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We study the supersymmetry breaking induced by probe anti-D3-branes at the tip of the Klebanov-
Strassler throat geometry. Antibranes inside this geometry polarize and can be described by an NS5-brane
wrapping an S2. When the number of antibranes is small compared to the background flux a metastable
state exists that breaks supersymmetry. We present a manifestly supersymmetric effective model that
realizes the polarized metastable state as a solution, spontaneously breaking the supersymmetry. The
supersymmetric model relies crucially on the inclusion of Kaluza-Klein (matrix) degrees of freedom on the
S? and two supersymmetric irrelevant deformations of A" = 4 super-Yang-Mills (SYM), describing a large
number of supersymmetric D3-branes in the IR. We explicitly identify the massless Goldstino and compute
the spectrum of massive fluctuations around the metastable supersymmetry-breaking minimum, finding a
Kaluza-Klein tower with masses warped down from the string scale. Below the Kaluza-Klein scale the
massive tower can be integrated out and supersymmetry is realized nonlinearly. We comment on the effect
of the Kaluza-Klein modes on the effective description of de Sitter vacua in string theory and inflationary

model building.
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I. INTRODUCTION

Antibranes in a flux background are a key ingredient in
many of the constructions of de Sitter vacua in string theory.
In the seminal work of Kachru, Kallosh, Linde and Trivedi
(KKLT) [1], anti-D3-branes were used to break supersym-
metry and to construct metastable de Sitter vacua in string
theory. Their work was a huge breakthrough, although it was
unclear at the time how the anti-D3-brane contribution could
be incorporated in a manifestly supersymmetric manner.
Since then, other aspects of the construction have been
scrutinized, such as the possible dangerous backreaction of
anti-D3-branes on the internal space [2-16] and antibrane
backreaction on four-dimensional moduli [17,18]. Recently
new doubts have even been cast on general aspects of moduli
stabilization, before adding antibranes, in flux compactifi-
cations [19]. It is thus fair to say that various details of
the KKLT construction still need to be better understood.
For some recent work discussing these and other issues
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regarding constructions of de Sitter vacua in string theory,
we refer the reader to [20-34].

Nevertheless, a point of view that was stressed in
[11,35], and which we will also assume in this paper, is
that knowing the appropriate effective theory at energies
(far) below the string scale should be sufficient to capture
the relevant physics and provide additional support for the
construction. Precisely in this direction there has been
much progress over the last few years. As was discussed in
[36,37] (see [38] for an earlier related work), the anti-D3-
branes used in KKLT break the supersymmetry of the
background, but still preserve supersymmetry nonlinearly,
signaling that supersymmetry is broken spontaneously [39].
In case of a single anti-D3-brane on top of an orientifold
3-plane, its contribution to the potential can then effectively
be captured at low enough energies by a single nilpotent
chiral superfield that only contains a Goldstino fermion
[36,37]. Upon removing the orientifold, it was furthermore
shown in [40,41] that the other worldvolume degrees of
freedom (d.o.f.) can also be captured in terms of additional
superfield constraints. These developments have cleared the
way for the embedding of inflationary (and de Sitter) models
into effective four-dimensional supergravity theories. For a
review on this subject, see [42].

Instead of projecting out d.o.f. by introducing an orienti-
fold plane, we would like to emphasize that constrained
superfields should in general emerge from a supersymmetric
theory by integrating out massive d.o.f. [43]. At low enough
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energies the massive fields can be integrated out and a single
Goldstino remains that can be described by a nilpotent chiral
superfield. This yields a low-energy effective action that
enjoys nonlinear supersymmetry, valid below the cutoff scale
set by the masses of the superpartners that are projected out
by the constraint [43]. If additional low-energy d.o.f. exist
below the supersymmetry breaking scale they can similarly
be described by constrained multiplets [44—47]. In order to
understand the leading corrections to any low-energy con-
strained superfield description it is thus of central importance
to identify the supersymmetric origin from which it arises.

Beyond a single anti-D3-brane, in the case of a small
number of anti-D3-branes probing the Klebanov-Strassler
(KS) geometry1 [48], anti-D3-branes can polarize and settle
into a metastable state [49]. In [50] three of us found, by
considering a four-dimensional vector multiplet and the
(truncated) dynamics of polarization, that the nonlinear
supersymmetry transformations in the metastable vacuum
receive corrections significantly below the scale of super-
symmetry breaking. Exactly how to interpret and under-
stand the origin of these corrections remained unanswered
and in particular we did not show how the metastable
polarized vacuum emerges from a theory invariant under
linear supersymmetry.

In this paper, we will address this question and present an
effective supersymmetric model obtained by deforming
N =4 SYM by irrelevant deformations that preserve
N = 1 supersymmetry. This model contains a metastable
vacuum state very similar to the metastable state of [49] and
breaks supersymmetry spontaneously by a nonzero F-term.
This allows us to explicitly identify a massless Goldstino
and clarifies the origin of the corrections to the nonlinear
supersymmetry transformations that were noticed in [50].
Importantly, restoring linear supersymmetry requires
including the full dynamics on the compact S? and implies
that the standard effective reduction to a single (massive)
scalar d.o.f. can be misleading and in fact obscures the
appearance of a massless Goldstino in the metastable
vacuum. Below the Kaluza-Klein scale one can integrate
out the massive tower of states on the S? and a description
in terms of a single nilpotent Goldstino superfield, in
addition to the four-dimensional vector multiplet, is a good
approximation.

The rest of this paper is organized as follows. In Sec. II,
we will review brane polarization of probe anti-D3-branes
in the KS background, with a particular emphasis on the
spectrum of bosonic fluctuations around the polarized
metastable vacuum. We will furthermore argue that it is
not possible to restore linear supersymmetry using the
probe actions considered in [49]. We then continue in
Sec. III to present a specific linearly supersymmetric model

'"To study the physics of anti-D3-branes in warped throats,
such as in the KKLT construction, it is standard practice to model
the throat by the noncompact KS geometry [48].

and verify that the metastable vacuum that appears in this
model has properties that agree with the metastable state
found in [49]. Finally, we conclude in Sec. IV and discuss
the implications of our results for metastable de Sitter vacua
in string theory and inflationary model building.

II. OBSERVATIONS WITH PROBE ACTIONS

We will start by giving a short recap of some of the main
results of Kachru, Pearson and Verlinde (KPV) [49] and
highlight the features that will be important later on. In
particular, we will show that the effective potential they
derived is a consistent truncation that is useful to determine
some qualitative features of the metastable polarized state,
but that it is not suitable to be used as a four-dimensional
effective action, since it does not take all of the dynamics on
the $? into account.

Secondly, neither of the probe actions used by KPYV, that
is the non-Abelian action of anti-D3-branes and the reduced
Abelian NS5-brane action, preserve linear supersymmetry
when placed inside the KS background. For this reason the
probe actions cannot describe a supersymmetric theory in
which the metastable state breaks supersymmetry sponta-
neously. Let us next provide some more details clarifying
these statements.

A. Brane polarization and Kaluza-Klein modes

KPV considered creating a nonsupersymmetric solution
by adding a small number of anti-D3-branes to the KS
geometry [48]. This geometry consists of a long warped
throat with a topology R'3 x $3 at its tip. The throat is
supported by putting M units of RR 3-form flux through the
A cycle and K units of NSNS 3-form flux through the B
cycle of the throat

1/F—M I/H—K (1)
47Z2A37’ 4-71'2337 '

At the tip of the throat, the metric is given by
ds? = e*on,, dxtdx” + e (dy?* + sin®ydQ3), (2)

where e ~ (g,M)~! < 1 is the warp factor at the tip.
Since KPV considered p > 1 antibranes, the worldvolume
description of the anti-D3-branes becomes a non-Abelian
gauge theory with gauge group U(p), that contains non-
commuting matrix d.o.f. This allows for a version of the
Myers effect [51] where the anti-D3-branes polarize to
collectively form a spherical 5-brane configuration that has
a description for p > 1 in terms of an NS5-brane’ wrap-
ping an S? of the S°. Using the NS5-brane perspective,

*Formally, the NS5-brane action is strongly coupled as it is
derived by S-dualizing the D5-brane action. Nevertheless, KPV
found reasonable agreement between the NS5-brane perspective
and the non-Abelian anti-D3-brane perspective.
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FIG. 1. The effective potential (3) plotted for p/M = 0.03.
This potential contains a supersymmetry-breaking metastable
minimum when p/M < 1 and a global supersymmetric minimum
at y = m.

KPV derived an effective potential of the dynamics of the
NS5-brane in terms of the azimuthal angle w on the S°,
given by

V() = \/ O(w)* + Aj—;b‘o‘sin“w - 0(y), (3)

with b3 ~0.93. The effective 3-brane charge Q(y) is
given by

M

T

o) = (w-gsne) ) =p. @

In addition to the nonsupersymmetric metastable minimum
present for p/M < 0.08 at y i, = %, this theory also has
0

a global supersymmetric minimum at yw = 7z where all
antibranes have annihilated and linear supersymmetry is
restored; see Fig. 1.

KPV also described the metastable minimum from the
perspective of the non-Abelian worldvolume gauge theory
of the anti-D3-branes. In that case, the potential expanded
around the nonsupersymmetric pole (y =0) is given
as a function of three bosonic p x p dimensional matrix
d.o.f. ¢i=123:

V) =2p + Sxe e #95) — ST H). (5

We will first discuss the features of this potential and after
that match its parameters to the effective potential (3). Note
that for now we have ignored the fermionic d.o.f. that
should in principle also be there. Once we understand the
linearly supersymmetric embedding of this model the
fermionic sector can straightforwardly be included.

The critical points of (5) are given by

00/ = ic gy, (6)

which correspond to the commutation relations of the
generators of SU(2) upon rescaling ¢’ = &g i, We see that
any SU(2) representation extremizes the potential, but two
representations are worth mentioning specifically. The
trivial representation (which has commuting matrices)
corresponds to parallel anti-D3-branes and has the highest
vacuum energy. The configuration of lowest energy is given
by the p-dimensional irreducible representation, corre-
sponding to the minimum where the anti-D3-branes have
polarized [49]. The vacuum energy in the metastable
minimum, after reinstating the correct units, is given by

K4
Voiin = Tpse*op|2——=(p*-1)|. 7
min D3€ p< 24/13 (p )) ( )

Here, Tps is the tension of an (anti-)D3-brane. The radius
of the §? in the minimum is given by

—24, ' 2
Ry = —=Ti(dp) 3 = e =5 (07 = DAL,

(8)

where 7, is the string length.
Comparing (7) and (8) to the equivalent quantities from
the Abelian NS5-brane perspective, we find

M? M?*b}
2 _ 2_1 A= 0
K P22 (p ) 4p°n2

(P’-1. )

Expanding the matrices around the metastable vacuum in
fluctuations as

¢i=§Ji+qoi, (10)
one finds a tower of fields that are labeled by
[=1,....,p— 1.7 Details on how to explicitly diagonalize
the mass matrix can be found for example in [52].

After canonically normalizing the scalar fields, the
masses of the different states in the metastable minimum
are given by

2
oy

4
(14 1)e*hom? I(1+ 1)e*om?,

2 [
my, = 5_b4
0

(11)

with a 2(2/ + 1) multiplicity for the eigenvalues of the
mass matrix for each [/ [53]. Notice that the masses are
warped down from the string scale m;.

From the Abelian NS5-brane perspective we can sim-
ilarly describe fluctuations around the metastable vacuum
by performing a Kaluza-Klein reduction of the NS5-brane
action on the S2. One then also finds a tower of states [54]
that can be matched with (11). This emphasizes that the

The [ =0 modes are gauge redundancies and should be
omitted.

086019-3



LARS AALSMA et al.

PHYS. REV. D 98, 086019 (2018)

effective potential derived by KPV should be understood as
a (bosonic) truncation of the full NS5-brane theory that
keeps only one bosonic d.o.f. This is the azimuthal angle y,
whose mass around the metastable minimum is given
by [50]

m2, = — e*om?. (12)

This mass matches the one calculated from the non-Abelian
perspective for [ = 1; see (11). We want to stress once
more that this d.o.f. is in fact part of a Kaluza-Klein tower
of states, which will turn out to be important when we
introduce our effective supersymmetric description later on.
The fact that this mass does not explicitly feature the radius
of the S?, which one might have expected, is an artifact of
the fact that the location of the metastable minimum in a
small y expansion depends on p/M, just as the radius of
the 2. The overall p/M dependence therefore drops out.

We thus come to the conclusion that the Kaluza-Klein
scale in the four-dimensional effective theory is set by the
mass of this fluctuation,

EKK =m (13)

|74

which is warped down from the string scale. Thus, strictly
speaking the effective theory in the metastable minimum can
only be considered four-dimensional at energy scales
E < m,, < my. Also note that the supersymmetry breaking
scale, set by the value of the KPV potential at the meta-
stable minimum, is of the same order as m,,. This strongly
suggests that the restoration of linear supersymmetry hinges
on the inclusion of all the Kaluza-Klein modes on the S2, of
which the y field is just one particular component.

B. Probes cannot restore supersymmetry

Having identified the bosonic spectrum in the metastable
vacuum, we now turn to discuss supersymmetry. In
particular, if the metastable state breaks supersymmetry
spontaneously at low energy, it should be possible to find a
linearly supersymmetric field theory in which the meta-
stable state is a solution. However, we will now show that
the probe actions used by KPV are not linearly super-
symmetric when placed inside the KS background and
therefore cannot be used to describe spontaneous super-
symmetry breaking, at least not within a four-dimensional
low-energy effective action.

To illustrate this point, let us consider a single probe anti-
D3-brane. The worldvolume theory of an anti-D3-brane
(in flat space) has 32 supersymmetries, 16 of which are
linearly realized and the other 16 nonlinearly; see for
example [55]. The supersymmetries that are preserved by
the antibrane are solutions to”

4 . . . .
See [56] for a nice review on supersymmetric brane actions.

(1 -Tg3)e =0, (14)
where I'g is the x-symmetry projector of an anti-D3-
brane. On the other hand, because the background we are
interested in contains an O3 orientifold projection, the
supersymmetries that are preserved by the background are
solutions to [36]

(1 —Fo3)€:0, (15)
where I3 is the action of an O3 orientifold projection. For
an anti-D3-brane probing the KS background, I'gz = —T'o3,
which shows that the linear supersymmetries on the anti-
D3-brane are projected out by the orientifold and only the
nonlinear supersymmetries survive. As a result, all d.o.f. on
the antibrane transform in the standard nonlinear manner
under supersymmetry [40,41], but there is no chance of
restoring linear supersymmetry as the linear supersymme-
tries are projected out.

One might expect that the situation is better from the
perspective of the NS5-brane, because the effective poten-
tial (3) connects the supersymmetry breaking state to the
global supersymmetric vacuum. In this picture however,
the supersymmetries preserved by the NS5 brane are
solutions to

(1 =Tss(w))e =0. (16)
The precise form of the four-dimensional reduced
k-symmetry projector I'ygs(w) can be found in (3.4) of
[50]. One important aspect is that at the poles of the S° it is

given by
I'=
Tnss=19 17

w={ )
but away from the poles it does not align nicely with the
k-symmetry projector of an (anti-)D3-brane. So in general,
away from the poles, the (reduced) NS5-brane projector
also breaks supersymmetry explicitly, even though it does
interpolate between the D3-brane and anti-D3-brane pro-
jector. We conclude that if a supersymmetric theory exists
in which the metastable state is a solution it cannot be
described by one of the KPV four-dimensional probe
actions. The action for probe anti-D3-branes only preserves
nonlinear supersymmetry and has no connection to the
linear regime. The NS5-brane action on the other hand is
linearly supersymmetric at yy = z, but away from this pole
breaks supersymmetry explicitly. We will argue that both
probe descriptions do not contain enough d.o.f. to allow for
the restoration of supersymmetry. To restore linear super-
symmetry we will be forced to include additional (massive)
d.o.f. on the S2, which are clearly absent in the reduced
four-dimensional KPV probe descriptions.
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Nevertheless, at the supersymmetric pole the physics is
that of (M — p) > 1 D3-branes, and we will use a super-
symmetric expansion around that theory to get information
on the specific deformations that are needed. In the next
section, we will go beyond the level of the probe action and
propose a supersymmetric model of (M — p) D3-branes in
the KS background, obtained by introducing additional
d.o.f. from the S? and specific irrelevant deformations of
N =4 SYM. Adding these d.o.f. and deformations the
supersymmetric model then indeed features a metastable
vacuum state in which supersymmetry is spontaneously
broken.

III. SUPERSYMMETRIC COMPLETION
OF THE METASTABLE STATE

In the previous section we argued that neither of the
probe actions used by KPV preserve linear supersymmetry
when placed inside the KS background. So if we think that
anti-D3-brane polarization can nevertheless be embedded
in a supersymmetric effective field theory model, how are
we going to identify that theory?

Of course, any D-brane state is a solution of superstring
theory, so it might be the case that an explicit description
in terms of spontaneous breaking of supersymmetry is
only possible in the full ten-dimensional superstring theory.
This is a possibility, but one that is contrary to expectations
in this particular KPV setup. Because the supersymmetry
breaking scale is warped down from the string scale [38]
one would expect that the metastable state can be
embedded in a lower-dimensional effective supersymmetric
theory. In particular, if backreaction of anti-D3-branes does
not destroy the metastable state and a well-defined super-
gravity solution exists [13], it must be realizable as a state
in a supersymmetric field theory that is (holographically)
dual to the supergravity solution [57].

For example, before adding anti-D3-branes to the KS
geometry, the holographic dual of KS is given by a
nonconformal N =1 cascading gauge theory [48]. The
effect of antibranes can then be included by adding a
particular nonsupersymmetric perturbation to the cascading
gauge theory [57] and it was shown in subsequent work
[58,59] that the resulting gauge theory indeed contains a
massless fermion, as expected if the supersymmetry break-
ing was spontaneous. Although this is suggestive, in these
approaches the perturbations describing anti-D3-branes
still explicitly break supersymmetry. Our goal here is to
instead present an effective fully supersymmetric model in
which the polarized antibrane state appears as a metastable
nonsupersymmetric solution.

Indications for how to construct such a model can be
obtained from the works [9,12,14] (for related work, see
[60]). Here, the authors argued that, close to the non-
supersymmetric y = 0 pole, anti-D3-branes source an
AdS;s x S° throat perturbed by flux that is dual to relevant
deformations of N' = 4 SYM that break all supersymmetry.

Hence, the dual gauge theory that describes these anti-
branes is a nonsupersymmetric version of the A = 1*
theory of Polchinski and Strassler [61]. Obviously, because
we are interested in finding a supersymmetric starting
point, we will not try to identify the polarized state in a
theory obtained as an expansion around the nonsupersym-
metric (y = 0) pole, but instead we will start from the
supersymmetric ( = x) pole. Here, the physics should be
that of (M — p) D3-branes that source a supersymmetric
AdSs x $5 throat dual to A =4 SYM. To describe
polarization, we suggest that one should add irrelevant
deformations to N = 4 SYM that have the effect of gluing
the AdSs x S throat back to the Klebanov-Strassler region
[62]. In fact, an expansion of the effective potential (3)
around the supersymmetric pole of the S3 reveals that, as
anticipated, the first term in the effective potential is y*
(which corresponds to the SYM term in the worldvolume
gauge theory) and the leading corrections are irrelevant
operators (in four dimensions) of mass dimension 6 and 7.

We will provide evidence below that a manifestly
supersymmetric model that includes matrix d.o.f. on the
§? and irrelevant operators of mass dimension 6 and 7
indeed features a nonsupersymmetric metastable vacuum
state with the expected properties. Obviously, this model is
fine-tuned in the sense that all other irrelevant operators
should be suppressed; that is, it crucially relies on the
details of the UV embedding. Nevertheless, if we extrapo-
late this model away from the supersymmetric pole, we
discover a metastable vacuum that has the same properties
as the metastable state found by KPV. It breaks supersym-
metry spontaneously by a nonzero F-term and as a con-
sequence features a massless Goldstino. This fermion is
only massless at the metastable minimum, as appropriate
for a Goldstone fermion, and therefore provides an addi-
tional low-energy d.o.f. on top of the gaugino residing in
the vector multiplet.

A. The model

The field content of a stack of N = (M — p) D3-branes
in four dimensions is given by three matrix-valued chiral
multiplets ®=!>3 and a matrix-valued vector multiplet. We
will ignore the vector multiplet and just focus on the three
chiral multiplets, which is sufficient for our purposes. The
supersymmetric model we propose to describe the meta-
stable state is defined by the following superpotential:

a

W(®) =3

e Tr([®, P/jok)

b -
+ lg@jka([‘I”’ /][0, @],
C

%

€ijk€1n Tr([@', DT][@1, @"][@F, @"]),  (18)

and a canonical Kahler potential. The first line of (18) is the
N =4 SYM term and the second and third lines are the
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irrelevant deformations, that break supersymmetry from
N =4 — 1. Locally, the metric on field space can be
approximated by the flat metric 9, js and we take all
coefficients to be real.

The scalar potential is given by

oW oW
Vs=Tr <aq>t aq>i> (19)

To find its critical points, we take the following ansatz for
the commutation relations of the scalar fields:

[¢i’ ¢j] = ieijk¢/<7 (20)
which are the commutation relations of the generators of
SU(2). Just as before, the trivial representation corresponds
to parallel D-branes, corresponding to a vacuum with
vanishing energy that makes it supersymmetric. In addition,

there can be two other types of vacua that obey (20),
depending on the choice of parameters. They are given by

Type I: a+2b—4c =0, (21)
Type I: a4+ 4b —10c = 0. (22)

The vacuum energy in these two vacua after reinstating
units is given by

Type I: Vi, =0, (23)

N
Type I : Vi, = Tpze*o (

(V2 - 1)(3a+2b)2).

(24)

We see that the type I vacuum has vanishing vacuum
energy (and vanishing F-terms) and therefore corresponds
to a supersymmetric state, similar to the supersymmetric
polarized states in the A" = 1* theory [61]. The type II
vacuum, however, has nonvanishing F-terms and positive
vacuum energy and it necessarily breaks supersymmetry
spontaneously. Upon comparing the vacuum energy with
(7), we find

a:—§b+(9(e), (25)

where € = \/p/M? < 1 is a small parameter. By expand-
ing in fluctuations around the type II vacuum as
¢ = J' + ¢', we again find a tower of scalar fields. The
mass of the lightest fluctuation is given by

>We believe our results can easily be generalized beyond this
approximation, but it will be sufficient for our purposes here.

- g€2> e*lom?, (26)

where we used (25). This result matches (12) when we
identify

5
= . 2
a 3b3€+0(€) (27)

Thus, all fluctuations have a positive mass squared when
p/M? < 1. Notice that this condition is weaker than, but
consistent with, the condition p/M < 0.08 derived in [49]
for a metastable minimum to exist. We conclude that the
superpotential (18) reproduces the main features of the
effective potential derived by KPV. As already mentioned,
we should stress that since this crucially relies on the
inclusion of two (supersymmetric) irrelevant corrections,
the model depends sensitively on the UV (string) theory
embedding.

In addition, because the metastable vacuum breaks
supersymmetry spontaneously it should have a massless
fermion in its spectrum corresponding to the Goldstino of
supersymmetry breaking. By computing the determinant®
of the fermionic mass matrix

2
oW >’ (28)

iy _
det(M}}) = det <8<I>,~(9q>j
we indeed find that this vanishes, exactly when (22) is
satisfied.

Obviously, one should also be able to identify this
Goldstino from the perspective of an Abelian NS5-brane
description expanded around the supersymmetric pole.
There it should correspond to a fermionic zero mode on
the S? threaded by magnetic flux (the presence of flux
twisting the $? is crucial to allow for a zero mode [52]),
but since the d.o.f. are organized differently in the Abelian
NS5-brane perspective identifying the Goldstino is not
straightforward and it would be of interest to confirm its
presence. Whether such a fermionic zero mode should
also be present in the non-Abelian anti-D3-brane descrip-
tion expanded around the nonsupersymmetric pole, as was
considered in [38], is not obvious a priori, but it should
clearly not be associated with the gaugino. In the absence
of a supersymmetric embedding the appearance of a
Goldstone fermion should be expected to be difficult
at best.

To summarize, the proposed model allows for a super-
symmetric description of brane polarization. It describes
both a supersymmetric vacuum corresponding to N parallel

®Because we are working with matrix-valued fields, the
fermion mass matrix has four indices. To compute the determi-
nant this tensor first needs to be decomposed to obtain a regular
3N? x 3N? matrix of which we can calculate the determinant.
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D3-branes and a metastable vacuum. The metastable
vacuum breaks supersymmetry spontaneously and its
spectrum of fluctuations contains the four-dimensional
vector multiplet, a massless Goldstino and a massive tower
of Kaluza-Klein states that, when included, allow for full
restoration of supersymmetry. The supersymmetry break-
ing scale \/f is thus of the order of the Kaluza-Klein scale

\/? ~ Exg = m,, (29)

as can be seen by comparing the potential energy and the
mass of the lightest fluctuation. As a consequence, below
the supersymmetry breaking scale one can integrate out the
massive fields such that a constrained superfield description
in terms of a single nilpotent superfield that contains the
Goldstino is a good approximation for the dynamics on
the $? and supersymmetry is realized nonlinearly. At or
above this scale, this description will be modified and one
has to take the Kaluza-Klein modes on the S? into account.
Because the Kaluza-Klein scale is warped down from the
string scale, as noted in Sec. II, the energy at which one
needs to include the Kaluza-Klein modes can be very low.
Depending on the details realizing a hierarchy between the
energy scale one is probing and the warped down Kaluza-
Klein scale might therefore be difficult, but not impossible.

IV. CONCLUSIONS

In this paper, we have studied the supersymmetry break-
ing of anti-D3-branes placed inside the KS geometry. Via
brane polarization, the antibranes settle into a supersym-
metry-breaking metastable state, when the number of anti-
branes is sufficiently small compared to the background flux
[49]. To identify this breaking as spontaneous we set out to
identify a supersymmetric field theory model featuring a
metastable vacuum state. Our proposal for an effective
supersymmetric field theory model indeed exhibits such a
metastable supersymmetry-breaking vacuum with all the
expected properties. Besides the fact that we ignored gravity
by working in the noncompact KS geometry (effectively
sending Mp — o), this construction is also fine-tuned; that
is, the details rely sensitively on the specific UV embedding
due to the necessary introduction of irrelevant operators.
Keeping those limitations in mind the qualitative features of
the metastable solution nicely agree with the polarized state
in the KPV model. Expanding around the metastable
solution we observed that the restoration of supersymmetry
crucially relies on taking into account a tower of Kaluza-
Klein modes, with masses warped down from the string
scale, explaining why it is impossible for the truncated probe
actions to restore supersymmetry.

Our results have a number of consequences. First of all,
the crucial importance of Kaluza-Klein, or equivalently
matrix model modes on the S? confirms that the KPV
effective potential should only be thought of as a
limited (albeit consistent) truncation of a more complete

description. In other words, the additional d.o.f. related to
the S? only decouple at the poles and should in general be
included in the four-dimensional effective theory. This
should impact models derived from KPV’s effective poten-
tial, such as the inflationary model recently considered in
[63,64], where the effective potential (3) was used for large
field inflation in the regime p/M > 1. Our results clearly
suggest that it is inconsistent to rely on just the scalar mode
w for the effective dynamics on the S? and one should
include (a subset of) a Kaluza-Klein tower of states. As a
result one would expect the results reported in [63,64] to be
affected. We note that an inflationary model that is
described from the perspective of scalar matrix d.o.f.,
albeit in a different context, already has been studied in
[65]. In light of the results obtained here it might be of
interest to revisit some of these approaches.

Secondly, the decay rate to tunnel from the metastable
state to the global supersymmetric vacuum was calculated
in [49] by making use of the effective potential (3).
However, in the presence of additional d.o.f. this tunneling
rate will likely be modified. For example, it is well known
that a coupling between a quantum mechanical system and
its environment can lead to a significant suppression of the
tunneling rate [66,67]. Furthermore, additional d.o.f. can
also open up new decay channels; see for example [68] and
references therein. If and how these effects modify the
lifetime of the metastable vacuum is a question that we
hope to return to in future work.

Our results also shed light on how the anti-D3-brane uplift
procedure in KKLT might be captured by an effective
supersymmetric theory. To be specific, we claim that the
constrained superfield description proposed in [36,37], with
just a single nilpotent superfield containing the Goldstino, is
certainly a valid description below the warped down Kaluza-
Klein scale. However, to understand this in terms of
spontaneous supersymmetry breaking and identify leading
corrections one needs to identify the supersymmetric com-
pletion of this nonsupersymmetric phase. This requires the
introduction of additional d.o.f. at the warped down Kaluza-
Klein scale. The effective field theory model that we
introduced to describe the (matrix) dynamics on the compact
$? is a good candidate for a linearly supersymmetric theory
in which the polarized state appears as a nonsupersymmetric
solution. This model does not contain d.o.f. at the string or
Planck scale, so it can be studied as a supersymmetric low-
energy effective field theory, but it does depend sensitively
on the specific UV (string theory) embedding.

Finally we would like to comment on how our results are
related to the debate in the literature regarding the existence
of the KPV metastable state after taking into account the full
backreaction of anti-D3-branes. As mentioned, the nonexist-
ence of a fully backreacted supergravity solution would
imply that supersymmetry breaking in the holographically
dual gauge theory description is necessarily explicit. Since
the effective supersymmetric field theory model that we
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introduced nicely allows for the appearance of a broken
supersymmetry phase with the expected properties to relate it
to antibrane polarization, this suggests that a fully back-
reacted supergravity solution should exist, in line with results
of [13], assuming such a holographic duality.

However, even if the supersymmetric model constructed
is holographically dual to this fully backreacted super-
gravity solution, it is clearly not UV complete and requires
a specific UV embedding. Whether or not such an embed-
ding is possible in string theory will determine its ultimate
fate. So with these results we can certainly not rule out the
possibility that the KPV metastable state and therefore the
KKLT de Sitter vacua, after including gravity, all belong to
the swampland, as was recently conjectured [20-23]. As a
consequence, understanding the UV completion of the
proposed model is an important direction for further
research.
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