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We study the AdS/QCD correspondence, which provides a new way to produce
hadronic models, in a flavour-broken hard-wall approach to obtain K3 transition form
factors. We also calculate meson masses, decay constants, and pion form factors both
in a hard-wall and a soft-wall approach. The latter is necessary to obtain correct Regge
trajectories. We obtain results for light unflavoured and strange vector, pseudovector,
pseudoscalar, and scalar mesons. All results are compared to and agree well with current
experimental data.
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1 Introduction

1.1 Overview

The AdS/CFT correspondence [I] has provided a new approach to calculate quanti-
ties in strongly coupled theories like quantum chromodynamics (QCD) at low energies.
AdS/QCD, the extension of the original conjecture to more realistic gauge theories, has
been an increasingly fruitful field of research for the past decade. This text aims at
exploring the intriguing results which can be obtained from the correspondence.

Chapter gives a short introduction to the holographic principle, of which the AdS/CFT
correspondence is a special case, mainly using plausability arguments. After this, the
idea of the AdS/CFT correspondence will be stated together with an instruction of how
to use and extend it to the QCD case. This involves some mathematical basics about
the anti de Sitter space (AdS), the space in which the fields we deal with live.

Having all the necessary techniques at hand, we can begin to build up a model describ-
ing mesons and many of their properties. In Chapter [2] this will be done in a hard-wall
setting with Ny = 3. For this we mainly follow [2], whose results we confirm. This
includes the calculation of meson masses, decay constants, and form factors, especially
the K3 form factor.

In Chapter [3], we present new calculations in several soft-wall models, adopting ideas
from [3, 4, [5]. Masses, decay constants, and form factors will be calculated and compared
to experimental data.

Finally, the peculiarities of dealing with scalar mesons will be discussed in Chapter
and masses as well as two-point correlators will be calculated. This will also serve as
an example to explain how one has to deal with the boundary conditions occurring in
AdS/QCD models (treated extensively in [0]).

1.2 The Holographic Principle

In theories of quantum gravity, the holographic principle is the assumption that to
the description of the dynamics of a region of spacetime exists an equivalent descrip-
tion, localized on the boundary of that region. Quantum gravity (QG) is the attempt
to self-consistently unify the theories of quantum mechanics and general relativity, for
which the well-known string theory and the loop quantum gravity (LQG) are candi-
dates. The choice of the word holographic stems from the fact that on a hologram a
three-dimensional picture is essentially stored on a two-dimensional surface.
Holographic features were first discovered in connection with black holes. Let us try
to understand how this comes about [7]. Black holes are not really black. They radiate



photons which have a spectrum characteristic of a black body with (for the simplest
types of black holes, the Schwarzschild black holes) a temperature

h

Ty = —t
U= Qrkp M

(1.1)
(in geometrized units, i.e. ¢ = Gy = 1), where M is the mass of the black hole. This
effect was predicted by Stephen Hawking, who also provided the theoretical arguments
for its existence (so far however, Hawking radiation has not been observed). The Hawking
radiation is caused by quantum fluctuations near the horizon of the black hole. Important
for the following steps is that there is something like a temperature of a black hole.

Another observation is that the area A of black holes, i.e. the area of its horizon,
always increases with timeE So we can write

dA
— > 0. 1.2
dt — (12)
(This is referred to as Hawking’s area theorem.) Moreover, when two black holes merge,
the area of the resulting black hole is always larger than the sum of the areas of the
original black holes. The surface area of a Schwarzschild black hole is given by A =
16w M?, which we can then write in differential form as

1 h kA
dM = A= d . 1.
327TMd ks M < 4h > (1)

Here, dM is the change in the total energy of the black holes and, identifying the Hawking
temperature Ty, we can write

dE = Tyds, (1.4)

where we defined -
g = B2 1.5
4h (1.5)

The area theorem then suggests that S, in fact, behaves in a way we expect it from
an entropy, namely as in the second law of thermodynamics. The above and further
considerations then lead to the theory of thermodynamics of black holes. Of relevance
for this introduction is the observation that the entropy of a black hole is essentially
given by its surface. Another argument why a black hole should indeed have an entropy
is that if one throws a gas with a certain energy into a black hole, the entropy of the
gas disappears into the black hole. In order not to violate the second law, one must
assume that this loss of entropy is compensated by an increase in the entropy of the
black hole. Also note that the Schwarzschild black hole can be completely characterized

!One should maybe remark that if Hawking radiation exists, then this principle is violated since, by
loosing mass, a black hole also looses area. The following steps are in principle still correct but when
speaking of the entropy which should obey the second law of thermodynamics, one has to consider
the sum of the entropy of black hole and the one of the remaining universe. So if the black hole
looses area and thus entropy by radiating, then the entropy in the rest of the universe must rise by
at least the same amount.



by its mass M. (This is referred to as no-hair theorem. For a general black hole, a
similar statement is true but one needs the mass, the electric charge, and the angular
momentum.) Therefore the increase in the entropy of the black hole only depends on the
mass of the gas and hence the only way this can be true in all situations is if the entropy
of the black hole is in some sense maximal. This was argued by Jacob Beckenstein. He
used this and the fact that matter collapses into a black hole when it is too dense, to
put an upper bound on the entropy of a region of space and, assuming weak gravity,
spherical symmetry and a few more conditions, the entropy bound of that region of space
is related to its boundary area. This is referred to as spherical entropy bound. Entropy
in turn is in some sense a measure for the information content of a systemﬂ

A major step was taken by Gerardus 't Hooft [8] (1993) in elevating this entropy bound
to a general principle, the holographic pm’ncipleﬂ stating that the description of a volume
of space can be thought of as encoded on the boundary of that region. Leonard Susskind
[10] (1995) gave this principle an exact string theoretic interpretation. To understand
how this was motivated, let us go back to the black holes emitting Hawking radiation.
This radiation, as calculated by Hawking, is purely thermal and does not depend on
the material falling into the black hole. However, if the matter entering the black hole
found itself in a pure quantum mechanical state, this state would be transformed into
the mixed state of Hawking radiation and the information about the original quantum
state would be lost, thus contradicting Liouville’s theorem (in its quantum mechanical
formulation, the von Neumann equation) and consequently quantum mechanics. This
poses a paradox, known as the black hole information paradoz.

There are several ways, how this paradox can be solvedE| Information can be preserved
if one assumes that Hawking radiation is not completely thermal but has small quantum
corrections. A possible mechanism which could explain this was found by ’t Hooft.
He explained how incoming particles could affect the outgoing particles by deforming
the horizon with their gravitational field. The deformed horizon would then produce
different outgoing particles than the original one. Most remarkable is the fact that this
deformation is quite similar to the deformation of a world sheet in string theory emitting
and absorbing particles. This led 't Hooft to the conclusion that the correct description
of the black hole would have to be given in a string theoretic framework.

At that time, Susskind had also been working on the holographic principle, mostly
independent of 't Hooft. He claimed that the oscillating horizon gives a complete descrip-
tion of the ingoing and outgoing particles’ states. The theory of strings and world sheets
was exactly equipped with such a holographic behaviour. He argued that black holes
themselves could be viewed as long, highly excited string states, which is a remarkable

2How exactly one measures information and how this is related to the physical notion of entropy, is a far
from trivial problem and has led to the formation of information theory, which since its foundation
by Claude Shannon in the 40’s and 50’s of the last century has developed into a major branch of
applied mathematics.

3For a recent overview article on the holographic principle, see for example [A.

4An interesting anecdote related to the outcome of the black hole information paradox is the Thorne-
Hawking-Preskill bet made 1997 by Stephen Hawking, Kip Thorne, and John Preskill. See for
example [11] or [12] for recent developments.



feature since it relates strings to classical objects, i.e. black holes. Most importantly,
the black hole information paradox can be solved when using string theory as a way of
describing quantum gravity.

1.3 The AdS/CFT Correspondence

There are not many, but still some, noteworthy applications of the holographic principle.
The best-known is perhaps the AdS/CFT correspondence, first conjectured by Juan
Maldacena in 1997 [I]. It has provided the best, i.e. most accurate, explicit formulation
of the holographic principle so farE] The original AdS/CFT correspondence states that
there is a correspondence between a weakly coupled gravity theory (type IIB string
theory) on the product of a 5-sphere S° and a five-dimensional anti de Sitter space AdSs
on the one side and the strongly coupled N' = 4 supersymmetric Yang-Mills theory
(SYM) on the four-dimensional boundary of the AdSs, which is a special kind conformal
field theory (CFT), hence the moniker AdS/CFT. Conformal field theories are quantum
field theories exhibiting a high level of symmetry. To be precise, they are invariant under
conformal, i.e. angle preserving transformations, including scale invariance.

Neither is it the aim of this text to explain the mathematical derivation of the cor-
respondence nor is it intended to explore all the implications of such a correspondence.
First of all, this would go far beyond the scope of this work and secondly, conformal field
theories are in general much too special to describe any real physical system. Realistic
field theories like QCD are not conformal. The development since the original conjec-
ture has been twofold. While some researchers have been working on a more precise
mathematical formulation of the correspondence, for which no proof exists so far, others
have started to extend the conjecture to more realistic, non-conformal field theories such
as QCD. (QCD can however be viewed as an approximate conformal field theory in the
limit of high energies.) This generalization is dubbed non-AdS/non-CFT or in specific
AdS/QCD. The latter has been developed and treated extensively during the last five
years. It should be remarked that it is a consequence of the AdS/CFT correspondence
that this extension to QCD implicitely contains the large N, limit.

The main idea of AdS/QCD is that calculations impossible or hard to do in QCD
directly are in some sense dual to (hopefully simpler) string calculations in a higher
dimensional space. The main problem of calculations in QCD is that strongly interacting
particles, such as quarks, are subject to confinement, which means that their coupling
strengths become large at small energies. (The complementary effect is called asymptotic
freedom and describes the decrease in coupling for high energies or small distances
respectively.) Results from perturbation theory, the usual approach in quantum field
theories, are therefore only valid for QCD at large energies, i.e. asymptotically free
quarks.

A general overview of the topic can be found in [T3].



1.4 The Anti de Sitter Space

By the above stated correspondence, we should relate our gauge theory to a dual de-
scription in terms of a string theory living on AdSs x S°. The metric in this space is
given by

u? L?
ds? = 73 (dt* — (dz')? — (da?)® — (d2?)?) — ?du2 — L2d0Z. (1.6)
Here t = 2%,2!,22,2° represent the usual spacetime coordinates, u is the additional fifth

coordinate (L is some curvature radius of the space), and €25 is the five-dimensional solid
angle on the hypersphere. Let us explore the anti de Sitter space a little bit further. In
general we speak of the n-dimensional AdS,, space. It is a vacuum solution of Einstein’s
field equations (generalized to n dimensions)

Guu + Ag,uu =811 (1.7)

(again in geometrized units), where vacuum means that 7),, = 0, with a negative cos-
mological constant A. Moreover, we demand that the AdS space is a homogeneous and
isotropic solution.

Without the cosmological constant, the solution can be a perfectly flat space but
with A being negative, the AdS space has a constant negative scalar curvature (the
Ricci scalar). A negative curvature corresponds to a hyperbolically curved space, in
contrast to the surface of a sphere, which has a constant positive curvature. Of course,
these pictures stem from the isometric embedding of these spaces as hypersurfaces in
an n + 1-dimensional space. The Ricci scalar however is an intrinsic property. Roughly,
a negative curvature can be described by the fact that geodesics which are parallel to
begin with start moving away from each other while in a spherical or elliptic space, they
come closer to each other. Mathematical generalizations of the AdS space include more
than one time-like dimension but this is of no physical relevance. So, when speaking of
an n-dimensional AdS,, space, one refers to 1 time-like coordinate and n — 1 space-like
coordinates. If we embed the AdS space in a flat space of one additional dimension, it
is possible to visualize it (see Figure . Its points are then given by the hypersurface
obeying

2 — (e - = (@™ 2 = L2 (1.8)

with the infinitesimal distance given by
ds® = dt? +dr? — (dz!)? — ... (da"H)2 (1.9)

More interesting in the context of this work is the fact that the AdS, space can be
equipped with a certain coordinate patch (only coverng half of the space). With this
coordinate system, the metric is (now with n = 5)

2 _ L2

ds® = = (d? — (dz')? — (da?)? — (dz?)* — d2?). (1.10)
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Figure 1.1: Image of the 1 + 1-dimensional AdS space in a flat 2 + 1-dimensional space,
where the spacelike z-axis is the rotational axis. The additional dimension
is (chosen to be) timelike and expressed by the coordinate 7. 7 and ¢ lie
normal to the z-axis and to each other.

It is related to equation 1} by the transformation z = % From this form it is easy

to see that the AdS metric is conformally equivalent to the metric of a flat (half-space)
Minkowski spacetime with one timelike and four spacelike dimensions.
The factor

a(z) = —, (1.11)
which appears in front of the brackets of equation ([1.10)), is often referred to as warp

factor. In more general spaces, it can take a different form.

1.5 The AdS; Metric

The AdSs space will be the space in which all further calculations will be conducted.
Hence, let us explore the metric given by equation (1.10]). There is no general consensus
on the nomenclature but the conventions presented in this text seem to be the most

11



3 1.2 .3

common ones. The five coordinates (¢,z!, 22,23, 2) = (20,2, 22, 23,25) are labelled
with indices from 0 to 5, leaving out the 4. We can read off the metric tensor gpsny form
the infinitesimal distance. By definitior[f]

L2

d52:72
z

(dtQ _ (dl,l)Q _ (de)Q _ (d$3)2 _ dZQ) —- gMNd:BdeN (112)

In matrix form, the metric tensor is given by

1 0 0 0 O
2|0 -1 0 0 0 P
dgMN = ? 0 0 —1 0 0 =: ﬁnMN' (1.13)
0 0 0 -1 0
0 0 0 O 1

The covariant metric tensor is determined from gprpgY = 64 (the Kronecker delta)
and we get

1 0 0 0 0
2|0 -1 0 0 0 12
gMN:ﬁ 00 -1 0 0 ::;nMN. (1.14)
00 0 -1 0

0o 0 o0 0 -1

For later convenience, we have defined nMV = nyn = diag(1, -1, -1, -1, —1). (These
are not good tensors in the sense that we could raise or lower their indices, especially
nMN o gMM GNN )

It is often convenient to deal with z°,x', 2% 23 and z separately. For this we will
introduce the convention that a capital roman letter, like M or N, stands for an index
running over 0,1,2,3,5 whereas lower case Greek letters, like p or v, only run over
0,1,2,3. So, for example z# stands for (t,2!,22 23) and n* = diag(1,—1,—1,—1) is
the Minkowski metric tensor in four dimensions.

By g we will denote the determinant of gasn, i-e.

10
g =det(gmn) = SUx (1.15)

The coordinate z corresponds to an energy scale, where low z stands for high and
large z stands for low energies (called UV and IR). This means that a higher energy
(or momentum transfer) QCD physics is dual to the behaviour of fields closer to the
AdS boundary at z = 0. Since z = % is a reciprocal energy scale, z = 0 corresponds to
infinity. This is reflected by the outcome of many calculations where singularities occur
in certain expressions for z = 0. It is therefore often necessary to introduce a UV cutoff
Ly for z. Whenever an expression containing Ly appears, it should always be viewed
in the limit of Ly — 0. When conducting numerical calculations, one has to choose an
Lo, which is sufficiently small. Also, in one particular approach, one introduces a IR
cutoff L1, which plays the role of Aqcp. In these so called hard-wall models, the fifth
dimension is hence compactified, but this will be treated in more detail shortly.

SIn this text, the convention will be used that A := B means that A is defined as B. Similarly in
A =: B, B is defined as A.

12



1.6 Working with the Correspondence

Now that the necessary framework has been established, we must learn how exactly the
AdS/QCD correspondence is applied. The general idea is that one has a quantity in
QCD, which one wishes to calculate, such as masses, decay constants, or form factors.
The operators in QCD, whose expectation values give these quantities, are then related
via the correspondence to a field in the AdSs space. Here, one can make the necessary
calculations and in the end translate the results back into the language of QCD. Because
this process of switching between the two dual descriptions is like translating between
two languages, one speaks of the holographic dictionary.

Let us state a little bit more precisely how this correspondence is applied. The original
AdS/CFT correspondence states that for every operator O(z*) of the conformal field
theory, there exists a unique ¢(x*,2) field living in the five-dimensional AdS space.
These fields are called bulk fields. They are related to the boundary field (playing the
role of the source) ¢o(z*) on the boundary of AdSs by the relation

P(xH,0) = 24 B po(zH), (1.16)

where A is the conformal dimension of the operator O(z*). Now, let S[¢(z#, z)] be the
gravity or string action of ¢(x, z), then the correspondence takes the form [I3]:

exp (S[o(z",0)]) = <exp </ d4$q50(9:“)(9(a:“))> . (1.17)
CFT
As we will see, this offers a relatively simple way of calculating correlation functions on
the gauge theory side. If we define

Z = exp (S[p(z*,0)]) , (1.18)

then it follows that the n-point correlator can by calculated by taking repeated functional
derivatives of Z with respect to the source, i.e.

)> _ o7
() Sgo(afyy) - ddo(af,,)

Since QCD is not a conformal field theory, the direct application of the AdS/CFT
correspondence would be meaningless. This problem is fixed by effectively breaking the
conformal symmetry in the 5D bulk, which can be achieved in several ways. The in
many ways simplest approach is to prevent the ability of the fields ¢(x*, z) to penetrate
deeply into the bulk by introducing a hard-wall cutoff at z = L; (see Figure .
This gives a hard-wall or IR brane, hence the name hard-wall model for these types of
calculations. Lj can be thought of as being related to the QCD cutoff via Ly ~

(1.19)

And in the same way, it sets the scale for masses. Hard-wall models are very economic
and computationally simple but produce unphysical Regge trajectories, meaning that
hadronic states, corresponding to eigenmodes of the bulk fields ¢(z#, z), have mass
eigenvalues that behave like

My ~ N. (1.20)

13
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Figure 1.2: Visualization of the hard-wall approach.

This occurs in all models in which one only allows the bulk field to exist up to a limited
depth in the bulk. The behaviour consistent with phenomenology are however Regge
trajectories of the form

m2 ~n. (1.21)

Hard-wall models may be able to make good predictions for ground states but higher
radial excitations cannot be studied meaningfully in the hard-wall approach. This has
led to the development of the soft-wall models. Here, one breaks the conformal symmetry
by introducing a background field ®(z) (also known as dilaton field), the form of which
is chosen to produce the correct Regge trajectories. The range of z is unbounded. Since
the conformal symmetry is gradually broken by the gravity background, one refers to
these models as soft-wall models. Whilst one indeed produces physical mass spectra,
soft-wall models are considerably more difficult from a computational point of view and
one encounters some finiteness problems. We shall see later what is meant by that and
how to resolve the arising issues.

For the sake of completeness, one should also mention that two different methods of
making use of the correspondence exist. The idea behind the models presented so far
is a bottom-up approach. Here, one starts from four-dimensional QCD and attempts to
construct a higher dimensional dual theory by incorporating QCD phenomenology. So,
for example, one chooses the dilaton field exactly in a way that one obtains correct Regge
trajectories. In contrast to this is the top-down approach, where one starts from a string
theory on the AdS, x K, where K is a compact manifold, e.g. a hypersphere. Then,
one attempts to derive a low-energy, i.e. strongly coupled, theory resembling QCD on
the boundary of the AdS,-space. While the latter approach might be favourable from
a theoretical point of view, it is usually the bottom-up approach which is suitable for
phenomenological analysis wherefore we will only deal with this approach in this text.

14



One goal of this text is to derive the equations of motion governing the fields in the five-
dimensional space, find solutions with appropriate boundary conditions, and interpret
the results in terms of QCD quantities. We will first do this in the context of a hard-wall
model, and then afterwards extend our considerations to soft-wall models, for which we
have to overcome some difficulties.

A considerable amount of work will be spent on deriving the equations of motion
for the bulk fields starting from the 5D action. One can then find hadrons, two-point
correlators, decay constants, and form factors from the solutions of these differential
equations. Whenever it is possible, we will try to find analytical solutions but often it
is not. So, a large part of the results are found numerically, especially in the soft-wall
approach. The main idea is to find values for the free parameters of the model leading
to the best agreement with experimental results.

The majority of articles in the field of AdS/QCD work in a flavour symmetric case,
considering only the up and down quark, which are assumed to have equal masses. Fol-
lowing [2], we will also incorporate the strange quark, for which a flavour symmetric
approach certainly would not give good results. Hence, one must allow flavour symme-
try to be broken. Up/down (or isospin) symmetry will be kept and this is in general
considered to be a very good approximation.

The models we will derive allow to calculate the masses of vector, pseudovector (axial
vector), and pseudoscalar mesons, and even strange scalar mesons. Light scalar mesons
are more difficult to obtain, and there is no general consensus on how to treat them.
We will thus also consider techniques how scalar mesons can be explicitly built into the
model. We will do so in the context of a hard-wall and a soft-wall approach.

15



2 Hard-Wall Model

In this chapter, we will build up a hard-wall model describing QCD with equal mass
up and down quarks and also including a strange quark. So we have that the number
of flavours is Ny = 3. We have to begin by incorporating duals in AdSs to the QCD
operators of interest. These are the current operators Jz# = qryut®qr and Jfﬁm =
qrYut"qr and the quark bilinear grqr, where

u
qaLr=|d (2.1)
5/ LR
and the t* (a = 1,2,...,8) are related to the Gell-Mann matrices A* via t* = % with
Tr[t?,t*] = $6%°. (If we had only been considering the case Ny = 2, we would use the
Pauli matrices instead.)
The above QCD operators are related to their dual fields via [14] [15]

Jiy— LG (2*, 2) (2.2)
and
S, — Riy(ah, 2) (2.3)
as well as 9
quR — ;X(.’Bu, Z) (24)

(The factor 2 in front of the X is purely conventional, the 1 however not.) The two
gauge fields L§,(z#,2) and R}, (2*,z) and the scalar field X (z#,2) will be our main
objects of investigation in this text. There is of course an infinite amount of operators
in QCD and hence also an infinite amount of bulk fields in the AdSs space. The most
relevant ones in the meson sector are however those three inroduced above. All other
fields will be neglected. The masses of these operators are related via

m2L? = (A —p)(A+p—4), (2.5)

where A is the dimension of the QCD (p-form) operator. This results in the masses
shown in Table 211
With this preparation, we can write down the 5D action we will be working with. It
is [14) [15):
1

S = /d5x\/§Tr <|DMX|2 —m% | X* - i (F7+ F,%)) (2.6)
5

16



4D: O(z*) | 5D: ¢p(z#,2) | p | A | m2L?
qryuttar L, (x*, 2) 113
qrYut*qr RS (zt,z) | 1|3 0
qLar 2X(at,z) |0 3] -3

Table 2.1: Masses of bulk fields.

or written out

S = /d5x\/§Tr ((DMX)T(DMX) + 3 xtx

2
1 L pMN R pMN ’ 21)
v (FanFL™ + FainFr )) :
Here the field strength F ]\L4 y is defined by
FL = 0mLn — OnLy — i[Lar, L] (2.8)
and F ]\1} ~ analogously. We will expand the gauge fields in terms of the ¢*:
Ly = L%t (2.9)

where the coefficients L§; are real numbers. D) is the covariant derivative through
which the scalar field and the gauge fields interact. It is given by

DyX = 0y X —iLy X +iX Ry (2.10)

In a chirally symmetric world, i.e. if all quark masses are zero, the action has SU(3), x
SU(3)r symmetry, i.e. it is invariant under

X - X' = U, XU}, (2.11)
as well as

Ly — Ly =UrLyn (2.12)
and

Ry — Ry = UgRy, (2.13)

where Ur,Ur € SU(3). The quark condensate (Gq) spontaneously breaks this symmetry
into the vector subgroup SU(3)y. The corresponding Goldstone Bosons are the pseu-
doscalar mesons (an octet of them). They would in fact be massless if we had chiral
symmetry. However, since quarks have masses to begin with, the SU(3)r x SU(3) g sym-
metry is only an approximate one, thus giving the mesons a mass, which are then referred
to as pseudo-Goldstone bosons. If we restrict ourselves to Ny = 2, the SU(2)r, x SU(2)r
is almost exact since the up and down quarks are so light. This results in a very low
pion mass compared to the other mesons. One also says that the quark masses explicitly
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break the chiral symmetry, as opposed to the spontaneous symmetry breaking of the
quark condensate.

We will also consider the vector and axial vector (pseudovector) fields A and V' defined
vin L=V +Aand R=V — A.

The Vacuum Solution
Let us first determine the vacuum solution Xy := (X). It is precisely this vacuum
expectation value X which spontaneously breaks the (approximate) chiral symmetry
by forming the quark condensate. The vacuum field X is determined by turning off
all fields except Xy and solving the equation of motion resulting from the action for a
xH-independent field. With only the X((z) field left, the action simplifies to
S = d5 T 95 3
_ / 2/gTr (aZXOa Xo + 25X} X0>

) (2.14)

/d5xLTr< 2 (0.X0) + S xix ) .
L2700 T oo

Usin
8 3 3
Te(ATA) = 305 Jay 2, (2.15)
i=1 j=1

we get

L3
S = Z/d5 ( (9. X0i5)? 325Xgij>. (2.16)

2,7=1

The equation of motion for Xy(z) can be derived by making a variational argument.
Since the individual components Xg;; of X are independent, this can be done for each
of them separately. So, we look at the action for one component

s (L 2, oL’ oo

and look at an infinitesimal displacement 6 Xq;;, which gives

L3 L3
Sij + 6$ij = d°z <_23(82(X0ij + 5X0ij))2 + 3;()(01']‘ + 5X0¢j)2> . (2.18)

After dropping the quadratic terms in §X;;, one gets

L L3
0Si; = /de ( —50:X0ij0:0X0ij + 6— X01]5X01j> (2.19)
Partially integrating with respect to z in the first term gives

L3 L
(581‘]' = /d5x <+28z <z382X0U> (5on] +6— XOz]5X013>

L3
= 2/d5:1: <+8z <Z33ZX0U> +3— ong> 6 Xoij-
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Since the action S;; should be extremal, 0S;; should vanish for all infinitesimal displace-
ments 6 Xg;;. So we can read off the resulting equation of motion. It is

L3 L3
az <'2382X0¢j> =+ 3;X0ij =0 (2.21)
for each component of Xj.

The general solution to this homogeneous linear second order ordinary differential
equation is given by the polynomial

vz‘j(z) = 2X0ij = Aijz + Bijz3. (2.22)

(We will always require any normalizable field to vanish in the UV since the integral
over z is due to the metric given by [ df, which can only be finite if the integrand tends
to zero for z — 0.) By looking at boundary conditions determined by the AdS/QCD
correspondence, one can relate the coefficients A;; to the mass matrix elements M;; and
the B;j to the quark condensates ¥;; = (g;qj) [15]. (How to deal with the boundary
conditions explicitly to determine these coefficients, is partly shown in Section ) One
gets

My, 1%
L ¢ L

vig(2) = ¢ (2.23)

where a rescaling parametexﬂc as advocated in [16] was also introduced. It is given by

_ VN _ V3B

= —. 2.24
¢ 2w 27 ( )
(This will also be treated in more detail in Section [4.2])
We assume up/down (isospin) symmetry and set m, := m,, = mq. So we get
mg 0 O
M=|[0 m 0 (2.25)
0 0 mg
and
og 0 0
s=(0 o, 0]. (2.26)
0 0 o4
Let us then write m o
vg(2) = quz + C—Zz?’ (2.27)
and m o
vs(2) == (Ts + C—Zz?’ (2.28)

"In the end the mass matrix elements and the quark condensates will be treated as parameters of the
model and fitted to experimental data, which means that the results are the same with or without the
rescaling parameter. The parameters however have a physical meaning themselves and the rescaling
parameter ensures that their values correspond to quark masses and condensates in QCD.
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With this

1 (Ve 0 O
Xo=5{0 v 0. (2.29)
0 0 ws
The Expanded 5D Action
The field X can be expanded as [2]
X(z,2) = ™ (7 X (2)e™ @A (2.30)

where m = 7%t? is the pion field expressed in terms of Gell-Mann-matrices and Xo(z) is
the vacuum field, which we have just derived. With flavour symmetry, Xy would be a
multiple of the unit matrix and the above expression would simplify to Xoe*™**. Here,
in three-flavour AdS/QCD this is not the case. At this point, we are neglecting the
scalar part of X. We will treat it in Chapter

With the expression for the vacuum field v(z), we can now derive the equations of
motion for the fields L and R, which we trade in for V and A, and X, which we
trade in for w. Hence, we insert the pion field expansion for X into the action .
The expression involves two matrix exponentials. A matrix exponential is, however, no
object one can easily deal with. Especially, the derivative of such an expression, if the
exponent is not simply linear in the variable differentiated for, becomes a complicated
integral expression. The only chance to derive equations of motions from the action is
to expand it in terms of the fields V', A and m. We will consider terms up to quadratic
order in the fields, which is sufficient to obtain the masses and other observables.

To simplify the resulting expressions, we will explicitly evaluate the sum over the
index a of t*. Doing this, one multiply encounters the expressions Tr ([t“,Xo] [t?, XO])
and Tr ({t*, XoHtb, Xo}). Thus, a closer investigation of these terms seems appropriate.
One finds that they are zero whenever a # b. Hence we define the “masses” M} (z) and
M4 (z) via

%M“Z = —Tr ([t*, Xo[t*, Xo)) (2.31)

and )
S M =T ({t, XoHt*, Xo}) - (2.32)

Expressing X explicitly in terms of v, and v,, we get

0 a=1,2,3
M =< Lvg—v,)? a=4,5,6,7 (2.33)
0 a=28
and
Ug a=1,2,3
M4% = H(vg+vs)? a=4,56,7 . (2.34)
%(vg + 203) a=
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These preparations made, one finds that up to quadratic order in the fields 7, V, and
A the bulk action is given by

L M“2L3
_ 5 a a 2
I a Afa23 (2.35)
A% — ONAS)? + —A— (Oum® — A%)? ).
495 (Om — ONAY)” + 5,3 (Omm M))

(The complete calculation can be found in Appendix ) We are using a shorthand
notation, where the contraction over n”™¥ is implicit. This means for example that

(O Vi — ONViE)? = MM NN (93, VE — ONVEN (00 Vs — Oni Vi)

L ! ! a a a

= =" g (00 Vi — ONViD) (Oar Vi — O Vi) (2.36)
L4

= g(aMV]@ — Vi) (MY Ne — gNyMa)

or similarly

LQ
(O™ — AYy)? = —5 (O — Af ¢ ) (@OM7rt — AMay, (2.37)
Let us also define ) -
agy _ 95MyTL
al(z) = I (2.38)
and ) oo
Mae*L
g(z) = A S (2.39)

which will simplify many equations. Note that since L appeared to the power —2 in M{}Q
and M%?, a%(z) and 3%(z) do not depend on L. More generally, the parameter L has no
influence on the results of the calculations since it is only a choice of scale. By setting
L = 1 one could in principle remove MeV as the last unit. To avoid ambiguities, the
sum over a is marked explicitely with a sigma sign in the above action. This convention
will be kept throughout the text, which means that there is no implicit summation over
a (Einstein notation) unless it is obvious from the context.

Gauge Fixing
We can now take a closer look at the axial sector of the action , i.e. all the
terms involving A. As a consequence of , it is invariant under the gauge
transformation

b Aﬁ” = A = O X' (2.40)
T =71 =" =X
This can be seen directly from
oA — ONA"Y = O (AN — ONAY) — On (A%, — O \Y)
= O AN — OONAY — ONAG, + ONOM Y (2.41)

— O AY — Oy AL,
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and

A’ — A%, = Oy (1% — AY) — (A%, — Oy \?)

(2.42)
= Oym® — A%

We can then for example choose A\* in a way that 0,A* = A?, which means that we are
free to set A2 = 0. We will see, that this has as a consequence that we do not get light
unflavoured scalar mesons, as they vanish due to this gauge transformation.

For the vector sector (i.e. those terms in the action involving V'), the mass term looks
different and hence destroys the gauge freedom. However for a = 1,2, 3,8, M“}2 = 0,
which follows from the assumed isospin symmetry. So, at least for those a, we can choose
V& = 0 following the same arguments we made for A.

2.1 Vector Sector

Having derived the action (2.35)), we can now look at the equation of motion it implies
for the fields. Let us first look at the vector sector. We have

/d5xz< ~(On VR — ON Vi) + 0‘;;2) Ve )

5%

/ d5x4g22< (MM’ NN (9 Vi — 8NVA‘3)(8M/V]§’,,—8N/VA‘L4,)> (2.43)
20( ’
+ Z( )it V]\‘}VA‘}) :

Then, one finds using similar techniques as before (see Section of appendix for full
derivation) that the equation of motion is given by

Moy, (i(am@ _ aNVLa)> 4+ ¢ Z(Z)Vﬁ, — 0. (2.44)

The above equation can be written as

0, (Lowe -omn) —o. (Lowe - o)+ Ty —o
' o (2.45)
"0, <z(aAv;L - aZVf)> + & ya g,

The vector field V¢ can be decomposed into a transversal and a longitudinal part
(Helmholtz decomposition or fundamental theorem of vector calculus)

Vi, 2) =V (z,2)+ Vj(z,2), (2.46)

where the transversal part obeys n#¥0,V, | = 0 or equivalently 5’“VM‘Ll = 0. On the other
hand, the longitudinal part can be written as V}f” = 0,£ for some {*. The equation of

22



motion then reads

1 1 a 1
oo -o. (Lo ) + T -0, (Lo
a’(2) o sa Lo
z
1 a 1
SprRa,0\Ve + & (2) o _ Zn8,000-6" = 0.
z z z
To simplify this, we introduce @w® and ¢® so that V? = —0,w® and £* = ¢p* —w”. Then
the equation of motion simplifies to
1 a’(z)

1 1
10,00V, — 0 <Z(8z ;1)> + =V -0, (Z(&/@zw“))

a’(z) (2.48)

_l’_
a®(2)0, @ + 119,050,¢" = 0.

O(p* —w®) =0

It is easier to solve these equations in momentum space. Thus, we apply the Fourier
Transform. Since many different conventions regarding its definition exist, one should
mention that throughout the text the following convention is used: The 4D Fourier
Transform of f(z#,z) is given by f(k‘",z) = [d*zelmuk”®" f(zh 2). Then, by using
the differentiation rules, the above partial differential equations are transformed into
ordinary ones. One obtains

a’(z)

z

1 e 1, e . 1
—;kQ oL — 02 (Z(az u)) + Vi + ik, 0, <2(6295a)>

a’(z) (2.49)

ky(p* —@*) =0

a®(2)0,@" — k?0.3% = 0,
where we defined k? := Nuw kK. 1f we now multiply the upper equation by k", all terms
involving V¢, will vanish since 0"V, = 0. We divide the resulting equation by k? and

together with the second equation get a pair of equations for the longitudinal part and
the z-component:

0. C(aﬁ)) - aaz(z) (¢"—a) =0 (2.50)

a(2)0, 5" — k20,3° = 0.

It then follows that the transverse terms vanish independently, which gives the equation
for the transverse part:

z

1, 54 k2 — a%(z ~a
8z (z(az MJ-)> + 7() NJ- — O (251)

These equations can now be solved independently, as done in the following.



2.1.1 The Transverse Part

We will begin by solving the differential equation for the transverse part (2.51)). De-
pending on the boundary conditions one obtains the bulk-to-boundary propagator or
normalizable hadron modes.

Bulk-to-Boundary Propagator R
Let us write the vector field VI, as a product of its UV-boundary value Vl?f(k”) and
the bulk-to-boundary propagator (or profile function) V%(k”, z)

Ve (R, z) = VI (R)V(EY, ), (2.52)

where V4(k?, Ly) = 1 by definition. Vlfﬁ(k” ) acts as the (Fourier transform of the)
source of the 4D vector current operator dual to the bulk field Vlf ' . While in this case the
coupling to the source determines the boundary condition in the UV, for hadrons we will
have to choose a different UV boundary condition so that the solution is normalizable.
V* obviously fulfills the same differential equation l) as Vip namely

2 a
o, (1(8212“)) L G2 ) (2.53)
z z

To obtain a unique solution we must also add an additional boundary condition. It is
a common assumption in hard-wall models that the derivative with respect to z of any
field should vanish at the IR brane, i.e. 9,V%(k?, L1) = 0. This guarantees the boundary
terms in the IR to vanish.

Since equation (2.53)) is of order two, given two boundary conditions, we can in prin-
ciple solve the given boundary value problem (BVP). In general, if «® depends on z, a
solution to the above differential equation can only be found numerically.

Analytical Solution

If however a = 1,2,3,8, then a?(z) = 0 and thus the differential equation simplifies
and one obtains an analytic solution. The solution can be expressed in terms of Bessel
functions

z Jl(k‘z)}/o(k‘Ll) — Yi(k‘Z)JQ(k‘Ll)

Ve(k?,2) = — . 2.54
) = Ly (ko) Yo(kEn) — Vi(KLo)Jo(RLr) (254
In the limit Ly — 0 this becomes
a(12 T (J1(kz)Yo(kL1)
= Sk (ZREORTU Ly, . 2.
V(K= z) ka < JolhLD) 1(k2) (2.55)

The situation for a = 4,5,6,7 is more complicated. Here a*(z) does not vanish. In
general a®(z) is an even polynomial in z of order 4 (a®(z) = A+ Bz%2+C2z*). In this case,
there exists no analytical solution. If we however assume a certain symmetry, namely
that o, = o, then a® becomes a constant and the solution can again be written in terms
of Bessel functions. It is

(2.56)
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To work with real arguments only, let us make a case distinction. For k2 > a® we define

k = k2 — a®. Then

~ ~ Yo(kLy) ~
Va2, 2) = Tz [ 1(e2) 22052y (k2 ) 2.57
(,2) = <1< R >) (257)
If on the other hand k? < o, then we define K = Va® — k2 and get the solution
~ ~  Ko(KL ~
V(% 2) = Kz Il(Kz)M+K1(Kz) . (2.58)
Iy(K L)

One can easily check that the solution for a® = 0 ([2.55]) is a special case of the solution
for constant a® above, which it has to be if the calculations are correct.

The profile function will be needed later, since it appears in expressions for form
factors.

2.1.2 Longitudinal part

The equation (2.50)) for the longitudinal part and the z-component of V¢ (in momentum
space) is

1 a’(z) ~
9. ( =(0:90") ) — ——=(¢" —@") =0
(Foe) - “Er - a0 50)
a®(2)0. @ — k20,3 = 0,
where we defined Vi = 0,8, V! = —0,w, and " = ¢ — w".

For a = 1,2,3,8, a® = 0 and we obtain no nonzero solutions at all since % = 0
vanishes because of the differential equation and @w® = 0 since we could gauge away V2
and V2 = —0,@w". Hence also {* = % — @w® vanishes.

When o is constant and nonzero (i.e. for 0, = 05 and a = 4,5,6,7), @® and P* are
just multiples of each other. It is then possible to_decouple the above equations and
obtain a single differential equation for p® — @w* = £%:

z

2 _ a
0, C(az@)) P (2.60)

This is exactly the differential equation we had for the Fourier transform of the transverse
part. We can then look at the profile function for the longitudinal part W%(k?, z) given
via the relation

1 (KM, 2) = €5 (KW (K?, 2), (2.61)

which results in exactly the same solution we had for the transverse part and ,
so V¢ = W, In general, if 0, # 04, this does not occur. Then, we must solve the pair of
differential equations for p* and @w®. A choice of UV boundary conditions could
be *(k?, Lo) = 0, @*(k?, Lo) = —1, which corresponds to W?(k2,0) = 1. In the IR we
have 9,¢%(k?, L1) = 0.@%k?, L1) = 0. In the general case, the solution must be found
numerically.
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2.1.3 Two-Point functions

As explained in the introduction, using the AdS/QCD correspondence, we can easily
calculate two point correlators (also called two-point functions or Green functions). Let
us consider the transverse two point-function function i [ d*z ek’ =’ (J'(z)Jb(0))

and its longitudinal counterpart i [ d*z eimpk ar <Jﬁ‘ a(:r:)J””b(O)>. We calculate them by

differentiating the action 1' twice with respect to the source Vlf after inserting 1)
and (2.61)). This gives

; 9V (k% L
i / A4y empk <ija(a:)Jib(O)> = —pivyeb =l 2000 (2L 0) (2.62)
g5 Lo
and 0.5°(k2. L)
. ; A v @a k 7L0
z/d4x etk a? <J“‘L“(x)JHb(O)> = —Pﬁ”’d“sz, (2.63)
9510
where we have defined the transverse projector P{"" = (77‘“’ — ’f‘,;’;”) and the longitudinal
projector PIIIJ Y= k:]§V (How such a calculation is done in principle, can be seen in

Chapter ) Comparing the above results with the QCD result to leading order, one can
determine the parameter g5 of the model [14] [I5]. One gets

1272
N

gs = = 47 (2.64)

2.1.4 Normalizable Solutions

Let us now look for normalizable modes of the 5D fields. The solutions of the above
derived equations of motion correspond to mesons. Compared to the calculations above
we have to change the boundary conditions to account for that.

Our splitting of the vector field into a transversal and a longitudinal part now has
a concrete physical meaning. Vector mesons we obtain as solutions of the differential
equation for the transverse part and scalar mesons as solutions for the longitudinal

part (2:59).

2.1.4.1 Vector Mesons

Let us study the vector mesons in detail. We will denote their wave functions by ¥*(z).
In the case where a“ is constant, i.e. for o, = o, or a = 1,2, 3,8, there is an analyt-
ical solution in terms of Bessel functions. In the other cases one can find the solution
numerically.

We want 1%(z) to be a normalizable solution of the differential equation for the trans-
verse part . This means we want the integral

Ly Py
[ Fee) (269
L

0o <
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to be finite. For this we must impose the boundary condition 1%(Lg) = 0. In addition,
we maintain the Neumann boundary condition 0,%%(L;) = 0 so that the boundary
terms vanish. Since the differential equation is linear and the boundary conditions are
homogeneous, every multiple of a solution is again a solution. This arbitrariness can
be removed by specifying another boundary condition like 9,1%(Lg) = ¢, where ¢ # 0.
(The actual value of ¢ is unimportant at this point since we will normalize the solution
anyway.) But this means that the boundary value problem is overdetermined since we
have an order two differential equation, but three boundary conditions. A solution only
exists for certain values of the parameter k2. Since solutions of this kind of differential
equation are in general oscillatory, we get an infinite discrete spectrum of k% =: M®
(n=1,2,...) for which a solution exists. M is of course the mass of the corresponding
eigenmode, which we call ¥%(z). Higher n correspond to radial excitations.

On can then identify the different vector mesons in the octet for a = 1,...,8. Since
we were assuming up/down symmetry, certain cases of a are identical. For a = 1,2,3 we
get an infinite tower of p mesons (p*,p~, and p°) and for a = 4,5,6,7 we get K* mesons
(K*+, K*=, K*°, and K™)[2.

We normalize the solutions such that the integral equals to one. In addition,
the eigenmodes 1% (z) obey an orthogonality relation. Hence

L1 dz
| F @) = b (2.66)

0

To show this orthogonality, we look at

/Ll 1,0 ) — M -1 (2) ¥ (2)

n a a Ll Ll dz a a
A ) = FHEEERE] [ o))

=0
(2.67)

where we used partial integration and the differential equation 1) to find that azwfg(z)

a __pqa2
is the primitive of %m (z). Then, we can interchange m and n and by symmetry
get

Ly a®(z) — a2 Ly a®(z) — a2
[ e - [T i o), 2os)

Lo LO

which implies (using the linearity of the integral)

a2 o dz a a a2 I dz a a
My, —Pn(2)Yn(2) = My, — P (2) v, (2). (2.69)
Ly * Ly *
Since M} # My, for n # m, this can only mean that
L1 qz
| Funewnen =o (2.70)
Ly *

for n # m, which was the assertion.
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Analytical solution
We have seen that in many cases, there exists an analytical solution of the differential
equation in terms of Bessel functions, namely if o is constant, which also includes the
case when it is zero.

If we had not imposed boundary conditions, the general solution to the differential
equation with constant a® would have been

V¥ (z) = —icizli(V a® — k22) 4+ co2Y1(—iV a® — k22). (2.71)

Imposing the boundary condition that 1)%(z) vanishes at the UV boundary, we see that
term containing [y fulfills this, the term containing Y; however not, so we have to drop
it. We then rewrite %(z) as

Vv (z) = czJ1(VK? — asz2). (2.72)

The Neumann boundary condition in the IR gives the condition

Jo(Vk2 — aLy) =0 (2.73)

(using 9, (zJ1(2)) = 2Jo(2)), which generates the discrete mass spectrum k% = M22. If
rn, denotes the n-th zero of Jy, the masses are given by

2
MO =, /% +an. (2.74)
1

Using the approximation of Jy for large z

Jo(z) =~ \/zcos (m - %) , (2.75)

we find that they are approximately given by
VMa? —qe T no (2.76)
" Ly 4

(n=1,2,...). Here, it is important to note that this corresponds to a mass spectrum
of the form M? ~ n?, which is unphysical.
Using the mass condition (2.74) and normalizing the solution, we get

Voo (i o)

Yp(z) = (2.77)
LiJh <, [ Ma? — aaL1>
or, using 7y, .
po(z) = oz nd) (2.78)

Ji(rn)
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Figure 2.1: The first four modes of % (Z2).

where we introduced z = L% The four lightest vector meson modes are plotted in

Figure 2.7}

We can explicitly check the orthonormality of the ¥%(z):

Ll dZ rmJ()(Tm)Jl(rg)_’gnjo(r")‘]l(Tm) = O if m # n
U< a a — Tn=Tm = (5m . (2.79
| Fotene {1_hﬁ%¢u:1 itm=p [ O (270
i\rn

Two-Point Function as a Sum over Meson Modes _
Let us turn back to the profile function V*(k?, z). In the analytical case there is a Jo(kL1)
in the denominator. This creates poles when kLq is a zero of Jy, which is exactly the
mass condition. This indicates that we can in general write the profile function as a sum
over meson poles.

To derive this, we first make a general ansatz and write

VAR, 2) =) (K )a(z). (2.80)

Now we want to calculate the coefficients ¢ (k?). For this we multiply the above equation
by 1!)%7(2) and integrate. The orthonormality condition 1) yields

¢ (k) = /Ll 0, PV, 2) (2.81)
L

0 z

To evaluate this integral, we make use of the following trick:

L1 p
02 = [ Fun e,

Lo 1 Lt (a9(2) — k?) — (a%(2) — M22) (2.82)
:/ dz m g (2) V(K 2).

Mz? — k2 Jp, z
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So we have

Ly a _ k2
(a2 = 2y = [T g e, )
Lo z
Ly a — Mo 2
- [T g e, )
Lo z
Ly L
P2 (2)0, V(K2 2) / tdz 9
= — — 0, (2)0:V (K, 2
z Lo Joo * ¥m(2) ( ) (2.83)
5
D08 (Ve (K, 2) |7 P d
B ¢m(2) ( 72) +/ i ngn(z>8zva(k,27z)
z Lo Lo z
_ 0.48(Lo)
Ly
Solving for c2,(k?) finally gives
1 8
(k) = — L 2mE)| (2.84)
k2 — Mg, z Lo
If we define 0.8 (Lo)
Fo = 20 2.85
g5Lo ( )
then we can write the profile function as
a —95F77¢%(2)
In the analytical case, in the limit of Ly — 0 we get
Fo V2, (2.87)

" g5 L3 (rn)

One can also identify F)} as the decay constant of the n-th KK vector meson [2]. This will
help us later to compare our model to experimental data. By our choice of normalization,
FE? has the dimension of a mass squared.

2.1.4.2 Scalar Mesons

If we are looking for normalizable solutions of the longitudinal part corresponding to
scalar mesons, we have to solve the pair of equations for ¢ and @w?. When
a® is just a constant, then we have seen that we can instead solve the single equa-
tion for £,. Again, in both cases, the subsecript n indicates a discrete mass
spectrum. Reasonable boundary conditions are o7, (Lo) = @y, (Lo) = 0 (or £5(Lo) = 0)
and 0,9%(L1) = 0,@w%(L1) = 0 (or 0,€2(L1) = 0). This would produce exactly the same
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solutions for £ as the ones we got for ¥)¢ in the transverse case, which means that vector
and scalar mesons will have the same mass in the o5 = 0,4 limit.

In general we must consider the equation . This can only be done numerically.
It turns out that this differential equation is identical to the one for the longitudinal
part of the axial sector, which we will discuss in detail in the following Section We
will also adopt the normalization discussed in that section.

We argued that for a = 1,2, 3,8 the longitudinal modes are unphysical. So, we can
only consider a = 4,5,6,7, which corresponds to a K§ (k) meson.

2.2 Axial Sector

We will now treat the axial sector of the action ([2.35)) in very much the same way as we
treated the vector part. Using (B%(z) the relevant action reads as

Sy = / d%z ( (O AL — OnAY)? + ﬂ;?f (Opm® — A?\4)2> . (2.88)

5

The equation of motion for the axial field A can be derived similarly to the one for
the vector field. One finds

™MEdy, (i(aLA‘}V — 8NA%)) + 6 az(z)( 4 — OnNT?) (2.89)

or equivalently

1 1 @
n‘”@u (2(8,\141‘3 — &u‘l‘i)) -0, (z(azA,‘ﬁ — &,Ag)) + b Z(Z) (AS —0,m*) =0
1 8(2) (2.90)
z
"0, (Z(aAAg -~ aZA§)> + (AL = 0.1%) =0,
We again introduce the longitudinal and transverse part of A7, and write AZ” = 0,0°.

Then we get
oo - o. (T ) + T a o, (Le.0.00)
ﬂ“( ) g 8,0% ﬁaz(Z) 9,79 = 0 (2.91)

_277“)\8#8)\8%#1 - ﬂZ(Z)azﬂ'a =0,

were we dropped the A? terms since we showed that they can be set to zero. Switching
to momentum space gives

_ékQA‘,ﬁ—az C(@AL)) i )Aaﬁ hv0: ( ( Z‘ba))

ﬁ“( )¢a+ i*, 6“( ) a_y (2.92)
k2—8z¢a — ﬁi’z)aﬂa =0.
z z
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Following the same arguments as made for the vector sector, we split this into an
equation for the transverse part and one for the longitudinal part. For the transverse
part, we get exactly the same solutons as in the vector sector (replacing a® by (%),
namely

1, - k? — B%(z) -
0. (oA ) + == —o (2.98)

and the solutions are analogous. The equations for the longitudinal part of the axial
field and the 7 field read:

1 “a _Ba(z) Aa_%a _
0. (0.5) - TG -7 —o o

k20,0 — B%(2)0.7 = 0.

Note that 3 will not simplify to a constant in the case of o, = 0.

One can combine the above pair of coupled equations into a single differential equation

of second order by defining y®(k2, z) = 1@(?5“(1:2, z). The above equations then read

Tz

z a Ja_ ~a
_BT(Z)aZ (y ) + ¢ ™ 0
e (2.95)
ﬁa(z)y — 0,7 =0.

Differentiating the upper equation and inserting the expression for 9,7% obtained from
the lower equation, one gets

z k?
0. <ﬁa(z)82y“(k2, z)> + 2 (ﬁ“(z) — 1) ye(k?, z) = 0. (2.96)
Analogously to the longitudinal part of the vector field we use the boundary conditions
(K2, Lo) = 0, 7 (k2, Lo) = —1 and 8,¢%(k2, L1) = 0,7*(k%, L) = 0 to obtain the pro-
file function, coupled to the 4D pseudoscalar source. This corresponds to the boundary
conditions y%(k%, L) = 0 and, using equation (2.94), 0,y%(k?, Lo) = %ﬁo)

An analytic solution cannot be found, but close to the UV cutoff the profile function
can be written as [2]

y*(k?, Lo) = $*(Lo) log(kLg) + clog(kLg)(kLg)?, (2.97)

where ¢ is some constant.

2.2.1 Normalizable Solutions

Again, normalizable solutions for the transverse and longitudinal part correspond to
hadrons. The transverse modes are pseudovector (axial) mesons. The solutions are
exactly those of the vector mesons with a® replaced by (°.

Longitudinal modes describe pseudoscalar hadrons, i.e. pions (7%, 7, and 7%) for

a =1,2,3, and kaons (K+, K—, K°, FO) for a = 4,5,6,7. Let us study these again
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in detail. To do so, we turn back to our original pair of differential equations (2.94])
for the longitudinal part. We will denote the normalizable solutions 7% (z) and ¢%(z)

respectively. For them to be normalizable ([ (1?2'7?%2 and [ %(Efﬁ are finite), we have to
impose the UV boundary conditions QEZ(LO) =0 and 7%(Lp) = 0. In addition we want
that 9.6%(L1) = 0 and 8,7%(Ly) = 0 (the two last conditions imply each other as can be
easily seen from the differential equation). It is apparent that for any solution, a multiple
of that solution is also a solution of the ODE (including the boundary conditions). So
we have to fix one additional boundary condition, e.g. the derivative of gg% in z = Ly.
This arbitrariness will vanish when the solutions are normalized.

If all the parameters are known (mg,ms,04,05,L1), the above boundary value problem
can be solved numerically and it turns out that (exactly as in the vector case) there is an

infinite but discrete set of values for k? =: m2? for which the solutions to the BVP exist,
as was already indicated by the index n. The two first modes are shown in Figure [2.2

T
n

0.4 -
/”
Re
0.2 ,
/
0 T T T + T Ii
\ 0.2 0.4 (}5 0.8 1.0
-0.241\ /
\ /
[ S04\
0.4+ 0.4 \
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Figure 2.2: Plot of the first two modes of g/b\fl(é) (left) and 7%(Z) (right) in units of L;.

The blue (solid) graphs corresponds to n = 1 and the red (dashed) ones to
n=2.

We could just as well have studied the second order differential equation (2.96) in-
stead. Normalizable modes (7%(z) and ¢%(z)) correspond to normalizable solutions of

equation (2.96)), which we shall call n%(z). The boundary conditions above can be writ-

ten in terms of n%. One gets the IR boundary condition n%(L;) = 0 and, by using
equation ([2.94), 9,n%(Lo) = 0 in the UV.

One also finds a generalized orthogonality relation for the n%’s. After normalization,
which for convenience is chosen to depend on the mass, one gets

Ly Py

5mn
Azl (2)n% (z) = 2.
e =

The calculation is analogous to yet sligtly more complicated than the one we made for
the 1%’s and can be found in Appendix

(2.98)
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Two-Point Function as a Sum over Meson Modes
We can also try to write y®(k2, z) as a sum over meson poles. Using the orthonormality
relation and partial integration one gets

9 ma?
C?L(K ) = k2 _nma2 W%(Lo) (299)
and thus ) (Lo (2)
ar2 N My 1 (Lo)nn (2
y' (k2 2) =) R a (2.100)

n
Again, the complete calculation can be found in Appendix We define again
0:04(Lo) _ —ma(Lo)

a._ - : 2.101
f g5Lg g5 ( )

which turns out to be the decay constant of the n-th pseudoscalar hadron [2]. In this
case f2 has the dimension of a mass.
We can then integrate (2.100)) to obtain

2 rala
T _957”% fn¢n(z)
Pt = (2.102)
; k2 _ m%2
and )
_ a2 raza
Fo Y B n?;jg@. (2.103)
n n

2.3 Form Factors

Kaon-to-Pion Transition Form Factor

The above considerations give sufficient material to construct further observables based
on them. Since we went through all the trouble of including the strange quark, it suggests
itself that we should consider expressions involving kaons. Thus, let us look at the form
factors of the K3 transition. It describes a decay K — wfv. The transition form factors
are defined via

(7= (k)| TAs—a1 [K°(a)) = f+(E?) (K" + ¢") + f-(K?) (" — K¥), (2.104)

where K2 = (k — q)? and k and g are the pion and kaon four-momenta. One could have
also defined the form factors based on KT — 70, JZS: 1, is the strangeness changing
vector current. One can also define

2
Jo(K?) = Fo(K) + — o [ (K), (2.105)

—m2
mi —mz
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Expressions for f and fj in terms of the fields in our model can be derived [2]@ They
are

Ly

2
folw) = [ M<@WW@@%Wx»ﬁ@?@%+%%gj%kﬁﬂx%ﬁ)

s BE L B+ 0@ — FD@ D)
2z 823(m2, — m2) AT

T <71+ (o ), 281 7D

~4 (72 2 2 72 2 _
827D (K 72) {mK + mar K (azq/b} 5{ _ g/glazq/g?) + 95(U3 vq)(?’vq + Us)az(%lﬁﬁ)

(m3, — m2) 2

2 2 2 4
95Vq(Vg +Vs) 14 ~ A1~ mi. —ms 0, (z
+ 5(1(2;,13) (ﬂ-%azﬂ'z - 8277% WI) - K2Z a4(2(,)) %%})
(2.106)
and
L1 1 ~
f) = [T aviat.s) Lodtad)
to (2.107)

N %vq(vq +uy) (@(Z) —%%(z)) <${(z) —%I(z))] :

They might look quite complicated, but they only contain already derived quantities, so
they can be easily computed - numerically of course. The subscript indicates a meson
mode, while without the subscript, the profile function is meant.

The form factor fi (K?) is usually fitted to a quadratic polynomial ([I7], p. 717)

™ s

, K21, (K2\?
fr(K?) = f.(0) <1+)\+mQ+2)\+ <m?> ) (2.108)
and fo(K?) to a linear one
K2
fo(K?) = fo(0) (1 + A0m2> : (2.109)

™

The observables f1(0), X, X/, and Ay can then be compared to experimental values.
(It follows directly from equation (2.105)) that f4(0) = fo(0).)

Pion Form Factor
Another form factor we can calculate is the pion form factor. Similar to the kaon-to-pion
form factor, it is defined via

(m(k)] i [m(a)) = (K" + ") Fr(K), (2.110)

8This is the first time, this has ever been done. The derivation involves three-point functions and quite
some experience in using the translation dictionary.

35



where J!; is the vector current and again K? = (k—¢)?. In contrast to the kaon-to-pion
form factor, there is only an F; and no F_ part, which is a consequence of the fact that
the pion form factor corresponds to a conserved current.

It can be expressed in our model by [5]E|

L1 g4 ~ ~
(%) = [ ) (0317 + P EERE - BEPF) . @

Ly *#

where a = 1,2,3. For spacelike momentum transfer (K? < 0), this is an interesting
observable and we can compare our results to experimental data.

2.4 Results

Having done all the necessary preparations, we are now able to actually compute the
masses, decay constants, and form factors, which we discussed above. The five input
parameters are L1, mg, ms, 04 and 0,. As mentioned before, the higher radial excitations
(n = 2,3,...) are not well represented in hard-wall models. Calculating them and
comparing them to their experimental values would be a fruitless effort. Thus, we are
restricted to the case n = 1. This still gives us plenty of quantities we can compute.
We will consider two models. Model Al is calculated under the assumption o5 = oy
and we will determine the model parameters successively, trying to reproduce certain
exact known observables. This way, we can see very nicely, how the different observables
depend on the input parameters. In Model AIl, we work in the general case, where
os # 04, and make a global fit to all observables.

2.4.1 Model Al

Working in the o, = o, limit, we have four parameters left to fix using experimental
data. We will use observables which are known to a very high precision. The p mass
M, = (775.49 £ 0.34) MeVH corresponds to M{ for a = 1,2,3 in vector sector of
our model. For the m, we use the mass m, = 139.57 MeV and the decay constant
fr =1(92.4 +£0.35) MeV corresponding to m§ and f{ for a = 1,2,3 in the pseudoscalar
sector. One could have taken the 7 mass instead, but since the mass difference of
about 5 MeV is mainly due to electromagnetic corrections, which are not included in
our model, it does not really play a role. Finally, we use the kaon mass myg = 495.7 MeV
corresponding to m{ for a = 4, 5, 6, 7 also in the pseudoscalar sector. Here, since the mass
difference between the K* and the K° is due to the differing mass of the up and down
quark and we assumed up/down symmetry, we take an average mass (mygo = 497.6 MeV,
mp+ = 493.7 MeV).

Since the p mesons do not couple to the vacuum expectation value v(z), their mass
only depends on Li, namely via the mass relation . From this, one gets L =

9The different prefactor compared to their formula comes from different normalization conventions.
10All meson masses and decay constants throughout the whole text are taken from [I7] (PDG) if not
noted otherwise.
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]\r/l—lp = (322.47 MeV)~!. Then, since the pion’s mass and decay constant do not depend

on mg, one can determine the parameters m, and o, by matching m%’2’3 and fl]L 23 with
my and fr. One gets m, = 8.291 MeV and o, = (213.66 MeV)?3. Finally, to find ms, we
try to satisfy the mass condition for mg, which now depends on my, 04 = o5 and m.
One finds m, = 188.48 MeV.

Having determined all parameters, one can then put the model to the test by calculat-
ing masses and decay constants for further particles. We will consider the (unconfirmed)
scalar meson K§(800) or x with mp; = (672+40) MeV. In our model, this corresponds
to the mass of the first mode of scalar mesons for a = 4,5, 6, 7. Furthermore, we consider
the K** and K*0 again viewed together as K* with M- = 893.8 MeV. In the model,
these are the lightest modes of the vector mesons for a = 4,5,6,7. As pseudovector
mesons, we will consider the a;(1260) with m,, = (1230+40) MeV (a = 1,2,3) and the
K1(1270) with mg, = (1272 +7) MeV (a = 4,5,6,7).

The results of the computations are shown in Table Capital letters M and F are
used to indicate solutions of transverse parts corresponding to vector and pseudovector
mesons with the normalization of the wave function discussed in Section R.1.4.1l Lower
case letters m and f indicate solutions of the longitudinal parts corresponding to scalar
and pseudoscalar mesons with the normalization discussed in Section The masses

| Observable | Sector a | n [ Model AI [MeV] | Measured [MeV] |
My pseudoscalar | 1,2,3 | 1 (fit) 139.57
I pseudoscalar | 1,2,3 |1 (fit) 92.4 4+ 0.35
mg pseudoscalar | 4,5,6,7 | 1 (fit) 495.7
fr pseudoscalar | 4,5,6,7 | 1 103.8 113+1.4
mEs scalar 4,56,7 | 1 791.0 672
Ik scalar 4,56,7 | 1 27.6
M, vector 1,2,3 |1 (fit) 775.49 + 0.34
VE, vector 1,23 |1 329.3 345 + 8[2]
M e vector 4567 | 1 791.0 893.8
Fg« vector 4,56,7 | 1 329.7
Mg, pseudovector | 1,23 | 1 1366.2 1230 4+ 40
VFa pseudovector | 1,2,3 |1 488.8 433 £ 13[2)
Mg, pseudovector | 4,5,6,7 | 1 1458.1 1272+ 7
Fy, pseudovector | 4,5,6,7 | 1 511.1

Table 2.2: Comparison of masses and decay constants as calculated in Model Al with
experimental data.

seem to be in a good agreement with experimental data.

We can then also compare our values for f1(0), X;, X[ and g to experimental data
and data from lattice gauge theory and chiral perturbation theory. The results are
presented in Table and shown in Figure [2.3 These results are also in a good
agreement with experimental data and results from other approaches. One should add
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’ Observable ‘ Model AI Lattice ‘ xPT ‘ Data [18] ‘

£1(0) 0.966 0.968(11) [19] 0.961(8) [20]
0.9742(41) [21] | 0.978(10) [22]
0.9560(84) [23] | 0.984(12) [24]

0.974(11) [25]

N, 0.0249 | 0.0237(23)(21) 23] 0.0249(11)
XL 0.00206 0.0016(5)
Ao 0.0122 | 0.0128(22)(45) [23] 0.0134(12)

Table 2.3: Results for form factors compared to lattice gauge theory, chiral perturbation
theory, and experimental data.
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Figure 2.3: Kaon-to-pion transition form factors as calculated in Model Al

that f, (k?) is almost linear in k2, which results in a rather large numerical uncertainty
for the value of A

A general comment about the numerical calculations should be made. Most of this
work involves solving initial or boundary value problems numerically. For this the pa-
rameter Lg is necessary. A value of 10™® turned out to be a reasonably good choice for
Ly since the computational results did not change significantly when changing L from
1077 to 1078, Stability problems could occur for even smaller values of Ly depending
on the type of solver used.

Our results confirm the numbers given in [2]. Small differences stem from the exact
numerical method applied, but (except for X’ ) the deviation is well below 1%, indicating
that the numerics giving the results in this text and theirs were carried out properly.
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In addition, changing the solver or switching to a completely different program never
resulted in a significant change of the results. (Most of our calculations were done in
Matlab using built-in solvers for initial and boundary value problems.)

2.4.2 Model All

Let us now make a global fit to the observables, to which we have experimental data.
These 14 quantities are my, fr, mg, [k, mps, My, Fp, Mg+, Ma,, Fo,, Mk, N,
N, and X\g. Allowing o, to differ from o4, we now have five parameters to determine.
These we obtain by making a least square fit, where we try to minimize the sum of
the squares of the relative errors, using a multidimensional minimization algorithm.
This results in the following values for the model parameters: L; = (342.8 MeV)™!,
mq = 8.077 MeV, ms = 213.7 MeV, 0, = (208.3 MeV)3, and o5 = (217.9 MeV)3. The
corresponding values for the observables are shown in Table We see that o, ~ 0,

| Observable | Model AII [MeV] | Measured [MeV] |

Mo 138.9 139.57
Ir 88.3 92.4 + 0.35[17]
m 532.5 495.7
frx 104.5 113 + 1.4[2]
M 703.1 672
e 39.2
MZ 824.4 775.49 + 0.34
VE, 350.1 345 + 8[2)
M 862.1 893.8
Frcr 352.6
M,, 1288.9 1230 =+ 40
VFu 462.0 433 + 13[2]
Mk, 1440.9 1272+ 7
N 501.2
f+(0) 0.954
Ny 0.0236 0.0249(11)[18]
N 0.0017 0.0016(5)[18]
Ao 0.0144 0.0123(12)[18]

Table 2.4: Comparison of masses, decay constants, and form factors as calculated in
Model AIIL

which a posteriori justifies why we chose them to be equal in Model Al. The results are
also in good accordance with those obtained from [2], considering that they fitted to 15
observables (f4(0) additionally) and might have used a different weighting of the errors.
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2.4.3 Pion Form Factor

Finally, let us calculate the pion form factor for spacelike momentum transfer with the
input parameters from Models Al and AII. Especially results in the high ‘K 2’ region
are of interest since they are difficult to calculate with other theoretic approaches. The
result and a comparison to experimental data can be seen in Figure 2.4l The form factor

1 T T T T
Model Al =—
Model All = = - -
0.8 [ 1
6 @ 1
&
<
uF
04 i .
e SN
02 | =TT .
0 1 1 1 1
0 2 4 5
-K? [GeV?]

Figure 2.4: Spacelike pion form factor as calculated in Model AT and AIT with comparison
to experimental data, which was gathered by [5]. The triangles are data from
DESY, reanalyzed by [26], the diamonds are from Jefferson Lab [27], and the
circles and the star are also from DESY [28] [29].

in our model has the correct shape and is consistently a little bit above the experimental

values. Small changes in the input parameters do not have a significant impact on the
outcome.
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3 Soft-Wall Model

We have now seen how to apply the AdS/QCD correspondence to gain concrete results
for masses and other observables, which agree reasonably well with experiment. We did
so in the context of a flavour-asymmetric hard-wall model. The drawback of hard-wall
models in general is, that their mass spectra have unphysical trajectories, making it
impossible to predict higher radial excitations of the particles we studied above. This
problem can be solved in a soft-wall setting (first proposed by [3]), which we will explore
in the following. The main steps are the same, the only difference is a background field
and an unbounded fifth dimension. The AdSs metric is the same as before ((1.12)).
The action is now given by

(s 3 1
8=/d"’w¢§e o >ﬂ<yDMX!2+L2!X\2—gz(F£+F§)>
5

— /d%@aﬁz) Tr ((DMX)T(DMX) o+ %XTX (3.1)

1
- (Fhw ™ + FinFA)).
5

The field ®(z) is the background dilaton field. It appears in all integrals over z in
addition to the metric factor %, which we had before. Those integrals are now always
taken from zero (or Lg) to infinity.

It is important to know that the way the masses scale with n depends on the exact
choice of the background field. In QCD with linear confinement, one expects a behaviour
m2 ~ n [30]. In soft-wall models, correct Regge trajectories can be obtained, if the

background field is of the asymptotic form [3]
B(z) =7 222 (3.2)

where ¢ now plays the role of Agcp and hence we expect it to be about of the same
magnitude as L% The easiest field fulfilling that condition, is of course exactly given
by ®(z) = ¢?22. This choice has however a certain well-known drawback, which we will
discuss when looking at the vacuum solution.

We will follow the same steps as before, i.e. we will expand X in terms of its vacuum

solution and the pion field. The z-dependent vacuum solution Xy = (X) is obtained by
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looking at the action with all fields except X turned off. One gets

S = / d°xy/ge" ) Tr <8ZX385X0 + ;ng())

L3
= Z / dPxe™® < 9. Xosj 38 Xoij + 3= XOU>

3,j=1

(compare to (2.17)).

One again makes a variational argument for the action S;;, which contains all terms
with Xo;;. This is done exactly as in the hard-wall case, the only difference being the

factor of e=®(). Tt does, however, not greatly alter the calculations. One gets
® LS ® L3
(SSij = /dsx <—|—8z <€_ (Z)zga’«'XOij> + 3e” (Z)ZE)XOU> 5X0ij- (3.4)

Since the action S;; should be extremal, 6S;; should vanish independent of the infinites-
imal displacement §Xo;;. So we can read off the resulting equation of motion. It is

L3
0, (B_q)(z)zl))azXoij) + 3e <1>(z) XO@] =0 (3.5)

for each component of Xj.
Assuming that ®(z) = ¢222, the above equation becomes

2 X05(2) — (2¢°2% + 32) X{i;(2) + 3X0ij(2) = 0. (3.6)

This ODE is closely related to Kummer’s equation and its solution can be expressed as a
sum of two linearly independent hypergeometric functions, namely 1 F;, Kummer’s func-
tion (of the first kind), and U, Kummer’s function of second kind (or Tricomi confluent
hypergeometric function). One gets

Xoij = AczU (; 0; (cz)2> + B(cz)* 1 <;’ 2; (cz)2> . (3.7)

The constants A and B are determined by expanding the above expression up to third
order in z. Then one gets an expression with a first and a third order term, which
resembles the vacuum solution in the hard-wall case. The constants will be chosen, such
that we obtain
mij JZJ

L L
One easily sees that the constant A must be equal to

”;gr (;’) . (3.9)

The problem with the second term in (3.7) is that it diverges too strongly as z goes to

—®(2)

2X0ij = Uij(Z) =

+O(2). (3.8)

infinity. Hence the integral [dz< Xg (z) does not converge, which means that the
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solution is not normalizable and cannot correspond to a physical quantity. So, we have
to drop the second term. The vacuum solution then reads

vs(z) = T @) U @;0; (02)2) | (3.10)

If we look at the expansion of our solution in low z, it now reads as

2
mi;z C My, ( (%)) 3
7 -1—72[/ 1+~v+2log 5)) % (3.11)

One can then again identify the coefficient of the second term with the quark condensate
and establish a proportionality between the quark masses and condensates, which is
unphysical. In reality, spontaneous symmetry breaking also occurs in the chiral limit,
where all quark masses are zero. One cannot hope to achieve reasonable results with a
model that has such a severe shortcoming (and indeed one does not). The parameters
m;j and o;; responsible for the explicit and spontaneous breaking of chiral symmetry
should be independent in any model that is dual to QCD.

Several approaches of how to include both parameters independently into the soft-wall
model have been studied. In [5], a model is proposed, where the vacuum expectation
value is chosen in a way that it behaves asymptotically (both in the UV and the IR) as
the vacuum solution above, but has M and ¥ as two independent parameters, ignoring
the fact that the vacuum solution is then not an exact solution of the vacuum equation
of motion anymore.

Another approach is studied in [4]. They consider an additional quartic term in the
potential term in the action. The dilaton field is modified to be consistent with the
choice of the vacuum expectation value. The quartic term is needed to obtain the
required asymptotic behaviour for v(z) and ®(z). (Very recently [31] also have extended
this model with a modified metric in the UV region.)

In the following, we will study both of the approaches and also try to extend them to
the Ny = 3 case.

3.1 Modified Action Model

The action will be complemented by a quartic potential term and now reads

3 1
S = /d5x\/§e_q’(z) Tr (|DMX|2 o X2 + k| X! - 2 (Ff+ FJ%)) : (3.12)
5

The differential equation for v;;(z) = 2Xo;;(2) then becomes
6—@(2’) 6—<I>(z) w2
0, (z?’azvij(z) + 5 (3vij(z) + 21}%(2)) =0, (3.13)

which can be easily seen by analogy to the case without a quartic term. This differential
equation is not linear anymore. In the case k = 0, we are back to the original case
studied above.
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We will now turn the tables and start with a vacuum expectation value (for the up
and down quark) fulfilling certain asymptotic behaviour requirements. The dilaton field
is then determined via

23 L3 L3 L’k 4
8Z<I>(z) = m <8Z (Zgazvq(z)> + S;Uq(Z) + 2,621}(1(2)) 5 (314)

which follows from the differential equation above. This determines the dilaton
field ®(z) uniquely up to a constant, which means e~ %) will be determined up to a
constant factor. For consistency, we however demand that e=®(®) =1, i.e. ®(0) = 0.
Unfortunately it turns out that it is not possible - at least not without further ado
- to extend this model to the flavour non-symmetric case, since the dilaton field would
also have to obey equation , with v, replaced by vs.
We already know what the small-z behaviour of v, should be. We want

vg(z) = mTqu + %23. (3.15)

In [4] another constraint is added, which is derived from phenomenology. When we look
myj

at the solution we had in the unmodified case, this was given by v;;(2) = =2’ (%) zU (%, 0; (02)2).

This solution approaches a constant as z — oo. While this of course has the necessary
finiteness property we demand from the vacuum solution, it leads to a restoration of chi-
ral symmetry in the mass spectrum for large n, which is not a feature of QCD. One rather
observes that the highly excited mesons exhibit parallel trajectories, which means that
chiral symmetry is not restored, since the mass difference between two different mesons
stays the same rather than tending to zero. In [4], it is argued that this can only be the
case if vy(2) is a linear function for large z, i.e.

vy(2) T=7 %z. (3.16)

One simple way of writing a vy(z), which fulfills the above constraints is by making
the ansatz

vg(2) = % (A + Btanh(Cz?)). (3.17)
This gives
Lovy(2) 2% 42 + BCZ? (3.18)
and
Lvy(2) "=" (A + B)=. (3.19)

Inserting this into the expression for the dilaton field gives in the limit of large z (with
®(0) =0):

B(z) T Z(A + B)222, (3.20)

which was the required form to produce correct Regge trajectories.

44



By matching the coefficients A, B, C, and v with the constraints, one gets

Y= % (3.21)

A= Cmy, (3.22)

B=vy—A4, (3.23)

. c=22 (3.24)
(B

Here, )\ is - as we will see soon - the average slope of the radial trajectories of the mesons,
which is approximately the same for all mesons. The parameter x has unlike the other
ones no direct physical analogue but can be given a concrete meaning, as shown below.

Once, one has all the parameters determined, one has the vacuum solution v,(z) and
the dilaton field ®(z) fixed. However, so far we have only included the up and the
down quark, which we assumed to have equal mass. One drawback of this model is that
the strange quark cannot easily be included. Of course, now that ®(z) is known one
could try to find v, as solution to the vacuum equation of motion. One has however the
constraints dictated in the IR by mg and in the UV by ~. In principle, one could hope
to find a solution to a second order boundary differential equation with two constraints.
Here, this is not the case since by choosing the condition in the IR, the value at the
UV boundary is uniquely determined if one in general imposes a finiteness condition
in the UV. So, we will have to accept that we can only model strangeless mesons in
this approach. This will still give us a lot of observables to work with. Especially, in
comparison to the hard-wall model, we can consider higher radial excitations.

So now, let us assume, we have our v,. Then

Xo = % (%q 0> . (3.25)

Uq

We do not need to make all the calculations again in the two-dimensional case (using
Pauli matrices instead of Gell-Mann matrices), we can just define M{}Q, Mfﬁ, a(z), and
B%(z) exactly as we did before and restrict ourselves to a = 1,2, 3. (Since we will study
a soft-wall model where we can include the third quark in the next section, we will also
consider a = 4,5,6,7,8 in the following calculations.)

The action can be expanded in the same way as done in the hard-wall approach and
one gets up to second order in w, A, and V:

M{}QL?)

a 2
223 Vit

L
= / Pre* <—2 (O Vi = OnVip)” +
= 492z - (3.26)
L MA"L
N G

_ A a __ pga \2
4922 223 (On® — Alyr) )
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The only difference to the hard-wall action is a factor of e"®(?). The quartic term does

not appear here explicitly, but is of course hidden in the dependence of a®(z) and 3%(2)
on the vacuum solution, which in turn depend on the quartic term.
Again, A% can be chosen to be zero and so can V? for a = 1,2, 3, 8.

3.1.1 Vector Sector

The vector sector of the action is

L a®(z)L
Sv = / a2y (—%(c‘mvﬁ — OV + 2;?; v;/)

a

L 1 ! /
5,.,—P(z MM’ NN a a Ve Ve
= /d ze” 2 )74g§ Ea (_z (77 n (Om VY — ONVip) (Om Ve — One M/))

+ WnMM’VA@V&) .
(3.27)
The equation of motion for V' can then be derived and is
nMLgy, (ej(z) (OpVe — ang)> + e C“az(z) Ve — 0. (3.28)

We can split this up and get

—2(2)

—®(2)
70, ( . <aw:—auvxl>> ~0. ( :

—®(z) a
70, (e - (W@“Mf)) pet ey

(azvya _ &/Vza)) + e—‘b(z)az(z)vya -0

(3.29)

Making a decomposition of V" into a transversal and a longitudinal part, writing the lon-
gitudinal part as Vlf” = 0,£", writing the z-component as V = —0.w", and introducing
p* =&+ w’, we get

—®(z) —2(2) a
‘ UM/\auaAVuaJ_ —0; (e > (GZVV“J_)> + e_q)(z)a iZ)VuaJ_
—(2) a 3.30

a®(2)0, @ + n19,000,9" = 0.

Taking the Fourier transform, this gives

—®(z) N 2 __ _a N
. (e (9, ,ﬁ)) + e—‘b@kio‘(z)vjL =0 (3.31)

z z
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for the transverse part and

6_q>(z) — zaaz ~a ~a
6z< (@@“))—eq’() ()(so -@") =0

z (3.32)
a(z)0,w" — k20,3 =0

for the longitudinal part.

As the reader may have noticed, the general form of the differential equations has not
changed compared to the hard-wall model. The only difference is that e~ 2() appears at
various places in the equations. Furthermore, a® and 3% will certainly never simplify to
a constant, except for those cases, when a® = 0. As a consequence, unless a® = 0, there
exist only numerical solutions.

3.1.1.1 Vector Mesons

We are again looking for normalizable solutions of the differential equation for the trans-
verse part.

Approximate Solution
To gain a little bit more understanding about the solutions, we will first study the case,
where a = 1,2, 3 (p mesons), so that a® = 0 and we will use the original simple dilaton
field ®(z) = c?22. (This is in fact a very good approximation, especially for higher radial
excitations.) In this case, we can find analytical solutions.

The general solution to the somewhat simplified equation is given by (writing
again 1% and later ¥¢ for the normalizable modes)

k2 2.2 k2
Uz) = A2 \Fy (1 — —:2; %2 Be“# U [ —;0;—c?2? ) . 3.33
w() 141 4027 ) + 4027 ) ( )
In the above form the second term gives complex values, but its imaginary part is just
a multiple of the first term, so we can restrict ourselves to the real part of the second

term. We want the modes to be normalizable. That means the integral

z

00 e—@(z)
|ty (3.34)

has to converge. One condition for that is, that the value of ¥® has to vanish at z = 0.
If one evaluates the above expressions, one gets

2,2 K 2,2
'z 1 <1—402;2;cz>

6222 k2 2 2 k2 -1
e U (462,0, —C Z > o = <F (]. + TCQ # 0 (336)

(3.35)

and
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So we have to drop the second term. What is left, is

k2
V(z) = A?2? | Py (1 -1z 02z2> . (3.37)

The integral of this expression does not converge in general, where the problem now lies
in the large-z region. There is however a discrete set of values for k2, such that the
integral converges. One finds

M9? = k? = 4nc?, (3.38)
forn =1,2,3,..., which is a Regge trajectory of the desired form. After normalization
to unity, one gets

Ve(2) = V2nc?2? | By (1 —n;2; 02z2) , (3.39)
which can be explicitly written as a polynomial of degree 2n in z:
n—1
(1 _ n)k(0222)k+1
Az) =2 3.40
where (n)j is the Pochhammer symbol and defined as
I'(n+ k)
= ———" 3.41
(" = —fs (3.41)

It is interesting to note that while in the hard-wall model we had to impose a somewhat
artificial boundary condition at the IR boundary to get a mass spectrum, in soft-wall
models this comes naturally as a condition for normalizability.

General Case
In general, the (unsimplified) dilaton field has a very complicated algebraic form. One
has to find the solution numerically, but apart from that, the idea of how to find the
meson modes is the same as presented above. One uses ¥%(Lg) = 0 and 9,4*(Ly) = ¢ # 0
as initial values. The choice of ¢ is arbitrary and will not affect the normalized solution,
since the differential equation is linear. One then has to find those k2, for which the
solution is normalizable.

One can also show that the solutions in general obey an orthogonality relation and
because of the normalization it holds:

oo 67<I>(z)
/L dzE—— ()P (2) = boun. (3.42)

0 z

(To prove this one can look at the proof of the same relation in the hard-wall case and

®(

replace every < by % and similarly for the reciprocal.)

3.1.1.2 Scalar mesons

Due to the gauge freedom, we only had scalar mesons for a = 4,5,6,7 in the hard-wall
case. The same happens for the soft-wall model. Since we only included a = 1,2, 3, our
model will not give any scalar mesons. (There are however other ways of including the
scalar mesons, discussed in Chapter [4])
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3.1.2 Axial Sector
The action for the axial sector is given by
L “(z)L
Sy = / dPze Y < (O A% — OnAY) + % (Opm® — A‘}Wf) . (3.43)

A2,
~ 4gzz 229z

The equation of motion becomes

—(2)
nMLaM (e
74

(0L A% — 6NA%)> + e %) 52(2’)( ¢ — OnT?). (3.44)

Decomposing Aj into its transversal and longitudinal part, writing AZH = 0,0%, and
dropping A since it can be gauged away, one gets

—®(2) —®(z) o
" u0nAf, - 0. ( ; @Am> et g,
e—q)(z) ﬁa(Z) ﬁa(Z)
-0, (828V¢a) + €f<1>(2) auqsa _ efé(z)iauﬂ_a -0 (3.45)
z z z
—®(2)

e

77“)\8/1,8)\8,3¢a o e—@(Z)/B Z(Z) azﬂ_a = 0.

We then perform the Fourier Transform and split this up in an equation for the transverse
part and in a pair of equations for the longitudinal part. We get

e—2(2) . —&(s 2 — 3%z ~
az< (045 | +e 4 >Z() o = (3.46)
(transverse part) and

—2() a(z) ~
0. (e j (azeb“)) et ) f) (6" =7 =0

20,0 — B%(2)0.7* = 0

(3.47)

(longitudinal part).

3.1.2.1 Pseudovector Mesons

Pseudovector mesons we get as solution of the equation for the transverse part. The
equation is identical to the one for the transverse part of the vector sector (vector
mesons) and can be solved numerically using the same boundary conditions. We will
use the same normalization as for the vector mesons.
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3.1.2.2 Pseudoscalar Mesons

Normalizable solutions to the pair of differential equations for the longitudinal part of the

axial field correspond to pseudoscalar mesons. By defining y®(k?, z) = efw 82;5“(/62, Z)
we can transform the two equations into a single equation for y®:

z

0 8.4 i o Nye—o 3.48
(T )+ = (g )y o

The normalizable solutions of this equation we will denote by n%(z) and they will be
related to a discrete mass spectrum k% = m22. Again we get an orthogonality relation
and due to our choice of normalization we get:

o 5mn
| @) = (3.49)

3.1.3 Results

We have four parameters for our model, namely my, o4, A, and k. These we want to
determine by matching the model, which we shall call Model B, to phenomenology.

Let us start with A. The p mesons (vector mesons) do not couple to the vacuum solu-
tion (a® = 0). This suggests, that the p mesons are a good starting point to determine
the parameter \. We have seen that if we assume the background field to be simply
®(2) = c?22, then we get an exact mass spectrum of the form Mlg = 4nc?. On the other

hand, our modified dilaton field behaves for large z as ®(z) “=" 2(A+ B)z* = 222
Since the modified field only differs from the original, simple one in the small z region and
higher modes are more concentrated in the higher z region, it is a reasonable assumption
that for large n, the results with the simple and modified dilaton field coincide. This is in
fact the case. So, for n large, the p mesons will lie on a trajectory Mg = 4n\. By using
experimental data, we can hence fix our parameter A\. We use the radial excitations up
to n = 7, but exclude n = 1,2 since they obviously deviate from the linear behavior.
We then determine A = 0.187 GeV?, which corresponds to ¢ = 432.5 MeV (compare to
(L1)~ " in the hard-wall case). The result is shown in Figure

Our next goal is to fix the parameter x, which is essentially responsible for the mass
splitting between the vector (p) and pseudovector (a;) mesons. To see this, we solve the
differential equations for the transverse part in the vector and the axial sector for k2,
which becomes the mass. For the vector mesons, we get

a2 — L2y [ @ 3.50
pn _¢% e—®(z) ¢ 5 an(z) ta (Z) ( : )
=0
ans similarly
1 z e~ %)
2 = a a
Mahn - w% e-(b(z) 8Z ( P 821/}71(2)) + ﬁ (Z> (351)
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Figure 3.1: First seven p masses and linear fit to the last five.

for the pseudovector mesons. For large n this gives

AM?) = lim (M2, — M2,) = lim (3°() — a"(2)) = 2952, (3.52)

ai,m
n—oo L Z2—00 K

Hence, we should determine k from the squared mass difference in the limit of large n
(see Figure . One gets that A(M?) = 1.54 GeV?, which gives x =~ 19.2. Only the
last three masses (n = 3,4,5) were used to determine A(M?) since we said that the
mass difference becomes constant for large n.

The last step is to determine m, and o, by matching the experimental values of m
and fr with our model. We find m, = 9.31 MeV and o, = (205.5 MeV)3.

Finally, we can calculate the masses of the m, p, and a; mesons. The results are shown
in Table The results are in good agreement but at least for the a; and the p this
should not surprise since we determined the constants such that we match their mass
trajectories for large n.

We can also determine the decay constants of the 7, p, and a;. They are determined
exactly as in the hard-wall case. The results are shown in Table

Finally, let us calculate the pion form factor Fy(k?) in this model. In the soft-wall
setting it is given by [5]

0o *

B0 = [ Ee v, (08 6F + S ERFRE - 8ER), (65
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Figure 3.2: Mass differences between p and a;.

where a = 1,2,3. V%(k?, 2) is again the bulk-to-boundary propagator of the transverse
part in the vector sector. It is obtained from the differential equation with the boundary
condition V4(k?, Ly) = 1 in the IR and a finiteness condition in the UV. The results can
be seen in Figure One sees that the soft-wall result is slightly more off than the
hard-wall result.

One remark about the numerics should be made. While for the hard-wall computations
a simple and quick BVP solver could be used, this is not possible in the soft-wall case.
The problem is that instead of a real boundary value at a real IR boundary, we only have
a vague finiteness condition at infinity. The only method in question is hence a shooting
method, where one tries to minimize the function values at some right endpoint. This is
a far from trivial procedure and automation often fails, especially when one tries to find
higher radial states. However it is exactly done, it turns out to be more time-consuming
than for the hard-wall model.

3.2 Approximate Vacuum Solution Model

Another idea to overcome the difficulties of the soft-wall model concerning the vacuum
expectation value was proposed by [5]. We will now extend their model to the broken
flavour symmetry case. Here, one also writes down the vacuum solution explicitly but one
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Meson ‘ n ‘ Model B [MeV] ‘ Measured [MeV] ‘

™ |1 (fit) 139.57
2 1530.0 1300 + 100
3 1819.6 1816 + 14
4 2031.8
5 2217.5

p |1 488.8 7755+ 1
2 1157.2 1282 + 37
3 1448.4 1465 + 25
4 1694.9 1720 + 20
5 1906.9 1909 + 30
6 2096.2 2149 4+ 17
7 2269.3 2265 + 40

ap |1 1128.7 1230 £ 40
2 1541.7 1647 + 22
3 1832.7 1930130
4 2043.1 2096 + 122
5 2226.8 227015

Table 3.1: Comparison of masses as calculated in Model B with experimental data.

| Meson | Model B [MeV] | Measured [MeV] |

™ (fit) 92.4 + 0.35[17]
p 225.1 345 + 32
ar 360.0 433 + 132

Table 3.2: Comparison of decay constants as calculated in Model B with experimental
data.

keeps the simple dilaton field ®(z) = ¢?22. Of course v(z) will not really be the vacuum
solution anymore, but it is chosen in a way that it is similar to the exact vacuum solution
(let us call it vp(z) from now on), which was of the form

vo(2) = %”r (2) U (;;o; (cz)2) . (3.54)

We already stated that this is finite for z — co. We will now construct a function, which
is similar to vy, both in the IR and in the UV region. In addition, we will explicitly
include the parameter o, such that the asymptotic IR behaviour is like mTCZ + Llcz?’. A
good choice is [5]:

v(z)L = <m§z + 223> (1 — e_?%‘) + Be (3.55)
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Figure 3.3: Spacelike pion form factor as calculated in Model B with comparison to
experimental data [26, 27, 28] 29] and Model AII (hard-wall).

It has the correct behaviour in the IR and for large z has the asymptotic form B exp(—ﬁ),
which is the same as the one of vy if we set

My
2

(3.56)

The parameter A determines the intermediate behaviour of v(z). Let us for simplicity
reasons put A = 1.

Of course, the vacuum solution is not really a solution to the vacuum equation of
motion any more but it has the correct behaviour in the IR and the UV. The hope
is that the intermediate behaviour does not greatly affect the results. An a posteriori
justification of the above choice would be reasonably good results of the model when
trying to reproduce experimental data. It might very well be possible that the parameters
we achieve in the end differ from the ones in the previous models, but this should not
surprise too much. Note that all the derivations in the preceding chapter are still valid,
®(z) and vg(z) have simply changed. Moreover it is now no problem at all to include
the strange quark.

3.2.1 Results

The mass relation

M?, = 4c*n (3.57)
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we derived in the previous chapter for the p meson is now exact since we are working with
the simple form of the dilaton field and the p does not couple to the vacuum solution vj.
This allows us to determine the parameter ¢ directly by looking at the (higher) radial
states of the p meson, as we did before in Model B to determine A. The result is of course
the same and we get ¢ = 432.5 MeV. Then, we can determine m, and o, by matching
my and fr. We get m, = 4.45 MeV and o, = (265.2 MeV)?. We can then calculate
the masses of the a; and higher m masses as well as decay constants for what we call
Model C. For the sake of simplicity, let us assume again that o, = 05. Then we can
determine mg by matching the Kaon mass mg. Once all parameters are determined, we
can calculate all the different meson masses and decay constants. The results are shown
in Table 3.3

Surprisingly, most of the calculated masses are quite close to the experimental values,
with a few exceptions. The same can be said about the decay constants. Allowing
o4 # 05 and making a global fit, also leaving A and B free parameters should give even
better results. This is however not easy to implement for the reasons mentioned earlier
in this chapter.
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Observable ‘ n ‘ Model C [MeV] ‘ Measured [MeV] ‘
My 1 (fit) 139.57
2 1646.7 1300 + 100
3 1862.0 1816 + 14
fr 1 (fit) 92.4 4+ 0.35[17]
mi 1 (fit) 495.7
2 1652.4 ~ 1460
3 1871.3 ~ 1830
I 1 101.7 113 £+ 1.42]
mie 1 998.7 672 + 40
2 1363.5 1425 + 50
3 1634.1 1945 + 30
fr: 1 15.6
M, 1 865.0 7755+ 1
2 1223.3 1282 4 37
3 1498.3 1465 + 25
4 1730.1 1720 + 20
5 1934.3 1909 + 30
6 2118.9 2149 + 17
7 2288.7 2265 + 40
N 1 290.2 345 + 8[2]
M+ 1 868.8 893.8
2 1225.3 1414 + 15
3 1499.9 1717 4+ 27
VFr 1 289.0
M,, 1 1222.6 1230 =+ 40
2 1480.4 1647 + 22
3 1638.6 193073
4 1815.8 2096 + 122
5 2005.3 2270130
N 1 170.3 433 + 13[2]
My, 1 1246.7 1272+ 7
2 1513.7 1403 £ 7
3 1675.7 1650 + 50
V Fr, 1 147.0

Table 3.3: Comparison of masses and decay constants as calculated in Model C with
experimental data.
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4 Scalar Mesons

We have seen in the calculations of the preceding two chapters that scalar mesons were
a little bit tricky to handle. In fact, for Ny = 2, we did not obtain scalar mesons at all.
The following chapter is an overview, how one can deal with scalar mesons, both in the
context of a hard-wall and of a soft-wall model. Furthermore, we will explicitly calculate
expressions like two-point correlators and will also pay closer attention to the boundary
conditions.

4.1 Soft Wall

We begin by studying scalar mesons in a soft-wall approach. As it turns out the short-
coming of the simple dilaton field

®(z) = (c2)?, (4.1)

which caused problems when dealing with the vacuum expectation value, does not affect
our calculations concerning scalar mesons, so we use this form for simplicity reasons.
For convenience, we repeat the 5D action

3 1
5 —®(z 2 2 2 2
S = &z, /ge @ Ty <|DMX| +ﬁ|X| —gg(FL+FR)) (4.2)
and the vacuum solution
M 3 1
2Xo(z) = v(z) = TCF (2) 2U <2;0;c222> . (4.3)

4.1.1 Scalar Mesons
A scalar field S can be built in explicitly by writing [6]

X = e™(Xo + S)e'™. (4.4)

We insert this into our action (4.2)) and look at quadratic terms in S. A straightforward
calculation gives

1
Ss =3 / APy /ge ) <gMN O S ONS® + L32 S“S“> : (4.5)
where we expanded

S = 5. (4.6)
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(One could in principle also have included the scalar singlet.) The equation of motion
is derived exactly as we derived the equation of motion for Xy with the difference that
the solution is now also z*-dependent. Since the steps are the same, we need not repeat
it here. The result is analogous:

L? L?
—nMNoy (e¢<Z>SaNsa> +3e P81 =0 (4.7)
z z

Again, we switch over to momentum space by taking the Fourier transform. This gives

L3 . L3 - L3 ~
e ?()50 4 g, <e—¢<2>zgazsa> + ?’2—5@—¢<Z>5a =0 (4.8)

K=
Z3

This differential equation can be somewhat simplified by introducing Y with

~ 22243 log(cz)

I (4.9)

Then after a few simplification steps we have

<422 +2¢2 — k2 + c4z2> Y- 9%Y" = 0. (4.10)

After introducing z = cz and rearranging the terms, this gives a Schrédinger-like equa-
tion

k‘2
— Y+ V()Y = =Y (4.11)
where 5
)
V(z)==z2 +2+@. (4.12)

This differential equation can be solved analytically. The general solution is only nor-

malizable if
m2 = k? = *(4n + 2) (4.13)

for n =1,2,3.... Then the solution is given by

N

z

Yxe 27

Nl

Ly 1 (Z%), (4.14)

where Ll | is a generalized (or associated) Laguerre polynomial. Substituting this back
into the expression for % and normalization to unity gives

n—1

N 2
S4Z) =1/ =L _,(7?). (4.15)
n
We have therefore shown that the scalar mesons lie on a trajectory of the form m?2 ~ n,

which they had to because of the choice of the dilaton field. We can compare the result
to the vector mesons, for which we had

M? = c*4n. (4.16)
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Hence scalar mesons are always heavier than vector mesons, which is consistent with
phenomenology. To see, how good the trajectory for the scalar mesons is in agreement
with experimental data, we fit the mass to the radial excitations of the (flavourless)
scalar mesons. For definiteness let us choose the fy. It turns out that the model fits
the data very well if we exclude the lowest scalar fy(600). Since for light scalar mesons,
mixing with scalar glueballs or other states occurs, it could be argued that there has
been a misidentification of the lightest state. Moreover, if we assume that ag(980) and
f0(980) are in the same octet and noting that a(980) is the lightest of its kind, we could
argue the same. With this, we get a value for ¢ of ¢ = 408.3 MeV, which is in good
agreement with previous results.
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Figure 4.1: Calculated masses of the scalar fy mesons and measured values.

4.2 Hard Wall

Scalar mesons can of course also be treated in a hard-wall setting, as we will do in the
following. On this occasion we will see, how to deal with the boundary conditions to
fix the coefficients of the vacuum solution and we will calculate the scalar two-point
correlator.

For convenience, let us consider a differently normalized action:

M, 3 1
S = /d%&, = /d%\/g; Tr <|DMX|2 + 73 1X|? — 3 (Ff+ F,%)) : (4.17)

This can be brought into the form of the action we have been using so far by a redefinition
of fields and constants.
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4.2.1 Vacuum Solution

We have already derived the vacuum equation of motion (now v(z) := (X))
L’ L?
and the general solution

v(2) = c12 + 223 (4.19)

in Chapter [2| The coefficient matrices ¢; and ¢y depend on the boundary values v(Ly)
and v(L1). We will just regard them as constants and give them their physical meaning
later, when we have expressions we can compare to QCD. We set

M, = LLOU(LO) (4.20)

which corresponds to v/(0) in the limit Ly — 0, and
€= Lo(Ly). (1.21)

Expressing the coefficients ¢; and ¢ in terms of the boundary values gives

M,L3 — ¢L2
¢ = % (4.22)
LLi(lf — Lg)
and N
— M,L
o = §— Myln (4.23)

LLy(L} - L§)

We already know that a nonzero ]\7(1 (or ¢1) corresponds to the explicit breaking of chiral
symmetry, while co corresponds to the spontaneous breaking of the chiral symmetry.
This tells us, that we obtain the value of £ by dynamically minimizing the action. So

we plug in our vacuum solution (4.19)) into the 5D action (4.17) and integrate over z.
This gives

P L5 2 2 3 312
S = 2 Tr 7] (c1 + 3c92> )+ 7 (c1z 4 c22”)

Ly 2
= /d4:1;L3M5/L dz Tr < _ 3622:) (4‘24)
0
/d4$M5L Tr <_M‘12L? — 4MQL?£L2 §2Lé + 3L2L {2 + 3M2L4L2>

2LH(LE — L3)L3L3

Taking the limit Ly — 0 we get

M2 _eM, 3¢ 3M?
S= —/d4:z:M5LTr ——L oA > 4 1], (4.25)
212 L3 212 2 LA
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In the chiral limit, this would lead to ca = 0 and hence give no spontaneous symme-
try breaking. To avoid this, we add a potential term on the IR boundary to the 4D
Lagrangian of the form [15]

L4
Lir = -~ V(X)) , (4.26)
where 1
V(X) = —§m§ Tr|X >+ ATr | X |* (4.27)

with parameters A and my. This yields an effective 4D action

M2 _¢M, 3¢ 3M,
Sep=— [dfaTr | MsL | ——% —2>-2 4> 4 =4
ot / xr( ] <2Lg Y RN

” 7 ) ¢ A (4.28)
T (‘W (i) (2) ))
Minimizing this with respect to £ gives
&= % (mZL? — 3MsL) + O(M,). (4.29)

We now have a five-dimensional model depending on five parameters: ]\7[1, Ms, Ly, &

and A. Let us then redefine & — &1 + (’)(Mq), so we treat £ as scalar parameter from
now on.

4.2.2 Scalar Two-Point Correlator

We again include the scalar field by writing
X =e™(Xo + S)e'™, (4.30)

where we are again working in the flavour symmetric case. Inserting the expression for
X above in the action and selecting the quadratic terms in S, we get

M, L3
Sg= =2 /d% Tr ( nM NOmSONS + 362, (4.31)
2 23 22
which using partial integration can be cast in the form
MsL3 1o 1 3

We also have to consider boundary terms for the 4D Lagrangian, which occur when
we plug in the expression for X in terms of Xy and S and integrate by parts with respect
to z. This gives the boundary term

Ly

M L3
_ / dha 2 T (0.5 + 250.0)

(4.33)
Lo
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We must not forget the potential (4.27)) on the IR-boundary, which, using the expres-
sion 1' to replace m% up to O(M,), reads
L* 1 L* 1 [4X62  3Ms
Lig=——Tr——m? | XP+AX|*") = Tr (-2 ) XA X))
mo= = T (—gmd I+ A1) == (=5 (S + 22 xR e alx
(202N N 3MsL?
IRz 2L4

LA
Tr(v? + 208 + S%) — 573 Tr(v? 4+ 4038 + 60252 + 4053 + §4),
1
(4.34)

where v is evaluated at the IR boundary. Keeping only the terms involving S, this gives

23 ¢2 3 4 3
Lir = ((2L A + SMsL )25 — “4§> Tr S

L‘ll 2L‘11 L L‘l1 L?
2L2N\E2 3MsL3 L) €2 5 3
— 2| T 4.35
(750 - en) e o
3Ms5L%¢ 4L2NE2 3MsL3 9 3
7] rS ( It Y% S+ 0(5°)
If we define
V()| :=mg TrS?|, +0O(5%) (4.36)
with )
40E 3Ms5 —~
the term reads as 4 M, L2
3Ms5
LIR = — ZTV(S) . + T r.[‘I'S’L1 . (438)
1

If we now look at the second term in (4.33) and evaluate it at the upper boundary we
get

MsL3 MsL?
— 3 Tr SO.v[,, = — 3 Tr (¢ + 30222)S‘L1
1 1
MsL? ( —£L3 § 2>

=— +3 Ly |Tr S 4.39

w \tnwr-) P t) T 139
Lo<Ly MsL3_ & 3M5 L%
= — L:f 3TII%L1TI'S’L1:—TLIL’I\I'S|LI,

so it cancels with the second term in the potential term (4.38), resulting in a total
boundary term in the 4D Lagrangian for S of

M- L3 Ly 4 I3
Lhound = ——> —= Tr S8, V(S)| + Ms=; TrSd.v (4.40)
2 23 23

-4

Lo Ly Lo

If we want the quadratic terms on the IR-boundary to cancel out, we must impose the
boundary condition

L
<M58Z + 2m?g> Tr S
z

=0. (4.41)
Ly
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Let us now solve the equation of motion for S, which we derive from the action Sg

(4.32). This gives

L3 L3 L3
In momentum space, this reads
3 ~ 3. 4 ~
— <22 + k:2> S(kH, z) + gazS(k:“, z) — 8§S(kz“, z) =0, (4.43)

where we again defined k? = N kP kY.
The general solution can be expressed using Bessel functions of the first and second
kind: R
S(k*, 2) = a1 (k) 2> J1(kz) + az(k,)2* Y (k2) (4.44)

Next, we fix a; and ao by using the boundary conditions on the UV- and the IR-
boundary. For the IR-boundary we have

=0, (4.45)

L ~
<M5az + 2m§> TrS
z I

following from (4.41). The UV boundary value, we determine by relating S ; to the

0

source coupled to the QCD operator, which we call s:

=a—s, (4.46)

where the proportionality factor a will be determined later by matching the expres-
sions we receive to QCD. With these two boundary conditions, we can determine the
coefficients a1 and ag, which are quite complicated expressions.

Then, we insert our solution for the scalar field S (or §) into the action. Since S
obeys the equation of motion , the 5D Lagrangian @D vanishes and does not
contribute. So, we are only left with the boundary term @ Since we chose a; and
as so that the quadratic terms on the IR-boundary cancel, we are left with

S:/d4a:

(neglecting terms of order > 2 in 5).
Our goal is to calculate the two-point correlator

MsL?
27 Ty (58,5 + 2M550,v) (4.47)
223 Lo

Mg = — / dlwetm e (Tg(a) J5(0)) (4.48)

where Jg = gq, which is the operator dual to S. As explained in the beginning, the
correlator can be obtained from our action S by taking the functional derivative twice
with respect to the source s

(4.49)
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As we can see from equation 1) S and hence s appear up to quadratic order (higher
orders we neglected) in S. Therefore

L= %HS Tr(s?) + g Tr(s). (4.50)

So let us insert our solution for S into the action and collect the terms with quadratic
order in s. We begin by writing S in terms of S in 1}

Msa® [ d*k v d*k . R
_ 4 5 N kM N kM
S = Tr/d T — / (27T)46m TSk, 2) (/ (27_‘_)4677’ 0,5 (k*, 2) —|—2M53zv>

Lo
(4.51)
We can ignore the v-term as is cannot produce quadratic terms in s. So we get
M;5L? A%k [ A% s e
s=[da T MR Gk ) e K 9, S (H
/ T8 r/ (2m)4 / (2m)i© (k¥ 2)e (K™, z) .
d*k [ A [, v MsL3 /o .
== _— ), V(k'u‘f‘k‘ “)1’ 5 T m "
/(27T)4 / (27T)4 /d ver 2z3 r (S(k ,z)@zS(k 7Z)) Lo
dk d*E MsL3 R N
= _— - 2 4 12 g T n 3 m .
/(gﬂ)4/(27r)4( Sk 4 K)o v (S, 2)0.8(, 2)) . (4.52)
d*k MsL3 -
(2m)4 223 I

Lo

Now we have to evaluate 8Z§ using the values of a; and as we determined earlier.
Inserting this in the above formula and identifying the term in front of s2, we get (using
a computer algebra system)

— +
L(2) Lo Jl(]{Lo) + b(k)Yl(kLo)

(4.53)

g = o> MsL < Lk Jo(kLo) + b(k)Yb(kLo)>

with 2
T UDE irsp 1 (kL) (4.54)
kLiYa(kL1) — 55 Y1 (kL)

Let us study the correlator in the limit Ly — 0. The Bessel functions have the well-
known approximations for small argument (0 < x < v/ + 1)

Js(z) ~ F(l) (g)ﬁ (4.55)

and

(4.56)

64



where v is the Euler-Mascheroni constant. With this we get

k Jo(kLo) +b(k)Yo(kLo _ k 1+b(k)%(log(%)+v)

Lo Ji(kLo) + b(k)Y1(kLo) ~ Lo kLo _ bE) 2
U 0
1+ b(k)2 log(kLe 2
Lo b(k) 2 20(k) 2
7w kLg
R~ —k“1 L
and so 2
1 1 s
Ms(k?) ~ a®?MsL | —5 + ~k*log(p? L2 : 4.58
) = oML -+ RGP ) + e (1.58)
The term ﬁ is divergent for Ly — 0 but can be absorbed in a bare mass and a bare

0
kinetic term for s [15]. This renormalization makes the correlator finite.
If we now look at the case of large momentum, i.e. pL; > 1, we have

g (k?) ~ 0‘2]\245%2 log(k?). (4.59)
This we can match with the case of large momentum in QCD
3P (k2) ~ %k@ log(k?) (4.60)
and get by comparison
o’ MsL = i%. (4.61)

From other calculations [32] it can be found that

ML = Lﬂ =: Ng, (4.62)
which gives @ = /3. Since the value of the quark masses are related to the vacuum
expectation value of X on the UV-boundary, we can then obtain the relation

My = aM, = v/3M,, (4.63)

which gives us the correct normalization of the quark masses. The expression (4.61) is
exactly the square of ¢, which we introduced in Chapter [2, and ﬁ corresponds to the
value of g2.

IIg can also be approximated for small momentum k. For this we look at

2
1 (kL SAE2 kL
. kL Jo(kLy) — 55 A (kLy) kL1§<Tl> A
.= _8)\52 ~ — X ; 5 8)\£21 -
kL1Ys(kLy) MsLYI(k‘L1) —kLi— (m) + ML r kL o)
8AE? kLy
MsL 2
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So

2
1( 2 8A\21 2
2y TR oy Tk —kLiz (/TLI + ML 7 RLT
G T T SAE2 KL,
MsL 2
2
9 mk? 2MsL 1 2 (4.65)
PNy iy - ) (=
@ MR < e Tx )\
- (2 N¢
—3No | & - ¢
(1@ 2A52L§>
and thus _
_ (2 Ne
g (k?) ~ 3N | — — —— | + O(k? 4.66
s(k%) c (1@ 2A§2L%> +O(k%) (4.66)

is the two-point correlator in the limit of small momentum k.

Going back to the equation we observe that for b(k) = 0 the correlator becomes
infinite. This happens for infinitely many, discrete values of k, which correspond to the
masses of scalar mesonsﬂ The masses can be determined by finding the roots of b(k).
This has to be done numerically. We have to insert some values for our parameters. We
found that L% ~ 320 MeV and ¢ should be taken as £ ~ 4 [32]. A is still undetermined.
So we will have to see how the results behave in dependence of A. For the mass of the
first resonance we find that Mg, = 0 MeV for A — 0 and Mg, = 1226 MeV for A — oo.
The masses of the first two resonances are pictured in Figure We can then compare
them to experimental values of the scalar resonances, say a(980) and ag(1450).

We can also derive an approximate analytic expression for the zeros of b(k). First note
that

xdy(z) + xzdo(x) = 2J1(2) (4.67)

and so b(k) = 0 simplifies to

8NE2
ML

kleka1)+-< ——2>(h(kL1):(l (4.68)

For not too small arguments (z > ‘52 — %‘) the Bessel functions behave like

Jﬁ(x)R:x/;;cns<x-—(2ﬁ—%1)1) (4.69)

and so we get

kLq T
MsL

1yWe did not explicitly calculate the scalar meson modes in this Model, but we could in principle do
this as we did in the soft-wall case. This would then lead to eigenmodes with exactly these masses
as eigenvalues.
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Figure 4.2: The first two resonances S; and Sy as functions of A with comparison to
ap(980) and ap(1450).

The solutions of this transcendental equation can be approximated by

1\ =

where the error goes to zero as n — oco. The constant 2 — % does not appear in the

solution, but influences how fast the errors become small. So, as for the other mesons
in a hard-wall approach (Chapter , we get unphysical Regge trajectories of the form
m?2 ~ n? Figure shows b(k) for some values of A\ together with the approximate

zeros of b(p).

Figure 4.3: b(k) for some values of A\. The black circles mark the approximate zeros.
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5 Summary and Conclusions

We have treated the extension of the hard-wall AdS/QCD model to the case Ny = 3
with a broken flavour symmetry. We essentially confirmed the results of [2] concerning
masses and decay constants of the ground states and the K3 form factor. In addition,
we calculated the pion form factor, which was a little bit higher than it is supposed to
be, but not worse than other AdS/QCD results. All masses and decay constants were
well within 20% of the experimental data.

We then worked in a soft-wall approach, first in an exact model for Ny = 2 and
then in an approximate model for the flavour-asymmetric case. The main difference to
the hard-wall model was that we were able get reasonably good results for higher radial
modes. Again most of the masses and decay constants differed from the measured values
by about 10% to 20%. The results for the decay constants in the approxmate model are
questionable, but the results for the masses were good. Here, results could be improved
by making a global fit as we did in the hard-wall case.

Alltogether, the results we obtained and those from other articles seem quite promising
considering that this field of research is quite new. Many more observables can be and
have been calculated with similarly good results.
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Appendices

A.1 The 5D Action

We want to expand the 5D action
3 1
S = / d°x\/g Tr <DMXTDMX + ﬁXTX -1 (FEnFMN + FAI}NF%N)> (A1)
95

up to quadratic order in the fields w, A, and V. We will consider the kinetic term
Dy XTDMX | the mass term XTX, and the field strength term F]\LMVFyN + FAI}NF]]%/[N
separately.

A.1.1 The Kinetic Term
We want to expand
Dy XTDMX = (0 X" +iX Loy — iRy XT) (9MX LM X + X RM)
=oyXToMx
oy XTIM X + ioy XTXRM +ix Ly oM X — iRy XToMx  (A2)
=:(2)
+ XLy MX — XLy XRM — Ry XTIMX + Ry XTXRM .
=:(3)

It is convenient to split up the first term into
(1) = Oy XTOMX = 9,XT9"X 4 0, XT9°X. (A.3)
To evaluate these terms we first have to expand 9,X and 9,X. We geqlzl
. . 1 1
O X =0 (e”Xoe”) =0y <<I + 4T — 27T2> Xo (I +im — 27T2>>
. . L, o L 5
=0y | Xo + i Xom + inXg — - Xom* — 7 Xom — -7 X
2 2 (A.4)
1 1
=1 X0, + 10,7 Xo — §X08M7T7T — §X07r8ﬂ7r

1 1
— Oy Xom — X0, — §8u7r7rX0 - §7r0M7rX0.

1211 the following calculations, i.e. throughout this section, we will use as a symbol meaning that
the trace of the left and the right hand side is identical up to second order in 7, A, and V. Since this
gives an equivalence relation, the use of the “="-sign is justified.

w__»
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For 0, X we get the same terms, but in addition also terms involving 0, X, namely

1 1
(I + T — 27r2> 0.Xo <I +im — 2772>
1 1 (A5)
=0,Xg+ 10, Xom + 170, Xg — §8ZX07r2 — 710, Xom — §7T282XQ.

Together this gives
. . 1 1
0,X =iXg0,m +1i0,7Xg — §X082777r - §X07r6,z7r
1 1
— 0, Xom — X0, — 5827T7TX0 — §7Taz7TX0 (A.6)
1 1
+ 0, X0 + 10, Xom + im0, X — 5azXow? — 70, Xom — 57r26ZX0.
Then we can calculate 9, X forX. We get

0, XT"X = (—id,mXo — iX00,m) (iXod"m + i0"T)
= #ﬂXga“ﬂ' + 10,7 X0" 7 X0 + X0, Xo0" 1 + X0, 70" 1 X0
= {0, m, Xo} {07, Xo} = {0, 7t, Xo {7, X0} (A7)

M4?
= ﬁﬂﬂaa"wb{ta,Xo}{tb; Xo} = Z 2A
a

Opmorne.

The expression for 0, XT9°X is more complicated. We get the same terms we already
had for 9, X for X (those quadratic in X) plus terms quadratic in 0, Xy as well as mixed
terms containing both Xy and 0,Xy. The terms quadratic in X are

Ma2
0.7 {t*, XoHt", Xo} =) 214 9, m e, (A.8)
a
The terms quadratic in 0,Xq are
9,X00° Xo + 10, X00° Xom + — imd,X00° Xo —
+ W82X085X07T + + + i),ZAX()WQ(')SAX()
1 Is a5 J~ P > 205 v
- idegd‘)erQ - = 50:Xom0” X (A.9)
1 |4 l [ I 4
— §7T282X08()XU — — 5(‘);43&7()7(‘2(')’)%7()

= 0,X,0° Xy,
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where the equally coloured terms cancel each other. Finally, the mixed terms are

— 10,1 X00° X0 + 0.7 X0° X7 + 0,7 Xom0° X0
—iX08,m0° Xo + X00.70° X1 + X0, 710" X
+ 10, X0 X001 + 10, X X001 + 0. Xon X1
+ 10, X00°1 X + 10, X007 X + 0. Xm0 1 X

1 . 1. : :

— 5m0:mX00"Xo — iz)zmxoe)‘)xo — 1X00.710° Xy — 8w Xomd® X (A.10)
T 1 - = l = 1 . - =4

— ; Xm0, 7d° Xy — §X()(")Z7TTF({')')X() — 5({93)(())(()({9’)71‘7( — 3('):}&(;/‘(1)7(')'77

= ] A5 l 5 >
— 8ZX0857TX07T — 0, X Xo0’m — 502)(0(')07(71‘)(0 — ;(');AY()TT(')’)/TX()
=0.

We conclude that

0. X10°X = 0,X,0° Xy + Z a Td°me, (A.11)

With this, the term (1) = 9y XT0M X is given by

a2
Mg a

XM X = Z R

o'r® + 0, X0 X0+Z

» (A.12)

aaMﬂ_a.

= 9.Xo X0+Z O

Next, let us turn to the expression (2) in (A.2)). We want to express the fields L and
R by the fields V and A. One gets:
— i XTLMX + o XTXRM +iXTLyoMX — iRy XT0M X
= —i oy XT (VM 4+ AMX 4oy XTX (VM — AM)
+iXT(Vag + Ap)OM X —i(Vay — Ap) XTOM X (A.13)
= —iOu XTVMX +ion XTXVM 4+ iXTVy oM X —ivip XToM X
— i XTAMX — 0 XTXAM +iXTApOM X +iAyXTOM X,
Let us first treat the terms involving the V-field. Again, we should split up djs into 9,
and 0,. Beginning with 0, we get:
— 0, XWFrX +i0, XTXVF +iXV,0"X — iV, XTo"X
= —Xo0,mVH*Xo — 0, XoV" X — XoOum XoVH* + 0, XV
— Xyl /,() T Xy — X()V XoOH'nm +X//X Yot X + V X oH*r
=0.

(A.14)
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Naturally, for 0, the expression is a bit more complicated. We get:

—i0, XTVX +i0.XTXV5 +ixV0° X — iV XToP X
= — X097V’ X — 0. XomV° Xo — 10, XoV°Xo — .71X V" X
—i0.XoV° X + 0. XoV°1Xo + 0, XoV° Xom
+ X00. 71X V5 + 0, Xon XoV® + 710, X0 XoV?® 4+ 0,7 X2V
+ 10, X0 XoV? — 8. Xon XoV5 — 0. X XonV?°
— XoV50°mXo — XoVsm0® Xo — XoV50° Xom — XoV5X00
+ X V50° X + XomV50° Xo + X0 V50° X
+ Vs X00° 71X + Vs Xomd® Xy + Vs X00° Xom + V5X§857r
— iV5X00° X — Vs Xom0® X — Vs X0° Xo
=0.

(A.15)

So altogether the terms involving V' in (|A.13)) vanish. Let us then do the same calcula-
tions with A. Starting again with 0, we get:

— 0, XTAMX —i0, XTX A* +iXTA,0"X +iA,XT0"X
= — X0, mA" Xy — 0,m X0 A" Xo — X0, Xo A" — 9,m XE AV
— XA, 0" Xo — XoA, Xo0!m — A, Xo0'1Xo — A, XEOM T

(A.16)
= —20,m" A" (Xot*t" Xo + 1 Xot" Xo + Xot" Xot* + t°X3")
= —20, AP {t7, XoHtb, Xo} = = > M40, m" A4
a
For 0, we get:
—i0,XTAYX —i0, XTXA® +iXTA:0°X +iAs XT0° X
= — X0, A’ Xy — 0. Xom AP Xy — 0. XA X, — 8,m X0 A% X,
— 30, X0A% Xy + 0. X A% X0 + 0. X A® X7
— X009, 7 XoA® — 0. X XgA® — 10. X0 Xy A® — 9,m X2 A®
— iaZXoXoAS + OZX()TFX()AS + 8zX0X07TA5
— X0As0%7 X — XoAs70° X — XoA50° Xom — XoAsX00m (A17)

+ iX0A535X0 + X07TA585X0 + TTX()A;)f)SX()
— A5 Xg0°m Xo — A5 Xord’ X — A5 X0 Xom — A5 X30°T
+ iA5X0(95X0 + ;’131‘{('Jﬁ(')5/Y(') + ;1374&)(')3/\/(]
= —20,7°4% (Xot“tho + 19 Xot? X + Xot® Xot? + t"thb)
= 207" A", Xo H{t*, Xo} = = Y M§?0.7°A™.
a
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So together the terms involving A in (A.13) are

Z 2 (0um AP 4 0,1 APT) = =y~ M§Z 0y AMe (A.18)

which gives for expression (2) in (A.2))
=Y M§PoymAMe, (A.19)

Finally, let us evaluate expression (3) in . It is given by

X'LyIMX — XTLy XRM — Ry XTIMX + Ry XTXRM

= XoLy LM Xo — XLy XoRM — Ry XoLM Xo + Ry XoXoRM

= XV VM Xy + XoVir AM X + + XA AM X,
— XoVur XoVM + XV XoAM — XAy XoVM + XoAy XoAM
— Vi XoVM Xy — Vir XoAM Xo + Ay Xo VM Xo + Ay XoAM X,
+ Vi XgvM — — Ay XZVM + Ay x2AM
—[Var, Xol[VM, Xo] + {Anr, Xo}{AM, X}

= —VEVMbe X0 it Xo} + A, AMPIe ) Xo)[tb, Xo]

Ma2 Ma2
_Z< A A?V,AM“>.

(A.20)

Now we can add up the terms (1) - (3) to get the whole expression for the kinetic
term. We get

Dy XTDMX = (1) + (2) + (3) = 9. X09° Xo + Z agMya

a2
ZMG28M7TGAMG+Z< V Va VMa 2A A(]LWAMG,)

= 0. X00°Xo + Z <M

5 Ma2 2 ) M{}Q 2
_8X06X0+Z< Sra (Oum® — A5)° + = VM>,

Ma2
)(8M7Ta—AMa)—|— 2V VJ‘C/LIVMa>

(A.21)

where the square implies contraction over n™V

A.1.2 The Mass Term
Let us see how the mass term XX in the action 1' can be simplified. We get

XTX = e ™ Xge el™ Xe'™ = deim = X2 (A.22)
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A.1.3 The Field Strength Term
The field strength term is

FynF™ + Fiin PR
= (OmLN — OnLy —i[Lar, Ly]) (OM LY — N LM —4[LM | L))

+ (O RN — ONRy — i[Rar, Ry)) (OM RN — ONRM —i[RM, RNY)
= (OmLy — OnLy) (VLN — ONLM) + (Om Ry — OnRur) (OM RN — 0N RM)
= (O (VN + AN) — On (Vs + Anp)) (0M (VN + AN) — N (VM 4 AM))

+ (O (Vy — An) — On (Vi — Anr)) (M (VY — AN) — oN(RM — AM))
= O VNOMVY 1+ 0y VoM AN — 9y VivoN VM —

+ O AnOMVN £ 0y ANOM AN — — Oy AnoN AM

— OnVy oMV Y — + OV N VM 4 oy V0N AM

— — ON Ay OM AN + ON Ay N VM 4 Oy ApON AM

+ O VNOM VY — 0y VoM AN — 9y VyoN v 4

— O ANOM VY + Oy Ao AN + — O AnoN AM (A.23)
— NV oMV 4 + NV dN VM — oy V0N AM
+ — ONAy M AN — N AN OV VM 4 oy Ay 0N AM

=2 (O VNOM VY — 0y VoV VM — oV 0M VY + On Vi 0N VM)
+2 (O ANOM AN — 9y ANON AM — Oy Ap O™ AN + Oy A 0N AM)
= 2(00 Vi — OnVar) (M VN — Ny M)
+2(0 AN — OnAp)(OM AN — 9N AM)
= 2(0m VR — On Vi) (M VD — gN Y MPy e
+2(0M A% — O AGy) (OM AN — 9N AMP)geb
= (OmVE§ — on Vi) (@M Ve — oMy Me)
+ (O A% — On AGy) (M AN — 9N AM)
24

2,4
= i —

7 (O A% — OnAL,)%

(O V& — ONVE)? +
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A.1.4 The Complete Action

Combining the results of the previous three subsections we are able to write down the
expression for the action up to quadratic order in 7, V, and A. We get

3 1
S = /d5x\/§Tr ((DMX)T(DMX) + ﬁXTX o (FynFMN + FﬁNF;yN)>

L MaQLB Ma2L3
= /d5w< Tr (9, X00° Xo) —i—Z( A (Op® — A%p)* + 5/23 Vj\a42>

3L3 9 L

((OmVE — ONVE)?: + (Om A%y — aNAW)) :
5

(A.24)

The terms that only involve Xy or its derivative give (using the equation of motion)

3L3 1 3

/d% Tr( —0.X00. X0 + X0> = /d%L?’ Tr <az <382X0> Xo+ 5Xg> =0
z z

(A.25)

plus a constant boundary term. We can split the action into an axial (A-dependent) and

a vector (V-dependent) part. This gives

L M2L3
_ 5 a a\2 % a 2
S= /d zy (—%(aMVN = ONVID)® + — Vi
@ (A.26)
L O A (‘3Aa) M‘%Q 3(8 A“)
4g52) (On Ay — N 223 hr
A.2 Vector Equation of Motion
We want to derive the equation of motion for the vector sector with the action
SV — /d5x492 Z < < MM NN/(aMVN aNV]\%[)(aM/V]%/ — BN/V]\%[/))
(A.27)

2a“ ' ra v ra

Since the V* are independent of each other for different a, we can look at each V¢
separately. Furthermore, an overall constant factor in the action is irrelevant. So we
have to look at

]. ! !
&= / Pz (—nMM "N (O VE — ON Vi) Oar Vi — On/ Vi)
z (A.28)

+ 204“(2)77MM,V]\“4V]?4,) .
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Then if 6§ = S[V + §V] — S[V], we get (dropping quadratic terms in 6V):
]. !/ !
58 = / @ (=M N @0V — OnVED OV — OneSVi)
+ 20° (=) MM ViV )

1 / ’
n /dsxz (_nMM NN (06 VE — ONSVE) (Opp Vi — Oni Vi)

(A.29)
+ 2@“(2)77MM/5V]\“4V]&,>

1 ! !
—9 / @t (=M N @0V~ ONVi) OV — 0idVy)
+ 2@“(2)77MM/VA“45V]\“4/> ,

where we used the symmetry of 7" in the last step. We can expand the bracket term
in the middle and do partial integration to remove the derivative from V. This gives

y ’ 1
5 =2 [ ata <77MM NN (aM/ (z<an]@ - an;z)) 5V,

a(z)®

1 /
—On <z(8MV]§} — 8NV]\‘§[)> mg,) +2 MM Vj}éVf})

! ! 1 a !
=4 / d’z <—nMM VN O <z(aMV§ - awm) SV + MT]MM v&&vﬂfg,)

z

! ! 1 a
_ 4/d5ngM (nNN Dy (Z(aNVA‘z - aMVﬁV)> 4 o) v;;) SV

z
(A.30)
We can then read of the equation of motion
/ 1 a
VN O <z(an;4 - OMV]%)> + O‘(j) Ve = 0. (A.31)
A.3 Orthogonality Relation for the n!(z)
We want to show that .
! z
dz———np(2)nm(2) = 0, A.32
| e e) (A32)
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whenever m # n. We use partial integration and equation (2.96|) to get

Ly

L1 z a @ z a a
[ s e) = s (9502) — o 0(2)) o )

Ly Ly a a L1 z a a
- /L e () - /L a2 ()

= o [ () 4 ).

(A.33)

By symmetry we also get

[ =y [ ()01 (2) + 7 (2 (2)
dz———=n ()1 (2) = / dz< 0:,10(2)0,m z—{—nnznglz)
L, B2) " m? pe(z) ~ ™ "

(A.34)
Since only the mass factor differs and mg # m?, for m # n, the integral has to be zero.

A.4 Writing y* as a Sum over Meson Poles

We want to write y%(k?, z) as a sum over meson poles. For this we make the general
ansatz

22) =) ek (2). (A.35)

Multiplying by 5%(2)17;1”(2), integrating and using the orthogonality relation 1 one
gets

C?T’L(ka) _ I z a a(1.2 1 a < a a(1.2 f
m%ﬂ - /LO dzﬁa(z)nm(z)y (k: ’Z) ma ma 2 <¢ ( ) ﬁa(z)azﬁm(z)> Yy (k 7Z) Lo
=0
_ Ly dzi (&Ea (2) — Lazna (z)) azy“(k2 2)
Lo m%m2 " ﬁa(z) m ’
1 L1 A(z 1 A(Z 1 L1 z u
- 7m;1n2 /Lo dz¢m(2) <zaz¢ (z)) + W/Lo dzmaznm(z)azy (k Z)'

(A.36)
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The second term gives

L1 .
/ dziﬁznfn(z)azya(k% 2)

L, B(2)
= Goa) OV (2, 2) z -/ L dzz (;() - 1) V2, 2t (2)
- ﬂ%(z)azya(z)n%(k% 2) : + kZCg”m(? — /: d28,8°(k2, z)%%ﬁn(z) (457
_ ﬂ%(z)azya(z)n%(k?,z) : +/€2C§;(?f§) B (’521('2)%825(1(]{2’2) :

=0

L R
+/L =% ()0, <iq§“(k:2,z)> .

0

On sees that the third term and the first term in the last row of (A.36]) cancel and one
gets

@ (k?) 1z o PR e (k)
m = az a @ k’ 5 m A.
g e AU B (A.38)
or
) ma 2 5 ) Ly mo 2
a (L2) — m az a a (L =___m pa . A.
Cm( ) m?nQ — k2 ﬁa(z) Y (Z)nm< 72) Lo k2 _ m?ng nm(LO) ( 39)
This result yields
2
o My 1 (Lo)1y (2)
vk 2) = 75 B (A.40)

n
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