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Abstract

To each category C of modules of finite length over a complex simple Lie algebra g, closed under ten-
soring with finite dimensional modules, we associate and study a category AFF(C), of smooth modules
(in the sense of Kazhdan and Lusztig [D. Kazhdan, G. Lusztig, Tensor structures arising from affine Lie
algebras, I, J. Amer. Math. Soc. 6 (1993) 905-947]) of finite length over the corresponding affine Kac—
Moody algebra in the case of central charge less than the critical level. Equivalent characterizations of these
categories are obtained in the spirit of the works of Kazhdan and Lusztig [D. Kazhdan, G. Lusztig, Tensor
structures arising from affine Lie algebras, I, J. Amer. Math. Soc. 6 (1993) 905-947] and Lian and Zucker-
man [B.H. Lian, G.J. Zuckerman, BRST cohomology and noncompact coset models, in: Proceedings of the
XXth International Conference on Differential Geometric methods in Theoretical Physics, New York, 1991,
1992, pp. 849-865; B.H. Lian, G.J. Zuckerman, An application of infinite dimensional Lie theory to semi-
simple Lie groups, in: Representation Theory of Groups and Algebras, in: Contemp. Math., vol. 145, 1993,
pp. 249-257]. In the main part of this paper we establish a finiteness result for the Kazhdan—Lusztig tensor
product which can be considered as an affine version of a theorem of Kostant [B. Kostant, On the tensor
product of a finite and an infinite dimensional representation, J. Funct. Anal. 20 (1975) 257-285]. It con-
tains as special cases the finiteness results of Kazhdan, Lusztig [D. Kazhdan, G. Lusztig, Tensor structures
arising from affine Lie algebras, I, J. Amer. Math. Soc. 6 (1993) 905-947] and Finkelberg [M. Finkelberg,
PhD thesis, Harvard University, 1993], and states that for any subalgebra f of g which is reductive in g the
“affinization” of the category of finite length admissible (g, f) modules is stable under Kazhdan—Lusztig’s
tensoring with the “affinization” of the category of finite dimensional g modules (which is O in the nota-
tion of [D. Kazhdan, G. Lusztig, Tensor structures arising from affine Lie algebras, I, J. Amer. Math. Soc.
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1. Introduction

Let g be a complex simple Lie algebra and let g be the corresponding untwisted affine Kac—
Moody algebra, see [12]. It is the central extension of the loop algebra gz, = g®c Clt, 1
by

[thvytm]:[xyy]tn+nl+n8n,—m(x»y)K7 xayEQ (1'1)

where (.,.) denotes the invariant bilinear form on g normalized by (¢, &) = 2 for long roots «.
The affine Kac—-Moody algebra g is a Z-graded Lie algebra by

degxt" =n, deg K =0. (1.2)

Set for shortness g = tg[t] < g. Denote the graded components of U (g) and U (g.) of degree
N by U@ and U(g4)", respectively.

Definition 1.1 (Kazhdan—Lusztig). For a g module V define
V(N) = AnnU(ng)N VcV, NeZ.

A g module V is called strictly smooth if

Uvan=v.

N

Recall also that a § module V is called smooth if each vector in V is annihilated by " g[¢] for
all sufficiently large integers N.
Clearly

VihcV@R)c.--

and each V(N) is a g module since g < § normalizes U (§)". Each strictly smooth § module
is a module for the topological algebra g which is the central extension of g((¢)) by (1.1).
The main objects of our consideration are the following categories of g modules.

Definition 1.2. Let C be a full subcategory of the category of g modules and k € C. Define
AF F(C), to be the full subcategory of the category § modules of central charge x —h" consist-
ing of strictly smooth, finitely generated § modules V such that

V(N)eC, foralN=1,2,....
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Here ¥ denotes the dual Coxeter number of g.

We will restrict our attention only to categories C of finite length g modules which are closed
under tensoring with the adjoint representation and taking subquotients. The following are some
important examples.

Example 1.3. (1) Let C = Fing be the category of finite dimensional g modules. Then
AFF(Fing), is Kazhdan—Lusztig’s category O, defined in [13].

(2) Let f be a subalgebra of g which is reductive in g, i.e. g is completely reducible as an |
module under the adjoint representation, see [6, Section 1.7] for details. Consider the category of
finite length admissible (g, f) modules—g modules which restricted to § decompose to a direct
sum of finite dimensional irreducible f modules, each of which occurs with finite multiplicity. It
will be denoted by C (4, f). Kostant’s theorem states that C(y f) is closed under tensoring with finite
dimensional g modules [17, Theorem 3.5]. Clearly C(q j) is also closed under taking subquotients.
The example (1) is obtained from (2) when one specializes | = g.

(3) Let go be a real form of g and £ be the complexification of a maximal compact subalgebra
of go. Then ¢ is reductive in g and the category from part 2 specializes to the category of Harish-
Chandra (g, £) modules to be denoted by HC g, ).

Lian and Zuckerman [18,19] studied the category of Z-graded g modules

V:@Vn (1.3)

nez

for the grading (1.2) of g for which V,, is a Harish-Chandra g-module and V;, = 0 for n >> 0. Later
we will show that this is exactly the category AF F (HC q4,¢)) (see Proposition 3.8 below) and will
obtain a characterization of all categories AF F (C), in this spirit. At the same time the above Z-
grading is not canonical and is not preserved in general by g homomorphisms. In the general case
there is a canonical C-grading with similar properties, obtained from the generalized eigenvalues
of the Sugawara operator Ly, see Proposition 1.5. It is preserved by arbitrary § homomorphisms.

I. Frenkel and Malikov [8] defined a category of affine Harish-Chandra bimodules from the
point of view of the construction of Bernstein and S. Gelfand [4], treating case when g is a
complex simple Lie algebra considered as a real algebra. It is unclear how in this case [8] is
related to [18] and the constructions of this paper.

(4) Finally as another specialization of (2) one can choose f to be a Cartan subalgebra § of
g and obtain the category of weight modules for g. Its subcategory O of Bernstein—Gelfand—
Gelfand (for a fixed Borel subalgebra b D h of g) is also closed under tensoring with finite
dimensional g modules and taking subquotients. From the results in Section 3, in particular The-
orem 3.5, it follows that the category AFF(O), for k ¢ R>( is essentially the affine BGG
category O of g modules with central charge k — k", see [12]. The generator d for the extended
affine Kac-Moody algebra acts on g modules from AFF (O), by const — Lo where Ly is the
Oth Sugawara operator, see [12] and Section 2 below.

The following theorem summarizes some of the main properties of the categories AFF (C).

Theorem 1.4. Assume that the category C of finite length g modules is closed under tensoring
with the adjoint representation and taking subquotients, and that k ¢ R>q. Then the following
hold:
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(1) For any M € C the induced module

Ind(M), =U(§) Quglrjeck) M

belongs to AFF(C),. (In the definition of the tensor product the central element K acts on
M by (k — hV) and §4 = tg[t] annihilates M.)

(2) The g modules in AFF(C), have finite length and are exactly the quotients of the induced
modules from U (g[t]) modules N annihilated by the degree n component U (§+)" of U(g+)
for some n >0, recall (1.2).

(3) AFF(C) is closed under taking subquotients.

(4) Ifthe original category of g modules C is closed under extension then the category AFF (C),
is closed under extension inside the category of § modules of central charge Kk — h".

Let us also note that every irreducible module in AF F(C), is (the) unique irreducible quotient
of Ind(M), for some irreducible g module M. In addition for two nonisomorphic irreducible g
modules the related irreducible g modules are nonisomorphic.

Each smooth § module of fixed central charge, different from the critical level —h", canon-
ically gives rise to a representation of the Virasoro algebra by the Sugawara operators L, see
[12] or the review in Section 2. The generalized eigenspaces V¢ of the operator Lo (£ € C) are
naturally g modules. One has the following characterization of AFF(C),.

Proposition 1.5. In the setting of Theorem 1.4 the category AF F(C), consists exactly of those
finitely generated smooth § modules of central charge k — h" for which

V= @ vé for some &1, ...,&6,€C (1.4)
§:6—&€lxo

and V& € C.

Kazhdan and Lusztig [13—15] defined a fusion tensor product V; ® V5 of any two strictly
smooth g modules V| and V,, motivated by developments in conformal field theory [1,3,16,20,
21]. In a related series of works Huang and Lepowsky developed a theory of tensor products for
modules over vertex operator algebras [9]. The modules V; ® V> obtained from the Kazhdan—
Lusztig tensor product are strictly smooth but in general it is hard to check under what conditions
they have finite length. Kazhdan and Lusztig proved in [13] that the category O, is closed under
the fusion tensor product and further used it to construct functors to representations of quantized
universal enveloping algebras. In the case of positive integral central charge Cherednik defined
in [5] a version of the fusion product for a category of integrable modules and showed that the
latter is invariant under that tensor product.

For the affine algebra g and the fusion tensor product the category O, plays the role of the
category of finite dimensional modules for the algebra g. We prove the following finiteness prop-
erty of the Kazhdan—Lusztig tensor product. It is an affine version of Kostant’s theorem [13] that
tensoring with finite dimensional g modules preserves the category of g modules C(g 5).
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Theorem 1.6. Let k ¢ R>( and § be a subalgebra of the complex simple Lie algebra g which
is reductive in g. Then the Kazhdan—Lusztig fusion tensor product of a § module in O, and a g
module in AFF (Cg )i belongs to AFF(Cig,5))i:

®:0 x AFFCig, 1)) = AFF(Cig,5)i ®:A.7:.7:(C(g,]t)),( X O = AFF(Cig,1))c-

Thus AFF(Cg,5))« become (bi)module categories for the ring category O, using the left
and right Kazhdan—Lusztig tensoring with objects from O,. The associativity is defined by a
straightforward generalization of [14]. There are also braiding isomorphisms, intertwining the
two tensor products, again defined as in [14].

In the special case f = g one has O, = AFF(C(g,4))« and we get just another proof of one of
the main results of Kazhdan and Lusztig in [13] that

®:0¢ x O = O.

The novelty in this paper is a direct proof of Theorem 1.6 which in the main part is independent
of the one of Kazhdan and Lusztig [13, Section 3] who use Soergel’s generalized Bernstein—
Gelfand—Gelfand (Brauer) reciprocity [2, Section 3.2]. They show that if V is a strictly smooth
g module of central charge less than the critical level and V(1) is finite dimensional then
V € O,. Unfortunately BGG reciprocity does not have to hold in the categories of g modules
AFF(Cg 1)« and even in the standard category of Harish-Chandra g modules. (This was com-
municated to us by G. Zuckerman.) Moreover it seems that in general strict smoothness of a g
module V and V(1) € C(g,) do not imply that V € AFF(C(g ) (the problem being that V
might have infinite length) but we do not know a counterexample at this time.

As another consequence of the special case when f is a Cartan subalgebra of g (see part (4) of
Example 1.3) one easily obtains that the fusion tensor product of a module in O, and a module
in the affine category O with central charge « — h" is again a module in the affine category O.
This was previously proved by Finkelberg [7].

Theorem 1.6 opens up the possibility for defining translation functors [10,11,22] in the cate-
gories AF F (C(q,f))« using the Kazhdan—Lusztig fusion tensor product. It is also interesting to
investigate if tensoring with O, can be used to define functors from the categories AF F (Cig. )i
to some categories of representations of the corresponding quantum group Uy (g) in the spirit of
Kazhdan and Lusztig [15]. This can be viewed as a procedure of “quantizing categories of mod-
ules over a complex simple Lie algebra” by considering first categories of modules for the related
affine Kac—-Moody algebra.

2. Properties of induced modules

Recall that on any smooth § module V of central charge « — 1" (k # 0) there is a well-defined
action of the Sugawara operators (see [12] for details)

1 . .
Li ZEZZ:(W ) (e pt 75 (2.1)
P jeZ

where the first sum is over an orthonormal basis {x,} of g with respect to the bilinear form (.,.).
In (2.1) the standard normal ordering is used, prescribing pulling to the right the term xt" with
larger n.
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The Sugawara operators define a representation of the Virasoro algebra on V [12] for which
[Li, xt"] = —n(x"tF). 2.2)
For a g module V consider the generalized eigenspaces of the operator L
vE= {v eV | (Lo — &)"v =0 for some integer n} & eC.
Since Ly commutes with g <> § (see (2.2)) each V¢ is a g module.
Definition 2.1. For a g module M and « € C define the Weyl module
Ind(M), = U (8) Qu(girieck) M

of § where g[¢] acts through the quotient map g[t] — g[t]/tg[t] = g and K acts by (x — h")id.

Proposition 2.2. Assume that M is a g module on which the Casimir §2 of g acts by a.id for
some a € C and that « is a nonzero complex number. Then:

(1) Ind(M), = @EGC Ind(M),i and Ind(M)i are actual (not generalized) eigenspaces of L.
2) Ind(M)i =O0unless & € a/2k + Z>o and as g modules

Ind(M)@/2FM = M ® S(ad)" (2.3)

where S(ad)" denotes the degree n component of the symmetric algebra of the graded vector
space g g @ - - - with kth term sitting in degree k (k =1,2,...) considered as a g module
under the adjoint action.

(3) If M is an irreducible g module and V is a nontrivial § submodule of Ind(M), then

V NInd(M)%/% = ya/2 =,

Part (2) follows from (2.2) and the Poincare—Birkhoff—-Witt lemma. Parts (1) and (3) are
straightforward.

Corollary 2.3. If M is an irreducible g module then Ind(M),. has a unique maximal g submod-
ule Mmax. It satisfies Mmax N Ind(M)ﬁ/ZK
denoted by

= 0. The corresponding irreducible quotient will be

Irr(M), =Ind(M),. / Mmax-

We now use a theorem of Kostant [17]. Recall that through the Harish-Chandra isomorphism
the center Z(g) of U(g) is identified with S(h)" for a given Cartan subalgebra b of g, see
e.g. [6, Chapter 7.4]. Thus the characters of Z(g) are parametrized by h*/W. The character
corresponding to the W orbit of A € h* will be denoted by x, : Z(g) — C. Recall also that for
the Casimir element £2 € Z(g)

x.(2) = A2 = |pl?
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where p € h* is the half-sum of the positive roots of g for the Borel subalgebra used to define the
Harish-Chandra isomorphism.

Theorem 2.4 (Kostant). Let M be a g-module with infinitesimal character x;, A € b* and U be
a finite dimensional g module with weights |11, ..., Ly, counted with their multiplicities. Then

n

l—[ (2 = X (2).id)

i=1

annihilates U @ M for all z € Z(g), in particular

n

[1(2 = (41 = Iol?)id)

annihilates U @ M.

Lemma 2.5. Let M be an irreducible g module with infinitesimal character x;, A € b*. Then for
any two § submodules V and V' of Ind(M), such that

vcVv, V£V
there exists an element [ of the root lattice Q of g such that

(a) the operator Lo:V'/V — V']V has the eigenvalue

1

~(r 2.2

> (1A + l* = 1p1%)

and
1

b —(Ir+ 1> = A7) € Zxo.
(b) 2;<(| +ul® =A%) € Zxo
Proof. The subspaces V and V' of Ind(M), are invariant under Lo and therefore Ly induces a
well-defined endomorphism of V/V'. Choose the eigenvalue &y of Lo on V/V’ with minimal

real part. (It exists due to part (2) of Proposition 2.2.) Then § annihilates (V/V’ )0 because
of (2.2). This implies that the Casimir of g acts on (V/V’ )60 by 2«&p.id. On the other hand,

2 .2
(V/V")é considered as a g module is a subquotient of the module Ind(M),((l)“| P26 o
some n € Zx, see (2.3) in Proposition 2.2.
According to Kostant’s theorem

_ L)
Eo—2K(|A+M| lpl”)

for some p in the root lattice Q of g. At the same time

1
€o=§(lklz—|p|2)+n

for the nonnegative integer n above. This weight u satisfies properties (a) and (b) above. O
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Lemma 2.5 motivates the following definition. Assume that M is a g module of finite length
and that all tensor products of M with powers of the adjoint representation of g have finite length
as well. Then for every g submodule V of Ind(M), set

S(V)= Z 1(V NInd(M)E) (2.4)
& £€(M~1pol?)/2c+Z30 and
IneQ, E=(r+ul~Ipl»)/2
where /(.) denotes the length of a g module. The g modules Ind(M )i have finite lengths because

of part (2) of Proposition 2.2. Clearly §(V) € Z~o U {oo}.
The following lemma contains the major property of the function §(.).

Lemma 2.6. Let M be a g module for which the tensor products
M ® (ad)®"

have finite length for n € Z>o. If V. C V' are two g submodules of Ind(M),. such that V # V'
then either (V) =8(V') =00 or §(V) < §(V').

In the case of an irreducible g module M, Lemma 2.6 is a direct consequence of Lemma 2.5,
analogously to the proof of [13, Proposition 2.14]. The general case follows from the exactness
of the functor M + Ind(M),.

Next, for some g modules M, we establish bounds on §(V) for all g submodules V of
Ind(M), . First note that

C = minRe (Ju*> +2(, w)) (2.5)
HeQ

exists and is finite because for a fixed A € h*, Re(|u|>+2(x, ) = |u|*+2Re(r, u) is a positive
definite quadratic function on the root lattice Q of g. Moreover C < 0 because the above function
of 1 vanishes at © = 0.
Lemma 2.7.
(1) If k ¢ Ry then

8(Ind(M),) < oo. (2.6)

(2) Define the set

Il + 20, )
X; = {4 ‘u

eQ, ne Z>0} cC. 2.7
2n

If k ¢ X, and in particular if

k¢, =Q+Q0, )+ -+ Qo) D X; (2.8)
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then
§(Ind(M),) = 1(M).
(3) IfRek < § then
§(Ind(M),) = 1(M).
Proof. Since the sum (2.4) is over those & € C for which
&= (A7 = 1p1?) /2 +n = (1A + pu? = |p?) /2%
for some u € Q, n € Zxy, for each & in (2.4) there exists a pair (i, n) € Q x Zx such that
|l? +2(k, 1) = 2en. (2.9)
(1) We claim that if ¥ ¢ R>¢ then the sum in (2.4) is finite for any g submodule of Ind(M),.

This follows from the fact that if ¥ ¢ R, then the set of pairs (2.9) is finite because for each
€ > 0 there exists R > 0 such that

Im(|pl? 4+ 2(x, 1))
Re(|ul? +2(1, )

for || > R.

The statement now follows from the fact that for each of those finitely many &’s the g module
Ind(M )f has finite length.
(2) In this case the set of pairs (2.9) consists only of the pair (u, n) = (0, 0), i.e.

§(Ind(M),) = I(Ind(M)**/2) = 1(M).
(B)IfRex < % then for every u € Q and n € Z~g

C 24 2(n,
2 2n 2n

because C < 0, as noted before the statement of Lemma 2.7. Therefore Rex < % implies that
k ¢ X, and part (3) follows from part (2). O

Theorem 2.8. Let M be a g module as in Lemma 2.6.

(1) If k ¢ Rxq then Ind(M),c has finite composition series with quotients of the type Irr(M’),
for some irreducible subquotients M" of M ® S(ad)", see (2.3).

(2) If Rek < C/2 and M is irreducible then Ind(M), is an irreducible § module.

Q) If k ¢ Y, or more generally k ¢ X, and M is irreducible then Ind(M), is again an irre-
ducible § module (see (2.7), (2.8) for the definitions of the sets X; C Y, C C).
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Proof. The first statement in part (1) and parts (2)—(3) follow from Lemma 2.6 and Lemma 2.7.

To prove the second statement in part (1), assume that V C V' C Ind(M), are two submodules
such that V’/V is a nontrivial irreducible § module. Choose the eigenvalue &y of Lg acting on
V'/V with minimal real part. Then (V’/ V) is annihilated by §, and is an irreducible g module,
otherwise if My is a submodule of (V’/ V)& we obtain a morphism Ind(Mo), — V’/V whose
image is a nontrivial § submodule of V’/V because of Proposition 2.2.

Next we obtain a homomorphism Ind((V'/ Vi), — V/ / 'V which needs to be surjective and
consequently we obtain that

V//V =T (V) V)50) O

e
Remark 2.9. Part (2) of Theorem 2.8 generalizes a result of Lian and Zuckerman [19, Proposi-
tion 2.2] in the case when M is a Harish-Chandra module which they obtained, using the Jacquet
functor.

3. The categories AFF (C),

Throughout this section we will assume that C is a full subcategory of the category of g mod-
ules of finite length which is closed under tensoring with the adjoint representation of g and
taking subquotients, see Example 1.3. We will also assume that

K ¢ R)o.
Proposition 3.1. Under the above assumptions for any M € C

(1) Ind(M), has finite composition series with quotients of the type Irt(M'),. for some subquo-
tients M' of M ® S(ad)", see (2.3).
2) Ind(M),, € AFF(C)y-

Proof. Part (1) follows from the exactness of the functor Ind(.), and part (1) of Theorem 2.8.
Since the functor V +— V(N) (from the category of g modules to the category g modules) is
left exact to prove part (2) it is sufficient to prove that

Irr(M),. € AFF(C) 3.1

whenever M € C is an irreducible g module. Indeed the left exactness shows that Ind(M), (N) is
finitely generated by induction on the length of Ind(M), . But Ind(M), (N) is also a submodule
of M ® (@nez> o S(ad)") and thus of the truncated tensor product for n < k for some integer k.
This implies that Ind(W), € C.

To show (3.1) we note that Irr(M),(1) = M for an irreducible g module M. (Indeed
Irr(M), (1) is an irreducible g module because if M’ is a submodule of it then there would
exist a homomorphism of § modules Ind(M’),, — Irr(M), whose image would be a nontrivial
submodule of Irr(M),. Now Corollary 2.3 gives Irr(M), (1) = M.) Thus Irr(M), (1) € C. Finally
we use the following result of Kazhdan and Lusztig [13, Lemma 1.10(d)]:

For any g module V there is an exact sequence of g modules

0—-V({d)— V(N)— Homc(g, V(N — 1)) Zad® V(N —-1), forN =2
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where the map i is given by
iWx)=x)veV(N-1), veV(N), xeg.

By induction on N one shows that Irr(M),(N) is a finitely generated g module. Hence
Irr(M), (N) is a subquotient of M ® (@fL:O S(ad)™) for some sufficiently large integer k£ and
thus belongsto C. 0O

Definition 3.2. A g[r] module N is called a nil-C-type module if U(g4)" annihilates it for a
sufficiently large integer n and considered as a g module N € C.

Lemma 3.3. A module N over g[t] is a nil-C-type module if and only if it admits a filtration by
alt] submodules

N=NuDNuy_1D---DN1DNy=0
such that . N; C Ni_1 and N; /N;_1 are irreducible g modules which belong to C.

For a g[¢] module M we define the induced g module

(M), =U(9) Qu(ginack) M (3.2)

where M is extended to a g[¢] @ CK module by letting K act by x — h".

Definition 3.4. A generalized Weyl module over § of type C and central charge k — h" is an
induced module

(M)
for some nil-C-type module N over g[z].
Theorem 3.5. Let V be a § module of central charge k — h", k ¢ R>.

(1) The following (a)—(c) are equivalent
(@) Ve AFF ).

(b) There exists a positive integer N such that V(N) € C and V (N) generates V as a g
module,
(¢) V is a quotient of a generalized Weyl module of type C.

(2) The irreducible objects in AFF (C), are the modules Irr(M), for irreducible g modules M.
In addition for two nonisomorphic irreducible g modules M and M’ the § modules Trr(M),
and Irr(M"),. are not isomorphic.

(3) The category AFF (C), is closed under taking subquotients. Any module in AFF(C), has
finite length and thus has a filtration with quotients of the type Irr(M), for some irreducible
g modules M.

Proof. Part (1): Obviously (a) implies (b).
Condition (b) implies (c) because assuming (b), V (N) is naturally a nil-C-type module over
g[¢] and thus V is a quotient of the corresponding generalized Weyl module.
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Condition (c) implies (a) as follows. Because of Lemma 3.3 and the exactness of the induction
functor any generalized Weyl module for g has a filtration with quotients of the type Ind(M) for
some irreducible g modules M € C. Now Proposition 3.1 implies that it also has a filtration with
quotients of the type Irr(M), (again for some irreducible g modules M). Thus any quotient V
of a generalized Weyl module has a filtration of the same type. The left exactness of the functor
V — V/(N) implies by induction that V (N) are finitely generated g modules. Using (2.3) as in
the proof of Proposition 3.1 we see that V(N) € C.

Part (2): If V is an irreducible g module which belongs to AFF(C), then V(1) should be
an irreducible g module. Otherwise, since it has finite length, it would contain an irreducible g
module M and one would obtain a homomorphism Ind(M), — V which should factor through
an isomorphism Irr(M), = V. But this is a contradiction since Irr(M), (1) = M, see the proof of
Proposition 3.1.

If Ind(M), and Irr(M"),. are isomorphic § modules for two irreducible g modules M and M’
then Ind(M), (1) = M and Ind(M"),. (1) = M’ are isomorphic g modules and thus M = M’.

Part (3) follows from the characterization (c) of AFF(C), by generalized Weyl modules. It
can be easily proved directly. 0O

As a consequence of part (1), condition (b) of Theorem 3.5 one obtains:
Corollary 3.6. Any module V € AFF(C), is finitely generated over U (g[t']).

In the case when the category C of g modules is closed under extension we get that the cat-
egory of g modules is closed under extensions too. This is the case for the categories Fing and
more generally C(q 1) in Example 1.3 when § is a semisimple Lie algebra.

Theorem 3.7. Assuming that the category C is closed under extensions and k ¢ R the follow-
ing hold:

(1) The category of g modules AFF (C), is closed under extension inside the category of g
modules of central charge k — h” and

(2) A § module of central charge Kk — h™ belongs to AFF(C), if and only if it has a finite
composition series with quotients of the type Irr (M), for some irreducible g modules M € C.

The proof of Theorem 3.7 mimics the one of Theorem 3.5.
Finally we return to Proposition 1.5

Proof of Proposition 1.5. If V € AFF(C), then itis a quotient of a generalized Weyl module,
(1.4) and V¢ € C holds because of Proposition 2.2.

In the other direction—assume that V is a finitely generated § module for which (1.4) holds
and V& € C. Then V is generated as a U (§) module by vjeVéiforsomes; €C, j=1,... k.
Thus it is generated by

EB v§, (3.3)

E:&=¢j—n, j=1,...k,nelxq

(Note that the above sum is finite because of (1.4).) Equation (3.3) defines a g[t] submodule of
V because of (2.2) and as a g < g[t] module it belongs to C since the sum in (3.3) is finite.
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Therefore V is a quotient of the corresponding generalized Weyl module of type C and belongs

to AFF(C),. O

There exists also a characterization of the categories AF F (C), in the spirit of Lian and Zuck-
erman [18,19]:

Proposition 3.8. The category AFF(C), consists exactly of those § modules V of central charge
k — hY which are Z-graded

V= @ v, (3.4)

nez
with respect to the grading (1.2) and

VioeC, V,=0 forn<QO.

Sketch of the proof of Proposition 3.8. Let V € AFF(C),. Then (1.4) holds for some
&1,...,&, € C and we can assume that & — &; ¢ Z. To get the grading (3.4) we can set e.g.

Vi = V§1+m oD VE,,—&-m-
The opposite statement is proved similarly to Proposition 1.5. O

4. Duality in the categories AF F (C(g,f))

Let | be a subalgebra of g which is reductive in g and ¥ ¢ R>¢. In this section, completely
analogously to [13], we define a natural duality in the categories AFF (C(g,)),. We will only
state the results.

For any f module M we define

M= (M*)f'ﬁn 4.1)

where (.)* stays for the full dual and () denotes the U (f)-finite part, i.e. the set all » such
that dim U (f)n < oo.
It is well known that

M M*

is an involutive antiequivalence of C(g ).
Recall [13] that g has the following involutive automorphism

(Vo =x(=n7F, kezZ;  (K)=-K. (4.2)

For a § module V by V* we will denote the twisting of V by this automorphism.
Recall also [13] that for any g module V the strictly smooth part

Vo) = [ vV

N€Z>O

of V is a g submodule.
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For any g module V define

D)= (V) (00) = | (V) ). (4.3)

N>1

Here the restricted dual V¢ is defined with respect to the action f on V coming from the em-
bedding f < g < g. It is clear that D(V) is a strictly smooth g module. If V has central charge
k — hY then D(V) has the same central charge.

It is easy to see that if V € AFF(C(g.5)« then the generalized eigenspaces (V4 of the
Sugawara operator L for the § module V¢ are given by

(VY = {ne v | 5(VE) =0 for ¢ #&). 4.4)
Proposition 4.1.

(1) Fix Ve AFF(Cg 1))« with decomposition (1.4) for some &, ...,&, € C. Then as a sub-
space of V4 the dual module D(V) is

D(V) = s (V4)E.

&: E—&1€Lx0,...E—En€l >0

(2) The contravariant functor D is an involutive antiequivalence of the category AFF (Cg,5))-
(3) The functor D transforms simple objects Irr(M ), € AFF(Cg,5))«c by

D(Irr(M),c) = Trr(M?), .

Parts (1) and (3) are proved analogously to Section 2.23 and Proposition 2.24 in [13]. Simi-
larly to [13, Proposition 2.25] one shows that the functor D is exact. This implies that for any
V e AFF(Cg,i))k» D(V) has finite length and thus belongs to AFF (C(g,j))«» €.8. because of
Proposition 1.5. Now part (2) of Proposition 4.1 is straightforward.

5. Finiteness properties of the Kazhdan-Lusztig tensor product

In this section we prove Theorem 1.6.

First we recall the definition of the Kazhdan—Lusztig fusion tensor product [13]. Consider the
Riemann sphere CP! with three fixed distinct points p;, i =0, 1,2 on it. Choose local coordi-
nates (charts) at each of them, i.e. isomorphisms y; : CP! — CP! such that y; (p;) = 0 where the
second copy of CP! is equipped with a fixed coordinate function ¢ vanishing at 0.

Set R = C[CP'\{po, p1, p2}] and denote by I" the central extension of the Lie algebra g ® R
by

[f1x1, fax2] :i= f1falx1, x2] + Resp, (f2d f1)(x1, x2) K, (5.1

for f; € R and x; € g. Here (.,.) denotes the invariant bilinear form on g, fixed in Section 1.
There is a canonical homomorphism

r—-geos  xf— BEx() (O xEx() (), K- —K (5.2)
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where Ex(.) denotes the power series expansion of a rational function on CP! at 0 in terms of
the coordinate function ¢.
Define

Gy =span{(fix1)...(fyxn) | f; vanishat po, x; € g} CU(I).

Fix two smooth § modules V| and V; of central charge k — kY. Equip W = V| ®¢ V» with a
structure of I module with central charge —« + h" using the homomorphism (5.2). Clearly

WoOGIWDG,WD---

and one can consider the projective limit of vector spaces

~

W =1limW/GyW. (5.3)

Define an action of g on W as follows. Fix m € Z and for each n € Z~¢ choose g, ., € R such
that

(y(;‘)_] (gn.m) — t"™ vanishes of order at least n at 0.
Set im = max{—m, 0} and

xt™ (i, wa, .. ) = ((g1m)Wint1, (X82.m)Wars1, .- .) (5.4)

for any sequence (w1, wa,...) in W representing an element of the projective limit (5.3) i.e.
wy € Wand wy4+1 —wy € Gy W. In[13]itis shown that this defines on W a structure g module
of central charge —« + ", independent of the choice of g, ,, € I'. Finally the Kazhdan—Lusztig
tensor product [13] of V; and V; is defined by

Vi® Vs = (W) (00).

We show finiteness properties of a dual construction of the fusion tensor product. Let fy be a
rational function on CP! (unique up to a multiplication by a nonzero complex number) having
only one (simple) zero at pg and only one (simple) pole at p;. For instance when yp(p1) is finite

o) =ayy@)/(yvy () —vo(p1)), a #0. Set
Xy = span{(fox1) ... (foxn) | xi € g} CU). (5.5)

Clearly Xy C Gy.
Kazhdan and Lusztig proved the following lemma.

Lemma 5.1. (See [13, Proposition 7.4].) Assume that V; are two strictly smooth § modules of
central charge k — h", generated by V;(N;), respectively. Then

N-1
VieVa=Y Xi(Vi(N) ® Va(N2)) + Gy (Vi @ Va)
k=0

forall N € Z+y.
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For a given category of g modules C denote by AFF(C), the category of strictly smooth §
modules V such that

V(N) eC.
It differs from the category AF F(C), in that we drop the condition for finite length.
Let f be a subalgebra of g which is reductive in g. Consider a module U € O, and a module
V € AFF(C(g,5))- Using the homomorphism (5.2) W = U ®c V becomes a I" module of
central charge —k + h". Note that the restricted dual (U ® V)d (recall (4.1)) is naturally a I
submodule of the full dual to U ® V, both of central charge « — h". (The restricted dual is taken

with respect to the embedding § < g < I" using constant functions on CP'.) Following [13]
define the following I" submodule of (U ® V)d

T'(U,V):= U T(U, V){N} (5.6)
N>1

where
T(U,V){N}:=Anng, (U V)"

Equation (5.6) indeed defines a I" submodule of (U ® V)¢ since for any y € I" and any integer
N there exists an integer i such that Gy;y € I'Gy. In other words T'(U, V){N} is defined as

T'(U, V){N}= {n c(U®V)* | n(GyW)=0, dimU (f)n < oo}.
Similarly to [13, Section 6.3] T'(U, V) has a canonical action of § (“the copy attached to py”)

defined as follows. Let n € T(U, V){N}. Fix w € C[t, 1, x e g and choose f € R such that
f — vg (@) has a zero of order at least N at po. Then

(wx)n = (fx)n (5.7
correctly defines a structure of smooth g module on 77(U, V).
Lemma 5.2.

(1) For any two modules U € O and V € AFF(Cig,j))«, T'(U, V) is a strictly smooth § mod-
ule of central charge k — h" and

T'(U,V)(N)=T'(U,V){N} €Cyp (5.8)
considered as a g module. Thus
T:0, x Aff(C(g‘f)),( — A]:]:(C(gyf)),(, UxVeT(U,V)

is a contravariant bifunctor.
(2) The bifunctor T’ is right exact in each argument.
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The proof of (5.8) is straightforward as [13, Lemma 6.5] for the case f = g (C(g,5) = O). The
part that T'(U, V) € C(g,p as a g module follows from Lemma 5.1 and the Kostant theorem [17]
that Cg f) is closed under tensoring with finite dimensional g modules (and taking subquotients).

Part (2), as in [15, Proof of Proposition 28.1], follows from the left exactness of the functors
M v+ Anns(M) and M +— M4 for a given algebra A on the category of all A modules. (Here
MA" denotes the A finite part of M, i.e. the space of m € M such that dim A.m < oo, cf.
Section 4.)

Theorem 1.6 would be derived from the following theorem.

Theorem 5.3. For any modules U € O, and V € AFF(Cg,5))i the g-module T'(U, V) has
finite length, i.e.

T'(U,V)e AFF(Cig,5)e-

Due to the right exactness of the bifunctor T’ it is sufficient to prove the following lemma.
This is the main part of the proof of Theorem 1.6.

Lemma 5.4. For any irreducible g modules Uy € Fing and Vo € C(q5) the § module
T'(Irr(Ug) e, Irt (Vo)) has finite length.

To prove Lemma 5.4 we can further restrict ourselves to charts yo: CP! — CP' around po
such that

vo(p1) = oo. (5.9)

This follows from the simple lemma:

Lemma 5.5. Assume that the § module T’ (U, V) associated to one chart vy : CP' — CP' around
po has finite length. Then the respective module associated to any other chart oy : CP! — CP!
around pg has finite length too.

Proof. Notice that G does not depend on the choice of chart yy or ag around pg and conse-
quently the I module 7'(U, V') does not depend on such a choice either. Denote the actions of §
on the space T'(U, V) associated to the charts ¥y and «g by 1 and v, respectively. We claim that

n(U@)n=v(U(@)n foranyneT' (U, V). (5.10)

Since 050()/0)_1 is an automorphism of CP! that preserves the origin

at

w1 sy
(06) w60 =5

for some complex numbers a # 0, b, and d # 0. Let n € T'(U, V){N}. Then for each n € Z,
n < N there exist complex numbers b,,, ..., by such that

N
ag (") — Z bryy (tk) vanishes of order at least N at py.
k=n
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This implies that

N
v(xt")n = Zbku(xtk) forany x € g
k=n

and by induction (5.10).

Assuming that the § module (7/(U, V), 1) has finite length we get that (T’ (U, V), v) is fi-
nitely generated U (g) module which belongs to AFF(C(g 1))« and thus it also has finite length
due to part (3) of Theorem 3.5. O

In the rest of this section we prove Lemma 5.4 for a chart y around pg with the property
(5.9). Let us fix such a chart. Then

i (t*) € R=C[CP'\ {po, p1. p2}], forallk € Z.
As a consequence of this there exists an embedding
G T, xtf e xy (19), K — K. (5.11)

In addition in (5.5) the function fj can be taken simply as ;' (¢).
Fix two modules Uy € Fing and V € Cq ) and denote by

W =TIrr(Up) ® Irr(Vo) i
the related I" module. Using the homomorphism (5.11) it becomes a g module of central charge
—k + hY. We will denote by W¥ the twisting of this § module by the automorphism (.)* of §

(see (4.2)). Note that W# has central charge « — hV.
We claim that g[z] < g preserves

W =T (Ug)e (0) ® Trr(Vo), (0) © W,
This follows from the facts that x¢”* € g acts on Wg by
\— 1« N o . s\ 1 % —n
)cEx()/1 ) Yo (=) " ®id+id® xEx(yl ) Yo (—1)
(see (5.2)), that y;(t™") are regular functions on CP!\{po} for n e Zx0, and that g[t] — g
preserves Irr(Up), (0) and Irr(Vp), (0).
Consider the canonical induced homomorphism of g modules
p:I(W)), — WP

(Recall the definition (3.2) of an induced g module I(.),..) Dually we obtain a homomorphism of
g modules

P W= (W9 = (((w5),))". (5.12)

see (4.1).
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Notice that in the definition (5.7) of the action of § on T/(U, V) the function f can be simply
taken as y;(w) because all functions y(;"(tk), k € Z are regular outside {pg, p1}. This means
that the structure of § module on the space T'(Ind(Up),, Ind(Vp),) is simply the one induced
from the I" action by the homomorphism (5.11). Thus 7’ (Ind(Up),, Ind(Vp),) is naturally a §
submodule of W¢.

Lemma 5.6. The homomorphism p®* (5.12) restricts to an inclusion
p%: T' (Ind(Uo),c, Ind(Vo),e) = D (W), )-
(Recall that D(I(W})y) is the smooth part of (W) )%
Proof. Since T’/ (Ind(Uyp),, Ind(Vp) ) {N} C W4(N)
d
P (T (Ind(Uo) Ind (Vo)) IN}) € ((L(WG),)*)* ()
and

% (1" (Ind(Uo)e. Ind(Vo),)) < ((1(W5),)*) (00) = D(I(W),).

To show that this restricted p?? is an inclusion assume that 5 € T’(Ind(Up),, Ind(Vp),.){N} is
such that p9%(n) = 0. Then

(=DNn((ervg @) ... (g () wo) = n (2 (x127 1) .2 (xnt ™ wo)
= pP () (3 (x1t7") ... 3 (Y wo) =0

for all x; € g, wo € Wy, n € Z(. Here w1 denotes the actions of I" on W, and 72, 73 denote the
actions of g on wi 1 (W(gI )« » respectively. This means that

nlx,wo =0, n>=0 and nlgyw =0.
Because of Lemma 5.1 n=0. O
Recall the canonical isomorphisms
Irr(Uo)« (0) = U, Irr(Vo) (0) = Vp.
Kostant’s theorem [17, Theorem 3.5] implies that Uy ® V) has finite length as a g module, and
thus Wg = Irr(Up), (0) ® Irr(Vp), (0) is a finite length g module.

Now Lemma 5.4 follows from the following fact.

Proposition 5.7. Let M be a g[t] module which is of finite length over g — g[t]. Then the g
module D(I(M),) has finite length for k ¢ R>o.
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Proof. Denote by 7 the action of g[¢] on M. Define a new action 7 of g[¢] on the same space by
ﬁ(xt”) = 8p.07 (x).

(This deﬁnes_ a representation of g[¢] since tg[t] is an id@l of g[t].) This representation will be
denoted by M. The underlining vector spaces of M and M will be always identified.
Consider the two g modules I(M), and I(M), and identify their underlining spaces with

M=U(""g[t7"]) ®c M.

They are isomorphic as g[r~'] modules and are naturally graded as g[r '] modules with respect
to the grading (1.2) by

degu ®@m=—k forue U(Flg[f]])*k,m eM.

By (.)* we denote the kth graded component of a graded vector space (algebra).
Then

U (gle]) 1M, = U (ale]) 1), = - M.
Jj=k

Denote
(MY ={ne M| n(M ) =0for j #k}.

In the definition of the restricted dual above, recall (4.1), we use the f module structure on M
coming from the identification of M with the isomorphic g modules I(M), and I(M),. In other
words as an f — g module M is the tensor product of U (! g[t’l]) (under the adjoint action)
and M (equipped with either the action 7 or & which coincide when restricted to g).

As subspaces of M?

N-1 '
D(I(M))(N)=D(I(M))(N) = Z(Md)*’. (5.13)
j=0

This implies that the representation spaces of D(I (M),.) and D(I (M),) can be identified with

[e.e]

DM~

=0

~.

The actions of g on this vector space related to D(I (M),) and D(I (M),.) will be denoted by o*
and o *.
We claim that:

j+k—1

1fne(M?) 7 andgeU(a[r™']) “theno*(e)n—*(@ne @ (M) (5.14)
i=0
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It suffices to check (5.14) for g = xt k. For this we need to show that if u € U(t_lg[t_l])_”
and p > k + j then

(o*(xt ™) — & (xt ™)) (u @ m) = 0. (5.15)

Let

(—D¥(xr*Yu=>"aibic; (5.16)

for some a; € U(t~'g[t=']) PO b, c U(g), c; =1 if (i) =0 and ¢; € U(rg[t])*® if
@(i) > 0. Here ¢ is a map from the index set in the RHS of (5.16) to Zx>¢. Then

(e*(xr ) @w@m)=Y " n(a ® o (bici)m)
=08p k+j Z n(a; @ 7w (bi)m).
it 9(i)=0

The second equality follows from n € (M?)~/ and p — k + ¢(i) > j unless p =k + j and
(i) =0.

The same formula holds for 6* with 7 substituted in the RHS by 7. The compatibility of
and 7 on g — g[¢] implies (5.15).

According to Proposition 4.1 D(I(M),.) € AFF (C(g.5))i- From Corollary 3.6 we get that
D(I(M),) is finitely generated as a U (gl '1) module. We can assume that it is generated by
some homogeneous elements

nie(M)TH =1,

Then by induction (5.14) easily gives that D(I(M),) is generated as a U (g[t_l]) module by the
same set {11, ..., n,}. Thus DI(M),) is finitely generated as a U (g) module and

D (I(M)K)(N) € Cy.
because of (5.13) which shows that D(I(M),) € AFF (Cg,p))- O
Now as in [13] Theorem 5.3 easily implies Theorem 1.6 and the following

Proposition 5.8. In the setting of Theorems 1.6 and 5.3 if U € O, and V € AFF(Cg,j))« then
U ®V and D(T'(U, V)) are naturally isomorphic.
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