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Abstract

We construct a realization of the elliptic quantum algebra U, p(s/l;) for any
given level k in terms of free boson fields and their twisted partners. It
can be considered as the elliptic deformation of the Wakimoto realization
of the quantum affine algebra Uq(s/l;). We also construct a family of
screening currents, which commute with the currents of U, p(s/h\v) up to total
g-differences. And we give explicit twisted expressions for the type I and
type II vertex operators of U, ,,(s/l-g\v) by twisting the known results of the
type I vertex operators of the quantum affine algebra U, (517\/) and the new
results of the type II vertex operators of U, (s/lz\v) we obtained in this paper.

PACS numbers: 02.20.Uw, 03.65.Fd, 12.40.Ee

1. Introduction

Infinite-dimensional symmetries, such as the Virasoro algebra (W-algebra in more general)
and affine Lie algebras, play central roles in the two-dimensional conformal field theories
(2D CFTs) [1]. For the non-conformal (off-critical) integrable theories, their roles are taken
over by the so-called quantum algebras. From the algebraic point of view, there are three
kinds of quantum algebras, according to different exchange properties, which are nominated
as rational, trigonometric and elliptic quantum algebras, respectively. The quantum algebras
of the former two kinds could be regarded as certain degenerate cases of the latter one. For
example, the quantum affine algebras (trigonometric), which are also known as the quantum
group [2, 3], and the Yangian double [4] with central (rational) can be obtained as a certain
limited case of the elliptic quantum algebras. Various versions of elliptic quantum algebras,
also called elliptic quantum groups [5-7], have been introduced to understand elliptic face
models of statistical mechanics, and in their semiclassical limit, CFT of Wess—Zumino—Witten
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(WZW) models on tori. In [8], there are more detailed discussions on applications of quantum
algebras to the 2D CFTs. Their roles are similar to the Kac—-Moody algebras in WZW models.
And from the Hopf algebra point of view, the elliptic quantum groups are nothing but quantum
affine algebras equipped with a co-product different from the original one by a certain kind
of twisting, so they can be viewed as quasi-Hopf algebras in the sense of Drinfeld [9]. They
have two types which correspond to different types of integrable models: the vertex type
A, p(s/l;) and the face type B, ,(G), where G is a Kac-Moody algebra associated with a
symmetrizable generalized Cartan matrix [10]. The former is closely related to vertex models,
for example, the XYZ model, or equivalently, the eight-vertex model in the principal regime
[11]; while some face models, such as the Andrew—Baxter—Forrester (ABF) models [12] which
are ‘solid-on-solid’ (SOS) face models, possess symmetries corresponding to the face-type
elliptic algebras B, ;(G).

In mathematics, it is natural to study these algebraic objects’ structures and their
representations. In physical applications, their representations are also required. The standard
scheme to study integrable models in field theories or statistical mechanics is solving the
following basic problems: to diagonalize the given Hamiltonian and then to compute the
correlation functions. Usually, it is quite difficult to solve such problems directly. It has
been indicated that the algebraic analysis method is an extremely powerful tool for studying
solvable lattice models, especially for deriving the correlation functions. This method is based
on the infinite-dimensional quantum group symmetry possessed by a solvable lattice model
and the representation theory of such symmetry. This algebraic method could be viewed as
the quantum version of the powerful inverse scattering method [13]; see [14] for a review
on it. As a result, if one expects to perform algebraic analysis over the above two types of
elliptic lattice models, he should first study the corresponding elliptic quantum groups and
their representations.

It is of special interest for the algebra of the intertwining operators in the WZW model. It
was derived by Knizhnik and Zamolodchikov that the matrix coefficients of the intertwining
operators for the WZW model satisfy certain holonomic differential equations, i.e., the
Knizhnik—Zamolodchikov (KZ) equation [15]. In [16], for the quantum affine algebra, the
authors defined g-deformed vertex operators as certain intertwining operators and showed that
they satisfied some holonomic difference equations called the quantum KZ (qKZ) equations.
So it is also expected that the representations of the elliptic quantum algebras are helpful
in constructing the elliptic-type solutions of the quantum Knizhnik—Zamolodchikov—Bernard
(gKZB) equation, which is a higher genus extension of the gKZ equation [17].

At the classical level, there are various models of representations for the current algebras
and each of them is of significance in certain applications. Here, we just mention two
of them: the Wakimoto construction (free field realization) [18-20] and the parafermion
realization [21-23]. Recently, the explicit description of free field realizations of current
algebras has been given in [24-26]. In [27, 28], the XXZ model in the anti-ferromagnetic
regime was solved by applying the level-one representation theory of the quantum affine
algebra U, (EE). In studying a higher spin extension of the XXZ model, the realizations of
U, (S/l\z) at level k > 1 are required, and they were constructed by several authors, such as the
Wakimoto realization in [29] and the /p\arafennion realizations in [30, 31]. Furthermore, in
[32], the free field realization of U, (sly) with arbitrary level k > 1 was given, and it plays
a central role in understanding the higher rank extension of the XXZ model. The Wakimoto
construction is also a powerful way to study the integrable massive field theories [33]. In
practice, free field realization, which is an infinite-dimensional extension of the Heisenberg
algebra, is quite an effective and useful approach to studying complicated algebraic structures
and their representations. The level k free field representation of Yangian double DY;(sl,)
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and applications in physical problems were discussed in [34, 35]. The level-one free field
realization of the Yangian double with central DY;(sly) was constructed in [36], while the
level k representations of DYy (sly) and DY;(gly) were given in [37]. It should also be
remarked that the Yangian double with central DY (EE) is the symmetry possessed by the
Sine—Gordon model, which is the field theory limit of the restricted SOS (RSOS) model
[38, 39].

It is first noticed by Lukyanov and Pugai [40] that a symmetry of the RSOS model is
generated by the g-deformation of the Virasoro algebra (g-Virasoro algebra). The free field
realizations of screening currents and vertex operators enable them to analyze the structure of
the highest weight representation of the g-Virasoro algebra. And the screening currents they
constructed satlsfy an elliptic deformation of U, (slz) at level 1, which is called the elliptic
algebra U, p(slz) In [40] the elliptic algebra is obtamed by twisting the Cartan current. In
some sense, we say that the elliptic algebra at level 1 governs the structure of the g-Virasoro
algebra. It seems true that it also holds for their higher rank extensions. So following this
approach and the above-mentioned expectations, it is important to obtain the realizations of the
elliptic quantum algebras. In fact, for studying the RSOS model and its higher spin extension
(i.e. the k-fusion RSOS model), the representations of Uy, p(fl\z) with any given level k have
been presented in [41] and [42]. They are different from each other. The former can be
viewed as the elliptic version of the parafermionic realization, which is obtained by twisting
the parafermionic realization of the quantum affine algebra U, (EE) and the latter is the elliptic
deformation of the Wakimoto realization. The elliptic algebra Ug.p (slz) is actually the Drinfeld
realization of B, ,\(slz) showed in [43]. Furthermore, in order to study a higher rank extension
of the RSOS model, we should construct the realizations of Ug.p (sl ~). It can be viewed as the
Drinfeld realization of the face-type elliptic algebra B, ;\(sl N) showed in [43, 44]. However
only in the level-one case, the parafermion realization of it was given in [44]. And it cannot
be extended to the higher level &, although parafermion theory is important in physics [2&33]

and in mathematics [45]. The realizations of [41, 44] are based on the facts that in the su(2),

case, the parafermions are decoupled from the Cartan current, while in the Wl case, the
parafermions become trivial (i.e. identity operator). In fact, the bosonization of non-local
currents for higher rank and higher level algebras is a huge project even in the classical level.
So if one wants to deal with the elliptic quantum algebra of higher rank through bosonization
of the non-local currents, it will not be a practical way. In this paper, we will introduce a new
way to construct the free field representation of the higher rank algebra U, p(s/l;). It is the
higher rank generalization of the construction in [42]. And our construction could be viewed
as a twisted version of the quantum semi-infinite flag manifolds [19].

In the free field approach, there are two necessary ingredients that one has to discuss:
screening currents and vertex operators (VOs). They all play crucial roles in calculating
correlation functions and investigating the irreducible representations. The screening currents
commute or anti-commute with the currents of Uy, ,,(s/l;\v) up to a total g-difference of some
fields. And for this algebra, there are two kinds of VOs with distinct physical applications: the
type I VOs and the type I VOs. The former is a local operator which describes the operation
of adding one lattice site, and the formula of the correlation functions can be expressed as
traces of the product of these operators over irreducible representation space; while the latter
plays the role of particle creation or annihilation operators. In this paper, we also construct the
free field realization of these two important objects. In fact, they are all obtained by twisting
the corresponding ones of the quantum affine algebra U, (sl ~). In order to do that, we have
to construct the type I VOs of U, (sl ~) which have never been given before. In fact, even for
the classical affine algebra, the type II VOs of it are unknown.
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In section 2 of this paper, we define the Drmfeld realization of U, p(sl ) as a certain
tensor product of the quantum affine algebra U, (sl ~) and a Heisenberg algebra, which is
different from those given in [43, 44] With this deﬁmtlon it is more convenient to construct
the free field representation of U, ,,(sl ~) with given level k. And in section 3, we will present
the construction in two steps. In section 4 a series of screening currents of Uy, (sl N) are given.
In section 5, the explicit expressions of the type II VOs of U, (sl ) and the two types VOs of

Uy, p(sl ~) are presented.

2. The elliptic quantum algebra U, p(sﬁj\v)

There are two types of the elliptic quantum algebras: the face type and the vertex type. Here
we only consider the face-type elliptic algebra U, , (s/l';\v), which can be viewed as the Drinfeld
realization of the face-type elliptic quantum group By ; (;l;). Usually, we can also consider it
as the tensor product of the quantum affine algebra U, (s/ll\v) and a Heisenberg algebra. In this
section, we will first review the definition of U, (sl ~); then we w will define the elliptic currents
of it; lastly, we give the definition of the elhptlc algebra U, p(sl ~). Throughout this paper, we
fix a complex number g # 0, |¢| < 1.

2.1. The quantum affine algebra U, (s’l.]\v)

In this subsection, for convenience, we give a review of the definition of U, (s/l;). We will use
the standard symbol [n]:
=19 _

q9—d4
and let A = (a;j)i<i, j<n—1 be the Cartan matrix of sly. The dual Coxeter number of it is
denoted by #¥ and h¥ = N

Definition 1. U, (ﬂ;) is the associative algebra over C with Drinfeld generators H!
(n € Z —{0}), eni*i (meZ)h; (i =1,...,N — 1) and the central element c satisfying the
following defining relations:

[hi, H]] =0, [hi ey '] = +ai;er’ 2.1
[H) H]]= [a""'nnﬁaw,o, (2.2)
[H, e’ ] = [anﬂ Fenin, 2.3)
e (Sij 5(n—m) g i _ ,—5(n—m) 2.4
[ n 2 Cm ] qg—q- (q w+,n+m q w— n+m) ( )
[enins em?] oo + [ej;fl,ej*"]qﬂ,.j =0, (2.5)
[e 1 ] fOr a;j =0, (2.6)
[ s [ il ]q¥l]qil + [eni;’iv [eil eli ]](ﬁ‘]qil =0 f0r ajj = —1, (27)

where Iﬂi’n are defined by

Z wi,nz—n — q:l:/’l,' exp (:f:(q _ q—l) Z H,[;Z_n>,

nez +n>0
and the symbol [A, B), for x € C denotes AB — xBA.
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If we introduce the generating functions ¥, (z) and e*'(z) i = 1,..., N — 1) as
Vi@ =) vh," e =) s
nez nez

which are called the Drinfeld currents of U, (s/lz\v). In terms of them, the above defining
relations (2.1)—(2.7) can be recast as

[vi), viw)]=0, (2.8)

(=g “w)(z — g~ WYY (w)

= (2 — ¢ w)(z — ¢~ W)y (WYL (2), (2.9)
(@ = g Dw)pl@)e™ (w) = (¢ z — gFrw)e™ (W)Yl (), (2.10)
(z = " Dw)et @Y (w) = (¢ z — T w)Y (w)e™ (2), (2.11)
[e*(2), e (w)] = m(aq"w/z)wi(ﬁw) —8(q w/a¥ (¢77w)). (212
(z — g™ w)e™ (2)e™ (w) = (g™ z — w)e™ (w)e™ (2), (2.13)
eti(g)e™ (w) = eI (w)e* (z) for a;; =0, (2.14)

e (z1)e™ (z)e™ (w) — [2]e™ (z1)e™ (w)e™ (z2) + e (w)e™ (z1)e™ (22)

+ (replacement : 71 <> 75) =0 for a;; =—1, (2.15)

where §(x) = >, , x".

2.2. The elliptic algebra Uqﬁp(s/ll\v)

The elliptic algebra U, p(s/lj\v) can be considered as the tensor product of the elliptic currents
of U, (sly) and a Heisenberg algebra [43]. We first give the elliptic currents of U, (sly). A
pair of parameters p and p* will be used:

p= q2r’ p* — qzr* — pq—2c (V* =r—cr, r* = R>0).

Let us define the currents Dii(z; r,r*)ye U, (s/l';;) (i=1,...,N—1)depending on r and

r* as

1 i e
+/_. kY i (r*+5)n _n
D (z;r, ™) =exp < E = H.,q" ™"z )

n>0

1 . .
Di_(Z; r, r*) = exp (_ Z ﬁH’qu(r—z)nZ—n)’

n>0
which are different from those in [43, 44] by a power of g. Using them we can define the
‘dressed’ currents \IJ[i(z), ei(z)and fi(z) i =1,...,N—1)as

W(2) = D g%z WL D] (g 2z r 1),

V7 (2) = D (g i YL @D] (g z ),

ei(z) = D (z; 1, rMe* (2),

fi(@) = e (2)D; (z; r, 7).
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Obviously, these currents all depend on the parameter p. Moreover, applying (2.8)—(2.15)
we have the following proposition by the direct calculation.

Proposition 1. The fields \Ifii(z), ei(z)and fi(z) i = 1,..., N — 1) defined above satisfy
the following elliptic commutation relations:

0,(¢ )0, (q% %)

VW W) = o @ D)e, (_a,jj_))w,*(w)wf(zx (2.16)
YT () = gigpq_)) (]qu?; W )W} Q). 2.17)
U (2)ej(w) =q“"”%e,(wwi(z) (2.18)
W@ i) = o 2T E) ), 2.19)

T, la7)
(SU < +, £ ¢ < o P
lei(2), fi(w)] = —(5<q —)‘P,- (g2w) — 5<q —)‘Ifi (g 2w)>, (2.20)
(g — w w

g Dzw
® .. (g% 2
ei(z)ej(w) = q_a’j%% (w)e;(z), (2.21)
p* 1]
® —ajj L
fi@) fj(w) = qai‘fwfj (w) fi(2), (2.22)
O,(q% )
* 222
(pq_2+p) ej(w)e;(z1)e;(z2)
(p*q722: p*)

* 21

(P*ai p*) o (Prg ™' 25 p

—[2]
(prq='%; p*) (PP a s p*

(P*a%; p*) o (Pa ™" 2 p*) o (P92 p*) o (PPa 7" 25 0% (21 yer(ea)e ()
(pra "2 ) (pra % ), (pra 2 %) (pra i),
+ (replacement : 7| < 75) =0 for |i—jl <1, (2.23)
pg i p
ﬁ fiw) fi(z1) fi(z2)
P9 p aip)
—[2]( - ) (g - P) fi(z) fi(w) fi(z2)
(pa='2:p) (Paip),
P4%5 D)o D) (PA25 1) '2p
qul ))(( oy ; qu ))(( e p; Fi@) fiza) f(w)
+ (replacement : 7; <> z2) =0 for li—jl <1, (2.24)

where we use the elliptic theta function ©,(z) for any parameter t = q*° (v € C) defined as

0,(2) = (2; Dotz Do (t5 oo,
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in which

@hon e =[] (=2t 5%).

Here these ‘dressed’ currents \IJ (2),ei(z) and fi(2) (i =1, — 1) are called the
elliptic currents of U, (sl ~) since they obey the above elliptic commutatlon relat1ons
Next, we need a set of Heisenberg algebras generated by P;, Q; (i =1, . — 1) with
_ dij

[PHQ 2’

to add nice periodicity properties to the elliptic exchange relations (2.16)~(2.24). And the
Heisenberg algebras commute with U, (sly). For convenience, the following parametrization
will be used in the following sections:

g = e—ﬂl/rr7
p= e—27r1/r’ p* _ e—27'r1/r
7= q2u _ 672niu/rr

With them, we can further define the currents Hii (u), Eiu)and F;(u) i =1,...,N—1)
as follows:

HE () = Wk (2) 22 (g0 97) "7 =
E;i(u) = e;(z) &> e

(hi+P;—1)
Fiw) = fi(mz"

They are actually the tensor product of elliptic currents \IlijE (2), €i(z) and f;(z) with the
Heisenberg algebras. And to distinguish them from the elliptic currents, we call them the total
currents. It should be noted that the choice of the zero modes in H i(u) E;(u) and F;(u)
is different from that glven in [43, 44]. Our choice makes our constructlon of the free field
realization of U, ,,(sl ~) more convenient . Now the definition of Uy, ,,(sl ~) can be stated

explicitly as.

Definition 2. The elliptic algebra U, p(s/l;\v) is isomorphic to the associative algebra over
C generated by Hii(u), Ei(w) and F;(u) (i = 1,..., N — 1) with the following defining
relations:

+ + _Qr(“_v_%)er*(”_v"'TI) + +

H* ) H*(v) = T v )H W) H(u), (2.25)
v v =5 =) b —v+§+F)

O =y s+ ) b fu —ww g — ) T A, (220
i Oe(u—vE§+) .

HEW)E;(v) = P PR E; () HE ), 2.27)

HEu)F;(v) = br(u—v ¥ iz 7) Fi()HE(u), (2.28)

lu—vF5+%)

LB ). Fy ()] = —d 5( - —5)H+< —5)
lu’jv_(q—q—‘)zw w—v— JH\u—~

5 \u- ¢ 2.29
— <M—U+§ i(v—z)>, (2.29)
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9,*(14 —V+ a”)

Ew)E;(v) = —aE (WE;(u), (2.30)
6« (u —v— 2’)
(v —%)

Fiu)F;(v) = ———— = Fj(v)Fi(u), (2.31)
O (u—v+%) "’

2 (P PEipY)

1

m{Ej(u)Ei(ul)Ei(MZ)

dij * aii Z . * * ,—aij 21 . *

A N A Y -

- [2]<ZZ_1> Ep*q—a;li~ p)*o)O((p*q(li/ZZ_l- p*;oo Ei(ul)Ej(u)Ei(uZ)
k] oo ) 00

+<5) <_>*]( g5 p*) (a2 pY)
z ) (prq=i£; p) (prqi 2 p¥)

(p qa,,zz’p) ( * —a,,Zz *)

ZEi(u)E;(u)E;(u)

(Pra= 5: %) (Pra“ 21 p¥)
+ (replacement : 71 <> 75) =0 for i —jl <1, (2.32)
—22
2\pq s P
Z{(2+) Fi(u)F; (uy) Fi(uz)
(Pg*2; p)

aij

—m(i)_r (a5 D)o (PI 25 P)s ey o
2 (pq"";’ P)oo(m "‘f;: P)oo

*(i)_?(i)_?(pq_“""f‘“’”%(m“’*%;p)w
a) \a) (pazip)(paLip),
(Pa~ %: p) o (Pa" 21 p).,

(Pa® %1 p) (Pa~2:p)
+ (replacement : 71 <> 73) =0 for i —j| <1, (2.33)

2 Fi(u1) F; (uz) Fj (u)

where the notations of the Jacobi theta functions 6, (u) for v € C are used,
O, (g*)

142
— gy W_4 7
O(u) =q @ ™)
’ o0

Note that we have used the parametrization z = ¢*, w = ¢* and z; = ¢* (i = 1,2) in
the above expressions. In the following, we will use this parametrization without mentioning
them if they are not confused. It is easy to see that the above relations (2.25)—(2.33) have good
periodicity properties because of the quasi-periodicity property of the Jacobi theta functions,
such as

0.(u+r)=—0.(u), 0, (u +r7) = —e TG (i)
and similar relations hold for 6, (1) with r replaced by r*.

3. Free field realization of U, ,(sly)

The level k representation of U, ,,(s/l-l\v) has not been given before. Although the free field
realization of it in level 1 was given in [44], it cannot be generalized to the higher level case.
In this section, by using a new method, we will construct a free boson realization of U, , (sly)

8
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with given level k. This method was used to construct a free field realization of U,, p(s/l;)k in
[42]. Here we will show that it can be generalized to the higher rank case. The method is
to twist the level kK Wakimoto realization of U, (s/l-l\v) by constructing some ‘twising’ currents.
We will first fix some conventions and review the Wakimoto realization of U, (sly) in [32],
then we will give our construction in two steps: the first one is the bosonization of the elliptic
currents of U, (s/l;,), and the second one is the free boson realization of the total currents.

3.1. Notations

We introduce a quantum Heisenberg algebra %, ; with the generators: a!, p.,q! for
1 <i<N-LDb,plq andcl, pd,q’ for1 <i < j < N, where n € Z, and
the defining relations are as follows:

Vv P
[af e = G [ al] = g,
2 ii Y PV
D L SR 1O AL T
2
[, = U a8 8. o0l ] = 870

and the others vanish. Using them, we set the generating functions a'(z; «) for « € C and
a(z)(1<i<N-—1)by

. al . ,
a'(z;a) = — Z ﬁq*alnlzﬂl +qi +piinz,
n#0

al(2) = i((q —q" a7+ pl 11161)
n>0

and a'(z; 0) = a’(z) for simplicity. Similarly, the generating functions 5"/ (z; o), bij (z) and
c(z;a),c/(z) for 1 <i < j < N can also be given. These generating functions can be
viewed as some free bosonic fields, if we consider the generators of J7; ; as the modes of
N? — 1 free bosons: a' (1 <i < N — 1),b" and ¢¥ (1 < i < j < N). We also define the
completion J77 x of J7; i as

,%k:limf%fbk/ln, n >0,
where I, is the left ideal of %, ; generated by all the polynomials in {a/, (1 <i < N — 1), byl
and ci(1 < i < J < N) : m > 0} of degree greater than or equal to n (here we set
deg (a},) = deg (bm) = deg (c) = m). The normal order prescription : : is set by moving
al (n > 0) and p! to the right, while moving a’ (n < 0) and ¢/, to the left. For example,

. ai i ai
s exp(a’ (z)) :=exp <— —"z")eqﬂzpa exp <— —"z").
,; (n] g (n]

In terms/gf the a/b\ove free bosonic fields, we can define a homomorphism £, x from the
algebra U, (sly) to 57 . It is defined on the generators by

hex(Vi(2)) =: exp (Z (bim(qﬂ%ﬂ'—nz) _ bii(q:l:(%ﬂ')z)) +a§[(qﬂ:%z)
j=1

N
+Z@Mﬁ“®%ﬂ%“*%0s 6

j=i+l
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i

—1 L
————— ) exp((b+0)"(g' ')
(¢ —q7 Dz ;

hex(e™ (2)) =
x (exp(bi (@712 — (b + )7 (g72)

—exp (b} H-l( jflz) _ (b+c)j,i+l(qj72Z)))
j—1

X exp (Z by (q'""2) bi"(q’z))) 3 (3.2)
=1

i—1
ﬁ(Z exp((b + )™ (g z))
J

x (exp(=b" (g~ " z) — (b + ) (g~ * D))

hyi(e™(2)) =

—exp (—bL (g~ 2) — (b + )P (g~ D))

X eXp ( Z (bl;i+1(q—(k+l—l)z) b (q—(k+l)z))

I=j+1

N
ral(g )+ )0 (D - "Z@(WDZ))) |

I=i+1

+exp((b+0)" (g™ "2))

I=i+1

N
X exp (a’_ (qi%Z) + Z (bi_,l(q*(kﬁ)z) _ bi_‘*’l,l(q(kﬂl)z))) .
_ - exp((b+c)i,i+l(qk+iz))

N
X exp (ai(q“gz) + Z (bi,l(qkﬁz) _ bi+l.l(qk+l—lz))> .

I=i+1
— Y rexp((b+0)" (g '2))
j=i+2
(exp( z+l ](qk+] 1 ) _ (b+c)i+l,j(qk+jz))
—exp (bij-l,j(qlﬁj—lz) — +C)i+l,j(qk+j—2Z)))
k+hY. N
X exp <ai(qzz) + Z (b:_’l(qk”Z) _ bfl’l(qk”_lz))) . ) (3.3)
I=j
Then we have the following proposition followed from [32].

Proposition 2. 4, (1//1(1)) and hq,k(ei’i(z)) (i=1,...,N — 1) with k = c satisfy the
commutation relations (2.8)—(2.15).

10
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As a result, when k # —h", this homomorphism /4, gives the Wakimoto realization
of the quantum affine algebra U, (sl ~) with k = c. In the following subsections, we will
construct the free field reahzatlon of the elliptic algebra U, , (sl ~) by twisting this realization.

3.2. Bosonization of elliptic currents

In this subsection, we show the first step of our construction: giving the bosonization of
the elliptic currents LIJ[jE(z), ei(z)and f;(z) (i =1,...,N —1)of U, (s/l;). For brevity, in
what follows we will use the same notations for the elements of U, (ﬁ;;) and their images
in the completion of J7; ;. Here we need to introduce some new currents Dii(z; r,r)

(i=1,..., N —1)depending on parameters r and r* as
U e, . .
D} (z;r, r*) = exp { Z - (a‘_nq_kzh "y Z (bf,’f‘q_(k”_”” — blg* )
n>0 j=1
N P . .
+ Z (bl;iq—(kf])n _ bl*’nlnlq—(kf]—l)n)>qtnzn}
j=i+l
1 . k+hY

D (z;r,r*)=expi— Y —\|aq ="

+Z bj i+1 7(k+j l)ll_bjqu(k-i-j)n)
j=1

N
+ Z (bil,jq—(lﬁj)n _ b:;+l.jq—(k+j—1)n)>qmz—n},

which are nominated as twisting currents; then we have the following lemma.

Lemma 1. The currents DijE (z;r,r™) (i =1,..., N — 1) and the fields in equations (3.1)-
(3.3) satisfy the following commutation relations:

—a;jj—k z . a;j+k z
D;’(z;r,r*)Dj_(w;r,r*):(pq — ’p) (pq +kz’p)ooD (er)D+(er)
(pq®i=*Z:p). . (p*q=@*cZ; p*)
(3.4)
Dii(z; 7, r*)Dji(w; rr) = Dj[(w; 7, r*)Dii(z; r,r¥), 3.5)
k k
; pq T2 < p* prqiT ’Z,p
Df (z; 1, r) Yl (w) = ( — )eo — )es vl (w)D;f (z:r, "), (3.6)
(Pa ™25 ) (P02 55 7).
D} (z; r, r) Y (w) = ¢! (w)Df (z; 7, 1), (3.7)
. dij N .
DF (@)t (w) = Mw (W) D* (2, 1), (3.8)
(P*a= 51 p*) o
) —al/+k zZ. : )
D e ) = L ik ) iy D2 e 1, (3.9)
(p*q ‘P*)oo
D (z: 1, r)Y (w) = ¥ (w) D (3 1, 1), (3.10)

11
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. (pqaij"'%ﬂ; p) (p*q_“i/"'ﬁﬂ; p)
Dy (@ir iyl (w) = S S <yl (w)D; (zrr*), (D)
(Pg=* % p) o (Pq*2 %5 p)

—a;j—kw )
(Pa % D) W) Dy (z: 7, 1), (3.12)

D7 (z;r.rMet (w) = (pqau—kﬂ' p)
z? o0

N T

e/ (w)D; (z; r, ). (3.13)

Proof. A straightforward but lengthy operator product expansion (OPE) calculation verifies
this lemma. Here, we only take the first one as an example. It is obvious to see that

Di(z;r, r*)D;(w; rr*) =: Df(z;r, r*)D;(w; rr*)

and using the following formulae:

etel = oA BlpB oA if [A, B] commute with A and B;
xl‘l
e — — | =1-x;
wo(-X) -1
n>0
(1—-x)'= Zx"
n=0

we can prove the following relations for three cases: j =i,|j —i|=1land |j —i| > 2

—k ij+k zZ

Z:p%)
0%

<:p),, (prq~

+k 2

(pq®i~

Dy (w;r,r)Df (z:r, 1) =
! ’ (pa~7*5:p) (prq®

e : D (w; r,r*)Df (z;r, ),

then we obtain (3.4) since
:Df (z;r, r*)D; (wir,r™) i=: D} (wir, r*)Df (z; 1, r7) =
The others can be proved similarly. ]

Now twisting the free boson realization (3.1)—~(3.3) of U, (s/l,\\,) with Dii(z; r, r*), we have
free bosonic fields ‘-IJijE (2),ei(z)and f;(z) i =1,..., N — 1) given by

V() = Df gz )i @Dy (g 2z 1Y), (3.14)
W (2) = Di(g 2z )W (D] (g2 1Y), (3.15)
€i(z) = D} (z:r,r)e™ (2), (3.16)
fi(2) = e (2)D; (z; 1, 1); (3.17)

then applying lemma 1 and proposition 2, we can obtain the following theorem.

Theorem 1. The fields (3.14)—(3.17) with k = c satisfy the elliptic commutation relations
(2.16)—(2.24) in proposition 1.

Proof. For example, we just prove (2.16). By (3.14),
Vi ()W} (w) = D;’(qu;r, r)Wi)D; (g~ iz )D+(q w;r, T )W+(w)D (¢~ Twir, r);

12
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using proposition 2 and (3.4)—(3.6) in lemma 1,
Vi@w () = vl vl ),

(P~ <: p) (P*q“ ™ Z: p*)
(Pa®s 22 p) o (Prq " 51 p7)

X Dj_(q_%w; r, r*)D;r(qu; rr¥),

Df(qu; r, r*)Dj_(q_%w; 7, r*) =

(Pq~ % z/w; P*)oo (P*q“ 2/ W; P*)oo
(Pq%iz/w; p*)oo(P*q ™% z/W; P*)oo

D (q*zir,r*) ¥ (w) = vlw)Di (¢ zr.r),

we obtain
W ()] (w)
_ (pqz/w; Poo(Pq“Iw/z; ploo(P*qUz/W; P (P W/Z; PF)oo
(Pq“iz/w; Ploo(Pg~ W /25 Poo(P*q~ 2/ W; P*)oo(P*qUw /25 P*)oo
moreover, since the following identity holds:
(Pq™ " z/w; P)eo(P*qU z/W; p*loo (@™ “T2/W; P)oc(q®iz/w; p*)
(Pqiz/w; Ploo(P*q ™12/ W Poo  (q2/W5 Ploo(q@™ M2/ W; P*oo
the commutation relation (2.16) is obtained:

(@5 p) oo (Pa™ %3 p) o (a% 53 P¥) o (P*q ™" %5 p¥)

W W)W (2);

Vi (V] (w) = 2WT(w) ¥ (2)
J (qa;jw’ p)oo(pq_a‘/?’ p)oo(q—a,, i; p )oo(p qa,/?’ p*)oo J
® —aij 2\@ . (g% £
— p(q “Zw) P (? Z))‘l{-f-( )‘-IJ:-(Z),
©,(q45)Op (a7 5)
The commutation relations (2.17)—(2.24) can be verified in the same way. O

Corollary 1. /\Iff(z), ei(z) and fi(z) (i = 1,..., N — 1) defined above realize the elliptic
currents of Uy (sly) with level k = c.

Actually, in the p — O limit, \Ifl.i(z), ei(z)and fi;(z) i =1,..., N — 1) give a new free
field representation of U, (s/y), which is different from that in subsection 3.1. More precisely,
as p — 0 (orr — o0):

Vi) — Wl(g" ), V() — (Vigka)
@) > g "W @) e @), fi) = e " (wig" )

here
hi ZZ(pl i+l +Pa+ Z _ t+ll ’ (3.18)
I=1 I=i+1
which has a lot of useful properties. And we will discuss them and apply them in the following
sections.

3.3. Free field realization of Uq,,,(s/l.]\v)

The second step of the construction is presented in this subsection. We will construct the free
boson realization of the total currents. In order to do that, we need to introduce a Heisenberg
algebra .77 generated by p; and §; (1 <i < N — 1) such that

dij

2

and they commute with @’ (1 <i < N —1),b7 and ¥ (1 <i < j < N).

[gi, ;1=

13
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With them we define the fields Hii(u), Ei(w)and F;(u) i =1,...,N —1) by

R (ithi=1) _ (hi=D
Hii(u) _ \I/li(z) ez‘f"cﬁh” (qi(r—é)z) 7 . (3.19)
Ei(u) = e(z) Xz (3.20)
(hi+p; =)
Fiw) = fidz . (3.21)

w/h\ere h; is given by (3.18). Then (3.19)—(3.21) define a homomorphism from Uq,p(s/ll\v) to
J; x ® J. Here we have the following lemma about As.

Lemma?2. Fori, j =1,..., N — 1, the following commutation relations between h; and the
fields in (3.14)—(3.17) hold:

[hi. W7 ()] =0,
[hi,e;(2)] = aije;(2),
[hi, f; (D] = —aij £ (2).

This lemma can easily be verified by using the Hausdorff formula, and they are the useful
properties that /s possess, which we mentioned at the end of the above subsection. Then we
obtain the main theorem by applying lemma 2 and theorem 1

Theorem 2. The fields given by (3.19)—(3.21) with k = c obey the commutation relations
(2.25)—(2.33).

Corollary 2. HijE (LQi E;(w)and F;(u) (i =1, ..., N — 1) defined above give the free boson
realization of U, ,(sly) with given level k = c.

4. Screening currents

In the free field approach, one has to discuss two necessary ingredients: screening currents
and vertex operators. We will only consider the screening currents of the elliptic quantum
algebra U, p(s/l;) in this section. In 2D CFT, screening current is a primary field of the
energy—momentum tensor with conformal weight 1, and its integration gives the screening
charge. It has the property that it commutes with the currents modulo a total differential of a
certain field. This property ensures that the screening charge may be inserted in the correlators
by changing their conformal charges without affecting their conformal properties. In this
section, using the bosons a’ (1 <i < N —1),b" and ¢¥ (1 <i < j < N), we will construct
a series of screening currents S'(z) (1 <i < N —1) of u,, ,,(s/l-l\v). These currents commute
with the currents modulo a total g-difference of some fields, so they could be regarded as a
quantum deformation of the screening currents in 2D CFT.
We denote a sort of g-difference operator with a parameter n € Z. by

X(q"z) — X(g™"2)
(q—q "z
which is called a total g-difference of a function X (z). Itis exactly as a symmetrized version of
the Jackson’s derivative [46]. Its physical foundations were introduced by Biedenharn [47] and

Macferlane [48], in connection with the construction of the unitary quantum algebra SU, (2).
Such type of difference operators are also important in the investigations of non-extensive

’

n0:X(2) =

14



J. Phys. A: Math. Theor. 42 (2009) 425202 W-J Chang and X-M Ding

entropy formulations [49]. Moreover, to eliminate the total g-difference, one can define the
Jackson integral as

/0 X(z)dpz=s(1—p) Y _ X(sp")p"

nez

for a scalar s € C\{0} and a complex number p such that |p| < 1. So that,
Neel
| waxenaz=o.
0

if it is convergent and we take p = ¢*".
For simplicity, we set boson fields Aii(Ll, e, Ly My, oo, Men|zs0) (=1, ...
N — 1) for o € C with parameters L; and M; (i, j € N) as follows:

i Z [Lin]---[Lsn] ; o 4
A+(L1»~-~5Ls;M1»~--aMs+l|Z;a): [M l’l] [M n]an(q Z) s
1 s+1

; [Lin]---[Lsn] .,
A_(L1,--.,LS;M1,--.,Ms+1|Z§Ol)=Z[M M n]a_n(q 2)",
in] - M

n>0

n>0

then in terms of these boson fields and those introduced before, we express the screening
currents S'(z) i =1,...,N — 1) as

i - : k+h? i k+h"
1 N
— k+ hY (‘1; + P; an)} . { Z : exp((b +C)l+l,j(q]v_jz))
Jj=i+l

x (exp(=b2 (g 2) = (b + ) (g )
—exp (=017 (¢" ) — b+ o) (V"))
N
X exp ( >t g" ) - b";’(qN’z>)) : }
[=j+1
and they possess the following properties.
Theorem 3. S'(2) and the fields in (3.19)—(3.21) satisfy the relations
H(2)S7 (w) = S/ (w)H(2) = O(D),
Ei(2)S' (w) = $'(w)E;(2) = 0(1),

F(@)8 (w) = 8" (w)F(z) = 8"f'<k+hV)awL_#wS" (Z)} +0(D),

9k+hv (u — v+ %)
9k+hV (M -V — %)

where the symbol O (1) means regularity and S'(z) (i =1,..., N — 1) are given by

- A k4 hY . k+h"
S’(z)::exp[Al_(—(k+hV)|z; +2 >+A;<k+hV|z;— +2 )

(hi+pi—1)

(. + Pl lnz)}Di(z;r, )z

S'(2)S (w) = 87 (w)S'(2),

k+hv

15
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It is obvious to note that since these screening currents do not contain the parameter
D, they are also the screening currents of the quantum affine algebra U, (s/l;]). As a result,
the above theorem can easily be proved by applying the results in [32]. Once we give the
explicit expressions of the screening currents, we can calculate the cohomology and study the
irreducibility of modules of the algebra, which we will discuss separately in the future.

5. Vertex operators

In this section, except for the screening currents, we will study the other important object that
one has to discuss in the free field approach: vertex operators (VOs) of Uy, ,,(s/l-]\v). In the
WZW model, the primary fields could be realized as the highest weight representation of the
Kac—Moody algebra, which are commonly called as vertex operators (VOs) or intertwining
operators. For the quantum affine algebra, in [16], the authors defined g-deformed VOs
as certain intertwining operators, which could be regarded as the quantum counterpart of
the primary field in 2D CFT. They play crucial roles in calculating correlation functions.
Following this approach, in this section we will construct the free field realization of the VOs
of U, p(s/l;). There are two types of them: the type I VOs and the type II VOs. They can all
be viewed as the elliptic analogs of the primary fields. The explicit expressions of them are
obtained by twisting the corresponding ones of the quantum affine algebra U, (s/l;), in which
the type II VOs are not given before. In fact, even for the classical affine Lie algebras, the
type II VOs are not given. In this section, we will give the type II VOs of U, (s/l.]\v) and then
use it to construct that of U , (s/ll\v).

5.1. The type I and type 11 VOs Oqu(S/ZT\])

In this subsection, we first review the primary field of the quantum affine algebra U, (sly) given
in [32], which is the type I VOs of it. Here we denote it as ¢3 (z) with A= AL, AN,
where A is the weight of the classical affine Lie algebra. However, we will reexpress it by
using some new bosons {a':i=1,...,N — 1} defined as

v = [min(i, )n][(N — max(i, j)n] ;
an - Zn ah
= [(k + hV)n][Nn][n]?

for any n € Zo, and the zero modes are

-1

. NZ min(i, j)(N — max(i, j))

a — pa’
P= (k+hV)N
N2 minG, j)(N — max(, j))
i _ Z ’ _ ’ J
TG (k+h")N Ba-
here these bosons can be called the dual bosons of the original ones {@:i=1,...,N—1}

in the sense that they satisfy the relations below:
[fli, a,f,;] =8, j0p+tm,05
[i?f,, q,ﬁ] =34,
[CV]:,, Pé] = —(Si,j,

16
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and these relations can be verified easily by using the g-analog of the inverse of the Cartan

matrix:
N—1

) [a; n][min(r, ))n][(N — max(r, j))n]
o [Nn][n]?

=6 5.1

With them, the type I VOs ¢ (z) with weight A =L ..., AN"1) of the algebra U, (sly)
can be rewritten as

¢ =[]¢x@:,

here the fields ¢,i(z) fori = 1,..., N — 1, which are called the components of ¢;(z), are
given by

)\,[ +hV . . .
¢ (2) = exp {— Z [ nn] _nqkzh ”z”} exp {A' (g, + Pl Inz)}

n>0

)\.in . +hV
X exp {—Z [ - ]Zz;qk;"z_"};

n>0

and it has the following properties with the fields ¥ (z) and e*(z) (i = 1,..., N — 1) given
by (3.1)~(3.3) [32]

L w—g" iz

Vi@PRw) =¢" — s e ICLACE (5.2)

" (@Dpz (w) = ¢; (w)e™ (2); (5.3)
. i — Al i

D) = g w)e @) (5.4)

For any weight A = (A!, ..., AN~1), the type II VOs Vi (2) of U, (sly) are not known before.
We present them in terms of {b"/, ¢’/ : 1 <i < j < N — 1} and the above-mentioned dual
bosons. The field 5 (z) can be expressed as

N—-1
Vi@ =[] vu@:

here its components ;i (z) are defined as

Yi(z) =exp{— Z Zz",lq‘?v”z”} exp {2V (gL + plInz)}

n>0

N_i
(A" 'n] v i 7—k+£’vn -n
X exp § — a,q z
n

N i
X exp ZZ b n] c"‘f,)z"}

n>0 j=i+l

X exp ij’q +qu+(p +p”)lnz)}
Jj=i+l

x exp —ZZ Lpi )z—n}.

n>0 j=i+l

17
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Furthermore, we have also proved the following theorem.

Theorem 4. The field ; (z) satisfies the intertwining relations
—q —Aitk

i k
—gMs

Vi@Yz(w) = wA(w)wgz)

A

@Y (w) =¢* —WA(w)eﬂ(Z)

e @V (w) = Yz (we ' (2),
where Wi (z) and e (2) fori = 1,..., N — 1 are the currents given by (3.1)—(3.3).

Proof. Here we only list the useful formulae we used to prove this theorem:

e*B = el B1BeA, if [A, B] is a constant;
etel = oA BlpB oA if [A, B] commute with A and B,
xn
exp | — —|=1-x;
f(-2)-1ox
n>0
A=—x)"'=>"x"
n=0
and the g-analog of the inverse of the Cartan matrix in (5.1) is also used. ]

These intertwining relations could be used to characterize the type II VOs of U, (s/l;).
Lastly, we present the commutation relations among the type I VOs ¢3 (z) and type II VOs
¥ (2); and here we only compute the commutation relations between their components.

Proposition 3.

g | &

Mg
¢>M(z)¢m<w>=< ) exp{xl(%)}exp{—xl(zew>}¢w<w>¢»(z);

G (DY (w) = (

SHR

N

AN AN gisj
) CXP{

here X,-(%)fori = 1,2, 3 are given by

z LA R] o aanon( 2\
() =S e ()

Vi (@Y (w) = (

g |

n>0
z LIAMRIAN a2\
() - G
2\ LN ] e i g (2)
o) = ()

where for simplicity we use the symbols g/ and [gi,‘j ] to denote

i minG, j))(N — max(i, j)) (5.5)
&= (k+hV)N ’ '

18
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. [min(, j)n][(N — max(i, j))n]
L]l —
7] = [(k+hV)n][Nn] ' ©-0

It should be remarked that the matrix G = (g"/), <i,j<N—1 I the inverse matrix of (k + h")A,
and here A is the Cartan matrix.

5.2. The type I and type 11 VOs of U, ,(sly)

In this subsection, we will give the free field realization of the type I and type II VOs of
Uq,p(s/l;;). We nominate them as ®3 (u) and W (u) with weight A =1, ..., AN1). They
are all obtained by twisting the corresponding ones of U, (s/l;) given in the above subsection.

First, we will construct two twisted currents 74 (z; p) which depend on the parameter p
for the two types VOs of U, (S/l]\\/). For the type I VOs, we define the twisted current 7, (z; p)
as

T,(z; p) =: 1_[ T (z; p):
=1

andfori=1,...,N — 1,

. 1 [Ain]lkn] . . A
T(z; p) = exp 1 Vi nllkn] Higr=2ng™ exp{——(pﬁh — (k+h")p )hlZ}
—n [rn]

here

N—

[min(Z, j)n][(N — max(i, j))n] .
H/, Vnel 5.7

g [kn][Nnl[n]? " e oD
and
H = Z (b,{,i+1q—<§+j—1>|n| _ b,’.""qf(%”)'"') +af,617%'"'

Jj=1

+ i (b;.jq—(gwn\ _ b;“*fq‘(%”‘”'”'),
j=i+l
then it is easy to verify that the following relation holds:
[H,. H;\] = 8i.j8nm.0,
since we have the following commutation relation:
[H,i, H]] [aijr;ﬂgrwmﬂ;

moreover, the symbols /; and p; are used to denote the following complicated ones:

N-l . . . .
. min(i, j)(N — max(i, j))
hi = E N h]9
j=1
min(i, j)(N — max(i, j)) .
N br

b=

™

j=1
and p’ was defined at the beginning of the above subsection. And for the type I VOs, the
twisted current 7_(z; p) is given by

T (zp=[[TGp:
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and

,» LAnlkn] » 0 o iy A
n>0

here I:Iin for n > 0 is given by (5.7) and the symbol ¢g; is defined as follows:

.\ min, )(N — max(@i, ),
qi = Z N qj-
j=1
Next, we can use the components Ti (z; p) of the twisted currents to twist the ones ¢, (z)
and v;: (z) as follows:

Qi) =: ¢ (DT (z; p) s,
Wy (u) =: T (z; PP (2) 2,

here @, (1) and W,: (1) could also be considered as the components of the fields ®; (1) and
W3 (u), since we define ®3 (1) and W3 (1) by

N-1
xu) =[] ®uw)
i=1

N—
W) =[] W) :.
Furthermore, we obtain an important theorem by applying the relations (5.2)—(5.4) and

theorem 4.

Theorem 5. The fields @3 (u) and V3 (u) with given weight A= (AL, . AN possess
the intertwining properties

0,(u—v+i F5
H(u)®;(v) = — 2L (v)H (), (5.8)
§ 9r(u—v—%¢§) !
Ei(u)®z(v) = Pz (0)Ei(u), (5.9)
+ A
F)®;(v) = i Che i) Oz (V) Fi(u); (5.10)
Or(u—v—7%)
O (u—v—4 £
HE(u)V; (v) = e v ; n §) W () HE (), (5.11)
O+ (u -V — %)
E(u)V;(v) = — 22Uz (V) E; (1), (5.12)
6« (u — v+ ’\7)
Fi(u)Wz () = Wz () Fi(u), (5.13)

where Hii(u), E;(u)and F;(u) (i =1, ..., N — 1) are the total currents in (3.19)—(3.21).

The above relations (5.8)—(5.13) could be used to define the VOs of the elliptic quantum
algebra U, p(sl ~). As aresult, we actually gave the free field realization of the type I and
type II VOs of U,, ,,(sl ~) with given level k. Lastly, we also investigate the commutation
relations among the VOs @3 (1) and W5 (u).
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Proposition 4. For the components ®,i(z) and V;i (2) of the type 1 VOs and type 11 VOs, we
have the following relations:

Aindgi

i (2) P (w) = (%) exp {Yl (%) } exp{—Yi(z < w)} P, (W), (2),
MAN=T gl i

D, ()W (w) = <%> exp {—@()\jgi’j + Ci’j)lnz}

X €Xp {(Xz +Y,+Y3+ Y@(%) } exp{—Xo2(z < w)}W,, (w) ;i (2),
z AN—i)LN—_jgi,j Z
Vi ()W (w) = (;) eXP{(X3+Y5+Y6)(E>}
x exp{—(X3+ Y5 + Y5)(z <> wii < )W, (w) Wi (2),

here g'J is given in (5.5); and the symbols CJ {Y,(;) i=1,..., 6} are used to simplify
the complicated ones given below:

N-1 N-1 N N
Cii = _Z)Ll+1—jgi,l + Z )Ll—jgi,l _ < Z Al—j)gi,j +( Z )Lz—j>gi.j—1;
I=j

I=j+1 I=j+1 [=j+l1

2\ ! [AMn]Anl[(r — k —hY)n] i (r+k+hv)n<£)n
Y1<w> - ; n [rnlin]? l&i"la w/)

2\ _  x L nlVnllk+h)nl - <rk>n(£>n
Y2<w> - ; n [rnl(n}? len”Ja w/’

2\ LIV )Nl + 2] o oenon(2)
Y3<E> o ; n [ralin]? l&:”)a <E> ’

2\ _ e LVRlK+ )] G <£>n
Y4<w> - Z(; n [rn][n]? L&' 1€l w/

z\ LN ] nllk + )] e ir inon( 2]
Y5<5> o ; n [rn]ln]? Len”Ja <E> 7

i . l [)\/n][(k + h\/)n] ij Lj1¢s . (r—k/2)n <£>n
Y6<w> alP D vy o LRl w)

in which [gy] is given by (5.6) and [C"/] is defined by

N-1 N—1
[Ci,j] — _<Z[}\'H-l—jn][gil,l])q—(k/2+j—l)n + ( Z [A’/—Jn][g;l,l])q—(k/zfj)n
1=

I=j+1

N N
_ ( Z [Al—jn]q—(k/2+l)n) [g;,j] + ( Z [)\l—jn]q—(k/2+l—l)n>[g’i{j—l]‘

I=j+1 I=j+1

6. Discussion

In this paper, we construct the free field representation of U, p(s/l;) with given level k by
twisting the Wakimoto realization of the quantum affine algebra U, (sly). The free boson
realization of its screening currents is also given. Moreover, the explicit expressions of the

21



J. Phys. A: Math. Theor. 42 (2009) 425202 ‘W-J Chang and X-M Ding

type Il VOs of U, (s/l;,) and the two types VOs of U, , (s/l;) are presented. In fact, even for the
classical affine Lie algebras, the type II VOs are not given. We also have much interests in the
derivation of the multi-point correlation functions, but in view of its complexity and the length
of the manuscript, it will be discussed in the future. Meanwhile, it is also very interesting to
extend our results to other types of Lie algebras, and we will discuss them in a separate paper.
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