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The Siegel action describing the chiral bosons in one-space one-time dimension is con-
sidered on the light-front. The front-form theory is seen to possess a set of three first-class
constraints and consequently a local vector gauge symmetry. The front-form Hamilto-
nian, path integral and BRST formulations of this front-form theory are investigated
under some specific gauge choices.
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1. INTRODUCTION

The self-dual fields in one-space one-time dimensions called chiral bosons
are of wide interest (Belluchét al, 1989; Bernstein and Sonnenschein, 1988;
Floreanini and Jackiw, 1987; Grostal.,, 1985; Hanneaux and Teitelboim, 1989;
Imbimbo and Schwimmer, 1987; Kulshreshtegal,, 1993 Kulshershrtha and
Mueller-Kirsten, 1992; Labastida and Pernici, 1987, 1988; Marcus and Schwarz,
1982; McCabe, 1989, 1990; McCabe and Mehamid, 1990; Mezinescu and
Nepomechie, 1988; Siegel, 1984; Srivastava, 1989; Sonnenschein, 1988; Mstone,
1989, 1990, 1991; Wen, 1990). They are basic ingredients of some string theories
(Grossetal, 1985; Marcus and Schwarz, 1982) and are also importantin the studies
of quantum Hall effect (Stone, 1989, 1990, 1991; Wen, 1990a,b;). These fields de-
scribing chiral bosons satisfy the self-duality conditiong = (dg¢ — 91¢) = 0.
A classical covariant model describing a chiral scalar has seen proposed by Siegel
(1984). Modifications of the Siegel action achieved by the addition of some ap-
propriate Wess—Zumino terms to the action have been considered in the literature
(Imbimbo and Schwimmer, 1987; Labastida and Pernici, 1987, 1988). The Becchi—
Rouet-Stora and Tyutin (BRST) quantization (Becstal, 1974; Kulshreshtha,
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1998, 2001; Kulshreshtha and Kulshreshtha, 1998; Kulshresh#ia1993b,c,d,
1995; Nemeschanslet al,, 1988; Tyutin, 1975) of the Siegel action modified by
the inclusion of an extra Liouville term to the original action has been investi-
gated (Labastida and Pernici, 1987, 1988). The Hamiltonian formulation (Dirac,
1950, 1964) of the Siegel action without any modifications has been studied in
Kulshreshthaet al. (1993a) under various gauge-fixing conditions in the instant-
form (IF), and its IF-BRST formulation has been studied in Kulshreshtra,
(1999). Inthe present work, we propose to investigate the canonical structure, con-
strained dynamics, and Hamiltonian (Labastida and Pernici, 1987, 1988), path in-
tegral, and BRST (Becckt al, 1974; Kulshreshtha, 1998, 2001; Kulshreshtha and
Kulshreshtha, 1998; Kulshreshthtal, 1993a,b,c,d, 1994a,b, 1995 Nemeschan-
skyet al, 1988; Tyutin, 1975) formulations of this model on the light-front (LF),
i.e., on the hyperplanes: light-cone (LC) timeé =t = x* = (xX° + x1)/v/2 =
constant (Dirac, 1949; Brodslet al, 1998). The Hamiltonian and BRST formu-
lations of this model in the usual IF of dynamics (on the hyperplahes constant)
(Dirac, 1949; for arecent review see e.g Brodskal, 1998) has been investigated

in (Kulshreshthaet al., 1999).

The IF theory is well known to be a gauge-invariant (Gl) theory possessing a
set of two first-class constraints (Kulshreshé¢tal, 1993a). The front-form (FF)
theory under the present investigation is seen to possess a set of three first-class
constraints, and consequently it also describes a Gl theory. The FF Hamiltonian
and path integral formulation of this model has been investigated in the present
work under some specific gauges.

Also, because the LF coordinates are not related to the conventional IF coor-
dinates by a finite Lorentz transformation, the descriptions of the same physical
result may be different in the IF and the FF. In fact, the quantization of relativis-
tic field theories at fixed LC time proposed by Dirac (1949; for a recent review
see e.g. Brodsket al, 1998) has very important applications and the LF vari-
ables are very useful not only in field theories but also in the description of string
theories and D-brane physics. In the LC quantization (LCQ) of gauge theories
the transverse degrees of freedom of the gauge field can be immediately iden-
tified as the dynamical degrees of freedom; as a result, the LCQ remains very
economical in displaying the relevant degrees of freedom leading directly to the
physical Hilbert space. In the context of LCQ of two-dimensional field theo-
ries, it is very often found that a theory that is gauge anomalous in the IF is no
longer gauge anomalous (and therefore gauge-invariant) in the FF/LCQ. Also, in
the LCQ, there is usually no conflict with the microcausality, which is in con-
trast with the usual IF quantization. Also, the FF has seven kinematical Poincare
generators including the Lorentz boost transformations compared to only six in
the usual IF framework. The advantages of the FF/LCQ over that of the con-
ventional IF quantization are best illustrated in a recent review (Brodslay,
1998).
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However, in the usual Hamiltonian formulation of a Gl theory under some
gauge-fixing conditions, one necessarily destroys the gauge invariance of the the-
ory 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 gauge-
fixing). To achieve the quantization of a Gl theory such that the gauge invariance
of the theory is maintained even under gauge-fixing, one goes to a more gen-
eralized procedure called the BRST formulation. In the BRST formulation of a
Gl theory, the theory is rewritten as a quantum system that possesses a gener-
alized gauge invariance called the BRST symmetry. For this, one enlarges the
Hilbert space of the GI theory and replaces the notion of the gauge transforma-
tion, which shifts operators bg-number functions, by a BRST transformation,
which mixes the operators having different statistics. In view of this, one intro-
duces new anticommuting variableandc called the Faddeev—Popov ghost and
antighost fields, which are Grassmann numbers on the classical level and opera-
tors in the quantized theory, and a commuting varidbtalled the Nakanishi—
Lautrup field (Dirac, 1950, 1964; Kulshreshtha, 1998, 2001; Kulshrestithh
1993b,c,d, 1994a,b, 1995; Kulshreshtha and Kulshreshtha, 1998 Nemeschansky
et al, 1988).

Inthe BRST formulation of atheory one thus embeds a Gl theoryinto a BRST-
invariant system, and the quantum Hamiltonian of the system (which includes the
gauge-fixing contribution) commutes with the BRST charge oper@tas well
as with the anti-BRST charge opera@r The new symmetry of the system (the
BRST symmetry) that replaces the gauge invariance is maintained (even under
gauge-fixing) and hence projecting any state onto the sector of BRST and anti-
BRST invariant states yields a theory that is isomorphic to the original Gl theory.
The unitarity and consistency of the BRST-invariant theory described by the gauge-
fixed quantum Lagrangian is guaranteed by the conservation and nilpotency of the
BRST chargeQ.

In the next section, we briefly consider the basics of the Siegel action in the
IF of dynamics (Kulshreshthat al, 1993a, 1999). In Section 3, we study the
Hamiltonian and path integral formulations of this model on the LF under gauge-
fixing and in Section 4, its BRST formulation under some specific LC gauges. The
summary and discussions are finally given in Section 5.

2. THE INSTANT-FORM (IF) THEORY

The Siegel action describing the chiral borons in one-space one-time dimen-
sion in the usual IF (i.e., on the hyperplax&s= constant) is defined by the action
(Siegel, 1984)

S = /i’fdxdt (2.1a)
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v= E(aomz — L0+ 2000 am)] (2.1b)

g’ = diag+1, —-1) (2.1c)

The overdots and primes here denote the time and space derivatives respectively.
In the above equation, the first term corresponds to a massless boson (which is
equivalent to a massless fermion), and the second term is the usual term involving

the chiral-constraind_, = (0 — 0p — 91¢) ~ 0) and the auxiliary field.. This

model is seen to possess one primary constraint

pr=p.~0 (2.2)
and one secondary constraint
p2 = [ — 019]/(1+22)* ~ 0 (2.3)
which is classically equivalent to (Kulshreshtétzal,, 1993, 1999)
p2 = [m — 019] ~ 0 (2.4)

Herer and p, are the momenta canonically conjugate respectively tmd .

This theory is seen to possess the well-known Siegel gauge symmetry and its
Hamiltonian and BRST formulations have been studied in Kulshregittlad,
(1993, 1999) under some specific gauge choices.

3. THE LIGHT-FRONT THEORY

In order to study the theory on the LF (i.e., on the hyperplarfes: (x° +
x1)/+/2 = constant) one defines the LC coordinates.= [(x° & x)/+/2] and
then writes all the quantities involved in the action in termscéfinstead ofx®
andx® (Dirac, 1949; for a recent review see e.g. Brodskgl., 1998). The action
of the theory on the LF thus reads

S=/ Zdxtdx™ (3.1a)
= [(0:$)(¢_¢ + 20 (3_p)(0_y)] (3.1b)
320 = (3o £ d19)/v/2 (3.1c)

As before, in (3.1b), the first term corresponds to a massless boson (which is
equivalent to a massless fermion), and the second term is the usual term involving
the chiral constraintd_¢ ~ 0] and the auxiliary fieldh. The Euler—Lagrange
equations obtained fron¥(3.1) are

[040_¢ +210_3_¢] =0 (3.2a)
[2(0-¢)(0-¢)] =0 (3.2b)
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3.1. The Hamiltonian and Path Integral Formulations

The LC canonical momenta obtained fro#(3.1) are

Ti= a(gj;) =[0_¢] (3.3a)
. 07 _
P = Sy = (3.3b)

Here,7 and p, are the momenta canonically conjugate respectivelyy &md .
Also the above equations imply that the theory possesses two primary constraints:

x1=p.~0 (3.4a)
x2=1[r—03_¢]~0 (3.4b)

The canonical Hamiltonian density correspondingis
e = [7(0+9) + pu(042) — <] = [-24(0-9)(3-9)] (3.5

After including the primary constraintg; and x, in the canonical Hamiltonian
density /£ with the help of Lagrange multiplietsandv, one can write the total
Hamiltonian density=’4 as:

it = [-20(0-¢)(0-9) + pau + (7 — I_¢)V] (3.6)

The Hamiltons equations obtained from the total Hamiltonign=H/ <’ dx~
are
oHy

dyp=—"L=v (3.7a)
o
H
a7 = 88—(; = [403_0_¢ + 0_V] (3.7b)
IHr
yh = —L = 3.7
+ TS u (3.7¢)
aH
—dpy = ot = [~2(-9)(0-9)] (3.7d)
IHr
R (3.7¢)
aH
—9, T, = 3—UT =p, (3.7f)
H
av =0T _g (3.79)
o7y
aH
—0, Ty = — =[n — 3_¢] (3.7h)

av
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These are the equations of motion that preserve the constraints of the gheory
and x» in the course of time. For the equal LC time™(= y*) Poisson bracket
{, }p of two functionsA and B, we choose the convention

[ ~[9AK) 9B(y)  9AX) IB(y)
(A0, Bl = [ 2 ;[aqa(z)apa(z) apa(z)aqa(z)} (3.8)

demanding that primary constraint be preserved in the course of time. We obtain
the secondary constraint as

x3'={x1, “r}p =[2(3-¢)(0-9)] ~ 0
which is classically equivalent to
X3 =[v2(-¢)] ~ 0 (3.9)

Now onwards we will considegs as the secondary Gauss law constraint of our
theory (instead of3). Now the preservation of, and x3 for all time does not

give rise to any further constraints. The theory is thus seen to possess a set of three
constraintsy; (i = 1, 2, 3):

x1=p.~0 (3.10a)
x2=[mr—3_¢]~0 (3.10b)
x3 = [v2(_¢)] ~ 0 (3.10c)

The matrix of the Poisson brackets of the constrajpi:iamely,Ss(W—, z7) :=
{x«(W7), x8(z7)}p, is then calculated. The nonvanishing matrix elements of the
matrix §,(w~, z7) (with the arguments of the field variables being suppressed)
are

S =[—-20_8(Ww™ — z7)] (3.11a)

Sz =S =[vV20_s(Ww™ —27)] (3.11b)
The inverse of the matrig,s does not exist and therefore the matrix is singular,
implying that the set of constraintg is first class and that the theory is a Gl
theory (Belluchiet al., 1989; Floreanini and Jackiw, 1987; Sonnenschein, 1988).

In fact, the action of theory is seen to be invariant under the local vector gauge
transformation (LVGT):

8¢ = ~2B(3_¢), 8p, =0, 8M,=0, 8, =0 (3.12a)
81 = [—(018) + 2B(3-1) — A(0-B)] /2 (3.12b)
87 = ~2[B(9-9_¢) + (0_B)(0—9)] (3.12¢)

8U = [—(0+0+8) + 2B(3;+0-1) + 2(3+ B)(9-1) — A(9+0-B)
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— (3;2)(0-p)/V2 (3.12d)
8V = V2[B(340_) + (3 B)(3_9)] (3.12e)

whereg = B(x~, xT) is an arbitrary function of its arguments.
The generator of the above LVGT is the charge operator of the theory:

= [iraxc = [ax Va6 (3.13)
The current operator of the theory is
J = / j—dx = / dx™ V2[B(3_¢)ds ¢ + MAI_] (3.14)

The divergence of the vector-current density, nam@ly/ (= 9, j* +0_j7), is
therefore seento vanish. This implies that the theory possesses at the classical level,
a local vector gauge symmetry. We now proceed to quantize the theory under the
gauge

G=1=0 (3.15)
Under this gauge, the total set of constraints of the theory becomes
Yi=x1=p~0 (3.16a)
Vo= x2=[r—-09-¢]~0 (3.16hb)
Vs = x3 = [V2(0_¢)] ~ 0 (3.16¢)
Ya= G5 =1=0 (3.16d)

The matrix of the Poisson brackets of the constraiftsnamely, Tog(W, z) :=

{¥o (W), ¥5(2)}p, is then calculated. The nonvanishing matrix elements of the ma-
trix Teg(w, z) (with the arguments of the field variables being suppressed again)
are

Tia=—-Ts = —5(W7 — Zi) (3173)
Too = —20_8(W~ —2Z7) (3.17b)
Toz=Tap = \/EB,S(W_ —-2Z7) (3.17¢c)

The inverse of the matriX,s exists and the matrix is nonsingular. The nonvanishing
elements of the inverse of the matf; (i.e. the elements of the matrit (1),s
(with the arguments of the field variables being suppressed once again) are

(T HDu=—-THa=8w —2) (3.18a)
(T s =+HT Va2 = e(w™ —27)/(2v2) (3.18D)
(THews=ew —2z)/2 (3.18¢)
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with
/dfT«irﬁ*a:yo=uMMr—yv (3.19)
with,

[lldet(Tup) 12 = [v20_s(w~ — 27)] (3.20)

Now following the Dirac quantization procedure in the Hamiltonian formula-
tion, one finds that there do not exist any nonvanishing equal LC time commutators
for this theory under the gauge= 0. The same is seen to hold true for the quanti-
zation of the theory under some other gauge-fixing conditions su¢h-agj = 0,

(A —m)=0,and { — ¢ — ) = 0. This is an interesting result to be noted here
and its consequences need to be studied further involving the methods of constraint
guantization. The path integral quantization of this theory is, however, possible as
usual under all the above gauge-fixing conditions. In the following, we illustrate
the path integral quantization of this theory under the gauge0, as an example.

Also, for later use (in the next section), for considering the BRST formulation
of our Gl theory, we convert the total Hamiltonian densitf into the first-order
Lagrangian density

= [7(3+¢) + Pr(9+2) + Mu(91u) + Ty (04V) — 7] (3:212)
= [21(0-¢)(_0) + (_)(0+9) + Mu(d4u) + [Ty(3,v)]  (3.21b)

In the above equation the terrmpg(d, 1) — u andn (3¢ — V) drop out in view of
the Hamiltons equations of the theory.

The transition to quantum theory in the path integral formulation is made by
writing the vacuum-to-vacuum transition amplitude called the generating func-
tional Z[ ] in the presence of external source curreftsinder the gauge =
A ~ 0 as (see e.g., Gitman and Tyutin, 1990, Henneaux and Teitelboim, 1992)

nu=/meﬁfdﬁwﬂuw+m@@@m+@@@w

+ Iy (d4u) + Iy (8, v)] (3.22a)
whereg' are the phase space variables
o' = (¢, 2, u,V) (3.22b)

and the functional measurd,[] for the above generating functional is
[d.] = [V20_5(w™ — z")[dg][dr][dA][dp.][du]
[dTT,][dV][dTTy]8[(p2) ~ O]8[(7 — 8-¢) ~ O]
S[vV2(3_¢) ~ 015[(1) ~ 0] (3.22¢)



Front-Form Hamiltonian, Path Integral, and BRST Formulations of the Siegel Action 2403

4. THE BRST FORMULATION

We now rewrite our GNLSM, which is Gl as a quantum system that possesses
the generalized gauge-invariance called BRST symmetry. For this, we first enlarge
the Hilbert space of our GI GNLSM and replace the notion of gauge transformation,
which shifts operators bg-number functions, by a BRST transformation, which
mixes operators with Bose and Fermi statistics. We then introduce new anticom-
muting variable andc (Grassmann numbers on the classical level, operators in
the quantized theory) and a commuting variab{ealled the Nakamishi—Lautrup
field) such that (Becctgt al., 1974; Kulshreshtha, 1998, 2001; Kulshrestehal,
1993b,c,d, 1994a,b, 1995, 1998; Nemeschamrslal, 1988; Tyutin, 1975; Kul-
shreshtha and Kulshreshtha, 1998)

8¢ = N2c(0_¢), 8p, =0, 8, =0, 8, =0 (4.1a)
81 = [—(04.0) 4+ 2c(3_1) — A(0_C)]/v/2 (4.1b)
8 = V/2[c(0_0_¢) + (3-c)(d-¢)] (4.1c)
8U = [—(3484C) 4+ 2¢(840_1) + 2(3;.C)(d_1) — A(31d_C)

— (042)(0-0)]/V/2 (4.1d)
8v = v2[c(d,0_¢) + (3+0)(0-¢)] (4.1e)
s5c=0, 5c=h, 3b=0 (4.1f)

with the propertys2 = 0. We now define a BRST-invariant function of the dynami-
calvgriablesto be afunctioh(z, p;, Iy, 1y, P, ¢, g, 7, A, U, v, b, ¢, c)such
thats f = 0.

4.1. Gauge Fixing in the BRST Formulism

Permorming gauge-fixing in the BRST formalism implies adding to the first-
order Lagrangian density,, a trivial BRST-invariant function (Becctet al,,
1974; Kulshreshtha, 1998, 2001; Kulshresh¢hal, 1993b,c,d, 1994a,b, 1995;
Nemeschanskgt al, 1988; Tyutin, 1975). We thus write

Famst = [zx(a_m(a_«m + (0_)(04) + TTu(0) + TTy(25v)
+3 E(—«/ZLA + %b)} (4.2)

The last term in the above equation is the extra BRST-invariant gauge-fixing
term. After one integration by parts, the above equation could now be
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written as

Farst = [m(acz»)(aqs) - (0-6)(026) + Tu(d,0) + Mu(24v)

— V/2b(:1) + %bz + (a@(a@] (4.3)
Proceeding classically, the Euler—Lagrange equatiob feads
b= +/2(3,1) (4.4)
The requiremenib = 0 then implies
8b = /28(0,1) (4.5)
which in turn implies
9,0,c=0 (4.6)

The above equation is also an Euler-Lagrange equation obtained by the variation of
“ZBrsT With respect ta. In introducing momenta one has to be careful in defining
those for the fermionic variables. We thus define the bosonic momenta in the usual
manner so that

o
P ZgrsT= —+/2b 4.7

KGR

but for the fermionic momenta with directional derivatives we set

) .
Ile = ZersT——— = (0+0), o= —= % = (0;C 4.8
c BRST8(8+C) (9+C) °= 30,0 BrsT = (04.C) (4.8)

implying that the variable canonically conjugatedas (9,.c) and the variable
conjugate tais (9. c). For writing the Hamiltonian density from the Lagrangian
density in the usual manner we remember that the former has to be Hermitian so
that

JgrsT = [7(019) + Pr(344) + Tu(d4u) + Ty (34v)
+ Tc(34€) + (3,0)[g — ZBRsT] (4.92)

- |:pAU v — (0:)(0_¢) — 20(0_8)(9_0)

+ %(px)z + HCHC] (4.9b)
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We can check the consistency of (4.8) and (4.9) by looking at Hamilton’s equations
for the fermionic variables, i.e.,

5) B <«
0,.C= SBRST 0.C = /R 4.10
+ AT, ©/(BRST + BRSTE)HE ( )
Thus we see that
5 ~ -
0.C= e = g, 0.C = o/p =11 4.11
+ ATl BRST c + C BRSTaHE c ( )

is in agreement with (4.8). For the operatasc, ;¢ and d.,.C, one needs to
satisfy the anticommutation relations &fc with c or of 8, ¢ with ¢, but not ofc

with c. In generalc andc are independent canonical variables and one assumes
that

(I, g} = {c,c} =0, d,{c,c} =0 (4.12a)
{8.C, ¢} = (=1){d.c,c} (4.12D)

where{, } means an anticommutator. We thus see that the anticommulators in
(4.12b) are nontrivial and need to be fixed. In order to fix these, we demand that
c satisfy the Heisenberg equation (Becehal, 1974; Kulshreshtha, 1998, 2001;
Kulshreshthat al, 1993b,c,d, 1994a,b, 1995; Nemescharetigl., 1988; Tyutin,
1975):

[c, arst] = i9.C (4.13)
and using the property? = ¢ = 0 one obtains

[c, @BrsT] = (3:C, €)d+C (4.14)
Egs. (4.12)—(4.14) then imply

{o,cC,c} = (—1)o,c,cl =i (4.15)

Here 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 (Becchi
et al, 1974; Kulshreshtha, 1998, 2001; Kulshreshg¢hal., 1993b,c,d, 1994a,b,
1995; Nemeschanslet al, 1988; Tyutin, 1975).

4.2. The BRST Charge Operator

The BRST charge operat@) is the generator of the BRST transformations
(4.1). It is nilpotent and satisfie®? = 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
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theory satisfy
[¢.Ql=d.c, [7,Ql=—[v20_c+d_d,c],
[r, Ql=0.c (4.16a)
CQ =[0_¢—p.—7], {9:C Q}=—v2(0_¢) (4.16b)

All other commutators and anticommutators involviganish. In view of (4.16),
the BRST charge operator of the present theory can be written as

Q= f dx[ic[v20_¢] —i(3,0)[pr + 7 — _¢] (4.17)
This equation implies that the set of states satisfying the conditions
puly) =0 (4.18a)
7 —0_¢lly) =0 (4.18b)
[V2_¢]ly) =0 (4.18c)

belongs to the dynamically stable subspace of stdtesatisfyingQ|y) = 0, i.e.,
it belongs to the set of BRST-invariant states.

In order to understand the condition needed for recovering the physical states
of the theory we rewrite the operatar@ndc in terms of fermionic annihilation
and creation operators. For this purpose we consider (4.6). The solution of this
equation (4.6) gives (for the LC time" = t) the Heisenberg operateft) (and
correspondinglg(t)) as

ct)=Gt+F, ¢(t)=Gt+Ff (4.19)

which at LC timet = 0 imply
c=c0)=F, c=c0)=F' (4.20a)
,c=09,c0=G, 9,c=09.c(0)=G" (4.20b)

By imposing the conditions
c2=c?={cc}={0,Ca,c}=0 (4.21a)
{9,C, ¢} =i = —{d,c,T) (4.21b)

we then obtain

F2=F2=(Ff,F}=({Gf,G} =0 (4.223)
(GI,F} =i, {G,Fl}=-i (4.22b)

We now let|0) denote the fermionic vacuum for which
G|0)=F|0)=0 (4.23)
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Defining |0) to have norm one, (4.22b) implies
(OIFGT|0) =i, (O|GFT|0) = —i (4.24)
So that
Gflop=0, Ffoy=0 (4.25)

The theory is thus seen to possess negative norm states in the fermionic sector.
The existence of these negative norm states as free states of the fermionic part of
c/grsT IS however irrelevant to the existence of physical states in the orthogonal
subspace of the Hilbert space.

In terms of annihilation and creation operators

Stonst = | P+ 7V = (0,0)016) ~ 20 0)0-0)
1o,
+ Z(px) +G'G (4.26)
and the BRST charge operatQris

0= /dx- [iF[V29_¢] —iG(p, + 7 — 9_¢)] (4.27)

Now becaus&|y) = 0, the set of states annihilated ycontains not only the
set of states for which (4.18) hold but also additional states for which

Bly) = Dly) = (4.28a)

pul¥) # 0 (4.28Db)

[7 —3-lly) # (4.28c)

[V2—03_¢]ly) # (4.28d)

The Hamiltonian is also invariant under the anti-BRST transformation given by

8¢ = —/20(3_¢), 8p.=0, &M, =0, §M, =0 (4.29a)

8 = [+(040) — 2¢(3_1) + A(0_T)]/V/2 (4.29b)

St = V2[—C(0_0_¢) — (0_C)(0_9)] (4.29c¢)
8U = [+(0404C) — 26(3,9_A) — 2(8,.C)(d_A) + A(3,9_C)

+ (04:2)(0_0)]/V/2 (4.29d)

8v = V2[~C(040_¢) — (0,0)(0_¢)] (4.29)

=0, dc=-b, Sb=0 (4.29f)
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with the generator or anti-BRST charge

o= / dx [—iT[v20_¢] +i(0,0)(p +7 —0_¢)  (4.30a)

= fdx* [—iFT[V20_¢] +iGT(p, + 7 — 3_¢)] (4.30b)

We also have

9+ Q=[Q, Hgrs1] =0 (4.31a)
0;Q = [Q, Hgrs1 =0 (4.31b)

with
Herst = /dX HRST (4.31c)

and we further impose the dual condition that b@tand 6 annihilate physical
states, implying that

Qly) =0 and Q|y) =0 (4.32)

The states for which (4.18) hold, satisfy both of these conditions and, in fact, are
the only states satisfying both of these conditions, since, although with (4.22)

G'G = -GG (4.33)

there are no states of this operator w@h|0) = 0 andFf|0) = 0 [cf. (4.25)], and
hence no free eigenstates of the fermionic partigkst that are annihilated by
each ofG, G', F, Ff. Thus the only states satisfying (4.32) are those satisfying
the constraints of the throry.

Further, the states for which (4.18) hold satisfy both the conditions (4.32) and
infact, are the only states satisfying both of these conditions because in view of
(4.21) one cannot have simultaneous)yi, c andc, d,.c, applied to|y) to give
zero. Thus the only states satisfying (4.32) are those that satisfy the constraints of
the theory and they belong to the set of BRST-invariant and anti-BRST-invariant
states.

Alternatively, one can understand the above point in terms of fermionic an-
nihilation and creation operators as follows. The condit@g-) = 0 implies that
the set of states annihilated kycontains not only the states for which (4.18) hold
but also additional states for which (4.28) hold. Howew@y/) = 0 guarantees
that the set of states annihilated®ycontains only the states for which (4.18) hold,
simply becaus&'|y) # 0 andF|y) # 0. Thus in this alternative way also we
see that the states satisfyi@y ) Q|v) = 0 (i.e., satisfying (4.32)) are only those
states that satisfy the constraints of the theory and also that these states belong to
the set of BRST invariant and anti-BRST-invariant states.
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5. SUMMARY AND DISCUSSIONS

In this work we have studied the Siegel action describing the chiral bosons
onthe LF, i.e., on the hyperplanes = (x° + x1)/+/2 constant. The theory in the
IF has been studied before (Kulshreshghal, 1993a, 1999).
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