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Resumo

O trabalho apresentado nessa tese foi dedicado em explorar solugoes de estado ligado para a
equacao de Bethe-Salpeter, obtidas diretamente no espago de Minkowski. Para isso, conside-
ramos um procedimento que combina a representacdo integral de Nakanishi para a amplitude
Bethe-Salpeter, desenvolvido por N. Nakanishi na década de sessenta, em conjunto com a pro-
jecao da amplitude de Bethe-Salpeter no plano nulo, também conhecida como a projecao na
frente de luz. Este método, além de permitir calcular as energias de ligagdo, que sdo acessiveis
a partir de calculos bem conhecidos no espago Euclidiano, permite que se obtenha a amplitude
Bethe-Salpeter no espago de Minkowski e a fung¢do de onda de valéncia na frente de luz. A
verificacao da validade desse procedimento foi confirmada através de comparacao da amplitude
de Bethe-Salpeter obtida directamente no espaco Euclidiano com a amplitude correspondente
derivada da equacao de Bethe-Salpeter, usando a representacgao integral de Nakanishi, uma vez
a rotacdo de Wick é realizada. O sucesso dessa abordagem, quando aplicado ao problema do
estado ligado de duas particulas escalares trocando uma outra particula escalar no estado fun-
damental, assim como o estudo correspondente no limite de energia zero, nos motivou a ampliar
a aplicacdo do procedimento para o estudo de outros problemas de interesse. Em particular,
o método foi estendido para o estudo de sistemas com duas dimensbes espaciais e uma tem-
poral (2+1), considerando o interesse crescente que surgiu em Fisica da matéria condensada,
onde podemos destacar o caso de elétrons de Dirac no grafeno. Nessa andlise preliminar, nos
restringimos ao modelo escalar que nos permitiu acessar as principais dificuldades que deve-
rao ser enfrentadas ao estudar o problema do estado ligado entre dois férmions. Dessa forma,
este tratamento pode ser considerado como um primeiro passo para a implementacdo de um
método mais realistico em um problema fermiénico. Os calculos anteriores que consideramos
em nossos estudos foram realizados através da aproximacao de escada para o kernel de interacao
irredutivel para os estados de onda-s. Portanto, uma das extenses que exploramos nesta tese
foi o efeito de se introduzir a contribuicdo de ordem seguinte no kernel de interacdo, conhecida
como a contribuigdo de escada-cruzada (cross-ladder). Os efeitos nas energias de ligacdo e na

funcdo de onda na frente de luz é foram analisados de forma detalhada, através dos resultados



apresentados. Um estudo particularmente interessante, que foi extensivamente estudado nesta
tese, se refere ao problema do espectro da equacao Bethe-Salpeter para o estado ligado escalar-
escalar. O espectro de estados excitados foi obtido com a abordagem da representagao integral
Nakanishi, sendo comparado com o obtido no espaco Euclidiano. Além disso, as racoes exci-
tado/fundamental do espectro relativistico foram reduzidas para as nao-relativistico através da
escolha de energias de ligacao pequenas e considerando a massa do bdson trocado sendo préxima
de zero. A funcao de onda de valéncia na frente de luz e a fungdo de onda no parametro de
impacto sdo apresentadas mostrando as principais caracteristicas dos estados excitados conheci-
dos da estrutura nao relativistica. Na analise do espectro, também sao estudadas as amplitudes
de momentum-transverso para o estado fundamental e o primeiro estado excitado, que podem
ser obtidos, de forma equivalente, no espaco de Minkowski assim como no espaco Euclidiano.
Finalmente, focamos o estudo nos fatores de forma eletromagnéticos elasticos na abordagem da
Bethe-Salpeter. Consciente de que o calculo correto dos fatores de forma deve ser feito no espago
de Minkowski, o fator de forma eldstico foi calculado levando-se em consideracdo a aproximacao
de impulso padrao. Além disso, foi também estudado o efeito da contribuicido de ordem superior

no fator de forma.

Palavras Chaves: Equacgao de Bethe-Salpeter, Representagao integral de Nakanishi, dindmica

na frente de luz.

Areas do conhecimento: Fisica nuclear e fisica de hadrons.
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Abstract

The work presented in this thesis was dedicated in exploring bound-state solutions of the Bethe-
Salpeter equation directly in the Minkowski space. For that, we consider a method that combines
the Nakanishi integral representation for the Bethe-Salpeter amplitude, developed by Noboru
Nakanishi in the sixties, together with the projection of the Bethe-Salpeter amplitude onto
the null-plane, also known as the light-front projection. This approach, besides of allowing
to compute the binding energies, which are accessible from the usual Euclidean calculation,
enables to obtain the Bethe-Salpeter amplitude in the Minkowski space and the light-front wave
function. The feasibility of such an approach is further verified by comparing the Bethe-Salpeter
amplitude obtained directly in the Euclidean space with the corresponding amplitude obtained
by solving the Bethe-Salpeter equation, using the Nakanishi integral representation, once the
Wick rotation is performed to this latter. The success of the approach when applied to study
the bound state problem of two-scalar particles exchanging another scalar particle in the ground
state, as well as the corresponding study at the zero-energy limit, has encouraged us to extend
this method to another interesting problems. In particular, we start by extending the method
to study problems in (2+1) dimensions due to the increasing interest in the condensed-matter
physics, like the study of Dirac electrons in graphene. In this initial examination we restrict
to the scalar model, which enables us to access to the main difficulties that we will face when
studying the fermion-fermion bound state problem. Hence, this calculation can be considered as
the first step towards the implementation of the method to real fermionic problems. The previous
calculations have been performed by considering the ladder approximation for the irreducible
interacting kernel for s-wave states. Therefore, one of the extensions that is explored in this
thesis is the effect of introducing the next contribution in the interacting kernel, known as the
scalar-scalar cross-ladder contribution. The effects in the eigenvalues and the light-front wave
functions are analyzed in detail, by considering the computed results. A particular interesting
subject, extensively studied in this thesis, is concerned to the spectrum of the Bethe-Salpeter
equation for the scalar-scalar bound-state problem. The spectrum of excited states obtained with

the Nakanishi integral representation approach is compared with that obtained in the Euclidean
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calculation. Besides, the ratio energies excited/ground of the relativistic spectrum is reduced to
the non-relativistic one by choosing small binding energies and the mass of the exchanged boson
approaching to zero. The valence light-front wave function and the impact-parameter space
valence wave function are displayed, revealing the main features of excited states known from
the non-relativistic framework. In the analysis of the spectrum, we also studied the transverse-
momentum amplitudes for the ground and first-excited state, which can be equivalently obtained
in the Minkowski or Euclidean spaces. Finally, we focus on the study of electromagnetic elastic
form factors within the Bethe-Salpeter approach. Aware that the correct calculation of form
factors should be performed in the Minkowski space, the calculation of the elastic form factor
is carried out with the standard impulse approximation and in addition the effect of the next

contribution to the form factor is studied.

Key words: Bethe-Salpeter equation, Nakanishi integral representation, Light-front dynamics.

Subject: Nuclear and hadron physics.
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Chapter 1

Introduction

The theoretical investigations on few-body systems within relativistic frameworks are of great
relevance in view of the uncountable number of applications that one can imagine in theoretical
approaches of high-energy nuclear physics and hadronic structures; in particular, when consider-
ing quark degrees of freedom within Quantum Chromodynamics to study hadron structure and
particle interactions. The most adequate approach to study the relativistic few-body systems
is the quantum field theory, which is the quantum and relativistic description of these systems.
In the framework of this theory, the interactions between the constituents is represented by the
set of covariant Feynman graphs, which are written in terms of the coupling constant of the
theory. The complete amplitude is expanded in terms of orders of the coupling constant: per-
turbative expansion. Therefore, the success of the perturbative expansion relies on the smallness
of the coupling constant. For instance, in atomic systems where the electromagnetic interac-
tion dominates, the smallness of the electromagnetic coupling constant allows for a perturbative
treatment. Instead, in nuclear and hadron systems, mostly dominated by the strong interaction
where the coupling constant is not small, the same perturbative treatment is not appropriated
since in this case the Feynman graphs of higher order give large contribution to the ampli-
tude. In some cases the perturbative treatment is valid, for instance, in strong interaction the
asymptotic freedom of the Quantum Chromo Dynamics allows for the perturbative treatment
in the high energy regime, where the coupling constant becomes small [1]. Differently from the
scattering processes, where one can obtain a reasonable estimation of the scattering amplitude
by calculating a few Feynman diagrams of the lowest order, the description of a bound state

requires the sum of the infinite set of Feynman diagrams, since that the bound and continuum
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states of hadrons and nuclear systems belong to the non-perturbative regime, making in this
form the perturbative treatment non-suitable. Therefore the non-perturbative methods to study
these systems are necessary to get an adequate and accurate description of the physics. The
approaches for dealing with the non-perturbative regime within the field theory framework, are
two: the path-integral methods (developed in the Euclidean space) and the relativistic inte-
gral equations, like the Bethe-Salpeter (BS) equation (the homogeneous BS equation for bound
states, and the inhomogeneous one for the scattering states). In this thesis we focus on the
studies of the BS equation for bound states.

The covariant BS equation formulated in the fifties [2], represents the first complete covari-
ant treatment of two-body systems in quantum field theory and in a certain sense has solved
the a long-standing problem of the quantum mechanics. The natural and simple way which the
relativistic invariance is achieved really represents a progress. Nevertheless, one of the prob-
lems of the BS equation when formulating in Minkowski space are the singularities present in
propagators and the interaction kernel [3]. The kernel contains the sum of the two-body ir-
reducible Feynman diagrams contributing to a given amplitude. The mentioned singularities
turns the integral equation unavailable to be solved using any numerical methods. Historically,

this difficulty was overcome by analytical continuation of the °

‘relative energy" to the complex
values: Wick rotation [3]. The validity of this procedure has been shown for the ladder kernel,
that is, a kernel retaining only the first term in the expansion of the interaction in powers of
g?>. However, in the general case for other more complicate kernels, the validity of the Wick
rotation is not clear. Additionally, when using dressed propagators of the constituents particles
the Wick-rotated Dyson-Schwinger equation contains complex ghost poles [4]. Thus, for sim-
ple ladder kernels and free propagators the Wick rotation turns the BS equation available to
be solved numerically and obtain the coupling constants, which are invariants under the Wick
rotation *. Another consequence of this procedure is the fact that the BS amplitude computed
after performing the Wick rotation is obtained as a function of the imaginary relative energy,

avoiding to evaluate other physical quantities by means of the BS amplitude, like e.g., the parton

distribution function. Therefore a method to solve the BS equation directly in the Minkowski

*The Euclidean BS equation is an integral equation, which can be considered as an eigenvalue problem. As
a result of solving the equation in the Euclidean space one obtains the eigenvalues (binding energies) and the

eigenvectors (Euclidean BS amplitudes)
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space is required.

The problem of studying the BS equation in the Minkowski space has been undertaken in
the last two decades. For this purpose, the Nakanishi integral representation (NIR) derived by
Noboru Nakanishi in the sixties, see Ref. [5], have been implemented to solve the BS equation.
The NIR is a natural extension of the spectra representation for a two-point Green’s function
to m-point function in relativistic field theories. This is technically possible in perturbation
theory since the Feynman parametric integral always exists for any Feynman diagram and it is
possible to define the integral representation such that the number of independent integration
parameters is equal to that of the invariants constructed with the external momenta. Within the
NIR approach, BS amplitude can be written as an integral, whose integrand is given by a weight-
function, the so-called Nakanishi weight-function, divided by a denominator that contains the
analytic structure of the amplitude itself. By writing the BS amplitude in terms of the NIR, the
initial BS equation is transformed in a new integral equation for the Nakanishi weight-function.
Among the interesting features of NIR, one has: i) the dependence of the Nakanishi weight-
function upon real variables, equal in number to the independent invariants of the problem;
ii) the explicit analytic structure of the BS amplitude, that allows one to perform analytic
integration, when requested (indeed, this will be the case). This procedure was implemented for
first time by K. Kusaka and A.G. Williams [6, 7]. They studied the system composed by two
scalars particles interacting by means of another scalar, in ladder approximation. The NIR was
used to represent the interaction kernel as well as the BS amplitude itself. The singularities were
removed by using a suitable analytical treatment. Finally, they were able to solve numerically
the integral equation for the Nakanishi weight-function, and obtained the coupling constant and
the BS amplitude.

A substantial simplification in the derivation of the equation for the Nakanishi weight-
function was achieved in the work developed by J. Carbonell and V. Karmanov in 2006 [8]. In
addition to using the NIR for the BS amplitude, the light-front (LF) projection was implemented
to remove the singularities present in the integral equation for the Nakanishi weight-function
once the NIR for the BS amplitude has been introduced. The LF projection formally is done by
integration over k= (k* = kY £ k% and k; = {k!, k%}) to both sides of the BS equation. This
integration leads to the integral equation, free of singularities, which is solved numerically by

some known method. An important point to emphasize is the fact that the LF projection of the
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BS amplitude extracts the probabilistic interpretation of the amplitude, since this projection
formally allows us to obtain the valence LF wave function, i.e, the Fock component of the inter-
acting state corresponding with the lower number of constituents, for this case two [9, 10, 11].
Thus, it represents another achievement of the direct calculation in Minkowski space within
LF dynamics; once the BS amplitude is known one can obtain the LF wave function, which is
obviously not available in the Euclidean space. The LF wave function obtained in LF dynamics
represents the relativistic counterparts of the non-relativistic wave functions.

Despite of the several attractive advantages provided by the NIR, it is important to point
out, that the Nakanishi representation has been devised within a perturbative approach, even
if the infinite sum of Feynman diagrams is formally performed through the introduction of the
weight-function, one cannot establish a priori the convergence of the series. Hence, the NIR for
the BS amplitude is considered as an ansatz, that belongs to the perturbative regime. Therefore,
one has to check its validity, which is simply done by looking for solutions of the integral equation
satisfied by the weight-function, which one exactly deduces from the BS equation in Minkowski
space after introducing the chosen ansatz.

Further simplifications to the integral equation derived in Ref. [8] can be achieved by using
the uniqueness of the Nakanishi weight-function, as shown in Ref. [9]. In Ref. [12] numerical tests
of the uniqueness were done by comparing solutions of the BS equation for two-boson bound
states, in ladder approximation, with two integral equations for the Nakanishi weight-function,
namely with and without using uniqueness.

Moreover, within the NIR the effect of the self-energy contribution in the binding energy of
the ground state has been explored in the scalar theory [13, 14]. In these analyses in addition of
using the NIR for the vertex function, the NIR for the two-leg function or the so-called Lehmann
representation is adopted to introduce the self-energy contribution in the free propagators of the
constituents and the exchanged boson.

The next order in the perturbative expansion of the interaction kernel, i.e, g%, which is called
the cross-ladder contribution, has been also explored within the NIR and LF projection frame-
work [15] in 3+1 dimensions. Corrections in the coupling constant have been obtained, showing
that the cross-ladder contribution relative to the ladder one, results in a stronger attractive
effect.

The formal extension of the method to the continuum was carried out in Ref. [9] and tested
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numerically in Ref. [16]. Again, the two-boson system in ladder approximation was considered.
The computed scattering lengths are in agreement with those computed within a quite different
framework, based on the direct calculation of the contributions from the singularities of the
inhomogeneous BS equation [17]. It is important to point out that the very interesting problem
of two-fermion bound state has been investigated in the framework of the explicit covariant
formulation [18]. Also, advances in the same problem within the non-explicit covariant formula-
tion have been reported very recently [19], much analytic and numerical effort was spent in this
subject.

The previous successful analysis encourages us to extend the NIR to other problems, some
of extensions in current developing are shown in this thesis. In particular, of great interest is the
2+1 dimensions problem in view of the applications in condensed-matter physics, like the study
of Dirac electrons in graphene, see Refs. [20, 21]. Quantum fields models describe effective forces
among Dirac electrons living on the graphene layer by exchanging bosons [22, 23]. For studying
this problem, the validity of the Nakanishi representation in lower dimensions is proved analyti-
cally and used to represent the BS amplitude. The BS equation for the two-spatial dimensional
problem is solved for the bound state composed of two-scalar bosons exchanging another scalar
boson, in the ladder approximation [24]. In addition to the ladder kernel, we also include the
cross-ladder contribution in the irreducible interaction kernel still in 2+1 dimensions. We an-
alyze the effect of this kernel in the eigenvalues as well as in the Euclidean BS amplitude and
the LF wave function. This scalar model developed here enables us to access to the difficulties,
which we face when studying the fermion-fermion bound state problem.

An important subject developed in this thesis, which deserves much attention is the study
of the spectrum of the excited states within BS approach in 3+1 dimensions [25]. As a natural
extension of the previous analysis done only for the ground state, considering s-wave states and
the ladder kernel approximation, it is possible to obtain a set of excited states. By slightly
changing the integral equation for the Nakanishi weight-function used to study the ground state
problem, one can fix the value of the coupling constant obtained from the ground state calculation
to obtain the spectrum of excited states. As usual, the reliability of the method is verified by
comparing with the Euclidean calculation, which is in fair agreement within the accuracy of our
calculations. Furthermore, it is possible to obtain the non-relativistic limit of this calculation

by choosing small binding energies and the mass of the exchanged boson approaching to zero.
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An important result is obtained when analyzing the LF valence wave function for the excited
states, since that differently from the ground state, it presents the expected node structure of
excited states, i.e, one and two nodes for the first- and second-excited state, respectively. In
this analysis of the spectrum of the scalar theory, we have taken profit of this calculation to
explore the transverse-momentum BS amplitudes. These quantities show the dependence of the
BS amplitude with the transverse-momentum and can be computed once the BS amplitude is
known. The calculation of the transverse-momentum amplitude can be done independently in
the Minkowski space by means of the NIR method or in the Euclidean space. Hence, this quantity
provides another evidence of the reliability of the NIR method to solve the BS equation. In fact,
as we will show the transverse-momentum amplitudes present nice agreement for the ground and
the first-excited state when computed by the two methods. In this thesis we also studied the
valence LF wave function in the Impact parameter space, obtained as the Fourier transform of the
valence LF wave function in the transverse-momentum and keeping the longitudinal momentum.
Therefore, this quantity provides the correlation between the longitudinal momentum carried by
one of the constituents, and the probability distribution in the so-called Impact parameter space.
A node structure is also encountered in the Impact parameter space for the LF wave function.
We were encouraged to study the latter quantity because of the increasing interest on this topic
in hadron physics, where the valence component plays an important role in determining the
structural properties of hadrons, like parton transverse-momentum distributions [26, 27, 28].
Finally, we complete this thesis with the study of the electromagnetic form factors. These
quantities have been investigated for a long time on account of its relevance in the understanding
of the internal structure of composite systems. The information about the charge and magneti-
zation distributions inside of the composite systems are contented in these quantities. Within
the BS framework, the form factors are computed by using the BS amplitude of the bound state,
obtained when solving the BS equation. As it will be explained later on, the calculation of form
factors by means of the Euclidean BS amplitude leads to an approximate result. Hence, the cor-
rect calculation is performed by using the BS amplitude obtained directly from the Minkowski
space. Therefore, the approach provided by the NIR to obtain solutions in the Minkowski space
is quite convenient to the form factor calculation. It represents another motivation to undertake
a study in the Minkowski space, even that its complexity increases. In this scheme, we compute

the form factor in the impulse approximation, which was already studied in Ref. [29]. Further-
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more, we add the next contribution to the form factor, analyzing its effect relative to the Impulse
Approximation, which appears when the kernel of the BS equation contains a cross-ladder term.

This thesis is organized as follows: in Chapter 2 we present the general structure of the BS
equation. We display the derivation to obtain the inhomogeneous BS equation and later the
homogeneous BS equation to study bound states. The analytic properties of the BS amplitude
are also studied in view of the application of the Wick rotation. Finally, we present the normal-
ization of the BS amplitude. Chapter 3 is devoted to study the LF dynamics, we present the
general features of this approach, emphasizing in the advantages of LF dynamics with respect to
other forms of relativistic dynamics. Then, we explore the meaningful fact of LF dynamics by
performing the LF projection of the BS amplitude onto the null-plane, what allows us to extract
valence LF wave function for the composite state. In Chapter 4, we derive the NIR for V-
external legs. In particular, we emphasize in the Nakanishi representation for the three-external
legs or vertex function, which plays an important role when studying the bound-state problem.
The Nakanishi representation is studied in 341 dimensions as well as in 2+1 dimensions. In
Chapter 5, the integral equation for the Nakanishi weight-function is obtained. Starting from
the usual BS equation for the bound states, we obtain a generalized integral equation for the
Nakanishi weight-function, once the NIR for the vertex function is adopted and after integrating
the singularities with the LF projection. The explicit calculation is carried out for ladder and
cross-ladder in 341 and 2+1 dimensions. Chapter 6 is devoted to the standard analysis of the
BS equation in the Euclidean space for ladder and cross-ladder kernels. We have decided to
spend this chapter to the study of the Euclidean formulation, since this framework allows us
to have some results to compare with the corresponding ones obtained with Minkowski space
calculations. In Chapter 7, the results obtained by numerical solution of the BS equation are
presented. In the initial part we present the numerical method employed to solve the integral
equation for the Nakanishi weight-function. The numerical results are shown for the bound state
problem in 241 dimensions. Chapter 8 is devoted to the study of the spectrum of excited states
in the scalar theory. Because, the spectrum analysis is done for first time we restrict it to 341
dimensions. The spectrum, valence LF wave functions, transverse-momentum amplitudes and
LF wave functions in the impact-parameter space are analyzed for excited states. In Chapter 9
the electromagnetic properties of the composite scalar system are studied. This represents one

of the motivations to undertake the calculation in the Minkowski space. As it will be shown
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the calculation of form factors forces us to obtain the BS amplitudes in the Minkowski space if
one wants to compute form factors without any approximation. The usual impulse approxima-
tion and next order in the calculation of form factors are considered and analyzed. Finally, in

Chapter 10 the conclusions and perspectives are outlined.



Chapter 2

The Bethe-Salpeter equation

The initial chapter is devoted to the derivation and general features of the BS equation. The
BS equation was first proposed by Salpeter and Bethe in 1951 [2] and then derived from field-
theoretic foundations by Gell-Mann and Low [30] and Schwinger [31, 32]. The number of deriva-
tions of this equation since its initial proposal is huge, we do not discuss all these derivations
here but we adopt the pedagogical derivation considering as starting point the four-point Green’s
function, which is the relevant quantity in quantum field theory to study a two-particle interact-
ing system. From this quantity we derivate an integral equation for the BS amplitude suitable
to study problems in the non-perturbative regime. In particular, the occurrence of poles in
the four point Green’s function leads to a homogeneous integral equation describing the bound
state of two interacting particles. This equation will be the starting point for the forthcoming
investigation. The derivation present here is quite general, hence it can be used in Minkowski
or Euclidean space. We also discuss the analytic properties of the BS amplitude and its normal-

ization at the end of this chapter.

2.1 Derivation of the Bethe-Salpeter equation

In the case of free particles the two-point Green’s function plays an important role in determining
the properties of the single particle. It determines the mass of the physical particle (after includ-
ing the radiative corrections), the propagation in the space-time of the physical particle and the
scattering of the physical particle on the external potential. In other words, all properties and
the complete behavior of single physical particles are fully determined by the exact propagator.

Presumably, the n-points Green’s function for higher order can give an analogous description for

11
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many-particle systems. Indeed, this is the case for a system of two interacting particles, where
one should consider the four-point Green’s function in the coordinate representation. We focus
on the system composed by two scalar particles interacting by means of another scalar particle,
which will be the model used in this thesis. For this case we have the interaction Lagrangian

Linter = g $*x. Then, the four-point Green’s functions reads:

Gz, 22,91, y2) = (T {1 (1) P2(22) 0] (1) Db (2) |2, (2.1)

where |(2) stands for the vacuum of the interacting theory and the operators are written in the
Heisenberg representation. As usual, the Heisenberg operators are written in the interaction
picture where the evolution of the operators is given by the free Hamiltonian. Within of this
picture the evolution operator, which contains the interaction, can be expanded in powers of the
coupling constant g. Summing all orders in g we obtain all of graphs that can be constructed
with four external legs. In the perturbative regime the expansion can be truncated considering
only the graphs of lowest order that provide the large contribution. In the study of bound
states the main difficulty comes because of the inadequacy of retaining only a few Feynman
diagrams, which is the basis of any perturbative calculation in high-energy physics. The reason
is that bound states produce poles in the scattering matrix in the channel in which they appear.
However, no such poles exist in any Feynman diagram or any finite sum of them, a pole can
only be generated by an infinite sum. The latter issue will be dealt throughout this chapter.
We can rearrange the set of Feynman diagrams which can be reproduced by means of Eq. (2.1)
into two sets: irreducible and reducible. We define a graph as reducible if, in a given diagram,
by cutting vertically through two ¢; internal lines and no x line, the graph can be split into
two connected graphs. It turns out that the infinity series of reducible Feynman graphs can be
obtained by iterations of the irreducible ones. Taking into account the above considerations, the

four-point Green’s function can be written as the following integral equation

G(x1, 22391, y2) = Go(x1, T2;y1,Y2) + /d21d22d21dZ§G0($1,$2;217Zz)K(Zl,22;217Z§)G(Zi,zé;y17y2)7
(2.2)

where Go(z1,z2;y1,y2) = A1(z1 — y1)A2(x9 — y2) is the product of the free-propagators:
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Ai(xi — ;) = (01T{¢i(x:) 8] (4:) }|0), (2.3)

and K (21, 22; 21, 25) is the interaction kernel that contains all the irreducible diagrams of two
particles.

The four-point Green’s functions as written in Eq. (2.2) is in the coordinate space, however
it is more useful to write it in the momentum representation. For this aim it is convenient to

introduce the relative and global coordinates as in the non-relativistic case:

T =T — T2 X =mz1 + nexs
(2.4)
y=y1—y2 Y =my +my,
where the Jacobian of the transformation is given by:
J=mn+m. (2.5)
In analogy with the non-relativistic case one can choose
miq mo
_ == 2.6
n mi + ma " mi +ma (26)

where m and mgy are the masses of the particles and 7n; + 72 = 1, therefore n; € [0,1]. By
using the relative and global coordinates Eq. (2.4), it is possible to have space-time translational

invariance if we consider the following function

F(x1,22;91,92) = F(z,y, X =Y). (2.7)

We perform the Fourier transformation of this quantity as follows:

F(p1,p2iq1,¢2) = /dfcl day dyy dya e PP e PR T MY IR P (1) y: g, o)
(2.8)

= (2m)(P — Q)/d:p dy dWe "W o=tk gy (3 42 W),

where for shorthand notation we use dz = d*z throughout of this chapter and W = X — Y, z,

y were defined in Eq. (2.4). P = p1 4+ p2, k = map1 — mp2 and g = n2q1 — n1p2 are corresponding
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conjugate momenta. Now, we apply the Fourier transformation defined in Eq. (2.8) to the
four-point Green’s function Eq. (2.2). We proceed as follows:

(i) the first term is computed by using in (2.2) the expression

INC . (2;)4 / dp A(p)e@1—o2), (2.9)

for the free-propagators and performing the Fourier transformation to obtain

G (k,q; P) = (2m)20W (k — )AL (m P + k) Ag(n2 P — k). (2.10)

We have obtained this expression with standard procedure: with the exponential functions and
with the aid of the dzx, dy, dW one generates three delta functions. Then, we use two delta
functions for performing the integration in the momenta.
(ii) For the calculation of the second term of the four-point Green’s function, one considers the
following form for the kernel and the Green’s function:

K(z1,20;24,25) = K(2,2/, 2 - Z')

(2.11)

G(z1, 29591, 92) = G(2,y: 2" = Y),
where {z,2'} stand for the relatives coordinates and {Z,Z’} for the global ones. After that
we write the kernel and the Green’s function in the momentum space through the Fourier

transformation Eq. (2.8). A straightforward but rather lengthy derivation leads to

dg"
(2m)4

The four-point Green’s function in the momentum space is written as:

GOk g P) = AP+ HAs(eP — k) [ SEK(kdi PG P). (212)

d /
Gk, q; P) = (2m)*6™ (k — q)Go(k; P) + Go(k; P) / ﬁK(kv ¢;P)G(d,q; P),  (2.13)
T
with Go(k; P) = Ay(m P + k)Ag(ne P — k). Consequently, the first term in Eq. (2.13) accounts
for the propagation of the free particles and the other term for the interaction between them.
A diagrammatic representation of the four-point Green’s function is given in Fig. 2.1.

As mentioned previously in studying the bound state problem one should consider the pole

terms related with the four-point Green’s function. This leads to the homogeneous integral
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G = + K G

\
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\

Figure 2.1: Diagrammatic representation of the integral equation for four-point Green function in the

momentum space Eq. (2.13).

equation for the so-called BS amplitude. This quantity contains all the needed information
about a bound state, therefore it allows us to evaluate several physical observables. To define
this quantity let us consider the state |Pp, «), which represents the two-body bound state. The
BS amplitude is defined as:

(21, 295 Pp, ) = (0|T{1(21)d2(22) }| P, ), (2.14)

and its conjugate

O (w1, 223 P, ) = (Pp, o| T{$] (x1)$} (2) }]0), (2.15)

Pg is the four-momentum of the bound state, with P]% = M? and « the set of quantum numbers.
It is important to emphasize that ® and ® cannot be considered as the usual wave functions,
instead for recovering the probabilistic character, it is necessary to expand the bound state
|Pp,a) in a complete Fock basis, to obtain the relativistic counterparts of the non-relativistic
wave functions. This fact will be studied in detail in Chapter. 3.

Applying a translational transformation in Eq. (2.14) one obtains

®(z1 + a, 72 + a; Pp,a) = e 50 (21, 295 Pp, av), (2.16)

this can be easily seen, by considering that the field operators in Eq. (2.14) are in the Heisenberg
representation ¢;(z) = eiP; ¢j(0)e“5 *i and taking into account the translation invariance of
the vacuum. In terms of the relative and global coordinates Eq. (2.4), the BS amplitude can be

written as:
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0(c°)(0le"” X g1 (2o (—ma)e X | Py, )
+0(=2) (0] T X o (=) 1 (o)™ P X | Py, )
= 0(2%)e” "5 X(0|¢p1 (n2x) 1 (—mx)| Pp, @)

+ 0(—a°)e PP (0| o (—mx) 1 (no) | P, cv)

O(z1,m2; Pp, ) = (0[T{¢1(21)p2(x2) }| PB, ) =

o—iPB-X
= WSO(QU;PB,@),
(2.17)
where we have introduced the reduced BS amplitude defined as
(x5 P, a) = (21)*/2 (0T {¢1 (naz) o (—ma)} Py, ). (2.18)

Now, we continue with the objective of obtaining a homogeneous integral equation for the

BS amplitude for the two body bound state. We consider again the initial four point Green’s

0

function in the coordinate space Eq. (2.1). We restrict ourselves to the case 2y, 23 > ¢, y9

hence we can write

G(a1, m23y1,72) = Olmin(af, 29) — max(yy, y3) (01T {1 (x1) B2 (w2) Y T{b1(y1) b2 (32) ' }10),
(2.19)

then we insert a full set of states >, |n)(n|=1 into the four-point Green’s function

G(x1,x2;y1,y2) = Omin(al, 25)—maz (1), y3)] Y _(0|T{¢1(z1)da2(x2) ) (n|T{¢1(y1) P2(y2) }0),
! (2.20)

and let us consider the contribution from the two-body bound state: |n) — |Pp, «)

> In){n| = /dP5(P2 —m%)0(Po)|Pp, a)(Pp,a| = dBPIPBa a)(Pp, o, (2.21)

n

with Pp = (Ep,P), Eg = \/P2 + mQB and mp is the mass of bound state. Taking into account

this contribution, the four-point Green’s function becomes
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G(w1, w2391, y2) =0[min(2?, x9) — maz(yy, y3)]
Bp (2.22)
< | 28, ——(0|T{¢1(z1)d2(z2)}| P, ) (P, | T{¢1(y1) ¢2(y2)"}0).

By introducing the reduced BS amplitude Eq. (2.18) we obtain:

.0 .0 0,0 P 1
G(z1, 72591, y2) = O[min(xy, v3) — max(yy, y3)] / (7

R —iPB'(X—Y) P 3 P .
27T)32EB€ QO(‘T? B7a)90(ya Bva)

(2.23)
Next, we analyze the argument of the 6 function in Eq. (2.23). We can write the functions

min(z9,29) and max(y?,y3) as follows

0 0_ .0 0 0_ .0
0 oy %o | (2] —a3) 2y | (x5 — i)

== 1 — 1
min(xy, rs) 5 Lx?_xg’ +1| + > | =29 + yon
ma(?.y2) = Y (y?—y‘z’)+1 +yj (yS—y?)le 224

1,92 )
2 | lyd — w3l 2 | ly3 =il
using the relative coordinates Eq. (2.4) we obtain
0,0 9x0 _ 0
min(af,29) = — ‘LO’% )
x
2O 4 (s — 1)y (2.25)
(20 0 y’ 3’ n2—m)y
min(y1, yz) = =109 T )
ly°| 2 2
thus, the 6 function in Eq. (2.23) is written as:

Olmin(2Y, 29) — maz(y{,49)] = 0[X° = Y° + f(2°,4°)]

0 (2.26)
0,0\ _ \$| |y| (n2 —m) 0o_,0
£, y%) = I = EE T 0y,
We can resort to the integral representation of the 6 function:
i e—itz

0(z) = —/ dt, 2.27
(2) 2w ) t+ e ( )

to write four-point Green’s function as
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G(x1, m2391,2) = ;lj;:(2d7f)3<p(w;PB,a)@(y;PB,a)e_iEB(XO_YO)eiP'(X_Y)
i e—(Xo=Yo+f(z0,y0))t (2:28)
x 27 t+ 1€
By performing the substitution ¢t — Py — Ep in Eq. (2.28)
G(z1, 22391, 92) = /(57{3)422%980(33;1337@@(% PB,a)ei(POEB)f(xO’yO)My (2.29)

one realizes the presence of a pole at P* = Ep in Eq. (2.29), just at the mass of the bound state.

This allows us to separate the Green’s function as follows:

G = Gp + regular terms for Py — Ep, (2.30)

where the regular terms do not contain poles in Py = Ep. We want to use the Green’s function
structure of the initial BS equation Eq. (2.13), hence we should perform the Fourier transfor-

mation of Eq. (2.29) as before:

G(k,q; P) = /dx dy dWeik'xe_iq'yeiP'WG(a:,y; W), (2.31)

this leads to the following expression for the Green’s function in the momentum space

iv(q; P, a)p(k; Pp, a)
Gp(k,qP) = .
B(k.q; P) 2E5(Py — Ep + i)

We introduce Eq. (2.32) into the BS equation Eq. (2.13), after multiplying to both sides by

(2.32)

(Py — Ep + ie) and taking the limit Py — Ep, the integral equation for the two-body bound

state reads as

/

dq )
WK(’%q’;PB)(p(q’;PB,(X)go(q; PB,CV), (2_33)

which leads to the following equation for the BS amplitude

¢(k; Pp, )p(q; Pp,a) = G0<k§PB)/

dq
4K(k¢ q,;PB)SO(q/;PB)a (234)

(k; Pp) = A1(m Py + k) Az (n2Ps — k) / G
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this integral equation written in terms of the BS amplitude is known as the homogeneous BS
equation. In Fig. 2.2, a schematic representation of the equation is shown. This equation
describes the relativistic bound state of two scalars particles. We will deal with this equation

throughout of this thesis.

Figure 2.2: Schematic representation of the homogeneous BS equation.

2.2 Analytical properties of the Bethe-Salpeter amplitude

In this section, we study the analytic behavior of the BS amplitude. This issue, which will be
explored formally in this Section, is used later on when solving the BS equation in the Euclidean
space. As it will be shown, since the analytic behavior of the BS amplitude, it is possible
to perform the analytic continuation to the Euclidean space, allowing to obtain an equivalent
integral equation. On one hand, this procedure allows us to avoid the well known singular
behavior of the BS equation, however it also prevents of obtaining the BS amplitude in the
Minkowski space, which can be useful to computed other interesting physical quantities. We
deal with this subject later when we study the Euclidean BS equation in Chapter. 6.
We consider again the BS amplitude Eq. (2.14) in the following form:

(2m) 320 (x; P, @) = (O|T{p1(n2x)$1(—ma) }| P, ) = 0(x0) f (x; P, @) + 0(—z0)g(w; Pp, ),
(2.35)

with

f(@; Pp, B) = (0lg1(n22)¢2(—mz) | Pr, )

9(z; Pg, B) = (0l¢2(=mz)¢1(12)| P, ),

(2.36)
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introducing a set of complete states: 1 =3, [n)(n| = > 5 [ dp|p, B)(p, B, the functions f and g

reads

f(asPp.a) = 3 [ dp(0[61 (ma)lp. B)p. Bloa(—ma) Pa. )
7 (2.37)

o(w: Ps,a) = Y [ dp(0loa(=ma)lp. 5)(p, Blén (o) | P, ).
B

Recalling that the ¢ and ¢ operators are written in the Heisenberg representation, we get the

expressions for the f and g functions as

f(z; P, a / dp e '@ ER)T(0]61 (0)|p, B) (p, Bl$2(0)| Pp, o) / dp e~ P=mPB)T £ P )

g(w; P, a) = Z/dp e~ "R (01605 (0)|p, B) (p, Bl¢1(0)| P, ) = /dp e PE=r) e g(p: Py, a),
5

(2.38)
where we have designated
F(pi Poa) =3 (061(0)[p, B)(p, Bl 62(0)| Pr, @)
? (2.39)
95 o) = > _{0162(0)|p. B)(p, B161(0)| P, ),
B

The matrix element (0|¢1(0)|p, ) is different to zero only if the field ¢;(0) has the same quantum
numbers of the state |p, 3). Since the stability conditions, the particle 1 cannot decay into any
state spontaneously, therefore among the states with the same quantum numbers of the particle

1, this particle should have the smallest invariant mass. This condition can be expressed through

the relation: pg > \/m
(o Pa.a) = [ dp 0T (s Py, c) (o~ \fmd + 97

- /dgq/ dq’e™" " f(q + m Pp; Pp, 2)0(q" — Emin) (2.40)

f(z; Py a / & / dq®e™9 f(q + 11 Pg; Py, ),

"LG

where the substitution ¢ = p — 71 Pp has been used and F,;, = \/m% + (q+mPp)? — mpg.
Analogously for g(z; Pp, «)
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Emaac .
g(z; Pp,ar) = /d3q/ dqoe”q"rg(ngPB —q; Pp,a), (2.41)

—00

with ¢ = 72Pp — p and Epae = 12 P% — \/m% + (2P — q)2. The BS amplitude is written as:

®(x; Pp,a) = (27T)3/29($0)/d3q/ dq’e™"" f(q+ m Pp; Pp, o)
Fmin (2.42)

+ (2m)*/20(—0) /d3q /Emw dg’e """ g(n2Pg — ¢; Pp, ).

—o0
The case when F,;, < 0 or E,q.: > 0 is usually avoided, since in this case there is no gap
between the integration interval and the BS amplitude cannot be continued analytically. For
avoiding this unpleasant situation, we restrict ourselves to the condition: |P3| < mj +mg. Thus
Erin > Epmae and a gap in the ¢%-axis appears. Additional, choosing the rest frame, P = 0, this
ensures that Fp;, > 0 and Fp,q, < 0. Therefore, imposing these conditions the BS amplitude
can be analytically continued in the complex plane: (i) if g > 0 it can be continued to the
bottom half-plane and (ii) if 9 < 0 it can be continued to the upper half-plane. This is allowed
given the falling exponential behavior in Eq. (2.42).

More instructive is to analyze the BS amplitude in the momentum space. Therefore, we

perform the Fourier transformation of Eq. (2.42):

®(p'; P,a) :/dxeip’%(x;PB,a)

O(p'; P, ) =(2m)**0 () / dzx / d’q / dg e’ = f(q; Pg; o) (2.43)
E

min

E’Vna:E . /
+(2w)3/29(—x0)/d$/d3Q[ dg"e'" =" 5(q; Pp; ),

after performing the integration in q using 6(p’ — q) one obtains

o(p'; P,a) =(27T)9/2/0 de/E dq” 'm0 f(go, p’; P; )
0 "é::m o (2.44)
+(27r)9/2/ da:o/ dg” €'Po= )0 5(qo, p*; Pp; 1),

0

in the integration upon z" one has to add the imaginary part in the argument of the exponential,

i(po — qo % 7€) in order that the integral is converged
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o )
®(p's P, o) =(2 9/2/ d v —_f ,P’; Pp;«
(p ) =(2m) - QO<p6_qO+Z€)f(QOp B; Ct)

Emax 7
_<27T>9/2/_ dQOmg(QOaP7§PB§OZ)-

(2.45)

According to Eq. (2.45), the BS amplitude in the momentum space has cuts in the complex qo-
plane, which should be considered if one wants to do an analytical continuation to the imaginary
axis. We display these cuts in the complex plane in Fig. 2.3. As we can see later when considering
the simpler interaction kernel in the BS equation known as the ladder kernel, these cuts should
be taken into account to perform the analytical continuation. For this kernel it is possible
to realize that the analytical continuation is allowed since the analytical properties of the BS
amplitude given in Eq. (2.45) and the positions of the singularities of the ladder kernel. For a

detailed survey about this issue see Refs. [5, 33].

Im q,

Re q,

Figure 2.3: Analytical behavior of the BS amplitude.

2.3 Normalization of the Bethe-Salpeter amplitude

Since the initial derivation of the BS equation, the normalization of the BS amplitude has
presented difficulties. The earlies derivation required the existence of a conserved quantity such
as baryon number or the electric charge [34, 35, 36], therefore inapplicable to neutral systems
making those procedures restricted. Afterwards, the normalization was derived without assume

the existence of conserved quantities [37, 38, 39], showing that the results are equivalent to the
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previous ones. Here, we do not present an exhaustive derivation of the BS amplitude, but we
use the result presented in Ref. [39].

By considering the four-point Green function Eq. (2.13), we recall the expression

G(k,q; P) = (2m)*6"W(k — q)Go(k; P) + Go(k; P) / %K(k, ¢;P)G(d,q; P),

now, we introduce the following notation, which has been widely used in the standard analysis

of the normalization of the BS amplitude:

A® B =/dq’A(p, ¢;P)B(¢,q: P)

_ 6(k —q')
* -~ Ai(mP + k)As(n2P — k) (2.46)

7 =(2n)* / dq's(k —")0(d' — q),

where Aq(m P + k) and Ag(naP — k) stand for the free-propagators. By using this operator

notation the four-point Green’s function reads as:

KeG=T+K®G=(K-K)®G=T1. (2.47)

Deriving to both sides respect of Py and using (K — K) ® G =Z, we get

oG oK 0K
== Db . 2.4
e G®<8P0+8P0>®G (2.48)

Recalling the expression for the Green’s function in the neighborhood of the pole

ie(p; P, 0)p(gq; Pp, o)
i P) = 4
Gp(p,q; P) 9E5(Py — Ep + ic) (2.49)
we obtain
oG _ . ¢ P)ele Pp)
0P, 2Ep(Py — Ep + i€)?
¢o-2 (k+K) :/ 9" o g P) -2+ ) (¢ s P) (2.50)
aPO (271-)4 b,q; 8P0 q,9q; .
0 B dq dq" " 0 v ;o
G 5K+ 1) 6 G = [ T G d'sP) | (K = K)| (4", 43 P)Gd )

introducing these pieces into Eq. (2.48), the result is:
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(¢",d'; P)o(d; Pp). (2.51)
Po=FEp

. . dq/ dq// — o, 0
2k = [ G hela s Pe) 5K+ )

It should be pointed out that this unfamiliar way of normalizing the BS amplitude is the
closer analog of the usual normalization conditions for free elementary particle wave functions.
As illustrated in Ref. [39], this normalization condition leads to the usual orthogonality relations.

That example has been done for spin—% particles, but the procedure is quite general.



Chapter 3

Light-front dynamics

In the Dirac’s seminal work [40], presented in the 40’s, it was clear the existence of several
forms of relativistic dynamics, differently from the non-relativistic quantum mechanics where
only one is allowed. After the introduction of the special relativity, since the upper bound
for the speed, the dynamics is restricted to the space-time light-cone: inside of the light-cone
two points in the space-time are connected causally, outside the points are not connected and
over the hyper-surface the points are connected by a signal of light. Thus, for describing the
dynamics of a physical system is necessary to specify the values of the dynamical variables on a
given initial 3-dimensional hyper-surface. The choice of this hyper-surface determines the type
of variables that one can use to describe the physical evolution. The evolution of a system with
non-relativistic dynamics is governed fully by the Hamiltonian: given the state of the system
at some time t=0, one may calculate its state at any another time using the evolution operator
U(t) = e . The state specification at the surface t=0, an instant in time, represents the

initial conditions.

3.1 A short review of the Poincare group

In this section we present the general structure of the Poincarée group (PG) to better understand
the situation in the relativistic framework. The general transformation of the PG is given for

the ten-parameter transformation written as

at — P = AV + P, (3.1)

25
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where a* is a constant four-vector, which accounts for a translation in the space-time and
it depends on four parameters. A¥ stands for a Lorentz transformation, that contains boosts
transformations and spatial rotations. For Lorentz transformations six parameters are necessary;
three of them are related with the velocities and the remaining related with the Euler angles to
perform the spatial rotations. From the requirement of the special relativity of maintaining the

square of the four-vectors one obtains

9po = Guv Az AZ; (32)

9w is the symmetric metric tensor. This relation implies that

det(A) = +1. (3.3)

The two values of the determinant allow to classify the Lorentz transformations in two kinds
of transformations: proper (improper) Lorentz transformation if the determinant is positive
(negative). There is an additional classification of the Lorentz transformations: if AJ > 1 it is
called orthochronous and if A8 < 1 it is called non-orthochronous.

The structure of group of the Lorentz transformation is explored by considering the infinites-

imal transformation

ot =t + ot + Blat, (3.4)
where o/ is an infinitesimal four-vector and g% is an antisymmetric tensor depend on the six
parameters of the transformation. Once introduced the generators, it is possible to obtain their
Lie algebra
[P,LU PI/] = Oa
(M, P, = —igupPy + igup Py, (3.5)
(M, Mpo] = igupMuo — i9upMyo — iguoMpup + igpe Mpp-

A more familiar expressions can be obtained by introducing the new operators J; = %eijijk,

which lead to the well known expressions of the Lie algebra for the rotation group SU(2)

[Ji, Jj] = i€ijidy, (3.6)
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also for boosts generators defined as K; = My;, one has the following expression for the Lie
algebra
(K, K] = — iejji g 3.7)
[Ji, K] = i€, K.
For a very clear and instructive discussion of the PG see Ref. [41].

According to Dirac, see Ref. [40], one can point out that the Hamiltonian dynamics is
described by a certain number of pairs of dynamical variables, e.g. (£, n), usually the coordinates
and momentums. These variables change when applying a transformation of the PG, but given
the principle of relativity, their Poisson brackets must remain unchanged. There exists only a
unique way to satisfy such a constraint. For the dynamical variable £, it has to change according

to the following relation
§ =&+ {¢&F, (3.8)

where F' is an infinitesimal dynamical variable, independent of £&. The F' associated with the
transformation of Eq. (3.4) should depend linearly on the infinitesimal numbers o, 8%. The

most general form of F' is given by:
1 v
F = —O(‘MPM + §MNV/6“ . (39)

The aim of relativistic dynamics is to find representations of these generators in physical form,
e.g, as differential, integral or matrix operators on the states. For the case of non-interacting
particles the task is almost trivial. Much more difficult is the construction of such representations
in the case of interacting particles. This is the topic of the relativistic dynamics proper.

As mentioned above, one should choose a hyper-surface, which we call 3, in the Minkowski
space such that it does not contain time-like directions, because the points in these hyper-
surfaces are connected by means of Lorentz transformations. These are included anyway in a
covariant formalism. In principle, the choice is infinity, but one should choose the surface with
further advantages from the physical point of view. In terms of the group theory, from the set
of all generators of the PG, the subset of these generators that leave the initial hyper-surface
invariant are called kinematical generators and their set composes the stability group of >. The
other generators those that transform the initial ¥ in a ¥’ are called hamiltonian generators.

Therefore, the dynamics of the system is determined by the hamiltonian generators of the PG.
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3.2 Dirac’s forms of relativistic dynamics

Dirac in his work explained three forms of relativistic dynamic. The first of them is the Instant
form, equivalent to the hyperplane 2°=0. In this case the dynamical variables are referred
to physical conditions to a certain instant in time, e.g. the coordinates and their conjugate
momenta at 2°=0 as in the non-relativistic case. The kinematical operators are the P?, since
that they generate translations along the three spatial directions and leave x° unchanged and
the J? that generates rotations. The hamiltonian generators are P° and the boosts K*, which
clearly modify z°.

The second form of relativistic dynamic is given by the hyper-plane tangent to the light-cone:
20 + 2% = 0 know as the light-front (LF). For classifying the generators in the LF dynamics, we
first introduce the LF coordinates of a four-vector. Given a four-vector o = (2°, 2t 22, 2%), it
is possible to write it in LF components as follows

TaT,xy), (3.10)

= (z

where

xt =24 23 v =223 x; = (2!, 2%), (3.11)

with these coordinates the scalar product reads as

1 _ 1 _
z, Yt = §x+y + 52 yT—x1y,. (3.12)

Thus, we may classify the generators as follows:

¢ Kinematical generators

P!, P2 which generate spatial translations in z! and z2. J? that generates rotations in
x3. Pt that produces translations in ~. The boost K3 is also a kinematical generator.
In order to see clearly that the plane 2+ = 0 is unchanged under this transformation,

consider the Lorentz transformation along the x>-axis:

20 =(a° + pa?)
(3.13)

28 =(a® + a?),
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by using the LF coordinates of Eq. (3.10), we get

o =y(1+B)a"

2" =y(1- B,

(3.14)

therefore the plane ™ = 0 remains unchanged. In the same way it is possible to obtain
that the “boost" defined as F; = K7 + Jo and Ey = K5 + Jo behaves like kinematical

generators in the LF dynamics.

e Hamiltonian generators

P~ that produces translations in ™ and the LF “rotations" defined as: F; = K1 — Jy and

Fo =Ko+ Jj.

The third relativistic form discussed by Dirac is called Point form, which is given by the
hyper-surface z#x, — a®? > 0 with 2 > 0. In this case the kinematical generators are the boots
K since that x,2* remains unchanged and the rotation generators J ? because z;2’ is invariant.
The Hamiltonian generators are the generators of space-time translation P*, since the change
in the coordinates will change the scalar product.

In principle there is no reason to use a particular form of relativistic dynamics. In fact, it
has been demonstrated that the Dirac’s forms are unitarily equivalent, i.e, one can change of
form by means of the unitary transformation [42]. However, one can choose a particular form to
take advantage from the physical point of view. LF dynamics is singled out for corresponding to
the smallest number of dynamical generators: three*. This property by itself is not important
enough to prefer the LF, however since the three boost generators are kinematical this enables
to separate the center of mass motion of the intrinsic one in a similar way of the non-relativistic
framework [44].

Another advantage, already stressed by Dirac, is the spectrum property. Consider a particle
with four-momenta p* = (p~,p*,p ), where p~ is interpreted as the energy and p* the longi-
tudinal momentum. If p#p, > 0 and py > 0, then py > |ps|. Now, by considering the dispersion

relation in LF dynamics

+

*It is important to emphasize that a hypersurface ™ = ¢, with ¢ # 0 loss the invariance respect to the

longitudinal boost and so the number of kinematical generators is reduced to six. Hence, the importance of the

hypersurface 2™ = 0.
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oy =pTp” —pi >0, (3.15)
one obtains that p© > 0 and p— > 0. The sign = holds only for massless paricles. In the
instant form dynamics this condition should be implement separately, instead in LF dynamics
the positivity of p™ entails the positivity of p~. This feature of the LF dynamics is quite relevant
in the definition of the vacuum of the theory, since the vacuum is defined as the state with zero
momentum thus only particles with zero longitudinal momentum can compose it. Differently,
in the instant form the state is specified by its ordinary three-momentum p = (p*, p?, p*). Since
each component of p can be either positive or negative, there exist zero total momentum Fock
states of arbitrary particle number, and these will mix with the zero-particle state to build up
the physical vacuum. In the LF dynamics the vacuum is nothing but emptiness and here is the
main advantage of this approach.

Before closing this section it is worthy to present the relative LF coordinates of a system
composed by two particles and its relation with the total mass of the system, which will be used
in mostly of this thesis, for details in this issue see Ref. [43]. Consider the four-momenta of the

composite system

P=p +ps P*=M? (3.16)

according to the relation dispersion Eq. (3.15)

M? =pPTp~ —P?%, (3.17)

for the case that we are considering, i.e, composed by two particles, one has

P*=pi+p; PL=pi +Pas. (3.18)
Now, we introduce the relative coordinates

_

§= Jo ki =(1-8)piL —&Pay, (3.19)

and their inverse relations

p.=¢Pi+kt  pyy=(01-§PL—ki. (3.20)
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We write Eq. (3.17) in the following form

m? + (p11)?  mi+ (par)?

M2:P+(pl_+p2_)—P3_:P+ ¥ + T
Pq P2

- P2, (3.21)

by introducing Eq. (3.20) into Eq. (3.21) and using the definition of &, we get the following

expression for the total invariant mass M:

a2 KLt K g (3.22)
3 (1-¢)
The third component of & is given by
by =1 -6 (é 1) a - (i —ms) (3.23)
5 o 2 oM '
in order to justify the denomination of vector for k, we can compute its square
K2 =K2 + k% = (M? = mi — m3)* — dmim} (3.24)

4M? ’
it depends only of invariants, therefore k? is an invariant independently of the frame. Indeed,
k is the momentum of particle 1 in the rest frame (P=0). Thus, we can equate the invariant

mass with the energy in this frame

E = \m?+ K+ /md+12 (3.25)

The above relations are useful in view of the analysis of the bound state composed by two

particles carried out in the next sections.

3.3 Light-front projection of the Bethe-Salpeter amplitude

In this section, we outline the meaningful feature of the LF dynamics when applied to the BS
approach; we show that the BS amplitude when projected onto LF hyperplane allows to extract
the valence wave function. In other words, this projection enables to recover the probabilistic
interpretation of the BS amplitude.

As starting point, let us consider the BS amplitude of Eq. (2.14)

®(x1, 225 Pp) = (0|T{¢1(x1)d2(22) } P, Wint),
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for shorthand notation we skip the index corresponding to the set of all quantum numbers, and
we have set |Pg) = |p, ¥y ), which stands for the bound state of two interacting particles. Note
the separation of the internal and total motion, fact that will be justified in shortly. The vector
state |p, Uint) can be taken in different representations, but in LF dynamics by considering only
massive quanta, it can be written in terms of an infinity sum over Fock components because of
the simplicity of the LF vacuum as mentioned in the previous Section. The eigenstate |p, Uiy) is
expanded in multiparticle Fock eigenstates {|n)} of the free Hamiltonian, i.e. a basis constructed
by using the LF plane waves, |g).

The one-particle free state is defined by |§) = (27)%/2\/2¢%a!(§)|0), describing the motion of
a particle with mass m and it is an eigenstate of the LF momentum operators p™ and p |, i.e.
G ={q",q.}. The dependence in ¢~ is given by ¢~ = (m? + |q, |?)/¢". The normalization of

the free-state is

(klg) = 22m)°kTo(k" = q7)6P (k1 — qy) = 22m)°k 60 (k - g), (3.26)

and therefore the completeness relation is given by

3 ~
[ sl (3.27)

We recall that for a particle with mass m one has

d3q

= 261—+0(q+), (3.28)

[da 5@ = m?0ta’) = 5 [ [ dastata sl - mo(a")

the positivity of ¢ entails the positivity of ¢°, since ¢ = [¢* + (m? + |¢.|*)/qT]/2. The

expansion of |p, Uiy ) in the Fock basis reads

P, Wine) = 2(2m)° ) /[dfi][deu]l/}(fi,ku)|n; &ipti kil +&pL), (3:29)

n>2

where n > 2, since we are dealing with a two-body composite system. We recall that & =
qj/p‘*‘ and q;; = ki1 + &p, with k;; being the intrinsic transverse momentum of the i-th
constituent. The coefficients ¥(&;, k;1 ) of the Fock expansion are called the light-front wave

functions (LFWF). The set of intrinsic variables fulfill the following relations
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Z§j=1 Zkﬂzo, (3.30)

thus the phase-space factors are given by

it EH/ @ 5<1_i§i>
/wwzg/zw ()

the delta functions have been added to fulfill the constraints Eq. (3.30). It is important to

(3.31)

emphasize that given the kinematical separation of the global motion and intrinsic one in LF
dynamics, it leads to the normalization of the intrinsic motion in terms of the LEWFs, this is the
reason of the notation that we have adopted, namely |p, Ui, ). For obtaining explicitly this fact,
consider the overlap (n;&p™, ki1 + &P |p, Ying), which can be written in terms of the global

motion and the LEFWF

(n; &p™, kiL + &P 1 Ip, Yint) = 2pT (27)°6° (Z g — ﬁ) P(&i ki)

= 2(27)%8 (1 — angl> 5@ (Zn: ku) (& kiL),
) 1

the plane waves corresponding to the global motion have the standard normalization, which can

(3.32)

be factorized out

<1;/§ \I/int‘@ 1nt> = 2p (277) 5( ) (15 ﬁ) < 1nt‘\I/1nt>
2p 271' Z/d3QZ (271: ) gla zL (Z(h ) gl) zL) (333)

2 (271') 53 p —p Z/d& d2 ZJ_ ‘w(§z7 zJ_)| )
n>2

therefore, the LFWF 1(&;,k; ) are normalized according to

(Wine W) = 22m)° 3 [l ][0(&s i) = 1. (3.34)

n>2
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The normalization clearly shows the physical content associated to the LFWEF, these yield the
probability distributions to find n constituents with intrinsic coordinates {&;,k;| } inside the
interacting state. The corresponding v (&;,k; ) for the bound state with the minimal number
of constituents, i.e. n = 2 is known as the light-front valence wave function. The probability of

finding the valence component for the bound state is given by

& dé d?ky ) d’ko )
227r51 mz( ~a-8) [ G ooy

o | g [ e RP

2(2m)? 52(ku + ko )|¥(&r, ki1 €2, ko )|?

(3.35)

We have formally presented the structure of the Fock state in LF dynamics. Now, we explain
how to extract the LFWF from the BS amplitude given its relevance in the forthcoming analysis.
As we show below the constraint 2™ = 0 lead us to the relation between the valence component
and the BS amplitude.

Before continuing, we explain the simplicity of the field operators in LF quantization. The
constituents of the composite system appear as excitations of the dynamical fields ¢(x) expanded
in terms of creation and annihilation operators with coordinates x = (z*,2~,x). However, in
LF dynamics, x+ = 0, the Heisenberg operators turn into the Schrédinger ones, since ¢(z) =
exp(—iP~zT /2)¢(%)exp(iP~x"/2) and the field operator is written as

+ 2 - s I
j;% (;lﬂl)‘;ﬂa(w) (al (B)e ™ + a(R)e), (3.36)

with # = (z~,x,) and k- = kT2~ /2—x, -k, . The creation and annihilation operators satisfy

$(Z) =

the commutation relations

[a(k),af (k)] = 6(k™ — K )@ (k. — k). (3.37)
After this clarification, we can consider the reduced BS amplitude Eq. (2.18) in the limit zt — 0

lim o(z,p) = (0[¢(2/2)$(—1/2) p), (3.38)

zt—04

note that in the expression Eq. (2.18) we have chosen 7y = 12 = 1/2 because we will deal with

the bound state composed by two particles with the same mass m; = me = m. The quantity
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written in Eq. (3.38) is equivalent to consider ¢(z,p)d(z™), we take the Fourier transform of

this quantity

/dx e T lp(x, p)o(xT) = /d% e Tlp(z, 2T =0,p)

_/dk /d3k¢kp53k—cj) /éq)w(qp)

On the other hand one has

[ @ e o, at =0.p) = [ e FE010(/2)0(-/2)lp), (3.40)
we can introduce in the above expression the Fock expansion for the state |p) for n=2 given in

Eq. (3.29), the expression for Schrodinger fields given in Eq. (3.36) and taking into account the

commutation relations Eq. (3.37) one obtains

V2 pt V2 o1
(p/2+ k) (p/2 = k)* tE1-¢)

We have obtained the pivotal result in this calculation: the LF projection allows to extract the

/ BreTlp(F, 2 = 0,p) = P&, k) = Y€ k). (341)

LFWEF from the Fock interacting state. Formally, this projection is obtained by integrating the

BS amplitude in the LF variable k. We summarize the results as:

. ]
vk = Lo -6 [ Tl (3.42)

Thus, once the BS amplitude is obtained for some available method the LFWF can be obtained.
Despite that all the physical information is provided by the BS amplitude and several physical
observables are computed by means of the BS amplitude, the knowledge of the LEFWF allows us
to access to the main features of the bound state in a closer relation with their non-relativistic

counterparts.
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Nakanishi integral representation for

the Bethe-Salpeter amplitude

This chapter is devoted to show the formalism of the Nakanishi integral representation (NIR),
to the transition amplitude for a generic scattering process involving N-external particles. This
representation was introduced in 60’s by Noboru Nakanishi in the basis of a perturbative treat-
ment [5]. Despite, that the NIR has been devised in the perturbative regime, its applicability has
been extended to the non-perturbative one. Recently, this representation has been adopted to
the study of bound state problems in the non-perturbative regime [6, 7, 8, 9], obtaining satisfac-
tory results. Satisfactory results mean that the results obtained using the NIR are in agreement
with those obtained with other unrelated method. There exist many studies where the NIR has
given good results, only remains a formal proof of the validity of this representation also in the
non-perturbative regime. For this reason, in this thesis we decided to slightly change the name
initially used for this representation, namely perturbation theory integral representation to the
Nakanishi integral representation.

After deriving the NIR for the N-external legs, we emphasize in the case N=3, which rep-
resent the vertex function used to study the bound state problem by means of the BS equation.
Finally, we formally show that the NIR can be extended to lower dimensions, in particular, for
2+1 dimensions. Since, in this thesis we also perform a study of the three-dimensional bound

state problem, it is needed to establish the validity of the NIR in this case.

36
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4.1 Introducing the Nakanishi integral representation

Nowadays, the best known theory for describing reactions in the relativistic framework is quan-
tum field theory. In the framework of this theory the probability amplitudes of a given process
are given in terms of the S-matrix, which may be formally written in terms of a power series
of the coupling constant associated with the theory. Each term of this sum is by itself a sum
of the Feynman integrals corresponding to the Feynman graphs. A Feynman graph is a repre-
sentation of the interaction process, which contains the propagation of a free particles and the
interaction is represented by a vertex. Each propagation and the vertex depend on the nature
of the constituents and the type of interaction of the theory.

A Feynman integral is a multiple, singular integral over infinite ranges of four-momenta, and
it is not necessarily well defined a priori. It is important, therefore, from both theoretical and
practical point of view, to convert the Feynman integral into a Feynman-parametric integral.
We explore this parametrization since it leads to the NIR providing a compact representation
of all Feynman graphs for a given set of external particles.

We start by considering a connected Feynman diagram, G, with NV external legs, n internal

propagations, V vertex and k loops. We adopt the following notation,

e p; (with ¢ = 1,...,N) are the external four-momenta, with chosen signs such that the
four-momentum conservation reads as follows (the covariant indexes are dropped out for

simplifying the notation)

> pi=0. (4.1)

e /; and m; (with j = 1,...,n) are four-momenta and masses associated to the particles

propagating inside the loops, respectively.

e gr, with (r =1,..., k) are the four-momenta on which one has to integrate inside the r-th

loop.

After considering the four-momentum conservation at each vertex one can write the general

equations
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N

k
= Z bjr qr + Z Cji Pi (4.2)
r=1

=1

where bj, and c¢j; can assume the values —1, 0 and 1. The Feynman integral associated with G

is a formal multiple integral

(4)
fa(p1,p2, .., pN) /(Hd4 ) ngeV54(pb), , (4.3)

T1 (I3 —m5 +ie)
the expression is a product of Feynman propagators corresponding to all internal lines and the
four dimensional J-function in the numerator accounts for the momentum conservation in each
vertex b (pp is the ingoing momentum in each vertex). The number of independent J-functions
involving integration variables is V — 1. After carrying out those V' — 1 trivial integrations, the
number of the remaining four-dimensional integrations is n — (V' — 1) = k. Thus, Eq. (4.3) turns

into

k
1
fG(p17p27 7PN (sz) / <T];[1 d4QT> ?:1 (ljg _ m3 + iE), (44)

the conservation of the external four-momentum appears explicitly. Note, that the dependence
of [; in ¢, is given by Eq. (4.2). The n denominators in Eq. (4.4) can be combined in only one

denominator with the aid of the Feynman parametric formula

—1)! " 4.
iy A, " / do‘l/ o / dor A1a1+ ¥ A (45)
one gets
N k 1 n S(1=" a4
fo(p1,p2, -y py) ox 6 (Zpi>/<Hd4QT>/ [T de - ( . ]) o (4.6)
i=1 r=1 0 \j=1 {Z] L (I3 —m2 +ie) ]]

We analyze the first term in the denominator, ZJQ-. By using Eq. (4.2) it can written as

kok N N kN
=N b ar) + DD cieni(i-pi) 203 bircij(ar - pi) (4.7)

r=1r/'=1 i=14'=1 r=11=1

therefore the denominator becomes
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n

fm +ie)a ] [Zl%@ ZmajJrze

ko k
{ZZb],b (qr - G aJ—I—ZZcUc”pl Dir a3+2ZZbJ’CU qr - Pi)0 —m5 a]}—kze]

r=1r'=1 i=14=1 r=11i=1

Let us analyze the first term

n k k k k n k k
00> bibplar )y =Y Y (ar ) (2_: bjrbjr'aj) =2 2. (@ @)D, (49)

j=lr=1r'=1 r=1r'=1 r=1r'=1
with Dy.r =37 ajbjrbjr being a diagonalizable symmetric k X k matrix. Once the diagonaliza-

tion is performed, one can rewrite

Z qr - @ Dy = Z er?a (4.10)
rr! T
where d, is the set of eigenvalues corresponding to D,.,». The denominator turns into

[Z(lim +ie)a ] [Zdrqr +QZZBM qr P +chiz"(pz"]%')*zm?aj+ie ’
j=1

j=1 r=11=1 1=14i=1

(4.11)

where By; = >; a; bjrcji and Cyr = 375 aj ¢jicjy. We clearly see the dependence on quadratic

and linear terms in ¢,. In order to eliminate the linear dependence we use the following shift

) 1
Gr = qr + — Z B,ipi, (4-12)
dr i=1
we get
n n k n
l2_m +i€)aj| = [Zdr(jf—l—F(n,N,aj,pi)—l—ie , (4.13)
7=1 r=1
with F(n, N, aj,p;) defined as
n
F(n,N,oj,p;) = Zm?a] + Z Z Ei(pi - p}), (4.14)

i=14=1
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and E;y = Cyr — >0 T L B.B,. Once eliminated the linear dependence in §,, one can carry

out the set of integrations in ¢, using the well known formula

1 im2
4 A . , 4.15
/ ! (dr@ + Ap +ie)"  (n—1)(n —2)d?(A, 4 i) 2 (4.15)
the result is
/ H di 1 (n—2k—1)! (z7r2)k
qr _ _
r=1 {25:1 dr@? + F(n,N,aj,p;) + ze} (n — 1) U(a)[F(n, N, aj, pi) + €] =2k
(4.16)

with U(o;) = det[D(«j)] = dids....d;,. Therefore, after the cumbersome algebraic steps, the

initial Feynman integral Eq. (4.3) takes the following form

(n—2k:—1 6(1 =377 o)
f (pl,pg, . <sz> | U2 / n N, aj’pij) + ig]n—2k.
(4.17)

Let us consider again the function F'(n, N, o, p;) in the following form

F(n7N>ajapl = Zma]+ZZEzz Di - pz

1=14=1

= - ; mia; + Zh: Thsh (4.18)

F(n,N,aj, sp) { Za] % sh},

h

with {s} the set of all independent invariants that can be constructed with N external mo-
mentum. 7, > 0 (see Ref. [5]) and 8 = Y, mp. It is clear that the relevance dependence of the
Feynman integral appears in the denominator, i.e. the number of loops and the internal masses
m;. The Nakanishi’s idea is to move this dependence to the numerator. For this purpose we

rewrite Eq. (4.17) as follows
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s) ocjlill/daj Ijgta 1:]% H/ dzpd <zh — 5)
X/Ode(S(X_;al;nl) [ L o (4.19)

X = 2o ZhSh i€

The Feynman integral can be written as

! > ¢G(Za X)
s) o 1;[/0 dzpd(1 — %:Zh)/o dx X =5, 2non + i 2% (4.20)
with
oa(z,x)0 <1 - Z > =const H /daj 5 1aj2)k (4.21)
h U?(aj)(=p)"

><5<zh—%>6<X—Zal;%>6<1—z,zh>, (4.22)
h

!
where the constraint ), z;, = 1 has been added and ¢¢(z, x, ;) is called the weight-function.
The information about the n internal propagators and k loops is contained in this function. The
final step to be performed for implementing the Nakanishi’s idea, is to remove the dependence

on n and k from the denominator. This can be achieved by integrating by parts the expression

Eq. (4.20), thus one has

/OO dX ¢G(Z>X) _
o |

X — Dp #hSh + i€ 2k
o1 06 (2,X) R S PN 1
(n—2k+1) [x — >, znsn +i€]""2k~1lo ~ (n—2k+1) IX [x — Xp znsp + ie)n2k—17

(4.23)

2
the boundary terms vanish given the dependence of the weight-function in x as ¢ (X - > alg” ) .
Applying this integration n — 2k — 1 times, the result is:

> ¢G(Z7X) _ 1 > 1 3n_2k_1¢G(2,X)
/0 dx )/ d[

—2k X - —57— ,
[X—thhsh—ie]n 2k (n—Qk—l ! X_thhsh_ZG] 3Xn 2k—1

the equation Eq. (4.20) turns into
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! o a)G(Zv X)
fa(s) x 1;[/0 dzp 6 (1 - ;zh> /0 dx [ (4.24)

X — Zh ZhSh — /L.E]u

where the weight-function has been redefined according to

- 1 " oa(z, x)
062 X) = LT T gyt

(4.25)

Once the same steps described above are repeated for each pair (n, k), i.e. for all the diagrams
G contributing to the transition amplitude with N external legs, one can obtain the integral

representation for the transition amplitude

_ ! _ > ¢N(Z7X)
fN(s)_E[ /0 dzd(1 Zh:zh) /0 ax; , (4.26)

X — 2_h ZhSh — i€)

where

on(z,X) =D Na da(z,X)
G

with Ng a proper factor. In view of the further applications, we emphasize the following points:

e The expression of the N-leg transition amplitude Eq. (4.26), has been certainly obtained
within a perturbative framework, but summing up all the infinite, possible contributions,

due to the introduction of an unknown weight-function, ¢n(z, x).

e The weight-function, ¢x(z, x) depends upon real variables: i) the set of compact variables

zp, and ii) the non-compact one x.

e The amplitude depends only on the independent invariants that can be built by the external

four-momenta.

e The overall structure in the analytic plane is explicitly given, and contained in the denom-
inator. This is a fundamental feature that will be fully exploited in the application to the

BS equation.
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4.2 Nakanishi representation for the vertex function

We perform explicitly the calculation for the case of three external legs, which is the main point
in our analysis since it represents the vertex function related with the BS amplitude as explained

below. For N = 3 one has

1 1 1 oo
f3(s) = / dzl/ dzg/ dz3 6(1 — 21 — 29 — 23)/ dx D321, 22, 23, X)
0 0 0 0 X — 218

1 — 2289 — 2383 — 2'6’

we carry out the integration in z3, which is trivially done by using the delta function. We obtain

f3(s) = /01 i /01 - /Ooo dx B3(21, 22, X)0 (1 — 21 — 22) 0 (21 + 22)

X — 2181 — 2282 — (1 — 21 — 29) 83 — i€

B 1 1 o0 dX (;53(217 z29, X)9 (1 — 21 — 22) 0 (Zl + 22) (427)
— A le A dZQ/O (Zl T ZQ) [ )

X _(1—21—22) _ 2z .
z1+22 z1+22 53 Z1+Z231 Zl+2252 te

the theta functions accounts for the constrains 1 — z; — 29 > 0 and 1 — z; — 29 < 1 introduced
by integrating in z3. Now, by considering the next change of variable
1—2—=

Y= - 53,
21 + 29 21 + 22

we get

_ 21 _ 22 4
[7 z1+22 51 z1t+2z2 52 26}

fa(s) = /01 dz /01 dz /:O dy 3(21,22,7)0 (1 — 21 — 22) 0 (=1 + zz),

with the negative lower limit

0= —(1— 21— 2); %3 (4.29)

Z1+22)'

In order to eliminate the dependence in one of the variables, we perform the following change

of variables

z
(= Z1-|}22’

(4.30)

Y =21+ 29,
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once computed the Jacobian of this transformation one has: dz1dze = y d{dy. The fs transforms

into
>y o3(2,9,7)0(y)0(1 —y)
/ dé/ iy [ e (431)
with
Y0 = = ; y83, (4.32)

we can redefined the weight-function as follows once the dependence in y has been removed from

the denominator

93(¢,7) = /01 dyyds(C,y,7)0(y)0(1 —y)o {V + a ; v) 53] : (4.33)

the additional theta function is introduced to extend the interval of  to [—o0, c0]. Finally, we

obtain

R 95(C, %)
- /0 “ /—oo “ [y — ¢s1— (1= ()sa —ie] (4.34)

For the vertex function we have p = p1+p2, therefore we can choose as independent invariants

p? and p3, which written in terms the global and relative coordinates reads as

2

M
p1=§fk‘ pi="+k-pk
, (4.35)
pzzg-i-k p%:T—i—kz—i-p-k,

introducing the above invariants into Eq. (4.34) we obtain

_[lac [T 95(¢,7)
_/0 dg/_ood,y[’)/_]\f_kz_(1_2g)(p'k)_’i6}7 (436)

additional we can define the variable z = 1 — 2(, thus one obtains the expression for the vertex

function widely used [5, 13, 14]:

(n)
93 (2,7)
L'k, p) /dz/ dry PR TSR ST (4.37)
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we have used the common notation for the vertex function: I' = f3(s) and we have also intro-
duced the non-negative integer dummy parameter n in the NIR. To justify the denominator of

dummy parameter, one can perform a integration by parts upon ' of Eq. (4.37)

_i/oo d’//l dz 9" (2,7) _
oo 1 Ty =M k2 (p k) — e

/ n 4.38
N [ g ") -
O R R T
o0 - [7’—T—k2—z(p-k)—ze]
and comparing with
1 [e's) (n+1) !
95 (7))
L'(k, :/dz/ dy/ , 4.39
(k.2) RN [y — M2 k2 — 2(p- k) —ie]n+] (4.39)
one realizes that the Nakanishi weight-function for different n are related as
n ’Y, n
gV ) =n /_ a8 (", 2) dv” (4.40)

Despite that the choice of n is arbitrary, this parameter can be chosen adequately to take
advantage in the numerical calculation.

As explained before, throughout of this analysis we deal with the integral equation of the
BS amplitude for describing the bound state of two particles. For this reason, we write the BS
amplitude in terms of the NIR, which can be obtained from the vertex function Eq. (4.37). We
recall the relation between the BS amplitude and the vertex function ¢ = (G1)(iI")(G2), where
G; stands for the free propagators, since that in this analysis we are disregarding the self-energy

contributions. The expression for the BS amplitude reads

i ! > 93(2,7) i
k,p) = — i | d d 5 : —.
(k. p) (B — k)2 —m? —ie [Z/_l z/_oo 7[7——]\4{ — k2 —z(p-k) —ien | (5 + k)2 —m? —ic
(4.41)

Now, we can put together the three denominators using the Feynman parametrization. The
procedure is shown below: i) we put together the two free-propagators using the symmetric

Feynman parametrization
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1
GﬂkJﬂGﬂkJﬁzz;/¥[m2_jxgzﬂﬂ_¢dy (4.42)

with f(p,k,n) = MTQ + k% + (p- k)n. ii) we add the Nakanishi denominator with the usual

Feynman parametrization

2) (1— ¢t
o(k,p) —z/ dz/ dy Ln + / / D" 93(v,2) o (4.43)
[yt —tm? +m? — f(p,k,2') — i

with 2’ = tz+ (1—1t)n. Considering the domain of ¢, n and z it is possible to see that 2’ € (—1,1).

Also, we consider v/ = 4t — tm?, clearly v/ € (0,00). By using these substitutions the BS

amplitude becomes

p(k,p) = —z‘/_ll dz /_O; dv’[ 90,2 ]M. (4.44)

fy’—i—m?—%—k?—p-kz’—ie

The Nakanishi function is also redefined to incorporate the integration in the Feynman param-

eters n and t

I'(n+2) e
g(v’&’)—ér/ dn/ dt(1 — )" 2gs(+, 2, t,n). (4.45)

The expression Eq. (4.44) will be the workable ansatz for the BS amplitude. The main point

will be to investigate if such ansatz will lead to actual solutions of the BS equation.

4.3 Nakanishi representation in 241 dimensions

In view of the applications in condensed-matter physics, graphene [22, 23], it is worthy to extend
the Nakanishi representation presented in the previous section to other spatial dimensions, in
particular 2+1 dimensions. For 241 dimension problem we intend to reduce one of the spatial
dimensions, in the LF dynamics where we have x = (z+,27,x, ) with x| = (2!, 2?), we neglect
one of the perpendicular coordinates. Thus, mostly of the formalism used in 3 4+ 1 dimensions
remains unchanged.

In general, for d-dimension the analogous Feynman integral Eq. (4.3) reads as

1
(2 —m? 1 ie)

k
£ (P12, ) / [1d%q, (4.46)
r=1
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recalling [; = Zle bjr qr + Zi]\il cij pi- We can do the same steps as in the case d = 4, the

Feynman integral becomes

f( )(pl,pQ, / dzpd(1 zh) /OO dx qb(éi)(z,x)' T (4.47)
0 [x = Xp znsn +ie" 2"

According to Nakanishi’s idea of removing the dependence in the number of loops and the

internal propagators from the denominator, one should perform partial integration. However,

differently from the case with d = 4, where the partial integration removes that dependence,

when dealing with other dimensions the exponent of the denominator is no longer integer and

the partial integration will not eliminate the dependence in n and k. However, we can treat the

difficulty of the non-integer exponent. We restrict to the case N = 3 (vertex function) in 2 + 1

dimensions with the restriction n — fk > 0. Consider the integral

= (4.48)

2n— dk+1 - d.k >

2F(”—d'zk+§)/°° dA 1
0 (A2+0) (=%

in the case when the product d.k is an odd number, the exponent in the right-hand side of
Eq. (4.48) is fractionary. The corresponding exponent in the right-hand side before perform
the integration is integer number. In this form the problem of the fracionary exponent can be

avoided if we take C'= x — >_}, zpsp, + i€ in Eq. (4.47). The NIR in 2+1 dimensions reads as

1
F& (o1, p2, -pn) = H/O dzpd(1 = zn)

h h

d.k 4.49
2 F(H—T—l—%) 0o oo ¢(Gd)(Z7X) ( )

X —= dx dA T

e re e A A e T

We can perform the shift ¥ — x + A? and we obtain
oo (d)
Zy X
fG’ (P1,p2;5 --Pn) = / dzpd(1 Zh)/ dx e ( ) 2n—dk+l ) (4.50)
0 [X — 2on znsn +ie] 2

the integration in A is absorbed by the Nakanishi weigh-function

lo\»—\

n L
soé(ax)\f;g( 2 ) /qusG (z,x — A?). (4.51)
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Having removed the fractionary exponent in Eq. (4.50) the steps to obtain the expression final

of the NIR are the same as we have done for 3+1 dimensions.

4.3.1 An alternative derivation

We provide an alternative way of obtaining the NIR in 2+1 dimensions, this relies on the
projection of the NIR in 341 dimension to 241 dimensions. Therefore, it is more restricted
than the derivation presented in the preceding section.

As starting point consider the Nakanishi representation for three external legs in 3+1 di-

mensions Eq. (4.44)

7’—|—m2—%—k¢2—p-kz’—ze
To prove that the NIR is valid also in 2+1 dimensions, one performs the following integration

to both sides

o(k,p) = /_O:o dks /_O:o dp2 ¢(k, p), (4.52)

this integration leads to amplitude with one of the spatial coordinates equal to zero. In LF dy-

1 2?), we can set one of the perpendicular coordinates

namics with x = (z7,27,x,) and x; = (v
equal to zero: x2=0.

In the first integration over po, we write the integral in the following form

dp2 9(v's2")
d k (—i /d 'd2’ /
/— P2 @( p) 7 k z )n+2 {pQ {( v —K2+k2) + (Poko—p1ki—psks)z’ ie }} nt2

kzZ k?gz +
dps
/d’)/ dZ / /n+2k.2 kg n+1
9(v',2")

k2z 22’ koz

k242 . 2 2 _ _ ’ . n+17
{p2_{( v "i/+k ) + (poko— P}1€k1 —paks)z’ +£}} {pz_{( ol K/-Hc ) + (poko p;j; p3ks)z + ze/}:|

in order to evaluate this integral by the Cauchy’s residue theorem, we add a quantity At > 0
to ke, in such a way that the poles in Eq. (4.53) are moved toward the upper and lower complex
plane. Hence, the evaluation of the integral does not vanish. At the end of the calculation we

take the limit AT — 0
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> . . > dps
_ - W
[ oot = timaeath e [ e

g(v',2")

22’

(—/=r2+k2) | (poko—pik1—psks)=’ - (7' =r2+k?) | (poko—piki—pska)z’ | i \]"TH
(P2 — { e + Cobpmbicmlals | ot ] [pe — { D 4 (bummlammabal’ |

Now, we impose the conditions: ko2’ < 0 and (A" + kg)z’ > 0, and we choose to close the path
in the upper half complex plane. In this way, one gets rid of the evaluation of the (n + 1) order

pole. We have

/ dpap(k,p) = lima+_,o(—1) /d’y'dz’
. (Z/A+ + Z/k?Q)n 9(—2”/{:2)9[2'(A+ + ]{;2)] g(,},l7 z/)
2mt m+l +)n+1 TR
‘ (=A%) [ — K + k2 + (poko — p1k1 — paks)2' + ie]
(4.55)

Finally, to take the limit A* — 0, one has to concern with the integral

o0 1 (—z+2ZAH)" ZAT 1 (—z+2ZAM)"
I AT _
/_ @A ) e T = /0 Ao e oy (456)
where we have defined + = —2'ks and in the last step the theta functions have been used to

restrict the interval of integration. It is convenient to make the substitution y = z/A™ to

perform the integration

AT 1 (AT (yrtt o ()
/0 dmz’"“‘l (ATt /0 dy(z —y)" = (n+1)

Because of the theta functions in the integral, 2'ks is restricted as: —2’AT < 2’'ks < 0, therefore

(4.57)

in the limit A*™ — 0 one has d(ks). The result of the integration reads as

— (=)™ (= 9(v,2")d(kz)

D™ (=) / )
dvy'd .
(n+1) T T =R TR 1 (poko — prkr — paks)2' + ien 1
(4.58)

/ dpap(k,p) = 2mi

The integration over ko is trivially done by using the delta function. One gets
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ok, p) = / dks / dpao(k, p)
oo oo o (4.59)
—or g(+', 2")

d~'dz’ .
(n+1) / T [V + k2 — (k§ — k¥ — k2) — (poko — p1k1 — p3ks)z’ — ie]"H!

Therefore, the NIR is valid in 241 dimensions as we can appreciate from Eq. (4.59). We rewrite

the NIR as follows

~( 1
~k — d/d/ g(’Y’Z) 460
@(k,p) / VTR (o k) — i (4.60)

where we have redefined the Nakanishi weight-function as g(v/, 2’) = (;iq)g(fy’ ,2"). Note that
the exponent of the denominator has changed from n+2 to n+ 1. However, as it was mentioned
before n is a dummy parameter which can be chosen freely with the only restriction being

positive.



Chapter 5

Integral equation for the Nakanishi

weight-function

In this chapter, a general integral equation for Nakanishi weight-function will be derived, which
should be valid for any irreducible Feynman diagram. This equation is obtained within a non-
explicitly-covariant LF framework (see Ref. [11]) and using the NIR for the BS amplitude. In
particular, the contribution of the ladder and crossed-ladder diagrams to the irreducible kernel of
the BS equation and consequently to the Nakanishi kernel is analyzed. It should be pointed out
that ladder and cross-ladder contribution to the Nakanishi kernel within an explicitly-covariant
LF framework was already derived in Ref. [8, 15]. For a detailed explanation in this approach
see Ref. [10].

As we have seen in Sec. 3.42, the LF projection of the BS amplitude allows to extract the
valence wave function, this fact in turn leads to well defined integral equation for the LFWF

Eq. (3.42)

p-‘r oo dk—
viekn) =Poeca -0 [~ Coelh).

The LEWF 1), as any wave function, has no singularities in its physical domain. Hence, the
LF projection can be viewed as an integral transformation of the BS amplitude leading to a

non-singular function. This suggests to apply this transformation to the BS equation itself:

_ 0o _ 4./
/(d;r)go(k’p) N /_oo (Cl?lir)Gl(k,p)Gﬂk’p)/ (C2l7r]§4iK(’fa’f’7p)sO(k’,p), (5.1)

this transformation should provide an equivalent integral equation to the initial BS equation

o1
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but free of singularities. For obtaining an integral equation for ), it requires to invert the LF
projection Eq. (3.42) in order to have explicitly ¢ in the right-hand side of Eq. (5.1), as it has
been done in Ref. [8]. Instead in this analysis, we use the ansatz for the BS amplitude in terms
of the NIR introduced in the previous section Eq. (4.44), to obtain an integral equation for the
Nakanishi weight-function. The steps are sketched below, we start recalling the NIR for the BS

amplitude:

o(k,p) = —z’/_ll dz' /OOO dv’[ 90/, %) z (5.2)

’y’—l—mQ—%—k?—p-kz/—ie

where we have chosen the minimal value of the dummy parameter, i.e, n = 1. A larger value of n
results into smoother solution. Note that the range of 7/ has been shrunk respect to that used in
Eq. (4.44). Tt is allowed since the support properties of g(+', z’) when studying the bound state.
The support of the Nakanishi weight-function has been widely discussed in Refs. [5, 6, 16]. In
particular in Ref. [16], they have studied the scattering process of two-scalar bosons of the same
mass exchanging another scalar boson in ladder approximation. For that study, it is considered
the inhomogeneous BS equation and the NIR is adopted for the inhomogeneous BS amplitude.
Starting with the open interval 4/ € (—o0, 00), by analyzing the transition between scattering
and bound state, which is accomplished by considering (m2 — MTQ) — 0_, where m is the mass
of the constituent particles and M is the mass of the composite system, the range of v/ is reduced
to (0,00) in this limit. Therefore, to study the bound state problem where (m2 — MT2) > 0 one
has to concern with the NIR as written in Eq. (5.2).

Now, we perform explicitly the integral transformation in the BS equation Eq. (5.1) by using

the NIR for the BS amplitude Eq. (5.2). In the left-hand side one has:

o © gk 1, '
/ ——p(k,p) = —i/ —/ dz’/ dy' 90, %) 5 (5.3)
—oo (2m) —oo (2m) J1 0 {,y/ +m2— % k2 ke — ie}

To perform the integration in k~, we have to express the Nakanishi denominator in terms of the
LF variables introduced in Chapter. 3, viz
ptk™  pTkT

2+2

pP=ptp —-pl K=k"kT-kI pk= -p, ki (5.4)
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We can boost the system to the frame p | =0, what is allowed since the kinematical nature of

the boost in the LF dynamics, we obtain

/_o:o ?2];@(7%1?) =

Ak 9(/,%)
_Z\/—oo (2m) /4 dZ//o dy/ , 2 4 f— +_pt2 prp- 2 _ (Kt ]V
['7 +m*+k (—]f —T)—T‘FkJ_—TZ—ZG}
(5.5)
the integration in £~ can be done by using the formula

/Zmpf4&=ﬂwx (5.6)

one obtains

o dk~ 1 /L o0 d(2 — =2
/ o Pkr) = 7/ dZ’/ d'9(Z' A ) =2 5 (5.7)
—oo \&T p -1 0 {pf +(p2 )z’—ki—y’—mz—ie}
with z = —iﬁ“—f =1 — 2£. The last relation can be obtained by writing the momentum of each

particles in terms of relative momentums and &, namely

+ + + +
D 1 k D 1 k
f=L=ct+— (1-¢="2=--—. (5.8)
pt 2 p pt 2 p
The integration in 2z’ can be trivially done using the delta function
0 dk~ 1 [ g(v, 2
|Gt = [ TS (59)
—o0 h/+7+m2_(1_22)T}

we have defined v = ki. Note that the term i€ has been dropped out since that the denominator

is always positive for bound states. It is convenient to introduce the quantity x defined as

K =m*— —, (5.10)

which is positive for bound states, hence the dependence of the bound state mass is introduced

by means of this parameter. In terms of 2, we write Eq. (5.9) as
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o dk~ 1 o ( /72)
/—00 @go(k,p) pt / d7 Y+~ + zrzgm72 +(1— 222 (5:11)

Resorting to the LFWF definition obtained from the projection onto the null-plane, we get

(A=) 9(v,2)
1/}(27’7) - 4\/§/O d"}/ [’Y/ + v+ 22m2 I (1 — ZQ)KQ]Q' (512)

This expression shows the relation between the Nakanishi weight-function and the valence
LFWEF. As it will be showed in the forthcoming sections, the aim is to find numerical solu-
tions for the Nakanishi weight-function, corresponding to the well defined integral equation for
a given interaction kernel ¢K. Once obtained numerically the weight-function, one can easily
compute the LFWF by means of Eq. (5.12), since the LF projection has removed the singu-
lar behavior in the Nakanishi denominator. Differently, the expression Eq. (4.44) to compute
the BS amplitude contains singularities, showing the expected behavior of the BS amplitude in
Minkowski space.

Continuing with the aim of formulating an integral equation for the Nakanishi weight-
function, we have arranged the left-hand side of Eq. (5.1) in a convenient form. The next step
is to analyze the right-hand side, which is clearly is more complicated due to the interaction

kernel. We rewrite it as follows

< Jk— dAk , / _
[m @Gl(k,p)Gz(k,p)/W K(k, K, p)p(k',p) =

° dk; ﬁ / P / (7 Z) _
[ aetnoatn [ Grsoreo [ o o VAR KR (p ) i

! > < dk~ d*k’ u«kyp)
/ / . I I / /
/_1 dz /O dry |:7'/_OC (27r) Gl(kvp)GQ(kap)/ (27r)4 [k’2 ¥ (p, k/)z/ — = K2 + i6]3 9(7 4 )

(5.13)

Equaling the both sides of the BS equation Eq. (5.11) and Eq. (5.13) we have

/“y 9(¢',2) _
0 [V + 5 4 22m? — (1 — 22)x2]°

dk~ dAk’' ZK(k,k‘/,p) o
/ dz / d’Y |:’Lp / 7(27‘() G1(k‘,p)G2(k‘,p)/ (27T)4 [k/Q 4 (p . k’)z’ — 'Y/ ) n ie]3 9(7 , 2 ),
(5.14)
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or in a more compact form

/oo d' 9(v',2) 5 = /1 dz /OO dy' V(v, 2,9, 29+, 7)), (5.15)
0 [V + 7+ 22m? + (1 — 22)k?] -1 0

o9}

& K (k, K, p)
Cm)A K2+ (p- k)2 — v — K2 +ie]®

Viv,2,9,2) = ip*/ dk_Gl(k,p)Gg(k,p)/ (5.16)

—oo (2m)
We have not worked out the right-hand side, since that its explicit form depends on the chosen
interaction kernel. This will be explicitly done in the next sections.

At this point we can trace out the steps to obtain the integral equation Eq. (5.15). The
integral equation for the Nakanishi weight-function has been obtained by using the NIR for
the vertex function and then multiplying by the free propagators to obtain the corresponding
representation for the BS amplitude. After that we perform the exact projection onto the
hyperplane ™ = 0, which has lead to a generalized integral equation free of singularities and
it is valid for any irreducible kernel. This equation is physically equivalent to the initial BS
equation but with the improvement of having removed the singular behavior, what represents a
remarkable advantage for the numerical calculation.

The integral equation once arranged in the form Eq. (5.15) can be written in a symbolic

form

B(M)g = A(M,a)g, (5.17)

being B(M) and A(M, «) the integral operators acting in the Nakanishi weight-function. « is
the coupling constant of the theory, which is contained in the irreducible interaction kernel and
M is the mass of the bound state. As one can see this is a generalized eigenvalue problem since
the operators appear to both sides of the equation. Therefore, in solving the integral equation
one should invert one of the operators in order to get the usual eigenvalue problem. We deal
with this issue in the Section. 7.1.

As we mentioned earlier, the NIR has been devised in a perturbative scheme. However, the
anzast for the BS amplitude is being used for solving the BS equation, which is an approach of

non-perturbative character. Apparently it should be inconsistence however if the equation for
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the Nakanishi weight-function admits solutions one can claim that the Nakanishi representation

of the BS amplitude is also valid in the non-perturbative regime.

5.1 Ladder kernel in 3+1 dimensions

In this section we will obtain explicitly the Nakanishi kernel corresponding to the ladder kernel.
Once obtained analytically the expressions for the kernel, it will be introduced into Eq. (5.15)
and then the equation should be solved numerically.

The simplest interaction kernel for the theory with the interaction Lagrangian Linser = go%x
is known as the ladder approximation. This kernel accounts for the exchange of a spinless scalar
particle of mass p between of two spinless scalar particles with the same mass m. In Fig. 5.1,

we draw the Feynman graph associated to this contribution

p/2-k p/2-K’
> T >
|
|
. | s
iK(k,k’) = b
|
|
> 1 >
p/2+k p/2+k’

Figure 5.1: Irreducible BS kernel in the ladder approximation.

the expression of the ladder kernel reads as:

i(—ig)?
iK(k, k) = = k:’()2 _g)/ﬂ - (5.18)

By introducing the above kernel into Eq. (5.15), the Nakanishi kernel becomes

o dk~ 1 1
V(L) s %5 I’ ' - ’ +/
3“(7 zZ;y Z) gp o 2m [(g+k)2_m2+ie] [(%—kﬁ_m?—i—ie] (5 19)

" / dk’ 1 1
2m)4 K2+ (p-K)2 — ' — k2 +ie]? (k — k)2 — p? + i€’
To compute the integrations in the above kernel we start by performing the integration in &’. We

proceed as usual, putting together the two denominators containing k' by means of the Feynman

parametrization
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11 I'(4 v?
3)

) 1
BB I r(1)/0 W T B = o

being

A=FK?+(p- k) —~ —K? +ie B=(k—k)*—pu?+ie

The integration in k' is done by means of the formula

d’k 1 i T(n—dj2) (—1)n42
/ (27T)d (kQ — m2 + Ze)n - (_1)d/2 (47[.)(1/2 ( I‘(n)/ ) (771(2 _)Z.G)n_d/Q, (520)
which for d = 4 reads as
d*k 1 _ 7 F(a — 2) (_1)a
/ 2m)4 (k2 — (C —ie))™  (4m)2 T(a) (C —ie)a=2 (5.21)

The result of the integration yields

dk’ 1 1 i 1 v2
/ - _ = / dv—"" (5.22)
Cm)A k%2 4+ (p- k)2 — — k2 + i€ (k—K)2 —p2 +ie  2(4m)2 Jo [C — ie]?
with
p2 2
C=—p2v—1)+ @ +r2+Ew-1D)v+ (k- p)(v—1)w + Z’UZZ/ , (5.23)

and the kernel Vg(ﬂ (v, z;9/, 2') reduces to

 dk~ 1 1 i ! v?
e ;,’,:7”/ /d .
31 (7,27, 2") gp . (2m) [(g + k)2 —m? +i6] [(g — k)2 —m? +i6] 2(4m)2 J, U[C—i6]2
(5.24)

Now, we perform the integration in k£~ by means of the Cauchy’s residuum theorem, since the
presence of three poles in the expression. Two of the poles are related with the propagation
of the constituents particles and the other with the propagation of the exchange particle. To
perform the integration we write the free-propagators and the C' function in terms of the LF

coordinates
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2 +
p P p 2
“rk) = (2 “+k) -k
<2 k) (2 ) (2 k) -
_M 2
C=Ip—v(l-v)k 5 (’ Mk+) (5.25)
M M?
lD:(l—v)v<'y+4zz +/{)+u2(1—v)+’y’v+02(4zl2+&2>,
we recall that p; =0 and pT = M. The kernel becomes

) 1 1
204m2 (5 - K 5+ R)F

L
Vil (v, 54/, 2) = — M

Lo, dk 1 1
x ), o 27) (+m?) ' (+m?)
’ - O |5 1) = 5+ ] (840 - (R + o)

1

X :
(1 —v)k= 2 (2 + Zkt) —Ip + ie]?

(5.26)

In order to localize the position of the poles of in this integrand, we rearrange the kernel in the

following form

(L) AN 2 i 1 1
V3+1(’Y7Z7772)* g M2(47T)2 (E—k:)"' (%—i—k)"'

/ don? /00 dk— —1 1
m? ic - m? ic
%Jr%(w ) _ Hk +%_2(~/+ ) 4 }

(5.27)

with kp = ) and we have used z = —2%. Thus, there are two poles of first order:

2p
v(1—v)M(2'—=z

- M 2 (y+m?) ie
o k- (7‘M 1+ T <1+z>>

and one pole of second order due to the factor

S (P CE.} 29
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The poles of first order have a fixed position in the complex plane, since the factor (1 £ z) is
always positive one pole in the lower complex plane and the other one is in the upper complex
plane. Instead, the position of the third order pole is not fixed but it depends on the sign of
(z/ — z). For evaluating the integral in k~ through the residue theorem, the path of integration
can be closed in the upper half-plane as well as in the lower one. Therefore, to avoid the
complications of evaluating a second-order pole, one can choose to close the path in the upper

complex plane if 2/ > z and in the lower one if 2’ < z. After that evaluation, one obtains

(L) (o i o 2 ’ A=) (2
Vi (v, 27,2) = —g M2(47r)2 M?(1 = 22) (2m)

M 0(z' — 2) 1 (5.29)

1
X /0 dv v* [Mz _ 483;?) —{—ie} [M _204md) —|—Z'€}2 v2(1 —v)2(2 - 2)? (%)2

and

i A(-1)  (2m)—i

L
Vil (v, 24/, 2) = —92M2(

4m)2 M?(1 — 22) (27m)
1 . A
" dv o2 2 4(7]}12) | 0(= 2)2) ! 1 5
0 (M2 — 2030 | 4] [+ 205k —ie] 02(1 - 0)2( - 2)2 ()
(5.30)

We have kept all the prefactors in order to avoid any confusion. Note the minus sign which
appears from the evaluation of the clockwise path. However, this minus sign is canceled with
the sign coming from the evaluation of the first-order pole in the lower complex plane. We can
put together the both parts of the kernel in the following form:

g9 1
2(4m)2 [y + k2(1 — 22) + m22?)

Vil (v, 279, 2") =

1 2 9(5 — (s — o
x/dv2 2v/ 2 (M)? (222) 7t (ZzZ) 2
0o w21 -v)2(2 —2)2 (%) [%—%%—klﬁuie} [%—%(Zf_i))JrkDJrie]

(5.31)

We now write the kernel in a more symmetric form. The last line in the above expression can
be written as
1

Vg(fi(%zw’&')d/ dv v*
0

0(;;,/ _ Z) : _ 4 9(7;‘ — Z’) 2 _
[v(l —v)(2' — 2) (MT — (?L@))) —Ip + ie’} [v(l —v)(z' — 2) (MT — ("(’sz))) +Ip —l—ie’}
(5.32)

)
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with € = v(1 —v)(2' — 2) (¥ )e

1 / 2
V(Li czn 2 o | dv v? 0"~ 2)(A +2)
31(157,2) /0 { [v(l—v)(z’—z) (MTQ(l—l—z)—('y—&—mQ))—(1+z)lD+i(1+z)e’]2
. 0(z — 2')(1 — 2)? 2}.
[v(1 —v)(z' = 2) (%2(1 —2) = (y+m?) + (1= 2)lp +i(l —2)¢]

(5.33)

By writing the kernel in the above form Eq. (5.33), one can define the following quantity

M2
D(v,2,2,7,7) =v(l =v)(z' = 2) | - (1+2) = (v+m?) | = (1+2)lp +i(1+2)¢,  (5.34)
if we consider the transformation z — —z and 2’ — —2’ and taking into account that [p is

invariant under this transformation we can write

2
(L) 1o g 1
V. : -
311757, %) 2(4m)2 [y + k2(1 — 22) + m222]

(5.35)
Lo [0 -1+ | 021 - 2)?
. /0 do-v {[D(z»,z,z/,%w T D, =z~ 1P }

after some algebraic manipulations, the D function takes the form

D(v,2,2',7,7) = —v(1 —v)(1 + 2) [’y +m?2% + /<a2(1 — z2) + (v, 2, z’,’y’)}

142 2 " M2 (5.36)
P(U,Z,Z/,"yl) = ((1+Z/)) {l;‘i"yl‘i‘ (1_/1)) <4Z/2+/€2+’)’/>}.

From the above expression, it is possible to see the regular behavior of the D function and in

consequence of the kernel V;ﬂ (v, 2;9/, 7', i.e, the singularities in the initial BS equation have

been removed, allowing to drop out the term ie. For the numerical treatment we deal with the
kernel in Eq. (5.35), which is introduced in the integral equation for the Nakanishi function
Eq. (5.15).

It is important to emphasize the advantage of using the NIR together with the LF projection
method. The first attempts for the implementation of the NIR for studying the bound state

were carried out by K.Kusaka and A.G. Williams, see Ref. [6, 7]. In those analyses without
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using the LF projection, they have obtained the same results as those in Ref. [8, 12| where
the LF projection is adopted. However, that technique to handle the singularities was clearly
more complicated that the LF projection shown above. In addition, those analyses described in

Ref. [6, 7] were restricted to the ladder kernel.

5.2 Uniqueness of the Nakanishi weight-function for the ladder

kernel

In this section we describe in shortly the application of the uniqueness conjecture of the Nakanishi
weight-function, which was presented in the Nakanishi’s seminal work [5]. For the ladder kernel
in 341 dimensions, taking as starting point the integral equation for the Nakanishi weight-
function derived in the previous section Eq. (5.15), one can arrange the integral equation in
a convenient way to apply the uniqueness theorem. Once applied the uniqueness one obtains
another integral equation for the Nakanishi weight-function, which has the form of an usual
eigenvalue problem. This equation must provide the same solution that the initial integral
equation if the uniqueness holds in the non-perturbative regime. In this thesis we do not perform
a numerical analysis of this new integral equation, we only mention it for sake of completeness
since that it can be useful for future applications.

Consider the Nakanishi kernel for the ladder case Eq. (5.35)

2
(L) LN g 1
Vay1(1,217,2) = 2(4m)2 [y + k2(1 — 22) + m22?]

x/ldv 02{ 0 —2)(1+2)? 0z =)0 - 2)° }
0 [D(Uvzvz/7’7>7/)]2 [D(v, -2, _Z/a77’7/)]2 7

for the next steps it is convenient to define the denominators

A=~+22m? + k21 - 2%) + (v, £2,£2', 7))
(5.37)
B =+ 22m? + k*(1 - 2%).

To combine the denominators of the ladder kernel we use the Feynman trick

Lo L[ 1 o LI dg ! d¢
BA2  ah0t A BA_B(A+A)}_A53+)\{/O [B—g(B—A)]Q_/O [B—g(B—A)Jr&)\]?}’

(5.38)
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and using the denominators Eq. (5.37) in Eq. (5.38) we obtain

gt i« I &
BA2  Sor A LSy [y 22m? 4 k2(1— 22) 4 € T2 o [Y+22m2+kr2(1—22)+ET+EN2 [

(5.39)
Now if we define
r 2 (1+2) /1 / / — &l (v, £2, £2',9) — &)
; A) = d
H(’Y7277727M’ ) (1+2/) 0 (1_U 5 7+'y//+2m2+/€2(1—22)]27
(5.40)
and also
1
H (7,272 0%) = Tim = [H(y, 29,702 0) = Hv, %9, 2, 1,0)] (5.41)
A—0T A
the kernel is written as
2
(L) o9 (1+2) o ’ A 2 (I1-2) N Y (e 2
Vv3+1(77za’yvz)_ 2(471_)2 |:(1+Z/)9(Z Z)H(’Y,Z,’Y,Z7M)+(1_Z/)9(Z Z)H (’77 25 Z,M) N

(5.42)

From the definition of I" in Eq. (5.36), one see that I" > 0 because ' > 0 and hence (I'+ \) > 0,
we use this fact in the next steps. We perform trivially the integration in £ using the delta

function in Eq. (5.40) in the following form

(1+2) [t ., 6 [y — ¢
2905 0) (1+z)/o 1—1} /dﬁ/ ol F+>\)[’Y+’Y’+22m2+f£2(1—z2)]2

(1+Z) 1 .1 O[T + X —~"] 07"

1+z)/0 /Oodfy (T +A) [y +9" + 22m? + x2(1 — 22)]2

01"
H ) ; ,7 ,7 27>\ / d " h ”7 ; /7 /7 2?A )
(V237 2", VT A+ (1= AP (" 292 1 A)

(5.43)

the @ functions come from the fact that & belongs to the interval [0,1] and h(Y”, z;7/, 2/, u?, )

is defined as
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(5.44)

1 Lody T+ A—4"
B, 52 2, ) = & +Z)/ v A
0

1+2)Jo 1=0v)2 ([T+N
The derivative in Eq. (5.42) is done as follows

"o 2 1 o n
h’(fy”,z;fy’,z’,uz)zah(’y’Z’V’Z’M)— (1+2)/ (dv {5(P '7)_6[F ’7]}
0

or (142 1—v) ~ 2
(5.45)

After this manipulation in the kernel, the integral equation for the Nakanishi weight-function

with the kernel Eq. (5.42) can be written in the following form

> 9, 2) / /
d~' d dz
/0 ’y[7+7+zm2—|—/€21—z g ‘ 47r
li " o~ /
X{ 1+Z>9(Z—Z)/ " R (", 29" 2 )
(1+2) 0 [y +7" + 22m? + k2(1 — 22)]?
(1-=2) ’ /Oo " h'(y", =27, =2 ) ro
0(z — d
(5.46)
putting outside the denominator and changing v — ~”, we get
/ N v 9(v",2) = - / N ' / 1 dz'g(+', %)
o [ +r+22m?+(1- 22k ’ 2(4m)* Jo -1 7 (5.47)

(1+2) / ren o (1_2) N o / _
><{(1+Z/)0(z—Z)h(“Y,Z,W,Z,u)—&—(l_zl)ﬁ(z—z)h(fy,—z7fy7_z7M)H_0’

if the uniqueness holds we get the following integral equation for the Nakanishi weight-function

with the ladder kernel

2 0o 1

" -9 ’ /

J2) = — = d dz
90" 2) 2(4m)? /0 g /4

(1+2)
: [(1+z’)6(

(5.48)

1—
2 =)W (Y 2y 2 ) + ((1 — j,)) 0(z =)WW' =27, =2 1) | g(, 7).

It is important to note that the kernel in the right-hand is symmetric respect to the trans-
formation {z,2'} — {—z,—2'} and it vanishes for values z = 41 due to the theta functions.

As mentioned before, the equation for the Nakanishi weight-function Eq. (5.48) should provide
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the same solutions than the initial one Eq. (5.15) if the uniqueness theorem holds in the non-
perturbative regime. In fact as shown numerically in Ref. [12], the eigenvalues provided by these

two integral equations are in complete agreement.

5.3 Ladder kernel in 2+1 dimensions

As presented in the Sec. 4.3, the Nakanishi representation can be extended for 2+1 dimensions.
Therefore, it allows to carry out a complete analysis of the two-dimensional problem in the
relativistic scheme. Also, the BS equation can be formulated in two-spatial dimension without
difficulty. The BS equation reads as:

3 1./
olk,p) = G, p) Gl ) [ %z‘f((hk’,pxo(k,p). (5.49)

In complete analogy with the calculation in 3+1 dimensions, the calculation for 241 dimen-

sions is obtained taking as starting point the Nakanishi kernel

31/
(L) LN 2, + d’k 1
Voy1(v,237,2) = —g°p / 2m)3 (k2 + (p- k)2 — o — K2 + i€]3

X/Oo dk~ 1 1 1
oo 2w [(B+Ek)2—m? +ie] [(§ — k)2 —m2 +ie] (k— k)2 — p? + i€

(5.50)

The Nakanishi kernel can be obtained straightforward only by changing the dimension of the
internal momentum % — (d;Tk);,, because as explained previously the Nakanishi representation
can be implemented to lower dimensions without difficulty. The steps follow as before, perform-
ing the integration in k" after putting together the denominators with the aid of the Feynman

parametrization using the formula Eq. (5.20). After that, the integration in k™ is done by using

the Cauchy’s formula, we get the following expression for the kernel

2 5 1
Vit (27, 2') = =2 F()
2+1(%Z Y 72) 167r% 9 [7+ (1 — 22)K2 +22m2]

y / o [ (1+2)30(z = 2)
0 (1 —0)(1+ 2))2 [y + m222 + k2(1 — 22) + (v, 2, 2/, 7)] 2
(1—2)20(z—2) |
(1 — v)(1 — 2)]5 [y + m222 + K2(1 — 22) + T(v, —z, —2/,7)]3

(5.51)

+
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The difference of the 2+1 dimensions kernel with the 34+1 dimensions one is the prefactor in
front of the kernel, which, together with coupling constant, plays the role of eigenvalue of the
eigenvalue equation for the Nakanishi weight-function. The exponent of the D function is also
changed. This change will affect the stability of the numerical solution since that in the 241
dimension calculation is slightly more difficult to get the convergence in the eigenvalues and
eigenvectors than in the 34+1 dimension calculation. However, this difference does not provide
a real difficulty. A complete discussion about the 2+1 dimension problem for the scalar theory

can be found in Refs. [24, 69].

5.4 Cross-ladder kernel in 3+1 dimensions

The next order contribution in the BS kernel in the theory that we are considering, Lipter =
g $*x, is the irreducible kernel with two exchanged bosons, which is known as the cross-ladder
kernel. As stressed in Ref. [49], it is necessary to introduce the cross-ladder kernel in order to
reproduce the results obtained with the Klein-Gordon and Dirac equations. At the same time it
removes an undesirable contribution of the order a®log o obtained from the ladder approxima-
tion [50, 51]. The correction in the eigenvalues due to the cross-ladder kernel has already studied
in Refs. [15, 52], showing an important contribution respect to the ladder kernel. However, by
comparing with the analysis performed by Nieuwenhuis and Tjon [58], where the Feynman-
Schwinger representation was adopted to include all ladder and cross-ladder contributions, the
two-boson exchanged is not enough and large differences were found. However, although the
two-boson exchange kernel ignores large contributions of the complete kernel, this should serve
as a mean to infer the behavior of the eigenvalues and the LFWF when higher contributions
are considered. In particular, we focus on analyzing the LEFWF, which has not been studied in
detail so far.

The corresponding Feynman graph for this contribution is depicted below
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f ©

Y

IK(k,k’,p)= A >

p+p’- p1

Figure 5.2: Irreducible BS kernel for the cross-ladder contribution.

In this section, we arrange the kernel in a convenient form to introduce it in the BS equation
to be solved numerically. The calculation of this diagram demands more algebraic steps with
respect to the ladder kernel, since this diagram contains an additional integration in the internal
momentum, however the calculation can be done without any difficulty. The expression for the

cross-ladder kernel of Fig. 5.2 reads as

4 dp" 1
el _ 9 / P 5.52
thiai (2m)4 ] p"2 —m2 +ie(p' — p1 +p')2 — m2 + e ( )
1 1
X

(p1 —p")? — 12 +ie (py — p)? — p? + i€’

after performing the integration in the internal momenta p” one has

4 1— 1-
(CL) / g I'(2) / / Y3 / y2—ys3 1
(k k ) ( ) 4 y3 dy2 dyl A,27 (553)

where A’ is given by

A=K (g +y3) (1 — g1 — ws) + K2 (y2 + ys) (L — y2 — ys) + K - p(yr (1 — y1 — 12) — ys(y1 +112))
— k- plya(1 —y1 —y2) —ys(y1 +y2)) + 2k - K'((y1 + y3) (2 + y3) — v3)
+ %Mz(yl +y2) (1 —y1 —y2) — 1P (1 —y1 — y2) — m*(y1 + y2) + ie.
(5.54)

Now we have to put together the kernel in the form Eq. (5.52) with the Nakanishi denominator

to perform the integration in &/, with aid of the Feynman parametrization
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dk’' 1 i 1 n
= dys(1 —ys) 2y —— 5.55
/ QA2 + (p- k)2 — o — K2+ ie]PA2 (42 /0 yl -y g 659

31/ i / _ 4
I(k,p)Z/ -k (kK p) =7 /[dyz-}(l—y4)2y4

r3 k2 + (p- k)2 —+ — K2+ i€ (4m)* (5.56)

"
[H + ie]?’

where n =1 —y4[1 — (1 — y1 — y3)(y1 + y3)] and

1 1-ys 1—-y2—y3 1
/ [dy:] = / dys / dys / dy1 / dya. (5.57)
0 0 0 0

Finally, we carry out the integration in dk™

/°° gjr)Gl(k,p)Gg(kap)I(kvp) =
- (5.58)

P 0 dk— 1

0 [ty = gy [ : :
(4m)4 ‘ —oo (27) (k +p/2) —m2 +ie (k —p/2) — m2 +ie [H + ie]?
In order to perform the integration by means of the Cauchy’s formula, we analyze the position of
the poles in the free propagators and the H function in Eq. (5.58). Introducing the LF variables

k* k™ ,k |, one has the following relations for the invariants

K =kk™ —k,?

ktp~  kTp~
ko — 5.59
p 5+t (5.59)
P’ =pp,

recalling that p; = 0. By using the above relations, the free propagators can be written as

Jr
Gllz—i<k++p2>

. (M?/4 —m? —k, 2 +kTp~/2) N i€

(k++2) (k* +2) 560)
Gyt =ikt - g QA m k) k) | g |
2 (k+ — B5) (k+ - B5)

in this frame one has: p* = p~ = M. Therefore, the above expressions can be written as
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(5.61)
M
Gyl = 1(2 k)[kU k}
where
= M  (m?>+k,? B i€

SEINC EY MY .

ko M (m?* +k.?) n ve .
N S )

Since (M/2 £ k*) > 0, one has the pole k; in the lower complex plane and k;; in the upper
complex plane. Let us to analyze the pole in the term H. After some algebraic manipulations,

the term H is written in the following form:

2
H = %kf (S — 257) —vS1 — ZMTSQ + S3 + e, (5.63)

where 2 = —% and v = k, 2. The functions S; have the following dependence: Si(y;), S2(ys, 2')

and S3(m?, 1%, k2,7, y;). Thus, the position of the third pole is given by:

S48 -8 ie
%(SQ —251) %(SQ —251)’

therefore, the position of this pole in the complex plane depends on the sign of (Sy — 2.51) as we

ks

(5.64)

can see from the imaginary part in Eq. (5.64). H reads as:

H= %(SQ Sk — k). (5.65)

The integral Eq. (5.58) can be done by closing the path in the upper or lower complex plane.
In the same way as in the ladder case, for avoiding the evaluation of the third-order pole, we
proceed as follows: if (S2 — 2S51) > 0 we close in the upper complex plane and if (S — 251) <0

we close in the lower one. Below, we analyze these two cases:

° (52—2’51) >0
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/O:o gﬁw)Gl(hp)Gz(k,p)I(k,p) x

/OO Ak — 1 i i 1 (569
o R =R O =) Gy =) (5, — 2 — k)]

after closing the path in the upper plane one has

/_O:o gjr_)Gl(km)Gﬂk,p)I(k,p) x

: 1 1 , (5.67)
F ) (F = k) (65— 2) [3(5, — 25005 k)]

X
2

using the explicit expressions of the poles, one obtains

(kg —kp) = M(l‘f) [y + /21 = 22) + m227]

- B 2
(k=) = 37 =29 (% —280)

() (M) =2,

[—4(82 — 281){m?e* + w21 = 2%) + 9} + 4R (5.68)

2 2

the R function is decomposed in the following form:

R = ~by + 7'by + mPby, + K2k + 10, (5.69)

The long expressions for these coefficients are shown at the end of this section. Replacing
the above relations in Eq. (5.56) and adding carefully the previous factors, we get the

expression for the Nakanishi cross-ladder kernel

Vi (2,2 7,7") =
_g4 (1 _ 22)3

/d[yz](l ) vs [—(Sy — 281){m222 + k2(1 — 22) +~} + R]*

(5.70)

(4m)* [y + k2(1 — 22) + m22?)
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° (SQ*ZSl) <0

For this case we close the contour in the lower complex plane

oo (2m)

/oo dk™ 1o 1 1 ~1 1
7

k,p)I(k,p) x - =
(kY (ks ) o oo O gy (hy = k) [M (5 — 280) (k — k)]

(5.71)

The expression for the factor (k; — ks ) is:

- B 2
e = k) = 0= 2% — 280)

[4(52 — 281){m?22 + K2(1 = 2%) + v} + 4R} . (5.72)

In this case we obtain

CcL
VES(+1 )(272/3'73 7/) =
_g4 (1 _ 22)3
4m)4 [y + K2(1 — 22) + m222
( ol

}/d[y’](l = e ey gy e oy

(5.73)

Note the four integrals in the Feynman parameters in the Nakanishi kernel, which demands
more numerical capability for computing the kernel.

Finally, we show the coefficients of the R function

by = yays(1+ (=14 31+ y3)ya) (1 +2) + y3(=1 +y3 + (1 + (=1 + y1)y1)
Y4 — Ysya + Y1Y3Ya + Y12 — Yiyaz — Y1ysyazt
(=141 +y3) (=14 ya)z2") +yo(=1+ (1 + (=1 +y1)y1)ya — 2+ (5.74)
vays(14 2) + y3(2+ 2 +ya(—=3 — 22 + 251 (1 + 2)) + (=1 + ya) 22 )+

s+ (1 — 2" +ya(—2+y1+2)))))
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by = (=14 ya)(—1+ (1 + 5 + (=1 + y3)ys + y1(—1 + 2y3))ya) (—1 + 2°)

be = —((=14 2 (=14 2% + ya(2 + (=1 + y3)yz + 2

(14 y2+ (~1 4y +u3)2) = 205 (—1 4+ 2) = 1 (=2 + 92(2 + 2)+

y3(2 4 2)) (=1 +2) —y3(2y2 + (=1 + o +y3)2)2" — 22"+ (5.75)
Vi1 yn s — 93+ 31+ us)(1+ 2) |
Yo(—14+y3)(ys + (=1 +y3)2) + (=1 + y3)yszz' + yoys(2 + 2)2'+
22 B (—24 Yo+ yz + Y2z — Y3z + 22))+
Y1 (24+y3(1+2) — 22 +ys(=3+y3 —ysz + (24 2)2') + 2

(=3 —2z42y3(1+2) + (2+ 2)2")))))

b = —(y1y3 (=1 +2%)) + yaya(1 + (=1 + y3)ya) (1 + 2) (=1 + z + 2°)+
Yiya((1+2)(=1 4 2 + 92y42°) + y3(ya — 4a2°) +2(=1 + ya) (1 + 2%)2)
+yya(Z (1 4+ ya + y3(2+ (=3 +y3)ya) — 2+ (yz + (=1 + y3)°a) 2)+
y3(—1+ya) (=2 + 222+ 2))2') + (=1 + ya) (= (=1 + y3)yayaz")+
(1 +y3)ysyaz®s + (1 +ya) (=1 + 2%)2%) + yrya(—(ys(ya(l + ya(=1 + 2)) — 2)2%)+
Yoya(1 4 2) (=14 2+ 2°) + (=1 + ya)(2 — 22° + y3(—2+ 2°(2+ 2)))2'+

(= (=2 + 2224+ 2)) (=1 + 2)) + ya(2 — 22" + 2°(=3 — 22 + 2y3(1 + 2) + (2 + 2)2))))
b= (=1+y1 +y2)ya(=1+ (1 + 7 + (=1 +y3)ys + y1(=1 + 2u3))ya) (=1 + 2°)

(S2 — 251)/ys = y3(1+ (=1 + y1 + y3)ya) (1 + 2) + ys(yiya(—1+ 2)
— (=1 +y3) (=1 +ya)(z = &) + y1(1 + ysya(=1 + 2) — yaz+
(—1+9a)2) + v2((—1 + ya) (1 + 2) + yiva(l + 2)+
vaya(14 2) + y3(1 4+ 22 — 2/ + ya(—2 = 32+ 2'))+
y1(1— 2"+ ya(=2 — 2+ 2y3(1 + 2) + 2'))).

(5.76)
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5.5 Cross-ladder kernel in 2+1 dimensions

In the same form as in the ladder case, we can perform successfully the calculation of the

cross-ladder contribution in 2+1 dimensions. For this case the kernel reads as

4 d3 /! 1
K = I / P 5.77
oty (271.)3 p//2 — m?2 1 je (p/ —m +p//)2 —m2 1 e ( )
1 1

X

(pr = p")? = p® + e (ph —p")? — p? +ie.
Performing the same steps as before, taking into account the changing in the dimension we

obtain the Nakanishi kernel

° (52—2:51) >0

Vot (2.2, 7,7) =
_3g4 (1 _ 22)4 / 5 32 n
- dly;| (1 — ;
(47)3 [y + k2(1 — 22) + m222] [wl(1 = a)"yis [—(S2 — 281){m?22 + K2(1 — 22) + vy} + R]4
(5.78)

5/2

and

° (52—2’51) <0

VQ(flL) (252/7777/) =
34 1 2)4 5/2

93 2( 2) 2,2 /d[yz}(l _y4)2yi/2 ! 1
(4m)? [y + w2(1 — 22) + m?2?] [(S2 = 281){m?2? + r*(1 — 22) + v} + R]

(5.79)

The coefficients of the R function are the same as the 341 kernel.

The results obtained for ladder and cross-ladder kernel in 34+1 dimensions can be directly com-
pared with the results in Ref. [8, 15], where the explicit covariant LF framework was imple-
mented. The analytic expressions obtained in these references are in quite agreement with the
expression that we have derived. Thus, this shows the reliability of the approach that we have

implemented.



Chapter 6

Euclidean Bethe-Salpeter equation

As it has been explained in Sec.2.2, in view of the analytic properties of the BS amplitude it is
possible to perform the analytic continuation to complex energy values, transformation know as
the Wick rotation. This procedure allows to transform the initial singular BS equation in the
Minkowski space to the Euclidean space where the singularities vanish, at least for the simple
kernels, see Ref. [3]. Hence, many numerical methods becomes available for solving the Euclidean
BS equation. We deal with this subject in this chapter. Despite of the aim of this thesis be to
explore the solutions of the BS equation obtained directly in the Minkowski space, the Euclidean
calculation serves as mean to verify the obtained results. We recall that the eigenvalues of the

BS equation are invariants under the Wick rotation.

6.1 Euclidean BS equation for the ladder kernel
6.1.1 341 dimensions

As starting point we recall the BS equation in the Minkowski space for the ladder kernel

{ ) _ dk'’ {
) = G o2 —mi T ie (b= pf2l — m ¥ ie (19)2/ (2m)* (k — k)% — p? + e

o(k',p).

The singularities in the free-propagators and in the kernel are evident. As we studied in Sec.2.2,
the BS amplitude has some cuts in the complex plane, which due to their positions allow to
carry out an analytic continuation. For applying this transformation we also have to find the
position of the poles provided by the kernel. By looking at the kernel of the BS equation we

realize the position of the poles in the following points

73



Chapter 6. FEuclidean Bethe-Salpeter equation 74

KO= 10+ /(k — k)2 + 2 — ie, (6.1)
taking into account the cuts of the BS amplitude Eq. (2.45) and the positions of the poles, the
integration path in &’ from —oo to co can be rotated along to the imaginary axis ik from
—ioco to ico if the variable k¥ is also rotate 90° in counter-clockwise, for details see Ref. [3, 33].
In the BS equation, it is only necessary to carry out the replacement k° — ik’ OE and kY — z'k:%.
Recalling that we restrict to rest frame p = 0, the Euclidean BS equation reads as

Z’2

(k)2 =1+ M2/4 = m2)2 + (k)22

dk'o dk’ 1
. \2 E /0 1
.g 74 k E:? ’ bl
x(ig) / (27r)4 (kOE — k’OE)2 + (k- k’)2 + p? ( )

(P(kOE7 k) =
(6.2)

the equation is reduced to an integral equation in the Euclidean vector space with the metric

k2 = —(E%)? — k2 — k2 — k2. (6.3)

It is clear from Eq. (6.2) that the Euclidean BS equation with the ladder kernel is now free
of singularities. In this form, the equation is ready to be solved numerically. We can still
simplify the Euclidean BS equation, taking into account that for s-wave (ground state) one has

o(k%, k) = o(k%, |k|). Using this fact the BS equation can be written the following form:

,L'2

0 _
o(kg, [k[) (= (KY)2 — [K[Z+ M2 /4 — m?)2 + (K%)2M?]
S 2d K’|dQ, 1
[ [ R D)
(kg — K'g)* + k> + [K* — 2|k|[K’|cost) + p
(6.4)
with dQp = sinf df d¢. Thus, one can perform the angular integration
2
(I, [K]) = ’
[(—(k%)? — k> + M2/4 — m?)? + (k},)2M?] (6.5)

Ak, d|k’ K2 fa+b 0
l K'Y, [k
< | n (255) e e,

with
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(a+0b) = (K% — k%)? + (k] + |k])? + 12

o (6.6)
(a—=b) = (K'p —kp)* + (k| — [k[)* + 1°.
This equation can also be written in symbolic form as
1
7= A(M)ep, (6.7)
we have the usual eigenvalue problem with - being the eigenvalue. Thus, for given masses of

92
the constituents and the mass of the bound state M we can obtain the corresponding coupling

constant.

6.1.2 2+1 dimensions

We recall the BS equation in 2+1 dimensions

i i (i )2/ A3k i
k+p/2)2 —m2+ic (k—pj2)2 —m2+ic ) ] @m)3 (k- k)2 — 12 + ic

o(k,p) = ( o(k',p),

following the same steps as before, i.e. after performing the Wick rotation and taking into
account the reduction of the dimension, the BS can be written as

,L'Q

[(=(kE)? — [K[* + M?/4 —m?)? + (k)2 M?]

, dk"° 1
X(zg)Q/ E /\k’\ d|k’| do K%, 1)),

p(kp, |k|) =

(2m)? (K, = W) + K2 + K2 = 2[K] K [cossy + 12
(6.8)
also the angular integration can be done, we obtain
Pk [Kl) =
[(=(kE)? — |k[* + M?/4 —m?)? + (k};)* M?]
dk'S 1 0
<" [ G [ 1l de) P15, ).

1
{0 = W2 2+ P2 4 22 — k22
(6.9)
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As solution of the equations (6.5) and (6.9), we will obtain the coupling constant and the Eu-
clidean BS amplitude to be compared with those obtained from the calculation in the Minkowski

space *.

6.2 The Euclidean Cross-Ladder kernel
6.2.1 341 dimensions

Now, we concern with the Euclidean cross-ladder kernel. The calculation involving this kernel is
more tedious, however after some analytical manipulations we can obtain a suitable expression
for the kernel. This treatment is showed below in detail. We show explicitly the treatment for
3+1 dimension, which is easily extended to 2+1 dimensions.

Considering the cross-ladder kernel of Eq. (5.52), we use the Feynman parametrization to
put together the denominators. Then, the integration in the internal momentum is carried out,
which leads to the expression Eq. (5.53) for the kernel. Once the Wick rotation is performed,

the A’ function in Eq. (5.53) is written in the following form

Ay = (1) [Kk@? F 1) (g1 + y3) (1 — g1 — y3) + (B + k) (g2 + y3) (1 — 91 — )]

— ikpM (yl(l —y1—y2) —ys(yr + yz)) + ik M (y2(1 —y1—y2) —ys(yr + y2))

1
+ 2(k%kE + [K||K’| cos6) ((l/l +y3)(y2 +y3) — ys) - ZMQ (y1 +y2) (1 —y1 — y2)
+ @2 (L =y —y2) +m (1 +y2) — ie] : (6.10)

recalling that p = 0, the Euclidean kernel becomes

4 1—‘(2) 1 1—ys 1-y2—ys 1
KB (60, 19 1k (K], cos §) = —2 —/ d / d / Ay —. 11
3+1 ( E> E'a‘ ’7‘ ‘7008 ) (47‘(’)2 F(4) 0 Y3 0 Y2 0 ylA,QE (6 )

The next step is the angular integration, however this is not immediate as in the ladder case and

further analytical treatment is necessary, as we show below. In order to improve the numerical

*As it will shown at the end of this chapter once obtained the Nakanishi weight-function it is possible to
obtain the Euclidean BS amplitude by performing the Wick rotation in NIR for the BS amplitude. Hence one
may compare the Euclidean BS amplitude obtained by two methods.
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computation, we use the property that the BS amplitude is symmetric in kg to construct a real

equation. First we write the BS equation as

Pk I) = 0D [~ anp [~ aiel (6.12)

1
x TR : , sk, K1),
(AL (R, k97107, 16%) + Ao (KgkY) + iki9C! — ik§C + D]

where the operator OBt is defined as:

g 1-ys 1-y2—ys3
O(3+1) _ G(EIO)G(E 47r 2I‘ / y3/ dy2/ di /ko/ (613)

G%O) are the free propagators in the Euclidean space. The explicit expressions of the coefficients

in Eq. (6.12) are

AR RS2 IR, k%) = (K22 4 1K°)%) (1 + ys) (1 — w1 — w3) + (K% + [K[%) (g2 + y3) (1 — y1 — ),
Ao (KPKS) = 2k%kE (1 + ys)(u2 + ys) — s),
C'= =M (11— y1 =) = v(y1 +92)), C= =M (12(1 = 1 — o) — ys(n + 1)),

1
D =2[k|[I] cosf (41 +ys) (2 +95) — ) = ;M (v +2) (1~ 31 — 1)

(6.14)
+ 17 (1 =y —yo) +m? (g1 + o) — ie.
We rewrite Eq. (6.12) as
, ® _k./O7 Kk’
P k) = 00 | [T [T dpepop——— ke, i) :
0 0 [ AL (2%, K%, 172, 16%) + Ay (—RiRKY,) — ikBC — ik, + D)

/0 k’
/ dk}g/ d|k’||k’|2 p(kg, [K’) S (6.15)
0 0 [AL(RR? 1 0%, K2) o+ Ay (KOKS,) + ik9C — iKC + D

+

Now using the fact that the BS amplitude must be symmetric in k%, we may write

1
(K, [K|) = 5[90(/41);, Ik[) + (=K, [k])], (6.16)
we can write the BS equation as follows
1 e e 1 1 1 1
(34+1) /0 Kk’ 2 K’ L L - - /0 Kk’
3 00 [y [T e (54 2+ o ) etk )

- (SH/ g [ el re K(ffl) (fﬁ;ﬁ)]@(’“g’k’)’ (647

p(kp, k)
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where we have used the notation

Fio= ALK R K2 K[?) + Ay (—KQKY) — ik2C — ik%C + D, (6.18)
Fo o= AKQ KL K2 k(%) + An(KOKY) + ik2C — ikYC + D. (6.19)

The manipulation above presented enables to transform the cross-ladder Euclidean kernel in
terms of real quantities. The kernel written in Eq. (6.12) depends on complex variables making
its numerical treatment more difficult in that form.

The angular integration in Eq. (6.17) can be performed in order to reduce the numerical
calculation: the integration in the angle ¢ is trivially done and that of 6 can be achieved

without any difficulty since the only dependence in 6 in the kernel appears in the function D

6.2.2 241 dimensions

The steps to achieve a suitable kernel in 241 dimensions are similar. We only have to take into
account the prefactors which change owing to the dimension reduction. The cross-ladder kernel
after performing the integration in the internal momentum and taking the Wick rotation reads

as

3 1 1—ys3 1—y2—ys3 1
RICD 01 ecost) =g () [ [ [ e (620)
m 0 0 0 A,
in this case the Euclidean BS equation is

Pk k) = 0= [~ aig [ el (6:21)
—00 0

1
X

A =k, [K)),
(AL (R, K2, 012, [K[2) + Ao (K2KS,) + ik9C! — ik,C + D|?

we write the operator O+ ag:

3 1 I-ys 1-y2—y3 27
O+ _ gt GION GO 2 / dys / dys / dy, [ de, (6.22)
™ 0 0 0 0

after doing the same steps as the 3+1 kernel we obtain
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(k. k)

Lot [“ag [ |k,|d|k,|< AN *5>¢<k£,k’>
0 0 FEo Fp  Fir Fqt

Fi Fi o
<(f1ff)3 TR )] ek, 7)), (6:23)

M

= 0<2+1)/ dk:g’/ |k’|d|k’| Re
0 0

Differently from the 3+1 kernel, for the 241 kernel the angular integration becomes the expres-
sion involved. For this reason, it is advisable to leave the integration to be done numerically.
A detailed derivation of above equations in 341 as well as in 241 dimensions can be found in

Ref. [60].

6.3 Euclidean Bethe-Salpeter amplitude via NIR

We take profit of this chapter where the study of the Euclidean aspects of the BS approach are
analyzed to present the calculation of the Euclidean BS amplitude obtained once the Nakanishi
weight-function is known. This calculation allows us to compare the Euclidean BS amplitude
obtained with the NIR together with LF projection method and that obtained directly in the
Fuclidean without any relation with the NIR.

Consider the BS amplitude written in terms of the NIR after taking the Wick rotation

0 _y ;1.0
ky — ikg

1 e A
(k. k) = —i/ dz’/ dv' f(z 7) — (6.24)
—1 0 [’y/—I—mQ—MT—I-kQE—iMk%Z/}

with k% = (k%)? + k®. Now, we use the fact that the Nakanishi weight-function should be
symmetric in z, which is required to preserve the symmetry property of the BS amplitude for
two-scalar boson system. In Eq. (6.24) by exchanging the two particles the term iM k%z’ changes
of sign. For recovering the symmetry of the BS amplitude the Nakanishi weight-function should

be even in z. This fact leads to

1
[7’+m2 - MTz + k%, — iMkEY2!

1 o)
(kg k) = —i/ dZ’/ dv'g(,7") R (6.25)
—1 0

i|n+2
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Therefore, once known the Nakanishi weight-function we can evaluate the Euclidean BS ampli-

tude obtained by means of Eq. (6.25).



Chapter 7

Results for 241 dimensions

7.1 Numerical method

As an introduction of this chapter, we present the numerical method which we will use to solve
the integral equation for the Nakanishi weight-function throughout this thesis. Adopting this
method, we display the numerical results of solving the BS equation in Minkowski space in 241
dimensions, taking into account the ladder and cross-ladder kernel for the interaction. We focus
on the bound state problem in 2+1 dimensions since that this subject has not been explored in
detail.

The numerical problem which we must solve is the generalized integral equation for the

Nakanishi weight-function Eq. (5.15) derived previously

/oo d’Yl 9(7’,Z) _ /1 4o /OO d’}/ V(’Y 5 7/ zl)g(v' Z,)
0 [7/+7+22m2 + (1 _ 22)K2]2 1 0 g ) ) 5

or symbolically it can be written as

B(M) g =A(a, M) g, (7.1)

where « is the coupling constant of the theory and M is the mass of the bound state. To
solve the eigenvalue problem Eq. (7.1), we follow the numerical method used in Ref. [12], which
was successfully used to solve the bound state problem in 3+1 dimensions. We have adopted
a proper basis, that allows us to expand the non-singular Nakanishi weight-function by taking
into account the symmetry of g(v, z) with respect to z, the constraint g(v,z = £1) = 0 and the

asymptotic fall-off in . In particular, Gegenbauer polynomials with proper indexes have been

81



Chapter 7. Results for 2+1 dimensions 82

chosen for describing the z-dependence, while Laguerre polynomials have been adopted for the

~v-dependence. In this basis the Nakanishi weight-function is expanded as follows:

N, Ng

9(v,2) =D AGi(2)L5(7), (7.2)

=0 j=0
the coefficients A;; are obtained after the numerical diagonalization of the eigenvalue problem.

The functions G;(z) are given in terms of even Gegenbauer polynomials C’;?/ 2)(z),

Gilz) = 11— 1 (3 ) ELE SR g ), (13)

and the functions £;() written in terms of the Laguerre polynomials L;(ay)

Li(v) = Va Lj(ay)e /2, (7.4)

with the following orthogonality conditions fulfilled

[ 11 dz Gi(2)Gom(2) = Sim

/ h dy Li(v)Li(y) = a / h dy eV Lj(ay)Li(ay) = dj, (7.5)
0 0

the parameter a in the Laguerre polynomials is added in order to speed up the convergence of
the numerical solution. Also, the 7 variable has been rescaled according to v — 2v/ag. These
two parameters control the range of relevance of the Laguerre polynomials. Their exact values
will be specified for each problem in question.

By using the expansion of the Nakanishi weight-function Eq. (7.2) into the integral equation
Eq. (5.15), the integration over the variable z is performed by using the a Gauss-Legendre
quadrature rule, and the integration in the variable v using the Gauss-Laguerre quadrature.
This leads to eigenvalue problem Eq. (7.1), where the matrix dimension depends on the basis
expansion used to get stability in the numerical solution.

The possibility to reduce the eigenvalue problem Eq. (7.1), relies on the existence of the
inverse of the integral operator B(M), and the numerical feasibility of such inversion with enough
accuracy. To solve Eq. (7.1), it is important to point out that the discretized integral operator

B has small eigenvalues, but they are unphysical and make unstable the solutions. For achieving
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good stability we follow the idea presented in Ref. [8]: a small parameter (here e = 1076 ) is
added to the integral operator B(M), namely B;; — B;; + €d;;. This procedure allows to obtain
stable eigenvalues with an accuracy of the same order than e. This parameter regularize the
matrix B(M) and we can obtain good stability in the calculated eigenvalues.

Once the operator B is inverted, the eigenvalue problem reduce to

Ng=B"YM)A(a,M) g, (7.6)

the dependence of the binding energy in Eq. (7.6) is given by

B =2m — M, (7.7)

which constrains the range of B/m to the interval 0 < M/m < 2, avoiding in this way the
well-known instability of the ¢® model (see Ref. [56]). In the general way to get the eigenvalues,
we assign values to m, u, B and we look for the value of « such that A=1. However, for the

ladder kernel, a plays the role of eigenvalue since it appears linearly in A, viz

é g = B (M) A(M)g™D. (7.8)

It is important noticing that the eigenvalue equation Eq. (7.8), the involved matrices are real but
not symmetric, therefore pairs of complex eigenvalues can appear. However, these eigenvalues

are unphysical and can be discarded, only considering real eigenvalues.

7.2 241 dimensions ladder kernel

We begin by analyzing results obtained for the Yukawa model composed by two scalars particles
of mass m exchanging another scalar particle of mass p in 241 dimensions. The corresponding
study of this model in 3+1 dimensions has been previously investigated in detail, see Ref. [8, 12].

We recall the expression for the ladder 241 dimensions kernel developed previously Eq. (5.51)
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2
(L) A — g F<5) 1
V2+1(%Z7’Yaz) 167r% 2 [7+(1_22),€2+22mz]
1 30(s —
></ dva[ 5 (14 2)20(z — 2) i
0 [w(1 =) (L4 2)]2 [y +m?22 + k2(1 — 2%) + T(v, 2,2/, 7)] 2
(1—2)%9(z—z/)
(1L —v)(1 = 23 [y +m22% + K2(1 — 22) + T (v, —2,—2,7)]

5 |-
2

In order to decrease the numerical computation, we perform analytically the integration upon

. L
v 1m ‘/2(—&-%(77 Z; /7/7 Z/),

3 ¢? 1

(L) A — 1+Z>39 " NF(s /
Vv2+1(772a’)/7z) 6477[’}/"‘(1_22)/‘92"‘227”2] <1+Z/ (Z Z) (27277’7)—’_
1_2\2
+ (1_5,)29(2—2’)F(—z,—z’,’y,fy’)], (7.9)
with
2 (8a%b + 4a (3b* + 3bc + 2¢%) + b?(3b + 2 16,/ab
F(Z7Z/7777/): (8a i a(3 +3C+ C)+ 2(3 - C)) - 6\/5 29 (710)
3(a+b+c)3/2 (b2 — dac) 3 (b? — 4ac)
where
14277 14z
2 M?
c = <z 27 —|—/£2> — (y+m222 + K21 - 22)). (7.11)

For the solution of Eq. (7.9) we used for both, z and +y integrals, 36 Gaussian points and extended
the basis up to N,=18 and N,=32 for some values of p1/m and B/m, in order to test the stability
of the solutions. In this calculation the stability of the eigenvalues is tested by changing the
values of IV, and N, starting with small values until to reach a upper limit established. One
checks for the lowest eigenvalue for each diagonalization and after increasing the dimension of the
basis function the convergence of the eigenvalues can be observed. In this form we have achieved
good convergence for the eigenvalues; unfortunately, the same convergence it is not possible for

the eigenvectors (the Nakanishi weight-function). In general, the stability of the eigenvalues is
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reached faster than the convergence of the eigenvectors. However, the corresponding LEWEF,
obtained by introducing g(7,z) into the integrals Eq. (5.12), show the same stability as the
eigenvalues. We recall the expression for the LEWF:

=) e g7, 2)
¥(z,7) = /0 W

42 Yyt 2m? A+ (1= 2R

A successful comparison can be done with the results obtained in the Minkowski space by

using the NIR and those obtained by solving the Euclidean BS equation Eq. (6.9):

1
K% k) =
e ) = (g — P + 3271 — w2 + (R)PAr7)
dk'y [ 1
2 E /0
k’ldk’ k', [K]).
<" [ Gt || Il oK', k)

1
({6 = W%)2 + kP + 102 + 2] — 4]k [i] |

The Euclidean eigenvalue equation is solved numerically by the Nystrom method, which requires

the choice of a quadrature

b N
[ Heyds = 3w (s,), (712
a j=1

with w; the set of weights of the quadrature rule and s; the abscissas. In particular for solving
the Euclidean BS equation Eq. (6.9) a conventional Gaussian-Legendre quadrature to discretize
the integrals is employed, for details about the numerical techniques see Ref. [67]. We use
up to 40 Gauss points for both variables ko and |k|, what guarantees that the integrals are
converged. As solution of this equation we obtain the set of eigenvalues 1/¢? and the Nakanishi
weight-function, for given p and B.

In Table. 7.2, we display a comparison between the eigenvalues obtained using the NIR
with the LF projection and the standard Wick rotation method. From the table, where the
comparison is done by using two decimal digits, one can observe a good agreement between the
eigenvalues obtained by both methods.

Now, we show the Fuclidean BS amplitude and LFWF. In Figs. 7.1 and 7.2, we show the
Fuclidean BS amplitude as function of ky and k, respectively. In the figures we use ky = k%
for shorthand notation. In Figs. 7.3 and 7.4 the LEWF as function of z and ~ respectively is
shown. Finally, in Fig. 7.5 a three-dimensional plot of the Euclidean BS amplitude is provided.
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Table 7.1: Values of g?/m? calculated by two methods, the Nakanishi integral representation (NIR) and
Euclidean (EUCL), for different binding energies B/m; with exchange boson mass g = 0.1m in the first

columns and g = 0.5m in the last two columns.

uw=0.1m pw=0.5m
B/m NIR EUCL NIR EUCL
0.01  0.812 0.793 5.341 5.316
0.1 4.269 4.268  14.877 14.878
0.2 8.068 8.067  22.671 22.670
0.5 19.516 19.515 42.336 42.336
1.0 36.048 36.042 67.391 67.393
1.5 46.830 46.825 82.793 82.833
1.9 50.406 50.394 87.799 87.844
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Figure 7.1: ¢gr(ko, k) vs ko with the arbitrary normalization ¢ (0,0)=1 for B = 0.5m with gy = 0.1m
left-panel and g = 0.5 m right-panel. Solid line: results from the Nakanishi integral equation with the
kernel Eq. (5.51), and then computing the Euclidean BS amplitude with Eq. (6.25). Full circles: results
from the solution of the BS equation in the Euclidean space Eq. (6.9).

As we can see in the figures, the Euclidean BS amplitudes computed by both methods as
function of k£ and kg agree in ranges where the BS amplitude varies several orders of magnitude.
Small differences between the results of the two methods start to appear for k£ > 3 in the case
u = 0.1 m since the instability of the solution when g is small. This problem has been faced
previously in the 3+1 calculation for the bound state.

In Figs. 7.3 and 7.4, the LFWF show the expected shape since it does not present zeros,
corresponding to the valence LFWF for the ground state of two interacting boson system. From
the figures of the LFWF as function of v/m?, one can appreciate that the corresponding to

© = 0.5m is more spread in the momentum space, since that the interaction in this case is more
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Figure 7.2: ¢ (ko, k) vs k for B = 0.5m with g = 0.1m left-panel and p = 0.5m right-panel. The same

convention as in Fig. 7.1 is used.

attractive owing to the larger mass of the exchanged boson.
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with the normalization 1(0,0)=1. The fixed values v/m?=0, 0.2, 0.4 were used.

As mentioned before with the dimension used for the basis functions the Nakanishi weight-

function does not present convergence. However, from the plots is clear that the Euclidean BS

amplitude and the LFWF are converged. We will show the numerical calculation of the Nakanishi

weight-function in the next section when studying the effect of adding the cross-ladder kernel.

Fig. 7.5 shows a three-dimensional plot of the Euclidean BS amplitude. To compare clearer

the results, we have added a plot with the ratio between the Euclidean BS amplitudes ¢%/¢%

obtained with the two methods. The ratio is calculated for a wide range of k and kg showing a

impressive result of the Euclidean solution found with great accuracy from the Wick rotation of

the Minkowski solution. Thus, the feasibility of the developed method was tested with success,
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what encourages us to extend the method to more interesting problems.

7.3 241 dimensions Cross-ladder kernel

In this section, we focus on studying the effects of the Cross-ladder (CL) kernel in the eigenvalues
(binding energies), the BS amplitude and LFWF, which are computed by means of the Nakanishi
weight-function (eigenvectors). We consider the following kernel

(L)

CL
Vv2+1(za Zla Y, ’Y/) = 2+1(Z? Z,’ 2 ’7/) + ‘/2(-}—1 )(Z7 2,7 Y5 ’7,)a (713)

and we introduce it in the integral equation for the Nakanishi weight-function, then we compare
the results obtained with the kernel Eq. (7.13) and those obtained with only the ladder kernel.

The explicit expression of the Nakanishi kernel V2(flL )

is given in Eqgs. (5.78), (5.79). Also,
the comparison with the results obtained through Eq. (6.23), i.e, pure Euclidean calculation, is
provided to verify the validity of the method by considering kernels beyond of ladder.

Below, we show in Table. 7.2 the eigenvalues corresponding to the L4+CL kernel, comparing
the result of the two approaches. From Table. 7.2 we see the agreement obtained between both
approaches. As in the ladder case, the method is successfully extended for kernels beyond of
ladder one without difficulty. We have concentrated in two values of u, which from the numerical
point view has good stability, however the calculation may be extended for other values. It is

also important to point out that the time calculation for the L+CL kernel has increased respect

to the ladder kernel, due to the integration in the internal momentum, which, in the numerical
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Figure 7.5: Upper panel: Euclidean BS amplitude calculated by means of Egs. (6.9). Lower panel:

Ratio between the Euclidean BS amplitude computed with the NIR method, ¢’ (ko, k), and the Euclidean

The parameters used for the calculations are

).

one computed with the standard Wick rotation, % (ko, k

0.5m

0.5m and B =

M:
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calculation is reflected in an integration upon four Feynman parameters.

Table 7.2: Comparison between the values of g2/m? calculated by means of the BS equation with the
NIR approach for the L+CL kernel and the calculation in Euclidean space, using only the rotation of
Wick. Different binding energies B/m and two masses of the exchanged boson p = 0.1m,0.5m have

been used.

p=0.1m © = 0.5m

B/m || NIR ‘ EUCL | NIR | EUCL
0.01 0.730 0.72 4.832 4.82
0.1 3.273 3.27 11.984 | 11.98
0.2 5.832 5.825 17.261 | 17.26
0.5 13.177 | 13.17 | 29.720 | 29.71
1.0 | 23.396 | 23.36 | 44.818 | 44.80

For solving the Euclidean BS equation we have used 40 gauss points in both variables, k and
ko. For the calculation in the Minkowski space the basis expansion has been extended up to
N.=10 and N,=25, for checking the stability of the results. In general, as in the ladder case, a
larger Laguerre polynomials expansion than Gegenbauer polynomials expansion is required to
get stability in the eigenvalues.

Now, we provide a comparison between the ladder and L4+CL eigenvalues in 241 dimensions
in Table. 7.3. From the table one realizes the non-negligible effect of the CL contribution in
the eigenvalues. The coupling constant of the L4+CL kernel has decreased with respect to the
ladder one and this effect is more notable for states with high binding energy. Additionally, the
effect of the CL contribution turns out in a more attractive interaction respect to the ladder one,
since the CL kernel contains the exchange of two particles. To understand better this statement,
consider fixed values of p/m and B/m. The corresponding coupling constant is smaller for the
L+4CL kernel than for the ladder one. It means that with the L4+CL kernel one can have a bound
state with the same binding energy that the ladder kernel using a smaller coupling constant.

After showing the eigenvalues, we will display the effect of the CL contribution in the Eu-
clidean BS amplitude and the LEWF. Before to discuss the physical effect of the CL contribution,
we show the behavior of the Nakanishi weight-function. As mentioned in previous section, the
convergence of the Nakanishi weight-function is difficult to obtain with the parameters that
we used in this calculation. However, the relevant quantities computed through the Nakanishi

weight-function as the LEFWFs and the Euclidean BS amplitudes have the same convergence as
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Table 7.3: Comparison L vs L+CL in 2+1 dimensions. Values of g?/m? calculated with the BS equation
in the NIR, for different binding energies B/m and masses of the exchanged boson p/m.

p=0.1m p=0.5m

B/m| L |L+CL| L |L+CL
001 || 0812 | 0.730 || 5.341 | 4.832
0.1 || 4.269 | 3.273 || 14.877 | 11.984
02 || 8.068 | 5832 | 22.671 | 17.261
0.5 || 19.516 | 13.177 || 42.336 | 29.720
1.0 || 36.048 | 23.396 || 67.391 | 44.818
1.5 | 46.830 | 29.937 || 82.793 | 53.904
1.9 | 50.406 | 32.087 | 87.799 | 56.795

the eigenvalues. In Figs. 7.6 and 7.7 the Nakanishi weight-function is shown for a fixed value
of N, = 10 and changing N,. We appreciate that for N,=25 the Nakanishi weight-function is
different from that corresponding to N,=10, 20, showing in this form the lack of convergence
for this quantity. Instead the LEFWF computed by means of this Nakanishi weight-function is
quite converged as we appreciate in Figs. 7.8 and 7.9. This situation holds for ladder as well as
CL kernel. The same behavior is encountered for the Euclidean BS amplitude. It is important
to point out that this situation has been already found in the analysis performed in Ref. [8], for
two-boson ground state in 3+1 dimensions. In that calculation a different numerical method
to solve the integral equation for the Nakanishi weight-function was employed. Hence, this fact

discards the possibility of this feature be associated with the numerical method employed here.
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Figure 7.7: Nakanishi weight-function vs z for a fixed value v/m?=0.0 with the parameters B = 1.0m

and p = 0.5m. The same conventions of Fig. 7.6 are used.

After this remark, we analyze the Euclidean BS amplitude. As it can be seen from Fig. 7.10,
the Euclidean amplitudes computed with the two methods, as in the ladder kernel, are in
agreement. Besides, we see the effect of the CL contribution in the Euclidean BS ampli-
tudes, which, differently from the eigenvalues, is very small. In fact, we have plotted Euclidean

BS amplitude using logarithmic scale to recognize the CL effect. The arbitrary normalization

vr(ko =0,k = 0)=1 is adopted.
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Figure 7.9: LFWF vs z for the parameters B = 1.0m and p = 0.5m for two values of 7v/m?. The other

conventions are the same as in Fig. 7.8.

Now, let us to investigate the CL effects in the LEFWF. In the Figs. 7.11 and 7.12 we display
the behavior of the LFWF as function of v/m? and z, respectively. We have plotted the LFWF
for some values of the mass of the exchanged boson p. Furthermore, we show the asymptotic
behavior of the LFWF, i.e, v/m? — oo in Fig. 7.13. Again, the arbitrary normalization 1 (y =
0,z = 0)=1 is used.

Contrary to the eigenvalues, in the LFWF the CL effect is rather small as one can see from
Fig. 7.11, therefore the dominant effect is given by the ladder contribution in the interaction
kernel. After using the normalization ¢(0,0) = 1 and fixing the binding energy, one sees that in
the low momentum region the LEWF is the same independently of the interaction kernel and

the effect of the CL kernel, which changes the coupling constant, is manifested in the region of
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Figure 7.10: Comparison of the Euclidean BS amplitude for ladder (L) and ladder plus cross-ladder

(L+CL) kernel calculated for two methods. Left panel: Euclidean BS amplitude vs kq for some fixed

values of k. Right panel: Euclidean BS amplitude vs k for fixed values of k.
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high momentum, by scaling the tail of the wave function. We also appreciate from the same

figure that wave function for L+CL kernel falls faster than the ladder one. This is expected

since that for a given binding energy ay > arcr, therefore the LEWF for the ladder kernel is

more concentrated towards the origin, what is consistence with the behavior in the momentum

space shows in Fig. 7.11.

Exploring the asymptotic limit in Fig. 7.13, it enables us to conclude that in this limit the

LFWF behaves as 1/92 independently of the value of u, reproducing in this way another feature

of the wave function in LF dynamics, see Ref. [11]. Furthermore, from Fig. 7.12, we appreciate

the expected symmetry z — —z of the LEFWF obtained through the Nakanishi weight-function.
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Chapter 8

Spectrum of the Bethe-Salpeter

equation

In this chapter we focus on the study of the spectrum of the excited states of the scalar BS
equation, in ladder approximation. This analysis is carried out for the Yukawa theory of an
interacting system composed by two massive bosons exchanging a massive scalar, by adopting
the NIR of the BS amplitude and the formal exact projection onto the null plane. Since the
study of the spectrum is done for first time, we restrict the calculation to 34+1 dimensions.
We start by recalling the expression for the ladder kernel used in this analysis
a (167m?)

(L) (1 1 i(—ig)® ,
) = @ ric - T GoRr - @ ric (8.1)

where a = ¢?/(16mrm?) is the standard coupling constant used in 3+1 dimensions. Now, we
explain in shortly the method to get the spectrum in this approach. After introducing the basis
function expansion and the ladder approximation Eq. (8.1), into the Nakanishi integral equation,

it turns into the matrix form of a generalized eigenvalue problem, presented previously Eq. (7.8)

1
~ g = BT AWM D.

We recall that B = 2m — M. We start by doing an inspection of this equation to study the
spectrum of excited states. We choose three values for masses of exchanged boson, then we
compute the coupling constant for the ground, first- and second-excited states, covering the full

range of binding energy allowed for this model. Our numerical results are summarized in Fig. 8.1

96
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Figure 8.1: Behavior of the coupling constant as function of the binding energy for the ground (black-
full line), first-excited (red-dashed) and second-excited (blue-dotted-dashed line) states. The mass of the

exchanged boson is fixed in each plot.

To construct the above curves of the excited states, one uses the fact that for the eigenvalue
equation with the ladder kernel, the coupling constant plays the role of eigenvalue. In the
numerical diagonalization process one obtains a set of eigenvalues, where the first eigenvalue
represents the coupling constant of the ground state, the second eigenvalue that of the first-
excited state and so on. The interpretation of the spectrum of excited states given from Fig. 8.1
is as follows: take a value of the coupling constant and then draw a line parallel to the x-axis.
This line should cut the curves of the ground and excited states in the values corresponding to
the binding energies, therefore one has B(0)/m > B(1)/m > B(2)/m where B(n) stands for the
binding energy of the ground and excited states with n = 0,1,2,3.. and B(0) = By,. However,

there exist an ambiguity in this interpretation, since one can choose values of coupling constants

which only cut the lines of the excited states, leading to a disagreement in the identification
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of the ground state. In order to avoid this ambiguity, we only consider values of coupling
constant which always cut the curve of the ground state. This restriction is justified because if
we compute the LFWF with the corresponding eigenvector ¢(v, z) associated to the ground and
excited states, one obtains a well known feature of the excited states: the presence of nodes in
the LEWF for excited states. This is consistence with what one expects from the non-relativistic
counterparts.

Hence, within the NIR studies of the ladder BS equation, Eq. (7.8) has a pivotal role. First,
after fixing m, p and By,, it yields the coupling constant of the ground state, i.e. the smallest
value of the coupling constant that we call ay,; secondly it allows one to calculate the spectrum.
Indeed, once we have found the coupling constant from the ground state ay,, one can find the

excited state respect to By, by slightly changing Eq. (7.8), as follows

A g™ = ag, B(M)"PAM)g™") (82)

In other words, after fixing m, p and g, we search for values M = 2m — B > Mg, that
produce eigenvalues A\ = 1 (as trivially seen, for M = My, one has A = 1).

We close this section mentioning the similarity of the relativistic spectrum with the non-
relativistic Yukawa potential, namely the existence of a finite number of excited states for
w/m > 0 [48]. By observing Fig. 8.1 one realizes that the cases u/m = 0.01 and pu/m = 0.1
produce two excited states for almost whole range of binding energy of the ground state. Instead,
in the case p/m = 0.5 hardly appears one excited state for large binding energy of the ground

state.

8.1 Comparing Minkowski and Euclidean eigenvalues

In order to verify the reliability of the computed masses for the excited states, we provide a
comparison between the results of our calculations, obtained in the Minkowski space within
the NIR, with those one can evaluate in the Euclidean space. To obtain the spectrum of the

Euclidean BS equation we follow a similar procedure, in this case one has

A op =og AM) ¢g, (8.3)

where ¢p is the Euclidean BS amplitude. In Table. 8.1, we show the binding energies, in
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unit of the constituent mass m, for the first, B(1)/m, and the second, B(2)/m, excited states,
corresponding to a ground state B(0)/m = 1.9 and different values of p/m. The choice of such
a large binding energy is motivated by the fact that strongly-bound states should be affected by

large relativistic effects.

Table 8.1: Comparison of the spectra obtained in the Euclidean space and in the Minkowski one, by
varying p/m and, consequently, cy,, but taken fixed the value of the ground-state binding energy to

B(0)/m = 1.9.

(p/m, ogy) Euclidean Minkowski
B(1)/m 0.258 0.259
(0.05, 6.324)
B(2)/m 0.090 0.089
B(1)/m  0.220 0.221
(0.1, 6.437)
B2)/m  0.051 0.050
(0.5,8.047) B(1)/m  0.0082 0.0082

We verified from the table that the values of o, for the binding energy of the ground state of
B(0)/m = 1.9, obtained with Euclidean- and Minkowski-space calculations are the same within
our numerical accuracy. Then, we have computed the excited state energies given in Table. 8.1,
achieving a very satisfactory agreement between the results evaluated in the two spaces. As a
remark on the numerical procedure, it should be pointed out that for values of u/m smaller
than 0.05 or B/m < 0.01 the convergence is quite slow, and it is needed an extrapolation of
the results with respect to Ny, in order to accurately determine the eigenvalues. The details of
the extrapolation procedure are shown in Appendix.A.

It is also important to show the behavior of energy ratios, B(n)/B(0) with n > 0, for
small B/m and p — 0, where one expects to obtain the non-relativistic limit. For a bound
state composed for two spinless bosons exchanging a massless scalar boson, the corresponding

relativistic expression in lower orders of «, as derived in Ref. [50], is

m Oé2

B(n) = Thr1e [1 + Zl:lna} +... (n>0). (8.4)

The first term is the non-relativistic limit. As verified in Fig. 8.2, for two values of B(0)/m: 0.5,
0.3, where B(1)/B(0) and B(2)/B(0) are shown for small values of ;1/m, the energy ratios are

consistent with the non-relativistic limit.
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Figure 8.2: Energy ratios B(n)/B(0) vs p/m for the first (solid line with bullets) and second (dashed

line with triangles) excited states. The symbols on the lines are the values obtained through Eq. (7.8),

while the circle (n =1) and the triangle (n =2), at the origin, represent the corresponding non-relativistic

limits, given by Eq. (8.4) with B,,(0)/m = 0.25a2.

Table 8.2: Comparison between the binding energy of the ground state obtained with the NIR

method and that obtained analytically in the Euclidean space Eq. (8.4) .

agr  B(0)/m [NIR] B(0)/m [Eq. 8.4]
0.272 0.010 0.010
0.344 0.015 0.015
0.401 0.020 0.021
0.460 0.025 0.028
0.519 0.030 0.038
0.621 0.040 0.060

Moreover, the agreement for p — 0 between the relativistic and non-relativistic eigenvalues

is observed only for small values of B(0)/m as showed in Table. 8.2. We display a set of binding

energies to verify the range where the Eq. (8.4) holds. One sees that for B(0)/m < 0.2, our

calculation agrees with the spectrum formula obtained analytically. This result is expected since

Eq. (8.4) was obtained performing a standard perturbation expansion in ¢y, hence for small

values of ag, the first two terms are the most relevant.
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8.2 Valence light-front wave function and momentum distribu-

tions

It is attractive to perform numerical comparisons of dynamical quantities that in perspective
could be useful for an experimental investigation of actual interacting systems. In view of this,
for the valence LEWF introduced in the Sec. 3.3 we have defined the normalization of the valence

component in Eq. (3.35) in the following form

Pyar = (271r)3 /01 26(56— 3 /d2kJ_ [1&(&@)}2, (8.5)
with P,q = Na defined in Eq. (3.35) and d’k; = dvy df/2, v = k? . Note that we have changed
the dependence of z to £ in LFWF by means of the relation £ = (1 — z)/2, because £ will be
more convenient for the forthcoming analysis. One can define both the probability distribution

to find a constituent with LF longitudinal fraction £ = pj /PT, given by

1

p(§) = 32

Lo [ [wexn)” (8.6)
)P E(1=¢) ’ ’
and the probability distribution to find a constituent with LF transverse momentum k; = |k |,

that reads

PUD =10 | saeg o @ [He k] (5.7

Both LF distributions are normalized to the probability of the valence component, once the BS
amplitude itself is properly normalized (see Ref. [39] for a general discussion and Ref. [12] for
the application within the NIR). Such a probability yields the probability to find the valence
contribution in the LF Fock expansion of the interacting two-scalar state (see, e.g., Ref. [9, 11]).

In fact, one has

Pui= | i () = [ ke Pk, (8.8)

Notice that k| can be associated with the intrinsic transverse momentum, in the frame where
pP. = 0, which is allowed by the covariance of our description.
Although we have discussed the issue of the proper normalization of the valence state, in

what follows we are interested on the overall 3D structure of the valence wave function, and
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therefore we have simply adopted an arbitrary normalization.

8.3 Momentum space valence light-front wave function for ex-

cited states

In Figs. 8.3 and 8.4, we present the LFWF of the first (left panels) and second (right panels)
excited states, corresponding to the case p1/m=0.1, g, =6.437, B(1)/m=0.22 and B(2)/m=0.05
(see Table. 8.1). As clearly shown, the wave function displays the typical feature of the first-
and second-excited states, i.e. one and two nodes, respectively.

By a direct inspection of the corresponding panels for the first-excited state in Fig. 8.3 and
for the second excited state in Fig. 8.4, one observes that, in the plane (¢, k; /m), the node
structure is present for (k; /m)% < 1 and & < 0.75, and it is symmetric with respect to & = 1/2.
In particular, the node structure moves toward £ = 1/2 as k| increases. Such a behavior can be

naively expected when Cartesian three-momenta are related with the LF components

2 12 2 12
m —|—p1 m ‘|‘p2
2

pi

2
[\/P% +m?+ \/P% + mQ} —(p1+p2)?=p" +

in the rest frame, p; 4+ p2=0, and introducing the relative coordinates we obtain the relation
2 2

k2 = m —m2 (8.10)
If we assume a dependence upon k? for the excited-state valence wave function (instead of the
actual dependence upon ¢ and k , separately), i.e. the same dependence found in phenomeno-
logical valence wave functions widely adopted for describing ground states (as the one exploited
in the discussion of the nucleon form factors in Ref. [11]), then the behaviors shown in Figs. 8.3
and 8.4, for the node structures and asymptotic behaviors of the states, become quite reason-
able. Indeed, the assumed excited-state valence wave functions have to display a node at a fixed
value for k2, and therefore according to Fig. 8.3, for increasing &k, the variable ¢ is constrained
to approach 1/2 (i.e. the maximal value of £(1 — €)), in order to take (almost) constant k2.
In conclusion, the correlation between the LF components, £ and k|, in determining the node
position can be largely explained by the rotational invariance of the phenomenological wave

functions, if they depend upon k2. Notably, our calculations, genuinely in Minkowski space,

actually confirm the overall expectation, based on a simple phenomenological ansatz, that takes
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into account the rotational invariance. It should be reminded that, within a LF framework, the
rotational invariance can be fully recovered only if the whole Fock expansion is considered [11].

We just add that the second node present in the right panel of Fig. 8.3.

0.00 0.00
-0.05 - i |
~, 015
- _' - -
Iy, e
> .0.10 -4 = i 1
20301 -
-0.15 _ L i
045 _
a 1 | 1 | 1 | 1 | 1
1 0.0 0.2 0.4 0.6 0.8 1.0

Figure 8.3: The valence wave functions vs ¢ with fixed values of (ky /m)?2, for the first (left panel) and
second (right panel) excited states, with B(1)/m = 0.22 and B(2)/m = 0.05, respectively, obtained from
Eq. (7.8) with p/m = 0.1 and «,,=6.437.

According to Eq. (5.12), the LEFWF in terms of k| and £ reads as

gy, 1 —2¢)
2
Y+ K 4 k2 4 (1 - 26)200

(e kL) = \2&(1 o[ dv’[ (8.11)

hence, one can obtain the asymptotic behaviors, k; — oo, of the valence LFWF for bound

states, which are given by

(& k1) = k1O (8.12)

Such behavior is explicitly shown in Fig. 8.5 for the first two excited states (for ground-state, see
Ref. [12]). For the second-excited state the range of (k /m)? is extended up to 400 to appreciate
the asymptotic of the LEFWF. It should be emphasized that independently of the value of £ the

wave function is damped as ~ k‘i.
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Figure 8.4: The valence wave functions vs (k) /m)? with fixed values of &, for the first (left panel) and
second (right panel) excited states, with B(1)/m = 0.22 and B(2)/m = 0.05, respectively, obtained from
Eq. (7.8) with p1/m = 0.1 and «,,=6.437.

8.4 Transverse-momentum amplitudes

In this subsection we discuss the equivalence of the transverse-momentum amplitudes in Minkowski

and Euclidean spaces [45], respectively defined as

(8.13)

drr(kL)

di (kL)

1
/ aK” Aok, p) = / dk* dk~ p(k, p)

= i/dkOE dk’ o5 (ke p), (8.14)

where pg(kg,p) is obtained from ¢(k,p) after applying the Wick rotation with £ — ik%. We
explore the equivalence of these two amplitudes in this section.
One can easily prove within the NIR that ¢,(k;) = ¢L(k,), since one can exploit the

explicit expression of the analytic dependence of the BS amplitude, given by

1 00 !
o(k,p) = —i/ dz’/ 90", %) 3 (8.15)
-1 0 [V +rK2—k%2—p- k2 — i€

In fact, choosing the rest frame, p = (M, 0), one can straightforwardly see that the zeros of the

Nakanishi denominator in the complex plane of kg are given by:

M 2 M?2 2 ]
ko = — 5 i\/ 4Z + 9"+ k2 + k3 + kT — e, (8.16)
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Figure 8.5: The asymptotic k; behaviors of the first (left panel) and second (right panel) excited states

are shown, using the same label convention as given in Fig. 8.4.

with 2/ € [-1,1] and 4/ € [0,00]. Therefore, Eq. (8.15), as a function of complex kg, has two

M | M2

with ki = k% = 0 as minimal values and recalling that k2 is positive for bound states. We can

cuts, with branch-points at

appreciate the branch cuts in Fig. 8.6. The branch-point kg . a cut starts in the upper half-plane
for Re kg < 0, while at the branch-point k:['f_ the cut is placed in the lower half-plane for positive

values of Re kg, as shown in Fig. 8.6.

Im(k,)

I \ Re(k,)

\ K.

Figure 8.6: Analytic structure of the BS amplitude in the complex plane of kg, showing the left- and
right-hand cuts with the corresponding branch points k5, . The rotation path of the kg-integration contour

is also shown for the transverse amplitude Eq. (8.13).

Adopting the Minkowski BS amplitude in Eq. (8.14), the position of the cuts enables to
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rotate the integration variable kg to the complex values, i.e. kg = |ko|e?, and the angle 6 rotates
up to 90°, without cross singularities. Furthermore, assuming that the BS amplitude drops out
fast enough for large complex |kg|, the Cauchy theorem holds and the Wick rotation [3] can be
applied for computing the transverse amplitude. Namely, one can adopt a new integration path,
along a purely imaginary kg, without dealing with any singular integrals. Consequently, the
Minkowski and Euclidean transverse amplitudes, given by Egs. (8.13) and (8.14) are formally
equivalent. It should be pointed out that this analytic behavior is also obtained when studying
the analytical properties of the BS amplitude without knowledge of the NIR, as presented
in Sec.2.2. The equivalence Eq. (8.13) gives an additional confidence in NIR, since allows to
compare the transverse amplitudes obtained by two methods. Differently from the Euclidean
BS amplitude evaluated previously, where the NIR together with the Wick rotation must be
adopted, the transverse amplitudes are evaluated independently by using the NIR and the Wick
rotation.

The quantitative comparison for the cases p1/m=0.1 and 0.5, with oy, taken from Table. 8.1
(recall that one has always B(0)/m = 1.9), is presented in Fig. 8.7, showing an impressive
agreement between the transverse amplitudes, within the accuracy of our numerical approaches.
Therefore the comparison in Fig. 8.7 should be considered as a further check of the reliability
of the NIR itself, at least at the ladder level, besides the passed tests for both eigenvalues [6,
7, 8, 12] and scattering lengths [16]. Moreover, Fig. 8.7 illustrates nice and general features
of the transverse amplitudes, that appear when the binding energies change. For instance, the
position of the node in the first excited state moves toward smaller values of k£, as the binding
energies decreases, i.e. from the left panel (B(1)/m = 0.22) to the right panel (B(1)/m =
0.0082). Analogously, the amplitudes themselves decrease more quickly in momentum space.
Both features can be explained by the increase of size of the bound state when the binding

energy decreases.

8.5 Valence light-front wave function in the impact-parameter

space

In addition to the spectrum of the excited states obtained previously using the NIR, we explore

the three-dimensional structure of the ground and excited states. The structure is analyzed
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Figure 8.7: Transverse momentum amplitudes s—wave states, in Euclidean and Minkowski spaces, vs
k., for both ground- and first-excited states, and two values of u/m and oy, (as indicated in the insets).

The amplitudes ¢L and ¢, arbitrarily normalized to 1 at the origin, are not easily distinguishable.

by means of the three-dimensional representation of the valence component of the LEFWF. A
convenient and useful form to study the valence amplitude is by considering the impact param-
eter (IP) space (see, e.g., Ref. [27]), in connection with the Generalized Parton Distributions
(GPD), by keeping the longitudinal momentum and performing the Fourier transform over the
transverse momentum. This mixed representation shows the correlation between the momentum
fraction carried by the constituent and its probability distribution in the transverse plane. It is
particularly interesting for the analysis of fermionic systems carrying both angular momentum
and spin, with a distribution correlated to the longitudinal momentum, as a reflection of the
internal dynamics.

The concept of transverse charge densities have been thoroughly discussed by Miller in
Ref. [62], in close relation to the elastic electromagnetic form factor. Indeed, the transverse
charge density enables one to properly generalize the well-known non-relativistic relation between
form factor and density to a relativistic framework. In fact, it turns out that for a composite

bosonic state, the form factor F(Q? = —¢?) can be written as

F(Q?) = / d*b p(b) e~PaL (8.18)

where (i) the momentum transfer ¢g* is evaluated in the Breit frame with ¢*= 0, (ii) Q* = o2,

(iii) b belongs to the transverse plane or IP-space, and (iv) p(b) is the IP density. The impact
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parameter density is a sum of the contributions from all Fock components of the LF wave

function,

p(b) = pyai(b) + higher Fock states densities - - - . (8.19)

The valence term is defined through the valence wave function in the IP space, ¢(§, b), as follows

paalb) = 1= [ % lole b/ - )P (8.20)

with normalization (cf. Eq. (8.8))

/d b pval = Pyai- (821)

In Eq. (8.20), the IP-space valence wave function is the 2D Fourier transform of ¥ (¢, k| ), given
by

2
s(&b) = | f k)t (e kL e (3.22)

where ¢(£, b) results to be symmetric with respect to 1 — 2¢, as a consequence of the already
discussed symmetry of g(y,z) under the transformation z — —z. Moreover, one can deduce
the general behavior for large transverse separations, b = |b|, as illustrated in what follows. By
performing the 2D Fourier transformation, the IP-space valence wave function can be written

within NIR for the s-wave state as follows

£§1-¢)

¢(§,b) = 42

F(&,0), (8.23)

where

00 o /’ 1—2
Fen) = [ v aon) [Ty o S

with J,(x) the integer-order Bessel function for n = 0. The integration over 7 can also be

(8.24)

analytically carried out, leading to

K1 (b5 12+ (172 = €7M7)
VY FRZF(A2-62M2

(8.25)

F<£7b>=b/0°°dfy g(7,1 - 2€)
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where K (x) is the modified Bessel function of the second kind. The function F'(§,b) exponen-
tially drops out for b — oo. It is pointed out that the evaluation of F'(£,b) in terms of Ki(x)
represents a numerical advantage, because of the fall-off behavior for large b, avoiding in this
form the integration of Bessel function in Eq. (8.24), which due to its oscillating nature is more
difficult to integrate.

The structure of the excited state in the IP-space is further explored in Fig. 8.8 with the
binding energy B(1)/m=0.22 obtained for y/m=0.1 and ay,=6.437. In the figure, we provide
the sections of F'(§,b) for £ constant (left panel) and for b constant (right panel). The moving
position of the node in the (§,b) plane, can be appreciated in both panels of the figure. As
a general remark, the position of the node increases with b for £ approaching the end-points
and tends to be suppressed close to such boundaries, this is the counterpart of the previous
observation done in momentum space. In addition in the right panel of the figure, one can verify
the fast fall-off of the wave function for large values of b. Such decrease is indeed exponential,

as we detail below.
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Figure 8.8: The first-excited state function F(¢,b), given by Eq. (8.25), for B(1)/m=0.22 with x1/m=0.1
and a,,=6.437, is shown as function of { (left panel), for some fixed values of bm; and, as function of
bm (right panel), for some fixed values of £. In view of the symmetry, we should also add that all the
plots for fixed £ are exactly the same for 1 — £. As evidenced in both the panels, the existence of zeros

for F(&,b) occurs only for values of b not larger than ~ 7/m.

The exponentially drops out behavior in F'(£,b) can be understood by a close analysis of
Eq. (8.25). First, from the physically-motivated request Ref. [62] that ¢(&,b) is finite for b — 0
(see also Ref. [12]), such that
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¢(§;b=0) =

§£(1-¢) /0"° J g9(v,1-2¢) <oo | (8.26)

472 v+ K2+ (1/2 - €)2M?2
one can deduce that g(v, 1 —2¢) must vanish for v — oo. Therefore, the relevant interval of v in
the integral Eq. (8.25) can be taken effectively finite. Exploiting such an observation, one can
extract the driving exponential fall-off of F'(£,b) in the asymptotic limit b — co. In this limit

K (z) reads:

K1(2)|oso0 — (2726)% e (8.27)

Because b — oo, the leading exponential behavior in the integral Eq. (8.25) comes from values

of e~ b VTR HE-T/22M? iy ~v close to 0. Therefore,

F(E,b)|po0 — e bVWHETRPM? g(c p). (8.28)

where the exponential fall-off is singled out and the reduced function f (¢, b) should decrease more
smoothly for large values of b. The above feature has been investigated by actually calculating

F(£,b), and in turn f(&,b), for both ground and first-excited states.

1o}
\

f& p)05 \

Figure 8.9: Corresponding to Eq. (8.28), we show f(&,b) for the ground state obtained with B(0)/m =
1.9, p/m = 0.1 and ag4=6.437. In the left-panel, it is given as a function of b and §; and, in the

right-panel, as a function of b, for a fixed &.

In Fig. 8.9, f(&,b) is presented for the ground state with B(0)/m = 1.9, p/m = 0.1 and

agr=6.437. In the left panel we display a 3D plot, showing the correlation between & and b.
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Figure 8.10: f(&,b) for the excited state obtained with B(1)/m = 0.221, u/m = 0.1 and a,,=6.437. In

the left-panel, it is given as a function of b and &; and, in the right-panel, as a function of b, for a fixed &.

In the right panel f(§,b) is plotted as function of bm for a fixed value £&=0.5. This plot puts
in evidence that the steep fall-off of the valence wave function is largely taken into account by
the leading exponential term, included in the definition Eq. (8.28). This suggests at most a
polynomial behavior in f(&,b), which is clearly seen in the figure for b < 15/m.

The same analysis is performed in Fig. 8.10 but for the first-excited state with B(0)/m =
0.221, p/m = 0.1 and og-=6.437. Similar features are encountered for the excited state, from
the right panel, f(£,b) shows an almost linear increase in its absolute value, in agreement with

the previous discussion, because the exponential leading behavior has been singled out.



Chapter 9

Electromagnetic properties

Scattering processes has played an important role to investigate the internal structure of com-
posite systems. Since the early days of electron scattering processes on nucleus, which revels the
internal structure of nucleus until the high energy deep inelastic scattering putting in evidence
the existence of quarks as fundamental particles making up hadrons, scattering processes have
provided important physical information to understand the dynamics and structure of composite
systems. These processes are mostly dominated by the electromagnetic interaction and allow to
access to different physical regions depending on the energy scale used for the incident particle.
In particular, in low energy elastic scattering, form factors (FFs) are the relevant physical quan-
tities, since that provides information about the charge and magnetization distribution in the
composite system. FFs are functions depending on the transfer momentum in the process and
can be extracted from the experimental data. In order to predict that dependence, a microscopic
model in terms of fundamental constituents, quarks for the case of hadrons, must be proposed.
Thus, the accuracy in describing the electromagnetic FFs depend highly on the model proposed.

In the realm of the non-perturbative hadron physics to study bound states, in particular for
systems composed of light quarks, the relativistic effects are quite relevant for the consistence
description of hadrons. Therefore, the description by means of the BS approach is quite desired
because it provides a relativistic scheme to study the bound sates as we have stressed through
of this thesis.

Within the BS framework, FFs are computed by using the BS amplitude of the bound state.
As explained before and verified numerically, the Euclidean BS equation provides the same

binging energies as the Minkowski BS equation. But if one is interested not only in the binding

112
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energies but also in the FFs, the Euclidean solution is not enough.

In this chapter we present the calculation of FFs considering two kind of contributions: the
impulse approximation (IA) widely used in many calculations and the next leading order, which
we call two-body current (TBC) contribution. We analyze the effect of these contributions in

the FFs.

9.1 Impulse approximation

In practice, for the calculation of the FF in the impulse approximation, we consider the electro-

magnetic vertex depicted in Fig. 9.1

Figure 9.1: Feynman diagram for the electromagnetic FF in the impulse approximation

In this approximation, the interaction of the virtual photon with the composite system is through
one of the constituents of the bound state and the another particle plays the role of spectator

in this approximation. By applying the Feynman rules to this diagram, we obtain

d*k , i i
—1 — 2k
1= (p+p ) k2 —m? +ie (p — k)% — m? +ie

(2m)
i p_ P
>Wﬂ—kﬁ—wﬂ+mr<2 km)r(z km)’

where the vertex scalar-photon —i(p + p’) was used, and I'(k, p) is the vertex function related

~i(p+ 1) Fi(Q°) =
/ o

with the BS amplitude

i i
—i I'(k, —,
21 k)2—m? + i€] (pﬁg—ky—nﬂ+@
according to the definition given in Eq. (4.41). Writing in terms of the BS amplitude, the FF

(9.2)

o(k,p) = i

reads as
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/

o+ E@) = [ Ehie(2-k) o (5 —kp) 02— m)o4r —20r (03

To compute the FF using the Euclidean BS amplitude, the Wick rotation in the variable kg
must be performed in Eq. (9.3). Now, we show that the Wick rotation cannot be done without
crossing singularities in the integral Eq. (9.3). This statement is illustrated by the simple case

with T'(k,p) = 1, p’ = p = (M,0) and v = 0. For this case the propagators have the following

form
1 . 1
(p—k)2—m?+ie (M —ko)?2—kZ—m?+ie
1 1

9.4
(p’fk)27m2+ie—>(Mszo)2fk2fm2+ie 64

(p+p' —2k) — (2M — 2k0),

and the integral for the FF reads as

&Pk dR (2M — 2ky)
1= o) (K2 —m? 4 [(p — k)2 —m? +id* o

The singularities from the first denominator are at kg = v'k? + m? F ie, therefore these sin-
gularities do not produce difficulties to perform the Wick rotation. For the second denominator

the poles are

ko = M F VK2 + m2 + ie, (9.6)

if M < vk2+4 m?2 these poles neither represent a problem, but in the case M > vk2 + m?2
both poles are in the right hand side of the complex plane, what prevents to carry out the
Wick rotation without cross these singularities. One can omit the contribution of this pole and
perform the Wick rotation but in this case the result becomes approximated. This situation is
the same for non-trivial I'(k, p) and non-zero Q2.

In addition, there exist another reason that does not allow to compute the electromagnetic
FF by using the Euclidean BS amplitude. To illustrate it, let us to recall the Euclidean BS

equation



Chapter 9. Electromagnetic properties 115

o(k%, k) = K (k% % K5, K )k, k),

1 dk'Y, dk’
[G%k%ﬁ——k2+kﬁ/4—nﬂﬁ4—%%ﬁﬂﬂ}/n (2m)*

(9.7)
written for any irreducible interaction kernel. The Euclidean BS amplitude is obtained by solving
Eq. (9.7) in the rest frame p=0, what is enough to compute eigenvalues, but in the calculation
of the FF Eq. (9.1), it is needed to know the BS amplitude for the total initial momentum p
and the final total momentum p’. These momentums in the initial and final state are different
due to the recoil of the system in the scattering process. This problem could be avoided if
one solves the Euclidean BS equation for non-zero p as done in Ref. [55], however given the
difficulty of crossing singularities when performing the Wick rotation the evaluation of the FF
is still approximate. For a detailed analysis of approximated results obtained by computing FFs
dealing with the Euclidean BS amplitude, see Ref. [29].

The above problems disappear if one solves the BS equation directly in the Minkowski
space and obtain the Minkowski BS amplitude, since no Wick rotation is needed in the integral
Eq. (9.1) and the BS amplitude is obtained for arbitrary total momenta p. The calculation of
FF is one of the important motivations to carry out this calculation in the Minkowski space.

We illustrate in shortly the calculation of the FF directly in the Minkowski space using the
Nakanishi approach within the IA. Consider Eq. (9.3), in this expression we introduce the NIR

1 o0 (', 2
k.p) = —i/ dz'/ d~' 9\ ) 9.8
o(k,p) L% %yﬂﬁ_%_ﬂ_@%ﬂ—ﬂg 08

we obtain

4
0+ P PFI@) = [ i [ s 0 dy ¥ 2)g( o = K)o+ 52 = 26 (42

we have also multiplied by (p + p)” to both sides, in order to isolated F;(Q?). The integration
in k can be done analytically, this is achieved by putting together the denominators with aid of

the well known Feynman parameterization
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I 30u?(1 — u)?
a3 _/0 b1 =)o (9:10)

By shifting the variable k as usual, namely

1 1
k= kit (Lt 2up+ 5 (1+2)1—u)y, (9.11)

one can perform the integration in the internal momentum by using the formula

/ d*k 1 i Tla-2) (-1~ (9.12)
(2m)4 (k2 — M +ie)  (4m)2 T(a) (M —ie)o—2’ )

where M is independent of k. The procedure to compute this integral is standard, obtained by
performing the Wick rotation, but we show explicitly the calculation. The integral Eq. (9.12) is

written as

oo

/d3k /m o ! T (9.13)

therefore the poles of are placed at ko = +vk2 + M T ie. Thus, when performing the Wick

rotation kg — tkg, the rotate contour does not cross singularities, contrary what happens when
using the Euclidean BS amplitude, as explained before.

To complete the calculation, we analyze the term in the numerator: [(p + p')? — 2k - (p +

p")](m? — k?). After performing the shift Eq. (9.11), the terms with odd exponent in k vanish.

The integral with quadratic term is done with the formula

d*k k? a1 1 AT(a—3) 1
/ et —avige YV G T gr—ige s (9-14)

Putting all together the FF reads as

1 00 1 00 1 1 fnum
Q) = gy [, [ dz o) [ ar [ a gt ) [Caw - ()

den

where
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Frum = (6C = 5)m? + [/ (1 — u) + yu](3C — 2) + 2M?C(1 — C) + EQQ(l —w)u(l+ 2)(1 + 2),
faen =m*+~' (1 —u) +yu— M*(1 - C)C + iQQ(l —u)u(l +2)(1 +2"),
€ = S+ 2hu+ (14 2)(1 —u),
(9.16)

as usual Q%2 = —(p — p’)? > 0 and the factor N is obtained from the normalization condition

Fr(0) = 1.

9.2 Higher-order contributions in the form factor

We have presented the calculation of the electromagnetic FF taking into account the conventional
TA diagram. In order to go beyond of this approximation and to take profit of our approach we
add the next contribution to the FF, i.e, the TBC contribution. The corresponding Feynman

diagram for this contribution is depicted in Fig. 9.2

Figure 9.2: Feynman diagram of the electromagnetic FF for the two-body current contribution.

The steps to compute this kind of diagram are quite similar what we have done for the IA,

however the calculation of this diagram requires more algebraic steps. From the momentum
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conservation in each vertex, we have the following relations between the momentums in Fig. 9.2
pP1=P—Pp2
P3=p—DPp2— DP9+ P

pa=p—p2—po+ps+q=p —p2—py+ps

(9.17)
Ps =Dp—pP9+q

Pe = P2 — P8

p7 = P9 — Ps.

Therefore all momentums in the diagram may be expressed in terms of three internal momen-
tums, namely po, pg and pg, which are chosen arbitrary and should be integrated. After applying

the Feynman rules the expression for this diagram reads as:

(0+9)VFx(@) = —igh2m) 2 [ d'pa d'ps d'py
x @ —p2—q.p2,p)e® — P9, pe, ') (20" — 2pg — 2p2 + 2ps — q)*
. 1 1
(¢ — P9 — p2 — q+ pg)? — m? +ie] [(p — pg — P2 + pg)? — m? + ie]
1 1 1
X (9.18)

[(po — p8)? — 2 +ie] [p§ — m? +ie] [(p2 — ps)? — pi? + ie]’
where we have used the relation between the vertex function and the BS amplitude Eq. (9.2).
The BS amplitude in terms of the NIR is written as

1 0o 1A

. 9(z',7)
@(p' — P9, o) =—l/ dz’/ ' : / —,
1 oo A mE =2~ (p — B)% — (po — B).p2 —ie]?

1 o)
: 9(2,7)
w(p’—pz—q,pz)z—z/ dz/ dy , : __
1 Jo T m2 =M (B = —po)? = (B — & —po).(pf — q)z — i

4 2 2 2
(9.19)
by introducing the BS amplitude in terms of the NIR in Eq. (9.18), one has
—igt
® +p)*Fx(Q%) = (27:)]12 /dv dy' dz dZ’/d4p2 d*ps d*pol(p' +p)* = 2(p + 1) u(po + P2 — ps)"]
9(z',7") 9(2,7)
4+ m? =22 — (g — B)2 = (g — 5) 2P [y +m? = 242 — (5 — 4 —p2)? — (5 — § —p2).(0) — )2
1 1
(P —po —p2 — q+ps)? —m?| [(p' — py — p2 + ps)? — m?]
1 1 1
[(po — ps)? — 1?] [p§ — m?] [(p2 — ps)* — p?]’
(9.20)

For shorthand notation the term ie has been omitted in all denominators. The steps to compute

Eq. (9.20) are as follows: (i) one performs the integration in the three internal momentums and
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(ii) take into account the shift in the integration, which brings some constant terms in the
numerator of Eq. (9.20), these do not vanish when the integration is carried out. The remaining
integrals are computed numerically. The details of this calculation are presented in Appendix. B.

After the tedious steps have been performed, the TBC contribution reads as

4

99
(2)117'(6

Fy(Q?) = / dy dy' dz d'g(z.7)g(# ) / gl (1 — y)22(1 — )2 3 s> mmer (901

(M3)5”
where M3 is given by

W (wy + wy)
4 (9.22)

constr = — Q? constrl + M? constr2 + constr3,

2
wr,
M3 =constr s — MQTP +Q?

froumer has the following form

Afps+ 2bpg frys + 8Gs — 4by gs — 2 fp, Wy — bpg fra Wy + 4wy G + 2bp,wy g

9.23
o 02

f numer —

and we have used the compact notation for the integrals in the Feynman parameters

1 1-y4 1-y3—ya 1-y2—y3—vya 1 1
/[dyl] :/ dy4/ dy3/ dZJQ/ dyl/ dy5/ dye- (9.24)
0 0 0 0 0 0

The explicit expression of the coefficients are given in Appendix. B.

We have derived an expression for the FF considering two contributions. Now, our objective
is to analyze how the higher contribution affects the FF in low a large momentum transfered.
Before showing the numerical results, we mentioned that a test to verify the correctness of the
expression for the two-body current contribution was performed, since the lengthy expression
obtained we cannot trust in this expression without a test. This kind of test is presented in

Appendix. C.

9.3 Numerical results for the impulse and two-body current

form factors

We start by discussing the issue of the current conservation for the elastic FF considering two

contributions:

F(Q%) = Fi(Q%) + Fx(@Q%). (9.25)
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As explained in Ref. [54], given the gauge invariance, in the calculation of the FF there must exist
a consistency between the BS amplitudes in the initial and final states and the current operator.
Namely, if the TBC contribution of Fig. 9.2 is considered in the current operator, one has also
to consider the cross-ladder contribution in the BS amplitudes or in our case the corresponding
Nakanishi weight-function. This consistency has been tested numerically to satisfy the current
conservation for the process bound state — scattering state, in Ref. [53].

In principle, the strong test of the current conservation should work in the present calculation.
However, in the calculation of the elastic FF this requirement is trivially fulfilled. To understand
better this statement, let us to consider the two contributions of the FF, in Egs. (9.9) and (9.18).
By looking inside of these expressions one realizes of the symmetry for the replacement p’ — p.
Therefore, when contracting with ¢”, an antisymmetric tensor, it gives zero for any Nakanishi-
weight function. Thus, the test of consistency for the elastic FF is meaningless, since the
current conservation is fulfilled trivially for each contribution of the FF independently of the BS
amplitudes.

Now, we present some plots of the FF showing both contributions independently, namely,
impulse approximation (IA) and two-body current (TBC). In Fig. 9.3, we show four cases with
representative binding energies B/m = 1.5 and B/m = 0.1 and masses of exchanged bosons
p/m=0.15 and p/m=0.5. The range of transfer momentum considered is: 0 < (Q/m)? < 50.
The FF has been calculated with the Nakanishi weigh-function corresponding to the L+CL

kernel and the sum of the two contributions, F; + F, is normalized to 1 at (Q/m)? = 0.
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Figure 9.3: Electromagnetic FF computed with the TA + TBC contributions, using the ladder plus
cross-ladder (L+CL) amplitudes. Contributions to the FF are shown separately IA (back-dashed line)
and TBC (dotted-dashed-red line). The sum of the two contributions is represented by the solid-blue
line. The binding energy of the ground state is fixed at B/m=1.5 (upper panels) and B/m=0.1 (lower
panels). Two values of the exchanged boson mass are considered p/m=0.5 (left panels) and p/m=0.15
(right panels).

As we may appreciate from Fig. 9.3, the IA is the dominant contribution for the FF. Looking
carefully the curves one realizes that the effect of the TBC contribution is larger for p small,
as one can appreciate when p changes from 0.5m to 0.15m. Also, it is clear that the TBC
contribution increases for large binding energy.

Additionally, we provide a comparison between the electromagnetic FF in Fig. 9.4 obtained
in the TA with the Nakanishi-weight function corresponding to the ladder and ladder + cross-
ladder kernel to analyze the sensibility of the FF to the dynamics. Also the FF with the full
current computed with the ladder + cross-ladder kernel is displayed. The binding energy is fixed

at B/m = 1.5 and the three curves are normalized at 1 in Q?/m? = 0.
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Figure 9.4: FF as a function of Q% . The dashed curve is the impulse approximation (IA) for the FF
calculated with the BS amplitude found for ladder (L) kernel. The dot-dashed curve is the IA to the
form factor computed with the BS amplitude obtained with the ladder plus cross-ladder (L 4+ CL) kernel.
The solid curve is the full form factor obtained from the BS amplitude calculated with L + CL kernel.
The binding energy is B/m = 1.5, with the mass of the exchanged boson u/m = 0.15 (left-panel) and
p/m = 0.5 (right-panel). All curves are normalized to 1 at Q% = 0.

We observe at low momentum, below m, very similar slopes, that reflects close charge radius
and the bound state size, which is determined by the same binding energy. This finding is
independent on the mass of the exchanged boson, as one can verify by inspecting the left and
right panels of Fig. 9.4. From this figure it is also clear the dominance of the TA in the FF
behavior for large momentum. This dominance makes us conclude that the TBC contribution
decays much faster than the TA. In fact, in the next section when exploring the asymptotic

behavior of each contribution, it will be clear that each contribution has different fall-off.

9.4 Asymptotic behavior of the form factor

It is important to study the behavior of the electromagnetic FF in the region of high momentum
transfer to understand better the fact of the dominance of the IA in the FF. To this purpose we
recall the expression for Fy, Eq. (9.9):

jqt 9(v,2)g(+', ') (m? — k?) |1 — Zeletr)
F(Q?) = /’2d k4/dz dz' dy dy' [ G } .
(2m) ’y’+m2fMf(%—k)Q—(%’—k)%z’—ie}
1
X 2
[y4+m2 -2 — (B — k)2 — (B — k) kz — ie]
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In the asymptotic limit*, i.e, Q> — oo and adopting the Breit-frame where § = —];’ , Q% =

—(p' — p)? = 4p? and po = pf) = /M2 + Q2 /4, Eq. (9.9) can be written as
i (m? — k?)
Fr(Q?) = @)t /deZdVIdzlg(%Z)g(Vl,Zl)W» (9.26)
where
Dx(14+2)Q+(v,2) Do (142)Q+4d(+, 7). (9.27)

d and ¢’ are two functions which do not have dependence in @ and their explicit form can be

omitted in the asymptotic limit. Thus, the FF in the IA can be written as

) 1 (') d2'
Fi(Q?) oc/ fzma] |+ oaow (9.28)
bg(e) dd |
—Qf / [1+2+4 /_1 [1+Z'+%]3.

The other integrations have been omitted since that give finite corrections and do not affect the

asymptotic limit. By analyzing Eq. (9.28), one realizes that in the asymptotic limit the integral
is divergent at the point z = —1. However, one can analyze the behavior of g(z) as z — —1.

The behavior of g(z) is linear in this region: g(z) ~ (1 + z). Thus, one obtains

L (1+2)dz Q
/ (1+2+3) 8 o

therefore, one can conclude

1
@-
Following the same steps one can obtain the asymptotic behavior of the TBC Eq. (9.20):

Fr(@Q*) — (9.30)

*The study of the asymptotic behavior of the FF was based on the notes developed by Prof. V.A. Karmanov.

Asymptotic of EM form factor for triangle and cross-ladder contributions.
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—igt
(' +p)*Fx(Q%) = (27{512 /dv dy' dz dZ’/d4p2 d'ps d'pol(p" +p)* = 2(p + ') (po + P2 — ps)"]
9(",7") 9(2,7)
2 / / 2 / ’
[V +m? =2 = (g = 5)2 = (po — 5) /2P [y +m? = - — (5 — 4 —p2)? = (5 — & —p2).(V — q)2]
1 1
(P —po —p2 — q+ps)? —m?| [(p' — po — p2 + ps)? — m?]
1 1 1

[(po — ps)? — p?] [P§ — m?] [(p2 — ps)* — p?]

In this case we have seven denominators. However, we can find easily the contribution of each
denominator using the result of the FF in IA. As before in the asymptotic limit, we can cancel
(p’ + p)? from the both sides of Eq. (9.20). Therefore the last three propagators which depends
upon ps, pg and py can be omitted in this limit. The denominators 1/[ ]? in Eq. (9.20) have the
same structure of cubic denominators in Eq. (9.9), therefore they contribute in the same form
than before, namely & Finally, we consider the contribution of the other two propagators.

Performing the same process that before, i.e, taking the Breit-frame one obtains

1 1
[ —p2—po+ps)i—m?  [C+BQ]

C and B depend on the internal momentums. Adding the contribution of these two denominators

(9.31)

one finds the asymptotic behavior for TBC as

Fx(Q*) — 56 (9.32)

Now we must verify this prediction in the numerical results. We consider the case B/m = 0.1
and p/m = 0.15. In the figures presented before, we show the behavior of the FF considering
0 < (Q/m)? < 50, but for this range of momentum transfer the FF still does not reach the
asymptotic limit. Indeed, we have to go to larger values of (Q/m)? to observe the behavior
predicted before in Egs. (9.32) and (9.30). The two contributions of the FF are shown in the
left-panel of Fig. 9.5.

In order to verify the asymptotic behavior we have multiplied the curves of the FF by Q* and
QS in the IA and TBC contribution, respectively, which can be appreciated by the corresponding
curves in the right-panel of Fig. 9.5. From this right-panel one can realize the correct asymptotic

behavior of the FF in the IA, which does not seem enough in the case of TBC. However, as
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Figure 9.5: Electromagnetic FF for the case u/m=0.15 and B/m=0.1. In the left-panel the two contri-
butions of the FF is shown for large values of (Q?/m). In the right-panel the asymptotic behavior of the

corresponding contributions are analyzed.

explained in Ref. [51], where the asymptotic limit of the FF for the Wick-Cutkosky model(yx = 0)

and small binding energy is studied, the asymptotic limit has logarithmic corrections:
16a°m?

Q2
oL 1+%log <m2>1

Therefore, one can include these corrections to improve the results, since we are using small

F(Q?) ~ (9.33)

binding energy and small mass of the exchanged boson, namely p/m=0.15 and B/m = 0.1. The
result is presented in the right-panel of Fig. (9.5). It is clear that the logarithmic corrections
are important to find the correct asymptotic behavior of the TBC contribution.

The analysis of the electromagnetic FF including higher order contributions in the current
operator makes part of a study of the bound state structure in Minkowski space considering

contributions beyond of the ladder kernel [61].
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Conclusions

In this thesis we presented results of an approach exploring bound-state solutions of the Bethe-
Salpeter equation in Minkowski space, using the Nakanishi integral representation. By continu-
ing some previous related studies, we extend the approach to excited states, lower dimensional
systems and kernels beyond ladder considering the non-perturbative regime. The initial inves-
tigations performed by Kusaka and Williams Refs. [6, 7] gave the first clues about the validity
of the Nakanishi representation in the non-perturbative regime. Then, in a series of works,
Karmanov and Carbonell [8, 15, 18] have followed this idea, putting together the Nakanishi
integral representation with the light-front projection to easily handle the singularities. This
method is valid for any irreducible kernel in the Bethe-Salpeter equation. This really represents
a step forward in the study of the bound state within a relativistic field theory framework, since
several structure properties can be accessed directly in Minkowski space, differently from the
usual Euclidean approach to the solution of the Bethe-Salpeter equation. Afterwards, Frederico,
Salme and Michele have formally investigated the Nakanishi integral representation to extend
it for scattering states [9], by exploring the uniqueness of the Nakanishi weight-function. The
quantitative studies were presented in Refs. [12, 16].

The previous successful studies have greatly encouraged us to explore the technique to
lower dimensions, in particular for (2+1) dimensions in view of the promising applications in
condensed-matter physics. We have restricted to the Yukawa model of two spinless bosons in-
teracting by exchanging of another scalar boson in ladder approximation. Although, this model
is not applicable to real systems, this allows us to access the main difficulties faced when imple-

mented the Nakanishi integral representation to real systems. As a result of our calculations,
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the extension of the Nakanishi integral representation to (2+1) dimensions was found satisfac-
tory. In order to verify the feasibility of the method, we have calculated the eigenvalues in the
Minkowski and Euclidean space and the Euclidean Bethe-Salpeter amplitude by means of two
methods: (i) by using the Nakanishi integral representation together with the light-front projec-
tion and then performing Wick rotation; (ii) the Euclidean Bethe-Salpeter amplitude obtained
directly in the Euclidean space. The light-front wave function which is available in light-front
dynamics is also presented, showing the expected shape for the s-wave state. This calculation
has been performed considered the ladder and cross-ladder contributions for the interaction
kernel. The effect of the cross-ladder contribution in the eigenvalues is remarkable, hence the
contribution of this kernel is relevant to study masses of relativistic bound states. On the other
hand, the cross-ladder effect in the light-front wave function appears in the asymptotic limit,
i.e, in the large momentum region as a scaling in the tail of the wave function with the domi-
nance of the ladder kernel. In the region of low momentum the wave function is independent
of the inclusion of the ladder or cross-ladder kernel, once the wave function has been arbitrarily
normalized.

As a natural extension of the previous analysis, we have investigated the spectrum of excited
states of the Bethe-Salpeter equation in the Yukawa model in (3+1) dimensions, considering
the s-wave state in the ladder approximation. We have found a finite number of excited states
for non-zero exchanged-scalar mass, and we have successfully compared our results with the
corresponding ones obtained in the Euclidean space, where obviously the Nakanishi integral
representation is not assumed. The method has allowed us to obtain up to three excited states
B(n)(n = 1,2...) for large enough ground state binding energy B(0) and small mass of the
exchanged boson. The calculation was limited for very small B(0) and small mass of exchanged
boson due to instabilities of the integral equation in this case. In order to verify the non-
relativistic limit when the mass of the exchanged boson is approaching to zero and small B(0),
the ratios B(n)/B(0) obtained through the Bethe-Salpeter approach are in agreement with
those of the well known non-relativistic calculation. To compute these ratios an extrapolation
was performed due to the numerical problem mentioned above. A detailed study of the valence
wave function has shown the expected node structure of the first- and second-excited states.
Additionally, our investigation, both analytic and quantitative, of the transverse-momentum

amplitude has allowed us to remarkably show the equivalence of this quantity evaluated both in
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Euclidean and Minkowski spaces. This shows the reliability of the approach based on Nakanishi
integral representation for solving the Bethe-Salpeter equation, already applied to ground state
considering scalar and fermionic systems [8, 18] and in the zero-energy scattering case [16]. We
also explored the asymptotic properties of the impact parameter space valence wave function
for large transverse distances, where an exponential fall-off was singled out and quantitatively
tested for the excited states.

Finally, in this thesis we have studied the electromagnetic properties of the composite sys-
tems, i.e, the response of the composite system when an incident particle is scattered-off, process
which are mediated by the electromagnetic interaction. The relevant quantities are the electro-
magnetic form factors, which can be computed within the Bethe-Salpeter approach. Aware that
the correct calculation of form factors must be performed directly in the Minkowski space, we
have taken profit of the Nakanishi integral representation method to compute the form factors.
We have computed the leading contribution of the elastic form factor known as the impulse
approximation and in addition the next contribution, that we have called two-body current.
By virtue of the current conservation, (see Ref. [53, 54]), in addition to the ladder kernel one
must introduce the cross-ladder one for the Bethe-Salpeter amplitudes needed to compute the
form factor if the two-body current is considered in the operator of the electromagnetic current.
Although, the current conservation provides a strong test for the consistency of the current op-
erator associated with a given kernel of the Bethe-Salpeter equation, we have found that for the
calculation of the elastic form factor, each contribution, namely impulse approximation and two-
body current, independent of the BS amplitudes conserves electromagnetic current in view of
the symmetry of the integrals. The test of the current conservation is expected to be performed
successfully for the inelastic form factor, which will be investigated elsewhere. Nevertheless, we
have analyzed the form factor taking into account these contributions. As a result we have found
the dominance of the impulse approximation in the electromagnetic form factor. In particular,
the effect of the two-body current decreases for small binding energies. As main features of
the analysis, we may conclude that in the region of low momentum transfered, the slopes of
the form factor are independent of the contribution in the current operator and the interaction
kernel, which shows a similar charge radius of the bound state once the binding energy is fixed.
In the region of large momentum transfered the dominance of the impulse approximation is

evidenced, which can be understood by the faster decay of the two-body current contribution
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in the asymptotic limit. This fact was proved analytically and verified numerically. They pre-
sented the asymptotic behaviors 1/Q* for the impulse approximation and 1/Q° for the two-body
current. This result agrees with the previous analyzes. The results of the electromagnetic form
factors make part of the survey in current investigation about the Minkowski space structure of

the bound state considering cross-ladder effects.
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Appendix A

Improving the accuracy for the

excited states

As we mentioned, one has numerical difficulties for obtaining binding energies of excited states.
Unlike the ground state where the stability is reached with small matrix dimension, for excited
states it is needed to use a larger matrix dimension, which is not desirable from the numerical
point of view. In addition, differently from the ground state with the ladder kernel where by
assigning values of yu/m and B/m one obtains directly the coupling constant oy, for excited
states one has to find the precise value of B/m corresponding to A=1 once p/m and oy, have been
fixed. Therefore, to avoid the long time numerical calculation and also to improve the accuracy
of binding energy values of the spectrum, we adopt an extrapolation trick. This procedure is
divided in two steps as explained below:

First step: From the numerical analysis one realizes that stability of the eigenvalues with
N, is achieved quickly, while to reach stability in N, it is needed to increase the number of
terms in the basis expansion. Therefore, one may keep constant N, and varying N, to study
that behavior. In this calculation we use N,=10 since it is enough to get the convergence. By
choosing a value of B/m and changing Ny, recalling that p/m and oy, are fixed, we obtain a
set of A\ values. This enables to extrapolate the behavior of A for large values of Ny. In this
form, we obtain the asymptotic value A for the corresponding B/m. This plot is displayed
in Fig. A.1, where we show the behavior of the A for the second- and third-excited state for the
case pi/m = 0.05, B(0)/m = 1.9 and a,,=6.324. Actually, we have plotted A~! as function of

N4 because with this quantity is easier to perform the extrapolation process, but this will not
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Appendix A. Improving the accuracy for the excited states 137

produce a relevant change in our calculation since that always we are interested in the B/m
values corresponding to A=1. We have not presented the behavior for the first-excited state

because for this case the stability is easily achieved.

1 12 T I T I T I T 13 T I T I T I T
Adar 0. 6304 — B =0.100m| ] P=0.05m o =6.324 — B=0.040m
. u=0.05m @, =6.3 —- B=0.095m | | 4 —— B=0.035m| 1
C —  B=0.090m | ] —  B=0.030m
LogE . B=0.085m | _] Lok - B=0.025m| _|
. : N
—'@ L4 7T —: |
LT T ] 4
0.96\— ] |
1 I 1 I 1 I 1
10 15 20 25 30 30
N

Figure A.1: Asymptotic behavior of eigenvalues (A2) ™! and (A\3)~! as function of N,.

Second step: From the asymptotic values of A~ obtained from Fig. A.1, one may plot
(A3Y)~! as a function of B/m and by performing the fit one can obtain the exact value of B/m

corresponding to (A*Y)~1=1. We show this kind plot in Fig. A.2

1.08 T T T T T 1.15 T T T T
- u=0.05m ocgr=6.324 4

n=0.05m o =6.324
ar

1.06 —

1.04

asy, -1
)

<102

asy
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Figure A.2: Asymptotic values (A5™)~! and (A5*)~! as function of the binding energy B/m

As we can see fortunately the relationship is a simple linear one and easily we obtain the value
of B/m corresponding to A*Y =1. This linear relation have been tested for other excited states

and different values of u/m.
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This trick has been useful to obtain the binding energies of excited states, in particular for
the states with small binding energies where the convergence is more difficult. After performing
the two-steps process for four values of p/m: 0.01, 0.05, 0.1 and 0.5, the spectrum of excited
states is shown in the Table. A.1. Note that the case u/m=0.5 only one excited state appears

by virtue of the large value of /m, in agreement with the previous results.

w/m 0.01 | 0.05 0.1 0.5
Qg 6.274 | 6.324 | 6.437 | 8.047

Bye/m | 1.9 | 1.9 | 1.9 | 1.9
B(1)/m | 0.281 | 0.259 | 0.221 | 0.0082
B(2)/m | 0.117 | 0.089 | 0.050 | ——
B(3)/m | 0.054 | 0.030 | 0.005 | ——

Table A.1: Spectrum of the excited states for some values of u for the case Bg,/m=1.9



Appendix B

Computation of the two-body

current contribution

This Appendix is devoted to calculate explicitly the TBC expression Eq. (9.20) derived in Sec.9.2.
We recall the expression

—ig*
(0 +p)°Fx(Q%) = (%% /dv dy' dz dZ’/d4p2 d*ps d*po[(p +1p)* — 2(p+ P')p(po + p2 — ps)"]

g(2',7) 9(2,7)
2 7 7 - 2 7 7 B
[V +m? =2 —(po—5)2—(po—5) 2P [y+m? =2 — (=& —p2)2 — (5 — & —pa2).( —q)2?
1 1
(0" —po —p2 — q+ps)? —m?] [(p/ — po — P2 + pg)? — m?]
1 1 1

[(po — p8)? — %] [P§ — m?] [(p2 — ps)? — p?]
(B.1)

Looking in Eq. (B.1), one realizes that the Nakanishi’s denominators are independent of the
momentum pg, therefore we can start with the integration in ps, putting together the five

denominators with the Feynman parametrization,

d*pg 04 1 J 1-y4 J 1-y3—ys 4 1—y2—y3—ya J
ABCDE /0 y4/0 y3/0 y2/0 .

d*ps
X .
/ [Ayl + Bys + Cys + Dyy + E(l — Y1 — Y2 — Y3 — y4)]5

After joining the five denominators, the result denominator can be written as

denom = a(pg)* + b(ps) + c1, (B.2)

and as usual, the linear dependence is removed by applying the shift: pg — pg — %. This leads

to:

denomshift = a(pg)* + My, (B.3)
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in this particular case a=1. The integration is done by using the formula Eq. (9.12), we get

d4p8 i ld 1fy4d 1fy37y4d lfyrysfyz;d 1 B4
TBeDE = 4T /0 y4/0 y3/0 212/0 yli(Ml)g. (B.4)

In Eq. (B.1) there are linear terms in the numerator, which vanish when performing the integra-
tion. However, each shift brings some additional constant terms in the numerator, which must
be taken into account in the final expression. For the moment, we only deal with the terms in
the denominator and at the end of the calculation we show the result of the numerator after
taking into account the shift in the three momentums.

Now, we continue with the integration in pg, adding one of the Nakanishi’s denominators

M2 p/ 2 p/
L=7/+m2—4—<p9—2) —<p9—2)‘plzl

d4p9 1 d4p9
= 30/ dys (1 —ys)° y2/ B.5
s =~ Jy ") (0L + b} (B5)
1 d4p
230/ dys (1—y5)2y§/ — 2 >
0 [Gp§ + fpo + 2]

after applying the shift and integrating with the formula Eq. (9.12), we obtain
2

d'py 3. o (! 2.2 9
SRR 1— 2 B.

Finally, we add the other Nakanishi’s denominator and carry out the integration in po

M2y g > g
H:7+m2——<——p2) —(2—2—p2>'(p/—Q)Z
d4p2 /1 3 2 d4p2
Sl a—T N ) 1— /
[ Gt =60, w0 —w)* [ o
1 d4p2
:60/ dys v (1 — 2/
0 o 9s(1 ~v6) [s(p2)? 4+ w(p2) + c3]”

d4p9 5 1 5 3 53
=9 dys (1 —
/(M2)4H3 m/o v (1 —ys) Yo ALy

where M3 is given by

wq(wy + wg)
4 (B.8)
constr = — Q? constrl + M? constr2 + constr3.

2
w,
M3 =constr s — MQTP +Q?
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We write below the explicit expressions for the coefficients

wg=—1—2+ys(1 —2y1y5(y3 + ya + (y3(=2+y1 + y2 + y3) — Ya)ys) + 2)

wy =1+ 2+ys(—1—2z— (y1 +y2)ya(—1 + ys5)ys(1 + 2) + ysys (1 + v1 + y2
— Y1 — Y5 — 315 + 2UTys — 3y2ys + dy1yays + 2U5Ys + Yays

—(—1+y1+y2 +ya) (1 +y5)2") + y3ys(—1 + ys5 + 2y1y5 + 290y5 + 2’ —y52'))  (B.9)

s=—1— (1= (=1+ys+ya)(ys + ya)ys + (U3(~1 + 57 +ys +y2(~1 +y2 +y3)
F (=14 2y2 +y3) + (—1+ 57 —y2 +y3 + (y2 + y3)°

+y1(—1+2y2 + 2y3))ya + (1 +y1 + y2 + ¥3)y3)v2) e

1
constrl = 5?/13/53/6(—1 +y1 — Y2 Y3 +ys — y1ys + 3Y2u5 — 2y1Y2Y5

— 203Y5 — YsYs — 242y3ys + (=1 +y1 + y2 + y3) (=1 + y5)2)

1
constr2 = 1(—1 — 22 —ys(— 1+ ys(y1 — Y5 + y2 — 20192 — Y5 + Y3 + 2y13 + 29213
— Y5+ (—y1 Y — 2+ 20152 + v5 — y3 + 2(y1 + y2) (=3 + 2y1 + 242)ys

+ (1 +4y1 + 4y2)y3)ys) — 22+

2y1 +yo —y3)(—1+y1 +y2 +y3) (1 +ys)ysz' + (—1 4 y5)%"?))

1
constrd = - (—4Az(=1+ys) +4(1 + (=1 + yi =2 —y3+ (y2 + y3)°
+y1(—1 + 2y2 + 2y3))ys) (= A1 + (A1 = p2 (=1 +y1 +y2 + ya) + 17 (Y1 + y2 +y4))y5)6):
(B.10)
with Ay = ' +m? — M?/4, Ay = v+ m? — M? /4. To handle the long expressions we have done
the following decomposition
b = bp,p2 + bpgpy + by p' + byq
f= qu +p/fp’ +p2fp2 (B'll)

w = p'wp/ + quyg
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Taking into account the contributions of the shifts in the numerator, we have the following

expression

4fp/S + 2bp9 fp/S + 8§S — 4bp/§8 — 2fp2 Wy — bpg fpz Wy + 4wp/§ + 2bp2wp/§
83s '

f numer —

(B.12)

Note that the dependence on the transfer momentum Q? only appears in the denominator
through the function Mj for the TBC, differently from the IA where the dependence appears in

both in the numerator as well as in the denominator. Below we show the remaining coefficients:

bpg = =21 +y2+ys3)i by =2(=1+ys+wm); by =21+ bg=—2u

fo=2y1(=14+y1 +y2 + y3)ys; fpo =2(y3(=1+y1 +y2 +y3) + (Y1 + 2 + y3)ya) s

for =1—2"+ys(=1+ 207 + 2y2(—1 + y2 + y3) + 251 (=1 + 22 + y3) + 2
g=—1+ys —(—1+y1+y2+y3)(y1 +v2 +y3)ys.
(B.13)
Putting all pieces together, the expression for the TBC reads as
Fx(Q%) = 89 /d7 dy'" dz dz'g(z,7)g(#',7") /[dyi](l —ys)*ys (1 —we)?ys §° s° Joumer (B.14)
(2)117r6 ) ’ 5 6 (M3>5 ’

where we have used the compact notation for the integrals in the Feynman parameters

1 1-ya 1-ys—ya 1-y2—ys—ya 1 1
/[dyz] :/ dy4/ dyS/ dyQ/ dyl/ dyg,/ dye. (B.15)
0 0 0 0 0 0



Appendix C

Test for the two-body current

contribution

Calculating the electromagnetic FF, including the TBC contribution, we deal with rather lengthy
expressions. For example, formula Eq. (9.18) contains seven propagators and three 4D integra-
tions. These integrals are calculated using Feynman parametrization with six Feynman param-
eters. The expressions are rather lengthy, therefore one can easily make errors. Without a test,
one can hardly trust to these calculations. Below we propose a possible test. The main point is
to use another parametrization, so this calculation is completely independent.

We put in the expression Eq. (9.18) g= 0 and v =+ =0, z = 2 = 0, p’ = p, (or, equivalently:
g(v,z) = 0(v)d(z)). We obtain

;4
—ig
Fx(0) =00 /d4p2 d'py d'ps 4[M* —p- (po + p2 — ps)]
y 1 1
2 213 2 213 (C.1)
2= = =B [ = A - G- )]
" 1 1 1 1
(@02t 207 2P (oo~ psP — 2] — 2] {02~ 1 — 12
Now, we use another parametrization, where the scalar free-propagator read as
= [ da explias? - m? +ie) (©2)
- = a explia(p® — m” + ie .
p2 —m?2 + e 0 P p ’
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with this integral parametrization, we have the following expressions for the propagators

(p—ml2—|—26) =— z/ dxiexp[ (p —m? +ie)]
2 — mz o) / daf zexpli (p —m? +ic)] (C.3)
= m2 Y / d:v exp (p —m? +ie)).

Thus, the expression for Eq. (C.1) becomes

Fx(0) =

- 4 4 4 4 -5
—ig d*pz d*pg d*ps 2 ¢
(4M2) / (2m)* (2m)t (2m)A [AM™ = dp - (po +p2 = ps)|(=

e’} 2 4
2 ;2L _P M~ 2
></0 dzi x] exp sz ((pg 2> + 1 m° 4+ e

X dxy 3 exp |i
0

(C.4)

X dxrs T3 exp

[ x4
X dry e | — —pg) — P+ }
| dvaexp _ng((pg pg)” — p” + ie)

1
~.

x5 , 9 2 .
X dzrs ex — i€
0 5 b I m2 (p8 H + ):|
o0 B T

. L6 2 2 .
X dzx X — — — s
; 6 €Xp _ng((m ps)” — p +Z€)}

or in a compact form

Fx(O) :ﬁgw/o :L‘% l‘g I3 dSUl dﬂ?g dSUg dﬂ?4 d£E5 dﬂ?6
d*py d'py d'ps .
/ )1 @) (i M P (o + P2 = po)lexplif (. ps, po))

(C.5)

The six arguments of the exponents have been grouped as

2

exoli ~ exp | FL _pE L MR T6 (N2 2
xplif(p2, s, Po)] = exp s ((Po— 35 + 1 m-+e | + .. -H ((Pz P)° — ‘He)

(C.6)

To carry out the integration in po, pg and pg we use the formula

4 —i
/(;lﬂz;4exp(iap2) = (dma )’ (C.7)
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therefore, we must to remove the linear dependence in f(pa, ps, pg) by means of a shift as usual.

We start with the integration in pg doing the shift

(2px3 — 2(pg(x3 + x4) + p2(x3 + 76)))

— o _ , C.8
bs = Ps T3+ T4 +T5 + T ( )
the f function gets the following form
'3
f= (x3+x4+x5+x6)m—§+...., (C.9)

where the terms ... does not contain any contribution in the variable pg, it only has dependence

in pa, pg, p. The shift in the momentum pg leads to the following expression in the numerator

p - (prs + p2(x4 + x5) + po(5 + 26)) ,
2_ .. 1y — - M? — Dq. C.10
M*—p-(py+p2—ps) =M T3+ T4+ 25+ 26 j28 (C.10)

After the integration in pg we obtain

d*pa d*pg
(2m)* (2m)*
p - (pr3 + pa(w4 + x5) +p9($5+$6))] —1
T3 + 24 + x5 + T6 1672(x3 + x4 + x5 + 26)

e 00
Fx(0) = 47711789]\42/0 x% x% 3 dx1 dxo dzs dxs dxs dxﬁ/

sexplif(ps = 0)].

(C.11)

X{M2—

Similarly we integrate over po and pg doing the same steps. Finally, we obtain

—ig4 > 2 92 fnum
FX(O) = W/O Tl Ty T3 dxl d[]fQ d$3 df]f4 d$5 df]fG?
2 2
. . ez M
exp [—z(afl + 2o+ a3+ x5) — i(T4 + x6)7:12 +i ]gz e (x1 + xo + 23+ x4 + x5 + T6)€|

(C.12)
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with

d =4|x3r4x5 + T3T4T6 + T3T526 + T4T5T6 + T2(x3 + x4)(T5 + X6)

+21((w4 + x5) (23 + 6) + T2(@3 + 24 + 5 + 76))]

Jrum =T122T4 + Toxax5 + T1T2T6 + T1X4T6 + T2TaTe + T1T5T6 + 2T425T6

carz =(2w3w4 + To(3 + 24)) (20576 + 22(25 + 36)) + 27 (24 + 35) (w3 + 26) + T2 (3 + T4 + 75 + T¢))
+y (3 (23 + w4 + x5+ 26) + 222 (w536 + w4 (25 + 26) + 23(24 + 25 + 76))
+2($4I5$6 + 133(355-T6 + l’4($5 + $6))))7

(C.13)

The numerical calculation of the integral Eq. (C.12) seems to be easy. Therefore, to complete the
test we can assign values to m, u, M, € and g* and obtain a numerical value from the expression
Eq. (C.12). On the other hand, we use the same values in the expression obtained by means of
the Feynman parametrization Eq. (9.21) and compare the result. In fact, we have obtained the
same result for the two methods, within the accuracy of the calculation. Therefore, one can say

that the expression for the TBC is correct, since the confidence provided from the test.
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