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Abstract. The quantization of the Virasoro group is carried out by means of a
previously established group approach to quantization. We explicitly work out
the two-cocycles on the Virasoro group as a preliminary step. In our scheme
the carrier space for all the Virasoro representations is made out of polarized
functions on the group manifold. It is proved that this space does not contain
null vector states, even for ¢=<1, although it is not irreducible. The full
reduction is achieved in a straightforward way by just taking a well defined
invariant subspace #_,, the orbit of the enveloping algebra through the
vacuum, which is irreducible for any value of c and h. 5, ;, is a proper subspace
of the space of polarized functions for those values of ¢ and h for which the Kac
determinant is zero. We give the local version of these group representations as
well as the associated classical phase space structures, i.., symplectic form and
Noether invariants.

I. Introduction

The Geometric Quantization of Co-adjoint Orbits of a Lie group G [1,2] is
intended to be the quantum mechanical description of a dynamical system defined
by the group G itself. In GQCO the phase space M of the dynamical system is
constituted by the symplectic manifold structure with which the coadjoint orbits
are naturally endowed. The Hilbert space of wave functions is a space of sections of
a line bundle on the symplectic manifold M once the so-called polarization (or
Planck) conditions are imposed [1]. This scheme aims to establish in this way a
correspondence between the set of irreducible unitary representations (quantiza-
tions) of G and that of its co-adjoint orbits. Nevertheless this association is in
general not quite well achieved, as has been made evident when applied to the
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Virasoro group [2]. The underlying philosophy of GQCO, i.e., the description of
the quantum behavior of physical systems from (or on) a group manifold, is the
base of several group theoretic formulations [3-12].

In this paper we undertake the task of quantizing the Virasoro group through a
Group Approach to Quantization (GAQ) [5, 10, 11] whose starting point is an
entire group manifold rather than a symplectic manifold (co-adjoint orbit). The
basic structure of the GAQ formalism is a “quantum group” G, i.e., a Lie group
endowed with a principal bundle structure with fiber a one dimensional subgroup
T(U(1) orIR) [5]. (See ref. [12] for a generalization in which T is replaced by a non-
abelian, non-compact subgroup.) Typical finite-dimensional quantum groups are
the centrally extended Galilei group [5] (see ref. [13]), the Poincaré group [6]
SU(2)[10], SL(2,R) [14] (see ref. [15]) and the infinite-dimensional case: the Kac-
Moody groups [10,11] (see ref. [16]) and the subject of the present paper, the
Virasoro group.

As in the finite-dimensional case the T-fibration diffS*—>diffS! associated
with the non-trivial central extension of diffS* (as well as a pseudo-extension or
trivial extension closely related to the fibration diff S* —diffS*/{l,-subgroup), see
later on) allows us to single a vertical component @ [5, 6, 10] out of the left-
invariant canonical 1-form [17]. This globally defined 1-form is a connection form
and can be locally calculated as the left-invariant 1-form dual to the fundamental
vector field (central generator). On the other hand @ is a pre-contact 1-form on
diffS* whose characteristic module Co=<(X eX(dlffS )/ix®=0=i,d®) is gen-
erated by a subalgebra %, the characteristic subalgebra, of left-invariant vector
fields in the kernel of the Lie algebra cocycle. Indeed a quantum manifold in the
ordinary sense [1] may be obtained from (diff ffst, ©) by taking the quotient by %
and further quotient by T would lead to the classical symplectic manifold
(diffs?, dO)/(9e® T). The quantum representations of the Virasoro group will be
obtained from those T-equivariant functions on the group, ¥ € Z(diffS?, ),
satisfying the polarization conditions (see Sect. IV).

We show in this paper that the space generated by the polarized functions on
the group is not, in general, an orbit through the vacuum of the enveloping algebra
and, therefore, it is not properly a highest weight nor irreducible module. We
nevertheless prove the nice property that no null vector state is present, i.e., the
vacuum is the only wave function annihilated by the annihilation operators, so
that the irreducible module is obtained by simply considering the mentioned orbit
through the vacuum. The concrete values of ¢ and h (central charge and
expectation value of the L, operator respectively) for which the initial space of
polarized functions is not a highest weight module, then provide the values
corresponding to the existence of null vectors in the standard Virasoro Verma
modules [16].

The non-irreducibility of the space of polarized functions is not a property of
the infinite dimension. In the case of SL(2,IR) it will be shown (see the appendix)
how this space is not irreducible for N < —1 (is not an orbit through the vacuum).
This fact has not been sufficiently remarked probably because, unlike the Virasoro
case, these representations are not unitary.

In order to perform the GAQ for the particular case of the Virasoro group we
first need a local group law near the identity from which explicit calculations can



Quantization on the Virasoro Group 577

be achieved. Thus, in Sect. I we give an exact formal group law, including the two-
cocycle, obtained by using a “perturbative” method specially designed for those
purposes [10]. In Sect. III we study the different characteristic moduli of the
quantization 1-form @ according to the possible values of 4 and c. In Sect. IV the
Virasoro quantization is accomplished. We work out the (polarized) wave
functions, discuss the above mentioned problem concerning the irreducibility and
construct, explicitly, the Lie algebra representations from those of the group.
Finally in Sect. V our approach is compared with the coadjoint orbits method. The
paper is supplemented by an appendix where the GAQ is briefly illustrated on the
SL(2,R) subgroup of the Virasoro group.

II. Formal Group Law for diff S*. Two-Cocycle for the Virasoro Group

In order to achieve explicit calculations on the Virasoro group we start looking for
a formal group law [18] up to the co order of the centrally extended group diffs*.
That means finding an exact solution for the formal power series for the
parameters of the unextended group,

Lh=0+1,+B" L+ — ! BU kl’l’lk+ ! BI"]kl e

L JUj

1 7y
3 51 51 B sliilda + . 2.1)

as well as another for the central parameter

1 1
+ 7 Bl + -
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0" <p+<p+B§’,l,l}+ Buklll +2,B,Jkl P (2.2)
where

B ;— B} =Cli=) —1(—1)0pm,i+;> (2.3a)
Bf ;—B};=Ct;=)/— 121 %5;, - (2.3b)

are the structure constants of the extended Lie algebra,

/-1

[Lm Lm] - l/ (n m)Ln+m 12 Cn36n, -m (24)

and the constants B; ; ; . ;. Which are symmetric in (i;...3) and (j; ...j,)
respectively, are constrained by the associativity condition,

@+ = *@*D g7 zedfls'.
The trivial two-cocycle —1/12¢'né,, _,,, to be added to (2.4), will be introduced
later on.
A general method for calculating formal group laws from structure constants

has been shown in ref. [10]. The associativity condition entails a set of constraints
on the coefficients B order by order whose general expressions are given by
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formulas (2.4-6) of ref. [10]. These equations do not have a unique solution but a
“gauge” can be fixed which eliminates this freedom and unambiguously deter-
mines all the B’s to any order. Of course, the difficulty lies in fining a valid gauge to
any order, i.e., compatible with all the constraints.

In the first place we will obtain one explicit formal group law for the
unextended diff S group. Our gauge is

= l/——ijém,i+j ’ (2.53)

B ij.p=0, r22. (2.5b)

It can then be proved that the resulting algebraic system on B after imposing (2.5) is
compatible and has a unique solution which displays the correct symmetry in

(iy .- ),
B;':...ik,j=(l/ _1j)k6m,i1+...+ik+j' (2-6)
The formal group law for diffS* thus follows:
=Lt by +)/— 1Ll LVt ”) [
+ D (L ”) A A @)

ny+ny+..+n-+p=m

Notice that the coordinates [, in (2.7) do not correspond to those associated with
the exponential map, nor (2.7) itself is the Baker-Campbell-Hausdorff (BCH)
formula, since I(I,=1,, 1) #+2l,. The BCH formula that can be obtained through
an adequate gauge, has the drawback that it does not apply to those elements out
of reach of the exponential map. Yet for finite-dimensional (non-compact)
connected groups one may have some group elements which do not belong to any
one-parameter subgroup, as for instance, diag(— ||, —|A] ~!)in SL(2, R) with real A
different from 1. However, the formal group law corresponding with the power
expansion of the SL(2,IR) composition law (A.1) is rid of this difficulty.

The actual meaning of the local coordinates I,, in our particular choice of the
gauge might be established by means of the Noether invariants which could be
compared with those given in terms of the coordinates for which the diffeomor-
phism 68— S(0) is written as 8+ 1/2nXs, exp —inf. They are found in the first refer-
ence in ref. [2] although the computation is given to the lowest order.

We now calculate the central group law (2.2) which may be written as

"=¢'+o+&g.g), g, gediffS',

thus defining a two-cocycle ¢ on diffS'. The gauge to be chosen must be more
involved, as it has to be compatible with the Lie algebra cocycle (2.3b) as well as the
formal group law for diffS! just found (2.7) and has to lead to B coefficients,
B with the proper index symmetry. Our guess for the gauge is

[ BT S ]

B, —‘/_c Ji?S; (2.82)
(‘/—)'( Y+ — 1),

B? .

Gjredr —

e J28 (2.8b)
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The resulting system of constraint equations is also compatible once (2.8) are
taken into account and has a unique solution. The general formula giving the B®’s
to arbitrary order is

] / __ k+r 1
Bg’l ( )r+k(r_1

ot = LI 29)
><(i1 iyt F )PPy, )0 b ittt im0

In (2.9) P¥(i,,...,i,) is a symmetric homogeneous polynomial of degree k in the
variables iy, ..., i,

P®(iy, . i)=Y aP_ it ik, (2.10)

part(k)

where the sum goes over the partitions [4,, ..., 4,] of k. The coefficients, a{ _, ,are
recursively given as

k=Dl Dy 2] =1
51"1) A= ( "o [ 1 1=L ] @.11)
Z a(k N1
Thus, for instance, the lowest polynomials P® are

PY(x)=x, PP(x,y)=x2+y*+xy,
POx,y,2)=x>+y3+ 23+ 2(x?y+ x’z + y*x + y*z
+2z%2x+z%y)+2xyz, (212
PYx,y,z,u)=x*+ ... +u*+3(x%y+...)+ 6(x*yz +...)
+4(x2y*+...)+6xyzu.

The two-cocycle ¢ is derived from the ¢ group law ((=¢" — ¢’ — ),
¢'=¢'+o+&E.8)=9¢ +o— —[ =) =D (=nm*l_,I,
I Gl ot Vi
21

nan(nl +n2) lnll ll—nl —ny

_]/_1 2
- (—,_)(’h +"2)2(n%+n%+"1n2)

X1y —nyln by +

ny n2
]/ k+r 1
( P )' —Dmy..m(n+...+ny)
XPOMy, om)ly, A b D+ }, (2.13)

which along with (2 7) constitute the formal group law for the centrally extended
Virasoro group diffS'.
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At this point it must be remarked that the unextended group diffS! already
undergoes a non-trivial fibration diff S* - diffS*/{l,)> conferring on it the structure
of a quantum group. This constitutes a natural generalization of the three
fibrations of the subgroup SL(2,R) (parametrized by Iy, 1, ,): one U(1)-fibration
on a two-sheeted hyperboloid and two IR-fibrations on a one-sheeted hyperboloid
and a (light-)cone respectively. Nevertheless we shall always call [, the param-
eter of the structure group irrespective of its topology rather than denominat-
ing I, the U(1) parameter and [,, the other non-compact parameters. The
advantage in so doing is the possibility of handling all cases together. We must,
however, be aware of the actual topology of the fibration in question when doing
the local calculations.

_The simplest way of incorporating the “I,”-fibrations into the main fibration
diff S* - diff S* is by means of the pseudo-extension concept [6, 10]. The non-trivial
l,-fibration diffS*—diffS*/{l,> can equally be treated as a “trivial” central
extension of diffS?, diff§' & (I,>—diff S, achieved by means of a (pseudo-)cocycle
(coboundary actually) locally generated by a linear function on /. This class of
coboundaries, which indeed modify the structure constants of the Lie algebra
define pseudo-extended groups looking like non-trivial extension under the GAQ
formalism (d® =+ 0). The group law for the parameter of the U(1) central subgroup
in diffS'®l,» is [{ e U(1), locally { =e']

C” — C/Ce—ic’(l()'—lé—lo) , (2'14)

and thus, a real number ¢’ comes into the theory. This number must be an integer if
l, parametrizes the U(1) subgroup of diffS*. In that case we are generalizing the
discrete SL(2,IR) representations associated with the U(1)-fibration on the two-
sheeted hyperboloid (see appendix). If we wanted to represent just the Lie algebra
we would consider continuous values of ¢’ irrespective of the topology of the
l,-subgroup. We finally propose for diffS! the group law (2.7) in addition to the
following one for the U(1) central parameter:

o ot EHe ) CE (o
P'=0 +<p+24é(g,g) 24écob(g,g),
(2.15)

U

Ceonl88)=lo—lo—lo,

where &(g, g) is read from (2.13) and [ from (2.7).

To end this section, and for the sake of completeness we include different
actions of the Virasoro group. We provide the vector realization corresponding to
the action on the anti-ghost operators ¥, of string theory, the dual one on ghost
operators P*" and the action on the string modes a%. According to the infinitesimal
actions

[Xl..’me]=|/ —1n-mX,,, .,
[X,, Xym]=—]/ —12n—m)X yom-n, (2.16)
[X,",Xa#]=]/ —ImX,x,
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the finite actions on the field (group) variables, ¥,, ¥*™, a, are derived much in the
same way the action of the Virasoro group on itself was. They are

V=R, WA =R7UTp¥, ak=U ul, (2.17a)
where
1
R™=8p+ Y Bt b,t...t+— y ) K S
nyiFm=k Jln+. . An+m=k ” ’

nlm l/—( n1+m)
BE o m=(/ = 1)%2nyny —m(n, +ny) +m?),

1'3:’;:1“,%,,,=(l/?1)j[(—)j]'! niny...n+ (=Y (—1)!

X(nyny ... n_y+ . )m+ . +mi], (2.17b)
1 m 1 k
R Y)"="+ ¥ B,,l mlny o ) Bl by e s
ni+m= Jr i+ Anj+tm=k

B =)/ —1(n,—k),

nlnz m= (V—)2(2n1n2 - 2k(n1 + n2) + kz)

B, nym= ()~ IV L2A—KY 0ymy - myns 4 oty
+nyny+ ...+ npni+ .. 400y
+2(—kP "y + ... +n)+(— k)], (2.17¢)

N2
Uin = —impt % m( 2",") byl .-
(—imy

ny+..+nj=k—m ]'

+ [ A (2.17d)

III. Quantization Form and Noether Invariants

From (2.7), (2.15) the vertical component @ (quantization form) of the left-
invariant canonical 1-form 9% can be derived by duality with respect to the left-
invariant vector fields Z(diff'S*):

/=) EXC)=1 , O(any other)=0. 3.1)
The fields in 2’(diffS) are easily obtained (XL= %gg LB =g % g)
g=e
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b
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where |/ —1 has been converted to the customary notation. They close on the
algebra &:

=5, (3.2b)

[XL, XE 1= —in—m&XL, — é(cn:“—c’n)ﬂ. (3.3)
Duality on (3.2) finally leads to the following quantization form:

@——(k3c kc’)l_kdlk——k2< Y (=)Pnmyl, 1+

ny+n,=—k

+ Y (—iyn,.. nl,,l..l,,j)dlk+...+d(p. (3.4)

ny+..+nj=—-k

The characteristic subalgebra % of @ is the left subalgebra of 7, a  basis of
which generates the characteristic module of @, i.e., the vector fields on diff ffS* such
that:

i5xd®=0=i;0. (3.5

In other words, % is the kernel of the Lie algebra cocycle. The actual structure of
%o depends on the particular values of ¢c+0 and ¢. We find the following

possibilities:
<Xy if ¢/c+N?,
o= {<Xloa XzL_ Xt Yxs[P2,R) if cJe=r?eN?. (3.6b)

lyr

The corresponding symplectic manifolds® (diffS', d0)/%@u(1) will be
(diffS*,d@)/K XL, (3.7a)
(diffS', dO@)/s"(2,R), r=1,2,3,... (3.7b)

respectively.

! The 2-form d@ on diffS!/S* parametrized by (c, c’) turns out to be the Kihler metric [19]. We
must remark at this point that no global complexification can be achieved on the Virasoro
group [20]. The use of (local) complex coordinates (the group law is compatible with the rule
I* ,=1,) is only to simplify calculations and does not mean a lack of globality
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As in the general case the integral curves of the generators in % can be
interpreted as generalized equations of motion. In GAQ the Noether invariants
are given by ixr@ [5] which close on the same Poisson algebra as the respective
right-invariant vector fields, i.e.,

{ii‘(‘:)@’ if((';)@} =i[i(‘§),i(’,‘,,]@~ (3.8)

ix=@ is in fact invariant along the trajectories of the motion, Lz, izxr® =0. The
calculation of the right-invariant vector fields, X* € 2R (diff ffsY)is stralghtforward
By using (2.7) and (2.15) we get

~ 0 0
R__ _~ . _ ha
Xlk_ alk +l(m k)lm—kalm
_Ca2 ) (—9)?
24k {( N(—k)_+ 3 m+§=_kn1n2l,,ll,,2+...
s nl...njl,,l...l,,.+...}5
] n+...+nj=—k ’
— L i—hiLE 39
24l _kl—lc (‘)

Equation (3.9) permits us in particular to obtain an explicit expression for the
classical Hamiltonian iz ®,

. 1 ¢ 4 .
lxl,;@—24m(mc mc') L)% + 24m{ Y (=iPnynyl, L+

nytnya=-—-m

+ > (—i)’“nl...njl,,l...l,,]lm+...}, (3.10)
nytny+...+n;=—m

from which a study of positivity can be made along similar lines to those in ref. [2].

The critical points p of H=i ixx©® on the symplectic (solution) manifold, dH|[p=0

satisfy

i;(gd@lp=0, (3.11)
and then
XR,=0, (3.12)

for d® is not degenerate on the symplectic manifold. Therefore the critical points p
are left fixed under the left action of the l,-subgroup. Looking now at (2.7) it is
easy to see that the only critical points p are those coming from the identity of the
group when projected onto the symplectic manifolds. The stable critical points
appear for diffS*/<l,> (c'/c+N?) or diffS'/SLV(2,R) (¢//c=1) and the Hamil-
tonian (3.10) is positive if c>0 and c=c'.

IV. Group Quantization and Virasoro Representations

The GAQ idea is to perform the quantization from the Virasoro group itself rather
than its symplectic manifolds (coadjoint orbits) (3.7). We do not need to start with
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any truly symplectic manifold. In this respect our point of view is different from
that of the standard Geometric Quantization approach applied to the coadjoint
orbits [2]. Nevertheless both formulations have many common points.

In order to quantlze the group diff S* we start with the complex functions on it
F(diffS',C). A naive quantization (prequantization or Bohr quantization) is
achieved from the right-invariant vector fields acting on &£ (dlffS 1 @©). This
representation is highly reducible, and it is for that reason that a proper
quantization mechanism must be followed. One can in fact check that there are
non-trivial operators, X’ indeed, which commute with the representation
XR ([X®, X¥]=0is well known to be a general group feature). Then reducing the
representation means seeking a maximal set of compatible conditions on
F (dlﬂ‘Sl @) trivializing the effect of #“(diffS',C). For instance the operator
XR =& can be made trivial by imposing the so-called U(1)-equivariance condition
already found in the traditional Geometric Quantization formalism [1]. That is to
say, ¥ =i?. The next step is to impose the maximum number of compatible
conditions of the form X“¥=0. This is actually accomplished by means of a
polarization.

Unlike the customary definition of polarization [1] where a certain unwanted
ambiguity is present [14], in our quantization formalism the definition of
polarization is constrained by the structure of 4%g. A Full Polarization & P
(respectively Polarization ) is a maximal left-subalgebra containing (respectively
a proper subalgebra of) %, [11,12] and excluding Z. This definition generalizes
that of Geometric Quantization. In some special cases an obstruction to the Full
Polarization can occur. This obstruction is associated with the existence of gauge
transformations in anomalous theories relating two different polarizations [19].
From the classification (3.6) we find the following non-equivalent Full Polariza-
tions and Polarizations.

For %o= (X > the Full Polarization is

FP=P=(XE_o>. 4.1)
For 9¢=SILY(2,R) the Full Polarization is
FPV=pD=(XE_>. 4.2

In both (4.1) and (4.2) cases Full Polarizations and Polarizations coincide. For
%¢=SL"(2,R),> , the Full Polarization is

”—9’(')—<X >, k=-1,0,1,23,.., (4.3a)
but the Polarization is different 2:
PO=(RE o> (4.3b)

From now on we only deal with the two different Polarizations 22722 = (XF Liso)
and 2V=(X}._ > which are complete in the sense that they have “half” the
Virasoro generators. We neglect the Full Polarization # 222 because we think
that it would lead to a set of non-standard highly reducible representations. The
use of 222 will lead, on the contrary, to the highest-weight Virasoro

2 In a different language these results can be expressed by saying that the only symplectic orbits of
(3-7) which are Kihler manifolds are diffS'/S* and diffS'/SL!'(2,R) [2]
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representations with ¢'/c=r% r=2,3,.... In terms of ¢ and h=(c—c')/24 the
relation ¢'/c=r? is h= —c(r?—1)/24 and is known to correspond to non-unitary
representations.

We define the wave functions as the U(1)-equivariant functions on diffS!
(E¥ =iVP) satisfying the polarization conditions

Xl LP=0 if c=c, (4.4a)
X,<1?’=0 if c¢c=c. (4.4b)

We restrict ourselves to the case ¢ + ¢’ because that of ¢ = ¢’ (the difference being the
extra polarization condition X% ¥=0), can formally be obtained from the
former by putting c=c’ everywhere at the end of the calculus.

Equations (4.4a) can be exactly solved to any order. The polarized wave
functions factorize into a product of basic functions W and {I,},n=1,2,3,..., one
of which, the weight function W, is a common factor in all states. We find

|0>={W (the vacuum)
> =CW{l,}

Ly, - l,,J) CW{Z,,l}{l,,z} AL 4.5)

where the explicit expressions for W and {I,} are given below. Here we just write
the terms which are relevant in computing the Lie algebra operators. The
remaining part of each function can be systematically computed from the exact
expression of the left-invariant vector fields (3.2). The superposition property of the
states can be proved by exactly the same procedure used in ref. [11]. Up to the
factor { the vacuum is given by

1
W_ 1 + 24{"12;0 Q(l)(nl)lml—qi + ny '§>0 Q(Z)(nlsn2)ln1lnzl—qz+
q1=n1 q2=ny+ny

Niyeeey nj>0
q;=n1+...+n;

+ 3 Q‘f)(nl,.--,nj)lm---ln,-l—q,-+---}’

0W(ny) = —icqi(—iny)+ic'(—iny),

QP ny,ny)= —(—ig)QW(n,)—ic 32 (—1)2P3A(n,,n,)+ic __(_;‘{2)2 ,
0 (ny, ny,n3)= —(—iq3)Q > (ny, ny)— (= lq3) 0Y(n,)
(—igs)®

q3 a7 (=) Pny, ny,na) +ic’

31 3!

; J-1(—j . o
00%m, )= % I QU b,y 4 (i

2
x [%P%l,... )— c'qf] 4.6)
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where the polynomials P where defined by (2.10), (2.11). For the functions
{1,} we write

{l}=1+ 2 Ry q)l,, 1y,

1>q
2
+ z R( )(nlﬁnZ’Q)lm na‘q—ny— nz
ny,nz2>0
nytn2>q
+ ) RYny,...,n;q)l,, ... 1 ila—ny— ooy T

ny, ..., nj>0
ny+ny+...+n;j>q

RW(ny;q)=i(n; —q);
. (=i
R(Z)(nla ny;q)=i(n,+n,—q)(n;—q)— T(’H +n,—q),
R(a)(nl’ Ny, Ny q)=iny +n,+n;— Q)R(z)("p n3;q)

— 2 _'
( ) ( 3:)3(n1+"2+n3_‘1)3

("1 +n,+n;— q°*—

(n1+ +n;—qfRY™ny,...,n;_3q). .7

J
R(j)(nb "~’nj;q)= ;

The group representations (parametrized by ¢ and ¢’) could now be explicitly
obtained from the polarized functions and the group law by means of the finite left-

translations o~
L,Y@)=Y(E *3), V& gediffS'. 4.8)

We only make explicit the Lie algebra action through the right-invariant vector
fields. From (3.9), (4.6-7) we obtain exactly

1 X .
|0> 24 Zl Z Q(l)(nls ])ll'l1 . n1>
i,
+i z (k=Y % Qnponlsn, el
=t n’:1+ +nj—s
; (="
+ck?yY % Ly el L >R (4.9a)
ji=1 ny,..,n;>0 ]
ny+...+nj=k
- k+gq
XIR—k<0,lq>=jzl R Zn >0 RU)(nls seey aq)

n+..+nj=k+gq

Xy, - b> +ik+ @l i)
k-1 s+q

+i Y (k—s) ¥ Y R9ny,...n)
s=0 j=1 0

nlil’“;:jis+q
X |l sl ...l,,]>+|l xR 10, (4.9b)
,0l0>=0,
Xicsol0= (4.9¢)

1k>oll> O, q|0>+l(q k)”q K-
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The action of the basic operators X R on any other state |I,, ... l,,> follows from
(4.9a—) because of the factorization property of the polarized functions. The
commutation relations among the right-invariant vector fields

[XR XX 1=in—mXR, + ﬁ(cng‘ — )y, _nE (4.10)

are converted to the usual Virasoro commutators, [L, L,]=mn—m)L,,,,
+c(n® —n)/12, with the redefinition

Lyso=—iXR, Lo=—iXR+hE), (4.11)

where h=(c—c')/24 is the vacuum expectation value of L.

The above expressions (4.9—11) can be seen to constitute a Virasoro representa-
tion on the space of (polarized) wave functions. Had we taken the polarization
PV (c=c' <> h=0) we would have obtained a set of states of the form |I,, ... 1, ),
n,=2. In both cases the polarized functions are linearly independent, and the
associated partition functions are

1

Trqio=qhn1 7 if h=+0, (4.12a)

n=11—

Trgbo= ] _ if h=0, (4.12b)
n=21_q

which coincide with those obtained in the first reference in ref. [2], for the
“quantizable” orbits diffS'/S* and diffS'/SLY(2,R), by using the fixed point
theorem. At this moment, a very careful analysis of the representations (4.9) in
relation with the standard theory for the Virasoro group and, in particular, with
the GQCO method, is required.

One of the main properties of the representations here obtained is the absence
of null vectors, ie., polarized functions on the group vanishing under all the
annihilation operators. This property is stated by the following

Proposition. The only (polarized) wave function on the group satisfying X P .o 7=0
is the weight function (W.

The Proof immediately follows from the fact that we know the operators X}
explicitly. In fact, the equations X} .o ¥ =0 can be integrated explicitly with the
general solution

¥ =ColW+C, [l <od+ Cuinsllu, <oluy <ol + - (4.13)
where

[l'lt] = CW{IM + 0(2)} H
[, 0,1 =CW{l,, + 0Q2)} {1, + 0(2)}

W=1+00). (4.14)
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It is clear from the general solution (4.13) that the only solution which can be in
turn a polarized function is { W since the leading terms of the functions |y Sy R
unlike the functions (4.5), have negative indices. However, the analytic function { W
satisfies exactly the same linear differential system (X, (W=0) as (W [see
(4.9¢)] and coincide with it. This result can also be tested easily by direct
calculation.

A crucial point to be remarked is that, unlike for finite-dimensional compact
semisimple groups, the space of polarized functions on the group or, equivalently,
the space of holomorphic sections of the corresponding line bundle in the Kahler
Geometric Quantization scheme, is not in general irreducible (in this respect the
Virasoro group is different from the loop groups on compact Lie groups for which
the Borel-Weil-Bott theorem [20] still applies). Indeed, the invariant subspace

Hen=<XL XL LWD, m>0,j=1,23,.. (4.15)

is a proper subspace for certain values of ¢ and h (see later). A corollary of the above
proposition is that (4.15) is irreducible. Therefore, the action of the right-invariant
vector fields on #,, provides a highest weight representation without null
vectors. As a consequence of the irreducibility of 5, ,, (no null vector is present),
the possible linear relations among states in (4.15) appear automatically and no
additional quotient has to be taken. In other words, the actual values of ¢ and A for
which . , is a proper subspace of the set of polarized functions will emerge in a
straightforward way and coincide with those annihilating the Kac determinant.

We want to insist on the difference between our construction of (4.15) and the
analogous construction (Verma module) in the standard abstract theory. There
one starts with an abstract vector state |Q)> with lowest L,-eigenvalue h and
satisfying L, /2> =0, and then constructs a formal (Verma) module by linear
combination of

11 Ien,J0>. (4.16)
n=1

The formal states (4.14) themselves may firstly be considered as generators of a
linear space and then constrained according to the special values of ¢ and h. It is
well known that the Virasoro Verma moduli for ¢<1 posess null vectors [16]
(more precisely, for ¢ > 1 the Verma modules are irreducible, for c =1 there is a null
vector on level n given by h=(n—1)?/4, and for c<1 there are more than one) and
the irreducible representations are quotients of Verma moduli by the null vectors.

On the contrary, our construction does not start with abstract states but rather
with explicit functions on which the differential operators X® do act. Thus, the
possible linear relations among states in (4.15) will appear automatically. Let us
illustrate this fact with a few examples, and we will see how the values at which the
linear relations happen are those for which null vector states are found in the
standard representation theory [16].

To this end we first write the creation operators to the lowest orders:
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ny,nz2>0
ny+n,=k

RE 0= {( W+ 3 et en)

2 , 1
+ ?(nf +n342n,n,)c— ET(nl +n2)zc’] L Ly

+ > l:_ k[(n; +ny) (—cni+c'ny)
ny,nz,n3>0
ny+ny+n3=k

1 1
+ 5("1 +n,)%(n3 +n3+nyny)c— —,("1 + "2)2C’]
k? k? k3
( cnl +C n1)+ P( (nla n2’ n3)c [Ilm na n3>

+i Z (k—s) I:(—cs3 +e's) |l — >
s=0
2

2
+i ) |Zg( C”1+C"1)+ (n1+n2+n1n2)c ; ]llk shilny) + - ]

ny+ny=s

+ck2[—k|l,,>+ %n1n2|l,,ll,,2>
1 !
+ §n1n2"3|ln, nabnsy + - :| +c kllk>},

4.17)
2
X{{—k<0|lq>=ikllq+k>h E [k(nl—q)_ 'l;—':l |lnlln2>

ni+ny=q+k
ni>gq

ny+ny+n3=q+k
ny,n2>q

- X [( —)k(i(n; +n, —q)i(n, —q)

1 o1 K
+—2—'(n1+n2—q) )——, l(”1—‘1)+’§!‘
X”n, na n3>+ +l(k+q)|lq+k>

+is;0(k—s)[is|lk_slq+s>+ » <—s(n1—q)+%>

ny+ny=q+s
X |l — sl 1> + ] +[L,XR 10 .

The vector state defined as XX,|0) is the following wave function,
X1—1|0>=ﬁ(_c+c)|l1>, (4.18)

which is automatically zero if c=¢’ (or h=0).
The next examples are less trivial. The irreducible space of level two is
generated by the functions X[ ,|0) and (X} )*|0), and the question arises as to
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whether or not these wave functions are proportional. With the help of expressions
(4.18) one can compute both wave functions:

> 1 i ,
X,R_2|0>=—E(8c—20’)|12>—ﬂ(—Sc—c)llllQ, (4.19a)
SR R c—c'| ,. 1 1 ,
X X0 = —— | 3l + S Ikl — =) Ll | (419b)

They are proportional, ie., (X®  +A(XR )?[0>=0, if

h=16[5—c+t}/(c—1)(c—25)]. (4.20)

Finally we consider the level three. The irreducible space of level three is generated
by the functions X} |0), XX X} 10D, and (XR )3(0):

~ 1

XF 0> =ﬁ{(—54c+6c')|l3>+i(44c+4c’)|lllz>+80|llllll> ,
R ¥R 1 ’ : 1 ’
XI—ZXI—1|O>=E(_C+C) 51|l3>+ 1-—E(8C—2C) I1112>

1 1
+i(g + 2—4(5c+c’)> |111111>J, 4.21)

XR )0y>= 11—2(—c+c’) [— 12)l5> + <6i+ g(—c+c’)> {1,

1 1 ‘
+ (1 +g(—cte)+ (12)2(—0+C')2> Illllll>:|'

They are proportional, i.e., (XX | +uXR X® +uw/(XR )®)|0>=0 for

h=4[7—c+)/lc—1)(c—25)] 4.22)

or, the values [(4.20)] which are the induced ones from the previous level
and correspond to relations of the form X} (XF  +AXF )?)(0>=0.

V. Final Comments and Comparison with the Coadjoint Orbits Method

Let us summarize in a few lines. Starting from the Lie algebra of the Virasoro
group we have constructed a local group law to which we have applied our GAQ.
This method provides a functional space of polarized functions on the Virasoro
group constituting a Virasoro Lie algebra module or, even more, a carrier space for
the finite action of the group. As a non-trivial result we find that unlike the finite-
dimensional compact semisimple Lie group this space of polarized functions is not
irreducible. However, the reduction is achieved in a straightforward manner by
just taking the invariant subspace 5 ; which is irreducible irrespective of the
concrete values of ¢ and k. Discrete values of ¢ and h, precisely those for which the
Kac determinant is zero, characterize the representations whose carrier space
H.. 1 is a proper subspace of the space of polarized functions. Nevertheless we are
always rid of null vector states. The fact that 5 ,, does not coincide, in general,
with the space of polarized functions finds its origin in the non-compactness of the



Quantization on the Virasoro Group 591

A _ B B
Il A
AOrbit 2\ HOrbitiR———\
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a b

Fig. 1. A is the space of polarized functions on the group, B the Verma module. AnB is the
irreducible carrier space for the group representations. In a) not all the polarized functions are
obtained from the vacuum. In b) the whole space A is irreducible. a) Virasoro group. b) Compact
groups (finite-dimensional semisimple groups and Loop groups)

Virasoro group. In the compact cases (finite-dimensional simple Lie groups and
Loop groups [20], going from the local solutions of the polarization equations to
the global ones restricts the space and make it irreducible (see Fig. 1).

One of the improvements of the method here developed with respect to the
GQCO is the capability of providing the irreducible representations of the group
for any value of ¢ and h. For the latter only the (Kéhler) orbits diffS'/S* and
diffS*/SLY(2, R) are quantizable (polarizable) and the partition function for these,
coinciding with ours (4.12), corresponds to irreducible representations only for
¢>1. According to the strict rules of the Geometric Quantization one must
conclude that this method is unable to get all the irreducible unitary representa-
tions (in particular the discrete series 0 < ¢ < 1) [21], as stated in the first reference
of ref. [2].

In the light of the results obtained with the GAQ we have the strong feeling that
what happens in the GQCO method for ¢ <1 is simply that the representations
obtained by means of the holomorphic sections are not irreducible and the full
reduction could be accomplished by just considering the “orbit” through the
vacuum of the enveloping algebra, rather than looking for a non-standard
quantization of the non-polarizable co-adjoint orbits.?

Another open question concerns the scalar product. We also believe that the
breakdown of square-integrability might be at ¢ =0, where the unitarity ceases,
instead of c=1, where the space of polarized functions (respectively holomorphic
sections) stops being irreducible. This is something to be discussed more accurately
once a proper scalar product will be defined. In principle, it seems natural to
prolong the definition of the scalar product on the SL(2,R) group (A.14) to the
Virasoro group by means of the formal integral

hpy= [ (0K AGLao AgLa-o AGLaD A Yy Ty, (5.1
diff St

where 350 are components of the left-invariant canonical 1-form $*. The practical
capability of this expression is under study.

We want to point out, as a final comment, that the mechanism which has led to
the full reduction of the polarized functions on the Virasoro group is of general
applicability and has already been used to obtain the irreducible representations of
a supergroup, the BRST-supergroup, containing among its generators the
Q-charge, the ghost and anti-ghost operators and the Virasoro constraints of

3 Examples of non-polarizable, finite-dimensional symplectic manifolds have been given in
reference [22]
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string theory. The critical dimension arises in the same way as the critical values ¢
and h here [23].

Appendix

This appendix is devoted to a brief illustration of the Group Approach to
Quantization formalism by means of a much simpler example: the SL(2,R)
subgroup (see ref. [14] where the dynamics on SL(2,IR) is interpreted either as
that of a relativistic harmonic oscillator or as a particle moving on a 1+1 anti
de Sitter universe.

The group law we give for SL(2,IR) is written in a global fibre bundle chart of
the fibration SL(2, R)—>SL(2,R)/U(1). In this chart  parametrizes the fibre U(1)
and 2z,2z* the hyperboloid Q. The law is

2z
Z'=72n"2+K'z+ Tox [z*z'n~ 2 +2"*zp?],

%

1+

1+1c 1+K '
1+x"l 1+;c

where k=]/144zz* and k" =K'k —2(z*z'n "> +z*’zr12).

The fibration SL(2,IR)—»SL(2,IR)/U(1) canonically defines a Z-parametrized
family of pseudo-extensions which are realized by means of coboundaries
generated by linear functions on the # parameter of the U(1) structure subgroup.
The group law for the U(1) structure subgroup of the pseudo-extended group is

Z* =z%¥n? +K'z* + [zz’*n +2'z%n7 7],

— z*z'n* 11 (A.1)

(C":expl(Pe U(l)): C//=C/C(’1//n/—1’,’—l)h" NEZ. (A.Z)
From (A.1) and (A.2) the left- and right-invariant vector fields are respectively
XL _K_a_+i i_N z* =
@0z T 1+k” 00 14+’
0 2 0 . z
K= Korr 1+KZ%+IN1+KH’
P 5 P (A.3a)
Xo=36 125 +1¥" 5
- o
ng) Cac =5,
> n-? 0 0 -
X= 21 |:(1 +1<)2 +4z*25—* —412*% +2iNz*E ]
2 0 0 0
o M 2_ 70 9Nz
X‘Z*)——_—Z(1+x) [( +x) +4z* — % +4lzae 2iNz ],
p (A.3b)
Xo=7p
~p L0
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The Lie algebra commutators are
SL OPL 1 i PL N
[X(z), X(Z*)] - 21X(0) —_— lNu Py
YL VL _;VL vL VL _ - L
[Xop Xl=1Xg),  [X@p Xinl=—iX(y.

From the last expressions (A.4) the characteristic subalgebra can be derived,

(A4)

Go=<Xi, (A.5)
and the Full Polarization can be chosen as
FP=(XELXL>. (A.6)
The polarized wave functions, which satisfy
Ev=iy¥, XL,¥=0, (A7)
are linear combinations of the following basic functions (1 =e):
m>={(14+x)" ¥ [e ¥(1+Kx)" 1z¥]", m=0,1,2,3,.... (A.8)

The group representations (parametrized by the discrete index N) are given by the
left translations acting on the wave functions,

Ly¥(@)=Y(@'*2). (A9)
The Lie algebra operators are the right-invariant vector fields acting on the wave
functions as ordinary derivations [thus producing the infinitesimal version of

(A9 R |m = —imim),
XRImy=—2(m+N)jm+1),
XRoImy=dmm—1). (A.10)

We get the usual SL(2,R) action on |m) and Lie algebra commutators from the
trivially redefined operators X =X& + NZ, X& =X, X%, =X&..

Itis very illustrative to realize, on the grounds of the present example, that even
for (non-compact) finite-dimensional Lie groups one finds (polarized) wave
functions not belonging to any orbit through the vacuum of the group. In fact, for
negative N only those wave functions with m < — N come from the vacuum. Of
course this fact only happens (in finite dimensions) for non-unitary representations
(negative N).

The scalar product of polarized wave functions out of which unitary
representations can be found is given by

Yhwpy=_ [ M@ A0 A GEmy*y, (A.11)
SL(2,R)
where 3Fare (the non-vertical) components of the canonical left-invariant 1-form,
1 472
ro= g x4 2izde,
K k(1 +x)
1 *2
gron= 11K g 4774 pizrao, (A12)
k(1+x)
L —iz* iz 1
Glon = dz+ dz*+ —kdf.
K 14k 2
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The invariant volume is

u=0L® A gL A glon = %dz Adz* AdO, (A.13)

and the scalar product between basic states |m) is
| Z|2m
K(l + K)N +2m*

A group representation will in principle be unitary (X®"= — X¥) if the integral is
finite. Among the values of the parameter N characterizing the representations
only N =2 make the wave functions square-integrable with respect to the scalar
product (A.14). Nevertheless, from the strict Lie algebra point of view, for which N
need not be an integer, the operators (A.10) are anti-hermitian for just N> 1. In
addition, the scalar product (A.14) can be continued to the value N=1 which
defines a group representation (the Mock representation):

(miny =813, , [dz A dz* (A14)

; . minyy
{mn)yy=4 —Nlin}+ <005, (A.15)

So then, and among the class of representations here studied, those representations
are unitary for which N=1,2, 3, .... The rest of the (unitary) group representations
can be constructed within the same framework taking the other two (IR-)fibrations
of SL(2,R), one over the 1-sheeted hyperboloid and another over the light-cone.
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