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General characterization of the work

Topicality of the research subject. Relativistic quantum field theory (QFT) is the concep-
tual and mathematical language of elementary particle physics. It has a few specific realizations
like operator formalism or path integral approach, and methods starting from phenomenological or
semi-phenomenological models through perturbation theory, numerical lattice simulations to highly
abstract concepts like supersymmetry or string theory. All these particular schemes have been most
often formulated in terms of the “natural” space-time variables 2" = (¢, z,y, z). It has been known
since the Dirac’s work on the forms of relativistic Hamiltonian dynamics [1] that in addition to this
“instant-form” or “equal-time” form (called space-like (SL) here because the quantization rules are
prescribed on a space-like initial surface) there is also a “point form” (related to a Lorentz invariant
quantization hypersurface) and the front form. The latter introduces the time variable x7 = ¢ + 2
and the “longitudinal” variable z~ = t — z, and correspondingly the space-time parametrization is
2 = (2%, 27, x,y). Quantization rules are then prescribed on the hypersurface 2 = 0, called also
a "null-plane” or "light-front”. This “innocent” change of variables actually changes dramatically
the properties of the corresponding field theory from the structure of field equations and character of
field variables (dynamical vs. constrained) up to the properties of the Fock space including the vac-
uum state. Specifically, purely kinematical arguments suggest, without any reference to dynamics,
that quite generally the lowest-energy eigenstate of a full interacting Hamiltonian coincides with the
vacuum of the free, non-interacting Hamiltonian. The latter property is based on the positivity of the
light-front (LF) momentum p* = p®+ p3, conjugate to 2z~ . This means that contrary to the usual SL
theory, where the only quantity with positively-definite spectrum is the energy, in the LF case there
are two such quantities (operators) — p* and the LF energy p~ = p° — p3. The spectral condition
pT > 0 of the kinematical operator P can be used to define the vacuum state as well as creation
and annihilation operators for arbitrary T even in the interacting case (in Heisenberg picture) [2].
Consequently, a consistent Fock expansion with momentum-dependent coefficients (wave functions)
having the probabilistic interpretation similar to the non-relativistic quantum mechanics, can be ap-
plied to bound-state problem. All the above properties are unique and open a very promising avenue
for a fresh formulation of QFT.

The development of the front form of dynamics after Dirac’s paper was somewhat non-uniform.
It reappeared as the “infinite-momentum frame” (IMF) approach independently in the context of
the current algebra and perturbation theory in the mid of 1960’s (Fubini and Furlan [3], and Wein-
berg [4], respectively). The celebrated Feynman’s parton model was also formulated in the IMF [5].
Between 1969 and 1973 fundaments of the LF QFT were laid down in the work of Chang and
Ma [6], Susskind [7], Leutwyler, Klauder and Streit [2], Rohrlich and collaborators [8], Kogut and
Soper [9], Yan and collaborators [10], Leutwyler and Stern [11], and others. Later in 1970’s, im-
portant contributions were done by Maskawa and Yamawaki [12], Karmanov [13], and Brodsky
and Lepage [14]. A more systematic development of the LF methods (both theoretical as well as
more phenomenologically-oriented) was triggered by the work of Pauli and Brodsky in 1985 [15].
The important progress was then achieved for example within the LF renormalization-group ap-
proach [16, 17] and using the LF Tamm-Dancoff methods [18-20].

Although the light-front field theory emerged as a relatively independent direction of the theo-



retical research a few decades ago, there are still quite a few open questions and even controversies
between individual research groups. The research activity is not as homogeneous as for example in
the lattice computation community. It is however still very clear that the conceptual and technical
advantages of the front form of dynamics are significant and promising. It is highly desirable to
clarify the controversial points in the LF scheme, to further develop its conceptual and mathematical
language, to improve our understanding of its basic properties like the vacuum structure and sponta-
neous symmetry breaking. Another important part of the LF studies should be the application of the
scheme to the models and phenomena already understood in the SL form of the theory, in order to
further test the LF formulation of QFT and to demonstrate its advantages. Solutions and approaches
to particular aspects and problems of the light-front theory, included in the present thesis, such as the
LF perturbation theory results, vacuum aspects, exactly solvable models, among others, has the am-
bition to contribute to such a development. The presented results are a part of the current endeavour

of the international light-cone community to make progress in this promising research area.

State of progress of the research subject. There are a few groups worldwide which perform
active research in the topics of the present thesis, both perturbative and non-perturbative. The Hamil-
tonian LF perturbation theory (LFPT - the "old-fashioned”, time-ordered perturbation theory derived
within the LF quantization) was developed by Kogut and Soper [9], Karmanov [13], and by Brodsky
and Lepage [14] in 1970’ies and has since been used in numerous studies. However, quite often LF
theorists [21] start from the covariant Feynman amplitudes of the process under study, and rewrite
the Feynman integrals in terms of the LF variables recovering the LFPT amplitudes by contour inte-
gration in the complex £~ plane. This sometimes serves as a shortcut but on the other hand brings
certain ambiguities or controversial results. The problem is related to the less convergent integrand in
k~ variable than the corresponding SL form of the integrand which depends on the £° variable. Our
approach assumes that the cleanest answers are obtained in the genuine LF Hamiltonian perturba-
tion theory, although some mechanisms may look differently than in the LF Feynman approach. An
example is given by the LF ”zero-modes” (ZMs), that is values of the integration variable k* = 0,
which indeed often give non-negligible contributions in the first method. However, they actually do
not exist in the genuine LF quantization of say the free massive LF scalar field and therefore also
not in the LFPT. Their effect is replaced by the genuine LF non-ZM mechanisms, as we show in
the first part of the thesis with the examples of the one-loop self-energy and scattering amplitudes in
both the continuum and finite-volume treatments. In the latter case, the continuum limit reproduces
the covariant amplitudes as the ZM corrections vanish. The genuine LFPT is also shown to predict
correctly the LF vacuum amplitudes (bubbles) for scalar models, in agreement with the previously
calculated, but not widely recognized, covariant Feynman diagrams evaluated in terms of the LF
variables. Contrary to standard wisdom, non-vanishing of LF vacuum bubbles is not due to the
Fourier mode carrying k™ = 0, but due to the region of small k* values.

In the case of the spontaneous symmetry breaking (SSB) in the LF version, it is widely believed
that this phenomenon occurs due to the constraint LF zero modes. This approach was formulated by
Pinsky, van de Sande, Hiller and collaborators [22], Tsujimaru and Yamawaki [23], and others. In
our work, we have made a step forward in developing a semiclassical picture of the broken phase of

the self-interacting scalar theories, analogous to the usual SL textbook treatments.



The subject of exactly solvable 2-dimensional models has a long history starting more than 60
years ago in classical papers by Thirring [24], Schwinger [25], Schroer [26], Thirring and Wess
[27,28] and Fedebush [29]. We argue that despite numerous refinements and improvements, some
important ingredients have not been fully incorporated in the solutions. This pertains first of all to
the vacuum aspects, which are best studied in the Hamiltonian framework that however was not used
in the previous SL studies. In particular, our diagonalization of the Thirring-model Hamiltonian by a
Bogoliubov transformation lead to a physical vacuum state in terms of coherent states of composite
scalar-field Fock operators, bilinear in the original fermion creation and annihilation operators. In
the LF case, quantization of massless fields in D=1+1 has been a puzzle for a few decades. For the
massless LF fermions (and for the related operator solution of the Schwinger model), it was argued
that additional fermionic degrees of freedom have to be introduced by hand” on the second initial
surface = = 0 [30-32]. In our approach, the massless LF fields depend on just one variable 2™ or
2~ . They are correctly obtained as the massless limit of the corresponding massive fields. This leads
not only to the independent operator solutions of the solvable Thirring and Thirring-Wess models
(not obtained in the LF approach before), but also generates a genuine form of the LF bosonization
of fermion fields as well as correctly predicts correlation functions of the conformal field theory and
the quantum Virasoro algebra. These issues have not been studied by LF methods before.

Numerical diagonalizations of the LF Hamiltonians for the relativistic models (within the dis-
cretized light-cone quantization, DLCQ) started by the Yukawa-model study in D = 1 4 1 by Pauli
and Brodsky [15], and has since been applied to a variety of theories including gauge models and
some realistic 4-dimensional models. Our contribution is the application of the numerical DLCQ
method to the topological solutions (bound-states) in the broken phase. The mass of the quantum

kink state was found for the first time together with some of its other properties.

Goals and purposes of the thesis. The main goal of the present thesis is to contribute to the
development of the light-front form of field theory, conceptually and methodologically, at the level
of perturbation theory as well as using non-perturbative approaches (operator methods, Hamilto-
nian formulation). Our LF perturbation-theory calculations both in the continuum and finite-volume
versions (DLCQ) yield the correct self-energy and one-loop scattering amplitudes in a very simple
manner, without a need to combine propagators and to introduce Feynman parameters, unlike the
covariant perturbation theory. The efficiency of the LFPT in the finite volume as compared to the
finite-volume “near-light cone” and “infinite-momentum” (IMF) treatments is shown along with the
demonstration that the LF theory cannot be obtained as the "light-like limit” of the “near-LC” for-
mulation. Another goal was to reconcile a contradiction between the vacuum amplitudes (bubbles)
obtained using the LF evaluation of the covariant Feynman vacuum diagrams and their apparent
vanishing in the genuine LF perturbation theory.

In the non-perturbative area, our goal was to show that the "triviality” of the LF vacuum does not
exclude the possibility to describe the broken phase of the scalar models semiclassically, in a manner
known from the SL theory. Degenerate vacua can be represented in terms of coherent states of scalar-
field modes, in the finite-interval treatment with antiperiodic boundary condition. Similarly, vacuum
degeneracy in a four-dimensional model with fermions follows from the presence of dynamical zero

modes in the axial-vector charge operator. In the case of a gauge theory, the residual large gauge



symmetry realized quantum-mechanically was shown to generate an infinite set of degenerate vacua
summed to a gauge-invariant theta vacuum within the massive Schwinger model quantized in a finite
volume in the light-cone gauge.

The purpose of our study of two-dimensional solvable models in the usual SL form was to
generalize the known operator solutions of the Thirring and Thirring-Wess models by the inclusion
of previously overlooked vacuum structure. Another goal was to get a complete solution of these
models suitable for comparison with their LF versions, where the vacuum structure does not play a
role and its effects are presumably incorporated in the operator part of the solution.

Our analysis of the massless LF fields (scalar and fermion) in D=1 + 1 had the goal to fill the
gap and find a consistent quantization scheme for these specific fields that ’live” on characteristic
surfaces = = 0. Application of the constructed quantization scheme in the area of solvable models
and even in conformal-symmetry aspects demonstrated its consistency and efficacy: the LF operator
solutions of the Thirring and Thirring-Wess models could have been found based on this quanti-
zation. The connection to the conformal field theory was also established, including the quantum
version of the Virasoro algebra.

The purpose of the numerical DLCQ study of the ¢*(1 + 1) theory was to find quantum bound
states in its broken phase. The obtained results, extrapolated to the continuum limit, confirmed
our expectation and yielded the mass and other characteristics (number densities, shape of the form

factor) of these quantum states, corresponding to classical topological solutions of the model.

Scientific novelty. The results of the thesis have the following novel aspects and qualities:

e A systematic comparison among the perturbative one-loop amplitudes of the self-interacting
scalar models in the finite-volume treatment of the LF, near-LC and infinite-momentum schemes
was performed for the first time. It clearly demonstrated advantages of the LF formulation as
well as impossibility to define the LF form of QFT as a limit of the near-L.C form, at least in the
compactified treatment. The reason for the singularities emerging in that limit was revealed.
The forward-scattering limit was correctly obtained without presence of the scalar zero mode

contrary to claims in literature.

e The vacuum bubbles were shown to be non-zero in the LF perturbation theory, contrary to the
prevailing opinion in the LF community. They are obtained as the limit of vanishing incoming
momentum of the corresponding self-energy diagrams. Their values match those from the

usual Feynman diagrams as well as from the LF evaluation of the Feynman amplitudes.

e A semiclassical picture of the spontaneous symmetry breaking was developed based on a
unitary operator that shifts the scalar field to a state minimizing the LF energy. The vacuum
is described by a coherent state of scalar-field modes. Such a direct approach has not been
applied before, the prevailing opinion being that it is the form of the solution of the constraint
equation that indicates the broken phase (a constant term in the solution). A direct construction
of an infinite set of degenerate vacua for the sigma model with fermions was not given before
either. It is based on the dynamical fermionic zero modes which have p™ = 0 but can carry
positive as well as negative values of the perpendicular momentum p; and thus may combine

into vanishing p in bilinear charge operators.



e The explicit construction of a degenerate set of vacua with internal structure was also derived
within the massive Schwinger model in the light-cone gauge quantized in a finite-volume.
The Fock-form gauge zero mode and its conjugate momentum was used for the first time in
light-front studies in order to implement residual (large) gauge transformations in terms of the
corresponding unitary operator. Previously, a non-relativistic quantum-mechanical treatment
of the gauge zero mode effects was applied in literature. A novel feature in our approach is
also the fermionic component of the vacuum structure obtained in the Fock representation.

e The correct full interacting vector current and non-trivial vacuum structure of the Thirring
model were obtained based on an operator solution of the corresponding field equations. These
features were missed in the previous studies. A similar solution of the Thirring-Wess model
in terms of the fields present in the starting Lagrangian (i.e., without using auxiliary fields via

Ansaetze) was obtained for the first time including the correct value of the axial anomaly.

e A consistent quantization of massless fields in D=1+1 was derived in the LF field theory. The
massless LF scalar and fermion fields were obtained as massless limits of the correspond-
ing two-dimensional massive fields. The previous attempts required to quantize the massless
fermion field at two initial surfaces leading to a few unwanted consequences, while the mass-
less LF quantum scalar field was not described before at all. The formulated quantization
scheme opened the door to independent LF operator solutions of the Thirring, Thirring-Wess
and Schwinger models. Similarly, it led to an independent LF form of bosonization of fermion

fields in two space-time dimensions and to establishing a connection to conformal field theory.

e Detailed properties of quantum topological objects (kinks) in the two-dimensional ¢* model
were obtained by a numerical diagonalization of the corresponding LF Hamiltonian. Similar
predictions only exist within the numerical lattice simulations but are restricted to the compu-
tation of the kink mass. The DLCQ approach based on the extracted information on the LF
wave function, led to the insights into the ”’parton” composition of the bound state and also to

its relationship to the classical topological solution (Fourier transform of the form factor).

Theoretical and practical significance. Our research is purely theoretical, belongs to the funda-
mental science without direct practical applications. Its potential significance consists in extending
and deepening of the methods of relativistic field theory and of the knowlegde related to the struc-
ture of the microworld. From the general point of view, our results might contribute to the opinion
that the LF version of field theory is very well adapted to the description of relativistic processes,
perhaps better than the conventional framework. More specifically, one of the goals of our studies
has been to extend the ’canonical” picture of the LF form of relativistic dynamics by some concepts
of the conventional SL form of QFT. This concerns for example the idea to extend the notion of
the "trivial” LF vacuum by transforming it to a more complex state (by means of certain zero-mode
type of unitary operators, e.g.), which would however still be tractable analytically, in contrast to
the SL theory, where the vacuum is typically a state with very complicated Fock structure, which
can be obtained only from (unrealistic) non-perturbative calculations. Another related example is
the existence of vacuum bubbles in the LF perturbation theory, which naively seem to vanish. Such

“non-conventional” ideas could be generalized to more realistic theories in future.



Methodology and the research methods. The general scheme utilized in the thesis is the
quantum field theory expressed in terms of the light-front variables, in the continuum as well as
finite-volume versions, and mostly in the Hamiltonian formalism. We applied methods of canonical
quantization formulated in terms of LF space-time and field variables. The infrared regularization is
achieved by enclosing the system in a finite box in = (or £,  and y in the 4-dimensional theories)
and by imposing (anti)periodic boundary conditions in these variables. This leads to a denumerable
(discrete) momentum basis, which allows one to carefully study the zero-mode aspects, and also fa-
cilitates numerical analyses (Hamiltonian matrix diagonalizations using the DLCQ method). In the
perturbative approach, the Hamiltonian (”old-fashioned” or “’time-ordered”) LF perturbation theory
is utilized because of its simplicity and transparency. In our non-perturbative studies, the operator
and Hamiltonian methods in the light-front version are applied. In particular, unitary operators im-
plementing symmetry properties at the quantum level, are an important ingredient. In the case of
solvable models, solutions of field equations are obtained by solving the corresponding differential
equations and incorporating quantum properties into these solutions, that is non-commutativity of
the operators representing fields and observables. The products of the operators at the same space-
time points are ill-defined and the point-splitting regularization (that is, interpreting the local product
as a limit of the operators with arguments shifted by infinitesimal €) is the most natural definition of
such products, in particular fermionic currents. In many problems, the LF Fock representation turns
out to be very efficient, leading to clear-cut solutions, for example in the case of quantum ”anoma-
lies” in the Thirring model and the LF Virasoro algebra (the commutation relations between the
generators of the conformal transformations in the quantum case). Technique of Bogoliubov trans-
formations has also been used for the diagonalization of the SL Hamiltonians. In our DLCQ study,

the numerical diagonalization of the Hamiltonian matrix in the discrete basis is the main method.

The main results of the thesis submitted for the defense

1. The one-loop perturbative light-front (LF) amplitudes calculated in a finite volume (DLCQ
method) have been shown to (i) match the covariant Feynman amplitudes in the continuum
limit, but (ii) are not obtained as LF limits of amplitudes calculated in the conventional ("in-
stant form” or “’space-like” (SL)) theory compactified “close” to the light front. The latter
method cannot be used to define DLCQ, as is sometimes assumed. The forward scattering
amplitude in two-dimensional theory is correctly predicted without the zero mode which is

actually not present in the LF massive scalar field as a dynamical degree of freedom.

2. The vacuum amplitudes (bubbles) in the LF perturbation theory are contrary to simple kine-
matical arguments non-zero and match the values known from usual as well as light-front
evaluation of covariant Feynman amplitudes. This has been shown for self-interacting scalar
models in continuum and also finite-volume treatments by considering the limit of vanishing

incoming momentum of the associated self-energy diagrams.

3. A few mechanisms have been identified that extend the Fock vacuum (which is conventionally
considered to be the full vacuum even in inferacting LF theories) to truly physical vacua with
non-trivial structure. The mechanisms are: coherent states of the scalar field that minimize the

energy in the broken phase, unitary operators which implement residual large gauge symmetry



in the massive LF Schwinger model, and fermionic zero-mode terms in the axial charge that

generate a family of degenerate vacua in the light-front sigma model with fermions.

4. A generalized operator solution of the Thirring model in the usual (SL) formulation has
been found. The new solution incorporates a truly interacting fermion current as well as
the true vacuum structure obtained by means of a Bogoliubov transformation diagonalizing
the (bosonized) Hamiltonian of the model. A similar operator solution of the Thirring-Wess

model was found for the first time in terms of the original fields present in the Lagrangian.

5. A notorious problem of quantization of massless LF fields in two space-time dimensions has
been solved. In contrast to previous attempts, no initialization on two light-like surfaces is
needed, the massless quantum fields emerge as the limit of the corresponding massive fields,

with correct form of the two-point functions.

6. Starting from the above quantization scheme, the LF version of fermion-field bosonization
has been derived. Also a connection of the massless LF fields in two dimensions to confor-
mal field theory (CFT) has been established. Two-point functions of the energy-momentum
tensor of CFT and the quantum Virasoro algebra were obtained in Fock representation. Based
on the novel quantization, non-perturbative light-front operator solutions of the Thirring and

Thirring-Wess models were found for the first time.

7. Physical properties of a quantum kink as a bound state in the broken phase of ¢*(1+1) theory,
were determined. The mass, number densities and the Fourier transform of the kink’s form
factor were found ab initio using the non-perturbative diagonalization of the LF Hamiltonian
in a finite discrete basis (the DLCQ method). No similar results were reported in the LF
literature before, predictions from lattice simulations are less detailed.

Publications. The present thesis is based on 13 main articles, published in the peer-reviewed
scientific journals, which are indexed in the data bases Web of Science and Scopus. The journals
include Physics Letters B (6 publications), Physical Review D (3 publications), Few-Body Systems
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CONTENTS OF THE THESIS

In the INTRODUCTION, the topicality of the studied themes is explained along with a broader
context including a brief overview of the development of the light-front field theory since the sem-
inal work of P. A. M. Dirac in 1949. Also the state of progress of the particular studied aspects is
characterized and the main goals of the thesis are defined. Then we point out the scientific novelty of
the results of our research together with its theoretical and practical significance, as well as applica-
bility for additional studies. After that, a discussion of our general methodology and specific metods
follows. Here we emphasize efficacy and clarity of the light-front operator methods and the Hamil-
tonian framework. We list seven main results of our thesis, submitted for defense, and justify the
degree of credibility and approbation of the obtained results, in particular by the list of international
scientific conferences and workshops, where the author delivered talks with the research topics of
the thesis. The personal contribution of the author to the journal publications is also evaluated.

Chapter 1. Perturbation theory results. The advantages of the LF scheme manifest them-
selves already at the level of perturbation theory. Its version best adapted to the front form of the
dynamics is the “old-fashioned” Hamiltonian PT, which is not manifestly covariant but simplifies
the calculations. It does not involve integration over energy variable, replaces the Feynman propa-
gators by energy denominators and from the very beginning introduces the LF momentum fractions
which coincide with Feynman parameters x; used in the covariant Feynman procedure. In the latter
method, a few preliminary steps (like combination of denominators) are necessary. In this chap-
ter, we applied the LFPT to one-loop self energy and scattering diagrams for self-interacting scalar
models and compared its results to those of the infinite-momentum frame and near-LC, and in the
continuum as well as finite-volume treatments. Then we studied the role of the scalar zero mode in
the forward-scattering regime in the finite volume one-loop calculations for increased resolution pa-
rameter K (the continuum limit). Finally, we demonstrated that the LF vacuum amplitudes (bubbles)
are non-zero in LFPT contrary to straightforward arguments based on LF momentum conservation
and its positivity. The results agree with both the covariant Feynman calculations as well as with the
Feynman integrals expressed in terms of the LF variables and evaluated by a careful regularization.

Problems related to compactification near and on the light front have become interesting also in
the context of string theory [33]. Since zero modes pose a major challenge in the nonperturbative
context, attempts have been made to perform the quantization on a space like surface [34] close to the
light front (a parameter 7 characterizes the “closeness”). By taking 1 — 0 one is supposed to reach
the light front surface (sometimes also called “’light-like” (LL)). However, this limiting procedure
need not be smooth since a light front surface cannot be reached from a space-like surface by a finite
Lorentz transformation. On the other hand, S-matrix elements should be independent of n for any
value of 7. Thus any 1 dependence in an S-matrix element signals breakdown of Lorentz invariance
as in the results of Ref. [33].

The infinite momentum frame (IMF) [3,4] is a concept that allows one to simulate perturbative
LF theory calculations in an equal time framework by taking the external total longitudinal momen-
tum to infinity. In scalar field theory, in the discretized version, one can ask whether one can simulate
DLCQ perturbation theory by considering the IMF starting from the equal time formulation.

To clarify these issues, we have performed and compared perturbative calculations for scalar field

10



q P-q

p-q p
(a) (b)

Figure 1: Two time-ordered one-loopdiagrams of the boson self-energy in the Hamiltonian pertur-
bation theory for the A\¢® model. Only the first diagram contributes in the LF case.

theory in the continuum and discretized versions of three formulations, namely, light front quantiza-
tion, infinite momentum limit of equal time quantization and space-like quantization parameterized
by 7. For simplicity, we consider here mainly the self-energy diagram in ¢3 theory. The same overall
picture emerges also in the case of scattering diagram in ¢* theory.

First we compare results of the light front perturbation theory with those of the covariant PT in
the continuum formulation. We consider the one loop self-energy diagram in ¢ theory. Note that in
this case there is only one time ordered diagram (the first diagram of Fig.1) in the light front case.

Using the rules of light front old fashioned perturbation theory [9], we have

22 pt dq+d2qj‘ 1 1
E(pz) = 7/ 2913 at(pt —at) — _ (@)2+m2 _ (pl—gl)2m2 | . (1)
0 (2m)* gt (p q )p — F — PR + i€
Introducing y = ¢ /p*, we get
1 A2 1
E 2 _ / d d2 1 , 2 _ +,— 1 2' 2
(p”) 327 Jy M AT i P PP ()" @

Next we derive this result starting from the Feynman diagram. The corresponding amplitude is

. 1 (—i))? i i
_ 2y _ 4
27 2 (2m)* /d ¥ k2 —m?2 +ie (p+ k)2 —m?2 +ie ®

Using d*k = $dk*dk~d*k*, we have

o / e [ [ m T

X . “4)
k)2 1m2 L kJ. 24 m?2 K B
k ( ) szr p k (P p++3€+ Zp++k+

() =-

[NORIEN

Let us now perform the k£~ integration. Let p* > 0. For k™ > 0, p™ + k™ > 0, both poles are in
the lower half of the complex k£~ plane. We can close the contour in the upper half plane and the
integral is zero. For k™ < 0, if p* < —k™, p™ + k* < 0, both poles are in the upper half plane.

We can close the contour in the lower half plane and the integral again is zero. For p* > 0, we get a
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non-vanishing contribution when k+ < 0 and k* > —p™:

2 0 + 251
2(1)2) _ l( i\) / dkTd°k y
22(2m)3 J_,+ kT (pT +kT)
1
X Y2 {m2 T _kLi)21m2 ) : ©)
P+ (k Zgj . pf+3€++ — Zk% +Z_p+j_k+
or
X2 P dgtd?et 1 1
E(pQ) = _/ d qg T+ T 242 T _o1)\24m2 : (6)
2 Jo  20@m)? qt(pt —qt) p- - e SimE_ (pr g Pim? e

qt pT—qt
We recover the expression (Eq. (1)) from old fashioned perturbation theory with energy denominator
and integration over three momentum.
The same amplitudes can be calculated in the DLCQ framework. The mode expansion for the

normal-mode field ¢,,(z) is

On(z [aﬁe*ik—x + azeik—m} . @)

1 1

= Zk: N
The corresponding DLCQ Hamiltonian, obtained from the energy-momentum tensor, is
- 3 2,2 2 A3
P~ = | dx|m’¢ + (000)° + 56°| - ®)
%

It contains ZM terms, which have to be expressed by means of the normal-mode field ¢,,(z). To do
so we need to obtain the lowest-order solution of the ZM constraint
A (Ede

(m* - 91)¢o = -3 / o (@ + 9. ©)

In the Fock representation, the solution is

5kf,k; e*i(kf*kf)mi' i A1

- T 02 %, %, ~ 557 2 1T
V&@z /kfki m2+ (ki —ky)? %172 2m2V - k]

go(zh) = (10)

The interacting Hamiltonian P, , contains a term, corresponding to the usual one of the contin-

uum formulation, plus the ZM term, calculated to O()\Q):

_ _ A
Piy = Prar+ Ppyp . Pyu =3 / &z, (1)
1%
_ A
PZ]E;) = / dz [%(mz —0%1)do + §(¢o¢i + Pndodn + H2 o) (12)
1%

The O(A?) self-energy amplitude, corresponding to the first term in (11), is calculated by the Hamil-

tonian (time-ordered) perturbation theory formula

> <]_7/|PNMln><n|PNM|I_7>

Tyi = =
n P —DPn

, (13)
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where |p) = a}|0) and the summation runs over the two-particle intermediate states [n) = 272 aT aT |0).

by corresponds_ to the invariant amplitude M y; which differs by a kinematical factor from T';.
Its contribution to the boson self-energy in the first order perturbation theory is

~ 1
T = . 14
fi=7% p+Vp’+Vp+ Z m2 + (pL — ¢1)2 (14)
The corresponding M -amplitude vanishes in the continuum limit due to the extra L~! factor:
- 1 A 11 1
Sptpt)= - =-— [ ¢ . 15
R s s “

In this way, DLCQ calculation yields the correct covariant result for the one-loop self-energy in A¢>
theory in the infinite-volume limit.

In order to calculate the one-loop scattering amplitude in DLCQ perturbation theory for ¢* (3+1)
model, we again need to derive the LF Hamiltonian with O(A\?) ZM effective interactions. Following
the with the interaction (4!) = \¢*, we find

2\
Pt =71 / Pz oh(z) + Ppp, Pyp = /V &r [¢o( 5¢)¢0+ 4¢0¢3 .(16)

with the solution of the ZM constraint

)\ 1 L de 3
= — . 17
The invariant amplitude M again vanishes for L — oc:
~ A2 1 1 1
Mygi(p, —p,) = — ——— [ &®¢- + (14 3). 18
ey~ =~ L | T e T O

In the continuum version of the near-LF approach, for the ¢3 self-energy, we have,

) _l ) +oo dq_dqu 1
=(7) _2)\ [m (2m)3 (%(Eon(p)—Eon(Q)—Eon(p_Q))+i€

n
=%:(p*) + 211(p?). (19)

1
7 (Bon(p) + Eon(q) + Eon(p — q)) — ie)

where E,, (k) = /(k-)% + n2(m?2 + (k1)2). The two contributions correspond to two different
time orderings (Figs.1) in old fashioned perturbation theory. By considering the 7 — 0 limit of these
expressions, one obtains the LF answer as the other contributions scale as 772 and thus vanish.

The same diagram in the discretized form reads

N d?q*+ 1
() == x
1(p 2 Z/ 2m)2 2\/% +72((¢1)2 + m?)
1
x 1 . (20)
2/ st — g2 4 m) e (i = B +ie
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where the energy of the intermediate (I) state is given by

nm j —n)m
Ep = \/(7)2 +72((¢h)? +m?) + \/(7(3 7 Tyt 2t - gty +m2)
and similarly for the initial state (£;). The discretized longitudinal momentaare ¢_ = nwrL™!, p_ =
jrL™Y, n,j=0,4£1,42,...Forj,n # 0, asn — 0, we get the result independent of 1 and L.
For n > j, the amplitude vanishes as n? L? for fixed L. For n = j = 0, the amplitude diverges

as niL For Fig.1b, we have

2 f_l 2 L d*q .
Zu(p7) = —35A 2LG:/ @2n)? 2\/(%)2+n2((qL)2+m2) -

1 1
. 1 X s .
2\ /(S 2 (= g+ ) B F ) e

ey

For j,n # 0, as 7 — 0, the amplitude vanishes as n? L. For n = j = 0, the amplitude diverges as
Lin. It is not difficult to understand the origin of this divergence: since there is no dynamical scalar
zero mode on the light front, the sum over intermediate states cannot include this mode. On the other
hand, for arbitrarily small but non-zero 7 (space-like quantization) there is a dynamical zero mode in
the sum over intermediate states. By requiring this state to exist in the limit we are not approaching
the light front theory but some peculiar (divergent) regime of the space-like theory. The LF theory
has its own mechanisms (constraints for zero modes) to replace this “missing” dynamical mode.
The same diagram in the infinite momentum frame reads

2ot dde 11 1 1
E(pﬁzA—/ T —+ -) @2
2 | . (2m)32E,2E, J\E, —E,—Ep_q+ic E,+ Ey+ B, —ic

=3i(p*) +Su(p?), Ep=\/p*+ (ph)> +m?2. (23)

p is the third component of the three-vector p. The two contributions correspond to two different

time orderings in old fashioned perturbation theory. To facilitate the infinite momentum limit, we

parametrize the internal momenta as follows: q = (zp,¢*), p —q = ((1 — z)p, p* — ¢*).

¥7(p?) in the p — oo limit is

1 A2 e 1 1
(%) = - dod?qt — ——— 24
1(P7) 2(271')3/_00 a1 24)
1
X m2 1)2 m2 1)2 m2 1 _g1)2 "
p(i=|w| =1 - |)+ 25k - 2opl — oo o)

Now we have to distinguish various regions. For x > 0,1 — x > 0, we get

(%) = & X d ! 25
I(p ) - 5 (27T)3 0 € m2+(pH)2  m2+(¢h)2  mE4(pt—gt)? (25)
2 2z 2(1—x)
which agrees with the light front answer. Contributions from the other two refions are suppressed as
p~2. One also finds that in the infinite momentum limit (p — o), the “backward going diagram”

¥ 77(p?) vanishes as p% in accordance with Weinberg’s results [4].
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In the finite-volume or discretized calculations, we again restrict the longitudinal coordinate to
a finite interval. Specifically, we set —L < x* < +L. The longitudinal momenta ¢* — ¢ = In,
n =0,£1,+2,.... The field operator at t = 0 becomes

1 - nmaed igt Lt i
=Y [t [anlah)e T e

Let us consider the ¢? self energy. For the external momentum we set p = (% ,p). We obtain

1 1 d?q* 1
B(p?) = s\~ Z/ :

2 %)“M 04) 2y/(U)2 4 M(pt gt

717\'1‘

—igr-at | (26)

1
(¢<%>2+M<pw—¢< £)2+ M(gh) -\ (20)2 + M(pt — )
1
VE? + MY + ()2 + M(gh) + /(5222 + Mt — )

). en

where M (pt) = (p)? + m?, etc. If we take the continuum limit, then 5+ >, — S—Z and we
obtain the result of the previous subsection. Then, taking the infinite momentum limit, the second
contribution drops out and we get the light front answer from the first contribution alone.

The same results are obtained with regard to the relationship between the LF, near-LF and
infinite-momentum frame one-loop perturbative scattering amplitudes [35] (finite-volume vs. con-
tinuum formulations). The conclusion is that the n — 0 limit does not lead us to the light front
theory but to a peculiar non-covariant regime of the discretized space-like theory.

On the other hand, the continuum version of the near light front old fashioned perturbation theory
reproduces the light front answers (which agree with the covariant ones). But since this formulation
has no particular advantages there is no real reason to use it in practical calculations.

The conclusion for the LF theory is that the "light-like compactification” is feasible and DLCQ
is a consistent scheme. The discretized formulation of the quantum theory on the LL surface does
exist as a straightforward LF field theory, but not as a limit of a space-like compactification.

Forward scattering amplitude in a finite volume. We consider the scattering amplitude at one
loop level in ¢* theory. pi,ps are the initial momenta and ps, p4 are the final momenta. Let us
denote s = (p1 +p2)® = (p1 +p2) T (pr + p2)~ = (pf +p3)°m?/pip3 and t = (p1 — p3)? =
(p1 —p3) T (p1 —p3)~ = —(pi —p3)?m?/pi pF. According to the rules of light front perturbation
theory, we have to consider two cases separately. For pj > p;, which defines one possible =+
ordering, the amplitude (see Fig.2a) is

+_ .+
1 \2 P1~P3 1 1
My = 22 g —p?,>/0 dg L

24w a pi —pf—af
1
X — — — — — (28)
P Py —P3 —Dy — _(pl_pB_QI)_
o+
1N pipg e(pf—pg*)/”l P dq+[ 11 }
1
24mm? pi +p3 pf —pi Jo o -7 o +pi
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q1 17P3-q1 q1 P3-P1-q1
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(a) (b)

Figure 2: ¢* scattering diagrams in time-ordered LF perturbation theory

We are interested in the forward scattering amplitude, i.e., in | p;“ — pg |— 0 limit. In this limit
qfr is very small compared to both pf and p;[ and it is legitimate to expand the integrands. We get,
1 _ 1 N_pf%—p;f 1 _ 1 N_pf—l—p;
o —pi @ +pd pivs o —pi @ el pipd

(29)

Thus, in the forward scattering limit, we get My; = —\?/(87m?).
Using the second-order formula with [p) — |pi,p3), [p) — |p3,ps) and with four-particle
intermediate states, one finds for the second-order normal mode scattering amplitude the expression

+_ o+
Optntwf+oy P — 1) A2 1 1
L [ptpipipt 4T A w5 Pl @) Py —p —a — (P - @)
1

plus another term with 1 <+ 3. In DLCQ, we have,

Ty =

- (i —p3)° 2 (1 — n3)?
t=(pf —p3)py —p3)=-m" =—m , (30)
i — v i — i) = -
independent of L. For convenience, we set m? = 1.0 and without loss of generality take p} > p;

. . . 2.
The scattering amplitude (up to the irrelevant factor g—ﬂ) is

M(t):ﬂ#mim[ LI } G1)

ny +nzny —ns —_ n—mni n + ns

For the case of antiperiodic boundary conditions, the scattering amplitude in the ¢-channel is

nlfngfl 1 1

M) =2 L 3

ny +ngniy —ng

— . 32
— n—ni n+n3] (32)

The results for the forward-scattering amplitude are plotted in the few figures below.

The conclusion is that the continuum limit of DLCQ produces the correct covariant limit for the
one-loop scattering amplitude including processes with p* = 0 exchange in the ¢-channel.

Vacuum diagrams in LF perturbation theory. A simple kinematical argument (positivity and
conservation of the LF momentum) suggests that vacuum amplitudes are forbidden in the LF field
theory as the corresponding vertices would violate momentum conservation. On the other hand,
when the covariant Feynman perturbative amplitudes are rewritten in terms of the LF variables and
the k£~ integration is done in a mathematically consistent way (using appropriate regularization), the
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Figure 4: The amplitude M (¢) plotted as a function of log(—t) in DLCQ for n; = 10, 20, 30 and
compared with the continuum result.

LF vacuum amplitudes are found to be non-vanishing and in agreement with the standard evaluation
of the Feynman integrals. This contradicts the abovementioned direct LF evaluation and leads to
questions concerning the equivalence [36] between the usual SL and the LF schemes, and even a
failure of the genuine LF theory.

We show here that the self-energy diagrams, when represented in the LF perturbation theory,
reduce for external momentum p = 0 to nonzero limits equal to the values of vacuum bubbles
known from the conventional Feynman diagrams.

When the LFPT rules are applied to vacuum diagrams, the result is ill-defined [10], as the delta

function requires all three momenta to be equal to zero:

Tdki T dky Ook k+ ki + ki
oo o
0 0 0 ’“++E+E]

To resolve this inconsistency, one has to start from the graph with nonvanishing external mo-

mentum p and to compute the p = 0 limit in the corresponding integrals. In this way, the expression
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(a) (b) (c)

Figure 5: Vacuum diagrams (a) X3(0) = Va(u) (equal to the Green function of ¢?(z)¢?(0) com-
posite operator in free theory [36]), (b) ¥4(0) = V3(u) for the ¢ model and (c) for ¢* model (not
discussed in the main text). The arrows indicate the momentum flow.

(33) is first replaced by the self-energy

+ p+_k+

p 1
Sa(p®) = NyA? / diy / dk; ! (34)
- + +(+ _ .+ _ .t __;LZ_,LF_ u2 :
) kl 3 k2 (p kl k2 )p k;r k2+ p**k;rfk;r_ + 1€

~ + +
N, ! = 3!(4r)?. Introducing the dimensionless variables z = %, y= ﬁ—i, Y4(p) becomes

1 1z

de [ dy Ny\2
2\ -
24(1))_/56 /y(l_x_y)pz_ﬁ_lﬁ_ 12 . (35)

0 0 z Y 1-z—y

Now we can set p = 0. The integral over the variable y can be performed explicitly, yielding

1 4 1-—
= arctan———% (36)

T
23— 20 -1 V32 —20 -1

The numerical computation of the second integral gives

1
~ 2 ~
¥4(0) = )\2N4/d—xF(x) = Vs(p) = —)\—2N4C, C =2.343908.. ., (37)
x Iz
0

in the complete agreement with the space-like computations [37].
This result can be understood in detail in a simpler case of the one-loop self-energy diagram in
the A¢? theory (see Fig.5a) with two external lines attached). The Feynman amplitude is

. 1 (—iN)?
—i¥3(p%) = = d’k G(k)G(p — k 38
(0% = 5 ey [ R GREE - §) 38)
The vacuum bubble (p = 0; A = 1) rewritten in terms of the LF variables,
. +oo +oo 1
(2
Vs = — dk™ dk~ . 39
2(n) 1672 / / (k= — p2 4+ ie)? (39)

is correctly evaluated with a cutoff A [10], leading to the correct form(Ng =—i/ 1672)

~  too ~ +oo
N o1 1 1 Ny, o 1
Ve = /dk [Hﬂ_e e e 1 2m)/dk 3(k") =~ 40)
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Table 1: Smooth approach of the one-loop self-energy amplitude Y3(p) of the A\¢® model from
Eq.(45) to its (rescaled) value S = 1 atp = 0.

p?/u? | 1072 1073 1074 107° 10-¢ 0
S | 1.50902 | 1.09320 | 1.00667 | 0.99890 | 0.99813 | 0.99805

This diagram sheds light upon the mechanism at work in the genuine LF case. The LFPT formula
for the self-energy X5 (38)

+

P 1
1 dk+ 1 1
Ta(p) = — - 41
(p) 87T/k+(p+—k+)p—,’:—i— = k+ + i€ 87T/p2$ 1 —x) — p? +ie @b
0 0

upon introducing z = k* /p™*. For p = 0 one indeed easily reproduces Va2 (u) of (40) (see Fig. 9(a)).
Working directly with the first form of (41) and taking p*™ = p~ = 5 for simplicity, we get

arctan ( 1 )

Ss(n) =~ (Gln) — G(0)), G(k) = Vi 1L “2)
4 NVARE =1

The expansion for infinitesimal 7 gives
2

11
Ss(n) = ~groa |1+ 12 + 00" 3

The correct result is recovered for 7 = 0 due to compensation between the 7~ ! factor in theintegrand
and the interval length 7. Starting with n = 0 yields ill-defined expression.
The DLCQ analog of the X3(p) amplitude is (N3 being the normalization constant)

pi: 1 1 2 2
(p) = N3 2w ="K, kT =kl ==n, 44
= KWt = k) [pm - 5 - ] L L
n=1,2,..., K — 1. For p = 0 and periodic BC, ¥3(0) = V5(u) becomes
K-1
1 1 1 K-1

For K — o0, S obviously converges to the continuum value 1. The same result is obtained for the
antiperiodic BC [38]. In Table 1, the smooth approach of the self-energy to the vacuum-loop value
as p — 0 is shown. The vacuum bubble with three internal lines can be computed in the same way.
Chapter summary: We calculated one-loop self-energy and scattering diagrams of scalar self-
interacting models in D=3+1 using continuum and finite-volume versions of three approaches: the
genuine LF theory, the “"near-LF” theory extrapolated to the light front, and the infinite-momentum
frame approach. The covariant results were obtained in the continuum limit of the finite-volume
DLCQ calculations. In the infinite-momentum frame method, only the LF diagrams gave non-zero
contributions. The amplitudes obtained in the compactified near-LF formulation were found to have

singular light-front limits, the reason for this behaviour was clarified as the difference in the character
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of scalar-field zero modes in the two formulations. The DLCQ formulation thus cannot be obtained
as the light-like” limit of the SL quantization. In two dimensional ¢* theory, the perturbative DLCQ
amplitudes were also found to match the covariant scattering amplitudes including in the forward-
scattering limit, and even without the (non-existent) LF scalar zero mode. A similar situation was
discovered also in the case of vacuum bubbles: while in the evaluation of the covariant vacuum
Feynman diagrams in terms of the LF variables for the self-interacting scalar models the non-zero
values of the vacuum amplitudes are due to the sharp k™ = 0 contribution (k™ is the loop variable),
the situation in the genuine LF theory is somewhat different. The Fourier mode carrying k™ = 0 is
not present in the LF perturbation theory but the correct results are nevertheless obtained if one uses
a regularized approach with non-zero incoming momentum p, which adequatly treats the integration
region close to kT = 0. Passing to the relative LF variables (which coincide with the Feynman

parameters) maps this picture to the p = 0 limit of the corresponding self-energy Feynman diagrams.

Chapter 2. Spontaneous symmetry breaking and LF vacuum. Spontaneous symmetry break-
ing (SSB) is a fundamental non-perturbative property of certain quantum field-theoretical models. It
occurs when the Hamiltonian of a theory is symmetric under a group of transformations while the
ground state is non-invariant. This implies that the vacuum is not unique since its non-invariance
means that it is transformed to another vacuum state. Hence there must be a family of ground states
which all correspond to the same energy, i.e. they are degenerate.

This overall picture of the broken phase is well understood in the conventional field theory. It
is generally believed however that it is not possible in the LF theory because the Fock vacuum, i.e.
the state without particles, is the “final” physical vacuum, since it is an eigenstate of the complete
Hamiltonian, not only its free part. Hence there is just one unique vacuum, and no degenerate set,
necessary for the standard picture of SSB, can be constructed. The detailed reason is that charges,
i.e. the symmetry generators in a scalar theory always annihilate the LF Fock vacuum because due
to positivity of the momentum p™ they cannot contain terms composed of purely creation operators
[39,40] if there are no dynamical zero modes, i.e. independent degrees of freedom carrying p™ = 0,
in the theory. Without such terms it is not possible to transform the LF Fock vacuum into a more
complex object and one cannot construct multiple vacua.

We have succeeded in developing a simple LF picture of the symmetry breaking. It is based
on a concept which is close to the scheme known from the conventional field theory. We gave tree
potential mechanisms in three models: the 2-dimensional scalar ¢* theory in the broken phase, in the
O(2)-symmetric sigma model with fermions and in the massive Schwinger model in the light-cone
gauge with a residual (“large”) gauge symmetry present in the finite volume treatment.

Semiclassical picture of SSB in 2-dimensional scalar models. We start from the Lagrangian of

¢*(1 + 1) model expressed in terms of the LF variables
Lo Ay -
Lig =204¢00-¢ + SH ¢ _Ed) , L<a” <L (46)

We choose ¢(—L) = —¢(L) at our finite interval. The basic commutator

[¢(05I7)5H¢(05y7)] = iéa(xi - yi)v H¢7 =20_9, 5(1(177) = 1/287611(:67)’ 47)
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where J,(x ™) is the antiperiodic delta function, permits one to define a unitary operator
U(b) = exp [ —ib / —n¢ = e 4ibe(L) (48)

which translates the field ¢(z~) by a constant b. Minimizing the expectation value of the LF energy
between the transformed (shifted) vacuum states |b) = U (b)|0), we get the semiclassical relations
(b|P~|b) = Lb*(3b* — pi?) which has a non-trivial minimum for b = “72 = v2. The LF energy
density is lower in the new vacuum |v):
- 4

Wizl = -4 < IS0 =0. 9)
The vacuum expectation value (VEV) of the scalar field in this state coincides with the position of
the minimum of the classical potential:

(vl¢(z7)|v) = (OIU " (v)p(a™)U (v)[0) = .

Hoen(x H
Vot VoY

In the Fock representation, one has a coherent state representing the physical vacuum of the model

T -L)= (50)

in the semi-quantum approximation:

A A
lv) = exp {v Z én(al, — an) }|0) = Nexp {v Z énal }10), (51)
n=1/2 n=1/2

with &, = 4(—1)""1/2/,/mn. The other usual properties of the broken phase are then found in this
simple model as well as in the three-dimensional model with complex scalar fields, where one ca
derive the Goldstone theorem by means of the usual arguments known in the SL theory. In the case of
periodic boundary conditions, one can solve the zero-mode constraint perturbatively and obtain two
Hamiltonians, each corresponding to one of the two semiclassical minima of the potential energy.
Fermion zero modes and LF symmetry breaking. We demonstrate that dynamical fermion zero
modes provide a suitable mechanism for a description of vacuum degeneracy in a simple non-gauge
field theory with fermions. Charges, which are the generators of global symmetries of the given
system, contain a ZM part and consequently transform the trivial vacuum into a continuous set
of degenerate vacuum states. This leads to a SSB in the usual sense [41-45] with non-zero vacuum
expectation values of certain operators and a massless NG state in the spectrum of states. To simplify
our discussion of SSB in the LF field theory, we will consider a version of the O(2)-symmetric sigma

model with fermions [23,46] specified by the Lagrangian density

1/)( H 8 —m)1/)+ (3 oot + O,mdHT) — ;uQ(UQ +7%) = gib(o + iy°m)Y, (52)

The Lagrangian (52) is invariant under the global U(1) transformation 1) — exp(—i«)t) and for

m = 0 also under the axial transformation

¢ — exp(—ifr°)p, T = Plexp(ify”), (53)
o —ocos2f3 —mwsin2B, ™ — osin2f + mwcos2p. (54)
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Rewriting the above Lagrangian in terms of the LF variables and performing the Legendre transfor-

mation, one finds for the LF Hamiltonian
P~ = / Bz [(ak0)2 + (Om)? + 12 (0% + 7%) + ol (mA° —iak8y) Y- +
\%
+ gl (0 +i’m)y_ + hee|, (55)

where d®z = Jdz~d?*z . The Dirac matrices are defined as 7% = 7% ++3, % = 499, the LF

projection operators as A = 1799 and 75 = i7%914243

. A4 separate the fermi field into the
independent component )y = A1 and the dependent one ¢_ = A_1).

The infrared-regularized formulation is achieved by enclosing the system into a three-dimensional
box. The fields are decomposed into the zero-mode (subscript 0) and normal-mode (NM, subscript
n) parts. One finds that ¢/_, z/JT,, 09, T are non-dynamical fields with vanishing conjugate momenta,

while ¥, 1/)1, O, Ty are dynamical. To quantize the model, we assume at x+ = 0

1
{ri(@), 0@} = 5058° (@ —y), .5 = 1.4, (56)

[on(@),9-0u(y)] = [rn2),0-ma(y)] = 553z~ ) )

§3(z) = 63 + 62 (x) is the periodic delta function with 53 = 1/V being its global zero-mode part.

The anticommutator (56) can be derived using the expansion

u(s) _ -
Vilz) = ) —=(blp,s)e 2 4 dT (p, —s5)e™=), (58)
- s
s:i%
{b(p, ), bT(p', ")} = {d(p, 5),d"(p, 8')} = b.58pp- (59)
In the chiral representation, the spinors are uf(s = ) = (10 00),uf(s = —5) = (000 1), where

s is the LF helicity. The summations in Eq.(59) run over discrete momenta p* = 27rL~!n, n =
0,1...,N = o0, p' =nL'n’, n* =0,£1,...,£N| — ococ.

The non-dynamical fields satisfy the constraints

2i0_y_ = [my" —ia*0y + g7° (0 ++°7)] ¥y, (60)
+L +L
2 2 de™ ¢ o 2 2 dz™ &+ o 5
(01 —p oo =g ﬁ(ﬂbﬂ Y-+ He), (0] —p")mo =g ﬁ(“/hﬁ y_ + H.c.).
s s

We shall set m = 0 henceforth to maintain the axial-vector symmetry of the Hamiltonian. The scalar
fields are kept massive [23] to avoid infrared problems. Using the solution _,, of the constraint (60),

the interacting part of P~ takes the form (y = (y~,z1))
P = / d'z [12(0f + ) + (9ko0)? + (Dumo)? ] + (61)
v

+L
dz~ 1
+ig /V d'z vl @ (@) | S genle™y0) [ Obin(yTes) + he — 0204 )]
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P;, ., and the solution ?)_,, are not closed expressions due to the presence of oy, mg, which in turn
are given by their own constraints (60), depending on _,,. However, this is not an obstacle for
determining the symmetry properties of the Hamiltonian, which are of primary importance in the

present approach. The symmetries are implemented by the unitary operators U («) = exp(—iaQ),
V(B) = exp(—ifQ°):
Vi) = e (2) = U@y @)U (@), ¢ (@) = e ula) = Vs @ VI(8). (62)

While the NM parts of the charge operators @ and Q°

Q= / dait (@) =2 [ drulvy, @ =2 / P z[wl 7 +2(0 7, - m00,)] (63
v v v
are diagonal in creation and annihilation operators, the ZM parts contain also off-diagonal terms:

Qo = Z [b:r)(pl, $)bo(p,s) — dy(pL,s)do(pL,s) + (b:r)(]u, s)di (—=p1, —s) + Hc)} (64)

pL,s

Q=) 2s [bé(m, s)bo(pL.s) +db(pr.s)do(pL.s) + (bg(pL s)dy(—pL,—s) + HC)}
pL,s

The commuting ZM charges Qo, Q§ do not annihilate the LF vacuum |0) defined by b(p, s)|0) =

d(p,s)|0) = 0. However, their vacuum expectation values are zero as they have to be. In this way,

the vacuum of the model transforms under U («), V(8) as |0) — |a) = exp(iaQp)]0), |0) — |5) =

exp(iBQ5)|0), where

o) = exp (ia Z {b};(pb s)d(];(—PL, —5) + Hc}) |0), (65)
1B) = exp (iﬂZZs [bg(pl,s)dg(—m,—s)+h.c.]> |0). (66)

The vacua contain ZM fermion-antifermion pairs with opposite helicities. Thus, the global sym-
metry of the Hamiltonian (62) leads to an infinite set of translationally invariant states |«, 3) =
U(a)V(B)|0) (PT|a,8) = Pt|a,B) = 0), labeled by two real parameters. Since U(a), V (3)
commute with P~, the vacua are degenerate in the LF energy. The Fock space can be built from
any of them since they are unitarily equivalent (in a finite volume). The Goldstone theorem can be
derived in the next step as we have all the ingredients for the usual proof of the theorem [43-45,47].

Vacuum structure of the LF massive Schwinger model. Schwinger model, that is QED(1 + 1)
with massless fermion field, has for decades served as a prototype of gauge theories in the usual
SL form of the theory because the model incorporates in a simplified form certain non-perturbative
and vacuum-related properties expected to be realized im more realistic theories (such as vacuum
degeneracy, theta angle, chiral symmetry breaking, the U(1) problem). Adding the mass term for
fermions results in an essentially more complicated dynamics which unlike its massless version is

not solvable exactly at the level of field equations.
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The Lagrangian density of the two-dimensional QED without any gauge-fixing term is

£ = S5 8, 0la) - miB@)0(a) — L Fu W e 0 ), )

where m is the mass of the Fermi field ¢)(x) and e is the coupling constant, i.e. the electric charge.

The gauge potential A*(z) as well as the vector current j*(z) = 1(x)y*1)(z) has two components.

The electromagnetic tensor F,, = 0,,A, —0, A,,. The y-matrices in the SL formalism are expressed

as before in terms of Pauli matrices, ° = o', ' = io%. The conjugate Fermi field is ) = 1)~°.
In terms of LF space and time variables 2#* = 2, the Lagrangian (67) has the form

Cor =il 0yt + i} O 1+ L4 AY — 0_ A7) — m(wlan + ¢iehn) — SjtA~ — Sjmat
LF = 1Py Oy Yo + 1Y —¢1+2(+ A7) = m(Yyihr + Yre) 5 5 -

The corresponding field equations read

e

200409 = myy + €A 1hy, 04 (04 AT —0_A7) = —5 (68)
20_tp1 = mipy + eA*py, O (9 AT —9_A7) = g i+, (69)

We will consider the theory on a finite interval —L < x~ < L with (anti)periodic fields: {)(—L) =
—(L),A*(—=L) = A*(L). This implies that the gauge field can be decomposed into the z~-
independent zero-mode (ZM) part A(jf and the normal mode (NM) part Af(:v_). The classical
Lagrangian (68) is then invariant under the gauge transformations (GT)

Pa(x) = e M@y (z), A (x) = AF(2) — 205 A(x). (70)

We study vacuum properties of the LF massive Schwinger model in the finite-volume version of the
light cone gauge which in the continuum theory is defined by the condition A™ (x) = 0. For periodic
gauge field, the gauge transformation (70) imply that the zero mode A{ cannot be removed by any
choice of the gauge function. Hence it is a physical, gauge-invariant, dynamical degree of freedom.

The gauge ZM and dynamical fermion field satisfy the (anti)commutation relations
1 _ _ 1 _ _
[Ag(x+)7HA0+(x+)i| = Ea {¢2($ a$+)=1/12T(y ,.’L’+)} = 55(1(55 -y )7 (71)

where II ,+ = O+ AZ is the momentum conjugate to A*. The Fermi field is expanded at v+ = 0 as
0

_ 1 & iota— it T
wQ(‘T ) = = (bne 2Pn® 4 dilezp"m ) , {bnabjﬂ} = {dnadn’} = 6n,n’u (72)
V 2Ln:%
where p; = %’rn, n= %, %, ... With A} =0, Ay = 0, the ¢;-constraint and the Gauss’ law are
2i0_1h = mibs + eAf b, — 02 Ay = S5T (73)

2
and can be inverted to find ¢ (z) and A;, (x). The Hamiltonian in terms of independent fields is

+L +L

2 dz— du—
oo - [ [ S eee - ) +
+Ld _ +Ld B
my /% /% {W(x_)ga(f —y 3 AG)a(y) + e (74)
—L L
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Go is the periodic Green’s function ~ (p+)~2 corresponding to the operator 92 in the Gauss’ law
and the antiperiodic G, given in terms of the sign function €, is

1 L
Golz™—y~; AS‘) = EGXP ( ——(z7 = y_)A(‘JF) [ea(x_ —y7) +ieq (L — y‘)tan(%AS‘) ,

The Gauss’ law in the ZM sector means electric neutrality of the physical states, Q|phys) = 0.
The LF Hamiltonian (74) exhibits a residual symmetry which is not explicitly present in the

continuum formulation. It corresponds to transformations with non-trivial topological properties.

For the considered U (1) theory, the corresponding gauge function has the form A, = Fvz~ and
defines a winding number v:
Ay(L) = Ay (-L)=27v, veLZ (75)
Thus, the residual gauge symmetry of the Hamiltonian (74) is
AF — AT+ y Yy (z7) = e TV ghy (a7). (76)

Let us discuss the ZM part of the symmetry first. At the quantum level, it is convenient to work

with the rescaled ZM operators é and 7o :

= 2—25, Wy = 5o, o] =i (77)
The box length dropped out from the ZM commutator. The shift transformation of A(J{ is imple-
mented by the unitary operator Z1, C — Z1C Al 71 = ( +1, Z = exp(iftg) . The transformation of
the ZM operator Q is accompanied by the transformation of the vacuum state. The latter is defined
by ag¥¢ = 0, where ao(ag) is the usual annihilation (creation) operator of a boson quantum:

1 o/a Lo
ag = E (Q + mo) , a(]; = E (C — mro) , {ao,ao} =1. (78)
Implementation of the large gauge transformations for the dynamical fermion field s (z) is

based on the commutator

[a(2z7), 5T (y7)] = vy )oa(z™ —y7) (79)

which follows from the basic anticommutation relation (71). The unitary operators E, = (13'1 )Y that
implement the phase transformation (76) are
+L
Yo(z™) — Fﬂ/)g(:lf)ﬁj, F, = exp i%u d%xffr(x*) . (80)
~L
The Hilbert space transforms correspondingly. But since physical states carry () = 0 and the

operators bL le, which create these states, are invariant, it is only the vacuum state that changes to

0) = F,[0) = exp Z = Am) [10) = |3 ). (81)
The boson Fock operators A,,, Al
m—1 oo
Al = Z bldfnfk + Z |:b"rrn+kbk - djnJrkdk} ’ (82)
k=1 k=1



satisfy {Am, Ajn/} = Mmdm,m/. They emerge naturally after taking a Fourier transform of the
jT(z7) current expressed in terms of fermion modes. This yields

m=1

as well as the exponential operator in Eq.(81). The states |v; f) are not invariant under F}: |v; f) —

|v + 1; f). The gauge-invariant thefa vacuum is obtained as [47]
too v
)= Y e (Tl) 0y, T110) = €|0), Ty = Z,F. (84)
v=—00
Thus |6) is an eigenstate of 7} with the eigenvalue exp(if) - it is invariant up to a phase [47,48].
Chapter summary: We have presented three potential mechanism capable to extend the triv-
ial” LF vacuum to a ground state with certain structure which is relatively simple and contrary to
the conventional SL form of the theory is not of a dynamical origin. The shift operator in the case
of self-interacting scalar models allowed one to find the semiclassical (approximate) ground state
corresponding to the minimum of the LF energy in the broken phase. The off-diagonal terms present
in the zero-mode part of the axial-vector charge in the LF sigma model with fermions generate an
infinite family of the degenerate vacuum states labeled by a continuous parameter reflecting the sym-
metry of the corresponding LF Hamiltonian. The existence of associated massless Nambu-Goldstone
boson can be then demonstrated along the lines used in the conventional SL form of the theory. In
a simple gauge theory setting, a residual (“large”) gauge symmetry of the massive LF Schwinger
model quantized in the light-cone gauge at a finite interval in = was shown, when realized on a
quantum level, to transform the LF "bare” vacuum to a more complex state with internal Fock struc-
ture. A gauge-invariant theta vacuum was then derived. All these results will possibly require further
refinements but indicate promising ways to extend the notion of the LF vacuum as a structureless
“empty” state towards a more complex ground state which may be necessary for the LF theory to
correctly and completely describe physics related to vacuum structure in the usual SL formulation,

like spontaneous or dynamical symmetry breaking and formation of vacuum condensates.

Chapter 3. Hamiltonian treatment of solvable models in the conventional theory. Two-
dimensional models have played a major role in the development of QFT. Two best known examples
arte the Thirring [24] and Schwinger [25] models. Their main virtue is that because of their (math-
ematical) simplicity, they can be solved at the level of field equations. Since their birth more than
half a century ago, these non-perturbative operator solutions have yielded valuable insights into the
structure of QFT. Of course, not all the discovered mechanisms and insights can be taken to more
realistic models as they are peculiar to the two-dimensional world. On the other hand, many general
properties and concepts are “’visible” already in one space dimension. It seems however that not all
of the intrinsic properties of the solvable models have been understood to the full depth. The Hamil-
tonian treatment has only rarely been used. Although the present thesis is devoted mostly to LF field
theory, the well-established space-like solutions intended at the beginning of our efforts to be used
mainly for comparison, turned out to be suitable for certain modifications and improvements.

The gradient-coupling model: SL vs LF solution. This is the simplest relativistic model whose

dynamics can be solved completely, without any approximations. We have chosen this model to
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illustrate the operator methods later used in a more complicated context and to compare the two
forms (SL vs LF) of the relativistic field theory at an elementary level.
The classical Lagrangian density of the model in the covariant form reads

= 1

L= %%” Oy W —mUV + 20,60"¢ — %u%z —90ypJ”, JV =Ty"0. ®5)

It describes a coupled system of the fermion and scalar field interacting via the gradient coupling.
We shall work in the representation where the SL y-matrices are given by 4 = 02, 4! = io! with
o', o2 being the Pauli matrices. .JV is the interacting current of massive fermions. For p = 0,
the model was studied by B. Schroer [26], for axial-vector current interaction it is known as the

Rothe-Stamatescu model (m = 0, u # 0) [49]. The corresponding Euler-Lagrange equations
iv"0, ¥ = mV + g0, V"'V, 0,0"¢ + u’p = gd,J". (86)
are solved by
U(z) = 9 Dy(x), iy ui(x) = mi(x). (87)

irrespectively of the nature of the scalar field (free or interacting). However, for the conserved current
J*, the scalar field is free. It is quantized by the Fock commutator as [a(k'),af(I')] = §(k* — 1),

where k.z = w(kV)t — kot w(k) = k2 + 42, is

1)6—1'/%»:5 +af (kl)e“;'f”] = ¢(+)(:E) + ¢(_)(x). (88)

+oo
dk!
o(x) = _/ N [a(k

The free massive fermion field is expanded and quantized as

+oo
dp' —ip-x ip-x
vle) = [ e e e P 4 o) (0P, B = ot + e,
VATE(p')
uf(p') = (Vb Vo) oh) = Vet —Vpo), pt = E@') £p",
{b(p"), b7 (q"} = {d(p"), d"(¢")} = 6(p" — a"). (89)
At quantum level, the solution (87) has to be regularized by normal ordering:

U(z) = 22 (e)e 99 @m0 @y (), (90)

D) (z) is the corresponding two-point correlation function. Application of the point-splitting reg-
ularization to the interacting current yields:

1 —_ . - € ; € ; - £
JH(z) = s lim 5{2(6)¢(x + %)e@(ﬂb( N(@+5) gigs ™ (a45§) e —igd T (2—5)

e—0

xe 00T B (e - o) 4 Hey = By d(@) : +5-0"6(a). o1

There is no need to subtract the vacuum expectation value (VEV) part by hand (as is conventionally
done) if one defines it as a hermitian sum of two terms.

The quantum vector current has received a correction (“anomaly”) 9, J (z) = g(27) 0,0 ¢(z)
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i.e. its divergence is non-zero [50]. The only effect of this quantum term is a finite mass “renormal-

ization”. Similarly, one finds that for m = 0 the quantum axial-vector current is conserved:
T (@) = Dy (@) : — 5= 0,0(x), 9Tt (x) = 0. (92)

In Fock representation, the full quantum Hamiltonian acquires the form

+oo
H = Hop + Hor + Hint, Hop = /dplw(pl)aT(pl)a(p1)7 93)
+oo )
Hor = [ 4B ¥ 6)b0") + 1)),

+oo
Hipy = %E /dkl [T (kY a(k') + al (K" )e(k') + al (K')cl (k') + a(k')e(kb)],

where the composite boson operators, satisfying [c(k!), ¢f (11)] = §(k'—I%) correspond to the vector

current in the bosonized form (see below),
i dk!
NEL Y. 2|kt

Here we have already switched to the case of massless fermions for simplicity, so E(p') = |p!|.

H(x) = ku{c(kl)e—ifc-m _ CT(kl)eifc-m}' (94)

The explicit Fock form of the massless fermion field and its vector current is

1
0la) = [ T {oulp e P+ dt o) 5 = (), ©3)

where the spinors u, v are the massless limits of the massive spinors. The operators of the bosonized
current (94) are found by Fourier-transforming the expression for the bilinear fermionic current,

c(k') = \/% /dpl{ﬁ(plkl)) [f(p1)b(p" + k') — d'(ph)d(p* + ") +
+e(ph)B(p' (p" — k")) d(k" — pHb(p")}. (96)

The Hamiltonian H;,; in (94) is non-diagonal and the Fock vacuum |0} is not an eigenstate of the
full Hamiltonian H. This is a typical situation in the SL theory - the true vacuum state is not known,
it should be found in complicated dynamical calculations. In our simple model, a construction of the
vacuum state is possible by a Bogoliubov transformation, which is designed to bring H to a diagonal
form (see the Thirring model below). The true ground state of H is then found as

+00
9 = Nexp [ [ dkt(g)el (~K)al ()] 0). ©7)
A difficulty arises however, when one compares the present results with the picture emerging

from the LF analysis. The covariant Lagrangian in terms of LF space-time and field variables reads:

< <
Lip =iVl 0y Wy +i0, T 0 Uy — m(, 10y 4+ Uy 0y) +
1
+20400-® — Sp*¢" — g0y $J T — g0-¢J ", (98)
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The Euler-Lagrange equations in the component form read

2004 Ve = m¥y + 2904 9pWa, 2i0_V; = mWUs + 29g0_¢V;. 99)
As in the SL case, these equations can be easily solved in terms of the free fields as

U(at,a7) = 90y (et a7, (100)
where the free fields obey the corresponding equations

(40,0- + /ﬁ)(b(:f“, 7)) =0, (iv 0y +ivy 90— —m)Y(zT,27) =0. (101)

The second equation in (99) is a constraint. It relates the ¥; field component to the ¥4 and ¢ fields

in a non-dynamical manner. As a result, the interaction-free Hamiltonian is obtained:

/—T+ ) - /d“"” [m(nts + ln) + 267 (102)
—o0
in a clear contradiction to the SL Hamiltonian, which does contain an interaction term.
The contradiction is removed when one realizes that the true field variables are the free fields in
this solvable model. The solutions are composite operators made up from free fields. The Lagrangian
has to be re-expressed in terms of them first (analogously to inserting a constraint into Lagrangian).

As the result, one arrives at a free-field Lagrangian and Hamiltonian
1 ot o1 .0 Lo 1 2 1 o9
H= d:z:[—z1/1a311/1+m1/1'y1/)+§ﬂ¢+5(31¢) +5u¢], (103)

also in the SL case. However, the correct Heisenberg equations are generated with this Hamilto-
nian. The physical vacuum of the model obviously coincides with the Fock vacuum. The only trace
of the interacting theory is the non-canonical form of the anticommutation relation of the interact-
ing fermion field, the quantum correction in the currents (91,92), and the form of the correlation

functions. The latter are expressed in terms of the correlation functions of free fields,

(vaclWo (2)Ws(y)|vac) = (0] : =92 ho ()5 (y) = €99V 2 ]0) =
— o9 D<+>(m-y)5a}§) (x —y), (104)

where, with Ny, Jy, K being the Bessel functions,

D) (x —y) = (0]6(x)o(y)|0), (105)
DI (z) = —20(=") [No(uv/72) + isgn() o (uV'72)] + 5-0(~=2) Ko(u/~22).
The fermionic two-point function is
Su (@ =) = OWa(@)Tw)I0). S () = (0, +m) DW(). (106)
Repeating the same procedure for the LF case, one finds the the same result as before. The both

forms of the theory now fully agree.

29



The Thirring model: new aspects. Thirring model played an important role in history of QFT.
A. Wightman’s Cargése lectures [51] and B. Klaiber’s Boulder lectures [52] reflect the stages of the
gradual understanding of the model. In the latter paper, the infra-red regularized operator solution,
compatible with the axioms of QFT, was written down and the corresponding n-point correlation
functions were constructed. It may therefore seem that all physical aspects of the model have been
clarified. This however is not quite true: in a few papers by Faber and Ivanov [53], an existence of a
broken phase was argued, based on Nambu — Jona-Lasinio BCS-like Ansatz for the ground state, e.g..
A similar conclusion was done by Fujita et al. [54] using the Bethe Ansatz solution. A systematic
Hamiltonian study based on the model’s solvability was given only relatively recently [50].

The Lagrangian density of the Thirring model is

L= %%ﬂ éz T — %gJHJ“, JH = U~ D, (107)
Field equations and current conservation

V"0, (x) = gJ*(x)v, ¥ (x), 9,J"(x) =0. (108)
The general solution is

U(z) = e H9/VD) (Ocj(m)fﬁw‘r’i(ﬂﬁ))1/}(56)7 VO, (x) = 0 (109)

with o + 8 = 1. "Potentials” j(z) and j(z) are connected to the free vector current by 9,,j(x) =
—Tjulz), 8uj(x) = /Teuwi¥(x). Presence of the free potential - as has been done in the
Klaiber’s work [52] - corresponds to replacing J# () by j*(z) in the field equation. This restrictive
assumption does not lead to the most general solution and actually is not necessary. A more general

solution can be obtained as follows [50]. Consider the 3 = 0 case for simplicity:
U(z) = ! @VDI@ (), 9,J(x) = —/7J () (110)

with the unknown potential J(x) of the interacting current J#(z). Regularizing (110) by normal-
ordering the exponential like we did in the gradient-coupling model, and calculating the correspond-
ing current using the point-split product of the above ¥t and ¥, we find an “anomalous” term

() = Py ib(e) 4T (@) = (@) = Glg)i* (@), Glg) = (L= 55)7% (1)

which is just a quantum correction to the classical form of the current. Thus the interacting current
is equal to the rescaled (by a coupling-constant dependent factor) free current. It is again convenient
to work with the bosonized current with the composite operators c(k'), ¢/ (k') defined in (96). The

”potential” j(x) is then nothing but a free massless scalar field:

i(2) 1 / dk*
T) = —=
= "ar | 2

The problem with the two-dimensional massless scalar field however is that it strictly speaking

{e(k e *7 4t (kY )e* o). (112)

does not exist since its two-point functions is infrared divergent:

+oo
o 1 dk* i,
D67 (= 9) = OLi@)iWI0) = - | fe™ " = o (113)

— 00
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This divergence may be simply regularized by introducing an infrared cutoff \.
True ground state of the massless Thirring model. The correct Hamiltonian H = Hy + H;j:
is given in terms of the interacting current (111):

+oo
H= /d:vl { —iptalde — %g(JOJO - Jljl)} (114)

In the Fock representation, the free Hamiltonian is given by (94) with E(p') — |p*|. The interacting
Hamiltonian greatly simplifies in terms of the operators c(k'), ¢! (k'):
+00

H, = GQ(g)% / dk k| [cT(kl)cT(—kl) + c(kl)c(—kl)] (115)
Obviously H = Hy + H, is not diagonal and |0) is not its eigenstate. The construction of the
physical vacuum state can be done using the method of [55]. One considers the unitary operator U,

. +oo
U=c¥, §=-2 /dplv(pl)[cT(pl)cT(—pl) —c(p)e(=p")]. (116)

It is useful to form new free and interacting Hamiltonians

+oo
Hy=Hy—T, Hy=H,+T, T = /dk1|k1|cT(k1)c(k1). (117)
H ¢ transforms non-trivially due to
[S,c(kh)] =iyl (—=k), [S,c'(kY)] = iv(k")e(—k"), v(=k') =~(k"). (118)

A diagonal form of the Hamiltonian is obtained if (k') takes on the value 74 = farctanh(2G(g)<).
Thus we have achieved

'S (Ho + Hy)e 510y = 0 (119)

and |Q2) = e~%%|0) is the new vacuum state. Explicitly,
+00
9 =exp [~ 5o [ e p") - o]0 (120)
It corresponds to a coherent state of pairs of composite bosons (bilinear in fermion Fock operators)
with zero total momentum:
+00
PR =0, P = [ aplp! o o be") + d () dle) (121)
The vacuum |Q2) is invariant under U(1) and U,(1) transformations. The vacuum state |Q2) thus
corresponds to the symmetric phase. In other words, there is no chiral symmetry breaking. This
contradicts the results [53]. However, the true vacuum should be an eigenstate of the full Hamilto-

nian. |(2) is such a state while the BCS Ansatz of the construction [53] is not.
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The two-point function is defined as

Ca(x —y) = (vac|¥ (z)¥(y)|vac). (122)

In the usual treatment [52,56], |vac) is replaced by |0). In that case, commuting the fermion opera-

tors through the exponentials and the exponentials themselves, one arrives at

Colz — y) = 5 08 @) =20 [D57 w=)+9" D57 w=2)] (01 (2)7 (3)|0). (123)
Here, t = "2\ and 22 = zta~ = (2° + 21)(2° — 2!). D{"(x) and D{P(2) are two sorts of

massless two-point functions [52]. Calculation with |Q2) is more complicated and leads to:

(QU(2)¥(y)[Q2) = F(z - y;r)Ca(z = y). (124)
The function F'(z; k) — 1 if K — 0. Its explicit form is under study.

The Thirring-Wess model: new operator solution. The dynamics of the Thirring-Wess model is

defined by the Lagrangian
) > 1 =~ ~ ~ ~ ~ ~ ~ ~
L= %\Iw“ Op W = 3G G + 3B, B — eI, B", Gy = 0,B, = 0,B,. (125)

The model was proposed by Brown [28] and independently by Thirring and Wess [27]. The first work
puts an unnecesssary emphasis on manifestly ”gauge-invariant” definitions of several operators. The
second paper uses a few Ansaetze to solve the field equations. Here we will show that the field
equations can be solved directly in terms of the fields present in the original Lagrangian (125).

The set of coupled field equations (massless Dirac plus Proca) has the form

V"9, (x) = ey B, (x)¥(z), 9,G" + u2B" =eJ”, (126)
Taking 0, of the Proca equation yields (?#B“ = 0. With this condition, the Dirac equation is solved

in terms of B°(z) and the free fermion field 1 (2)v"d,%) = 0 as (¢(x) is the sign function):

—+o0

W) =exp{ ~ 570 [ dyletat - )G 0 pulo). (127)

— 00

As before, the product of two fermion operators has to be regularized by the point-splitting, z* £+ %,

and the interacting currents are given as the limits e — 0 of the non-local products,
" 1 n €\ 0 p/ 5 €
Jis) (@) = 3 {\If (x+ 5)7 ()T (2 — 5) + Hc}

The free massless fermion field is quantized according to (95). The free massive vector field B°(x),

which will also be needed, is expanded as

kl

1 dk?! " .
B(z) = m/ 2E(k1)%[a(k1)e*““'z+aT(k1)elk'z], (128)

while the second component of B* is determined from the condition OoBY + 0;B* = 0. We find,
by means of the split free current and using the definition of the symmetric limit:

e
27 M

(@) = (@) + B(@), JE(x) = (@) + S B, (@), ala) = 0.8 = e (a).
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The essential point in this derivation is that the expression in the exponential contains a term of order
O(e) which cancels a singularity in the free-field contraction, generating in this way a finite term.

The quantum vector current is conserved, while the divergence of the axial current a(z) is non-
zero. The anomalous term surprisingly coincides with the usual result in the Schwinger model -
which is a gauge theory - although no exponential of the integral over the gauge field (necessary
in the Schwinger model to maintain gauge invariance, see the next section) was inserted. A similar
result was obtained relatively recently in a much more complicated way in [57].

The Proca equations are solved by BY(x) = B¥(z) + M—ezj”(:zr). Then the Lagrangian and
subsequently also the Hamiltonian can be expressed in terms of the independent field variables - the
free massless fermion field, its vector current, and the free B*(x) with the rescaled mass p as

2 2
H = Hy+ Hie,  Hine ==l [ da? [2(B%° = BYj") + 03 (38— 52)]. (129)

The Fock form of the Hamiltonian (129), corresponding free fields (95) and (128) is non-diagonal:
it contains terms like af(k1)cf(k2) that do not annihilate the Fock vacuum |0). Diagonalization of
the Hamiltonian has again to be performed by a suitable Bogoliubov transformation. This, together
with the calculation of the non-perturbative correlation functions of the model from the interacting
U (x) and B*(x) solutions, requires further study.

The operator solution of the Schwinger model: problematic aspects. Our analysis of this proto-

type gauge theory starts from the modified Lagrangian
T ey 1 2 [opy AH AH 1 2
L= 5\117 0, ¥ — ZFWF —eJ, A" — G(x)0, A" + 5(1 —7)G*(z), (130)

Here F},,, = 0, A, — 0, A,, and the last two terms with the auxiliary field G(x) [58,59] replace the
usual term —% (6H fl“) 2, which is conventionally added to impose the Lorentz gauge.

The gauge-fixing term in the Lagrangian guarantees restriction to an arbitrary covariant gauge
(parameter +) in which neither the condition 9, A*(z) = 0 nor the Maxwell equations can be sat-
isfied at the operator level. The redundant gauge degrees of freedom of this gauge are expressed in
terms of ghost fields having zero norm and carrying vanishing momentum and energy [60].

The gauge freedom in the above Lagrangian has been restricted (fixed) only partially, it is still
invariant with respect to the gauge transformations A*(z) — A*(z) — 9, A(x), parametrized by the
gauge function obeying 9,0"A(z) = 0 = 9ZA = 97 A. The field equations following from (130)
are

0, F (z) = eJ"(x) — 0"G(x), 0,A"(x) =(1—~)G(z), 0,0'G(x) =0, (131)
V"0, (x) = ev* A, (x)T(x) (132)

To have the original theory, we must impose a condition G*)(z)|phys) = 0 on physical states.
It may be viewed as a generalization of the Gupta-Bleuler condition [61] (?#A(+)“|phys> = 0.
Choosing v = 1, the gauge condition is satisfied at the operator level. The solution of the Dirac
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equation is analogous to the Thirring-Wess model case (here however A* field is unphysical):

() = exp{ - %75 /clyle(ﬂc1 —y)A%(", t)}w(w), Y0t = 0. (133)
Then the vector and axial-vector currents are calculated from (133) via point-splitting. They are
invariant under the residual gauge transformations only if a modified exponential of the gauge field
is added, leading to the interacting currents equal to the free ones, with the axial anomaly restricted
to the zero-mode sector [62, 63].

Here one should mention for the sake of comparison briefly the seminal solution of the model

due to Lowenstein and Swieca [48]. It is based on the Ansatz for the gauge field (where 8; = €,,0")

4= -YT (3,84 0,7), = (a) = VT EO0O) ), (134)
In the 9, A* = 0 gauge, one finds 9,0"7] = 0 and F,, = ¥T¢,,0,0°%, 9,Jt = e FH.
As a consequence of the anomaly, the gauge field is found to obey massive equation (the Schwinger
mechanism). Our finding however is that the anomaly calculation is actually based on a gauge-
non-invariant axial-vector current. Also, the Hamiltonian of the model, which has not been derived
in [48], is non-diagonal and consequently the Fock vacuum |0) is not its eigenstate, i.e. it is not the
true ground state of the model (for subsequent topological considerations).

Chapter summary: Solvable models have been important ’play grounds” for developing our
understanding of non-perturbative structure of quantum field theory. Here we have argued that some
aspects of their operator solutions were not understood completely, mainly because the Hamitonian
formulation was rarely used. We have shown that the SL and LF versions of the derivative-coupling
model are mutually consistent if the correct identification of the true degrees of freedom is made.
Although the spectrum of states of the model consists of free particles, non-trivial quantum effects
are present due to the necessity to correctly define products of fermion field operators (the currents),
leading to ”anomalous” terms. The same is true for the more complex Thirring model, where the
physical vacuum has been found by a Bogoliubov transformation that diagonalizes the Hamiltonian,
which became quadratic in effective boson operators bilinear in the original fermion field. We have
given a new operator solution of the Thirring-Wess model without a need to introduce auxiliary fields
(via Ansaetze), which leads to the axial-vector anomaly in a very simple way. We have also pointed
out certain drawbacks of the fundamental operator solution of the Schwinger model, related to the

incorrect treatment of the residual gauge freedom in the covariant (Landau) gauge.

Chapter 4. Solvable models and two-dimensional massless LF fields. The seemingly very
simple task of quantization the massless LF fields in D=1+1 turned out to be a real puzzle for a few
decades. We solved this problem starting from the corresponding massive fields. The consistency
of the new quantization scheme was proved by the independent LF bosonization of massless LF
fermion fields, by the correct relationship to the conformal field theory and also by LF operator
solutions of the solvable models, discussed in the previous chapter in the usual SL formulation.

Massless LF fields in two dimension. A very important and interesting question is the relation
between the usual “equal-time” (SL) theory and the light-front form. This issue was extensively
studied recently [64] with the conclusion that the two schemes can simply be related to each other.
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Our experience rather suggests principal differences between the LF and SL quantizations. Could it
be that the LF version conceptually as well as technically simplifies the structure of QFT while still
maintaining potential for reliable predictions? The area of 2D solvable relativistic models represents
a very suitable theoretical environment to study these questions [65, 66].

The two-dimensional massless LF fields, being the essential elements for exact operator solutions
of the models, have not been understood and correctly quantized for a few decades. A simple and
natural way of quantizing them has been given relatively recently in [66, 67].

Our quantization of the massless LF scalar field starts from the free massive field. Its covariant

Lagrangian density and the corresponding field equation takes in terms of the LF variables the form

L=20,00_¢ — %,ﬁd)?, (404.0- + p?)¢(z) = 0. (135)

The quantum solution of the field equation (135) is

+ i —_in? i — i w?
¢(z) = \/%[a(w)e—%m TEFT ol (kh)et e HaiEeT, (136)
0

with the creation and annihilation operators obeying [a(k™),al(IT)] = 6(k™ —IT), a(k™)[0) = 0.
From (136) we get the conjugate momentum 7(z) = 20_¢(z) and the field time derivative 6(z) =
204+ ¢(z). In addition to the correlation function D(()'H (z) = (0|p(z)p(y)|0), we shall also need

DY(2) = (Olg(a)r()[0), DS (2) = (0lé(x)0(y)[0), (137)
[ diet PN
D (z) =i / S ik e B ET R T, (138)
7
0
Here fo(kT) = — 7%, fi(k%) =1, fa(kT) = k“% The small imaginary parts in the exponential

are necessary for the existence of the integrals. The latter are evaluated in terms of the (modified)
Bessel functions J,, (z), N, (z), K, (z),v = 0, 1. Explicitly,

D) = 022 (/) s 0 )

zt _
—0(~ z2)sgn(z+)ﬁ Ky (pV/=22), D (z) = DM (2t & 27). (139)

Both D§+) and D§+) have a non-vanishing massless limit (due to 3 (z) ~ 1/z for small 2):

1 1
D(JF) —u =0 _ - 140
1 (LL' Yy ) 27T (:C, _ y, _ ie,)v ( )

and similarly for Déﬂ(x —y; u? = 0 with 2~ —y~ — 2+ — yT. These results suggest that there
must exist massless analogs of ¢(x), w(x), 6(z) reproducing (140).

Indeed, from the LF massless Klein-Gordon equation 90— ¢(x) = 0, one expects

o) = p(a™) + p(z7). (141)
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as a form of the general solution. The mass dependence resides only in the plane-wave factor [2],
therefore the massless limit of the massive solution (136) yields é(m‘):
+00
d(z7) = /dk* [a(kt)e 2K e LGt (kH)esk o). (142)
0
The second piece é(:c*) can also be recovered from (136) after the change of variables k™ = ,‘C‘—f
Then in the massless limit one finds the commutation relations

[a(k™),a’(17)] =6k~ —17), [a(kT),a’(1™)] = 0. (143)
and the massless field itself
+oo
p(zt) = /dk‘ [a(k™)e 25 =" 4l (k)esh #'], (144)
0

and similarly for §(z ") and 7(x ™). The basic commutators, following from (144) and (143), are
]

[&(x_),ﬁ(y_)} = —ie(l'_ - y_)7 [qg(x-i_)v&(y-i_)] = —ZE(LL'J'_ - y+)' (145)

Also, one readily verifies that the two-point functions calculated from the massless fields coincides

with the massless limits (140) of the massive functions. The massless momentum operators are

+o0 +oo
Pt = /dk+k+af(k+)a(k+), P = /dk*k‘dT(k‘)d(k‘) (146)
0 0

The same procedure can be applied to the light front fermion field. The field equation (2D

Dirac equation) iy*0,,¢(x) = ma)(x) decomposes into a dynamical and a constraint equation:
2i6+¢2 (ac) = ma (LL'), 2ia_¢1 (JJ) = mas (ac) = 6+’(/12 =0, 6_¢1 =0. (147)

The resultant representation is

+o0
12)2(177) = \/% O/ der [i)(er)e ipta™ + JT(pJF)e%;D*z*], (148)
' »
dr(at) = Var O/ dp~ [b(pT)e P " —dl (p7)err 7], (149)
{b(p™),b"(¢7)} ={d(p™),d (¢ )} =0(p~ —q"), (150)
{b(p™), 0" (¢")} ={d(p™),d'(¢")} = 0. (151)

The expected form of the field anticommutators is then obtained:
e T T R _ _
{i@) v (N} =0T —y"), {dal@™) 2 ()} =0 —y7). (152)

The two-point function calculated from the massless t); (1) coincides with the massless limit of the
massive 2-point function. From the field expansions (148), (149), the bilinear operators (the currents
(: 1/)11/)1 G 1/1;1/12 :) and the scalar densities 1/)51/)1 + 1/)11/)2) are easily constructed.

36



Thus, a consistent framework for massless LF fermion quantum field has been established. No
new variables had to be introduced, the massive fields contain the necessary information.

Bosonization is a remarkable property of two-dimensional field theory: fermion fields can be
represented in terms of boson variables [68, 69]. It turns out that its LF version is particularly
simple. It is based on the natural decomposition of the massless ¢(x) and ¢ (x) fields, ¢(x) =
o(at) + dle), ¥ (2) = (W (a*), ¥ (@),

We start with ¢2 (™). Assume that it can be represented as
wa(x”) =C: @) = Ceied (@) giad (@) (153)

It is now sufficient to adjust the constants C' and « in such a way, that two 9 with different arguments

anticommute and @2 (x ™), (p; (y ) satisfy the anticommutation relation (152). The required form is

Polz™) = Cewﬁas(*)(z*)emﬁas(“(w*), G1(zh) = Ceizﬁas(*)(z*)eizﬁ%“(w*), (154)

where C = %. Using the point-splitting regularization, the bosonized vector current is
) = 0 g(a7), ) = —=0,0(a"). (155)
NZ3 NZ3

It correctly reproduces the Schwinger term in both current-current commutators:

(@)t W] = 20:0a —y), [ @0 0] = Zast —yh). as6)
Similarly, for the scalar densities one obtains in a straightforward way

— Ae'YE _ 5 ')\e'YE .

V(@) (@) = ——cos (2VTd(x)), V()7 d(x) = i——sin (2v/7e()). (157)

Thus the LF version of bosonization yields the results known from the SL theory.

Relation to conformal field theory. Additional properties of the massless LF scalar field has been
worked out for the sake of comparison with the holomorphic conformal formulation [70].

The LF Hamiltonian density 7~ (z) of the free massless scalar field ¢(x) = ¢(zT) + ¢(z7)
vanishes, as required by the conformal symmetry. The other components of the energy-momentum

tensor are nonvanishing:

Tt (") =4:0_¢(x7)0_¢p(x™):, T () =4:0,9(x")0;0(z"):. (158)
Here
1 JrOodk_\/k_
_ - [ G VR No—skTzT )ik at
0+¢(x) 5 J N [a(k™)e a'(k™)e ] (159)

and analogously for O_¢(z) (with k= — k™). The LF Hamiltonian (146) can also be obtained as
the o -integral of the density 7~ (z ™), analogously to P™ which is the x ™ -integral of T+ (z7).

Compute now a few additional correlation functions

1 1 1

_ _ 1
; (IJF — er — i5+)27 <0|7T(.’L' )ﬂ-(y )|0> = ; (If —y - 2-57)2 . (160)

(010(z)0(y™)[0) =
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as well as those between the components of the energy-momentum tensor

2 1
O™ @H)T™ " (y")I0) = — g (161)

and analogously for 77 (z~). In the holomorphic formulation of the CFT in 2D [70, 71], the
Laurent expansion in the variables
z:ezTﬂC, EzezTﬂz, where ¢ =71 —iz, ( =71 + iz, (162)
is used. It is based on radial quantization that uses the euclidean time 7, with t — —¢7. We need to
reformulate our results in the form of infinite series to conform with the discrete picture of [70].
Thus, we consider the massive field in a finite box of lenght 2L in = or 27 in z+ with periodic
boundary conditions ¢(zT,z7 = —L) = ¢(zt, 27 = L), p(zt = -T,27) = ¢p(z+ =T,z27)

and perform the massless limit as we did in the continuum-theory case:

_ 1 Cikta ipta
P(z7) = :122: m[ane 2kt 4 gfeskne ], (163)
pat)y= > \/21L—k[ane_%k"””++a;e%k"m+}, (164)
n=1,2,... n
[am,al] = [@m,al] = Smn, [@m,al] =0. (165)

Since = 0, ¢g can be non-zero. It reduces however to a constant. Its conjugate momentum

thus vanishes. The energy-momentum tensor in the discrete representation reads, with K = — 75
Tt (™) = K> e(m)e(n)y/[mlln] : amay, : e EC+m (166)
T~ () = K Y e(m)e(n)y/[ml[n] : ama, : e EOFmT (167)

They can be transformed to a ’Virasoro form” by simply taking a Fourier transform. Indeed, assume

that 7+ (27) can be represented as
1 R
+4() — —iZlx
T @) = 173 > Lie'E (168)
1=0,£1,...
The operator coefficients L; are then obtained by inverting this relation:
+L
L, =2L / de=e'T® TTH(z7), Lo=4LP™. (169)
—L

Inserting 7+ (27) in the Fock form (166) into (169) gives

Ly =—47 > elk)e(n —k)\/|kl[n — klakan . (170)

k==1,...

A straightforward calculation based on the commutators (165) yields the LF version of the Virasoro

algebra, including the c-number term, not present at the classical level (the ’central extension”),

[Lny L] = (0= m) Ly + 1—c2n(n2 — 1)dnsm.o; (171)
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where c is the “central charge”. The completely paralel treatment can be given for the component
T~ (z™), leading to the algebra (171) with L,, — L,,. Obviously, one has [Ly, L,,| = 0.
The full agreement with the CFT result is obtained. Similar results are obtained for fermions.
All the LF results can be easily transformed to the conformal (holomorphic or antiholomorphic)

form by switching to the euclidean time and defining the variables ¢ and ¢ (162). We get

1 c 1
0 N0y = ———=, 0|T(T()0)=z———, c=1. 172
(07 (C)(¢)0) (AL OIT()T(¢I0) sc— o ¢ (172)
The above field expansions now read
1 1
= —F —F——0n n7 my Un :5m n,0y 173
o(C) \/En:i;ﬂw |n|a 2" [am, an) +n,0 (173)
_ 1 1
= —F anZ", |Gm,an] = Omn,0- 174
o(C) \/En:i;iz,__ |n|a Z", [Gm, an] +n,0 (174)

It is analogous to the transition to the conformal field in the conventional treatment.
Solution of the LF Thirring model. The consistent quantization of the massless LF fermion field
enables one to find independent exact LF operator solutions of a few two-dimensional models. The

Thirring model is the most natural starting example. Its Lagrangian and field equation is
L= %@“ éz U+ %gJ#J“, iV = —gy,J*,  JH(z) = U (x)yH T (z). (175)
In the LF theory, these become
L=iWh o, Uyt iWl 0. W4 gItT, (176)
20, Wy = —gJ Wy, 200V = —gJ T, Jt =200, J~ =20iw,. (177)

Defining the potentials J(z), J(z) and .J(z%) by

J(x)=J@T) +J(@7), J(x)=—-J +J(z)),

2 2 ~ 2 2 ~
Jt (") = ﬁ(?,J(:c) = ﬁaf‘](a:), J(zh) = ﬁ&rJ(:c) = —ﬁ&rJ(x), (178)
the most general solution of Eqs.(177) is
U(x) = i e (O‘J(I)fﬁ'ysj(z))z/}(x), a+p=1, J¥z) = G(g9)j*(x). (179)

The factor G(g) = (1—5%) ~! results from calculating the interacting current from the solution (179)
as the point-split product [65]: the free current gets renormalized by interaction in quantum theory.
This aspect was omitted in the original solution [52]. The quantum (normal-ordered) solution is

Uy (z) = G (@O @NH O @) 4y ()26 (@9 D @+ P @) (180)

Uy(z) = XG0 EHH=0 @) gy ()N (P @ -0 D D)y 2 9 gy

7

The expansion of the ¢ (x) field is given in (149). Bosonization by Fourier transformation gives

+

T dkt i ot it
it ™) = %/diﬂ; [e(kT)e =7 —cl(kT)e2? " ], [e(kT),ct(1M)] = (kT — 1),
0

:
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and analogously for 5~ (2), where b(k™), d(k™), (k™) — b(k™),d(k™),c(k™) in

e(kt) = /ds+ (b7 (sT)b(sT + kT) —di (sT)d(sT + k1) + d(pT)b(kT —pT)O(kT — sT)]. (182)
0

The corresponding potentials (integrated currents”) j(z ™) and j(x ™) are just the two components

of the massless scalar field discussed in the previous paragraphs. The interacting potential J(x) =

G(g)j(x). The Hamiltonian of the model acquires a very simple form
/ C T @) =g / LTI (0) = 962(9)Q0, Q=e(0), Q=5 (0).183)

The 2-point functions can be calculated from the solutions (181) using the operator identities Ae” =
AeB A, if [A, B] = AA, ) being a c-number, and e?e? = el BleBeA | if [A, B] is a c-number. For
example, we get, with z = = — v,
1
(01W1(2) T4 7 (y)[0) = ”g ™ ~. (184)

G2 (a—p)2—29G(a—pB)

(ipzt + 8)1+ - (lpz— + 5)457

Its Fourier transform has no pole indicating absence of asymptotic states [52, 56].
Solution of the LF Thirring-Wess model. The Lagrangian of the model is

R 1. 1
L= %\I/"y‘u 8# v — ZG'U‘VG#U + QHOB B'U‘ - GB J'U‘ (185)
G = 0,B, —9,B,, J'(zx) =V(x)y"¥(z),

where W(z) (B*(z)) is the interacting massless fermion (massive vector) field. The solvability of
the theory implies that one can find an operator solution of the coupled system of the Dirac and

Proca equations, which in the LF form read

2i0, Wy = eB~ Uy, 49,0_B* + 2Bt =eJ*, (186)
2i0_ W, = eBTV,, 40,0_B~ +p2B~ =eJ". (187)

The classical solution of the Dirac equation involves the free massless LF fermion field components:

. +w p—
@ e {5 [ B Jew -y B @ty ) pun,
; food -1
Uo(x) = exp{ + % /%56(567 - y7)1§+(x+,y7)}1/)2(x7). (188)

The interacting quantum current appearing in the Proca equation is found by means of the point-

splitting procedure as before:

Jt(z)=2: I/J;(.’L'_)wg(l'_) : —%E+(x+,x_), (189)
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J(z) = 2: i (@ N (@) ——B (zF, 7). (190)

It is conserved due to the condition 8#3“ = 0. On the other hand, the axial-vector current J*(x) =
W (2)y"*y5¥(x) is “anomalous”,

0 It = — 0, Bt = e, 191

s = 5 048 = e G 191

When (190) is inserted to the Proca equation, the quantum correction renormalizes the bare mass (o

2
2 9~ — 2.
as /,Lo+ Py :/,L .

(4040_ + p2)BY = ej* = B” = B” + %j”, (40,0_ + p?)B* = 0. (192)

The interacting vector-meson field is thus given entirely in terms of the free fields. The solutions
(188) is then on the quantum level regularized by normal ordering. The free current j#(x) built
from the components (148), (149) can be bosonized as in the Thirring model case. The free LF
vector-meson field, quantized by [a(kT),af(I7)] = §(k* — IT), is expanded as

dkt kT

_ R —ika + ika
Bt (x) = J T la(kT)e +af(kT)e™™]. (193)
[B*(:z:’),HB+(y*)] =id(x” —y~), U+ =0,B" —0_B =20,B". (194)

The component B~ (z) is determined from 94 Bt + d_B~ = 0. The field expansions (194), (182)

can be used to obtain the Fock form of the corresponding LF Hamiltonian

+00

P = % / da { — [2B*B~ - ug%(ﬁj* +B7jt) - ugZ—iﬁj . (195)

This, along with the nonperturbative computation of the correlation functions of the model, is the
subject of subsequent studies.

Operator solution of the LF Schwinger model: preliminary results. With the new quantization
scheme for massless LF 2D fields, a new strategy towards the Schwinger model in LF field theory
was formulated. Previous attempts did not produce a consistent physical picture of the model [30-
32,72,73]. Our approach is based on the original fermionic form of the Lagrangian, restricted to the
covariant (Feynman) gauge. A simple operator solution of the corresponding Dirac equation is found
in terms of the free massless LF fermion field and the LF gauge field, i.e. without the Ansatz method.
The correct axial anomaly is again obtained as a consequence of the point-splitting regularization of
the fermion current.

We start from the same Lagrangian in the covariant gauge, as we did in the SL treatment. In
terms of the LF variables, the Lagrangian in the Feynman gauge (v = 0, G(x) being the auxuliary,

gauge-fixing field)) takes the form
ot A Ty 1 + 2 _ St Cgt s
LZZ\IJQ 8+ \I/Q—F’L\I/l 8, \I/1+§(8+A —8,14 ) —5,] A —§J A

—G(OL AT +0_A7) + %GQ, Jr = (Jt,J7) = (W, wlw). (196)
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The corresponding field equations are

20, Uy = eA" Wy, 04 (04 AT —O_A") + gJ‘ el (197)

20_Uy = eATU,, O_(0_A" — 9, AT) + gﬁ =0_G. (198)

The field G(z) , satisfying (0 AT + d_A~) = G, is composed of positive and negative-frequency
parts G*) and G(~). The physical subspace is given by G(t)|phys) = 0 [58]. The field variables

in the Dirac eq. are neatly separated in the solution [74]

+o0
& [dytde@t—yHA (T 27)

Uy(z) =€ Pa(z”), (199)

+ o0
—% [dy ez —y)AT (@t y)
— o0

Ui(z) =e P (a™). (200)

The residual gauge symmetry of the Lagrangian (196) is parametrized by the gauge function A(z):
AT 5 AT =20 A, A7 - A7 =20, A, 0;0_A(z) =0 = A(z) = A(z") + A(z™). (201)

Note that the transformation law for the interacting fermion field (200) is determined by the trans-
formation for A% together with the laws for the free fermion field 1, — exp{ieA(z™)}a, 11 —
exp{ieA(z™)}11, which are symmetry transformations for the free massless Lagrangian Lof =
[iwg 042 + i\IJIZ)J/)l] + H.c. Quantum currents are again constructed from the operator solution

as regularized (point-split) products:

. € €
Jt(z) = !1_% [\Ilg(x + 5)\112(:17 - 5) + H.c.]
+o0 1
= )+ o / dy" e(x —yT)O-A"(y",27), (202)
2 2
_ . € €
J(x) = 21_% [\IJI(x + 5)\111(:17 - 5) + H.c.]
+o0 1
= e [ gels -y oA ). (203)

where jT(27) = 2: o (27 )ho(z7) &, 7 (z) = 2: 41T (2F)eh1 (zT) :. One immediately finds

°a, (204)

2

B, It (x) = Dyt —O_J = —21(3+A+ —9_A7). (205)
™

0 J"(x) = 0y J T +O_J = 2i(a+A+ +O_AT) =
Y

The first relation expresses the conservation of the vector current in the physical subspace, while the
second represents the axial-vector anomaly”.

The gauge function A(z*) can have a non-trivial topology (polynomials in 2% and 2~). The
linear form is sufficiently general. The corresponding “large” gauge transformations may be conve-
niently analyzed on a finite interval in both z+, x~ with periodic boundary conditions.

42



Further aspects that have to be obtained in the present scheme include the complete Schwinger
mechanism of vector-boson mass generation, chiral symmetry, vacuum degeneracy and fermion
condensate. These issues require further study [74].

Chapter summary: In this chapter, we have studied various aspects of two-dimensional mass-
less light-front fields. First, we have found a method how to quantize these fields unambiguously.
Previous attempts did not yield satisfactory results. Consistency of the quantized massless LF fields
was checked by the agreement of their two-point functions with the massless limit of the two-point
functions of the corresponding massive fields, by the simple and correct derivation of the fermion-
field bosonization, and by a correct and natural connection to the conformal field theory, includ-
ing the quantum Virasoro algebra between the 2-dimensional Poincaré group generators. Finally,
based on the new quantization scheme, simple and transparent operator solutions of the LF Thirring,
Thirring-Wess and Schwinger model were constructed. The established properties of the models are

in agreement with their space-like counterparts.

Chapter 5. Quantum kinks in a non-perturbative DLCQ study. In the Section 2, we pre-
sented LF perturbative calculations using the discretized (finite-interval) form of the self-interacting
scalar models. This DLCQ method was initially applied by Pauli and Brodsky [15] to non-perturbative
computations of the mass spectra and associated LF wave functions for the Yukawa model in two
dimensions, because the method is suitable for building consistent Fock space expansions (many-
particle Fock space). In contrast to the conventional SL field theory, this is a well defined step due
to the fact that the LF Fock vacuum is an eigenstate of the full LF Hamiltonian, not just its free
part. The hamiltonian matrix H;; is then calculated from the (rescaled) Hamilton operator in Fock
representation H = 2 P~ as (i| H|j). The states symbolically denoted by |j) are composed from j
particles with the momenta pi, p3 ... p; (p = 2k1, etc.) in such a way that p +p3 +... = P+
where P is the total LF momentum of the system. The number of state grows rapidly with the res-
olution K defined as Pt = 2rL~'K, and the resultant large hamiltonian matrix is calculated and
diagonalized numerically on a computer. In this last subsection, we consider the two-dimensional
scalar model with quartic self-interaction in this nonperturbative setting.

In the variational approach, kinks can be well-approximated by coherent states. This appears
to have two implications for the Fock space expansion in our discretized approach: one may need
an infinite number of bosons to describe solitons, and, since the dimensionless total longitudinal
momentum K automatically provides a cutoff on the number of bosons, convergence in K may be
difficult to achieve for a kink-like state [75]. Our study shows how a nonperturbative evaluation of
topological excitations and their observables is feasible in a finite Fock basis.

A popular nonperturbative numerical approach to field theory is the Euclidean lattice formula-
tion. In the topologically non-trivial sector of the two-dimensional ¢ theory, results available from
lattice simulations are far limited to the determination of the kink mass [76]. The results for the
configuration average of the kink profile are not smooth and are difficult to interpret, probably due to
finite volume limitations. In this situation, the DLCQ approach represents a powerful method capa-
ble to generate predictions for physical observables nonperturbatively and from first principles. We
will present results of DLCQ computations for the case of both antiperiodic and periodic boundary

conditions and compare the results with the classical topological solution (kinks in this case) [77,78].
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The LF Hamiltonian of the A¢*(1 + 1) model in the broken phase is
+L
P = /d% { — 1202 + %aﬂ = %H (206)
-L
where L defines our compact domain —L < x~ < +L. The main goal in this section will is
to compute the energy spectrum of H or equivalently of M? = PT*P~ = KH. In DLCQ with

antiperiodic BC, the field expansion has the form

o(x e (207)

N W

R R 1
_;nm nm
[anelLI —i—aLele},n:?

SN e
v I

From the discrete Fock expansion of the (anti)periodic scalar field one obtains the Hamiltonian

1 A 11
H = - 2 Zal n — T Tal n m6 m+n
" Zﬂ pnan k; _ NE VRl £ m Okt
A 1 1
= Y [a,iazamanJraLaLalTak} Skt tm-tn (208)

4 kism<n lemn Vklmn

with Ny, = 1 for k # L or /2 for k = [, and with N,,,, = Vol l=m #n,l #£#m =n,
Nimn = \/ﬁ, Il = m = n, and equal to 1 otherwise.

The final result of the DLCQ numerical computations are certain sets of numerical data that
need to be analyzed and interpreted. A useful analytical guidance was provided by the “constrained
variational approach” of [79]. The result of the constrained variational calculation, being semi-
classical, is especially reliable in the weak coupling region and we can use its functional form to
extract the kink mass from the numerical results of matrix diagonalization.

Let us first discuss the simpler unconstrained variational treatment for antiperiodic boundary
conditions. Choose as a trial state the coherent state

@) = Nexp (L anat) 10) = L 2 g, 209)

N is a normalization factor. Assuming the kink profile of f(z ™), one gets «,,, _ 1= \/E L while

g
the number density of bosons with momentum fraction x = % is
(| afaj[a)

x(w) = e Y (210)
In the unconstrained variational calculation, the expectation value of the LF momentum operator is
infinite for an infinite number of modes, because f(x ™) is discontinous at 2~ = 0, hence the space
derivative in the momentum operator is infinite. To cure this deficiency for the present purpose, it
is convenient to switch to a constrained variational calculation [79]. In the limit (K) — oo the

expectation value of the Hamiltonian H in the generalized coherent states has the functional form

(a| H| ) _6ﬂ'u4 3218

(ala) X T NEK)

Interpreting the state |«) to be a kink state, we identify the first term as the vacuum energy density
2
which is the classical vacuum energy density. The second term is identified as M<’;<’>““ . Then we get

3
the classical kink mass My;nr = 4‘/3" .

@211)
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An observable that yields considerable insight to the spatial structure of the topological object is
the Fourier transform of its form factor, which is defined as the matrix element of the field operator
in a physical state. We compute the Fourier transform of the form factor of the lowest state which,
according to Goldstone and Jackiw [80], in the weak coupling (static) limit, represents the kink
profile, i.e. a quantum counterpart of the classical solution. Let | K') and | K') denote this state with

momenta K and K'. The corresponding formula of the continuum theory reads

+oo ;
[ datelJatal | 6a) | K) = 6u(a” ~ ) @12

— 00

had to be adapted to the application within the DLCQ method.

The numerical results are as follows. For integer (half integer) values of K we have even
(odd) number of particles. The dimensionality of the matrix in the even and odd sectors for dif-
ferent values of K is for example equal to 295, 61316, 813177 for K = 295, 39.5, 54.5 and to
336, 67243, 880962 for K = 16, 40, 55. All results presented here were obtained on small clus-
ters of computers (< 15 processors) using the MFD code adapted to bosons [81] with the Lanczos

diagonalization method. Since the Hamiltonian exhibits the ¢ — —¢ symmetry, the even and odd

-13

-17.5
40 < K < 55 ¢

qal 1774 o

-17.9+
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-18'1/
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Eigenvalue
?
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-18-

Figure 6: Lowest four eigenvalues for even and odd sectors as a function of % for A=1.0. The inset
shows the details over the range 40 < K < 55. The discrete points are the DLCQ eigenvalues while
the straight lines are the linear fits to the 40 < K < 55 data constrained to have the same intercept.

particle sectors of the theory are decoupled, i.e. matrix elements of the Hamiltonian between these
two sectors vanish. A clear signal of SSB is the degeneracy of the spectrum in the even and odd
particle sectors. Thus at finite &, we can compare the spectra for an integer K value (even particle
sector) and its neighbouring half integer K value (odd particle sector) and look for degenerate states.

In Fig. 6 we show the lowest four energy eigenvalues in the broken symmetry phase for the even
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and odd particle sectors for A=1.0 as a function of % The points represent results at half integer
increments in K from K = 10 to K = 55. The overall trend is towards smoother behavior at higher
K. The smooth curves in Fig. 6 are linear fits to the eigenvalues in the range from K = 40 to
K = 55 constrained to have the same intercept.

With guidance from the constrained variational calculation, see Eq. (211), we can extract the
kink mass from the linear fit to the DLCQ data for the ground state eigenvalue. We fit the A = 1.0
data in the range 40 < K < 55 to a linear form (C; + Cy/K).

Next we examine the behaviour of the number density x (z) for the kink state. In Fig. 7 we show
x(z) for K = 55 and K = 54.5 for A = 1. For this coupling the number densities for even and odd

sectors are almost identical to each other indicative of degenerate states.

DLCQK =55
DLCQK =54.5
Constr. Var. <K> = 55
Unconstr. Var.

14

btes

12+

Figure 7: The number density x(x) for even (K = 55) and odd (K = 54.5) sectors for A = 1
compared with unconstrained and constrained ((X') = 55) variational results.

Following Goldstone and Jackiw, we calculated the Fourier transform of the form factor of the
kink state at weak coupling. In Fig. 8(a) we show the profile for A = 1 at three values of K. It is
clear that at the profile is that of a kink which appears reasonably converged with increasing K.

Let us highlight the main results of the DLCQ analysis of quantum kinks for the case of periodic
boundary conditions. The scalar field can be decomposed in this case as ¢(x~) = ¢o + (™),
where ¢y is the zero mode operator. Since it will be deliberately omitted in our Hamiltonian, ¢(z ™)
is the normal mode operator (207) where now the index n runs over integers instead of half-integers.

We again diagonalize this Hamiltonian in the basis of all many-boson configurations at a fixed K

where K is the sum of the values of the dimensionless momenta of all bosons in the configuration.
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DLCQK =41

Constrained Variational
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Figure 8: Fourier Transform of the kink form factor at A=1; (a) results for K = 24,32, and 41
each obtained with DLCQ eigenstates from 11 values of K centered on the designated K value; (b)
comparison of DLCQ profile at K=41 with constrained variational result with (K) = 41.

The Hamiltonian is symmetric under ¢ — —¢ and thus, with PBC, the Hamiltonian matrix becomes
block diagonal in even and odd particle number sectors. The dimensionality of the largest matrix we
solve, K = 60, is equal to 483 338 (even sector) and 483 129 (odd sector).

Since we dropped the P = 0 mode, degenerate vacuum states, characterized by a spatially uni-
form field expectation value, are not explicitly present in our formulation. However, one may expect
degeneracy of the energy levels in the even and odd particle sectors at sufficiently high resolution,
K. The lowest state is expected to be a kink-antikink configuration and should have a positive in-
variant mass (twice the mass of the single kink at weak coupling). One can extract this mass from
finite K results analogously to the case of antiperiodic BC. Next, we compute the Fourier transform
of the formfactor for the lowest state, using the discrete version of the formula (212). The Fourier
transform represents the classical kink-antikink profile in the weak coupling limit and thus yields
information about the spatial structure of the low lying states (see Fig. 9).

Chapter summary: The results of the present chapter can be summarized as follows. We
have demonstrated the phenomenon of spontaneous symmetry breaking in a discretized light front
approach without P* zero mode and calculated several nonperturbative physical quantities. The
degeneracy of energy levels is both a signature of spontaneous symmetry breaking and essential for
the existence of kinks. We have found that a finite Fock space yields features of the lowest excitation
that are similar to those of a variational coherent state ansatz. We have extracted the quantum
kink mass and the vacuum energy density for small A\ by extrapolating our lowest eigenvalue to the
continuum limit. At weak coupling, the mass of the quantum kink is closer to the classical value
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Figure 9: Fourier Transform of the kink-antikink form factor at A = 1.0. Results are plotted in units
of L. (a) Convergence with K. (b) Comparison of our result (Ab initio) (/{=40) with constrained
variational calculation ((K') = 40).

than to the semi-classical mass. We have extracted the number density of elementary constituents
of the lowest state and compared it with the coherent state prediction. We have also evaluated the
Fourier transform of the lowest state form factor in a fully non-perturbative quantum approach and
obtained a kink profile (antiperiodic BC) and a kink-antikink profile (periodic BC). These results
can be interpreted as indicative of the viability of DLCQ for addressing non-trivial phenomena in
quantum field theory.

There are three Appendices in the thesis.

In the Appendix A some details of the ’near-light front” approach to field theory are presented.

In the Appendix B, the derivation and rules of the Hamiltonian (time-ordered) light-front per-
turbation theory are given.

In the Appendix C, some details of the constrained variational method, used for the extraction

of kink parameters from the DLCQ data, are presented.
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