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Résumé

Le sujet de cette thése est I’étude de solutions non-supersymétriques de la théorie
des cordes. Leur utilisation est d’une importance fondamentale dans une variété
d’applications : dans la correspondance jauge/gravité, pour construire des duals de
vides non-supersymétriques et des modéles de “holographic gauge mediation” ; en
cosmologie, pour construire vides de de Sitter et étudier le probléme de la constante
cosmologique ; pour les trous noirs, pour construire leurs microétats. De fagon plus
générale, il est important d’étudier I’espace des solutions de la théorie des cordes et de
comprendre ses structures mathématiques au-dela des simplifications qui découlent
de la supersymétrie.

Nous étudions principalement des solutions dans la limite de supergravité. Nous
construisons un vaste espace de perturbations non-supersymétriques autour de so-
lutions de supergravité duals a des théories de jauge supersymétriques confinantes,
dans quatre et trois dimensions.

Nous procédons ensuite a& une étude rigoureuse et détaillée d’une fagon particu-
liére de briser la supersymétrie dans les compactifications avec flux, obtenu ajoutant
des branes avec une charge de signe opposé par rapport aux flux. Nous découvrons
que la solution de supergravité correspondante est singuliére, et nous discutons en
détail les possibles résolutions en théorie des cordes de cette singularité.

Nous considérons ensuite les conséquences de ces résultats pour l'existence des
états non-supersymétriques métastables dans les théories des champs duals et pour
Pexistence d’un grand “landscape” de vides de de Sitter en théorie des cordes.
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Abstract

The subject of this thesis is the study of non-supersymmetric solutions of string
theory. Their use is of fundamental importance in a variety of applications: in
gauge/gravity correspondance, to construct gravity duals to non-supersymmetric
vacua and models of mediated supersymmetry breaking; in cosmology, to construct
de Sitter vacua and to study the cosmological constant problem; for black holes,
to construct their microstates. More broadly, it is important to study the solution
space of string theory and to understand its deep mathematical structures beyond
the simplifications which stem from supersymmetry.

We mainly consider solutions in the supergravity limit. We construct a vast space
of non-supersymmetric perturbations around supergravity solutions dual to confining
supersymmetric gauge theories, in four and three dimensions.

We then proceed to a rigorous and detailed study of a particular way to break
supersymmetry in flux compactifications, namely by adding some branes with charge
of opposite sign with respect to the fluxes. We discover that the supergravity solution
corresponding to these objects is singular, and we discuss in details possible string
theory resolutions of this singularity.

We then consider the consequences of these results both for the existence of
metastable non-supersymmetric states in the dual field theories and for the existence
of a large landscape of de Sitter vacua in string theory.
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Chapter 1

Introduction

String theory is a quantum theory of gravity, which includes gauge interactions in
a consistent and elegant way. This great success calls for an intense study of the
foundations of the theory as well as its phenomenological applications. Despite a
prodigious amount of effort during the last decades, the mathematical structures at
the core of string theory are still being developed, and only a very small corner of
the space of solutions has been explored.

String theory is well defined in ten space-time dimensions, a striking feature
which is responsible for its richness: some of the space dimensions can be realized
as small compact manifolds and, after suitable decoupling limits, one is left with a
theory of matter and interactions in the non-compact space-time. Depending on the
dimension and the shape of the compact “internal” manifold, we can obtain a large
space of different theories. In general, the compact space can support various fluxes
and to describe the allowed compact manifolds one needs to use advanced techniques
in differential and algebraic geometry. The study of these “flux compactifications”
is crucial for phenomenology, for example in the construction of inflationary models
and de Sitter vacua.

The techniques developed to study flux compactifications can actually be ap-
plied even if the internal space is non-compact. While this situation is not of a direct
phenomenological relevance, it is important in the context of gauge/gravity corre-
spondence: string theory on the non-compact transverse space is “dual”, in a precise
sense that we will review in the following, to a field theory without gravity. The
interest in this duality comes from the fact that usually a perturbative regime of the
theory with gravity corresponds to a strong coupling regime of the field theory, where
traditional field theory techniques are often inadequates to obtain accurate results.
Viceversa, one can also use field theory techniques to study quantum properties of
gravity.

One of the most important tools in the study of solutions of the theory is su-
persymmetry. In ten dimensions string theory is necessarily supersymmetric, but a
general compactification can break supersymmetry completely. Nevertheless, requir-
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ing that supersymmetry is preserved dramatically simplifies the task of constructing
explicit solutions, and it also guarantees stability. However, many interesting prob-
lems require non-supersymmetric solutions: inflation, the physics of de Sitter vacua
and the cosmological constant problem, black hole mysteries, holography and con-
finement in QCD. While many models have been proposed, the concrete construction
of non-supersymmetric solutions has been very limited up to now.

The goal of this thesis is to construct explicit solutions of the supergravity equa-
tions of motion which break supersymmetry. It will deal with supersymmetry break-
ing deformations of non-compact manifolds, known as conifolds, which have a vast
range of applications both in phenomenology and in gauge/gravity correspondance.
In particular, one of the main focus of the thesis is the rigorous study of a pop-
ular way to break supersymmetry, namely by introducing a brane in a given flux
compactification with opposite charge dissolved in fluxes.

These solutions find many applications in different contexts:

Gauge/gravity duality. The interest in constructing non-supersymmetric grav-
ity duals is to eventually unveil a gravity description of QCD, the theory of strong
forces. We will construct a family of analytic solutions dual to non-supersymmetric
theories in four and three dimensions by perturbing gravity backgrounds dual to
certain A/ = 1 supersymmetric gauge theories with interesting properties such as
confinement and chiral symmetry breaking. In particular, we will study in great
detail the solution corresponding to anti-branes in warped cones, which are widely
believed to be dual to metastable non-supersymmetric states in the supersymmetric
field theories. In four dimensions, this kind of solutions are also very popular as
models of holographic gauge mediation.

String phenomenology. Non-compact conifolds are used as a model of warped
throats in string compactifications. Anti-branes in these throats are an essential in-
gredient to construct a de Sitter vacuum with small cosmological constant, and they
are the main evidence on the existence of a large space of de Sitter vacua in string
theory, known as the landscape. Anti-branes in warped throats are also widely used
as models of brane/anti-brane inflation.

Geometry of string compactifcations. The study of supersymmetric flux compact-
ifications in string theory leads to the unveil of beautiful and elegant mathematical
structures, such as those in generalized complex geometry. The first-order equations
derived from supersymmetry can be casted in a concise form by using natural vari-
ables, which are spinors of an O(6,6)-bundle over the internal manifold. We will
show how conifold solutions fit into this framework and we will study how the super-
symmetric first-order equations are modified for a large class of non-supersymmetric
solutions. This is a first step toward a systematic understanding of the geometry of
non-supersymmetric compactifications.
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Black holes geometries. We will not consider this point in this thesis, but we men-
tion that anti-branes in flux compactifications can be used to construct non-extremal
black hole microstates. These are supergravity solutions which are believed to de-
scribe the quantum nature of black holes: the singularity of the semi-classical picture
is replaced by a macroscopic quantum object of the order of the horizon scale. In the
so-called fuzzball approach [136] 32] [154], 1T] the constituents are stringy microstate
geometries which can be found by various string and supergravity techniques. While
many of such microstates are known for supersymmetric and non-supersymmetric but
still extremal black holes, the construction of these geometries for non-extremal black
holes is much harder. One way is to put anti-branes in an extremal solution, thus
breaking supersymmetry much like with anti-D3 branes in the Klebanov-Strassler
solution [29] 30].

Let us briefly comment on the above points, by illustrating in details the moti-
vations and the results that will be derived in this thesis.

1.1 Gauge/gravity duality and supersymmetry breaking

The idea of a relation between gauge theory and strings was pioneered by Polyakov [147].
An incarnation of these ideas involves a particular limit in which gravity decouple,
and is thus known as gauge/gravity duality. The best understood example of such

a gauge/gravity correspondence is the AdS/CFT duality [129], 92] 162] (for a review
see for example [2 [113] [35] 130}, 145]), which is the conjecture (by now supported
by a huge number of checks) that four dimensional N' = 4 supersymmetric SU(N)
gauge theory is equivalent to type IIB string theory on AdSs x S° with N units of
5-form flux.

The string theory origin of this striking statement is very natural, and descends
from the existence of D-branes in the spectrum and their twofold interpretation: on
one hand, a D-brane has a description in terms of perturbative open string theory
as an hyperplane on which the strings end; on the brane world-volume exists then a
confined gauge theory whose excitations are the massless states of open strings ending
on the brane. On the other hand, D-branes are sources of closed string states and can
be regarded as non-perturbative solitons of the low-energy supergravity equations of
motion. By implementing an open/closed duality, one recovers the correspondance
between the gauge theory enginereed on the brane world-volume and the supergravity
solution sourced by the brane.

It is of clear interest to extend this duality to gauge theories with less super-
symmetries and which are not conformal, as it is the case for the A/ = 4 theory.
In order to do this, one needs to put the D-branes in non-trivial backgrounds, such
as orbifolds or conifolds. An orbifold is a quotient of flat space by a discrete group
Zy; the endpoints of strings on this backgrounds are then matrices which form a
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Yn Xn—l

r

Figure 1.1: A n-dimensional cone Y,, over a compact space X,_1.

representation of this discrete group. As a consequence, there exist branes associ-
ated with open strings wich carry irreducible representations of the orbifold group,
called fractional branes, which engineer on their world-volume gauge theories with
reduced amount of supersymmetry and with non-trivial beta functions (see for in-
stance [62) (112, 34, 36, (35, [105]).

More generally, one can put branes on conifolds, more precisely a Calabi-Yau
manifold with conical type singularities [47]. In order to break conformal invariance,
one can wrap branes on some cycle of the CY manifold. A fractional D3 brane on an
orbifold becomes now a D5 brane wrapped on a 2-cycle inside the CY. The first use
of conifolds to extend the Maldacena duality was described by Klebanov and Witten
in [II7]. They identified the field theory on D3 branes at a conical singularity as
the dual theory of type IIB string theory on AdSs x X5, where X5 is the Einstein
manifold base of the cone. For the Klebanov-Witten theory X5 is a homogeneous
space TH! = (SU(2) x SU(2))/U(1). Topologically, this space is a product of a three
and a two sphere. The corresponding gauge theory is a AV = 1 superconformal theory
with chiral superfields A;2, Bi2 and a superpotential W = )\eijelerAinAjBl.
One can generalize this construction to M-theory, where the relevant background is
a Calabi-Yau four-fold that is a cone over a compact space known as the Stenzel
space [156], which is the quotient SO(5)/SO(3).

In order to break conformal invariance one needs to wrap a stack of M D5 branes
on the vanishing cycle of the conifold [1T14, 118]. In this way we engineer a N’ = 1
SU(N)xSU(N+M) gauge theory with a logarithm running of the coupling constant.
The renormalization group flow to the infrared was then understood in the work of
Klebanov and Strassler [116] (KS in the following). In the supergravity picture we
have that the three-form flux sourced by the fractional D3 branes blows up the three
cycle of T1!, resolving the singularity of the cone via a geometric transition. The end
result is a regular supergravity solution based on the deformed conifold (see Chapter
2, where we will derive these solutions, for more details). The deformation of the
cone is the geometrical counterpart of chiral symmetry breaking and confinement in
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the dual gauge theory.

Having obtained gravity duals to confining supersymmetric gauge theories the
next step would be to explore the possibilities to break supersymmetry completely.
Chapter 3 is devoted to analyzing this problem. We will introduce a computational
tool to handle the second-order equations of motion, provided that the symmetries
of the solution are enough to preserve the angular independence as in the Klebanov-
Strassler solution. We will then construct a space of analytic non-supersymmetric
solutions, obtained as a small (first-order) deformation of the Klebanov-Strassler
supersymmetric solution. This set contains solutions dual to theories in which the
Lagrangian has been perturbed by operators of various dimensions, corresponding to
a particular radial falloff in the ultraviolet region of the supergravity solution. For
example, it contains a two parameter family of solutions in which supersymmetry is
broken by a small mass for the gauginos.

A particularly important mechanism to break supersymmetry on the deformed
conifold, which will be one of the main subjects of this thesis, is to add some sources
that do not preserve the supersymmetry of KS. A model proposed by Kachru, Pear-
son and Verlinde [111] (KPV), uses a stack of anti-D3 branes with world-volume
extending along the space-time directions (see also [59]). In a certain limit, in which
the interaction between the branes and the background is neglected (known as the
probe approximation), and for a particular range of parameters, these anti-branes
were found to polarize by the Myers effect [142] into a classically stable expanded
NS5 brane source, wrapping a two-cycle on the three-sphere of the deformed conifold
(see figure and next chapter for more details). This state is quantum mechan-
ically metastable, since it can tunnel to a supersymmetric state with lower energy
via non-perturbative bubble nucleation. KPV conjectured that this metastable con-
figuration gives a gravity dual to a metastable non-supersymmetric state in the KS
field theory. While adding D3 branes, which are BPS object in KS, gives vacua on
the mesonic branch of the theory, the conjecture is that anti-D3 branes uplift the
baryonic branch (see [68] for a detailed study of the moduli space of the KS theory).

Chapter 4 and 5 of this thesis contains a detailed study of anti-D3 branes on the
deformed conifold. We will first derive and analyze the linearized supergravity solu-
tion corresponding to these anti-D3 branes, which should be dual to the metastable
state in the field theory. We thoroughly discuss the boundary conditions that cor-
respond to spontaneous supersymmetry breaking, by determining numerically the
ratio of the parameters which corresponds to the ratio of confinement scales of the
false and true vacuum.

As we will discuss in detail, the study of this system shows however a surprise.
The supergravity solution is singular in the infrared region, near the source, and
the singularity naively appears to be unphysical. Since in the infrared region the
linearized approximation breaks down, we will proceed to solve for the full non-
linear backreaction in the near brane region. We find that the singularity, which
appear in the three-form fluxes and is not directly sourced by the branes, survive in
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the full solution.

It is fairly common in string theory to obtain singular supergravity solutions:
analogous situations are the enhangon locus in N' = 2 gravity duals [I08] and the
singularity of the GPPZ solution [80] for the N/ = 1* theory. Studying possible
mechanisms which can resolve these singularities usually teaches us deep concepts.
In the aforementioned examples, such a mechanism does indeed exist, and it is related
to the way strings see the geometry: the appearance of non-commutativity in string
coordinates leads to a “fuzzy” geometry which resolves the singularity. In the GPPZ
solution, this fuzzy geometry is represented as an expanded brane source which is
crucial for the dual interpretation, as described by Polchisnksi and Strassler [146]
(PS in the following). We will investigate a similar mechanism, suggested by the
KPV probe computation, for the singularity of the anti-brane solutions, extending
the PS analysis to a non-supersymmetric setup.

Our result is that the singularity of the anti-D3 solution is not resolved in any
obvious way by brane polarization, at least not in the usual Polchinski-Strassler
mechanism. We will discuss in detail this puzzle, its possible resolutions and the
consequences for the existence of metastable states in the KS field theory.

1.2 String phenomenology

The ability to control supersymmetry breaking in string theory is crucial in the
applications of theory to cosmology. Soon after the KPV conjecture, it was realized
that the same mechanism can be used to construct a de Sitter compactification. This
idea was elaborated in [110] (in the following KKLT). The construction involves two
steps: firstly, one needs to find a AdS compactification with all moduli stabilized;
then, one put a stack of anti-D3 branes in a highly warped region of the given
compactification (see Figure . This “throat” can be modeled on the deformed
conifold solution; the ambient space is thus glued to the ultraviolet region of the
Klebanov-Strassler solution and from the field theory perspective corresponds to a
UV completion of the KS theory. If the KPV conjecture is true, then the anti-
D3 branes will polarize into the NS5 metastable configuration, which is dual to a
metastable state in the theory. As we discussed above, the fact that the breaking
of supersymmetry is spontaneous translates into the absence of non-normalizable
modes in the supergravity solution. This guarantees that when this solution is glued
to the ambient compact space, the supersymmetry breaking effects on that space
can be made arbitrarily small, essentially by making the throat arbitrarily long. The
conclusion seems to be that the anti-branes can contribute by a very tiny amount to
the vacuum energy of the given compactification, and thus we can get very generically
a de Sitter compactification out of an AdS one. This process is usually referred to
as the “uplift” of the AdS compactification.

We stress that, besides the ability to stabilize all the moduli in the initial AdS con-
figuration, the KKLT model essentially relies on the assumption that anti-branes in
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Anti-D3

Figure 1.2: Anti-branes in a warped throat are used to break supersymmetry in a
controllable way in a flux compactifcation.

warped throat give rise to a non-supersymmetric and arbitrarily long-lived metastable
state, and that the breaking of supersymmetry is spontaneous, which translates in
the assumption that the supergravity solution corresponding to the metastable state
does not have non-normalizable UV modes.

We remark that the uplifting procedure does not solve the hierarchy problem as-
sociated to having a dS space with a very small cosmological constant, since one needs
to fine tune the length of the warped throat to obtain the experimentally mesured
value of A ~ 3-107'?Y in Planck units. However, even if the KKLT mechanism does
not directly help solving the cosmological constant problem, it is at the core of an
“anthropic” solution of this problem within string theory. This leads us to the notion
of the string landscape, introduced by Leonard Susskind in [I57]. The idea is that
the large number of de Sitter vacua in string theory (obtained by the generic anti-D3
uplift) can be populated by non-perturbative Coleman-De Luccia tunnelling between
the different extrema. This has been used to provide a concrete realization of the an-
thropic solution of the cosmological constant problem [I61], [42] (see for example [42]
for a review and a list of references). The value of A is not regarded as a fundamental
physical quantity, but as an environmental quantity which is set statistically, by an
appropriate average over the landscape. The basic concept is that the large part of
the landscape with big cosmological constant is highly suppressed by the very small
probability that life can form in a universe with big A. It is important to remember
that one usually assumes that string theory has a large landscape of de Sitter vacua,
but rigorous constructions are still lacking. While there are different mechanisms to
uplift an AdS solution to a dS one (for example F/D-term uplifting [153], 124] and
Kahler-uplift [10] [152]), these are generically strongly model-dependent, and thus it
is not clear whether they support the existence of a large landscape of vacua. In this
sense the KKLT scenario is one of the main evidences for this claim.

In this perspective, our investigation on the existence of metastable vacua in
the Klebanov-Strassler theory translates into the question of existence of a large
landscape of de Sitter vacua in string theory, and the fact that anti-branes in flux
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compactifications give singular supergravity solutions is an indication that a rigorous
evidence for such large space of vacua is indeed lacking. Moreover, if the singularity
is not resolved in string theory, as the results presented in Chapter 5 seem to indicate,
it could means that the singularity is a signal of an instability. Various investigations
have been performed to elucidate the nature of the singularity. Different setups have
been studied, in which one inserts anti-branes of various worldvolume dimensions in
flux compactifcations: anti-D6 branes [37], 38, [39, 28|, [15], anti-M2 branes [24] 135, [79]
(see also Chapter 6), anti-D2 branes [78]. All those examples show the same feature
discussed for anti-D3 branes in the KS background, namely an unphysical-looking
singularity in the fluxes. For the anti-D6 case, it has also been proven that this
singularity is not resolved by brane polarization in string theory [28| [I5]. This seems
to indicate that there is a universal physical phenomenon underlying the appearance
of such singularity, whose nature is still object of debates. It has been suggested
that a time-dependent solution will resolve the singularity by showing a perturbative
decay toward the supersymmetric solution [40].

It could be interesting to note an analogy with recent investigations about quan-
tum field theory on de Sitter space time. Surprisingly, very little is known about this
subject, even if it is of clear direct relevance for cosmology. It has been proposed
by Polyakov [148] 149, 121], I50] that interacting particles in de Sitter space create
an instability, which should help in solving the cosmological constant problem in a
dynamical way by a screening mechanism. For example, the introduction of a cou-
pling like A¢? in a scalar field theory on de Sitter space, leads to an explosive particle
production, and even in the limit A — 0 one does not recover the free field result.
The main reason is a logarithm IR divergency and the breaking of the dS symmetry.
These results seem to suggest that pumping energy to obtain a positive cosmologi-
cal constant will result in an instability of the dS space. It could be interesting to
explore whether this general result is related to the appearance of singularities (and
instabilities) in the “uplifting” anti-brane backreaction. It is not inconceivable that
a solution to the cosmological constant problem will not come from the anthropic
landscape argument, but from a more concrete dynamical mechanism which sets an
IR/UV mixing. It would be extremely interesting if anti-branes in warped throats
could be helpful in this direction.

Another important application of anti-brane supersymmetry breaking is to con-
struct explicit models of inflation in string theory. The idea of considering brane
inflation, namely using the attractive potential between branes in a given flux com-
pactification as an inflaton potential, was proposed in [66] and developed in [109] (in
the following KKLMMT). This subject has produced a very vast literature, and we
refer to some review for a detailed account of references [137, [14], 44}, [52]. The basic
scenario is to add a D3 brane in a warped throat with a stack of anti-D3 branes. The
motion of the D3 branes toward the tip is governed by the inflaton potential of the
model. The study of such D3 brane potentials has been intense (see for example [13])
and many different models have been proposed. In general however the presence of



THE GEOMETRY OF NON-SUPERSYMMETRIC STRING VACUA

an anti-brane as a supersymmetry breaking source is a common ingredient, and thus
the fate of anti-branes in a warped flux compactification is of great importance for
this class of models. There are principally two problems that can arise in those
setups. One is the question of (meta)stability of the non-supersymmetric vacuum
obtained by placing anti-branes in the throat. As we discussed before, the inclu-
sion of the backreaction of anti-branes can induce perturbative instabilities and a
rigorous computation is needed to prove or disprove the KPV conjecture. Another
problem, that we also mentioned, is that even if the anti-branes end up in a long lived
metastable state, one should make sure that the supersymmetry breaking contribu-
tion is localized in the infrared region of the throat by the warping (in the language
of gauge/gravity, this means to have only normalizable UV modes).

This latter property is violated in different supersymmetry breaking setups. For
example, in models of axion monodromy inflation [I38] [71] which require the presence
of a NS5 /anti-NS5 brane pair at the end of two long throats, is has been shown in [53]
that the backreaction is large in the bulk due to a logarithm grow of a supergravity
mode. This means that backreaction effects are not warped down and the scale of
the brane/antibrane potential is set by the UV scale (where the throat is glued to
the bulk space) and not by the IR scale. This in turn invalidates the model. The
mechanism responsible for this behavior is very similar to what happens in a type IIA
brane engineering of the Intriligator, Seiberg and Shih (ISS) [106] metastable state
of =1 SQCD. This model involves D4 and NS5 branes and it reproduces the ISS
vacuum in the probe limit (i.e. for g5 = 0, the limit in which the branes are rigid).
As shown in [I6], the backreaction of the branes results in a logarithm bending which
destroys the ISS vacuum in the string construction: here again a logarithm mode
is responsible for the presence of a non-normalizable mode in the UV. As we will
discuss in detail, also in the setup considered in this thesis, namely anti-D3 branes
on the KS geometry, there are log modes in the UV. However, whether these modes
are dangerous or not is a much more subtle question in cascading theories such as
the KS field theory. We will come back to this problem in chapter [4

1.3 The geometry of non-supersymmetric string vacua

In the previous sections we discussed the importance of non-supersymmetric string
compactifications in different contexts: in string phenomenology and string cosmol-
ogy they provide models of de Sitter vacua and inflation, in the gauge/gravity cor-
respondance they supply solutions which can be used to study metastable vacua in
the gauge theory and they are important as a computational tool in models of me-
diated supersymmetry breaking; they are needed to study microstate geometries of
astrophysical non-supersymmetric black-holes.

All this motivates a deeper and formal understanding of string compactifications
which break the supersymmetries down to N' = 0. While the geometrical structures
which arise in the study of supersymmetric compactifications have been intensely
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studied during the past years, the geometry of non-supersymmetric solutions is a
largely unexplored subject.

This is in part motivated by the difficulties in studying supersymmetry breaking
solutions. In fact, one of the main simplification which arise from supersymmetry is
the saturation of a Bogomol'nyi-Prasad-Sommerfield (BPS) bound, which essentially
results in a first-order formulation of the equations of motion: by solving the first-
order system found by imposing supersymmetry, one automatically gets a solution
of the supergravity equations of motion. The first-order system of supersymmetry
equations is also the key to a formal study of the geometry of the solution. As we
will review at the beginning of the next chapter, it is possible to reformulate the
variations of the fermionic fields in terms of differential forms on the compactifica-
tion manifold, and the first-order equations can be concisely written as the closure
of certain forms under a given differential operator. There is a natural structure
which underlies these equations, which is known as generalized complex geometry.
This was introduced by Hitchin [104] and refined by Gultieri [9I] and it concerns
the study of a particular G-bundle over a given manifold M. For a six-dimensional
compactifcation manifold we have G = O(6,6), which is the structure group of a
bundle which is the direct sum T @ T™ of the tangent and cotangent bundle over
M. Generalized geometry unifies two seemingly unrelated geometrical structures:
complex and symplectic geometry, which are related in string theory by dualities.
Generalized geometry thus provides the natural setup to study string compactifica-
tions in full generality. The use of generalized geometry and G-structure techniques
in the context of flux compactifcations has been studied by many groups. A partial
list of references is [85] [86l, 87, [88], 89] and reviews on this subject are [84. [61].

We stress that, besides the inherent beauty and elegance of this formulation,
generalized geometry provides very powerful and useful tools to construct explicit
solutions in the domains we mentioned above. In fact, most of the techniques of
string compactifications are useful if the internal manifold is non-compact as well;
this is the case of direct interest for the gauge/gravity correspondance. We will
show the powerful of this approach in the next chapter, where we will derive the
Klebanov-Strassler solution by using generalized geometry techniques.

It is clear that this formalism is closely related to supersymmetry, and thus the
study of general non-supersymmetric compactifications is much more difficult. One
can start by asking if there is a subset of non-supersymmetric solutions which share
the same integrability properties then supersymmetric flux compactifications; the
answer is positive and there exists ways to break supersymmetry where one keeps
these integrability properties. In type IIB theories this is for example achieved by
turning a particular component of the fluxes [90, 127]; in this case the solution is
still described by a first-order system. This configuration is roughly speaking the
analogous of what in supergravity are known as “fake” BPS system or extremal non-
BPS black holes.

This class of non-supersymmetric compactifications is still a very limited subset

10
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of solutions, and for many applications one needs to explore more general solutions.
The problem then becomes, if it is possible to find natural variables in order to
simplify as much as possible the general second-order equations of motion, and to
study the geometrical structures that emerge in this case. The answer to this question
is largely unknown.

A first step is to realize that in practical situations, it is often already useful to
study small supersymmetry breaking effects around a given and known supersym-
metric solution. In this situation we can make use of the natural variables provided
by the generalized geometry approach, and use the equations of motion to derive
how the first-order description changes in the non-supersymmetric case. In the last
chapter of this thesis we will study this problem, and we will use explicit analytic non-
supersymmetric solutions based on conifolds to investigate how the first-order equa-
tions in the generalized geometry language are modified in the non-supersymmetric
case. We will then provide evidence that using an expansion in a small supersym-
metry breaking parameter, one can preserve a first-order description for the general
background at any order in the series expansion.

Organization of the work

This thesis is organized as follows.

In chapter 2, we give a brief introduction to flux compactification techniques,
with the aim of providing a short reference for the following chapters. We also
discuss conifold solutions in a somewhat unorthodox way by using pure spinor tech-
niques, we recall their use for the gauge/gravity correspondance and for models of
supersymmetry breaking.

In chapter 3 we describe a computational technique to study non-supersymmetric
string compactifications perturbatively around a given supersymmetric solution. We
then apply these tools to derive a large class of linearized analytic non-supersymmetric
perturbations around the Klebanov-Strassler solution.

In chapter 4 we derive the solution for the backreaction of a stack of anti-D3
branes smeared at the tip of the Klebanov-Strassler geometry, in a linear approxi-
mation. We discuss in detail anti-brane boundary conditions, and we numerically
compute the ratio between the parameters related to the confinement scales of the
false and true vacuum. We also discuss a different solution with a new Lagrangian,
by adding operators corresponding to small gaugino masses.

Chapter 5 deals with the problem of infrared singularities which are found in the
backreacted anti-brane solutions. We first solve for the full non-linear backreaction
in the near-brane region, and we then discuss a possible resolution of the singularity
via brane polarization.

In Chapter 6 we present a detailed study of the linearized solution corresponding
to the backreaction of anti-M2 branes on a warped cone, which is a higher dimensional
generalization of the deformed conifold.

11
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We end in Chapter 7 with a collection of results concerning the geometry of the
solutions discussed in the previous chapters, in connection to generalized geometry
techniques.

Chapter 8 contains a brief conclusion and we add a number of appendices with
notations and more technical details.

This thesis is based on the following papers:

1. I. Bena, G. Giecold, M. Grana, N. Halmagyi, S. Massai, “On Metastable
Vacua and the Warped Deformed Conifold: Analytic Results,” Class. Quan-
tum Grav. 30 (2013) 015003, arXiv:1102.2403 |[hep-th].

2. 1. Bena, G. Giecold, M. Grana, N. Halmagyi, S. Massai, “The backreaction
of anti-D3 branes on the Klebanov-Strassler geometry,” submitted to JHEP,
arXiv:1106.6165 |hep-th|.

3. S. Massai, “Metastable Vacua and the Backreacted Stenzel Geometry,” JHEP
1206 (2012) 059, [arXiv:1110.2513 |hep-th].

4. S. Massai, “A comment on anti-brane singularities in warped throats,” sub-
mitted to Phys.Rev.D, arXiv:1202.3789 |hep-th]|.

5. 1. Bena, M. Grana, S. Kuperstein, S. Massai, “Anti-D3’s - Singular to the
Bitter End,” to appear in Phys.Rev.D, arXiv:1206.6369 |hep-th].
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Chapter 2

Flux compactifications and their
use

This chapter gives a brief introduction to the main topics of the thesis. While most
of the material covered here is by now standard, we offer a new derivation of the
Klebanov-Strassler solution and we present some results that will be used in the
following chapters.

2.1 Supersymmetry and generalized geometry

In this thesis we will mainly be interested in the construction of solutions of su-
pergravity theories in different dimensions. These should be viewed as low energy
limits of string theory, and the first step toward the understanding of various stringy
effects. Constructing a supergravity solution with all possible fields is still an ex-
tremely challenging problem, since the source terms in Einstein’s equations can be
rather cumbersome. The situation gets greatly simplified if one looks for a super-
symmetric solution. In this case one should first solve the conditions imposed by
supersymmetry, which in general are a set of first-order differential equations. In
most of the cases, these BPS conditions imply the equations of motion, thus the task
of finding solutions is much simpler for supersymmetry: a first-order system replaces
the second-order equations of motion.

This property has been extensively used to construct string compactifications
that preserve some supersymmetries, in various contexts: string phenomenology,
gauge/gravity duality and black hole solutions. Sometimes, the same structure can
be extended to solutions that break supersymmetry: examples are the (0, 3)-flux
supersymmetry breaking [90, [76, 127], the “almost-BPS” black hole solutions 83, [I§]
and “fake” supergravity flows |70, 56, 50, 107, 159]. However, a vast region of the
space of non-supersymmetric solutions remains unexplored, since generically one
needs to abandon the hope of a first-order description.

One of the aims of this thesis is to initiate the exploration of general kind of
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non-supersymmetric solutions in the context of gauge/gravity duality and in string
phenomenology. As we will see in the next chapter however, the techniques used
to construct supersymmetric solutions are still extremely useful also to solve for a
generic non-supersymmetric problem, and we will extensively use these techniques in
the following. Thus, in the present section we will very briefly review what is known
about supersymmetric flux compactifications.

We will focus on type IIB supergravity, which will plays a major role in this
thesis. The field equations for this theory can be derived by the following action in
the Einstein frame:

1 1
Sip =53 d"zv/-GR — — / [d¢ A *d + €22dC A *dC + ge ®Hsz A *Hs
K K
2
+ ge® Fy A xF3 + %Fg, A xF5 + g>Cy A Hy N Fg} + glee) (2.1)

supplemented by the on-shell self-duality condition F5 = xF5. The general problem
is to derive a first-order description for supersymmetric solutions of the type IIB
field equations inside a given Ansatz. We are interested in compactifications to four-
dimensions, thus we take an Ansatz for the metric which is the most generic one
compatible with maximal symmetry in four-dimensions. This Ansatz is a warped
product of the form i

ds?y = e*Ads? + ds2 (2.2)
where dsg is a metric on six-dimensional “internal” manifold Mg, possibly with non—
Z€ro ﬂuxeﬂ We will assume for now that ds? is the Minkowski metric, although the
results below can be generalized to an Anti-de-Sitter compactification. The warping
A is a function of the internal coordinates. One can perform a reduction of the ten
dimensional action and derive an effective action for the specific Ansatz .
To find a first-order description for a supersymmetric solution essentially means to
perform a “BPS rewriting” of this effective action.

To explain the general idea is better to look at a very simple example. Suppose
that we search for a metric ds with enough symmetries, in a such a way that
the solution will depend on just one internal coordinate. Although this seems a very
restrictive assumption, solutions of this kind play an important role in gauge/gravity
duality, as we will discuss in the next section. In this situation it is usually possible
to perform a reduction of the action to obtain a one dimensional effective action for
the dynamics of all the degrees of freedom that participate in the solution. This
dynamics can be thought of as a one dimensional motion on a given moduli space,

whose coordinates ¢, a = 1,...,n are given by the n degrees of freedom of the
problem. Let us assume that the effective action is of the form
1 -
L= Ga(9)9"0" +V(0). (2.3)

We will use the notation A for the warp factor, while the function A is a combination of other
metric modes that we will often use in the following chapters.
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The equations of motion are simply
Vq;qﬁ = gradV, (2.4)

and if V' = 0 the solution is a geodesic on the moduli space. It is clear that to
find a first-order description of the system, namely a system of first-order ordinary
differential equations of the form

¢ =v"(9), (2.5)

we need to find a vector field v = v®0, such that V,v = gradV. The problem can
also be casted in the form of a Hamilton-Jacobi equation. In this case the Hamilton-
Jacobi procedure gives a principal function W such that v = gradW. In this case,
one can easily show that the effective action can be written in the following BPS
form: ) W
ﬁ:iG@@a—v%@@—wy+E;. (2.6)
In general, to find the vector field v or the function W from their defining equations, it
is as difficult as to solve directly the second-order system . This is precisely where
supersymmetry plays a crucial role: by looking at the supersymmetry conditions, one
gets directly a system of the form , in an essentially algebraic way. From this
point of view, supersymmetry gives one integration of the Hamilton-Jacobi equation.

We can now come back to the general problem. We need to find the natural
variables, analogous to the vector field v of the previous example, which permit to
use the supersymmetric variation to rewrite the action in a natural first-order, or
BPS, formulation. Since a full derivation will require a lengthy explanation, here we
limit to state the results of this investigation and we refer the reader to the original
references (in particular [84] [87, [88]) for more details.

The starting point are the supersymmetry variations of type IIB supergravity.
Since they contain ten dimensional spinors, one need to first decompose the spinors
in a 446 splitting. The problem is then to get rid of the spinors, and to recast
the supersymmetric variations as a first-order system of differential bosonic equa-
tions. This means to construct some geometric objects which encode some algebraic
structure and which satisfy a first-order equation. Since we are compactifying on a
six-dimensional manifold Mg, we expect that such geometrical objects will be sec-
tions of a bundle over Mg, on which we can apply a first-order differential operator.

We will now briefly follow the discussion in [87, [88]. The requirements to have
an N = 1 supersymmetric compactification involve both algebraic and differential
conditions. The supersymmetry variations of type IIB supergravity (we will mainly
consider the type IIB string, analogous results can be derived for type IIA) contain
two Majorana-Weyl spinors € 2 in ten dimensions; since we want to preserve N' = 1
supersymmetry in the non-compact four dimensional space, we need a conserved
spinor ¢ in four dimensions, and thus we decompose

1,2 1,2
= o+ o, (2.7)
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where n'? are two six-dimensional Weyl spinors. If these two spinors are just parallel,
we get as an algebraic condition the existence of a nowhere vanishing spinor on M.
This condition is equivalent to a reduction of the structure group SO(6) of the
tangent bundle of Mg to the stabilizer of 7, namely SU(3). This case contains
the well known example of a Calabi-Yau manifold: in this case the spinor 7 is also
covariantly constant, Vi = 0 and it is the simplest example of a compactification
besides the torus. An SU(3) structure can be defined in an equivalent way in terms
of differential forms; indeed, there is a correspondance between the pair (g, ), where
g is the metric on Mg and a pair (J, ), where J is a real two-form and © a volume
form:

(g:m) < (J,2). (2.8)

This is a considerable progress since the explicit form of the metric is generically
unknown. We now search for a more general connection between reduction of the
structure group and differential forms, also valid in the general case in which the
two spinors 2 can have arbitrary relative orientation. It is easy to realize that the
tangent bundle T is not the natural framework to study this general case. This is
because the bundle of differential forms A®(7T*Mg) carries a natural representation
of the Clifford algebra CIiff(6,6). This algebra is associated to a bundle over Mg
which is the sum of the tangent and cotangent bundle T @ T™, with structure group
0(6,6). The study of complex structures on such bundles is the subject of what
is known as generalized complex geometry and it was introduced by Hitchin and
Gualtieri [104), O1] as a way to unify complex and symplectic structures on 7'. In this
language, one can encode the metric, the B-field and the spinors 72 as a pair of
Cilff(6, 6) spinors ®1 which are compatible and pure. Here + refers to the chiralities,
so that &4 e Aeven/ °dd(T* Mg). One can also show that a pair of compatible pure
spinors corresponds to a reduction of the structure group of the generalized bundle
from O(6,6) to SU(3) x SU(3). In terms of the two spinors n'2, in general one can
write

o =ePpt onil. (2.9)

If Mg has SU(3) structure, there is a natural set of pure spinors, given by the pair
(J,Q) as follows: '
d_=—i0 D, =e, (2.10)

Since in this thesis we will mainly focus on manifolds with SU(3) structure, it is
interesting to classify them. We start by the simplest example of a manifold with
SU(3) structure, namely a Calabi-Yau manifold. In this case the Levi-Civita con-
nection has a SU(3) holonomy and the forms J and 2 are closed. In the general
case, one can define a connection with SU(3) holonomy which is not torsionless;
the torsion is a mesaure of the failure to satisfy the integrability condition of the
Calabi-Yau manifold. One usually decompose this torsion in SU(3) representations,
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as follows:

3 _
dJ = —§Im (W19)+W4/\J+W3 (2.11)
dQ=WIANIJANT+WoANT+W5AQ.

The forms W; are known as torsion classes and they provide useful information on
the geometry of a given manifold. For example, a complex manifold is characterized
by the necessary and sufficient condition W) = Ws = 0. We will discuss more details
about the intrinsic torsion in Chapter

This conclude the brief survey on the algebraic conditions imposed by supersym-
metry on a given compactification. We now come to the differential part, namely
the first-order conditions on the metric and the fluxes which ensure supersymmetry,
and give a first-order formulation of the equations of motion. We skip the tech-
nical details of the derivation, which can be found in great clarity in Appendix A
of [88]. For the type IIB theory, N/ = 1 supersymmetry on a warped Minkowski 4D
compactification requires:

e 3A+0 g, {ezA—%_} —0 (2.12)
e3Atd g, [63A—¢¢,+} +dAND, +e? kg A(F) =0,

where dj is the H-twisted differential given by dye = de —H Ae (H being the NS-NS
three form), F is a polyform constructed from the sum of RR fluxes: F' = F;+F3+F5,
A is the following transposition

AX) = Y (), (2.13)

n

and ¢ is the dilaton. The main advantage of this pure spinor approach in deriving the
conditions imposed by supersymmetry is that they provide directly a set of first—order
differential equations, without the need of explicitly computing the supersymmetry
variations of the supergravity fields.

The fact that this first-order system implies the supergravity equations of motion
can be proved from integrability arguments [I19]. One can also show that the pure
spinors @4 are the natural variable in which a BPS rewriting of the action is possible,
and roughly speaking they reduce to the Hamilton-Jacobi result in a cone-like
compactification. We will come back to these ideas in chapter [7}

2.2 Conifolds and gauge/gravity duality

In this section we would like to show the powerful of the pure spinor equations de-
scribed above also in the case that the internal manifold is non-compact. Generalized
geometry techniques indeed prove very useful to derive solutions of interest for the
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gauge/gravity duality, where the six-dimensional compactification manifold is a cone
Ys over a compact five-dimensional base X,_1 (see Figure . The radial direc-
tion plays a crucial role, since it is dual to the renormalization group flow in the
gauge theory [80, [74, [I55]. In this situation, the solution usually preserves enough
symmetries so that all the degrees of freedom depend only on the radial coordinate.
The supersymmetry equations then simplify considerably and one can hope to find
explicit analytic solutions.

We will now apply the machinery described in the previous section to derive the
Klebanov-Strassler solution, which is the gravity dual to a confining N' = 1 gauge
theory, first obtained in [I16]. We begin by a brief review of the geometry of conifolds;
for more details we refer to the reviews [I01} [102]. The conifold is described in C*

by the equation
4

d =0, (2.14)
n=1

The metric can be written in the following way:
dsg = dr* + r’dsi.. , (2.15)

where the space T1! is the coset space TH! = (SU(2) x SU(2))/U(1) and its metric
is 1 ) ,
dshis = 5 (dw +3 " cos Gidqbi) > (d@? + sin? Gidgb?) . (2.16)
i=1 i=1
where 1 has range in [0,47] and (6;, ¢;) parametrize two S$2’s. The metric is thus
an S! fibration over S? x S?; the topology of this bundle is §% x S3. It is useful to
introduce the following basis of one-forms on 7! [141]:

1 . . .
g = \ﬁ( — sin f1d¢1 — cos ) sin Oadgy + sin wdﬁg) , (2.17)
1

g2 \/5

1 . . .
gs = ﬁ( — sin 01d¢1 + cos ) sin fadps — sin wdﬁg) ,

1
ga = ﬁ
gs — d@b + cos 92d¢2 + cos 01d¢1 .

(d91 — sin ¥ sin Oadgo — cos wd92> ,

(d91 + sin ¢ sin fady + cos wdeg) ,

The metric then reads A
1 1
2 _ 19 Z 2
dSTl,l = §g5 + 6 £ g; - (218)

One can add a stack of N regular D3-branes and M fractional D3-branes on the
conifold, obtaining a gravity description of an SU(N) x SU(N + M) gauge the-
ory [I14] [T18]. The fractional D3 branes are just D5 branes wrapped on the S? of
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Figure 2.1: The resolution and deformation of the singular conifold.

the conifold, and thus they source a magnetic R-R three-form flux on the S3, in
addition to the IV units of five-form flux which come from the regular D3-branes:

1 1
M/TM&_N, G LB (2.19)
The solution of Klebanov and Tseytlin [118] which describes this situation is singular
in the infrared. The resolution of this singularity was described by Klebanov and
Strassler in [116]. The singularity of the conifold can be repaired in two ways (see
Figure . The first is a deformation in which the apex is replaced by a three-sphere,
the second is a small resolution in which the apex is replaced by a two-sphere [47].
The KS solution deals with the deformation of the singularity; an heuristic way to
see this is that in the KT solution there are M units of F5 on the S3. In the infrared
the S2 shrinks to zero size at the apex of the cone, causing the energy density of
the flux to diverge. Clearly, to resolve this singularity one can try to find a solution
in which the three-sphere remains of finite size at the apex (deeper reasons actually
come from a field theory analysis, which we skip here for simplicity). The deformed
conifold is described by the equation

4
Y oa=e, (2.20)
n=1

where we introduced a new parameter ¢, the radius of the blowed-up three-sphere
at the apex of the cone. A Ricci-flat metric on the deformed conifold was derived
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in [47]; here we will present an heuristic derivation which also includes the fluxes of
the Klebanov-Strassler solution, by using the techniques described in the previous
section. We start by writing an Ansatz for the fields. As in [116, 144], we need the
most general metric compatible with the symmetries of the T™! space, which are
SU(2) x SU(2) x U(1). The U(1) symmetry, coming from a shift of the angular
coordinate, is broken by the deformation of the conifold down to its Zo subgroup
acting on the complex coordinates as a reflection zp — —z;. The field theory origin
of this is the breaking of a U(1) R—symmetryﬂ We thus seek for the most general
SU(2) x SU(2) x Zs symmetric Ansatz for the metric and the fluxes. This was
constructed by Papadopolus and Tseytlin (PT) in [144] (they actually wrote a more
general Ansatz in which the Zo symmetry is completely broken). The solution is
parametrized by eight scalars

¢a = (x7y7p7 A7 f7 k’ ¢)7 (2'21)

depending only on the radial direction of the cone 7. The ten dimensional PT metric
is:

dsiy = AT dst g+ e P T drt + "M (gf +g3) + 7Y (g5 + i) +e TR
(2.22)

We should require that in the infrared (ie at small 7) this metric approaches a finite

size three-sphere, while the S? shrinks to zero. The metric on the S® is given by

o Las(2\"Pr, . 5 1,
dQlg = € / <3> [93 +gi+ 595} ; (2.23)

while the S? forms are g; and go. The S? should shrinks to zero as 72 (this can
be shown for instance by solving the equations of motion in the infrared). These
infrared boundary conditions fix the leading order behavior of the metric functions
in the PT Ansatz (2.22)):

1 2
T~ ceg+logr, y~cy+logT, pwcp—glogr, ANCA+§10gT. (2.24)

We now write the Ansatz for the fluxes. In order to find F3, we note that at the
apex the flux should lie within the S3, so that

F5(r=0)=2Pg3s A gs N gs, (2.25)
and in the ultraviolet should approach the KT value

F3(tr=00)=P(g1 Ng2+ 93N ga) Ngs. (2.26)

The U (1) is actually broken to a Zaa subgroup by instanton effects, but this is a 1/M effect
not visible in the SUGRA approximation, while the breaking to Zs is a leading order effect.
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Here we are setting P = M /4 and o/ = 1. The simplest interpolating Ansatz is
F=FgNgNgs+2P—F)gsAgahgs+FdrA(giAgs+g2Ags), (2.27)

with F'(0) = 0 and F(oco) = P. For the NSNS flux, a simple Zs symmetric Anstaz
for the B-field is
B=faNg+kgsNga, (2.28)

and H3 = dBs. For the five-form flux, we have
F5 = F5 4 +F5, (2.29)

where
_ 7@
4

For @ = 0, the Ansatz automatically implies F5 = Ba A F3. A nonzero () measures
the number of explicit D3-brane sources present at the tip of the cone.

We are interested in deriving the first-order equations imposed by supersymmetry
for the fields of the PT Ansatz discussed in detail above. In order to do that, we will
use the pure spinor equations described in the previous section. We will only consider
the case of an SU(3) structure, so the only information that we need to write down
the pure spinor equations explicitly is the knowledge of the complex structure form
2 and the Kéahler form J. These have been derived in [I144] and they are very simple
in the basis G;, related to g; by equation (A.2):

Fs + (k= f)F+2Pf|lgiANg2Ng3sANgaAgs. (2.30)

J=G1 ANGs+G3 A gy + Gs A Gg, (2.31)
Q= (G +1G2) A (G3 +iGy) A (G5 +iGg) .

In terms of the basis g; these forms read

J =€ PTdr A g5 — g1 A ga + €%g2 A g3 (2.32)
Q=eP 3| —jeYdr A1 Aga+dT Agi A gs+dr Aga A ga (2.33)
+ie YdT A g3 A ga+e’g1 A ga A gs+igi AgsAgs

+ig2 AN ga N g5 —e_ygs/\gMgs] :
From this, we recall that we can obtain the pure spinors @ as follows:
b =i, b=, (2.34)

At this point we have all the ingredients to compute the pure spinor equations ([2.12)).
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The final result for the first equation is the following
e3A+eq, [ei’*‘*%_} - (2.35)
= %e*?’”% [QidT ANGLAGaANgsANgaAgs (f—k+e Vf —elk)
—dr AN (Ag1ANgsNgs+gaAgags) <2€08hy+6p’ — 1’ —6A +2¢’>
—ie YdT AN g3 A gs A gs (2ey +6p —a’ +2y —6A" + 2¢’)
—ieddr N g1 A ga A gs (—Qefy —6p' +a' +2y +6A" — 2(;5’) } =0,
while for the ® equation we find
e~3Ateq, [632‘*%4 FAAND, + e % AF = (2.36)
=e PAdr A gL Aga A g3 A ga [—2 + P22 (4 A 4 2 — gzﬁ’)}
+e 2dr [e¢P (f(2P — F) + Fk) + > (4[1/ . ¢’)}
+%(91 AN gs+ g2 AN ga) A gs {f—k—2€¢F/]
+dr Agi A g [62y+¢(F —2P) — f’}
+dr ANg3 A gy [—e_2y+¢F + e_"ﬁk"}

+'l€76pimd7—/\ (91 /\94 _92 /\93) |:_1 +66p+21(2‘4/+x/ - (b/)] = O

We note that the warp factor A is related to the mode A of the PT Ansatz by
24 =24+ 2p — x. From these expressions, we want to get a system of first-order
equations for the first derivatives of the PT scalars ¢®. If we try to solve algebraically
for gﬁa we see that there are too many independent equations, so we can rewrite
the previous conditions as a system of eight differential equations plus an algebraic
constraint. The latter comes from the top form in (which is roughly H A Q)
and thus represents the (0,3)—flux. We can thus rewrite the pure spinor equations
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in the form
(0,3) : FokteVf — ek =0, (2.37)
flow eqgs : z = %e‘h (2¢7% + f(2P — F) + kF) , (2.38)
y' = —sinhy,

1
p = 8 (—2coshy + e 2 (e”% + f(—2P + F) — kF)) ,

A = ie—% (f(—=2P + F) — kF) ,
f'=e*(F -2P),

K =—e?F,
1
Fl'=_(f—k
Ln).
¢ =0.

For simplicity we already used the last equation to set e? = 1 in the above system,
in order to avoid redefinition of the metric modes in passing from the string frame
(in which we usually write the pure spinor equations) and the Einstein frame of the
PT Ansatz. We are now interested in finding a regular solution of this system, which
has the desired boundary conditions described above. Before solving the system, let
us pause and comment about this result. We derived the system of supersymmetry
equations in a rather unconventional way for the literature on gauge/gravity duality;
we now describe a more standard way to derive the same result. Since the solution
depends only on the radial variable, one can perform a reduction of the type IIB
supergravity action and derive an effective one-dimensional dynamics for the scalars
¢®. This is a useful way to look at the problem and we will use it in the following.
The result of this procedure is a Lagrangian of the type of eq. , where G is a
metric on a moduli space whose coordinates are the scalars ¢*. In the specific case
of the PT Ansatz the result for G, is the following:

Gab¢/a ¢)/b — e4p+4A |:$/2 + %yﬂ + 6p/2 _ 6A/2 + %Qb/Q

1
£ T (e U 4 270 ) |- (2.39)
The scalar potential V' (¢) has the following integrability property:
1 ., OW oW
V(p) =GP — — . 2.40

The real function W (¢) is known as the superpotential, and this is basically one inte-
gration of the Hamilton-Jacobi equation for the one-dimensional system at hand [60].
In our case W is known:

1
Wies(¢) = e*A72P720 L 4444 oogh gy 4 §e4A+4p_2x [f(2P —F)+ k:F] . (241
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From this superpotential we naturally derive gradient flow equations, which imply

the equations of motion:
Wis(9)

a 1 aba
o =3¢ PP
While this is usually the form of the supersymmetry first-order system, with this
procedure it is not clear the relation with supersymmetry. With the pure spinor
result, we are now in the position to check if the system (2.42) is equivalent to the
requirement of supersymmetry. It is easy to show that the flow equations are indeed
the same as the system . However, supersymmetry imposes the additional
algebraic constraint , so we conclude that there exist solutions of the flow
equations which break supersymmetry. This implies that W is not a true
superpotential, but a “fake” one. Indeed, this result agrees with the five—dimensional
gauged supergravity analysis of [97] (the fact that there exist solutions to with
susy—breaking (0, 3)—flux was originally noticed in [122]).
Let us now solve the first-order system . We will solve for the eight functions
in the following order:

(2.42)

y? f’ k’ F’ ‘/L'7p7 A’ ¢' (2'43)

The equation for y(7) has a general solution of the form
y(1) = log [tanh <% + Cy)} . (2.44)
In order to match the IR series y(7) ~ const + log7 + ... we see that we can take

Cy = 0. With this solution we see that the system for the flux modes f, k, ' decouple;
we thus need to solve:

' = tanh? G) (F —2P),
k' = coth? (%) F,
P = %(f k). (2.45)

The solution with regular boundary conditions is

(tcothT — 1)(coshT — 1)

f==P sinh 7 (2.46)
(tcothT — 1)(coshT + 1)
k=-P 24
sinh 7 (247)
F= pw (2.48)

sinh 7

With this solution we can now solve for the metric functions x and p. We can easily
solve for the combination x + 3p, which is given by

1
x + 3p = log 5csch7\/3 sinh(27) — 67 + Cy| , (2.49)
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Figure 2.2: The warp factor of the Klebanov-Strassler solution.

and the regular boundary condition corresponds to C; = 0. Recalling that the warp
factor is defined as h = e~*4, we have

W = —e 2@ (0P — F) 4 kF). (2.50)

This can be solved by noticing that

~ 4sinh? 7
424 = e7200H) = 2.51
v c 3(sinh(27) — 27) (2:51)
and thus
4sinh? u 7\f
z 424 = / (Sinh(2u) — 2u)d log (sinh(27) — 27) — ——, (2.52)

where the constant follows from the definition A = e~44. This expression gives the
warp factor A in terms of a single integral:

T ) (e _o\1/3
h=hy— 16 22/3P2/ (ucothu 1).(81211(211) 2u) . (2.53)
sinh” u

This integral cannot be evaluated analytically and a plot of its numerical values is
shown in Figure The constant hg ~ 18.2373P2 is chosen to have h(co) = 0. In
terms of this integral the metric mode x is then

9-1/3

1 Vh(sinh(27) — 27)/3] . (2.54)

leog[

This concludes the derivation of the IR and UV regular solution of the first-order
system (2.38), which was first derived by Klebanov and Strassler in [116]. It is easy
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to show that the constraint is automatically satisfied for this solution, which
is thus supersymmetric (this fact was first proven in [93]). We summarize here the
Klebanov-Strassler solution we just derived, in terms of the function A that we will
use in the following chapters. We also reintroduce the e parameter of the conifold:

1
e’ = Zh(T)l/2 (% sinh(27) — 7') 1/3 ,
e’ = tanh(7/2),
. 1/3
7 — o4 (3sinh(27) —7)
h(7)sinh? 7 ’
A et 2/3 9
e84 = ﬁh(T) (3 sinh(27) — 7)7” sinh?® T, (2.55)
(tcothT — 1) (coshT — 1)
—_p
/ sinh 7 ’
b — 7P(7‘coth7‘ — 1) (cosh7 + 1)
B sinh 7 ’
Fo P(SinhT —T)
sinht ’
¢=0,
Q=0.

2.3 The baryonic branch of Klebanov-Strassler

In this section we would like to show the power of the generalized geometry tech-
niques in deriving another cone-like solution of interest for the gauge/gravity corre-
spondance: the dual of the baryonic branch of Klebanov-Strassler field theory. We
will not need this solution in this thesis, although we will use a number of facts about
the baryonic branch of the theory. We thus include this section for completeness.
The original derivation of the solution is in [45] (BGMPZ in the following); here we
will rederive it in a slightly different and simpler way, making use of the pure spinor
equations.

As we discussed in the previous section, the Klebanov-Strassler solution has a Zo
symmetry which interchanges the two S?’s parametrized by (61, ¢1) and (62, ¢2). It
was then suggested in [94] that the KS solution should lie at a Zy symmetric point
inside a moduli space of vacua which includes a baryonic branch, namely a locus
where the global U(1)p symmetry is broken by a VEV for baryonic operators B, B

B~ €ay.ann (AT (A3 (A2)0 140 - (A2)53)

B~ eroam (Bl (B (By)MH1 | (By)2M (2.56)

a1 QM+1 Q2 M



THE BARYONIC BRANCH OF KLEBANOV-STRASSLER

The spontaneous breaking of the baryonic U(1)p is associated to a massless Goldston
boson which was identified in [94]. This boson should have a companion partner in
a N =1 chiral multiplet, the saxion. The VEV for this mode corresponds to a one
parameter family of supersymmetric solutions. A VEV for the saxion corresponds to
the breaking of the Zs symmetry in the gravity background, thus in order to find this
solution one should start by the most general SU(2) x SU(2) Ansatz for the metric
and the fluxes. This was already written down in [I44]. Based on this Ansatz,
BGMPZ derived the first-order system of supersymmetric conditions by using G-
structure techniques, essentially by matching the intrinsic torsion and the fluxes in
each SU (3) representation. Here we will show how to derive this system by using the
same techniques of the previous chapter, namely by writing down the pure spinor
equations.
The PT Ansatz [144] for the metric is very simple in the basis G;:

6
ds® = e*dsi +> G, (2.57)
i=1

while for the fluxes it is more concise in the original basis (e;,€;) (we refer to Ap-

pendix [A] for the definitions):

H = hoés A (e1 Nep +ea Aeg) +dr A [R(e1 A ez + e1 Aea),

+X/(€1/\62—61/\62)+h,2(61/\€2—62/\61)];
F3:P[€3A(61A62+61/\62—b(q/\62—62/\61))—1—b'd7/\(61/\61—i—eg/\eg)],
F5 = F5 + *F5, Fs=Kei ANea ANep N e N es.

We recall that a prime denotes derivative with respect to the radial direction 7. We
also fix the following SU(3) structure:

J = (G1 ANG2)+ (Gs AN Ga) + (G5 A Gg) (2.58)
Q= (G1 4+ iG2) A (G3 +1iG4) A (G5 + iGé). (2.59)

The PT Ansatz thus consists of ten scalars ¢®:
¢a: (a797$7p7A7¢7bah17h27X)- (260)

To obtain the Zs symmetric Ansatz we used in the previous chapter one has to fix a
particular relation between the metric modes a and g:

e =1-d?, (2.61)

and set y = 0. The flux modes hq, ho and b are related to the scalars f,k and F of
previous section by

f(1) = hi(1) — ha(7) (2.62)
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k(1) = hi(7) + ha(T)

b(r) = FI(DT) —1.

The dynamics of the ten PT scalars is described by the type IIB supergravity action,
which can be reduced to an effective one-dimensional problem of the type (2.3)), with
a moduli space metric given by:

1 B 1 . 1 1 . . . .
§Gab¢a¢b _ €4A+2x—2¢[_ 16—29(-12 1342 Z92 n Zm-z + 3%~ 6Ap+ 3AT + 340
.. . . 1 . .
— 3pi — 4Ad + 3pd — gm] - et [21321)2 +e 2 (629(h1 —x)?
; ; N2 —2g 2\ i 2\ .\2
+ 2(ahy + ha — ax)® + e 29 ((1 + a*)h1 + 2aha + (1 — a®)x) )}

(2.63)

and an interaction potential:

V(¢?) = ée“ [26_2(9_I+¢)a2 + ¢ 2(g+bptato) (1 + €19 4 2(=1 4 e29)a® + a4)
— 46797720 (1 4 €% + a?) + 2¢72%h3 + e 72(Q + 2P(hy + bha))?
+ P2 (e29 +2a—b)2+e (1 +a? - zab)Q)} . (2.64)

A superpotential W which satisfies the defining relation is not known, even
if there has recently been some attention to this problem (see for example [22, [97]).
It has been suggested that a solution for this equation with the desired boundary
conditions (as we will see, the solution should interpolate between the KS and the
Maldacena-Nunez solution) does not exist [77]. A compromise was to find a function
W that gives the potential V only after some algebraic constraints are imposed [49].
We will come back in a moment on these constraints. Now we want to follow the same
procedure of the previous section, namely to write down the pure spinor equations
and derive the corresponding system of first-order equations. This computation is
more involved than in the KS case, but it is entirely algebraic and thus can be easily
carried out with Mathematica. One important difference from the KS case is that
we should be more general and allow for arbitrary phases 64 (7) (functions of the
radial variable 7) in the pure spinor definitions:

o, =l D= —ief-Q. (2.65)

The reason is that the solution we seek should interpolate between different classes
of SU(3) structures (see for example [75] for interpolating G-structures). The KS
solution derived in the previous section corresponds to 8+ = 0 (which is known as
the class B, see e.g. [45]). With this definition we can carry out the computation of
the pure spinor equations; to avoid clutter we show the final result in Appendix [C}
These expressions contain the ten PT scalars ¢® and their first derivatives éa, as
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well as the SU(3) structure functions A, B, #+. With some algebraic manipulations,
one can show that the pure spinor equations are equivalent to the following set of
first-order ODEs:

o = aC— 169_21_617 ala —b)S
S bC —1 7
) -2 - aC—1 o g  ala—b)S
g =e [aS—i—(C a)( —g ¢ SO 1
co—bp2s  b—C —om
z' = aSe 9702 +bC—1h%S€2 ,

/

e~

- *2%76p o - . 2 Gp 2 a9
P = T see—1) [6 (4(b = C)(~1 — a® + 2aC)ePh3S

—2a(bC — 1)e95%) — (4a + 2b + 2a°b — 2C — 2a>C — 4abC

+ 4052 + 4bS2 + 242652 + 242CS? — 8abC’S2)} ,

_ DO HIC? iy

Al
85
o 20*°C — b(=1+a* +2aC) _,,
¢ = —haS < o1 e *9hyS | C,
, 2a2C —b(—1+ a® + 2aC) _2g
b= O — 1 € ]’LQS,
1-bC
by =
1 S )
2a(b—C)(aC —1) _,
hYy = 9h
2 -1 ¢ Y
I _ (C — b)(ac — 1)2 —2g
(bC -1)S ’
together with two algebraic constraints:
4e~20 9
— —2g+2x _1)\2 2
1 (bc—1)2[€ (aC — 1) + hp8?|
2ah1
he = 1+eX+a?’

where we defined the combination C and S as:

The SU(3) structure functions are fixed by

A:

0|~

(€a).

1
C=—
2a

1
S=—
2a

B=-—

(1+a2—|—629),

[a4 +2a%(e? — 1) + (€29 +1)?

eg

gv

0y _

1/2

eIt P(bC — 1)

~iet(aC — 1) — e9hyS’

29

(2.66)

(2.67)

(2.68)

(2.69)

10—

(2.70)
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One can show that the system , together with the two algebraic constraints,
imply the second-order equations of motion for the PT scalars. When we try to
solve the first-order equations, we find that a regular supersymmetric solution is
determined by two coupled ODEs for the fields a(7) and v(7) = €%2% while all
other modes can be obtained from algebraic equations or simple decoupled ODEs.
The solution cannot be determined analytically, but a numerical analysis has been
performed in [45]. The end result is a family of supersymmetric solutions which
interpolate between the KS solution of the previous section and the Maldacena-
Nunez solution [128, 5I] (MN), another N/ = 1 background dual to a confining
theory. MN corresponds to a phase §, = 7 and it is known as a class C. For more
details about this family of solutions and its relation to the baryonic branch of the KS
gauge theory we refer to the original paper [45] (see also [68] for a detailed analysis
of the moduli space of the gauge theory).

2.4 Metastable supersymmetry breaking

In the previous sections we reviewed the construction of the Klebanov-Strassler so-
lution, which is a supergravity background dual to a confining N' = 1 gauge the-
ory. This is clearly a good starting point to explore supersymmetry breaking in the
gauge/gravity correspondence. This will be one of the main subjects of this the-
sis and we will discuss in great detail various solutions which break supersymmetry
on the conifold. Here we want to introduce one particularly important mechanism,
which plays a crucial role in the following chapters.

The idea is to add an ingredient which does not preserve the same supersym-
metries of the Klebanov-Strassler solution. The simplest option is to add a stack
of anti-D3 branes with worldvolume transverse to the conifold directions. Since the
fluxes of the Klebanov-Strassler solution are BPS with D3 branes, a brane with op-
posite charge breaks supersymmetry down to A/ = 0. Of course, supersymmetry
is not there anymore to guarantee stability, and in general one expects this sort of
configurations to be unstable. We will discuss in length about the stability in the
following chapters. Here we review a simple analysis, due to Kachru, Pearson and
Verlinde (KPV) [111], which leads to conjecture that for some range of parameters,
the anti-D3 branes result in a metastable state, which is classically stable and decays
via bubble nucleation.

The proposed mechanism is based on the fact that the anti-branes can polarize
via the Myers effect [142] into a classically stable expanded five-brane, due to the
presence of the background three-form fluxes. This conjecture is supported by a
probe computation, in which one neglects the interaction of the anti-D3 branes with
the background. There is however a quantum non-perturbative channel, which is me-
diated by an instanton, which causes the five-brane to be metastable, but extremely
long-lived. If the five-brane is metastable, then the corresponding supergravity so-
lution should be dual to a metastable non-supersymmetric state in the Klebanov-
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N anti-D3 NS5 M — N D3

Figure 2.3: The KPV process.

Strassler theory. This is because of the intuition that the effects of supersymmetry
breaking should be irrelevant in the UV, due to the IR redshift which comes from
the warping. This holographic model of spontaneous supersymmetry breaking is
extremely interesting, since in the gauge theory the identification of the metastable
point is difficult due to strong coupling, and a field theory evidence is still lacking,
despite various attempts to study the moduli space of the theory [68]. While Chapter
3 will be devoted to the construction of this supergravity solution, we now briefly
review the KPV conjecture, following [I11].

We start by placing a stack of N anti-D3 branes, extended along the zg,...x3
directions, at a given point 79 along the radial direction of the deformed conifold. It
is easy to compute the force which is acting on the anti-branes, due to the warping
and the five-form flux. The DBI potential is proportional to e*4T4=2% while the
WZ term comes from the five-form flux and it is given by Ke*A+t4=22 We thus have

Fps, = Fppr + Fivz ~ [k‘F + f(2P - F)} AP g At =2 (9.7])

where the + means D3 and anti-D3 respectively. We see that a D3 brane is BPS
in the Klebanov-Strassler solution, since the DBI and Wess-Zumino term cancel due
to the supersymmetric equations . For anti-D3 branes, they sum up and they
create a net attractive force which brings the anti-D3 branes toward 7 = 0, the tip
of the cone. Thereby, we consider a situation in which the anti-D3 branes sit at the
tip of the cone, which is topologically a three-sphere S3 and we suppose that the
branes sit at the north pole of the sphere. Since now we neglect the backreaction
of the branes, the metric which surrounds them is that of the near-tip limit of the
Klebanov-Strassler solution:

1
dsly = dx,dx, + b} 5d72 +d03 + 72d03| (2.72)

where df23 and d29 are the metric on the round three and two spheres of the deformed
conifold and by ~ 0.93266. Since the three-sphere supports M units of the R-R
three-form fluxes F3, we want to check wether, in the probe limit, the anti-branes
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Figure 2.4: The effective potential V.z¢(¢) for different values of N/M. On the left:
N/M = 0.04 (we see the metastable minimum); on the right: N/M = 0.08 (the
minimum disappears).

can undergo a Myers effect [142] and polarize into an expanded brane. To check this,
we need to compute the potential of the would-be expanded brane and look for some
local minimum. Since the configuration breaks supersymmetry, we generically expect
to find at most a metastable point (provided that a domain wall interpolating between
this non-supersymmetric solution and one supersymmetric configuration with lower
energy exists). We can think of various polarization channels: in general, one expects
D5 and NS5 phases, together with obliques phases of (p, ¢)-branes [146] [160]. The
KPV conjecture is about the existence of the NS5 channel, in which the anti-D3
branes polarize into a NS5 brane wrapping a two-sphere inside the S3 at the tip,
and sitting at particular value of a polar angle ). As we now show, this channel is
present in the probe approximation. We consider the worldvolume action of the NS5
brane (we set o = 1):

S = ,u5/ [det g) det(gL + 27T}')] 1/2 + ,u5/ B+ CyN2nF,  (2.73)
R3,1 XSZ R3,1 ><S2

where 2rF = 2w F, — Co and the integral of Fy over the S? gives the induced anti-D3
charge on the NS5 brane worldvolume:

/52 Fy =27N. (2.74)

We are interested in the dynamics of the NS5 brane, described by the time evolution
of an angular variable (), such that ¢ (¢ = 0) is the north pole. This time evolution
is generated by the following Hamiltonian H:

Ag

H = —_(2 —sin(2¢)) + [A(%VDBI(w)Q + Pﬂ " (2.75)
where Py = 0L/0y, Ay = 4n*us M /gs and
Vopi (1) = i\/bﬁ sind ) + (w% — i+ %sin(Qz/;))Q . (2.76)
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Figure 2.5: The values of N /M for which there is a minimum of the potential Ve ¢ (1).
For N /M bigger then about 0.08 the potential has no minima.

We seek for a static solution, so we can use an effective potential derived by setting
Py, =0, obtaining

Verr(h) = Ao

N
i\/bg sint ¢ + (w— — 4 %sin(2¢)>2 - % (mp - sin(Qw))] :

M
(2.77)
It is useful to look at an expansion of this potential valid for small ¢). We are actually
interested in the dependence of V' on the two variables, 1) and N /M. The region
near the north pole is well approximated by a small v expansion:

. N 4 bg .
Ve N/M)~ — — —¢*+ — 0 ot L O@W°) + O ((M/N)?) . (2.78
s N/M) ~ 57 = 2 0% 4 oDt OW) + O (M/NY) . (2.78)
This expansion shows that the potential has a minimum at
21N
=—. 2.79
#@ béﬂf ( )

We should note that this approximation breaks down as ¢y becomes large, namely
when the number of anti-D3 branes grows. By plotting the full potential we can see
that the minimum is destroyed for large N /M (see Figure . Indeed, by requiring
that 0y Verr(¢) = 0 one find the condition:

477% = 4ap 4 (bg — 1) sin(2¢)) — 2tan . (2.80)

By plotting the right hand side (see Figure we see that one can find a solution
if N /M is less then a threshold value indicated by the dotted line. The precise value
can be found numerically to be

N *
— ) ~0.0714797. 2.81
(3) (281
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We note that this analysis is valid for a process in which the stack of N anti-D3 branes
polarize into a single “giant graviton” NS5 brane. If N exceed the value for
fixed M the NS5 brane does not find an equilibrium configuration and rolls down to
1) = 7. However, one can consider a process in which the anti-branes are divided into
smaller subgroups, each of which does not exceed the threshold value for polarization:
in this way one can end up with a state of multiple polarized NS5 branes. Let us
focus now on a single NS5 brane, which finds a classically stable configuration at
a given angle. From this point the decay towards the true vacuum at the south
pole ¥ = 7 can only occur via non-perturbative effects. Indeed, a bubble of the
supersymmetric vacuum can nucleate, surrounded by a spherical domain wall, which
in our case is a NS5 brane wrapped on the S3.

The solution for such domain wall was constructed by KPV in [IT1]. The compu-
tation of the decay rate reveals that one can tune the parameters in order to obtain
an extremely long-lived metastable state. Here we skip the details of this computa-
tion. It is however easy to understand the result of this non-perturbative decay. For
this it suffices to consider conservation of charge at infinity. We will discuss this in
much more detail in Chapter 4, here we just note that the H-flux across the afore-
mentioned domain wall jumps by one unit. Thus, if we start from a configuration

for which
1 1

Fy=M, H; =K, (2.82)

47‘1’2 S3 471'2 SZX[O,T*]

where S2 is the A-cycle of the manifold and S? x [0,7*] is the B-cycle (this would
be correct in a compact space, here we consider a cutoff 7*) we end up with a
configuration for which the units of H-flux are K — 1. Then, charge conservation
requires:

~N+ KM = Qp=r + (K - 1)M , (2.83)

where Qy—r is the net D3 charge of the true vacuum. We thus get
Quer =M — N . (2.84)

In the decay process the N units of anti-D3 charge are “eaten up” by the fluxes, but
to compensate a number M — N of explicit D3 brane sources should materialize.
This kind of process is known as brane/flux annihilation.

We will discuss in much more details the polarization mechanism in Chapter 5.
For now we just note that the expansion of the effective potential 7 misses a
1? term, which is expected when the full backreaction of the branes is taken into
account, as in [I146]. In a supersymmetric configuration, this term can easily be
guessed from supersymmetry; a direct computation is much more involved, but gives
the same result [73]. It was argued in [59] that in the present situation the potential,
once full backreaction of the branes is taken into account, should behave in the same
way as in the Polchinksi-Strassler solution [146]. However, it is not clear why this
is the case, since supersymmetry breaking effects can allow for more general terms
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which can spoil the structure of the original PS setup. Indeed, in Chapter 5 we will
prove that the current situation is rather different from the PS solution, since some
of the phases, such as the D5 brane channel, are missing.

A final note is about the dual interpretation of the metastable state. In [ITT]
some conjectures were made about the nature of the metastable state in the KS
theory; the idea is that when N = 1, and M is large, the non-supersymmetric
minimum is closely related to the baryonic branch of the KS theory for N = 0. The
NS5 domain wall interpolating between the true and the false vaccum represents
then a transition between the baryonic and the mesonic branches of the theory.
Indeed the supersymmetric family of vacua with a number N of D3 branes on the
deformed conifold is dual to the mesonic branch of the KS theory. While we refer
to the original paper [I11] for more details, it is important to keep in mind that
a compelling evidence for the existence of such metastable states in the theory is
lacking, the reason of which is mainly due to the difficulties in performing a strong
coupling analysis.

We end this section by mentioning that there exists a vast literature on metastable
supersymmetry breaking in string theory from different perspectives. A rather in-
complete list of works on this subject includes [64, 65], (6] [72] 143] 160}, 82, [63], &, O]
43, 1], 132 123].
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Chapter 3

Non—supersymmetric deformations
of conifolds

In this chapter we introduce a computational technique to study non-supersymmetric
deformations of supersymmetric flux compactifications of interest for the gauge /gravity
duality. We will then solve analytically the equations governing the space of first—
order deformations around the Klebanov-Strassler solution. We express the results
in terms of at most three nested integrals. These are the simplest expressions for
the space of SU(2) x SU(2) x Zy—invariant deformations. Among these solutions, we
expect to find the putative solution for smeared anti—D3 branes that we will discuss
in detail in the next chapter. We also explain why one cannot claim to identify this
solution without fully relating the coefficients of the infrared and ultraviolet expan-
sions of the deformation modes. This chapter is in part based on unpublished results
an on the paper [20].

3.1 DMotivation

As we discussed in the previous chapter, there are various motivations to study non-
supersymmetric solutions based on conifold backgrounds. From the gauge/gravity
point of view, it is interesting to have solutions corresponding to different models of
supersymmetry breaking in the gauge theory. One can for example break supersym-
metry explicitly by adding some mass terms, or look for mechanisms of spontaneous
supersymmetry breaking. In phenomenology, this latter scenario is particularly im-
portant, since it is obtained by adding anti-D3 branes at the apex of the deformed
conifold. Anti-D3 branes in Klebanov-Strassler (KS) throats [116] are a key ingredi-
ent in string model building and string cosmology, where they are used both for lifting
AdS to de Sitter solutions [110], and to construct models of inflation using D3 branes
moving in KS-like geometries [109]. Solving for a space of non-supersymmetric so-
lutions is also useful to study how the pure spinor equations that we used to derive
the KS solution are modified for a non-supersymmetric compactification, providing
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a first step in the exploration of general flux compactifications in string theory.

In this section we will discuss a very useful method, introduced in [4I], that
greatly simplifies the task of solving the second-order equations of motion for a cone-
like compactification. We will also present an extension of the method of [41], which
is more general and it will prove essential in the following chapters. The idea is
to solve the equations perturbatively in a small supersymmetry breaking parameter
around a given supersymmetric solution. By choosing the right variables, one can
reformulate the second-order system as a set of two first-order ones, which decouple
at any order of the expansion parameter. This formalism will also be useful to study
the non-linear case directly, without relying on a perturbative scheme.

We then proceed to solve for linearized perturbations of the Klebanov-Strassler
solution, inside the PT Ansatz that we discussed in the previous chapter. This set
of solutions contains the backreaction of anti-D3 branes smeared at the tip of the
deformed conifold. In the next chapter we will discuss the boundary conditions that
permit to identify this solution and we will study the backreaction in great detail.

3.2 A first—order formalism

We consider a type IIB supergravity background which is a warped product of the
form .
ds?y = e*ds? + ds?, (3.1)

where ds% = Gmn dx™dz" is the line element of an internal manifold Mg with metric
Jmn- We turn on a B field with field strength H = dB, RR fluxes Fy, F3, F5 and
a running dilaton CIJE We parametrize all the degrees of freedom by some scalars
¢®*(2™) which depend on the internal coordinates and which have values in a moduli
space M. Schematically,

¢*={g,h,®,H, F,} . (3.2)

We will use indices a,b = 0,...,n to indicate coordinates on moduli space and we
will often use a coordinate free notation in which ¢ are maps ¢ : Mg — M.

We are interested in the situation in which Mg has a cone-like structure, and the
scalars ¢% only depends on the radial direction of the cone, denoted by 7. In this
case we can perform a dimensional reduction of the type IIB supergravity action and
obtain a one dimensional n—body dynamics over the radial direction, which play the
role of time. The effective action is given by

S = / £(6% 6% dr (3.3)

where

L= Gal(6) 3P +V(9). (3.4)

'In the following we call the dilaton @, in order to avoid confusion with the map ¢.
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A dot means derivative with respect to 7. The scalars ¢® are components of a map
¢ : R — M, where M is the moduli space for this one-dimensional problem,
which we assume a Riemannian manifold with metric G,5. The equations of motion
following from this action are the equations of a falling body in the potential V:

D¢ =V 054) = gradV, (3.5)

where D is the covariant derivative along the curve ¢ : R™ — M, V is the Levi-Civita
connection on M and (gradV)® = G, V. From the supersymmetry equations,
we also know a first-order system which implies the equations of motion, namely
functions v%(¢) such that the supersymmetry conditions can be written as

¢ =1"(9). (3.6)

This is for example the case for the KS system ([2.42)). In this situation we also know
one integration of the Hamilton-Jacobi equation, namely a superpotential W such
that

V(o) = gl (3.7)
and the functions v(¢)® are given by
v*(¢) = (gradW)“. (3.8)
These functions satisfy the equations of motion, namely
Vv = gradV . (3.9)

The knowledge of the vector field v(¢) is crucial to derive an efficient perturbative
expansion scheme to study general non—supersymmetric solutions of the mechanical
system described by the Lagrangian . The idea is to parametrize the supersym-
metry breaking by introducing a new vector field £, defining:

p=v+E. (3.10)
Now we plug this definition into the equations of motion:

0=Vyre(v+&) —gradV = Vv — gradV + V,§ + Vev + Ve€ = V£ + Vev + V&,

(3.11)
where we used the defining properties of C*°(M)— and R-linearity of the connection
V and the fact that v solves the equations of motion (3.9). Thus we get the system:

b=v+E (3.12)
Vol = —Ve(v+£). (3.13)

In component, this system is a set of 2n first—order ODEs which is equivalent to the
set of n second—order equations of motion. This is a particularly nice parametrization
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since the scalar potential V' disappear. As we will now describe, equations ,
can be conveniently solved in a perturbative expansion around the supersymmetric
solution.

We introduce a small supersymmetry breaking parameter v and we expand the
fields v and & in a power series in ~:

J-1
v:vo—i—nyjvj—i-(’)(’yJ), (3.14)
=1
"
= 7Y¢+0(7). (3.15)

j=1

We note that § = 0 since the field ¢ parametrizes the supersymmetry breaking.
From equation (3.13]) we get:

vv0+v1+v2+...(€1+€2+- .- )+v§1+52+~-(2}0+v1+v2+' i )+v§1+§2+~-~(§1+§2+' ..)=0.

(3.16)
As it is clear from this expression, the fact that £y = 0 imply that at a given order
J in the perturbative expansion, there cannot be any term which couples v; to &;.
This means that at the jth—order, equation decouples from , and only
the modes ¢;, & with [ < j enter in the equations as source terms. Once the solution
of the system for the ¢; modes is known, one plugs the result in and solves
this equation at order j. This procedure clearly simplifies the task of solving the
full equations of motion since at every order in + one has to solve two systems of
decoupled first—order ODEs. Here we are particularly interested in the linearized
order. By writing

Vev =00+ T, Vipel = (0 + )V £ = £+ (v°+ £ THE°, (3.17)

where £ = ¢¢9,£% = (v°4+£9)0.£?, and the connection is derived from the metric on
moduli space Ggp:

1
b= 5G”‘d OhGeq + 0:.Gap — adGbc:| ) (3.18)

one can write the equations, at first-order in -, as follows:

déi(r) _ 9v*(¢o)

& = age A+, (3.19)
EAT) — 2] 2 (o) o) ). (3.20)

We write ¢ = ¢& + v¢¢ + O(7?), and in the following sections we will assume that
¢ are the scalars of a given supersymmetric regular cone-like solution, such as the
Klebanov-Strassler one (reviewed in section [2.2)).
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3.2.1 The Borokhov—Gubser method

If the functions v® come from a superpotential W, namely can be written as in (3.8]),
equations (3.19))-(3.20) have a simpler form in terms of the inverse modes §,. The

system can be rewritten as follows:

d%g) +6(r) Ma(60) =0, (3.21)
CMEZT(T) — M% (o) ¢2(1) = G™ (o) & (7)., (3.22)

where o o
M= 555 (G 3¢C) : (3.23)

In this form these equations were first derived in [4I]. Since in the following we
will perturb around supersymmetric solutions for which a superpotential is known,
we will use this form of the system. However we remark that from the pure spinor
approach one does not need to know a superpotential in order to apply this method.
We note that in addition to the equations of motion , the functions &, should
additionally satisfy a zero—energy condition coming from Einstein’s equations:

dg® dg®
dr dr
It easy to show from the definition (3.22)) that this amount to set:

Gab(¢)

V(g)=0. (3.24)

4% _y. (3.25)

S dr

In the following section we specify the equations above to study perturbations
around the Klebanov-Strassler (KS) solution. We write the expansion of the fields
¢* (a=1,...,n) as follows

¢* = o + ¢1(X) + O(X?), (3.26)

where X represents the set of perturbation parameters, ¢{ is linear in them, and ¢§
are the functions in the Klebanov—Strassler solution, written explicitly in ([2.55)).

3.3 Analytic solutions

In this section we apply the method described above to the Papadopoulos and
Tseytlin Ansatz, we derive the two set of first-order equations for linearized deforma-
tion modes ¢* and their conjugate momenta £* and we then solve these systems in
closed form, thus providing analytic formulae for the full set of SU(2) x SU(2) x Za—
invariant deformation space around the Klebanov—Strassler solution. The method
follows that of [25], but here we present numerous analytical improvements.
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For sake of clarity, let us recall the metric and the fluxes of our Ansatz, that we
already discussed in chapter We use the Ansatz for the supergravity background
fields proposed by Papadopoulos and Tseytlin (PT) [144], which is the most general
Ansatz consistent with the SU(2) x SU(2) x Za—symmetry of the Klebanov—Strassler
background:

dsty = 4P s + e P AT + Y (gf + g3) + €Y (95 + g1) + e P Vg
(3.27)

where all the functions depend on the variable 7. The fluxes and dilaton are
Hy=3(k—=f)gs N (g1 Ags+g2Nga) +dr A (f'ar Ago+ K gsAga)
F3=FqAgNgs+ (2P —F)g3sAgaNgs+ F'dr A(g1 Ags+g2Nga) , (3.28)
Fs =F5 +*F5, Fs=[kEF+f(2P—F)lgi Ng2Ngs NgaNgs
O =d(7), Co=0, (3.29)
where P is a constant while f,k and F' are functions of 7 and a prime denotes a

derivative with respect to 7. We will denote the set of functions ¢%, a = 1,...,8 of
the PT Ansatz in the following order

¢a = (x7 y’p7 A7 f’ k? F’ Q) * (3'30)
The field—space metric in (3.4) is
1 1
Gab ¢la¢/b _ 64p+4A [xa + §y/2 + 6p/2 o 6A/2 + Z(I)/Q

1
+ 16—@—23; (e—nyIQ 1 Qg2 +262¢F’2)} (3.31)

and the superpotential is given by
1
W (¢) = 472727 4 AAFID cogh gy + §e4A+4p_2z (feP—-F)+EkF). (3.32)

The background fields are given by the Klebanov—Strassler solution [116], sum-
marized in (2.55)).

3.3.1 &, equations

We start by writing down the first-order system of eight ODEs (3.21)) for the modes
&q. As in [25] we shift to a slightly more convenient basis £, defined as

a= (361 — L3+ &4, €2, —3E1 + 263 — &4, =381 + &8 — 264, &5 + 86, &5 — £6, 67, Es) -
(3.33)
The equations in the order in which we solve them, areE|

& = e 2P fo — Fy (fo — ko) & (3.34)

*We have accounted for two misprints in the published version of [25].
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€ = —e 2™ [2Pfo — Fy (fo — ko)] &1 (3.35)
& = —%Pe‘“(’& (3.36)
f= &30 (P-R)d (3.37)
g; = — Sinh(2y0)£5 — COSh(Qyo)éﬁ + ée_ZxO (f(] — ki()) 51 (338)
€l = (Pe*¥0 — sinh(2yo) Fy) &5 + (Pe® — cosh(2yo) Fy) & + % (fo—ko)&  (3.39)
& = 3eTH0TO0Ey 4 [5em 200 — o720 (2P fy — Fy (fo — ko))] & (3.40)
& = & coshyo + % sinh yo (251 +&+ 54)

+ 2 |:(P6290 — coSh(Qyo)Fo) 55 + (P62y0 — sinh(?jqo)Fo) 56} . (3.41)

The key development we present here is to solve for all the &, in terms of two
simple integrals, one of which is the KS warp factor:

T wcothu — 1
h(r) = ho — 32P> / % (coshusinhu — u)'/® du, (3.42)
0 sinh“ u
T du
i(r) = / , 3.43
(7) (coshusinhu — u)2/3 (343

with hg = 18.2373 P? a numgrieal constant.
In solving the system of § equations, we make the following key observations. In
the equations for & and &4, we note that
h/

6_2900 [2Pf0 - FO (f() - ]{?0)] = ﬁ . (344)

This implies B ~
& = th(T) s &y = —th(T) + Xy . (345)

To obtain &g we use the relations (which can be easily derived from the first-order

flow equations for the KS fields (2.38)))

1
Pe?0 — sinh(2yy)Fy = ) (fo+ ko), (3.46)
1
Pe¥o — cosh(2yo) Fy = 3 (fo— k‘o)/ , (3.47)
which yields
> 1 1 PP | ~
& = =5 (fo+ ko) & — 5 (fo — ko) &6 + 5 (fo — ko) &7 (3.48)
Integrating by parts and using (3.37) and (3.45]), we get
N 1 ~\ 1 -\ 1
& = —5<(f0 + ko) §5> - 5((]”0 — ko) 56) - 6X1h/- (3.49)
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This easily integrates to
~ 1 -1 - 1
& = —5 (fo+ ko) & — 5 (fo — ko) & — £ X1h(7) + Xs.

For &3 we observe that, from (2.51)

) &l
o~ 220—6p0 _ 4 sinh” 7 1 537;1
3

sinh2r — 27 §£3h ’
where 537;1 is the solution to the homogeneous equation, namely
€35, = sinh 27 — 27.

As a result,

€y = Be 20O Ey 4 [5em 20700 — 720 (2P fy — Fy (fo — ko))] &4

5 _ w).

e 367210761)053 + Xl ( _
3 &

Henceforth,

B 5 2 - TN :
&3 =—"X1h(r)+ 2 X1&n | du— + Xslsp.
3 3 3,h

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

The above observations allow us to write the full solution in terms of two simple

integrals. We collect here the full solution

51 = th(T) )

- 5 32 o 9 . 4/3

£3 = —gth(T) - EP Xjcsch?r (sinh 7 cosh T — 1)
128

?PzXl (sinh 7 cosh7 — 7) j(7) + 2X3 (cosh Tsinh 7 — 7) ,

&= —Xqh(1) + X4,
~ 16P

& = ——3 X1j(1) + X5,

~ 1 cosh7sinht — 7

S = _sinhT)\6(T) B 2sinh 7 )\7(7—) ’

- cosh 7 —3 + cosh 27 + 27 coth 7

- _ by A

& sinh? 7 o(7) + 4 sinh 1 (7)),

- ~ Tcotht —1- 1

& = P (rcothT —1)coth7& — P————& — =X 1h(7) + X3,
sinh 7 6

where
1 ~ 1X
Xe(T) = Xg + 3 (—T + coth T — 7 coth? 7') &(T) + g ?lh(T) )
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~ 16 64
M (1) = X7 — csch?r &(1) + EPchsch%' (coshTsinh 7 — 7')1/3 + KPXL]'(T) .
(3.63)

Finally, §~2 can be obtained through the zero—energy condition or just by
direct integration of . The latter will introduce another integration constant,
X5, that one could then determine as some combination of the other ones via the
zero—energy condition. We find

2 1
Eo = — ngT cosh 7 + §X4 cosh T + PXgcschr (cothT — TCSChQT)
+ PXscschr (1 — 27cotht + T2CSCh2T) + Xosinh T

1
+ §PX7 (—27’ coth® 7 + csch?r + T2CSCh4T) sinh 7
1
= ﬁXl {3csch37' h(7) (67 — 5sinh 27 + sinh 47)
+ 2P2(:sch57( — 15 + 2472 4 16 cosh 27 — cosh 47 — 327 sinh 27 + 47 sinh 47')

X [4 sinh? 75(7) — 6 (cosh 7 sinh 7 — 7')1/3}] . (3.64)

The zero—energy condition then amounts to

2 3
Xy — 5 X3~ PX5 — SPX7=0. (3.65)

3.3.2 ¢ equations

The analytic expressions we obtain for the eight g?)a modes are all double integrals,
except for (54 where we obtain a triple integral. This is a considerable improvement
over all previous works. Depending on the reader’s taste, the expressions may appear
somewhat cumbersome but they will be crucial for explicit numerical computations
that we will discuss in the next chapter.

To solve the system of ¢%, we also use a shifted basis [25]

&a:(:C*2p*5A7y7$+3p5$72p72A7ka7F)q)) (366)

The system of equations for the qga modes is (in the order in which we actually solve
them)

gy = —de~Homigy (3.67)
¢y = — coshygpy — 2e 4040, | (3.68)
_ , ~ -1 . . _

B = —3e~M 200Gy —sinhyo by — e (96 +58 +261) | (3.69)
_ _ | _ _

B = 2e~0 720Gy — sinhyo 6y + e A0 (51 + 354) , (3.70)
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&é = ™0 (Fp —2P) <2<52 + <Z~>8) + 20 7 — 2440 4po+220+2Y0 (,55 + 56) , (3.71)

G = 70 [Fy (265 — §s) — Gr| — 2e~ Mot 2mo2n (& &) | (3.72)
B = 5 (35— do+ (ko — fo) s ) — 2 Moo g, (3.73)
o) = ée*m [fo (2P — Fp) + koFy)] (2&1 — 23 — 5&4) + %e*m (2P — Fy) ¢s

+ %e*”OFoq% + %e%o (ko — fo) o7 — %6*4/40*4?051 : (3.74)

The expressions for the éa modes are given in equations f. We will now
show the solutions of this system. For clarity, we omit all the lengthy derivations
of the results. As in [25], we use the Lagrange method of variation of parameters
to obtain a solution in terms of integrals. We then performs various integrations by
part in order to reduce the number of nested integrations and to pick a nice basis of
integrals.

The general procedure is the following. Given a system of first-order ODEs

fl=M fj + b, (3.75)
where i =1,...,n and f;, Mé-, b; are functions of 7, we first solve the homogeneous

equations, to find solutions fjh ;- To obtain a solution of the inhomogeneous sys-
tem, we write a linear combination of the homogeneous solutions, promoting the
coefficients to functions of 7. Then we have

fi= 3 fhastn)e A = [ (3.76)
=1
For n =1 we simply get

_ b)) _
/= f(h)/ f(h)(u) du, f(h) = exp/M. (3.77)

The integration constant depends on the limit of the integration in A.

The ¢® solution

By directly integrating (3.67)) and a little bit of massaging, we arrive at
~ . X
ds = Y5 — 64 X5 j(r) + 5 h(7)

T u cothu — 1
— 64 P Xg / 5 ( - ) 573
sinh” u (coshu sinhwu — )

2 ~ 16
t5 h(7)&(T) + 5 X esch?7 (cosh 7 sinh T — 7)'/3 h(7)

du

+—X1h(1)j(r)+ = Xy

64 , 64 /T (sinh®u + 1 — u cothu)
9 3

sinh? u (coshu sinhu — u)?/?
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The QEQ solution
The solution to equation is given by

¢z = cschr Ao(7), (3.79)
where

—2u coth® u + csch?u + u2 csch4u) sinh? u
2/3

u

As(7) :Y2—16PX7/ (
(coshu sinhu — u)

T thu — h? T1—2u coth 2 csch?
—32PX6/ cothu — ucsc uzgdu—SZPX5/ u cothu 4+ u cs;gudu
(coshu sinhu — u) / (coshu sinhu — u) /
32X /T cosh u sinh u 64X /T u coshu sinhu
3
( (

du
3

2/3du+?

2/3

coshu sinhu — u) coshu sinhu — u)

6u— 5 sinh2wu 4+ sinh4u
2/3

- .o 13, 8 !
48 X9 (coshT sinh7 — 1)/ + 9 Xy / sinh? u (coshu sinhu — u)

B %PQXl /T —15+24u% + 16 cosh2u — cosh4u — 32w sinh2u +4u sinh4udu

h(u) du

sinh? u (coshu sinhu — u)'/?

n 64 P2y /T —15 4+ 24u2 + 16 cosh2u — cosh4u — 32w sinh2u + 4w sinh4u (u)d
55 1 j(u) du.
27 sinh®u (coshu sinhu — u)*?
(3.80)
The <]33 solution
Equation (3.69) is solved by
~ 1
=— A 3.81
¢3(7) sinh27 — 271 3(7), (3:81)
where A3 is specified as
32 T 112 T
A3 =Y; — §X4 / (coshu sinhu — )3 du — ?Xl / (coshu sinhu — u)Y3 h(u) du
80 T . 1/3 £ T /
- — coshu sinhu —u 3(u) du T coth 7 Ao(7) — u cothu Ay (u) du .
3 (cosh h )7 Es(u) du + 2 th Ay(1) — 2 thu A5 (u) d
(3.82)
Expanding and simplifying this expression, it becomes
™ u coshu (—2 u coth® u 4 csch®u + u? csch4u) sinhu
A3 =Y3+32P X7 273 u
(coshu sinhu — u) /

T u cothu (coth U— U CSChQU)
2/3

+64PX6/ U

(coshwu sinhu — u)
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T u cothu (1 — 2u cothu + u? cschQu)

(coshu sinhu — u)2/3

2 i n2 .
+37X4 / u cosh” u . 3du_/ (coshu Sinhu_u)l/?, du
3 (coshu sinhu — w) /

2 T - ) W2
_3*X3 5/ (coshu sinhu—u)4/3 du—|—4/ u~ coshu _du
’ (coshu sinhu — ) /

du

+64PX5/

T hw sinh
+27 COthTAQ(T)+64X2/ L CoSn T o u23du
(coshu sinhu — u) /

4 T
+%X1/ (coshu sinhu—u)l/gh(u)du

10240
2T
2560
9
—EX / u cothucsch®u (6u — 5 sinh 2w + sinh 4 u)
9 ! (coshu sinhu — u)*/3

+%P2X1 /Tucothu (—15+24u2+16cosh2u—cosh4u—32usinh2u+4usinh4u)

9 sinh®u (coshu sinhu — u)*/?

P2X, / (coshu sinhu — u)4/3 j(u)du

P2X, / esch?u (coshu sinhu — u)5/3 du

h(u) du

U

128
> PQX / —154+24u% + 16 cosh2u — cosh4u — 32w sinh2u + 4 u smh4u)

u coth u csch?u

7(u) du . 3.83
(coshu sinhu — u)*? (u) (3.83)

The qgl solution

Next comes ¢; which we express concisely in terms of Ay and ¢s:

40 2 ~ 160 T
o1 Y1+§X4]( ) §¢3(7)—?X3 / (coshu sinhu )1/3 du
2 T
+ g /cothuA'Q(u) du — gCOthTAQ(T) 550 PrX, / esch?u (coshu sinhu — u)2/3 du
1024 T 4 h
0 0P2X1/ (coshu sinhu—u)1/3 j(u )du—SOXl/ (w) 573 du.
81 27 (coshu sinhu — u)%
(3.84)

The (¢°,$%, ¢7) solutions

The fields (55,6,7 are determined by a system of coupled ordinary differential equations.
The homogeneous solutions are easily found and then we apply the Lagrange method
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of variation of parameters to find the following expressions

1
1+ cosht

Ao(T) + Az(7),

G5 = %seChZ(T/Q) 7+ 27 cosh T — (2 + cosh ) sinh 7] As(r) + Ag(7) + As(r),

s = [r (2 1> ~ coth(r/2) —i—sinhr] As(r) +

" 1—coshT 1 —coshr

¢7 = (—cosh T + 7 cschr) As(7) — cschr Ag(7), (3.85)
where

1 - T thu — 1) csch®u -
As =Y5 — = P (1 cothT — 1) csch?®7 ¢g(7) — 32 P / (u cothu — 1) csc 2Z§8(u)du

2 (coshu sinhu — u)%

1 T T2 h2
+ i X7 / cschlu [2u (2 4 cosh2u) — 3 sinh 2u] h(u) du — Xg / % h(u) du
sinh® u

T ) ) . o
+/ esch?u [—3 cothu + u (2 + 3CSCh2u)] h(u) &5 (u) du — 3 P cosii7 smh7 —7

A
sinh? 7 2(7)
1 T 4 . / Xl T 4 2

+3 P csch®u (coshu sinhu — u) A5(w) du — 6P (2 + cosh2u) csch™u h*(u) du

1 T
+ ;PXl / csch®u [2u (2 + cosh2u) — 3 sinh 2u)] j(u) h(u) du
4 T
+ gPXl / csch%u (coshu sinhu — u)'? [2u (2 + cosh2u) — 3 sinh 2] h(u) du,

(3.86)

1 -
Ag =Ys — 3 P [—7+cotht + 7 (=2 + 7 coth7) csch?r] ¢s(7)

39 P /T [—u+ cothu +u (=2 + u cothu) csch®u] Es(u)d
- s(u) du
(coshu sinhu — u)2/3

+ % X7 /T [cosh2u + csch®u (34 2u® — 6w cothu + 3u? csch2u)] h(u) du
+ Xs /T csch®u [3 cothu —u (2 + 3esch?u)] h(u) du

+ /T 1+ (3+2 u? — 6 coth ) csch?u + 3 u? csch4u] h(u) & (u) du

- % P [2 coth? 7 (=1 4+ 7 coth 1) + csch?r — 72 CSCh4’T] Ao(7)

+ L P /T 2 coth® u (=1 + u cothu) + csch®u — u® esch'u] A (u) du

2

™ (esch*u [—2u (2 + cosh2u) + 3 sinh2u 1
+X1/ { [ ( 2P ) ]h(u) +%Pcsch6u

X [8j(u) sinh?u + 6 (coshu sinhu — u)l/ﬂ [f 28 + 3202 + (31 + 16u2) cosh2u
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—4 cosh4u + coshb6u —48u sinh2u} } h(u) du (3.87)

and

A7 =Y7+ P [T+ cothT + 7 (=2 + 7 cothT) CSChQT] ds(T)

T [—u + cothu 4+ u (—2 + u cothu) csch?u] -
+64P/ [ ( 2/3) ]58(U)du

(coshu sinhu — u)
+ X7 /T -1+ (-3-2 u? + 6u cothu) csch’u — 3 u? Csch4u] h(u) du
+ Xs /T eschu [2u (2 + cosh2u) — 3 sinh 2u] h(u) du
+ /T [—2 — 2csch?u (34 2u? — 6u cothu + 3u? esch?u)] h(u)&s(u) du
— Pesch?r (1—27 cotht + 72 CSChzT) Ao(7)

+P / csch?u (1 —2u cothu + u? Csch2u) A (u) du

™ (esch*u [2u (2 + cosh2u) — 3 sinh2u
fx [ {2y |

X [8j(u) sinh?u 4 6 (coshu sinhu — u)l/ﬂ

1
h(u) — 3 P csch®u

x [-9+ 16u® + 8 (1+ uz) cosh2u + cosh4u — 24 u sinh 2u| } h(u) du .
(3.88)

The ¢* solution

While all the d;a modes so far have been double integrals, we obtain for &4 a triple
integral expression

~ 1 16 T h(u)? T (u cothu — 1) csch?u Ag(u)
=—— Y, ——X d P d
¢a(T) { 4 1 / ( u+ 32 / U

h(T) 3 coshu sinhu — u)2/3 (coshusinhu — u)2/3

+16 P / Ar(w) 575 du+ 32 P / (u cothu — 1) csch?u (coshu sinhu — u)1/3
(coshu sinhu — u) / 5

x [5.85(u) +2 P (=G1(u) + ds(w))| du}. (3.89)

It may be possible that this expression can also be reduced to double integrals, but
we could not find any obvious way to do it and we will not need a simpler expressions
in the following. This completes the solution to the system.
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3.4 Boundary conditions and anti—D3 branes

The deformation space we have solved for is a fifteen-dimensional linear space (one
of the X’s can be eliminated through the zero—energy condition ) and con-
tains numerous solutions, out of which one can fish out the possible solution for
backreacted anti—-D3 branes by imposing appropriate boundary conditions.

The strategy for doing this is explained in detail in [25]: one should eliminate
all integration constants that give divergent fields in the IR or non-normalizable
modes in the UV. Furthermore, to argue that the solution corresponds to D3 branes
one should set the divergence in the warp factor perturbation (given by (54) to be
commensurate with the divergence coming from the five-form. This should fix all
the integration constants in terms of the would—be anti-D3 charge. Nevertheless,
to obtain the precise values of these constants, one needs to relate the infrared and
ultraviolet expansion parameters of the modes we presented in this chapter, and this
can only be done by numerical integration. This analysis will be the subject of the
next chapter.
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Chapter 4

Anti-D3 branes on the
Klebanov-Strassler geometry

In this chapter we study the full numerical solution for the 15-dimensional space
of linearized deformations of the Klebanov-Strassler background which preserve the
SU(2) x SU(2) x Zz symmetries, which we constructed in closed form in the pre-
vious chapter. We identify within this space the solution corresponding to anti-D3
branes, modulo the presence of a certain “subleading” singularity in the infrared.
All the 15 integration constants of this solution are fixed in terms of the number of
anti-D3 branes, and the solution differs in the UV from the supersymmetric solution
into which it is supposed to decay by a mode corresponding to a rescaling of the
field theory coordinates. Deciding whether two solutions that differ in the UV by
a rescaling mode are dual to the same theory is involved even for supersymmetric
Klebanov-Strassler solutions, and we explain in detail some of the subtleties associ-
ated to this. We then discuss in some detail the infrared singularity of the anti-D3
solution, and we present a physical argument which shows that such singularity is
not due to the linearized approximation. This chapter is based on [2I] and [134].

4.1 Introduction

As we discussed in the first chapters, antibranes in warped deformed conifold back-
grounds [I16] are a staple ingredient of string phenomenology and cosmology con-
structions, being essentially the only generic method for lifting AdS solutions with
stabilized moduli, to dS solutions, and thus give rise to a landscape of dS vacua
of string theory [I10]. These configurations are also believed to be dual to non-
supersymmetric metastable states in the KS confining gauge theory [111], 58].

In the previous chapter we constructed the full space of first-order SU(2) x
SU(2) x Zy-invariant deformations around the KS background. We now want to use
these solutions to establish whether a solution corresponding to anti-D3 branes in
this background exists, whether it has the properties one expects from the brane-
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probe analysis of [IT11], and whether it is dual to a metastable vacuum of the dual
boundary theory. The underlying philosophy of this investigation is that one cannot
decide a-priori that a metastable anti-D3 brane solution must exist, and then accept
whatever boundary conditions are necessary in order for this to happen, but rather
one should start from a set of physical infrared and ultraviolet boundary conditions,
and ask whether a solution compatible with these boundary conditions exists or not.
Partial results about this investigation, which we will review in the following,
where obtained in [25] [19], and they can be summarized in the following points:

e The force on a probe D3 brane in the first-order perturbed background depends
only on one of the 16 integration constants, and this constant must be nonzero
if the solution is to correspond to antibranes [25]. Furthermore, the full func-
tional expression of this force can be calculated [19], and matches exactly the
expression one obtains from considering the action of probe anti-D3 branes in
a background with backreacted D3 branes a la KKLMMT [109].

e The putative solution for anti-D3 branes smeared on the three-sphere at the
tip of the KS solution is expected to have a singularity in the five-form and
warp factor, coming from the physical brane sources. Besides this, the solution
linear in N /M has three-form RR and NS-NS field strengths that diverge at
the tip, but are subleading with respect to the five-form and warp factor. This
subleading singularity is proportional to the coeflicient of the brane-attracting
mode of the solution.

As explained in [25], if the singularity is not physical, then the backreaction of anti-
D3 branes in the KS solution gives rise to a large deformation of this solution, which
cannot be captured in perturbation theory, much like when one tries to construct
metastable vacua using type ITA brane engineering [I6]. On the other hand, if the
singularity is physical, then our technology produces the full first-order backreacted
solution corresponding to antibranes in the KS background, as well as all first-order
deformation of the KS solution by non-normalizable SU(2) x SU(2) x Zg-invariant
modes, corresponding to all the relevant and irrelevant deformations of the dual field
theory.

In the following chapters we will discuss in detail about the nature of the sin-
gularity and about its possible resolution in string theory. Before coming to that,
in this chapter we ask whether inside the 15-dimensional space of parameters that
characterize our first-order solution one can identify a solution that has the correct
physics to correspond to anti-D3 branes in the KS geometry, subleading singularity
aside. Identifying this solution inside the 15-dimensional space is simpler than find-
ing a needle in a haystack, but not by far: One has to throw away divergent terms
both in the UV and in the IR expansion [25], and to impose the correct D-brane
boundary conditions on the divergence of the warp factor and electric field in the
infrared.
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Those conditions yield algebraic relations between the various integration con-
stants that appear in the UV or IR expansions of the fields; however, the integration
constant that appears in the UV expansion of a given field, say the dilaton, is not
the same as the one that appears in its IR expansion, but differs by highly nontrivial
combination of the other integration constants. Hence, even if we impose all the
physical boundary conditions in the UV and in the IR, we are far from being done,
because the UV conditions are expressed using the UV integration constants, and the
IR conditions are expressed using the IR integration constants, and it is possible that
upon translating the UV conditions into IR variables one may have the unpleasant
surprise that these conditions are incompatible. Hence, in order to establish whether
there is an antibrane solution, to correctly identify it inside the 15-dimensional space
of first-order deformations, and to establish whether this solution is dual or not to
a metastable vacuum of a supersymmetric field theory, it is crucial to relate the UV
and IR solutions, which is the main subject of the following sections.

Before unveiling those results, we would like to point out that identifying whether
two asymptotically-KS supergravity solutions are dual to vacua of the same field the-
ory is not as straightforward as it might seem, even for supersymmetric solutions,
essentially because, besides the seven normalizable and seven non-normalizable de-
formations, there exists another deformation corresponding to rescaling the four-
dimensional coordinates. Of course, if two solutions differ by non-normalizable de-
formations, they clearly are dual to two different field theories; however, as we will
explain in section [£.4] two solutions that differ by a rescaling of the field theory
coordiates, though technically the same, may or may not belong to the same theory.
Hence, using purely UV data one cannot distinguish asymptotically-KS supersym-
metric solutions that we expect [68] to be dual to different field theories, unless one
introduces extra assumptions about the infrared of the solutions, or about their bulk
behavior.

Anticipating our results, we compute the unique solution that has the correct
infrared and ultraviolet divergences (modulo the subleading singularity) to describe
anti-D3 branes in the KS background. All the parameters of this solutions can be
determined in terms of the number of antibranes.

We then discuss in detail the nature of the infrared singularity, and we will argue
that, even if the linearized approximation we use breaks down near the source, the
singularity is not an artifact of the perturbation scheme, and will be present in the
full non-linear solution as well. We will come back on this point with more technical
details in the next chapter.

In order to simplify the reading of this chapter, we include a brief overview. In
section we recall very briefly the results of the previous chapter and of some
previous papers on the subject [25, [19]. In section we explain the procedure
we use to relate the UV and the IR integration constants, and illustrate with more
details how this procedure can be implemented for one of the perturbation modes.
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We also give the relations between the UV and IR integration constants of the other
modes; the derivation of all these relations is left for appendix [D] In section [£.4] we
present the different criteria for distinguishing supersymmetric asymptotically-KS
solutions, and in section we identify the solution for anti-D3 branes inside the
space of solutions. Section [4.6]is devoted to the relation between our solution and the
one obtained in [58] by perturbing around the Klebanov-Tseytlin (KT) solution, and
to the identification within our space of solutions to perturbation of the KS solution
by non-normalizable modes dual to gaugino masses. In section [4.7] we study in more
detail the infrared singularity of the anti-D3 solution, and we show that both the
ISD and AISD fluxes G4 are singular. We present an argument which shows that
this singularity is not an artifact of perturbation theory and we discuss the relation
with other works on anti-brane backreaction.

4.2 Setup

We wish to construct the backreacted solution corresponding to N anti-D3 branes
smeared on the S? at the tip of the warped deformed conifold. Since the smearing
preserves the symmetries of the background solution, we use the Ansatz proposed by
Papadopoulos and Tseytlin [I44], which is the most general one (with vanishing RR
axion Cp) that preserves the SU(2) x SU(2) x Za-symmetry of the Klebanov-Strassler
solution (KS). The metric and the fluxes are given in (3.27), (3.28).

The fields from this Ansatz are collectively denoted ¢%, a = 1,...,8. In the
previous chapter we studied and fully determined the solution space of first-order
non-supersymmetric deformations of the supersymmetric Klebanov-Strassler theory,

¢ = ¢ + 01(2) + 0(2%). (4.1)

The background fields ¢f are given by the Klebanov-Strassler solution without
mobile D3-branes, summarized in (2.55). We reproduce them here for the reader’s
convenience:

1
e’ = Zh(7)1/2 (1 sinh(27) — 7) 1/ ,
e’ = tanh(7/2),
. 1/3
P — o4 (% sinh(27) —2 7') ?
h(7)sinh® 7
€5 : 2/3 .
e84 = 3 '029h(7') (1 sinh(27) — 7) /3 sinh? T, (4.2)
f= _P(TcothT —.1) (coshT —1) ’
sinh 7
b — _P(TcothT —'1) (coshT +1) ’
sinh 7
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(sinh7 —7)

F=P

sinht
®=0,
Q=0.

where g¢ is the deformation parameter of the conifold, related to the confinement
scale of the dual gauge theory. Of significance are also the warp factor h and the
Green’s function j for this background:

h(r) = 32 P? /oo ucothu = 1
- sinh? u

i =-[" ( du (4.4)

coshu sinhu — u)??

(coshu sinhu — u)1/3 du, (4.3)

Note that the last equality in (4.2) implies we are taking gs = 1. Furthermore,
the dimensionful constant P is related to the quantized dimensionless units of flux
M entering in the rank of the gauge groups of the dual field theory (see section [4.4.2))
by

1

So as to avoid extra clutter, in what follows we take o/ = 1, and gy = 1.

In the previous chapter we described how, by using a method due to Borokhov
and Gubser [41], finding linearized deformations away from a supersymmetric so-
lution can be reduced to solving two sets of first-order ordinary differential equa-
tions in the radial variable 7, instead of second-order differential equations. Out of
those two sets, the first one forms a closed system for the variables &, that can be
thought of as “conjugate momenta" for the perturbations ¢¢ of the fields entering our
Ansatz , . The integration constants associated to that first system are
labelled X, and are non-zero for a non-supersymmetric solution. The integrations
constants from the second system of coupled 1st-order ODE’s are denoted Y.

For the problem of present interest, i.e. the backreaction of anti-D3’s on KS, there
is one relation between the constants X, that has to be obeyed on the whole space
of solutions. Namely, the zero-energy condition

6Xy — 4X3 — 6PX5 — 9PX7 =0 . (4.6)

Another integration constant, Y7 as it happens, looks naively like it can be gauged
away by a rescaling of the four-dimensional coordinates but as we will see later plays
a crucial role in the physics. We are therefore left with fifteen meaningful integration
constants.

Out of those fifteen parameters, the one called X; plays a key role. Indeed, the
force exterted on a probe D3-brane is directly proportional to it and does not depend
on any other integration constant |25]. Its expression was found in [19] and is given
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2
Fps, = e &

2

3

2 —2x0

3¢ X1 h(1),

32 223 X

= 22 ! . (4.7)
3 (sinh27 —27)2/3

One can also use the conventions of [76] to describe the same result for a first or-
der expansion around any warped Calabi-Yau background with ISD flux. Here the
derivative of the DBI and WZ actions for D3-branes are respectively proportional to
the warp factor e*4 and the four-form RR potential Cy = acdz® A ... A dz?, where in
the language of (3.27) and (3.28)), we have

A:A+p—g, of = —etAtir—i %?+kF+f@P—F). (4.8)

The force is found to be

4Ai

Fp3, = ®L, where &1 =e o, (4.9)

and by D3_ we mean D3-branes. The combinations ® are sourced by D34 respec-
tively, and by |G+|? [59, [67] where G4+ = G3 F i * G3 and G3 = F3 + ie"?H3z. We
refer to section for more detail about this notation.

4.3 Numerical integration

In the previous chapter, we found that the fully analytic generic solution to the
most general first-order deformation of the Klebanov-Strassler background involves
at most two nested integrals of the form

/T h(u) f(u)du , or /Tj(u) f(u)du, (4.10)

where f(7) is a certain combination of hyperbolic functions. Expressions for the
warp factor h(7) of the KS background and its Green’s function j(7) are provided

in (£3) and (L), )
Let us illustrate this with the result for ¢g, corresponding to shifts in the dilaton,
whose expressions is given in (3.78) and we reproduce it here:

_ . X
¢ =Yg — 64 Xgj(T) + %h(T)

(u cothu — 1)

.
— 64 P Xg / du
1 sinh?u (coshu sinhu — u)?/3
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—100 -

Figure 4.1: The profile of the field ¢g corresponding to a shift of the dilaton, for
the following choices of integration constants (with e.g. P = 1). Blue, also labelled
@: X1 =1,X5 = -1 X¢g=X7 =5Xg=2,Ys = —83.05 Red ®: X1 = X =
X7=1,X5=—-% Xg=18,Ys = —111.5; Yellow ©: X; = X7 =2, X5 = -, X¢ =
8.608, X5 = —0.843,Ys = —133.9. In each case, Y5 is fixed so as to ensure that
¢8(OO) =0.

X 1
+2 ?5 h(T) + §6 X csch?7 (cosh 7 sinh 7 — 7')1/3 h(T)

64 32 /T (sinh2 u+ 1 —wu coth u)
-—Xi
1

+ 5 X1 h(7) j(7)

9 9 h(u)du. (4.11)

sinh? u (coshu sinhu — u)?/?
We have chosen to integrate in the domain [1, 7], given that many of the integrands
(like the one from the last term above) are infrared-divergent. Once the limits of
integration are fixed, the constant Yg in is defined unambiguously. The profile
for ¢g is given in Figure .

The infrared and ultraviolet behaviors of the modes are given in Appendix [D}
Some of the integration constants appearing in the infrared expansions (like Y3[ R or
YGIR) correspond to unphysical divergences of various fields, and we will set them
to zero. Other constants (like YZ or X7) correspond to physical divergences in
the warp factor and in the RR five-form field strength coming from the presence of
smeared anti-D3 branes, and we need to keep them in the final solution. We will
explain this procedure when we construct the antibrane solution in section [4.5]

In order to stress out how the integration constants X, and Y* are paired into
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normalizable and non-normalizable modes we also remind the reader of the UV
behaviors of those modes [25], which one can also extract from the expansions in

Appendix

dim A | non-norm/norm | integration constants
8 T4/7“78 Y4/X1
7 7’3/7’_7 Y5/X6
6 r?/r=6 X3/Ys
5 r/r= - — =
4 0 /r Y7, Ys, Y1/ X5, X4, X3
3 rt/r 3 X5, X7/Y6,Ys
2 r—2/r—2 - ——

Table 4.1: The UV behavior of all sixteen modes for the SU(2) x SU(2) x Zo-

symmetric deformation Ansatz around the Klebanov-Strassler solution.

4.3.1 Relating the IR and UV integration constants

Given that ultimately we will have to impose boundary conditions on the generic
analytic solution to the full space of first order deformations around KS, we should
look at the IR and UV behavior of the modes ¢,. Moreover, it is not enough to
consider the expansions shown in Appendix [D} The zeroth-order terms in the ex-
pansions collected in that Appendix include arbitrary integration constants coming
from indefinite integrations, which are generically denoted as Y,/ YUV In order to
determine how the Y,/’s are related to the Y,U"’s and thus to connect the IR and
UV regions, we have to perform a numerical integration that will fix YaUV as follows:

8
YV =y[R 43 NS X, (4.12)
b=1
where N is a matrix of numerical coefficients arising out of evalutions of the single
and double integrals appearing in the analytic solutions for the ¢, modes.
All in all, following the procedure we have just outlined, the relations between
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al the YUV and Y,/® that we have derived are as follows:

YéUV YSIR X1
Y2Uv Y2[R X2
X
Y3UV YgIR o 2Y2IR X3
}/1UV — }GIR_%}/QIR +N- 4 ’ <4.13)
Y5UV YSIR L+ P YSIR X5
6
X6
Y'6UV Y'GIR_F%Y'?IR_gYSIR X
Y7UV Y7IR _P}/2]R+PYSIR
X3
with the matrix N
N =
—235.3 P2 0 0 0 -36.47 P 35.71 P —18.24 P 53.56
—3.870 P2 0 83.34 7.791 83.34 P —12.37P 166.7 P 0
93.63 P2 250.0 206.7 93.84 —284.0P 61.22 P —243.8 P 0
—123.8 P2 —40.25 70.31 —1.827 2293 P 35.50 P 71.33 P 0

—165.9P% —20.16 P 19.52P 1.483P 14.08 P2 11.90P2 36.32P%2 17.85P
100.6 P> —166.7P 81.27P —46.06P 221.4P2 —4857P2 265.8P2 —8.545P
—2258P3 83.34P —9465P 1652P —1589P2 3592P%2 —2214P%2 17.09P

The above relations depend at an intermediary stage on our results for
the relation between the integration constants Y, that appear in the analytic solu-
tion derived in section and the constants Y,/® that appear in the IR expan-
sions (D.3)—(D.10), obtained via the method summarized at the beginning of this
section and further expanded upon in the next subsection. We provide them here as
a matter of having accessible intermediate results:

X
}/8]R Y*S 1
IR X
Y; Ys
IR X3
Yy 2Y 4+ Y3 X
ViR [ = v +Myrmyy - [ D] (4.14)
IR P ’ X5
Yy Ys — 5 Vs
IR P Xe
Yy —5 Yo + Y X
/R PYs +Yr !
X3

'Except Yy, which is far more difficult to get and will not be needed for our following analysis
in any case.
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M(y[Ry) =

352.6 P2 0 0 0 36.47P  —41.56 P 1824 P
25.86 P2 0 —33.23 3.918 —3881 P —3432P —69.25P
—18.62 P2 —99.69 15.54 —-0.9673 7.79T P  —7959P  1592P
144.4 P? 98.79 —67.47 5.146 —81.34P —4435P —1539P

—53.56
0
0
0

92.62P3 12.26P —9501P —4435P —1654P? —18.03P2 —-2252P2 —11.85P
8.129P3  24.44P —1632P 1.147TP —4.773P%2 2180P%2 —11.20P2 —-3979P

—1.307 P2 —3881P —4.754P 3491 P 1.749P2 3599 P2 —6.256 P2

Analogously, the link between the parameters Y,”" and Y, can similarly be obtained

from the UV/IR relation (4.13).

4.3.2 An illustration of the procedure

As an example making this procedure plainer to the reader, we show how we relate
YéUV and Ygl R This is a three-stage procedure:

(i) first, we relate Y¢f and the parameter Y appearing in ;

(ii) we next obtain the relation between YV and Yg;

(i) finally, using results from the above steps, we get YV in terms of Y{£.

In order to implement step (i) above and relate Y8[R to Yg, we expand the inte-
grands entering the IR expansion of the solution to the ng equation up to a certain
power in 7. We then evaluate the indefinite integral and call Y8] R the constant term
in <;~38. The first few terms in those expansions are given by 7 which we provide
here for convenience:

srr_ 132 (2 18 1/3  o2/3 IR
o :;(3 3 (3PX¢ — hoX1) +32-21/3.3 X8)+Y8 +0O(7) . (4.15)

We now have to match at some small 7 with the numerical value of (;38 that
we obtain by performing the integrals in numerically. Since the expansions
for the integrands are good up to 7 > 1, we did choose to match at 7 = 1, where
the integrals that enter the solutions for the ¢’s are zero by definition. Evaluating

numerically (4.11)) at 7 =1, we find
ds(T = 1) = Ys+84.0493 P2 X +28.5159 P X5 +14.2579 P X7+41.2221 Xy, (4.16)

while from the IR expansion of ¢g (4.15), we have

pEE(1) = YF — 268.524 P2 X; — 7.9588 P X5 + 41.5621 P X;
— 3.97940 P X7 + 94.786 X5 . (4.17)

Comparing the above two results, (4.16]) and (4.17)), we finally obtain the end-result
of step (i) above:

V{E = Yy + 352.574 P? X + 36.4747 P X5 — 41.5621 P X
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¢g (1)
100

50

—100 -

Figure 4.2: The numerical solution for the field ¢g for X; = 1, X5 = —%,XG =
5, X7 =5,Xg = 2,Ys = —88.05, P = 1 (underlying blue solid line). The red and
orange dashed lines correspond respectively to the IR and UV expansions.

+ 18.2373 P X7 — 53.5642 X3 . (4.18)

With this relation at hand, we can furthermore make sure, as one more consistency
test, that the numerical integrals and the series agree at small 7. The result is shown
on Figure 4.2

We go through the same recipe for the UV and compare the value of the UV
series of the integrands with the value of ¢g that we have obtained by performing
the integrals numericallyP] at 7 = 15. When the dust settles down, we find the
following relation between YéUV and Yg:

VYV =Yg +117.318 P2 X — 5.85263 P X . (4.19)

As one extra check, inserting the above result in the UV expansions, we can verify
that the UV series approximates well our numerical results at large 7. This can also
be see on Figure 4.2

Note that for q~58 there is a rather large range of overlap between its IR and UV
series expansions. So, with hindsight, for this particular mode, we could have avoided
going through tedious numerical work. On the other hand, for most of the other
¢” fields, the overlap is much narrower. Therefore, in order to attain satisfactory
precision in relating the IR and UV integration constants, we have opted for a careful
numerical analysis.

2With as much precision as desired. Here, for both IR and UV expansions, we have settled for
20 orders of WorkingPrecision using Mathematica. The UV series expansions were derived up to
order 15.
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4.4 Asymptotically KS solutions and their field theory
interpretation

Having found the full 15-dimensional space of perturbative solutions around the KS
background, we would now like to develop the machinery that will allow us to identify
whether the antibrane solution is in the same theory as the supersymmetric back-
ground into which it is conjectured to decay [I1I]. However, as mentioned in the
introduction, distinguishing between asymptotically-KS solutions and arguing which
background is dual to which field theory using only UV data is not trivial even for
supersymmetric solutions, essentially because of the existence of the scale deforma-
tion Y7, which equivalently can be traded for the € parameter that characterizes the
size of the deformed conifold before the warping.

If two solutions differ by non-normalizable deformations, they are dual to two
different field theories. However, our fifteen-dimensional deformation space has the
peculiarity that there are seven pairs of normalizable /non-normalizable modes and
then one extra mode Y;. The putative partner to Y7 is eliminated by the zero-energy
condition and it may seem that Y7 itself is a gauge artifact which can be removed by
rescaling the four-dimensional space-time coordinates. As we will mention in more
detail below, while for a single vacuum this is true, if there are two isolated vacua in
the same theory then there remains a dimensionless number (essentially the ratio of
the confinement scales) which can be attributed to Y;.

One can inquire whether two solutions that have the same non-normalizable
modes but two different €’s, hence two different scale deformations, are dual to the
same field theory. The answer is not clear, because one can change € and at the
same time change also the number of mobile branes, keeping the total charge at
infinity constant. Changing ¢ changes the volume of the space, and since the space
has charge dissolved in flux, one also changes the total charge; one can compensate
for this change by introducing or taking away mobile branes.

Hence, a vacuum with no mobile branes and one value for ¢ has exactly the same
UV data as a vacuum with one mobile brane and another value of €, or a vacuum
with, say, 17 mobile branes and yet another value of €. Clearly these solutions
cannot be all dual to vacua of the same KS field theory. On the other hand, a
background with M mobile branes (where M is the amount of RR three-form flux
on the KS three-cycle) and a certain value of ¢ and another one with no mobile
branes were argued in [68] to be dual respectively to the mesonic vacuum and the
baryonic vacuum of the same SU (kM) x SU(kM + M) theory. Hence, even in the
supersymmetric theory, one cannot decide whether two vacua with different scales
and different amounts of mobile branes are in the same theory by simply examining
their UV data.

In this section, we discuss the supersymmetric KS situation in detail, and argue
that in order to be able to use UV data to distinguish between two supersymmetric
asymptotically-KS solutions that should not be dual to the same theory, one must
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introduce an additional criterion. The most obvious choice is requiring that the value
of the NSNS B, field that wraps the S? which shrinks to zero size at the conifold tip
must be zero, and can only jump by integral periods. After all, the S? is topologically
trivial, and if the integral of By is nonzero, one can stay at a fixed radius, consider
a very small closed fundamental string at the north pole and take it around the S?
to the south pole; during this process its world-sheet action will pick up a phase
proportional to the By integral. If one now brings back the string to the north pole,
the string will interfere destructively with itself unless the integral of By on S2 is an
integelﬂ This argument is similar to that ruling out Dirac strings, and in principle
should also hold in the presence of D3 or anti-D3 branes.

A second possible criterion is requiring that the integrals of the Hs from the
origin to a certain holographic screen differ by an integer amount for two solutions in
the same theory, or equivalently that the difference in the number of Seiberg duality
cascades between two solutions dual to vacua of the same theory has to be integer-
valued. This criterion has a clear physical justification for compact settings, where
the KS throat is seen as the zoom-in of a compact CY, and where the three-cycle
wrapped by Hj that appears non-compact from a KS perspective is in fact embedded
into a compact CY three-cycle. However, for a non-compact KS solution this criterion
is very hard to justify from a holographic perspective, because it involves integrals
over the whole bulk.

Since neither the first nor the second criterion satisfy a “hard core holography”
point of view, according to which all the data of the boundary theory must be
readable from the UV of solution that is regular in the bulk, one can also try to
use the analysis of [68] to reverse-engineer such a criterion. This third criterion
boils down to imposing that two solutions must satisfy equation (4.50) (and its
equivalents for higher mesonic vacua) in order to describe vacua of the same theory.
This criterion, if correct, would allow one to distinguish between vacua with various
numbers of mobile branes without introducing any extra IR boundary conditions,
and using only UV data. However, it certainly begs for a more physical explanation.

Of course, another possibility is that the holography is just not refined-enough to
distinguish between these different theories, especially because we are dealing with
cascading solutions that are not asymptotically AdS, cannot be thought of as the
near-horizon of any brane, and have an infinite charge unless one imposes an UV
cut-off.

In this section, we will use the first criterion, and give a holographic recipe
for distinguishing between asymptotically-KS vacua that have different numbers of
mobile branes.

3We thank Nick Warner for this argument.
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4.4.1 Maxwell charge, Page charge and mobile D3-branes

For a supergravity solution with non-trivial Wess-Zumino terms one can generally
define three different types of charges [131] [3], which we review in this section. The
D3-Page charge, specialized to the KS background is

Page 1

This is conserved and is independent of the radius at which it is evaluated. In string

theory it must also be quantized. If we shift By by a small gauge transformation

By — By + dAq for some one-form Aj, the charge stays invariant. In principle there
. . Page .

are two independent ways to generate a non-zero, integer-valued Q ;" starting from

the smooth KS background:

Fs — Fs5+27Qnvolpia, (4.21)
By — Bz+%ﬂw2, (4.22)
= Qp° = Q-p (4.23)

where (Q, p) € Z2, M is related to P by (4.5 and

1
g =——g1 AgaAgsAgs A
volpi, 108 g1 /Ng2/\Ng3/\Ngs/\gs

1
wr =5 (91 N g2+ g3 N ga) - (4.24)

Having @ # 0 generates a singularity in both the warp factor and xF5, which one
must interpret as due to @ D3 branes smeared on the tip of the deformed conifold.
On the other hand, the meaning of the singularity due to p # 0 is more subtle, and
if one imposes as an IR regularity condition that the By field at the KS tip be zero
or an integer mod M, then Qb%° = Q measures the number (modulo M) of mobile
BPS D3-branes in any particular KS background.

The Maxwell D3-charge is
1
Max __
Op3” = (4%2)2 /Trlc’l Fs, (4.25)
where the integral is performed on a Gaussian surface at the UV cut-off r = r..

There are two physically distinct contributions to the Maxwell charge, from mobile
branes (g) and from charge dissolved in flux (¢y):

OPs* = @ +qr, (4.26)
1
- [ R 4.27
Qb (4 7_‘_2)2 /1"01,1 57 ( )
! (/ F / F ) ! HyAFy.  (4.28)
q = 5 — 5 = ——== 3 3. .
P2 U ™ (47272 g
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The Maxwell charge depends on the scale at which it is measured, but if we fix a
holographic screen, we expect physical processes to preserve its value at the screen.
In particular, for a given scale, it must be the same if two solutions are to describe
different vacua of the same theory. Using the Ansatz , this is

Qps” Q+ [(k=f)F+2Pf]. (4.29)

Note that if we set [¢, Bo = 0 at the tip (i.e. requiring f(7 = 0) = 0), then we

have Q = q, = Qpage modulo M, while the second term in (4.29) gives the flux
contribution to the Maxwell charge.

4.4.2 A dictionary for the charges

Our purpose is to establish using only UV data at a holographic screen whether
two asymptotically-KS solutions describe vacua of the same theory. Any particular
KS field theory is defined at a scale A, through a gauge group SU(Ny) x SU(N2)
and the associated gauge couplings (g1,92). The UV data of the supergravity theory
consists of QM ‘””( M), oM. et f g2 By, ®, and the “standard lore” dictionary between
the supergravity UV data and the field theory is

Ny = QMg | gMas (4.30)
Ny = QMaz, (4.31)
4m? 472
1 2
47?47 1
{?_ - }gs ® _ [2770/ 5232—77} mod (27) , (4.33)
1 2

as reviewed in [T01]. We can also trade the integral of By for Q5% using

/& — (QH§" — Qpi’)/ QU™ = as/ QBE" + /S B (434)

0

As we will see shortly, this dictionary is in fact more involved.

All this data is defined in the supergravity solution at some UV cut-off 7. related
to the field theory scale A.. To obtain this relation, we change to a radial coordinate r
such that the metric on the transverse six-dimensional space asymptotes to a warped
conical metric:

dsiy = h™ "% ds? 5+ h/?ds?, (4.35)
with

ds% ~ dr®+4r? dsQTl,l , r>>1.
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For any KS background , this r coordinate is related to the deformed-conifold
7 coordinate via

r? = % 83/3 /3 (4.36)
The field theory cut-off A, should then be identified with the holographic cut-off r..
Note that from the point of view of the 7 coordinate, the parameter ¢ only enters
the function A from the Ansatz, and changing it corresponds to a rescaling of the
four-dimensional metric (see (4.2))).

We now run into the first puzzle, which can be expressed on the supergravity
side alone. According to the dictionary above, since the field theory gauge group
ranks depend only on Q]g;m but not on Qg‘gge or qp, one can see from equation
that the duals to solutions with different g, and gy but the same Q%g” have
the same charges and should be dual to the same field theory. This is achieved by
shortening the domain of integration in , which lowers gy, and by increasing
qp to compensate this. Hence, the only UV holographic data that will be different
between, say, a solution with no mobile branes and a solution with one mobile brane
will be the integral of By on the S?. However, this difference is not gauge-invariant,
and if one does not impose any infrared boundary condition on By, we can see from
that this value is arbitrary, and hence nothing in the UV will distinguish
between a solution with one mobile brane and one with no mobile brane; we expect
this to be incorrect.

One way to remedy this is to impose an IR boundary condition, namely that
the integral of By on the shrunken S? at the tip be gauge-equivalent to zero. If
so, then two solutions with different numbers of mobile branes and different gy will
have different B fields in the UV, and will correspond to different theories. The only
situation when the UV fields will be the same is when the number of mobile branes
differs by multiples of M, when indeed we expect these solutions to correspond to
different vacua of the same theory [68]. In the next subsection we will illustrate this
in detail using our perturbation theory machinery.

The second quandary has to do with the field theory interpretation of two so-
lutions that have the same Q%gm but different numbers of mobile branes. If one
is to take a holographic screen at r. and use the dictionary (4.30}4.31}4.32}}4.33)), a
solution with p < M mobile branes and one with none will be dual to two field
theories that have the same ranks of the gauge group at the same cutoff, but differ
only in the coupling constant. Furthermore, a solution that has Q%é” =M+1
at a holographic screen at r. will have Q%fx = M at a holographic screen placed
further down in the infrared; this would appear to imply that a theory with rank
SU(2M + 1) x SU(M + 1) at some energy flows at lower energies to a theory with
rank SU(2M)x SU(M), then SU(2M —1) x SU(M —1), which is definitely incorrect.

A partial solution to this puzzle is given by a comment in [101], where it was
noted that one cannot relate the UV supergravity data to field theory data at an
arbitrary UV holographic screen. The dictionary (4.304.31}}4.32}4.33) can only be
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used at special values of r., given by the requirement that from the infrared up to that
scale the number of duality cascades is an integer, or alternatively, that the value of
qr is a multiple of M. This is a stronger requirement than demanding that the ranks
of the putative dual gauge groups are integer-valued. We will call for convenience
the holographic screens at which one can define the dictionary “K-screens.”

However, this cannot be the whole story. As we can see from equation , this
restriction alongside the requirement that Bs be zero at the tip imply that the value
of the By integral at the K-screen is a multiple of M, and hence the two field theory
coupling constants will have the same values at any K-screen. Thus, at those screens
(which are the only places where the field theory has an approximate Lagrangian
description), the right-hand side of equation is always equal to 7, and the
coupling constant of one of the gauge group always becomes infinite. Conversely,
out of the set of possible field theory data defined at a scale A, via the 4 parameters
N1, Na, g1 and g9, the KS supergravity solutions would only describe field theories
that belong to a codimension-one subspace, and hence not the most generic field
theory.

In order to avoid the above-mentioned problems, equations and
should be used to obtain the values of the coupling constants as a function of the
corresponding energy A.. However, the ranks of the gauge groups given in equa-
tions , must be read from the K-screen right above it. Those equations
then provide the ranks of the gauge groups both at the scale corresponding to r. and
at the scale corresponding to the K-screen above. The ranks do not change when one
changes the position of the holographic screen by decreasing r., unless one crosses
another K-screen, which corresponds to a Seiberg duality in the dual theory.

One can also ask how can a holographist tell, using purely UV data, where the
K-screen lies. The answer is given by — the screen is at the location above r.
where the By integral is gauge equivalent to zero. Hence, if the By integral at the
tip is zero, this dictionary gives a way to relate all 4 parameters of the field theory
to the four parameters of the supergravity solution, using UV data alone.

4.4.3 Baryonic and mesonic branches

When the ranks of the two gauge groups are
Ny=(k+1)M, No=kM, ke€Z (4.37)

the theory has two classically disconnected supersymmetric moduli spaces, the bary-
onic and mesonic branches [68]. For more general (N1, N2) the mesonic branch is
supersymmetric while the baryonic branch is lifted. It is instructive to use the dictio-
nary above together with the infrared boundary condition for By to demonstrate in
the supergravity perturbation theory framework we have developed that when they
exist, both the baryonic and mesonic branches are indeed different vacua of the same
theory.
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As mentioned in section ([4.4.1)), if one imposes |, g2 B2 = 0 modulo M at the tip,
then the function f shoud go to zero at the origin. On the other hand, we have

from (D.7) in Appendix @ that

¢5(T = 0) :f(T:O)—i-% =Y/#, (4.38)

where we have set Y¢/¥ = 0 since this mode diverges as 1/7%, and we have used the
relation between P and M from (4.5). This implies that in our perturbation theory

P 2
Qpy’ =Q =~ MYHE. (4.39)

Setting this equal to an integer multiple of —M, leads toE|

Qrase = UM, (4.40)
= Y/R = —gﬁ. (4.41)

Physically this corresponds to adding £ M > 0 mobile D3-branes smeared on the tip
of the KS solution and for each ¢ € Z this provides the bulk dual to the ¢-th mesonic
branch. Let us note for later use that from , Appendix E we get that the
warp factor at the tip is

. M [2\3 3 [2\3
7 ¢4(0) = —6}70 <3> Yif = 7o <3) Q| (4.42)

To compare the Maxwell charges of the baryonic and mesonic branches, we must
demand that they are defined at the same scale A.. To do so we must address the
fact that the constant ¢ appearing in is not gauge invariant and can be set
to one by rescaling the space-time coordinates x,. As such one would normally fix
the gauge and eliminate this constant. Indeed, gg is dimensionful and just serves
to fix the units which may as well be set to unity. However the ratio between the
value of g¢ in two different KS vacua, such as the mesonic and baryonic branches, is
dimensionless and physically relevant.

This is similar to the familiar domain wall solution from one AdS vacuum to
another. In either vacuum the AdS radius sets the units in which all other dimen-
sionful numbers are measured but the ratio of the two radii is related to the ratio
of central charges and is physically meaningful. Having said this, it is important to
establish that in our Ansatz the rescaling of x, is done by the constant shift in A,
given in the UV by

A= Gi—d) =¥V 100/, (4.3

“In our conventions the KS background has negative D3 charge.
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where we have preemptively used the UV boundary conditions (4.62) introduced
below. So, allowing for just Y7 and Y7 to be non-zero, we can find the supergravity
solution of the mesonic branch as a perturbation of the baryonic branch. Using ((4.29))

and (4.2), along with (D.16])-(D.18), we find that in our perturbation theory the

zeroth- and first-order Maxwell charge at a particular radius r. >> 1, isﬂ
8 P? 8P
ofr= -+ ¥V o (). (4.44)
T T
Using an expansion of €

e=eo (142 +0(22), (4.45)
€0

where ¢y denotes that of the baryonic branch, it is apparent that if we want to stay
at a fixed r., then (4.36) requires at first order

or =21 (4.46)
€0
Demanding that Q]‘géw at r. is equal for the baryonic and mesonic vacua, yields the
relation
YU \%4
S_ It (4.47)
€0 2P

Using (4.13) and the fact that X, = 0, we have Y.VV = YJ£  Then, referring
to (4.41)), we have

€1 {r

4.48
2 (4.48)

which is the first-order approximation to the known result £, = g9 e/™/M [68, 67].
Now, we can find the value of the other integration constant, Y7. Using the way
that € enters into the PT Ansatz through A, equation (4.2]) and the UV expansions

of Section (D.2)) for A = (¢4 — ¢1)/3 we get

€1 3 Y'IUV
- =— 4.49
€0 10 ( )
Combining this with (4.47)) results in an expression for Y7 in terms of Y7:
5
vV =_vYV, (4.50)

3P
The relations obtained in this subsection can also be used to formulate the second
and the third criteria for distinguishing between asymptotically-KS solutions.

®See footnote ().
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4.5 Finding the anti-D3 brane solution

We can now summarize the necessary ingredients for identifying the candidate su-
pergravity solution describing the backreaction of anti-D3 branes. Firstly, we must
eliminate unphysical IR singularities. For many modes this is entirely unambiguous,
for other modes this can be somewhat subtle and as such we will discuss each mode
as it arises. Secondly, we demand that the UV asymptotics are the same as for the
original KS solution which we are perturbing around.

In total, we have sixteen integration constants but the seven physical modes (dual
to seven gauge invariant operators) account for just fourteen of these. In addition,
one is accounted for by the zero energy condition , which we use to eliminate
X5Z

1 2 3
Xg=— | Xo—=-X3 | —=X~. 4.51
5 P(2 3 3) 5 X7 (4.51)

The zero-energy condition is necessary to completely fix the reparameterization in-
variance of the radial coordinate (see [95] for a very explicit description of this). The
final mode corresponds to the rescaling of x,, and for reasons discussed above this is
an important physical constant which is given again by . It was pointed out
in the revised version of [67] that the two vacua of the Klebanov-Strassler theory
necessarily have different values of €. With our technology we are able to in fact
compute the precise ratio of € in the two different vacua.

The reader who is more interested in the end-process and in seeing or using our
solution than in the boundary conditions we imposed to pick it out of the full pa-
rameter space of first-order deformations around the Klebanov-Strassler background
can directly proceed to Section 4.5.3

4.5.1 IR boundary conditions

We impose that the divergences in the IR for all the fields are zero, except for ¢~)4 and
\/ﬁ, the warp factor and 5-form flux along the brane, which should go respectively
like 1/7 and 1/72 due to the anti-D3-brane sources. The latter means that ¢z should
go to a constant.

From the divergent term in ggg appearing in equation of Appendix @ one
finds the first relation among X’s and Y’s parameters that must be enforced:

1
Xs =g (ho X1 =3P Xp) . (4.52)

From the divergent terms in ¢ we get upon using (4.51) that

ho X1 —3 Xy
ViR =0 Xe=—7—. 4.53
2 ) 6 6P ( )
Out of the divergent terms in ¢3 we set (after using ([#.51)) and ([£.53))
2
Vit=0, X,= 3 ho X1 (4.54)
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Note that the log 7/7 term is automatically zero once we take into account (4.53)).
Finally, the divergent term in ¢g requires

Yit=0. (4.55)

Likewise, the other piece is zero upon using (4.53)), (4.54).

In summary, out of requiring IR regularity in all fields apart from the warp factor,
we have obtained the following relations

2 1
ViP=y/f=v{"=0, X4= §h0X1 o Xe=——5X1, Xg= éhoXl '

(4.56)

They are part of the relations that pick out of the full space of first order KS de-

formations the candidate solution describing the dual to a metastable state, taking

into account the backreaction of anti-branes onto the zeroth order background. Let
us move on and impose the remaining IR boundary conditions.

We will now impose that there are N anti-D3 sources at the tip. The IR regularity

conditions (4.56|) yields .
95(0) =¥/, (4.57)

as in the supersymmetric case described in Section equation (4.38]). We require
@ = N (cf. footnote , which results in

viR= LN .
where we have used (4.39) and (4.5). On the other hand, the warp factor is such
that )

~ 2\3 3P
T $4(0) = 8 <3> <h0 X, — . 71R> . (4.59)

It ensues from requiring this exhibits the expected behavior for regular 3-branes

(given in (4.42)) that
3T -

X =S N.
T a2

(4.60)
Before moving on to discussing UV boundary conditions in the subsequent sec-

tion, we note that inserting in leads to the following expression for the

force exerted on a D3-brane probing this backreacted supersymmetry-breaking solu-

tion:

C&r 2SN

~ hE (sinh27 —27)2/3 "

Fps (4.61)

This is precisely equal to the force on a probe anti-D3 brane exerted by N D3-branes
that is computed in KKLMMT [I09]. This provides further support that our IR
boundary conditions are the right ones for anti-D3 branes.
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4.5.2 UV boundary conditions

As part of our UV boundary conditions, we impose the absence of non-normalizable
modes (we will come back to discussing this point in section [4.6.2). Requiring no
divergent terms in ¢3, ¢4 as well as ¢5, ¢g and ¢y implies

vV =o0, X3=0, YIV=o0. (4.62)

Requiring no e~7/3 ~ 1/r terms in ¢, and using (£.62) then determines

2
X7=0, X2:—§h0X1 . (4.63)
Besides, we do not want to turn on the non-normalizable mode that shifts the dilaton,
which would correspond in the gauge theory to changing the sum of the coupling
constants for the gauge group. Hence, we must enforce that

Y7V =0. (4.64)

From @D and , we see that the Maxwell charge in the UV is the same as
in Section @, equation . We should demand that at a given bulk radial slice
r, this is the same as the Maxwell charge for the supersymmetric vacuum, which is
in the (first) mesonic branch and has M — N = 4 P — N D3-branes at the bottom.
Keeping in mind that ¢ is allowed to differ in the two vacua, which using
implies that the Maxwell charges have to be evaluated at different 7, we require

thatf]

8 P? 8P
Qps* = I (70 + 0Tms — 1) + — YV (4.65)
8 P? -
L % (p4dm—1)-4P+N. (4.66)
T

Here 67 corresponds to the cut-off associated to the first mesonic branch. It is given

by

™

67’1 = _ﬁ7 <467)
where we have usedm (4.46) and (4.48) for £ = 1. We therefore have
2
16 P ems 8P YUV — N, (4.68)
s €0 s
Using (£.49) to relate the change in € to YUV leads to
8P23 v 8P _uv o
—Tng +7Y7 —N=0. (4.69)

5See Figure below.
"Recall that P = i M o. For convenience we have fixed o’ = 1 throughout.
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Note that if Y.VV were equal to Y/ #, the latter being given in (4.58), it would ensue
that Y;"V = 0 and no change in ¢ would be necessary. However, consequent on
inserting all our boundary conditions apart from the one associated to Y7 in (4.13]),
one finds

8P 8P
Tl yyv o8
™ T
The shift in € can be tuned to cancel the difference in the first-order Maxwell charge
oMaz hetween the anti-D3 and the supersymmetric solution.

5.64178 YR = 564178 N . (4.70)

4.5.3 The perturbative solution for anti-D3 branes in KS

In summary, from the IR and the UV boundary conditions, all the integration con-
stants turn out to be expressed in terms of the number N of anti-D3’s at the tip
of the throat. As a reminder, hy = h(7 = 0) denotes the zeroth order warp factor
of the Klebanov-Strassler solution (4.3|) evaluated at the tip. Below we collect the
outcome of the analysis from the previous two subsections:

37 oy 3.03804 _ r 433971 _
Xi= Vs W= N Y= N,
T m oy 148261 _
K= g N Y2 =0 S R
8.40238
_ IR uv
X3=0, YE% 0, Y: - P2 ’
X4:2ih0N, YPV =o, (4.71)
T oy /m 070514 _
X5 - 6Ph0 ) YVS 0> Y: - J2) )
6= gph Y Yo =0 Yoo = P ’
_ 2.21552 _
X7=0 viR— TN YUV — N
7 ) 7 8P 5 7 P )
. oy i 0.234935 _
Xs= g NV vV =o, W= "5 N

All the constants in the leftmost and middle columns, with the exception of YlUV,
have been obtained by directly imposing boundary conditions in either the IR or
UV. From there on, YlUV was obtained from Y7UV via . Finally, the rightmost
column was derived from the numerical integration which is tabulated in . We
have not computed the value of Y4[ R as it is more involved than the others and we
do not need it, but in principle it can be done through numerical integration of the
analytic solution (|3.89)).

It is interesting to observe the profile of the first-order perturbation to the
Maxwell D3 charge Q%gl’ , given in Figure for N = 1 (see footnote [4). Note
that it does not increase monotonically.

73



FINDING THE ANTI-D3 BRANE SOLUTION

On Figure we have plotted the total Maxwell D3 charge (i.e. the zeroth-
plus first-order contributions) for the anti-D3-brane solution, alongside the Maxwell
charge of the supersymmetric vacuum , the latter belonging to the first mesonic
branch. For the purpose of illustrating equations —, we also plot the
“would-be supersymmetric vacuum" in the baryonic branch, that we use as a reference
to measure the difference in UV cut-off, 7. This branch obviously does not exist for
N # 0, but it is instructive to use it as yardstick.
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Figure 4.3: The profile of the first-order Maxwell charge for the anti-D3 solution,

setting N = 1.

57‘1

OTm.s

670

Figure 4.4: Total Maxwell charge for the anti-D3 solution (blue), for the su-
persymmetric vacuum from the first mesonic branch (red) and for the “would-
be supersymmetric vacuum in the baryonic branch" (black dashed line), fixing

N=1,M=3(P=3).
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4.5.4 Asymptotics of the solution

The Green'’s function for the KS background diverges in the IR (D.1)), and we denote
the constant in its series expansion around 7 = 0 as jo, Eq. (D.2). The IR and UV

series expansions of the solution in terms of hg, jo and X1 = 43% N are as follows.
0

Behavior in the infrared

In the IR the solution behaves as

- 512 /2)\%/? 64 /2\/3 512 /2\ /3
=33.1634P> X, — — [ = 1226 — (= hoP? X1+ — (= o P2 X
o8 1 3 <3> 1T+ 57 <3> 0 1+ 57 \3 Jo 1
+0(7%), (4.72)
2 1
- 2\ 3 128 /2\3
$o = —128 (3) P2X17+§ <3> (ho + 16 P? jo) X1 72 + O(7%) (4.73)

2 1
- 224 [/2\3 128 (23
%= (3) P2X17+<3) (ho +186 P*jo) X, 7° + 0%, (4.74)

1
- 4 (23 4 (2\3
G1 = 612,502 P2 X, — 4 <) P2X 74 ok () (7 ho + 352 P2 jo) X172 + O(7?),

3 \3 405 \ 3
(4.75)
1 2\
¢~55=6h3PX1—4<3> ho P X1 7%+ O(7%), (4.76)
1
| 16 /2\3 2 [4h2
¢6:6h3PX1_§6 (3) hOPX1+81(P[)—160h0j0P+10451.6P3)X17
1 2
4 (2\3 1280 /23
#(5(5) P15 (5) ) e roeh, e
8 [2\3
<57_§ <3> ho P X, 7 —83.769 P> X, 72 + O(r%) (4.78)
9\ 3 1 8 [/2\3 64 (23
= (15) o) ot (55 (5) x5 (5) ) oo

(4.79)

UV behavior of the solution

As for the ultra-violet behavior of the solution, it is described by the following UV
series expansions:

4
bg = —% V343 o X (1 — 1) — 288223 8T/3 P2 X| 4 O(e7107/3) | (4.80)
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} 16
¢y = —418571e T P2 X, + 0 M3 e T3 hy X1 (1 +87) + O(e37), (4.81)

32 1152
bs=— 2V/3 =43 o X1 4+ 2727 (1186.08 — 418.571 7) P2 X| — — 2%/3 ¢=87/3 p2 X,
+0(e 17/, (4.82)

- 8 2
¢1 = 428.85 P2 X, + 3 213 ¢=4/3 ho X| — 3 e™? (1325.73 — 837.1437) P2 X,

+ % 2%/3¢787/3 P2 (29 4 407) X1 4+ O(e7107/3) (4.83)

b5 = 312743 P> X| + ¢ 7 (—1361.84 + 418.5717) P3 X; —42'3 ¢~ /3 by P X\ (1 +87)
+2e7% (1361.84 — 837.1437) P X; + O(e™77/?), (4.84)

d6 = 312.743 P> X| + e 7 (1361.84 — 418571 7) P> X; — 42343 ho P X, (14 87)
+2e7% (1361.84 — 837.1437) P X| + O(e™77/3), (4.85)

b7 = e (943.269 — 418.5717) P3 X,
— % 213~ ho P (1199 4+ 807 (1 4+ 107)) X, + O(e 117/3), (4.86)

421348 g (T4327) X1 625.486P2X,
3(47—1) (47 —1)

¢y = 171.54P3 X, + +O0(e™?).

(4.87)

4.6 Additional comments

Having solved for the full space of linearized perturbations around the Klebanov-
Strassler background, we now discuss other solutions that we easily obtain as a
by-product of our analysis, as well as other possible interpretations of our results.

4.6.1 Relation to previous works

The first attempt to construct the a linearized antibrane solution in the UV region
alone was [58], which studied several of the SU(2) x SU(2) x Zg-invariant modes
around the Klebanov-Tseytlin (KT) background [I18]. Since the KT solution is a

subset of the parametrization (3.27)—(3.28) given by
y(r) =0, k(r)=f(r), F(r)=P, (4.88)

in our setup we can understand the perturbations around KT as solutions of a reduced
system of first-order differential equations in the Borokhov—Gubser formalism. The
“backreacted” KT solution contains some integration constants that cannot be fixed
by infrared boundary conditions, and hence we cannot relate them to the constant
X1, which is proportional to N.

We can directly compare the UV expansion of our full KS solution -
to the perturbed KT solution of [58] and we find the following crucial discrepancy:

7
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The correct UV expansion has terms of order O(r—3) in (4.81}14.841l4.85/l4.86)) while
the first non-trivial terms in the solution of [58] are at O(r—*).

In hindsight this is not so surprising, since [58] only considered a subset of the
modes, and furthermore, the KT solution precisely agrees with the UV limit of the
KS solution only at leading order. At subleading order the KT solution has an
ambiguity which can be fixed to agree with the UV limit of the KS solution but then
the lower-order perturbation theory around each solution quantitatively differs. For
this reason, we conclude that one cannot derive the correct UV expansion for the
anti-brane solution by starting with the KT geometry. Another problematic issue
with the Ansatz made in [58] is that, as we have explicitly demonstrated in this work,
the anti-D3-branes turns on modes which are outside of the truncation, so it is not
consistent to restrict oneself to this subset of mode.

4.6.2 Gaugino masses

As an additional outcome of our analysis, we can easily identify other interesting
solutions that correspond to different deformations of the dual gauge theory. In
particular, we can construct a solution in which the non-normalizable UV modes
X9 and X7 are turned on. They decay as 1/r, and are associated to operators of
dimension A = 3, which correspond to deformations by gaugino mass terms for each
of the gauge groups, Tr(A; A1 = AoA2). We will identify a one-parameter subfamily
for which QJ\D%“” approaches the same constant value in the IR and in the UV, and
therefore for which the parameter € does not need to be modified.

The boundary conditions we have to impose are exactly the same as before,
except that now we do not require (4.63). Relaxing these, we find that the leading
terms in the IR expansions are not modified, and the value of @5 at the origin is still

given by (4.57]), together with the relations (4.58)),(4.60)
; r_ 1§
=Y "= _2X;. 4.
¢5(0) =77 = X1 (4.89)
By using the UV/IR relation (4.13) we get that in the UV
P5(00) = YUV =154.209 P3 X| — 19.5477 P (2X, + PX7). (4.90)
Imposing ¢5(0) = ¢5(00), we thus see that for the family of solutions
2X5 + PX7 = 5.05767 P? X, (4.91)

we get that the first order Maxwell D3 charge at infinity is the same as that of the
supersymmetric vacuum with the same € as for the original KS background. The
profile of the perturbation to the D3-brane Maxwell charge is shown in Figure 4.5
where it is plotted as a function of N using the condition from equation (4.91)).

We also note that by setting X; = 0, i.e. requiring that no anti-D3 brane be
present at the origin, we obtain a family of solutions parametrized by the constants
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1
0L )
301

Figure 4.5: The profile of the first order Maxwell charge for the solution with gaugino
masses turned on, satisfying the constraint (4.91) (blue solid line). The plot is for
N =1 and X7 = 1/(242'/3P3). The red dashed curve is the profile for N = 0.

X9 and X7 which in the dual gauge theory describe soft supersymmetry breaking
due to gaugino mass terms. This solution encompasses the one built in [122], which
correspondsﬁ to the family Xo = PX7; .

4.6.3 Other UV boundary conditions

In section we have identified the anti-D3 backreacted solution using one of the
three criteria to distinguish asymptotically-KS supersymmetric solutions that we
have put forth in section [£.4] The resulting solution has a different scale parameter
Y7 than its supersymmetric counterpart, and if the criterion that the NSNS Bj field
be zero at the KS tip is the correct one, then, putting aside concerns about the
subleading singularity and about backreaction, the anti-D3 perturbative solution we
have constructed describes a metastable state of a supersymmetric KS field theory,
and would be the first metastable solution constructed in supergravity.

However, we can also ask whether this result holds if one imposes the other cri-
teria, or if one insists, perhaps with a view towards embedding the KS solution in a
compact setting, that the UV scale parameter Y; be the same as in the supersym-
metric theory. It is not hard to see that if one imposes the criterion that the Hj

8The constant X in [I22] is then related to X7 by X = —%X7 and their parameter y is such
that pu = 4823 PX.
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integral only jumps by integer units, one finds again that YlUV has to change; the
anti-D3 solution is identical to the one we have written down above, and would be
dual also to a metastable field theory vacuum.

If one on the other hand imposes the criterion that two vacua of the same theory
must have a Y}V related to Y.V as in equation (which also distinguishes
between various supersymmetric KS vacua), or imposes the requirement that the UV
scale must be the same as in the supersymmetric theory, then the resulting solution
will have a different IR Maxwell charge than the one inferred from the UV data
(essentially because antibranes give rise to negative charge dissolved in flux in their
vicinity, as shown in Figure 4, and if one cannot make the throat longer to compensate
for this, this charge will be visible at infinity). As a result, the relation between the
force on a probe D3 brane and the anti-D3 charge of the background will not be
the one of [109]. If one then insists that this relation does not receive corrections at
first order in the number of antibranes, as suggested by the no-screening results of
[19], then the anti-D3 solution must have a nontrivial 1/r mode turned on, of the
type presented in the previous subsection, such that the contribution to the charge
dissolved in flux from the antibranes is canceled by the contribution from the Xy and
X7 modes. The value of this non-normalizable relevant perturbation can be easily
read off from our analysis. Interestingly enough, such modes were argued in [12]
to be present when a KS solution is embedded in a stabilized flux compactification,
and it would be interesting to see if the relation between the anti-D3 charge and the
strength of this mode that we find here has any relevance to this analysis.

4.7 Flux singularities

In this section we analyze in more details the infrared limit of the anti-D3 solution.
Let us recapitulate our findings. The boundary conditions that we imposed in the
near—brane region are those consistent with smeared anti-branes at the tip: singular
warp factor and five—form flux, coming from the anti-D3 source with equal mass and
charge, and regularity in all other modes. This requirement fixes half of the sixteen
integration constants of the general linearized deformation around the conifold in
terms of a physical quantity: the number N of anti-D3 branes at the tip. In partic-
ular, this fixes the value of the mode X; that gives rise to the force felt by a probe
D3 brane in the backreacted geometry

8237
Fos =37
0

i'(7), (4.92)
where j(7) is the Green’s function at the linear order, defined in (4.4). This agrees
with the computation & la KKLMMT [I09] and is a nice check that the boundary
conditions are the correct ones to describe anti—branes. However, we will now show
that once all those requirements are fulfilled, one finds that remnant nonzero pertur-
bations to three—form fluxes near 7 = 0 cause the energy density of such fluxes to
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diverge [140, 25]. We stress that this is purely an infrared phenomenon, in the sense
that the presence of the singularity is insensitive to the UV boundary conditions.

In particular we will show that the perturbative solution contains a singular
imaginary self-dual (ISD) and anti-imaginary self-dual (AISD) fluxes and we will
provide physical intuition of why these singularities are expected to be present in the
full non-linear solution. This is supported by the construction of the fully backreacted
solution for anti-D6 branes in a flux background [37, [38], 9], where a singularity in
the H-flux is unavoidable. This solution can be thought as a toy model for ours:
by T-dualizing it three times along the D6 worldvolume one obtains a solution for
anti-D3 branes in R3 x T3, which is an increasingly better approximation of the KS
near—tip region as the S radius grows or as the number of anti-D3 branes becomes
ever more smaller than the number of fractional branes.

A we will discuss in detail, this result suggests that at least some components
of the singular ISD and AISD fluxes, already visible in the linearized solution, will
persist in the fully backreacted regime. In the next Chapter we will verify this
conjecture by the explicit computation of the non-linear backreaction in the near-
brane region. We will then address the question of possible string theory resolutions
of the singularity.

4.7.1 ISD and AISD fluxes

By using the linearized solutions obtained in the previous sections, we will compute

the GKP modes ¢4, G4, defined in 1)
Gy = %Gy +iGy, i —=eta, (4.93)

where G4 are the ISD and TASD parts of the three—form flux, « is the RR 4—form and

e~44 is the warp factor. The dynamics of these modes is described by the equation

of motion [76]

d
(d+i—t

A Re )((I)_G+ + (I)+G_) =0. (494)

Im 7

In our Ansatz we have 7 = e~ since Cy = (¥} As explained in the previous section,
we linearize the problem by expanding in the parameter v = N /M:

G:=GY + GL(v) + 0(y?), (4.95)
¢y =% + L(y) +0(). (4.96)

For the Klebanov—Strassler background we have

¥ =G0 =0, (4.97)

9The modes ®+ have nothing to do with the pure spinors introduced in section Since this
notation is standard and we never use these objects together, we keep the same name for both.

0The axion/dilaton 7 in equation (4.94)) should not be confused with the radial direction of the
conifold.
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while
2
Y = 4.98
ton(r)’ (4.98)
GY = (fo—ko) (g1 AgsAgs+ g2 Aga N gs+igi AgsAge+igaAgangs) (4.99)
+2i(2P — Fy) g3 A ga A gs + 2iFo g1 A g2 A gs
+ 2% (2P — ) g1 A g2 A g + 2€ 20 Fy g3 A ga A g
where the function A(7) is the KS warp factor defined in (4.3), while the other KS

functions are given in (4.2)). At the linear order in ~y, by using the expansions for the
flux modes we find the fluxes:

Gl = 2¢ 40 { (ig1 A ga A gs — e g3 A g4 A ge) (55 — 5’6) (4.100)
— (g1 A ga A gs —igs A ga A gs) (55 + 56)

— (g1 ANg3Ngs+92NgaNgs—igi AgsAgs—iga Aga ge) 57},

Gl =e Mo [2i93 N ga N gs (55 + & — et ¢~57> +2ig1 AN g2 A gs (55 — & + et é?)
(4.101)
+2e*0g1 A ga A ge (55 + &6 + 10 (4Pgy — 2Fyds — <Z~57))
+2¢0g3 A ga A go (55 — &6 — "0 (2F)dy — &7))
— (91 AN g3 AN gs+ 92 AgaAgs+igi AgsAge+igeAgaA ge)-
: (257 + e (¢ — 5 + (fo — ko)qgs)) } :
We recall that the modes §~a and ¢% are respectively linear combinations of the
conjugate-momenta £* and the perturbations modes d¢* (see (3.33) and (3.66|) for

their definition). By using the definition (4.93), we find the expressions for the &4
modes at the linearized level in terms of the modes £%, ¢¢

d(I)l_ 2 721.0 ng
o=z &, (4.102)
AL 2, - 4duh/ (1) — 4h(r)d
_ 2 -2 , 4.1
= S¢ G+ hr)? (4.103)

The first equation can be integrated by using the equation of motion for & (6.23))
and gives

ol = 2 ‘- + const = gX1 /(T) + const 4.104
P 3 ’
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where P = M /4 and from (4.60) X is proportional to the number of anti-branes N

_3T N
4 h3
where hy = 18.2373 P2. The equation for <I>}F can be easily integrated to get

X (4.105)

ol = —(gle(T) + :(’i‘*)

3
We note that GL and ®!' are parametrized by the modes 5‘1 only, and thus vanish
if the perturbation is supersymmetric. One can check that the equation of mo-
tion (4.94) is equivalent to the equations for the modes &5 6. 7.

) + const . (4.106)

4.7.2 Infrared behavior

We now discuss the behavior of the three—form flux in the near—brane region, namely
at small 7, and we will show that both the ISD and TASD modes are singular.
The presence of a singularity in the TASD flux mode was first noticed in [140], 25].
An explanation of this behavior was given in [140l 67], where the singularity was
interpreted as coming from the coupling of anti-D3 branes to the mode ®_, which
is singular in the linearized solution, as we will show in . We remark that
the G4 mode also presents a singularity at linearized level and discuss the possible
implications of this behavior.

We derived the infrared expansions for the perturbations modes, as well as the
anti-D3 boundary conditions, in the previous sections. For the IASD flux G_ we
only need the expansions for the scalars conjugate to the flux perturbation modes
55,6,7 which are given by:

-1 2\ /3 2 , 16 (2\'/3

&= <8 (3) PXl) = g (ho + 24j0) PX1 + ¢ <3) PXi7+ O(T%),

T 2\ /3 2 . 4 1/3 92/3 2

§6:; 8 g PXI —§(h0+24j0)PX1+g2 3 PXIT+O<T)7

- 2 4

&1 = —5- (ho = 40jo) PXa7 — = 213 22BPX17% + O(r%), (4.107)
where jo = 0.836941. From them and (4.100) we get

L 132 (2\3 . 0
G = ; ? g PhOXl (93 Ngs N\ ge+ 3193 Nga N 95) + O(T ) ) (4108)

where X7 is defined in (4.105)). For the ISD flux G4+ we also need the expansions for
the modes ¢® which can be found in appendix @ The final result is

1732 /2

1/3
Gl = - <3 <3> Ph0X1) (93 A ga A gs+3igs AgaAgs)+O(r°).  (4.109)
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We note that G shows the same kind of singularity as the G_ mode. However
we remark that, as we can see from , two contributions enter in : one
is from the g‘l modes, the other is from the ¢* terms and both give rise to the
singularity. We are now going to rederive these results in a way that will makes clear
their interpretation.
Let us introduce a set of functions \(7)4 that parametrize the breaking of the
ISD condition
Hy=—) Mr)ae?xFy', (4.110)
A

where the index A runs over the components of the three—forms. A straightforward
calculation shows that the ISD and IASD fluxes are given by

=Y [(uA(T)A)*F;‘H(iuA(r)A)F;‘]. (4.111)
A

The functions_)\(T) A can be obtained from the Ansatz (3.28]). By expanding at first—
order in v = N /M around the Klebanov-Strassler solution (for which the fluxes are
imaginary-self-dual), one finds the following non—vanishing components:

—2y—¢ f! —44
qa5 € O o 2e70 s )
A =5 =1 op /& T +00), (4.112)
2y—¢ k/ 2 —4Ap B _
0
—o(f — —4Ag
136 _ 216 _ ¢ f—F) _ de g 2
M) =A™ = ——Fm— =1+ RSt o). (4.114)

Recall that the legs 1 and 2 are on the shrinking S?, while legs 3, 4 and 5 are on the
S3. While these expressions are valid for the whole conifold, we need their near—tip
behavior. The infrared expansions (4.107)) yields

1 2 1/3 1 2 1/3
A7)~ = (16 (3) PhoX1> ;AP ~ = <16 (3) PhoXl) , (4.115)

T T

while A\(7)136 = \(7)%46 = O(7). We thus see than only two components of A(7)4
are relevant for the infrared physics. We can now compute GL by expanding the
expression (4.111)) at first—order in . We find

G = 3 [RGB + MR E xR (ERY] . (4.116)
A

GLl=> [— A7) a(xF5')° + iA(T)h(Ff)O] : (4.117)
A

where we indicated by the superscript 0,1 the order of the expansion in v. We can
now analyse the near—tip behavior of the ISD and IASD fluxes, namely find the
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leading terms in an expansion near 7 = 0. We are interested in the origin of the
singular behavior of such modes.

For the imaginary part, we can see from the infrared expansions of the KS
fields that the only component that contributes to the singularity is F§45.
Since 2P — Fy ~ 2P — 72/6, from \(7)?** in we recover the imaginary part
of the G4 fluxes , (4.109). For the real part, we find that the only relevant
component is F12°. We have (xF325)0 = 7240 Fj g5 A gy A g ~ %P g3 A\ ga N\ gg, while
(xF32) = e=200 (7 — 2F 2) g3 A ga A go. Since

5 3 1/3
e (g7 — 2F) o) = i<332 <§> PhoX1> +0(9), (4.118)

we see that the two terms in the real part of G4 (4.116) give the same singularity
as in the real part of G_, in agreement with (4.108|), (4.109)). Before discussing the

interpretation of these results, let us show the expansions of the modes ®4 at the
first order in ~

1 2\1/? 32j0X: 32 /2\/?
o = —T<16 (3) Xl) + j; Lo b= <3) XiT+0(r%),  (4119)
320X,  4Y/E
Pl =— 3 h2j34 +0(r?). (4.120)
0

The singularity in ®! is expected since the Green’s function j(7) at the linearized
level diverges at the tip. The regular behavior of @}F is one of the infrared boundary
conditions that we imposed in section [£.5.1] and ensures that no regular D3 branes
are present at the tip.

Let us summarize our findings. The ISD and TASD three—form fluxes in the
linearized anti-D3 solution have a singularity of order 7—! in the infrared. Another
mode in the solution has the same 77! singularity, namely the mode ®_ which is
coupled to the anti-D3 branes.

We can see that the singularity in G! compensates the singularity in ®_ in the
equation of motion |67, 140]. Indeed, at 7 ~ 0 we find

PIGL +0LGY = 0(7). (4.121)

Based on this observation, it was argued in [67), [140] that at the non-linear level, since
®_ will be finite at the tip, the G_ singularity will disappear in the full backreacted
solution. We remark however that in the linearized solution also the Gy mode (4.109))
have a singular behavior near 7 = 0, as shown in figure [4.6)

4.7.3 Discussion

A similar situation to the one discussed above was found for the full backreaction
of anti-D6 branes in [39]. While this latter setup differs in many aspects from the
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~—_

Figure 4.6: The ISD flux with legs on g3, g4 and g5 for the Klebanov—Strassler
geometry perturbed by anti-D3 branes. The plot is for P = 1,3,6 (solid, dashed
and dotted lines) and N = 1.

Klebanov—Strassler background, it displays the same kind of singular behavior of
our linearized solution, as we will now explain. One can perform three T—dualities
along the worldvolume of the anti-D6 branes and finds that this setup will describe
anti-D3 branes on R? x T3, If one regards the three—torus as a large radius limit of
the finite S3 at the tip of the Klebanov-Strassler throat, we expect that the anti-D6
solution will describe the behavior of the three—form flux F3 with legs on the three—
sphere. From the result of [39], we then expect that for this flux the full backreacted
solution will be described by the relation

H=—-\7)e?x F3, (4.122)

with a divergent A(7) in the near-brane region (with A\(7) — +o00). We can now
compare this expectation to our result for the linearized anti-D3 solution (4.115).
We see that the three-form flux with legs on the S3 (i.e. the g3 A g4 A g5 component)
is precisely described by a relation of the form (4.122)), with A(7) = A(7)315. As
we established in , , this analogy would point towards a divergency in
the imaginary part of both the ISD and IASD fluxes at the full non-linear order.
However, the leg structure of the three—form flux in our linearized anti-D3 solu-
tion is more complicated, and there is another component of the flux, F3125, which
contributes to the singularity in A(7), making the anti-D6 analogy alone not fully
conclusive.

A discussion on the interpretation of the behavior described by can be
found in [40], where it is argued that it describes an H—flux accumulation toward the
anti-branes, which will eventually lead to a critical value for which the barrier against
brane/flux annihilation is destroyed. This is a time-dependent resolution of the
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singularity. In the next section we will study in detail other possible ways to resolve
it. In particular we will consider the possibility, as schematically depicted in [59, [67],
that in the very near—tip region the solution might be altered by the polarization
process in which the anti-branes form a fuzzy five-brane wrapping an S? C S3. In
particular, one may hope that the three—form flux singularity will be cured much as in
the Polchinski—Strassler solution [146]. If the geometry is smoothed—out in this way,
then the effects of the backreaction will alter only quantitatively the KPV model,
by making the bound on N /M for the existence of a metastable state more strong.
However, at least for smeared anti-D3 branes, the singular ISD flux does not
have the correct legs needed for brane polarization, as also mentioned in [25].

To conclude, in this last section we have computed the ISD and IASD fluxes for
the linearized backreaction of N anti-D3 branes on the Klebanov-Strassler geometry.
Both these modes have an infrared singularity. While it has been suggested [67, [140]
that the IASD mode may be regular in the full non—linear solution, this argument
does not apply to the ISD flux. In fact, by analogy with the anti-D6 backreaction [37,
38, [39], one can even argue that some components of the IASD flux could be singular
at the non-linear level as well. It is clearly important to verify this by computing
the full backreaction near the anti-D3 branes. If confirmed, one should address
the question of whether the interpretation of this singularity is compatible or not
with the existence of a metastable state. In the next chapter, we will address these
questions and we will confirm the results conjectured above.
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Chapter 5

Infrared singularities and brane
polarization

As we discussed in great detail in the previous chapters, anti-D3 branes at the tip of
the Klebanov-Strassler solution with D3-charge dissolved in fluxes give rise, in the
probe approximation, to a metastable state. However, as we showed in section [4.7]
the linearized back-reacted smeared solution has singular three-form fluxes in the
IR. In this chapter we will prove that these singularities persist in the fully non-
linear backreaction, by solving the second-order equations of motion directly. The
presence of such singularities in the full solution suggests a stringy resolution by brane
polarization a la Polchinski-Strassler. We thus investigate the polarization process
and we show that there is no polarization into anti-D5-branes wrapping the S? of
the conifold at a finite radius. We will then discuss the implications of this result for
phenomenology, in particular for uplift AdS and obtain a very large landscape of de
Sitter vacua in string theory. This Chapter is based on the paper [27].

5.1 Introduction

In this chapter we will focus on the singularity of the solution corresponding to
smeared anti-D3 branes at the tip of the KS cone, constructed in the previous chapter.
This singularity has been argued to go away when considering the full backreaction
of the anti-D3 branes [67], but as we discussed before this argument does not fully
work and we expect the singularity to be a true feature of the non-linear supergravity
solution. We will rigorously prove this in the next sections, and we will then consider
the problem of a string theory resolution of the singularity.

Singularities in string theory have been studied extensively over more than ten
years, and there are two very important lessons that have come out of this study:
the first is that if a solution has a singularity one cannot hope to obtain correct
physics by doing calculations in some region far away from the singularity, where the
curvature is low; the resolution of the singularity may involve low-mass modes that
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D5 D5

52 S3 52

Figure 5.1: Left: localized anti-D3 branes at the north pole of the S3 can polarize
into a NS5 brane wrapping a two sphere S? C S2 and into a D5 brane wrapping the
shrinking S? of the conifold. Right: smearing the anti-D3 branes on the S% wipes
out the KPV channel but the D5 channel still survives.

modify the spacetime at macroscopic distances away from the singularity, or may
signal an instability of the whole spacetime. A second lesson, which is a corollary of
the first, is that in the context of the AdS-CFT correspondence only singularity-free
solutions are dual to vacua of the gauge theory, while singular solutions (such as
the Polchinski-Strassler unpolarized solution [81) [146], the singular giant graviton
[139, 125] or the Klebanov-Tseytlin solution [118]) are not dual to any vacuum of the
gauge theory and have to be discarded as unphysical.

Thus, the healthy instinct when seeing a singular solution is to discard it, unless
there is a good physical reason to accept it. For anti-D3 branes in Klebanov-Strassler
one would expect that there is such a reason: brane polarization [142] a la Polchinski-
Strassler [146]. Indeed, in the probe approximation, the probe anti-D3 branes were
found to polarize into NS5 branes that wrap a contractible S? inside the large S3
at the tip of the conifold [I11], as drawn in Figure and reviewed in section
One might thus expect that this polarization will continue to happen in the fully
backreacted solution. However, to check this directly one would need to construct a
solution for multiple anti-D3 branes localized at the north pole of the S3. Unfortu-
nately, constructing non-supersymmetric solutions that depend on two variables is
beyond current technologyEI7 so the resolution of the singularity via polarization into
NS5 branes cannot be directly checked.

However, one can use a less direct route to this result by remembering a very
important feature of the Polchinski-Strassler construction: the D3 branes that po-
larize into NS5 branes wrapping an S? inside a three-plane can also polarize into
D5 branes wrapping an S? inside an orthogonal plane, and more generally into a
(p,q) five-brane wrapping an S? inside a diagonal three-plane. Hence, if the NS5
polarization channel is present and can cure the anti-brane singularity, so should be
the other (p,q) five-brane channels, as well as the D5 channel. The latter channel

'Only the supersymmetric KS solution with localized D3 branes is known [T20].
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would correspond to a polarization of the anti-D3 branes localized at the north pole
of a large S® at the tip of KS into a D5 brane wrapping the contractible S? of the
deformed conifold at a finite distance away from the KS tip (see Figure . At
fist glance this calculation looks as hopeless as the previous one, as it appears to
also require the backreacted localized anti-D3 solution. However, things are much
better: as shown in [146] and as we will review in Section the polarization
potential is independent of the location of the branes that polarize, and hence the
potential for the D3’s to polarize into D5 branes can be calculated from the smeared
near-antibrane solution. The purpose of this chapter is to calculate this polarization
potential.

We find that this potential has exactly the same type of terms as the polarization
potential in Polchinski-Strassler, which confirms the expectation that brane polar-
ization may be the mechanism of choice for resolving this singularity. However, the
coefficients of the terms are not the same as in [146]; in particular, these coefficients
depend nontrivially on two parameters that can only be fixed if one knows the full in-
terpolating solution between the IR and the UV. Thus, in general, our potential could
have had either SUSY minima (as in [146]), stable non-SUSY minima, metastable
minima, or no polarization whatsoever. However, we find that, for any values of the
unknown parameters, the terms are such that no polarization is possible.

Hence, our result shows that the singularity of the smeared anti-D3 infrared
solution of [26] cannot be resolved by brane polarization, and by the arguments above,
that also the localized anti-D3 brane solution will not be resolvable by polarization
into D5 branes. Of course, our result does not directly rule out a resolution of the
antibrane singularity in KS by polarization into NS5 branes that wrap the S? inside
the S3 at the tip a la KPV. However, the fact that D3 brane polarization always
happens in multiple channels, and the fact that at least one of this channels is absent,
suggests that the KPV polarization channel into NS5 branes might also be absent
at full backreaction.

Our calculation pose the problem of whether anti D-branes in solutions with
charge dissolved in fluxes can give rise to metastable vacua. If the the KPV channel
is also absent in the full backreaction, two immediate corollaries follow: the first one is
that the dual gauge theories, despite having a intricate structure of supersymmetric
vacua [68], do not have metastable vacua. The other is that the mechanism for
uplifting AdS vacua with stabilized moduli to dS vacua by adding anti-D3 branes in
regions of high warp factor [110] will probably not work and will have to be replaced
by another uplift mechanism. While there are several other uplift mechanisms in the
market (F/D-term uplifting [153, 124] and Kahler-uplift |10} [I52]), none is as generic
as anti-D3 uplifting. Hence, it may be necessary to revisit the idea that string theory
has a large landscape of dS vacua and to fall back to the old “non-anthropic” approach
to understanding the physics of our universe.
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5.2 The setup

We will use the PT Ansatz discussed in details in the previous Chapters and we will
apply the technique introduced in [3.2] for the full non-linear case.

We recall that the potential in the one-dimensional Lagrangian (3.4 can be
obtained from a superpotential W:

L OW OW

V=355 a0 -

(5.1)

In fact this equation has two different solutions, and therefore V has two possible
superpotentials:

1
W = lletA) (coshy + e 0P 4 262"’3K> . (5.2)

Using either of the two W, the supersymmetry conditions can be neatly written as

a first-order flow equation

10W

= =0. 5.3
2 0¢® (5:3)

The presence of the two superpotentials follows directly from the invariance of
the type IIB action under the flip (C4, H3) — (—C4,—H3). In our notations this
corresponds to the change of sign of f, k, @ and, as a result, of K. The first-order
equations following from the two superpotentials impose either an imaginary self-
duality (ISD) or imaginary anti-self-duality (IASD) condition on the complex 3-form,
G5 = F3+ie”®Hj. As the subscript suggests, in our conventions, the supersymmetric
solution derived from W™ is the Klebanov-Strassler background with ISD 3-form,
while W~ leads to the anti-Klebanov-Strassler solution with IASD fluxes. The two
solutions preserve different supersymmetries. Consequently the supersymmetric KS
solution can also include arbitrary number of the mobile D3-branes, () > 0, but no
anti-D3 branes, ) < 0; and vice versa for the supersymmetric anti-KS background.

Gab (j)b -

5.2.1 The KS and anti-KS solutions

Before proceeding it is worth recalling how the eight integration constants of the
eight first-order superpotential equations (5.3) (with W = W) are fixed in the KS
solution with @ smeared mobile D3 branes (@ > 0):

e The zero-energy condition of the effective Lagrangian fixes the 7-redefinition
gauge freedom and is automatically solved, but the constant shift 7 — 7 + 7
still remains unfixed, and so 7y appears as a “trivial" integration constant.

e The conifold deformation parameter ¢ and the constant dilaton e® give two
other free parameters.
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e An additional parameter renders the conifold metric singular in the IR [47] and
has to be discarded.

e The three equations for the flux functions f, £ and F appear to have three
free parameters [122]. The first corresponds to an IR singular (2,1) complex
3-form Gy = F3 + ie”?Hs, the second gives a (0,3) form which is singular in
the U\/El, and the third is related to the B-field gauge transformation (f, k) —
(f 4+ ¢, k+c), which is just a shift of the D3 brane charge and can be absorbed
in the redefinition of Q.

e The warp function h ~ e22=4P+4) can only be determined up to a constant,
which is fixed requiring that h(7) vanishes at infinity:

) /oo - (47Q + 829, P2 (7 coth(r) — 1) (sinh(7)) > (4 sinh(27) — 7)) |

(1 sinh(27) — 7) 2/3

(5.4)
It is important to stress here that for the anti-KS solution with anti-D3’s
(Q < 0) one has to put |Q| instead of @, since otherwise h(7) is negative for
small 7. This is contrary to the flux K(7) which flips sign once we go from the

KS to the anti-KS solution.

As has been explained above, the anti-KS solution can be easily found by flipping
the sign of the functions f and k. Notice that the (2,1) and the (0, 3) 3-forms will be
now (1,2) and (3,0). The remaining functions are exactly the same for the solutions

derived from W+ and W—.

5.2.2 The first-order formalism

In order to solve for the anti-D3 backreaction we will need to solve the full set of
second-order equations of motion, which we show in Appendix [B] We now introduce
a computational technique that will be extremely useful: the idea, explained in
section is to recast the eight second-order EOMs for the scalars ¢ as a set of
sixteen coupled first-order equations by introducing conjugate momenta &,, defined

as
10w

200"

Since we have two superpotentials that govern the system, W+ and W™, we can
introduce two sets of conjugate modes, denoted by & and &, respectively. With
this notation the supersymmetric KS first-order flow equations (with ISD fluxes)
are simply & = 0, while the first-order equations corresponding to supersymmetric
anti-KS solutions (with IASD fluxes) are £, = 0. It is easy to verify that solutions of

Sa = Gabéb - (55)

2Importantly the singular (2, 1) form is supersymmetric exactly as the 3-form of the KS solution,
while the (0,3) form breaks SUSY [90} [93].
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these eight first-order equations solve also the full set of EOM. Indeed, by plugging
the definition (5.5)) into the second order EOMs we obtain:

oGYe OG oW . W

fa 8¢a §b§c a¢a 8¢b gc 8(;5“8(]517

€l (5.6)

which is equivalent to equation and which is indeed trivially solved by putting
all of &,’s to zero.

Replacing the second-order EOMs for the eight fields ¢, by sixteen first-order
ones, equations and , proves very efficient when studying supersymmetry
breaking perturbatively as we showed in the previous Chapters, and turns out to
be extremely useful for our purpose as well. As we will review in the next section,
it was shown in [26] that without introducing singular fluxes it is not possible to
interpolate between the ISD Klebanov-Strassler solution in the UV and the anti-D3
branes () < 0) boundary conditions in the IR. The regularity conditions on the
fields near the anti-branes determine almost uniquely the leading-order behavior of
the fields &,’s derived from W™, which in turn appears to be incompatible with the
equations . Moreover, we will provide a “topological" argument leading to the
same conclusion but using instead the &, functions derived from W™T. Since we will
make an extensive use of both functions £, the following should be useful to keep
track of the notation:

Wt =Wks , BPSsolution : £+ =0, G3ISD, Fp3=0
W™ = Waks , BPSsolution : £~ =0, G3IASD, Fyz=0

where in the last equality we have added the force on probe D3 and anti-D3 branes.
The explicit form of (5.5)) for the conjugate momenta is:

& =~ (x +p—2A+coshy — ;e_Gp_%)

éét = —664(p+A) <p + A — ;8_617_23;)

& = —5¢ Loawta) (§ + sinh y)
1
f;;f — -1 4(p+A)¢
é-:l: — 1 72I+4(p+A) <67<I>72yf" + (2P _ F))
P
1 .
+ —2x A —
F=—1e 22+4(p+ )(e <I>+2yk:l:F>
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513‘15 _ 7%6—2x+4(p+14) ( <I>Fj: (k; f)) (5.7)

where

+ +
S fx+5i+if‘,§3 e gk (5.8)

The & redeﬁnitiorﬁ is will prove to be especially convenient, since we can show that
this mode has a very clear physical meaning: it parameterizes the force felt by D3
branes probing a given solution. Indeed, the force on probe D3 and anti-D3 branes
only depends on £; and no other &;:

Fps = —2e"%¢h | Pz = —2e72%¢; . (5.9)

As expected, adding a probe D3 brane to a solution derived from the superpoten-
tial W (with ISD fluxes) does not break supersymmetry, and hence the force on
probe D3 branes, Fp3, vanishes. Analogously, an anti-D3 brane in the anti-KS so-
lution does not break supersymmetry and therefore feels no force. In a general non-
supersymmetric solution, such as the singular anti-D3 in KS backreacted solution
that we analyze in Section [5.4] both forces are nonzero.

5.3 A regular solution does not exist

In this section we will prove that there is no IR-regular solution with smeared anti-
D3 branes (Q < 0) at the tip of the conifold and with KS asymptotics in the UV.
Indeed, starting with a singularity-free anti-brane solution in the IR, one necessarily
ends up with an anti-KS solution in the UV. Moreover, we will prove that the only
regular solution with |@Q| anti-D3 branes is exactly the anti-KS version of the solution
with () mobile anti-branes we described in the previous subsection.

5.3.1 Regular boundary conditions for anti-D3 branes

In order to prove our statement, we need to understand first the IR boundary con-
ditions corresponding to the presence of smeared anti-D3 branes at the tip of the
KS geometry. We will also impose regularity of the 3-form fluxes. These conditions,
which we will call IR regularity conditions , are the following:

e The dilaton is finite at 7 = 0.

e the 6d conifold metric has the tip structure of the KS solution: the 2-sphere
(the g7 + g3 part of the 6d metric) shrinks smoothly at 7 = 0 and the 3-sphere
(the g% + g7 + %gg term) has finite size. The former condition is equivalent to

3In the notation of Chapter |4/ we have & = %51
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2P~ x~ 7Y near 7 = 0, and the latter requires 72e 7P~ ~ 2¢¥+Y. All in
all, we find that

et _ + 0(7_2) ’ ey = — + 0(7-2) . (510)

e The warp factor comes from |@Q| anti-D3 branes smeared on the 3-sphere, and
hence goes like h(7) ~ |@Q|/7. In our notation it amounts to demanding that
both e12PT2% gp( edlp+A)—22 go like 7. The precise proportionality coefficients,
though, cannot be fixed in this approach. Instead, one coefficient can be elim-
inated by a proper rescaling of the 4d space-time coordinates, while the other
is a free parameter that measures the size of the non-shrinking 3-sphere (the

conifold deformation parameter €). We will use the 4d rescaling to match the
expansion of e%”*% to the supersymmetric solution (see (5.4) and (4.2))):

4 4
el?rt2e — — o4 (9(7'2) , At A 2w _ o " o (’)(72) . (5.11)

QR TQ

For the KS solution one finds ¢y = 2*10/33*2/363/3.

e There is no singularity in the three-form fluxes; their energy densities, H3 and
F2, do not diverge at 7 = 0. From (3.27) we obtain that

P3| = Flu 1P = 6577 (e2y(2P )24 WE 2F2)
|H|* = Hypp H'? = 667 <€_2yf2 + e2Vk? + §(k - f)2> . (5.12)

Hence, using and the Taylor expansions of the functions f, k and F’
start from 73, 7 and 72 terms respectively, exactly like in the KS background
(see ) To be more precise, in a solution with branes at the tip, the
functions f, £ and F' can also start with non-integer powers (79/ 4 714 and
75/ 4), but it is not hard to show that the logarithmic terms in =, p, A and y
imply that the IR expansion of the solution proceeds only with integer powers
of 7. In either situation the expansion of K starts with a constant ) term.

Let us summarize the leading IR terms in the expansion of the metric functions:

e® =e™ 1+ 0(1), 629&:%-74-0(72), ey:%+0(72),,
4 §7TQ
e = 70 +O(7), e =} v ™+ 0, (5.13)
f=0GY,  k=0(), F=0(), K=-"2io(.

Even if we arrived at the boundary conditions (5.13)) by physical arguments, one my
wonder whether these are the most general conditions we can impose. We checked
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that if we start by allowing a general Taylor expansion for the functions z, y, p and
A, the equations of motion imply precisely the behavior summarized in .

For our proof that this IR behavior does not glue to a solution with ISD fluxes in
the UV, it will be essential to determine the leading-order behavior of the conjugate
modes £’s and & ’s (defined in (5.7)) in the IR. Let us denote by n/ and n, the

lowest possible leading orders of these two functions respectively. We find that the

boundary conditions ([5.13]) imply:
(nf,n%‘,n{f,n;,n}',n;,n;,ng) = (1,2,2,2,1,3,2,2)
(n;,n;,ng,n;,n;,n;,n;,n;) — (2,2,2,2,1,3,2,2) . (5.14)

The only difference between the two sets is in nf and n; . Indeed, from one
sees that the leading (logarithmic) terms cancel out in the parenthesis of &, eq.
, and sum up for §f“ . Similar cancelations happen also for f; , f; , §y+ and their
&, counterparts. However, for the 3-form &,’s we cannot argue for such a cancelation
neither for 5}", 52' and 5}' nor for 5;, &, and . This is since we have no control
over the coeflicients of the leading terms in the expansions of f, k and F'.

It is important to stress again that in arriving at we have not imposed
neither the ISD nor the TASD flux condition. Instead, we insisted on having a
regular 3-form flux in the IR, with all other components of the solution being that
of a smeared D3-brane solution: 1/7 behavior of the warp function, constant 5-form
flux proportional to @, plus a constant dilaton.

Finally, we should also briefly mention the UV boundary conditions, although
their details will not be used in our discussion. In general we must insist on KS
(and not anti-KS) asymptotic with some normalizable UV modes turned on. Having
only normalizable modes in the UV should be essential for the construction, since
the new solution must describe a new vacuum in the same theory. Since in the UV
region the non-supersymmetric solution should be just a small perturbation of the
KS solution, one can use the linearized version of the equations of motion. A careful
analysis reveals (see Chapter 4 that f;{ (1) and f,j(T) approach the same non-zero
constant value at large 7, while all the other functions & (7) vanish.

We would like to demonstrate now that one cannot meet both the IR and the UV
boundary conditions advocated above. We will do it in two different ways. We will
find that the only possible solution is , = 0 for all a’s, meaning that one has anti KS
solution not only in the IR, but also all the way to the UV. Hence, any solutions with
anti-D3 branes in the infrared must necessarily have singular three-form fluxes. This
result is in agreement with the linearized analysis of [25] 21], where the equations of
motion — were solved perturbatively in the number of antibranes. Similar
results were obtained for other types of anti-branes in background with opposite
charge dissolved in fluxes |24}, 135} [78, [37, [38], 39].

We will provide two proofs of this claim. First, we will argue that the IR condi-
tions (5.14) are in odds with the £~’s equations of motion. This analysis has been
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carried out originally in [26], where it was referred to as the “IR obstruction". Sec-
ond, we will present a “global" argument which is also based on the £™’s equations
of motion, but does not employ the Taylor expansion of these functions.

5.3.2 The first proof

Our immediate goal is to show that when solving the equations 1} for &, 5;, &

and &5 in the IR (small 7) and imposing the IR regularity conditions, one finds only
trivial solutions for these functions. This essentially means that the IASD conditions
f;,fk_, §r = 0 will be satisfied all the way to the UV and not only at 7 = 0.

The equations we need are:

f; + K6_2mff _ 462:E—4(P+A) €¢’+2y(£;)2 + e@—?y(g];)Q + ;e_¢(€F)2:| (515)

and
f— 1 —2z — 1 —d -
& = ¢ TP -F)g + et
- 1 _ I
G = ¢ UFE -5 (5.16)

G = e (k- D+ et (g e g )

The equations of motion for the remaining four é; modes are:

52— _ _K6—2x§1— + 36—6}7—2:052—
At <(51)2 + %556; - %(ég )?+2(8,)" + 46 )2>
537 _ 66_6p_2$£5
g; = coshy-§ + %Siﬂhy &y — 2% (€2y(2p — )&~ ei%F&E)
+46<I>+2x—4(p+14) (623/(5]7)2 _ €_2y(§1;)2)
£ = —e? (e2y(zp ~ F)¢; + e—QyFs,;) - %e‘q’(k‘ — fér
+2¢2e 1+ (ab (6702 + (600 - ie‘D(s;)?) . (3a7)

Remember that if the fluxes are regular, the IR expansions of f(7), k(7) and F(7)
can only start from 73, 7 and 72 respectively (see the discussion around ) As
we have pointed out earlier, lower but non-integer powers are not ruled out. One
can easily check, though, that our proof still goes through even in this situation.
Let us denote by n the lowest power in the Taylor expansion of &, i.e. { =
a1™+... , We already know from that n > 2. Together with , equation
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|i implies that the leading terms in the expansions of 5;, §, and & are
& = afT("_z)/z +..., & = ap T2 4 Ep = apT? 4+ ..., (5.18)

Note that an additional comparison with shows that actually for a regular
solution n > 4. Moreover, since all the terms on the right hand side of are
non-negative and Ke™2* = 77! 4 ... at least one of the constants ar, ar and ap
has to be non-zero. Next, plugging these expansions into the last two equations of
|i we see that for n > 4, the terms involving ¢ and f}? disappear from the
leading-order expansions of all these equations. A simple calculation then reveals
that has only two possible solutions, {, ~ 7 or {5 ~ 772, and both yield
a singular 3-form ﬂuxﬁ Thus we have to put ag,ar = 0, in which case the first
equation in gives n = —2, and so we arrive at a contradiction.

We observe, therefore, that with regular boundary conditions at 7 = 0, the
equations and have only the trivial solution £ = 5; =&, =6 =0.
This means that we obtain an IASD solution all the way from the IR to the UV. In
other words, one cannot “glue" the solution near the smeared anti D3-branes to the
KS solution, since the latter has an ISD 3-form.

Importantly, with a bit of an effort we can demonstrate that the anti-KS geometry
with mobile anti-D3’s at the tip is the only regular solution of the remaining equations
of motion. In other words, there is no non-singular solution with anti-D3 branes in
the IR and anti-KS asymptotics in the UV. To do this we have to prove that all the
remaining £~ functions identically vanish, exactly as &, 5;, &, and &p.

Plugging gljf,ka = 0 into we find that {§ = 0 (otherwise the dilaton
diverges), while the remaining functions satisfy:

. 2
52— _ 3676;0729052— . 674(p+A) <3§2—§3— _ %(53—)2 + 2(§y)2>
& = GG

: 1
§, = coshy& + gsinhygg. (5.19)

In the (anti) KS solution e=*(P*4) goes to zero as e=47/3 for large 7, while e~ —22
asymptotes to 2/3. From the first two equations we find that 5'2_ ~ 26, . The
functions &, , &3 and ', exactly like the functions 5; , 5; and f;r , have to vanish at
infinity both for KS and anti KS solutions. So we have to put {& = 0. This in turn
implies that {5 =&, = 0.

We have shown that a regular solution with anti-D3 branes in the IR remains
anti-KS all the way to the UV using the conjugate variables £&. But actually, the
most straightforward way to see it is to solve the second-order ¢, equations (shown
in Appendix directly in powers of 7 subject to the regularity conditions . We

4We will come back to the & ~ 7 singular solution in the next section.

98



A RECGULAR SOLUTION DOES NOT EXIST

found that to order 71° the space of solutions is parameterized by three independent
parameters, none of which breaks the IASD condition confirming that {;, &, and

&y are indeed zero for the IR regular solution. Furthermore, one parameter leads to
{2_:30734—..., 53_:60734—..., g;:—CT3+...,. (5.20)

This is consistent with and, as we already know, produces a UV divergent
solution. The remaining two parameters correspond to two UV-singular solutions of
the supersymmetric £, = 0 equations that we have already mentioned in the previous
section. The first introduces the (0, 3) complex 3-form and the second shifts the warp
function.

To sum up, IR regularity of the 3-form fluxes implies that all of the £, ’s identically
vanish. The integration constants emerging from the £, = 0 equations are then fixed
by the UV regularity and we end up with the anti KS background with |@Q| mobile
anti D3 branes.

5.3.3 The second proof

We can also present a “global" argument why the functions &, 5;, &, and £ have
to vanish in a regular solution, without focusing on their Taylor expansions. The
proof for the remaining four functions proceeds precisely as above.

Our key observation is that the flux functions f(7), k(7) and F(7) appear only
in equations and . None of the remaining {‘a equations has any flux
function in it. Next, the equations in might be derived from the following
reduced Lagrangian:

Lituxes = 4107 [e%y@m? PG + e (G | + e ()

(5.21)

Recall that the £7’s are first order in the derivatives of ¢’s and so the Lagrangian
is of second order in 7-derivatives, as it should be. It differs from the flux part
of the one-dimensional Lagrangian for the KS field only by total derivative
terms. Written this way, however, Lquxes has a remarkable property: it is strictly
non-negative and vanishes only if all the functions &, 5;, &, and & are zero.

Again, we treat Lquxes as the effective Lagrangian only for the fields f(7), k(1)
and F'(7). In particular, it means that the first three terms in are kinetic
terms, while the last one is a potential term. We assume now that one first solves
for these three fields and for arbitrary z, y, p, A, ® (but with the proper
boundary conditions ensuring regularity of the metric), and then substitutes the
result into the remaining five EOM.

Since Lguxes 18 bounded from below, in other words has a global minimum for

‘f; (7_)7 élz(T)a f}; (7—)? gl_ (T) = 0, (5'22)
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one may wonder whether this trivial IASD solution is, in fact, the unique solution
of the EOM (.16). The answer depends on the boundary conditions for f(7), k(1)
and F(7). If these are incompatible with , the final solution will be more
complicated. If on the other hand, the regular boundary conditions we imposed on
the 3-form flux are compatible with the trivial IASD solution, then the latter will
also be the only possible solution.

For our Lagrangian the fields §JT, &, and £ are the conjugate momenta of
the fields f, k and F respectively. In general, one may impose boundary conditions
either on these fields or on their conjugate momentum, in the IR or/and in the UV.

The regularity requirement we considered in the previous sections, however, con-
strains all the three flux functions and their conjugate momenta in the IR. Indeed,
we saw that both (f,k, F') and (5;,5,;,5;) have to vanish at 7 = 0 for a regular

solution. Furthermore, {; = 0 in the IR, therefore the IR boundary conditions fol-
lowing from the regularity are consistent with the trivial solution . Thus we
see that requiring regularity in the IR forces upon us the anti-KS solution.

This proof, though, has to be taken with a grain of salt, since the EOM for
the flux fields are strictly speaking singular at 7 = 0, and so we cannot rule out
completely the possibility that there are two different solutions of subject to
the same boundary conditions. One can promptly make our proof more rigid by
listing Taylor 7™-expansions of all six possible solutions in the IR and verifying that
only one of them, the IASD, is not at odds with . However, the main goal of
this subsection is to prepare the ground for the localized case discussion, where the
power counting method of the first proof will be most likely unavailable making a
“topological" argument we presented here a more efficient tool.

5.4 The singular anti-D3 solution

In the previous section we proved that by imposing the regular IR boundary con-
ditions summarized in , it is not possible to find a supersymmetry-breaking
solution (except the one that we have mentioned before, corresponding to ISD fluxes
with a (0,3) component, which diverges in the UV). Thus, the regular IR boundary
conditions are incompatible with the presence of anti-D3 branes in the infrared. One
can try to construct a singular solution describing the backreaction of these anti-D3
branes by relaxing the assumptions we made in the previous section, and considering
a more general expansion for the fields. In this section we therefore analyze the
equations of motion dropping the assumption of regularity in the three-form fluxes
discussed in Section (.3.11

Let us start by noticing that even in a solution with singular 3-forms, all £, s,
but 5;, &, and £, have the same leading term powers at small 7 as for any regular

solution, see 1’ In particular, we still have §; ~ 72, since otherwise the solution
will not describe anti D3’s at the tip of the conifold. At the same time, fjf, §, and

§p will now start with lower powers of 7. Remarkably, equation 1) suffices to
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determine this behavior. Indeed, since the left hand side is still of order 7 exactly
like in the regular case, and the right hand side is a sum of positive terms, we see
that:

E =bp+0(r), & =7 +0(r°), & =br7+0(17). (5.23)
In deriving this result we used the first two lines of (5.13). The expansions of the

original flux functions are:

f= —g—Qeq)obf 7'24—(9(7'3), k= @ (bF + 2€¢0bk)—|—0(7'), F = @bk T+O(7’2),

co Co €o
(5.24)

where in going from to f(7), k(r) and F(7) we have eliminated two additional
solutions (see the end of the previous section): the first one is the “very” singular
(1,2) solution with k ~ 772 and F ~ 7~ which we will not consider, and the second
corresponds to the gauge transformation (f, k) — (f + ¢, k4 c) we mentioned earlier.
We fix the gauge freedom by requiring that f(7) vanishes at 7 = 0.

It seems that, all in all, we have a singular solution in the UV parameterized
by three independent parameters by, by and bp. However, only two parameters are
independent, since both the f,; and the 5; equations in imply that

bp = —4e®0by, . (5.25)

Thus we have (at least) a two-dimensional space of singular solutions in the IR. At
the same time, by gluing the solution to the UV we expect to arrive at a unique
solution for the entire range of 7 that depends on two parameters () and P. The UV
regularity will then impose an additional constraint on by and by (as well as on all
the other “free" IR parameters like the dilaton), so that one will have to switch on
both these modes in order to avoid a divergent UV solution. In fact, the perturbative
solution constructed in Chapter [4]at linear order in )/ P has exactly this singularity
structure with by = —12b; ~ 0.02 6(8)/3 P~2. However, for the full solution this
result is expected to change.

We see now that the singular solution will necessarily have a non-zero 5]7 at
7 = 0. In this case the arguments from the end of the previous section do not apply
and, as a result, there is no “global minimum" obstruction for the singular solution.

As a consistency check we may show that the net force on a probe D3 brane in this
background will be pointed towards the tip, as expected for a solution with smeared
anti-D3 branes. This force is given by and in our conventions it means that ff
should be non-negative. Let us demonstrate it with the help of the ﬁT equation of
motion:

. —2z T— — I _
gi‘r — Ke 2 gi‘r — 462 4(p+A) [€¢’+2y(€;-)2 +e‘1> 2y<§2-)2 + 56 <I><§2_'-)2 ) (526)

We know from (5.13) that & = 2c37 + ... near 7 = 0. Thus, for function & (1) to
vanish at some 7 = 7, and to become negative for 7 > 7,, we must have §f (1%) < 0.
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S

Figure 5.2: The function &;(7) is positive for small 7 but cannot have a zero (left) at
finite 7 = 7, since &,(7) < 0 is not allowed. As a consequence, it will be everywhere
positive (right). Notice that it goes to zero at infinity, otherwise we do not get
asymptotic KS solution.

This, however, is at odds with the equation , since its right hand side is non-
negative. We conclude that & (7) > 0 for 7 € (0, 00), see Figure

Let us now come back to the £~ equations of motion. We may further use
in order to extract a relation between by, by, br and the constant by defined by

& =+ 0(r%). (5.27)

Plugging ([5.23) into (5.15)) we get:

b2 2
by = ;rfi (e% (Z + 4bi> + e_%b;) = 17;6306% (b7 + 48b7) > gie%bff.

(5.28)
This last inequality will play a crucial réle in the next section when we will deter-
mine the form of the polarization potential. For this we will also need the explicit
expressions for the RR 4 and 6-form gauge ﬁeldsﬂ

Cy, = (—2X1 + e—2a:+4(p+A)> dro N ... ANdzxs
Co = Xf-91Ng2+ Xk 93N0a, (5.29)
wherd?|
Xi=eE L Xy =4eT 2, Xk =4e TP 42k (5.30)

®In our conventions dCs = e 19 F3 — Hz A Cy.
5Notice that Cs depends only on £~ ’s and vanishes for the anti KS solution. It is also zero for
the KS background as one can show using (5.7).

102



THE SINGULAR ANTI-D3 SOLUTION

The integration constants of x1, xy and xj can be eliminated by gauge transforma-
tions of Cy and Cg. We will fix the freedom by requiring that all these functions
vanish at 7 = 0. Using (5.23)) and (5.13)) we can find the leading order behavior of

x1 and x:

2 1
X1:Eb1-72+..., Xfde%bf-TB’—i—.... (5.31)

We end this section by making explicit the singular character of our solution, and
explaining the various terms that contribute to the singularity. First, it is easy to
verify by plugging the IR behavior into ([5.12) that the 3-form flux densities diverge,
namely

(by)? + 8(bx)? +0()  |BPP~ (bx)® +0(1%) . (5.32)

VT VT

It is useful to characterize the singularity of our solution in terms of the ISD and
IASD components of the three form flux. Let us recall the notation of Section [4.7]
where we defined three scalar functions of the radial variable A4, by

|Hs|* ~

e PHy = —\(7) 4% F3 (5.33)

where F:,;A denotes each of the three components of F3, namely along gi95, g345 and
dr (913 + g24). These definitions ensure that for ISD (IASD) fluxes, A = 1. We find
that the component with legs gs45 is singular:

mQ

A345 (7') = *W

byt +O(°) (5.34)
while the other two are regular. We should note that in the linearized anti-D3
solution of [25, 20, 2], there was actually an additional singular A, namely Aj25.
We thus see that at the full non-linear level one singularity gets resolved, but the
singularity in Ag4s (which corresponds to three-form field strengths that have the
legs on the S3) persists, precisely confirming our conjecture in Section

We end this section by comparing our results to the ones in the solution considered
in [40], corresponding to anti-D6-branes wrapping a 7. As explained in [28], that
solution can be T-dualized three times, and will yield a KS-like solution where the
warped deformed conifold is replaced by T2 x R3. As argued in Section this
solution can be regarded as a toy model for the KS infrared region. Indeed, there
is a flux singularity very much like the one found here, but in a sense simpler: the
fluxes can be parameterized by a single function A, defined by Hs = \(7) x3 Fp,
where Fj is the mass parameter in massive type ITA, which is the toy-model version
of the dual 3-form F3 on the S®. The fully backreacted anti-D6 solution has [39]
A7) = X7 1+ O(7%), and the whole (IR singular) solution can be parameterized
by )\0.
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5.5 D5 polarization

In this section we would like to address the main question of this paper: can the
3-form flux singularity of the anti-D3 brane putative solution be cured by the polar-
ization of the anti-D3 branes into D5 branes? The singularity occurs at 7 = 0 and if
we find that there is a stable configuration with a polarized D5 brane wrapping the
2-sphere at a finite distance away from the tip, it will imply that the singularity is
still physically meaningful. In the first subsection we will compute the potential of a
probe D5 brane with anti-D3 charge n in the singular solution sourced by @ anti-D3
branes smeared on the KS tip. We will then argue in the second subsection that this
potential also governs the polarization of all () anti-D3 branes into D5 branes.

5.5.1 The D5 potential

In order to see if the anti-branes polarize or not into D5-branes we need to compute
the potential of a probe D5-brane that wraps the S? of the deformed conifold and
has n anti-D3 branes dissolved in it. The D5 brane action (in string frame) is

Sps = Sppr + Swz (5.35)

with

SpBr = M5/d6§6_¢\/det (g +2rF2), Swz=ps / (Cs +2nF2 A Cy)

(5.36)
where 27 Fy = 27nfo — Bs and fo is the D5 worldvolume gauge field strength that
gives the number of anti-D3 branes dissolved in the Db5:

n

fo = SWs? (5.37)

where wg2 is proportional to g; A go. The larger n the easier to polarize it is, and in

that limit one can expand the DBI action in a 1/n series. The leading term cancels

the leading term in the WZ action, and the polarization potential has in general the
following form:

2

1
— C37‘3 + —27m047'4 ) (5.38)

where the quadratic term comes from the imperfect WZ-DBI cancelation (and is
equal to the force on a probe anti-D3 brane), the cubic term[] comes from the Cg
term in the WZ action and the quartic terms is the subleading term in the 1/n

V(1) ~27mn - coT

expansion of the DBI action.
It is easy to show that if the following relation is satisfied

32
(c3)* < - caca, (5.39)

"In our conventions c3 is positive.
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then the potential ((5.38) has no minima for any 7 away from zero, and thus there is
no polarization. In our singular solution we obtain

4(p+A)+2y+o
¢y = lim <&> , c3 = lim (ﬁ) , ¢4 = lim (€4> ,  (5.40)

70 ’7'2 T—0 7’3 7—0 T

where x1 and x; are defined in egs. (5.29), (5.30)), and their IR behavior is given in
(5.31). Using this and (5.13)), we arrive at the following resultﬂ

2 1 1
cy = @bl , c3 = ge%bf, Cc4 = ZCOQ% . (5.41)
We can now rewrite the inequality in (5.28)) in terms of c¢o, ¢3 and ¢4 and find that
in all anti-D3 singular solutions:

(63)2 < 26264. (5.42)
From this result we see that the condition is always satisfied. This is the main
result of this Chapter. It proves that the potential has no minimum, not even
a metastable one. Thus no polarization into D5 branes occurs and the 3-form flux
singularity appears to be genuine. Even more importantly, we were able to prove
this statement without extending the solution from the IR all the way to the UV.
In fact, the story here is strikingly similar to the D6 toy model of [28] that
we briefly mentioned in the previous section. Remarkably, in this model there is
also no need to determine the full backreacted solution in order to see that the
polarization potential has no minimum away from zero. Moreover, the inequality
(5.42)) was exactly saturated. Our potential is more complicated, and reduces to the
one of [28] if one sets by = bp = 0. However, turning this parameter back on makes
polarization even more difficult, and hence does not modify the physics that the toy
model predicted.

5.5.2 The mean field argument

To understand the relation between the potential for probe anti-D3 branes that we
calculated in the previous section, the potential that governs the polarization of all
the smeared D3 branes into smeared D5 branes, and the potential for the polarization
of localized D3 branes into D5 branes it is important to recapitulate several very
important features of the Polchinski-Strassler construction [146].

Despite the absence of a fully-backreacted solution, Polchinski and Strassler com-
pute in [146] the potential for all the D3 branes that source the AdS5 x S° geometry
to polarize into D5, NS5 or (p, ¢)-5 branes. This computation has three ingredients.
One starts from a singular solution sourced by N D3 branes, and calculates the po-
tential of a probe D5 brane that wraps a topologically-trivial S? and has n units

8Notice that neither by nor by appear in the potential.
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of D3 brane charge inside, where n <« N. This potential has three terms, that go
respectively like 74,73 and 72. One then finds that in the r* term the various factors
of the warp function of the backreacted D3 branes cancel out, and this term is there-
fore independent of the location of the backreacted branes (all the information about
the angular location of the D branes is stored in the warp factor). Furthermore, the
r3 term is proportional to the IASD three-form, which is closed and co-closed, and
hence depends only on the asymptotic boundary conditions; hence, this term is also
independent of the location of the backreacted D3 branes.

The 72 term in [I46] is much more complicated, as it comes from the the back-
reaction of the fluxes on the metric, dilaton and five-form field strength. When
supersymmetry is present, one can find this term by completing the squares in the
supersymmetric polarization potential [146]. However, computing this term directly
is much more painful, and has been done in [73], [I58]. Not surprisingly, the two
calculations agree, and the 72 term also turns out to be independent of the warp
factor sourced by the backreacted D3 branes, although this is much more difficult
to see from the supergravity calculation. When supersymmetry is broken by the
introduction of a fourth fermion mass, one can still compute the 72 term by using
various supersymmetric limits as well as the fact that this term comes from interact-
ing three-form field strengths (see for example section IV of [146]) and one still finds
that this term is independent of the warp factor, and therefore of the position of the
backreacting D3 branes. Hence, both in supersymmetric and in non-supersymmetric
Polchinski-Strassler backgrounds the polarization potential for a probe D5 brane
with D3 charge n is independent of the position of the N D3 branes that source the
solution.

Armed with this fact, one can consider then the much more general problem of a
large number of D5 branes that have charges n;, such that >, n; = N and n; < N.
Each of these D5 branes can now be treated as a probe in the supergravity solution
created by the other branes, and because the polarization potential is independent of
the position of the D3 branes that source the background, the potential felt by each
D5 brane in this configuration is the same as the potential of this D5 brane in the
singular solution above. Hence, one can construct self-consistently the full solution
by requiring that each probe is at a minimum in the background sourced by the other
probes. This “mean-field” construction can then be generalized straightforwardly to
D3 branes polarizing into multiple shells that can also have NS5 or more general
(p, q)-5-brane dipole charge. More generally, this construction can also be used to
study all the other types of brane polarization that occur in the region where the
branes that polarize dominate the geometry. The correctness of this “mean-field"
Polchinski-Strassler construction of vacua with polarized branes has been confirmed
in the few examples where the fully-backreacted brane polarization supergravity solu-
tion exists, such as the mass-deformed M2 brane theory [31], [125], or the supergravity
dual of the mass-deformed 5D Super Yang-Mills theory [17|. Hence the probe cal-
culation that we presented in the previous section gives the full potential for the
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smeared anti-D3 branes to polarize into D5 branes at a finite distance away from the
tip.

However, one can do much more: one can use this independence of the Polchinski-
Strassler polarization potential on the location of the polarizing branes to compute
the potential for N D3 branes that are localized near the north pole of the large S3
at the bottom of the KS solution to polarize into a D5 brane wrapping the conifold
52 at a finite distance from the tip. By the arguments above, this potential is the
same as the potential for several probe D3 branes to polarize on this S? in the
singular geometry sourced by a large number of D3 branes that are localized on the
KS three-sphere, as long as the polarization occurs in the region where these D3
branes dominate the geometry. In turn, this potential is independent of the location
of the D3 branes that dominate the geometry, and hence is the same as the potential
for several probe D3’s to polarize into a D5 brane in the geometry where these D3
branes are smeared, which we calculated in the previous subsection.

Hence, our calculation indicates that neither smeared nor localized anti-D3 branes
do not polarize into D5 branes, and therefore that brane polarization & la Polchinski-
Strassler does not appear to cure the singularity of antibranes in KS.

5.5.3 Validity of approximations

We now discuss the range of validity of our calculation. We see from the probe D5
potential and the expressions that the radius 7, at which the D5 would
sit is of the order o
Te ~n— ~nby. (5.43)
C4
Here we immediately face a problem. Since we do not know the full solution we
cannot fix the dependence of by and all other coefficients on P (the 5-form flux) and
@ (the number of the anti D3’s). We can still estimate however this dependence
using the method utilized in [28]. The full solution is expected to be unique, namely
having no parameters other than P and ). We, therefore, anticipate that for a fixed
order in the 7 expansion the contributions coming from various terms in the EOM
will be of the same order in terms of P and ). In other words, there should be a
detailed balance between different terms.
Let us introduce the following notation:

& =0 + o7+ oPr2 4 (5.44)

and similarly for the other £~ ’s. The additional index stands for the power of 7
(0)

and in terms of the notation introduced in the previous section we have bf = by,

bl(f) = by, etc.
We can start our analysis, for instance, from the 72 contribution to the following

term in the &; equation ((5.15])
2
(&) +e (&) (5.45)
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We see that the detailed balance implies bgco) ~ b,(f). Next, the 629517 — 6_2951; term
in the 5; equation gives bgco) ~ b](:l). We conclude that b,(f) ~ b,(:l). With a bit of
effort, one can further show that in fact all b;i)’s and b,(f)’s are of the same order of
magnitude. Moreover, bg) ~ eq’ob,(cj ) for all i and 7

(4)

Let us now consider the b} coefficients. From ({5.15)) and the {; equation in ([5.16

2
we learn that ng) ~ Qe®o (b;0)> and bgg) ~ PQ‘lbgz) respectively. Combining the
two we see that bgf) ~ e ®op~1 and bg) ~ P71
Finally, we have to compare the 5; and 5;2 terms on the right hand side of the

fg equation in ([5.17). We find bgfl) ~ P/Q and comparing this with the observations

of the previous two paragraphs we see eventually that e®0 ~ Q/P2.
To summarize, we find that:
OB o @

(4) (4)
bf ka Q, F NF, and (& Nﬁ (546)
The remaining coefficients are irrelevant for our analysis.

We are now in a position to check the validity region of our polarization calcula-

tion. In order to trust our computation we need to assume the following conditions:

e The anti-D3 charge of the probe D5 should be much smaller than the anti-D3

charge of the background
n<Q. (5.47)

We recall that in our conventions () is the number of anti-D3 branes.

e In order to trust the IR expansions we should demand that 7, is small compared
to the ratio between the leading and next-to-leading terms in the series. Since,
for instance, all of the bgf) are of the same order, we must require 7, < 1. This
in turn amounts to 0

—=. 5.48
n< 35 (5.48)

e Since we expanded the square root in the DBI action we should demand that
det(2mF2) > det(gy). Recalling that in our Ansatz det(g,) = e***% ~
Q13 + ... we obtain n? > 72Q or

2
n <K % . (5.49)

e The radius of the S? at which the D5 brane would polarize should be large
in string units. Since the radius is given by (det(gy))'/* this amounts to
demanding 72Q > 1 or

2/3
n>> QP . (5.50)
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e The string coupling should be small at 7,. This means that

Q< P?. (5.51)

To conclude, we have the following criteria

Q2/3 2 Q
- L = . 5.52
Iz <<n<<P3<<P<<Q (5.52)
This can be easily achieved. For example, we can set n ~ o, Q ~ o’ and P ~ ¢? for
large o.

5.6 Discussion

We reviewed in detail the non-linear solution corresponding to () anti-D3-branes
smeared on the S2 at the tip of the deformed conifold, focusing on the fact that such
solution has singular three-form fluxes in the infrared. These singularities could have
suggested a stringy resolution by polarization a la Polchinski-Strassler. However, we
showed that the anti-D3-branes do not polarize into anti-D5-branes wrapping the S?
at a finite radius, and therefore such mechanism of resolution of singularities is not
in place here.

In order to show that, we computed the polarization potential, which has quadratic,
cubic and quartic terms in the radial variable, but with coefficients such that there
is no minimum, regardless of any UV data. All information needed to reach that
conclusion are the IR boundary conditions reviewed in detail in the text. This result
is quite strong, as on one hand we had shown that any solution with anti-D3-brane
boundary conditions leads to either an anti-KS solution or to a singular solution, and
on the other hand we are showing that this singularity is not resolved by polarization
into anti-D5-branes, no matter what irrelevant or relevant operators one adds in the
UVv.

It is worth mentioning again the striking similarities between our results and
those on anti-D6-branes in backgrounds with D6-charge dissolved in fluxes, which
serves indeed as a toy model for the IR of KS. They both have the same type of
singularities, and in neither case these can be resolved by polarizing into anti-branes
of two dimensions higher. Furthermore, the potential for polarization in the case of
anti-D3 branes reduces exactly to the one for anti-D6 if one integration constant is
set to zero. The second integration constant, which should be related to the first one
by UV boundary conditions, only makes things worse in terms of getting a minimum.

Our result also suggests that in the fully back-reacted solution there may be no
polarization into NS5-branes, opposite to what happens in the probe calculation. In
order to pin down this question one would need the localized solution, though, as
smearing the charge on the S? wipes out this polarization channel. However, one
might hope that, as was the case here, only very few details of the solution are needed
to get an answer, and such details might be within reach.
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Chapter 6

Metastable states in M-theory

In this chapter we will focus on non-supersymmetric eleven dimensional supergrav-
ity solutions. By using the same method followed for the deformed conifold in six
dimensions, we construct an M—theory background dual to a metastable state in
a (2+1)-dimensional field theory, which corresponds to placing a stack of anti-M2
branes at the tip of a warped Stenzel space, which is a higher dimensional gen-
eralization of the deformed conifold. With this purpose we analytically solve for
the linearized non—supersymmetric deformations around the warped Stenzel space,
preserving the SO(5) symmetries of the supersymmetric background, and which in-
terpolate between the IR and UV region. We identify the supergravity solution
which corresponds to a stack of N backreacting anti-M2 branes by fixing all the
12 integration constants in terms of N. In the UV this solution has the desired
features to describe the conjectured metastable state of the dual (2+1)-dimensional
theory, while in the IR it suffers from a singularity in the four—form flux, which
we describe in some details and which is similar in nature to the singularity of the
anti-D3 brane backreaction studied in the previous sections. This Chapter is based
on the paper [135].

6.1 Introduction and motivation

In the previous Chapters we discussed in great details the construction of non-
supersymmetric cone-like four-dimensional compactifications of type IIB string the-
ory. The reason to focus on these constructions is the immediate phenomenolog-
ical interest in constructing de Sitter vacua and cosmological models in the four-
dimensional space time. However, a large part of the motivation also comes from
the gauge/gravity correspondance, since these solutions are conjectured to be dual
to non-supersymmetric states in the field theory, and to deformations by a full set
of non-normalizable modes. Attention to mechanisms of metastable supersymmetry
breaking in quantum field theories was drawn by the work of Intriligator, Seiberg and
Shih [I06]. Since the constructions of such states involve strongly coupled regimes,
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it is natural to address the study of this phenomenon in stringy realizations of the
supersymmetric theories.

The approach we followed in this thesis is to consider brane realisations which
extend the AdS/CFT correspondance to non—conformal or less—supersymmetric the-
ories and try to construct metastable states in this context. One way to achieve
this is to start by a configuration of branes placed at some Calabi-Yau singularity
and consider the supergravity solution obtained after smoothing the singular point.
While in the previous sections we explored this possibility for the six-dimensional
Klebanov-Strassler cone, it is of obvious interest to address the same question in
different contexts where metastable states are conjectured to exist, by string theory
arguments, in supergravity backgrounds dual to strongly coupled field theories.

Here we focus on the case of an AdS,/CFT3 correspondence, which involves an
N = 2 supersymmetric (2-+1)-dimensional theory, whose supergravity dual is AdSy x
V5.2, where Vs 9 is the 7-dimensional Sasaki-Einstein space V52 = SO(5)/SO(3). A
gravity dual for a long-lived metastable state has been proposed in [I15] based on
the probe analysis, by placing a stack of anti-M2 branes at the tip of the warped
M-theory background with transverse Stenzel space [I56]. Here, the analogue of
the KS solution is the supersymmetric solution of Cveti¢, Gibbons, Lii and Pope
(CGLP) [54]; indeed, the 8-dimensional Stenzel space is a part of a family of Ricci-
flat solutions parametrized by the dimension n, which include the deformed conifold
for n = 6. The mechanism for which the false vacuum decays is similar to the KPV
process [I11] (see Section 2.4)): the anti-M2 branes fall in the warped throat and
at the tip they polarize into M5-branes wrapping an S3 C S. The probe analysis
of [IT5] shows that this state is metastable if p/M < 0.054, where M is the number
of units of the 4—form flux of the CGLP background.

The effects of the backreaction of the anti-M2 branes on the transverse geometry
have been partially studied in [24], where the linearized equations that govern the
first—order backreacted solution have been solved implicitly in terms of integrals
by using the first-order formalism introduced by Borokhov and Gubser [4I] and
discussed in section [3.2} the full solution was presented separately in the small and
large radius limit. The main purpose of that work was to study the IR behavior of
the perturbed solution, and the conclusion of this analysis was similar to the anti—
D3 case, namely that the conjectured solution dual to the metastable state exhibits
certain singularities which in the anti-M2 case lead to a divergent action in the IRE

As we discussed for the deformed conifold solution, it is important to check
whether the solution, beside the singularity, has the correct features to correspond
to the metastable state in the field theory. For this, one needs to connect the IR
and the UV region and to see if the ultraviolet region has the desired properties. In
this perspective, it is clearly interesting to perform such an analysis in the anti—-M2
brane configuration, which in the IR can be thought as the M-theory generalization
of the Type IIB KS solution, but has a rather different behavior in the UV. For ex-

!See [78] for a similar analysis in a Type ITA context.
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ample, in the M-theory background there is not a logarithmic running of the charge,
which is an important feature of the KS background, and was crucial in the analy-
sis of the backreaction, as we discussed in Chapter [d] In this Chapter we perform
the analysis outlined above and by extending the results of [24] we present the full
analytic solution of the linearized supergravity equations which describe the most
general non—-supersymmetric deformation of the warped Stenzel space compatible
with the symmetries of the CGLP background. With this result we are able to study
the effects of IR boundary conditions on the ultraviolet behavior of the supergravity
modes and we identify the unique solution which has the desired features to describe
anti-M2 branes in the CGLP background (leaving open the issue of the singularity
discussed above).

This Chapter is organized as follows. In Section [6.2| we review the computational
formalism and we solve analytically the system of first—order differential equations
governing perturbations around the CGLP supersymmetric solution. Our full solu-
tion, which is shown in Appendix [E] contains few single integrals that cannot be
explicitly performed, but they can easily be handled with numerical integration. In
Section we show the expansions of our solution in the IR and in the UV region
in terms of a set of twelve integration constants denoted (X,,Y,). In Section |6.4] we
discuss the various charges in the Stenzel background and we identify the pertur-
bation due to the presence of M2 branes. In Section [6.5] we impose the boundary
conditions that arise from placing a stack of anti-M2 branes at the tip (r = 0) of the
geometry and we discuss the problems associated to an infrared singularity in the
fluxes. We then summarize the asymptotic behavior of the anti-M2 solution, which
is expressed in terms of the number of anti-M2 branes. As a check of our boundary
conditions, we compute the force exerted on a probe M2 brane and we show that it
agrees with the one derived from the brane/antibrane potential (which we review in
Appendix . We end with a discussion in Section

6.2 Linearized equations and their solutions

The linearized equations governing the deformations around the warped Stenzel space
have been derived in [24] by using the Borokhov-Gubser [41] first—order formalism.
We use the ansatz for the SO(5)-invariant supergravity solution of [115]:

dsi, = e_gz(’")dxpdx“ + 2(r) [627(7“)‘17”2 + €2a(r)f’z‘2 + 626(T)5z‘2 + 627(7“)’/2] , (6.1)

where 0;, 6; (i = 1,2,3) and v are the 1-forms in the coset SO(5)/SO(3) and
w=0,1,2. The four—form field strength G4 is given by

Gy = dK(r) Ada® Adat A dx?® +mFy, (6.2)
where the internal flux Fy is parametrized by

Fy = f'(r)dr NG1 A G2 AGs+ W' (r) ehdr N ai A 0j N0k (6.3)
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1 y
+ 5(411(7") — f(r)E9* U Ao NGj NG —6h(r) v Aoy Aoa Aoz,

and the function K(r) is fixed in terms of the other functions by the equation of
motion

1
dx G4 = §G4/\G4. (6.4)

We recall that the method introduced in [41] relies on the existence of a superpotential
W defined such that its square gives the potential, namely

1 Gab oW oW
8 Dp® Ogb

Vi(¢) = (6.5)

We consider an expansion for the fields ¢* (a = 1,...,n) around the supersymmetric
background
6" = 0 + 61 (X) + O(X?), (6.6)

where X represents the set of perturbation parameters, ¢{ is linear in them, and ¢§
are the functions in the CGLP solution, written explicitly in (6.15)). We will denote
the set of functions ¢%, a =1, ...,6 in the following order

an = (aaﬁa%zafv h) (67)

The first order formalism gives a set of 2n linear first—order differential equations for
the perturbations ¢{ and their conjugates £ (see section |3.2)):

dé,

7 T M®4(¢0) =0, (6.8)
-
WL M0 6 = 66, (69)
.
where
dgh 1o . OW
€a = Gap(¢0) <d; - Mbd(cbo)éf’(f) . MYy=g 99 <Gb 5 ¢C) . (6.10)

The equations are the definitions of the &,,while the n equations form a
closed set and imply the equations of motion [41]. The functions &, should addition-
ally satisfy the zero—energy condition

dog
dr

& =0. (6.11)
The field-space metric in is
Gap ¢/ ¢ = %e—a—iﬁ(ﬂﬂ) [3e4a+6ﬁ+32 (32* — 4a® — 12a8 — 48° — dary — 467)
+etom?f? 4 12646m2h2] , (6.12)
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and the superpotential is given by [24]

1
W(¢) = —3e2*T28 (2> 4 2P 4 €27) — 6mPe ™" [h(f —2h) = =] (6.13)
The background fields satisfy the flow equationﬂ
dgg 1, 0W
— Qe 14
dr 2G oLl (6.14)
and they are given by the CGLP solution [54]
1
20 — 5(2 + cosh 2r)/4 cosh 7, (6.15)

1
e2Po — §(2 + cosh 2r)Y*sinh r tanh

€210 = (2 4 cosh 2r) "3/ cosh® r
_1-3 cosh? r
33/2 cosh3

S
07 793372 coshr

1
0 = 3 log(mH(r))

Jo

where the warp factor H is defined by the following integral:

> 3sech®u tanh —5y*
H(T):/ S sech”u tan udu:\@M+5\/§F(arcsin(y*1)|—l),

(2 + cosh 2u)3/4 (y* —1)3/2
(6.16)
where

y = (2 + cosh(2r))"/4 (6.17)

and F is the incomplete elliptic integral of the first kind

¢
F(|q) = / (1 — gsin®(9))~1/2dh . (6.18)
0

As shown in [24], it is useful to solve for the following linear combinations of the
fields &, and ¢,

Eo=(E1+ &+ 83,60 — Ex+ 363,61 + &0 — 363,64, 65, 86) (6.19)
ba = (b1 — P2, P1 + ba — 2 ¢3, b3, Pa, D5, D) - (6.20)

2Note that the equations for a = 1, 2,3 are equivalent to the the Ricci-flat Kahler condition for
the metric [I33], while the ones for a = 5,6 give the self-duality of the internal form Fj.
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The first—order systems of coupled differential equations for the fields éa and ff;a are:

54 _ 56—3(zo+a0+50)m2 (54 ho(fo — 2ho) — 1) &, (6.21)
& = ge—3<zo+a0+ﬁ0>m2 (54 ho(fo — 2ho) — 1) &, (6.22)
= Lemng, — pmtngesorering, (6.23
€6 = Ge B0ty — 0620 gs — am?(fy — dhg)e Sot0tIE, | (6.24)
gh = a0 Pot2nog, 4 ; 3(z0taotBo) 2 (54( fy — 2ho)ho — 1)&, (6.25)
&b = 2cosh(ag — Bo)€a — geaofﬁoé + ;670‘07%(62&0 — 2e270)¢; (6.26)

— 36hge 300300 g, 4 e@0=Fo(fy — 4hg)Es

and

¢y = —2cosh(ag — Bo)d1 + i6_3(0“)+5())(—5’>§1 +4& + 383), (6.27)

12
s s s 1 . .
= 74e—a0—50+270¢2 — 6sinh(ag — o)1 + Ee_?’(o‘o"'ﬁo)(*i’)& +783), (6.28)

¢y = 3sinh(ao — Bo)d1 + 267%760”%‘52 + 1712673(%%0)(51 -3&), (6.29)
ok = %e’3a°+3ﬁo(—3m2g§6 +9mPhody + €¥7&5) (6.30)
P = 67;26%_60(—37”2&5 + 12m?dg — 3m>(fo — 4ho)d1 + €¥7&g) (6.31)
¥ = $€_3<zo+ao+ﬁo) (263zog4 + m?((1 + 54ho(2ho — fo))pa + 263 + ¢4 (6.32)

+ 18(ho(—3(fo — 2ho) (23 + da) + &5) + (fo — 4h0)<z>6))> -

6.2.1 Solutions for fa

We first note that the equation for 54 can be easily integrated by using the flow
equations (6.14)); for a = 4 this reads:

z(’)(r) — 9¢—3(20+a0+50) ), (hO(fO — 2hg) — 5714) (6.33)

This shows that 54 is proportional to the warp factor:

£ =m?H(r)Xy. (6.34)

In terms of the radial variable r the solutions for the remaining modes are
€4=m>X,H(r), (6.35)
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51 = 2m2X4H(r) + X1,

- 33 T csch3u
_ 2 2
&5 = —csch“r sechr (—2 m-Xy / (cosh 2u + 2)373 du + X5)

— coshr coth?r ( . %mz)ﬁ /T cosh 2u csch®u sech?u
(cosh 2u + 2)3/4

du—G—Xﬁ) s

~ 3v3 r h3
& = (3cosh 2r + 1) esch?r sech®r (\{m2X4 / (cos}f;(; +u2)3/4 du + X5>

" cosh 2u csch®u sech*u

+ (4 cothr cschr — 2 coshr) ( -y m X4/ (cosh 2u 1 2378 du + X6> ,
T 3 4
o .14 9 csch’u sech®u
&3 = —6sinh™ r (cosh 2r 4 2) (m X4/ (cosh2u + 2)7/3 du + Xg) ,

~ 3 4
& = sinhrcoshr [Xg + §X1 cothr + 9X3 sinh®r coshr + ﬁX{, cschr sech®r
4 9 2 tanh r sech®r
+ ﬁXg (cothr — 3tanhr) + m*“Xy <3H(7‘) cothr — (coshar & 2)3/

csch3u sech*u
u
cosh 2u + 2)7/4

csch3u
cosh 2u + 2)3/4

T T
+ 2 cschr sech®r / ( du + 9sinh® r cosh r / (

" cosh 2u csch®u sech?
+4(cosh2r—2)csch2r/ COST 2 ESCT 1 56 udu)}

(cosh 2u + 2)3/4
The zero energy condition (6.11)) reads
X, = 0. (6.36)

By using the change of variables (6.17)) it is easy to show (see Appendix [E) that the
solution can be expressed in terms of only two integrals, the warp factor H(r) and
the Green’s function [19]

(" 3V3eschiu _@ 3y(y* —1)1/?
G(”_/ 2( ! [\/§<9—3y4>

cosh 2u + 2)3/4 v= 2

—3271/2 F(arcsin(y_l)\l)

- \/51_[( —V3;— arcsin(y_1)|l) - \/§H<\/§; - arcsin(y_1)|1>] , (6.37)

where we use the standard definition for the incomplete elliptic integral of the third
kind

¢
T(n; 6lm) = /0 (1= nsin2(6))~1(1 — msin(0))~"/2d0 . (6.38)

6.2.2 Solutions for qga

We now present the solution for the gz~5a modes. Here we show the result in a compact
form in terms of the variable r and we relegate to Appendix [E] the involved analytic
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expressions which are obtained by explicitly performing the integrations. The first—
order perturbations to the metric modes and fluxes are

~ 1 ™ 9 coth ucschu 1
S du + — 1 .
” sinh 2r / 2 (2 + cosh 2u)3/4 S12s du + sinh 2r ’ (6.39)
$o = — 9 cschr / sinhu [(15 + 3cosh2u) & — 12 — (23 + 7 cosh 2u) & ]du
>~ T 4(2+ cosh2r) (2 + cosh 2u)3/4 L 2 3

- cschr

— Y-
24—cosh27“¢1 + 2+ cosh2r %

7 9 [ csch3u ~ . B 3 3.
=Y—o [ 3 cosh 2 3 ]d 3 cosh2r g — 2y
?3 3 32/ (2 + cosh 2u)3/4 §1 + 3cosh 2u 103 + 383 | du g Cos r$1 S o

~ 1
¢5 = sinh® r tanh3 7 A5 + 5 coshr (5 — cosh 2r) Ag,

1 1
b6 = —1(3 + cosh 2r) sinhr tanhr As + 3 cosh® r Ag,

where we defined

1" . i
As =Y5 + 2 / {12 sinhu & — (5 — cosh 2u) coth? u cschu 56} H(u)du (6.40)

V3 [T (2 — cosh2u)csch3u - 2 —cosh2r -
+/ ( ) s Sizsdu+ ————=——¢1,
8 (2 + cosh 2u)3/ 6v/3
1 /" ~ ~
Ag = Y5 + D / sechu tanh® u|3 (3 4 cosh 2u) &5 4 cosh? u&;} H(u)du
B NE (2 + cosh 2r) tanh? r -

(2 + cosh 2u)1/4sech3u tanh u 5123 du —

8 63

and we dubbed £;23 the following combination of &,

¢1)

€103 =3& —4& —3&3.

The last mode we solve for is the perturbation to the warp factor ¢4. Its integral
expression is

- " 3m? sech®u tanh u (qgg + 2&3)
54 du +
(2 + cosh 2u)3/4 m2H (1) (2 + cosh 2u)3/4
B 1 / " 3v/3m? cschu sechu (csch?u b5 + 2sech?u ¢~)6) du + Yy
m2H (r) (2 + cosh 2u)3/4 m2H(r)
(6.41)

~ 1 /T 6m? csch®u H (u)

1= m?H (r) du

We now briefly explain the procedure we followed in order to obtain this solution.

We firstly solve the system ([6.27)—(6.32)) using the Lagrange method of variation of

parameters. While in principle this produce a solution with an increasing number
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of nested integrations, we found that successive integrations by parts reduce the
outcome of this method to the compact form . We note that since the solution
for the éa modes is analytic in the variable y, the aforementioned solution for the qNSa
modes contain at most single integrals of the from

/y f(uw)L(u) du, (6.42)

where L(y) is a combination of incomplete elliptic integrals and f(y) is a polynomial
function of the variable y. In this form the expressions for the modes qga can be easily
evaluated numerically, and thus provide a full interpolating solution which connects
the IR and the UV region.

The space of solutions we solved for is parametrized by twelve integration con-
stants X, Yy, of which only ten are physical since X5 can be eliminated through
the zero energy condition and Y3 corresponds to a rescaling of the three—
dimensional coordinates. In Appendix [E] we show the full solution obtained after
replacing the analytic expressions for the modes 5a and by recasting some of the
integrations in terms of incomplete elliptic integrals. We were not able to further
simplify the resulting solution, but we stress that the crucial improvement that per-
mits to easily handle numerical evaluation is the absence of nested integration (as
opposed for example to what happens for the anti-D3 case).

6.3 Asymptotic behavior

In order to impose the desired boundary conditions we need to calculate the behavior
of the solution presented in the previous section in the small and large r limits. For
that we need the expansions of the elliptic integrals that enter in the expressions for
the ¢, modes. In the IR the first terms of the relevant functions are

2 4
o B r r "
F(arcsm(y )| — 1) =F — WL EL + 12v3 39/ +0(r%), (6.43)
mn( —3; in(y )| —1) = K - - o 6.44
(— ; —aresin(y )| — )— 1+4ﬂ33/4_48ﬂ33/4+ (r®), (6.44)
314 log(r) r? rd

+0(r°%,
(6.45)

. ; AV — _
H(\/g, arcsin(y )| 1) Ko + 7 4\&33/4—#40\@33/4

where in order to keep notation intelligible, we used the following abbreviations:

! )\—1) ~ —0.6142

1
Fo = F(arcsin <@> |—1) ~0.7896, K — H(—\/ﬁ; _ arcsin <317

and K9 ~ —0.9102. We also encounter the constant

2 /5\2
K(-1)=2 \/71“ <> ~1.3110,
i 4
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where K is the complete elliptic integral of the first kindﬂ Finally, we need the
expansion of the warp factor (6.16]) which is

7t
433/4

1
H(r) = Ho— 342 4 +0O(r%),  Hy=—-43Y"45V2F, ~ 0.3187. (6.46)
With these expansions we can easily find the IR behavior of the solution. In order to
match with the UV behavior we only need to perform a numerical integration to find
the expansions of the integrals that appear as the coefficients of X4 in the solution
shown in Appendix [E]

6.3.1 Numerical matching

We now briefly describe the numerical method used to relate the UV and IR ex-
pansions of the integrals that appear in the solution for the qga modes. They are
of the form , thus by using f we easily get the IR expansions for
the integrands. By performing an indefinite integration we therefore get the desired
expansions up to an integration constant which is generically different in the IR
and in the UV. Since these integrals are divergent in the small r limit but vanish at
r = 00, we chose to do the definite integration in the range [r, oo]; in this way the UV
integration constant is zero and we only need to match in the IR. This can be done
up to an arbitrary precision p by fixing an ry smaller than the radius of convergence
of the IR series, evaluating the IR expansion S of the indefinite integral at rg up to
the appropriate order n and then fixing a constant k£ such that

‘ Sn(ro) +k — /Oo F(u) L(u) du

<107, (6.47)

We kept a precision of p ~ 10, which we found enough for our purposes. As a check,
we can verify that the expansions obtained in the aforementioned way approximates
well the numerical solution for small and large r, as shown in Figure for one of
the perturbation modes.

6.3.2 Infrared expansions

We now show the IR expansions of the modes ¢,, focusing on the singular behavior
which is needed in order to impose boundary conditions in Section[6.5] These expan-
sions appeared already in [24] and apart from making sure our results are fine here
we relate Y to YUV a crucial step in order to try and write the backreacted state
at linearized order for all radii. Here the integration constants X, and Y, are those
appearing in the analytic solution shown in section [6.2.1] and [6.2.2 and we defined
the Y, as

Yo=Y+ m* Xoky, (6.48)

*Defined as K(q) = F(%|q).
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Figure 6.1: The solution for the mode b6, for Xo =0, X1 = X3 = X5 = Xg = 1,
X4 =10, Y, =1, m = 1 (underlying blue solid line). The red and orange dashed
curves correspond to the IR and UV expansions (respectively up to 20 and 15 terms).

k> =7.45479, k; =0.301287, k; =0.112188, k; =0.576358, Fk; = —0.00504419.
1 @2 3 ®5 o6

The constants k 3, are obtained with the numerical procedure outlined in the previous
subsection. We also impose the zero energy condition and so in what follows
we set Xo = 0. With these remarks and notations in mind, we now provide the IR
expansions for the first—order perturbation modes

b1 = ﬁ [ —27X; — 16V3 (X5 + Xg) — 30m? Hy X4] (6.49)
+ 1—; [6)71 +V23Y4(—45v3 X1 — 162v/3 X3 + 40 X5 + 112 XG)K(—l)]
+ %313/4 (189 X1 — 80V/3 (X5 + Xg) 4+ 6 m? X4(83 Hy — 31/4 33)) +O(r),
¢ = %4 [% + %Ho (63 X7 +432 X3 — 7V3 (5 X5 + 11 Xg)) + 63§1/4 X1+ %31/4)(3
- 75233/4)(6] +:2{— 22%131/4)(1 - %31/4)(3 +23%4 X5 + 1(5)—633/4)(6
(6.50)
+Ho(— §X1 B 76§5X3 N 331/4;@2)(4 16 (5)23311)(6)) B 4;72}
1

-1 [6171 —V23Y4(45v/3 X1 +162v/3 X3 — 40 X5 — 112 Xﬁ)K(—1)]
.
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13734 X, 127923Y4 X 1 %
5 Ly s 24 6v3m? Xy — o7 (22534 X5+ 90813/ X — 205Y5)

164 2624 2334m2 X, 164 (5 X5+ 11 X¢)
H( X X3 — - ) o),
o7y A1t g A 2 225v/3 o)
1/4
~3:i Hy 189344 X, 1053 114 5
rd | 70 40 35

(— 63 X7 — 432 X3 + TV3(5 X5 + 11X6)) -

(6.51)

5 8

N 27334 Xs Yo
105

2H,
[ 0 (63X1 1432 X5 — TV3(5 X5 + 11 X6)>

237314 X, 140431/4 X3 334 Y;
- 5 X5+ 77 Xg) + —
T T s g X+ 6”6}
1167 67 671 X5 —1033Xs 41 - -
O gua ) MOTaya 0 57 50 5, - > S I %
T ' 100 3 16\fm 4 120 31/4 360 2718
5
+ =2 ﬂ( — 10836 X1 — 69444 X5 + 6300 3"/* m? X4 4+ 7v/3 (725 X5 + 1847X6)>
K1+ K.
+ 14;2"’ (21 X1 — 4v3(Xs + Xﬁ)) +30v23Y4m? X, Fylogr
1
n §(21 3Y4 X, — 2103 m2 Xy — 4334 (X5 + Xﬁ)) logr + O(r)
- 1 -
b5 = g( 12334 X, — 81334 X3 + 1834 Xg + 10 Yﬁ) (6.52)
H,
-7 (21fX1+4(27fX3+10X5+4X6))+O(r3),
~ Hy 9 7\/§X1 9\/§X3 7m2X4 10 X5 + Xg
- 3 Hom? X4 —2(Xs + Xg)| — H < )
6= 19,2 [\[ om” Xy = 2(Xs + 6)] "\ T 20 24 31/4 90
O H3mPX, 433%4X, 813%1X3  25X5+106Xs Vs o)
12V/3 80 20 30 33/4 2 ’
(6.53)
17 3 a2 1 /207V3X; 2403V/3X3 54 Y, 34 )
= =3 X, — — — 2 X — 3y,
4 7‘2[ g 5 HomXa Ho( 0 70 5 0T ggan 3 Y
33 333 5X5 — Xg
23l x, - 2223l xy 288 26 o0y 6.54

6.3.3 Ultraviolet expansions

Here we show the leading terms in the UV expansions of the perturbation modes qga

~ 27 X:
o1 = 21/43 —r/2 + 2e—2r Y, — 757‘/2 27/4 (27 X +81 X5 — 16\/§X6) (655)

1
+ 20 21/4

e/ (3267 X3 —1024v/3 Xﬁ) + O,
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Gy = — 535)2)(1/34 o3r/2 me_sr/z L 12e7 Yy 4+ O(e 1) (6.56)
s = Ys - 3%/1 4 28012)1(/34 /2 _ 2596007529513 o572 | %e—u Vi + 02, (6.57)
b5 = @é’”’ - 9(Y58_Y6)e’" + ie—r( —8V3Y, +117Y5 + 271/6) (6.58)
— 3823436732 X3 + %e’3r(168\/§1/1 —9(111Ys + Y6))
+ 1%23/46*7’”/ 2(—3348V/3X, +1323V3X3 + 6160 Xg) + O(e™"),
Go= 2 1_6}/6@37‘ 3 (Yf’lg LK ﬁe—r( ~8V3Y1 + 117Y5 4+ 27Y;)  (6.59)
593G/ X, 1 4%6—3r (8\/§Y1 CBYs - 3Y6)>
+ %23/46—”/2( — 1188v/3X] + 243v/3X3 + 2320 Xg) + O(e "),
(6.60)
+ %Yl —2V3 — 2V3Y5 +2/Y6 — % 2%/4 X3e7"/? 23:;‘23522];2 e 32
24 (Y1 — 6v3Yy) e — 11957859009 X3 5, /9 7978373883 Y,V T2 4 (=)

13 2815540021/4 © 21130570240 23/4 m?

From these expansions we can extract the UV behavior of the fields éa, which is
important to understand the holographic physics. For this purpose we have to relate
our radial variable r to the standard AdS coordinate paqg as

pads ~ 2. (6.61)

A discussion of the holographic behavior can be found in [24], where it was shown
that the integration constants X, and Y, are paired into normalizable and non-
normalizable mode. In order to be self-contained we tabulate in Table (which
is adapted from [24]), the leading terms coming from each modes. Note that since
we obtain the asymptotic behavior from an analytic solution, we can relate the
integration constants of [24] to the IR singular behavior of the same modes. In
particular, one can explicitly check if an IR regularity condition on one integration
constant is compatible with the absence of the respective non—normalizable mode
in the UV. We will come back on this point in the next section. In the following
table A is the dimension of the local operator O holographically associated to the
two supergravity modes whose asymptotic is :OZC?S (dual to the vacuum expectation
value of O) and pﬁd_s?’ (dual to a deformation of the action 65 = [ d®z ©). Also, the
combination which appears at dimension A = 7/3 is the linear combination of Y7,
Y5 and Ys which appears in the corresponding terms in (D.16)) and (D.17)).
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dim A | non-norm/norm | integration constants
6 Phas/ PZSS Yi/ X4
5 Phas/Pags Y5 — Y5/ X5 — Xe
4 PAdS/Pags X3/Ys
3 Phas/Pags Yi+Y3/Xo
1 Pads /Pags | Yo+ Yo +Y1/Xs + X
3 /7:1353/ PEZS?) Yi/Xa

Table 6.1: The UV behavior of all fourteen modes for the SO(5)-symmetric defor-
mation around the CGLP solution, extracted from the asymptotic of our analytic
solution.

6.4 Charges and M2-branes

The space of solutions we solved for in the previous sections should contain the
linearized perturbation of the warped Stenzel space due to the presence of a stack
of smeared anti-M2 branes placed at the tip of the geometry. This configuration
was studied in the probe approximation in [115] and corresponds in the dual gauge
theory to a metastable supersymmetry breaking state. In order to identify the back-
reacted solution, we need to impose the correct boundary conditions associated to
the presence of the anti-branes at the tip. In this section we start by discussing the
standard notions of charge in the Stenzel background (see for example [96, 3] 99])
and as a warmup we identify the BPS perturbation of the CGLP solution ascribed
to the presence of M2 branes. The anti-M2 brane perturbation will be discussed in
the next section.

In the Stenzel background we can define a “running” M2 charge by integrating
*11G4 on a 7-dimensional section M, = V55 of the transverse cone at a fixed r

1

Qur2(r) = (2L} /Mr *x11Gy, (6.62)

where [, is the Planck length in eleven dimensions. We can also integrate G4 over
the 4—sphere which has a finite size at the tip and define the quantity

ar) = (27rllp)3 5 O o0

For the parametrization (6.1))-(6.2)) and for the CGLP background we find from (6.33))
(see also Appendix

62" m? Voly; ,

Q?WQ(T) == 34 (27Tlp)6

(oo~ 2ho) ~ =) (6.64)
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7T2m
O (r) = —(ﬁwhom , (6.65)

where Voly, , = 277%/128 [33]. Substituting the zeroth-order solution (6.15) we find

m? tanh? r m sechr

1087216 QO(T) = ma (6.66)
P P

which is the known result for the CGLP solution [115].

We now want to calculate the first-order corrections to these charges from the
first—order perturbation of the Stenzel geometry. The simpler case is the BPS one,
where a stack of M2-branes smeared over the S* is placed at the origin r = 0.
The perturbation on the geometry should still preserve supersymmetry, so we are
forced to set X, =0, a =1,...,6 since the “conjugate-momenta” &, are the modes
that parametrize the supersymmetry breaking. Note that in this case the solutions
for the modes ¢, are given by the homogenous solutions of the coupled system of
ODE’s f and they are easily found by setting & = 0 in . The
perturbation due to the presence of M2 branes at the tip is found by imposing the
following conditions on the Y, integration constants: Y; = Yo = 0 to cancel IR
divergencies in qgl and q~52, Yy = Y5 — Y5 = 0 to cancel the divergent terms in the UV
expansions of ¢4 and ¢s, and finally Y3 = 0 to fix the freedom of rescaling the three—
dimensional coordinates. The first—order perturbation to is proportional to
ho(¢s — 4¢g) + fods and at the linearized level the running M2 charge is given by

Q(J)\n(?“) =

m? 16
Qurz = Q2 + Qhra = 7o L | tanh'r + 6\/§Y6(1 — tanh? r)} . (6.67)
0
The profile of the charge is shown in Figure for different values of the constant
Ys. The asymptotic behavior is the following
2 176 2 i
R _ "l 4 vv _ Ml
Qara 673 72 6+ O(r), Q2 108 2
The integral of G4 over the four—sphere is given by the behavior of the mode h ~ <Z~>6
and thus

i +O(e™?). (6.68)

mi;3
= +q' = ﬁ (1 _ 3\/§Y6) sechr . (6.69)
™

We see that ¢ vanishes at infinity while in the IR it approaches a constant value

m -3
T (1-3VEN) +06Y. V=0T (610

We will denote M = ¢°(0) the number of G4 flux units through the non-vanishing
S4 at the tip. Note that for the zeroth-order solution we have

(]\?2 = Q- (6.71)
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Figure 6.2: The profile of the M2 charge Qo for the BPS perturbation, for different
values of the parameter Ys. The black dashed line is the zeroth—order solution
(Ys = 0). Note that at the linearized level the perturbations vanish in the UV.

At first—order, we expect a term related to the explicit brane charge in the IR; in
fact, we easily see from (6.70]) that our solution satisfies

IR)2
4

which indeed reduces to when Y = 0, which corresponds to having no regular
M2- branel Allowmg a nonzero Yg introduces a singularity in the warp factor b4

(¢

= Qi — Qi (6.72)

33/4 Ys
B H() 7"2

+ 0, (6.73)

which is the expected divergency due to smeared M2 branes on the S* at the tip.

We could have derived these results without relying on the actual solution for
the (;3,1 modes. In fact, the linearized BPS perturbation can be obtained by simply
shifting the fluxes as followsﬂ

S

(6.74)

Il
DO
)

5

SN

N O

6

9

“Note that equation (6.72) is just the standard relation introduced in [96]. The quantities of

IR\2
equation (2.16) of that reference are ® = Q¥%, N = Q47 and JGAG = (g n ) (see also [98]).
By shifting the fluxes f — f+2¢, h — h+ 5 we can obtain the full nonlinear solution, but
this introduce terms proportional to ¢* which are not seen in our linearized deformation space.
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THE ANTI-M2 BRANE PERTURBATION

where ¢ is the number of M2 branes. The M2 charge thus changes in the following
way

27-6 27-6 27-6
m_.m L b (Ge 43 -\ cm L _cm [ 4
W = =55 (holds = 460) + fods) = —— = fo = =t + O,
(6.75)
while for the warp factor we have, from (6.32))
Ay = cm?fo(r)e 3(zotao+Fo) IV _ Hord (6.76)
from which we get
- 33/4 ¢ 0
by = o2 +0(r), (6.77)

which agrees with (6.73]) with the identification Y = ¢. From this result we can also
extract the correct mass/charge normalization between the warp factor divergency
and the charge sourced by the branes, which will be useful in the next section

m? Hyr? ¢y = 18 - 314 72 15 |Q1R . (6.78)

In the next section, we will turn to the case of interest in which we add a stack
of anti-M2 branes at the tip of the transverse Stenzel space. In this case the expres-
sions , evaluated at first—order in perturbation theory will depend on all
of the X, Y, integration constants. However, we have to impose appropriate regu-
larity conditions for the IR and UV behavior of the modes éa, and we will see that
this fixes all the integration constants in terms of X4, which is the one responsible
for the force on a probe M2 brane in this background (see section , and Yg.
We thus expect the expressions for the charges in the BPS case to be modified by
some pieces proportional to X4. By requiring the variation in the M2 charge Q5\14)2 to
be commensurate to the singularity introduced in the warp factor, equation ,
we will derive a relation which fixes Y5 in terms of X4 and so we will fix all the
integration constants in terms of the number of anti-M2 branes.

6.5 The anti-M2 brane perturbation

In this section we consider the perturbed solution corresponding to a stack of N
anti-M2 branes at the tip of the transverse geometry. It was shown in [I15] that in
the probe approximation, for N/ M < 0.054 this configuration is metastable and will
eventually decay into a supersymmetric configuration in which M —1— N M2 branes
are present at the tip ﬁ In order to find the supergravity dual to the metastable state,

5The units of G4 flux for the susy state are then M — 2. A way to understand these values is
to look at (6.72). We then see that these are the correct values so that the charge at infinity is

7 —9)2 ~ _ _
conserved: QSUuZy = % +M—-1—N-—= % — N =QYY, where Qsusy and Qms are the charges
for the susy and metastable states.
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we will adopt the following strategy. Firstly, we consider the IR behavior and we
allow only for divergencies that are directly sourced by the anti-branes. Secondly, we
demand that the UV non-normalizable modes described in section[6.3.3are absent, so
that the UV asymptotic is the same as for the original CGLP background. As we will
show, these requirements (together with the mass/charge normalization discussed
in the previous section) provide enough independent contraints on the deformation
space to fix every integration constants in terms of a single physical quantity, namely
the number of anti-M2 branes present at the tip. We then compute the relevant
charges for the perturbed solution, as well as the explicit expression for the force felt
by probe M2 branes in the backreacted anti—-M2 background.

6.5.1 IR and UV boundary conditions

We now proceed to impose regularity conditions on the IR behavior of the modes ¢~>a.
We demand that divergencies are zero except for the singularity in the warp factor
g54 which is directly sourced by the anti-M2 branes. We first impose the zero energy
condition, which amounts to setting

Xy=0. (6.79)
From regularity of ¢; we derive
2
Xi=—o 8V3(Xs + Xg) + 15m? X4 Ho| , (6.80)
. — 27v3X; 8Xs Y; - m? X, (100 Hy K (—1) + \/531/41%)
T 20 5 20V23V4K(—1) 80v3 K (—1) ’

while from the singular terms in QEQ we derive Xg and Y5 in terms of X3, X4 and Y3

o WVEXs Yi _ X RN KD + V23 )
¢ 4 12v/2 3V/4 K (—1) 483 K(~1) o
594 i V2314934 + Ho) i m*> Xy 1/4q al/4 .
Vo= 55 (33 Ho) X3 5K (1) 10K(—1) [\63 (9377 + Ho)ky,

+ 30K (—1)kg, + 8Ho(1533Y/4 + 2H0)K(—1)} :

We can check that with these conditions the other IR divergencies of the modes ¢,
are automatically canceled, except for a logr mode in the IR behavior of the field
é3, which is a perturbation of the metric, which is proportional to Xy. It is not clear
why one should not be able to kill such divergent behavior. However, after imposing
the previous boundary conditions, the solution presents an even worse singularity
appearing in the field strength F7 [24]

X3

F2 24 6.82
4 ! ) ( )
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which is quite analogous to the divergence found in the anti-D3 solution, with the
difference that now the action is divergent. This behavior is sub-leading with respect
to the energy density associated to the divergency in the warp factor, which is of order
r~6. Note that this is an IR phenomenon insensible to UV boundary conditions; in
fact, the integration constant X, cannot be set to zero for the very simple reason
that it parametrizes the force felt by a probe M2 brane [24] and thus is indicative of
the presence of anti-M2 branes at the tip. Despite arguments in the literature, there
is not a rigorous proof that shows if this singularity is acceptable or not. Given the
difficulties in proving this, we will assume that the singularity is harmless and we will
try to see if the anti-M2 solution develops problems in the UV; if this is not the case,
the solution we find describes the holographic dual of the conjectured metastable
state in the field theory, but clearly a more detailed study of the IR singularity,
along the lines of Chapter 5] is required to decide whether this supergravity solution
can be trusted or not.

We now proceed by imposing boundary conditions in the UV, where we demand
that non-normalizable modes in the UV expansions for the modes éa are absent.
37/2 term in @9, from which we get

X5=0. (6.83)

The first condition is from the e

From the divergent term in b5 we get

Y5 =Y, (6.84)
2 in gz~51 we get

Vi =0. (6.85)

and finally from the term e~

Note that we should allow an e~ term in the fluxes, which is dual to the dimension
A = 7/3 operator, since it is the charge mode sourced by the branes. We thus see
that we fixed the ten physically relevant integration constants in terms of X4 and Y5,
which are related respectively to the force on a probe M2 brane and to the number
N of anti-M2 branes placed at the tip [24].

6.5.2 Charges and anti-M2 branes
In order to relate X4 and Ys we look at the M2 charge (6.62)). Once all the boundary

conditions are imposed, we get that

27 2
IR m” ¢5(0) m 2
= = Ys —am” Xy), 6.86
M2 123218 6\/§772lg( ‘ 9 (6:56)
where the coefficient « is the following combination of the numerical constants which
enters in the expansions for the modes ¢,

Ha(6331/4 L 220 27 + 33/ Hy) k-
o = Hol + 22Ho) — kg, + ( QLT 0.900178. (6.87)
60+/3 6 360 V2K (—1)
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We impose that this variation gives the correct singularity in the infrared expansion
for the warp factor, which is found to be

B 33/4 (}/6 . IBmQ X4)

0
6.88
4 .HO T2 + O(T ) ) ( )
with
Hg 0.958828 (6 89)
=a+ —=~=0. . .
y V3

From the mass/charge normalization (6.78]) we thus get the following condition

—YG—I—amQX4 ——Yﬁ—ﬁsz4, (6.90)
which results in
Y_fl( +B)m? X _( —1—3) X (6.91)
= —(« m =« m . .
6 2 4 2\/§ 4

If we now plug this relation back into the expression for the charge (6.86)), we find
the following relation
IR _ —N: H3m4X4

6.92

We note that this result does not depend on the UV boundary conditions. Indeed,
although it is not clear from our derivation, it is easy to show that if we only impose
IR boundary conditions the terms proportional to X3, Y5 and Y] that appear in ((6.86])
and cancel in .

Since Q{V];LQ is related to the number N of anti-M2 branes placed at the tip,
from we determine X4 as a function of N and thus we fix all the integration
constants in terms of this parameter.

With these results, we can explicitly compute the charges associated to the anti—
M2 brane perturbation (in Figure we show the profile of the first—order pertur-

bation to the Maxwell charge Qg\?z). In particular, the M2 charge Qas2 evaluated
at a holographic screen at infinity should be the same for the metastable and the
supersymmetric state. This condition ensures that the metastable state is a state in
the same theory which is dual to the supersymmetric vacuum. Unfortunately, we see
from that the perturbation to the M2 charge vanishes at infinity at the lin-
earized level, and so in our backreacted solution the value of Qg}g is fixed. We expect
shifts of this quantity to appear only at second—order in perturbation theory. While
we cannot directly check whether the value of the charge at infinity is conserved,
we can look in the IR and check whether the charges are perturbed in a consistent
way. From the probe computation (see footnote @, we expect relation to be
satisfied. For a supersymmetric domain wall, this easily follows from the equation
of motion and the self-duality of the flux G4, and indeed we found that the
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Figure 6.3: The profile of the first—order M2 charge QS&[)Q for the anti-M2 solution,
setting N = 1.

BPS perturbation considered in section is consistent with this constraint at the
linearized level. For the non—supersymmetric case, one should be more careful. It is
useful to write the first-order perturbation to the Maxwell charge in the IR in the
following way

IR _ m? LT 1 7 2 -
=" | (B0 - 130) + Z2he0)] . 699)
from which we derive, at the linearized level
(@r)® _ m?L° 1 2 m?1,° -
= a0 = QUE-Qi T [55(0)-4.6(0) | +O(X?).

(6.94)
After imposing the anti-M2 IR boundary conditions, we find that the term in the
brakets in the right hand side of the last equation is not zero

$5(0) — 4 d6(0) = Hy 3~ /4 m? X, (6.95)

Indeed, this is the term which gives rise to the singularity in the field strength F7?
that we discussed in section This result is consistent with the fact that at
the linearized level the self-duality of the four—form flux is spoiled, and we do not
expect relation to be satisfied for the anti-M2 solution. As we discussed in the
previous subsection, it is possible that this result is an artifact of the perturbation
theory. While we cannot address this issue within our first—order technology, we
believe that further investigation is needed on this problem.
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6.5.3 The force on a probe brane

With the results obtained in the previous subsections, we are able to compute ex-
plicitly the coefficient of the force exerted on a probe M2-brane in the anti—M2
backreacted background, whose functional form has been derived in [24] [19]:

18 X4 csch3r
Frpo = — . 6.96
M2 (2 + cosh 2r)3/4 (6.96)
Inserting the expression for X, that we derive from (6.92]) we obtain
648 72 lg N cschr
M2 (6.97)

" md HZ (2 + cosh2r)3/4”

This result has to be compared to the one given by the probe anti-brane potential
a la KKLMMT [109], which is given in [19] and reviewed in Appendix [F} The result
of this computation is given in . Once we substitute da we see that the two
expressions exactly agree. This is a nontrivial check that our IR boundary conditions
are the correct ones to describe anti-M2 branes in the Stenzel geometry.

6.5.4 Asymptotic of the anti—-M2 solution

We now collect the results we obtained for the twelve (X, Y,) integration constants
and which determine the anti-M2 solution in terms of the constant Xy, which is

fixed in terms of N by (6.92)

367215 6.08
4= A Hg (6.98)
For the X, integration constants we have
X, =-2Hym?>X,y, Xo=0, X3=0, (6.99)
1 -2 'm2 X4
X5 = |73 Ho+ 2341 k; F<> ] :
5 [ 0 VT sl 123
1 -2 m2 X4
Xo=|—55Hy—23Y4/mk; T~
6 [ 0 VT a7 123
For the Y, integration constants we have
Y, =0, (6.100)

4 4 1\ 2
Yy = [— 5H0(15331/4 +2Ho) —3ky, — 331/4(9 314 + Ho)y/nT (4) } m* Xy,

Y3=0,

N2 Tm2X
BT [\/§H0(63 314+ 52 Ho) — 180 kg, + 2 (27 + 3%4 Ho)V/m by, T <4> } m1804 '
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The IR and UV behavior of the backreacted anti-M2 solution, up to the desired
order, can be read off from the analytic solution presented in Appendix [E] after
imposing the boundary conditions , . For the reader’s convenience, we
show here the first few terms of the ultraviolet behavior of the solution.

4m2 X4 _5p
1= 3K(—1) |:2923/4 HO K(—l) +61/4 kq~§1:| e 5r/2 (6101)
16m? Xy 3/4 1/4 —or/2
7m* Xy 3/4 1/4 —13r/2 —17r/2
T [ Ho K1) 6k e o,
7 8m2 X4 _or
© = 3 [14323/4H0K(—1) +46" ’%J e (6.102)
16m® X, 1/4 1/47q a1/4 —6r
T BR(=1) 8 Ho (1533'/* + 2 Ho) K(—1) + v23"4(93"% + Hy) ky +30 K(~1)ky, |
128 6Y/4 k-
2 x, 1281623/4 H, T T | —13r/2 —17r/2
+ m~ Xy 2816 0+ SR (1) e + O(e ),
7 4m2 X4 _or
%= oK) [295 29/ Hy K(~1) + 86 ’%1] e (6.103)
6m® X, 1/4 1/4(0 o1/4 —6r
TSR 8 Ho (1533 +2 Ho) K(—1) +v23Y4(93V* + Ho) k; +30 K(—=1)ky, | e
14080 128614 k-
m2 X 3/4 ST Y| —13r)/2 —17r/2
Nt O 3K (1) | € +0(e ),
- 2x 1\ 2
¢5=m30 [fH0(6331/4+52H0)—180k +2(27+ 3% Ho)/r k; r<4> ]e_
(6. 04)
7m X4 1/4 3/4 -2 s
50 V/3 Ho(63 3% + 52 Hy) — 180k +2 (27 + 3%* Ho)v/m k3, T 4 e

1/4 1.
i [ ST ]
m~ Ay +
585v/3 1173Y4 K(—1)

2X 1 -2
2 [\/31%(6331/4 +52 Ho) — 180 k5, +2 (27 +3%* Ho)v/mky T (4) ] e
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6.6 Discussion

In this Chapter we constructed the analytic solution for the twelve-dimensional
space of linearized non-supersymmetric deformations of the warped Stenzel space,
consistent with the SO(5) symmetries of the supersymmetric background. Our so-
lution provides an interpolation between the IR and UV behaviors previously con-
structed in [24] and it should contain interesting informations about the dual (2+41)-
dimensional gauge theory. In particular, we were interested in finding the super-
gravity solution dual to metastable states, which were conjectured in [I15] to be
described by a stack of anti-M2 branes placed at the tip of the transverse geometry.
We were able to identify this solution by imposing suitable boundary conditions on
the set of twelve integration constants (X, Y,) that parametrize the full deforma-
tion space, and indeed we showed that this solution is unique and it depends only
on the number N of anti-M2 branes placed at the tip. We then used this solution to
compute the force exerted on a probe M2 brane placed in the anti-M2 backreacted
supergravity background and we showed that it exactly agrees with the calculation
a la KKLMMT [I09] in which one considers the anti-M2 brane as probing the back-
reacted geometry of M2 branes on the Stenzel background

The linearized supergravity solution displays however an IR singularity in the
four-form flux, which leads to a divergent action, whose nature is still poorly un-
derstood. Our analysis shows that this is the only drawback of the supergravity
solution, which otherwise has the desired features to describe the metastable state
in the dual gauge theory. It is thus of great importance to establish the nature of
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this singularity. It would be of interest to perform in the M-theory context the same
analysis we described for the anti-D3 branes in Chapter
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Chapter 7

The geometry of
non-supersymmetric conifolds

In this Chapter we present some results about the geometry of the non-supersymmetric
conifold solutions derived analytically in Chapter We also briefly mention how

the first-order formalism described in that Section for one-dimensional cone-like so-

lutions can be extended to a general flux compactification, by using the language

of generalized complex geometry. This Chapter is based on unpublished results in

collaboration with Mariana Grafa.

7.1 Introduction

As we discussed in section the study of supersymmetric flux compactifications
with the use of generalized geometry [84, 87, B8] has received much attentions in
the past years, in part because of the flexibility and the vast range of applications
of differential geometry techniques. In this context, at least for type II theories
compactified on a six—dimensional manifold Mg, the equations that govern the metric
and the fluxes are under very good control and they can be conveniently expressed
in terms of pure spinors of O(6,6). Schematically we have

dr [egA*d’CI)_} =0, dr |:€3A7¢(I)+} + R-R fluxes = 0. (7.1)

The main advantage of this approach is that equations involving spinor quantities,
that appear from the supersymmetry variations of the fermionc fields, are trans-
lated in equations involving differential forms of different degree (called polyforms),
namely sections of the bundle A®*(7T*Myg). While traditionally one requires Mg to
be compact, these techniques apply to non—compact manifolds as well, and in this
context can be used to study solutions which are of interest for the AdS/CFT corre-
spondance. In section and we provided some examples of this, by recovering
the Klebanov-Strassler [I16] and BGMPZ [45] solutions from pure spinor equations.
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In those cases one usually deals with internal spaces which have a cone-like structure
and demands the scalars that parametrize the solution to depend only on the radial
variable. The presence of a particular radial direction is important for the holo-
graphic applications, in which radial evolution is associated to a RG flow [80), [74].

Given the success of generalized geometry in the study of supersymmetric com-
pactifications, it is natural to ask whether a similar approach can be useful to study
supersymmetry breaking. Although some progress in this direction has been made by
restricting the analysis to particular classes of supersymmetry—breaking backgrounds
(see for example [406, 127, [5 [100] ), a general description of non-supersymmetric vacua
remains a challenge. On the other hand, when restricted to cone-like solutions, su-
perpotential methods [57, [155] 55, [41] have proven extremely useful in constructing
non—supersymmetric deformations of the supersymmetric solutions, as we described
in details in the previous chapters.

In this context it is possible to analyse very general kind of supersymmetry break-
ing, for which a six—dimensional geometric description is not known. Examples
include softly broken supersymmetry induced by gaugino masses [122] and the back-
reaction of explicit susy—breaking sources such as anti—branes |25, 21], 24] 135] that
we constructed in chapter [4l Let us note that even for cone-like compactifications,
a superpotential approach is not always possible. There are cases in which such a
function is very difficult to find. For example much effort [23] 126 O7] has been
recently devoted to construct a superpotential for the Papadopouloss and Tseytlin
Ansatz [144], which contains the supersymmetric solution describing the baryonic
branch of the Klebanov—Strassler field theory [116]. However, it seems that such a
superpotential would fail to reproduce the whole baryonic branch [77]. This essen-
tially follows from the fact that the first-order equations imposed by supersymmetry,
that we derived in Section 2.3 are not in the form of a simple system of ODEs,
but they contain some algebraic constraints. One can indeed derive a superpotential
which reproduces the equations only after these constraints are imposed [49)].

Beyond these simple cone-like situations, supersymmetry breaking is more diffi-
cult to study and very few results are known. For this reason it would be extremely
helpful to understand general properties of non-supersymmetric backgrounds and
study their geometry. In this Chapter we will study a geometric approach to non-
supersymmetric compactifications in a concrete example, where we have controls
from other method. We then use this as a guide in trying to infer the general equa-
tions. The example we use is the analytic family of non-supersymmetric solutions
constructed explicitly in Section [3] We recall that the solutions are of the form

dsiy = emdsig +ds?, (7.2)

where the shape and the fluxes of the internal manifold with metric ds% are parametrized
by scalars ¢*(7) which depend only on the radial direction. In this situation all the
solutions to the type IIB equations of motions can be thought as paths on a moduli
space parametrized by the scalars ¢®: the effective action which describes these paths
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TyM

Figure 7.1: The tangent space at a point ¢ = (¢',...,¢") on the moduli space M.
q'ﬁ = gﬁAaA is the vector tangent to the non—supersymmetric solution. The arrow v
represents the velocity vector field that describes the supersymmetric first-order flow
and we define a quantity £ that parametrizes the supersymmetry breaking. At the
linearized level in a perturbative expansion in terms of a susy breaking parameter
these two fields satisfy decoupled systems of first—order ODEs.

can be obtained by dimensional reduction of the type IIB Lagrangian down to one
radial dimension. The Hamilton-Jacobi equation for this one-dimensional system
can be integrated and gives a superpotential W. This is the starting point of the
first-order formalism described in section |3| Starting from a particular solution (i.e.
a path on the moduli space), we can construct linearized perturbations around it
that break supersymmetry, by solving two systems of decoupled ODEs. Let us recall
the reason beyond this simplification. We call v the velocity vector field tangent to
the given supersymmetric path (in our case, the Klebanov-Strassler solution), and
we solve for a general solution ¢(7) with velocity qﬁ We define a quantity

gz(i)_vv (73)

which parametrizes the supersymmetry breaking (see Figure [7.1)). The type IIB
supergravity equations of motion for ¢(7) can then be recasted as equations for &:

ViE = V(v +6). (7.4)

At the linear level, namely if £ is a first-order quantity in some supersymmetry
breaking parameter, this equation becomes a decoupled system of first-order ODEs
for the vector field &. It is clear that this is a very general feature and it is ulti-
mately due to the integrability properties of the supersymmetric solution, namely
that the first-order system obtained from supersymmetry requirement implies the
supergravity equations of motion.

Guided by this example, one can try to apply the same idea to the general case.
The pure spinors equations now provide the obvious definition of the supersymmetry
breaking modes:

dn [ei’*‘—%,} -1, dy [é“‘-%d + R-R fluxes = E, (7.5)
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where now YT,= € A*(T*Mg). In the case of a cone-like solution, this should be
equivalent to the definition , and the modes &% are just the components of the
polyforms Y,=. In this Chapter, we will explicitly construct these two polyforms
for the example of the linearized perturbations around the deformed conifold. We
will also discuss in detail the geometry of these solutions by computing some SU (3)
structure data such as the intrinsic torsion, that measure deviations from having
SU(3) holonomy.

The last step would be to “uplift” the equations of motion for the modes £% to the
bundle of polyforms, thus finding the equations for T, = in a geometrical and general
form. For this, we encounter the problem of recasting the equations of motion of
type IIB supergravity compactified on a six-dimensional manifold in terms of pure
spinors. In the last section we will discuss a possible approach to this problem.

7.2 Supersymmetry breaking polyforms

In section [2.2] we computed the pure spinor equations for the Zy symmetric PT
Ansatz [144]. Here we will explicitly determine how these equations fail to be satisfied
for the family of non-supersymmetric solutions derived in chapter [3] We recall that
we use an SU(3) structure Ansatz, so the two pure spinors ® 1 are given by

d_=—iQ, DdL=e. (7.6)

The pure spinors quantities that we need are given in equations (2.35), (2.36)), which
we reproduce here for the reader’s convenience:

e 3440, [631‘1—%,} - (7.7)
= %e_?””% [2id7‘ ANgiAgaAgsAgsgs (f —k+eVf — eyk')

—dr AN(Ag1 AN g3 A gs+goAgsAgs) (QCoshy +6p' —a' —6A" + 2¢’)

—ie YdT N g3 A\ ga A gs (Zey +6p' —a' + 2y —6A" + 2¢’>

—ieYdT AN g1 N\ go N g5 (—2e_y —6p' + 2/ + 2y + 6A" — 2gb') } =0,

eIy [ 700, |+ dAND, + e % AF = (7.8)
= e Pdr AgiAga A gs A ga [—2 + PP (YA 4 22" — ¢’)}
te 2 gr [e¢P (f(2P — F) + Fk) + ¢2* (4 s ¢/)}
+%(91 AN gs+ g2 A ga) A gs [f—k—z&ﬁ]

+dT Agi N ge [62y+¢(F —2P) — f’}
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+dr ANg3 A gy [—e_2y+¢F + €_¢k'}
+ie"P7dr A (g1 A gs — g2 A g3) {—1 + P24 o — ¢I)] =0.

The family of solutions we found is parametrized by 16 integrations constants, out
of which 8 parametrize solutions of the first-order system

Ia a 1 ab oWy s(¢)

o = un(0) = G IEY, (7.9
while the others 8 correspond to deviations from this system and are parametrized
by supersymmetry breaking modes £*. As we discussed in section the flow equa-
tions are not equivalent to the pure spinor equations above. In fact, the top
form in is proportional to the (0,3)-component of the three-form flux and it is
not set to zero by . Apart from this component, we expect that for our family
of solutions the right hand side of the pure spinor equations are given just in terms
of the modes £°. This is a big simplification since the equations for these modes are
much simpler then the equations for the modes ¢®. It is easy to compute the various
components by using the definitions (3.19)). The result is the following: we define

e 340, [e“*%_} —, (7.10)
e3A+0 g [63’4_(‘5@4 FAAND, + Pk A\F =2, (7.11)
and we find for the polyforms T and =:
T = %ef4(A°+p0)*3p°+%0 [12ie*3p°+%od7' AgiAgaAgsAga gs GOS) (7.12)
—dr A (Ag1 A gsAgs+ g2 A gahgs) <—é:1 - §€~3 + %54 + 458)
—ie”"dT Ng3 AN ga A gs (—51 - 253 + %54 — 48 + 458)

) ~ 2~ 1- ~ ~
—1e¥dT N g1 A ga A g5 <§1+3§3— 354—452—458>],

[1]

— ¢ Aotpo) 20 [ - ng NgiAgaAgshga <2€~1 +é+ &+ 658) (7.13)
+ ge_zxodT & +2(g1Ags+92Nga) Ngs &
+2d71 A g1 A gae® (55 + 56) +2d7 A g3 A gae ™20 <§:5 - 56)
- %G_IUdT A (g1 A gs— g2 A g3) (251 +&+ 54) ] ;
where G(93) cannot be expressed nicely in terms of éa and hence we omit it for
simplicity. The functions £*(7) are parametrized, as expected, by 8 integrations

constants X, and their analytic solution is given in equations (3.55)—(3.61)).

139



SUPERSYMMETRY BREAKING POLYFORMS

We now discuss some general features of this geometrical rewriting. First of all,
we want to make contact with previous attempts to use generalized geometry to
study non—supersymmetric backgrounds.

7.2.1 Domain wall supersymmetry breaking

The authors of [127] identified a particular class of SU(3) x SU(3) structure back-
grounds that generalize the solution of Grania and Polchinski [90] and they used
equations similar to , to parametrize these solutions in terms of gener-
alized geometric quantities. When restricted to the case of SU(3) structures their
solution indeed corresponds to SUSY-breaking by the G(93) flux component [90].
Their general class of vacua are described by the pure spinors equations ,
with the condition

(1]

=0, (7.14)

which is motivated by some calibration condition. If we impose this condition in our
explicit example , we see from the solution given in - that we are
forced to set all the X, integration constants to zero: X, = 0, a = 0,...,8. This
naively seems to imply that we are forced to consider only supersymmetric perturba-
tions of the deformed conifold. However, as we discussed in the previous section, the
&% modes do not parametrize the full space of non—supersymmetric solutions. Since
Wks is a fake superpotential, there exist solutions with £ = 0 which still break
supersymmetry. In fact, by imposing that all the £ modes are zero, the polyform T
becomes

P32 Y5h(7)3/4sinh? 7

V6

This term is precisely the G part of the fluxes which breaks supersymmetry. This
is consistent with the analysis in [127], where condition is the specialization
to the SU(3) structure case of what they call “domain wall (non)BPSness”. We note
that the class of vacua analysed in [127] captures only a one dimensional family
of susy-breaking solutions, and it misses the remaining seven—dimensional space
parametrized by the £ modes (there are eight of such modes but one is fixed by the
zero energy condition). While our analysis is carried out in a very specific example
and only at first—order in perturbation theory, this situation clearly calls for further
investigation of generic N’ = 0 vacua. Our analysis suggests that both the polyforms
T and = should be non vanishing in such an attempt. We can name at least two
interesting physical solutions which are captured by a non-zero polyform =. One is
the gravity dual of softly broken SUSY, first studied in [122]. This corresponds to
a two—dimensional family of solution which is obtained from — by setting
X9 # X7 # 0 and all others Xs to zero. Another example is the solution which
corresponds to the backreaction of a stack of anti-D3 branes placed at the tip of the
internal conifold which we discussed in detail in section @l

~

dr A+ Ags. (7.15)

(0,3)
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7.3 Intrinsic torsion for non—susy conifolds

In this Section we derive the expression of other useful geometrical objects for our
family of non-supersymmetric solutions. We recall that we are using an SU(3)
Ansatz. A useful characterization of a manifold with SU(3) structure is in terms
of SU(3) representations of its geometrical objects and its fluxes. In particular, one
can classify the geometry in terms of the intrinsic torsion, which is an obstruction
to have SU(3) holonomy. The component of the torsion classes in terms of SU(3)
representations are defined in . These forms provide very useful information
about the geometry of the manifold. For example, in Table we show the condi-
tions on W; that corresponds to well known classes of manifolds. For more details
we refer to [84].

The expression for the torsion classes for the PT Ansatz can be computed by
inverting the relations , for example by computing:

i y 1 1 Y
Wi= (@) Wi = 5@ yamn ™ Vo) = S (A0 Qs

(7.16)

The result is:

Wi =0 (7.17)
Wy = &Pty (e*g1 A gz + g3 A ga) (sinhy +y) (7.18)
W3 =0 (7.19)
Wy =dt (a?’ — 6767’*2‘”) ( )
1

Wy = _Z(dt —1igs5) (2 coshy + 6p’ — :c’) ( )
It is easy to show that the flow equations (7.9) imply that

Wi =Wy =W3=3W4,—2W;5=0, (7.22)

namely that a solution of the flow equations is conformally Calabi-Yau. It is clear
that deviations from this conditions are parametrized by the modes £*. Indeed at
first-order we find:

Wi =Ws3=0 (7.23)
Wy = —26_4‘40_1’0*'3%_90 (62y091 Ago + g3 A g4) 52 (7.24)
1 . . .
BWy — 2W; = — e Hdvtro) (951 ¥ 58 + 2§4> dr. (7.25)

We note that since the mode 52 is parametrized by seven integration constants

& = Span(X1, ..., X7), (7.26)
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Manifold Torsion classes
Complex Wi =Wy =0
Symplectic Wi =Ws=W;=0
Half-flat ImW, =ImWo =W, =W; =0
Special Hermitean Wi =Wy =Wy =Ws5;=0
Nearly Kahler Wy =Wz =Wy =W5;=0
Almost Kahler Wi =Wz =W, =W;s
Kahler Wi =Wy =Ws=W;=0
Calabi-Yau Wi=Wo=W3=W,=W;=0
Conformal Calabi-Yau Wi =Wy = W3z = 3W, — 2W;s

Table 7.1: Special SU(3) structure manifolds correspond to the vanishing of certain
torsion classes.

almost all solutions will have a non zero W5, which means that the perturbations
are not complex. An exception is the GKP case, in which all the modes éa are
zero. We stress that the vanishing of W; and Ws is not a particular characteristic
of our perturbation scheme, but it is a consequence of the Zs symmetry of the KS
background. More general Ansétze will lead to a more general pattern of torsion
classes.

7.3.1 Soft supersymmetry breaking

Here we study an explicit example, a non—supersymmetric gravity dual of supersym-
metry breaking induced by gaugino mass terms in the Klebanov—Strassler theory.
This solution was first studied in [122] (see also [7], 4 [69] for related works), but
only a one—parameter family of solution describing the KS background perturbed
by a operator of dimension 3 was constructed. One can be more general, since we
can actually turn on two dimension 3 operators, as we discussed in section (4.6.2]).
From our deformation space, we can fish out a two parameter family of solutions
parametrized by two integration constants (Xs, X7) which generalize the solution
of [122]. While to impose the desired boundary conditions one has to study the
behavior of the perturbation modes ¢%, here we omit this derivation and we simply
focus on the result for the susy-breaking modes &%, for which the solution is analytic
and particularly simple. These modes are given by:

§=8=§6=0, (7.27)
£y = %csehg’(T)(sinh(ZT) —27)?

- PX7 (CSCh(T) + 7(cosh(7) — 2 coth(7)csch(7) + TCSChS(T))) , (7.28)
. Xy 3Xy
G-z 3 (7.29)
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&6 = %TCSCh(T) + X7 (; cosh(r) — TCSCh(T)) , (7.30)

& = % (7' coth(7r) — 1)csch(7') + X7 <csch(7') — 7 coth(7)csch(r) + ;sinh(7)> )
(7.31)
£g = —(Xo — PX7) (coth(r) — 7 — 2resch?(7) + 72 COth(T)CSCh2(T)) . (7.32)

The solution of [122] corresponds to the subset X9 = PX; = X. By using the
result ([7.23]) we see that the geometry of this family of backgrounds is characterized
by the following torsion classes:

Wi = Wy = 3Wy — 2W5 = 0, (7.33)
Wy ~ (e¥g1 A ga+ g3 A ga) [fl(T) Xo + fo(1) X7|, (7.34)

where fi and f2 can be easily read off from (7.28]). We stress that this result is valid
at the linearized level. At full non-linear order we expect the mode &; to be non-zero,
and thus very likely the combination 3WW, — 2Ws will be in general non-zero as well.

7.4 Discussion

In this chapter we studied how the pure spinor equations, which describe NV =1 su-
persymmetric flux compactifications, are modified for a class of non-supersymmetric
solutions obtained as a first-order deformation of the Klebanov-Strassler deformed
conifold solution. These results are a first step toward a more systematic understand-
ing of a first-order description of non-supersymmetric backgrounds. As we discussed
in the introduction [7.I] and in Section for cone-like solutions supersymmetry
provides the natural variables to implement a first-order formalism. If we break su-
persymmetry perturbatively, in a series expansion around a given supersymmetric
background, then one can define supersymmetry breaking modes £ which satisfy a
decoupled first-order system of ordinary differential equations. In the one dimen-
sional case, where a solution can be thought as a path in a given moduli space (see
figure , these modes measure deviations from the supersymmetric solutions. In
fact, at first-order in supersymmetry breaking, the equations for the £ modes are
analogous to the geodesic deviation equation (or Jacobi equation).

Besides the interest in studying the geometry of our class of non-supersymmetric
solutions, the aim of this chapter was to take a first step in extending the above
first-order formalism in the language of generalized geometry. One could use such
a formalism to study perturbations around supersymmetric background that have
less symmetries and the corresponding solution depends on more then one variables.
Even in the one-dimensional case, it would be interesting to understand the relation
between the geodesic deviation equations for the £% modes and the equations for
the polyforms = and Y. While a full treatment of this problem is outside the scope
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of this speculative section, we would like to sketch the steps that can leads to such
equations.

The first important step is to understand the relation between the supersymmet-
ric equations and the equations of motion. This is not an easy task, since expressions
in terms of pure spinors of basic quantities such as the Riemann tensor are not known.
Luckily, it has been understood how to rewrite the effective supergravity action in
terms of generalized geometric objects. As in the one dimensional case, one obtains
an action which is basically the “square” of the supersymmetric equations. This BPS
rewriting has been obtained in [48, [127]. With the restrictions of [48], the effective
potential describing the dynamics of six-dimensional quantities has the following
schematic structure:

Ve = / dVolg [(Re =)2 + (Im 5)2 + (T)2]
Mg
+ [ (Ko DR+ (@1
Mg
+ / <64A’¢Re O, — C dyF + jtot> + gloe- (7.35)
Mg

Here (,) is the Mukai pairing, a natural bilinear operation on the space of polyforms,
defined as follows:
(wAn) =who()lg (7.36)

where o reverses the order of indices of a given form. By varying this action with
respect to the metric g, one can obtain the internal Einstein equations in terms of
polyforms. It also clear that setting = = T = 0 automatically solves the equations.
Thus, we are in the same situation as in the simple one-dimensional example, where
the polyforms = and T have the same role of the deviations £*. We thus expect that
at first-order in a supersymmetry breaking parameter, these polyforms will satisfy a
decoupled system of first-order differential equations.

When specialized to our class of supersymmetry breaking deformations around

—_

the deformed conifold, the equations for =Z and Y should reproduce the equations
for the modes &%, and expressions ([7.12]), (7.13) should provide a solution of such
equations. We hope to come back to this problem in the future.
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Conclusions and outlook

In this thesis we constructed and studied various non-supersymmetric cone-like com-
pactifications of type IIB and M-theory. These solutions find applications in the
gauge/gravity duality, where they provide gravity duals to different supersymmetry
breaking scenario in the gauge theories, and in phenomenological aspects such as the
construction of de Sitter vacua and models of brane-antibrane inflation.

In the first chapters, we rederived various supersymmetric supergravity solutions
dual to confining /' = 1 gauge theory (the Klebanov-Strassler [116] and BGMPZ [45]
solutions) by using generalized geometry techniques, in particular by an explicit com-
putation of the pure spinor equations. We believe that formal techniques borrowed
from the study of flux compactifications are extremely useful to construct solutions
relevant for holography. It would be interesting to extend the analysis done for type
IIB solutions for the M-theory backgrounds, like the cone based on the Stenzel space
V5,2 discussed in chapter [ This would first need a complete reformulation of su-
persymmetry conditions in terms of differential forms. Another line of research is to
begin in this framework the study of more complicated cone-like solutions, for exam-
ple in cases where some of the symmetries are broken and the fields also depend on
some angular coordinates of the base. This is for example the case of Y7 cones [103].
More ambitiously, one could try to use pure spinor techniques to construct part of
the solutions corresponding to polarized branes, which we discussed in Chapter 5} It
is important to keep in mind that the Polchinski-Strassler solution [146] is not known
beyond linear order, although some closely related M-theory background have been
constructed (at least when supersymmetry is not broken) [17, [31].

In Chapter[3|we described a general first-order method to study non-supersymmetric
solutions perturbatively around a given supersymmetric and known solution. This
is a generalization of the ideas introduced in [41]. We then applied this method to
the construction of an explicit solution in closed form for the linearized perturba-
tions around the KS solution preserving the SU(2) x SU(2) x Zz symmetries of the
deformed conifold.

In Chapter [4] we integrated numerically the above solutions and discussed the in-
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frared and ultraviolet boundary conditions corresponding to a stack of anti-D3 branes
placed at the tip of the KS geometry. We computed various quantities such as the
ratio between the deformation modes of the conifold for the non-supersymmetric
and supersymmetric vacua, checking that the solution does not have any other non-
normalizable modes in the UV, which is the gravity counterpart of having spon-
taneous supersymmetry breaking in the field theory. We proved however that the
three-form flux of the solution have singular energy density.

In Chapter [5] we solved the full non-linear equations of motion for the KS system
in the infrared region, near the anti-brane source, and we proved that the singularity
is not an artifact of our previous linearization method. We then studied the most nat-
ural way to resolve the singularity in string theory, namely by brane polarization [142]
a la Polchinski-Strassler [I46]. The result we obtain in the full backreaction seems to
contradict the probe analysis of [I11], namely we don’t find any polarization channel
that could resolve the singularity. We should keep in mind that we worked in the
approximation of smeared sources, so the original KPV channel D3 — NS5 wrapping
an S? on the S? at the tip cannot be checked explicitly. However, as also discussed
in [59], one expects the fully backreacted solution in the near-brane region to be an
AdS5 throat with relevant flux perturbations, as in the original Polchinski-Strassler
setup. If this is the case, then we necessarily have different polarization channels,
the NS5 together with the D5 channel that we checked in our computation. Thus,
our result is an indication that the NS5 channel will be absent too, indicating that
anti-branes in warped throats develop perturbative instabilities and cannot be used
to uplift AdS to a dS compactification. If confirmed from a localized anti-D3 solu-
tion, it would be extremely interesting to explore further the precise nature of this
instability. In type ITA engineering of SQCD metastable states [16], the probe anal-
ysis fails because of a logarithm bending of the branes once their backreaction is
taken into account. This causes a large deviation in the ultraviolet region from the
supersymmetric configuration, meaning that the breaking of supersymmetry cannot
be spontaneous. It is suggestive that such logarithm modes are found in different but
related contexts. For example, it was shown in [53]| that logarithm backreaction in
the NS5/NS5 configuration used in models of axion monodromy inflation, “climb up”
to the bulk of the compactification, setting the energy scale of the brane/antibrane
interaction to be the UV scale and not the IR one.

It could perhaps be interesting to investigate relations also with recent works
by Polyakov (see e.g. [I50]), where an infrared divergency and an IR/UV relation
is conjectured to cause an instability of the de Sitter space. It is conceivable that
when trying to construct a de Sitter compactification by pumping positive energy
to the system, as in the anti-D3 model, one encounters the same problem and the
system develops instabilities. While this could invalidate the idea of a string land-
scape, it can lead to models of dynamical screening of the cosmological constant.
It is also important to keep in mind that the perturbative decay of anti-D3s into
supersymmetric D3s at the south pole of the S3 on the deformed conifold (mediated
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by the NS5 nucleation) can potentially be used as a slow-roll inflationary model, as
discussed in [59].

In Chapter [6.5] we constructed an analytic family of non-supersymmetric solu-
tions of eleven dimensional supergravity, by linearizing the equations of motion in a
perturbation series around the cone-like supersymmetric solution found in [54] and
based on the warped Stenzel space. In particular we focused on the backreaction
of anti-M2 branes on the geometry. This configuration is the M-theory analog of
anti-D3 branes on the deformed conifold, even if there are important differences,
in particular the absence of a logarithmic running of the charge. The supergravity
solution has similar features to the anti-D3 one, in particular it shows the same kind
of singularity in the energy density of the four-form flux.

While it is very reasonable that the singularity will be present in the full non-
linear solution as well, it would be interesting to study possible resolution by brane
polarization in this context. This would clarify, for example, if the presence of the
logarithm mode has a role in the physics of anti-branes in warped throats.

In Chapter [7] we studied some geometrical aspects of the non-supersymmetric
solutions discussed above. As we shown in Chapter 2, the supersymmetric first-
order equations describing supersymmetric and conformally Calabi-Yau cones can
be derived by using pure spinor techniques. By using the explicit solutions for
non-supersymmetric deformations around the Klebanov-Strassler solution, we then
computed how the pure spinor equations are modified for non-supersymmetric back-
grounds. We also computed SU(3) structure data such as the intrinsic torsion. We
then discussed how to implement the first-order formalism of Section [3.2]in the lan-
guage of generalized geometry. These results are a starting point to try to explore
more general non-supersymmetric solutions and to understand the geometrical tools
needed to study de Sitter compactifications in the context of generalized geometry.
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Appendix A

Notations

In this Appendix we collect a number of useful definitions that we use in the main
text and the relations to various conventions used in the literature. To study the
deformed conifold with topology R x S? x S% we introduce the following 1-forms.
The forms {ej, ez} correspond to the S2, parametrized by the angle (61,¢1). On
the S3, parametrized by 9 and (2, ¢2), we introduce left invariant forms {e1, €2, €3}
de; = —(1/2)€;jkej N €. We also define some forms € which are useful for the PT

Ansatz:

e1 = db

eg = —sinfi1d¢;

€1 =€ —a(r)ex

€y = €2 —a(T)ey

€3 = €3 + cos O1dpq

€1 = sin sin Oadgo + cos Pdbs
€9 = cos 1) sin Oadpo — sin YPdbs
€3 = dy + cosbrdos .

Here we denote by 7 the radial direction of the cone. In the text we will mainly use

the forms g; of KS [I16], defined as:

€9 — €9 €2 + €9
g1 = V2 93 = V2
€1 — €1 el +e€1
g2 = NG g4 = /2
gs = €3.
We also give the basis used in [45]:
Ey :erggel, Es :eﬁgeg, E3
E4 = 612;962 E5 = €—3p—x/2d7_’

It is useful to define a rotated basis G;

G, =F, Gy = AFEs + BEy,
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Gz = E3, G4 =BEy — ALy, Ge = Eg

which is useful for manipulation of SU(3) structure representation. Here A and
B are rotations in a 2-plane and thus satisfy A% + B? = 1. The change of basis
between [116] g; and the BGMPZ [45] G; is the following:

1 = e HEH [1(AG, — BGa) — (alr) = 1)(AGa + 5G|
g = \}ﬁeéw@ (1= a(r)G1 — 9Gy|
g5 = %eé(gﬂ”) €9(BG — AGS) + (1 +a(r))(AGs + BGy)|
91— %eﬂw) (1 + a()Cr + G
dr = eT3Gy , gs = P3Gy .

The inverse is:
G = \}565(“9) :92 + 94} (A.2)
Gy = \262@_” :69«4(91 +93) — B(g1 — g3 +a(7)(g1 + 93))}
Gs = \265(%” :94 — g2 —a(7)(g2 + 94)]
Gy = jie_é(ﬁg) eIB(g1 + g3) + Alg1 — g3 + a(7)(g1 + 93))}
Gs=e P 2dr, Gg=e P 2gs.

From the Zy breaking PT Ansatz, we can specialize to a Zs symmetric one by
imposing:

e =1—a?, a = tanhy, gzlog[ }, x=0. (A.3)
cosh y
The SU(3) structure functions A and B for KS are
A=¢e7, B=-a. (A.4)

The relation between the fields used in [116] and [144] is:

f(7) = ha(7) — ha(7) (A.5)
k(1) = hi(T) + ha(1)
b(r) = F](j) 1.
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Appendix B

Equations of motion for the KS
fields

The equations of motion for the KS scalars are the Euler-Lagrange equations from
the effective action:

1 de® dep®
_ = - B.1
s= [ [euly S + v ar, (B.1)
which are ) )
d¢® de® = d“¢*
ad a
=T — . B.2
GU()0aV (¢) = Thl0) -2 + 5 (B:2)
Explicitly, these are:
2 — o—4Bpta) |:2€6p+2:r: cosh y — 62(6p+x+y)+¢P<P —F) - 1] (B.3)
1
— g 26214 M) FR 4 20 (f — k)P 4 4K
o 162(1‘+y)7¢(f/2 4 262(y+¢)Fl2 4 €4yk/2> _ 4(A/ +p/)x/’

4
y// _ 26—2x+2y+¢P(P _ F) + %6—2(x+y)+¢(e4y o 1)F2

1
(cosh y — 2e%P72%) sinh y + 56_2(x+y)_¢(64yk/2 — Y —4A +p)y

+
p// _ é —4(3p+x) [66p+21 cosh y + 62(6p+m+y)+d)P(P _ F) _ 1]
4

e
1
ﬂe*‘m [2[(2 + €2%(4e® F? cosh 2y + e (f — k)? + 4€*® sinh? y}

i i672(1+y)7¢ [f/Q 1902t 2 4 €4yk/2i|
12

1
_ 5[24(‘4/—’_#)2 4’ 9y ¢/2} :
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A — 27146—12]3—4z—2y—¢ |:262(6p+33+¢) (F2 + e4y(F . 2P)2) + 62(6p+x+y) (f o k’)2

+ 22y (2 8e9P12% cosh y + e!?P(K? + 2¢% sinh? y)) } +

+ %e—Qx—Qy—qﬁ [f’Q 1002t 12 4 e4yk12:|

1 1 1
—|—2A'2~|—4A'p'+p'2—|—fx’2+fy'2—|—ﬁ¢'2,

37 76

F = g [2 2P — F)K + (S )
262 /(2a' + ) + &' — 44— )],

K = %e—%ﬁw [ f(2e?(2P — F)F — €**) + (¢** + 2¢?F?)k
— 2e2@ L (4A" + 4p' — 22" + 2y — d)’)} ,

1
F" = 56—2x—¢ [(k — f)K —2e**T9(e?Y P cosh(2y)F + F'(4A" + 4p' — 22" 4+ ¢')) |,

(ﬁ” = ée_Q(x'f'y)""@b |:F2 + e4y(F _ 2P)2 + 2e2yF/2i|
_|_

36—2(33-}—1])—(1) |: _ er(f _ ]{:)2 _ 2f/2 _ 2e4yk/2:| _ 4(A/ +p/)¢/ .
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Appendix C

Supersymmetric conditions for the
PT Ansatz

In the following we show the expressions for the left-hand side of the pure spinor
equations for the PT Ansatz, discussed in section . We concisely write Gq,..q, =
Gay, A+ A Gy, . For simplicity, we also set e/~ = 1.

6_3A+¢dH [63;‘_(1’(1),} = ¢ 93P [ie_ﬁp_?’; (26%/1 +B+e*9B— a215’> G1234

- ie%c:3456( — 9B — B2 + eIBA — eI AB + egABg'>
+ie2 Ghose (Za.A +eIB+d + A% — eIBA + I AB + eg.ABg')
+ fie%G2356< —2e9A — 2ABd’ + 6e9A + (=14 A% - B%elg — 6e9p + 92 — 26%)’)

+ ez (G2456 — G1356) <2€gA —2aB — 6e9A" + 6e9p’ — ez + 2€g¢/)

=N =N

— 51’6%671456 <269.A — 4aB — 2ABad’ — 69 A’ — (1— A%+ B*elg' + 6e9p’ — 92’ + 26%)')
+ ie_%G123456 <2€gh2 + (QGQCL.A - B+ 6298 — CL2B) /1 + (269./4 — 2a8)h'2

+ (—2e%aA — B —e*B + a2l3)x')} :

6_3A+¢dH [€3A_¢(I)+:| + dA A <T>+ + *)\F

= 6—9—319—35{ — GetPt9—if+ [2ei9++¢P(h1 + bhy) — 2 (— A’ 4 ¥+ (—3A" — it/ + ¢'))

P (G136 — Gagg) [iem'”e*a/l +ie9TTB + eIhy — 9T PY

152



SUPERSYMMETRIC CONDITIONS FOR THE PT ANSATZ

+ Gass [e6p+x+¢P(eg.A(a —b) — (1 + a® — 2ab)B) + €% (ie? (a.A + €I B))
+ jefPt2e <A2a’ +e9(AB + B(—A' + .Ag/)))
e (AU + alh — ) + B - 1))
— G12345 [ewa ((a2 —e¥ 1A+ 26%5) + 9+Opt2e—ibs
4 eg+6p+2x+i9+ (2./4./4/ + SA/ + 28[3/ + 2! + ’LelJr . ¢/) . i2€g+6p+x+i9+6(h/2 + a(h’l . X/))
+ 0P ra+ify (A(—hll((IZ _ 1) _ 2ah'2 + 629(h,1 _ X/) + (a2 _ 1)%))}
+ 1G34567i9+ |:_ 2e6p+x+i9++¢PA(1 + a2 - 2ab) + ieg+6p+2x+2i0+A29/
2
+ eg< — 2eSPFetibitd pa Bt OPHE (26104 +¢ PpB 4 2je” A
+ %0+ (—2BhY — ie®(6A" + 2BB' — ¢ + B¢ + 22’ 4 2i0/, — 2¢)))
_ 2€2i0+a8(i + €6p+w(h/1 _ X'))) + 262i0+A(i629 _ ,L-e6p+2x(8a/ eI A+ e2g+6p+m(h1 _ X'))]
1 4 4 . ) _
+ §G125€729+ |:2629+6p+x+19++¢PA _ i€g+6p+2m+2@9+A2g/ — 9 (66p+x(_2610++¢PbB o QtiA/
+e*+ (2BRY +ie” (6A" + 2BB + g’ — B2 + 22/ + 2i6), — 2¢')))
+ 260+ aB(e6p+m+¢P + ¢ (i + 5P (n) — X'))))
— 2€2i0+A( 3 —{—ia2 +€6p+x(—ie$(b’a/ _ 69,4') + hll) + e6p+z(2ah/2 +a2(h/1 _ X/) +X/))}
+ Giss {eg+6p+m+¢P(A(a —b) + ¢B) + e+ Big(i(e%aA + B — a’B)
+ 3P T22 (1 + B?)d' + e9(AB — B(A' + Ag)))

+ eI A(Ry + a(hy — X)) = B((1 + a®)hy + 2ah) — (a* ~ DX/)))] }
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Appendix D

IR and UV expansions of analytic
solutions

In this Appendix we show the IR and UV expansions for the whole space of linearized
deformations around the Klebanov-Strassler solution, obained in chapter [3| and

D.1 IR expansions

The IR behavior of the modes is obtained by Taylor expanding h, j and the integrands
in the solutions for the ¢* modes shown in section performing the indefinite
integral over 7 (instead of the integral from 1 to 7), and adding an integration
constant Y;/f (since the conjugate momenta &, do not involve integrals other than
h and j, we do not have to introduce a second set of integration constants X!%

different from the one used in (3.55))-(3.61))).

The IR expansions of h and j are given by

1
1 2\3
hir = ho — 16 (> P22 4+ O(1%),

3 \3
2 1
jIR:_% (3>3+]’0—;(§)37+0(73)7 (D.1)
where
ho = 18.2373P2, jo = 0.836941 . (D.2)

In the order that those equations were solved and to the order of expansions that
we need, the IR asymptotics of the ¢* modes are given by

1
~ 132 /2)\3
P8 = T3 <3> (—hoX1+ 3PXe + 9Xs) + Y ¥+ O(7), (D.3)
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1
-1 log7 (16 (23
¢2 — 7}/2[]% + g ( () (hOXl — 3(X4 =+ 2PX6))>

T T 3 \3
9\ 3
+8<3> (~6X2 + 45 + 6PX; + 9PX7) + O(7) (D.4)
1 1
- 3vlR 1 (YR 3Y[E 4 /2\3 PA
_ S “(2) hoxi+8(2) Px
9= T 20 3\3) "3 0
1
1 8 (2\3
+ =L <3 <3> (hoX1—3(X4+2pX6)))+O(T>, (D.5)

1
- 1Y{E 1 TR Z L WA
—_ 13 42 _9y B (2] (4hoXy —3(5X4 + 12PX )
b1 = +7< 2"+t T3 \3) (4heXi—3(5Xs+ 6))

1
lo 32 /2\3
+ fT ( - <3> (hoX1 — 3(X4 + 2PX6))) +Y/R

1
40 (23
+logT (3? (3) (—6X2 +4X3 + 6P X5 + 9PX7)> +0(1), (D.6)

IR

<55 = Lﬁ; =+ Y7IR + 72 ( — PYQIR — Y6]R !

2 8 +36P

2 1
: h2X, — 4(5) ‘PX,

1.2 o 1.2
+ —(—322335P% + hg) X¢ — 8 2335 P Xy

N

+ 2 log 7 (-i (;) " P (hoX1 — 3(Xs + 2PX6))) + o), (D.7)

7 1 IR 8 1 2
(;56 = ﬁ( — 2Y6 + g (GPhOXl +h0X6) )

1
Yift o g 2PYY 128 (203 2
6y ydR — = (2] hoPXi+ =5
+ (g 3 9 \3) "M o

1 1 1

2\ 3 64 /2\ 3 4 2\ 3
16(2) Pxy+|-2(2) P24Zhy | x5—32(2 PX)
+ 6<3> 4+< 3 <3> +9 o) 6—3 <3) 8

_ logT(%Q (g) ' P (hoX1 — 3(X4 + 2PX6))) +0(r), (D.8)

1 9/ 1 PYJR Y[R 64 (23
¢7:T<—Y({R—3<6Ph(2)X1+hOX6>>+T< 32 +%+9(3> hoPX1

1 8 /2\ /3 1 2\ 3
— X, - -z PX,+ -hoX¢—16 (=) PX
+5plok 3<3> 4+ 5hoXe 6<3> 8

h2 X,
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UV EXPANSIONS

>3 P (hoX1 — 3(Xa+ szﬁ))> + O, (D.9)

1
- 1/8P [2\3 7
ba = 7(77 3) <—6PY3IR — 18Y R — o7y IR 4 Fh(Q)Xl - 12h0X6> )

Note that the constant term in ¢ and the logarithmic term in ¢ are identically
vanishing once we impose the zero-energy condition . We omit for simplicity
the relation between the constants (X, Y /%) used here and those that first appeared
in [25]. We refer to |21] for more details.

D.2 UV expansions

The UV asymptotics of h(7) and j(7) are
128

hyy = 1222 P2 (47 — 1)e 173 — =2 21 BP2(12 - 857 + 257%)e 71T/ 4 O(e710T7)
o 3 —47/3 4 1/3 —107/3 —167/3
Jov = —gyge P = 5z 253 4+ 107)e +O(e7 1077, (D.11)

The UV expansions for the fields ¢, are obtained by performing an indefinite integra-
tion of the UV series of the integrands as in the IR case. We call YV the Oth-order
term in the expansion for the field qNSa (or A, if the former is written as a product of
the homogeneous solution times A,)

ds = YUV 1+ 12.91/3 47/3 <P(—1 +47)(2X5 + X7) + 8X8) + O /3), (D.12)
Gy = —8-2/3 =7/ (6X2 4 (6 — 47) X3 + 2X4 + 9P X7 — 6PTX7> +2e YV

+ O3, (D.13)
$3 = —5- 23 X5e¥7/3 — % : 21/36*47/3(108)(2 + (336 — 1377) X3 + 48X,

—108P(—3 + T)X7) O, (D.14)
N 2
=YV —10-2Y3 X3e¥/3 3 o1/3¢=47/3 (324X2 + (528 — 3167) X3 + 114X,
+81P(T — 47’)X7> + O, (D.15)
_ YUV
¢5:_ 52 eT—Y:5UV+Y7UV+T(2)/})UV—P1%UV)

46213 6—7/313(6)(2 (21 — 47) X5 + 2X4 + 21PX7)

1
+ 5e—T((5 —An)YIY 44yl —op(—1 4 2n)(YYV — YSUV))
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+12. 21/36—4T/3P< C12(1 4 7) X2 — 15X5 — 4X4 + 27(X3 + 47X3 — 2X4 + 6P X5)

4 3P(—3+ 7+ 473 X7 + 6(PX5 + Xg)) + O, (D.16)

~ YoV

P = 52
— 6.2/ e‘T/3P(6X2 + (21— 47) X3 + 2X4 + 21PX7>

T YUV 4 vIV 4 r2vlV - pyUY)

1
+ 5e—T((—5 F 4 YUY —ayPY 4 op(—1 4+ 2r)(vYY — YgUV))

+12. 21/36—47/319( —12(1 4 7)Xa — 15X5 — 4X4 + 27(X3 + 47X5 — 2X4 + 6P X5)

+3P(=3+ 74 41%) X7 + 6(PX5 + Xg)) +0(e?7), (D.17)
5 yuv
by =——2—c +18. 21/3e*7/3p( — 66X+ (=9 + 47) X5 — 2(X4 + P(5 — 2T)X7)>
1
- e—T((—5 +27)YyV —2vV + P(YyV +2rYy Y - YSUV)) +0(e3),
(D.18)
by = vV /3 _ 8-2/3(2r +1) X3 27/3 vV vV n &V
1221347 — 1) 47 —1 5 P 2
27V 422812857+ 257V, 0 2Y3
_ —4T - pTET 1 X
Plr—1) 1125(47 — 1)2 S e ( 8(7+87) Xz
+32(27 + 1) Xy, — 18P(7 + 87) X5 — 9P(23 + 87 + 3272) X7 — 72Xy
40803 — 1708847 + 16112072 — 33280073) X3 )
O(e™?7). D.19
" 375(4r — 1) )+ 0 (D-19)
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Appendix E

Analytic non-supersymmetric
M-theory solutions

Here we show the analytic solutions for the modes éa which can be obtained by
explicitly performing the integrations that appear in (6.35))

&a=m"X4H(y),

& =2m*X4H(y) + X1,

& =—2v2(y" = 3)" ' (y* — 1)V’ Ls(y) — 272yt = 3) Nyt - )PP Le(y),
6 = 4V2(y" = 3) 1yt — )23yt — 5)Ls(y) — V20t —3) Nt - Ty - 1)V Le(y)

&= Syt — 3)°La(y),

(E.1)

2
&= 2Xi(y — 1) + 2 Xyt — 4y’ + 92+ (5 — 32" — DIsly) + —e (v’ — 1)2Ls(y)
4 2 8 3v3
Y , 2 3.4 - —3/. 4 1\—3/2/, 4
s~ OLsl) + X (S0~ DHG) 2V - )7 - 3)
where
Ls(y) = X5 + m*X4G(y) (E.2)
V3
Lo(y) = Xo = m?X4(Gly) + 5 H())
16v/2(2y* — 3) 22G(y) 13H(y)
Li(y) = X. ¢ — . E.3
3(y) 3tm 4(27y3(y4—3)(y4—1)3/2 57v3 o7 ) (E.3)
We recall that the variable y is defined as
y = (2 + cosh(2r))Y/* (E.4)

and the expression for the warp factor H(y) and the Green’s function G(y) are given

in (E19) and (G37).
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We now show the expanded form of the solution for the modes (;za in terms of the
variable y, obtained by replacing the analytic solutions for the modes &, in ([6.39).
We impose the zero energy condition, so we put Xo = 0.

5 = 1 WX T e 4V2XGy(1 - By
e VR - VY T i sV - 9
8v2 Xy 1 o al/4, 1
e \/533/4F(arcs1n(3 v~ — 1) <45\/§X1 +162v/3X5 — 40X — 112X6)
N 1m2X4 /y 3v2(—19 — 26u* + 13u®) H (u) - /y 2v/6vut —3(11 — 38u* + 11u®)G (u) "
2 (ut — 3)3/2 (ut —1)2
48y*(y* - 3) N N
_ 1 13 + 48\/§E<arcsm(y )|§> — 32\/§F(arcs1n(y )|§> ,
(E.5)
By = _Sisl + # y, + vyl =1 9X3y\/y7_ (825 — 639y + 343y® — 49y'2)
yt o oyt(yt - 3)? V2 140v/2

46 X5y (5y* —7)
(y* i iz 7 f

Y (=171 — 342u* + 936u® — 546u'? + 91u'6)H (u
V6 Xeyvyt -1+ 3m2X4</ : 12v2(ut — 1)1/2 8

2(63X1 + 432X — TV3(5X5 + 11X¢) ) F (arcsin(y™")| ~ 1)

B /y (u — 3)2(99 — 342u* + 176u® — 154u'? + 77ul®)G (u) "
6v/6(ut — 1)5/2
2 4 8
y?(138 — 119y* + 14y°) 16 9
91 — 47 + garccothy , (E.6)
3y = _§( 2 35 L2 Xyt =1 27Xyt - +fX5y 5y* = 7)
s =gl 8T T8Vay - 3) 12 (' —1)372
L (135){1 +432X5 — 8v3(5X;5 + 12X6))F( arcsin(y~1)| — 1)
8v/2
1 (=51 + 9u + 39u® — 13u'2)H (u )
+ = (7V3X1 — 4(X5 + X6) ) G(y) + 3m?X [/
4( 1= 4 6)> () + 3m"Xas AV2(ut — 3)3/2(3 — dut + uB)1/?
Y (=33 + 125u* — 79u® + 11u'?)G(u) 5y° V3 1+y
- Y2 h 1
+/ 2v/6(ut —1)5/2 du+4—4y4 g etan ( >+ Og<1 y? >]
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ANALYTIC NON-SUPERSYMMETRIC M-THEORY SOLUTIONS

For the flux perturbation we have

0| st =1 =3 St =T - )Y [ A
o st =D = 3) ('t + 1) syt =12 Ag
(E.8)
where
_ a4 _ 4 _ 4 8
63 5\@@4 _ 1)3/2 10\@@4 _ 1)3/2
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T e A T el G )

. 120( X5 + X,
+ 1 ( — 54V/3X1 — 207V/3X 4 40X + 106X — 30Xy + W)H(y)
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Y 76 4 85u* — 78u® + 13u'? 2 e 8y>H (y)
+m2X /H ( + 2y°G(y) + 2=H +>d
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Appendix F

Brane/antibrane potential

In this Appendix we review the calculation of the force on a probe antibrane in the
Stenzel background which has been performed in [I9]. We consider a stack of M2
branes at a position r = rg in the transverse geometry and we want to compute
the force exerted on a probe anti-M2 brane placed at the tip r = 0, due to the
backreaction of the M2 branes. To compute the full backreacted geometry we only
need to add a harmonic function §H (r) to the background warp factor Hoy(r) [90].
This function is given by the Green’s function on the warped Stenzel space [I51] and
since we are considering smeared branes, we only need to solve the radially symmetric
Laplace equation. The Laplacian is given by

A6H = \}aaaxl <@glm?fi> : (F.1)
where we are labeling the eleven dimensional coordinates by z; (I,m = 0,...,10)
and G = det gj,,. From (6.1)) we easily get
\/5 _ 7€z+3a+35+2’y’ grr _ 6—2—277 (F2)
and so imposing AdH = 0 we get the following equation for §H'(r)
32080 § ' (1) = const . (F.3)

So the two solutions of the Laplace equation are, using (6.15])
H =d; (F.4)

T csch®u
Hy=d dr, F5
2= % / (2 + cosh 2u)3/4 " (F:5)

and we should set 0 = H; for » < ry and dH = Hs for r > rg. The constant dy is
then fixed from the matching condition d; = Ha(rg) and the constant dy is related
to the number of M2 branes from (6.62)). In fact, we have

1 211 m2 VOIV
Vo [ s
(27Tlp)6 M H 31 (27Tlp)6
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BRANE/ANTIBRANE POTENTIAL

where 0M is a small shell around ry. If we use Hy given by (F.5)), the above equation

thus fixes dy in terms of NV
324w 1% N
do = — 2 (F.7)
We now compute the force exerted on the probe anti-M2 brane by looking at the
variation in the potential when we move the stack of M2 branes away from r = rg.

For anti—-M2 branes, Vpgr = Viyz and since we have

)1/2 — 673,2 _ 1

~ I (F-8)

VbBr ~ (900911922

the potential is just proportional to 2H~!. Expanding this we get

2 2 O0H
V=-n—r—"-r-(1—— F.
m2H — m2H, < Ho> ’ (£:9)

and so we easily get the force:

_29v
m?2 Org lr=0
1 2 dy csch®r

= . F.10
m? HE (2 + cosh 2r)3/4 (F.10)

Fra

This result agrees with the computation of the force exerted on a probe M2 brane
due to the backreaction of a stack of anti-M2 branes (6.97)).
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