C593
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C202%2C593
http://arxiv.org/abs/hep-th/9803163
http://jhep.sissa.it/stdsearch?paper=11%282001%29018
http://arxiv.org/abs/hep-th/0110034
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C247%2C421
http://arxiv.org/abs/hep-th/0205050
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD69%2C086002
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD69%2C086002
http://arxiv.org/abs/hep-th/0302158
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD68%2C085014
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD68%2C085014
http://arxiv.org/abs/hep-th/0306225
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C22%2C2745
http://arxiv.org/abs/hep-th/0504041
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C24%2C3291
http://arxiv.org/abs/hep-th/0703192
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C265%2C275
http://arxiv.org/abs/math.DG/0411642
http://jhep.sissa.it/stdsearch?paper=03%282005%29053
http://jhep.sissa.it/stdsearch?paper=03%282005%29053
http://arxiv.org/abs/hep-th/0412280

