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Abstract. We prove that an irreducible representation of the Virasoro algebra
can be extracted from an irreducible representation space of the SL(2, %)
current algebra by putting a constraint on the latter using the Becchi—-Rouet—
Stora—Tyutin formalism. Thus there is a SL(2, %) symmetry in the Virasoro
algebra, but it is gauged and hidden. This construction of the Virasoro algebra
is the quantum analogue of the Hamiltonian reduction. We then are naturally
lead to consider a constrained SL(2,#) Wess—Zumino—Witten model. This
system is also related to quantum field theory of coadjoint orbit of the Virasoro
group. Based on this result, we present a canonical derivation of the SL(2, )
current algebra in Polyakov’s theory of two-dimensional gravity; it is a
manifestation of the SL(2,#) symmetry in conformal field theory hidden by
the quantum Hamiltonian reduction. We also discuss the quantum Hamiltonian
reduction of the SL(n, #) current algebra and its relation to the W,-algebra of
Zamolodchikov. This makes it possible to define a natural generalization of
the geometric action for the W,-algebra despite its non-Lie-algebraic nature.

1. Introduction

Among various favourable properties of string theory as a candidate for the unified
theory of everything, the uniqueness of target spacetime dimensions is one of the
most appealing. It is therefore crucial to know whether string theory is possible
off the critical dimensions. This question is also relevant in understanding the
large-N, limit of QCD in four dimensions, and many attempts have been made to
solve string theory below criticality. Kazakov and Migdal [1] have studied
various statistical models on triangulated random surfaces, and computed scaling
dimensions. Last year Polyakov examined the two-dimensional gravity induced
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by conformal field theory, and found that there is an SL(2, %) current algebra [2].
This result opened the way to solve the off-critical string theory. Later Knizhnik,
Polyakov and Zamolodchikov exploited this observation to evaluate scaling
dimensions of planar random surfaces [3]. Their result shows complete agreement
with previous computations by Kazakov and Migdal. This seems to suggest the
validity of Polyakov’s observation. Still, the way the SL(2,#) current algebra
emerges is like a bolt out of the blue. He computed correlation functions of metrics
using the Ward identity of the energy-momentum tensor, and showed that they
contain the SL(2,#) current algebra. One of the motivations of this paper is to
obtain a canonical derivation of this current algebra and to understand the structure
of the off-critical string theory.

It has been suspected by several people that there should be hidden relations
between the Virasoro algebra and the SL(2,4#) current algebra, and in general,
between the W,-algebra and the SL(n, &) current algebra. The W,-algebra is an
extension of the Virasoro algebra with additional chiral operators of spin-n [4].
For example, Fateev and Lykyanov [5] computed highest weights of completely
degenerate representations of the W, -algebra, and found that they can be expressed
in terms of highest weights of the SL(n,#) algebra. There is also an intriguing
connection with the classical version of these algebras observed in the context of
the Korteweg-de Vries type Egs. [6]. Consider a dual space of the SL(n, %)
loop algebra. This space is endowed with a natural Poisson bracket, and we may
regard it as a classical phase space. This phase space has a certain symmetry, and
one may consider the reduced phase space with respect to this symmetry. The
Poisson bracket for the reduced phase space turns out to be the classical
version of the W,-algebra. This procedure is called the Hamiltonian
reduction.

In this paper, we develop the quantum analogue of the Hamiltonian reduction.
We replace the Poisson bracket by a commutation relation of operators, and the
classical phase space by an irreducible representation of the algebra. An attempt
in this direction was initiated by Belavin [7]. The irreducible representation spaces
of the Virasoro algebra are extracted from those of the SL(2, %) current algebra
by imposing a certain constraint on the latter. Consider an irreducible repre-
sentation space of the current algebra. In classical mechanics, we put a constraint
J7(z) =1 to reduce the phase space of the loop algebra. Quantum mechanically,
we introduce a set of ghosts and define the Becchi—-Rouet—Stora—Tyutin (BRST)
operator associated with this constraint. It is then proved that a quotient
Ker (Qgrst)/Im (Qgrsr) is isomorphic to an irreducible representation space of the
Virasoro algebra. The idea of our proof is the following. Both the Virasoro algebra
[8] and the SL(2, %) current algebra [10] have realizations in terms of free bosons.
Although such realizations are highly reducible, there are BRST-like operators
whose cohomologies are isomorphic to irreducible representations of these algebras
[12,13]. The point is that the BRST-like operators for these algebras are equivalent
modulo trivial operators with respect to the BRST operator Qggsr for the constraint
J @@=1.

We are then naturally lead to consider the SL(2) Wess—Zumino—Witten (WZW)
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model with one of its right-moving currents, J ™~ (z), being gauged as

[g~'dg,dA] . od?z

yw(gauge volume) exp (sz(g) +if -8;A(J - 1)).
The physical Hilbert space of its right-moving sector gives irreducible represent-
ations of the Virasoro algebra. Thus there is a SL(2) symmetry in the Virasoro
representations, but it is gauged and is not observable. This system is also equivalent
to quantum field theory of the coadjoint orbit of the Virasoro group. The geometric
quantization of the Virasoro group was previously discussed by Witten [14]. Based
on this result, we present a canonical derivation of the SL(2) current algebra in
the induced gravity; it is a manifestation of the hidden SL(2) symmetry in conformal
field theory.

In understanding various aspects of conformal field theories, it has proved
fruitful to explore the interplay between the Virasoro algebra and the complex
geometry of Riemann surfaces. Is there also some geometrical structure behind
the W,-algebra? To answer this question, we must understand what kind of
symmetry the W,-algebra implies. The Virasoro algebra is the consequence of
reparametrization and Weyl scaling invariance of a field theory, and the structure
of these symmetries is encoded into the geometric action of the Virasoro algebra.
Thus the first step to appreciate the geometric aspect of the W,-algebra would be
to construct a geometric action for this algebra. The W, -algebra is not a Lie algebra,
but an algebra with quadratic relations. Usually a geometric action is defined for
a Lie group, and one might suspect that there should be no such action for the
W,-algebra. Still the quantum Hamiltonian reduction makes it possible to define
a natural generalization of the geometric action for the W,-algebra.

The paper is organized as follows. In Sect. 2, we study an effective theory of
gauge fields coupled to the WZW model. This gives a prototype of our construction
of induced gravity in later sections. Section 3 is devoted to proving the quantum
Hamiltonian reduction. In this section, we first recapitulate the classical Hamiltonian
reduction following the result of Drinfeld and Sokolov [6]. A reader may wish to
skip this part in the first reading. We then prove the quantum Hamiltonian
reduction in the case of SL(2,#) exploiting the free boson realizations of the
Virasoro and the current algebras. We also discuss the quantum Hamiltonian
reduction of the SL(n, %) current algebra and its relation to the W,-algebra. In
Sect. 4, we consider the constrained WZW model. Due to the quantum Hamiltonian
reduction, this system gives irreducible representations of the Virasoro algebra. At
the classical level, the constrained WZW model is equivalent to the field theory
of the coadjoint orbits of the Virasoro group. We then discuss the quantization
of the Virasoro group. These results are applied to the induced gravity in Sect. 5.
It turns out that the quantum gravity is equivalent to the quantum field theory of
the coadjoint orbits of the Virasoro group, which, in turn, is related to the
constrained SL(2,#) WZW model. In the last section, we consider a generalized
geometric action for the W,-algebra, and discuss its symmetries.

Notation and Conventions. In this paper, we employ the Lorentzian signature
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metric in two-dimensions. To avoid complication in notation, we denote light-cone
coordinates by z =t + x and Z = t — x, where x and t are space and time coordinates
respectively. The z-dependent sector is often called the right-mover and the
z-dependent sector is the left-mover. Throughout this paper, SL(n) is meant to be
SL(n, R).

2. Gauge Field Coupled to Wess—Zumino—Witten Model

In this section, we describe an effective theory of gauge fields coupled to the WZW
model following Polyakov [15]. The cocycle condition of WZW action plays a
central role in understanding the dynamics of the effective theory. This is a prototype
of our construction of induced gravity in later sections.

The effective action I'(A) for the gauge field 4 coupled to the WZW model is
given by

exp(il"(A)) = <exp<+ if — A"J“>>
WZW model

d*z _
=[[g™"dg] exp(ikswzw<g)+ i yg—jmﬂ) (1)
Ji=— gtr (t*0gg9~1),

where t*is a generator of the gauge group. Since I"(A) is also a generating functional
for correlation functions of the currents J“, the operator product expansion

abc k
r@rm~ L0+

when applied to Eq. (1), implies the following functional differential equation for
I'(A):

b
0%,

oI (4) k2
0A°(z,2)  8n

Let us now quantize the gauge field A4 with this action I'(4). The correlation
function is given by

<Xa1(z—l)...gan(z—")> =j'[dZ]Zax(z—l).,.Za"(z-")eir(z). (3)

(60 + f Ab(z, 2)) ——04°(z, 7). 2

From the functional differential Eq. (2) for I"(4), one can derive the following
identity,

abic
<E“(z‘> 11 Z”J(vv,->> =X / <A“(w ) [ 2w )>

k+ 20,, 5“”" b

after changing normalization of the gauge ﬁeld, A-(k+ ZCV)A. Here ¢y, is the dual
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Coxeter number of the gauge group. Thus the correlation function of gauge fields
make the current algebra of level k = — (k + 2¢;). Deriving Eq. (4), we performed
integration by parts in the functional integral (3). There we used the anomalous
transformation property of the functional integral measure

(63 + f“”‘Z”)%[dZ] = %03" [dA]. 5)

This is where the shift —k— — (k + 2cy) of the level comes from.
We can also compute the effective action I'(4) of the gauge fields directly.
Using the cocycle condition of the WZW action [16,17],

d? =
Swzw(U) = Syzwl(9) + Sz (U) — étr(U_ '1oU)(099™ "), (6)

the right-hand side of Eq. (1) can be rewritten as

exp (i'(4)) = exp (— ikS,,(U)) [ [g ™" dg] exp (ikSy(Ug))s Q]
where U is related to 4 as 4= U~'0U. Since the measure [g~'dg] is invariant
under the left action of the gauge group g — U~ !g, the result of the g-integration
is independent of U. Thus we obtain

4= —kS,,,(U), A=U"10U. ®)

It is easy to check that I"(4) in the above solves the functional differential Eq. (2).
In fact Eq. (2) is the infinitesimal version of the cocycle condition of the WZW
action. Now we can compute the correlation function (3) of the gauge fields as
<A_a1(z—1) o Zan(z-n)> = j [dA] ‘Zal(z—l) o ‘Za"(z—n) €Xp ( - lkSwzw(U))
=[[U1dUJA"(z,)--- A™(Z,) exp (— ik + 2¢y)Syzu(V))-

)
The shift of the factor —k— —(k + 2c) in front of the WZW action is due to the
Jacobian under the change of variable 4 —» U.

[dA] = det (58 + £ A%)[U~1dUT = exp(— i2¢, Sy, (UN[U 1dUL.  (10)

From the above Eq. (9), it is clear that the correlation functions of the gauge fields
make the current algebra of level k = — (k + 2¢).

It is also possible to consider the gauge field in the presence of several primary
fields @(z),

2
g(‘Z’ Wy Wn) = j[g_ ldg] Ql(wl) o q)n(wn) CXp <lkSwzw(g) + ij’_‘;_nZZaJa), (1 1)

where @;(w;) has the operator product expansion with the current as

a

T D)~ @, ). (12

As in the case of the effective action, we can derive the functional differential
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equation for & as
34 i k n
5“6 abcAb | a W, .
( +f (z, z)) A7) 8n< 26A z,Z) + Z (z w,))ff (13)
From this equation, it is easy to show that the correlation function of the gauge fields
CAME) - A™(Zn) Yooy, = [ [AAT A (Zy) -+ A (Z) Z (A w1 - w,)  (14)
behaves as
— t;l Aa2(5 Aa 3
— <A (ZZ)A m(zm)>w1-~'w,.’
v (15)

Zi oW,

<Zal(z—1)'"‘Zam(z_m)>w1--~w,. ~

With slight abuse of notation, one may express the above as

T

3@ Olw, )~ - _tw D(w, W). (16)

It is clear that the highest weight state of the right-moving current algebra of level
k corresponds to the lowest weight state! of the induced left-moving current algebra
of level — (k + 2¢y).

3. SL(n) Symmetry Hidden in W -Algebra

In this and the next section, we develop tools to study an effective theory of gravity
coupled to conformal field theory. In this section, we point out that there is an
SL(n) symmetry hidden in the W,-algebra. The relation between classical versions
of the W, and the SL(n) current algebras has been known in the context of the
Korteweg-de Vries type equations. Consider a dual space of the SL(n) loop algebra.
This space has a natural Poisson bracket, and can be regarded as a classical phase
space. This phase space has a certain symmetry, and one may reduce it with respect
to this symmetry. The Poisson bracket of the reduced phase space turns out to be
the classical version of the W,-algebra. We review this classical Hamiltonian
reduction briefly following the paper by Drinfeld and Sokolov [6]. The rest of this
paper is understandable without knowing the classical Hamiltonian reduction, and
the reader may wish to skip this part for the first reading. We then develop the
quantum analogue of this Hamiltonian reduction.

3.1 Classical Hamiltonian Reduction. For the purpose of illustration, let us start
with the finite dimensional situation. Let M be a finite dimensional phase space.
This means that M is implemented with a non-degenerate symplectic form w, which
defines a Poisson bracket {,}p. Suppose that a group G acts on M while preserving
the symplectic form w. The group G is then the symmetry of the phase space M.
Now we are going to define the reduced phase space with respect to this symmetry.

! By the lowest weight state, we mean the one with respect to the zero mode of the current algebra
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Each element e of ¢, the Lie algebra of the symmetry group G, defines a vector
field v, on the phase space. Assume that for each e€% there is a function H,(x) on
M such that

v, F(x) = {H,(x),F(x)}pg for any function F(x) on M. a7

In this case the symmetry is called Hamiltonian. Associated with this Hamiltonian
structure of the symmetry G, there is a canonical momentum mapping P from the
phase space M into the dual of the Lie algebra ¢* defined as

xeM - P(x)e%*:{ P(x),e> = H,(x). (18)

For some e*e%* consider a level set of the momentum P~ '(e*) = M,. = M, and
let G,. be a stationary subgroup of G mapping M,. into itself. One may then
consider the quotient space M,./G.., which has a natural symplectic structure
(for a proof see for example Appendix 5 of a book by Arnold [18]). This defines
the reduced phase space.

Now we are going to apply this construction to the case when M is a dual
space of SL(n),, the level-k central extension of SL(n)-loop algebra. In this case,
the symmetry algebra ¢ will be a subalgebra of SL(n), given below. To be more
explicit, an element of SL(n), is a pair (A(z),a,) where A(z) is the mapping from
circle into SL(n) and qa, is a constant number. The commutator of this algebra is
given by

[(A(2), ao), (B(2), bo)1 = ([A(2), B(2)], k¢ tr(A(2)0.B(2))dz). (19)
The dual space of SL(n), is defined with respect to the following pairing:
{x,a) =§tr(J(2)A(2))dz + xoa9
x = (J(2), xo)e(SL()y)*, a=(A(z),ao)eSL(n). (20)
The Poisson bracket of the phase space M = (SL(n),)* is defined as

(@) ) om = S5O0z — W)+ 5 545z — w),

{x0,J%2)}pe =0, {xo:¥o}ps =0, @

where
J42) =tr (t*J(2)).

We consider a subalgebra ¢ of SL(n), consisting of pairs e = (E(z), e,) with E(x)
in the Borel subalgebra of SL(n) (subalgebra generated by strictly upper triangular
matrices). The action of ¢ on M = (SL(n),)* is coadjointly defined as

xeM - Ad¥*(x)eM (e€¥), (22)
where
(Ad¥(x),a) = —<{x,Ad (a)), VaeSL(n), (23)

and Ad, is the adjoint action of ee¥ on SL(n),.
Now that we have the phase space M =(SL(n),)* with the symmetry ¥ =
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(subalgebra of SL(n),), we can define a reduced phase space with respect to this
symmetry. We are going to show that the Poisson bracket in the reduced phase
space gives the classical W,-algebra. The dual space ¥* is isomorphic to the quotient
(SL(n))*/(U(x),0) where U(x) belongs to the Borel subgroup of SL(n). As a
representative of a point in ¢*, one may take e* = (E*(z), 1)e(SL(n),)*, where E*(z)
is in the form

+ 1 0 O 0
+ x 1 0 0
* % % :
) 5 (24)
* % * 1
PR T * *

For such choice of e*, the level set M. of the momentum mapping P consists of
(J(2), 1) where J(z) is also of the form (24). This condition is expressed in terms of
the currents J ~%(z) as

Ja_ {1, if a is simple root, 25)

0 otherwise,
for any positive root a. The stationary subgroup G. of M. consists of pairs (U(z), 1),

where U(z) belongs to the Borel subgroup of SL(n). It acts on M,. by a coadjoint
action. To be explicit,

Ad%(J(2)) = UJ(z)U™ ! —'-2‘—aZUU- L (26)

In order to describe the Poisson bracket on reduced phase space let us consider
some specific coordinate system on M,./G.,.. Exploiting the gauge symmetry (26)
one can always put J(z) into the form

¢, 1 0 0 - 0
0 ¢, 1 O 0
10 0 ¢
0 0 ¢py 1
0o 0 - 0 0 ¢,
where ) ¢; = 0. It is convenient to introduce the fields ¢; defined as
¢i= i — Qi i=2,...,n—1,
i~ @i-1 ( ) (28)

¢1 =@ ¢n= —QPu-1>

and to use them as coordinates over the reduced phase space M,./G.. In terms
of fields ¢;, the Poisson brackets acquire the following simple form:

k
{9:0)9;)}en =59 (x — y)Kyj, (29)
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where K;; is Cartan matrix of SL(n). They are the Poisson brackets of the free
scalar fields.

What happens if one chooses another choice of gauge slice? For example,
instead of Eq. (24), one may also reduce J(z) to the following form:

0 1 0 0 - 0
0 o0 1 0 0
0 0 0 oo
i=| 9 Y (30)
0 0 0 0 1
U, Uy—y U,y -+ Uy 0

In order to clarify the relation between these two sets of coordinates, let us consider
the differential equation ((k/2)0, — J(2))¥(z) =0, where ¥(z) is a n-dimensional
vector. Due to the following form of this equation

+ 1 0 0 0 v,(2)
* = 1 0 0 0,(2)
* 1 1.7”_1(2)
* K e e % % v,(2)

one can eliminate all the components of the vector ¥(z) but v,(z) and obtain an
n'® order differential equation Z[J]v,(z) =0 for v,(z). It is easy to show that the
differential operator £ [J] is invariant under the gauge transformation (26). Thus
by computing £[J] in two cases, (27) and (30), and identifying them, we get the
relation in a compact form as

k J
ﬂ(zaz— ¢j(z)> = -—Zu,,_j(z)<§6z> , Up=—1, u;=0. (32)

This relation is known as the Miura transformation in the theory of the
Korteweg-de Vries type equations. Using this relation we can rewrite the Poisson
bracket (29) in terms of u;. The fields u; make an associative algebra with quadratic
relations known as the Gelfand-Dickey algebra,

{u(2)u;(w) }pp = Cij(z — w) + Fli‘j(z — W)y, + D’i(}(z — W)U uy. (33)
For the case of SL(2) the algebra (33) reduces to the standard Lie algebra
{u(z)u(w) }pg = (Qu(w) + 2u(w)d + k?5%)6(z — w), (34)

and this is the classical version of the Virasoro algebra. The case of SL(3) gives us
the first non-trivial example of an algebra with a quadratic relation which is the
classical version of Wj-algebra discovered by Zamolodchikov [4]. In general
algebras (33) correspond to W,-algebras of spinn. For more details we refer the
reader to the original papers [6, 7, 19].
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3.2 Quantum Hamiltonian Reduction; Case of SL(2). Now we are going to develop
the quantum analogue of the Hamiltonian reduction. To motivate our construction,
let us start with some numerology in the case of SL(2) current algebra. For the
level-k SL(2) current algebra,

2 k
J+(Z)J_(W)~;\)’J3(W) +(—z——w)2’
k)2
(z—wy?

there is a canonical definition of an energy-momentum tensor (the Sugawara
construction):

J3(Z)Ji(w)~;i;—1“7.li(w), J3(2)J3(w) ~ (35)

1
To(2) = 15 L (@) (36)

With respect to this energy-momentum tensor, the currents J*,J* behave as
conformal fields of weight 1. In order to put the constraint J ™ (z) = 1 consistently
with the conformal invariance, this property of Ty, is not convenient, and we
wish to deform the energy-momentum tensor so that the conformal weight of J~
vanishes [7,20],

Timprovea(?) = Tsp(2)(2) — 0J3(2). (37
The central charge for this improved energy-momentum tensor is
3k 6

Loy = kxr2 6k=15— 12 6(k + 2). (38)

On the other hand, a conformal anomaly for a degenerate representation of the
Virasoro algebra is given by the formula

2
cw=1-6P=0 13- g (39)
pq p/q
Substituting p/q =k + 2 in Eq. (39), we obtain the relation
6
=13 — K12 6(k +2)=c{) 5 —2. (40)

We note that the difference of ¢§?,, and c%) is independent of k. In fact —2 is
equal to the conformal anomaly of a ghost system (b(z), c(z)) of weights (0, 1). Ghosts
of such weights naturally emerge if we put the constraint J (z) =1 using the
Becchi—Rouet—Stora—Tyutin (BRST) formalism.

This observation leads us to the following conjecture. Consider an irreducible
representation space of the level-k SL(2) current algebra #°§) ,, and the Fock space
of the ghost system 5, .. The BRST operator defined by

d
Qumsr = §5- (7 (2) = el @1)

is nilpotent Q3gsr =0, and one may consider the cohomology Hy,., With respect
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to the BRST charge,
Ho s (H 512y ® Hy, ) = Ker (Qprsr)/Im (Qprsr)- 42)

The claim is that this cohomology is isomorphic to an irreducible representation
space A%} of the Virasoro algebra with ¢ = c§) ;) —2,°

HQBRST('%SL(Z) ® %b,c) = %93 (43)

The rest of this subsection is devoted to proving this theorem.

In the classical Hamiltonian reduction discussed in the previous section, we
considered a subspace of the total phase space restricted by J ~(z) = 1. The reduced
phase space was then defined as a space of orbits in this subspace generated by
J ™ (z) through Poisson bracket. Here quantum mechanically, the physical subspace
is defined by the constraint Qgrer| ¥ = 0 in the total Hilbert space, and the reduced
Hilbert space is the space of orbits of the BRST charge.

As a matter of fact, the total energy-momentum tensor

T (2) = Tynprovea(2) + 0b(2)c(2) (44)

acting on #'$),,) ® #, . commutes with the BRST charge since the BRST current
(J7(2) = De(z) is a field of weight 1 with respect to T*'?!(z). It is also easy to
convince oneself that this total energy-momentum tensor is not a BRST exact
operator, T""*\(z) # {Qggst, *}. One can, for example, examine the grade-2 physical
subspace in the descendants of the vacuum state [0)g;,)®[0), .. The BRST
cohomology of this subspace is one-dimensional and generated by L'®%' acting on
the vacuum. Therefore it is clear that the Virasoro algebra with ¢ = ¢ ,, — 2 acts
on the reduced Hilbert space Hgy, . (#sp2)® #,). The issue is whether the
representation is irreducible.

To prove the irreducibility of the reduced Hilbert space, it is useful to employ
the realization of the SL(2) current algebra in terms of a scalar field ¢(z) and a set
of bosonic ghosts (8, y) with weights (0,1)

1 1
9(@)p(v) ~ log (m) By ~— (4s)

as
T (2) = — B@)(3(2)* + i, y(2)00(2) + kdy(2),

P(0) = Ble(e) — 5, 20tz

J7(2)=B(2)
o, =./2k +4. (46)

This free boson realization was introduced by Wakimoto [9] (in the case of k = 1)
and by Zamolodchikov (for general k).

2 We are informed by A. A. Beilinson and T. Eguchi that a similar construction was suggested by
B. L. Feigin
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In this realization, the ghosts (b,c) and (f,y) make a pair of BRST doublets,
which is called the Kugo—Ojima quartet [11]. We are going to prove the following
lemma.

Lemma (Quartet Confinement).
HQBRST(’%lp ® ”ﬁ,v ® e}(fb,c) = ‘%(p‘

(47)
This lemma means that the ghosts simply decouple from the physical subspace.
The proof of this lemma goes as follows. Consider the following projection
operator 2,

Wﬂﬁp@%p,y®%b,c'*%¢®|0>ﬂ,y®|0>b,c-

(48)
Here the vacua |0}, and |0), . are defined by
ﬁn|0>ﬂ,y = 07 bn'0>b,c = 0 (n g O)
Tnl05, =0, €03, =0 (m21) “9)
The zero modes of the bosonic ghosts, f, and y, obey the commutation relation
[Bo,70l=1. (50)
If y, is diagonalized, B, can be regarded as a differential operator,
0
Po

=— (51)
970

Though the projection operator 2 does not commute with Qpper, We can modify

it as

PO =" Pe™ 70 = ¢l P (52)
so that P9 commute with Qggsr.

Now we show that 1 —P© is BRST exact. Following the paper by Kugo
and Ojima [11], we introduce a set of operators P™ (N =1,2,3,...) defined
inductively as

1 - -
PO =5 3 (0P G, — P Vy,)

1
+'ﬁ Z (C—nP(N_I)bn +v—nP(N_l)(ﬁn_ 5n0))'
n=z0

(53)
These operators P™ commute with Qpger. In fact, for N =1, P™ is a BRST exact
operator,

PM = {QBRST, R(N)}

1
R = = % (b-fP" "y, + e PO Dy,)

nz1

1
+N Z (y—nP(N_l)bn +Y—nP(N—1)bn)' (54)
n20
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It is easy to see that they are complete,

Y P™ =1, (55)

N20

Therefore any physical state | ¥ annihilated by Qgggr is Written as

|P> =) PV|¥)=PO|¥)+ ansr< Y. R®| 7’))- (56)
N NZ1

This means that the physical state |¥) is equivalent to its projection onto
H,®e"°0), ,®|0>,  modulo the BRST operator. This completes the proof of
the lemma.

On the other hand, the total energy-momentum tensor is expressed as

T*(2) = Ter(z) — {Qsrst> 7(2)0b(2) }

k+1 7

S22k +4

i.e. upto a BRST exact operator, T"'* is equal to Tgg(z), which is in the same form
as that in the free boson realization of the Virasoro algebra developed by Dotsenko
and Fateev [8] (also called the Feigin-Fuchs realization). Thus one may suspect
that there is a close connection between these free boson realizations of the Virasoro
and the SL(2) current algebras.?

Let us recall the free boson realization of the Virasoro algebra by Dotsenko
and Fateev. They assume that the scalar field ¢(z) winds around a torus of a radius
o, =./2k + 4. Then the Fock space 5, is decomposed into subspaces with definite
U(1) charges with respect to — idg,

— #r,s
H [ ® @
r,s

Tre(z) = — 3(00(2))* + ing0’p(z), o=

2
A :subspace with charge (1 —r)o, + (1 —s)a_ <oc_ = —~>. (58)

x4

In this realization, primary fields interwine subspaces of different U(1) charges,
and their correlation functions vanish in general due to the conservation of the
U(1) charge. To get meaningful results, we must introduce charge screening
operators % (z),

W E(z) = e+, (59)

Since their operator product expansion with Tpg(z) is total derivative,

TFF<z)¢/£,(w>~aw(Lcoi<w)>, (60)
zZ—W

3 D. Bernard and G. Felder have examined degenerate representations of the SL(2) current algebra
using the free boson realization (46). They also found the intriguing relation between the representations
of the Virasoro and the SL(2) current algebra, which is potentially related to our observations here.
We thank them for informing as of their result before publication
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we can insert their contour integrals in correlation functions to satisfy the total
charge conservation without spoiling the Ward identities.

The realization of the Virasoro algebra in #%* is highly reducible. It was
pointed out by Felder [12] that one can extract an irreducible representation out
of #7° by using the charge screening operators. Following Thorn [21], he
introduced an operator Q,;, defined by contour integrals of the screening operators.
It is nilpotent Q2 = 0, and generates the following spectral sequence:

Quir ‘#g,Zq—-s) Quir , fgvs) _ﬂ,%g’_s) —(—ZL (61)

He then proved that this spectral sequence is exact, Ker(Q,;,) = Im(Q,;), except
at the middle Fock space #* with

1=sr=<p-—1, 1Zs=Zq-—1, gs<pr (62)

The cohomology at the middle Fock space is isomorphic to an irreducible
representation space of the Virasoro algebra #%® with a highest weight 4, (=
H(or+a_s)> —(ay +a_)?),

A~ Ho (A7), (63)
For the SL(2) current algebra, there are also two screening operators*

'ﬁs—L(Z)(Z) = /}(Z)ei“" o),
YsLy(@) = (B(z))~**+ D+l (64)

which satisfy

N )] 69)

Since all the singular terms in the operator product expansions are total derivatives,
we can insert contour integrals of these screening operators into correlation
functions without spoiling their Ward identities. As in the case of the Virasoro
algebra, one can construct a nilpotent operator Qg; (,, from the screening operators.
In the case of the Virasoro algebra, the spectral sequence (61) is exact except at
one point #*, where the cohomology H,,, is isomorphic to an irreducible
representation of the Virasoro algebra. The corresponding statement in the case
of the SL(2) current algebra, i.e. exactness of the spectral sequence of Qg (», except
at #$Y® H;, and

H§ily) = (irreducible representation of the current algebra)
= Hquz)(%g’s) ® ‘yfﬁ,y)s (66)
is now being worked out by Bernard and Felder [13].

* The definition ¥4, ,) may be subtle, for it involves a negative power of f(z) when k is greater than
—2. In extracting an irreducible representation from #§-™ as described below, however, one needs
to use only one of these screening operators, say Y ,) which is well-defined [13]. (This is also the
case for the Virasoro algebra [12].) Thus this subtlety is not relevant to our construction here
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The screening operators for the Virasoro and the SL(2) current algebra are
equivalent to each other modulo BRST exact operators,

Ys1.2)(2) = ¥uie(2) + {Opgst, b(2)e**9}

\ . 1= B **>
Ys12)(2) = ¥i(2) + {QBRS’DI__“[’(Z) b(Z)emW(Z)}- (67)
This implies that the BRST-like operators Q,;, and Qg ,) are also related as
Os) = Quir + {Qprsts *J- (68)

In deriving these relations, it is crucial that J (z) is constrained to be a
non-vanishing constant (in our convention J~(z) = 1). If we had chosen Qgper =
$(dz/27i)J " (2)c(z), Qsy(,) Would have been a BRST exact operator.

Now we are ready to prove the main theorem of this subsection (43). The
quartet confinement (47) and the result by Felder (63) implies

‘%sri,fs’ = HQvir(”g’S)) = HQvu— ° HQBRST(%S:’"S) ® ’#ﬁﬂ ® ‘%IM)' (69)

Since Qg >y commutes with Qpgsr, Hog, o, Hogrsy 15 also well-defined. We now
show that it is equivalent to the right-hand side in the above. Consider kernels of
Q.ir and Qg; () on Ker (Qgrsy). Thanks to Eq. (68),

Osry| V> elm (Qprsr) <> Qyir | ¥ €Im (Qprsr)- (70)

On the other hand, due to the quartet confinement of ghosts, images of Q,;, and
Osi(2) are equivalent modulo Qggsy When considered on Ker (Qpgrsr). Hence we
obtain

HoyieHp, o Hopo i (HGIQH g, ® H )
= HQSL(Z)OHQBRST (%g,” ® %ﬂ,v ® %b,c)' (71)

The next step is to relate Hgp;)°Hpgps, in the above to Hg oo (H#'sp(2)-
Following the result of Bernard and Felder (66), we may identify #°{%,, with
H,,, .- Thus what we need to prove is

Hquz)OHQBRs-r = HQBRSTOHQSL(Z)' (72)

For general nilpotent operators Q, and Q, which commute with each other,
Hy,°Hy, ~Hy,°Hy, is not neccessarily valid. To find a sufficient condition for
this to be valid, let us consider the following spectral sequence of the double
complex generated by Q, and Q,,

10, 10, 10,
£2i)Vn—l,m—l&’Vn,m—-lQL’Vn+1,m—1gl_’

10, 10, 10,
sy v, 2 2 (73)
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10, 10, 10,
&) Vn—l,m+1 gl_)Vn,m+l &-)Vn+1,m+1 —Q__l_)

19, 19, 10,

Here a pair of indices (n,m) of V, , denotes a double-grading with respect to Q,
and Q,; where Q; = Qpgpsr and Q, = Qs (»), 1 is the ghost number and m is related
to the U(1) charge. Now we prove the following lemma.

Lemma

(I) Assume (1) the horizontal sequence is exact except at V,— ,, and the vertical
sequence is exact except at V, -, and (2) the horizontal sequence is finite, i.e. for
a sufficiently large N,Vy ;1 ={0} and V_,_, = {0} for any m. Then

Ker(Q,0,)=Ker(Q,)®Ker(Q,) (74)

holdson V, _,,and V_,, , withn=0, m> 0.
(IT) Under these assumptions, Hy °Hp,(Vo,0) = Hg,°Hg,(Vo,0)-

When Q; = Qppsr and @, = Qg (5, the assumptions of this lemma are satisfied.
The assumption (1) is the consequence of the quartet confinement of the ghosts
and the result of Bernard and Felder [13]. Concerning the assumption (2), we note
that both Qgger and Qg commute with the total energy-momentum tensor
T'**!(z) given by Eq. (44). Thus we may restrict V, ,’s to be in the same eigenspace
with respect to L§*.. In this case, the ghost numbers of states are bounded below
and above, and the horizontal sequence terminates beyond these bounds.

The first part of the lemma is proved by mathematical induction. We first show
that, if the lemma holds at V, . _m+1)(V-(u+1)m+1), 50 does V, _,(V_, ). By
repeating this procedure finite times, we arrive at an edge of the horizontal sequence,
where the lemma can be easily checked explicitly.

Since Ker(Q,Q,)>Ker(Q,)®Ker(Q,) is obvious, we just need to show
Ker(Q,0,) =Ker(Q,)®Ker(Q,).

) n+l,-m—1

l

Vn,—m__) n+1,~m - . (75)
i

Vn+1,—m+1

Take an arbitrary element v of Ker(Q;Q,)ly, _,.. Since Q,Q,v=0, Qv belongs to
Ker(Q,)ly,,,.-,.- By the assumption (1), there is some element 4 of V, 41 41,
such that Qv = Q, 4. Such /4 should satisfy @, 0,4 = 0. According to the assumption
of the induction, 4 belongs to Ker(Q,)®Ker(Q,), and it can be written as
A=Q,v,+Q,v, by the assumption (2). Substituting this into Q,v= 0,4, we
obtain Q,(v—Q,v,)=0, i.e. v—Q,v,eKer(Q,) and veKer(Q,)® Ker(Q,).Thus
we proved Ker (Q,Q,) = Ker(Q,)® Ker(Q,). This is what we wanted to show. By
interchanging Q, and Q,, we can also prove Ker (Q,Q,) = Ker(Q,) ®Ker(Q,) on
v

—n,m*
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Let us have a look at the right edge of the horizontal sequence,
=V -m—0. (76)
It is obvious that Vy _,, = Ker(Q,)ly, _,.- Thus we obtain
Ker(Q122)ly,-m S Vy,—m=Ker(Qy)ly, .,
cKer(Q,)®Ker (Qy)lyy, - 77)
Thus Ker(Q, 0,) = Ker(Q;) ®Ker(Q,) holds at the right edge. At the left edge

0— V—N,m -

{

0—V_ym+1—

l

the assumption of the induction is trivially satisfied for V_y_q,.; =0. This
completes the proof of the first part of the lemma.
Next we prove the following equality at Vj, ,:

Ker(Q,)nKer(@,)
(Im(Q,)®Im(Q,))n(Ker(Q,)nKer(Q,))
Since the right-hand side is symmetric with respect to Q, and Q,, the second part

of the lemma follows from this equality. A class [v] in Hy,°H, is given by veV, ,
satisfying

(78)

Hy.°Hg,(Vo,0) = (79)

Q.veQ,(Vy,—1), Qv=0, (80)
and taken modulo Q,(Ker(Q,)ly_, .)®Q,(Vo,—1).

VO,—I Vl,—l

! ! !
Voio— Voo — Vio - (81)
1 !
Vo

Let us rewrite the first condition on v; Q,v=Q,A for some 4 in V; _,. Since 4
belongs to Ker(Q;Q,)ly, _,, it can be written as 1= Q,¢; + Q,¢, thanks to the
first part of the lemma. Thus the first condition becomes

Q,(v—0,¢,)=0 for some ¢ €V, _;. (82)

Since the representative v of the class [v] is chosen modulo Q,(V, _,), we can
exploit this freedom to set

0,v=0. (83)

We have shown the following equality

Ker(Q)nKer(Q,)

Ho HeVo0) =5 Ker @)1y, )@@V, 1) " Ker @y, )

(84)
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Finally we prove

Q. Ker(Q,)ly_ Lo = Q1(V—1,o)nKer(Q2)|Vo,o- (835)
It is clear that

Q1(Ker(Q)ly_ 1,0) cQ(V_1,0)nKer (Qz)lvo,o- (86)

On the other hand, any element of Q,(V_, o)nKer(Q,)ly,, is written as Qe
with ¢eKer(Q,Q,)ly_, - Thanks to the first part of the lemma, ¢ belongs to
Ker(Q,)®Ker(Q,), and Q¢ is in Q; (Ker(Q,)ly_,,). Thus Eq. (85) holds.
Combining this with Eq. (84) we obtain Eq. (79). This completes the proof of the
lemma.

This completes the proof of the quantum Hamiltonian reduction.

Theorem (Quantum Hamiltonian Reduction).

Viwe~H QBRST(VSL(Z) ® Vo). (87)

We would like to make two comments. The completely degenerate represen-
tations of the Virasoro algebra are parametrized by a set of two integers (r, s) with
1£r<p—1, 1£s<q—1, and there are corresponding representations of the
SL(2) current algebra. According to Bernard and Felder, the SL(2) current algebra
has another class of representations, which corresponds to the case of r=0. In
this case, it is not yet checked whether the assumptions of our theorem (87) hold.
Most probably, the cohomology of the nilpotent operator Q,; may not give
irreducible representations of the Virasoro algebra. This existence of such represen-
tations for the current algebra does not contradict our proof. We also remark that
this construction may not work if one replaces SL(2, #) by SU(2). First of all, it
is not clear whether the constraint J~ = 1 makes sense in SU(2), for J* =(J7)*.
Another important point is that SU(2) is simply connected while SL(2, %) is not.
The level k of the current algebra related to a completely degenerate representation
of the Virasoro algebra is in general fractional (k + 2 = p/q), and so is its highest
weight. This is possible only for SL(2),

3.3 Quantum Hamiltonian Reduction;, Case of SL(n). The above result can be
extended to the case of SL(3) current algebra though it requires more elaborate
computations. The SL(3) algebra is generated by six charged currents, JT,J5,J5,
and two neutral currents, H,, H,. The basis is chosen in such a way that these
currents correspond to SL(3) generators as

010 000 00 1
Jte|0 0 0 Jielo 0 1 J;H(ooo
000 000 000
1 0 0 00 0
Hyl0 —1 0| Hye|0 1 0. (88)
0 0 0 00 —1

In order to put the constraints
Ji@=J;@)=1 J5(2)=0 (39)
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consistently with the conformal invariance, we deform the Sugawara energy-
momentum tensor Ty 3, for the SL(3) current algebra as,

Timprovea(2) = Tsp 3y — 0(H 1(2) + H,(2)). (90)

With respect to this improved energy-momentum tensor, J; has weight — 1 while
J7 and J; have weight 0. To put the constraints (89) in the BRST formalism, we
must introduce three sets of ghosts, (by,c,), (by,c,) and (bs,c3), with weights
0,1),(0,1) and (— 1,2) respectively. The BRST charge defined by

d
Opgst = §§ [(J1 (@)= Dei(2)+ (7 (2) = Dey(2) + T35 (2)es(z) + ¢1(2)c,(2)b5(2) ]
91)

,,,,,

with Qgggr is
T*"*'2) = Timprovea + 0b1(2)c1(2) + 0b,(2)c,(2) + 20b3(2)c3(2) + b3(2)dcs(z).  (92)

The free boson realization (46) of Wakimoto and Zamolodchikov can be
extended to the case of the SL(3) current algebra as follows. Let us employ two
scalar fields ¢, and ¢, and three sets of bosonic ghosts, (8,,7,),(8,,7,) and (85, 3),
with weights (0,1), (0,1) and (— 1,2) respectively.

5,‘,’
z —

o100~ 310815 ). B~

@b=1,2,i,j=1,23) ©3)

It is straightforward to check that the following is a realization of the SL(3) current
algebra:

I (@)= = B1@)1:1(2))* + B2(2)y3(2) + (k + 1)y, (2) + iy, (2) €10 G (2),
I3 (2) = B1(2)(71(2)72(2) — 73(2)) — B2(2)72(2)* — B3(2)y2(2)73(2)

+ i, y,(2) €, 0 (2) + kdy,(2),
J3 (@) = B1(2D((71(2)*72(2) — 11(2)y3(2) — B2(2)72(2)y3(2)

— B3(2)(13(2))? + kdys(2) — (k + 1)0y,(2)2(2)

+io, P3(2) €1 0p(2) + o'y (3(2) — 71(2)72(2)) € 0(2), (94)
H (2) = 2B,(2)y1(2) — B2(2)72(2) + B3(2)y3(2) — iots €106 (2),
H,(2) = — B1(2)y1(2) + 2B2(2)72(2) + B3(2)73(2) — ity €50 (2),
J1 (2)= B1(2) +72(2)B3(2),
J2 (2) = B, (2),
J3(2)=B3(2),

o) = \/2k—+’6: €, =%(1>\/§), e, =%(1» - \/§)a
@(2) =(¢1(2), p2(2)).

Substituting the above bosonized expressions of the SL(3) currents into the total
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energy-momentum tensor (92), we obtain

T (2) = Tyy,(2) — {Qprsr> (2) },
1(z) =71(2)0by(2) + 72(2)0b,(z) + 2y5(2)0bs(2)
+ 073(2)b3(2) — 7, 0(72(2)b5(2)), (95)
with
Ty, (2) = — 3((091(2))* + (09,(2))*) + 120t,0* 9 (2),
k+2

J2%k+6

The energy-momentum tensor Ty, (z) in the above is in the same form as that in
the free boson realization of the W, algebra (chiral algebra generated by the
energy-momentum tensor and a spin-3 chiral operator W,(z)) developed by Fateev
and Zamolodchikov [22].

The charge screening operators for W; algebra are given by

(96)

oy =

Yo (z) =exp(ios €, 9(2) (a=1,2), ©7)
where
, 4
o =——.
xy

The structure of representations of the W, algebra has been examined by Mizoguchi
[23] using these screening operators. For the SL(3) current algebras, there are also
four screening operators

YSeE) = (Ba(2) +71(2)B3(2)"™ exp (i €, B (2)),
Y& E = (B1(2)"™ explin. ¢, B(2)), 9%)
with
n,=—(k+3), n_=1 (99)

It is easy to check that the screening operators of the W, and the SL(3) current
algebras coincide modulo BRST exact operators. Although the representation
theory of SL(2) current algebra has not yet been worked out, it is plausible that
the construction of irreducible representations using the screening operators (98)
along the line of refs. (12, 13) extends to the case of SL(3). If this is the case, one
can employ the argument used for the relation between the Virasoro and the SL(2)
current algebra to show that the BRST cohomology in the physical subspace of
W, algebra.

We have explored the relation between the Virasoro and the SL(2) algebras
and the W, and the SL(3) current algebras. It is then natural to expect that such
relation between the W, and the SL(n) current algebras persists for an arbitrary
value of n. There are some suggestive feature to support this expectation. The
central charge for the Sugawara energy-momentum tensor Ty, for the level-k
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SL(n) current algebra is (n* — 1)k/(k + n). Let us deform the energy-momentum
tensor as

Timprovea(?) = Tsrm(2) — 8 -0H(2) (100)

(I—-i (z) is an (n — 1)-dimensional vector of Cartan generators and 9 is a sum of
positive roots) so that we can put constraints on the Borel subalgebra of the SL(n)
consistently with the conformal invariance. The central charge of this improved
energy-momentum tensor is

1
W m=n*—1—nn*— 1)<k+—n+k+n>. (101)

On ther other hand, the conformal anomaly for a completely degenerate represen-
tation of the W, algebra discussed by Fateev and Lykyanov is given by

2
ey =(n— 1)(1 4?0 ) (102)
rq
Substituting p/q = k + n, we obtain
1
B =3 —n—1—nm? -1 ——+k
cw,=2n"—n—1-—n(n 1)(k+n+ +n>

In order to put constraints on the Borel subalgebra using the BRST for-
malism, we need j-sets of ghost systems with weights (—n+ j+ 1,n— j) for
j=1,2,...,n— 1. The sum of conformal anomalies for these ghosts is —(n* —2n>+n)
and coxnc1des with the difference between ¢ and ¢ .

Another piece of evidence for the relation between the W, and the SL(n) current
algebras comes from their highest weights. The conformal weight in a completely
degenerate representation of the W, algebra is given by

( Z (pri— qsi)5i>2_w (104)

r,s

2pq 24pq ’

where @; (i=1,2,...,n— 1) are the fundamental weights of SL(n) normalized as
@@ =@(f0r i<j) (105)

i

This expression for the highest weight can be rewritten as

1 — = — —_ —
rs_2(k+n) (A+20)—0-A,
A=Y (= r)+m) — (1 — ) (106)
i=1

This is in the same form as the conformal weight of the spin — A primary field of
the SL(n) current algebra with respect to the improved energy-momentum tensor
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(100). Thus one may suspect that the following relation holds:

TsLw(2) — 6-0H(2) + Z Z ((n — j)0byj(z)cij(z) + (n — j — Db;(2)dci(2))

= Ty, (2) + {Qprst> *}- (107)

These observations support the validity of the quantum Hamiltonian reduction of
the SL(n) current algebras down to the W, algebra for general value of n.

4. Quantization of the Virasoro Group

The analysis of the previous section makes it possible to construct a quantum field
theory such that its right-movers give irreducible representation spaces of the
W,-algebra. In the case of n =2, its classical action turns out to be a geometric
action for coadjoint orbit of the Virasoro group. We then discuss quantization of
this system.

4.1 Constrained Wess—Zumino—Witten Model. We are going to show that the
reduced Hilbert space discussed above naturally emerges if we consider the SL(n)
Wess—Zumino—Witten (WZW) model and couple the gauge field to the SL(n)
current belonging to the Borel subalgebra. For simplicity we discuss the case of
SL(2), but extension to the case of SL(n) is straightforward. Let us consider the
following system

- d*z ., _
Sgauged(ga A ) = kSwzw(g) + ng (J - 1)a

1= 5o, (108)

where S,,,.,(g) is the action of the WZW model. The WZW action obeys the cocycle
condition.

Swew(Ug) = Swzw(9) + Suzu(U) — f tr(U 1oU)(9gg ™). (109)

If we restrict U to be in the Borel subgroup of SL(2) S.zw(U) in the above
vanishes. Therefore the gauged WZW action Sg,,z.q(g, A *) is invariant under the
transformation

g—Ug, A*—>A"+tr(U 10U t"), (110)

where U belongs to the Borel subgroup, U =exp(et™).
In order to do the functional integration over g and A*, we must divide the
measure by the volume of this Borel gauge symmetry.

“ldg,dA* _ _
§ ([ghg—]exp(ls‘gauged(g,f)). (111)

gauge volume)

Let us fix this gauge invariance using the BRST formalism. The BRST transforms
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of g and A* are defined by replacing the parameter ¢ of the infinitesimal gauge
transformation with the Faddev—Popov ghost field c,

Oprst(@) =ct™g, Oprsr(A™) = —dc. (112)
The ghost and anti-ghost transform as
Oprst(€) =0, Oppsr(b) =B, dpgrsr(B)=0. (113)

Here we introduced the Nakanishi—Lautrup auxiliary field B as the BRST transform
of b, which will serve as the Laugrange multiplier to impose the gauge-fixing
condition.

The BRST gauge fixing is done by adding the BRST exact operator to the
gauged WZW action Sg,,.q- The original gauged WZW action is clearly invariant
under the BRST transformation, for the BRST transformation for g and 4™ is in
the same form as the Borel gauge transformation. On the other hand the nilpotency
of the BRST transformation implies that the BRST exact operator itself is also
BRST invariant. Choice of the BRST exact operator defines a gauge-fixing
condition. Here we choose the following gauge-fixing condition:

- d*z _,
Sgauged(g’ A ) + 5BRST j EA b

2 2
_ kswzw(g)q‘é—;ba"c +j%2+(r _1-B). (114)

Integration over B imposes the gauge-fixing condition A* =0, while integration
over A" puts the constraint B=J~ — 1. Thus we obtain the relation

[g~'dg,dA"] _ B
J auge wolame) P [Ssmmeals: 1)

2
=[[g~'dg,db,dc]exp <ikSwzw(g) —if %&Z—ba—c) (115)

with the on-shell BRST transformation

Oprst(9) =ct™ g,
Oprst(€) =0, Opgsr(b)=J" —1. (116)

This is the system we have discussed in Sect. 3 in the Hamiltonian formalism. Thus
the maximal chiral algebra in the right-moving sector of the constrained WZW
model is reduced to the Virasoro algebra.

In the path integral (111), we can also integrate over A* first. We then obtain

y
[ [g~"dg]

(gauge volume) 8(J ™ (2) — 1) exp (ikSyw(9))- 117)

Using the composition law (109), it is easy to show that the above path integral
still has the Borel gauge invariance. Since the SL(2) group is three-dimensional,
the original WZW model has three degrees of freedom. The constrained WZW
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model (117) has only one degree of freedom since two are killed by the constraint
J7(z) =1 and the Borel gauge invariance.

4.2 Geometric Action for the Virasoro Group. We have seen that the physical
Hilbert space of the gauged WZW model with the constraint J ~(z) = 1 contains
irreducible representation spaces of the Virasoro algebra. Recently Alekseev and
Shatashvili [24] also examined the constrained WZW model from a different point
of view. Let us make a digression to convey their idea. They start with solving the
constraint J~(z) = 1. If we parametrize the element g of the SL(2) by the GauB}

product
1 0\/4 O 1 F
g=<@ 1)’(0 rl)'(o 1)’ (118)

the Borel gauge invariance g — Ug allows us to put the gauge-fixing condition
O=0.
In this guage, the constraint takes the form
k
5126F+1=0. (119)
On the other hand the WZW action in this gauge becomes
k -
kS,pw(g) = 7 [d?z(A=102)(A~10A). (120)
Solving the constraint with respect to 4 and substituting it into the WZW action,
we obtain the effective action for F as
oF
(0Fy?
Thus the constraint of the gauged WZW model is solved,

i [g”'dg]
(gauge volume)

(OF3F — 2(32F)?). (121)

kSyio(F) = — 8% f a2z

8(J ™ (2) = D exp (ikSuzw(g)) = [ [dF] exp (kS (F)).  (122)

The measure [dF] is derived from the Haar measure [g~'dg] by reduction of
degrees of freedom.

The energy-momentum tensor for the theory S, (F) can be derived using the
Nother procedure as

k (3F 3(0*F\? k
= _Z(ZZ - ) 123
4n<aF 2(6F>) ar (B2} (123)
Remarkably the right-hand side is the Schwarzian derivative of F. In the conformal

field theory, the Schwarzian derivative usually appears as in inhomogeneous term
in a coordinate transformation z — w(z) of an energy-momentum tensor.

T(z) > T(w(z))(W'(2))* — ﬁ {w(z), z}. (124)
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This situation is reminiscent of the following fact about the WZW model. In the
WZW model, the current J is given by

k -1
J= —Eﬁgg ,

and this is the inhomogeneous term in a chiral gauge transformation g — Ug of
the current

J(2) - UJ()U —gaU(z)U“l(z). (125)

In mathematical terms, Egs. (124) and (125) give the coadjoint orbits of the Virasoro
and the Kac-Moody groups. Wiegmann [26] and independently Alekseev, Faddeev
and Shatashvili [25] have developed a procedure to define a geometric action for
a quantum field theory of coadjoint orbits, which in the case of the Kac—-Moody
group reproduces the ordinary WZW action. Alekseev and Shatashvili [24] applied
this procedure to the Virasoro group and found that the geometrical action is
precisely given by (121), i.e. S,;(F) is an analogue of the WZW action for the
Virasoro group.

Let us have a look at the symmetry of the action S,;(F). The original WZW
model has both left- and right-moving chiral symmetries,

Swaw(U(2)g(2, 2) V(2)) = S0 (9(2, 2))- (126)

For the constrained WZW model, the left-moving chiral transformation g(z, ) »
g(z,Z)V(2) is still a symmetry of the system since it keeps the constraint J; =1
invariant. Thus the left-moving sector has the SL(2) current algebra. On the other
hand, the right-moving chiral transformation g(z, z) » U(z)g(z, Z) either changes the
constraint or is absorbed into the Borel gauge symmetry of the system. Therefore
the constrained WZW model has no current algebra in the right-moving sector.
In fact according to the analysis in Sects. 2 and 3, the maximum chiral algebra for
the right-mover is just the Virasoro algebra. The left-moving chiral symmetry of
the constrained WZW model is reflected to the invariance of the action S,;.(F)
under the following transformation:

a(Z)F(z,z) + b(2) U(z) = (a(z’) b(2)

F(z,z)— (D) F(z,2) + dZ)’ c(z) d@)

)eSL(Z). (127)

4.3 Functional Integral over the Virasoro Group. We have seen that the system
defined by the functional integral

[ [dF]exp (ikS.;(F)) (128)

is equivalent to the constrained WZW model. The maximal chiral algebra in the
right-moving sector is the Virasoro algebra of ¢, = 13 — 6/(k + 2) — 6(k + 2), while
the left-mover has the SL(2) current algebra of level-k. In this subsection, we
examine the property of this functional integral in more detail. Let us consider a
generating functional for correlation functions of energy-momentum tensors
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defined by

exp(iI'(h)) = [ [dF] exp <ikSvi,(F) +ifd%z % (F(z,2),2}h(z, Z)). (129)

The operator product expansion of the energy-momentum tensors

2 1 ¢/2
TwW) ~| —=— 4~ : _ k=
T(z)T(w) ((z ) + w 0W> T(w) + - (130)
implies the functional differential equation for the generating functional,
(0 — h(z,2)0 — 20h(z, Z))éh((s )F(h) 63h(z ). (131)

As in the case of the WZW model discussed in Sect. 2, the geometric
action S, (F) for the Virasoro group satisfies the cocycle condition under a
diffeomorphism,

d*z -
Svir(F1°F2)=Svir(Fl)+Svir(FZ)+j2;{F10F25F2}6F28F25

_ o = 132
FyoFy(2) = Fy(Fy(z.2).2) (132
After the change of variable, z—w=F,(z,Z), Z—>Ww=12, in the integral in the
right-hand side, this cocycle condition becomes

f2 (Wa W)
0f2(w, W)

f,=F;', ie. Fy(f,(z,2),%) =z (133)

It is worthwhile to note that the cocycle condition (133) can be derived from the
cocycle condition of the WZW model (6). Since the Virasoro algebra comes from
the SL(2) current algebra by reduction of degrees of freedom, it is natural that the
cocycle conditions for these symmetries are related. We will come back to this
point in Sect. 6.

Let us set h = df,/df, in Eq. (129). Then we can exploit the cocycle condition
to rewrite the path integral (129) as

exp (il (h) = exp (— ikS,;(F2)) [ [dF ;1 exp (ikS i (F 1 °F )

v1r(F1 FZ)_ vu'(F )+ Sv:r(F )+§ {F (W, )’ W}

=exp(— ikSvir(FZ))s [dF (o f,]exp (ikS,; (F1)). (134)
If the measure [dF,] was invariant under diffeomorphism F; — F,° f,, we would
have gotten I'(h) = — kS,;(F,). However this is correct only in the classical limit

of k— co. In fact, using the cocycle condition (133); it is straightforward to check
that the solution to the functional differential Eq. (131) is given by (c,/6)S,i(F,)
(note that ¢, /6 —» — k as k— o0). Thus an additional factor exp (i(c,/6 + k)S,i:(F2))
should come from the change of the functional integration measure [dF,° f,]—
[dF,].

The measure [dF] has been derived from the Haar measure [g~'dg] of the
WZW model by reduction of degrees of freedom. In the next section, we
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will encounter another type of measure [[dF]]=[dF°f] (F(f(z,Z2),z)=z). This
measure is defined to be diffeomorphism invariant and should be a natural
functional integral measure to quantize the Virasoro group. The above observation
suggests that these two measures are related as

[[dF]exp (ikS.;(F)) = [[[dF]]exp ( - i%sm(F)) (135)

One can easily check that the right-hand side in the above functional integral
correctly reproduces the value of the conformal anomaly ¢,. We thus claim that
the quantum theory of the Virasoro group with the action —(c;/6)S,;(F) is
equivalent to the constrained SL(2) WZW model of level k.

5. Two-Dimensional Gravity

5.1 SL(2) Symmetry in Gravity. Now we are ready to study the quantum theory
of the induced gravity. Consider the gravity coupled to the left-right symmetric
conformal field theory. Because of the general covariance, we may choose the
light-cone gauge for the metric,

s = dzdz + h(z, 2)dzdz. (136)

In this gauge, an effective action of the gravity is given as a generating functional
for the energy-momentum tensor for the right-movers. Then it should satisfy the
functional differential Eq. (131), and the effective action for the light-cone metric
is given by the geometric action for the Virasoro group as

_3f(z,2)
T of(z2)

In the light-cone gauge, the Faddeev—Popov determinant does not depend on h.
The quantum gravity is then defined by the following functional integral [2]:

() =28u(P), h2) F(f(z.,5) == (137

{[dn] exp (:%" Svi,(F)>. (138)

Let us make a change of variable in the above functional integral. To
parametrize an infinitesimal variation of the metric h, we may introduce a vector
field &(z,z) as
_ 0f(z +#(z,2), 2)

of(z + ¢(z,2),2)

The Jacobian for the change of measure [dh] — [de] can be easily computed to be

h(z, Z) + Sh(z, Z) (139)

[dh] = det (0 — hd + 0h)[de] = exp (— i 28S,;,(F))[de]. (140)
It is also straightforward to see
[de]=[dF°f]1=[[dF]], (141)

where [ [de]] is the diffeomorphism invariant measure for F discussed in the last
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section. Thus the functional integral (138) is written

j[[dF]Jexp(—z26

— Swm) (142)
In Sect. 2, we have shown that the gauge field coupled to the WZW model of level
k also makes the WZW model of level — (k + 2¢;,). We now found that the induced
gravity coupled to the conformal field theory with the conformal anomaly ¢, gives
the quantum field theory of the coadjoint orbit of the Virasoro group with the
conformal anomaly ¢ =26 — ¢,.

In the last section, we have shown that the constrained SL(2) WZW model
with level k is equivalent to the quantum theory of the Virasoro group with the
action — ¢,/6S,;,(F). Because of the relation 26 — ¢, = ¢_ 4 + 4, the quantum gravity
coupled to the conformal field theory with ¢, is equivalent to the constrained WZW
model of level k= — (k + 4),

26 —
[LIdFT] exp( —i—— v1r(F)> = [[dF]exp(— i(k + 4)S,;(F))

ny
i [g™"dg]

(gauge volumg) ¢ @)~ Dexp(—ilk +4)S\z(9)) (143)

Thus the left-moving sector of the gravity has the SL(2) current algebra of level k.
This relation between the level k of the current algebra in the induced gravity and
the conformal anomaly ¢, of the original conformal field theory agrees with the
result by Knizhnik, Polyakov and Zamolodchikov [3].

So far we have not looked at constraints implied by the light-cone gauge
condition of the metric. Originally Knizhnik, Polyakov and Zamolodchikov
derived the relation between k and c, by requiring such constraints be imposed
consistently. Since the notion of constraints in the induced gravity sounds delicate,
we would like to explain the situation using the example of the WZW model.
Consider the WZW model coupled to a gauge field 4 and 4 as [16]

- d? - - k- k-
S(g; A, A) = kSyzw(9) + | Eg tr <AJ —AJ + EAgAg— 1 ZAA>' (144)
This action has the vector gauge invariance

g—ugu”?,

A—udu ' +ouu™t, A-udu'+ ouu'. (145)
By setting the gauge-fixing condition 4 =0, we obtain the system discussed in

Sect. 2. In the BRST formalism, we introduce a set of ghosts (b, ¢) in the adjoint
representation of the gauge group. The total current J,,,(2) is given by

Jtotal J— _(g 1Ag A) + Jghost (146)

By making a change of variables (g— U~ !g and similar operators on b and c,
where A = U~ '0U), an effective action for the gauge field is extracted, as we have
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seen in Sect. 2. After this U-dependent chiral gauge transformation, the total current
Jiora1 becomes the sum of three currents, J,((k + 2¢,)/2)U 10U and J,p,. Since
anomalies of these currents are k, — (k + 2¢),) and 2c¢, respectively, the total current
is anomaly free. The BRST charge for the vector gauge invariance is then nilpotent.

The situation should be the same in the case of the induced gravity, and the
total conformal anomaly in the left-moving sector should vanish. The original
conformal field theory has an anomaly c,, and the ghosts for the light-cone
gauge-fixing add — 26 — 2 = — 28. Then the conformal anomaly in the left-moving
sector of the gravity must be 28 — ¢, = 3k/k + 2 — 6k (k = — (k + 4)). This seems to
indicate that the lefi-moving current algebra of the gravity is also constrained,
otherwise the conformal anomaly would be 3k/k + 2. Knizhnik, Polyakov and
Zamolodchikov argued that one of the constraints associated with the light-cone
gauge fixing is J~(z) =0 for the left-moving current algebra of the gravity, and
that this constraint shifts the conformal anomaly by — 6k. We think that this
aspect of the theory is not well-understood yet and requires further investigation.
It should be emphasized that, in our approach, the relation between ¢, and k is
derived independently of these considerations on constraints.

We would like to note intriguing numerology concerning the levels of current
algebras. In Sect. 2, we have seen that the right-moving current algebra of level k
induces the left-moving current algebra of level —(k + 2¢,) (— (k + 4) for SL(2)).
Here we found that the conformal field theory with anomaly c,, whose right-mover
has a hidden SL(2) current algebra of level k, induces the left-moving current
algebra of level k = — (k + 4) in the gravity. There should be a way to derive the
current algebra in the induced gravity directly from the hidden current algebra in
the conformal field theory.

5.2 Scaling Dimensions of Planar Random Surface. Let us now discuss how we can
compute scaling dimensions of a random surface from the above result. First we
would like to remind the reader the definition of scaling dimensions. Consider a
partition function for random surfaces with fixed area .,

Z(t)= ) e " (147)
surfaces

Here the weight I is given by a partition function of some statistical model on
the surface. It is expected that the partition function behaves asymptotically as

F(A)~ A3 of > . (148)

Although « is cutoff dependent, y depends only on the topology of the surface
[27,28] and it gives the scaling dimensions of the random surface. In the following
we restrict ourselves to the case of planar topology. In this case, the scaling
dimensions have been computed for various statistical models on triangulated
random surfaces by Kazakov and Migdal [1].

Let us assume that, in the .&/ — oo limit, the sum over surfaces in Eq. (147)
reduces to a functional integral over an intrinsic metric on the surface, and the
weight I is replaced by the effective action I"(h) for the gravity. Then the partition
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function is given by
A3 F(A) ~ [[dh]{exp(—i[d*zh(z,2) T(2))) (& - ©)

of s
h—5f~, f(F(z,2),2) =z (149)
In the light-cone gauge, the area </ is given by
oA =[d*, (Jg=1). (150)

The value of o/ is fixed by the range of coordinates (z,z) independently of the
dynamical variable h. Thus we can perform the functional integral (149) without
any restriction on h. As we noted in Sect. 5, the functional integral (149) has the
chiral SL(2) symmetry in the left-moving sector.

a(Z)F(z,2) + b(2)
c(2)F(z,2)+d(Z)

Remember that the relation between F and h is non-local as h = 0f/0f, f(F(z, 2), 2) = z.
With respect to f(z,z), the above transformation becomes

a(z)z +b(2) _
f T 4
c(2)z +d(2)
The chiral SL(2) transformation of the constrained WZW model turns into a
coordinate transformation on the surface. In fact this is the symmetry of the induced
action I"(h) as well as the measure. Among the SL(2) currents J*(Z) in the left-moving
sector, J3(Z) generates the scale transformation
z—>(1+¢(2))z, z-z (153)
Therefore the scaling dimension y is given by the SL(2) spin of the vacuum state
of the induced gravity as
oA X ()
ZF(A) oA

F(z,7)— (151)

>_> f(z,2). (152)

y = lim

oA -0

+ Kl + 3) B % J[AF1Q? exp (— ik + 4)S,;.(F)),

03 =§J3(2)dz. (154)

In order to compute the scaling dimensions, we need a relation between the
conformal weight of the right-moving Virasoro algebra in the original conformal
field theory and the SL(2) spin of the left-moving current algebra in the induced
gravity. Following previous sections, we regard the right-movers as that of the
constrained WZW model. The energy-momentum tensor is then

1

T(e) = 5 LI Q@) ~ 21°(2) + 0b)e(e), (155)

and the BRST charge

Ot =§ - c(a)J ()~ 1) (156)



Hidden SL(n) Symmetry in Conformal Field Theories 79

is used to define physical states. The physical primary field @_,(z) should be the
lowest weight state of the SL(2) algebra

J32)D_ (W) ~ Z—__% @_,(w), J (2)®_,(w)~ regular. (157)
The conformal weight A of @_,(z) is given by
_AMA=1) . AMA+k+1)
A= P +i= T2 (158)

By extending the argument in the last subsection in the presence of primary
fields, we can show that the physical field @_,(z) is also the highest weight state
of the left-moving current algebra with highest weight + A,

PEO_ 00~ 0w (159)

Thus right-moving conformal weight A and the left-moving SL(2) spin A are related
by Eq. (158). Especially the SL(2) spin of the vacuum state is obtained by putting
A=0in Eq. (158), i.e. either 0 or — (k + 1). This gives the scaling dimensions of
the surface. Since the level k of the SL(2) current algebra is related to the conformal
anomaly of the conformal field theory as

6
= 13—m——6(k+2), (160)
we obtain the formula
y=15(c— 1 £ /(e — D, —25)) orO. (161)

This formula agrees with that by Knizhnik, Polyakov and Zamolodchikov [3]. If
one chooses the branch (—) in the above, it is also consistent with the analytical

and numerical computations of triangulated random surface by Kazakov and
Migdal [1].

6. Geometric Action for W -Algebra

In this section, we construct a generalization of a geometric action for the
W,-algebra. For simplicity, we discuss the case of n=3, but a generalization
for n>3 is straightforward. As we have seen in Sects. 3 and 4, irreducible
representation spaces of the W, algebra emerge from the constrained SL(3) WZW
model. Following the case of the minimal conformal field theory, we will solve the
constraints of the WZW model. The constrained SL(3) WZW model is given by

IV[OQT(];%Q%]B&J 1 (2) = 1)6(J3 (2) — 1)6(J 5 (2)) exp (iS.w(9))- (162)
Using the GauBl decomposition
1 0 0y /(42 O 0 1 F, F;
g=|® 1 0|0 u 0 10 1 F,|, (163)
@&, @&, 1)\0 0 Atpt)\O O 1
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we may put conditions @; =0 (i = 1,2, 3) to fix the Borel gauge invariance. In this
guage, the constraints become

Ji=Au"10F, =1, J; =Au?0F,=1

J3 = A*u(0F 3 — F,0F,)=0. (164)

By solving them with respect to A, 4 and F, and substituting them into the WZW
action, we obtain the effective theory for F; and F;.

[g™'dg] _ _ - )
| (gange volume)*/+ @ — DOz () = 135 (2)) exp (iSzn(9))
= [[dF,,dF,]exp (ikSy,(F, F3)). (165)

Here the effective action Sy, for F; and F; is given by
1 ~ -
Sw,(F1,F3) =~2—7—£§d22[(/1‘10/1)(i’15/1) +(u 0w (™" on)

+3ATT O (o) + 3(AT A (T om)]. (166)

We have chosen F, and F; as dynamical variables of the reduced system, for they
do not imply an additional Jacobian factor in the functional integral. We claim
that Sy, is a natural generalization of a geometric action for the W;-algebra.
Especially when F;oc(F,)?% this action reduces to the geometric action for the
Virasoro group,

Sw(F1, Fyoc(F1)?) = 45y,(Fy). (167)

As in the case of the SL(2) current algebra, the effective action Sy, (F,, F3) has
the left-moving SL(3) current algebra of level k, while the maximal chiral algebra
in the right-moving sector is reduced to the W algebra with the conformal anomaly

4
o3 24k 3) (168)

The energy-momentum tensor T(z) and the spin-3 generator W,(z) in the
right-mover are given by substituting Eq. (164) into

cu/3 = 50

T(e) = — 2 [ 007 + (™ op?

+ (A7 0A) (™ op) +20(A7 102 + d(u tow)],
Wi(2)oc [(A7 104 + pu~ ' op)(A~ 1 04) (™ ' )
—(A710)A(A 100 — u~ o) — 0X(A" 1] (169)

Let us have a look at the symmetry of the action Sy, ,. After some computations,
one can check the following cocycle condition directly.

of
a_f’
FioF(z,2) = F{(F(z,2),2), F(f(z,2),2)=z. (170)

kSy,(F,°F, FSOF) =kSy,(Fy, F3) + 4kS,; (F) + [d*2T(F (, F1;2)
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One can derive this cocycle condition from the cocycle condition of the WZW
action (6). Suppose we have fields, U(z, %), g(z, z), both satisfying the constraints
(164). In general, the product of U(z,2)g(z,Z) does not satisfy these constraints.
However, when U is of the form

A0 0 1 F 3F?
U=10 u 0 10 1 F |, 171)
0 0 A% *)J\0 0 1
we can modify the action of U on g as
A0 0
Ueg)z,2)=| 0 u 0 ‘9(F(z,2),2), (172)
0 0 Ayt

so that Ueg also obeys the constraints. It is easy to see that S, (Ueg)=
Sw,(F°F,F;°F), and that the cocycle condition for S,,, implies the cocycle
condition for Sy,. This relation between the cocycle conditions of S,,,,, and Sy, is
quite natural, for the Virasoro algebra in the theory with Sy,, comes from the SL(3)
symmetry in S,,, by way of the quantum Hamiltonian reduction. Unfortunately,
we have not succeeded in defining a modified action of U on g, U e g, for a general
WZW field U. Such a multiplication rule, if exists, defines the full W, symmetry
realized in terms of F, and F;, just as a difftfomorphism is realized by a single
function F with a product c. This will also make it possible to derive a generalized
cocycle condition for Sy, corresponding to the full W;-symmetry. Since the
Ws-algebra is not a Lie algebra, it would not be straightforward to find such a
modified action U eg. Still, we believe that such a construction is possible. For
the W;-symmetry comes from the SL(3) symmetry of S,,, by the quantum
Hamiltonian reduction.

Let us make some more speculations about the theory with Sy,. In the
functional integral (165), the measure [dF,dF ] is derived from the Haar measure
[g~'dg] by reduction of degrees of freedom. We conjecture that, if there is a
measure [[dF,,dF;]] invariant under the full W;-symmetry, it should be related
to the reduced Haar measure as

j[andFa]eXP(ikswg(Fst)):j‘[[dFl,dst]exP(—i%SW3(F1:F3)>- (173)

In the case of the SL(2), the geometric action S, (F) described the induced gravity,
which is gauge-equivalent to the Liouville model. Therefore we suspect that the
constrained SL(3) WZW model is related to the field theory of the Toda
molecule, a natural generalization of the Liouville model. Previously Bilal and
Gervais [29] have also pointed out that the Toda field theory realizes the
W,-algebra. It should be interesting to re-examine their result from the point of
view of the quantum Hamiltonian reduction.

Proceeding further, we may consider gauge fields coupled to chiral currents in
a conformal field theory with the W;-algebra. The induced action for the gauge
fields would be —((100 — ¢;)/24)Sy ,(Fy, F3). The induced gauge fields will then
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make the SL(3) current algebra of level — (k + 6) in the left-mover. If this is the
case, we may compute the scaling dimensions of the surface of the “fluctuating
W,-geometry.” Conformal weight A and W-charge w,, of the conformal field theory
are given by

1 R k +
A= 3%+$M-HL+MH- u+m,

Wok (k—}z)' (90 + W20 — 1)~ (h— W + T2k + 2720 + )

+9(k + B0+ u)? + (A — w? + 4042 — p2))]. (174)

Here A and u are lowest weights of the hidden SL(3) current algebra. The scaling
dimensions y of the surface is given from solutions of A(4, ) =0, wy(4, 1) =0 as

y=At+p
=0, —(k+2), — 3k + 2), — 4(k + 2), (175)
where
— Ak +2) =15(c — 2 + /(c —2)(c — 98)). (176)

Unfortunately we do not know the classical limit of scaling dimension for
“fluctuating W; geometry” which allows one to choose one of the four solutions.
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