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CONFORMAL MODULES*

SHUN-JEN CHENG' anD VICTOR G. KACTE

Abstract. In this paper we study a class of modules over infinite-dimensional Lie (super)alge-
bras, which we call conformal modules. In particular we classify and construct explicitly all irre-
ducible finite conformal modules over the Virasoro and the N=1 Neveu-Schwarz algebras, over the
(super)current algebras and their semidirect sums.

0. Introduction. Conformal module is a basic tool for the construction of free
field realizations of infinite-dimensional Lie (super)algebras in conformal field theory.
This is one of the reasons to classify and construct such modules. In the present
paper we solve this problem under the irreducibility assumption for the Virasoro and
the Neveu-Schwarz algebras, for the (super)current algebras and their semidirect sums.
Since complete reducibility does not hold for conformal modules, one has to discuss
the extension problem. This problem is solved in [1].

The basic idea of our approach is to use three (more or less) equivalent languages.
The first is the language of local formal distributions, the second is the language of
modules over conformal algebras, and the third is the language of conformal modules
over the extended annihilation subalgebras. The problem is solved using the third
language by means of the crucial Lemma 3.1. Note that conformal modules over Lie
algebras of Cartan type were studied in [7], where, in particular, a proof of Corollary
3.3 is contained.

This paper is organized as follows. In Section 1 the concepts of a Lie (su-
per)algebra of formal distributions and of a conformal (super)algebra are recalled.
They are more or less equivalent notions. In Section 2 we introduce conformal mod-
ules over a Lie (super)algebra of formal distributions and clarify their connections
with modules over the corresponding conformal (super)algebra. We then show that
modules over a conformal (super)algebra are in 1-1 correspondence with modules over
the extended annihilation subalgebra of the associated Lie (super)algebra of formal
distributions. At the end of Section 2 examples of conformal modules over the Vi-
rasoro, the (super)current and Neveu-Schwarz algebras and their various semidirect
sums are constructed. In Section 3 we first prove the key lemma (Lemma 3.1) and
with its help classify all irreducible finite conformal modules over the (extended) an-
nihilation subalgebra of the above-mentioned Lie (super)algebras. The main result,
stated in Theorem 3.2, which describes all finite irreducible modules over the confor-
mal (super)algebras in question (hence all irreducible finite conformal modules over
the corresponding Lie (super)algebras), is then immediate.

Roughly speaking, the main claim of the present paper is that all non-trivial
modules over current, Virasoro, N=1 superconformal algebras and their semidirect
sums are non-degenerate. For N>1 superconformal algebras interesting degeneracies
occur in some non-trivial conformal modules. These effects are studied in [6].
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1. Preliminaries on local formal distributions and conformal superal-
gebras. A formal distribution (usually called a field by physicists) with coefficients
in a complex vector space U is a generating series of the form:

a(z) = Z Az~ "1,

nel

where a(,) € U and z is an indeterminate.
Two formal distributions a(z) and b(z) with coefficients in a Lie superalgebra g
are called (mutually) local if for some N € Z4 one has:

(1.1) (z —w)Na(z),b(w)] = 0.

Introducing the formal delta function

5z —w) =271y (S,

nez

we may write a condition equivalent to (1.1):

N
(1.2) [a(2), b(w)] = > (agb)(w)dP3(z — w),

J=0

(here 0% stands for % 6‘1;) for some formal distributions (a(;)b)(w) ([4], Theorem

2.3), which are uniquely determined by the formula
(1.3) (agyb)(w) = Res:(z — w)i[a(z), b(w)].

Formula (1.3) defines a C-bilinear product a(;)b for each j € Z on the space of all
formal distributions with coefficients in g.

Note also that the space (over C) of all formal distributions with coefficients in g
is a (left) module over C[0;], where the action of J, is defined in the obvious way, so
that 0.a(z) = ), (0a)myz—"~1, where (0a)(,) = —na@—1).

The Lie superalgebra g is called a Lie superalgebra of formal distributions if there
exists a family § of pairwise local formal distributions whose coefficients span g. In
such a case we say that the family § spans g. We will write (g, ) to emphasize the
dependence on §.

The simplest example of a Lie superalgebra of formal distributions is the current
superalgebra g associated to a finite-dimensional Lie superalgebra g:

g=gC[t,t~1].

It is spanned by the following family of pairwise local formal distributions (a € g):

a(z) = Z(a ®tn)z—n-1,

nez

Indeed, it is immediate to check that

[a(2), b(w)] = [a, b (w)d(z — w).
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The simplest example beyond current algebras is the (centerless) Virasoro algebra,
the Lie algebra U with basis L,, (n € Z) and commutation relations

[Lim, Ln]) = (m — n)Lyin.
It is spanned by the local formal distribution L(z) =}, .7 Lnz~"~2, since one has:
(1.4) [L(2), L(w)] = OwL(w)d(z — w) + 2L(w)0wd(z — w).

The next important example is the semidirect sum U x g with the usual commutation
relations between U and g:

[Lin,a®t"] = —na @ tm+n,
which is equivalent to
[L(2), a(w)] = Owa(w)d(z — w) + a(w)Dywd(z — w).

Given a Lie superalgebra of formal distributions (g, §), we may always include §
in the minimal family §¢ of pairwise local distributions which is closed under 9 and
all products (1.3) ([4], Section 2.7). Then §° is a conformal superalgebra with respect
to the products (1.3). Its definition is given below [4]:

A conformal superalgebra is a left (Zs-graded) C[0]-module R with a C-bilinear
product a,)b for each n € Z such that the following axioms hold (a,b,c € R;m,n €
Z, and O = %W):

(CO) a(n)b =0, for n >> 0,

(C1)  (9a)(m)b = —nag,—1)b,

(C2) b = (—1)desadest 3722 (—1)i+n+19Y) (bg,, 5y a),

(C3)  apm)(bmye) = 3720 (7) (@)D (man—jye + (~1)desadeebb,) (a(n) ).
Of course, conformal algebra coincides with its even part, i.e. dega = 0 for all a € R
in this case. Note also the following consequence of (C1) and (C2):

(C2) a(n)ab = 8(a(n)b) + na(n_l)b,
hence 9 is a derivation of all products (1.3).

Conversely, assuming for simplicity (cf. Lemma 2.2b) that R = @;c;C[0]at is a free
(as a C[0]-module) conformal superalgebra, we may associate to R a Lie superalgebra
of formal distributions (g(R),§) with basis af,, (i € I, m € Z) and § = {ai(2) =

n @y 2" hier with bracket (cf. (1.2)):

(1.5) [ai(2), a3 ()] = > (aiyad) ()06 (z — w),

k?EZ+

so that §° = R.
Formula (1.5) is equivalent to the following commutation relations (m,n € Z;
i,j€l):

(1.6) (@@l = D (k)(a?maj)(mw—kw

]CEZ+
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It follows that the C-span of all aén) with n € Z4 is a subalgebra of the Lie superalgebra

g(R). We denote this subalgebra by g(R)+ and call it the annihilation subalgebra.
For example Uy =3~ ;CL; and g, = g® C[t].
The simplest examples of a conformal superalgebra is the current conformal su-
peralgebra associated to a finite-dimensional Lie superalgebra g:

R(g) = C[d] @c g,
with the products defined by:
ayb =[a,b], ab=0, forj>0,abcg,
and the Virasoro conformal algebra R(U) = C[0] ®c L with products (cf. (1.4)):
LoL=0L, LaL=2L, LjL=0, forj>1.

Their semidirect sum is R(0) x R(g) with additional non-zero products L(gya = da
and L(;ya = a, for a € g. These examples are the conformal superalgebras associated
to the Lie superalgebras of formal distributions described above.

The simplest superextension of the Virasoro algebra is the well-known (centerless)
Neveu-Schwarz algebra 91 which, apart from even basis elements L, has odd basis
elements G, r € % + 7, with commutation relations:

n
(G, Ln) = (r — E)GrJrna (G, Gs] = 2Ly 4s.

The corresponding annihilation subalgebra in this case is

Ny =Y CLi+ Y. CG,.

n>—1 TZ—%

The conformal superalgebra, associated to N, is R(9M) = C[0] ®¢ L + C[9] ®@c G with
additional non-zero products:

1 3
L(O)G =0G, G(O)L = 586‘, L(l)G = G(l)L = §G, G(O)G =2L.

Other examples treated in this paper are supercurrent algebras

gsuper =g ®c C[ta =1, 9]7

where 6 is an odd indeterminate. The generating family § of pairwise local formal
distributions consists of currents a(z) (a € g) introduced above and supercurrents

ab(z) = Z(a ® tnh)z—n—1,
nez

Of course its associated conformal superalgebra is R(§supe;) = C[0] @ (g @ g?), where
g% is an identical copy of g, but with reversed parity. R(gs,pe,) extends R(g) by the
additional non-trivial product

a@yb? = [a,b)?, a,beg.
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The final example treated in this paper is the semidirect sum 9 X gg, e, Which is
defined by letting L, = —t"(t5, + “4210.%) and G, = 3 (02 — ) for n € Z and
7 € §+7Z. Its corresponding conformal superalgebra R(MX @gyper) = R(N) X R(Fauper)
has the following additional non-trivial products:

1
L(O)a9 = 3(19, L(l)ae = §CL9, G(O)a‘9 =a, G(O)CL = (9(19, G(l)a =af.

2. Preliminaries on conformal modules. Let (g, ) be a Lie superalgebra
of formal distributions, and let V' be a g-module. We say that a formal distribution
a(z) € § and a formal distribution v(2) = 7 v(n)2~"~1 with coefficients in V" are
local if

(2.1) (z —w)Na(z)v(w) =0, for some N € Z.

It follows from [4] Section 2.3 that (2.1) is equivalent to

N—-1
(2.2) a(z)v(w) = 3 (agyv)(w)od8(z — w),
j=0

for some formal distributions (a;v)(w) with coefficients in V', which are uniquely
determined by the formula

(agyv)(w) = Res.(z — w)la(z)v(w).

Formula (2.2) is obviously equivalent to

m
(2.3) Am) V() = D ( i ) (a()v) (m+n—j)-

JELy

EXAMPLE 2.1. Consider the following representation of the (centerless) Virasoro
algebra in the vector space V' with basis v(,), n € Z, over C

Linvmy = (A =1)(m 4+ 1) = n)V(mqn) + 0V(mint1),

where A, o € C. In terms of formal distributions L(z) and v(z) this can be written as
follows:

(2.4) L(z)v(w) = (0 4+ a)v(w)d(z — w) + Av(w)Dwd(z — w).

Hence L(z) and v(z) are local.

Suppose that V is spanned over C by the coefficients of a family E of formal
distributions such that all a(z) € § are local with respect to all v(z) € E. Then we
call (V, E) a conformal module over (g, ).

The following is a representation-theoretic analogue (and a generalization) of
Dong’s lemma (see [4], Section 3.2).

LEMMA 2.1 [5]. Let V be a module over a Lie superalgebra g, let a(z) and b(z)
(respectively v(z)) be formal distributions with coefficients in g (respectively in V).
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Suppose that all pairs (a,b), (a,v) and (b,v) are local. Then the pairs (a;)b,v) and
(a,bgjyv) are local for all j € Z..

This lemma shows that the family F of a conformal module (V| E) over (g, §) can
always be included in a larger family E°¢ which is still local with respect to §, hence
to §¢, and such that 0E¢ C E¢ and a(;)E° C E° for alla € § and j € Zy.

It is straightforward to check the following properties for a,b € § and v € Ee:

i m
(25) [a(m), b(n)]v = Z <] > (a(j)b)(7n+n_j)v,

=0

(2.6) (0a)(nyv = [0, amv = —nag_1)v.

(Here [, -] is the bracket of operators on E<.) It follows from (2.5) (by induction on
m) and (2.6) that a¢j)Ec C E¢ for alla € §° and j € Zy.

Thus any conformal module (V| E) over a Lie superalgebra of formal distributions
(g, %) gives rise to a module M = E¢ over the conformal superalgebra R = §°, defined
as follows. It is a (left) Zg-graded C[0]-module equipped with a family of C-linear
maps a — a%) of R to EndcM, for each n € Z, such that the following properties
hold (cf. (2.5) and (2.6)) for a,b € R and m,n € Z4 :

(MO) a%)v =0, forve M and n >> 0,

(M1) [aé\;{n), bf‘ﬁ)] = Z;'nzo (Zn) (a(j)b)é\fn-;-n—j)’
(M2) (6@)%) = [0, af\fl)} = —naé‘g_l).

Conversely, suppose that a conformal superalgebra R = ®,crC[0]a’ is a free C[0]-
module and consider the associated Lie superalgebra of formal distributions (g(R), )
(see Section 1). Let M be a module over the conformal superalgebra R and suppose
(cf. Lemma 2.2b) that M is a free C[0]-module with C[0]-basis {v*}4ecs. This gives
rise to a conformal module V(M) over g(R) with basis v, where a € J and n € Z,

defined by (cf. (2.2)):

(2.7) ai(2)ve(w) = Y (af,vo) (w)0Fd(z — w).

JELy

A conformal module (V| E) (respectively module M) over a Lie superalgebra of
formal distributions (g, ) (respectively over a conformal superalgebra R) is called
finite, if Ec (respectively M) is a finitely generated C[d]-module.

A conformal module (V, E) over (g, §) is called irreducible if there is no non-trivial
invariant subspace which contains all v(,), n € Z, for some non-zero v € E¢. Clearly
a conformal module is irreducible if and only if the associated module E¢ over the
conformal superalgebra §° is irreducible (in the obvious sense).

The above discussions, combined with the following lemma, reduce the classifica-
tion of finite conformal modules over a Lie superalgebra of formal distributions (g, )
to the classification of finite modules over the corresponding conformal superalgebra.

LEMMA 2.2 [5]. (a) Let M be a module over a conformal superalgebra R and let
v € M be such that Ov = \v for some A € C. Then v is an invariant, i.e. Ryuyv =0
for allm € Z4. (b) Suppose that M is a finite module over a conformal superalgebra
and suppose that M has no non-zero invariants. Then M is a free C[d]-module.
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REMARK 2.1. Given a module M over a conformal superalgebra R, we may
change its structure as a C[d]-module by replacing & by 0 + A, where A is an en-
domorphism over C of M which commutes with all a%) (this will not affect axiom
(M2)).

Note that the maps a — a¢,) of R to EndcR defines an R-module, called the
adjoint module.

Example 2.1 gives a 2-parameter family of (irreducible) conformal modules over
the Virasoro algebra. Note also that the well-known family of graded Virasoro modules
given by Limv() = ((A —1)(m + 1) —n + @)v(m4n) is conformal, but is finite if and
only if a = 0.

The following simple observation, which follows from definitions, is fundamental
for representation theory of conformal superalgebras.

PROPOSITION 2.1. Consider the Lie superalgebra of formal distributions (g(R), §)
defined by (1.5) and let g(R)+ be the annihilation subalgebra of g(R). Denote by g(R)*
the semidirect product of the 1-dimensional Lie subalgebra CO and the ideal g(R)+ with
the action of 0 on g(R)4 given by 0(azn)) = —naé Then a module M over the

conformal superalgebra R is precisely a g(R)*-module M (over C) such that
(2.8)

n—1)"

()v—O for each v € M and n >> 0.

COROLLARY 2.1. Let R = ®;e1C[0]at be a conformal superalgebra and M = @&
C[0)vi be a free C[D]-module. Then, given al('n)vj €M foralliel,jeJ, neZy,
which is 0 for n >> 0, we may extend uniquely the action of azn) to all of R on

M wusing (M2). Suppose that (M1) holds for all a = a® ., b = Then M is an
R-module.

Using Proposition 2.1 and Corollary 2.1, one can construct large families of finite
modules over conformal superalgebras, and hence corresponding conformal modules
over Lie superalgebras of formal distributions.

In conclusion we will list more examples of modules over conformal superalgebras.
In Section 3 the irreducible ones listed below will turn out to exhaust the list of all
irreducible finite modules over these conformal superalgebras.

ExAMPLE 2.2. Let Yo = >, CL; and consider a representation 7 of the Lie
algebra Yy in a finite-dimensional (over C) vector space U. Let A be an endomorphism
of U commuting with all 7(L;) (j € Z4). Then C[0] ® U is a finite module over the
conformal algebra R(U) defined by the following formulas (u € U):

a{n) )

(m)’

L(O)u = (0+ A)u, L(j)u =m(Lj-1)u, for j > 1.

For example we can take w(Lo) = B, where B is an endomorphism of U commuting
with A. Then

Lioyu= ou + Au, Layu=Bu, Lyu=0,j2>1,

defines a finite module over the conformal algebra R(), which we will denote by
Mgy(A, B).

Translating back to the language of Lie algebras of formal distributions, Example
2.2 gives the following family of finite conformal modules over the Virasoro algebra in
the space U ® C[t, 1] (we let, as usual, u(,) = u ® t"):

Lmu(n) = (Au)(m+n+1) (m +n+1 U(m4n) + Z (] +1 ) ) )(m+n7j).
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The above special case defined by a pair (A4, B) of commuting operators in U is given
by:
Linuny = (AU) (mgnt1) + (M +1)Bu — (m +n 4+ 1)u) (mqn)-

We use the notation Mg(A, B) for this U-module. The superscript ¢ is to emphasize
that it is a conformal module. We will use this convention freely throughout the
text. Note that the module Mg(A, B) is irreducible if and only if the Po-module is
irreducible and non-trivial, i.e. if and only if dimU = 1 and B = A # 0. We denote
these U-modules by Mg(a, A), a, A € C and A # 0. They are precisely those given
by Example 2.1.

REMARK 2.2. (cf. Remark 2.1 and Example 2.2.) Suppose that the annihilation
subalgebra g, of the Lie algebra g+ = C[0] x g, contains an element L_; such that
adL_; = 0 on g,. Then g* is a direct sum of ideals C(0 — L—1) and g,. Hence in
this case the study of modules over the corresponding conformal superalgebras (and
thus of conformal modules) reduces to the study of modules over g, satisfying (2.8).
This remark applies to all cases except for the current and the supercurrent algebras.

ExAMPLE 2.3. Consider the current Lie superalgebra g and the associated con-
formal superalgebra R(g). Let 7 be a representation of g, = g ®c C[t] in a finite-
dimensional vector space U, such that (g ® t*)U = 0 for n >> 0. This defines on the
space U ® C[t,t~1] the structure of a conformal module over g by the formula:

(@® gy = 3 (m) (70 ® )iy @ € Gru €U

JELy

A special case of this construction is to take a finite-dimensional representation 7 of
the Lie superalgebra g in a finite-dimensional vector space U and extend it to g,
by letting g ® tC[t] act trivially. Then we have (@ ® t™)u(,) = (7(a)u)min). This
g-module is denoted by M g(ﬂ') Translating back to the language of modules over the
conformal algebra R(g) we obtain the free C[0]-module C[0] ®c U with

ayu=7m(a)u, apyu=0 forn >0, wherea € g,u€U.

We will denote this R(g)-module by Mg(m). It is irreducible if and only if 7 is ir-
reducible. In this case we will denote the module by Mg(A), where A is the highest
weight of U.

ExXAMPLE 2.4. Consider the N=1 Neveu-Schwarz algebra 91 with associated
conformal superalgebra R(91). Let 9ty denote the corresponding annihilation subal-
gebra. Consider a finite-dimensional representation (w,U) of My, the subalgebra of
N, spanned by elements of non-negative modes. Let U? denote an identical copy of
U with reversed parity. Then the following gives a structure of a module over R(91)
on the free C[0]-module C[9] ® (U & U?):

Liyu = (0+ A)u, Lyu=m(Lj—1)u, Lyu’ = (0+ A)uf,

1 +1

Layu? = (n(Lou)? + 3u’, L ynu? = (x(Ly)u)’ + %w(aj_%)u, Goyu = uf,
Gyu=m(G;_1)u, Geu? = (Ou+ Au), Gyuf = (7(G;_1)u)? +2m(L;j-1)u,

where j > 1, u € U, and A is an operator acting on U, commuting with all 7(9%). In

particular let U = Cu be the one-dimensional 9p-module with action Lou = Au, with
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0 # A € C, all other generators acting trivially. Then for A = o € C arbitrary, we
obtain an irreducible module over R(M) denoted by Mgy (a, A). Hence as in the case
of the Virasoro algebra we get a 2-parameter family of finite irreducible conformal
modules denoted by Mg (a, A). Explicitly Mg (a, A) = (Cu+ Cu?) @c C[t, t~1], with
actions given by (u(,) = u ®t", u?n) =utr, re % +Z and m,n € Z):

Lmu(n) :((m + 1)(A - 1) - n)u(n+m) + QU ym+1),
(A=

1
Lmu?n) :((m + 1) 5) - n)u?n+m) + au?n—&-m—‘—l)’

Girtn) =W yn sy

1
GTU?n) :((’I" —+ 5)(2A — ].) — TL)U(T+”7%) + O[U(r+n+%).

ExampLE 2.5. Consider the supercurrent algebra gg,per- Let R(8super)s Ssuper+
be as usual. Let (7,U) be a finite-dimensional representation of gg,,e,;. We obtain a
module over R(gg,pe;) as in the case of current algebra by setting for n > 0:
amyu = m(a @ t")u, a‘(gn)u =7n(a®@td)u, acg, uel.
Denote these modules by Mg (7). In the special case when U is a finite-dimensional
irreducible representation of g of highest weight A # 0, extended to ggype, trivially,

the associated module over R(ggype,) is irreducible and finite. We denote this module
by M~Super (A).
The following theorem is immediate from the discussion in Section 2 and Theorem
3.2 proved in Section 3. Similar results hold for all other cases considered in this paper.
THEOREM 2.1. Fvery non-trivial irreducible finite conformal module over the Vi-
rasoro algebra (respectively over the current superalgebra g) is isomorphic to Mg(a, A)
(respectively to Mé(’l‘() or its quotient), where A is a non-zero complex number (re-

spectively T is a non-trivial finite-dimensional representation of g).

3. The key lemma and classification of finite irreducible conformal
modules. Let (g,§) be a Lie superalgebra of formal distributions. For each N € Z

let
gN = Z Ca(n) .

aE-S,nZN

Suppose that (g, §) is regular [4], i.e. there exists a derivation d of g such that d(a,)) =
—na(,—1) for all a € § and n € Z. Obviously, (g(R),§), where R is a conformal
superalgebra, is regular, hence all examples considered above are regular. Then g, =
go is the annihilation subalgebra, which is O-invariant and, due to Proposition 2.1,
we have to study representations of the Lie superalgebra g+ = Cd x g, , called the
extended annihilation subalgebra. This leads us to consider the following more abstract
situation.

Let £ be a Lie superalgebra over C with a distinguished element 9 and a de-
scending sequence of subspaces £ D £9 D £1 D £2 D --- D £, D ---, such that
[0,Lk] = Lk—1, for all K > 0. Let V be an £-module such that given any v € V
there exists a non-negative integer N (depending on v) such that £yv = 0. We will
call such £-modules conformal £-modules. A conformal £-module is called finite if
it is finitely generated as a C[J]-module. Our goal is to describe irreducible finite
conformal £-modules.
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Let V' be a conformal £-module. Let V,, = {v € V|£,v = 0}, and let N be the
minimal non-negative integer such that Viy # 0 (it exists by definition). Let U = Vy.
Now we can state the key lemma.

LEMMA 3.1. Suppose that N > 1. Then C[0]JU = C[0] ®c U and therefore
COIUNU =U. In particular U is a finite-dimensional vector space if V' is finite.

Proof. Let L, and R, denote the left and right multiplication by the element a,
respectively. Using R, = L, — ada and the binomial formula, we get the following
well-known formula in any associative algebra A,

k

gak = Z <I;) ak-i(—ada)ig, a,g€ A.

Jj=0

Let {v;}, i € I, be a C-linearly independent set of vectors in U generating the
C[8]-module C[9]U. Suppose that Y"1 pi(9)v; = 0, where p;(9) € C[9], and not all
pi(0) = 0. Let m be the maximal degree of the p;(9)’s. We write p;(9) = Z;"ZO i,
cij € C, so that we have ¢, # 0, for some i. We have, since N > 1:

k

Examr0 =3 (40" @0)i(n i)

j=0

k
k .
= < _)akﬂst_l_j.
i=o

We have therefore

0=ELNtm-1v = ZcimﬂN—wz' = 2N-1(Z Cimi).

i=1 =1

Since Z?:l cimv; # 0, this contradicts the minimality of N. Hence all the p;(9) = 0,
proving the lemma. a
THEOREM 3.1. Assume that [Lo,£i] C £ for all i > 0 and that £ = CO +

C[0,0] + £0. Let V be a non-trivial irreducible conformal £-module. Then either

= Ind%OU, where U is an irreducible £o-module (and dimU < oo if V is finite),

or else, provided that £o is an ideal of £, V can be a (non-trivial) finite-dimensional
irreducible £/£o-module.

Proof. We continue to use the notation above. Clearly U is £o-invariant. First
assume that N > 1. By Lemma 3.1 we see that V' contains an £-submodule isomorphic

to Ind% U. Hence V = Ind% U. Clearly U must be irreducible over £¢ in order for V'
to be irreducible. Conversely the same argument as in the proof of Lemma 3.1 shows
that by applying £y, for a suitable k, to a non-zero element of the form >, ¢;(0)vs,
where ¢;(0) € C[9] and v; € U, one obtains a non-zero element in U. This implies
that such induced modules are irreducible.

Now suppose that N = 0. Let u be a non-zero vector in U. Then U(L)u =
C[O)U(Lo)u = C[0]u, and hence V = C[d]u by irreducibility of V. We consider two
cases:

CASE 1. Suppose that £y is an ideal of £. Then £y acts trivially on V. Thus
V is an irreducible C[9]-module. It follows that if J is even, then V is 1-dimensional,
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and if 9 is odd with [9, 9] # 0, V is either the trivial or a 2-dimensional £/£¢-module
with [0, ] acting as a non-zero scalar.

CASE 2. Suppose that £o is not an ideal of £. Then there exist lo,l € £o such
that [lo,d] = @ +1j. An easy induction argument shows that, lo0'u = i0"u + f;(9)u
for i > 1, where f;(9) is a polynomial in 0 of degree at most i — 1 with zero constant
term. Now if v = Y7 ;a;0'u is a non-zero vector in C[9] ® Cu with ag # 0, then
v — (L)lov is a non-zero vector of degree at most n — 1. Thus proceeding this way we
see that u is contained in the module generated by v. Therefore C[0] ® Cu is the
unique maximal submodule of C[0] ® Cu and hence V is the trivial module. 0

We will now apply the theorem above to classify irreducible conformal modules
over the Virasoro algebra, the current algebra and their semidirect product. In addi-
tion similar results can be obtained for the corresponding N=1 extended superalgebras
by slightly modifying the arguments. In order to do so, the following lemma is useful.

LEMMA 3.2 [6]. Let g be a Lie superalgebra that is a semidirect product of a
subalgebra a and an ideal n. Let ag be an even subalgebra of a such that n is a
completely reducible adag-module with no trivial summand. Then n annihilates a non-
zero vector in any finite dimensional g-module V. In particular n acts trivially in any
irreducible finite-dimensional g-module.

Proof. First, note that if [a, b] = b, then an eigenspace V), of b is a-invariant, hence

[a,b];,. =0, hence A =0, and therefore b is nilpotent on V.

vy
Taking the image of g in End¢(V), we may assume that dimcg < oo, hence
dimcap < co. By assumption we have n = @,ny, where ny is a non-trivial adag-
module with a non-zero highest weight A. Hence there exists a € ap and b € ny such
that [a,b] = b, therefore b is nilpotent on V. Moreover all elements from the orbit
AdAp-b, where Ag is the connected Lie group with Lie algebra ag, are nilpotent on V.
Since ny is Ap-irreducible, this orbit spans ny, hence ny is spanned by elements that
are nilpotent on V. Thus n is spanned by elements that are nilpotent on V', therefore
from the version of Engel’s theorem from [3] we deduce that there exists a v € V,
v # 0, annihilated by n. O

We are now in a position to classify finite conformal modules over the Virasoro,
Neveu-Schwarz, current and the supercurrent algebras and their semidirect sums. Due
to Section 2 we only need to classify finite modules over the corresponding (extended)
annihilation subalgebras. For each of these Lie superalgebras of formal distributions,
the corresponding annihilation subalgebras are of course the corresponding subalge-
bras defined on the line, instead of the circle. So we will use terminology like current
algebras on the line etc. to denote the corresponding annihilation subalgebras.

The following corollaries follow immediately from Theorem 3.1 and Lemma 3.2.

COROLLARY 3.1. Let g be a direct sum of finite-dimensional simple Lie superal-
gebras. Let £ = C4 x g[t], where g[t] = g ® C[t] is the current algebra on the line.

Then every non-trivial irreducible finite conformal £-module is of the form Ind&t]U,
where U is a finite-dimensional non-trivial irreducible g-module or else it is the trivial
g[t]-module on which % acts as a non-zero scalar.

COROLLARY 3.2. Let g be a direct sum of finite-dimensional simple Lie super-
algebras. Let £ = C4 x g[t, 0], where g[t,0] = g ® C[t,0]. Then every non-trivial
irreducible finite conformal £-module is of the form Indé:[t,g]U, where U is a finite
dimensional non-trivial irreducible g-module or else it is the trivial g[t,0]-module on
which % acts as a non-zero scalar.

COROLLARY 3.3. Let Uy =3 (CtkH% be the Virasoro algebra on the line.
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Let L; = —t”l% and let Yo = Zk>0 CLy. Then any non-trivial irreducible finite con-

formal U1 -module is of the form Indgz(c,\, where Cy, is a non-trivial one-dimensional
irreducible representation of Vo, on which Lo acts as A € C* and Ly act as 0 for all
k> 0.

COROLLARY 3.4. Let £ =4 x g[t] such that [Ly,a @ t"] = —na @ t"+k, q € g.
Let £0 = Vo X g[t]. Then every non-trivial irreducible finite conformal £-module is of
the form Ind%0 U, where U is a non-trivial irreducible (g ® CLo)-module with g[t]t and
Ly, k> 0, acting trivially.

REMARK 3.1. Translating the modules over the annihilation subalgebra U x g[t]
of Corollary 3.4 into the language of modules over conformal algebras we obtain a 3-
parameter family of non-trivial modules over R(U) x R(g). We will denote these
modules by MmKQ(A,a,A), where A is a dominant integral weight. Clearly when
A # 0, Myg(A,a,A) is irreducible. When A = 0, My (0,0, A), for A # 0,
is irreducible. They exhaust all irreducible finite modules over R(U) x R(g). The
corresponding conformal modules over U x g are irreducible and exhaust all non-trivial
finite irreducible conformal modules.

For the Neveu-Schwarz algebra on the line we have the following description:

COROLLARY 3.5. Let M, = an_l CL, + ZQ—% CG, be the Neveu-Schwarz

algebra on the line. Let Mo = > o CLy + > o CG,. Then every non-trivial ir-

reducible finite conformal Ny -module is of the form Indg;*(cx, where Cy is a one
dimensional irreducible representation of Mo, on which Lo acts as the scalar X € C*
and Ly and G, act trivially for r,k > 0.

Proof. We define a filtration on the Lie superalgebra 9ty as follows: M; is the
subalgebra spanned by {L%,GHTML#,G#7 -+-}, if 4 is even. If ¢ is odd, then I
is spanned by the linearly independent vectors {G%,L#,G#,L#, -} We set
0 = G_y so that [0,0] = 2L_1. We then have 9, = C0 + C[9, 9] + MNo. Hence by
Theorem 3.1 every non-trivial irreducible conformal module over 914 is of the form
Indot U , where U is an irreducible 91p-module. Now we use Lemma 3.2 and the result
follows. O

Using similar filtrations as in Corollary 3.5 one proves Corollaries 3.6 and 3.7
below. Although never used, Corollary 3.6 is stated for the sake of completeness.

COROLLARY 3.6. Let g be a direct sum of finite-dimensional simple Lie superal-
gebras. Let £ = (C% +(C(0% — %)) x g[t,0]. Then every irreducible non-trivial finite
conformal £-module is either of the form Indé:[t’e]U, where U is a finite-dimensional
irreducible representation of g or it is an irreducible two dimensional representation
of the subalgebra CZ; +C(0%; — %), on which £ acts as a non-zero scalar and glt, 0]
acts trivially.

COROLLARY 3.7. Let £ = My x g[t,0]. Set Lo = Mo x g[t,0]. Then every
non-trivial irreducible finite conformal £-module is of the form Indg0 U, where U is a
finite-dimensional non-trivial g & CLo-module, on which Ly, G, for all k,v > 0 and
g[t]t + g[t]0 act trivially.

REMARK 3.2. Corollary 3.7 gives a 3-parameter family of irreducible finite non-
trivial modules over the conformal superalgebra R(M) X R(gsuper). We denote these
modules by My @S“per(/\7 a, A), where A is a dominant integral weight of g, o, A € C.
The conditions for irreducibility of these modules and their classification are as in
Remark 3.1. The same holds for the corresponding conformal modules over M x gy e,

Translating the above corollaries into the language of modules over conformal
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superalgebras (using Proposition 2.1 and Remark 2.2) we obtain the following
THEOREM 3.2. Let R(U), R(g), R(M) and R(gsyper) stand for the Virasoro, the
current, the Neveu-Schwarz and the supercurrent conformal (super)algebras, respec-
tively. Let R(U) x R(g) and R(MN) X R(uper) denote their respective semidirect sums.
Then the following is a complete list of their finite non-1-dimensional (over C) irre-
ducible modules:
1. Mg(a, A) and My(a, A), where a, A € C with A # 0.

2. Mg(A) and Mg (A), where A is a non-zero dominant integral weight.
3. Myyxg(A o, A) and Mg, . (A, o, A), where A is a non-zero dominant
integral weight and o, A € C or else if A =0, then A # 0.

REMARK 3.3. Theorem 3.2 tells us that the family Mg (o, A) (see Example 2.4
for explicit formulas) exhausts all finite irreducible non-trivial conformal modules over
the Neveu-Schwarz algebra. Similarly Theorem 3.2 also classifies all finite irreducible
non-trivial conformal modules of the semidirect sums.

It was shown in [2] that every semisimple finite conformal algebra is a direct sum
of conformal algebras of the form R(U), R(g) and R(U) x R(g). The results of this
section give a description of all finite irreducible modules over all finite semisimple
conformal algebras. Namely we have the following

PROPOSITION 3.1. Let R=R1 ® Ra® --- D Ry, be a finite semisimple conformal
algebra. Suppose that R; is either R(0) or R(V) x R(g) for some i. Let V be a finite
irreducible module of the conformal algebra R whose restriction to R; is non-trivial.
Then the restriction of V' to all R; is trivial for i # j.

Proof. Since R; is either the conformal algebra R() or R(U) x R(g), there exists
L’('O) € R; such that [0 — LEO),Ri] = 0. Choose any k # i and consider irreducible
modules over the conformal algebra R; @ Rj. By Proposition 2.1 we are to consider
modules over CI x ((R;)+ & (Rk)+) = (Ri)+ @ (C(0 — L’(ZO)) X (Ri)+). Now a non-
trivial irreducible (R;)+-module is free over C[Léo)] and also a non-trivial irreducible

C(9 — Liy)) x (Rk)+-module is free over C[0 — L{;] by the above discussions. Thus

their tensor product is free over (C[L’@] ®C[o - L’('O)], and hence cannot be finite over
C[a). u|

Proposition 3.1 and Theorem 3.2 imply immediately

THEOREM 3.3. Let R = R1 ® R2a & --- & Ry, be a finite semisimple conformal
algebra, where each R; is either simple or of the form R(U) x R(g). Then R has a
faithful finite module if and only if either all R; are current conformal algebras or
n=1.
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