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RESUMEN (en espafiol)

La correspondencia AdS/CFT o dualidad hologréafica nos permite describir sistemas fisicos en
regimenes de acoplo fuerte donde las herramientas tradicionales a nuestro alcance como el
analisis perturbativo no pueden ser aplicadas. Esta tesis esta enfocada en el desarrollo de un
método para calcular amplitudes de dispersion en teorias confinantes con duales holograficos
mediante la correspondencia AdS/CFT. Estas teorias confinantes presentan un “mas gap” y un
espectro de masas discreto.

Se ha desarrollado un método para calcular amplitudes de dispersion y longitudes de
dispersion en procesos de dispersion elasticos utilizando la dualidad hologréfica. Estas
cantidades capturan las caracteristicas basicas de la interaccion en el proceso de dispersion,
es decir si la interaccion es atractiva o repulsiva. Este método consiste en la identificacion los
residuos de las funciones de Green de la teoria gravitatoria dual con las amplitudes en la teoria
de campos. Dicho procedimiento fue aplicado a sistemas ya conocidos.

Estos modelos holograficos, obtenidos a partir de teoria de cuerdas, son duales a teorias de
campos confinantes y presentan diferentes realizaciones geométricas. Aplicando nuestro
método hemos obtenido en primer caso la relacion entre la longitud de dispersion y la masa de
las particulas que participan en la interaccion, asi como la relacion entre la longitud de
dispersion y la dimensién conforme de los operadores que crean dichas particulas y su
espectro de masas. Finalmente hemos obtenido el valor de los coeficientes del lagrangiano
quiral, asi como el valor de la constante de desintegracion del pion aplicando nuestro método a
un modelo que incluye dichas particulas y presenta las simetrias de la teoria quiral.

La tesis contiene siete capitulos. El primer capitulo consiste en una introduccién donde se
expone el contexto de este trabajo. En el Capitulo 2 se hace un repaso de varios temas
relacionados con la teoria cuantica de campos necesarios para la tesis. El en el Capitulo 3 se
presenta la dualidad hologréfica y sus principales caracteristicas. En el Capitulo 4 se presenta
y se desarrolla un método para calcular la amplitud y la longitud de dispersion dentro del marco
de trabajo de la correspondencia AdS/CFT. En el Capitulo 5 se aplica este método a tres
modelos diferentes con el objetivo de obtener la longitud de dispersién y el espectro de masas.
En el Capitulo 6 se aplica dicho método al proceso de dispersion de piones para obtener su
amplitud de dispersion. Finalmente, las conclusiones estan dada en el Capitulo 7.




LR Y YY

YR ¥l

RESUMEN (en Inglés)

The AdS/CFT correspondence or holographic duality allows us to describe physical systems in
strongly coupled regimes where the traditional tools at our disposal such as perturbative
analysis cannot be applied. This thesis is focused on the development of a method to compute
scattering amplitudes in theories confining with holographic duals using the AdS/CFT
correspondence. These confining theories present a "mass gap" and a discrete mass spectrum.

A method has been developed to calculate scattering amplitudes and scattering lengths in
elastic scattering processes using holographic duality. These quantities capture the basic
characteristics of the interaction in the dispersion process, i.e. whether the interaction is
attractive or repulsive. This method consists of identifying the residues of Green's functions in
dual gravitational theory with the amplitudes in field theory. This procedure was applied to
already known systems.

These holographic models, obtained from string theory, are dual to confining field theories and
present different geometric realizations. Applying our method, we have obtained in the first case
the relationship between the scattering length and the mass of the particles participating in the
interaction, as well as the relationship between the scattering length and the conformal
dimension of the operators that create these particles and their mass spectrum. Finally, we
have obtained the value of the coefficients of the chiral lagrangian as well as the value of the
pion decay constant by applying our method to a model that includes these particles and
presents the symmetries of the chiral theory.

The thesis contains seven chapters. The first chapter consists of an introduction where the
context of this work is exposed. Chapter 2 reviews several topics related to quantum field theory
necessary for the thesis. Chapter 3 presents the holographic duality and its main
characteristics. Chapter 4 presents and develops a method for calculating the scattering
amplitude and the scattering length within the framework of AdS/CFT correspondence. In
Chapter 5 this method is applied to three different models to obtain the scattering length and
mass spectrum. In Chapter 6 this method is applied to the process of dispersion of pions to
obtain its scattering amplitude. Finally, the conclusions are given in Chapter 7.
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Chapter 1

Introduction

The context of this thesis is that of the gauge/gravity duality, which made its appearance in String Theory, and
gave a completely new way of understanding theories of gravity, quantum field theories and the relations between
them.

The development of Quantum Field Theory (QFT) has been one of the biggest achievements in physics during
the past century like that of Genereal Relativity (GR). Both theories have predicted with accuracy an astonishing
amount of natural phenomena. The predictions provided by QFT and the Standard Model have met the experi-
mental results with a precision unprecedented in science. However the Standard Model is just an effective theory
that need a UV completion an a deep understanding of the full theory is still needed to give answer to some of the
most fundamental questions of nature.

As we said the Standard Model is not the end of the story and despite it success the predictive power of QFT is
limited to a set of regimes and phenomena. The usual approach consists of a pertubative analysis of the theory to
obtain scattering amplitudes. This requires in most of the cases that the value of the coupling constant is small and
that’s why for strongly coupled theories the perturbative approach fails and alternative techniques are need. That’s
the reason the nature of the strong interaction was the hardest and latest to be understood, and in the seventies,
Quantum Chromodynamics (QCD) appeared as the suitable QFT to account for the strong nuclear forces. And it
was in the context of trying to understand the strong interactions where Sting Theory first appeared.

Strong nuclear forces are well described at high energies by the perturbative expansion of QCD, the microscopic
theory that has as dynamical degrees of freedom quarks and gluons. At low energies QCD becomes strongly coupled
and an effective description becomes a necessity. Mesons and baryons (hadrons) are the observed physical bound
states at low energies and a standard approach is to construct an effective field theory with hadrons as dynamical
degrees of freedom.

Bound with the effective theory does not mean that all the microscopic details are coarse-grained beyond reach.
One can gain access to the microscopic physics as they are encoded in short-range interactions among the low energy
degrees of freedom in the effective theory. It is even possible to do a systematic expansion of these interactions in
terms of the microscopic length scale over a wavelength , the lowest order contribution being determined by the
scattering length. This important text-book quantity can, in principle, be extracted from the zero momentum limit
of the scattering amplitude involving the interacting degrees of freedom; for reviews on this approach, see |1H3].
Generically, a negative scattering length as < 0 implies that the interaction is attractive, while a positive value
as > 0 may signal either a repulsive interaction (for small a,) or the existence of bound states in an attractive
potential (for large ay).

In many cases, the details of the interactions for a given channel are not very important, and for an effective
description at low energies it is enough to know the scattering length as and the range of interaction. However, a
direct computation of the scattering amplitudes in the microscopic theory is typically not conceivable, especially at
strong coupling. This also has some inherent limitations for heavier states in particular.

Due to confinement, strong interactions are short-ranged and in many cases can be approximated by contact
interactions, which are determined by the scattering length measured in the experiment, or alternatively extracted
from finite size corrections in lattice QCD [4H6]. In general, there are also interactions within the hadronic theory
produced by hadron exchange. Hadronic matter is not the only example of a physical system with short-range
interactions. Those abound in condensed matter systems, for instance in the descriptions of the effective potential
for cold atoms at unitarity [7H9]. So there are many important physical systems whose complete description is out
of reach of traditional approaches, typically because they are strongly coupled.

A promising alternative is to use the the AdS/CFT correspondence or holographic duality, which is well-suited



for this task, as the gravity side becomes weakly coupled when the dual theory is strongly coupled. This duality
establishes an equivalence between string theory in an AdS geometry and a QFT living on its boundary, with the
peculiarity of being a strong/weak coupling duality. So this feature provides us with a powerful tool to understand
strongly coupled field theories by means of calculations in the string theory side or its classical low energy description,
supergravity.

The duality appeared in 1997 when Maldacena proposed the AdS/CFT correspondence [10]. The key objects
in thee discovery of this duality are the D-branes, non-perturbative extended objects of different dimensionalities.
These objects can be studied from the closed string point of view as emitters of closed strings or from the open string
point of view as endpoints to which the strings can be attached. It is that dual picture that allowed Maldacena to
formulate the AdS/CFT correspondence. The conjecture goes as follows. Taking D3-branes in flat space time and
after applying some particular limits the two dual pictures of the branes emerge. One is the closed string picture
described by type IIB closed String Theory in AdSs x S® spacetime and the other is the open string picture described
by the gauge theory on the worldvolume of the D3-brane, which is the (341)-dimensional N' = 4 supersymmetric
Yang-Mills gauge theory, which is a conformal field theory. Both descriptions are thought to be equivalent and this
was the first known example which realized the idea of the existence of a relationship between String Theory and
gauge theories.

Also, since the inception of the gauge/gravity, or holographic, duality there has been a conscious effort to under-
stand Quantum Chromodynamics (QCD) in the non-perturbative regime [11]. We do not know if the holographic
dual of QCD exists and, even if it is the case, there is likely no weakly coupled gravity description. To date, quan-
titative predictions have usually been based on a phenomenological approach where weakly coupled holographic
models are fitted to known QCD data obtained through experiments or other non-perturbative approaches. The
most developed model in this respect is presumably V-QCD [12].

The main goal of this thesis is the development of a method to compute scattering amplitudes using the
holographic duality and then apply it to some models with different holographic duals and finally obtain the
value of the Low Energy Coefficients (LEC’s) for pions that appear in the chiral lagrangian. We compute two-to-
two scattering amplitudes and scattering lengths by identifying the residues of the Green’s functions in the gravity
theory with the amplitudes in the field theory using the relation between the one-point function and the regularized
canonical momentum given by the holographic dictionary. With this method in hand, first we apply it to three
different confining models with a discrete spectrum and a mass gap (the hard wall model [13|, the GPPZ flow [14]
and the AdSg soliton [11]), each one of them with different geometry in the gravity side, in order to obtain the
spectrum of masses, the scattering length and it’s functional dependence on the masses of the particles and on the
conformal dimension of the operators that create them and to find out if the differences in the gravity description
affect the final result of the scattering length. Lastly we apply our method to the Sakai-Sugimoto model [15}/16]
to obtain the pion decay constant and the LEC’s from the two-to-two pion low energy scattering amplitude which
we compute in the holographic dual through tree-level Witten diagrams and compare those values with the ones
existing in the literature.



About this thesis

This thesis is based on the papers [17], |18] and [19] it is divided on two different parts, the first one is an introduction
on theoretical aspects and the second one is focused on the computation of scattering processes using holography,
and has the following structure:

e The second chapter is a review on some relevant field theory topics for our work, the computation of scattering
amplitudes in Quantum Field Theory, the large IV limit in Yang-Mills gauge theories and its relation with
String Theory and the Chiral Effective Theory, what happens to it in the large N limit and how are the
dynamics of the pion field.

e The third chapter is an introduction of the AdS/CFT correspondence, first we see how it arises in the
framework of String Theory, how the dictionary between both sides works in terms of fields/operators and
also in terms of symmetries and how to compute correlation functions and then we review some string theory
models with a confining geometry dual, the GPPZ flow, the AdSg soliton, the Witten-Yang-Mills model and
the Witten-Sakai-Sugimoto model on which, later on, we will study the scattering process.

e In the fourth chapter we present a method to compute the two-to-two amplitudes and the scattering length
using the holographic duality. Our method is based on the identification of the residues of Green’s functions
in the gravity dual with the amplitudes in the field theory. We will start reviewing the derivation of the
scattering length from the four-point function in four spacetime dimensions. Then we will present the method
to compute the scattering amplitude and the scattering length between four scalar particles using holography.
We will allow a general value of the spacetime dimension and show that it is enough to extract the residues
of poles in Green’s functions of classical fields in the gravitational theory.

e In the fifth chapter we apply our method to three different models with confining duals computing the main
contribution to the scattering length between two spin-zero particles in strongly coupled theories using the
gauge/gravity duality. First for illustration purposes we will apply the method to the hard wall model,
computing a contribution to the scattering length. Then we study two different theories with a mass gap: a
massive deformation of AV = 4 super Yang-Mills theory (A = 1) and a non-supersymmetric five-dimensional
theory compactified on a circle. These cases have a different realization of the mass gap in the dual gravity
description: the former is the well-known GPPZ singular solution and the latter a smooth AdSg soliton
geometry.

e In the sixth chapter we apply our method to compute the pion scattering amplitude in the Witten-Sakai-
Sugimoto model and obtain the pion decay constant and coefficients of fourth derivative terms in the chiral
Lagrangian for massless quarks. We extract these quantities from the two- pion scattering amplitude, which
we compute directly in the holographic dual through tree-level Witten diagrams.
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Chapter 2

Review of Field Theory Topics

In this chapter we will present some key topics of Quantum Field Theory relevant for this thesis like the computation
of scattering amplitudes, the large N limit and the Chiral Perturbation Theory (ChPT).

2.1 Scattering Amplitudes

Here we will review the computation of scattering amplitudes within the framework of quatum field theory using
correlation fuctions and the LSZ reduction formula (named after the the three German physicists Harry Lehmann.
Kurt Symanzik and Wolfhart Zimmerman). The main reference for this chapter is [20].

A Cy
Cy

Csy

B Cy

Figure 2.1.1: General scattering process

The most general scattering of two particles is of the form shown in Fig2.1.1] where two ingoing particles A and
B collide and produce an arbitrary number of outgoing particles labeled as Cy,C5,C5,...C,

A+B—->C1+Co+Cs5+...4+C,. (211)

In a low energy scattering process which takes part in the elastic region, where the number and type of the particles

doesn’t change, the previous reaction reads
A+B— A+ B, (2.1.2)

where the particles satisfy the on-shell conditions
pal = m1247 p2B = Tn%’v pi’ = mi&v sz’ = m%’ (2.1.3)

Being p4 and pp the 4-momenta of the particles before the collision and p4. and pps the 4-momenta after it. The
total momentum in such collision is conserved so

pa+pB —pa —pp =0. (2.1.4)

13



In a scattering process like the one described before we are interested in how the incoming particles given by |é)
evolve into the outgoing particles |f). So the operator of interest is the scattering operator S. This operator maps
the incoming states into the outgoing states
|y =S1i). (2.1.5)

It encodes the information about the scattering process and it is defined as the limit of the time evolution operator
for infinite times

S = ti,t}clEl:Foo Uty ;). (2.1.6)
The time evolution operator U (ts,t;) expressed in the interaction picture, assuming the Hamiltonian is time inde-
pendent, takes the system from an initial time ¢; to a final time ¢y and it is defined as

U (tf7 tz) — eiHOtfe_i(HO“l'v)(tf_ti)e_iHOti’ (217)

where Hj is the free particle hamiltonian.
The S is matrix defined as
Syi=(fIS i), (2.1.8)

where usually S is decomposed in two parts
S =1+iT, (2.1.9)

the first one is the non-interacting part given by the identity matrix and the second one is the interacting part that
encodes the dynamics of the process and is called the 7-matrix.

The matrix elements of S should reflect 4-momentum conservation so they always have to contain a factor
6% (ps — pi). Extracting this factor the S-matrix element can be written as

(F1S1i) = (fl8) + (2m)" 6" (pg + i) iM i, (2.1.10)

with
iTp = (2m)" 6% (g + i) iMys. (2.1.11)

where My; is the scattering amplitude and from which one can obtain measurable quantities like the cross section,
decay rates and the scattering length.
In order to obtain the S-matrix elements we use the LSZ reduction formula which reads

, n . ) p2 +m2
(1. Pkl S|Pkt - Dn) = "/ Hd xnezp”"c”lﬁ (P (x1),..., b (xn)), (2.1.12)
=1 " p;i on-shell

where Z,, factors correspond with the residues of the poles of the two-point correlation function. It relates correlation
functions to the S-matrix elements and assumes that all the particles have the same mass. The factors (pl2 + mz)
vanish once the momenta are placed on-shell, p? = —m?. This means we only get a non-zero answer for diagrams
contributing to the n-point function which have propagators for each external leg.

The last step in this process is to know how to compute correlation functions. Correlation functions are vacuum
expectation values of time-ordered products of field operators and can be interpreted physically as the amplitude
for propagation of particles, in the case of the two point function it represents the amplitude for propagation of a
particle between points z and y. They are key objects in quantum field theories and via the LSZ reduction formula
they can be used to compute observables such as S-matrix elements.

For a scalar field theory with a single field ¢ () and a vacuum state |Q2) the n-point correlation function is the
vacuum expectation value of the time-ordered products of n field operators in the Heisenberg picture

(6(21), . 6 (@) = (QUT{S(@1) -, & (2a)} 1) (2.1.13)

where T'{...} is the time-ordering operator which orders the field operators so that earlier time field operators
appear to the right of later time field operators. Transforming the fields and states into the interaction picture, this

is rewritten as |
_ <O| T {¢ (xl) PRI (b (xn) €lsl[¢]} |0>

(@(@1),. . 0 (2n)) = O[S @) : (2.1.14)

where |0) is the ground state of the free theory and S is the part of the action that encodes the interaction

Sy = /dt (=Vp), V= eHotyeitlot, (2.1.15)

14



Expanding €571?! the n-point correlation function becomes a sum of correlation functions which can be evaluated
using Wick’s theorem. A diagrammatic way to represent the resulting sum is via Feynman diagrams where each
term can be evaluated using the Feynman rules.

In terms of diagrams the previous equations can be written as

(sum of all vacuum bubble diagrams) x (sum of all diagrams with no bubbles)

(P(@1),...,¢(zn)) = : (2.1.16)

(sum of all vacuum bubble diagrams)

The first terms cancels with the normalization factor in the denominator so the n-point correlation function is the
sum of all Feynman diagrams excluding vacuum bubbles

(@), b @) = O T {0 (@) -0 (@) @9} 0), s (2.1.17)

This sum also include disconnected diagrams, which are diagrams where at least one external leg is not connected
to all other external legs through some connected path. Excluding these disconnected diagrams instead defines
connected n-point correlation functions

(6 (@) sy 0 @) = O T {6 1)+, 6 @) €5 10)cppmciea (2.1.18)

These contain all the information that full correlation functions contain since any disconnected diagram is a product
of connected diagrams.
In the path integral formulation, n-point correlation functions are written as

z1), ..., ¢ (z,) eSOl
(@(@1),...,0(zn)) = Kl f)weis% ) : (2.1.19)

They can be evaluated using the partition function Z [J]
7] = /D¢6i5[¢]+ifdde(a:)¢(m)7 (2.1.20)

where J () is the scalar field source current so the n-point correlation function can be computed as the functional
derivative of the partition function with respect to the sources

1 " Z [J)
J=0] 0J (x1)...0J (xp) | ;o

(@(z1),... ¢ (2a)) = (=1)" 7 (2.1.21)

2.2 Large N Limit

Gauge theories like Yang-Mills theory with gauge group SU(N) allow a perturbative expansion in the computation
of observables in powers of 1/N and simplify considerably in the limit when N — oo. This was first pointed out by
't Hooft in 1974 in |21] and it is called the large N limit. It provides us with a perturbative framework to study
for example QCD where one extrapolates from the physical value for the number of colors, N = 3, to the limit
N — o0.

The action for Yang-Mills theory with gauge group SU(N) is

S=-— /d4xTr (F"E,,). (2.2.1)
29y m
We define the 't Hooft coupling as
A=g2yN, (2.2.2)
which will be kept fixed when taking the limit N — co. So in terms of this new coupling the action (2.2.1)) reads
N
S=-o3 d*xTr (F*™ F,,). (2.2.3)

In order to analyze Feynman diagrams at large N the double line notation will be used. As usual quarks will carry
a color index ¢ with ¢ = 1,..., N. On the other hand, gluons that usually are described by a single color index
which takes the values a = 1,..., N2 — 1 will now be described by two indices j and k

Al = (AL (A)] =0, (2.2.4)

15



where j,k =1,..., N so each gluon field is an N x N matrix.
The gluon propagator then reads

(A} (2) A% (1) = Ay (z = ) (6;'6;? - ;Vé;iél’f) , (2.2.5)

where A, () is the usual Abelian gauge field propagator.

As we mentioned with this new notation the gauge fields carry two color indices so we can represent each gluon
as if it was a quark-antiquark pair. A solid line is drawn for each color index. The Feynman diagram for the gluon
propagator is shown in

i
=>

J -

Figure 2.2.1: Gluon propagator in the double line notation.

The propagator scales as A/N as can be read off from the action (2.2.3)).
Expanding the action we can obtain the cubix and quartic vertex, depicted in [2.2.2]

i j J
j A
k i
J l

(a) Cubic vertex. (b) Quartic vertex.

k
N
5y

k

Figure 2.2.2: Some vertices in the double line notation.

Where each vertex contributes with a factor of N/A.
A general diagram consists of an arbitrary number of propagators, interactions vertices and color index loops
so it will give a contribution

A #propagators N F£vertices .
diagram ~ <N> (A> (V) freotor indexloops (2.2.6)

To ilustrate this we will present some examples of diagrams in [2.2.3] and 2:2.4]

. N ' N/\
(b)

(a)
Figure 2.2.3: Vacuum bubbles.

16



() (b)

Figure 2.2.4: Gluon propagator.

In the first case, Figure [2.2.3] we have two vacuum bubbles both with one gluon exchange but with different color
index loop structure. In the second case, Figure m we have the gluon propagator (a) and the gluon propagator
with one loop correction (b). We see in both cases that the second diagram is supressed by a factor 1/N? relative to
the first so in the limit N — oo, while keeping the 't Hooft couplig A fixed, the second ones will be sub-dominant.
The dominant diagrams like Figure [2.2.3(a) and Figure a) are called planar diagrams and the sub-dominant
ones like Figure 2.2.3(b) and Figure ﬂb) are called non-planar diagrams. So in the large N limit one only needs
to sum over the planar diagrams.

Now we are going to explain why they are called planar and non-planar diagrams. The main idea is that the
planar diagrams, like the one in a)7 can be inscribed on the surface of a sphere as we see in Figure [2.2.5

Figure 2.2.5: Planar diagram.

To recover the original diagram from the one depicted on the sphere one just needs to remove the bottom face
of the sphere and proyect the remaining half on the plane.

On the other hand, non planar diagrams must be drawn on other kind of surfaces. As we see in Figure [2.2.6]
the diagram depicted in b) must be inscribed on a torus instead on a sphere.

\
'
]
’
’
.

Figure 2.2.6: Non-planar diagram

Now we can introduce the Euler characteristic x defined by

X =2-—2g—h, (2.2.7)
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being ¢ the genus of the surface which corresponds to the number of handles and A the number of holes. In this
case we are interested in closed surfaces where the diagrams can be inscribed so the relation (2.2.7) for the Euler
characteristic reduces to

X =2-2g. (2.2.8)

In Figure 2:2.7 we show some surfaces and the corresponding values of g.

g=0 g=1 g=2

Figure 2.2.7: Examples of surfaces with different genus.

Then, given the genus of the surface where the diagram can be inscribed, its contribution which is weighted by
its topology, can be computed in terms of the Euler characteristic as

diagram ~ NX. (2.2.9)

Thus the large N expansion of any process may be written as

o0

> N (2.2.10)

9=0

so the computation will be dominated by the surfaces of maximal x or minimal genus.

We see that the large N limit of Yang-Mills consists of a sum over surfaces of different topologies, a feature
also present in string pertubation theory where the sum is over the different topologies of the worldsheets. The
scattering of two strings receives contributions from worldsheets of the form

Figure 2.2.8: Worldsheets corresponding to the contributions to the scattering of two strings.

where the Euler characteristic (or the genus) also plays an important role because the pertubative expansion of
a process is given by the sum
> g, (2.2.11)

topologies
where g is the string coupling. Doing the comparison between (2.2.10) and (2.2.11]) one can make the identification
1
9s ~ N (2.2.12)

so this suggests a relation between weakly coupled string theory and the large N limit of the Yang-Mills theory.
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2.3 Chiral Perturbation Theory

QCD, the theory of strong interactions, consists of Yang-Mills gauge theory coupled to fermions. These fermions
are known as quarks and they have six different flavors, each flavor having different mass. If we are interested in
studying hadron physics at energies below ~ 1 GeV we can ignore the charm, bottom and top quarks. Also the
masses of the up and down quarks are of few MeV which is much less than Agep ~ 200 MeV so we can make the
approximation that those quarks are massless. So the remaining theory with only two flavors of quarks will exhibit
a global U(2) x U(2) global symmetry in addition to the SU(3) color gauge symmetry. This symmetry is often
denoted as U(2)r, x U(2)r and treats the left- and right-handed fields differently and is known as chiral symmetry.
Most of this content is based on [22] and for reviews on this topic see |2}23}24].

Gauge theories with massless fermions exhibit chiral symmetry as we mentioned, under this symmetry one can
rotate the left-handed and the right-handed components of the fields independently and the theory remains the
same, this is described by the transformation

0L

qr — € °"qr, 4R — 4R, (2.3.1)

or
iOr

qR- (2.3.2)

The fermionic part of the Lagrangian of that theory reads in the general case when the theory has N; flavors of
fermions

qr. — 4L, 4r — €

Ny
L= iqPy, (2.3.3)

i=1

where Pq = Jq — iv*A,q. Here i = 1,..., Ny labels the species of quark and it is referred as a flavor index.
The theory symmetry group is manifest when we decompose the fermionic kinetic terms into left-handed and
right-handed parts

Ny Ny
> iGPa =Y iGi, P, +iGin P (2.3.4)
i=1 i=1
The symmetry of the Lagrangian is given by the U(Ny)r x U(Ny)r symmetry group. It can be divided into the
diagonal and off-diagonal components, the first one treats the left-handed and the right-handed parts equally and

its known as vector symmetry U(Ny)y and the second one treats them differently and is know as axial symmetry
U(Ny) 4. The flavor can be decomposed intcEl

SU(Ny)L x SU(Ng)r x U(1)y x U(1)a, (2.3.5)

where the vector symmetry U(1)y acts as

qr, — equL, qr — eieRqR7 0, =0r =0y (2.3.6)
and the axial group U(1)4 transforms the fermions as
qr = €’ qr, qr—€""qr, Op = —0g =0a. (2.3.7)

Where the current associated to the axial symmetry is not conserved by quantum effects so the symmetry is said
to be anomalous.

The non-Abelian symmetry, SU(Ny)r, x SU(Ny)g, turns out to be spontaneously broken by the formation of
the quark condensate giving the following breaking pattern

SU(Nf)LXSU(Nf)RHSU(Nf)V (238)
This means that, although the Lagrangian is invariant, the vacuum is not. There is a quark condensate
(0l grar [0) # 0. (2.3.9)

The existence of quark condensate is telling us that the vacuum of space is populated by quark-anti-quark pairs.

! Actually it can be decomposed as U(Ny) = (SU(Nf) X U(l)) /ZN,-
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The Nambu-Goldstone bosons associated to the broken SU(Ny) axial symmetry are the pions. Massless particles
formed by bound states of the original quarks. There are N]% — 1 Goldstone bosons, one for each broken generator
of the symmetry.

We would like to understand the dynamics of the Goldstone modes. In the case of a generic number of flavors
Ny the pions can be parametrized by a SU(Ny) matrix ¥ that reads

5 = exp (Zw : T) — exp (%“T“) : (2.3.10)
fr fr
where T% are the generators of the SU(Ny) and the component fields 7%, labeled a =1, ..., N]% — 1, are the pions.
At low energies the form of the action is entirely determined by the symmetries of the theory which is invariant
under

SU(Nf)L X SU(Nf)R, (2.3.11)

and the X (z) field transforms under this symmetry as
Y — UL SU},. (2.3.12)

At leading order in a derivative expansion the most general Lagrangian is given by a single term that describes the
dynamics of pions

2
L= —ij (0,505, (2.3.13)

which is the chiral Lagrangian. This Lagrangian contains an infinite number of interaction terms packaged in a
simple form by the demands of symmetry. These interactions can be seen more explicitly rewriting it in terms of
the pion fields, at quartic order reads

L=-Tr(0ym 0"'m)— 3lszr ((7r . &ﬂr)2 -7 (O - 8“7r)) +..., (2.3.14)
T
where 7w = w¢T“.

To lowest order it suffices to use the Lagrangian but we can include higher derivative terms in it. At next
order the Lagrangian introduces new parameters L; which must be determined from experiment and the standard
name for them is low energy constants or LECs. The new Lagrangian can involve four derivative interactions, there
are four possible independent chiral-invariant terms with four derivatives

Tr (9,51030,510°%), T ((8,519,%)") .

, . (2.3.15)
(Tr (0,210,%))%,  (Tr (9,510m))%.
So the chiral lagrangian up to fourth order is
£=—LTx (9,5100%) + Ly (Tx (9,5100%))° + Ly (Tr (9,510,%))
+LyTr (9, 510450, 510 %) + LyTr ((9,510,%)") (2.3.16)
In the case of SU (3) these expressions are not linearly independent, it can be shown that
T ((0,570,%)%) = § (Tr (9,219"%))" + (Tr (9,270,%)) - 2Tr (9,510#50,510"%) (2.3.17)
leaving only three independent terms. Then the SU(3) chiral Lagrangian is
£= 1" (9,510%) + Ly (Tr (9,210"%))" L (Tx (9,219,%))” + LyTr ((0,50,%)") (2.3.18)

Finally, considering two massless quarks, Ny = 2, the symmetry of the Lagrangian will be given by a U(2)1, xU(2)r
symmetry group which can be decomposed into

SU2)L x SU2)g xU(1)y x U(1) 4, (2.3.19)
and the breaking pattern of the chiral part will be
SU(2) x SU22)gp — SU(2)y. (2.3.20)

Then the Goldstone bosons corresponding to the three broken generators of the SU(2) 4 symmetry are the three
pions. In the real world, because of the non-vanishing and differing masses of the quarks, SU(2), x SU(2)g, is only
an approximate symmetry and therefore the pions are not massless and they are pseudo-Goldstone bosons.
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Being T* = %Ja the SU(2) generators the Lagrangian reads
Ling = 73 O (( d - ) —w.w(aﬂ-aﬂﬁ)). (2.3.21)
In the SU(2) case , we have another identity
T ((0,570,%)") = % (Tr (9,510"%))?, (2.3.22)
so the Lagrangian with quartic derivative interactions reads

£=—L"Tr (9,510n%) + Ly (Tr (9,510n%))° + Ly (Tr (9,570,5))°. (2.3.23)

Then the lagrangian expanded to fourth order in the pion field and derivatives is

£:_1H7T.8“77— ((871’ W)z—ﬁ-ﬂ(aﬂﬂ-auﬂ'n

2 62
" L, » (2.3.24)
+ f—#(a,ﬂr SOtm)? 4 §7) (Opm - 9ym)? + O(0°*7°) .

2.3.1 Axial current

The axial current can be obtained by first adding gauge fields for the right-handed and left-handed symmetries by
promoting the derivative to a covariant derivative with the left-handed and right-handed gauge fields L, and R,

8,5 — D, = 9,5 +iL,% —i%R, . (2.3.25)

Considering the SU(2) generators 7 = 10 a = 1,2,3, with ¢* the Pauli matrices, the components of the
left-handed and right-handed currents are

oL 2
Tt = s = —SE T ((20rs! - 0vxh) ) 4 0(5°)
M“ r (2.3.26)
g = 2= = Urmy ((arnis - niors) 79) + 0(6°) .
OR 4
Using the pion field exponential parametrization (2.3.10)) the axial current in this case is
2 1
Jt =Tt — T = = frotn? + 37 ((7r ) oH Tt — 58“(# . 71')77“) +.o. (2.3.27)

2.3.2 Chiral lagrangian in the large N limit

After presenting the basic features of the large N limit in Yang-Mills theories with gauge group SU(N) it is relevant
to mention what happens when we apply this limit to the chiral theory.
We saw that in the case of arbitrary number of flavors the chiral lagrangian is

L=—LT (9,500 + Ly (Tr (0,510"%))° + Ly (Tx (9,510,%)) (2325)
+LyTr (9, 2104%0, 210" %) + LyTr ((9,570,%)°) ~
This lagrangian presents terms with different numbers of traces taken over flavor indices. Each trace corresponds
to a quark loop which contributes with a factor 1/N to the given diagram. In the large N limit, terms with two
traces will be supressed relative to those with only one trace. Then the dominant terms in are the single
trace terms so in the large N limit, for arbitrary number of flavors, the lagrangian can be reduced to

£= Lo+ 13" (9,51 0050, 21075 + L30T ((0,510,%)) (2.3.29)

Where the large-N, scaling of the coefficients is f2 ~ L; ~ N, |25]. The relation between the coefficients in ([2.3.29)
and the ones in lagrangians (2.3.18) and (2.3.23), for Ny = 3 and Ny = 2 respectively, can be obtained using
(2.3.17) and (2.3.22) giving
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1. -
LfU(?)) — §L3SU(Nf)7 LgU(?)) — L§U(Nf) L?U(B) — L§U(Nf) 2LSU(Nf) (2330)

and

SU(Ny)  #SU(Ny)
L - L =
LfU(Q) _ 3 5 3 ’ LgUQ) — L?U(Nf)' (2331)

2.3.3 Pion scattering amplitude

Let us now discuss how the scattering amplitude can be extracted from the pion lagrangian (2.3.24) when Ny =2
and N, — oco. The elastic scattering amplitude for two pions

T (pa) + 7" (pp) — 7°(pe) + 7 (pa) (2.3.32)
is given by the T-matrix element
Tavea = (27)*6 (pa + pp — pe — pa)Mab,cd - (2.3.33)

The function M is determined by a single scalar function A(s,t,u) = A(s, u,t) defined by the isospin decomposition
(see, e.g., |23L26L[27])
Mab,cd = (Sab(SCdA(S, t, u) + 6ac5bdA(t, s, ’LL) + 6ad5bcA(U, t, s) , (2_3_34)

where s,t,u are the Mandelstam variables

—(pa+16)° s t=—(pa —pe)?, u=—(pa —pa)® . (2.3.35)

These variables encode the different scattering processes and correspond to the three channels as depicted in
Fig. At O(p*), the original derivation by Weinberg produces at tree level [28}29]
S 8L1 4L2

For massless pions there are additional logarithmic contributions to the amplitude that are introduced by pion loop
corrections. The relevant pion diagram has two quartic vertices with two derivatives, that from the pion Lagrangian
(2.3.24) have a large-N, scaling ~ 1/f* ~ 1/N2. The tree-level contributions on the other hand have a scaling
~ L;/f* ~ 1/N,.. Therefore, in the large-N, limit the pion loop contributions are relatively suppressed. The same
statement applies to other meson loop corrections, they are suppressed in the large-N, limit.

\

[}

" /
[}

| /7
g \
Py DPd Do Pd Do Pd

Figure 2.3.1: The three kinematically non-identical 2-to-2 elastic scattering processes. All propagating particles are
pions, hence all legs are represented by dashed lines. Left: s-channel, Middle: t-channel, and Right: u-channel.

In order to compare to gauge/gravity models we will consider the axial current correlators for values of the
momenta where the pions are on-shell. We start with the two-point function of the axial current, which will be
proportional to the pion propagatorEl

2

(J5"(=p) (b)) = fap"p” (n"(-p)n’(p) = —if§5“bpglz)y : (2.3.37)

2In principle there are additional terms depending on the pion field in (2.3.27) that introduce pion loop corrections to the axial
current correlator, however, as for the scattering amplitude, these are suppressed in the large-N¢ limit.
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This leads to the Ward identity for current conservation

=i (S5 (-P) I3 (P) = —Lap"E" (2.3.38)

However, in the absence of an anomaly and quark masses, the axial current must be conserved and one would
have expected this Ward identity to vanish. As we will see, this issue is solved in the holographic model when
the two-point function correlator is computed and we find a vanishing value (see . The reason is that there
is missing contact term in landing on whose origin could be understood from contributions to the axial
current other than the gradient of the pion field.

Similarly, the four-point function of the axial current will be proportional to the one of the pions

<J“““( o) JeH? (py) T (—pe) o (—pd)> o Apheph e pl (7 (pa) 7w (po) 7 (—pe) 7 (—pa)) - (2.3.39)

From the pion correlator we are interested just in the leading pole contribution, which gives us the pion scattering
amplitude through the LSZ reduction formula

iMab cd
7 (pa)7° ()T (=) (=pa)) &~ (2m)*W (Do + Pp — Pe — Pa) 5oy
(o (pe) () =, (2050 )

where Mgy, oq in this expression is the amplitude (2.3.34]).

(2.3.40)

2.3.4 Vector boson contributions

Our discussion thus far has been focusing on the chiral effective action at low energies, where heavier mesons have
been integrated outEl Whether the vector bosons have been integrated out or not affects the value of the LECs in
the pion action. Namely, starting from an action

Luyy = [:Tr(fﬂ, Ly, Lg) + Ly, (2.3.41)

where L. (fr, L1, Ls) is (2.3.23)) with the coefficients f,L;, and Ly and the last term Ly is the action for the
vector bosons. At sufficiently low energies, the vector bosons can be integrated out, resulting in an action that only
contains the pions but with modified coefficients

Lir=Lr(fr L1, L) . (2.3.42)

Let us show this explicitly for the case when the structure of the effective action follows the Hidden Local Symmetry
(HLS) approach [30431], which is commonly discussed in the context of holographic models, where it arises from
gauge symmetries in the gravity dual.

In the HLS approach the pion matrix is factorized

S(z) = & (2)ér(x) - (2.3.43)

In addition to the left- and right-moving flavor symmetries there is an emergent gauge symmetry, so that the fields
&p,r transform as

£0(x) = h(x)éL(x)UL | Er(a) = h(@)ér(z)UL . (2.3.44)
The massive vector boson is identified with the gauge field for the hidden symmetry and the form of the action is

constrained by demanding local gauge invariance. The HLS action is directly related to the non-linear realization
of local chiral transformations introduced by Weinberg [32] by going to the unitary gauge (see, e.g., [31])

@) =rl@) =TT . (2.3.45)

Let us denote V,, = V!0 as the gauge field associated to the vector boson and V), = 8 V., — 8 V., +gV,xV, as
its field strength Wlth g an effective gauge coupling. In addition to the terms shown in , the effective action
has the vector boson contributions

2
1 w 1 9V
£V = _ZV/JV VY — §m%/ (Vu m%/ X0 7T> ) (2346)

3However, in most holographic examples the effective action includes massive vector bosons coupled to the pions.
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where my is the mass of the vector boson and gy . is the coupling to the pion field. The expansion of the invariant
mass term for the vector boson includes a cubic coupling with the pions and a O(9?7?) coupling of the same form
as the terms shown in the first line of EI, see, e.g., [314/33]. However, in the pion scattering amplitude this
additional vertex contribution is canceled out by the leading contribution from vector boson exchange, so the O(p?)
pion scattering amplitude does not change. In general, there can be vector bosons transforming as adjoint fields of
the chiral symmetry with different couplings where this cancelation does not happen, and additional couplings to
the vector bosons that appear at O(p*) and so can also affect the amplitude.

There are, however, O(p?) contributions that add up to the contributions shown in . The tree-level
contribution to the pion scattering amplitude from the vector meson exchange has the form [34,/35]

2
Gvrr [t(s—u)  u(s—1)
Ay (s, t,u) = n‘{LQ | (2.3.47)
v v v

Expanding for small momenta mj, > s? %, u?, and using the fact that here the pions are massless particles yields
s(t+u) =—s% 2ut=s—1>—u?. (2.3.48)

Therefore, the vector boson contribution to the low energy scattering amplitude reduces to

2
Ay (s,t,u) = gv% [t2 4+ u? — 257 . (2.3.49)
my
We can compare this expression with Weinberg’s amplitude (2.3.36)). We see that these contributions can be added
to terms with the same dependence in the momentum, in such a way that one obtains effective values of the LECs

that are shifted L; — L; = L; + ALY at energies below the vector meson mass. Therefore, integrating out the
massive vector boson will shift the LECs of the chiral Lagrangian ([2.3.24)) to

fz 9%
ALY = —ALY = Zﬂﬁ : (2.3.50)
\%
Furthermore, one could have several massive vector bosons V;, i = 1,2, ... with similar couplings to the pions, in

this case the shift in the LECs will have contributions from all of them

ALV——ALV—EZ@ (2.3.51)
= A 3.

i

We could be in a situation in which the LECs in the pion action vanish or are much smaller than the vector boson
contribution. In this case, after integrating out the vector bosons, the LECs would automatically satisfy the relation
Ly = — Ly, which corresponds to the Skyrme model [3638]. An O(p?) coupling between the vector boson and the
pions

~zg V.0, X 0T, (2.3.52)
does not modify this relation, see (4.38) of |33|, where z4 is introduced in (4.27).

4 Any additional free parameters in the HLS model are absorbed in the coefficients of the gauge-fixed effective action in such a way
that the HLS model is equivalent to the non-linear sigma model for tree-level on-shell amplitudes

24



Chapter 3

AdS/CFT Correspondence

3.1 The Correspondence

The AdS/CFT correspondence is one of the best understood examples of the gauge/gravity duality. Originally
proposed by Maldacena in 1997 in |10] and also in [39,40], it brings together aspects of string theory, quantum field
theory and general relativity. Also, it is a very useful tool to understand strongly coupled quantum field theories.
This correspondence establishes a duality between string theories, which are gravitational theories and quantum
field theories without gravity, it relates strongly coupled quantum field theories to classical gravity theories, which
are way more tractable than the former ones. The quantum field theory can be interpreted as living in the boundary
of spacetime, for this reason the correspondence is also referred to as holography. A remarkable scientific implication
of this is that we can study and understand the dynamics of strongly coupled theories through gravity, something
that is not accesible by the usual perturbative methods in quantum field theory. So it can be applied to strongly
coupled sistems such as low energy quantum chromodynamics, the theory of strong interactions in the Standard
Model. The content of this chapter is mainly based on [41]. Here we will present the correspondence itselft and how
it is derived from string theory. We will also explore the relation between gravity fields and operators, the matching
symmetries of both theories and finally we will ilustrate how is the holographic computation of correlations functions
in the case of scalar fields.

We will see how the correspondence arises in the context of string theory, more precisely the connection between
type IIB string theory compactified on AdSs x S® and N = 4 super-Yang-Mills theory.

Starting with the type IIB string theory setup, we consider a stack of IV parallel D3 branes in ten dimensional
Minkowski space which are sitting very closed to each other. String theory on this background contains two kinds of
perturbative excitations , closed and open strings. The closed strings are the excitations moving through all space
and the open strings are excitations of the D-branes on which the string ends. This perturbative scenario is valid
when

GyuN ~gN < 1. (3.1.1)

At low energies, F < 1/l,, only massless string states can be excited. The massless closed strings are described
by the low-energy effective Lagrangian of type IIB supergravity and the massless open strings are described by
the low-energy effective Lagrangian of N' = 4 U (N) super-Yang-Mills theory. The complete effective action of the
massless modes will have the form

S = Sputk + Sbrane + Sint.- (312)

Shuik is the action of ten dimensional supergravity, the brane action Spqn. is defined on the (3+1) dimensional brane
worldvolume and contains the A" = 4 super-Yang-Mills Lagrangian and S;,; describes the interactions between the
brane modes and the bulk modes.

The action of the closed strings is the action of ten dimensional supergravity and schematically reads

1
Sl = 272 dloxs/ 7g672¢ (R + 43M¢6M¢) + ..., (3.1.3)
K
with M = 0,1,...,9. Where gap is the metric, ¢ the dilaton, R the curvature scalar and x  gsa'?. Expanding
the metric as gap = nap + khap, being hap the metric fluctuations, we get at lowest order in hap
1
Shulk ~ —5 /dloxﬁMhAB(”)'MhAB +O (I‘E) . (314)
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The actions Sprane and S;,; are derived from the DBI action. Performing an expansion of e~ and gap = nap +
khap, they read at leading order in o’

Sbrane =

1 a1 o /
_27rgs /d4gL‘rI‘I‘ iFMVFHV _ zi:DM(szuqﬁz + 72 [(Zsz,d)]}z n O(a) , (315)

27gs >

Sint = -

d*zpF,, F* + ... 3.1.6
879s / TOF (3.1.6)
Where the scalars and gauge fields are ¢ = ¢'*T? and 4, = A%Te. Then we take the limit o’ — 0. The O (o)
terms in Spqne vanish so it becomes the bosonic part of the N' = 4 super-Yang-Mills theory action. Making the
identification

2Tgs = Goas- (3.1.7)

Also since k o a/?,this limit also implies x — 0 so the O (k) terms in Sp,x vanish so the remaining part is just the
action of free supergravity in ten dimensional Minkowski space. Finally S;,; which is of order s vanishes for o/ — 0
yielding to the decoupling of open and closed strings.

Summarising, in the low energy limit the D3-brane setup consists of closed strings propagating in the bulk and
open strings which are excitations of the brane, being the open and closed modes both massless. Then by taking
the limit o/ — 0 both kinds of strings decouple from each other and we end with A" = 4 super-Yang-Mills theory
describing the dynamics of the open strings and the closed strings are effectively described by supergravity in ten
dimensional Minkowski space as shown in [3.1.1

e
UL

A1

N D3-Branes Type IIB SUGRA

=
<P

Figure 3.1.1: String setup in the perturbative limit.

In order to get to the other side of the correspondence one needs to change the perspective from which the
setup is considered. Now we consider the D-branes as massive charged objects. The D3-branes are a solution of the
supergravity equations of motion that reads

ds? = f712 (—dt? + da? + dod + dzd) + f1/2% (dr? + r2d03), (3.1.8)
L4 4 /2
f=1+ o L* =4wgs,a’”N. (3.1.9)

The classical supergravity description is only valid when the radius of curvature L becomes large compared to the
string length

L* 9

7 gsN ~ gy N > 1. (3.1.10)
This background consists of two different regions depending on the value of r. If r > L the function f can be
approximated by f ~ 1 so the metric reduces to ten dimensional flat spacetime. On the other hand if r < L
the function f is given by f ~ R*/r4 so the metric becomes

S

ds* = ﬁ dztdz” + L—zdrz + L2dQ2 (3.1.11)
= LGﬁ“f 7'2 59 .
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which is the geometry of AdSs x S°. Introducing a new coordinate z = L?/r the metric reads

L? )
ds* = —5 (datdz” + dz?) + L?dQ3. (3.1.12)

So now the conformal boundary is located at z = 0.

We will have closed strings propagating in two regions of spacetime, some propagating in ten dimensional
Minkowski space and others propagating in the near horizon region of the branes whose geometry corresponds to
AdS5 x S°. Taking the limit o/ — 0 the closed strings living in the two different regions decouple from each other.
This is because the excitations that live very close to » = 0 can’t escape the gravitational potential and propagate
in the asymptotic region. So in the low energy limit we can have closed strings propagating in flat spacetime
described by type IIB supergravity and closed strings propagating in the near horizon region described by the
AdS5 x S%solution of IIB supergravity being both types of closed strings decoupled from each other as depicted in
. 1.2

]\/[inklo

c~ : : O

9
<D

o Q| AdS; x $°

Figure 3.1.2: String setup in the supergravity limit.

From both perspectives we end with two decoupled theories in the low energy limit . In both cases one of the
decoupled systems is supergravity in flat space so the correspondence identifies the second system that appears in
both descriptions leading to the conjecture that A" = 4 U (V) super-Yang-Mills theory in 3+1 dimensions is dual
to type IIB superstring theory on AdSs x S°.

This is summarised in the table (3.1.1])

N = 4Super Yang-Mills on R3:?

eg. N <1
g {Type IIB Supergravity on R%!

Type IIB Supergravity on AdSs x S°

og, N >1
g {Type IIB Supergravity on R?:!

Table 3.1.1: Resulting theories after applying both limits to the stack of N D3-branes.

3.1.1 Field/Operator Dictionary

The AdS/CFT correspondence establishes a one-to-one relation between operators in N/ = 4 U (N) super-Yang-
Mills theory and the fields of type IIB string theory on AdSs x S5. This field-operator map allows the AdS/CFT
correspondence to be formulated as relation between generating functionals in field theory and supergravity.

The dictionary is formulated in the following way, the generating functional W [¢g)] for the Green’s functions
of the conformal field theory living on the d-dimensional boundary of the (d + 1)-dimensional AdS space is given in
terms of the fields ¢y which play the role of the sources of the operators O and the field theory partition function
Z [¢(0)] reads

Zgauge [b(0)] = e WPl = <0Xp ( / Az ¢ () O (1:)>> (3.1.13)

CFT
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On the other hand, the AdS side of the duality is governed by the supergravity action Ssugrq [¢], where the ¢ fields
live in the five-dimensional Anti-de Sitter spacetime and the gravity partiton function reads

Zsugra [d)] = ™ Sruorald], (3'1'14)

The AdS/CFT conjecture states that the classical supergravity action is the generating functional for the field
theory Green’s function of operators . The relation is

W (6] = Ssugra [8]lim. o 6(e,2)~o10 o) (3.1.15)

So the field theory generating functional is identified with the supergravity classical action where the ¢ fields take
the boundary values ¢(q).

In the strongest form of the correspondence, i.e. for any value of N and g, the partition function of the gravity
side will be the one of type IIB string theory. Then, the correspondence states that

Zstring [0(0)] = <exp < / A"z o) (z) O (x)) >CFT. (3.1.16)

With Z,iring not known explicitly.

3.1.2 Dictionary of Symmetries

We saw that the AdS/CFT correspondence is a strong/weak coupling duality. In the large N limit it relates the
region of weak field theory coupling A = g2, N in the SYM theory to the region of high curvature in string theory
and vice versa. One of the properties of these theories that do not depend on the coupling are the symmetries so
they can be compared to test the duality.

Let us examine more closely the matching of symmetries on both sides of the correspondence. The N' = 4 Super
Yang-Mills theory is invariant under SO (4,2) x SO (6) , understood as the four-dimensional conformal group times
the R-symmetry of the theory. It preserves N = 4 supersymmetry so there are sixteen supercharges and is also
conformal so in addition there are sixteen superconformal supercharges. All of these symmetries form the supergroup
PSU (2,2]4) under which N' = 4 Super Yang-Mills theory is invariant. The bosonic subgroup of PSU (2,2|4) is
given by SU (2,2) ~ SO (4,2) and SU (4) ~ SO (6) and the fermionic part is generated by the supercharges and
the superconformal supercharges.

In the string theory side on AdSs x S°we have the isometry groups of AdSs and S° which are given by SO (4, 2)
and SO (6) respectively. These coincide with the bosonic subgroup of PSU (2,2|4). AdSs x S° is a maximally
supersymmetric solution of type IIB string theory so it has 32 Killing spinors which generate the fermionic isome-
tries. Also these coincide with the fermionic component of PSU (2,2[4). So string theory on AdSs x S° preserves
PSU (2,2[4) symmetry.

We see then that the global symmetry groups on both sides of the correspondence agree. In the field theory
sixteen ordinary supersymmetries as well as sixteen special conformal supersymmetries match with the isometries
generated by the 32 Killing spinors of AdSs x S°. So we conclude that the symmetries of N' = 4 Super Yang-Mills
theory in flat spacetime and of type IIB string theory on AdSs x S® match.

3.1.3 Correlation Functions

We saw in that there is a map between the generating functional of the field theory and the supergravity
action. This relation is the starting point for the holographic calculation of correlation functions of gauge invariant
operators. As we explained for each operator O; on the field theory side exists a corresponding source gZ)EO). In order

to obtain correlation functions from the generating functional W {‘/520)} one has to take derivatives with respect to

the sources ¢20) as follows

oW

<01 (2131)02 (IL'Q)On (xn»CFT = — (3117)

(=0

The main technical idea behind the AdS/CFT correspondence is that the boundary values of supergravity fields act
as sources for gauge invariant operators in the field theory so each operator O; corresponds to a supergravity field
@' (v, 2) . We will write the bulk fields generically as ¢’ (x, z) with value proportional to W&o) (z) for z — 0. The
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goal is to extremize the action Ssygrq [¢] subject to these boundary conditions. So one has to solve the equations
of motion in the bulk subject to Dirichlet boundary conditions on the boundary and evaluate the action on the
solution. Having the relation (3.1.15)) one can write

W o] ~ extremum¢|zzow¢(0)55ugm (9], (3.1.18)

so the generator of Green’s functions in the gauge theory is the on-shell supergravity action. Then, taking variational
derivatives with respect to the source (bEO)’ one obtains the correlation functions.

3.1.3.1 Two-point Function

To illustrate how the previous procedure works we are going to compute the two-point function (O (z) O (y)) of
gauge invariant operators O of the d-dimensional field theory. For simplicity we are going to consider a scalar
operator O with conformal dimension A which is dual to a scalar field ¢ in the (d + 1)-dimensional gravity theory.
The action reads in Euclidean signature

Slol =5 [ da'a 5 (4N ouss0y 0+ me?). (3.1.19)

where the mass of the scalar field satisfies m2L? = A (A — d) with R the AdS radius of curvature.
The equation of motion of the action (3.1.19)) reads

1
(O, —m?)¢=0, Og¢=—=0 (vgg"Vone), (3.1.20)
Vo
being the metric
2 L2 2 v
ds* = = (d2® + 6, datda”) . (3.1.21)
Performing a Fourier decomposition in the field theory directions x* using a plane wave ansatz of the form
dip o«
o (z,2) :/ pde”’ Tug (p, z), (3.1.22)
(2m)

the equation of motion for the modes ¢ (p, z) becomes
22020 (p,z) = (d = 1) 20.¢ (p, 2) — (M*L? + p°2%) ¢ (p, 2) = 0, (3.1.23)

where p* = §,,,p"p".
The equation of motion ([3.1.23)) is a Bessel equation which has two independent solutions in terms of modified
Bessel functions
bp (2) = Ap2¥? K, (p2) + B,2??1, (p2), (3.1.24)

where v = A —d/2 = +/d?/4+ m2L2.

We have to impose regularity in the interior and since I,, (pz) diverges for z — co we have to omit this solution
by setting B, = 0. In contrast K, (pz) decays exponentially for z — oo thus it is regular at the interior and for
z — 0 the solution behaves in the boundary as

b (p,2) ~ Apz¥2V = A, 2475 (3.1.25)

Having the solution in hand the next step is to insert it in the action, which can be simplified by integrating by
parts

C
Skl = -5 [ dtavagoo.s (3.1.26)
The integrand of (3.1.26)) has to be evaluated at both limits of integration, ie z — oo and z = 0. Using the solution
(3.1.24)), having imposed regularity, the integrand of (3.1.26]) vanishes for z — oco. At the lower limit z = 0 the
action diverges so we have to regularise it by omitting the region 0 < z < € and imposing the boundary conditions
at z = e where ¢ is small. So we have to match ¢ (p, z) to ¢ (p) at z = ¢, then the correct normalised solution for

o (p, z) reads

24/2[, (pz)

Qb (p7 Z) = Ed/QK,, (GZ)

b0y (p) e 2. (3.1.27)
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Writing the action (3.1.26) in momentum space

cri-t [ q?
T ed1 /71)(1(271_)115(1 (p+q) o (p,2)0:0(q,2)

Slél =
(0] 2m)

, (3.1.28)

Z=€

and using the solution (3.1.27)we can expres the action just in terms of the sources ¢(). Then using (3.1.17) and
(13.1.15)) we get for the two-point function

2d  8°S|o 2m) %64 (p+q)C L1
<O (p) o (Q)> = - (27?) 5¢(0)(_IE)5<(05>](_Q) = (&) 62%32?7)1 d% In (Zd/zKu (pZ))
(2m)%6% (p+q)CLA—1 (d epKl’,(pe))

e2A—d 2 K, (pe)

s=e  (3.1.29)

The next step is to take the limit ¢ — 0 so we have to expand the Bessel function for small arguments. The expansion
depends on whether v is a positive integer or not, in this case v will be a positive integer. After performing the
expansion we get

e2p2+...B, (ep)2¥ 1

(O (p) O (q)) = (2m)" 6% (p + q) CLI (BB L) (3.1.30)
vl o

—%ﬂ?% In(ep) (1+ 0O (%)) ,

where the coefficients 3; are functions of v.
The terms on the first line of (3.1.30]) correspond to scheme dependent contact terms and in the second line in
the limit € — 0 only the first term involving the logarithm of the momentum contributes then the correlator is

_1)V+1

O (p) O (q)) = — (2m)* §¢ ot U e . 3.1.31
(O(p)O(q)) =—(2m) " (p+4q) 2ot " (ep) ( )
And coming back to the position space the correlator becomes

T(A) 2N —d
(A —d/2) qd/2 | — y*2’

(O @) O(y) =CL 5 (3.1.32)

where A = v —d/2.

3.2 Confining geometries

Holography is a great tool to study conformal gauge theories and certainly has to play a role in the understanding
of non conformal, realistic theories. Those theories exhibit qualitative properties such as confinement and have a
mass gap and a discrete spectrum of massive particles. So gravity models that aim to be dual to theories like QCD
should present those features. We will now describe how these features can be realized through a gravitational dual.
A criterion for determining whether a gauge theory shows confinement is obtained from the Wilson loop, when the
loop presents an area law behaviour the theory confines. Even though we will not discuss the behaviour of Wilson
loops here we will consider that holographic models are confining when there is a discrete spectrum of normalizable
modes that map to particles, glueballs, or mesons in the field theory duaﬂ and that spectrum has been computed
in [17,/18]. In the models we are interested in, the mass gap, which is also a generic feature of any confining gauge
theory, arises because the geometry ends smoothly at a finite value of the holographic coordinate. In these type
of theories, the gravity dual has a geometry that either ends in a singular manner or smoothly if a cycle in the
compact space collapses to zero size. Also in a theory with mass gap and discrete spectrum, we expect poles in the
two point functions corresponding to the physical states. The holographic models that we will review here are the
Witten Yang-Mills model [11], the Sakai-Sugimoto model [15,[16], the N = 1* super-Yang-Mills dual to the GPPZ
geometry [14] and the AdSg soliton [43]. There are more examples in the bibliography like the Klebanov-Strassler
model [44], the Maldacena-Nuilez model [45] and the 2+1 models [42,/46].

IThere are examples of models with this kind of spectrum that are not confining, see [42].
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3.2.1 GPPZ Flow

The GPPZ solution found by Girardello, Petrini, Porrati, and Zaffaroni [14] is an exact, /' = 1 supersymmetric kink
solution of 5-dimensional gauged supergravity. The solution was proposed as the gravity dual of N’ = 4 super-Yang-
Mills with a massive deformation which corresponds to N' = 1* super-Yang-Mills. There are also more proposals
of gravity duals of N' = 1* super-Yang-Mills [47.{48] and uplifts to ten dimensions of the GPPZ solution [49,[50].
Although it does not capture all of the expected features of the field theory, the kink solution is a true deformation
of N' = 4, that exhibits confinement (the Wilson loop exhibits an area law behaviour), magnetic screening and there
is a gaugino condensate.

In the field theory side, the matter content of N' = 4 super-Yang-Mills is split in a N’ = 1 vector multiplet and
three chiral multiplets in the adjoint representation. An equal mass is given for the three chiral superfields X; in
such a way that the global symmetry group is broken to SU(3) and supersymmetry is broken to A/ = 1.

/d20mijTrXin +c.c, my; = méij (321)

where, in general, m;; is a complex, symmetric matrix, in such a way that the global symmetry group is broken to
SU(3) and supersymmetry is broken to /' = 1. At weak coupling the theory flows to pure N' = 1 super-Yang-Mills
at energy scales much below the mass of the chiral multiplets. The weakly coupled theory is confining and this
property holds in the strongly coupled theory, as two-point functions of gauge-invariant operators show poles for a
discrete spectrum of massive states [51,/52].
In this case the background geometry is a a solution of five-dimensional supergravity truncated to a single scalar
coupled to a metric of the form
ds? = dr? + 24y, dat da?. (3.2.2)

Being the action for the scalar field
5 R 1 yn
S= [ d’z/—g 139 O dONd —V (@) | . (3.2.3)
The solution is given by

\/gl I+Vi-u eQA(T): u —2r

= — l—u= 3.2.4
¥B 2 0g 1— ma 1—u u € ’ ( )
Then metric can be written as
ds? = _d du? + —2 . dzida. (3.2.5)
4(1—u)? 1—u ™

Therefore, u — 1 corresponds to the boundary of the bulk, which is asymptotically AdSs and v — 0 is the origin
of the bulk spacetime.

3.2.2 AdSg Soliton

The AdSg background geometry is dual to a 5-dimensional CFT. After compactifying one direction with supersymmetry-
breaking conditions, it should describe a 4-dimensional confining theory at low energies. At strong coupling there is
no separation between the confinement and the compactification scales, so glueballs and Kaluza-Klein modes have
similar masses. Nevertheless, the theory is effectively four-dimensional with a mass gap.

The geometry of the AdSg soliton can be obtained by a double Wick rotation of a black brane solution [43]

g5? = L (42 dr? + ny datda” =1 3.2.6
=2 quf(z)Terwxx , fr)=1-—=, (3.2.6)
where 7 is the compact coordinate 7 ~ 7 + 27/ Mgk, with Mg = 5/(225) the compactification scale. The space
ends at a finite value of the radial coordinate z = z5 and the scale of confinement is given by A = 1/z,.

While we will not discuss an explicit holographic dual field theory, this geometry can in principle be embedded
in string theory, as deformations of AdSg solutions of Type II supergravity [53}/54].

The AdSe soliton geometry is a close cousin of the Witten-YM model [11], extensively used to mimic QCD
in applications of holography. The model consists of a non-supersymmetric compactification of D4-branes along
a circle, and becomes pure Yang-Mills at low energies and weak coupling. The holographic dual geometry is also
the AdSg soliton in an appropriately chosen frame, but in addition there is background dilaton, to which other

31



fields may be coupled [55]. Alternatively, the Witten-YM model can be obtained from the compactification of
Mb5-branes along a two-torus. In the holographic dual description the geometry is AdS7; compactified along two
spatial directions.

3.2.3 Witten-Yang-Mills Model

The Witten-Yang-Mills model is a proposal for studying ordinary large IV gauge theories in four dimensions without
supersymmetry via string theory. This model exhibit properties such as confinement and a mass gap and also the
1/N scaling in the string coupling constant.

The N = 4 super Yang-Mills theory is very different from real QCD so in order to study the latter one Witten
proposed in [11] a gravity dual for a four dimensional Yang-Mills theory without supersymmetry.

The way he proposed to study a four-dimensional gauge theory is via compactification of a certain six-dimensional
theory with (0,2) supersymmetry. This proposal arises from the so-called M2 and M5 branes of M-theory, whose
low-energy limit are solutions of 11-dimensional supergravity. The near horizon geometries of these branes are
AdSy x S7 and AdS7 x S*, respectively. The dual of M-theory on AdS; x S* is the 6-dimensional superconformal
low-energy theory of M5 branes.

So the starting point for obtaining a four dimensional Yang-Mills theory without supersymmetry is the (2,0)
superconformal theory in six dimensions realized on N parallel coinciding M5-branes. The compactification of this
theory on a circle of radius Ry gives a five-dimensional theory whose low-energy effective theory is the maximally
supersymmetric SU (N) gauge theory, with gauge coupling g2 = 27 R;. M-theory compactified on a supersymmetry
preserving circle leads to 10-dimensional superstring theory of type ITA with the M5 branes turned into D4 branes.

To obtain the four dimensional Yang-Mills theory without supersymmetry, one compactifies the 5-dimensional
theory further on another S' of radius Ry. The dimensionless gauge coupling constant g, in four dimensions is
given by g7 = g5/ (2nRg) = Ri/Ro. To break supersymmetry one imposes anti-periodic boundary conditions on
the fermions around the second S*. All modes not protected by gauge symmetry become massive in this case
leaving pure Yang-Mills theory as low-energy effective theory. The 5-dimensional supersymmetric field theory thus
turns into ordinary 4-dimensional Yang-Mills theory. On the other hand, the background geometry of string theory
becomes

U 3/2 R 3/2 dU2
ds? = <R> [udatda” + f (U)dr?] + <U> [f(U) + U“‘dai] , (3.2.7)
with » )
FO) =1-% Mix =335, =g (B, Fi=d0 =25 (32.8)

Which is the type ITA supergravity background sourced by the D4-branes at zero temperature when N, — oo.
Where R3 = ﬂgsNCl:;’ and the Kaluza-Klein mass is Mxx = (3/2) U}(/;R?’/Q. The 7 direction has periodicity
21 /My and e, is the volume form of a unit S*, of volume V4 = 87%/3. The map relating the field theory
quantities and the parameters in the D4 geometry is

1 Ay agl? 2
R =22 e =2

1 Avwm
= My uMgrl?, gsN.= 2.
9 MKK 3 9 YMVMKKUg, g (3 9)

21 Mgkl

where I, is the string length and Ay ps = gy s Ne is the 't Hooft coupling of the (3+1)-dimensional dual Yang-Mills
theory.

Figure 3.2.1: The cigar topology of the Witten model
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The factor f (U) in the metric implies that the circle collapses to zero size at U = Uk k, where the geometry ends.
U is the holographic direction and corresponds to an energy scale of the field theory with U = oo corresponding to
the conformal boundary. The lower bound U > Uk i sets a minimal energy scale for states in the dual field theory
encoding the mass gap of Yang-Mills in the confining phase.

The topology of the subspace formed by U and the reduced direction 7 is that of a cigar with the circle shrinking
to zero size at U = Uk i as depicted in Figure [3.2.1]

3.2.4 Witten-Sakai-Sugimoto Model

The Witten-Sakai-Sugimoto model [15}/16] is a generalization of the Witten model mentioned before and it is the
holographic dual of four dimensional, large N QCD with massless flavors which are included by introducing Ny
probe D8-branes in the geometry induced by D4-branes |15}/56].

The model is built by placing Ny probe D8-branes into a D4 background in type IIA string theory giving a
geometry which is the near horizon limit of a nonsupersymmetric (341)-dimensional D-brane intersection of N,
D4-branes and Ny D8-D8 D-brane pairs. The brane configuration is given in the following table

‘ o 1 2 3 7 5 6 7 8 9
D4 | x x x x X
D8 | x x x x X X X X X
D8 | x x x X X X X X X

Table 3.2.1: D-brane intersection in the WSS model. Branes are extended along the directions marked with x.

In this configuration the N, D4-branes are compactified in the 7 direction along a circle with supersymmetry-
breaking boundary conditions, the D8- and D8-branes are transverse to the D4-branes and sit at separate points
The radial coordinate U transverse to the D4-branes is bounded from below U > Uk k.

In the near-horizon limit where the D4-branes are replaced by the geometry displayed above, each D8 and D8,
that sit at separated points in the 7 direction as U — oo, join at a finite value of the radial coordinate and form
a single object. So as U — Ux the radius of the circle shrinks to zero and at a finite point U = Uy the D8/D8
branes merge forming a single object as depicted in Fig[3.2.2}

The chiral symmetry is realized as the gauge symmetry of the Ny D8 — DS pairs. When they merge resulting
on a single D8-brane only one factor of U (Ny) survives as the gauge symmetry, so this mechanism is interpreted
as the holographic realization of the spontaneous breaking of the U (Ny), x U(Ny)g chiral symmetry.

D8

Sl

U Uo Uk

Figure 3.2.2: Sketch of D8- andD8-branes.

2That asymptotic separation between the D8 and D8 can be changed, producing different values of the quark condensate.
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From the 4-8 strings and the 4-8strings (the open strings with one end attached to the D4-brane and the other
end to the D8-brane and D8-brane respectively) N + flavors of massless fermions are obtained which are interpreted
as quarks in QCD. The chirality of the fermions created by 4-8 strings is opposite to that created by the 4-8 strings.
Therefore the U (Ny) pe X U(Ny) pg gauge symmetry of the Ny D8-D8 pairs is interpreted as the U (Ny), x U(Ny)g
chiral symmetry of QCD.

The action for the D8-branes in the string frame

Sps = Spsr + Swz (3.2.10)
consists of Dirac-Born-Infeld (DBI) and Wess-Zumino (WZ) actions, schematically

Sper = -1y dPre? STI‘\/— det (GMN + 2ma FMN) (3.2.11)
D8
1
= — Tr 3 2.12
Swz 5127 /e Cs ANSTr F”, (3.2.12)

where Ty = 1/((27)%12) is the tension of the D8-brane. Fjy is the field strength of the non-Abelian U(Ny)
gauge field living on the brane, while Gy is the induced metric Gy = gW(X)aMXl‘aNX”, with g, the 10d
background metric . The embedding functions X* are also Ny x Ny Hermitian matrices. STr stands for
symmetrized trace, this prescription for the trace is unambiguous up to O(F*#) in the gauge fields [57H60|. At higher
orders there can be additional corrections in o/ = [2, but fortunately we will not need them. The WZ term captures
the axial anomaly of the dual field theory [15].
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Part 11

Holographic Computation of Scattering
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Chapter 4

Scattering in Holography

In this chapter we present the features of the scattering amplitudes computation in d-dimensional, large-N, strongly
coupled theories with a (d + 1)-dimensional holographic dual. In holographic models that are dual to a confining
theory there is a gapped, discrete spectrum of normalizable modes that map to particles, glueballs, or mesons in
the field theory dual. In particular we will focus on a scalar gauge-invariant single-trace operator O. Examples
could be a glueball operator such as O = trF?, with F the field strength of the gauge fields, or © = gq, where ¢
corresponds to a quark operator. Scattering between these particles can be obtained by applying LSZ reduction
formulas to correlators of gauge-invariant operators with the quantum numbers of the particles involved. In the
holographic calculation this implies that it is enough to identify the leading pole contributions in bulk correlators
when the momenta are taken on-shell. The corresponding residues then determine the scattering amplitudes.

A (real-valued) gauge-invariant single-trace local operator will map to a scalar field ® in the holographic gravity
dual. When the operator acts on the vacuum, it creates scalar excitations, belonging to a tower of states all with
the same quantum numbers and different masses m,, a = 1,2,3,.... In the large-N limit these states behave
approximately as almost free particles, with interactions that can be trated perturbatively in a 1/N expansion.
Here we will restrict to cases where the scalar field is treated as a probe, so backreaction on the metric and on other
fields will be neglected.

The tower of massive states is captured by the two-point function of the scalar operator, in momentum space

b= (OJ, k)
(O(P)OWP)) = 2m)*6W(p+ p')G(p). (4.0.1)

When the momentum is put on-shell at one of the masses w — e,(k) = \/k? + m2, there is a pole singularity in
the two-point function

—1Zq

G(p)~ ——— 4.0.2
0~ o (402

We can extract the residues of these poles from a LSZ-like reduction formula
Zy =i lim (p® +m?2)G(p). (4.0.3)

W—>Eq

Since the width of these states is suppressed in the large-N limit, it is possible to define asymptotic non-interacting
states and compute the scattering matrix. The S-matrix can be split in the non-interacting part and the interacting
part, or T-matrix,

S =1+1T. (4.0.4)

In a two-to-two scattering of the spin-zero particles with masses m,, and spatial momenta k,,, n = 1,2, 3,4, the
T-matrix element

iTi2—s34 = (ma, k3; my, ky| iT |my, ki; mo, ko), (4.0.5)
can be obtained from a connected four-point function using the LSZ reduction formula (e, = y/k2 + m2)
. P2 4 m2
Tiaosa =l | I1=2 | ©O000w)0w) 00 (4.0.6)
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To define the scattering length one should first recall that momentum states are defined with different normalization
in the relativistic and non-relativistic approaches. Taking this into account, we extract the following factor from
the matrix elements

S12-534 = 4(e162e364) 2812434 (4.0.7)

Here :9'112_,34 will become the non-relativistic scattering matrix. Let us now focus on the case of elastic scattering
between two particles of possibly different masses m; = mg and mo = my. Momentum conservation implies that
the T-matrix contribution should take the form

Z.;7:12_>34 = (277)45(81 + €9 — €3 — 64)5(3)(1{1 + kg — k3 — k4)ZM (408)

2
In the non-relativistic limit &, ~ m,, + ;‘T’L Going to the center of mass frame k; = —ks = k and integrating over

the final momenta of the particle of mass my or mo

. k/2 k2
T = i(27)6 _ MK —k), 4.0.9
T =126 (o = 5 ) MK 1) (10.9)
where k' = k3 = —ky, mia = myma/(my + mg) is the reduced mass and we have assumed that the scattering
amplitude depends only on the exchanged momentum between the particles. The formula above can be understood
as the Born approximation to the scattering of a particle of mass m12 in a potential, the Fourier transform of the
potential being V(q) = —M(q). It follows that the scattering amplitude of the outgoing wave is

mi2

=— . 4.0.1
fla) = 5 =Mla) (4.0.10)
Therefore, the scattering length is
. Mg o~
s = — lim —= . 4.0.11
as = — lim == M(q) (4.0.11)

4.1 Scattering amplitude in holography

We will assume that a large-N strongly coupled gauge theory in d spacetime dimensions has a holographic dual
description. The dual will in general consist of Einstein gravity in d + 1 dimensions coupled to a scalar field ® dual
to O

5= 16771GN /ddﬂx\/jg (R = (00)* —2V(2)). (4.1.1)

In order for the theory to be well defined in the UV, we will assume that the potential has a critical point V’(0) = 0.
In this case there is a pure AdSgy1 solution, dual to a UV fixed point, where the scalar is constant ® = 0. The
metric is

L2
ds?H_l = gMNddeJUM ;)) = (d22 + nwdm“dcc”) . (4.1.2)
Here gpyn, M, N =0,1,...,d, is the d + 1 dimensional metric, that we will assume is asymptotically AdSy;1 with
radius L. We will use capital latin letters for spacetime indices in the bulk of the gravity dual and greek letters for
the field theory directions so in these coordinates z#, u =0,1,...,d — 1 span the directions of the field theory dual.
We will consider scalar potentials admitting an analytic expansion for small values of the field ® then the

potential expanded around the UV critical point will have the form
d(d — 1) 1 219 Vg
A o2

oz Y T
The mass of the scalar m? determines the dimension A of the dual operator m?L? = A(A — d). Let us introduce
the following parametrization of the dimension of the dual operator

V(®) ~ — o4 (4.1.3)

A= g + . (4.1.4)
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Where —1 < v < d/2 is the range of allowed values for relevant operators satisfying the unitarity bound and the

2 ‘1—2. The quartic term introduces a contact interaction for the scalar in the bulk, proportional

mass is m2L? = v
to vy.

With this action, the asymptotic expansion of the scalar close to the AdSy, 1 boundary is in general of the form

z z

®(z,2) = (z)g_" {Ao(x) + %Al(x) +ot (3)2” (Cu(x) + %Cu,l(x) +- )} : (4.1.5)

where the first part corresponds to the non-normalizable solution and the second part to the normalizable solution.
If g + v is an integer, then the expansion of the non-normalizable solution may include also logarithmic terms
log(z/L).
The expansion of the metric is
L? 22 P
gun (2, 2) = pey (77MN + ﬁHzMN(l") +eeeF ﬁHdMN(fE) +- ) : (4.1.6)

The equations of motion fix the coefficients in the non-normalizable solution of the scalar Aq, etc and the coefficients
of the metric H, pyn for n < d (as well as the coefficients of logarithmic terms). All these coefficients are local
functionals of Ag and its derivatives along the field theory directions.

4.1.1 Solutions and propagators of the scalar field

We will restrict to cases where the scalar field is treated as a probe, so backreaction on the metric and on other
fields will be neglected. The bulk action will have the form (4.1.1]).
The linearized equation of motion for the scalar field is

\/%aM (V=g9"Non®) — V' (¢ =0) =0. (4.1.7)

Using the metric (4.1.2)) and the potential (4.1.3]) the equation of motion becomes
1
v—9
Solutions to the equation of motion stemming from (??) can be constructed perturbatively using the bulk-to-

boundary K (z,z’; z) and and bulk-to-bulk G(x, 2’; 2, 2’) propagators by including higher order terms of the potential
(4.1.3). The bulk-to-boundary propagator determines the linearized solution for any boundary condition

(O-m?)® = om (V=99 on®) —m*® = 0. (4.1.8)

(0., —m)K =0, K(z,2';2) — 22726D(z — 2/). (4.1.9)

z—0

The bulk-to-bulk propagator on the other hand is the Green’s function defined by the differential equation

1
- (d) A ! /. / A
\/jgé (x—2")o(z— 2", Gx,2';2,2") RV (4.1.10)
In order to accommodate the AdS soliton model that we study later, we will assume Poincaré invariance of the
full geometry along a subset of the field theory directions d.rs < d and remove all explicit dependence from the
remaining field theory directions. We will thus split the metric as follows

(Os0 — m?)G

d83+1 = gzzdz2 + gwwnuydxudxy + gmdyzdij (4111)

where now z#, 4 = 0,1,...,dess — 1 and y', i = desg,...,d — 1. Written in this way, the plane spanned by the
vectors x* retain the Poincaré symmetry, while directions y* are orthogonal to this plane. We proceed by expanding
the scalar field and the propagators in plane waves

desip

®(z, 2) :/qu(p, 2)eP . (4.1.12)

For a confining theory, there will be a discrete set of normal modes satisfying conditions of regularity at the origin

and being normalizable at the boundary

p2:—M2

n?

¢ =on(z),n=0,1,2,3,.... (4.1.13)
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The spectrum of masses M2 corresponds to the spectrum of massive states in the dual field theory associated to
the dual scalar operator. The equation of motion for the scalar can be put in Sturm-Liouville form

0. (V=99°°0:0) — m*\/=g6 + v/ =gg"" M6 = 0. (4.1.14)

We can identify p(z) = \/—gg®* with the weight, so that normal modes can be chosen to form an orthonormal basis

/dz P(2)on(2)om(2) = Onm. (4.1.15)

The integration is over the whole allowed range of the radial coordinate. The basis of normal modes can be used
to write an expression for the bulk-to-bulk propagator

n(2)on (2
G(p;2,2') =~ 7%(2 J):DM(Q ), (4.1.16)

4.1.2 n-point functions

In order to compute the T-matrix element (4.0.6) we need both the residues of the poles in the two-point and the
four-point functions, in the limit where the external momenta are on-shell. The correlators can be computed from
the one-point function in the presence of a external source j for the scalar operator

[ DAO(z) Syt [ d'ei@0w)

@)
(O(x)); fDAeiSyM-‘!'ifddwj(x)O(w)

(4.1.17)

Here Sy )y is the action of the dual field theory, depending on the fields A and DA is the field theory path integral
measure. Note that the operator O(z) is a functional of the fields A. Higher order correlation functions are obtained
from the one-point function as

(O(z1) -~ O(xy)) = %Z 11 (1%) (O(zk)) ‘jzo. (4.1.18)

k=1 a=1
a#k
An external source is realized in the gravity dual as a boundary condition for the scalar field. This fixes Ag(z) =
LeVj(x):

Bz, 2 — 0) = 227Vj(x), (4.1.19)

The one-point function can be computed using the canonical momentum of the dual scalar ® [52,/61]

Te = /—g9°70,P. (4.1.20)

The regularized momentum 7y = mgp + 75" can be obtained from a variation of the action including counterterms.
The one-point function is obtained as the finite result from [524(62)

(O(x)), = N; lim (i) i Ty = /\/’M + local terms (4.1.21)
37 [g4v-1 250\ L e Le+v ‘ o
In the special case v = 0, the overall coefficient is 2 instead of 2v. The dimensionless factor N' = L1 /(167G y)
is proportional to the number of degrees of freedom of the field theory, N/ ~ N2 for a large-N gauge theory in
d = 4. The local terms are proportional to powers of j or its derivatives and are in general scheme dependent (terms
depending on log j might be present as well). They will drop from the LSZ reduction formula, so we can neglect
them.

In order to compute the correlators we expand around a background solution and solve the equations of motion
derived from the action with the boundary condition 4.1.19|). We then evaluate the solution on the regu-
larized momentum and find the expectation value from 1|4.1.21 . We construct the classical solution by introducing
a small parameter € and rescaling the source j — ¢j. Then we can do an expansion in powers of €

®=¢+epV + 26 4 gun = harn +ehy + ER - (4.1.22)
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In this expansion ¢, hysy are the background values, ¢(!) should satisfy the boundary condition (4.1.19)) and the
remaining terms should not change the boundary conditions for the scalar field of the metric. This implies that
1

lim Z%il/(;ﬁ(") =0,n>1,lim 20 =0,m > 0. (4.1.23)

Each term in the expansion is a homogeneous functional of the source j, and we will assume that the background
only depends on the radial coordinate 0,¢ = d,hp v = 0. For the computation of the two- and four- point functions

we need just to expand (4.1.21)) up to O(e?).

At each order, the solution will be obtained as the convolution of a Green’s function with the sources

qb(”)(z,x) = /ddml ceda, G(")(z,x;xl, oy xn)i(@n) - j(xn), (4.1.24)
(n) L2 [ a, o) : :
hyy(z,x) = = /d 1 d, Gy (2 w1, ) j(z) - J(zn). (4.1.25)
The boundary conditions demand that
lim G (2, 2301) ~ 255D (- ay), (4.1.26)
z—
m g™
lim G (z,x;x1, - ,xn) =0, (4.1.27)
z—0 z3 7V
lin% GS\Z)N(Z, T;X1, 0, Tpn) = 0. (4.1.28)
z2—

It will be convenient to take Fourier transforms and work in momentum space,

o (2 ):/ d’p, d’pn G (z,p;—p1, -+ —pn)i(P1) - 5 (Pn) (4.1.29)
» D (27T)d (271_)(1 y Dy —P1, y —Pn)J\P1 J\Pn), -d-
2 d d
(n) L d®py A°pn ~(n) ) ~ ~
hMN(z,p) = ; / (27T)d o (27r)dGMN(Zap7 —P1, 0, _pn)](p1> o ](pn) (4130)
Expanding for z — 0, we should find
~ iy
GOz, p—pl) = 24D —p) + o+ (2)7 TGP @)+ (4.1:31)
Fi(n) ZNER S
G (Z7p; —P1, 7*pn) = (Z) Gu (p; —P1, 7*pn)+"' . (4132)

Therefore, the contribution to the coefficient that determines the one-point function in (4.1.21)) is

_ d dy
C ) = [ Gt e G i )T p1) -+ o). (4.1.33)

4.1.3 Residues and scattering amplitude

The quartic term in the scalar potential gives a contribution to the scattering amplitude that can be interpreted
as being produced by a Witten diagram with four scalar legs joining at a single point in the bulk. The relevant
quantity is

G (2, p1; —pa, —p3, —pa) < (2m)26D (py — pa — 3. —p4)v4/d2'v—gG(p1;z,z’)K(pz;Z’)K(p3;2’)K(p4;Z')~

(4.1.34)
From (4.1.18]) and (4.1.33]) we can deduce the following expressions for the two and four point functions
wN (&) A
(O(P1)O(p2)) = =7 & (G,, (p1;—p2) + G, (pz;—p1)>, (4.1.35)

41



. 4
(O)OP)OWs)OM) = 25 5™ G (s s s —ns) (4.1.36)
k=1

2LA ni=1,2,3,4;ni#k

When the momenta are taken on-shell, both bulk-to-boundary and bulk-to-bulk propagators have poles

. cnipn(2) o _(pn(z)cpn(z')
K(pa Z) P2 M2 p2+M72Lv G(pvzvz) P2 M2 p2—|—M,% . (4137)

And we find that the kernels are of the form

G (2 p1; —p2) R (2m) 26 (p, — z)m, (4.1.38)
~(3) d5(d) T4 ng.ngna (2)
G (2,p1;—p2, —p3, —p1) ——— (2m)°0"V(p1 —p2 —p3. —Pa) =g (4.1.39)

1 .
pi——M2, Hi=1(p12 + M72L7)

Where the last expression is the leading pole contribution to the amplitude. Close to the boundary, the residue of
the bulk-to-boundary propagator has the form

ZT’L A
enon(2) " SN © (4.1.40)
where N' = L471 /(167G ) is a dimensionless normalization factor proportional to the number of degrees of freedom
in the dual field theory. The residues can be directly read from the boundary expansion z — 0 by isolating the
poles

Z Z .
A A ;n2,n3,
F’I('Lll) ~ 2 42:&[ 71‘1(131);”2’7137”4 ~ m;VzNa na L (4.1.41)

The factor Z,, can be identified with the residue of the massive pole in the two-point function of the dual scalar
operator, explicitly

- on (2)
Zn, = 2vN ¢ x lim 2 (4.1.42)

z—0 z

The factor Z,,.n,,nsn, is the leading pole contribution to the four-point function of the dual scalar operator.
Through the LSZ reduction formula it will determine the scattering amplitude. Its explicit form is

. ona(2)
Zﬂl;nmnsﬂu = _2yv4Ncnzcn3cn4’€n1m2yn3m4 X 11_1)% P ) (4'1'43)
z

where the overlap k is defined as

4
Ky nang,ne = /dz’\/nggam(z'). (4.1.44)
i=1

With the residues (4.1.42)) and (4.1.43)), using the LSZ reduction formula (4.0.6)), the contribution of the quartic
term to the scattering amplitude is

1o~ Z
M ==Y L
n1,M2,M3,M4 4 i=1 (Zny Zn, Znszw)l/Q

(4.1.45)

If deyy = 4, the scattering length for two-to-two elastic scattering can be determined directly from the previous
amplitude using the formula derived in [17]

Mnlzng no2=mna4
—— 4.1.46
81 (M, + M,,) ( )

s =
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Chapter 5

Scattering Lenght In Confining Theories

In the following sections, we will restrict to states created by operators that have a dual description as classical
fields in gravity, typically glueballs and mesons. Some states, baryons for instance, map to heavy objects such as
wrapped branes on the gravity side [63]. The effective potential for these types of objects has been studied for
instance in the Sakai-Sugimoto model using solitonic configuration on flavor branes [64,/65]. A similar analysis is
the calculation of glueball decay rates using three-particle scattering amplitudes in the GPPZ model [66], while for
very high energy scattering a description in terms of strings may be more appropriate [67].

5.1 Scattering in a hard wall model

We will illustrate our approach with a simple example. We will treat the scalar field as a probe, neglecting the
backreaction on the metric, i.e., it will remain fixed in this case. For simplicity, we consider AdSgy1 (4.1.2)) metric
in the whole bulk, but in order to mimic confinement we will introduce a hard wall [13] at a finite value of the radial
coordinate z. This means that the space abruptly ends, with the radial coordinate taking values on the interval
0 < z < 1/A. A Dirichlet condition for the fields at the hard wall makes the spectrum of fluctuations discrete and
gapped, with the gap set by the IR scale A.
The equations of motion for the scalar field are (O = *¥9,,0,)

2202® — (d — 1)20,® + 2*0® — L*V'(®) = 0. (5.1.1)
We will take the scalar potential to be of the form (4.1.3]), and do the expansion (4.1.22)) for the scalar field with a
vanishing background field ¢ = 0. The equation of motion at O(e™) is

where the inhomogeneous terms read, up to O(e?),

WO =w® =0, WO =y, (pM)>3. (5.1.3)

Fixing the mass of the scalar to m2L? = v? — %, the boundary conditions at the hard wall and the asymptotic

AdS boundary are

P =0, ¢M ~ 227j(x), ¢ ~ O(*),n> 1. (5.1.4)

z=1/A z—0 z—0

With these conditions ¢(2) = 0. We will now go to momentum space via Fourier transformation

o (p,z) = /ddme‘i’”'%(”(z, ). (5.1.5)

The equations of motion are
d? ~ —
<z28§ —(d—1)20, + 22M? + i V2> o™ (p,z) = WM (p, 2), (5.1.6)

where we have defined M2 = —p? and
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dip; dipy dips ~

W(S)(p,z) = (2m)4%D(p — p1 — py 7])3)1)4/ (2 (2m) (2 )d¢ )(p1,2)0M (p2, 2)6M (p3, 2). (5.1.7)
The solutions for 5(1) and 5(3) can be written as
— ~ _ A pd+l N
oW (p,2) = K(p,2)j(p), ¢ (p.2) =/ dZ1zdﬁE(p7z,z1)W(3)(p,zl)- (5.1.8)
0 1

Where we have introduced the bulk-to-boundary (K) and the bulk-to-bulk (X) propagators. The equations of
motion for each of the propagators is

d2
<z2a§ —(d—1)20, + 22M? + T u2> K(p,2) =0 (5.1.9)
202 oy & 2 24!
<z 0; —(d—1)20, +z°M +Z—I/ )G(p,z,zl) Ld+15( —z1). (5.1.10)
They must satisfy the boundary conditions
K(p7]_/A) :07 K(p,Z) NO 2%71/, G(pa 1/A721) :0, G(p,Z,Zl) :0 O(Z%JFV)' (5111)
zZ—r 4
Then, the expansions for z — 0 should be of the form
d_ z\ §+v
K(p,z) ~ 2% V+-.-+(f) K, (p)+ ... (5.1.12)
L
G ARe 5.1.13
(.z2) > (F)7 Gulpoz) +-. (5.1.13)

Direct comparison with (4.1.33)) shows that

Gf/l)(P; —p1) = (27T)d5(d) (p —p1) Ko (p1)

G (p; —p1, —p2, —ps) = (2m) 46D (p — p1 — po — p3) va [y dzlLfillGu(p,Z1)K(p1,zl)K(pz,zl)K(ps,m)-

(5.1.14)

5.1.1 Bulk-to-boundary and bulk-to-bulk propagators

The equation of motion that the propagators must satisfy can be put in Sturm-Liouville form. Multiplying the
equation by 1/(Az)4+!, using as variable u = Az and defining u = M/A,

1 % — 2 112
Ou (ud—la“K(p’ “)> L Kor s i s K(p,u) =0 (5.1.15)

, PR A
O (Wauz(p,u,ul)) + < Tt udl> G(p u,ur) = W&“ —u). (5.1.16)

The constant factor multiplying the delta function can be absorbed in the normalization of 3. The eigenvalues of
the associated Sturm-Liouville problem are p2, and the weight function is w(u) = 1/u¢~1.

The bulk-to-boundary propagator is easy to find as a solution to the homogeneous equation satisfying the
Dirichlet boundary condition and K (p,u) ~ (u/A)% " when u — 0:

7TMV d/2 YV (,LL)
Kpu=——u Y. (pu) —c,J,(pu)), ¢, = .
(p; u) P T()AE— Yo (pu) = cpdu(pu)), - cu 7,00
Let us consider solutions to the homogeneous equation satisfying a Dirichlet condition at the hard wall and a nor-
malizable condition at the AdS boundary. These solutions only exist for a discrete set of values of M, corresponding
to the zeroes of the Bessel function J,:

(5.1.17)
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V2
Ju+1(/~La)7

The values of M, = A are the masses of glueball or meson states created by the operator dual to the scalar field.
When we compute the residues of the two-point function and scattering amplitudes we will take the momenta to
be on-shell on one of these masses. The solutions are normalizable as long as v > —1, which corresponds to the
unitarity bound.

The functions ¢, form an orthonormal set

walu) = cazfl/QJ,,(,uau)7 Cq = Jo(pe) =0, a=1,2,3,.... (5.1.18)

/0 %gpa(u)wb(u) = Oab- (5.1.19)

Then, the bulk-to-bulk propagator can be written as the usual expansion in the basis of solutions to the boundary
problem

A &1
G(p,u,ur) = (LA Z e Pa(u)palur). (5.1.20)
a=1 a

5.1.2 Residues and scattering amplitude

When the momenta are taken on-shell to one of the masses of the scalar glueballs/mesons 1 — 4, the poles in the
bulk-to-bulk propagator are manifest. In the bulk-to-boundary propagator they are implicit in the coefficient c,,,

Y, (Ka) _ Npe) V202 Yy (110
Tori(na)(pa = 1) V2pa—p) * " pa — 42

Then, we can approximate the bulk-to-boundary propagator by the single pole contribution

v+1
T Yy (Ha) 1
K(p, ~ 1 o(u), 5.1.22
(p,) pP——MZ V73T (V)NS5 pg — e (w) ( )

~

Cpy =~

Ca- (5.1.21)

and similarly for the bulk-to-bulk propagator
A 1

G(p,u,uq) pQH:ng NG Ya(w)pq(ur). (5.1.23)

Expanding now the normalizable solutions for v — 0,

MZ i-i-ll
a I N ey ].24
¢a(u) ~c 2T (v + 1)u2 + (5 )
and taking into account that M? = —p?, we obtain
2u+1Y ( ) c

K, ~ A Hae Cvifla)  Ca 5.1.25
(v) p2——M?2 22V*%I/F(V)2 p? + M2 ( )
G, ~ o pxveg_ He? S pu(u). 5.1.26
(p,u1) P2 M2 2 ZVVF(V)Ld‘H P2+ Mg‘p (u1) ( )

Comparing with the formula (4.1.41)) we can extract the value of residues in the two-point function of the dual
operator, for a glueball/meson of mass M,

T’ Y, (pa)

Zo = NNt 0 2 = 5
22u7§1"(y)2

Ca- (5.1.27)

It is convenient to use this expression for the residue to simplify the formula of the bulk-to-boundary propagator:

2" (v) 2 1
K ~ AVFEE “ 1.2
(pa u) p2——Ma2 2 Ca/iz p2 + Mg Pa (U), (5 8)

Combining (4.1.41)) and (5.1.14]) we get for the residue of the four-point function
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1
v dU1
Zabed = — NN =10 (1)20 5 > 2 Cakla / o(u u1)pe(u u). 5.1.29
wbed (V) vaze Lepptcontea Jo u‘f“w L)l atin) ( :

Then, the contribution of the quartic term in the scalar potential to the scattering amplitude (4.1.45|) is

1/2 v
Moy abed = — 2472002 A g 3 (Z”Z”Z"> B — . (5.1.30)
N k=a,b,c,d Zk Cny My, Cng i, Cng fng Ini=asb.c.dini#k
where we have defined the overlap between the solutions of the scalar field as
Ldw
ated = | i a()0(0)0e(0)alv). (5.1.31)
When v — 0 the integrand has the following behavior
1 b
1 Pa (V)P0 (0)pe(v)palv) ~ v (5.1.32)

The integral is convergent as long as d + 4v > 0. Unitarity restricts v > —1, but the condition that the amplitude
is finite imposes a stronger restriction for d < 4,

d d
As 2 5.1.33
v > 1 = > 1 ( )

If instead of a quartic term in the potential of the scalar field we had a term ~ v ®%, K > 4, then there would be
a contribution to the scattering amplitude similar to (5.1.31f), but involving a convolution of K of the modes

K

b odv .
My, ~ LT ©Va, (V) = kK. (5.1.34)
i=1

This can also be interpreted as the (holographic) wavefunction overlap of all the modes involved in the scattering.
This integral is convergent for (d/2+v)K > d, which gives the condition for a finite K-particle scattering amplitude

d d d

Kk
1.4

1.2
1.0
0.8
0.6

0.4
0.2

. . . N ; e L L - > A 0.0
0 1 2 3 4 5 0 1 2 3 4 5 0 1

Figure 5.1.1: We depict the overlap kg as defined in (5.1.34) for various dimensions: d = 2 (Left), d = 3 (Middle),
and d = 4 (Right). The three curves correspond to the overlap of K = 4,6,8 modes. The shaded gray is the region
excluded by unitarity (5.1.33) and the vertical dot-dashed lines are the more stringent constraints ({5.1.35|) where
applicable.

We see that larger values of K impose a looser constraint, they become more restrictive than the unitarity bound
for d < 2K/(K — 2). In Fig. we have plotted the overlap for various dimensions and for varying number of
modes, showing that the corresponding amplitude diverges as the bound is approached, if the bound is
above the unitarity bound.
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5.1.3 Scattering length

We have derived a formula for the scattering length in (4.1.46|) when d = 4. Since the scattering amplitude ({5.1.30))
does not depend on the spatial momentum, we can read directly the result for the contribution of the quartic term
in the scalar potential in units of the IR scale

V4 v—1 2 Kaabb |Za| |Zb| )
A, (vg) = 4" T'(v + , 5.1.36
(V1) =I5 7 ¥) [ta + 1 ((CauZV (copyy)? ( )
where
1
du
Kaabb = /0 Egpa(u)24pb(u)2. (5.1.37)
This can be further simplified to
V4 Ma|YV(Ma)JV+1 (Ma)| + Mb|YV(Mb)JV+1(Ub)|
A, = aa . 5.1.38
s(v4) 32NK/ bb ,uza +/»Lb ( )
-5.
2.
1.
0.6
0.3
5 10 20 50
0.2
Ha

Figure 5.1.2: Contribution of the quartic term in the scalar potential to the scattering length 103 x N Aas(vs)/v4
as a function of the masses p, = My /A, uy = Mp/A of the particles involved in the scattering for v = 1. Notice
that the axes scale logarithmically.

The overlap is clearly positive Kqqpp > 0, so the sign of the contribution to the scattering length is
determined by the sign of the coefficient v4 in the quartic term of the potential. For a large enough value of |vy]
this contribution would dominate and determine the sign of the full scattering length. In this case the interaction
between the scalar glueballs or hadrons associated to the operator O would be repulsive for v4 > 0 and attractive
for vy < 0. In general we expect the overlap to decrease when the mass difference is larger, as the solutions for
the scalar field associated to each mass will be peaked at different positions in the radial direction. A smaller
scattering length implies weaker interactions between states of different mass. We have confirmed the expected
trend of as(v4) by computing numerically the scattering length for a large set of masses; see Fig. In Fig.[5.1.3
we, on the other hand, show how the scattering length as depends on the scaling dimension of the scalars involved
in the process. For small scaling dimension the scattering length increases, reaching a maximum and then slowly
decreasing indefinitely.
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Figure 5.1.3: We depict the contribution of the quartic term in the scalar potential to the scattering length 103 x
N Aag(vyg) /vy for the lowest mass states as a function of the scaling dimension A. The shaded gray region is excluded

by the unitarity constraint (5.1.33)), which in this case is no weaker than ({5.1.35|).

5.2 Scattering in the dual to N = 1* super Yang-Mills

Here we will not study the most general case of the model presented in (3.2.1]), but restrict to the simpler subset of
vanishing gaugino condensate. In this case the background geometry is a a solution of five-dimensional supergravity
truncated to a single scalar coupled to the metric. In a convenient set of coordinates the metric is (0 < u < 1)

du? U y
dsiﬂ =2 (4(1 —)? + T un,wdx“dax ) . (5.2.1)

The metric can be put in the form given in (4.1.2)) by a change of coordinates

DR (5.2.2)

u=1-—=, =z —x,. 2.
Zi7 " ZA "

Therefore, u — 1 corresponds to the boundary of the bulk, which is asymptotically AdS5. The other limit v — 0

is the origin of bulk spacetime z — z5. The scale of confinement is A = 1/z,; in the following we will set zp = 1,

so all dimensionful quantities are given in units of A.

5.2.1 Scalar solutions

Although there are several scalar fields in the supergravity action, their action involves coupling the background
metric to the scalar field that will subsequently make the analysis more involved. This will affect the spectrum
of normal modes and moreover introduce cubic couplings [68,[69]. These technical complications may obscure the
physics we are primarily interested in, which is how the geometric realization of confinement affects to the scattering
amplitudes. Thus, in order to facilitate the analysis and the comparison with other models, we will study a family
of probe scalar fields, decoupled from the background scalar and with a quartic potential as presented in the general
analysis.
A scalar operator of dimension A = 2 4 v is dual to a scalar field of mass

m?L? = A(A —4) =v? — 4. (5.2.3)
The linearized equation of motion for the scalar field is
2—u M? U
! ! - (VP —4)— =0. 2.4
¢ +1—u¢ Jr(4(1—u) v )4(1—u)2)¢ 0 (5:24)

Regular solutions are given in terms of hypergeometric functions
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v 1 1
qi)M(u):(l—u)%gFl <1+;—2\/V2+M2—4,1+;+2 1/2—|—M2—4;2;u). (5.2.5)

The bulk-to-boundary propagator K, (M;u) is proportional to (5.2.5), normalized to have the right asymptotic
behavior

Ky(u) — 1-(1- w) T =2 (5.2.6)
Then,
Kpy(u) = MF 1+2— 1\/1/2+M2 —4)r(1+ 2+ 1\/1/2+M2 —4) ¢ar(u). (5.2.7)
mese () 2 2 2 2

Poles in the bulk-to-boundary propagator correspond to the spectrum of normalizable modes. In this case poles
appear when the argument of the middle I" function in (5.2.7) is a non-positive integer

1
1+ 2 V2 M2 —4=—n, n=0,12,.... (5.2.8)

2 2
This gives the following mass spectrum

M2 =4(n?+ 2+ v)n+2+v). (5.2.9)
At these values the scalar solutions ([5.2.5)) become

oum, (u) =(1 fu)HTV oFi(—n,n+ v+ 2;2;u). (5.2.10)

The normal modes are ¢, = a,dn, (u), where

an=12n+1)(v+n+1)(v+2n+2). (5.2.11)
They form an orthonormal basis respect to the weight p(u) = u/(2(1 — u)?)

1
/0 du p(u)pn (W) om (1) = dnm.- (5.2.12)

The computation is straightforward and we have relegated the details in Appendix [A] The bulk-to-bulk propagator

is determined via (4.1.16|).

5.2.2 Scattering for low mass states

Using the values (5.2.9), the leading pole in the bulk-to-boundary propagator (5.2.7) is of the form (4.1.37)), with
424+ v+2n)(-)n T (1 —v)

nlay, 7 ese (mv)

Therefore, the residue of the two-point function (4.1.42]) is

Fr2+v+n). (5.2.13)

Cp =

Zn = 20N cpap oF1(—n,n+ v+ 2;2;1). (5.2.14)

For the lowest mass n = 0, we have that

ag=2w+1)(v+2), co=4wv+1)(v+2)/a, (5.2.15)

and the residue is

Zy =8NV (v +1)(v +2). (5.2.16)
The residue of the leading pole in the four-point function is given by (4.1.43)),

Zriinanging = —200aN oy Cry CyBong ng mgmg Oy 2F1(—n1,n1 + v +2;2; 1), (5.2.17)

where the overlap is
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1 2 4
u
Kninansng = /0 du m ll;ll:sé?n (u). (5.2.18)

If all the scatterers have equal masses My, then this simplifies to

4
_ 040 o2 Qg
K,o()o()—/ du 3<P0( / duu? 1 u) 4(V+1)(V+2)(2V—|—3) (5219)

Then,
Vv +1)3(v+2)3
2v+3

Let us proceed with our calculation to extract the scattering amplitudes for equal mass lowest modes. For this it

is enough to use the formulas (4.1.46)) and (4.1.45) by plugging in the values for the residues ([5.2.16) and (5.2.20).
We therefore find the amplitude

ZO;O,O,O = —64./\/1)4 (5220)

ve (v +1)(v+2)

Moooo =~ § 3,45

(5.2.21)
and the scattering length

_u (v D(v+2)1/2

YT N 32r(20 + 3) (5:2.22)

As shown in Appendix@ this expression is also valid for A < g, extrapolating it to values —1 < v < 0. We have
represented the result for the scattering length in Fig. [5.2.Ta] We have also computed the scattering length for
v = 1 and scatterers of different mass, the results are represented in Fig.

7.
a 4,
N—s*1 o®
Vy
10 L 3.
5t
2.
11
0.5 1.
5 10 20
0.1 L L 1 L L ' A M, 0.6

2 4 6 8 10 12

(a) Rescaled scattering length in units of the confinement scale. The(b) Density plot of the scattering length 103 x Nas/v4 in units of
horizontal axis is the conformal dimension of the scalar operatorthe confinement scale. The vertical and horizontal axes scale loga-
that creates the particles involved in the scattering, in this case therithmically and indicate the masses of the particles involved in the
scattering is for the particles of lowest mass at each value of thescattering, in units of the confinement scale, for states created by a
conformal dimension. Notice the log-linear scale. scalar operator of fixed conformal dimension A =3 (v = 1).

Figure 5.2.1: Scattering length in N' = 1* SYM
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5.3 Scattering in non-supersymmetric theories

Having discussed scattering in a concrete confining background geometry, it is interesting to raise the question of
how universal the results are and, in particular, how sensitive the scattering length is quantitatively to different
conformal symmetry breaking mechanisms so here we will compute again the scattering lenght but in the model

presented in (3.2.2)

5.3.1 Normalizable solutions for probe scalar fields
A scalar operator of dimension A = % + v is dual to a scalar field of mass

m?L* = A(A —-5) =1* — 243. (5.3.1)

Note that A is the conformal dimension in the five-dimensional CFT. In the effective four-dimensional field theory
the effective dimension of the dual operator will in general be different. Let us proceed with computing the spectrum
in the following. The spectra of fluctuations in AdSg soliton geometries has been worked out previously in |70H72]
as well as in [73]|74], where interesting extensions are investigated. However, as in the previous section, we will
focus on probe scalars and their spectra for arbitrary conformal dimension as represented in .

The linearized equation of motion for the scalar field is

& (2) + (j} - j) &'(2) + (Ajz - ”Z;F) é(2) = 0. (5.3.2)

The Sturm-Liouville form of this equation gives a weight p(z) = 1/2%. We do not know an analytic solution to
this equation, so we will resort to a numerical calculation to compute the scattering amplitude and the scattering
length. Close to the AdSg boundary, the scalar field has a leading order behavior ¢ ~ 2377, We will factor out
this dependence so that the scalar solution goes to a constant at the boundary. Defining ¢ = zg*”X the equation
of motion becomes

’ _ 9y 2 ’ 2_ 25
X"+ (J}+ ! 22 )x’(z)+ (]\§+ (;—v) Z7+1/2724 (1—}>>x(z)=0- (5.3.3)

As before, we will fix zp = 1 and express all quantities in units of A. We then impose regularity at the origin
z = 1 and do numerical shooting to the boundary. The details about the numerical calculation can be found in
Appendix [B]

For a given mass M, if the value of the solution x,, at the boundary is non-zero x,, (0) # 0, the bulk-to-boundary
propagator can be defined as

Ky(z) =227

(5.3.4)

The spectrum of normal modes is determined by the values M, for which x,, (0) = 0, which can be found
numerically; see Appendix[B] We have also derived an analytic estimate for the masses using a WKB approximation;
see Appendix [C]

71_2

M2 = g—Q(n +1)(n+v)+O(n0), n>0, (5.3.5)
where £ ~ 1.25. For GPPZ we obtain that the difference between the exact and WKB result is v- and n- independent
M2 .os — M e = 4. Comparison between the WKB values and numerical values in the AdSs soliton show also
very good agreement, especially as the value of v is increased. The spectrum for the first few modes and different
values of v is represented in Fig.

The fully normalizable solutions are given by

‘Pn(z) = and)n(Z) = Qpn ZgiVX]VIn (Z), (536)

where the coefficients «,, are chosen in such a way that the normal modes have unit norm, forming a complete
orthonormal set

—1/2

/O1 %wn(z)wm(z) =0pms  Qp = (/01 g% (2)2) : (5.3.7)
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Some numerical values of the normalization coefficients are given in Appendix [B] The bulk-to-bulk propagator is

determined by this basis as in (4.1.16)).

M,
14}
12}
10F
m M,
= M
8t 3
(5] Mz
| M1
6} ] Mo
a4}
2}
N N N N —y
0.5 1.0 1.5 2.0 25

Figure 5.3.1: Masses of the lower modes in units of the confinement scale. The solid curves correspond to the
numerical results while the dashed curve stem from the WKB approximation obtained in Appendix |g

5.3.2 Scattering for low mass states

Using the values given in Table [B.0.1] the leading pole in the bulk-to-boundary propagator (5.3.4) is of the form
(4.1.37). In order to compute the residue numerically it is convenient to first evaluate numerically the limiﬂ

2v
b= —— lim (M2 — My) x 22X (Z)

(2v)! M—M, xar(0) la=0’ (5.3.8)

Then, the coefficient relating the residue to the normal mode is ¢, = ky/ay, and the residue of the two-point
function of the dual operator is determined by

Zn =20 Nk,. (5.3.9)
Some numerical results for k,, are presented in Tables and in Appendix
The residue of the leading pole in the four-point function is given by (4.1.43)), evaluating the limit it becomes
an;nz,n3,n4 = _21/,04NCn20n3cn4an1kn1h:n1,112777,3,71,47 (5310)

where the overlap k is defined as

Uy &
Knymgmsng :/O ;H@nl(z) (5.3.11)
=1

We list some numerical values of the overlap in Appendix [B]

We proceed to compute the scattering length and the scattering amplitude for scatterers of equal and lowest
mass. For this it is enough to use the formulas (4.1.46) and (4.1.45)) plugging the values we have found for the
residues and (5.3.10). The results for the lowest mass and different values of the conformal dimensions are
represented in Figure while the results for scattering with different masses and fixed conformal dimensions

can be found in Fig. [5:3.20]

1We explain how to generalize this calculation when v is not a half-integer in Appendix
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(a) Rescaled scattering length in units of the confinement scale. (b) Density plot of the scattering length 10% x Nas /v4 in units
The horizontal axis is v, that up to a constant shift is the of the confinement scale. The vertical and horizontal axes
conformal dimension of the scalar operator that creates the scale logarithmically and indicate the masses of the particles
particles involved in the scattering. In this case the scattering involved in the scattering, in units of the confinement scale,
is for the particles of lowest mass at each value of the conformal for states created by a scalar operator of fixed conformal di-
dimension. mension (corresponding to v = 1/2).

Figure 5.3.2: Scattering length in the non-supersymmetric holographic mode

5.4 Discussion

We have presented a method to compute the scattering length of the effective interaction between color singlet
states (glueballs or hadrons) in a large-N strongly coupled gauge theory with a holographic dual. We have focused
on the states created by a scalar operator of fixed dimension A and performed explicitly the calculation in various
models. It is, in principle, straightforward to extend our analysis to operators of different spins or to consider the
scattering process between particles created by operators of different dimensions.

First we illustrated the power of our method by finding the main contribution to the scattering length of a
contact interaction in the two-to-two elastic scattering of spin-0 particles. We considered the hard wall model ,
consisting of a AdS5 geometry with a sharp cutoff by imposing Dirichlet boundary conditions on the bulk fields.
The position of the cutoff was identified as the scale of confinement, hence determining the masses of the particles
in the field theory. As a model it is quite crude, and one might wonder whether the scattering amplitudes are very
sensitive to the way the confinement scale is introduced.

We have found that the condition of having a finite amplitude puts a lower bound on the dimensions of the
scalar operator. The constraint stems from the properties of the solution in the asymptotic region, so we expect it
to be universal for any model that is asymptotically AdS. We have argued that the bound is above the unitarity
bound for theories in d < 2K /(K — 2) spacetime dimensions if there is a polynomial term of order K in the scalar
potential of the dual theory. Note that for the case we have worked out explicitly, K = 4, the bound is above the
value of scalar operators in some CFTs. For instance, in the d = 3 Ising model A, ~ 0.518 (see, e.g., ), which
is below 3/4 bound that we found in the holographic model. The same holds for the d = 2 Ising model, where
A, = 1/8, while the holographic bound is 1/4.

It is interesting to ask why the bound we are proposing is stronger than expected? It might be that the bound
only applies to a restricted set of theories with holographic duals, in the large- /N limit, or with a discrete spectrum
of massive states. It would be especially interesting if the last option was true, as it would imply that a theory with
an operator of low enough dimension cannot have a discrete gapped spectrum, going beyond conformal bootstrap
bounds (see, e.g., for a review). Note that theories with a holographic dual that do not have a fixed point in the
UV, i.e. with an asymptotic geometry different from AdS, might also avoid the bound. However, this will signal
UV physics different from that of an ordinary field theory in d dimensions.
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Figure 5.4.1: Witten diagrams corresponding to the contribution by the quartic interaction that we have computed
(Left) and the contribution due to one graviton exchange (Right).

As our purpose was to point out the possibility of computing this observable in holography and to expose the
method, we have restricted for simplicity to interactions that only involve the dual scalar field. Our calculation
can be understood pictorially as a Witten diagram with four scalar legs joining at a single point in the bulk. We
should mention that the calculation of four-point functions of scalar operators through Witten diagrams and other
techniques in AdS/CFT has a long history, starting with [77,/78]. However, previous works have largely focused
on conformal theories and using a representation in position space, or Mellin transforms that take advantage of
conformal symmetry [79-H82]. In some cases, but still restricted to conformal theories, correlators in momentum
space have also been studied; for recent works, see [83(85].

It should be noted that the scalar field is coupled to the metric and maybe other fields as well, so there are
more contributions to the effective interaction of scalar states and therefore to the scattering length. In particular,
there should be a universal contribution corresponding to the exchange of one graviton between the two scalars, as
in Fig. 5.4.1] It seems quite likely that the graviton exchange will produce a tensor contribution to the effective
potential, analogous to the one observed in the nucleon-nucleon potential. It would be quite interesting to derive
the effective potential for fermion fields and compare with fits of the nucleon-nucleon potential to experiments.
Exchange diagrams would also introduce additional momentum dependence in the scattering amplitude, whereas
the contact interaction in the effective potential we have studied reduces to a delta function in space.

Following this last line of thought, a direct comparison with QCD would be more consequential for holographic
models that are designed to approximate it as closely as possible, such as the IHQCD or V-QCD models [?,[12].
It should be noted that baryons usually do not have a simple description in the holographic model as fields in the
gravity action, although it is possible to avoid this issue by considering different types of large-N limits [?,7,7,7].

Our results for the A = 1* SYM [14] are represented in Fig. corresponding to the scattering length for
particles of the lowest masses as a function of the conformal dimension of the dual operator, and in Fig.
corresponding to the scattering length for fixed conformal dimension and different masses of the particles involved
in the scattering process. The same quantities for the non-supersymmetric model [?] are represented in Fig.
and in Fig. They are qualitatively quite similar. There is a smooth increase of the scattering length with
the conformal dimension along similar-looking curves. The scattering length is larger for scatterers of equal masses
and decreases when any of the masses is increased. The conclusion is that the scattering length for this type of
contribution is largely insensitive to the physics that produces the mass gapEl For the hard wall model one can
observe a similar behavior for the scattering length as a function of the masses in Fig[5.1.2} The dependence with
the conformal dimension, see Fig[5.1.3] is also quite close, although in the hard wall model it is not monotonically
increasing, suggesting that the hard wall model may miss some of the relevant physics for large-dimension operators.
A direct comparison of the scattering lengths in each model can be seen in Fig. It is, however, important to
notice that while the functional dependences are very similar between the models of the present work, the AdSg
soliton geometry always results in larger scattering lengths than in GPPZ and the quantitative match between the
models is only within O(1).

2From a technical point of view the similarity probably originates in the solutions to the Sturm-Liouville problem in each geometry
being similar.
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Figure 5.4.2: Scattering length for the duals to the AdSg soliton, GPPZ geometry, and hard wall, in units of the
confinement scale as a function the dimension of the dual operator v = A — %. v = —1 corresponds to the unitarity
bound, where the scattering length vanishes in all cases. The scattering length is roughly of the same order of
magnitude and shows the same increasing trend with v for the AdSg soliton and GPPZ model, while the hard wall

model starts decreasing at larger values of v.

The dependence on the mass can be partially understood. This is because the scattering amplitude is propor-
tional to the overlap between the modes in the gravity dual, which is bound to decrease as the masses become more
apart, and the modes will have support on different regions. In field theory this would imply that particles of very
different masses have weaker contact interactions. Although we do not have a clear cut explanation, a possible
interpretation is that the particles with very different Compton wavelengths are less likely to scatter: imagine the
one with smaller wavelength as a particle-like object of the size of its Compton wavelength and the other as a wave.

As a function of the conformal dimension, we observe in the A/ = 1* SYM and hard wall models that the
scattering length vanishes when the unitarity bound is saturated, conforming to expectations, as this point corre-
sponds to free particles. It is then natural that the scattering becomes stronger as the dimension increases above
the unitarity bound. For the AdSg soliton we did not reach the unitarity bound but indeed we observe that the
scattering length increases with the conformal dimension. The overall sign of the scattering length depends on
whether the interaction is repulsive (positive) or attractive (negative). In the plots, this sign is determined by the
factor vy that defines the contact interaction in the gravity dual.
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Chapter 6

Holographic calculation of the pion
scattering amplitude

After computing the scattering lenght and spectrum of masses of three different models with confining duals we
compute the pion scattering amplitude in the Witten-Sakai-Sugimoto model and extract from two-pion scattering
amplitude, which we compute directly in the holographic dual through tree-level Witten diagrams, the pion decay
constant and coefficients of fourth derivative terms in the chiral Lagrangian for massless quarks.

The observables that are relevant in the construction of a holographic model are the LECs. These constants
enter in the effective QCD action and determine the interactions among hadrons and, most importantly, their values
can be inferred from experiments. ChPT provides a systematic approach to characterize the LECs based on the
approximate flavor symmetry of the microscopic QCD Lagrangian and the spontaneous breaking of this symmetry
by a chiral condensate in the QCD vacuum. A holographic model that aspires to quantitatively counterfeit QCD
observables in the confined phase should therefore be able to reproduce the chiral effective action with values of the
LECs that match the experimental observations.

Being able to extract the LECs from the holographic model is fundamental. An early proposal on how to
construct the effective action was within the Witten-Sakai-Sugimoto (WSS) model [|11}/15,/16] by unveiling the
action in the gravity side for modes of the fields dual to mesons. Later works in other models followed a similar
approach [13/86199]. We follow a different path, we extract the LECs from the low-energy scattering amplitude
of pions, that we compute directly from Witten diagrams in the gravity dual following the method developed
in [17,|18]. To be definite, we focus on the WSS model with two flavors of massless quarks and find that the
coefficients originating from pion self-interactions in the gravity dual were misidentified.

The holographic dictionary instructs to map gauge-invariant operators to fields in the gravity dual. The pion
should be understood as a mode produced by the axial current operator. We can thus obtain the pion scattering
amplitudes from axial current correlators via an LSZ reduction formula where we have to identify the massless poles
appearing in the correlators. The pion propagator will be determined by the two-point function of the axial current
and the 2 — 2 scattering amplitude henceforth by the four-point function.

From , the expectation value (vev) of the axial current can be computed from the asymptotic values of
the canonical momentum conjugate to the gauge fields

Z—oo Z——o0

(JE ) = < lim + lim )ﬂg . (6.0.1)

We can extract higher order correlators from the vev by taking variations with respect to an external axial gauge
field

@I )+ I ) = (0" [] s (o)) (602)
=1

5 pq \J?

where the external gauge fields are identified as the asymptotic values of the gauge fields (6.2.1). Taking into acount
that

4
/ dAwAZ ()02 () = / g&lAmq)J;“(q), (6.0.3)
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the analogous formula in momentum space reads

(L ()8 (qr) - T () = ”Hm -

g a0 (6.0.4)

6.1 The holographic model

In this section we are going to present the explicit setup used within the WSS model to derive the pion scattering
amplitude at strong coupling.
In the following we will take Ny = 2 so the Abelian and non-Abelian components of the gauge field on the
D8-branes are split according to
a

Iy
Ay = (IM +A 2 . (611)

We will denote the Abelian field strength as f,, = aual, — 0yay. For the non-Abelian part, we will distinguish
between the linear and non-linear part of the field strength as follows

Fo = fo, + e Al AC =0, A, — 0, A] . (6.1.2)

N2 uty o ,uy
For an antipodal D8-brane embedding it is convenient to introduce a change of coordinates (7,U) — (y, z) with
y=rcosf, z=rsinf, 0 = Mgxt , U® = Uy + Ugxr? . (6.1.3)

The D8-brane will be localized at y = 0 and extended along the z direction. The induced metric on the D8-brane
in this case reads

4 3/2 g 3/2
ds? = 5 (5) UII;K dz? + (%) Nuvdztde? + R32UM2A02% (6.1.4)
where
U = Uk + Ukx?® . (6.1.5)

It will be convenient to introduce dimensionless coordinates Z = z/Ukk, z* = & /Mgkxk and define
wZ) =1+ 2%)"3. (6.1.6)
Then, the induced metric in the dimensionless quantities is Gy n = L2Gy N, where

dz?
u(Z)?

The DBI action can be split according to the factors of the field strength, expanding up to O(F*),

Sppr = — T / d*2dZ u(Z)> (2 + (”LO; ) Lo+ (Tg ) ol ) : (6.1.8)

dsg = u(2)'/? [ 5

9 4 4
(Z)nuwditdz” + 4in] , L? = §R3/2U11</K2 = —yml?. (6.1.7)

where 3 N3 Y
Ty = 2 V,R3LOT, = —</ym T 200 6.1.9
87 99, " T 73905 T L2 ddywm (6.0.9)

The Lagrangian densities, in terms of dimensionless gauge fields, coordinates, and the metric read

1_. o 1
‘Cg%ﬂ = iFMNF MN 4 ifMNfMN
4 1 a a 1 a a
Lihy = 6 FOMARL  Fy g FPNP §F MNpeABEY s Fin (6.1.10)

(FaMNFaNFbABFA +2FGA1NFQABFMNFAB) +O(f2F2,f4) .

OO\*—‘

In the quartic action (6.1.10)) we omitted writing the explicit form of the Abelian and mixed terms since at tree
level they do not contribute to a quartic interaction with non-Abelian fields in the external legs.
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The Wess-Zumino action is non-vanishing due to the background four-form

1
— F, =N, 6.1.11
2T g4 4 ( )

in such a way that the Wess-Zumino action is proportional to a five-dimensional Chern-Simons term for the gauge

fields on the brane
N,

24772 M4XR

SWZ UJ5(A) = /d4i‘dZ£Wz . (6.1.12)

For purely non-Abelian SU(2) fields, the Chern-Simons term vanishes. However, there are mixed terms between
Abelian and non-Abelian components

Ne

L MNLPQy ) 0N ALOp AL 4+ O(A'a) . 6.1.13
3212 @

Lwz =

6.2 Chiral symmetry and pion mode

Let us discuss the realization of chiral symmetry and the existence of a massless mode corresponding to the pion.
Considering only fields that are constant on the S*, there are two boundary values that have to be specified for the
gauge field on the D8-branes, each of them mapping to background values for the U(Ny)r and U(Ny)gr gauge fields

i A (,2) = Ly(e) = Vo) + Asu(e) . lim Au(e,2) = Ry(e) = Vale) — As u(a) (6.2.1)

where V), are the U(Ny)y (vector) and As, the U(Ny)a (axial) gauge fields. The set of gauge transformations
U(z, Z) of the field on the D8-branes

Ay = U YAy U —iU o U (6.2.2)
generate gauge transformations of the background left- and right-handed gauge fields in the dual field theory
lim U(x,Z)=Ug(z), lim U(z,Z)=Ug(x) . (6.2.3)
Z—+oo Z——00

In the Az = 0 gauge the set of allowed bulk gauge transformations is reduced to Z-independent transformations
UL, r(z), and the global subgroup are constant transformations. These global transformations are identified with
the U(Ny)r x U(Ny)r flavor group of the dual field theory. Note that, when the sources for the flavor currents are
turned off limz_,4 A, = 0, the global transformations do not change the boundary values of the gauge field as
expected. As we mentioned, chiral symmetry is spontaneously broken U(Ny)y x U(Ny)r — U(Ny)y in the dual
field theory, so there should be a mode on the D8-brane that corresponds to massless pions. We will elucidate this
below.
From the quadratic action in we obtain the following set of linearized equations,

1
0z (w(2)’5,] + ——n*0atff, =0
D ]+ o (6.2.4)
n*P0afiy =0,
where f§;ny = O A% — OnAS,. We will split the gauge potential in transverse, longitudinal, radial, and gauge

parts:
A% = Ao+ 9,Al + 9,0 | A% = B +05C" , "0, A" =0 . (6.2.5)

The second equation in (6.2.4)) imposes the conditions (8% = n*?9,0s)
9’Bg = 9%9, Al (6.2.6)

Then, either 0?4, = 0, or Bz and Alle are pure gauge and can be absorbed in C. In the case when the first
condition is true, corresponding to a massless mode, the first equation in (6.2.4) becomes

0z [u(Z)?’(aZAZ — 8HA“Z)] =0. (6.2.7)
The solutions are, up to gauge transformations C*(z, Z),
a (ra Aa 2 a a 2 (pa(x)
Az, Z) = Vi (x) + A5#(x); arctan(Z) , A% (x,Z) = 2¢*(x)po(Z) = 1r (6.2.8)
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If we set Vj = A; « = 0 the mode is normalizable, so there is a massless particle in the dual field theory, which will
be identified with the pion. This in fact is an exact solution of the O(F?) action. The normalizable solution has
the field strength

Fily =20,9"00(Z) , Fy, =0. (6.2.9)

Let us show now that indeed (® is the pion field up to an overall normalization. Following the usual prescription
of the holographic dictionary, we first compute the canonical momentum conjugate to the gauge field

dSps
= —— . 6.2.10
6 (0245) G210
From (6.1.8]),
2
NS o4 e
where, using (6.1.10)),
mele = gpa2n
1
e = G [4F}, (ForLpP 2y 4 FPRERaZv) 4 4Fg FOHERDZY (6.2.12)

4 (FaZ'uFJl{/'LFbNL +2FbZ'uFbNLF7VL):| .

The expectation values of the flavor currents J; " and Jpz" are obtained from the boundary values of the canonical

momentunﬂ
(JE*y = lim =, (Jp*)=— lim =/ . (6.2.13)

Z—+oo Z——00

To leading order in the field, and restoring units in the z* directions,
(JE) = (JL) = (JR") = frn 0, . (Jp) = (J1") + (JR") =0, (6.2.14)

where f2 is given in . This shows that ¢® is proportional to the pion field, since the axial current is
proportional to its gradient. Our next goal is to find the pion effective action. Usually this has been done by
identifying ¢* as the pion field and using the D8-brane action integrated over the holographic radial coordinate
Z as the effective action for the field ¢®. Within this general idea there are two different approaches, an off-shell
approach where ¢® is taken to be an arbitrary function and an on-shell approach where it is a massless field
0%¢p% = 0. The off-shell approach is the one used originally in the WSS model |15,/16], and has been also employed
in other phenomenological models [13}87,/88,/90H92}/941196,(07], while the on-shell approach was introduced in [95]
for the AdS/QCD model of [87].

6.3 Effective action for the pion field and vector mesons

For Ny flavors, the pion field is a Ny x Ny unitary matrix U = 2/ fx with II a Hermitean matrix. In addition,
there is a tower of massive vector meson fields vy, n=1,2,3,.... Higher n corresponds to higher mass. From the
dual gravity point of view, n labels Kaluza-Klein modes in the holographic radial direction. The effective action
(in the absence of sources) was found to be of the form

1 1
L = — tr (8,II0"I) — 3Pt [T, 8,11 + st 0,11, 0,11)
™ SJ
2b'u"7r7r
f2

where €% f2 ~ 0.51. Focusing on the quartic terms in the pion field O(9%I1*), the naive LECs in this actiorﬂ would
be the same as for the Skyrme model [36{{38]. For N; = 3 the LECs satisfy the relations

(6.3.1)

+ Z 2tr (8[#%])2 +m?2., (vﬁ)2 + tr (0),vy) [0#11,0710]) ,

1
LgU(S) _ 2LfU(3) 7 LS‘U(S) _ _3L§'U(3)’ LlsU(S) =7 (6.3.2)
s

1The relative sign stems from the variation of the D8-brane on-shell action §S,y,_shei; = fd4x (<Jfa> LG + <J§a> 6RZ), with
the left current at the upper limit of the radial integration and the right current at the lower limit.

2Their precise definition can be found in Egs. (2.3.23) and (2.3.22)).
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The first relation actually always holds in the large-N. limit, so there are only two independent coefficients (this is
true for any value of Ny). For SU(2) the term proportional to L3 can be recast as the term proportional to L1, so
that for the WSS model

SU(2 su@) . 1 sue sSU@3 SU(2
e L R . I (6:3.3)

However, the action (6.3.1)) is not in the standard form, in particular, the last term capturing the coupling between
the vector mesons and the pions is not the expected one from hidden local symmetry (HLS) considerations. In
order to correct for this, one redefines the vector meson fields as follows

bynrr
f)Z =, + 272 (I1,0,10] . (6.3.4)
After this redefinition the action becomes
L= —tr (9,I10"IT) + ) _ 2tr (000))° + M2 (V)2 = 2gyn et (07 [IL, OMI]) . (6.3.5)

The basic idea of the off-shell approach is to expand the field in “Kaluza-Klein” modes of the holographic radial
direction, which, excluding the massless mode, are of the form

Az, 2) = 3" AP (2)pa(2) , AF) = 0. (6.3.6)

n

Here the functions ,, are eigenfunctions of the radial derivative part of the equations

w(2)07 [w(Z2)* 07 (2)] = —muipn(2) , lim ¢n(Z) =0, (6.3.7)

where m? determine the masses of mesons in the dual field theory. Then, from (6.2.4)
A —m2AM =0, 9,45 =0 . (6.3.8)
Introducing the Kaluza-Klein expansion, together with the massless solution back in the action (6.1.8]) and inte-

grating over the radial coordinate results in an action for the 4D fields A, ("™ and . This is to be interpreted as the

effective action for the meson fields in the dual field theory, with interactions determined by non-quadratic terms.
In this derivation the 4D fields are off-shell, i.e., the equations of motion are not imposed. In previous
derivations only the O(F?) terms were kept, while higher o’ corrections to the DBI action were neglected. This
restricts the terms in the action to be at most quartic in the fields (for pions and vector mesons) and to have at most
four derivatives in the field theory directions. Terms O(F?*) can contribute at the same order of derivatives and
fields, so they must be included if one is interested in computing the value of the LECs at finite 't Hooft coupling.

The off-shell Kaluza-Klein expansion is essentially the approach applied to the WSS construction in [15,/16] to
derive the meson effective action. The action was actually computed in a slightly different way. Allowing
the boundary conditions of the gauge field to be fixed only up to boundary gauge transformations, it is possible to
apply a gauge transformation to the solution (with V# = A n = 0) such that the radial component vanishes
and the pion field ¢* is moved to the components of the gauge potential along the field theory directions. Beyond
the linear approximation, this amounts to fixing Az = 0 and introducing instead a pure gauge configuration for the
boundary gauge fields, that is taken to be

V, = —%2*16“2 , As, = —%zflauz : (6.3.9)
We then identify X(z) as the SU(Ny) matrix of the pions. In this case the field strengths are
Fpy=—iS7'0,2¢0(Z) , Fu = —i[£779,5,279,%] (¢0(Z) — 1)¢o(2) (6.3.10)
with {1
Yo(Z) = 3 + p arctan(Z) , (6.3.11)

and we have used ¥)(Z) = ¢o(Z). Plugging (6.3.10)) back in the action (6.1.8) and keeping only O(F?) terms one
finds (6.3.1]) up to quartic order in the fields. The terms that involve only the pion have the form (2.3.23)) with

Naym [ NeAdym
72 sMpcgy [ aziof = Sk

SU(2 SU(2 N cAYM (Yo —1)%¢Y5  Nedywm
L3v® = U@ 423%3/ dz C= b, br1525.

(6.3.12)
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One should note that since the boundary values of the gauge potentials do not vanish, this actually corresponds to
having a non-zero source proportional to the derivatives of the pion field, in such a way that the pion field enters
as a “spurion”. In order to demonstrate this we will introduce external gauge fields ]A),“ As » coupled to the axial
and vector currents by modifying the boundary conditions in

V,=3"1),8 - %z—laﬂz L Ag, =21 45,0 — %2—18#2 . (6.3.13)

Then, a simultaneous transformation of the pion field and the boundary gauge fields leaves the boundary values of
the bulk gauge field invariant.

Expanding up to quartic order in the fields, the shift removes the source terms depending on the pion
field from the effective action and terms quartic in the pion field go away, so the only contributions depending on
the pion field left are quadratic or interaction terms involving vector mesons. That the spurion action is able to
capture the LECs can be understood from the fact that external gauge fields should be dressed by the physical
pion field (once massive vector mesons have been integrated out) in the same way as they are for the spurion in
(6.3.13). However, even when the massive vector mesons have not been integrated out, there are terms at O(F?*)
in the action not included in the original derivation |15 that contribute at the same order in fields (quartic)
and derivatives (four), albeit they are relatively suppressed by a 1/)%,, factor.

Moving on to the on-shell approach, it has not really been applied to the WSS model, but to other AdS/QCD
models with an IR cutoff in the holographic radial direction [95]. In this case the pion field is typically identified with
the value of the gauge field at the cutoff, which together with a fixed asymptotic value at the boundary determines
the solution for the gauge field. Then one proceeds in a similar way as in the off-shell derivation, evaluating the
action on the solution and integrating over the radial direction to obtain the effective action. However, there are
two main differences with the off-shell approach. The first one is that there is no expansion in Kaluza-Klein modes.
Instead, solutions are found by fixing the value of the field at the cutoff, so even for the linearized equations they will
typically consists of a superposition of the massless mode and the whole Kaluza-Klein tower. The second difference
is that the full set of equations is solved, including equations with only field theory derivatives and non-linear terms.
This can be done systematically using an expansion in derivatives and factors of the pion field, which is on-shell in
this derivation (i.e., terms proportional to the equations of motion of the pion field vanish).

It was also argued in [95], and shown for the AdS/QCD model introduced in [87], that the off-shell and on-shell
derivations of the effective action should agree if the former is put on-shell which in the low momentum expansion
requires integrating out all the massive vector bosons. In the WSS model one could in principle attempt a similar
on-shell derivation contemplating the pion as the value of the field at an IR cutoff at Z = 0.

Our approach using scattering amplitudes have some similarities with the on-shell approach in that we will be
solving the equations of motion in an expansion around the linearized solution, however, it will be the UV rather
than the IR value of the gauge fields that will determine the expansion.

6.4 Expansion in a background axial gauge field

We will set Vi = 0 and A, ~ O(e) with € treated as a small parameter. The solutions for the gauge field on the
D8-branes will be expanded in €, that counts the number of factors of the source appearing in each term of the
expansion

Ay = eAs\}[) + ezAs\%I) + eSAg\?/’I) +.... (6.4.1)

The O(e) term contribution captures the two-point function of the current and the O(e®) contribution the four-point
function. Our goal is to compute both in the following.
At each order we can arrange the equations of motion for the gauge field as follows

n)a 1 (0% n)a n)a
0z [U(Z)Sfé“) } + @77 B0 éu) =1

U(Z)Bnaﬁaafé'fé)u _ I(Zn)a ’

(6.4.2)

where [ le) ¢ = Iél) “ = 0. Following the holographic dictionary, we should impose boundary conditions such that

Jim A2, 2) = £48,(2) . lim AV, Z)=0,n>1. (6.4.3)
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We will work with Fourier transforms of the fields, and split the gauge potentials as before in transverse, longitudinal,
radial, and gauge parts
A (q) = AP 4 ig A g, 0 AT (q) = B 40,00 (6.4.4)

The equations of motion for each component of the gauge field are

2
Oz [U(Z)?)aZAELn)J_a] . %Aﬁln)J_a _ I;(Ln)J‘a
qQaZ |:U(Z)3 (B(Zn)a — GZA(H)H a)i| _ iqa]—((ln)a (645)
Pu(Z)? (8ZA(") la _ B(Z")“) _ e

Here and in the following indices will be raised and lowered with the flat Minkowski metric. At orders n > 1 we
have to solve inhomogeneous equations. Since ig®I\"® + 6ZI(Z") * =0 we can split

I}(]L)a _ iquazJ(n)a + Ilgn)la , I(Zn)a — q2J(n)a . (646)

Then, the inhomogeneous solution for the longitudinal and radial parts is, up to gauge transformations,

AWlle —o  pime —ﬁﬂ")a . (6.4.7)
The field strengths are
é”)a — 9 A La 4 @ﬂ
" a ¢ u (6.4.8)
=i (guAl) e g Al )

For the transverse component of the gauge field, the inhomogeneous solution can be formally found using a Green’s
function

AW Laz) = / dZ1G(Z, Zv; *) I+ (2y) (6.4.9)

The Green’s function is the solution to

2

0z [u(2)20,G(Z, Z1;¢%)] — u((]Z)G(Z, Z1:q%) = 6(Z — Z1) (6.4.10)
with the boundary conditions
lim G(Z,Z1;¢*)=0. (6.4.11)

Z—*+oo

For general values of ¢? we have not been able to found a closed form analytic solution for the Green’s function.
However, for ¢> = 0 it takes a simple form

s a0 =r{ WONN@ Y | 234 6412

where ¢(Z) was given in 6.3.11E| The asymptotic expansion is

L[ %(Z)-1 , Z— -0
wO(Zl) s Z‘)+OO

3 Although not needed in our paper, one can obtain the finite momentum result using an analytic expansion of the Green’s function
around ¢2 = 0:

227 (6.4.15)

G(Z,%1;¢%) = G2, 21) + * G2, 21) + (¢*)°G (2, Z1) + ..., (6.4.13)
where G(O)(Z7 Z1) = G(Z, Z1;0) and where higher order terms in the expansion can be computed iteratively using

Gn=1) (Zz, Z1)

w7 (6.4.14)

G™(z,2,) = / dZ> G(Z,Z2;0)
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6.5 Two-point function of the axial current

Before computing the scattering amplitude we need to compute the residue of the massless pole in the axial current
two-point function. This determines the pion decay constant, that enters as well in the coefficients of the four-pion
interaction, so it is necessary to know its value in order to compare with ChPT.

In order to compute the two-point function it is enough to find the solution for the D8-brane gauge field at O(e),
so the solutions to the linearized equations of motion suffice. Since we are interested in the massless pole, we can
expand around ¢? = 0. Then, the solution is plus small corrections

2 ~ a a
AP =~ arctan(2) A3, (¢) + 0(¢°) , Ay = —2fA5a< )éo(Z) + O(g?) . (6.5.1)

Here we have taken into account (6.2.6) for ¢* # 0. The field strength at O(e) is

S = 260(2) (5:: - ) A,(q) - (65.2)

The expectation value of the axial current is determined by the canonical momentum as in (6.0.1), and to O(e)
we only need the term originating from the O(F?) terms in the D8-brane action, TI? in (6.2.11). We find for the

canonical momentum, using (6.1.9)),

2
- (7a q"q 3 ~ NeAym qa"q"\ 4
B~ — 4T, By — Ag Z Z) = m_— = —— ) Ag . 6.5.3
whafi (T3 ) (- ) g @) = -t (v - 1) Ag, 0 (653
Restoring units, the expectation value of the axial current at this order reads
NeAym v 4"\ La v 4"\ e
<J§H(q)> == 5047'(4 MIZ(K (77” - q2 A5V(q) = _f72r 77# - QT A5U(Q) : (654)

This determines the susceptibilities of the axial current. Indeed, considering configurations constant in time,

54, (q) = 6pE(2m)5(q0) . 6 (JE°(q)) = SpE(2m)5 () , (6.5.5)

with pg the axial chemical potentials and pg the axial charge densities, we obtain

9ps 5
5p2 ~ 25058 = apb ~ f250b (6.5.6)

The two-point function of the axial current is, at this order

(J$"(=a) I3 (q)) =~ if? (n e qqq )6“’ (6.5.7)

The residue of the massless pole agrees with the expectation from the effective action. Note that the Ward identity
for current conservation is satisfied

—ig, (Je*(—q) 2" (q)) = 0. (6.5.8)

This mends the problem of the chiral effective theory Ward identity for the axial current that we mentioned in
2.3.3] one should had included the contact term proportional to the susceptibilities in (2.3.3§]).

6.6 Four-point function of the axial current

Before computing the scattering amplitude we need to find the leading pole contributions to the four-point function
of the current, from the O(€®) terms in the expansion of the D8-brane gauge field. This boﬂs down to the calculation
of the O(e?) and O(e?) inhomogeneous terms in , which are then introduced in and - to get the
solution for the gauge field.

The inhomogeneous terms at O(e?) can be split in two types of contributions, corresponding to different Witten
diagrams. One contribution, Iq()s), corresponds to a four-point vertex, a diagram where four gauge field propagators
join at a single point in the bulk. The other contribution, Ié?’), takes the form of an exchange diagram between
two three-point vertex, the field propagates in the bulk between two points and there are two other propagators
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Figure 6.6.1: Four-point vertex (left) and exchange (right) Witten diagrams used to compute the one-point function
of the axial current. Lines ending at the boundary represent bulk-to-boundary propagators and introduce factors
proportional to the source, while lines connecting points in the interior represent bulk propagators.

at each point. We have sketched the two Witten diagrams in Fig. [6.6.1] For each type we are interested only in
terms with massless poles that will be the only ones contributing to the pion scattering amplitude. The leading
pole contribution to the scattering amplitude has a massless pole for each external leg. Within O(e®), the only
leading pole contributions are those terms with two (three) massless pole factors in Iz (I,,). From one can
see that the only terms depending on the first order Abelian field strength that contain massless poles are those
proportional to A(Zl) “ él) . This fact will significantly reduce the number of terms we need to consider.

The details of the calculation have been relegated to the Appendix[D} We identify three types of terms that can
give a contribution to the four-point function:

o Contributions from O(F*) terms in the canonical momentum. The O(e) solution to the gauge fields could give
a direct contribution to the four-point function of the axial current through the ~ F* term in the canonical
momentum, 14 in . However, it turns out that this does not give any contribution to the leading
pole, so we can ignore it for the purpose of computing the scattering amplitude.

« Contributions from O(F?) terms. The non-Abelian terms in the field strength introduce a cubic coupling
among gauge fields in the bulk. Joining two such vertices with a bulk gauge field propagator results in an
exchange Witten diagram (cf. right panel of Fig. that does give a contribution to the leading pole of
the four-point function. The contribution is:

(J51 “ (p1) 52 (p2) J5" “* () J5* “* (pa)).

4 Hi
. D; 4b a1as $aszay
~ —2if? (1_[1 »’ ) 52;1% H(pl “p2) — 77T3MI2(K [(pl -p3)? + (p1-pa)® = 2(; 'p2)2} }5 6% (6.6.1)

+(2<—>3)+(2<—>4)}7

where b is given in (6.3.12]). Non-Abelian terms also introduce quartic couplings among gauge fields, but these
do not contribute to the leading pole.

« Contributions from O(F*) terms in the D8-brane action. These terms introduce a quartic coupling between
the Abelianized field strengths. This quartic coupling results in a vertex Witten diagram (cf. left panel of
Fig.6.6.1) that also contributes to the leading pole of the four-point function as follows:

T >J“2“2< 2) T4 (p) 24 ()
i ( 6 ) : P
3 5 4 . (5&1&2 5(13044 _"_ 5(110.3 6(12(14 _|_ 5(11044 5&2&3) (6'6.2)
Mlz(K 4f].1 (%) A%(M i p? Zz‘:lp‘

X [(p1-p2)(p3-pa) + (2 3)+ (2 4)] .
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6.7 Scattering amplitude

We are now ready to extract the pion correlators and the scattering amplitude. Recall the expression in ,

where the current four-point functlon is given in terms of the pion four-point function. We can thus read off the

pion four-point function from and - ) by removing the p!* factors and dividing by f2. Furthermore, the

scattering amplitude appears in the four-point function of the pions, recall (2.3.40), as the residue of the leading

pole, once the delta function corresponding to the momentum conservation and an 7 factor have been factored out.
The resulting amplitude has the expected structure , with the exchange contribution being

2(p; - 8b
A(s.tu) = — (p1-p2)

IE w3 fR Mgy

S A R (6.7.1)

2 mRMik

[(p1-p3)® + (p1 - p1)® — 2(p1 - p2)°]

The first term in the exchange contribution agrees with the first term in Weinberg’s amplitude . This there-
fore proves that the dual holographic derivation is indeed consistently capturing pion dynamics from spontaneous
chiral symmetry breaking. The remaining terms take the form expected from vector meson exchange, giving a
contribution to the O(p*) terms which agrees with the expressions in ,

. e NcAym
Ly=—L7= 6377

b. (6.7.2)

The vertex contribution (6.6.2]) contains further terms that we can associate to pion self-interactions

Ay(s,tu) = L PLE) [(p1 - p2)(p3 - pa) + (2 4> 3) + (2 < 4)]
T R VAT () W
3T () 2412 +u?
20wl (5) Moy fEMGg

Comparing with Weinberg’s amplitude (2.3.36)), and using the expression for f2 in (6.3.12), we can read off an
additional contribution to the value of the coefficients in the pion effective action

18N, TI'(%)
(4m)idym /T (8)

[y =Ly = (6.7.3)

13
The numerical value of the constant factor with the gamma functions is approximately \f(l“ € )) ~ 0.406.

The full value of the LECs when the vector bosons are integrated out is the sum of the exchange and vertex
contributions Ly = L{ + LY, Ly = L§ + LY. However, if the vector bosons are kept in the effective action, then only
the vertex contributions produce non-vanishing LECs in the chiral Lagrangian L; = LY, Lo = L§.

6.8 Integrating out vector bosons and Hidden Local Symmetry

One might find it convenient to integrate out only the vector mesons above some mass threshold, in particular
keeping only the lightest vector mode. In the scattering calculation the contribution from each massive vector mode
can be identified using an eigenfunction expansion of the bulk propagator (|6.4.10]) entering in the exchange diagram

G(Z,Z1:q) Z Ynl2)¥n(Z1) , (6.8.1)

g% +m2

where the eigenfunctions satisfy the following equations

m2

0z (U(Z)gaan(Z)) + Tg)wn(z) =0, ZEToown(Z) =0

< Z)Ym(Z)
/_Oo czzT = S -

(6.8.2)
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It should be noted that the O(p?) contribution to the pion scattering amplitude is obtained from the ¢*> = 0 value
of the bulk propagator. When expressed in this form, the value of f; obtained from the amplitude is determined by
the exchange of an infinite tower of massive modes. Notice that a bulk vertex diagram or a bulk exchange diagram
might not correspond necessarily to vertex or exchange processes in the field theory dual, although it seems natural
to do this identification. Under this assumption, though, the vector bosons corresponding to mass eigenstates would
not couple to the pions as Weinberg’s p meson discussed in Sec. and the effective action of the pion field (before
integrating out the massive modes) do not have the O(9%n*) terms expected in the chiral Lagrangian. Then, the
effective action written in terms of these fields would not comply with HLS invariance in any obvious way.

The LECs obtained from integrating out all massive vector modes except the lightest one would naively be
obtained by replacing the full bulk propagator by the truncated sum

Gn>1(Za Z17 Z '(/)’ﬂ ’L/)n Zl) . (683)

2+m2

In this case the effective action of the pion would have the expected O(9?7*) terms of the chiral Lagrangian, with
an effective value of f; determined by the modes that have been integrated out. However, the right value of f
measured in the full scattering amplitude would be recovered only after considering the tree level exchange by the
lightest vector meson.

The issue with HLS invariance of mass eigenstates has been pointed out for instance in [89}/93,/96], where an
alternative basis of radial functions has been proposed to construct an explicitly HLS invariant action. It would be
interesting if the scattering amplitude calculation could be connected to the HLS covariant formalism in some way.

6.9 Discussion

In this paper we presented a computation of the pion scattering amplitude for two massless flavors in the WSS
model [11}[I5,[16]. Our main result is given in (6.7.3). These would be the coefficients of pion self-interactions in
the effective action before vector mesons have been integrated out. It differs from the result that was extracted
from the effective action appearing in the seminal work [15|16], where the coefficients can be removed by a
field redefinition of the vector meson fields that puts the action in the standard form . The main qualitative
difference between the previously quoted results and the actual value of the LECs can be summarized in the following
table

previous result ‘ scattering result
L2SU(2) _ _LISU(Q) LSU(Z) 2L U2)
L; ~ NAym Li~ N)‘}_’M

These relations hold before massive vector mesons, corresponding to mass eigenstates in the gravity dual, have
been integrated out. At lower energies, vector meson exchange contributions modify the LECs, and we find that the
relation ﬁg ve o —ﬁfU(Q), with the values that were originally proposed, holds up to the 1/A%,, corrections in the
strong coupling limit that we have computedEl In other cases where the massive vector bosons do not correspond
to the mass eigenstates of the holographic dual (see, e.g., [89L93}|96]), the identification of the L, coefficients is not
as straightforward, but there will be a correction to the coefficients of the effective action ~ 1/)\%,; such that the
low momentum amplitude reproduces our results.

We will elaborate more on the implications below. In addition to the WSS model, the relation L
was also obtained in bottom-up models that followed essentially the same approach to derive the effectlve action
[861/87,/911192,/941|95], with slight deviations from the classical value when other fields are integrated out [88|]. The
relation between L; and Lo could possibly be modified already at the classical level if the LECs are extracted from
the pion scattering amplitude following the method used in our work, depending on whether they are completely
determined by vector meson exchange or not. However, in the bottom-up models there is an additional bilinear
field dual to the chiral condensate whose effect in the scattering amplitude should be studied more carefully, so we
cannot extrapolate directly the WSS results to those models. We also expect that the value of the LECs in the
effective action depend generically on which fields have been integrated out.

The result for two flavors determines already the four-derivative terms of the chiral effective action for an
arbitrary number of flavors Ns. The reason is that, in the large-/V. limit, the only contributions to the chiral

SU2) _ LfU(Q)

4The modified LECs are measured always at energies much below the vector meson masses, where the vector meson exchange
contribution can be approximated by an effective local pion self-interaction, as in (2.3.49)).
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effective action with O(N,) coefficients are single trace terms (see, e.g., [25])

Ly = L3N Tr (9,51 0050,510vs) + L3O (9,510,200 5t 0y) (6.9.1)
But for Ny = 3 the last term can be rewritten as combination of the term proportional to L:fU(Nf ) and double-trace
terms, giving
1- ~ -
LfU(3) — §L§U(Nf) , LS’U(S) — L?U(Nf) , LgU(B) _ L?U(Nf) _ 2L§U(Nf) . (692)
Then, for Ny = 2, the two independent terms that are left have coefficients
SU(Nf) ~S’U(]\/'f)
L " —L -
Ve _ Ls . 3 L LSU@ — LgU(Nf) ) (6.9.3)
Therefore for an arbitrary number of flavors we claim that the result is simply f,gU(Nf ) = 2L§U(Nf ) = Lg Y® with

Lg Y3 determined by the equation 1}
We have limited our calculation to the leading contributions to the pion scattering amplitude at low momentum.

Higher order corrections in momentum can be computed systematically using the expressions for the bulk propagator
introduced in (6.4.13) and (6.4.14). For momentum of the order or larger than the confinement scale the full
form of the bulk propagator would be necessary. At very large momentum, though, stringy o’ corrections become
relevant, and the scattering amplitude might be approximated by integrating a flat space string amplitude along the
holographic coordinate [67,/98}/100-103], an approach that has been applied in |104] to holographic duals of confining
theories. However, as discussed there, in the high energy regime the WSS model is dual to a six-dimensional theory,
so not suitable for a comparison with high-momentum scattering in QCD.
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Chapter 7

Summary and general conclusions/
Outlook of the work

The AdS/CFT or holographic duality is one of the key tools of theoretical physics. Its appearance changed the
understanding of gauge theories, gravitation and their relationship. Also it is a realization of the holographic
principle which establishes that the degrees of freedom of a theory of gravity in a volume must be encoded in
its boundary. The basic feature of the AdS/CFT correspondence is that it establishes an equivalence between a
gravitational theory in a hyperbolic spacetime and a field theory living on the boundary of it. The duality emerges
from a String Theory framework starting from the study of fundamental objects of the theory called D-branes.
Those D-branes can be seen as hypersurfaces where open strings can end giving a quantum field theory living on
the brane or as solitonic objects which are the solutions to the supergravity equations of motion, so those both
perspectives gave birth to the holographic duality.

The formulation of this conjecture is a point in favor of string theories, which would therefore have phenomeno-
logical interest even in areas for which they were not designed, through the connection of the gravitational problem
with the corresponding dual quantum field theory. In this way, string theories play the role of a tool to study
quantum field theories, used as a framework to model certain physical systems. Therefore, the interest of the
gauge/gravity duality is also phenomenological. The main advantage of this correspondence lies in the fact that
it relates opposite regimes of both theories. When the gravitational problem in String Theory is tractable, corre-
sponding to the limit of classical gravity, the regime in the field theory is the one of a large coupling constant in
the planar limit. Given that there are generally no ways to study the theories with a large coupling constant, since
the perturbation expansion in Feynman diagrams would not be applicable, the gauge/gravity duality would be the
only theoretical tool with which to deal with strong coupling beyond numerical simulations. The main limitation of
this duality is the fact that gravitational duals of the main phenomenologically interesting theories, such as QCD,
is are available, but only the duals of theories with larger symmetry. However, the development and generalization
of this correspondence has allowed to find the dual of a large number of field theories, some of them showing similar
characteristics to the main theories of phenomenological interest. In this way, the holographic duality is not a
precision tool that provides quantitatively good results, but rather qualitative results. It is expected to be able to
capture characteristics and behaviors that are common to different theories and try to establish results that are
universal. Therefore, one can understand the duality applied to a field theory that models with greater or lesser
accuracy a given physical system as a tool that allows to make predictions in such theory through the corresponding
calculation in the gravitational dual. In that sense, finding the duals to interesting theories and understanding the
properties of these duals is of great relevance.

So the gauge/gravity duality has proven to be a very useful tool in the understanding of QFT’s outside the
perturbative regime. In particular, holography has been able to shed light not only on generic mechanisms of
strongly coupled theories, but also on processes potentially occurring in experimental set-ups, such as the heavy
ion collisions. Despite the success it is important to bear in mind that holography provides computational tools for
some models rather than for QCD itself

In the following, we summarize the main findings of our original work illustrated in chapters [4 [5] and [6] and
point out some possible future directions.

In chapters [ and [5] we presented a method to compute the scattering length of the effective interaction between
states created by a scalar operator of fixed dimension A in a large-N strongly coupled gauge theory with a holo-
graphic dual. Then we performed explicitly the calculation of the main contribution to the scattering length of a
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contact interaction in the two-to-two elastic scattering of spin-0 particle in three different models to show the power
of our method. Those three models are dubbed confining in the sense that the spectrum should be discrete and
have a mass gap. The models are: the hard wall model that consists of a AdS5 geometry with a sharp cutoff, and
other two confining models with different geometry, like the Witten-Yang-Mills model, [11] where it ends smoothly,
or at a singularity, like in the dual to A/ = 1* super Yang-Mills (SYM) theory, the GPPZ solution [14]. The purpose
was to compute and compare the scattering lengths and address the question if these differences could be reflected
in the scattering amplitudes and lead to qualitatively different results.

First we found, in the hard wall model with a quartic potential, a constraint on the scaling dimension of a
scalar operator A > d/4. For d < 4 this is more stringent than the unitarity constraint and may be applicable to
an extended family of large-N theories with a discrete spectrum of massive states. We also argue that for scalar
potentials with polynomial terms of order K, a constraint more restrictive than the unitarity bound will appear for
d<2K/(K —2).

Then after the comparison of the results of the three models we found a similar behavior of the scattering length
across different models that suggests that this could be a good observable for further study via holographic duality.
The scattering lengths have similar functional dependences on the masses of the particles and on the conformal
dimension of the operators that create them. Assuming these similarities hold more generally, they could be used to
constrain the effective description of gapped strongly coupled theories beyond symmetry considerations. Available
lattice data |105L106] can be used to check or calibrate holographic QCD models. In addition, comparison with the
experimental data is possible and would be an interesting extension of the present work.

A reason why we find this kind of analysis useful, in particular in the context of applications of the duality to
QCD or condensed matter systems, is that it can help to understand the effect of parameters in the gravitational
action on the properties on the field theory side. The scattering length is one such physical observable and crucially
depends on the coupling constants in the bulk scalar potential. One can therefore learn how varying the parameter
values in the scalar potential determine the strength of the effective interactions and whether they are attractive or
repulsive. This makes the gravitational action less of a ’black box’ and helps in determining what kind of an action
mimics the desired physics, given the field content. In addition, the scattering length calculations will be useful to
further constrain the specific gravitational actions of models aspired to give reliable descriptions of QCD.

A less direct application, but one where holography duality really stands out, is to use the information from the
confining phase to make predictions about the properties of the finite temperature and non-zero density deconfined
phases. The gravitational action describes both the hadronic phase with confinement and a deconfined phase, where
quarks and gluons should be the dynamical degrees of freedom, although they cannot be directly observed as they
are not gauge-invariant fields. That this is possible at all stems from the fact that the same gravitational action
describes both the hadronic phase with confinement and a deconfined phase, where quarks and gluons should be the
dynamical degrees of freedom, although they cannot be directly observed as they are not gauge-invariant fields. So
physical quantities, like the equation of state, critical temperatures of phase transitions, and transport coefficients
in the deconfined phase depend on the same parameters of the gravitational action as the scattering lengths. For
example, the coefficient of the quartic term in the bulk potential, vy, is directly connected with the stiffness of the
underlying equation of state for dense systems [107,/108|. Therefore, our analysis establishes a direct link between
hadronic physics and the physics of quarks and gluons at low energies, something that seems out of reach using
ordinary field theory methods.

Our analysis has been limited to a quartic contact interaction among scalars; see [17] for a discussion on

generalizations to higher order polynomial Lagrangian. It would be interesting to extend our framework to include
the coupling to the metric, as well as to introduce other fields of different spin, in particular gauge fields. In general,
there will be a non-trivial momentum dependence that would also be interesting to investigate.
In chapter[6] we computed the pion decay constant and coeflicients of fourth derivative terms in the chiral Lagrangian
for massless quarks in the Witten-Sakai-Sugimoto model. Identification of the low energy coefficients in the chiral
action is subtle as their values are shifted when the tower of massive vector bosons are integrated out. By a direct
comparison with the existing standard procedure of constructing the chiral action with radial modes in the gravity
dual, we explicitly show that there are finite 't Hooft coupling corrections that have been missed. This suggests
that past derivations of effective actions from holographic models may have to be revisited and future derivations
more carefully considered.

A further important extension of our work would be to study pion scattering with nonzero quark masses. Within
the WSS model this requires considering non-antipodal embeddings and in the presence of an additional “tachyon”
field [109] that is dual to a quark bilinear. In bottom-up models, such as the original AdS/QCD hard wall model |13],
or V-QCD [12], the tachyon field is already included, and in addition the V-QCD model also has quartic terms in
the action of the gauge fields dual to the flavor currents. The quark mass explicitly breaks the axial flavor symmetry

69



and gives a mass to the pions. ChPT can still be used, but with additional terms in the effective action.

When quarks are massive, there is a finite scattering length determined by the pion mass that can be obtained
from the pion scattering amplitude at leading order in low momentum (see, e.g., |1]). Higher momentum corrections
to the scattering amplitude can also be computed and used to constrain the LECs appearing in the chiral effective
action. It would be interesting to extract the scattering amplitude in holographic models and compare with recent
large-N lattice results [110].

The calculation of scattering amplitudes should be applied also to other setups. As our example on the WSS
model shows, this might be a requisite step to correctly identify the low energy effective theory that captures the
dynamics encoded by the holographic dual.

As a final remark and after presenting our work we can say that the method to compute scattering amplitudes
developed in this thesis within the framework of holography is a useful tool to be applied in different models to
obtain new insights from them and to give rise to some new interesting questions that need to be adressed in the
future.

70



Appendix A

Normal modes and A< 2 in the N =

SYM dual

In this appendix we will fill in some gaps in the calculations presented in Sec. [5.2]in the main text.

A.1 Normal modes
The set of normalizable modes (|5.2.10]) maps to a set of Jacobi polynomials through the relation

(a+1)?

P (@) =
n:

1
2 b <n,1+a+ﬂ+n;a+1;2(1x)> )
where (a+ 1), =T'(a+n+1)/T(a+ 1) is the Pochhammer’s symbol. Then,

1 24v
¢]\ln(u) = m(l — U)%Pél’y) (]. — 2’LL) .

Jacobi polynomials satisfy the orthogonality condition

221V (n + 1)
v+2n+2)(r+n+1

1
/ dr (1 — 2)(1 + )" P (2) P () = B
-1

Changing variables to z = 1 — 2u, 0 < u < 1, the integral becomes (p(u) = u/(2(1 — u)?))

/1 da (1 —2)(1 + )" P (2) P (x)

(4 1)2
o

1
= 22+”/ duu(l —u)" P (1 — 2u) P (1 — 2u)
0
Therefore, in order to satisfy the orthonormality condition, the coefficients «,, have to be fixed to

o2 =2(n+D)(v+n+1)(v+2n+2).

A.2 Alternative quantization

/0 it p(11) P (1) (1),

1>I<

(A.1.1)

(A.1.2)

(A.1.3)

(A.1.4)

(A.1.5)

In order to compute the two- and four-point functions using the approach in [17] we first compute the one-point
function as a function of the sources using the regularized canonical momentum associated to the radial evolution

of the scalar

5Sc.t.
5p

T =/—99°70.0 +
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where S.; is the counterterm action defined on a radial slice. For this discussion we will set the AdS radius to
unity L = 1. The asymptotic expansion of the scalar field dual to an operator of dimension A, = % + v takes the
form

¢ — 257V 4 C2ttY, (A.2.2)

z—0

In this case, the one-point function of the dual operator is

—1 T 4_ R _
NTHO)p, = lim 22 Yy =20C,. (A.2.3)
For 0 < v < 1 there is an alternative quantization where the dual operator has dimension A_ = g — v. In this case

the asymptotic expansion of the scalar is
¢ — 22TV 4 D, 257", (A.2.4)
z—0
The leading contribution to the regularized momentum close to the boundary is

ﬂ'f — 2wV, (A.2.5)

z—0

and from this expression it follows that the expectation value of the dual operator is [111]
-1 — lim (—202""%¢) = —
NTHO)\_ = ;ll)% ( vz qb) 2vD,. (A.2.6)

Since the equation of motion for the scalar (5.2.4)) does not depend on the sign of v, symmetry under a sign flip
v — —v is expected. Indeed, using Euler’s relation

oF1 (a,b;c;u) = (1 —u) P9 F (c —a,c — byc;u) = (1 —u) Py Fy (¢ — b, c — a;¢;u), (A.2.7)
the solution for the scalar can also be written as

., 1 1
orr(u) = (1 — )T o1y (1';+2 V24 M2 —4,1— % — SV 4;2;u> . (A.2.8)
The bulk-to-boundary propagator is then the same as in (5.2.7) with the replacement v — —v. This implies that
the coefficient in (A.2.4) is D, = C_,, and then
(O)a- = <O>A+ (A.2.9)
Since the two- and four-point functions and their residues are all derived from the one-point function, it follows
that the scattering length and amplitude of states created by operators of dimension A_ =2 —v, 0 < v < 1 can be
obtained simply by continuing the results for Ay = 2 4+ v to negative values —1 < v < 0.

vV——V
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Appendix B

Numerical solutions in the AdSg soliton

In this appendix we will detail some steps for interested reader to reproduce the numerical data. In order to find
the solution we use numerical shooting, starting with a regular solution at the origin z = 1 that is expanded in a
power series x¢(z) with a fixed value x;(1) = 1 at the tip of the AdS soliton

Ny
Xe(2) =1+ an(l—2)" (B.0.1)

Here we will consider Ny = 8, which is large enough to have reliable results. The value of the coefficients for the
first terms in the series are

al = A ((5—20)2—4Mp) (B02)
a2 = 15 ((5—20)2(4(v — 15)v + 65) + 16My — 8(4(v — 10)v + 75)My) (B-0.3)
a3 = sxaos (5 — 20)2(8u(v(2(v — 40)w + 815) — 2100) + 7425) — 64 Mg (B.0.4)

+16(12(v — 15)v + 455) My — 4(24v(v(2(v — 30)v + 485) — 1425) + 30175) My) .

This series is used to give boundary conditions to the numerical solution yn(2) at z = 1—¢, where we take e = 1076,
So we fix

vl —e) =xi(1—e), xn(l-e=xi(l-¢). (B.0.5)

The numerical solution and its derivative up to order 2v can be found, e.g., using NDSolve in Mathematica with
these boundary conditions, in the interval z € [e,1 — €]. The boundary value is taken to be approximately the value
of the numerical solution at z = e:

X (0) = xw(e). (B.0.6)

The numerical value of the derivative at the boundary is also approximated by the value of the numerical solution
at z =e:

92" x(0) = 82" xw (e) - (B.0.7)
If v is not half-integer, then we need to be more cautious. In this case, we first do a change of variables in the radial
coordinate z = u!/(®¥) and proceed with the same shooting method. The equation 1) is replaced by
Oy
b= lim (M2 — M2) x Q@) (B.0.8)
M= M, x(0) lu=0
Numerically, this is evaluated using
Auxarx(0) = Ouxnr(u = €). (B.0.9)
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v 12 1 3/2 2 52
My 2.02 2.54 3.05 3.56 4.06
Mwgp 177 251 3.07 3.54 3.96
g 1.36 157 1.76 1.93 2.09
ko 6.06 20.2 472 942 171
K0,0,0,0 0.85 1.16 1.48 1.89 2.11

Table B.0.1: Numerical values obtained from shooting for lowest modes n = 0. Notice that the WKB approximation
detailed in Appendix |g gives very accurate results.

n 0 1 2 3 4 5 6 7 8 9

M, 2.02 445 693 943 11.93 1343 16.93 1943 21.94 24.44
Mwgp 177 434 6.86 9.38 11.89 14.39 16.90 19.41 21.92 24.42
Qp 1.36 2.10 2.63 3.07 345 3.80 412 441 469 4.95
kn, 6.06 31.1 76.2 141. 226. 332.  457.  602. 767. 953.

Table B.0.2: Numerical values obtained from shooting for excited modes for fixed v = 1/2. Notice that the WKB
approximation detailed in Appendix [C] gives very accurate results and becomes increasingly better for higher modes
as expected.

What remains to be done in order to find the spectrum of normal modes is to solve for x,,(0) = 0 for fixed M. The
value M is tuned until a zero is found, an analysis that can be effectively performed using Newton’s method. To
fix the coefficients «,, we evaluate numerically the following integrals

1—e

-2 1-2v 2
a, "~ dz z z ’ . B.0.10
2~ w G, (B.0.10)

Finally, we compute the overlaps in a similar way, by performing the following integral numerically
K 1—e¢ 4
n1,M2,N3 e / dZZ4_4VHXN(Z)‘ ) (BOll)
Ay Oy Ol g Ol y € iy M=My,

We have collected some numerical values in Table [B.0.1] for the lowest mode and in Table [B.0.2] for excited states
for fixed v that we obtain from numerical calculation.
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Appendix C

WKDB approximation

Following the method developed in |112] we will compute the masses of normal modes using the WKB approximation.
First, we will write the equations of motion in the following form

0. (f(2)y(x)) + (M?h(z) + p(x)) y(z) = 0. (C.0.1)

The value of the masses can be obtained from the behavior of these functions close to the origin z — 1 and the
boundary x — oco. Close to the origin z — 1,

f~filz =1, h~hl(z—-1)%, pxp(z—1)%, (C.0.2)
whereas close to the boundary z — oo,
= faz" h~ hax,p = pax'®. (C.0.3)

The WKB approximation of the masses is given by the formula
2

5 T ay | P

The quantities appearing in this expression are, an integral setting the scale

< |n
52/1 dx\/; (C.0.5)

and the following combination of exponents and coefficients of the asymptotic expansions

a; =82 —81+2, Br=r1—r2-2 (C.0.6)
and
|81—1| 83—81+2750 |’I"1—1‘ 7"1—7"3—2750 (007)
g = , = . 0.
2 (81—1)2—4% s3—s1+2=0 2 (7“1—1)2—4% ri1—r3—2=0

C.l1 N=1*"SYM

Let us now specify to the first case studied in this thesis in Sec.[5.2 While we were able to obtain the mass spectrum
analytically, it is interesting to compare how close the WKB approximation is with the exact values. By comparing
with the exact result, we will have an estimate of the error in the approximation for cases where the exact result is
unknown. Starting with (5.2.4), we make a change variables u = 1 — 1/z as well as a field redefinition

o(x) = 2722 — 1) y(x). (C.1.1)
Then, the equation for y(x) has the form (C.0.1) with
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1 r—5+1v%(1—x)

=1, h@x)=—— = . 1.2
fla) = 1. hie) = gz —p5#le) = T (©12)
The asymptotic form of these functions close to the origin  — 1 is as in (C.0.2)) with

1
f1 = 1, S1 = 0, hl = Z’ S9 = 71; pP1 = 71, S3 = —1. (013)
Close to the boundary = — oo the expansion is as in (C.0.3) with
1 1—0?
fa=1, mi=0; hy=7, m=-3 pp=-—7—, 1g3=-2 (C.14)
We will plug these expressions in (C.0.5]), (C.0.6)), and (C.0.7)), taking into account that r; —r3 —2 = 0. This yields

g:g, ar=1, fi=1 as=1, Bo=ur. (C.1.5)

Using these values in the mass formula (C.0.4)), the WKB approximation gives
M2 =4(n*+2+v)n+ (1+v)) +0(0"), n>0. (C.1.6)

Comparing with the exact formula (5.2.9) we see that the O(n°) correction is a v-independent term

(Mg)exact - (MS)WKB =4. (017)

C.2 Non-supersymmetric theory

Let us now proceed with comparing the mass spectra for the non-supersymmetric case studied numerically in
Sec[5.3] In this case we do not have an analytic expression for the masses, but we can compare the results from the
WKB approximation with those from the numerical computation. Starting with the equation of motion , we
make a change of variables z = 1/z and simple rename the field ¢(z) = y(z). This results in an equation of the

form (C.0.1) with

25
fx)=2% -z, h(x)=2% >pk)= <4 - 1/2> zt. (C.2.1)
The asymptotic form of these functions close to the origin  — 1 is as in (C.0.2|) with
25
fl = 5, S1 = 1, h,l = ]., S9 = 0, pP1 = Z -V, S3 = 0. (022)
Close to the boundary & — oo the expansion is as in (C.0.3)) with
25
f2:1, 7"1:6; h2:1, 7“2:2; pQZZ—V, ?"3:4. (023)

We will plug these expressions in (C.0.5)), (C.0.6), and (C.0.7)), taking into account that r; —r3 —2 = 0. This yields

[l
f = W, o] = 1, ﬂl = 2, Qg = 07 52 = 2u. (024)

Using these values in the mass formula (C.0.4)), the WKB approximation gives

71_2

M? = ?(n +1)(n+v)+0n°%, n>0. (C.2.5)

We note that the WKB approximation compares really well with the numerical values, even for lowest lying modes.
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Appendix D

Calculation of the four point function

In this Appendix we spell out the details of the calculation of the axial current four-point function following the
procedure described in the main text. As listed in section there are three possible contributions we have to
study: O(F?*) terms in the action and the associated terms in the canonical momentum as well as O(F?) terms in
the action.

D.1 Contributions from O(F?) terms in the canonical momentum: con-
tact terms

The O(e) solution to the gauge fields could give a direct contribution to the four-point function of the axial current
through the ~ F3 term in the canonical momentum, I in (6.2.11). The leading pole contribution involves just

the féllz components

4 ~ % [4fgu (fa,u,Zbeu 4 fb/_LZfaZu) Af fouZ bz
2 (TR L, P8 2o I B g )]
= L [Fh ST gl fo o ). (D.11)
However, this contribution to the canonical momentum vanishes when |Z| — oo, since from ,
1

TR [ LRV N A —0. (D.1.2)

1200 |Z]10/3

Therefore, there is no contribution to the expectation value of the axial current or the four-point function from
these terms.

D.2 Contributions from O(F?) terms: exchange diagram

Let us discuss the contributions coming from terms quadratic in the field strength. The O(A*) non-Abelian quartic
term in the action introduces O(e®) non-linear terms in the equations of motion, proportional to

[[ZQ] a Eabcﬁdecﬁ“VAELU bA(Vl) dA(Zl)e

a aoc ec )b 1)d € aoc ec, & 1)d €
1210 s gabeedec TP AT A e gabeedecab gD 4D d g (D e,

(D.2.1)

The antisymmetry of the structure constants guarantees that there are no ~ (A(Zl))3 terms. But these would be the
only terms contributing to the leading pole. As they are absent, we can neglect the contributions coming from the
quartic terms in the gauge potentials.

The non-linear terms in the equations of the bulk gauge field originating from the O(A3) terms in the action are

I[Z2]a — _q3eabe [naﬁ’aa (AbBACZ> + naﬁAgng}

2] a abc 3 4b 4c 3 4b e 1 aB b ac 1 @B Ab e (D22)
120 = —e® |9y (u AZAM)+UAZFZM+E17 Do (ABAM)+E77 AL FE,
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Let us first identify the vertex contributions, they are those with three field factors

I[Z2]1(3) a_ _uf’)eabc€cdenaﬁA((11) bA(ﬂl) dA(Zl) e

)

1 (D.2.3)
I,[fv(g) a _ _eabcecde USAg) bA(Zl) dA;(tl) e 4 EnaﬁAS) bA(ﬂl) dAE}) €
Since all the terms have less massless pole factors than those required to give a contribution to the leading pole
term, we can neglect these contributions in the correlator.

Let us now move on to the exchange contributions, they are those with two field factors

1),(2)

a abc « c « c (
00 = il [P 00 (AL ASG) + o0 AL f5 ] (D.2.4)

(1,(2)
} (D.2.5)

1 1
1}353 @ = _eabe [aZ (WPAZAS) + P AL f5, + ;naﬂaa (AbAC) + EnaﬁAg £5,

The superscript notation means that from the two factors in each term in the brackets, one should be O(¢) and the
other O(e?), and we must consider all possibilities. In order to compute this contribution we will need the O(e?)
inhomogeneous terms as well

P@e _yBeabe {naﬁaa A(ﬁl)bA(Zl)c) I naﬁA((ll)bfélz)c D26)
II[JQ] (2a  _ _ eabe {aZ (uSA(Zl) bA;(Al) C) + u3A(Zl) bfél;z ¢4 %naﬁaa (A(Bl) bA;(Ll) C) + %HQBA[CE] (1) bféh) Ci| ) -

In this case there is a contribution to the leading pole term of the correlator from terms in IJ(\? with two massless
pole factors, corresponding to two external legs of the exchange Witten diagram joining in a vertex with the internal
leg. This leaves only one term that needs to be considered

2@~ g (D.2.7)

[A@a o _eabey3 g0 pile (D.2.8)

Taking this into account, we can set A(Z2) “ ~ 0 to compute the leading pole contribution. This leaves

I[Z2] Ba _uBeabe [naﬁ&x (Ag) bA(Zl) C) + naﬁAg) b ¢(31Z) C} (D.2.9)
IE] 3)a _ 7€abc [az (USA(Zl) bA/(f) C) + ’UJSA(ZD bféiz C:| . (DZIO)

Finally, there could had been an O(e®) exchange contribution where the internal leg of the Witten diagram is the
Abelian component of the D8-brane gauge field and the vertices are determined by the Wess-Zumino action .
To compute this contribution one should first find the O(e?) solution for the Abelian field. The inhomogeneous
terms in the Abelian field equation are proportional to

VA Frves fap)e [W2) o pzep (e pl)e (D.2.11)

But none of these terms has two massless pole factors, so they do not contribute to the leading pole term in the
correlator of the axial current.

Moving on to the calculation of the solution to the gauge field, given the O(e) solutions with momenta
Di, pj, the O(€?) inhomogeneous term contributing to the leading pole would be

. &)
a 4 Zp;’x Dj uP; abc 4 Ac
A%y, pj; Z,q) = ~¢0(2) / / Sq-pi-p; —3 (@f*J“J)ebAza(pi)Aw(pj), (D.2.12)
™ pi Jpj p; D

where we are using as shorthand notation

4
/ = / (i:; =5, = (2m)*6W(p) . (D.2.13)
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One can check using the symmetries of the integrand that g1, ELZ) = 0, so this is a transverse term and in addition
it is independent of the radial coordinate Z. We can further simplify this expression by keeping only the leading
pole term

I i, pss Z,q) = 1P (i, 3 )90(Z) (D.2.14)

where, in order to make expressions more manageable we have defined

a sz Dj y‘p eabe c
2 nmsia) = = [ [ G, TP (0 B () (D215
Pi Y DPj 'L J

Then, from (6.4.7)), the O(e?) gauge field solution is
Af”%zﬂ>::/dzm%ZJAufﬂE“”a@“pﬁzh 0) =i (pipy30) [02(2) + @82 (2)] + 0", (D216)
where

¢W@=/Mﬁ%&mm%FzW@%w%U
2 (D.2.17)

o (z /leG(l)(Z Z1)¢o(Z1) .

Here we are introducing an additional approximation, not only p? ~ 0, p? ~ () are close to lightlike values, but also
we assume |(p; + p;)?| < 1, i.e., low energy and momentum for the external pions.
Next, we compute the O(e®) inhomogeneous terms

I[Z2] (3)a ~ 72u3€abcnaBA((l2) baﬂA(Zl) c

D.2.18
G o gty 400y, AT (D.2.18)

where we have used 8Z(u3A(Zl)) =0, n* (%Agm = 0 and kept the leading pole terms only. Assigning momentum
pr to the O(e) factors

21(3) a abe-(2 c
I[Z]() (Z,p) ~ _% [(I)( )(Z)+q2(1> }fpkf Op1—pr—q€ b gz) (pi7p]’ )p;:k;A (pw)

(D.2.19)
aoc b C
e crfﬂ%@%m+f@@2mb@g%wrwaWmmwgﬁm@m

Let us define

~

. a 4 abc Zp c
Zf’) (Pi, Pj PR>P1) = —*/ /5pl,pk,qe b zf)b(pi7pj;q)—2’“145a(pk) , (D.2.20)
T Jpe Jq Py,

then

17O%zp) = —[0®(2)+ 8P (2)| ipli " (pisp. e )

2@ = [0@(Z) + 28(2)] i (i, pj oo ).

Following (6.4.7) and (6.4.9), the O(e®) solution for the gauge potential is

v Dbl -
Al[f] (3)(1(Z7pl) ~ (6N — ;;2l) (3)a(p17p]7pk pl) |:(I)(3)(Z) +q2¢’(3)(Z)}
l
@(2)(Z)+q2<f>(2)(z) ip?
Pl (3)a
1 +ZQ l2 Ly (plapjapkapl) 5

(D.2.21)

APz p) =

where

3B (2) = / dZ,G(Z, Z;0)8@ (Z,) = T arctan(Z2)o(Z)(o(Z) — 1)
0 (D.2.22)
2B (7) = /leG(Z, Z1;0)0?(2y) .
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The O(e?) field strength is proportional to the pion mode solution (6.2.9). First note that

2@ (2) 4+ 20@(2)
1+ 22 '

f 3)a(Z,pl) _ 8ZAL2] (S)G(Z,pl) o ipluA[ZQ] 3)a x Oy (@(3)(2) + qQZI;(?’)(Z)) _ (D.2.23)

On the other hand, using the definition of the Green’s function in (D.2.22))

7 {u3(Z)GZ<I>(3)] — o/ (2)
- - (D.2.24)
dz [uS(Z)an><3>] =3 (7).

We can integrate once each equation and, since u(Z)? =1+ Z? = 1/(mw¢o(Z)), it follows that
@(2)(2)
1+ 22
3@ (2)
1+ 22

In the limit Z — oo the terms proportional to &3, ®®@ in the equations above are subleading, while the leading
terms have the asymptotic form

D703

+ C7T¢0(Z) s ( )
D.2.25

9,00) = +éngo(Z) .

é
72
Using the expansion in (6.4.15)), the coefficients of the asymptotic terms are determined by the following integrals

979® ~ cro(Z) ~ % , 0700 ~ engo(Z) ~ (D.2.26)

™

c:;gnmzzaﬂ / dZy o (Z2,) @ (Z,) = 5

= (D.2.27)
¢= lim 720,00 :/ dZy vo(Z2,)®? (7).
— 00

—0o0
The first integral can easily be done taking into account that ¢o(Z) = ((Z), so the integrand turns out to be a
total derivative. The second integral can be manipulated to show it is equal to

¢= /Oo dZy o (21)0@"(Z,) = ‘/Oo dZ @22) __ b : (D.2.28)

oo u(2) (2m)?
where b is given in ((6.3.12]).

The leading pole contribution in the field strength can be identified as

2
(Ba, ™ b e 7P uPy (3)a D.2.29
f7."(Z,p1) ~ {12 = |92 ="5- 02 (PisDjs Py DL) - (D.2.29)

Plugging in (D.2.15)) and (D.2.20), and integrating over ¢ results in

8 5
4 DLuPiD; Pk 12b ~ . o
= 5% /p /p /p Op1—pe—pi—p; 3533 (P1"Dj) {1_7& (pi - pj) | " AL (pi) AS 5(pj) AL, (pr) -
i j k

pipiP;i Pk
(D.2.30)
Note that the radial dependence is the same as for the pion mode solution . Then, the calculation of the
canonical momentum and expectation value of the current will proceed along similar steps, resulting in an exchange
contribution to the axial current

o pppip} 12b b b A - -
e =382 [ [ [ b Saim ) [ 1= T )| e A ) 8 ) )
Pi v Pj 7/ Pk

15 (Z,m)

PiD; DDk,
(D.2.31)
Restoring units, the exchange contribution to the leading pole in the four-point function of the current is
<J§1 al (pl)Jétz az(p2)Jé13 aa( )JM4 a4( )>e
. P
~ —2if? | o
fﬂ' (Hl pg ) Zj:l Dpi
- (D.2.32)

% [{wr-p2) - J}’;K [(p1 - p2)(p2 - (s +p0)) = (1 p2) (2 pa) — (1 1) (p - pa)] o225

+(2<—>3)+(2<—>4)}.
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Or, using momentum conservation

(I8 (1) J52** (p2) J5™ “* (p3) J5* ** (pa)).

4 pﬂq‘,
~ 97 f2 )
~ 2'Lfﬂ— ( p? > 52:;1 i
i=1 (D.2.33)

X H(pl -p2) — % [(p1 .p3)2 + (p1 .p4)2 _ 2(p1 '102)2} }5a1a25a3a4

+(2<—>3)+(2<—>4)}.

D.3 Contributions from O(F*) terms: vertex diagram

The last possible contribution we have to study is originating from the O(F*) terms in the D8-brane action, the
one that would introduce the non-linear terms in the equations

1 (ma'\? sl
1[4] a_ - ( > w? 8QH([14] oy DBI
Z 2\ L? §AY

1 (ma’\? s 5L sl
Ma_ _* (7% 24l ) _ ,,29~DBI 2 DBI | _ %~DBI
T 2 <L2> Kaz (wm”) — sas | T\ %\ 5a,4n | T 5

[4]

At O(e®) we need to keep only terms that are at most cubic in the fields, so terms ~ 6;43(331 can be dropped, and

(D.3.1)

only terms involving three factors of the Abelianized field strengths Fun (D4 remain. Among these, the leading pole

contributions must come from terms with three factors of the f 7, components. One can check using (6.1.10f) that
[4] .

65‘3)‘3; does not introduce any such terms. Hence, using (|D.1.1)), all leading pole contributions are the following
*

a 1 (7 \>
)~ (L) 00, (f "FR I+ 265 1R 15

. > (D.3.2)
a b a a b
IO ~ (Lz) 0y (ut (19010 150" + 270 iR 150
Going to momentum space, and using (6.5.2)) and (6.1.9)), yields
I?] (B)G(Z Q) ~ —u(Z2)$o(Z)?iq" 552 “(pi, pj, Prs @) (D.3.3)
IEI] (3)e (Z Q) (’U,(Z)(]S ( ) )jfbg) (piapjapkHQ) 5
where the leading pole factor is
(3) / / 5 pkﬂpkp1 p] .
Dis Djs Pks q) = i—Dj bi-p
( 3 Pk 4/\%’M oy I 4—Pi—Pj Pk pngpk ( ]) (D.3.4)
X (574096 - 5050 4 560 ) AL (p) A (p) AT (o) -
Following (6.4.7) and (6.4.9), the O(€®) solution for the gauge potential is
a v Prup,
ALA}] ®) (Zupl) = \11(3)(2) (611, - ; L )]&3) (pi7pj7pk7pl)
(Dl 2P it 5 (D-3.5)
Al B e, _u 0 sz (3) ;
VA ( apl) 1+Z2 pl2 (p ap]apk7pl)
where
7ZoF(1,2:3,— 272 37 (72%+11 '(12) arctan(Z)
VO(2) = = [AZG(Z, 2::000z, (u(Z)on(21)?) = 0GEEE) | SOEI, - HE
(D.3.6)
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The leading pole contribution in the field strength can be identified as

13
Ba(, (6) plupz (3)a
~_ Z iy Dis k> L) - D.3.7
[z, (Z,p) WB/QF(%)%( ) el (pi> pj, PRy 1) (D.3.7)

Plugging in (|D.3.4)) results in

104 Zun) n(2)— 8D L///a,_”%mﬂmpmhm
’ 4f T (5) X L (D.3.8)
X (G4 UMk 4 g T 4 GOk D) Ag}(pi)Aggp(pj)A{;(pk) .
Note that the radial dependence is, once more, the same as for the pion mode solution (6.2.9). Then, the calculation

of the canonical momentum and expectation value of the current will proceed along similar steps, resulting in a
vertex contribution to the axial current

3T (1) P PP P
ww»~ﬂ————///6”_ L A TP,
’ "SVAT (3) Mong o Sy S T 20ty (D.3.9)

X (109 §a0k - 640§ 4 559 AL (py) A, () ASh (pr) -
Restoring units, the vertex contribution to the leading pole in the four-point function of the current is

(5 (1) 52 (pa) JE2* (pa) JE (),

f2 3T ( 6 ) = p’-“
s §0102 §0304 | 50103 §azas | 50104 50205 D.3.10
MI%K 4/l (8) Ny \ 0L 2 S ) ( )

X [(p1-p2)(p3-pa) + (242 3) + (2 4)] .
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