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We present an elementary introduction to quantum field theory formulated in terms of Dirac’s
light front variables. In addition to general principles and methods, a few more specific topics
and approaches based on the author’s work will be discussed. Most of the discussion deals
with massive two-dimensional models formulated in a finite spatial volume starting with a
detailed comparison between quantization of massive free fields in the usual field theory and
the light front (LF) quantization. We discuss basic properties such as relativistic invariance
and causality. After the LF treatment of the soluble Federbush model, a LF approach to spon-
taneous symmetry breaking is explained and a simple gauge theory — the massive Schwinger
model in various gauges is studied. A LF version of bosonization and the massive Thirring
model are also discussed. A special chapter is devoted to the method of discretized light cone
quantization and its application to calculations of the properties of quantum solitons. The
problem of LF zero modes is illustrated with the example of the two-dimensional Yukawa
model. Hamiltonian perturbation theory in the LF formulation is derived and applied to a few
simple processes to demonstrate its advantages. As a byproduct, it is shown that the LF the-
ory cannot be obtained as a “light-like” limit of the usual field theory quantized on an initial
space-like surface. A simple LF formulation of the Higgs mechanism is then given. Since our
intention was to provide a treatment of the light front quantization accessible to postgradual
students, an effort was made to discuss most of the topics pedagogically and a number of
technical details and derivations are contained in the appendices.
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1 Introduction

Quantum field theory (QFT) was invented as a conceptual and computational tool for calculating
processes of elementary particles (originally electrons and photons) moving with (almost) speed
of light. In this kinematical regime, transmutation of different species of particles, i.e. their cre-
ation and destruction, was experimentally observed and the adequate theoretical scheme had to
include a mathematical apparatus capable to decribe these features. A natural path was to try to
generalize the nonrelativistic quantum mechanics to the many-body situation and to include the
relativistic kinematics by working with operators satisfying the Poincaré algebra. The physical
systems where these ideas were successfully tested were electrons interacting with quanta of the
electromagnetic fields, photons. Two immediate problems were encountered: the lack of com-
putational methods beyond perturbation theory (where by construction only small corrections to
the properties of a free system can be evaluated in powers of the coupling constant and where
a piece of physical information may simply be overlooked by the limitations of the method it-
self) and emergence of infinite quantities in the course of higher-order calculations. Although
technical tools have been invented during the subsequent development for removing the infinite
pieces of amplitudes, it is probably fair to say that there is no general consensus until today if
these problems are due to the wrong formulation of the fundaments of QFT or they just reflect
inadequate mathematical techniques of the perturbation method.

What was taken as a self-evident basis in the development of QFT was the parametrization
of the space-time in the manner known from nonrelativistic quantum mechanics. That is, the
use of the time variable ¢ measured in the laboratory frame of an observer and three space coor-
dinates x, y, 2, all four united into one four-vector x* with a specific transformation law under
translations, rotations and boosts in space and time, that collectively form the group of Poincaré
transformations. It was only in 1949 when P. A. M. Dirac [1] noticed that field theory can be
actually formulated in three independent ’languages” depending on the parametrization of the
space-time and the corresponding definition of the “initial surface” where the initial data for the
fields (equal-time commutation relations in the quantum version) are prescribed. The conven-
tional and most widely used formulation was called the “instant form” by Dirac reflecting the
fact that the initial surface is simply a fixed moment ¢ = const of the usual time variable. More
generally, the quantization surface can be extended by Lorentz transformations to an arbitrary
space-like surface. The choice of field variables follows the parametrization of the four-vector
x# = (t,x), i.e. the gauge field is A#(x) = (A°, A), etc. We will simply refer to this conven-
tional form known from textbooks as the space-like (SL) field theory.

The second possibility of the relativistic Hamiltonian dynamics is the point form which ini-
tializes fields at a hyperboloid 2 = a?. Itis ararely used formulation which amplifies covariance
but has too many dynamical Poincaré generators, namely, containing interaction terms. In other
words, this scheme has the least number of kinematical, i.e. interaction-free generators and this
feature makes it less appealing.

The topic of the present introductory review is the quantum version of the Dirac’s front form
of relativistic Hamiltonian dynamics. We will call it simply the light front (LF) field theory. A
more adequate characterization would be a quantum field theory expressed in terms of the LF
space-time and field variables. The former are 7 = (z+, 27, 2!, 2?), x* =t + 2, the latter are
fields expressed in terms of x* and satisfying field equations different from conventional ones. In
addition, vector field A* = (AT, A= A, A%). The LF fields are quantized at the initial surface
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xT = const. This surface defines a plane tangent to the light cone. As has been gradually
realized in a rather unsystematic and disconnected development of the LF theory [2,3,4,5,6,7,8,
9], it possesses a few unique properties which simplify the formalism and make it physically more
transparent and closer in spirit to quantum mechanics. For example, a probabilistic interpretation
and notion of relativistic wave functions is well defined here. Consequently, one has a consistent
Fock expansion of relativistic bound states. In fact, the deeper reason for this feature is the
striking character of the LF theory vacuum: it can be derived from kinematical considerations,
i.e. independently of dynamics. In yet another words, the state without particles (the Fock
vacuum) corresponds to the minimum of energy and it is an eigenstate of the full, that is free plus
interacting, LF Hamiltonian. This is in a sharp contrast to the usual SL theory, where the Fock
vacuum state is the lowest-energy eigenstate of only the free part of the Hamiltonian. To find the
eigenstate of the full Hamiltonian is a very difficult dynamical problem which generally cannot
be solved even approximately.

One may ask a question what is the reason for the different status of the vacuum state in the
LF approach. Actually, the answer is quite simple: it is the choice of the variables 2+ which
are better suited for the relativistic kinematics. In a qualitative sense one can say that they cor-
respond to a reference frame of an observer (physically unrealizable) moving with the speed of
light. This seemingly innocent change of variables has profound consequences for the mathemat-
ical structure of the LF field theory and for the form of representation of physical mechanisms
and phenomena. Here we are talking for example about the structure of field equations and their
different division into dynamical and constrained ones, that leads to a different number of in-
dependent (dynamical) field variables, about a necessity to fix ambiguities in the definitions of
some inverse operators (Green’s functions) by a choice of boundary conditions and also about
the fact that the LF momentum P7 has a positive spectrum of eigenvalues pt = p® + p3 (the
spectrum has a “bottom”, it is bounded from below) which is the reason for the possibility to
find the LF vacuum as a state with the minimal value of P or, equivalently, with particle num-
ber zero. One should make a remark here that the latter feature appears sometimes confusing
since at least at the first sight it seems to forbid any vacuum processes. This looks as a serious
difficulty and induces questions related to the overall consistency of the LF scheme. One of the
key premises of the present text is the opposite idea: since there is no a priori reason for doubts
concerning validity and consistency of the LF form of the field theory (if treated in a mathemati-
cally correct manner), the theory itself should contain a correct physical information in the form
following from its intrinsic structure and properties. One should develop fresh and independent
ideas and techniques to be able to extract this physical content of the front form of the relativistic
dynamics.

The light front version of the field theory, also known as the light-cone theory, the light-cone,
light front or null-plane quantization, has a complicated history and an unsystematic develop-
ment. On one hand, it has been studied from the axiomatic point of view [7, 10], on the other
hand, used in numerous phenomenological applications (see for example [11, 12]), sometimes
in a rather heuristic or at least pragmatic manner. In our review, we will adhere to the defini-
tion of the LF quantization as the canonical (Hamiltonian) version of the QFT, predominantly
formulated in a finite space volume with properly chosen boundary conditions. It is the strong
conviction of the author that the advantages of the LF approach are best reflected in the Hamilto-
nian language where one can study properties of quantum states, calculate (at least in principle)
relativistic wave functions and related observables, implement symmetries on the quantum level
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in terms of (regularized) unitary operators, etc. Some subtleties of the LF theory are more clearly
displayed in the discrete finite-volume form, with its denumerable Fock basis and the discrete
spectrum of momenta. This is particularly true for infrared aspects of the dynamics, related to the
so called (Fourier) zero-momentum modes and to vacuum properties. The formulation of the LF
theory in a finite volume with fields obeying periodicity or antiperiodicity in spatial coordinates
is known as the discretized light cone quantization — DLCQ [13,14,15,16]. Because of presence
of discrete momenta and of consistent Fock expanions for composite states, it leads to quantum
Hamiltonians in the form of large matrices which can be diagonalized numerically. In this way,
spectrum of physical states, their low-lying masses and other observables have been determined
for numerous low-dimensional models. The “discretized” formulation of the light front field the-
ory can be viewed also as a convenient analytical framework. Admittedly, prefering the finite-
volume formulation may appear a bit subjective and there exist different opinions in literature.
In addition to the standard continuum formulation (i.e., infinite volume, continuous spectrum of
momenta, Feynman integrals in perturbation theory, etc.), for some applications accompanied by
an infrared cutoff [17], a LF version of the Epstein-Glaser non-perturbative regularization and
renormalization of the continuum theory [18] has been developed recently [19,20,21] to give a
mathematically sound formulation of the LF field theory in an axiomatic spirit [22]. It is based
on a consistent interpretation of quantum fields as operator-valued distributions defined with the
help of test functions. The attitude of the present author is that a consistent and careful analysis
of field-theory models formulated canonically in a finite volume in terms of light front variables
actually yields a mathematically well defined, physically complete and yet relatively simple ver-
sion of the LF dynamics. We will make an attempt to justify this perhaps a little bit intuitive
attitude in course of the present notes by analyzing a few examples and explaining additional
supportive arguments.

In addition to the review papers cited in the main text of the present notes, a very readable
and pedagogical introduction to the light front field theory is due to A. Harindranath [23].

In order to make this review accessible to graduate students, a large portion of the discussion
will focus on two-dimensional models, starting from the LF quantization of free massive fields.>
We will try to explain the differences between the SL and LF formulations already at this simple
level and simultaneously to emphasize the necessity to work with mathematically well defined
objects in a careful way using fully and consistently intrinsic properties of the front form of
relativistic dynamics.

2 Free massive space like fieldsinD =1 + 1

2.1 Quantum scalar field

It will be instructive to compare a few basic properties of quantum fields in light front theory
with those quantized in the usual space-like scheme. For this reason, we recall some simple facts
about the conventional quantization of the massive scalar and Fermi fields in a finite volume.

The free massive scalar field satisfies the Klein-Gordon equation, which in the covariant form

2 The massless LF fields in two dimensions are a subtle subject. Their consistent treatment and relationship to the
conformal field theory (which is a powerful method in the conventional quantization) remains to be clarified.
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reads (9, = 0/0x")

(aua“ n u2>¢(x) —0 .1)

and which in terms of the usual space-time variables is of the second order in the time derivative:

(8000 — 0101 + 1) o() = 0. 2.2)

Its solution is expressed as a superposition of plane waves with the operator coefficients which
have a meaning of the operators creating and destroying a scalar-field quantum:

o(x ey aT(p)eip'm]. (2.3)

1 1
) = \/ﬁzp: m[a(p)e

Here p.x = p°z2° — plat and p° = w(p) = ++/p? + 2. If there will be no danger of a
confusion, we will use the symbols , p etc. instead of x!, p'. The field ¢(x) is defined on a line
—L < 2! < L. Imposing the periodic boundary condition ¢ (¢, —L) = ¢(t, L), we easily find
that the momentum p is discrete,

2m
"
So, the summation in Eq.(2.3) runs over the integers n. Note that the mode with n = 0 is
also included. It is an independent degree of freedom with the time dependence exp ( + imt).
Of course, upon inserting the solution (2.3) into the Klein-Gordon equation, one recovers the
dispersion relation of a free massive quantum w?(p,,) = p2 + w2, appropriate for the discrete

values of the energy and momentum.
The creation and annihilation operators of the scalar field obey the commutation relation

[a(p), al (Q)] = 5p,qv (2.5)

which is a direct consequence of the assumed canonical equal-time commutation relation (ETCR)

pP=Ep, = n=0,+1,£2,.... 2.4)

[(;5(0, $), 80¢(07 y)] = Z(SP(x - y) (2.6)

In the above expressions, 0, 4 = 0y, p is the Kronecker symbol for the momenta p and g, or
equivalently, for the integers m,n which parametrize their discrete values. The delta function
dp(x — y), given by the infinite series

1

1 A
oplr —y) = EJFE ePr@=Y) = 50 4 6 (z — ) 2.7)

is periodic in both space variables x and y (hence the subscript P) as is required by the periodicity
of the scalar field itself. The two parts of dp are called the zero-Fourier mode and the normal-
Fourier mode pieces of the full delta function. The first one obviously corresponds to the plane
wave with n = 0, the second one to the sum of all plane waves with non-zero n.
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Let us also remind the rest of the usual canonical formalism in this very simple theory. Ac-
tually, (the classical version of) the Klein-Gordon equation (2.1) is obtained from the variational
principle 45 = 0 with fixed variations at the boundaries. Here S is the classical action of the
system, S = [*_dtL(¢,,¢) and L(¢,0,0) = ffL dzL($,0,¢) is the Lagrangian of the
system defined as the space integral over the density L:

L L Loo 1 2 1 2 1 59
L= §8u¢8l ¢ — oM ¢° = 5(80@ - 5(5@) — gk on8 (2.8)
The quantization conditions (2.6) transform the classical theory into the quantum one. They have

been postulated in a full analogy with the classical mechanics, defining the momentum conjugate
to the field ”coordinate” ¢(x):

R

e
Here, the Poisson brackets of the classical mechanics, generalized to the classical field theory (see
the Appendix D), have been replaced by the commutator —i[A, B] = —i (AB — BA) according

to the rules of the canonical quantization. Next, one goes over to the Hamiltonian, corresponding
to the above Lagrangian density:

[(;5(3;‘), qu(yﬂ = 7;61—"(‘% - y), H¢(1‘) = 80¢($) (2-9)

+L
H=P = / dzT%(z). (2.10)
—L

The components of the energy-momentum tensor (or density) are

TR (g) = IO — g L, TIF = 658£¢’ m° = T11,. (2.11)
I

and follow from the Noether theorem for the case of space-time translations. The quantity g"” is
the metric tensor with g%0 = —g'! = 1, g'2 = ¢! = 0. The other two Poincaré generators * are
the momentum operator P* and the operator of the boost M1

+L +L
Pl = / dzT% (z), M =tH — / dzzT (). (2.12)
L —L

Explicitly, one easily finds

+L
1 2 1 2 1 2,2
—-L
+L +L
P~ / dell,di, MO = Ht — / deaTly, 6. (2.13)
L —L

3Since there are no transverse dimensions, no transverse translations, rotations and transverse boosts are possible,
hence the number of Poincaré generators in one spatial dimension is equal to three.
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The Fock representation of the above operators is obtained by inserting the field expansion
(2.3) into their definitions (2.13) with the results (see the Appendix B for details)

H=> wp)al(pa(p), P=>_pal(p)a(p). (2.14)

In the next step, one should check the overall relativistic consistency of the quantized theory by
verifying that the abstract Poincaré algebra is satisfied by the three quantum generators (2.13)
by using the ETCR (2.6). Neglecting the surface terms that appear due to the integration by
parts, this is indeed the case for our simple non-interacting theory. Similarly, the relativistic
covariance requires that the scalar field transforms in a particular way under the action of the two
translational generators and of the boost /%! along the one space direction (see Sec. 5 ). In the
infinitezimal form, this leads to the familiar Heisenberg equations

—io*¢(z) = [P, ¢(z)], P* = (P° P"). (2.15)

Again, it is easily checked by applying repeatidly the ETCR (2.6) that the Heisenberg equa-
tions reproduce the Euler-Lagrange field equations obtained from the action principle in the
Lagrangian formulation. Both properties (validity of Poincaré algebra and correct transforma-
tion laws of quantum fields) together establish the relativistic invariance of the field theory on
quantum level.

A very important object in any quantum field theory model is the vacuum state |0). Some-
times it is simply defined as

a(p)|0) =0, (2.16)

but actually the above relation is a consequence of a more profound property: positivity of the
spectrum of the eigenvalues of the Hamiltonian operator H. The positivity of H spectrum in-
deed implies the existence of a state with the above property which moreover is translationally
invariant:

el P’ |0) = |0y — P*|0) = 0. (2.17)

The first statement (positivity = vacuum) follows from the most general definition of the vacuum
as a state that minimizes the energy. This minimum can be always adjusted to zero, even in the
case of diverging zero-point energy (see the Appendix B) because the physically measurable
energies are differences in which the infinite constant parts cancel.

One of the basic principles of relativistic quantum field theory assumes that the spectrum of
physical states is contained in the forward light cone P,P* > 0, P° > 0 (see the Appendix
A). To prove the statement discussed in the previous paragraph, one uses the translational invari-
ance (2.17) of the assumed vacuum as well as the Heisenberg equation (2.15) of a scalar field
¢(x), —i0,¢(x) = [Py, ¢(x)]. This together with a general Fourier decomposition, valid for an
arbitrary scalar field with a priori unknown time dependence

)e?' = 4 at(p, t)e= '] (2.18)

1
P(z) = zp: NamD) la(p,t
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implies
1 .11 1,1
—1 ———(Bpa(p,t)e™™ * + dpal ,te*”"'”):
S Tizon (Rae bl (9, 1)
1 ( S 1,1 11
_ ([P a(p,t)]®" " + [PO,al (p, )] e~ """ ) (2.19)
PN ) [P°,a(p,1)] [ (p, )]
By comparing the coefficients at the plane waves, it follows from this equation that
doalp,t) = i[P°,a(p,t)]. (2.20)

To be able to proceed, we need to know the time dependence of the Fock operators a and af,
which is equivalent to solving the dynamics and thus generally impossible. The exception is a
free theory, with the time dependence of the form exp(+iw(p)t),w(p) = (m? + p*)*/2. Then
after letting the equation (2.20) act on the state |0), we find

—a(p, t)P°|0) + PYa(p,1)|0) = —w(p)a(p,t)|0). 2.21)

Due to translational invariance of the vacuum |0), exp (ia, P*|0) = |0), i.e. P°|0) = 0, and
positivity of P? eigenvalues, the only non-contradictory solution of the above relation (2.21) is
a(p,t)|0) = 0 which defines the vacuum state.

It is important to remember that this construction was done in a free theory. It is extremely
difficult to repeat it in the case of an interacting theory because there the time dependence of
the creation and annihilation operators is unknown (and even their form is unclear [24]) since
its knowledge would be equivalent to knowing the solution to the coupled field equations. Thus
to find the vacuum of an interacting theory is a complicated dynamical problem. As we will
demonstrate in the next section, the situation in the LF theory is quite different.

Let us derive a solution of the Klein-Gordon equation in an alternative way, considering for
a moment the continuum theory. This will turn out to be useful for the introduction of the so-
called Pauli-Jordan commutator function and its relationship to the initial data specifying the
time development of a dynamical system.

The general solution of the Klein-Gordon equation (2.1) in the covariant form is given by

e dzp 2 2 —ip.x
¢(w)=/ 55@ — )X (p)e” P (2.22)

The two-dimensional integration measure is dp’dp!. Integrating over p° with the help of the
identity 6(p? — p?) = 2w1(p) [6(p° —w(p)) +6(p° + w(p))], where w(p) = ++/p? + p2, we
find

oo g . 0 i . 0_ i
o0 = [ ) e ()] 25)

For ¢ = 0, this equation together with its time derivate represents a system of two equations for
two amplitudes x (w(p), p) and x( — w(p),p):

400
1@ = 00 - f 473(@ (@) ) + X (= o). p) e,

+o0o dp
47

<

—

&
I

906(0,2) = —i /

— 00

[X(W(p),p) -x(- w(p),p)] P, (2.24)
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Performing the inverse Fourier transformation, i.e. multiplying both sides by e ~%9* and integrat-

+oo .
ing over x with [ dze!(=9* = 275(p — q), one obtains

— 00

x(w(p),p) = [wp)f(p) +ig(p)], x(—wp),p) = [wp)f(p)—ig(p)]. (2.25)

These relations show that one indeed needs information about both the field and its time deriva-
tive at the initial surface ¢ = 0 to know the field at arbitrary ¢. In quantum theory, x(w(p), p)
and X( —w(p), p) are interpreted as annihilation and creation operators for a massive quantum
with momentum p:

o= [ :x Mip(p) |a(pe " +e 1 gt (p)etelris+ivs |, (2.26)
With
[a(p), a’(q)] = 47w(p)d(p — ) (2.27)
we find
[6(0.2).006(0,9)] = i3 — y). (228)
Let us derive the Pauli-Jordan commutator function. With the expansion (2.26), we have
[qﬁ(x),gb(y)] _ % /:)O (:Zi) [efip.(mfy) _ em(pfcc)]7 (2.29)

where p” = w(p!). In the above integral, we have changed p! — —p! in the second term. This
results only in the reverse of sign in the exponent since the changes in dp' and the integral limits
compensate. Returning to the covariant form and combining the two terms with the help of the
sign function €(x?), we get

[0(x), d(y)] = iA(x — y; 1), (2.30)
where
i +o0 )
Al —yip) = —5- dPpe= P =V5(p” — 1i?)e(20). (2.31)

Upon inspection, we can directly find the following properties of the A(z; ) function: it obeys
the Klein-Gordon equation

(00" + ,uQ)A(x —y;u)=0 (2.32)
with the initial conditions (¢(0) = 0)

A0, 2Y; 1) =0, A(x; 1) go—o = —(zt). (2.33)
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The latter condition follows directly from the representation (2.29). The Pauli-Jordan function
also satisfies A(—z) = —A(z) and the relation A(z —y) = 0 for (z —y)? < 0 called locality or
causality. The PJ function thus incorporates the important property of causality. Its vanishing of
the PJ function outside the light cone, that is, for space-like separations (x —)? < 0 of the points
x,, is the manifestation of the fact that for these intervals measurements of physical quantities
at the two points are causally independent. This of course just reflects the finite value c of the
speed of light (set to one here) which implies that no signal can connect such two points.

For the free theory, we can calculate additional quantities that are important for determining
properties of the quantum field theoretical models generally. These are the correlation functions
defined as the vacuum expectations of the (unordered) products of field operators in different
space-time points. For example, we have for the two-point function

1 +oo dpl . 0/,0 0y, s 11 1
D(x — = (0|p(x 0) = — ——[em PR ) =
(x —y) (Olg(2))I0) = — /_oo uJ(pl)[
L 2 2
_ - d pe—zp.(L—y)(;(p — p). (2.34)

Its explicit form, calculated in the Appendix B, is
1 1
D(z) = —19(x2) [No(u\/ﬁ) + ie(z?) Jo (nV xz)} + 9(—.%2)%K0 (nV—22), (2.35)

where Jy(z), Ko(z) and Ny(z) are Bessel, modified Bessel and Neumann functions [25].

The last property of the theory of free massive scalars that we would like to discuss are
inequivalent representations of the commutation relations (2.5). Although it may seem a little bit
formal it actually has profound consequences for the very existence of the QFT models and their
mathematical sensibility. We will see that this is one of the moments where the conventional
SL theory and the LF theory differ drastically. Here we will sketch only the main steps of the
derivation, the details can be found in the Appendix B.

Let us study two real scalar fields ¢1(x), ¢2(x) (2.3) with masses pq and po. Let us assume
that the Fock operator algebra (2.5) is satisfied separately for two species of the creation and
annihilation operators which are independent, i.e. [a1(p),az(q)] = [a1(p),al(q)] = 0, etc.
Since the field equation (2.1) is second order in the time derivative, let us choose the boundary
conditions at the initial time ¢t = 0 as

¢1(0,.’I}) = ¢2(07x)7 30¢1(0»$) = 80¢2(07x)' (236)

We then insert the field expansions (2.3) with the same momentum p into the relations (2.36).
After some simple algebraic manipulations one finds two algebraic equations for four operators

"' 1‘ . .ﬁ d . _ _ 5 Pl _
a1(p),aq(p), az(p), ay(p) where the simplified notation w1 (p) = w1 = ++/p? + pi, w2(p) =
wy = ++/p? + u3 is used. Their solution expresses the annihilation and creation operators of

the first scalar field as a linear combination of the Fock operators of the second field:

w1 + wa W) — w2 ¢

ai(p) = \/ﬁ@(p) + maz(—p) = c1(p)az(p) + 02(17)@;(—27)-

This relation permits us to express the vacuum of the first scalar field, defined as a; (p)|01) = 0,
in terms of the vacuum of the second scalar field, defined as as(p)|02) = 0 (the vacua are

(2.37)
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normalized: (01|01) = (02]|02) = 1) in the following form:

01) = K exp (3 ea(p)ab(p)ab(—p) ) 02) = AJoa), (2.38)

where c3(p) is a simple function and K is the normalization factor (see the Appendix B).
With this result and taking into account (2.37), one indeed verifies

al(p)|01> = O (239)

Thus we can see that the complicated exponential state (2.38) is indeed the vacuum state for the
annihilation operator a4 (p).

Now we are ready for an important statement: the vacua |01) and |03) are orthogonal in the
continuum limit. Indeed, we find

(02]01) = (02]AJ0s) = K, (2.40)

because the creation operators in the exponent of A annihilate |0) when acting to the left so that
only the factor 1 yields a non-zero contribution leading to (02|02) = 1. Now, using the relation
Zp — % f dp (2L is the "volume” of our one-dimensional space) for a transition from the
finite to infinite volume, we get

K:exp{%/dpln (1— m>} (2.41)

The integral is a negative number because its integrand is negative for —oco < p < oo as it is

equal to — In (% +i(e Z—f)) Thus K will approach zero as exp(—cL), where c is a positive
number. In other words, in the infinite-volume limit L — oo, the overlap between the two vacua
as well as between arbitrary Fock states vanishes, i.e. the two Fock spaces become orthogonal.
This means that there is no unitarity operator connecting these two spaces and one says that they

are unitarily inequivalent.

2.2 Quantum Fermi field
The fermion field of the mass m obeys a two-dimensional version of the Dirac equation
(1'7“8# — m)z/J(x) =0. (2.42)

As in (3 4+ 1) dimensions, it can be derived by a factorization of the Klein-Gordon operator
9,0" — m? into two components with matrix coefficients which have to satisfy special anti-
commutation properties to recover the original Klein-Gordon operator. In the two-dimensional
space-time, there are two such 2 x 2 matrices v* = (7°,~!) and they satisfy

{y*, 4"} = 2¢"1. (2.43)

Their concrete form is not unique and there exist a few possible representations, for example
% = o1,v' = ioy (01 and o are the Pauli matrices). More details are given in the Appendix B.
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With the choice of the periodic boundary condition ¢ (¢, —L) = (¢, L), the mode expansion of
the Fermi field is written as

1 m ) )
@) = <=\ |z [ppulp)e " + d (po(p)e . (2.44)
V2L zp: E(p)
As in the case of the scalar field, F(p) = ++/p? + m? and the momenta p = p,, are discrete,
pn = 2En,n =0,+1,+2,.... The coefficients u(p) and v(p) are the two dimensional “spinors”

appropriate for the 2 by 2 y-matrices. For the chosen representation of the gamma matrices, one
can check that with the ”spinors”

— E(p) +m 1 _ E(p) +m ﬁ
) =y P GoED ). o=y P (T 243

the field ¢(z) (2.44) indeed satisfies our Dirac equation. Some useful properties of the spinors
u(p), v(p) and their conjugates %(p) = u(p)™7°,v(p) = v(p)T° are listed in the Appendix B.
In order to guarantee the necessary condition of the positivity of energy, the annihilation and
creation operators for fermions (b(p),b'(p)) and antifermions (d(p),d(p)) have to satisfy the
anticommutation relations (see again the Appendix B)

{b(p),b"(q)} = {d(p),d"(a)} = Op.q (2.46)

the other combinations being equal to zero. From this anticommutators and using the spinor
relations (B.32) we directly find the equal-time anticommutators for the Fermi field

{(0,2),¢7(0,y)} = dp(z —y), (2.47)

with the periodic delta function defined in Eq.(2.7). In a complete analogy with the scalar field
case, the Dirac equation (2.42) is obtained in the classical theory from the variational principle.
The corresponding Lagrangian density is

£ = 57" = miptp = 2 (v o ¥+ vlal 0y ¥ ) — mytyy, (2.48)
where a 82 b = a(d,b) — (9,a)band ) = 1T~°. The canonical momenta conjugate to the fields

¢ and 1 are

_ 0L iy
~ s = 30 @) T @

The formula (2.11) then leads to the Hamiltonian, momentum and the boost operators of the form

oL 7
- o~ V@ (2.49)

Iy ()

+L
H = /dx[—iwalalzﬂmwwow],

—L

+L +L
P = —i / deytoyy, MO =tH — / dzayT01. (2.50)
L —L
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Their form in the Fock representation is calculated in the Appendix B and reads

H = ZE(p)[b*(p)b(p)+d*(p)d(P)],
P = Zp (b7 (p)b(p) + d (p)d(p)]. (2.51)

The fermionic vacuum is the state that minimizes the energy (which is bounded from below and
its minimal value is conventionally adjusted to zero) and from this definition we directly have
b(p)|0) = d(p)|0) = 0 analogously to the scalar field case. The translational invariance of the
vacuum state is then expressed by the formula (2.17).

In a complete analogy with the scalar field, the Dirac equation is reproduced at the quantum
level as the Heisenberg equation

—iotp(z) = [P*,(2)]. (2.52)

This can be verified in a straighforward manner using the generators in the coordinate or mo-
mentum representation and the equal-time anticommutation relation (2.47) or (2.46).
The two-point correlation function is defined as

Sap(® —y) = (0]t (x)15(y)]0) (2.53)
and the Pauli-Jordan commutator function is
Fop(z —y) = 2ImSap(z — y) = {¢(z) }aﬁ. (2.54)

An interesting question is again the inequivalent representations of the basic anticommutation
relation (2.47). Let us consider two massive Fermi fields with masses m; and ms. Since the
Dirac equation is linear in the time derivative, we have to specify only one boundary condition:

¥1(0,7) = 2(0, z). (2.55)

Inserting the field expansion (2.44) into this relation and solving two algebraic equations, one
finds

(p)bi(p) + B(p )dT( -p),
(p)d1(p) — B(p)bl(—p). (2.56)
),

(p) are equal to

E1 —|— EQ El E2
alp) =
E, = 4/p +m%, Ey = /p? + mi. (2.57)

The vacua are again defined as

b1(p)|01) = di(p)|01) =0
ba(p)|02) da(p)|02) = 0. (2.58)

ba(p) =
da(p) =

The coefficients a(p

2

o
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It is easy to check now that the vacuum corresponding to the second Fermi field is expressed in
terms of the creation operators of the first Fermi field as

102) = [T [aw) - B (0)dl (~p)] 103). (2:59)

Analogously to the scalar field case, one finds that two vacua are orthogonal in the infinite volume
limit L — oo: (01]02) = 0. The same property holds also for the Fock spaces corresponding to
two Fermi fields with different masses.

3 Free massive light front fieldsin D =1 4+ 1

3.1 Light front definitions and notation

The light front formulation of field theory begins by the different choice of the time and space
variables. The LF evolution parameter z+ and the third space coordinate =~ are given as linear
superpositions of the usual (non-relativistic) time ¢ and the z coordinate:

zt t+z, 2= (zT, 27,2 2% = (2, 2)
pt = Exp., p' =" .0 0 =0 p) 3.1)

It is sometimes useful to use the notation =, = (z!,2%),p, = (p',p?). For two-dimensional
theories, the perpendicular components 2 = z, 22 = y, p! = pa,p? = Dy, Which are the same
as in the conventional field theory, are of course equal to zero.

The scalar product of two LF vectors is (¢ = 1, 2)

p-x = g“l/puxu = puxu = p+$+ +p_x +pzl‘Z =
1 _ 1 _
= 5P xt+ §p+x —plat — pPa?. (3.2)

The off-diagonal form of the scalar product follows from the light front metric tensor g"* ob-
tained from the metric tensor of the usual theory §** = diag(1, —1,—1,—1):

P.T = prgrsts = pgr = pC 1 CGC~ ' CF, (3.3)

where we passed to the matrix notation and the matrix C,.; has been chosen in such a way that it
transforms the usual four-vector (a column) a* into the LF four-vector a* according to a = Cla.
Explicitly, we find

100 1 3 2 00
100 -1 _ [0 0 10 1
C=10v10 0 1"¢"=|0o o 10| CC=1 (3.4)
001 0 i -1 00

The off-diagonal form of the LF metric tensor is responsible also for the following relations:

0T

0+ =

N =

0
@. (3.5)

DN | =

0
+
=2
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Since for a free massive quantum (particle) its energy E(p) = ++/m?2 + p? + p3 + p3 is
always greater then the absolute value of the p; component, the LF momentum p™T is always
positive. In other words, in the LF form of the relativistic dynamics we have two quantities
that take on only positive values (in quantum theory, two operators with a positive spectrum of
eigenvalues). One of these quantities that are bounded from below is kinematical, i.e. interaction-
independent, and this feature eventually leads to a possibility to define the vacuum irrespectively
of the dynamics as a state with minimum LF momentum p™. In contrast, the third component of
the momentum can be negative in the conventional field theory, i.e. it is not bounded from below
and the only quantity with a positive spectrum of eigenvalues is the energy which is however
unknown in the interacting theory before we solve it. Thus, probably the main advantage of the
LF quantization is the possibility to get the vacuum state of any given model without the need
to solve its dynamics. The other advantages which will be discussed in a more detail in the
subsequent chapters, is the possibility to write down a consistent Fock expansion for a composite
system (this property is also related to the kinematical definition of the vacuum state, i.e. to the
absence of vacuum fluctuations) and the minimal number - 3 - of Poincaré generators containing
interaction, among all three main types of relativistic Hamiltonian dynamics.

There is another simplification in the LF scheme in comparison with the conventional theory.
It is the dispersion relation for a free massive quantum, following from p,p* = m?. It reads

24,2
- — m”+py (3.6)
p+
and shows that there is no sign ambiguity between the LF energy and momentum. Thus, for
positive LF momentum we have only positive energy. The negative- energy solutions of the field
equations are conventionally reinterpreted as antiparticles with positive energy and hence we are
dealing with only positive values of these two quantities in the LF scheme, in contrast to the

/=2
usual scheme, where for the given momentum the energy is +£\/ P +m?2.

3.2 Quantum scalar field

The massive light front scalar field obeys the Klein-Gordon equation which has the same covari-
ant form as the Eq.(2.1). However, written explicitly in terms of the LF variables, the D’ Alambert
operator changes its structure and becomes linear in the LF time derivative:

(40:0_ + p®) p(x) = 0. (3.7)

Considered as a classical differential equation, this means that it is sufficient to specify only a
value of the field itself at some initial time a:a“. Analogously, in quantum theory, one needs to
know only the value of the field, not its time derivative, to prescribe the equal-time commuta-
tion relation, which plays the role of initial data for the commutator at an arbitrary time. The
latter quantity is the Pauli-Jordan or the Schwinger function that we already discussed. All this
becomes evident when one writes down the Lagrangian (2.8)

1 1
Lo=50,00"6 — 5p*”



424 Light front field theory: An advanced primer

in terms of LF variables:
1
Lip =20, 6(x)0-¢() + S1*¢*(x). (3.8)

Again, since the Lagrangian is linear in the time derivative of the field, the canonical momentum
is the spatial derivative, not the time derivative of the field:

B Milf
* 7 50.0

— 20_¢(x). (3.9)

Then the canonical commutation relation [¢(z), I1,(y)] is for 7 = y* = 0 proportional to
the Dirac delta function §(x~ — y~) and can be integrated to yield the commutator between
two scalar fields proportional to the integral of the delta function which is essentially the sign
function \%I (see below for more details).

In a complete analogy with the conventional field theory discussed in the previous sections,
we will consider the system in a spatial (one-dimensional) box, —L < = < L. We impose
the periodic boundary condition ¢(—L) = ¢(L). The periodicity condition applied to the plane
waves yields e3P L = g=5P" L leading to the discrete momenta p* = p = 27n/L. Then the
solution of the massive Klein-Gordon equation is given as a superposition of plane waves with
the coefficients that incorporate the quantum nature of the field by their non-trivial commutation
relations:

+ — _ 1 - 1 +\ —ip.x Tt .\, ip.2
Gz, x7) = ¢0+\/ﬁ; = {a(pn)e P4 al(pr,a™)e®
[a(p}), a' ()] = Gmn, (3.10)

where p.x = 1pTa~+1p~2",p~ = p?/p™. Inthe expansion (3.10), we have separated the n =
0 Fourier mode corresponding to p;” = 0, the so-called LF zero mode which is ™ —independent,
from the sum of the normal modes which have p,} # 0. The latter will be denoted by ¢(x). Then
the relation (3.9) and the equation of motion (3.7) holds only for ¢(x), because by definition
0_¢p = 0: I, (x) = 20_p(x), s, = 0_¢9 = 0. The equation for the zero mode following
from (3.7) is u?¢o = 0 which tells us that in the free massive theory the scalar zero mode
vanishes. This will no longer be true in an interacting theory like for example the A¢* model or
the Yukawa model which we will discuss later. The fact that the canonical momentum of the LF
scalar field is not given by the LF time derivative of the field is supplemented by the observation
that the equation of motion (3.7) is actually a constraint for 9 ¢(x) which can be easily inverted

by means of the normal-mode part of the periodic sign function e (z~ — y~) (see below):
2 +Ld
I Yy -
Ovpla) = =7 [ ——gen(@™ —y e, y7). (3.11)
~L

The time dependence of the creation and annihilation operators a'(p;, %) and a(p;, z™)
is obtained by inserting the expansion (3.10) into the field equation (3.7) yielding the oscillatory
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behaviour e£22 %" where P, = p?/p;. The precise form of the equal-time commutator can
be found in the simplest way from the Fock commutation relation in (3.10):

e
BD(O’Ii%SD(O’yi)] - { +)7CLT(p:)] zpmz +2Pny +
2L ’rr;l M
it p— ity

+ [a'(p)), a(p,))]ezPm® ~2Pny }:

1 1 - -
= 57 e PhaT—yT) _ TxT—y7)
B 2L;pj{ " Y e3P Yy

1 — —
= gl —y) (3.12)

Here, we have used the symbol ¢ (2~) for the normal-mode part of the sign function (which in
the continuum theory is given by 20(z) — 1, 8(x) = 1(0) for positive (negative) x) adapted to the
finite interval and periodic boundary conditions, ex(—L) = ex(L) = 0. It has a Fourier-series
representation

s s

T -y ipt(z=—y~
L2 V) —e2Pa @ v, (3.13)

The full periodic sign function is ep(2~) = 27 /L + en(z~) and satisfies the defining property
0_ep(z7) =25p(2~), where

1 1 e T
op(z™) = 7 + ZZ [e_fpm N | =60+dn(z7). (3.14)

The canonical formalism for the LF theory is completely paralel to the formalism of the
conventional theory described previously. However, we would like to emphasize that in addition
to replacing the Lorentz indices 0, 3 by the ”LF values” 4, — one has to keep in mind that the
structure of the theory has been changed: we are dealing with field equations different from the
mathematical point of view, some of them being constraints that effectively reduce number of
dynamically independent field variables. Correspondingly, LF fields are initialized on a different
surface (usually chosen as 2= = 0), the vacuum states have different properties and the Fock
operators create and destroy different excitations .

Thus, the LF energy-momentum tensor is constructed according to the formula (2.11) with
the indices taking on the values +, — (4, —, 1, 2 in four dimensions). In particular, the LF energy
density is

T (z) = y(2)0 ¢p(z) — g7 Ly (). (3.15)

In this way, one arrives at the LF Hamiltonian

/—T+ u? 7(1;_(;52(:5). (3.16)

—L

4One could expect existence of a unitary operator providing a connection between these two representations of the
physical reality. The only attempt known to the author is a perturbative analysis [26] in the case of the Yukawa model
where it has been demonstrated that an operator creating a single particle in the LF scheme appears as a complicated
superposition of Fock operators of the conventional theory, the same being true also for the vacuum state.
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Note that there is no kinetic term in P~, just (minus twice) the potential part of the Lagrangian.
In a similar way, we find the LF momentum and boost operators:

+Ld +Ld B
P+:/ ‘; T (z )f4/%a_¢a_¢,
~L ~L
+L
_ _ de™ _ _
Mt =2tP —/Tx T (z7). (3.17)
~L

The Fock representation follows in a straightforward way by inserting the field expansion (3.10)
into the P+ given in (3.16, 3.17):

2
P~ =Y Ealphatp). P*-Zp P)- (3.18)

n n

Next, let us consider the vacuum state in the scalar LF field theory [7,5,27]. There is one
important difference with respect to the usual space-like QFT: in addition to the positivity of
the LF energy P~ we also have positive definite spectrum of the kinematical quantity - the LF
momentum P7. From a general Fourier decomposition of an interacting LF scalar field

plat, o) Z " (alpf. 2 )e 25 4 al (o at)e i) (3.19)
=1 pn
and the non-dynamical Heisenberg equation —2i0_¢(x) = [PT,¢(x)] we get in an analogy

with the conventional field theory

—2 .ﬁ (alpah)o-e i 4ol (), at)o_edrie” ) =
len "

Cipta- it
= E Z F([P+7G(P7+L»$+)]e 2bn [PJF (Pn» )]ezp” ) (3.20)
n=14"
and consequently also

—pra(p),zt) = [P a(p;,a")] (3.21)

since instead of the time derivative acting on the annihilation operator (the situation in the case
of conventional field theory, Eq.(2.20)), here the spatial derivative acts on the kinematical part of
the plane wave. With PT|0) = 0 we immediately have

—a(pt,zT)PT|0) + Pta(p),2M)|0) = —p;a(pl, 27)|0) = a(p,27)|0) = 0. (3.22)

Thus, |0) is a state of an interacting theory with minimum possible momentum p*+ = 0. It
is at the same time a state with minimum possible LF energy p—, because the vacuum |0)
is annihilated also by P~ due to the fact that the latter does not contain terms of the form
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at(p])al(p3)a’(p3)a’ (pf) (and their hermite conjugates). This again follows from the pos-
itivity of P as well as from its conservation: these terms, after space integration of their
plane-wave factors in the Hamiltonian, are multiplied by a Dirac delta function of the form
§(pf + p3 + p3 + pi) which is zero because positive momenta cannot add to zero. The state
without particles, the Fock vacuum |0) is the physical vacuum ! This is a most remarkable result.
But also a troublesome one: where has the complicated vacuum structure gone? We will try to
answer this question, at least partially, in the following chapters.

3.3 Quantum LF Fermi field

The Lagrangian of a free massive fermion field
T— 2 —
L= 5107# Oy Y — mapyp (3.23)
takes in terms of the LF fermionic field components ¥ and v; the form

Lop = i} 04 o + it} Oy — m(iehr + plupn). (3.24)

We are using the chiral representation where

(10 _( ¥

The other Dirac matrices are

o_ 1 (01 1 .9 0 1
¥ =0 <1 g0 )V == _1 o ) (3.26)

A very useful feature of the LF fermionic fields is the projection-operator interpretation of the
algebra of Dirac v matrices:

{77} =20"1= {7y +977"} =41, (3.27)
where v+ = 49 & v1. We see that the matrices
I S
Av=27"7" A=17"y (3.28)

have the properties of projection operators:
Ay +A_ =1, A=Ay, AsA:=0. (3.29)

Writing the matrices explicitly, we have

. (0 2 _ (00 (00 (10
v _<0 0)’7 _<2 0>’A+_<0 1>’A—_(0 0)' (3.30)

Using these relations in the covariant Lagrangian (3.23) we find that the projectors indeed sepa-
rate the upper and lower fermion field components as shown in (3.24). Also the Dirac equation

(iv" 0, — m)p(z) =0 (3.31)
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separates into two equations

20019 (x) = mapy (x), 2i0_11 (x) = mipe(x). (3.32)

The first equation contains a time derivative and thus it is the true dynamical equation for the
1o Fermi field component. The second one is non-dynamical, i.e. it is a constraint expressing
the upper Fermi field component ¢/ in terms of the dynamical component 102. The advantage
of using the chiral representation of the ~-matrices is that in this representation the dynamical
component is simply the lower entry of the ”’spinor” in Eq.(3.25) and the dependent component is
the upper entry. In the representation that we used in the case of massive space-like fermions the
dynamical and constrained Fermi field components are given as a superposition of the upper and
lower spinor” components. Here we would also like to contrast the description of the fermionic
fields in both schemes. We can see that the matrix and “spinor” structure plays only a marginal
role in the LF case, simplifying the picture considerably, while the matrix algebra in the case of
the space-like Fermi field is in principle as complicated as in 3+1 dimensions (technically, it is
of course simpler because the matrices are only 2 by 2). One may say that the LF description is
more adequate because there is no spin in one space dimension (no rotations are possible) and
the whole machinery of the spinors and matrices seems to be redundant. The only feature (in
addition to Fermi statistics incorporated by using anticommutators instead of commutators) that
really distinguishes the two-dimensional fermionic field from the scalar field is that the former
one has two components described by the ”square root” of the Klein-Gordon equation and this is
correctly incorporated in the LF formalism. The fact that the LF Fermi field is almost” a scalar
field becomes also evident if one combines two LF Dirac equations into one by eliminating 1)1

from its constraint
mo,_
vi(z) = 5;0- (), (3.33)

and inserting it into the dynamical equation (the precise form of the symbolic inverse derivative
O~ 'will be given below). This leads to the Klein-Gordon type of equation for the independent
component:

(40+0_ + m?)1pa(z) = 0. (3.34)

The dynamical field 12 (z) can be expanded at 2™ = 0 into the Fourier series:

ba(0,27) = [b(pi)e™3Pne 4 di (p))edras]. (3.35)

3-
NE

Il
ol

n
The Fock operators are assumed to satisfy the anticommutation relations

{b}). b (1)} = {dp}), d'(p})} = Gmn, (3.36)

the other combinations being equal to zero. As it is evident, we again consider a system in a
spatial ”box” (a finite line —L < x~ < L in one spatial dimension) and impose antiperiodic
boundary conditions (BC) ¢2(—L) = —9(L) which lead to a discrete set of momenta p; =
27n/ L 1abeled by half-integers 1/2,3/2, . ... The reason for the choice of antiperiodic boundary
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condition is that it avoids the fermionic zero mode in interacting theories where its treatment is a
little bit tricky. In the free theory with periodic BC, the ZM vanishes. >

With the antiperiodic boundary condition, the inverse derivative is determined uniquely as
the integral operation:

+L
Q-
Pi(x) =m /%Ga(x_ —y Wzt yT), Gulz™ —y ) = %ea(az— —y7). 337
)

The symbol €, (2~ ) stands for the antiperiodic counterpart of the periodic sign function ep(z ™)
from the previous Section. Its form is identical to (3.13) with the index running over half-integers
instead of integers:

3 L [emtptem—v) _odniT ), (3.38)
Pn

4i
vy =7 1
n=z
The Green function G,(z~ — y~) that we used to invert the fermionic constraint satisfies the
defining property 2i0_G,(z~ —y~) = d,(x~ — y~). When applied to Eq.(3.37), one recovers
the initial constraint. It is an elegant feature of the LF formalism that for some simple inter-
acting theories like massive QED(1+1) (massive Schwinger model), massive Thirring model
(four-fermion current-current interaction) and even four-dimensional quantum electrodynamics,
the fermionic constraint is still solvable in a closed form although it contains interacting terms.
Its solution will turn out to be given in terms of a Green function generalizing G,(x~ — y~) in
a natural way.

It is quite simple to obtain ¢, (x) in Fock representation. Combining Egs.(3.38) and (3.35)

in (3.37), we find

m 1 it P4
0,27)= — —[b(pHe2Pn® —df(pF)ezPn® ]. 3.39

The passage to the Hamilton formalism follows the procedure sketched for the case of the
scalar field. The canonical momenta are

My, = iy, = it (3.40)
and the energy-momentum tensor
T (w) = My, (2)0"¢(x) + 09! ()11 () — g Lig () (3.41)

analogous to Eq.(3.15) yields the LF Hamiltonian and the momentum operator:
+L +L

dx— dx~ -
Pr—m [ S (whor ot vlun), P = [ i v (3.42)
L —L

SFor the periodic BC, one can decompose )2 into the mode with n = 0 and the set of normal modes with P # 0.

The ZM is isolated by the ’volume” integration: ¢g = jLL de—L_wg (z). Eq.(3.34) yields 0 = m?1)o showing that for

a massive field 19 = 0 analogously to the scalar field case.
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The Fock representation of these operators reads

o= ZZf(b*(pi)b(za;t)+d*<p:>d<p:>),
pr = ZPI(bT(pZ)b(pi)+dT(pI)d(pZ))- (3.43)

We conclude this section by a simple observation: as in the case of two LF scalar fields, also
the mode expansions of two LF Fermi fields with different masses coincide (see Eq. (3.35)),
since the mass parameter does not enter into the expansion. This is true also in the continuum
formulation where the integration measure is simply (suitably regularized) dp™ /p™ (it comes
from p~ integration of the §-function 6 (p,p" — m?) which in terms of the LF variables has the
form 6(p*p~ —m?).) Thus the vacua of two fermion fields with different masses coincide in the
light front description.

4 Some mathematical subtleties in the continuum LF theory

In the previous chapters, we showed several times that the LF field theory requires specification
of boundary conditions in order to have a mathematically well-defined treatment, in particular
unique solutions of certain constrained equations. It seems probable that the quantization in a
finite spatial volume is then the most appropriate formulation which yields a regularized theory
and permits us to analyze consistently the infrared region of the theory in terms of zero modes
and certain unitary operators that are well defined in a finite volume. Although some authors [28]
have emphasized a necessity to incorporate boundary conditions also in the case of the contin-
uum LF quantization for a consistent treatment, this issue is quite often neglected. It is worth
to recall at this place that the continuum field theory is typically applied in a heuristic manner
and its mathematically correct treatment actually requires to regard quantum fields as distribu-
tions which have to be regularized by means of test functions. This axiomatic or constructive
field theoretical approach was developed by Wightman, Jaffe, Haag, Schroer, Strocchi and many
others. Although being certainly very valuable from the point of view of mathematical rigour, it
was very difficult to apply it for calculations of real physical problems and predictions outside
the realm of simple lower-dimensional models. ¢

We shall adhere to the finite-volume (sometimes called discretized) approach to the LF theory
also in the rest of these notes. However, we will switch to the continuum formulation in some
specific topics. In this section, we want to illustrate one source of difficulties in the LF theory
caused by an improper mathematical treatment. We shall work within the continuum form for
simplicity since the corresponding formulae involve integrals and continuous functions (Bessel
functions) while in the discretized form one works with infinite series which are more difficult
to handle. However, some conclusions from the continuum formulation are relevant also for the
discretized one.

The main objects here will be the two-point correlation functions which are vacuum expec-
tation values of products of two fields taken at different space-time points. These products are
unordered in the time variable, i.e. no 7T-ordering is applied. They are also called the Wightman

6 A new promising LF approach based on the Epstein-Glaser non-perturbative regularization and renormalization has
been formulated recently and applied also to higher-dimensional theories [29].
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functions. Since we will work in an infinite volume, we will present the continuum versions of
the field expansions discussed already in the finite-volume form. The conventions, definitions
and field equations will coincide with those presented in the previous chapters.

Let us start with the massive LF Fermion field. The independent component /2 can be
expanded at x* = 0 into the Fourier integral with the operator coefficients b(p™),d(p*) and
their hermite conjugates. The dynamical equation from (3.32) determines its LF time evolution:

o0
it m?2 i m2 +

d+ _iptpT_imZ ., ipte—4pimZ,
o) = / P [b(pt)e B R g et ). @1

dmy/pT

The solution of the constraint equation is

oo dp+ + 7;p z*,iiz i + l‘p x7+i' 21/,+
wl(x) :m/4\/>++|:b(p )e 2 2 pt+ —d (p )62 2+ ] (42)
7l
d pTp
The quantization prescription

_ - 1., - _
{#2(0.27),04(0,y7)} = 5o~ —y7) (43)
is equivalent to the following anticommutation relations for the Fock operators:
{b(™),b'(a")} = {d(p*),d"(¢")} = 2mp"5(p" - q"). 4.4)

The two-point Wightman functions S,g(z — y) are easily obtained as

Ood Tt e~y —ie)— i m (pt _ytT s
Sua(e — 9) = Olua@)iln)lo) = [ e 20!y OTEEET ),
0
Tdpt m2 i+ oy i) i m2 (s
Suale—9) = Ol o) = [ T Tt (T TR,
0
Tdpt m it e i m2 gt
Sta(e — ) = Ol (@)ul)0) = [ Lo T 87T,
0

Note that we have introduced the small imaginary parts in time and space coordinates. This step
is dictated by the mathematical consistency. Without the damping factors the integrals would
not exist as mathematical objects. ’ The corresponding formulae and references to the relevant
mathematical literature can be found for example in the tables of integrals by Gradshteyn and
Ryzhik [25]. It will turn out that this mathematical subtlety has quite remarkable consequences
for more physical aspects of the theory.

7 1t is possible to interpret the corresponding damping exponential functions as a specific choice of the test functions
[30].
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In order to evaluate the correlation functions Sso, S71 and Sio , one has to consider four
combinations of the signs of z+—y™*, 2~ —y~ because the results of the integrations are different
for different combinations [25]. We also have to change the sign of ie accordingly to guarantee
the exponential damping of the form exp(—ep™). The results can be read-off directly from [25]
and are summarized as follows:

Soa(z) = — 9(22)m\/i{J1 (m\/z>2) —isgn(zT)Ny (m\/zj)} +

8
+ 6(- zﬂsgn(zﬂ% —;Kl (mv/ —22),
S11(2) = 9(22) Tg\/i[h (m\/z?) —isgn(zT)N; (m\/zj)} —
- 9( - z2)sgn(z+)1—n7: —z—;Kl (m —z2),
Si2(z) = — 9(22)% {NO (mv22) +i sgn(z*)Jo(m\/z?)] +
+ 9( — 22)%.7(0 (m 722) (4.6)

We have set z = 2 — y and used the “function” sgn(z%) for the sign function z*/|2*|. Note
however that the latter has only a symbolical meaning here since we do not require the property
sgn(0) = 0. The z™ = 0 limit of the above expressions has to be calculated separately. The
implicit small imaginary parts in the arguments with appropriate sign are crucial for this step.
Let us also remind that .J;(z), K7 (z) and N1 (z) are the Bessel, modified Bessel and Neumann
functions. Note that the calculation of the analogous correlation functions in the conventional
theory is more complicated and requires a clever change of variables [31] (see the Appendix B).

Next we will study the equal-time limit of the S-functions. This is a self-consistency check
since in that limit Soo(x) should reduce to the Eq.(4.3) and S to the anticommutator

_ _ m _ _
{1(0,27),91(0,y7)} = sam(@™ —y7) 4.7)
which is easily computed from the constraint (4.2) and the basic anticommutator (4.3). We
will consider the fields at space-like separations and choose z+ — y* < 0,27 — y~ > 0 for

definiteness. With all factors explicitly shown, we have

Aw —y) = {v2(@), ¥](y) | = Saalw — ) + Siala — y) =

j + oyt 44
=4 [\/TK (my/ e =y i@~y —i0) -

|zt —yt| —ie - -
Y i A ey e F gt —ie) (e — g . 4.
Vo o K (T =y =i~y +i0) (438)
For — (2 — y*) =1 << 1, we can use the expansion K;(z) ~ 1/z + O(z?) to obtain
N T . 1 _ ! ~ Y — ), @
{92(0,27),92(0.57)} 47 [m‘—y——ie x‘—y‘—i—ie} 2 (@7 =y7), 49)
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because the time difference 7 canceled out. The relation 1/(x — i€) = P+ + ird(z) was used
in the final step (P stands for the principal value). The same result is obtained for z+ — y* >
0,2~ —y~ < 0. The presence of the 7e part was essential for deriving the correct equal-time an-
ticommutator. We would have obtained the wrong result, namely zero, without the convergence
factor. In other words, one can directly set x+ = yT in the correctly defined anticommutator
function. But, generally speaking, the equal-time limit of the anticommutator function is not
immediately the Dirac delta function §(x~ — y~) but the expression

A(07CE_ _y_) = _ZZ[ mKl (m\/26(|£17_ —y_| —ZE))
—1€ . — — i
m& (m\/—ze(lx -y~ + u—:)) (4.10)

which for finite = — y~ reduces to 1/26(z~ — y ™).
A similar conclusion can be reached for the 7 — y™ = 0 limit of the S;5 function. Here we
have for z+ —y* <0, 27—y~ >0

{¢1(2), 5 (v)}

Si(x —y) = Sty —y) =mE(a™ —y*a” —y7) =

= % [Ko (m\/(|x+ —yt| +ie)(z— —y~ — ze))

- Ky (m\/(|x+ —yt| —ie)(z— —y~ + ’LG)) : (4.11)

The relative minus sign in the first line of the above expression is due to the negative sign of the
second term in the Fock representation of ¢ (). With the expansion Ko(z) ~ —yg — In3 we
find in the —(z™ — y™) =7 — 0 limit

{1/11(0,17),1/);(073/*)} = %[—m (% te(z— —y~ —ie)) +
+ In (% V—ie(z— —y~ + 26))}
- % [ - %ln(i) + éln(—z‘)] - —i%. 4.12)

For the case z~ —y~ < 0, one gets the above result with the opposite sign. Hence we recover the
correct anticommutator, Eq.(4.7). The essential role played by the ie factor is evident. Generally
speaking however, the equal time limit of the considered anticommutator function is not the sign
function but the expression

mX(0,z7) = n [Ko (m ie(lz—| — ze)) - Ky (m\/m)

. . (4.13)

5 Poincaré algebra and surface terms

A necessary condition for the Lorentz invariance of a relativistic quantum field-theory model is
that the abstract algebra of the Poincaré generators has to be satisfied when one calculates the
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corresponding commutators using the equal-time commutation relations of field variables. There
are no rotations and only one boost, represented by the generator A/, in the two-dimensional
space-time and the abstract Poincaré algebra one should reproduce is simply

[PY,P7| =0, [PT,MT7]=-2iP", [P, MT7|=2iP". (5.1
This is a special case of the general abstract algebra of ten Poincaré generators in D=3 + 1:

[P, P"] =0, [P} M"]=igP" —ig" P,

I:M/LV7 Mpa] — _Z-g,upMua + ig/LaMl/p + Z-gupMua _ igwa/Lp. (52)

The above relations can be derived from the basic coordinate representation of a relativistic point
particle, p,, = —i0,, M, = i(x,p, — x,5,) by a direct computation.

There is also the second condition for the full relativistic invariance of a quantum field-
theoretical model. It is a correct transformation of the quantum field under Lorentz transforma-
tions A and translations a*. As is well known, the former ones are defined by 2/ = A“z", where
the property gWAgAZ = g,o guarantees invariance of the interval x,x*. In the classical theory,
the values of the fields as seen by two observers related by a Lorentz transformation =’ = Ax are
related according to

¢'(2') = ¢(x), ¥'(2") = S(A)p(z), (5.3)

for the scalar and fermion field, respectively. S(A) is a matrix transforming the components
of the Dirac fields in such a way that the Dirac equation in the transformed coordinate system
maintains its form (covariance). The above relations should be generalized to amplitudes of a
quantum field in the quantum theory, where one assumes existence of an operator implementing
Lorentz transformations for state vectors, |®') = U(a, A)|®). The operator U(a, A) must be
unitary to conserve probability. Then the classical relations (5.3) are replaced by

(PIUTH(A)p(Az)U(A)|D) = (@]¢(x)|P),

(@IUTH M) (Az)U (A)|@) = S(A)(@[th(x)|P) (5.4)
and we immediately find the transformation laws for the two fields:

¢(a’) = UN)p(2)U™H(A), é(z +a) = U(a)p(2)U™ (a),

STHA)Y(Az) = UMW) U™ (A), ¥(z +a) = Ula)y(z)U (). (5.5)

In course of calculation of the Poincaré algebra one has to perform partial integrations that
generate terms at spatial infinity. In the conventional field theory one usually omits these surface
terms since the fields themselves (at least classically) are assumed to vanish at spatial infinity.
In the light front theory, it was found that even for free massive fermions [32] the corresponding
surface terms do not vanish. This fact was interpreted as a failure of relativistic invariance of the
LF quantization. Since this problem was identified already for the continuum formulation, we
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shall temporarily leave the finite volume and will study carefully surface terms arising in the LF
Poincaré algebra (5.1) of the free massive fields quantized in an infinite volume.

Let us start with the scalar field. We will first use this opportunity and show yet another
derivation of the field expansion in the continuum theory. It is parallel to that shown for the
space-like scalar field. The general solution of the Klein-Gordon equation (2.1) can be written in
the covariant form as

+oo dp2 9 ) »
¢(x) :[ Wﬁ(p —u)x(p)e” . (5.6)
In the LF variables, using 6(p*p~ — u2) = —+3(p~ — ) and the notation f(p) = 27x(p),
) P pT
we get, with p~ = gj,
0
dp+ + _ _ it —_dia— ot
_ — 5 ipTaT—4pTx
¢() /m8ﬁ|p+|f(p DT =D )e +
+too qpt . .
P — A\ —iptxT—ipTot
+ /0 87Tp+f(p+,p =p )e T TR T (5.7)
Changing p* — —p™ in the first term, we find
> dp*t Dy ipte— _ip ot ipte—tip= gt
= 3P T 3Pb T * (0t zp'x +5p i| 58
ow) = [ g [atre rat (e , 5.8
where we called a(p™) = f(p*,p~ =p),a*(p") = f(—p",p~ = —p~). As before, one
promotes the amplitudes a, a* to operators in quantum theory:
dp* Hyo—spTaT—4p 2T T esp o +4p 2t
o(z) = 8mpt [a(pT)e : +al(ph)ez : ] (5.9)
0

where small imaginary parts for % are understood as discussed for the case of fermions. The
corresponding two-point function

+ ; N .
dpt  _ipta—y i -4 L (@t —yT—i)

—e p
8mpt

D(x — y) = (0lp(x)p(y)[0) = / (5.10)
0

can easily be obtained using the commutation relation
[a(p*),a¥(¢")] = 4mpTo(p* — ¢7). (5.11)
With the help of known integral formulae [25], we again find
1 1
D(z) = —gﬁ(zz) (No(/l\/;) — isgn(z+)J()(u\/z>2)> + E@( — 2%)Ko(pv/ —22). (5.12)

In a complete analogy with the fermionic case, one can calculate the T = y projection of the
commutator function [¢(x), ¢(y)] = D(z — y) — D*(z — y)i:

1

i (5.13)

YT -y)

[Kg (u ie(x— —y~ — ze)) - Ky (u\/—ie(x— -y~ + 26))
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which for finite |z~ — y~| reduces to —&sgn(z™ — y~).
The Hamiltonian, the LF momentum operators and the boost generator M T~ (3.16), (3.17)
are given in terms of the energy-momentum densities

O (x) = 40-6(2)0-¢(z), OT (2) = p*¢*(x) (5.14)
as
+ocd B +o<>d B
pr— /i@++(x), P = /i@+*(x),
2 2
+ood B
M+~ =atP — /%x—@++(x). (5.15)

It is now straightforward to calculate the commutators (5.1) using the anticommutation relations
(4.3),(4.7). One finds that in the first two commutators the surface terms cancel. However, it
was claimed in Ref. [32] that in the latter commutator an unwanted surface term appears. A
similar redundant term was found in the four-dimensional theory in the commutator between the
LF rotational generator M ~* and the scalar field 8. These difficulties were not clarified in the LF
literature so far. If the above-mentioned violations of relativistic invariance were really true, the
LF field theory would face a serious consistency problem [33]. A careful mathematical analysis
shows however that the claimed violation is an artifact and the surface terms actually vanish. In
what follows, we shall justify our statement in the case of free massive fermions.
The problematic surface term is equal to

s(L) = —8imLy](L)y(L), (5.16)

where L is a value of ™ tending to infinity (a cutoff). The surface term is obviously non-
vanishing in this form and violates the Lorentz invariance. Let us again use our careful definitions
of the anticommutators and replace the 6(z~) and e(x ™) functions by 2A(x) (4.8) and 83 (x)
(4.11) for z+ = 0. Then we find
+ood B +ood B
[Pm,MT] = - / % %y’ 07 (2),07(y)] =

400 +
dx™ d
= —aim [ [y {56 - pul@o-iw)

— YAz — )Yl ()vi () + Al — y)v] (2)0_1ha(y)
m Il

— S AE -yl |- (5.17)

8 This commutator implements correct transformation properties of the quantum scalar field under one type of rota-
tions. It is a particular form of Eq.(5.5) for an infinitesimal value of the rotational parameter.
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Performing the partial integration and using the limiting values of the A(x) and 3(z) functions
we obtain that the expression (5.17) equals to 2¢ P~ plus the surface term

+oo
A
s(ie, 2~ — L) = 4imL / % {E(ie, e~ — D)}(L) + B(ie, 2~ +L)¢;(—L)}¢1(:¢). (5.18)
—o0
To proceed we have to look at the large-distance behaviour of the function (i€, z~ £+ L):

m

Y(ie,z” — L) 5
T

{KO (m (ie)[a— — L\) - %{KO (m ielo— — L|) } (5.19)

Using the value of the modified Bessel function K, (z) for large =

Ko(e) = [ - exp (-2), (520)

we get
Ko (mv/EieL) T exp (—mv/EieL)
el)~ | ——F——=exp(— €
0 omvERL T
%L_1/4exp[— ﬂ(1ii)\/eL] (5.21)

V2

and similarly for other surface terms. Thus, all of them are exponentially suppressed for L —
oo and the correct Poincaré algebra is recovered. A possibility of this mechanism for higher
dimensional LF field theories was mentioned also in [34].

6 Discrete correlation functions and causality in the finite-volume LF theory

As we have already indicated and as will be further demonstrated, for studying non-perturbative
problems, it is often desirable to analyze light-front fields in a finite spatial volume where they
can be decomposed to a discrete infinity of modes. Such dynamical systems can be regarded
as a quantum field theory in its own right. This implies that one should verify all usual well-
established properties (such as causality, Poincaré invariance, singularity structure, etc.) in this
framework to check its overall consistency. In this section, we will focus on the problem of
microcausality or locality. This principle is derived from a finite value of the speed of light
which is the limiting speed with which a signal can propagate in the space-time. This implies
that two events or measurements separated by a space-like interval cannot influence each other
and thus are causally independent. In quantum theory, this property is incorporated by vanishing
of a commutator of two fields separated by the ispace-like interval x,2# < 0. One may ask a
question if this principle holds true in a finite volume with fields (anti)periodic in ™.

Here one should realize that the introduction of a finite volume generally speaking violates
some symmetries present in the continuum or infinite-volume theories. A natural requirement is
that this violation should go away in the infinite-volume limit so that for example the relativistic
invariance (invariance under boosts, rotations and translations) is restored. Thus, there would
be no reason to worry if one would find a violation of causality in a finite volume which would
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disappear for L — oo. Since it was claimed by some authors [36] that already a massive scalar
field in two dimensions fails to satisfy this property we found it important to clarify the situation.
We will present the method and results of our study [35] in this section. If the conclusion that
periodic boundary conditions are incompatible with causal behavior of the (infrared-regularized)
light-front quantum theory were indeed correct it would cast considerable doubts on the validity
of the DLCQ approach.

The method used to demonstrate the causality failure for L — oo was a numerical study
of the infinite series, represented the LF Pauli-Jordan function in the finite volume, truncated at
some value of discretized LF momentum p™ for which the results stabilized. This method gave
a very satisfactory picture of the causality in the usual field theory, where the Pauli-Jordan (PJ)
has the finite-volume form

Az —y) = —i[p(x), ¢(y)] = *% Z :

w(p)

sin (w(p)(xo —4%) — %(xl - yl)) (6.1)

We have used the expansion (2.3) for the periodic scalar field (p! = 27n/L) as well as the Fock
commutators (2.5) to obtain the above discrete representation. Truncation of this series at some
moderate value of n lead to vanishing (up to negligible numerical effects) of PJ function for
space-like separations between the points z and y and a usual oscillatory behaviour for time-like
separations. This picture however failed for a LF system restricted to —L < z= < L. Not
only did the numerical results for the PJ function fail to vanish for 22 < 0, but it was even
found not to converge to the correct continuum expression. One has to conclude that either
the discretized light-front theory has some fundamental difficulty or the numerical computations
have some internal difficulty and are not reliable. To clarify this issue it would be preferable
to find a method for analytical evaluation of the infinite series expansion of the PJ function,
corresponding to the integral form of the PJ function in the continuum formulation.

In the following, we will briefly discuss such an analytical formalism for evaluation of in-
finite series corresponding to various correlation functions of the discretized LF theory. This
formalism is very well adapted to the form of LF kinematics and dispersion relation and it uses
some properties of polylogarithm functions. As a result, an integral representation can be given
for these infinite series expansions. This representation explicitly depends on the box length L.
Then one can use analytical methods to study the large L dependence of the integral representa-
tion of the PJ function.

The expression for the Pauli-Jordan function of a massive LF scalar field quantized in a
finite volume and satisfying periodic boundary condition is obtained by commuting two scalar
fields (3.10) at different space-time points (z*, 2~ ) and (y*, y ™) using the corresponding Fock
commutation relations. The result is expressed in terms of the correlation function

I T e P et e AR

D(x) = ; —e L Py =g (6.2)
as

A = ~ip(@). ¢ ()] = ~i(D(@) - D*(2)) = 2mD(a). 63)

To demonstrate the general nature of the present approach, we will derive corresponding formu-
lae also for the fermionic case although the implications for causality will be discussed only for
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the scalar field. We will work with periodic fermi field ¢»(—L) = (L) to keep the discussion
close to the scalar field case,
The field expansions (3.35), (3.39) yield for the correlation functions

im2, +

Suae) = 3 S

00 ; C im2
b Lt
11 2 v )
m 1 —ip z_fi””Q:c*'
2P
Sl 72, e (6.4)
AT —~ n

The key question now is: do the discrete representations (6.2) and (6.4) lead to the continuum
results (5.12) and (4.6) for L — oco? More specifically, does 2 ImD reproduce the continuum
Pauli-Jordan function in this limit?

To answer this question, we replace the infinite series (6.2) by an integrals using an integral
representation of the polylogarithm functions. Consider the function of two independent complex
variables defined by

oo

Fi(z,q) = Z%eq/”. (6.5)

n=1

For any finite g it can be shown that the power series converges only within the unit circle |z| < 1.
Expanding e?/" in powers of its argument we obtain

N @' 2t N
Filzq) =) 0D g =) qylinn(2). (6.6)
. 22 F]

k=0 n=1

Here we have used the definition [37] of the polylogarithm function Li,,,
Lim(2) =Y —. 6.7)

Note that this series representation (6.7) of Li,, converges only if |z| < 1. Its analytic continua-
tion to the rest of the complex z plane is provided by the integral representation

oo

Lip(2) = / Y (m>1), ©6.8)

0

which shows that Li,,(z) is actually analytic throughout the z-plane except for a cut on the
positive real z axis, linking +1 to +oco. Substituting this formula into (6.6) and interchanging
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integration on u with the summation on &, we arrive at the integral representation of the series
(6.5),

* 1
F1(27Q):/0 d“m-’o(zm)' (6.9)

To obtain this result we have used the identity

»

k
(;’,))2 = Ih(2v/), (6.10)
k=0

where Iy (z) is the modified Bessel function [25]. Comparing (6.2) and (6.5) we note that

. 1 , ,
D(z) = EFl(elf/Q,zQ), 6.11)
where
2
L
E=plata /4, Q= 'Lﬁl—ﬂaﬁ"’. (6.12)

This is the first step of the analysis whereby the infinite series (6.2) has been rewritten in integral
form via (6.9) and (6.11).

There are four distinct cases to consider each associated with a quadrant of the 2T, 2~ plane.
Consider first the case where both 2% are positive (Q > 0, & > 0). We may rewrite Eqs.(6.9) and
(6.11) as

1
exp (%(u - z§)) -1

~ 1 o0 .
D@t >0,27 >0) = m/ du Io(2e"/4/u). (6.13)
0

The continuum limit is then obtained by considering the limiting value of the RHS of Eq.(6.13)
for Q — -+oo. The result is the reduced version of Eq.(5.12) appropriate to the regime z* > 0.
Before demonstrating this we note that Io(2¢*™/4\/u) is an analytic function of u throughout
the entire finite complex plane since its Taylor series expansion in powers of the argument has
an infinite radius of convergence. The remaining factor in the integrand of (6.13) is analytic
throughout the u plane with the exception of simple poles at the discrete set of points u,, =
i(2nmQ + £) on the imaginary axis, where n is any integer. In view of these analytic properties
of the integrand we can alter the integration contour without changing the value of the integral in
(6.13) as long as we avoid crossing through any of the singular points u,, and maintain the given
endpoints. The simplest choice of a preferable contour has a rectangular shape and consists of the
straight-line segments (C}) on the imaginary axis, the semi-circle (Cs) centered on the pole ug,
the line (C5) parallel to the positive real axis, and finally the straight-line segment (Cy) parallel
to the imaginary axis. Individual contributions are calculated in the Appendix C. The overall
result is

lim D(z* > 0,2~ > 0) = —i(No(u\/:ﬁ) - iJO(u\/ﬁ)» (6.14)

Q—o0
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in agreement with Eq.(5.12). The first contribution comes from the segment C; and the second
one correspond to the residuum of the integral at the pole. Contributions from the segments Cs
and C} vanish in the continuum result.

From the expression (6.14), it is not difficult to find the results corresponding to other three
combinations of signs of z, z~. First, we conclude from the formula (6.9) that results for finite
L for the case 2+ < 0,27 < 0 (£ > 0,Q < 0) can be obtained from those for x* > 0,27 > 0
by complex conjugation:

Fi(em /191 —i|Q|) = [F1(e'*/9,iQ)] . (6.15)

Likewise, we have for z+ > 0,27 < 0(Q > 0,£ < 0)

D(z) = iFl(e‘”f‘/Q,z’Q% (6.16)

and this can be used to generate the results also for the regime 27 < 0,2~ > 0 (£ < 0,Q < 0)
according to

. 1 ; . 1 i N7
D(w) = —Fi(e 19, —i|Q) = [ - Fi(e7€V2,iQ)] ", (6.17)
The evaluation of F} in Eq.(6.16) for large L proceeds as above using the same multi-component

contour except that the semicircle C is not applicable since the pole uy is situated at —i|¢|. The
final result is

) . _ 1 Jo(2y/v) 1
lim D(zT = — —— = = —Ky(2v/ -1
Jim (xT > 0,2~ <0) 47T/dv . 5 0(2v1€1)s (6.18)
0

in agreement with the continuum formula (5.12). In particular, this result means that since the
imaginary part of the function ﬁ(x) vanishes for spacelike 22, the causality is restored in the
infinite-volume limit. For large L the leading L-dependent terms are of the order L~'/4. The
results for the PJ function QImﬁ(x) are consistent with the results of Ref. [38] although their
intepretation is somewhat different. Also, as will be shown next, the method that we desribed in
this chapter can be extended to calculate the complete Wightman functions of two-dimensional
free massive bosons and fermions quantized in a finite volume.

Let us therefore briefly discuss the correlation functions 5'22 and SH of (6.4). The first of
these is a special case of the function

o) o0
z 1 Il (2 qu)
Fo(eua) = Yo met = g [t AT (6.19)
ot 1—2z ) z7lev —1 /qu
while 311 is a special case of
2" 7 u I (2/qu)
Fy(z,q) = Z Zet/m = /duz_1 . (6.20)

2 [
n:ln / e v/ qu
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In the regime 2% > 0 we find that

Qlirilmggg(x) = 4eiT4rP/dwu;]21(UZ§—\7/%e_iZJ1(2\/g)
- —% i—f(Jl(m\/ﬁ)HNl(m\/ﬁ)). (6.21)

Likewise, in the same regime, we have

i Su(x) = — 2 [ (Jl(m\/ﬁ)ﬂzvl(m\/ﬁ)). (6.22)

Q—+o0 m V xt

These results are in agreement with the continuum formulas (4.6).

In principle, one may try to evaluate the integral (6.9) representing the Pauli-Jordan function
in finite volume numerically for increasing values of L to examine the rate of convergence to-
wards the continuum result. In practice, this is rather difficult to achieve since the integrand of
the representation (6.9) oscillates rapidly due to the presence of the Bessel function . Already
for relatively small values of () the amplitudes of these oscillations are so large and the spacings
of successive zeros are so small that it is very difficult to reliably evaluate the integral by stan-
dard numerical routines. The numerical computations of the integral were therefore restricted
to a few relatively small values using an integration method based on Chebyshev polynomials
as well as by a Clenshaw-Curtis method. The results for ) = 4 and () = 18 are displayed in
Fig.(6.1). For definiteness one can set u?z™ = 1 so that the corresponding box lengths given
by L = 4w() are approximately L = 50 and 226. A qualitative difference in the behavior of
the Pauli-Jordan commutator function between the space-like region (negative values of 2~ /L)
and time-like region (positive 2~ /L) is obvious already for the smallest value ) = 4. It is also
evident that for larger Q the oscillatory behavior of the continuum curve in the time-like region
is resolved with increased accuracy. Although the Pauli-Jordan function for finite volumes is not
zero in the space-like region, it is fairly close to it. We recall that for our choice of () values
we are still very far from the infinite-volume limit so the obtained behavior of the Pauli-Jordan
function is plausible and consistent with our analytical results. It would be desirable however to
be able to compute the behaviour of the PJ function numerically for much higher values of @
and verify that the curve in the space-like region indeed converges to zero.

The physical conclusions of this mathematical treatment are summarized as follows. With
the infinite number of field modes the violation of microcausality in a LF finite volume with
periodic scalar field is only a marginal effect and continuum results including the causal behavior
are restored in the L — oo limit. In practice, the DLCQ calculations of mass spectra and
wavefunctions are always performed for finite L and with a finite number of Fourier modes. At
this step, the causality may seem to be violated [36] (see also [39] for a treatment that averages
over some range of L values and restores the causal behavior in a finite volume). However, as
physical quantities calculated with the DLCQ method have to be extrapolated to the continuum
limit, there is no inconsistency, since, as we have shown, the causality is restored there.
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Pauli-Jordan function, Q=4
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continuum curve
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Fig. 6.1. The commutator function 2ImD(x ™, ™) evaluated numerically is plotted for Q@ = 4 and Q = 18
as a function of s = 2~ /L and compared with the continuum function 1/4.Jo(v/Ls) (solid line) in the box
of the length I = 47 Q. For simplicity, we chose p?z = 1. The time-like region corresponds to positive
values of s, the space-like region to negative ones.

7 Soluble interacting model

As a first example of interacting models which are the main focus of the quantum field theory,
let us study a very simple model with two species of the Fermi field with masses m and M inter-
acting via a current-current coupling, proposed by Federbush a long time ago [40]. The correct
mathematical formulation was later given by Wightman [41] and Schroer and Truong [42]. The
model can be considered as a toy version of the massive Thirring model which is a surprisingly
rich, non-trivial but still relatively simple relativistic quantum model. The Federbush model was
not discussed in the light front formulation so far and we will use it here to demonstrate the LF
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approach (and simplifications it offers) to an interacting theory in the simplest yet non-trivial
setting. The Lagrangian of the model in the covariant form reads

i o e B .
L= 5\IW“ Oy ¥ — MYV + 5)(7“ O X — mXxX — g J"3". (7.1)

The vector currents are J* =: W~y*W¥ : and j* =: Yy*Y :, where the colon denotes the normal-
ordered expressions, i.e. the operators where all creation operators stand to the left of all anni-
hilation operators. This is dictated by the C-parity requirements of the electromagnetic current,
namely the current should be odd under the charge conjugation on physical grounds (opposite
charges of a fermion and an antifermion). The antisymmetric symbol e*¥ is defined by ¢*! = 1.
From €, e"” = —2 we obtain its LF components et~ = 2, e, _ = 1/2. The light front version
of the Lagrangian (7.1) is

Lip = 0oy Wy +iW) O_ Wy — M (U0, + U]W,) +

Yr-i*. 12

. = . = g L
+ixd 04 xa +ixd 0= xa —m(xdxa + xix2) + 577 - 3

The LF currents are conserved and their components are
Jt(x) 2: Wh(a)Wy(z):, J (2)=2:Ul(2)W,(2):,
itx) = 2: X;(&C)XQ(LU) o i () =2: Xi(x)xl(ac) i (7.3)

Here we are using our previous convention

' [ xa
oo (2)one (1), o

where the upper components are the constraint fields while the lower ones are dynamical. This
is obvious from the (classical) equations of motion which are derived from the action principle
as in the usual field theory:

218+\112(x) = MUy —gj Uy, 2i0_V; = MU, +gj+\I/1,
2101 x2(x) = mx1+gJ x2, 200_x1 =mx2—gJ x1. (7.5)

Note that the equations are coupled in two ways: equation for the upper component depends on
the lower one and vice versa and moreover the current components of one Fermi field enters into
the equation for the other Fermi field. However, due to the specific form of the coupling term,
the set of field equations is explicitly solvable. On the quantum level, one has a rare situation
that one knows the operator solution of the field equations and can calculate various correlation
functions, test their singularity structure [42] etc.

Using the equations of motion (7.5) one easily establishes that the currents J#(z) and j*(x)
are conserved:

0yt (x) = 04 () + 0_j~(x) = 0. B,T"(x) = 0. (76)

Since there exists an independent gamma matrix 7, one can define also the axial-vector currents
J¥(z), J¥(z) according to

3 (z) = X(@)y"x(z), JL(z) = U(2)y*y°¥(x). (7.7)
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Inserting the components of the Fermi fields and the gamma matrices (3.26) and (3.25), we find

ji (@) = jT(@), j5 (x) = =i~ (@),
JH(x) = Jt(x), J5(2) = —J (z). (7.8)

The axial-vector currents are not conserved:
9t (x) = 2imx(2)y°x (), 9uJE (x) = 20M ¥ (2)y"¥(x). (7.9)

Again, these equations are easily verified by means of the equations of motion. Their explicit LF
form reads

01 jf (x) +0-js5 (x) = 2im(x](@)xa(@) — X (x)x1 ()
O (@) +0_J5 () = 2iM(Vl(2)Wy(z) — U (2)T(z)). (7.10)

We will consider the Federbush model on a finite line —L < =~ < L and will choose antiperiodic
boundary conditions for the Fermi field:

U(-L) = =¥(L), x(—=L)=—x(L). (7.11)

All considerations in the previous paragraphs are valid irrespectively of this choice. Defining the
“integrated currents” Y(z) and o (z) [41]

+L
Y(x) = \{f/d;eN(JE—z)J+(z+,z),

)
+L _

o) = Y [ente =t @.12)
L

we can convince ourselves that the constraints in (7.5) are solved by

Uy (z) = e FO Oy (@), yal(e) = em Doy (a), (7.13)

where 11 (2) and 1 () are the solutions of the free constraint equation (3.32). Actually, contrary
to the massive Thirring model which will be discussed later, the dynamical equations admit the
solutions in the same form:

Uy(z) = e_%g”(x)z/}g(a:), x2(z) = e%gz(x)gpg(x), (7.14)

where again 15 () and @5 (x) are the solutions of the free dynamical equation (3.32). To verify
that the expressions (7.13, 7.14) represent the solutions of the classical field equations, take
simply the derivative of the assumed solution for ¥, to obtain

210, Uy (z) = e~ F720, 1hy(2) + gdio(z) = MUy (z) — gj~ (x)Va(z).  (7.15)
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In the second step, we used the dynamical equation 2i0, 19 = ma); and the current conservation

+L
g
0,0 (x) ? /%eN(x_ —2)dyt (et 2T =
L
+Ld
= YT e ot ) =
—L
V7 [d Vi
™ z- _ N\ _ T . _
= Yo [ Z bna —27)j (xT,27) = -5 (2), (7.16)
2 2 2
-L
where the sign function ey (xz~ — y~) was defined in (3.13) and the partial integration was

preformed in the third step. The same derivation is valid also for the solution of the x2(z) field.
The relation (7.16) together with an analogous one for 0, () shows that the integrated currents
satisfy the conditions

0,3(x) = Ve JV (x), Ouo(x) = Ve i’ (x). (7.17)

Let us quantize the model. At ™ = 0, we assume the standard anticommutation relations
for the free fermion fields

{0200,07),9200,57)} = {200, 27),02(0,57)} = 36ule™ — 7). (7.18)

The field expansions read

1 o pra——i 12+ ta +iM2 o+
o) = == 3 [ala)e T e,
n=3
_ 1 > +\ T 2Pn® f Tt 2Pn T +% Jf
xe(0,27) = [b(py)e v 4d(p))e ] (7.19)
1

and the corresponding constraint components are

M 1 ) )
Ui(0,27) = L > e la(ph)e™ ™" = (pf)e™ ],
1 ) .
xi(0,27) = % 3 e = dier). (7.20)

. . 2
where ip.x stands for ptaz~ + %%x* with ¢ = M or p = m. The non-vanishing anticom-
mutators of the Fock operators are

{am,al} = {em,cl} = {bm, b} = {dm.dl,} = 6n, (7.21)
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where we have introduced the simplified notation b,, = b(p;"), etc.
Itis straightforward to find the currents j T, j~ in Fock representation:

L Z [bT be i(p—q). b’f dT i(p+q).z + dybyy e~ i(pta).x

- d}:dme‘i(p_q)'m}, (7.22)
1 m?2 ) )
j (x) = —7 Z p p {b* by, eilr—a).@ bl‘ndle%(wq)w _ dmbne*l(”q)‘w
_ dldme_i(”_”””] (7.23)

The currents J T, J~ have the same form with a,,,al ,c,,, ¢l instead of b,,, b}, d,,, d},. Now it is
simple to check that the correct form of the “’potentials”, satisfying (7.17) is

S e, e
mon —dn Pm + Dn Pm + qn
+d;dmﬂ} : (7.24)
P — @it
Z [ eilp—aq)x e, ot ol et(p+a)-z s e—ipta).x
TS I S )
+cjncm%} (7.25)

The appearance of /7 in the above definitions will be explained in a moment. In the sums in
Eqgs.(7.24), (7.25), the m = n terms should be omitted for the bTb and d'd terms because these
correspond to the zero-mode part of e.g. the 5 current, jg‘ =Q/L,Q=>, (bilbn fd;fldn). Its
inclusion would violate periodicity of o(z~). The same remark applies for the 3¥(x ™) potential.
The Fock representation of o(z), ¥(x) is obtained by an “educated guess” from their definitions
because the momentum dependence of the currents is very simple (this is not the case for the
conventional space-like treatment of the model [41]). The same result follows from the formal
inversions (7.12) after inserting the expansions (7.23).

Some calculations get simplified if one uses instead of the currents (7.23) their bosonized
form obtained after taking the Fourier transform of the expressions (7.23). Writing

1 _ .
. S —ip.x T ip.x
JT(x) = Jo JanZl[Ane Pr 4 Ale® }
1 _ _
T = I [Cne*”” n C’le”"m} (7.26)
n=1
and taking the inverse Fourier transformation
d +Ld -
4, = /%J (@)er®ie, O, = /%J*(x)e%qif (7.27)

—L —L
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we find

A= Z <b;2bl+k + d;de + dl—kbk>7

-2

o0

Af =3 (Wl abe + dfy i+ B ). (7.28)

k=1

and an analogous expressions for C,,, C/ in terms of a, ¢ operators. Note that the summation in
the last terms runs only up to [ —1/2 because the index of the Fock operator corresponding to the
LF momentum can only be positive. Also, being fermion bilinears, the "fusion” operators A;, AlT
are labeled by integers, although the fermionic index in the sums (7.28) runs over half-integers.
The time dependence of the current (7.26) is found to be very simple, exp ( + %:’—f), as a result
of cancellations in the exponents of (7.27) caused by the momentum Kronecker s;mbols.

A straightforward but lengthy calculation based on a multiple use of the basic Fock anticom-
mutation relation reveals the commutation relation

[Ar, A]] = [Cr, C]] = kb (7.29)

obeyed by these composite Fock operators which also satisfy A;|0) = 0, C;|0) = 0, as follows
from their representation (7.28). This means that the original fermionic Fock vacuum is also the
vacuum of the composite bosonic operators.

Inserting now the expressions (7.26) into the definitions (7.12), we also have

. . . 2 . 2
) 1 _Lp::w*_LLz+ Lp;tw*_’_i‘miraj‘F
o(z) = fﬁg j{Ane : o — Ale? i },
n=1 Dn
. . . 2 . . 2
1 1 _lerx*_lmier .ler.'c*—i—i m? +
Y(z) = fﬁg j[Cne R A } (7.30)

n=1

The commutators for the composite scalar field o(x) at T = 0 is then equal to

+L 4L
oo =5 [ [entem —wexty™ = o)) 0],

and analogously for X(x). If one calculates the current-current comutator naively in the z-
representation, one obtains zero. This result is however wrong because the latter commutator is
actually equal to the so-called Schwinger term proportional to a derivative of the delta function:

o a4 — (. _ _
@), ()] = —9%en (@ —y7). (7.31)
The corresponding momentum-space calculation is lengthy but straightforward. Then we get

5,507 = [o), 0] = —sex(e™ —y7). (132
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These relations show that the composite fields have been rescaled above by a factor /7 in order
to satisfy the canonical commutation relation of a scalar field, Eq.(3.12).

Actually, it is quite easy to calculate the full Pauli-Jordan function of the o(x), X (z) fields
by means of their bosonized form (7.30) because we know their time dependence. One has
]eip.ate—iq.y _ [A’n’m AIJ e—ip.a:eiq.y} _

[o(2).0(y)] Lzz\/Tpn{

1 L r —dpf@ -y )-322 @ty dpf@ —y )+ @t —yh)

= — e n e n .
sz 2 5 | )
n

(7.33)

The same result holds also for 3 (z).

One should give a precise mathematical meaning to the operators exp ( — %E(m)) and
exp ( - %a(x)) in quantum theory. These operators are singular due to the infinity of field
modes without a proper renormalization. Here we will follow the approach of Coleman [43] in
which one subtracts the two-point correlation function at the origin.

The exponential operators are then well-defined and one can calculate the equal-time com-
mutators of the interacting Fermi fields as well as the same commutators for arbitrary unequal
times and various n-point correlation functions.

The LF Hamiltonian of the Federbush model has a surprisingly simple structure. Perform-
ing the Legendre transformation as in the case of the free massive fermions and inserting the
fermionic constraint (7.5), we find

+L
_ dz~ - dz™
=m /T [X$X1 +xix2] + M /T [‘I’I% + ‘I’E‘I’I} (7.34)
—L

But since the exponential factors cancel in the product of interacting fields x(z) and ¥(x), the
Hamiltonian is the free one,

+L +L
_ dx™ dx—
- / 2 [502991 + 901302} +M / 5 WI@/& + @%] (7.35)
L “r

In Fock representation, it has the form presented in Eq.(3.43). Despite the fact that the LF
Hamiltonian of the LF Federbush model coincides with the free Hamiltonian, it generates the
correct dynamical equations of motion (7.5) (the Heisenberg equations) when commuted with
the interacting fields x2(z) and ¥4 (z).

It is instructive to compare the Hamiltonians of the Federbush model in the LF and SL for-
malisms.

The interacting part of the Fock Hamiltonian in the usual space-like theory is obtained by in-
serting the fermion field expansions (2.44) into the definitions of the currents in the Hamiltonian

+L
Hie =g [ (@) (2) = ' (@)1°(0)) (7.36)
“L
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The computation is straightforward and the main steps involve the space integration which yields
a Kronecker symbol reducing number of momenta to three, and the use of spinor identities for
different momenta. They are listed in the Appendix B.

The resultant interacting Hamiltonian has a rather complicated four-fermion form

Hipy = _%g Z

p.q,T

{a'@a(@b! o0+~ )| L))o+ 7 = 0) = [irp +7 = 0)f3(0.0)
+at (P)a(@V (1)d (q = p =) i, 0) fala = p =) = fo(r.a = p = 1) fs(p,0)]
~a' (P)alg)d(r)b(p — a = 1) [P, ) farp = 4 =) = falp ) falr.p —a = 1)
+al (p)alg)d' (¢ + 7 = p)d(r) | £, ) s(r.a = p+7) + falp. ) fu(rog + 7= )|
+al (p)c! (@)b' (r)b(p + q + 1) [f2(p, Q) fs(r,p+q+r)— falp,q) fr(r,p+q + 7‘)}
~a' () (@d)bp + 0 =) [ o, s+ 0 =) + Falp, ) falrp +a = 1)
+al (@) (@)d'(r — p = )d(r) | fop. ) (7 =1 = 0) + Falp )il = p = )]
+e(P)a(@b! (b —p = @) [, 0 fs(r7 = p = ) + filp ) 17 = p— )]
+e(pa(@b! (r)d (p+ g = 1) | 2. ) falr,p + =) + falp. @) folr.p + g = )]
+e(p)a(q)d (p+ g+ 1)) | 2.0 fo(rp+a+7) = falp. @) i(rp+ g +7)]
e (@ (bla + 7 = p) [ filp, @) fa(ra +7 = ) + fs (. ) falr g + 7 = p)|
~c @)e@b (1)d' (0~ ¢ =) | 0. @) fa(rp = 0 =) + falp.a)falrp — 0 = 7))

e (@)e)drbla —p =) [£1p. ) falr.a = p = 1) — fap.0) falra —p = 7)]
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—c(@)e(p)d (p + 7 — q)d(r) [fl (@) f3(r,p+7—q) — f3(p.q) fr(r,p+7 —q)
JFQT(p)CT(Q)bT(T)dT(*P) [fQ(I% Q)f4(7’a *P) - f4(p, Q)fz(ﬂ *P)}

—c(p)a(@)d(b(~P) | f2(p,0) fa(r, ~P) = Fa(p, @) 2.~ P)| }, (7.37)

where P = p 4+ r + g. We have also used the notation

E,+M Eq+M< g )
q) = 1+ ,
Sip9) \/ 28, 28, (E, + M)(E, + M)

E,+M E+M P q
f(p’q)_\/ E, <E +M+(EQ+M))’

E, +m Pq )
(Ep +m)(Eq +m) )

E,+m |E, —|—m q
1(p,q \/ \/ E +m (Eq—i-m))' (7.38)

In comparison with this a bit cumbersome Hamiltonian, the simplicity of the LF Hamiltonian
is quite remarkable. The main reason for the striking difference between the two representations
is the simplified LF description of the ”spinor” structure of two-dimensional massive fermions.

Additional aspects of the LF Federbush model, its regularization by using the so-called triple-
dot ordering, calculation of the various correlation functions and comparison with the space-like
treatment [42] requires further studies.

8 LF picture of spontaneous symmetry breaking

Spontaneous symmetry breaking (SSB) is a fundamental non-perturbative phenomenon of quan-
tum field theory. 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. The degeneracy follows from a simple consideration. Let U = exp (iaQ) is the
unitary operator that implements the symmetry, U (o) HU ~*(a) = H, where Q is the generator
- i.e. the charge equal to the volume integral of the symmetry current. If |0) is a vacuum state,
corresponding to the energy Ej, then

U(a)H|0) = EgU(a)|0) = U(a) HU *(a)U(a)|0) = HU()|0). (8.1)

We can see that the new vacuum state, |o) = U(«)|0), is the eigenstate of the Hamiltonian H
with the same eigenvalue Ej. It can be shown that there exists also a field operator (elementary or
composite) with non-zero expectation value in our vacuum state. For continuous symmetries, if
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there exists a corresponding conserved current and the property of locality is satisfied, it follows
that the spectrum of such a theory contains a massless state, the Nambu-Goldstone boson [44,45,
46], if the space dimension is greater than one [47]. This is the content of the Goldstone theorem.

This overall picture of the broken phase is well understood in the conventional field theory.
On the other hand, SSB still remains a bit mysterious in the light-front field theory. The main
reason for difficulties with obtaining a clear picture of SSB in the LF theory is the simplicity of
the LF vacuum discussed previously. In the following, we will develop 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. Let us first illustrate the idea of the SSB in the simplest setting of the
A¢* theory in two dimensions. Since the field ¢(x) is real, there is only a discrete symmetry
¢(xr) — —¢(z) following from the fact that only even powers of the field or its derivative are
present in the Lagrangian:

L= %ama% - 2((;5 —v)". (8.2)

For positive value of the parameter v, the quadratic term has negative sign and the classical
potential has a form of double well with minima at ¢ = 4v. In quantum description, we have
(Qi|op(z)|Qs) = £v, (0]¢(x)]|0) = 0. Here, |21) denotes the two “non-trivial” vacua which
correspond to the minimum of the potential in (8.2) and |0} is the “false” vacuum corresponding
to the local maximum of the potential. To have the usual physical situation, we should build the
theory on the state corresponding to the true minimum of the energy, i.e. we should shift the field
¢(z) to p(z) = ¢(x) —v so that (4 |p(z)|24) = 0. This is accomplished by a unitary operator
U(v):

(0()|0) = 0= (O]U ™ ()¢ (2)U (v)]0) = (V| (2) |24 ). (8.3)

The “physical” vacuum |€2; ) is obviously a shifted state

|Q4) =U(v)]0), U(v) =exp (— iv/dxl_[(x)), (8.4)

where TI(z) is the conjugate momentum, [¢(t, x),T1(0,y)],_, = i0(z—y). The operator identity
eABe™4 = B + [A, B], valid if the commutator [A, B] is a c-number, is useful in showing that
U (v) shifts the field ¢(x) by the constant value v. It is possible to derive a Fock representation
of the vacua |Q) if one considers the system in a box with periodic boundary conditions. With
the Fock expansion (2.3), we find

U(v) = exp [ — ivx/nﬁi[aé{ - ao]}7

L
|Q4) =exp [ — mTvﬂ exp [VmLvad ]|0), (8.5)
because the x-integration leads to §(p) which separates just the zero mode from the infinite
number of Fourier modes in the field expansion. Thus, in this semiclassical description, the
physical vacuum is a coherent state of the scalar-field zero mode which is a dynamical degree of
freedom. The whole derivation could have been based alternatively on the second vacuum |Q_)
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with the identical result. Both vacua are connected by the “parity” transformation ag — —ag

which follows from ¢(x) — —¢(z). Finally, it is simple to establish the orthogonality of the two
vacua in the continuum limit L — oo:

<Q+|Q_> _ e—va2 <O|e\/mLaU€\/mLa0+|0> _ e—Qva2 (86)

in agreement with the discussion concerning the inequivalent representations of the Fock com-
mutation relations, see Eqs.(2.40) and (2.41). Note also that the state |0) which was transformed
to the physical” vacua |Q4) is not an eigenstates of the full interacting Hamiltonian

+oo
H= /d%[(aoqb)%(al¢)2+%(¢—v)2], (8.7)

because the last term contains besides the quadratic and the constant term also the quartic self-
interaction. The latter will generate operator structure a'(p)a' (p2)a’(ps)a’(ps) which will not
annihilate the Fock vacuum |0). Hence the true vacuum even before its transformation to |4 )
is unknown and working with |0) which is the eigenstate of H, is just an approximation.

It is generally believed that this type of description of spontaneous symmetry breaking is
impossible 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 [48,49]
if there are no dynamical zero modes, i.e. independent degrees of freedom corresponding to
pt = 0, in the theory. Put in the simplest way, these terms are absent because they are multiplied
by a delta function expressing the momentum conservation whose argument can never vanish for
positive momenta. Without such terms it is not possible to transform the LF Fock vacuum into a
more complex object and one cannot construct multiple vacua.

The prevailing opinion in the LF literature is that the the vacuum physics is encoded in the
zero-mode constraint [50,51,38]. For example, starting from the symmetric phase of the two-
dimensional \¢* with periodic boundary condition, an approximative non-perturbative solution
of the operator zero mode constraint

+L
A dx~ 9
— - + 8.8

b0 e / 5T (¢o + ) (8.8)
showed two branches above certain critical coupling replacing the picture with two vacua. In-
serting these two solutions into the LF Hamiltonian one found two Hamiltonians corresponding

to these doubly-degenerate vacuum states.
In four dimensions, it is usually assumed that the scalar zero mode contains a constant piece.
As a consequence, symmetry breaking is found to manifest itself in a rather unusual way by a
non-conservation of the current even in the symmetry limit while the physical vacuum is identi-

fied with the Fock vacuum [52, 53].
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As already indicated, here we will develop a different scenario for the description of the
broken phase. The “trivial” LF vacuum, being a simple but rigorously defined non-perturbative
state, will be viewed as an intermediate object, not the ultimate physical vacuum. This is pos-
sible due to a simple observation that for scalar theories with polynomial self-interaction and
negative quadratic term the LF Fock vacuum is not the state of minimum LF energy [54]. The
energy is minimized by a specific coherent state and this state is not annihilated by the symme-
try generators. Hence, the unitary operators implementing the discrete or continuous symmetry
will generate, when applied to this state, a discrete or continuous set of new (semiclassical) vac-
uum states. One might expect that a unitary operator could be constructed which would shift the
scalar field ¢(x) to the true minimum of the LF energy in the way we discussed for the space-like
theory. Unfortunately, for ¢(z ™, z~) periodic in the space coordinate z~, such a construction
is very difficult. This is due to the complicated non-linear operator zero-mode constraint. On
the other hand, choosing antiperiodic boundary conditions in z~ [55] (which is a consistent
choice for polynomial interactions with even powers of fields) allows one to define shift opera-
tors which transform the Fock vacuum to new states that correspond to lower LF energy. They
are coherent states of large but finite number of Fourier modes. We will illustrate this mecha-
nism for two models [56]. The first one is the two-dimensional A¢* theory in broken phase (8.2)
possessing classically two degenerate ground states. The second model is a three-dimensional
O(2)-symmetric linear sigma model. It has a continuum of degenerate vacuum states and one can
expect the Goldstone phenomenon to take place. Both models are superrenormalizable. Renor-
malization can be performed by normal ordering the Hamiltonian or equivalently by adding a
mass counterterm (an operator with two fields contracted to a point, called a ”tadpole”) in the
first case and a tadpole together with the second-order self-energy counterterm in the second
case [57,58].

A separate problem related to the symmtery breaking is a transition from the symmetric phase
of the theory to the broken phase. To calculate characteristic of this phase transition like the value
of the critical coupling and critical indices, is a challenge for the DLCQ method because these
properties are associated with the behaviour of systems at large distances. The first encouraging
results in have [59]. These quantities have been computed in the continuum LF theory from the
zero-mode dynamics [19].

Let us look closer at two two-dimensional A¢* theory in the broken phase. We will use a
version of the Lagrangian density

1 1 A
L= 50,00"¢ + 520" = 70", p* >0, (8.9)

differing from (8.2) by a term Av? /4! which only shifts energy levels by an irrelevant constant.
Lagrangian (8.9) is invariant under the discrete transformation of the real scalar field ¢(x) —
—¢(z). Classically, the potential energy in (8.9) has two minima at ¢, = =£u/v/X. As was
already shown, in the tree-level analysis, one usually shifts the field by +¢. and obtains two
Lagrangians which reveal the particle spectrum of the theory in terms of “small” oscillations
above ¢.. The original symmetry becomes hidden in the sense that the two Lagrangians are
individually not symmetric under ¢(z) — —¢(x) but the symmetry operation transforms one to
the other. We have also seen that due to the existence of more than one minimum of the potential,
the model exhibits in addition to symmetry breaking also nontrivial topological properties [60].
There exist solutions of the classical equations of motion with finite energy which interpolate
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between the minima. They carry a conserved topological charge, proportional to the difference
of the field values at the boundaries, and corresponding to the conserved topological current
kP = er”auqs.

The Lagrangian (8.9) is expressed in terms of the LF variables as

1 A
Lip =20.60-¢ + 576" — 76, (8.10)

where 1 = 0/9%. We restrict the spatial coordinate by —L < = < L. In order to obtain
a clear physical picture of SSB we wish to avoid the difficult zero-mode problem present in the
case of periodic BC. The point is that it is not clear how one could solve the corresponding ZM
operator constraint in a non-perturbative manner (for approximative solution in the continuum
theory, see [19]). We impose therefore the antiperiodic boundary condition ¢(L) = —¢(—L)
which results in discrete Fourier modes

2
pj;:%n, n=1/2,3/2,...c. (8.11)

The antiperiodic BC also implies that in the quantum theory we can define the operator of the
topological charge @ = %[(ZS(L) —¢(—L)] = 2%¢(L).

The standard canonical treatment yields the energy-momentum tensor components 7"~ and
T which define the LF Hamiltonian P~

+L +L
P = % d%T*'_(x_) = % /d% D[+ %qﬂ > (8.12)
L L
as well as the LF momentum operator
+L L
Pt = % /d%TH(x—) = %/dx_zlz [0_¢0_¢] : . (8.13)
—-L L

The field expansion at x+ = 0 in terms of the Fourier modes reads
1 i 1
22 /2 V Pn

The annihilation and creation operators are required to satisfy the quantization condition

[ane™ 272" 4 afesPa® ], (8.14)

¢(0,27) =

[am,al] = Spmn. (8.15)

As a consequence, one recovers the familiar commutator at equal LF times,

_ - i o
[60,27),6(0,97)] = —gealz™ —y7), (8.16)
where €, (2 7) is the antiperiodic sign function
4i =1 P
ea(z7) = i Z [e‘if’m B T ], 8.17)

o+
n=1/2 Pn
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defined in terms of the discrete momenta (8.11). Recall that the conjugate momentum I is
not equal to the time derivative of the scalar field in the LF theory. It is a dependent variable,
determined by ¢(x) itself, II4 = 20_¢ [7]. Hence, the alternative form of the basic commutation
relation, following from Eq.(8.16), is

[6(0,07), T5(0,57)] = 2bula™ — ), (8.18)

where d,(z7) is the antiperiodic delta function, d,(x~) = 1/20_¢,(x ™). The same quantiza-
tion rules can be obtained more rigorously by the Dirac-Bergmann method [61] for constrained
systems (see the Appendix).

Consider now a unitary operator

U(b) = exp [ — 2ib /de_Hqg(.’L‘_)]. (8.19)

For antiperiodic boundary conditions, it reduces to
U(b) = e 8b9(L) (8.20)

and translates the field ¢(«~) by a constant b as can be again shown by means of the operator
relation exp(A)Bexp(—A) = B+ [A, B] +

¢(a”) = 8ib[p(L), ¢(a~)]
= ¢x7) —be(L—2z7). (8.21)

U®)p(z7) U™ (b)

Thus, the antiperiodic scalar field can be shifted by a constant without violating its antiperiodic-
ity. The reason for that is the simple property of the sign function €,(L — z7): it is equal to 1
for all ™ in the box except for the endpoints where it drops to zero. This is of course a direct
consequence of the basic property €,(0) = €,(2L) = 0. It is much more difficult to perform a
similar shift of the field in the case of periodic boundary condition because of the presence of the
a priori unknown operator zero mode. As demonstrated in Eq.(8.5), the volume integration in
the shift operator analogous to Eq.(8.19) projects out only its zero-mode component in the usual
theory.

We should note however that the above considerations were a bit formal and the actual situa-
tion is slightly more complicated. The point is that the operator U (b) (8.20) exists (is non-zero)
only if we impose a cutoff on the number of modes (see Eq.(8.26) and the discussion after
Eq.(8.32)). Consequently, the sign function in (8.21) is replaced by a truncated series e (™)
defined by Eq.(8.17) with n < A.

We may use U(b) to generate a family of shifted vacuum states |b) = U (b)|0), where |0) is
the Fock vacuum, a,,|0) = 0. Can one of these states be a better candidate for the true physical
vacuum? To determine this, let us minimize the expectation value of the LF Hamiltonian,

(| P~ |b) = (0|U~1(b)P~U(b)|0) = (0|= /—T+ =)[0) (8.22)



LF picture of spontaneous symmetry breaking 457

where
T (27) = [— p* (¢ + bea(L — af))2 + g(qb + bep (L — af))4] : (8.23)

As illustrated in the figures of the Appendix, for sufficiently large value of A the powers of
ea(L — x7) in (8.23) differ only negligibly from 1 at the interval —L < 2z~ < L and we will
therefore suppress them henceforth in the formulae where they appear. Thus, we find (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):

M4

4
The vacuum expectation value (VEV) of the scalar field in this state coincides with the position
of the minimum of the classical potential:

P~ P~

(vl ) o) = (O[T (0)é(a")U@)|0) = “=en(a™ — L) = L= (8.25)
VA
The last equality holds in the approximative sense described above. Due to the finite number of
Fourier modes, the function e (L — ™) does not have an exactly rectangular shape but is smooth
in the neighborhood of the points x~ = %L (see the Figure).
Inserting the field expansion (8.14) into the definition of U (v), we get a coherent state repre-
senting the physical vacuum of the model in the semi-quantum approximation:

A A
|v) = exp {v Z én(al —ay) }|0) = Nexp {v Z énal }|0), (8.26)
n=1/2 n=1/2
where
& =4(=1)"" 2/ \/mn, N =exp{- v EA: G} ~exp{ — 8—“2111/&}. (8.27)
’ 2 Ry " T

Notice that the coherent states (8.26) are L-independent and also correctly normalized, (v|v) =
1. Further, the scalar product (—v[v) = N* = A=32"/7 and thus the overlap between the two
vacua vanishes in the limit A — oo. This means that, in contrast to the space-like theory, the
two vacua are orthogonal even in the finite volume as long as the number of degrees of freedom
is infinite. The corresponding multiparticle spaces are also orthogonal. They can be generated
by applying creation operators af on |v). Alternatively, one can transform just the original Fock
states, built on |0), by means of U(v) [62]. The Hamiltonian matrix elements will be (up to
normalization) of the form

(O am, Gms ...amiU_l(v)P_U(v)aIlj ..al_al |0). (8.28)

In both cases the physically relevant Hamiltonian is the transformed (“effective’) one, equal to
P,y=U ~1(v)P~U(v) which for A — oo approaches the form

+L
_ 1 [da™ A p
Poo=— [ = [2u20% + St + 2w — =] - . 2
) 2/2 [20°¢ +2¢+/\v¢ 2)\] (8.29)
—L
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It has a correct sign of the term quadratic in ¢ and thus describes a massive scalar field with mass
equal to v/2u. However, it has lost the symmetry of the original Hamiltonian under ¢(x) —
—¢(z) — this symmetry has been broken by choosing |v) as the vacuum state. Actually, the
theory originally had also the second ground state. This can be demonstrated by considering a
unitary operator that implements the original discrete symmetry,

A
V(r) = exp [— i Z aILan]. (8.30)
n=1/2

It acts correctly on the creation and annihilation operators,

V(m)a, V() = —an, V(m)al V(1) = —al (8.31)

n n

and hence leaves P~ invariant, V (7)P~V ~(w) = P~. The operator V' (7) generates the second
vacuum:

V(m)|) = | - v). (8.32)

Indeed, using the operator identity exp(A) exp(B) = exp(e”B) exp(A), valid if [A, B] = pB
(p = real parameter), we get V(m)U(v) = U(—v)V(m). We also easily find (—v|p(z7)| —
v) = —v. The corresponding “effective” Hamiltonian P(:U) in the space sector built on | — v)
coincides with the expression (8.29) up to the opposite sign of the cubic term. Although both
Hamiltonians are individually not invariant, they are connected by the parity transformation:
P(__U) = V(7T)P(;)V*1 (7) and vice versa. Of course, we can choose any of the two vacua and
the corresponding “effective” Hamiltonian to describe the physical system.

An alternative way of obtaining the coherent state vacuum (8.26) is to minimize the expecta-
tion value of the Hamiltonian in the coherent states |a), [a) ~ exp (3 apal,)|0), imposing the
condition that the expectation value of the iantiperiodic field is constant. If one requires instead
of a constant value for («|¢(z7)|«) the value —v for —L < 2~ < Oandvfor0 <z~ < L, i.e.
a step-like shape, one obtains a configuration that also minimizes the LF energy and qualitatively
approximates a kink [63]:

A .
|a) = exp [Unz;ﬂ oy (al, — an)]10), a, = %% (8.33)
In z-representation, the state |«) can be expressed in terms of the unitary operator W (v) as
lo) = W (0)|0), W(v) = e (8.34)
and one easily obtains

(alp(z7)|a) = (O[W " (v)¢(z™)W (v)|0) = vea(z7), (8.35)

which indeed has a qualitative shape of a kink. Note also that the kink state |«) is for A — oo
orthogonal to the vacuum state, (v|a) ~ exp ( — InA). These states belong to the sectors with
different topological charges:

(@]Qla) = v HOIW T (v)H(L)W (0)|0) = 8i[¢(L), $(0)] = ea(L) = 1.
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(v]Qlv) = v™HO|U ™ (v)¢(L)U (v)|0) = v~'(0]¢(L)[0) = 0. (8.36)

Quantitative predictions of the properties of kink and antikink in quantum theory as obtained by
LF Hamiltonian matrix diagonalizations using the DLCQ method [63, 64] will be presented in
the second half of this chapter.

Finally, let us discuss the LF momentum of the coherent-state vacuum U (v)|0) and of the
transformed Fock states U (v)a], af ...|0). The VEV of normal-unordered P* would be

mi1'mo”
w|P*|v) = = XA: (n+ 2202 (8.37)
3 —0?). .

The first term is removed by normal ordering. The second term, equal to 16025, (0) is a con-
sequence of the fact that O_ep (z~ — L) = 205 (z~ — L) which for A — oo is singular just at
the endpoints z~ = +L. This term is generated in the vacuum expectation value of P+ (8.13)
due to the shift (8.21). For finite A this constant C' is a finite number. It is also present in the
expectation values of the LF momentum of particle states:

0la, U~ (0)P*U (v)af|0) = pf + C, (8.38)

and similarly for many-particle states. Thus the LF momentum of the transformed states is
shifted by the same constant value which is physically irrelevant since it cancels in the differences
between any two levels. We shall therefore subtract this unphysical constant. Let us remark that
the necessity to perform the (trivial) renormalization of the PT operator may seem a little unusual
but actually it is natural and physically transparent: the shift of the scalar field due to U(v) is
equal to a constant in the whole box except for the endpoints. Hence the derivative of the shifted
field is equal to the derivative of the unshifted field at the interval —L < 2~ < L and as a
consequence the eigenvalue of the momentum operator will remain unchanged if we subtract
contributions of the points t~ = £ L.

Previous attempts to understand SSB in the LF theory were made either without imposing
boundary conditions explicitly or by employing periodic ones [52], typically starting from the
symmetric phase of the theory. Can one give a formulation of the broken phase using PBC? The
problem is complicated because one has to solve the operator constraint for the dependent zero
mode ¢g. At present, this appears possible only for small coupling, where one can use pertur-
bation theory. Perturbative solution is however quite interesting because it corresponds to the
semiclassical regime of the broken phase (small coupling implies a large value of the condensate
v) and one can compare the results with the results of the previous section. The physical picture
obtained by imposing antiperiodic boundary condition should be quite accurate far from the crit-
ical region, i.e. also for small value of the coupling constant. As already discussed, a derivation
of a semiclassical vacuum state similar to the case of antiperiodic boundary conditions seems not
to be possible for PBC. One may therefore expect that the physical vacuum state will coincide
with the Fock vacuum and SSB will manifest itself by the presence of two Hamiltonians [50].

The field equation for the scalar field following from the Lagrangian (8.10) is

40, 0_¢ = pPp + \p>. (8.39)

The scalar field can be decomposed as ¢(z) = ¢o(zh) + p(x™,27), with ¢g being the =~ -
independent part carrying p* = 0. Projection of the field equation (8.39) on the zero-mode
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sector
+E
o
1o = —X /T(% + @)3 (3.40)
.y

shows that ¢ is a dependent variable which has to be expressed in terms of all other (normal)
modes [13]. The perturbative solution of the classical zero mode constraint to order A was given
by Robertson [65]. It has two physical branches:

+L +L
) w3V [da 1A [dz™
¢() N e o2 - 3
O T A 2 e ¥ T2 et

—L —L

+L +L

do= , 1 o~

o2 = S 3V fdem 1A fda” (8.41)

I 2 Jer® Tewr) o
L L

To the given order it can be taken over to the quantum theory since there is no ordering ambiguity.
Note that the solutions contain a constant piece and their structure differs completely from the
perturbative solution in the symmetric phase because of the opposite sign of the y?-term in the
field equation. Under o — —¢, we have qﬁél) — fgbgf) and vice versa. When these two solutions
are inserted into the PBC Hamiltonian, analogous to (8.12)

+L

1 [da A
P_:5/%[—H2(¢0+¢)2+§(¢0+¢)Z]’ (8.42)
L

one indeed gets through O(\) two Hamiltonians

+L +L
1 [dz~ A ut 9 da~
P == [ 2 St ot - B Y 2/—2. 4
2/ 5 [20°0% + St E 2V’ — D = DA [ 7] (8.43)
L —L

Their structure is similar to the Hamiltonians P, from the case of antiperiodic boundary condi-
tions. Each Hamiltonian separately violates the symmetry under ¢ — — but the transformation
connects them. Any of them can be chosen for calculating physical properties of the system.
Their eigenstates will also be connected by the parity transformation.

As the next step, we could consider a two-dimensional theory of a self-interacting complex
scalar field. The corresponding Hamiltonian has a continuous symmetry instead of the discrete
one. Since the full treatment requires a discussion of the LF version of the Coleman theorem
which prohibits SSB in one space dimension [47], we will instead study the O(2) symmetric
sigma model in two space dimensions. It is defined by the classical Lagrangian density

L= 10,0106+ Lp?610 — TN(610)” (8.4
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The system will be studied in a finite volume V =4LL,, —-L <z~ <L, — L, <z, <L,.
Scalar fields are taken antiperiodic in both £~ and the transverse coordinate x . In terms of two
real scalar fields introduced by ¢(z) = o(x) + im(x), the corresponding LF Lagrangian density

1
Ly = 20400_0+20,m0_T — %((’ha)z - 5(&_77)2 +
2
+ %(02 + %) — 2(02 + 72)? (8.45)

is invariant under O(2) rotations

o(x) = o(x) cosa — 7(z) sin
m(x) — o(x)sina + w(z) cos a. (8.46)

The associated conserved current is j* = cd#*m — O*om. The field expansions at T = 0 are

o(z) = % zﬂ: \/L? [a(pp)e™ P22 + af (p,)e™Pnz], (8.47)
(z) e~ Pt 4 ot (p,)ePrt]. (8.48)
vl |

We use the notation z = (7,21 ), n = (n,n1),pn = (P}, pn, ) = (3En, & 7oni) withn,n, =

1/2,3/2,...00. The conjugate momenta are I, = 20_o,11, = 2J_7. The o field operators
satisfy the commutation relation

[00,2),0(0,9)] =~ 5eale™— y )l — y1). (5.49)

The commutator of the 7 fields has the same form. The Hamiltonian is

P /d@[(aﬂ,—)? (@) 2V (0?1 77,
1%

2

5 (

A
V(e +7%) = - (o2 +7%) + Z(02 + %), (8.50)

where d’z = 1dx~dz,. In principle, both o(x) and 7(z) can be transformed by the unitary
operators U, (b) and U, () in analogy with Eq.(8.21). It is simpler however to start by shifting
only one field which we choose in accord with the standard treatment to be o (z):

Uy (b)o(z)UL(b) = o(z) — b, (8.51)

(the €4 (L — 27 )eqa(L — o) factor multiplying b is implicit here) with
+L
Uy (b) = exp [—4ib/d2£l_[g(£)] = exp [—8ib/deo(L, xl)] (8.52)
L,
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By minimization of (b; 0|P~|b; 0), where |b;0) = U, (b)|0), we again find that the physical
2
vacuum |v; 0) = U, (v)|0) corresponds to the value b* = 4 = v? and

[00) = exp { = v )" &(pu) o' () — alps)] }10), (8.53)
&(pn) = % V ;% (8.54)

The rotations (8.46) are implemented by the unitary operators V(o) = ¢*%, where Q =
[ d*zj* (2):
v

o(z) = V(a)o(z)Vi(a),r(z) = V(a)r(z)V(a), (8.55)

V(a) = exp [a Z (aT(pﬂ)c(pﬂ) —ct (pﬂ)a(pﬂ)) ] (8.56)

n

The operators V' («) extend the “primary” vacuum |v; 0) to the infinite family |v; @) = V(a)|v).
Explicitly, we get

|a;v) = exp {*v > épa)[(a (pn) — a(pn)) cos a+(ct (pn) — ¢(pn)) sinal }I0>~ (8.57)

n

In spite of the presence of the box length L in the coherent state (8.53), the orthogonality
(v; ar|v; @) = b holds in the limit of infinite number of longitudinal modes n.

We can interpret the relation for vacuum and particle matrix elements of P~ (cf. Eq.(8.28))
as defining an effective Hamiltonian P, = U} (v) P~ U, (v):

Py = [u]@u0 + @i + 2o
1%

+ 2V o (o? +72) + %(02 +72)%]. (8.58)
The form of the above Hamiltonian suggests that o () corresponds to a massive field because its
mass term has a correct sign while the mass term is missing for 7(x) which became a Goldstone
boson field. This tree-level result is more rigorously expressed by the Goldstone theorem.

In the usual proof of Goldstone theorem [46], one inserts a complete set of four-momentum
operator eigenstates into the VEV of the commutator [Q, 7(z)] = o(z) and then invokes trans-
lational invariance to show a singularity in the spectral function for p? = 0 [46,66]. This means
that there exists a massles state in the spectrum. We can proceed analogously because we have
all the necessary components for the proof. A difference with respect to the usual theory is that
here we have an explicit realization of the vacuum in the Fock representation, not just an ab-
stract state with postulated properties. The states |a; v) represent however only an approximative
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variational estimate of the true degenerate family of ground states. But its existence tells us that
there must exist exact eigenstates of the LF Hamiltonian with energy lower than the energy of
the Fock vacuum |0). This is sufficient for the usual proof of the Goldstone theorem. Some
ingredients of the proof are actually valid also for the approximative |a;v) states. Namely, the
above commutator is a rigorous consequence of Eqgs.(8.46) and (8.55). To show that, one only
has to use the infinitesimal form of both transformation laws and compare the leading terms in
the expansion. The vacuum expectation value of the commutator is v

(v; 0] [Q,TI'(O)] |v;0) = (O\U;l(v)U(O)UU(UHO) = . (8.59)
If we denote the set of exact vacuum state by |2, ), then we should also have
(Q0/[Q, 7(0)]120) = (Q0lo(0)I2) = [, (8.60)

where f, is the (precisely unknown) expectation value of he o field in the exact vacuum |€2,,). Let
|n) be the set of simultaneous eigenstates of the LF momentum and energy operators, P*|n) =
pH|n), where p* = (E,,, PF, Pl). Inserting such a complete set into the relation (8.60) in the
form of 1 = 3, |n)(n|, using the definition of the charge as a volume integral of j* () as well
as translational invariance of the theory

7t (@) = exp (ix, P*)j7(0) exp (—iz, P*), exp (iz,P")|Q0) = |Qa), (8.61)

we ﬁnd
= 262 Jexp (— gE;x+)<ao|ﬁ<0>|n> (nlm(0)1%2) -
-7 252 yexp (5 By 2 ) (Qolmoln) (nli7 (0)[20) = f: (8.62)

It follows from the VEV of the volume integral of the commutator [0,,j*, 7(0)] = O that f, has
to be 2T -independent:

+L +L
(o [Sit @+ [Sr0d@)om(0)] = 2:[Q7(0)] o 5.63)
L L

where the second term in the commutator vanishes due to the fact that the current always satisfies
periodic boundary conditions. In the SL theory, this term vanishes due to locality. In order that
the left-hand side of the equation (8.60) is also z™-independent, there must exist an eigenstate
|G) of P* which for p™ = 0, pt = 0 (so that the delta function is non-zero) has E~ = 0 (so that
the x*-depence vanishes), while (Qg|7(0)|G) # 0, (Q]51(0)|G) # 0. Since M? = E~p* —
p?, this state is massless. Note that the Nambu-Goldstone state is not simply ¢’ (k)|{Q0) since the
latter is not an eigenstate of P~. The correct linear combination of Fock states representing the
Goldstone boson can be (at least in principle) obtained by a Hamilton matrix diagonalization.

Thus, the approximate description of the not-trivial vacuum structure in terms of coherent
states labeled by a continuous parameter enabled us to demonstrate the Nambu-Goldsone phe-
nomenon in the light front scalar theory in a manner analogous to the usual formulation. Later in
these notes we will extend this approach to the (abelian) gauge theory in three space dimensions
and explain the spontaneous symmetry breaking of the gauge theory and the occurence of the
Higgs phenomenon (mass generation) along similar lines.
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9 Quantum solitons from numerical LF Hamiltonian diagonalizations

We have already mentioned the method of Discretized Light Cone Quantization (DLCQ). It is
based on the finite-volume formulation of the given LF model accompanied by building of the
many-particle Fock space. In contrast to the usual 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) Hamiltonian operator
in Fock representation H = 2T P~ as (i|H|j). The states symbolically denoted by |j) are

composed from j particles with the momenta p}, p5 . .. p;_ (p{ = 2Fky, etc.) in such a way that

pf + p;r + ... = P* where Pt is the total LF momentum of the system. For the moment, we
will again consider the two-dimensional scalar model with quartic self-interaction. Taking into
account the fact that we are dealing with bosons so that each state can be multiply occupied (the
indices j;) , the general form of the Fock state normalized to unity is

aT]l asz aT]m
l1 lo ln

|7) W@\/ﬁm 9.1
The indices satisfy the constraints l1j; + lojo + -+ + lpjm = K, j1 +J2+ -+ Jm = . K
is the dimensionless (rescaled) LF momentum K = %PJF which is an integer. The number
of Fock states grows rapidly with K and their generation, enumeration and storage becomes
a task for a computer. In a similar way, computation of the hamiltonian matrix elements which
involves commuting of many creation and annihilation operators, and the final step, the numerical
diagonalization of the large but sparse matrix, is efficiently performed on a computer. This is the
essence of the DLCQ approach. The entries of the diagonalized matrix are real numbers because
one has to choose definite numerical values for all masses and coupling constants present in the
Hamiltonian. The results of the diagonalization are not only a few lowest eigenvalues of the mass
operator M? = P+P~ but also the corresponding wave functions expressing the probability
amplitude for the given Fock state to be present in the resulting bound state with given values
of the discrete momenta of its constituents. Schematically, a generic bound state will have the
structure

IBS) = 91 (pf)ak|0) + > da(pl .o )akale_, |00+

n

D 3P s P Py )by al [0) + -+ Grc ()T (p1)]0). (9.2)

m,n

The summation runs over all integers (half-integers in the case of antiperiodic boundary condi-
tions) for which all momenta K — n, K —m — n etc. are positive. Obviously, we can talk about
two-particle, three-particle etc. sectors of the Fock states. The amplitudes ; (pj1 , p;;, ...) are
the output of the numerical diagonalization of the hamiltonian matrix. They are complex numbers
stored in an array whose first part is a set of positive integers j; which represent the dimensionless
momenta of the particles in the given Fock state. The amplitudes encode an important physical
information and can be used to calculate additional observables. For more complicated theories,
they depend on additional quantum numbers like spin or flavour. A necessary requirement in the
DLCQ method is to work with sufficiently high values of the harmonic resolution K so that the
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results become stable. The stability indicates that one has in practice achieved the continuum
limit. A more reliable option is to extrapolate the observables computed for (sufficiently large)
finite values of K to infinite k. It is believed that the Fock expansion in the LF scheme converges
fast so that states with higher particle numbers have negligible amplitudes and the given bound
state is reasonably described by a few low-particle number states.

So far we have discussed the two-dimensional situation. The problem with higher dimen-
sional models is not only that the dimension of the Fock space grows even more rapidly because
of the presence of perpendicular components of the momenta labeled by two additional inte-
gers n, n,. The main difficulty is a necessity to perform a non-perturbative renormalization in
the Hamiltonian framework in order to deal with finite quantities. A consistent renormalization
program of this kind has not been formulated so far.

There exists a different approach to the bound-state problem in the LF theory called the
Tamm-Dancoff method. It is based on a projection of the fundamental relativistic eigenvalue
equation (the relativistic version of the Schroedinger equation in the second-quantized form)
PTP~1(z) = M2 (z) onto a few lowest Fock sectors (typically two- and three-particle states).
Since one works in the continuum formulation, one arrives at a set of coupled integral equations.
It is beyond the scope of the present work to give more details of the method which can be found
in the review [16]. Recently, a systematic program of non-perturbative renormalization within the
Tamm-Dancoff method has been formulated in the approach called covariant light front dynamics
which substitutes quantization on a preferred surface z+ = 0 by a general surface tangent to the
light cone and parametrized by a light-like vector w [67,68], w? = 0.

The DLCQ method was proposed and applied in the work of Pauli and Brodsky [14, 15]. In
the latter case, the two-dimensional Yukawa theory was analyzed omitting the scalar zero mode.
In this section, we will discribe a different application of the method to a scalar theory in the
phase of broken symmetry. Since the interaction is of the A¢* kind this discussion will be a quan-
titative extension of our analytical treatment of the broken phase described in the previous sec-
tion. The chosen theory is interesting because as it is known from its classical version and from
the semiclassical approximations, the spectrum of the model in the broken phase consists of col-
lective excitations called solitons [60]. Since the DLCQ method is intrinsically non-perturbative
(although one cannot completely avoid certain plausible approximations) one is in a good posi-
tion to compute properties of genuine quantum solitons, called kinks in this particular model, and
compare them with classical and semiclassical results. This permits us to test the reliability of the
semiclassical methods, to calculate masses ab initio from the micsoscopic Hamiltonian and also
to determine additional observables from Hamiltonian eigenfunctions (probability amplitudes).

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 [55].

Here, we show how a nonperturbative evaluation of topological excitations and their observ-
ables is feasible in a finite Fock basis.

A popular nonperturbative numerical approach to field theory is the Euclidean lattice formu-
lation. 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 [69]. The results for
the configuration average of the kink profile are not smooth and are difficult to interpret, probably
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due to finite volume limitations.

These Euclidean lattice calculations are highly non-trivial and a brief overview displays the
degree of effort needed to reveal topological observables. In one approach, one computes the kink
mass from the decay of the correlation functions of an operator with nonvanishing projection on
the topological sector under consideration, the dual field in the present case. On a finite lattice,
the definition of such an operator is often ambiguous. Another approach involves integrating the
difference between the expectation values of the lattice actions with antiperiodic and periodic
boundary conditions. To obtain results for the continuum field theory, one has to work in the
critical region of the lattice theory. Here, calculations are severely hampered by the phenomena
of critical slowing down. Given these difficulties, it is understandable that Euclidean lattice
calculations of the mass and other properties of the kink-antikink state have not been reported to
date.

Let us mention for completeness that the present model was studied also from the point of
view of constructive field theory. It was proven rigorously that in quantum theory a stable kink
state is separated from the vacuum by a mass gap of the order A~! and from the rest of the
spectrum by an upper gap [70]. More detailed nonperturbative information on the spectrum
of the mass operator or on other observables from rigorous approaches is not available. This
illustrates one of the problems of quantum field theory: it is very difficult to solve even relatively
simple models if one insists on mathematical rigour.

In this situation, the DLCQ approach represents a powerful method capable to generate pre-
dictions for physical observables nonperturbatively and from first principles. We will present
results of DLCQ computations for the case of both antiperiodic and periodic boundary condi-
tions. As will become clear soon, these two situations correspond to the different regimes of the
theory distinguished by different values of a specific quantum number, called topological charge.
It stemms from the topological properties of the theory defined by the choice of boundary condi-
tions.

Before diving to the DLCQ procedure, we shall briefly discuss the classical solitons in the
usual [60] as well as LF version of the theory [71]. It is convenient to start with a general
potential part V' (¢) of the classical Lagrangian density which is assumed to possess multiple
minima. Then the equation of motion is

v
8¢

The (classical) energy is given by

Ro(x) — 07 p(x) = (z). 9.3)

+oo
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B0 = [ dr[5(000)" + 5(016) + V(). 04
—00

Let the minimum of V(¢), adjusted to zero, occurs in N values ¢} of the field ¢(x). The
minimum of the energy, equal to zero, is then achieved for these space-time independent con-
figurations of the field. This is in agreement with the equation of motion, which takes the form
0U/é¢ = 0. For the static solutions, the equation becomes

oV

312¢(T/) = %

(). 9.5)
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The solitons are defined as the solution of the above static equation which have finite energy
and are non-dissipative, having energy density that is spatially localized. It follows that for
x — oo these solutions approach one of the minima ¢}. This provides boundary conditions for
the problem. To solve the equation (9.5), one multiplies it by 01 ¢(x) and integrates to get

+ oo +oo

/dx81¢ Dl = /dx%@lqb = d¢/dx = £[V(¢)]

— 00

172 (9.6)

The integration constant is zero because J1¢ and V(¢) vanish for x — —oo. Integrating the
latter equation again, we find

#(z) /
$(z0) [2V (¢')]

Since by construction V' (¢) approaches arbitrary two minima for + — +oco which are equal to

zero, it is positive between them. Choosing x and ¢(z¢), we may integrate Eq.(9.7) and invert

the result to find the solution ¢(z). For the quartic potential V(¢) = 1X(¢? — “72)2 the two

minima are at d)(? = +u/A. There are two solutions interpolating between these two minima:
one starting at ¢ for z — oo and ending at ¢, for z — —oco and the second going in the
opposite direction. For the static solution, we have

1%
20— 0V 343 _ 2 8
ehty 56 ¢ —uo 9.8)
leading to the equation (9.7) in the form
#(z) de/
vy =+ / . 9.9)
o(xo) VA/2[¢? — 2 /)]

We can choose ¢(xo) = 0 and use the simple integration formula

/ de 1) c—a (9.10)
0

n
2 —-c2 2¢ cH+a

to calculate the right hand side. Exponentiating both sides, one finds

H H
2) ==Lt [ L (@~ 20)]- 9.11
Po(z) s \@( 0) (9.11)
The two signs correspond to the two possibilities to connect two minima of the potential and
are called a kink and an antikink. The translational invariance of the solution is seen from the
fact that changing the point xy only moves the hyperbolic tangent along the x-axis. The energy
density of the solution is

e(x) = %@1%)2 + V(o) = 2V (¢0) (9.12)
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and taking the derivative according to Eq.(9.6), we arrive at

T
e(x) = ﬁsech [ﬁ(x — )], 9.13)
where sech(z) = 1/ch(z). The classical energy or mass of the kink is
+oo 2./2 3
M, = / dz e(z) = Tf% (9.14)

In obtaining this result, the integration formula
h
/ dzch™(z) = # [ch_3(x) + 2Ch_1(1')} (9.15)

was used.

Let us turn now to a calculation of the properties of a classical kink in the light front theory.
The main difference is the structure of the equation of motion where the operator 9,,0* = 40,0_
is not quadratic in the time and space derivatives and consequently one cannot look for static
solutions simply by making the time derivative term vanish. One however has the mass-squared
operator M? = PP~ at the disposal:

—+o0 +o0

M2:4/d§ : (8252”_))2; 2 /%:V@@*)); 9.16)

— 00 — 00

whose classical minimum is given by

dM?
5o() =0 (9.17)
leading to
Poal) [y~ Ty (90ar)
-2 92 / > V(qb(y ))—i—V(qbcl(at )/ 5 ( 9y ) =0, (9.18)

where V' (¢) = 6V (¢)/5é. We have also used partial integration in the first term and the relation
dop(x7)/dp(y~) = 6(x~ — y~). ¢ () is the anticipated solution for which the integrals in the
above relations are some constants (unknown at this stage):

+oo +oo 2
dz~ _ dz™ [(O¢q(z~
A= [V (Gate), B /z(alf)) . (9.19)

Then Eq.(9.18) takes the form

Ppa(x”)

—2A
Ox—2

+ BV’ (¢pa(z™)) = 0. (9.20)
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After rescaling y = —x~ % we finally find the classical equation
P pa(a” _
_‘z’a;@ + V' (¢alz7)) =0, (9.21)

which has the same form as the equation in the SL theory. We can identify therefore

bar(x™) = ¢o(x). (9.22)

This equation means that the shape of the LF solution in terms of the LF space variable =~ is
identical to the shape of the solution (9.11) of the space-like theory.

Now we proceed to the DLCQ treatment of the A\¢* theory to find the quantum counterparts
of the above classical solutions and their properties. For completeness, let us recall that we start
from the Lagrangian density

1 1 A
_ - “ =242 4
L= 50:00"6 + 510" — 0", 9.23)

which leads to the LF Hamiltonian

+L
dx~ 2\ L
P = T 242 2744 = —H 24
/ 2 [ TR B ©-24)
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where L defines our compact domain —L < x~ < 4 L. The main goal in this section will be to
compute the energy spectrum of H.
The LF momentum operator is

+L
dx™ 2w
+ _ =
P —4/ 5 0_¢p0_¢ = LK (9.25)

—L

where K denotes the dimensionless momentum operator. The mass squared operator M? =
PTP~ = KH. In DLCQ with antiperiodic BC, the field expansion has the form
P
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=T | 20
Here n = %,%7....
The normal ordered Hamiltonian is given by
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with
Nipwn = 1, 1#m#n,
= @,l:m#n,l#m:n,
= \/?j, l=m=n, (9.28)
and
N = 1L k#I,
Vol k=1 (9.29)

The final result of the DLCQ numerical computations will be certain sets of numerical data
that need to be analyzed and interpreted. It will be useful to have an analytical guidance. This
is provided by the so-called constrained variational approach introduced in this context in [72].
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. The main ingredients of
the method are following. Choose as a trial state the coherent state

| @) = N exp (Z ana;) | 0) (9.30)

where N is a normalization factor. This is a reasonable choice if the coupling constant is small
because in this case we are close to the classical limit. The coherent states are an adequate
approximation in this regime since they are by construction the “most classical” quantum states
[73,74].
With antiperiodic BC we have
{afo(z™)|a) 1

ara = o) (9.31)

where
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where the defining property a,,|«) = «,|a) has been used. The expectation value of the Hamil-
tonian (9.24) will have the same form as (9.24) with ¢(z ™) replaced by f(x~). Minimizing this
expectation value, we obtain

DYEE
Fuin = 1) = i\/? (9.33)
A g

Let us choose f(z7) = /3/gfor0 <z~ < Land f(z~) = —y/3/g for =L < 2~ < 0.Then
we get

(9.34)
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and

\f Z si ‘7” (9.35)

where j = %, s, g, etc. The number density of bosons with momentum fraction x = % is given

Ta.
x(x) = W = (9.36)

where aj ~ ==
We also find

1 27 9 1
ola) I /d (a| ¢ (2~ ZJ:E (9.37)

In the unconstrained variational calculation, the expectation value of the LF momentum operator
is infinite for an infinite number of modes for the reason we discussed in the previous section:
f(z7) is discontinous, here at = = 0, hence the space derivative in (9.25) is infinite. To cure
this deficiency for the present purpose, it is convenient to switch to a constrained variational
calculation. Its details are presented in the Appendix E, where it is shown that in the limit
(K') — oo the expectation value of the Hamiltonian H in the generalized coherent states has the
functional form
(a| H | a) 6rut  32u

P R WA i ok (9.38)

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 % Then we

get the classical kink mass My;,x = @.

An observable that yields considerable insight for the spatial structure of the topological
object is the Fourier transform of its form factor. The form factor 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 [75], in the weak coupling (static)
limit, represents the kink profile, i.e. a semiclassical or quantum counterpart of the classical
solution. Let | K) and | K’) denote this state with momenta K and K’. Then in the continuum
LF theory, the starting formula reads

+00 ;
| datesl-Jatal | 8a) | K) = ou(a” ~ a) 9.39)
It has to be adapted to the application within the DLCQ method, where we diagonalize the
Hamiltonian for a given K = %P*. For the computation of the form factor, we need the same
state at different K values since K/ = K + ¢q. We can proceed as follows. We diagonalize
the Hamiltonian, say, at K = 41 (even particle sector). Then we diagonalize the Hamiltonian
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at the neighbouring K values, K = 40.5,41.5,39.5,42.5,38.5,43.5, 37.5,44.5, 36.5,45.5 (odd
particle sectors). In this particular example, the dimensionless momentum transfer ranges from
—4.5 to +4.5. If K is large enough to be near the continuum limit, then, in the spontaneous
symmetry broken phase, with degenerate even and odd states, we can be confident that all these
lowest states correspond to the same physical state observed at different longitudinal momenta.
The test that the states are degenerate is that they have the same M2, so the eigenvalues of H fall
on a linear trajectory as a function of -, cf. Eq.(9.38).

As the next step, one computes the matrix element of the field operator between the lowest
state at K = 40 and the other specified values of K and sum the amplitudes which corresponds
to the choice of the shift parameter a = 0. The summation replaces integration in (9.39). In
summing the amplitudes, we need to be careful about the phases. First we note that K is a con-
served quantity, so eigenfunctions at different /' values have an independent arbitrary complex
phase factor. To fix the phases, we accept the guidance of the coherent state analysis. We set the
overall sign of the lowest states for all K values such that the matrix elements (K +n | af | K)
is positive and (K — n | a,, | K) is negative. In addition, there is one overall complex phase
that we apply to the profile function so that it is real at the boundaries. That the sum of all terms
for the profile function produces the shape of a kink, with very small imaginary component, is
nevertheless a non-trivial result. It is a further non-trivial result that the magnitude of the kink
represents a physically sensible result.

Let us analyze the numerical results. With antiperiodic BC, for integer (half integer) val-
ues of K we have even (odd) number of particles. The dimensionality of the matrix in the
even and odd sectors for different 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 clusters of computers (< 15 processors) using the Many Fermion
Dynamics (MFD) code adapted to bosons [76] with the Lanczos diagonalization method. Since
the Hamiltonian exhibits the ¢ — —¢ symmetry, the even and odd particle sectors of the theory
are decoupled, i.e. matrix elements of the Hamiltonian between these two sectors vanish. Let
us compare the situation between the two phases in a qualitative way. In the symmetric phase,
where one has a positive 2, and at weak coupling, the lowest state in the odd particle sector is
a single particle carrying all the momentum. In the even particle sector, the lowest state consists
of two particles. Thus for massive particles, there is a distinct mass gap between odd and even
particle sectors. In the broken phase we are studying p? is negative and, at weak coupling, the
situation is drastically different. Now, the lowest states in the odd and even particle sectors con-
sist of the maximum number of particles carrying the lowest allowed momentum. Thus, in the
continuum limit, the possibility arises that the states in the even and odd particle sectors become
degenerate. A clear signal of SSB is the degeneracy of the spectrum in the even and odd particle
sectors. Thus at finite K, 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. 9.1 we show the lowest four energy eigenvalues in the broken symmetry phase for
the even 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. There is an apparent small oscillation superimposed on a generally linear
trend for each state. The oscillations represent probably an artifact of discretization. These
oscillations decrease with increasing K. The smooth curves in Fig. 9.1 are linear fits to the
eigenvalues in the range from K = 40 to K = 55 constrained to have the same intercept.
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Fig. 9.1. Lowest four eigenvalues for even and odd sectors as a function of % for A=1.0. The inset shows
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Fig. 9.2. The number density x(x) for even (X = 55) and odd (K = 54.5) sectors for A\ = 1 compared

1
0.12 0.14 0.16

with unconstrained and constrained ((K) = 55) variational results.
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Tab. 9.1. Comparison of vacuum energy density and soliton mass extracted from the continuum limit of our
DLCQ data, with classical results. For soliton mass, the semi-classical result [77] is also shown.

A vacuum energy soliton mass \
classical DLCQ classical | semi-classical | DLCQ
1.0 | -18.85 | -18.73 £0.05 5.66 5.19 5.3 4+0.2

With guidance from the constrained variational calculation, see Eq. (9.38), we can extract the
kink mass from the linear fit to the DLCQ data for the ground state eigenvalue. We fitthe A = 1.0
data in the range 40 < K < 55 to a linear form (C; +Cs/ K). The reason for this choice of the K
range is that the finite-vilume effects seem reasonably absent. We quote C'; as the vacuum energy
density and C'5 as the kink mass in Table 9.1. We obtain the uncertainties from the spread in these
results arising from constrained fits to subsets of the data in this same range. For comparison,
the corresponding classical values (classical vacuum energy density & = —67ut/)\) are also
presented. The agreement appears reasonable.

Next we examine the behaviour of the number density x(x) for the kink state. In the broken
phase, the ground states in the even and odd particle sectors are degenerate in the continuum
limit. In Fig. 9.2 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. In Fig. 9.2, we also compare the DLCQ number density with that predicted
by the unconstrained and constrained variational calculations. At sufficiently large K and low A,
they appear to agree at a level which is reasonable for the comparison of a quantal result with a
semi-classical result.

Following Goldstone and Jackiw, one can calculate the Fourier transform of the form factor
of the kink state in DLCQ at weak coupling. In Fig. 9.3(a) we show the profile calculated in
DLCQ for A = 1 at three selected K values. It is clear that at A = 1 the profile is that of a
kink which appears reasonably converged with increasing K. In Fig. 9.3(b) the K = 41 DLCQ
profile is compared with that of a constrained variational coherent state calculation of Eq. (F.14)
with (K) = 41. In the unconstrained variational calculation, this function is discontinuous at
x~ = 0 and (K), the expectation value of the dimensionless LF momentum operator, is infinite.
In the variational calculation where (K) is constrained to be finite, the kink profile is a smooth
function of 2~ as seen in Fig. 9.3(b). In the limit (K} — oo, the kink profile from constrained
variational calculation approaches that of the unconstrained case. For each K shown, we utilize
11 sets of DLCQ results to construct the profile function. Thus, for K = 41 we employ results
at K =41 and at K = 36.5 through 45.5 in unit steps.

In the light front literature it has been suggested that (see the review [16]) without a field mode
carrying exactly zero momentum, it would be impossible to describe spontaneous symmetry
breaking.

In this section, we shall show that it is possible to obtain the correct physics of the broken
phase even without the explicit presence of the notorious zero-momentum mode as anticipated
by Rozowsky and Thorn [72]. We will also compute the Fourier transform of the form factor
of the lowest state (i.e., the “ profile” of the kink-antikink configuration) and its parton content,
results not yet available from other methods. In addition, at weak coupling, we extract the value
of the vacuum condensate from two observables, namely the computed vacuum energy density



Quantum solitons from numerical LF Hamiltonian diagonalizations 475

96(x)
3
. (b)
1 DLCQK=41 .
1’: = = = = Constrained Variational
07? <K> =41
RE
2]

-1‘ ‘ -08 ‘ ‘-0.6‘ ‘ -04 ‘ -02 ‘ ‘0‘ ‘ ‘0.2‘ ‘ ‘0.4‘ ‘ ‘0.6‘ ‘ ‘0.8‘ ‘ ‘1

Fig. 9.3. Fourier Transform of the kink form factor at A=1; (a) results for ' = 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.

and the asymptote of the profile function.

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 + ®(z7), where ¢g is the zero mode operator. Since it will be deliberately omitted in our
Hamiltonian, ®(z ™) is the normal mode operator (9.26) 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 config-
uration. 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
uniform 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 argument is as follows. For small coupling, variational coherent states |c)
represent a good approximation of the lowest lying physical states [72]. Even and odd states are
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Fig. 9.4. Ratio of lowest state even-odd energy difference to classical energy density for A = 0.5,1.0, 1.5.

linear combinations of |«) and | — «) and for large enough K they have the same energy. We
also expect that our lowest state will be an excitation above the vacuum state and we will show
it corresponds to a configuration with properties of a kink-antikink pair. In Fig. 9.4 we present
a ratio, the difference between the lowest eigenvalues of different parity divided by the classical
vacuum energy density, as a function of the inverse resolution. Curves for A = 0.5,1.0,1.5
all demonstrate the trend to degeneracy in the continuum limit (X' — oo). That is, we obtain
SSB at each coupling through degeneracy of even and odd parity states when we extrapolate to
the continuum limit. At any finite K the lifting of the degeneracy is simply a reflection of the
tunneling present in a finite system. As seen from Fig. 9.4, the tunneling is relatively strong for
K < 20.

The obtained behaviour of the few lowest eigenvalues with K is quite similar to the case of
antiperiodic B as they follow smooth curves that become more linear as K increases.

The lowest state is expected to be a kink-antikink configuration and should have a positive
invariant 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. For massive states, the light
front energy F scales like (1/K) so that it approaches zero in the infinite & limit. On the other
hand, a coherent state variational calculation shows that in the infinite K limit, the energy of
the lowest state approaches the classical ground state energy density & = —(6wu?/\) for small
A. As we show in what follows, our results are increasingly compatible with a coherent state as
K increases towards the continuum limit. Thus, we fit our finite K results for the eigenvalues
at small A to the formula C' + M?/K, where C is the vacuum energy density and M is the
kink-antikink mass.
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Tab. 9.2. Comparison of vacuum energy and soliton mass from the continuum limit of our results, with
classical results. Semi-classical results for the mass [77] are also shown. The estimated uncertainties in the
last significant digit are quoted in parenthesis.

A vacuum energy soliton mass \
classical | this work | classical | semi-class. | this work
0.5 | -37.70 | -37.90(4) 11.31 10.84 11.26(4)
1.0 | -18.85 | -18.97(2) 5.657 5.186 5.563(7)
30|
25|
—= Abinitio
20 Unconstrained variational
-+ Constrained variational
15
x(n)
10-
5,
0 = ="
0 2 4 6 8 10 12 14 16 18 20

n

Fig. 9.5. Comparison of the number density x(n) from our approach ("Ab initio”) (K = 60) and the
constrained and unconstrained coherent state variational calculation for A = 1.0.

Extracted values of C' and the kink or soliton mass M /2 are compared to their classical and
one loop corrected (“semi-class.”) counterparts in Table 9.2. The vacuum energy nearly coincides
with the classical result probably as the result of dropping the zero mode. M /2 is also close to the
classical value since our coupling constant is small and the kink-antikink interactions are weak.
Our soliton mass and vacuum energy at A = 1 are in reasonable agreement with results using
antiperiodic boundary conditions. The fact that the mass of the quantum kink is larger than the
semi-classical one is peculiar to the choice ¢ = 1 and does not occur for 2 away from 1 [69].

As an example of another observable, we again evaluate the occupation number density x(n),
the analog of the parton distribution function of more realistic theories. Note that in the uncon-
strained variational state [72], the shape of x(n) is independent of the coupling A which affects
only its overall normalization. On the other hand, in the variational calculation, constrained to
have a fixed value of (K), A affects not only the overall normalization but also the shape of the
distribution. In Fig. 9.5 our result at K = 60 is compared with that of the unconstrained and
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constrained ((K) = 60) coherent state approximation for A\ = 1.0. We find that the shape and
normalization of our x(n) depends on \. Our results display the same sawtooth pattern as the
constrained and unconstrained variational results. This is due to the PBC and and omission of
the zero mode, the sawtooth pattern was not present in the number density in the case of antiperi-
odic BC. It is natural to expect sensitivity to the boundary conditions in topologically non-trivial
sectors even in the infinite volume limit.

Next, we compute the Fourier transform of the formfactor for the lowest state, using the dis-
crete version of the formula (9.39). 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. Let | K') and | K') denote this state with momenta K and K’. Then we follow
the technique discribed in the case of antiperiodic BC, namely we sum the matrix elements of
the field operator for the same state but seen at different values of K.

The topology of a kink - antikink structure and other properties of the form factor thus rely
on the detailed behavior of the amplitudes over a range of K values. The result for the lowest
eigenstate for A = 1 is presented in Fig. 9.6. This striking kink - antikink behavior is particular
to the lowest state.

Taking the vacuum energy results of Table 9.2 together with the ¢.(z~) results of Fig. 9.3,
we have two independent but consistent methods for extracting (¢) in the weak coupling limit.
From our vacuum energy density for A = 1.0, we obtain (¢) = (£ /mu?)*/? = 2.457. From the
calculation of the profile function, shown in Fig. 9.3, we extract (¢) as the asymptotic (z~ = +1
in units of L) intercepts to be equal to 2.447. These results may be compared with the classical
value of v/6 = 2.449, which agrees with the result from the variational coherent state.

One can summarize the results of the present chapter 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 find 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 \ by extrapolating our lowest eigenvalue to the continuum limit.
At weak coupling, the mass of the quantum kink is closer to the classical value 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 ob-
tained 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.

10 Discretized LF quantization of the two-dimensional Yukawa model

This model describes interaction of the charged massive fermion field with neutral massive scalar
field. Its two-dimensional version was studied in the Hamiltonian framework in ( [78]) where
spectrum of bound states was investigated. The same problem was later on analyzed in the light
front formalism using the discretized approach (the DLCQ method) [14, 15]. A clear advantage
of the DLCQ computations of bound-state properties was demonstrated. The main reason was
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Fig. 9.6. 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).

a consistent Fock expansion of composite states not available in the conventional form of the
theory where disconnected vacuum fluctuations considerably complicate calculations.

We will briefly describe the LF quantization of D = 1 + 1 Yukawa model in a finite volume
focusing on the solution to the scalar zero mode constraint and on contributions of this zero mode
to the Hamiltonian. The scalar ZM was neglected in the original treatment [14, 15].

Consider the covariant Lagrangian
i — o 5 - 1 y 1 2.2 -,
L= 5" Oy —mapp + 50,00"¢ — S 1¢” — gipd (10.1)

with the trilinear interaction between massive fermion and boson fields. Expressed in terms of
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the light front variables, the Lagrangian is

Ly = i) é_-;‘ P + i) a_ 1 — m(s + i) +

200609 — 5p6 — gl + vlun)s (102

leading to three field equations
200112 = mi1 + g1 @, (10.3)
210_y1 = maa + g2, (10.4)
40:0-¢ = —*¢ — g(¥luba + ). (10.5)

Since the scalar field is taken to be periodic in x~ coordinate, it can be decomposed into the
zero mode and normal mode parts, ¢(z) = ¢o(xt) + p(zT,27). As before, fermion field is
antiperiodic, ¢(—L) = —(L). Projecting the equation (10.5) onto the ZM sector by integration
over the ”volume” 2L, we get the constraint analogous to (8.40) from the \¢* theory,

+L
-
o0 =55 [ S (Wl + i) (106)
L

The constraint equation (10.4) has a simple solution

Vi) = & / d%ea(x* —y ) [m+goo(=") + ey~ 2]y, 2"),  (107)

-L
which contains the ZM (10.6). Obviously, the two equations are coupled. Let us try to find the
corresponding solution ¢q. Neglecting for simplicity the problem of ordering of operators, let us
introduce the short-hand notation:

Y1(x) = mfa(x) + gpo f2(x) + gf3(w), (10.8)
where
1 +Ld
o
- 1 fdem -
°L
1 1 —ipta b oipta—
- EZF(bne TE R B T ) (10.9)
1 JrLd
_ T~ - _ _
fs(z7) = E Tea(x —y )y x )y, 2t) =
= dies (Ph+pi)a” oo e*%(pﬁérpi)f) +
N
2 i _ ; _
i W(%bnei“’”m — dhaye 1T )], (10.10)
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In the above sum, only terms with m # n contribute. We have also displayed the Fock form of
the operators f; and f3 obtained by using the basic field expansion (3.35) valid at 7+ =

1

da(0,07) = 52 > (bne—%f'i’”’ + dLe%PIf’). (10.11)

Inserting the expression (10.8) into the constraint (10.6), we find

+L

.

bo =4 [ S [+ g60) (sl + b 12) + 9 (£l + i) (10.12)
“L

with the solution

F F
bo = _%w, (10.13)
W1t LR

where we used the abbreviations

+L +L
da— dz” '
F, = /%( Ta Ul fa), By = /%(f§¢2+¢5f3)~ (10.14)
L —L

The LF Hamiltonian is obtained in the canonical way described in the case of the Federbush
model. Here it reads

+L
.
= /%[ 202 + 1205 + m(ws + vfun) + (00 + ) (Vlwe + vlun)|. (10.15)
L

It can be simplified by inserting the solution of ¢g. In the original DLCQ treatment of the LF
Yukawa model ( [14, 15]), the zero-mode terms were neglected.

11 LF massive Schwinger model

Most of physically relevant models of quantum field theory nowadays are gauge theories. They
are based on the gauge principle. The interaction of the fermionic or scalar matter fields with
the massless vector fields is derived in these theories from the requirement that the correspond-
ing Lagrangian be invariant under a group of local transformations, i.e. those with space-time
dependent parameters. The change of phase of the matter fields is compensated by a suitable
transformation of the massless gauge (vector) field so that the Lagrangian (or the action) re-
mains unchanged. A simpler class of gauge theories are the models with abelian group of sym-
metry characterized by the property that two such transformations commute. If they are non-
commuting, the theory is called non-abelian and is quite complicated from the technical point of
view. The microscopic theory of strong interactions, quantum chromodynamics or QCD, is the
prominent representative of the non-abelian gauge theories.
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Although the gauge principle determines the structure of the interactions uniquely, there is
a well known difficulty: a conflict between the relativistically covariant description of the vec-
tor field and the number of its physical degrees of freedom. For example, in four-dimensional
quantum electrodynamics, QED(3 + 1), the gauge field A*(z) has four components while the
observable electric and magnetic fields are derived only from two transverse gauge potentials.
Similarly, in two space-time dimensions, the gauge field has two components, A°(z) and A*(z)
in the conventional space-like parametrization, or A™(z) and A~ (z) in the LF description, while
there are no physical gauge fields in two dimesions (the only exception is one space-independent
component of the gauge field in the finite-volume formulation which is physical, i.e. gauge
invariant). The standard solution of the problem is the gauge-fixing, which ammounts to elim-
inating the redundant degrees of freedom by imposing chosen conditions. Then it is not quite
straightforward to compare the emerging physical picure in different gauges. In principle, it
would be more satisfactory to formulate the theory in a gauge-independent manner.

So far, we did not study any gauge model in these notes. We rather tried to elucidate principal
differences between the conventional and light front field theories using simple examples of
massive scalar and fermion fields. In this chapter, we will analyze the simplest gauge theory,
namely quantum electrodynamics with massive fermions in two dimensions, QED(1 + 1), also
called the massive Schwinger model [101, 102, 103], in the light front formulation. It is rather
clear that the original massless model proposed by Schwinger [79] can be consistently formulated
and its physical contents understood only as the massless limit of the massive theory in the LF
approach. This follows from the fact that the mass has a different status in the LF field theory [7]
in comparison with the SL theory (we have discussed unitary equivalence of the fields with
different masses, the property not shared by the usual form of field theory). Two-dimensional
models are particularly sensitive to this aspect due to the lack of transverse momenta. Non-
vanishing m serves as an infrared regulator. Setting m = 0 from very beginning simply leads
to the loss of important physical information contained for example in the fermionic constraint.
Also the Pauli-Jordan function involving ¢ (z) and some correlation functions would vanish for
massless theory while they are non-zero in the limiting sense. This attitude is supported also by a
calculation of the axial anomaly in the Weyl-gauge version of the present model [104], where the
correct (mass-independent) result emerged due to a cancellation of mass dependence in a ratio of
two factors.

Although massive QED(1 + 1) is an abelian gauge theory, it is sufficiently non-trivial and
encodes in a baby-version many of essential aspects of more complicated gauge theories. Sur-
prisingly enough, even its exactly soluble massless version is not understood uniquely neither
in the space-like field theory nor in the LF approach. In other words, there is no “canonical”
physical picture of this prototype gauge theory since various authors differ in their explanation
of the essential physical aspects of the model (vacuum structure, number of the so-called vacuum
angles, presence of chiral symmetry and a mechanism of its breaking, the explanation of the U(1)
problem). The massive Schwinger model appears to be the ideal play ground for testing different
ideas of the LF gauge theory and we will describe a few possible approaches to the gauge poblem
within this model.
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11.1 Formulation without a gauge condition

The classical Lagrangian density of the two-dimensional QED looks formally as that of the four-
dimensional quantum electrodynamics:

L= S0 O b(a) — m(a)b(a) — TFwF™ = eju(r) 4 (z), (L

where m is the mass of the Fermi field v(x) and e is the coupling constant, i.e. the electric
charge. Of course, in addition to the fields depending on time and one space variable, the gauge
potential A#(z) as well as the vector current j*(z) = v(x)y*1(x) has only two components
here. The electromagnetic tensor F,, = 0,4, — 0, A,. The y-matrices in the SL formalism
are expressed as before in terms of Pauli matrices, 7° = o',7! = ic?. The conjugate Fermi
field » = 9T+, Let us recall that the first term in the Lagrangian is invariant under a phase
transformation with a global parameter, () — e~*A)(z). If the parameter is z-dependent,
i.e. local, this term is changed by d,A(x)j*(x), where A(x) is called the gauge function. To
maintain the invariance, an introduction of the vector field A*(x) transforming as A*(xz) —
At (x) 4+ L0"A(x) is mandatory. Its kinetic term — F,,, F*¥ is invariant (because F),,, is), as
well as the fermion mass term. The change of A*(x) induces a change of the last, interacting
term in the Lagrangian, which precisely cancels the change of the fermion kinetic term, leading
to the gauge invariance of the classical Lagrangian. We say that the theory is invariant under the

abelian gauge group U(1) which consists of the infinite number of phase factors U (A) = e~ @),
Under the action of this group, the fields transform as

b(x) = UMY (), Y(x) — P(x)U~H(A),

Au(z) — U(A) (Au(x) - éaM)U_l(A). (11.2)

The most common way to eliminate the redundant gauge-field components is to impose a set
of conditions on A*(x) at the classical level and to take the corresponding form of the theory
over to the quantum level. For the usual SL formulation, the examples are the temporal gauge
A® = 0 and the axial gauge A! = 0 which in one space dimension is equivalent to the Coulomb
gauge 91 A1 = 0 in continuum theory. Such conditions are however not arbitrary but should be
obtained from the transformation law for the gauge field by a specific and explicit choice of the
gauge function A(z). Here the boundary conditions may play a role.
In terms of LF space and time variables 2* = 2&, the Lagrangian (11.1) has the form

b b 1 _
Lop = i) 0y o +iv] 0_ ¢y + 5(3+A+ —9-A7)? —
€. _ e ._

— m(iir+ OlYe) — 5 TAT — o AT (11.3)
We recall that the dynamical ()4 ) and dependent ()_) projections of the fermi field are defined
as ¥y = Ayy), where Ay = 1999% 4% = 40 £ 41, In the chosen representation of the -
matrices, @[Ji = (0, 1/}%)7 wi = ( L 0) and the vector current j= = 21/}11/& has the components
gt = 21/)2Tz/)2, i = 21/)1T1/)1. The classical Euler-Lagrange equations read

2i0s1pp = mipy + €A, 04(0r AT —O_AT) = —j7, (11.4)
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2i0_1p1 = miby + eAThy, O_ (9, AT —0_ A7) = %ﬁ. (11.5)

We will consider the theory on a finite interval —L < z~ < L with (anti)periodic fields:
Y(—L) = —(L), A*(—L) = A*(L). This implies that the gauge field can be decomposed
into the ™ -independent zero-mode (ZM) part AOi and the normal mode (NM) part Af (7). °
The classical Lagrangian (11.3) is then invariant under the gauge transformations (GT)

o 2
Yo(z) — e M= Dy (z), AT (z) — A*(z) + g&FA(:z:‘). (11.6)
The fermion constraint (11.5) implies that 11 (') transforms in the same way as (). AJ is a

physical variable invariant under “small” GT (see below).
The conjugate momenta of the dynamical field components are calculated according to

0LLF
= 11.7
Pi 68_1,_ %01' 9 ( )
where ¢; stands for any of the dynamical fields. One easily finds
Iy, = i, I, = —iyy, Ty, =11}, =0,
HAi:8+AI—8_A;, HAE[:8+A8_’ HA;:HA(;:O. (11.8)

The conjugate momenta of the non-dynamic field components A}, and ); vanish because there
are no time derivatives of these field in the Lagrangian. The LF Hamiltonian P~ and momentum
P are obtained from the energy-momentum tensor 17+

0LrF

THY — oY P — v r 11.9
(z) 50,0 wi — 9" Lrr (11.9)
which is analogous to the free-field tensor (3.41), as
+L
- [ e i tab) — it A- -
P = 5 |Max +m(Pythr +1¢2) — (20111 —ejy ) Ay | + Py
—L
P‘—i—ZM:HZ;—i—LejJAa (11.10)
+L
pr= [ 9 Lo o0+ O_ A 11.11
= T{szibz-k Aj,',*n]‘ (11.11)
—L

The pair of "Maxwell” equations is easily decomposed into the normal-mode and zero-mode
parts:

e e
2 2

9Quantities defined in the normal-mode sector will be labeled by small 7 in this section.

04 (04 AF —0-A) = —Sjy, O-T, = Sjf, (11.12)
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e . .
aiAg—:—igO, jid =o. (11.13)

The second one is the Gauss’ law valid in the normal-mode sector, the third one is the already
discussed dynamical equation for the gauge zero mode and the last one is the Gauss’ law in the
zero-mode sector. It is equivalent to the relation Q = 0 (because jo+ = @/L) which clearly
cannot be satisfied as an operator equation on the quantum level. It is the first class constraint in
the language of Dirac-Bergmann quantization and has to be imposed weakly as a condition on
physical states: Q|phys) = 0.

As a matter of fact, neither the normal-mode Gauss’ law can be satisfied as an operator
equation on the quantum level. Indeed, assuming the standard equal-LF time (anti)commutation
relations

{0200,07), 921 (0,97)} = 36ule™ — "),

[AF(0,27), 11+ (0,y7)] = ibn(a™ —y7), (11.14)

one immediately sees that the Gauss’ law as an operator statement is incompatible with the latter
commutator as it leads to an operator relation

(A (x7), e (y7)] = 2i0Y 6, (™ —y7) (11.15)

which contradicts the rules of canonical quantization: A* and jT should commute since they are
independent variables.

The operator G, (z) = 20_11 4+ () — ej,! (x) of the Gauss’ law, being non-zero, is in fact
closely related to the generator of gauge transformations. The unitary operator Q[A,,]

QA,] =exp [ - é /(h/—_Gn(y‘)An(y‘)} (11.16)

indeed implements the ”small” gauge transformation (i.e. those with the periodic gauge function
A, (2)) quantum-mechanically:

QA AL ()R 4] = AL ) + 20-An(a)

Q[An]2(@7)QT [An] = €7 Dy (7). (11.17)
These relation follow from the commutators

[Gn(y_),A;f(:v_)} =2i0% (™ —y7),

(Gr(y™) ha(a7)] = ebala™ —y )2(y) (11.18)

and the operator identities

exp(A)Bexp(—A) = B+ [A, B], exp(A)Bexp(—A) =exp(p)B, (11.19)
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valid if [4, B] is a c-number and [A, B] = pB, respectively.

A possible solution to the problem of incompatibility between the canonical commutator
and the operator validity of the Gauss’ law is the approach called the “minimal quantization”
[105, 106]. This method consists in solving the Gauss’ law explicitly on the classical level and
inserting the solution back to the Lagrangian. The latter can be then rewritten in terms of gauge-
invarint fields (this idea goes back to the original formulation due to Dirac [107],Dirgi2). In the
present context, the solution of the Gauss’ law can be written in the symbolic form as

1 1
A7 (z) = —%8—23’2’(1‘) +—0 AT (2). (11.20)
The inverse operators can be given a precise form in terms of Green’s functions G (x~ — y ™)
and Ge(x™ —y™):
O(a™ —y ) =1/26x(z" —y7), 83g€(17 —y ) =0dnlz” —y"). (11.21)

In the following, we will study a few aspects of the massive Schwinger model in the gauge-
fixed framework.

11.2 Vacuum structure in the light-cone gauge

Let us study vacuum properties of the LF massive Schwinger model choosing the most common
gauge condition, namely the finite-volume version of the light cone gauge which in the contin-
uum theory is defined by the condition AT (x) = 0. In the case of periodic gauge field in a finite
volume, he gauge transformation (11.6) tells us that the zero mode A7 cannot be removed by
any choice of the gauge function A and hence it is a physical, gauge-invariant degree of freedom.
It obeys a dynamical equation (see below) and is therefore called the dynamical zero mode.

As has been already discussed, if the dynamical zero modes are absent or neglected in the
given model, the physical ground state contains no quanta. This remarkable simplification of
the vacuum aspects of dynamics causes however at the same problems with the understanding
of vacuum degeneracy within the light-front theory. For example, it is not quite clear how one
could reproduce non-zero fermion condensate in the present model [79,80]. An approach to these
problems, which uses initialization of fields on both characteristic surfaces * = 0 has been pro-
posed by some authors [81,82]. It leads however to a complicated theory with its own subtleties.
Another proposed solution [83] uses the so-called light-cone representation but actually is not a
light-front quantization.

In the approach developed here, the LF vacuum problem is studied strictly within the the
framework of the Hamiltonian LF quantization using basic principles of quantum theory. In
particular, it will be shown that despite the triviality of the LF vacuum in the sector of normal
Fourier modes, the physical vacuum of this simple gauge theory quantized on = = 0 surface
can have a rich structure in terms of dynamical quanta. Moreover, a degenerate set of light-
front vacuum states can emerge at the quantum level. Both properties are a direct consequence
of a topologically non-trivial residual “large” gauge symmetry present in the formulation with
compactified LF coordinate =~ [84, 85].

The general idea is of course not new. The key role of topology in vacuum aspects of gauge
field theories is well established. Gauge transformations with non-trivial topological properties
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are known to be responsible for the vacuum degeneracy [86, 87, 88,89,90,91,92]. Among vari-
ous topologically non-trivial gauge field configurations, studied usually within the path integral
approach, instantons [93] are a well known example.

In the light front theory, a few attempts have been made to relate non-trivial vacuum structure
to the dynamical zero modes (ZM) of the gauge field [85, 94, 95,96,97,98]. They transform in
a simple way under a finite-volume analogue of large gauge transformations [85] which are in
continuum theory characterized by a gauge function tending to a non-zero constant at spatial
infinity. The zero-mode dynamics is usually studied in terms of wavefunctions in coordinate rep-
resentation [99] which are lowest-energy solutions of a Schrodinger equation with some “vacuum
potential” (see for example [95,96, 100]).

The present approach is based on the quantum-mechanical implementation of large gauge
transformations by unitary operators, which leads in a natural way to the description of the phys-
ical vacuum in terms of coherent states of the dynamical gauge-field zero mode as well as of
fermion bilinear Fock operators.

As we have already see, periodic boundary condition for the A#(z*, ™) field defined on
the finite interval —L < x~ < L imply a decomposition of the gauge field into the zero-mode
(ZM) part A}y and the part A containing only normal Fourier modes. The ZM A{ becomes a
physical variable [84,99,109,110,85] since it cannot be gauged away. A natural gauge condition,
which completely eliminates redundant gauge degrees of freedom and which we adopt here, is
A =0,A; = 0. In quantum theory, the gauge ZM satisfies the commutation relation

{ASF(J:J“LHAJ (:c+)L+:0 - % (11.22)

where 11 Af = 04 A{ is the operator of the spatially constant LF electric field. The fermi field
satisfying at ™ = 0 the familiar anticommutation relation

_ _ 1. _ _
{27’} = 560" —y) (11.23)
is expanded at 27 = 0 as
1 o it -
xrT) = bne_§pnm +dil€§pnm )7 ]124
vae”) = =32 (11.24)
n=3z
with p;” = %n, n = %, %, ... 0o and with Fock operators satisfying
(b, b1} = {dn,dl} = 6y (11.25)

While the LF momentum operator P is given in terms of )2 quanta alone, the gauge invariant
(see below) LF Hamiltonian of the model is expressed in terms of the both unconstrained vari-
ables 15 and AJ. This light-cone gauge Hamiltonian is derived from the Lagrangian density
(11.3) in the usual canonical way after setting A" = 0, A; = 0 in it. With this choice, the
fermionic constraint and the Gauss’ law become

2%0_1h1 = mibs + eA by, — 0P AT = gﬁ (11.26)
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and can be inverted to find ¢ (z) and A, (z). Inserting these constrained field components to
the Hamiltonian, we finally find

> Vae Tay
P = LI - % /% /%j*(x‘)%(fv‘ —y)itlyT) +
°L “r
E AL
©om / L / L0 @ )Gule™ g5 A7) +he] . a127)
~L g

Go is the periodic Green’s function ~ (p+)~2 (mentioned at the end of the previous section)
corresponding to the operator 92 in the Gauss’ law and the antiperiodic G,, is given by

. ‘
Ga(z™ =y 5 AJ) = L-exp ( - %(f* yf)AS) {Ea(f* yo)+

L
Viea(L —y) tan(%Ag) , (11.28)

where ¢, is the sign function, 0_¢,(z~) = 2J,(z~). The solution of the first equation in (11.26)
is expressed as

+L
wile) = [ F-Gala™ =y AD (" ), (11.29)
—L
It generalizes the solution of the free fermionic constraint.

As before, the Gauss’ law in the ZM sector is equivalent to the condition of electric neutrality
of the physical states, Q|phys) = 0.

The LF Hamiltonian (11.27) exhibits a residual symmetry [99, 110, 85,91, 111] which is not
explicitly present in the continuum formulation. It corresponds to transformations with non-
trivial topological properties. In the LF theory, the associated gauge function is linear in ™~
(and hence non-vanishing at = = 4L) with a coefficient, given by a specific combination of
constants. These simple properties follow from the requirement to maintain boundary conditions
for the gauge and matter fields, respectively.

For the considered U (1) theory, the corresponding gauge function has the form A, = Fva™
and defines a winding number v:

Ay(L) = Ay(~=L) =270, v e Z. (11.30)

Thus, the residual gauge symmetry of the Hamiltonian (11.27) is
+ 4, 2m - —iTyz~ -
Ay — Ay + I Yi(z7) — e LY by (x7). (11.31)

Let us discuss the ZM part of the symmetry first. At the quantum level, it is convenient to
work with the rescaled ZM operators ¢ and 7 :

L {é,fro} =i (11.32)

27«
AT =220 I =
0 eLC’ A T op
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Note that the box length dropped out from the ZM commutator. The shift transformation of AS’
is for v = 1 implemented by the unitary operator Z:

C— 2082 =C+1, 2y = expling). (11.33)

The transformation of the ZM operator CA is accompanied by the corresponding transformation
of the vacuum state. The latter is defined by ag ¥y = 0, where ao(ag) is the usual annihilation
(creation) operator of a boson quantum:

1 /2 1 /-
N + N 1
apg = — —l—m),a:—(—m), [a,a}zl. 11.34
0= 75 (C 0 NG ¢ 0 0, Qg ( )
Z:l, = (21)” is essentially the displacement operator defining the coherent states [73] |v; z) =
ZU\IJ()I

. —v —v
Z, = ex (afaﬂ,a viz) = —|v; 2). 11.35
p| 75 (ab - a0)] . aoliz) = ZZpa (135
One can interpret the displaced vacuum expressed in terms of the harmonic oscillator Fock states
|n) (C,, are the corresponding amplitudes) [73, 112]

o0

viz) = Cu(v)n) (11.36)

n=0

as the condensate of zero-mode gauge bosons.
Alternatively, working in the coordinate representation, one has 7y = —id%. and the vacuum

wavefunction (wf) U (¢) = 7% exp(—3¢?) transforms as

To(¢) = W, (¢) = eXp(vd%)\Ifo(C) =1 eXp(f%(C +v)?). (11.37)

The ZM kinetic energy term of the LF Hamiltonian (11.27) is given by

1e2L d?

Py = 592 i’ (11.38)
Usually, a Schrodinger equation with the ZM hamiltonian is invoked to find the lowest energy
eigenfunctions subject to a gauge-fixing periodicity condition at the boundaries of the fundamen-
tal domain 0 < ¢ < 1[99,95]. Here we are naturally led to consider the eigenstates of ag with a
non-vanishing eigenvalue v instead [98]. Since the operators Z,, commute with Py, the infinite
set of vacuum states U, (¢), v € Z is degenerate, i.e. the corresponding LF energy

i _ e’L
Bo= [ donQR w0 = £ (11.39)

is independent of v. In addition, the vacuum states are not invariant under VA 1

Z19,(¢) = ¥, 1 () (11.40)
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and those which differ by unity in the value of v have a non-zero overlap. The latter property
resembles tunnelling due to instantons in the usual formulation. Note however that in our pic-
ture one does not consider minima of the classical action. The lowest energy states have been
obtained within the quantum mechanical treatment of the symmetry consisting of the c-number
shifts of an operator. This residual symmetry within the light-cone gauge generates copies of the
gauge field A(J{ which are essentially Gribov copies [113].

Implementation of the large gauge transformations for the dynamical fermion field ¢o(z) is
based on the commutator

[W2(27), 5 (y7)] =2y )a(z™ —y7) (11.41)

which follows from the basic anticommutation relation (11.23). The unitary operators F, =
(F1)Y that implement the phase transformation (11.31) are

+L
Pa(z™) — A,,wg(x_)ﬁ',j, F, = exp i%z//d%x_j"'(x_) , (11.42)
“L

as can be shown using the operator identity (11.19) for the case [A, B] = pA.

The Hilbert space transforms corre tpondlngly But since physical states are states with zero
total charge and the pairs of operators b dz , which create these states, are invariant, it is only the
vacuum state that changes to

|0y — F,|0) = exp Z Al — A 110) = |v; f). (11.43)
The boson Fock operators A,,, A;fn [114], where
Z bl + Z [Bhoibe = by ] (1.44)

—1
-2

m/ | = MO . They emerge naturally after taking a Fourier transform of the

satisfy [Am, Al

jT(z7) current expressed in terms of fermion modes. This yields
3 [Ame—%f’mz + A earie (11.45)

as well as the exponential operator in Eq.(11.43). The states |v; f) are not invariant under Fy:
lv; f) — v+ 1; f), in analogy with Eq.(11.40).

To construct the physical vacuum state of the massive Schwinger model, one first defines
the operator of the full large gauge transformations Ty = Z,Ty as a product of the commuting
operators 7y and Fy. The requirement of gauge invariance of the physical ground state [22] then
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leads to the ¢ vacuum, which is obtained by diagonalization, i.e. by summing the degenerate
vacuum states [v) = (711)¥|0) = |v; z)|v; f) with the appropriate phase factor:

+oo v . ‘
0)= 3" e (Ta) 10), T110) = |6). (11.46)

V=—0o

(|0} here denotes both the fermion and gauge boson Fock vacuum). Thus |#) is an eigenstate of
T with the eigenvalue exp(if). In other words, it is invariant up to a phase, which is the usual
result [80,22].

The physical meaning of the vacuum angle 6 as the constant background electric field [103]
can be found by a straightforward calculation:

el
(OML416) = 5 (11.47)

where the infinite normalization factor (6|0) has been divided out.

11.3 Formulation in the LF Weyl gauge

Let us turn now to the analysis of the massive Schwinger model in the light front temporal or
Weyl gauge A~ (x) = 0. The solution of the fermionic constraint for can be again given in a
closed form as

Pi(ataT)=m /—Ga(af —y T AT )a(aT,y7), (11.48)

1 ie - — ie P -
Golz™—y ; AT) = o lea(z™—y7) + itga] e (Ve )AT = E W) ()],
()
The quantities ¢ and « are equal to

+L
1 [dy~ L
Ix™) = 3 /%en(m_ —y A (y7), a= %AS‘. (11.49)
L
A rigorous way to quantize the model in the Weyl gauge is to perform the Dirac-Bergmann
analysis and use A~ = 0 as a supplementary condition in that procedure. Here we simply
prescribe the standard (anti)commutation relations between the independent fields /o, Aar and
A and their conjugate momenta at x+ = 0 and obtain all other from the solution (11.48):

{ala), 8y} = 50ule™= ), [AT() ML (7)) = (e ),
{ta(e7), vl (y)} = {wn (@), 0y )} = %Ga(f— y ; AT),

48 10,] = % (11.50)
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Gauss’ law is not an equation of motion in the Weyl gauge. One has to impose it as a condition
on states which selects the physical subspace. The ZM condition is again simply Q|phys) = 0
while the NM part reads

(phys|Gyr(x™)|phys) =0, Gn(z™) =20_114+(z7) — ej T (x7). (11.51)

Furthermore, the Gauss’ law is closely related to the generator of residual time-independent
gauge transformations. Using the above field algebra and the operator identitie (11.19), we obtain

A7) — QIAJAT(O)OA] = Af(a7) + 20 A (o),

Pa(x7) — QA2 (27)QT[A] = e A= gy (27), (11.52)
where the unitary operator, implementing the residual symmetry, is
+L
i [dy” _ _ ) PN PN

Q[A] = exp - TGn(y AL (y7) | exp [ieQAo) T, T, = Z,F,,

—L

+Ld B )
7, = exp(ivig), F, = exp [z%y /%y‘j"'(y_) , g = ?FHA(T. (11.53)
L

The operator T, implements the residual large gauge transformations
Po(x7) — TyapeT = e " Noypy(z7), Af — TLAST, = AJ +20_A,

which are manifestly present in the finite volume with (anti)periodic fields. The gauge function
A, = Fa v satisfies A, (=L) — A, (L) = 27y, v = Z. Itis a part of the most general
decomposition of the full gauge function A(x~) = A,(x~) + Ag + A, compatible with our
boundary conditions.

Next, the independent fields can be expanded at 2+ = 0 as (p;} = 2Zn)

2L —
n=3
1 «— 1 - it
AL = [gue= 871" 4 gretriaT],
2L = \/pt
2 ~— [ it g Lo
My+(z7) = —\/2%2 i [hne_fpix —hfleipm } (11.54)
n=1

The Fock operators then satisfy {b,,,bl} = {dm,d,} = [gn,h?,] = Omn. Note the unusual
commutator corresponding in fact to an indefinite-metric space [115]. The associated quanta
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are unphysical (there are no physical gauge degrees of freedom except for a zero mode in a
compactified theory) and have to carry zero energy and momentum. The chosen form of the
above commutator indeed leads for example to the vanishing of the norm of the one-particle
ghost state |g) = g,|0) as well as to (g| PT|g)=0.

The full gauge invariance of our theory requires also the vacuum state to be invariant. The
Fock LF vacuum satisfies Q|0) = 0 and (0|G,, (z~)|0) = 0, but not 7,,|0) = |0). In a complete
analogy to the case of the light cone gauge, one has to form a superposition |6)

0) = > e T, |0) (11.55)

V=00

which is invariant up to a phase: 7},|0) = exp(i)|6). It is easy to show that the NM Gauss’ law
is satisfied by the theta vacuum, (|G, (x~)|0) = 0. The Fock representation of the individual

vacua |v) = T},|0) is given by Z, = exp [- u/\/i(a(‘; —ap)], where ag = 1/V2(C +i70), ¢ =
21 A JeL and [a, aT] = 1. Also, inserting the Fourier transform of the 5 current

(o)
P = 1 A+ Y (A5 4 Al esie)|
m=1

[e%e} m—31
A = [bhbmsk — dldmin] + D dmkbr (11.56)
k=1 k=1

to the expression for F, we get the ame ermion Fock vacuum structure as in the light cone gauge,

m

F,|0) = exp [v Z (=1)

m

(Al — A,,)]0). (11.57)

m=1

By a direct calculation one finds [A,,,, Al] = md,,, which is equivalent to the commutator in
x-representation with the Schwinger term:

@) )] = %656@* —y)- (11.58)

It is known that the Schwinger model has interesting chiral properties [80,22] such as spon-
taneous chiral symmetry breaking (SCSB), axial anomaly and the U(1) problem. What is the
chiral structure of the massive model in the LF version of the theory ? The answer is rather
surprising. Since the ¢ _(z~) fermi field component satisfies the constraint (11.5), its chi-
ral transformations are determined by those of the independent componet ¢4 (z~). Defining
Py(x™) — exp (—if75)14 (x7) classically, one finds

Pa(z™) = e Pipg(a™), Pr(a™) — e Ppi(a), (11.59)

i.e. both components rotate with the same sign. There is simply not enough independent spinor
degrees of freedom to have true chiral transformations (this is no longer true in four dimensions
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where two components of ¢ () will transform with opposite sign). To summarize, there is no
chiral symmetry on the classical level associated with two-dimensional LF fermi fields. Hence,
there is nothing to be implemented on the quantum level, no possibility of spontaneous chiral
symmetry breaking, no puzzle of the non-existent Goldstone boson known as the U(1) prob-
lem. The present picture provides the simplest conceivable solution to the U(1) problem in the
Schwinger model. We want to emphasize that the above conclusion does not mean that LF theory
has missed something: it simply clarifies the physical picture as much as possible (but not more).

In the usual picture with spontaneous chiral symmetry breaking, the vacuum expectation
value of the fermi bilinear serves as an order parameter. The known result is (0]1)9)|0) =
2\/6?367E cos(6) with vg being the Euler constant. Although lacking order-parameter interpreta-
tion, this VEV will still be non-zero in our case due to the fermionic structure of the theta vacuum
following from topological properties. We have all ingredients (explicit Fock representation of
the theta vacuum and exact solution of the fermionic constraint) for a calulation of (6|t1)]6)
which however is rather complicated and lies beyond the scope of the present review.

On the other hand, we can still define the axial-vector current j g‘ because we have an inde-
pendent 75 matrix in the LF theory. Naively, j& appears to be identical to the vector current
component j*. However, in quantum theory j# has to be taken as normal ordered product of
fermi fields. This is equivalent to having C-parity odd j# which is dictated by opposite charges
of fermion and antifermion. There is no such a requirement for the axial current. Then, using
the point-splitting regularization of j£ as well as the solution (11.48) to the fermionic constraint,
one finds [104]

Oudt () = 2imip () ysth(w) — ~0. AT (11.60)

which agrees for m = 0 with the space-like result —5-€*"F),,. The derivation performed in
the continuum theory relied crucially on the existence of a 1/ singularity in the “bad” com-
ponent j; . This singularity is a consequence of the fact that the contraction (i.e., vacuum ex-
pectation value or a correlation function) (jz ) of jo ~ m? is given by the Bessel function
K (m+y/—zt2z7). In the present finite volume treatment the same mechanism works: although
the contraction <1j}]1L (z + €)1 (x)) is now expressed as an infinite series instead of an integral,
this series contains the continuum result [35] in addition to (here irrelevant) L-dependent terms.
Another ingredient of our calculation was a gauge invariant version of the anticommu-
tator (11.50). Without this correction, the lhs and rhs of the anticommutator transform dif-
ferently under GT leading to inconsistent Fock calculations. The problem is not present in
gauge-fixed schemes such as the usual light cone gauge. An alternative treatment of this dif-
ﬁAculty, related to the "minimal quantization” metpod, I to define a gauge invariant fermi field
dala™) = exp(59(a™))a(a”) and require {da(a”), vh(y )} = i/26,(a” — 7). Some

operators will change their form when expressed in terms of this field. For example, we find

+L
Pt — dl’; 4idlo b VAT
-5 { WDEO_hy + Gu(z7)AF] (11.61)
—L

where the second term vanishes on physical states. Hence (phys|PT|phys) is gauge invariant.
On the other hand, P~ being manifestly gauge invariant will keep its form when expressed in
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terms of 1/;2 and z/;l. But it contains at the same time redundant gauge variables. To clarify the
physical picture, it is useful to transform the theory to a different representation [115,111].
Let us consider a unitary operator (J(x~;A;) is defined above Eq.(11.49))

. +L —
UlY] = exp [f % /d%ﬁ(x’)ﬂ(x’;/li) : (11.62)
—L

Using the field algebra (11.50) and the BCH formulae, we find that A ,IT AF and A;F (z7) do not
change under U[J] while

UW]¢2(1)($_)UTW] = e_i%ﬁ(xi)wz(l)(x_)» (11.63)
dy=1 , _ Ny —
UL U] = Ty + & / W e )t ). (1164
g
The Hamiltonian changes its structure: P~ — U[Y|P~UT[9] = P, + P,
_ S e? +Ldy_ o Ny
P = / -G [t )G - ) +
—L —L
+ m(@(x*)wx*)+wi<x*>w2<x*>)}, 02Ga (™) = dula™),
“d ay
P, = /”; 2, (x )+g/%Hm(ar)e(x*—y*)ﬁ(y*)]. (11.65)
) L

P, is the Hamiltonian of the usual light-cone (LC) gauge A} (z~) = 0 while unphysical P;h
has vanishing matrix elements on physical states defined by the transformed Gauss’ operator
(phy5|én\phys> =0. G, = 20_ I 4+ does not generate any GT of ta(1). They are the fermi
fields in the LC gauge,

d .
Yi(z”) = 4 g {e(x_—y_) +itga|e 5TV ATy (y), (11.66)
1
L
One of the advantages of the transformation to the LC gauge representation is that now it is
simple to derive the Fock representation of ¢ (z7):

m it — dJr it —
x7) = L e 2P — N 2Pa?® ] 11.67
v \/ﬁz1 [p;tfeAE{ pi + €Ay (11.6n
n=3z
The theta vacuum becomes U[1J]|0) = |0) and contains the unphysical ghost quanta,

v (7 v € * v
Ze 0=0) eXpZ [\/ﬁw(gn_g")—i_ﬁ(A’:_A")}'O)'

V=—0Q
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12 Light front bosonization

It is a remarkable property of two-dimensional field theory in the conventional space-like formu-
lation and fermionic field variables. Thus, there exists a kind of “duality” in the description of
corresponding dynamics, as has been explicitly found by Coleman [43] and Mandelstam [116]
for the case of sine-Gordon and Thirring models, and implicitly by Klaiber [117] and others.
These results have later on been made more rigorous by Schroer and Truong [118] and Lehmann
and Stehr [119]. For the case of the massive Schwinger model, bosonization was demonstrated
by Coleman, Jackiw, Susskind and Kogut [102, 103, 101].

The bosonization corresponding rules are summarized by

i (z) = %6‘”8@(%),

() = %wm,

P(x)h(x) = ¢ : cos2y/mh(x) 1,

[

D) "b(a) = ¢ sin2V/7h(a) -,

buiig () = | exp [~ ava( [ dedle) £ o)) 2.

Some elements of bosonization have been treated also in the LF formulation [114] but no sys-
tematic study was done.

Let us start with the case of free LF fermions in the continuum formulation. All necessary
ingredients are paralel to those discussed in a previous section. The goal here will be to find an
equivalent representation of the fermion field in terms of a bosonic field which obeys canonical
bosonic commutation relation.

For this purpose, let us consider the commutation relation between two dynamical current
components

3 (@) =2l (@)ha(2) : (12.2)

It is convenient again first to Fourier transform the current,

+ +

T4 AT(pT)esr e, (12.3)

T dot .
@) = [l
0
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where the composite operator A(k™) is given by

ARty = 2 d”; et =

— 00

[T Hbp* + k) = di(ph)d(p* + k)] +

==
) 2m pT(pt +kT)
N

Dokt —pT). (12.4)

/ dp d(p
J 21/t (kT = pt)

This is the continuum version of the current bosonization that was described in the previous
section for the finite-volume massive Schwinger model. By a direct calculation one finds

[A(ph), AT(p'")] = 2epTs ('™ — pT), [A(pT), A(P'")] =0 (12.5)

and as a consequence also

) ) = o — ), (126)

The latter relation is the basis for deriving the bosonized version of the fermi field operator 5.
Indeed, consider the exponential operator

B(27) = cre”10@T) = ¢1cy 1 e 10T = ¢y ppemie0d @) emicod @) (12.7)

where ¢(*) are the positive and negative frequency parts of ¢(z) (parts with creation and anni-
hilation operators) and the constant c; = exp {1/2¢3[¢(*)(z7),$~)(z7)] }. This factorized
form is the result of using the first opoerator identity from (11.19). The scalar field ¢ given by

f/dile Ty )it (12.8)

The constants ¢y and ¢ are left as free parameters for the moment. The operator ¢ satisfies the
commutation relation for the canonical scalar LF field at 2T = y* = 0:

+oo B +oo B
s = 5 [ 5 [ e w0 [t ) w0)]

i
= sl -y, (12.9)

The crucial point for deriving the above commutation relation is the Schwinger term in the
current-current commutator. Inserting the momentum representation of the antisymmetric sign
function

Tt
20 [dpT 1 i (= Pod—
e —y ) == | /= —fe2P (@ ¥ i) _pzp =z —y +ie) 12.10
@ - =2 [ B ] (1210
0
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into Eq.(12.8) one finds

o0

- { 1 Cigtae PR
Plz”) = 47T0/dq qj[A(qJ”)e . UCA A (12.11)
and
O(x7) =creo exp[ffﬂ(x*)] exp[fl(x*)] (12.12)
with
470/ o hata (12.13)
0

Can the operator ®(x ™) satisfy anticommutation relation ? It turns out that the constant ¢y may
be chosen in such a way that it can. Indeed, applying the operator relation following from (11.19)
exp(A) exp(B) = exp[A, B] exp(B) exp(A) in the product ®(z~)®(y~) to interchange order
of the two operators, one gets

Dz )B(y~) = C%C%e—AT( TeAT) —AT(y )eAl™) —
= dcgexp{ — exp{ - (y_)}} x
« e~ AT ), A(y ) —AT(-% )eA(m ) —
dq 71‘ +(w—7 D)

- eXp[*E/ e

0

A4 it =y (- -

— P P . .

< exp[ / et ey )2 ) (12.14)

0

Taking into account the definition of the sign function (12.10) and choosing ¢y = 2v/27, the
two exponentials in the last line of the above equations combine to explime(z™ —y~)] = —1
yielding the desired anticommutation property.

The situation is slightly more complicated for the anticommutor between ®(z) and & (y)
which we should find to be proportional to d(z~ — 3~ ). We remind here the form of the two-
point function of the massive LF scalar field ¢(x) of a mass g that will be needed. The field
expansion is

o0

_ dq* gty _in? F T WL

:/47Tq+ [a(q+ 29 T o .F7T +at(q+)ezq T g% ]7 (12.15)
0

where small imaginary parts for z& are understood. Using the Fock commutation relation

[a(pT),a’(p't)] = 27pTé(pt — p't), one straightforwardly gets for the two-point function

7 7 T d + i x~ +ie ip2 T 7
D(z) = (0|¢(0,0)d(z™, 27)[0) :/8;#621#( i)+ g oF (@7 4i0), (12.16)
0
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We already found that this integral is equal to
D(z) = —clsen(@®) +sgn(a™)|(No(uv/a?) — isgn(a*)Jo(uv/a?) ) +

+ %Isgn(ﬁ) —sgn(z)|K(z,z7), (12.17)

where K is equal to

Kz, 27) = Ko(u/(x+ —id)(z— +ie), if 2t >0,27 <0 (12.18)

or to a complex conjugate expression if z+ < 0,2z~ > 0. Jo(z) (Ko(2)) is the (modified) Bessel
function of the order 0. This expression is useful because the 2-point correlation function of the
composite field ¢(z) (12.11) is the same as the one of the elementary scalar field ¢(x):

(0]¢(0,0)¢(x™,27)|0) = D(x). (12.19)

The calculation of the anticommutator in the bosonized form requires an explicit presence of the
small imaginary part of the LF time in the two operators ®. As in the previous calculation, we
get, using the familiar operator identities,

(7, 27)®1(0,0) = exp [A(zT,z7), AT(0,0)] : (2T, 27)®1(0,0) -,

®1(0,0)®(xt, 27) = exp [A(0,0), AT (2, 27)] : &7(0,0)®(zt,27) . (12.20)

It follows that

(™, 27)®7(0,0) + @7(0,0)®(z,27) = ®(2T,27)®7(0,0) : x

[ ( oodk"' Ciptg—_in® o+ OO S T

exp ([ S b +exp +ii5 )} (12.21)
0 0

From Eqgs.(5.10) and (12.18) we see that the integrals El, E‘f in the exponentials of the latter
expression are related to the function D(x). For 22 < 0 we have

B = 2K, (,“/(gc+ “ i) (@ + ie)) . (12.22)

Taking into account the form of the Bessel function Ko (2) for small z, Ko(z) ~ —ve —In(5) +
O(2?), where v is the Euler’s constant, we find

{o(z,27), @T(O,O)} = e_%*Ei

2 c® (2, 27)®7(0,0) : x

1 1
. (xt —id)(z= + ie) * (z+ +1i6)(z— —ie) (12.23)
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which for zT = 0 reduces to the equal-time anticommutator

{®(0,27),27(0,0)} = c3e 2" 6877;5({), (12.24)

because : ®(0,0)®7(0,0) := 1 and we have used the relation (z~ + ie)~t — (27 — ie)~! =
—2imd(z~). The normalization constant ¢; can now be determined from the requirement that
the anticommutator (12.24) is equal to 1/2§(z ™). One finds ¢; = u\ﬁ%. Since the constant
¢y Was

[A(x), AT(x)D = exp ( - %Ko(ue)) = K (12.25)

( 1
ex —_ =
P73 D

the final expression for the bosonized dynamical Fermi field component is

B(z) = C : e 2V

C =cico =7, /Sﬁ. (12.26)

It is interesting to note that a small imaginary part of the time argument of the bosonized fermion
field was used also in the original space-like treatment by Mandelstam:

T

dEh(€) - £ 6(z)] : (12.27)

Up(x) = (cp)2m)/2eH/3€ s exp [- 2i7r/
has been found in the original Mandelstam’s paper [116] starting from the commutation relation

(ot (z, t+dt), ¢~ (y,1)] = Ay ((z — y)* — (dt + ie)?), (12.28)

where
1
A = —4—ln{02u2 [2® — (dt + ie)Q} }+0(@?). (12.29)
T

4 is a mass parameter and 3 defines the interacting term cos (ﬂqﬁ(m)) of the sine-Gordon model.
The last two properties we have to understand is if one really has j~ = —0, ¢ and if one can
write the mass term as something proportional to cos(¢).
From Eq.(12.8) we easily get, using partial integration

. 2
it(z) = ﬁﬁ_qﬁ(:r) (12.30)
In a similar way, assuming the vector-current conservation 04 j " (z) + 0_j~ (z) = 0, we find
Ty 1 N
4 _ T
00(0) =i [ B-felem —y )0 @) = =@ ) 23
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The Eqgs.(12.30,12.31) are summarized in the familiar statement

nz
i (z) = Eﬁ&,(b(x). (12.32)
To derive the bosonized form of the mass term, one has to take into account the fact that the
second component of the Fermi field satisfies an equation of constraint in the LF formulation.
This implies
m [T et ) (12.33)
= — ——e(x” — T .
4 | 2 4 Y

— 00

x(x)
The free fermionic Hamiltonian becomes
2 e Ty~
P = % % /%e(x_ —y7) [@T(ax)q)(a:Jr,y_) — o (2T, y7)®(x)| (12.34)
or

+oo oo
m? dz~ dy~ ; - ; -
p-— 2 -_ —[: 2iV/T(xT) ,  —2iVTR(YT)
4 C / 5 / 5 ez —y7)| e e

L 2VEOYT) L L 2T | } (12.35)

It is instructive to compare this result with the derivation of the bosonized form of the mass
in the conventional field theory. In one approach ( [120]) one uses the commutators between
pseudoscalar density J5 and the axial current density j°:

Js(x) = vl g — vhor = Fy (o(z)) — F_(6(x)),
jo = vivr — g,

8(@) P (6(0) | = 20 = ) F- (6(w)). (12.36)

The Fermi field () has the upper and lower components 1 and ¢, and satisfies the canonical
anticommutation relation. Since from the current bosonization one has j9(x) = ﬁ&)(é(x) =

1 .
7=l (z), the two commutators can be rewritten as

;%;ﬁnmwxfg(¢@»)}::i2ax4—wfg(¢@0) (12.37)

The corresponding solution is

Fy (¢(z)) = cexp { + 2iv/7mo(x)} (12.38)
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so that J(x) = ccos2y/m¢(z) (cis a constant). Note that this result is based on the canonical
commutator of the scalar field

{qb(x), H¢(y)} = i6(z —y) (12.39)

and cannot be used in the LF theory where II # 0 ¢. Thus one can expect a modification of the
bosonized mass term in the LF formulation.

Bosonic represention of the two-dimensional massive LF fermion field can be derived also in
the discretized formulation. The starting expressions are the Fock expansions of the dynamical
fermion field and current

1 5 —iptem—fmiat ipto—4im?o+
P2(0,27) = \/jz [b Rl e —|—dibezp"x +i M },

1
n=3

1 > P P 4o
]Jr(m) = Z [AO + Z <Am’€*§pj;$ - AIHGEP;I >:|a
m=1

where Ay = Q. We already had the relation

[Am,AH = MOy (12.40)
and the current-current commutator with the Schwinger term

N g 1., -
[J+($ )5 (y )] = 00 (z” —y7).

From the DLCQ definition of the scalar field ¢(z)

N / W en@™ =y )it ) (1241)

we find
=1 ik - -
Z pj{ Ape2Pm® _ Al c3Pme }’
m=1 "™
_1
oo m—3
A= (Bbwm — Al ) + 3 dn by (12.42)
k=1 k=1

To show that the dynamical Fermi field component s (x) has a representation in terms of a
bosonic field, one can proceed as follows. First, calculate the commutator

i m2 4

[ A, o (x)] = —e3Pn% F555 s (), (12.43)
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where a few nontrivial cancellations between different terms occured. Since 4,,|0) = 0, we
immediately get that the state 12 (z)|0) is an eigenstate of the annihilation operator A,,:

+

it =y im?,
Aptha(2)[0) = —e2Pm™ TERTT 4y (2)0) (12.44)
and hence it is a boson coherent state. Its form has to be

[e%S) AT

Pa(2)]0) = Nexp{ — Z me%p;f}|0>. (12.45)
m=1 m
or
> 1 ipfwf—%im—Zx* —1p,+w7—1"’—’2w+
ba(@)]0) = ¢ exp{ -y (AILeZ nTTRET  Age 2T TR )}|0>. (12.46)

To check the validity of the representation (12.45) it is sufficient to act on it with A,,, and to use
the first operator relation (11.19) in the form B exp(—A) = exp(—A)B + [A, Bl exp(—A). In
the next step, one can show that the same relation holds for an arbitrary Fock state generated
by Al, i.e. in the whole space of states. Hence the bosonization correspondence holds as an
operator relationship.

Let us try to generalize the above considerations to the case of interacting models. First,
consider the light-front massive Schwinger model in the continuum formulation and in the LC
gauge AT = 0. The corresponding Lagrangian is

. b ) b 1 _ o
Li = it 0 ot itnT O Y1 —m(Ws s+ ) + 5 (0-A7)2 = 5T A7, (1247)
Using the constraints
2i0_t1 () = mips(a), O2A” () = =2 (@) (12.48)

one gets the Hamiltonian in terms of dynamical variable 2 (x) only which is analogous to the
finite-volume Hamiltonian (11.27):

+oo

da™ 21
ro- T Srds
2 —
+ W;T d%e(”f—yf)@ﬁ(ﬂf)wz(y)—W(y)wg(x))] (12.49)

Expressing now the field 15 and the current 5 by their bosonic forms, we find

+Ood:z:‘ e 5, m? Oody_
Po= /T[?¢ 5 ¢ /Tf@ —y)x
—0o0 — 00

X ( @2VTOET) o 2VTRYT) L 2T L o2V TOT) )} (12.50)
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Another possibility is to consider the massive Schwinger model in the Weyl gauge A~ = 0.
The corresponding LF Hamiltonian in the continuum theory is

+oo

P = / d;“; 12+ m (021 + 0 0s) ] (12.51)

The dependent component 11 in (12.51) satisfies the constraint
2i0_11 () = mapy(z) + e AT (x), (12.52)

which has a similar stucture than the fermionic constraint in the Thirring model (see below). In a
full analogy with the finite-volume treatment, it can be inverted by means of the Green’s function

G(z7; A"):

7 dy~ _ _ _
wi@) =m [ Lol —y A (et ),
1 ) N _
G(a™ —y 5 AY) = Sea(a” —y e T,
_ 1 1, NI
Ia™) = 3 §e(x —zT)AT(xT,27). (12.53)
It is interesting to observe that an exponential form of the Green’s function G(z~ — y ™)

emerges also in the LF treatent of the massive Thirring model. In the conventional field the-
ory, massive Thirring model was found to be equivalent to the sine-Gordon model by Coleman,
Mandelstam, Schroer and others. It is defined by the Lagrangian density

1— , = — 1,
L= 597" O b =y — Sgju’ (12.54)
where j# =: {y*4):. The corresponding LF expressions are

. h . h I
Lip = itha’ 0y tho +ithr" O- h1 — m (vl + 11 Teha) — §gj+] ,

gt =2l 7 =21 Tyy 0 (12.55)

The Euler-Lagrange equations read

21049 = mip1 + gj~ 2,
2i0_1p1 = mapy + gj 1. (12.56)

The latter equation is a constraint. It can be used to bring the LF Hamiltonian to the form

+o00
o
P =m / S [waton + ") (12.57)
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Derivation of the Hamiltonian as well as its form is identical to the case of the Federbush model.
The difference is that one can write down solution of the dynamical equation in the latter case and
this leads to a simplification of the bilinear fermionic structure because the exponential factors
cancel. The Hamiltonian of the massive Thirring model is more compex due to the presence of
exponential factors. Note that the interaction term j,, j# disappeared from P~ and the interaction
is contained solely in the 11 () which is the solution of the constraint:

o0 y*
dy~ ; L )
- % %6("”7 *yf)exp{%/dfﬁ(z )}wz(ﬁ,y ). (12.58)

—00 r—

Y1()

Defining the Green’s function G

Gl ) = geelo™ —y ) exp | —igo(e) +igoly)
_ +Oodz—l _ g
ba) = Vr | Sgele™ =) (), (12.59)

the dependent Fermi field component can be written as

o0

P1(xz) =m /(jlg;G(m* —y oz, y 7). (12.60)

— 00

Inserting the bosonic representation of ¥ (x) into P~ , we get
2> L Fde Ty
_ m €T Yy _ _
P =—0C* | —/— | = -
2% / 2 / g €@ —v)

(;emﬁas(w*) Ce— BT )+ o) . p2ivEe(yT) | _h.c.) (12.61)

This LF Hamiltonian can be further treated by using operator identities. The detailed analysis is
a bit technical and will not be discussed here.

13 Higgs mechanism in a LF formulation

The Higgs mechanism in the LF formalism was studied on the tree level in the continuum formu-
lation [53]. It was assumed that a scalar field contains a c-number piece which gave a justification
for performing a usual shift in the Lagrangian leading to the generation of the mass term for the
gauge field. A support for the above assumption comes from the fact that the solution of the
zero-mode constraint of the real scalar field in the DLCQ analysis contains such a constant non-
operator part [65,56].
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In the present work, we study the SSB of an abelian symmetry in the Higgs model. Our ap-
proach is based on the discrete light-cone quantization method (DLCQ) considered as a hamilto-
nian analytical framework with large but finite number of Fourier modes to approximate quantum
field theory with its infinite number of degrees of freedom. A (regularized) unitary operator that
shifts the scalar field by a constant will be used to transform the Fock space. The motivation for
this step is a natural physical requirement to find ground states in the broken phase which would
correspond to a lower LF energy than the usual Fock vacuum. This is suggested already by con-
sidering minima of the classical LF potential energy. A procedure, equivalent to transforming
the states, is to work with a transformed Hamiltonian and calculate its matrix elements between
the usual Fock states. In this way one naturally arrives at the effective type of the Hamiltonian
that incorporates the usual pattern of the Higgs mechanism.

The Lagrangian density of the abelian Higgs model that we wish to analyze has the form

1 1 1 A
L= =1 FuF" + 5(Du) D6 + Spolo — 1(616)?, (13.1)
where F),, = 0,A, — 0,A,, DV'¢ = O'¢ + ieA"¢p,u? > 0. The Lagrangian is invariant
under two groups of transformations: the global rotations of the complex scalar field ¢(z) —
exp ( — iﬁ)(b(x) and the local gauge transformations

¢(x) — exp (—iw(z))p(x), A¥(x) — A¥(z)+ O w(z)/e. (13.2)

In terms of the LF variables, the Lagrangian (13.1) is

Lip = (0, A% — 9 A7) 4 (0, A+ J0,A7) (20T +0,A7) —
—5 (0142 = A1) + 0:.610_6 + 0_910,.6 — S0,6'0i0 — 0! O, 9AT —
; — ; - ) 2 . 2 by
— 5T - 9AT = D61 0 A + T (ATAT — AA)oTo + Koo — S (010)".133)

Writing ¢ = o + im, the conserved current corresponding to the global symmetry is J#(z) =
—igl (z) O ¢(x) = 20(x) O ().

We will work in a finite volume V = 8L3 with space coordinates restricted to —L <
z~, 2!, 2> < L. Our notation is 2 = (27, 2),2 = (z7,2',2?%), po = p~a™ + JpTa~ —
plaz! — p?22. The gauge field will be chosen periodic in all three directions, while the scalar
field will be antiperiodic: A*(z*,2~ = —L,x,y) = A*(zT, 2= = L,x,y),o(zt, 2~ =
~L,z,y) = —o(z*,2~ = L,z,vy), and similarly in the perpendicular directions z*, 22).!° The
boundary conditions imply discrete values of the three-momentum labeled by an integer or a half-
integer and also lead to the presence of global and proper zero modes of the gauge field [96]. The
proper ZM are constrained variables that can modify the LF Hamiltonian. For small coupling

the corrections may be evaluated perturbatively [97]. We shall however neglect the gauge-field

10 The alternative periodic BC for scalar fields imply presence of the constrained zero mode which in some cases lead
to a non-vanishing vacuum expectation value (VEV) of a field [50,51,27]. We believe however that the overall physical
picture of the symmetry breakdown is considerably clearer with the choice of antiperiodic BC.
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ZM in the present discussion because they are not crucial for the phenomenon under study. The
fields below refer then to the sector of normal Fourier modes.
The LF Hamiltonian, obtained in the canonical way from the Lagrangian (13.3), reads

P~ = / d3g{F122 + T4 + 2[4 O A~ — T4 0;A7 — 2e0 O A~

-V

2e0 5; TA' — A (0% + 1) + (9;0)° + (Oim)® —

A
— 2 (02 + 7T2) + 5(02 + 7r2)2}. (13.4)
Here A2 = At A~ — A'A% i = 1,2 and the canonical momenta are
Oy = 0, AT —0 A" T4 =20_A"+ ;AT
Moo = 0,1, =20_0—enAT I, =20_m+ecA™. (13.5)

At 2T = 0, we assume the usual LF commutation rules

(@™, z), 0 (2" y)] = Frel@™ —y7)0% (w1 —yu),

[r(a*,2), (et )] = ele™ —y )0 es — 1),
[AF (@t 2), Tas (7, y)] = 25— )

[Ai(x"',g),HAj (:r'ﬂy)} = ééijég’(g —9). (13.6)

The mode expansions of the scalar fields are

o(0,z) \/» Z f a(pn)e”P=Z + al (py)e™2],
7(0,z) —Pnt g of(p, )ePnt] (13.7)
ERN o))

where p, = (P}, Py, Pny) P = 2En,n = 1/2,3/2,..., and similarly for the perpendicular
components. The global rotations are 1mp1emented by the unitary operators V() in terms of the

charge Q = [ d3zJ " (z):
v

— V(B)o(z)VT(B) = o(x) cos B — m(z) sin 3,
m(z) — V(B)m(2)VT(B) = o(x)sin § + n(x) cos . (13.8)

V(B) = @ (13.9)
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with
A
V(8) = exp {3 (a (bu)elpn) — ¢ (pu)alpn) ). (13.10)

The Hamiltonian (13.4) is invariant under 2" -independent gauge transformations. They are im-
plemented by the unitary operator

Ulw(z)] = exp {Z /dBQ[QHA+8_ —T14:0; + eJﬂw(g)} (13.11)
v

Indeed, we easily find

Ulw(@)]¢(2)U' [w(z)] = exp (- iw(z)) $(2),

Ulw(z)] A" (2)UTw(z)] = A*(x) + e~ o w(z). (13.12)

Consider now the unitary operators

Us(b) = exp{ — 2ib /dggﬂg(x)}

-V

Un (b) = exp{ — 2ib /d?’gﬂﬁ(x)}. (13.13)

-V

They shift the corresponding scalar field by a constant. To follow the usual treatment, we will
perform only shifts in the o-direction:

Uy (D)o (z2)U;1(b) = o(x) — 2ib / @y, (y), o(z)]
v
= o(x) —bep(L — 7 )ea(L — 2ep(L — z2). (13.14)

The subscript A attached to the sign function ¢(z) indicates that their Fourier series is truncated
at A:

_ 4i A1 ipta— intao—

eal@”) = 7 Zl ﬁ(e pieT _ it ) (13.15)
n=3
and analogously for the perpendicular components. The point is that one has to take a large but
finite number of field modes in all three space directions in order to have a well-defined operator
U, (b). Inpractice, for A ~ 10? the sign functions are equal to unity to a very good approximation
everywhere on the finite interval —L < x~, 2!, 22 < L except for a very small neighborhood of

the end-points. Therefore we will not write these sign functions explicitly henceforth.
By means of the shift operator U, (b), we can define a set of states |b) = U,(b)|0) (|0) is the
Fock vacuum). Minimizing the expectation value of the energy density V ~1(b| P~|b), we easily
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find that the minimum of the LF energy, equal to —% is achieved for b = % = v. Itis lower

than the usual (vanishing) value of the LF energy in the “trivial” vacuum |0). From Eq.(13.14)
we also have the property that the vacuum expectation value of the o-field is non-zero which is
the indication of broken symmetry:

(lo(x)|v) = (0|U; *(v)o(z)Uy(v)|0) = v. (13.16)

Here, the sign functions multiplying the value v are understood as in Eq.(13.14). The accom-
panying vacuum degeneracy is easily obtained by rotating our “trial” vacuum (chosen in the
o-direction):

V(B)lv) = V(B)Us(v)[0) = |v; B). (13.17)

Thus we have an infinite set of vacuum states corresponding to the above minimum of the LF
energy and labeled by the angle (.

The next step in the Hamiltonian formalism is to construct the space of states. A natural
possibility would be to apply a string of creation operators of all fields to the new vacuum,
chosen to be |v; 0), and calculate the corresponding matrix elements of P~. A simpler option is
to build a usual set of Fock states from the Fock vacuum |0) and transform all of them by U, (v).
This type of states is known as displaced number states in quantum optics [62]. In either case
one can easily see that instead of the original Hamiltonian (13.4) one actually works with the
new “effective” LF Hamiltonian

P~ =U;Y(v)P~U,(v) (13.18)

in which the o-field is shifted by the value v. This of course leads to the structure known from
the lagrangian formalism in the conventional field theory [121]: the mass term of the gauge field
of the form e2v2A? is generated, the pion field becomes massless and the o-field acquires mass
equal to v/2.. The change in the Hamiltonian density shows this explicitely:

4

oP” = —'g—/\ +3u0? + pPn? — 20?2 A? — 2e%00 A% +
+ 2V Auo <02 + 71'2) — 2ev (8_7TA_ + &WAi). (13.19)

The latter non-diagonal term and the kinetic term (9;7)? can be removed by introducing the new
field B:

2 - . 1
+ — At % — At )
BT(z)=A"+ eva,w, B'(z) = A*(z) waﬂr(x), (13.20)

while B~ = A~. In this way, the 7 field disappeared from the quadratic part of the Hamiltonian
but it is still present in the interacting part. One may suspect that it is actually a redundant degree
of freedom because the gauge freedom has not been removed.

In a full analogy with the space-like treatment, a clearer physical picture is obtained in the
unitary gauge. Introducing the radial and angular field variables:

$(x) = p(x)e®®/, (13.21)
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the LF Hamiltonian will take the form

P = /di’@{n?4+ +2M g+ 0_ A — T 0:0; A7 + F2, + (0ip)*+
-V

+ p%(0;0/v)? — 2ep?0_A"O /v — 2ep* A'0,0 Jv — 2 p* A% — 1?p? + %p‘l}. (13.22)

To fix the gauge at the classical Lagrangian level, one observes that the gauge transformations
simply shift the angular field variable ©(x) by the gauge function w(z). Choosing w(z) =
—O(x)/v, one has

6(x) — p(z), AM(z) — B'(x) = A (z) — —0"O(x) (13.23)
ev
with the corresponding Lagrangian

1 1 1 A
L, = _EGWGW + §\aup —ieB,p|* + §,u2p2 - Zp4. (13.24)

Taking this gauge fixing over to the quantum theory, defined by the commutation relation at
xt =0

plat 2).p(et,y)| = —gela =y )8 (s —wa), (13.25)

we find the quantum LF Hamiltonian P, in the unitary gauge. It coincides with the Hamiltonian
(13.22) except for the missing O-terms and the B* replacing the A* field. The equal-LF time
algebra (13.25) enables us to introduce the shift operator (IT, = 20_p)

U,(v) = exp { p / d3ng(x)} (13.26)

-V

which defines the “effective” LF Hamiltonian P, = U . (v) P, Up,(v) corresponding to the
unitary gauge:

= /di@{n; oM 0B — 0B + Gy +
v

@) — (o407 B — 2o+ 0l + 5 (o)} (1327)

From its form it is easy to find that it describes one massive scalar field p and a vector field with

the mass e2v2. The massive vector field emerged as a combination of the the massless gauge
field A* and the scalar O field.

Another possibility is to analyze the symmetry breaking in the light-cone gauge. This means

that we set A* = 0 in the normal-mode sector. The starting Hamiltonian and conjugate momenta
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are then the expressions (13.4),(13.5) without the terms containing A*. One proceeds as in
the case without the gauge fixing, namely defines the shift operator U, (v) and constructs the
infinite set of degenerate (approximative) vacuum states by applying the unitary operator V ()
(Eq.(13.10)) to the coherent-state vacuum |v). The corresponding effective LF Hamiltonian is
obtained by the transformation (13.18). One observes an important difference as compared with
the unitary-gauge treatment. It is related to the fact that the choice AT = 0 eliminates the AT A~
part of the vector field mass term generated by shifting the o field in the —e2A? (02 + 72) term
in the Hamiltonian (13.4). Thus the massive vector field seems to have only two components and
this is not correct. The resolution of this difficulty comes from the observation [53] that in the
light-cone gauge the Gauss’ law becomes a constrained equation for the A~ component of the
gauge field:

—

D2 A (x) + 0_0;A'(x) = ea(x) 0; T(x). (13.28)

The shift of the o field by means of the operator U, (v) generates an additional term of the form
evO_m(x) on the righ-hand side of this equation. Upon inserting the shifted constraint to the
Hamiltonian, the latter piece leads to the new term e?v?7% (3 = 1, 2):

P = /dsg[Ffz + (B A)? + ()2 + 202 (n? + AZ) + .. } (13.29)

le

-v

To see that this Hamiltonian corresponds to a free massive vector meson field, it is useful to
consider the gauge-invariant form of the scalar electrodynamics with a massive vector field [122].
It differs from the Lagrangian of the massless scalar QED by the term %(mA“ — 0"B)? which
makes the vector field massive. B is a scalar field and m a mass parameter. The usual formulation
with the condition 9, A* = 0 corresponds to the gauge B = 0. In the A* = 0 gauge we obtain

P = /di’@[FfQ + (0:A")? + (0;B)* + m*A? + m*B?|, (13.30)
-V

plus the interaction terms. Comparing the two Hamiltonians, one can see that also in the light-
cone gauge picture of the LF Higgs mechanism the gauge field became massive possessing three
components (7, A!, A2) with the mass m = ev. The mass term of the o field is generated as in
the previous case.

In summary, we gave three versions of the Higgs phenomenon in the light front abelian Higgs
model for different gauge choices. Our light front formulation was based on the finite-volume
quantization with antiperiodic boundary conditions for the scalar fields. Minimization of the
LF energy led to the semiquantum description of the degenerate vacuum states. In this way,
the concept of the trivial LF vacuum containing no quanta was generalized to a more complex
vacuum state with the non-trivial structure. The overall picture of the spontaneous breaking of
the (abelian) gauge symmetry was thus found to be quite analogous to the conventional theory
quantized on the space-like hypersurface, namely one scalar field and the gauge field become
massive (the tree-level masses e2v? and /24, respectively) and there is no massless Goldstone
boson in the particle spectrum.
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14 Two-dimensional perturbative LF scattering matrix in DLCQ

Perturbative amplitudes of self-energy and scattering processes have been studied in the contin-
uum formulation of light front quantization since its inception [123]. Chang and Yan [8] showed
the formal equivalence of S matrix elements in light front quantization and the more familiar
space-like quantization.

Most of the applications of the DLCQ method following the work of Pauli and Brodsky
[14,15] have been to bound state spectra. It is however an interesting question to develop per-
turbation theory in a finite volume and to study the continuum limit of the corresponding ampli-
tudes. In particular, it is important to understand the role of the constrained zero modes which
are explicitly present in the DLCQ approach for obtaining answers that agree with the usual co-
variant results. There exist claims about iconsistencies of the LF perturbative results [124]. In
this section we will show that the Hamiltonian LF perturbation theory in a finite volume with
(anti)periodic boundary conditions yields correct results provided it is applied consistently and
carefully. This agreement is non-trivial taking into account the fact that the Hamiltonian scheme
is not manifestly covariant and has different structure. One uses energy denominators instead of
propagators and calculates individual time-ordered diagrams, not the covariant (Feynman) ones.
Also, the zero-mode contributions in a finite volume have to be added and extrapolated to the
infinite-volume limit. This issues will be studied in this subsection for a simple case of one loop
scattering amplitude in %gb‘l theory in the continuum and discretized formulation including also
a few numerical results.

Let us first review the calculation of the scattering amplitude in the forward limit (scattering
angle equal to zero) and in the continuum formulation. For simplicity we will again study two-
dimensional theory.

Consider the scattering amplitude at one loop level in ¢* theory. p;,ps are the initial mo-
menta and ps, p4 are the final momenta. Let us denote s = (p; +p2)? = (p1+p2) T (p1+p2)” =
(pf +p3)*m?/pp3 andt = (p1 —p3)* = (p1 = p3) ¥ (01— p3)~ = —(pi —p3)°m*/pi 3.
According to the rules of (Hamiltonian) light front perturbation theory, listed in the Appendix,
we have to consider two cases separately. For pf > p}f, which defines one possible 2T ordering,
the amplitude (Fig. 14.1a) is

+_ .+
122 P —Ps 1 1
My = 7—0(p+—p+)/ dgf — ———— x
n 24 "Ly Yt i —pf—af
1
>< —_— —_ —_ —_ —_
Py +py —p3 —py —q; —(P1—pP3—qu)”
1 A2 plipd 9(p?p§)/pf?3d+[ 1 1 } 14D
= o q - ) .
24mm? pf +p pf —p3 o Ylot -l o i

where the step function 6(p;” — p3 ) incorporates the chosen condition on the momenta or equiv-
alently the given time ordering of the two vertices in Fig. 14.1a. The energy denominator cor-
responds to the difference of the LF energies between the incoming state and the intermediate
state. The latter contains four particles as can be visualized by drawing a vertical line through the
loop in the diagram. The second form of the integrand has been obtained by using the dispersion
relation for a free quantum k= = m?/k™ for all energies in the denominator (recall that in the
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q1 D1-P3-q1 q1 P3-P1-d1

P2 P4 P2 P4

(a) (b)

Fig. 14.1. ¢* scattering diagrams in time-ordered LF perturbation theory

quanta are off energy shell but on mass shell in the Hamiltonian form of the perturbation theory)
and performing some simple algebraic manipulations to simplify the expression. For p]” < p3,
the scattering amplitude (Fig. 14.1b) is equal

o+
1A% P3 —P1 1 1
My = **9(193*—171*)/ dgf — ——F—5 %
' 24r 0 o e
1
>< — — — — —
ps +py =Py —py — 45 —(P3—p1—q1)”
1 X pipd 9@%—1&)‘/m§_pfd A1 1 (14.2)
-1 %[ _ ] .
24mm? pf +p3 pf —pf Jo o —pi o +pf

We have used overall energy conservation p; +p, = p3 +p, and hence p, —p, = p; —p; .

We are interested in the forward scattering amplitude, i.e., in | p; — p3 |— 0 limit. In this
limit qf‘ is very small compared to both pf‘ and pgr and it is legitimate to expand the integrands.
We get,

11 o P tDS
o —pi @ +py pipg
L ~ DI APS (14.3)
a —p; @ +pf pivs
Thus, in the forward scattering limit, we get,
1 A2
My = —=—" 14.4
7 2 drm?2’ (149

because the integrand does not depend on the integration variable, the integration contributes
only the factor coming from the upper limit and the momentum-dependent factors cancel. Al-
ternatively, we can use the first form of the integrand, change the variables according to P =
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p3 —pi,qf =yP* tofind

1A% 1
Mg = f/\—/dy . (14.5)

After decomposing the denominator into two fractions and performing an elementary integration,
the explicit result is

1 m?2
1 )\2 1 220/ — 1~ —1
Myi(t) = 51~ log | Y2 . (14.6)
™ 1 m?2 1 m?2
ti— T 23— t1

In the forward scattering limit £ — 0, one again finds the result (14.4).

In order to calculate the one-loop scattering amplitude in DLCQ perturbation theory for the
A/ (4)~1¢* (1+1) model with periodic boundary conditions, we need to derive the light front
Hamiltonian with O(A?) zero-mode effective interactions. This will be done in the subsequent
section where we will also show that contributions from zero modes vanish in the continuum
limit. We shall therefore ignore these contributions here. Recall that the mode expansion for the
normal mode field ¢, (z7) is

[ane™ ™ + af ] . (14.7)

Pn(27)
( r k;() \/7

The notation is kz = k;fz~ and kf = 2Zn,n=1,2,... .
The scattering amplitude can be calculated by the old fashioned perturbation theory formula

(see the Appendix)

T =% (P'|H1|5) (51 Hrlp)

- (14.8)
b —Dp;

)

J

where H; denotes the interacting Hamiltonian. Using the formula (14.8) with |p) — |pi, p3),
Ip') — |p3,ps) and with four-particle intermediate states, one finds the following expression
for the second-order normal mode scattering amplitude

o + +9p3

Ty = pi +pd .p3 +r] Z r %
(2L)? \/p4 p3 pz p1 a" 0 (ps - p1 4 )
1
X (14.9)

Pz =P —q1 —(P3—p1—q)”
plus another term with 1 < 3. The above equation must be treated with care. Due to the presence

of the f-function, pj may approach p; to an arbitrary precision but not to the exact value. In
DLCQ, we have,

- (pf —p3)? 5 (N1 — ng)?
t=p7 —p)py —p3)=-m* 230 = P (14.10)
(1 3 ) (P 5) pToT nins
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Tab. 14.1. M (%) versus £ in DLCQ. For the definition of #, see the text. The correct answer is —1 in our
choice of units.

ny —t M(t)

6 166667 x10° | -.980000
8 .833333 x10~! | -.989796
10 | .500000 x10~! | -.993827
20 | 111111 x10~* | -.998615
30 | 476190 x102 | -.999405
100 | 408163 x10~3 | -.999949
500 | .160643 x10~% | -.999998
1000 | .400802 x1075 | -.999999

independent of L. For convenience, we set m? = 1.0 and without loss of generality take p; >
2
pd. The scattering amplitude (up to the irrelevant factor 2-) is
3 8m

ni1—mnes
ninsg 1 \ 3

1 1
3 [ - } (14.11)
ny +ngny —ns n—nmni n -+ ns

n=1

M(t) =
With antiperiodic boundary condition, the mode expansion for the field is

e [ame*%%mf + ajne*%%m"} . (14.12)

_ 1 1
)= 2 1; Vvn
The scattering amplitude in the ¢-channel in this case reads

n17n371
1

M(t) =2

ninsg 1 [ 1 }
_ . 14.13
ny +ngny —ns nz::l n—ni n + ns ( )

Let us evaluate the scattering amplitude given in Eq. (14.11) in DLCQ. Note that the mini-
mum allowed value for nq, ng is 1. Thus we start from n; = 2. In this case n3 = 1 and DLCQ
gives the answer -1 for the scattering amplitude for ¢ = —1/2 which is obviously wrong. It is
easy to check that for each n;, since the maximum n3 is n; — 1, the corresponding minimum
tis - m and for this particular ¢ DLCQ always gives the answer —1 for the scattering
amplitude which is wrong for finite nq but is correct for n; — oo.

The next maximum value of ns is n; — 2 and we denote the corresponding ¢t by ¢ =
—m. In Table 14.1. we present the behavior of M (#) with ny as ¢ — 0. It is clear
from Fig. 14.1. that DLCQ produces the correct answer which is —1 in our units, for the limit
of forward scattering. Again, the limit may be approached to an arbitrary numerical precision.
For a given n1, we increase ng by steps of 2 and study the behavior of M (¢) as a function of
t for small values of t. The result is plotted in Fig. 14.2. Recall that for ny = 2, n3 = 1,
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-0.9 T T - T
contmuulrbl 7
ni=
-0.92 ni=8 +
ni=6 0O
-0.94 ni=4 x 4
ni=2 A
-0.96 - ]
M(t)
-0.98 _
-1+ A .
-1.02 _
-1.04 | 1 1 | 1 |
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

t

Fig. 14.2. The behaviour of the amplitude M (¢) as a function of ¢ for n1 = 2,4, 6,8, 10 for small values
of t.

t = —1/2and M(¢t) = —1. Forn; = 4, n3 = 2, ¢t = —1/2 and M(t) = —0.94 which is
close to the continuum limit (—0.92). Thus, for very small n;, with periodic boundary condi-
tion, the convergence is from below. We can see that the results for very small n; are affected
by discretization but reliable results emerge already for nq; = 10. This is further confirmed by
Fig. 14.3. where we present the results for n; = 10, 20 and 30. The continuum result given in
Eq. (14.6) is also plotted for comparison. In Fig. 14.4. we present the result for n; = 2000 and
the continuum result. It is evident that DLCQ reproduces the continuum answer for the entire
range of ¢ including the forward scattering limit ¢ = 0. One can evaluate the scattering amplitude
given in Eq. (14.13) for antiperiodic boundary condition in DLCQ. For the minimum value of
ny =3,ng = 1,t = —4/3, M(t) = —3/4 which is away from the continuum limit. For n; = 9,
ny = 3,t = —4/3, M(t) = —0.81 which is closer to the continuum limit (—0.82). Thus for
very small n;, with antiperiodic boundary condition, the convergence is from above. We can see
that results for very small n; are affected by discretization but reliable results emerge already for
ny = 9. The behavior of M (¢) as a function of ¢ for small values of n4 is plotted in Fig. 14.5. In
Fig. 14.6. we present the result for n; = 2001 and the continuum result. It is evident that DLCQ
reproduces the continuum answer for the entire range of ¢ including the forward scattering limit
t = 0 also for antiperiodic boundary condition.

The question whether DLCQ can produce the correct continuum limit is nontrivial in 3+1 di-
mensions due to divergences and the need to renormalize the calculated perturbative amplitudes.
Two dimensional scalar field theory allowed us to unambiguously answer this question. The con-
clusion 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 ¢t-channel. In the next sec-
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Fig. 14.3. The amplitude M (t) plotted as a function of log(—t) in DLCQ for ny = 10, 20, 30 and compared
with the continuum result.
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Fig. 14.4. The amplitude M (t) plotted as a function of log(—t) in DLCQ for n; = 2000 and compared
with the continuum result.
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Fig. 14.5. The amplitude M (¢) plotted as a function of ¢ in DLCQ for n1 = 3, 5,7, 9 for small values of ¢
and antiperiodic boundary condition.
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Fig. 14.6. The amplitude M (¢) plotted as a function of log(—t) in DLCQ for n1 = 2001 and compared
with the continuum result for antiperiodic boundary condition.
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tion, we will extend this analysis to the self-energy and scattering processes calculated in three
seemingly equivalent schemes, namely the genuine LF theory, the so called infinite-momentum
frame approach and the “near-LC” formalism.

15 LF, infinite-momentum frame and near-light cone perturbative amplitudes

Problems pertaining to compactification near and on the light front have become interesting
also in the context of string theory [125]. Compactification means that the space variable of a
quantum field has topology of a circle, so that in fact one is using a finite domain with periodic
boundary conditions. Perturbative scalar field theory has been taken as a testing ground for the
zero-mode dynamics encountered also in the string theory context [125]. In the formalism of
compactification near the light front certain divergences were found in the one loop scattering
amplitude in scalar field theory at finite box length as one tried to approach the light front. These
divergences were presumed to be caused by the longitudinal zero momentum modes in the light
front theory.

Zero modes in the light front formalism have been studied for a long time [13, 84, 126]. We
have already discussed the role of the dynamical ZM in the vacuum structure of the massive
Schwinger model and the constrained ZM in the two-dimensional Yukawa model. In the latter
case as well as in the DLCQ treatment of scalar field theory with periodic boundary conditions,
the zero modes are dependent and they have to be determined in terms of the non-zero modes
by solving a nonlinear operator equation. Thus the zero mode in scalar light front theory is
quite different from the zero mode in equal time theory where it is a dynamical mode just as any
non-zero mode. It is important to keep this distinction in mind.

Since zero modes pose a major challenge in the nonperturbative context, attempts have been
made to perform the quantization on a space like surface [127] close to the light front (a param-
eter 7 characterizes the “closeness”, see the Appendix). By taking  — 0 one is supposed to
reach the light front surface. 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 7 for any value of 7 since this pa-
rameterization simply labels different space-like surfaces. Thus any 1 dependence in an S-matrix
element signals breakdown of Lorentz invariance as in the results of Ref. [125].

Let us recall the major differences between the discretized versions of near light front theory
and light front theory. We shall restrict the "longitudinal” coordinate =~ to a finite interval while
keeping two transverse coordinates unbounded. To avoid confusion, we shall denote the light
front box length by L and the near light front box length by L.;. In order to check Lorentz
invariance one has to perform the continuum limit of DLCQ. Let us consider the mass operator
M? = PtP~ — (P1)2, where P, P~ are the light-front momentum and energy operators
and P+ = (P!, P?). In DLCQ one often introduces P* = 2K and P~ = ZH. The
semi-positive definite operator K, the harmonic resolution, is dimensionless momentum and H,
the Hamiltonian, has the dimension of M?2. In DLCQ the mass operator is given by M?2 =
KH — (P+)2. The box length L has disappeared from the operator. Eigenvalues of K represent
the total momentum of the system. The continuum limit is given by K — oo. This is to be
contrasted with the near light front discretization where the box length does not disappear from
the mass operator. Also the momentum operator is not semi-positive definite. Nevertheless for
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pP-q p

(a) (b)

Fig. 15.1. Two time-ordered one-loop diagrams of the boson self-energy in the Hamiltonian perturbation
theory for the A¢> model. Only the first diagram contributes in the LF case.

the ease of comparisons, let us denote the total dimensionless momentum in the near light front
case by K. The longitudinal momentum P in this case can take both positive and negative values
and we can put only | P |= 7T K.

The infinite momentum frame [128,2] is a concept that allows one to simulate perturbative
light front theory calculations in an equal time framework by taking the external total longitudinal
momentum to infinity. In scalar field theory, in the discretized version, one can ask whether one
can simulate DLCQ perturbation theory by considering the infinite momentum frame starting
from the equal time formulation. Obviously this cannot be achieved by taking K very large since
that should correspond to the continuum limit of DLCQ. One choice is to take L., — 0 since this
can simulate infinite momentum for non-zero modes. Then one can ask the question whether L,
drops out of scattering amplitudes and if they in turn approach DLCQ scattering amplitudes. Of
course by taking L., — 0 we have moved as far away from the continuum limit as possible and if
we find Lorentz non-invariant answers we should not be surprised. Another choice is to discretize
the near light front theory, let » — 0 and see whether L.; dependence drops out (characteristic of
the DLCQ formalism). At finite 1, L — oo readily reproduces covariant answers, but at finite L,
1 — 0 produces divergent answers. From this one cannot conclude anything about DLCQ since
Lorentz invariance is broken. Note that in the discretized near light front formulation, where
modes are specified by integers n, the expression %, encountered in [125], presents for the zero

mode (n =0) a % problem for  — 0 which means that the limit is undefined.

To clarify this issues, we perform and compare perturbative calculations for scalar field theory
in the continuum and discretized versions of three formulations, namely, light front quantization,
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 ¢ 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
perturbation theory, both in continuum formulation.

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. (15.1) ) in the light front case. Using the
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p-q

Fig. 15.2. Feynman diagram of the one-loop boson self-energy in the standard perturbation theory for the
A¢> model.

rules of light front old fashioned perturbation theory [6] (see also the Appendix), we have

.
1 PT dgtd?qt 1 1
E(p2):§A2/ T S o P U e i L R
0 (2m)? gt (p qt) p- — o - ot —gF + 1€

The factor 1/2 is a symmetry factor. Introducing y = q* /p™, we get

L / dyd®q™* !
22207 Jo Y YT — @D - m? 1 ie

J_)Q.

S(p®) =

(15.2)

with p* = p*p~ — (p
Note that the integrand is nonsingular at y = 0.

Next we derive this result starting from the Feynman diagram. The corresponding amplitude
Fig.(15.2) is

. 1 (—iN)? i i
—i%(p®) = < : : 15.
=) 2 (2m)4 /dkk2—m2+ie (p+ k)2 —m?2 +ie (15.3)

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

) i (—iX teo ) +°° 1
£(p?) :—2((%)1 f/ dk+/d kL/ o

X ) (15.4)
EL)2 i+kl 24m?2 . €
k — 7( )>+m + Zk o + k (p Pt 3(: + 'Lp 3

Let us now perform the k™ integration. Let p™ > 0. For k™ > 0, p™ + kT > 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™ + kT < 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
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get a non-vanishing contribution when k* < 0 and k™ > —p™T. Then, closing the contour in the
upper half plane, we get

1(— 2 0 + QkJ_
S(p?) = 7( i\) / dk™d o
22020 |, K + BT
1
X (15.5)
_ kL)24+m? L —kL)24+m? . e . e
D + ( 36_:!‘ _ (p p++3v++ _ ZF + ZW
or
1 o dg*d2q* 1 1
E(pQ) = 7)\2/ q (é + -+ + ( L)2+ 2 ( 4 L)2+ 2 (156)
27 20272 qt(pt —qt) p- - q+m - pf_(ﬁm i€

We recover the expression (Eq. (15.1)) from old fashioned perturbation theory with energy de-
nominator and integration over three momentum.

The same amplitudes can be calculated in the DLCQ framework. As we already pointed out,
light front quantization in a finite volume with periodic fields has some conceptual advantages.
First of all, it allows one to work explicitly with Fourier modes of quantum fields, carrying
vanishing light front momentum p™ — the zero modes. While in the case of gauge fields some ZM
are dynamically independent, ZM of scalar fields are always dependent (constrained) variables,
as follows from the structure of the equations of motion, containing 8,,0" = 49,0_ — 9% ,0% =
0;0;,1 = 1,2. Analogously to the case of two dimensions, due to periodic boundary conditions
inz~ and 2+ = (2',2?) (-L < 2~ < L,—L, < 2+ < L)), the full scalar field can be
decomposed as ¢(z) = ¢o(zT,21) + ¢, (21, ), where z = (7, 21). The mode expansion
for the normal-mode field ¢,, (z) is

1 1 { —ik T ik
n(z) = —= age™ ™ + afeke]. (15.7)
@) = 5 2 g L .
Here we have used the notation kz = Jkta~ — k*zt and k™ = Zn,n =1,2,...N, k*+ =
z—jnJ-, nt = 0,£1,42,--- £ N, . In the following, the integration over the 3-dimensional

volume V' will be denoted by [, d*z = § ffL dx~ ffl.: >zt
Let us calculate now the self-energy loop in the ¢? theory. The corresponding DLCQ Hamil-

tonian, obtained in the canonical way from the energy-momentum tensor, is
A
P = / >z [m2¢2 + (0L0)* + §¢3 . (15.8)
v

It contains ZM terms, which have to be expressed by means of the normal-mode field ¢, ().
To do so we need to obtain the lowest-order solution of the ZM constraint. As we have already
seen in the two-dimensional version of the theory, the latter is simply the ZM projection of the
equation of motion

(4040 =81 )p = —m*¢ — %qﬁz (15.9)
and reads
A [F da—
(m* = 01)do = 3 LL ;—L(qﬁé +¢2). (15.10)
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It can be solved iteratively and to the lowest order in \ one has

A1 Eda—

=——— — ;. 15.11

%o QW_%/?ﬂyn as.11)
The symbolic inverse operator (m? — 92 )~1 is defined in momentum representation by replac-
ing 02 by the minus square of the perpendicular momentum of the composite operator in the

integrand. In the Fock representation, one finds

A Ot wy  emilbi—ka)at Al 1
— al ap, — —=s— —,
V s /kii’k; m?2 + (ki — ks )2 BTz 92y v ki

LS EL)

po(z) = — (15.12)

where the second term comes from the normal ordering. This term will be neglected henceforth
because it generates divergent terms in the Hamiltonian, which are presumably a manifestation of
the well known pathology of the A¢? theory (no lower bound of the energy). Indeed, in the case
of the A¢* interaction, the constrained zero mode is expressed automatically as a normal-ordered
product of creation and annihilation operators without a c-number piece.

The interacting Hamiltonian P, , contains a term, corresponding to the usual one of the
continuum formulation, plus the ZM term, calculated to O()\2):

_ _ A
Py =Py + Py, Py = §/ dPze?, (15.13)
1%
_ A
%ﬁz/ﬁ%hwﬁ—ﬁmﬁ3%ﬁ+%%%+ﬁ%) (15.14)
\%

with ¢¢ given by Eq.(15.11). The symmetric operator ordering has been used in the last term.
The O(\?) self-energy amplitude, corresponding to the first term in (15.13), can be calculated
by the Hamiltonian (time-ordered) perturbation theory formula

7 = 5 PN (0] P ag|p)
=2 P~ —pa
n

7 (15.15)

where H; denotes the interacting Hamiltonian, |p) = af|0) and the summation runs over the

two-particle intermediate states |n) = 2_56021 a;rz |0). After inserting the field expansion (15.7)
and performing the operator commutations, we arrive at

5;0 p’ )\2 1 1
Tyi= S —Z (15.16)
+(pt — qt) (p1)2+m? (g1)2+m? (pr—qL)24+m?2’
pTVptV 4 n qt(p qt) - _ (4 = _ pg_qu
where ¢ < pt = 27K L7, |¢t] < 27TAJ_L11 and K, A, are integers. From this expression,
the continuum answer for the self-energy Z(pQ) (15.1) or (15.2) can be extracted in the infinite
volume limit K, L,A,,L; — oo (p™ kept fixed) with %Eg — ﬁ Ik %dQ(]J_, %%@ —
(2m)%6(p — q). We recall that X corresponds to the invariant amplitude M}; which differs by
(2m)? times the kinematical factor (first term in (15.16)) from ;.
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As we have anticipated in the previous discussion, the ZM Hamiltonian does not contribute
in the continuum limit. Indeed, the first term in (15.14) to O(A\?) is

Tt
Pgﬁ) _ 1 )\? { Z Okt ki Okt kit o 51& b b b ak L e, Ok, Oy
+ + T 712
1 e R kS Rk (b —kp)
T
1 af, ax, }

— — . 15.17
+ Z K2 m2 + (ki — kg )2 ( )

kyoky

The second term of (15.14) has the same structure with the individual coefficients —1 and —%
instead of the overall § and thus the full O(A\?) ZM Hamiltonian is equal to

—(2) 12 Ot kit Okt kb a} a} ay,a,
PZM = 75?{ Z 1 v 30 *6 J‘Jrk?J' ki‘ﬁ’kLmQ: (Z’J‘—kj‘)2
kyodey \ R kg Ry kL Lo
alak
Z k+2 m2 + —qh)? } (15.18)
Its contribution to the boson self-energy in the first order perturbation theory is
Ty = (15.19)

6 /p+Vp/+V er Z m2 + qJ_)2 .

The corresponding M -amplitude vanishes in the continuum limit due to the extra L~ factor (a
similar result in the case of 4;¢*(1 + 1) has been obtained in Ref. [51]:

1 A2 11 1
1y 2 1
S(p*,p )——f———/d gy pen—— L (15.20)

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

In order to calculate the one-loop scattering amplitude in DLCQ perturbation theory for
(41)~t¢* (3+1) model, we again need to derive the light front Hamiltonian with O(\?) ZM
effective interactions. Following the same steps as in the previous subsection with (3!)~*\¢?
interaction replaced by (4!)~*\¢*, we find

2\

- 2
Po=Tr | dzon@ + Po?. (15.21)

where the second-order ZM Hamiltonian is
P = / {d)o(m —BL)¢0+ 4¢o¢3 (15.22)

In the last term, the symmetric operator ordering between the lowest-order solution of the ZM
constraint

N1 /L¢a (15.23)
T T 3Im2—9% J_, 2L '
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and (bfL is assumed. In the Fock representation, one obtains

¢[)(xl) _ _é 13 Z 1 5k£,k;+f; —
2VE e etk ey P (R = ky — kg )?
x [aga;?%le*“’fﬁki*kl ot +h.c.}. (15.24)

Using the formula (15.15) with [p) — [p . p,), [p') — |p,,p,) and with four-particle interme-
diate states, one finds after a lot of algebra for the second-order NM scattering amplitude the
expression

T Op +p,m,4p, A > 1 y
! Vot Vot Vet y 4 S (s —pf —at)
pi Vs Vpy ViV q
1
X + (1< 3)

p3 —p; —(p3—p1—q)~
(15.25)

The continuum-limit invariant scattering amplitude M ;, extracted from (15.25), coincides with
the covariant answer. It follows that for consistency the ZM contribution has to vanish in the
continuum limit. That this is indeed the case can be checked in the first-order perturbation theory.
In the Fock representation, part of the ZM Hamiltonian relevant for 2 — 2 scattering, takes the
form

it
2t = Z Z Okt by thy 1 Ay A Ok, Ok,

4 vz F_ T Tyl _ 2
0t Ky ky ke kik;k;k{rkl_@szr(q +hy —ki)?

ZMa 4 V2
The corresponding scattering amplitude is

=~ 517 +p,.P, TP,
Ty = T Z 2 Ty T
\/pIVp?TVp?VpTV 8 Py~ m e +p1 - )
+ (1+<3) (15.26)
and the invariant amplitude M indeed vanishes for L — co:
Mfz( pl apd pll) =
N1l /d2 L ! +4(1 < 3) (15.27)
8@ e —pi L) " mE et pf —pf)?

15.1 Near light front approach

Let us focus now on the one-loop self-energy diagram calculated within the near light front time-
ordered perturbation theory. In the continuum version, for the ¢ self-energy, we have, using the
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formula (H.26) from the Appendix

2 1 2/+Oo dg_d*q* 1
E(p ) B 2A —o0 (27T)3 (7712(E0n(p) - Eon(q) - Eon(p — q)) + i€
1
15.28
77712(Eon<p) + Eon(Q) + Eon(p - Q)) — iE) ( )
21(p?) + (7). (15.29)

The two contributions correspond to two different time orderings (Figs. 15.1a,b) in old fashioned
perturbation theory.
Let us now take the 7 — O limit of these expressions. First consider ¥;(p?). We have,

3 2(m2+( L)z) . X
lim,, o Eon(q) =| ¢ | +% + .... Without loss of generality, we shall set p_ > 0.
Then we get
1 A2 [t 1 1
2% = / dg-d*q* X
2(2m)* J_oo 2[q-|2|p-—q-|
1
Ol el w20
n? n? n? 2p— 2lq-| 2lp——q-|
Now we have to distinguish various regions. For g_ > 0, p_ — q¢_ > 0, we get
I +oo 1 1
() = = / dq,/ ¢t — —— x
@) 2(2m)% Jo oo q- p- —q-
1

2
m24(pL)2  m24(¢H)2  m24(pt—ql)? + 0(77 )
2p— 2(q-) 2(p——q-)

(15.31)

which agrees with the light front answer. For g_ > 0, p_ — ¢_ < 0, the amplitude scales as 7>
which vanishes as n — 0. For ¢_ < 0, p_ — ¢_ > 0 the amplitude again scales as 72 and thus
vanishes also.

Next we consider X7 (p?). In the limit  — 0, we get

1 oo dg_d?¢t 1 1
Z[[(pz) = —*/\2/ el g X
2" Jooo @2m)3 2|q-|2|p-—q|

1
X . (15.32)

2 1)2 m2 1)2 m?2 1 _g1)2
#(Pf+|qf|+|pf—q7|)+m+<”) 4 mitlen )y mie(pr—g)

2p— 2[q—| 2[p——q-|

For the three cases namely, (a) g > 0, p_ —¢q¢— > 0, (b) g— > 0, p— — q— > 0, and (c)
q_ <0,p_ —q_ > 0, we find that X7 (p?) scales as n? which vanishes in the limit.

Thus we observe that for ¢3 self-energy, for finite 7 there are two time ordered diagrams. As
n — 0 the "backward moving” diagram vanishes as 1> and we get the light front perturbation
theory answer. It is important to note that for any value of 7, the sum of the two contributions
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should be independent of 7 as dictated by Lorentz invariance. However, it is sufficient for our
purposes to show 7 independence in the limit n — 0.

Let us now consider the first term of ¢ self energy diagram (Fig. 15.1a) in the discretized
version. Restricting the longitudinal coordinate to a finite interval, we obtain

Sip?) = i Z/ﬁl 1 .
\p 9 2m)2 2\/n7r +77(( )2_|_m2)
1
X - (15.33)
2\/(W)2 F2((pt — gt)? +m2) (B — Er) + ie

where the energy of the initial (i) and intermediate (I) state is given by

B = O oty ),

Ep = \/(T) +n*((q )2+m2)+\/((j_Ln)7r)2+772((pLql)2+m2) (15.34)

and the discretized longitudinal momenta are

nm

q- = T j i n,j=0,£1,£2,... (15.35)

For j,n # 0, as n — 0, we get the result independent of 7 and L.
For n > j, the amplitude vanishes as n?L? for fixed L. For n = j = 0, the amplitude

diverges as -1-.
n
For Fig. 15.1b, we have

() Z/fL ! »
I =
2L 2m)2 2\/(%)2+772(((]L)2+m2)
1 1
x . (15.36)
2\/(W)2 F2((pt — qL)2 + m2) ,,%(Ez + Ep) — e

For j,n # 0 as  — 0, the amplitude vanishes as n?L2. For n = j = 0, the amplitude di-
verges as L— It is not difficult to understand the origin of this divergence. We have already
seen that there is no dynamical scalar zero mode on the light front and thus the sum over inter-
mediate 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 pe-
culiar (divergent) regime of the space-like theory. The light-front theory has its own mechanisms
(constraints for zero modes) to replace this “missing” dynamical mode.
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15.2 Infinite momentum frame approach

Let us calculate the same self-energy diagram of the ¢> theory in the infinite momentum formu-
lation. Using the rules of old fashioned perturbation theory, we obtain

S(p?) = 1A2/+Oo dq 1 1 ( 1
P)= 9% | (@n)P2E,2E, ,\E, — B, — E,_, +ic
1
- . 15.37
Ep+Eq+Ep_q—ie> (15.37)
= X(p») +Z1(p?). (15.38)

Here E, = \/p? + (p+)? + m2. For ease of notation we have denoted the third component
of the three-vector p as 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~ — ¢*). Tt is important

to note that the range of x is —oc0 < x < +o00. Now % = %. Let us now take the
q aq
infinite momentum, p — oo limit of these expressions. It follows that % — %Id%\’ E, —|z |
q
2+( L)Q
P+ 2Iacl\lp
First consider ¥7(p?). We get
1 A2 [re 1 1
507 = e | P o g X
2(2m)3 J_o 20 2|1—xz|p
1
X 2 132 2 1)2 2 £ 1y2 (15'39)
+ + +(pt—
p(i= | = 1= |)+ 25l — mopl - e o)

Now we have to distinguish various regions. For x > 0,1 — 2 > 0, we get

2x 2(1—x)

5% = -2 1d ! 15.40
I(p )_ iw 0 xm2+£pJ_)2 — m24(¢h)? m2+(pt—qL)? (15.40)

which agrees with the light front answer. For z > 0, 1 —z < 0, the amplitude scales as p% which
vanishes as p — oo. For x < 0, 1 — z > 0 the amplitude again scales as p% and vanishes in the
limit.

Next we consider X77(p?). In the limit p — oo , we get

L A2 e 1 1
S = i A d 15.41
1) 2(277)3/00 Yz 2 l—z]p (15.41)

1

m2+(pi)2
2p

X

(P(1+ lz|+]|1—2|)+ 4omHeh)? | m2+(poqL)2> '

2|z|p 2[1—z[p
For the three cases namely, (a) x > 0,1 —2 > 0,(b)z > 0,1—z < 0,and(c)z < 0,1—z > 0,
we find that ¥77(p?) scale as piz which vanishes in the limit.

Thus in old fashioned perturbation theory in the infinite momentum limit (p — o), the

“backward going diagram” vanishes as p% in accordance with Weinberg’s results [2].
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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 < 23 < +L. The longitudinal momenta ¢®> — ¢> =
7n,n = 0,£1,4£2,.... The field operator at ¢ = 0 becomes

o(x) = rz/ & lF [an(gh)e ™+ o (g e

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

n'ru.

—iq* } (15.42)

I ph). We get

d?q* 1

1
: | &
(p 2LZ 27T 2\/ 7L7T —|—M 2\/ j— n)Tr —|—M( qL)

1
(WL) 2 M(ph) - ¢<"—;>2+M<qL>—WW)HM@L—H

_ ,  (15.43)
VE+ M) + o)+ Mgt + /(42 (L—ql))

where we used the abbreviation M (pt) = (pt)? + m?, etc. If we take the continuum limit,
then ﬁ don— ;—g 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.

Suppose one takes the limit L — 0, which is the opposite of the continuum limit L — oo.
This is an attempt to simulate DLCQ results in a space like box. We do not expect the result to
agree with the continuum limit of DLCQ which agrees with covariant perturbation theory results.

Forn # 0,7 # 0,n < j, in the limit L — 0, the amplitude becomes independent of L. For
j = n = 0, the amplitude diverges like % For n > j the amplitude vanishes like L2. But none
of these results have anything to do with either continuum or DLCQ results.

We should summarize the main conclusions of these a bit lengthy but instructive calcula-
tions. The first of them is a demonstration of one important feature of the covariant perturbation
theory, namely that when Feynman amplitudes are rewritten in terms of the light front variables
and the contour integration in the light-front energy complex plane is performed, the Feynman
amplitudes reduce back to the continuum light front answers [3]. Also, as stressed already by
Weinberg in 1966 [2], the light front perturbation theory (old-fashioned perturbation theory in a
reference frame with ”infinite-momentum’ at that time) is more economical in the sense that one
does not need to introduce Feynman parameters to combine propagators in the corresponding
integrals, and the four-dimensional Euclidean integration is replaced by a two-dimensional one.
Feynman parameters appear in the light front formulation naturally as light front longitudinal
momentum fractions.

More specifically, after demonstrating that the continuum light front perturbation theory has
no problem with zero modes and its results agree with the covariant results, we have analyzed
the continuum limit of the light-front perturbation theory formulated in a finite volume with
periodic fields (DLCQ method). This investigation was motivated by claims [125] that DLCQ
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is ill-defined since it is divergent when formulated as a limit of the space-like quantization on a
hypersurface close to the light front [129]. In this connection, we have first shown that the DLCQ
perturbation theory is consistent, because parts of the perturbative amplitudes due to the effective
interactions induced by the constrained zero mode vanish in the infinite-volume limit and the
covariant results are reproduced. Second, when one considers the light front limit (n — 0) of the
near light front discretized amplitudes, the zero-mode contribution indeed diverges for fixed box
length. But this disagrees with the light front answer and actually cannot tell anything about the
light front zero modes. The point is that the light front zero mode is not dynamical in the scalar
theory and thus it is not present in the complete set of intermediate states. By letting n — 0
one is forcing the dynamical space-like zero mode to exist on the light front which leads to an
incorrect, diverging amplitude.

In other words, 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 relevant for the light front theory is that the “light-like compactification” is
feasible and DLCQ is a consistent scheme. The discretized (compactified) formulation of the
quantum theory on the light-like surface does exist as a straightforward light front field theory,
but not as a limit of a space-like compactification.

16 Concluding remarks

Our intention in the present review was to give a pedagogical introduction to quantum field the-
ory formulated in terms of light front space-time and field variables. We have tried to ellucidate
principal differences between this approach and the usual field theory starting with the example
of free massive scalar and fermion fields. We compared derivation of the vacuum state in both
forms of field theory and reminded a few additional general aspects of the operator formalism
not so frequently discussed in textbooks nowadays like causality and unitary non-equivalence of
the fields with different masses. A large part of the review was based on the views and results of
the present author (and in many cases also of his collaborators). The underlying general attitude
is that although the light front field theory is a very promising theoretical scheme, one has to go
beyond the conventional schemes to uncover its full potential. In particular, an opinion was em-
phasized that the concept of the non-perturbative LF vacuum as a state without particles is sound
but not sufficient. We believe that it requires additional mechanisms to make it more complex.
Details of such mechanisms depend on the dynamics and/or symmetries of the given model. It is
possible that simplifications of the LF formulation could make an explicit construction of a com-
plex non-perturbative vacuum state possible in case of simpler models like for example massive
Schwinger model. Approximate description of degenerate sets of vacuum states was discussed
also for the case of spontaneous breakdown of global symmetries as well as for abelian gauge
symmetry. A conceptual basis for most of our analyses is formed by the quantization of LF fields
in a finite volume with (anti)periodic boundary conditions in space coordinates, on the corre-
sponding canonical operator formalism and on implementation of symmetries at quantum level
in terms of (regularized) unitary operators. A necessity of paying attention to mathematical sub-
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tleties especially in the continuum formulation was pointed out and illustrated with the example
of vanishing of surface terms in the commutators of the Poincaré algebra.

One of our aims was also to hightlight advantages of the light front formulation as compared
to the conventional field theory. We discussed a few cases where the LF simplifications are
quite striking. A simple example is the structure and solutions of the Dirac equation in two
dimensions. One could compare also Hamiltonians of the LF and conventional formulation of the
explicitly soluble Federbush model. The Hamiltonian LF diagonalization was shown to be very
efficient in obtaining non-perturbative information about detailed properties of quantum solitons
not available from lattice calculations. A detailed comparison of the conventional ’covariant”
perturbation theory and the Hamiltonian LF perturbation theory showed that inspite of larger
number of diagrams the latter is a very efficient tool and actually captures just the non-zero part
of the usual perturbative amplitudes. A related observation is that the LF field theory cannot be
obtained as a light-like” limit of the conventional theory quantized on a space-like hypersurface
because this limit is singular. The two formulations of field theory have different structure of field
degrees of freedom and hence transition from one representation to the other cannot be smooth.

We would like to conclude our discussion with two observations. First, one has to admit
that despite its potential, the structure of the LF field theory is still not understood sufficiently
well and its novel predictions have been so far rather rare. Our goal here was to at least par-
tially explain why the LF formulation is considered by many workers to be conceptually as well
as computationaly very well suited as a natural ’language” for relativistic elementary particle
physics. It is probable that some solutions proposed by the present author are far from being per-
fect and will require further improvements. We believe however that they point out to the correct
direction. We apologize to many colleagues in the LF community whose work did not find a
proper space in this review. One reason is a certain heterogenity of the LF conceptual basis that
is also reflected in the LF literature. Our intention was to make a modest attempt to formulate
and interpret the LF theory, its ideas and predictions from a unified point of view.

Acknowledgement: This work was supported by the grant No. APVT 51-005704 of the Slovak
Research and Development Agency, by the French NATO fellowship and by the IN2P3-CNRS.
Hospitality of the Department of Physics and Astronomy of the Iowa State University and of the
LPTA Laboratory at the Montpellier University where parts of this work have been done is also
gratefully ackowledged.

Appendices

A Postulates of quantum field theory

Over its development, quantum field theory has been formulated on different levels of mathemat-
ical rigour. Nowadays it exists on the one hand in the form of a pragmatic computational scheme,
based on the use of Feynman integrals for calculation of observable processes perturbatively, on
the other hand in the form of highly abstract algebraic scheme, called local quantum physics.
At present, we are far from the situation of the non-relativistic quantum mechanics, where the
conceptual and mathematical foundations are in a reasonable symbiosis with the calculational
strength. One important branch of a more rigorous approach to QFT was due to Wightman [130]
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who (among others) tried to define a minimal set of mathematical assumptions derived from ob-
servable phenomena. A modern formulation of general non-perturbative aspects of QFT can be
found for example in lectures by F. Strocchi [22]. We include here a list of this postulates in
a “’popular” form for completeness since we referred to some of them in our disussion of the
vacuum states in the main text. This list is probably not a unique one, in particular, the discov-
ery of spontaneous symmetry breaking and gauge theories lead to relaxation of some postulates
(uniqueness of the vacuum state, e.g.). The axioms can be divided into three main groups:

1. Postulates of quantum theory and covariance (structure of the Hilbert space, representa-
tions of the Lorentz group, definition of a quantum field).

2. Postulates of microcausality (or locality): Commutator of two operators that represent ob-
servable quantities vanish for space-like separations of their space-time arguments. This
incorporates the fact that due to the finite speed of light such two points are causally inde-
pendent.

3. Spectral postulates

(a) in a general form: the spectrum of energy-momentum is contained in the closed
forward light-cone V., which means that a,, P* is a positive operator for every a* C
vy

(b) in a sharper form, the following requirements are added
1) the existence of a vacuum state, that is of a normalizable Lorentz invariant state
10)
ii) the existence of an eigenstate spectrum of the mass operator M? = [:’“]5“ and
the identification of the particles described by quantum field theory with these eigen-
states.

B Quantization of massive scalar and fermion fields

B.1 Fock representation, operators of energy and momentum, ground state

In this Appendix, a few details of the calculation of the energy and momentum operators for the
free massive scalar and Fermi fields are given. The formulae we need are

)e~ P 4 aT(p)eipw], [a(p), at(q)] = Gpq- (B.1)

1
P(z) = zp: NamD) [a(p
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For P! and at t = 0, we have

+L

_ /dx80¢61¢ — /_LL dm{ Z(_Z> w4(j];) [a(p)eim' - aT(p)e—ipx]

- L p

> T e - a*<q>e-"‘n]} =

Pl

+L
= Z z dxe i(p+q)z _ a(p)aT(q) /dxei(p—q)w _
~L
— al /dme ir=a) 4 qf( /dxe p+q)
= -3 Zp[a(—p)a(p) — a(p)a’(p) — a’(p)a(p) + a' (—p)a' (p)], (B.2)
p
where we have used the relation
+L
/ dze P~ =215, (B.3)
~L

and one summation was performed in the last step using this identity. Now, the first and the last
terms in (B.2) vanish since the summation runs over positive and negative values of p = 27n/L
and the change p — —p leads to the relation of the type A = — A for these two terms. The
second term can be rewritten with the help of the commutation relation (B.1) as a(k)af(k) =
a'(k)a(k) + 1 and we finally get

= pa'(palp) + % dop (B.4)

The last term is a divergent constant which is physically irrelevant since it cancels in the phys-
ically measurable differences of the momenta of the given states. Formally, this subtraction is
accomplished by prescribing the normal-ordered definition for P*.

The calculation of the Fock representation of the Hamiltonian proceeds in a similar way.
Evaluating the three terms in

+L
H= /d:z: E(@oqbQ) + %(31(;5)2 + %uW]- (B.5)

—L

separately, using the formula (B.3), performing one summation by means of the Kronecker sym-



534 Light front field theory: An advanced primer

bols and grouping the coefficients of the four operator structures, we find

Ho= 33 (e - g Jetmate) - (w6 + E A awa ) -
- (o) et hal) + (o0 - Dl el )] @9

In this case the trick with p — —p does not work because there is no term linear in p and
w(—p) = w(p). The first and the last terms vanish simply because their coefficients are equal to
zero while the coefficients of the second and the third terms are equal to 2w(p). In this way we
get

H o= 23w al)a () +a' p)alp)],
H = > P>+ p2d (pa(p), (B.7)

where the infinite constant 1/2 > w(p) was subtracted by the reasons mentioned above.

Let us sketch the similar calculations for the massive Fermi field. We will start from the
old-fashioned “’pre-hole” formulation and show in detail how the Dirac’s reinterpretation of the
negative-energy solutions of the Dirac equation leads to the particle-antiparticle picture. In two
dimensions, the free Dirac equation looks formally like the usual four-dimensional one:

(iv"0,, — m)p(z) = 0. (B.8)

The simplest realization of the three «y-matrices is given in terms of a set of 2 X 2 matrices which
we choose for definiteness as

_o_ _ (1 0 1 a1 . 0 1
ﬁ_’y _0—3_<0 _1)7’}/_504 _10-2_<_1 0)7

1
0 > . (B.9)

01,092,035 are the Pauli matrices. Transition to a different representation is possible by using a
suitable unitary matrix.
Let us look for the solution of the Eq.(B.8) in the form

= O

75:7071:(3&1:01:(

Y(z) = u(p)e” 7. (B.10)

The general solution will be a superposition of the plane waves (B.10) with some coefficients. It
is clear that the quantity u(p) is a two-dimensional object because (B.8) is a 2 x 2 matrix equation

< i80 —m z’@l

. 0.0, . 1.1
Lo —igy—m )u(p)e”’ wiptal — (B.11)
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Writing u(p) = < Z > and performing the derivatives, we get a simple system of two linear

equations
(p° —m)a —p'b =0, pta— (p° +m)b =0, (B.12)

which has a solution if the determinant of the matrix in p-representation, m? — (p3 — p?), is
equal to zero. Hence we have two types of solutions: one with positive and one with negative
energy, p® = 4++/p? + m2. Let us concentrate on the former one first. Eliminating for example
a from the first equation and inserting it to the second one leads to an identity, i.e. the equation
is satisfied for arbitrary a. Choosing the simplest option, a = 1, we get b = (E(p) — m)/p and

1 1
uP)=N| E@)-m =N < » > , (B.13)
P E(p)+m

Here and in the following, E(p) = ++/p? + m2. N is the normalization factor. Also, we are
using the notation p instead of p' if there will be no danger of a confusion. We will apply the

covariant normalization condition, u' (p)u(p) = Eff ) which leads to
E(p)+m 1 Ep)+m ( 555mm
=4/ L (=p) =) L m ). (B.14
u+(p) 5 —— (=p) 5 1 (B.14)

We have also displayed the second solution, u_ (—p), which corresponds to the equation (p,v*+
m)u(p) = 0. The latter is obtained from the original one by changing p* — —p*, i.e. u_(—p)
is a negative-energy solution with —p'. As a result, we have two independent solutions of the
Dirac equation, namely

wi(p) = uy (p), wa(p) =u_(—p). (B.15)

The first one corresponds to the positive energy, the second one to the negative energy. The full
solution is a superposition of the plane waves with momentum-dependent coefficients and reads

1 m —ip.T ip.x
w<x>=m;,/w[bl(p>wl@>e + ba(p)wa(p)e™ . (B.16)

The hermite conjugate field is defined as

1 m ip.x —ip.T
wux):@;,/ﬂm[b{(p)wkp)e + bhp)whp)e")|. B.17)

In the classical theory, the coefficients b are simply c-number amplitudes and we have the com-
plex conjugate b*(p) instead of b'(p). In quantum theory, these coefficients are operators that
incorporate the property of creating and annihilating a particle with a mass m and momentum p.
Choosing a commutation relation for these Fock operators would result in violation of the Pauli
exclusion principle which is valid experimentally for real fermions and which is assumed also in
the "toy” two-dimensional models. The anticommutators

{b:(p), (@)} = {br(p)bL(q) + bl (@)br(p)} = 6,s6(p — q), 7,5 = 1,2,
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{br(p), bs(0) } = {bl(p),bl(a)} =0, (B.18)

incorporate correctly the Pauli principle. For example, we get for the number operator Ny (p)
(see below)

N%(p) = bl (p)b1(p)b](p)b1(p) = b} (p) (1 — L (p)b1(p))b1(p) =

=bl(p)b1(p) = N1 (p), (B.19)

where the property bl (p)bl(p) = b1(p)bi(p) = 0 implied by the above anticommutation re-
lations has been used. It follows that the occupation number for a state with given mass and
momentum p can only be zero or one.

Let us calculate the Hamiltonian in terms of the b(p), b'(p) operators, that is in the Fock
representation. Inserting this expansion into the Hamiltonian

+L
H= /dx[— %wTal o ¥ +mytBy] (B.20)
—L
and evaluating all terms using the formula of the Kronecker symbol (B.3), the ”spinor” identities
(B.32) below as well as the relations

w](—p)atws(p) = wh(—p)atwi(p) = 1,

wi(=p)Bws(p) = —wl(—p)Bwi (p) = —p/m, (B.21)
we get
mp [p (1
H = d W[E (b{(p)bl(p) *bi(*p)bz(*p))

— b{(=p)ba(—p) + b} (p)bl(p)} +
b (b )b o) - -pa(—p)
— E(p)
p
+ 2 (0l (-p)ba(-p) - bl 0) ). (B.22)
The terms off-diagonal in Fock operators cancel and using p? +m? = E?(p) we find

H=Y E(p)[Ni(p) - N_(0)], Ni(p)=0bl(p)b1(p), N_(p) =b}(p)ba(p)- (B.23)

We have written bg (p)b2(p) instead of b;(*p)bg(*p) in the above expression because E(p) is
quadratic in p and the change of variables p — —p leaves it unchanged. One notices immediately
that the modes corresponding to negative-energy solutions contribute to the Hamiltonian with a
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negative sign and hence the energy operator is not positive definite. Dirac has overcome this
difficulty by assuming that the physical vacuum satisfies the conditions

N_(p)[0) = [0), Ny(p)|0) =0, (B.24)

for all momenta p. This means that the vacuum state |0) has all negative-energy states filled (due
to the exclusion principle, there is only one fermion for given p) and the positive-energy states

are empty. Then the vacuum energy has an infinite negative value £y = — o F (p):
H|0) = Z E(p (B.25)
and the same is true for the vacuum charge Qg = —e > » 1, where
+L
Q= /dm/ﬁ S Z Ni(p) +N_(p)]. (B.26)
L

However, since only differences, not absolute values of these quantities are measurable, we can
replace

H — H_EOZZE + (1-N_(p))],
Q — Q—QOZ—BZ Ni(p) — (1= N_(p))]. (B.27)

A negative-energy state contributes only if the value of N_(p) on this state is zero, i.e. when this
state is empty, and the corresponding contribution to energy and charge is positive. Thus such an
empty state is a state of an antiparticle and this can be formally incorporated to the formalism by
writing

ba(—p) = d' (p), b5(—p) = d(p). (B.28)
Sometimes this reinterpretation is expressed in a form of a Bogoliubov-type of transformation
b(p) = 6(p")b1 (p) + 6(—p°)b(—p), d(p) = 6(p°)ba(p) + 6(=p°)b] (—p), (B.29)

where the step function 6(x) = 1 for > 0 and vanishes for z < 0. The second term in the
expressions for modified H and ) (B.27) now reads

1= N_(p) =1 — bh(—p)ba(—p) = ba(—p)b(—p) = d' (p)d(p). (B.30)

We then get for the field expansion and the Fock anticommutators the commonly used formulae

)= > | [0 + done]

{b(p),b'(q)} = {d(p).d" (@)} = pq. (B.31)
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where u(p) = w1(p), v(p) = wa(p). The ”spinor” identities that will be useful in the course of

the calculations are

S

p

ul (p)y°v(=p) = =0T (p)y u(—p) = —=. (B.32)

m

In the case of the Federbush model, we also used the identities for different momenta

u' (p)

ul(p)

o u

a~v

(9)

(9)

vt (p)v(q)
E(p) +m [E(q) +m pq
\/ 2m 2m (1+ (E(p)—|—m) (E(q) —|—m))
fi(p,q),
vt (p)u(q)
)

o v(q)
E()+m [E(g) +m Pq
\/ 2m \/ om (1 B (E(p) +m) (E(q) —|—m))
fs({% q)

fa(p,q). (B.33)
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Using the relation (B.32), we have

P = /dxwam =

— e~ tPT T ipw
z/dx{ 2LE +d(p)v'(p)e } X
-L

x z@z@yq[m< ]} -

= mg B[4 @ 0)b(0) — ! @)=}t (p) ()

+ ol (p)u(—p)d(p)b(—p) — v' (p)v(p)d(p)d! (p)} - (B.34)

In the last step, one summation was performed by means of the Kronecker symbols d,, +,. With
the help of appropriate spinor identities from the list (B.32), we can see that the second and the
third terms in (B.34) vanish. Using the anticommutation relation d(p)d'(p) = 1 — d'(p)d(p) in
the last term and subtrating the infinite irrelevant constant — > » P, we finally obtain

Z p[bT p) +d (p)d(p)]. (B.35)

The calculation of the Hamiltonian is only slightly more complicated because it contains two
terms. We can proceed as for the momentum operator: insert the field expansions, integrate over
x and perform summation over one of the momenta by means of the Kronecker symbols, or
simply combine our erlier resuls (B.27) and (B.30) to obtain

+L

H = / e[ — il oy +mpiy '] = > E(p) (b1 (p)b(p) + d (p)d(p)).  (B.36)
L p
B.2 Negative-energy solutions for the LF fermion field

It is instructive to analyze the problem of negative-energy solutions of the Dirac equation in the
light front theory. One immediately notices the striking simplicity of the LF description. As
mentioned also in the main text, two projections of the LF Dirac equations

2004 2(x) = mapy (x), 200_11(x) = mapa(x) (B.37)
can easily be combined into one equation for the dynamical component,
(4040 —m)ia(z) =0 (B.38)

which replaces the matrix equation (B.8) of the space-like theory. As in the latter, we are looking
for the positive-energy one-particle solutions

Yo(z) = e e = e PR TaPn T p = 2mn/L. (B.39)
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For the sake of this discussion, we have imposed periodic boundary conditions in x~ for the
Fermi field. Notice that there is no ”’spinor” part multiplying the plane wave because the equation
is free from any matrix structure. Inserting (B.39) into Eq.(B.38) yields

P oy (@) = m* s (). (B.40)
The negative-energy solution exp (ip“x”) leads to the same relation which simply reproduces
the dispersion law for a free quantum, p~ = m?/p*. For positive (negative) p*, p~ is positive

(negative). The general solution will be the superposition

1 Cipprt _
L/Jz(x) - r Z pn

= ﬁZ A LA R Y (s PETE s R PR - #13))

It is in principle sufficient now simply to redefine b(—p:¥) = df (p;}). To paralel the discussion of
the space-like fermion field, let us show in details the introduction of the Dirac sea. The solution
of the constraint (the second equation in (B.37)) is given by

Z JemsrE et _p(phesr i (B4
n 1 pn
This can be checked by inserting the latter into the original constraint or derived formally by
means of the Green function (see the main text). If we insert these two components expressed in
Fock representation into the expression of the LF Hamiltonian, also derived in the main text, we
get

2

+L -
P~ =m /d‘% [wlus +wlvn| = 3 7}% [N i) = N- (=),

n=1

Ny(ph) =b(ph)b(p), N_(—pf) =b'(—p)b(—p). (B.43)

The mixed terms vanished because the =~ -integration gives for them L(Spj,“_ ot = Loy, —n =0
for positive m, n.

Obviously, the above Hamiltonian is not bounded from below and this disease can be cured
like in the case of the space-like field, assuming N4 (p;)|0) = 0, N_(—p;})|0) = |0).

B.3 Orthogonality of Fock spaces for different masses — more details

Let us study two real scalar fields ¢1(x), ¢2(x) (2.3) with masses 1 and ps. Let us assume
that the Fock operator algebra (2.5) is satisfied separately for two species of the creation and
annihilation operators which are independent, i.e. [a1(p),a2(q)] = [al(p),ag(q)} = 0, etc.
Since the field equation (2.1) is second order in the time derivative, let us choose the boundary
conditions at the initial time ¢ = 0 as

¢1(0,.’I}) = ¢2(07x)780¢1(07x) = 80¢2(07 (E) (B44)
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Inserting the field expansions (2.3) with the same momentum p into the two relations (B.44),
changing p — —p in the second (creation-operator) parts and comparing the coefficients at the
same plane waves, we find two algebraic equations

1 R L 4
mal(pHmal( p) = N z(p)+\/@ 2(—p),
Vwray(p) — wral(—p) = wzaz(p) — v/wzak(—p) (B.45)

for four operators ai(p),a}(p), as(p),ab(p) Wi(p) = w1 = +v/P? + i, wn(p) = wr =

++/p? + p3). The solution expresses the annihilation and creation operators of the first scalar
field as a linear combination of the Fock operators of the second field:

1
ai(p) = N [(Wl + wa)az(p) + (w1 — wg)a;(—p)}
c1(p)az(p) + c2(p)ab(—p). (B.46)
This relation permits us to express the vacuum of the first scalar field, defined as a; (p)|01) = 0,

in terms of the vacuum of the second scalar field, defined as as(p)|02) = O (the vacua are
normalized: (01|01) = (02]|02) = 1) in the following form:

|0;) = Kexp (Z c3(p )) 02) = AJ02),
- Wy — W1
cs(p) = s T wn)’ (B.47)

where K is the normalization factor

_ wi)?
exp{ Zln (1 — (@ + wl) )} (B.48)
Indeed, using the operator identity B exp(A) = exp(A)B — [4, B]exp(A), we get

exp(zc3 Dal(e >)|o2>—exp(2c3 (@)ab()a}(~a) ) az(p)|02)

= > cala)[ab(@)ab(~a), exp(ZcS Y(=a))[02)

= (e3(p)al(=p) + es(—p)ab(—p)) exp (Z% }(=a))[02),

where we have used the vacuum definition ax(p)|0) = 0 as well as the commutator

[ag(p), a;(q)ag(—q)] = a;(—q)(qu + a;(q)6p77Q' (B.49)



542 Light front field theory: An advanced primer

With this result, we get by means of (B.46)
ar(p)|01) = K(ci(p)az(p) + ca(p)ab(—p)) exp (Z 03(61)@(61)@3(—61)) |02) =
q

= K(2a @) + e2(p) )al(—p)Al0z) = 0, (B.50)

because the terms in the bracket add to zero (we have also made use of ¢3(—p) = c3(p)). Thus
we can see that the complicated exponential state (B.47) is indeed the vacuum state for the
annihilation operator a;(p). Now we are ready for a very important statement: the vacua |0;)
and |02) are orthogonal in the continuum limit. Indeed, we find

(02]01) = (02]AJ0s) = K, (B.51)

because the creation operators in the exponent of A annihilate |0) when acting to the right so that
only the factor 1 yields a non-zero contribution leading to (02|02) = 1. Now, using the relation
Zp — % f dp (2L is the volume” of our one-dimensional space) for a transition from the
finite to infinite volume, we get

Kexp{i/dpln(lw)}. (B.52)

(w2 +w1)?

The integral will be a negative number because its integrand is negative for —oo < p < oo since

it is equal to — In (% + (e + :’—f)) Thus K will approach zero as exp(—cL), where ¢ is a
positive number. In other words, in the infinite-volume limit . — oo, the overlap between the
two vacua as well as between arbitrary Fock states vanishes, i.e. the two Fock spaces become
orthogonal. This means that there is no unitarity operator connecting these two spaces and one

says that they are unitarily inequivalent.

B.4 Explicit form of the Pauli-Jordan function in two dimensions

It is instructive to compare the LF calculation of the Pauli-Jordan commutator function with the
conventional approach. In the latter case, the definition of the PJ function of the scalar field
yields after inserting the field expansion gives

13,1
i@ = [00).00)] = a5 [ S {4mela)o! —a') x

~ 67iw(p1)m0+iplz1 _ 47‘(’0)((]1)5(]71 _ ql)eiw(pl)xofiplxl} —

1
_ i/ dp {e—iw(pl)zo-i-iplwl _eiw(pl)wo—iplwl}. (B53)
i ) W

The latter expression can be rewritten in a manifestly covariant form as

1

Az) = o /de e(P*)d(p* — p?)eP", (B.54)
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Similarly, one has for the two-point correlation function

d1 (oI (20 — 2,0 inl(pl 1
Dle—y) = Qoo = = [ g {ewnernrrean)

d?p 2 2\ —ip.x
= /ﬁé(p —pe . (B.55)

Calling 2! = z, p' = p, w(p) = ++/p? + p? = p for simplicity and making the substitu-
tion p° = msinh ¢, p = p cosh ¢, we have to calculate the integral

1 +Ood —i(p°z® —pax 1 e —ip(x° cos —x sin
f<x)=5/,m p%j T = | dpeniememrhe), (B.56)

Now it is necessary to distinguish four cases:

1. 2°>0, 2° >z, 2.2 >0, 2° < z,

3. 20 <0, [2° >z, 4.2° <0, |2°] < =, (B.57)

because the integrand has different structure for these four cases and hence the results will differ.

For the first case, set z° = v/ cosh Yo, T = VAsinh o, Where \ = x? = x% — xf This
choice respects positivity of both 2° and z as well as the relation of their magnitudes. Using the
formula cosh(¢ — ¢g) = cosh ¢ cosh g — sinh ¢ sinh g, we find

1 [+ .
f(l‘) / d@eflﬂ\/XCOSh(gpfcpg). (BSS)

:E .

The table of integrals [25] tells us that the latter integral is equal to

flz) = —iJo(uﬁ) - iNo(M» (B.59)

Jo and Ny are the standard Bessel functions [25]. One can proceed similarly for the other three
cases with the overall result for the two-point correlation function

D(z) = 730()\) No(uv/\) + isgnono(uﬁ)} + %9(4)1{0(#\5). (B.60)

Note that in the LF calculation we did not have to perform the sophisticated change of variables
and four cases of the integrand were available immediately.

C Details of calculations of discrete LF correlation functions

Let us describe the main elements of the calculation of the Pauli-Jordan function ﬁ(x) in the
finite volume. As shown in the main text, there are a few contributions to the integral represen-
tation of the discrete PJ function corresponding to the segments of the rectangular integration
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contour. On the segment C; we have u = iv, where v is positive real. One immediately finds
that this contribution to D(x) may be written as

) TQ+E . TR
oo” / dodo(2v/) cot (= £)/(2Q) = 15 / dvJo(21/0), 1

where P denotes principal value. Each of the two integrals is real and finite. The second term
can be evaluated in closed form and the result is

_LVTOEE 0/ E), (€2)
8w Q

and in particular it vanishes in the large () limit.

In order to obtain the I. — oo limiting behavior of the first term of (C.1), one can replace the
cotangent function by the inverse of its argument, so that after the change of variable v = w? /4
one obtains

o0

1 J@ys) 1 [, whw) 1
Pﬂ/dvﬁ = P%/dww2 % —ZN0(2\/E). (C.3)
0 0

On the infinitesimal semicircle Cy defined by u — i = ee??, —7/2 < 0 < 7/2, with ¢ — 07,
we may use the approximation
1
~~ Qw . (C4)
exp (é(u—z{)) -1 ¢€¢

Replacing further the function Iy by its value at ug and using the relation [25] Io(2iv/€) =
Jo(21/€), we find that this contribution to D is equal to 1e=Jo(2v/€). Note that this quantity is
independent of L and thus survives in the large-() limit.

On the horizontal semi-infinite line C5 we may write u = i€ + Q(im + v), where v is real,
positive. The contribution to D(z) is given by

1 1
— | dv———
47 Ue”—l—l
0

Jo(2vV€ 4+ mQ — iQu). (C.5)

The asymptotic analysis of Eq.(C.5) in the limit Q — 400 is very lengthy and involves sub-
stitution of an integral representation of .J; combined with the method of steepest descent. The
final result is that the leading behavior of the expression (C.5) is given by a term proportional to
exp(iQ). This vanishes in the limit L — oo as long as for any finite L the quantity 2 includes
a small positive imaginary part such that L x Im(x%) — oo. This requirement is satisfied for
example by the choice Im(zT) = O(L~1/2).

Finally, points on the line segment C} are described by u = R + iv, where v is real, positive.
The contribution to ﬁ(x) from C} is then found to be dominated by exp [ - (a - \/ﬁ) Q} and

thus vanishes in the large-() limit since we choose o > 2.
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D The Dirac-Bergmann quantization for constrained systems

In this Appendix, we first very briefly describe the Dirac-Bergmann algorithm for quantization
of theories with constraints and then apply it to the light front A¢*(1 + 1) model. A detailed
derivation of the method can be found in the Dirac’s lectures [61] and its more recent applications
in the monographs [131, 132]. The method (or its alternative [133]) is suitable and sometimes
even inevitable for Lagrangians which are linear in velocities, e.a. in time derivatives of the
fields. Here we just summarize the main steps of the procedure in a form of a recipe. It consists
of the following steps.
1. Identify primary constraints ¢;, e. a. calculate conjugate momenta II; and construct

_ 9L
5dodi

for those II; which are not time derivatives of fields. The = sign indicates the “weak equality”
which means that it should be implemented only after all Poisson brackets have been calculated.
The Poisson bracket is defined in field theory as

SA OB 5B A
{4, B} = / dz {5@-@) S (2)  0¢(z) olLi(2) ] (2

2. Prescribe the fundamental Poisson brackets between pairs of fields and their conjugate
momenta (even in the case if a field is non-dynamical, i.e. its conjugate momentum vanishes).

3. Construct the primary Hamiltonian from the canonical Hamiltonian H., the primary con-
straints and the Lagrange multiplier functions u;:

@i =11, 0 (D.1)

Hy,=H.+Y / dPaus ()i (z) (D.3)

The multipliers u; are determined from the self-consistency condition that the primary constraints
do not depend on time. This means that they have vanishing Poisson brackets with the primary
Hamiltonian:

dupi(a) = lpi(a) ) + Y [ s (ito) i)} 0 D4

One has to require the self-consistency for the secondary, terciary, etc. constraints (which may
arise in the course of solving the above equation) until no new constraints appear.

4. The residual gauge freedom is indicated by a presence of the first-class constraints ¢y,
satisfying

{or(x),0i(y)} =0 (D.5)

for all i. In this case a subsidiary condition(s) xi(x) has to be imposed to uniquely find w;(z).
After this step, all constraints 6, () which include primary, secondary, ...constraints and the
gauge-fixing (subsidiary) conditions are second class. A constraint 63 is called second class if it
has non-vanishing Poisson bracket with at least one of the other constraints 6,,:

{0a(),05(y)} # 0 (D.6)
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at least for one [3.

5. The second-class constraints change the canonical quantization procedure: the matrix
Cog = {04, 95} of the Poisson brackets between all second-class constraints is used to construct
the Dirac bracket { A, B}*

{A,B}* = {A,B} — {A,0.}C_;{05,B} . (D.7)

6. To obtain a quantum theory, Dirac brackets are replaced by commutators according to the rule

{A, B} — —i[A,B] . (D.8)

Now the second-class constraints can be taken strongly and implemented in the Hamiltonian H,.
Let us illustrate the method on a concrete light front example of the two-dimensional self-
interacting real scalar field with the Lagrangian density

Lif =20100_¢ — Loge_ ¢—4
1 = 20490_6 — 3p*¢” - T,
where the quadratic term is the true mass term, i.e. the Lagrangian corresponds to the theory in
the symmetric phase. We consider the model on the finite interval —L < z~ < L and impose
periodic boundary conditions leading to the decomposition ¢(x) = ¢¢ + @(x). @g is the -
independent part, the zero mode, and ¢ is the sum of all Fourier modes with p,; # 0. The
Dirac-Bergmann procedure then has to include also the zero-mode sector. As we have seen in
the main text, the canonical Hamiltonian of the model is

(D.9)

+L +L

~_fdrTr o oA ) AT 50 0 g oA 4

P —/T[M’ +21¢]_/7[u G+t +25(h+9)] @0
—L —L

The canonical momentum I1y = 20_¢ leads to two primary constraints
01 =11, —-20_p=0, O =1Ip =0 (D.11)
The primary Hamiltonian is

+L

- _ dy~ - -
—L

The last term is y~ - independent and the integration yielded just the factor L. The fundamental
Poisson brackets are

{o(x™), (")} =on(z™ —y7), {do,y,} = % (D.13)

where 1/L is the zero-mode part of the full periodic delta function § p(z ™). The Poisson bracket
of the primary constraints are easily calculated as

{61(z7),01(y")} = —40%bn(z™ —y™), {02,602} =0, {61(z7),0:} =0. (D.14)
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Next we have to require that the primary constraints are conserved (the consistency condition):

‘Lo
foe) b} = [ [~ tet) - 5 (30%e) + 3002(0) +
)
+ Py - 4u1(y_)8f}5N(w_ ) =0, (D.15)

Using partial integration and integrating with the help of the delta function, we find that this
equation determines the Lagrange multiplier w4 :

1 A
O_ur(z7) = —spp(z™)

2 — 531 13060(z7) + 300" (@) + ¢ (27)]. (D.16)

Note that without prescribing boundary condition, the inversion of this equation would not be
unique since an arbitrary function of 2 could be added to u;. With periodic boundary condition,
the inversion of Eq.(D.16) is unique. The solution is expressed in terms of the Green’s function
G1(z~ —y~) = 1/2en(z~ — y~) which is the inverse of the operator 0_: 9*G1(z~ —y~) =
In(z™ —y™).

The consistency condition for the constraint 65 yields

+L
.
{02.P,} = {Hov/%{u%?ﬁ
-L
2
+ 1 (08 + 46de(a7) + 66803 @7) + 4006 (@) + 9'(a7)) |} =
+L
= w1 / Y[+ s0e) H P ~0 @)
—L

We have to impose a consistency condition on the secondary constraint 63

+L
A [dx™ 3
= w0+ 35 [ G (00+ ) (D.18)
—L

because no u multiplier appears in it:

+L
A dz= /7 - ;
00,7, } = {on+ 5 [ S (68 +300) + %60)),
-L
+Ld B
/ Sy ) (M y) —20-0(y7)) + LuoTlo }. (D.19)
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Evaluation of individual terms yields a weak equation for the multiplier us:

2 2L
L

+L
(12 + S 63)ua + / L () [2000(a7) + 3] 0. (D.20)

At this point, both multipliers are determined and the procedure terminates. The non-vanishing
Poisson brackets between the final set of three constraints

A d
91 = Hga — 28_@, 92 = Ho, 93 = /,[,2¢0 + — / T (¢O —+ (p) (D21)
—L

are

{0:(27),0:(y7)} = —4on(x™ —y7),

{6157, 05} = 5ol [260 + 0(z)

2
L A dz
02,03} = —— — — . D.22
2,05} =2~ 2[5+ /2Lw( )] 022)
L
They are second class because each has non-vanishing Poisson bracket with at least one of them.
Denoting A = pi? + 5 [¢2 + 23”5 @3(z7)] and f(z7) = p(z7)[2¢0 + (2 )], these Poisson
-L
brackets determine the matrix C' as:

—40%0n(z~ —27) 0 —Zpf(z7)

Clz=,27) = 0 0 —A . (D.23)
ﬁf(z‘) A 0
Its inverse can be found for example with Mathematica:
—%Gﬂy*—y’) AG1(z —Ly ) 0
Clezmyy )= 26—y a2 Gl(z —y )y )T 1 . (D.24)
8 LA ~16 LA IL2A
0 1A
One can check that the matrices indeed satisfy the required property
/—C’o,y - zf)C’;ﬁl(zf —y ) =0apd(x” —y ), (D.25)
which in the presence of zero modes reads
+Ld B
/%C’(mf — 2 )0 Nz —y) = diag(&N(af —y7),1/L, I/L). (D.26)
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The last two entries correspond to the zero-mode sector.
Now we can calculate the Dirac brackets according to the formula (D.7), which here has a
detailed form

{a@),Bw)} = {46, Bu)}-

+L 4L
h /d% /%{A(f)’00*(“7)}@;5(“7U*){‘)ﬂ(v’),B(y’)}, (D.27)
R

and using the Poisson brackets between the fields and the three constraints:

{o@™),0:(y7)} =6~ —y7),

{T,(27),01(y7)} = —20"6(x~ —y7),

(M, (), 6557} = — 53 7a)

1 A
0} = — IIy, 05} = ——. D.28
{00,602} i {IIo, 05} i ( )
The calculation is straightforward albeit a bit tedious. As the result, with the correspondence
(D.8) and the strong relations

+L

1A dx~ 3

M, =20 0, Ty=0, ¢p=——2 —( ) D.29

o =20_p, llp =0, ¢o 3!H2/2L ot (D.29)
L

the following set of equal-LF time quantum commutators is found:

pla)oly7)] = —gen(a™ =),
o) Taly7)] = Sonta — ),

T (27), Ty )] = i0%on (@™ —y7),
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{Hw(x_),aﬁo] _ iﬁf(m_), (D.30)

all the rest being equal to zero. The first three commutators correspond to the normal mode
sector and are also found in the continuum theory. The mixed normal mode — zero mode sector
commutators are specific to the finite-volume treatment. The assumed canonical commutator
[gbo, HO] = % has been changed to a vanishing one in accordance with the strong relation IIy =
0. Note the highly non-linear nature of the latter two commutators. It is not clear how one
could use them outside an iterative treatment. This of course is tightly related to the lack of
non-perturbative techniques of solving the fundamental ZM constraint (D.29). At the quantum
level, also an operator-ordering problem arises in the canonical LF Hamiltonian due to the non-
vanishing commutator [(bo, gp]. These are still the open questions.

E Regularized special functions in the finite volume

regulated (in x*,x") delta function, L=100, N=240000, eps=0.0005

T T T T T T

2000 r 4

1500 r 1

sign(x)

1000 r

500 r

k::::::::====
r'

0
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

Fig. E.1. Regularized delta function. The number of terms N = 24 x 10%, the box length I = 100 and the
regulator € = 5 x 1074,

We will display detailed behaviour of the regularized sign function and Dirac delta functions
in this Appendix. As defined in the main text, the regularization is twofold: a cutoff on number
of modes and a convergence factor governed by a small parameter e. Then the corresponding
formulae read

A
Sala —y) = o= 3 (e $PEGT 0 | by o) E.1)
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regulated sign function, L=100, N=70000, eps=0.0005

i [ T T T T T ]
0.8 r 4
x 06 ° 4
\C/ °
> °
(%]
04| 1
02r* 8
0 I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3
X

Fig. E.2. Regularized sign function e (z~ ) for N = 7 x 10* and L = 100 in the neighborhood of z~ = 0.

unregulated sign function, L=100, N=120000

1»h

0.6 ]

sign(x)

0.2 ]

I I i I

0 0.05 0.1 0.15 0.2 0.25 0.3
X

Fig. E.3. Detailed behaviour of the unregularized sign function e (z ™) around the endpoint z~ = 0.0.
The rapid oscillations are evident.
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F Constrained variational method in the broken phase of \¢* theory

In this Appendix, we present details of the mathematical procedure to obtain the generalization
of the unconstrained variational method which uses the coherent states and infinite value of the
dimensionless momentum /, to the finite value of K. The idea is to add a chosen value of K
via a Lagrange multiplier to the Hamiltonian and determine the coefficients of the generalized
coherent states from the minimization of this constrained problem. The case of the antiperiodic
boundary condition will be discussed.

With (K) = L (alPTla) ang = % we have

27 (ala)
L i 2
= — - . F.1
) ) 1)
Minimizing
1 (| Hg|a) 1/+L - L* o Lo A
—- == d — —(K)Ly— - F2
w2 {al|a) LJ_; * [6{4772(f) (K) } 4f +192u2f} F2)
we obtain
L* 0°f 1 A
_98 = _Z 3. F3
472 9(x—)? 2f * 487T,Ll,2f 0 E3)
Putting f(z~) = foF (u) where the variable u = 22+LE with
1
K=K(k) = / dt(1 —2)73 (1 — k%) 73, (F.4)
0
we have,
2 2
O _ ! F+ Mo F3. (E5)

ou?  UK’3 96K frp
Comparing with the differential equation satisfied by the Jacobi Elliptic Function sn(u, k),
namely,

0%sn(u, k)

52 = —(1+k? sn(u, k) + 2k? sn?(u, k), (F.6)

we get

@) = fosn (xLK, k) E7)
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with

1 48k2mp?
=——  and fi= ——"—. (F.8)
4K (1+ k2) C AL+ R

Note that we have imposed APBC on the solution. By explicit calculation we get

1— k2

) = YR B - L R 79)
D) 14 k2 ’
with
T
/ dt —— ViR (F.10)
V-t
and
(a| H| o) 24kt 6445 11—k 12
=— Ek)— —FK . F.11
ala) iR T eas e P e (») E11)
In the (K') — oo limit, K — 1 and we get
4 6
<a|H|a>:_67ru n 32u . (F12)

(a ] @) A A2(K)

Interpreting the state | «) to be a kink state, we identify the first term as the vacuum energy

12
density which is the classical vacuum energy density. The second term is identified as %

Then we get the classical kink mass My, = @.
Using the Fourier expansion [134]
121 & q¢me . (2m = 1)7u
sn(u, k) = = sin — F.13
(u, k) K\/i?n;l—qm‘l = (F.13)
h _ K(1-k%) h
where ¢ = exp ( —7m 7757~ | we have
_ 2m 4872 . jmxT
f(z)f? Xt ) Z1-q2a sin ~—— . (F.14)

In the limit k2 — 1, using ¢ — limity2_, (1 -7 ?%k;c;)l)) so that (1 — ¢*" 1)K — (2m —

1)%2 since K (0) = 7, it is readily verified that in the limit k& — 1, the expression for f(z~) in
the constrained variational calculation given by Eq. (F.14) goes over to that in the unconstrained
variational calculation given by Eq. (9.35).
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G Light front perturbation theory

Perturbative calculations in the LF field theory are most often performed in the (”old-fashioned”)
Hamiltonian form. This perturbation theory is also called time-ordered formalism because one
considers all possible orderings of vertices along the time arrow. The main reason for the Hamil-
tonian formulation (which is not manifestly covariant) is smaller number of time-ordered dia-
grams in comparison with their number in usual space-like perturbation theory where they can
be obtained from covariant Feynman diagrams by integration over k°. In literature, one can also
find LF calculations [135, 136] starting from the usual Feynman amplitudes which are expressed
in terms of covariant integrals.'! The LF time-ordered diagrams are then generated by perform-
ing integration over the LF energy variable k™ (recall that d*k = $dk~dkTdk'dk? in the LF
parametrization.) Mathematically, this is a delicate step because a typical element of a Feynman
diagram — the propagator of a scalar boson i(k? —m?)™! —isequal toi(kTk™ — k% —m?)~!in
the LF formalism while it is more convergent in the space-like parametrization i (k2 —k2—m? )L
As a consequence, in the contour integration method, there are additional contributions in the LF
perturbative computations coming from e.g. the arch in the complex £~ plane [135] and one has
to be very careful to take all of them correctly into account. Thus it seems more appropriate to
base the LF perturbative calculations on a genuine (and more straightforward) approach which
consists of the following steps.

As in the usual manifestly covariant perturbation theory, one works in the Dirac or interaction
representation of field operators and states, in which the state vector ® satisfies the equation

0D(t)
i
ot
H is the interaction part of the Hamiltonian constructed from the fields in interaction represen-
tation. Suppose that the state ® can be expressed at arbitrary time ¢ as ®(t) = S(t,to)P(to).
Then one obtains from the Eq.(G.1)
9S(t, o)

= Hi(t)D(t). (G.1)

Let us try to find an iterative solution of this equation in the form S(t,t0) = Y., g™Sn (¢, to),
where g is the coupling constant of the given model. Inserting this series into (G.2) and compar-
ing terms of the same order in g, we obtain a sequence of relations

Z,850(t7to) Z,(?Sl(t,to) 0S5, (t, o)

ot ot = H](t)SO, e Y = H[(t)Snfl, (G3)

=0 ot

where we also used that H; ~ g. The first relation tells us that S(t,t,) = 1 since it has to
be time-independent and obviously S(tg,t9) = 1. Then the second relation in (G.3) can be
integrated yielding

t1
Si(tr, t) = —i / dto Hy (1). G4)

to

1 It is to be noted however that they are obtained from Feynman rules based on conventional space-like version of the
theory.
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Similarly, integrating the third relation in (G.3) for n = 2, one finds

t1

SQ(t,to):fz‘/ dtlH,(tl)Sl(tl,to):(4)2/ dtlHI(tl)/ dtoH(ts),  (G.5)

to to to

and then also

t
Sg(t,to) = 72\/ dtlH[(tl)SQ(tl,to) =
t
’ t t1 ta
= (—i)3/ dtlHI(tl)/ dtQHI(tQ)/ dts Hy(t3), (G.6)
to to to
etc. For the scattering problems, one usually chooses ty = —oo,t = +00. The above consid-

erations were quite general as they were not based on any specific feature of the conventional
space-like field theory, so they are equally valid if we choose the LF time z; instead of ¢,, and
the LF Hamiltonian P, instead of Hy. Then the first few terms in the perturbative series for the
LF scattering matrix are given by

) . +00 .\ 2 +oo aci"
S = 1- %/ dz™ Py (27) + (;) / dfo‘(mf)/ dz3 Py (x3) +

—0o0 — 00

-\ 3 +oo
+ (_;>/ dzi Py ( / dzg Py ( / dzi Py (z3)+... (G7)

In the next step, one calculates the matrix elements of the above operator. Assume that |®;) and
| f) are eigenstates of the free LF Hamiltonian P, at z+ = —oo and 2+ = +o00, respectively.
Then we have from the expression (G.7)

i [T N
Spi = (ylsie) =dn— 5 [ det@glpy )l -
1 “+oo mf
- 1) atepreh [ dspree) +

; +oo xf xF
bog [ at@rrel) [ atpred) [ dspy ahie) + 68

— 00 — 00 — 00

We can insert the complete set of states 1 = 3" |®,,)(®,,| between any two P; (z;") operators
and use the translation operator to obtain all P; at the same time z+ = 0:

Py (zt) =ezPo 7y (0)Pe 5P * (G.9)
where we have denoted the interacting Hamiltonian at = = 0 as V(0) = V for simplicity.
Since all states |®,,) including |®;) and |®;) are eigenstates of Py corresponding to the LF
energy E,, action of the translational operator e3P0 =" on the state |®,,) generates the factors

e2Ex 7" which can be easily integrated leading to energy dependent denominator factors. Thus

for example the first non-trivial term is

- +oo ) _ _
si) = —%/ dated B —EDT @ |V (@) = —2mis(E; — E; ){(®4|V|®;). (G.10)
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The next correction is

(2) _ 1 e + LETaf —ipraf
Sy = 712 dafe2Zroi (@, Ve 2t0 o1 |D,) x
+

L1 P i e
/ dzd (Bp|erFo 22 V|, )e 350 =5 =

— 00

X

—omid(E Z W‘” 7;“_/”. (G.11)

n

Here the simplified notation is |f) = |® f>, E, is the energy of the intermediate state |n).
Presence of appropriate convergence factors is understood, so that the energy in the exponents
is actually E, =+ ie and +ie terms are also present in the energy denominators. The conver-
gence factors eliminate integral contributions at x* = Z-co. The summation runs over all many-
particle intermediate Fock states generating elementary time-ordered processes (or diagrams in
the graphical language). Only those bra-states contribute in which all creation (annihilation) op-
erators are contracted with annihilation (creation) operators from the interaction Hamiltonian or
from a ket-state. The latter situation corresponds to spectator particles not affected by interac-
tion. Note that the energy is not conserved at vertices in this form of perturbation theory. We
say that particles (or more properly particle states) are off energy shell instead of being off mass
shell as in the manifestly covariant form of the perturbative expansion. In the latter approach,
the space-like version of the representation (G.7) is not the final step. One introduces the time
ordering operation T to set all upper integration limits to +oc0o. In this way one is left with inte-
grals of the form f * d*zH, where H is the Hamiltonian density, which by inserting the field
expansions are converted to four-dimensional integrals in the momentum space with the measure
proportional to d*k. Contrary to this, in the time-ordered perturbation theory summation over
intermediate states includes summation over momenta not fixed by momentum conservation. In
the continuum form of the theory, one thus performs only three-dimensional momentum integra-
tion (or one-dimensional integration in the case of two-dimensional theories). No k™ integration
is necessary avoiding the subtleties mentioned earlier.

Finally, let us present also a formula for the fourth order correction to the scattering matrix.
It reads

0 _ L VIV V) V)
5= 2 =B O B B, — Ea)(E, — B) 12

lm,n

and can be applied for example to calculations of the so-called box diagrams, i.e. those with four
internal lines.

One can formulate a set of rules analogous to Feynman rules which simplify the task of
writing down perturbative amplitudes of elementary processes of given quantum fields with a
prescribed interaction Hamiltonian [11]. The rules in the case of (3 4 1) dimensional theory are:

1. Draw all time-ordered diagrams, i.e. all diagrams which correspond to a different ordering
of the vertices along the 2T arrow and which are topologically nonequivalent.

2. For each vertex, insert the factor 2(27)36°(p — p;) which guarantees the four-momentum
conservation, and an elementary matrix element of the given interaction Hamiltonian.
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These matrix elements have to be worked out separately for each theory using the Fock
representation.

3. For each internal line, sum over momentum and helicity. In the continuum theory, the

; ; dptd®p,
former means lntegratlon W .

4. Insert the energy denominator (p; — p; + ie)~! for each intermediate state /. Here
P = ; p; 1s the LF energy of the intermediate state equal to the sum of on-mass shell

energies (since one is working in the interaction picture) p; = m?2/ pj+ of particles present
in the intermediate state.

5. In theories with bosons, a symmetry factor has to be included for each boson loop since it
is necessary to use symmetrized boson states.

H Field theory in near light front coordinates

Consider the set of coordinates
1

+ _— = (0 3 1 QL 0o_ .3

o= e s o)

- _ i o_ .3

xT = \/i(x x°)

= (2b,2?). (H.1)

They generalize our LF time variable to an arbitrary “mixture” of usual ¢ and 23 coordinates.
Then z~ is the third space (” longitudinal’) coordinate. The metric tensor in the new coordinate
system is given by

0 1 0 0
i 1 -2 0 0
v 0 0 -1 0 |’
0 0 0 -1
(7?2 1 0 0
. 10 0 0
g = 0 0 —1 0 (H.2)
L0 0 0 -1
Thus we have,
:172 = guuxﬂxy =
20 2™ —n?(27)? — (21)? = g™ aum, = 02 (24)? + 202 — (21)2 (H.3)

Furthermore,

=2 ,2_=a" — n*x~. (H.4)



558 Light front field theory: An advanced primer

The scalar productis k-x = kT2~ +k~ ot —n?k~ 2~ —kt-2t =k, ot +k_o~ —k, -2, . Thus
k. which is conjugate to 2T is the energy and k_ which is conjugate to =~ is the longitudinal
momentum. It is important to keep in mind that —oo < k_ < 4o0.

For an on mass-shell particle of mass m, k? = m? yields

(k) + 2k bk — (k)2 —m? =0 (H.5)
which leads to the dispersion relation

_ ko (k)2 4 n2(m? + (k)2
n? '

ko (H.6)

For an on mass-shell particle, since k° > k3, k% > 0 implies k4 > 0 and hence the Lorentz
invariant phase space factor

d*k

o) 218 (k? — m*)0(ky) =

dkpdk_d?kt Ly dk_d?k*

= W(s(?? (k)™ + 2k ko — (k7)" —m7)0(ky) = (@ )32E,,’ (H.7)

where E,,, (k) = /(k_)2 + n2(m2 + (k1)2).
Consider now the free massive scalar theory with the Lagrangian density

c-1 L, POM P — %m2¢2 = %n26+¢8+¢ + 04 PpO_p — %aw L0te— %mQ(bZ. (H.8)

2

The equation of motion

(0,0" +m*)p =0 (H.9)
becomes

(n23+a+ 20,0 — (01)? + m2)¢5 —0. (H.10)
The general solution is

d'k 2 2y ik-x

o(x) = / G (2m8 (82 = e, (H.11)

or
+ a*(k)e—i(k+onx++k_z*—w.xL)]’ (H.12)

where

ke + P P+ (D7)

- (H.13)

k—i—((m) =
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In the quantum theory we have

1 oo dk_d?kt A n o
= — = i(ktonzt+k_ax™ —k—-z™)
@) (277)3/ 2E (k) [a(k)e +

+ qof (k)efi(kﬂmm'*urk,w_7I<:L~:rl)} )

— 00

The conjugate momentum is

oL

_ _ .2
1 oo dk_d?k , + R
o E i(kfonxT+k_ax™ —k—-x™)
o) = i | Sy B lee
_ a’f(k)efi(k+onz++k_z’7kL-zL)]'
‘We have,
[(x), 7))y —yr = i0(z™ —y )0 (2t —yh),
provided

la(k),a’(K')] = (27)32E,n (k)6 (k- — k)&% (k™ — K'*),

la(k),a(k)] = 0, [a'(k),al(K')] = 0.
The Hamiltonian density is

_ _}(w—8_¢)2 }L L 1 2,2
H —7r8+¢—£—27n2 +28 ¢-0 ¢+2qu5

and the Hamiltonian in the Fock representation takes the form

H = /dac‘d%#Hz

I B R VA G L o (U el
B / (27)32E oy, (k) o at(k)a(k).

The propagator is given by

iSp(x) = (0] T(d(x)9(0))]0) =
= 0(@")(0] 6(2)¢(0) | 0) +8(=2"){0 | (0)¢(x) | 0)

™ on

T+ f(—art)eilhertHhosT ok,

559

(H.14)

(H.15)

(H.16)

H.17)

(H.18)

(H.19)

(H.20)

(H21)
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Using

[ R |
O(x) = — dye™® _ (H.22)

2m J_ o Y — 1€

and changing integration variables, we get

1 . _
zSB(x) = W‘/dk+dkid2k1‘e7’(k+w++k7£ —kJ*xL) %
% )
(k)2 + 2k ko — (k)2 —m? +ie’
. 1 41 ik, i

Finally, let us present the perturbative formula for the S matrix in the near light front version:

Spi =0 = 2T (P4 (on) f — P+(on)i) L i (H.24)

(f1 Vs |n)n|Vs|d)
— (| Vs | 4) § ¥ (H.25)
+(on )i p+(on)n + i€

Since the longitudinal momentum p_ is conserved at the vertex, we get

f1Vs [ m)n| Vs |i)
Vs + + ... H.26
f | ‘ Z 1 E(on)z E(on)n) + i€ ( )

27, L
The sum over intermediate states >, — [ (‘;’:5%.
on
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