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ABSTRACT. In this paper, we generalize a result by Berman and Billig on weight
modules over Lie algebras with polynomial multiplication. More precisely, we show
that a highest weight module with an exp-polynomial “highest weight” has finite
dimensional weight spaces. We also get a class of irreducible weight modules with
finite dimensional weight spaces over generalized Virasoro algebras which do not occur
over the classical Virasoro algebra.

0. Introduction.

Representations of affine Lie algebras and the Virasoro algebra have many im-
portant applications in mathematics and physics. One of the main ingredients of
these theories is the construction of the highest weight modules. Recently there
has been substantial activity in developing representation theories for higher rank
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infinite dimensional Lie algebras, in particular toroidal Lie algebras, generalized
Virasoro algebras and quantum torus algebras (see [1], [2], [3], [4], [8], [9], [10], [11],
13], [15)).

Unlike rank one algebras (affine and Virasoro), the higher rank infinite dimen-
sional Lie algebras do not possess a triangular decomposition, which makes the stan-
dard construction of the highest weight modules inapplicable. Nonetheless, there
have been found several explicit realizations of representations for these algebras
using the vertex operator approach.

In the vertex constructions the highest weight is replaced with a loop-like module
for the subalgebra of degree zero (in general, this subalgebra is not commutative).
Let us describe in brief these representations from the perspective of the highest
weight modules.

Let G be a Z x Z"-graded Lie algebra and let G = G~ & G(® ¢ Gt be a decom-
position of G relative to Z-grading. The subalgebra G(?) is an infinite-dimensional
Lie algebra of rank n. We take some natural module V for G(°) (usually V is either
Z"-graded or finite dimensional). Parallel to the construction of a highest weight
module, we let GT act on V trivially, and introduce the induced module

M(V)=Indgw oV ~U(G") ®c V.

If V is Z"-graded then M (V') inherits a Z x Z"-grading, and it is Z-graded when V'
is finite-dimensional. .

The difficulty here is that M (V') will have infinite-dimensional homogeneous
components (and thus will not have a character). Nonetheless the explicit vertex
operator constructions show that in some cases M (V') has quotients with finite-
dimensional homogeneous components. This situation has been clarified in [1],
where it was proved that M (V) has a graded factor-module M (V) with finite-
dimensional components provided that GG is a polynomial Lie algebra and V is a
polynomial module. The polynomiality condition means that the structure con-
stants of the Lie algebra and of the module are given by polynomial expressions
(see Section 1 for the precise definitions). However this left out some important
examples, notably quantum torus Lie algebras. In this paper we expand the class of
Lie algebras and modules for which the theorem is applicable. We prove that M (V)
has finite-dimensional homogeneous components when G is an exp-polynomial Lie
algebra and V is an exp-polynomial module.

We illustrate our definitions and theorems with a sequence of 24 examples.

The paper is organized as follows. In Section 1 we define exp-polynomial Lie alge-
bras, exp-polynomial modules and give the statement of the main results (Theorems
1.5 and 1.7). We provide numerous examples (old and new) of such Lie algebras and
modules as well as give examples of applications of the main theorems. In Section
2 we first establish the extended Vandermonde determinant formula, and then give
the proof of Theorems 1.5 and 1.7. In Section 3 we show a similar but stronger
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result for generalized Virasoro algebras to give a class of irreducible weight modules
with finite dimensional weight spaces over generalized Virasoro algebras which do
not occur over the classical Virasoro algebra.

1. Exp-polynomial Lie algebras and exp-polynomial modules.

Let C be the complex number field. We assume that all Lie algebras and vec-
tor spaces are over C in this paper, although C can be replaced by any field of
characteristic 0.

Definition 1.1. The algebra of exp-polynomial functions in r variables, nq, ... ,
n,, is the algebra of functions f(nq,...,n,) : Z" — C generated as an algebra by
functions n; and a", where a € C* =C\ {0},j =1,...,r

An exp-polynomial function may be written as a finite sum

f(ny,... n.) = Z Z Crantt . ket

k€LY ac(C*)r

where ¢ € C, k= (k1,... ,k,) with k; > 0, and a = (a1, ... ,a,).

An exp-polynomial function f(n) has the property that the function f(n+m) is
also exp-polynomial as a function of two variables.

Definition 1.2. Let G = ®,czn G, be a Z"-graded Lie algebra. Then G is
said to be an exp-polynomial Lie algebra if G has a homogeneous spanning set
{gr(a) | kK € K, a € Z"} with gr(a) € G4, and there exists a family of exp-
polynomial functions {f;; (o, 3) | k,7, s € K} in the 2n variables a, 3; and where
for each k,r the set {s\f,f’r(a, B3) # 0} is finite, such that

[gx(e =Y fi (@ Bgla+p), for kreK a,fez".  (L1)
seK

This homogeneous spanning set {gx(a) | k € K, a € Z"} is call a distinguished
spanning set.

If the functions fj («,f) in (1.1) are in fact polynomials, we say that G is a
polynomial Lie algebra (cf. Definition 1.6 in [1]).

Example 1. Let g be a finite dimensional Lie algebra with a basis B = {gx }xe k-
Then the toroidal Lie algebra G = (C[tli, ..., tT]®g is a polynomial Lie algebra with
the distinguished spanning set gx(a) = t“gr, a € Z™, where here and elsewhere in
this paper t* = t{"* ...t%". The Lie bracket in G is

[9k (), 9+ (B)] = [k, gr](c + B).

Example 2. Let R, = C[ti',... ,tX']. The Witt algebra (or Cartan type W
Lie algebra) is the Lie algebra W,, = Der(R,) = Span {t*0;|la € Z™,1 < i < n},

where 0; = t; 82 The bracket in W,, is given by

[taﬁi,tﬂﬁj] == ﬁita—’_ﬂﬁj — Oéjta—’_ﬂai.
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Thus W, is a polynomial Lie algebra.
Example 3. The following family of algebras plays an important role in the
representation theory of toroidal Lie algebras. Let Q! be the space of 1-forms on
n

a torus: QL = > R,k,, where k, = ty 1dt,. We define a 2-parametric family of
p=1

algebras
V(p,v) =W, @& QL/dR,.

The distinguished spanning set is

{dj(a),kj(a)|laeZ",j=1,...n},

where d;(a) = t*0;, kj(a) = t*k;. The Lie bracket in V(u, v) is given by

[dz(a) (ﬂ)] Bik (04 +8) + 523 Z apky (a+8),

p=1

[di(a), d;(B)] = Bidj (e + B) — ajdi(e+ B) + (uBic; + veif) Zﬂp a+f),

[ki(), k;(8)] = 0.

Note that the distinguished spanning set for this polynomial Lie algebra is not a
basis because of the linear dependencies between k;(a): a1ki(a)+.. .+, ky(a) = 0.

Next we will give an example of a Lie algebra which is exp-polynomial, but not
polynomial.

Example 4. Consider an associative quantum torus

C,= & Ctht
4 V€L, aEL™ 0

generated by the variables ta—L,tli ,tff, where t1,...,t, commute and ty does
not commute with t;,...,%,, but satisfies the relations: ¢;ty = g;tot;, for some
q1,---,qn € C*. The Lie algebra which is obtained from the associative algebra C,
is an exp-polynomial Lie algebra with the distinguished set t{(a) = t4t%, and the
Lie bracket given by [t} (a), &} (6)] = (¢/* —¢®)t5t (o + ). Here g7 = ¢J** ... gJon,

Definition 1.3. Let G = @©,ezn G, be an exp-polynomial Lie algebra. A G
module V' = @,ezn V, is called a Z™-graded exp-polynomial module if V' has a basis
{vj(a)}jesaezn, and there exists a family of exp-polynomial functions hj ;(«, B)
for k € K, j, s € J such that

Zh Bus(a + ),

seJ
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where {gi(a)}rek is the distinguished spanning set for GG, and for each k, j the set
{s|hj (e, B) # 0} is finite. The homogeneous components of the Z"-grading on

V= 69 Ve are given by V,, = Span {v;(a)};e.
<Y/l
Note that if G is a Lie algebra with polynomial multiplication and all hj ;

polynomlal functions, then the module V is actually a polynomial module deﬁned
n [1], Definition 1.8.

Example 5. Let Vi,..., V) be finite dimensional modules for a finite dimen-
sional Lie algebra g. Fix qi,...,qx € (C*)". We define on the space V =
R, ® Vi ®...® Vi the structure of an exp-polynomial module for the toroidal
Lie algebra G = R, ® g by

g1 ®...® v (8 an”vl® (gvp) @ ... @ vg(a+ B),

where v; ® ... ® v(8) = tPv; ® ... @ vg. It is easy to see that in general V is an
exp-polynomial module and not a polynomial module.

Example 6. A tensor module for the Witt algebra W,, is a polynomial module.
Let Vj be a finite-dimensional gl,, module. Then the tensor module V = R, ® Vj
is a module for W,, under the action

taﬁjv(ﬂ) ﬁj Oé—f—ﬂ +Zap pj U O‘+ﬁ)

where v(8) = t° ® v, and E,; are the elementary matrices in gl,. The families
{v;(B)} with {v;} being a basis of Vj, form a distinguished basis in V', for which the
structure constants are polynomials.

We extend Definition 1.6 from [1] to give the following
Definition 1.4. Let G be a Z™-graded exp-polynomial Lie algebra. We call this
algebra Z"-extragraded if G has another Z-gradation

G= & GY, (1.2)

i€Z
and the set K is a disjoint union of finite subsets K;,

K= U Ki7
1€EZL

such that the elements of the homogeneous spanning set {gx(a) | k € K;, o € Z™}
are homogeneous of degree i under this new Z-gradation and span G(¥).

Many important infinite-dimensional Lie algebras are in fact Z™-extragraded exp-
polynomial Lie algebras. Here we give some examples.
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Example 8. We slightly modify Example 1 to get an extragraded algebra.
Adding an extra variable to, we get an n + 1 toroidal Lie algebra R, 1 ® g, where
R, = C[t(jf, tli, ..., t%]. We consider a Z"-grading on this algebra by degrees in
t1,...,tn, and a Z grading by degree in ty. The distinguished spanning set is

togr(a) = tht“gx,

with ¢ € Z,« € Z™, and {gx} being a basis of g.
The previous example can be generalized in two ways:
Example 9. Let G(°) be an exp-polynomial Lie algebra with Gg)) being finite

dimensional for all @ € Z". Then G = Clto, 1, 1® G is an extragraded exp-
polynomial Lie algebra.

Example 10. Let g be a Z-graded Lie algebra with finite-dimensional homoge-
neous components. Then G = g® R,, is an extragraded exp-polynomial Lie algebra.

Remark. In the definition of an exp-polynomial Lie algebra we can relax the
requirement that each family {gr(«)} be defined for all & € Z™. We may instead
require that {gx(«)} is defined for « in some sublattice Ly C Z™. Of course in this
case we should have a restriction so that the expression in the right hand side of
(1.1) is well defined.

Example 11. With this relaxed definition we may consider the following as an
extragraded exp-polynomial Lie algebra:

G = g ® R?’L-I—]. @ DeT’ C[to,to_l]

for a finite dimensional Lie algebra g with the distinguished spanning set {t{gx(c),
tyooli € Z,ov € 7, g1, € B}. Here the sublattice that corresponds to the elements
t40o is L = (0).

Example 12. Introducing an extra variable ¢, we can construct an extragraded
version of the Lie algebra from Example 3:

V(p,v) = DerRyi1 @ Q1 /dRy41.

The Z-grading is by degree in ty, and the distinguished spanning families are
thdj(a) = tht*0; and thk;(a) = thtk;.

Example 13. The exp-polynomial Lie algebra from Example 4 is actually ex-
tragraded. The Z-grading on it is by degree in tg.

Example 14. Let R,.; = C[tZ'¢F', ... ¢, Wo11 = Der(Rn1) =
Span {tjt®O, tst®d|i € Z,a € Z™,1 < k < n}. The Lie bracket in W, is
given by ‘ ‘ o

[tht* Ok, thtP 0] = tyt TP (B 0s — asOy), 1 < k, 5 <,

L5t 0o, )tPD,] = t571HP(j0s — asdp), 1 < 5 < m,
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[tt%o, thtP o] = (j — i)t5T7 1Py,
It can be easily seen that W, ;1 is a Z™-extragraded Lie algebra.

Cartan type S Lie algebras S,,+1 are also Z"-extragraded polynomial Lie al-
gebras. However we do not know whether Cartan type H or K Lie algebras are
Z™-extragraded polynomial Lie algebras.

Example 15. The Virasoro-like algebra L over C is the Lie algebra with a
C-basis {Lx } T € Z2} and subject to the following commutator relations

[Ly, Ly] = det (Z) Lyty, Yz, yeZ?

(1) 4@
where z = (2, 2®)), y = (yV), y?), (y) = (i(l) 5(2) ) It can be easily seen

x
that L is a Z'-extragraded Lie algebra.

From now on we assume that G is a Z"-extragraded Lie algebra with gradations
(1.1) and (1.2), i.e., G = Djez, wezn G is a 7"+ graded Lie algebra which has
a homogeneous spanning set {g,ii)(oz) | ke K;, (i,a) € Z"1} with g,(j)(oz) e GY,
and there exists a family of exp-polynomial functions { Thma. j(a,ﬁ)} in the 2n

variables o, 3, where k € K;,m € K;,s € K;;; and where for each k,m,1,j the
set {s|fi . (., B) # 0} is finite, such that

9@, 9B = 3 Simis(0, D)o@+ p), for a,fez. (13)

SGKi+j

Let Gt = & G, G~ = @& GW. Then we have the decomposition
i>1 i<-1

G=G oGYgat. (1.4)

Note that G(© is a Z"-graded exp-polynomial Lie algebra.

Following the construction in [1], we now introduce our Z"*!-graded module over
Z"*1-graded Lie algebra G.

Assume V = GoeznV,, is a Z"-graded G(© module with exp-polynomial action
as defined in Definition 1.3. We can define the action of G* on V by GTV = 0 and
then consider the induced module

M(V) =ndS o+ V =~ U(GT) @c V. (1.5)
It is clear that M (V) is a Z"*1-graded module over G' and

M(V)= e MV, (1.6)
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where M (V)(of) is naturally defined, for example, M (V)(ao) = V,. In general, the

homogeneous components M (V)(aZ ) with i < 0 are infinite-dimensional.

It is easy to see that M (V) has a unique maximal proper Z"*!-graded submodule
M7 which intersects trivially with V. Let

M(V) = M(V)/M". (1.7)
Then we have the induced Z"*+!-gradation
MWV)= o MW)Y. (1.8)
i<0,0€Zn

The main result of this paper is the following theorem.

Theorem 1.5. Assume that G is a Z"-extragraded Lie algebra with grading (1.3),
V = Paezn Ve is a Z"-graded exp-polynomial G© module as defined in Definition
1.8 with J being finite. Then the Z"'-graded G module M (V) defined in (1.7)
has finite-dimensional homogeneous spaces, i.e., dim M(V)gf) < o0, for all i € 7Z,
o ez

If G is a polynomial Lie algebra and V is a polynomial Z"-graded G(®©) module,
the claim of Theorem 1.5 was proved in [1], Theorem 1.12.

Example 16. Let us consider an n + 1-toroidal Lie algebra G = R,11 ® g as
defined in Example 8. Its component G(?) is an n-toroidal Lie algebra. We consider
amodule V=R, @V, ®...9V; for GO which was described in Example 5.
By the above theorem, the G module M (V') has finite-dimensional homogeneous
components. Such modules were studied by Chari [5] and Rao [7].

Example 17. Let us consider the Virasoro-like algebra L as defined in Example
15. Let LW = ®rezCL; . Fix an exp-polynomial function f(k). Then V =
®jezCv; becomes an exp-polynomial L©) module via

Lo vy = f(k)vjy.

Then M (V) has finite dimensional homogeneous spaces.

Example 18. Consider a Witt algebra W,, 1 = Der C[tZ ¢, ... ], which we
view as an extragraded polynomial Lie algebra with Z grading given by degree in %.
The zero component with respect to this grading is W,, & R,,0y. Consider a tensor
module V = R, ® V; for W, as discussed in Example 6. We let R,,0y act upon it
by shifts t*0y - t° ® v = dt*+# @ v for some fixed constant d € C. By Theorem 1.5
the module M (V) is a weight module with finite dimensional weight spaces.

Example 19. Let V(u,v) be the extragraded Lie algebra from Example 12. Its
zero component with respect to Z grading is

W, @ R, 0 @ (Z Rk /an> :

p=0
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Consider a tensor module V' from the previous example on which we define the
action of 1-forms of degree zero (in ty) as follows:

tak:p-tﬂ(Xw:O,p:l,...,n,

%o - tP @ v = ct*"P @ v, for some ¢ e C.

Again by Theorem 1.5 the module M (V') is a weight module with finite dimensional
weight spaces. These modules and their irreducible quotients were studied in [1],
3], [4], [8], [13].

Example 20. Let G be the quantum torus Lie algebra from Example 4. We
consider a module V = C[tf,...tF] for GO = C[tF,...tF] with the action de-
fined as follows: t - t% = f(a, B)t**P, where f(a, 3) is some fixed exp-polynomial
function. By Theorem 1.5 the module M (V') has finite-dimensional homogeneous
components.

Example 21. Let g be a simple finite-dimensional Lie algebra with the triangular
decomposition g = g_ ®hdgs. We consider a finite Z-grading on g compatible with
this decomposition. As explained in Example 10 above, the algebra G = R,, ® g is
an extragraded polynomial Lie algebra. Its zero component is the abelian algebra
G = R, ®H. Consider a G(© module V = C[t5, ... tF] with the action t*hy, -7 =
fr(a, B)t*T8, where {h;} forms a basis of h and {fi(a,3)} are some fixed exp-
polynomial functions. Applying again Theorem 1.5 we conclude that M (V) is a
weight module with finite dimensional weight spaces.

We would like to discuss now a finite-dimensional version of the exp-polynomial
modules.

Definition 1.6. Let G = @,z G, be an exp-polynomial Lie algebra as de-
fined in Definition 1.2. A G-module V is called a finite-dimensional exp-polynomial
module if V' has a finite basis {v;};cs, and there exists a family of exp-polynomial
functions hj ;(a) for k € K, j, s € J such that

ge(@)o; = 3 b (),

seJ

where {gx () }rek,aczn is the distinguished spanning set for G.

Let G be an extragraded exp-polynomial Lie algebra and let V' be a finite-
dimensional exp-polynomial module for G(?). Just as in (1.5) and (1.7) we define a

Z-graded G module M (V) and its Z-graded factor-module M (V) = M (V)/Mr.

Theorem 1.7. Let G be a Z"-extragraded Lie algebra with grading (1.3), V be a
finite-dimensional exp-polynomial G°) module. Then the Z-graded G module M (V)
has finite dimensional homogeneous spaces, i.e., dim M(V)(i) < oo, for alli € Z.
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Let us now give some examples of the applications of this theorem.

Example 22. Let G be an n + 1-toroidal Lie algebra G = R,,+1 ® g as defined
in Example 8. Its component G(9) is an n-toroidal Lie algebra. Let Vi,..., Vi be
finite-dimensional modules for g, and let ¢i,...,q € (C*)". We define a structure
of a G(© module on the finite-dimensional space V =V; ® ... ® V}, in the following
way:

k
g(a)v1®...®vk:qupvl®...(gvp)®...®vk.
p=1

It is easy to see that V is a finite-dimensional exp-polynomial module for G(©.
The induced module M (V') will have infinite-dimensional homogeneous components,
however, by Theorem 1.7, the homogeneous components of its factor M (V') are
finite-dimensional.

The next two examples are modifications of Examples 20 and 21.

Example 23. Let G be the quantum torus Lie algebra from Example 4. We
consider a one-dimensional module C for G(©) = C[t5, . .. tF] with the action defined
as follows: t*-1 = f(«)1, where f(«) is some fixed exp-polynomial function (highest
weight). By Theorem 1.7 the module M (C) has finite-dimensional homogeneous
components.

Example 24. Let g be a simple finite-dimensional Lie algebra with the triangular
decomposition g = g_ & h & g4. As explained in Example 21 above, the algebra
G = R, ® g is an extragraded polynomial Lie algebra. Its zero component is the
abelian algebra G(°) = R, ®b. Let {hy,...,hs} be a basis of h. Fix exp-polynomial
functions fi(a),..., fi(a) (highest weight) and consider a one-dimensional G(°)
module C with the action t*hy -1 = fr(a)l. Applying again Theorem 1.7 we
conclude that M(C) is a Z-graded module with finite dimensional homogeneous
components.

2. Proof of the main theorems.

In this section we shall prove Theorems 1.5 and 1.7. The key step in the proof
of Theorem 1.12 in [1] was the Vandermonde determinant argument. Here we
would need a generalization of the Vandermonde determinant formula for the exp-
polynomial functions.

Lemma 2.1. Let aq,...,a,, be elements of a field, s1,82,...,8n € N with
S1+...+8m = 5. Consider the following sequence of s exp-polynomial functions in
one integer variable: fi(n) = a¥, fa(n) = nay, ..., fs,(n) = n**7ta?, fo,11(n) =
al, ...y faas,(n) =n271al, ... fo(n) = n®m"1ta . Let V = (vpk) be the square
s X s matriz where vpr, = fr(p — 1), p,k=1,...s. Then

m Sj(Sj—l)
det(V) = II (s; — )a; 2 I (a; —a;)%. (2.1)
Jj=1 1<i<j<m
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Here we use the notation m!! = m! x (m —1)! x ... x 2! x 1! with the convention
ol =1.

Proof. This elementary lemma may be proved by induction on s using elementary
row and column transformations of the matrix. We will give here just an outline of
the proof. The basis of induction case s = 1 is trivial. To establish the inductive
step, one begins by applying elementary row operations to the matrix, the same
as in the proof of the ordinary Vandermonde determinant formula: subtract from
the last row the preceding row number s — 1 multiplied by a;, then subtract from
row s — 1 the preceding row s — 2 multiplied by a;, and so on. This will produce a
matrix that has 1 as the top entry of the first column, and the rest of the entries in
the first column being zeros.

Next we expand this determinant along the first column, which will yield an
(s — 1) x (s — 1) matrix with the same determinant. Finally, applying elemen-
tary column operations, it is possible to bring this (s — 1) x (s — 1) matrix to
the form corresponding to the sequence of functions a;af, 2ainaf, 3a1n2a?, e

(81 —1)&17’1,81_2(1,117', (a2_a1)a’g7 (aQ—al)nag, ) (a2_a1)n32_1aga ((1,3—&1)(1/?, R
(@ — ar)ntm =g
Pulling out the factors aq,2a1,3a1,...,(s1 —1)ay from the first s; — 1 columns,

and (a; — a;) from the remaining columns, we bring the matrix to the extended
Vandermonde form of rank s — 1. To establish the inductive step, we only need to
multiply the expression for the extended Vandermonde determinant of rank s — 1
given by the induction assumption by the factors we pulled out of the columns. [

Corollary 2.2. In the notations of the previous lemma, let ay, ... ,a,, be distinct
non-zero elements of a field of characteristic greater or equal to the maximum of
S1,...Sm, or of characteristic 0. Then the set of exp-polynomial functions f1(n) =

at,..., fs(n) =n*m"ta® is linearly independent.

Proof. From the determinant formula (2.1) we see that the vectors of values of the
functions (f;(0), f;(1),..., fj(s—1)),7=1,...,s, are linearly independent. 0O

Corollary 2.3. Let the exp-polynomial functions f1(n), ... fs(n) satisfy the con-
ditions of Lemma 2.1 and Corollary 2.2. Let {cy} be a sequence with only finitely
many non-zero terms. The sequence {ci} satisfies an infinite system of linear equa-

tions
S

D dijfi(n) | ek =0 forall neZ (2.2)

ko \j=1

if and only if it satisfies a finite system

dejck =0 forall j=1,...,s. (2.3)
k
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Proof. Since

we see that (2.3) implies (2.2).
Suppose now that (2.2) holds. Evaluating (2.2) at n =0,...,s— 1, we get that

ij(n)dejck:Ofor n=0,...,s—1 (2.4)
j=1 k

Now s equations of (2.4) are linear combinations of s equations of (2.3). The change
of basis matrix from (2.3) to (2.4) is an extended Vandermonde matrix and is
invertible, since by Lemma 2.1 it has a non-zero determinant. Hence, the equations
of (2.3) are linear combinations of equations of (2.4) and thus (2.3) holds. O

The last Corollary also admits a straightforward multi-variable generalization.

Corollary 2.4. Let fi(ni,... ,n.),...fs(n1,...,n.) be a set of distinct exp-

polynomial functions of the form f;(ni,...,n,) = n{* ... .nErby* .. b, such that

exponents p;’s are less than the characteristic of the field, in case if the field is of
finite characteristic. Let {cg}pezm be a set with only finitely many non-zero terms.
The set {cg} satisfies an infinite system of linear equations

Z ngjfj(nl,...,nr) cg =0 forall (ny,...,n,)€Z" (2.5)

gez™ \ j=1
if and only if it satisfies a finite system

Z dgjcg =0 forall j=1,...,s. (2.6)
pez™

Now we are ready to give a proof of Theorem 1.5.

Proof of Theorem 1.5. For the Z"-graded G(®) module V = ®4ezn V, as defined
in Definition 1.3, we have used g¢;(«) to denote g§0)(a). We stress here that both
{k | g,il)(a) # 0} for any fixed (i,a) € Z™*! and J in Definition 1.3 are finite sets.
The proof of the theorem will amount to proving two claims.

Claim 1. Let us fix i1,42,... ,1s €N, ki, ko,... ks, with ky, € K_; , k € J and

a € Z™. There exist exp-polynomial functions f1(B),. .., fa(B) in ns variables [
such that a linear combination
S bagl M B0e P (B gl Bovrla = B — = By) (27

B:(ﬁla"' ’ﬁs)ezns
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belongs to Mrad if and only if the set {bg}peczns (with finitely many non-zero ele-
ments) satisfies a finite system of linear equations:

> bpfp(B) =0, for p=1,...,d.

BeZns

Proof of Claim 1. Denote the sum in (2.7) by . We have that x € M7ad if and
only if

g9 (1) ... g9 () =0

for all ji,...,jr e Nwith j1 +... 4+, =01 +... +45, m1 € K;,...,m, € K,

Yiy--- 5 Yr ez,
From the Poincaré-Birkhoff-Witt argument and the fact that the Lie algebra G
and the module V' are exp-polynomial, it follows that

9o () g5 (e =Y bs Y he(B ) vela 71+ ).
gezns  ted

The functions hy are exp-polynomial in = (1,...0s) and v = (71,...,7,), and
depend on ji, ..., jr;my,...,m,.. We get that x € M"? if and only if {bs} satisfies

the system of equations
Z bs Zhe(ﬁﬁ) =0 (2.8)
Bezrs  teJ

for all v € Z™ ¢ € J,j1,...,jr € Nwith j1 + ...+ j, = i1+ ...+ 15, m €
Kj ,...,m, € Kj_. Since ji, ..., jr € Nare bounded by the condition j;+...4j, =
i1 + ...+ 15 and mq,...,m, belong to finite sets, we conclude that only finitely
many functions hy(/3,7) appear in the system (2.8). Nonetheless the system (2.8)
has infinitely many equations because v has an infinite range. Our goal is to reduce
(2.8) to a system with finitely many equations.

A exp-polynomial function hy(f3, ) could be expanded in ~:

hf(ﬁ: 7) = Z fp(ﬂ)a’;ﬁy&pa
p

where a, € C"",0, € Z"" and the summation in p is finite. By Corollary 2.4, the
system (2.8) is equivalent to a finite system of linear equations:

> baf(B) =0,

ﬂeZns

with a finite number (say, d) of exp-polynomial functions f,(3). This establishes
Claim 1.
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Claim 2. In the notations of Claim 1, the set

{g}g:il)<ﬂl) . .g,g:is)(ﬁs)yk(a s 65)}

ﬁeZns

spans a subspace of dimension less or equal to d in Mé_il_"'_is)(V).

Proof of Claim 2. To prove this claim we need to show that any d + 1 vectors
in this set are linearly dependent. Let B be a subset in Z"® of size d + 1. The
homogeneous system of d linear equations

> bafp(B) =0

BeB

in d + 1 variables {bg}scp has a non-trivial solution. By Claim 1, the set

{g,il—il)(ﬂl) . .g,g:is)(ﬁs)yk(a —G—...— ﬁs)}

BeB
is linearly dependent modulo M7, Claim 2 is now proved.

Theorem 1.5 now follows immediately from Claim 2 since the space Mé_i) is
spanned by the elements

{96:(80) g7 (Bo)oila = By — .. = B }
with 41 + ...+ %5 = i;41,...,is € N. Thus there are finitely many possibilities for
(i1,...,1s), and the indices k1,...,ks and k run over finite sets K_; ,... ,K_;_

and J. 0

Proof of Theorem 1.7. The proof of Theorem 1.7 may be derived from the proof
of Theorem 1.5 by forgetting Z™-grading on the module V' and replacing expressions
vp(a— By — ... — Bs) etc., simply with v,. O

3. Weight modules over generalized Virasoro algebras.

The Virasoro algebra Vir := Vir[Z] over C is a Lie algebra with a C-basis {c, d; ‘
1€ Z} and subject to the following commutator relations

[Ca dz] = 07

i3 —i

TC, for Z,j € 7.

[di,dj] = (§ — @)diyj + 0s,—j

The structure and representation theory for the Virasoro algebra has been well
developed. For details, we refer the readers to [14] and the book [12] and the
references therein.



MODULES WITH EXPONENTIAL HIGHEST WEIGHT 15

Generalized Virasoro algebras Vir[M] in characteristic 0 were introduced by Pa-
tera and Zassenhaus in [16], which are Lie algebras obtained from the Virasoro
algebra by replacing the index group Z with an arbitrary nonzero subgroup M of
the base field C, which is also the 1-dimensional universal central extension of some
generalized Witt algebras [6]. Representations for Generalized Virasoro algebras
Vir[M] have been studied in several references. In [17], all weight modules with
weight multiplicity 1 were determined, which are some so-called intermediate se-
ries modules. In [15], it was proved that all irreducible Harish-Chandra modules
over the generalized Virasoro algebra Vir[Q] over C are intermediate series modules
(where Q is the rational number field). In [11], the irreducibility of Verma modules
over the generalized Virasoro algebra Vir[M] over C was completely determined.

In this section we assume that M = Z& My C C where M, is a nonzero subgroup
of C. We simply denote L = Vir[M]/Cec. For any i € Z, we denote

L; = ®uem,Cdita,

Ly = ®icz, Li, L = ®i<oLy.

Then Ly ~ Vir[M]/Ce.
For any «a, 3 € C, we have the Ly module V(«, ) = @4en,Cv, subject to the
actions
dovy = (b+ o+ af)vgypy, for a,be M. (3.1)

We extend Ly module structure on V' (a, 3) to L1 + Lo module structure by defining
L.V(a,8)=0. (3.2)

Then we obtain the induced L module

V=V(a,B)=Ind} , V(a,B) =U(L) ®u(r,+Lo) Ve, B),

where U (L) is the universal enveloping algebra of the Lie algebra L. It is clear that,

as vector spaces, V ~ U(L_) ®c V(«,3). The module V has a unique maximal
proper submodule J trivially intersecting with V' (a, ). Then we obtain the quotient

module B
V=V(a,B)=V/]. (3.3)

It is clear that V is uniquely determined by the constants a,3, and V =
®icz, V-ita+m, Where

VoitatM, = DaeoVoitatas Veitata = {0 €V [ dov = (=i +a+a)v}. (3.4)
We can similarly define ‘71-+a+ M, and ‘7_i+a+a. It is easy to see that

dim‘N/_HaJra =o00, for i €N, a € M.
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It will be different for V_;q4q-

Note that if My ~ Z"™, then L is a Z"-extragraded Lie algebra, V(«, ) is a L
module with polynomial action, and V (o, 8) = M (V(a, 3)) as defined in Sect.2. In
this case, from Theorem 1.5, we know that V(a, 3) has finite dimensional weight
spaces , i.e., dimV_; 414 < 0o for all i € N, a € M. More generally, we have

Theorem 3.1 The module V(a, 3) defined in (3.3) over Vir[M] has finite dimen-
sional weight spaces, more precisely, dimV_; 414 < (2i+1)!! for alli € N, a € M.

Proof. Since L_ is generated by L_; , and L, is generated by L, we deduce
that B B
L AV iyvarmy = Voicitatm,, for i€ Z,,

and, if v € V—H-OH-MO where 7 € N, satisfies Liv = 0 then v = 0. We also know
that, for any n € N, a € My,

V—n—i—a—i—a = Span{d—l—i—and—l—i—an_l~~~d—1—|—alva0 | a; € MO;
with ag+ a1 + ... + a, = a}.

Claim 1. For anyn € Zy, and b; € C, a; € My, (only finitely many b; are not

zero),
(a) if
> afb;=0, for 0<k<2n+2, (3.5)
i€Z
then
> bid-14a,d-11a,-0-11a,Vag—a, = 0; (3.6)
i€Z
(b) if
> afb;=0, for 0<k<2n+1, (3.5)
i€Z
then
> bida,d-14a,--A-14a,Vag—a; =0, (3.7)
i€
for all ag,ay, ..., an, € My, where all the sums are finite.

Now we first consider n = 0. Suppose (3.5’) holds for n = 0. We have

> bida,Vag—a; = Y bi(ao — @i + a + Bay)va, =0,

1EZL 1EZ

which is (3.7) for n = 0. Now suppose (3.5) holds for n = 0. For any v € My, we
deduce

d1+7(z bid_1+aiva0_ai) = Z bi(_2 + o — 7>d7+aivao—ai

(ASY/ 1EZL
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= Z bi(=2 4+ a; —v)(ao — oy + a + B(7 + ;))Vag 4~ = 0,
1EZ

to yield )., bid_140,Vag—a; = 0, which is (3.6) for n = 0.
Suppose our claim holds for any n < m for a fixed m € Z,. Now we consider the

claim for n = m+ 1. To get (3.7) for n = m + 1, we assume (3.5") for n = m + 1.
For any v € M, we compute

d1+7(z bidai d—1+am+1 “‘d_1+alva0_ai)
1EZL

= Z bi(_l -7+ ai)d1+’y+oéid—1+am+1 “‘d_1+alva0_ai
1€EL

+ ) bida,diyd_14a, 0140y Vag—a, - (3.8)
1EZ

Since di4~yd—1+4a,, 1 --0—14a;Vag—a; € (L—1)"Vay—a, and the coeflicients are inde-
pendent of «;, by inductive hypothesis and (3.5"), we see that the second term on
the right hand side of (3.8) is 0. So

d1+7(z bidai d—1+am+1 “‘d_1+alva0_ai)
1EZ

= Z bl(_l -7+ ai)d1+’y+aid—1+am+1 "'d_1+alva0_ai
1EL

= Z bi(—l—7v+ai)(—2—7—a; + am+1)d7+ai+am+1d—1+am~"d—1+a1vao—ai
1EZ

“+... +d—1—|—am+1 ...d_1_|_a2 Z bl<—1 —7—|—o¢i)(—2 —v—ai+a1)d7+ai+alva0_ai . (39)
1€EZL

From inductive hypothesis and (3.5"), we know that each sum on the right hand
side of (3.9) is 0. Thus, for all v € My,

dl"r’Y(Z bidaid—1+am+1 "‘d—1+alva0—ai) =0,
1E€EZL
which gives
Z bidaid—1+am+1 "'d_1+alva0_ai = 0.
1E€EZL

So (3.7) holds for n =m + 1.
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To verify (3.6) for n = m + 1, we suppose (3.5) holds for n = m + 1. By using
(3.7) for n = m + 1, for any v € M, we deduce that

d1+’Y Z bid—l-f—oéi d—1+am+1 “‘d_1+alva0_ai
1E€EZL

- Z b -2+ — )d7+aid—1+am+1"'d—l-l-alvao—oéi =0,
1E€EZL

which implies (3.6) for n = m + 1. Thus Claim 1 holds for n = m + 1. By inductive
principle, Claim 1 follows.

Fix p € My \ {0}. Let P, = {kp|0 < k < 24} for any ¢ € N. For any n € N,
a € MQ, a1, ...00 € Zp with «; € PZ‘, let

W(a,aq, ag, ..., ap,)
= span {d—1+an+1 d—l—i—an~~~d—1—|—o¢1va—a1—ag—...—an_H | Qnp41 € Pn—i—l} .
Claim 2. For any 8 € My, we have

d—l—l—ﬁd—l—l—an---d—l—l—alva—al—...—an—ﬁ S W(a: aq, a2, ..., an)-

It is clear that we can find nontrivial by, ,, € C for a1 € Pyt (consider the
following as a linear system of 2n + 3 unknowns with 2n + 3 equations) such that:

B+ Y okba,,, =0, for 0<k<2n+2,
ant+1€Pn4+1
which is an equality of (3.5). Then applying (3.6), we see that Claim 2 follows.

From Claim 2 we know that

dim V—n+a+a = {d—l—l—and—l—l—an,l---d—l—l—alva—al—ag—...—an :

a,-e{k;p\ogk;gzz'}}31-3-...-(2n+1), for n € Zy,a€ M.

Note that dim Va+a =1 for all a € My. Thus our theorem follows. [

It is clear that V (o, ) is an irreducible Vir[M] module if and only if V(a, 3)
defined by (3.4) is an irreducible Vir[My] module. Thus, if we start with the irre-
ducible Vir[My] module V'(«, 5) (which is the irreducible subquotient of V' («, )
and some of which are no longer exp-polynomial modules), instead of V(«, 3), we
get an irreducible Vir[M] module V’(c, 3), which can be also realized by taking the
irreducible subquotient of V(a, 3) for all o, 3 € C.
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The module V (a, 8) contains height weight Vir[Z] (the classical Virasoro algebra)
modules U(Vir[Z])v, for any a € M. Thus not all its weight multiplicities are 1,
which indicates the modules V («, ) are not modules of intermediate series.

It is natural to ask the following questions: Are Vir[Z] modules
U(Vir[Z])v, irreducible ? Is it true that U(Vir[Z])v, = @iez, Vita 7 Are there
any other types of irreducible weight modules with finite dimensional weight spaces
over Vir[M] ?

It is important to calculate the character formula for the modules V (o, ). We

know the following about dim V_; 4, for i € Z,,a € Mj.

Corollary 3.2. For any i € Z4,a1,a3 € My, if (—i+a1)(—i+a2) # 0, we have
dimV_ iy ara, =dimV_iiaia,- (3.10)

Proof. Suppose a1 # az. Let a = a1 — as, G = Vir[Za] = ®;ezCd;q. Then G is
isomorphic to the classical centerless Virasoro algebra. Consider the G module W =
@xezaV_HaJraﬁx. From Theorem 3.1, we know that W is a uniformly bounded G
module. By a well-known result, we see that all the dimensions of V_i+a+a2+x are
equal except for V. The corollary follows. O
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