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ABSTRACT: We revisit the analysis of effective field theories resulting from non-
supersymmetric perturbations to supersymmetric flux compactifications of the type-11B
superstring with an eye towards those resulting from the backreaction of a small number of
D3-branes. Independently of the background, we show that the low-energy Lagrangian de-
scribing the fluctuations of a stack of probe D3-branes exhibits soft supersymmetry break-
ing, despite perturbations to marginal operators that were not fully considered in some
previous treatments. We take this as an indication that the breaking of supersymmetry by
D3-branes or other sources may be spontaneous rather than explicit. In support of this,
we consider the action of an D3-brane probing an otherwise supersymmetric configuration
and identify a candidate for the corresponding goldstino.
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1 Introduction

A persistent problem in the development of realistic string compactifications is the imple-
mentation of supersymmetry breaking in a genuinely stringy and controllable manner. The
tension comes from the fact that string theory is usually defined in 10 (or 11) dimensions
with a large number of supercharges, while realistic phenomenology requires such com-
pactifications to reduce at low energies to non-supersymmetric 4d theories. Added to this
tension is the issue of moduli stabilization whose details can significantly affect the vacuum
structure and supersymmetry-breaking terms in the dimensionally reduced theories. One
can contemplate bypassing the intermediate stage of realizing an effective 4d supergravity
at low energies by constructing stabilized vacua with supersymmetry broken at or above the
compactification scale. The construction of such vacua has proven to be a difficult task as
one often encounters (perturbative) instabilities. Thus far, explicit tachyon-free examples
of this kind with the broad features of the Standard Model have not yet been found, and
there are generic statistical arguments suggesting that such vacua are rare [1] (see also [2]).
Furthermore, the scale of supersymmetry breaking in such constructions is typically much
larger than the electroweak scale myz ~ 100 GeV, with no apparent relation between them.
In light of these issues, studies of supersymmetry breaking in string theory often takes
a different route. Most work on the subject begins with an effective 4d supergravity,
as there are several potential phenomenological benefits for supersymmetry (at least the
reduced version, e.g., Ny = 1) to persist at intermediate scales. Other than protecting



certain operators from large quantum corrections, subsequent breaking of supersymmetry
in the effective low-energy supergravity provides a nice mechanism to trigger spontaneous
electroweak symmetry breaking thus tying the electroweak scale to the supersymmetry-
breaking scale. Furthermore, such a framework of intermediate or low-scale breaking has
the advantage that a myriad of Ny = 1 string constructions with semi-realistic spectra
are readily available, while there are fewer examples for those exhibiting high-scale super-
symmetry breaking. Traditionally, the source of supersymmetry breaking in this context
is assumed to be the result of some hidden sector dynamics. Recent developments have
extended the possibilities to include other supersymmetry-breaking sources such as fluxes
and anti-branes. It is useful to note that while we make a distinction for those construc-
tions that admit a 4d supergravity description at an intermediate scale, such vacua, when
lifted to 10d, should correspond to a non-supersymmetric background when the backreac-
tion of the supersymmetry-breaking effects is taken into account.! Thus, from a 10d point
of view, the nature of the problem is not that different from some of those constructions
whose supersymmetry-breaking scale is at or above the compactification scale.? Studying
the effects of such supersymmetry-breaking backgrounds on the gauge sector, irrespective
of the origin of such breaking, will be one goal of the present work

A particularly well-explored corner of Ay = 1 constructions are the class of flux com-
pactifications of type-IIB string theory [3-8] commonly known as GKP compactifications.?
This class of constructions invokes closed-string flux which, in addition to stabilizing many
moduli, allows for constructing strongly warped regions. Such strongly warped geometries
provide a mechanism to generate a hierarchy of scales via gravitational redshift, realizing
the bottom-up idea of [9]. This fact was exploited in the KKLT construction [10]. By
combining this strong warping with the quantum effects required to stabilize the Kéhler
structure of the internal space, it was argued in [10] that supersymmetry can be bro-
ken at a hierarchically suppressed scale by the addition of a small number of anti-branes
which naturally inhabit points of strongest warping. The KKLT framework has been
widely explored in the context of string inflation (for reviews see [11-16]) and in phe-
nomenological scenarios such as mirage mediation [17, 18] and variations thereof [19, 20].
Furthermore, the gauge/gravity correspondence is often realized with strongly warped ge-
ometries [21-24]. The addition of a relatively small number of anti-branes to an otherwise
supersymmetric construction can, under certain circumstances, be described as a meta-
stable non-supersymmetric state in a dual supersymmetric gauge theory [25, 26] . This has
been used to construct gravity duals of gauge mediation scenarios [27-32] (see also [33-35]

!The supersymmetry-breaking effects here are not restricted to localized sources, but include also
fluxes as well as sources of dynamical supersymmetry breaking in the hidden sector realized as instan-
tons on branes.

%We are cautious in using the qualification “some” here. If the scale of supersymmetry is above the string
scale, one would expect in addition to the supergravity fields that a tower of string states to come into play.

3Strictly speaking, the compactifications of [8] are not necessarily supersymmetric. However, since we
are primarily interested in supersymmetric GKP compactifications, we will use the term “GKP” to indicate
the My = 1 setups of [8]. Furthermore, GKP compactifications alone does not provide a mechanism
for compactification, but our analysis will not depend on whether or not the Kéahler structure moduli
are stabilized.



for related ideas) which are otherwise difficult to analyze using conventional (perturbative)
field theoretical techniques. Finally, anti-branes also play an important role in the large-
volume scenario [36], where non-perturbative effects are played against fs-corrections to
produce intermediate-scale supersymmetry breaking without relying on strong warping.

Despite the wide applications of this framework, the nature of supersymmetry breaking
by D3-branes remains somewhat mysterious, even setting aside the subtleties involved in
the backreaction of the D3s [26, 37-42]. In particular, it is not clear whether or not the
breaking should be considered explicit breaking or spontaneous breaking from the 4d point
of view, although the common folklore holds that it is the former. An argument often given
for D3 branes providing an explicit source of breaking is that the D3s preserve the “wrong”
supersymmetry, meaning the supersymmetry that is broken by the D3 charge carried by
the fluxes in a GKP compactification. Indeed, such explicit breaking seems to be reflected
in the effective potential used in [10] in which the so-called uplift potential, corresponding
to the tension of the D3s, is not included with the F-term potential.*

On the other hand, the D3s can be thought of as a soliton of closed strings, especially
when the number of anti-branes is large, in which case it is simply a non-supersymmetric
configuration in a supersymmetric theory; such a state of affairs is, by definition, sponta-
neous breaking of supersymmetry. In this sense, the case of an anti-brane is quite similar
to the case of branes intersecting at angles. Although for special angles, two intersecting
branes preserve some of the same supercharges, for generic angles they will not. One might
be tempted to call this explicit breaking for precisely the same reason as in the D3 case: at
generic angles the branes do not preserve the same supersymmetry. Yet since such angles
are controlled by geometric and brane moduli, the breaking by a non-trivial angle can be
controlled by 4d fields and therefore seems to be manifestly spontaneous breaking (see,
e.g. [44] for related discussions). Indeed, this was considered in, for example, [45] where
the theory for the corresponding goldstino, which indicates the spontaneous breaking of
supersymmetry, was discussed. Since Dp-branes differ from Dp-branes precisely in their
orientation, the case of an Dp-Dp pair is in some sense an extreme version of branes inter-
secting at angles.® Finally, the case of D3s in a GKP compactification is not intrinsically
distinct from the case of Dp-branes in flat space as both involve supercharges of 10d back-
ground being projected out by the localized sources. In the latter case the massless scalars
on the worldvolume are the goldstones associated with the spontaneous breaking of trans-
lational symmetry. The massless fermions should be viewed in the same light, as resulting
from the spontaneous breaking of maximal supersymmetry. Indeed, the supersymmet-
ric generalization of the Dirac-Born-Infeld (DBI) action contains in it a Akulov-Volkov-like
(AV) action for goldstini [46, 47]. Although this fact was understood long ago (see e.g. [48])
it seems, in our opinion, to be under-appreciated.

In this work, we explore this question of explicit and spontaneous breaking by con-
sidering non-supersymmetric perturbations to supersymmetric GKP compactifications.

4This of course leaves open the possibility that the D3 is a source of D-term breaking as suggested in,
for example, [43]. We will provide some evidence for this possibility as well.

5This is admittedly a bit of a cheat; for example, for spacetime filling 3-branes transverse to a compact
space, there is no finite-energy way to rotate the branes.



Although much of our analysis is agnostic with respect to the source of these non-
supersymmetric perturbations, we have in mind those resulting from the addition of p
D3s such that p is much less than the number of flux quanta that builds a warped region.
In generic cases, even though only a single combination of fields is “directly” sourced by
the D3s, all other closed string fields are perturbed, including non-Hermitian components
of the internal metric. As a diagnostic of such breaking, we probe the resulting background
with a stack of D3 branes and consider the resulting effective field theory. Such a situation
has been considered previously in the literature from both the D-brane [43, 49-51] and
worldsheet points of view [52, 53], but none to our knowledge takes fully into account the
non-Hermitian perturbations to the internal metric (though see [27] for a related case) or
explicitly analyze Yukawa couplings. Although this may seem like a slight distinction, the
internal metric is the matter-field metric for position moduli of the D3 and so it modifies
the marginal operators (as well as operators of other dimensions) of the D3-brane effective
field theory. Since the soft terms that result from the spontaneous breaking of supersym-
metry are all relevant operators (at least in the my, — oo limit), this would seem to hint
at explicit breaking. Nevertheless, we find that a simple non-holomorphic field redefinition
puts the effective field theory into a form that manifestly exhibits only soft breaking. As
generic explicit breaking should lead to hard terms, even in the limit as m, — oo, we take
this as an indication that the breaking of supersymmetry may be spontaneous.

Let us stress that since D3s are local objects, the analysis of the D3 action is, through
marginal order, fairly insensitive to the form that the internal metric takes (so long as it is
not singular) and previous analyses of the D3-action are straightforwardly adopted to the
case of a general metric. Indeed though the analyses of [43, 50] take the ansatz where the
internal metric remains Calabi-Yau, their results are largely valid in more general cases®
except for the fact that they rely on the underlying Calabi-Yau to give a complex structure
to the open-string effective field theory. In this light, our goal is to not to greatly extend
the technical advances of these works, but instead to make steps towards a conceptual
understanding of supersymmetry breaking.

We also emphasize that even though we primarily work in the context of a non-
supersymmetric perturbation to GKP, the D3-brane Lagrangian seems to be soft inde-
pendently of the background or even if the closed-string equations of motion are applied.
However, in the case in which the background is a result of the backreaction of D3s in
GKP, we are also able to identify the gaugino living on the D3-brane as a candidate for
the goldstino that is expected to be present if supersymmetry is spontaneously broken.
For this reason, much of our discussion is framed within the context of supersymmetry
breaking by the addition of anti-branes.

This paper is organized as follows. In section 2, we review GKP compactifications
and argue that the addition of an D3 brane will generically perturb all closed string fields
including the internal metric. In section 3, we discuss the effective field theory of a stack of
D3-branes or D3-branes probing such a geometry. In section 4, we review the nature of soft

SNotable exceptions are the non-renormalizable couplings between open and closed strings considered
in [50] which depend on an understanding of the light closed-string spectrum that is not available in general.



breaking of supersymmetry and show how the action presented in the previous section falls
into this class, though the supersymmetry that is “least” broken is not quite that preserved
by GKP. In section 5, we discuss a candidate for a goldstino field on an D3 probing a GKP
compactification. Some concluding remarks are given in section 6 and our conventions are
summarized in appendix A.

2 Non-supersymmetric perturbations to GKP compactifications

In this section, we discuss non-supersymmetric perturbations to Ny = 1 GKP compact-
ifications [8] of the type-IIB superstring, with an emphasis on those resulting from the
addition of a number of D3-branes that is small compared to the amount of flux in the su-
persymmetric case. GKP compactifications are of the form R*! x, X% where x, indicates
a non-trivial fibration of R*! over the compact internal space X°. The metric takes the
familiar warped ansatz

ds%o = gundzMdzN = eQA(y)anx“dx” + e_ZA(y)gmndymdy”. (2.1a)

The geometry is supported by a 3-form flux G(3) = Fi3) + ie*¢H(3) without legs on the
external space R*! and a 5-form flux

Fi5 = (1 + @)f(g,), F(5) = da Advolgs, (2.1b)

in which dvolps,1 is the volume form for R31 and % is the 10d Hodge-* built from the metric
Grrv. Our interest is in the regime where dimensional reduction on the X% produces an
effective 4d theory. Such a theory will exhibit Ny > 1 if [8, 54]

1. X% is a Kéhler manifold and g, is the associated Kihler metric,

2. the 3-form flux is primitive and has Hodge type (2,1) and is therefore imaginary
self-dual (ISD), iG(3) = *G(3), where % (without the hat) denotes the 6d Hodge-*
built from gy,

3. the 5-form flux and the warp factor are related by e*4 = a,
4. the axiodilaton 7 = Cg) + ie™® varies holomorphically over X9,

A construction satisfying these requirements is called a GKP compactification (though see
footnote 3). These compactifications must in addition contain certain sources (D3-branes,
O3-branes, or 7-branes) to ensure the cancellation of tadpoles; however, these sources will
not play a significant role in our analysis.

As reviewed in the introduction, GKP compactifications are a particularly interesting
region of the landscape since, while they are based upon the comparatively well-understood
Kahler and Calabi-Yau geometries, the presence of non-trivial 3-form flux can stabilize
the complex structure of X°, the axiodilaton, and the deformation moduli for 7-branes.
Additionally, these constructions can accommodate low-scale supersymmetry breaking as
large amounts of flux can produce strongly warped regions. Since ISD flux carries D3



charge, D3s, which carry the opposite-sign charge and hence break the supersymmetry
preserved by GKP, are naturally attracted to the regions of strongest warping and so the
corresponding scale of supersymmetry breaking can be highly redshifted. In some cases,
when D3-branes are absent, the D3s will be perturbatively stable, only decaying into flux
and D3-branes after undergoing a Myers-like effect [55] followed by a quantum tunneling
process [25].

In order to perform a detailed study of such constructions, the influence of such D3-
branes on the background must be considered. The most studied example is the Klebanov-
Strassler (KS) geometry [56] which results from ISD 3-form flux threading the deformed
conifold. The backreaction of a small number of D3s on the KS geometry has been a
topic of recent interest [26, 37-39, 41, 42]. Due to the presence of the background 3-form
flux of KS, the addition of the D3s produces a non-ISD flux and in fact, near the anti-
branes, all Hodge types of 3-form flux are present [37]. Furthermore, it was pointed out
in [27] that the D3s perturb the metric in such a way that the internal metric gy, is no
longer Hermitian with respect to the original complex structure: the backreaction of the
D3s includes non-vanishing metric components g., and gzz when expressed in terms of the
complex coordinates of the original deformed conifold.

The fact that such non-Hermitian components will generically appear after the addition
of D3s can be easily seen from the type-IIB equations of motion. Let us again consider
the ansatz (2.1) but relax the conditions for supersymmetry. It is useful to construct
the combinations

oL =e"ta, Gi=(x=+i)Gy, A=0,G_+P_G,. (2.2)

The equations of motion and Bianchi identities (A.4) can be expressed in these fields
as [8, 57]

2

—V2p, — M 2 2 2

0=V>0, 6Tms 1Ol 5, o 0DL]", (2.3a)
i _

—dA A+A 2
0=dA+op dr A (A+A), (2.3b)
0 =d(G) — TH), (2.3¢)

i , i
0:V27+E(87) +§(q>++q>,)c+.(;,7 (2.3d)
1 2
0=Run— ————50mT0T — 50 P10,y P
2(Im) (B, +d)
b+ Pg = .
6. 20mr | C+m Compa T G Gy s (2.3¢)

in which, for simplicity of presentation, we have omitted terms resulting from localized
sources. For p-forms we use the notation

1

Xy Yip) = ﬁXml---mmelmmp, ‘X( (2.4)



Note that we have defined G4 = (Gi)* so that, for example, G is imaginary anti-self-
dual (IASD). Here and throughout we perform contractions and construct connections
with the unwarped metric g, unless otherwise noted. Ny > 0 GKP compactifications are
characterized by the conditions ®_ = 0 and G_ = 0 with Ay > 1 having the additional
requirement that G s) is a primitive (2, 1)-form. For non-vanishing ®, we can recast the
equation of motion for @ as [58]

~ 1 (D, +D_)° 5 2 1 1 5
0=V ! G — | — | (0D4)". 2.5
+ T 16Tmr P2 G+ T3 @ o) 3, (00+) (25)
For the moment, we will specialize to the case in which we start with G_ =0, ®_ =0

and 7 is a constant so that X° is a Calabi-Yau. We can then consider a perturbation
such as, for example, the addition of a small number of D3-branes. Then remarkably the
linearized equations of motion for the perturbations take a nearly triangular form [58]

V35d_ =0, (2.6a)

(* +1)6G_ =0, (2.6¢)

VST = — <@ (G 3G-), (2.6d)

NS = 20, 8.0,00 — —* |G MG +6G_, "G (2.6e)
g 2 0gmn _@i (m =)= T 16 21 | T HOm —n)pq —(m +n)pq |’ '

doGy =d(0G - + 2167 H ), (2.6f)

(x —1)6G4+ =0, (2.6¢)

1
~V2%0 = (5V) 0! - gm0 |G
1 — — 1 _
+ E [G+ ’ 5G+ + 5G+ ’ G+ + §G+ minipi G+ m2n2p29m1m29n1n259p1p2

1__ _
+ [8@+1 Gy ? = 2074 (00, )7 |50 (2.6h)

Here 0V denotes a perturbation to a field, ¥ — ¥ + §¥ and
Abgmn = V26gmn + Vi Vi (6796Gp) — 2VPV (11,60 1),- (2.7)

We have additionally set the unperturbed constant axiodilaton to 7 =i and again omitted
the explicit appearances of source terms. Although we will not make use of it, this pattern
of triangularity continues order-by-order in perturbation theory.”

"We note that the equations of motion may not always be truly triangular. For example, in general
the metric is characterized by many functions and (2.6e) will generically not have any special structure for
those functions. This is the case for perturbations to the KS geometry [38] except in the nearly-conformal
region [58].



This form of the equations of motion is useful since it is precisely the mode ®_ that
is “directly” sourced by a D3-brane in the sense that only the equation of motion for ®_
has a d-function term in the presence of D3s. That an D3 sources ®_ can be most easily
seen by placing an D3 in flat space where the only field that becomes non-trivial is ®_.
From (2.6), we see that in the presence of G # 0, once 0P_ is non-zero, 6G_ is non-zero
as well, and indeed 6G_ generically possess all Hodge types.® The presence of 6G_ # 0
gives a source for 67 and generically both the real and imaginary components are non-
vanishing.? Inserting the directly sourced 6®_ and the indirectly sourced 6G_ into the
equation for d¢,,, generically forces all components to be non-vanishing. For example, a
(2,1) G4 and (3,0) 6G_ act as a source §gs; component.'’ Similarly, ®, and ®_ are real
functions and so 6®_ # 0 should also generically source all components of the metric.'!
Following the remainder of the equations as above also leads us to conclude that G and
&, are perturbed from the original background values. We note also that this argument
implies that an initial singularity in ®_, such as that appearing in [26, 37, 38], is felt by
all perturbed fields, even if ®_ is the only field directly sourced.

The presence of the singularities in the fields not directly sourced by the D3s is perhaps
surprising and has been a topic of recent discussion [38-41, 61-64]. The D3s directly source
0P _ and so the corresponding divergence is as physically acceptable as the divergence in the
electric field at the position of a point-charge in classical Maxwell theory. In contrast, the
3-form flux and other fields are not directly sourced by these fields and so the corresponding
singularities might be seen as suspect. Here we take the point of view that, due to the
non-linearity of the supergravity equations of motion and the fact that all of the fields
couple to each other, once one sort of singularity is accepted, divergences in all other
fields must be accepted as well. Indeed, presumably there exists some stringy mechanism
that resolves the singularity in ®_ (for example, an D3, even in flat space, should have
some finite width comparable to the string length) and once ®_ is rendered finite, there
is no reason to expect that any of the other singularities will be present (however, the
linearized analysis of the supergravity equations of motion is expected to be inapplicable).
We therefore view it is as plausible that the divergences will be resolved in a full treatment
and so accept the apparent singularities as being a consequence of an incomplete treatment
(see also [42] for responses to the objections related to these divergences). Nevertheless,
because supergravity may break down near the position of D3s, we will assume in what
follows that we are evaluating our fields sufficiently far away from any such sources.

To summarize, we have argued that in a generic Ay = 1 GKP compactification, the
addition of an D3-brane will cause the configuration to move away from all of the super-

8This genericity is violated in, for example, [26] where the imposed R-symmetry requires Gz = 0
(where the Hodge-type is given in terms of the original complex structure).

9For the example of KS, 7 is pure imaginary after the addition of the D3 brane since Hzy and Fis)
thread dual cycles and so Fzy - H(sy o< Im (G4 - G_) = 0 automatically, even after the perturbation.

9Tn [26], there was a non-vanishing dgss even though no (3, 0) flux was sourced. This is because the left-
hand side of (2.6e) involves all components of the perturbed metric and so even sourcing the Zz component
of Adgmyn will generically result in non-vanishing dg:zz.

"Note that at least in some simple fluxless cases such as a D3-D3 pair in flat space, we can choose
a coordinate system such that the internal space is still Hermitian with respect to the original complex
structure, but at the expense of having a different scaling factor for the transverse metric [26, 59, 60].



symmetry conditions, perturbing all Hodge-types of flux, causing the axiodilaton to be
non-vanishing, and forcing the internal metric to be no-longer Hermitian, even though the
D3 itself directly sources only ®_. For simplicity and since the equations of motion are
almost triangular, we have worked in the special case in which the axiodilaton is constant
in the unperturbed geometry. However, it would be rather surprising if in the more generic
case of varying axiodilaton that these perturbations were not produced. Hence, it what
follows we will drop the assumption of constant axiodilaton. Further, although we have
emphasized in this section perturbations due to the presence of D3-branes, the analysis
of the D3-action will be independent of the source of these perturbations, though we will
assume that supergravity is still applicable.

Note that in the above discussion, we have neglected the influence of the non-
perturbative effects that are required to stabilize the Kéhler structure [10]. Such non-
perturbative reactions will backreact on the geometry in such a way that it will be better
described as a generalized complex geometry [57, 65, 66]. Although such effects might
naively seem to be negligible, they may spoil important properties such as sequestering [67].
In principle, we could try to fold the backreaction of the non-perturbative effects into the
perturbations of GKP that in the above we attributed to the supersymmetry-breaking
sources. However, the points that we wish to make are independent of whether or not the
Kahler structure is in fact stabilized and so we will leave the incorporation of such effects

for future work.

3 Effective action for D3s

In this section, we consider the effective action for a stack of coincident D3-branes probing a
perturbation to an Ny > 1 GKP compactification. Our analysis is similar to that performed
in [43, 50, 51] (see also [52, 53]) and indeed we recover many of the same results, except
that we take into account the fact that non-supersymmetric fluxes will generically cause
the internal metric to no longer be Hermitian with respect to the unperturbed complex
structure. We perform the analysis for both probe D3-branes and D3-branes but will
frequently, in this section, use “D3” to denote a 3-brane of either charge. In section 4, we
will re-express the resulting action for a D3 in the language of softly-broken supersymmetry
and comment on how our results relate to those appearing elsewhere in the literature.

3.1 Bosonic action

The effective action for the light open-string bosonic fluctuations of a single Dp-brane in
either type-1II string theory consists of the familiar DBI and Chern-Simons (CS) terms
which in the 10d Einstein frame take the form

Spp =Spp" + Sbas (3.1a)
Spp = — TDp/dp“ge’W’ — det(Mag), (3.1b)
Sby ==+ Tp / P {Z Cny A eB<2)} Aefle, (3.1c)



where the upper (lower) sign applies for a Dp-brane (Dp-brane). The integral is over the
worldvolume of the brane and the tension and charge of a Dp brane are given by Tgpl =
%@Hgs. Away from orientifold planes, the bosonic fields consist of a U (1) gauge-field
A1y with field strength f(5) = dA(;) and the transverse deformations which enter through
the pullback of bulk fields to the worldvolume denoted by P. & are the worldvolume

coordinates and choosing the static gauge we have
P [va] = vy + E?vif)acpi, (3.2)

where we have defined the worldvolume scalars ¢! = /;2X? in which X* are coordinates
transverse to the worldvolume. Here we have defined

Mg = P[Eog] +€ %L fup, Eun = gun +e ??Bun. (3.3)

For a stack of N Dp-branes the gauge symmetry on the common worldvolume is pro-
moted to a U (N) gauge symmetry and the transverse deformations ¢’ are promoted to
adjoint-valued fields. The DBI and CS actions then become modified to [55]

SEBl = — 1, / drtie Str{e’f’¢\/ — det(Map) det(Q%) } (3.4a)
Sy = % oy / Str{P [ei@% <Z Clay A eB@N A el } (3.4Db)

In the static gauge in which we work, we redefine

Map =P [Bag + 2 Bai (7' = 0)7 Ejg| + 722 fus, (3.5)
in which
Q= &% +i2[¢", "] By (3.6)

The field strength is modified to fo) = dA(;) —i4q) A A(1) and the pullback to a non-
Abelian pullback
p [Ua] = Vo + gsviDa90i7 (37)

where

Do =04 —i[Aq, ], (3.8)

is the usual gauge-covariant derivative acting on adjoint-valued fields. ¢, denotes an inte-
rior product,

. 1 1. . .
Ly (dexM) = v, L?O (21)MNddexN) =3 [, ¢']vij. (3.9)
Note that due to the non-Abelian nature of the theory, L?p =% 0. A bulk field appearing in
the D-brane action is to be interpreted as a non-Abelian Taylor expansion,
& EQn

U(p) = nzoglsoil et [8,- ~--8Z~n‘11(<p)]

(3.10)

,10,



Finally, Str denotes a particular trace prescription [55]: before tracing over gauge indices,
the expression is symmetrized over factors of fag, Do, [gpi, 7Y ] and the ¢’ appearing in
the Taylor expansion. Note that this allows us to treat these objects as commuting.

Our goal is to deduce the effective action to leading order in ¢5. That is, the bosonic
action consists of an infinite series of irrelevant operators that can be thought of as arising
from integrating out massive string modes. Since our interest is the long-wavelength theory,
we will consider only the relevant and marginal operators. Furthermore, the coefficients of
these operators generically have expansions of the schematic form

e~y oMY, (3.11)

in which ¥ indicates a bulk field and 9" indicates n derivatives. Since we wish to work
in the supergravity regime, we must consider backgrounds where /s corrections to the
supergravity action (A.4) can be neglected, and thus we must have that the derivatives
of bulk fields are small with respect to the string scale, at least when evaluated near the
position of the probe branes. Therefore we can truncate the sum (3.11) after a certain
number of terms. Note that for both expansions, we are comparing energies to ;! and
so, although it’s dimensionful, we can expand in powers of /s as a proxy for the double
expansion in powers of open-string fields and closed-string curvatures. As evidenced by
explicit examples [26, 37-42, 61-64] and discussed in the previous section, the closed-
string background will generically be divergent at the position of the D3s (at least in the
approximation of linearized supergravity) and so we will work far from the anti-branes.
For the case of interest p = 3 and we can replace the worldvolume indices «, 8 with the
usual R3! indices u, v and the transverse indices with the internal indices of X% m,n. Then

M, = 6214(90),,7#1/ + e—¢(<p)/2ggfw + 0 (e_QA(‘p)gmn (90) +e?0)/2p ((P))D#(pmpycpn’
(3.12)
since B, =0, Eum =0and @ =1+0 (ﬁg) Then, making use of the identity

Vdet(1+ M) =1+ %tr(M) - %tr(MQ) + %[tr(M)]Q N (3.13)
we have
- 4 Pro—3(e)
—det(M,,) = ") 4 Esgmn (¢) D™ D*p" + SeTfo’“W, (3.14)

where we have made use of the anti-symmetry of f() and B(y). From this expression, we see
that we are interested in an expansion through O (6;1). Performing the Taylor expansions,

> 1 o 21
- det(MW) :§(¢+ + q)_) + EsgmnD,uSOmDugpn + . 41,an#1/qu
02 IS
+ 538,,1(@+ + )™+ Zsaman(¢+ + P )pm. (3.15)

Our notation is such that closed-string fields without an expressed ¢ dependence are to be
evaluated at ¢ = 0 and external indices are contracted only with n*”. Note that the Taylor
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expansion of the warp factor demonstrates the point discussed regarding (3.11): further
expansion leads to operators that are relevant and marginal (as well as irrelevant), but
their coefficients are suppressed by higher orders in derivatives of the warp factor which
we take to be small compared to the string scale.

Similarly,
iz m a5 —1A() 6(0) m n
Vet (Qmy) =1 = == Bun () [¢7, ¢7] = e e g (0) gpg () [, 7] [ €7, ]
64

where we have made use of the symmetry properties of g, and By,,. We can choose a
gauge so that B =0 at ¢ =0, and so this result simplifies to

il I
det(Q™,) =1~ I?Sc‘)mensO” [ e = 5 (@, &) Tm s 9 [™, "] [e", 7]
(3.17)
Using that the trace is cyclic we can write
2
OmBp tr{™ o™, o]} = gHmnp tr (o™ "), (3.18)

Putting things together,

o, +P_  Imr7 L1
SDD?]?I = —TDggg/d4xtr{ +2€4 + T Fun f + 5gmnD#(meuSOn
S

1 1
+ —0m (<I>+ + <I>,)g0m + Zﬁman (q)Jr + CIL)gomgo”

202
ot (G =G+ G =G, "
1 . .
— T 9 e [¢7#7] [ ,soq]}. (3.19)

Let’s now turn to the CS action (3.4b). In type-IIB, n takes on even values,
n = 0,2,4,6,8 where C) and C(g) are the redundant magnetic duals of C(3) and
C\o) respectively.

For n = 0, we write the contribution to the action as

4
Sbs = +7n3 / Str{P [(1 il - %L;@) <o(0) () A eB<2><w>>] A
2 b
(1 + 4 f2) + if@) A f(g)) }, (3.20)

where we have omitted terms that will only contribute at O (ES) or higher. The only terms
that contribute to the action are those that, after expanding €@, are 4-forms. Since By)
has no legs on R3!, it contributes ¢* from the pullback and then another factor of £2 from
the fact that we chosen the gauge such the potential vanishes at the position of the probe
D3-branes. Thus terms in which By contributes to “soak up” the legs of the integral are
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higher order in £? and so the 4-form must be formed entirely from fe) A f2)- Any scalars
resulting from the interior product acting on e®® are again higher order. The result for
the n = 0 contribution through O (£2) is then

€4
5%3 = :F% /d4x tr{ReTeMVpof#pro}. (3.21)

We can perform a similar argument for the n = 2 contribution but since C(3) has no
legs on the non-compact directions, there is no contribution through O (ﬁ?).

For the n = 4 contribution, we write Cy) = C(‘Z’gt + C'(T)t, where from (2.1) C(‘jf;t =

advolps,1 while C’(if)t has all four legs on the internal manifold. Using the same reasoning

as above, we find that C'(i4n)t does not contribute to action at £ order. For C’(%t, we have

. IS o
S]g’gt = 473 / Str{P [(1 + 163@ — 2%) (C(4)t ((p) A eB(Q)(SO)>:| A
2 o
(1 + Esf(Q) + 55}@(2) A f(2)> } (3.22)
Now, since LWC('fSt =0, C(ff;t soaks up all of the legs and this becomes

. o
s = ma [ s O () 1 [1+180280 (0) - 21 (B(0) 0 B () )] |- 029

We can make another gauge choice to set the constant part of C(‘Z’;t to zero, and so combining

this with the similar gauge choice for By, the Taylor expansion gives

555 = imge;*/d‘*x tr{2238m (P4 — D)™ + iaman(@+ - @_)wmw}. (3.24)
For n = 6, the corresponding potential is defined by
Fiq) = dCg) + Cray A Hzy = =3V Fiy), (3.25)
in which #® is the 10d Hodge-# in the string frame. We find!'?
Fipy = —e* T dvolpsa A +Fy), (3.26)

and thus C(g) has four legs on R3' and two legs on the internal space. Setting the constant

ext

part of C(g) to be a constant and applying reasoning similar to the C( 1 part gives the
leading order contribution

Sgg = ﬂ:iTDgeg / Str{LiC(ﬁ) ((p) } (3.27)

Writing C(g) = dvolgs1 A 6’(2), the leading-order contribution is

. 4 5
51%3 = :F% / d433 tr{amcnp@m [‘Pn, (Pp] } (328)

12Recall that our notation is that unadorned * means the Hodge- built from the 6d unwarped metric gp,.
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Following the same steps that lead to (3.18) and using dé’(g) = —etAto F3) this term be-

comes

iTDgfg
24

O+ D_ .
S8, =+ /d4a; tr{*IerT(G+ +G_+Gy+ G_)mnpwmsansop}. (3.29)

Finally, we consider n = 8 where the potential is defined via
Flg) = dCg) + Ce) A Hizy = #¥ Fy). (3.30)

Setting the constant part of C'(g) to vanish, the potential does not contribute to the action
at this order as there is a factor of £2 coming just from the interior product.

Combining these, we find

1

ﬁam ((I)+ - (I)f)gDm

Rer
Sbs = iTD3€§/d4$t1"{ - Teuvpofwfpg +

1

i(Py+D) = A m, n
W(G+ +G_+ G+ + G_)mnpgo © gop}. (3.31)
Adding this with (3.19), we get the 4d Lagrangian for the bosonic sector

1 1

£ = tr{ — a2 " Ga " oo = GEmn D" D" = Vo = Tonig™
1 2 m, . n i m,.n. .p 92 m . p o A4

- §mB,mn‘p (2 ?CmnpSO et A+ ZKmnqu [90 y P ] [90 y P ] , (3.32)

in which
2
Kmn :igmny (333&)
2
9 2="Imr, (3.33b)
Js
1 3
9=+ Rer (3.33¢)
Js
2w
2
M :?Waman@$7 (3.33f)
T o, +D_

where again the upper (lower) sign applies for D3-branes (D3-branes).
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3.2 Fermionic action

In this subsection, we consider the fermoinic modes on the D3. We begin with the Dirac-
like action of [68-70] (see also [71]). Although this action is applicable only in the Abelian
case of a single Dp-brane, it is enough to deduce the kinetic terms and mass terms. The
analogous action in the non-Abelian case is not well-understood; however we will make use
of a portion of the action that follows from consistency with T-duality to determine the
Yukawa couplings.

3.2.1 Abelian case

To leading order in /g, the fermionic action for a single Dp-brane in the Einstein frame is [70]

By = imyt? [ @€t/ det(11,5) 027D [(M—l)aﬁfﬁ (@a n iro) _@} o,
(3.34)
in which © is a double 10d Majorana-Weyl spinor (see appendix A) and again the upper
(lower) sign applies to a Dp-brane (Dp-brane).'® Note that in (3.34) we have redefined ©
with respect to [70] so that an explicit power of /s appears in order to match the one that
appears in the bosonic action (3.32). Ma/g is given by (3.3) (taken in the limit ¢5 — 0)
while in 1B

Map = Pgap] + e Fopl 10) ® 0%, (3.35)

where
Fioy =P[B)] + L fea)- (3.36)

[(10y is the 10d-chirality operator while 0% acts on the extension space as discussed in
appendix A. The projection operator takes the form

PYr = % (if}Dp ﬂ}i) ) (3.37a)
in which
I'pp =i* 2@\ (F), (3.37b)
F]()O; - (p i 1)!éa1"'ap+1fa1map+lv (3.37¢)
ar Y- det (P [gas)) e_q¢/2fa151 g Sty (3.37)

— det(Mag) q 24q!

The operators Dy and O are related to the supersymmetry transformations of the gravitino
and dilatino (A.7).

For a D3 probing (2.1) with (f,,) = 0, we have to leading order in {5 F(3) = 0 and
M/w = eQAUW. This latter fact implies that O cancels out of the action. Also to this order,

3The sign difference in the projection operator with respect to [70] is a consequence of our different
convention for the Levi-Civita tensor.
11 TTA, we make the replacement o — I.
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only the leading term in A (F) contributes and so we take A (F) = 1, giving I'pg = —il(y).
Furthermore, in the background (2.1), we have

- 1
Dy=Vu——

.. 1~ o~
- 6e¢/2rug+ + 16 F o) lulic?), (3.38)

where, as in (A.8), . .
GF = Fyo' £e " H 0, (3:39)

and @u is the covariant derivative. As is familiar from the Green-Schwarz superstring, the
fermionic action (3.34) is subject to a gauge redundancy known as k-symmetry

O ~ O + PPk, (3.40)

in which x is an arbitrary double Majorana-Weyl spinor. We can use this to set

0= (g) : (3.41)

in which 6 is an ordinary Majorana-Weyl spinor. With this choice of k-fixing, we find

F i7_Dfﬂgél 4. 4A7) fPue i Suth e®/2 ) A Cod
Spy =5 [ dweT O TV F el Fo)ly———(FlwF ) +e M) 0.

2 4
(3.42)
From (A.14) we have
. 1 A efQA
V=0, + 5amA L,Im=0,+ I—Gam(rb+ + @) (Vv ®9™), (3.43)

where we have used the decomposition (A.26) and +y, and v, are the unwarped y-matrices.
On the other hand, from (2.1) we have

—8A
F,ul/pam = 5/u/paamay anpqr = —¢ 5mnpqrsasa’ (344)

where 123456 = \/det (¢mn) and similarly for €,,,,. Hence,

A~

F(S) = —ie_3A0ma (]14 ® ’}/m) (1 - F(IO)) (345)
Using that I'(19)0 = +0, we find
FDu0 = —ie 240, (@4 — &_) (v, ®4™)0. (3.46)
Thus, the action becomes
: 64 B A
SE, = ”% / d%@{e“a ®Is + %amq>ﬂ(4) ® ™

ie7A+¢/2 -
F 5 [LFrw) © e + Laxw) @ Em) }0, (3.47)
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where, for example, @'(3) = %Gmnpym”p involves only unwarped SO (6) y-matrices and
similarly @ = v#9,,. If ny is a 6d Weyl spinor satisfying Y(6)N+ = N+, then

i mn;
Ty = dore

T e, (3.48)

7y

and so for a 3-form X3,
Xeyne = FiX 304, (3.49)
in which )?(3) = *X(3). Since ['(10)0 = +6, we have I'4)0 = I'(5)0 and so

iTp3l? - et
SEs = D23 s / d4x9{e3Aa 21Is + 5y4) @ 9=
oTA+$/2
16

+ (L Fv) ® G+ — (I £ vw) © G }9. (3.50)

The fermionic modes on the D3 can be decomposed into a gaugino A and a number of
modulini ¥, the fermionic partners of the transverse deformations of the worldvolume,

0 =0, + O (3.51)

Following [50], we can determine how to extract these modes by considering the super-
symmetry transformations. To this end, we consider the case where the metric and fluxes
satisfy the conditions for Ny = 1 supersymmetry. Then the solution to the Killing spinor
equations

Dyé=0, Oé=0, (3.52)

¢ = <€1> : (3.53)
€2

o
élzeA/2<0>®77——eA/2 (16 >®77+,
€ 0
. .An(0 ap i€
€g = —1ie . ®n- —ie 0 & N4, (3.54)

in which €, is an arbitrary constant spinor, n_ is a negative chirality spinor satisfying

takes the form

where [54]

0=V + ie¢an_, (3.55)

and 14 = Bgn*. In the string frame the supersymmetry transformations of the D3 bosonic
fields take the schematic forms

5o Ay~ OORDE)  5,am OO (3.56)
Moving to the Einstein frame, §gy/ny = e_¢/2§](\j,)N, ¢ =e 98¢ @ =e?800), we have

5. A, ~ 20T ,E,  §5.0™ ~ OT™e. (3.57)
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We wish to recover the usual N; = 1 supersymmetry transformations
0A, ~ My, 5ot~ ple, (3.58)
where we have used 7_ to define a complex structure characterized by the (3,0) form

anp - UT_anpn+7 (359)

and have denoted holomorphic and anti-holomorphic indices by i and 7. Then (3.58) is
recovered from (3.57) by taking

0 : iAd
Oy —qe 3A4/2-0/2 ()\ ) & - —ae 34/29/2 (10 ) & Mgy

0 : VR AN =
O = be 3472 ( Z) ® Qijiy/Fn_ — be 342 (”g ) Qi (3.60)

in which a and b are normalization constants. Note that the form is taken to ensure that
0 is Majorana-Weyl.

Consider now the non-supersymmetric case. As discussed in the previous section,
generically, the addition of D3-branes will cause the metric to no longer be Hermitian with
respect to the complex structure. However, at least away from the D3, the spinor n_
defines an SU (3) structure!® and from this we can construct an almost complex structure
J,," and a pre-symplectic structure wy,,. The existence of the former is equivalent to the
existence of a 3-form ) and we have

Qm"P = ﬁianpn+7 Wmn = ini’)/mnn—i-- (3.61)

We emphasize that, since in the non-supersymmetric case there is no natural spinor to
define them, these structures are defined by the spinor satisfying (3.55) where the derivative
is built from the unperturbed Kéahler metric of the supersymmetric solution that we are
perturbing. We also note that we are no longer guaranteed that n_ is well-defined and
non-vanishing everywhere in the internal space, and so these structures may only be locally
defined. By construction, these structures satisfy the compatibility condition

QAw =0, (3.62)

which ensures that the metric that defines the Clifford algebra is Hermitian and we have
Wmn = Jmn. However, in general we are not ensured that either w nor € is closed and so
the space is not immediately Kéhler or indeed even complex. Therefore, we will not, for
now, explicitly denote indices that are holomorphic or anti-holomorphic with respect to
this perturbed almost complex structure and write

0 NN 1Yo’
O = be 34/ <¢m> ® QnpY - — be 3472 (1 wO > ® QY P4 (3.63)

5See, e.g., [72, 73] for reviews on G-structures.
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Note that although the notation suggests that there are now six independent Weyl fermions
in 4d, the fact that n_ is Weyl, and therefore pure in the sense that it is annihilated by half
of the v-matrices, implies that only three of them are independent. In the supersymmetric
case, the analogous statement is 10" = 0 (since Qy,, = 0) where " should not be confused
with 7 = (¢%)".

Consider now (3.50). The first operator that appears gives rise to the 4d kinetic terms
and we have

0, § @ T30, = —a’e” {)\0”8 Antn_ + oo )\7)+n+} (3.64)

We normalize n_ so that at the position of the D3,

N =nln. =1 (3.65)

The factor of e=? is what is expected from the kinetic term of A, appearing in (3.32) and
so we get a properly normalized term by setting a = 1.
Next, we consider

e3A§g(}9®]Ig O = —abe¢/2{ A0, 0™ Qi 0~y 4+ Aotd L™ Qg 77+’y 77+} (3.66)

Using (3.61), we see that these terms depend on ., w™ which vanishes as a consequence
of compatibility (3.62) and the fact that Q is TASD (using (3.61) and (3.49)). We then have

S0, T30 = 340, @ T30, = 0. (3.67)
The last kinetic term is
e3Aém (3 & ]Ig 9m

= -’ {wm O™ Vg st 1A 0+ 0" Qg iy LYy 1 } (3.68)

Making use of the Clifford algebra, the fact that xw = %w A w, the compatibility of the
almost complex and pre-symplectic structures, and the identity

1 mn s
,ymnpqni — :Fgf pqst,y tn:t, (369)
we have
Qmqunst 77 ’7 ’Y 77 = 8Q:nqunpq =38 |Q‘2 (gmn - iwmn)v (370)

where we use the notation (2.4). Thus, setting

1
b= —— .71
o (3.71)

we get

63Aém 3 ® I Om = —%(an - 1wmn) 1/] "o 7/) ! (gmn + lwmn) ¢ lojal?) wn (372)
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Summarizing, after integrating by parts the kinetic terms are
_ 1 _
— iTDgﬂg / d*z {ImT Aot O + 3 (gmn — iwmn)wmaﬂf)ﬂwn}. (3.73)

The next operator in (3.50) is the coupling to ®1. However, since 6 is Majorana-Weyl,
any bilinear of the type
grif-Mng, (3.74)

automatically vanishes unless n is 3 or 7 and hence this coupling vanishes.
The masses therefore come only from the 3-form contribution. For the D3 case,

iTps 2 _ _
S3s = % /d4x e7A+¢/29{ (I = y) @ F_ — (Is + ) ® Q;'_}@. (3.75)
Consider Ao o)
el Ate/2 ie* =% %q
25 Cs (Is — Y4) @ G0y = — TR L@ n_. (3.76)
From (3.61), we have
77T+'Ymnp77* = _Q;knnm (3.77)
so this becomes
jetA—0/2 2 -
TG‘ QAN (3.78)

where again we recall (2.4). Note that if the complex structure were not perturbed this
would provide a coupling to the (3,0) part of G 3y alone. However, in general this will
couple also to other (unperturbed) Hodge-types. The term in the action is

$, +®_)(Imr)/? _ .
—TDgeg/d‘lx( + 3)2(]“”) {G-Q)\)\+G-Q)\)\}. (3.79)

Next, we consider the terms that mix the gaugino and the modulini in the mass matrix

oTA+S/2 ietdab ; B
= O (Is — (1)) @ GO = _TW 0L G Qpnpy™P . (3.80)
One can show nj_’ymn_ = 0 which implies that ni*ymnpqm_ = 0 and hence, using the

Clifford algebra, we find

nl@,@mnp'y”pn_ = —anpQ:lpG’itl. (3.81)
Using
. p 2 . . . .
Qtl anp = T (gtm - lwtm) (gln - 1wln) - (glm - 1wlm) (gtn - lwtn) ) (382)
we find
T np i |Q|2 . l nt
7’+$—anp7 n-= 9 (gml + lwml)G—ntw . (3.83)
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Hence, this coupling corresponds to the non-primitive part of the (2,1)-flux in the case
in which the complex structure is not perturbed.'® We get the same result coming from
O (]I4 — 7(4)) ® ¢ _0,, and hence the gaugino-modulino mass-mixing is

P d_) |0 _ _
iTDgﬁ;1 / d*z (++—)|‘ {)\wm (gml + iwml)Gl,ntw"t -\ (gml — iwml)Gl,ntw"t

128
(3.84)
The final contribution to the mass matrix is the modulino-modulino part. We have
eTA+¢/2 _ jetA+e/2p2 ; .
Tem (H4 - 7(4)) ® @—Hm = _T¢mwnn+gmpq'}’qp$—gnst78 n—- (3'85)

Since 1"™™ is symmetric in m and n this becomes

Tﬂmwnﬂlgmpq’yqp@LQnst’YSt??— = _4‘9‘2 (gl(m - i"‘Jl(m )Qn)qulqumwnv (386)

and so the corresponding part of the action is

b, +P_ . l
—T fg/d4$+{¢m¢)"gm1wm Q1,0 G
D3 198 (IInT)l/2 [ U U ] pq

7M1 M . A —l
+ " [Gi(m +1wl(m}§2n)qupq}. (3.87)

This couples to the primitive (1,2) flux in the case in which the complex structure is not
perturbed.

3.2.2 Non-abelian case

The previous analysis in the Abelian case suffices to determine the kinetic terms and mass
terms in the fermionic action, but in order to determine the Yukawa couplings we need
to move to the non-Abelian case. Unfortunately, the non-Abelian version of the fermionic
action (3.34) is not currently well-understood. However, we can argue from T-duality
and supersymmetry how the action (3.34) will be modified to leading order in ¢ for our
backgrounds of interest.”

To do so, we again consider a stack of N Dp-branes. As discussed in section 3.1, this
involves the promotion of the gauge symmetry to U (/V) and the corresponding modifica-
tion to the connection Ay and its curvature. This of course must be accompanied by the
modification of the ordinary derivative to the gauge-covariant derivative. However, since
we have taken < f(2)> = 0, there are no other modifications to marginal or relevant operators
from this modification to A(;). A further change is the promotion of the transverse fluctu-
ations to adjoint-valued fields and the Taylor expansion to non-Abelian Taylor expansions.
But, as even the usual Taylor expansion in (3.34) will lead only to ¢s-corrections, this again
will not be relevant. The fermionic variables themselves are promoted to adjoint-valued

16Recall however that generic Calabi-Yaus and other simply connected spaces have by = bs = 0 (where
b; are the Betti numbers) and so do not support non-primitive flux since w A X3y = 0 automatically.

n addition to the term that we consider here, there may be fs-suppressed Yukawa couplings arising
from, for example, performing a Taylor expansion of closed-string fields.
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fields and the non-Abelian action must contain a trace that is symmetrized according to
some procedure. Fortunately, since all of the operators discussed in the previous section are
quadratic in the fermions and, to this order in /g, the closed string fields are proportional
to the identity, this becomes a simple trace. As a result, part of the action is (c.f. (3.50))

F iTD?fg 4 n) 3A et
Shs 2 5 d*ztr|f<e (‘3®]Ig+?7(4)®<?<1>¢
oTA+6/2
16

T [(Ls Fyy) @ E — (I £ ) © G }9] . (3.88)

A further modification, required by gauge invariance, is the replacement of the ordinary
derivative 0,, with the gauge-covariant derivative

Do = 04 —i[Aq,] . (3.89)

This leads to an additional term in the action and in the absence of fluxes, the x-fixed
string-frame action includes, for any p

4
TD;ES /dp+1§- e_¢tr{9(s) [(s)e [Ao“ 0(3)] } (3.90)

For this generalization to be consistent with T-duality under which A, is exchanged with
transverse deformations ¢°, we must include the term

4
% / dpﬂge%r{e@)rgs) [, 0] } (3.91)

We can confirm that at this level no symmetrization prescription is required since these
couplings agree with the expectation from supersymmetry (see also [74]). In the presence of
fluxes, it is natural, given the bosonic action (3.4), to expect that the worldvolume indices
ought to be contracted with ]\;[a/g (or Mag before k-fixing) while transverse indices ought
to be contracted with F,,, and its inverse. However, taking the gauge choice B(g) = 0 at
the position of the D3s, these effects do not contribute at this order in /.

In summary, to leading order in /g, the effect of moving to the non-Abelian case in our
background is to replace (3.50) with

itp3ld - el , m
Sgg = D23 /d4a: tr [H{eSAlD ® Ig + ?7(4) ® (3@; —je?Ate/2 (7(4) ® ’ym) [(p , ]
oTA+¢/2

16

(T F ) @ G — (s £ y0)) © G }9] . (3.92)

_l’_

The factors of e? arise from moving to the 10d Einstein frame. The same sign for the
Yukawa, applies for both the D3 case and the D3 case since it results from the supersym-
metrization of the DBI part of the bosonic action which is independent of the sign of the
D3-brane charge.

For the kinetic and mass terms, the modification from the Abelian case is minimal
since, in our normalization, the generators satisfy tr (T“T b) = 6%, However, the Yukawa
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couplings involve further analysis. Note that because of the non-trivial gauge structure, the

bilinear doesn’t automatically vanish even though there is only a single ['-matrix present

~

Ty, = e_A'y(4) ® vm). However, for the term arising when 6 is pure gaugino, we have

_je3AtO/2 4y {Q_g (7(4) ® ’Ym) [@ma Qg] }
= a2e¢/2tr{)\[cpm, Al }771%177— - azed’/ztr{)\[cpm, Al }nT_vanr, (3.93)

which, on account of the fact that niymn, = 0, does vanish.

For terms involving the gaugino and the modulino, we have

— i g {Gg (V) @ vm) [, Om] + Om (Y(a) ® ) [0, O] }
= abtr{A[cpm, ¥" }anq M {Yms AP Y= — abtr{ﬂwm,@”] }Qipq 1L {ms 7P}
i

_ i, tr{)\[gom,¢"] A [, 5] } (3.94)

where we have made use of the cyclicity of the trace and (3.70).

Finally, for the modulini Yukawas, we have
o2y {ém () © Yon) [ O] }
= b2e?/ 2tr{1/1" (™, "] } Qg st 1YYy 11
— b?e? 2tr{1/1" (o™, "] } Qg et 1YYy 4 (3.95)
Making use of (3.70) and the fact that €,,,,,2,,” = 0, this becomes

— i3 2y {H_m (V(a) ® Ym) [ Om] }

o%/2 o4/

2
R R e s Bt R CED

We can now put things together, and the fermionic Lagrangian for a D3 is
L£F = tr{ — K" 00" — éX&“&MA — M AN — 1] p AN
m * N, /,m 1 m,/mn 1 * 7 mn
— mp m AP — mRm)\w - §mF,mnw Y- imﬁmnw (0
— i B MY — 1R AT = i B YT QP — LB 0T P }, (3.97)
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with

~, 7T

Ky = 7(gmn - iwmn)a (398&)
Js
My =—— (0, +®_)(Im7)*G_. 0, (3.98b)
1695
im . "
MEm = — 649 ((I)Jr + (b*) ’Q’ (gml + lwml)Gl_mgW t, (398C)
T (I)+ + d_ . Ipq
MEmn = 50— 75 |9im — 1Wm | DLn)pe G, 3.98d
32, (Im7)1/2 [ U I ] )pa ( )
Js
1
hmnp = u anp- (398f)

; (Im 7)1/2

For the case of D3 branes, we can define the fermionic degrees of freedom in the same
way. The Lagrangian takes the same form with the masses modified according to

My = — %gs(@ +o )(Im7)’G, - Q, (3.99a)
MPm = 6147; (O + )12 (gt + iwmt) Gy ™, (3.99b)
MF,mn = T Bt [91(m — iwl(m]ﬂn)pqélf:q. (3.99¢)

a 32gs (Im 7)1/2

4 The soft Lagrangian

Consider now a general Ny = 1 theory. Such a theory consists of the supergravity multiplet,
vector multiplets giving rise to a gauge group G, and chiral multiplets transforming under
various representations of the gauge group. The theory is specified by the Kéhler function
KC, which is a real function of the chiral superfields, and the superpotential W and gauge
kinetic functions f, which are holomorphic in the chiral superfields. The purpose of this
section is in part to review how the theory for a stack of probe D3s discussed in the previous
section can be expressed in terms of these data in the supersymmetric case. Additionally,
we will argue that in the non-supersymmetric case, the resulting Lagrangian is consistent
with the spontaneous breaking of supersymmetry.

As discussed in section 2, an Ny = 1 theory is obtained by taking G(3) to be (2,1)
primitive (and hence G_ = 0), ®_ = 0, the internal metric g, to be Kéhler, and 7 to
vary holomorphically over the internal space. In this case, all of the masses appearing
in (3.32) and (3.97) vanish. Since our focus is on the interaction of the open strings with
themselves and not the interactions of open strings with closed-string fluctuations (though
such interactions can be important), we take 7 and the metric to be constant. After a
constant rescaling of the fields, the low-energy Lagrangian following from (3.32) and (3.97)
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takes the form
1 Vg?
— _ = ny
L= tr{ LA oe
— V29 giz([@7, W | A + [, 7] ) +ig (e 0" + Qzb'h @)

2 _ _
- %gﬁgki([soi, M7, @] + [¢' @] [7, sok])}, (4.1)

f,uzszlW - ij‘&uDu)\ - gij D,u(PiDu@j - igij'&j5uDu¢i

in which f(Q) := 4 f(2) and we have made use of the complex structure to separate holomor-
phic and anti-holomorphic indices and have used that in our conventions |Q|2 = 8. Here
the gauge-covariant derivative is now D, = 0, —ig [A, -] due to the field redefinition.

Let’s now compare this to the Lagrangian following from the usual data of Ny = 1
supergravity. Our interest is in the Lagrangian only through marginal order and in the
rigid supersymmetry limit. In this case, the Lagrangian takes the form

9% 0 e o : -
o fi Y —IXGDN" — Ky D! DT =Ky 076 D!

_ L B 2 -
- iﬁglcu<(¢fTﬂwJ)A“ + (war“soJ)A“) — (K e’

1
Lajmt == (S

— KWWy — %(WIJ%Z)IT/}J +Wrply?), (4.2)

in which W; = 0;W, and W;; = 9;0;W when treating W as a function of the scalar
components and 7" indicates the generators in the representation r. Here K} 7 is assumed
to be non-singular at ¢! = 0 and is evaluated at that point.

Comparing to (4.1), we immediately make the well-known identification of the matter-
field metric with the internal metric K;7 — g;3. To deduce the superpotential that corre-
sponds to (4.1), we note that we can write

ig Qijrtr{'yl o} = %Qijktr{w [¢7, "]} = —5f“b69ijw2¢i90'§, (4.3)

where we have normalized the generators according to tr (TaTb) = 0% and defined the
structure constants [T“,T”] = if%cTc. Thus the Yukawa couplings not involving the
gaugino follow from

g o ig o
Wh=4 = gfabcﬂijk%soidf = —gﬁijktr{sﬁlsﬁjsok}, (4.4)

which is the usual superpotential used to describe Ny = 4 super Yang-Mills theory in
Ny =1 language. From this superpotential, we find the F-term potential

Ve = g7WiW; = —ggagtr{ [¢', ¢"] [¢, ¢'] }. (4.5)
Adding this to the D-term potential

2

Vp = _%(gij[¢i>¢]])2v (4.6)

and making use of the Jacobi identity we recover the scalar potential appearing in (4.1).

— 25 —



We now turn to the more general case in which the geometry no longer satisfies the
conditions for supersymmetry. An important distinction between the supersymmetric and
non-supersymmetric cases, as discussed in section 2, is that once non-supersymmetric fluxes
are introduced to the geometry, the equations of motion imply that the internal metric gy,
will generically no longer be Hermitian with respect to the unperturbed complex structure.
Indeed, there is no guarantee at this level that the internal metric is even either complex or
symplectic. However, we can make use of the almost complex structure and pre-symplectic
structures that are defined, at least locally, by the Killing spinor of the non-perturbed
geometry (3.61). Note that although the same spinor is used, it will not generically satisfy
the Killing spinor equations of the perturbed geometry. Furthermore, since the internal
gamma matrices are defined in terms of the vielbein

Tm = €m"Vns (4.7)

and these vielbein are perturbed according to the perturbation of the metric, the almost
complex structure and pre-symplectic structure are not equal to their non-perturbed coun-
terparts. In what follows, we will make use of this almost complex structure to locally
define holomorphic and anti-holomorphic indices, keeping in mind that the structure is not
expected to be integrable.

Before discussing the Lagrangian resulting from the stack of D3s, let us review the
impact that the breaking of supersymmetry can have on the system. As briefly mentioned
in the introduction, there are two ways that supersymmetry can be broken in a theory.
The first is explicit breaking in which the theory is altered by changing the action (which
may be accompanied by changing the field content) such that it no longer respects any
supersymmetry transformations. The second way is by spontaneous or dynamical super-
symmetry breaking in which the theory is invariant under supersymmetry transformations,
but the supercharges do not annihilate the state being considered, typically a meta-stable
false vacuum. This latter case is, from a phenomenological standpoint, more interesting
since spontaneous breaking restricts the sorts of terms that can appear in the resulting
effective field theory so that certain operators, such as scalar masses, are protected from
large quantum corrections. In the case of spontaneous breaking, the effective field theory
may not have manifest supersymmetry, but instead supersymmetry may be realized only
non-linearly. This is similar to the case of the spontaneous breaking of bosonic symmetries.
The effective low-energy Lagrangian in such a case is a non-linear Y-model in which the
symmetry, though spontaneously broken and realized only non-linearly, greatly restricts
low-energy physics.

In a typical model of supersymmetry breaking'® supersymmetry is broken sponta-
neously in a particular sector of a theory by a non-vanishing expectation value for an
F-term or a D-term (other possibilities exist if one is willing to give up Lorentz invari-
ance). In order to avoid a phenomenologically unacceptable spectrum, supersymmetry
breaking is typically assumed to occur in a “hidden” sector, rather than in the visible sec-
tor of interest. The effects of the breaking are then mediated by a (not necessarily distinct)

18See [75, 76] for reviews and [77-81] for early treatments of gravity mediation which is the mechanism
most relevant for the discussion here.
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Soj

Figure 1. A Feynman diagram demonstrating hard breaking of supersymmetry. Integration over
the internal momentum gives rise to quadratic dependence on the UV regulator. However, if (! is
not a gauge singlet, then gauge invariance forces this diagram to vanish. Note that the holomorphic
a-terms do not give rise to such hard breaking since kinetic terms, schematically represented by the
insertion in the loop, do not mix holomorphic with holomorphic fields.

sector known as the messenger sector. Upon integrating out the hidden and messenger sec-
tors, the resulting visible sector does not possess manifest supersymmetry. However, the
Lagrangian is non-generic in that only the relevant operators do not obey supersymmetry
relations. That is, after breaking supersymmetry, the visible sector Lagrangian in the rigid
limit takes the form

Evis = Lsusy + Esoftv (48)

where Lqusy linearly preserves supersymmetry, while Lgg does not, but has no operators
of dimension greater than three. In general, Ly ¢ takes the schematic form

Loote ~ tig" + bijgoigoj + m%goicﬁj + My 2 AN + mi\pt + a,-jkgoiwktpk + cij,;goiwjﬁk +h.c. (4.9)

Other operators can be shuffled into a redefinition of the superpotential as we will do
below. We also note the existence of the potentially unfamiliar term m;A* that can be
present for adjoint-valued fields, while in more phenomenologically viable constructions,
such fields typically do not exist and so this term is absent. The operators are denoted
“soft” since although the absence of supersymmetry implies less protection against quantum
corrections, most of the operators in Ly only depend logarithmically on the scale of
ultraviolet physics. However, some of these operators may break supersymmetry in a
hard manner. In particular, the operator cij,;gpigpj @E will produce quadratically divergent
tadpole graphs such as that appearing in figure 1. Fortunately, gauge invariance implies
that such a graph can only be non-vanishing if one of the fields is a singlet and it is easy
to argue, as we do below, that these couplings are absent for the singlets in the theory.

The structure of the Lagrangian in the case of spontaneous breaking is to be con-
trasted with the generic Lagrangian in the case of explicit breaking. In the latter case,
one would expect from a Wilsonian standpoint that the resulting Lagrangian would have
no special structure and instead consist of all scalar operators consistent with gauge in-
variance. In particular, generic explicit breaking should also lead to non-supersymmetric
marginal deformations of the Lagrangian.

We now return to the case of D3s probing a flux compactification. As can be seen
from the results of the previous section, a general perturbation to a supersymmetric flux
compactification alters the Lagrangian (4.2) in a more drastic way than the simple addition
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of (4.9). It particular, a general perturbation from Ny = 1 GKP will modify the marginal
couplings, namely the kinetic terms, Yukawa couplings and ¢*. However, by making use
of the perturbed structures (3.61), it follows immediately that the marginal operators
take the same form as they do in (4.1) when written in terms of these structures. As
stated previously, in general the structures are not expected to be integrable and so g;;
is not expected to be Kéhler. Insofar as we are interested only in relevant and marginal
operators, this will not affect the Lagrangian and so still the marginal operators follow
from the superpotential (4.4). We return to this point of non-Kéhlerity in section 6.

In terms of these renormalized fields and the local almost complex structure, we can
rewrite the Lagrangians (3.32) and (3.97) as
Ig?
322

L= tr{ - i Furf™ = oo fun [ = iING DA — gi D' DM@ +1gi 076" D 1)’
— V29 gi; ([¢7. WA + [0, 9] A) +ig(Qujr'e? o + Qb7 gb)

+ L ogaal[¢ ) [7.6) + [0 £ [7 )

— (i +5¢") — %(bwis@j + b0 @) —mie' !

ST i

Pe") — 51 (cpe'd B + i’ Pet)

— (map2d\ +m} pAN) — (mady’ + mEAGT) — %(uijww + ") } (4.10)

7

1 . .
- g(azjkgplgpjgpk + aﬁf@

in which for the D3 case (recall g=2 = 29—:1111 T)

o 1
ti = /g—”ﬁa@_, (4.11a)

bi; = 0;0;%_, (4.11Db)
m3; = 0;0;®_, (4.11c)
aijk = — 922 297:((; +é,)ijk, (4.11d)
Cijh = — 922 Z(G_ +G-) (4.11e)
my /o :g\/zth;;I)G -Q, (4.11f)
mi :% 2g7:(<I>++<I>_)Gijj, (4.11g)
i :g\/ZTWG_(iMQjW. (4.11h)

As mentioned above, the general Lagrangian contains a holomorphic mass term for the
fermions. Such a term can be absorbed into a superpotential as discussed in [43],

1 o
W = Wxj=4 + 5%90190]» (4.12)
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in which Wy, —4 is given by (4.4).

The gauge group on the D3 branes is a semi-direct product U (N) = SU(N) x U (1).
Since the adjoint of U (1) is trivial, this implies the existence of gauge singlets on the
worldvolume (for example, the center-of-mass of the D3 branes in the internal space) and
hence we must check if the terms like ¢;;z lead to the hard breaking of supersymmetry. To
this end, we expand the open-string fields in terms of the generators of the gauge group,
e.g. ¢ = ¢l T and denote the U (1) generator by T°. ¢k 18 anti-symmetric in ¢ and j,
so the terms ¢} or cpé automatically vanish as 7° commutes with everything. The term
involving gog also vanishes since we have, for a,b # 0,

el { TuTyTo } ~ cpeholet foa{T°T°} = 0, (4.13)
which follows from T¢ # TY. Therefore the couplings of the type ¢;;i vanish when they
involve singlets and so do not introduce any hard breaking.

Let us pause to emphasize that many of these operators have appeared elsewhere in
the literature. The relevant operators as well as the ¢* operator appeared in the weak-
warping limit in [43]. These operators also appeared with more general warping in the
Abelian case in [50] as did a subset of them in [51]. Finally, some of these operators can be
deduced via worldsheet methods [52, 53]. However, in these works, the expression of such
terms in terms of softly-broken N = 1 language made use of the existence of an underlying
complex structure (i.e. when the underlying metric is Kéhler) while here we have expressed
the Lagrangian in terms of a softly broken supersymmetric Lagrangian (including Yukawa
couplings that were not considered in some previous work) in more general cases.

The superpotential (4.12) is of course holomorphic, but it is holomorphic with respect
to a perturbed complex structure. Said differently, (4.12) is not holomorphic in the fields of
the D3 probing the non-perturbed GKP compactification but instead holomorphic in fields
after a non-holomorphic field redefinition. This implies that although the Lagrangian (4.10)
describes a theory of a spontaneously broken rigid supersymmetry, this supersymmetry is
not the same as the supersymmetry preserved by GKP. Instead the supercharges that are
treated as spontaneously broken in (4.10) is some linear combination of the supercharges
preserved by GKP and those that are not,

Qa ~ QSKP + Z CaQZa (4.14)

where the coefficients ¢, are of the same order as the perturbation to GKP and we have kept
the spinor index explicit. We note that a similar phenomenon must occur even with certain
supersymmetric perturbations. Changes to the complex structure (which of course must
involve either complex structure moduli that are not fixed by fluxes or a modification of the
fluxes as well) implies that a different spinor 7; is annihilated by the new anti-holomorphic
~y-matrices and so correspondingly the preserved supercharges is shifted.
Another way to see the shift in supercharges is in terms of the gravitini. Type-IIB is a
theory with 32 supercharges, and so a toroidal compactification to 4d gives eight gravitini
{La where I = 1,--- ;8. On a Calabi-Yau with strictly SU (3) holonomy, only two of these
gravitini remain light, and the other six can be thought of as being lifted to the Kaluza-
Klein. Once supersymmetric fluxes have been added, the remaining gravitino is (at least in
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generic cases) lifted by that flux, leaving a single light gravitino @D%{P (without fluxes, the
geometry cannot distinguish between D3-branes and D3-branes, so the gravitino lifted by
the fluxes must correspond to the supercharges preserved by an D3-brane). Finally, once
non-supersymmetric fluxes have been added, the remaining gravitino will also be lifted
(see, for example [82]). Schematically, and neglecting warping effects, the mass is similar

to that for the gaugino discussed above

mg 9 ~ / nldn_, (4.15)

which follows from the 10d gravitino action and depends on the (0,3) ISD flux. However,

generically all Hodge types of fluxes are sourced and this will give rise to mixing between

GKP
djua

gravitino will not be the GKP gravitino, but instead will include an admixture of the

and the gravitini lifted by the geometry and flux. Due to this mixing, the lightest

gravitini lifted by GKP itself. Although we leave a more precise treatment (for example,
the incorporation of the compactification effects required to ensure a finite Kaluza-Klein
scale and that (4.15) is well-defined) for future work, this mixture of gravitini is another way
of understanding the physics of why (4.12) is not holomorphic in the unperturbed fields.

If supersymmetry is broken by the addition of D3-branes, then the supersymmetric
state obtained by the system after the decay of such branes may not be the same as
supersymmetric state to which the anti-branes were originally added. For example, in the
KS system the D3s decay, via NSbs, into flux and D3-branes that were not present in the
original KS geometry [25]. This system has, due to the change in flux, a different complex
structure and hence a different supersymmetry than the one preserved by the geometry
before the addition of the anti-branes. Generically, one would again expect that the lightest
gravitino is not quite the gravitino gauging the supersymmetry in this final state, but it
would be worthwhile to understand this in detail.!?

We close this section by noting that the softness of the D3-action is independent of the
background that the D3-branes are probing. In the approximation scheme of our analysis,
the marginal operators are controlled exclusively by the internal metric. Although in the
above analysis we considered small perturbations away from GKP, we can always perform
a local field redefinition so that the matter-field metric always takes a form proportional to
;3. This field redefinition will also cause the Yukawa-couplings and ©* potentials to take
the form that they do in (4.2).

5 An anti-brane goldstino

The result of the previous section is that through marginal order, a stack of D3-branes
probing a perturbation of an Ny = 1 GKP compactification in the supergravity limit
experiences the breaking of supersymmetry softly. Although soft breaking and spontaneous
breaking are not equivalent (indeed, as discussed previously non-zero ¢;; which may be
present will introduce hard breaking in certain other models), soft breaking is a very non-
generic feature of models of explicit breaking. We thus take the softness of the D3 action as

19We thank T. Wrase for discussions related to this point.
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evidence that the non-supersymmetric flux, and therefore what is giving rise to that flux,
may break supersymmetry spontaneously (although other explanations may be possible).
If supersymmetry is indeed spontaneously broken, then there must exist a fermion that is
massless in the m, — oo limit. In this section, we consider the case where the fluxes result
as a backreaction of an D3 and argue for the presence of such a goldstino in the spectrum
of D3-fluctuations.

To this end, we consider the effective Lagrangians (3.32) and (3.97) for the case of an
D3-brane probing a GKP compactification that exhibits Ny = 1 before the addition of the
D3. In that case, the Lagrangian again takes the form (4.10) with

9= QQTFIm T, (5.1a)
V= — 167r3Re7', (5.1b)
9s
b= \/Zéai@, (5.1¢)
bij = ;0,0 (5.1d)
m?; = 0;0;%4, (5.1¢)
Qijp = — 922 2g:r(G+ +6+)ijk, (5.1f)
Cijk = — 922 Z(G+ +é+)ij,;a (5.1g)
myjg = — g\/ZTQJr;;{)_GjL -Q, (5.1h)
m; = — 8% 297;(@ +0)G, (5.1i)
Hij = — g\/sz—k(ilej)kl‘ (5.1j)

In what follows, we will for simplicity consider a single D3-brane so that a and ¢ both
vanish.?’ Here gi7 is the Kéhler metric of the unperturbed geometry and €2;;; is the form
associated with the complex structure. Now, in addition to an Ny = 1 GKP compactifica-
tion having G_ = 0, the non-vanishing Gy part is restricted to be (2,1) and primitive and
as a consequence,

ml/g = 0, m; = 0. (5.2)

That is, the gaugino on the D3 is massless. Note that it was important that both m; /2 and
m; vanished; even if m; o vanished but m; were non-vanishing then upon diagonalization
of the mass matrix, there would generically not be any massless mode.

The massless fermions on a Dp-brane in flat space can be considered as goldstini
associated with the spontaneous breaking of 16 supercharges. However, just as the action

20Tn the case of multiple D3s, the goldstino is most likely related to the U (1) part of the fermionic mode
that we identify below, just as for multiple D-branes the goldstone is the center-of-mass.
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for a goldstone boson is restricted, the action for a goldstino y in R*! takes the Akulov-
Volkov form [46, 47],

) :
Say = _f? / d*z det [55 + #(;za“ayx +x0"oyx) | (5.3)

in which f is related to the scale of the breaking of supersymmetry. Although this action
does not contain a full multiplet, it is invariant under the transformation

Oex = fe— %(XO’NE - 60“)2)8#)(, (5.4)

in which € is an arbitrary constant spinor. Moreover, this transformation reproduces the
usual supersymmetry algebra and so (5.3) realizes supersymmetry non-linearly.

If the fermionic modes on a Dp are to be interpreted as goldstini, then their action must
be similarly constrained. The action for a single Dp-brane in flat space can be expanded out
to higher order in fermions. In flat space, the k-fixed action takes the form [48] (matching
to our conventions)

Sop == oy [ @FiEy/~det (M), (5.5)

Mag =nag + L2 fop + Le0ap' 050" — le0(To + L2Ti00" ) 050 — ieé (01" 9,0) (6T 11050).

The term that is quadratic order in fermions is the action (3.34). In addition to the
linearized supersymmetry transformations corresponding to the supercharges that the Dp
preserves, it also realizes another set of supersymmetries non-linearly, as detailed in [48].
Unlike (5.3), the action for a Dp brane realizes some supersymmetry in a linear way and
therefore we should not expect to recover precisely (5.3) and indeed, (5.5) is closed under
the non-linearly realized supersymmetry only once the bosonic terms are included [48].
Nevertheless, the corresponding supersymmetry transformations realize the supersymmetry
algebra and 6, which appears non-linearly in the supersymmetry transformations, ought to
be identified with the goldstini associated with the spontaneous breaking of 16 supercharges
by the Dp-brane.

When moving to flux backgrounds, the extension of the action to higher-order in
fermions becomes more complicated (see e.g. [83] for a review of related issues). However,
the physics of the situation remains the same: D-branes spontaneously break supersym-
metry and the worldvolume fermions are the corresponding goldstini. We are not aware of
a presentation of the higher-order fermionic action in a flux background that is as readily
applicable as (3.34) or (5.5), but from the higher-order terms presented in [48] and the
expansion of the Ramond-Ramond superfields as presented in, for example, [68, 69], it is
clear that it must involve products of bilinears of the type that appear in (3.34), at least
in the absence of scalar fluctuations. When 6 is pure gaugingo then the Hodge-types of
background fluxes and the property that or M;--,0 vanishes if p # 0,3, 7,10 imply that the
only non-vanishing bilinears are the derivative terms. Therefore, the higher-order fermionic
action is expected to take the form (5.5) when 6 is pure gaugino, with some modifications
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due to warping. By comparing the scale of the constant term in the action to that of the
kinetic term of the gaugino, we find

f? = mpge ~ 1M, (5.6)

which is the familiar statement that the scale of supersymmetry is warped down from the
string scale [8, 10].

Finally, let’s consider the case in which, instead of probing an Ny = 1 GKP com-
pactification, the D3 probes a compactification with non-vanishing (0, 3) or primitive (1,2)
flux. Although such flux is still ISD and so the internal space is Kéhler, supersymmetry
is no longer preserved by the background, and so the D3 is not, by itself, responsible for
the breaking of the supersymmetry preserved by the primitive (2,1) flux. From (5.1) it
is clear that in this case the gaugino will no longer be massless, which is consistent with
the fact that the goldstino cannot be exclusively an D3 mode and consistent also with the
interpretation of the D3 gaugino as the goldstino when probing a supersymmetric compact-
ification. A possible objection to this line of reasoning comes from considering the limit
in which all of the flux vanishes. Then according to (5.1), all of the fermions on the D3
are massless, yet the goldstino cannot be purely an open-string mode since the geometry
itself breaks three of the supercharges preserved by the D3 and so one should expect some
closed-string component to the goldstino (note that the same issue arises for D3-branes
as the geometry itself cannot distinguish between the charges). However, one can imagine
going to a region in moduli space where the internal volume is very large and flat and so
the D3 is, to good approximation, probing flat 10d space, in which case the interpretation
of the D3 modulini modes as goldstini is appropriate. It is therefore not surprising that
the modulini will be massless in other regions of moduli space. Presumably, the goldstino
is at all points in moduli space a mixture of open- and closed-string modes. It would
be interesting to confirm this fact by understanding the super-Higgs mechanism in such
cases. Note that this is again entirely analogous to what occurs in the bosonic sector: the
Calabi-Yau itself generically has no isometries and yet there are still massless bosons that
are neatly associated with goldstones modes associated with the spontaneous breaking of
translational symmetry in the large-radius limit.

To summarize this section, we have identified the D3 gaugino as a candidate for the
goldstino associated with the spontaneous breaking of supersymmetry. Although more
work is required to rigorously demonstrate this, the gaugino is massless when an D3 probes
Ny > 1 GKP compactifications and massive when probing Ny = 0 GKP compactifications,
as is expected from such a goldstino.

6 Discussion and concluding remarks

In this work, we have presented some circumstantial evidence that D3s spontaneously break
supersymmetry in a flux compactification, contrary to some common folklore which claims
that they are an explicit source of breaking. Although this evidence is not conclusive, it
approaches a coherent story about the breaking of supersymmetry by anti-branes. In this
final section, we summarize these arguments, discuss some possible objections, and lay out
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some directions for future work. Although many of the arguments here refer explicitly to
D3-branes, they apply to other sources of supersymmetry breaking as well. However, since
we have been able to identify a candidate goldstino in the case of D3s, we will largely limit
our discussion to that case.

As mentioned previously, the common wisdom is that D3-branes break supersymmetry
explicitly. However, there are two possible meanings to “explicit” breaking: either the
breaking is spontaneous but the scale of breaking is so high so that the low-energy action
effectively exhibits explicit breaking after truncating the operators beyond a certain mass
dimension (this is, for example in the AV Lagrangian (5.3) where the marginal operator
alone does not exhibit supersymmetry), or the breaking is truly explicit in that it exhibits
N = 0 at arbitrarily high energies. In the absence of warping, the scale of breaking
is naturally expected to be the compactification or string scale?’ and so the distinction
between explicit and spontaneous breaking is perhaps not important. However, for the
case of an D3-brane which is naturally attracted to regions of large redshift, the scale
of supersymmetry breaking may be warped down and so the distinction may be relevant.
Before reviewing the circumstantial evidence in this paper, let us first review some heuristic
reasoning for why the D3s might be expected to break supersymmetry spontaneously.

The first is simply the statement that an D3-brane represents a particular state in a
supersymmetric theory, namely string theory. That is, whatever the fundamental descrip-
tion of string theory is, it admits configurations, such as flat 10d/11d space, that preserves
32 supercharges and therefore the theory itself has 32 supercharges. Any other state in the
theory that preserves fewer supercharges is still a state in a supersymmetric theory and so
those supercharges are, by definition spontaneously broken, though, as mentioned previ-
ously, the scale of breaking may be beyond the scale at which field theory is applicable.??
Furthermore, as stated previously in this work, the breaking of supersymmetry by a D-
brane should be entirely analogous to the breaking of translational symmetry and the latter
is an example of spontaneous breaking. It is occasionally argued that the D3s in a GKP
geometry break supersymmetry explicitly because they “project out” the supercharges pre-
served by the background. However, they again do so in a way that is completely analogous
to the projecting out of the translational symmetries associated to translating the brane.
Another way of stating this argument is that the D3 couples anti-holomorphically to some
fields when supersymmetry demands holomorphic couplings (e.g. the gauge kinetic func-
tion for a D3-brane is proportional to 7 rather than 7). However, the coupling is of course
holomorphic with respect to the conjugate complex structure. That is, while the action
for a D3-brane will have actions that are expressible as [ d*z d?@- - -, for an D3-brane, the
same term will be [ d%z d?#’ for some other fermionic coordinate ¢’. This integral over a
part of the Ay = 8 superspace of type-IIB that is different than the part integrated over

21 An exception to this is of course dynamical supersymmetry breaking in which the scale of breaking can
naturally be much lower.

22One possible exception to this is an orientifold plane which in a perturbative treatment literally removes
fields from the spectrum. However orientifolds, like D-branes, ultimately map to dynamical objects (M-
branes and gravitational monopoles) in M-theory and so ought be treated on the same footing as D-branes
in this sense, though the scale of breaking is expected to be non-perturbatively high.
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by a D3-brane is entirely analogous to the integration over a particular part of bosonic
space (namely the worldvolume) for the Dp-brane action. That is, integrating over part
of superspace is, in terms of the breaking of supersymmetry, on the same footing as only
integrating over part of the bosonic space. A problem very similar in spirit, involving the
spontaneous breaking of Ny = 2 to Ny = 1 was considered in [84].

In this work, our first line of evidence towards the spontaneous breaking was from a
stack of D3-branes probing a non-supersymmetric perturbation to an Ny = 1 GKP com-
pactification, a system that has been considered previously [43, 50, 51]. A supersymmetric
GKP compactification is characterized by (among other criteria) G_ = 0 and ®_ = 0.
A small non-zero perturbation to the latter, which is sourced “directly” by D3-branes,
perturbs the geometry and fluxes in many directions, at least when G4 # 0 before the
perturbation. Among these is a perturbation to the internal unwarped metric such that
the metric is no longer Kahler, at least with respect to the unperturbed structures. Since
the internal metric is identified with the matter-field metric for a D3 probing the geometry,
this corresponds to a marginal deformation of the effective field theory describing the open-
string fluctuations of the D3s. As all soft terms are relevant operators, naively this would
imply a hard breaking of supersymmetry. Despite this fact, we found that when a very
natural, albeit non-holomorphic, field redefinition is performed, the marginal operators are
related by supersymmetry and thus the breaking is soft. Although one must be careful
to not conflate soft breaking with spontaneous breaking and hard breaking with explicit
breaking, from the Wilsonian point of view, explicit breaking is generically expected to
be hard?® while spontaneous breaking is soft (so long as complete multiplets remain in
the low-energy theory and even then the Lagrangian is soft only up to some potentially
hard relevant operators, which were absent for the probe D3s). We thus take the non-
generic non-supersymmetric Lagrangian of the probe D3s as an indication that breaking

of supersymmetry may be spontaneous.

From the field theory point of view, the breaking is a little unusual in that sponta-
neous breaking of supersymmetry is usually accomplished by way of some non-vanishing
F-term or D-term which do not themselves alter kinetic terms. In contrast, the probe
D3s do experience such a deformation. Further, the field redefinition discussed above is
non-holomorphic in the original set of fields. This suggests that the “least” broken su-
persymmetry is not that of the original GKP, but instead some linear combination of this
supersymmetry and others broken by GKP. More precisely, an Ny = 1 GKP compactifica-
tion breaks 28 of the 32 supercharges of type-IIB. These supercharges can be thought of
as being spontaneously broken, but since this breaking occurs at a much higher scale than
many scales of interest, we can for the most part ignore these charges. That is, one should
in principle be able to treat the theory as having non-linearly realized supersymmetries,
but as discussed above, this gains us very little in terms of practical value (for example, it
tells us about the higher-order terms in the fermionic action for Dp-branes, but the scale
of suppression will typically be the string scale). When an D3-brane is added to a GKP

However, see [85] for an interesting example of a string construction in which the field-theory dual
exhibits soft explicit breaking.
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compactification, the remaining four supercharges are also broken, but the N = 1 that
is most conveniently thought of as being spontaneously broken is not quite the one pre-
served by GKP but instead includes an admixture of the charges broken by GKP. This is
reflected in both the non-holomorphic field redefinition and mixing between the gravitino
that gauges the supersymmetry preserved by GKP and those that are lifted in GKP. The
lightest gravitino should not be wEKP but should instead include a linear combination of

wffKP and the gravitini lifted by the fluxes and curvature.

A gap in this perspective is the extension of the action for the D3s to irrelevant order,
as supersymmetry restricts more than just the relevant and marginal operators that we
considered here. This was reflected even in the supersymmetric case as the Lagrangian (4.1)
exhibits Ay = 4 through marginal order while the irrelevant operators coming, for example,
from the non-trivial Kéhler metric reveal it to be Ny = 1. In the case of spontaneously
broken Ny = 1, supergravity imposes that the target space metric is Kéhler, while the
internal metric (which as stated previously is the target space metric for probe D3s) re-
sulting from an D3 appears to be generically non-Kihler (at least when expressed in the
complex structure of the unperturbed geometry). One possibility is that the backreaction
is in fact still Kéhler, though the corresponding structures would likely differ from (3.61).
We do not supply any evidence in favor of this possibility which would be a very non-
trivial consequence of the supergravity equations of motion.?* Another possibility is that
the open-string moduli on the D3 are not the correct Kéahler coordinates, but instead the
correct coordinates are combinations of the open-string fields on the D3 and closed-string
fields, which occurs even in the supersymmetric case (see, e.g. [50, 86]). This would be
a very interesting case to check more precisely, but requires more work as even the the-
ory for closed strings alone is not wholly understood in flux compactifications, whether or
not supersymmetry is present. Note that since the structures (3.61) are not integrable,
we have not demonstrated that the supersymmetry that is softly broken in (4.10) is glob-
ally well-defined. It would be important to work out whether such a globally well-defined
supersymmetry exists.

From the point of view of the D3s and setting aside the fluctuations of the D3 for
a moment, it may seem almost obvious that the breaking is spontaneous. The DBI and
CS actions for the D3-branes describes the interaction between the light open strings and
light closed strings and placing the D3 brane in the D3 background amounts to just setting
certain expectation values for these closed string fields at a single point in the D3-brane
moduli space. It may be that the soft structure of the Lagrangian is a consequence of the
locality of the D3s. Indeed it would be valuable to repeat this analysis for, for example,
D7-branes or closed strings. However, as mentioned previously, even in supersymmetric
cases the incorporation of warping and fluxes into the effective action for strings that are
not localized at a point in the internal space can be involved,?® and we leave such analyses
for future work (though see, e.g., [27, 51, 98] for some progress in this direction).

If the non-supersymmetric fluxes do break supersymmetry spontaneously, then there
must exist a fermion that is massless in the m, — oo limit. The easiest case to consider

241n fact it is quite unlikely as there are even supersymmetric compactifications that are not Kéihler.
#5See, for example [51, 82, 87-97].
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is when the fluxes result from the backreaction of an D3, and we argued for the existence
of such a massless fermion, namely the gaugino on the D3. If this identification is correct,
then the D3 brane should be thought of as D-term breaking, though F-term breaking in
the closed-string sector would consequently result. This possibility was also raised in [43].
However, to make a solid case for identification of this mode as the goldstino, there is
still work to be done. The first, and most important, would be to demonstrate that
supersymmetry is still realized non-linearly on the anti-branes. Here, we primarily made
reference to previous work (e.g. [48]), but it would be worthwhile to see this explicitly in
the case at hand. It would then be interesting to see how the super-Higgs mechanism is
realized in this setup, and to show precisely which gravitino is lightest. Finally, although the
discussion above focused on the case in which anti-branes were the source of the breaking of
supersymmetry, many of the points go through for other backgrounds as well. Indeed, the
softness of the D3 Lagrangian is a consequence of the fact that all of the marginal operators
are (to leading order in /5) controlled by the same closed-string field, namely the internal
metric, and therefore the D3 Lagrangian will apparently be soft in any background. If
non-supersymmetric fluxes can always be interpreted as spontaneous breaking, then one
should be able to identify the goldstino and understand its physics even when the fluxes
do not result from the backreaction of an anti-brane. We hope to return to these questions
in the near future.

Acknowledgments

It is our pleasure to thank David Marsh, Erik Plauschinn, and Yoske Sumitomo for useful
discussions. We are especially indebted to Pablo Cdmara, Liam McAllister, and Timm
Wrase for their careful reading of and comments on an early draft of this manuscript. PM
and GS further acknowledge Michael Kiewe for collaboration on related topics. PM thanks
the Institute for Advanced Study at Hong Kong University of Science and Technology and
the University of Wisconsin-Madison for their hospitality during this investigation. GS
thanks the University of Amsterdam for hospitality during the completion of this work,
while being the Johannes Diderik van der Waals Chair. PM and GS also acknowledge
the Simons Center for Geometry and Physics for hospitality, especially during the “String
phenomenology” workshop, April 23-27, 2012, and Uppsala University for their hospitality
and providing an environment for stimulating conversation on relevant topics during the
“Brane backreaction, fluxes and meta-stable vacua in string theory” workshop, May 2-4,
2012. The work of PM is supported by the NSF under grant PHY-0757868. The work of
GS and FY is supported in part by a DOE grant under contract DE-FG-02-95ER40896,
and a Cottrell Scholar Award from Research Corporation.

A Conventions

We work with the type-IIB superstring in the supergravity limit and largely follow the
conventions of [70]. In the 10d Einstein frame, the bosonic pseudo-action is

Sts =SNp + Siis + St (A.la)
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1 — |~ 1. 1 _, -
Sip == [ 4%z y/—det (9) [R — igMNOMgb@NqS - e ¢H(23)], (A.1b)

2K
1 - ; ; 1z
= L e i) 0 IR (Ac)
10
1
Siih —42/0(4) N Hs) A Es), (A.1d)
K10

in which the 10d gravitational constant is 2x%, = %ngsz where £5 = 27V is the string
length. R is the Ricci scalar built from the 10d Einstein-frame metric gy which is related
to the 10d string-frame metric by gyny = e*¢/2g§\?N. ¢ is the dilaton defined so that the
string coupling is gse?. The NS-NS 2-form potential is B(3) and the R-R potentials are
Cip) for p=0,2,4. The gauge-invariant field strengths are

Hy =dB), Fuy=dCqo), Fg) =dCw) +Co)ANHg), Fr)=dCu) +Cpe) A Hg).

(A.2)
Fi5) is constrained at the level of the equations of motion to satisfy the self-
duality constraint Fs = #*F(5 in which % is the 10d Hodge-x, (%F)MNPQR
%éMNPQRSTLK[FSTLKI. We use the convention that in flat space €y1...9 = +1. For a
p-form we define
A 1 N
Q%p) = HngNl <o gMprQMynMpQNlmNp‘ (A3)

More generally, ~ will indicate objects pertaining to the 10d metric gy n.
The equations of motion that follow from (A.1) are (see, e.g. [99])

0 =Ry — %8M¢8N¢ - ée%FMFN — 3. 2!6_¢HMPQI:INPQ 3. 2!e¢FMPQFN e

- ﬁFMPQRSFN PORS éQMN [e_¢ﬁ(23) + ed)F(%)] : (A.da)
0=V2 — FE) — ot [ﬁé) - ewﬁgg)] , (A.4b)
0=V (e Fy) — ?:;HMNPFMNP, (A.4c)
0 =d#(e"?Hz) + Co)e?Fi3)) — Fis) A Fz), (A.4d)
0 =d(e®Fg)) + F(5) A Hz), (A.de)
0 =dkF(5) + Hz) A Fig). (A.4f)

Here, Ry is the Ricci tensor and we have imposed self-duality on F(z). In addition, we
have the Bianchi identities

dH(g) =0, dF(l) =0, dF(3) = F(l) A H(3), dF(5) = F(g) A\ H(d) (A.4g)

Along with these bosonic modes, type-I1B supergravity contains a pair of 32-component
Majorana-Weyl dilatini ¥*? and a pair of Majorana-Weyl-Rarita-Schwinger gravitini \If}\/l2
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We take these modes to be right-handed in the sense that I’(lo)‘iﬂM = \i'ZM where the 10d-
chirality operator I'(p) is defined by (A.28). These can be used to construct so-called

~1 71
- X = M W
X = s \I/ = ~ . A5

The action for the closed-strings fermions will not be used be used here, but the com-

double spinors

bined action is invariant under Njp = (2,0) supersymmetry under which the fermions
transform as
6cx = O, 6:Wy = Dyyé, (A.6)
in which € is a double right-handed Majorana-Weyl spinor and
O="596_ Leop o2 Lesr2g- AT
—5 ¢—§€ (1)10' —Ze s ( .a)
. - 1 1 . 1a 15 =
Dy =V + Ze(baMC(o)iUz + §e¢/2 (g+FM + 2FMQ+> + EF(g,)FMiUQ, (A?b)
in which K R
gi = F(g)O’l :tei(bﬂ(g)ag. (A.8)
For a p-form,
5 1 NV
Ry = Dayeag, T, (A.9)
in which
MMy — pIMy M| (A.10)
where [ - -] denotes averaging over signed permutations, e.g.,

1 1
XMPQ) — 3'<XMPQ +xMer .. ) XMPQl — 3'<XMPQ — xMer .. ) (A.11)

Unless otherwise noted, I'-matrices on double spinors as

R r ~1
[é = (FME ) . (A.12)

IV

The Pauli matrices appearing in (A.7) act on the so-called extension space. For example,

A1 )
ol (;) = (;) . (A.13)

V is the covariant derivative defined by
. 1 .
V=0 + Za)MMFM, (A.14a)

~ NP . .
where w,,~ are the components of the spin connection

. Nnp_ 1, Qrs NP
(7,

Q MNP ~P N AM 4Q 4R ~Q 4R s M
Wy = 5y T 0Ty ), T M:(eQNe P—GQEG E)@pgeQ ,
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in which é ME are the vielbein defining the local frame é&¥ = ¢ MﬂdxM and M n are the

inverse vielbein.
For the I'-matrices, we choose a basis that is useful for the decomposition SO (9,1) —
SO (3,1) x SO (6). In 3 + 1 dimensions, we take in a local frame

0 —ct
F— A.15
fy <0-M 0 > ) ( )

ot =(1,0), ot=(1,-0). (A.16)

in which

where o are the usual Pauli matrices

A=(0) = (00) =00 (a7

The ~-matrices then satisfy
{7&7 '}/Z} — 217&2. (A18)

The 4d chirality operator is

i I, 0
V) = ppEmens V= <o —b) : (A.19)

in which 9123 = ++/det (gu). Since 42 is the only imaginary v-matrix, the 4d Majorana
matrix is
0 o?
By = yayy* = 9 , (A.20)
—0

and satisfies leBZi< = ]14, "y'uB4 = B47‘u*, and 7(4)B4 = —B4’yz<4).
We will make use the dotted, undotted notation of [100] and write a 4d Dirac spinor as

_ (R
(5 am

where we raise and lower indices with €' = ey = 1.

In 6 dimensions, we take in an orthonormal frame?%

4 2®H2®H27

' =t 0l ®l, =0
¥ =0 @c! @I, ¥ =0t ®o? @1, (A.22)
PV =c®d’wdl, ¥ =0 ®o®®d”
They satisfy
{3, 57} = 20mn. (A.23)

26T the main text, we drop the ~ appearing above these y-matrices since context should hopefully make
clear whether we mean SO (3,1) or SO (6) y-matrices.
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The 6d chirality operator is then

. L -
Y6) = ~giEmiemeY 0 = 03 © 03 ® 03, (A.24)

The 6d Majorana matrix is

Bs = 3*3°3% = i0? @ 0! @ 0. (A.25)

It satisfies BGBE =g, ﬁmég = —BG’N}/m*, and 5/(6)36 = —BG’N}/{G).
From these, we define the 10d I'-matrices,

I =yt@ly, IT=qyye52, (A.26)

where the second equality should be read as = V(4) ® A1, etc. They satisfy

(T TNY = opMN, (A.27)
The 10d chirality operator is then
1 Sy -
Lo = 101 My Mz L0 = ) © ). (A.28)
The 10d Majorana matrix
Bio = T2PTEST9 — B, o B, (A.29)
satisfies BlOBTO = ]132, fMélo = Blgfyw, and F(lO)Blo = Blol“’(km).
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