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CLASSIFICATION OF IRREDUCIBLE QUASIFINITE MODULES OVER
MAP VIRASORO ALGEBRAS

ALISTAIR SAVAGE

ABSTRACT. We give a complete classification of the irreducible quasifinite modules for al-
gebras of the form Vir ® A, where Vir is the Virasoro algebra and A is a Noetherian com-
mutative associative unital algebra over the complex numbers. It is shown that all such
modules are tensor products of generalized evaluation modules. We also give an explicit
sufficient condition for a Verma module of Vir ® A to be reducible. In the case that A is an
infinite-dimensional integral domain, this condition is also necessary.
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INTRODUCTION

The Witt algebra Der C[t,t™'] has basis d, := t"™4 n € Z, and Lie bracket given by
[dm, dn] = (n — m)dpirm. It is the Lie algebra of polynomial vector fields on S (or C*)
as well as the Lie algebra of the group of diffeomorphisms of S'. The Virasoro algebra
Vir := Der C[t,t7!] & Cc is the universal central extension of the Witt algebra. It has Lie
bracket
m? —

12
The Virasoro algebra plays a fundamental role in the theory of vertex operator algebra,
conformal field theory, string theory, and the representation theory of affine Lie algebras.

[dn,c] =0, [dm,dy]) = (0 —m)dimin + Om—n c, m,n €.
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An important class of modules for the Virasoro algebra are the so-called quasifinite mod-
ules (or Harish-Chandra modules), which are modules on which the maximal abelian di-
agonalizable subalgebra Cdy @& Cc acts reductively with finite-dimensional weight spaces.
The irreducible quasifinite Vir-modules were classified by Mathieu in [Mat92], where it was
shown that they are all highest weight modules, lowest weight modules or modules of the
intermediate series (otherwise known as tensor density modules and whose nonzero weight
spaces are all one-dimensional).

Many generalizations of the Virasoro algebra and other closely related algebras have been
considered by several authors. These include, but are not limited to, the higher rank Virasoro
algebras [LZ06, Maz99, Su01, Su03|, the Q-Virasoro algebra [Maz00], the generalized Vira-
soro algebras [BZ04, GLZa, HWZ03], the twisted Heisenberg-Virasoro algebra [LZ10], and
the loop-Virasoro algebra [GLZb]. In many cases, classifications of the irreducible quasifinite
modules have been given.

The goal of the current paper is to classify the quasifinite modules for map Virasoro alge-
bras, which are Lie algebras of the form Vir ® A, where A is a Noetherian commutative asso-
ciative unital algebra. The related problem of classifying the irreducible finite-dimensional
modules for g ® A, where g is a finite-dimensional Lie algebra, as well as for the fixed point
algebras of g® A under certain finite group actions (the equivariant map algebras) was solved
in [CFK10, NSS]. In particular, all irreducible finite-dimensional modules are tensor prod-
ucts of one-dimensional modules and evaluation modules. The main result (Theorem 5.5)
of the current paper is the following (we refer the reader to Section 1 for the definitions of
evaluation and generalized evaluation modules).

Theorem. Any irreducible quasifinite (Vir ® A)-module is one of the following:

(a) a single point evaluation module corresponding to a Vir-module of the intermediate
series,

(b) a finite tensor product of single point generalized evaluation modules corresponding to
wrreducible highest weight Vir-modules, or

(¢) a finite tensor product of single point generalized evaluation modules corresponding to
wrreducible lowest weight Vir-modules.

In particular, they are all tensor products of generalized evaluation modules.

We note that the problem of determining which highest and lowest weight irreducible mod-
ules are quasifinite is nontrivial when A is infinite-dimensional (when A is finite-dimensional,
for instance when A = C and V is just the usual Virasoro algebra, all highest and lowest
weight irreducible modules are quasifinite).

We also give an explicit sufficient condition for the Verma modules of Vir ® A to be
reducible. Under the additional assumption that A is an infinite-dimensional integral domain,
the condition is also necessary (Theorem 6.2).

Owing to the fact that the Virasoro algebra is infinite-dimensional, the techniques used in
the current paper are very different than those used in [NSS]. We also see some differences
in the classifications. In particular, we see that the modules of type (a) in the above theorem
can only have support a single point. This is due to the fact that a tensor product of such
modules no longer has finite-dimensional weight spaces.

The Lie algebra Vir ® A can be thought of as a central extension of the Lie algebra of the
group of diffeomorphisms of (Spec A) x C* fixing the first factor. For this reason, we hope
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the results of the current paper will be useful in addressing the important open problem of
classifying the quasifinite modules for the Lie algebra of the group of diffeomorphisms of
more arbitrary varieties (see, for example, [Rao04] for a conjecture related to the case of the
higher dimensional torus). When A = C[t,t™!], the Lie algebra Vir ® A = Vir ® C[t,t7'] is
called the loop-Virasoro algebra. In this case, the results of the current paper recover those
of [GLZb]. In fact, many of our arguments are inspired by ones found there.

There remain many interesting open questions related to the representation theory of the
Virasoro algebra and its generalizations. For the map Virasoro algebras, it would be useful to
describe the extensions between irreducible quasifinite modules. This was done for the usual
Virasoro algebra in [MP91a, MP91b, MP92] and for the equivariant map algebras in [NS].
It would also be interesting to see if a classification of the irreducible quasifinite modules for
twisted (or equivariant) versions of map Virasoro algebras is possible. Finally, one might hope
for a classification similar to the one in the current paper (in terms of generalized evaluation
modules) when Vir is replaced by other important infinite-dimensional Lie algebras such as
the Heisenberg algebra or the Lie algebra of all differential operators on the circle (instead
of just those of order one).

The paper is organized as follows. In Section 1 we review some important definitions
and results for map algebras (Lie algebras of the form g ® A). We introduce the Virasoro
algebra and its generalization considered in the current paper in Section 2. In Section 3 we
show that any quasifinite module is either a highest weight module, a lowest weight module,
or a module whose weight space dimensions are uniformly bounded. We then classify the
uniformly bounded modules in Section 4 and the highest /lowest weight modules in Section 5.
Finally, in Section 6 we describe a necessary and sufficient condition for the Verma modules
to be reducible.

Notation. Throughout, A will denote a Noetherian commutative associative unital algebra
over the field C of complex numbers and all tensor products, Lie algebras, vector spaces,
etc. are over C. When we refer to the dimension of A, we are speaking of its dimension as
a complex vector space (as opposed to referring to a geometric dimension). Similarly, when
we say that an ideal J < A has finite codimension in A, we mean that the dimension of A/.J
as a complex vector space is finite. We let N be the set of nonnegative integers and N be
the set of positive integers. For a Lie algebra L, U(L) will denote its universal enveloping
algebra. This has a natural filtration Uy(L) C Uy (L) C Uy(L) C ... coming from the grading
on the tensor algebra of L.

Acknowledgements. The author would like to thank the Institut de Mathématiques de
Jussieu and the Département de Mathématiques d’Orsay for their hospitality during his stays
there, when the writing of the current paper took place. He would also like to thank Y. Billig,
E. Neher, O. Schiffmann, G. Smith, and K. Zhao for useful discussions and D. Daigle for
providing proofs of various commutative algebra results used in Section 6.

1. MAP ALGEBRAS

In this section we review some important definitions and results related to map algebras.
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Definition 1.1 (Map algebra). If g is a Lie algebra, then g® A is the map algebra associated
to g and A. It is a Lie algebra with bracket defined by

[u1 @ f1,us ® fo] = [u, us] ® fifo.
We will identify g with the Lie subalgebra g ® C C g ® A.
Recall that a Lie algebra g is said to be perfect if [g, g|] = g.
Lemma 1.2. Suppose g is a perfect Lie algebra and V is a (g ® A)-module. Then
{reAl(ge )V =0}
s an ideal of A.

Proof. Let J={f€g® A | (g® f)V = 0}. Clearly J is a linear subspace of A. Suppose
f € Jand g € A. Since g is perfect, for all u € g, we have v = Y " [u;, uj] for some
u,u; €g,i=1,...,n. Then

(u® fg)V = <Z[ui ® fu,® g]) V =0.

i=1

Hence J is an ideal of A. O

For the rest of the paper, we assume that g is perfect (later we shall take g to be the
Virasoro algebra, which is perfect).

Definition 1.3 (Support). For a (g ® A)-module V', we define

AmngVi= {f€A| (9@ )V =0} D A,
Suppy V := {m € maxSpec A | Anny V C m}.

The set Suppy V is called the support of V. We say V has finite support if Suppy V is finite.

Definition 1.4 (Evaluation module). Suppose m < A is a maximal ideal and V' is a g-module
with corresponding representation p : g — End V. Then the composition

gRA—> (g A)/(gom) 2 g® (A/m) =g EndV,

is called a (single point) evaluation representation of g ® A. The corresponding module is
called a (single point) evaluation module and it denoted ev, V.

Definition 1.5 (Generalized evaluation module). Suppose m < A is a maximal ideal, n €
N,, and V is a (g ® (A/m™))-module with corresponding representation p : g ® (A/m") —
End V. Then the composition

g0 A—> (g A)/(gom") Zg® (A/m") L EndV

is called a (single point) generalized evaluation representation of g ® A. The corresponding
module is called a (single point) generalized evaluation module and is denoted evyn V.
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2. MAP VIRASORO ALGEBRAS

In this section we define the Virasoro algebra and its generalizations, the map Virasoro
algebras. We also review the classification of irreducible quasifinite modules for the Virasoro
algebra.

Definition 2.1 (Virasoro algebra and map Virasoro algebra V). The Virasoro algebra Vir
is the Lie algebra with basis {c,d,, | n € Z} and Lie bracket given by

m3 —m

12
We define V = Vir ® A and call this a map Virasoro algebra.

[dn,c] =0, [dn,dy]) = (n—m)dmin + dm—n c, m,n € Z.

We have a decomposition

V=PV V=(dhoA)o(®d), V,=doA, i#0,
i€z
which is simply the weight decomposition of Vir, that is, the eigenspace decomposition
corresponding to the action of dy. Set

V=PV, Vv-=PV. Veu=EPVi nez

i>0 i<0 i>n

For a V-module V and A € C, we let V) be the eigenspace (or weight space) corresponding
to the action of dy with eigenvalue . We say V' is a weight module if V' = @, V). We
shall use the following lemma repeatedly without mention.

Lemma 2.2. Any irreducible weight V-module V' has a weight decomposition of the form
V =,y Vati for some a € C.

Proof. This follows immediately from the fact that any nonzero weight vector generates
V. O

Definition 2.3 (Quasifinite module). A V-module is called a quasifinite module (or a Harish-
Chandra module, or an admissible module) if it is a weight module and all weight spaces are
finite-dimensional.

Definition 2.4 (Highest and lowest weight modules). A V-module V is called a highest
weight module (respectively, lowest weight module) if there exists a nonzero v € V with
Vv =0 (respectively, V_v = 0) and U(V)v = V. Such a vector v is called a highest weight
vector (respectively, lowest weight vector).

Remark 2.5. Via the involution of Vir (hence of V) given by d,, — —d_,, n € Z, ¢ — —c,
one can translate between highest weight and lowest weight modules. Thus, we will often
prove results only for highest weight modules, with the corresponding results for lowest
weight modules following from this translation.

By the PBW Theorem, we have a triangular decomposition
Uv)=U0V-)eUVy) @UVy).

Note that since V), is abelian, any one-dimensional representation of V, (equivalently, of
U(Vy)) is simply a linear map from V, to the ground field C. For such a linear map ¢, let
C, denote the corresponding module.
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Definition 2.6 (Verma module). Let ¢ € hom¢ (), C) be a one-dimensional representation
of Vy. Extend C, to a module for V, @ V, by defining V, to act by zero. Then

M(p) :==U(V) Qupevs) Cy
is the Verma module corresponding to ¢. It is a highest weight module of highest weight
@(do) and M(p) = B,y M (©)p(dy)—i- We define v, := 1 ® 1, where 1, denotes the unit in
C,. Thus ¥, is a highest weight vector of M (y).

Definition 2.7 (Irreducible highest weight module). For ¢ € hom¢(V,, C), let N(¢) be the
unique maximal proper submodule of M(y). Then

V(p) = M(p)/N(p)
is the irreducible highest weight module corresponding to ¢. It is a highest weight module of
highest weight ¢(dy) and V(@) = @,cn V(9)e(dy)—i- We denote the image of @, in V (¢) by
v,. In the case that A = C, so V = Vir, ¢ is uniquely determined by ¢(c) and ¢(dy). We
will therefore sometimes write V' (¢(c), ¢(dp)) for V().

Definition 2.8 (Uniformly bounded module). A weight V-module V' is called uniformly
bounded if there exists N € N such that dim V), < N for all A € C.

Note that the above definitions apply to the usual Virasoro algebra since Vir =V when
A = C. In this case, they reduce to the definitions appearing in the literature. We now
summarize some known results on quasifinite modules for Vir.

Note that Der C[t, '] acts naturally on C[t,¢+7'] and therefore so does Vir, with ¢ acting
as zero. Twistings of this action yield the following important Vir-modules.

Definition 2.9 (Module of the intermediate series). Fix a,b € C. Define V(a,b) to be the
Vir-module with underlying vector space C[t,t~!], with ¢ acting by zero, and
u-v=(u+adiv(u) + bt 'ut)v, Vu€ DerC[t,t™'], v e V(a,b),

where div (p(t)4) = Lp(t) for a polynomial p(t) € C[t]. If b € Z or a # 0,1, then V(a,b)
is irreducible (see, for example, [KR87, Proposition 1.1]). Otherwise, V' (a,b) has two ir-
reducible subquotients: the trivial submodule C and V'(a,b)/C. The nontrivial irreducible
subquotients of the modules V' (a, b) are called modules of the intermediate series (or tensor
density modules).

We record the following result since it will be used several times in the current paper.

Lemma 2.10. IfV is a module of the intermediate series for Vir, then V is a weight module
with dim Vy =1 for all A # 0.

Proof. This follows immediately from Definition 2.9. U
The following result gives a classification of the irreducible quasifinite modules for Vir.

Proposition 2.11 ([Mat92, Theorem 1]). Any irreducible quasifinite module over Vir is a
highest weight module, a lowest weight module, or a module of the intermediate series.

Corollary 2.12. Any nontrivial uniformly bounded irreducible Vir-module is a module of
the intermediate series.

Proof. 1t is shown in [MP91a, Corollary II1.3] that the nontrivial highest and lowest weight
Vir-modules are not uniformly bounded. The result then follows from Proposition 2.11. [
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3. DIMENSIONS OF WEIGHT SPACES

In this section, we prove an important result about the behavior of dimensions of weight
spaces of quasifinite modules. This is an analogue of [Mat92, Lemma 1.7] for the classical
Virasoro algebra Vir. It was proven in [GLZb, Theorem 3.1] for the case A = CJt, ¢ !].

Proposition 3.1. Fvery irreducible quasifinite (Vir @ A)-module is a highest weight module,
a lowest weight module, or a uniformly bounded module.

Proof. Let V' be an irreducible quasifinite V-module that is not uniformly bounded. Let W
be a minimal Vir-submodule of V' such that V/W is trivial as a Vir-module, and let T be
the maximal trivial Vir-submodule of W. Set W = W/T. By [MP91b, Theorem 3.4], there
exists a Vir-module decomposition W = W+ @& W~ & WP where the weights of W7 are
bounded above, those of W~ are bounded below, and W is uniformly bounded. Without
loss of generality, we assume W™ is nonzero. For any w € W, we denote its image in W by
w. To show that V is a highest weight module it suffices, by [Mat92, Lemma 1.6], to show
that there exists a nonzero v € V such that V>, v = 0 for some n € Z.

Since V' is irreducible, the central element c¢ acts as a constant ¢. Note that if ¢ # 0,
then V' can have no trivial subquotients (in particular, W =V and T = 0). Suppose ¢ =0
and the maximum weight of W+ is zero. If we let w € W such that w is a nonzero vector of
weight zero, then U (Vir)w/(U(Vir)wNT) C W is a highest weight module of highest weight
zero which is nontrivial by our definition of W. Since its irreducible quotient is the trivial
module, it must contain highest weight vectors of nonzero highest weight. Choose v € W so
that © is such a vector and let A be its weight. In the other cases (i.e. ¢ # 0 or the maximum
weight of W7 is nonzero), let A be the maximum weight of W* and let v € W such that o
is a nonzero highest weight vector of weight .

Let M = U(Vir)v. Then M/(M NT) C W+ is a nontrivial highest weight Vir-module of
highest weight A. Let M’ be the largest Vir-submodule of M with M} = 0. Then MNT C M’
and M /M’ is isomorphic to the nontrivial irreducible Vir-module V' (¢, \). It follows from
[MP91a, Corollary II1.3] that V' (¢/,\) is not uniformly bounded. Thus there exists k € N
such that dim V(¢/, \)\_x > dim V)\. For f € A, consider the linear map

dk ®f : M;\/—k - V)n
where M} _, is a vector space complement to Mj_, in M,_. Since
dim M{_, = dim V(, \)_x > dim V),

this map has nonzero kernel. Thus there exists a nonzero wy € M} _, such that (d; ® flwy =
0.
Let N = max(1, —\, —2k). Then, for all j > N, we have dj;;w; € My;; = 0. Thus

1 .
(3.1) (dog+; @ flwy = —;[dk_,_j,dk ® flwp=0 Vj>N.

Since wy € My_ \ M;_,, there exists a € C and 4y, ...,4, € Ny with ¢y +--- 44, = k such
that ad,, - - -d;, wy = v. Using (3.1), for j > N we have

(doky; @ flv = (doy; ® f)(ad;, - - - d;, )wy
= [dok+; ® f,ad;, -+ - d;, Jwy
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T

=a (t0 — 2k — g)di, -+ - di,_ (dogtjri, @ f)diy1 -+ - diwy.
=1

Continuing to move the terms of the form d,, ® f to the right and using (3.1), we see that
(d2k+j®f)’(]:0 erA, J > N.

In other words Vsor4n4+1v = 0, completing the proof. O

4. UNIFORMLY BOUNDED MODULES

In this section, we classify the uniformly bounded V-modules. We show that they are all
single point evaluation modules corresponding to Vir-modules of the intermediate series. In
the case A = CJ[t,t™'], this was proven in [GLZb, Theorem 5.1].

Proposition 4.1. Suppose V' is a uniformly bounded irreducible V-module. Then (Vir ®
J)V =0 for some ideal J < A of finite codimension. In particular, the uniformly bounded
wrreducible V-modules have finite support.

Proof. If V is trivial, we simply take J = A. We therefore assume that V' is nontrivial. We
have a weight space decomposition V' = @,., Vo4 for some a € C. Since V' is uniformly
bounded, we can choose N € N such that dimV,,; < N for all i € Z. Fix i € Z such
Vioti 7 0. For j € Z\ {0}, define
I ={f € A| (d;® f)Vari = 0.
Clearly, I; is a linear subspace of A. For any f € [;, g € A, and v € V,4;, we have
j(dj @ gf)v=dy®g,d; @ flv=(do® g)(d; ® [)v— (d; @ f)(do ® g)v =0,

where we have used the fact that elements of dy ® A preserve weights. Thus /; is an ideal of
A for all j € Z\ {0}. Since I, is the kernel of the linear map

A — home (Vagi, Varivs), fr= (v (dj @ f)v),
we have that dim A/I; < dimhome(Viyi, Vayiyy) < N? for all j € Z\ {0}
We claim that I{1, C I; 4, for all j > 1. Since
(d3 @ fifo)Vari = [di @ f1,d2 @ fo]Vari =0 V fr € I, fr € Iy,
the case 7 = 1 is proved. Assume the result is true for some fixed j > 1. Then
G+ D3 @ fifWari = [ ® fi,djra® fIVa, =0 ¥ fr € L, f €D,

and the general result follows by induction.
We next claim that va 212 C J; for all j > 1. The result is clear for j = 1,2, so we assume
j > 3. Consider the chain of subspaces

AL 2 (L + L)/ 2 (LW + 1)/ 1; 2 (I + 1) [1; 2 ...
Since dim A/I; < N2, this chain must stabilize and so we have Il + I; = I""' [, + I;
for some m < N?. This implies that If[g +I; = I{"I, + I; for all £ > m. Now, by the

above, we have [f_2[2 C I;, which implies that I{I, + I; = I; for sufficiently large ¢. Thus
I+ I, = I, ie. I", € I, and so IN' I, C I; as desired.
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Arguments analogous to those given above show that [ J_Vf I o C I jforallj>1 It
follows that

(4.1) J=INI1,0N1,C I, Vjez\{0}.

Note that J has finite codimension in A since [_1,1 5, 11,1, do. Now, by definition, any
element f € J can be written as a sum of elements of the form f_;f; and as a sum of
elements of the form f_ofs for f; € I;, j € {£1,£2}. Since

20 @ fafi=[da @ fa,di® fi] and 4dy® fofo — (c® fafe)/2=[d 2 ® fa,dy @ fo]
act as zero on V,y;, it follows that dy ® J and ¢ ® J annihilate V,,;. Combined with (4.1),
this gives that (Vir ® J)V,.; = 0.

Since V,4; # 0 and V is irreducible, we have U(V)V,.; = V. To show that (Vire J)V =0,
it therefore suffices to show that (Vir ® J)U,(V)V,y; = 0 for all n € N. We do this by
induction, the case n = 0 having been proven above. Assume the result is true for k < n.
An arbitrary element of U, (V)V,4; can be written as a sum of elements of the form

(w1 ® f1) -+ (us @ f)Vari, where s<n, vVoy; € Vags, uj € Vir, f; € A, j=1,...,s.
For uw € Vir and f € J, we have

(u® fur @ f1) - (us @ fi)vars
= Z(Ul ® f1) (w1 @ fj1)([u, ug] @ f i) (uje1 @ fipn) -+ (us @ fs)vari =0,

where in the last equality we used the induction hypothesis. It follows that (Vir® J)V =0
as desired. m

Proposition 4.2. Suppose V' is a uniformly bounded irreducible V-module. Then (Vir ®
J)V =0 for some ideal J Q A of finite codimension with J supported at a single point (i.e.
rad J is a mazimal ideal of A). In other words, the nontrivial uniformly bounded irreducible
V-modules have support a single point.

Proof. The result is clear if V' is trivial and so we assume it is nontrivial. By Proposition 4.1,
there exists an ideal J < A of finite codimension such that (Vir ® J)V = 0. Since J has
finite codimension, we may write J = JiJy...J, for ideals Jy, ..., J, supported at distinct
points. Now, the action of Vir ® A on V factors through
¢
(Vir® A)/(Vire@ J) = (Vir® A/J) = Vir® ((A/L) & --- & (A/J)) = @(Vir ® A/lJ;).
i=1
It suffices to show that at most one summand above acts nontrivially on V. Without loss
of generality, assume the first summand L; := Vir ® A/J; acts nontrivially. Define Ly =
P, (Vir® A)J;), L =L, & Ly, and let
(51:(d0—|—e]1)€[/1, 52:(0,d0+J2,...,d0+Jn)ELQ, 0 =01 + a.
Note that dyv = dv for all v € V' and that the actions of 91, d5, o commute. It follows that, for
1 = 1,2, ¢; preserves the finite-dimensional dy-eigenspaces. Therefore §; has an eigenvector

v € V. Since the action of §; on L is diagonalizable and v generates V' as a module over L,
we see that §; acts diagonalizably on V for ¢ =1, 2.
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Because the eigenvalues of the action of dy on L are integers, the above discussions implies
that we have a decomposition

V= @ Vg, Viw ={v eV | v = (a+jv, dv=(8+k)v},
k€L
for some fixed o, 8 € C. Since [Ly, Ly] = 0, for each k € Z we have that V{, ;) := @jez Viik)
is an Li-submodule of V. None of these can be a nonzero trivial module since if L; acts by
zero on any nonzero element v € V| then, since [L;, Lo] = 0 and V is irreducible (hence v
generates V' as an L-module and thus as an Ly-module), L; would act trivially on all of V
which contradicts our assumption. Thus, since V' is uniformly bounded, by Corollary 2.12
and Lemma 2.10 we must have that V(;) # 0 for all o + j # 0 whenever V[, ;) # 0. By

an analogous argument, we can assume that Ly acts nontrivially on all V{;.), a +j # 0. It
follows that V{; ) # 0 whenever o+ j # 0 and 3+ k # 0. Now,

Vors 2 P Vi,
JEZ
with the right hand space being infinite-dimensional. This contradicts the fact that the
weight spaces of V' are finite-dimensional, completing the proof. O

Remark 4.3. Proposition 4.2 shows that the situation for uniformly bounded V-modules is
quite different than for the finite-dimensional modules for g ® A or its equivariant analogue
(the equivariant map algebras), when g is a finite-dimensional algebra. In the latter case,
irreducible modules can be supported at any finite number of points (see [NSS]). This is
not possible for uniformly bounded V-modules for the simple reason that a tensor product
of two nontrivial uniformly bounded modules will always have infinite-dimensional weight
spaces. However, we will see in Section 5 that the highest weight quasifinite V-modules can
have support at more than one point.

If we have a vector space decomposition g = W @& W’ of a Lie algebra g, we can pick
ordered bases B and B’ of W and W’ (respectively) and obtain an ordered basis of g by
declaring b > bt/ for all b € B, b’ € B’. Then, by the PBW theorem, the set of monomials

{Il"'znyl"'ym|n>m€Na Ila"->$n687 flz"'Zl'm yla-">ym68/> ylzzym}>

forms a basis of U(g). By a slight abuse of terminology, we will denote by U,, (W) the subspace
of U(g) spanned by all monomials of the form x;---z5, s € N, s < n, z1,...,2, € B,
x> -+ >z, and we set U(W) = |, U, (W). We define U, (W’) and U(W') similarly.
Thus U(g) = U(W) @ U(W’). Note that when W is actually a subalgebra of g, U(W) is the
usual enveloping algebra of W (and similarly for W’).

Lemma 4.4. Suppose a is an abelian ideal of a Lie algebra g and fiz a vector space decom-
position g = W @ a so that U(g) = U(W) @ U(a). Then, for alln € N,

[a, U, (W) U(a)] CU,1(W)®2U(a), and

a(U,(W)®U(a)) CU,(W)® U(a).
Proof. Since the second inclusion follows easily from the first, we prove only the first, by
induction on n. The case n = 1 follows immediately from the fact that for alla € a, w € W,

u € U(a), we have
[a, wu] = [a, w]u + wa,u] = [a, w]u € U(a),
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where we have used that U(a) is commutative since a is abelian.
Now suppose n > 1. The space U,(W) ® U(a) is spanned by elements of the form
wy - - wsu, where s <n, w; € Wiori=1,...,s,u € U(a). If a € a, then

[a,wy - - wgu] = [a, wi]ws -+ - wsu + wifa, wy - - - wsul
= [[a, w1], ws - - - ws|u + wy - - - ws[a, wi]u + wy[a, ws - - - wsu).

Now, [a,w;] € a since a is an ideal. Therefore [[a,w],ws - wsju € Us o(W) @ U(a) C
Up_1(W) @ U(a) by the induction hypothesis. In addition, wy - - - wya, wi]u € U,_1(W) &
U(a) CU,—1 @ U(a). Finally, [a, ws - - wsu] € Us_o(W) ® U(a) by the induction hypothesis,
and so wy[a, wy - - - weu] € Us_1(W)®@U(a) C U,—1(W)®U(a). This completes the proof. [

Proposition 4.5. Suppose V' is a uniformly bounded irreducible V-module, with A finite-
dimensional. Then (Vir @ J)V =0 for any ideal J < A satisfying J* = 0.

Proof. We may assume that V' is nontrivial since otherwise the statement is clear. Let J be
a ideal of A such that J? = 0. We have a weight decomposition V = @D,y Vasi for some
a € C. Fix i € Z such that V,,; # 0 and let f € J. Since the operator dy ® f fixes the
finite-dimensional vector space V,.;, it has an eigenvector. In other words, there exists a
nonzero v € V,4; and a € C such that (dy ® f)v = av.

We claim that (dy ® f) — a acts locally nilpotently on V. Pick a vector space complement
Bto Jin A. So A = B® J as vector spaces. Then we have the vector space decomposition
V= (Vir'® B)® (Cc® B) @ (Vir ® J), where Vir' := @, ., d,. We therefore have, by the
PBW Theorem,

UVir@A)=2U((Vir' ® B) @ U((Cc® B) & (Vir® J)).

Note that since J? = 0 and ¢ is central in Vir, U := U((Ce® B) @ (Vir®.J)) is a commutative
associative algebra. Since V' is irreducible, we have V' = U(V)v. Thus our claim is equivalent
to proving that ((dy @ f) — a)"* acts by zero on U, (Vir' ® B)Uv for all n € N. We prove
this by induction. The case n = 0 follows immediately from the commutativity of U and the
fact that (dp ® f) — a annihilates v. Now consider n > 1. For s < n, uy,...,us € Vir' ® B,

and v € U, we have
(do @ f) — a)" T uy - usuv = ((do @ f) — a)"[(do @ f) — a,uy - - - usulv
=((do® f) —a)"[(do ® f),uq - - usu]v.
By Lemma 4.4,
[(do ® f),uy---usu] € Uy_1(Vir' @ B)U C U,_1(Vir' ® B)U,

and so ((do® f) —a)"[(do® f),u; - - - usuJv = 0 by the induction hypothesis. This completes
the proof that (dy ® f) — a acts locally nilpotently on V.

Since V' is uniformly bounded, we can choose N € N such that dim V,,; < N for all i € Z.
Thus (dy ® f) — a acts nilpotently on V,,; and, in fact, ((dy® f) —a)VV,y; = 0 for all i € Z.
Therefore

(4.2) (do® f) —a)NV =0.
Since Vir ® J is abelian, we have
[dj, ((do ® f) = a)™] = m((do ® f) — a)" ![d;, (do ® f) —a] ¥ meN,,
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and so

(43) 4 (de® f)— )] = —jm(d; © N((do® ) — )™ ¥m e N,
From (4.2) and (4.3), it follow by an easy induction that

(4.4) (d;@ ) (do® f—a) "V =0 forall j€Z\ {0}, 0<r<N.

Since ¢ ® f is central, it acts by some scalar ¢ € C on the irreducible module V. We
claim that a = ¢ = 0. Suppose, on the contrary, that a # 0 or ¢ # 0. Then we can choose
j € Z\ {0} such that

3

. _j _.j/
(4.5) 2ja T # 0.

Taking r = N in (4.4), we see that (d; ® f)NV = 0. Let m be the minimal element of N
such that (d; ® )™V =0 (so, clearly, 1 <m < N). Since Vir ® J is abelian, we have

0=[d_j,(d;® ™V
=m(d; ® f)"dj,d; ® f]V

=m(d; ® f)™" <2jdo ®f— J

3

—J
5 ¢ ® f) V.
For each i € Z, by (4.5), (2jdy ® f — %c ® f) acts invertibly on the generalized (dy ® f)-
eigenspace of V., corresponding to the eigenvalue a. Thus, we see from the above that
(d;j® f)™ ! acts by zero on such generalized eigenspaces. On other hand, we have from (4.4)
that
(d; @ F)" " ((do @ ) — )V "1V = 0,

which implies that (d; ® f)™ ! also acts by zero on all the generalized eigenspaces of V.,
i € Z, corresponding to any eigenvalue not equal to a. It follows that (d; ® V)™ 1V = 0,
contradicting the choice of m. Therefore a = ¢ = 0.

Since the above arguments hold for arbitrary f € J, we have (dy ® J)NV = 0. We next
claim that

(4.6) (di, @ f)-(di, @ Hdo@ YNV =0 YOL<7r <N, iy,...,i, € Z\ {0}, feJ

We have already proved the base case r = 0. Now assume the result holds for some 0 < r <
N. Then, for iy,...,i,41 € Z\ {0}, f € J,

0=(dy, ® f)+(di, ® f)(do® )NV
=di, ,(diy ® f) - (di, ® [)(do® [)V TV

[dir+17 dlk ® f](dll ® f) e (dikﬂ ® f)(dlk+1 ® f) e (dlr ® f)(do ® f)N_TV
k=1

+ (N — T)[diﬁqa dO X f](d“ X f) R (dzr ® .f)(do ® f)N_T,_lv
+(diy @ f) -+ (di @ [)(do @ )N "dy,, V

T

= (ir = irp1) D (diyrpiy, @ F)(diy @ f) -+ (diy_, @ f)( iy, @ f) -+ (dip @ [)(do @ )NV

k=1

— it (N = 7)(di s @ f)(diy @ ) -+ (di, @ f)(do @ f)N TV
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= —i, 1 (N=7)(diy @ )+ (dipy @ [)(do ® f)N_T_lv,

where in the fourth equality we have used the fact that ¢ ® J acts by zero on V. This
completes the inductive step. Now, (4.6) immediately implies that

(47) (d“@f)(d”\,@f)v:O for allll,,ZNGZ, fEJ

By assumption, A is finite-dimensional. Let M = (dim A)(N — 1) + 1. By expanding in a
basis for A and using (4.7), we see that

(d”@fl)(d,M@fM)V:O fOIallil,...,'éMEZ, fl,...,fMGJ.

In other words, (Vir ® J)MV = 0, where the M-th power here is interpreted as taking place
inside U(Vir ® J). Thus U(V)(Vir @ J)MU(V)V = 0. It is easy to see that (U(V)(Vir @
NUW)Y = UEW)(Vir © HMUV). Thus (U(V)(Vic ® J)U(V))"'V = 0. This implies
that (U(V)(Vir ® J)U(V))V # V. Since V is irreducible and (U(V)(Vir ® J)U(V))V is a
submodule of V, this implies that (U(V)(Vir ® J)U(V))V = 0, which in turn implies that
(Vir® J)V = 0 as desired. O

Corollary 4.6. Suppose V is a uniformly bounded irreducible V-module, with A finite-
dimensional. Then (Vir ® J)V =0 for any nilpotent ideal J of A.

Proof. We may assume that V' is nontrivial since otherwise the statement is clear. Let J
be a nilpotent ideal of A, so that J" = 0 for some r € N,. Choose the minimal n € N
with the property that (Vir ® J")V = 0. Suppose n > 1. The action of V factors through
V/(Vir®@ J") = Vir® (J/J"), and so we can consider V' as a module for this quotient. Then,
by Proposition 4.5, we have that (Vir @ (J"~!/J"))V = 0. This implies (Vir @ J*"1)V =0,
contradicting the choice of n. It follows that n = 1 and so (Vir ® J)V = 0. O

Theorem 4.7. Any uniformly bounded irreducible V-module is a single point evaluation
module evy, V' for some maximal ideal m I A and Vir-module V' of the intermediate series.

Proof. 1t suffices to show that V' is annihilated by Vir ® m for some maximal ideal m < A.
By Proposition 4.2, there exists an ideal J < A of finite codimension, with m := rad J
a maximal ideal, such that (Vir ® J)V = 0. We can consider V' as a module for (Vir ®
A)/(Vir® J) = Vir® (A/J), where the algebra A/J is finite-dimensional. Since every ideal
in a Noetherian ring contains a power of its radical (see, for example, [AM69, Prop. 7.14]),
we have m” C J for some r € N,. Then (m/J)" = 0in A/J, and it follows from Corollary 4.6
that (Vir@ m)V = 0. O

5. HIGHEST WEIGHT MODULES

In this section we give a classification of the irreducible highest weight quasifinite V-
modules. We show that they are all tensor products of generalized single point evaluation
modules. In the case A = C[t,t™!], this was proved in [GLZb, Theorem 6.4].

Proposition 5.1. The irreducible highest weight module V(p), ¢ € homc(Vy,C), is a
quasifinite module if and only if there exists an ideal J < A of finite codimension such
that o(Virg ® J) = 0 and, in this case, (Vir @ J)V(p) = 0. In particular, an irreducible
highest weight module is a quasifinite module if and only if it has finite support.
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Proof. Consider the linear map
A— V(‘P)cp(do)—Q, f = (d—2 X f)vsov f € Av

and let J denote the kernel of this map. We claim J is an ideal of A. Clearly J is a linear
subspace of A. For f € J, g € A, we have

0= [d(] ®gvd—2 & f]v<p = _2(d—2 ®gf)U§07

which implies gf € J. In the above, we have used the fact that dy ® g preserves the weight
space Vi (q,), which is spanned by v,. Next we claim that ¢(Virg® J) = 0. Fix f € J. Then

0= (d2®1)(d_2®f)’l}<p = [dg@l,d_2®f]’l}¢ = (( —4dy + 10) ®f) Ve,

and

0= (1 ®1)(di ®1)(d-2® flv, = (1 @ 1)[d1 ®1,d2® flv,
==3(d1 ®g)(d-1 @ flv, = =3[d1 ® 1,d_1 ® f] = 6(do ® [)ve.

Thus go(d0®f)v¢ (do® flv, =0and p(c® f)v, = (¢® f)v, = 0 for all f € J, proving our
claim. If V(y) is a quasifinite module, the weight space V(¢)y(d,)—2 is finite-dimensional,
and so J has finite-codimension in A. This completes the proof of the reverse implication
asserted in the proposition.

Now assume that there exists an ideal J < A of finite codimension such that ¢(Virg®J) =
0. We first show that (Vir ® J)v, = 0. It suffices to show that (d, ® J)v, for all n € Z,
which we show by induction. The result holds by definition of V(¢) for n > 0 and by the
assumption on J for n = 0. Now assume the result holds for all n > k for some k € Z. Then
for all f € Jand g € A, we have

(dr @ 9)(di ® vy = [dh ® g, di @ flv, = (k = 1)(d41 © gf)v, =0,

(do @ g)(di @ [, = [do ® g,di ® flv, = (k —2) <<dk+2 + 5k,_2%c> ® gf) v, = 0.

Suppose (d ® f)v, # 0. Since elements of the form d; ® g, d2 ® g, g € A, generate V., this
would imply that (dy ® f)v, is a highest weight vector, contradicting the irreducibility of
V(¢). Therefore (di, ® f)v, = 0, completing the inductive step.

Next we show that (Vir® J)V(p) = 0. Let A = p(dp). Since c® J commutes with V and
annihilates vy, it follows that ¢ ® J acts as zero on all of V, since V' is irreducible. It thus
suffices to show (d, ® J)V (¢)r—¢ = 0 for all n € Z, ¢ € N, which we show by induction on ¢.
The case ¢ = 0 was proved above since V (), is spanned by the vector v,. Now assume the
result is true for all £ < k for some k € N,. It follows from the fact that V(¢) = U(V-)v,
that V(¢)r_x is spanned by elements of the form

(d_;®@qg)v, 1€Ny, g€ A veEV(P)rpi
Now, for such an element (d_; ® g)v and for j € Z and f € J, we have
.3 _ .
@8 e =(((i- i s, 5l 9 19) + @@ on ) o=

by the induction hypothesis. This proves the inductive step and hence (Vir ® J)V (¢) = 0.
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It follows from the above that V() can be considered as a module over V/(Vir @ J) =
Vir ® (A/J) and that V(¢) = U(Vir_ ® (A/J))v,. Since J has finite codimension in A, the
weight spaces of U(Vir_ ® (A/J)) are finite-dimensional. Hence the same property holds for
V(¥), which is thus a quasifinite module. O

Corollary 5.2. If A is finite-dimensional, then all highest or lowest weight V-modules are
quasifinite modules.

Proof. This follows from the reasoning in the last paragraph of the proof of Proposition 5.1.
O

Theorem 5.3. Any irreducible highest weight quasifinite V-module is a tensor product of
irreducible (generalized evaluation) highest weight quasifinite modules supported at single
points.

Proof. Suppose V() is an irreducible highest weight quasifinite module. Then, by Propo-
sition 5.1, J := Anny V has finite support. Therefore rad J = m; ---m, for some distinct
maximal ideals m; - - -m, <\ A. Since every ideal in a Noetherian ring contains a power of its
radical (see, for example, [AM69, Prop. 7.14]), there exists N € N, such that mY¥ ---m¥ C J.
Then ¢(Virp @ mY¥ ---m?) = 0, and so ¢ corresponds to a unique element

T

e (Vig® A/mY - -m¥)" = P (Virg ® A/m)",

1=1

Let (¢1,...,¢,) € @, (Virg® A/m¥)* be the element corresponding to @ under the above
isomorphism. For each 1 < i < r, let ¢; be the unique element of (Vy)* corresponding
to (0,...,0,9;,0,...,0) (with the term @; occurring in the i-th position). We thus have
o =>""_, ¢ and V(¢p;) has support in the single point corresponding to the maximal ideal
m;. Now, the tensor product @._, V(¢;) is a weight module with a highest weight vector
V=V @ @, and uv = p(u)v for all u € Vy. Since each V(y;) is absolutely reducible
(being irreducible of countable dimension), so is ®);_, V(¢;) (see, for example, [Bou58, §7.4,
Theorem 2| or [Li04, Lemma 2.7]). It follows that @;_, V(¢:) = V(). O

Corollary 5.4. If V(p1),...,V(¢,) are irreducible highest weight quasifinite modules with
pairwise distinct supports, then @Q;_, V(pi) =V(p1 + -+ ¢p).

Proof. This follows from the proof of Theorem 5.3. U
Combining Proposition 3.1 and Theorems 4.7 and 5.3 yields the following.

Theorem 5.5. Any irreducible quasifinite V-module is one of the following:

(a) a single point evaluation module corresponding to a Vir-module of the intermediate
series (or tensor density module),

(b) a finite tensor product of single point generalized evaluation modules corresponding to
wrreducible highest weight Vir-modules, or

(¢) a finite tensor product of single point generalized evaluation modules corresponding to
wrreducible lowest weight Vir-modules.

In particular, they are all tensor products of generalized evaluation modules.
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6. REDUCIBILITY OF VERMA MODULES

In this section, we give a sufficient condition for a Verma module for V to be reducible.
This condition is also necessary if A is an infinite-dimensional integral domain. In the case
that A = C[t,t™!], the condition reduces to the one in [GLZb, Theorem 6.5].

Choose a basis B4 of A along with an order > on B4. We then have an ordered basis of
V_ given by

{dan@flneN, feBat, dp®fimdy,®fr < (n1, fi) = (na, fo),
where on the right hand side we use the usual ordering on N and the lexicographic ordering on

pairs. This induces a PBW basis B of U(V_). We have a natural decomposition B = | |2, B",
where

Bn:{(d—h@fl)(d—ln@fn) | 1y yin €N+7 flv”’afn EBAv (i17f1> e (ZTan)}

Note that, here and in what follows, we always write elements of B with the factors in
decreasing order. We write ht X = n for X € B". Define an ordering on B by setting

(deiy ® f1) - (dei, ® fr) = (d—jy ® g1) -+~ (d—j, ® gs)
<~ (T77:17 .- '7iT7f17’ . '7f7‘) - (87j17 - '7.j87g17' . 7gs>7
where we again use the lexicographic ordering on tuples.
For n,m € Z, set U",, = Up(V-)_m, where we remind the reader that here n refers to the

natural filtration on the enveloping algebra and —m denotes the weight (corresponding to
the eigenvalue of the action of dy). Thus

un,ur . C Uf%:;ﬁm) for all ny,n9, m1, mo € N.

In particular,
(d—i1 &® f1> cee (d—zn X fn) S Uﬁ(21++zn) for all n,il, Ce ,’in c N+, fl, ey fn c A.

Any element X € U(V_) can be written as > | ¢;X; for a; € C and X7,...,X,, € B with

X1 == X,. We define
htX:htXl, th:CLle
(here hm stands for highest term). By convention, we set ht0 = —1 and hm0 = 0. By
definition, B, := {bv, | v € B} is a basis for M(y). For elements of this basis we define
ht(Xv,) =ht X, hm(Xv,) = (hm X)v,.

We thank D. Daigle for the statement and proof of the following lemma, which will be

used in the proof of Theorem 6.2.

Lemma 6.1. Suppose R = Kk[X] is a polynomial algebra over a field k, where X is an
infinite set of indeterminates. Write R = @ oy Ra, where Rg is the space of homogeneous
polynomials of degree d. Let My, ..., M, be pairwise distinct monomials in R, all of the same
degree. Then the subspace

i=1

U: {(Ll,...,Lp)ERii)

of RY is finite-dimensional over k.
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Proof. Choose a finite subset X’ of X such that My, ..., M, € k[X'], and let X" = X \ X".
Define R' = k[X'] = @,y R and R" = k[X"] = @,y Ry}, where R); and R} are the spaces
of homogeneous polynomials of degree d. Then R; = R} & RY.

To prove the lemma, it is enough to show that U C (R})P. Assume the contrary, and
consider (Ly,...,L,) € U such that (Ly,...,L,) ¢ (R})?. For each i € {1,...,p}, write
L; =L+ L! with L}, € R} and L} € R]. Then

p p

(6.1) D LM+ LM =0
i=1 i=1

and moreover L;, # 0 for some ig € {1,...,p}.

Let ¢ : R — R’ be the k-algebra homomorphism that maps each element of X’ to itself
and each element of X” to zero. Applying ¢ to (6.1) yields Y% | LiM; = 0, hence

p
(6.2) > LM =0.

i=1
Now choose a k-algebra homomorphism ¢ : R — R’ that maps each element of X’ to itself
and each element of X” to an element of k, in such a way that ¢ (L])) # 0. Applying 1 to
(6.2) yields >F | \iM; = 0 for some A, ..., \, not all zero. Since M, ..., M, are pairwise
distinct, this is a contradiction. O

Theorem 6.2. The Verma module M(p), ¢ € homc(Vy, C), is reducible if there exists a
nontrivial ideal J < A such that o(dy ® J) = 0. If A is an infinite-dimensional integral
domain, the reverse implication also holds.

Proof. First suppose there exists a nontrivial ideal J < A such that p(dy ® J) = 0. For
f€Jand g € A, we have

(dl ® g)(d—l ® f)ﬁso = [dl ®g,d1® f]ﬁgo = _2(d0 ® gf)ﬁgo =0.
Furthermore, for m > 2, we have
(dm @ g)(d-1 @ f)0p = [d ® g,d—1 @ [0, = (—1 — m)(dp-1 ® gf)0, = 0.

This implies that (d_; ® f)0, is a highest weight vector and hence M (¢p) is reducible.

Now suppose A is an infinite-dimensional integral domain and there is no ideal J < A such
that ¢(dp ® J) = 0. To prove that M (¢p) is irreducible, it suffices to show that M(p)_, =
V(p)_p for all n € N. We prove this by induction, the case n = 0 being trivial.

Suppose M (¢)_1 # V(¢)_1. Then there exists a nonzero f € A such that (d_; ® f)v, = 0.
Then, for all g € A, we have

—2¢(do @ gf)vp = =2(do @ gf vy = [d1 ® g,d_1 ® flv, = 0.
This implies that ¢(dy®.J) = 0, where J = Af is the ideal generated by f. This contradiction
implies that M(¢)_1 = V(¢)_1.

Now suppose n > 1 and M(p)_r = V(p)_x for all 0 < k < n. It suffices to show
that Xv, # 0 for all X € U(V_)_,. Towards a contradiction, suppose Xv, = 0 for some
X € UV-)_n, and write X = Zlle a; X; for ay,...,ap € C and X1,...,X, € B with

(2

Xy > -+ Xy. First suppose that ht X < n. Then
Xi=(d-iy ® f1) - (dei, ® [)(do1 @ g1) -+ (d-1 ® g5)
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for some r > 0 and 7; > 2. Then

hm((d; ® 1)Xv,) = hm([d; ® 1, X]v,)
= (=t = Dm(d-iy+1 ® f1) -+ (d—ip_, @ froa)(d—i, ® fr)(do1 @ g1) -+ - (o1 @ gs)vy
40,

where m is the number of (i, fi), 1 < k < r, equal to (i1, f1) and the fact that the term is
nonzero follows from the induction hypothesis. Thus Xwv, # 0 as desired.
It remains to consider the case ht X = n. Then there exists 1 < r < s < /£ such that

ht X, =nforl1<i<r, hX;=n—1forr+1<i<s,
htX, <n—-2fors+1<r</.

For 1 <17 <r, we have
Xi=(da® fin) - (do1 ® fin)
for some f;1,..., fin € Ba. Now, for g € A, we have

(dl X g)Xing - [dl X g, (d—l X fi,l) e (d—l & fi,n)]vcp

= =2 (A1 ® fi) - (da ® fij1)(do @ fi59)(dr ® fijur) - (A1 @ fin)vg
j=1

=23 (A1 ® fin) (A ® fog) - (doy ® fin) (do ® fis9),
=1

+2 Z Z (d-1 ® fin) -~ (d@”) o (dor @ fip—1)(doa @ fijfing)(doa @ figgr) - (doy @ fin)vy

j=1 k=j+1
= 2" p(do ® fij9)(dor ® fin) -+ (A3 ® fi) -+ (dor © fin)y
j=1
1237 3 (A @ fisfirg)(da @ fin) - (A3 ® fig) - (d 1 @ fu) - (dy © fin)vp,
j=1 k=j+1

where the ~ above a term means that term is omitted and we use the fact that d_; ® A is an
abelian subalgebra of V.
Now, for r + 1 <17 < s, we have

Xi=(d2® fi1)(d-1 ® fig) - (d-1 @ fin-1)
for some f;1,..., fin—1 € Ba. Then, for g € A, we have
(di ® 9)Xjv, = [dh ® g, Xs]v,
=-3(d-1 ® fi19)(d-1 @ fi2) - (d-1 ® fin—1) mod (Uf;ilvgp).

Combining the above computations and using the fact that (d; ® g)X,v, € U, 3,0, for
s+1<i</{andge€ A, we have

0= (d ®g)Xv, = [d1 ® g, X]v,
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= 23D A ) ) - @@ Ts) (A1 ® fin)vs

+2 Z 03 S (o @ oy furg)(dos @ fun) - (3 B Foy) = (A3 0 Fot) -+ (dr © Fon)vs
= j=1 k=j+1
-3 Z ai(d_1 ® fi19)(d_1 @ fin) -+ (d_1 @ fin_1)v, mod (U3 0,)

= -2 Z a; Z ¢(do @ fij9)(d-1® fin) - (d@m) o (dy @ fin)v,

+ Z 72 -1 ® QZ 19 (d 1 X qz 2) (d—l & qi,n—l)'Ucp IIlOd (Uﬁgilvw)a

for some 71, ..., vm € C and pairwise distinct (g;1,...,Gin_1) € (Ba)" ', i=1,...,m. By
the induction hypothesis, we actually have equality:

0= 2303 Gy ® fisg)dr © fur) - (05 Jug) -+ (A © iy

+ Z Yi(d-1 ® ¢i19)(d-1 @ Gi2) -+ (A1 ® Gin—1)Vy

We claim that, in fact, the 7; are all zero. (We thank D. Daigle for the following proof
of this fact.) Let Mj,..., M, be the distinct elements of the set {(d_; ® g;2)---(d-1 ®
¢in-1) | 1 <i<m}. Consider the partition {E},..., E,} of {1,...,m} obtained by setting
Et = {Z ‘ (d_l &® qi,g) s (d_l &® Qi,n—l) = Mt} for t = 1, ..., P. Then

Z Yild-1 ® ¢i19)(d=1 @ @i2) -+ (-1 @ Gin—1)Vy

P
= Z Z Yi(d-1 ® Gi19)(d—1 ® gi2) - - (d—1 & Gin—1)Vy

t=1 i€k,
P
= Z Z Yi(d-1 ® ¢i19) My,
t=1 1cE;
3 (z% 1®qzlg)Mtv@
t=1 i€ Ey

Z (d_1 ® Brg) Myv,,

=1

where 8 = > .. 7igia in A
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Now let @ : A — C™ be the linear map that sends g € A to the r x n matrix (¢(dy ®
dimensional. For each g€ W, wehave > 7" 7(d_1 ®¢i19)(d-1®¢i2) -+ (d-1 @ Gin—1)v, =0
by (6.3), so

i(d_l ® frg) M, =0, forall g € W.
t=1
Since > (d_1 ® Big) M, € Uﬁ;_lH, it follows from the inductive hypothesis that

p

D (d1 @ Big)M; =0, for all g € W.

t=1

Now, if we view U(d_1®A) as the polynomial algebra C[d_;®B 4], then each M, is a monomial
of degree n — 2 and each d_; ® (;g is a polynomial of degree one. Thus, by Lemma 6.1,
{d_1 ® Big,...,d_1 ® Bpg | g € W} is a finite-dimensional subspace of (d_; ® A)?. Hence
{(Brg,...,Bp9) | g € W} is a finite-dimensional subspace of AP. Let t € {1,...,p}. Then
{Big | g € W} is a finite-dimensional subspace of A. Since A/W is finite-dimensional, it
follows that the principal ideal §; A of A is finite-dimensional. Since A is an integral domain,
this implies that 8, = 0. Since the (gi1,...,¢in_1) € (Ba)"" ', i = 1,...,m, are pairwise
distinct, the map i — g¢; 1, from E; to Ba, is injective. Consequently, the family (g;1)icg,
is linearly independent. Since Zie g, Yitia = 0, it follows that v; = 0 for all © € F;,. Thus
v, =0foralls=1,...,m as claimed.
It now follows from (6.3) that

0=-2>"a; Y ¢(dy® fi;9)(d_1 ® fir) -+ (A2 @ fig) - (A1 ® fin)vy.
=1 =1

The coefficient of (d_1® f11) - - - (d_1® f1,,—1)v,, in the above expression, which must therefore
be equal to zero, is

—2 Z kiaip(do ® fing) = ¢ (do ®g <—2 Z k‘i@z’fz’,n>> ;
iel icl
where I = {i | 1 <i <7, (fir,--; fin-1) = (fi1,---, fin—1)}, k1 is the number of ¢ such
that fi, = fiq and k; = 1 for ¢ # 1. Note that f;, # f;, for ¢,7 € I, @« # j. Thus
F=3% . kiaifin # 0. It follows that ¢(dy ® J) = 0, where J is the nontrivial ideal of A
generated by F'. This contradiction completes the proof. O

Remark 6.3. The condition that A is infinite-dimensional cannot be removed from the
reverse implication in Theorem 6.2. Indeed, consider the case A = C, so that V = Vir. If
Theorem 6.2 were true more generally, it would assert that M(yp) is reducible if and only
¢(dy) = 0. However, this is not true. For example, when ¢(c) = 1, M(¢p) is reducible if and
only if p(dy) = m?/4 for some m € Z (see [KR87, Proposition 8.3]).
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