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Lie conformal superalgebras
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ABSTRACT. This article is a survey on the classification of irreducible repre-
sentations over finite simple Lie conformal superalgebras.
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1. Introduction

Lie conformal superalgebras encode the singular part of the operator product
expansion of chiral fields in two-dimensional quantum field theory [6].

On the other hand, they are closely connected to the notion of formal distribu-
tion Lie superalgebra (g, F), that is a Lie superalgebra g spanned by the coeflicients
of a family F of mutually local formal distributions. Namely, to a Lie conformal
superalgebra R one can associate a formal distribution Lie superalgebra (Lie R, R)
which establishes an equivalence between the category of Lie conformal superalge-
bras and the category of equivalence classes of formal distribution Lie superalgebras
obtained as quotients of Lie R by irregular ideals [8].

Finite simple Lie conformal algebras were classified in [6] and all their finite
irreducible representations were constructed in [4]. According to [6], any finite
simple Lie conformal algebra is isomorphic either to the current Lie conformal
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algebra Cur g, where g is a simple finite-dimensional Lie algebra, or to the Virasoro
conformal algebra Vir.

However, the list of finite simple Lie conformal superalgebras is much richer,
mainly due to existence of several series of super extensions of the Virasoro confor-
mal algebra.

A complete classification of (linear) finite simple Lie conformal superalgebras
was obtained in [7], where they proved that any finite simple Lie conformal super-
algebras is isomorphic to one of the following:

e Current Lie conformal superalgebras Curg, where g is a simple finite-
dimensional Lie superalgebra,

o W,(n>0),

o Spp(n>2,beC),
e S,(neven ,n >2),
i Kn(n 2 Oa n # 4)3

o K,

L CKG

All finite irreducible representations of the simple conformal superalgebras
Curg, Ky = Vir and K; were constructed in [4], and those of S, W1 = Ko,
K3, and K4 in [5]. More recently, the problem has been solved for all Lie conformal
superalgebras from the four series Wy, S,.4, Sp, and K,, (see [2] and [1]).

The construction in all these series relies on the observation that the represen-
tation theory of a Lie conformal superalgebra R is controlled by the representation
theory of the associated (extended) annihilation algebra g = (Lie R); [4], thereby
reducing the problem to the construction of continuous irreducible modules with
discrete topology over the linearly compact superalgebra g.

The construction of the latter modules consists of two parts. First one con-
structs a collection of continuous g-modules Ind(F'), associated to all finite-dimensional
irreducible go-modules F', where go is a certain subalgebra of g (= gl(1|n) or sl(1|n)
for the W and S series, and = cso,, for the K, series, for instance).

The irreducible g-modules Ind(F') are called non-degenerate, and the second
part of the problem consists of two parts:

(a) Classify the go-modules F, for which the g-modules Ind(F) are non-
degenerate, and

(b) construct explicitly the irreducible quotients of Ind(F), called degenerate
g-modules, for reducible Ind(F).

Both problems have been solved for types W and S in [2] and for type K in
[1]. For types W and S, it turned out, remarkably, that all degenerate modules
occur as cokernels of the super de Rham complex, or their duals.

For K, with n > 4 (recall that for 0 < n < 4 the problem has been solved in
[4] and [5], though in [5] the construction for n = 3 and 4 is not very explicit), we
construct a contact complex, which is a certain reduction of the de Rham complex,
and show that the cokernels in the contact complex and their duals produce all
degenerate g-modules. As a result, we obtain an explicit construction of all finite
irreducible K,,-modules for n > 4.

We should mention that the construction of our (super) contact complex mimics
the beautiful Rumin’s construction [13] for ordinary (non-super) contact manifolds.
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The remaining cases, namely, the representation theory of K} (the derived
algebra of K4) and of the exceptional Lie conformal superalgebra C Kg, and the ex-
plicit construction of degenerate modules for K3, will be worked out in a subsequent
publication.

Acknowledgement. The authors are very grateful to the organizers of the
Lie theory session in the XVIII Latin American Algebra Colloquium, V. Futorny
and V. Serganova for the invitation to participate and give a talk in this event.

2. Formal distributions, Lie conformal superalgebras and their modules

In this section we introduce the basic definitions and notations in order to have
a self-contained work, see [8, 6, 2, 5]. Let g be a Lie superalgebra. A g-valued
formal distribution in one indeterminate z is a formal power series

a(z) = Z anz” "7, ap € g.
nez
The vector superspace of all formal distributions, g[[z, z7!]], has a natural structure
of a C[0,]-module. We define
Res, a(z) = ayp.
Let a(z),b(z) be two g-valued formal distributions. They are called local if
(z —w)N[a(2), b(w)] = 0 for N >>0.

Let g be a Lie superalgebra, a family F of g-valued formal distributions is
called a local family if all pairs of formal distributions from F are local. Then,
the pair (g, F) is called a formal distribution Lie superalgebra if F is a local family
of g-valued formal distributions and g is spanned by the coefficients of all formal
distributions in F. We define the formal §-function by

§(z—w)=z"" Z (%)n

ne”Z

Then it is easy to show ([8], Corollary 2.2)), that two local formal distributions are
local if and only if the bracket can be represented as a finite sum of the form

[a(z), b(w)] =Y "[a()jb(w)] ,8(z — w)/3,
J
where [a(2)(j)b(w)] = Res.(z — w)’[a(z), b(w)]. This is called the operator product
expansion. Then we obtain a family of operations (,), n € Z,, on the space of

formal distributions. By taking the generating series of these operations, we define
the A-bracket:

n

laxb] = > %[a(n)b]'

n€EZ4
The properties of the A-bracket motivate the following definition:

DEFINITION 2.1. A Lie conformal superalgebra R is a left Z/2Z-graded C[0]-
module endowed with a C-linear map R ® R — C[A] ® R, a ® b — ayb, called the
A-bracket, and satisfying the following axioms (a, b, ¢ € R),

Conformal sesquilinearity [Qaxb] = —A[axb], [@x0b] = (A + 0)[arb],
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Skew-symmetry [axb] = —(=1)P@PO[b_y 4 a],

Jacobi identity [ax[buc]] = [[axblagpc] + (=1)P@PO[b [ard]].

Here and further p(a) € Z/27Z is the parity of a.

A Lie conformal superalgebra is called finite if it has finite rank as a C[d]-
module. The notions of homomorphism, ideal and subalgebras of a Lie conformal
superalgebra are defined in the usual way. A Lie conformal superalgebra R is simple
if [RAR] # 0 and contains no ideals except for zero and itself.

Given a formal distribution Lie superalgebra (g, F) denote by F the minimal
subspace of g[[z, 271]] which contains F and is closed under all j-th products and
invariant under 0,. Due to Dong’s lemma, we know that F is a local family as well.
Then Conf(g, F) := F is the Lie conformal superalgebra associated to the formal
distribution Lie superalgebra (g, F).

In order to give the (more or less) reverse functorial construction, we need the
following: let R = R[t,t~'] with & = & + 8, and define the bracket [8]:

[at™, 0t = > ( ’7 ) [a;b]t™ 7 (2.1)

JELy

Observe that OR is an ideal of R with respect to this bracket. Now, consider
AlgR = R/OR with this bracket and let

R={> (at")z™""'=ad(t—z) / a € R}

neZ

Then (AlgR, R) is a formal distribution Lie superalgebra. Note that Alg is a func-
tor from the category of Lie conformal superalgebras to the category of formal
distribution Lie superalgebras. On has [8]:

Conf(AlgR) = R, Alg(Conf(g, F)) = (AlgF,F).

Note also that (AlgR,R) is the mazimal formal distribution superalgebra associ-
ated to the conformal superalgebra R, in the sense that all formal distribution Lie
superalgebras (g, F) with Conf(g, F) = R are quotients of (AlgR, R) by irregular
ideals (that is, an ideal I in g with no non-zero b(z) € R such that b, € I). Such
formal distribution Lie superalgebras are called equivalent.

We thus have an equivalence of categories of Lie conformal superalgebras and
equivalence classes of formal distribution Lie superalgebras. So the study of formal
distribution Lie superalgebras reduces to the study of Lie conformal superalgebras.

An important tool for the study of Lie conformal superalgebras and their mod-
ules is the (extended) annihilation superalgebra. The annihilation superalgebra of
a Lie conformal superalgebra R is the subalgebra A(R) (also denoted by AlgR.)
of the Lie superalgebra AlgR spanned by all elements at™, where a € R,n € Z. It
is clear from (2.1) that this is a subalgebra, which is invariant with respect to the
derivation 0 = —0; of AlgR. The extended annihilation superalgebra is defined as

A(R)® = (AlgR)" := CO x (AlgR),.
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Introducing the generating series

M\ )
ax= Y =(at’), a€R, (2.2)
J€Zy
we obtain from (2.1):
[a)\,bﬂ] = [a)\bb\Jﬂ“ 8(a,\) = (8@),\ = —)\a)\. (23)

Now let g be a Lie superalgebra, and let V' be a g-module. Given a g-valued
formal distribution a(z) and a V-valued formal distribution v(z) we may consider
the formal distribution a(z)v(w) and the pair (a(z),v(z)) is called local if (z —
w)N(a(z)v(w)) = 0 for N >> 0. As before, we have an expansion of the form:

azpo(w) = 3 (a(2)gyv(w)) 23z = w)/it,

where a(w)jv(w) = Res.(z — w)’a(z)v(w) and the sum is finite. By taking the
generating series of these operations, we define the A-action of g on V:

A" .
a(w)yv(w) = Z ) (a(w)(n)v(w)), (finite sum).
nel4
It has the following properties:
d,a(2) v(z) = —=Aa(2) v(2), a(z)x0,v(2) = (0, + A)(a(2)rv(2)),
and
[a(2)x, b(2)u]v(2) = [a(2)xb(2)|r1pv(2).

This motivate the following definition:

DEFINITION 2.2. A module M over a Lie conformal superalgebra R is a Z/2Z-

graded C[0]-module endowed with a C-linear map ROM — CIA|J@M, a®v — ayv,
satisfying the following axioms (a, b € R), v € M,

(M1)y (0a)Mv = [0M M v = —Xadv,
(M2)y [ay,bfy]v = [akb]%_uv.

An R-module M is called finite if it is finitely generated over C[d]. An R-
module M is called irreducible if it contains no non-trivial submodule, where the
notion of submodule is the usual one.

As before, if F C g[[z, 27 Y]] is a local family and & C V[[z, 27 }]] is such that
all pairs (a(z),v(2)), where a(z) € F and v(z) € &, are local, let £ be the minimal
subspace of V[[z,27']] which contains E and all a(z)¢;)v(z) for a(z) € F and
v(z) € &, and is O,-invariant. Then it is easy to show that all pairs (a(z),v(2)),
where a(z) € F and v(z) € €, are local and a(z)(j)(€) C € for all a(z) € F.

Let F be a local family that spans g and let £ C V[[z, 271]] be a family that span
V. Then (V,€) is called a formal distribution module over the formal distribution
Lie superalgebra (g, F) if all pairs (a(z),v(z)), where a(z) € F and v(z) € &, are
local. Tt follows that a formal distribution module (V, &) over a formal distribution
Lie superalgebra (g, F) give rise to a module Conf(V,&) := & over the conformal
Lie superalgebra Conf(g, F).
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In the same way as above, we have an equivalence of categories of modules
over a Lie conformal superalgebra R and equivalence classes or formal distribution
modules over the Lie superalgebra AlgR. Namely, given an R-module M, one
defines M = M[t,t~'] as a R-module with the action similar to (2.1):

moptt = 3 ( 77 ) (ajv)t™ ", (2.4)

JELy

Let & = OM + §,. Observe that M is invariant with respect to the action of
R and (OR) - M = 0, hence the action of R on M induces a representation of the
Lie superalgebra AlgR = R/OR on V(M) := M /OM. Let M = {vd(z —t)|v € M}.
Then (V(M), M) is a formal distribution module over the formal distribution Lie
superalgebra (AlgR, R), which is maximal in the sense that all conformal (AlgR, R)
modules (V,&) such that & ~ M as R-modules are quotients of (V(M), M) by
irregular submodules. Such formal distribution modules are called equivalent, and
we get an equivalence of categories of R-modules and equivalence classes of formal
distribution (AlgR, R)-modules.

Formula (2.3) implies the following important proposition relating modules over
a Lie conformal superalgebra R to certain modules over the corresponding extended
annihilation superalgebra (AlgR)™.

PROPOSITION 2.3. [4] A module over a Lie conformal superalgebra R is the
same as a module over the Lie superalgebra (AlgR)" satisfying the property

aym € CIN]®@ M for any a € R,m € M. (2.5)

(One just views the action of the generating series ay of (AlgR)T as the A-action
of a € R).

The problem of classifying modules over a Lie conformal superalgebra R is thus
reduced to the problem of classifying a class of modules over the Lie superalgebra
(AlgR)™.

Let g be a Lie superalgebra satisfying the following three conditions (cf. [5],
p.911):

(L1) g is Z-graded of finite depth d € N, i.e. g = ®;>_q9; and [g;, 9;] C Gi+;-

(L2) There exists a semisimple element z € go such that its centralizer in g is
contained in gg.

(L3) There exists an element 0 € g_4 such that [0, g;] = gi—a, for i > 0.

Some examples of Lie superalgebras satisfying (L1)-(L3) are provided by anni-
hilation superalgebras of Lie conformal superalgebras.

If g is the annihilation superalgebra of a Lie conformal superalgebra, then the
modules V over g that correspond to finite modules over the corresponding Lie
conformal superalgebra satisfy the following conditions:

(1) For all v € V there exists an integer jo > —d such that g;o = 0, for all
J = Jo-

(2) V is finitely generated over C[d].

Motivated by this, the g-modules satisfying these two properties are called finite
conformal modules.

We have a triangular decomposition

9=09<0Dgo D g>o0, with g<o = ©;<085, 950 = Bj>00;- (2.6)
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Let g>0 = ®;>08;. Given a g>p-module F', we may consider the associated induced
g-module
Ind(F) =IndS_ F = U(g) ®u(gs) F

g9>0
called the generalized Verma module associated to F'. We shall identify Ind(F') with
U(g<o) ® F via the PBW theorem.
Let V be an g-module. The elements of the subspace

Sing(V) := {v € V|gsov = 0}

are called singular vectors. For us the most important case is when V = Ind(F).
The g>o-module F is canonically an g>o-submodule of Ind(F'), and Sing(F') is a
subspace of Sing(Ind(F)), called the subspace of trivial singular vectors. Observe
that Ind(F) = F® F,, where Fly = U, (g<o) ® F and U, (g<o) is the augmentation
ideal of the algebra U(g<o). Then non-zero elements of the space

Sing, (Ind(F)) := Sing(Ind(F)) N Fy.

are called non-trivial singular vectors. The following key result will be used in the
classification of irreducible modules.

THEOREM 2.4. [10, 12, 5, 2] Let g be a Lie superalgebra that satisfies (L1)-
(L3).

(a) If F is an irreducible finite-dimensional g>o-module, then the subalgebra
g>0 acts trivially on F and Ind(F') has a unique mazimal submodule.

(b) Denote by Ir(F') the quotient by the unique mazimal submodule of Ind(F).
Then the map F — Ir(F) defines a bijective correspondence between irreducible
finite-dimensional go-modules and irreducible finite conformal g-modules.

(c) A g-module Ind(F) is irreducible if and only if the go-module F is irreducible
and Ind(F) has no non-trivial singular vectors.

This Theorem together with the following results will provide a characterization
of all finite irreducible modules over a finite Lie conformal superalgebra in terms of
certain (quotients of) induced modules over the extended annihilation algebra.

Denote by V(M) the span of elements {vt"|v € M,n € Z,} in V(M). Tt is
clear from (2.4) that V(M)™ is an (AlgR)" submodule, hence an R -module by
Proposition 2.3. We denote by V(M)? the restricted dual of V(M) i.e. the space
of all linear functions on V(M) which vanish on all but finite number of subspaces
Mt™, with n € Z;. This is an (AlgR)"-module and hence an R-module as well.
The conformal dual M* to an R-module M is defined as

M* ={fx: M = CA] [ fa(9m) = Afx(m)},
with the structure of C[0]-module (Of)x(m) = —Afx(m), with the following A-
action of R:
(axf)u(m) = =(=1)P@OEDIDf,\(aym), a€R,me M.

Given a homomorphism of conformal R-modules T': M — N, we define the
transpose homomorphism 7% : N* — M* by

[T*(N)a(m) = =fA(T(m))

PROPOSITION 2.5. LetT : M — N be an injective homomorphism of R-modules
such that N/Im T is finitely generated torsion-free C[0]-module. Then T* is sur-
jective.
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PROOF. Since N/Im T is finitely generated torsion-free, then it is free and
therefore a proyective C[d]-module. Hence, the short exact sequence 0 — Im T —
N — N/Im T — 0is split and N = Im T @ L as C[0]-module. Now, given oo € M*,
we define € N* as follows

BA(T(m)) = ax(m), meM,  B(l)=0, [l€L.
Then ( is well-defined since T is injective and [ belong to N* since L is a comple-
mentary C[9]-submodule, finishing the proof. O

REMARK 2.6. Observe that the injectivity is not enough (cf. Remark 4.10).
Namely, let R = Vir = C[J]L the Virasoro conformal algebra with A-bracket
[LyL] = (2XA + 9)L. Consider the following Vir-modules:

Qo = C[0)m, with Lym = (A4 9)m; 0y = C[d]n, with Lyn = On.

Then it is easy to see that the map d : Q¢ — € given by d(m) = 9n is an
injective homomorphism of R-modules, but the dual map d* : Qf — Qf given by
d*(m*) = On* is not surjective.

The nest result follows by standard arguments using Proposition 2.5.

PROPOSITION 2.7. Let T : M — N be a homomorphism of R-modules such
that N/Im T is finitely generated torsion-free C[0]-module. Then the standard map
Y : N*/Ker T* — (M/Ker T)*, given by [¢(f)]x(m) = fa(T(m)) (where by the bar

we denote the corresponding class in the quotient) is an isomorphism of R-modules.

PROPOSITION 2.8. If M is an R-module finitely generated (over C[d]), then
M** ~ M.

PrOOF. Let M = @ C[0]m; (finite sum), with ayxm; = >, Pjr(A, 0)my. Then
M* = & C[olm}, with (m})x(mi) = d; , and

(axm})u(my) = =(m§)u-x(axmy) = =Y (m7)u a(Pr(A, )mx) = Pji(h, it = A).
k

Therefore,
(axmy) ZPJZ (A, —0 — N)m;

and the last formula shows that by takmg the dual again we obtain
(aym;™ ZP” A, 0)m

Hence the map m; — m;* gives us the isomorphism between M and M™**. O

PrOPOSITION 2.9. (a) The map M — V(M)/V(M)y given by
v vt~ mod V(M) is an isomorphism of (AlgR)T- (and R-)modules.
(b)The map V(M)* — M* defined by f — fx, where

fm) = 3 38 e,
JEL+ '

is an isomorphism of (AlgR)™- (and R-)modules.
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3. Lie conformal superalgebra K;, K; and Curg and its finite
irreducible representations.

For the general definition of the family of conformal Lie superalgebras K, see
Section 7. In this section we present the conformal Lie superalgebra Ky, that is the
Virasoro conformal algebra Vir associated to the (centerless) Virasoro Lie algebra,
we define K that corresponds to the (centerless) Neveu-Schwarz algebra and we
define the current conformal superalgebras. In all cases, we give the classification
of its finite irreducible modules. We will follow the presentation in [4], where all
the results of this section were obtained.

Consider the (centerless) Virasoro algebra, that is the Lie algebra Vect C* of

regular vector fields on C, with basis L, = —t"“a (n € Z) and commutation
relations

[Lyy L) = (m —n) Ly
It is a formal distribution Lie algebra spanned by the local formal distribution

d
L(z) = Z Lyz "2 =—§(t— Z)E’ since one has:

[L(2), L(w)] = OwL(w)d(z — w) + 2L(w)0yd(z — w).

The corresponding conformal algebra is the Virasoro conformal algebra Vir =
C[0] ®c CL = C[0]L with A-bracket (on generator):

[LAL] = (2) + 9)L.

This conformal algebra is also called K. In this case the annihilation algebra
is A(Vir) = >°,~_,CL,, and the extended annihilation algebra is A(Vir)® =
COx A(Vir) =C(0—L_1)®A(Vir) a direct sum of ideals, since d acts as ad L_;.
Hence, in this case the study of conformal modules reduces to the study of conformal
modules over A(Vir). The following result gives the classification of the irreducible

modules.

neE”Z

PROPOSITION 3.1. [4] Let A(Vir)>o = >_,50CLn. Then any non-trivial irre-

ducible conformal module of A(Vir) is of the form Indﬁg‘%:;mCA, where Ca is a

non-trivial one-dimensional irreducible module over A(Vir)>o on which Lo acts as
A € C* and L; acts as 0 for all j > 0.

Extending these induced modules to the extended annihilation algebra and
translating them into the language of conformal modules over Vir, we obtain a
2-parameter family of non-trivial conformal modules given by M (A, «) = C[9]m,
with A-action defined (on generators) as

Lym = (AN + 0+ a)m,
where A € C* and « € C. Using the previous Proposition, we obtain the complete

classification:

THEOREM 3.2. [4] The modules M (A, «) with A € C* and a € C are all the
finite non-trivial irreducible modules over Vir.

Translating back to the language of Lie algebras of formal distributions, con-
sider the representations of the Lie algebra Vect C* on the following space of
densities:

F(A,a) = C[t,t e (dt) 2,
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with action defined as follows (f(t) € C[t,t71], g(t) € C[t,t~]e=):
d d d
(FOD) (g0 =2) = (1) Sgt1) + (1~ A)g(e) & £(1)) a0)' =2,
Taking the F(A, «)-valued formal distribution
m(z) =Y (t"e ! (dt) "2) e = 6(t — 2)e(dt) T2,
nez

and recalling that L(z) = —d(t — z)% we have that

L(z)ym(w) = ((Ow + a)m(w))d(z — w) + Am(w)dyd(z — w).

Hence (F(A,a),{m(z)}) is the formal distribution module over the formal distri-
bution Lie algebra (Vect C*,{L(z)}), that corresponds to the conformal module
M (A, o) over Vir.

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

n

[G'm Ln] = (T - §)Gr+n> [Gm Gs] = 2Lr+s-

The Lie conformal superalgebra, associated to N, is the Neveu-Schwarz (or N=1)
conformal superalgebra

K, = RM) :=C[I]L + C[0]G
where the generator L is even, the generator G is odd and the A-bracket on gener-
ators is given by:
[LaL] = (0420L, [L2G] = (04 ;A)G, (GAL] = %(8+3>\)G, (GG = 2L.
The corresponding annihilation algebra in this case is
Ny = A(Ky) = > CL,+ »  CG,.
n>—1 r>—1

and the extended annihilation algebra A(K;)¢ = CO x A(K;) =C(0—L_1) @N,
is a direct sum of ideals, since 0 acts as ad L_;. Hence, in this case the study
of conformal modules reduces to the study of conformal modules over ;. The
following result gives the classification of the irreducible modules.

PROPOSITION 3.3. [4] Let M>o = 3,50 CLn + 3,51 CGy. Then any non-

trivial irreducible conformal module of My is of the form IndﬁioCA, where Ca

is a non-trivial one-dimensional irreducible module over M=o on ‘which Ly acts as
A € C* and L; and Gy, acts trivially for all j,k > 0.

Extending these induced modules to the extended annihilation algebra and
translating them into the language of conformal modules over Kj, we obtain a 2-
parameter family of non-trivial conformal modules given by N(A,a) = C[0]m @
C[0])m, with A-action defined (on generators) as

1
Lym = (AX+ 0+ a)m, Lym = ((A+§))\+8+a) m,
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Gm =m, Gam = (2AN4+ 0+ a)m,

where A € C* and « € C. Using the previous proposition, we obtain the complete
classification:

THEOREM 3.4. [4] The modules N(A,«a) with A € C* and o € C are all the
finite non-trivial irreducible modules over K.

Let be g a finite-dimensional Lie superalgebra. The current superalgebra g
associated to g is :

g=g®@C[t,t™]

with bracket given by [a ® t",b ® t™] = [a,b] ® t"T™. It is a Lie superalgebra
of formal distributions spanned by the following family of pairwise local formal
distributions (a € g):

a(z) = Z(a ®t") L

nez
Indeed, it is immediate to check that

[a(2), b(w)] = [a, b (w)d(z — w).

The corresponding conformal superalgebra is the current conformal superalgebra
associated to a finite-dimensional Lie superalgebra g:

Cur g := R(g) = C[d] ©c g,
with the A-bracket defined on generators by:
[axb] = [a, b], for a, b e g.
In this case the annihilation algebra is
g[t] := A(Cur g) = g ®c C[t],

and the extended annihilation algebra is

gt = A(Cur g)¢ = (C% x g[t].

Let m be a representation of g[t] in a finite-dimensional vector space U, such that
(t" ® g)U = 0 for n >> 0. This defines on the space U @ C[t,t~!] the structure of
a conformal module over g by the formula:

(@@t (uet) =3 (m> (r(a® t)u) @ tmHn=i.
jez N
A special case of this construction is to take a finite-dimensional representation
7w of the Lie superalgebra g in a finite-dimensional vector space U and extend
it to g[t] by letting g ® tC[t] act trivially. Then we have (a ® t"™)(u @ t") =
(m(a)u) @ t™T". In other words, U ® C[t,t!] is a formal distribution module over
the formal distribution Lie algebra g, since

a(2)u(w) = (w(a)u) (w)s(: - w),
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where u(z) = Y, ., (a®t™)z7" ! for all u € U. Translating back to the language of
modules over the conformal algebra Cur g we obtain the free C[0]-module M (U) :=
C[0] ®c U with

a)u = m(a)u,

where a € g and u € U.

PROPOSITION 3.5. [4] Let g be a simple finite dimensional Lie superalgebra
different from the series A(m|n), for m # n, C(n) and W(n) (see [9]). Let g[t] =
g ®C[t] and gt = (C% X g[t]. Then every non-trivial irreducible conformal module

over gt is of the form Indg[ U, where U is finite dimensional non-trivial irreducible

1]

d
g-module or else it is the trivial g[t]-module on which 7 acts as a non-zero scalar.

Using Proposition 3.5, we obtain the classification:

THEOREM 3.6. [4] Let g be a simple finite dimensional Lie superalgebra different
from the series A(m|n), for m # n, C(n) and W(n). The modules M(U) where
U is finite dimensional non-trivial irreducible g-module are all the finite non-trivial
irreducible modules over Cur g.

For the rest of this section, we assume that the simple finite dimensional Lie
superalgebra g is a member of one of the series A(m|n), for m # n, C(n) and W (n).
In this case, in order to classify irreducible conformal modules over their current
algebras, it suffices to consider finite-dimensional irreducible representations of the
Lie superalgebra g @ C[t]/t" "1, where n > 1 (see [4] for details).

Note that it follows from the descriptions of these three series of simple Lie
superalgebras in [9] that they satisfy the following properties:

() g=9P9i=0-1D D1 D g2 D - D g is Z-graded such that g, C g;.

(b) go = a®Cc is a reductive Lie algebra such that a is a semisimple subalgebra
and c is a central element.

(¢) gi as an a-module has no trivial summand for ¢ # 0, and there exists an
a-submodule g* ; C gy contragradient to g_1 and g1 = g*; & ¢} as a-modules with
g.9-1] C a.

(d) For any non-zero a € g_; and b € g*,, we have [a,g";] N Cc # 0 and
[b,g—1] N Cc # 0.

Let £ = g® C[t]/t"™!. We want to classify finite-dimensional irreducible £-
modules on which g ® t" acts non-trivially. We take Go = go + g7 + > _,~, 8, and
consider the subalgebra L C £ defined as follows: If n = 2k (k € N), we take

L=Go+Go@Ct+ - +GoRCt' 14 (Go4g1) @CtF + g Ct"! + ... + g Ct?*,
Ifn=2k+1 (ke€N), we take
L=Go+Gy@Ct+---+Go@Cth + g@ Ctr*! + ... 4 g® Ct?*+1L,

Now, the following result characterizes finite-dimensional irreducible L-modules,
and it turns out that every irreducible £-module on which g ® t"™ acts non-trivially
are obtained by inducing from a suitable irreducible L-module.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



ON IRREDUCIBLE REPRESENTATION OVER LIE CONFORMAL SUPERALGEBRAS 97

PROPOSITION 3.7. [4] Every irreducible L-module is an irreducible go ® (Cc ®
C[t]t)-module, on which g} + > ;5,8 + (¢ ® C[t]t) N L acts trivially, where g =
g-1 +a-+ ZiZI 9i-

THEOREM 3.8. [4] All finite-dimensional irreducible representations of £, on
which g ®t" acts non-trivially, are of the form Ind%VL, where Vi, is an irreducible
representation of L on which c®t" acts as a non-zero scalar. Furthermore, all such
representations are irreducible.

The corresponding conformal modules produce the classification of all irre-
ducible finite conformal modules over Cur g, where g is in one of the three families.

In the following sections we shall describe most of the remaining Lie confor-
mal superalgebras and their corresponding annihilation superalgebras, and we shall
study the induced modules over the corresponding anihilation algebra and its sin-
gular vectors in order to apply Theorem 2.4 to get the classification of irreducible
finite modules over the Lie conformal superalgebras.

4. Lie conformal superalgebra W,, and finite irreducible
representations.

4.1. Definition of W,. According to [6], any finite simple Lie conformal
algebra is isomorphic either to the current conformal algebra of a simple finite-
dimensional Lie algebra, or to the Virasoro conformal algebra. However, the list of
finite simple Lie conformal superalgebras is much richer, mainly due to existence
of several series of super extensions of the Virasoro conformal algebra, see [7]. The
results of this section where obtained in [2].

The first series is associated to the Lie superalgebra W(l,n) (n > 1). More
precisely, let A(n) be the Grassmann superalgebra in the n odd indeterminates
&1, ...,&,. Set A(1,n) = C[t,t7 1] ® A(n), then

{a@t—l—Zai@\a,ai e A(1,n)}, (4.1)

i=1

W(l,n)

where 0; = 8%' and 0y = (‘% are odd and even derivations respectively. Then
W(1,n) is a formal distribution Lie superalgebra with spanning family of (pairwise
local) formal distributions:

F={0t—2)alacWmn)}u{o(t—=2)fo | feAln)}.

where W(n) = {31, a;0;|a; € A(n)} is the (finite-dimensional) Lie superalgebra
of all derivations of A(n). The associated Lie conformal superalgebra W, is defined
as

W, = Cl0] @ (W(n) & A(n)) . (4.2)
The A-bracket is defined as follows (a,b € W(n); f,g € A(n)):
[axt] = [a, 8], [aaf] = a(f) = (=)""DNfa, [frg) = =(@+20)fg.  (43)

The Lie conformal algebra W, is simple for n > 0 and has rank (n + 1)2™.
The annihilation subalgebra is
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AW,) =W(1,n)y = {ads + > a;0;]a,a; € A(1,n)4}, (4.4)
i=1
where A(1,n); = C[t] ® A(n). The extended annihilation subalgebra is
A(Wn)e = W(l,n)+ = (C(?t X W(l,n).;,.,
and therefore it is isomorphic to the direct sum of W(1,n); and a commutative

1-dimensional Lie algebra.
The Z-gradation is obtained by letting

degt = deg & =1=— deg 9, = — deg 0;.
If g=W(1l,n)y, then gy =< 04,01,...,0, >, where 9, is an even element and

01, ...,0, are odd elements of a basis in g_;. Note also that go ~ gl(1|n).
From now on, we shall use the notation 0y = 9;. Explicitly, we have

go =< {tai,fiaj : OSZ,j S?’L} > .

In order to write explicitly weights for vectors in W(1,n);-modules, we would
consider the basis

t0o;t0y + £101, ... ,t00 + £n0n
for the Cartan subalgebra H in W(1,n), and we write the weight of an eigenvector
for the Cartan subalgebra H as a tuple

fi= (5 A An)

for the corresponding eigenvalues of the basis.

4.2. Modules of Laurent differential forms. 4.2.1 Restricted dual. Our al-
gebra g = W(1,n)4, and in the next section S(1,n), are Z-graded (super)algebras
and the modules we intend to study are graded modules, i.e. an g-module V is a
direct sum V = @,z V;, of finite-dimensional subspaces V,,,, and gi - Vi, C Vi
For a graded module V we define the restricted dual module V# as

V# = @mez(Vin)*

hence V# is a subspace of V* and it is invariant with respect to the contragradient
action, so it defines an g-module structure. Observe that (V#)# = V.

In our situation, we have g_q1 = (9,01, ...,0y), then any g-module become a
Cldo, 01, . . .,0n)-module. Hence, a module V is a free C[dy, 01, ...,0,]-module if
and only if V# is a cofree module, i.e. it is isomorphic to a direct sum of copies of
the standard module C|z, p1,. .., pn], with 9y - f = %f, and 0; - f = %f.

An induced module Indg.  F is by definition a free C[dp, 01, . . ., d,]-module, so
the co-induced (or produced) module

CndF# = (IndF)#

will be cofree.

4.2.2 Modules of differential forms . In order to define the differential forms one
considers an odd variable dt and even variables d¢1, ..., d&, and defines the differen-
tial forms to be the (super)commutative algebra freely generated by these variables
over A(1,n)y = C[t] ® A(n), or

Qp = Y = A1, n)4[dEy, ., dEs] @ AldL].
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Generally speaking €2 is just a polynomial (super)algebra over a big set of variables

t7§17 AR 7§n7dt7 dé‘l? AR 7d§n7
where the parity is

p(t) =0, p(ﬁz) =1, p(dt) =1, p(d&,) =0.

These are called (polynomial) differential forms, and we define the Laurent differ-
ential forms to be the same algebra over A(1,n) = C[t,t~1] ® A(n):

Q= A(Ln)[dey, ..., de,] @ Aldt].

We would like to consider a fixed complementary subspace Q_ to Q4 in © chosen
as follows

O_ =t 'C[t Y ® A(n) @ CldEy, ..., d&n] ® Aldt].

For the differential forms we need the usual differential degree that measure
only the involvement of the differential variables dt, d¢q, ..., d&,, that is

degt =0, deg & =0, deg dt =1, deg d§; = 1.

As a result, the degree of a function is zero an it gives us the standard Z-gradation
both on Q and Q.. As usual, we denote by QF Q% the corresponding graded
components.

We denote by QF the special subspace of differential forms with constant coef-
ficients in €.

The operator d is defined on €2 as usual by the rules d-t = dt, d-&; = d&;,d-d§; =
0, and the identity

d(fg) = (df)g + (=1)""7) fdg,
Observe that d maps both €2 and _ into themselves.

As usual, we extend the natural action of W(1,n)4 on A(1,n) to the whole
by imposing the property

D-d=(-1)""P)d.D, DeW(l,n),,

that is, D (super)commutes with d. It is clear that {24 and all the subspaces Q* are
invariant. Hence Q% and Q% are W (1,n) -modules, which are called the natural
representations of W(1,n)4 in differential forms.

We define the action of W(1,n)4 on Q_ via the isomorphism of Q_ with the
factor of 2 by €. Practically this means that in order to compute D - f, where
f€Q_, weapply D to f and ”disregard terms with non-negative powers of ¢”.

The operator d restricted to Q% defines an odd morphism between the corre-
sponding representations. Clearly the image and the kernel of such a morphism are
submodules in Q.

Let ©F = (QF)# and ©% = (Q%)#. In the rest of this subsection, we consider
g= W(la n)-‘r'

PROPOSITION 4.1. For g = W(1,n)y we have:
(1) The go-module ©F k > 0 is irreducible with highest weight

(0:0,...,0,—k), k>0.
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(2) The g-module @i, k > 0 contains ©F and this inclusion induces the iso-
morphism

©F =Ind ©F.

(3) The dual maps d# : @i"’l — @i are morphisms of g-modules. The kernel
of one of them is equal to the image of the next one and it is a non-trivial proper
submodule in OF .

PROOF. (1) It is well known that QF are irreducible and thus ©F are also
irreducible. Observe that the lowest vector in QF is (d¢,)* and it has the weight
(0;0,...,0,k). Now the sign changes as we go to the dual module and so we get
the highest weight of ©F.

(2) By the definition of the restricted dual, it is the sum of the dual of all the
graded components of the initial module. In our case 2¥ is the component of the
minimal degree in Qi, so ©F becomes the component of the maximal degree in
@ﬁ. This implies that g~ acts trivially on ©F, so the morphism Ind 6% — @f‘; is
defined. Clearly Qf‘; is isomorphic to

QF @ Clt, &, ..., &),

S0 it is a cofree module. Then the module @ﬁ_ is a free C[dy, 01, . . ., Op]-module and
the morphism

Ind ©F — %

is therefore an isomorphism.
3) Consider the homotopy operator K : Q, + — €, + given by
T+ 7+

K(d¢, v) =&y, K(v) =0 if v does not involve d¢&,.
Let € : ,, + — Q1 be defined by
e(dépv) =e(&ur) =0, e(v) =v if v does not involve both d¢,, and &,.

One can check that Kd+ dK = Id —e. Considering the dual maps K : (€, )% —
(Qn)* and € : (Q 1)# — (Qn,4)¥, we obtain K#d# + d#*K# =1d — 7.
Therefore, if a € (2, +)# is a closed form, we get a = d# (K#a) + % (a), and
e# (o) is also a closed form. Observe that (e#a)(v) = a(e(v)) = 0 if v involve d¢,
or &,. Hence e#q is essentially an element in (Qn,lﬁ)#, namely it is equal to an
element in (€2, )% trivially extended in s that involve d¢,, or &,. It follows by
induction on n that
a=d*a; + ag, (4.5)

for some ag, o € (Qn,Jr)# and aq is a closed form that is a trivial extension of
an element &y € (o 1)%. But Qo4 = C[t] ® A(dt) = {p(t) + q(t)dt|p,q € C[t]}
and &g € (Qo,+)% is closed iff ao(g(t)dt) = 0 for all ¢ € C[t]. In general, it is easy
to see that v € (o 4)% is exact iff v is closed (i.e. v(g(t)dt) = 0) and v(1) = 0.
Therefore, using (4.5), we have a = d# 3 + ag(1) 1*, where 1*(c1) = ¢ and zero
everywhere else. Since 1* € () ), we get the exactness of the sequence

da#* a# da#*
T (Qﬁ)+)# — (Qﬁﬂ*)# — (Qr?,+)#‘
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COROLLARY 4.2. The W (1,n)-modules Q% of differential forms are isomor-
phic to the co-induced modules

QF =Cnd Q.
Let us now study the g = W(1,n);-modules Q*. First, notice that these
modules are free as C[9y, 01, . .., Oy]-modules. Let
b =&l &n, and  QF =t71¢,QF c QF. (4.6)

PROPOSITION 4.3. For g = W(1,n)y, we have:

(1) QF is an irreducible go-submodule in QF with highest weight
(-1;0,0,...,0), fork =0,
(0;k,1,...,1), fork >0,

and gso acts trivially on QF.
(2) There is an isomorphism QF = Indgoﬂlg.

(3) The differential d gives us g-module morphisms on Q* and the kernel and
image of d are g-submodules in Q.

(4) The kernel of d and image of d in QF for k > 2 coincide, in Q' we have
Ker d = C(t~'dt)+Im d, and in Q°, we have Ker d = 0 (and the image does not
exist).

PRrOOF. (1) First of all, QF is the maximum total degree component in QF | so
any element from g~ moves it to zero. Also, as gg-module QF is isomorphic to QF
multiplied by the 1-dimensional module (¢7!€,). This permits us to see that its
highest vectors are

(tte,) for k=0,

(1. dt) for k=1,

(1 dt(de)F 1) for k > 1.

The values of the highest weights are easy to compute.
(2) Tt is straightforward to see that Q° is a free rank 1 C[dg, 01, . . ., O, ]-module.

Now, the action of 8y, 1, ..., 0, on QF is coefficient wise and the fact that Q* is a
free C[d, 01, . . . , On)-module follows. This gives us the isomorphism Q% =Ind§ QF.
Parts (3) and (4) are left to the reader. O

The above statement shows us that there are non-trivial submodules in Q% and
@’i. In fact, these are ”almost all” proper submodules and the respective factors
are irreducible. These results are discussed in Section 4.4. In order to get this result
we need to study singular vectors.

4.3. Singular vectors of W,-modules. Having in mind the results of Sec-
tion 2, we introduce the following modules. Given a gl(1|n)-module V', we have the
associated tensor field W (1, n)-module C[t,t"!]®A(n)®V, which is a formal distri-
bution module spanned by a collection of fields E = {6(t — z) fv|f € A(n),v € V}.
The associated conformal W,,-module is

Tens(V) = C[9] @ (A(n) @ V)) (4.7)
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with the following A-action:
aA(g ® ’U) = a(g) v+ (_1)1)(11) szzl(aifj)g ® (E” — (5”)(’0) — (48)
“A=1)PO T fig © Eoj(v),

flg®v) = (=0)(fg@v) + (1P 331 1 (0:f)g ® Eio(v) + (4.9)
+A(f9 @ Eoo(v)).
where a = Y| fi0; € W(n), f,g € A(n),v € V, and E;; € gl(1|n) are matrix
units (they correspond to the level 0 elements &;0; with the notation {, = ¢t and
0o = O).

In this case, the modules M (F) = Indg F defined in Section 2, correspond to
the W,-module Tens(F'), with F' a finite-dimensional (irreducible) gi(1|n)-module.
When we discuss the highest weight of vectors and singular vectors, we always mean
with respect to the upper Borel subalgebra in g = W(1,n)4 generated by g~ and
the elements of go:

t0; fiaj 1< J. (410)
Therefore, in the module M(V), viewed as a module over the annihilation

algebra W (1,n)1 (see Proposition 2.3), a vector m € M (V) is a singular vector if
and only if the following conditions are satisfied (g = &;, - -+ &, € A(n), and 9y = O;)

(s1) t"gd; -m =0 for n > 1,
(s2) t'gd;-m =0 except for g =1 and i = 0,
(s3) t°%0;-m =0 fors>1org=¢ withi < j.
(4.11)
We shall frequently use the notation
&r=¢&,--&. €ANn), withl=/{iy,...,is}. (4.12)

Therefore, these conditions on a singular vector m €Tens(V') translate in terms of
the A-action to (cf. (2.2)):

(S1) d—zz(f)\m) =0 for all f € A(n),

u

(52) %\(akm) =0 for all « € W(n),

u

(S3) L (fam)|r=o = 0 for all f € A(n) with f #1,
(S4) (axm)|x=0 = 0 for all a = £;0; € W(n) with [I| > 1 or a = §0; with
i<,

(S5) (fam)|x=0 =0 for all f=¢; € A(n) with |[I| > 1.

In order to classify the finite irreducible W,-modules we should solve these
equations (S1-5) to obtain the singular vectors. This is done by technical and
lengthly reduction lemmas that we shall omit. For details see [2].

Recall that we are considering the basis (dy = 0)

tao;tao + 5131, C ,tao + gnan
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for the Cartan subalgebra H in W(1,n),, and we write the weight of an eigenvector
for the Cartan subalgebra H as a tuple

= (A An) (4.13)

for the corresponding eigenvalues of the basis. We can prove the following

PROPOSITION 4.4. [2] Let n > 2 and m be a non-trivial singular vector in
Tens V' with weight fi,, then we have one of the following:

(a) m = £" @ vy, fm = (0;0,...,0,—k) with k > 0, v, is a highest weight
vector in V. with weight (0;0,...,0,—k — 1), and m is uniquely defined by v,.

(b)) m =3 ®@uv, fim = (0;k,1,...,1) with k > 2, vy is a highest weight
vector in 'V with weight (0;k —1,1,...,1), and m is uniquely defined by v;.

(c) m =0 @w)+ Y1, & @v, fim = (=1;0,...,0), w is a highest weight
vector in V. with weight (0;1,...,1), and m is uniquely defined by w.

4.4. Irreducible induced W(1,n);-modules. In this subsection we con-
sider g = W(1,n)4, with n > 2. Now, we have the following:

THEOREM 4.5. Letn > 2 and F' be an irreducible go-module with highest weight
fis. Then the g-modules Ind§, F' are irreducible finite continuous modules except for
the following cases:

(a) i = (0;0,...,0,—m),m >0, where Ind§ F = ©7 and the image d#@’]r“L1
is the only non-trivial proper submodule.

(b) fie = (0;k,1,...,1),k > 1, where Ind},F = QF. For k > 2 the image
dQF~1 s the only non-trivial proper submodule. For k = 1, both Im(d) and Ker(d)
are proper submodules. Ker(d) is a mazimal submodule.

REMARK 4.6. Let F' be an irreducible gg-module with highest weight pn, =
(=1;0,...,0). Then Indj,FF = Q° is an irreducible g-module. Note that the
image of d : Q% — Q! is the submodule in 2 generated by the singular vector
correponding to the case (c) in Proposition 4.4, but it is not a maximal submodule
(see Proposition 4.3 (4)).

PrROOF. We know from Theorem 2.4 that in order for InngF to be reducible
it has to have non-trivial singular vectors and the possible highest weights of F' in
this situation are listed in Proposition 4.4 above.

The fact that the induced modules are actually reducible in those cases is known
because we have got nice realizations for these induced modules in Propositions 4.1
and 4.3 together with morphisms defined by d, d#, so kernels and images of these
morphisms become submodules.

The subtle thing is to prove that a submodule is really a maximal one. We
notice that in each case the factor is isomorphic to a submodule in another induced
module so it is enough to show that the submodule is irreducible. This can be proved
as follows, a submodule in the induced module is irreducible if it is generated by
any highest singular vector that it contains. We see from our list of non-trivial
singular vectors that there is at most one such a vector for each case and the
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images and kernels in question are exactly generated by those vectors, hence they
are irreducible. (|

COROLLARY 4.7. The theorem gives us a description of finite continuous ir-
reducible W (1,n)y-modules for n > 2. Such a module is either Indg I for an
irreducible finite-dimensional go-module F where the highest weight of F does mot
belong to the types listed in (a), (b) of the theorem or the factor of an induced
module from (a), (b) by its submodule Ker(d).

4.5. Finite irreducible W, -modules. In order to give an explicit construc-
tion and classification, we need the following notation. Recall that W (1, n) acts by
derivations on the algebra of differential forms Q = Q(1,n), and note that this is a
conformal module by taking the family of formal distributions

E={/z—twand 6(z —t)w dt | w € Q(n)}

Translating this and all other attributes of differential forms, like de Rham differen-
tial, etc. into the conformal algebra language, we arrive to the following definitions.

Recall that given an algebra A, the associated current formal distribution alge-
bra is A[t,t~'] with the local family F = {a(z) = >, o (at™) 2" = ad(z—t)}aca.
The associated conformal algebra is CurA = C[0] ® A with multiplication defined
by axb = ab for a,b € A and extended using sesquilinearity. This is called the
current conformal algebra.

The conformal algebra of differential forms €2,, is the current algebra over the
commutative associative superalgebra Q(n) 4+ Q(n) dt with the obvious multiplica-
tion and parity, subject to the relation (dt)? = 0:

Q, = Cur(Q(n) + Q(n) dt).

The de Rham differential d of ©,, (we use the tilde in order to distinguish it from
the de Rham differential d on (n)) is a derivation of the conformal algebra €,
such that:
d(w + wodt) = dwy + dwydt — (—1)P“D)d(w; dt). (4.14)
here and further w; € Q(n).
The standard Z,-gradation Q(n) = ®;cz, Q(n)? of the superalgebra of differ-
ential forms by their degree induces a Z-gradation

Dy = Djez, ¥, where Q) = C[9] @ (Q(n)! + Q(n)T~1 dt),
so that d : Q) — Qi+1.
The contraction tp for D = a + f € W, is a conformal derivation of €2,, such
that:

(La)a (w1 4 wodt) = Lowi + (Laws)dt,
(L)aw = (0 + N)(fw), (4.15)
(Lp)a(wdt) = (=1)PD+P) (df ) — O( fwdt).
The properties of Q(1,n) imply the corresponding properties of §2,, given by

the following proposition.

PROPOSITION 4.8. (1) & =0.

(2) The complex (Qp,d) ={0— Q0 — .. = Q) — ---} is evact at all terms

J
QI except for j = 1. One has: Ker J|Ql = JQ% @ Cdt.

(3) LD1LD2 +p(D15D2)LD2LD1 = O
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(4) Lpd = (—1)*P)dLp.

(5) LD = (iLD + (—1)p(D)LDd.

(6) The map D — Lp defines a Wy, -module structures on $),,, preserving the
Z -gradation and commuting with d.

PROOF. Ounly the proof of (b) requires a comment. Following Proposition 3.2.2
of [8], we construct C[J]-linear maps K : Q, — €, (a homotopy operator) and
€:Q, — Q, by the formulas (w € Q(n) + Q(n)dt):

K(d¢w) =&pw, Kw)=0 if w does not involve d¢,,
e(dépw) = €(§pw) =0, €lw) =w if w does not involve both d¢, and &,.

One checks directly that

Kd+dK =1—e
Therefore, if w € €1, is a closed form, we get w = d(Kw) + e(w). Tt follows by
induction on n that w = dw;, + P(9)dt for some wy € Q,, and a polynomial P(J).

But it is clear from (4.14) that P(0)dt is always closed, and it is exact iff P(9) is
divisible by 0. (]

Since the extended annihilation algebra W (1,n)" is a direct sum of W (1,n)
and a l-dimensional Lie algebra Ca, any irreducible W (1,n)"-module is obtained
from a W(1,n)-module M by extending to W (1,n)", letting a — —a«, where
a € C. Translating into the conformal language, we see that all W,,-modules are
obtained from conformal W (1, n) -modules by taking for the action of 0 the action
of —0; + al,a0 € C. We denote by Tens,V and 4, € C, the W,-modules
obtained from TensV and € by replacing in (4.8) and (4.9) respectively 0 by
d+ a.

Now, Theorem 4.5 and Corollary 4.7, along with Theorem 2.4 and Proposi-
tions 2.3, 2.9 and 2.7 give us a complete description of finite irreducible W,,-modules.

THEOREM 4.9. The following is a complete list of non-trivial finite irreducible
W, -modules (n > 2, € C):
(1) TensoV, where V is a finite-dimensional irreducible gl(1|n)-module dif-
ferent from AF(CY1")* k=1,2,... and QF (see (4.6)), k =1,2,...,
(2) Q,*c,a/Ker d*, k=1,2,..., and the same modules with reversed parity,
(3) W, -modules dual to (2), with k > 1.

REMARK 4.10. (a) Using Proposition 4.3, we have that the kernel of d and the
image of d coincide in 2, for k > 2. Now, since Q12 is a free C[0]-module of finite
rank and QkH/ImJ = QkH/Kerd ~ Imd C Qp.t2, we obtain that Q41 /Im dis a
finitely generated free C[0]-module. Therefore, we can apply Proposition 2.7, and
we have that

Qfy1.0/Ker d* =~ (U,a/Ker d)” (4.16)
for k > 1.

(b) Observe that we can not apply the previous argument for k = 0 since, by
Proposition 4.3, the image of d has codimension one (over C) in Ker d. In fact,
(4.16) is not true for k = 0. For example, this can be easily seen for Wy = Vir
using the differential map which is explicitly written in Remark 2.6.
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(c) Observe that €, is an irreducible tensor module (Ker d = 0, cf. Proposi-
tion 4.3), that is why this module is included in case (1) of Theorem 4.9.

(d) Since for a finite rank module M over a Lie conformal superalgebra we have
M** = M (see Proposition 2.8), the W,-modules in case (3) of Theorem 4.9 are
isomorphic to Qy o/ker d,k=23,..

(e) Observe that (TensV)* is not isomorphic to TensV*. See Remark 4.13 below
for the case of W7j.

Now we will present the case n = 1 in detail and we shall see that our result
agrees with the classification given in [5] for Ky ~ W;. For the general definition
of the family K,,, see Section 7. Let us fix some notations. We have

Wi = Clg] @ (A(1) @ W(1)) = C[O{1, €, 01, £ }-

In [5], the conformal Lie superalgebra K> is presented as the freely generated mod-
ule over C[9] by {L,.J,G*}. An isomorphism between Ky and W1 is explicitly given
by

1
L~ —1—1—58581, J s €0y, Gt 2¢, G~ — —0. (4.17)

The irreducible modules of W7 are parameterized by finite-dimensional irre-
ducible representations of gi(1,1) (and the additional twist by alpha that, for sim-
plicity, shall be omitted in the formulas below). The irreducible representations of
gl(1,1), denoted by V,;, are parameterized by a and b, the corresponding eigen-
values of e;; and ess on the highest weight vector, where e;; denotes the matrix in
gl(1,1) with 1 in the ij-place and 0 elsewhere.

If both parameters are equal to zero, the representation is trivial 1-dimensional.
Otherwise, either a + b = 0, the dimension of the gl(1,1)-representation is 1, and
the corresponding representation of Wy is one of the tensor modules of rank 2. Or
else a + b is non-zero, the dimension of the gl(1,1)-representation is 2, and the
corresponding tensor module has rank 4.

Explicitly, consider the set of C[d]-generators of Wy {1, &, 01, £€01}. Let a and
b such that a +b # 0. Let V,;, = C-span{vg,v1}, where vy is a highest weight
vector. Let M (a,b) = M (V) = C[0]{vo, v1, w1 = 0109, wo = 0101} be the tensor
Wi-module and denote by L(a,b) the irreducible quotient. The action of W; in
M (a,b) is given explicitly by the following formulas:

1xvg = (aX — Q)vg, 1yv1 = ((a — 1)X — O)vy,
Lywy = (aA = d)wy, 1w = ((a — 1)A — J)wo,

Exvg = w1, &xv1 =0,
5,\w1 = ((l)\ — 8)1}0 — Wo, 5)\11)0 = ((a — 1))\ — 8)7)1,

31)\1}0 = wq, 31)\1}1 = (CL+b)/\U0+UJQ,
81)\11)1 =0, 81>\w0 = —(a + b))\wl
£01\vo = by, £01\v1 = (b+ 1) vy,
531)\1121 = (b — 1)11)1, 531)\1120 = —(a + b)/\ vo + bwy. (418)

If a+b+#0and a # 0, then M(a,b) is irreducible of rank 4, and the explicit
action is given by (4.17). Let v = p(9)vg + q(0)wg + r(0)v1 + s()wy belong to a
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submodule of M (a,b). Denote by w the coefficient of the highest power in A of £yv
and by y the coeflicient of the highest power in A of & w.

If a # 1 then y = vy (up to a constant factor), therefore v, lies in the submodule.
If a = 1, then by taking the coefficient of the highest power in A of £0;,y and using
that in this case b # —1, we also obtain that v; lies in the submodule.

Therefore, in any case we have that v; lies in any submodule, and by the
formulas for the actions on v; it is immediate that the other generators also belong
to any submodule, proving that M (a,b) is irreducible in this case.

If a+b # 0 but a = 0, it is easy to show as above that N = C[0]w; & C[0](dvo +
wp) is a submodule of M(0,b). Let L(0,b) = M(0,b)/N = C[d]vg & C[d]v1, the
irreducible quotient of M(0,b), and the action is explicitly given by

1)\1)0 = (—8)1}0, 1)\1)1 = (—>\ — 8)1}1,

Exvg = w1, v =0,
81)\1)0 = 0, 61>\U1 = (b)\ — 6)’00,
581/\110 = b’UQ, 681)\1}1 = (b + 1) V1. (419)

If a+b =0, but a # 0, it is easy to show as above that M (a, —a) = C[0]{vg, w1}
is irreducible of rank 2 and the action of Wj here is given by:

1avg = (aX = Q)vg,  1awy = (aX — J)wy,
Exvg =0, &awp = (aX — ),
019 = Wy, 01 w1 =0,
581)\110 = —av, 581)\11)1 = (—(l - 1)w1 (420)

Thus we obtain

COROLLARY 4.11. The Wy-module L(a,b) as a C[0]-module has the following
rank: 4 ifa+b#0anda#0, 2ifa+b#0anda=0, 2ifa+b=0 and a #0,
0 if a=0b=0. These are all non-trivial finite irreducible W1-modules.

REMARK 4.12. In [5], the irreducible representations of K» are classified in
terms of parameters A and A. Using the isomorphism between K, and Wi in
(4.17), these parameters are related to ours as follows,

A
=-A-— b=A
a 2,

Then it can be easily checked that the above corollary corresponds to Theorem 4.1
in [5], and explicit formulas for the A- action given at the end of section 4 in [5],
corresponds to ours in each case.

REMARK 4.13. It is easy to see that for the case a +b # 0, (TensV, )* =Tens
V_a,—b, but (V4 5)* = Vi_4 —p—1. Therefore, in this case we see that Tens V* is not
isomorphic to (Tens V')*.

5. Lie conformal superalgebra S,, and its finite irreducible modules

Recall that the divergence of a differential operator D = Y a;0; € W(1,n),
with a; € A(1,n) and 9y = J; is defined by the formula

div D = Oyag + Z(—l)p(ai)&ai.
=1
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The basic property of the divergence is (D1, D2 € W (1,n))
div [Dy, D] = Dy (div Dy) — (=1)PPVP(P2) Dy (div Dy).
It follows that
S(1,n)={D e W(l,n) : div D=0}
is a subalgebra of the Lie superalgebra W (1,n). Similarly,
S(1,n)y ={DeW(,n)y : div D=0}
is a subalgebra of W(1,n). We have

S(lvn) (resp. S(lvn)Jr ) = S(lvn)/ (resp. S(lvn)/Jr ) @ (Cf1 o 'gnaOa (51)
where S(1,n)" (resp. S(1,n)". ) denotes the derived subalgebra. It is easy to see
that S(1,n)’ is a formal distribution Lie superalgebra, see [7], Example 3.5.

In order to describe the associated Lie conformal superalgebra, we need to
translate the notion of divergence to the ”conformal” language as follows. It is a
C[0]-module map div : W,, —Cur A(n), given by

diva="> (~1)PY0;f;, div f=—-0® f,
i=1
where a = Y1 | f;0; € W(n) and f € A(n). The following identity holds in
Cl9] ® A(n), where Dy, Dy € W,:

div [Dl/\DQ] = (Dl),\(dz’v Dg) — (—1)p(D1)p(D2)(Dg)_k_a(di’l} Dl). (52)

Therefore,

Sp={DeW, : div D=0}
is a subalgebra of the Lie conformal superalgebra W,,. It is known that S,, is simple
for n > 2, and finite of rank n2™. Furthermore, it is the Lie conformal superalgebra
associated to the formal distribution Lie superalgebra S(1,n)’. The annihilation
algebra and the extended annihilation algebra is given by

A(Sp) = S(1,n)", and A(Sp)¢ =C ad(dy) x S(1,n)’,.

Now, we have to study representations of S(1,n); and of its derived algebra
S(1,n)". which has codimension 1. Observe that S(1,n), inherits the Z-gradation
in W(1,n)4, and denoting by g = S(1,n)+ (for the rest of this section), we have
that g_1 =< 0p,...,0, > as in W(1,n); but the other graded components are
strictly smaller than these of W(1,n)y. Observe that go = sl(1|n).

In order to consider weights of vectors in S(1,n)-modules, we take the basis

180 + E101, . .. 180 + EnDn.

for the Cartan subalgebra. And the weights are written as A = (\y,...,\,) for the
corresponding eigenvalues.

Propositions 4.1 and 4.3, and Corollary 4.2 holds for g = S(1,n)y with the
following minor modification: all highest weights are the same as in the W case,
except for the first coordinate that should be removed.

Similarly, if V' is an sl(1|n)-module, then formulas (4.8) and (4.9) define an .S,-
module structure in Tens(V). Indeed, elements (—1)?N)9(f9;)+0; f, with f € A(n)
generate S,, as a C[0]-module. It is easy to see that the action of these elements
(defined by (4.8) and (4.9)), only involves E;;(v) for ¢ # j and (Eg + Ey;)(v) for
1> 0.
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As in the W-case, the classification is reduced to the study of singular vectors
in Tens(V'), where V is an sl(1|n)-module. Observe that the reduction Lemmas
for the singular vector in [2] hold in this case, and the proof is basically the same.
Therefore, analogous computations give as the following

PROPOSITION 5.1. Let n > 2 and V an irreducible finite-dimensional sl(1|n)-
module. If m is a non-trivial singular vector in the S(1,n)-module Tens V' with
weight A\, then we have one of the following:

(a) m=E" vy, A = (0,...,0,—k) with k > 0, v, is a highest weight vector
in V with weight (0,...,0,—k — 1), and m is uniquely defined by v,,.

() m =@, A\p = (k1,...,1) with k > 2, vy is a highest weight
vector in V. with weight (k—1,1,...,1), and m is uniquely defined by v;.

(c)m=0(&@w)+> |, &®@v, A =(0,...,0), w is a highest weight vector
in 'V with weight (1,...,1), and m is uniquely defined by w.

(d) m= a(fn & U)) + 27;11 f[l,n]—{l,n} Qv +E&" @ un, S\m = (0, -0, _1); w s
a highest weight vector in V' with weight (1,...,1), and m is uniquely defined by w.

Using the above proposition, we have

THEOREM 5.2. Let g = S(1,n) (n > 2) and F' be an irreducible go-module
with highest weight \.. Then the g-modules Ind§, F' are irreducible finite continuous
modules except for the following cases:

(a) \e = (0,...,0,—p),p > 0, where Ind§ F = O and the image d#G)ﬂ’_Jrl 18
the only non-trivial proper submodule.

() A\ = (g,1,...,1),¢ > 1, where Ind§, F = QL. For q > 2 the image Qe is
the only non-trivial proper submodule. For g = 1, the proper submodules are Im(d),
Ker(d) and Im(«), where « is the composition

#
oz:@_l|r d—>@g2991>91_,
and Ker(d) is the mazimal proper submodule.

PROOF. Similarly to the case of W(1,n)y, the modules InngF are irreducible
except when they have a singular vector and the highest weights of such F', when it
could happen, are listed in (a), (b), (c¢) and (d) of the above Proposition 5.1. The
weight (1,...,1) is special here because it is relevant to (b), (c) and (d). There
are three types of singular vectors possible in this case. The corresponding module
Ind(F) = Q! has three different submodules and all three vectors are present. The
same argument as for W (1, n);-modules allows us easily to conclude that the listed
submodules are the only ones and the factors are irreducible. (]

COROLLARY 5.3. The theorem gives us a description of finite continuous ir-
reducible S(1,n)-modules when n > 2. Such a module is either IndgoF for an
wrreducible finite-dimensional Lo-module F' where the highest weight of T does not
belong to the types listed in (a), (b) of the theorem or the factor of an induced
module from (a), (b) by the submodule Ker(d).
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COROLLARY 5.4. The Lie superalgebras S(1,n)4 and S(1,n)". have the same
finite continuous irreducible modules, and they are described by the previous corol-
lary.

PROOF. In order to see that Theorem 5.2 also holds for S(1,n)’,, it is basically
enough to see that Proposition 5.1 holds in this case. But, if we track the details
of the proof, the singular vectors are the same for both Lie superalgebras S(1,n)’,
and S(1,n), finishing the proof. O

Now, as in the W,, case, Theorem 5.2 and Corollary 5.4, along with Section 2
give us a complete description of finite irreducible S,,-modules (n > 2): it is given
by Theorem 4.9 in which W, is replaced by S,, and gl(1|n) is replaced by si(1|n).

REMARK 5.5. Under the standard isomorphism between S and small N=4
conformal superalgebra it is easy to see that our result agrees with the classification
given in [5]. Indeed, in [5] (Theorem 6.1) the classification of irreducible modules
was given in terms of parameters A and A, and these parameters are related to
ours as follows,

A
Moo= A+ (5.3)
Ny = —A—%. (5.4)

Therefore, the case 2A — A = 0 (A € Z,.) corresponds to the family QF ,/Ker d*

of rank 4A, and the case 2A + A +2 = 0 (A € Z,) corresponds to Qa4 1,4/Ker d
of rank 4A + 8. Therefore, we have one module of rank 4 that corresponds to
Qi/Ker d*, and by Remark 4.10, the dual of this module is Qo (Ker is trivial in
this case) and (using Proposition 4.3) Qg is the tensor module Tens(V) where V
is the trivial representation, therefore it is reducible with a maximal submodule of
codimension 1 (over C).

6. Lie conformal superalgebras S, ; and S,, and their finite irreducible
modules

All the results of this section were obtained in [2].
- Case Sy p:

For any b € C, b # 0, we take
S(1,n,b) = {D € W(1,n)|div(e®* D) = 0}.

This is a formal distribution subalgebra of W (1,n). The associated Lie conformal
superalgebra is constructed explicitly as follows. Let D = """ | P;(9,£)0; + f(9,€)
be an element of W,,. We define the deformed divergence as

divy D = divD + bf.
It still satisfies equation 5.2, therefore
Spp = {D € W,|div,D = 0}
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is a subalgebra of W,,, which is simple for n > 2 and has rank n2". Since S,, o = S,
has been discussed in the previous section, we can (and will) assume that b # 0.
If b # 0, the extended annihilation algebra is given by

(Alg(Snp))t =Cad(do —b>_ &i) x S(1,n)4 ~ CS(1,n),
i=1
where C'S(1,n)’, is obtained from S(1,n)!, by enlarging sl(1,n) to gl(1,n) in the
Oth-component.
Therefore, the construction of all finite irreducible modules over S, ; is the
same as that for W,,, but without twisting by «. Hence, using Theorem 4.9, we
have

THEOREM 6.1. The following is a complete list of finite irreducible Sy, ,-modules
(n>2,beC,b#0):
(1) TensV, where V is a finite-dimensional irreducible gl(1|n)-module differ-
ent from AF(CH")* k=1,2,... and A*(C'™), k=0,1,2,...,
(2) Qf/Ker d*,k=1,2,..., and the same modules with reversed parity,
(3) Sn.p-modules dual to (b), with k > 1.

- Case S,,:

Let n € Z4 be an even integer. We take

S(1,n) = {D € W(1,n)|div((1 + & ... &) D) = 0}.

This is a formal distribution subalgebra of W (1,n). The associated Lie conformal
superalgebra S, is constructed explicitly as follows:

S, ={D e W,|div((1+& ...6,)D) =0} = (1 —&1...£,)S,.

The Lie conformal superalgebra S, is simple for n > 2 and has rank n2™.
The extended annihilation algebra is given by

(Alg(Sn))™ = Cad(dy — & ... &,00) x S(1,n)y ~ S(1,n).

Therefore, the construction of all finite irreducible modules over S,, is the same
as that for S, but without the twist by «.

7. Lie conformal superalgebra K, and its finite irreducible modules

The results of this section where obtained in [1].
7.1. Lie conformal superalgebra K,, and annihilation Lie algebra K(1,n).
The contact superalgebra K(1,n) is the subalgebra of W (1,n) defined by

K(1,n):={D e W(l,n) | Dw = fpw, for some fp € A(1,n)}, (7.1)

where w = dt — >, &d¢; is the standard contact form, and the action of D on w
is the usual action of vector fields on differential forms.
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The space A(1,n) can be identified with the Lie superalgebra K(1,n) via the
map

n

f o 200+ (—1p0 S (fiatf ¥ aif) (@at " az),

i=1

the corresponding Lie bracket for elements f,g € A(1,n) being
[f,9) = (2f - Z@aif) (Dr9) — () (29 -> siaig) + (=PI (0:)(Di9)-
i=1 i=1 i=1

The Lie superalgebra K (1,n) is a formal distribution Lie superalgebra with the
following family of mutually local formal distributions

a(z) = Z(atj)z_j_l, fora=¢&;, ...&,. € Aln).
Jez
The associated Lie conformal superalgebra K, is identified with
K, =C[0] ® A(n), (7.2)
the A-bracket for f =¢&;, ...&,.,9=¢;, ...¢;, being as follows [7]:

gl = <<r —90(fg) + (1) Z(aifxaig)) A 4s—4)fg.  (73)

i=1

The Lie conformal superalgebra K, has rank 2" over C[d]. It is simple for n >
0,n # 4, and the derived algebra K} is simple and has codimension 1 in Kjy.
The annihilation superalgebra is

A(Kn) = K(Ln)y = A(1,n); == Clt] @ A(n), (7.4)
and the extended annihilation superalgebra is
A(K,)¢ = K(1,n)" = Cadd; x K(1,n)4.

Note that A(K,)¢ is isomorphic to the diract sum of A(K,) and the trivial 1-
dimensional Lie algebra.
The Lie superalgebra K (1,n) is Z-graded by putting

deg(t™&;, ... &) =2m+k—2,

and it induces a gradation on K(1,n); making it a Z-graded Lie superalgebra of
depth 2: K(1,n)4+ = @j>_2(K(1,n)4);. It is easy to check that K (1,n), satisfies
conditions (L1)-(L3).

Observe that K(1,n), is the subalgebra of

W(Ln)y ={ad + Y _ a;0ila,a; € A(1,n)}, (7.5)
i=1
defined by (cf.(7.1))
K(l,n)y :={D e W(l,n)+ | Dw= fpw, for some fp € A(1,n)4}. (7.6)
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7.2. Induced modules. Using Theorem 2.4, the classification of finite irre-
ducible K,-modules can be reduced to the study of induced modules for K(1,n).
Observe that

)

(K(Ln)4)—2 =< {1} >,
(K(Ln)y)o=<{t}U{&§ : 1<i<j<n}>

(1
(1

We shall use the following notation for the basis elements of (K (1,n)4)o:

Eoo = t, Fij = =&¢&;. (7.8)
Observe that (K (1,n)4)o =~ CEy @ so(n) ~ cso(n). Take
1
d:= —51 (7.9)

as the element that satisfies (L3) in Section 2.

For the rest of this work, g will be K(1,n);. Let F be a finite-dimensional
irreducible gg-module, which we extend to a g>o-module by letting g; with j > 0
acting trivially. Then we shall identify, as above

Ind(F) ~A(l,n) @ F~C[0] @ A(n) @ F (7.10)

as C-vector spaces. In order to describe the action of g in Ind(F') we introduce the
following notation:

&ri=¢&, ... &, if IZ{il,...,ik},
Opér =0 ...0.& it L={l,....I,}, (7.11)
Or&r :=0r&r it f=¢&,

|f] =k it f=8&, .. &,

In the following theorem, we describe the g-action on Ind(F') using the A-action
notation in (2.2), i.e.

Aoev =Y % (1)@

§>0 7"

for f,g € A(n) and v € F.

THEOREM 7.1. For any monomials f,g € A(n) and v € F, where F is a go-
module, we have the following formula for the A-action of g = K(1,n)4 on Ind(F):

Hg®v) =

= (=PI f] = 2)8(059) © v+ Y do,5)(Eig) @ v+ (1P " O0,0,1)9 © Frsv

i=1 r<s
+A {(_1)170‘) (99) © Bogv + (—1)PIIHPO N "(94(0,9)) & @ v+ Y Do, 1)(959) ® Fijv
i=1 i

+ /\2(_1)11(}") Z 8f(8i6jg) X FijU.

i<j
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The proof of this theorem is ommited (see Appendix A, [1]).

We obtained an easier formula for the A-action in the induced module by taking
the Hodge dual of the basis (cf. [5], pp. 922). More precisely, for a monomial
&1 € A(n), we let & be its Hodge dual, i.e. the unique monomial in A(n) such that
§i&r=%&...6.

The following theorem translates Theorem 7.1 in terms of the Hodge dual basis
and gives us the formula that is used to compute the singular vectors.

THEOREM 7.2. Let F' be a go = cso(n)-module. Then the A-action of K(1,n)4
in Ind(F) = C[0] ® A(n) ® F, given by Theorem 7.1, is equivalent to the following
one:

falg@v) = (—1) el

X {(Ifl =2)0(fg) @ v — (=1)PD > (0:£)(ig) @ v = Y (0:0:f)g @ Frsv

=1 r<s

+A [fg ® Boov — (1)) Y " 0i(f&g) @ v+ (—1)PD D (0:£)¢9 @ Fijv]
i=1 i#j

— N fEgg® Fijv}.
i<j
7.3. Singular vectors. By Theorem 2.4, the classification of irreducible finite
modules over the Lie conformal superalgebra K, reduces to the study of singular
vectors in the induced modules Ind(F'), where F is an irreducible finite-dimensional
¢s0(n)-module. This section will be devoted to the classification of singular vectors.
When we discuss the highest weight of vectors and singular vectors, we al-
ways mean with respect to the upper Borel subalgebra in K(1,n); generated by
(K(1,n)+)s0 and the elements of the Borel subalgebra of so(n) in (K(1,n)4)o.
More precisely, recall (7.8), where we defined F;; = —§;&; € (K(1,n)+)o ~ CEy @
so(n). Observe that F;; corresponds to E;; — E;; € so(n), where E;; are the ele-
ments of the standard basis of matrices. Consider the following (standard) notation
(cf. [11], p.83). Let
Hj =1 F2j—1,2j; 1 S] S m, (712)
a basis of a Cartan subalgebra of g = so(n,C), with m = [§].

In order to write explicitly weights for vectors in K (1,n)-modules, we will
consider the basis for the Cartan subalgebra b in (K(1,n)4)o ~ CEy @ so(n),
introduced above:

Eoo; Hy, ..., Hyy,  withm = {g]

and we shall write the weight of an eigenvector for the Cartan subalgebra h as an
m + 1-tuple of the corresponding eigenvalues of this basis:

A= (A1, Am)- (7.13)

Observe that a vector 7 in the K(1,n);-module Ind(F) is a singular highest
weight vector if and only if the following conditions are satisfied
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(S1) L, (f2m) =0 for all f € A(n),

(S2) & (f A17)|r=0 = 0 for all f =& with |I] > 1,

(83) f)\ﬂ_"L)‘)\:() = 0 for all f = f] with ‘I‘ >3 or f € Bso(n)~

In order to classify the finite irreducible K,-modules we should solve the equa-

tions (S1-3) to obtain the singular vectors. The next theorem gives us the complete
classification of singular vectors:

THEOREM 7.3. Let F be an irreducible finite-dimensional cso(n)-module with
highest weight .

If n >4, then m € Ind(F) is a non-trivial singular highest weight vector if and
only if m is one of the following vectors (in the Hodge dual basis):

(a) m = (f{g}c — if{l}c) ® vy, where vy is a highest weight vector of the
cso(n)-module F' and A = (—k; k,0,...,0), with k € Zso,
m
(b) m = Z |:(§{2l}c +i&au—1ye) @ w4 (Eqanpe — i €a—1ye) @ Wy | —
1=1
— 0p0dd “Emt1ye @ Wmit,

where w1 = vy is a highest weight vector of the cso(n)-module F with
highest weight

A=(n+k—2k0,...,0), fork € Z>g,
and all w;,w; are non-zero and uniquely determined by vy .

If n = 3, then m € Ind(F) is a non-trivial singular highest weight vector if and
only if m is one of the following vectors:

(a) m = (&oye — i&{1ye) ® va, where vy is a highest weight vector of the
¢50(3)-module V and A = (—k; k), with k € %Z>0,

(b) M = (Egape + i &q1ye) @ ua + (§uaye — i€q1ye) @ w1 — i&qzpe @ Wy,

where vy is a highest weight vector of the ¢so0(3)-module F with highest
weight

1 1
A= (k+ 1;k), forke §Z20 and k # 3
and all wy, wa are non-zero and uniquely determined by vy.

(C) m=0 (f* ®U)\) + 1 f{l,g}c RV — 2&{2,3}0 ® Fy3vy+ 2 5{1,3}0 ® F1 30y,
where vy is a highest weight vector of the c¢s0(3)-module F with highest
weight A = (2; 1).

The proof of this theorem was done through several lemmas in appendix B, [1].
Since this is quite technical, we will omit it.
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REMARK 7.4. (a) The explicit expression of all non-zero vectors wy, w; in terms
of vy that appear in the second family of singular vectors for all n > 3, are given
in [1].

(b) If n=4, the first family of singular vectors m = (E{Q}C — if{l}c) ® vy, where vy,
is a highest weight vector of the cso(4)-module F' and A = (—k; k,0), with k € Z~,
corresponds to the family of singular vectors by in Proposition 7.2(i) in [5]. Finally,
the second family of singular vectors in Theorem 7.3(b), correspond to the family
of singular vectors bs in Proposition 7.2(ii) in [5].

(c) If n=3, the singular vectors in the cases (a), (b) and (c) described in the pre-
vious theorem, correspond to the vectors as, a4 and ag in Proposition 5.1 in [5],
respectively. Observe that the families (a) and (b) described for n > 4 correspond
to the families (a) and (b) for n = 3, but in the latter case the parameter k is one
half a positive integer. Observe that the missing case (k + 1; k) with k = % in the
family (b) is completed by the case (c).

7.4. Modules of differential forms, the contact complex and irre-
ducible induced K(1,n);-modules. We will use the standard notation intro-
duced in 4.2. Recall that K(1,n)y is a subalgebra of W(1,n)4, defined by (7.6).
Hence Q. and Q% are K(1,n) -modules as well.

Observe that the differential of the standard contact form w = dt — Y. | &d¢;

is dw = —> 1" | (d¢;)?, and following Rumin’s construction in [13], consider for
k>2
I"=dwANQF2 4+ wAQFT C OF (7.14)
IF=dwnQE2 + wAQTh C OF, (7.15)

and I' = w A Q0 I =wAQY, I°=0=19. It is clear that d(I¥) C I*** and
d(It) c I_Ifr“, and using (7.6) it is easy to prove that I* and I¥ are K(1,n)-
submodules of Q% and fo_, respectively. Therefore we have the following contact
complez of K(1,n)-modules (we also denote by d the induced maps in the quo-
tients):

0—Cc-La) Lot Lo (7.16)

Let Cld¢;)! C Qﬂr be the subspace of homogeneous polynomials in d¢y, ..., d¢,
of degree I. Using that the action of ¢so(n) = C Ego @ so(n) = (K(1,n)4)o in QY
is given by

Eop — Qt&g-i—Zfi 8i, Fij l—)€18j —§j8i, (717)
i=1
it follows that C[d¢;]! is a cso(n)-invariant subspace. Now, consider ' = 7(C[d&;]!),
where 7 : Q) — QL /I | and take ©! = (I'')#. Here and further, we denote by #
the restricted dual, that is the sum of the dual of all the graded components of the
initial module, as in 4.2.1. Then, we have
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PROPOSITION 7.5. (1) The ¢so(n)-module ©',1 > 0, is irreducible with highest
weight (=1;1,0,...,0).

(2) The K(1,n)y-module (0, /I')#,1 >0, contains ©' and this inclusion induces
the isomorphism
(Q /I)* = Ind(O").

(3) The dual maps d* : (Qfl/lfl)# — (4 /IL)# are morphisms of K(1,n),-
modules. The kernel of one of them is equal to the image of the next one and it is
a non-trivial proper submodule in (0, /It )#.

COROLLARY 7.6. The following K(1,n)4-modules are isomorphic
QF /1% = (Ind(T%))*.

Let us now study the K(1,n),-modules Q*. Recall that we identified (via
isomorphism) QF with QF/Qk. Let 7 : QF — QF/Q% = QF . Observe that I* =
7(I*) is a K(1,n) -submodule of Q* | and d(I*) C I**!. Let

=861 &, and I =t te,QF c QF.

PROPOSITION 7.7. For g = K(1,n)4, we have:
(1) The cso(n)-module T* is an irreducible submodule of Q% with highest weight
(n+k—2;k,0,...,0), fork>0,
and gso acts trivially on T'* .
(2) There is a g-module isomorphism QF /I* = Ind(I'*).

(3) The differential d gives us g-module morphisms on QF /I¥ | and the kernel and
image of d are g-submodules in QF /I*.

(4) The kernel of d and image of d in Q* /I* for k > 2 coincide, in QL /I' we have
Ker d = C(t~tdt)+Im d, and in Q°, we have Ker d = 0.

PRrOOF. (1) First, a simple computation shows that g~o maps I'* to zero.
Also, as a go-module, I'* is isomorphic to the space of harmonic polinomials in
déy,...,d&, of degree k multiplied by the 1-dimensional module (t71&,). This
permits us to see that its highest weight vectors are

(t1¢,) for k =0,
(t71E (dEy — idEy)®) for k > 1.
The values of the highest weights are easy to compute using (7.17).

(2) It is straightforward to see that Q¥ is a free rank 1 C[dy, 1, . . ., d,]-module.
Now, the action of 9y, d1,...,0, on QF /T* is coefficientwise, hence the fact that
QF /T* is a free C[dy, 0y, . .., d,)-module follows. This gives us the isomorphism
QF /IF = Ind(T'").

(3) Tt follows immediately from the fact that d commutes with the action of
vector fields.
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(4) Let o € QF be such that da € I**1 Then da = wAB+dwA~y, with g € QF
and v € "1, Observe that d(a —w A7) = w A (8 — dv), hence, by replacing o by
another representative, we may assume that v = 0. Since 0 = d?a = d(w A ) =
dw AN B —wAdB, then dw Ada = dw A (WA ) = wAwAdS = 0. Therefore,
da € Ker(dw A - ) = 0. But the differential complex (Q°,d) is exact except for
k =1 (see Proposition 4.3 ), proving the statement. O

In the last part of this subsection, we classify the irreducible induced K (1,n)-
modules. Let g = K(1,n)+. Now, we have the following:

THEOREM 7.8. Let F be an irreducible go-module with highest weight .
Ifn > 4, then the g-module Ind(F)) is an irreducible (finite conformal) module
except for the following cases:

(a) X\ = (=1;1,0,...,0),1 > 0, Ind(Fy) = (4 /T)#, and d*(QF /T # s
the only non-trivial proper submodule.

(b)) A= (n+k—2;k,0,...,0),k > 1, and Ind(Fy) = QF /I*. For k > 2 the
image dQ’fﬁl/Iffl is the only non-trivial proper submodule. For k = 1, both Tm(d)
and Ker(d) are proper submodules, and Ker(d) is a mazimal submodule.

ProOF. We know from Theorem 2.4 that in order for the g-module Ind(F)
to be reducible it has to have non-trivial singular vectors and the possible highest
weights of F' in this situation are listed in Theorem 7.3 above.

The fact that the induced modules are actually reducible in those cases is known
because we have got nice realizations for these induced modules in Propositions 7.5
and 7.7 together with morphisms defined by d, d#, so kernels and images of these
morphisms become submodules.

The subtle thing is to prove that a submodule is really a maximal one. We
notice that in each case the factor is isomorphic to a submodule in another induced
module so it is enough to show that the submodule is irreducible. This can be proved
as follows, a submodule in the induced module is irreducible if it is generated by
any highest singular vector that it contains. We see from our list of non-trivial
singular vectors that there is at most one such a vector for each case and the
images and kernels in question are exactly generated by those vectors, hence they
are irreducible. (]

COROLLARY 7.9. The theorem gives us a description of finite conformal ir-
reducible K(1,n)y-modules for n > 4. Such a module is either Ind(F) for an
wrreducible finite-dimensional go-module F', where the highest weight of F' does not
belong to the types listed in (a), (b) of the theorem, or the factor of an induced
module from (a), (b) by its submodule Ker(d).

7.5. Finite irreducible K,,-modules. Recall (see Section 4.5) that the con-
formal algebra of differential forms €2,, is the current algebra over the commutative
associative superalgebra Q(n)+(n) dt with the obvious multiplication and parity,
subject to the relation (dt)? = 0:

Q, = Cur(Q(n) + Q(n) dt).
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The de Rham differential d of Q,, (we use the tilde in order to distinguish it from
the de Rham differential d on Q(n)) is a derivation of the conformal algebra €,
such that:
d(w + wodt) = dwy + dwydt — (—1)P“V)d(w, dt). (7.18)
here and further w; € Q(n).
The standard Z. -gradation Q(n) = ®jez, Q(n)? of the superalgebra of differ-
ential forms by their degree induces a Z-gradation

Dy = Djez, ¥, where Q) = C[9] @ (Q(n)! + Q(n)I ™1 dt),

so that d : QJ — QI+1, )
Let w = dt — Y1 | &d&; € QL. Observe that dw = — > | (d¢;)?. Now, we
define, for j > 2,

I =Clo]® (wAQn)y™" + doAQn)~2dt) C Q, (7.19)
I} = C[0] ® (w A Q(n)?), I1°=0.

It is clear that d(I7) C IZ*!, and it is easy to prove that I7 is K,-submodules
of Q. Therefore, we get a Rumin conformal complex (€, /17 , d), where we also
denote by d the differential in the quotient.

Let V be a finite dimensional irreducible cso(n)-module, using the results of
Section 2 and recalling that the annihilation algebra of K, is K(1,n);, we have
that the K (1,n)-modules Ind (V') studied in the previous section are K,-modules
with the A-action given by Theorem 7.2. We denote by Tens (V') the corresponding
K,-module.

Since the extended annihilation algebra K(1,n)" is a direct sum of K(1,n)
and a 1-dimensional Lie algebra Ca, any irreducible K(1,n)"-module is obtained
from a K(1,n)-module M by extending to K(1,n)*, letting a — —a, where
« € C. Translating into the conformal language (see Proposition 2.3), we see that
all K,-modules are obtained from conformal K(1,n)-modules by taking for the
action of 0 the action of —0; + al,a € C. We denote by Tens,V and Qi o, € C,
the K,-modules obtained from TensV and € by replacing 0 by 9 + « in the
corresponding actions.

As in [2], we see that Theorem 7.8 and Corollary 7.9, along with Theorem 2.4
and Propositions 2.3, 2.7 and 2.8, give us a complete description of finite irreducible
K,-modules, namely we obtain the following theorem.

THEOREM 7.10. The following is a complete list of non-trivial finite irreducible

K, -modules (n > 4,0 € C):
(1) Tens,V, where V is a finite-dimensional irreducible cso(n)-module with
highest weight different from (—k;k,0,...,0) and (n + k — 2;k,0,...,0)

fork=1,2 ..,
(2) (Qﬁ/[,’f) /Ker d*k = 1,2,... , and the same modules with reversed
parity, “

(3) K,-modules dual to (2), with k > 1.

REMARK 7.11. (a) Using Proposition 7.7, we have that the kernel of d and the
image of d coincide in QF /I¥ for k > 2. Now, since Q’;;*z/f,’ff2 is a free C[0]-module
of finite rank and (QFT1/I5+1)/Imd = (Qk+1/IF+1) /Kerd ~ Imd C QF+2/1k+2,
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we obtain that (Q51/7%+1)/Imd is a finitely generated free C[d]-module. There-
fore, we can apply Proposition 2.6 in [2], and we have that

N\ K

(ak /1,’§+1>* JKer d* = ((9/15) /Ker d) (7.20)

for k > 1.

(b) Since for a free finite rank module M over a Lie conformal superalgebra
we have M** = M, using (7.20), the K,,-modules in case (3) of Theorem 7.10 are
isomorphic to (QF /1¥), /Ker d, k= 1,2, ...

(c) Let V be a finite-dimensional (one dimesional in fact) irreducible cso(n)-
module with highest weight (0;0,...,0). Observe that the module Tens V has a
maximal submodule of codimension 1 over C. Hence, the irreducible quotient is
the one dimensional (over C) trivial K, -module. Therefore, we excluded the case
k =0 in Theorem 7.10(2).

(d) Let V be a finite-dimensional irreducible cso(n)-module with highest weight
(n —2;0,0,...,0). Observe that in case (3) in Theorem 7.10, we excluded k =
1, because in this case the dual corresponds to the module Tens, V', which is
isomorphic to g, and it is an irreducible tensor module, therefore this module is
included in case (1) of Theorem 7.10.

(e) The case Ky ~ W; was studied in full detail at the end of Section 4.5.

8. Work in progress

In order to complete the classification of finite simple modules of all conformal
superalgebras, the remaining cases are:

e K3, in this case the classification is known, but it still remains to give a
nice realization of the irreducible finite modules.

e K, the Lie conformal superalgebra which is the derived subalgebra of
Ky =K ®C&..L.

e CKg. This is a simple rank 32 subalgebra of Ky, whose even part is
WoxCur sog and whose odd part is spanned by six primary fields of
conformal weight 3/2 and ten primary fields of conformal weight 1/2. For
the explicit form of the commutation relations, as well as for more detailed
information on C'Kg, see [3].

These cases are part of a work in progress and will be worked out in subsequent
publications. At this moment we have some reduction lemmas that produce the
classification of singular vectors of C'Kg.
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