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Two-dimensional supergravity theory is quantized as an anomalous gauge theory. In the Batalin-
Fradkin (BF) formalism, the anomaly-canceling super-Liouville fields are introduced to ideatify the
original second-class constrained system with a gauge-fixed version of a first-class system. The
BFV-BRST quantization applies to formulate the theory in the most general class of gauges. A
local effective action constructed in the configuration space contains two super-Liouville actions; one
is & noncovariant but local functional written only in terms of two-dimensional supergravity fields,
and the other contains the super-Liouville fields canceling the super-Weyl anomaly. Auxiliary fields
for the Liouville and the gravity supermultiplets are introduced to make the BRST algebra close
off-shell. Inclusion of them turns out to be essentially important especially in the super-light-cone
gauge fixing, where the supercurvature equations (82 g4+ = 82 x44 = 0) are obtained as a result
of BRST invariance of the theory. Our approach reveals the origin of the OSp(1,2) current algebra

symmetry in a transparent manner.
PACS number(s): 11.25.Hf, 04.65.+¢, 11.25.Pm

I. INTRODUCTION

During the last decade there has been remarkable ‘

progress in our understanding of noncritical string theo-
ries [1-3). The first key observation of Polyakov [1] was
that the conformal mode of the metric variables does
not decouple from the theory at noncritical dimensions.
Along this line of thought, the noncritical string was
investigated in the light-cone gauge (4, 5]. Noting the
SL(2, R} Kac-Moody symmetry, Knizhnik, Polyakov, and
Zamolodchikov (KPZ) have succeeded in deriving grav-
itational scaling dimensions for conformal matter inter-
acting with two-dimensional (2D) gravity on the world
sheet.  Furthermore, David [6], and Distler and Kawai
(DDK) [7] showed that the Polyakov path integral formu-
lation [1] reproduces the KPZ results also in the confor-
mal gauge. It was based on the assumption that the Ja-
cobian associated with changing the functional measure
from that for the conformal mode defined in [1] to a trans-
lational invariant one generates a Liouville-type action.
This DDK ansatz for the functional measure has been
examined using the heat kernel method [8]. The relation
between the conformal gauge and the light-cone gauge
(9, 10], has also been discussed, and analyses based on
the Becchi-Rouet-Stura-Tyutin (BRST) formalism have
been carried out by several authors [11,12]. Further-
more, the analysis in the light-cone gauge and conformal
gauge have been extended to the supersymmetric case in
[13-15] and in [7, 16}, respectively.

In our previous paper [L7], we gave a systematic canon-
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ical formulation of the Polyakov string at noncritical di-
mensions by applying the idea developed for anomalous
gauge theory [18]. It provides a general approach to non-
critical strings. The BRST anomalies of the Polyakov
string theory at noncritical dimensions [19-21] can be
compensated by introducing new degrees of freedom and,
thereby, the theory can be made gauge symmetric, i.e.,
invariant under Weyl rescalings of the metric variables
as well as world-sheet reparametrizations. The BRST.
gauge-fixed action turned out to contain two Liouville
type actions, one being written only in the world-sheet
metric and the other containing the new degree as the Li-
ouville field. In the conformal gauge, this reduces to the
effective action of DDK, giving a justification of their
functional measure ansatz from a canonical viewpoint.
We further gave a systematic description of the theory in
the light-cone gauge, clarifying the relation between the
BRST invariance and SL(2, R) Kac-Moody symmetry.
In this paper we will investigate the extension of this
work to a Neveu-Schwarz-Ramond superstring (22, 23].
The locally supersymmetric action [24] can be regarded
as N =1 2D supergravity (SUGRA) coupled with string
variables as superconformal matter. The basic strategy
parallels the bosonic string case. Our starting point is the
most general form of the BRST anomalies in 2D SUGRA
[25] in the extended phase space (EPS) of Batalin, Frad-
kin, and Vilkovisky (BFV) [26]. The anomaly appeared
there as anomalous Schwinger terms which destroy the
first-class nature of the super-Virasoro constraints. The
quantum system is described by the second-class con-
straints. In general, systems with second-class con-
straints can be regarded as gauge-fixed systems of un-
deflying symmetric theories.. Actually, one can rewrite
the system with second-class constraints into a gauge
symmetric form by introducing compensating fields in
the EPS. Batalin and Fradkin (BF) [27] developed the
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general idea of converting systems with second-class con-
straints into gauge symmetric ones in a general and sys-
tematic way. Applying their method to the present case
and carrying out the BFV-BRST quantization [26], one
- obtains a BRST gauge-fixed effective action. The con-
struction of the action given here completely parailels
that in the anomalous chiral gauge theories [18,28]. The
resulting effective action contains two super-Liouville ac-
tions. One just coincides with the local but noncovariant

counterterm found in {25}, and acts as the Wess-Zumino- -

Witten term to shift the super-Virasoro anomaly to the
super-Weyl anomaly. The other with the BF variables as
super-Liouville fields cancels this super-Weyl anomaly.
This can be shown without invoking a particular gauge.
The fact that our action reduces exactly to the one sug-
“gested in [7,16] for the superconformal gauge implies that
our formulation provides a justification of their functional
measure ansatz from the canonical viewpoint.

Although our construction of the effective action al-
most parallels that for the bosonic theory, some new is-
sues arise in the quantization of the fermionic theory.
In the EPS, the BRST transformation incorporates su-
persymmetry transformation, and closes off shell by con-

struction. One may go to the configuration space by elim- '

inating the momentum variables. In general, the BRST
transformation in the configuration space thus obtained
closes only on shell. In the superconformal gauge, the
on-shell closure of the algebra is enough to quantize the
theory. This is not the case, however, in the supersym-
metric light-cone gauge. Inclusion of auxiliary fields for
the supermultiplets of the gravity and the Liouville sec-
tors needed to close the algebra off shell turns out to
be essentially important for quantization. Since a sys-
tematic way of introducing such fields in the EPS is not
known, we shall discuss the auxiliary field as well as the
complete form of the BRST transformation after passing
to the configuration space. It should be noted in our gen-
eral construction that the auxiliary field for the Liouville
sector and that for the gravity sector couple nontrivially,
generating a new local symmetry incorporated in the fi-
nal form of the BRST transformation.

This paper is organized as follows. In Sec. II, we briefly
outline the most general form of the BRST anomaly
in 2D SUGRA. The BF algorithm is applied to can-
cel the super-Virasoro anomaly. We formulate in Sec.
III the BRST gauge-fixed effective action in the EPS
and describe covariantization of the action, where auxil-
iary fields are introduced to obtain the off-shell nilpotent
BRST transformations in the configuration space. The
superconformal gauge is discussed in Sec. IV. Section
V is devoted to supersymmetric light-cone gauge fixing.
08p(1,2) Kac-Moody symmetry is obtained in a system-
atic manner based on the BRST invariance. A summary
and discussion are given in Sec. VI. In the Appendix, we
summarize the BRST transformation in the configuration
space.

IL BRST ANOMALY IN THE
FERMIONIC STRING THEORY

In this section we will briefly review the BFV formal-
ism for fermionic string theory and the BRST anomaly
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along the lines of Ref. [25]. The fermionic string can
be formulated as N = 1 2D SUGRA coupled to string
coordinates and is described by the action [24]

Sx =— ]dz:ce[ %(g“ﬁaaXBgX — @pp*Varp)

FRotPP B0 X + TTVRP X ] , @)

where X# and ¢ (4 = 0,..., D —1) are, respectively, the
bosonic and fermionic string variables,! and we have sup-
pressed the space-time indices. The zweibein and grav-
itino are denoted by e,® and x., respectively.

The action (2.1) possesses invariances under the world-
sheet reparametrizations, local Lorentz rotations, lo-
cal supersymmetry, local Weyl rescalings, and fermionic
symmetry [24]. This suggests a convenient choice: of
parametrizations [25] for the zweibein and the gravitino

R .
e v —g=x _
AE =+ 0 _ VvTI= G0 , &€= ln(—el+el ) =lng ,

6‘1* gn
1 81+
= -1 -
=1 n( el_)
(xo £ AFx1)s Ax1%
- Ay = 2F_ 2.2
v vVFe, T +e; (22)

where Y, stands for the upper and lower components
of Xq, and eq® = e, £ e,!. We also use the rescaled

components .. defined by

eile—H)y_
V= (e-‘%<¢+5>¢+)
for the fermionic string variables. In this parametrization
£, €, and A4 are the only variables that change under the
Weyl rescalings, the Lorentz rotations, and the fermionic
symmetry, respectively. The other variables are all in-

variant under these symmetries, and the action (2.1) can
be written only in terms of these variables as

(2.3)

Sx = j d%[ XT}LT(X CAYX)(X 44X
el = XFPL) + g (o +A79L)
+X+iT{i(X SN XVpvy — (X

FATX W} + —‘—2——¢+TJJ—V+V~— ] . (24)

AT 4+ A-

'We choose n°* = diag(—1,1) and 7** = diag(-1,1,...,1)
for flat metrics and €** = —¢* with €”* = 1 for the Levi-
Civitd symbol. The world-sheet coordinates are denoted by
z* = (1,0) for & = 0,1 and are assumed to take —co < o <
+oo. Tt is straightforward to make the analysis on a finite
interval of o so as to impose the Neveu-Schwarz or Ramond
boundary conditions. We will use the notation A =8,4and

- A" = 8,A for derivatives. Dirac matrices p® (a = 0,1) are

chosen to be p® = dq, p* = i0y, and p® = p%' = g4, where
or {k =1,2,3) are Pauli matrices.
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In the canonical description the local symmetries man-
ifest themselves as first-class constraints according to
Dirac’s classification [29]. Denoting the ca.nomcal mo-
menta for X“ XE, €, &, vy, and Ax by Py, 7}, me, 7o,
7¥, and s 0 respectlvely, the canonical ’sheory of this
system is characterized by the following set of first-class
constraints:

pg=mwz =0 for A=A M te,
Jisvri =0 for 2—1}:1:,1\5:,
1

JPEX) & ¢i¢i ~0,
Ji =1,bi(P:i:X') ~0, (2.5)

where cpir and J are the super-Virasoro constraints,
and satisfy the classical super-Virasoro algebra under the
equal-7 super-Poisson brackets [26]

{pX(0), 0% (")} = £[e™ (0) + 0¥ (0)]0s8(0 — o) ,
{T& (o), e (")}

- :i:gjf (0)8o8(c — o’} £ 8,TX8(0 — o) ,

{TE(0), TL (0")} = ~4ipZ (0)d(0 — o') 5

all other super-Poisson brackets vanish. (2.6)

To set up the BFV-BRST formalism [26], we introduce
the EPS by adding to the classical phase space the ghost
and auxiliary field sector for each constraint as

A ¢ (CA’ﬁA)y (PA3EA)9 (NA,BA) )
VA ('szﬂz): (ﬂzﬁﬁz)? (MZ’AZ) + (2‘7)
where 4 = At £, e, X+ and z = vy, As, X+, respec-

tively, label the bosonic and fermionic constraints given
in (2.5). The classical BRST charge can then be con-
structed directly from (2.5} and (2.6) without recourse
to gauge fixing as

Q= jdo-[ CA(pA + T + 'PABA + B7A,
+CHPLCH + By ++ (5Part - Jac?)
. —C~(P_CT"+B_~7")

+v~ (21"“?5'._7' + %B_c—’) ] ,

(2.8)

where A and z run over all constraint labels. The ghost.

trilinear terms are determined so that @ satisfies the
nilpotency condition under the super-Poisson brackets as

{Q,@}=0. (2.9)

The dynamics are controlled by the BRST-invariant total
Hamiltonian Hyp, which consists of the canonical Hamil-
tonian and the gauge-fixing term. In the present case the
canonical part vanishes identically, and Hy is given by

HT = {Q‘l q}}-l

where ¥ is a gauge fermion. We shall use the standard
form of ¥ given by

(2.10)

¥ = /do’[ Cax® + 7% + PANA +F°M, |, (211)
where x* and x, denote the gauge conditions imposed
on dynamical variables. The BRST invariance of Hr can
be stated as

{Q'n HT} =0,

which is automatically satisfied by (2.9).

So far our arguments are restricted within classical
theory. In quantum theory, the operators @ and Hy
must be suitably regularized, and the quantum version
of the BRST invariance (2.9) and (2.12) may fail to be
valid due to anomalies. Assuming that the anomalous
commutators®? can be expanded in % as

[Q, Q} = ih%2Q + O(h3) R
[Q, Hz] = SH°T + O(h°),

(2.12)

(2.13)

we obtain the algebraic consistency condition for £ in the
lowest order of % as

5Q=0, (2.14)

where & is the classical BRST transformation given by
the super-Poisson bracket §F = —{Q, F'} for any F. On
the other hand, I' can be related to {2 by

I'={Q,0}. (2.15)

Hence it is sufficient to cancel the anomaly in §? to retain
BRST invariance.

The consistency condition (2.14) has been solved in
the EPS [25], and the nontrivial (matter independent)
solution is found to be

Q=K f do[(C*B3C+ — 8iy*o2y+)

—(C83C™ + 8iy~82y7)] . (2.16)
The cohomology class to which this solution belongs is
uniquely fixed and independent of the choices of regular-
izations and gauge fixing,

The overall coeflicient K, however, remains undeter-
mined in this algebraic method. To fix K, we must de-
fine operator products by some ordering prescription, and
then examine the nilpotency of the BRST charge. For
the purpose of defining operator ordering, we decompose
operators into two parts by :

%A careful analysis of the equal-time commutators appearing
in the BRST slgebra is given in {30].



A () = f o6 (g — o) A(o")
for A=P+ X”¢+’c+’j—5+’
AB)(g) = f do§® (o - o) A(o")

for A=P—-X'y_,C",P_,

4

with 5)(0) = =, The A®) and AC) thus de-
2roLe

fined reduce, respectively, to pesitive- and negative-

frequency part in the superorthonormal gauge. By

putting At)’s to the right of A(~)’s, we define opera-

tor ordering. We thus obtain

10-D
167

for the anomaly coefficient. This coincides with the result
of superconformal gauge fixing (23]. If we change the or-
dering prescription, the value of K also changes. Which
ordering should be employed depends on the gauge cho-
sen. Because of this, the operator ordering introduced
above should be understood as temporal. We will come
back to this point later.

The Q? anomaly is a direct consequence of the super-
Virasoro anomaly of the generalized super-Virasoro con-
straints defined by

(2.17)

K=

(2.18)

_ _ 3_ 1
Siz=oX £2P.CF £ P CE L 5B & 516;:’7i,
3_ _ —
I = JF ¥ 5B.C* ¥ BiCt + 4Pyt |,  (2.19)

where operator ordering is implicitly assumed. Suppress-
ing k henceforth, we can easily show that these safisfy

[®4(0), 2+(0")] = £i[®(0) + B(0")]8s6(c — ')
+iK838(0c — o') ,

[+(0), (0]

= 402 14(0)0,8(0 — o') & T4 (0) - 8(0 ~ o),

[Le(0), I (0')] = 4@+(0)8(0 — 0') + 8KB36{o — 0);

all other supercommutators vanish. (2.20)

One finds that, due to the appearance of the anomalous
Schwinger term, the super-Virasoro constraints become
second-class ones.

The result (2.16) or (2.20) with K given by (2.18)
does not rely on A expansion and is exact as far as the
Q® anomaly is concerned. Strictly speaking, the BRST
anomaly must be canceled in order for the higher order
corrections to be meaningful. The critical string with
D> =10 is such a case, where the super-Liouville mode of
the 2D SUGRA multiplet is decoupled from the theory.
In poncritical strings, however, we must take account of
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the super-Liouville mode as a dynamical variable, which
also contributes to the BRST anomaly.

Instead of taking account of the super-Liouville mode
which is expected to become dynamical in quantum the-
ory, we modify the theory to recover all the classical local
symmetries violated by anomalies. This can be carried
out, without affecting the physical content of the origi-
nal theory, by introducing extra degrees of freedom which
can be formally gauged away by the recovered local sym-
metry.

Following the general idea of BF [27], we introduce a
canonical pair of bosonic fields {#,mg) and a2 Majorana
field ¢+, which we will refer to as BF fields henceforth.
They are assumed to satisfy the same type of canoni-
cal supercommutation relations as string variables. We
then modify the constraints (2.19) by adding to ®.. and
I, an appropriate terms containing BF fields to cancel
the super-Virasoro anomaly in (2.20). Let us denote the
modified super-Virasoro operators by &4 and Iy; then
they are given by

. 1 i,
By =+ ;01 - 7vOL £ Gl
e iy e
+yiutes F —g-e”C:FCi :

Jo=Ts+(0p 7 49Ch F 2vpe™ iz, (2.21)

where we have defined @.. = #'+my. v is a free parameter
to be fixed to cancel the super-Virasoro anomaly. In fact,
the super-Virasoro constraints of the BF sector satisfy
the super-Virasoro algebra with the anomaly coefficient

K= 29 (2.22)
under classical super-Poisson brackets. Since the BF
fields also contribute to the super-Virasoro anomaly as a
single superconformal matter multiplet in quantum the-
ory, the BRST anomaly can be canceled if x satisfies

D-10+1

Tom +rx=0.

(2.23)

For D < 25 we find the parameter v to be real, the only
case which we will consider in the following sections. In
order to retain the reality of v we must choose the BF
fields to generate negative metric states for D > 25.

In (2.21), the term containing the mass parameter 2
is not necessary for the purpose of canceling the BRST
anomaly but it turns out to be related to the cosmologi-
cal terms in the covariant effective action as we shall see
in the next section. In quantum theory, the exponential -
operators exp(f/2v) will be modified by the gravitational
dressing effect {2, 6, 7]. . The full quantum mechanical
treatment of them will be discussed in Sec. IV.

As we mentioned above, a different choice of operator

. ordering gives rise to a different anomaly coefficient. For

the superconformal gauge fixing, the ordering prescrip-
tion introduced above can be used and (2.23) turns out
to be correct. In the light-cone gauge, we will adopt dif-
ferent ordering and arrive at different conditions for & as
we will see in Sec. V.
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III. EFFECTIVE ACTION
AND GEOMETRIZATION

In the previous section we introduced the BF fields,
and modified the super-Virasoro consiraints so as to can-
cel the BRST anomaly. In this section we will apply the
BFV algorithm to the gauge symmetrized system and
investigate the BRST-invariant effective action.

Let us denote the BRST charge modified by the BF
fields by Q, then it generates the BRST transformatien
of any variable F by

6F =i[Q,F) . (3.1)

We thus obtain the following set of BRST transforma-
tions in the EPS:

5X = %{(c+ _CTYX 4 (CF +CTYPY + s
+v7 %,

SP = (%{(c+ —C)P+(CT+CT)X"}
+ytes — 7‘¢—) :

Sps = i%ci'«,bi + gL + iy (P £ X,

56 = %( Cte, —C~0_ ) —~(C*t
+1r ¢ +v7¢,

Srtp = ( lero,—ce ) (et +C7Y

—cY

+'Y+C+ - 7—4—) 3

8a = £CEC, & 20y £ iy 0 F diy™

SAE=CF, §¢=C%6e =C",

sct =9, 5ct =0, 8C° =0,

My U

Sve=—vY4, SAyx=—k SvL =0, sy2=0, (3.2)

SNA=pA M, =-3, 6PA=0, 5§57 =0,
8Ca=—Ba, 67 =—A%, 6B4=0, §4° =0,
65}1 =—¥i JB‘Q = _‘72’ 6?_')5: = -("b:l:'n éﬁ:h = _"f:ln

5CE = £CECE — 2i(yE)2, Syt = :F%c:tl,y:i: & EyR
where the constraint labels A and # run only through
primary constraints, while A and z are taken over all the
bosonic and fermionic constraints. .

The change in the BRST charge is reflected in the dy-
namics through the total Hamiltonian

iy = %[Q 9. (3.3)

This is BRST invariant if the Q2 anomaly is absent.
To construct the effective action we choose the stan-
dard form of gauge fermion (2.11) shifted by ¥ —
fdo[C4N4 + F°M,]. This just cancels the Legendre
terms fdza:[CA’PA + 58, + BaAN* + A*M,] in con-
structing the effective action. The BRST-invariant effec-
tive action can be obtained as

So = / dZ:c[PX+ ($sths + Dt )+vreé+§(c+c'++c_c'_)

+mdIMt L AN fowf b iy 4w oo A Ay g A

~NAp; —N*g, - N~G_+ M J* + M*Jy +M_j—] )

Sgh = f d*z I:ﬁAéA + Bz':fz - EAJXA + 75Xz — :‘ﬁA’PA - )B_zlgz

= 3 1 R R S
—N (27’+C+' + Pyt 4 2B + Eﬁ'n*) +N_ (21>_c '+ PLCT 4SBT+ 5By )

—M*t (-g-mc“ +B.ct - 4ﬁ+q+) + M- (gﬁ_c—’ +B.C+ 4¢”?5_7—)} ;

Syt = j d2a[~Bax® — A*xs] .

In (3.5) $+ and Fx, respectively, are obtained from the
super-Virasoro constraints &1 and Ji given by (2 21)
with all the ghost contributions removed. The x“ and
xz stand for the gauge fixing conditions. We have used

Ser = S0 + Sgn + S, {3.4)
where

(3.5)

(3.6)

(3.7)

the BRST transformations (3.2} in deriving these actions.

For a wide class of gauge conditions the effective action
provides us with a starting point to analyze the quantum
theory of a fermionic string as 2D SUGRA. It is, how-



ever, written in terms of the EPS variables, which have
no direct geometrical interpretation unless we explicitly
specify the gauge conditions. In order to see the physical
significance of the effective action, we relate the EPS vari-
ables to the configuration space variables to geometrize
the effective action. The geometrization of the EPS vari-
ables has been developed in Refs. [21,25]. No essential
change will appear in relating the ghost variables in the
EPS to those of configuration space in the presence of
the BF variables.

Since the auxiliary fields N* and M¥, respectively,
play the roles of A* and +iv- in (3.5), we identify them
by imposing the gauge conditions

Xx = A — X4 =ve FiMT . (3.8)
As for the rest of the gauge conditions, we assume that
they and their BRST transforms are independent of P,
P, my, (1, 74, T ,Pa,and 5. They are otherwise a.rb1~
trary. This is sufﬁcient for the purpose of geometrization.

Due to the assumptions on the gauge conditions, we
can derive equa.tlons of motion for P, %, me, (x, 7y,

, Pa, and 8 by taking the variation of (3.4) with
respect to these variables as

X - 5{(N+ +N7)P + (Nt - N7)X'}
+M¥Y + M Y=
6— %{(N+ + N™)mo + (Nt = NT)8' }

—y(N* = N7Y + My + M—¢_ =

ha F N*YL F %N*’gbi +iM*(P£X') =
(e FNEGF -;—N*’Ci +iM*(mp £ 6') ¥ diyM* =,
A =NE, €=N¢, =N, ve =ML, Ay=DML,

CY =Py, CE=P% =P 4L =pL =8l

PE = (% £ CENF 3 CHN* - diy M,

BE = 4% & _;_,Y:EN:H A NE F CEME & %c:{:.rM:!: '
(3.9)

We require that, if we use the equatlons of motion (3.9)
to eliminate P, ‘Pﬂ:, and 8%, the BRST transformations
{3.2) in the EPS reduce to those in the configuration
space given in the Appendix. For instance, the covari-
ant reparametrization ghosts C® and the supersymme-
try ghosts w can be identified by comparing the BRST
transformations of X in the EPS and in the configuration
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space in (A2). They are given by

g CHC oy NCt-Nve
Nt4 N-’ N+ 4+ N- 7
_ e%(c"'%)w_
w= e%(“"'%)w_l_
+C~
Wlthw:k—'-'f:’!,(’)‘ -'rm“—M:F) . {8.10)

The Weyl ghost Cyw and the local Lorentz ghost Cy, can
be found from the BRST transformation properties of £
and £ to be

CW =C£ - VC+ +I/c_ 3
CL=C"-2¢ +7; (3.11)
where Vci and Zg: are defined by
VE= %Gic* + AgyE +CF
BE =% C La + gy he + 5C¥ (3.12)
with
Gi= 2 [£NE 4+ N¥¢ 5 (N* — N-Y
N+t4+N-Y
F(AL MY+ A-M7)]
2 &
_— N:F I N+ —\
Ly = g NS+ N 3 (N 4 N7)
FAL Mt —A_MTY]. (3.13)

We finally obtain the super-Weyl ghost from the BRST
transformations of Ay as

e%(c_g)nw_ :
Tw = | _1(eat .
e 2(€+2)77W+

ctqC-

with e+ = WF + WW,?, (3.14)
where Wi and Wi are defined by
WE=MLFA Nt %AiNi’
+i(GL M™* +4M™")
WE=~t FALCE ¥ %Aici'
- Hi(Gay® + 4y . (3.15)

The equations (3.10), (3.11), and (3.14) fix the ghost re-
lations betwéen the BFV basis and the covariant one.
Except for the BF fields, which we will shortly discuss,
it is straightforward to convert the BRST transforma-
tions of the remaining variables in terms of configuration
space variables. Furthermore, the BRST transformations
of the covariant ghost variables can be easily obtained
from (3.2) and (3.9). We shall introduce here auxiliary
fields, #%, Fe, Fy,, and Fy for the supermultiplets corre-
sponding to the string variables, the gravity, the Liouville
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fields and the super-Weyl ghost, respectively. These are
needed to close the algebra off-shell. The BRST trans-
formations constructed from (3.2) by using (3.9} and the
" ghost relations given above coincide with those of the Ap-
pendix up to the terms containing auxiliary fields, being
only on-shell-nilpotent. The original BRST transforma-
tions (3.2) in the EPS satisfy the off-shell nilpotency by
construction. There, the number of bosonic fields bal-
ances that of the fermionic fields. Eliminating the mo-
mentum variables, however, destroys the balance, and the
off-shell nilpotency is no longer satisfied. Incidentally, the
off-shell nilpotency of these two BRST transformations
is realized in a quite different manner. In the configura-
tion space, the covariance is manifestly maintained and
the nilpotency is consistent with the covariance. On the
other hand, the covariance is only manifest on the mass
shell in the EPS and the off-shell nilpotency is realized
by sacrificing the manifest covariance. Therefore, when
passing to the configuration space, we include auxiliary
fields to retain the off-shell nilpotency needed to investi-
gate the theory in arbitrary gauges.
With these preparations, we turn to the geometrization
of the BF fields. In terms of covariant ghost variables the
BRST transformations of the BF fields are given by

80 = C""Baﬂ - i(w_C+ - (JJ+C_)
—[2CY + C¥ (AT = A7),
1
8¢ = C%0als + -2—(0“ + AECY) ¢y — yC% g — Ayl
2wz

AT 4+ A

+i(v—Ct — ve(-)] _
The presence of the terms proportional to + implies that
# and (+ have no simple transformation properties as
scalar and spinor components of a scalar supermultiplet
for the string variables. Rather, the BF fields possess
transformation properties similar to those of £ and Ay

as is casily seen from (A2). In fact we can construct
covariants by taking the combinations

1
=& - --9,
6=¢ p”

% (6 £ T8 +y(AT = A7)

(3.16)

edC-iy ith Ay — 2 3.17
= (e—%(=+§)n+) with 7+ = B ,YC* - (317)
The covariant BRST transformations of these variables
coincide with those of the super-Liouville multiplet given
in the Appendix, where we have included the auxiliary
fields Fr as /K:ntioned above. We see from this that
(¢,7m, F) can be regarded as a super-Liouville multi-
plet. They not only transform as a scalar multiplet under
reparametrizations and supersymmetry but also change
under super-Weyl transformations.

The master action (3.4) contains many nonpropagat-
ing degrees, ie., P, mg, P4, Pa, 8., B, N4, and M,
which can be eliminated by virtue of the equations of
motion (3.9). After eliminating these variables from the
master action and rewriting it in terms of the covariant
variables defined above, we arrive at the gauge-fixed co-
variant action

Set = Sx + Sd» + S_q + Scosm + Saux + Sgh + ng (318)

with
7

S¢ = 'ESﬁ’n,

o= =5l [ (2]

. . .
Secosm = —§,u/dzscee_%é [-—Z(FG —Fr)+ —2-1177

— 20X 00 + 4€*° Tc.psxﬁ] )

Suur = & [ PPy + % / dze(Fs — F1)?,

Syn= f d2a(~Cy6xE — C_dx — Cebxt — Cubx®

=Cbx! +70xY +7-6x7 +Thoxs +An6x2],

St =fd2z[—B+x;c - B_xj — Bex® = Bex® — Byx!

—Ayxy — A-x7 — Afxd — Apxd, (3.19)

where Sf'" is the supersymmetric Liouville action given
by

1 _
§¢m = f d%e e[ -3 (9°° 8O3 — TP™V o)
_ o 1_ _
~Xo” 1836 — JTMX o’ 0" Xp
+R¢ + 4ie*PT, psp" X, 080 + 4°PX,psV 1) J

(3.20)

with R being the scalar curvature of the metric gap. The

5%* can be obtained from (3.20) by the replacement ¢ —
¢ and ny — Ax. This is a local functional of 2D SUGRA
fields and can be considered a super-Liouville action with

e—%
£ =Ingu, A= ( 4e "2 x14 )

3.21
so-t—Sx_ (3.21)

as the super-Liouville fields.

In (3.18) we have also included the auxiliary fields to
retain the BRST invariance in the configuration space
given in the Appendix. In this connection, we notice here
the appearance of a new local symmetry associated with
Fg(z) — Fg(z)+ A(z) and Fr(z) - Fp(z)+ A(z) by an
arbitrary function A(z}. To gauge-fix the local symmetry,
we have added a new gauge condition x/ and an antighost
Cy to (3.18). The Fy required by the off-shell nilpotency .
of the BRST transformation in the super-Weyl ghost sec-
tor can be considered as the ghost corresponding to this
symmetry, as can be seen from the BRST transforma-
tions of Fg and Fy, given in (Al).

It is very interesting to see the properties of (3.18)
under the classical local symmetries of (2.1). As was dis-
cussed in Ref. [25], S is not invariant under the classical
symmetries (except for the local Lorentz invariance) and
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produces both super-Virasoro and super-Weyl anomalies
even in the classical theory. The quantization of the
string variables breaks the reparametrization invariance
and the local supersymmetry, and leads to the super-
Virasoro anomaly. This anomaly together with the con-
tributions from other sectors including supergravity itself

is canceled by the classical super-Virasoro anomaly pro--

duced by §;. The super-Weyl anomaly of 5, is canceled
by that of S4. This is rather obvious since the combina-
tion Sy + Sg depends on £, ¢, Ay, and 5+ only through
the BF fields which are invariant under super-Weyl trans-
formations. Furthermore, the cosmological term can be
obtained by eliminating the auxiliary by the equation of

motion Fg — Fr, = —2pu:3"gi as

—; fdzme [2,1526"‘* + %Trme"%

—2ipRapne~t + 4ucPRopexoet] . (322)

It is easy to show that this is invariant under super-Weyl
transformations. :

We now come back to the invariance of the effective
action (3.18) under the BRST transformations given in
the Appendix. From the very construction of our sym-
metrization procedure, it is invariant under the trans-
formations without the auxiliary fields. When they are
included, the BRST transformations of Majorana ficlds
are modified by
§rnp = wFyg .

Spip = wFx Sp¥e = —:’IpawFG ,

(3.23)

It is well known that the noninvariance of Sy is canceled
by the variation of the FZ term in Saux. Noting that the
modifications due to Fg can be regarded as a fermionic
transformation, we easily find

K — a . _
§pSs=73 f PPze[ivp™{Van + i6° (a6 — Xan)Xa}
x{Fr — Fg) - 4Eaﬁﬁp5vax,@FL] R

SrS, =2nfd2mee“'3"w"psvax‘3FG . (324)

These can be shown to cancel exactly the BRST transfor-
mation of §,,,. The fact that only the difference Fg —Fy,
" appears in the action is related to the extra symmetry
“mentioned above. The action (2.1) supplemented by the
auxiliary field Fix by itself is classically invariant under
the full BRST transformations containing Fg. The auxil-
iary field Fiz, however, enters into the action only through
quantum effects, i.e., the super-Weyl anomaly [31].

We emphasize that, though the effective action (3.18)
has been derived by assuming the restricted class of gauge
conditions stated below (3.8), it is considered to be valid
for arbitrary gauge conditions, This is because the effec-
tive action is invariant under the BRST transformations

maintaining the off-shell nilpotency, If we restrict our-
selves to the gauge conditions satisfying the assumption
stated below (3.8), we need not introduce the auxiliary
fields. In such a case, the BRST transformations are
only on-shell nilpotent, but the equations of meotion can
be consistent with the BRST symmetry. Actually this
hdappens in the superconformal gauge. The restriction
on the gauge conditions, however, is too strong to allow
interesting gauges such as the light-cone gauge. Let us
discuss now these specific gauge fixings.

IV. SUPERCONFORMAL GAUGE FIXING

In the previous section we formulated the BRST-
invariant effective action. So far our argument does not
rely on particular gauge conditions. The effective action
(3.4) or its covariantized version (3.18) can be applicable
to any gauge fixing. It is, however, instructive to describe
explicit calculations and illustrate some issues which arise
in quantizing the effective action. In this section we will
discuss superconformal gauge fixing.

Since the effective action (3.18) possesses all the clas-
sical local symmetries, we can fix the zweibeins and the
gravitinos to arbitrary background fields. The gauge-
fixed action can be easily constructed in this general case.
In particular we can choose the background to be flat
Minkowskian superspace. Here we shall discuss this sim-
plest case, ie., e2 = §2%, xo = 0. In terms of (2.2) the
flat superorthonormal gauge can be implemented by the
following set of gauge conditions:

X:EZN&:_]-, .
X7 = FiM*,

Xt =6,
=fe, (41

Xt =g,

Xi=A:h3

where xf and x? denote the gauge conditions for the
super-Virasoro constraints. The last gauge condition in
(4.1) is to fix the local symmetry associated with the
presence of the auxiliary fields discussed in the previous
section. In this gauge the Lorentz ghost, the super-Weyl
ghosts can be related to the super-reparametrization
ghosts as

Cp = —%eaﬂéacﬂ . Cw =—8,0°,

Fw=0, 1my=—2ip"hw, (4.2)

and their antighosts vanish, Integrating out the multi-
pliers B4, A%, the auxiliary fields Fx 1, and eliminating
nonpropagating variables by the equations of motion, we
can reduce the effective action (3.18) to the following
expression:®

3The light-cone coordinates are denoted by % = 2® + 2!
GCorrespondingly, the flat metric is given by #++ = 5-—- =0,
Npe = Nefp = —-;7. We exceptionally define the derivatives by
81 = 8o %+ 8,; hence 94a%F = 2.
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Sug = f dzm[—%mxa_x a0 by + 9049 ]

1 ) 2 - . _2
-1-5 fdz:c[§3+¢3—¢ t 514 0-m4 + 5n-Opn- — 2u’e ?—iun-nse =]

+fd2m[—b++8_0+ —b__8,C7 4+ B440_w_ +,6_..3..§.W+] )

where the antighosts Ca. and 7, are, respectively, de-
noted by b1y and Bii. Then the string variables and
the ghosts become free fields, and the BF fields satisfy
the supersymmetric Liouville equations, i.e.,

6+3_X - aﬂ:"b:': =0 )

8:CF = Oqwy = Ogbys = 0zP2x =0,

—¢, ¢ —¢
040_¢ — 2p”e qva—M?'l—nure *=0,

Bums £nse”F =0. (4.4)

The gauge-fixed action (4.3) is invariant under the
BRST transformations

i(w—¢+ - w+"1b-) 5

1
dipy = %Ciaﬂbi + Zaﬂ:Ci“f)ﬂ: FwgdsX

5X = %c+a+x + -;-C‘B_X -

5= —%a+c+ - %a_o-

1 | T
+§C+6+¢ + EC 0_¢ —i(w_n+ —wsn-) ,
1
Za:kci'rld:
twdid %C@n;e_% + Z,uwie_% ,

1
Sy = :FZB:;;wq: + §Oia:|:'r]:|: -+

1 .
sCt = EOic‘)iCi + 2iwd
Swy = l(3':':6:,;w;u: — l8;,;C'¢w:|: ,

bty = T:I:i+T:|:i+ gh(2)+Tgh(3/z)

§Buy = Hi(JXL +JEL + TS "), (4.5)

where TX;F9*33/2) and J29* are the components of

the stress tensors and the supercurrents of the string,
Liouville, and ghost sectors. They are given by

Ty =@k = ,
2 ! .

AN 1y 2 {2 P

Ty = 2[ (¢ + n%) (¢ * n%) + NN

w2
"E’ZF?'U’S 277=F"7:|:i|

) .
Z(a:hX)z + %’fbiaﬂ'}i )

+ute”
&1l 1 )

1
TIMD = by 8,.C* — *2-3;1:5;&0* )

mgh(3
T

Since P4

(4.3)

|
3 1
= Zﬁ:l::l:a:i:wq: + Zaﬂ:ﬁiiwzp )

JE, = T = ¢10:X

K -2
Ji‘izzti[ (qb’ -7r¢.)—4n’i—2pe zﬂq;]

= g(—%aﬂ:fﬁ + 284n2) ,

1 .
J;t;t = ?2( ZB218,CF + §a:|:.8izl:oi - 4Zbiiwq:) )
(4.6)

where 74 = (#/2)4 is the canonical momentum conjugate
to ¢. These results can be obtained directly from (3.2)
by using the equations of motion.

We now turn to the BRST charge @ in the supercon-
formal gauge and examine the nilpotency. It is given
by (2.8) with the contribution of the BF fields included.
= 3, = 0 in this gauge, we obtain

Q= fdf’ [C+(Tf+ +TE, + Lrgh® | peh(/2)y

+C=(TX_ 4+ TE_ 4 379 4 poh3/2)y
—iw_ (X, + TE) + i (JX + TE)

+2ibypw? + 2z'b__ui} . (4.7)

As was mentioned in Sec. III, the operator products in
the right-hand side (RHS) of (4.7) are defined by the
ordering prescription. For the string variables and the
ghosts, it coincides with the free field normal ordering.
‘We do not know, however, what operator ordering should
be chosen for the BF fields. Since they are not free fields,
the ordering prescription introduced in Sec. III would not
be completely legitimate. But we shall continue to use
the free field ordering prescription in this section.

To satisfy the nilpotency of @ it is necessary for the
total stress tensor and the total supercurrents defined by

TiE= T:t:l: +TEy + TP + TEHED

T =JE TR+ JEL (4.8}

to satlsfy super-Virasoro algebra with the total central
charge being canceled. Except for the BF sector, (4.6)
satisfies the super-Virasoro algebra with central charges
3D/2, —26, and 11 for the string, the reparametrization
ghost, and the bosonic superghost sectors, respectively.
On the other hand the TE, and J£ given in (4.6) do not
form super-Virasoro commutation relations for nonvan-
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ishing cosmological terms. To recover the super—Vlrasoro
algebra, let us modify these operators by

(¢i “} (ﬁb'i %\

:!:577:!:7]5: + Ve T iaﬂan;ni] s

T:I::i: -

K 2
Jie= *5 [ﬂi (¢' x E%) — dnly — 2,uVan;] ,  (4.9)
where « is a free parameter and V,, is defined by
Vo St exp(—ad) : . (4.10})

For a = 1/2, (4.9) reduces to the classical expression
given in (4.6). The operator products in the RHS of (4.9)
are defined by the free field ordering prescription except
for the V2 term, while the operator V2 is assumed to be
the square of the normal ordered operator (4.10}; hence
it is not well defined. But as far as we know it is not pos-
sible to recover the super-Virasoro algebra by the free
field ordering prescription for a nonvanishing cosmologi-
cal term. Besides this shortcoming of our argument, (4.9)
satisfies the super-Virasoro algebra with central charge
3/2 + 24wk for
o 1
T 2

This is just an extension of the canonical analysis of Ref.
i2] to a superstring. The deviation of o from the classi-
cal value can be interpreted as gravitational self-dressing.
The condition (4.11) corresponds to the requirement that
the vertex operator (4.10) must be a conformal field with
conformal weight (1, 1) as discussed in Ref. [7}.

These arguments show that the BRST charge (4.7) sat-
isfies the nilpotency for x and a satisfying (2.23) and
(4.11), i.e.,

a=‘/’§(\/9—Di\/1—D).

(4.11)

(4.12)

V. SUPERSYMMETRIC LIGHT-CONE
GAUGE FIXING

In this section we will investigate the supersymmetric
extension of the light-cone gauge [13-15]. It is defined by
the following set of gauge conditions:
=x-+=0,

(5.1)

et =e_" =1, e.tT=0, X

on the zweibeins and gravitinos. These fix the gauges of
reparametrizations, local Lorentz, and local supersym-
metry. To specify the gauge for the super-Weyl symme-
try, we impose additional gauge conditions on the super-
Liouville fields as

bp=n=F,=0.
In this gauge the only independent components of the
gravity multiplet are ex~™ = -+ 47 X++, X+-, and Fg,

which behave as the analog of the super-Liouville fields.
The gauge conditions (5.1) and (5.2) can be imple-

(5.2)

861
mented by choosing
Xp=Nt -1, x5=(N"+1) -2,
X€=€7 XE_¢ f=fL'l
1
XF=~iM*¥, x7=iM" ——(N +1AL, Xi =7
©3)

It can be easxly seen that these together with N+ = )+
and M¥* = 2ivy. given by (3.8) indeed lead to (5.1) and
(5.2).

T%le gauge conditions (5.3) do not satisfy the assump-
tion given below (3.8) since their BRST transforms con-
tain the canonical momentum 7 and {t. Then the mas-
ter action (3.4) formulated in the EPS leads to erroneous
results when (5.3) are imposed. This is because (3.17)
cannot be identified with the covariant super-Liouville
fields. It seems rather difficult to find covariant super-
Liouville multiplets without the assumption on the gauge
conditions. To avoid this difficulty, we apply (5.3) to
(3.18) instead of (3.4) and use the covariant BRST trans-
formations (A2) rather than (3.2). This should be com-
pared with the superconformal gauge fixing where the
gauge conditions (4.1) satisfy the assumption given be-
low (3.8),* and we can work with (3.4) from the beginning
as well.

Substituting (5.3) into (3.19), we obtain the effective
action (3.18) in the light-cone gauge.® As in the super-
conformal gauge fixing, Cr, Cw, 7Tw, and Fyp in the
ghost sector become nonpropagating, and can be elim-
inated via equations of motion. Taking variations of Ses
with respect to N*¥ = A* and M* = iy, we obtain
the multipliers B+ and AT as

By =¥ +¢% + oI
i
guB_=¢% + o9 + % 4 74(3'3‘ + T4+ TMA_
A = i(TE + T2+ T, (5.4)

- where X9 and J#%" are the super-Virasoro con-

straints given by

65’ 48
= 6—’;;.1.9?: , Jf,g,yh =i ;’igh- .

We can relate the BRST transformations of the
antighosts to the super-Virasoro operators via (5.4).

In the light-cone gauge, the ghost action takes the fol-
lowing form:

‘piagvgh (5-5)

“In the case of the EPS the gauge condition corresponding
to fr = 0 is inherently absent.
*In this section we consider the case 2 = 0 for simplicity.
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Sgn = f &2o [_E+a_c+ _C_(8,CF +0_C™ — g118_C* —2iw_Ay)

- _ 1 1, 4 1
+F 0w +7_ (3..&).,. + §w+8_£ + Za..c A_— oW f(;w_)}.

The presence of the auxiliary field fo turns out to be
essential in order for the BRST transformations to be
" consistent with the equations of motion. Eliminating fg
via the equation of motion x./gi1fe = F_w_, we see
_ that a quartic term appears in the bosonic ghosts and
antighosts. Sgn also contains interaction terms between
the supergravity sector and the ghost sector. Remarkably
enough, all the ghost variables and A can be made free
fields by the following field redefinitions: '

ct=Ct,

ey =C" + 32-3+0+ —ie—woAy + %(m_)za_(w_)z,
V- Sw_,

2 (w)?,

T+ EViuws — E\/ﬁ w

(5.7)

b=C..,
— — 1_ x” —
byt =Ct —gul + 77 A+ — 9+C—

¥-
g11

B+

n

Kl

]

R 2
e . = ) y_
= —iz  C_Ay + — W_
B++ =74 + 45(\@5—) )
=Ay — Eaz‘a
X+ =t P —Wa .

In terms of these variables the gauge-fixed action then
takes the form

. . .
Set = [ dzw[ 50-X(04X +g140-X) + §¢+a_w+ + - (04t +g440-%) - 2ix++tbu3~X]

g11

1 ' 8i 2 ;
+z [ o[ s—{(0_g11)? — 20-gu(lngn) + 40 g11)"} + x4+ (3—X++ - —x’++) + X+ 0-x+]
2 2g11 _ g 2

+fd2$(“b++3-—c+ —b0_cy + P40y + B10-74) 5

where we have used the relations g7 = 1 + g4+ and

VO1iA- = 4x++, and ¥,/ /g11, the lower component of
the fermionic string coordinates v in our representation,
has been newly denoted by ;. Seg is the supersym-
metric extension of 2D gravity action discussed in [17].

As in the bosonic string case, it leads to the free ghost

equations

O_ct=0_c_=0_v_=08.v.=0,

O-byy =0-b=0_f4, =0_8, =0, (5.9)

and the canonical supercommutation relations among
ghost variables as

(5.8)

[ (0), b+ (0")] = e (0),b(6")] = =ib(o = o) ,
= (0), Ber (0] = bra (), Br (o)) = i8(o — ') ,

all other supercommutators vanish .

(5.10)

By taking variations of {5.8) with respect to g4 and
X++4, we obtain the equations of motion for the graviton
and gravitino as

K .
X 4% = 291133911 — HRX++0-X++ »
TIX + T8 = 4k /g110-x++

where we have used (5.5).

The BRST transformations of the variables appearing
in (5.8) can be found from (5.7) and (A2), by using the
gauge conditions (5.1) and the equations of motion for
ghosts (5.9) as follows: '

(5.11)



53 BFV-BRST QUANTIZATION OF TWO-DIMENSIONAL SUPERGRAVITY 863

1 1 - 1 o
8g++ = 50+3+9++ + g4+04ct + 3 (C+ - %3+C+)3—9++ - §3+ (C+ - 73+C+)

s . z” i _
+HY X+ — Y-X+ (1 - 73—)9++ — 3% A4 (¥-x+)

LR _ % -_(-’19_)2 i\ 2
Rl S e gl (9«‘ 1 )g++ (= yoL(0v2) ,
1

1 3 x”
X+ = 50+3+X++ + EB+C+X++ +3 (C+ - "‘2—3+)3—X++

(z7)?

: e I SR
Y-x+(1 =270 x4+ nbﬁ’_{-’ﬂ D) a—}X++

2

1 1 z~ z~
— g V+0-gier + Eﬁ#ﬁ (1 - Ta—)9++ + §3+(ﬁ+73) ;

1 1 o 2 L

Sx+ = 5€ 01X ~ 7046 x4 + 2047+ 7- (1- 50-)0-gt ~ 2 (be - 2" #12)
det = %c"”é‘.;.c"’ + 2iv2 |

dey = %C+6+C+ + %3+C+C+ +2i7%

1 1
dy-= §C+3+’Y- - -4'3+C+’Y- )

1 1 i . z~ 1
byg = §C+5+’Y+ + ;1‘3+C+’Y+ g Y=X4 2iy2 (1 - 73—)X++ + Z’Ec+ﬂ+73)

1 v .
8by4 =T + T4y + STHD + THO + TIE 4 i (5.12)

'c 1 i 1
70294+ = 5040e" —dby_xy + == (B4-)”

) K z~ . 1 3 .
8By =iy + o X+ (1 - 73—)5’—9++ —ikdix+ + §3+5++C+ + Zﬁ++3+c+ — 4iby v

b=

. &~ z~)? . z~
——4zb'y_ {1 o "‘2—8_ + '(‘—8—83} g++ -+ 4Zﬁ+"{-_ (1 -— Ta_)x++
<. 1 1
—i(bey ~ = S
3( Cope 2.5+’Y+)X+ 4nﬁ+7 Ct

. 1 1 . i
684 = —4ikd_x44 + §3+ﬁ0+ + 3.3+(‘9+C+ — diby, + %5+’)’—-X+ )

where we have omitted the transformations of string  Except for the gravitational stress tensor T, these sat-
variables. In deriving the BRST transformations of  isfy comservation laws. The index j = 2,0,3/2,1/2 of
antighosts, we have used (5.4) and (5.11). The stress  the stress tensors for the ghost sector labels the canoni-
tensors and the supercurrents are defined by cal pairs of ghost and antighost with conformal weights

1 . : : gh(5)
TX =X = S[(0,.X + 94 8_X)? +ip, 049 1—j and j [32). The T{}”’ defined by the usual nor-
=¥+ =] [0+ + ) +049+] mal ordering satisfies the Virasoro algebra with central

JE, =T =4 (0:X + g4s8_X) charge
£E 1 1 2
T, = —[ —(O_g44) — 294402044
fe=5 | 70-944)" 594 2(65% — 65+ 1) , (5.14)
1 z-
3 (3— - ‘2—3—3+) 3—9‘++] _
Lo where € stands for the Grassmannian parity of the ghost
+4i6X+4+0-X4++ + ) X+ 04X+ pair. The total central charge of the ghost sectors is then
1 , given by
T4 = —§3+b++ — by Byct, (5.18)

@ _ 1 o Con = —18 . 5.15
Ti’_:_(o) = §8+bc+ N gh ( )
oh(3/2) . 3 1

L= 4'8++8+’Y_ + 48+ﬁ++7’ ’ Using (5.10) and the BRST transformations for the

1 1 ghosts, we can construct the BRST charge generating
/2 = Zﬂ+3+7+ - ;3+ﬁ+'¥+ . (5.12) s .
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. 1
o= f da{ ot (Tf+ +T, + ETﬂz) + IO | pahG/2) | pohlt/ 2’)

) 1
tes (233!)++ —iby_x+ + @(ﬁ-}—’?’—)z)

2

) K T~ . .
A [—sz+ — — X+ (1 - —2—6‘_) O_gys +ikdyix4 + 2iby oy

— Y -
+-2iby- (1 - %3— + %33)94-4- — 2By (1 - %3-)X++]

+v+ (4“‘3—X++ + 2ibyy — '2".3+’Y—X+) } )

where normal products among the ghost variables are
implicitly assumed.

The BRST invariance of (5.8) implies that (5.12) must
be consistent with the equations of motion (5.9). We thus
obtain the supercurvature equations
&gl =0, FPxip =0, Bx+=0. (517)
Then the gravitational stress tensor T{, in (5.13) also
turns out to be conserved, i.e.,

a_Ti, =0. {5.18}
By virtue of (5.9) and (5.17) and the conservation of T'¥,
and J¥,,® we can show that the BRST charge (5.16} is
a constant of motion. _

It remains to show the nilpotency of Q). Before turning
to this issue, we must fix the commutation relations for
the 2D supergravity sector. This can be done by compar-

ing the BRST transformations (5.12) and (3.1) for g4

and ... We first expand these operators in terms of
conserved currents by noting (5.17) as

g == lTH (@) — 257 I@*) + ()0 ()]

S L R SL U (5.19)

The BRST transformations of g, and x4+ given in
(5.12) can be transcribed into the transformations of
these currents as

§Jt = %c+a+.f+ + 8pct It —2e,J°

1/2

+rBycy + 4iv TV —dy_x Y,

%The possible anomalies in these currents due to the super-
Virasoro anomaly indeed vanish in the light-cone gauge where
At =1and v_ =0 [33).

(5.16)

§J0 = %c+a+.f° + %6+C+J0 —cpd™
+503ct — 2y, U/
_ En 2 (gt — g w12
0 (r-x4) + = (1= (8% - 384V
R S _
&8J =3¢ I R T Y |
il

FE (B0 + 54917 + iy by,

§EY2 = %c+a+\1r-1/2 + Zt‘)wf”lf‘”2 +c T2 (5.20)
—kOpyt + 74 I — %’Y—xﬂ"””

1 2t
+4nﬁ+('7—) J 3

SWL/2 — %c+3+@1/2 + %a+c+\1v1/2
—’Y+J_ + i'Y——X"l"‘l’l/z

2 .
— e (e (940 + DY) - 204184 (v

1 1
Sx+ = §c+3+x+ + Za+0+x+ + 204y

+%fy_ (J“ —bey + %ﬁ+’7+) .

Then J* and T" can be shown to satisfy OSp(1,2) Kac-
Moody current algebra

I’} ]

[ %) ,
= if%®, J%(0) §(c — 0') — ikn**8,8(0 — .a")_,
[J%0), ¥ (o)) | =if*, ¥(c) b(o—a'),  (5.21)
(¥(0), T(0")]
= fr*, J*0) 8{c — 0’) — k" 8é(c — o'} ,



where the f’s and n’s are, respectively, the structure
constants and the Killing metric for OSp(1,2) algebra.
They satisfy fob, = —fb2_, fr¢, = f°r,, 7° = 9%, and
9™ = —n°" with nonvanishing components f¥%. = +1,
f+—0 =2, f+ 1/2_1/2 f -1/ 21/2 = -1, fO 1/2 1z =

—f0 —1/2_1/2 = 1/2, F7YZ2 = _fV21/2) -
f1/2 /2 — __1/4, n-i--— — _27?00 = 2, and ,,_’-—1/2 1/2 —
1/2.

It is natural to redefine operator ordering for the grav-
itational sector to ensure the symmetry associated with
the OSp(1,2) current algebra. To this end we decompose
J%(z*) into positive and negative frequency parts by

Jeld) (m+) - / dy*é(‘F)(:c"' y+) Ja(y+) ,

and similarly for ¥"(z ). We then define operator order-
ing with respect to this decomposition. The gravitational
stress tensor T4, given in (5.13) must be defined by the
Sugawara form

(5.22)

1 T | '
T, = —5g (NapJ2J? + i, U7 T —§B+J‘,’
iK'
+§'X+3+X+ 1
where 73 and 7., are the inverses of #°® and 9"*. The

parameter «' is modified from its classical value & by

(5.23)

K rc—s
8w

The stress tensor thus defined not only ensures the BRST
transformations (5.20) but also satisfies the Virasoro al-

- (5.24)
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gebra with the central charge given by

2k 1
=05 3+6k+

where k& = 47k is the central charge of the current al-
gebra (5.21). The last term in the RHS of {5.25) is the
contributions due to x .

In (5.23) we have used the x rescaled by \/&/x'x4 —
x4+ satisfying

(5.25)

e (@) x ] = S8 — o) (5.26)
The stress tensor (5.23) can be regarded as that given
in (5.13) with all the parameters « replaced by «'. This
enables one to interpret the result that the gnantum mod-
ifications appear not in the stress tensor but in the cur-
rent algebra (5.21) and hence in (5.20). Since x is a free
parameter both interpretation can be legitimized.

We are now in a position to investigate the nilpotency

. of the BRST charge. The ) given by (5.16) does not sat-

isfy the nilpotency even after the substitution of (5.23)
for T'{ .. We must replace  appearing in (5.16) by »’ cor-
responding to the change (5.24). After a rather lengthy
computation, it can be shown that the BRST charge thus
defined yet contains a BRST anomaly of trivial type as
well as the nontrivial one [25]. The former can be re-
moved by shifting the BRST charge by

o / doy-04xs - (5.27)

The correct quantum mechanical BRST charge is finally
given by

5 / dor : { et (Tf+ +T9, % -;—Tf_'_ﬁz) gh(o) Tgh(s/z) + Ti!_zl_(l(z))

.y 1
+ey (-—J_ — iby.x+ + g;;;(ﬁﬂ—)z)

" .
+7- [“2J++ — x4 J° +z(n + o )6+x+ + 28b 4y — -—'y (bJ+ ﬁ+\1:—1f2)]

+7+ (—43‘1’1/2 + 2ibyy — §ﬁ+'Y—X+) } o

The Q7 contains only the cohomologically nontrivial
anomaly of the type (2.16) given by

Qz ZCtotfd (C+ +m+827_ l) ,

where ¢t = ¢x + ¢g =+ cgn 15 the total Virasoro central

(5.29)

charge. We thus arrive at the KPZ condition for the
nilpotent BRST charge in the N = 1 NSR superstring as
Ciot = D + k2k 3 + 6k + - = 18 = 0 (5.30)

(5.28)

where use has been made of the results (5.15) and (5.25)

~as well as cx = 3D for the string sector.

Vi. SUMMARY AND DISCUSSION

We have investigated BRST quantization of the NSR
superstring at noncritical dimensions as 2D SUGRA cou-
pled with the string variables. It is done with special em-
phasis on the point that the super-Liouville mode which
is decoupled from the theory at the classical level be-
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comes dynamically active through the superconformal
anomaly. At noncritical dimensions the super-Virasoro
anomaly destroying the reparametrization invariance and
the local supersymmetry can be canceled by introducing
the BF fields. This naturally leads to a gauge symmetric
extension of the original system which suffers from the
super-Virasoro anomaly.

The gauge-fixed effective action thus obtained turns
out to contain two actions of super-Liouville type. The
one written only in terms of 2D supergravity fields can be
regarded as the counterterm removing the super-Virasoro
 anomaly. This action turns out to reproduce the correct
super-Weyl anomaly as was argued in [25]. The BF fields
constitute the other one, which cancels the super-Weyl
anomaly. By introducing the BF fields we have been
able not only to construct an effective action possessing
all the classical local symmetries but also to show within
canonical formalism how the super-Liouville mode ac-
quires dynamical behavior through the superconformal
anomaly without invoking particular gauge conditions or
weak field approximations.

As we have mentioned in Sec. IV, it is possible to
gauge-fix the 2D supergravity fields to flat ones as in Refs.
[23]. These authors ignored the superconformal anomaly,
and necessarily found that the theory is only consistent
at the critical dimensions [19, 23]. In the present case,
the BRST invariance does not lead to any inconsistency
even at noncritical dimensions but yields the vanishing
condition of the total central charge and the gravitational
dressing effect [7] in the superconformal gauge. The well-
known barrier at I2 = 1 also arises in our approach as
can be seen from (4.12), indicating the breakdown of
validity of the continuum Liouville approach [34]. The
superconformal mode does not decouple from the the-
ory and is described by the supersymmetric extension
of the Liouville action given by DDK [6, 7]. By simply
transcribing our canonical argument into a path integral
one, the functional measure for the super-Liouville mode
turns out to be translational invariant. This provides a
canonical verification of the functional measure ansatz of
DDK. This can be understood as follows. The essential
point that leads the authors of [7] to their super-Liouville
action is the fake super-Weyl invariance arising in the
decompositions of 2D supergravity fields into a super-
Licuville mode and fiducial background fields. Requir-
ing the symmetry not to be broken by the superconfor-
mal anomaly necessarily results in the anomaly-canceling
super-Liouville action given in (4.3) up to trivial rescal-
ing of the fields. Since canceling the BRST anomaly in
our BFV-BRST approach is equivalent to eliminating su-
perconformal anomaly, we arrive at the effective action
of Ref. [7).

One of the advantageous points of our canonical ap-
proach is that the effective action (3.18) is a local func-
tional without referring to any particular gauge and arbi-
trary gauges can be argued on an equal footing. In par-
ticular, we can explain the manifestation of OSp(1,2) cur-
rent algebra from the BRST invariance in the light-cone
gauge. This is contrasted with the approaches of Refs.
[13~15, 11]. These authors started with the anomalous
Ward-Takahashi identities corresponding to the super-

curvature equations (5.17) and then extracted OSp(1,2)
current algebra. In Refs. [11, 12], BRST analyses were
carried out for the systermn with the stress tensor and
the supercurrent obtained by applying the Sugawara con-
struction. Although the KPZ condition (5.30) coincides
with the result of Refs. [14, 11] for N=1 2D SUGRA,
there are crucial differences between our method and that
in Refs. [14, 11] in the ghost content and, consequently,
the expression of the BRST charge (5.28). In Ref. [11],
six ghost-antighost pairs were introduced corresponding
to the six generators of the residual transformations leav-
ing the light-cone gauge unchanged. In our case, there are
four pairs and the rest can be eliminated by the equations
of motion as multiplier fields. What yields these quali-
tative differences is the inclusion of the auxiliary fields
to ensure the off-shell nilpotency of the BRST transfor-
mations (A1) and their appearance in the effective action
(3.18) through the super-Weyl anomaly. This leads to the
nontrivial redefinition of x... as in (5.7) and the ghost
higher order terms in (5.28), to which very little atten-
tion seems to have been paid so far. In this paper the
inclusion of the supersymmetric auxiliary fields has been
done only after passing to the configuration space. Sys-
tematic methods for including such variables in the EPS
seem to be lacking yet, and it is certainly worth exploring
them for the BFV-BRST formalism.
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APPENDIX: BRST TRANSFORMATIONS

In this Appendix we summarize the BRST transforma-
tions in the configuration space. The covariant ghosts are
denoted by C%, Cr, w, Cw, and 7y, for reparametriza-
tions, local Lorentz, local supersymmetry, Weyl rescal-
ing, and fermionic transformations, respectively. In ad-
dition to these, we introduce the auxiliary fields F, Fg,
Fi, and Fy for supermultiplets of string variables, 2D
supergravity, super-Liouville fields, and Weyl ghosts, re-
spectively, to ensure the off-shell nilpotency of the BRST
transformations. The complete list of them is given by

5X = C*0,X + @,
1 1
= "'ZCWTP + C%9u0p + ECLPST/’
—ip%w(8a X — X)) + wFy

§Fy = —%C‘WFx + %9, Fy

—i@p*(Vatp + i0° (85X — Xg¥)Xa — XaFx] ,
dp=Cw + C%0,¢ + oy ,
1 1
én = —7EWn = 1w + C%8em + ECLPSTI
—p%w(8ad — X)) + wFy, |
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1 1
§Fy = -§CwFL + Fw + C%8.Fy, dw = szw 4+ C%8w + %CLpsw — ip%wxs
"iwpa [Va"? + ng(aﬁqb - Yﬁn)Xcz e XC!FL] ) 6CL = C&aaCL + %FGEPSW _ %wpsnw
Sey® = %Cwea“ + C"Bageu“ + 3.,(7‘635“

N —ieabeﬁ“wp“w(c‘)&egb —~ dgey’® —ii(‘apbxﬁ) ,
+e"plrea — 2wptx, , §Cw =03, Cw + Wy

1 i
Xa = 7CWXa + ZPahw + CP8aXa + 8.CPxg 1 . .
4 4 _ o
1 ] dnw = _'ZCWT’W + C%anw + ECL‘Oan
+§CLP5Xa + Vaow — —pawFe ,

4 —ipaw(aac'w - ﬁchx) + wFy s
1 §Fw = C%3 Fy — i@p™[Vantw
dFg = —~CwF, F C“8,F . —
¢="glwietw + ¢ +ipPXa(B8Cw — Xstw) — XoFw) - (A1)
— 4P =
4™ BpsVaxp + WpxaFa In terms of the new variables introduced in Secs. Il and
§C™ = CPYsC* + iwp°w , IIT these transformations can be rewritten as

0X =C0%0, X —i{w_tpy —wytp ), _
o 2 1 ' 4+ 2(.!.):F . .
Sy = C%pthy + 1//\+—+/\~_—fxwi + 5(01 + AEC" ey £ m{X £ AR X + (v — vpp)}
5fx =C%8 18 ce i 2 j Aty 1)\"”1& - X+X X —i 1};)]
fx=C%0afx + 50aC%x =i F«;’“-T—'w+[¢+— AU St et i
\ 2 H — it l -1 2V+ o _yty! :
""Zw/\_'_—H':w_ |:'¢'_ + A T,b_ + 2A T,b_ +_-/\++A_ (X ATX +1V—-¢+):| 3
8¢ = Cy + C%0ad ~ iy ~ wym_) ,
2 1 2
612 = —w + C%amz + 4/ m:w:fz. + E(C“ +A*CY)ne + A—‘E—{ﬁﬁ + AT 4 i(v_ny —ven)}

1
JfL = .fW + Caacsz + Eaaca.fl}

. 2 , w0 g 2w _
—% WW+[’I]+—/\ 7]+—§A 4+ 'A++,\_(¢+’\ Qb ZV_I..‘I? )]
— SR [n I T3 C MO S SR C Y +w_'r;+)]
At 4+ A 2 At 4+ A

6/\:!:_= Oaaa,\:i: + (CI -+ A:‘:C‘O) _ /\:I:(Clr + /\:I:CDI) _ 4iw:|:V; , -
8 =Cw + C8ol + 2CY + C¥"(X* = A7) —i{w_Ay —wiA_),
b6 = Cp + C®0as + (X + A7)0V - So-Ay+wshl),

b = 0% + (0 4 AFCV)usy %(cl' FAFCOY)us + s XFw, 7 ;—/\:F'wi ,

BAs = s + C%Babs + 4/ s35m oo wefo +4C%vg + S(CV £ 3FCY) AL

2w = o .
o {f:t)\*s — T =AY (i A — oA} 4l

1
bfa=fw +C%afe+ §3a0“fc¢

) 9 - 1 ' 2w_ _ .
WO Y [A+ —ATAL — 5,\+’A+ 4l -5 T A T A E - (T -y - W+A—}]
g ]

2 + ot + —7 “
e ATE — (AT = XY +iv_ AL}

! !
w[A +AA+,\A_ +,\++A'-{€
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21
0 _ o 0 2 2
§CY =C%0,C +m(w++w_):
1_pag ot 2 42 oyl
§C =C*9,C )\"‘-i—)\“(’\ wy ATwd),
1 iy
— e _ Lot o yF o0, o _SE

o .2
§CL, =C8,Cr +1i AT-I-—A:W_W"JG

2iw? 1
M- 2
2w
IS

dCw = CaaaCW — H(w-Tw+ — WiTw—) 5

+w?),

[—é ST A Ay — S(6— A+g')] ~ %w.l_nw_

: 1, . ;
[—a" —XTE AT Ak S+ g')] - %w_nw+ ,

1 2
wz = C%Fanwa + E(Cll £ AECY s + Y, m:wﬂ:fw

2w
A+ A

1
5,fW = Caaafw + 530,C“fw

+

. 2 ) i
-t AT+ - Wy [le-lr - )\+17'w+ - §A+"ﬂw+ -
. 2 . — 1 1 -1
=iy - e+ A T+

where fx 1.¢,w are defined by

fxrew=VeFx Lew -

{Cw £ ATCly + i(v—nw+ — vamw-)},

2v_ . - .
AF F A (CW + A C;fV - 7'V+"Tw—)] )
2v_ . ot .
-+ m"(ow — A CW + ZI/...'I]W+)] , (A2)
(A3)

It is straightforward to ascertain the nilpotency of the BRST transformations.
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