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Front-Form Hamiltonian and BRST Formulations
of the Schwinger Model
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The Hamiltonian and BRST formulations of the Schwinger model are investigated
in the light-front frame.

1. INTRODUCTION

In a recent paper'’ we studied the Hamiltonian'® and Becchi-Rouet-
Stora and Tyutin (BRST)®* formulations of the electrodynamics in one-
space, one-time dimension with massless fermions, known as the Schwinger
model,"*"® using the instant form of dynamics."” In the present paper we
investigate the front form of dynamics® for the Hamiltonian® and BRST®#
formulations of this model."’’ The Schwinger model is characterized by its
exact solvability, a property which is ensured by a remarkable feature of one-
dimensional fermion systems, namely, that they can be described in terms
of canonical one-dimensional boson fields.®) This fermion—boson equiva-
lence has led to the discovery of many interesting features of two-dimensional
field theories.® ™™

The Schwinger model in the instant form® of dynamics is seen” to
describe a gauge-invariant theory possessing a set of two first-class con-
straints, involving one primary and one secondary constraint (cf. ref. 1 for
details). In the front form® the model is again seen to describe a gauge-
invariant theory, now possessing, however, a set of three first-class constraints,
involving two primary constraints and one secondary constraint. This is in
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(9 where the model

contrast with the instant form of dynamics for the theory,
is seen to possess a set of two first-class constraints. "

In the present work we study the Hamiltonian'® and BRST formula-
tions®* of the Schwinger model in the light-front frame with some specific
gauge choices (Sections 2 and 3).

Further, in the usual Hamiltonian formulation of a gauge-invariant theory
under some gauge-fixing conditions, one necessarily destroys the gauge
invariance of the theory by fixing the gauge (which converts a set of first-
class constraints into a set of second-class constraints, implying a breaking
of gauge invariance under the gauge fixing). To achieve the quantization of
a gauge-invariant theory such that the gauge invariance of the theory is
maintained even under gauge fixing, one goes to a more generalized procedure
called the BRST formulation.®* In the BRST formulation®* of a gauge-
invariant theory, the theory is rewritten as a quantum system that possesses
a generalized gauge invariance called the BRST symmetry. For this, one
enlarges the Hilbert space of the gauge-invariant theory and replaces the
notion of the gauge transformation, which shifts operators by c-number func-
tions, by a BRST transformation, which mixes operators having different
statistics. In view of this, one introduces new anticommuting variables ¢ and
¢ called the Faddeev—Popov ghost and antighost fields, which are Grassmann
numbers on the classical level and operators in the quantized theory, and a
commuting variable b called the Nakanishi—Lautrup field.** In the BRST
formulation, one thus embeds a gauge-invariant theory into a BRST-invariant
system, and the quantum Hamiltonian of the system (which includes the
gauge-fixing contribution) commutes with the BRST charge operator Q as
well as with the anti-BRST charge operator Q; the new symmetry of the
quantum system (the BRST symmetry) that replaces the gauge invariance is
maintained (even under the gauge fixing) and hence, projecting any state
onto the sector of BRST- and anti-BRST-invariant states yields a theory
which is isomorphic to the original gauge-invariant theory. The unitarity
and consistency of the BRST-invariant theory described by the gauge-fixed
quantum Lagrangian are guaranteed by the conservation and nilpotency of
the BRST charge Q. The Hamiltonian formulation of the theory is considered
in Section 2, and its BRST formulation is studied in Section 3.

2. THE FRONT-FORM HAMILTONIAN FORMULATION

The Schwinger model in one-space, one-time dimension is described
by the Lagrangian density!""

L=y Hidy + gAY — iFqu”V; FW =04’ — 04" (2.1)
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which is equivalent to its bosonized form!”:

~ 1 1
L= E@ud)@”d) — ge"oud 4y — ZFHVF”V (2.2a)
g™ = diag(+1, —1); &V =—¢e® ' =41; pv=0,1 (2.2b)

In component form (2.2) can be written as

~ 1 .

F=T@7 =07 + 2@ — oA + (A — 4 (23)
where overdots and primes denote time and space derivatives, respectively.
Equation (2.3) describes the theory in the instant form‘" and is seen to possess
a set of two first-class constraints'-?:

Q] = H() ~ 0 and Qz = (E, + g(I),) =0 (24)

where €); is a primary constraint and (), is a secondary constraint. The
Hamiltonian and BRST formulations of this theory in the instant form have
been studied in ref. 1. In the light-front frame approach one defines the
coordinates ¥

xF == £y

\/2

and then writes all the quantities involved in the Lagrangian density in terms
of x* instead of x” and x'. After doing this the Lagrangian density & in the
light-front frame reads®"

P = (0:0)(0-0) + g(Beb)A" — g (D-d)d ™ + % @ed— 047y (2.5)
where

Ai (A() + A]) and i
Jz J
In the following we consider the Hamiltonian formulation of the theory

described by the Lagrangian density &, (2.5). The Euler—Lagrange equations
obtained from the & (2.5) are

> NCEXS! (2.6)

g(BsA* — O_ A7) = 28,00 (2.7a)
gJ+ = a+(a+A+ - 67A7) = ga+¢ (27b)
@] = —0 (A — 0 A7) = —gd b (27c)
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The vector current (J,,) is seen to be conserved, i.e.,
oJ" := 0+J- + 0-Js
=0-0+:0 — 0:0-0 =0 (2.8a)
implying that the theory possesses (at the classical level) a vector-gauge

symmetry. The divergence of the axial-vector current J¥ at the same time
is nonzero:

GHJ? = % SHVF;J,V = - (6+A+ - 67A7) = 2 6+67¢ *0 (28b)
g

The nonzero divergence of the axial-vector current expressed by the
axial-anomaly equation (2.8b) signifies the absence of the axial-vector gauge
symmetry in the theory.

The light-cone canonical momenta obtained from the & of (2.5) are

+_a—$:
I TVERL (2.9a)
.
I =5 = @' = o) (2.9b)
oy .
=g = 00 +ed (2.9¢)

Here II", II™, and I are the momenta canonically conjugate respectively
to A7, A", and ¢. Equations (2.9) imply that the theory possesses two
primary constraints:

v =AM =0 (2.10a)

=01 —0-¢ — g4 =0 (2.10b)

The canonical Hamiltonian density corresponding to the & of (2.5) is
.= I1" (0s47) + 17(0:4%) + [1(0:0) — &

= % A1) + 17 (0-47) + g(0-p)4~ (2.11)

After including the primary constraints ¥; and 7, in the canonical Hamil-

tonian density ¥, of (2.11) with the help of Lagrange multipliers « and O,
we can write the total Hamiltonian density #7 as®

Hr = % AT + 17 (0-47) + g(0-0)A~ + IT'u

+ [ - 0-¢ — g4 (2.12)
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The Hamilton equations obtained from the total Hamiltonian Hr = f
Hr dx are

= a—f— : —am=%’f= A 0y (213)
O A" = gﬁ =u; —o T = g—jf =gy (2.13b)
5oA" g—gé M +o-4": —adl = aaf, = oI +g0-¢ (2.13¢)
Beu = Z_IH{f =0 —o.01, = aali 1 (2.13d)
2.9 = g—gg 0; —oMy=E-n—op—gt @130

These are the equations of motion of the theory that preserve the constraints
of the theory in the course of time. For the light-cone equal-time (x™ = y™)
Poisson bracket {.,.}p of two functions 4 and B, we choose the convention

0A(x) OB(y) 0A(x) aB(v)] 2.14)

{A(x), B()}r = J dz- %: [aqa(z) Opu(z)  Opalz) Oqal2)

Demanding that the primary constraint ¥; be preserved in the course of
time, one obtains the secondary constraint

= . Hrke = @117 — g(0-$) ~ 0 (2.15)

The preservation of %> and %3 for all time does not give rise to any
further constraints. The theory is thus seen to possess only three constraints
%1, X2, and ¥3. The matrix of the Poisson brackets of the constraints ; is

0 0 0
Sop(w, 2) = {Ya(W), xp(2)}p =0 —20-8(w ™ —z7) 0| (2.16)
0 0 0

The matrix Sep is clearly singular, implying that the set of constraints Y is
first-class and that the theory described by the & of (2.5) is a gauge-invariant
theory. The Lagrangian density &£ of (2.5) is in fact seen to be invariant
under the time-dependent gauge transformations:

SAT =0, 54" =0.B, 3p =0, du=0a:0B, =0 (217
SITF =0, SII" =0, sll=gop; SlL.=0, Slls=0  (2.18)
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up to a total divergence
0L = — ge" ou(Bovd) (2.19)

where B = B(x~, x¥) is an arbitrary function of the coordinates. The action
S = [ % dx" dx" is therefore gauge invariant. The reduced Hamiltonian of
the theory Hr = [ #rdx ", obtained from Hr = [ #Hrdx after the implementa-
tion of constraints ;, is given by®

Hr= [ Hrdx™ = [ dx [%(H)z] (2.20)

Hp is thus seen to be positive semidefinite. In order to quantize the theory
using Dirac’s procedure,"? we convert the set of first-class constraints of
the theory 7%; into a set of second-class constraints by imposing arbitrarily
some additional constraints on the system called gauge-fixing conditions or
gauge constraints. For this purpose, for the present theory we can choose,
for example, the following set of gauge-fixing conditions: (A) A~ = 0 and
A" =0,and (B) A~ = 0 and 0-4" = 0. Corresponding to these choices of
the gauge-fixing conditions, we have the following two sets of constraints
under which the quantization of the theory can be studied:

For set (A)
G=yx=~00"=0 (2.21a)
L=xp=>01-0-¢ —gd) =0 (2.21b)
& =y = (0-II" — g0-¢) = 0 (2.21c)
E4=(47)=0 (2.21d)
&= (4" ~0 (2.21e)
and for set (B)
m=x=d"=0 (2.22a)
MNn=x=>001-0-¢ —g4) =0 (2.22b)
n =% = (0-II" — go-¢)~ 0 (2.22¢)
M =(4)=0 (2.22d)
Ms = (0-47) = 0 (2.22¢)

We now calculate the Poisson brackets among the set of constraints &; and
1M: and obtain the matrices
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Aap(w, 2) = {Ea(w), Ep(2) }

0 0 0 —S(w™—z7) 0
0 —20_8(w™—z7) 0 0 0
- 0 0 0 0 —0-8(w ™ —z7)
Sw ™ —z7) 0 0 0 0
0 0 —0_8(w ™ —z7) 0 0
2.2d)
and
Bag(w, 2) = {Na(w), Np(2)} p
0 0 0 —8(w ™ —z7) 0
0 —20_8(w ™ —z7) 0 0 0
- 0 0 0 0 008w~ —z7)
Sw™—z7) 0 0 0 0
0 0 —0_0_8(w ™ —z) 0 0
2.2
with the inverses
Aaf(w, 2)
0 0 0 S(w™—z7) 0
B 0 —gw ™ —z7) 0 0 0 ]
= 0 0 0 0 —% ew” —z7)
—d(w~ —z") 0 0 0 0
0 0 —5 ew” —z0) 0 0
2.35)
and= .
B;ﬂ (w, 2)
0 0 0 dw™—z7) 0
B 0 ——ew™ —z7) 0 0 0 m
= 0 0 0 0 —lw ™ —z
—d(w™—z7) 0
0 0 %|w =z 0 0
2.26)
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with

sz‘ A, 2)A7 Nz p) = Jdz" B(x, 2)B ' (z,y) = Isxsd(x " —yp ")
Here e(w ~ — z ) is a step function defined as

_ {+1, w~ —z7)>0 (2.28)

-1, W —z)<0

The Dirac bracket {.,.}p of the two functions 4 and B is defined as®
{4, B}p = {4, B}p — J J dw™ dz”
X3y L TaOn)ietdag (v, UT(2). Biv] (2.29)

where ['; are the constraints of the theory and Aag(w, z) [ = {T'a(w), ['8(2)}p]
is the matrix of the Poisson brackets of the constraints I';. The transition to
quantum theory is made by replacing the Dirac brackets by the operator
commutation relations according to

(A Bip— (=) [4 B, i=+—1 (2.30)

Finally, the nonvanishing equal-light-cone-time (x* = y*) commutators
of the theory in case (A) i.e., in the gauge A~ = 0 and 4™ = 0, are obtained as

000, TI»T =3 86 = »7) (231)
M, ()] = 5 g8~ = »7) (2.31b)
[47x), [T"(»] =2id(x~ —y") (2.31c¢)
000, 17091 = = gietx™ =) (.314)
000, $(] = ~Fie (™ = ») (231¢)
[T, ()] = =5 g%iex™ = ») (31D

[T, ()] = =308 (=) (231g)
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The nonvanishing equal-light-cone-time commutators of the theory in
case (B), i.e., in the gauge A~ = 0 and 0-A4" = 0 are seen to be identical
with those of case (A), as they should be, and are also given by (2.31) (cf.
Appendix).! This is not surprising (as also explained in the Appendix) in
the context of the present theory considered in the instant form of dynamics'”
in view of the fact that the gauges 4™ = 0 and 0- 4" = 0 conceptually mean
the same.'”

For later use, for considering the BRST formulaton of the theory
described by &£, we convert the total Hamiltonian density #r into the first-
order Lagrangian density $o:

$[0 = H+(6+A 7) + H7(6+A+) + H(a+¢) + Hu(a+u) + H3(5+3) - %T
= [ (@eA") + Ty(@u) + Ts(0:) — % (7Y = TT(0-47)

—gA” (0-9) + (0-¢ + g4") (0:¢) (2.32)

In (2.32), the terms [17(0.4~ — u) and [1(0.¢ — ) drop out in view
of the Hamilton equations (2.13b) and (2.13a).

3. THE BRST FORMULATION
3.1. The BRST Invariance

For the BRST formulation of the Schwinger model, we rewrite the
theory as a quantum system that possesses the generalized gauge invariance
called BRST symmetry. For this, we first enlarge the Hilbert space of the
gauge-invariant Schwinger model and replace the notion of gauge transforma-
tion, which shifts operators by c-number functions, by a BRST transformation,
which mixes operators with Bose and Fermi statistics; we then introduce
new anticommuting variable ¢ and ¢ (Grassmann numbers on the classical
level, operators in the quantized theory) and a commuting variable b such that

S =0, 84T =0-c, 84~ = dic, Su= 0:0sc, D=0 (3.1a)
8T = g(d-¢), 8II* =0, SMI- =0, &M, =0, 8Ms=0 (3.1b)
d¢c=0, Sc=b8h=0 (3.1¢)

with the property 8> = 0. We now define a BRST-invariant function of the
dynamical variables to be a function

f(d): A+= A7= ua 83 C, Ea ba H: H+= H7= Hua HS: HC’: H:: Hb)
such that Sf = 0.
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3.2. Gauge-Fixing in the BRST Formalism

Performing gauge-fixing in the BRST formalism implies adding to the
first-order Lagrangian density $io a trivial BRST-invariant function.”® We
thus write the quantum Lagrangian density (taking, e.g., a trivial BRST-
invariant function) as follows:

Frrst = S0 + 8[?(6+A+ t %b —gd + H):|

= [T (24" + Ty(@u) + TTs(9) — % ()2

—II7(0-47) — g4 (0-¢) + (0-¢ + gA")(0+9)

+ 8[?(6+A + %b —gA" + H)] (3.2)

The last term in equation (3.2) is the extra BRST-invariant gauge-fixing
term. Using the definition of O, we can rewrite prst (With one integration
by parts):

Porsr = [0 4") + Ty(@e) + Ts(0:9) — i (1)

—T17(0-47) — gd (0-9) + (-0 + gA") (0+¢) + %bz

+ b(0sA" — gd" + II) + (Osc) (Osc) (3.3)
Proceeding classically, the Euler—Lagrange equation for b reads
—b = (0:4~ — gA" + 1) (3.4)
The requirement 5h =0 [cf. (3.1c)] then implies
—8h = 8(6:47) — gd4* + 81 =0 (3.5)
which in turn implies
0+(0s¢) = 0 (3.6)

The above equation is also an Euler—Langrange equation obtained by
the variation of £prst With respect to c. We now define the bosonic momenta
in the usual way so that"

oL
T -= BRST

== b (3.7)



Hamiltonian and BRST Formulations of the Schwinger Model 2549

The fermionic momenta are, however, defined using the directional deriva-
tives such that"

= — 8% TF e = g — o
Hc 1= &prsT 8(64.6) a+£, Hc : 8(6+€) LrrsT O+c (38)

implying that the variable canonically conjugate to ¢ is (dsc) and the variable
conjugate to ¢ is (Osc). In constructing the Hamiltonian density #pgrst from
the Langrangian density in the usual way, one has to keep in mind that the
former has to be Hermitian. Accordingly, we have”

Hprst = [17(0: A7) + 170, 4%) + [1(0:0) + [L(0:u) + ()
+11(0:¢) + (Osc) [T — Lprsr
= 1) 4+ T A7) + gA(0-¢) = 3 (1 = 1" (1T = g
+ ILIT; (3.9)

We can check the consistency of (3.8) with (3.9) by looking at Hamilton’s
equations for the fermionic variables, i.e.,""

3 . 3
O:c = oIl FprsT; 0+¢ = Hprst oIT- (3.10)
Thus we see that
a-z—a% = II; Oic = % e =11 (3.11)
+C aHC BRST Cs +C BRST GHZ c .

is in agreement with (3.8). For the operators c, ¢, O+c, and Osc, one needs to
specify the anticommutation relations of d.c with ¢ or of 0+c with ¢, but not
of ¢ with ¢. In general, ¢ and ¢ are independent canonical variables and one
assumes that"

(I, I3 = {c,c} =0;  O:fc,c} =0 (3.12a)
{Osc, ¢} = —{0sc, ¢} (3.12b)

where {.,.} means an anticommulator. We thus see that the anticommutators
in (3.12b) are nontrivial and need to be fixed. In order to fix these, we
demand that ¢ satisfy the Heisenberg equation'"

[c, %BRST] = 0 (3.13)
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and using the property ¢> = ¢ = 0, one obtains

[c, #HprsT] = {OsC ¢} Osc (3.14)
Equations (3.12)—(3.14) then imply

{Osc, ¢} = —{0+c, ¢} = i (3.15)

The minus sign in the above equation is nontrivial and implies the
existence of states with negative norm in the space of state vectors of the
theory. 3%

3.3. The BRST Charge Operator

The BRST charge operator Q is the generator of the BRST transformation
(3.1). It is nilpotent and satisfies Q% = 0. It mixes operators that satisfy Bose
and Fermi statistics. According to its conventional definition, its commutators
with Bose operators and its anticommutators with Fermi operators for the
present theory satisfy

[d, O] = dsc, [A47,0]1=0-c, [47,0]= 0w (3.16a)

[IL 0] = gd0—c — 0-0sc,  [II, Q] = gbsc (3.16b)
fe. 0y = —(II" + [T = 0-¢ — g4 (3.16¢)
{0:c, 0} = —(0-I1" — g0-9) (3.16d)

All other commutators and anticommutators involving Q vanish. In view
of (3.16), the BRST charge operator for the present theory can be written as

0= de [ic(@-TT" — go—¢) — idse (T + 1 — 6-¢ — g4")]  (3.17)

This equation implies that the set of states satisfying the condition

IT'y> =0 (3.18a)
I — 0-¢p — gAH> =0 (3.18b)
(O-IT" — go_p)ly> =0 (3.18¢)

belongs to the dynamically stable subspace of states |\) satisfying Q) =
0, i.e., it belogs to the set of BRST-invariant states.

In order to understand the condition needed for recovering the physical
states of the theory, we write the operators ¢ and ¢ in terms of fermionic
annihilation and creation operators. For this purpose we consider (3.6)
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(namely, 0+0+¢ = 0). The solution of this equation gives the Heisenberg
operator ¢(7) [and correspondingly ¢(T)] as

c)=Gt+F, )=+ F' (3.19)

which at the light-cone time T = 0 implies

c=c¢(0)=F c¢=¢0)=F (3.20a)
Orc = 0:¢(0) = G;  Orc = 0.c(0) = G' (3.20b)

By imposing the conditions
e2=7={c, ¢} = {0:c, 0sc} =0 (3.21a)
{0:sc, ¢} =i= —{0:c, ¢} (3.21b)

one then obtains

F*=F2=(F' F}={G", G} =0 (3.22)
(GT,F}y = —{G,F'y =i (3.23)

We now let |0> denote the fermionic vacuum for which

Gl0> = Flo> = 0 (3.24)
Defining 10> to have norm one, (3.23) implies
OIFG'0y = i;  (OIGF'l0Yy = —i (3.25)
so that
G0y # 0; FTloy # 0 (3.26)

The theory is thus seen to posses negative norm states in the fermionic
sector. The existence of these negative norm states as free states of the
fermionic part of Fgrst is, however, irrelevant to the existence of physical
states in the orthogonal subspace of the Hilbert space.

In terms of annihilation and creation operators the Hamiltonian density is

Hanst =5 (I + T(0-47) + g4(0-9) = 3 (T’

—IT*I1 — g4 + G'G (3.27)
and the BRST charge operator Q is

0= de [iF(O-II" — go-¢) — iGUIT" + II — 0-¢ — g4")] (3.28)
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Now because Q) = 0, the set of states annihilated by Q contains not
only the set of states for which (3.18) holds, but also additional states for which

Gy = FIy) = 0 (3.29a)

Ty # 0 (3.29b)

Il — 0-¢ — gAY # 0 (3.29¢)
(0-I1" — go-dp)lyy # 0 (3.29d)

The Hamiltonian is, however, also invariant under the anti-BRST trans-
formations (in which the role of ¢ and —c¢ gets interchanged) given by

§¢ =0; 54" = —0-c; 54 = —oc

Su=—0.02, 89=0 (3.30a)
Sl = —g(0-2); SII*=0; 8" =0; 8, =0; 8ls=0 (3.30b)
Sc=0: 8c=—b: =0 (3.30¢)

with generator or anti-BRST charge

0= J dx [—ic(0-I1" —go_¢) + idre(IT" + [T — 0-¢ — gA")] (3.31a)
= de [—iFT(0-IT" —go-¢) +iGTAT" +[1—0-¢ — g4")] (3.31b)

We also have

[0, Hyrst] = [Q, Harst] = 0 (3.32a)
Hgrst = fdx~ ¥grst (3.32b)

and we further impose the dual condition that both Q and a annihilate
physical states, implying that

o)y =0 (3.33a)
oy =0 (3.33b)

The states for which (3.18) hold satisfy both conditions (3.33a) and
(3.33b) and in fact are the only states satisfying both of these conditions
since, although with (3.22) and (3.23)

G'G = -GG' (3.34)
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there are no states of this operator with G10y = 0 and F'l0) = 0 [cf. (3.26)],
and hence no free eigenstates of the fermionic part of #prst which are
annihilated by each of G, G, F, F'. Thus the only states satisfying (3.33)
are those satisfying the constraints (2.10) and (2.15).

Further, the states for which (3.18) holds satisfy both conditions (3.33a)
and 3.33b) and in fact are the only states satisfying both of these conditions
(3.33a) and (3.33b), because in view of (3.21), one cannot have simultaneously
¢, O+c, and ¢, O+c, applied to ) to give zero. Thus the only states satisfying
(3.33) are those that satisfy the constraints of the theory (2.10) and (2.15),
and they belong to the set of BRST-invariant and anti-BRST-invariant states.
One can understand the above point in terms of fermionic annihilation and
creation operators as follows. The condition QI) = 0 implies that the set
of states annihilated by Q contains not only the states for which (3.18)
holds, but also additional states for which (3.29) holds. However, QW) = 0
guarantees that the set of states annihilated by Q contains only the states for
which (3.18) holds, simply because G'I\) # 0 and F'I\yy # 0. Thus, in this
alternative way also we see that the states satisfying QW) = Q) = 0 [i.e.,
satisfying (3.33)] are only those that satisfy the constraints of the theory
(2.10) and (2.15) and also that these states belong to the set of BRST invariant
and anti-BRST-invariant states.
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APPENDIX

In this appendix, we describe briefly the Dirac quantization of the
Schwinger model in the instant form of dynamics®? (as studied in our
previous work in ref. 1) under the gauge-fixing conditions 4o = 0 and
A; = 0. We show that the nonvanishing equal-time commutators of the theory
in the gauge 4o = 0 and A4; = 0 are identical with the ones obtained by the
Dirac quantization of the model under the gauge-fixing conditions 4y = 0
and 4] = 0, as they should, because the above two sets of gauge-fixing
conditions conceptually mean the same.'” The primes here denote space
derivatives.



2554 Kulshreshtha and Kulshreshtha

In the notations of ref. 1, the set of constraints of the theory under the
gauge-fixing conditions 40 = 0 and 4; = 0 (see Section 2 of ref. 1) reads

G=Q=1l=0 (A.1a)
L= = (E’ +2¢) =0 (A.1b)
G= A= (A.1¢c)
Go=A4~0 (A.1d)

By calculating the Poisson brackets among the constraints {; one obtains
the matrix

Top(z, ') = {Ca(2), C[}(Z’)}P

0 0 =8(iz—2) 0
_ 0 0 0 =8 (z—2)
= 5¢-2) 0 0 0 (A.2)
0 —=8'(z —Z') 0 0
with the inverse
T;[;l (z,z")
_ 0 0 0z — 2') 0 _
0 0 1 ez —z)
= -5¢: - 2) 0 0 0 (A.3)
0 ez —z") 0 0
with
J dzT(x, 2) T 'z p) = laxad(x — ) (A.4)

Finally, the nonvanishing equal-time commutators of the theory in the gauge
Ao = 0 and A4; = 0 are obtained as

200, I(»] = i [E@), TI()] = [41(x), EG)] = 2i8(x = y) (A.5)

These results are thus seen to be identical with the ones obtained by the
Dirac quantization of the theory under the gauge-fixing conditions 49 = 0
and A1 = 0 and expressed by equation (2.23) of ref. 1. This implies clearly
that the two sets of gauge-fixing conditions 40 = 0 and 4; = 0 and 4o = 0
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and 41 = 0 conceptually mean the same, as they should, at least in the

context of atwo-dimensional field theory like the present Schwinger model.

(10)
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