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Motivation

String Theory was born during the 1960’s in the framework of the hadronic physic, as an
attempt to explain strong interactions. The idea was to consider the strings as tubes of
flux which mediated the hadronic interaction. Very soon that phenomenological idea was
obscured by the formulation of the “Quantum Chromodynamics” or QCD and subsequently
by the formulation of the “Standard Model”. This model describes very successfully three of
the four fundamental interactions, namely the electromagnetic, weak and strong interactions.
Although the consistency of the standard model is based on the existence of a particle (the
Higgs boson) which has not been found yet, it seems to be in very good shape experimentally.

Unlike the standard model, the fourth interaction (gravity) has serious inconsistencies.
The theory is not renormalisable and (the loop corrections of ) any physical quantity that we
compute in quantum gravity depends on an infinite number of parameters. However this is
a theoretical problem since for any value of the unknown parameters, their effect becomes
negligible at observable energies. For this reason the classical limit of the quantum gravity
(General Relativity) impressively agrees with experiments.

The real interest in string theory began in the 1980’s. By thinking the elementary
particles as vibrations of a one-dimensional object (string), the graviton (a massless particle
with spin two which mediates the gravity interaction) comes up naturally in the spectrum of
the theory. Moreover the theory is consistent once we consider its supersymmetric extension.
This is a good point in favour of string theory since it seems to be the most serious candidate
for a consistent theory of the quantum gravity. But there is more. String theory does not
just contain gravity but it comes inevitably with a large number of particles and interactions
which have the same features of the standard model. Standard texts on string theory are
[1].

Unfortunately, the particles and interactions that string theory predicts are far from
unique. There are many possibilities and it is still not clear whether the standard model
is among them. At phenomenological level, it is still a challenge the attempt of selecting
a vacuum among all the possibilities when one reduces the dimensionality of the spacetime
from the critical dimension of the superstrings to four dimensions. Moreover, there are five
consistent string theories and they can be thought of as being different perturbative regimes
of an still not completely uncovered (beyond the low energy limit) theory, called M-theory,
where the fundamental objects turn out to be two-dimensional membranes. These five string
theories are related by a chain of dualities which connect in a non-perturbative way different
regimes of M-theory. The low energy effective action of both M-theory and all the consistent
string theories is given by the corresponding supergravity. Such supergravities are non-
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renormalisable but they are relevant for the study of their classical solutions which turn out
to be the solitons of the full string theory.

Some of these non-perturbative solitons, usually called D-branes, are extended hyper-
planes where the strings can end with Dirichlet boundary conditions (see [2] for an intro-
duction on branes). There are two dual descriptions of these objects: they are sources of
the closed sector of string theory but their dynamics can be described by the open strings
(open string sector of string theory) attached to them. At low energies the dynamics of a
D-brane gives rise to a gauge theory living on its worldvolume [3]. These dual description of
the branes is a consequence of the open/closed duality present at string level.

Maldacena conjectured in 1997 a specific duality of the kind explained above. The state-
ment [4] is that type IIB string theory on AdS; x S° is dual to four-dimensional ' = 4
superconformal Yang-Mills theory with SU(N.) gauge group. In other words, the closed
string sector of string theory quantised on an AdSs x S° target space is conjectured to be
dual to the field theory living on a stack of N, D3-branes. For a review, see [5]. This is a
holographic duality in the sense that the boundary of the AdS; space where the gauge theory
lives encodes all the bulk information [6]. This duality is supposed to hold for generic values
of the parameters defining the regime of the two theories. For technical reasons this duality
has been more accurately tested so far in the low energy limit. In this limit we can extract
information about the strong coupling regime of the field theory by merely performing classi-
cal computations in a supergravity background. This is the power of the duality conjectured
by Maldacena and that it is known as the AdS/CFT correspondence. An older idea which
already signaled the existence of the afterwards conjectured correspondence between a string
theory and a gauge theory was suggested by G. 't Hooft [7]. He realised that, by expanding
a U(N.) gauge theory on the dimensionless parameter 1/N, and taking the limit of large N,,
we can rearrange the Feynman diagrams as a sum over the genus of the surfaces in which
the diagrams can be drawn. This is similar to the computation of string amplitudes where
the sum is now over the genus of the possible worldsheets of the string. By taking the low
energy limit in the AdS/CFT correspondence, we are restricting the duality to a subsector
of the parameter space of the theories, both in the string theory and in the field theory side,
where the result pointed out by 't Hooft can be applied. In this limit the AdS/CFT conjec-
ture states that a solution of supergravity should be dual to a certain supersymmetric gauge
theory at strong 't Hooft coupling!. However not all the stringy information of the dual
gauge theory is captured by the supergravity solution. One needs to include extra D-branes
on the supergravity side in order to extract nontrivial information which does not survive to
the low energy limit [8].

Extensions of the above ideas to more realistic theories (from a phenomenological point
of view) have been studied in the last years (see [9, 10] for a review). The reduction of the
amount of supersymmetry and the breaking of the conformal invariance would lead to a more
(phenomenologically) interesting statement of the duality. The final goal would be to find
the stringy dual of QCD, a non-supersymmetric and non-conformal theory. A great effort in
searching for ways of breaking softly supersymmetry at a suitable energy scale is being made
nowadays. Meanwhile theories with less amount of supersymmetry and without conformal
invariance present some features analogous to QCD, for instance confinement, and the ideas

!The ’t Hooft coupling is the product of the squared gauge coupling by the rank of the gauge group.
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of the duality can be extended here in a proper way.

In this work we will concentrate basically on the amazing study of the extensions of
the AdS/CFT correspondence to more realistic theories. We will focus on supersymmetric
solutions of type IIB supergravity which are dual to N' = 1 supersymmetric gauge theories
in four dimensions. We will search for the possibility of adding supersymmetric D-branes in
those backgrounds and we will analyse which nontrivial information of the dual gauge theory
we are capturing with these additional degrees of freedom.

About this thesis

This Ph.D. thesis is mainly based on papers [11, 12, 13, 14, 15]. Some of the technical points
presented in those papers, which are not relevant for the comprehension of this thesis, have
not been included. However we will refer the interested reader to the corresponding paper
whenever a technical point is mentioned. The plan for the rest of the thesis is the following:

In chapter 1 we will sketch the bases of the AdS/CFT correspondence. Then we will
show with some detail some supersymmetric solutions of type IIB supergravity and their
field theory duals, theories with A/ = 1 supersymmetry in four dimensions. Finally we will
explain why we do need to add extra D-branes to the supergravity background and how
we can do that preserving (at least) part of the supersymmetry of the background. The
main tool will turn out to be a local fermionic symmetry of the worldvolume theory on
the branes called kappa symmetry. We will continue with the study of the (probe) limit
where the backreaction of the extra D-branes are not taken into account and we will finish
by considering the (unquenched) supergravity solutions where the extra D-branes and the
supergravity background interact with each other. This chapter provides the basic tools and
settles on the notation that we will use in the following.

In chapters 2 and 3 we will systematically study supersymmetric embeddings of D-brane
probes of different dimensionality in the AdSsxY?9 and AdSs x L%*¢ backgrounds of type I11B
string theory respectively. The main technique employed will be again the kappa symmetry
of the probe’s worldvolume theory. We will also give insights on the dual interpretation of
these extra D-brane probes.

In chapter 4 we will study the addition of an arbitrary number of backreacting flavour
branes to the Klebanov-Witten theory, making many checks of consistency between our
new type IIB plus branes solution and expectations from field theory. We will also study
generalisations of our method for adding flavours to all N’ = 1 superconformal field theories
that can be realised on D3-branes at the tip of a Calabi-Yau cone. In chapter 5 we will
extend the previous study of adding unquenched flavour branes to the Klebanov-Tseytlin
and Klebanov-Strassler backgrounds. We will provide a precise field theory dual and a
detailed analysis of the duality cascade which describes its renormalisation group flow. The
matching of S-functions and anomalies between the field theory and the string setup will be
presented as well.

In chapter 6 we will find supersymmetric configurations of a D5-brane probe in the
Maldacena-Ntnez background which are extended along one or two of the spatial directions of
the gauge theory. These embeddings are worldvolume solitons which behave as codimension
two or one defects in the gauge theory dual.
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In chapter 7 we will finish with some conclusions.



Chapter 1

Introduction

1.1 Introduction to the gauge/gravity correspondence

The goal of this initial section is to review briefly the AdS/CFT correspondence [4, 5, 16, 17]
proposed by Maldacena and its extension to non-conformal and less supersymmetric settings
[18, 19]. Considered the huge literature on the subject, we will only focus on the supergravity
(SUGRA) duals of four dimensional supersymmetric (SUSY) gauge theories. Nice reviews
on these topics can be found in [9, 10]. In this chapter we will review the foundations of the
gauge/gravity correspondence that we will need to understand the work of this thesis.

The AdS/CFT correspondence is a conjecture which establishes a holographic equivalence
between two apparently different theories: type IIB string theory on AdSs x S® on one side
and N = 4 supersymmetric Yang-Mills (SYM) in four dimensions (in the boundary of AdSs)
with gauge group SU(N,.) on the other side. This nice correspondence is based on the old
open/closed string duality and it can be formulated with the aid of D-branes. D-branes
are hypersurfaces where open strings can end. Their dynamics, and hence the dynamics
of the corresponding open strings, is described by a (supersymmetric) gauge theory at low
energies. However, D-branes are also nonperturbative states of the closed string spectrum
(their tensions behave as 1/g,, where g4 is the string coupling) and at low energy they are
described by solutions of the corresponding supergravity theory.

The strongest version of the correspondence is supposed to hold for generic values of
the parameters defining the regime of the two theories. This is the called exact AdS/CFT
correspondence. The parameters which define the regime of type IIB string theory on AdSs x
S® are the string coupling g, and the (dimensionless) string tension 7' = L?/(2ra’) where
L is the common radius of the AdS space and of the S®. Those of the N’ = 4 SYM in four
dimensions with gauge group SU(N,) are its gauge coupling gy s and the number of colours
N.. The dictionary is established in terms of two relations:

1
Amgs = g% T = %ﬁ, (1.1.1)

where we have defined the 't Hooft coupling A = g¥,,N.,.

9
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It is very difficult to test the conjecture at this level since we do not know how to treat
string theory for generic values of the string coupling. By setting g, — 0 (weak coupling limit
in string theory) with 7T-fixed and large N, (planar diagrams limit in the gauge theory) with
gym — 0 (A = g N, fixed) [7], we get the classical AdS/CFT correspondence. It states
that classical (non-interacting strings) type IIB string theory on AdSs x S° is equivalent to
the large N, limit with fixed 't Hooft coupling of the field theory.

This is not still enough since we do not even know how to deal with classical string theory
in curved backgrounds with RR fluxes. Taking the low energy limit o/ — 0 we are going to
the weakest version of the correspondence, the low energy AdS/CFT correspondence. This
is the regime where the correspondence has been more accurately tested so far. It states that
the dynamics of an N/ = 4 SYM in four dimensions at strong 't Hooft coupling is captured
by the supergravity modes of type IIB supergravity in AdSs x S®, without addition of stringy
states.

Explicitly, the gravity dual of N/ =4 SYM in four dimensions considered by Maldacena
is generated by a stack of N, D3-branes in flat ten-dimensional space. This configuration
preserves sixteen supercharges!. The type IIB supergravity solution of this system reads, in
string frame,

ds® = hy(r)"dat 5 + ha(r)(dr® + r?d©3)
e? = ¥~ = const. ,
Fs = (1 4+ %)dhz* Ada® A dat A da® A da® | (1.1.2)

where dQ2? is the round metric on S°, x stands for the Hodge dual in ten dimensions and hg
is an harmonic function of the transverse coordinates

(@)

hs(r) = 1 4 4mwgsN. p

(1.1.3)

The previous normalization comes from Dirac quantization of the D3-brane charge. The
general quantization condition for a Dp-brane is

2k2N,
/8 APy = T, | (1.14)
58—p

s

where the tension of a Dp-brane is given by

T, = YT g2 @02 (1.1.5)
K
and k = 877/2g,(a’)? is the ten-dimensional gravitational constant.
Taking the limit o’ — 0 (low energies) we decouple the open and closed string massive
modes. Since the Planck length is given by 1% = g;/ o/ and gs is constant (although in the
end we will set gs — 0, N, — oo with g;N. ~ A constant and large enough ), we see that

'We will comment below on the conformal invariance of this theory. This gives rise to another sixteen
conformal supercharges.
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this limit [p — 0 also decouples the open/closed interactions. The right limiting procedure
also involves a near-horizon limit, r — 0, such that

U=— —fixed, ra —0. (1.1.6)
«

Performing this limit in the supergravity solution (1.1.2), it can be written as

ds® = U—zd:ﬁ + L—2dU2 + L2d$Q} (1.1.7)
- L2 1,3 U2 5 st

where the scale parameter L introduced before is
L' = 47g,N.(a')? . (1.1.8)

The above metric (1.1.7) has constant curvature, R ~ L2, in the low energy limit
discussed above (gs — 0, N, — oo with gsN. ~ A constant and large enough), in string
units. Thus, the supergravity description is valid for any value of U. Notice that the
curvature and the 't Hooft coupling are inversely proportional, a’R ~ A~%2. This means
that the gauge theory description and the gravity one are complementary and do not overlap.
The AdS/CFT correspondence is an example of a strong/weak coupling duality, namely the
system is well described by N' = 4 SU(N,) SYM in four dimensions for small values of the 't
Hooft coupling while is better described by type IIB string/gravity theory whenever A\ gets
large.

Another interesting point of the correspondence in its weakest version is the perfect
matching between the isometries of the supergravity solution and the global symmetries of
the field theory. In the case discussed above one can see a particular example. The AdSs
space possesses an SO(2,4) isometry group. The remaining S° factor of the background
provides an extra SO(6) isometry. It is remarkable in the field theory side that SO(2,4) is
the conformal group in four dimensions (scale invariance of the theory) while SO(6) ~ SU(4)
is exactly the R-symmetry group of N'= 4 SYM theory. This shows up a perfect matching
of the bosonic symmetries. There are also fermionic symmetries which, together with the
bosonic ones, form the supergroup SU(2,2[4). Massless fields in string theory and BPS
operators of SYM theory are classified in multiplets of this supergroup [17].

It is well-know that type IIB string theory contains a nonperturbative SL(2, Z) invariance
(S-duality) [20] arising from the compactification of M-theory on a two-torus with modular
parameter

T =y +ie?, (1.1.9)
with y the RR-scalar and ¢ the dilaton of type IIB. In N' = 4 SYM there is a corresponding

SL(2,Z) invariance with modular parameter

.
Ovig | Ami (1.1.10)

27 9}2/M

TYM =

where Oy, is a parameter (which corresponds to the Chern-Simons angle) that one can turn
on in the lagrangian of the theory. The SL(2,Z) invariance is realised as a transformation
of 7y into —1/7y 5 combined with shifts in Oy ). As we saw in (1.1.2), there is a relation
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between the Yang-Mills coupling, on the gauge theory side, and the string coupling. This
relation has to be supplemented by another one that links the ©-angle with the vacuum
expectation value of the RR scalar y,

@y]\/[ = 27TX s (1111)

such that the SL(2,Z) symmetry is clearly connected with the usual S-duality in type 1B
string theory.

The AdS/CFT correspondence also states that an operator O; in the gauge theory living
at the boundary of AdSs space is associated in a nontrivial way with fluctuations of its
dual supergravity field ®; propagating in the bulk of AdSs. The generating functional for
correlators in the field theory is related to the type IIB string theory partition function by

16, 17]
Zring|Pi] = <exp (/ d'x ¢i0i>> : (1.1.12)

where the boundary conditions of the supergravity field are given by
Oi(r, ) ~ gi(at) B (1.1.13)

xH are gauge theory coordinates living at the boundary and A, is the conformal dimension
of the operator ;. This scaling dimension is related to the mass of the corresponding closed
string field on AdSs x S°. For a free massive scalar field propagating in AdSs, this relation

1S
A =24+ V4 + m2L?. (1.1.14)

In the beginning we stressed that we would pay attention to the supergravity duals of
four dimensional field theories. For completeness, let us comment some words on the case of
considering a stack of N. Dp-branes (with p # 3) in flat space. This configuration preserves
again sixteen supercharges. Following the previous lines about AdS/CFT correspondence,
we would expect that maximally supersymmetric Yang-Mills theory in p + 1 dimensions
with SU(N.) gauge group be dual to type ITA/IIB string theory in the near horizon limit
of the Dp-brane supergravity solution. However, there are some problems to generalise the
Maldacena conjecture for p # 3. First of all, for p > 7 it is not possible to decouple the
open/closed interactions. Moreover, the theory is not scale invariant and the isometry group
of the resulting metric has not AdS factor. The near horizon limit of Dp-brane solutions has
non-constant curvature for p # 3 and the dilaton is not constant either. Thus the ranges
of validity of the gauge and gravity descriptions become more complicated here and the
decoupling limit does not work so cleanly.

One can try to apply an approach similar to AdS/CFT to study non-conformal and
less supersymmetric theories, such as for instance N’ = 1 supersymmetric gauge theories in
four dimensions, starting from D-branes in less supersymmetric backgrounds and breaking
eventually conformal invariance.

The first thing that one can do is to try to reduce the amount of supersymmetry. Given
a Sasaki-Einstein five-dimensional manifold X° one can consider placing a stack of N, D3-
branes at the tip of the (Calabi-Yau) cone over X°. Taking then the Maldacena limit leads
to a duality between string theory on AdSs x X° and a superconformal field theory (SCFT)
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living in the worldvolume of the D3-branes [21]. In subsection 1.2.1 we will review the case
in which the Sasaki-Einstein manifold is X° = 7! and we will see that it is dual to a
four-dimensional A" = 1 SCFT coupled to four chiral superfields in the bifundamental rep-
resentation [22]. In subsection 1.2.4 we will review a new class of Sasaki-Einstein manifolds
recently found. They are labeled by two positive integers X° = Y74 [23, 24] and they include
the V! as a particular case. We will also give some notions of its dual N' = 1 superconformal
quiver gauge theories [25, 26]. In subsection 1.2.5 we will explore the most recent family
of Sasaki-Einstein manifolds built, X° = L%»¢ which contain all the others as a subfamily
(27, 28]. They are also dual to AN/ = 1 superconformal quiver gauge theories [29, 30, 31].
These families exhaust all possible toric Calabi-Yau cones on a base with topology S? x S3.
Research on AdS/CFT in these SCFT’s has led to a better understanding of several impor-
tant issues such as the appearance of duality cascades, a-maximization, Seiberg duality, etc.
In chapters 2, 3 and 4 we will concentrate on the addition of new degrees of freedom to these
supergravity backgrounds and its interpretation in the dual field theory.

The next step is to break conformal invariance. In trying to do this, one finds some
problems. The first one is that the dual supergravity solution of a non-conformal gauge the-
ory does not display an AdS-like geometry and, in general, it means that (strictly speaking)
holography does not work in these cases. Furthermore, a basic aspect of the AdS/CFT cor-
respondence is the decoupling between open and closed degrees of freedom. In the weakest
version of the AdS/CFT correspondence, the gauge theory is supposed to be dual to super-
gravity, without any addition of string states. In non-conformal theories, the dual gauge
theory cannot be decoupled from the bulk if one only deals with supergravity modes. It
is believed that a proper duality holds if one lets string states enter into the game but, as
it is the case for the original AdS/CFT correspondence, it is much harder to go beyond
the supergravity regime and check the duality at string level. This is a crucial point to
keep in mind when one studies the gauge/gravity duality in non-conformal theories. How-
ever, we do not discuss this further here, and in subsections 1.2.2, 1.2.3 and 1.2.6 of this
introductory chapter, as well as in chapters 4, 5 and 6, we will try to exploit the power of
open/closed string duality and see what we can learn about the dynamics of non-conformal
supersymmetric gauge theories from supergravity and vice-versa.

There are several ways to obtain supergravity backgrounds dual to non-conformal four-
dimensional N' = 1 gauge theories. One way is by introducing fractional D-branes on toric
Calabi-Yau three-fold cones. In subsection 1.2.2 we will study in detail the case of adding
fractional D3-branes to the conifold [32] and we will see how the conformal invariance of
the AdSs x T™! background is broken. The same could be done for the AdS; x YP? [33]
and AdSs; x L case. Another way of breaking conformal invariance is by starting with
D-branes wrapped on nontrivial supersymmetric cycles of non-compact Calabi-Yau three-
fold spaces. This procedure was firstly used by Maldacena and Nunez to study pure N =1
SYM in four dimensions [34] and we will review their solution in subsection 1.2.6. It is
worth pointing out here that not all the submanifolds admit wrapped D-branes preserving
some amount of supersymmetry. Submanifolds that do preserve it are called supersymmetric
or calibrated cycles and are defined by the condition that the worldvolume theory on the
D-brane is supersymmetric. These cycles are classified in manifolds with special holonomy.

The breaking of the conformal invariance in a gauge theory leads to a running of the
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gauge coupling with the energy scale. In gauge/gravity duality the radial coordinate defines
the Renormalization Group (RG) scale of the dual gauge theory [4, 5, 16, 17]. In general,
for non-conformal theories, the radius-energy relation depends on the phenomenon that one
is interested in and accounts for the scheme-dependence in the field theory.

Anomalies are also of great interest in the gauge/gravity duality since the Adler-Bardeen
theorem [35] guarantees that anomaly coefficients computed at one loop are exact, with
no radiative corrections. This means that we can compute anomaly coefficients in the field
theory at weak coupling and then extrapolate them to strong coupling where we can use dual
gravity methods to check the calculation. This allows a nontrivial check of the gauge/gravity
duality.

1.2 SUSY solutions of type IIB supergravity

The aim of this section is to describe some supersymmetric solutions of type I1B supergravity
where the geometry is a warped product of the four-dimensional Minkowski space and a six-
dimensional Riemannian manifold, M'#x N6, We are interested in classical configurations in
which the fermionic fields vanish, and thus the problem of finding supersymmetric solutions
reduces to solve the vanishing of the supersymmetric variations of the fermionic fields of
type 1IB supergravity. We will write down below these transformations and the bosonic
action of type IIB supergravity. The fact that a configuration is supersymmetric does not
necessarily imply that it is a solution of the supergravity equations of motion. We must
check a posteriori that the equations of motion are solved by the configurations which fulfil
the vanishing of the aforementioned supersymmetry transformations of the fermionic fields.

Type 1IB supergravity is a maximal supergravity (i.e. with 32 supercharges) that can
be constructed in ten dimensions [36, 37, 38]. This type IIB theory is chiral and cannot be
obtained by dimensional reduction from eleven dimensions. Nevertheless, it is related to type
ITA sugra by T-duality. The bosonic degrees of freedom are the metric Gy, the dilaton ¢,
a NSNS two-form By whose field strength is Hs (Hs = dBs) and the RR field strengths F},
F5 and F;. The action for these fields reads (in Einstein frame):

! 10 1 M 1 g0 1 og. o 1, 5
Sip = %/d :.E\/—G[R—§8M¢0 ¢—§e ¢H3—§e ¢ —§e¢F3—
1 1
—Fﬂ e AHAF 1.2.1
4 2“%0/ 4 3 3, ( )

where 2x%, = 167G = (2m)7g2(a’)* is related to the ten-dimensional gravitational constant
and we have chosen the normalization A2 = I%!AML“ m, AM-Me for any p-form A,. Notice
that the last term in S;;p is a Chern-Simons term that involves Cy4, the RR potential of
F5. Apart from the equations of motion that arise from this action, one has additionally to
impose the self-duality condition Fy = xF5 . For completeness, we write down the equations
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of motion satisfied by the dilaton and the metric functions:

1 1 1 1
Ryn — iGMNR = §<3M¢8N¢ - —GMN8P¢3P¢) + 2¢<F1E41)FJS/1) - _GMNFE) T

2 2
1 1 5
+5¢ (3EMho PN = SCuNE}) + TF\horsENT +
1 1
+§e—¢(3H§j})QH§5’>PQ - §GMNH§> .

(1.2.2)

The set of Bianchi identities satisfied by the NSNS and RR field strength fluxes of the
above supergravity action are the following:

dH; = 0,

dF, = 0,

dFy = HyAF,

dFs = HyAFy. (1.2.3)

Moreover, the equations of motion for the NSNS and RR forms derived from the action
(1.2.1) are:

( MHg) — R AxFy — FsAF

<2¢*F1) = —e’Hs AxF; ,

( *F3> = Fy;NHs,

d(*F5> — B AH. (1.2.4)

Let us now consider the supersymmetric variations of the fermionic fields, a dilatino A
and a gravitino ¢, . In type IIB string theory, the Killing spinor e (which parameterises
the supersymmetric transformations) is actually composed by two Majorana-Weyl spinors €,
and er of well defined ten-dimensional chirality, which can be arranged as a two-component
vector in the form e= :L ) .

R

Thus, the supersymmetry transformations of the dilatino A and gravitino v, in type I1IB

supergravity are (in Einstein frame):

1

11
S A = §FM (O — €¢FJS)(Z'U2))€ 1 3,FMNP (6_%HMNPU3 + G%Fﬁzvpgl)@
1 _ 1, s ¢
b = e+ S E i (e e — ) (47 ST
11

T oINPT (i0y)Dge (1.2.5)
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where I'M are ten-dimensional Dirac matrices, I'™" stands for their antisymmetric product

and o; ¢+ = 1,2,3 are Pauli matrices which act on the two-dimensional vector constructed
above.

The supersymmetric solutions that we will consider are solutions of the above supersym-
metry transformations (and of the supergravity equations of motion as well) which can be
interpreted as being dual to a four-dimensional N = 1 gauge theory. As discussed in the
previous section, the kind of supergravity solutions dual to conformal field theories can be
generated by putting D3-branes at the apex of a Calabi-Yau three-fold and then considering
the geometric transition as in [39, 40]. The D3-branes deform the geometry and source a
RR five-form field strength. In order to break conformal invariance, either fractional branes
enter into the game or we have to start from a configuration with branes wrapping a super-
symmetric cycle of the geometry. Usually, to solve the vanishing of eqgs. (1.2.5), one must
impose some projections on the Killing spinor. When this happens, not all the supercharges
present in the supergravity theory are preserved by the solution. These projections are of the
type Pe = €. They should commute among themselves and each of them halves the number
of preserved supercharges. It is known that the number of supersymmetries preserved by a
Calabi-Yau three-fold is 1/4 of the maximally supersymmetric configurations®. It leads to 8
supercharges, hence being dual to a four-dimensional N' =1 SCFT. By breaking conformal
invariance we are left with just 4 supercharges.

In the next subsections we will give some examples of supersymmetric solutions dual to
four-dimensional N/ = 1 gauge theories and in some cases we will also display the Killing
spinor which solves eqs. (1.2.5) and the projections that it satisfies. We will start from the
dual to a SCFT and then we will move on to more realistic solutions, breaking conformal
invariance.

We have just summarised very briefly type IIB supergravity. A thorough review on eleven
and ten-dimensional supergravities, the relations among them (Kaluza-Klein reduction, T-
duality), solutions of their equations of motion from (wrapped-)branes and many other topics
on gravity and its relation with strings can be found in [41].

1.2.1 D3-branes on the Conifold: the Klebanov-Witten (KW)
model

In the same spirit as AdS/CFT [4, 5, 16, 17], Klebanov and Witten [22] suggested that N,
D3-branes at the singularity of the conifold will result in certain N/ = 1 superconformal field
theory dual to the string theory on AdSs x X%, where X? is the base of the cone and it was
identified as the Sasaki-Einstein manifold T [22, 42]. The conifold (or the cone over T"!)
is a non-compact Calabi-Yau three-fold defined by the following equation in C* (see [43] for
a review of the conifold):

Z1R9 — R34 — 0. (126)

Since this equation is invariant under a real rescaling of the variables, the conifold is a real
cone whose base is the space TV!, an space with topology 5% x S3. The metric on the conifold

2In other words, only 1/4 of the components of the Killing spinor ¢ are different from zero.
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can be written in the form
dsg = dr® + r*dsiu. (1.2.7)

where

2
> (d6} + sin’ b:dyy) (1.2.8)

i=1

=

5 2

dsin, = % <dw2 + ;cos 9idgoi) +
is the metric on T%'. Here 1 is an angular coordinate which ranges from 0 to 4w, while
(01, 1) and (0, p2) parameterise two S? spheres in a standard way. Therefore, this form
of the metric shows that 7! is a U(1) bundle over the Kahler-Einstein space 5% x S? and
that its isometry group is SU(2) x SU(2) x U(1). Moreover, the coordinates z; (1.2.6) can
be expressed through the angular variables 1, 6;, ¢; and r as follows 3:

i 0 0
2 = r¥2esWmei=e2) gin Lgin 52 ,
i 0 )
2y = r3/2ea(terten) og Lng 22
2
i .
2y = r?2ezWte1=92) cog Lgin 52 ,
i 0 )
2y = r3eaWmerted) gip 51 oS 52 : (1.2.9)

Placing N, D3-branes at the apex of the conical singularity (1.2.6), they source the RR
5-form flux and warp the geometry. In the near-horizon limit, they give rise to the type IIB
supergravity solution:

ds* = h(r)_l/deig + h(r)"2ds?

1
Fy = —(1 + %)d*z Adh(r)™",
Lt T 27 g N.(a)?
== L' = 4mg Ne(o/)? = -
hlr) ’ 79 Nel ) 01Ty 4 ’

(1.2.10)

with constant dilaton and all the other fields of type IIB supergravity vanishing. The nor-
malization of the scale factor L is dictated by the quantization of the D3-brane tension

T
1
W/Tl,l F5 — Nc . (]_2]_1)

Dy

By introducing eq. (1.2.10) into the supersymmetry transformations (1.2.5) one can
determine the Killing spinor which lives in this background. A detailed analysis was carried
out in [44]. It is necessary to impose two projections on the Killing spinor and hence this
background is 1/4 supersymmetric, as expected for a Calabi-Yau three-fold. It preserves 8
supersymmetries so the comparison of the number of preserved supersymmetries allows to
conjecture that it is the supergravity dual of an N' = 1 SCFT in four dimensions. However
there are more evidences of this duality. The field theory was constructed in [22]. It is

3For a thorough study of the complex formulation of the conifold, see [42].
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an SU(N.) x SU(N.) gauge theory coupled to two chiral superfields, 4;, in the (N., N,)
bifundamental representation and two chiral superfields, B;, in the (N,, N,) bifundamental
representation of the gauge group. The A’s transform as a doublet under one of the global
SU(2)s while the B’s transform as a doublet under the other SU(2). We can motivate the
field content of this theory rewriting the complex variables which parameterise the equation
of the conifold (1.2.6) as

2 = A By, 2y = Ay By,
3 = Al Bg y zZ4 = Ag Bl . (1212)

The defining equation of the manifold is related to the moduli space of the gauge theory. The
anomaly-free U(1) R-symmetry (U(1)g) of the N/ = 1 superconformal algebra is realised as
a common phase rotation of A;, B; (or of the four coordinates z; — e~**z;). Both A; and B,
have 1/2 charge under U(1)g in order to cancel the anomaly. For consistency of the duality
it is necessary to add a marginal superpotential (and so with R-charge 2). The most general
marginal superpotential respecting the global symmetries SU(2) x SU(2) x U(1)g is

WKW = )\Eijekl Tr(A,BkAJBl) . (1213)

There is another anomaly-free abelian symmetry* U (1)paryon which shifts A; and B; in
opposite directions:
Ai — ewAi s Bj — €_Z¢Bj . (1214)

Therefore, it was proposed in [22] that the SU(N,) x SU(N,.) SCFT with this superpoten-
tial is dual to type IIB string theory on AdSs x T'%'. Although we will not go into details, in
[22] the authors gave another argument beyond the simple symmetry analysis which supports
the duality. On the gravity side, the geometry of TH! emerges from S®/Z, via blowing-up
of the orbifold singularity of S°/Z,. It can be shown [22] that this mechanism is dual to
the RG flow of the gauge theory, which was identified in [45]. Perturbing the superpotential
of this orbifold configuration in such a way that it breaks conformal symmetry and half
of the supersymmetry, the field theory will flow to an infrared (IR) fixed point where the
superpotential is exactly (1.2.13).

As a final argument in favour of the duality one could discuss the chiral operators of the
field theory, namely the gauge invariant operators which have the lowest possible conformal
dimension for a given R-charge. In [22] it was argued that the chiral operators of positive
R-charge n and dimension 3n/2 are of the form

Cilkg...knCEIQ...lnTrAklBllAk2Bl2 e AknBl (1215)

where O, and Cr are completely symmetric tensors. These operators are in the (n 4+ 1,n +
1) representation of SU(2) x SU(2). In [46] the supergravity modes dual to those chiral
operators were studied, showing that they are a mixture of the conformal factors of AdSs
and factors of the %! and the RR potential.

4In what follows we will denote it by U(1)p.
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1.2.2 Adding fractional D3-branes to the Klebanov-Witten model

In this subsection we study the effect of adding M fractional colour D3-branes in the
Klebanov-Witten model. These fractional branes are D5-branes located at the tip of the
conifold and wrapping the vanishing nontrivial S? of the T%!. They change the gauge group
of the field theory dual to SU(N, + M) x SU(N,).

First of all we analyse the dual supergravity background. The D5-branes act as sources
of the magnetic RR three-form flux through the S® of the T%!. Therefore, besides the N,
units of RR five-form flux (1.2.11), the supergravity dual involves M units of three-form flux
(1.1.4):

1
M/SS Fy = M. (1.2.16)

This supergravity solution was constructed in [32] and it is known as the Klebanov-
Tseytlin model.

In order to display the supergravity background it is useful to employ the following basis
of one-forms on the compact space:

1 1
1 2
= —(w2 — 09), = —(—~wy + o01) ,
g \/5( 2 2) g \/5( 1 1)
—1 1
3 4
= —(=Ww2 + 02), = —=w1 + 01),
g \/5( 2 2) g \/5( 1 1)
¢ = ws + o3, (1.2.17)
where
o, = db,, oy = sinf; dy o3 = cosby dpy,
wy = sinysin by dpy + cos dby | Wy = —cosysinby dps + sin dby |
w3 = di + cos by dps | (1.2.18)

are one-forms written in terms of the angular coordinates introduced in the conifold geometry
(1.2.8). In this basis the metric on 7! (1.2.8) takes the form

dstia = %(95)2 + =Y (g (1.2.19)

This basis is also useful to write the NSNS two-form flux B, and the RR three-form
flux F3 sourced by the fractional branes. They are magnetic fluxes which must satisfy the
Bianchi identities (1.2.3). Therefore we need to construct a closed two- and three-form and
one may realise that a possibility is

1 1
To = (0" A+ NG, Ts=50A(g NG+ g NG (1.2.20)

They are closed by construction and satisfy

/ Ty, = 47, / T; = 872, (1.2.21)
S2 S3
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where the two-cycle S? is parameterise by 6, = 6, = 0, ¢, = 27 — @y = @, ¥ = const.
and the three-cycle S® by 6, 3 = constant. Consistency with the Bianchi identities (1.2.3)
and the quantization condition (1.2.16) allows to write the NSNS two-form B, and the RR
three-form F3 as

Mo Mo
BQ = 3g B a In (T/To)TQ y H3 = ng = 39 a In (7"/7"0) d’f’/\TQ y
Mo
Py = 20‘ T, (1.2.22)

where 7 is a radial scale (integration constant) introduced in the theory by the fractional
branes. Note that
Js *6 F3 = H3 , gSF3 = — %g H3 , (1223)

where ¢ is the Hodge dual with respect to the metric ds? (1.2.7). Thus, the complex
three-form .
Gy = Fy — —H, (1.2.24)

s

satisfies the imaginary self-duality condition xG3 = iG5. It follows that
9. F} = HZ | (1.2.25)

and analysing the equation of motion for the dilaton (1.2.2) we see that we can set consistently
to zero the dilaton ¢ and the RR scalar y (F; = dy).
The ten-dimensional metric has the structure of a warped product of R'? and the conifold

ds® = h(r)_l/zdxi3 + h(r)Y2(dr? + r*dsk.) (1.2.26)
where the warp factor is obtained by solving the Einstein equations of motion (1.2.2)

_ 27m(a)? (

4yt

h(r) gsN. + a(gsM)?Inr/rg + 2(gsM)2) , (1.2.27)

4

with a = 21
s

The Klebanov-Tseytlin model is a solution of the type IIB equations of motion and of
the Bianchi identities. It preserves 1/8 of the supersymmetry (see for example [44]). Again
this fact allows us to postulate that the four-dimensional gauge theory dual preserves N' = 1
supersymmetry without conformal invariance. We will study below the implications of this
statement.

An important feature of this model is that the RR five-form flux, which can be parame-
terised (consistently with the quantization condition (1.2.11)) as follows

™
Fs = G Negs(r)g' A N> Ng" N g™, (1.2.28)
takes a radial dependence

Neff - Nc -+ %93M2 11’1(7”/7’0) . (1229)
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This dependence comes from the fact that the right-hand side of the Bianchi identity (1.2.3)
involving Fj is non zero in this case. Notice that the five-form flux present at the ultraviolet
(UV) may completely disappear by the time we reach a scale where N.sr = 0. A related fact

is that the quantity
1

by = ). B, . (1.2.30)
which is invariant in string theory as it undergoes a shift of 1 (due to the quantization
condition of Hj), is no longer a periodic variable. If we shift by by one unit, we see that
the shift in the radial variable that realises the same effect is a decreasing of the radius
by a factor exp (—27/3gsM). This implies a decreasing in the five-form flux in M units,
Nepp — Nepp — M. Therefore the integral m le,l F5 is not quantised. On the field
theory side this effect is understood as a Seiberg duality [47]. We start from a theory with
gauge groups SU(ry) x SU(ry) at some energy scale, with r; > ry. The gauge couplings
of both gauge groups flow in opposite directions since each gauge group views the fields
transforming in the other gauge group as flavour degrees of freedom. The coupling of the
gauge group SU(ry) flows towards strong coupling and before reaching an infinite value, the
theory is better described in terms of its Seiberg dual description, which is weakly coupled.
The SU(r1) gauge group has 27, flavours in the fundamental representation. Under a Seiberg
duality this becomes an SU(2ry — 1) and the other gauge group remains untouched. Thus,
after the Seiberg duality we get SU(ry) x SU(2ry —r1) which resembles closely the theory we
start with. On the field theory side we can read N.sy and M from the effective D3-brane and
D5-brane charge respectively of the system of fractional D-branes that engineers the field
theory: r; fractional D3-branes of one kind (D5-branes wrapping the S?) and r, fractional
D3-branes of the other kind (D5-branes wrapping the S? with —1 quanta of gauge field flux
on the two-cycle). Although we will leave the details of the analysis of the effective charge
to chapter 5, we advance here that

Neff = b(]?”l + (1 - bo)’/’g s
M = T — Ty . (1231)
Under the Seiberg duality described above they become
Néff = b0r2+(1—b0)(27’2—7’1):Neff—M,
M = M, (1.2.32)

reproducing the SUGRA behaviour. Starting from the UV (r = rg) of the gravity solu-
tion and moving to the IR, it is worth pointing out that, after k steps of the logarith-
mic running (duality cascade) that we have just explained, the radius decreases as r, =
roexp (—2mk/3g;M) and the effective number of colours turns out to be Nggp = N, — kM.
However the rank of the dual gauge groups remains fixed at each step and only changes at
the point where we perform the Seiberg duality. In other words, at each step the gauge
group can be written as SU(Nss + M) x SU(Nesy) only when by = 0.

The metric (1.2.26) has a naked singularity at the value of the radial variable r = ry
where the warp factor becomes zero, h(rs) = 0. Then, setting

L 9g, Mo/
W) = ey 0= 2

(1.2.33)
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we can write the metric as a purely logarithmic RG cascade:

2 L*\/In (r/r,)
ds? = T—dSQ + =Y TV 4 L2/In(r Ty ds21,1 . 1.2.34
2. /In (7“/7“5) 1,3 r2 ( / ) T ( )

The nature of this singularity has its origin in the charge quantisation (1.2.16). For small
values of the radial coordinate r the S® shrinks to zero. This leads to a divergence of Fy in
order to fulfil the quantization condition (1.2.16).

The curvature of the metric (1.2.34) decreases for large r, so the string corrections to the
SUGRA solution become negligible. Even if g,M is very small, the solution is reliable for
sufficiently large radii where gsN.s¢ > 1. In this regime the separation between the cascade
steps is large and we can compare the G-functions computed from SUGRA with those of an
SU(N, + M) x SU(N,.) gauge theory in the UV limit. The integrals over the S? of the T!
of the NSNS and RR two-form potentials By and Cs, the dilaton ¢ and the RR scalar x are
moduli of the type IIB theory on AdSs x TH!. The two gauge couplings and the two ©O-angles
of the field theory are related with them in a way which depends on the quantization of string
theory in that background. Given the lack of knowledge about the string quantization on
AdSs x TH! together with the fact that the KW model can be obtained as an IR fixed point
of the RG flow of the orbifold AdSs x S°/Z,, we borrow the holographic relations from those
computed in the orbifold theory [45, 48, 49]. For the two gauge couplings they are:

472 472 we ®

_2 _I_ —2 — s

g1 93 Js

4 2 4 2 —¢

- - I = (/ B, — 27% (mod 47r2)) : (1.2.35)
g7 95 2w g g2

where by must be defined in the range [0, 1] in order to give positive squared couplings. The
ambiguity in the last equation is the 27 periodicity of ﬁ | g2 B2 which comes from the
quantization condition on Hs. A shift of 27 amounts to move to a dual description of the
gauge theory. °

In gauge/gravity duality the radial coordinate defines the RG scale of the dual gauge
theory [4, 5, 16, 17]. There are several ways of establishing the precise relation. In what

follows we adopt the one that typically corresponds to the Wilsonian renormalization group:
A~ (1.2.36)

Now we are ready to compute the S-functions of the field theory from the supergravity

moduli fields (1.2.35). The constancy of the dilaton translates into the vanishing of the

[-function for ilf = 8gi22 + 8gi22. The second holographic relation in (1.2.35) gives rise to a
+ 1 2

logarithmic running of 8- = 8% — Sgif in the SU(N. + M) x SU(N,) gauge theory:
- 2

g 91

872
—— = 6MIn(r/ry) + const. , (1.2.37)

2

°In the Klebanov-Witten theory, this is the Seiberg duality.
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since In (r/rs) = In (A/p).
If we compare with the Shifman-Vainshtein §-function [50] we find that

I MIn (A3 + 20— ) (1.2.38)

2
where v is the anomalous dimension of operators TrA; B;. The conformal invariance of the
field theory for M = 0 and the symmetry under M — —M require that v = —1+O(M/N,.)*"
with n a positive integer [51]. Then,

i 6M In (A/p)(1 + O(M/N.)*) . (1.2.39)

2
Therefore the coefficient 60 is in exact agreement with (1.2.37).

It is worth pointing out again that as the theory flows to the IR, we must perform a
Seiberg dualities each time that one of gauge coupling diverges. As we have explained, this
duality decreases the rank of the gauge group on which it acts. On the gravity side this
effect translates into a decrease of N.ss in units of M (1.2.32). However this cascade must
stop before reaching a region where N.;¢ is negative. The fact that the solution described
above is singular in the IR tells us that it has to be modified there. The proper modification
goes via the deformation of the conifold as we will explain in the next subsection.

Finally we want to discuss the chiral anomaly of the Klebanov-Tseytlin model. We
show now how the chiral anomaly of an N' = 1 cascading gauge theory can be read from
the supergravity solution of [32]. In the quantum field theory there are chiral fermions
charged under the U(1)g symmetry and we can understand the R-symmetry breaking as
an effect of the chiral anomaly. An standard result of quantum field theory is that in a
theory with chiral fermions charged under a global U (1) symmetry of the classical lagrangian,
the Noether current Jj, associated with an infinitesimal R-symmetry transformation is not
generally conserved but instead obeys the equation

1 a ropv
Ol = 535 D RTIRVVEEL (1.2.40)
f

where the sum runs over the fermions f circulating in the loop of the relevant triangle
anomaly, R; is the R-charge of the fermion and T[R)] is the Dynkin index of the gauge
group representation R that the fermion belongs to, normalised as T[R*"%)] = 1 and
T[R4 = 2N.. We follow the convention that fixes the R-charge of the gauginos as
R[A] = 1. In (1.2.40) F}, is the field strength associated to the gauge group, a the gauge
index and pu, v are spacetime indices.

In the case of interest we take an SU(N,+ M) x SU(N,) gauge theory in the UV. There
are two gauge groups, so let us define Fyj, and G7,, to be the field strengths of SU(N, + M)
and SU(N,) respectively. In computing the U(l)g — SU(N, + M) — SU(N, + M) and
U(l)g — SU(N,) — SU(N,) triangle anomalies we obtain

9Tt = Fo fv — Go éﬂ”) , (1.2.41)

W(uua wa
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or in other words, under an U(1)g transformation of parameter €, the ©-angles® for each
gauge group transforms as

5691 = 2Me y
5.0, = —2Me , (1.2.42)

or equivalently

0:(014+65) = 0,

In order to compare the above analysis with that of the Klebanov-Tseytlin model we will
borrow again the holographic relations computed in the orbifold theory [45, 48, 49]7 :

©; + O, = 27y,
1
@1 - @2 = — 02 (IIlOd 47’(‘) . (1244)
iyes S2
The ambiguity of the second equation is subtle: it corresponds to the two kinds of fractional
D(-1)-branes appearing in the theory. The angles ©; and ©5 come from the imaginary parts
of the action of two kinds of fractional Euclidean D(-1) branes. Both of them are then
defined modulo 27 in the quantum field theory. On the string theory side the periodicities
exactly match: an Euclidean fractional D(-1)-brane enters the functional integral with a
2
term exp{—ggiz_ + i@j}. 8 Hence the imaginary part in the exponent is defined modulo 2w
J

in the quantum string theory.

Although the asymptotic UV metric has a U(1)g symmetry (dual to the R-symmetry of
the gauge theory) associated with rotations of the angular coordinate ¢/2 (1.2.8, 1.2.26), the
RR two-form C5 does not have this continuous symmetry. Actually, the RR field strength
F3 = dC5 does have this symmetry but there is no smooth global expression for Cy. Locally
we can write
_ Md
2
which is not single-valued as a function of the angular variable v and it is not invariant
under the U(1)g. Under the transformation ¢» — 1 + 2¢, the RR potential Cy changes as
follows:

Cy

VT, (1.2.45)

Cy — Cy + Ma'eYs . (1.2.46)

Notice that [, Cy is defined modulo 4720/ (1.2.44). Therefore the transformation 1) — 1)42€
is a symmetry only when € is an integer multiple of 7/M. Since € is defined modulo 27, we
conclude that only a Zsyy; subgroup of the U(1)g is an actual symmetry of the system.

With a conventional normalization, the ©-angle terms appear in the gauge theory action as
[ (a9 P, B2 + 5355, G

7Actually, we are not sure about that sign in the first equation below. At any rate, with this minus sign
the R-anomaly computation of the supergravity backgrounds in chapters 4 and 5 match exactly the field
theory computations.

8We have written the complexified gauge coupling instead of the supergravity fields for the sake of brevity:

the use of the dictionary given in eqs. (1.1.1) and (1.1.11) is understood.
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Let us now compare the anomaly coefficients obtained from field theory computations
(1.2.43) with those given by the holographic relations (1.2.44). The fact that there is no
RR scalar field x in the Klebanov-Tseytlin model translates into the simple relation of the
©-angles ©; = —0, = ©. Thus, under the U(1)g rotation » — v + 2¢ the holographic
relations yield

0:(01 + ©3) =0,

1
55(@1 — @2) = o o MO/ETQ = 4M€, (1247)

in perfect agreement with (1.2.43).
In summary, the chiral anomaly of the SU(N, + M) x SU(N.) gauge theory is encoded
in the UV behaviour (large r) of the dual classical supergravity background.

1.2.3 Deformation of the conifold: the Klebanov-Strassler (KS)
model

It was shown in [51] that the resolution of the naked singularity of the Klebanov-Tseytlin
model [32] occurs though the replacement of the conifold (1.2.6) by the deformed conifold,
whose complex structure is described by the following equation in C*:

2129 — 2324 = €. (1.2.48)

The manifold defined by (1.2.48) has isometry group SU(2) x SU(2), where the non-abelian
factors are understood as left and right multiplication on the matrix (2 P ) There is also a
U(1)g action given a common phase rotation to all the complex coordinates. However this
symmetry is broken to Zy by the deformation parameter. The singularity of the conifold
is removed through the blowing-up of the S? of the T%! at the tip. The equation (1.2.48)
was studied in detail in [42]. Following closely the technique employed there to solve the
equation, one can find a parameterisation of the complex variables in terms of the angular

variables introduced in (1.2.8) and a dimensionless radial coordinate 7 as:

i , 0 ) , 0 )
2 = —ee 2P1te2) (e(”“’”)/z sin 51 sin 52 — e~ TT¥)/2 oog 51 cos 52) ,
; . 0 0 . 0 )
2y = eezlP1te2) (e(ﬂr“z’)/z cos 51 cos 52 — e (T2 gip 51 sin 52) ,
z3 = —¢€ ez(P1—¢2) (e(ﬂ’“”/2 cos % sin % + e~ T2 gip % cos %) ,

; , 0 0 . 0 0
24 = ee 3(P17¥2) <e(7+“p)/2 sin 51 COS 52 + e TH)/2 cog 51 sin 52) . (1.2.49)

The ten-dimensional metric of [51] takes the standard form

ds® = h(r)"'2dat 5 + h(r)'?dsg (1.2.50)
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where ds? is now the metric of the deformed conifold. Using the angular variables of (1.2.8)
and the basis (1.2.17), the metric of the deformed conifold is diagonal:

1 1 T T
2 _ LAl 2 5\2 h2(_) 312 442 'h2<—) 1\2 212
s} = 5K ) | s 7 (67 + eosh? ()07 + 0"+ sin® ()16 + (6371
(1.2.51)
where (sinh (27) 172
sinh (27) — 27
K(r) = . 1.2.52
(7) 21/3sinh 7 (1.2.52)
In the UV limit (large 7) it is convenient to introduce another radial variable r
P2 o 3l : (1.2.53)

T 95/3

in terms of which the deformed conifold metric for large values of the new radial variable
turns into that of the singular conifold (1.2.7), ds§ — dr? + r?dsF...
At 7 = 0 the angular metric degenerates into

1/3
10 = 3 ()RR + @2+ . (1.2.54)

which is the metric of a round S* [42]. The additional two directions corresponding to the
S? fibered over the S® shrink as [51]

1 9 1/3
0 (3) Pl + @ (1255

Apart from the metric of the warped deformed conifold, the model proposed by Klebanov
and Strassler in [51] also includes RR field strengths Fs, Fy and a Kalb-Ramond potential
Bs. Let us write them down:

Pszkg%fAfAfu—Fﬁ»+fA¢AfFﬁw+FﬁMww¢Af+g%wﬂ,

B, = gs]\240/ [f(N)g" Ng* + k() g’ Ng']

Fs = (1 + *)wl(f)gl/\gz/\g?’/\gﬂ‘/\g‘f’ : (1.2.56)
where

l=f(1-F)+kF. (1.2.57)

The form of the functions entering into the flux forms was also given in [51]. They were
found solving a first-order system of equations derived from a superpotential for the effective
radial problem [52]:

f' = (1 — F) tanh?®(7/2) ,
k' = F coth?(7/2) ,

F:%%—f% (1.2.58)
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and
26—8/3f(1 —F)+kF
K2(7)sinh? 7
The Klebanov-Strassler model preserves some amount of supersymmetry and it was
shown in [53] that it is 1/8 supersymmetric (see [44] for a explicit calculation). One can
also check that the above system of first-order equations is a solution of the second-order
equations of motion of type IIB supergravity (1.2.2 - 1.2.4). It is also interesting to point
out that (1.2.58) implies the imaginary self-duality condition of the three-form (1.2.24) with
respect to the metric of the deformed conifold. For completeness we give the solution of the
system (1.2.58):

h' = —4(g:Ma')

(1.2.59)

sinht — 71 Tcotht — 1
F(T) - W f(T) = W(COS}IT— 1) s
th7 —1 tht —1
k(r) = T T T D eoshr 1), U(r) = 2T T Y (ginh 2 — 27) |

2sinh 7 4sinh® 7

(1.2.60)

where we have tuned the integration constants to avoid singularities in the fluxes.

Once we have solved the system of equations for the three-forms, we can immediately
integrate the warp factor. As usual, the boundary condition we have to impose is its vanishing
at large 7. Thus the result is [51]:

h(r) = (gsMa')?2*Pe 351 (7) | (1.2.61)
where . " .
I(r) :/ do 20 (sinh 20 — 2)'/3 (1.2.62)
. sinh” x

This I(7) is non-singular at the tip of the deformed conifold and matches (1.2.33) at large
7. Actually this model [51] turns into the Klebanov-Tseytlin one [32] at large 7, once we
perform the radial change of variable (1.2.53).

The curvature of the metric (1.2.50) is small everywhere for large values of g,M. As we
will see below this is the t” Hooft coupling of the gauge theory far in the IR. As long as this
is large, the curvature is small and the supergravity approximation is reliable.

The theory that we have just described is confining. This means that the quark-antiquark
potential is linear with the distance between them. On the gravity side, an external quark is a
fundamental string that comes in from infinity and ends on one of the branes which generate
the background. When we have a quark-antiquark pair and we separate them by a large
distance, we can think about the quark-antiquark potential as the energy of a fundamental
string extended on one of the spatial directions where the theory lives. If the tension of that
fundamental string is constant, this is a sign of confinement of the dual gauge theory. This
is what happens in the metric (1.2.50), where for small values of 7 the function multiplying
da? 5, i.e. h™'*(7) approaches a constant (1.2.61, 1.2.62). In order to explain more in detail
this argument, let us recall that the fundamental string corresponds to the Wilson loop in
the fundamental representation of the gauge group. The classic criterion for confinement is
that this Wilson loop W;(C') obeys the area law (in the limit of large area) [54]

—In<W(C) >~ A, (1.2.63)
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where A is the area enclosed by the loop C' in the gauge theory directions. Considering a

Wilson contour at fixed 7 in the warped deformed conifold, the minimal surface bounded by

the contour bends towards small 7. If the contour has a very large area, then most of the

minimal surface will drift down into the region near 7 = 0. Being the coefficient of dz{ ; finite

at 7 = 0 means that the tension of the fundamental string is also finite and so the resulting

Wilson loop satisfies the area law (1.2.63). The tension of the confining string scales as [51]
€3 1

T, = el NI (1.2.64)

where ag = I(7 =0) ~ 0.71805 (see eq. (1.2.62)).

A generalisation of the confining string is to consider Wilson loops in antisymmetric
tensor representations of the gauge group SU(M) with ¢ indices where ¢ ranges from 1 to
M — 1. These Wilson loops can be thought of as confining strings which connect ¢ quarks
on one end to ¢ antiquarks on the other end. These are the so-called g¢-strings. The case
q = 1 reduces to the fundamental representation and there is a symmetry under ¢ — M — q
which corresponds to replacing quarks by antiquarks. For ¢ = M the quarks combine into a
colourless state (a baryon) and the Wilson loop does not satisfy the law area (1.2.63). The
tension of a confining ¢- string in the deformed conifold was computed in [55]. There they
found that, approximately, this tension goes like

. Tq
T, ~ csin — 1.2.65
q csl M ( )
where ¢ is a constant related to an IR scale of the gauge theory. This is in agreement
with what is expected for a confining N' = 1 supersymmetric SU(M) gauge theory in four
dimensions. Notice that as

Ty < T, + Ty (1.2.66)

the g-string will not decay into strings with smaller q.

Let us finally discuss briefly the relation between the deformation of the conifold and the
pattern of chiral symmetry breaking of the dual field theory. We have already argued that
the singularity in the solution of [32] is removed through the blowing-up of the S® of the
T4! at the tip of the conifold. This blowing-up avoids the divergence of the field strength
F3 at 7 = 0. However, the most powerful argument to see that the conifold is deformed
comes from the field theory analysis. The dual field theory in the UV has gauge group
SU(N.+ M) x SU(N.). We have seen that when the energy scale flows to the IR, it is
necessary to perform a Seiberg duality each time that the gauge coupling of one of the gauge
groups diverges. We have also seen that in this cascading of Seiberg dualities, the rank of
the gauge groups decreases alternatively in M units. This process must stop since negative
values of the rank of a gauge group does not make sense. Here we only pay attention to the
case in which N, is multiple of M, namely N. = pM. In this particular case the bottom
of the cascade is a supersymmetric SU(2M) x SU(M) gauge theory. The classical moduli
space of this theory is modified at the quantum level by nonperturbative effects [56, 57].
The theory acquires a deformed moduli space with M independent branches, each of which
has the shape of a deformed conifold (1.2.48). The branches are permuted by the Zsy R-
symmetry (chiral symmetry), which is spontaneously broken down to Zs. This breaking of
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the R-symmetry is exactly what one would expect in a pure SU(M) N = 1 Yang-Mills theory
in four dimensions. In supersymmetric gluodynamics the breaking of the chiral symmetry
is associated with the gluino condensation < A? > [58, 59, 60]. A holographic calculation of
the gluino condensate was carried out in [61] and the result is

2 ¢’
<A >~ M(o/)3 , (1.2.67)
which depends on the parameter €2 of the equation of the deformed conifold (1.2.48).

The chiral symmetry breaking can also be realised in the supergravity solution. Recall
that in the UV, only a Zsyys subgroup of the U(1)r parameterised by 1//2 survives due to
the explicit dependence on v of the RR two-form Cy (1.2.45). Recalling also that ¢ ranges
from 0 to 47 we see that in the Klebanov-Strassler model, which depends on 1 through
cos® and sin, the Zgy symmetry is further broken to Zs, generated by ¢ — 1 + 2.
Therefore M different vacua come up due to the breaking of the symmetry by IR effects.
As a consequence, domain walls appear interpolating among them. They are D5-branes
wrapping at 7 = 0 (domain walls are IR effects) the finite-sized S® and with the remaining
directions along R'3. We will study them more in detail in section 1.3.

We have seen that the Klebanov-Strassler model describes some features of an SU(M)
N = 1 supersymmetric gauge theory as confinement or the pattern of chiral symmetry
breaking. However, it is not its gravitational dual because SU(M) N = 1 supersymmetric
gauge theory can be achieved by taking g,M — 0 and sending the scale of the last step of
the cascade SU(2M) x SU(M) to infinity. Unfortunately, this is the opposite limit of that
where the supergravity approximation is reliable (g;M — o0), as we discussed previously.

1.2.4 D3-branes on the cone over Y?? manifolds

Recently, a new class of Sasaki-FEinstein five-dimensional manifolds Y79 p and ¢ being two
coprime positive integers, has been constructed [23, 24]. They correspond to a new family of
solutions of the equations of motion of type IIB supergravity dual to four-dimensional N' = 1
SCEFT’s. They are basically the same as that of the Klebanov-Witten model (1.2.7, 1.2.10)
but replacing the Sasaki-Einstein manifolds 7! by Y74, From a physical point of view,
these solutions are generated by a stack of N. D3-branes at the apex of the cone over the
YP manifold that we will denote as C'YP?. Recall that the normalization of the scale factor
L is dictated by the quantization of the D3-brane tension (1.2.11). This scale is associated to
the radius of the AdS space and changes accordingly to the volume of the internal manifold:
4t
L' = Wgs N.(a/)? . (1.2.68)
First of all, we shall briefly review basic features of the Y?¢ manifolds. The metric of
this Sasaki-Einstein space can be written as [23, 24]:

H2
6 12(y) dy* + 6(y) (dB — ccosfdg)?

[diﬁ + cosOdo + y(dp — ccos@d@}2 , (1.2.69)

1 —
sy = 6cy (d6? + sin? 0 dg?) +

Nl

_|_
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H(y) being given by:

a — 3y? + 2cy?
H(y) = . 1.2.70
) \/ S (12:70)
A natural frame for this space reads
L 1
&= -y,
V6 H(y)
el = —% H(y) (df — ¢ cosOdo) ,
L
e = —\/l—cydd,
NG Y
et = % 1 —cysinfdo,
e = % (dp +ydB+ (1 —cy)cosfdp) . (1.2.71)

The metrics ds?,,, are Sasaki-Einstein, which means that the cones CY?? with metric
dr? + r*ds?,, are Calabi-Yau manifolds. The metrics in these coordinates neatly display
some nice local features of these spaces. Namely, by writing it as

1 2
dst,, = ds? + [gdera} : (1.2.72)

it turns out that dsj is a Kéahler-Einstein metric with Kéhler form J; = £do. Notice that
this is a local splitting that carries no global information. Indeed, the pair (ds?,.J;) is not
in general globally defined. The Killing vector g—w has constant norm but its orbits do not
close (except for certain values of p and ¢, see below). It defines a foliation of Y?¢ whose
transverse leaves, as we see, locally have a Kahler-Einstein structure. This aspect will be
important in chapter 2.

These Y74 manifolds are topologically S? x S® and can be regarded as one-dimensional
bundles over manifolds of topology S? x S?. Their isometry group is SU(2) x U(1)%. Notice
that the metric (1.2.69) depends on two constants a and c. The latter, if different from
zero, can be set to one by a suitable rescaling of the coordinate y, although it is sometimes
convenient to keep the value of ¢ arbitrary in order to be able to recover the T geometry,
which corresponds to ¢ = 0 %, If ¢ # 0, instead, as we have just said we can set ¢ = 1 and
the parameter a can be written in terms of two coprime integers p and ¢ (we take p > q) as

follows:
1 p2 — 3q2 5 5
@=g - 74])3 \VAp? — 3q¢° . (1.2.73)

Moreover, the coordinate y ranges between the two smaller roots of the cubic equation
3

Qy)=a—-3y*+2c = 2c [[(w—w) . (1.2.74)
i=1

9f ¢ = 0, we can set a = 3 by rescaling y — &y, 3 — €713, and a — £2a. If we further write y = cos s
and 8 = @9, identifying 8 = 6; and ¢ = ¢, and choose the period of ¥ to be 47, the metric goes to that of
TH1 (1.2.8).
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i.e. y1 <y <y, with (for ¢ =1):

1
= 4—(229 - 3q — \/4p2—3q2) <0,
p
1
v =T (2p + 3¢ — \/4p2—3q2> >0. (1.2.75)
p

In order to specify the range of the other variables appearing in the metric, let us introduce
the coordinate o by means of the relation:

B = —(6a+ ) . (1.2.76)
Then, the coordinates 6, ¢, 1 and « span the range:
0<h<m, 0<o¢<2rm, 0<y<2rm, 0<a<2n/l, (1.2.77)

where £ is (generically an irrational number) given by:

¢ = g

o q
4p2 y1 Y2 32 — 2p% + p\/Ap® — 3¢

the metric (1.2.69) being periodic in these variables. Notice that, whenever ¢ # 0, the
coordinate [ is non-periodic: the periodicities of 1 and « are not congruent, unless the
manifold is quasi-regular, i.e., there exists a positive integer k such that

(1.2.78)

k* = 4p® — 3¢* . (1.2.79)

For quasi-regular manifolds, ds? in (1.2.72) corresponds to a Kéhler-Einstein orbifold.
Notice that ¢ becomes rational and it is now possible to assign a periodicity to ¢ such that
(3 ends up being periodic. If we perform the change of variables (1.2.76) in (1.2.69), we get

dst,, — _60@’ (d6° + sin® 0.d6%) + — o dy® + @ (d) + cosBdg)® +
+w(y) [da + f(y) (dy +cos9d¢)}2 , (1.2.80)
with v(y), w(y) and f(y) given by
_a—3y*+ 2y’ ~ 2(a—y?) _ac—2y+yic
v(y) = —— " , o w(y) = Ty fly) = Tola—7) (1.2.81)

The volume of this manifold can be computed straightforwardly from the metric (1.2.69),
with the result (for ¢ = 1):

Vol(YP4) = 3q_22 = 27’;;%;% ™ (1.2.82)
D™ 3q° — 2p* + p\/4p* — 5q
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It will be useful to give a set of complex coordinates describing C'Y?4. The starting point
in identifying a good set of them is the following set of closed one-forms [25] (here we follow
the notation of [62]):

nt = ,1 df —ido
sin 6
. dy _
2 = — —1(dfB — ccos0do) ,
P o= 3% +i[dy + cosOd¢ + y(dB — ccos0dg)] | (1.2.83)

in terms of which, the metric of CY? can be rewritten as

1— H(y)?
ds? — 7,2( cy) <in20 |771‘2 42 (6y)

~2|2 T_2~32 1.2.84
PRy (1280

Unfortunately, 77 and 7> are not integrable. It is however easy to see that integrable one-
forms can be obtained by taking linear combinations of them:

=i’ +ccostn', =i +costn' +yi. (1.2.85)
We can now define n® = dz;/z; for i = 1,2,3, where

3 sinfd

f2(y) c

(sin 0) i

f1(y) ’

z; = tan 3 e 29 = Z3=T1 (1.2.86)

with fi(y) and f3(y) being given by:

fily) = exp (/ ﬁd@/) . faly) =exp </ ﬁd@/) : (1.2.87)

By using the form of H(y) written in eq.(1.2.70) it is possible to provide a simpler expression
for the functions f;(y), namely:

ek V=) e — )% (53— )% |
Ly) = V) = V2e/(ly =) (2 =) (15— v) » (1.2.88)

fa(
where Q(y) has been defined in (1.2.74), y; and y, are given in eq.(1.2.75) and y3 is the third
root of the polynomial Q(y) which, for ¢ = 1, is related to y;2 as y3 = % — 11 — yo. The
holomorphic three-form of C'Y?? simply reads

O = _ieiwﬁ %

1 le AN dZQ VAN ng
18 3 '

_18\/3 2122

sinf nt An?An? = (1.2.89)

Notice that coordinates z; and zy are local complex coordinates on the transverse leaves of
YP4 (1.2.72) with Kéhler-Einstein metric ds3. They are not globally well defined as soon
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as 2z is periodic in # —which is not a periodic coordinate. Besides, they are meromorphic
functions on C'YP? (the function z; is singular at # = 7w while 2, has a singularity at y = y;).
A set of holomorphic coordinates on Y79 was constructed in [63].

Recall that the metric of the Y79 manifold can be written as (1.2.72) with o being the
one-form given by

o= % [ cosfd¢ + y(dB — ccosbdg)] . (1.2.90)

The Kahler form J; of the four-dimensional Kéahler-Einstein space is just Jy = %da. In the
frame (1.2.71) it can be written as

1 1
Jy = §d<7: ﬁ[el/\e2 — e’ net] . (1.2.91)
From the Sasaki-Einstein space Y?? we can construct the Calabi-Yau cone C'Y?P4 whose
metric is just given by: dsty,, = dr? +r*dsi,,. The Kéhler form J of C'YP is just:

J=rJ + %dr/\e5 , (1.2.92)

whose explicit expression in terms of the coordinates is:

,,,2

1 1

J = ~5 (1—cy) sinBdONdp + 3 rdrA(dip+cos 0de) + éd(r2y)/\(dﬁ —ccosfdg) . (1.2.93)
We can compute now the Killing spinors for the AdSs; x Y?9 background by imposing
the vanishing of the type IIB supersymmetry transformations (1.2.5). We will see that the
AdSs x YP4 background preserves eight supersymmetries, in agreement with the N = 1
superconformal character of the corresponding dual field theory, which has four ordinary
supersymmetries and four superconformal ones. The result of this calculation is greatly
simplified in some particular basis of frame one-forms, which we will now specify. In the

AdS5 part of the metric
2
r
dS2Ad85 )

we will choose the natural basis of vielbein one-forms, namely:

da? 5 + L—Qdﬁ (1.2.94)
1,3 7,2 Ml

e = —dx*, (a=0,1,2,3), el =

: (1.2.95)

o r L

,

In the Y77 directions we will use the frame given in (1.2.71). In order to write the expressions
of the Killing spinors in a compact form, let us define the matrix I', as:

I, = irxoxlw%s . (1296)

Then, the Killing spinors € of the AdSs; x Y4 background can be written in terms of a
constant spinor 7 as:

6_62r2(1+mxrwa(1+r*))n. (1.2.97)
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The spinor 7 satisfies the projections :
F1277 = _'”7 ) F3477 = 7’77 ) (1298)

which show that this background preserves eight supersymmetries. Notice that, since the
matrix multiplying n in eq.(1.2.97) commutes with I'15 and I'34, the spinor € also satisfies
the conditions (1.2.98), i.e.:

F12€ = —i€ s F34€ = 1€ . (1299)

In eq. (1.2.97) we are parameterising the dependence of € on the coordinates of AdSs as in
ref. [64]. In order to explore this dependence in detail, it is interesting to decompose the
constant spinor 7 according to the different eigenvalues of the matrix I',:

Line = £ne . (1.2.100)

Using this decomposition we obtain two types of Killing spinors:

erve. = plf? n_,
i T1/2
eVe, = r V2p, 4 Tz Dra® Taany (1.2.101)
The four spinors €_ are independent of the coordinates z“ and I'.e. = —e_, whereas the

€,’s do depend on the z%’s and are not eigenvectors of I',.. The latter correspond to the four
superconformal supersymmetries, while the e_’s correspond to the ordinary ones. Notice also
that the only dependence of these spinors on the coordinates of the Y?? space is through
the exponential of the angle ¢ in eq. (1.2.101).

In addition to the Poincaré coordinates (z“, r) used above to represent the AdSs metric,
it is also convenient to write it in the so-called global coordinates, in which ds? g takes the
form:

dshgs, = L [— cosh® o dT? + dg* + sinh’® g ng] : (1.2.102)

where dQ)32 is the metric of a unit three-sphere parameterised by three angles (o', a?, a?):
dQ; = (da')? + sin? a1<(da2)2 + sin? o® (da3)2> : (1.2.103)

with 0 < o', 0? < 7 and 0 < a® < 27. In order to write down the Killing spinors in these
coordinates, we will choose the same frame as in eq. (1.2.71) for the Y74 part of the metric,
while for the AdSs directions we will use:

el = LcoshpdT e? = Ldo ,

e = Lsinh pda’

e = Lsinh p sin o' da? |

¢’ = Lsinhp sina' sina®da® . (1.2.104)

If we now define the matrix
T = PTFQFalogaa s (1.2.105)
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then, the Killing spinors in these coordinates can be written as [65]:

1 2
[&] (&7
ST <

. 3
;@ - T
€ = 6_%¢ e_l b FQ’Y* e_l 2 Ty« e_ alp e 2 Fa2a1 e a2 FQBaZ

", (1.2.106)

where 7 is a constant spinor that satisfies the same conditions as in eq. (1.2.98).

The gauge theory dual to IIB on AdSs; x YP? is by now well understood. The infinite
family of spaces Y77 was shown to be dual to superconformal quiver gauge theories [25, 26].
The study of AdS/CFT in these geometries has shed light in many subtle aspects of SCFT’s
in four dimensions. Furthermore, the correspondence successfully passed new tests such as
those related to the fact that the central charge of these theories, as well as the R-charges of
the fundamental fields, are irrational numbers [66]. Here we quote some of the features that
are directly relevant for the results of chapter 2. We follow the presentation of ref. [26].

Y
Y
u U u u
\VJ Z
\Y
% % Y z
U U U U U
Y Y z Y

Figure 1.1: The basic cells o (upper left) and 7 (upper right). Y4 quivers are built with ¢
o and p — ¢ 7 unit cells. The cubic terms in the superpotential (1.2.107) come from closed
loops of the former and the quartic term arises from the latter. The quiver for Y*? is given
by o7 (bottom).

The quivers for Y74 can be constructed starting with the quiver of Y?”P which is naturally
related to the quiver theory obtained from C3/Zy,. The gauge group is SU(N,)?* and the
superpotential is constructed out of cubic and quartic terms in the four types of bifunda-
mental chiral fields present: two doublets U® and V# and two singlets Y and Z of a global
SU(2). Namely,

q p
W= eag(UsViYaiq + VEUL YY) + Y €apZiUf YajaUS (1.2.107)
=1 Jj=q+1

Greek indices «, 5 = 1,2 are in SU(2), and Latin subindices i, j refer to the gauge group
where the corresponding arrow originates. Equivalently, as explained in [33], the quiver
theory for Y77 can be constructed from two basic cells denoted by ¢ and 7, and their mirror
images with respect to a horizontal axis, 6 and 7 (see Fig. 1.1). Gluing of cells has to
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| Field | number | R — charge | U()s |U(1)F |
v p+gq —4p2+3q2+2pq43-[§327—f1)\/ 4p?—34> p—q 1

—4p? 2_ 2_392
7 p—gq 4p°+3¢q 2pq;é§p+q)\/4p 3q p+q 41

e 2p(2p—+/4p%—3¢2) 0

p 3q2 —P
3q—2p++/4p2—3q2
Vﬁ q q P+3q P q q _'_1

Table 1.1: Charges for bifundamental chiral fields in the quiver dual to Y9 [26].

respect the orientation of double arrow lines corresponding to the U fields. For example, the
quiver Y42 is given by 0677. More concrete examples and further discussion can be found
in [26, 33).

Here we quote a result of [26] which we will largely reproduce using a study of wrapped
branes in chapter 2. The global U(1) symmetries corresponding to the factors appearing in
the isometry group of the Y”? manifold are identified as the R-charge symmetry U(1)g and
a flavour symmetry U(1)g. There is also a baryonic U(1)p that becomes a gauge symmetry
in the gravity dual. The charges of all fields in the quiver with respect to these Abelian
symmetries are summarised in Table 1.1.

It is worth noting that the above assignment of charges satisfies a number of conditions.
For example, the linear anomalies vanish TrU(1)p = TrU(1)r = 0, as well as the cubic
't Hooft anomaly Tr U(1)3%,.

1.2.5 D3-branes on the cone over L%"¢ manifolds

A further generalisation of the five-dimensional Sasaki-Einstein manifold led to the construc-
tion of the L®*¢ manifolds [27, 28], where a, b and c are integers. This family of manifolds
contains the Y?%s as particular cases and exhausts all possible Calabi-Yau cones on a base
with topology S? x S3. Considering again a stack of N, D3-branes at the apex of the cone
over the L**¢ manifold (we will denote it as C'L**¢) and taking the geometric transition,
we get a new family of solutions of the equations of motion of type IIB supergravity dual to
four-dimensional ' = 1 SCFT’s. These backgrounds are again of the form AdSs x L%*¢ with
standard RR field strength F5. Recall that the normalization of the scale factor L, dictated
by the quantization of the D3-brane tension (1.2.11), changes accordingly to the volume of
the internal manifold:

4t

L' = ————
Vol(L#b-)

gs N (') . (1.2.108)



1.2. SUSY SOLUTIONS OF TYPE IIB SUPERGRAVITY 37

The metric of the Sasaki-Einstein manifold L»*¢ can be written as [27, 28]:
ds3 ape = dsj + (dF + &)°, (1.2.109)

where ds? is a local Kdhler-Einstein metric, with Kahler form J, = %d&, given by

2
2 2 ) 9
dsi:p_dx2+p_d92+Ax<sm «9d¢+cos Hdw) N

A, Ay 72\ «a 8
.2 2 2
LResiVeos 6 () g (1) aw| L (2110)
I o B
and the quantities A,, Ay, p? and & are:
A, = z(a—z)(B—x) —p,
Ay = acos?l + [sin?6 | =Ny — 1,
= (1 — g) sin® 0 do + (1 — %) cos? 0 di) . (1.2.111)

The ranges of the different coordinates are 0 < 0 < 7/2, x; <z < x9, 0 < ¢, < 27, where
r1 and x9 are the smallest roots of the cubic equation A, = 0. A natural tetrad frame for
this space reads

- P 62:\/A_98in9c089<(1_£)d¢_(l_g)d¢>’

VAy P o B
102 2
. VA, <sm 9d¢+ Ccos de> ’
P o B
=L, ¢ = (di +46) . (1.2.112)

2VA,

Notice that, in this frame, J; = e! A e? + €3 A e, Let us now define a;, b; and ¢; (i = 1,2) as
follows:

o S O C )] i) - (1.2.113)
T —« ;i — [ 2(a+fB)x; — aff — 3z;

The coordinate 7 happens to be compact and varies between 0 and AT,

_ 27kled]
— T

The a;, b; and ¢; constants are related to the integers a, b, ¢ of L%*¢ by means of the relations:

a; =

AT

k = ged (a,b) . (1.2.114)

aay + bay + ¢ =0, aby + bby +d =0, aci +bey =0, (1.2.115)

where d = a + b — ¢. The constants «, § and p appearing in the metric are related to the
roots x1, r9 and x3 of A, as

= X1Tox3 a+0 =z +10+ 273, afl = 11Ty + T1x3 + ToT3 . (1.2.116)
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Moreover, it follows from (1.2.115) that all ratios between the four quantities ajco — ascy,
bico — bycy, 1, and ¢ must be rational. Actually, one can prove that:
a1Co — A9C1 . C b102 — b201 d C1 b

— = - =——. 1.2.117
C1 b ' C1 b ' Co a ( )

Any other ratio between (a,b,c,d) can be obtained by combining these equations. In par-
ticular, from (1.2.113), (1.2.116) and (1.2.117), one can rewrite some of these relations as:

@ _ T 3T a  (a—x)(xs —21)

b 1y 13— 19 c a(f — ) ’

E _ E (/G_xl)(ﬁ_$2) o g T3 — Q

i Bla—a)a—m) B w308 (1.2.118)

The manifold has U(1) x U(1) x U(1) isometry. It is, thus, toric. Its volume can be computed
from the metric with the result:

(22 — 1)(a+ B — 21 — x9) || o3

Vol(L**¢) =
ol(L") o

(1.2.119)

Other geometrical aspects of these spaces can be found in [25, 27].
In order to construct a set of local complex coordinates on the Calabi-Yau cone on L%,
CL*"¢, let us introduce the following basis of closed one-forms °

. cotf alf —x) .

m =« Ae de — ﬁdﬂf + Zd¢,

. tan 6 Bla—x) .

e = —BR, 0 = R A idy,

. dr sin(26) (o —z)(f —x)

o= — id7 + (ﬁ—a)TAedﬁ + A, dw . (1.2.120)

From these quantities, it is possible to define a set of (1,0)-forms 7; as the following linear
combinations:

m = m—12, Ne = Th+ 12, ns = 303 + 1+ 12 . (1.2.121)
One can immediately check that they are integrable, n' = % The explicit form of the
complex coordinates 2* is:

. in(20) |
21 = tanf fi(x) @) 2y = &ezwﬂrw) ’
' hiz) ’ fo(x) Ag
z3 = 13 sin(20) /AgA, CTHOTY) (1.2.122)
where
filz) = Pi@)* ", fola) = Po(x)** P Py(a) @D, (1.2.123)

ONotice that there are a few sign differences in our conventions as compared to those in [67].
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and the functions P,(z) are defined as

zd

3
' 1j71
P,(z) = exp (/ ° x) H r — xy) Wi (1.2.124)
i=1

In terms of these (1,0)-forms, it is now fairly simple to work out the two-form {14,

Qy = 3" @) sin(20)\/AgA, m A (1.2.125)

obeying d€)y = 3ic A €ly. By using these properties one can verify that the three-form:
Q=T QA [dr + ir(di+5)] , (1.2.126)

is closed. Moreover, the explicit expression for () in terms of the above defined closed and
integrable (1, 0)-forms reads

Q = 1 sin(20) e CTF) NG AL i Ay A s (1.2.127)

which shows that € A 7; = 0. In terms of the complex coordinates z;, the form €2 adopts a
simple expression from which it is clear that it is the holomorphic (3,0) form of the Calabi-

Yau cone C'L%b¢,
le VAN d22 VAN ng

2122

Q:

(1.2.128)

The expression (1.2.127) allows for the right identification of the angle conjugated to the
R-symmetry [29],
Y =3T+o+1 . (1.2.129)

Finally, starting from J,, we can write the Kihler form J of C' L€,
J=r*Jy+rdrAe®,  dJ=0. (1.2.130)
Notice that all the expressions written in this subsection reduce to those of CY?? provided

a=p-—4q, b=p+gq, c=p,
4
2—7(1—a)a3, (1.2.131)

0=20, [=—(p+v), ¢=0¢-1,

while (1.2.129) provides the right identification with the U(1)x angle in Y79, We shall use
this limiting case several times along chapter 3 to make contact!! with the results found in
chapter 2.

We can perform now an analysis of the Killing spinors of the AdSs x L%*¢ background as
we did in the previous subsection (1.2.97). They can be written again in terms of a constant
spinor 7,

3 —a=2ay, W=

= s i ( Ty (1+T2)) 1.2.132
€ ez r-2 2L2 z ( + *) n. ( . )

1Tt is worth pointing out that one should be careful since we are using the same notation for the complex
coordinates and for the forms which characterize the complex structure of both manifolds.
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The spinor 7 satisfies the projections [67]:
Flgﬂ = Z’f] s F347] = ’ﬂ] y (12133)

this implying that e also satisfies the same projections. Using the decomposition of the
constant spinor 7 according to its I',-parity, I',ny = =£ni, we obtain again two types of
Killing spinors:

6—5(3%+¢+w) e = /2 N
i (37 1/2 rt/?
e 2BTHOTY) ¢ = 12 4 3 I, 2%Thany . (1.2.134)
The spinors e_ satisfy I'y e = —e_, whereas the €, ’s are not eigenvectors of I',. The former

correspond to ordinary supercharges while the latter, which depend on the z coordinates,
are related to the superconformal supersymmetries. The only dependence on the coordinates
of L*>¢ is through the exponential of 1)’ = 37 + ¢ + 1. This angle, as explained above, is
identified with the U(1)g of the superconformal quiver theory.

It is finally convenient to present the explicit expression for the Killing spinors when
AdSs is described by its global coordinates (1.2.102):

i (o~ . .t 1 2 3
€ = ez =15 v o=ig T =5 Taty o= % Tazat =% Tasa2 gy | (1.2.135)

where v, is given in (1.2.105) and 7 is a constant spinor that satisfies the same conditions
as in (1.2.133).

Finally we quote some of the results of the gauge theory dual to IIB on AdSs; x L%"¢
that are directly relevant to the understanding of chapter 3. The L*»¢ SCFT’s were first
constructed in [29, 30, 31]. They are four-dimensional quiver theories whose main features
we would like to briefly remind. The gauge theory for L**¢ has N, = a + b gauge groups
and Ny = a + 3b bifundamental fields. The latter are summarised in Table 1.2. There is a
U(1)% flavour symmetry that corresponds, in the gravity side, to the subgroup of isometries
that leave invariant the Killing spinors. There is a certain ambiguity in the choice of flavour
symmetries in the gauge theory side, as long as they can mix with the U(1)p baryonic
symmetry group. This fact is reflected in the appearance of two integers k and [ in the
U(1)% charge assignments, whose only restriction is given by the identity ck + bl = 1
(here, it is assumed that b and ¢ are coprime) [30].

The charge assignments in Table 1.2 fulfil a number of nontrivial constraints. For exam-
ple, all linear anomalies vanish, TrU(1)p = TrU(1)p, = TrU(1)g, = 0. The cubic t’ Hooft
anomaly, TrU(1)%, vanishes as well. The superpotential of the theory has three kind of
terms; a quartic one,

T’I"YU:[ZUQ 5 (12136)

and two cubic terms,
TrY U, Vs, , TrY Uy Vy . (1.2.137)

Their R-charge equals two and they are neutral with respect to the baryonic and flavour
symmetries. The number of terms of each sort is uniquely fixed by the multiplicities of
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| Field | R — charge [ number | U(1)p | U(1)p |U(1)p, |

y | zmen b a 1 0
z3
Z | zmon a b 0 k
T3
U, % x% d —c 0 [
Uy 2L c —d | -1 |—k—I

Vi |g2msrncb) c_q | b—c| 0 | k+1

Vs gw b—c | c—a -1 —1

Table 1.2: Charges for bifundamental chiral fields in the quiver dual to L&*¢ [30].

the fields to be, respectively, 2a, 2 (b — ¢) and 2 (¢ — a) [30]. The total number of terms,
then, equals Ny — N,. In the Y77 limit, the isometry of the space —thus the global flavour
symmetry— enhances, U! and U? (also V! and V?) becoming a doublet under the enhanced
SU(2) group. The superpotential reduces in this limit to the Y™ expression [26]. More
details about the L»"¢ superconformal gauge theories can be found in [29, 30, 31].

1.2.6 The Maldacena-Nunez background

The model proposed by Maldacena and Ntnez [34] realises a duality between a supergravity
solution of type IIB and a four-dimensional N = 1 super Yang-Mills (SYM) theory with
SU(N,) gauge group. This supergravity solution was found previously by Chamseddine
and Volkov [68] by studying monopole solutions of the N' = 4 gauged supergravity in four
dimensions with non-Abelian gauge fields.

The setup consists of a stack of N, D5-branes wrapping a finite, topologically nontrivial
and supersymmetric two-cycle of a resolved conifold [42]. The Calabi-Yau is 1/4 supersym-
metric and the presence of D5-branes further halves the number of supersymmetries (and
also spoils conformal symmetry) leaving a total of 4 supercharges.

On one hand, the backreaction of the branes deforms the geometry and one has a ge-
ometric transition as those studied in [39, 40]. The final geometry is topologically like a
deformed conifold [42], namely R x S? x S3. Branes also disappear and are replaced by the
fluxes to which the initial branes couple. This generated supergravity background encodes
the low energy dynamics of the closed string sector of the theory.

On the other hand, if one looks at the low energy dynamics of open strings on the D5-
branes, discarding Kaluza-Klein modes, one finds a Yang-Mills theory living in the 1 + 3
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unwrapped dimensions. The degrees of freedom of D = 4, N' = 1 SYM can be arranged
into a vector multiplet composed by a gauge vector field A, (two on-shell bosonic degrees of
freedom) and a Majorana spinor A (two on-shell fermionic degrees of freedom), both of them
transforming in the adjoint representation of the gauge group. There are no scalar fields,
which means that there is no moduli space.

Therefore, in the same spirit as AdS/CFT, this was the gauge/gravity duality proposed
in [34]. The relation is holographic and the non-compact direction of the Calabi-Yau plays
the role of the energy scale of the gauge theory. Moreover, it is worth pointing out here
that the Maldacena-Nutiez (MN) model only describes the IR of N/ = 1 SYM theory. Its
UV completion is instead related to little string theory and the two regimes of the theory
are not smoothly connected in terms of a unique solution (they are S-dual to each other).
The source of this problem is the bad behaviour (divergence) of the dilaton in the UV, as
we will see explicitly below. On the gauge theory side this reflects the difficulties of joining
the weak coupling with the strong coupling regime of confining SYM theory in a unifying
picture. Such an interpolating picture exists if we compactify one spatial dimension and
consider SYM on the cylinder topology RY2 x S [69]. The supergravity solution dual to this
field theory was constructed in [70] in terms of N, M5-branes that wrap a three-cycle with
topology S? x S*. That solution is valid both to describe the IR of N =1 SYM and its UV
description (related to NS5-branes in type 1IB). Therefore a unique picture connecting the
UV and the IR of the gauge theory exists in M-theory.

Let us summarise now the MN background. The ten-dimensional metric in string frame
(and setting gs = o’ = N, = 1) is:

1 . .
ds?y = e [dxig + € (df} +sin®01de} ) + dr® + 1 (0" — A2)2] : (1.2.138)
where ¢ is the dilaton, h is a function which depends on the radial coordinate r, the one-forms
A" (i=1,2,3) are
Al = —a(r)dd,, A% = a(r)sinfidg,, A* = —cosbde, , (1.2.139)
and the w"’s are su(2) left-invariant one-forms, satisfying dw' = —3 e, W A @*. The A”s
are the components of the non-abelian gauge vector field of the seven-dimensional gauged

supergravity. Moreover, the 1w"’s parameterise the compactification three-sphere and can be
represented in terms of three angles ¢o, 65 and ¥:

W' = costdfy + sint)sin Oydes |
W? = —sinydby + cosisinbades |
W = di + cosbydds . (1.2.140)

The angles 0;, ¢; and v take values in the intervals 0; € [0, 7], ¢; € [0,27) and ¥ € [0, 47).
The functions a(r), h(r) and the dilaton ¢ are:

(r) 2r
a(r) =
sinh 2r
2
1

e = rcoth2r — — 7'2 - -,

sinh2r 4

2 h

e = 20 ¢ (1.2.141)

sinh 2r
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The solution of the type IIB supergravity also includes a Ramond-Ramond three-form
F{3) given by

Fa = —i(wl—Al)/\(zIJ2—A2)/\(1I)3—A3) + % ZFG/\(ﬂJG—Aa) , (1.2.142)

where F'* is the field strength of the su(2) gauge field A, defined as F'* = dA* + %eabc APNAC,
In order to write the Killing spinors of the background in a simple form, let us consider
the frame:

(0" — A", (i=1,2,3). (1.2.143)

Let I'yi (0 =0,1,2,3), I'; (j = 1,2), I, and I (k = 1,2,3) be constant Dirac matrices
associated to the frame (1.2.143). Then, the Killing spinors of the MN solution satisfy [71]:

—al"lf‘le — [

Fmomx?’ F12€ = FTF123€ = € COS ¥ — SiIlOéFlrl] €,

e = 1A112€ )
€ = i€e" (1.2.144)

where the angle « is given by

h e2h _ L2 _1
sina = — 2 , cosao = ( ) . (1.2.145)
r r

=

A simple expression for cos « as a function of r can be written, namely

2r
sinh?2r

cosa = coth2r — (1.2.146)

In the first equation in (1.2.144) we have used the fact that e is a spinor of definite chirality.
Moreover, from the above equations we can obtain the explicit form of the Killing spinor e.
It can be written as: )

e = f(rye2Tr g (1.2.147)

where f(r) is a commuting function of the radial coordinate, whose explicit expression is
irrelevant in the study that we will perform in chapter 6, and 7 is a constant spinor which
satisfies: A

Fmomx?’ Flg’f] =n, Flg’f] = Flgﬂ y n = Z’f]* . (12148)

Apart from the full regular MN solution described above we shall also consider the simpler
background in which the function a(r) vanishes and, thus, the one-form A has only one non-
vanishing component, namely A3. This solution is singular in the IR and coincides with
the regular MN background in the UV region » — oo. Indeed, by taking r — oo in the
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expression of a(r) in eq. (1.2.141) one gets a(r) — 0. Moreover, by neglecting exponentially
suppressed terms one gets:

1
e = — = (a=0), (1.2.149)

while ¢(r) can be obtained by using the expression of h given in eq. (1.2.149) on the last
equation in (1.2.141). The RR three-form Fi3 is still given by eq. (1.2.142), but now
Al = A% = (0 and A3 is the same as in eq. (1.2.139). We will refer to this solution as the
abelian MN background. The metric of this abelian MN background is singular at r = i (by
redefining the radial coordinate this singularity could be moved to r = 0). Moreover, the
Killing spinors in this abelian case can be obtained from those of the regular background by
simply putting a = 0, which is indeed the value obtained by taking the r — oo limit on the
right-hand side of eq. (1.2.145).

Since dF(3y = 0, one can find a two-form potential C(y) such that F(3 = dC). The
expression of Cz), which will not be needed in chapter 6, can be found in ref. [71]. Moreover,
the equation of motion satisfied by F{s) is d x F(3) = 0. Therefore one can write, at least
locally, xF3) = dC(g, with C(g) being a six-form potential. The expression of Cg) can be
taken from the results of ref. [71], namely:

C) = da° Ndaz' Nda? Nda® NC, (1.2.150)

where C is the following two-form:

2¢
C = —% [((az—l)aze_zh — 16e2h> cosOydpy Ndr — (a® — 1) e 2" @® A dr +

+d ( sin 0 dgy A @' + dfy A w2) ] . (1.2.151)

It is also interesting to recall the isometries of the abelian and non-abelian metrics. In the
abelian solution @ = 0 the angle 1) does not appear in the expression of the metric (1.2.138)
(only di) does). Therefore, ¢ can be shifted by an arbitrary constant A as ¢ — ¥ + A.
Actually, this U(1) isometry of the abelian metric is broken quantum-mechanically to a Zay,
subgroup as a consequence of the flux quantization condition of the RR two-form potential
(34, 58, 59, 60, 72]. In the gauge theory side this isometry can be identified with the U(1) R-
symmetry, which is broken in the UV to the same Zyy, subgroup by a field theory anomaly.
On the contrary, the non-abelian metric does depend on 1 through sinv and cost and,
therefore, only the discrete Zs isometry v — 1 + 27 remains when a # 0. This fact has
been interpreted [34, 73, 74] as the string theory dual of the spontaneous breaking of the
R-symmetry induced by the formation of a gluino condensate < A* > in the IR. In [73]
it was explained that this condensation of gluinos is related to a(p) (1.2.141). Taking also
into account its relation to the dynamical scale via < TrA? >~ A%CD and introducing the
subtraction scale p of the gauge theory, it seems natural to identify [74]

1’ a(p) = Aoep (1.2.152)

giving (implicitly) the energy/radius relation between supergravity coordinates and gauge
theory scales.
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As a consequence of the gluino condensate, the gauge theory has N, inequivalent vacua.
The fact that an SU(N,) N =1 SYM theory is characterised by a set of N, different vacua
implies that there exist domain wall configurations that interpolate amongst them. Although
we will study them more in detail in section 1.3, let us advance that they are BPS states
and preserve half of the supersymmetries of the theory where they live. Their tension is
related to the different vacuum expectation values (VEV’s) for the gluino condensate at
both sides of the domain wall. In subsection 6.4 we will study a candidate to be domain wall
in the MN background. It is a D5-brane wrapping in the far IR the nontrivial three-cycle S®.

There exist more checks which show up that some of the properties of an AV = 1 SYM
theory are encoded by the Maldacena-Ntnez background. Reviews on this topic can be found
in [10, 75, 76, 77, 78]. Recall that an A/ = 1 SYM theory is confining. The computation
of the tension of a fundamental string in the MN background was done in [34] finding a
finite value, what confirms that the dual gauge theory confines. The tension of a ¢-string
in backgrounds dual to four-dimensional SU(N,.) N = 1 gauge theories was computed in
[55], with the result displayed in (1.2.65). The computation of the S-function on the gravity
side of the duality was performed in [74]. They found, neglecting subleading exponential
corrections, the exact perturbative NSVZ (-function in the Paulli-Villars renormalization
scheme for ' =1 SYM theory. The glueball spectrum of the theory was analysed in [79]
and a formula for the mass spectrum of the mesons in the quenched approximation (the limit
of the gauge theory with Ny < N.) was given in [71]. In [80] a supergravity background
dual to a four-dimensional N = 1 SQCD with quartic superpotential was proposed and some
consistency checks which support the field theory interpretation were studied.

1.3 D-branes in supergravity backgrounds

According to the gauge/gravity extensions of the AdS/CFT correspondence, the chiral op-
erators (the gauge invariant operators which have the lowest possible conformal dimension
for a given R-charge) of an N’ =1 SCFT are in one-to-one correspondence with the modes
of type IIB supergravity on AdSs x X°, where X° is a five-dimensional Sasaki-Einstein
manifold. However, the massive string modes correspond to (non-chiral) operators in long
multiplets whose dimensions diverge for the large 't Hooft coupling limit that is taken in the
low energy version of the AdS/CFT conjecture. Thus, in the limit g¥,; N, — oo the stringy
nature of the dual theory is obscured by the decoupling of the non-chiral operators, which
incidentally constitute the majority of possible gauge invariant operators. If we depart from
the limit of infinite 't Hooft coupling, then all non-chiral operators do not decouple at all
and the spectrum of the gauge theory is presumably related to type IIB string theory on
AdS5 x X°. Even in the very large 't Hooft coupling limit, it is possible to demonstrate the
stringy nature of the dual theory by including extra D-branes wrapped on nontrivial cycles
in the X° manifold. Although in a different context, Witten showed in [8] that an N = 4
supersymmetric SO(2N,) gauge theory (which is dual to type IIB strings on AdSs x RP®)
possesses chiral operators of dimension N,, the Pfaffians, whose dual interpretation is pro-
vided by a D3-brane wrapping a three cycle of the manifold RP5. This shows that the dual
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theory cannot be simple supergravity but it must contain D-branes. In principle, one would
expect that branes wrapped on nontrivial cycles correspond to states in the conformal field
theory that are nonperturbative from the point of view of the 1/N, expansion. In [81, 82
it was shown that wrapped branes could be interpreted indeed as soliton-like states in the
large N, gauge theory for certain N' = 1 theories.

The kind of solitonic-like state in the field theory strongly depends on the dimension of
the D-branes as an object in the AdSs space. Consider then a Dp-brane in an AdSs; x X°
background of type IIB supergravity. The first thing that one has to do is to study the
homology groups of the internal manifold X°. This will give us the different ways in which
a Dp-brane can wrap a nontrivial g-cycle (¢ < p). When the cycle is calibrated, the dual
state will not spoil supersymmetry while it will do in the opposite case. Let us consider
first the case in which the Dp-brane is not extended along the holographic (radial) direction
and does not fill either the gauge theory directions completely. From the field theory point
of view, the solitonic-like state dual to this brane is a extended (p — ¢)-dimensional object.
For instance, baryonic operators are particles, strings are one-dimensional objects whereas
domain walls are two-dimensional defects in the gauge theory dual. Let us analyse more in
detail each of the three cases and give some evidences of the statement:

e A vertex connecting N, fundamental strings —known as the baryon vertex— can be
identified with a baryon built out of external quarks, since each string ends on a charge
in the fundamental representation of SU(N,). Such an object can be constructed by
wrapping a D5-brane over the whole five-dimensional compact manifold X?° [8]. The
argument is that a D5-brane wrapping X° captures N, units of the RR five-form flux
F5 of the background. There is a U(1) gauge field on the D5-brane worldvolume (see
eq. (1.3.1)) which couples to F5 and takes N, units of charge. Since the total charge of
a U(1) gauge field must cancel in a closed universe, there must be — N, unit of charges
coming from another source. Such source are N, elementary strings that end on the
D5-brane since each end point is electrically charged with respect to the U(1) field,
with charge +1 or —1 depending on the orientation of each fundamental string. In
order to cancel the charge, all must have the same orientation.

Another object of particular interest in quantum field theories that arises when D3-
branes are placed at conical singularities (N = 1 SCFT’s) is given by D3-branes
wrapped on supersymmetric three-cycles; these states are dual to dibaryons built from
chiral fields charged under two different gauge groups of the resulting quiver theory |8,
81, 82, 83]. The argument given in this identification is the matching of the conformal
dimension of the dibaryon operators with the mass of wrapped D3-branes using general
rules of the AdS/CFT correspondence. We will see explicit examples of this matching
as well as of the baryon vertex configuration in chapters 2 and 3.

e Domain walls and strings (flux tubes) in the field theory side can be introduced holo-
graphically as Dp-branes wrapping q-cycles of the internal geometry [8, 81, 82] with
p—q = 2or p—q = 1 respectively. Actually, the superalgebras of N' = 1 super-
symmetric theories admit central charges associated with objects extended in two or
one space directions (codimension one and two, respectively). For instance, in SU(N,)
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N =1 SYM there are 1/2-BPS domain walls which interpolate between the inequiva-
lent NV, vacua which come from the spontaneous breaking of the Zsyy, symmetry (the
non-anomalous subgroup of the U(1)g) to Zs by the gaugino condensate. There can
be also BPS codimension two objects, namely strings which have been studied in the
context of different AN/ = 1 theories, see [84] and references therein. The physics of such
objects turns out to be quite rich, including for instance the phenomenon of enhanced
(supersized) supersymmetry, also present for domain walls [85]. We will find potential
dual objects to domain-walls and flux-strings mainly in chapters 2, 3 and 6.

In [81] it was also argued that a D3-brane wrapping a nontrivial two-cycle in X gives
rise to a non BPS object called “fat” string. We will also find examples of the explicit
configuration of that object in chapters 2 and 3.

Moreover, one can think of modifying the theory by introducing supersymmetric defects
of codimension one or two (regions of space-time where some fields are localised), which break
the SO(1,3) Lorentz invariance. In particular, on the field theory side one can add spatial
defects which reduce the amount of supersymmetry but nevertheless preserve conformal
invariance [86], giving rise to the so-called “defect conformal field theories” (dCFT). Since
this modifies the lagrangian of the field theory, we expect, on general grounds, that the
string theory setup should be modified at infinity. Therefore, the defects should be dual
to D-branes extending infinitely in the holographic direction but without filling completely
the gauge theory directions. It is important to point out that the effective gauge coupling
(in the Minkowski directions that they fill) of these branes is zero since they are extended
along a non-compact direction. Therefore, from the point of view of the dual gauge theory,
these objects give rise to the addition of fundamental multiplets to a region (defect) of the
spacetime.

A holographic dual of four-dimensional N = 4 super Yang-Mills theory with a three-
dimensional defect was proposed in ref. [87] by Karch and Randall, who conjectured that
such a dCF'T can be realised in string theory by means of a D3-D5 intersection. In the
near-horizon limit the D3-branes give rise to an AdSs x S° background, in which the D5-
branes wrap an AdS; x S? submanifold. It was argued in ref. [87] that the AdS/CFT
correspondence acts twice in this system and, apart from the holographic description of the
four dimensional field theory on the boundary of AdSs, the fluctuations of the D5-brane
should be dual to the physics confined to the boundary of AdSs. The defect conformal field
theory associated with the D3-D5 intersection corresponds to N' = 4, d = 4 super Yang-Mills
theory coupled to N' = 4, d = 3 fundamental hypermultiplets localised at the defect [88].
These hypermultiplets arise as a consequence of the strings stretched between the D3- and
D5-branes.

The defect field theories corresponding to other intersections have also been studied in the
literature. For example, from the D1-D3 intersection one gets a four-dimensional CF'T with a
hypermultiplet localised on a one-dimensional defect [89]. Moreover, the D3-D3 intersection
gives rise to a two-dimensional defect in a four-dimensional CF'T [90, 91].

In chapters 2 and 3 we will study embeddings of D-branes which are suitable to introduce
defects of codimension one and two in N/ = 1 SCFT’s. Extensions of this analysis to more
realistic theories where the conformal symmetry is broken (for instance N' =1 SYM) will
be performed in chapter 6.
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Finally, it deserves special attention the D-branes which fill completely the gauge theory
directions and wrap a cycle of the internal manifold. According to the original proposal of
ref.[92], these spacetime filling configurations can be used as flavour branes, i.e. as branes
whose fluctuations can be identified with the dynamical mesons of the gauge theory (see
refs.[71, 91, 93, 94, 95, 96] for the analysis of the meson spectrum in different theories).
These flavour branes must extend along the radial direction from an infinity value since the
addition of flavour may modify the lagrangian of the dual field theory. It could be that they
reach a minimum ry. It was argued in [92] that the dual interpretation of this mass scale is
given by the mass of the quarks introduced in the gauge theory. It may be possible to set that
mass scale to zero and to deal with massless quarks by just taking ro — 0, namely extending
the flavour brane completely along the radial direction. Since they are extended along a non-
compact direction, the gauge theory which support has vanishing four-dimensional effective
coupling on the Minkowski directions. Thus, the gauge symmetry on the flavour branes is
seen as a flavour symmetry by the four-dimensional gauge theory of interest. In chapters 2
and 3 we will also look for embeddings of flavour branes which are suitable to accommodate
dynamical quarks in the field theory dual. The construction of supergravity backgrounds
dual to N = 1 field theories which include flavour branes will be carry out in chapters 4 and
5.

In the absence of a string theory formulation on backgrounds with Ramond-Ramond
forms, the final goal in order to extract valuable information about the stringy spectrum
would be to introduce extra D-branes in a supergravity background and to take into account,
not only the effects that the D-branes feel coming from the background fields, but also the
backreaction undergone by the supergravity background due to the presence of these extra
D-branes. The techniques developed so far have only been applied to study backreacted
flavour branes, as we will explain in subsection 1.3.3. A generalisation to other kind of
D-branes may be possible. However, as a first approach we can neglect the backreaction
undergone by the supergravity background. This can be achieved by considering D-brane
probes of various dimensions as we will explain in subsection 1.3.2.

1.3.1 Effective Dp-brane action

In this subsection we want to introduce one of the main tools that we will use along this
thesis. It is the effective action that describes the low energy dynamics of small bosonic
fluctuations around a classical supergravity Dp-brane solution. This action can be obtained
if one requires that the non-linear sigma model describing the propagation of an open string
with Dirichlet boundary conditions (and therefore fixed to a Dp-brane) in a general super-
gravity background is conformally invariant. The constraints in the fields coming from this
invariance are the same as the equation of motion derived from the following effective action

(in string frame):
Sp, = —T,,/ A" e?\/—det(g + F) . (1.3.1)
pt1

This is the Dirac-Born-Infeld (DBI) action for a Dp-brane. Here g,, = 9,X9, X" Gyn
is the pullback of the spacetime metric G'y;n on the worldvolume X, ;, where greek indices
W, v ... are worldvolume indices and M, N ... are target spacetime indices. In addition,
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F = B+27a/dA, with B being the pullback of the NSNS two-form, B, = 9, X9, X" By,
and A is a worldvolume U(1) gauge field with field strength F' = dA. T, is the tension of a
Dp-brane (1.1.5) and ¢ is the dilaton field.

The DBI action is an abelian U(1) gauge theory which reduces, to leading order in o, to
Yang-Mills (YM) in p + 1 dimensions with 9 — p scalar fields when the target space is flat.
Let us set to zero the NSNS two-form B and perform the expansion:

1 2 .

Sp, ~ —/ drHie e‘d’\/—detg(TFH,,F“” + 0, X X + O(F4)) , (1.3.2)
Spi1 49y m (2ma’)

where the index ¢ stands for spacetime indices perpendicular to the Dp-brane. The YM

coupling constant gy, is related to the string parameters by

G = (2027 g, (1.3.3)

reproducing the relation written in (1.1.1) in the particular case of D3-branes. By including
fermionic superpartners, the low energy action for the D-branes becomes that of SYM theory
in p + 1 dimensions.

Moreover, Dp-branes are objects charged under RR potentials and their action should
contain a term of coupling to these fields. This term must fulfil certain requirements. It
must be invariant under worldvolume diffeomorphisms and it should be classically equivalent
when the brane propagates in two target space configurations related by a target space gauge
symmetry. We will not go into details but one can show that the term

/ Cne, (1.3.4)
Ept1

where C' denotes the pullback of the sum of the RR background'? fields, C' = >>°_ C'"
and C") is a r-form, fulfils the demanded requirements. This topological term is called the
Wess-Zumino (WZ) action.

If the Dp-brane has RR charge gp,, the total action will be the sum of the DBI and WZ
part in the form

Sp, = —Tp/ Pl e ?/—det(g + F) + qu/ Cnel . (1.3.5)
Ypt1 Ept1
Extreme branes satisfy the BPS bound 7}, =| gp, | and their action will be given by
Sp, = _Tp/ At e?\/—det(g+ F) + T, Cnet (1.3.6)
Zp«b»l ZP+1

where the sign + stands for branes and the sign — for antibranes. It will also be useful to
write down the action in Einstein frame:

p

Sp, = —T, / dp+1§e¥¢\/—det(g@> + e 9R2F) £ 1T, Cne, (1.3.7)
Xpt1

Ypt1

12 Along this thesis the RR scalar x will also be denoted by C©.
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where g2 = =9/ 2g,,, denotes the metric in Einstein frame.

It is possible to generalise the above action and consider a stack of N Dp-branes since
they are BPS objects and they can remain statically at any distance of each other. However,
this is beyond the scope of the work we want to present in the forthcoming sections.

In short, with the action (1.3.6) we can describe, in the low energy limit, the dynam-
ics of the extra D-branes that we are going to place in some supersymmetric supergravity
backgrounds dual to four-dimensional N' = 1 gauge theories. We will be interested in not
to break completely supersymmetry since ultimately we will be concerned about the study
of some features of a four-dimensional A’ = 1 supersymmetric field theory on the super-
gravity side. Therefore an additional constraint is imposed on the way of placing D-branes
in a supergravity background. They must satisfy a local fermionic symmetry called “kappa
symmetry”, which we explain in the next subsection.

1.3.2 The probe approximation and the kappa symmetry analysis

As a first approach to understand on the gravity side some features of the field theory which
need the introduction of additional D-branes, we can neglect the backreaction undergone by
the supergravity background. This can be achieved by considering a number of D-branes
much smaller than the number of branes which generate the background. This simplifica-
tion, whose dual counterpart is known as the quenched approximation, is called the probe
approximation on the gravity side. Let us explain a bit more in detail the physical meaning
of this limit. Let us call Np, to the number of extra D, branes we are introducing on the
gravity side in order to study some feature of the field theory. We will use N, to denote
the number of branes that engineer the supergravity background. The quenched/probe ap-
proximation (Np, < N,) consists of neglecting all the effects of order Np, /N, on both sides
of the duality. On the gravity side this can be done by considering the Np, extra branes
as brane probes. The meaning of a brane probe is that it does not modify the background
configuration but it does couple to the background fields. In consequence we can study its
dynamics by means of the effective action displayed in eq. (1.3.6). A particular case where
the probe limit has a well-known dual interpretation is when we deal with a number Ny
of flavour branes. When the ratio Ny/N, is very small, we are neglecting the effects that
include the running of fundamentals in internal loops. Even when these fundamentals are
massless, their effects while running in loops are suppressed by a factor of O(N;/N,). In
the strict 't Hooft limit [7], if the number of flavours is kept fixed, the corrections due to the
quantum dynamics of quarks exactly vanish [92].

We are interested in bosonic configurations of the brane probe since we want to keep the
classical limit. Hence we set to zero the fermionic fields of the background. However, if we
wish that the brane probe does not break supersymmetry completely, we should look at the
coupling of the fermionic degrees of freedom of the Dp-branes to the bosonic background
fields. A crucial ingredient (in the Green-Schwarz formulation) is then a local fermionic
symmetry of the worldvolume theory called kappa symmetry [97, 98]. The role played by
this symmetry is to eliminate the extra fermionic degrees of freedom which appear when the
target space supersymmetry becomes manifest. A nice review of this topic can be found
in [99]. The idea is to obtain kappa symmetric actions for Dp-branes embedded in a given
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background. This determines the form of the kappa symmetry matrix ['y:

Ly

P F Jéj)) : (1.3.8)

1 =1
~/—det(g + F) ; 2l

where ¢ is the induced metric, v,,,,... is the antisymmetric product of induced worldvolume
Dirac matrices and F = B 4 27a/F as in eq. (1.3.1). In eq. (1.3.8), J((n) is the following

)
matrix: 8
(n) _ (F11>n+(p—2)/2 F(O) (IIA)
(p) (_1)n(0_3)n+(p—3)/2 iy @ T (IIB) |,

where ITA and IIB stand for type IIA and type IIB string theory respectively, I'j; is the
chiral matrix in ten dimensions and I'(g) is defined by

Loy =

T 1)!6“1"'u(p+1)7u1...u(p+1) . (1.3.9)

Recall that in the type IIB string theory the spinor € is composed by two Majorana-Weyl
spinors which can be arranged as a two-component vector. In order to write the expression
of I', it is convenient sometimes to decompose the complex spinor € in its real and imaginary
parts as € = ¢, +ieg. It is straightforward to find the following rules to pass from complex
to real spinors:
€« o3€, €' — o€, l€ > —i09€ . (1.3.10)
We can write an induced worldvolume Dirac matrix in terms of the ten-dimensional
constant gamma matrices I'y;. We need to choose a frame basis e in the background
geometry where Gy v = nawv € e, The e one-forms are related to the coordinates chosen
in the geometry by means of the vielbein coefficients E%, namely:

M — ptdx™ (1.3.11)
Then, the induced Dirac matrices on the worldvolume are defined as
Yo = O XM E; Ty . (1.3.12)

We mentioned that we must fix the local kappa symmetry in order to remove the extra
fermionic degrees of freedom of the worldvolume theory of the Dp-brane. The extra bosonic
degrees of freedom are removed by choosing the “static gauge”. In this gauge the worldvol-
ume general coordinate invariance is used to equate p + 1 of the target space coordinates
with the worldvolume coordinates, X* = &# (u=10,---,p).

The fact that we are interested in bosonic configurations of D-branes that preserve a
fraction of the spacetime supersymmetry imposes projections on the Killing spinor of the
background of the kind:

[pe = *e, (1.3.13)

where + stands for branes and — for anti-branes. In what follows, we will concentrate
on the kappa symmetry condition applied to D-branes. The equation (1.3.13) can be used
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to determine the supersymmetric configuration of a brane probe. I'y is a matrix which
depends on the embedding of the probe and the condition (1.3.13) gives rise to a set of
first-order BPS equations which fix, up to integration constants, the embedding of the brane
probe. In addition, one has to check that these first-order equations fulfil the second-order
equations of motion for the worldvolume bosonic fields and, actually, we will see that they
saturate a bound for the energy, as it usually happens in the case of worldvolume solitons
[100]. Moreover, eq. (1.3.13) can also be applied to determine the fraction of spacetime
supersymmetry preserved by a bosonic D-brane. For brane probes, eq. (1.3.13) is the only
supersymmetry condition that arises. However, for supergravity configurations with branes
as sources, we have the D-brane action coupled to supergravity. Thus, the supersymmetry
condition (1.3.13) must be complemented with the supersymmetric transformations of the
supergravity theory. Therefore, the fraction of supersymmetry preserved by a D-brane is
determined by the number of solutions of (1.3.13), where € is the Killing spinor of the
background. Obviously, to apply the technique sketched above one has to know first the
Killing spinor (see the first part of section 1.2).

In chapters 2, 3 and 6 we will apply the kappa symmetry technique in order to find,
in a systematic way, supersymmetric configurations of brane probes which preserve some
amount of supersymmetry in different supersymmetric backgrounds. Moreover, in those
chapters, we will give a field theory interpretation of these configurations supported with
some gauge/gravity checks.

1.3.3 Introducing backreacting D-branes: the smearing procedure

It is interesting to go beyond this ‘quenched’ or ‘non-backreacting’ probe approximation and
see what happens when one adds a large number of D-branes, of the same order of magnitude
as the number of colour branes which generate the geometry, and the backreaction effects
of the D-branes are considered. Indeed, many phenomena that cannot be captured by the
quenched approximation might be apparent when a string backreacted background is found.
For instance, if we consider a number of flavour branes in a given background of the order of
the colour branes, we are working on the so called Veneziano’s topological expansion [101].
New physics (beyond the 't Hooft limit [7] where the number of flavours is kept fixed and
much smaller than the number of colours) is captured by Veneziano’s proposal: we will be
able to see this in chapters 4 and 5 that consider the backreaction of the flavour branes in
the Klebanov-Witten and Klebanov-Strassler models respectively.

Although all the procedure we are going to carry out below may be generalised for the
case of dealing with any kind of D-brane introduced in a given background, we will just
pay attention in this introductory chapter to the particular case of flavour D7-branes in
the Klebanov-Witten background and its extensions to the AdSs; x Y77 and AdS; x L*"°.
The explanation of what we will call “smearing procedure” is particularly simple and well
motivated from a geometrical point of view in those cases. Extensions of the smearing
procedure to all kind of D-branes, besides the flavour branes, may be a simple generalisation
of the ideas that we will discuss in this subsection.

The procedure that we will follow is inspired mostly by the papers [80, 102] and more
recently [103, 104]. In those papers flavours are added into the dynamics of the dual back-
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ground via the introduction of Ny spacetime filling flavour branes, whose dynamics is given
by a Dirac-Born-Infeld action (1.3.6). This dynamics is intertwined with the usual Einstein
action of type IIB supergravity.

To illustrate the way in which flavour branes will be added, let us start by considering
the background of type IIB supergravity studied in subsection 1.2.1. For the sake of brevity,
in the following we will take units is which g, =1, o/ = 1.

We will add Ny spacetime filling D7-branes to this geometry, in a way that preserves
some amount of supersymmetry. This problem was studied in [105, 106] for the conformal
case and in [94, 107] for the cascading theory. These authors found calibrated embeddings of
D7-branes which preserve (at least some fraction of) the supersymmetry of the background.
We will choose to put two sets of D7-branes on the surfaces parameterised by

&= {37075517552,373,7“, 02, 02,0} ¢, = const. (1 = const. ,
&5 = {a® at 2%, 2% 7, 01, 01,10} ¢, = const. g = const. . (1.3.14)

Note that these two configurations are mutually supersymmetric with the background. More-
over, since the two embeddings are non-compact, the gauge theory supported on the D7-
branes has vanishing four-dimensional effective coupling on the Minkowski directions; there-
fore the gauge symmetry on them is seen as a flavour symmetry by the four-dimensional
gauge theory of interest. The two sets of flavour branes introduce a U(Ny) x U(Ny) sym-
metry, the expected flavour symmetry with massless flavours. The configuration with two
sets (two branches) can be deformed to a single set, shifted from the origin, that represents
massive flavours, and realises the explicit breaking of the flavour symmetry to the diagonal
vector-like U(Ny). Our configuration (eq. (1.3.14)) for probes is nothing else than the z; =0
holomorphic embedding of [106].

We will then write an action for a system consisting of type IIB supergravity (1.2.1) plus
D7-branes described by their Dirac-Born-Infeld action (in Einstein frame, see eq, (1.3.7)):

1

S = 4z /=G [R——&quanb S -

—T7Z/d89:e \/ GY +\/ +T7Z/Cg

Notice that we did not excite the worldvolume gauge fields, but this is a freedom of the
approach that we adopted. Otherwise one may need to find new suitable kappa symmetric
embeddings.

F§}+
(1.3.15)

These two sets of D7-branes are localised in their two transverse directions, hence the
equations of motion derived from (1.3.15) will be quite complicated to solve, due to the
presence of source terms (Dirac delta functions).

But we can take some advantage of the fact that we are adding lots of flavours. Indeed,
since we will have many (Ny ~ N.) flavour branes, we might think about distributing them
in a homogeneous way on their respective transverse directions. This ‘smearing procedure’
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boils down to approximating

N
T Zf Bretr/—GY S T7—Nf d'% sin 6,4/ -G
7 8 47T 7 8
Ny
T-N
T7Z/C’8 . Z—Wf/dl% [Vol(m)+Vol(5/2)] ACs,  (1.3.16)

with Vol(Y;) = sin 6; df; A dip; the volume form of the S?’s.
This effectively generates a ten-dimensional action

S = % 4%z V=G [R--@qua% SRR iF§]+
10
1.3.17)
TNy [ o o x o TN (
_?/d vt S sin0/—G{ + 2L [ [Vol(vi) + Vol()] A G

i=1,2

We can derive in the smeared case the following equations of motion, coming from the
action (1.3.17):

1 1 1 1 1
Ryn — _GMNR =3 (aMCbaNCb - _GMN0P¢0P¢) + §€2¢ (F]S)F](Vl) - §GMNF12) +
1
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\/—G8 (GMN\/zﬁNé) =22+ 2\;@1\2 e? Z sinf; \/ —

1=1,2

FZS}?QRSF(@PQRS +Tun

d<e2¢*F1> ~0,
N;
dFy = =263, T 7L [Vol(Yl) +Vol(Y2)} ,
dFy =0 . (1.3.18)

The modified Bianchi identity comes from the WZ part of the action (1.3.17). The contri-
bution to the stress-energy tensor coming from the two sets of Ny D7 flavour branes is given
by

2/'{2 55flavour N e¢ 1 NP
TMN _ “F0 =y sin 0=/ —GY G sMsN 1.3.19
V=G 6Gun  4n /=G ;2 PA (13.19)

where «, # are coordinate indices on the D7-brane. In chapter 4 we will solve the equations
of motion (1.3.18)-(1.3.19) and we will propose that this type IIB background is dual to the
Klebanov-Witten field theory when two sets of Ny flavours are added for each gauge group.
We will actually find BPS equations for the purely bosonic background, by imposing that
the variations of the dilatino and gravitino (1.2.5) vanish. We will verify that these BPS
first-order equations solve all the equations of motion (1.3.18).

After explaining the strategy that we will adopt to add flavours, let us discuss the sig-
nificance and effect on the dual gauge theory of the ‘smearing procedure’ introduced above.
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It is clear that we smear the flavour branes just to be able to write a ten-dimensional action
that will produce ordinary differential equations without Dirac delta functions source terms.

The results that we will show in chapters 4 and 5 state that many properties of the
flavoured field theory are still well captured by the solutions obtained following this pro-
cedure. It is not clear what important phenomena on the gauge theory we are losing in
smearing, but see below for an important subtlety.

One relevant point to discuss is related to global symmetries. Let us go back to the
weak coupling (gsN. — 0) limit, in which we have branes living on a spacetime that is
the product of four Minkowski directions and the conifold. When all the flavour branes of
the two separate stacks (1.3.14) are on top of each other, the gauge symmetry on the D7’s
worldvolume is given by the product U(Ny) x U(Ny). When we take the decoupling limit for
the D3-branes o/ — 0, with fixed g,/N. and keeping constant the energies of the excitations
on the branes, we are left with a solution of type IIB supergravity that we propose is dual
to the Klebanov-Witten field theory with Ny flavours for both gauge groups [106]. In this
case the flavour symmetry is U(Ny) x U(Ny), where the axial U(1) is anomalous. When we
smear the Ny D7-branes, we are breaking U(N;) — U(1)™s (see Fig. 1.2).

W

U(Ny) U(Ny) oyt U(l)Nf

Figure 1.2: We see on the left side the two stacks of N; flavour-branes localised on each
of their respective S*’s (they wrap the other S?). The flavour group is clearly U(Ny) x
U(Ny). After the smearing on the right side of the figure, this global symmetry is broken to
UMNr=t x UMMt x U(1)g x U(1) 4.

One can also think about the smearing procedure in the following way: usually (unless
they are D9 branes) the “localised” flavour branes break part of the isometries of the original
background dual to the unflavoured field theory. On the other hand, the “smeared” flavour
branes reinstate these isometries, which are global symmetries of the field theory dual. In
some sense the flavour branes are ‘deconstructing’ these dimensions (or these global groups)
for the field theory of interest. In the case in which we have a finite number of flavours, these
manifolds become fuzzy, while for Ny — oo, we recover the full invariance.

Another point that is worth elaborating on is whether there is a limit on the number
of D7-branes that can be added. Indeed, since a D7-brane is a codimension-two object,
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its gravity solution will generate a deficit angle; having many seven branes, will basically
“eat-up” the transverse space. This led to the conclusion that solutions that can be globally
extended cannot have more than a maximum number of twelve D7-branes [108] (and exactly
twenty-four in compact spaces). We are adding a number N; — oo of D7-branes, certainly
larger that the bound mentioned above. However, the smearing procedure distributes the
D7-branes all over a two-dimensional compact space, in such a way that the equation for the
axion-dilaton is not the one in the vacuum at any point. This avoids the constraint on the
number of D7-branes, which came from solving the equation of motion for the axion-dilaton
outside sources.

It is possible to extend the smearing procedure of the D7-brane, which was formulated
above for the particular case of the AdSs x T'%! space, to the more general case of a geometry
of the type AdS5; x M5, where Mj5 is a five-dimensional compact manifold. Of course, the
requirement of supersymmetry restricts greatly the form of M;5. Actually, we will verify that,
when Mj; is Sasaki-Einstein, the formalism can be easily generalised. The five-dimensional
manifolds described in subsections 1.2.4 and 1.2.5 are particular cases of Sasaki-Einstein
space where the generalisation could be applied, as we will see in chapter 4. As a result of
this generalisation we will get a more intrinsic formulation of the smearing, which eventually
could be further generalised to other types of D-branes in different geometries.

Following the line of thought that led to the action (1.3.17), let us assume that, for a
general geometry, the effect of the smearing on the WZ term of the D7-brane action can be
modelled by means of the substitution:

Swz =Tr Y Cs — Ty / QACy (1.3.20)
Ny Mg Mo

where () is a two-form which determines the distribution of the RR charge of the D7-brane
in the smearing and Mg is the full ten-dimensional manifold. Notice that a well defined
2 not only must be closed (which is charge conservation) but also exact. Moreover the
supersymmetry of this class of solutions forces 2 to be a real (1,1)-form with respect to
the complex structure (as we will see below). For a supersymmetric brane one expects the
charge density to be equal to the mass density and, thus, the smearing of the DBI part
of the D7-brane action should be also determined by the form €2. Let us explain in detail
how this can be done. First of all, let us suppose that Q is decomposable, i.e. that it can
be written as the wedge product of two one-forms. In that case, at an arbitrary point, (2
would determine an eight-dimensional orthogonal hyperplane, which we are going to identify
with the tangent space of the D7-brane worldvolume. A general two-form 2 will not be
decomposable. However, it can be written as a finite sum of the type:

Q=> v, (1.3.21)

where each Q) is decomposable. At an arbitrary point, each of the Qs is dual to an eight-
dimensional hyperplane. Thus, 2 will determine locally a collection of eight-dimensional
hyperplanes. In the smearing procedure, to each decomposable component of {2 we associate
the volume form of its orthogonal complement in My,. Thus, the contribution of every Q®
to the DBI action will be proportional to the ten-dimensional volume element. Since energy
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is additive, the DBI action is obtained by summing the moduli of each decomposable piece
(and not just taking the modulus of €2). We simply sum the separate contributions because
of supersymmetry: the D7-branes do not interact among themselves due to the cancellation
of attractive/repulsive forces. Accordingly, let us perform the following substitution:

Sppr=—Tr Y / d*¢\/-Gs ¢ — -Ty / dcv/=G ¢ Yy V], (13.22)
Ny Y Ms Mio

where }Q(i) } is the modulus of Q@ and represents the mass density of the i piece of
in the smearing. There is a natural definition of ‘ Qe ‘ which is invariant under coordinate
transformations. Indeed, let us suppose that Q) is given by:

) 1 .
00 = > Ay da Ada™ (1.3.23)
" M,N

Then, } Q@ } is defined as follows:

i 1 % 7
Q0] = \/5 Oy Qb GMP GNQ (1.3.24)

Notice that € acts as a magnetic source for the field strength F;. Actually, from the
equation of motion of Cy one gets that €2 is just the violation of the Bianchi identity for F},

namely:
dFy, = — Q. (1.3.25)

For a supersymmetric configuration the form € is not arbitrary. Indeed, eq. (1.3.25) de-
termines F7 which, in turn, enters the equation that determines the Killing spinors of the
background. On the other hand, 2 must come from the superposition (smearing) of kappa
symmetric branes. When the manifold M; is Sasaki-Einstein, we will show in subsection
4.2.1 of chapter 4 that 2 can be determined in terms of the Kéahler form of the Kéahler-
Einstein base of M5 and that the resulting DBI+WZ action is a direct generalisation of the
result written in (1.3.17).

The last step is to provide a well defined and coordinate invariant way of splitting the
charge distribution €2 in decomposable pieces. It turns out that the splitting in the minimal
number of pieces compatible with supersymmetry is almost unique.

In our setup, €2 lives on the internal six-dimensional manifold, which is complex and
SU (3)-structure. This means that the internal geometry has an integrable complex structure
Z and a non-closed Kéhler form J compatible with the metric: J,, = g4.Z,°. We can always
find a vielbein basis that diagonalizes the metric and block-diagonalizes the Kéhler form:

T=e' A+ Aet+ePAeb. (1.3.26)

This pattern is invariant under the structure group SU(3), as it is also clear by expressing
them in local holomorphic basis: e* = e?~! +je? &% = 2! — % withi = 1,2,3. One
gets the canonical expressions: g = ), e* ®g€* and J = 5 Aé™.
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In our class of solutions, the supersymmetry equations force the charge distribution to
be a real (1,1)-form with respect to the complex structure (see [109]). Notice that such a
property is shared with J. The dilatino equation is 6¢F1(0’1) = i0¢ (which without sources
amounts to the holomorphicity of the axion-dilation 7 = Cy + i e~?). From this one gets

Q=—dF, =2ie ?(0p A0 — D09) . (1.3.27)

It is manifest that Q is (1,1) and Q* = Q. Going to complex components Q = Qze* A e,
the reality condition translates to the matrix 2z being anti-hermitian. Thus it can be
diagonalized with an SU(3) rotation of vielbein that leaves (1.3.26) untouched, and the
eigenvalues are imaginary.

Going back to real vielbein and summarizing, there is always a choice of basis which
satisfies the diagonalizing condition (1.3.26) and in which the charge distribution can be
written as the sum of three real (1,1) decomposable pieces:

Q= - et Ae? = e Aet —Age® Aeb . (1.3.28)

Supersymmetry forces the eigenvalues A\, to be real and, as we will see in chapters 4 and 5,
positive. Moreover, as inferred by the previous construction, the splitting is unique as long
as the three eigenvalues \, are different, while there are ambiguities for degenerate values,
but different choices give the same DBI action.

We conclude noticing that, in order to extract the eigenvalues |\¢| = |Q®| it is not
necessary to construct the complex basis: one can simply compute the eigenvalues of the
matrix (Q)ypg”Y in any coordinate basis. But in order to compute the stress-energy tensor,
the explicit splitting into real (1,1) decomposable pieces is in general required.



Chapter 2

Supersymmetric Branes on
AdS5 x YP:d

In this chapter we perform a systematic classification of supersymmetric branes in the AdS5 x
YP4 geometry and we study their field theoretical interpretation. Geometrical aspects of the
YP4 manifold, as well as the type IIB supergravity background AdSsxY?? and its field theory
dual were reviewed in subsection 1.2.4. It is worth mentioning that the spectrum of type 1B
supergravity compactified on Y?? is not known due to various technical difficulties including
the general form of Heun’s equation [110]. Therefore, leaving aside the chiral primaries, very
little is known about the gravity modes dual to protected operators in the field theory. As
we explained in section 1.3, our study of supersymmetric objects in the gravity side is a way
to obtain information about properties of these operators in the gauge theory. Important
aspects of this duality, relevant in the context of this chapter, have been further developed in
(81, 83, 111]. They comprise interesting physical objects of these theories such as the baryon
vertex, wall defects, the introduction of flavour, “fat” strings, etc. It is very remarkable that
we are able to provide precise information about operators with large conformal dimension
that grows like N.. Moreover, we can also extract information about excitations of these
operators.

The main technique that we employ to determine the supersymmetric embeddings of D-
brane probes in the AdS5x Y P4 background is the kappa symmetry of the brane probe studied
in subsection 1.3.2. The configurations found by solving the kappa symmetry condition also
solve the equations of motion derived from the Dirac-Born-Infeld action of the probe and,
actually, we will verify that they saturate a bound for the energy, as it usually happens in
the case of worldvolume solitons [100].

2.1 Supersymmetric probes on AdS; x Y1

In the remainder of this chapter we will consider D-brane probes moving in the AdSs x Y4
background. To write the kappa symmetry matrix (see eq.(1.3.8))! we will assume that the

"'We will use a simpler notation for the determinant of the induced metric, namely det g = g.

59
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worldvolume gauge field A is zero:

-3

Fn = m eht il (O’g)pT iUg &® Y1 pps1 - (211)
This assumption is consistent with the equations of motion of the probe as far as there are
no source terms in the action (1.3.6) which could induce a non-vanishing value of A. These
source terms must be linear in A and can only appear in the Wess-Zumino term of the probe
action, which is responsible for the coupling of the probe to the Ramond-Ramond fields of
the background. In the case under study only F® is non-zero and the only linear term in
A'is of the form [AANF () which is different from zero only for a D5-brane which captures
the flux of F®). This only happens for the baryon vertex configuration studied in subsection
2.5.5. In all other cases studied in this chapter one can consistently put the worldvolume
gauge field to zero. Nevertheless, even if one is not forced to do it, in some cases we can
switch on the field A to study how this affects the supersymmetric embeddings.

As we discuss in subsection 1.3.2, the kappa symmetry condition I'; € = € imposes a new
projection to the Killing spinor €. In general, it will not be compatible with those already
satisfied by € (see eq.(1.2.99)). This is so because the new projections involve matrices
which do not commute with those appearing in (1.2.99). The only way of making these two
conditions consistent with each other is by requiring the vanishing of the coefficients of those
non-commuting matrices, which will give rise to a set of first-order BPS differential equations.
By solving these BPS equations we will determine the supersymmetric embeddings of the
brane probes that we are looking for. Notice also that the kappa symmetry condition must
be satisfied at any point of the probe worldvolume. 1t is a local condition whose global
meaning, as we will see in a moment, has to be addressed a posteriori. This requirement
is not obvious at all since the spinor € depends on the coordinates (see eqs. (1.2.97) and
(1.2.106)). However this would be guaranteed if we could reduce the I'; € = € projection
to some algebraic conditions on the constant spinor 7 of eqs.(1.2.97) and (1.2.106). The
counting of solutions of the algebraic equations satisfied by n will give us the fraction of
supersymmetry preserved by our brane probe.

2.2 Supersymmetric D3-branes on AdS; x Y1

Let us now apply the methodology just described to find the supersymmetric configurations
of a D3-brane in the AdSs x Y4 background. The kappa symmetry matrix in this case can
be obtained by putting p = 3 in the general expression (2.1.1):

r, = — (2.2.1)

= = e

where we have used the rule (1.3.10) to write the expression of I',; acting on complex spinors.
Given that the Y7 space is topologically S?x.S3, it is natural to consider D3-branes wrapping
two- and three-cycles in the Sasaki-Einstein space. A D3-brane wrapping a two-cycle in Y74
and extended along one of the spatial directions of AdSs represents a “fat” string. We
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will study such type of configurations in section 2.5 where we conclude that they are not
supersymmetric, although we will find stable non-supersymmetric embeddings of this type.

In this section we will concentrate on the study of supersymmetric configurations of D3-
branes wrapping a three-cycle of Y4, These objects are pointlike from the gauge theory
point of view and, on the field theory side, they correspond to dibaryons constructed from the
different bifundamental fields. In what follows we will study the kappa symmetry condition
for two different sets of worldvolume coordinates, which will correspond to two classes of
cycles and dibaryons.

2.2.1 Singlet supersymmetric three-cycles

Let us use the global coordinates of eq. (1.2.102) to parameterise the AdS5 part of the metric
and let us consider the following set of worldvolume coordinates:

and the following generic ansatz for the embedding:

y(0,9,6),  ¥(0,9,0). (2.2.3)

The kappa symmetry matrix in this case is:

cosh o

Iy = —iL
V=9

L1 Y05 - (2.2.4)

The induced gamma matrices along the 6, ¢ and [ directions can be straightforwardly
obtained from (1.3.12), namely:

1 \/ —Cy
— = I's + I
L”Ye \/6 3 % 5 —

1
Iy,
\/—Hy9 1

1 cH cos 6 V1—c 1

— — I, + sn@F—ir + (1 —cy)cosh) I Iy,
L%ﬁ \/6 2 \/6 4 (¢¢> ( y) ) 5 \/GH:W? 1

1 H 1

Cy = T b (s 4 y) Ts — ——— yu Ty, 2.2.5
7 N (@Dﬁ Y) N T (2.2.5)

where the subscripts in y and i denote partial differentiation. By using this result and the
projections (1.2.99) the action of the antisymmetrised product 743 on the Killing spinor e
reads:
i
T3 108 E = las s + ail'y + asls + aq35 D5 €, (2.2.6)
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where the coefficients on the right-hand side are given by:

1
a = 19 (y +v5) [ (1 —cy) sinh + cygcosb] +
+ [y + (1 —cy) cosO]ys — Yeys — ccosObgyg | .
_1—cy

sin@[‘%ﬁ — zH} ,

a =
1 6\/6
V1—cy

as = — [ye + ccosbys — isinbyy] ,

6v/6

a135 = Loy [Si;e [%yﬁ — (y+¢g)y9] + H[w¢ + (1+cw5)0089] +

18
+ % [(% + (1 —cy) cos)ys — (y+wﬁ)y¢} - iHsiangl .22

As discussed at the end of section 2.1, in order to implement the kappa symmetry projection
we must require the vanishing of the terms in (2.2.6) which are not compatible with the
projection (1.2.99). Since the matrices I'1, I's and I'135 do not commute with those appearing
in the projection (1.2.99), it follows that we must impose that the corresponding coefficients
vanish, i.e.:

a1 = a3 = a135 = 0. (228)

Let us concentrate first on the condition a; = 0. By looking at its imaginary part:
H(y)=0, (2.2.9)
which, in the range of allowed values of y, means:
Y=y, or Y=y (2.2.10)

If H(y) = 0, it follows by inspection that a; = az = aj35 = 0. Notice that 1) can be an
arbitrary function. Moreover, one can check that:

V=0|gps = L* cosho as|ppy - (2.2.11)
Thus, one has the following equality:
Irelgpg = T'rlse, (2.2.12)
and, therefore, the condition I'.e = ¢ becomes equivalent to
Irl5e = €. (2.2.13)

As it happens in the T"! case [105], the compatibility of (2.2.13) with the AdSs structure
of the spinor implies that the D3-brane must be placed at p = 0, i.e. at the center of AdSs.
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Indeed, as discussed at the end of section 2.1, we must translate the condition (2.2.13) into
a condition for the constant spinor 7 of eq. (1.2.106). Notice that I'7I's commutes with all
the matrices appearing on the right-hand side of eq. (1.2.106) except for I'y7y,. Since the
coefficient of I',y, in (1.2.106) only vanishes for p = 0, it follows that only at this point the
equation I', € = € can be satisfied for every point in the worldvolume and reduces to:

TrTsn =1 . (2.2.14)

Therefore, if we place the D3-brane at the center of the AdS5 space and wrap it on the three-
cycles at y = y; or y = yo, we obtain a é supersymmetric configuration which preserves the
Killing spinors of the type (1.2.106) with n satisfying (1.2.98) and the additional condition
(2.2.14).

The cycles that we have just found have been identified by Martelli and Sparks as those
dual to the dibaryonic operators det(Y) and det(Z), made out of the bifundamental fields
that, as the D3-brane wraps the two-sphere whose isometries are responsible for the global
SU(2) group, are singlets under this symmetry [25]. For this reason we will refer to these
cycles as singlet (S) cycles. Let us recall how this identification is carried out. First of all, we
look at the conformal dimension A of the corresponding dual operator. Following the general
rule of the AdS/CFT correspondence (and the zero-mode corrections of ref. [83]), A = LM,
where L is given by (1.2.68) and M is the mass of the wrapped three-brane. The latter can
be computed as M = T3 V3, with T3 being the tension of the D3-brane (1/73 = 873(a’)?gs)
and V3 the volume of the three-cycle. If gc is the determinant of the spatial part of the
induced metric on the three-cycle C, one has:

Vs = /C\/g_c 3¢ . (2.2.15)

For the singlet cycles S; at y = y; (i = 1,2) and Y¥=constant, the volume Vj is readily

computed, namely:
_2r?

V},Si 3 (L —cyi)|vil (27T)2€ : (2.2.16)
Let us define \; = +1, Ay = —1. Then, if AY = A5 one has:
N,
A} = 2 —4p” 4+ 3¢° + 2Xipg + (2p — Niq) V4p? — 3¢ ] : (2.2.17)

As it should be for a BPS saturated object, the R-charges R; of the S; cycles are related to A$
as R; = %AZS . By comparing the values of R; with those determined in [26] from the gauge
theory dual (see Table 1.1 in chapter 1) one concludes that, indeed, a D3-brane wrapped at
y = y1 (y = yo2) can be identified with the operator det(Y") (det(Z)) as claimed. Another
piece of evidence which supports this claim is the calculation of the baryon number, that
can be identified with the third homology class of the three-cycle C over which the D3-brane
is wrapped. This number (in units of V) can be obtained by computing the integral over C
of the pullback of a (2,1) three-form 2y, on CY?

B(C) = j:i/c P[], , (2.2.18)
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where P[- - -|¢c denotes the pullback to the cycle C of the form that is inside the brackets. The
sign of the right-hand side of (2.2.18) depends on the orientation of the cycle. The explicit
expression of 25 ; has been determined in ref. [33]:

P
Oy, = K(% + %65) Aw (2.2.19)

where €’ is the one-form of our vielbein (1.2.71) for the Y77 space, K is the constant

K= L (p* — %), (2.2.20)

- 872
and w is the two-form:

1
w = —m |:€1/\€2 + 63/\64] . (2221)

Using (6, ¢, 3) as worldvolume coordinates of the singlet cycles S;,

K .
P[], = i —2 sin0do AdpAdB . (2.2.22)

ST 1—cy;

Then, changing variables from [ to « by means of (1.2.76), and taking into account that
a € [0, 27/, one gets:
872 Kly;
P|Q = —1— . 2.2.23
/ [0, = i T (2.2.23)

After using the values of y; and y, displayed in (1.2.75), we arrive at:

B(S,) = —i/ P[Qll}sl =p—q,
S1

B(S,) = z/s P[], = p+a. (2.2.24)

Notice the perfect agreement of B(S;) and B(Sy) with the baryon numbers of Y and Z
displayed in Table 1.1.

2.2.2 Doublet supersymmetric three-cycles

Let us now try to find supersymmetric embeddings of D3-branes on three-cycles by using a
different set of worldvolume coordinates. As in the previous subsection it is convenient to
use the global coordinates (1.2.102) for the AdS5 part of the metric and the following set of
worldvolume coordinates:

& =Ty, 5.9) . (2.2.25)

Moreover, we will adopt the ansatz:

0y, B,¢), oy, B,7) . (2.2.26)
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The kappa symmetry matrix I',. in this case takes the form:

. coshp

F,{ = —ZL ﬁ FT ’}/yﬁw 5 (2227)
and the induced gamma matrices are:
1 1 cH cos V1—c ) 1—c
D= et g Ot s (BTt gy sin0TY) + = cost9, s
1 H V1i—cy 1—cy .
—~vg = ——(—1+ ccosf [y + ———053+ ———sinf g’
778 \/6( o) I N 7 ¢p 1y
1

+§<y—|—(1—cy) cos@gbg) I, (2.2.28)
1 cH cos 6 V1—c ) 1
T = 7¢¢r2+7y (6,5 +5n0, ) + 5 (1+ (1= ) cosbgy) s .

By using again the projections (1.2.99) one easily gets the action of 7,3, on the Killing

spinor
1

_ﬁf}/yﬁwe = [05 F5 + C1 Fl + C3 Fg + C135 F135} €, (2229)
where the different coefficients appearing on the right-hand side of (2.2.29) are given by:
1 .
= 75 [— 1= c0s0(6y — cog) + (1= cy)sind |6,(65 — you) — 6,(03 — 0y | ] ,
_ L=y 1030y —Opop _
6 =~ sind [ i (6,0, 0y | -
 WVl=ay .
cg = — NG [Hd, — ccost (Bppp — Os0y) + Zsmﬁqﬁw] ,
1—cy |sind
oy = — L [ 220 = o)+ (0, + 00500,(60 — co) — 6,0, — 83)
+iH sin 0 ¢, — % [95 —yby + (1 — cy) cos0(0spy — quﬁﬁ)]] . (2.2.30)

Again, we notice that the matrices I';, I's and I'135 do not commute with the projections
(1.2.99). We must impose:

C] = C3 = C135 = 0. (2231)
From the vanishing of the imaginary part of c3 we obtain the condition:
sinf ¢, = 0. (2.2.32)

One can solve the condition (2.2.32) by taking sinf = 0, i.e. for § = 0, 7. By inspection
one easily realises that c¢;, c3 and ¢35 also vanish for these values of # and for an arbitrary
function ¢(y, 3,1). Therefore, we have the solution

0=0,m, ¢=0(y0¢). (2.2.33)
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Another possibility is to take ¢, = 0. In this case one readily verifies that ¢; and c3 vanish
if 8, = 0. Thus, let us assume that both ¢ and ¢ are independent of the angle . From
the vanishing of the real and imaginary parts of ¢35 we get two equations for the functions

0 = 0(y, ) and ¢ = ¢(y, 3), namely:

sin 0
0, + F(ﬁg + ccosb (¢, 05 — 0,¢03) = 0,
05 — H? sinfp, = 0 . (2.2.34)

If the BPS equations (2.2.34) hold, one can verify that the kappa symmetry condition I', e =
e reduces, up to a sign, to the projection (2.2.13) for the Killing spinor. As in the case of
the S three-cycles studied in subsection 2.2.1, by using the explicit expression (1.2.106) of €
in terms of the global coordinates of AdSs, one concludes that the D3-brane must be placed
at o = 0. The corresponding configuration preserves four supersymmetries.

In the next subsection we will tackle the problem of finding the general solution of the
system (2.2.34). Here we will analyze the trivial solution of this system, namely:

0 = constant , ¢ = constant . (2.2.35)

This kind of three-cycle was studied in ref. [33] by Herzog, Ejaz and Klebanov (see also
[26]), who showed that it corresponds to dibaryons made out of the SU(2) doublet fields U?.
In what follows we will refer to it as doublet (D) cycle. Let us review the arguments leading
to this identification. First of all, the volume of the D cycle (2.2.35) can be computed with

the result:
3

vy = % (2m)% (y2 — ) £ - (2.2.36)

By using the values of y; and ys (eq.(1.2.75)), L (eq.(1.2.68)) and ¢ (eq.(1.2.78)) we find the
following value of the conformal dimension:

AP = Nc% (2]9 ~ 4 — 3¢ ) . (2.2.37)

By comparison with Table 1.1 in chapter 1, one can verify that the corresponding R-charge,
namely 2/3 AP is equal to the R-charge of the field U® multiplied by N,.. We can check this
identification by computing the baryon number. Since, in this case, the pullback of {2y is:

P[], = sdy A da ANdip (2.2.38)

31— cy)
we get:

B(D) = —z'/D P[Q1], = -1, (2.2.39)

which, indeed, coincides with the baryon number of U® written in Table 1.1.
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General integration

Let us now try to integrate in general the first-order differential system (2.2.34). With this
purpose it is more convenient to describe the locus of the D3-brane by means of two functions
y =1y(0,0), 6 = F(0,¢). Notice that this is equivalent to the description used so far (in
which the independent variables were (y, (3)), except for the cases in which (0, ¢) or (y, )
are constant. The derivatives in these two descriptions are related by simply inverting the

Jacobian matrix, i.e.:
Yo Yo 0, 05\ "
— . 2.2.40
(ﬁe m) (cby ¢ﬁ) (2.2.40)

By using these equations the first-order system (2.2.34) is equivalent to:

sin 6

Be vo By = ccost — 2 Yo -

=~ H%sing’

(2.2.41)

These equations can be obtained directly by using € and ¢ as worldvolume coordinates.
Interestingly, in this form the BPS equations can be written as Cauchy-Riemann equations
and, thus, they can be integrated in general. This is in agreement with the naive expectation
that, at least locally, these equations should determine some kind of holomorphic embeddings.
In order to verify this fact, let us introduce new variables u; and us, related to € and y as

follows: 0 (sin6)
sin 0)¢

u; = lo tan = |, uy = lo . 2.2.42

' & < 2) ’ s < fi(y) ) ( )

By comparing the above expressions with the definitions of z; and z3 in eq. (1.2.86), one
gets:

up —i¢p = logz uy — 18 = log 2y . (2.2.43)

The relation between u; and 6 leads to du; = df/ sin 6, from which it follows that:

Jug sin 6 B
o ccost 72 Yo Bu; sinf 3y , (2.2.44)

and it is easy to demonstrate that the BPS equations (2.2.41) can be written as:

dus O duy 9P

—c = F L= 224
8U1 8¢ ' 8¢ 8u1 ' ( 5)

these being the Cauchy-Riemann equations for the variables us — 13 = log 2o and u; — i¢p =
log z;. Then, the general integral of the BPS equations is

logze = f(logz) , (2.2.46)

where f is an arbitrary (holomorphic) function of log z;. By exponentiating eq. (2.2.46) one
gets that the general solution of the BPS equations is a function zp = ¢(z1), in which 25 is
an arbitrary holomorphic function of z;. This result is analogous to what happened for 7!
[105]. The appearance of a holomorphic function in the local complex coordinates z; and z,
is a consequence of kappa symmetry or, in other words, supersymmetry. But one still has



68 CHAPTER 2. SUPERSYMMETRIC BRANES ON ADSs x YF:Q

to check that this equation makes sense globally. We will come to this point shortly. The
simplest case is that in which log zo depends linearly on log z;, namely

log zo = n(logz) + const. , (2.2.47)

where n is a constant. By exponentiating this equation we get a relation between 2, and z;
of the type:

where C is a complex constant. If we represent this constant as C = Ce™", the embedding
(2.2.48) reduces to the following real functions § = (3(¢) and y = y(0):

B = no+ b,

fy) = ¢ Lol (2.2.49)
( tan g)

This is a nontrivial embedding of a D3-brane probe on AdS; x Y?9. Notice that in the
limit ¢ — 0 one recovers the results of [105]. For ¢ # 0, a key difference arises. As we
discussed earlier, z5 is not globally well defined in C'Y?? due to its dependence on (5. As a
consequence, eqs.(2.2.48)-(2.2.49) describe a kappa-symmetric embedding for the D3-brane
on YP4 but it does not correspond to a wrapped brane. The D3-brane spans a submanifold
with boundaries.? The only solution corresponding to a probe D3-brane wrapping a three-
cycle is z; = const. which is the one obtained in the preceding subsection.

In order to remove [ while respecting holomorphicity, we seem to be forced to let z3 enter
into the game. The reason is simple, any dependence in [ disappears if z, enters through the
product z523. This would demand embeddings involving the radius that we did not consider.
In this respect, it is interesting to point out that this is also the conclusion reached in [63]
from a different perspective: there, the complex coordinates corresponding to the generators
of the chiral ring are deduced and it turns out that all of them depend on 27, 2923 and 23. It
would be clearly desirable to understand these generalised wrapped D3-branes in terms of
algebraic geometry, following the framework of ref. [111] which, in the case of the conifold,
emphasizes the use of global homogeneous coordinates. Unfortunately, the relation between
such homogeneous coordinates and the chiral fields of the quiver theory is more complicated
in the case of C'YP1.

2.2.3 The calibrating condition

Let us now verify that the BPS equations we have obtained ensure that the three-dimensional
submanifolds we have found are calibrated. Given a three-submanifold in Y?? one can
construct its cone D, which is a four-dimensional submanifold of CY?4. The calibrating
condition for a supersymmetric four-submanifold D of C'Y?1 is just:

P [% Jng]| = Voip)., (2.2.50)

2In this respect, notice that it might happen that global consistency forces, through boundary conditions,
the D3-brane probes to end on other branes.
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where Vol(D) is the volume form of the divisor D and J is the Kéahler form of CY?? (1.2.93).
Let us check that the condition (2.2.50) is indeed satisfied by the cones constructed from
our three-submanifolds. In order to verify this fact it is more convenient to describe the
embedding by means of functions y = y(0,¢) and 5 = 3(0,¢). The corresponding BPS
equations are the ones written in (2.2.41). By using them one can verify that the induced
volume form for the three-dimensional submanifold is:

1
vol = m (1 —cy)sin® + ccosOyy + Boys — Yols ps do N do N di . (2.2.51)
By computing the pullback of J A J one can verify that the calibrating condition (2.2.50) is
indeed satisfied for:

Vol(D) = —r*dr Awol , (2.2.52)

which is just the volume form of D with the metric dséyp,q having a particular orientation.
Eq. (2.2.50) is also satisfied for the cones constructed from the singlet and doublet three-
cycles of subsections 2.2.1 and 2.2.2. This fact is nothing but the expression of the local
nature of supersymmetry.

2.2.4 Energy bound

The dynamics of the D3-brane probe is governed by the Dirac-Born-Infeld lagrangian that,
for the case in which there are not worldvolume gauge fields, reduces in Einstein frame (see
eq. (1.3.7)) to:

L=—/—g, (2.2.53)

where we have taken the D3-brane tension equal to one. We have checked that any solution
of the first-order equations (2.2.34) or (2.2.41) also satisfies the Euler-Lagrange equations
derived from the lagrangian density (2.2.53). Moreover, for the static configurations we are
considering here the hamiltonian density H is, as expected, just H = —L. We are now going
to verify that this energy density satisfies a bound, which is just saturated when the BPS
equations (2.2.34) or (2.2.41) hold. In what follows we will take # and ¢ as independent
variables. For an arbitrary embedding of a D3-brane described by two functions 8 = (0, ¢)
and y = y(6, ¢) one can show that H can be written as:

H =22+ )2 +W?, (2.2.54)
where Z, )Y and W are given by:
L4
Z = 8 (1 —cy)sin® + ccosOyg + yso — Yoy | -

L [ in 6
y = 1—8\/1—cyH 6¢—00059+%y9],

L [
W= VI I | sindf - %] . (2.2.55)
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Obviously one has:
H>|Z|. (2.2.56)

Moreover, since

= W‘ aps = 0 (2.2.57)

the bound saturates when the BPS equations (2.2.41) are satisfied. Thus, the system of
differential equations (2.2.41) is equivalent to the condition H = | Z| (actually Z > 0 if
the BPS equations (2.2.41) are satisfied). Moreover, for an arbitrary embedding Z can be
written as a total derivative, namely:

_ 0 e 0 oy
zZ= 2 +a¢Z . (2.2.58)

This result implies that H is bounded by the integrand of a topological charge. The explicit
form of Z% and Z? is:

L4

z0 = T (1—cy)cos€+yﬁ¢],
L4
A 1—8yﬁ9. (2.2.59)

In this way, from the point of view of the D3-branes, the configurations satisfying eq. (2.2.41)
can be regarded as BPS worldvolume solitons.

2.2.5 BPS fluctuations of dibaryons

In this subsection we study BPS fluctuations of dibaryon operators in the Y74 quiver theory.
We start with the simplest dibaryon which is singlet under SU(2), let us say detY. To
construct excited dibaryons we should replace one of the Y factors by any other chiral field
transforming in the same representation of the gauge groups. For example, replacing Y by
YU*VPY | we get a new operator of the form

ae(YUVPY)Y - Y | (2.2.60)

where ¢; and €2 are abbreviations for the completely anti-symmetric tensors for the respective
SU(N,) factors of the gauge group. Using the identity

EalmaNcebr“ch - Z(_l)adgzbl) o '622\;761%) ’ (2.2.61)

a

the new operator we get can factorise into the original dibaryon and a single-trace operator
Tr(U*VPY) det Y . (2.2.62)

Indeed for singlet dibaryons, a factorisation of this sort always works. This fact seems to
imply, at least at weak coupling, that excitation of a singlet dibaryon can be represented as
graviton fluctuations in the presence of the original dibaryon.
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For the case of a dibaryon with SU(2) quantum number the situation is different. Con-
sider, for simplicity, the state with maximum J; of the SU(2)

ae’ (U U =det U, (2.2.63)

we can replace one of the U! factors by U' O, where O is some operator given by a closed
loop in the quiver diagram. As in the case of a singlet dibaryon, this kind of excitation is fac-
torisable since all SU(2) indices are symmetric. So this kind of operator should be identified
with a graviton excitation with wrapped D3-brane in the dual string theory. However, if the
SU(2) index of the U field is changed in the excitation, i.e. U' — U% O, then the resulting
operator cannot be written as a product of the original dibaryon and a meson-like operator.
Instead it has to be interpreted as a single particle state in AdS. Since the operator also
carries the same baryon number, the natural conclusion is that the one-particle state is a
BPS excitation of the wrapped D3-brane corresponding to the dibaryon [83].

Vv
v
y y Y Z
U U U uj U
% % . y
==
V Vv
==
y v Y Z
U ug U uj U
Y Y z Y
==
V Vv
»
y y Y Z
U U U up U
Y Y i Y
Vv

Figure 2.1: Loops in the Y42 quiver representing mesonic operators in the chiral ring. There
are short loops such as UVY, VUY or YUZU (upper), longest loops as VUVUZUZU
(middle) and long loops like YUYYYU (bottom). The representative of each class in the
chiral ring is, respectively, O, Oy and Os.

In order to classify all these BPS excitations of the dibaryon, we have to count all possible
inequivalent chiral operators O that transform in the bifundamental representation of one of
the gauge group factors of the theory. In Y74 quiver gauge theory, these operators correspond
to loops in the quiver diagram just like the mesonic chiral operators discussed in [112]. The
simplest ones are operators with R-charge 2. They have been thoroughly discussed in [113].
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‘ Operator ‘ Qr ‘ Qr ‘ Spin ‘
O, 2 0 1

S
-
s}

O, D+ —3—1@ D

M ‘

7
(=}

Os p—q+g | —p| 5

Table 2.1: Charges assignments for the mesonic operators O; that generate the chiral ring.

They are given by short loops of length 3 or 4 in the quiver, precisely as those operators
entering in the superpotential (1.2.107). They are single trace operators of the form (in
what follows we omit the trace and the SU(2) indices) UVY, VUY or YUZU (see the
upper quiver in Fig. 2.1). Since they are equivalent in the chiral ring, we can identify them
as a single operator O;. It transforms in the spin % ® % = 0@ 1 representation of the global
SU(2). The scalar component vanishes in the chiral ring. Thus, we end up with a spin 1
chiral operator with scaling dimension A = 3. Its U(1)p charge vanishes.

There are also two classes of long loops in the quiver. The first class, whose representative
is named O,, has length 2p, winds the quiver from the left to the right and is made of p
U type operators, g V type operators and p — q Z type operators. For example, in Y42,
a long loop of this class is VUVUZUZU (middle quiver in Fig. 2.1). It transforms in the
spin 2 ®...® 1 =24 @ ... representation of SU(2). The dots amount to lower dimensional
representations that vanish in the chiral ring. The resulting operator, O, has spin pTJrq.
There is another class of long loops which has length 2p — ¢, running along the quiver in
the opposite direction, build with p Y type operators and p — ¢ U type operators. We
name its representative as Oz. In the case of Y42, it is an operator like YUYYYU (bottom
quiver in Fig. 2.1). SU(2) indices, again, have to be completely symmetrised, the spin being
P54, Long loops wind around the quiver and this leads to a nonvanishing value of Qr [112].
The baryonic charge vanishes for any of these loops. We summarise in Table 2.1 the charge
assignments for the three kinds of operators O; [112]. We can see that these operators satisfy
the BPS condition A = %Q r- In fact, they are the building blocks of all other scalar BPS

operators. The general BPS excitation corresponds to operators of the form
3
o=[[o". (2.2.64)
i=1

It is interesting to notice that the spectrum of fluctuations of a dibaryon must coincide with
the mesonic chiral operators in the Y7 quiver theory. This would provide a nontrivial test of
the AdS/CFT correspondence. We show this result explicitly via an analysis of open string
fluctuation on wrapped D3-branes.

Now we are interested in describing the excitations of dibaryon operators from the dual
string theory. For those excitations that are factorisable, the dual configurations are just



2.2. SUPERSYMMETRIC D3-BRANES ON ADSs x Y@ 73

the multi-particle states of graviton excitations in the presence of a dibaryon. The corre-
spondence of graviton excitation and mesonic operator were studied in [112, 114]. What we
are really interested in are those non-factorisable operators that can be interpreted as open
string excitations on the D-brane. This can be analyzed by using the Dirac-Born-Infeld ac-
tion of the D3-brane. In what follows we will focus on the dibaryon made of U fields, which
corresponds to the three-cycle D studied in subsection 2.2.2 which, for convenience, we will
parameterise with the coordinates (y, 1, «). The analysis of the dibaryon made of V field is
similar. For our purpose we will use, as in eq. (1.2.102), the global coordinate system for
the AdSs part of the metric and we will take the Y74 part as written in eq. (1.2.80). We are
interested in the normal modes of oscillation of the wrapped D3-brane around the solution
corresponding to some fixed worldline in AdSs and some fixed 6 and ¢ on the transverse S2.
For such a configuration, the induced metric on the dibaryon is:

1
L5}y = —dT” + —dy’ + %d@b? +w(da + fdy)? (2.2.65)

where the functions v(y), w(y) and f(y) have been defined in eq. (1.2.81) (in what follows
of this subsection we will take ¢ = 1).

The fluctuations along the transverse S? are the most interesting, since they change the
SU(2) quantum numbers and are most readily compared with the chiral primary states in
the field theory. Without lost of generality, we consider fluctuations around the north pole
of the S?%, i.e. 6y = 0. Instead of using coordinates € and ¢, it is convenient to go from
polar to Cartesian coordinates: ¢! = 0sin ¢ and (? = 6 cos ¢. As a further simplification we
perform a shift in the coordinate . The action for the D3-brane is:

S = —1T3y /d4§\/—detg + T3y /P[C(4)] . (2.2.66)

Let us expand the induced metric g around the static configuration as g = g + dg, where
g0y is the zeroth order contribution. The corresponding expansion for the action takes the

form:
T3

S =S, — 5 /d4g —det go) Tr g 09] + T3 /P[C(4)] : (2.2.67)

where Sy = —T3 [ d*¢\/—detgq). Note that the determinant of the induced metric at
zeroth order is a constant: /—det(g)) = %L‘l. The five-form field strength is
Fy = (14 %) 4\/det(Gys.a) L*dO A dp A dy A dip A do . (2.2.68)

Moreover, using that det(Gy».q) is the determinant of the metric of the Y7 manifold and

det(Gyra) = % sin §, we can choose the four-form Ramond-Ramond field to be

2
Cy= §(1 —y)L*(cos O — 1) da Ady Adip Ado, (2.2.69)

which is well defined around the north pole of S?. At quadratic order, the four form Cj is

1 — o
Ci=—/~det go) —3 ey Cd¢? Nda Ndy A dip (2.2.70)
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The contribution from the Born-Infeld part of the effective action is:
Tr [g0) 09] = Gij gl (9uC'0,C7) + 29155 G D, (2.2.71)

where (G is the metric of the background, i,j denote the components of G along the (!?
directions and the indices pu, v refer to the directions of the worldvolume of the cycle. The
non-vanishing components of GG are:

1-— 1 .
Gij = TyL25ij> Gyi = ) <7~Uf2 + g) L2€ij ¢/, Goi=

wf

-5 — L (7. (2.2.72)

Using these results one can verify that the effective Lagrangian is proportional to:

ZL2 Y 90, (0uC'0,C") + 29[ Gri 0.C" + (13 )Ez‘j ¢ org’ (2.2.73)

The equations of motion for the fluctuation are finally given by
L? 2(1 —vy)

Zo(a-naoc) w6 - 2

5 €; 0r¢? =0 . (2.2.74)

Introducing ¢+ = ¢! 4 i¢?, the equations of motion reduce to
1-— 2(1 —
<v2 - Tya%)gi + i%%ci +i0,(t =0, (2.2.75)

where V? is the laplacian along the spatial directions of the cycle for the induced metric g(g).
The standard strategy to solve this equation is to use separation of variables as

¢F = exp(—iwT) exp (z%a) exp(iny) YEE(y) . (2.2.76)
Plugging this ansatz into the equation of motion, we find
1 d d
—— (1 — Y= 2.2.77
- e ) (2277

9 ) L \m® 18/(y)m I 2w 6n 1y e
K o) +w<y>)f2 o) " W EYET )

The resulting equation has four regular singularities at y = vy, 2, y3 and oo and is known as
Heun’s equation (for clarity, in what follows we omit the indices in Y') [110]:

d L1\ d
—Yi+( )—Yi+qui=0, 2.2.78
dy? ;y—yi dy ) ( )
where, in our case
2 y 1 azQ’(yi)]
qly) = ——|p—wlw=x4d) —= —
W = g fels 12y,
= 2 (™ ) 4 w4y 8 (2.2.79)
o=l mEwly Tyl =S T o -
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with Q(y) being the function defined in eq. (1.2.74). Now, given that the R-symmetry is
dual to the Reeb Killing vector of Y74 namely 20/0¢ — %8/ Oa, we can use the R-charge
Qr = 2n—m/3( instead of n as quantum number. The exponents at the regular singularities
y = y; are then given by

o — LA =) (m/l+3Qry:)
b2 Q'(y,) '

The exponents at y = oo are —% and % + 2 for Y*, while —% + 2 and % for Y~. We can
transform the singularity from {yi,ys,y3, 00} to {0,1,b = ﬁ, oo} by introducing a new

variable z, defined as:

(2.2.80)

T = 2.2.81
Y2 — W1 ( )
It is also convenient to substitute
Y = zlal(1 — x)leel(p — g)losl p(a) | (2.2.82)
which transforms equation (2.2.78) into the standard form of the Heun’s equation
d? C D E d ABx — k
—h — —h h(z) = 0. 2.2.83
dx? (z) + <x+x—1+x—b)d:c (%) x(zr —1)(x —b) (z) ( )
Here the Heun’s parameters are given by
3 3
w w+4
A = _5+;\ai\, B——+Z|al,
C = 142, D =1+ 2|ay], E_1+2|a3\, (2.2.84)

and

ko= (loal + las])(Jau| + los] +1) — [al?

+ bl(\aﬂ + laaf)(laa| + faz| +1) — \043|2} — [,

_yl i Y2 (M - %W(W i 4))
- 2a-mo+ - Son(@n+ i) - (nr 2]
b = 1<1+7V4pz_?’(12) . (2.2.85)

2 q

=
Il

We only presented the equation for Y*; the corresponding equation for Y~ can be obtained
by replacing w with w — 4 and changing the sign of the last term in (2.2.85).

Now let us discuss the solutions to this differential equation. For quantum number
®Qr = 2N, (which implies m = 0), we find all a; equal to N./2. If we set w = 3N, the
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Heun’s parameters A and k both vanish. The corresponding solution h(z) is a constant
function. Similarly if w = —3N, — 4, then B and k vanish which also implies a constant
h(zx). The complete solution of (¥ in these two cases is given by

3

Cli _ —3NeT+Netp H Nc/z7
i=1
3
G = T ONAITEN Ty — )N/ (2.2.86)
1=1

These constant solutions represent ground states with fixed quantum numbers and, since
they have the lowest possible dimension for a given R-charge, they should be identified with
the BPS operators. Indeed, in the solutions (2.2.86) the energy is quantised in units of
3L~1, and 3 is precisely the conformal dimension of O;. This provides a perfect matching of
AdS/CFT in this setting.

The situation for quantum numbers Qr = N.(p + ¢ F 1/3¢) and m = +N, is similar to
the case we have just discussed. The solutions for h(z) are constant with

N, 2p — \/4p? — 3¢?
— _p<3:|: p P g ) , (2.2.87)
q

2

and

w=—

N, 2% — /4p? — 3¢
—p<3j: P qp 1 ) —4. (2.2.88)

2

We can see that the conformal dimension satisfies A = %Q r- S0 all these solutions are BPS
fluctuations which should correspond to the operators Oy, and Oj.

An interesting comment is in order at this point. Notice that the dibaryon excitations
should come out with the multiplicities associated to the SU(2) spin (see Table 2.1) of the O;
operators. However, in order to tackle this problem, we would need to consider at the same
time the fluctuation of the D3-brane probes and the zero-mode dynamics corresponding to
their collective motion along the sphere with coordinate 6 and ¢ (see ref. [83] for a similar
discussion in the conifold case). This is an interesting problem that we leave open.

2.3 Supersymmetric D5-branes in AdS5; x Y1

In this section we will study the supersymmetric configurations of D5-branes in the AdS5 x
YP1 background. First of all, notice that in this case I',, acts on the Killing spinors € as:

F.e = o =s MRy e € (2.3.1)
where we have used the relation (1.3.10) to translate eq. (2.1.1). The appearance of the
complex conjugation on the right-hand side of eq. (2.3.1) is crucial in what follows. Indeed,
the complex conjugation does not commute with the projections (1.2.99). Therefore, in order
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to construct an additional compatible projection involving the ¢ — €* operation we need to
include a product of gamma matrices which anticommutes with both I';5 and I'34. As in the
D3-brane case just analyzed, this compatibility requirement between the I';, ¢ = € condition
and (1.2.99) implies a set of differential equations whose solutions, if any, determine the
supersymmetric embeddings we are looking for.

We will carry out successfully this program only in the case of a D5-brane extended
along a two-dimensional submanifold of Y77, One expects that these kinds of configurations
represent wall defects in the field theory. When we allow the D5-brane to extend infinitely
in the holographic direction, we get a configuration dual to a defect conformal field theory.
In the remainder of this section we will find the corresponding configurations of the D5-
brane probe. Moreover, in section 2.5 we will find, based on a different set of worldvolume
coordinates, another embedding of this type preserving the same supersymmetry as the one
found in the present section and we will analyze the effect of adding flux of the worldvolume
gauge fields. In section 2.5 we will also look at the possibility of having D5-branes wrapped
on a three-dimensional submanifold of Y% This configuration looks like a domain wall
in the field theory dual and although these configurations are not supersymmetric, we have
been able to find stable solutions of the equations of motion. The case in which the D5-brane
wraps the entire Y79 corresponds to the baryon vertex. In this configuration, studied also
in section 2.5, the D5-brane captures the flux of the RR five-form, which acts as a source for
the electric worldvolume gauge field. We will conclude in section 2.5 that this configuration
cannot be supersymmetric, in analogy with what happens in the conifold case [105].

2.3.1 Wall defect solutions

We want to find a configuration in which the D5-brane probe wraps a two-dimensional
submanifold of Y7 and is a codimension one object in AdSs. Accordingly, let us place the
probe at some constant value of one of the Minkowski coordinates (say x?) and let us extend
it along the radial direction. To describe such an embedding we choose the following set of
worldvolume coordinates for a D5-brane probe

&= (t,xt, 2%, 0,0) , (2.3.2)
and we adopt the following ansatz:

with 23 and v constant. The induced Dirac matrices can be computed straightforwardly from
eq. (1.3.12). From the general expression (2.3.1) one readily gets that the kappa symmetry
matrix acts on the spinor € as:

2

Fn € = \/Z_—g % FmomleT Yoo E* . (234)
By using the complex conjugate of the projections (1.2.99) one gets:
6
—5 V06 = [br + bisTis + bys Tss + biz iz €, (2.3.5)

L2
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where the different coeflicients are:

by = —i[(l—cy)sin@ + ccosOyg + ysBy — yg/%] ,
21 .2
bis = — 3 ﬁ[(l—cy)coswe + y(ﬁ¢ye—ﬁey¢)} - gHCOS@ﬁ& ;
2 ]2 .
by = \/;\/1 —cy [(1—cy)cosﬁ + y6¢] + Z\/;\/l—cy ysinfgy
in 6
bis = /1 —cy [?J_H¢> — Hpy sinﬁ] + i/ 1 —cy [31;1[ Yo — H (ccosf — @;ﬁ)] .(2.3.6)

As discussed above, in this case the action of I',;, involves the complex conjugation, which
does not commute with the projections (1.2.99). Actually, the only term on the right-hand
side of (2.3.5) which is consistent with (1.2.99) is the one containing I'y3. Accordingly, we
must require:

b[ = b15 = b35 = 0 . (237)

From the vanishing of the imaginary part of b5 we get:
Bo=0, (2.3.8)

while the vanishing of the real part of b5 leads to:

1—
By = — ycy cosf . (2.3.9)

Notice that bs; is zero as a consequence of equations (2.3.8) and (2.3.9) which, in particular
imply that:
B=B8(6) . (2.3.10)

Moreover, by using eq. (2.3.8), the condition b; = 0 is equivalent to
(1 —cy)sin® + (ccost — By)yg = 0, (2.3.11)
and plugging the value of G, from (2.3.9), one arrives at:
yg = —(1 —cy)ytand . (2.3.12)

In order to implement the kappa symmetry condition at all points of the worldvolume the
phase of b;3 must be constant. This can be achieved by requiring that the real part of b3
vanishes, which for By = 0 is equivalent to the condition y4 = 0, i.e.:

y=1y(0) . (2.3.13)
The equation (2.3.12) for y(#) is easily integrated, namely:

Y
1—cy

= kcos0 , (2.3.14)
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where k is a constant. Moreover, by separating variables in eq. (2.3.9), one concludes that:
Bs=m (2.3.15)

where m is a new constant. Plugging (2.3.14) into eq. (2.3.9) and using the result (2.3.15)
one concludes that the two constants m and k& must be related as:

km = —1, (2.3.16)

which, in particular implies that £ and m cannot vanish. Thus, the embedding of the D5-
brane becomes

B =mo+ [,
cos
= —— 2.3.1
y m — ccosf (2.3.17)

Notice that the solution (2.3.17) is symmetric under the change m — —m, § — m — 6 and
¢ — 2w — ¢. Thus, from now on we can assume that m > 0.

It is now straightforward to verify that the BPS equations are equivalent to impose the
following condition on the spinor e:

Fx()x1x27,13€* = 0€ , (2.3.18)

where o is:

COSH) = —sign(m — ccos@) : (2.3.19)

o = sign(
Obviously, the only valid solutions are those which correspond to having a constant sign
o along the worldvolume. This always happens for m/c > 1. In this case the minimal
(maximal) value of 0 is 0 = 0 (0 = 7) if |m — c||lys] > 1 (Jm — ¢||y2] > 1). Otherwise the
angle # must be restricted to lie in the interval 6 € [0y, 0], where 6; and 6, are given by:

0; = arccos[ Y ] , (1=1,2). (2.3.20)
cy; — 1

Notice that, similarly to what we obtained in the previous section, eq.(2.3.17) implies that

the configuration we arrived at does not, in general, correspond to a wrapped brane but to

a D5-brane that spans a two-dimensional submanifold with boundaries.

Let us now count the number of supersymmetries preserved by our configuration. In
order to do so we must convert eq. (2.3.18) into an algebraic condition on a constant spinor.
With this purpose in mind let us write the general form of € as the sum of the two types of
spinors written in eq. (1.2.101), namely:

3 re »
D + n—> + e T (2.3.21)
where 72 is the constant value of the coordinate z® in the embedding and the index p runs
over the set {0, 1,2}. By substituting eq. (2.3.21) on both sides of eq. (2.3.18), one can get

the conditions that 7, and n_ must satisfy. Indeed, let us define the operator P as follows:

e%d’e = 7‘_%7]+ + r%(

Pe = ioeT,sTi3e . (2.3.22)



80 CHAPTER 2. SUPERSYMMETRIC BRANES ON ADSs x YF:Q

Then, one can check that eq. (2.3.18) is equivalent to:
Pny = ny

273

As P? = 1, we can classify the four spinors 7_ according to their P-eigenvalue as: Pn(_i) =

:tn(_i). We can now solve the system (2.3.23) by taking 7, = 0 and n_ equal to one of the

two spinors n(_) of negative P-eigenvalue. Moreover, there are other two solutions which

correspond to taking a spinor n(_+) of positive P-eigenvalue and a spinor 7, related to the
former as: ,
L (+)
Ny = grm-‘* n’ . (2.3.24)

Notice that, according to the first equation in (2.3.23), the spinor 7, must have positive
P-eigenvalue, in agreement with eq. (2.3.24). All together this configuration preserves four
supersymmetries, i.e. one half of the supersymmetries of the background, as expected for a
wall defect.

2.3.2 The calibrating condition

For any two-dimensional submanifold L of Y?¢ one can construct its three-dimensional cone
L C CYP4. The holomorphic (3,0) form € of C'YP? can be naturally used to calibrate such
submanifolds. Indeed, L is called a special Lagrangian submanifold of C'Y?4 if the pullback
of Q2 to L is, up to a constant phase, equal to the volume form of £, namely:

P[Q], = ¢*Vol(L) , (2.3.25)
where )\ is constant on £. If the cone £ is special Lagrangian, its base L is said to be special
Legendrian. It has been argued in ref. [115] that the supersymmetric configurations of a
D5-brane extended along a two-dimensional submanifold L of a Sasaki-Einstein space are
those for which L is special Lagrangian. Let us check that this is indeed the case for the
embeddings (2.3.17). First of all, we notice that the expression of Q written in (1.2.89) can
be recast as:

Q=" A[dr+ize’], (2.3.26)
where ) is the two-form:
1 , :
Q, = /7 (61—|—262)/\(63—264) : (2.3.27)

In egs. (2.3.26) and (2.3.27) €', - - -, €5 are the vielbein one-forms of (1.2.71). Moreover, the
volume form of £ can be written as:

Vol (£) = r2dr A Vol (L) . (2.3.28)
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For our embeddings (2.3.17) one can check that:

14+ (1—cy) ﬁ tan® 6 | df A do . (2.3.29)

Vol (L) — \ cosf RVer

It is now straightforward to verify that our embeddings (2.3.17) satisfy (2.3.25) with ¢ =
—ioe'™, where o is the constant sign defined in (2.3.19) (recall that in our ansatz (2.3.3) the
angle 1 is constant). Thus, we conclude that L is special Legendrian, as claimed. Moreover,
one can check that:

P[], =0. (2.3.30)

2.3.3 Energy bound

Let us consider a generic embedding y = y(0), 5 = ((¢) and let us define the following
functions of # and y

1—cy

Ay = —y(1 —cy)tand | Ay =—
)

cosf . (2.3.31)

In terms of these functions the BPS equations (2.3.9) and (2.3.12) are simply yp = Ay
and 3y = As. We have checked that any solution of this first-order equations also solves the
Euler-Lagrange equations derived from the Dirac-Born-Infeld lagrangian (2.2.53). Moreover,
the hamiltonian density H = /—g satisfies a BPS bound as in (2.2.56), where Z is a total
derivative. To prove this statement, let us notice that H can be written as:

00829
H 6 VI—cy COSQ}\/ 2H2y9 %

cos2 0

2
x\/(ccost9 — By)? + mAz 3;{[2 (Bs — Ay)? . (2.3.32)

Let us now rewrite H as H = | Z| + S, where

r* H y [cos’f
6 /T—cy cosf [y2H2 Doy — (ccost — ﬁd’)AGZ’] : (2.3.33)

One can check that |Z|jzps = /—gppg. Moreover, for arbitrary functions y = y(¢) and
B = B(¢), one can verify that Z is a total derivative, namely:
0 0

— 2 z0 . 7 =z¢
2= 2+ 52 (2.3.34)

Z -

In order to write the explicit expressions of Z? and Z?, let us define the function g(y) as

follows:
/ V1—cy
= — 7 dy .

(2.3.35)
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Then one can verify that eq. (2.3.34) is satisfied for 2% and Z? given by:

0 r?
2" = & sinfgly),
zZ? = 2—2 [ —cosfg(y)o + H(y)\/1—cy (cpcosl — ﬁ)} : (2.3.36)

One can prove that H > ‘ Z ‘ is equivalent to:

cos? 0 2
———— AL A 1— 0 —
Ty | Do+ (1= cy) (ecosd — Buun] +
2021 5, (1—cy)cos®d )
3 [% T Wye] [By — Ay]” 20, (2.3.37)
which is always satisfied. Moreover, by using that (ccosf — () Bps = cosf/y, one can

prove that this inequality is saturated precisely when the BPS differential equations are
satisfied.

2.4 Supersymmetric D7-branes in AdS5; x Y1

For a D7-brane the kappa symmetry matrix (2.1.1) takes the form:

i
V=

where, again, we have used the rules of eq. (1.3.10) to write the expression of I'; acting on
complex spinors. The D7-branes which fill the four Minkowski spacetime directions and ex-
tend along some holographic non-compact direction can be potentially used as flavour branes,
i.e. as branes whose fluctuations can be identified with the dynamical mesons of the gauge
theory. In this section we will find a family of these configurations which preserve four super-
symmetries. In section 2.5 we will determine another family of supersymmetric spacetime
filling configurations of D7-branes and we will also demonstrate that there are embeddings
in which the D7-brane wraps the entire Y77 space and preserve two supersymmetries.

H1-..48

Fk - ”Yul...uga (241>

2.4.1 Spacetime filling D7-brane

Let us choose a system of worldvolume coordinates motivated by the spacetime filling char-
acter of the configuration that we are trying to find, namely:

€: (t’x1?$27$37y7/67 97 ¢)‘ (2'4'2)

The ansatz we will adopt for the embedding is:

= ?/)(/5, ¢)> r= T(yv 9) (243)
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In this case the general expression of I',, (eq. (2.4.1)) reduces to:

7”4

FR = —1 1;47\/__.9 Fmo---x?’ YyB6¢ -

(2.4.4)

In order to implement the I', ¢ = € condition we require that the spinor € is an eigenvector
of the matrix I', defined in eq. (1.2.96). Then, according to eq. (1.2.101), T'.e = —e, i.e. €
is of the form e_ and, therefore, it satisfies:

Cpo. €. = ie_ . (2.4.5)
Moreover, as e_ has fixed ten-dimensional chirality, the condition (2.4.5) implies:
Dse. = —ie_ . (2.4.6)

By using the projection (2.4.5), one immediately arrives at:

4

,
F,{ €. = “7\/__.9 7y69¢ €_ . (247)
After using eqgs. (1.2.99) and (2.4.6), the action of 7,494 on € can be written as:
1
ﬁ%m% €~ = [dl + disT'is + dss I'ss + d13F13] €, (2.4.8)
where the different coefficients are given by:
1—cy . 1—cy . r 1 )
dy = % sinf + 13 smH(y—Hﬁﬁ)f ~1a [(1+ cthg) cosf + by | -
A—cy . Ty Y+
dyy = H sin [—y - }
15 ] 6\/6 Sin . 3H2 s
Nl=cyrp . rg 1
dyy = — [ 8"+ (1 9 } ,
a5 i G sin 6 — +3(( + cthg) cos + g4 )
T —cu
dis = s CyH[sinHy;;/)ﬁ% + ((1+ cp) cos@—i—%)%] . (2.4.9)

As the terms containing the matrices I'15, I's5 and I'13 give rise to projections which are not
compatible with those in eq. (1.2.99), we have to impose that:

dis = dss = diz = 0. (2.4.10)
From the vanishing of di5 and ds; we obtain the following first-order differential equations
ry = Ay, ro = Ng (2.4.11)
where we have defined A, and Ay as:

Ay: y_'_wﬁ)v

[(1 + ) cos + %] . (2.4.12)

)
s (
T

Np = —
b 3sinfd
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Notice that the equations (2.4.11) imply that d;3 = 0. One can also check that r*d; = /=g
if the first-order equations (2.4.11) hold and, therefore, one has indeed that I'ye_ = e_.
Thus, any Killing spinor of the type e = e_, with e_ as in eq. (1.2.101), satisfies the kappa
symmetry condition if the BPS equations (2.4.11) hold. Therefore, these configurations
preserve the four ordinary supersymmetries of the background and, as a consequence, they
are 1/8 supersymmetric.

Integration of the first-order equations

Let us now obtain the general solution of the system (2.4.11). Our first observation is that,
according to (2.4.3), the only dependence on the coordinates § and ¢ appearing in egs.
(2.4.11) and (2.4.12) comes from the derivatives of 1. Therefore, for consistency with the
assumed dependence of the functions of the ansatz (2.4.3), 14 and 1z must be constants.
Thus, let us write:

w(b = Ny, ’ng = Nog , (2413)

which can be trivially integrated, namely:
Y = ny ¢ + ny B + constant . (2.4.14)

It is now easy to obtain the function r(,y). The equations to integrate are:

—L( + ng) S
- 3H? Y 2/ o= 3sinf

Ty [(1 + cng)cos + ny | . (2.4.15)

Let us first integrate the equation for 4 in (2.4.15). We get:

Aly)
r(y,0) = TraiTeng ey (2.4.16)

sing] 7 [cosd]

with A(y) a function of y to be determined. Plugging this result in the equation for r, in
(2.4.15), we get the following equation for A:

1dA _ly+n
Ady 3 H®

(2.4.17)

which can be integrated immediately, namely:

ay) = ¢ [aw)] " h) . (24.18)

with C' a constant and f;(y) and f5(y) being the functions defined in (1.2.87). Then, we can
write r(y, 0) as:

1w 2w

r(y,0) = C ]1+n1+cn2 [

(2.4.19)

0

1-ni+4cns *
COS 5}

[ sin )
Several comments concerning the solution displayed in eqs. (2.4.14) and (2.4.19) are in order.
First of all, after a suitable change of variables it is easy to verify that for ¢ = 0 one recovers
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from (2.4.14) and (2.4.19) the family of D7-brane embeddings in AdSs x T"! found in ref.
[105]. Secondly, the function r(y,#) in (2.4.19) always diverges for some particular values of
6 and y, which means that the probe always extends infinitely in the holographic direction.
Moreover, for some particular values of n; and ny there is a minimal value of the coordinate
r, which depends on the integration constant C'. This fact is important when one tries to
use these D7-brane configurations as flavour branes, since this minimal value of r provides
us with an energy scale, which is naturally identified with the mass of the dynamical quarks
added to the gauge theory. It is also interesting to obtain the form of the solution written
in egs. (2.4.14) and (2.4.19) in terms of the complex variables z; defined in (1.2.86). After a
simple calculation one can verify that this solution can be written as a polynomial equation
of the form:

2" 29" 23" = constant | (2.4.20)

where the m;’s are constants and msz # 0.> The relation between the m;’s of (2.4.20) and
the n;’s of eqs. (2.4.14) and (2.4.19) is:
m

ny = s No = .
mg mg

mo

(2.4.21)

Notice that when ny = my = 0 the dependence on [ disappears and the configuration
is reminiscent of its analog in the conifold case [105]. When ny # 0 the D7-brane winds
infinitely the v-circle.

2.4.2 Energy bound

As it happened in the case of D3- and D5-branes, one can verify that any solution of the
first-order equations (2.4.11) also solves the equations of motion. We are now going to check
that there exists a bound for the energy which is saturated by the solutions of the first-order
equations (2.4.11). Indeed, let r(y,8) and ¥ (3, ¢) be arbitrary functions. The hamiltonian
density H = y/—g in this case can be written as:

2

2 2
H = %Sinﬁ (7’3 + (1—cy) [Hzrfj + %]) (Ag + (1—cy) [HW\Z + %]) ,

(2.4.22)
where A, and Ay are the functions displayed in eq. (2.4.12). Let us rewrite this function H
as Z + 8, where Z is given by:

2 2

Z = % sinf | rgAg + (1 —cy) (H2 ry Ay + %) (2.4.23)
One can prove that Z is a total derivative:
Z=02"+0,2, (2.4.24)

31t is natural to expect a condition of the form f(z1, 22, 23) = 0, where f is a general holomorphic function
of its arguments. However, in order to be able to solve the problem analytically we started from a restrictive
ansatz (2.4.3) that, not surprisingly, leads to a particular case of the expected answer.
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where Z? and ZY are:

4

Nl

4

2 = % (1 —cy) (y + 1) sind . (2.4.25)

z% = Yy + (14 cihp) COSH] :

Moreover, when Z is given by (2.4.23), one can demonstrate the bound (2.2.56). Actually,
one can show that the condition ‘H > |Z] is equivalent to the inequality:

H2
(ro — Ag)*> + H* (1 —cy) (r, — A)? + = (ro Ay — 1y Ng)* >0, (2.4.26)

which is always satisfied and is saturated precisely when the BPS equations (2.4.11) are
satisfied. Notice also that Z|gpg is positive.

2.5 Other interesting possibilities

Let us now look at some other configurations of different branes and cycles not considered so
far. We first consider D3-branes extended along one of the Minkowski coordinates and along
a two-dimensional submanifold of Y79, These configurations represent “fat” strings from the
point of view of the gauge theory. We verify in subsection 2.5.1 that an embedding of this
type breaks completely the supersymmetry, although there exist stable non-supersymmetric
“fat” strings. In subsection 2.5.2 we find a new configuration of a D5-brane wrapping a two-
dimensional submanifold, whereas in subsection 2.5.3 we add worldvolume flux to the wall
defect solutions of section 2.3. In subsection 2.5.4 we consider the possibility of having D5-
branes wrapping a three-cycle. We show that such embeddings cannot be supersymmetric,
even though stable solutions of the equations of motion with these characteristics do exist.
In subsection 2.5.5 we analyze the baryon vertex configuration and we verify that such
embedding breaks supersymmetry completely. In subsection 2.5.6 we explore the existence
of spacetime filling supersymmetric configurations of D7-branes by using a set of worldvolume
coordinates different from those used in section 2.4. Finally, in subsection 2.5.7 we show that
a D7-brane can wrap the whole Y74 space and preserve some fraction of supersymmetry. It
can be thought of as a codimension two defect in the gauge theory dual.

2.5.1 D3-branes on a two-submanifold

Let us take a D3-brane which is extended along one of the spatial directions of the worldvol-
ume of the D3-branes of the background (say z') and wraps a two-dimensional cycle. The
worldvolume coordinates we will take are

¢ o= (2 21,0,9) , (2.5.1)

and we will look for embeddings with 2, 23

, r and 9 constant and with
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In this case the kappa symmetry matrix acts on € as:
i or? r

\/__g ﬁ 2021 ”y@¢ € .

The expressions of v, and 4 are just those calculated in section 2.3 and s, € can be obtained

by taking the complex conjugate of eq. (2.3.5):

T,e=— (2.5.3)

6 * * * *

where the b’s are given in eq. (2.3.6). Since now the complex conjugation does not act on
the spinor €, the only possible projection compatible with those of the background is the one
originated from the term with the unit matrix in the previous expression. Then, we must
require:

bis =bss = b1z =0 (2.5.5)

The conditions b5 = 0 and bgs = 0 are equivalent and give rise to eqs. (2.3.8) and (2.3.9),
which can be integrated as in eq. (2.3.17). Moreover, the condition by3 = 0 leads to the
equation:
Y
Y = cotf . (2.5.6)
The integration of this equation can be straightforwardly performed in terms of the function
fo(y) defined in eq. (1.2.87) and can be written as:

1

= ksind | (2.5.7)
Va —3y%+ 2cy’

with £ being a constant of integration, which should be related to the constant m in eq.
(2.3.17). However, the dependence of y on # written in the last equation does not seem to
be compatible with the one of eq. (2.3.17) (even for ¢ = 0). Thus, we conclude that there is
no solution for the kappa symmetry condition in this case.

If we forget about the requirement of supersymmetry it is not difficult to find solutions
of the Euler-Lagrange equations of motion of the D3-brane probe. Indeed, up to irrelevant
global factors, the lagrangian for the D3-brane considered here is the same as the one cor-
responding to a D5-brane extended along a two-dimensional submanifold of Y79, Thus, the
embeddings written in eq. (2.3.17) are stable solutions of the equations of motion of the
D3-brane which represent a “fat” string from the gauge theory point of view.

2.5.2 More D5-branes wrapped on a two-cycle

Let us consider a D5-brane wrapped on a two-cycle and let us choose the following set of
worldvolume coordinates: &# = (2% 2%, 2%,r,0,y). The embeddings we shall consider have
23 and ¢ constant and ¢ = ¢(0,y), 3 = 5(0,y). For this case, one has:

- 2
L T Yy € (2.5.8)

Tpe = ————
N
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where ¢
72 10 € = (fl + fisT'is + fasl'ss + f13F13> €, (2.5.9)

and the different coefficients are given by:

fr = =i((1=cy) sinb, — ccosboy + fh ) .

fis = \/gé (who + (1~ eyycostoy ) + i\/chose(ﬂygbg ~ o). (2510)
fas = @m[(yay + (1= cy)eost, ) — iy sind (G,00 = B0, )] -

fis = VT [( 35 + Hoin0 (8,00 — 0,)) — i (P20 6y~ H(B, ~ ceostn,)]

The BPS conditions in this case are the following:

fr=fi5= [ =0. (2.5.11)
From the vanishing of f; we get the equation:
Bo + (1 —cy)sinf ¢, — ccosbpy = 0 . (2.5.12)

Moreover, the vanishing of fi5 and f35 is equivalent to the equations:

yBe + (1 —cy) cosbgg = 0,

yB, + (1 —cy)cosb¢p, = 0,

By po— By py = 0. (2.5.13)
Notice that this system of equations is redundant, i.e. the first two equations are equivalent
if one uses the last one. Substituting the value of 3y as given by the first equation in (2.5.13)

into (2.5.12), one can get a partial differential equation which only involves derivatives of ¢,
namely:

cot8 g — y(l—cy)¢p, = 0. (2.5.14)
By using in (2.5.14) the last equation in (2.5.13), one gets:
cotf By —y(l—cy)p, = 0. (2.5.15)

Egs. (2.5.14) and (2.5.15) can be easily integrated by the method of separation of variables.
One gets

_ _y 0
9 =4 (1—cy)cos€] T
a—1
a Yy 0
= A 2.5.1
b I—a | (1—cy)cosb N (2.5.16)

where A, a, ¢° and Y are constants of integration and we have used eq. (2.5.13) to relate
the integration constants of ¢ and (5. However, in order to implement the condition I', € = €,
one must require the vanishing of the imaginary part of fi;3. This only happens if ¢ and 3
are constant, i.e. when A = 0 in the above solution. One can check that this configuration
satisfies the equations of motion.
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2.5.3 D5-branes on a two-submanifold with flux

We now analyze the effect of adding flux of the worldvolume gauge field F' to the configura-
tions of section 2.3 . Notice that we now have a non-zero contribution from the Wess-Zumino
term of the action, which is of the form?:

Lwz = P[CY|AF . (2.5.17)

Let us suppose that we switch on a worldvolume gauge field along the angular directions
(0,¢). We will adopt the ansatz:

Fps = qK(0,9) , (2.5.18)

where ¢ is a constant and K (0, ¢) a function to be determined. The relevant components of
P[CW] are
o3

PO ] 00142, = h7} o (2.5.19)

where h = L*/r'. Tt is clear from the above expression of Ly 7 that a nonvanishing value
of ¢ induces a dependence of 23 on r. In what follows we will assume that 2% = 23(r), i.e.
that 2® only depends on 7. Let us assume that the angular embedding satisfies the same
equations as in the case of zero flux. The Lagrangian density in this case is given by:

L=—h2 V1+h ()2 900960 + 2 K2 + qh 'K (2.5.20)

where ggg and gy, are elements of the induced metric, we have denoted z* simply by = and
the prime denotes derivative with respect to r. The equation of motion of x is:

B \/9999¢¢ + ¢* K?
14+ h=t(2")?

h 22 + qh ™' K = constant . (2.5.21)

Taking the constant on the right-hand side of the above equation equal to zero, we get the
following solution for z’:

. 2.5.22
/960906 ( )

Notice that the left-hand side of the above equation depends only on r, whereas the right-
hand side can depend on the angles (6, ¢). For consistency the dependence of K (6, ¢) and
/900945 On (6, ¢) must be the same. Without lost of generality let us take K (6, ¢) to be:

L*K(6,9) = \/Jorgos - (2.5.23)

where the factor L? has been introduced for convenience. Using this form of K, the differ-
ential equation which determines the dependence of 22 on r becomes:

2'(r) = % , (2.5.24)

4A nice discussion of supersymmetric configurations with nonzero gauge field strengths by means of kappa
symmetry can be found in ref. [116].
°In this subsection we will rescale the gauge field F' given in eqs. (1.3.6) and (1.3.8) by a factor of 2ra/.
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which can be immediately integrated, namely:
o(r) = 7% — g . (2.5.25)

Moreover, the expression of K can be obtained by computing the induced metric along the
angular directions. It takes the form:

K(0) = in H2(y) + (1— cy)y? tan2e} Coyse , (2.5.26)

where y = y(0) is the function obtained in section 2.3 and o0 = sign(cos 0/ y). Actually,

notice that K only depends on the angle # and it is independent of ¢.

We are now going to verify that the configuration just found is supersymmetric. The
expression of I', in this case has an additional term due to the worldvolume gauge field (see
eq. (1.3.8)). Actually, it is straightforward to check that in the present case

1 rs .
Ip,e = ) s | [% Yoo € — Yr Fpg € (2.5.27)
Notice that -, is given by:
L 2

For the angular embeddings we are considering it is easy to prove from the results of section
2.3 that:

Yoo € = —io L’ K(0)T13€* . (2.5.29)
By using this result and the value of Fys (eq. (2.5.18)), one easily verifies that:
2

%z’afmg Tiy e + %e + %Fmae] . (2:5.30)

1 .
e =— Fxox1x2r[ZO'F13 € +

1+ 4

By using the explicit dependence of x on r (eq. (2.5.25)), one can write the Killing spinor €
evaluated on the worldvolume as:

73

1
_1 q 1/ r2
Ve =12 (1 — ﬁfrxg)nJr + re (EFMMH + 77_) + ﬁxpl"mpmr : (2.5.31)

Wl

e

where the constant spinors 7. are the ones defined in eq. (1.2.100). Remarkably, one finds
that the condition I'ywe = € is verified if 7, and 7_ satisfy the same system (2.3.23) as is the
case of zero flux.

2.5.4 Db5-branes wrapped on a three-cycle

We will now try to find supersymmetric configurations of D5-branes wrapping a three cy-
cle of the Y4 space. Let us choose the following set of worldvolume coordinates &# =
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2% 2 2%y, 3,9) and consider an embedding with 23 and 7 constant, § = 6(y,3) and

, X
¢ = ¢(y,3). In this case:

i 73 .
\/__g ﬁ Fmomlmz YyBy € -
The value of 7,5, € can be obtained by taking the complex conjugate of eq. (2.2.29). As
¢1 = c3 = 0 when 0y, = ¢, = 0, we can write:

T,e= (2.5.32)

Z’ * * * *

73 T € = [05 I's + ciss F135} €. (2.5.33)
The only possible BPS condition compatible with the projections satisfied by € is ¢5 = 0,
which leads to a projection of the type

Fxox1sz135 € = Xe s (2534)

where A is a phase. Notice that, however, as the spinor e contains a factor e 2%, the
two sides of the above equation depend differently on 1 due to the complex conjugation
appearing on the left-hand side (A does not depend on 1). Thus, these configurations
cannot be supersymmetric. We could try to use another set of worldvolume coordinates, in
particular one which does not include . After some calculation one can check that there is
no consistent solution.

For the ansatz considered above the lagrangian density of the D5-brane is, up to irrelevant
factors, the same as the one obtained in subsection 2.2.2 for a D3-brane wrapping a three-
dimensional submanifold of Y74, Therefore any solution of the first-order equations (2.2.34)
gives rise to an embedding of a D5-brane which solves the equations of motion and saturates
an energy bound. This last fact implies that the D5-brane configuration is stable, in spite
of the fact that it is not supersymmetric.

2.5.5 The baryon vertex

If a D5-brane wraps the whole Y7 space, the flux of the Ramond-Ramond five form F®
that it captures acts as a source for the electric worldvolume gauge field which, in turn,
gives rise to a bundle of fundamental strings emanating from the D5-brane. This is the basic
argument of Witten’s construction of the baryon vertex [8], which we will explore in detail
now. In this case the probe action must include the worldvolume gauge field F' in both the
Born-Infeld and Wess-Zumino terms. It takes the form®:

S = T /d%\/— det(g + F) + T5/d6§ ANFO) (2.5.35)

where Tj is the tension of the D5-brane and A is the one-form potential for F' (F' = dA).
In order to analyze the contribution of the Wess-Zumino term in (2.5.35) let us rewrite the
standard expression of F©® as:

L4
= 57 (
6In this subsection we will rescale again the gauge field F' given in eqs. (1.3.6) and (1.3.8) by a factor of

2ma’.

F®) 1 —cy) sinfdy AdB Adf Ado A dyp + Hodge dual , (2.5.36)
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where, for simplicity we are taking the string coupling constant g, equal to one. Let us also
choose the following set of worldvolume coordinates:

& = (2°y,6,0,0,9) . (2.5.37)

It is clear from the expressions of F'®) in (2.5.36) and of the Wess-Zumino term in (2.5.35)
that, for consistency, we must turn on the time component of the field A. Actually, we will
adopt the following ansatz:

r=r(y), Ay = Ap(y) - (2.5.38)

The action (2.5.35) for such a configuration can be written as:

TsL*
S = 108 ‘/;1 /dl’ody Eeff, (2539)
where the volume Vj is :
Vi = 6/dadw dpdfsinf = 967 ¢, (2.5.40)

and the effective lagrangian density L.ss is given by:

Legr = (1—cy) [ H\/— + 6(r)? — 6(Fo,)? + 44, | . (2.5.41)

Notice that, for our ansatz (2.5.38), the electric field is F,o, = —0,Ay. Let us now introduce
the displacement field, defined as:
e 6(1 —cy)HF,
D(y) = gﬁ 1= (1= cy)HFa, . (2.5.42)
g+ B = 6 ()

From the equations of motion of the system it is straightforward to determine D(y). Indeed,
the variation of S with respect to Ay gives rise to the Gauss’ law:

dD(y)
— = —4(1 - 2.5.43
2l = - (25.43)
which can be immediately integrated, namely:
cy?
D(y) = =4 y— - + constant . (2.5.44)

By performing a Legendre transform in (2.5.39) we can obtain the energy of the configuration:

T LA
= 2.5.4
E 1081/4/0@71, (2.5.45)
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where H is given by:

H=(1-cy) H\/— +6()2 — 6(Fy0.)% + D(y) Fyo, . (2.5.46)

Moreover, the relation (2.5.42) between D(y) and Fjo, can be inverted, with the result:

2
1 e T 6()?
Fay = % " D. (2.5.47)
\/%2 + (1 —cy)? H?
Using the relation (2.5.47) we can rewrite H as:
D2 op2 1

where D(y) is the function of the y coordinate displayed in (2.5.44). The Euler-Lagrange
equation derived from H is a second-order differential equation for the function r(y). This
equation is rather involved and we will not attempt to solve it here. In a supersymmetric
configuration one expects that there exists a first-order differential equation for r(y) whose
solution also solves the equations of motion. This first-order equation has been found in
ref. [117] for the AdSs x S° background. We have not been able to find such first-order
equation in this AdSs x YP? case. A similar negative result was obtained in [105] for the
AdSs x TY! background. This result is an indication that this baryon vertex configuration
is not supersymmetric. Let us check explicitly this fact by analyzing the kappa symmetry
condition. In our case I', € reduces to:

l

I'.e = —
—det(g+ F)

r *
E Fxo YyBosy € — Fxoy YB0pp 6] . (2549)

The two terms on the right-hand side of (2.5.49) containing the antisymmetrised products
of gamma matrices can be written as:

L? ‘ r’ .
YyB6gp € = m(l—cy)SIHQ(l—B — \/6H7F7»15)€ s
4

€ = —
Yoy 18\/6

By using this result, we can write ['; € as:

(1 —cy)H sinfT5¢ . (2.5.50)

—det(g + F 108 18v/6

In order to solve the 'y, ¢ = € equation we shall impose, as in ref. [118], an extra projection
such that the contributions of the worldvolume gauge field F,o, and of ' in (2.5.51) cancel
each other. This can be achieved by imposing that I';o, €* = € and that F,, = r’. Notice

LA (1 — H
FRE = — ! ( Cy) ) nH[— Fmor5€ +—F (Fwoy 1—‘15‘E - T/Fm0r15 €*>] : (2551>
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that the condition I',o,.€* = € corresponds to having fundamental strings in the radial
direction, as expected for a baryon vertex configuration. Moreover, as the spinor € has fixed
ten-dimensional chirality, this extra projection implies that ¢I',0I'5 € = —e which, in turn, is
needed to satisfy the I', ¢ = € equation. However, the condition I',0, €* = € is incompatible
with the conditions (1.2.99) and, then, it cannot be imposed on the Killing spinors. Thus,
as in the analysis of [105], we conclude from this incompatibility argument (which is more
general than the particular ansatz we are adopting here) that the baryon vertex configuration
breaks completely the supersymmetry of the AdSs x YP? background.

2.5.6 More spacetime filling D7-branes

Let us adopt &* = (2%, 21, 2% 23, y, 3,4, r) as our set of worldvolume coordinates for a D7-
brane probe and let us consider a configuration with 0 = 6(y, 3) and ¢ = ¢(y,3). In this
case:

~ 4
i
FR = _\/—_g ﬁ Fmomlx%s YyBur - (2552)
Let us take € = e_, where I'ye_ = —e_(see eq. (1.2.101)). As v, = LT, we can write:
T
74 Tupur €= = —[Cs + C135 F13} €, (2.5.53)

where the coefficients ¢; and ¢35 are exactly those written in eq. (2.2.30) for the D (doublet)
three-cycles. The BPS condition is just c¢i35 = 0, which leads to the system of differential
equations (2.2.34). Thus, in this case the D7-brane extends infinitely in the radial direction
and wraps a three-dimensional submanifold of the Y7¢ space of the type studied in subsection
2.2.2. These embeddings preserve four supersymmetries.

2.5.7 D7-branes wrapped on Y74

Let us take a D7-brane which wraps the entire Y77 space and is extended along two spa-
tial directions. The set of worldvolume coordinates we will use in this case are & =
(2,21, 7,0, 0,1y, 3,7) and we will assume that 2% and x® are constant. The matrix I',; in this
case is:

1

Iy = ——— Y0010 . (2.5.54)
\/__g ¢yﬁw
Acting on a spinor € of the background one can prove that
I.e = ilyop1,5€, (2.5.55)
which can be solved by a spinor e_ = re em2¥ n_, with n_ satisfying the additional projection

[yoz1,.5m— = —in_. Thus this configuration preserves two supersymmetries.
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2.6 Summary and Discussion

Let us briefly summarise the results of this chapter. Using kappa symmetry as the central
tool, we have systematically studied supersymmetric embeddings of branes in the AdS5 x Y4
geometry. Our study focused on three kinds of branes D3, D5 and D7.

D3-branes: This is the case that we studied most exhaustively. For D3-branes wrapping
three-cycles in YP? we first reproduced all the results present in the literature. In particular,
using kappa symmetry, we obtained two kinds of supersymmetric cycles: localised at y; and
Yo [25] and localised in the round S? [26, 33]. For these branes we found perfect agreement
with the field theory results. Moreover, we also found a new class of supersymmetric em-
beddings of D3-branes in this background. They do not correspond to dibaryonic operators
since the D3-brane does not wrap a three-cycle. The field theory interpretation of these new
embeddings is not completely clear to us due to various issues with global properties. We
believe that they might be a good starting point to find candidates for representatives of
the integer part of the third homology group of Y77 just like the analogous family of cycles
found in [83, 105] were representative of the integer part Hs(T™!,Z). It would be important
to understand these wrapped D3-branes in terms of algebraic geometry as well as in terms
of operators in the field theory dual, following the framework of ref. [111] which, in the case
of the conifold, emphasizes the use of global homogeneous coordinates. It is worth stressing
that such global homogeneous coordinates exist in any toric variety [119] but the relation to
the field theory operators is less clear in C'Y??. We analyzed the spectrum of excitations of a
wrapped D3-brane describing an SU(2)-charged dibaryon and found perfect agreement with
the field theory expectations. We considered other embeddings and found that a D3-brane
wrapping a two-cycle in Y77 is not a supersymmetric state but, nevertheless, it is stable. In
the field theory this configuration describes a “fat” string.

Db5-branes: The embedding that we paid the most attention to is a D5-brane extended
along a two-dimensional submanifold in Y?? and having codimension one in AdSs. In the
field theory this is the kind of brane that represents a wall defect. When we allow the
D5-brane to extend infinitely in the holographic direction, we get a configuration dual to a
defect conformal field theory. We showed explicitly that such configuration preserves four
supersymmetries and saturates the expected energy bound. For this configuration we also
considered turning on a worldvolume flux and found that it can be done in a supersymmetric
way. The flux in the worldvolume of the brane provides a bending of the profile of the wall,
analogously to what happens in AdSs x T [105]. We showed the consistency of similar
embeddings in which the D5-brane wraps a different two-dimensional submanifold in Y?9.
We also considered Db5-branes wrapping three-cycles. This configuration looks like a domain
wall in the field theory dual and, although it cannot be supersymmetric, it is stable. Finally,
we considered a D5-brane wrapping the whole Y74 which corresponds to the baryon vertex.
We verified that, as in the case of TV, it is not a supersymmetric configuration.

D7-branes: With the aim of introducing mesons in the corresponding field theory, we con-
sidered spacetime filling D7-branes. We explicitly showed that such configurations preserve
four supersymmetries and found the precise embedding in terms of the radial coordinate. We
found an interpretation of the embedding equation in terms of complex coordinates. We also
analyzed other spacetime filling D7-brane embeddings. Finally, we considered a D7-brane
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that wraps Y9 and is codimension two in AdS5. This configuration looks, from the field
theory point of view, as a string (one-dimensional defect) and preserves two supersymmetries.

Part of our analysis of some branes could be made more precise. In particular, it would
be interesting to understand the new family of supersymmetric embeddings of D3-branes in
terms of algebraic geometry as well as in terms of operators in the field theory. We did not
present an analysis of the spectrum of excitations for all of the branes. In particular, we
would like to understand the excitations of the spacetime filling D7-branes and the baryon
vertex better. However, the study of the excitations of the flavour branes will turn out to be
more relevant in the background that we will display in chapter 4, where their backreaction
is taken into account.

In the next chapter we will present a similar systematic study of supersymmetric embed-
dings of branes in the AdSs x L*"¢ geometry, using again kappa symmetry as the central
tool.



Chapter 3

Supersymmetric Branes on
AdS; x LaPbc

In this chapter, we aim at exhausting the study of D-brane probes at the tip of toric Calabi-
Yau cones on a base with topology S? x S? initiated in [105]. Thus, we perform the same
analysis as in the previous chapter but now in L»*¢ theories. We will skip over many details’
since the analysis is pretty closed to the one in chapter 2. Furthermore, geometrical aspects
of the L*»¢ manifold as well as the type IIB supergravity background AdSs x L**¢ and its
field theory interpretation were reviewed in subsection 1.2.5.

In order to determine the supersymmetric embeddings of D-brane probes we employ again
kappa symmetry, as explained in subsection 1.3.2. This condition gives rise to a set of first-
order BPS differential equations whose solutions determine the details of the embedding.
As well, they solve the equations of motion derived from the DBI action of the probe while
saturating a bound for the energy [100].

3.1 D3-branes on three-cycles

In this section we consider D3-brane probes wrapping three-cycles of L%%¢. These are point-
like objects from the gauge theory point of view, corresponding to dibaryons constructed
from the different bifundamental fields of the quiver theory. There are other configurations
of physical interest that we will not discuss in this chapter. Though, we will briefly discuss
their most salient features in section 3.4.

Given a D3-brane probe wrapping a supersymmetric three-cycle C, the conformal dimen-
sion A of the corresponding dual operator is proportional to the volume of the wrapped
three-cycle, as we already used in the previous chapter:

m N Vol(C)

_ _voie) 1.1
2 I3 Vol(Lobe) (3.1.1)

1One should be careful with not getting confused with the notation, which is similar to that used in
chapter 2.

97
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Since the R-charge of a protected operator is related to its dimension by R = %A, we can

readily compute the R-charge of the dibaryon operators. We also used in the previous chapter
that the baryon number associated to the D3-brane probe wrapping C (in units of NV,.) can

be obtained as the integral over the cycle of the pullback of a (2, 1)-form g :

B(C) = j:i/ P[], - (3.1.2)
c
The explicit form of €2y is:
K /d
Qo1 ~—4<7T+i€5>A(€1A62—63/\64) : (3.1.3)

where K is a constant that will be determine below and we are using the frame displayed in
(1.2.112). Armed with these expressions, we can extract the relevant gauge theory informa-
tion of the configurations under study.

3.1.1 U; dibaryons

Let us take the worldvolume coordinates (defined in subsection 1.2.5) for the D3-brane probe
to be ¢* = (T,z,%,7), with § = 0y and ¢ = ¢ constant, and let us assume that the brane
is located at a fixed point in AdSs (1.2.102). The action of the kappa symmetry matrix
(2.2.1) on the Killing spinor reads

l iL*

Ppe = ———F———¢€""n,.. = ——— |asl r , 314
€ 41y —det g € Tua-pa € —detg [@5 T5 T Q135 T135] € ( )
where
a5 = —iONL 02y gy = SO (1 1Y) R, sin(20) (3.1.5)
5= 23 ; N 3 0 : 1L

Compatibility of (3.1.4) with the projections (1.2.133) demands a;35 = 0. Since Ay cannot
vanish for positive a and 3, this condition implies sin(20) = 0, i.e. 8 = 0 or 7/2. Due to
the fact that, for these configurations, the determinant of the induced metric is:

L2 | Agsin®(20) (1 - 5)2 + —00849] cosh? (3.1.6)

—detg = —

4 4A, 15} 32

we must discard the § = 7/2 solution since the volume of the cycle would vanish in that case.
Thus, the D3-brane probe is placed at § = 0 and the kappa symmetry condition 'y e = ¢
reduces to the new projection:

Irse = —¢€, (3.1.7)

which can only be imposed at the center of AdS5. The corresponding configuration preserves
four supersymmetries.
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Given that the volume of U; can be easily computed with the result

L3 AT
Vol(Uy) = 22 (29 — a) =L | (3.1.8)
154 k
the corresponding value for the R-charge is:
2 « 2c

Ry, N, = =—N,, (3.1.9)

:gOé—i‘ﬂ—SL’l—SL’g ¢ 35(73
where we have used the second relation in (1.2.116). This result agrees with the value
expected for the operator det(U;) [30]. Let us now compute the baryon number associated
to the D3-brane probe wrapping U;. For the U; cycle, we get
2m% ¢

B(Uh) = z/u P[], = o5 K. (3.1.10)

where we have used the second identity in (1.2.118). From the field theory analysis [30] it
is known that the baryon number of the U, field should be —¢ (see Table 1.2 in chapter 1).
We can use this result to fix the constant K to:

af
Once it is fixed, formulas (3.1.2) and (3.1.3) allow us to compute the baryon number of any
D3-brane probe wrapping a three-cycle.

3.1.2 U, dibaryons

Let us again locate the D3-brane probe at a fixed point in AdS; and take the following set of
worldvolume coordinates £# = (T, z, ¢, T), with constant § = 6y and ¢ = 1. The kappa
symmetry matrix now acts on the Killing spinor as

il
Te=-——" [bT byas T , 3.1.12
€ —dotg [bsDrs5 + bigs Dy | € ( )
where
.coshpo . cosh x ,
by = —i 2a9 sin20, b = vA_i (1 - 5) VA sin(20) . (3.1.13)

The BPS condition is by35 = 0, which can only be satisfied if sin(26) = 0. We have to

select now the solution # = 7 if we want to have a non-zero volume for the cycle. The

above condition defines the Us cycle. The associated R-charge can be computed as above
and reads:
_ 26

RMQ N 3:173

N, (3.1.14)

in precise agreement with the gauge theory result [30]. The baryon number reads

_ B —cé (v — 1) (v — g)
B(s) = /u P[Q1],, = —c= )G —12) (3.1.15)
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where we have used (3.1.11) and, after using the third identity in (1.2.118), we get:
Blh) = —d = —(a+b—c), (3.1.16)

in agreement with the field theory result [28] (see Table1.2 in chapter 1). If we consider
the case a = p— ¢, b = p+ g and ¢ = p, which amounts to Y79 a U(1) factor of the
isometry group enhances to SU(2) and these dibaryons are constructed out of a doublet of
bifundamental fields.

3.1.3 Y, Z dibaryons

We now take the following set of worldvolume coordinates £# = (7T',6,1,7) and the embed-
ding = = x¢ and ¢ = ¥}, where ¢ is a constant and ¢’ = 37+ ¢+ 1) is the angle conjugated
to the U(1)g charge (see eq. (1.2.129)). We implement this embedding in our coordinates
by setting ¢(, 7) = 1) — 37 — 1. In this case
il
FKE = [CgPTg + C5FT5 + C135 FT135] €, (3117)

vV —detg

where

h
c3 = 3i p;osﬁg sin(26) VA, |

o i cosh o
b 203
cosh o o cos?6 (1 — 3sin?6) — 3 sin?f (1 — 3 cos? )

_ JA, .
Y VB

The BPS conditions are, as before, c3 = ¢35 = 0. Clearly these conditions are satisfied
only if A, = 0, or, in other words, when

sin(20) (3z% — 2(a + B)z + af) |

(3.1.18)

T =T, Ty . (3.1.19)

Notice that the value of ¢ is undetermined. The induced volume takes the form:

L4
v —detg ‘m:wi = %8 327 — 2(a + B)z; + af| sin(20) cosh o . (3.1.20)

As before, the compatibility with the AdS5 SUSY requires that ¢ = 0. Let us denote by &;
the cycle with x = x;. We get that the volumes are given by:

Vol(X;) = 327 — 2(a+ B)w; + af| ATLY . (3.1.21)

Faj |
From this result we get the corresponding values of the R-charges, namely:

2NC r3 — X1 QNC T3 — Io
) RZ =
3 T3 3 I3

Ry = , (3.1.22)
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where ) = X} and Z = AX,. Let us now compute the baryon number of these cycles. The
pullback of the three-form €2y, to the cycles with x = x; and ¢’ = )y is:

(32 = 2(a + B)x; + 3) sin(20)
P[Qzl}x:xi _ ZK( x (o;aﬁ Yz + af) smﬁ4

Ao A dip A dF (3.1.23)

where K is the constant written in (3.1.11). We obtain:
, ™ 3z7 —2(a+ B)x; +af .
X)) = — P = K — AT . 1.24
B( ) t /X [ 2,1};\{1. kaﬂ (a _ l’z) (ﬂ _ 55’@) T (3 )

Taking into account the third identity in (1.2.118), we get:

BY) = a, B(Z) =10, (3.1.25)

as it should [30] (see Table 1.2 in chapter 1).

3.1.4 Generalised embeddings

In this subsection we show that there are generalised embeddings of D3-brane probes that can
be written in terms of the local complex coordinates (1.2.122) as holomorphic embeddings
or divisors of CL%"¢. Let us consider, for example, (T, z,,7) as worldvolume coordinates
and the ansatz

0= 0(z,) 6 = d(z,9) . (3.1.26)

This ansatz is a natural generalisation of the one used in subsection 3.1.1. The case where
the worldvolume coordinate 1) is changed by ¢, can be easily addressed by changing o — [
and 0 — /2 — 6. Putting the D3-brane at the center of AdSs, we get that the kappa
symmetry condition is given by an expression as in (3.1.4)

iL*
m [G5FT5 + ai3s FT135} €,

where a5 and ay35 are now given by:
i [cos?d  sin’@ _ x T
a5:—§[ 3 + 5 ¢¢+sm(29){<1—3)9x—(1—5)(9x¢w—9w¢x)}},

[ Ag sin(20) T T A, [ cos?6

sin? 0 i sin(26) 0
O,y — 04y — ALA : — Oy | . 3.1.28
+— (020 ¢¢)]+2{v A ¢ mw] ( )
The BPS condition ai35 = 0 reduces to the following pair of differential equations:
cos? 0 sin? Ay T T sin(26)
6 em o (9x¢w_9¢¢m) _A_m[l_ﬁ_(l_a)%’} 4 )
xAG

0y = sin(20) ¢, . (3.1.29)

Te=— (3.1.27)

B+
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The integral of the above equations can be simply written as:

29 = f(=1) (3.1.30)

where 2; and z, are the local complex coordinates of C'L®*¢ written in eq. (1.2.122) and f(z;)
is an arbitrary holomorphic function. Actually, if £# is an arbitrary worldvolume coordinate,
one has:

agu 2o = f/(Zl)agu z1 . (3131)

One can eliminate the function f in the above equation by considering the derivatives with
respect to two worldvolume coordinates £ and £”. One gets:

Ocn log 2y Ogv log 21 = Ogv log 29 Ogu log 21 . (3.1.32)

Taking £# = x and £” = v in the previous equation and considering that the other coordinates
6 and ¢ entering z; and 2z depend on (x,%) (as in the ansatz (3.1.26)), one can prove that
(3.1.32) is equivalent to the system of BPS equations (3.1.29).

We have checked that the Hamiltonian density of a static D3-brane probe of the kind
discussed in this section satisfies a bound that is saturated when the BPS equations (3.1.29)
hold, as it happened in section 2.2. This comes from the fact that, from the point of view
of the probes, these configurations can be regarded as BPS worldvolume solitons. We have
also checked that these generalised embeddings are calibrated

P[%JAJ]D — Vol(D) , (3.1.33)

where Vol(D) is the volume form of the divisor D, namely Vol(D) = r*dr A Vol(C) and
the Kéhler form J is displayed in (1.2.130) . It is important to remind at this point that
supersymmetry holds locally but it is not always true that a general embedding makes sense
globally. We have seen examples of this feature in chapter 2.

3.2 Db5-branes

Let us consider a D5-brane probe that creates a codimension one defect on the field theory.
It represents a wall defect in the gauge theory side.

We choose the following set of worldvolume coordinates: &* = (t,z', 2%, 7,0, ¢), and we
will adopt the ansatz x = x(0,¢), v = ¥(0,¢), 7 = 7(0,¢) with 2® constant. The kappa
symmetry matrix (2.3.1) acts on the spinor € as:

1 r? i

Fﬁezi_rxa‘xr € = ———
V/—detg L? Potatr 104 V—det g

7 Tyogia2y [bl + 015 T'15 + b35 a5 + 013 F13} €
(3.2.1)
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where

. 102
by = % [sin(?e) <1— g - (1— 5)% - SH;HZ'G + COZQH(%:% - %Ie)] ’

)
)cos29w¢ + %4 ~
(

—3 sin(20) p (l—g){f‘e 1—%)@%] +(1_%)(7~'¢¢0—7~'0¢¢)]>
B .2 2
b35 = \/ﬁA_x 40(66 Sin2(29) ¢9 - SH; ‘9%9 + COZ ‘9 (%(j) w@ - 7:9 ¢¢>) -+

() (15t e ]
A
bis = % A—9 sin(26) [(1— g)xe + (1— %)(%% - WCEG)] +

A, [sin?0  cos?d i 0> sin(26)
— — — VALA : 2.2
s |5 ] g - VER T ] 622

The BPS conditions are b; = b15 = bss = 0. The imaginary part of b5 is zero if 1)y = 7y = 0,
i.e., v = Y(¢), T = T(4). Let us assume that this is the case and define the quantities n
and m as:

’Qb(z, =n, ’7~'¢ = m. (323)

Clearly n and m are independent of the angle #. Moreover, from the vanishing of the real
part of b5 and of the imaginary part of bs; we get an algebraic equation for z, which can be

solved as: 2 2
sin“f + ncos“0 + m
= . 3.2.4
T =ap Bsin? 0 + nacos? 6 ( )
On the other hand, when 1y = 0 and ¢4 = n the vanishing of b; is equivalent to the

equation:

: 29 26)
— +CO; n}xgzsin(%)(l—g—(l—%)n), (3.2.5)

which is certainly satisfied by our function (3.2.4). For an embedding satisfying (3.2.3) and
(3.2.4) one can check that «/—det g = r?|bi3|. Therefore, for these embeddings, T, acts on
the Killing spinors as:

T.e = i3 01,2, Tig €™, (3.2.6)

where 013 is the phase of by3. In order to implement correctly the kappa symmetry condition
['x € = ¢, the phase 0,3 must be constant along the worldvolume of the probe. By inspecting
the form of the coefficient by3 in (3.2.2), one readily concludes that by3 must be real, which
happens only when z, = 0. Moreover, it follows from (3.2.4) that x is independent of ¢ only
when n and m are constant. Thus, ¢» and 7 are linear functions of the angle ¢, namely:

Y =no + Yo, T=mo+ T, (3.2.7)
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where 1y and 7y are constant. Notice that in these conditions the equation I', € = € reduces
to
’irxoxlx% Flg € =c. (328)

Due to the presence of the complex conjugation, (3.2.8) is only consistent if the R-charge
angle ¢ = 37+ ¢+ is constant along the worldvolume (see the expression of € in (1.2.132)).
This in turn gives rise to an additional restriction to the possible supersymmetric embeddings.
Indeed, the condition 37 + ¢ + ¢ = 1 = constant implies that the constants n and m
satisfy

3m+n+1=0. (3.2.9)

Thus, the possible supersymmetric embeddings of the D5-brane are labeled by a constant n
and are given by:

¢:n¢+¢0> nil

T 3
2
x:a_ﬁ2—n—3(1—n)0089‘ (3.2.10)
3 0+ (na — f3) cos?b
It can be now checked as in section 2.3 that the projection (3.2.8) can be converted into a set
of algebraic conditions on the constant spinors 7y of (1.2.134). These conditions involve a
projector which depends on the constant R-charge angle ¢, = 37 + 1y and has four possible
solutions. Therefore these embeddings are 1/8 supersymmetric.

The configuration obtained in this section can be also shown to saturate a Bogomol'nyi
bound in the worldvolume theory of the D5-brane probes, as it happened in section 2.3. This
amounts to a point of view in which the solution is seen as a worldvolume soliton.

Other configurations of physical interest can be considered at this point. Most notably, we
expect to find stable non-supersymmetric configurations of D5-branes wrapping three cycles
of L*%¢_ A similar solution where the D5-brane probe wraps the entire L**¢ manifold, thus
corresponding to the baryon vertex of the gauge theory, should also be found. We will not
include here the detailed analysis of these aspects.

o+ T,

3.3 Spacetime filling D7-branes

Let us consider a D7-brane probe that fills the four Minkowski gauge theory directions
while possibly extending along the holographic direction. These configurations are relevant
to add flavour to the gauge theory. In particular, the study of fluctuations around them
provides the meson spectrum. We start from the following set of worldvolume coordinates
& = (20 2t 2% 23, 2,1, 0, ¢) and the ansatz r = r(z,0), 7 = 7(¢, ¢). The kappa symmetry
matrix (2.4.1) in this case reduces to:

7”4

The=—i—— T 1005 Vautes € - 3.3.1
Tiy—dorg Lo Tevos (3.3.1)
Let us assume that the Killing spinor € satisfies the condition I',e = —e¢, i.e. € is of the form

e_ (see eq. (1.2.134)) and, therefore, one has:
[po.3€6_ = de_ | (3.3.2)
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which implies I',5¢_. = ie_. Then:
4
r
I'vee = ——=——==|d; + di51'15 + dgsI's5 + di3I’ _ . 3.3.3
€ \/Tetg[ I 15115 35135 13 13]6 ( )

In order to express these coefficients in a compact form, let us define A, and Ay as:

1 - N
A, = T {(a—x) (B—z) 4+ a(B—2)7 + ﬁ(a—x)m} ,
Ay = Ai[(a—ﬁ) sinffcost) + a cotf 74 — Ftant 7:1/1} . (3.3.4)
)
Then:
sinfcost | ) T
dr = ——— |p" + Dg Ao — + 40, Ay — |,
2a3 r r
.. sinfcosf To
d15 =P ——7252?—— \/er [';j _'1\9] )
_ sinf cos 6 Ty
P
af r
dyy = §Sn0cost R {AQE@ - Agr—f] . (3.3.5)
af r r

The BPS conditions are clearly dis = d3s = di3 = 0. From the vanishing of dy5 and d35; we
get the following first-order equations:

L To _ A, (3.3.6)
r r
Notice that di;3 = 0 as a consequence of these equations. By looking at the explicit form of
our ansatz and at the expression of Ay and A, in (3.3.4), one realises that the only dependence
on the angles ¢ and ¢ in the first-order equations (3.3.6) comes from the partial derivatives
of 7(¢, ¢). For consistency these derivatives must be constant, i.e. 7, = ny, 75 = ng, where

ny and n, are constants. These equations can be trivially integrated:

T, @) = ny b + ngo + 7o . (3.3.7)

Notice that 7(v, ¢) relates angles whose periods are not congruent (see eq. (1.2.114)). Thus,
the D7-brane spans a submanifold that is not, in general, a cycle. It is worth reminding
that this is not a problem for flavour branes. If the BPS conditions (3.3.6) hold one can
check that r*d; = /—detg and, therefore, one has indeed that I'.e = € for any Killing
spinor € = e_, with e_ as in (1.2.134). Thus these configurations preserve the four ordinary
supersymmetries of the background.

In order to get the dependence of r on 6 and z it is interesting to notice that, if 7(1, ¢)
is given by (3.3.7), the integrals of Ay and A, turn out to be:

3 Ny n
/Agd@ ~ log (sin 0)" (cos 0) w] |

n¢+nw+1
/ A, dx = log

A, 2

"o~ "y

(@) ] | (33:5)

netry 1
3

AR [fo()] =
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where fi(z) and fy(x) are the functions defined in (1.2.123). From this result it straightfor-
ward to obtain the general solution of r(0, z):

H0,2) = ¢ O (cost) [fi ()] (339)
| AT AR [fale)]

where C'is a constant. Notice that the function r(x, 6) diverges for some particular values of
0 and x. This means that the probe always extends infinitely in the holographic direction.
For particular values of n, and n, there is a minimal value of the coordinate r, r,, which
depends on the integration constant C'. If one uses this probe as a flavour brane, r, provides
an energy scale that is naturally identified with the mass of the dynamical quarks added to
the gauge theory.

It is finally interesting to write the embedding characterized by eqs. (3.3.7) and (3.3.9)
in terms of the complex coordinates z;, 2z and z3 defined in eq. (1.2.122). Indeed, one can
check that this embedding can be simply written as:

2" 25" 23" = constant , (3.3.10)

where mj3 # 0. The relation between the exponents m; and the constants n, and ng is the

following;:

maq 3 meo 3

e _ 2= — 1. 3.3.11

-~ 5 (g = mg) s 5 (g + ng) ( )
By using the Dirac-Born-Infeld action of the D7-brane, it is again possible to show that there
exists a bound for the energy which is saturated for BPS configurations.

3.4 Final Remarks

In this chapter we have worked out supersymmetric configurations involving D-brane probes
in AdSs x L**¢. Our study focused on three kinds of branes, namely D3, D5 and D7.
We have dealt with embeddings corresponding to dibaryons, defects and flavour branes in
the gauge theory. For D3-branes wrapping three-cycles in L**¢ we first reproduced all
quantum numbers of the bifundamental chiral fields in the dual quiver theory. We also
found a new class of supersymmetric embeddings of D3-branes in this background that we
identified with a generic holomorphic embedding. The three-cycles wrapped by these D3-
branes are calibrated. In the case of D5-branes, we found an embedding that corresponds
to a codimension one defect in AdSs. From the point of view of the D5-branes, it can be
seen as a BPS saturated worldvolume soliton. We finally found a spacetime filling D7-brane
probe configuration that can be seen to be holomorphically embedded in the Calabi-Yau,
and is a suitable candidate to introduce flavour in the quiver theory.

Other interesting configurations have been considered. We would only list their main
features:

“Fat” strings If we take a D3-brane with worldvolume coordinates (2°, 21, 0, ¢) and con-
sider an embedding of the form z = x(0,¢) and ¥ = ¥(0, ¢), with the remaining scalars
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constant, we see that there is no solution preserving kappa symmetry. However, we have ob-
tained a “fat” string solution by wrapping a probe D3-brane on a two-cycle, which is the same
considered in section 3.2 for a D5-brane probe. This configuration is not supersymmetric
but it is stable.

D5 on a three-cycle We have found an embedding corresponding to D5-branes that wrap
a three-cycle in L**¢. They are codimension one in the gauge theory coordinates. These
configurations happen to be non supersymmetric yet stable. These could be thought of as
being a domain wall of the dual field theory.

D5 on a two-cycle We studied another embedding where a Db-brane probe wraps a
two-cycle in L%»¢ while it extends along the radial coordinate. For this embedding, ¢, 1,
2% and 7 are held constant. This is a supersymmetric configuration. We also considered
turning on a worldvolume flux in the case studied in section 3.2, and found that it can be
done in a supersymmetric way. The flux in the worldvolume of the brane provides a bending
of the profile 23 of the wall, analogously to what happened in subsection 2.5.3 for this kind
of configurations.

Another spacetime filling D7 We considered a different spacetime filling D7-brane that
extends infinitely in the radial direction and wraps a three-cycle holomorphically embedded
in L®"¢ of the type studied in subsection 3.1.4. It preserves four supersymmetries.

D7 on L**¢ We finally studied a D7-brane probe wrapping the entire L**¢ space and
extended along the radial coordinate. From the point of view of the gauge theory, this is a
string-like configuration that preserves two supersymmetries.

We would like to understand the excitations of the spacetime filling D7-branes and the
baryon vertex better. However, the study of the excitations of the flavour branes will turn
out to be more relevant in the background that we will display in chapter 4, where their
backreaction is taken into account.
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Chapter 4

Unquenched Flavours in the KW
Model

In this chapter we will propose a type IIB string dual to the field theory of Klebanov-Witten
described in subsection 1.2.1, in the case in which a large number of flavours (comparable
to the number of colours) is added to each gauge group. Therefore, we are going beyond
the probe approximation and we will be working on the so called Veneziano’s topological
expansion [101] (see subsection 1.3.3), unlike in chapters 2 and 3.

We will study in detail the dual field theory to the supergravity solutions mentioned
above, making a considerable number of matchings. The field theories turn out to have a
positive g-function along the RG flow, exhibiting a Landau pole in the UV. In the IR we
still have a strongly coupled field theory, which is “almost conformal”.

We will also generalise all these results to the interesting case of a large class of different
N = 1 superconformal field theories, deformed by the addition of flavours. In particular we
will be able to add flavours to every gauge theory whose dual is AdS; x M;, where Mj is a
five-dimensional Sasaki-Einstein manifold. The backgrounds introduced in subsections 1.2.4
and 1.2.5 are included in that family of dual solutions.

Finally, a possible way of handling the massive flavour case is undertaken.

4.1 Adding Flavors to the Klebanov-Witten Field Model

4.1.1 What to Expect from Field Theory Considerations

In this first part we will address in detail the problem of adding a large number of back-
reacting non-compact D7-branes to the Klebanov-Witten type IIB supergravity solution
introduced in subsection 1.2.1. Before presenting the solution and describing how it is ob-
tained, we would like to have a look at the dual field theory and sketch which are the features
that we expect.

The addition of flavours, transforming in the fundamental and antifundamental repre-
sentations of the gauge groups, can be addressed by including D7-brane probes into the

109
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geometry, following the procedure proposed in [92]. This was done in [106], where the em-
bedding of the flavour branes and the corresponding superpotential for the fundamental and
antifundamental superfields were found. The D7-branes have four Minkowski directions par-
allel to the stack of D3-branes transverse to the conifold, whereas the other four directions
are embedded holomorphically in the conifold. In particular, D7-branes describing massless
flavours can be introduced by considering the holomorphic non-compact embedding z; = 0
(see eq. (1.2.9)). The flavours, which correspond to 3-7 and 7-3 strings, are massless be-
cause the D7-branes intersect the D3-branes. Note that the D7-branes have two branches,
described by z; = z3 = 0 and z; = z4 = 0, each one corresponding to a stack. The presence
of two branches is required by RR tadpole cancellation: in the field theory this amounts to
adding flavours in vector-like representations to each gauge group, hence preventing gauge
anomalies. The fundamental and antifundamental chiral superfields of the two gauge groups
will be denoted as ¢, § and Q, Q respectively, and the gauge invariant and flavour invariant
superpotential proposed in [106] is

W:WKw+Wf , (411)

where Wiy is the SU(2) x SU(2) invariant Klebanov-Witten superpotential for the bifun-
damental fields given in eq. (1.2.13). For a stack of flavour branes, it is conventional to take
the coupling between bifundamentals and quarks at a given point of S? as

Wi =hy *A1Qa + hy Q°Bigq, - (4.1.2)

This coupling between bifundamental fields and the fundamental and antifundamental flavours
arises from the D7-brane embedding z; = 0. The explicit indices are flavour indices.
This superpotential, as well as the holomorphic embedding z; = 0, explicitly breaks the
SU(2) x SU(2) global symmetry (this global symmetry will be recovered after the smear-
ing).

The field content and the relevant gauge and flavour symmetries of the theory are sum-
marised in Table 4.1 and depicted in the quiver diagram in Fig. 4.1.

SUN.)? | SUNY)? | SU2)? | UMk | U5 | UW)w
Al (N,N) | (L) | (2,1) | 1/2 0 1
B| (N,N,) | (1,1) | (1,2) | 1/2 0 ~1
¢| W1 | (N | @y | 34| 1|1
Q| oy | Ny | @y | 34| -1 | 1
Q| LN | LNy | (L) | 34 | 1 | 0
Q| WN) | (Np1) | (LY | 34 | -1 | 0

Table 4.1: Field content and symmetries of the KW field theory with massless flavours.

The U(1)r R-symmetry is preserved at the classical level by the inclusion of D7-branes
embedded in such a way to describe massless flavours, as it can be seen from the fact that
the equation z; = 0 is invariant under the rotation z; — e~*z; and the D7-brane wrap the
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Ny

Ny

Figure 4.1: Quiver diagram of the Klebanov-Witten gauge theory with flavours. Circles are
gauge groups while squares are non-dynamical flavour groups.

R-symmetry circle. Nevertheless the U(1)g turns out to be anomalous after the addition of
flavours, due to the nontrivial Cy gauge potential sourced by the D7-brane. The baryonic
symmetry U(1)p inside the flavour group is anomaly free, being vector-like.

As it was noted in [106], the theory including D7-brane probes is also invariant under a
rescaling z; — (3z;, therefore the field theory is scale invariant in the probe approximation. In
this limit the scaling dimension of the bifundamental fields is 3/4 and the one of the flavour
fields is 9/8, as required by power counting in the superpotential. Then the S-function for
the holomorphic gauge couplings in the Wilsonian scheme is

16 3 1 3N,

2

™

- = - L= ——N s . — i
/6851222 glg ﬁgl 4 f /6>\1 (47'{')2 2NC 7

(4.1.3)

with \; = ¢g?N, the 't Hooft couplings. In the strict planar 't Hooft limit (zero order in
N¢/N,.), the field theory has a fixed point specified by the aforementioned choice of scaling
dimensions, since the beta functions of the superpotential couplings and the 't Hooft cou-
plings are zero. As soon as Ny/N, corrections are taken into account, the field theory has no
fixed points for nontrivial values of all couplings. Rather, it displays a “near conformal point”
with vanishing [-functions for the superpotential couplings, but non-vanishing G-functions
for the 't Hooft couplings. In a N;/N, expansion, formula (4.1.3) holds at order Ny/N. if
the anomalous dimensions of the bifundamental fields A; and B; do not get corrections at
this order. A priori it is difficult to expect such a behaviour from string theory, since the
stress-energy tensor of the flavour branes will induce backreaction effects on the geometry at

linear order in Ny/N., differently from the fluxes, which will backreact at order (N;/N.)%.

Moreover, since we are adding flavours to a conformal theory, we can naively expect a
Landau pole to appear in the UV. Conversely, we expect the theory to be slightly away from
conformality in the far IR.
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4.1.2 The Setup and the BPS Equations

The starting point for adding backreacting branes to a given background is the identification
of the supersymmetric embeddings in that background, that is the analysis of brane probes.
In [105], by imposing kappa symmetry on the brane worldvolume, the supersymmetric em-
beddings displayed in eq. (1.3.14) for D7-branes on the Klebanov-Witten background were
found:

& = {a% a2, 2% 01, 01,0} 6y =const.  py = const. N

They are precisely the two branches of the supersymmetric embedding z; = 0 first proposed
in [106]. Each branch realises a U(Ny) symmetry group, giving the total flavour symmetry
group U(Ny) x U(Ny) of massless flavours (a diagonal axial U(1)4 is anomalous in field
theory). We choose these embeddings because of the following properties: they reach the
tip of the cone and intersect the colour D3-branes; wrap the U(1)g circle corresponding
to rotations ¢» — v + «; are invariant under radial rescalings. So they realise in field
theory massless flavours, without breaking explicitly the U(1)x and the conformal symmetry.
Actually, they are both broken by quantum effects. Moreover the configuration does not
break the Z, symmetry of the conifold solution which corresponds to exchanging the two
gauge groups.

The fact that we must include both branches is due to D7-charge tadpole cancellation,
which is dual to the absence of gauge anomalies in field theory. An example of a (non-
singular) two-submanifold in the conifold geometry is S? = {0, = 6o, @1 = 2T — o, P =
const, r = const}. The charge distributions of the two branches are

w = ZNf 8@ (01, 1) dby A dpy W = szf 0P (6, 05) dbz N gy, (4.1.5)

where the sum is over the various D7-branes, possibly localised at different points, and a cor-

rectly normalised scalar delta function (localised on an eight-submanifold) is 6 (z)v/—Gs/v/—G.
Integrating the two D7-charges on the two-submanifold we get:

/Sz w® = —N; | /S w® = Ny . (4.1.6)

Thus, whilst the two branches have separately non-vanishing tadpole, putting an equal num-
ber of them on the two sides, the total D7-charge cancels. This remains valid for all (non-
singular) two-submanifolds.

The embedding can be deformed into a single D7-brane that only reaches a minimum ra-
dius, and realises a merging of the two branches. This corresponds to giving mass to flavours
and explicitly breaking the flavour symmetry to SU(N;) and the R-symmetry completely.
These embeddings were also found in [105].

Each embedding preserves the same four supercharges, irrespectively of where the branes
are located on the two two-spheres parameterised by (61, 1) and (0, ¢2). Thus we can
smear the distribution and still preserve the same amount of supersymmetry. The two-form
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charge distribution is readily obtained to be the same as the volume forms on the two two-
spheres in the geometry, and through the modified Bianchi identity it sources the flux F;.!
We expect to obtain a solution where all the functions have only radial dependence, thanks
to the smearing procedure. Moreover we were careful in never breaking the Z, symmetry
that exchanges the two spheres. The natural ansatz is*:

ds* = h(r)_1/2dxi3 + h(r)'/? (dr2+

£20(r) 26 (r)
+ > " (d6} + sin® 0, d}) + 5 (dv+ > cost;de)? |
i=1,2 i=1,2
¢=o(r),
Fy = K(r) h(r)¥/1(e2s'5% — chortaens)
N 3N/ i

F = 4—;(dw + cos by dpy + cos By dgog) = 4—7: h(r) Vae=tr) gv

N

dF, = —4—71;(sm 01 d6y A dipy + sin b dby A dps) (4.1.7)

where the unknown functions are h(r), g(r), f(r), ¢(r) and K(r) and the vielbein that we
have chosen is:

e =h Y dat " =h'tdr |
1
0; 1/4 1
el = \/éh ed dp; ePi = %hl/‘*eg sin 6;de; | (4.1.8)

1
eV — §h1/4ef (dp + cos 0y dpy + cos by dips) .

With this ansatz the field equation d(e2¢ x [1) = 0 is automatically satisfied, as well as
the self-duality condition F5 = *Fj5. The Bianchi identity dF5 = 0 together with the Dirac
quantisation condition (1.2.11) and the fact that Vol(T"!) = S7® give:

K h* 't = 271N, (4.1.9)

and K (r) can be solved.

We impose that the ansatz preserves the same four supersymmetries as the D7-brane
probes on the Klebanov-Witten solution. In the next section we will perform a careful
analysis of the supersymmetry variations of the dilatino and gravitino (1.2.5) for the ansatz
sketched above. Actually, the first-order BPS differential equations which arise from the
vanishing of the SUSY variations turn out to be the same for the introduction of backreacted
flavour branes in all manifolds of the sort AdS5 x M5, with My a Sasaki-Einstein space. Let

!The modified Bianchi identity of F} is obtained from the Wess-Zumino action term (1.3.20) with F} =
—e 29 « Fy.
2See subsection 1.2.1 to get used to the notation.
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us just show here the solution and put the analysis off for the next section:

g = %,
3N

1o e f(3 — 9220y _ 2N o f
f e ’( e’ ™) o ©

3N
A o—f
¢ i
B = —2TaN.e 749 (4.1.10)

Notice that taking Ny = 0 in the BPS system (4.1.10) we simply get equations for a
deformation of the Klebanov-Witten solution without any addition of flavour branes. Solving
the system we find both the original KW background and the solution for D3-branes at a
conifold singularity, as well as other solutions which correspond on the gauge theory side to
giving VEV to dimension six operators. These solutions were considered in [120, 121] and
were shown to follow from our system in [13].

In order to be sure that the BPS equations (4.1.10) capture the correct dynamics, we have
to check that the Einstein, Maxwell and dilaton equations are solved. This can be done even
before finding actual solutions of the BPS system. We checked that the first-order system
(4.1.10) (and the Bianchi identity) in fact implies the second-order Einstein, Maxwell and
dilaton differential equations. An analytic general proof will be given in subsection 4.2.2. We
did not explicitly check the Dirac-Born-Infeld equations for the D7-brane distribution. We
expect them to be solved because of kappa symmetry (supersymmetry) on their worldvolume.

Solution with General Couplings

We can generalise our set of solutions by switching on non-vanishing VEV’s for the bulk
gauge potentials Cy and By. We show that this can be done without modifying the previous
set of equations and the two parameters are present for every solution of them. The condition
is that the gauge potentials are flat, that is with vanishing field strength.

Let us switch on the following fields:

CQICWQ s BQIbWQ s (4111)

where the two-form W, is Poincaré dual® to the two-cycle S?. We see that F; = 0 and
Hj3; = 0. So the supersymmetry variations are not modified, neither are the gauge invariant
field strength definitions. In particular the BPS system (4.1.10) does not change.

Consider the effects on the action (the argument is valid both for localised and smeared
branes). It can be written as a bulk term plus the D7-brane terms:

S = Sbulk_T7/d8€€¢\/ det Gg—f—f +T7/ |:Z C Ne } , (4.1.12)

with F = B, + 27a’ F is the D7 gauge invariant field strength and the hat means that the
pullback is taken. To get solutions of the kappa symmetry conditions and of the equations
of motion, we must take F' such that

F=By+21d/ F=0. (4.1.13)

3 Actually, it is a rescaling of the two-form Yo introduced in eq. (1.2.20).
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Notice that there is a solution for F' because Bj is flat: de = d/B\2 = 0. With this choice
kappa symmetry is preserved as before, since it depends on the combination F. The dilaton
equation is fulfiled. The Bianchi identities and the bulk field strength equations of motion are
not modified, since the WZ term only sources Cs. The stress-energy tensor is not modified,
so the Einstein equations are fulfiled. The last steps are the equations of By and A; (the
gauge potential on the D7-brane). For this, notice that they can be written as:
65 / 5Sbrane
dﬁ—Qwad W =0,
55 o 5Sbulk + 6Sbrane

0Bs 0B, 0F

The first is solved by F = 0 since in the equation all the terms are linear or higher order
in F. This is because the brane action does not contain terms linear in F, and this is true
provided Cs = 0 (which in turn is possible only if Cy is flat). The second equation then
reduces to 6?"7"2”“ = 0, which amounts to d(e~? * H3) = 0 and is solved.

As we will see in subsection 4.1.5, being able to switch on arbitrary constant values ¢
and b for the (flat) gauge potentials, we can freely tune the two gauge couplings (actually
the two renormalization invariant scales A’s) and the two theta angles [22, 122]|. This turns
out to break the Z, symmetry that exchanges the two gauge groups, even if the breaking
is mild and only affects C5; and B, while the metric and all the field strengths continue to

have that symmetry. However this does not modify the behaviour of the gauge theory.

=0. (4.1.14)

4.1.3 The Solution in Type IIB Supergravity
The BPS system (4.1.10) can be solved through the change of the radial variable
rd d

e = = e dr=dp . (4.1.15)
rdp
We get the new system:
g = 7, (4.1.16)
f o= 3—2e¥% _ 3Ny o : (4.1.17)
8

3N
¢ = 4—fe¢> , (4.1.18)

m
h = —27rN,e™ (4.1.19)

where derivatives are taken with respect to p.
Equation (4.1.18) can be solved first. By absorbing an integration constant in a shift of
the radial coordinate p, we get

4 1
= = <0. 4.1.20
€ 3N, p ( )
The solution is thus defined only up to a maximal radius pyax = 0 where the dilaton
diverges. As we will see, it corresponds to a Landau pole in the UV of the gauge theory.
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On the contrary for p — —oo, which corresponds in the gauge theory to the IR, the string
coupling goes to zero. Note however that the solution could stop at a finite negative pyun due
to integration constants or, for example, more dynamically, due to the presence of massive
flavours. Then define

1
uw=2f—2g = i=6(1—e") + =, (4.1.21)
p

whose solution is

_ 6p
et = Ope . (4.1.22)
(1 —-6p)eb + ¢

The constant of integration ¢; cannot be reabsorbed, and according to its value the
solution dramatically changes in the IR. A systematic analysis of the various behaviours was
presented in [13]. The value of ¢; determines whether there is a (negative) minimum value
for the radial coordinate p. The requirement that the function e" be positive defines three
cases:

—1<e¢ <0 — pmiN < p <0,
—oc0<p<0,
c >0 — —00 < p<0.

}

01:0

In the case —1 < ¢; < 0, the minimum value pyn is given by an implicit equation. It can
be useful to plot this value as a function of ¢;:

PM N

G

0= (1 —GPMIN) 66pMIN +cr .

As it is clear from the graph, as ¢; — —17 the range of the solution in p between the IR
and the UV Landau pole shrinks to zero size, while in the limit ¢; — 0~ we no longer have
a minimum radius.

The functions g(p) and f(p) can be analytically integrated, while the warp factor h(p)
and the original radial coordinate r(p) cannot (in the particular case ¢; = 0 we found an
explicit expression for the warp factor). By absorbing an irrelevant integration constant into
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a rescaling of r and 29123, we get:
1/6
¢ = [(1 — 6p) e + cl} , (4.1.23)
~1/3
of = /Gpe¥ [(1 — 6p)e® + cl] , (4.1.24)
p
h(p) = —277rNc/ e + ¢y, (4.1.25)
0

r(p) = /p el dp . (4.1.26)

This solution is a very important result of this chapter. We accomplished in finding a
supergravity solution describing a (large) Ny number of backreacting D7-branes, smeared on
the background produced by D3-branes at the tip of a conifold geometry.

The constant c¢; and ¢y correspond in field theory to switching on VEV’s for relevant
operators, as we will see in subsection 4.1.5. Moreover, in the new radial coordinate p, the
metric reads

629—2f

) 1
ds® = h™2 da? ;+ h ¢ (dp2 + > (d6} + sin® 0, dg}) + 5+ > cosb; d%)?) .

i=1,2 i=1,2

(4.1.27)

4.1.4 Analysis of the Solution: Asymptotics and Singularities

We perform here an analysis of the solutions of the BPS system, focusing mainly on the case
with ¢; = 0 and we study the asymptotics in the IR and in the UV. In this subsection we
will make use of the following formula for the Ricci scalar curvature (in string frame), which
can be obtained for solutions of the BPS system:

R— —23N1 12 2eedo {7 + 434&@29-%%} : (4.1.28)

47 7

Although the warp factor h(p) cannot be analytically integrated in general, it can be if
the integration constant ¢, is equal to 0. Indeed, introducing the incomplete gamma function,
defined as follows:

Pla. 2] = /:O jml—tgs | gitma s (l) o {1 + o(%)} , (4.1.29)

T——00 €T

we can integrate

e~
h(p) = —277TNC/de + coy =
9 3 1 2
= JAN(ZNBPZ, -2 g ~ (4.1.30)
27

~ ZWNC(—6P)_2/3€_4P for p— —o0 .
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The warp factor diverges for p — —oo, and the integration constant ¢y disappears in the IR.
Moreover, if we integrate the proper line element ds from a finite point to p = —o0, we see
that the throat has an infinite invariant length.

The function r(p) cannot be given as an analytic integral but, using the asymptotic
behaviour of e/ for p — —oo and setting ¢; = 0, we can approximately integrate it:

1_1
r(p) ~6"°|(=p)"/% + BF[E’ —pl| +cs, (4.1.31)

in the IR. Fixing r — 0 when p — —oo we set c3 = 0. We approximate further on
r(p) ~ (—6p)"/%" . (4.1.32)

Substituting r in the asymptotic behaviour of the functions appearing in the metric, we find
that up to logarithmic corrections of relative order 1/|log(r)|:

90 o )

Y

277N, 1 (4.1.33)
4 4

h(r) ~

Therefore the geometry in the case ¢; = 0 approaches AdSs xTH! with logarithmic corrections
in the IR limit p — —o0.

In the UV limit and coming back to the general case with ¢; # 0, the solutions with
backreacting flavours have a Landau pole (p — 07) since the dilaton diverges (see (4.1.20)).
The asymptotic behaviours of the functions appearing in the metric are:

¢ ~ (14 ;)13 [1 _ 6 (’)(p3)} (4.1.34)
1+ Cq ’
2~ —6p(14¢) 2 [1 +6p+ O(p2)} , (4.1.35)
~ 27N, (1 23— p— 3 Yl 4.1,
h >~ cy+27TmN(1+ ¢1) [ p 1+Clp +O(p)] (4.1.36)

Note that we have used (4.1.25) for the warp factor. One concludes that h(p) is monotonically
decreasing with p; if it is positive at some radius, then it is positive down to the IR. If the
integration constant c, is larger than zero, h is always positive and approaches ¢, at the
Landau pole (UV). If ¢co = 0, then h goes to zero at the pole. If ¢y is negative, then the warp
factor vanishes at pyax < 0 before reaching the pole (and the curvature diverges there).
The physically relevant solutions seem to have ¢y > 0.

The curvature invariants, evaluated in string frame, diverge when p — 07, indicating
that the supergravity description cannot be trusted in the UV. For instance the Ricci scalar
R ~ (=p)™%? if ¢; # 0, whereas R ~ (—p)~3 if ¢c; = 0. If ¢; < 0, then the Ricci scalar
R~ (puax — p)~/* when p — pyax.

It is worth mentioning that the IR (p — —oo) limit of the geometry of the flavoured
solutions is independent of the number of flavours, if we neglect logarithmic corrections to
the leading term. Indeed, at the leading order, flavours decouple from the theory in the
IR (see the discussion below eq. (4.1.3)). The counterpart in our supergravity plus branes
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solution is evident when we look at the BPS system (4.1.10): when p — —oo the e? term
disappears from the system together with all the backreaction effects of the D7-branes.
Therefore the system reduces to the unflavoured one. The asymptotics of the functions
appearing in the metric in the IR limit p — —oo imply that some of the curvature invariants
that one can construct diverge, irrespective of the value of the integration constant ¢;. Thus,
the supergravity description presents a singularity and some care is needed when computing
observables from it.

Using the criterion in [123], that proposes the IR singularity to be physically acceptable
if gy is bounded near the IR problematic point, we observe that these singular geometries
are all acceptable. Gauge theory physics can be read from these supergravity backgrounds.
We call them “good singularities”.

4.1.5 Detailed Study of the Dual Field Theory

In this subsection we are going to undertake a detailed analysis of the dual gauge theory
features reproduced by the supergravity solution. The first issue we want to address is what
is the effect of the smearing on the gauge theory dual.

As we wrote above, the addition to the supergravity solution of one stack of localised
non-compact D7-branes at z; = 0 introduces in the field theory flavours coupled through a
superpotential term

W= TI(AZBkAjBl) EijEkl + hl qulQa + h2 Qaqua y (4137)

where we explicitly write the flavour indices a. For this particular embedding the two
branches are localised, say, at §; = 0 and 6, = 0 respectively on the two spheres. One can
exhibit a lot of features in common with the supergravity plus D7-branes solution:

e the theory has U(Ny) x U(Ny) flavour symmetry (the diagonal axial U(1)4 is anoma-
lous), each group corresponding to one branch of D7-branes;

e putting only one branch there are gauge anomalies in the quantum field theory and a
tadpole in supergravity, while for two branches they cancel;

e adding a mass term for the fundamentals the flavour symmetry is broken to the diagonal
U(Ny), while in supergravity there are embeddings moved away from the origin for
which the two branches merge.

The SU(2) x SU(2) part of the isometry group of the background without D7-branes
is broken by the presence of localised branes. It amounts to separate rotations of the two
S? in the geometry and shifts the location of the branches. Its action is realised through
the superpotential, and exploiting its action we can obtain the superpotential for D7-branes
localised in other places. The two bifundamental doublets A; and B; transform as spinors
of the respective SU(2). So the flavour superpotential term for a configuration in which the
two branches are located at x and y on the two spheres can be obtained by identifying two
rotations that bring the north pole to x and y. There is of course a U(1) x U(1) ambiguity in
this. Then we have to act with the corresponding SU(2) matrices U, and U, on the vectors
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(A1, A2) and (B, By) (which transform in the (2, 1) and (1, 2) representations) respectively,
and select the first vector component. In summary we can write

Wi =hy ¢ [Ux (j;)} Qatho oY [Uy (g:)] s (4.1.38)

where the notation ¢*, (), stands for the flavours coming from a first D7 branch being at z,
and the same for a second D7 branch at y.

To understand the fate of the two phase ambiguities in the couplings h; and hs, we appeal
to symmetries. The U(1) action which gives (¢, §, @, Q) charges (1, —1,—1,1) is a symmetry
explicitly broken by the flavour superpotential. The freedom of redefining the flavour fields
acting with this U(1) can be exploited to reduce to the case in which the phase of the two
holomorphic couplings is the same. The U(1) action with charges (1,1,1,1) is anomalous
with equal anomalies for both the gauge groups, and it can be used to absorb the phase
ambiguity into a shift of the sum of Yang-Mills theta angles ©; + ©y (while the difference
holds steady). This is what happens for D7-branes on flat spacetime. The ambiguity that
we mentioned amounts to rotations of the transverse R? space, whose only effect is a shift
of Cy. As we will show in the next subsection, the value of Cj is our way of measuring the
sum of theta angles through D(-1)-brane probes. Notice that if we put in our setup many
separate stacks of D7-branes, all their superpotential U(1) ambiguities can be reabsorbed in
a single shift of CY.

From a physical point of view, the smearing corresponds to put the D7-branes at different
points on the two spheres, distributing each branch on one of the two-spheres. This is done
homogeneously so that there is one D7-brane at every point of S2. The non-anomalous
flavour symmetry is broken from U(1)p x SU(Ny)r x SU(Ny) (localised configuration) to
U(l)p x U(l)gf_1 X U(l)gf_1 (smeared configuration).?

Let us introduce a pair of flavour indices (, ) that naturally live on S? x S? and specify
the D7-brane. The superpotential for the whole system of smeared D7-branes is just the
sum (actually an integral) over the indices (z,y) of the previous contributions:

W = ANTe(A,ByA,; By) €7 + by / & § [Ux <A1)] Q. + ho / A2y QY [Uy <B 1)] g .
S2 A2 1 S2 BQ 1
(4.1.39)
Again, all the U(1) ambiguities have been reabsorbed in field redefinitions and a global shift
of @1 + @2.

In this expression the SU(2) 4 x SU(2) p symmetry is manifest: rotations of the bulk fields
A;, Bj leave the superpotential invariant because they can be reabsorbed in rotations of the
dummy indices (z,y). In fact, the action of SU(2)4 x SU(2)p on the flavours is a subgroup
of the broken U(Ny) x U(Ny) flavour symmetry. In the smeared configuration, there is a

4In the case in which the two gauge couplings and theta angles are equal, we could appeal to the Zs
symmetry that exchanges them to argue |hi| = |hz2|, but no more because of the ambiguities.

5The axial U(1) which gives charges (1,1, —1, —1) to one set of fields (¢.,§", Q, Q) coming from a single
D7-brane, is an anomalous symmetry. For every D7-brane that we consider, the anomaly amounts to a shift
of the same two theta angles of the gauge theory. So we can combine this U(1) with an axial rotation of all
the flavour fields and get an anomaly free symmetry. In total, from Ny D7-branes we can find Ny — 1 such
anomaly free axial U(1) symmetries.
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D7-brane at each point of the spheres and the group SU(2)? rotates all the D7-branes in a
rigid way, moving each D7 where another was. So it is a flavour transformation contained in
U(Ny)?. By combining this action with a rotation of A; and B;, we get precisely the claimed
symmetry.

Even if it is written in an involved fashion, the superpotential (4.1.39) does not spoil the
features of the gauge theory. In particular, the addition of a flavour mass term still would
give rise to the symmetry breaking pattern

Ny—1

U x ULy " x ULV — U@y

Holomorphic Gauge Couplings and (-functions

In order to extract information on the gauge theory from the supergravity solution, we need
to know the holographic relations between the gauge couplings, the theta angles and the
supergravity fields. These formulae can be properly derived only in the orbifold R3 x
C x C?/Z,, where string theory can be quantised by considering fractional branes placed
at the singularity. The near-horizon geometry describing the IR dynamics on a stack of
N, regular branes at the singularity is AdSs x S®/Z,. The dual gauge theory is an N = 2
SU(N.) x SU(N..) SCFT with bifundamental hypermultiplets. In this N' = 2 orbifold theory,
the holographic relations (1.2.35) and (1.2.44) can be derived exactly.

Usually in the literature the aforementioned holographic relations were assumed to hold
also in the conifold case. Strassler remarked in [124] that for the conifold theory the formulae
for the sum of the gauge couplings and the sum of theta angles need to be corrected. We
expect that the formula for the sum of theta angles is correct as far as anomalies are con-
cerned, since anomalies do not change in RG flows. Instead the first formula in eq. (1.2.35)
may need to be corrected in the KW theory: in general the dilaton could be identified with
some combination of the gauge and superpotential couplings.

Let us now make contact with our supergravity solution. In the smeared solution, since
dFy # 0 at every point, it is not possible to define a scalar potential Cy such that F; = dCj,.
We bypass this problem by restricting our attention to the non-compact four-cycle defined
by (p, 1,60, = 02,01 = 27 — ) [125](note that it wraps the R-symmetry direction 1)), so
that we can take the pullback on it and write

N
pell = g 4.1.4
and therefore v
ff — iy — 4.1.41
O = 22— o). (41.41)

By using eqs. (1.2.35) and (1.2.44) we can identify now:

8712 3N
- = - _ _—f
B T e 4 P,

O+ 0, = —%(@D — o) , (4.1.43)

(4.1.42)
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where we suppose for simplicity the two gauge couplings to be equal (¢ = go = ¢g). The
generalisation to an arbitrary constant B, is straightforward since the difference of the inverse
squared gauge couplings does not run. Although, as discussed above, one cannot be sure of
the validity of (4.1.42), we can try to extract some information.

Let us first compute the g-function of the gauge couplings. The identification (1.2.35)
allows us to define a “radial” [-function that we can directly compute from supergravity
[126]:

Y, = =" —nr =_=7 (4.1.44)

(Compare this result with eq. (4.1.3)). The physical S-function defined in the field theory
is of course:

0  8m?

554;_22 = JlogE g7 (4.1.45)
where p is the subtraction scale and A is a renormalization group invariant scale. In order
to get the precise field theory g-function from the supergravity computation one needs the
energy-radius relation p = p(%), from which 8 = B 9p/0 log &. In general, for non-
conformal duals, the radius-energy relation depends on the phenomenon one is interested in
and accounts for the scheme-dependence in the field theory.

Even without knowing the radius-energy relation, there is some physical information that
we can extract from the radial S-function (4.1.44). In particular, being the energy-radius
relation p = p(%) monotonically increasing, the signs of the two [-functions coincide.

In our case, using r = £ and eq. (4.1.32), one gets matching between (4.1.3) and (4.1.44).

R-symmetry Anomaly and Vacua

Now we move to the computation of the U(1)z anomaly. We can perform it in field theory
by using the equation (1.2.40). Thus the anomaly relation in our field theory is the following:

Ny 1 ~ .
= Fo,FM 4+ G G | (4.1.46)

Ol = 73%2( w'a

or in other words, under a U(1)g transformation of parameter ¢, for both gauge groups the
theta angles transform as

0, — 6, — %5 : (4.1.47)

On the string/gravity side a U(1)gr transformation of parameter e is realised (in our

conventions) by the shift ¢» — 1 4 2e. This can be derived from the transformation of

the complex variables (1.2.6), which under a U(1)g rotation get z; — e“z;, or directly by

the decomposition of the ten-dimensional spinor € into four-dimensional and six-dimensional

factors and the identification of the four-dimensional supercharge with the four-dimensional
spinor. By means of the dictionary (4.1.43) we obtain:

N
®1+@2H®1+@2—27fg, (4.1.48)
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in perfect agreement with (4.1.47).

The U(1)g anomaly is responsible for the breaking of the symmetry group but usually
a discrete subgroup survives. Disjoint physically equivalent vacua, not connected by other
continuous symmetries, can be distinguished thanks to the formation of domain walls among
them, whose tension could also be measured. We want to read the discrete symmetry
subgroup of U(1)g and the number of vacua both from field theory and supergravity. In
field theory the U(1)g action has an extended periodicity (range of inequivalent parameters)
e € [0,87) instead of the usual 27 periodicity, because the minimal charge is 1/4. Let us
remark however that when ¢ is a multiple of 27 the transformation is not an R-symmetry,
since it commutes with supersymmetry. The global symmetry group contains the baryonic
symmetry U(1)p as well, whose parameter we call a« € [0,27). The two actions U(1)g
and U(1)p satisfy the following relation: Ugr(4m) = Up(w). Therefore the group manifold
U(l)g x U(1)p is parameterised by € € [0,47), a € [0,27) (this parameterisation realises
a nontrivial torus) and U(1)p is a true symmetry of the theory. The theta angle shift
(4.1.47) allows us to conclude that the U(1)r anomaly breaks the symmetry according to
U(1)rxU(1)p — Zn, xU(1) g, where the latter is given by ¢ = 4nw /Ny (n = 0,1,..., Ny—1),
a € [0,2m).

Coming to the string side, the solution for the metric, the dilaton and the field strengths
is invariant under arbitrary shifts of ¢). But the nontrivial profile of Cy breaks this symmetry.
The presence of DBI actions in the functional integral tells us that the RR potentials are
quantised, in particular Cj is defined modulo integers. Taking the formula (4.1.41) and using
the periodicity 4 of ¢, we conclude that the true invariance of the solution is indeed Zy;, .

One can be interested in computing the domain wall tension in the field theory by means
of its dual description in terms of a D5-brane with 3 directions wrapped on a 3-sphere (see
[43] for a review in the conifold geometry). It is easy to see that, as in Klebanov-Witten
theory, this object is stable only at 7 = 0 (p — —oc0), where the domain wall is tensionless.

The UV and IR Behaviors

The supergravity solution allows us to extract the IR dynamics of the KW field theory with
massless flavours. Really what we obtained is a class of solutions, parameterised by two
integration constants ¢; and c;. Momentarily we will say something about their meaning
but some properties are independent of them.

The fact that the g-function is always positive, with the only critical point at vanishing
gauge coupling, tells that the theory is irreparably driven to that point, unless the super-
gravity approximation breaks down before (¢; < 0), for instance because of the presence of
curvature singularities. Using the p coordinate this is clear-cut. In the cases where the string
coupling falls to zero in the IR, the gravitational coupling of the D7-branes to the bulk fields
also goes to zero and the branes tend to decouple. The signature of this is in the equation
(4.1.17) of the BPS system: the quantity e? N; can be thought of as the effective size of the
flavour backreaction which indeed vanishes in the far IR. The upshot is that flavours can be
considered as an “irrelevant deformation” of the AdSs x T! geometry.

The usual technique for studying deformations of an AdSs geometry was given in [16, 17].
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Looking at the asymptotic behaviour of fields in the AdSs effective theory (1.1.13):°
6O =ar® 4 er (4.1.49)

we read, on the CF'T side, that the deformation is H = Heopr + a O with ¢ = (O) the VEV
of the operator corresponding to the field ® and A the quantum dimension of the operator
O. Alternatively, one can compute the effective five-dimensional action and look for the
masses of the fields, from which the dimension is extracted with the formula (1.1.14). We
computed the five-dimensional effective action for the particular deformations ef (", e9(") and
¢(r) and we included the D7-brane action terms (the details are in subsection 4.2.3). After
diagonalization of the effective Kahler potential, we got a scalar potential V' containing a
lot of information. First of all, minima of V' correspond to the AdSs geometries, that is
conformal points in field theory. The only minimum is formally at ¢® = 0 and has the
AdSs x TY' geometry. Then, expanding the potential at quadratic order the masses of the
fields can be read; from here we deduce that we have operators of dimension six and eight
taking VEV and a marginally irrelevant operator inserted.”

The operators taking VEV where already identified in [32, 121]. The dimension eight
operator is TrF* and represents the deformation from the conformal KW solution to the non-
conformal 3-brane solution. The dimension six operator is a combination of the operators
Tr(W,W)? and represents a relative metric deformation between the S? x S? base and the
U(1) fiber of TH!. The marginally irrelevant insertion is the flavour superpotential, which
would be marginal at the hypothetic AdSs (conformal) point with e = 0, but is in fact
irrelevant driving the gauge coupling to zero in the IR and to very large values in the UV.
Let us add that the scalar potential V' can be derived from a superpotential W, from which
in turn the BPS system (4.1.10) can be obtained.

Since in the IR the flavour branes undergo a sort of decoupling, the relevant deformations
dominate and their treatment is much the same as for the unflavoured Klebanov-Witten
solution [32, 121, 124]. We are not going to repeat it and we will concentrate on the case
c1 = ¢ = 0. The supergravity solution flows in the IR to the AdSs x T™! solution (with
corrections of relative order 1/|log(r)|). On one hand the R-charges and the anomalous
dimensions tend to the almost conformal values:

1
) YAB = _5 )
(4.1.50)

Ry =+, Ya@ =7 -

Using the formula for the f-function of a superpotential dimensionless coupling;:

ﬂazﬁ[—fﬂzé (H?)} : (4.1.51)

6Notice that usually the prescription (1.1.13) or the holographic renormalization methods are used when
we may have flows starting from a conformal point in the UV. In this case, our conformal point is in the IR
and one may doubt about the validity in this unconventional case. See [127] for an indication that applying
the prescription in an IR point makes sense, even when the UV geometry is very far away from AdSs x Ms.

"To distinguish between a VEV and an insertion we have to appeal to the first criterium described in eq.
(4.1.49) and below.
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where @ are the fields appearing in the superpotential term, we obtain that the total su-
perpotential (4.1.39) is indeed marginal. On the other hand the gauge coupling flows to
zero. Being at an almost conformal point, we can derive the radius-energy relation through
rescalings of the radial and Minkowski direction, getting » = p/A. Then, the supergravity
[-function coincides with the exact (perturbative) holomorphic S-function (in the Wilsonian
scheme):®

3
g
By =15 [BNC — N1 —ya) — Np(1—7p)] (4.1.52)

If we are allowed to trust the first orbifold relation in eq. (1.2.35) relating gauge coupling
constants and dilaton, we conclude that the gauge coupling flows to zero in the IR. This
fact could perhaps explain the divergence of the curvature invariants in string frame [18],
as revealed in subsection 4.1.4. The field theory would enter the perturbative regime at
this point. However, it is hard to understand why the anomalous dimensions of the fields
are large while the theory seems to become perturbative. For this reason, we question the
validity in the conifold case of the first holographic relation in eq. (1.2.35), which can be
derived only for the orbifold. In [13] we proposed an alternative interpretation of the IR
regime of our field theory, based on some nice observations made in [124] about the KW field
theory. We argued that the theory may flow to a strongly coupled fixed point, although the
string frame curvature invariant is large, as in the Klebanov-Witten solution for small values
of gsN..

Contrary to the IR limit, the UV regime of the theory is dominated by flavours and we
find the same kind of behaviour for all values of the relevant deformations ¢; and c;. The
gauge couplings increase with the energy, irrespective of the number of flavours. At a finite
energy scale that we conventionally fixed to p = 0, the gauge theory develops a Landau
pole since the string coupling diverges at that particular radius. This energy scale is finite
because p = 0 is at finite proper distance from the bulk points p < 0.

At the Landau pole radius the supergravity description breaks down for many reasons:
the string coupling diverges as well as the curvature invariants and the v circle shrinks. An
UV completion must exist and finding it is an interesting problem. One could think about
obtaining a new description in terms of supergravity plus branes through various dualities.
In particular T-duality will map our solution to a system of NS5, D4 and D6-branes, which
could then be uplifted to M-theory. Anyway, T-duality has to be applied with care because
of the presence of D-branes on a nontrivial background and we actually do not know how to
T-dualize the Dirac-Born-Infeld action.

8Here it is manifest why the SUGRA S-function computed in this context with brane probes matches the
field theory one, even if this requires the absence of order Ny/N, corrections to the anomalous dimensions
va,B, which one does not know how to derive (the stress-energy tensor is linear in Ny/N.). It is because
those corrections are really of order e?Ny/N.. and in the IR e — 0.
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4.2 Generalisations

4.2.1 The BPS Equations for Any Sasaki-Einstein Space

Let us now explain in detail the origin of the system of first-order differential equations
(4.1.10). As we already said in section 4.1, the system (4.1.10) is a consequence of super-
symmetry. Actually, it turns out that it can be derived in the more general situation that
corresponds to having smeared D7-branes in a space of the type AdSs x Ms, where Ms is a
five-dimensional Sasaki-Einstein (SE) manifold. Notice that the T space considered up to
now is a SE manifold. In general, a SE manifold can be represented as a one-dimensional
bundle over a four-dimensional K&hler-Einstein (KE) space. Accordingly, we will write the
M5 metric as follows

dstp = dsi g + (dr + A)? | (4.2.1)

where 0/07 is a Killing vector and ds?%  stands for the metric of the KE space with Kéhler
form J = dA /2. In the case of the T"! manifold the KE base is just S? x S?, where the
S%’s are parameterised by the angles (6;, ;) and the fiber 7 is parameterised by the angle ).

Our ansatz for ten-dimensional metric in Einstein frame will correspond to a deformation
of the standard AdS; x Ms5. Apart from the ordinary warp factor h(r), we will introduce
some squashing between the one form dual to the Killing vector and the KE base, namely:

ds® = [h(r)}_; dzi 5 + [h(r)}é [drz + 20 52 + 20 (d7'+A)2] (4.2.2)

Notice that, indeed, the ansatz (4.2.2) is of the same type as the one considered in eq. (4.1.7)
for the deformation of AdSs x T!. In addition our background must have a RR five-form:

Fs = K(r)da" A ---dz* A dr + Hodge dual, (4.2.3)

and a RR one-form F; which violates Bianchi identity. Recall that this violation, which we
want to be compatible with supersymmetry, is a consequence of having a smeared D7-brane
source in our system. Our proposal for Fj is the following:

F, = C(dr+ A) , (4.2.4)

where C' is a constant which should be related to the number of flavours. Moreover, the
violation of the Bianchi identity is the following”:

dF, = 2C J. (4.2.5)

Notice that eq. (4.2.5) corresponds to taking 2 = —2C'J in our general expression (1.3.25).
To proceed with this proposal we should try to solve the Killing spinor equations by imposing
the appropriate projections. Notice that the ansatz is compatible with the Kahler structure
of the KE base and this is usually related to supersymmetry.

9We are considering that J = %Jabda:a/\da:b and that the Ricci tensor of the KE space satisfies Ry = 6 gap-
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Before going ahead, it may be useful to make contact with the explicit case studied in
the previous section, namely the Klebanov-Witten model. In that case the KE base is

dss, = % Z(d@f + sin? 6; dy?) | (4.2.6)

i=1,2

whereas the one form dual to the Killing vector 0/07 is dt = di/3 and the form A reads
1
A= 3 ( cos by dpy + cos by dg02> ) (4.2.7)

Moreover, the constant C' was set to % in that case.
Let us choose the following frame for the ten-dimensional metric:

1 1
e = [h(r)] *da", e = | h(r)|*dr,
e = [h(r)}“ef(r) (dr+ A) , 6% = [h(r)]‘*eg(” e
where ¢* a = 1,...,4 is the one-form basis for the KE space such that ds%, = e%e® In
the Klebanov-Witten model the basis taken in (4.1.8) corresponds to:
1_ o 2
e =sinfb;dy; e = db, ,
, e .M (4.2.9)
e’ =sinfy dyps | e” = dbs .
Let us write the five-form F5 = F5 + *F5 of eq. (4.2.3) in frame components:
f5:K()[ (r)}’é NEVNE
*Fs = —K(r) [ h(r) }% NN = KR e (dr + A)Net A A et
(4.2.10)
The equation dFy = 0 immediately implies:
2m)4N,
Kh%e**/ = constant = % , (4.2.11)

where the constant has been obtained by imposing the quantisation condition (1.2.11) for
a generic Ms. It will also be useful in what follows to write the one-form Fj in frame
components:

F = Chie /e (4.2.12)
Let us list the non-zero components of the spin connection:
M 1 S gk

QIT:_Zh/h_Zex ) (M:0a73)7

1w
QQT:[ZE+gli|h_%éa> (azla 74)7

1w 1 4.2.13
=[G e o
0, = el 29p70 et
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where w® are components of the spin connection of the KE base.

Let us now study under which conditions our ansatz preserves some amount of supersym-
metry. To address this point we must look at the supersymmetric variations of the dilatino
and gravitino (1.2.5). We will take them but using the following complex spinor notation!?:

€« o3€, —i€" > o1€, i€ > 09€ . (4.2.14)

It is quite obvious from the form of our ansatz for F; in (4.2.12) that the equation
resulting from the dilatino variation is:

(¢ —ie?Ce ' Tg)e=0. (4.2.15)

In eq. (4.2.15), and in what follows, the indices of the I'-matrices refer to the vielbein
components (4.2.8).

Let us move on to the more interesting case of the gravitino transformation. The space-
time and the radial components of the equation do not depend on the structure of the internal
space and always yield the following two equations:

W+ Kh =0,
Ore — %Khé =0. (4.2.16)
To get eq. (4.2.16) we have imposed the D3-brane projection
[pop12.3€ = —i€, (4.2.17)
and we have used the fact that the ten-dimensional spinor is chiral with chirality
Dyo_a3r01230€ = €. (4.2.18)

It is a simple task to integrate the second differential equation in (4.2.16):

ool—

€ = h 8¢ (4.2.19)
where € is a spinor which can only depend on the coordinates of the Sasaki-Einstein space.

In order to study the variation of the SE components of the gravitino it is useful to
write the covariant derivative along the SE directions in terms of the covariant derivative
in the KE space. The covariant derivative, written as a one-form for those components,
D=d+ id}ulﬂ‘], is given by

X 1 1
D =D~ Ju h1ef 29 ab g0 _ 5 Jab hief 29T ge 4

1 1 W 1 LW R
+ 5 h_i (1 % + g/) ree* + 5 h_i (1 % + f/) FOT 60 , (4220)

where D is the covariant derivative in the internal KE space.

ONotice that it is different from that taken in eq. (1.3.10).
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The equation for the SE components of the gravitino transformation is

Dye — %Khz Lo+ %e‘ﬁ FYe = 0. (4.2.21)

This equation can be split into a part coming from the coordinates in the KE space and a

part coming from the coordinate which parameterises the Killing vector. For this purpose,

it is convenient to represent the frame one-forms e and the fiber one-form A in a coordinate
basis of the KE space

eCL — E[l dym
" ’ 4.2.22
A=A, dy™, ( )
with 4™ m=1,...,4 a set of space coordinates in the KE space.

After a bit of algebra one can see that the equation obtained for the space coordinates
y™ is simply

1 1
D,, e — 1 Jpe2d=0 A Tabe 5 Jph~1 el % EoT% ¢+

1. . 1K , 1, 1K Nt 0
— - a par — (== - 4.2.23
Pl G F O BT et 5 (G + ) AT (4.2.23)

1o 1
= SKRH(ELL 4 Wi el A D) e 4 2e?CApe =0,

whereas the equation obtained for the fiber coordinate 7 is given by

de 1 1,1 H
8_6 T g Yab 29T e 4 B (1 7 + f,) el T e —
’ : (4.2.24)

1
— gKhefF”OejL ie‘ﬁC’e =0.

Let us now solve these equations for the spinor e. First of all, let us consider the dilatino
equation (4.2.15). Clearly, this equation implies that the spinor must be an eigenvector of
the matrix I',y. Accordingly, let us require that e satisfies

Foe= —ie. (4.2.25)

Moreover, a glance at eqs. (4.2.23) and (4.2.24) reveals that ¢ must also be an eigenvector
of the matrix J,;I'®. Actually, by combining eqs. (4.2.17) , (4.2.18) and (4.2.25) one easily
obtains that

F12€ = F34€ . (4226)

To simplify matters, let us assume that we have chosen the one-form basis e* of the KE in
such a way that the Kahler two-form J takes the canonical form:

J=¢e N + e net. (4.2.27)
In this basis, after using the condition (4.2.26), one trivially gets:

Japl e = 4Ty e . (4.2.28)
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Thus, in order to diagonalize J,,I'®, let us impose the projection
F12€ = —i€ s (4229)

which implies
I3 = —ie, JpI% e = —die . (4.2.30)

Let us now use the well-known fact that any KE space admits a covariantly constant
spinor 7 satisfying:

3
D,,n = —§z'Amn , (4.2.31)
from which one can get a Killing spinor of the five-dimensional SE space as:
é=¢laTy . (4.2.32)

Actually, in the KE frame basis we are using, 1 turns out to be a constant spinor which
satisfies the conditions I'\on = I'syn = —in. Let us now insert the SE Killing spinor € of
eq. (4.2.32) in our ansatz (4.2.19), i.e. we take the solution of our SUSY equations to be:

e =hs e_%”n . (4.2.33)

By plugging (4.2.33) into egs. (4.2.23) and (4.2.24), and using the projections imposed to €
and (4.2.31), one can easily see that eqs. (4.2.23) and (4.2.24) reduce to the following two
differential equations:

r o, 1

——+ g+ -Kh—-e"%=0,

4 h 4

1w 1 C

7t o+ ZKh +2el7% — 37 + §e¢_f =0. (4.2.34)

By combining all equations obtained so far in this subsection we arrive at a system of first-
order BPS equations for the deformation of any space of the form AdSs x Ms:

¢ — Ce?* =
4
h’+m —f—49:0’
VOZ(ME,)
gl - ef—?g =0 )
C
fl4+2ef729 — 3¢/ 5e¢_f =0. (4.2.35)

Notice that, indeed, this system reduces to the one written in eq. (4.1.10) for the conifold,
if we take into account that for this later case the constant C is 3N;/(47) and Vol(T"!) =
1673 /27.

It is now a simple task to count the supersymmetries of the type (4.2.33) preserved by our
background: it is just thirty-two divided by the number of independent algebraic projection
imposed to the constant spinor 7. As a set of independent projections one can take the
ones written in eqs. (4.2.17), (4.2.25) and (4.2.29). It follows that our deformed background
preserves four supersymmetries generated by Killing spinors of the type displayed in eq.
(4.2.33).
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4.2.2 The BPS and Einstein Equations

In this subsection we will prove that the BPS system implies the fulfilment of the second-
order Euler-Lagrange equations of motion for the combined gravity plus brane system (see
eq. (1.3.18)). To begin with, let us consider the equation of motion of the dilaton, which
can be written as:

1 MN _ 20 2
—maM(G V GaN¢) — 2 [

where Gy is the ten-dimensional metric. Using the DBI action (1.3.22) for the smeared
D7-branes configuration, we find:

5 Spsr (4.2.36)

2&10
—S = ¢? § j Q0| 4.2.37
V=T Y (42.37)

The charge density distribution is 2 = —2C'J (see eq. (4.2.5)). Recall that the Kéhler form
J of the KE base manifold has the canonical expression (4.2.27). It follows that €2 has two
decomposable components given by:

QW = 20 e ANe? = —2Ch 2 e e A 2 ,

(4.2.38)
0 = 203 Net = 20k 2e 9B Ne! ;

where the é* one-forms have been defined in (4.2.8). Therefore, the moduli of the Q)’s can
be straightforwardly computed:

QW] = |Q@| = 2/C|h 7z e . (4.2.39)

By using the explicit form of the metric, our ansatz for F} and the previous formula (4.2.39)
one can convert eq. (4.2.36) into the following:

¢+ (49 + )¢ = C*e**72 1 41C| 7% . (4.2.40)

It is now a simple exercise to verify that eq. (4.2.40) holds if the functions ¢, g and f solve
the first-order BPS system (4.2.35) and the constant C' is non-negative. In what follows we
shall assume that C' > 0.

To check the Einstein equations we need to calculate the Ricci tensor. In flat coordinates
the components of the Ricci tensor can be computed by using the spin connection. The
expression of the curvature two-form in terms of the spin connection is

RMN = dLTJMN + ("A}MP /\(f)l}[ , (4.2.41)
with the curvature two-form defined as follows:

RY = R%PQe NeQ . (4.2.42)
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By using the values of the different components of the ten-dimensional spin connection
written in (4.2.13) we can easily obtain the Riemann tensor and, by simple contraction of
indices, we arrive at the following flat components of the Ricci tensor:

2
o 1h 1K A
f@ﬂ—h2%W<1%“‘zGﬁ *1%f+ﬁﬂ>’

2
_1 1n" 1(H 1h h
B =02\ =30 — 3 ﬁ) A A el VO R T 4(9’)2> :
1h" 1(n 1hH h'
ROOI h_% _Zf_'_z E) _Zﬁ /_ﬁ/_f// (f/)2—4g/f/—|—4€2f_4g>,
2
_ 3 1R L(W LK / ' / "
%*hQ‘ﬂ*1ﬁ>‘ﬂf‘W—g—
o 4(9/)2 g/ f/ o 262f—4g + 66_2g> ’
Ryg=0, M # N .

(4.2.43)
From these values it is straightforward to find the expression of the scalar curvature (in
Einstein frame), which is simply

(1R TR n
— —h 2 J ! 2_, " 2 N2
R=—h (2h+2hf+ =9+ 8¢ +20(g)+

+8g [ 2 +2(f) +4e T —24 6—29> . (4.2.44)

Let us evaluate the different contributions to the right-hand side of the Einstein equations
(see eq. (1.3.18)). The contributions from the five- and one-forms is immediately computable
from our ansatz of eqs. (4.2.3) and (4.2.4). On the other hand, the contribution of the DBI

part of the action is just
2%%0 5SDBI

T = )
By using our expression (1.3.22) of Spp;, with Q = —dF}, together with the definition

(1.3.24), one easily arrives at the following expression of the stress-energy tensor of the
D7-brane:

(4.2.45)

¢ . 1 . . .
Tyx = —% [mrm Z | Q0] — Z a0 QD) 5 (250 nPQ] , (4.2.46)

where we have used that 2k?)Ty = 1 and we have written the result in flat components. By
using in (4.2.46) the values given in eqs. (4.2.38) and (4.2.39) of Q) and its modulus, we
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arrive at the simple result:

Tyigi = —2C h_% e Naizi
T = Tog = —20h 2¢%72
Ty = —Ch™7e?26,, (a,b=1,--,4), (4.2.47)

where the indices refer to our vielbein basis (4.2.8).

With all this information we can write, component by component, the set of second-
order differential equations for h, g, f and ¢ that are equivalent to the Einstein equations.
One can then verify, after some calculation, that these equations are satisfied if ¢ and the
functions of our ansatz solve the first-order system (4.2.35). Therefore, we have succeeded
in proving that the background obtained from the supersymmetry analysis is a solution of
the equations of motion of the supergravity plus Born-Infeld system. Notice that the SUSY
analysis determines F}, i.e. the RR charge distribution of the smeared D7-branes. What we
have just proved is that eq. (4.2.46) gives the correct stress-energy distribution associated
to the charge distribution ) = —dFj of smeared flavour branes.

To finish this subsection let us write the DBI action in a different, and very suggestive,
fashion. It turns out that, for our ansatz, the on-shell DBI action can be written as the
integral of a ten-form and the corresponding expression is very similar to the one for the WZ
term given in equation (1.3.20). Actually, we show below that

SDBI = T7 / 6¢Q A Qg 5 (4248)
Mio

where (g is an eight-form which, after performing the wedge product with the smearing
two-form €2, gives rise to a volume form of the ten-dimensional space. Let us factorise in g
the factors coming from the Minkowski directions:

Qs = htd*a A Qy, (4.2.49)

where ()4 is a four-form in the internal space. Actually, one can check that €24 can be written
as:

Q = % INT, (4.2.50)

where J is the following two-form:
J = h2e® ] + hred dr A (dr + A). (4.2.51)
To verify this fact, let us recall that 2 = —2C'J and thus
QANQg=—Ch'd*a NATNTANT . (4.2.52)
Taking into account that % J A J is the volume form of the KE base of M;, we readily get:
e ANINTANT = de ¥ hz V-G dx (4.2.53)

from where one can easily prove that eq. (4.2.48) gives the same result as in equation (1.3.22)
with Q = —dF.
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4.2.3 A Superpotential and the BPS Equations

It is interesting to obtain the system of first-order BPS equations (4.2.35) by using an
alternative approach, namely by deriving them from a superpotential. Generically, let us
consider a one-dimensional classical mechanics system in which 7 is the “time” variable
and A(n), ®™(n) (m = 1,2...) are the generalised coordinates. Let us assume that the
Lagrangian of this system takes the form:

1
L = etk (0,4)? — 5 Gmn(®) 0,2 0, 0" — V()| , (4.2.54)
where k is a constant and V' (®) is some potential, which we assume that is independent of

the coordinate A. If one can find a superpotential W such that:

1, oW oW 1
V@)_§G acpmacpn_ﬂw’

(4.2.55)

then the equations of motion are automatically satisfied by the solutions of the first-order

system:

dA 1 dom ow

b =g 4.2.56

dn 2k dn oPpn ( )
Let us now show how we can recover our system (4.2.35) from this formalism. The first step
is to look for an effective Lagrangian for the dilaton and the functions of our ansatz whose
equations of motion are the same as those obtained from the Einstein and dilaton equations

of type IIB supergravity. One can see that this lagrangian is:

2 2
Lejs = h2 et |R — %h—% (¢)? — % h™z e 89720 % h™2 e 2 — ACh e¢—2g]
(4.2.57)
where R is the scalar curvature written in (4.2.44) and @ is the constant
(2m)*N,
= — . 4.2.58

The Ricci scalar (4.2.44) contains second derivatives. Up to total derivatives L.s; takes the
form:

2
1 h/ 1
Leff _ €4g+f[— 5(%) + 12 (g/)2 + 8g/f/ . 4€2f—4g —+ 246_29 _ §(¢/)2 _

2 2
—% h2e 8972 — %e2<¢—f> —4Ce"| (4.2.59)

We want to pass from the lagrangian (4.2.59) to that in eq. (4.2.54). With that purpose in
mind let us perform the following redefinition of fields:

eiA = pretats €20 = h2e%, e = hze. (4.2.60)
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In addition, we need to do the following change of the radial variable '*

IS

=
S

|
wloo
@

|
win
-

(4.2.61)

1

_(q‘ﬁ)2 - V(§> .f» ¢)] ) (4262)

Luys = f‘[i R T T

where the dot means derivative with respect to n and V' (g, f, ¢) is the following potential:

~ ~ 2 ~ 2 ~
V(@G, f,0) = e305+D <4e2f—4§ Coge2 4 & ouarn €T p0-h) g0
2 2
(4.2.63)
The above lagrangian has the desired form (see eq. (4.2.54)) and we can identify the constant
k and the elements of the kinetic matrix G,,,, as:
3 56 8 8
=7 Gﬁ:?v fozgv G.E;fzg’
One can now check that, given the above expression of the potential, the following superpo-
tential

Gos = 1. (4.2.64)

W = 6_% 43+f) Q€_4g f 4ef—2§ _ 66_f + C’ed’_f (4265)

satisfies eq. (4.2.55) for the values of k and G,,,, written in eq. (4.2.64). It is now immediate
to write the first-order differential equations that stem from this superpotential. Explicitly
we obtain:

2
A=—--W,
3
G = ie—é(@ﬂ [ Q=91 4 4052
f = ie_%(g + [ Qe‘4g — 8el72 4 196 — 206¢_f] ,
¢ = C P3Gt (4.2.66)

In order to verify that this system is equivalent to the one obtained from supersymmetry, let
us write down explicitly these equations in terms of the old radial variable (see eq. (4.2.61))
and fields (see egs. (4.2.60)). One gets:

/

h
- +8¢ +2f = —Qhte ™ 446/ 4 e/ — Ce? |

i%/ +g =l - %Qh_le_‘lg_f,

1n 1 1

17 + f =3¢l — 267 — ZQh_le_4g_f — §Ce¢_f,

¢ = Ce’ T, (4.2.67)

"The change of the Lagrangian under that change of the radial variable is L. fF= g—; Leyy.
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which are nothing else than a combination of the system of BPS equations written in (4.2.35).

Let us now use the previous results to study the five-dimensional effective action resulting
from the compactification along M5 of our solution. The fields in this effective action are the
functions f and g, which parameterise the deformations along the fiber and the KE base of
Mj respectively, and the dilaton. Actually, in terms of the new radial variable n introduced
in (4.2.61), the ten-dimensional metric can be written as:

ds? = e~ (F+49) | o3 datdz,, + d772] + M s, + e (dr + A)? . (4.2.68)

The corresponding analysis for the unflavoured theory was performed in [32, 121]. For
simplicity, let us work in units in which the AdSs radius L is one. Notice that the quantity
Q defined in (4.2.58) is just Q = 4L*. Thus, in these units Q = 4. To make contact with
the analysis of refs. [32, 121], let us introduce new fields ¢ and p which, in terms of fand g
are defined as follows'?:

2 - _ 1, -~
¢=-(f+147), p=—=(f-17) (4.2.69)
In terms of these new fields, the potential (4.2.63) turns out to be
02
Vip,q,¢) =4e %71 — 2475072 4 76%"8‘1*8? + 8¢ 4 4C PR (4.2.70)

and the effective lagrangian (4.2.62) can be written as:

. 1.

Lesr = V=05 [35 — 58— 20§ =304 V|, (4.2.71)
where g5 = —e®4 is the determinant of the five-dimensional metric ds? = e% dz*dzx, + dn?
and Ry = — [2.,4 + %AQ} is its Ricci scalar. Ome can check that the minimum of the

potential (4.2.70) occurs only at p = ¢ = e? = 0, which corresponds to the conformal
AdSs x My geometry. Moreover, by expanding V' around this minimum at second order we
find out that the fields p and ¢ defined in (4.2.69) diagonalize the quadratic potential. The
corresponding masses are mf, = 12 and mg = 32. By using these values in the mass-dimension
relation (1.1.14), we get:

m; =12 = A,=6,

= 32 = A, =8.

SN

. (4.2.72)

RN

These scalar modes p and ¢ are dual to the dimension six and eight operators discussed in
section 4.1.

4.2.4 General Deformation of the Klebanov-Witten Background

In this subsection we will explore the possibility of having a more general flavour deformation
of the AdSs x T background. Notice that, as T"! is a U(1) bundle over S? x S?, there exists

12The function p is called f in refs. [32, 121].
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the possibility of squashing with different functions each of the two S?’s of the KE base. In
the unflavoured case this is precisely the type of deformation that occurs when the singular
conifold is substituted by its small resolution. For this reason, it is worth considering this
type of metric also in our flavoured background. To be precise, let us adopt the following
ansatz for the metric, five-form and one-form:

1 2f
ds® = h"2da} 5 + B2 dr® + = ) €*(d6] + sin® 0, d) + iy + > cost;dp)? |
’ 6 i=1,2 9 i=1,2

Fy=(1+x*)dzAKdr,

F = %(d@b + cos Oy dpy + cos by dyy)
(4.2.73)

where C' = 3N /4r, all functions depend on 7 and ¢;(r) and go(r) are, in general, different
(if g1 = g2 = g we recover our ansatz (4.1.7)). The equation dF5 = 0 immediately implies:

Kh*e* 1202t — 97x N, = Q | (4.2.74)

which allows to eliminate the function K in favour of the other functions of the ansatz.
By following the same steps as in the g; = g¢o case and requiring that the background
preserve four supersymmetries, we get a system of first-order BPS equations for this kind of
deformation, namely:

¢ = Ce 7,

W= —Q e~ 291292 ’

g; — ef—Zgi ’ (Z — 1’2) ’ (4275)
fl=3e7t — 72 _ /7202 _ ¢ e 7.

2

Notice that, as it should, the system (4.2.75) reduces to eq. (4.2.35) when g; = go.
It is not difficult to integrate this system of differential equations by following the same
method that was employed for the g; = g, case. First of all, we change the radial coordinate:

dr = el dp , (4.2.76)
what allows us to get a new system:
o=Ce |
= —Qe i
g = e (i=1,2), (4.2.77)
f: 3 — 22 2202 % e? |

where now the derivatives are taken with respect to the new variable p.
The equation for the dilaton in (4.2.77) can be integrated immediately, with the result:

11

o _ _ - =
e r

(p<0), (4.2.78)
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where we have absorbed an integration constant in a shift of the radial coordinate. Moreover,
by combining the equations for g; and g, one easily realises that the combination e?9t — ¢292
is constant. Let us write:

e = e + o? . (4.2.79)

On the other hand, by using the solution for ¢(r) just found and the equations for the g;’s
in (4.2.77), the first-order equation for f can be rewritten as:

, 1
=3—-¢ — ¢ — 4.2.80
f g1 — g2 + 2 ( )
which can be integrated immediately, to give:

A4 pebp (4.2.81)

with ¢ being an integration constant. This constant can be absorbed by performing a suitable
redefinition. In order to make contact with the case in which g; = ¢, let us take ¢ = 6. Then,
by combining (4.2.81) with the equation of g, we get

492+2g1

B Go = 220242 _ _gocbe (4.2.82)

which, after using the relation (4.2.79), can be integrated with the result
3
b2 4 §a2 e*? = (1—-6p)e® + ¢ . (4.2.83)
Notice that, indeed, for a = 0 this equation reduces to the g; = g solution (see eq. (4.1.23)).

Moreover, by combining eqs. (4.2.79) and (4.2.81) the expression of f can be straightfor-
wardly written in terms of gy, as follows:

6peb?
2f — _
= Ry (4.2.84)
It is also easy to get the expression of the warp factor h:
dp

Thus, the full solution is determined in terms of €292 which, in turn, can be obtained from
(4.2.83) by solving a cubic algebraic equation. In order to write the explicit value of €22, let
us define the function:

E(p) = (1 —6p)e® + ¢ . (4.2.86)

Then, one has:

a4

e == | —a® + ———
2 [ [¢<(p]?

where the function ((p) is defined in terms of £(p) as:

+ [¢))? ] : (4.2.87)

Cp) = 4€(p) — a® + 4%@)2 - L. (4.2.88)
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In expanding these functions in series near the UV (p — 0) one gets a similar behaviour
to the one discussed in subsection 4.1.3. Very interestingly, in the IR of the field theory,
that is when p — —o0, we get a behaviour that is “softened” respect to what we found in
subsection 4.1.3. This is not unexpected, given the deformation parameter a. Nevertheless,
the solutions are still singular. Indeed, the dilaton was not affected by the deformation a.

4.2.5 Massive Flavors

In the ansatz we have been using up to now, we have assumed that the density of RR charge
of the D7-branes is independent of the holographic coordinate. This is, of course, what is
expected for a flavour brane configuration which corresponds to massless quarks. On the
contrary, in the massive quark case, a supersymmetric D7-brane has a nontrivial profile
in the radial direction [105] and, in particular ends at some non-zero value of the radial
coordinate. These massive embeddings have free parameters which could be used to smear
the D7-branes. It is natural to think that the corresponding charge and mass distribution
of the smeared flavour branes will depend on the radial coordinate in a nontrivial way.

It turns out that there is a simple modification of our ansatz for F; which gives rise to a
charge and mass distribution with the characteristics required to represent smeared flavour
branes with massive quarks. Indeed, let us simply substitute in (4.2.35) the constant C' by
a function C'(r). In this case:

Fy= C(r)(dr + A/) , (4.2.80)

dFy =2C(r)J + C'(r)dr A (dT + A).
Notice that the SUSY analysis of subsection 4.2.1 remains unchanged since only F}, and not
its derivative, appears in the supersymmetric variations of the dilatino and gravitino. The
final result is just the same system (4.2.35) of first-order BPS equations, where now one has
to understand that C'is a prescribed function of r, which encodes the nontrivial profile of
the D7-brane. Notice that C(r) determines the running of the dilaton which, in turn, affects
the other functions of the ansatz.

A natural question to address here is whether or not the solutions of the modified BPS
system solve the equations of motion of the supergravity plus branes system. In order to
check this fact, let us write the DBI term of the action, following our prescription (1.3.22).
Notice that, in the present case, {2 = —dF7 is the sum of three decomposable pieces:

Q=00 4+ 0@ 4 q® (4.2.90)
where Q) and Q® are just the same as in eq. (4.2.38), while Q®) is given by:
OB = —C'(r)drA(dr+A) = —h 2e 7 C'(r) & NE°. (4.2.91)
The modulus of this new piece of () can be straightforwardly computed, namely:

10O | = pze | C(r)] . (4.2.92)
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By using this result, together with the one in (4.2.39), one readily gets the expression of the
DBI terms of the action of the smeared D7-branes:

Sppr = — T / bt (400) e + [0 e ) VG da. (4.2.93)
Mo

From this action it is immediate to find the equation of motion of the dilaton, i.e.:
¢+ (49 + )¢ = C*e7 L 41C| 7 4+ 7| O] . (4.2.94)

It can be verified that the first-oder BPS equations (4.2.35) imply the fulfilment of eq.
(4.2.94), provided the functions C'(r) and C’(r) are non-negative. Notice that now, when
computing the second derivative of ¢ from the BPS system (4.2.35) with C' = C(r), a new
term containing C’(r) is generated. It is easy to verify that this new term matches precisely
the last term on the right-hand side of (4.2.94).

It remains to verify the fulfilment of the Einstein equations. The stress-energy tensor of
the brane can be computed from eq. (4.2.46), where now the extra decomposable piece of
dF; must be taken into account. The result that one arrives at, in the vielbein basis (4.2.8),
is a direct generalisation of (4.2.47):

1 1
T, — —e® b3 [2|C’(7°)|6_29 n §|C'(r)|e_f] Meiws + (i,§=0,....3),
1 1
Tab: —€¢h_§[|0(7")|6_2g+§|Cl(r)|e_f} 5ab> (a'>b:17--'>4)7
Ty = Too = —2|C(r)| h2 %% . (4.2.95)

As it happened for the equation of motion of the dilaton, one can verify that the extra pieces
on the right-hand side of (4.2.95) match precisely those generated by the second derivatives
appearing in the expression (4.2.43) of the Ricci tensor if C'(r) and C’(r) are non-negative.
As a consequence, the first-order equations (4.2.35) with a function C(r) also imply the
equations of motion for the ten-dimensional metric gy;ny. It is also interesting to point out
that, if C(r) and C’(r) are non-negative, Spp; can also be written in the form (4.2.48),
where Qg is exactly the same eight-form as in eqs. (4.2.49) and (4.2.50).

Notice that, if the function C(r) = 3Ns(r)/4m has a Heaviside-like shape “starting” at
some finite value of the radial coordinate, then our BPS equations and solutions will be the
ones given in subsection 4.1.3 for values of the radial coordinate bigger than the “mass of the
flavour”. However, below that radial value the solution will be the one of Klebanov-Witten
(or deformations of it studied in [13]), with a non-running dilaton. Aside from decoupling
in the field theory, this is clearly indicating that the addition of massive flavours “resolves”
the singularity. Physically this behaviour is expected and makes these massive flavour more
interesting.

4.3 Summary and Discussion

In this chapter we followed the method of [80] to construct a dual to the field theory defined
by Klebanov and Witten after Ny flavours of quarks and antiquarks have been added to
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both gauge groups. In section 4.1 of this chapter, we wrote the BPS equations describing
the dynamics of this system and found solutions to this first-order system that also solve all
the second-order equations of motion. We analyzed the solutions to the BPS system and
learnt that, even when singular, the character of the singularity permits to get field theory
conclusions from the supergravity perspective.

We proposed a formulation for the dual field theory to these solutions, constructing a
precise four-dimensional superpotential. We studied these solutions making many match-
ings with field theory expectations that included the R-symmetry breaking and Wilsonian
[-function. Also, using the well-known (supergravity) superpotential approach, we learnt
that our field theory, aside from being deformed by a marginal (then turned irrelevant) op-
erator, modifies its dynamics by giving VEV to operators of dimension six and eight. We
explained how to change relations between couplings and ©-angles in the theory, from the
perspective of our solutions.

In section 4.2 of this chapter, we presented a careful account of the many technical details
regarding the derivation of the results in section 4.1. Using the logic and intuitions developed
there, we generalised the approach described for any five-dimensional manifold that can be
written as a Sasaki-Einstein space (a one-dimensional fibration over a Kéhler-Einstein space).
It is surprising that the same structure of BPS equations and ten-dimensional superpotential
repeats for all the manifolds described above. This clearly points to some “universality” of
the behaviour of four-dimensional A/ = 1 SCFT’s with flavours.

We shortly commented on the possibility of adding to the dynamics of the four-dimensional
field theory fundamentals with mass, presenting a general context to do this. It seems inter-
esting to exploit this procedure to get a better understanding of our singular backgrounds,
make contact with field theory results and study many other interesting problems.

It would be of great interest to study the dynamics of moving strings in this backgrounds,
details related to dibaryons, flavour symmetry breaking, etc. Even when technically involved,
it should be nice to understand the backreaction of probes where the worldvolume fields have
been turned on, since some interesting problems may be addressed.

Finding black hole solutions in our geometries is another topic that deserves to be pur-
sued. The interest of this problem resides in the fact that this would produce a black hole
background where to study, among other things, plasmas that include the dynamics of colour
and flavour at strong coupling. This is a very well defined problem that we believe of much
interest.

In the next chapter we are going to extend the study of backreacted flavour branes to the
Klebanov-Tseytlin and Klebanov-Strassler solutions. The result is more interesting, since
the fundamentals and the Klebanov-Tseytlin cascade “push in different directions” in the
RG flow. We will find fine-tuned situations in which the IR dynamics is either that of the
Klebanov-Strassler model with fundamentals or the dynamics of the case studied in this
chapter.
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Chapter 5

Unquenched Flavours in the KS
Model

In this chapter, we will consider the addition of flavour degrees of freedom to the Klebanov-
Tseytlin (KT) and Klebanov-Strassler (KS) solutions introduced in subsections 1.2.2 and
1.2.3 respectively. These new degrees of freedom will be incorporated again in the form of
flavour D7-branes, corresponding to fundamental matter in the dual field theory. As in the
previous chapter, we will follow ideas introduced in [92] but we will consider the case in
which the number of fundamental fields is of the same order as the number of adjoint or
bifundamental fields, that is Ny ~ N.. This means that the new (strongly coupled) dynamics
of the field theory is captured by a background that includes the backreaction of the flavour
branes. In order to find the new solutions, we follow the ideas and techniques outlined in
subsection 1.3.3.

Let us describe the main achievements of this chapter. We will present analytic solutions
for the equations of motion of type IIB supergravity coupled to the DBI+WZ action of the
flavour D7-branes that preserve four SUSY’s in four dimensions; we show how to reduce
these solutions to those found by Klebanov-Tseytlin/Strassler when the number of flavours
is taken to zero. Using them, we make a precise matching between the field theory cascade
(which, enriched by the presence of the fundamentals, is still self-similar) and the string
predictions. We will also match anomalies and [(-functions by using our new supergravity
background. The behaviour of the background in the UV of the gauge theory suggests that
the field theory generates a ‘duality wall’. We also give a nice picture of Seiberg duality as
a large gauge transformation in supergravity.

5.1 The setup and the ansatz

We are interested in adding to the KT/KS cascading gauge theory a number of flavours
(fundamental fields) comparable with the number of colours (adjoint and bifundamental
fields). Those supergravity backgrounds were obtained by considering a stack of regular and
fractional D3-branes at the tip of the conifold. After the geometric transition, the colour
branes disappear from the geometry, but the closed string fluxes that they sourced remain

143
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nontrivial (see subsections 1.2.2 and 1.2.3 for a thorough explanation). The addition of
flavours in the field theory, in the large N, limit considered by Veneziano [101], amounts to
introduce mesonic currents and internal quark loops in the planar diagrams that survive 't
Hooft’s double scaling limit [7].

Let us then consider a system of type IIB supergravity plus Ny D7-branes. The dynamics
of the latter will be governed by the corresponding Dirac-Born-Infeld and Wess-Zumino
actions (1.3.7). Our solution will have a nontrivial metric and dilaton ¢ and, as in any
cascading background, non-vanishing RR three- and five-forms Fj3 and Fj, as well as a
nontrivial NSNS three-form Hj. In addition, the D7-branes act as a source for (the Hodge
dual of) the RR one-form F} through the WZ coupling:

Sy =Tt Y Cs + -+, (5.1.1)

Ny I Ms

which induces a violation of the Bianchi identity dF; = 0, as we showed in subsection 1.3.3.
Therefore our configuration will also necessarily have a non-vanishing value of F. The ansatz
that we shall adopt for the Einstein frame metric is the following:

1

dmig + [h(r)r

1
2

dr? + 20 (62 + o2) +

ds? = [h(r)}

€2G3 (r)

9

#5004 g0) 00+ (on + o) 00?) + S e+ o | (612)

where dmig denotes the four-dimensional Minkowski metric and o; and w; (i = 1,2,3) are
the one-forms displayed in equation (1.2.18).

Notice that our metric ansatz (5.1.2) depends on five unknown radial functions G;(r)
(i =1,2,3), g(r) and h(r). The ansatz for Fj has the standard form, namely:

Fy = dh '(r) Ada" A--- Adx® + Hodge dual . (5.1.3)

As expected for flavour branes, we will take D7-branes extended along the four Minkowski
coordinates as well as other four internal coordinates. The kappa symmetric embedding
of the D7-branes that we start from will be discussed in section 5.4. In order to simplify
the computations, following the approach of subsection 1.3.3, we will smear the D7-branes
in their two transverse directions in such a way that the symmetries of the unflavoured
background are recovered. As we explained in subsection 1.3.3, this smearing amounts to
the following generalisation of the WZ term of the D7-brane action:

SI/?;Z:T?Z Cs + - — T7/ QNCg + -+, (5.1.4)
N, Msg Mao

where Q is a two-form which determines the distribution of the RR charge of the D7-brane
and M is the full ten-dimensional manifold. Notice that €2 acts as a magnetic charge source
for Fy which generates the violation of its Bianchi identity (see eq. (1.3.25)). In what follows
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we will assume that the flavours introduced by the D7-brane are massless, which is equivalent
to require that the flavour brane worldvolume reaches the origin in the holographic direction.
Under this condition one expects a radial coordinate independent D7-brane charge density.
Moreover, the D7-brane embeddings that we will smear imply that ) is symmetric under the
exchange of the two S?’s parameterised by (61, ¢;) and (6, ¢9), and independent of ¢ (see
section 5.4). The smeared charge density distribution is the one already adopted in chapter
4, namely:

N N
dF1 = —4—; (sinﬁl d@l /\d(pl -+ sin92 d92 /\d(p2> = 4—; (wl Nwy — 01 /\O'Q) y (515)

where the coefficient N;/47 is determined by normalization. With this ansatz for €, the
modified Bianchi identity (1.3.25) determines the value of Fj, namely:
N
F = 4—;@3 + 03) . (5.1.6)
The ansatz for the RR and NSNS three-forms that we propose is an extension of the one
given by Klebanov and Strassler (see eq. (1.2.56)) and it is simply (in this chapter we set
for convenience o/ = 1):

M
32:?[“1/\92 + kggAg“] :
M 1
Hy=dB; = — [dr/\(f’glAf + K g Ngh) + §(k—f)95A(gl/\93 + 92A94)} :

Fy = %{g%\ [(F+ iv—;f)gl NG+ (1—F+ iv—;k)g?’/\g‘*} + Fldr A (g /\g3+92/\g4)},

(5.1.7)
where M is a constant, f(r), k(r) and F(r) are functions of the radial coordinate, and the
g"’s are the set of one-forms given in (1.2.17). The forms F3, H3 and Fs must satisfy the
set of Bianchi written in equation (1.2.3). Notice that the equations for F3 and Hj are
automatically satisfied by our ansatz (5.1.7). However, the Bianchi identity for F5 gives rise
to the following differential equation:

d 3 N N
ettt — Sap{ - F 4 L (P R+ k- nF] L G
e Sefu-r o+ Mpp e Mpw - pr], 618
which can be integrated, with the result:
1 2G142G24G 31 Ny
B e e — _ZM [f— (f —k)F+ 4—ka + constant . (5.1.9)
T
Let us now parameterise Fj (see eq. (1.2.28)) as
Iy = % (M) P Ng* A gP A gt A g® + Hodge dual | (5.1.10)

and let us define the five-manifold M3 as the one that is obtained by taking the Minkowski
coordinates and r fixed to a constant value. As [, F5 = (47%)> Negs(r), it follows that
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Neys(r) can be interpreted as the effective D3-brane charge at the value 7 of the holographic
coordinate. From our ansatz (5.1.3), it follows that:

4
Negs(r) = —g— W e*Peres (5.1.11)

and taking into account (5.1.9), we can write

N, =1 _ Ny M F + g,
eff(T)ZW/MSFS.— o+7[f—(f— )FJFEf , (5.1.12)
where N is a constant. It follows from (5.1.12) that the RR five-form Fj is determined once
the functions F', f and k that parameterise the three-forms are known. Moreover, eq. (5.1.9)
allows to compute the warp factor once the functions GG; and the three-forms are determined.
Notice also that the effective D5-brane charge is obtained by integrating the gauge-invariant
field strength F3 over the 3-cycle S? (see eq. (1.2.16)): fy = const., s = const.. The result
is:
1 N
Meff(r) = 4—71_2/;3 F3:M|:1+4—;(f+k‘) . (5113)
The strategy to proceed further is to look at the conditions imposed by supersymmetry.
We will smear, as in chapter 4, D7-brane embeddings that are kappa symmetric and, there-
fore, the supersymmetry requirement (1.2.5) gives rise to a large number of BPS first-order
ordinary differential equations for the dilaton and the different functions that parameterise
the metric and the forms. In the end, one can check that the first-order differential equa-
tions imposed by supersymmetry imply the second-order differential equations of motion. In
particular, from the variation of the dilatino we get the following differential equation for

the dilaton: N
¢ = 4—fe¢—G3 . (5.1.14)
s

A detailed analysis of the conditions imposed by supersymmetry shows that the fibering
function ¢ in eq. (5.1.2) is subjected to the following algebraic constraint:

g[g2 14 eQ(Gl—G2>] — 0, (5.1.15)

which has obviously two solutions. The first of these solutions is ¢ = 0 and, as it is clear from
our metric ansatz (5.1.2), it corresponds to the cases of the flavoured singular and resolved
conifolds. In the second solution g is such that the term in brackets on the right-hand side
of (5.1.15) vanishes. This solution gives rise to the flavoured version of the warped deformed
conifold. The flavoured KT solution will be presented in section 5.3, whereas the flavoured
KS solution will be analyzed in section 5.2.

5.1.1 Maxwell and Page charges

Before presenting the explicit solutions for the metric and the forms of the supergravity
equations, let us discuss the different charges carried out by our solutions. In theories,
like type IIB supergravity, that have Chern-Simons terms in the action (which give rise to
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modified Bianchi identities), it is possible to define more than one notion of charge associated
with a given gauge field. Let us discuss here, following the presentation of ref. [128], two
particular definitions of this quantity, namely the so-called Maxwell and Page charges [129].
Given a gauge invariant field strength Fg_,, the (magnetic) Maxwell current associated to it
is defined through the following relation:

dFs_p = %jp o, (5.1.16)

or equivalently, the Maxwell charge in a volume Vj_,, is given by:

Mazwell - Mazwell
QDP ~ / *]Dp 5 (5.]_.]_7)
Vorp
with a suitable normalization. Taking 0Vy_, = Ms_,, and using (5.1.16) and Stokes theorem,
we can rewrite the previous expression as:

Qpr ~ / Fy_, . (5.1.18)
Ms_p

This notion of current is gauge invariant and conserved and it has other properties that
are discussed in [128]. In particular, it is not “localised” in the sense that for a solution of
pure supergravity (for which d Fs_, = H3 A Fy_,) this current does not vanish. These are
the kind of charges that we have calculated so far (5.1.12)-(5.1.13), namely:

1
M 1
ps = My = — | By,

arwe 1

An important issue regarding these charges is that, in general, they are not quantised.
Indeed, we have checked explicitly that Q¥e=welt = M, ;; and QY= = N,y vary contin-
uously with the holographic variable r (see eqgs. (5.1.13) and (5.1.12)).

Let us move on to the notion of Page charge. The idea is first to write the Bianchi
identities for F3 and Fj as the exterior derivatives of some differential form, which in general
will not be gauge invariant. Page currents can then be introduced as magnetic sources on
the right-hand side, thus violating the Bianchi identities. In our case, we can define the

following (magnetic) Page currents:

d(Fg — Bg /\Fl) = *jggge s
1 Pace (5.1.20)
d(F5 — Bg/\Fg + 532/\32/\171) = *]Dgg .

Notice that the currents defined by the previous expression are “localised” as a consequence
of the Bianchi identities satisfied by Fj and F5, namely dF3 = H3 A F} and dFy = Hs A F3.
The Page charges Q1%° and Qha% are just defined as the integrals of xj129° and xj12¢ with

the appropriate normalization, i.e.:
1

Page -Page
D5 Ty JIps~ s

Y (5.1.21)
Page _ 1 / *jPage
D3 (471'2)2 Ve D3 ’
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where V; and Vj are submanifolds in the transverse space to the D5- and D3-branes respec-

tively, which enclose the branes. By using the expressions of the currents *j ggge and *7J I;gge

given in (5.1.20), and by applying Stokes theorem, we get:

1
b= | (B - BB

: X (5.1.22)
Page _ __ - _ i — ByAF —B/\B/\F)
D3 (47T2)2 /M5 ( 5 2 3+ 9 2 2 1 )

where S? and Mj are the same manifolds used to compute the Maxwell charges in eqgs.
(5.1.13) and (5.1.12). It is not difficult to establish the topological nature of these Page
charges. Indeed, let us consider, for concreteness, the expression of Qg‘;ge in (5.1.22). Notice
that the three-form under the integral can be locally represented as the exterior derivative
of a two-form, since I3 — By A I} = dCs, with Cy being the RR two-form potential. If Cy
were well defined globally on the S, the Page charge Q1% would vanish identically as a
consequence of Stokes theorem. Thus, Qg‘;ge can be naturally interpreted as a monopole
number and it can be non-vanishing only in the case in which the gauge field is topologically
nontrivial. For the D3-brane Page charge Q7% a similar conclusion can be reached.

Due to the topological nature of the Page charges defined above, one naturally expects
that they are quantised and, as we shall shortly verify, they are independent of the holo-
graphic coordinate. This shows that they are the natural objects to compare with the
numbers of branes that create the geometry in these backgrounds with varying flux. How-
ever, as it is manifest from the fact that Qg‘;ge and Qg‘gge are given in (5.1.22) in terms of the
Bs field and not in terms of its field strength Hjs, the Page charges are not gauge invariant.
In subsection 5.5.2 we will relate this non-invariance to the Seiberg duality of the field theory
dual.

Let us now calculate the associated Page charges for our ansatz (5.1.7) . We shall start by
computing the D5-brane Page charge for the three-sphere S* defined by 6y, 0, = constant.
We already know the value of the integral of Fi, which gives precisely M. ;s (see eq. (5.1.13)).
Taking into account that

/ PAG NG = / P NG NGt =87, (5.1.23)
S3 S3
we readily get:
1 MNy

Tz | DeANFL = ——= k 1.24

47T2 g8 2 N 1 47T (f+ ) ) (5 )
and therefore: UN

= Mepp = — L (f+h) . (5.1.25)

Using the expression of M. given in (5.1.13), we obtain:
pe =M, (5.1.26)

which is certainly quantised and independent of the radial coordinate.
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Let us now look at the D3-brane Page charge, which can be computed as an integral over
the angular manifold M;. Taking into account that

/ FNFPANGF NG NG = (4n)? (5.1.27)
Ms

we get that, for our ansatz (5.1.7):

1 M? N
22/ By NF = — [f_ (f_k)F+_ffk] )
(472)% | s T 2 (5.1.28)
! /BABAF—Eﬁﬂf -
(472)2 [ oq, PO T e am T
and, thus
M? N
Poge — Nyjp— — | f = (f=k)F + =L k]| . 1.2
D3 eff - f—=(f=kF+ = f (5.1.29)
Using the expression of N.tf, we obtain
b = No, (5.1.30)

which is again independent of the holographic coordinate. Recall that these Page charges
are not gauge invariant and we will study in subsection 5.5.2 how they change under a large
gauge transformation.

We now proceed to present the solutions to the BPS equations of motion.

5.2 Flavored warped deformed conifold

Let us now consider the following solution of the algebraic constraint (5.1.15):
g =1 — 602 (5.2.1)

In order to write the equations for the metric and dilaton in this case, let us perform the
following change of variable:

3e % dr = dr . (5.2.2)
In terms of this new variable, the differential equation for the dilaton is simply:
¢ =—Le, (5.2.3)

where the dot means derivative with respect to 7. This equation can be straightforwardly
integrated, namely:

- , 0<r<m, (5.2.4)
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where 7y is an integration constant. Let us now write the equations imposed by supersym-
metry to the metric functions Gy, Gy and G5, which are:

s 1 2G3—G1—Go 1 Go—Gy 1 Gi1—Ga __
G1 186 26 + 26 =0 y
. 1 1 1
G, — 2G3—G1—Go Z,Go=G1 . ~ Gi—Gy _ 0
T e 2° ’
. 1 N
Gy + GePBmGm0r — O 4 —871;6‘1’ =0. (5.2.5)

In order to write the solution of this system of equations, let us define the following function

[2(7‘ — 70)(7 —sinh 27) + cosh(27) — 2779 — 1 g
Alr) = : (5.2.6)

sinh 7

Then, the metric functions G; are given by:

1 4 sinh? 1
ot = 1 [ Sclélsh:A(T) , 02 = 1 [ cosht A(T)
2% = 6,u§ T (5.2.7)

where 1 is an integration constant. Notice that the range of 7 variable chosen in (5.2.4) is
the one that makes the dilaton and the metric functions real. Moreover, for the solution we
have found, the fibering function g is given by:

1

— . 5.2.8
g cosh 7 ( )

By using this result, we can write the metric as:
-4 !
ds? = [h(f)} da? , + [h(f)] ds? | (5.2.9)
where ds?2 is the metric of the ‘flavoured’ deformed conifold, namely

4(1g — 1)

dsg = % ,u% A(7) 3A37(7_) (d7'2 + (g5)2) + cosh? <%) ((g3)2 + (g4)2> +

+ sinh? (%) <(g1)2 + (g2)2> ] . (5.2.10)

Notice the similarity between the metric (5.2.10) and the one corresponding to the ‘un-
flavoured’ deformed conifold (1.2.51). To further analyze this similarity, let us study the
Ny — 0 limit of our solution. By looking at the expression of the dilaton in (5.2.4), one
realises that this limit is only sensible if one also sends 7 — 400 with N7 fixed. Indeed, by
performing this scaling and neglecting 7 versus 7y, one gets a constant value for the dilaton.
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Moreover, the function A(7) reduces in this limit to A(T) ~ (475)3 K(7), where K (7) is the
function (1.2.52) which appears in the metric of the deformed conifold. By using this result
one easily verifies that, after redefining y1 — j1/(47,)7, the metric (5.2.10) reduces to the one
in equation (1.2.51) for the unflavoured system.

The requirement of supersymmetry imposes the following differential equations for the
functions k, f and F appearing in the fluxes of our ansatz:

. N T
_ 0 / 2 T
kE=ce (F—I——47Tf)coth 5
. N T
— o _ 2F 20
f=e (1 F+47T/<:) tanh 5
. 1
F = 5e“f’(k; —f). (5.2.11)

Notice, again, that for Ny = 0 the system (5.2.11) reduces to (1.2.58). Moreover, for Ny # 0
this system can be solved as:

Tcotht — 1 Tcotht — 1

e f = (coshT —1) , ek = (cosht+1),

2 sinh 7 2 sinh 7

sinh7 — 7
F= —— 5.2.12
2 sinh7t ' ( )

where €? is given in eq. (5.2.4). By using the solution displayed in (5.2.7) and (5.2.12) in
the general eq. (5.1.9) we can immediately obtain the expression of the warp factor h(7).
Actually, if we require that h is regular at 7 = 0, the integration constant Ny in (5.1.12)
must be chosen to be zero. In this case, we get:

h(r) 7 M? /T recothe —1  —cosh2z + 42? — 419 + 1 — (v — 27p) sinh 2%
4 83Ny (x — 7)2sinh® 2 (cosh 2z + 222 — 4oy — 1 — 2(x — 79) s(15n}21 2132/3

The integration constant can be fixed by requiring that the analytic continuation of h(7)
goes to zero as T — 400, to connect with the Klebanov-Strassler solution in the unflavoured
(scaling) limit. Then, close to the tip of the geometry, h(T) ~ ho — O(7?).

We should emphasize now an important point: even though at first sight this solution
may look smooth in the IR (7 ~ 0), where all the components of our metric approach the
same limit as those of the KS solution (up to a suitable redefinition of parameters, see eqs.
(1.2.54) and (1.2.55)), there is actually a curvature singularity. Indeed, in Einstein frame the
curvature scalar behaves as Rg ~ 1/7.1 This singularity of course disappears when taking
the unflavoured limit, using the scaling described above. A more detailed analysis of the
singularity was done in [14].

The solution presented above is naturally interpreted as the addition of fundamentals to
the KS background. In the next section, we will present a solution that can be understood
as the addition of flavours to the KT background.

!The simplest example of this kind of singularity appears at » = 0 in a 2-dimensional manifold whose
metric is ds? = dr? + r?(1 + r)dy?.
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5.3 Fractional branes in the singular conifold with flavour

Let us now consider the solutions with ¢ = 0. First of all, let us change the radial variable
from 7 to p, where the later is defined by the relation dr = e“ dp. The equation for the
dilaton can be integrated trivially:

A 1
¢ _
e = ——— — | <0. 5.3.1
3N, 5 p (5.3.1)
The supersymmetry requirement imposes now that the metric functions G; satisfy in this
case the following system of differential equations:

G, = Lo (i=1,2),
6
Gy =3 — %62G3—2G1 _ %62G3—2G2 _ 38_]\7?‘6¢ ’
where now the dot refers to the derivative with respect to p. This system is equivalent to
the one analyzed in chapter 4 for the Klebanov-Witten model with flavours, concretely in
equations (4.1.16) and (4.1.17). In what follows we will restrict ourselves to the particular
solution with G; = G4 given by (see eqgs. (4.1.23) and (4.1.24)):

(5.3.2)

1
201 — 202 — 6(1 — 6p)F e 203 = —6p (1 —6p) "7 e . (5.3.3)

Notice that, as in chapter 4, the range of values of p for which the metric is well defined is
—o0 < p < 0. The equations for the flux functions f, k and F' are now:

f— k= 26¢F,
frk=set[1+ %(fwc)] ,
F:%[ljt(e‘d’—%)(f—k)}. (5.3.4)

We will focus on the particular solution of this system such that f = k and F is constant,

namely:
1 2 T
F=2. f:k:—l<1——>, (5.3.5)

where I is an integration constant. By substituting these values of F', f and k in our ansatz
(5.1.7) we obtain the form of F3 and Hs. Notice that the constants M and I' only appear in
the combination MT'. Accordingly, let us define M as M = MI'. We will write the result
in terms of the function:

M
Meff(p) = 7 . (536)
One has:
Mere(p
Fy = Z()g5/\(gl/\gz+93/\g4),
5.3.7)
T M, (
Hy = — ff(p)dp/\(gl/\gz+g3/\g4).

Ny p
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Moreover, the RR five-form Fj can be written as in (5.1.10) in terms of the effective D3-brane
charge defined in (5.1.12). For the solution (5.3.5) one gets:

M2 1
N, =N, + — =, 5.3.8
1£(p) TN, (5.3.8)
where N, = Ny — %—; By using eq. (5.1.9), one can obtain the expression of the warp
factor, namely:
M2 1 et
h(p) = —277r/ dp | N. + — . 5.3.9
() p N, p2] 1 _6)2 (5.3.9)

To interpret the solution just presented, it is interesting to study it in the deep IR region
p — —oo. Notice that in this limit the three-forms F3 and Hjs vanish. Actually, it is easy
to verify that for p — —oo the solution obtained here reduces to the one studied in chapter
4, corresponding to the Klebanov-Witten model with flavours. Indeed, in this IR region it
is convenient to go back to our original radial variable r. The relation between r and p for
p— —o0 is 1~ (—6p)s e (see eq. (4.1.32)). Moreover, one can prove that for p — —oo (or
equivalently r — 0), the warp factor h and the metric functions G; become:

277N, 1

2
2010 _ 26 o, 1
4 rt

6 Y

h(r) , e X~ 2 (5.3.10)
which implies that the IR Einstein frame metric is AdS5 x 7% plus logarithmic corrections,
exactly as the solution that we found in equation (4.1.33). The interpretation of the RG
flow of the field theory dual to this solution will be explained in sections 5.4 and 5.5.

Finally, let us stress that the UV behaviour of this solution (coincident with that of the
solution presented in section 5.2) presents a divergent dilaton at the point p = 0 (or 7 = 79
for the flavoured warped deformed conifold). Hence the supergravity approximation fails at
some value of the radial coordinate that we will associate in section 5.5 with the presence of
a duality wall [130] in the cascading field theory.

5.4 The field theory dual: a cascade of Seiberg duali-
ties

The field theory dual to our supergravity solutions can be engineered by putting stacks of two
kinds of fractional D3-branes (colour branes) and two kinds of fractional D7-branes (flavour
branes) on the singular conifold. The smeared charge distribution introduced in the previous
sections can be realised by homogeneously distributing D7-branes among a class of localised
kappa symmetric embeddings. The complex structure of the deformed conifold is described
by the equation (1.2.48). Recall that the U(1)g action is broken to Zs by the deformation
parameter. Consider the embedding [107]:

23+ 24 = 0. (541)
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This is invariant under U(1)g and a diagonal SU(2)p of the isometry group of the deformed
conifold (and a Zy which exchanges z3 < z;). Moreover it is free of Cyg tadpoles and it was
shown to be kappa symmetric in [107]. It could be useful to write it in the angular coordinates
of the previous section (see also eq. (1.2.49)): 0; = 0y, 1 = @9, V1), V7. We can obtain
other embeddings with the same properties by acting on it with the broken generators. One
can show that the charge distribution obtained by homogeneously spreading the D7-branes
in this class is (5.1.5):

N
0= 4—71: (sin 6y d6y A dgy + sin 6 dfy A dips) (5.4.2)

where Ny is the total number of D7-branes.

Notice that one could have considered the more general embedding: z3 4+ z4 = m, where
m corresponds in field theory to a mass term for quarks. However we will not consider these
embeddings and their corresponding supergravity solutions.

Different techniques have been developed to identify the field theory dual to our type
I1B plus D7-branes background, which can be engineered by putting r; fractional D3-branes
of the first kind, r, fractional D3-branes of the second kind, Ny fractional D7-branes of
the first kind, and Ny, fractional D7-branes of the second kind (/,s = 1,2) on the singular
conifold, before the deformation has dynamically taken place. The properties of the different
kinds of fractional branes will be explained at the end of this section and in section 5.5;
what matters for the time being is that this brane configuration will give rise to a field
theory with gauge groups SU(r;) x SU(rs) and flavour groups SU(Ny;) and SU(Ny,) for
the two gauge groups respectively, with the matter content displayed in Fig. 5.1. The most
convenient technique for our purpose has been that of performing a T-duality along the
isometry (21, z2) — (€21, e7®25). Once the system is mapped into type ITA, the spectrum
is directly read off and the superpotential comes from the analysis of its moduli space [131].

Q

q

Figure 5.1: The quiver diagram of the gauge theory. Circles are gauge groups, squares are
flavour groups and arrows are bifundamental chiral superfields. Ny; and Ny, sum up to Ny.

The field content of the gauge theory can be read from the quiver diagram of Fig. 5.1. It
is an extension of the Klebanov-Strassler field theory with nonchiral flavours for each gauge
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group. The superpotential is?

W = A(AB1 Ay By — A1 By Ay By) + by G(A1 By + A3 Bo)q + ho Q(B1 Ay + BaAz)Q+
+aqqqq + B QRQQ .

The factors A;B; + A3 By directly descend from the embedding equation (5.4.1), while the
quartic term in the fundamental fields is derived from type ITA. This superpotential explicitly
breaks the SU(2) x SU(2) global symmetry of the unflavoured theory to SU(2)p, but this
global symmetry is recovered after the smearing.

The Ny flavours are split into Ny and Ny, groups, according to which gauge group they
are charged under. Both sets come from D7-branes along the embedding (5.4.1).> The only
feature that discriminates between these two kinds of (fractional) D7-branes is their coupling
to the RR C5 and C, gauge potentials. On the singular conifold, before the dynamical
deformation, there is a vanishing two-cycle, living at the singularity, which the D7-branes
are wrapping. According to the worldvolume flux on it, the D7-branes couple either to one
or the other gauge group. Since this flux is stuck at the origin, far from the branes we can
only measure the D3, D5 and D7-charges produced. Unfortunately three charges are not
enough to fix four ranks. This curious ambiguity will show up again in section 5.5.

(5.4.3)

5.4.1 The cascade

One can assume that, as in the unflavoured case discussed in subsection 1.2.2, the S-functions
of the two gauge couplings have opposite sign. When the gauge coupling of the gauge group
with larger rank is very large, one can go to a Seiberg-dual description [47]: remarkably,
it is straightforward to see that the quartic superpotential is such that the field theory is
self-similar, namely the field theory in the dual description is a quiver gauge theory with the
same field content and superpotential, except for changes in the ranks of the groups.

Let us define the theory at some energy scale to be an SU(r;) x SU(rs) gauge theory
(where [ stands for the larger gauge group and s for the smaller: r; > ry), with flavour
group SU(Ny;) (SU(Nys)) for SU(ry) (SU(rs)). In the beginning we can set, conventionally,
ri =11, 7s =12, Ny = Npi, Nps = Nyo; after a Seiberg duality on the gauge group with the
larger rank, the field theory is SU(2ry —r1 + Ny ) X SU(r2), with again Ny and Ny, flavours
respectively. In identifying which gauge group is now the larger and which is the smaller,
we have to exchange the labelling of the groups, so that we get 1, = rq, 1, = 2ry — 11 + Ny,
Njy = Nyg and Nj, = Ny The assumption leads to an RG flow which is described by a
cascade of Seiberg dualities, analogous to that described in subsection 1.2.2. In the UV the
ranks of the gauge groups are much larger than their disbalance, which is much larger than
the number of flavours. Hence the assumption of having (-functions with opposite sign is
justified in the UV flow of the field theory.

The supergravity background of section 5.2 is dual to a quiver gauge theory where the
cascade goes on until the IR, with nonperturbative dynamics at the end, as in the Klebanov-
Strassler solution discussed in subsection 1.2.3.

2Sums over gauge and flavour indices are understood.
3The embedding is in fact invariant under the Zs (23 < 24) that exchanges the two gauge groups.
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In the background of section 5.3, the cascade does not take place anymore below some
value of the radial coordinate, and it asymptotes to the flavoured Klebanov-Witten solution
studied in chapter 4. In the field theory, this reflects the fact that, because of a suitable
choice of the ranks, the last step of the cascade leads to a theory where the (-functions of
both gauge couplings are positive. The IR dynamics is the one discussed in chapter 4, but
with a quartic superpotential for the flavours.

The description of the duality cascade in our solutions and its interesting UV behaviour
will be the content of the next section.

5.5 The cascade: supergravity side

We claim that our supergravity solutions are dual to the class of quiver gauge theories with
backreacting fundamental flavours introduced in the previous section. Indeed we will show
that the effective brane charges, the R-anomalies and the S-functions of the gauge couplings
that we can read from the supergravity solutions precisely match the picture of a cascade of
Seiberg dualities that describes the RG flow of the field theories. Thus we are generalising
the results of [32, 51] to gauge theories which include dynamical flavours.

5.5.1 Effective brane charges and ranks

By integrating fluxes over suitable compact cycles, we can compute three effective D-brane
charges in our solutions, which are useful to pinpoint the changes in the ranks of gauge groups
when the field theory undergoes a Seiberg duality: one of them (D7) is dual to a quantity
which is constant along the RG flow, whereas two of them (D3, D5) are not independent of
the holographic coordinate and are dual to the nontrivial part of the RG flow. Recall that
the (Maxwell) charges of D3- and D5-brane (N.sr and M.sr) for our ansatz were already
calculated in section 5.1 (see egs. (5.1.12) and (5.1.13)). Let us now compute the D7-brane
charge, integrating (5.1.5) on a two-manifold with boundary which is intersected once by
all the smeared D7-branes (e.g. Dsy: 6y = const., ps = const., ©» = const.). This charge is
conserved along the RG flow because no fluxes appear on the right hand side of (5.1.5). The
D7-brane charge, which we interpret as the total number of flavours added to the Klebanov-
Strassler gauge theory, is indeed:

Nflav = / dF1 = Nf . (551)
Do

Another important quantity was already introduced in (1.2.30) and it is the integral of
B, over the nontrivial two-cycle S?: 0 = 0y = 0, ¢ = 2T — @y = ¢, 1) = const.:

bo(T) = L/ By = <f sin? — 4 —|— k cos® ¢> . (5.5.2)
52 m

472
This quantity is important because string theory is invariant as it undergoes a shift of 1.
Recall that in the KW background it amounts to a Seiberg duality, and the same happens
here. So we will shift this last quantity by one unit, identify a shift in the radial variable 7
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that realises the same effect and see what happens to M.s¢ and N.¢;. This was the process
that we already followed in subsection 1.2.2 when we studied the cascade of Seiberg dualities
of the theory without flavours. Actually, the cascade will not work along the whole flow
down to the IR but only in the UV asymptotic (below the UV cut-off 75 obviously). Notice
that the same happens for the unflavoured solutions (see subsection 1.2.3). This is expected
since the last step of the cascade is not a Seiberg duality. Thus we will not be worried and
compute the cascade only in the UV asymptotic for large 7 which also requires 75 > 1 (we
neglect O(e™7)): in that regime the functions f and k become equal and by is 1-independent.
Actually, we will not compute the explicit shift in 7 but rather the shift in the functions f
and k. We have:

Fr) = f6) = f(0) =57
k() — k(r') = k(r) — % .

Correspondingly, after a Seiberg duality step from 7 to 7/ < 7, that is going towards the
IR, we have:

bo(7) = bo(7') = bo(17) =1 = (5.5.3)

Ny — Ny, (5.5.4)
/ Nf
Mepp(T) = Mepp(7') = Mepy(7) — 5 (5.5.5)
N
Neps(1) = Negp(r') = Negp(1) = Megs(T) + Tf . (5.5.6)

This result is valid for all of our solutions.

We would like to compare this result with the action of Seiberg duality in field theory,
as computed in section 5.4. We need an identification between the brane charges computed
in supergravity and the ranks of the gauge and flavour groups in the field theory.

The field theory of interest for us has gauge groups SU(r;) x SU(rs) (r; > rs) and flavour
groups SU(Ny;) and SU(Ny,) for the gauge groups SU(r;) and SU(rs) respectively. It is
engineered, at least effectively at some radial distance, by the following objects: r; fractional
D3-branes of one kind (D5-branes wrapped on the shrinking two-cycle), ry fractional D3-
branes of the other kind (D5-branes wrapped on the shrinking cycle, supplied with —1 quanta
of gauge field flux on the two-cycle), Ny, fractional D7-branes without gauge field strength
on the two-cycle, and Ny fractional D7-branes with —1 units of gauge field flux on the
shrinking two-cycle. This description is good for by € [0, 1].

This construction can be checked explicitly in the case of the C x C?/Z orbifold [72, 132],
where one is able to quantise the open and closed string system for the case by = % [133].
That is the NV = 2 CFT, which flows to the field theory that we are considering when equal
and opposite masses are given to the adjoint chiral superfields (the geometric description of
this relevant deformation is a blowup of the orbifold singularity) [22, 122]. Fractional branes
are those branes which couple to the twisted closed string sector.?

4Notice that one can build a regular D3-brane (i.e. not coupled to the twisted sector) by means of a
fractional D3-brane of one kind and a fractional D3-brane of the other kind. This regular brane can move
outside the orbifold singularity. On the contrary, there is no regular D7-brane: the two kinds of fractional
D7-branes, extending entirely along the orbifold, cannot bind into a regular D7-brane that does not touch
the orbifold fixed locus and is not coupled to the twisted sector [72].



158 CHAPTER 5. UNQUENCHED FLAVOURS IN THE KS MODEL

Here we will consider a general background value for B;. In order to compute the charges,
we will follow quite closely the computations in [134].

We will compute the charges of D7-branes and wrapped D5-branes on the singular coni-
fold (1.2.6). The D5 Wess-Zumino action (see eq. (1.3.4)) is

Sps = T5/ {Cﬁ (27 Fy 4 Bs) A 04} , (5.5.7)
M*4xS?

where S? is the only two-cycle in the conifold, vanishing at the tip, that the D5-brane is
wrapping. We write also a worldvolume gauge field F, on S?. Then we expand:

BQZQWQBWQ, ‘93:271'60, FQI(I)WQ y (558)

where W is the two-form® on the two-cycle, which satisfies |, g2 Wo = 1. In this conventions,
bo has period 1, and ® is quantised in 27 Z. We obtain (using T,(47?) = T, o, see eq.
(1.1.5)):
Sps = T5/ G+ 2 [ @ram)c. (5.5.9)
MAxS2 27 M4

The first fractional D3-brane [49] is obtained with ® = 0 and has D3-charge by and D5-charge
1. The second fractional D3-brane is obtained either as the difference with a D3-brane or
as an anti-D5-brane (global — sign in front) with ® = —27. It has D3-charge 1 — by and
D5-charge -1. These charges are summarised in Table 5.1.

Now consider a D7-brane along the surface 23+ z; = 0. It describes a 225 + 22 = 0 inside
the conifold (1.2.6), which is a copy of C?/Z,. The D7 Wess-Zumino action (1.3.4) is (up to
a curvature term considered below)

1
Spr = T7/ {Cg + (27TF2 + Bg) A Cg + 5(27TF2 -+ Bg) A (27TF2 + Bg) A C4} . (5510)
M4x%

The surface ¥ = C?/Z, has a vanishing two-cycle at the origin. Since the conifold has only
one two-cycle, these two must be one and the same and we can expand on 3 using W, again.
Moreover, being 2 W5 the Poincaré dual to the two-cycle on X,

1
/WQ/\OZQZ_/ [6D) (5511)
> 2 s

holds for any closed two-form ay. The fact that the Poincaré dual to the two-cycle S? on
¥ = C?/Zy is 2W, follows from our normalisation [, Wa = 1 and from the self-intersection
number of the S? living at the singularity, namely:®

—2 = #(5%,5% =~ /2(2 Wa) A (2Ws) . (5.5.12)

°This two-form is a rescaling of the two-form introduced in eq. (1.2.20).
6The minus sign on the right-hand side of (5.5.12) comes from the sign of the pullback volume form on
S? and .



5.5. THE CASCADE: SUPERGRAVITY SIDE 159

There is another contribution of induced D3-charge coming from the curvature coupling
[135]:
T R
—7(277')2/ 04 A Tr 7—\),2 VAN RQ = —Tg/ C4 N M s (5513)
96 MAXS MAXS 48
where R is the curvature two-form and p;(R) = is the first Pontryagin class of the manifold
M*x Y. This can be computed in the following way. On K3, p;(R) = 48 and the induced D3-
charge is —1. In the orbifold limit K3 becomes T /Z, which has sixteen orbifold singularities.
Thus on C?/Z, the induced D3-charge is —1/16. Putting all together we get:

T: T
S = T7/ Cy+ 2> (® 4 0p) Cs + —> / [(@ + 05— Cy. (5.5.14)
MAx® 47 M4AxS2 167T2 M4

The second fractional D7-brane (the one that couples to the second gauge group) is obtained
with ® = 0 and has D7-charge 1, D5-charge % and D3-charge (463 — 1)/16. With ® = 27
we get a non-SUSY or non-minimal object (see [49] for some discussion of this). The first
fractional D7-brane (coupled to the first gauge group) has ® = —27 and has D7-charge 1,
D5-charge 2% and D3-charge (4(bo — 1)* — 1)/16. This is summarised in Table 5.1. Which
fractional D7-brane provides flavours for the gauge group of which fractional D3-brane can

be determined from the orbifold case with by = 1 (compare with [72]).
Object frac D3 (1) frac D3 (2) frac D72(1) frac 2D7 (2)
D3-charge bo 1— b 4l _12) -1 4601(; L
D5-charge 1 —1 b 2_ L %
D7-charge 0 0 1 1
Number of objects 7 rs Ny Ny,

Table 5.1: Charges of fractional branes on the conifold.

Given these charges, we can compare with the field theory cascade. First of all we
construct the dictionary:

Ny = Nyp + Nys (5.5.15)
by — 1 b
Mepp =1 —15+ BERL + §Nfs ; (5.5.16)
4(1—bg)? =1 40 — 1
Nepp =bory + (1 —=bo)rs + %Nﬂ + 016 Ny . (5.5.17)

To derive this, we have only used that the brane configuration that engineers the field theory
that we consider consists of r; fractional D3 of the first kind, r, fractional D3 of the second
kind, Ny fractional D7 of the first kind and Ny, fractional D7 of the second kind. Recall
that, by convention, r; > r; and Ny (Nys) are the flavours for SU(r;) (SU(ry)).



160 CHAPTER 5. UNQUENCHED FLAVOURS IN THE KS MODEL

It is important to remember that by is defined modulo 1, and shifting by by one unit
amounts to go to a Seiberg dual description in the field theory. At any given energy scale
in the cascading gauge theory, there are infinitely many Seiberg dual descriptions of the
field theory because Seiberg duality is exact along the RG flow [124]. Among these different
pictures, there is one which gives the best effective description of the field theory degrees of
freedom around that energy scale (this is also the description with positive squared gauge
couplings): it is the one where by has been redefined, by means of a large gauge transforma-
tion, so that by € [0, 1] (see subsection 5.5.2). This is the description that we will use when
we effectively engineer the field theory in terms of branes in some range of the RG flow that
lies between two adjacent Seiberg dualities.

In field theory, as before, we start with gauge group SU(r;) x SU(ry) and Ny flavours
for SU(r1), Nyo flavours for SU(ry), with 71 > 7. The gauge group SU(rq) flows towards
strong coupling. When its gauge coupling diverges we turn to a Seiberg dual description.
After the Seiberg duality on the larger gauge group, we get SU(2ry — 1 + Npp) x SU(r2)
and the flavour groups are left untouched.

The effective D5- and D3-brane charges of a brane configuration that engineers this field
theory before the duality are:

by — 1 b
Meff:’l“l—’l“g—l— 0 Nfl‘l‘—o 12 5
2 A 2 ) — 1 w1 (5.5.18)
Neff:borl+(1_bo)r2+—oNf1+ 0 Ny, .
16 16
After the duality they become:
bO —1 bO Nf
Mgy =—=r2+r—Np+ 5 N2 + §Nf1 = Mgy — 5
4(1 —by)* — 1 403 — 1
N/;p = bory + (1 —=bo)(2ra — 71 + Np1) + %Nﬁ + 016 Npy = (55.19)
Ny
= IVeff — Meff + I .

They ezactly reproduce the SUGRA behaviour (5.5.4)-(5.5.6). Notice that the matching of
the cascade between supergravity and field theory is there, irrespective of how we distribute
the flavours between the two gauge groups. From the three charges and the cascade, we are
not able to determine how the flavours are distributed but only their total number.

We conclude with some remarks. Even though the effective brane charges computed in
supergravity are running and take integer values only at some values of the holographic coor-
dinate, the ranks of gauge and flavour groups computed from them are constant and integer
(for suitable choice of the integration constants) in the whole range of radial coordinate dual
to the energy range where we use a specific field theory description. This range of scales is
by € [0,1] mod 1. At the boundaries of this region, we perform a Seiberg duality and go into
a new more effective description. In particular, if ranks are integer before the duality, they
still are after it; meanwhile we shift by by one unit. Hence the field theory description of
the cascade is perfectly matched by the ranks that we can compute from our supergravity
solution.
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Notice also that the fact that M.y shifts by N;/2 instead of Ny confirms that the
flavoured version of the Klebanov-Strassler theory that we are describing has nonchiral
flavours (with a quartic superpotential) rather than chiral flavours (with a cubic super-
potential) like in [106, 136], where the shift goes with units of Ny.

Finally, we want to stress again that we are engineering a field theory with four objects
but we have only three charges to recognize them. The comparison of the cascade between
SUGRA and field theory, surprisingly enough, does not help.

5.5.2 Seiberg duality as a large gauge transformation

We have argued that a shift by a unit of the normalised flux by as we move towards the
IR along the holographic direction is equivalent to performing a Seiberg duality step on the
field theory side (see equations (5.5.3)-(5.5.6)). Moreover, we have checked that, under this
shift of by, the change of the effective (Maxwell) charges M.;r and N.ss of supergravity is
exactly the same as the one computed in the field theory engineered with fractional branes
on the singular conifold.

In this subsection we will present an alternative way of understanding, in supergravity,
Seiberg duality at a fized energy scale. As we know, for a given value of the holographic
coordinate 7, the value of by lies generically outside the interval [0, 1], where a good field
theory description exists. However, the flux of the B field is not a gauge invariant quantity
in supergravity and can be changed under a large gauge transformation. Indeed, let us take
the two-form Y5 defined in equation (1.2.20) and let us change B, as follows:

By — By + ABQ s ABQ = —7TTLT2 s n e€z. (5520)

As dYy = 0, the field strength Hs does not change and our transformation is a gauge
transformation of the NSNS field. However the flux of By does change as:

/232 — /232 — 47*n (5.5.21)
S S

or, equivalently by — by—n. This non-invariance of the flux shows that this transformation of
Bs is a large gauge transformation which cannot be globally written as ABy = dA. Moreover,
as always happens with large gauge transformations, it is quantised. If we want that our
transformation (5.5.20) be a gauge transformation of supergravity, it should leave the RR
field strength Fj invariant. Defining the potential Cy as dCy = F3 — By A F, we see that
dC5 must change as:

N
dCy — dCy + %95 AT, . (5.5.22)

One can verify that this change of dC5 can be obtained if the variation of C; is (see equations
(5.1.7) and (5.3.7)):

N
ACy = nay [(@D — ") (sinb1df; N dpy — sinbydby A dps) — cos by cosby dpy A dapg] ,

8
(5.5.23)
where 1* is a constant. In the study of the R-symmetry anomaly of the next subsection
it will be convenient to know the change of Cy on the submanifold S%: 6, = 6, = 0,
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Y1 = 21 — @9 = . Denoting by C’;ff the RR potential C5 restricted to this cycle, we get

from (5.5.23) that:

’/I,Nf

ACHT = Ly —4p*) sin0dO A dp . (5.5.24)

Let us now study how the Page charges change under these large gauge transformations.
From the expressions written in (5.1.22), we obtain:

1

AQLYe = ~ 1 AB2 AFy
5.5.25)
1 1 (
AQPCLQ@_ / (_AB2AF3+AB2/\B2/\F1+—ABQAABQAF1>
(472)% sy 2

By using in (5.5.25) our ansatz for F3 and By (5.1.7), together with the expression of ABs
given in (5.5.20) as well as the relations (5.1.23) and (5.1.27), one readily gets:

N
AQPage _ n_f ’

2 N (5.5.26)
AQEM = n M + =L

4

Thus, under a large gauge transformation (5.5.20) with n = 1, the Page charges transform
as:

ggge _ Page + %
Page Page Nf (5527>
p3 + M + — 1
Recall that for our ansatz Qh¥° = M and Qha? = Ny (see eqs. (5.1.26) and (5.1.30)).
Thus, eq. (5.5.27) gives how these constants change under a large gauge transformation.
At a given holographic scale 7 we should perform as many large transformations as needed
to have by € [0,1]. Given that by grows when the holographic coordinate increases, the
transformation (5.5.27) should correspond to the change of ranks under a Seiberg duality
when we flow towards the UV. By comparing (5.5.27) with our previous expressions one can
show that this is the case. Actually, one can get an explicit expression of Qpage and Qpage
in terms of the ranks 7, and ry and the number of flavours Ny and Ny,. In order to verify
this fact, let us suppose that we are in a region of the holographic coordinate such that the
two functions f and k of our ansatz are equal. Notice that for the flavoured KS solution
this happens in the UV, while for the flavoured KT this condition holds for all values of the
radial coordinate. If f = k the normalised flux by in (5.5.2) can be written as:

M
bo(T) = ?f(T) : (5.5.28)
Using this expression we can write the D5-brane Page charge (5.1.25) as

age N
pi’ = Mepp = " by (5.5.29)
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Notice also that the supergravity expression (5.1.13) of M.ss can be written when f =k as:

Myp = M + =L by . (5.5.30)

Let us next assume that we have chosen our gauge such that, at the given holographic scale,
by € [0,1]. In that case we can use the value of M, s obtained by the field theory calculation
of subsection 5.5.1 to evaluate the Page charge Q1. Actually, by plugging the value of
M. ;¢ given in (5.5.16) on the right-hand side of (5.5.29) we readily get the following relation

between Q12 and the field theory data:

N
DA — ) — g — % : (5.5.31)
Similarly, for f = k, one can express the D3-brane Page charge (5.1.29) as:
b2
Pa9¢ = Nopp — boM — ZONf : (5.5.32)

which, after using the relation (5.5.30), can be written in terms of M,y as:
N
Page — N.pp — boMess + Ifbg . (5.5.33)

Again, if we assume that by € [0, 1] and use the field theory expressions (5.5.17) and (5.5.16)
of Negp and Myys, we get:
3Np — Ny
16 '
Notice that, as it should, the expressions (5.5.31) and (5.5.34) of Q{;gg‘f and Qg‘gge that we
have just found are independent of by, as far as by € [0,1]. Moreover, one can verify that
under a field theory Seiberg duality the right-hand sides of (5.5.31) and (5.5.34) transform
as the left-hand sides do under a large gauge transformation of supergravity.

Finally, let us point out that in this approach Seiberg duality is performed at a fixed
energy scale and M.s; and N.y; are left invariant (recall that Maxwell charges are gauge
invariant). Indeed, by looking at our ansatz for By one easily concludes that the change of
By written in (5.5.20) is equivalent to the following change in the functions f and k

Page

ps = Ts + (5.5.34)

s s

and one can verify that the changes (5.5.26) and (5.5.35) leave the expressions of M, and
Nesg, as written in egs. (5.1.25) and (5.1.29), invariant. From eqgs. (5.5.31) and (5.5.34) it is
clear that the Page charges provide a clean way to extract the ranks and number of flavours
of the corresponding (good) field theory dual at a given energy scale. Actually, the ranks
of this good field theory description change as step-like functions along the RG flow, due to
the fact that by varies continuously and needs to suffer a large gauge transformation every
time that, flowing towards the IR, it reaches the value by = 0 in the good gauge. This large
gauge transformation changes Q1% and Q1% in the way described above, which realises
in supergravity the change of the ranks under a Seiberg duality in field theory.

Let us now focus on a different way of matching the behaviour of the field theory and
our solutions.
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5.5.3 R-symmetry anomalies and [-functions

We can compute the (-functions (up to the energy-radius relation) and the R-symmetry
anomalies for the two gauge groups both in supergravity and in field theory in the spirit
of subsection 1.2.2. In the UV, where the cascade takes place, they nicely match. For the
comparison we make use again of the holographic formulae ((1.2.35) and (1.2.44)) derived
in the N' = 2 orbifold case. It will be useful to what follows to write them down again:

47T2 47T2 —¢
P e G140, =-2rCo,
1 S
1 (5.5.36)
42 4Am? em? —9s = :
%_ize_[/ By — 27% (mod 47%) | | %1=8. = 5202
9 g3 2m Lge

Recall that strictly speaking, these formulae need to be corrected for small values of the
gauge couplings and are only valid in the large 't Hooft coupling regime (see [57, 113, 124]),
which is the case under consideration. Moreover, they give positive squared couplings only
if by = ﬁ /. g2 Ba is in the range [0, 1]. This is the physical content of the cascade: at a given
energy scale we must perform a large gauge transformation on By in supergravity to shift
| By by a multiple of 472 to get a field theory description with positive squared couplings.

We have adapted the indices in (5.5.36) to the previous convention for the gauge group
with the larger (the smaller) rank. Let us restrict our attention to an energy range, between
two subsequent Seiberg dualities, where a field theory description in terms of specific ranks
holds. In this energy range the gauge coupling ¢; of the gauge group with larger rank flows
towards strong coupling, while the gauge coupling g, of the gauge group with smaller rank
flows towards weak coupling. Indeed, as formulae (5.5.36) confirm, the coupling g; was not
touched by the previous Seiberg duality and starts different from zero. It flows to oo at the
end of this range where a Seiberg duality on its gauge group is needed. The coupling g of
the gauge group with smaller rank is the one which starts very large (actually divergent)
after the previous Seiberg duality on its gauge group and then flows toward weak coupling.

In supergravity, due to the presence of magnetic sources for Fj, we cannot define a
potential Cy. Therefore we project our fluxes on the submanifold ¢, = 6, = 0, ¢, =
21 — o = @, V1, T before integrating them. Recalling that F3 = dCy + By A Fi, what we
get from (5.1.6)-(5.1.7) (in the UV limit) are the effective potentials

. N . ~ M nN o~
! = w-), ol =[5+ B w - vp) sinodondp . (5.537)

The integer n in C'Qef 7 comes from a large gauge transformation on B, (Seiberg duality
in field theory, see eq. (5.5.24)) which shifts by(7) € [n,n + 1] by n units - so that the
gauge transformed by(7) = bo(7) — n is between 0 and 1 - and at the same time shifts
dcst — acs = acg!t + Wﬂ% sinfdf A dp A dip, since Fy is gauge-invariant, but leaves
Cy invariant.

The field theory possesses an anomalous R-symmetry which assigns charge % to all chiral
superfields. The field theory R-anomalies are easily computed using equation (1.2.40). Con-
tinuing to use 7 (r5) for the larger (smaller) group rank and Ny (Nyg) for the corresponding



5.5. THE CASCADE: SUPERGRAVITY SIDE 165
flavours (see Fig. 5.1), the anomalies under a U(1)g rotation of parameter € are:

0:0; = [2(r; —15) — Nyl e,

Field theory:
1eld sheory 5.0, = [~2(r, — 15) — Ny e .

(5.5.38)

Along the cascade of Seiberg dualities, the coefficients of the anomalies for the two gauge
groups change when we change the effective description; what does not change is the unbroken
subgroup of the R-symmetry group. Because we want to match them with the supergravity
computations, it will be convenient to rewrite the field theory anomalies in the following
form:

55(@l + @S) = —NfE ,

Field theory:
1e eory 55(91 — @s) = [4(7”1 — rs) + Nfs - Nfl] €

(5.5.39)

An infinitesimal U(1)g rotation parameterised by ¢ in field theory corresponds to a shift
1 — 1)+ 2¢ in the geometry. Therefore, making use of (5.5.37), we find on the supergravity
side:
55(@l + @5) = —NfE ,

SUGRA:
0:(©; — ©,) = [AM + 2n Ny e .

(5.5.40)

These formulae agree with those computed in the field theory. For the difference of the
anomalies, what we can compute and compare is its change after a step in the duality
cascade. Notice indeed that the difference of the anomalies, as computed in (5.5.40), gives
a step function: as we flow towards the IR, after some energy scale (the scale of a Seiberg
duality along the cascade) we need to perform a large gauge transformation in supergravity
to turn to the correct Seiberg dual description of the field theory (the only one with positive
squared gauge couplings). This corresponds to changing n — n — 1 in (5.5.40), therefore
the coefficient of the difference of the R-anomalies decreases by 2Ny units. This result is
reproduced exactly by the field theory computation (5.5.39). In field theory the difference of
the anomalies depends on the quantity 4(r; —r5) + Nys — Ny Keeping the same conventions
adopted in subsection 5.4.1 and repeating the same reasoning, it is easy to see that after a
step of the cascade towards the IR, this quantity decreases exactly by 2N units.

The dictionary (5.5.36) allows us also to compute the S-functions of the two gauge cou-
plings and check further the picture of the duality cascade.

Since we will be concerned in the cascade, we will make use of the flavoured Klebanov-
Tseytlin solution of section 5.3, to which the flavoured Klebanov-Strassler solution of section
5.2 reduces in the UV limit.

We shall keep in mind that, at a fixed value of the radial coordinate, we want to shift
by = ﬁ J g2 B2 by means of a large gauge transformation in supergravity in such a way
that its gauge transformed by = by — [by] = by — n 7 belongs to [0,1]: in doing so, we are
guaranteed to be using the good description in terms of a field theory with positive squared
gauge couplings.

"n is a step-like function of the radial coordinate.
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Recall that

_ 3N

b= 0 (5.5.41)
2M (T

bo=—(=--1), 5.5.42

TN (P ) ( )

and the dictionary (5.5.36), that we rewrite as:

8r?  8r? 8w’

= = 2me™? | 5.5.43
g g g ( )
]2 ]2 ]2 ~

= — —— =27 ?%(2bhy— 1), 5.5.44
9 g 4 (260 =1) ( )

where by = by — [bo] € [0,1] comes from integrating on the two-cycle the suitably gauge
transformed Kalb-Ramond potential.
Then we can compute the following ‘radial’ S-functions from the gravity dual:

(0 _ g0 _ 487
=g =27 5.5.45
(0 _ 4o _ d 87
= = 5.5.46
and we would like to match these with the field theory computations.
Using the expressions (5.5.43)-(5.5.44), we can conclude that
N
() — —37f , (5.5.47)
N
B = 3(71” + Q) : (5.5.48)

where Q = N¢[bo(p)] +2M = Nyn(p) + 2M is a quantity which undergoes a change () —
Q — Ny as bo(p) — bo(p') = bo(p) — 1 (one Seiberg duality step along the cascade towards
the IR), or equivalently n(p) — n(p’) = n(p) — 1. Up to an overall factor of 2, @) is the same
quantity appearing in the difference of the R-anomalies in (5.5.40).

The field theory computations of the S-functions (in the Wilsonian scheme) give:

01 = Bz = 31 = 2rs(1 = 7a) = Np(1 =) (5.5.49)
91
Bs = Bz = 3rs — 2r(1 —va) — Nps(1 — ) (5.5.50)

with the usual conventions. Hence

By =0+ Bs = (ri+ 1) (1+274) — Ne(1 =) , (5.5.51)
Bo=0—Fs=(5—274)(r —rs) + (Nps — Ny )(1 =) - (5.5.52)
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In order to match the above quantities with the gravity computations (5.5.47)-(5.5.48), an
energy-radius relation is required. This is something we miss here. Although it is not
really needed to extract from our supergravity solutions the qualitative information on the
running of the gauge couplings, we are going initially to make two assumptions, which can be
viewed as an instructive simplification. Let us then assume that the radius-energy relation
is p=1In EZ—W where Epy is the scale of the UV cutoff dual to the maximal value of the
radial coordinate p = 0, and that the anomalous dimensions do not acquire subleading
corrections. Matching By implies y4 = v, = —%. Matching #_, once we insert these
anomalous dimensions, implies that () = 2(r; — ;) — Ny This quantity correctly shifts as
@ — Q — Ny when by — by — 1. This last observation allows us to check the consistency of
the cascade of Seiberg dualities also against the running of the gauge couplings.

Actually, the qualitative picture of the RG flow in the UV can be extracted from our
supergravity solution even without knowing the precise radius-energy relation, but simply
recalling that the radius must be a monotonic function of the energy scale.

It is interesting to notice the following phenomenon: as we flow up in energy and approach
the far UV p — 07 in (5.5.42), a large number of Seiberg dualities is needed to keep by varying
in the interval [0, 1]. The Seiberg dualities pile up the more we approach the UV cut-off Eyy .
Meanwhile, formula (5.5.48) reveals that, when going towards the UV cutoff Eyy, the ‘slope’
in the plots of gl_z versus the energy scale becomes larger and larger, and (5.5.47) reveals that
the sum of the inverse squared gauge coupling goes to zero at this UV cutoff. At the energy
scale Eyy the effective number of degrees of freedom needed for a weakly coupled description
of the gauge theory becomes infinite. Since p = 0 is at finite proper radial distance from any

point placed in the interior p < 0, Eyy is a finite energy scale.

Figure 5.2: Qualitative plot of the running gauge couplings as functions of the logarithm of
the energy scale in our cascading gauge theory. The blue lines are the inverse squared gauge
couplings, while the red line is their sum.

The picture which stems from our flavoured Klebanov-Tseytlin/Strassler solution is that
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Eyy is a so-called “Duality Wall”, namely an accumulation point of energy scales at which a
Seiberg duality is required in order to have a weakly coupled description of the gauge theory
[130]. Above the duality wall, Seiberg duality does not proceed and a weakly coupled dual
description of the field theory is not known. See Fig. 5.2.

Duality walls were studied in [137] in the framework of quiver gauge theories with only
bifundamental chiral superfields and the study was restricted to the field theory.

To our knowledge, our solutions are the first explicit realisations of this exotic UV phe-
nomenon on the supergravity side of the gauge/gravity correspondence.

5.6 Summary and Discussion

In this chapter we have presented a very precise example of the duality between field the-
ories with flavours and string solutions that include the dynamics of (flavour) branes. We
focused on the Klebanov-Tseytlin/Strassler case, providing a well defined dual field theory,
together with different matchings that include the cascade of Seiberg dualities, f-functions
and anomalies. Indeed, we have shown in detail how the ranks of the gauge groups change
from a string theory viewpoint (in perfect agreement with the usual field theory prescrip-
tion), providing also a rigorous definition of the gauge groups ranks in terms of Page charges.
We have also shown how the runnings of the gauge couplings are matched by the string back-
ground and how global anomalies are also captured by our solution.

It would be interesting to provide more general solutions to our system of BPS equations
and analyze the details of their dual dynamics, focusing mainly on the IR (the last steps of
the cascade leading to a baryonic branch of the field theory, behavior of the Wilson loop,
etc).



Chapter 6

SUSY defects in the
Maldacena-Nunez background

In this chapter we will make a rather systematic search for possible supersymmetric em-
beddings for D5-brane probes in a concrete model, the Maldacena-Nunez background (MN)
introduced in subsection 1.2.6. As shown in ref. [71], the MN background has a rich structure
of submanifolds along which one can wrap a D5-brane probe without breaking supersym-
metry completely. Hence we continue the analysis of [71] by studying the configurations of
D5-brane probes which are a codimension one or two defect in the gauge theory directions.
The main tool used will be again kappa symmetry (see subsection 1.3.2). By imposing the
equation I', € = € one can systematically determine the supersymmetric embeddings of the
probe and it is possible to identify the fraction of supersymmetry preserved by the con-
figuration. It will become clear that only the D5-brane probes can have supersymmetric
embeddings of the type we are interested in and that they preserve two of the four super-
symmetries of the background. We will demonstrate that the solutions found in sections 6.2
and 6.3 saturate certain energy bound [100].

6.1 Supersymmetric Probes in the Maldacena-Nunez
background

The idea, as we have already explained before in subsection 1.3.2; is to consider a D5-brane
probe embedded in the MN background. We will use the notation given in subsection 1.2.6
where we set g; = 1,o’ = 1 and N, = 1 for simplicity and irrelevance for the analysis of this
chapter.

We will assume that there are not worldvolume gauge fields on the D5-brane, which is
consistent with the equations of motion of the probe if there are not source terms which
could induce them. These source terms must be linear in the gauge field and can only be
originated in the Wess-Zumino part of the probe action (1.3.6). For the cases considered
below we will verify that the RR potentials of the MN background do not act as source of
the worldvolume gauge fields and, therefore, the latter can be consistently put to zero. If
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this is the case, the kappa symmetry matrix of a Dp-brane in the type IIB theory is the one
written in (2.1.1).

The kappa symmetry equation I', € = € imposes a condition on the Killing spinors which
should be compatible with the ones required by the supersymmetry of the background. These
latter conditions are precisely the ones written in eq. (1.2.144). In particular the spinor e
must be such that e = ie*, which in the real notation (1.3.10) is equivalent to o1 = €. Notice
that the Pauli matrix appearing in the expression of I', in (2.1.1) is o or 09, depending on
the dimensionality of the probe. Clearly, the conditions I', ¢ = ¢ and o€ = € can only be
compatible if 'y contains the Pauli matrix o1. By inspecting eq. (2.1.1) one readily realises
that this happens for p = 1,5. Moreover, we want our probes to be extended both along the
spatial Minkowski and internal directions, which is not possible for Lorentzian D1-branes
and leaves us with the D5-branes as the only case to be studied. Notice that for the MN
background the only couplings of the Wess-Zumino term of the action (1.3.4) linear in the
worldvolume gauge field F are of the form C® A F and C® A F, where C® and C© are the
RR potentials. By simple counting of the degree of these forms one immediately concludes
that these terms are not present in the action of a D5-brane and, thus, the gauge fields can
be consistently taken to be zero, as claimed above.

Coming back to the complex notation for the spinors, and taking into account the fact
that the Killing spinors of the MN background satisfy the condition € = i€*, one can write
the matrix [', for a D5-brane probe as:

r, = — hirte

e Vo s -

As we explained in detail in section 2.1, for a general embedding, the kappa symmetry
condition I'; € = € imposes a new projection to the Killing spinor €. This new projection is
not, in general, consistent with the conditions (1.2.144), since it involves matrices which do
not commute with those appearing in (1.2.144). The only way of making the equation I'y € =
e and (1.2.144) consistent with each other is by requiring the vanishing of the coefficients of
those non-commuting matrices. On the contrary, the terms in I', which commute with the
projections (1.2.144) should act on the Killing spinors as the unit matrix. These conditions
will give rise to a set of first-order BPS differential equations. By solving these BPS equations
we will determine the embeddings of the D5-brane we are interested in, namely those which
preserve some fraction of the background supersymmetry. The configurations found by
solving these equations also solve the equations of motion derived from the Dirac-Born-
Infeld action of the probe and, actually, we will verify that they saturate a bound for the
energy, as it usually happens in the case of worldvolume solitons. We have already seen
this bound in the configurations studied in chapters 2 and 3 but it is worth recalling the
procedure for the MN model. The lagrangian density for a D5-brane probe (see eq. (1.3.6))
in the MN background is given by:

L=—e?/—g— P[CY], (6.1.2)

(6.1.1)

where we have taken the string tension equal to one and P[C(® ] denotes the pullback of the
RR potential written in eqgs. (1.2.150) and (1.2.151). In eq. (6.1.2) we have already taken
into account that we are considering configurations of the probe with vanishing worldvolume
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gauge field. For static embeddings, such as the ones we will consider in this chapter, the
hamiltonian density H is just H = —L. We will verify that, for the systems studied in sections
6.2 and 6.3, H satisfies a lower bound, which is saturated just when the corresponding BPS
equations are satisfied. Actually, we will show that, for a generic embedding, H can be
written as:

H=2Z+S¢§, (6.1.3)
where Z is a total derivative and S is non-negative:
S>0. (6.1.4)

From eqs. (6.1.3) and (6.1.4) it follows immediately that H > Z, which is the energy bound
that we have stated above. Moreover, we will check that & = 0 precisely when the BPS
equations obtained from kappa symmetry are satisfied, which means that the energy bound
is saturated for these configurations.

6.2 Wall defects

In this section we are going to find supersymmetric configurations of a D5-brane probe
which, from the point of view of the four-dimensional gauge theory, are codimension one
objects. Accordingly, we extend the D5-brane along three of the Minkowski coordinates z*
(say 2°, 2!, 2%) and along a three dimensional submanifold of the internal part of the metric.
To describe these configurations it is convenient to choose the following set of worldvolume
coordinates:

& = (2% 2t 2%, r, 01, 01) . (6.2.1)
Moreover, we will adopt the following ansatz for the dependence of the remaining ten-
dimensional coordinates on the £*’s:

¥ =23 (r),
Oy = 05(01, 1) , P2 = ¢a(01, b1)
1) = 1y = constant . (6.2.2)

In subsection 6.4.1 we will explore other possibilities and, in particular, we will study con-
figurations for which 1 is not constant. For the set of worldvolume coordinates (6.2.1) the
kappa symmetry matrix acts on the Killing spinors € as:

1
\/—_—g VaOxla2r0 ¢y € -

The induced gamma matrices appearing on the right-hand side of eq. (6.2.3) can be straight-
forwardly computed from the general expression (1.3.12). One gets:

T.c= (6.2.3)

€% You = Tou (p=0,1,2),

e 2 Y = Iy + 0,2°T s |

_o a, - . .

e 2y, = €'y + (V19+§)F1 + Vo I’y + VoI5,

¢
e 2

- a A ~
sinHl Yo = ehrz + ‘/1¢>F1 + (‘/é¢ - §)F2 —+ ‘/é¢r3 , (624)
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where the V’s are the quantities:

1

Vie = 5 [COS@DO 0g, 02 + sin ) sin Oy aalﬁbz] ;
1

Vg = 3 [— sin 1o 0,02 + cos 1y sin Oy 89@2} ;
1

Vg = 5 c0802 09,02

1
sin6, Viy = 5 [cos Y Op,02 + siny sin by a¢1¢2} ,
1
2

sinfy Vo = [ — siny 04,02 + cos iy sin by Oy, (;52] ,

1
sin 6 Vi = 3 [cos 0, + cos by 0¢1¢2] ) (6.2.5)

Notice that the V’s depend on the angular part of the embedding (6.2.2), i.e. on the func-
tional dependence of 0y, o on (01, ¢1). Using the expressions of the +’s given in eq. (6.2.4),
one can write the action of I',. on € as:

e2®
e

Moreover, by using the projection I'jze = ['ja€ (see eq. (1.2.144)), vg,¢, € can be written as:

I.e = Toop102 [Ty + 0,2°T s | Yoy, € - (6.2.6)

-
e A ~
m Vo141 € = [012 F12 + Ci5 F1F2 + C1q F1F1 +

+c3 Flfg + Ci3 f‘lg + Cs3 fgg + Co3 Fgfg} €, (6.2.7)

with the ¢’s given by:

a a
cp = e + <V19+§)<V2¢—§
Clé:€h<‘/2¢)_‘/19_a>7

Cj = €h<V1¢ + V%) ,
h
€13 = ¢€ Védﬂ

a
Ciz = <Vw+§>v3¢ — Vig Vas

Coy = Vag Vay — <V2¢>_g>v:°>9’

Coy = —€" Vg . (6.2.8)

) = VaoVas

As mentioned at the end of section 6.1, we have to ensure that the kappa symmetry projection
[, e = € is compatible with the conditions (1.2.144). In particular, it should be consistent
with the second projection written in (1.2.144), namely I'i1s ¢ = T'jp€e. It is rather obvious
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that the terms in (6.2.7) containing the matrix I'; do not fulfil this requirement. Therefore
we must impose the vanishing of their coefficients, i.e.:

013 = 613 = Cég = 023 =0. (629)

By inspecting the last four equations in (6.2.8) one readily realises that the conditions (6.2.9)
are equivalent to:
Vig = Vay = 0. (6.2.10)

Moreover, from the expression of V34 in (6.2.5) we conclude that the condition V3 = 0 implies
that

P2 = ¢a(9n) - (6.2.11)
Furthermore (see eq. (6.2.5) ), V3, = 0 is equivalent to the following differential equation:
0o cos 0,
— = — . 6.2.12
0p1 cos 0, ( )
Let us now write 96
2
e = 6.2.13
St = mion). (6.213)

where we have already taken into account the functional dependence written in eq. (6.2.11).
By combining the last two equations we arrive at:

cos 6,
cosfy = — . 6.2.14
2T o) o210
By differentiating eq. (6.2.14) we get
00, sin 60,
_— = - 6.2.15
00, m(¢p1) sin Oy ( )
Then, if we define
1 s1n9
917¢1 = 5 2 8¢>1¢2 - 891‘92] ’
1 0y,
0 = - 2.1
Ao =5 22 (6:2.16)
the ¢ coefficients can be written in terms of A and A, namely:
a> 1  aA aA
Cig = €2h —Z - Z + TCOS¢0 - 7 Sll’liﬂo,
¢y = e [Acost — A sineyy — al,
¢ = e [A sinty + A cos iy } , (6.2.17)
where we have used egs. (6.2.11)-(6.2.15) and the fact that
1
VigVag — VagVig = —= . (6.2.18)

4
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Moreover, by using the values of the derivatives 0y, ¢2 and Oy, 62 written in eqgs. (6.2.13)
and (6.2.15), together with eq. (6.2.14), it is easy to find A(fy, ¢;1) in terms of the function

m(¢1):

+

A0, 1) = sign(m) [[1 + M

2 sin® 0,

1+ M]_2 ] . (6.2.19)

sin? 6,

an expression which will be very useful in what follows.

6.2.1 Abelian worldvolume solitons

The expression of I', € that we have found above is rather complicated. In order to tackle
the general problem of finding the supersymmetric embeddings for the ansatz (6.2.2), let us
consider the simpler problem of solving the condition I',, € = € for the abelian background!,
for which a = a = 0. First of all let us define the following matrix:

[, =T0p,2 0,1 1. (6.2.20)
Using the fact that for the abelian background T"jo,1,2,3 ['12€ = € (see eq. (1.2.144)), one can
show that
e3¢

FHE = sin ‘91 8,«5(33 C12 + Ci5 f* + Cii flg f* +

V=9

+ (012 f* + 87«.]73 clg)Flfl - 8@3 €1 Flfg € . (6221)

The first three terms on the right-hand side commute with the projection F,fmg € = €. Let
us write them in detail:

[&x?’ c12 + ¢ T, + o I f*} € = [&x?’ C12 + e Aetolrz [, +e"Al ol f*] €. (6.2.22)

The matrix inside the brackets must act diagonally on €. In order to fulfil this requirement
we have to impose an extra projection to the spinor e. Let us define the corresponding
projector as:

P, = AT, + Blal, (6.2.23)
where (3, and (3, are constants. We will require that e satisfies the condition:

Pie =o0¢€, (6.2.24)

where o = 41. For consistency P? = 1, which, as the matrices T, and Iy, T, anticommute,
implies that 32 + 52 = 1. Accordingly, let us parameterise 3; and 3, in terms of a constant
angle 3 as (1 = cos § and (5 = sin 3. The extra projection (6.2.24) takes the form:

2T, e = ge . (6.2.25)

1See the discussion about the abelian limit of the MN background in subsection 1.2.6.
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Making use of the condition (6.2.25), we can write the right-hand side of eq. (6.2.22) as:
(0,27 c1y + e DTz (A 4 ATpy) €. (6.2.26)

We want that the matrix inside the brackets in (6.2.26) acts diagonally. Accordingly, we must
require that the coefficient of I'15 in (6.2.26) vanishes which, in turn, leads to the relation:

A
tan(8 — o) = X (6.2.27)
In particular eq. (6.2.27) implies that A/A must be constant. Let us write:
A
N constant . (6.2.28)

Let us now consider the last three terms in (6.2.21), which contain matrices that do not
commute with the projection I',T'123 ¢ = €. By using the projection (6.2.25) these terms can
be written as:

|: (Clgf* + 87«253 Ci5 ) Flfl - 8@3 Cii Flfg € =
= [(&w?’ ¢15 — 0c12c083) o, + (ociasin B — 0,2% c3) IV (6.2.29)

This contribution should vanish. By inspecting the right-hand side of eq. (6.2.29) one
immediately concludes that this vanishing condition determines the value of 9,23, namely:
cos 3 sin 3

— 0 C12
€15 €11

0,13 = 0o (6.2.30)
The compatibility between the two expressions of 9,z in eq. (6.2.30) requires that tan 3 =
¢,i/¢15- By using the values of ¢;; and ¢, written in eq. (6.2.17) it is easy to verify that this
compatibility condition is equivalent to (6.2.27). Moreover, one can write eq. (6.2.30) as:

= T e [ 1} cos (6.2.31)

47 costby — psinty

4
Notice that A only depends on the angular variables (61, ¢1). However, since in our ansatz
23 = 23(r), eq. (6.2.31) is only consistent if A is independent of (61, ¢;), i.e. when A is
constant. By looking at eq. (6.2.19) one readily realises that this can only happen if m? =1,
1.e.:

m = +1. (6.2.32)
In this case (see eq. (6.2.19)) A is given by

A=m. (6.2.33)

Moreover, as A = pA (see eq. (6.2.28)), it follows that A must be constant. A glance at
the definition of A in (6.2.16) reveals that A can only be constant if it vanishes. Thus, we
must have:

A=0. (6.2.34)
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Notice that this implies that 65 is independent of ¢; and, therefore:

When A =0, eq. (6.2.27) can be solved by putting 3 = 1y + nm with n € Z. Without loss
of generality we can take n = 0 or, equivalently, 8 = 1)p. Then, it follows from (6.2.25) that
we must require that € be an eigenvector of e¥°'2 ', namely

el T e = ge . (6.2.36)
Moreover, by putting A =m, =1y and p = 0, eq. (6.2.31) becomes:
1
8,2° = ome™ [e2h . ﬂ . (6.2.37)

Let us now check that the BPS equations for the embedding that we have found (eqs. (6.2.13)
and (6.2.14) with m = £1 and eq. (6.2.37)), together with some election for the signs o
and m, are enough to guarantee the fulfilment of the kappa symmetry condition I', e = e.
First of all, for a general configuration with arbitrary functions €y = 05(6;), ¢2 = ¢2(¢1) and

23 = 23(r), the determinant of the induced metric is:

1

\/_—g — 3¢ [1 + (arl’3)2]% [62h + 2(00192)2}2 X

cos? 0, N cosb; cos 0,

x [e”sin® 0, + Dpp2 + %(%@)2 }% . (6.2.38)

4 2

Moreover, when 3 satisfies (6.2.37), it is straightforward to prove that:

1+ (0,2°)ipps = e [ + %}2 : (6.2.39)
If, in addition, the angular embedding is such that cosfy = —mcosf, sinfy = sinb,
09,00 = —m with m = +1 (see eqs. (6.2.14) and (6.2.15)), one can demonstrate that:

V=3 pps = €7 sinb [ + 2]2 : (6.2.40)
Moreover, in this abelian background, one can verify that:

[8,,933 C12 + Cy5 T, + o [y f‘*} € |BPS = ome ™" [62h + 1]26 ) (6.2.41)

4

By using these results, we see that I',e = € if the sign o is such that
o=m. (6.2.42)

The corresponding configurations preserve two supersymmetries, characterized by the extra
projection

el T e = me (6.2.43)
while 23(r) is determined by the first-order BPS differential equation
da? |
— =€ - =1. 244
dr et [e 4 ) (6 )
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Integration of the first-order equations

When m = +1, the equations (6.2.13) and (6.2.14) that determine the angular part of the
embedding are trivial to solve. The result is:

‘92:71-_‘917 ¢2:¢17 (m:+1>7
92 = 91 s ¢2 =21 — (bl y (m = —1) . (6245)

Moreover, by using the value of " for the abelian metric given in eq. (1.2.149), it is also
immediate to get the form of z3(r) by direct integration of eq. (6.2.44):

x3()—_< _1)%—1< —1>%+constant (6.2.46)
e\ Ty 2 \" 71 ' -

6.2.2 Non-Abelian worldvolume solitons

Let us now deal with the full non-abelian background. We will require that the non-abelian
solutions coincide with the abelian one in the asymptotic UV. As displayed in eq. (1.2.147),
the non-abelian Killing spinor € is related to the asymptotic one ¢y = f(r)n by means of a

rotation R
e = e3¢ (6.2.47)

where « is the angle of (1.2.145) and ¢, satisfies the same projections as in the abelian case,

namely
Frrlgg €0 = Fx0x1x2x3 Plg €0 = €p . (6248)

By using the relation between the spinors € and ¢y, the kappa symmetry condition I', € = €
can be recast as a condition on €g:

e 5T e = ¢, (6.2.49)

where the left-hand side is given by:

R 3¢
a € .
e 2t e = ——TL0,1,2 sinb, [Fr + ar{E?’Fma} X

V=9

X [012 e_arlfl F12 + C15 e_arlfl Flfg + C1q Flfl } €0 - (6250)
Proceeding as in the abelian case, and using the projections (6.2.48), one arrives at:

€3¢

NS

_ap, . _ P, =~ A _ P, =~ L=
e~ 21l I'.e = sinf; |cppe alily r.rr; + Ci5€ alily I, + Cii I +

+ 0,2%ciy e~ Tl + &wgcl@ e~alil o, — 0,4:3011 I (6.2.51)

In order to verify eq. (6.2.49) we shall impose to ¢, the same projection as in the abelian
solution, namely: )
e?l2 T ey = oep . (6.2.52)
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Moreover, by expanding the exponential e™® M1 on the right-hand side of eq. (6.2.51) as

el = cosa — sin ol we find two types of terms. The terms involving a matrix that
commutes with the projections (6.2.48) are given by:

[8,,1'3 (c12 cosa + ¢p5 sina) + (¢35 cosa — cpo sina )y + ¢4 Flgf‘*} € =

= <A1 + Ai? flg) € , (6.2.53)

while those with a matrix which does not commute with the projections are:

- [(Clg cosa + ¢35 sina) I, — (¢ cosa — cpp sina) 9,a° + ¢4 0,7 F12] € =

= I, <BI + Bigflg) € - (6.2.54)

The coefficients A and B defined in eqs. (6.2.53) and (6.2.54) can be read from the left-hand
side of these equations after substituting the value of ', from eq. (6.2.52). They are given
by:

A; = 0,2° (c1z cosa + ¢p3 sina) + a(cy3 cosa — ey sina) costhy + ocyjsinty
Ajs = 0cyjcosthg — (¢ cosa — ¢pp sina ) siny
Br = o(cip cosa + ¢y sina ) coshy — (cp5 cosa — egp sina) d,a°

Bis = ;7 0,2° — o(c1a cosa + ¢5 sina ) siny . (6.2.55)

Since we are looking for solutions which must coincide with the abelian ones in the UV, we
can restrict ourselves to the case in which 0y = 05(6;), i.e. with A = 0. It is easy to prove
that in this case the combinations of ¢ and c¢;5 appearing above reduce to:

A cos g }

1
Cla cosa + ¢5 sina = {rcoth% — 5] {coth2r ~ mhor

5 COSQ — c1p sina = e” [Acosqﬁo coth 2r — (6.2.56)

sinh 2r

To derive this result we have used the following useful relations:

a 1 1
e"sina + g Coso = o [5 — rcothQr] ,
e cosa — % sina = e" coth2r |
2 1 h
(ezh — az — Z) sina + aelcosa = sineh2r ,
a> 1

1
<62h — T Z) cosa — aesina = coth2r [7" coth2r — 5] . (6.2.57)
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which can be easily demonstrated by using eqgs. (1.2.141) and (1.2.145). Clearly, in order to
satisfy (6.2.49) we must require that

Ais =B =Bj,=0. (6.2.58)

Let us now consider the Aj; = 0 equation first. It is easy to conclude that this equation
reduces to:
1

sin g | (1 — coth 2r)A cosy + S or

~0. (6.2.59)

If siny # 0 the above equation can be used to obtain an expression of A with a nontrivial
dependence on the radial variable r, which is in contradiction with eq. (6.2.19). Thus we
conclude that sin ¢y must vanish, 7.e. only four values of 1y are possible, namely:

,lvbO - 0,71',271',371' . (6260)

Let us denote
A=costyy = 1. (6.2.61)

Then, the condition Bjs; = 0 is automatically satisfied when siny = 0, while B; = 0 leads
to the following equation for 9,z

0.2% — No e cosh2r — A\ {

1
Avoodhor 1 rcoth2r — —] . (6.2.62)

2

As in the abelian case, the consistency of the above equation with our ansatz for 2 requires
that A be constant which, in turn, only can be achieved if m = +1 and A = m. Notice that
this implies that the angular equations for the embedding are exactly those written in eq.
(6.2.45) for the abelian case. Moreover, when 0y = 05(6;) and ¢o = ¢o(¢1) are given as in
eq. (6.2.45), the determinant of the induced metric is

{cosh?r — Am] V1 + (0,23)? . (6.2.63)

When 23 satisfies the differential equation (6.2.62), one can easily demonstrate that:

V—g = ¢* sin6,

sinh 2r

L+ (9,2%)% ppg = 1", (6.2.64)
and, using this result to evaluate the right-hand side of (6.2.63), one arrives at:

e’ sin by Ar \pps = omy/—g pps - (6.2.65)

Therefore, one must take 0 = m in order to satisfy eq. (6.2.49). When siny = 0, the extra
projection (6.2.52) on the asymptotic spinor € is

T.eo = Ame , (6.2.66)

which is equivalent to the following projection on the complete spinor e:

T e = Ame . (6.2.67)
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x3

10

r

Figure 6.1: In this figure we represent the function z®(r) for the wall defect in the non-
abelian background (solid line). The dashed line represents z3(r) for the abelian background
as given by eq. (6.2.46). In both cases the constant of integration has been fixed by requiring
that the minimal value of 23 is 0.

Moreover, the differential equation which determines x3(r) is:

3
% = e [rcothQr — %} . (6.2.68)
It is straightforward to demonstrate that this equation coincides with the abelian one in the
UV. Actually, in Fig. 6.1 we represent the result of integrating eq. (6.2.68) and we compare
this result with that given by the function z®(r) for the abelian background (eq. (6.2.46)).
Moreover, if we fix the embedding 6y = 05(61), ¢2 = ¢2(¢1) and 2 = z3(r) we have two
possible projections, corresponding to the two possible values of A. Each of these values of
A corresponds to two values of the angle 1)y, which again shows that the U(1) symmetry
of the abelian theory is broken to Zs;. One can check that the embeddings characterized
by egs. (6.2.45), (6.2.60) and (6.2.68) satisfy the equations of motion derived from the
Dirac-Born-Infeld action of the probe (1.3.6).

6.2.3 Energy bound for the wall solutions

The embeddings that we have just found saturate an energy bound, as expected for BPS
worldvolume solitons. Let us consider a D5-brane probe in the non-abelian MN background
and let us choose the same worldvolume coordinates as in eq. (6.2.1) and the ansatz (6.2.2)
for the embedding. For simplicity we will consider the angular embeddings 62(6;, ¢1) and
$2(01, ¢1) written in eq. (6.2.45) and we will consider a completely arbitrary function z3(r).
Using the value of \/—g given in (6.2.63), one gets:

A
(cosh2r — Am ) /1 + (9,a3)? — Tma'&x?’ ,

H = —L = €*? siné,

sinh 2r

(6.2.69)
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where m = +£1 is the same as in eq. (6.2.45) and A = costhy = £1 (see eq. (6.2.61)). In
order to write H as in eq. (6.1.3) , let us define the function

1
A=e {r coth 2r — 5] . (6.2.70)

Notice that the BPS equation for 23(r) (eq. (6.2.68)) is just d,2> = A,. Furthermore, a’ can

be written in terms of A, as:
_ A (6.2.71)
© sinh2r o

a
4
st

Using this last result, we can write H as :

[7’ (cosh2r — Am) /1 + (9,23)% + dme" A, 0T:173] . (6.2.72)

e2?
H = sinb,

sinh 2r

Let us now write H as in eq. (6.1.3), with:

p20+h

Z = sinf, . [coshQrAr Orx® + cosh2r — )\m] : (6.2.73)

S1n

By using eq. (6.2.64), one can prove that
H |BPS - Z|Bpg . (6274)

Moreover, Z can be written as a total derivative, i.e. Z = 9,Z" + 0y, 2%, with

2¢-+h inh 2
Z" = sinb, ? cosh 2r A, 2% + S Er Amr |,
sinh 2r
) 20 2h 1—a' A
Z% = cosb e | 2e”" + —5 ¢ x° . (6.2.75)

To derive this result it is useful to remember that e?**"/sinh2r is constant and use the
relation

1— 4
Oy [cosh 27’/\,} = ¢ " sinh 2r [Qezh + 8a 6_%} : (6.2.76)

which can be proved by direct calculation. Moreover, taking into account that r = e® /1 + A2
(see eq. (6.2.64)), one can write S as:

o20+h

S = sinb,

( cosh 2r — )xm)

Sin r

VI+HAZVT + (9,23)2 — (1 + Ara,x?))] , (6.2.77)

and it is straightforward to verify that S > 0 is equivalent to
(0,2 — A2 >0, (6.2.78)

which is obviously always satisfied for any function 2?®(r) and reduces to an equality when
the BPS equation (6.2.68) holds.
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6.3 Two-dimensional defects

In this section we will determine BPS configurations of a D5-brane which extends along two
Minkowski coordinates (say 2° and x') and along a four-dimensional submanifold embedded
in the internal part of the metric (1.2.138). Such branes would be a two-dimensional object
from the gauge theory perspective and, actually, we will find that they preserve the same
supersymmetries as a D1-string stretched along x!. In order to find these configurations
from the kappa symmetry condition I', ¢ = € let us choose the following set of worldvolume
coordinates for the D5-brane:

&= (5507$17917¢1,927¢2) ) (6.3.1)

and let us consider an embedding of the type

r = 7’(‘91,92) y Ip == ¢(¢1,¢2) y (632)

with 22 and 2% being constant?. From our general expression (6.1.1) it is straightforward to
prove that in this case ' € is given by:

6¢)

FHE = —F Fxoml Y01 410 €. 6.3.3
\/_—g P102¢2 ( )

The induced Dirac matrices 7y, and ~,, are easily obtained by using our ansatz in eq. (1.3.12).
With the purpose of writing these matrices in a convenient form, let us define the quantities:

1 cost; + 040
Ai = — ‘ s 634
2 siné’,- ( )
in terms of which the y-matrices are:
a ~
6_%’791 = ehF1—|—§F1+6917“FT,
e_% a
, ) .
= I, — =T AT
sing, | © 2 22+ P
_¢ 1 - r . -
e 2y, = §COS¢F1—§SIH¢F2—|—892TFT,
¢
e 2 1 . . 1 . .
ang e = §s1n1pF1 + §COS¢F2 + Ay T . (6.3.5)

By using egs. (6.3.5) and (1.2.144) the action of the antisymmetrised product of the v’s on
the Killing spinors € can be readily obtained. It is of the form:
o—20 . . .
S0 g, Tt = [br + by Tol's + biaTip + b3 Iy + bys s +
+bif’) flg + bgg fgg + b23 Fgfg} €, (6.3.6)

2For two-dimensional defects obtained with a different election of worldvolume coordinates and ansatz,
see subsection 6.4.2.
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where the b’s are functions whose expression depends on the embedding of the probe. In
order to write them more compactly let us define A; and A, as follows:

1 oy G2 a
A= 1 [8917" acosqba(;QT}Al + [(e 1 )Ogyr + 4cosw891r] AV
eh eh
Ay = ) [coswﬁglr — 2a0927’] Ay + 5} cos ) Op, T A1 (6.3.7)

where A; and A, have been defined in eq. (6.3.4). Then, the coefficients of the different
matrix structures appearing on the right-hand side of eq. (6.3.6) are:

o2h
by = Ajcosa — Agsina — il
by, = Aisina + Ajycosar,
h .
big = — ‘ s;nqb Op,m A1 — 8917“A2} sina ,
h o )
by = ‘ s;nw Op,r Ay — 8917"A2} cosa ,
h
by = < sin ¢ 892 (e"sina + gcosoz) — 9A2] :
2 2 2
eh a L
biz = 5 sinw Dg,r (e cosar — §sma) + e AQ] ,
eh a h eh
bsy = 5 Cosw[ﬁez (6 coS — 5513(10‘) +e A2] Z8 rsina ,
el a b a eh
byy = 5 COS¢[§A2 — Og,r (e"sina + 50080&)] v Ay + Ogrcosa| . (6.3.8)

By inspecting the right-hand side of eq. (6.3.6) one immediately realises that the terms
containing the matrix I give rise to contributions to I'y, which do not commute with the
projection I'ipe = I'yy € satisfied by the Killing spinors (see eq. (1.2.144)). Then, if we want
that the supersymmetry preserved by the probe be compatible with that of the background,
the coefficients of these terms must vanish. Moreover, we would like to obtain embeddings of
the D5-brane probe which preserve the same supersymmetry as a D1-string extended along
the x! direction. Accordingly®, we shall require the vanishing of all terms on the right-hand
side of eq. (6.3.6) except for the one proportional to the unit matrix, i.e.:

b22 = by = bl? = bl?, = bif% = bég = 623 =0 . (639)

By plugging the explicit form of the b’s in (6.3.9), one gets a system of differential equations
for the embedding which will be analyzed in the rest of this section.

3From a detailed analysis of the form of the b’s one can show that the requirement of the vanishing of
the coefficients of the terms containing the matrix I's implies the vanishing of b,5, b2 and b,5. Therefore,
we are not loosing generality by imposing (6.3.9).
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6.3.1 Abelian worldvolume solitons

The above equations (6.3.9) are quite complicated. In order to simplify the problem, let
us consider first the equations for the embedding in the abelian background, which can be
obtained from the general ones by putting a = o = 0. In this case from by = by3 = 0 we get
Og,m = —/A\;, where the A;’s have been defined in eq. (6.3.4). More explicitly:

1 cosO; + Oy,
= - 3.1
) (6.3.10)

One can verify that the other ¥'s in (6.3.9) vanish if these differential equations are satisfied.
Let us see the form of the kappa symmetry condition when the BPS equations (6.3.10) are
satisfied. For the abelian background, the determinant of the induced metric is given by:

3¢ 1 1
V=g = % sin 6 sin 6, [(8917“)2 + 4e*" (Op,r)? + e2h] ’ [Af + 4e*h A2 +- ezh] *,(6.3.11)

and the coefficient by is:

€2h

1
br = 30T A1+ e Dg,r Ay — T (6.3.12)

If the BPS equations dy,r = —A,; hold, one can verify by inspection that:
€/ =g s = —siNO180O by, (6.3.13)
and, thus, the kappa symmetry condition I',, € = € becomes
Fxoxw = — €, (6.3.14)

which indeed corresponds to a D1 string extended along x'. In this abelian case the spinors
e and 7 in eq. (1.2.147) differ in a function which commutes with everything. Therefore, the
condition (6.3.14) translates into the same condition for the constant spinor 7, namely:

Fwoml’r] =—"n. (6315)
It follows that this configuration is 1/16 supersymmetric: it preserves the two supersymme-
tries determined by eqs. (1.2.148) and (6.3.15).
Integration of the first-order equations

The BPS equations (6.3.10) relate the partial derivatives of r with those of . According to
our ansatz (6.3.2) the only dependence on ¢; and ¢9 in (6.3.10) comes from the derivatives
of 1. Therefore, for consistency of eq. (6.3.10) with our ansatz we must have:

Op b = na Dyt = na (6.3.16)
where n; and ny are two constant numbers. Thus, 1) must be given by:

1 = n1¢1 + naps + constant . (6.3.17)
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Using this form of ¥ (¢1, ¢2) in eq. (6.3.10), one can easily integrate r(6y, 6,), namely:

e? = ¢ (6.3.18)

0 ni+1 0 1—nq 0 no+1 0 1—-ng ?
<s1n71) (cosé) <s1n72) (cosf)

where C' is a constant. From the analysis of eq. (6.3.18) one easily concludes that not all
the values of the constants n; and ny are possible. Indeed, the left-hand side of eq. (6.3.18)
is always greater than one, whereas the right-hand side always vanishes for some value of
0; if |n;| > 1. Actually, we will verify in the next subsection that only when ny = ny =0
(i.e. when 1) = constant) we will be able to generalise the embedding to the non-abelian
geometry. Therefore, from now on we will concentrate only in this case, which we rewrite
as:

27y
2r €
= — =ny =0 6.3.19
‘ sinfy sin 6y ’ (m =nz =0), ( )
where r, = r(0; = 7/2,0, = m/2) is the minimal value of r. It is clear from (6.3.19) that
r diverges at 6; = 0, 7. Therefore our effective strings extend infinitely in the holographic
coordinate r.

6.3.2 Non-Abelian worldvolume solitons

Let us consider now the more complicated case of the non-abelian background. We are
going to argue that the kappa symmetry condition can only be solved if 1 is constant and
siny = 0. Indeed, let us assume that sin 1 does not vanish. If this is the case, by combining
the conditions bj3 = 0 and bs3 = 0 one gets Jy, = 0. Using this result in the equation b5 = 0,
one concludes that dyg,” = 0 (notice that the functions A; can never vanish). However, if r
is independent of the 6;’s the equation b;5 = 0 can never be fulfiled. Thus, we arrive at a
contradiction that can only be resolved if sinty) = 0. Then, one must have:

¢ =0,7,27,37r =0 (mod) . (6.3.20)

Let us now define
A=cosy ==£1 . (6.3.21)

Thus, in this non-abelian case we are only going to have zero-winding embeddings, i.e., as
anticipated above, only the solutions with n; = ny = 0 in eq. (6.3.18) generalise to the
non-abelian case. Since 1) is constant, we now have

When sinty = 0 the equations b1y = b3 = bj3 = b3 = 0 are automatically satisfied.
Moreover, the conditions bss = bys = 0 reduce to:

sin O, 7 + 2)\(ehcosoz — % sinoz)ﬁgzr + Xl cotby = 0,

A 1
cosa Oy, — 2\ (eh sina + % cos v ) Og,r + ?a cot Oy + 3 coty = 0. (6.3.23)
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From eq. (6.3.23) one can obtain the values of the partial derivatives of r. Indeed, let us
define

1 A cotfy
Ny, = = th(2 —
o = g cotbreoth(2r) + 5 SRS
1 A coté,
Ay, = = cotbycoth(2 — . .3.24
0 5 cotfrcoth(2r) + 3 sinh(2r) (6.3.24)
Then, one has
(%ir = —Agi . (6325)

To derive this result we have used some of the identities written in eq. (6.2.57). Notice
that Ay, — A; when r — 0o and the non-abelian BPS equations (6.3.25) coincide with the
abelian ones in eq. (6.3.10) for ny = ny = 0 in this limit. After some calculation one can
check that by, also vanishes as a consequence of (6.3.25). Indeed, one can prove that b,; can
be written:
Ae
b22 == T |:A91 8927’ - AQQ 8917’] y (6326)

which clearly vanishes if eq. (6.3.25) is satisfied.
For a general function (61, 6,), when the angle ¢ takes the values written in eq. (6.3.20),
the determinant of the induced metric takes the form:

3¢ 2 1
V—g = % sin 6, sin 0, [(8917")2 + 4(e*" + %)(8927")2 — 2aA0p, 0, + ezh] X
2 1
x[ A3 + 4™ + )23, - 2008080, + 7 (6.3.27)

If the BPS equations (6.3.25) are satisfied, the two factors under the square root on the
right-hand side of eq. (6.3.27) become equal. Moreover, one can prove that:

2h

br = 201 (Dg — Aadg,) + ~ 0 (4(2h+“—2)A —)\A)—e— (6.3.28)
I — 4 Glr 01 a 02 4 92T € 4 02 a 01 4 . o

Using this result one can demonstrate, after some calculation, that eq. (6.3.13) is also
satisfied in this non-abelian case. As a consequence, the kappa symmetry projection reduces
to the one written in eq. (6.3.14), i.e. to that corresponding to a D1-brane.

Integration of the first-order equations

In order to integrate the first-order equations (6.3.25) for r(6y,62), let us define the new
variable y(r) as:
y(r) = cosh(2r) . (6.3.29)

In terms of y, the BPS system (6.3.25) can be greatly simplified, namely:

Op,y + cotbhy = —Acotby,
Og,y + cotbyy = —Acotb , (6.3.30)
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which can be easily integrated by the method of variation of constants. In terms of the
original variable r one has:

cosh(2r,) + Acos b cos s
sin 6, sin 6,

cosh(2r) = , (6.3.31)
where r, = r(0; = 7/2,05 = 7/2) is the minimal value of r. This is a remarkably simple
solution for the very complicated system of kappa symmetry equations. Notice that there are
two solutions for (61, 65), which correspond to the two possible values of A on the right-hand
side of (6.3.31). If A = +1 (A = —1) the angle ¥ is fixed to ) = 0,27 (¢» = 7, 37). Thus, the
U(1) symmetry 1) — 1) + € of the abelian case is broken to Zs, reflecting the same breaking
that occurs in the geometry. Moreover, it follows from (6.3.31) that r diverges at 6,5 = 0, .
It is easily proved that the embedding written in eqs. (6.3.20) and (6.3.31) satisfies the
equations of motion of the probe.

6.3.3 Energy bound for the effective string solutions

We will now consider the configurations that we have just studied and we will show that
they saturate an energy bound, as expected for BPS worldvolume solitons. Accordingly, let
us choose worldvolume coordinates as in (6.3.1) and an embedding of the type displayed in
eq. (6.3.2) in the non-abelian MN background, where, for simplicity, we will take the angle
¥ to be a constant such that sin¢ = 0 (see eq. (6.3.20)). In this case it is easy to prove that
the hamiltonian density can be written as in eq. (6.1.3), where for an arbitrary function
r(01,6,), Z is a total derivative and & > 0. In order to verify these facts, let us take Z to
be:

e ‘ 2h on , @
Z = e sinfy sinfy | e“" — (Ag, — Naly,)0g, 7 — (4 (e + Z)Agz — )\aA91>892r] :

(6.3.32)

One can prove that Z is a total derivative. Indeed, let us introduce the functions z;(r)
and zo(r) as the solutions of the equations:

dz e2?

— = cosa —

dr 8’

d 20

% = — [acosa + 2¢Msin % , (6.3.33)

where h, ¢ and «, are the functions of the radial coordinate displayed in eqs. (1.2.141) and
(1.2.146). Then, one can verify that Z = 9y, Z% + 09y, Z%, where

Z0 = —cosbsinbyz + Asinb cosby 2z |
p20+2h

Z%2 — _ging, 00892[ — zl} — Acosb;sinby 2y . (6.3.34)

In order to prove this result the following relation:

d

= [ et = 2rer, (6.3.35)
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is quite useful.

It is straightforward to prove that for these configurations the pullback of C'®) vanishes.
Therefore (see eq. (6.1.2)), the hamiltonian density in this case is just H = e~ ¢ /—g, with
V/—g given in eq. (6.3.27). Once Z is known and given by the expression written in eq.
(6.3.32), S is defined as H — Z. One can verify that S > 0 is equivalent to the condition

[8917" 4 Do, — Na(Bayr + A(;Q)r + 42 [892r + A92]2 n 4[A92891r — A918927“]2 >0
(6.3.36)

which is obviously satisfied and reduces to an identity when the BPS equations (6.3.25) hold.

It is easy to compute the central charge Z for the BPS configurations. The result is:
e* . 2 2h A2 2h
Zlpps = T sin ¢y sin 6, [(Agl —Xalg,)” + 4™ AG, + e ] : (6.3.37)

It follows from the above expression that Z |, is always non-negative.

6.4 More defects

6.4.1 Wall defects

Let us find more supersymmetric configurations of the D5-brane probe which behave as a
codimension one defect from the gauge theory point of view. In particular, we are interested
in trying to obtain embeddings for which the angle 1 is not constant. To insure this fact we
will include v in our set of worldvolume coordinates. Actually, we will choose the £’s as:

5# = ($0,$1,$2,92,¢2,¢) ’ (641>

and we will adopt the following ansatz for the embedding:

01 = 01(62), o1 = ¢1(d2),
2} =2*(¥Y) r=r). (6.4.2)

For these configurations the kappa symmetry matrix (6.1.1) acts on the Killing spinors € as:

1
P,ie = —_97x0x1x292¢2¢6 . (643)
Now the induced gamma matrices are:
6_% Var = [y 5 (M:071a2)7
_9 ~ A~
€ 2%, = €h 8@291 Fl -+ ng Fl -+ W29 FQ s
6_% fy¢>2 = €h SiIl 918@(?1 Fg + Wld) fl + ng) fg + ng) fg s
1~

e Ty = =Ty + 0prT, + 9y 2° Ty (6.4.4)

2



6.4. MORE DEFECTS 189

where the W’s are the following quantities:

1
ng = — [COS’QD + aagzel] s

2
1 .
Woe = —3 sin |
1
W1¢ = 5 sin92 SiIl’gD s
1
Way = 5 [sinfy costp — asinb 04,01 ] ,
1
W3¢ = 5 [COS 92 + 8¢2¢1 COSQl] . (645)

Embeddings at r =0

Let us analyze first the possibility of taking in our previous equations » = 0 and an arbitrary
constant value of 2%. Since e — 0, @ — 1 and ¢ — ¢y when » — 0, one has in this case

Yo, = 6%0[W19 Ty + WaTa], g, = ea;_o[Ww [y 4 Wag Dy + Wiy T's] and v, = €¢70f3/2 and
one immediately gets:

e%¢0

[sin 0y + (sin Oy 0p,01 — sin 010, ¢1) cos 1) — sin 6y Oy, 01 Oy, P1) ] [oze .
(6.4.6)
On the other hand, it is easy to compute the value of the determinant of the induced metric
for an embedding of the type (6.4.2) at » = 0 and constant 2. By using this result one
readily gets the action of 'y on €. Indeed, let us define s(s, ¢2,%) to be the following sign:

Vo2¢21p € =

5(0a, 2, 1)) = sign | sin Oy + (sin O 9,0 — sin 0104,¢1) cosp — sin by 0,61 O, 1) | . (6.4.7)

Then, one has: R
[ye lr=0 — §pog1z21123€ lr=0 - (648)

It follows that the condition I'ye = € is equivalent to the projection:
Fm0m1m2f‘1236 lr=0 — S€ =0 - (649)

Notice that the right-hand side of (6.4.9) only depends on the angular part of the embedding
through the sign s. Let us rewrite eq. (6.4.9) in terms of the spinor € defined in eq. (6.2.47).
First of all, let us introduce the matrix I', as:

[, = Dyogigel Doy . (6.4.10)

Recall from (6.2.47) that ¢ = €501 . As a(r = 0) = —7/2, see eqs. (1.2.145) and
(1.2.146), the above condition reduces to:

T.ep = seg (6.4.11)

It is easy to verify that this condition commutes with the projections satisfied by ¢y, which
are the same as those satisfied by the constant spinor 7 (see eq. (1.2.148)). Moreover, it
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is readily checked that these configurations satisfy the equations of motion of the probe.
Notice that the angular embedding is undetermined. However, the above projection only
makes sense if (s, ¢2,1) does not depend on the angles. Although the angular embedding
is not uniquely determined, there are some embeddings that can be discarded. For example
if we take 0 = 65, ¢; = ¢o the corresponding three-cycle has vanishing volume and s is
not well defined. For 6; = constant, ¢; = constant one has s = 1. The same value of s is
obtained if 0, = m—05, ¢p1 = P or when 0; = 05, p; = 2w — 5. Notice that this configuration
consists of a D5-brane, which is finite in the internal directions, wrapping the finite S® inside
the geometry, which has minimal volume at » = 0. This object is thought to correspond to
a domain wall of the field theory [34, 61]. However, the physics of domain walls is yet not
fully understood in this model.

General case

Let us now come back to the general case. By using the relation between the spinors € and
€0, the kappa symmetry equation I', ¢ = € can be rephrased as the following condition on
the spinor €q:

ST STAR (o (6.4.12)

Let us evaluate the left-hand side of this equation by imposing the projection (6.4.11), i.e.
the same projection as the one satisfied by the supersymmetric configurations at r = 0.
After some calculation one gets an expression of the type:
. ) 3¢
—amT o (& ~ A oA ~
e 2 Vi ez M ¢y = __g [d[ + dli Iy + diQF1F2 + deF1F2 +
tdoy Tol's + dyg Tol's + disTiTs + dysTiTs [ 6o, (6.4.13)

where the d’s depend on the embedding (see below). Clearly, in order to satisfy eq. (6.4.12)
we must require the conditions:

dyj = dig = dyy = dyg = dyg = dijg = dyg = 0. (6.4.14)

The expressions of the d’s are quite involved. In order to write them in a compact form let
us define the quantities Py, Py and P3 as:

Pr = WigWay — Wiy Wag + € sin6 0p,01 0,1 ,

P, = " <W2¢ 0,01 — Wip sin 6y 0¢2¢1> ,

Py = eh (qu5 9,00 + Wi sin 6, 8¢2¢>1) . (6.4.15)
Then the coefficients of the terms that do not contain the matrix fg are:

dr = % [chosa — Plsina] + [Plcosoz + Pgsina} 8¢$3 + sP3 Oy,
dy; = —% [Plcosoz + PQSil’lOé] + [chosa — Plsina} 8¢x3,
dis = %773 - S[chosoz - Plsina} Oy,

dyy = s [771 cosa + Ps sinoz} Oyr — P30pa® . (6.4.16)
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From the conditions d;; = dj; = 0 we get the BPS equations that determine dy2® and dyr,
namely:
s Prcosa + Poysina 1 Ps

Opr® = = Dpr = = 6.4.17
v 2 Pycosaw — Pisina’ i 2 Pycosaw — Pysina’ ( )

while the equation d;; = 0 is satisfied if the differential equations (6.4.17) hold.
The expressions of the coefficients of the terms with the matrix I's are:

dss = —Wsy [Ww cosa + el 0y, 01 sina} &w?’ ,
doy = Wiy [(Ww sina — e 9,0, cosoz)%:cs — sWa 31/;7“} ,
diz = Wiy [ng Opa® — s(eh 0p,01 cosa — Wy sina) 8¢r} ,

diz = sWsy [Ww cosa + e 0y, 01 sina] Oy . (6.4.18)

Let us impose now the vanishing of the coefficients (6.4.18). Clearly, this condition can
be achieved by requiring that r and z® be constant. It is easy to see from the vanishing
of the right-hand side of eq. (6.4.17) that this only happens at r = 0 and, therefore, the
configuration reduces to the one studied above. Another possibility is to impose W3, = 0,
which is equivalent to the following differential equation:

cos 0y

cosg. = D (6.4.19)

For consistency, both sides of the equation must be equal to a constant which we will denote

by m:
0
Op 1 = M, cosfy = —CO:n 2 (6.4.20)

Moreover, by differentiating the above relation between #; and 65, we immediately obtain:

sin@z
VsinZly + m? —1

O = ——0% . on(m)

6.4.21
msin 6, ( )

Moreover, by using eqs. (6.4.20) and (6.4.21) one can easily find the following expression of
the P’s:

P 1 1 2 2h
il 4[1+a<89291+8€291>cosw+a} e,

P 1 1
—h 2 _ -
e St 2(09291 + 09291> cosY + a

P 1 1
—h 3 _ = .
o = (89291 t o 91> sinep . (6.4.22)

For consistency with our ansatz, the right-hand side of the equation for dyr in (6.4.17)
must necessarily be independent of 6. By inspecting the right-hand side of (6.4.22) it is
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evident that this only happens if Jy,0; is constant which, in view of eq. (6.4.21) can only

occur if m? =1, i.e. when m = +1. In this case dp,0; = —m and the angular embedding is:
91:71'—92, ¢1:¢27 (m:+1)7
‘91 = ‘92 s ¢1 =21 — (]32 y (m = —1) . (6423)

Notice that the functions in (6.4.23) are just the same as those corresponding to the embed-
dings with constant ¢ (eq. (6.2.45)). Moreover, taking 0p,0; = —m in the expression of the
Pi’s in eq. (6.4.22), and substituting this result on the right-hand side of eq. (6.4.17), one
finds the following BPS differential equations for r(¢)) and x3(¢):

1 sinh(2r)siney

Oyr = 2 cosh(2r) costp — m
5 sm_, 1\ cosh(2r) — mcos®y
= — th(2r) — = . 4.24
Ope 5 © (TCO (2r) 2) cosh(2r) cosp — m (6 )

Lets us now verify that the BPS equations written above are enough to guarantee that
(6.4.12) holds. With this purpose in mind, let us compute the only non-vanishing term of
the right-hand side of eq. (6.4.13), namely d;. By plugging the BPS equations (6.4.17) into
the expression of d; in eq. (6.4.16), one gets:

P + P; + P;

d _ . 6.4.25
T1BPS s Pycosa — Pypsina ( )

From eq. (6.4.25) one can check that:
V~9|Bps = e’ ‘ dr |pps ‘ . (6.4.26)

In order to verify that the kappa symmetry condition (6.4.12) is satisfied we must check that
the sign of d; |ppg is positive. It can be verified that:

sign| Pycosar — Py sina} ps —msign(cos ) , (6.4.27)

and therefore (see eq. (6.4.25)), the condition sign (d; pps) = +1 holds if the sign s of the
projection (6.4.11) is such that:

s = —m sign(cos 1)) . (6.4.28)

Then, given an angular embedding (i.e. for a fixed value of m), we must restrict ¢ to a range
in which the sign of cost does not change and the sign s of the projection must be chosen
according to (6.4.28). Moreover, one can show that the equations of motion are satisfied if
the first-order equations (6.4.24) hold.
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Figure 6.2: The functions 7(¢)) and 23(¢)) for the solutions (6.4.31) in the interval v €
[—7/2,7/2] mod 27. The continuous line represents the embedding with m = +1, while the
dashed line corresponds to m = —1. In this latter case r(¢)) and (1)) remain finite, while
for m = +1 they diverge at ¢ = +m/2.

Integration of the BPS equations

After a short calculation one can demonstrate that the equation for r(¢) in (6.4.24) can be
rewritten as:

Oy | costpsinh(2r) — 2mr | = 0. (6.4.29)
In this form the BPS equation for r(¢)) can be immediately integrated, namely:
C+2mr
= 4.
cosy sinh(2r) ’ (6.4.30)

where C' is a constant. Moreover, once the function 7(¢) is known, one can get z3(¢)) by
direct integration of the right-hand side of the second equation in (6.4.24).

Let us study the above solution for different signs of cos. Consider first the region in
which cos®) > 0, which corresponds to ¢ € [—7/2,7/2] mod 27. If the constant C' > 0, let
us represent it in terms of a new constant r, as C' = sinh(2r,) — 2mr,. Then, the above
solution can be written as:

sinh(2r,) + 2m(r — )
sinh(2r) ’

cos1) = (6.4.31)
from which it is clear that r, is the value of r such that cosi) = 1. The functions r(¢) for
m = 41 written in eq. (6.4.31), and the corresponding x3(¢/), have been plotted in Fig. 6.2.
If m = +1, the solution (6.4.31) is such that r — oo and |z®| — oo when vy — 4+7/2 mod 2.
However, if m = —1 the radial coordinate r grows from its minimal value r, at ¢y = 0 mod 27
to a maximal value 7 = r, + % at ¢ = £7/2 mod 27, while *(¢)) remains finite when
Y € [—7n/2,7/2] mod 2.

If C' <0, it is clear from (6.4.30) that, as we are considering the region cos) > 0, only
the solution with m = +1 is possible. Defining 2r = —C, the solution in this case can be
written as
2(r—r)

cosy = sinh(2r)

(m = +1). (6.4.32)
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This solution has two branches such that » — 7,00 when ¢ — +7/2. Finally, if C' = 0 only
the m = +1 solution makes sense. In this case the solution grows from r = 0 at ¢» = 0 to
r=o00at ) =+£7m/2.

In the region cos <0, i.e. for ¢ € [71/2,37/2] mod 27, the solutions can be found from
those for cosy > 0 by means of the following symmetry of the solution (6.4.30):

Y —-T =, C ——-C, m-— —m . (6.4.33)

Then, one can get solutions in the range i) € [0,27] by joining one solution in the
region costy > 0 to the one obtained by means of the transformation (6.4.33). Notice
that the resulting solutions preserve supersymmetry at the cost of changing the angular
embedding, i.e. by making m — —m, when the sign of cos changes. In particular, in the
solution obtained from the one in (6.4.31) when m = —1 the coordinate r does not diverge.
One can apply this construction to a single brane probe with a singular embedding or,
alternatively, one can consider two different brane probes preserving the same supersymmetry
with different angular embeddings and lying on disjoint regions of 1.

6.4.2 Two-dimensional defects

In analogy with what we have just done with the wall defect solitons, let us find some
codimension two embeddings of the D5-brane probe in which the angle 1 is not constant.
We shall take the following set of worldvolume coordinates:

é"ﬂ = (zoaxlara 92a¢27w) ) (6434)

and we will adopt an ansatz in which 22 and 2 are constant and

01 = 0,(02), ¢1 = ¢1(02).

The induced gamma matrices v,» (@ = 0,1), 79, and 7, are exactly those written in eq.
(6.4.4), while ~, and ~,, are given by:

_¢
2

e Iy . (6.4.35)

N | —

Tr = Fra 6_% Yy =

Let us try to implement the kappa symmetry condition in the form displayed in eq. (6.4.12).
For this case, the left-hand side of (6.4.12) can be written as:

e3¢
- T,
2y/=g

where the f’s are expressed in terms of the P; functions of (6.4.15) as:

e 2 Flflrﬁe% Ty €o

ot | fr + fii o+ fis | e, (6.4.36)

fr = cosaP; + sinaPsy
fii = —sinaP; + cosaPs ,
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Since the matrices I’ 1f‘ 1 and Flf‘ 5 do not commute with the projection (6.2.48), it is clear
that we must impose:

fii=fe=0. (6.4.38)
From the condition f;; = 0, we get:
P
2 — tana , 6.4.39
P, an o ( )

while f;5 = 0 is equivalent to the vanishing of Ps;, which implies:
sin 92 09291 = sin 910¢2¢1 . (6440)

By using this condition for the angular part of the embedding, we can write the ratio between
the functions P; and P, as:

772 _ ’/’SiIlOé(892¢91)2 (6441)

Py rcosa + (e% — %)((89291)2 — 1)

The consistency between the expressions (6.4.39) and (6.4.41) requires that 0p,0; = =£1.
Moreover, by separating variables in the angular embedding equation (6.4.40) one concludes
that Jy,¢1 = m , with m constant. Proceeding as in the previous subsection, one easily
verifies that the only consistent solutions of (6.4.40) with 0p,0; constant are:

01 =0, , b1 =92, (m=+1),
91 =T — 92 s ¢2 =21 — ¢1 y (m = —1) . (6442)

Notice the difference between (6.4.42) and (6.4.23). One can verify that this embedding is a
solution of the equations of motion of the probe. Moreover, by computing /—g and f; for
the embeddings (6.4.42), one readily proves that the kappa symmetry condition is equivalent

to the following projection on €:
Pxoxl € = €o . (6443)

6.5 Summary and Discussion

In this chapter we have systematically studied the possibility of adding supersymmetric
configurations of D5-brane probes in the MN background in such a way that they create
a codimension one or two defect in the gauge theory directions. The technique consists of
using kappa symmetry to look for a system of first-order equations which guarantee that
the supersymmetry preserved by the worldvolume of the probe is consistent with that of the
background. Although the general system of equations obtained from kappa symmetry is
very involved, the solutions we have found are remarkably simple. For a given election of
worldvolume coordinates and a given ansatz for the embedding, chosen for their simplicity
and physical significance, the result is unique.

In order to extract consequences of our results in the gauge theory dual, some additional
work must be done. First of all, one can study the fluctuations of the probes around the
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configurations found here and one can try to obtain the dictionary between these fluctuations
and the corresponding operators in the field theory side, along the lines of refs. [88, 90]. In
the analysis of these fluctuations we will presumably find the difficulties associated with the
UV blowup of the dilaton, which could be overcome by using the methods employed in ref.
[71] in the case of flavour branes. Once this fluctuation-operator dictionary is obtained we
could try to give some meaning to the functions z*(r) and r(6;,6) of eqs. (6.2.68) and
(6.3.31) respectively, which should encode some renormalization group flow of the defect
theory. This analysis could shed light on the exact nature of the deformation introduced
by the defect. Another possible way of getting information of this subject could be trying
to go beyond the probe approximation and to study how the defect modifies the geometry.
From the behaviour of this backreacted geometry one could possibly learn about the type of
deformation that we have on the field theory side.

Interestingly, our non-abelian solitons of sections 6.2 and 6.3 select certain values of
the R-symmetry coordinate ¢ (see egs. (6.2.60) and (6.3.20)). This seems to suggest that
the mechanism of spontaneous breaking of R-symmetry (explaining in subsection 1.2.6) is
also acting on our defects, perhaps by forming a condensate of the fields living on the
defect. Notice that we have also found in section 6.4 other defect solitons in which ¢ is not
constant. Although the interpretation is less clear, the defects of subsection 6.4.1 at r =0
might correspond to domain walls which interpolate between different vacua of the field
theory dual. Notice that the tension of these domain walls remains finite for some particular
choice of the embedding (see eq. (6.4.31) with m = —1 and C' > 0), as it should be for an
object of that nature in field theory.

Let us also point out that one could explore with the same techniques employed here some
other supergravity backgrounds (such as the one obtained in [138], which are dual to N' = 1,
d = 3 super Yang-Mills theory) and try to find the configurations of probes which introduce
supersymmetric defects in the field theory. It is also worth mentioning that, although we
have focussed here on the analysis of the supersymmetric objects in the MN background,
we could have stable non-supersymmetric configurations, such as the confining strings of
ref. [55], which are constructed from D3-branes wrapping a two-sphere. Another example
of an interesting non-supersymmetric configuration is the baryon vertex, which consists of a
D3-brane wrapped on a three-cycle which captures the RR flux [139].



Chapter 7

Final Conclusions

In this last chapter we will briefly summarise the main achievements of this Ph.D. thesis.
At the end of each chapter we have already discussed the partial results obtained and some
possible extensions to the research performed in that chapter. However we would like to
finish with an overview of the work presented in this thesis.

We have concentrated on the study of some aspects of the (extensions of the) AdS/CFT
correspondence to more realistic theories [9, 10]. Let us recall that the AdS/CFT correspon-
dence states that type IIB string theory on AdSs x S° is dual to four-dimensional N = 4
superconformal Yang-Mills theory with SU(N.) gauge group living at the boundary of AdSs
[4]. This is a holographic duality in the sense that the boundary of the AdSs space where
the gauge theory lives encodes all the bulk information [6]. By extensions of the above
conjecture to “more realistic theories” we mean extensions to less supersymmetric theories.
In particular we have payed attention to supersymmetric solutions of type IIB supergravity
which are dual to A/ = 1 supersymmetric gauge theories in four dimensions. These theories
are more interesting from a phenomenological point of view when the conformal invariance
is broken. They present some features analogous to QCD, such as for instance confinement.

We have searched for the possibility of adding supersymmetric D-branes in those super-
gravity backgrounds and we have analysed which nontrivial information of the gauge theory
dual we are capturing with these additional degrees of freedom. It is worth pointing out that
the addition of extra D-branes to a supergravity background can have two different goals.
On one side, as it was firstly proposed by Witten [8], the dual of a field theory cannot be
simple supergravity but it must contain extra D-branes. These D-branes (wrapped on non-
trivial cycles) correspond to solitonic-like states in the large N, gauge theory dual. On the
other side, the addition of D-branes extended infinitely in the holographic direction modifies
the lagrangian of the field theory since we are adding degrees of freedom to the boundary of
the AdS space [5]. This modification could be due to the addition of a new operator to the
lagrangian or could be interpreted as though this new operator takes a VEV. The nature of
the new operator which enters into the game depends on the kind of D-brane that we are
adding and on the way that we add it.

In this Ph.D. thesis we have explored the two goals of the addition of D-branes to super-
gravity backgrounds dual to N' = 1 supersymmetric gauge theories in four dimensions. The
main tool that we have used to introduce the extra D-branes is a local fermionic symmetry of
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the worldvolume theory on the branes called kappa symmetry. By looking for configurations
of D-branes which preserve this local symmetry, we have explicitly determined their embed-
ding in the supergravity background and we have read the fraction of supersymmetry that
they preserve. The system of first-order BPS equations that the kappa symmetry condition
gives rise fulfils the second-order equations of motion for the worldvolume bosonic fields.
Actually, this system saturates a bound for the energy, as it usually happens in the case of
worldvolume solitons.

Once we know how to include in a supersymmetric way the D-branes in a given su-
pergravity background, we should extract the information about the stringy spectrum that
these additional degrees of freedom source. The final goal would be to introduce extra D-
branes in a supergravity background and to take into account, not only the effects that the
D-branes feel coming from the background fields, but also the backreaction undergone by
the supergravity background due to the presence of these extra D-branes. However this
is a very involved problem from a technical point of view and it is still not clear how to
solve it for a D-brane of arbitrary dimension. Thus, the first thing that one may do is to
tackle this problem in the probe approximation and to discard the backreaction undergone
by the supergravity background. We have seen in chapters 2, 3 and 6 that, even in the probe
approximation, we can still capture nontrivial information of the gauge theory dual.

In chapters 2 and 3 we have performed a systematic analysis of the possible supersym-
metric D-brane configurations in backgrounds dual to NV = 1 four-dimensional supercon-
formal field theories. We have focused our attention on the recently found extensions to
the Klebanov-Witten model, firstly on the AdSs x Y9 solution of type IIB supergravity in
chapter 2 and then on a further generalisation of it, namely AdSs x L»*¢ in chapter 3. In
both cases we have also been able to identify the configurations of D3-branes wrapping a
three-cycle dual to the dibaryonic operators of the gauge theory dual. The study of the BPS
fluctuations of these D3-brane configurations (dibaryons) was performed in the AdSs x Y4
case and it was shown to match the gauge theory results. In both chapters we have found
configurations of D3-branes wrapping a two-cycle which could describe a “fat” string in the
gauge theory dual, configurations of D5-branes wrapping a two-cycle which could be suitable
to couple a defect conformal field theory and (non-supersymmetric) D5-branes which look
like domain walls (if they wrap a three-cycle) or a baryon vertex (if they wrap a five-cycle)
in the field theory dual. We have also studied in both chapters configurations of spacetime
filling D7-branes, which could be used to add flavour to the gauge theory, as well as configu-
rations of D7-branes wrapping a five-cycle which are dual to one-dimensional defects in field
theory.

A systematic analysis of the possible supersymmetric D5-brane configurations dual to
defects (of codimension one and two) in four-dimensional N' = 1 Super Yang-Mills theory
was also carried out in the framework of the Maldacena-Ntunez solution in chapter 6. We
also found the configuration of a D5-brane wrapping a three-cycle, which should be dual to
a domain wall.

In order to extract more consequences of our results of chapters 2, 3 and 6 in the gauge
theory dual, some additional work must be done. First of all, one could study the fluctuation
of the brane probes around the configurations found there and one could try to obtain the
dictionary between these fluctuations and the corresponding operators in the field theory
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side, as we did in subsection 2.2.5.

Another way of getting information would be to go beyond the probe approximation and
to study how the geometry is modified by the D-branes included. This analysis was performed
in chapters 4 and 5, where the extra D-branes added to the geometry were suitable to account
flavour degrees of freedom. Recall that the final goal in the study of realistic extensions of the
AdS/CFT correspondence would be to attain the best possible dual description of theories
similar to QCD, like its supersymmetric extension. Understanding fields on the fundamental
representation is essential for this purpose. The construction and analysis of duals to gauge
theories with flavours in the so-called Veneziano limit [101], i.e. N. — oo with ]]\\f[—i fixed,
where Ny is the number of flavours and NV, is the number of colours, hence becomes of capital
importance. The interesting fact about this limit (unlike the 't Hooft limit [7] where N is
kept fixed) is that the quantum effects associated to the existence of fundamental quarks
are not quenched, i.e. they are not suppressed by the large N, limit. In chapters 4 and
5, which addressed respectively N' = 1 superconformal field theories and their extension
to cascading theories in four dimensions (in particular, to the Klebanov-Strassler model),
techniques were developed in order to take into account the backreaction in the geometry
of the N; fundamentals. In both cases, several gauge theory features were matched, like
[-functions and anomalies. Moreover, in chapter 5 we managed to provide an analysis of
the duality cascade which describes the RG flow of the field theory. The approach that we
considered consists of finding solutions of supergravity coupled to D-brane sources.

In the framework of chapters 4 and 5, it would be interesting to study the fluctuations
of the flavour branes since they can be identified with the dynamical mesons of the gauge
theory dual. Another stimulating problem in the same context would be to find a black hole
in the backreacted geometry of chapters 4 and 5 where to study plasmas which include the
dynamics of colour and flavour at strong coupling. Finally, it would be of great interest to
study the possibility of softly breaking SUSY in these backgrounds with flavour degrees of
freedom.

As a final conclusion, it seems that in the absence of a string theory formulation on
backgrounds dual to N' =1 field theories in four dimensions, the addition of extra D-branes
to a supergravity background (in the probe approximation or more interestingly, taking into
account their backreacted effects) captures nontrivial stringy information of the gauge theory
dual. This is an important theme in the context of the gauge/gravity correspondence which
deserves further research.
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Chapter 8

Resumo

A Teorfa de Cordas naceu nos anos sesenta no marco da fisica hadrénica, como un intento
de explicar as interacciéns fortes. A idea era considerar as cordas como tubos de fluxo
que mediaban a interaccién entre hadrons. Pouco despois, esta idea fenomenoloxica foi
escurecida pola formulacién da “Cromodinamica Cuéntica” ou QCD e logo pola formulacion
do “Modelo Estandar”. Este modelo describia de forma axeitada tres das catro interacciéns
fundamentais, é dicir, a interaccién electromagnética, a feble e a interaccién forte. Ainda
que a consistencia do modelo estdndar baséase na existencia dunha particula (o bosén de
Higgs) que ainda non foi detectada, este modelo predi resultados que estan de acordo co
experimento.

A diferencia do modelo estandar, a cuarta interaccién (a gravidade) ten serias inconsis-
tencias. A teoria non é renormalizable e as correcciéns cuanticas de calquera cantidade fisica
que calculamos na teoria da gravidade cuantica depende dun niimero infinito de parametros.
Sen embargo, este é un problema tedrico xa que para calquera valor dos pardmetros de-
sconiecidos, os seus efectos volvense desprezables & escala de enerxias observables (na que
se fan os experimentos hoxe en dia). Por esta razén o limite clasico de teoria da gravidade
cuantica (Relatividade Xeral) esta de acordo co experimento de forma moi impresionante.

O interese real pola teoria de cordas comeza nos anos oitenta. Pensando nas particulas
fundamentais como vibraciéns dun obxecto dunha dimensién (unha corda), o gravitén (a
particula que media a interaccién gravitatoria, sen masa e con spin dous) aparece de forma
natural no espectro da teorfa. Ademais, a teoria é consistente unha vez que consideramos a
stia extension supersimétrica. Este é un punto moi importante a favor da teoria de cordas,
que parece ser o candidato mais serio para describir unha teoria consistente da gravidade
cuantica. A teoria de cordas tamén contén, ademais da gravidade, un nimero enorme de
particulas e de interacciéns que tenen as mesmas caracteristicas que o modelo estandar.
Textos tipicos en teorfa de cordas son [1].

Desafortunadamente, as particulas e as interacciéns que predi a teoria de cordas estan
moi lonxe de ser unicas. Hai moitisimas posibilidades e ainda non esta claro si o modelo
estandar esta entre elas. A nivel fenomenoldxico, ainda é un reto intentar seleccionar un
baleiro entre tddalas posibilidades cando se reduce a dimensién do espacio-tempo dende
a dimesién critica na que viven as supercordas a catro dimensiéns. Ademais, hai cinco
teorias de cordas consistentes que poden ser pensadas como distintos réximes perturbativos
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dunha tnica teoria, chamada Teoria M, que ainda non foi formulada fora do limite de baixas
enerxias. Nesta teoria, os obxectos fundamentais van ser membranas en dias dimensions en
vez de cordas (obxectos nunha dimensién). Estas cinco teorias de cordas estén relacionadas
entre si por medio dunha cadea de dualidades que conecta diferentes rexions da teoria M de
forma non-perturbativa. A accién efectiva a baixas enerxias ven dada pola correspondente
supergravidade, tanto para a teoria M como para as cinco teorias de cordas consistentes.
Estas teorias de supergravidade non son renormalizables pero son relevantes no sentido de
que as solucions clasicas destas teorias van ser solucions de tipo solitonico da teoria de cordas.

Alguns destes soliténs non-perturbativos, normalmente chamados D-branas, son hiper-
planos onde as cordas poden rematar con condiciéns de contorno de Dirichlet (ver [2] para
unha introduccién sobre branas). Hai duas formas duais de describir estos obxectos: por un
lado son fontes do sector de cordas pechadas da teoria de cordas pero, sen embargo, a sia
dindmica pode ser descrita polas cordas abertas (e asi polo sector de cordas abertas da teoria
de cordas) que rematan nela. A baixas enerxias, a dindmica dunha D-brana da lugar a unha
teorfa de campos de gauge que vive no seu volume de universo [3]. Esta descripcién dual
das branas é unha consecuencia da dualidade corda aberta/pechada que xa estd presente a
nivel de teoria de cordas.

Maldacena conxecturou no ano 1997 unha dualidade especifica da clase de dualidades
que acabamos de explicar. Esa dualidade [4] basedbase en que a teorfa de cordas tipo IIB no
espacio AdSs x S® é dual a unha teoria de campos de Yang-Mills en catro dimensiéns con
supersimetria conforme A = 4 e grupo de gauge SU(N.). O que estd dicindo esta conxectura,
en outras palabras, é que o sector de cordas pechadas da teoria de cordas cuantizado no
espacio AdSs x S° é dual 4 teorfa de campos vivindo sobre un conxunto N, de D3-branas
(un resumo desta dualidade podémolo atopar en [5]). Tratase dunha dualidade holografica
no sentido de que o borde do espacio AdS5 onde a teoria de campos dual vive codifica toda
a informacién contida no espacio [6]. Ainda que esta dualidade suponse que se mantén en
todo o rango de valores dos parametros que definen o réxime das duas teorias, por razéns
técnicas foi inspeccionada principalmente no réxime de baixas enerxias. Neste limite podemos
obter informacion sobre o réxime de constante de acoplo forte da teoria de campos realizando
calculos clasicos en supergravidade. Este é o poder da dualidade conxecturada por Maldacena
e que se conece co nome de correspondencia AdS/CFT. Unha idea mais vella que xa sinala
a existencia da despois conxecturada correspondencia entre unha teoria de cordas e unha
teorfa de gauge foi suxerida por G. 't Hooft [7], quen se decatou de que expandindo unha
teoria de gauge U(IV,) no pardametro sen dimensiéns 1/N, e tomando o limite de N, grande,
podemos ordenar os diagramas de Feynman como unha suma sobre a clase de superficies
nas que o diagrama se pode pintar. Isto é similar ¢ calculo de amplitudes de interacciéon de
cordas onde a suma é agora sobre a clase de sabas de universo posibles da corda. Tomando
o limite de baixas enerxias na correspondencia AdS/CFT, estamos restrinxindo a dualidade
a un subsector do espacio de parametros da teoria, tanto na parte de teoria de cordas como
na de teoria de campos de gauge, onde os resultados sinalados por 't Hooft podense aplicar.
Neste limite, a conxectura AdS/CFT afirma que unha solucién de supergravidade debe ser
dual a unha teoria supersimétrica de campos no réxime de constante de acoplo de 't Hooft!

LA constante de acoplo de 't Hooft é o producto do cadrado da constante de acoplo da teoria de gauge
polo rango do grupo de gauge.
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forte. Sen embargo, non tédala informacion que contén a teoria de cordas sobre o seu dual
de campos estd contida na solucién de supergravidade [8]. E necesario inclufr D-branas
extra no lado (da dualidade) de supergravidade para extraer informacién non trivial que non
sobrevive 6 limite de baixas enerxias.

Extensions destas ideas a teorias mais realistas (dende o punto de vista fenomenoldxico)
foron feitas nos tltimos anos (un resumo pédese atopar en [9, 10]). A reduccién da can-
tidade de supersimetria e a rotura da invariancia conforme conduciria a unha formulacion
mais interesante (fenomenoldxicamente) da dualidade. A finalidade serfa encontrar o dual en
teoria de cordas de QCD, unha teoria que non é supersimétrica e que non presenta simetria
conforme. Hoxe en dia estase traballando na procura de formas de romper de forma suave
supersimetria a unha escala axeitada de enerxia. Mentras tanto, teorias con menos super-
simetria e sen invariancia conforme presentan algunhas caracteristicas analogas a QCD, como
por exemplo confinamento, e as ideas da dualidade poden estenderse aqui de forma natural.

Neste traballo de tese centramonos basicamente na extension das ideas da correspon-
dencia AdS/CFT a teorfas madis realistas, principalmente en soluciéns supersimétricas de
supergravidade tipo IIB que son duais a teorias de campos de gauge en catro dimensions
con supersimetria A/ = 1. Nestas soluciéns engadimos D-branas de forma supersimétrica e
analizamos que informaciéon da teoria de campos dual estamos capturando con esos novos
graos de liberdade.

Esta tese doutoral estd baseada nos artigos [11, 12, 13, 14, 15] ainda que algins puntos
técnicos non relevantes para a comprension deste traballo non foron incluidos.

No capitulo 1 comezamos resumindo de forma breve as bases principais da corresponden-
cia AdS/CFT. Logo mostramos algunhas soluciéns supersimétricas de supergravidade tipo
IIB e os seus duais en teoria de campos, teorias con supersimetria N' = 1 en catro dimensidns.
Centramonos principalmente no modelo conecido como o modelo de Klebanov-Witten e nas
stas extensions, conecidas como o modelo de Klebanov-Tseytlin e Klebanov-Strassler, onde
se rompe a simetria conforme e posteriormente se resolve unha singularidade infravermella,
respectivamente. Despois describimos duas familias de solucions de supergravidade tipo I1B
encontradas recentemente que son duais a teorfas de campos N = 1 superconformes en
catro dimensions. A xeometria destas familias de soluciéns é, respectivamente, AdSs x Y74
e AdSs x L**¢. A derradeira solucién de supergravidade tipo IIB que describimos foi o
modelo conecido como o modelo de Maldacena-Ntunez onde a teoria de campos dual é unha
teorfa N' = 1 supersimétrica de Yang-Mills. Finalmente explicamos por que é preciso engadir
D-branas as soluciéns de supergravidade e como facelo para preservar (canto menos) unha
parte da supersimetria da solucién supergravitatoria. A ferramenta principal para facelo foi
unha simetria local fermionica da teoria no volume de universo das branas chamada simetria
kappa. Unha forma sinxela de introducir branas nun fondo de supergravidade é tomando o
limite onde o fondo de supergravidade non se ve perturbado polas D-branas engadidas. Este
limite conécese como o limite de proba. Tamén explicamos como incluir os efectos das D-
branas na soluciéon de supergravidade para un tipo particular de branas, as branas de sabor.
Este limite onde o fondo de supergravidade si se ve perturbado polas branas engadidas recibe
o nome de limite non amortiguado. Este capitulo introductorio proporciona as ferramentas
bésicas e asenta a notacion que seguiremos 6 longo da tese.

No capitulo 2 estudiamos de forma sistemética configuraciéons de branas no limite de
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proba na xeometria AdSs x Y7 usando como ferramenta a simetria kappa. O noso estudio
centrouse en tres clases de branas, D3-, D5- e D7-branas. Os resultados obtidos resumimolos
a continuacion:

D3-branas: Este é o caso que estudiamos mais en profundidade. Para D3-branas envol-
vendo un tres-ciclo en Y74 primeiro reproducimos tédolos resultados presentes na literatura.
En particular, obtivemos duas clases de ciclos supersimétricos: localizados en y; e yo [25] e
localizados na dias-esfera S? [26, 33]. Para estas branas encontramos un acordo perfecto cos
resultados da teoria de campos. Ademais, tamén encontramos unha nova clase de configu-
racions supersimétricas de D3-branas neste fondo de supergravidade. Estas configuraciéns
non corresponden a operadores dibariénicos debido a que as D3-branas non envolven un
tres-ciclo. A interpretacién en teoria de campos destas novas configuraciéns non é completa-
mente clara para nos debido a varios problemas cas propiedades globais. Cremos que estas
novas configuracions son un punto de partida bo para encontrar candidatos que representen
a parte enteira do terceiro grupo de homoloxia de Y79, xustamente como a familia analoga
de ciclos encontrados en [83, 105], que eran representantes da parte enteira Hz(T"!, Z). Serfa
importante entender estas D3-branas envoltas en termos de xeometria alxebraica e tamén en
termos de operadores na teorfa de campos dual, seguindo o traballo feito en [111], onde se fai
énfase no uso de coordenadas homexéneas globais no caso do conifold. Merece a pena potier
énfase en que esas coordenadas homexéneas globais existen en calquera variedade térica [119]
pero a relacién cos operadores de teoria de campos é menos clara no cono formado sobre
a variedade Y4, Analizamos tamén o espectro de excitacions de D3-branas envoltas que
describen un dibarién cargado frente 6 grupo SU(2) e encontramos resultados anédlogos 6s
esperados en teoria de campos para esas excitacions. Ademais, consideramos outras config-
uraciéns e encontramos que unha D3-brana envolta nun dous-ciclo de Y77 non é un estado
supersimétrico pero segue sendo estable. Na teoria de campos, esta configuracién describe
unha corda “gorda”.

D5-branas: As configuracions as que prestamos mais atencién foron as de D5-branas
estendidas 6 longo dunha subvariedade en duas dimensions no espacio Y?? e tendo codi-
mensiéon un en AdSs. En teoria de campos esta é a clase de branas que representa un
defecto de parede. Cando permitimos que a D5-brana se estendera infinitamente na di-
reccion holografica, conseguimos unha configuracion dual a unha teoria de campos conforme
con defectos. Mostramos de forma explicita que tales configuracions preservan catro super-
simetrias e saturan un limite inferior en enerxia como se espera para obxectos de natureza
soliténica. Para estas configuracions tamén consideramos o caso no que se acende un fluxo
de volume de universo na brana de forma que a configuracién segue sendo supersimétrica. O
fluxo no volume de universo da brana proporciona un curvado no perfil do defecto de parede,
similar 6 que ocorria en AdSs x T™! [105]. Tamén mostramos a consistencia de configuraciéns
similares nas que a D5-brana envolve unha subvariedade diferente de dimension dous en Y74,
Ademais consideramos D5-branas envolvendo tres-ciclos. Esta configuracién parece ser unha
parede de dominio na teoria de campos dual. Ainda que non é supersimétrica, vimos que se
trata dunha configuracién que si é estable. Finalmente consideramos unha D5-brana envol-
vendo completamente a variedade Y9, que corresponde a un vértice barionico. Verificamos
que se trata dunha configuracién non supersimétrica, como xa pasaba para a xeometria 75!,

D7-branas: Ca finalidade de introducir meséns na teoria de campos dual correspondente,
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consideramos o caso de D7-branas estendidas en todalas direcciéns do espacio-tempo. De-
mostramos de forma explicita que esas configuraciéns preservan catro supersimetrias e dimos
unha configuracion precisa en termos da coordenada radial. Tamén encontramos unha inter-
pretacién da ecuacién para a configuracién en termos de coordenadas complexas. Ademais,
encontramos outras configuraciéns diferentes de D7-branas que poden servir para introducir
mesoéns na teoria. Finalmente, consideramos unha D7-brana que envolve completamente
a variedade Y?? e que ten codimension dous en AdS5. Dende o punto de vista da teoria
de campos dual, esta configuracién parece ser unha corda (un defecto nunha dimensién) e
preserva duas supersimetrias.

Parte da nosa analise sobre algunhas branas poderia facerse de forma mais precisa. En
particular, seria interesante entender a nova familia de configuracions supersimétricas de
D3-branas en termos de xeometria alxebraica e en termos de operadores na teoria de campos
dual. Tampouco presentamos unha analise do espectro de excitacions para todalas branas.
Seria de gran interese entender mellor as excitacions de D7-branas estendidas 6 longo de
todo o espacio-tempo e tamén do vértice baridnico. Sen embargo, o estudio de excitacions
de branas de sabor é moito madis relevante cando se ten en conta, xa lonxe do limite de proba,
os efectos que estas producen no fondo de supergravidade. Esto foi estudiado no capitulo 4
do que falaremos mais adiante.

No capitulo 3 presentamos un estudio sistematico similar 6 do capitulo 2 de configuracions
de branas no limite de proba na xeometria AdSs x L**¢ introducida no capitulo 1, usando
de novo a simetria kappa como ferramenta principal. O noso estudio centrouse de novo en
tres clases de branas, D3-, D5- e D7-branas que corresponden fundamentalmente a dibariéns,
defectos e branas de sabor na teoria de campos de gauge dual. Vamos a resumir de forma moi
breve os resultados obtidos neste capitulo xa que son similares 6s do capitulo 2 pero nunha
xeometria mais xeral. Para D3-branas envolvendo tres-ciclos en L»*€, primeiro reproducimos
todolos niimeros cuanticos dos campos quirais na representacién bifundamental da teoria de
campos dual. Tamén encontramos unha nova clase de configuraciéns supersimétricas de
D3-branas neste fondo de supergravidade que identificamos cunha configuracién holomorfa
xenérica. Os tres-ciclos que envolven estas D3-branas son calibrados. No caso de D5-branas,
encontramos unha configuraciéon que corresponde a un defecto de codimensiéon un en AdSs.
Dende o punto de vista das D5-branas, este defecto tratase dun solitéon de volume de universo
saturado en enerxia (BPS). Finalmente encontramos configuraciéns de D7-branas estendidas
6 longo de todo o espacio-tempo que poden ser vistas como configuraciéns holomorfas no
Calabi-Yau con base L®"¢. Estas configuraciéns son adecuadas para introducir sabor na
teorfa de campos de gauge dual. Outras configuraciéns de branas de proba tamén foron
consideradas, obtendo resultados similares 6s do capitulo 2.

No capitulo 4, seguindo o método presentado en [80], construimos un dual para a teoria
de campos definida por Klebanov e Witten (e resumida no capitulo 1) cando se engaden Ny
sabores de quarks e antiquarks a cada grupo de gauge. O nimero de sabores Ny engadidos
¢ do mesmo orde de magnitude que o niimero de cores N, que xeran a xeometria, polo que
estamos indo mais ala do limite de proba e temos que considerar os efectos que as D-branas
de sabor producen no fondo de supergravidade proposto por Klebanov e Witten. Na seccién
4.1 deste capitulo escribimos as ecuacions BPS describindo a dinamica do sistema e encon-
tramos solucions 6 sistema de ecuacions de primeira orde que tamén resolven as ecuacions do
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movemento de segunda orde. Tamén analizamos as soluciéns do sistema BPS e aprendimos
que, ainda que son singulares, o caracter da singularidade permite dar conclusions da teoria
de campos dende unha perspectiva puramente gravitatoria.

Propuxemos unha formulacién da teoria de campos dual a esas soluciéns construindo un
superpotencial catro-dimensional preciso. Estudiamos esas soluciéns facendo moitas compro-
baciéns cos resultados esperados de teoria de campos, que inclien a rotura da simetria R e a
funcion g Wilsoniana. A teoria de campos ten funciéns 3 definidas positivas 6 longo do fluxo
do grupo de renormalizacién, exhibindo un polo de Landau no ultravioleta. No infravermello
alnda temos unha teoria de campos fortemente acoplada que é “casi conforme”. Ademais,
usando o método aproximado do superpotencial gravitatorio, aprendimos que a nosa teoria
de campos dual, ademais de ser deformada por un operador marxinal (logo irrelevante no
infravermello), modifica a sta dindmica dando valor esperado no baleiro a operadores de
dimension seis e oito. Tamén explicamos, dende a perspectiva das nosas soluciéns, como
cambiar as relacions entre acoplos e angulos © na teorfa.

Na seccion 4.2 deste capitulo presentamos unha coidadosa descripcion de moitos detalles
técnicos necesarios para derivar os resultados da seccion 4.1. Usando a léxica e a intuicion
desenrolada ali, xeneralizamos o método para calquera variedade en cinco dimensiéns que
pode ser escrita como un espacio de Sasaki-Einstein (unha fibracién un-dimensional sobre
un espacio de Kéhler-Einstein). E moi sorprendente que se repita a mesma estructura de
ecuacions BPS e de superpotencial dez-dimensional. Esto claramente nos indica algtin tipo
de “universalidade” do comportamento de teorfas de campos N = 1 superconformes con
sabor.

Neste capitulo tamén comentamos a posibilidade de engadir & dinamica da teoria de
campos catro-dimensional, campos transformando na representacion fundamental do grupo
de gauge con masa, presentando un contexto xeral para facelo. Parece moi interesante ex-
plotar este procedemento para entender mellor os nosos fondos de supergravidade singulares,
tomando contacto cos resultados de teoria de campos e estudiando outros problemas intere-
santes.

Serfa de gran interese estudiar a dindamica de cordas movéndose nestes fondos de super-
gravidade con sabor, detalles relacionados con dibariéns, rotura da simetria de sabor, etc.
Ainda que complicado dende un punto de vista técnico, estaria ben entender os efectos que
producen as branas de sabor no fondo supergravitatorio cando se acenden campos de volume
de universo nas branas.

No capitulo 5 estendimos o estudio do capitulo 4 de incluir branas de sabor, agora nas
soluciéns de Klebanov-Tseytlin e Klebanov-Strassler introducidas no capitulo 1. O ntimero
de branas de sabor que incluimos é de novo do mesmo orde que o niimero de cores que xeran
a xeometria, polo que debemos ir outra vez mais ala da aproximacién de proba. O resultado
¢ moi interesante xa que os graos de liberdade fundamentais introducidos e a “cascada”
de Klebanov-Tseytlin “empuxan” en direcciéns diferentes no fluxo do grupo de renormal-
izacion. Encontramos que elexindo de forma axeitada os graos de liberdade, podemos en-
contrar situaciéns nas que a dinamica infravermella é, ou a do modelo de Klebanov-Strassler
con sabor ou a estudiada no capitulo 4. Centrandonos no modelo de Klebano-Tseytlin e
Klebanov-Strassler con graos de liberdade de sabor, propuxemos unha teoria de campos
dual ben definida e fixemos diferentes comprobacions da sia validez, como por exemplo a
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“cascada” de dualidades de Seiberg, as anomalias e as funciéns 3. Mostramos en detalle
como cambia o rango dos grupos de gauge dende o punto de vista da teoria de cordas (que
estd de acordo ca perspectiva usual da teoria de campos), proporcionando ademais unha
definicion rigurosa do rango dos grupos de gauge en termos de cargas de Page. Dimos unha
interpretacion da dualidade de Seiberg en termos dunha transformacién grande de gauge en
supergravidade. Tamén mostramos como a variacién da constante de acoplo esta descrita
pola solucion de cordas e como as anomalias globais estan capturadas pola nosa solucién. O
comportamento no ultravioleta do fondo de supergravidade acoplado a branas de sabor que
encontramos neste capitulo suxire que a teoria de campos xera unha “parede de dualidades”.

Seria interesante proporcionar unha soluciéon maéis xeral do sistema de ecuaciéons BPS
deste capitulo e analizar en detalle a stia dinamica dual, prestando atencién fundamental-
mente 6 comportamento infravermello (o derradeiro paso da “cascada” conduciendo & rama
bariénica da teoria de campos, o comportamento dos lazos de Wilson, etc). Seria tamén
interesante estudiar as fluctuacions das branas de sabor no contexto dos capitulos 4 e 5, xa
que estas fluctuaciéns podense identificar cos mesons da teoria de campos dual. Outro prob-
lema estimulante no mesmo contexto seria encontrar unha solucién de burato negro nesas
xeometrias. Eso permitiria estudiar plasmas que inclien a dindmica dos cores e sabores con
constante de acoplo forte. Finalmente, seria interesante estudiar a posibilidade de romper de
forma suave supersimetria nestes fondos de supergravidade con graos de liberdade de sabor.

No capitulo 6 estudiamos de novo de forma sistematica a posibilidade de engadir con-
figuraciéns supersimétricas de D5-branas no limite de proba no fondo de supergravidade de
Maldacena-Nunez (estudiado no capitulo 1) de tal forma que crean defectos de codimension
un e dous nas direcciéns da teoria de campos de gauge dual. A técnica para facelo consiste
de novo en usar a simetria kappa para buscar un sistema de ecuaciéns de primeira orde
que garante que a supersimetria preservada polo volume de universo da brana (no limite
de proba) é consistente ca supersimetria do fondo de supergravidade. Ainda que o sistema
xeral de ecuacions que obtivemos usando a simetria kappa é moi complicado, as solucions
que encontramos son moi sinxelas. Para unha eleccién dada de coordenadas de volume de
universo e para unha determinada configuracion da brana, elexida pola sta simplicidade e
polo seu interese fisico, o resultado foi tnico.

Para extraer mais consecuencias dos resultados deste capitulo na teoria de gauge dual, é
preciso algun traballo adicional. Primeiro, un poderia estudiar as fluctuacions das branas de
proba en torno as configuracions presentadas no capitulo e intentar obter un diccionario entre
esas fluctuacions e os correspondentes operadores no lado de teoria de campos, seguindo a
lina das referencias [88, 90]. Analizando esas fluctuaciéns encontraremos, presumiblemente,
dificultades asociadas 6 comportamento ultravioleta do dilatén, que diverxe. Esas dificul-
tades poderian superarse usando os métodos empregados en [71] para o caso de branas de
sabor. Unha vez que obtivéramos o diccionario fluctuacién-operador, poderiamos dar un sig-
nificado fisico 4s funciéns z3(r) e r(0y, 02) das ecuaciéns (6.2.68) e (6.3.31) respectivamente,
que deberian codificar algunha informacién sobre o fluxo do grupo de renormalizacién da
teoria con defectos. Esta andlise tamén daria pistas sobre a natureza exacta da deformacion
introducida polo defecto. Outra forma posible de conseguir informacién seria estudiar como
os defectos modifican a xeometria, indo mais ald da aproximacién de proba. Do comporta-
mento desta xeometria onde se inclie a deformacion inducida polos defectos, seria posible
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aprender sobre o tipo de deformacién que temos no lado da teoria de campos.

Os solitons non abelianos das seccions 6.2 e 6.3 seleccionan, de xeito sorprendente, certos
valores da coordenada 1 dual 6 parametro que xera a simetria R (ver ecuaciéns (6.2.60) e
(6.3.20)). Esto parece suxerir que o mecanismo de rotura espontanea da simetria R (explicado
na subseccién 1.2.6) tamén actia nos nosos defectos, formando quizd un condensado de
campos que viven no defecto. E importante recordar que na seccién 6.4 encontramos outros
defectos soliténicos nos que a coordenada v non era constante. Ainda que a interpretacion é
menos clara, os defectos da subseccion 6.4.1 en r = 0 probablemente sexan duais a paredes
de dominio que interpolan entre distintos baleiros da teoria de campos dual. Notar que a
tension desas paredes de dominio permanecia finita para certas configuracions particulares
(ver ecuacién (6.4.31) con m = —1 e C' > 0), como debe ocorrer para un obxecto desa
natureza en teoria de campos.

Voélvese preciso indicar que se poderia explorar cas mesmas técnicas empregadas no
capitulo 6 algin outro fondo de supergravidade (como por exemplo o obtido en [138] que
¢ dual a unha teoria de campos de Yang-Mills en tres dimensions espacio-temporais con
supersimetria N' = 1) e intentar encontrar configuraciéns de branas de proba que intro-
duzan defectos supersimétricos na teoria de campos. Sinalar que ainda que nese capitulo nos
centramos na procura de obxectos supersimétricos no fondo de Maldacena-Nunez, tamén se
poderian ter configuracions estables non supersimétricas tales como as cordas confinantes da
referencia [55], que se constrien con D3-branas envolvendo unha dias-esfera. Outro exem-
plo dunha configuracién non supersimétrica interesante é o vértice baridnico, que consiste
en D3-branas envoltas nun tres-ciclo que captura o fluxo de RR [139].

Como conclusion final, parece que na ausencia dunha formulacion en teoria de cordas de
fondos duais a teorias de campos en catro dimensiéns con supersimetria N = 1, engadir D-
branas extra na solucién de supergravidade (no limite de proba ou, de forma mais interesante,
no limite non amortiguado) captura informacién relevante da teoria de gauge dual. Tratase,
por tanto, dun tema importante no contexto da correspondencia gauge/gravidade no que
merece a pena seguir investigando.
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