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Abstract

We will present the Schwinger Model by characteristics like Mechanism of Higgs-Schwinger, Fermionic Charge
Shielding, and Chiral Anomaly. Topological Vacuum is a prototype of theories with Confined Fermions. We will present some
aspects of Bosonization and, for example, we will make a representation of the Free Field of Dirac with null mass. We will
do a review of Schwinger's model with Lowestein-Swieca, and we will discuss the theory. We also will present modified
models of Rothe-Stamatescu, Schroer and Thirring, demonstrating its equivalence with Sine-Gordon's theory.

Keywords: Confinement, Fermions, QCD, QED, Two-dimensional.

1. Introduction

The strong interaction has the characteristic of
being a confining interaction, ie, an interaction
where the simplest charge structure is a dipole (see
Figure 1), and the form of the interaction is linear,
so the charges always appear in pairs. The major
problem is that the fermionic determinant of 4-
dimensional interaction (3 + 1) is non-analytical.

Confinant Theory: Linear Potential:

q

That fact turns the elaboration of a nonperturbative
theory a very complicated task. Therefore, to infer
some behaviors of the hadrons, a group of
researchers, among them the Professor Jorge
André Swieca, began working with two-dimensional
models in quantum electrodynamics (QED).
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Figure 1 — Field lines in Electromagnetism with dimensionality (1 + 1).
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The Schwinger Model can be basically characterized by [1]:

a. The observable content of the theory is fully described by a massive pseudo-scalar free field (the theory
is exactly soluble);

b.  All physically feasible states have null global charge: charge shielding effect;

c. Fermions, which are the bearers of this shielded quantum number, are absent from the physical
spectrum: confinement of fermions;

d. Theory is asymptotically free: although the fermions lose individually the observable meaning, they
behave to short distances as free particles;

e. All free charge and pseudo-charge of the theory condenses in the vacuum by spurious operators,
originating a complex structure for the vacuum.

Due to these characteristics, the Schwinger Model was then considered as a prototype for a Quark
Confinement Model. The complex structure of the vacuum in the Schwinger Model [2] also provided support for
recent studies on tunneling via instantons in non-abelian gauge theories.

In the next sections we will present the Lagrangian and study the symmetries of the Schwinger model,
models with massive and massless fermions. We will also present the bosonization and the models: modified
Rothe-Stamatescu, Thirring and Schroer.

2. Lagrangean Noether’s Theorem and Symmetries

We will revisit the results obtained in the References [1,3-8].
The following conventions will be adopted in this work
g% =1;
€01 = —€'0=1;
5

YHy® = ey

y® =voh

Variables in light cone:
xt = x0 4 x1:
04 = 0g £ 04;
Ay = Ayt A

For a null mass free scalar field ¢ and the pseudo-scalar @:
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P(x) = (x™) + @(x7);
Px) =) —p(7);

3 _ V.
0y = €07

0, = —0,0.
The basic method of the Quantum Field Theory (QFT) to describe a given interaction is to write a

Lagrangean, via Noether's Theorem, find conserved currents and a gauge transformation. In QED the most
general possible Lagrangean, considering massless fermions is

1 s
L= = FnF* +1(iyHo, — ey ALY, (1)

where 1, are spinors, also known as fermionic variables described as
o=l

P=yh =wiwsl|] o] =wawil 3)
and F*V = gt AY — 0¥ AH, is the electromagnetic tensor

_ TOO ?01
PW_[T“’ 7—"11]’ @

where its components are
?OozaOCAO_aOUQO=T11:alcﬂl_01041=0.
73'01 — _?10 — aOcﬂl _ 61040_
Where A, = (A, A,) is the vector potential. The first term of Lagrangean gives us the field of free

photons —%TMVT’” the second term introduces fermions as sources of electromagnetism 1/7(1')/“6” -
eyHANYP.
Explaining the components of the Lagrangean,
1 .. . e
L= 5T107:10 +3(iy°0g — ey®Ao) Py + Pi(iy 01 — ey  ADY,. )
Gauge transformations, which are transformations that preserve symmetry
¥ - ' (x) = pexplip(x) + iy ()], (6)
Ay = Ay + 0, [f(x)]. (7

here ¢(x), f(x) are respectively a bosonic field and a function. Conserved currents, or equations of motion
corresponding to existing symmetries are given by

Y9 (x) + eAup(x)) = 0, ®)
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0, F* +ej’ =0, 9

where j* = yy*y is the vector current of the electromagnetism associated with symmetry U(1), when this
current is conserved, ie, d,j* = 0 the symmetry U(1), is shown. When 9,j# # 0 we say that the symmetry is

broken, there is still the chiral symmetry U, (1) associated with the chiral current j#5 = YySyHy, this
symmetry is constrained to the chiral axis, which defines projectors on a given direction. Explaining the
components

00F +ej' = 0; ,F10+¢j0 =0, (10)
JE = @1 F10,06F0L). (b

In the next sections we will present some simple models and explore the presence of the symmetries
presented here.
2.1. Free Massless Fermion Model

The model is defined by the following Lagrangean density

—0
L= () d,y°, (12)
where the spinor 1y has components
0
o = 1/’1], (13)
V2

and represents the simplest model, only with what we call the kinetic term. The equations of motion for the
components are

0,2 =0, (14)

i0_yP =0, (15)
Therefore

P (x) = PP (x7),

P2 () = P2 (x™).

The Model presents the global chiral symmetry U5(1), whose transformations are

Y =ey,
l/)’ — eiayslp_
We can write the vector and axial currents in terms of the normal product
- . _0 .
=gy (16)
. . _0 .
o =t yty Sy 1n

The notation : (A) : means that the current is calculated as the product of operators at the same point as the
expansion of the Wilson operator for short distances [8]. As a consequence of the overall present symmetries
U(1) ® U>(1) the currents are conserved.

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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9*j, =0, (18)
aHjs =0, (19)

The two-point functions of the free fermion are calculated to be [1,7]

1

O YO0 = >—, (20)
1

(Ol G (0]0) = ——. @1)

2.2. Bosonization
The definition of bosonization is “Representing the fermionic operator in terms of ordered Wick exponentials
of the null mass scalar field”. Therefore, the null mass free scalar field plays a very important role in the
bosonization of the Fermi fields in two-dimensional models with asymptotic freedom [3,9]. The fundamental
block of bosonization is the free scalar field of Wick ordered exponentials with null mass, defined by:
:eia(p(x) L= eiaqo_(x)eia(p+(x), (22)
where ¢*(x) are respectively the destruction and construction operators
(0lp~(x) = 0; @™ (x)[0) = 0. (23)
Although the null mass free scalar field in 2 dimensions is not a well-defined field, due to infrared divergence

in the 2-point function, the corresponding ordered exponentials of Wick, see Equation (22), are well-defined
operators since they satisfy the charge selection rule [6,11]

(O[T !4#(¥)): |0) # 0; if and only if Zja; = 0. (24)
The 2-point function of the null mass free scalar field
(Olp()9(0)]0) = cte f;” L e, (25)
which diverges in the infrared. To evaluate it we have to enter a cutoff y,
(Olp(I(0)]0) = cte [, (e™#* — 6(u — Ip)), (26)

with the equation of motion

Op(x) =0 - d,0_¢(x) =0, (27)

introducing the components
p(x) =p(x") + (), (28)
P) =(x") —(x7), (29)

we have

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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(Ole@)e(yH)[0) = = —In[in(x* — y* + ie)], (39)

and
(Olp()p()0) = = —In[—p2(x — y)?], (31)

therefore of indefinite metric. The motivation of bosonization comes from the fact that the 2-point function of the
Wick exponential, Equation (22), serves

L plap(@). . p—iae(¥). |0y = pa’lo~ (D)0t () (32)
(0]:e e |0y =¢e ],

(O )P (7H)10) = ——, (33)

where j = 1,2 The both expressions are identical if we choose a = 2v1

W(xt) = Jg:eﬂm@ix (34)

2.3. Free Massive Fermions

The Lagrangean Density that describes the model of the massive fermion is
L =i¥x)y*8,¥(x) + m¥ (x)¥(x), (35)
where m¥ (x)¥ (x), is the mass term and the corresponding equations of motion are
Iy, 0t¥Y + m¥ (x) = 0. (36)
The symmetry U(1) is preserved
o*j,(x) = 0. (37)
The symmetry U5(1) is explicitly broken due to the presence of the mass term
o"jz # 0. (38)

The solution of the operators is given by the so called Mandelstam operator [8,9]
Y(x) = [ om0+ s dopax], (39)
21
The bosonized form of the mass operator gives
PO (x) i= — % .08 (2VT0 (X))-. (40)

It is interesting to note that the equivalence between the Sine-Gordon model and the massive free fermion
implies the equivalence of a non-interacting fermion and an interacting boson [11].

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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3. Bosonization of Schwinger Model

To bosonize the Schwinger Model we will start from the equations of motion already presented [12,14,15]
YE@I0, 9 (x) + eAp(x)) = 0, (41)
0, F* + ej¥ = 0, (42)

which exhibit invariance against local and global gauge transformations y°>.

The expression of the Ansatz of the fermionic operator ¥(x) in terms of the bosonic variables can be
motivated, to a certain extent, by characteristics of the classical version of the theory. We consider the classical
Dirac field ¥ ¢ (x) in the presence of a potential vector AS which we can written in the general form

AH = EuyOHE n 6#f(x), (43)
e

e

where the first term represents the transverse component that contributes to the electric field

:F

2 ~
uw = E EuvDE(x): (44)

the second term 9, f (x) is a longitudinal contribution of pure gauge. The Dirac equation is then written as
iy*0,° (x) = —y*[€, 0V E(xX) + 0, f (O)Y€], (45)
using y#y° = e*'y, one can write
iy 0, (x) = [~v*¥®9,E(x) + 049, (x)], (46)
suggesting a solution of the exponential type
e (x) = exply*E(x) + F)PO (), 47
corresponding to the classical version
¥ () = explialy5¢(x) + d(]] (48)

Using the theory’s gauge freedom, we chose the Lorentz gauge with of = 0 so the Maxwell equations reduce
to:

OAG (x) + ejs(x) = 0, (49)
giving now the classical current
) e*va,o5 (x)
je () = ————— O

In this way, compatibility with the existence of a conserved nontrivial current requires 0 (x) # 0 and £ acts as
potential for jf(x). This, therefore, motivates us to introduce in quantum theory the bosonization Ansatz for

the fermionic field Y (x) as the quantized version of the exponential solution,

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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Wx) = [E . iva(s+r*3w). IV EG), (51)
21
where ¢, ¢ are respectively the potential and the pseudo-potential for free current and free pseudo-current
) = — =0k () = ey, (52)
: Vm

and Z(x) is an independent free field, the specific nature of which shall be determined at a later stage, requiring
compatibility with the equations of motion. The fact that the Z field is independent of ¢ (x), $(x) guarantees
anticomutativity for y(x).

In dealing with a quantum theory, we can no longer use the formal equation of motion, since it involves the
product of field operators considered at the same point. We then introduce the prescription of the normal product
of operators

iy*o,P(x) = — % eE_)Lilrer;@y”[aflu(x +eP(x) + Pp(x)A,(x + e)]. (53)
The application of the Dirac operator to the fermionic field y(x) results
iy 9, (x) = e [057 ()P (x) +¥(x[9,E7]), (54)
where we made use of the fact that
yH9,°(x) = 0, (55)

we rewrite it as a limit

1 _ _ _
yhop(x) == lim yue’“’[c') Ex+ oY) +yYx)oET(x+e)+ 9,5 (x — e)yY(x) (56)

2 €-0,e2<0

+ (09,5 (x — )],

inserting the null commutator

[0,5(x + ), Y ()] + [P (x), 8,5 (x — €)], (57)
iyFop(x) = %E_)Lir;g@yve”" [0, (x + ©Y(x) + P(x)3,E(x — €)], (58)
iyRapC) = =5 _lim_ yHA, (x+ P + P, Gx - o) (59)

we identify the gauge field A, (x — €)
Ay = —3 €,v0"E(x). (60)

To calculate the current j* we introduce a limit procedure by way of example of what we have done above

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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(61)

[e‘ie f;ﬁeﬂﬁ(zmzua(x + e)y*yP(x)e™ " Iy AL (@)azt

j#(x) - e—»IOirEg<OZ_1(E)
— (0[pCx + )yHp(0)]0)]

the singularities are eliminated by subtracting the expected value in the vacuun’s current and by the

normalization factor Z~. Substituting Equations (51) and (60) in (61), we obtain
(62)

1 ~
JECO) = ——=eH0,¢(x) — — 0,5 (x),

and thus we identify the expressions for the basic objects of the theory in terms of the bosonic field Z(x). In
(63)

order to verify its structure we consider Maxwell’s equations in the Lorentz gauge

OA, (x) + ej,(x) =0,
replacing Egs. (60) and (62), we find the equation of motion in terms of the scalar potential £
e’ _
@+ —)pE@) =0, (64)
whose general solution can be written in terms of two other scalar fields
() = aff(x) + L (%), (65)
where £ (x) is massive and 7j(x) is not massive
e’ _
@+)Ex) =0, (66)
o7 (x) = 0. (67)
Therefore, the objects 1 (x), A, (x), j* assume the following expressions
Yx) = / M o VT[p )+ S F @] +iySlar (0 +BEM)], (68)
2 ’
A (x) = == [adyn(x) + feu, 0V S ()], (69)
1 a B -
ih(x) = ——d — 2,05 (%), (70)
1160 = ==, [$60 + =) = eI
(71)

Euvavﬁ(x) = avn(x)-
independent of the fields ¢(x), ¢(x) results then in the longitudinal

Given that we assumed the field &
(72)

contribution of null mass to the current

1
L) = = =0, [0 +%n(x) ,

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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this particular gauge does not provide the realization of operators of the Maxwell equations. However, by a
procedure similar to that employed by Gupta-Bleuler in the four-dimensional version of the theory we can
introduce the Hilbert space H with scalar product defined in such a way that we can construct a subspace A
with positive metrics at which the expected value of the operator L, (x) is null. In this way the Maxwell equations

are satisfied, among physical states belonging to 4.

For physical states belonging to H we must require

<9i

that is, the subspace HCH is generated by applying to the vacuum of operators of a certain class defined via

a

v (x)

Oulp(x) + ]

nj> =0,v(0)|0) € H, (73)

[0(x), Ly (x)] = 0,V(x,). (74)

Introducing, then, the total Hilbert space H as an indefinite scalar product, by quantizing in negative metric
for the field 7j(x), that is, according to

OIRETMIY = (5) 74*(x = ; 0), (75)

and parameterizing a = \/mr, we ensure the operator

1
L,(x) = - N Oulp(x) + ()], (76)
belongs to class [6]
[Lu (), Ly(] = 0, (77)

creating from the vacuum states of null norm
118, (n + $)10)||? = 0. (78)

In this way, the Maxwell equations are satisfied between physical states belonging to the gauge invariant
subspace H

(010, F* (x) + ej*(x)16), (79)
which by construction, has positive norm states
(616) = 0. (80)
One can note that the fermions field ¥/(x) does not create physical states, since it does not commute with
the longitudinal current. However, we can include in the class [8] of operators the new fermionic field obtained
through gauge transformation of operators, that is

Y(x) = eiVR_(x)v,b(x)eiVR+(x), (81)

where y =/, R(x) = n(x) and therefore

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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Px) = [L: VFM+HV A@+CI. . i T@), (82)
21

provides a solution to the Dirac equation, with the corresponding gauge field given by
__B_ s (83)
Alx) = —zeﬂv(') 2 (x).

One can observe that the transverse component of this field A,

A () == [ju () = Ly @), (84)
obeys the equation of motion for the free massive field

(O +uAu(x) =0, (85)

with 3 =§ indicating that the gauge field acquires a physical mass different from zero (Schwinger’s

Mechanism). In dealing with a free field, the constant § can be adjusted so that A(x) follows the canonical rules
of commutation for a massive vector field.

1
[Au(x)'Av(Y)] = _i(%)z [guv + Fauav]ﬂ(x — ¥ Uo) (86)
0

thus suggesting the parameterization = v/r which as we shall see later assures for the theory an asymptotic
free behavior at short distances.

We have thus seen that the gauge invariant subspace H with positive scalar product, can be explicitly
generated by the vacuum application of the operator class 6, which is constructed from [%,,, j,,, ¥ (x), L, (x)] and
Wightman polynomials and operators composed of these.

Given that the operator L, (x), when applied to any physical state, generates a null norm state, we can then
define a new subspace @, with the positive scalar product defined, consisting of equivalence classes, in which
operator L, (x) is identically null and the equations of motion are used as identity between operators.

Let H° c H be the subspace of H constituted by all states [|#°)] with null norm in H, that is, states obtained
by applying at least one operator L, (x) to any state of H. The two states |8,,), |6,,) € H will be equivalent, that
is

6n) = 16m), (modH?), 87
6n) — 16m) € H, (88)
then we can consider equivalence classes
[16)] = [16) — 16°)], (89)
which will constitute the quotient space Q = H/H° of defined positive metric and in which
[16°)] = 0 em Q. (90)

Therefore, since

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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[L,(x),0(»)] = 0V(x —y) e V0|0) € H, on

then Q, in the space of the operators of equivalence classes, operator L, (x) will be identically null, thus result
in the realization of operators of the Maxwell’s equations.

In a gauge theory, all the physical content must be contained in the set of invariant operators, we must
therefore always consider the space of the observable states (physical subspace) constructed by applying
invariant gauge operators to the vacuum.

It may be seen then that states which have no definite positive norm are devoid of observable meaning in
the sense that the objects of theory which are responsible for the appearance of these states become spurious
excitations which bear no physical significance.

The null mass scalar fields (assumed Goldstone bosons) are eliminated, and the structures of the gauge
invariant objects, such as the current j#(x) and the electric field %, (x), are fully written in terms of the free

massive pseudo-scalar field Z(x).

Formally we can still compose bilocal operators corresponding to observables as

D(x,y) = p(x)ele s Az yt(y), 92)
where 4, (x) and 1(x) are given respectively by (82), (83). The symbol = in (92) indicates an operator product,

which needs to be defined correctly in terms of the normal product of the exponentials of the bosonic fields
involved and that will be timely realized later.

Before, however, we will consider some representation features for the gauge field algebra (x) where

plroim TS 7 () 4 () 45
X) = (-2)2; e VAN + PN +VTY [ +¢ () +E ()], (93)
P = )
which satisfies the subsidiary condition (77), by creating physical states belonging to . Rewriting
LR N ) 94
P(x) = G2 eV 0 (x), ©4)
21
where the operator a(x) carries all the free charge and free pseudo-charge of the theory, that is,
[Qro(x)] = —a(x), 95)
[0, 0(®)] = —¥®0, (96)
is due to quantization with negative metric for the field 7, represents a constant operator, which does not
generate physical excitations, condenses in the vacuum producing degenerate vacuums; reflecting in this way

the spontaneous breaking of the global and gauge symmetries and y> without the appearance of Goldstone
bosons.

To visualize, we consider for simplicity the two-point function for the fields 1 (x),
(0|¢T(x)1/)(y)|0) = (%) eﬂV;V;A*'(x—y.ﬂo)(O|O-T(x)o-(y)|0)’ 97)

where the correlation function for the fields a(x) is easily calculated and results

<0|01T(x)01(y)|0) = (0|e—ztﬁ[n*(u)w*(u)]eZix/E[n‘(w)+¢‘(u')]|0> =

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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= 4T (W~ N]+4m[pt (W)~ (unN] — 1, (98)
(0l0] (x)a2(y)|0) = el @ (W)lranlg* (0.6~ = 1, 99

since the commutators involved have opposite signals due to quantization with negative metric for the field n(x).

We therefore have for the functions of Wightman 2n points

(Ol e IZ T (:)10) =

[HI-,C—L:leT[[V;kV;jA*'(Xk—xjﬂo)+Y;kV35;jA+(YR_J’J'HO)]Hk,jeHY;kY;jA+(xk _ }’jﬂo)] w(ol, (100)
where W|a] is the function of 2n points for the fields g;
W (o] = (01T 0 )My 0 )Ty 141 01]0) = 1. (101)
Since o0, (x) and g, (x) are two independent fields, i.e.,
01(x) = 01(u), 05 (x) = 0x(w),
results then
[01(x), 02 ()] = 0,V(x — ¥), (102)

and, due to the combination of fields ( + ¢) create null norm states from vacuum, it follows that

[01(x), 01 (V)] = [02(x), 32 (¥)] = 0,V (x — y). (103)

From the fact that o, fields give rise to constant Wightmann functions, that is, they do not interact with each
other, results by translational invariance

0; = 0;(0)o;, (104)
and consequently
g/ 0;(0) =o; . (105)

Thus, g; objects constitute a class of constant unit operators, that just cannot be reduced to identity because
they carry selection rules.

This all results in a violation of property, whereby when two points become infinitely separated by a spacelike
distance, then the correlation between the fields at these points disappears. For the two points function (97) the
cluster property requires

alijgo(Olllﬂ(x)l/J(x +2a)[0) = (0l (x)0)0[p]0), (106)
and as free charge and pseudo free charge are conserved, we have, to the right side

(0] (x)]0)|? = 0. (107)

However, by explicitly calculating the limit of (97), we obtain

QUARKS: Braz. Electron. J. of Phys. Chem. And Mat. Sci. 3 (1), 2020.
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lim (0[O Gr + an0) =5, (108)

thereby violating cluster decomposition. This then reveals that the Schwinger model vacuum is not unique.
Generally speaking, cluster decomposition (for Green functions associated with charge-carrying invariant gauge
operators and non-zero chirality) is violated, a consequence of the fact that operators factor into a dynamic part,
which only depends on the massive field £(x), and a spurious part consisting of fields o;, which condenses in
vacuum all the free charges and free pseudo charges of the theory.

9’ — gdin(x) X Qspurious_ (109)
Resulting

Jim (0167 ()0 (x + a2)|0) = (0|67 (x)|n)(n|6(x)[0) # [{0]6 (x)]0)|* = O, (110)

where |n,m) belongs to a set of degenerate vacuums, which are characterized by the phenomenon of
condensation of spurious operators.

|n,m) = a™c™|0). (111)

This infinite degeneration of the vacuum then characterizes the spontaneous breaking of the global
symmetry of gauge and y° without the emergence of Goldstone bosons.

To restore cluster decomposition, we introduce the parameterized vacuum in terms of an angle 6 € [0,27]
through superposition

1 .
|8> = |9162> = %Grﬁnz =_» e_L(n162+77202)|n1n2>’ (112)

such that
g;|0) = e'91)0). (113)
Thus, we have the explicit breaking of the corresponding symmetries, that is,
lim (8167 (x)0 (x + ad)|0) = [{|6])|* = cte, (114)

and cluster decomposition is then restored.

With “physical gauge” y = +/r the bosonized expression for the fermionic field operator takes the form
= (3 VAT ([ (115)
Y = Gz eI | % |

where we explicitly identify a,, o, with the phases ei%1, ez,

After discussing some relevant aspects of representation for the gauge field algebra 1(x) and revealing the
complex vacuum structure of the Schwinger model.

We now consider the construction of bilocal objects D(x, y) = y(x)e® % 4642*J(x) using Equation (93) for
fermionic field operator ¥ (x), we correctly introduce the bosonized expression for the bilocal operator in terms
of the normal product of the involved exponentials, such as
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D(x,y) = N(x — y): eVEEE@ =L eud"E(@azt v T )], (116)

where the normalization matrix

—i
.
——— uoyo
1 xy + x; L

2 . U
HOz01 —

N(x) = — (117)

0~ X1

to ensure that the gauge invariant compound operators of the theory are generated from point separation
boundaries, such as

jH(x) = —li_r]"(l)Tr[yOy”d(x +6x)] = —%el‘vavf(x), (118)
JH(x) = li_r]"(l)Tr[yOy”d(x +€,x)] = _Trlre‘“’avf(x), (119)

where d(x +¢€,x) = D(x + €,x) — (0|D(x + €,x)|0) and although the bilocal D(x,y) transform like bilinear
objects, inside spin fields 1/2, [1]. It follows that the invariant gauge algebra generated by the electric field F,,

and by bilocal D(x,) is fully described in terms of the massive pseudo-scalar field £(x). Therefore, as an
observable, the Hamiltonian must necessarily assume the bosonized expression.

H= Jw%: [0Z(0)]? + [0:2]% + p3[£]%: dxy, (120)

reflecting in this way the complete isomorphism between gauge invariant objects algebra of Schwinger model
and the massive free meson theory.

4. The Modified Rothe-Stamatescu Model

In this section we shall introduce the Modified Rothe-Stamatescu Model [3,5,12,14-16]. The Rothe-
Stamatescu Model is defined by the following Lagrangean density

— - - 1 -
L =P (ir 0 () + .G (x) + 5 mEF? () a21)
+ 8PV Y P(0) 0, P ).

Let’s consider what we call the Modified Rothe-Stamatescu Model (MRSm), we do m, = 0 in Equation (19).

The term E(x)y”yslp(x)aucﬁ(x) It is called axial current coupling with the pseudo-scalar field derivative. It is
the derivative coupling term. The equations of motion are:

(iy*9,)(x) = gy*y5 ()3, P (x), (122)

0P(x) = =0, : Y Y h(x)) . (123)

The Equations (20) and (21) suggest the Solution of operators of the equation of motion, which is given in terms
of Wick’s ordered exponentials,
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() = el PO:y0 ), (124)
where y° is the massless free fermionic field solution, that satisfies the Equation (2).
Due to symmetry U(1) ® U°(1) we have conservation of axial current (21).
O¢(x) = 0. (125)
Writing explicitly the fermionic field /°, bosonized in terms of the field operator

1
O (x) = (i)z o VTS B +(0)]. (126)
2T ’

where u is the remnant infrared regulator of a massless free field.

The classic gauge symmetry of the first kind is preserved. We compute the vector current using the near-
point prescription [5]

JH) =Py (x)
= ,‘Z,’lpeﬁ_)rg0 [a(x + E)ylte—ig f,fﬂeuva"a)(z)dz”lp(x) _ VEV] , (127)

where

Z, = eI’ [t (x+e),$~ ()] (128)

The bosonized vector current is given by

JHG) = ) — 2, B (), (129)
where the free fermionic current is
, . (=0 . 1
76 = (@ @) = -z e 0,0() (130)

and the axial current is

Ja(x) = €]V (x) = =0, (% P(x) + %J)(x)). (131)

Due to symmetry U(1) ® U°(1) we have the conserved currents
"J; =0, (132)
%], =0, (133)

which implies wave equations for the scalar fields

0@ =o¢ = 0. (134)
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5. Thirring Model whith Massive Fermion

The Thirring Model [3,9,12,14-16], with massive fermion is defined by the following Lagrangian Density

L=y 9,¥ () —mP ()W (x) + gz—zfu @ (), (133)

with the conserved current
J, () =1 ¥ (x)y, P (x) 4, (136)
and with the corresponding equation of motion
iy o, ¥ (x) + m¥ (x) + g/*(x)y, ¥ (x) = 0. (137)

In the massive Thirring model we have the symmetry U(1), and non invariance under chiral transformations.
The prescription of bosonization in the Mandelstam representation is given by:

Yo (x, t) = \/%ei%'s:exp[i[g}ﬁ&(x, t) + %TJOOOO o (z t)dz]]:, (138)

where the phase e%’s was introduced by Rothe and Swieca [17], to correctly get the mass term in the quantum
equation of motion for fermions.

The constant g is related to the coupling constant of Thirring with the constant g by

gz
,82 — 47.[(1 _ _)—1’ (139)
w
when
g*<m (140)
In the free case g = 0 we have
B = 2T, (141)

analogously to the previous cases we find the expression of massive free fermion, Equation (18), the currents
are given by [11,17]

Jrn(x) = — % €*a, @ (x), (142)

75 e) = —%a%m, (143)

From Equation (45) stems, like symmetry U°(1) is broken by the mass term
o¢(x) # 0. (144)
To address the dynamics of this problem we will bosonize the Lagrangean, so we define the mass term of

the bosonized fermion explicitly as a Sine Gordon term [3].
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a

PP (x) i= 2k

cos(BP(x)):. (145)

The dynamics of the field ¢ is described by Sine-Gordon Lagrangean

@
B?

Starting from the bosonized Lagrangean we can write the equation of motion

L= %(aﬂé(x))z + —:cos(B(x)):. (146)

0@ (x) + :sin[BP(x)] : = 0. (147)

This is the famous equivalence of Thirring’s model with Sine-Gordon theory established by Coleman [11]
and Swieca [6]. In the Ref. [6] a non-perturbative demonstration is presented, while [11] uses perturbative
methods. So we have the well-defined quantum theory for the massive Thirring model.

6. The Schroer Model

The Schroer Model is defined by the following Lagrangean density

L=%>y*o,)¥ + %auéaﬂé + g(#Fy*¥)a, & + myy. (148)

Matching the equations of motion
(iy*9,)¥ = gy*N¥a,é + m¥ (x) = 0, (149)
0é = —ga, : (Fy*¥) i=0. (150)

The Schroer’s operator solution is

Y(x) =: @ Po(x):,, (151)
where
U .l Ts . — 5 55 (©az.0, 1yq,1
PO (x) = (—)ze # 1 VIV I8+ 008 2Naz’], (152)
2n
Therefrom,
9" # 0, (153)

that is, the axial current is not conserved due to the presence of the mass term. This characterizes non-

invariance with chiral transformations. U%(1). However, the Equation (49) guarantees the charge symmetry
U(1).
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8. Conclusions

We saw that 2d Electrodynamics has fermionic
confinement properties, just like QCD in 4d. What
makes the Schwinger Model quite attractive as Toy
Model for the study of the mysterious Strong
interactions. In particular the quark confinement,
which is still today one of the open questions in the
Standard Model of Elementary Particles.

As a curiosity, we also presented the Rothe-
Stamatescu, Thirring and Schroer Models. We also
showed some properties as the equivalence of the
Thirring Model with the Sine-Gordon Model.
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