~»

- A
f(reeees ’|||
'

S

LBNL-39438
UC-414
Preprint

ERNEST ORLANDO LAWRENCE

BERKELEY NATIONAL LABORATORY

New Semiclassicél Nonabelian
Vertex Operators for Chiral
and Nonchiral WZW Theory

M.B. Halpérn and N.A. Obers
Physics Division

October 1996
Submitted to
International Journal
of Modern Physics A
T e R SR R

e

.

AT, ‘ﬁ;"-’f’?k:‘ reere wenen

e I R S

IO s
X 5\‘-5;" nq': 30

X YRR
o 02 net
e B %
. T _}«‘.,r
Re - LRI
) 3

£

aje|nodiy -

30N saog

EYENN]

-

Ad0J 3ON3YT43Y

.‘vl

-

_ ol3eN A
qL1.es “bpla .

T

-~

Y
R

l-,-‘- PR T BROSEAN
J.ll

b .

n ‘-F! >

el ‘leu

T by ( 6ty
VISR 52 yr o B o /)
> 33 - aa ” - 5 . hy o
s A ?"’.1 ‘
g 7 4 x4
¥ AN 7
S M3 .,
" ity ol e, N
g S ¥. M
LTEEe st ] T &

3y - Adeu
“’\'.-

Auojeuoq

T Adojy -

“

BEVGEthGI;



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBNL-39438
UC-414

New Semiclassical Nonabelian Vertex Operators for
Chiral and Nonchiral WZW Theory

M.B. Halpern

)

Department of Physics
University of California, Berkeley

and

Theoretical Physics Group
Physics Division
Emest Orlando Lawrence Berkeley National Laboratory
University of California
Berkeley, California 94720

and
N.A. Obers

Centre de Physique Théorique
Ecole Polytechnique
F-91128 Palaiseau, France

October 1996

This work was supported in part by the Director, Office of Energy Research, Office of High Energy and Nuclear
Physics, Division of High Energy Physics, of the U.S. Department of Energy under Contract No. DE-ACO03-
76SF00098, the National Science Foundation under Grant No. PHY90-21139, and the European Community,
Project ERBCHBG CT93 0273.



UCB-PTH-96/41
LBNL-39438
CPTH-S$467.1096
hep-th/9610081

New Semiclassical Nonabelian Vertex Operators for
Chiral and Nonchiral WZW Theory

M.B. Halpern *

" Department of Physics, University of California
_ and ’ 1
Theoretical Physics-Group, Lawrence Berkeley National Laboratory
Berkeley, CA 94720, USA

and

N.A. Obers *

Centre de Physique Théoriquet, Ecole Polytechnique
F-91128 Palaiseau, FRANCE

ABSTRACT

We supplement the discussion of Moore and Reshetikhin and others by finding
new semiclassical nonabelian vertex operators for the chiral, antichiral and -
nonchiral primary fields of WZW theory. These new nonabelian vertex oper-
ators are the natural generalization of the farniliar abelian vertex operators:
They involve only the representation matrices of Lie g, the currents of affine
(g9 X g) and certain chiral and antichiral zero modes, and they reduce to the
abelian vertex operators in the limit of abelian algebras. Using the new con-
structions, we also discuss semiclassical operator prbduct expansions, braid
relations and relations to the known form of the semiclassical af{ine-Sugawa,ra
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1 Introduction

Affine Lie algebra [1,2] is the basis of a very large set of conformal field theories called
the affine-Virasoro constructions [3,4] which include the affine-Sugawara constructions
[2,5,6,7], the coset constructions [2,5,8] and the irrational conformal field theories [3,9,10].
Among these, the simplest theories are the affine-Sugawara constructions and their corre-
sponding WZW actions [11,12], which have often served as a testing ground for new ideas
in conformal field theory. See Ref.[10] for a more detailed history of affine Lie algebra
and the affine-Virasoro constructions.

Vertex operator constructions (see for example [13-22]) are explicit realizations (using
the familiar abelian vertex operators [23]) of the fermions, currents and primary fields of
affine Lie algebras and conformal field theories. The first vertex operator constructions
[13-15] were the vertex operator constructions of world-sheet fermions and level one
of untwisted SU(n), which was also the first construction of current-algebraic internal
symmetry from compactified dimensions on the string. The generalization [17,18] of this
construction to level one of simply laced g plays a central role in the formulation of the
heterotic string [24]. More generally, the vertex operator constructions may be divided
into the explicitly unitary constructions [13-18] and the constructions of (bosonized)
Wakimoto type [19-22], which must be projected onto unitary subspaces.

In this paper, we will supplement the discussion of Moore and Reshetikin [25] and
others [26-41] by finding a new explicit semiclassical (high-level) realization of the chi-
ral, antichiral and nonchiral primary fields of WZW theory. The realization is obtained
by semiclassical solution of known [26,25] operator differential equations for the chiral
primary fields (so that no unitary projection is needed), and the results are recognized
as the semiclassical form of new nonabelian vertex operators which are the natural gen-
eralization of the familiar abelian vertex operator: In particular, the new nonabelian
vertex operators involve only the representation matrices of Lie g, the currents of affine
(g x g) and certain chiral and antichiral zero modes, and they reduce to the abelian vertex

operators in the limit of abelian algebras.

A central feature of the construction is the identification of the chiral and antichiral
zero modes which, thru the semiclassical order we have studied, are seen to carry the
full action of the quantum group. We are also able to identify the classical limit of the
nonchiral product of the zero modes as the classical group element.

As applications of our construction, we compute the semiclassical OPE’s of all the
primary fields and compare the averages of the primary fields to the known {42] forms of
the semiclassical affine-Sugawara conformal blocks and WZW correlators. The relation

of the construction to semiclassical crossing and braiding is also discussed.



2 Affine Lie Algebra and WZW Theory

In this section we review some basic facts about affine Lie algebra [1,2] and the affine-
Sugawara constructions [2,5,6,7] which provide the algebraic description of WZW theory
[12].

We begin with the algebra of affine (g x g), which consists of two commuting copies
of affine g,

[Ja(m), Jo(n)] = tfapJc(m 4+ n) + Emnasbmsno (2.1a)
[Ja(m), Js(n)] = ifas°Je(m + n) + kmiasdmin,o (2.1b)
[Jo(m), Jy(n)]=0 , mneZ , abc=1...dimg (2.1¢)

where fq,° and 7,4, are the structure constants and Killing metric of ¢ and k is the level
of the affine algebra. For simplicity we generally assume here that g is compact, though
most of the statements below apply as well to the noncompact extensions of g. The affine
vacuum state |0) satisfies

Ju(m > 0)]0) = Ju(m > 0)[0) = 0 . (2.2)

In terms of these current modes, the local chiral and antichiral currents are defined as
z)= Y Jo(m)zT™t = > Ju( )z~ (2.3)
meZ meZ
where z is the complex Euclidian world-sheet coordinate and Z is the complex conjugate
of z.

We will also need the primary fields ¢(7, z, z) of affine (g x g), which transform under
the current modes as

[Ja(m), 9(T ,2,2)a") = 9(T , 2,2)a"2™(To)," (2.4a)
[Ja(m), 9(T,2,2)a") = —2™(Z2)a"9(T , 2, 2),° (2.4b)
[T., ) = if’T. , a,f=1...dim7T . (24¢)

where 7 is a matrix irrep of g. The primary fields g(7, Z, z) and the currents J, J may be
" understood [43] respectively as the (reduced) affine Lie group element and the (reduced)
left- and right-invariant affine Lie derivatives on the manifold of the affine Lie group.
Acting on the affine vacuum, the primary fields create the primary states ¥(7") of affine

(g x 9),

o (T) = ¢(7,0,0).”|0) (2.52)

Ja(m > 0)9o”(T) = mot0a”(T)(T0)," (2.5b)

Tom 2 00a®(T) = =80l T)a™,°(T) (2.50)

which transform in irrep 7 ® 7 of (g x g). A coordinate-space representation of these

states is.given in Ref.[43].




(

The stress tensor of WZW theory is composed of the chiral and antichiral affine-

Sugawara constructions

Ty(z) = L% tJa(2)do(2) 2= D Ly(m)z™™"% (2.6a)
meZ
T,(2) = L 1Ju( = Y Ly(m)z™™? | (2.6b)
meZ
b 77ab ‘
. 2.
Ly =%+, (2.6¢)
2k dimg (2.6d)

€ =8 = 5 2,
whose modes L,(m) and L,(m) satisfy two commuting Virasoro algebras with central
charges ¢; and ¢,. Here, @), is the quadratic Casimir of the adjoint and L;b is called
the inverse inertia tensor of the affine-Sugawara construction. The currents J,J and
the affine-primary fields ¢(7, Z, z) are also Virasoro primary fields under (T,,T,) with
conformal weights (1,0), (0,1) and (A9(7),A9(T)) respectively. The affine-Sugawara
conformal weight A9(7) is given by '

\

Q(T) | ,
TN 2.7)

LT =AT)1 , AT)=

with Q(7') the quadratic Casimir of 7. In what follows, the affine- and Virasoro-primary
fields ¢(7, z, z) are generally called the WZW primary fields.

In the WZW action, the classical analogue of the WZW primary field ¢(7, EV, z) ap-
pears as the unitary Lie group element in irrep 7 of g. We shall see below however that
the WZW primary field ¢(7, z, z) is a unitary operator only in the extreme semiclassical
limit, due to normal ordering in the quantum theory.

Differential equations

Because they are also f)rirnary under (T,,T,), the WZW primary fields ¢(7, z, z)
satisfy the operator relations

89(T,2,7) = [Ly(~1),9(T,5,2)] » 09(T,52) = [L(~1),9(T,%2)]  (28a)

Ly(=1) = 2L Y~ Jo(-m = 1)y(m) , L(=1) =2L2 3" Jo(—m —1)Jy(m) (2.8b)

m>0

and, using (2.8b) in (2.8a), one finds the partial differential equations (PDE’s) for the
WZW primary fields [7]
09(T,%,2)a" = 2L;b (T ,2,2)a"Ja(2) : (T5),° (2.9a)

09(T ,2,2)a" = —2L(Ty)a" 1 9(T,2,2),  Ju(2) + . (2.9b)



In verifying (2.9), one finds that the normal-ordering prescription is

L g(T 3, 2)0u(2) = T (2)g(T. 5, 2) + 9T 2, 2)(JH(2) + Ja(O)é) (2.100)
o(T,2,2)Ja(3) : = J-(2)g(T, 3, 2) + 9(T 2, 2)(JH(2) + J. (0)1) (2.10b)
JEz) = 3 Ju(xm)T, JE(E) = ) Ja(dm)F (2.10c)

where the positive and negative modes of the currents are collected in the definitions
(2.10c) and J,(0), J,(0) are the zero modes. It is easily checked that the PDE’s (2.9a)
and (2.9b) are consistent (that is, (2.9) defines a flat connection) because J commutes
with J. It will also be convenient to define the integrated quantities

=4 Z o = 44 Z “’F’" (2.11)
m>0 m>0

for use below.

Ultimately, one is interested in the n-point WZW correlators of the WZIW primary
fields

AQ(T’ 2’2) = (Olg(Tl7flazl)"'g(Tnvzmzn)'O) : (212)
which satisfy the (¢ x g)-global Ward identities *
ET’ (T,2,2) = AJ(T,2,2)> T;=0 . (2.13)

The WZW correlators (2.12) also satisfy SL(2,IR) x SL(2,IR) Ward identities and the
chiral and antichiral Knizhnik-Zamolodchikov (KZ) equations {7]

0AT,2,2) = Ag( )2L2° 2 (2.14a)

gAi Fi

% ]
8:4,(T, z, z)—2L“bZTT

it i

A T,z,z2) (2.14b)

which follow from the PDE’s (2.9)

Semiclassical expansion

In this paper, we will be interested primarily in the semiclassical or high-level ex-
pansion [44,45,10,43,42] of the low-spin sector of the theory, which is defined by the
level-orders:

J.(0) = b(k") , Ju(m #0) = O(kY?) (2.15a)
J.(0) = O(K°) ,  Ju(m #£0) = O(kY?) (2.15b)
7. = O(k°) (2.15¢)




ab _ 77ab -2y _ ;1 _ Q(T) -2y _ -1
Ly = A +O(k™*)=0(k7") , AJT)= e +O0k™*)=0(k™") . (2.15d)
In this case, the corresponding semiclassical affine-Sugawara conformal blocks and WZW
correlators have been worked out in Ref.[42]. In particular, the solution for the high-level

n-point WZW correlators (2.12) is

A T, 2,2) = (11 +2L% N T In zz-j) I (11 +2L2 Y TiT In zij) +O(k™%) (2.16)

i<j 1<j

= (]1 + 4L;b Z 7:'Tb] In Izijl) I; -+ O(k_z)
i< -~

where 17 is the n-point Haar integral
(U): = [4GG(T Y0 - G(T™) (2.17)

over unitary Lie group elements G(7) in matrix irrep 7 of g. The Haar integral is
invariant under g x g and satisfies (I})? = I}, so that I} is the projector onto the

g-invariant subspace of 7' @ --- ® T™.

Factorization of the WZW primary fields

Our goal in this paper is to solve the algebra (2.4) and the PDE (2.9) to obtain
the explicit semiclassical form (the WZW vertex operators) of the WZW primary fields
9(T,z,z). To this end, we look for solutions in the factorized form

9(T,2,2)’ = g_(T,2)a"94(T,2)4" (2.18)
where A,B=1...dim7 are the quantum group indices discussed by Moore and Resheti-
khin [25] and others [26-41]. In what follows, g, and g_ will be referred to as the chiral

and antichiral primary fields and/or the chiral and antichiral vertex operators of the
theory.
To find such factorized solutions, we assume that g, and g_ are affine-primary fields

under J and J respectively,

| [Ja(m), 94(T, 2)] = g4(T, 2)2"T, (2.19a)

[Ja(m),92(T,2)] = —2"1, 9-(T, 2) (2.19b)

which solves (2.4a,b) so long as |
Ja(m), 9-(T, 2)lg+(T;2) = g-(T, 2)[Ja(m), g4(T,2)] = 0 . (2.20)

Then the PDE’s (2.9a,b) are solvéd by the ordinary differential equations (ODE’s) for
_the chiral and antichiral primary fields [26,25]

09+(T,2) = 2L;b :9+(T,2)Ju(2) : Ty (2.21a)
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09-(T,z) = —2L%T, : g_(T,2)J.(2) : (2.21b)

where normal ordering is defined by (2.10) with ¢ — g4.

The explicit semiclassical forms of g; (the chiral and antichiral vertex operators)
obtained below by solving the ODE’s (2.21) will reproduce the semiclassical WZW cor-
relators (2.12) in the factorized form

Ay(T,2,2)." = A;(T,2)* AT (T, 2) 4" (2.22a)
AH(T,2)4% = + 019+ (T, 21) % - 04 (T, 20) 4,10} (2.22b)
A7(T,2)a® = _(0lg= (T, 21)as ™ -+~ 9= (T™, Zn)a A" [0) - (2.22¢)

S TIAZ(T,2) = ANT,2) 3. T0 = 0 (2224
=1 =1

where A_j and A; are the chiral and antichiral correlators. Here we have also assumed
factorization of the vacuum state

10) =10)-10)+ (2.23)

into the affine vacua |0); and |0)_ of J and J. We will generally suppress the subscripts
on the vacua, which will be clear in context.

The problem

The ODE’s (2.21) for the primary fields g+ can be solved by iteration of equivalent
integral equations, e.g.

9+(T.2) = g+(T,20) + [ 42/ 2L 1 g4(T,2)0u() : T (2.24)

" where 2 is a regular reference point. As noted by Moore and Reshetikhin [25], the itera-
tive solution of (2.24) is not directly useful because the leading term g4 (7, z) ~ g4+(7, 20)
of this expansion would give singular chiral correlators (g4 (7%, 20) - --g+(7™, 20)) = o0.
In fact, the iterative solution is somewhat misleading because differentiation of (2.24)
by zo shows that g4 (7, z) is independent of zy when the initial condition ¢4 (7, zp) itself
satisfies the original equation

0:09+(7T ,20) = 2L;b 1 9+(T,20)a(20) : Tp . ‘ (2.25)

Using this fact, we shall see below that the iterative solutions can be rearranged into
well-defined z, and Z;-independent semiclassical expansions of the primary fields g..




3 Abelian Vertex Operatdrs

Because it is the simplest, we consider first the case of decompactified abelian g = U(1)",
for which the chiral system takes the form

94(T,2) = g4 (T, z0) + / 42/ 2L : gy (T,#)Ju(2) : T (3.1a)
20 :
[']a(m)7 ‘]b(n)] = kmnab6m+n,0 ) (31b)
[Ja(m)a 9+(7T, Z)] =9+ (7, z)z™1, (3.1c)
7., 5] =0 , ab=1...N (3.1d)
ab ab
ab __ 77_ _. T, 7;7;’

Here, the representation matrices 7, (the momenta), and hence g4, are 1 x 1 (i.e. num- .
bers), and we shall see that the solution g4 (7, z) of the system (3.1) can be rearranged
into the familiar zp-independent abelian vertex operator of the open bosonic string. Es-
sentially the same vertex operators (with diagonal matrix 7’s) are obtained for compact-
ified abelian algebras such as the Cartan subalgebra of a Lie algebra or other momentum

lattices.

The solution of the integral equation (3.1a) is obtained on inspection as

9(T,2) =exp ([ 420215 () 94(T 20)
: . - (3.2)
X exp ( [ ae' 21 7 0(0) /z')' exp ( [ 2L;b7an+(z'))

where 2 is the reference point and J *(z) are defined in (2.10c). Performing the integra-
tions in (3.2), the result may be rearranged in the zo-independent form

9+(T,2) = V(T ,2)G(T)W(T, 2)V4 (T, 2) (3.3a)
Va(T,2) = exp(2L2T,Q5(2)) (3.3b)
W(T,z) = exp(ZLZbI,Jb(O) Inz) = 7215 Ta5(0) (3.3¢)

where Q% is defined in (2.11). In this form, we have collected all zo-dependent factors
from the integrations into the constant quantity ’

G (T) = V(T ,20) 7 9+(T, 20)Vo(T, 20) 7 Vi T, 20) ™" (3.4a)
3ZG'+ = 6ZOG+ =0 ‘ (34b)

which is in fact independent of zo because 0,,94(7,z0) = 2L;b : 9+(7 , 20)Ja(20) 1 Tp. In
what follows, we refer to the quantity G+ (7) as the chiral zero mode of the chiral vertex

operator.



The zp-independent solution (3.3a) has the form of the usual abelian vertex operator,
but we do not yet know the algebra of the zero mode G4 (7) with the currents.

In fact, this algebra is determined by the system. To see this, invert (3.3a) to write
the zero mode in terms of the primary field

Gi(T) = V(T ,2) g+ (T, 2)Va(T,2)"Wo(T,2)7" . (3.5)
Then, the algebra of the currents with the zero mode
[Ja(m), G+(T)] = G4(T)Tabm, (3.6)
is obtained straightforwardly from (3.5), (3.1c) and the current algebra (3.1b).
The algebra (3.6) is solved by
CGHT) =TT Im)) = e (37)

so that the solution (3.3a) may be written as

9+(T, 2) = ¥L5"Tan 2L Tt (0) exp(2 LT, Q; (2)) exp(26 L2 T.Q5 (2)) (3.8)

where ¢° = 2L;bqb. With the conventional identification of the metric G, and its inverse

b
G*,

[']G(m)7 Jb(n)] = mGab5m+n,0 ' (396,)
: ab ‘
Gy =hnwy , G =T =2L (3.9b)

the result (3.8) is recognized as the familiar abelian vertex operator with momentum 7.

As an introduction to the non-abelian case below, we list some well-known properties

of the abelian vertex operators.

A. Affine-primary states. On the affine vacuum, the vertex operdtors create the affine-
primary states

IT) = g+(7,0)[0) = G4 (T)]0) = £%]0) (3.10a)
Jo(m > 0)[T) = 60|77, (3.10b)

which are nothing but the chiral zero modes G, (7") on the vacuum.

B. Intrinsic monodromy. When z is taken around a closed loop, one finds the intrinsic

monodromy relation
9+ (Ta 2627”.) = g+(Ta z)e‘lﬂLgb%Jb(O) : (311)

Using the algebra (3.1c) and the g-global invariance (momentum conservation) in (2.13),
the operator relation (3.11) implies the correlator monodromies

<0lg+(71’ z1) - ‘g+(7i) ZiCZWi) g4 (77, 2,)|0)
(3.12)

' —ami LTS T
= (0194 (7", 21) -+ g4 (T% ) - - g (T7, 2)[0)e™ ™3 T L s




and it is not difficult to see that these phases are trivial for the open bosonic string.

" C. Operator products and expansions. The operator product of two chiral vertex oper-
ators can be written as
LTI TR |
9+(TY, 21)9+(T%, 22) = : 9+(T", 21)94(T%, 22) : 215” - (3.13a)

0+ (T, 20)94 (T2, 25) : = G4 (TG (TVG(T, 2)Vo( T2, 22) .
3.13
x V_ (Tl Zl)V (Tz 22)V+(Tl Z])V+(TZ 22) A
where z12 = 21 — 2z and the normal-ordered product in (3. 13b) puts the zero modes G4
to the left. The closed algebra of the zero modes

G (THGL(T) =Gy (T? , T*=T'+T? C (3.14)

then implies the OPE of two vertex operators

3y_ 1y _
04 (T1, 2)g4 (T7, 29) = 257 (T)=29(T)-a0(T?) {g+(73,zz>

o _r4l - ,
43 EE R (T ) ) 7]
g | e
+ Z (r+s+2) ALG LG 2 94(T7, 22)0;(03J5(22)c(22)] - T4 T,
7,56=0

+ higher affine secondaries}

where we have used the expression (3.1e) for the affine-Sugawara conformal weights. In
(3.15), the normal-ordered product : g, J : is the chiral analogue of (2.10a), while

9+(T,2)Ja(2)(2) : =1 (: 94(T,2)Jo(2) ) Jul2) : (3.16)

is defined iteratively from (2.10a). The term “higher affine secondaries” stands for the
fields : g4+ J? :, p > 3 and derivatives thereof.

The OPE (3.15) follows directly from (3.13), without using the ODE (2.21a). Using
the ODE however, one may rearrange (3.15) in terms of the affine-primary fields (and
their Virasoro descendants) plus those affine-secondary fields which are Virasoro primary
(and their Virasoro descendants). The first few terms of this expansion are

94(TY, 21) g4 (T2, 23) = ziy (71727 Agm){[” % a] o4(7",2
r=1 M

(3.17)

+ i ( z_:_ 1)|ar {2Lab g+(T 22)Jb(22) } [Tl ]+ .. }

and the omitted terms are of the form : g, J? :, p > 2 and derivatives thereof.



D. Braid relation. To discuss braiding, we will use the Euclidean continuation formula
(z — w) = (w — z)emsignlare(z/w)) (3.18)

where |z| > |w| on the left and |w| > |z| on the right. The phase in (3.18) is obtained
by requiring agreement with the corresponding computations for vertex operators on the
Minkowski world sheet (where z and w are on the unit circle).

The braid relation of two chiral vertex operators is then
04 (T, 2)g4 (T2, 2) = B(T'T )94 (T2, 22)g+(T", 21) (3.192)
B(TITZ) — eivr[Ag(T3)—A9(Tl)—Ag(’ﬁ)]sign(arg(zl/zg)) B(TZTI) — B—I(TITZ) (319b)

?

where B is the 1 x 1 braid matrix of the abelian theory.

E. Chiral correlators. The chiral correlators exhibit the Koba-Nielsen factor
” T 2LSTST) 9(Ti Tj_;j—;_g ) e i
AH(T,2) = 0|GH(T) - G (T [[ 257 = = [[ 257 74025 1)
i<; i<; i=1
(3.20)
where § is Dirac delta function.

F. Antichiral sector. The antichiral vertex operators are obtained in the same way,

9-(T,z) = exp(-2L¥T,Q; (£))G- (T)7-2L5"Tdo(0) exp(—2i L2 T, Q7 (2))

i (3.21a)

= 27280 exp(~2 L T.Q5 (2))2 71 0 exp(-2i L T.QF (2))G-(T)
(3.21b)
G_(T)=eT% | [§°Jy(m)] = i6¢6m0 (3.21c)

where (3.21b) is written with the antichiral zero mode G_(7T) on the right. The intrinsic
monodromy relations of the antichiral sector are '

9-(T,ze72m) = 2mlAs(TH2LPT R0y (T 7) ' (3.22a)

<0|g— (Tla 21) U g-—(Tiy 22_6—27”') Tt g- (Tn’ Z'n,)IO)
T T T . (3.22b)
=€ T e LTy <0|g— (Tl,él) o 'g-'(TZ’zi) T g- (Tnaz’n)IO)
and we note that the phases in (3.22b) are opposite to those of the chiral sector in (3.12).
The OPE of two antichiral vertex operators and the antichiral correlators A; (7, 2) may
be obtained from (3.15) and (3.20) with + - —, z > Zand 7 — 7.
G. Nonchiral results. Combining the chiral and antichiral vertex operators, we have the

nonchiral vertex operators
9(T,7,2) = 9-(T,2)g+(T2) (3.23a)
= 27D exp(~2L3 T, Q5 ()27 =0 exp(~2 LT T.QY () G(T)

x exp(2 LT, Q; (= 223" 7a5(0) exp(2%LPT,Q} (2
g b g b
(3.23b)
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G(T)= G_(T)G4(T) = @)% (3.23¢)

where we have made the conventional assumption (which solves (2.20)) that ¢, (g.)
commutes with all the operators of the antichiral (chiral) sector. This assumption is
examined in further detail for the nonabelian case in Section 7.

The nonchiral vertex operators (3.23) give the OPE’s and nonchiral correlators
9(T,21,20)9(T?, 22, 22)

— IzlzIZ[Ag(Tl+T2)—A9(T‘)-—A9(7’2)] {g(Tg, 2, 22)

o LrH
+ Z Lab (7—3’ Z9,22)05J5(22) : 7;1

‘r—O

< z;;l ,
_Z (r+1)! 2Ly : 9(T°, 22, 22)0; Jo(22) : 7,

& 7‘+s+2 ) o (3-24a)
+ 1';0 (r+s+2)! 4LgbLgd : 9(T3, 25, 20) 0505 Ty (22) J(22)] : T T}

’ o0 Fie+2 "y 1
+T€V‘__,O (T+S+2 — [P L g(T°, 2, 20)0; [Q 3 T5(22)Jo(22)] : TAT)
r+1 z5+1

z z a c > X NS T (=
- r,s=0 7" ‘1:1)' S :'21) 4L bL d (73,22722)621]5(22) 2JC(22) : 7;17:11

+ higher affine secondaries}

Ag(T,2,2) = A;(T,2)A(T, ) = [ |2 A0 THTI-2(T)=-04TNg2 (5™ T%) . (3.24b)
1<g =1

Both of these results show trivial monodromy when any z is taken around another, and,

moreover, the Virasoro-Shapiro factor in (3.24b) shows that the intrinsic monodromies

(3.12) and (3.22b) have cancelled as they should.
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4 Semiclassical Nonabelian Vertex Operators

for the Affine-Sugawara Constructions

Chiral sector

The déﬁning relations for the general chiral fields g4 (7, z) are

94(T,2) = 9+(T, 20) + / d2’ 2L : go(T,2)Ju(2) : Ty (4.1a)
[Jo(m), Jy(n)] = ifa°Je(m + n) + EmAasbmino (4.1b)
[Ja(m), 95(T, 2] = 64(T, )" T, , [T, Ts) = ifur'Te (4.10)
Jo(m #0) = O(K?) ,  J,(0) = O(°) - (4.1d)
9+(T,2)=O(F°) , T,=O0(°) (4.1e)

L =0k , B8,(T)=0(k™) ' (4.1f)

where 2o is a regular reference point and L% is given in (2.6¢c). Using the results of
the previous section as a guide, and paying close attention to the level-orders (4.1d-f),
the iterative solution of (4.1a) can be rearranged into a zp-independent semiclassical or

high-level expansion of g,. }

We give here the solution of (4.1a) up to O(k=3/2):

9+(T,2) = G4(T) + 2LY[Q; (2)G+(T) + G(T)Q¥ (2) — G1(T)ida(0) In 2Ty (4.2)

JC(;TL) G+(T) zm"l"”- n G+(T)Jc(n) Jb(m)z_(m+n)]

4 abycd _
+Lng{2[Jb( m) mtn n m+ 7

m,n>0
§

= 2 [A(=m)G(T)

m,n>0
mEn

z_(m_n)

Je(n) 277 (M) oy om)

n m-—-mn n m-—-—n

]

(T)di(n )anz—%) I(=m)G (D) )(lnz+21n>]}m

n>0
+O(k~3/2)

This is the explicit semiclassical form of the new nonabelian chiral vertex operators. Here,
G+(7T) is the constant chiral zero mode, which carries the index structure G4+(7)4* (in
parallel with g, ), and which satisfies

G (T) = O(F) | (4.3a)
G (T) =0+ O(k%?%) . (4.3b)

Using the level-orders (4.1d-f) and (4.3a), one sees that the terms proportional to Q4 in

12




(4.2) are O(k~'/?), while the rest of the explicit terms are O(k™). Using (4.3b), it is
straightforward to check by differentiation that the chiral vertex operator (4.2) satisfies

09+(7,z) = 2L;b : g_*_'(’]',z).]a(z) : Ty + O(k3/7) (4.4)

as it should.

The result (4.2) can be inverted to write the zero mode G in terms of the primary
field g+,

G+(T) = g+(T,2) = 2L(Q (2)9+(T, 2) + 9+(T, 2)QF (2) — 9+ (T , 2)iJa(0) In 2] T, (4.5)

+ALPLE { J(=m)as (T, z>,;im+7; # 94(T.) 1w 2 'Zr:f:
Sm=n m) z—(m—n)
+ Zo[ +(T,2)Je(n )m_n+J°('")9+(T’z)Jb( )m—n]
+ Umen (7,22 02— Ly g (7 imz 51;)]}7"7“

n>0

+O(k~3/?)

and it is straightforward to check by differentiation with (4.4) that G4+ (7) in (4.5) satisfies
(4.3b). Moreover, by setting z = zp in (4.2) and (4.5) one can see the intermediate
relations between the zero mode G4 (7) and the primary field g+ (7, zo) at the reference
point zg (These relations are the nonabelian analogues of (3.4a) and (3.5)). The zero

mode is of course indepgndent of zg
8:,G+(T) = 0+ O(k™*/%) (4.6)

just as it is independent of z, because the differential equation (4 4) holds as well at the

referen ce point.

Following the previous section, the next step is to use the inversion (4.5) and the
algebra (4.1c) of the currents with the primary field g; to obtain the algebra of the
currents with the zero mode G;. After some algebra, the result is

[Ja(0), G+(T)] = GH(T)To + O(k™*?) S (4.7a)

alm # 0), G4 (T)] = == : Ge(T)Jo(m) : foT. + O(k™) (4.7b)

which reduces to the algebra (3.6) in the abelian case. It is likely that the relation (4.7a)

is exact to all orders.

The algebra (4.7) shows that

[Jo(m # 0),G+(T)] = O(k™1/?) (4.8)

13



so, without loss of accuracy, we may move any factor G, in (4.2) thru any non-zero
moded current. In particular, the chiral vertex operator may be written with the chiral
zero mode on the left

9+(T,2) = Go(T)[1 +iX*(2)T, + N ()LL) + O(k™/?) (4.9)

where we have defined the quantities

X°(2) = 2L2(Q; (2) + QF (2) — 1J,(0) In 2] (4.10a)
a — ~ acyd Jd(_n) Zmin ‘]d(n) z=(m4m)
N*(z) = 4LLy {m%o[JC(_m) n m+n " Je(m) ————, ]
- 3 e B
+ S )z - o) = - (")< 2+ 5|

It will also be convenient to have the inversion of (4.9)
Gi(T) = g+(T, 2)[1 = iX*(2)To = (N*(2) + X*(2)X*(2)) B T] + O(k™*7)  (4.11)

which agrees with eq.(4.5) thru the indicated order.

Restoring the Lie algebra and quantum group indices o and A,
04(T,2)4% = Go(D)A" (1 +iX* ()T, + NHAFTLL + Ok (4122)
a,A=1...dim7T (4.12b)

we see that, thru this order of the semiclassical expansion, the quantum group acts only
on the chiral zero mode G..

We also remark that the algebra (4.7) is consistent with unitarity* of the chiral zero
mode

GLUT)GH(T) = GH(T)GY(T) =1+ O(k™") (4.13)
which implies that the extreme semiclassical chiral vertex operator
9+(T, 2) = G (T) exp[BL2(Q; (=) + QF (2)) T + O(K™) (4.14)
1s also unitary

94T ,2)g4(T ,2) = g4(T,2)g4(T,2) = 1+ O(k™") (4.15)

2Unitarity is easiest to check on the unit circle (where z* = z7!) using a Cartesian frame with

Nab = Oab, J};(m) = Jq(—m) and 7, Hermitean.
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“thru the indicated order. It 1s known from the abelian case that vertex operators cannot
be unitary operators beyond this order, due to normal ordering, which enters in g, (and
G.,) at order k1.

Antichiral sector

Following similar steps, we have solved the antichiral ODE
09_(T,2) = —2L;b’]{, : g_(T,2)J,(2) : +(_9(k‘3/2) (4.16)

for the antichiral vertex operator g_(7, z) thru the same order. The main results are as

follows:

1. Antichiral vertex operator and zero mode. The antichiral vertex operator is

9-(T,3) = G_(T) - HLPTIQ; (2)G-(T) + G_(T)QF(2) — G-(T)iJu(0)n 7] (4.17)

( IR J(n) 7 E

Je
CG-(T) ey G-I = =)

abyred
+4Ly" L1, T, {

m,n>0

- Y emG (R I EC oy gy

0 n m-—mn n m-—n

m¥En

+ S i - 5 = Mne 0 +
+0O(k3/2)
where G-y Withlinde}‘( structure G_(T)a;‘l, is the antichiral zero mode:
G- =0 o (4.18a)
5G_(T) =0+0(k°?) .  (4.18b)

Inversion of (4.17) gives the antichiral zero mode G_ in terms of the antichiral primary

field g_

G(T)=yg-(T, 2)+2iLg”7Z[Q;(5)_9—(T, 2)+9-(T,2)QF (2)—9-(T,2)iJs(0) In 2] (4.19)

abped zmn =\ do(m) 270+
ALy Ly T {mn)O )g—(T’Z)m +n 9-(7, Z)Jc(n) m m4+n
N _\ Jp(m) (™)
mn>o (7, z)Jc(n)m — + J(—n)g-(T, z) e ]
m#En
( ) - _l_ jc(_n) =\ 7 > _1__
+ U= (7,5 B iz = ) - g (7 9 i + 1)
+0O(k™3/?)
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and it is not difficult to check that the results (4.17) and (4.19) satisfy the differential
equations (4.16) and (4.18b).

2. Algebra of the zero modes. Using (4.19) and the algebra (2.19b) of the antichiral
currents with the primary field g_, we obtain the algebra of the antichiral currents with

the antichiral zero mode G_,

[Ja(0),G_(T)] = ~T.G-(T) + O(k*%) (4.20a)

T, . GL(T)Jy(m) : +O(k™) (4.20b)

[ja(m # O)’G—(T)] ==
so that [J,(m # 0),G_(7)] = O(k~1/?) as in the chiral sector.

3. Rearrangements. Using the algebra (4.20), a number of alternate forms may be

obtained for the antichiral vertex operator,

9-(T,2) = G_(T) —iT.G_(T)X°(2) + T.TG_(T)N*(z) + O(k~%/?) | (4.21a)
= [1 — T, X%(z) — 2A%(T) In z + T,T,N**(2)]G_ (T )+ O(k™3?) (4.21b)
=z — T, X*(2) + T.TN?(2)]G_(T) + O(k™3/%) (4.21c)

X%(2) = X(2)|smz0=s > N®(E) =N*(2)mzins - (4.21d)

where X and N are defined in (4.10a,b). It will also be useful to have the inverse of
(4.21c¢),

G_(T) = PED1+iT,X*(2) - LTINS (2) + X*(2) R0 (2)lg- (T, 2) + O(k™%) (4.22)

which agrees with (4.19) thru the indicated order.

In (4.21b,c) we have chosen to write the antichiral zero mode G_(7) on the right.
The index structure of G is (G_),*, so these forms show that the quantum group acts
only on G_ thru this order of the semiclassical expansion.

4. Semiclassical unitarity. As in the chiral sector, the algebra (4.20) is consistent with
semiclassical unitarity of the antichiral zero mode

GH(T)G_(T) = G_(T)GL(T) =1+ O(k™1) (4.23)
and this implies that the extreme semiclassical antichiral vertex operator
9-(T,2) = exp[-2L3"(Q; (2) + QF (2))BIG-(T) + O(k™) (4.24)
is also unitary
9T ,2)9-(T,2) = 9-(T,2)g(T,2) = 1+ O(k7") (4.25)

thru the indicated order.
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Some simple chiral and antichiral applications

We conclude this section with some simple applications of these results.

A. Affine primary fields. By construction, the chiral and antichiral vertex operators
(4.9) and (4.21c) are (dim7 quantum group “copies” of) affine-primary fields under
their respective affine algebras, '

[a(m), 9+(T,2)4%) = g4(T , 2) 4% 2™ (T, )" } N { O(k*/2) when m =0

[Ja(m), 9-(T, 2)a?] = —2™(T2)oP9-(T , 2) % O(k™') when m#0 (4.26)

These relations can also be checked directly using the current algebra and the algebra
(4.7), (4.20) of the currents with the zero modes Gx. On the affine vacuum, the vertex
operators create (copies of) affine-primary states

9+(7,0)4°10) = G1(T)a%[0) + O(k~"%) (4.272)
9-(T,0)4]0) = G_(T),40) + O(k~/2) . (427b)

which, as in the abelian case, are proportional to the chiral and antichiral zero modes.

B. Affine-Sugawara primary fields. We haffe_ also checked explicitly that
[ A(T) 1

T(@on(T ) = | 2y 20 (T )+ O (4.280)
n@- 70 = | 20 Lale i roun ey

so that, as they should be, the chiral and antichiral vertex operators are Virasoro primary
fields under the affine-Sugawara constructions T, and T, respectively.

C. Intrinsic monodromies. When z is taken around a closed loop, one finds the intrinsic

monodromy relations,

g+(T7 ZeZm') = g+(Ta Z) €xp (47”[L;b7:1<]b(0) + 2Z‘chLgbfabeT<; Z M])

n>0
' (4.29a)
+O(k™%)

g (T, 7e™2) = exp (4m'[A9(T )+ LT, J5(0) + 2LEL% f,,°7, > ﬂ:ﬁiﬁ&’iﬁ)
n>
(4.29b)
xg-(T,2) + O(k™3/?)

Using (2.2), (4.7), (4.20) and the (g x g)-global Ward identities, the operator relations
(4.29) imply the much simpler monodromies for the correlators

(0lg+ (T, 21) -+ g4 (T*, 2:€™™) - g4 (T, 20)|0)
(4.30a)

= (0194 (TH,21) -~ g4 (T7, ) - g (T, 2)|0)e 5 B LW 4 O(k=3/2)
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0lg_(T,21) - g-(T", 2:e™>™) - -- g_(T", 2,)|0)
(4.30b)

= RIS R (0)g_ (T, 2) - 0 (T4,5) - -(T", 2)[0) + O(~%)
because the normal-ordered terms in (4.29) do not contribute to the correlators at the

indicated order.

5 Operator Prodycts and Expansions

In this section, we combine our results above with those of Ref.[25] to obtain the chiral-
chiral and antichiral-antichiral semiclassical operator products and OPE’s of the semi-
classical vertex operators (4.9) and (4.21c). The corresponding chiral-antichiral products

and expansions are discussed in Section 7.

Chiral sector

The product of two chiral vertex operators (4.9) can be written as

0+ (T, 20)9(T% 22) = 0 (T1, 20)04 (T2 )+ (1 4+ 2LP T2 nz) + Ok (5.1)
- = 0 (T 2)0 (T2, 2) s 210 o + O(K™)
where the normal-ordered product of two vertex operators is defined in parallel to (3.13b),
1 9+(Th, 2)94(T%, 22) - = G4 (T GL(THI +1X% (1) T +iX*(22) T
+N*(2) T} T + N*(22) T T + N3P (21, 22) T 7] + O(k%/7)

: (5.2a)
N3*(z,22) = — : X*(21) X*(22) :
=—4L°LPQ7 (21)(Q7 (22) + QF (22)) + (Q7 (22) + QY (22)) Q¥ (=1)] + O((k-s;?)
5.2

with zero modes on the left. ]
For high-level closure of the affine-primary fields, the product of two zero modes must
close into zero modes, |
Cr (T Ca(Ta™ = 5 FOPM (TG, (TH 4™ + O()  (53)
Ti, Ax,ax y, A .

which is the non-abelian analogue of (3.14). Following Ref.[25], we will assume that the
fusion coefficient F' in (5.3) has the factorized form

s (T TT) = Quua, (T T TH)C0 2, (T'T*T*) + O(k™/%) (5-4)

Here C is the usual Clebsch-Gordon coefficient for 7! ® 72 into 7%, which satisfies the
g-global Ward identity

C,Blﬁzak (TszTk)[(j;l)gl o 5ﬁ2a2 + 561011 (7;2)&012] _ (Tak)akﬁk Ca:azﬁk (TIT2TI¢) (55)
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while @ is the corresponding (level-dependent) quantum Clebsch-Gordan coefficient.

Using (53) and (5.5), we may expand the operator product (5.2a) for z; near z;.
After some algebra, one finds the OPE of two chiral vertex operators

9+(T7, 21) 4, 94+ (T2, 22) 4,

Tk 1 72 o & o
= ¥ AT phet (7T {0, (T4 )4, 83
Tk,Ak,ak
B

oo 7+1
2

A .
+ ;, a2l 9+ (T 22 (z) « (1), (5.6)

oo r4+s+2
212 abed ak 9r1 s 171y, >
+ E—Om 4L L g+(T 22) k0 [a Jb(zZ)J (22)] (7:1 7:1 )51 }

+ O(k~3/?%)
where the normal-ordered product : g4 J : is given in (2.10a), and
9+(T,2)Ja(2)ds(2) : = I (2)[Jy (2)9+(T , 2) + 94+(T , 2) Iy (2)]
+ 5 (2)94(T,2) + 9+(T, ) (2))F(2)

The definition (5.7) can be replaced with (3.16) to the order we are working, since the
extra current zero-mode contributions in-(3.16) would contribute to (5.6) at O(k3/2).

The right side of the OPE (5.6) shows the affine-primary fields g4 and an infinite
number of affine-secondary fields of the form : g, J :, : g.JJ: and derivatives thereof.
~ One also notes that the chiral OPE has the schematic form [42]

(5.7)

affine-primary - affine-primary =O(k°) - affine primaries
(5.8)
+ O(k™") - affine secondaries

so that the affine-primary fields close into themselves in the extreme classical limit.

Using also the high-level ODE (4.'4), one may rearrange (5.6) in the form analogous
to eq.(3.17)

9+(T 21) 4, g4 (T2, 22) 4, ™

(5.9)
= > Ag(Tk) A9(T1)-A9(T?) Ffiﬁiéi(TlTZTk){[1+ 221281-] 94 (T, 22), %+ 621622
Tk Ay ,0p
B1,P2
2 |
b 3 PR 0ulTh 2 ) D3T85 — (T2 051

+O(k™)
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which groups the Virasoro primary fields with their Virasoro descendants. For simplicity,
we have omitted the O(k~!) terms which are proportional to : g+JJ : and derivatives
thereof.

Antichiral sector

Following the same development for the product of two antichiral vertex operators,
we find:

(T, 2)g-(T%2) = 213 = © : g_(T', 21)g(T% 22) : +O(k™)  (5.10a)
g (T, R)e-(T%5) : = G_(T)G-(T?) |
TG (THG_(THX(5) — iT2G_(THG_(T?) X (%)
+TIT G- (TG (TN () + T2TG- (TG (TN (22)
+ TG (THG_(TH N (51, %) + O(k™3/?)

(5.10b)
= 28T 5720 (5 5 )T
x[1 — T X%(7) — iT2X%(2,)
o : B (5.10c)
+ TN (21) + T2T2N(22) |
+ TIN5 (21, 2)]G-(T1)G-(T?) + O(k™3/%)
Ngb(217 22) = Nab(zliz2)|z1—>fl ;22 —Zp,J—=J (510d)
G (TG (TN = 3, FRlZs(T'T’THG-(TH)a ™ + O(R™%?)  (5.10¢)
Tk, Ag,ax
FhAvheon(T1T27R) = QA2 (TIT2T*)Clr0, ™ (T T2TF) + O(~%?) (5.10f)
(T)er™ 802" + 80" (T2) ™10, H (T TP TF) = Cooa™ (T T*T*)(TF),*  (5.10g)
- _ 1 -
C*P (TTTq) = «B(T 5.10h
( (1)) .\/(—ﬂm—,fﬂ ( ) ( )
~ 1
Qus (TTTny) = ———=~M45(T (5.10i)
a5 ( 1)) AT \aB )
Conar ™ (T T°T*) = Ny (T Wy, (T2)CHP2 5 (T T>TF) o4 (T) (5.10j)
Q44 4 (T'T?TF) = AP (T)A%P(T?)Qp, 5, (T ' T?T*) Ap, 4, (TF)  (5.10k)
3 QA4 (TIT2TH)Qa, 0, (T TPTY) = 672 64 + O™ . (5:101)

A1 A
Here 7(y) is the trivial representation, 7.(7) is the carrier space metric of irrep 7 and-
A4s(T) is the corresponding invariant form on the quantum group. C and Q are the
duals of the classical and quantum Clebsch-Gordan coefficients C' and Q.
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After some algebra, we then obtain the OPE of two antichiral vertex operators,
g- (Tlazl)alAlg— (7—2, E2)012}42

_AI(TFY=AI(TY=AI(T? _
N RN PR ){g_(Tk,makAk&gi

Tk’gk'ak
- Z‘BH ab (I Axa3r 7. (= 1 G 11
- Z (7. + 1) 2L (T ’Z2)°‘k "52.]1,(22) : (7:1 )a1 ! (5‘ )
— 2;-2’:-5-{-2 ab yed k = A Aarras T T 171 61
+ (T‘ +s+ 2) 4L L g_(T ) ok 82[82‘]5(22)‘]6(22)] : (7:1 Td )011
r,5=0

x Fpisit(T' T T + O(k™*%).
and the antichiral analogue of (5.9)

g- (Tl 3 21)011 = g-—(Tza 22)a2A2

(5.12)
- ¥ zﬁ“<’-”°>-A9<T‘>-AW>{[1+1; l_zaf] (T, 22) 0 651622
T '
] 2T+1 . ab . k - Ar 7 /= 1 1y  B15B2 2y B2561
z_:o( IO RS 9-(TH 2)an ™ () 5 (T 823 = (T)er ™82

x Fdsxe (T2 T%) + O(k™)
is also obtained with the high-level ODE (4.16).

PDE’s for operator products

Using the algebra (2.19a,b) and the ODE’s (2.21a,b) for g4, a set of exact PDE’s for
the product of two vertex operators are easily derived [26]:

Py(21,22) a4, = g (T2, 20) 4, ® 94 (T2, 22) 0,  (5.13a)
O Py(21,25) = 2L {: Py(z1,22)Ja(21) : Ty + B (21,22122)7.172} - (5.13b)
8Py (21, 22) = 2L: Py (21, 22)a(22) : T2 — Pian ’Z)TJTZ’Z} | (5.‘l3c)

P (21,2)mas ™ = 9 (71, 21) ey 1 9= (T2, 22) 0, %2 (5.13d)
BiP_(21,5) = —2L2{ T} : P_(1,2:)Ju(71) : — L% 1: :2(2“22) } (5.13¢)

TIT2P (%, 2)

. 52P_(21,22) = —2L;b{7};2 : P_(gl,fz)ja(zz) T4+ < } . (513f)

Z12
The normal ordering here is the same as in (2.10) with ¢ — P, and we have checked
explicitly that the OPE’s (5.6) and (5.11) satisfy these PDE’s thru the appropriate order.
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Braid relations

We close this section with a short discussion of braid relations which provides a check

of our formulation against standard relations in the literature.

The braid matrix (or universal R matrix) B,, which acts on the quantum group indices
of the chiral vertex operator is defined by the braid relation

g+ (Tla Zl)Al a1g+(7'2’ 22)A2a2 = BQ(TITZ)AlAz B2Blg+(T é)B2a2g+ (Tl’ Zl)Bl “ (5.14&)
B,(T*T") =B;Y(T'T?) . (5.14b)

Using (5.14) and (3.18) in the OPE (5.6), we find that the braid matrix also describes
the 1 & 2 exchange of the fusion coefficient F' of the zero modes in (5.3),

Fygs (T TT)
= Bg(Tsz)AiAzB2B1Fa;ai£: (7'27—173) —in[AI(T3)-AI(T1)-A9I(T?))sign{arg(z1/22)) ‘|' O(k—3/2) )
(5.15)

Using next the factorized form of F in (5.4) and the exchange relation of the Clebsch-
Gordan coefficient C,

Co  (T*T'T3) = (T 'T* T3 O™, (T'T*T?) (5.16a)

v(T'T*T3) = v(T?T'T3) =<1 (5.16b)

we see that the braid matrix also describes the 1 « 2 exchange of the quantum Clebsch-
Gordan coefficients @

QA1A2 A (TITZT:’») :By (TITZ)AlAz B2 QBzB1 As (TZTITS) |

% I/(Tl 7273)e—i7r[A9(T3)-—A9(Tl)-—Ag(T2)]sign(arg(zl /2z2)) + O(k—3/2)
. (5.17)
To discuss this relation further, we introduce the invariant level z = 2k/%? of the affine

algebra, where 1), is the highest root of g. When arg(z2/21) > 0 and the quantum group
parameter ¢ is identified as usual as

g=e5 + O(k3/?) - (5.18)

we find that the relation (5.17) agrees with the high-level form of the corresponding
quantum SU(2) relation

]{JqlJzRth =(_1)11+12—1q(c.1—°n‘%2)/21{]1231 , cj=](]+1) , q=exp< - )

z+2/
(5.19)
which appears as eq.(13) in Ref.[30]. To see this agreement, use the SU(2) identifications
N 4
B,(T'T? — Rz | A,(T)— 1G+1) (5.20a)
: z+2
QT'T*T®) — KM | y(T'T*T3) — (—1)h+5=~ (5.20b)

and the inverse relation (5.14b) to move B, to the left of (5.17).
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6 Chiral Correlators

Using the semiclassical vertex operators (4.9) and the algebra (4.7), one straightforwardly
computes the semiclassical chiral correlators (2.22b),

AN(T,z) = (0|GL(TY) - G (TM|0) |1+ 2L S TiT Inzij | + O(k™%%)  (6.1)
i<y
up to the constant zero-mode averages (G ---G4). This simple result is obtained be-
cause the normal-ordered terms in (4.9) once again fail to contribute to the correlators,
and the result (6.1) indeed satisfies the chiral KZ equations (2.14a). Using the algebra
(4.7a), one finds that the zero-mode averages, and hence the chiral correlators (6.1),
satisfy the g-global Ward identities

OIGH(T)- GoTINET =0+ 067 (6:2)
\ AN(T ,z2) if;’ =0+ O(k™3/?) (6.2b)

so that these quantities are g-invariant thru this order of the semiclassical expansion.
As discussed in Ref.[25], the chiral correlators, and hence the zero-mode averages, are

similarly invariant under the quantum group.

To be more explicit about the zero-mode averages, we may use the fusion relation
(5.3) to obtain the forms,

(01G+(T)a%10) = 6(T, Try) | (6.3a)
OIG (T4, G4 (T?)4,210) = §(T2, T F5152(T' T ) + O(K™%)  (6.3b)
OIG+(T") 4, G+(T?) 4,2 G4(T%) 4,%|0)

= Fpaa (T T T PR (T°T*Tw) + O™
(01G+(T") 4, " G (T%) 4, G (T°) 4% G (T*) 4, 0)

= T RTINS T T (T Ty) + O(k~/)

Tk A Ak
&k

(6.3¢)

(6.3d)

where 6 is Kronecker delta and 7 is the trivial representation. Using (5.4), the zero-
mode averages can also be expressed in terms of (level-independent) classical and (level-
dependent) quantum group invariants ¥ and d

O1G(T") -+ Ga(T™)[0)4* = T d5 o + O(k?) (6.42)
ool = (), sl =4, (6.4b)
3B = (Dp)4® , dAdy =48, C(640)
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where we have also introduced the dual invariants v and d to write the completeness
and orthonormality relations (6.4b,c) of the invariants. The quantity Dy is the quantum
analogue of the classical invariant projector /7.

In further detail, we find for the four-point average _

(O1G+(T") 4, % G4 (T) 4,2 G4 (T®) 4, G (T*) 4,*10) = 3 d(s,9)27(s, 9)sn, + O(k™*2)
(6.5a)

U Cc*ez 717'27'7" C*, T3T4Tm amBm (T 6.5b

Qm,Gm

d(s,9)} = ————— Qa,a
(59)i \/TrA(Tm 42 ’ 2
(6.5¢) -

where C and @ are the classical and quantum Clebsch-Gordan coefficients, and 7,5(7)
and A4p(7T) are defined in (5.10h) and (5.10i). The form (6.5b) of (s, g)m was first
given in Ref.[42], where these quantities are called the s-channel invariants of the four-
point correlator. Similarly, the quantities d(s,¢)™ may be interpreted as the s-channel
quantum invariants of the 4-point correlator.

TlTZTm)QAsAA (TBT4Tm)AAmAm (Tm)

The classical and quantum invariants  and d also appear in the conformal-block
expansion of the chiral correlators. Using the KZ gauge

Y(y)a® |
A;-(z17227z37 Z4)Aa - —-Q(L)Ag— 3 y= % (66&)
4 214232
) <3 T3
Y= =0 , Hy=209(T") , Afs=ANTY) +A(T?) +A(T%) - A(T?)

. (6.6b)
Vo = — AT )+AY (T =AY (T)+ANT?) , vy = —AN(TH) =AY (T*)+AY(T2)+A9(T)
(6.6¢)

and the g-global Ward identity in (2.13), we find from (6.1) and (6.5) that
Y H(y)a® =3 d(s, 9) 3 FP (y)n' (s, 9)F + O(R™%/?)  (6.72)

m,l o

FOy)n' = 5(5,9) 11+ 2L T T ny + TR In(1 = y)lao(s, 9)p + O(™/%) (6.7b)

where fg(s) are the semiclassical s-channel affine-Sugawara blocks obtained in Ref.[42].
The reproduction of the affine-Sugawara blocks in (6.7) is a central check on the new
nonabelian chiral vertex operators (4.2). We emphasize however that, in the conventional
block analysis [7,42] of the solutions of the KZ equations, the quantum invariants d7 in
(6.7a) are discarded as irrelevant constants.

The corresponding results for the antichiral correlators (2.22c) are,

A;(T,z) = 1+2L;bzn:7:j’];jln2ij (O|G_(TY)---G_(T™)|0) + O(k™3/%)  (6.8a)

1<J
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O|G_(TY)---G_(T™)|0)a" vadf* + O(k~%?) (6.8b)

Y (§)oA
A7 (21,2, 23, Z4)a” = '—g——(‘y_)'T_gf’ (6.8¢c)
‘ i<i By
Y, (@) = 3 v(s, 92 F(@)m' d(s, 9)f! +0( %) (6.8d)
m,l
FEPm! = (FE(y)™) (6.8¢)

where v and d are the dual invariants to ¥ and d.

Braiding and crossing

The braid matrix B, in [25]
g+(72> 22)A2a2g+(73a 23)A3 o= 39(7273)A2A3B3B29+(T3a Z3)Bsasg+(72> z2)326{2 (69)

describes the exchange of two chiral vertex operators, while the s-u crossing matrix X (su)
in Ref.[42]

FOW)m! = Xo(su)m? FN ), X (su),' + O(k™2) (6.10a)
9(s, 9)m = Xy(su)m'0(u, 9)' + O(k7%) (6.10b)
Xo(sw)m' = 5(s, )mv(u, ) + O(k7?) (6.10c)

relates the s and u channel conformal blocks fg(s) and .7-'9(“) of the affine-Sugawara con-
struction. It is clear that B, and X, represent the same physical operation, namely the
exchange of external states 2 « 3. The braid matrix acts however in the quantum space
with A;, B; = 1...dim 7", while the crossing matrix acts on the generally smaller space
of conformal blocks F, with m,l = 1...dim(invariants). It follows that there must be a
map, or intertwining relation, between the braid matrix (B,)42 and the crossing matrix
(Xy)m' and we shall find that the intertwiner is the set of quantum invariants d7.

To see this, we first translate the braid relation (6.9) into the braid relation of the
chiral correlator A7} ' ‘

+ aiopazoy 273 B3B + ajazad
A (21’22’237 Z4)A11A22A33.34 - Bg(T T )A2A3 : 2A (21’237 227z4)A1§3322,24 N (6’11)
In terms of the invariant four-point correlator Yg‘*, this relation reads

+ ooz oy
Y, (y)A1A2A3A4

=Bg(T2T3)A B3B2Y+(1 _ y)illoﬁ3a2:24 em(Ag(’Tl)+A9(T"’)+A9(73)_A9(T4))sign(a.rg(22/zg))

+ O(k™%/?) 612
1
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Then using the block decomposition (6.7a) along with the similar u-channel decomposi-

tion

Yo (1=y) s s 4,202 = 32 (5, 9)2, a4 T3 (9)m B, )77+ O(K%) (6.13)

m,l

we obtain the intertwining relation

Bg(TzTS)A2A3BsBzd(S7g)ZL] BSB2A4
=" d(s, 9)%, 4,4, Xo(su)me A THAATIFANT) = AT sign(arelz2/2)) 4 O(k~/2)
1

(6.14)
Here, we have also used the crossing relations (6.10) and completeness of the g-invariants
(s, g). For the special case of certain irreps of SU(n), this relation was obtained exactly

in Ref.[40].

7 Chiral-Antichiral OPE’s

We turn next to the question of the chiral-antichiral OPE’s, which are known from the
action formulation [34,35,37,40,41] to depend on the treatment of the constant quan-
tum space ambiguity in the factorization ¢(7,z,2)e” = 9_-(7,2)a”9+(T,2)4°. In what
follows we briefly discuss this ambiguity, as it is reflected in our operator formulation.

We begin by assuming the exact operator solution
[Ja(m), 9-(T, 2)] = [Ja(m), 9+(T, 2)] = 0 (7.1)

of the conditions (2.20). The choice (7.1) is the natural solution of (2.20) because we
now know that g; and g_ are unitary (and hence invertible) in the extreme semiclassical
limit. Moreover, (7.1) immediately implies the natural relations

A

(T5(2),94+(T, 2)] = [Ty(2), 9-(T, £)] = 0 (7.2)

which say that the chiral and antichiral vertex operators are inert under the antichiral
and chiral affine-Sugawara constructions respectively.

Using (7.1), one can also derive the regular PDE’s

P+— (21722)A102a1A2 = g+(TI’Z1)A1 alg—(TszZ)azAz . (7.3&)
81P+_ (21,22) = 2L;b : P+.. (Zl, Zz)Ea(Zl) : 7;1 (73b)
52P+_(21,22) = —ngb . P+_ (Zl,fz)ja(EQ) . 722 (73C)

P—+(§27 Zl)otzAl A2 =g- (T2> Z2)012‘429+(/]'17 zl)Al “ (73d)
81P_+ (?:'2, 21) = 2L;b : P_+ (22, Z])Ea(zl) : ,];1 736)

7.3f)

o~

By Py (72, 21) = —2L2 : Py (%5, 21)Jo(2) T
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for the chiral-antichiral products, and these differential equations tell us immediately
that the chiral-antichiral operator products and OPE’s are regular,

9+ (T, 21)g-(T?, 2;) = regular in (z; — 22) (7.4a)

9-(T2,2)94+(T", 1) = regular in (%, — z;) . (7.4b)

Because of possibly non-trivial braiding however, the regularity of these OPE’s does not
necessarily imply that the chiral and antichiral vertex operators commute.

In our semiclassical expansion, one can be more explicit about the chiral-antichiral
operator products. We first need the chiral-antichiral commutators of the currents with
the zero modes

[7:(0), G (T)] = [J(0), G4(T] = 0+ O(k~/%) (7.52)
Ua(m # 0),G_(T)] = Ja(m #0),G4(T] = 0+ O(™)  (1.5b)

which follow from (7.1) and the expressions (4.11), (4.22) for the zero modes in terms of
the primary fields. The results (4.7), (4.20) and (7.5) collect the complete semiclassical
algebra of the currents with the chiral and antichiral zero modes.

The commutators (7.5) are the natural solutions (because G4(7) and G_(7T) are also
unitary in the extreme semiclassical limit) of the general chiral-antichiral conditions

[Ja(0), G-(T)IGH(T) =04+ O(k™*?) , [Jo(m # 0),G_(T)G+(T) = 0+ O(k™")
: (7.6a)
G-(T)a(0),GH(T)] =0+ O(k*%) |, G_(T)[Ja(m # 0),G4(T)] =0+ O(k™")
(7.6b)
which are the zero-mode analogues of the general conditions (2.20). The relations (7.6a,b)
follow directly from (2.20), without the assumption (7.1), using only the current algebra
and the inversions (4.11) and (4.22).

Continuing with (7.5), and following the steps of Section 5, one obtains the chiral-

antichiral operator products as follows,

g+ (Tl’ 21 )Al g (727 22)012A2 = G’+(7-l )Al ha_ (Tz)ﬁzAzM(zl 7722)3102 c1hz + O(k—3/2)
: _ (7.7a)

g- (727 22)012A29+(T1721)A1 M =G0 (Tz)ﬁzAz G+(TI)A1 A M(21 ) 22)ﬁ102a]ﬁ2 + O(k_s/Z)
(7.7b)
195(T% 2,0 (T, 22)] = [G4(T1), G_(T2|M (21, 5) + O(F™/%)  (1.70)

where the explicit form of M (z, 23) is

M(2, %) = 14iX%(2) T} —iX*(2)T7 + X*(21) X*(2) T T} |
| _ ' (7.8)
+ Nab(zl)jl;lzl + Nab(zz)j—fj? + O(k—3/2)

The form (7.8) for M(z1,2;) can easily be expanded to find the explicit semiclassical
forms of the regular OPE’s (7.4).
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The result (7.7) shows that the ambiguity of the chiral-antichiral OPE’s, and hence the
chiral-antichiral commutator, is entirely in the constant zero-mode products G4 (7)G_(7T)
and G_(7T)G4(T), which then carry the constant quantum space ambiguity [35,40,41] of
the factorization. Among the various possibilities however, the most esthetic solution is
the one in which the chiral and antichiral sectors commute

[GH(T1),G-(T?)] =0+ O(k%7) - (799)

= [9+(T%,2),9-(T%,2)] = 0+ O(k™%?) - (7.9b)

which is the “gauge choice” discussed by Caneschi and Lysiansky in Ref.[41]. In this
case, we also obtain the algebra )

(G4 (TY),9-(T%,2)] = [g+(T",2), G_(T?)] = 0 + O(k~%/?) (7.10)

of the chiral zero modes with the antichiral vertex operators and vice versa. Unless
otherwise stated, we limit the discussion below to the gauge choice (7.9).

8 Semiclassical WZW Vertex Operators

Our final task is to assemble the semiclassical chiral and antichiral sectors into semiclassi-
cal WZW theory, beginning with the semiclassical WZW vertex operators. Using (2.18),
(4.9) and (4.21c) we find

9T, 2,2)s8 = g(T,2)a s (T, 2)a" ’ (8.1a)
= D1, X%(2)+ TRN(2) G(T),* (14 X% () Ta + N*(2) B L] + O(k~%/2)
' ' (8.1b)
G(T)" =Y G (T)a*G4(T)4° (8.1c).
A
G(T) = O(k%) | (8.1d)
OG(T)=0G(T) =0+ O(k~3/%) (8.1e)
where G(7') in (8.1c) is th;e WZW zero mode. _
Here are some important properties of the WZW zero mode.

A. Semiclassical unitarity. The extreme semiclassical unitarity of G(7'),

GHTG(T) =1+ 0O(k™) (8.2)

follows from the extreme semiclassical unitarity of G4(7) and G_(T). This property is
independent of the gauge choice (7.9). :

B. Algebra with the currents. The algebra of the currents with the WZW zero mode
[J.(0),G(T)] = G(T)T. + O(k~%?) (8.3a)
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2km
[1.(0),G(T)) = ~T.G(T) + 0(k'3/2) (8.3¢)

[Ja(m # 0),G(T)] = —

follows easily from (4.7), (4.20) and the gauge choice (7.9a). Curiously, these relations
can also be derived from (4.7), (4.20) and the general conditions (7.6), so they are in
fact also independent of the gauge choice (7.9). The algebra (8.3) is consistent with the
semiclassical unitarity of G(7') in (8.2). ‘

a(m £ 0),G(T)] = —— : G(T)dy(m) : £.°T. + O(k~1) (8.3b)

b, G(T)Jy(m) : +O(k™) (8.3d)

C. Fusion and group multiplication. The fusion rule for two WZW zero modes,

G(THe " G(T = S DEBRS(TITITMG(TH)., ™ + O(k™3%) | (8.4a)
72 a8k
DLAZGH T T TY) = Coyoo™ (T T*TH)CH %5, (T' T*TH) (84b)

follows from (7.9a), (5.3), (5.4), (5.10e,f) and (5.101), where C and C are the classical
Clebsch-Gordan coefficients and their duals defined in (5.10j). To this order of the semi-
classical expansion, the fusion rule (8.4) is the same as the multiplication law for classical
group elements in the Clebsch basis.

D. Averages. Using (7.9a), (6.4) and (6.8b), we find that the zero-mode averages are
Haar integrals '

OIG(TY)--- G(T™)|0)o” = (0|G(T") - G—(T”)|0>aA(OIG+(Tl) - G+(T”)I0)Aﬁ
E vmdA dl 3/2 Z” 3/2)

m,l,A
= I} + Ok = / 4GG(T") -~ G(T™) + O(k™*/?)
(8.5)
thru the indicated order. This result is also consistent with the algebra (8.3).

Using (8.1b) and the properties of the WZW zero mode, the following results are
obtained for the semiclassical WZW vertex operator:
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Semiclassical unitarity of g(7, z, z) and Lie group elements

Extreme semiclassical unitarity of the WZW vertex operator

9(7, z,2) = exp[-2L(Q; (2) + QF (2))BIG(T ) exp[2i L (Q; (= )+ Q7 ()T + O(k7)
- (8.6a)
a'(T,2,2)9(T,2,2) = 1+ O(k71), | (8.6b)

follows from the extreme semiclassical unitarity (8.2) of the WZW zero mode, or from

the corresponding property of g, and g_.

Moreover, we saw in (8.4) and (8.5) that the WZW zero modes satisfy the group
multiplication and group integration laws in the semiclassical limit. Because the classical
limit of the WZW vertex operator is the WZW zero mode

9(T,%,2) = G(T)+O(k% (8.7)

the same multiplication and integration laws are then obtained for the classical limits of
the products and averages of the WZW vertex operators,

9T, 21, 21) 0" 9(T 2, 22, 22) 0y
= Y Cope (TP THCH, (T T TH)(T*, 22, 22)a ™ + O(K™1?)

T 0k, 0k ( )
8.8a

<0|g(71,21,zl)---g(T“,zn,zn)|0>=/dgg(T‘)---g(T")+0(k—1/2) . (8.8b)

It 1s therefore consistent to identify the classical limit of both ¢(7, 2, 2z) and G(7) as the
classical unitary group element G(7') in irrep 7 of g,

9(T,%,2) = G(T) + O(k~V/?) (8.9a)

G(T)=G(T)+ O(k™V?) (8.9b)
1) =/dg(~-)+0(k-1/2) . (8.9¢)

To complete the classical results (8.8), the full semiclassical WZW OPE’s and averages
are given below.

In the same way, the classical limits of the primary states (2.5) of affine (¢ x g)
¥’ (T) = g(T,0,0).°10) = G(T)."|0) + O(k'/%) (8.10)

are proportional to the classical group elements. This fact was first observed in Ref.[43].
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Semiclassical WZW OPE’s

The full OPE of two semiclassical WZW vertex operators is

9(717 21 ) Zl)oq ﬁzg(TQ, 527 Z2)a2ﬂ2
— Z |z12IZ[Ag(Tk)—Ag(Tl)—Ag(ﬁ)]Ddl Baag (TIT2TIC)

p1020
Ty s Pr
£1,01

ay o1

% {g(Tk,Z'z, ZZ) 5k5p1 5ﬁ1

o0 7'+1
+ Z s 1)'2Lab (T zg,zz)akﬁ"ang(zz) : 6211 (7;1)01[31
0 —7’+l L
- ZO L;‘” : 9(T*, 22, 22)0, " 05 Jo(Z2) (TH)oy 62
) Z{;-$+2 Lachd T Bk kT aSJ 5 TITI B
+r§0 (7‘+ +2) g9 ( Zz,Zz)ak [ 6(22) (22)] al( d a,)ol
[’} Er+s+2 , d i R ) . ,
s Lg Z x93 103 z P1 5B
T2 ool 0T 2 ) MO0 N(2) R)] - (T T b0y

o0 41 =s+1

-S> A __ A __ypabred . o(TH 25, 2)a "kang<zz>55Jc<zz>:<7;1)a1“(7;1)a]"1}

r,s=0 (T' + 1)' ( + 1)

+ O(k™%?)

(8.11)

where D in (8.4) is quadratic in the Clebsch-Gordan coefficients C. It is observed that
these OPE’s have trivial monodromy, as they should, with leading semiclassical terms

which are the WZW primary fields themselves.

Semiclassical WZW correlators

The semiclassical WZW correlators are

Ay(T,2,2) = A](T,2) A} (T ,2) = (0lg(T ", 21, 21) - - - g(T ™, Zn, 20)|0)

_ (8.12a)
= {1 +2Ly YT lnzj] OIG(TY)--- G(T™0) |1 + 2L 3T, Inz; | + O(k™%?)
i< <y
(8.12b)
= [HzL;bZzﬁ;f Inz,-]] M1+ 20 S T Inzig | + O(K3/%) (8.12¢)
1<j L]
= [1 4L S T 1n|z,-j|} IM + O(k=3/%) (8.12d)
i<j
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wher I7' is the Haar integral in (2.17). The result (8.12), which is the central check on the
results of this paper, is the known [42] form of the semiclassical WZW correlators. The
simplicity of the result is due to the fact that, once again, the normal-ordered terms in
(8.1b) fail to contribute to the correlators at this order of the semiclassical expansion. It
is clear that these correlators have trivial monodromy when one z goes around another,
and, moreover, the chiral and antichiral intrinsic monodromies (4.30) have cancelled, so
that the intrinsic monodromies of A, are trivial.

9 Conclusions

Supplementing the discussion of Moore and Reshetikhin [25] and others [26-41] we have
given a new semiclassical nonabelian vertex operator construction of the chiral and an-
tichiral primary fields (the chiral and antichiral vertex operators) associated to WZW
theory, and the nonchiral primary fields of WZW theory itself.

The new nonabelian vertex operators were obtained as the explicit semiclassical solu-
tion of known [26,25] operator differential equations for the chiral and antichiral primary
fields, and they are the natural nonabelian generalization of the familiar abelian vertex
operators [23]: The new vertex operators involve only the representation matrices 7 of
Lie g, the currents J, J of affine (g x g) and the chiral and antichiral zero modes G+(7),
and they reduce to the familiar abelian vertex operators in the limit of abelian algebras.
So far as we have carried out the semiclassical expansion, it was seen that the zero modes
carry the full action of the quantum group, and moreover, we were able to identify the
classical limit of the nonchiral WZW zero mode G(7) = G_(7)G4(7) as the classical

group element in irrep 7 of g.

Combining our results with those of Ref.[25], we computed the semiclassical OPE’s
among the chiral and antichiral vertex operators, and among the nonchiral WZW vertex
operators themselves. Moreover, it was verified that the new vertex operators reproduce
the known [42] form of the semiclassical affine-Sugawara conformal blocks and WZW
correlators, and connections with semiclassical crossing matrices [42] and braid relations

v

[30,40] were also discussed.

We finally note that semiclassical blocks and correlators are also known [42] for the
coset constructions and a class of processes in irrational conformal field theory. Conse-
quently, the present work should be considered as a first step toward finding the semi-
classical nonabelian vertex operators and OPE’s of these more general theories.
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