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Introduction

The notion of Lie pseudoalgebra over a cocommutative Hopf algebra [BDK1,
BeD)] has recently emerged as a useful tool in algebra and representation the-
ory. On the one hand, Lie pseudoalgebras can be viewed as a generalization
of the concept of Lie conformal algebra, introduced by Kac [K] in connection
with vertex algebras. On the other, Lie pseudoalgebras are intimately related
to representation theory of linearly compact infinite dimensional Lie algebras
[BDK2, BDK3, BDK4].

Vertex algebras were originally introduced by Borcherds [Bo] as an axiomati-
zation of local families of quantum fields in the chiral sector of a Conformal Field
Theory in dimension two. Algebraic properties of such families are described by
the so-called Operator Product Expansion: its regular part is essentially cap-
tured by the normally ordered product of fields, whereas the singular part can
be axiomatized into the notion of Lie conformal algebra.

Lie pseudoalgebras are a multivariable (and noncommutative) generalization
of Lie conformal algebras. Algebraic properties of each element in a Lie pseu-
doalgebra may be recast in term of its Fourier coefficients, that are sometimes
called creation and annihilation operators in the physical jargon: the space of
all annihilation operators is then a (typically infinite dimensional) Lie algebra,
and the Lie bracket is continuous with respect to a linearly compact topol-
ogy. Cartan and Guillemin’s study [Ca, Gul, Gu2| of linearly compact infinite
dimensional Lie algebras can then be usefully exploited in the study of such
structures.

The present thesis applies representation theory of Lie pseudoalgebras in
two distinct directions. In Section 2.6 we study a certain class of solvable Lie
pseudoalgebras and show they enjoy a useful nilpotence property that may be
applied towards characterizing finite vertex algebras. In later sections, we gen-
eralize the usual definition [BDK1] of Lie pseudoalgebra representation to what
we call representation with coefficients [DM]. We show that this new concept
can be used in order to study irreducible representations of the linearly compact
Lie algebra Py of formal functions in IV = 2n variables with respect to the stan-
dard Poisson bracket. We will now proceed to give a more detailed description
of the ideas and techniques involved in my thesis.

A vertex algebra is a (complex) vector space V endowed with a linear state-
field correspondence Y : V. — (End V)[[z, 271]], a vacuum element 1 and a linear
endomorphism 0 € End V satisfying:

e Field axiom: Y (a,2)b € V[[z]][z7!] for all a,b € V.



e Locality axiom: For every choice of a,b € V'
(Z - ’LU)N[Y((J,, 2)7 Y(bv w)] =0
for sufficiently large V.

e Vacuum axiom: The vacuum element 1 satisfies
01 =0, Y(1,2) =idy, Y(a,2)1 € a+ 2V([[z]],
for all a € V.

e Translation invariance: 0 satisfies
d
[0,Y(a,2)] =Y (Da,z) = d—Y(a,z),
z

foralla e V.
Any vertex algebra V satisfies:

o Skew-commutativity:
Y (a, 2)b = e*Y (b, —2)a,
for all a,b € V.

Note that the vector space V carries a natural C[0]-module structure. A vertex
algebra is finite if it is a finitely generated C[0]-module. Coefficients of vertex

operators
Y(a,z) = Za(j)z_j_l
JEL
determine C-bilinear products a ® b +— a(;)b,j € Z, on V. Locality can be
rephrased by stating that commutators between coefficients of quantum fields
satisfy:

(0.1) [agm) b)) =D (m) (agj) b) (m-+n—j)»

i>0 \J

for all a,b € V, m,n € Z. In other words, [Y(a, z),Y (b,w)] = 0 as soon as all
positively labeled products a(;b,7 > 0 vanish. This is always the case when V
is finite dimensional [Bo].

If A and B are subsets of V', then we may define A- B as the C-linear span of
all products a(;)b, where a € A,b € B,j € Z. A C[0]-submodule A C V' (resp.
I C V) is asubalgebra (resp. an ideal) of Vif A-A C A (resp. I-V =V-I=1).
Set now

I'=1, I*rt=r1.71% k>1.

Then an ideal I is a nil-ideal if I* = 0 for sufficiently large values of k. Every
finite vertex algebra has a unique maximal nil-ideal Nil(V') which is called the
nilradical of V.

A Lie conformal algebra is a C[0]-module R with a C-bilinear product
(a,b) — [a D] € R[)] satisfying the following axioms:



(Cl) [8&,\1)] = —)\[a)\b], [a,\ab] = (8+)\)[a,\ b],
(C2) [axb] = —=[b-o-rdl,
(C3) lax(bpdl=[bulaxcl=[laxb]rxwud,

for every a, b, c € R. Setting

An
[axb] =2 “samb

neN

endows every vertex algebra V' with a Lie conformal algebra structure. Indeed,
[a x b] € V[A] follows from the field axiom, (C1) from translation invariance, (C2)
from skew-commutativity, and (C3) from (0.1). If A and B are subspaces of R,
then we set [A, B] to be the C-linear span of all A-coefficients in the products
[a AD], where a € A,b € B. The Lie conformal algebra R is then solvable if, after
defining

RO — R, R+ — [R(}“),R(k)], k>0,

we find that R6) = 0 for sufficiently large K. Similarly, R is nilpotent if, after
defining

(0.2) RO =R, RWU IR R k>0,

we find that RIX! = 0 for sufficiently large K. If R is finite, its central series
R 5 R 5 RPI 5 ||| always stabilizes on an ideal R[>

In order to avoid confusion, we will denote by V7% the Lie conformal algebra
structure underlying a vertex algebra V. Finiteness of V has strong algebraic
consequences on the structure of V. More precisely, it is showed in [D1] that

e if V is a finite simple vertex algebra, then VX% is trivial, i.e., all quantum
fields from V' commute with each other;

e if VV is a finite vertex algebra, then V1% is a solvable Lie conformal algebra;

e if V is a finite vertex algebra, then (V/Nil(V'))%% is nilpotent. In partic-
ular, if Nil(V') = 0 then VL% is nilpotent.

It is however not clear from [D1] whether finiteness of V' implies nilpotence of
V©Iie The first result in this thesis is a refinement of the above statements. We
prove the following

Theorem 3.1. Let V be a finite vertex algebra and N = VI = (VLie)[oo}.
Then N -N = 0, and there exists a subalgebra U C V such that U™¢ is nilpotent
and V =U x N.

In other words, if V2 is not nilpotent, then the central series V[0 > VI 5
VI 5 .. stabilizes on an ideal N = VIl contained in Nil(V'). Moreover, the
quotient V/N embeds as a subalgebra of V' which is a complement of N, thus
realizing V' as a semidirect sum of V/N and N.

In order to prove the above statement, we study the adjoint action of VX%,
This is a finite solvable Lie conformal algebra and by the conformal version of
Lie’s theorem, its action can be triangularized. It is well known that the action



of a nilpotent Lie conformal algebra L on a finite C[0]-module M decomposes
it as a direct sum of generalized weight modules M?, ¢ € L*. When V is a
finite vertex algebra, and we consider the adjoint action on V of a nilpotent
subalgebra L C V%, [D1] shows that each V¢ is a nil-ideal, provided that its
weight ¢ is nonzero, whereas V° is a subalgebra of V.

Recall now that one may locate all Cartan subalgebras of a finite dimensional
Lie algebra by considering the largest subspace on which any given generic
element acts nilpotently. Here the situation is almost identical: if we choose
a generic element ¢ in a finite vertex algebra V', the largest subspace of V' on
which the adjoint action of a is nilpotent is a vertex subalgebra U C V such that
UL is nilpotent and self-normalizing in V%, provided a generates a nilpotent
subalgebra {a) in VL Moreover, the sum of the generalized weight spaces
V? ¢ 0, for the action of U equals VI and U = V? is clearly a complement
to it. The only technical problem is ensuring that we can choose a so that (a)
is nilpotent. We do this by proving a nilpotence statement in the more general
setting of Lie pseudoalgebras.

Let H be a cocommutative Hopf algebra over k. A Lie pseudoalgebra L
is a left H-module endowed with an H ® H-linear pseudobracket L @ L —
(H® H)®py L which satisfies axioms similar to those of a Lie algebra. Our main
example of a cocommutative Hopf algebra is the universal enveloping algebra
H = U(®) of a finite dimensional Lie algebra 9. When 0 = (0) and H =k, a
Lie pseudoalgebra is just a Lie algebra over k and when ? = C0, H = C[J], we
obtain a notion equivalent to that of a Lie conformal algebra.

Each finite representation M of a Lie pseudoalgebra L is obtained by giving
a Lie pseudoalgebra homomorphism L — gc M, where gc M plays a role similar
to that of glV in the Lie algebra setting. However gc M is not finite, and its
structure is highly noncommutative: for instance, in general an element of gc M
does not generate an abelian, or even solvable subalgebra of gc M. Neverthe-
less, there is a good control of solvable and nilpotent subalgebras, as one may
prove pseudoalgebra analogues of Lie’s and Engel’s theorems. In Section 2.6,
we prove the following statement on solvable subalgebras of gc M generated by
a single element, here a modification of a is an element which differs from a by
an element in the derived subalgebra of (a).

Theorem 2.40 Let M be a finite H-module and S be a solvable Lie pseudoalge-
bra generated by a € gc M. Then some modification @ of a generates a nilpotent
Lie pseudoalgebra.

We can exploit the above theorem to take care of our technical problem.
After choosing a generic element « in a finite vertex algebra V', we may modify
it so that it generates a nilpotent subalgebra of VX% but its weights are still
generic. Then the techniques that work in the Lie algebra setting easily carry
over to vertex algebras.

The description of finite vertex algebras given in Theorem 3.1 tells us how
to construct an example V for which V2% is not nilpotent: this is accomplished
in Corollary 3.3. We do so by choosing a commutative vertex algebra U and
constructing a representation of U on a free C[d]-module N of rank 1 in such
a way that at least one quantum field Y (u, z),u € U acts on N with negative
powers of z. Then the action of U on N has nonzero weights, and the cen-
tral series of (U x N)L stabilizes on N. This shows that the statements in



Theorem 3.1 cannot be further improved. In this example, there are vertex
algebra automorphisms fixing N but not U, thus showing that the semidirect
sum decomposition provided by the theorem is not canonical. We may now step
forward to the second part of the thesis, which uses the pseudoalgebra language
in the study of representations of certain linearly compact infinite dimensional
Lie algebras.

A Lie H-pseudoalgebra is an H-pseudoalgebra L endowed with a pseudo-
product a ® b — [a = b], called Lie pseudobracket, satisfying the following skew-
commutativity and Jacobi identity axioms:

[bxa)l =—(oc®@pgidy)[ax*b],
[[axb]xc]=ax*x[bxc]] — ((c ®idg) @ idy) [b* [a =],

where a,b,c € L, 0 : H® H — H ® H denotes the flip o(h ® k) = k ® h,
and expressions such as [[a * b] x ¢] are given a suitable meaning as elements of
(H® H® H)®p L, as described in Section 2.2.

The usefulness of the Lie pseudoalgebra language in the study of representa-
tions of infinite dimensional Lie algebras stems from the following observation.
Let L be a Lie pseudoalgebra over a (Noetherian) cocommutative Hopf algebra
H, and consider the tensor product £L = H* ® g L. When L is a finitely gener-
ated H-module, one may give £ a natural linearly compact topology; moreover,
setting

[z @ma,y@ub =Y (@h)yk') @uci, if [axb]=> (W ek)®yc,

endows £ with a Lie bracket which is compatible with the above topology. In
other words, £ is a linearly compact Lie algebra, which is called annihilation
algebra of L. Then, the concept of continuous discrete Lie algebra representation
of L is equivalent to that of Lie pseudoalgebra representation of L, as soon as
the representation space M satisfies the following technical condition,

forall h e H,l € L, m € M. Thus, if a certain linearly compact Lie algebra is
the annihilation algebra of some Lie pseudoalgebra, its representations may be
also studied by means of pseudoalgebraic techniques, which has been done, for
instance, in [BDK2, BDK3, BDK4].

Cartan and Guillemin’s study of linearly compact Lie algebras shows that
the Lie algebra Wy of all vector fields in N indeterminates, along with its sub-
algebras Sy, Hy, Ky of elements preserving a volume form, a symplectic form
and a contact structure respectively, exhaust all examples of infinite dimensional
simple linearly compact Lie algebras. All Lie algebras Wy, Sy, Ky are anni-
hilation algebras of simple Lie pseudoalgebras, and their discrete irreducible
representations all satisfy (0.3). As a consequence, the pseudoalgebraic tech-
niques may be used, and this leads to a complete understanding of irreducibles
for both the Lie algebras and the Lie pseudoalgebras. The description of ir-
reducible representations is done, in both cases, in terms of quotients of some
nice induced modules, called tensor modules, by maximal submodules. Tensor
modules are always irreducible, but for a finite number of cases. Such excep-
tional modules may be grouped in exact complexes — which are remindful of



the de Rham complex for Wy, Sy and of the Rumin complex [Ru] in type Ky
— which easily provide all the irreducible quotients.

Treating the remaining case Hy leads to two extremely odd features. The
first is that Hy is not the annihilation algebra of any Lie pseudoalgebra; there
exist, however, Lie pseudoalgebras whose annihilation algebra is the unique
irreducible one-dimensional central extension Py of Hpy. The Lie algebra Py
may be understood as the structure induced by the Poisson bracket on (formal)
functions in N = 2n indeterminates, its central ideal being spanned by constant
functions. When considering irreducible discrete representations of Py, one
finds that condition (0.3) is only satisfied if the action of Py factors via the
simple quotient Hy, so that the pseudoalgebra language may only effectively
handle irreducible representations of Hy. The other surprising aspect, when
working with Hy and its pseudoalgebraic counterparts, is that reducible tensor
modules group in an exact complex which is totally analogous to that used in
the contact case.

In this thesis, we provide an explanation for both of the above phenomena.
First of all, we generalize the concept of Lie pseudoalgebra representation to a
wider setting. If H is a cocommutative Hopf algebra and L is a Lie pseudoal-
gebra over H, an H-module M is a representation of L if it is endowed with an
H ® H-linear map

LeM—- (HRH)g M, a®@mra*xm
that satisfies (a,b € L, m € M)
[axblxm=ax(bxm)— ((0c ®idy) @ idar)(b * (a *xm)).

We generalize this construction by asking that M be a D-module, rather than
an H-module, where D is a comodule algebra over H, and providing an H ® D-
linear map LOM — (H®D)®pM, where the right D-module structure of H®D
is described by the comodule map of D: this is called a representation of L with
coeflicients in D. Once again, discrete representations of £ can be read in terms
of representations of L with coefficients in D only when the condition (4.34) is
satisfied. However, different choices of D impose different requirements on the
representation space, and one is thus able to treat all irreducible representations
of Py, and not only those factoring via Hp, by choosing a suitable comodule
algebra.

One of the ways of producing a new Lie pseudoalgebra from a given one is
by extending scalars. This has been considered in [BDK1] in order to provide a
complete description of simple Lie pseudoalgebras in terms of primitive ones. It
is usually implemented by taking a (Lie) pseudoalgebra L over H, and taking
its tensor product H' ® g L, where H’ is a larger Hopf algebra: H’ is then
an H-bimodule by means of the embedding homomorphism ¢ : H — H’, and
H @py L= Curg/ L is called current Lie pseudoalgebra. Similarly, whenever a
homomorphism (H,D) — (H',D’) of Hopf algebra-comodule algebra pairs is
given, one may extend scalars in order to obtain, from a pair (L, M), where L
is a Lie pseudoalgebra over H and M is a representation of L with coeflicients
in D, an extended pair (H' @y L, D’ @ p M) where the extended module is a
representation of the extended Lie H'-pseudoalgebra with coefficients in D’.

However, scalars may also be extended by using non-injective maps, and the
resulting objects still carry a (Lie) pseudoalgebra or representation structure.



When one applies this construction to a Lie pseudoalgebra of type K, using a
suitable Hopf algebra homomorphism, it is possible to obtain a Lie pseudoalge-
bra of type H. Similarly, it is possible to obtain from the Rumin-like complex
of type K the corresponding complex of reducible tensor modules of type H.

The most striking aspect of this construction is that from the Rumin-like
complex of type K, which is composed of representation with standard coef-
ficients, or ordinary representations — here we mean that D = H for such
tensor modules — one may extend scalars to obtain a complex of tensor mod-
ules with non-standard coefficients. These may be used in order to treat the
representations of Py that do not factor via Hy with the same strategy that
proves successful for Wy, Sy, Ky, Hy. Techniques analogues to those used in
[BDK2, BDK3, BDK4] should lead to a classification of all discrete irreducible
representations of the linearly compact Lie algebra Py .

Throughout this thesis all vector spaces, linear maps and tensor products
will be considered over an algebraically closed field k of characteristic 0. In
Chapters 1 and 3 we will assume that k = C.



Chapter 1

Vertex algebras and Lie
conformal algebras

We denote by N the set of nonnegative integers. We recall definitions and basic
results about Lie conformal algebras [DK] and vertex algebras [Bo, K]. Then we
review results from [D1], where a characterization of the Lie conformal algebra
structure underlying a vertex algebra V' which satisfies a finiteness assumption
is given.

1.1 Lie conformal algebras

In this section we recall the notion of Lie conformal algebra. Let C[d] be the
ring of complex polynomials in the indeterminate 9. A Lie conformal algebra is
a C[0]-module R endowed with a C-bilinear product, called A-bracket,

[Aa]: R®R — R[]
a®b —  Jaxb],

such that for any a, b, ¢ € R the following axioms are satisfied:
(C1) [9axb] = —=A[axb],  [ax0b] = (0 + A)[axb],

(C2) [axb] = —[b—5-xal,

(C3) [arlbuc]] = [bularc]] = [[arbla+pc]-

A derivation of a Lie conformal algebra R is a linear endomorphism D of R
such that for every a,b € R:

D[a)\b] = [Da,\b] + [a)\Db].
Then axiom (C1) shows that 0 is always a derivation of R.
A Lie conformal algebra is finite if it is finitely generated as a C[d]-module.

Example 1.1. Let g be a finite dimensional Lie algebra and R = C[0] ® g.
Then setting

[grh] =1[g,h], g, hegCCl®g,
extends uniquely by (C1) to a Lie conformal algebra structure on R, called cur-
rent Lie conformal algebra.



Example 1.2. Let R = C[0]L be a free C[0]-module of rank one. Then
[LAL] = (0 +2\)L,

extends on R to a structure of a Lie conformal algebra, called the (centerless)
Virasoro conformal (Lie) algebra and denoted by Vir.

Let Ri, Ry be Lie conformal algebras. A Lie conformal algebra homomor-
phism from Ry to Ry is a C[J]-linear map p : Ry — Rs such that

p([axb]) = [p(a)xp(b)], Va,be Ry.

Let R be a Lie conformal algebra, If A, B C R, then we denote by [A, B] the

n

linear span of all coefficient of polynomial [a)xb] = > ¢;\, a € A, b € B.

i=0
Then if B is a C[0]-submodule of R then [A, B] is a C[0]-submodule, and if A, B
are both C[0]-submodule of R then [A4, B] = [B, A]. A subalgebra A of R is a
C[0]-submodule A such that [A, A] C A. An ideal I of R is a C[0]-submodule
such that [R,I] =[I,R] C I. An ideal I of R is said to be central if [R,I] = 0.
The center Z(R) = {a € R | [axb] = 0, Vb € R} of R is the maximal central
ideal of R. A Lie conformal algebra R is abelian if [R, R] = 0, i.e., if R = Z(R).
R is a simple Lie conformal algebra if it is not abelian and its only ideals are
trivial.
The main theorem in [DK] shows that, up to isomorphism, the only simple finite
Lie conformal algebras are those described in Examples 1.1 and 1.2.
The derived series of a Lie conformal algebra R is defined inductively by

RO — g R+ — [R(’“),R(’“)L k> 0.

R is a solvable Lie conformal algebra if R¥) = 0 for sufficiently large K.
The central series of a Lie conformal algebra R is similarly defined by

RO = R, R+ = [R RIFI] k> 0.

R is a nilpotent Lie conformal algebra if RI¥] = 0 for sufficiently large K.

1.1.1 Linear conformal maps

In this section we introduce one of the most important examples of a Lie con-
formal algebra, gc V. It is the conformal analogue of the Lie algebra glV of all
linear endomorphism of a vector space V.

Let U,V be C[0]-modules. A linear conformal map from U to V is a C-linear
map ¢y : U — V[A] such that for any v € U

We denote by Chom(U, V') the vector space of all conformal linear maps from
U to V. It is also a C[d]-module via the action

99y (u) = =Ada(u).



Example 1.3. Let R be a Lie conformal algebra, a € R. The adjoint action
(ad a)y is defined as

(1.1) (ada)r(b) = [axb], Vbe R.

It is a conformal linear map from R to itself as follows by axiom (C1).

Lemma 1.4. Let U,V be C[0]-modules and ¢» € Chom(U, V). Then ¢x(u) =0
for any uw € TorU.

Remark 1.1. It follows by Lemma 1.4 that the torsion of a Lie conformal
algebra is contained in its center.

Let ¢ € Chom(U, V) and suppose that:
oa(u) = Zvi/\i.
i=1

We denote by ¢ - U the C[d]-submodule of V' generated by the v;. We will say
that ¢) € Chom(U,V) is surjective if ¢ - U = V. Let F C Chom(U,V) be a
family of conformal linear maps such that F-U = V. Then we say that F maps
U surjectively on V.

Example 1.5. The adjoint action ad R of R maps R surjectively on R'.

For U =V we denote Chom(V,V) by Cend V. If V is a finite C[0]-module
then setting:

(1.2) [DA]0 = PA(Yp—2v) = Pu-r(Bav),  b,% € Cend(V, V),

endows Cend V' with a Lie conformal algebra structure, denoted by gcV (see
[DK]).

Example 1.6. Let Vj be a finite dimensional vector space and V = C[0] ® Vj
be the corresponding free C[0]-module. A conformal linear map ¢ € Cend V
satisfies

(éx(p(Q)vo) = (0 + AN)Pa(vo),

so that we can identify Cend V' with (End V4)[0, A], where the C[0]-module struc-
ture on (End Vp)[0, A] is given via multiplication by —\. As a consequence,
CendV is a free C[0]-module of infinite rank. When V is a free C[0]-module
of rank N then the corresponding Lie conformal algebra structure on CendV is
denoted by gc .

1.1.2 Representation theory of solvable and nilpotent Lie
conformal algebras

In this section we review the structure theory of finite representations of solvable
and nilpotent Lie conformal algebras.
Let R be a Lie conformal algebra and V' be a finite C[0]-module. V is an
R-module, or a representation of R, if for any a € R a conformal linear map
ay : V. — V)] is defined, such that

(R1) (a)av = —Aayv,

10



(R2) [axD]

Example 1.7. Ewvery finite Lie conformal algebra R is a module on itself via
the adjoint action defined by (1.1). If ad : R > a — (ada)y € gc R then ad is
a Lie conformal algebras homomorphism and kerad = Z(R).

Al = ax(b,v) — bu(arv).

Lemma 1.8. Let R be a Lie conformal algebra and V' be an R-module. Then
a)v =0 for allv € TorV and ayv =0 for all a € Tor R.

Proposition 1.9. Let R be Lie conformal algebra, V a finite C[0]-module.
Then there is a one-to-one correspondence between R-modules structures on V'
and Lie conformal algebra homomorphisms R — gc V.

Remark 1.2. If R is a finite Lie conformal algebra then Proposition 1.9 implies
that gc R contains a homomorphic image of R, as R is an R-module via its
adjoint action. In particular, if R is centerless then we obtain an injective
homomorphism of Lie conformal algebras from R to gc R.

Let R be a Lie conformal algebra and V be a finite R-module. An element
a € R acts nilpotently on V if

ax, (a>\2(. .. (CL,\n’U) ...)) =0,
for a sufficiently large n.

Theorem 1.10. [Conformal version of Engel’s theorem] Let R be a finite Lie
conformal algebra. If any a € R has a nilpotent adjoint action then R is a
nilpotent Lie conformal algebra.

Let R be a Lie conformal algebra and V be a finite R-module.
Let ¢ : R —> C[)\] be a C[0]-linear map, i.e., a C-linear map such that for every
a,b € R:
¢8a (>\) = _)\Qba ()‘)7
¢a+b()\) = ¢a(>\) + (bb()\)y
where the structure of a C[0]-module on C[}] is given by multiplication by —.
We define
Vo ={v eV |av=¢q.(Nv, Ya € R}.
If Vi # 0 then we call ¢ a weight for the action of R on V and nonzero elements
v € Vy weight vectors of weight ¢ or ¢-weight vector. V, is always a vector
subspace of V' and it is also a C[d]-submodule for ¢ = 0.

Theorem 1.11. [Conformal version of Lie’s theorem] Let R be a solvable Lie

conformal algebra and V' be a finite R-module. Then there exists a weight vector
vand ¢: R>a— ¢u(N) € C[A such that ayv = ¢o(A)v for all a € R.

Now we define
Ve =0, Vi, ={veV]aw—¢.(NveV ae R}, i>0.
This is an increasing chain of subspaces of V. We call

V¢:UVi¢

the generalized weight subspace of weight ¢. Some of the properties of V¥ are
described in the following

11



Proposition 1.12. Let V' be a finite R-module. Then:
e V? is a C[d]-submodule of V,
e V/V? has no ¢-weight vectors. In particular, V)V is torsion free,
o ifpF# 1 thenVoNVY =0.
For nilpotent Lie conformal algebras we have

Theorem 1.13. Let R be a nilpotent Lie conformal algebra and V' be a finite
R-module. Then V decomposes as a direct sum of generalized weight subspaces
for the action of R.

Remark 1.3. Let R be a Lie conformal algebra, V be a finite R-module and
a € R. We denote by (a) the subalgebra of R generated by a. Saying that a € R
acts nilpotently on V is equivalent to say that V = V° with respect to the action

of {(a) on V.
The following results will be useful later.

Lemma 1.14. Let R be a finite Lie conformal algebra and {R[k]} be its central
series. If tk Rl = vk RIFH1 for some k then RIFHY = RIF2]

Proof. Tf tk RI* = rk RIF+1 then RIFI/RIF+1] is a torsion C[0]-module. As a
consequence any conformal linear map maps RI¥] / RIF+1] to zero. By construc-
tion the adjoint action of R maps RI/RIFH1 surjectively on RIF+1/RIF+2],
Since all these maps are zero then we have RFTH = RIk+2], O

Proposition 1.15. Let R be a finite Lie conformal algebra. Then its central
series {RIF} stabilizes to an ideal of R which we denote by R[>

Proof. Since R is finite there exists an index k such that the hypothesis of
Lemma 1.15 is satisfied. O

Corollary 1.16. If R is a finite Lie conformal algebra then R/R[Oo] is nilpotent.
In particular, R is nilpotent if and only if Rl = 0. If N is an ideal of R such
that R/N s nilpotent then N D RI>l,

1.2 Vertex algebras

We will use the following definition of a vertex algebra given in [K].

Let V be a complex vector space and (End V)[[z,27]] be the space of End V-
value formal distributions. An element ¢(z) € End(V)[[z,271]] is called a field
if for any v € V it satisfies ¢(2)(v) € V[[z]][z7}] = V((2)). In other words, if we

write ‘
$(2) = ¢z
JEL
then ¢x(v) should vanish for sufficiently large N = N(v) > 0.

The data (V,1,0,Y), where 1 € V, 9 € EndV and Y : V — (End V)][[2, 27 !]]
is a vertez algebra if the following properties are satisfied

(V1) Field axiom: Y (a,z) is a field for every a € V.

12



(V2) Locality axiom: for all choices of a,b € V, there exists N such that

(z —w)N[Y(a,2),Y(b,w)] = 0.

(V3) Vacuum axiom: the vacuum element 1 satisfies

01=0, Y(1,2) =idy, Y(a,2)1l € a+ 2V([[7]].
(V4) Translation invariance:

[0,Y (a,z)] =Y (0a,z) = dizY(a,z).

As a consequence of the axioms any vertex algebra V satisfies the following
(V5) Skew-commutativity:

Y (a, 2)b = e*Y (b, —2)a.

Y is called linear state-field correspondence. Fields Y (a,z) are called wvertex
operators or quantum fields. V has a natural structure of a C[0]-module. A
vertex algebra is finite if it is finitely generated as a C[d]-module.

Remark 1.4. Notice that 1 € TorV, so V is never a free C[0]-module.

Let V be a vertex algebra and
Y(a,z) = Za(j)z*jfl
JEZL

be a vertex operator. For any b € V', j € Z, we denote the elements a;(b) € V
by a¢jyb € V. One may view the a(;)b as (infinitely many) bilinear products on
V. Notice that by (V4), 0 is a derivation of all such products.

Let o
0(z—w) = Zw]z_J_l
JEL

be the Dirac delta formal distribution. We denote by 6\) the j-th derivative of
d(z — w) with respect to w. Locality (V2) is equivalent to

N-1 50
(13) [Y(a,z)ﬂ’(b,w)] = Cj(w)f

i=0 I
If Y(a,z) = Y agjz~7~! then the (uniquely determined fields) ¢;(w) in (1.3)

JEZ

are vertex operators Y (c;, w) corresponding to elements c; = a;b.

Another way to define new vertex operators is given by the normally ordered
product or Wick product that is

:Y(a,2)Y(b,w) :=Y(a,2):Y(b,w) + Y (b,w)Y (a,z)_,
where

Y(a,z)- = Z“(j)zfjflv Y(a,2)+ = Za(j)zﬂ;l.

720 j<0
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:Y(a, 2)Y (b,w) : is a vertex operator and equals Y (a(_1)b, 2).
Let V1, V5 be vertex algebras. A vertex algebra homomorphism p from Vi to V5
is a C[J]-linear map p : V3 — V4 such that

plab) = p(a);)p(b), Va,beVi, jeL.
A derivation D of a vertex algebra V is a linear endomorphism of V' such that
D(ag;yb) = (Da)jb+ ag(Db), Va,beV,jeL.

A derivation D of a vertex algebra V' is nilpotent if there exists sufficiently large
N such that DV = 0. In this case the exponential eP of D is a well defined
automorphism of V. In particular, it is an automorphism of every C-bilinear
product a;)b.

Remark 1.5. The same is true for locally nilpotent derivations D of V' or when

some suitable notion of convergence applies to eP.

Let V' be a vertex algebra. Then the elements a(;) € EndV,a €V, j € Z,
span a Lie algebra with Lie bracket given by

m

(1.4) lagy, bay] = Z (Z.)(<1(i)b)(j+k_i)7 a,beV,m,n eZ.
i>0

Equation (1.4) shows that a(y) € EndV is a derivation of V, for all a € V.

Let A, B be subsets of V. We denote by A - B the C-linear span of all a(;b of

any Y (a,z)b, withae€ A, be B, j € Z:

A- B =span{a;b|ac Abe B,jecZ}.

Then, if B is a C[0]-submodule of V then A - B is a C[d]-submodule too and if
A, B are both C[d]-submodules of V' then A - B = B - A. Moreover, any subset
A of V is always contained in the C[d]-submodule A - V. In particular, for any
a€V,a-V==Ca-V is a C[d]-submodule containing a. A subalgebra U of a
vertex algebra V' is a C[d]-submodule containing 1 such that U-U = U. An ideal
I of a vertex algebra V' is a C[0]-submodule such that -V = V. A proper ideal
I of a vertex algebra V cannot contain the vacuum element 1. A vertex algebra
V' is simple if its only ideals are trivial. A vertex algebra V is commutative if
[Y(a,2),Y(b,w)] =0 for any a,b € V. Equivalently, V' is a commutative vertex
algebra if a(;yb = 0, Va,b € V, j € N. The center Z(V) of a vertex algebra V'
is defined as the subspace

Z(V)={ceV|agmc=0=cya, YacV,jecZ}.

1.2.1 The nilradical Nil V'
Let V be a vertex algebra and I be a vertex ideal of V. We set
I"=1, 1 =71.1F k>1.

I is a nil-ideal of V if I* = 0 for a sufficiently large value of k. The sum I; + I,
of nil-ideals is a nil-ideal. If I2 = 0 then I is an abelian ideal of V.
An element a € V is nilpotent if

(1.5) Y(a,z1)Y (a,22)...Y(a,zx)a =0,
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for a sufficiently large value of k.

It is shown in [D3] that (1.5) is equivalent to ask that the ideal generated by a,
which equals a -V, is a nil-ideal of V. If a € V is such that Y (a, z)a = 0 then
a -V is an abelian ideal of V. If V is finite then there exists, by Noetherianity,
a unique maximal nil-ideal of V. We call this ideal the nil-radical of V', and
denote it by NilV. It contains all nilpotent elements of V' and the quotient
V/NilV has no nonzero nilpotent elements.

1.2.2 The Lie conformal algebra V%*
Let V be a vertex algebra. We define for any a,b € V' the following A-bracket:

Y
[axtl = Tmb:

JELy
It endows V' with a Lie conformal algebra structure that we denote by V.

Example 1.17. Let V be a unital associative commutative algebra and d be a
derivation of V. Y(a,z)b = (e*%a)b, a,b € V, endows V with a vertex algebra
structure, in which the vacuum element is 1 and 0 = d.

Example 1.17 describes the trivial case of a vertex algebra structure. It

occurs if and only if all vertex operators of V are regular in z, ie., if V is a
commutative vertex algebra. This last assumption is equivalent to saying that
the corresponding Lie conformal algebra structure V1% is abelian. It is shown
in [Bo] that in this case setting a - b = Y (a, 2)b |,=0 endows V with a differen-
tial commutative associative algebra structure, which completely determine the
vertex algebra structure as in Example 1.17. This is the only possible vertex
algebra structure on a finite dimensional vector space V.
Notice that while any ideal I of a vertex algebra V is also an ideal of V% the
converse is not true in general. For example, C1 is always a central ideal of the
Lie conformal algebra structure but it is never an ideal of V. We notice also
that being an abelian ideal of V' is a stronger requirement than being an abelian
ideal of Ve,

Remark 1.6. If A, B are subsets of a vertex algebra V then recall that the
subspace [A, B] of V is defined as

[A, B] = span{a(;b | a € A,b € B,j € N}.

In [D3] it is shown that if A, B,C are subspaces of vertex algebra V then
[A,B]-C C [A,B-C]. As a consequence, if I is a vertex ideal of V then [A, I]
is an ideal of V for any subspace A of V. In particular, the elements of the
derived series and of the central series of V7€ are all ideals of V.

1.2.3 Finite vertex algebras

In this section we recall results from [D1, D2, D3], where the effects of a finiteness
assumption for a vertex algebra V are investigated. It turns out that under
this finiteness assumption the underlying Lie conformal algebra V%% has good
algebraic properties. Precisely,

15



Theorem 1.18. The following statements hold:

e if V is a finite simple vertex algebra, then V' is trivial, i.e., all quantum
fields from V' commute with each other;

o if V is a finite vertex algebra, then V% is a solvable Lie conformal algebra;

e if V is a finite vertex algebra, then (V/Nil(V))L% is nilpotent. In partic-
ular, if Nil(V') = 0 then VL is nilpotent.

A natural question which comes from Theorem 1.18 is to investigate if V2%
is always nilpotent whenever V is a finite vertex algebra. In the third chapter
we solve negatively this question by giving a counterexample, whose construc-
tion naturally comes out from a refinement of Theorem 1.18 that we prove in
Theorem 3.1.

1.2.4 The adjoint action of V%* on V

Let V be a finite vertex algebra. The adjoint action of V% on V endows
V with a structure of a V% *module and gives rise to a homomorphism of
conformal algebras from V%% to gcV. By Theorem 1.18 we know that V1
and its Lie conformal subalgebras S are solvable. As V is a finite V “**-module
then Theorem 1.11 holds. This follows by Lemma 1.8 that the vacuum element
is a O-weight vector for the action of any subalgebra S C V% on V. Properties
of the generalized weight subspaces V¢ for the adjoint action of a Lie conformal
subalgebra S on a finite vertex algebra V are studied in [D1].

Proposition 1.19. Let V be a finite vertex algebra and S be a subalgebra of
Ve Denote by Vg) the generalized weight subspaces for the adjoint action of
S onV. Then:

. Vg is an ideal of V' for every ¢ # 0,
o if ¢ and i are distinct weights for the adjoint action of S on V then
Ve Ve cvity,
e as a consequence, if ¢ # 0 then Vg) . Vg =0, hence VS¢ C Nil(V).
This follows by Proposition 1.19 that V¢ is a subalgebra of V and
0
vit=> V¢
70

is an abelian ideal of V.

Our goal is to continue the investigation of finite vertex algebras. In order to
do so, we study the effects of a solvability assumption for the subalgebras of
gcV generated by a single conformal linear map a. We approach this problem
in the second chapter in the more general context of Lie pseudoalgebras and
then apply Theorem 2.40 in the case of Lie conformal algebras to obtain the
description of finite vertex algebras stated in Theorem 3.1.
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Chapter 2

Lie pseudoalgebras

In this chapter we review Lie pseudoalgebras and their representations [BDK1],
especially in the case of solvable and nilpotent structures. At the end of the
chapter, in Section 2.6, we state and prove our result on 1-generated solvable
subalgebras of gc M, where M is a finite H-module: up to a “modification” of
the generator they are essentially nilpotent.

2.1 Hopf algebras

In this section we review the definition of a Hopf algebra and we fix our notation,
according to [Sw].

A bialgebra H is a unital associative algebra H endowed with a coproduct
A:H — H® H and a counit ¢ : H — k such that A is a homomorphism
of associative algebras and the following coassociativity and counit aziom are
satisfied,

(2.1) (A® idg)A(h) = (idg @ A)A(h),
(6 X ldH)A = (ldH ®€)A =idgy,
where in (2.2) we use k @ H ~ H ~ H k.
By use of Sweedler’s notation, A(h) = h(1y ® h(2), h € H, we can reformulate

the fact that A is a homomorphism of associative algebras and the counit axiom
as,

[P0y ®@([9De = fmam @ f2)9e)
E(h(l))h(g) = h(l)e(h@)) = h
An antipode of a bialgebra H is a map S : H — H such that S is an antiho-
momorphism satisfying:
(2.3) S(hay)h@) = hi—1yhe) = €(h) = hayh(—2) = h)S(hz)),

where in (2.3) we use the notation S(h(1)) = h(—1).

A bialgebra H endowed with an antipode S is called a Hopf algebra. A Hopf
algebra H is said to be cocommutative if h(y ® hig) = h) @ h(y for any h € H.
Whenever H is a cocommutative Hopf algebra its antipode S is an involution,
ie., S? =idy.
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Example 2.1. Let G be a group and kG its group algebra. There exists a unique
cocommutative Hopf algebra structure on kG satisfying

Alg)=g® g, e(g)=1, S(g)=9g"", VgeG CkaG.

Example 2.2. Let 0 be a finite dimensional Lie algebra and U(D) be its universal
enveloping algebra. There exists a unique cocommutative Hopf algebra structure
on U(D) satisfying

A@)=0®1+1® 0, €(d) =0, S() =-0, YdecdcCUd).

Remark 2.1. If 0 is an abelian finite dimensional Lie algebra then the con-
struction given in Example 2.2 endows the symmetric algebra S(d) = U(D) with
a structure of a cocommutative Hopf algebra.

Let (Hy,A1,S1,€1), (Ho,Ag, Sa,€2) be Hopf algebras. An associative alge-
bra homomorphism ¢ : Hy — Hs is a Hopf homomorphism from Hy to Hs if
for any h € H; it satisfies:

(2.4) Az(p(h)) (¢ @ ¢)A1(h),
(2.5) e2(o(h)) e1(h).

Let (H, A, S, €) be a Hopf algebra. We denote the n-fold tensor product H ® -+ - @ H
—_——

n times

of H simply by H". It leads to no confusion with the standard notation for the
cartesian product since the last one is never involved in this work.
We set A1 = A and
Ap;i=ldp®--® A ®---®idyg): H* — H"Y )
i-th place
form>2,i=1,...,n.
Then we define
A" = Ani, ©An-1i,_, 00Dy 0 Ay,

for 1 <ip < k <mn, sothat A' = A and A" : H — H"*!. Coassociativity
shows that A™ does not depend on the choice of the indices i.

We obtain the generalized associativity property, i.e., for every h € H we can
write

A™(h) = (idg ® A" 1)A(R).

In the same way it is possible to obtain many different relations in H", like for
example [Sw]:

(2.6) (dp® - ®e®- ®@idy)A™ = A" (h).

The homomorphism A”~! : H — H™ makes H" into a left and right H-
module. For any n > 1 the generalized Fourier Transform F,, [BDK1, Kol] is
the map F, : H"*! — H"*! defined by:

Folhi @ @hp @ f) = h1f(—p) @+ @ hnf(—1) ® fnt1),

where A™(f) = f1) @ -+ ® fin) ® fn41)-
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Lemma 2.3. The generalized Fourier Transform F, : H"t' — H"1 is an
isomorphism of vector spaces for any n > 1.

Proof. The following map:
]."7:1 . gntl — Hntl
h®@--Q@h,®f hlf(1)®"’®hnf(n)®f(n+1),

is both a left and right inverse of F,,. This follows from a repeated application
of (2.6). O

For n = 1 we will often denote F; simply by F. As a direct consequence of
Lemma 2.3 we have

Proposition 2.4. Let H be a cocommutative Hopf algebra and let {h; |i € I}
be a k-basis of H. Then every element f € H™t', n > 1, can be uniquely written
as

f= Z (hiy, @ - Q@hi, @1).g45,,.. i Gi,...in, € H.

i1,00nin

In other words, H"*' = (H" @ k)A™(H).
Proof. Observe that
]_‘n—l(h1®...®hn®f):(h1®-~-®hn®1).f, f€eH,

and that, for every fixed k-basis {h;} of H every f in H can be uniquely written
as a k-linear combination of A;’s. O

Corollary 2.5. Let H be a cocommutative Hopf algebra and M be a finite H -
module. Then every element of (H @ H)®y M can be uniquely written in the
form

(2.7) m=> (ke )@ m;,

for a suitable choice of h* € H, m; € M.
We will call (2.7) the left-straightening of (H ® H)®pg M.

Remark 2.2. If H is a cocommutative Hopf algebra there exist “right” ana-
logues of Proposition 2.4 and Corollary 2.5. Precisely, equality H""' = (k ®
H™A"(H) holds and for any H-module M there exist k' € H and m; € M
such that every element of (H ® H)®pg M can be uniquely written in the form

(2.8) m = Z(l ® kY@ m).

Formula (2.8) is called the right-straightening of (H @ H)®py M.
The following claim follows from linear algebra.

Lemma 2.6. Let M, N be vector space, « € M & N. Then there exists a (non
unique) choice of finitely many linear independent elements {m;} C M, {n;} C
N such that « = > m; @ n;; moreover M, = span{m;) and N, = span(n;) only

depend on «. In particular, if M',M" C M, N',N" C N are linear subspaces,
then (M’ @ N') N (M" @ N") = (M' 0 M") @ (N’ 0\ N").
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Lemma 2.7. Let H be a cocommutative Hopf algebra and A be a finite H-
module. For any n > 1 the map,

T * H"M oy A — H'"® A
(M® - @h,@k)@ma = hikp) @---hok_1) @ k@nya,

where A" (k) = k) ® -+ ® k(ny1y, is an isomorphism of vector spaces.
Proof. First of all we have to check that 7, is a well defined, i.e., it must satisfies
T ((h1 @+ @by @ k)®p k'm) = 1 (R (1) @ - -+ @ bk () @ kK (1))@ m).
By definition of 7, we have:
Tn((h @ -+ @ hy @ k)®p k'm) = hik(—p) @ -+ @ hpk(_1) ® Ky k'm,

and

Wn((hlk/(l) R ® hnk/(n) ® kk/(n+1))®H m)

= Mk Wk (omkn) © - © hn K n K (cn-2)k(-2)

© hnk' )k (—n-1)k(-1) @ knin)k @nsnym

= Ik WK (Coninkon) @ - @ hna K )k (noyk-2)

@ hne(K () k(—1) @ k(ng) K (2nym

=k Wk onp )k © - ® btk (1) (K ()K (cn-1)k(-2)

© hnk(—1) @ ki) K emym = K )k (on i)k ® -+

© hn 1K 1)K (- k(—2) © hnk(-1) @ ko 1)K 2n-1ym

== hkn) © @ hpk(C1) @ k(g k'm.
A straightforward computation proves that:

()" H"® A — H" " op A
M - Qh,Qa +— (h1®"'®hn®1)®Ha’

is both a left and right inverse of m,. O
For n =1 we will often denote the map 7 simply by .

Lemma 2.8. Let H be a cocommutative Hopf algebra and M be a finite H-
module. If m € M 1is not a torsion element then a®@ygm = 0 if and only if
a =0, where a is an element in H ® H.

Proof. Let Hm be the cyclic module generated by m. Since m is not a torsion
element, i.e., there not exists h € H such that hm = 0, the map v sending h to
hm is an isomorphism of vector spaces from H to Hm. Let

a=) oy cH® H.
By Lemma 2.7 we have
(2.9) m((a®p m)) = Z By 1y ®7' (ym € H® Hm.
Applying (idg @y 1) to (2.9) we obtain 3 9" (_1)@7' (3) = . Since F (o) =

« and all these maps are isomorphisms of vector spaces we have the state-
ment. O
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Let 0 : H® H — H ® H be the unique k-linear map which satisfies
(h® k)’ =k h.

We will call o the flip map of H® H. If hi ® - - ® hy, is an element of H" then
we denote by o;;, ¢ < j, the unique k-linear map from H™ to H™, n > 2, such
that

(hl®"'®hz‘®"'®hj®"'®hn)au:(hl®"'®hj®"'®hi®"'®hn),

i.e., 0y; is the flip map applied to the i-th and j-th component of any expression
in H™.

2.2 Pseudoalgebras over H

In this section we recall the notion of pseudoalgebra over a Hopf algebra H. All
unproved statements are taken from [BDK1].

Let H be a Hopf algebra and A be a left H-module. An H -pseudoproduct on A
is a H ® H-linear map

x: A A — (H® HoyA
a®b ax*b,

where we consider (H ® H)®py A with its structure of an H ® H-module.

A pseudoalgebra over H or an H-pseudoalgebra is a left H-module A endowed
with an H-pseudoproduct. We say that a pseudoalgebra A is finite if it is finitely
generated as an H-module.

Let A be an H-pseudoalgebra with an H-pseudoproduct *. The expanded pseu-
doproduct [BDK1, Kol] is an H™""-linear map

x: (H"ogA)® (H'@g A) — H™"®p A,
defined as
(2.10) (Fopa)* (Gogb) = (F@G)(A™ '@ A" '@y ida)(a *b),

where '€ H™ G € H",a,b € A, m,n > 1.
We say that an H-pseudoalgebra A is associative if

(2.11) ax(bxc)=(axb)x*c,

for any a,b,c € A.

Both sides of equation (2.11) lie in H3*® g A and are defined by use of (2.10).
An H-pseudoproduct is said to be commutative (resp. skew-commutative) if for
any a,b € A it satisfies:

(2.12) axb=(bxa)’ (resp. axb=—(bx*a)’),

where by o we mean the map o®p id4.
An H-pseudoproduct [ * ]is called a Lie pseudobracket if it is skew-commutative
and it satisfies the Jacobi identity

(2.13) [[a*b] % c] =[ax*[bxc]] —[b*[axc]”?,
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where (2.13) is an equality in H3® 5 A and 01 denotes the map (c®idy)®g ida.
An associative pseudoalgebra (resp. a Lie pseudoalgebra) over H is an H-

pseudoalgebra endowed with an associative pseudoproduct (resp. a Lie pseu-
dobracket).

Remark 2.3. Notice that one may define associative pseudoalgebras over arbi-
trary Hopf algebras, whereas cocommutativity is necessary for handling Lie or
commutative pseudoalgebras since otherwise (2.12) is not well defined.

Remark 2.4. If (A, ) is an associative pseudoalgebra over a cocommutative
Hopf algebra H then the following map

(2.14) [axbl = (axb)— (bxa)’, a,be A,

is a Lie pseudobracket and endows A with a structure of a Lie pseudoalgebra
over H.

Example 2.9. If H = k then H® H ~ H and A = idx. In this case the
azioms of an associative H-pseudoalgebra (resp. of a Lie H-pseudoalgebra) are
equivalent to those of an ordinary associative (resp. Lie) algebra over k.

Example 2.10. Let 0 = kO be a one dimensional Lie algebra over k. Then
H = U®) = Kk[9] has a natural cocommutative Hopf algebra structure. The
azxioms of Lie pseudoalgebra over H are then equivalent to the axioms of a Lie
conformal algebra given in Section 1.1.

The equivalence between the A-bracket and the pseudobracket [ * | is given by

[a*b]:ZB(@@ 1,1® 0)®@pe; «— [axb] = ZP -\ 0+ Ne

Lie pseudoalgebras over a cocommutative Hopf algebra H can be viewed as a
multivariable generalization of Lie conformal algebras.

Example 2.11. Let g be a finite dimensional Lie algebra over k, H be a co-
commutative Hopf algebra. Then setting

(1®a)x(1®b)]=01® Hey(1® [a,b]), a,beg,

extends uniquely by (H ® H)-linearity to a Lie H-pseudoalgebra structure on
Curg = H ® g, with H acting on the first tensor factor, called current Lie
pseudoalgebra.

Example 2.12. Let W () = H® 0, where 0 is a finite dimensional Lie algebra
over k. Then setting

(1®a)*x(1®b)] = (10 1)oy (18 [a, b)) —(1® o)y (1R b))+ (b® 1)@y (18 a),

extends uniquely on W () to a structure of a Lie pseudoalgebra over H, called
Lie pseudoalgebra of type W.

Example 2.13. Let M = H ® My be a free H-module, where My is a finite
dimensional vector space over k with a trivial action of H. Let Cend M =

H® H ® End My. Then setting

(1®a®A)*(1®b®B)=(1® aq))®u (1@ bap) ® AB),
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extends uniquely on Cend M to a structure of associative pseudoalgebra over H,
with H acting on the first tensor factor. We will see in the sequel that this is the
associative pseudoalgebra over H of all H-pseudolinear maps from M to itself.
The Lie H-pseudoalgebra obtained from Cend M by (2.14) is denoted by gc M.

Let Ly, Lo be Lie pseudoalgebras over H. A Lie pseudoalgebra homomor-
phism from Ly to Lo is an H-linear map p : Ly — Ly such that

(215)  ((idy @idm)@m p)(axb) = [p(a) * p(B)], Va,b€ Ly.

Let L be a Lie pseudoalgebra over H, a,b € L and {h'} be a k-basis of H. Then
[a * b] can be uniquely written in the form

[a * b] = Z(}’LZ & 1)®H €;.

(3

We will call the elements e; € L the coefficients of [a x b]. If A, B are two
subsets of a Lie pseudoalgebra L then we denote by [A, B] the H-submodule
generated by all coefficients of [a x b], where a € A, b € B. A subalgebra of a Lie
pseudoalgebra L is an H-submodule N such that [V, N] C N. An ideal of a Lie
pseudoalgebra L is an H-submodule I such that [L, I] C I. A Lie pseudoalgebra
L is simple if its only ideals are trivial and L is not abelian, i.e., if [L, L] # 0.
A Lie pseudoalgebra is semisimple if it contains no nonzero abelian ideals.
The derived series of a Lie pseudoalgebra L is defined as usual as

LO = pk+h = [L(k),L(k)], k> 0.

L is a solvable Lie pseudoalgebra if there exists K such that L(5) = {0}.
The central series of L is

Lo = e+l — [L7L[k]] k>0.

)

L is a nilpotent Lie pseudoalgebra if LIK] = {0} for sufficiently large K.

As usual subalgebras and quotients of solvable (resp. nilpotent) Lie pseudoal-
gebras are solvable (resp. nilpotent).

Let H* = Homy(H, k) and v € H*. Then we have the following

Proposition 2.14. Let L be a Lie pseudoalgebra over H. For any v € H* the
map
7: H® H) gL — L
(h® k)®pa — 'y(hk(,l))k(g)a.

is well defined.
Proof. We have to check that for any g € H the condition
7((h® k)®n ga) = 7((hga) @ kg(2))®u a)
is satisfied. Indeed
7((hga) ® kg2))®m a) =v(hga)g-2)k-1))k2 9@)a = v(he(ga))k-1))ke 9@)a

= y(hk—1))k@)e(g1))92)a = v(hk—1))k@2)ga
=7((h® k)@ ga).
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Remark 2.5. The map 7 defined in Proposition 2.14 equals (7 ® idp) o .
If L is a Lie pseudoalgebra over H and [a * b] = Y (h! ® k)@ 5 e; then we

call the elements 7([a * b]) € L the v-coefficients of [a * b]. Notice that if S is a
subalgebra of L then all the y-coefficients of products of elements in S still lie
in S.

2.2.1 Extending scalars with pseudoalgebras

Let H, H' be Hopf algebras, A be an associative H-pseudoalgebra and ¢ : H —
H'’ be a Hopf homomorphism. Then ¢ endows H’ with a right H-module struc-
ture so that we may consider the tensor product H'® g A for any left H-module

A.

Proposition 2.15. The left H'-module A’ = H' @y A has a structure of asso-
ciative H'-pseudoalgebra satisfying:

(2.16) (W®ua)« (Koub) =Y (Wo(h') @k o(k') @ (124 €:),

3

ifaxb=> (M@ k)®ge;, a,be A.

Proof. First of all we have to check that (2.16) gives a well defined map.
Let h,k € H, then

(W@g ha) * (K@g kb) =Y (Wo(hh') @ k'¢(kk')) @ (105 €;)

= Y (Wo(h)o(h') @ Ko(k)o (k) @ (15 e;)
= (W(h)@u a) * (K ¢(k)u b).

We also have to check that for any h € H the elements > (h! ® k*)®py he; and

S (h*h(1) @ k*h(2))®@p €; define the same element in (H' @ H') @+ (H'®y L).

Iildeed,
S (o(h) @ (k") @ (1@m he;) =32

7

It is an H' ® H'-linear map by the very definition.
We are left with proving that (2.16) is an associative pseudoproduct. Let

a*xb= Z(hZ ® ki)®H e, € *xc= Z(h” ® kij)®H €ijs
i J
so that by (2.10) we have
(axb)*xc= Z(hihéi) ® k:ihg) ® k)@ e

.3
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Then

(W®ya) = (k’@H b)) * (I'®y c)
= (L (Wo(h') @ K ¢(k')) @u (10 €;)) * ('®p c)

= W) @ Ko(k) @ 1)(5 @ 1)1 e0) » (10 ¢
= SO @ K)600) & ok S (12 )
= SOl nY) @ Kolkihf) & Vo) on (19m ).
Similarly, if N N
#(bxe) = (f7® flgl, ®g'9p)®n dij.
0,J
then

(h/®H a) * ((k/@)H b) *
= (W®pg a) * Z( fHale(gh) @ (10 d;)

o(f")
= (1K) ol d)g 13)(1 A)(W@u a) x (10x di)
(f

('®m c))
®l

g
= 207 @ Ko(f)9(0") ) @ 10(a )09 ) ) ©rr (101 dig)
= Z Wo(f) @ Ko(figd) @ Ud(9'93) @ (10m dij).

Since a * (b c) = (a xb) * ¢, we have
(W@ a)x (Konrb)« ('enc) = (Nona)* (K@ b)) ('@ c),
O

Remark 2.6. A more conceptual proof of the above statement follows from the
fact that if p : A® A — (H® H)®yx A is a H-pseudoproduct on the left
H-module A then the corresponding H'-pseudoproduct on H' @y A is given by
the sequence of compositions

(H,®HA) ® (H/®HA) -~ (H/ ®HI) QHe H (A@A) (id g/ ®idi/>)®H®Hﬂ

(H 9 H)®pon (H® HogA) — (H @ H)og A — (H @ H') @ (H @5 A).

Then associativity, commutativity, skew-commutativity, Jacobi identity, on A
imply the corresponding properties on k@ g A, hence on all of H' @y A by (H' @
H')-linearity.

As a consequence of Remark 2.6 we have that if L is a Lie H-pseudoalgebra
then L' = H'®py L has a structure of Lie H'-pseudoalgebra satisfying:

(2.17) [(W®ua)« (Koub)] =Y (W(h') @ Ko(k") @u (104 €;),

if [a * b] = z:(hZ X k‘z)®H €;.

We will say that A’ (resp. L’) is obtained from A (resp. L) by extension of
scalars or base change. Let ¢ : H — H’' be a Hopf homomorphism, L be
a Lie pseudoalgebra over H. Then we denote by BCy(L) := H'®py L the Lie
pseudoalgebra over H' obtained from L by extension of scalars. Similarly, if
p: L1 — Ly is a Lie H-pseudoalgebra homomorphism, we set BCy(p) =
idg: ®pg p. Let PsAlgg be the category of Lie pseudoalgebras over H.
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Theorem 2.16. Let H, H' be cocommutative Hopf algebras, ¢ : H — H' be
a Hopf homomorphism. Then BCy : PsAlgy — PsAlgy: is a (covariant)
functor.

Proof. As clearly, for any choice of Lie H-pseudoalgebras Ly, Lo, L3, p € Mor(L1, La),
w € Mor(Lg, L) we have BCy(u) 0o BCy(p) = BCy(p 0 p) and BCy(idr) =
idpc,(z) we are left with proving that if p € Mor(PsAlgy) then BCy(p) €
Mor(PsAlgy). Let p: Ly — Ly be a Lie H-pseudoalgebra homomorphism.
Notice that BCy(p) is well defined since both idg+ and p are H-linear maps.
Moreover,

((dygr ®@idg/) @p- BC¢(,0))(1®H a)* (1®yb)

= ((dyg' ®idy/) @p- (idH/ QH p))(1®H a) * (1®H b)

= ([dp ®@idg') @ (10 pla*b)) = (1&u p(a)) * (104 p(b))
= (BCy(p)(1®w a)) = (BCy(p) (12 b)),

By (H' ® H')-linearity this proves that (2.15) is satisfied. O

Notice that if ¢ = idy then BCiq,, = id and if i : H — H' is the inclusion
of H in H' then BC; coincides with Curg/ (see [BDK1] for a definition).

2.3 The annihilation algebra of a Lie pseudoal-
gebra

In this section we present the construction given in [BDK1] which consents to
associate to any Lie pseudoalgebra L an infinite dimensional Lie algebra L.

2.3.1 Filtration and topology on H and X

Let ® be a finite dimensional Lie algebra and {d;,...,0x} be a k basis of 0.
Its universal enveloping algebra U (9) has a Hopf algebra structure, that we
explicitly described in Example 2.2.

We set:

(2.18) O = giv . 9N Jig) - in), T =(iy,...,in) € ZY.
Then {0} is a basis of H such that

A(a(l)) - Z ) & 9,
J+K=I

H = U(d) has a canonical increasing filtration, independent of the choice of a
basis of 0, given by

(2.19) FPH = span, {0 | |I| =iy + - +in <p}, p=0,1,2,...

This filtration satisfies

(2.20) (FPH)(FYH) C FPT9H,
p
(2.21) A(FPH)C Y F'H® FP'H,
=0
(2.22) S(FPH) C FPH.
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Moreover |J FPH = H and dim(FPH) < oo for any p € N. We will say that
P
an element h € H is of degree p if h € FPH\FP~1H. The first terms of our

filtration are the following,
F'H={0}, F°H=k, F'H=ko0o.
We consider on H ® H the filtration given by:

FP(H® H)= » F'HeF"H.
l+m=p

Let X = H* = Hom(H, k) be the dual of H =U(d). X is both a left and right
H-module, with actions given respectively by:

(zh, f) = (x,fS(h)),

for any f,he H, v € X.
The associativity of H implies that X is a H-bimodule, i.e.,

f(zg) = (fr)g, fge HreX.

Cocommutativity of H implies commutativity of X. Moreover, X is an associa-
tive algebra which satisfies for any f € H, x,y € X:

We define an antipode S : X — X as the dual of that of H:
(S(x), h) = (z,5(h)).

Let X®X = (H ® H)" be the completed tensor product. We can define a map
A: X — X®X as the dual of the multiplication of H. It satisfies:

(zy, f) = (@ y, A(f)) = (&, f)) W, f2)),
(z,fg) = (A(@), f @ g) = (), [} (2(2), 9):

for any z,y € X, f,g € H.
The increasing filtration {F?H} on H induces a decreasing filtration on X given
by

(2.24) F,X=(FPH) ={ze X |(z,f)=0, Vf e FPH}, p>—L.
This two filtrations are compatible, i.e., the action of H on X satisfies
(FH).(FpX) C Fp_yX forall p,q.

It is easy to check that the filtration of X satisfies

(2.25) (FpX)(FoX) C FprgnX,
(2.26) AFX) C F,,X,
(2.27) (F,X)0 C F,_iX.
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Moreover,
p
S(F,X) C F,X, A(F,X)C Y FX®F, ; 1X.
i=—1

As a consequence of the properties of {FPH}, the filtration {F,X} of X sat-
isfies [ FpX = 0 and dim(X/F,X) < oo, for any p. If we take {F,X} as a
P

fundamental system of neighborhoods of 0 then X becomes a topological vector
space.
2.3.2 Linearly compact algebras

In order to study the properties of X as a topological vector space we recall the
following result (see [Gul] for a proof).

Theorem 2.17. Let L be a topological vector space over the discrete field k.
The following statements are equivalent:

(a) L is the dual of a discrete vector space.

(b) The topological dual L* of L is a discrete topological space.

(¢) L is the topological product of finite dimensional discrete vector spaces.
(d) L is the projective limit of finite dimensional discrete vector spaces.

(e) L has a collection of finite codimensional open subspaces whose intersec-
tion is {0}, with respect to which it is complete.

A vector space V satisfying one of the equivalent conditions of Theorem 2.17
is called a linearly compact vector space. Then X is a linearly compact vector
space. We consider X with this topology and H, in particular 0 C H, with the
discrete topology.

Let {z1} be the dual basis of X. It is a topological basis of X which tends to 0,
i.e., such that for any p all but a finite number of z; belong to F,X.
For any f € H, y € X we have:

F= (e HoL, y=> (y,0")r.
I

I

An (associative or Lie) algebra is linearly compact if the underlying topological
vector space is linearly compact.

Example 2.18. Let On = Kk[[t1,...,tn]] be the associative algebra of formal
power series in the N indeterminate tq,...,tN. Let:

FPON:(tl,...,tN)p+1, p:—l,o,l,....

Then {F,On} is a collection of finite-codimensional open ideals satisfying con-
dition (e) of Theorem 2.17, i.e., O is a linearly compact associative algebra.
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Example 2.19. Let Wy be the Lie algebra of continuous derivations of Op .
Wn has a canonical filtration induced by that of Op,

F,Wy ={D € Wy | D(F,0n) C FppyOn, Vi}, q=-1,0,1,...

this follows by Theorem 2.17 that Wy is a simple linearly compact Lie algebra.

Proposition 2.20. Let H = U(D) be the universal enveloping algebra of a
Lie algebra 0 of finite dimension N. Then X = H* can be identified with
On =K][[t1,...,tN]] as a topological commutative algebra.

Proof. Let {0} be the basis of H. Any element a € X is uniquely determined
by its values a; = (a,0¥)). Then we can write a = . ajz; as the right-

I
hand side becomes a finite sum when computed on any element of H. Then
av Y artyt -+ -ty is an isomorphism and is compatible with the topology. [
T

Via the identification of Proposition 2.20 the elements of the filtration {F, X }
of X become

F,X ~ F,0y = (ty,...,tn)" T On, p=-1,0,1,....

We now present two special instances of finite dimensional Lie algebras and of
the corresponding universal enveloping algebra that we need later on.

Let {01,...,02,} be a basis of an abelian Lie algebra 0. Its universal envelop-
ing algebra H = U(D) is then isomorphic to the symmetric algebra S(0) =
k[0, ...,02,]. In this case H is a graded associative commutative algebra with
standard gradation given by:

(2.28) GPH = {0 | |I| =iy +---+in=p}, p>0,

so that
(GPH)(GH) C GPTIH.
It induces the canonical filtration
P = @6 = {00 | 1] < p)
q<p
of H. Let X = H* ~ Oq,, = K[[t1,...,t2n]]. Since 0 is abelian then the left and

the right action of ® on X coincide and 9;, i = 1,...,2n, acts on X as —39/0t;.
Then

(2.29) G'X={y € X |Ylgin =0, p#q}, p>0,

defines the standard grading on X. Namely, X = [[ GPX and
p=0

(2.30) (GPX)(GIX) C GPHIX.

Notice that @ GPX is a graded dense subalgebra of X.
p=>0
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Lemma 2.21. The action of H = S(d) on X =K|[t1,...,t2n]] satisfies:
(2.31) (G'H).(GPX) Cc GP71X,
for all p,q. In particular,
2.(GPX)Cc GPT'X, (GP)oc GPIX.
Proof. Tt can be proved by induction on q.

The above gradation induces the canonical filtration on X,

Fx =[] ¢x.
q=p+1

We have F,X/F, 11X = GPH1X.

Let 0 be a Heisenberg Lie algebra with a basis {0y, 01,...,02,} such that
[0i,Onti] = —00, © = 1,...,n, are the only nonzero commutation relations.
We denote by 0 the vector space linearly generated by 8;, ¢ = 1,...,2n. Let

H =U(d) and define:

(2.32) GPH = {0 | |I'| = 2ig + i1+ +i2a =p}, p>0.

With respect to G'P H the Lie bracket on 9 is homogeneous, so that (2.32) makes

H into a graded associative algebra. Namely, H = @5, G'?H and
(G’PH)(G'H) c G'PT1H,
The above prime gradation induces a prime filtration on H given by:

F"H = G"H = {0 | |I') = 2ig + iy + -+ +ian <p}, p=0.

q<p

{F'PH} is compatible with the Hopf algebra structure of H and it satisfies
FOH =k, F'H=k®0?, F?H D k@0 = F'H. Moreover, it is equivalent to

the canonical filtration {FPH} of H.
Let X = 02n+1 = k[[to, tl, ‘e ,th”. Then

(2.33) GPX ={Y € X [Plgun =0, p#q},p>0,

defines a prime gradation on X. Namely, X = [] G?X and
p=>0

(2.34) (GPX)(G"X) c GPTIX

Notice that € G'PX is a graded dense subalgebra of X.
p=>0

Lemma 2.22. The action of H on X satisfies
(2.35) (G"H).(G""X) Cc G 1X,
for all p,q. In particular,

(2.36) 2.(GPX) Cc GPX, (G""X)dcGPIX,
(2.37) 2.(G'"PX) c G'""72X, (G'PX).0p C G'P?X.
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As usual, we have an induced prime filtration on X given by:

(2.38) rx =[] ¢"x.

gzp+1

It satisfies F} X/F) ;X = G'""'X. The prime filtration (2.38) is equivalent to
the canonical filtration (2.24).

2.3.3 The linearly compact Lie algebras Hy, Py and Ky

In this section we introduce other examples of linearly compact Lie algebras
that will be the object of our interest in the rest of our thesis.
Let Wy be the linearly compact algebra described in Example 2.19 and suppose
that N = 2n. Let w be a symplectic form, i.e., a closed 2-form w = ) w;;dt; Adt;,
ij

where (w;;) is a skew-symmetric matrix such that det(w;;) # 0.
Then

Hy(w)={D € Wy | Dw =0}

is a simple Lie subalgebra of Wy .
By an automorphism of Oy, any symplectic form w can be transformed into
n

the standard one, wg = > dt; A dt,1;, so that we have an isomorphism of Lie
i=1
algebras Hy(w) ~ Hy(wo) = Hy.

We consider on Hy the following filtration:
F,Hy ={D € Hy | D(F,0x) C Fp1,On, ¥p}, q=-1,01,...
If we denote by Hy ; = {D € Hy | [E,D] = jD} the j-th eigenspace for the
N
adjoint action of the Euler vector field £ = > t;,(8/0t;) € Wy then
i=1

1=

HN = H HNJ-, [HNJ,HNJ] C HN,i+j7 ]2 7]_7

j>-1
The following result is well known.

Lemma 2.23. Hy o is isomorphic to symplectic algebra spy (k). The spy(k)-
modules Hy ; are irreducibles and nontrivial.

The Poisson algebra Py is On = K[[t1,...,tn]] endowed with the Poisson

bracket
N~ (00 00 06 09

It is a nontrivial central extension of the Lie algebra Hy:
0—>k— Py > Hy — 0,
where, for any ¢ € Py,

(9 B 0p 0
HOEDY (ati Tnss  Ots L, ) .

1=1
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Let N =2n+1, n > 1, and 8 be a contact form, i.e., a 1-form such that
0 A (df)™ # 0. Then

Kn(9) ={D € Wn | DO = ¢0 for some ¢ € Oy}

is a simple Lie subalgebra of Wy .
By an automorphism of Oy, any contact form 6 can be transformed into the
n

standard one 0y = to + > t;dt, 1. As a consequence Ky (0) ~ Kn(6p) = Kn.
i=1

2.3.4 The annihilation algebra

Let L be a finite Lie pseudoalgebra over H. We associate to L an infinite
dimensional linearly compact Lie algebra as follows [BDK1]. Set £ = X®p L.
Then

(2.39) [2®@p a,y@u bl =Y (¢h)(yk')@ue;, if [axb]=> (W @k )@ue;,

(3 (3

linearly extends to a Lie algebra structure on £. L has a structure of a left
H-module given by the action:

(2.40) h.(x®g a) = ha®pga, he H,x € X,a€ L.

For any h € H,z,y € X,a,b € L the action defined in (2.40) satisfies
(2.41)
h.[x®H a, YR b] = [h(l).(I®H a), h(g).(y@)H b)] = [h(l)I®H a, h(g)y®H b],

The condition (2.41) is equivalent to say that © C H acts by derivation on L.
We define a topology on L as follows. Let Ly be a finite dimensional subspace
of L such that L = HLy. Then we set

F,L={t®pgacL|zecF,X,ae Ly}, p>-1.
This filtration satisfies
[FpL,Fo L] C Fpyq L, d(FpL) C Fp L,

where [ is an integer depending only on the choice of L.

In [BDK1] it is shown that the topology that {F,£} induces on L is independent
of the choice of Lg. If we set £, = Fp1 L then [£,, L] C Lpiq.

With respect to this topology £ is a linearly compact Lie algebra (i.e., the Lie
bracket defined in (2.39) is continuous). It is called the annihilation algebra of
L. Notice that Ly is a Lie subalgebra of £ and that any £,, p > 0, is an ideal
of Ly. Let M be an L-module. For every p > —1 we define

ker, M = {m € M | L,.m = 0}.

An L-module M is conformal if for evey m € M there exists p such that
L, m =0. An L-module M is Ly-locally finite if any m € M is contained in a
finite dimensional Lg-submodule.
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Example 2.24. Let W(0) be the Lie pseudoalgebra described in Example 2.12.
By definition its annihilation algebra is W = A(W(d)) = X@y (HR?) ~ X®0,
endowed with the bracket:

[z® a,y® bl =2y ® [a,b] —2(ya) ® b+ (2b)y ® a, z,y € X,a,b€D.

W has an H-module structure given by (2.40). If we take Lo = k ® 0 then
W () = HLy. The corresponding filtration on W is given by

Wy, =F,W =F,X®u Lo~ F,X®0.
This decreasing filtration of W satisfies
W1 =W, W/Wy=~0d, Wy/ W) ~0o® 0" ~glo.

A proof of the last isomorphism can be found in [BDK2]. The annihilation
algebra W acts on X by

(x® a)y=—x(ya), z,y€ X,a €.

Let 0 be an abelian Lie algebra of dimension N and {01,...,0n} be a basis of
0. In this case the action of W on X ~ Op is given by

(x®0;).y =—x(y0;) = il

Y .
, T,y€On,i=1,...,N,
ot Yy N

and the map

¢ : w — W

(2.42) xr®0; +— xd/ot;, i=1,...,N,

is an isomorphism of Lie algebras.

Remark 2.7. It is shown in [BDK2] that W is isomorphic to Wi for any finite
dimensional Lie algebra 0.

Remark 2.8. In [BDK1] Cartan’s classification of of linearly compact Lie alge-
bras [Ca, Gu2] is used to obtain a classification of finite simple Lie pseudoalge-
bras over H =U(D): Cur]f g, where g is a simple finite dimensional Lie algebra
over k, along with all nonzero subalgebras of W(0) provide a complete list of
non-isomorphic finite simple Lie pseudoalgebras over H.

2.4 Finite modules over pseudoalgebras

In this section we introduce the notion of representation of a pseudoalgebra A
as given in [BDK1]. In the fourth chapter we will introduce a new notion of
representation of Lie pseudoalgebras [DM] in order to study a broader class of
modules over Lie pseudoalgebras.

Let A be a pseudoalgebra over H and M be a left H-module. An H -pseudoaction
x on M is an H ® H-linear map from A ® M to (H® H)®y M, where we
consider (H ® H)®y M with its structure of a left (H ® H)-module. The
expanded pseudoaction [BDK1, Kol] is an H™ " linear map

¥: (H"@pgA)® (H'®@y M) — H™™MQy M,
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defined as
(2.43) (Fepa)* (Gegm)=(FeG)(A™ '@ A" '@y idy)(a *m),

where '€ H™ G € H",a€ Ame M, m,n > 1.
A representation of an associative H-pseudoalgebra A, or an A-module, is a left
H-module M endowed with a pseudoaction * satisfying:

(2.44) (a*b)xm =ax*(bxm),

for any a,b€ A, m € M.
Similarly, a representation of a Lie H-pseudoalgebra L or an L-module is a left
H-module M endowed with a pseudoaction * satisfying:

(2.45) [axblxm=axb*m)— (b*(axm))’*?,

for any a,b€ L, m € M.

Notice that both sides of (2.44) and (2.45) lie in H3®y M and are computed
by means of (2.43). An A-module M, where A is an H-pseudoalgebra, is finite
if it is finitely generated as an H-module.

Let A be an H-pseudoalgebra (associative or Lie) and M be a finite A-module.
Let a € A,m € M and assume that

axm = Z(hl ® )®@p m;,

where {h'} is a system of linearly independent vectors of H.

We denote by A- M the H-submodule of M generated by the elements m; € M.
An H-submodule N of M is an A-submodule of M if A-N C N. If N is
an A-submodule of M then (H"®y A) x (H"®g N) C H"™"®y N, as follows
by (2.43). An A-module M is drreducible if it does not contain nontrivial A-
submodules and A - M # {0}. Recall that if M is a left H-module then an
element m € M is a torsion element if there exists a non zero-divisor h € H
such that hm = 0.

Proposition 2.25. [BDK1] Let L be a Lie H-pseudoalgebra and M be an L-
module. Then the torsion of L acts trivially on M, i.e., (Tor L) * M = 0 and
the torsion of M is acted on trivially by L, i.e., L * (Tor M) = 0.

Let M;, My be A-modules. An A-module homomorphism from M, to My is
an H-homomorphism p : M; — Ms such that for any a € A,m € M; we have

axp(m) = ((dy @idy)®m p)(a *m).

Let L be a Lie H-pseudoalgebra, M be a finite L-module. Let a,b € L,m € M
and assume that

[a*b] = z:(hZ ®1)@ye;, e xm= Z(pij ® ¢ @[ mij.

? J

By (2.43) we have

(2.46) laxb]xm =" "(h'p{) @l ®q7)@umi; € H'op L.

4,3

34



Applying (F @ idg)®p idas to (2.46) we obtain

(247) (F@idg)@y idy)laxb]xm =Y (k' ®p7 @ ¢7)@y mi; € H*®y L.
1,3

Let v; € H* be such that v;(h') = 5; Then applying (v; ® idg ® idy)®y idr,

to the right-hand side of (2.47) we obtain a description of the action on M of

the coefficients e; of [a * b].

2.5 H-pseudolinear maps and gc M

In this section we introduce the Lie pseudoalgebra gc M of all H-pseudolinear
maps from an H-module M to itself.
Let M, N be H-modules. A H-pseudolinear map from M to N is a k-linear

map ¢,
¢p: M — (H® H)@g N
m o(m)

such that for every h € H, m € M:

¢(hm) = (1@ h)p(m).

We denote the set of all such applications by Chom(M, N). Chom(M, N) has
a structure of a left H-module given by

(h¢)(m) = (h® 1)¢(m); heH.

Example 2.26. Let L be a Lie pseudoalgebra over H. For any a € L the
adjoint action of a defined as (ada)b = [a x b] is an H-pseudolinear map from
L to itself.

Example 2.27. Let A be an H-pseudoalgebra, M be an A-module. For any
a € A the map:

A M — (H® H)@uM
m a*xm, m e M,

is an H-pseudolinear map, which satisfies hAg, = Apq for any h € H.

If M is a finite H-module then [BDK1] Chom(M, M) has a unique struc-

ture of an associative pseudoalgebra over H denoted by Cend M. Moreover, the
pseudoaction given by ¢ x m = ¢(m), ¢ € Cend M, m € M endows M with a
structure of a Cend M-module.
Let My be a finite dimensional vector space, M = H ® M be a left H-module by
left multiplication on the first tensor factor and Cend M be the associative H-
pseudoalgebra described in Example 2.13, i.e., the H-module H ® H ® End M),
with H acting on the first tensor factor, endowed with the associative pseudo-
product:

(fea®A)*x(g@b® B) = (f ®@gan))®@u (1 ®@bap) @ AB).
The pseudoaction of Cend M on M is then:
(fea® A)x (h@m)=(f® ha)@y (1 ® Am).

We denote by gc M the Lie H-pseudoalgebra obtained from Cend M by (2.14).
Clearly, M is also a gc M-module.
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Proposition 2.28. [BDKI1] Let A be an associative H-pseudoalgebra, M be a
finite A-module. Giving an A-module structure over M is equivalent to giving
an associative H-pseudoalgebras homomorphism from A to Cend M.

A similar statement holds for finite L-modules, where L is a Lie H-pseudoalgebra.

2.6 Quasi-nilpotence of solvable subalgebras (a)
of gc M

In this section we present our result for 1-generated solvable subalgebras of
gc M. We will specialize this result to the Lie conformal algebra gcV to give a
characterization of finite vertex algebras.

In the first part of this section we review main results from [BDK1] in represen-
tation theory of solvable and nilpotent Lie pseudoalgebras.

2.6.1 Generalized weight submodules
Let L be a Lie pseudoalgebra over H = U(d) and M be a finite L-module.
For ¢ € Hompy (L, H) = L* we define,

My={meM|axm=(¢(a) ® 1)@y m,Va € L}.

My is a k-vector subspace of M and we call ¢ € Hompy (L, H) a weight for the
action of L over M if My is nonzero. A nonzero vector m € My is called a weight
vector of weight ¢ or ¢-weight vector. If ¢ = 0 then Mj is an H-submodule of
M. For ¢ # 0, let HMy be the H-submodule generated by My. It is shown
in [BDK1] that if {m,...,my} is a k-basis of My then it is also an H-basis of
HMg. In particular HMy is a free H-submodule of M.

Lemma 2.29. Let M be a finite L-module. If N C My is a vector subspace,
then HN is an L-submodule of M.

Proof. Let n € N. Then, for any h € H,

axhn=(1® h)(axn)=(P(a) ®h)@gn € (H® H)@y HN.

We set Mfl = 0 and inductively

M-(?H =spang{m e M |axm — (¢p(a) @ )@gm € (H® H)®HM1-¢, Vae L}

?

Then M? = HM, and MfH/Mf = H(M/Mf’)d) The Mf form an increasing
sequence of H-submodules of M. By Noetherianity of M this sequence stabilizes
to an H-submodule M? = UM?5 of M. We call M? the generalized weight

K2
submodule relative to the weight ¢.

Lemma 2.30. Let M be a finite L-module and ¢ # 0 be a weight for the action
of L on M. Then the generalized weight submodule M is a free H-submodule
of M.

Proof. M? is an extension of free H-submodules so it is a free H-submodule. []
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Proposition 2.31. Let M be a finite L-module and ¢ # 0 be a weight for the
action of L on M. Then the generalized weight submodule M is an L-submodule
of M.

Proof. By induction using Lemma 2.29. O

Now we present some results about generalized weight submodules that will
be useful in the sequel.

Lemma 2.32. Let M be a finite L-module and suppose that ¢ is a weight for the
action of L on M. Then the generalized weight submodule M? has an increasing
filtration of L-submodules

(0) = Moy C Myy C -+ C My y=M?,
such that each quotient My, o /My_1 4 is a cyclic H-module, i.e., it is 1-generated.

Proof. We may assume without loss of generality that M = M?. Set My 4 = (0)
and inductively
My = My—1,¢ + Hmy,

where 0 # my, is a lifting of a weight vector my, € (M¢/Mk,1)¢).

By construction { M, 4} is an increasing sequence of submodules which stabilizes
to an H-submodule by Noetherianity of M, that coincides with all of M?®. The
fact that each My, 4 is an L-submodule follows by Lemma 2.29 by induction on
k. The second part of the statement is clear. O

Proposition 2.33. Let L be a Lie pseudoalgebra and M be a finite torsion-free
L-module. If ¢ # 0 is a weight for the action of L on M then for every L-
submodule U C M? the quotient M /U is torsion-free. In particular M/M®? is
torsion-free

Proof. First of all we observe that ¢ # 0 and U € M? imply that U = U?, so
that U is a free H-module. We proceed by induction on the rank of U.

As far as the basis of induction tkU = 1 is concerned. Let m € M/U be a
nonzero torsion element, i.e., there exists 0 # h € H such that hm = 0. It is
equivalent to say that there exists 0 # k € H such that hm = ku, where m is
any lifting of m and w is a free generator of U. Moreover, since m is a torsion
element, we know by Proposition 2.25 that for any a € L, a*m = 0. Let a € L
be such that ¢(a) = ¢, # 0 and suppose that a x m = > (7! ® §))@pu €

(H® H)®u U, where {,} and {d,} are two systems of linearly independent
vectors and v, = ¢, for some i. Equality hm = ku implies

(2.48) a*hm:Z(’y;@héi)@Hu:(¢a®k)®Hu:a*ku7é0.

By applying Lemma 2.8 to (2.48) we obtain
(2.49) D (Ve @hd) =da @k #0.

K2

Notice that multiplication by A is an injective map, so that the {hd:} is still a

system of linearly independent vectors. By our choice of 7%’s the left-hand side

of (2.49) must contain just one term. We obtain,

(2.50) (Va ® hdy) = ¢ @ k # 0.
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Equation (2.50) has as a solution 7, = cd,, hd, = ¢ 1k, 0 # ¢ € k. Replacing
k = chd, in hm = ku, we have

h(m — cdqu) =0, h#0.

Since M is torsion-free, then m — c¢d,u must be zero, i.e., m = cd,u. It implies
m = 0, a contradiction. This proves the statement for the basis of our induction.
Now we proceed with the inductive assumption. Let tkU = U?® = N + 1 and
consider the L-submodule Hu, generated by 0 # u € Ug. Since U C M? we
have U/Hu C (M/Hu)®, where U/Hu is an H-submodule of rank N. M/Hu
is torsion-free by the basis of our induction and U/Hu is torsion-free by our
inductive assumption. As

M/U = (M/Hu)/(U/Hu),
M/U is torsion-free. O

If M is a finite L-module then we call a quasi-weight for the action of L on
M an element ¢ € Homp (L, H) such that ¢ is a weight for the action of L on
some quotient N of M. It is clear that every weight for the action of L on M
is also a quasi-weight.
Let M be a finite L-module and N C M be an L-submodule. An element
m € M is a ¢-weight vector modulo N if wx(m) = m € (M/N)®.
For a finite L-module M a good-set of generators of M is a set of generators
{ma,...,mn} of M such that every m; is a ¢;-weight vector modulo H M1,
where HM® = 0 and HM®~! is the H-submodule generated by {my,...,m;_1}.

2.6.2 Representation theory of solvable and nilpotent Lie
pseudoalgebras

In this section we recall some results from [BDK1] about representation theory
of solvable and nilpotent Lie pseudoalgebras.

Theorem 2.34. [Pseudoalgebraic version of Lie’s theorem] Let L be a solvable
Lie pseudoalgebra over H and M be a finite L-module. Then there exists ¢ €
Hompg (L, H) such that My # 0.

Corollary 2.35. As a consequence of Theorem 2.3/ if L is a solvable Lie pseu-
doalgebra and M is a finite L-module then M has a filtration by L-submodules
0=MyC M, C---C M, =M such that for any i the L-module M;11/M; is
generated over H by weight vectors of some weight ¢; € Hompy (L, H).

Finite nilpotent Lie pseudoalgebras, as we are going to prove, have an im-
portant characterization in terms of their action on finite L-modules M.

Proposition 2.36. Let M be a finite H-module and L C gc M be a Lie pseu-
doalgebra such that M = MO with respect to the action of L on M. Then L is
a milpotent Lie pseudoalgebra.

Proof. Let LI% = [, LI = [L, LI'=1] i > 1, be the the central series of L and
{Mj 0} be an increasing sequence of L-submodules of M defined as in Lemma
2.32. We will prove by induction on i that LU - My o € MP_;_, .
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For ¢ = 0, we have L. Mpo=L-MyoC My_1,0 by our choice of My, .
Suppose that LI - M. o € Mj,_;_10. Then,

Lli+1] "My = [L[O],L[i]] My = Lol (L[i] - My.0) + L. (L[O] - My )
c L. My_i—10+ L. My_10C My_i—2,.

To conclude the proof it is sufficient to observe that if M°® = M, ;¢ then, for
i =mn, we have LI" - M, 1o C Myy1_y10 = Moo = (0). It implies LI" = 0,
i.e., L is a nilpotent Lie pseudoalgebra. O

Proposition 2.37. Let M be a finite H-module of rank n and L C gc M be
finite Lie pseudoalgebra such that M = M9, ¢ # 0, with respect to the action
of L on M. Then L is a nilpotent Lie pseudoalgebra.

Proof. Let {L1},50 be the the central series of L and {M}, 4} be an increasing
sequence of L-submodules of M? defined as in Lemma 2.32.

Since L is finite, for any a € L, m € M, a*xm € (H ® H)®yx M has an upper
bound on the degree of the second tensor factor in H. We define N, 1= 0 and,
for 7 > 0,

N ={beL|bxm;c(HRF H)®@gmi+M, 14 i=1,...,N}
Then we set N, = UNg We want to prove by induction on p that (ad L)p~N,z C
J

N}7P~!. The basis of our induction being (adL)° - N} ¢ NJ™". Let a € L,
b € Nj. We can suppose, without loss of gener_ality? that axm; = (¢ 1)@y m;,
fori =1,...,n. Assume that bxm; = > (' ® k")®pyg m;_x + M;_;_1, where

K3

S(h@ k') € (H® F/H). Let us compute

(2

[axb]xm; = ax(bxm;)— (bx*(axm;))*?

ax (Y (M @kY®gmi_r+ Mj)—k—l)

—(b* (¢ ® D@g m))**
= YOk (1@ A)arm;+ax M, _,

_z Z ((]- PR 1)(]_ ® A)(b* mi))l’m

K3

= Y(p@h @k mi_g

= 2(Pk{y) ® h' @ kiy))@m Mk + MY

= Z(¢ RN QkNRgmi_g — Z(qb R h k)R mi_i
+(HOH® FI'H)@gm;_+ M, _,
CH®H®®F'H)®gmi_y+ M, _,.

This proves that all the coefficients ¢; of [a  b] lie in N} "
Suppose that (ad L)? - Nj € N}7P~". Then we have

(ad L)P*' - N} = (ad L)° - ((ad L)? - N}) + (ad L)?((ad L)° - N})

C (adL)°- NJ """ 4 (ad L)? - N]7' < Nj 7772,

Since L is a finite Lie pseudoalgebra there exists an index D such that NPT =
NP, for any 7 > 0. For p = D we obtain (ad L)? - NP ¢ NP~P~! = 0. Since
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NJ = 0, where n is the rank of M, we can apply inductively the same argument
to find a finite index P such that (ad L)” = 0, which proves that L is a nilpotent
Lie pseudoalgebra. O

Theorem 2.38. Let L be a finite nilpotent Lie pseudoalgebra over H and M be
a (faithful) finite L-module. Then M decomposes as a direct sum of generalized

weight submodules, M = @ M?. Conversely, if M is a faithful finite L-
peL>

module of a finite Lie pseudoalgebra L such that M = @ M? then L is a
¢peL*
nilpotent Lie pseudoalgebra.

Proof. A proof of the first statement can be found in [BDKI].
To prove the second statement we observe that under the assumption M =

@ M? we have L C @ gc(M?). By Proposition 2.36 and Proposition 2.37,
peL* peL*

for every weight ¢, the image Ly of L in gc(M?) is nilpotent. As a consequence,

@ L, is nilpotent as it is a finite sum of nilpotent Lie pseudoalgebras. Finally,
¢eL*
L is nilpotent Lie pseudoalgebra as it is a subalgebra of a nilpotent one. O

Remark 2.9. Notice that the finiteness assumption on L in the statement of
Theorem 2.38 on L is necessary as the following example proves.

Example 2.39. Let M = Hmy + Hms be a free H-module of rank 2. Let L C
gc M be the Lie pseudoalgebra generated by all the pseudolinear maps A € gc M
such that Axmy = (¢ @ 1)@gmy, Axmg=(H® H@gmi+ (¢ @ 1)@y ma,
for some ¢ € H. Since L is an H-module of infinite rank then LF - Hmy =
Hmy, for all k > 1, i.e., the central series {L¥} of L stabilizes to the derived
subalgebra L' = L. Notice that by Theorem 2.38 any finite subalgebra of L is
nilpotent.

2.6.3 A quasi-nilpotence result

Let M be a finite H-module and a € gc M an element generating a solvable Lie
pseudoalgebra (a) = S.

A modification of a € S is an element @ € S such that ¢ = @ moduloS’. It
follows by the definition that the subalgebra generated by a is a subalgebra of
S. The same inclusion holds for the corresponding derived subalgebras. As a
consequence, a modification of a modification of a is still a modification of a.

Remark 2.10. Let ¢ € S* be a weight for the action of S on M. If a is a
modification of a then ¢(a) = ¢(a), since the restriction of ¢ on S’ is zero.

Our main goal is to prove the following

Theorem 2.40. Let M be a finite H-module and S be a solvable Lie pseu-
doalgebra generated by a € gc M. Then some modification a of a generates a
nilpotent Lie pseudoalgebra.

We divide the proof of Theorem 2.40 in several steps.

Lemma 2.41. Let M be a finite H-module, S be a solvable Lie pseudoalgebra
generated by a € gc M and M? a generalized weight submodule for the action of
S on M. Then a- M?® C M? for any modification a of a.
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Proof. Since (@) =S C S and S - M? C M? we have the statement. O

Proposition 2.42. Let M be a finite H-module and S = (a) be a solvable Lie
pseudoalgebra, a € gc M. Assume that ¢ # 1 € S*, M = Hu+Hv, 0 # u € My
and v is a Y-weight vector modulo Hu. Then there exists a modification of a
generating a nilpotent subalgebra of gc M.

Proof. The strategy is as follows. We will locate a modification a of a such that
M decomposes into a direct sum of the (a@)-submodules Hu and Hv’, where v’
is a lifting of v of the form v’ = tu+wv, t € H. Then the second part of Theorem
2.38 implies the statement. Assume that

axu= (p®@1)®nu
axv= > (WRK)Qpgu +(R1)Ryuv.

3

We may assume both {h?} and {k?} to be systems of linearly independent vec-
tors. We want to show that, up a modification of a, it is always possible to
low the degree of the k*’s of maximum degree which appear in a * v. A reiter-
ation of the same argument together with finiteness of the degree of k; shows
that, up to several modifications of a, there exists a modification @ such that
axv' =YgV

Our first step is to compute the action on M of the coefficients ¢; of [a * a] =
S(ffeg)®uc € (Ho H)®y S'. Clearly, it is sufficient to describe the action

K2
of [a * a] on v and v. By a direct computation we obtain

ax(axu)= (pR¢®1)Qyu,
ax(axv)= 3(P@N @k )@mu+ (b @vk{}) ®kiy)@ru+ (P @Y @1)@p v.

Using (2.45) we obtain [a * a] * u = 0 and
[axa]xv =3 ((¢® Rt @ k) + (b ® wkél) ® k‘éQ)))®Hu
=2 ((h' @ ¢ @ ®K') + (Yk{;) ® h' @ k{y)))@p u.

Let K be the maximum degree between all the k%. Up to elements in (H @ H ®
FE-Y®y M, we have

laxalxv="> (60— K —1'® (¢ —¢) ®K)2mu.

ideg ki=K

Let o = ¢ — ¢ and rewrite the above expression as

[axa]*xv= Z (@) ® hia(,g) Rkt — hél) ® ah(_g) ® EY®w u,
ideg k=K

modulo elements of lower degree. Suppose that for every i such that degk’ = K
we have dega # degh’. Then, up to elements of lower degree in the first
tensor factor, we obtain [a * a] * v = (a ® h* @ k*)®@p u, if dega > degh', or
[axalxv=—(h'®a®k)®yu, if dega < deg h'.

Let v € X be such that 7 is nonzero on the element in the second tensor factor.
Then applying the map (idg ®y®idy )@ id L to (a®@h! @ k')®@ g u in the first
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case (or to (h' ® a ® k')®p u in the second one) gives a coefficient b € S’ of
[a * a] whose action on a k' of maximum degree K is given by

bxu =0

(2.51) bxv = (q®k")®yu.

Now we suppose that deg o = deg h’. Up to elements of lower degree in the first
tensor factor, we have

[axal*xv=(a@h' @K —h' @a® k)2 u.

If o and h? are not proportional up to elements of lower degree then the above
expression is nonzero. Let 4’ € X be such that 4’ is nonzero on the second
tensor factor. Then applying (idg ®' ® idy)®p id L to the above expression
gives a coefficient b € S’ of [a % a] whose action on M is as in (2.51).

Let o and A’ be proportional up to elements of lower degree. Let v/ = tu + v,
t € H. Then

axv = (¢®t)®Hu+Z(hi®ki)®HU+W’®1)®HU
— (@@t + X @ k)onu+ (e oy,

Since a = ch’, then taking t = —c~k? gives rise to a vector v’ for which a * v’
is an expression of lower degree in k; with respect to a * v.

We now investigate the action on M of the coefficients of [a * b], where b in an
element in S’ acting as in (2.51). We obtain

[axb]xv = (¢ ©q @K —Vkiy) ® 4@ kiy)) D u.

Up to elements of lower degree in the second and in the third tensor factor, it
equals:

[axb]xv=(a®q® k)R u.
Let p € X alinear functional such that p(a)) = 1 and p(g) = 0, for any expression
of the type ¢ ® ¢ ® k' of lower degree in the first tensor factor. This proves the
existence of an element ¥’ € S’ whose action on M is

bxu =0
Vxv =(10k)Qyu.

Replacing a with a + a/, where o’ = —h'b, and eventually v with v’, we have
that by construction the action of a + a’ on M is an expression of lower degree
in k;. An induction on the degree of k; concludes the proof. O

Let V be a finite R-module, where R is a Lie conformal algebra. If V' is a
non-free C[d]-module then necessarily Tor V' # 0 and as a consequence ¢ = 0 is a
weight for the action of R on V. In the following example we show that the same
statement does not hold for finite representations M of a Lie H-pseudoalgebra,
when H is any cocommutative Hopf algebra.

Example 2.43. Let L = (a) be a 1-generated solvable Lie pseudoalgebra over
H. Let M = Hm @ In, where m € My, n is 0-weight vector modulo Hm and
I={he H|eh)=0}. Then we have

a*m = (¢(a) ® 1)@z m,
a*in =(1®1i)(a®ygm),

42



where ¢(a) #0,1€ I, o € H® H. For any 0 # k € H we have
(2.52) ax*(in—km)=(1® i)(a) — (¢ ® k)@ m.

By Lemma 2.8 Equation (2.52) is zero if and only if (1® i)(a) — (¢® k) = 0. If
we take o € (H\k¢) @ H then (1® i)(a) — (¢® k) # 0, so that ax(in—km) # 0.
Since M is a direct sum then we have M/Hm ~ In as an H-module and L acts
trivially on In. By construction M is not free as an H-module, as I is not a
free H-module, but ¢ = 0 is not a weight for the action of L on M.

Proposition 2.44. Let M be a finite H-module and S = (a) be a solvable
Lie pseudoalgebra, a € gc M. Assume that ¢ # 1 € S*\ {0}, M?® # 0,M

and M/M? = (M/M¢)w. Then there exists a modification of a generating a
nilpotent Lie pseudoalgebra.

Proof. Our strategy is to prove that there exists a modification @ of a such that
M = M? @ MY with respect to the action of the Lie pseudoalgebra generated
by a@. We proceed by induction on the rank of the free H-modules M? and
(M/M?)¥. Suppose that tk M¢ = P and tk(M/M?)¥ = Q. The basis of our
induction (P, Q) = (1,1) is proved in Proposition 2.42.

The next step is to prove that if the statement holds for (P, Q) = (P, 1) then it
holds for (P41, 1) too. Since ¢ # 0, M? is a free H-module it always contains an
H-submodule N of corank 1. Moreover N satisfies N = N¢. This follows that
(M?/N)?® = Hu, where u # 0 is a free generator. By the basis of our induction
up to a modification of a we have a decomposition M/N = (M/N)? @& (M/N)¥.
Denote by 7y be the canonical projection and observe that my'((M/N)?) =
Hu + N. Since Hu is an L-submodule we have (M/Hu)? = N = N?, where
tk N® = P. By inductive assumption, up to a new modification, it is possible
to decompose M/Hu as (M/Hu)? @ (M/Hu)¥. By construction we have M =
M? @ MY. Now it remains to prove that if the statement holds for (P + 1, Q)
then it holds for (P +1,Q + 1) too. Since ¥ # 0, (M/M®)¥ is a free H-module
which contains an H-submodule M of corank 1. By what we showed above, up
to a modification of a, the following decomposition M/M = (M/M)*@(M/M)¥
holds. Now we observe that (M/M)¥ = Hv and that v admits a lift v such
that Hv is an L-submodule of M. Now we can apply our inductive assumption
to M/Hw to prove that, up to a modification, M/Hv = (M/Hv)? & (M/Hwv)Y.
this proves that M = M? @ MVY. O

Proposition 2.45. Let M be a finite H-module and S = (a) be a solvable Lie
pseudoalgebra, a € gc M. Let ¢ = 0 be a weight for the action of S on M
such that M° # 0, M and M/M° = (M/M°)¥, ¢ # 0. Then there exists a
modification of a generating a nilpotent Lie pseudoalgebra.

Proof. Let {My o} be an increasing sequence of L-submodules of M° as de-
scribed in Lemma 2.32. We can proceed by induction on the length of {Mj o}
and the rank of (M/M°%)¥. The basis of our induction is Proposition 2.42, the
rest of the proof is similar to Proposition 2.44. O

Proposition 2.46. Let M be a finite H-module and S = (a) be a solvable
Lie pseudoalgebra, a € gcM. Let 0 # ¢ € S* such that M® # 0,M and
M/M? = (M/M?%)°. Then there exists a modification of a generating a nilpotent
Lie pseudoalgebra.
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Proof. Let tk M® = P and {Ny0} be an increasing sequence of L-submodules
of M/M¢?. We proceed by induction on P and the length of {Nj o}

We can assume, since 0 is not a weight for the action of S on M, that M is
torsion free. By Proposition 2.33 we have that M/M? = (M/M?)° is torsion
free too. The basis of our induction is just Proposition 2.42. Let N C (M/M?)°
be a cotorsion free H-submodule. Recall that a Lie pseudoalgebra always acts
trivially on torsion elements. Since both M? and N are free H-modules by
the usual argument, up to a modification of a, there exists NV in M such that
M? @ N as an L-module.

The quotient (M/N)? is by construction a torsion H-module so that every Lie
pseudoalgebra acts trivially on it. Let o € (H/M®)/N, i.e., there exists h € H,
h # 0, such that hto € N. Let v € M be a lifting of v. Then hv = an + fu, for
some 0# «a,8 € H, n € N. We have

axhv=(1® hlaxv=(¢p® B)Rpy u.

Let axv="> (v ® 0;)®m u, then

3

Y (i®hd)=¢®8 = i=1v=ce hd=c'B.

K2

As a consequence,
h(v — cdu) = an.

If we set v/ = v — cdu then hv' = an and a * v’ = 0. Moreover v’ is the unique
lifting of ¥ such that the action of @ on there is trivial. In fact if v/ = v’ + h'u
then a xv”" = a*xv' 4+ (1® h)axu = (1® h')axu # 0. This shows that, up
to a modification of a and of the lifting of ¥ € (H/M?)/N, it is possible to
decompose M as M? @ MO, O

Proof of Theorem 2.40.

Let G = {m1,...,my} be a good-set of generators of M and ¢, ..., d, be the
corresponding quasi-weights of M. We proceed by induction on the cardinality
of a good-set of generators of M.

If |G| = 1 then M = M?* and the statement holds with @ = a as follows by the
second part of Theorem 2.38.

If |G| = 2 then if ¢; = ¢ then the statement still follows by Theorem 2.38; if
¢1 # P2 then it follows by one of the above results.

Now we suppose that the statement holds for |G| = n and we want to prove that
it holds for |G| = n+ 1. Let {my,...,mu41} be a good set of generators of M
and let ¢ the quasi-weight of m, ;1. Let HM™ be the L-submodule generated
by {m1,...,m,}. Then, up to a modification of a, that we still denote by a,
we may suppose that HM™ decomposes as a direct sum of generalized weight
submodules with respect to the action of a on M. Now we have to distinguish
two cases, the case when ¢ # ¢;, for any i = 1, ..., n and the case when v = ¢;,
for some i.

If ¢ # ¢; for any i = 1,...,n then consider the L-submodule M/Hm;.
{ma,...,Mus1} is a good set of generators of M/Hm,. By inductive assump-
tion, up to replacing a with one of its modifications, there exists an element
my, 1 such that axm/ | = (¢ ® )@y m), .y + Hmy. Then {my,...,m} } is
still a good-set of generators of M. Now consider the L-submodule IV generated
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by {ma,...,m,} and the corresponding quotient M/N. By our assumption we
have ¢, # 1 and then we can apply one of the above proposition to conclude
that there exists a modification of a, let ua say a, with respect to which M/N
decomposes as a direct sum of generalized weight submodules. By construction
then we have M = @ M?, i.e., the subalgebra generated by @ is nilpotent.
peL*

If instead ¢ = ¢@; for some 7, we may assume without loss of generality that
VY #£ ¢, 1 <i<kand = ¢y, k<i<n. Let N be the L-submodule generated
by mg, ..., My

Then {my,...,mg_1, Mp41} is a good-set of k < n generators of M/N. By our
inductive assumption there exists a modification @ of a with respect to M/N
decomposes as a direct sum of generalized weight submodules. By construction

the lifting of m, 1 € M/N liesin N + Hm, 1 and M = @ M?. O
el
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Chapter 3

A characterization of finite
vertex algebras

In this chapter we present a characterization of finite vertex algebras which
improves the results stated in Theorem 1.18.

Let V be a finite vertex algebra, a € V and (a) be the subalgebra of V1
generated by a. The zero-multiplicity of a on V is the rank of the generalized
weight submodule of weight 0 for the adjoint action of {(a) on V.

It is shown in Proposition 1.15 that the central series {VI¥I} of VX% stabilizes
to VIl which is a vertex ideal of V. We have the following,

Theorem 3.1. Let V be a finite vertez algebra and N = VI, Then N-N =0,
and there exists a subalgebra U C V such that U is nilpotent and V = U x N.

Proof. Recall that under the finiteness assumption for V' the Lie conformal alge-
bra V% is solvable. Let a € V% be an element such that its zero-multiplicity
is minimal and equal to k.

By Theorem 2.40 there exists a modification of ada that generates a nilpo-
tent conformal algebra. Since ad is a homomorphism of Lie conformal algebras
this modification is the image of a suitable modification @ of a. Moreover @ is
still an element with minimal zero-multiplicity. Then a generates a nilpotent
Lie conformal algebra with respect to which V' decomposes as a direct sum of
generalized weight submodules,

V= @V(f = Vao @ (@Va¢)a
¢

70

where U = V0 is a vertex subalgebra of V and N = V({b is an abelian ideal
»#0
of V' as a consequence of Proposition 1.19.

We have to show that the Lie conformal algebra structure underlying U is
nilpotent. We will prove that the adjoint action of any b € U on U is nilpotent.
Since a is an element of minimal zero-multiplicity then the zero-multiplicity of
b must be at least k. Suppose that ¢ # 0 is a weight for the action of b on
U. Then 0 must be a weight for the action of b on N. As a consequence, for a
suitable choice of ¢ € H, 0 is not a quasi-weight for the action of b+ ca on N.
Then b + ca would be an element whose 0-multiplicity is lower than k, which
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contradicts minimality of a. This proves that U = U° with respect to the adjoint
action of any b € U and so by Engel’s theorem U is nilpotent. It remains to prove
that N = VI*l: since N is an ideal such that V/N is nilpotent then VIl ¢ N.
We prove the other inclusion by showing that N € V*! by induction on k € N,
the basis of the induction being clear, as N C V°? = V. Now we proceed with
our inductive assumption. Notice that for any a € V we have a- N = N, as N
is a vertex ideal. As a consequence, V¥ = [V, V] 5 [a, N] = N, for any
k. O

Remark 3.1. Notice that VI is the smallest nil-ideal of V' having a comple-
mentary subalgebra U such that U™ is nilpotent.

The statement of Theorem 3.1 suggests us how to construct a finite vertex
algebra V such that the corresponding Lie conformal algebra V2% is not nilpo-
tent. What we need is a nilpotent vertex algebra U with a suitable action on an
C[0]-module N. The simplest case is when U is a commutative vertex algebra,
i.e., U is abelian, and N is a free C[0]-module of rank 1.

Let F = {a(t) € C[[t]][t"!]}. F is a differential commutative associative alge-
bra with 1, with derivation 0 = %. Hence F has the vertex algebra structure
described in Example 1.17. Explicitly, for any a(t),b(t) € F

(3.) Y (a(t), 2)b(t) = (e2a(®)b(t) = iy<iqalt + 2)b(0)

where i< (see [K]) points to the fact that one should expand a(t + 2) in the
domain [z| < |t[, i.e., using positive powers of Z.

Let N = C[0]n be a free C[0]-module of rank 1. We set:

(3.2) Y(n,z)n =0,

and define an action of F on N by setting

(3.3) Y (a(t), z)n = a(2)n,

where a(t) € F.

Theorem 3.2. There exists a unique vertex algebra structure on the C[J]-
module V- = F & N such that (3.1), (3.2), (3.3) are satisfied. Moreover, the
central series {VIFI} of V% stabilizes to N.

Proof. We take as vacuum element on V' the constant function 1 € F. Then it
is easy to verify that 1 satisfies the vacuum axiom. Also the field axiom easily
follows by definition. Locality and translation invariance just requires some
more computation. Notice that skew-commutativity forces:

(3.4) Y (n, 2)a(t) = %Y (a(t), —2)n = a(—2)e*n.

Moreover, we set:

(35 Y(alt),2)0%n =3 (f) (~1)'al) ()05 .

i=1

47



Then translation invariance follows by (3.5) and skew-commutativity (3.4).
We want to prove that:

(3.6) (z = w)N [y (a(t), 2), Y (b(t),w)] =0,
(3.7) (z —w)Ne Y (a(t),2),Y (n,w)] =0,
(3.8) (z —w)Nm) [Y(n,z),Y(n,w)) =0,

for some choice of N(a,b),N(a,n), N(n,n) > 0. Equation (3.8) holds with
N(n,n) = 0 as immediately follows by (3.2) and skew-commutativity.
Let ¢ € V. Applying 9 to both sides of (3.6) we obtain

(z — )N ([, [Y(a(t% 2), Y (b(t), w)]] + [Y(a(t), 2), Y (b(t), w)]Oc)
= (z—w)VE0 (Y (a'(t), 2), Y (b(t), w)] + [Y (a(t), 2), Y (V' (£), w)])e)

+ (2= w)N@D ([Y(a(t), 2), Y (b(t), w)]dc) = 0,

which proves that it is sufficient to verify (3.6) on n. A similar computation
shows that it is sufficient to verify (3.7) on b(t). Since

Y(a(t), 2)(Y (b(t), w)n)) = Y(a(t), )b(w)n = b(w)Y (a(t), 2)n = a(z)b(w)n,
and
Y (b(t), w)(Y(a(t), z)n)) = Y (b(t),w)a(z)n = a(2)Y (b(¢t), w)n = a(z)b(w)n,

we have

[Y(a(t), 2), Y (b(t),w)] = 0,
so that (3.6) holds, and we can chooose N(a,b) = 0. Let us compute

Y(a(t), 2)(Y(n,w)b(t)) =Y (a(t), 2)b(~w)e""n = b(—w)Y (a(t), z)e""n
= b(jw)ewa(e_waY(a(t), 2)e*)n
= evb(—w)Y (a(t),z — w)n

= djyp|<|z)a(z — w)b(—w)evn,

and
Y (n,w)(Y(a(t), 2)b(t)) =Y (n,w)ij<sa(t + 2)b(t)
= i<y Y (n, w)a(t + 2)b(t
= i|z)<jwja(z — w)b(—w)e n
Therefore,

(z=w)N @MY (a(t), 2), Y (0, w)]b(t) = (ijw|<|z) — )2 <) (2=w) @M a(z—w)b(—w)e*On)

is zero for sufficiently large N (a,n).

It remains to prove that V> = N. Let a = a(t) = 3 an,t™"~' € F such that
nez
a(t) contains some negative power of t. As a consequence, there exists n > 0

such that a(t),)n = a, -n # 0. Therefore a- N = N and the central series of
V6L stabilizes on N. O

The proof of Theorem 3.2 suggests us how to construct a finite vertex algebra
whose underlying Lie conformal algebra structure is not nilpotent. It is sufficient
to choose a finite subalgebra U of F whose conformal adjoint action on N
has nonzero weights, i.e., a finite subalgebra U C F containing some element

a(t) & C[[¢]].
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Corollary 3.3. M =C[t!] x N C F x N is a finite vertex algebra, generated
by t=1, 1 and n, as a C[0]-module, such that M™* is not nilpotent.

We conclude this chapter by observing that even trough the nil-ideal N in
the decomposition stated in Theorem 3.1 is canonically determined, as it equals
VIl the subalgebra U is not. Indeed there are several possible choices of U
as the following construction shows. Let n € N. Then n is a derivation of
V,and as N - N = 0, "%0) = 0. Recall that the exponential of a nilpotent
derivation of a vertex algebra V gives an automorphism of V. If, in the vertex
algebra described in Corollary 3.3, we choose n to be the free generator of N,
then exp(kn(g))(t™") = t~' — kn, k € C. Then, if we set 1) = exp(kn(g)), we
obtain 9(N) = N, %(U) = C[9](t ! —kn)®C1, and »(U)NN = »(UNN) = 0.
Thus ¢ (U) is another subalgebra of V' which complements N. In this example
all such subalgebras can be showed be conjugated by an automorphism of V. It
is not clear wether this holds in general.

49



Chapter 4

Lie pseudoalgebra
representation with
coefficients

In this chapter we generalize the notion of Lie pseudoalgebra representation
given in Section 2.4. The proofs in this chapter are often verbatim translations
of proofs given in [BDKI] to the new setting.

4.1 Rings of coefficients

Let (H,Ap, S, €) be a cocommutative Hopf algebra over k.
A left H-comodule is a vector space A over k endowed with a k-linear map

Ay: A — H® A
a — a(1)®a(2),

such that
(4.1) (Ag ®ida)As = (idH® Ap)Ag,
(4.2) (6 ® idA)AA =idy4.

A 4 is called the comodule structure map of A.
Let A be an H-comodule and A 4 be its comodule structure map. Let

Afi=A44: A — H®A
Aﬁ,z‘:(idH®"~®AH®--~®idD): H" 1A — H"® A,

forn>2i=1,...,n—1. For n > 2 we set

A2 =(dp® - ®@idg®As): H' '®A — H"® A.

n,n

Then we set

n_ AA A A A
A =A%, 0 An—1,n,—1 O---0 Az,z o A1,1»

n,n

Then AY = Ap and A" is a map from A to H" @ A which by (4.1) does not
depend on our choice of the indices i;. From now on we often denote by A both
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the coproduct Ay on H that the comodule structure map A 4 of A. This leads
to no confusion because of (4.1). We can rewrite formulas (4.1) and (4.2) as

(4.3) (A®ida)A(a) = (idg ® A)A(a) = a1y ® a(2) @ a(z);
(4.4) (e® ida)Aa) = e(a))ae) = a.

Remark 4.1. Let A be an H-comodule algebra, a € A and A" (a) = ap) ®

- ® -1y ® a(ny. The notation in (4.3) is deceiving as ayy,. .., a@m—1) lie in
H whereas dy lies in A. As a consequence for any a € A we can apply the
counit € of H to all tensor factors of A"~Y(a) but for the last one.

An H-comodule algebra is a unital associative algebra D endowed with an
associative algebra homomorphism

AD: D — H® D
d d(1)®d(2),

making (D, Ap) into an H-comodule.
From now on we will call an H-comodule algebra D a ring of coefficients over
H.

Lemma 4.1. Let (Hy, A1, S1,¢€1), (Ha, As, Sa,€3) be Hopf algebras, ¢ : Hy —
Hy be a Hopf homomorphism and (D1,Ap,) be a ring of coefficients over H.
Then Ap, = (¢ ® 1)Ap, endows Dy with a structure of a ring of coefficients
over Hs.

Proof. Clearly, Ap, is an associative algebras homomorphism. We have to check
that the axioms of a ring of coefficients are satisfied.

= (Ap, ®1)(¢(d)) ® d(2)) = Ap,(¢(d(1))) @ d(2)
= (@9 ®1)(An,(d)) ®d(2))

= (0@ o ®1)(d) ® d2y @ d(s))

= ¢(d1)) ® ¢(d(2)) ® d(s),
(1®Ap,)Ap,(d) = (1®Ap,)(#¢(da)) ®de)) = d¢(da)) @ Ap,(d(2))
= ¢(d(1)) @ ¢(d(2)) @ d(3)-

This proves (4.3). Moreover,

(Am, ® 1)Ap,(d)

(e2®1)Ap,(d) = (e2®1)(¢(d(1)) ® d(2)) = €1(d(1))d(2) = d.
O

Example 4.2. Fvery Hopf algebra H is a ring of coefficients over itself with
comodule structure map given by Apg.

Example 4.3. Let D be a Hopf subalgebra of a Hopf algebra H. Since D
is a ring of coefficients over itself and the inclusion from D to H is a Hopf
homomorphism from D to H this follows by Lemma 4.1 that D is a ring of
coefficients over H. In particular D =k C H is a ring of coefficients over H.

Let (D1,Ap,) and (D2, Ap,) be rings of coeflicients over H; and Hs respec-
tively. Let ¢ be a Hopf homomorphism from H; to Hs and ¥ be an associative al-
gebras homomorphism from Dy to Dy. The pair (¢,v) : (Hy, D1) — (Ha, D2)
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is a ring of coefficients homomorphism from D; to Ds if for any d € Dy it
satisfies

(4.5) Ap,(¥(d)) = (¢ @ ¢)Ap, (d).

Let D be a ring of coefficients over H. For any n > 1 we define a map

D, : H"® D — H"® D

(4.6) MO @ha®d —  hid @ had_1) ® duy).

We call the map (4.6) the n-fold Fourier transform of D. We often denote D
simply by D.

Proposition 4.4. Let D be a ring of coefficients over H. For anyn > 1 the
n-fold Fourier transform of D is an isomorphism of vector spaces.

Proof. The proof is the same as for Lemma 2.3, where the inverse of D,, is

D,;l: H"®D — H"®D
hi @ @hp@d = hida) @ @ hpd(n) ® d(nt1),

O

As a consequence of Proposition 4.4 we have the following analogous of
Proposition 2.4.

Proposition 4.5. Let H be a cocommutative Hopf algebra, {h; |i € I} be a k-
basis of H and D be a a ring of coefficients over H. Every elementd € H" ® D,
n > 1, can be uniquely written as

d= Y (hi,® - ®hi, ® DAY(d).
i1 yeesin
In other words, H* @ D = (H""! @ k)A™(D).
Corollary 4.6. Let D be a ring of coefficients over H and M be a left D-module.
Then every element in (H ® D)®p M can be written in the form

(4.7) Z(hl ® 1)®p my,

K2

for a suitable choice of h' € H, m; € M.

Proof. Tt is sufficient to use Proposition 4.5. Explicitly,

Z(h" ® d)®pm; = Z(h’dl(;l) ® 1)®p djgym;.

(3 (3

We will refer to (4.7) as the left-straightening for (H ® D)®p M.

Remark 4.2. Let D be a ring of coefficients over H. Conversely to what
happens for a Hopf algebra H (see Remark 2.2) it is not true in general that
H® D = (k@ D)A(D). For example if D is a proper Hopf subalgebra of a Hopf
algebra H then (k® D)A(D) = D ® D is strictly contained in H ® D.
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Lemma 4.7. Let D be a ring of coefficients over H and M be a finite left D-
module.
For every n > 1 the map
(4.8)
Ty (H*®@ D)®@p M — H*® M
(M®-@h,@d)®pm =  hid_p) @ hpd(_1) @ dnyym,

is an isomorphism of vector spaces.

Proof. We have to check that , is well defined, i.e., we have to verify that
Tn((h1 @ @ hy @ d)@p d'm) = 7 ((R1d'1 @ -+ @ hpd' () @ dd (1,41))@p ).
By definition of m,, we have:

(b1 ® -+ @ hyy @ d)®p d'm) = hyd(_p) @ - -+ @ hynd(_1) @ d(1)d'm;

W,L((hld/(l) Q- h”d/(n) ® dd/(n+1))®D m) =

= hd ) d (—anyd(n) @+ @ hno1d (n1)d (—n-2)d(-2)

© hnd' () d' (—n-1)d(-1) ® dni1yd 2ni1ym

= hd' ) d (—ani1ydn) @ @ hyad (nyd' (-n-1)d(2)

& hne(d/(n))d(,l) ® d(n+1)d/(2n)m

= hd' ) d' (aninydin) @ - @ hpad (n1ye(d () (—n-1)d(-2)

© hnd(-1) © i1y emym = Ind () d' (—an42)d(n) © -

® hn1d' (n1yd' (-n)d(2) ® hud(-1) © d(n11)d 2n-1ym

= = d( ) @ - @ hpd (1) @ diyryd'm.
By a straightforward computation, similar to that in Lemma 2.7, one can prove
that:

7L H*©@ M — (H" ® D)@p M
M@ @h,@m = (e ®h,®1)®@pm,

is both a left and right inverse of 7. O

4.1.1 The ring of coefficients D,

In this section we introduce a family of ring of coefficients Dy, A € k, which
will play an important role in the sequel. We also prove that for a such ring of
coefficients equality H ® Dy = (k ® Dy)A(D,) holds.

Let o be a Heisenberg Lie algebra, that is a vector space of dimension 2n + 1
with a basis {p;, ¢;, ¢} such that [p;,¢;] = —¢, i = 1,...,n, are the only nonzero
commutation relations. Its universal enveloping algebra H = U(D) is graded
associative algebra by the gradation defined in (2.32). H is a central extension
by k(c — 1) of the Weil algebra Ag, = (t1,...,tn, aitl’ cey %).

Let I = (¢c— NH, A ek

Lemma 4.8. 1) is a two-sided ideal of the associative algebra H such that
A(Iy)CIy®@ H+ H® I,.

In particular, Iy is an Hopf ideal of H.
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Proof. As (c— ) is central, the first claim is clear. The second claim follows by
Alc=A)=c®14+1® (c—N).
Since S(Iy) C Iy and €(Ip) = 0 then I is an Hopf ideal of H. O
For any A € k let
(4.9) 7w H— H/I,
be the natural projection. We denote H/Iy by Hy = Do and H/I by Djy.

Corollary 4.9. The Hopf algebra H induces a Hopf algebra structure on Hy
and a structure of a ring of coefficients over Hy on each D).

The Hopf algebra Hj is isomorphic to the graded commutative associative
symmetric algebra S(9), where 0 is the vector space linearly generated by p;, g;,
t = 1,...,n and its gradation is given by (2.28). For any A # 0 the ring of
coeflicients D) is isomorphic to the Weyl algebra As,.

Remark 4.3. By construction my is a Hopf homomorphism from H to Hy and
(w0, ™) 18 a ring of coefficients homomorphism from H to Djy.

Proposition 4.10. Let A € k and Dy be the ring of coefficients over Hy de-
scribed in Corollary 4.9. Then H ® Dy = (k ® Dy)A(D5).

Proof. This follows by projecting H ® H = (k® H)A(H). O

Corollary 4.11. Let M be a left Dy-module. Then every element in (Hy ®
D)) ®p, M can be written in the form

(4.10) Y (ed)ep, m),

for a suitable choice of d* € Dy, ml € M.
Proof. Tt is sufficient to use Proposition 4.10. Explicitly,
(W' @ d)@pm; = (1© d'h{_y)®p hiyym;.
O

We will refer to (4.10) as the right-straightening for (Hy ® D)) ®p, M.
From now on for the ring of coefficients Dy we will use the following notation

(4.11) mo(pi) = 0i, mo(¢i) = Onyi, i=1,...,m,
(4.12) ma(pi) = 0i, Q) = gy, i=1,...,m,
so that, for example,

ANE) = amltles,

Ax(0:i0;) = 00,140, ®6; +0; ®d; +1® §;0;.

Remark 4.4. Let us spell out explicitly some right-straightening that we will
need later on. Let M be a Dy-module. For any m € M we have equalities:

(413) (8l®1) ®p, m :(1® 1) XD, (5¢m—(1® (Sl) Qp, m,
and

(00; ®1)®p, m =(1®1)®p, 0;5;m—(1® J;) ®p, d;m

(4.14) _(1 ® 52) ®p, 6jm + (1 ® 51'6]’) ®p, M.
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4.1.2 A filtration on D,

Let Dy be a ring of coefficients over H, we set

il ign
51 "'52n

b
il o]

5 —

similarly to the notation introduced in (2.18) for a Hopf algebra H.
We can define an increasing filtration on Dy by

(4.15) FPDy =span {60 | [I| <p}, p=0,1,2,...

)

This filtration satisfies

(4.16) (]TPZDA)(}TQI)A) Ci17p+ql)A,
p

(4.17) AX(FPDy) C Y F'Hy® FP~' Dy,
1=0

as one can prove immediately by projecting (2.20) and (2.21) to Dj.
We will say that a nonzero element d € D) is of degree p if d € FP D\ FP~1D,.
In a similar way Hy ® D) is filtered by:

(4.18) FP(Hy@ D))= > F'Hy@F"Dy.
l+m=p

Lemma 4.12. Let M be a Dy-module. With respect to the filtration of Hy® Dy
defined in (4.18) we have equalities:

(FPHy®k) ®@p, M = FP(Hy® D)) ®p, M = (k® F?D,) ®p, M.

Proof. Recall that for Dy we have (H @ k)A(D,) = (k® Dx)A(D,). By use of
left and right straightening formulas for (H ® D)) ®p, M and (4.17) we obtain
the two opposite inclusions for (FPHy ® k) ®p, M and (k ® FPD,) ®p, M,
proving equality. Clearly, by (4.18) both FPHy®k and k® FPD) are contained
in FP(Hy ® D,). To prove the opposite inclusion we can apply an argument
similar to the other one. O

Let
grDy = @F”D,\/Fp_lD,\

p>0

be the associated graded space to Dy. Then gr D) is isomorphic to Hy = S(0),
for every A € k.

4.2 Pseudoalgebra representations with coeffi-
cients

Let H be a cocommutative Hopf algebra, D be a ring of coefficients over H and

A be an H-pseudoalgebra.

Let M be a left D-module. A pseudoaction of A on M with coefficients in D is
an (H ® D)-linear map

x: A M — (H® D)®@pM
a®@m axm.
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The expanded pseudoaction with coefficients in D is an (H™*"~! @ D)-linear
map

x: (H"opA)® (H'®@D)@pM) — (H™"® D)op M,
defined as
(4.19) (Foub)* (Gepm) = (F & G)(A™ @ A" 1) (a xm),

where F € H",.G € H" '®@ D,a € A,m & M, m,n > 1.

Let A be an associative H-pseudoalgebra, D be a ring of coefficients over H.
A representation of A with coefficients in D, or an A-module with coefficients
in D, is a left D-module M endowed with a pseudoaction of A on M with
coefficients in D satisfying:

(4.20) (a*b)xm =ax*(bxm),

for a,b€ A, me M.
Let L be a Lie H-pseudoalgebra, D be a ring of coefficients over H.

A representation of L with coefficients in D, or an L-module with coefficients
in D, is a left D-module M endowed with a pseudoaction of L on M with
coefficients in D satisfying:

(4.21) [axb]*m=ax*(b*m)— (bx(a*xm))”

)

fora,be L, me M.
As usual, both sides of (4.20) and (4.21) lie in (H? ® D)®p M and are defined
by use of (4.19).
Explicitly, if
bxm = Z:(k:Z ®@ d)@pmi, axm; =Y (hY @ dV)®pmj;

J

then,
(4.22) ax(bxm) =" (W @kd], @ d'd})@p mi;.
g
If _ _ . g
laxb] =Y (b @ f)@ul, lixm=Y(h® e¥)@pn;
i J
then,
(4.23) [@*b] *m = Z(hih”(l) ® fihg) ® €;;)Qp Nyj.
1,3

An A-module M with coefficients in D, A an H-pseudoalgebra, is finite if it is
finitely generated as a D-module. As a consequence of Lemma 4.7 we have the
following,

Proposition 4.13. Let L be a Lie pseudoalgebra over H, D be a ring of coef-
ficients and M be a finite L-module with coefficients in D.

Any element of (H"™™ @ D)®p M can be uniquely written as an element in
Hm™ " @ M.
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When D = H the notion of representation with coefficients reduces to the
usual notion of pseudoalgebra representation given in Section 2.4. From now
on we call a pseudoalgebra representation with coefficients in H an ordinary
pseudoalgebra representation.

Let M be an L-module with coefficients in D and let

axm = Z(hi ®1)®p m;,

3

where {h'} is a k-basis of H. For any subset N of M we denote by L - N the
D-module generated by all the n; of any a*n, a € L, n € N.

A D-submodule N of M is an L-submodule with coefficients in D if L- N C N.
An L-module with coefficients in D is irreducible if it contains no nontrivial
submodules.

Let My, My be L-modules with coefficients in D. An L-module (with coefficients
in D) homomorphism from M; to Ms is a D-linear map p : M; — M, such
that for any a € L, m € M; we have

(4.24) ax(p(m)) = ((idyg ® idp)®p p)(a * m).

4.2.1 Extending scalars with pseudoalgebra representa-
tions

Here we show that under a compatibility condition it is possible to associate to
any L-module M with coefficients in D an L’-module M’ with coefficients in
D', where L' is obtained from L by extension of scalars.

Let L be a Lie H-pseudoalgebra, D be a ring of coefficients over H, and M be
an L-module with coefficients in D. Let D’ be a ring of coefficients over H' and
suppose that U = (¢,1)) is a ring of coefficients homomorphism from D to D’.
Then v endows D’ with a right D-module structure so that we may consider
the tensor product D'®p A for any left D-module A.

Proposition 4.14. The left D'-module M' = D'®p M has a structure of L'-
module with coefficients in D', where L' = BCy(L), satisfying

(4.25) (W®ga)* (d@pm) = Z(h%ﬁ(h”) ®d'p(d)) @p (1&pm;),

K2

ifaxm=3 (h'®d)®pm; € (H® D)op M.

Proof. First of all we have to verify that (4.25) gives a well defined map.

(W ha)+ ([@@pdm) = S(W(hhi) © db(dd)) @ (16p m;)
= LW o)) © dd(d)i(d) ©pr (19 m)
= (Wo(h)on )« V(D@D m).
It is an (H' ® D’)-linear map by the very definition. It remains to prove that it
is a Lie pseudoaction. Let a,b € L, m € M and suppose that:

? J

[a*b] = Z(hi QkN@g e, e xm= Z(h” ® k" )®pm,
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then we have
[axb]xm = (h'h}, @ KR}y @ k9)@p mi;.
,J
Then

(W& a)* ‘(k’®H b)] * (d'®@pm)
= Z(hl (h") @ K'¢(k")) @nr (105 €;) * (d'@p m)

= Z(h’d)(h’) (h'7) (1) ® K'¢(k*)p(h™) 5y @ d'tp(k*)) @pr (1®p mi;)
(h’(b(hlh” )@ K(kih) © dd(k) @ p (10 miy).
Similarly, if
«(bxm) =Y (f7@ flgd, @9'93)@pmi; € (H® H& D)@p M,
i
then

B

1 a) % ((K'@n b) « (d'©pm))

a) * (d'®p

'@ua)x (K'o(f') @ d'd(g") @p (1&p m;)

O(f7) @K o(f)v(g’ )(1) d'¥(g )¢(9ij)(2))®D' (1®p mij)
(f ) @ Ko (f)lggl)) @ d'v(g)b(g) @pr (10 mis)
(f7)®

) @K o(flg)) © dv(g'gd)) ©p (10D may).

||/—\

®
2
Z

<.
<.

)

W(f
Wo(f

(h
(n'
Z(
Zj(

In the same way we can compute (K'®@g b) * (W ®g a) * (d'®@pm)).
Then [a *b] *m = a x (bxm) — (b* (a*m))”** guarantees that:

Womaxk@gbl« (dopm)= (KW®ga)*((K®pgb)* (d®pm))
—((K'®p b) * (W@ a) x (d@pm)))T.

O

Remark 4.5. A more conceptual proof of the above statement can be given by
an argument analogous to that in Remark 2.6.

We will say that M’ is obtained from M by extension of scalars or base
change. Let U = (¢,¢) : (H,D) — (H', D’) be a ring of coefficients homomor-
phism, L a Lie pseudoalgebra over H, M a representation of L with coefficients
in D. Then, by Proposition 4.14, BCy (M) := D'®p M is a representation of
BCy(L) = H'®y L with coefficients in D’. Similarly, if p : M7 — M, is an
L-module with coefficients in D homomorphism, set BCy(p) = idp: ®p p. Let
Modf be the category of L-modules with coefficients in D.

Theorem 4.15. Let D, D’ be ring of coefficients over H and H' respectively,
= (¢,%) : (H,D) — (H',D’) be a ring of coefficients homomorphism. Then
BCs : Modf — Modgc¢(L) is a (covariant) functor.
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Proof. As clearly, for any choice of L-modules with coefficients in D, M7, My, M3,
p € Mor(My, Ms), 11 € Mor(Ms, Ms) we have BCyg (1) o BCy(p) = BCyg(p10p)
and BCy(idps) = idpc, (ar) we are left with proving that if p € Mor(Mod?)
then BCy(p) € Mor(Mod§é¢(L)). Assume that p : M} — My is a L-module

with coefficients in D homomorphism. Notice that BCy(p) is well defined since
both idp/ and p are D-linear maps. Moreover,

((idH/ ®idD/) Qpr BCq;(p))(l@H a) * (1®D m)

= ((idH/ ®idD/) & pr (idD/ [5975) P))(1®H a) * (1®D m)

= ([dg ®idp/) ®@pr (1@x plaxm)) = (1®# a) * (18p p(m))
= (1@ a) * (BCy(p)(l®y m)).

By (H' ® D’)-linearity this proves that (4.24) is satisfied. O
Remark 4.6. The same construction holds for associative H-pseudoalgebras.

Remark 4.7. When D = H, D' = H' then BCy is a functor from the category
of ordinary L-modules Mod,™ = Mody, to Modpc,y- If D=H and D' is a

ring of coefficients over H' then BCy is a functor from Mody, to Modgéd)(m.

4.3 D-pseudolinear maps and gc? M

In this section we introduce the H-module gc” M of all D-pseudolinear maps
from a finite D-module M to itself, proving that gc” M is a Lie H-pseudoalgebra.
Let D be a ring of coefficients over H, M, N be D-modules. A D-pseudolinear
map ¢ is a k-linear map:

¢: M — (H® D)®@p N
m —

such that
(4.26) p(dm) = (1® d)@p ¢(m); VdeD.

We denote by Chom” (M, N) the space of all D-pseudolinear maps from M to
N. Chom® (M, N) is a left H-module via the action

(4.27) (hg)(m) = (h® 1)¢p(m); VYV he H.
As a consequence if M, N are D-modules and ¢ € Chom®™ (M, N) then

%: Chom”(M,N)o M — (H® D)®pN

is an (H ® D)-linear map.

Example 4.16. Let A be an associative pseudoalgebra over H and M be an
A-module with coefficients in D. For any a € A the map

Aa: M — (H® D)@p M

(4.28) m = A(m) =axm,

is a D-pseudolinear map. Moreover for any h € H we have hA, = Apq -
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Lemma 4.17. Let ¢ € ChomD(M, N) and 0 # h € H. Then h¢ = 0 implies
¢ =0.
Proof. Let m € M and suppose that ¢ x m = z:(hZ ® 1)®p m;, where we can
choose the m; to be linearly independent. '
By (4.27) we have (h¢) xm = 3_(hh' ® 1)®p m;. If (h¢) * m = 0 then we must
have hh' = 0. Since H = U(0) has no nonzero divisor this implies ' =0. O
Let ¢ € Chom®” (M, N) and suppose that ¢ * m = Z(hz ® d)®p n;.

For any = € X we define a map ¢, : M — N as '

ba(m) =Y (S(x), hid{_y))diy ;.

We will call ¢, the z-coefficients of ¢. By Corollary 4.11 and properties of the
filtration of X this follows that,

(4.29) codim{z € X | ¢pym =0} < oo, for any m € M.

Moreover, since ¢ satisfies (4.26) we have, for any z € X:

¢z (dm) :Z< (@), W _yyq_, 2y digni
Z( (@)S(d (1), h'd_yy)d2)digymi
zd(2)2<8( (-1)x), h' d( 1)>d(2)ni
= dgydu_a(m).

On the other hand any collection of linear maps ¢, € Hom(M, N), x € X satis-
fying (4.29) and (4.30) comes from the D-pseudolinear map ¢ € Chom®” (M, N)
defined by:

(4.30)

¢ *m = Z(S(hl) ® 1)®D ¢a:7m

where {h'} is a basis of H and {x;} is the corresponding dual basis of X.

Theorem 4.18. Let M be a finite D-module and Chom® (M, M) be the H-
module of all D-pseudolinear maps from M to itself. Then

(@) xm = ¢x(¢xm),

where ¢, € ChomD(M, M), m € M, endows ChomD(M, M) with a structure
of an associative pseudoalgebra over H denoted by Cend M.

Proof. The map ¢ * ¢ is defined in term of its x-coefficients. The proof of the
statement is the same as in [BDK1,Lemma 10.1]. O

If M is a free D-module of finite rank there exists an explicit description of
Cend” M

Proposition 4.19. Let M = D ® My where D acts trivially on My and
dim My < co. Then the associative pseudoalgebra Cend® M is the H-module
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H ® D ® End My with H acting on the first tensor factor endowed with the
following pseudoproduct

431) (feceA)x*x(®doB)=(f© ge)on (1® d) @ AB),

for f,ge Hyc,d € D, A, B € End M,.

Moreover, M is a Cend®? M -module with coefficients in D wvia the pseudoaction
(4.32)

(fecA)x(e@m) = (f@®ec)®@p (1® Am), f € H,c,e € D, A € End My, m € My,

Proof. Since M = D ® My a D-pseudolinear map is a map from M to (H ®
D)p(D® My) = H® D ® My. So, as a vector space, we can identify
Chom®” (M, M) with H® D & End My, with a structure of an H-module given
by multiplication by h on the first tensor factor.

We have to verify that (4.31) is an (H ® H)-linear map and that it satisfies the
associativity (2.11).

Let f® c®A,g® d®B,h® e ®C € Cend”M, k, k' € H. Then

(kf®@c@A)x (kg d®B) = (kf ® Kgcq))®u (1® depy @ AB)
= (k@ K)o D)((f ® geq))@n (1@ dem) @ AB))
(ko Kor)(f® c®A)x(g® d® B)).

This proves that (4.31) is an (H ® H)-linear map.
By a direct computation we obtain

(fecA)x((g®d®B)x(h®e®())
=(f@c®A)*((g® hdn))®n (1® edp) @ BC))

1l®g ®hd(1))(1® A)((f®c®A)x (1® ed(g) ® BC))
(1® g ® hd) (1@ A (f® c(1))®H (1® €d(2)0(2) ® ABC))
(e g ®hd(1))(f® c(1) ®C(2)))®H( ® ed (2)€(3) ® ABC)
=(f® ge) ®hd(1)8(2 @ (1l® 6d(2 (3) ® ABC),

and

(
= ((f ® gcq))®nm (1® degy ® AB)) * (h® e ® C)

fRc@A)*x(g®d®B))*x(h® e ®C)

( c

= (f® geqy ®1) ) 1® depy @ AB) x (h® e @ C))
(

= (

=(

(Ao 1)((
(f@geqy @DN(A® 1)(1@ hd(l)C(z) ®))®m (1® edgg)cs) @ ABO)
(f® geqy ®1)(1®@ 1 @ hdayce)))@u (1® ed@)ycs) ® ABO)
e geay @ hd (1)€(2) ) ( & ed(g)c ®ABC)
We are left with proving that M is a Cend” M-module with coefficients in D.
We have to verify that (4.32) is an (H ® D)-linear map which satisfies (4.20).
Let f@ c®A,9g® d®B e Cend?M,e® me M, he H,de D. Then we
have,

(hf®@c®@A)x(de®@ m) = (hf® edc)@p (1® Am)
((h® )@ u 1)((f ® ec)®p (1® Am))
=((h® oy 1)((f ® ¢ @ A)* (e ® m)).
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Let us compute:

(f®@c®A)x(g® d ®B)) *(e® m)
= ((f ® geq))@m (1 ® degy ® AB)) * (e ® m)
=(f® geqy ®1)(A® 1)((1® dey ® AB) * (e ® m))
= (f ® geq) ® (A ® 1)((1® edeo))®p (1© ABm))
= (f® geqy ®1)(1 ® 1 ® ede(a))®p (1 © ABm)
= (f ® geqy ® edcg))®p (1@ ABm),

and
(f@c®A)x((g® d®B)*(e® m))
=(f®c®A)=* ((g® ed)®p (1® Bm))
=(1®g®ed)(l® )((f®C®A)*(1®Bm))
=(1® g®ed)(1® A)((f® c)®p (1® ABm))
((1 ® g ® Ed)(f® c(1) ®C(2)))®D (1 ® ABm)
= (f ® geqy @ edega))®p (1@ ABm).

O

We denote by gc” M the Lie pseudoalgebra structure on H obtained from
Cend®” M by use of (2.14). Clearly, M is a gc” M-module too.
If M is a free D-module of rank N then we denote Cend” M and gc? M re-
spectively by Cendﬁ and geX.

Example 4.20. Let M be a free D-module of rank 1. The associative H -
pseudoalgebra Cendf) is the H-module H® D, with H acting on the first tensor
factor, endowed with the associative pseudoproduct:

(f@c)x(g@ d)) = (f ® gcq))®m (1@ deg)),

for f,ge H, ¢c,d € D.
As a consequence of (2.14), gcP is H® D endowed with the pseudobracket:

(f®c)x(g® d)] = (f® gey)®m (1® dey) — (fdny ® 9)®u (1® cdy),
for f,ge H, ¢c,d e D.

Remark 4.8. The algebraic structures in Example 4.20 are remindful to those
introduced by Kolesnikov in [Ko2] and Retakh in [Re].

Proposition 4.21. Let D be a ring of coefficients over H, M be a finite D-
module, A be an associative H-pseudoalgebra. Giving an A-module structure
with coefficients in D over M is equivalent to giving an associative pseudoal-
gebras homomorphism from A to Cend” M. A similar statement holds for Lie
H -pseudoalgebras L.

Proof. The equivalence between A-modules with coefficients in D and associa-
tive pseudoalgebras homomorphism from A to Cend” M is obtained via the
map (4.28). O

Remark 4.9. For D = H we reobtain the results stated in Proposition 2.28.

Corollary 4.22. Let M be an L-module with coefficients in D. Then any
torsion element of L acts trivially on M.
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Proof. 1t follows by Lemma 4.17. O

In the rest of this section we will assume that D is a ring of coefficients over
H such that H ® D = (k® D)A(D).
Let ¢ € Chom®” (M, N), we set:

ker,p ={me M| p,m=0, Vx € FPX}.

Lemma 4.23. The space ker_1¢p =kerp={me M | p,m =0, Vo € X} is a
D-submodule of M.

Proof. By (4.30), for any d € D, m € ker M, we have:
¢a(dm) = d(2)¢a,_,,em =0 = dm € ker ¢.
O]

Proposition 4.24. Let ¢ € Chom®” (M, N). Then the vector space ker,, ¢/ ker ¢
is finite dimensional for any p > —1.

Proof. By Lemma 4.23 after replacing M by M/ ker ¢ we can assume without
loss of generality that ker ¢ = 0. By definition we have ker, ¢ = ¢~ ((FPH ®
k)®p N). By Lemma 4.12 we have (FPH ®k)®p N = (k@ FPD)®p N, so that
¢(ker, ¢) C (k® FPD)®p N ~ FPD ® N via the isomorphism 7 given in (4.8).
On the other hand M, since M is finite and ¢ satisfies (4.26) there exists a finite
dimensional subspace N’ of N such that ¢(ker, ¢) C (k® D)®p N' ~ D ® N'.
Using Lemma 2.6 we obtain ¢(ker, ¢) C (FPD® N'). Injectivity of mo ¢ implies
that ker, ¢ is finite-dimensional. O

Lemma 4.25. Let ¢ € ChomD(M, N). If d € D is not a divisor of zero then
dm ekergp={me M | p,m =0,V € X} implies m € ker ¢.

Proof. Let m € M and suppose that ¢+ m = > (1 ® d")®p n;, where {n;} is a

system of linearly independent vectors. By (4.26),

¢ (dm) = (1@ dd")@pn;.

If ¢ * (dm) = 0 then dd’ = 0. By our assumption this forces d’ to be zero. [

Corollary 4.26. Let M be an L-module with coefficients in D, where D is such
that H® D = (k ® D)A(D). Then any torsion element from M is acted on
trivially by L.

Proof. Tt follows by Lemma 4.25. O

4.4 The correspondence between L-modules with
coefficients and conformal £-modules
In this section we prove that there exists a one-to-one correspondence between

L-modules with coefficients and conformal modules satisfying a suitable techni-
cal condition on the annihilation algebra £ of L. This result is a generalization
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of the same correspondence given in [BDK1,Proposition 9.1] for ordinary L-
modules.

We will apply this result in the next chapter in order to study irreducible mod-
ules of the Poisson algebra Py .

Theorem 4.27. Let D be a ring of coefficients over H, L be a Lie pseudoalgebra
and L be its annihilation algebra. Any L-module M with coefficients in D has
a structure of conformal L-module given by the following action

(4.33)  (@@pa)m=Y (x,S(h"))m;, if axm=>» (h'® )@pm;.

Moreover the action defined in (4.33) is D-compatible, i.e., it satisfies

foranyde D, le L, me M.
Conversely, if M is a conformal L-module whose Lie action satisfies (4.34) then
M has a structure of L-module with coefficients in D given by

(4.35) a*m= Z (h")® D)®p ((zi®n a) - m),

where {h'} is a basis of H and {x;} the corresponding dual basis of X.

Proof. We have to prove that (4.33) is a Lie action, i.e.,

(4.36) [(z®@pga), (y@pb)].m = (2@ a).(yR@p b).m) — (y@u b).(z®@m a).m),
for z,y € X,a,b€ Lym € M. Let
b*m—Z(k’i 1)®p m;, a*mi:Z(g”@l)@szj,
J
a*xm = th 1®p myp, b*mp:Z(fp‘I@l)@Dmpq.

q

By (4.19) we have:

(4.37) ax(bxm) = (9" @k ®@1)®@p mj,
]

(4.38) (bx(axm))”* =3 (P @ fP1® 1)Qp Mpq.
P,

By definition we have:

(z®p a).(y@u b).m) = (2@ a). (Z< L S(kY))m;)
*2@7 (k) (2@ a).m;
= %@3 S(g”)><yv S(kl»mlj

A similar computation shows that:

(y©m b).(z@m a).m) = _{a, S(W"))(y, S(F79))mpq.

p.q
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The Lie action (4.33) is such that in the right-hand side of (4.36) x € X is acted
on by the first tensor factor in H in the right-hand side of (4.37) and (4.38) and
y € X is acted on by the second tensor factor in H of the same equations. We
are left with proving that the same holds for the left-hand side of (4.36) . Let

[a * b] :Z(lr® 1)®m ¢, Crxm = Z(t”@l)@[) Mys.

T S

By (4.19) we obtain:
[ax b xm =Y (I"t{}) @ t{3) @ 1)@p Mys.

Recall that by (2.39) we have:

[t®p a,y@m b] = Z(xlr)(y)ébH Cr

T

so that,

[(z@m a), (y2u b)lm =5 {(@l")(y), S(t"*))mas

<
»

s

2

s

2

s

xlr7 t(71)> <y7 t(iz)>mrs
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Then (4.36) follows from (4.21). It remains to check that (4.34) is satisfied.

(dy (@@ a)).(d2).m) = (daye@m a)dym =Y _(dqyz, S(h'd(_)))dymi,

B

»

since
ax* (dgym) = (1 ® dpy)axm = Z(hzd(,g) ® 1)®p digym

Then,
Z(d(l)x,S(hid(,g)»d(g)mi = Y (dyx,d2)S(h?))dzym
Z i(x d(—1)d2)S(h )>d(3)m
ZZX S(h)e(dqy))d@ym;
>, S(h)ydm; = a3 e, S(H))m
4@ aym).
Now, let M be a conformal £-module which satisfies the D-compatibility con-
dition (4.34). We want to prove that (4.35) endows M with a structure of an
L-module with coefficients in D. First of all we have to check that it is an
(H ® D)-linear map.
haxm = Z( (") ® 1)®@p ((x; ® ha).m) = Z(S(h’) ®1)®p ((x:h®m a).m)
Y (hS(W)) & Vo (w:9n a)m)
(h® Dep 1) S(SH) @ Dop (@@ a)m)
(h® 1@p 1) (axm).

((h
(
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(1® d)®p (axm) h') @ d)op ((z;@5 a).m)

h')d—1y ® 1)@p do)[(z;@ 5 a).m]
dayh' Y®1)®p diy[(zi®m a).m]

h') @ 1)®p d2)[d(—1)2:@n a).(dzym)]
X ®p ((d2yd(—1yzi®n a).dgym)

e(d(l))xi®H a).d(z)m)
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»n U
= = = = = = = =
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Now let

=
*
<
I
=
&
=
®
R
9

so that
[QS,‘@H a, T;Qp b] = Z(wilr)xj@m Cp.

T

Then
[axb]xm =3 (I"S(h{)) @ S(h3) @ @b ((wrs ® ¢).m).

TS

On the other hand
@ (brm) = (b (axm)* = SS9 © S(09) © @D (@1 0) (w21 D)-1)
~N(S(h) ® S(h7) © 1)@ (2@ ). (@05 a).m)).

Then (4.21) follows from (4.36). O
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Chapter 5

Representations of Py

We now apply the pseudoalgebraic language towards the study of discrete mod-
ules of the Lie algebra Py. Throughout this chapter, 0 denotes an abelian
Lie algebra of dimension N = 2n, of which we fix a basis {01,...,0n}. We
will first recall the definition of H(9,0,w) and describe its annihilation alge-
bra according to [BDK1]. We will then show that discrete irreducible modules
of Py can be understood as representations of H(?,0,w) with coefficients in
D, via the correspondence given in Chapter 4. Here we follow [DM]. We will
then study tensor modules and singular vectors using the same strategy as in
[BDK2, BDK3, BDK4]: it extends to representation with coefficients in Dy
without special effort.

5.1 The Lie pseudoalgebra H(d,0,w)

The universal enveloping algebra H = U(d) = S(0) is isomorphic to k[dy, . . ., On]
and, as we have seen in Section 2.3, it is a graded associative commutative al-
gebra, with deg9; = 1,i=1,...,N. Its dual X = Oy =K[[t1,...,tn]], where
{ti} is a basis of 9* dual to {0;}, also posses a gradation.

Section 8.5 in [BDK1] shows that all Lie pseudoalgebra structures on a free
H-module L = He of rank 1 satisfy

[exel=(r+s® 1-1® s)®ge,

for some r € 0 A D, s € 0. Moreover, if r is of maximal rank, and N > 2, then
necessarily s = 0. In what follows, we will focus on such structures, that are

denoted by H(?,0,w), where w € A20* is the symplectic 2-form corresponding to
N ..
the inverse of r. H(9,0,w) is a simple Lie pseudoalgebra. If r = 3~ r”9; ® 0;
ij=1
and w;; = w(9;,0;), then the matrices (r*/) and (w;;) are inverse to each other.

Lemma 5.1. [BDK1] The following

t: H®,0,w) — W(d)
e =T

(5.1)

is the only nonzero Lie pseudoalgebra homomorphism from H(9,0,w) to W (D).
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We set:
N
(5.2) 0'=> r9;.
j=1

Then,
N ‘ N . N
0= wyd, r=Y0®d=-Y 010
j=1 i=1 i=1
By a direct computation we obtain the following relations
(5.3) w(0%,0;) = 6} = —w(0;,07), w(0%,07) = —r' = (t;, 7).

Remark 5.1. Since r and w are nondegenerate it is always possible to choose
a basis {01,...,0n} of O such that

w(@,-/\an_s_j):féj-, i,j:l,...,n.

In this case _ _
0" =0pyi, O"P'=-0;, i=1,...,n,

(5.4) r= Z(ai ® Onti — Onti @ 05).
i=1

5.1.1 The symplectic algebra sp(0,w)
Let {t;} be the basis of 0* dual to {0;}. We consider the identification of Endd =
Hom(?,0) with d ® 9* given by e/ — 0; ® t;. Let * be the antihomomorphism
of associative algebras which uniquely extends

(@ @t;) = - ot
where 9° is defined in (5.2).
Then the symplectic algebra is

sp(d,w) ={A € Endo | A" = —A}.

It is a Lie subalgebra of gl0. Since w is nondegenerate sp(0,w) is isomorphic to
the symplectic Lie algebra sp,. In particular, it is a simple Lie algebra.
The elements

g 1 . ,
Ji= @ty +d on)

linearly generate sp(d,w) and {fij}i<j is a basis of p(d,w). Notice that f¥ =
7.
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5.2 The annihilation algebra of H(?,0,w)

Let P = X®y He ~ X®p e be the annihilation algebra of H(9,0,w). Due to
(2.39), its Lie bracket is given by

(5.5) [¢@n €, b@n €] = Z r9(¢0) () @me =Y ($0,) (0" )@ e.

2

Recall that P is an H-module via the action defined in (2.40) and that 9; act
as —0/0t;.

Lemma 5.2. The annihilation algebra P has a one-dimensional center linearly
generated by 1® g e.

Proof. By formula (5.5) we have

1@y e, v@nel =Y ri(10,)(vd;)@u e =0,
j
for any Yy®me € P.
Conversely, let ¢y e € Z(P). Then by (5.5)

0= [tk®H e, ¢®H 6] = Z’I‘ij(tkai)(qf)aj)@]{ e = 7527‘”(@533‘)@}7 €.
j
This follows that (¢0;) =0 for j =1,...,N and so ¢ € k. O

The canonical injection ¢ of the subalgebra H(9,0,w) in W () defined in
(5.1) induces a Lie algebra homomorphism ¢, : P — W. Its kernel coincides
with the center of P. In particular, P is a central extension of ¢, (P) =H C W
by the one-dimensional ideal k@ e. If {01,...,0n} is such that (5.4) holds
then the Lie bracket on P reads as,

(9 O 9¢ 9y
[¢6@m €, p@m €] = Z (8151 Mpvi  Otngi Ot

i=1

) une=1{¢,V}®mge.

As an immediate consequence,
Proposition 5.3. The Poisson algebra Py is isomorphic to the annihilation
algebra P of H(0,0,w). The isomorphism being given by:
p: Pv — X®pge
10} — PR e.

Remark 5.2. Let {01,...,02,} be a basis of 0 such that (5.4) is satisfied.
Then the isomorphism between W and Wa, given in (2.42) identifies H with
the subalgebra Hop C Way, of all formal vector fields preserving the standard

symplectic form > dt; A\ dtpy;.
i=1
Let {GPX} be the gradation of X defined in (2.29). If we set
(5.6) PP =GP X®pe, p> -2,

then
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Lemma 5.4. {PP},>_o defines a gradation on P which satisfies:

(5.7) 0.(PP) C PP,
(5.8) [PP,PY] C PP,
(5.9) (GIH).(PP) C Pr-1,

Proof. The first statement is clear. Let ¢ € PP, ¢ € P%. Then by (5.5), (5.7)
and (2.30) it follows that [¢p®y e,v®@pye] € GPTIT2X®y e = PP, The last
statement follows from (2.31). O

We consider on P the filtration induced by (5.6) given by:

(5.10) Py =P =[[P!=F*'Xone, p>-2

q=>p
Lemma 5.5. The filtration {771)}1)2_2 of P defined in (5.10) satisfies
(a) 2(Pp) C Pp-1,
(0) [Py, Pg] C Ppg-

Notice that Py is a Lie subalgebra of P and all P,, p > 0, are ideals of Py.
The filtration {P,} satisfies

(5.11) P_o/P_1~k(l®ge), P_1/Po=0"®@pye.
The filtrations of P and W are compatible, i.e., t.(Pp) = tx(P) NW,.
Lemma 5.6. The homomorphism of Lie algebras v, : P — W is such that:

L (ti®p €) =1® 0 modulo Wi,
Ly (titj®H 6) = tj ® 0 + t; ® 97 modulo Ws.

Proof. Tt follows by 1. (@5 €) = >_(dx/0t;) ® % by a direct computation. []
&

Proposition 5.7. Let {Pp} . , be the filtration of P defined in (5.10). There

exists an isomorphism of Lie algebras from Py/P1 to sp(d,w).

Proof. Tt is a consequence of injectivity of = : Ho — Wy/W1, compatibility
between the filtrations of P and W and Lemma 5.6, using the identification
between gl(d) and Wy /Wi given in [BDK2]. O

Proposition 5.8. The normalizer Np of Pp, p > 0, in P is independent of p
and it equals k(1®y e) + Py.

Proof. This follows by Lemma 5.2 and [Py, P,] C P, that k(1®y ) +Py C Np.
By (5.11) we have P = k(l®pge) + 0*®p e + Py. It remains to prove that
t;®m e € Np. This follows by point (a) of Lemma 5.5. O
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5.2.1 A central extension of 0

Let {0;} be a basis of 9, {t;} be the corresponding dual basis of 0*.
We define amap 0 3 0% — 0! = —t;@g e € 0*®p e and we extend it by linearity
to a map from 0 to P.

Lemma 5.9. For any 0 € 0,¢0@pe € P the map from 0 to P just defined
satisfies

(5.12) 0, 611 ¢] = 0.(¢®1 ¢)-
Proof. Tt is sufficient to prove (5.12) for .

0%, 6@ el = [~ti@me p@ne] = — ; 9 (0% ) (00;) @ m €
= o1 (90;) 0 € = (Z%Jijaqu)@H e
— (@)@ e = 5.9 )
L]
Let = span, {¢ = —1®y 6751', i=1,...,N}. Then we have the following

Proposition 5.10.  is a Lie subalgebra of P. It is a central extension of 0 of
2-cocycle w.

Proof. The fact that c is a central element follows by Lemma 5.2. The second
part of the statement follows by Lemma 5.9 and (5.3). O

Remark 5.3. The Lie algebra P decomposes as a direct sum of vector spaces

P=0a7P,.

Let v : 9 — P be the canonical embedding of 0 in P and 7 be the canonical
projection from 0 to 9. Let 0 € 0 and ¢®p e € P. We can reformulate (5.12) as

-~ -~

[L(9), 6@ €] = m(9)-(¢@m e).

Corollary 5.11. Let M be a P-module. For any 0 € 0, ¢Qge € P, m € M
we have

(5.13) 8.((p25 €).m) = (8.(¢p@p €)).m + (g €).(8.m).
Proof. Since M is a P-module we have
[0, ¢ 7 e].m = B.(¢@ 5 e.m) — (6@ €).(D.m).

Then the statement immediately follows by Lemma 5.9. O

5.3 Irreducible conformal modules over Py

In this section we show that the action of the Poisson algebra on an irreducible
conformal module M can be lifted to a pseudoaction with coefficients in Dy of
H(,0,w) on M.

Let P be the annihilation algebra of H(0,0,w), {Pp}p>_2 be the decreasing
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filtration of P defined in (5.10) and M be a P-module.
We set

(5.14) ker, M = {m € M | P,.m = 0}.
Recall that a P-module M is conformal if M = |Jker, M and it is Py-locally
P

finite if any m € M is contained in a finite-dimensional Py-module.

Let M be a conformal P-module. Then ker, M is stable for the action of the
normalizer Np of P, in P. Every ker, M, p > 0, is therefore a Np/P,-module.
In particular, since Py C Np is a Lie subalgebra of P then any ker, M is a
Po/Pp-module.

Lemma 5.12. The subalgebra Py C Py acts trivially on any irreducible finite-
dimensional conformal Py-module R. Irreducible finite-dimensional conformal
Po-modules are in one-to-one correspondence with irreducible finite-dimensional
modules over the Lie algebra Py/P1 ~ sp(d,w).

Proof. A finite-dimensional vector space R is a conformal Py-module if and only
if it is a Pp-module on which P, acts trivially for some p > 0. It means that
R is an irreducible Py/Pp-module, where g = Py/P, is a finite-dimensional Lie
algebra. Let go = Po/P1 ~ sp(d,w) and v = P;/P,. Note that v is a solvable
ideal of g so it is contained in Rad g. By Cartan-Jacobson’s Theorem t acts by
scalar multiplication on R. On the other hand since all P;/P;11 are irreducible
go-modules we can apply Lemma 2.23 to conclude that the adjoint action of gg
on t is surjective. Then t acts trivially on R. O

Proposition 5.13. Let k be an uncountable field of characteristic zero. Let M
be an irreducible conformal P-module. Then M is at most countable dimensional
and any central element in P acts via scalar multiplication by A € k.

Proof. Since M is a conformal P-module there exists k such that ker, M =
M, # 0. We know that M, is a Py/Pp-module, where Py/P, is a finite-
dimensional Lie algebra. Its universal enveloping algebra U(Py/P)) is therefore
countable dimensional so that we can find a countable dimensional nonzero Py-
submodule R of M,,. Let us consider the induced representation U = Indg0 R=
U(P)®u(py) R and recall that P = 9@ Py. This follows by PBW-theorem that
U(P) is a free U(Py)-module. Then we have

UP) = UQU(Py).

The map
UP) @U(Po) — UQ@)U(P)
d' @ p’ - d'p’
is an isomorphism of vector spaces. Therefore

U =U(P)®upy) R = UQ)U(Po)@u(py) R
~UD) @ U(Po)®up,) R =UD) @ R.

this proves that U is still countable dimensional. By irreducibility of M there
exists a surjective homomorphism from U to M, proving that M is countable
dimensional. The last part of the statement follows from a countable Schur
Lemma. O

72



Theorem 5.14. Let M be an irreducible conformal Py -module on which central
elements act via scalar multiplication. There exists A € k such that M can be
lifted to a H(9,0,w)-module with coefficients in Dy.

Proof. We may use the embedding of ?in P to endow M with a U (5)—m0dule
structure. We have seen in the proof of Proposition 5.13 that M is a quotient of
U(d)®@R, where R is a countable dimensional Py-submodule. If ¢ = —1®y e € P
acts on M via multiplication by A € k then the left action of 2(d) factors via
the quotient Dy = U(D)/(c — NU({D). This proves that M has a structure of
a Dy-module. The compatibility condition (4.34) of Theorem 4.27 between
the H-module structure of P and the Djy-structure of M has been proved in
Corollary 5.11 for a set of algebra generators of D). O

Notice that if the central element ¢ € P acts trivially on M then we ob-
tain a correspondence between irreducible conformal P-modules and ordinary
H (9,0, w)-modules [BDK4].

Remark 5.4. In the statement of Theorem 5.14 we use the isomorphism be-
tween the Poisson algebra Py and the annihilation algebra P of H(9,0,w).

5.4 Singular vectors of finite H(9,0,w)-modules
with coefficients

In this section we show how the language of Lie pseudoalgebras with coefficients
in D simplifies the computation of singular vectors. To make this strategy
effective we need equalities H® D = (HRk)Ap (D) and H® D = (k@ D)Ap(D).
We showed in Proposition 4.10 that the latter equality holds for the ring of
coefficients D).

Lemma 5.15. Let M be a finite H(0,0,w)-module with coefficients in Dy. If
p > —1, then ker, M/ker M is finite dimensional.

Proof. Let ¢, € Chom™> (M, M) the Dj-pseudolinear map associated to the
action of the free generator e of H(9,0,w). Recall that P, = F,11X®pe ~
F, 11X as a vector space. Then the statement follows by Proposition 4.24 as

kerp 1 e = {m € M | pe,m =0, Vo € FPT1X} ~ ker, M.
O

It follows by Lemma 5.15 that if M is irreducible then all ker,, M are finite
dimensional Py-modules. In other way, M is a Py-locally finite P-module.

Proposition 5.16. Let M be a Py-locally finite irreducible conformal P-module
on which the central element acts via scalar multiplication. There exists A € k
such that M can be endowed with a structure of a finite H(,0,w)-module with
coefficients in D).

Proof. We know by Theorem 5.14 that M can be endowed with a structure of
H(0,0,w)-module with coefficients in Dy. To prove that M is finite as a Dj-
module it is sufficient to observe that under the locally finite assumption it is
possible to find a finite-dimensional irreducible Py-submodule R # 0. Then the
same argument used in the proof of Theorem 5.14 shows that M is a quotient
of the finite Dy-module D) ® R. O]
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Let M be an H(9,0,w)-module with coefficients in D). We will call each
nonzero element in sing M = ker; M a singular vector of M. It follows by
Theorem 4.27 that m € M is a singular vector if and only if

exm € (F?H ®k) ®@p, M.
By Lemma 4.12 this condition is equivalent to
exm € (k® F?Dy) ®p, M.

Notice that ker M C sing M and sing M/ker M is finite-dimensional if M is
finite. If M is irreducible then ker M = 0. Recall that sing M is an sp(0,w)-
module, via the isomorphism Py/P; =~ sp(d,w) of Proposition 5.7. Let pging :
sp(0,w) — glsing M be the corresponding representation. Then

; 1
Psing (f)m = i(titj@)H e).m, m € sing M.

Proposition 5.17. Let M be an H(0,0,w)-module with coefficients in Dy. Let
m € sing M. Then

N ..
exm = Z ((9163 ®1) @Dy Psing(f”)m
ig=1

N

z( ® 1) ®p, (9'.m)
<1 1) ®p, (Am).

Proof. Since m € sing M we have P;.m = 0. By Theorem 4.27 the action of
H(v,0,w) on m is

exm = ;(5( 0j) ® 1) @p, ((tit;@m e).m)
+§( S((9:)?/2) ® 1) @p, (((t:)*®u €).m)

+ 3 (50) 8 1) 9, (ton m)
+(S(1)®1)®p, (1®ge).m)
(0:0;© 1) @, (2psng([7)m)
é(( 02 ©1) @, (2psng(*)m)
SO0 o, @m) - (18 1) @p, ().

I
+ + RMZ

Since ? is an abelian Lie algebra then we have 0;0; = $9;0; + 30;0;. O

Corollary 5.18. Let M be an H(0,0,w)-module with coefficients in Dy. Let R
be a nontrivial sp(0,w)-submodule of sing M. Denote by Dy R the Dy-submodule
of M generated by R. Then DR is an H(0,0,w)-submodule of M.

Proof. By (5.17) we have H(0,0,w) * R C (H ® D)) ®p, D)R. Since * is an
(H, Dy)-linear map we have H(9,0,w) * DxR C (H ® D)) ®p, DiR. O
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Proposition 5.19. Let M be a nontrivial finite H(0,0,w)-module with coeffi-
cients in Dy. Then sing M # 0 and sing M/ ker M is finite dimensional.

Proof. The second part of the statement is a special case of Lemma 5.14. We
can assume without loss of generality that ker M = 0.

M is a conformal P-module so that there exists p such that U = ker, M # 0.
By Lemma 5.15 U is a finite-dimensional Py-module. Let R be a minimal Py-
submodule of U. Then R is an irreducible Pyp-module. By Lemma 5.12 P; acts
trivially on R. This proves that 0 # R C sing M. O

5.4.1 Tensor modules for H(0,0,w)

In this section in analogy with [BDK2, BDK3, BDK4] we introduce a special
class of H(0,0,w)-module with coefficients in Dy, that we call tensor modules.
We show that every irreducible finite H (9,0, w)-module with coefficients in D)
is an homomorphic image of a tensor module. We also explain how the study
of singular vectors of D) ® R can be used in order to obtain a classification of
an important class of irreducible modules over Py.

Let M be a Py-locally finite conformal P-module on which central elements act
via scalar multiplication. Therefore M has a structure of a finite H(9,0,w)-
module with coefficients in Dy, A € k. Let R C sing M be an irreducible
sp(0,w)-module with an action pr. Then, since the central element ¢ acts via
scalar multiplication by A, we obtain a (Py-locally finite) conformal P-module
Dy ® R. By Theorem 4.27 D) ® R can be endowed with a structure of a finite
H (9,0, w)-module with coefficients in D). We call Dy ® R a tensor module for
H(0,0,w). We now explicitly describe this structure.

Let Dy ® R be the free Dy-module generated by R, where D, acts by a left
multiplication on the first tensor factor. Then for r € R C sing M we define a
pseudaction with coefficients in Dy on D) ® R by setting:

ex(lar) = (0:0; ® 1) @p, (L& pr(f7)r)

+ iv:(az ®1)®p, (')
—(11_® 1) ®@p, (1@ Ar).

M=

(5.15)

Extending (5.15) to all Dy ® R by (H ® D,)-linearity endows D) ® R with a
structure of a H (9,0, w)-module with coefficients in Dj.

Remark 5.5. Using formulas (4.13) and (4.14) we can rewrite (5.15) as
ex(lor) = X(1® §d;)@p, (1© pr(f7)r)
(5.16) FS(01 @ 8) @, (6@ 1) + X225 @ pr(f9))
+(i ® 1)®p, (n—DA®7). ’
Let

¢: Dyx®R — M
d® r —  d.pr(r),

and denote by Dy R the image of D)y ® R in M.
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Proposition 5.20. Let M be an irreducible Py-locally finite conformal P-
module. Then M = DyR, where R is a finite-dimensional irreducible sp(d,w)-
module.

Proof. By construction ¢ is a homomorphism of H(9,0,w)-modules with coef-
ficients in D). Then Dy)R is a P-submodule of M. Irreducibility M of implies
the statement. O

Corollary 5.21. Any Py-locally finite conformal P-module M is a homomor-
phic image of a tensor module Dy ® R.

5.4.2 Irreducibility of tensor modules for H

As a consequence of Corollary 5.21 we have that any irreducible H(9,0,w)-
modules with coefficients in Dy is a quotient of Dy ® R.

For this reason it is important to study the irreducibility of tensor modules
Dy®R. In this section we establish an irreducibility criterion for tensor modules.
We also determine explicit conditions which must be satisfied by nonconstant
singular vectors of tensor modules for tensor modules which not satisfy the
irreducibility criterion.

Lemma 5.22. Let D) ® R be the H(9,0,w)-module with coefficients in D)
defined by (5.15). Then k ® R C sing(Dy ® R).

Proof. By construction we have e * (1® r) € (F?H @ k) ®p, (D) ® R) for any
reR. O

Remark 5.6. We will call singular vectors u € k® R constant singular vectors.

Proposition 5.23. Let N be a proper H(0,0,w)-submodule with coefficients in
Dy of Dx®R. Then NN (k® R) =0.

Proof. N is a P-module and (k ® R) is an sp(9,w)-module. Their intersection
NN (k®R) is an sp(9,w)-submodule. Since k® R ~ R is an irreducible sp(d,w)-
module we have the statement. O

Remark 5.7. This follows by Proposition 5.23 that if Dy ® R is reducible it
must contain nonconstant singular vectors.

Corollary 5.24. Suppose that sing(Dy ® R) = k ® R. Then Dy ® R is an
irreducible H(9,0,w)-module with coefficients in D).

Proof. Assume that N is a proper H(9,0, w)-submodule with coefficients in D).
N is finite so that sing NV # 0. On the other hand by Proposition 5.23 we have
Nnsing(Dx®@R)=Nn(k®R) =0. O

Let u € Dy ® R. Then u can expressed as

(5.17) u = Z(S(K) Rug, urg € R.
K

We will call each nonzero elements u; in (5.17) a coefficient of u € Dy ® R.
If U is a submodule of Dy ® R we denote by coeff U the subspace of R linearly
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spanned by all coefficients of elements in U.
For any r € R we set

N
W)= k6 @ pr(f*)r.

ki=1

Remark 5.8. Notice that ¥ (r) is an element of degree two in D\® R. Moreover
since ¥ = f* it can be written also as

(5.18) ¢(T’) -9 Z(g(ek+ez) ® PR(fkl)T,

k<l

where e, = (0,..., 1 |...,0) and 6% =6y, k=1,...,N.
k

Lemma 5.25. Let u = Zé(K) Qug € Dy ® R. Then
K

exu = ;(1 ® 85 @p, ((uk))

+terms in (k@ 65)) @p, (F'Dy @ (k+ pr(sp(d,w))).ur).

In particular the coefficients multiplying 1065 equals Y(ug) modulo F*D\®R.
Proof. This follows by (5.16) and (H ® D) )-linearity. O

Proposition 5.26. Let U be a nontrivial proper submodule of Dy ® R. Then
coeff U = R.

Proof. Since U is a submodule of Dy ® R then we have H(?,0,w) C (H ®
D)) ®p, U. Let 0 # u = >6") @ ug € U. Then by Lemma 5.25 we have

K
Y(ug) € U. This proves that coeff U is a nontrivial sp(9,w)-submodule of R.
Since R is irreducible we have the statement. O

Corollary 5.27. Let U be a nontrivial proper submodule of Dy ® R. Then for
every r € R there exists an element u € U such that u = ¥(r) modulo F1D\® R.

Proof. By Proposition 5.26 we have coeff U = R. It is sufficient to prove the
statement for the coeflicients of elements u € U. By Lemma 5.25 the coefficient
multiplying 1 ® 6% coincides with 1 (ux) modulo F*Dy ® R and it lies in U
since U is a submodule. O

Proposition 5.28. Assume that Dy ® R is a reducible H(9,0,w)-module with
coefficients in Dy. Then the action of sp(d,w) on R satisfies

(5.19) > )y =0, reR,
forall1 <i,j5,k, 1 <N, where the sum is over all permutations of i, 7, k,1.

Proof. Let U be a nontrivial proper submodule of Dy ® R. By Corollary 5.27
there exists u € U such that u = ¢(r) modulo F'D, ® R. If

u = Z(Skél ®pR(fkl)T+Z§k RXrr+1® T’,
k

ij
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then by (5.16) and (H ® Djy)-linearity we have
exu= 3 (1®80;000) ®p, (1@ pr(f*)pr(f*)r)

ijkl
+terms in (k® F3D,) ®p, (Dy ® R).

Since the sum over all permutations of 1 ® pr(f¥)pr(f*) lies in k ® R by
Proposition 5.23 these coefficients must cancel each other, giving (5.19). O

Now we can provide a sufficient condition for irreducibility of Dy ® R.

Theorem 5.29. Let U be a nontrivial proper submodule of D)y® R. Then either
R is the trivial sp(0,w)-module or it is isomorphic to one of the fundamental
representation R(wy), for some k=1,...,n, of sp(d,w).

Proof. R satisfies (5.19), then the claim follows from [BDK3, Theorem 7.1]. O

Corollary 5.30. If R is a nontrivial representation of sp(0,w) which is not
isomorphic to R(my), for any k = 1,...,n, then Dy ® R is irreducible for all
Aek.

5.4.3 Singular vectors of tensor modules

We are left with studying the irreducibility of Dy ® R when R is either the trivial
sp(0,w)-representation or it is isomorphic to some of the irreducible sp(0,w)-
modules R(m). We have already seen that the presence of nontrivial submodule
of a tensor module D) ® R implies the existence of nonconstant singular vectors.
A possible strategy is then an explicit computation of singular vectors of Dy ® R
whenever R is either the trivial or a fundamental representation of sp(?,w). In
this section we list a few computations about singular vectors of tensor modules
Dy ® R and we omit the proof, which are obtained by computation totally
analogous to those in [BDK3].

Lemma 5.31. Let R be an irreducible nontrivial sp(d,w)-module. If u €
sing(Dy ® R) then u is of degree at most two, i.e., it is of the form

(5.20) u:25k61®ukl+25k®uk+l® '
kl k

Lemma 5.32. Letu=1® v+ dp Qui € Dy® R be a singular vector. Then
k

>0k ® ug is a singular vector.
k

Proposition 5.33. Let u = > 0 @ ux, € Dy ® R. Then u € sing(Dy ® R) if
%

and only if:
> (1@ pr(fF)ur) =0,

ijk
where the sum is over all permutations of i, j, k.
Proposition 5.34. Letu=1® v +> 0 Qui+ > 0x0; @ ug € sing(Dy ® R).
k kl
Then Y 60; ® ug € sing(Dy ® R).
kl
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Corollary 5.35. Let u = §;0; ® ug;. Then u € sing(Dy ® R) if and only if:
Kl

> (1@ pr(f7)ur) =0,
gkl -
(0 @ pr(f7)urs + 6; @ pr(fY7)ur) + 2560 @ul =0,
ikl ikl

where the sum is over all permutations of i, j, k, .

An investigation of the relations described in Proposition 5.33 and Corollary
5.35 can give an explicit description of singular vectors of degree one and of
degree two respectively. Notice that the same identities are obtained when
studying ordinary tensor modules of H(9,0,w) and K (0,6) [BDK3, BDK4].
Finally we study the case when R is the trivial sp(0,w)-module. In this case
formula (5.15) just becomes

ex(1@r)= Y(0;®1))®p, (@)

“(® 1) ep, (1),

Proposition 5.36. If R is the trivial sp(d,w)-module then sing(Dy ® R) =
F'D\®R.
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Chapter 6

Extending scalars with
ordinary K (?,6)-modules

We begin this chapter by recalling some results on ordinary representations of
the Lie pseudoalgebra K (9,6). Later on we show that extending scalars in a
suitable way, one obtains from the exact contact pseudo de Rham complex in-
troduced in [BDK3] the exact symplectic pseudo de Rham complex described
in [BDK4]. Other ways of extending scalars produce, instead, new complexes of
representations of H (D, 0, &) with coefficients in D. We show that all such com-
plexes are exact and we use this information in order to study the irreducibility
of tensor modules D) ® R for H(0,0,&), when R is the trivial sp(9d,w)-module
or it is isomorphic to R(mg), k=1,...,n.

6.1 The Lie pseudoalgebra K(?,6)

Let 9 be a Lie algebra of dimension 2n + 1, {0y, 01, ..., 02, } be a basis of ? and
H = U(D) be the corresponding universal enveloping algebra. Let L = He be a
free H-module of rank 1.

It is shown in [BDK1] that if » € 9 A0, s € D satisfy the following system,

(6.1 { Ir, A(s)] =0,

([r12, r13] 4+ r1283) + cyclic = 0,

then
[exe]=(r+s®1-1® s)®pye,

endows L with a Lie pseudoalgebra structure.

Example 6.1. Let 0 be an Heisenberg Lie algebra with basis {0y, 01, ..., 0an }
and only non zero commutation relations [0;, Ony;| = —0o. Then

n

(6.2) r= (0 ®0nsi— Ongi ®0), s=0y,

=1

is a solution of (6.1).
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Henceforth, ? will be a Heisenberg Lie algebra with a basis {0y, 01, ..., 02, }
as in Example 6.1. Let 6 € 0* be the contact form defined by

(6.3) 0(0p) =-1, 0(0;))=0, fori=1,...,2n.

Then 0 = kerf = {0 € 0| 6(9) = 0} is a vector subspace of dimension 2n of ?
linearly generated by 0;,i=1,...,2n.

The Chevalley-Filenberg differential dy of the cohomology complex of ? from 9*
to 0" A 0* is explicitly given by

(6.4) (do®)(D A Ok) = (=1)"*(0[0r, k).
<k

We set w = dopf. We have:

W@ A =0, Vk=0,...2n
w(@i/\aj) =0, if j #n+1,
W(0; ANOpyi) =-1, fori=1,...,n.

For any 0; € 0 we define:
(to,w)(Ok) = w(O1 A D),

so that (tg,w) € 0*.
By a direct computation we obtain:

(La,w) (Do) =0, foranyl!=0,...,2n,
(to,w)(0;) =0, ifj#n+iq,
(to,w)(Opti) =—-1 fori=1,...,n.

If we set kerw = {0 € ? | ts,w = 0} then kerw is a 1-dimensional subspace
generated by 0y, kerw = kdy.
The following proposition is clear.

Proposition 6.2. Let 0 be the Heisenberg Lie algebra and {0y, 01, ..., 02} be a
basis of 0 such that the only nonzero commutation relations are [0;, Op4i] = —0p.
Let 0 € 0* be such that 0(0p) = —1. 6(0;) =0, fori=1,...,2n and w = dpf €
0* AD* is defined by (6.4). Then 0 =0 ®kdy, where d = ker = (dy,...,0,).
Moreover, the restriction @ to 9 A0 of w is non degenerate, tg,w = 0 and
[80,6] co.

Proposition 6.2 shows that to the contact form 6 defined in (6.3) corresponds
a solution (r,s) of (6.1), obtained choosing by r the unique element in 0 A 0
determined by the symplectic form @ and by s the unique element in 0 such
that 0(s) = —1. Conversely, if (r,s) is a solution of (6.3) like in (6.2) we can
define a contact form 6 on 0 as follows. Let d be the vector space linearly
generated by 9;, i = 2n. Then r € 0 A D is an element of maximal rank which
defines a symplectic form @ on d given by @w(9; A Opyi) = —1,i=1,...,n. We
extend w to a 2-form on 0 setting tg,w = 0, which implies dgw = 0. Then we can
define a contact form 6 on d setting 8(9y) = —1 and 6(9;) =0 for i =1,...,n.
Let sp(0,&) be the symplectic Lie algebra linearly generated by the elements

g 1 , _ _
i = —5(8Z®tj+83 ®t;) EDRV" C gh.
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Let
2n

I' =20, ®ty +Zai®ti € glo.
i=1
Then ¢sp(0, &) = sp(?, @) + kI’ is a Lie subalgebra of glo. It is a (trivial) central
extension of sp(0,w) by the ideal kI’.
According to [BDK1] we denote the Lie pseudoalgebra over H corresponding to
the contact form 6 on 0 in (6.3) by K(9,0).

6.2 The annihilation algebra of K(0,6)

Let K (9,0) be the Lie pseudoalgebra over H = U(d) defined in the previous
section. Recall that U(d) is a graded associative algebra via the gradation
{G'PH} defined in (2.32). Notice that with respect to (2.32) we have deg(9;) =
1, for all ¢ = 1,...,2n, and deg(dy) = 2. We consider on X =~ Os,41 the
corresponding structure of a graded associative algebra given by (2.33).

Let K = A(K(0,0)) = X®pu (He) ~ X®p e be the annihilation algebra of
K (9,0). Due to (2.39), its Lie bracket is given by

(65)  [p2me,vome = (60;)(10)@u e+ (¢00)p@u € — $(1h00)Dm

(2

We set:
(6.6) K? =G"?X®ge, p>-2.

Lemma 6.3. {K'?},>_o defines a gradation on K which satisfies:

(6.7) (K7 © K1,
(6.8) Bo.(K'P) C K'P=2
(6.9) (K, K1) © K,
(6.10) (G'H).(K'P) C K'P=a.

Proof. The first two statements follow from (2.36) and (2.37).

Let ¢ € K'P, ¢ € K'9. Then by (6.5), (6.7), (6.8) and (2.34) it follows that
(0@ e, v@me] € GPT12X @ e = K" The last statement follows from
(2.35). O

We consider on K the filtration induced by (6.6) given by:

(6.11) K,=FK=][K'=F"'X@ume, p>-2.

q>p

There exists an embedding of K (9,6) in W (d) which induces a map from K to
W which we explicitly describe in the following

Lemma 6.4. The map
v: K=X®ge — W=X®D0
2n X
P®m e = 9®0)— >, 90 ® 0"
i=1

is an injective homomorphism of Lie algebras.
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Remark 6.1. If 0 is as in Fxample 6.1 then the isomorphism between W and
Wan (see Remark 2.7) identifies K with the subalgebra Kopi1 C Wapt1 of all

formal vector fields preserving the standard contact form dto + > t;dt,y;.
i=1

We introduce a prime filtration on W too by setting
W, =FW = (F,X ®0) & (F,, X ®@kd).
A proof of the following lemma can be found in [BDK3].

Lemma 6.5. The prime filtrations of K and W are compatible, i.e., one has

K, = KnW,. In particular, [K;, K] C K .

Remark 6.2. As usual, K, is a Lie subalgebra of K and each /C;,, p >0, is an
ideal of K.

It is shown in [BDK3] that the filtration {K,},> 2 of K defined in (6.11)
is such that K{/K| ~ csp(0,&0) = sp(0,w) + kI’. By an argument analogous
to that in [BDK2| the representation theory of a special class of K-modules is
proved to be equivalent to representation theory of ordinary K(9,6)-modules.
Let M be an ordinary K (9,6)-module. An element m € M is a singular vector
if K{.m = 0. As usual, the space of all singular vectors of M is denoted by
sing M. As a consequence of Theorem 4.27 a vector m € M is singular if and
only if

exm € (F?H® 1)@y M.

6.3 Tensor modules for K(0,0)

Let R be an irreducible ¢sp(d,w)-module with an action pr. H ® R is a free
H-module, where H acts by left multiplication on the first tensor factor. It is
possible to endow H ® R with a structure of ordinary K (9, 8)-module as follows
[BDK3]. For r € R we set

ex(lor) = > (80, ©1)®u (1® pr(f)r)

i,j=1
2n
(6.12) + (0 @)@y (0 er)
=1
+3(80 ® D)@ (1® pr(I')r)
—(1® 1)®g (G @ 1),

and we extend it to all of H ® R by (H @ H)-linearity.
We will call the K(0,6)-module H ® R a tensor module for K(0,6) and we
denote it by V(R). If I’ € ¢sp(0,w) acts on R as multiplication by a scalar k € k
we denote the corresponding tensor module by V(R, k).

Remark 6.3. The tensor module V(R, k) described above corresponds to V(k, R, k),
according to notations in [BDKS3].
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6.3.1 Contact Pseudo de Rham complex

In order to study the reducibility of tensor modules V(R), where R is either
the trivial sp(9,@)-module or one of the fundamental representations R(m), a
pseudoalgebraic version of the Rumin complex [Ru], called contact pseudo de
Rham complex is introduced in [BDK3].
Let

Vi = V(R(mk), k),

Vonta—k = V(R(m),2n+2—k), k=0,1,...,n.

The main result from [BDK3]| (see Section 6 of this reference for the details) is
the following,

Theorem 6.6. There exists an exact complez of K (0, 0)-modules with all nonzero

homomorphisms
(6.13)

d d d artt d d d
04)]}2”4_2*}1}2”_},_14)"’*}1}”4_2*}1}”*}"'4)]/1 HV().

For an explicit description of maps d, d% in (6.13) see [BDK3]. We just recall
that d is homogeneous of degree 1, whereas the Rumin map d® is homogeneous
of degree 2, with respect to the grading of I ~ Ky defined in (6.6). We denote
the exact complex in (6.13) by V°.

6.4 Extending scalars with ordinary K (9, 0)-modules

In this section we show that any ordinary K (9, 0)-module gives rise by an exten-
sion of scalars to an H (D, 0,w)-module with coefficients in Dy, for every A € k.
Recall that L = K (0,0) is the free H-module He endowed with the following
Lie pseudobracket,

2n
lexe] = (Z(@' QOnti —Onti ®0;) + 01 —-1® ao) ®m e.
i=1
Let Hy be the Hopf algebra structure described in Corollary 4.9, 79 : H — Hj
be the Hopf homomorphism in (4.9). Extending scalars from H to Hy using
7o we obtain a Lie Hyp-pseudoalgebra BCr (L) = Lg. Lo isomorphic as an Hop-
module to Hy® g e, with Hy acting on the first tensor factor, and by (2.17) its
pseudobracket satisfies:

2n
(6.14)  [(A@me)x(10ne)] = > (9 ® Onyi — Onyi ® 0;) On, (10m €),

i=1
where in (6.14) we use notations introduced in (4.11).
Recall that Hy = U(dg), where m(0) = g is an abelian Lie algebra of dimension
2n. In other words, BC,, (L) is isomorphic to the Lie pseudoalgebra H (9, 0,),
where 0 = ker § and @ is the restriction to d of w.
Let M be an ordinary K (9,6)-module. Since ¥y = (my,m5) € Mor(H, D)), we
know that BCy, (M) is a BCy, (L) = H(?,0,®)-module with coefficients in Dj.
Explicitly, BCy, (M) is the Dy-module Dy @y M with BC, (L)-action with
coefficients given by

(6.15) [(10me) * (1ogm)] =Y (mo(h'") @ (k") @p, (108 m;),

i
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ifexm=> (" kg m;.

Notice that for A = 0 for any ordinary K (0, 6)-module M we obtain an ordinary
H(0,0,&)-module BCy,(M).

Extending scalars by ¥ with M is particular useful when M = V(R) is a tensor
modules of K(9,0).

Proposition 6.7. Let V(R ) e a tensor module of K(0,0). Then BCy, (V(R))
is isomorphic as an H(0,0,0)-module with coefficients to the tensor module
Dy® R of H(0,0,@).

Proof. First of all notice that R is an irreducible sp(9, 0, @)-module too. More-
over, since V(R) = H ® R we have BCy, (V(R)) = D)\®uy (H® R) ~ D)\ ® R.
Now, applying (6.15) to (6.12) we obtain

2n .
(oge)x(ler) = > (8:0;®1)@p, (1@ pr(f)r)
ij=1
2n .
+Z( ® 1) ®p, (0' @)
(1 1) @p, (1@ Ar),
which coincides with (5.15). O

As a consequence of Proposition 6.7, applying BCy, to the exact complex
V* of K(9,60) we obtain a complex of tensor modules of H(9,0,&). If we set
BC\I/A (Vk) = Vli‘, BC\IJA (V2n+2—k) = VQ)‘nJerk, Bc\p)\(d) = d)\ and BC\I;)\ (dR) =

di% then:
(6.16)
00— Vs 2512y By Bypr 1 W YAy Dy ph Dy

We denote the complex in (6.16) by V3. This complex is studied in [BDK4] in
the special case A = 0.

Theorem 6.8. [BDK/] The complex V§ is an exact complex of tensor modules
of H(0,0,).

Our main goal is to prove that the complex V3 is exact for any A € k. Let
D) ® R be a tensor module for H(9,0,&). By use of the filtration on Dy defined
in (4.15) we can introduce an increasing filtration on Dy ® R by setting

FP(Dy®R) = FPDy® R=DVR, p=—1,0,...,

so that Dy'R =0 and DR =k ® R.
Let

(6.17) gr(Dy® R) = @ DYR/DY 'R
p>0

be the associated graded space to the tensor module D) ® R.

Since gr(Dy ® R) = gr D) ® R ~ Hy ® R, the associated graded space has a
structure of a left Hp-module given by left multiplication on the first tensor
factor.
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Theorem 6.9. gr(D) ® R) has a structure of an ordinary tensor module of
H(0,0,0).

We will prove Theorem 6.9 showing that it is possible to endow the Hy-
module gr(D) ® R) with a structure of a conformal module over the annihilation
algebra P = Py, of H(0,0,@), with a trivial action of central elements of P and
such that (4.34) is satisfied.

Let P the annihilation algebra of H(9,0,w) and {PP},>_2 be the gradation of
P defined in (5.6). Notice that P~' @ P~2 = 0 and that the structure of a
Dj-module on Dy ® R is induced by the action of 9 on R.

Lemma 6.10. For every p > —2 the action of PP on DYR =k® R is such that
Pr.D\R C D, "R.

Proof. It can be proved by a direct computation. Since k® R C sing(D)® R) we
have PP.DYR = 0 for every p > 1. It remains to prove that P~2. DYR C D3R,
P~L.DYR C DIR and P°. DR C DYR. They follow by (5.15). O

Proposition 6.11. The action of PP, p > —2, on DR is such that PP.D{R C
DS™PR for every q.

Proof. We proceed by induction on p. Since the center of P acts via scalar
multiplication by A this follows that P~2.D{R C DI C Dg”R. Then the basis
of our induction holds. Now we proceed with our inductive assumption.
Suppose that PP.DIR C DI PR for every . We want to prove that PPT1. DI R C
Dir “!'R for every q. We proceed by induction on ¢g. The basis of our induc-
tion is proved in Lemma 6.10. Now we proceed with our inductive assumption.
We want to prove that PP*1L.DIT'R ¢ DIPR. Since DIT'R is generated by
elements of the form 6,6(9), with |Q| = ¢, it is sufficient to prove the statement
for a such element.

PP (6,6(Q@)) = Pprtl (95.6(Q)) = 5. (Prt15Q) 4 [Prtl §5].6(@)
C * DI P R+PPSQD Cc D{TPR.

O

As a consequence of Proposition 6.11 the action of P = [][ PP on gr(Dy ®
p=>—2

R) is graded.
Proposition 6.12. The center P~2 of P acts trivially on the P-module gr(D)®
R).

Proof. We know that P~2.(DIR/DI'R) c (DIT*R/DI"'R) by Proposition
6.11. On the other hand, since the action of P2 is by scalar multiplication by
A € k, we have P~2.D{R C DR C D{"'R. O

Lemma 6.13. For every d € Hy, x € P, m € gr(Dy ® R) the P-module
gr(Dy ® R) satisfies

Proof. We know that the tensor module Dy ® R satisfies (4.34). Let d € FPD)
P ,
and recall that A(d) C > F*Hy ® FP~*D,. This proves (6.18). O
i=0
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By Theorem 4.27 we can conclude that it is possible to endow the Hy-module
gr(Dy ® R) with a structure of an ordinary H (9, 0,&)-module.

Proposition 6.14. The action of H(9,0,&) on gr(Dy ® R) ~ Hy ® R is given

by
2n .
(loge)x(leor) = 3 (0;0;®1) ®u, (1@ pr(f7)r)
(6.19) =t
+2 (0 @1)@u, (9" @r).
i=1
Proof. This follows by (5.15) and Proposition 6.12. O

It is shown in [BDK4] that (6.19) describes the action of H(9,0,&) on an
ordinary tensor module.

Theorem 6.15. For any A € k the graded complez gr(Vy) associated to (V3) is
eract.

Proof. gr(Vy) is isomorphic to the complex (V3) which is exact by Theorem
6.8. O

Corollary 6.16. For any A € k the complex (V3) is exact and any tensor
module in (6.16) is reducible.

Proof. The statement follows by the isomorphism between gr(V3) and (V) and
results in [BDK4|, where it is shown that all the maps of the complex V§ are
nonzero. As a consequence, the same holds for gr(V3) and then for (V). This
proves that the image of the maps BCy, (d) and BCy, (df?) is always a nontrivial
proper submodule in the next tensor module. O

Notice that we have not determined irreducible quotients of reducible tensor
modules of H(0,0,w). This is done in [BDK4].
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