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VERTEX ALGEBRAIC INTERTWINING OPERATORS

——

AMONG GENERALIZED VERMA MODULES FOR sl(2,C)

ROBERT MCRAE AND JINWEI YANG

ABSTRACT. We construct vertex algebraic intertwining operators among cer-
tain generalized Verma modules for 5@) and calculate the corresponding
fusion rules. Additionally, we show that under some conditions these inter-
twining operators descend to intertwining operators among one generalized
Verma module and two (generally non-standard) irreducible modules. Our
construction relies on the irreducibility of the maximal proper submodules of
generalized Verma modules appearing in the Garland-Lepowsky resolutions of
standard sm)—modulcs. We prove this irreducibility using the composition
factor multiplicities of irreducible modules in Verma modules for symmetriz-
able Kac-Moody Lie algebras of rank 2, given by Rocha-Caridi and Wallach.

1. INTRODUCTION

Intertwining operators are fundamental objects in the representation theory of
vertex operator algebras and in the construction of conformal field theories. In-
tertwining operators among a triple of modules for a vertex operator algebra V
correspond to V-module homomorphisms from the tensor product of two modules
(if it exists) into the third ([HLZ1], [HL]). Since tensor products of V-modules
cannot be obtained from the tensor products of the underlying vector spaces, in-
tertwining operators are essential to understanding the representation theory of V.
Indeed, the existence of tensor products depends on the finiteness of the fusion
rules, that is, the dimensions of spaces of intertwining operators. Moreover, asso-
ciativity of intertwining operators ([HI], [HLZ2]) and modular invariance for traces
of products of intertwining operators ([H2]) are crucial for showing that modules
for certain vertex operator algebras form modular tensor categories ([H4]; see also
the review article [HL]).

In [F7Z], for vertex operator algebras for which a suitable category of weak mod-
ules is semisimple, Frenkel and Zhu identified the spaces of intertwining operators
among V-modules with suitable spaces constructed from left modules and bimod-
ules for the Zhu’s algebra A(V'). In [Li3], Li gave a generalization and a proof of this
result. In particular, this approach can be used to describe the intertwining opera-
tors among standard (that is, integrable highest weight) modules for the affine Lie
algebra g (where g is a finite-dimensional simple Lie algebra) at a fixed level £ € N.
These g-modules are modules for the generalized Verma module vertex operator
algebra VM) constructed using the fundamental weight Ag of § corresponding
to the affine simple root aq that is not a simple root of g. (See Section 2 for more on

Received by the editors December 14, 2015, and, in revised form, June 23, 2016.
2010 Mathematics Subject Classification. Primary 17B67, 17B69.

©2017 American Mathematical Society

2351


http://www.ams.org/tran/
http://www.ams.org/tran/
http://dx.doi.org/10.1090/tran/7012

2352 ROBERT MCRAE AND JINWEI YANG

generalized Verma modules and the notation we use in this paper, and see Section
4 for a review of the vertex operator algebra structure on VM (£A0) )

In the present paper, we construct intertwining operators among generalized
Verma modules for VM0 and their (generally non-standard) irreducible quo-
tients in the case that g = sl(2,C). Since generalized Verma modules are typically
reducible but indecomposable, the category of VM) modules is not semisimple,
and we cannot use the method in [FZ] for constructing intertwining operators among
generalized Verma modules for VM¢A0) or for calculating fusion rules. Moreover,
we cannot use Li’s generalization of [FZ] because [Li3] constructs intertwining oper-
ators among triples of modules where two modules are generalized Verma modules
but the third is the contragredient of a generalized Verma module. Instead, we de-
velop new methods for constructing intertwining operators, which use the structure
of the generalized Verma modules under consideration.

We use two results from the representation theory of Kac—/l\_/[o\ody Lie algebras to

determine the structure of generalized Verma modules for sl(2, C). The first result,
which more generally illustrates the importance of generalized Verma modules in
representation theory, is the construction by Garland and Lepowsky in [GL] of
resolutions of standard modules for symmetrizable Kac-Moody Lie algebras. These
resolutions enabled Garland and Lepowsky to prove/tﬂs Macdonald-Kac formulas

for symmetrizable Kac-Moody Lie algebras. For s[(2,C), we focus on resolutions

by generalized Verma modules: If A is a dominant integral weight of sl(2, C), there
is an exact sequence

ey UM (Ap)=p) B 1M (w1 (A+p)—p)

Ut By Man@ate—p) by M) Dy popy g

where the d; are 5@)—module homomorphisms, II denotes the projection from
VM(A) to its irreducible quotient L(A), and the w; are certain elements of length j
in the Weyl group.

Secondly, we use a multiplicity result of Rocha-Caridi and Wallach [RW2] for
symmetrizable Kac-Moody Lie algebras of rank 2, that composition factor multi-
plicities of irreducible modules in Verma modules equal 1 or 0. This is a special case
of the Kazhdan-Lusztig multiplicity formula, conjectured in [DGK] and proved by
Kashiwara-Tanisaki in [Kal, [KaT] and Casian in [C], that composition factor multi-
plicities are given by values of Kazhdan-Lusztig polynomials. Combining the result
of Rocha-Caridi and Wallach with the Garland-Lepowsky resolutigls\, we prove our
main result on the structure of generalized Verma modules for sl(2,C): for a gen-
eralized Verma ﬁm)—module appearing in the Garland-Lepowsky resolution of a

standard s((2, C)-module, the maximal proper submodule is irreducible.

Our main result states that under certain conditions, there is a natural vector
. . . .. M(r)
space isomorphism between the space of intertwining operators of type (V M‘(/,,) v M(q))

and
H0m5[(2,<C) (M(p) Y M(Q)v M(T))7

where VM(®) | for instance, represents the generalized Verma module of level £ € N
induced from the (p 4 1)-dimensional irreducible sl(2, C)-module M (p) for p € N.
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The main difficulty in constructing an intertwining operator ) from an sl((2,C)-
homomorphism f : M(p) ® M(q) — M(r) is to first construct

Y:M(p)® M(q) —» VM {x}

satisfying appropriate properties, where VM (T){x} denotes the space of formal se-
ries involving general complex powers of z with coefficients in VM), Tt is then
comparatively routine to extend ) to an intertwining operator of type (v MYPT‘(; J)V,(q)).

Given a homomorphism f from M (p) ® M(q) into M (r), there is a very natural

way to extend this to a map
Y: M(p) @ M(q) — (VM) {z},
where (VM) is the contragredient of VM (") In fact, ) extends to an intertwining

operator of type (ng:j;)&/(q)) by Li’s results in [Li3]. However, (VM) o yyM(r)
since the contragredient of a reducible generalized Verma module is not a general-
ized Verma module. Nonetheless, there is a (degenerate) bilinear form on V(")
whose radical is the maximal proper submodule J(r). We use our theorem on the
irreducibility of J(r) to show that the image of Y in (VM ("))’ annihilates J(r), so
that we can use the bilinear form on VM) to transport ) to a map

Y& M(p) ® M(q) = K(r){z},
where K(r) is an s[(2,C)-module complement of J(r) in VM), (Note that K(r)

is not an sl(2, C)-module since VM (") is indecomposable.)
Using an analogous procedure, again using the irreducibility of J(r), we can next
construct a map

Y7 M(p) © M(q) = J(r){z}
such that the operator

Y=Y5+Y7: M(p)® M(q) - VM) {z}

satisfies a commutator formula that then allows its extension to an intertwining
M(r) . .

operator of type (V M‘(/p) v M(q)). In this way, we completely determine the space of

. .. M(r) s . .

intertwining operators of type (i ar(y) yar(s))- Additionally, we show that intertwin-

. Y M) . . .. L(r)
ing operators of type (VM(m VM<q)) induce intertwining operators of type (VM(P) L(q))

under certain easily-checked conditions.

Recalling the connection between vertex algebraic intertwining operators and
tensor products of modules for a vertex operator algebra, we expect that our re-
sults here will contribute to solving the problem of constructing tensor categories of
VM) _modules. In particular, our determination of the fusion rules can be inter-
preted as calculations of the multiplicities of the modules V(") in tensor products
of VM®) and VM@ It would be interesting to see how our results here can be gen-

eralized to larger classes of 5@)—modules, or to generalized Verma modules for
higher-rank affine Kac-Moody Lie algebras. The primary restriction on our meth-
ods here is that they require knowing the structure of generalized Verma modules.
For instance, we cannot expect maximal proper submodules of generalized Verma
modules for higher-rank Kac-Moody Lie algebras to be irreducible. Additional
research is currently under way to develop methods to bypass this problem.

This paper is structured as follows. In Section 2 we recall constructions and
results that we shall need from the theory of affine Kac-Moody Lie algebras. In
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Section 3, we recall the Kazhdan-Lusztig multiplicity formula and the Garland-
Lepowsky resolutions that we shall then use to prove the i/r@ucibility of maximal
proper submodules for generalized Verma modules for s[(2,C). In Section 4, we
recall the vertex operator algebra and module structures on generalized Verma
modules for an affine Lie algebra as well as the definition of intertwining operator
among modules for a vertex operator algebra. In Section 5, we review results on
bilinear pairings between generalized Verma modules that we shall need in Section
6, where we prove OUI‘/H_liin theorem on intertwining operators among generalized
Verma modules for s[(2,C). In Section 7, we prove conditions under which an
intertwining operator of type (V M‘éj;/[‘(;;mq)) descends to an intertwining operator of

type (V pr()r)L (q)), and in Section 8 we construct examples of intertwining operators

among 5@)—modules using our theorems. We also show by counterexample that
the conditions on our theorems are necessary. Finally, in the Appendix, we give a
proof that a map
Y:M(p) @ M(q) = VM {z}
satisfying appropriate conditions extends to an intertwining operator
Y vMe) g yMa VM(T){J;}.

o —

Note that although our main concern in this paper is with s[(2,C), some results
are proved for general untwisted affine Kac-Moody algebras.

2. AFFINE KAac-MooDY LIE ALGEBRAS

In this section we shall recall material that we shall need on Kac-Moody Lie
algebras. See references such as [Hul, [Lel], [K], and [MP] for more details.

We take g to be a finite-type Kac-Moody algebra with indecomposable Cartan
matrix, that is, g is a finite-dimensional simple Lie algebra over C. If b is a Cartan
subalgebra of g, then g has the triangular decomposition

g=g-Obdgy,

where g1 are the sums of the positive and negative root spaces of g, respectively.
We use (-,-) to denote the symmetric non-degenerate invariant bilinear form on g
such that long roots have square length 2.

Using g and the bilinear form (-, -), we can construct the affine Lie algebra

g=9®C[t,t ] ®Ck
with k central and all other bracket relations defined by
lg@t™, h@t"] = [g,h] @ ™" + m{g, h)dm-sn,0k
for g,h € g and m,n € Z. We have the decomposition
g=10- 900D+,

where g4 = [lcez, 9®t" and g0 = g ® Ck.

We now construct generalized Verma modules for g, in the sense of [GL] and
[Le2]. For a dominant integral weight A of g and ¢ € C, we take M (), £) to be the

go-module which is the irreducible g-module with highest weight A on which k acts
as £. We then have the generalized Verma module

VM) = U(G) @ugeas,) MM L) 2 UG-) @c M(A,0),
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where the linear isomorphism follows from the Poincaré-Birkhoff-Witt theorem.
The scalar £ is called the level of VM For g € g and n € Z, we use the notation
g(n) to denote the action of g ® t"™ on a g-module. Then the generalized Verma
module VM8 ig linearly spanned by vectors of the form

g1(=n1) - - - ge(—na)u,

where g; € g, n; > 0, and u € M (), 0).
We will also need the semidirect product Lie algebra

g =g xCd,
where [d, k] = 0 and
[d,g@t"] =n(g&t")
for g € g, n € Z. The Lie algebra g is the Kac-Moody Lie algebra associated with a

certain generalized Cartan matrix formed by adding one extra row and column to
the Cartan matrix of g. The Kac-Moody algebra g has the triangular decomposition

g=0-9H D94,
where g4+ = g+ ® g+ and
H=heCkeCd
is a Cartan subalgebra of g. If hy,...,h; € b are the coroots of g, then $ has a

basis hg, h1,...,h;,d where hg = —hg + k and hy denotes the coroot associated to
the longest root 6 of g.
Note that

H =h"aCKk @ Cd,

where k' and d’ are dual to k and d, respectively. The simple roots of g are given

by ag, a1, ...,qp, where aq,...,q; € h* are the simple roots of g and ag = —60+d’.
We recall the action of the Weyl group W of g on $*: W is the group generated
by the simple reflections rq,r1, ..., where

Tl(A) = A — A(hl)()éZ

forAeH*and 0 < <.
Recall the set of integral weights of g

P={Ae®n"|A(h;)€Z forall 0 <i <]}
and the set of dominant integral weights
Pt={AeH* | A(h;) €N forall 0<i<I}.

We will in particular fix p € PT such that p(h;) = 1 for 0 < ¢ <. We will also
need the set

P={AeH"|A(h;) eN foralll <i<I}.

Remark 2.1. Since the coroots of g are contained in h & Ck, if A € P+, so is A+hd’
for any h € C. Thus we can define the dominant integral weights of g to be the
elements A € h* @ Ck’ such that A(h;) € N for 0 <¢ <. Then

A= X+0K

is a dominant integral weight of g if and only if £ € N and ) is a dominant integral
weight of g satisfying (A, 0) < £.
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For A € $*, let C, denote the one-dimensional $ ® g, -module on which g, acts
trivially and ) acts according to A. We define the Verma module

VA =U(8) ®uisag,) Ca 2 U(F-) @c Ca.

We can also give generalized Verma modules for g a g-module structure. Note that
for any A € P; we can write

(2.1) A=X\+/k'+hrd,

where ) is a dominant integral weight of g and ¢, h € C. Then M (), £) becomes a
o ® Cd-module on which d acts as h, and VM9 becomes a g-module via

d-gi(—n1)-gr(—np)u=(h—n1 — ... —ng)gi(—n1) - - - gp(—ng)u

for g; € g, n; >0, and u € M (), £). Note that as a g-module, VM0 is generated
by a highest weight vector of weight A.

Remark 2.2. We will typically use the notation VM®) = VM8 for A as in (Z)
when we need to consider a generalized Verma module as a g-module.

For A € $*, the Verma module V* is the universal highest weight g-module with
highest weight A; thus for A € Py, there is a surjection 1 : VA — VM@ taking
a basis vector vy of Cy to a highest weight vector generating VM®)  Similarly,
for A € Py, VM) is the universal highest weight g-module such that for any
90 @ 9+ @ Cd-module homomorphism from M(A) into a g-module W, there is a
unique extension to a g-module homomorphism from VM) into W. Both V* and
VM) have unique maximal proper submodules, the sum of all submodules that
do not intersect the highest weight space. Since VM) is a quotient of V*, both
have the same unique irreducible quotient L(A). We will use the notation J(A) for
the maximal proper submodule of VM(®A)

Remark 2.3. For A € Py as in ([2.]), we will also use the notation J(\) for J(A)
and L()) for L(A), especially if we are considering these modules as g-modules and
if ¢ is understood.

Recall that a g-module W is called $-semisimple if

W= ] Wa,
AeH*
where
Wa={weW | h -w=A(h)w for h € H}.
The subspace W) is called a weight space, and A € $* is called a weight if W) # 0.
We use QT to denote the subset of $* consisting of non-negative integral combina-
tions of the simple roots ag,...,a;. Recall that $* is partially ordered via o« < 8
if and only if 8 —a € QT. For 8 € $H*, set D(B) = {a € H* | a < B}.
We recall the Bernstein-Gelfand-Gelfand category O whose objects are g-modules

W satistying:

(i) W is $-semisimple with finite-dimensional weight spaces.

(ii) There exist finitely many elements (51, . .., 8r € H* such that any weight A

of M belongs to some D(8;).

The category O is stable under the operations of taking submodules, quotients,
and finite direct sums. All highest weight g-modules, including Verma modules
and generalized Verma modules, are in category . We shall need the following
proposition.
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Proposition 2.4. Suppose W is a module in category O and A € $*. Then there
exists an increasing filtration 0 = Wy C Wy C --- C Wy = W of submodules of W
and a subset J of {1,...,t} such that

(i) forje J, W;/W,_1 = L(A;j) for some Aj > A and

(ii) forje{l,...;t} —J and any p> A, (W;/W;_1), =0.

Such a filtration is called a local composition series of W at A. Suppose W is
in category O and p € H*. Fix A € H* such that ¢ > A and construct a local
composition series of W at A. Denote by [W : L(u)] the number of times p occurs
among {A; | j € J}. In fact [W : L(p)] is independent of the filtration furnished
by Proposition 2.4] and the choice of A. This number is called the multiplicity of
L(p) in W.

The main results in this paper apply to g = sl(2,C), so we describe how some
of the constructions in this section apply to this case and fix notation that we will
use for s[(2,C). We take the usual basis {h,e, f} of s[(2,C) satisfying the bracket
relations

[hve]ZQev [h,f]=—2f, [evf] = h,

and we take the symmetric invariant bilinear form on s((2,C) to be given by

(erf) = () =1, (eve) = (£,1) = (e,h) = (£, ) =0,

—_~

Then sl(2,C) has the Cartan subalgebra
H=ChoCke(Cd,
and we have hg = —h + k and hy = h. We also consider

H*=CadCk' @ Cd,

o —

where {a/2,k’,d'} is the basis of $* dual to {h,k,d} The simple roots of sl(2,C)
are g = —a +d’ and a; = a. We may also take p = § + 2k’ since then p(hg) =
p(h1) = 1. The Weyl group generators ro and r1 act on $H* via
ro(a) = a—a(=h+k)(—a+d) =—a+2d; ri(a) = —q
ro(k) =k — K (-h+k)(—a+d)=a+k' —d; r(k)=K;
(2.2) ro(d’) =d’; ri(d)=4d".

When g = s((2,C), the elements of P; have the form
8% !/ !/
A= ny + k' + hd’,

where n € N. We will typically use M(n, ), or M(n) if ¢ is understood, to de-
note the finite-dimensional irreducible gy @ Cd-module M (A) of highest weight A.

Thus we typically use VM) to refer to the generalized Verma module for sm)

(or sl(2,C)) generated by M(A). Note that as an sl(2,C)-module, M(n) is the
irreducible s!(2, C)-module of dimension n + 1.
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3. IRREDUCIBILITY OF MAXIMAL PROPER SUBMODULES
IN GENERALIZED VERMA MODULES FOR sl(2,C)

In this section, we prove that for certain weights A of 5@), the maximal proper
submodule of VM®) ig irreducible. We use a formula of Rocha-Caridi and Wallach
for multiplicities of irreducible modules in Verma modules as well as the resolutions
of standard modules by generalized Verma modules of Garland and Lepowsky.

We start by recalling the definition of a Coxeter system, examples of which are
provided by the Weyl groups of Kac-Moody Lie algebras and the simple reflections
which generate them.

Definition 3.1. A Cozeter system is a pair (W, S) where W is a group and S is a
set of involutions in W such that W has a presentation of the form

W = (S| (st)™=b),

Here m(s,t) denotes the order of the element st in W and in the presentation for
W, (s,t) ranges over all pairs in S x S such that m(s,t) # co. We further require
the set S to be finite. The group W is a Cozxeter group and S is a fundamental set
of generators of W.

Definition 3.2. For a Coxeter system (W, S), a reduced expression for o € W in
terms of the generators S is an expression o = s -- - sy, where s; € S, for which ¢
is minimal; we say t is the length of 0. The Bruhat order on W is defined by o < 7
for o,7 € W if a reduced expression for ¢ in terms of the generators S occurs as a
subword of a reduced expression for 7.

—~—

The following multiplicity result for s[(2,C) is Corollary 4.14(i) in [RW2], which
applies more generally to any rank 2 symmetrizable Kac-Moody Lie algebra.

Theorem 3.3. For A a dominant integral weight of s(2,C) and x,y in the Weyl

—_~—

group of sl(2,C),

1 if z<y;

z(A+p)—p . — =
\% (L(y(A+p) —p)] = { 0 otherwise.

Remark 3.4. Theorem B.3] can be generalized to any symmetrizable Kac-Moody
Lie algebra & using Kazhdan-Lusztig polynomials. In [KLJ], Kazhdan and Lusztig
constructed polynomials P, ,(¢) € Z[qg], where = and y are elements of some Coxeter
group W, using the Hecke algebra associated to W. If W is the Weyl group of &,
Deodhar, Gabber, and Kac conjectured ([DGK]) that

(3.1) VR0 Ly(A + p) = p)] = Py (1)

for any A € P* and x,y € W. This conjecture was proved by Kashiwara-Tanisaki
([Ka], [KaT]) and Casian ([C]). In general, P, ,(¢) = 0 unless < y, and if the
Coxeter group W has rank 2, P, ,(¢) = 1 for  <y. Thus in the case that & has
rank 2, ([B1) reduces to Theorem

To obtain multiplicity results for generalized Verma modules for sl(2, C), we need

the following analogue for sl(2,C) of Proposition 2.1 in [Le2].
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Proposition 3.5. Let A € P; and let vy be a highest weight vector of the Verma
module V. Then there is an sl(2,C)-module evact sequence

0 — Yo e Sy A 1 M) g

where 1 takes vy to a highest weight vector generating VM®) | and € takes a highest
weight vector generating V™A P)=P to a non-zero multiple of the highest weight

vector fAMHL .y € VA,
Proof. The fact that & is injective follows from [RWI] (cf. [V]). We only need to

prove that Ker 7 is the g = s[(2, C)-submodule of V* generated by fAM*1.4,; we
denote this module by K*.

Let X be the go-submodule of VA generated by v5. Then by a classical theorem
of Harish-Chandra (see for instance Section 21.4 of [Hul), the kernel of the surjection
nlx : X — M(A) is the go-submodule of X generated by f*"*1.4,: here we regard
M (A) in the natural way as a go-submodule of VM) Thus K* C Ker .

On the other hand, there are go-module maps M(A) — X/Ker (n|x) — VA /KA
whose composition is non-zero, and so we have a natural go-module injection ¢ :
M(A) — VA/K®. The image of this injection is clearly annihilated by g, , so

that ¢ extends to a g = 5@)—module map VMA) — VA/KA by the universal
property of generalized Verma modules. Since VM®) = VA /Ker 7, we see that
Ker n C KA. ]

We now combine Theorem B.3] and Proposition to obtain:

Corollary 3.6. Letg = s5l(2,C), andlet A € P*, x,y € W be such that x(A+p)— p,
y(A+ p)—p€ Pi. Then

M(z(A+p)—p) . oa_J1if x<y, nafy;
v Ly(A+p) —p)l = { 0 otherwise.

Proof. For the case z £ y, multiplicity 0 follows easily from Theorem [3:3] Thus
suppose = < y, so that [V*(A )=, [(y(A + p) — p)] = 1. Since by Proposition 3.5
VM @Atp)=p) o ye(Atp)=p jymz(AP) =P we can get a local composition series of
VEAte)=p gt y(A+p)—p by joining together local composition series of yriz(dte)—p
and VMEA+0)=0) at 4(A+p) — p. If riz < g, then by Theorem B3, L(y(A+p) —p)
appears once in any local composition series for V™1#(A+P)=r and so it cannot
appear in a local composition series for VM @(A+r)=p) On the other hand, if 1 £
y, then by Theorem L(y(A + p) — p) does not appear in any local composition

series for V"1#(A+P)=, and so it must appear once in any local composition series
for VM (z(A+p)—p) U

o —

Suppose that A is a dominant integral weight of s[(2,C). We now recall the
51(2,C)-module resolution for the standard module L(A) from [GL]. Let W' be
the subset of the Weyl group W consisting of those w € W such that w™ta; is a
positive root. Then we can easily see that

W' = {(ror1)"ro, (ror1)" | n € N}.

Let le be the set of elements of W' of length j, for j € N. Then the set le only
consists of one element w;, that is,

e — (ror)"ro if j=2n+1;
7 (7“07“1)" if ] = 2n.
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The next theorem gives an sm)-module resolution for L(A) which follows from
Theorem 8.7 in ([GL]).

Theorem 3.7. There is an 5(2,\(C)—module resolution for L(A) as follows:

ey UM (Ap)=p) d 1 M (w1 (Atp)—p)

d£>1 o @) VM(TO(A-l-p)—P) ﬂ) VM(A) 1-14 L(A) — 0,

—

where d; is an sl(2,C)-module map from VMWi(A+o)=p) to yM(wi—1(A+p)=p) for
Jj=0.

Now we prove the main theorem of this section.

Theorem 3.8. In the setting of Theorem B, Imd; is an irreducible and mazimal
proper submodule of VM(Wi-1(A+0)=0) - More precisely, we have

Im d; = J(wj—1(A+p) —p) = L(wj(A+p)—p)
forjeZ,.
Proof. Tt follows from Theorem 2 in [KK] (cf. Corollary 4.13 in [RW2]) that if

=

A is a dominant integral weight of s[(2,C) and L(u) appears in a local com-
position series for VMWA+P)=p) where w € W1, then u = w'(A + p) — p €
P, for some w' € W. Then by Corollary B.6, the generalized Verma module
VM (w;-1(A+2)=P) only contains highest weight vectors of weight w;_; (A+p) —p and
weight w; (A + p) — p. Since Im d; is generated by a highest weight vector of weight
w;(A+p)—pin VM (wi—1(A+p)=P) " any non-zero proper submodule of Im d; would
provide a highest weight vector of weight other than w;_;(A+p)—p or w;(A+p)—p
in VMwi—1(A+p)=r)  Hence Im d; has no non-trivial submodule and is irreducible
for any j > 1. Also, notice that since

Y M(wi—1(A+p)=p) /Ty d; = Y Mwi—1(A+p)=p) /Ker dj—y =Tmd;
is irreducible, Im d; has to be maximal in VM (wj—1(At+p)=p) ([l

Remark 3.9. From Theorem [3.8] we obtain the following exact sequence:
0 — L{wj1 (A + p) — p) — VM=) L(w;(A+p) — p) — 0
for j e N.

4. VERTEX OPERATOR ALGEBRAS AND MODULES FROM AFFINE LIE ALGEBRAS

In this section g is any finite-dimensional simple Lie algebra over C. We recall
the vertex algebraic structure on generalized Verma modules for g; see for example
[LL] for more details.

We use the definition of a vertex operator algebra (V =[],,c; Vin), Y, 1,w) from
[LL], where the grading on V' is by conformal weight. We also use the definition of
a module (W = [],cc Wn), Yw) for a vertex operator algebra V' from [LL]. Note
that we will typically drop the subscript from the module vertex operator Yy, if
the module W is understood. If V' is any vertex operator algebra and W is any
V-module, the contragredient of W is the V-module

w' = 1w,
heC
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with vertex operator map given by
(Y (v, 2)w’,w) = (', Yi ("W (=272) " Ov, 27 w),

where (-,-) denotes the pairing between a vector space and its dual. See [FHL] for
the proof that this gives a V-module structure on W”’.

We fix a level £ € C. When £ # —h", where hY is the dual Coxeter number
of g, the generalized Verma module VM9 (induced from the one-dimensional
g-module C1), has the structure of a vertex operator algebra with vacuum 1 and
vertex operator map determined by

(4.1) Y(g(-D1,2) = g(z) = Y g(n)z™""
nez

for g € g. The conformal vector w of VM. is given by

dim g
1
= 3w~ Du(~1)1,
YT+ i:1u( Jui(=1)

where {u;} is an orthonormal basis of g with respect to the form (-, -).

For any dominant integral weight X of g, the generalized Verma module VM(
is a VMO0 _module with vertex operator map also determined by (@1). The con-
formal weight grading on VM9 is given by

A0)

<)‘7 )‘ + 2Pg>

20+ hVv)
for g; € g, n >0, and u € M(A\,£), where pq is half the sum of the positive roots of
g. We observe that g(n) decreases weight by n, and so

(4.2) [L(0), g(n)] = —ng(n)

for any g € g and n € Z. In particular, g(0) preserves weights, so each weight space
of VM(X4) g a (finite-dimensional) g-module.

wt g1 (—n1) - gr(—np)u =ny + ... +ng +

Remark 4.1. Note that [EZ) implies that VM) has a natural g-module structure
on which d acts as —L(0).

Remark 4.2. For convenience, we will shift the grading of any graded subspace X
of a VM) _module W as follows: if the lowest conformal weight of W is some
h € C, then we define X (n) = X N W,1p), so that X is N-graded:

X =[] x).

n>0

We remark that any g-submodule of VMM is a VM(0)_module as well, and vice
versa. Thus any quotient of VM) is a VM(0)_module. In particular, the maximal
proper submodule J(\) is a VM(©)_submodule, and the irreducible quotient L()\) is
a VMO _module. Since the weight spaces of VM) are finite-dimensional g-modules
and since finite-dimensional g-modules are completely reducible, there is a graded
g-module K ()\) such that VM) = K(\) @ J(\) (but K (\) certainly need not be a
g-module). We use Py and Pj to refer to the projections from VM) to K (\) and
J(X), respectively; these are g-module homomorphisms, but not generally g-module
homomorphisms. There is a g-module isomorphism between K (A) and L(\) which
sends u € K(X) to u+ J(A).
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The contragredient of a VM()_module W is also a g-module, with the action of

g given by

(g(n)w', w) = —(w', g(=n)w)
forgeg,neZ w €W’ and w € W. Note that this is not the g-module structure
on W' viewed as a subspace of the dual module W*. The module W’ is in category
O (see for example [MP]).

Since the goal of this paper is to construct intertwining operators among V().
modules, we recall the definition of intertwining operator among a triple of modules
for a vertex operator algebra from [FHL]. For a general vector space W, we use
W{z} to denote the vector space of formal series of the form ) - wnz™, w, € W.

Definition 4.3. Let W7, W5 and W3 be modules for a vertex operator algebra V.

An intertwining operator of type (WKVS%) is a linear map

y : W1 X WQ — Wg{l‘},

W) ®we) y(w(l),x)w(Q) = Z(w(l))nw(z)iﬁ_"—l € Ws{z}
neC
satisfying the following conditions:
(1) Lower truncation: For any w1y € Wi, wzy € Wa and n € C,
W) )ntmWia) = or m € N sufficiently large.
(w(1))n+mw(z) =0 f N sufficiently larg

(2) The Jacobi identity:

_ r1 — T
50 ( T Vi (v o)y e

. —T9 +
— 1, 15(#)37(10(1), T2) Y, (v, 21)w(a)

1. fT1—x
= x5 15<%)y(YW1 (v, zo)w(l), T2)w(g)
forv eV, wyy € Wi and wig) € Wa.
(3) The L(—1)-derivative property: for any wgy € Wi,
d

dzx
Remark 4.4. We denote the vector space of intertwining operators of type (WIIV;’VQ)

y(L(—l)w(l),x) = y(w(l),x).

by VVVXfW2 and the corresponding fusion rule is given by NVVIZ?’W2 = dim VVVKfW2.

Remark 4.5. Taking the coefficient of z Uin the Jacobi identity for intertwining
operators yields the commutator formula

Yw, (v, 21)V(wry, 22) — Y(w(ry, v2)Yw, (v, 21)
)y(le (v, x0)w (1), T2)

- T1 — To
= Resg, 7, 1(5(7
for v € V and w(;y € Wy. Similarly, taking the coefficient of xl_l and then the
coefficient of x "1 for n € Z yields the iterate formula
V(vnwy, T2)

=Resy, (w1 — 22)"Yiw, (v, 21)V(w(r), 22) — (=22 + 21)" V(W) 22) Yiw, (0, 21))
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for v € V and w(;y € Wi. The commutator and iterate formulas for v and wy)
together are equivalent to the Jacobi identity for v and w(y) (see [LL] for the special
case where ) is a module vertex operator).

Remark 4.6. We recall from [FHL] that if Wy, W, and W3 are three V-modules
with conformal weights contained in h; + N, ho + N, and hz + N, respectively, then
any Y € VgVVfW2 can be written

(4.3) Y(u, z)v = Z Vo (w)v =M Hhs=hi=hz

mEeZ
where for u € Wi(k) = (Wi)pn,4x) and v € Wa(n) = (Wa)(hygn)s Ym(uw)v €
Ws5(k 4+ n —m). In particular, My maps W1(0) ® W5(0) into W5(0).

5. INVARIANT PAIRINGS BETWEEN GENERALIZED VERMA MODULES

In this section we continue to allow g to be any finite-dimensional simple Lie
algebra over C, and we work with g-modules of a fixed level £. One of the main
tools we will use to prove our main theorems on intertwining operators among

sm)—modules is a bilinear pairing between generalized Verma modules VM)
and VMOA) | where as g-modules M(A\*) = M()\)*. More precisely, we want a
bilinear map

(- )ar s VMO 5 M €
that is invariant in the sense that
(5.1) {g(m)u, v)nr = —(u, g(=m)v)m
forg € g, m e Z, u € VM) and v € VM), Note that we have a (non-
degenerate) such pairing between (VM) and VMX) but (VMN)’ is not isomor-
phic to VM),

Remark 5.1. An invariant bilinear pairing between the generalized Verma modules
VM) and VMAY) can be induced from the Shapovalov pairing between the cor-
responding Verma modules (see for example [MP] for information on Shapovalov
forms). For convenience, we shall give direct proofs of all the results that we need
here, in the context of generalized Verma modules.

Remark 5.2. Some of the results in this section when A = 0 have also been proved
in a vertex algebraic setting in [Lil].

Remark 5.3. We will use the notation (-, -) »s to denote the invariant bilinear pairing
between generalized Verma modules VMA) and VM) | and we will now reserve
the notation (-,-) to denote the pairing between a module and its contragredient,
or the form on g.

To start with, we observe that there is an involution (anti-automorphism) of g
determined by g(m) — —g(—m) and k — k. This extends to an involution 6 of
U(g) that interchanges U(g,) and U(g_). We can then define a bilinear pairing
between VM) = U(g_) @ M(\) and VMR via

(u,y @ v)ar = (P(0(y)u),v)
for u € VMO y € U(g), and v € M()\), where P denotes projection to the

lowest conformal weight space M (A*) and (-,-) is any non-degenerate g-invariant
pairing between M (\*) =2 M(\)* and M (A).
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Proposition 5.4. The bilinear form (-,-)p is invariant.

Proof. Suppose u € VMA) 4 € U(g_), and v € M()). For g € g and m > 0, we
have

(g(m)u,y @ v)ar = (0(y)0(—g(=m))u, v)m

as desired. For m = 0, we observe that for any y € U(g+), [9(0),y] € U(g+) as
well. Thus, using the g-module actions on M (A) and M (A*), and the fact that g(0)
commutes with P (since g(0) preserves conformal weight), we obtain:

(9(0)u,y @ v)nr = (0(y)0(—g(0))u, v)m

= (0(=9(0))0(y)u, v)ar + ([0(y), 0(—g(0))]u, v) s

= (P(9(0)0(y)u), v) + (0([=9(0), y])u, v) ;s

= (g- P(O(y)u),v) + (u, [-9(0), y] @ v)m

= (P(O(y)u), =g - v) + (u, —g(O)y @ v)ar + (u,y © g - V)i

= (u,—g(0)y @ v).

Now, for m < 0, we will prove invariance by induction on the degree of y in
y®v e VM) For the base case y = 1, we have

(g(m)u, v)pr = 0 = (u, —g(=m)v)m
since P(g(m)u) =0 and g(—m)v = 0. Now suppose invariance holds for any y ® v
with the degree of y less than some k. It is enough to show that

(g(m)u, h(=n)y @ v);r = (u, —g(=m)h(-n)y @ v)n

when h € g, n > 0, and n + degy = k. Thus:

{(g(m)u, h(—n)y @ v)m
= —(h(n)g(m)u,y ® v)m
= —(g(m)h(n)u,y @ v)nmr — (([h, g](n +m) + nlh, 9)dpntm 0l)u, y @ v)ur
(h(n)u, g(=m)y @ v)ar + (u, ([h, g](—=n — m) — n(h, g)dn4m,00)y @ V)M
—(u, h(=n)g(-=m)y @ v)apr + (u, [A(=n), g(~=m)]y @ v) ;s
= (u, —g(=m)h(-n)y @ v)um,

completing the proof of invariance. O

m)h

Proposition 5.5. Ifu € VM) (m), v € VMM (n) and m # n, then (u,v)p = 0.

Proof. fu=y®u and v =9y’ ® v’ where v’ € M(\*), v € M(\), deg y = m and
deg 4y’ = n, then

(u,v)p = (yu',y @) = (PO )y @u'), vy

This is non-zero only if A(y')y @ v’ € VMX)(0), which only happens when deg
Y =n=m=degy. =
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Proposition 5.6. The left and right radicals of (-,-)ap are the mazimal proper
submodules J(A\*) and J(\), respectively.

Proof. Since (-,-)ps is non-degenerate on the lowest weight spaces, and since the
left and right radicals are g-modules by invariance, the left radical is contained
in J(A\*) and the right radical is contained in J(A). On the other hand, suppose
v € J(\)(n). Since n > 0, VM) (n) is spanned by vectors of the form y ®u where
u € M(X*) and y € U(g-) has positive degree. Then

(y@u,v)p = (u,0(y)v)pr =0

because 6(y)v is in the trivial intersection of J(\) with VM) (0). Thus v is orthog-
onal to VM()‘*)(n) as well as to every other weight space of VM) by Proposition
This means J(\) is contained in the right radical of (-, -)5s. Similarly, J(A*) is
contained in the left radical of (-, -) s, proving the proposition. ([l

Using Proposition 5.6, we see that (-, )5 induces a well-defined bilinear pairing
between any two quotients of VM) and VM) In particular, the pairing is non-
degenerate between L(\) and L(A*). This means that L(\*) = L(A\)’. Notice also
that the restriction of (-, )5 to K(A*) x K(\) is non-degenerate.

Let J(\)* denote the set of functionals u/ € (VM) such that (u',v) = 0 for
all v € J(\). It is easy to see that J(\)1 is a g-module.

Proposition 5.7. As g-modules, J(\)* is isomorphic to L(\*). Furthermore,
there is a g-module isomorphism ® : J(A\)* — K(\*) such that

(®(u),v)pr = (U, v)
for any v’ € J(\)* and v € VM),
Proof. We first define a map ¢ : L(\*) — (VM) by
(@(u+J(A%)), v) = (u,v)m

for u € VMOA) and v € VM), This map is well-defined and injective because
J(N\*) is the left radical of (-, ). Furthermore, ¢ is a g-homomorphism because
for g € g and n € Z, we have

(g(n) - o(u+ J(A7)),v) = =(¢(u+ J(X")), g(=n)v) = —(u, g(=n)v)m
= (g(n)u, v)nr = (d(g(n)(u+ J(A"))),v),

by the definition of the g-module action on (V™M) We observe that the image
of ¢ is contained in J(A)* because J(A) is the right radical of (-,-)5s, and that
¢ preserves conformal weights because it is a g-homomorphism. Now, the weight
spaces of J(\)* have the same dimension as the weight spaces of L(\) since L()\) =
VM) /7(X), and the weight spaces of L(\) have the same dimension as the weight
spaces of L(A\*) since L(A*) = L(A)’. Since the weight spaces are finite dimensional,
this means that ¢ is surjective onto J(A)*, and we have a g-isomorphism ¢! :
JA)*T — L.

We also define a map ¢ : L(A\*) — K(\*) by ¢(u+ J(\*)) = Px(u) for u €
VM) This is well-defined and injective because J(\*) is the kernel of Py and
1 is a g-homomorphism because Py is a g-homomorphism. Also, v is surjective
because the weight spaces of L(A\*) and K(\*) have the same dimensions.
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We then define the g-homomorphism ® = ¢y o ¢! : J(\)L — K(\*). If v’/ =
d(u+ J(A*)) € J(A\)*, then
(@(u), v} = ((u+ J(X)), v} = (P (u),v)
= (u,v)ar = ($(u+ (X)), v) = (v, v)
for any v € VM) as desired. |

Example 5.8. When g = sl(2,C), we have A* = X for any A = ra/2 where r € N.
Thus we have constructed a g-invariant bilinear form on VM) = yM(re/2) for
any r € N, and ® gives a g-module isomorphism from J(r)* C (VM"Y to K(r)
determined by

(5.2) (®(u),v)nr = (U, v)
for any v’ € J(r)*, v e VM),

6. THE MAIN THEOREMS ON INTERTWINING OPERATORS
AMONG GENERALIZED VERMA MODULES

In this section we present our main theorems for intertwining operators among

generalized Verma modules for ﬁm) We shall be interested in intertwining
operators among modules for the generalized Verma module vertex operator algebra
VMO8 for some fixed £ € N. Recalling the notation of ([&3), we will prove:

Theorem 6.1. Suppose M(p), M(q), and M(r) for p,q,r € N are finite-
dimensional irreducible s1(2,C)-modules with highest weights p, q, and r respec-
tively and the conditions of Theorem below hold. Then the linear map
yM(r)
Vim yu — Homgya,c)(M(p) ® M(q), M(r))
Y — Jolmpenmiq

is a linear isomorphism.

In order to prove this theorem, we will need a result on extending an intertwining
operator map from lowest weight spaces to entire modules. It is similar to Tsuchiya
and Kanie’s nuclear democracy theorem [TK] and Li’s generalized nuclear democ-
racy theorem (Theorem 4.12 in [Li2]); see also the main theorem in [Li3]. Since the
proof requires lengthy but standard calculations using formal calculus, we defer it
to the appendix. Note that the following theorem applies to any finite-dimensional
complex simple Lie algebra g, not merely sl(2,C):

Theorem 6.2. Suppose M(\1) and M()\2) are finite-dimensional irreducible g-
modules with highest weights A, and \g, respectively, W is a VM) _module, and

Vi MO @ M(he) — Wiz}
is a linear map, given by u®v — Y(u,x)v foru € M (A1) and v € M(\2), satisfying

(6.1) l9(n), Y(u,z)] = "V (g(0)u, z)
foranygeg, n>0, and
(6.2) [L(0), Y(u,z)] = x%y(u, x) + V(L(0)u, x).

Then Y has a unique extension to an intertwining operator
Y VMO gy MQA2) i)
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Recalling ([&3)), we see that a map IV : M(\1) @ M(\p) — VM) {2} satisfying
1) and ([62) is equivalent to a sequence of maps

Vit M(A1) @ M(Xg) — VM)
for each m € Z such that Y, (u)v € VMs)(—m) and

(6.3) [9(n), Y (u)]v = Vimin(9(0)u)v

for any w € M(A\1), v € M(A\2), m € Z, g € g, and n > 0. Of course, we take
VMQ3)(m) = 0 for m < 0 so that Y, = 0 for m > 0.
In order to construct maps satisfying ([6.3]), we will take g = s[(2, C) once again:

Theorem 6.3. Suppose M(p), M(q), and M(r) for p,q,v € N are finite-
dimensional irreducible sl(2, C)-modules with highest weights p, q, and r, respec-
tively, and the mazximal proper submodule J(r) C VM) s drreducible and iso-
morphic to some L(r'). Suppose moreover that J(r') is irreducible and isomor-
phic to some L(r"), and that there are no non-zero s((2, C)-homomorphisms from
M(p)®M(q) to M(r") or M(r"). Then given f € Homg o c)(M(p) @M (q), M(r)),
there are for m € 7 unique maps Yy, : M(p) @ M(q) — VM) (—m) such that
Yo = f and ([63) holds.

Remark 6.4. The irreducibility of the maximal proper submodules J(r) and J(r’)
are natural conditions to consider in light of Theorem 3.8 Moreover, we shall see
examples in Section 8 for which there are non-zero homomorphisms M (p)@ M (q) —
M (r") and for which the assertion of Theorem [6:3 fails to hold.

Proof of Theorem 6.3. We take g = sl(2, C)-modules M (p) and M (q) and a gener-
alized Verma module VM ("), We assume that J(r) is irreducible and isomorphic
to some L(r') and that J(r’) is irreducible and isomorphic to some L(r”). Since
J(r) = L(r'), we may equip J(r) with the non-degenerate invariant bilinear form
{-,-); induced by the invariant form on VM (") constructed in the previous sec-
tion. Suppose the lowest weight space of J(r) is contained in VM) (M) for some
M > 0. Note that in the identification J(r) = L(r'), the weight space J(r)(n) for
any n > M is then identified with L(r’)(n — M) (recall Remark [£.2).

In order to prove the theorem, take a g-homomorphism f : M(p)@M (q) — M (r).
We need to construct unique maps

Vi« M(p) ® M(q) — VMO (=m)
for all m € Z such that for any v € M(p), v € M(q),

(6.4) Yo(u)v = f(u®v)
and
(6.5) [9(n), Y (w)]v = Viin (9(0)u)v

for g € gand n > 0.

For the uniqueness assertion, suppose we have maps J,, satisfying ([6.4) and
@5). We write YV, = YVE + Y/ where YX = Py 0Y,, and Y/ = P;0Y),,. Then
it is clear that yn{f =0 for m > 0 and y;,’l = 0 for m > —M, and that y({( = f.
We also claim that Y7,, = 0. Indeed, by the n = 0 case of (61), each Y, is a
g-module homomorphism from M (p) ® M(q) to VM) (—m), and because Px and
P; are g-module homomorphisms, so is each Y& and /. In particular, }’ M isa
g-module homomorphism from M (p) ® M(q) to M(r'), the lowest weight space of
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J(r). However, by the assumptions of the theorem, the only such homomorphism
is 0.
Now, for any m € Z,n >0, g € g, u € M(p), and v € M(q), ([CH) implies that

Ve in (90w (9(0)u)v = Yo nin(g(0)u)o = g(n) Vo (u)v
= g(M)YVE, (o + g(n) Y7, (w)
(6.6) = Pr(9(m)YE,, (w)v) + Pr(g(n)VE,, (w)v) + g(m) V7, (u)v.

Thus if we suppose m > 0, 0 < n < m and w € VM) (m — n), the invariance of
the form (-,-)as on VM) the fact that J(r) is the radical of the form, and the
projection of (G.6]) to K (r) imply that

(Y (v, g(=n)w)ar = —(g(M) VX, (w)v, w)m
= —~(Pr(9(n) VL, (u)v), w)
= _<y£(m+n(g(0)u

Since (-,-)as is non-degenerate on K (r) and since K (r)(m) is spanned by linear
combinations of certain vectors of the form g(—n)w where 0 < n < m and w €
VM) (m — n), we see that for m > 0, VX is uniquely determined by YK .. for
0 <n <m. Thus Y&  for m > 0 is uniquely determined by Y& = f.

Similarly, if we suppose m > M, 0 < n < m — M, and w € J(r)(m —n), we
must have

(VL (v, g(=n)w)s = ~{g(n) Y2, (u)v,w)s
=~ (Vi (g(0)u)v,w) g + (Ps(g(n)VE, (w)v), w),y.

Since (-,-); is non-degenerate on J(r) and since vectors of the form g(—n)w for
0<n<m-—Mand w € J(r)(m —n) span J(r)(m), we see as before that Y7
for m > M is determined by Y”,, = 0 and by Y% . This proves the uniqueness
assertion of the theorem, and it remains to show that the above recursive formulas
for yifm and Y’ m do in fact determine well-defined linear maps with the required
properties.

Since M (r) = M(r)*, the lowest weight space of (V*(") is isomorphic to M(r).
Thus we can view f as a homomorphism from M (p) @ M(q) into (VM) (0). Now
we would like to define

VE, : M(p) ® M(q) — (VM) (m)

for any m > 0 recursively using the formulas:

VW) pp-

(6.7) (Yo' (wv, w) = (f(u® v),w)
for u € M(p), v € M(q), and w € M(r), and for m > 0,
(6.8) (Y (v, g(—n)w) = =V, 1, (9(0)u)v, w),

where g € g, 0 <n <m, and w € VM) (m —n).

Lemma 6.5. Equations [G1) and (6.8]) determine unique well-defined linear maps
VE, : M(p) @ M(q) — (VM) (m) form > 0.

Proof. The uniqueness follows because VM (") (m) is spanned by vectors of the form
g(=n)w for g € g, 0 < n < m, and w € VM) (m — n), so we need to check
well-definedness. In fact, (671) and (68) a priori define maps from M (p) ® M(q)
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into the graded dual of T'(g_) ® M (r), where T denotes the tensor algebra. Since
VM) ~ U(g_) ® M(r) linearly, we need to show that for u € M(p), v € M(q),
and m > 0,

(6.9) (VE (u)v,w) =0
for w € T(g—) ® M(r) of the form

w1 (g1(—n1)g2(—n2) — g2(—n2)g1(—n1) — [g1, g2] (=11 — n2))wa,

where w; € T(g_), wa € T(g_) ® M(r), g1,92 € 8, and ny,nz > 0. We can prove
(69) by induction on the degree of w;. For the base case we take w; = 1 (and we
may also take wy to be homogeneous of degree m — n; — ns) to obtain

VX, (w)v, [g1(=n1), g2(—n2)]ws)
—(VE i (91(0)u)v, g2 (—n2)wa) + (VE,, 1., (92(0)u)v, g1 (=11 )ws)
= <3Lm+n1+n2 (92(0)g1(0)u)v, wa) = (VX4 4y (91(0)g2(0) ), w2)
(Vs ([91, 92] (0) ) v, wo)
= (VX (W), [g1, g2](—n1 — n2)ws),

as desired. Then the inductive step follows immediately because (G.8]) implies that
if [69) holds for all u € M(p), v € M(q), and m > 0, and for some specific
w € T(g-) @ M(r), then (63) continues to hold when w is replaced by g(—n)w for
any g € g and n > 0. O

Now that we know each Y% maps into (VM) (m), we can show that each
VX is a g-module homomorphism:

Lemma 6.6. For any m > 0, we have
[9(0), VE,.(w)]v = Y, (9(0)u)v
forgeg, ue M(p), and v € M(q).

Proof We prove by induction on m. The conclusion is true for m = 0 because
VE = f is a g-module homomorphism. For m > 0, we have

([9(0), Y., (w)]v, h(=n)w)
—(VE (v, g(0)h(=n)w) — (VX (u)g(0)v, h(—n)w)
—(VE, (v, h(=n)g(0)w) — (VI (u)v, [g, Bl (—n)w)
+ (Vo (R(0)u)g(0)v, w)
(9O VE, 4 (h(O)u)v, w) + (VE, 1, ([g, b (0)u)v, w)
+ (VI (h(0)u)g (0, w)
= —([9(0), Y, 1 (h(0)w)]v, w) + (Y, 1, ([9(0), h(0)]u)v, w)
= — (Vi (9(0)h(0)u)v, w) + (VE, 1, (9(0)h(0)u)v, w)
— (VE i (R(0)g(0)u)v, w)
= (V5. (9(0)u)v, h(=n)w).

Since VM(")(m) is spanned by vectors of the form h(—n)w, for h € g, 0 < n < m
and w € VM) (m — n), the conclusion follows. O
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Lemma 6.7. For anym >0, u € M(p), and v € M(q), VX, (w)v € J(r)*.

Proof. By the previous lemma, VX  is a g-module homomorphism from M (p) ®
M (q) to (VM) (m). Also, as a g-module, the lowest weight space of J(r) = L(r')
is M(r"). Thus VX  defines a g-module homomorphism f,, from M (p) ® M(q) to
M(r")* =2 M(r') via
(fin(u @ v),w) = (VI (u)v, w)
for w € M(p), v € M(q), and w € M(r'). But the assumptions of Theorem
imply that there are no non-zero g-module homomorphisms from M (p) ® M(q) to
M (r"). Thus
(Y (w)v,w) =0

for any w € M(r') = J(r")(M).

Now, if w € J(r) is a homogeneous vector such that (VX (u)v,w) = 0 for any
u € M(p), v € M(q), and m > 0, then for any g € g and n > 0 such that
g(—n)w € J(r)(m), we have

(Y (v, g(=n)w) = =V, 1, (9(0)u)v, w) = 0.
njw
)

If n > 0and g(— ¢ J(r)(m), then <yK (w)v, g(—n)w) = 0 automatically. Since
J(r) =2 L(r"), J(r) is generated as a g_-module by its lowest Welght space M (r').
Thus (VX (u)v,w) =0 for all w € J(r), and Y& (u)v € J(r)*. O

Now, by the previous lemma, we can use the g-module isomorphism @ : .J (r)*+ —
K (r) given by Proposition[5.7to identify VX  (u)v with Y& (u)v = ®(VE  (u)v) €
K(r). By (52), (67), and ([6.8), we have that Y& (u)v = f(u ® v) and for m > 0,
<y£(m(u)v7g(_n)w> <y m+n( ( )’U,)’U,’U}>M

for u € M(p), v € M(q) and g(—n)w € VM(T)(m). Moreover, since ® is a g-module
homomorphism, we also have for m > 0

(6.10) [9(0), V5, (w)]v = Y, (9(0)u)v

for g € g, u € M(p), and v € M(q).
For m < 0, we set yfm = 0. Then we have:

Lemma 6.8. If n > 0, Px(g9(n)V%,,(u)v) = VX, ., (9(0)u)v for u € M(p), v €
M(q), g €9, and any m € Z.

Proof. If n > m, both sides are zero. Otherwise, if 0 < n < m (so that m > 0), for
any w € VM) (m — n) we have

(P (g(n)VE, (u)v), w)ar = {g(n)VE,, (w)v, w)ar
(V5 (v, g(=n)w)m

= (V1 (9(0)u)v, w)ar.
Since (-,-)as is non-degenerate on K(r), and since both Pg(g(n)VX, (u)v) and
YE 10 (g(0)u)v are in K (r)(m — n), they are equal. O

Next, we want to construct maps Y7, : M(p) @ M(q) — (VMDY (m — M) for
m > M. As before, we would like to define these maps recursively: I u =0and
form > M,

(6.11) _
(VL (v, g(=n)w) = (Ps(g(n)VE,, (w)v),w + T (r)s = VL1 (9(0)u)v, w)
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forue M(p),ve M(g),g€g,0<n<m-—M,and w € VM("/)(m—M—n);
for the first term on the right, we are identifying the quotient VM (Tl)/ J(r") with
J(r) C M)

Remark 6.9. Since we will need J/,, to be a g-homomorphism from M (p) ® M(q)
into (VM) (0) = M(+')* = M(+'), and since by assumption there are no non-zero
such homomorphisms, we are required to set Y7/ ,, = 0.

As with the VX | equation (G.I1)) defines a priori a map from M (p) ® M(q) into
the graded dual of T(g_) ® M(r'), and to show that the J/ = define maps into
(VMY (m — M), we need to show that
(6.12) V7 (u)v,w) =0
for all w € M(p), v € M(q), and w € T(g—) @ M(r') of the form

w1(g1(—n1)g2(—n2) — g2(=n2)g1(—n1) — [g1, g2] (=11 — n2))wa,

where wy € T(g_), wa € T(g—) @ M(r'), g1,92 € g, and ny,ny > 0. For the case
wy = 1, we have

(V2,0 (v, [g1(=n1), g2 (—n2)]ws)
= (Py(g1(m)YE, (w)v), ga2(=na)(wy + J(r))).s = (VL0 (91 (0) ), go(—n2)ws)

<PJ(92(n2)y5m(u)v),91(—n1)(w2 +J())

(V7 tnz (92(0))v, g1 (= Jw2)

—(g2(n2) P5(g1(n1) Y5, (w)v), wa + J ('

_|_

)
Py(g2(n2) V2 10, (91(0)u)0), wo + T (') 5
s (92(0)91(0)w)v, wa) + (g1 (n1) Py (g2(n2) VX, (), ws + I (")) 5
Py(g1(n)VE 10, (92(0)u)v), wa + T (1))
37Jm+n1+n2(91(0)92(0) ), wa)
= —(Ps(g2(n2) Ps (g1 (n1) Y, (u)v))

+ Py(g2(n2) Pic (91 (n1) VE,, (w)v)), wa + T (1))

+ (Py(g1(n1) Py (g2(n2) VX, (w)v))

+ Pr(g1(n1) Pic(92(n2) VX, (w)v)), wa + T (1)) g

— (VY iy 4z ([91(0), g2(0)]u)v, w)

= (Ps([g1(n1), g2(n2) V5, (w)v), wo + T (') 5

- <:)7im+n1+n2([g1;QQ}(O)U)U’ wa)
= Q_)Zm(u)lh [91, 92](—n1 — n2)wa),

where we have used (B.I1), the invariance of (-,-);, the fact that J(r) is a g-
module, and Lemma 6.8 Then (612) for general w follows easily from (G.IT]) (note
that the first term on the right of (6I1) is zero for any w containing a factor of
g1(—n1)g2(—n2) — ga(—n2)g1(—n1) — [g1, g2](—n1 — n2) since such a w equals zero
in VM0 > U(g_) @ M(r)).

—
+(
+{
—
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Lemma 6.10. For any m > M, we have

[9(0), Y7, (w)]o = Y7, (9(0)u)v
forgeg, ue M(p), and v € M(q).

Proof. We prove by induction on m. For m = M, the result is true because both
sides of the equation are zero. Now for m > M, using the induction hypothesis,
the fact that P; is a g-module homomorphism, and (6I0), we have for h € g,
0<n<m-M, andweVM(r/)(m—M—n):

([9(0), Y2, ()], h(— Jw) = =V, (uyv, g(0)h(=n)w) — (Y7, (u)g(0)v, h(~n)w)
(Y (v, h(=n)g(0)w) — (Y7, (u)v, [g, h) (—n)w)
+ (Vi (R(0)w)g(0)v, w) — (Py(h(n) VX, (u)g(0)v), w + (")) s
= —(9(0) Y7, 1, (h(0)u)v, w) + (9(0) Py (h(n )yK (), w + I ("))
(9, Al (n ) m (W), w + I ("))

mtn(9(0)A(0)u)v, w)
7 (h(n)[9(0), VX, (w)]v),w + J (") 1
1 (h(m)VE, (9(0)u)v), w + J (")) s

+ (Vi (lg, R (0)u)v, w) — (P (
+ (Vi (h(0)w)g(0)v, w) — (Pr(A(n) VX, (u)g(0)v),w + T (1)) s
= —([9(0), Y7, 1, (h(O)w)]v, w) + (Y7, ([ (0), A(0)]u)v, w)
+ (Pr(g(0)A(n) VX, (u)v — [9(0), h(n )] m (W), w + I ("))
= (Py(h(n)YE,, (w)g(0)v),w + J(r")) s
(
(

= (V7 (9(0)R(0)u)v, w) + (Y7
+(P,
+ (P,

Since VM) (m—M) is spanned by the vectors h(—n)w where h € g, 0 < n < m—M
and w € VM) (m — M — n), the result follows. O

Lemma 6.11. For any m > M, u € M(p), and v € M(q), Y/, (u)v € J(r')*.

Proof. The previous lemma implies that )7 =~ determines a g-module homomor-
phism from M (p) ® M(q) to M(r")* =2 M(r"), where M(r") is the lowest weight
space of J(r ) L(r"); this homomorphism is necessarily zero, just as in the proof
of Lemma 67l Thus

(Y (w)v,w) =0

for any w € M(r") C J(r'). B

If w € J(r') is a homogeneous vector such that (7, (u)v,w) = 0 for any u €

M(p), v € M(q), and m > M, then for any g € g and n > 0 such that g(—n)w €
J(r")(m — M),

VL@, g(=nyw) = (V2,1 (g(0)u)v, w) + (Pr(g(n)VE,, (w)v), w+ I (1))

J
because w + J(r') = 0. If g(—n)w ¢ J(r')(m — M), then (V7 (u)v,g(—n)w) =
automatically. As in the proof of Lemma [6.7] this proves the lemma.

Oo o

By this last lemma, Y7, (u)v for m > M defines an element in (VM) /J (1)) =
L(r") = J(r)’. Since the non-degenerate form (-,-); identifies J(r)" with J(r),
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Y7, (u)v induces a unique element Y7, (u)v € J(r)(m) = L(r')(m — M) such that
V7 (w)v =0 and for m > M

(Y2, (w)v, g(=n)w) s = (Pr(g(n)VE, (w)v), w) s = (V2,40 (9(0)u)v, w) s
forany g €g,0<n<m—M, and w € J(r)(m — n); also
(6.13) [9(0), Y7, (w)]v =Y, (g(0)u)v.
We define Y7, (u)v = 0 for m < M, and so we have:
Lemma 6.12. For any m € Z and n > 0,

Py(g(n)YE, (u)v) + g(n) Y7, (wyv = Y7, . (9(0)u)v,

where g € g, u € M(p), and v € M(q).

Proof. It n > m — M, both sides are zero. Otherwise, if 0 < n < m — M (so that
m > M), then for any w € J(r)(m —n),
{9V (@)v,w) s = (Y7, (wv, g(=n)w) s
= <y—m+n(g(0)u)va w>J - <PJ(g(n)y£(m(u)v)’ w>J'

Since (-, ) ; is non-degenerate on J(r)(m — n), the result follows. O

Finally, we can define YV, (u)v = YE (u)v + V7 (u)v for any m € Z. We have
Yo(u)v = f(u®v), and

(6.14) [9(0), Yim (u)]v = Vi (g(0)u)v

by (610) and [@I3) (or by the fact that both sides are zero if m > 0). Also, by
Lemmas and [6.12], for n > 0,

[9(n), Y (u)]v = g(n)Vm (u)v
= g(n) Y (W) + g(n) Yy, (w)v
= P (g(n) Vi (w)v) + Py(g(n) Vi (w)v) + g(n) Yy}, (u)v
= Vmsn(9(0)u)v + Yy 10 (9(0)u)v
= Vmtn(g(0)u)v.

Thus we have proven the existence of the desired maps ),,, completing the proof
of the theorem. O

Now using Theorems and [6.3] we can complete the proof of Theorem

Proof. If Y € V“//L{((;) v, then ([G3) implies that Vo|ns(p)ear(q) gives an sl(2,C)-
module homomorphism fy into M (r). Conversely, Theorems and [6.3] give us a
unique intertwining operator )y for each f € Homg2,c)(M (p) ® M(q), M(r)) such
that (Vy)o(u)v = f(u®v) foru@v € M(p)@M(q). So fy, = f, and the uniqueness
assertions in Theorems [6.2] and [6.3] guarantee that )y, = ). Thus we have a linear

isomorphism between VVM((p; var(e and Homgo oy (M (p) @ M(q), M(r)). O
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7. INTERTWINING OPERATORS OF TYPE (VM@()TZ((I))

In this section we continue to take g = s[(2,C) and continue to fix a level
¢ € N. We prove that under certain circumstances, an intertwining operator of
M(r) . o
type (VM‘(/M VM(Q)) descends to an intertwining operator of type (VNI[(/T'()T}/((])).
Theorem 7.1. Assume the conditions of Theorem [6.3] hold and that in addition
J(q) is generated by its lowest weight space M(q') and that there are no non-zero

g-homomorphisms from M(p) ® M( ) to M(q'). Then there is a natural linear

. . L(r) ~ VM)
isomorphism VVM(p) L(g VM (p) VM (a) -

™
Proof. We want to show that if ) is an intertwining operator of type (i, M‘(/pl)wv M)

then we obtain a well-defined intertwining operator Y* of type ( ) defined

by
(7.1) VE(u,z)(v+ J(q) = Y(u,z)v + J(r).

Then the linear map Y — Y’ will be our desired isomorphism. It will be injective
because both ) and YL define the same g-homomorphism

Yo=Yy : M(p) ® M(q) = M(r),
and by Theorem [6.1] Y is uniquely determined by this homomorphism. Moreover,
the map will be surjective because an argument similar to but simpler than the
uniqueness argument in the proof of Theorem shows that any intertwining
operator V¥ of type (V M%],()T)L a )) is also determined by such a homomorphism M (p)®

M (q) — M(r), and so the fusion rule N\fz(wm L(g) 1 1O more than N“//JEI((;))VMM

Because ) is an intertwining operator, V¥ will satisfy lower truncation, the
Jacobi identity, and the L(—1)-derivative property, provided that it is well defined.
To prove well-definedness, we need to show that if v € VM(®) and v € J(g), then
Y(u,z)v € J(r){z}.

Lemma 7.2. The subspace W of VM) spanned by the coefficients of products of
the form Y(u,z)v where u € VM®) and v € J(q) is a g-submodule of VM),

L(r)
VM) L(q)

Proof. If g € g, n € Z, u € VM® and v € J(q), then from the commutator
formula,

gV (u,a)0 = Y(u v+z< ) " Y(giyu, ).

>0

Since all coefficients on the right side are in W, the result follows. O
Lemma 7.3. The intersection of W with the lowest weight space of VM) is trivial.

Proof. If we use (-,-)ps to denote a non-zero g-invariant bilinear form on VM) as
in Proposition [5.4] then it is enough to show that

(7.2) (Y(u, z)v,wypr =0

for any u € VM®) v € J(q), and w € M(r), since (-,-)ps gives a non-degenerate
bilinear form on M (r). We first assume v € M (p) and v € M(q') (the lowest weight
space of J(gq)). Then for each n € C, we have a map F,, : M(p)@M(r) — M(¢')* =
M(¢') given by

(Fn(u®@w),v) = (Vn(w)v, w)
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for u € M(p), v € M(q'), and w € M(r). These maps are g-homomorphisms
because if g € g,

(9- Fa(u®w),v) = =(Fp(u®w),g(0)v) = = (Vn(u)g(0)v, w) m
= —(9(0)Vn(u)v, w)nr + (Yn(g(0)u)v, w)rr
(Yn(w)v, g(0)w)rr + (Vn(g(0)u)v, w)rr
= (Fr(g(0)u®@w+ u® g(0)w),v).

But by assumption there are no non-zero homomorphisms from M (p) ® M(r) to
M(q'), so therefore

<y(u7x)vvw>M =0

when u € M(p) and v € M(q'). Now we suppose that (Z2) holds when u € M (p)
and w € M(r) for some v € J(q) and show that it also holds for g(—n)v where g € g
and n > 0; this will show that (T.2) holds for all v € J(q) since J(q) is generated
as a g_-module by its lowest weight space. Thus:

(Y(u, z)g(=n)v,w)nr = (g(=n)Y(u, 2)v, w)rr — (V(g(0)u, x)v, w)rr =0
since g(—n)Y(u,z)v has no component in the lowest weight space since n > 0.
Finally, we must prove that if (T.2) holds for any v € J(q), w € M (r), and for some
u € VM®) | then it also holds for g(—n)u when g € g and n > 0:

<y(g(_n)u7 LL’)’U, w>M = Rele (xl - a:)_"<g(;v1)y(u, {E)’U, ’UJ>M

— Resy, (=2 + 1) 7" (V(u, 2)g(z1)v, w)m

=3 () 0 oo - Yo +0 =0

i>0
by the assumptions on u and since n + i > 0.

(]
Thus we have shown that W is a submodule of VM(") such that W N M(r) = 0.
This means that W is a proper submodule contained in J(r), and so Y(u,z)v C
J(r){z} for any u € VM®) o € J(q), completing the proof of the theorem. a

Remark 7.4. Applying skew-symmetry (see for example [FHL]) to Theorem [IT]

immediately yields a corresponding theorem on intertwining operators of type
L(r)
(L(p) VM((I))'

8. EXAMPLES AND COUNTEREXAMPLES

In this section we fix a level £ € N for sm) and use Theorems [6.1] and [7T]
to exhibit new intertwining operators among V() _modules. We also show by
counterexample that the conditions of Theorem are necessary in order for the
conclusions to hold.

First we need to determine explicitly which geLer\alized Verma modules appear in

the Garland-Lepowsky resolutions of standard sl(2, C)-modules. Recalling notation
from Sections 2 and 3, we consider the action of the subset W' of the Weyl group

on dominant integral weights of 5@), which have the form

o
A=n—+0K
n2 + £

for £ € N and 0 <n < /. (Note that for the purposes of studying 5@)—modules,
the coefficient of d’ in A is not important.) We recall the action of the Weyl group
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generators rg and r; on $H* from ([2.2) and note that since d’ is fixed by W, the
action of W on $* projects to an action of W on Ca @ Ck’. Using (2:2)) above, it
is easy to prove by induction on m:

Lemma 8.1. Suppose A = n% + /0K is a dominant integral weight Ofﬁm). Then

form >0, we have
(ror)™r0 (A+ p) = p = (2((m + (¢ +2) = 1) =) 5 + €K,
and for m > 1 we have
(ror))™ (A + p) — p = (2m(£ +2) + n) % + K

Using the fact that w; € W* is given by (ror1)™ro if j = 2m + 1 is odd and by
(ror1)™ if j = 2m is even, we obtain:
Proposition 8.2. If A = n% + (K is a dominant integral weight of sm), then
for 7 >0 we have

L 4 .
wi(A+p)—p= ((f +2)j + 5(1 - (-7 + (—1)711) % + K.
Thus the resolution of L(A) given by Theorem [B1] is

(8.1) - — VMUEHDHA-(=1)7)/2+(=1)n. )

& By M -—n 0 Ay Ty pogy )

For j € Nand 0 <n </, we use the notation
/ , ,
(8.2) m(j,n)=L+2)j+ 5(1— (=1)7)+ (-1)'n.

We can now apply Theorem to the case that VM(") appears in the resolution
of a level ¢ standard sl(2, C)-module given by Theorem B In particular:

Theorem 8.3. Suppose p,q > 0 and

Then there is a linear isomorphism

M(m(j,m)) .
Vit \J/Mm = Homyg((2,c) (M (p) ® M(q), M (m(j,n))).

In particular,

AV MenGen L af m(j,n) E{p+a¢p+q—2,...,|p—ql},
V@ v 0 if m(@n)¢{p+apr+a—2,....,Ip—ql}.

Proof. By Theorem [3.8 and the resolution [&Il), J(m(j,n)) is irreducible and iso-
morphic to L(m(j + 1,n)), and J(m(j + 1,n)) is irreducible and isomorphic to
L(m(j+2,n)). Thus the conclusions follow from Theorem [6.1] and the fact that as
an s[(2, C)-module,

(8.3) Mp)eM(q@)=Mp+qgo&Mp+q—2)®...® M(lp—q|)
for any p,q > 0. O
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Example 8.4. Suppose we take p =1, ¢ = m(j,n), and r = m(j,n + 1) for some
j>0and 0 <n</{¢—1. Since

m(j,n+1) =m(j,n) +1,

there is a one-dimensional space of §{(2, C)-homomorphisms from M (1)QM (m(j,n))
into M (m(j,n+1)). Moreover, one can check directly from the definition of m(j,n)
that

m(j,n)+1<m(j+1,n+1),m({+2,n+1).
Thus we can conclude from Theorem that

NG
VM) Y M(m(in) = L.

ey
When j = n = 0, these are simply the intertwining operators of type (V M‘(/ll)wvl M(O)),

and they are obtained from multiples of the vertex operator of VM) acting on
VMQ) by skew-symmetry (see for example [FHL]). However, when either j or n is
positive, these intertwining operators are new.

We can also apply Theorem [l to the case that » = m(j,n) and ¢ = m(j’,n’)
for some 7,7’ > 0and 0 < n,n’ < £

Theorem 8.5. Suppose the conditions of Theorem B3] hold and that in addition
m(jl + 1; TL/) ¢ {p + m(]a n)ap+ m(], TL) - 2, ey ‘p - m(]v n)|}

M (m(j,n)) ~ vy L(m(F,
Then as vector spaces, VY, ~ YL(m(Gn))

VM () VM (m (i n') VM@ Lim(n)” In particular,

L(m(j,n))
NVM(T’) L(m(j',n"))
_{ 1 Zf m(jvn)6{p—’_m(j/an/)ap"—m(j/an/)_27"',‘p_m(j,7n,)‘}a
0 if m@,n)¢{p+m(,n)p+m(,n)—2,....]p—m(5,n)|}
Proof. The theorem follows immediately from Theorems B3] and [[Il To apply

Theorem [TT], we recall from Theorem B8 and [B1) that J(m(j’,n')) is irreducible
and thus generated by its lowest weight space M (m(j' + 1,n)). O

Example 8.6. As in Example B4l we consider p = 1, ¢ = m(j,n), and r =
m(j,n+ 1) for some j > 0 and 0 < n < ¢ — 1. From Example B4 we know that
N“// g::;;{l)én = 1. It can be checked directly from the definition ([8.2) of m(j,n)
that

m(j+1,n) >m(j,n+1)+ 1.
Thus by Theorem [8.5]

L(m(jn+1))
NVM(“ L(m(@n))

as well. Note that when j = n = 0, these intertwining operators can be obtained
by skew-symmetry from intertwining operators of type ( L(O)Lgfl])v,(l)). Since L(1) is
a module for the simple vertex operator algebra L(0) when ¢ > 1 (see for exam-
ple [LL]), a basis for the one-dimensional space of intertwining operators of type
(L(Q)L\(/lz)vfu)) is Y1y o (1L(0) ® II;) where II; denotes the canonical projection from
VM) to L(1). As in Example B4 the intertwining operators discussed in this
example are new when j or n is positive.
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We conclude this section by showing with a counterexample that the conclusions
of Theorem may not hold if the conditions do not hold. Given a level ¢ € N,
we take M(p) = M(q) = M({+ 1) and M(r) = M(0) = C1. There is a one-
dimensional space of s(2, C)-module homomorphisms M (£+1)®@ M (¢{+1) — M(0)
spanned by a non-degenerate invariant bilinear form on M (¢ + 1). From (&I,
the maximal proper submodule of VM) is generated by M (2 4+ 2). Thus the
conditions of Theorem do not hold because there is a one-dimensional space of
s[(2, C)-module homomorphisms M (¢ + 1) ® M (£ + 1) — M(2¢ + 2).

Now suppose f: M(£+1)® M(£+ 1) — M(0) is an s((2, C)-module homomor-
phism and we have maps

Vm : MUU+1) @ M+ 1) = VMO (_m)

for m € Z such that Yy = f and (63) holds. Since we know (see for example [EZ] or
[LL]) that e(—1)**'1 generates the maximal proper submodule J(0), Proposition
implies

(Vo1 (u)v,e(=1)* 1) =0
for u,v € M (¢ +1). By (63), this means

(=1 Vo(e(0) v, 1)ar = ()T u) @ v), 1)ar = 0.

If we take u = v to be a lowest weight vector in M (£ + 1), so that ¢! - v is a
(non-zero) highest weight vector, we see that f must be zero. Thus we cannot
construct maps Y, satisfying ([G.3]) for non-zero f.

Interestingly, we do still have a one-dimensional space of intertwining operators of
type (V M(ZYII)W‘(/D I)W(Hl)), but the image of these operators is contained in the maximal

proper submodule J(0). To construct them, note that Theorem [6.1] implies that
. . . . .. (2¢+2)
there is a one-dimensional space of intertwining operators of type (V M(‘Zﬁ)zvt;(gﬂ))

induced by the one-dimensional space of sl(2, C)-module homomorphisms

M(0+1)®@ M(£+1) = M(20 +2).

. VM (20+2) . . M)
Then if ¥V € Vi) VM(e41) 18 nON-z€r0, 50 is d1 © Y € Vi v(ii1) yaresr), where dy

is as in (BJ)).
9. APPENDIX: PROOF OF THEOREM

In this section g is an arbitrary finite-dimensional complex simple Lie algebra,
and we fix a level £ € N. We will heavily use results from formal calculus, especially
delta function properties, in our proof of Theorem These results will typically
be used without comment; see [FLM], Chapters 2 and 8, and [LL], Chapter 2, for
details on formal calculus.

We now proceed with the proof of Theorem 6.2 we recall that M (A1) and M (\2)
are irreducible finite-dimensional g-modules and W is a VM (®)_-module. We assume
that we have a map

YV:MM) @ M) - W{z}
satisfying (GI)) and (62). We need to show that ) has a unique extension to an
intertwining operator of type (VMW%MW))-

First we extend ) to a map on M (\;) ® VMA2) Assuming that Y(u,x)v has
been defined for u € M()\;) and some v € VM(*2) we must define

(9.1) Y(u, 2)h(—n)v = h(—n)Y(u, z)v — 27" Y (h(0)u, z)v
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for any h € g, n > 0, in order for the commutator formula to hold. We need to
verify that this formula determines a unique well-defined map

VM) @ VMR Wiz
Uniqueness follows because VM(A2) = 7(g_) @ M(\y) linearly. To verify that } is
well defined, note that, similar to the definition of the Y% and J7/  in the proof

—m

of Theorem [6.3] ([@.1]) defines a priori a map from M(\;) @ (T(g_) ® M()2)) into
W{z}, where T denotes the tensor algebra. Thus we need to show that
(9.2) Y(u,z)vy(h1(—n1)ha(—n2) — ha(—n2)hi(—nq1) — [h1, ho](—n1 — n2))va =0
for u € M(A1), hi,he € g, n1,na >0, v1 € T(g-) and ve € T(g—) ® M(\2). For
the case v; = 1, we have
V(u, x)hi(—n1)ha(—ng)ve
= h1(—n1)Y(u, 2)ha(—ng2)ve — 2~ Y(h1(0)u, x)he(—n2)ve
= hi1(—n1)ha(—n2)V(u, x)ve — 27 "?h1(—n1) YV (h2(0)u, 2)ve
— 7" ho(—n2)Y(h1(0)u, z)vg + 7™ "2 Y(ha(0)hy (0)u, x)ve,
and we have a similar expression for Y(u,x)ha(—n2)hi(—n1)ve obtained by ex-
changing hy with ho and ny with ny. Then
Y(u, z)[h1(=n1), ha(—n2)]v
= [h1(=n1), ha(=n2)|Y(u, x)vz + 27" 7" Y([h2(0), h1(0)]u, )vs
= [h1, ha](—n1 — n2)V(u, x)vg — =" "2 Y([hq, ha](0)u, z)va
= V(u, z)][h1, ha](—n1 — n2)va,
as desired. Then ([@.2) for all v; follows easily from (@I) by induction on the degree
o 1\%/.6 next show that this ) is lower truncated. Suppose the lowest conformal
weights of VM) YM(A2) and W are hy, hg, and hs respectively. (We may assume

without loss of generality that all conformal weights of W are congruent mod Z to
some lowest weight hs.) Then by (62), if v € M(A2),

Y(u,z)v = Z Vin(w)vz=™",
MmEL

where h = hy + hy — hg, and Y, (u)v € W(—m). Thus truncation holds when v €

M(A2), and if we assume that it holds for any w € M (A1) and some particular v €

VMQ2) then the definition (1)) shows that Y (u, z)h(—n)v is also lower truncated.

This proves lower truncation since VM(*2) is generated by M (A\2) as g_-module.
We now verify the commutator formula

(9-3) [g(m), Y(u, z)]v = 2™ Y(g(0)u, x)v
for any g € g and m € Z. By the definition this holds for m < 0, and for m > 0
it holds for v € M(A2) by (GI). Thus it is enough to suppose that (@.3) holds for
some v € VM(2) and then show that it also holds for h(—n)v where h € g and
n > 0:

lg(m), Y(u, z)|h(=n)v = g(m)Y(u, z)h(=n)v = Y(u, x)g(m)h(—n)v

) (0)u, 2)v — V(u,2)g(m)h(—n)o
s2)v + ([g, k) (m = n) + m(g, h)dm—n,00) Y (u, x)v
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— 2 "Y(h(0)u, z)g(m)v — z™ "V (g(0)h(0)u, x)v — Y(u, z)g(m)h(—n)v
= h(=n)Y(u, z)g(m)v + h(=n)z"™Y(g(0)u, x)v + V(u, x)[g(m), h(—n)]v

= (h(=n)Y(u,2) — Y(u,x)h(~n) — &~ "Y(h(O)u, z))g(m)v
+ h(=n)a™Y(g(0)u, v — ™" Y(h(0)g(0)u, 2)v
— 2" Y(g(0)u, 2)h(~n)v.

We also need to prove the L(0)-commutator formula

[L00), Y0, 7))o = a4 Vo, x)o + Y(L(O)u, 2)o

for any u € M()\;) and v € VM(2) The formula holds for v € M()\s) by (6.2),
so it is enough to assume that it holds for some v € VM) and then show that it
holds for any h(—n)v:

(L(O) - x%) V(u, z)h(—n)v
_ (L(O) - ;v—$) (h(=n)Y(u, z)v — 2~ "Y(h(0)u, z)v)

= h(-n) (L(O) - w%) V(u,z)v — ™" (L(O) - xa> V(h(0)u, z)v

+ [L(0), h(—n)] Y (u, x)v — nz” " Y(h(0)u, x)v
= h(—n)(V(L(0)u, z)v + Y(u, z) L(0)v + nY(u, z)v)
7" (V(L(0)h(0)u, z)v + Y(h(0)u, ) L(0)v + nY(h(0)u, z)v)
V(L(O)u, x)h(—n)v + YV(u, 2)h(—n)L(0)v + nY(u, x)h(—n)v
(9-4) = y( (0)u, 2)h(=n)v + Y(u, 2) L(0)h(—n)v.

We also want to verify that ) satisfies the following iterate formula for u €
M(\), ve VMR g e g and m > 0:

Y(g(m)u, z) = Resg, ((z1 — )" g(x1)Y(u, ) — (=2 + 21)" Y(u, ¥)g(21)
(9.5) = Res,, (z1 — 2)"[g(x1), Y(u, x)].

Now, since

l9(x1) Y (u,2)] = Y [g(n), V(u,z)]ay "

neZ

= S e (g0, 2) = a7 1o (i> Y(g(0)u, z)

X
neZ 1

if m > 0, we have that

and

Resg, (21 — )™ [g(21), Y(u, z)] = { y(g(%)U7x) i z i 8:
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as desired since g(m)u = 0 for m > 0.

Now that we have extended Y to M(\) ® VM) we want to extend Y to
VM) @ VMA2): agsuming that )(u, ) has been defined and is lower truncated
for some particular u € VM) we must define

(9.6) Y(h(—n)u,z) = Res,, ((z1 — 2) ""h(x)V(u,z) — (—x + x1) "V (u, x)h(21))
for any h € g and n > 0, in order for the iterate formula to hold. This expression
is a well-defined operator on VM(*2) hecause both Y(u,x) and h(zx;) are lower
truncated when acting on VM) To show that (I.6) yields a well-defined map
first on (T'(g_) ® M(\1)) ® VM2 we need to show that it is lower truncated. In
fact, the lower truncation of Y(u, z) shows that the first term in (@.6) is also lower
truncated. As for the second term, for any v € VM(X2),

—n _ .
Resy, (—x 4+ 21) 7" Y(u, 2)h(z1)v = Z ( ; )(—ac)”’y(u, x)h(i)v.
i>0
Since h(i)v = 0 for i sufficiently large, the sum is finite and lower truncation follows
from the lower truncation of Y(u, z).

Next, to show that Y is a well-defined map on VM) @ VMA2)  we need to
show that

(97) y(ul(hl(—nl)hg(— ) - hg(—ng)hl(—nl) - [hl, hg](—nl - ﬂ2))U2, I) =0

for up € T(g_), uz € T(g_) ® M(X\1), hi,ha € g and ny,ny > 0. For the case
u; = 1, we have

Y(hi(=n1)ha(—n2)us, )
= Res,, ((331 — ) " hy(x1) Y (ha(—n2)usg, )
—(—z+x1) ™M Y(ho(—n2)us, z)hl(ajl))
= Res,, Resy, (1 — ) " (x2 — ) "2 hy(x1)he(x2) Y (us, x)
— Res,, Resg, (21 — 2) 7™ (—x + 22) "2 hy (21) Y (ug, ) ha(x2)
— Res,, Resg, (—z + 1) 7" (22 — 2) "2 ha(z2) Y (ug, ) hi(x1)
+ Resg, Resy, (—z 4+ x1) " (—x + 22) "2 Y(ug, x)ha(z2)h1(21),

and we have a similar expression for Y (ha(—n2)hi(—n1)usg, x) where we exchange
hy with ho, ni with no, and z; with 5. Combining the two expressions, we get

Y([hi(—n1), ha(—n2)lus, x)
= Res,, Resy, (z1 — ) 7" (22 — ) "2 [h1 (1), ha(x2)] Y (us, x)
— Resy, Resy, (—x + 1) ™™ (=2 + 22) "2 Y (ua, ) [h1(x1), ha(z2)]

= Resy, Resy, (z1 — ) " (2 — )2

: ( 15( 2) [h1, ho)(z1) + <h1,h2>ea% (a?215 (i—l))) V(uz,z)

— Resy, Resg, (—z+21) " (-2 + 22) "

.y(uQ,x)< 15( 2)[h1,hg](:c1) <h1,hz>€a% (leé(i—;)»

= Res,, Resy, 516 < >
To
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(w1 = 2) ™™ 72 [y, ho] (1) Y (ug, @)
— (= +x1) """ Y (ug, @) [ha, ha)(21))

— (h1, ho) Res,, Resy, (z1 — ) 7" (—n2) (a2 — a?)_"rl:t;lé (%) V(ug,x)
2

+ (h1, ha)f Res,, Resy, (—z+x1) "™ (—ng)(—z + xg)_"2_1x215<ﬂ>y(u2, x)

T2

= Reswl ((.Il — {E)inlinQ [hl, hg](.fl)y(UQ, l‘)

—(=z +21) """ Y(uz, @), ho(21))
+na(hy, ho)lResy, (1 —2) ™77 — (—z +21) 7™ ™71 Y(ug, 2)

= Y([h1, h2](—=n1 — n2)uz, z) + 0,
where we have used the generating function form of the affine Lie algebra commu-
tation relations (see [FLM], Proposition 2.3.1), é-function substitution properties,
the fact that the residue of a derivative is zero, and the fact that ni +mn9 > 0. Then
@Z0) for general vy follows easily from (@.6]) by induction on the degree of v;. This
shows that ) is a well-defined map on VM) & M),

We next want to prove the L(0)-commutator formula (62)) for any u € VM*),
Since it holds for u € M(\;) by (@3, it is enough to assume it holds for u € V(A1)

and then show that it holds for g(—n)u as well, where g € g and n > 0. In the
following calculation, we use the commutation formula

[L(0),9(a)] = -0 g(a) + g(a)

as well as the fact that the residue of a derivative is zero:

(9.8)
<L(O) — x%) V(g(—n)u,x)
= Resy, <L(O) — z§> ((xl —xz) "g(x1)V(u,x) — (—x + xl)fny(u,x)g(zl))

~ Res,, ((xl_m (L _x_)yw,x)
—z 4 3)” (L —x—)y(u,x)g(a@l))

—Resmlnx((m—x) "g(z)V(u,x) — (24 21) " YV (u, 2)g(21))
+ Resq, (21 — 2)7"[L(0), g(21)]Y (u, )
= Resy, ((21 — ) "g(x1)V(LO0)u, 2) — (—z +21) " V(L(0)u, z)g(21))
+ Resy, (21 — ) "g(21)V(u, 2)L(0) = (=2 + 21) "V (u, z)L(0)g(z1))
—I—Resxln((xl—x)*”g( DY (u,xz1) — (—z + x1) " Y(u,x)g(x)
— Resy,nay (7 —x) ™" Yo(x))V(u, 1) — (—2 4+ 1) "' V(u, x)g (1))
+ Resq, (21 — 2)7"[L(0), g(21)]Y (u, )
= V(g(—n)L(0)u, z) + Y(g(—n), z)L(0) + nY(9(—n)u, x)

+ Resm(xl&ixl (z1—2)7") g(z1)Y(u, f)—$18i (—z+z1) ") V(u, x)g(x1)>

L1
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+ Resz1 (21 = 2)7"[L(0), g(x1)]Y(u, ) — (=2 + 21) "V (u, 2)[L(0), g(21)])
Y(L(0)g(=n)u, z) + Y(g(—n), z)L(0)
(

+ Resg, i (z1(z1—x)~ )g(ml)y(u,x)—i(wl(—x—i—xl)_")y(u,x)g(x1)>

ox 8%1
— Resg, (21 —2) "g(21)YV(u,2) — (2 +21) " Y(u, 2)g(z1))

0 0
+ Resg, (wl T — ) "a—zlg( DY (u,x) — x1(—x + xl)_"y(u,x)a—xlg(m))

+ Resg, ((21 - 21)V(u, ) — (=2 + 21) " V(u, 2)g(1))
= Y(L(0)g(=n)u, $)+3)( (=n), 2)L(0).

Now we prove the Jacobi identity

5% () gtV ) - 2575 () Y amiglo)

Zo Zo

i

x
=036 (M) (o)
T2
for any g € g and u € VM), Recalling Remark E5, this is equivalent to proving
the iterate formula
Y(g(m)u, x2) = Resa, ((x1 — 22)"g(x1)Y(u, x2) — (=22 + 21)" Y (u, 22)g(21))

for any m € Z and the commutator formula

lg(a1), Yu,2)] = mwwfaﬂjaﬂ)ﬂmmm@n

By @3), [@3), and the definition ([@.6]), the commutator and iterate formulas hold
for u € M (A1), so it suffices to show that if they hold for u € VM(A1) | then they also
hold for h(—n)u where h € h and n > 0. We prove the iterate formula first, using
the assumptions on u and the generating function form of the affine Lie algebra
commutation relations:

Y(g(m)h(—n)u,z2)
= Y(h(=n)g(m)u, z2) + Y(([g, h](m — n) + m(g, K}l —n,0)u, v2)
= Resy, ((y1 — 22) "h(y1)V(g(m)u, x2) — (=22 + y1) " V(9(m)u, z2)h(y1))
+ Y(([g, Al (m = n) + m(g, W)l —n0)u, x2)
= Resy, Resq, (y1 — 22) 7" (31 — 22)"h(y1)g(21) Y (u, 22)
—(=z2 + 1) h(y1) Y (u, 22)g(x1))
— Resy, Resy, (—z2 +y1) 7" ((x1 — 22)™g(x1) Y (u, 22)h(y1)
—(=a2 + 1) V(u, w2)g(x1)h(y1))
+ Y(([9, hl(m — n) + m(g, h)ldm—n0)u, x2)
= Resy, Resy, (21 — 22)"g(21) ((y1 — 22) " k(Y1) (u, 22)
—(—xg + 1) "V(u, 22)h(y1))
— Resy, Resy, (71 — 22)™ (y1 — 22) " "[g9(z1), h(y1)]V (u, 72)
— Res,, Resy, (—x2 +21)™ ((yl — 2) "h(y1) Y (u, z2)
(=22 +y1) "V (u, z2)h(y1)) g(a1)
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+ Resy, Resy, (=22 + 21)" (=22 + y1) 7"V (u, 22)[g(21), h(y1)]
+ Y((lg, h](m — n) + m{g, h)€dm—_n.o0)u, 2)
= Resy, ((z1 — 22)"g(x1) V(h(—n)u, x2) — (=22 + 1) Y (h(—n)u, 22)g(1))

— Resg, Resy, (w1 — 22)™ (y1 — 22) "y; 10 (%) 9, h](21)V(u, 22)

0
— Resg, Resy, (1 — 22)™ (11 — 22) " (9, h>£8—y1 ( 'e <y1 )) V(u, )
+ Res,, Resy, (—z2 + x1)™ (—x2 + y1) "y o (%) V(u, x2)[g, h] (1)

+ Resg, Resy, (—z2 + 21)™ (=22 +y1) " (g, h>£aiy1 <y115 <%>> V(u, z2)
+ V(g Pl — 1) + g, B) b0} 72))

= Res;, (21 — 22)"g(z1)Y(R(—n)u, 22) — (=22 + 21)" Y (h(—n)u, 22)g(21))
— Resg, ((z1 — 22)™ "[g, b (21)V(u, 22) — (=22 + 21)" "V (u, 22)[9, h](21))

0 () — 2a) ™ g WYY ()

+ Reswl (Il — Ig)m O
1

— Resy, (—z2 + x1)™ il( 2+ 1) " (g, h) Y (u, x2)
+ Y((lg, h](m = n) + m(g, 1) ldm—n0)u, ©2))
= Res;, (21 — 22)" g(z1) Y(M(—n)u, z2) — (=22 + 21)" V(h(—n)u, x2)g(21))
— Resy, (n(z1 — 22)™ " g, WYV (u, 22)) + m(g, B)dpm—n.ol V(u, x2)
= Resg, ((z1 — 22)"g(21) Y (h(—n)u, x2) — (=22 + 21)" V(h(—n)u, 22)g(21)),
which proves the iterate formula for h(—n)u.

Now we need to prove the commutator formula for A(—n)u. We use the fact that
the Jacobi identity holds for u and so

(w1 — 22)" g(21)V(u, 22) — (=22 + 21)"" V(u, 22)g(71)

) Yg(wo)u, vs)

1 — To

= Resg, 3:6’%2_15
T2

for any g € g and m € Z:

[9(z1), V(hM(—=n)u, z2)] = Resy, (y1 — x2) " [g(x1), h(y1) Y (u, z2)]
— Resy, (—z2 +y1) "[g(21), Y(u, z2)h(y1)]
= Resy, ((y1 — 22)"[g(x1), h(y)]V(u, x2) + (g1 — 22) " "h(y1)[g(z1), Y(u, 22)])
— Resy, (=22 +y1)7"[9(z1), V(u, x2)]h(y1)
(=2 +y1) "V (u, 22)[g(x1), h(y1)])

~Resy (1 = 22) " (1578 (2 ) oo + ot (526 (2 ) ) ) Do

~ Resy, (—3 + 1) "V (,22) <y115 (z—> 9, (1)
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s (4 (3)

) (91 — 2)"h(y) V(g (xo)u, )

T1—
-1 1 0
+ Resg Resy, 570 (33—2

— Res,,Res,, 250 (%) (=2 +y1) " V(g(xo)u, x2)h(y1)
= (z1 —22) "[g, h(z1)V(u, 22) — (=22 + 21) "V (u, ¥2)[g, h] (1)
— g (a1 = 02) ™" (= +1) ™) V)

1 — To

Resg, 5 6
+ Resg, g < o

) Y(h(=n)g(zo)u, z2)
= Resy, (2" 25 10 ( 22 ) Y(lg, h(xo)u. 2)
(samaats (25) )

T2

(g, py=D 9" (lea (ﬂ» V(u, 2)

n! Oz} To

+ Resy, 25 10 <$1$;2$0> Y(g(wo)h(—n)u, z2)

— Resg, x5 '6 (u) Z 5™ Y (([g, h)(m — 1) + M —n.0(g, h)E)u, z2)

X
2 meZ
1 — To

= Res,, o, 6 < ) Y(g(zo)h(—n)u, x2).

We have thus proved that the Jacobi identity holds for g(—1)1 € VM(©) where
g € g,and any v € VM (M) and it is obvious that the Jacobi identity holds for 1 and
any v € VM1 To prove the Jacobi identity for any u € VM©) and v € VM),
it suffices to assume that it holds for some specific u € V™(©) and then show that it
holds for g(—n)u for any g € g and n > 0. Observing throughout that each formal
expression is well-defined, we obtain

zgto (M)Y(g(—n)u,m)y(v, o) —xg 6 (

Lo

T2

—X2 + 21
Zo

) 9(u)Y (u,22) Y (v, 22)

) Y(v,22)Y (g(—n)u, 1)

T — T2

= Resy, (11 — xl)’”xglzi (

T1 — T2

~Resy, (—a1 + ) "o ( ) Y (u, 22)g ()Y (v, 22)

Zo
—T2 + 21

- s (2

) Vv, 22)g()Y (u, 1)

—X2 + 21
Zo

(9.9) + Resy, (—z1 + y1)_"x615 ( ) VY(v,22)Y (u,21)g(y1)-

We analyze the first and third terms on the right side first: they become

) o), Yot )Y (u, 1)

—T2 + 11
Zo

Res,, (y1 — 1) "y '8 (

e (= 1) a5 18 (FL ) )Y ()
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= Resy, Resy, (y1 — 1) "2y 16 <_x2—+xl>

To
570 (M) Vgt )Y )
+ Resy, (y1 — w2 — w0) 23" <u) 9()V(Y (. z0)v, 2)

e — —T9 +
= Resy, Resy, (2 +y2 — 1) "z ) <#)

Zo
Ty —x
+x516 (—1 0)
€2

> <_Zn> (—20)" Resy, (y1 — 22) " "g(y1) V(Y (u, z0)v, )

i>0

= Resy, (—z9 + yg)fnxofl(? (—xg——i—x1> V(g(y2)v, x2)Y (u, x1)

Zo
T —T
+x2_15 <71 0>
2

(9'10) ’ Z <—Zn> (_xO)i Resyl (yl - x2)—n—ig(y1)y(y(u’ 'TO)’Uv 1‘2)-

i>0

57 (L2 ) Vot 0 ()

We next analyze the second and fourth terms on the right side of (@9]), which
become

_ 1 — X
=Ry (00 =2z 1) "3 (P ) Y (g0 )

- —x2 +
ey (=14 ) 50 () 30V (g (n)

- (TO“> Y (u, 1) ; (2”) (=)~

-Resy, (Y1 — 22)'g(y1) Y (v, x2)

—Ty+x
ey ()"0 (2 ) Yo, (o)

=256 (wl ) (1)) <_Z,n>(_x0)—n—z'

>0
- Resy, (—22 4+ 41)" Y (v,22)g(y1)

—s (B22) Y (7)) ¥ w22

—T2 + T
T

+ Resy, (—z1 + y1)_”x61(5 < ) Y(v,22)Y (u,21)9(y1)

_ T —T
= —Resyl(—xo —x2+y1) "xg 's <1x—02> Y (u, 1)V (v,22)9(y1)
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_ Ty — —
55 (T ) Resy ()Y () Vg 0) 022
—I9 + X1

+ Resy, (—z1 + yl)_":calé <
Ty

) (v, 2)Y (u, 21)g31)

— % ( - ) Res, (=0 + y2) =Y (u, 1) V(g (ya)v, )

1 — X9

~ Resy, (—a1 +y) "y ( ) VY (u,20)0, 22)9(31)

T2

Sy ( - ) Resya (—0 + y2) =Y (u, 20) V(g (ya)v, 22)

— Resy, (—z2+y1 — xo)_":cglé <w> V(Y (u,z0)v,22)9(y1)

€2

— 3% ( - ) Resy (=0 + y2) =Y (u, 20 ) V(g (ya)v, )

To
— 2515 <$1$_2$0) ; (_Zn) (—0)"
(9.11) : Re;yl (=22 +y1) " V(Y (u, 20)v, 22)g(y1)-

If we add ([@I0) and (@I back together, we get

—z;'6 (wl — xo) Res,, (—xo +y2) "V (Y (u, 20)g(y2)v, 2)

2

+ 2510

+ayts (xlx_ mo) Resy, (y2 — 0) "V (9(y2)Y (u, 20)v, 72)
=2, (w> V(Y (g(—n)u, xo)v, z2).

This completes the proof of the Jacobi identity.

Finally, to prove that ) is an intertwining operator, we need to prove the L(—1)-
derivative property. From the Jacobi identity, or specifically from the commutator
formula, we have for any u € VM(1) that

[L(0), Y(u,z)] = Y (L(—1)u,z) + Y(L(0)u, z).
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On the other hand, we proved in (O.8]) that

[L00), Yo, 2)] = - V(o) + V(LO)u,2).
It follows that .
y(L(_l)uv'r) = %J}(u,x),

as desired. This completes the proof that ) is an intertwining operator extending
the original Y : M (A1) ® M (A2) — W{z}. The uniqueness assertion of the theorem
follows from the observation that the extensions of Y from M (A1) ® M(A2) to
M(A\;) @ VMA2) and then from M(\;) @ VMQ2) to VM) @ MOA2) are uniquely
determined by the commutator and iterate formulas, respectively.

Remark 9.1. If we take A\ = Ay = 0 and W = VMO with Y(1,2)1 = 1, we see
that the argument here proves the Jacobi identity for VM (©),
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