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1. Introduction

The notion of conformal algebra was introduced by V. Kac as a formal language describing the
singular part of the operator product expansion in two-dimensional conformal field theory (see [6,4,
7,10-12], and references therein).

In [1], Bakalov, D’Andrea and Kac develop a theory of “multi-dimensional” Lie conformal algebras,
called Lie H-pseudoalgebras. Classification problems, cohomology theory and representation theory
have been developed (see [1-3]).

In the present work, we study Lie H-pseudoalgebras from the point of view of pseudo-dual of
classical Lie H-coalgebra structures. We introduce the notions of Lie H-coalgebra and Lie H-pseudo-
bialgebra (see Section 4). In Sections 5, 6 and 7, we obtain a pseudoalgebra analog of the CYBE,
we study coboundary Lie H-pseudo-bialgebras, and a pseudoalgebra version of Manin triples and
Drinfeld’s double. Usually, in the theory of Lie H-pseudoalgebras the proofs of pseudoalgebra version
of classical results need to be carefully translated, as in the present work.

Two Lie algebras are usually associated to a Lie H-pseudoalgebra L, that is Ay (L) and the annihi-
lation algebra (see [10] and Section 7 in [1]). In Section 8, using the language of Lie H-coalgebras, we
will see them as convolution algebras of certain type, obtaining a natural and conceptual construction
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of them. The definitions of these algebras in [1] are equivalent to but different from the ones pre-
sented here.

This work is a generalization to the language of Lie H-pseudoalgebras of the results obtained
in [14].

2. Preliminaries on Hopf algebras

Unless otherwise specified, all vector spaces, linear maps and tensor products are considered over
an algebraically closed field k of characteristic 0.

In this section we present some facts and notation which will be used throughout the paper. The
material in Sections 2.1 and 2.2 is standard and can be found, for example, in Sweedler’s book [15].
The material in Section 2.3 is taken from [1].

2.1. Notation and basic identities

Let H be a Hopf algebra with a coproduct A, a counit ¢, and an antipode S.
We will use the standard Sweedler’s notation (cf. [15]):

A(h) =ha) ® h), (2.1)
(A®id)A(h) = (id®A)A(h) =ha) ® h@) @ hg), (2.2)
(S®id)A(h) =h—1)®hp), etc (2.3)

Observe that notation (2.2) uses the coassociativity of A. The axioms of the antipode and the counit
can be written as follows:

h-phe) =hayhz) =), (2.4)
ehayhe) =hme(he) =h, (2.5)

while the fact that A is a homomorphism of algebras translates as:

(fO)® (f9a = fngmn ® f8@-
Egs. (2.4) and (2.5) imply the following useful relations:
h(_1)h(2) ® h(g) =1®h= h(])h(_z) ® h(3). (2.6)

Since we shall work with cocommutative Hopf algebras, we recall the following important and
classical result (for the proof see [15]):

Theorem 2.1 (Kostant). Let H be a cocommutative Hopf algebra over K (an algebraically closed field of charac-
teristic 0). Then H is isomorphic (as a Hopf algebra) to the smash product of the universal enveloping algebra
U(P(H)) and the group algebra k[G(H)], where G(H) = {g € H | A(g) = g ® g} is the subset of group-like
elementsof H,and P(H) ={p € H| A(p) = p ® 1 + 1 ® p} is the subspace of primitive elements of H.

An associative algebra A is called an H-differential algebra if it is also a left H-module such that
the multiplication A ® A — A is a homomorphism of H-modules. That is,

h(xy) = (hqyx)(h2)y) (2.7)

for h € H, x, y € A. Observe that H itself is an H-bimodule, however H is not an H-differential algebra.
Another important property of a cocommutative Hopf algebra is that the antipode is an involution,
i.e., $2 =id, which will be convenient in allowing us not to distinguish between S and its inverse.
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2.2. Filtration and topology
We consider an increasing sequence of subspaces of a Hopf algebra H defined inductively by:

F'TH=0 forn<0, F'H=Kk[G(H)],

n—1
F"H:spank{h eH ‘ At eFPHRh+h@FH+Y FHQF 'H, n>1.
i=1

It has the following properties (which are immediate from definitions):
(F"H)(F"H) C F"*"H,

n
A(F'H) C ) FH®F''H,
i=0

S(F"H) C F'H.
If H is cocommutative, using Theorem 2.1, one can show that:

| JF'H =H. (2.8)

(This condition is also satisfied when H is a quantum universal enveloping algebra.) Provided that
(2.8) holds, we say that a nonzero element a € H has degree n if a e F'H \ F*~'H.

When H is a universal enveloping algebra, we get its canonical filtration. Later in some instances
we will also impose the following finiteness condition on H:

dimF'H < oo Vn. (2.9)
It is satisfied when H is a universal enveloping algebra of a finite-dimensional Lie algebra, or its
smash product with the group algebra of a finite group.

Now let X = H* := Homg(H, k) be the dual of H. It inherits a multiplication defined as the dual
of the comultiplication in H. Recall that H acts (on the left) on X by the formula (h, f € H, x € X):

(hx, f)=(x, S(h) f). (2.10)
Then, since
h(xy) = (haqyx)(h)y),

we have that X is an associative H-differential algebra (see (2.7)). Moreover, X is commutative when
H is cocommutative. Similarly, one can define a right action of H on X by

(xh, f) = (x, fS(h)), (211)

and then we have

(xy)h = (xh1))(Yh(2)). (212)
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Observe that associativity of H implies that X is an H-bimodule, i.e.

fxg)=(fxg, f.geH, xeX. (213)

Let X=F_1X DFpX D --- be the decreasing sequence of subspaces of X dual to F'H, namely
FoX = (F'H) = {xe X | (x, f) =0, forall f e F'H}.

It has the following properties:

(FnX)(Fn X) C Fmyn X, (214)
(F"H)(FX) C Fa—mX, (2.15)
and
(FaX =0. provided that (2.8) holds. (2.16)
n

We define a topology of X by considering {F;X} as a fundamental system of neighborhoods of 0. We
will always consider X with this topology, while H with the discrete topology. It follows from (2.16)
that X is Hausdorff, provided that (2.8) holds. By (2.14) and (2.15), the multiplication of X and the
action of H on it are continuous; in other words, X is a topological H-differential algebra.

Now, we define an antipode S: X — X as the dual of that of H:

(S, h) = (x, S(h)). (217)

Then we have:
S(ab) =S()S(a) fora,be XorH. (2.18)
We wiﬂ also define a comultiplication A: X — X® X as the dual of the multiplication H® H — H,
where X ® X := (H ® H)* is the completed tensor product. Formally, we will use the same notation

for X as for H (see (2.1)-(2.3)), writing for example A(x) =Xx(1) ® X2y for x € X. By definition, for
x,ye X, f,geH, we have:

xy, fy=x®y, AH)) =& fay)y. fo), (2.19)
x, fg) =A@, f ® &)= (xq), f)x@). &) (2.20)
We have:
S(FuX) C FnX, (2.21)
AFX)C Y FX®F,iX. (2.22)

i=—1
If H satisfies the finiteness condition (2.9), then the filtration of X satisfies
dim XF, X < oo Vn, (2.23)

which implies that X is linearly compact (see Section 6 in [1] for details).
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By a basis of X we will always mean a topological basis {x;} which tends to O, i.e,, such that
for any n all but a finite number of x; belong to F,X. Let {h;} be a basis of H (as a vector space)
compatible with the increasing filtration. Then the set of elements {x;} of X defined by (x;,h;) = §;;
is called the dual basis of X. If H satisfies (2.9), then {x;} is a basis of X in the above sense, i.e., it
tends to 0. We have for ge H, y € X:

g=> (gxh, y=) (y.h)x, (2:24)

where the first sum is finite, and the second one is convergent in X.

Example 2.2. Let H = U(?) be the universal enveloping algebra of an N-dimensional Lie algebra 2. Fix
a basis {9;} of 9, and for I = (i1, ...,in) € ZY let 3V =8 --- 8\ /iy!---in!. Then {3V} is a basis of H
(the Poincaré-Birkhoff-Witt basis). Moreover, it is easy to see that

A@D)= " aD @™, (2.25)

J+K=I
If {t;} is the dual basis of X, defined by (t;,d)) =8, j, then (2.25) implies t;tx = t)4k. Therefore,
X can be identified with the ring Oy = K[[t1, ..., ty]] of formal power series in N indeterminates.

Then the action of H on Oy is given by differential operators.

2.3. Fourier transform

(Cf. [1].) For an arbitrary Hopf algebra H, we introduce a map F:H ® H — H ® H, called the
Fourier transform, by the formula

F(feg =D ®IdA(g) = fg-1) ®&w)- (2.26)
Observe that F is a vector space isomorphism with an inverse given by
Flfege=F®DAE = fgn ®gw,
since, using the coassociativity of A and (2.6), we have
F N fgn ®82) = fa1n@2)m ® €2)e = fe-nga ®83 = f® 4.
The significance of F is in the identity
fog=FF(f®g=(fg-1n®DAEER). (2.27)
which implies the next result.
Lemma 2.3. (See [1].)

(a) If{h;}, {x;} are dual bases in H and X, then

A=) xSh) ®x =) xi®S(hx (2.28)

forany x € X.
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(b) Every element of H ® H can be uniquely represented in the form »_;(h; ® 1) A(l;), where {h;} is a fixed
Kk-basis of H and l; € H. In other words, H® H = (H ® k) A(H).

(c) 1Rg)®1=(g-11®1R8-2)On1c(HRHQH)®nk (2.29)
forall g e H.

3. Lie H-pseudoalgebras

The notion of conformal algebra [10] was generalized by the notion of Lie H-pseudoalgebra in [1].
They can be considered as Lie algebras in a certain “pseudotensor” category, instead of the category
of vector spaces. A pseudotensor category [5] is a category equipped with “polylinear maps” and a
way to compose them (such categories were first introduced by Lambek [13] under the name multi-
categories). This is enough to define the notions of Lie algebra, representations, cohomology, etc.

In this section, we shall recall the example of pseudotensor category that will be used. We follow
the exposition in [1]. The proofs of all the statements in this section can be found in [1]. Let H
be a cocommutative Hopf algebra with a comultiplication A. We introduce a pseudotensor category
M*(H) whose objects are the same objects as in M!(H) (the category of left H-modules), but with
a non-trivial pseudotensor structure [5]. More precisely, the space of polylinear maps from {L;}; €I to
M is defined by (Lj, M € M!(H), and I a finite non-empty set)

Lin({Li}ier, M) =HomH®1<gLi,H®’ QK M), (3.1)
1e

where X, is the tensor product functor M!(H)! — M!(H®!),
The symmetric group S; acts among the spaces Lin({L;}ic;, M) by simultaneously permuting the

factors in X]iezli and H®!. This is the only place where we need the cocommutativity of H; for
example, the permutation o1, = (12) € Sy acts on (H ® H) ®y M by

o12((f® ®um)=(g® f) @um,
and this is well defined only when H is cocommutative.
There is a generalization of the above construction for quasitriangular Hopf algebras that will not

be used in this sequel, see Remark 3.4 in [1] for details.
We introduce the following notion.

Definition 3.1. An H-pseudoalgebra (or just a pseudoalgebra) is an object A in M*(H) (i.e. a left H-
module) together with an operation u € Lin({A, A}, A) = Homygy(A® A, (H ® H) @y A), called the
pseudoproduct.
Equivalently, an H-pseudoalgebra is a left H-module A together with a map
ARA—-> (H®H)®yA
a®braxb=u@®b)

satisfying the following defining property:

H-bilinearity: For a,b € A, f, g € H, one has

faxgh=((f®g ®u1)@xb). (3.2)

That is, if
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a*b:Z(fi®gi) ®H e, (33)

then faxgb=">;(ffi ® ggi) ®u ei.

Definition 3.2. A Lie H-pseudoalgebra (or just a Lie pseudoalgebra) is a Lie algebra (L, u) (with u €
Lin({L, L}, L)) in the pseudotensor category M*(H) as defined above.

In order to give an explicit and equivalent definition of a Lie H-pseudoalgebra we need to compute
the compositions w(u(-,-),-) and w(, u(-,-)) in M*(H). Let a b be given by (3.3), and let

e *C= Z(fij ® gij) ®H ejj. (3.4)
i,j

Then (a*b) *c= u(u(@®b) ®c) is the following element of H®? @y A:

(@xbyxc=Y "(fifij, ® &ifij) ® &j) @H eij. (3:5)
ij
Similarly, if we write
bxc= Z(hi ® 1) ®n di, (3.6)
i
ax*d; :Z(hij®lij) ®H djj, (3.7)
ij
then
ax(bxo) =) (hj®hilijy) ®lilij,) ®n dij. (38)

ij
Equivalent definition: a Lie pseudoalgebra is a left H-module L endowed with a map
LL—->H®H)®yL, a®br[axb]

called the pseudobracket, and satisfying the following axioms (a,b,c€L; f, g € H),
H-bilinearity:

[faxgb]=((f ®g) ®y 1)[axDb]. (3.9)

Skew-commutativity:
[bxa]=—(0 ® id)[a = b], (3.10)
where 0 : HQH — H®H is the permutation o (f ® g) = g® f. Explicitly, [bxa] = —)_;(gi ® fi) ®ne;,

if [axb] =73 ;(fi ® &) ®n e;. Note that the right-hand side of (3.10) is well defined due to the
cocommutativity of H.

Jacobi identity:
[ax[bxc]]— ((0 ®id) @y id)[bx[axc]] = [[axb]*c] (3.11)

in H®3 ®y L, where the compositions [[a  b] % c] and [a * [b = c]] are defined as above.
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One can also define associative H-pseudoalgebras as associative algebras (A, @) in the pseudotensor
category M*(H). More precisely, a pseudoproduct a * b is associative iff it satisfies

Associativity:

ax(bxc)y=(@*xb)*c (312)

in H®3 ®y A, where the compositions (a*b) % c and a * (b % c) are given by the above formulas.
Similarly, the pseudoproduct a % b is commutative iff it satisfies

Commutativity:
bxa= (o0 ®pyid)(a=b). (313)
Given (A, ) an associative H-pseudoalgebra, one can define a pseudobracket B8 as the commutator
[axb]=a*b— (0 ®y id)(b xa). (3.14)
Then, it is easy to check that (A, 8) is a Lie H-pseudoalgebra.

The definitions of representations of Lie pseudoalgebras or associative pseudoalgebras are obvious
modifications of the usual one. For example,

Definition 3.3. A representation of a Lie H-pseudoalgebra L is a left H-module M together with an
operation p € Lin({L, M}, M), that we denote by a * c = p(a ® c), which satisfies

ax(bxc)— ((0 ®id) @y id)(b=* (a*c)) =[axb]*c (3.15)
fora,bel, ce M.

Example 3.4. The (Lie) conformal algebras introduced by Kac [10] are exactly the (Lie) k[d]-pseudo-
algebras, where k[d] is the Hopf algebra of polynomials in one variable 0. The explicit relation
between the A-bracket of [7] and the pseudobracket is:

(bl =) "pi0)ci <= laxbl=> (pi(-3) ®1) Q) Ci-

Similarly, for H =Kk[d1, ..., dy] we get conformal algebras in N indeterminates, see [4, Section 10].
We may say that for N =0, H is k; then a k-conformal algebra is the same as a Lie algebra.

On the other hand, when H = K[I'] is the group algebra of a group I', one obtains the I'-
conformal algebras studied in [9].

Example 3.5 (Current pseudoalgebras). Let H' be a Hopf subalgebra of H, and let A be an H’-pseudo-
algebra. Then we define the current H-pseudoalgebra CurZ, A=CurA as H ®y A by extending the
pseudoproduct a x b of A using the H-bilinearity. Explicitly, for a,b € A and f, g € H, we define

(f @ a)x (g®u b)=((f ® g ®n 1)(a*b)

=D _(ffi®gg) ®n (1@ i),

if axb=3;(fi ® g&) ®u e;. Then Curk], A is an H-pseudoalgebra which is Lie or associative when A
is so.
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An important special case is when H' = k: given a Lie algebra g, let Curg = H ® g with the fol-
lowing pseudobracket

[(fR)*(Eg®b]=(f®g @ (1®I]a,b]).
Then Curg is a Lie H-pseudoalgebra.

Now we will introduce the notion of x-products in order to reformulate the definition of a Lie
(or associative) H-pseudoalgebra in terms of the properties of the x-brackets (or products). In this
way, we obtain an algebraic structure equivalent to that of an H-pseudoalgebra, that is called an
H-conformal algebra. This formulation is analogous to the (n)-products in the setting of conformal
algebras [11], and we shall use it in the following section.

Let (L, [*]) be a Lie H-pseudoalgebra. Recall the Fourier transform ., defined by (2.26):

F(f®8=7rg-1)®E&x:,
and the identity (2.27):
f®g=(g-1)®@DA(gE).

Using them, for any a,b € L, we have that [axb] =) ;(fi ® gi) ®u e; can be rewritten as

laxbl= (figi—1) ®1) ®H Giei- (3.16)

1
Hence [a*b] can be written uniquely in the form ) ;(h; ® 1) ®4 ¢, where {h;} is a fixed k-basis of H

(cf. Lemma 2.3).
Now, we introduce another bracket [a, b] € H ® L defined as the Fourier transform of [a * b]:

la,b] =) F(fi®g)(1®@e)=_ figi—1 ®&ippei

That is,

[a,b]:Zhi@)ci if[a*b]:Z(hi®1)®H Ci. (317)

Then for x € X = H*, we define the x-bracket in L as follows:

laxb] := ((S(x), -) ® id)[a, b]
=) (S, figin)giei =Y _(SX), hi)ci, (3.18)

1

if [axbl=);(fi®g)®nei=) ;(hi®1) Qnuc;.
Using properties of the Fourier transform, it is straightforward to derive the properties of the
bracket (3.17). Then the definition of a Lie pseudoalgebra can be equivalently reformulated as follows.

Definition 3.6. A Lie H-conformal algebra is a left H-module L equipped with a bracket [-,-]:L ® L —
H ® L, satisfying the following properties (a,b,ce€ L, h € H):
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H-sesqui-linearity:
[ha, b] = (h ® 1)]a, b],
[a,hb] = (1 ® h(z))la, blth—1) ® 1).

Skew-commutativity: If [a, b] is given by (3.17), then

[b.al= - hi1 ®@higci. (3.19)

i
Jacobi identity:
[a,[b,cl] - (o ®id)[b, [a,c]] = (F ' ®id)[[a, b], c] (3.20)
in HRH®L, where 0 :H® H— H® H is the permutation o (f ® g) =g ® f, and
[a,[b,c]] = (0 ®id)(id®[a, ])[b, c],
[la.b].c] = (id®[-. c])[a. b].
One can also reformulate Definition 3.6 in terms of the x-brackets (3.18).

Definition 3.7. A Lie H-conformal algebra is a left H-module L equipped with x-brackets [axh] € L for
a,b e L, x e X, satisfying the following properties:

Locality:
codim{x € X | [axb] =0} <oco foranya,beL. (3.21)
Equivalently, for any basis {x;} of X,
[ax,b] #0 for only a finite number of i.
H-sesqui-linearity:
[haxb] = [axnb], (3.22)
[axhb] = he)lan_, xb]. (3.23)

Skew-commutativity: Choose dual bases {h;}, {x;} in H and X. Then:

[axb] = = (%, hi(_1))hi(_)[bxal. (3.24)

Jacobi identity:
[ax[bycl] — [bylaxc]] = [[ax(z)b]ym)c]. (3.25)

We need the following important notions (see Section 10 in [1]).
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Definition 3.8. Let V and W be two H-modules. An H-pseudolinear map from V to W is a Kk-linear
map ¢:V — (H® H)®y W such that

phv)=((1®h) @y 1)p(v), heH, veV. (3.26)

We denote the vector space of all such ¢ by Chom(V, W). There is a left action of H on Chom(V, W)
defined by:

(hp)(v) = (h® 1) @ 1) (V). (3.27)
In the special case V =W, we let Cend V = Chom(V, V).

For example, let A be an H-pseudoalgebra and V be an A-module. Then for any a € A the map
mg:V — (HQ® H) ®y V defined by mg(v) =a * v is an H-pseudolinear map. Moreover, we have
hmy =myp, for h € H.

Remark 3.9. Consider the map o :Chom(V,W)® V — (H® H) ®y W given by p(¢ ® v) = ¢(v). By
definition it is H-bilinear, therefore it is a polylinear map in M*(H). Sometimes, we will use the
notation ¢ * v := ¢(v) and consider this as a pseudoproduct or pseudoaction.

The associated x-products are called Fourier coefficients of ¢ and can be written by a formula
analogous to (3.18):

$xv = (S, figicn)gi@wi. If$V) =) (fi ® &) ®n wi. (3.28)

1 1

Remark 3.10. Observe that they satisfy a locality relation and an H-sesqui-linearity relation similar to
(3.21) and (3.23):

codim{xe X | ¢pxv=0} <oo foranyveV, (3.29)
¢X(hv) = h(2) (¢h(,1)xv)- (3.30)

Conversely, any collection of maps ¢x € Hom(V, W), x € X, satisfying relations (3.29), (3.30) comes
from an H-pseudolinear map ¢ € Chom(V, W). Explicitly

(V)= (Sth) ®1) ®H ¢x, V.

i
where {h;}, {x;} are dual bases in H and X.

Given U, V, W three H-modules, and assuming that U is finite (i.e. finitely generated as an H-
module), there is a unique polylinear map (see [1, Lemma 10.1]):

w € Lin({Chom(V, W), Chom(U, V)}, Chom(U, W))
in M*(H), denoted as (¢ ® ) = ¢ * ¥, such that

(pxY)xu=¢* (Y *xu) (3.31)
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in H®3 @y W for ¢ € Chom(V, W), ¢ € Chom(U, V), u € U. More precisely, ¢ % ¥ is given in terms
of the x-products ¢y by the following formulas

@)y (V) = by (Vyx 1y (V) = D b (yihisn (V) (3.32)

In the special case U =V = W (finite), we obtain a pseudoproduct i on CendV, and an action
p of CendV on V. More precisely, for any finite H-module V, the above pseudoproduct provides
Cend V with the structure of an associative H-pseudoalgebra and V has a natural structure of a
Cend V-module given by ¢ x v =¢(v).

Moreover, for an associative H-pseudoalgebra A, giving a structure of an A-module on V is equiv-
alent to giving a homomorphism of associative H-pseudoalgebras from A to Cend V.

Let gc V be the Lie H-pseudoalgebra obtained from the associative one Cend V by the construction
given by (3.14). Then V is a gc V-module. In general, for a Lie H-pseudoalgebra L, giving a structure
of an L-module on a finite H-module V is equivalent to giving a homomorphism of Lie H-pseudo-
algebras from L to gc V.

If V is a free H-module of finite rank, one can give an explicit description of gcV as follows.

Proposition 3.11. (See [1, Proposition 10.3].) Suppose that V = H ® Vo, where H acts trivially on Vo and

dim Vg < oo. Then gcV is isomorphic to H ® H ® End Vo, where H acts by left multiplication on the first
factor, and the pseudobracket in gc V is given by:

[(f®a®A) *x(g®b®B)]=(f ®gan)) ®u (1®baz) ® AB)
- (fba)® g Qy (1 ®abp) ® BA). (3.33)
When V = H ® K", we will denote gcV by gc,.

Remark 3.12. Given a Lie H-pseudoalgebra L, and U, V finite L-modules, the formula (a € L, u € U,
¢ € Chom(U, V))

(@xp)u) =ax(p*u) — ((c ®id) @y id)p * (a*u) (3.34)

provides Chom(U, V) with the structure of an L-module. In particular when V is the base field k, we
have the following definition.

Definition 3.13. Given a finite module M over a Lie pseudoalgebra L, define de (pseudo-)dual module
of M as

M* = Chom(M, K), (3.35)
where K is a trivial L-module with h-1=¢(h)1 for all h € H.

4. Duality and pseudo-bialgebras

In this section we extend some results for Lie conformal algebras obtained in [6] and [13]. Observe
that Lemma 2.3 and the arguments that produced (3.16) show that the action axm (a €L, m e M)
can be written

axm=Y (fi@g)@umi=) (figi—)®) ®ugigpmeHOH) @M,  (41)
i i

1
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hence, the action axm (a € L, m € M) can be written uniquely in the form };(h; ® 1) ®4 c;, where
{h;} is a fixed Kk-basis of H.

Let (L, [*]) be a Lie pseudoalgebra, and M and N be L-modules. We endow the ordinary tensor
product of the underlying H-modules with an L-module structure. Recall that the action of H in
M ® N is given by the coproduct, namely, if he H, me M and n € N:

h-m®n)=AMhMm®e®n)=hqymhon.

Lemma 4.1. The H-module M ® N is an L-module with the following action (a € L, me M andn € N):

axmen =Y (hel)eymen+y (hel)eumen), (42)
k l
if
axm= (@1 @umy e (HH) ®u M
k
and

axn=Y (h®1)®ume(H®H) ®nuN.
l

Proof. First of all we have to show the H-bilinearity of the action defined in (4.2). Observe that, in
general, using (2.27) and the H-linearity of M, we have (f,ge H, aeL and me M)

faxgm=((f®g ®nu1)@xm=Y (fh®g) ®um
k

=Y (fheg1) ® 1) ®u g)Mi.
k

Therefore, using the cocommutativity of H, (2.27) and (4.2),

faxgm®n) = fax*(gnm® gen)
= Z(fhkg(—l) ®1) ®H (goymk ® gi3)N)

k

+ Z(fhfg(—z) ®1) Qn (g1ym ® g3ym)
]

= (kg1 ® DAER) ®n (M @ n)

k

+ Z(fh;g(fl) ®1)A(g2) ®y (M)
I

=Y (fl®g) ®n (m@n) + > (fh®g) ®u (m@mn)
k l

=((f®g) ®u1)(ax(man)), (4.3)

proving the H-bilinearity.
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To prove that M ® N is an L-module we will introduce the following notation that simplifies (4.1):
for a e L and m € M, we denote

axm= Z(h”*m@)l) ®n mg= (""" ®1) @4 mq, (4.4)

(a,m)

where we avoided the sum that is implicitly understood. With this notation, we have that (4.2) can
be rewritten as

axmen=(h""®1)®y Mme@n) + (h*" @ 1) @y (n @ ny). (4.5)

Thus, by the composition rule

ax(bxmen)=(h""h"" 1)@y ((Mp)s ®n)
+ (" @h*™ @ 1) @4 (mp ® ng)
+ (M @R @ 1) @4 (Mg @ np)
+ ("™ @ " ® 1) ®u (M ® (Mp)a). (4.6)

Similarly, interchanging the roles of a and b in (4.6),

((o ®id) ®p id) (b * (a % (m@n)))
= (" @h"M @ 1) @y ((ma)y @ 1) + (N @ hP" @ 1) @ (Mg @ 1p)
+ (R @R ® 1) @1 (mp @ na) + (" @ hP™ ® 1) @ (M ® (Na)y).-

Then,

ax(bx(men)) — ((0 ®id) @y id) (b x (a* (m®n)))
= (h"™ @h*™ @ 1) @n ((Mp)a ®n) — (K™ @ hP™ @ 1) @ ((Ma)y @ n)
+ (h*™ @' ®1) @y (M ® (Mp)a) — (N @ h*™ @ 1) @ (M@ (na)y). (4.7)

On the other hand, if [a*b]=>_(h; ® 1) ®y e;, by the composition rules (3.5),

[axb]*x(M®n) = (hi(he,-.,m)m ® (hei,m)(z) ® 1) S (M, ® 1)
+ (hi(h") 4, ® (") ) ® 1) @1 (M@ 11e,). (4.8)

Now, using the fact that M and N are L-modules themselves, it is immediate to check that the first
summand in (4.8) corresponds exactly with the first two in (4.7), and similarly with the remaining
ones, finishing the proof. O

Let M be an L-module. Using the arguments that produced (3.16) and Lemma 2.3, observe that if
f eM* and m € M, then f(m) can be uniquely written as (gfm ® 1) ®y 1. We have the following
useful result (cf. Proposition 6.1 in [6]).
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Proposition 4.2. Let M and N be two L-modules. Suppose that M has finite rank as an H-module. Then
M* ® N >~ Chom(M, N) as L-modules, where the correspondence ¢ : M* ® N — Chom(M, N) is given by

[6(f@n)]m)=(1®S(gfm) un, (4.9)
ffeM*,meM,neNand f(m)=(grm®1) @y 1ec(HR®H) k.

Proof. Let us check that ¢ (f ® v) € Chom(M, N). Since f € M* = Chom(M, k), using (2.27) combined
with (2.5), and recalling that the H-module structure of Kk is given via the counit, we have that

fthm)=(A®h) @y 1)(f(M) =(gfrm®h) ®n 1= (gfmh(-1) ®1) ®n e(hz) = (grmS) @ 1) ®H 1,
for all me M and h € H. Thus, by (2.18),
[¢(f @m]thm) = (1® S(grmS)) @un=(1QhS(gfm)) ®un
=((1®h)®u1)((1®S(gfm) ®nn)
=(1®@h) ®u1)[¢(f @m)]m).

Now, we will check that this identification given via ¢ is H-linear. By the H-module structure of the
tensor product of modules and (2.6), we have that

[¢(h(f @m)]m) =[¢(ha) f @ haym]m) = (1® S(ha)gf.m)) ®u hayn
=[(1®S(grm)(1® Shay))Aha)] ®un

=(®S(grm)@un=(h®1)®y1)[¢(f ®@n)]m)
[

he (f @n)](m).

Now, we will show that ¢ is a morphism of L-modules. To keep simple expressions, we shall use the
notation introduced in (4.4) and Remark 3.9. Therefore, we consider ¢ (f @ n) *x m:=[¢(f ® n)](m)
and since we have already shown the H-bilinearity, it is actually a polylinear map, therefore using
the composition rule (3.5) and the action (4.5), we have

plax(fFom)*m ="' ®1®Sgsm)®un+ (h""@1®S(gfm) @nng, (410)

if fox (M) =(grm®D@u1and ax(f@®n) =" 1) @n (fa®n) + " @1) @4 (f @ny).
On the other hand, by (3.34), (3.5) and (3.8),
[ax¢(f@n)]*m)=ax((1®S5(gfm) ®nun)

— (o ®@id) @y id)[¢p(fF@M] * (I ® 1) ®H My)

=(h""®1®S(gfm) ®H Na
— (0 ®id) ®n id)((1 @ h"™(gf m,) (1) ® (&f,m,)(~2)) ®H 1)

=(h""®1Q S(gfm)) ®H Na
— (W™ m) (=) ®1® (8F.my)(~2)) ®H N. (411)

Now, comparing (4.10) and (4.11), it is enough to show that

(1" 1@ S(gfm) @1 n=("""(gf.m) (1) ®1® (&f.m))(~2)) ®n M. (412)
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But this follows from two different ways to compute (a * f)(m). By (3.34) and (2.29), we have that

(@ fHm) = —((o ®id) @y id) (f * (K™ @ 1) ®H mq))
=—((c ®id) ®y id)((gf,m, ®h*" @ 1) @K 1)
=—(h""Q@gfm,®1)®n 1
= —(h*""™(gfm) 1) ® 1® (gf.m)(~2) ®On 1 (413)

and by notation (4.4) and (2.29),

@x fym) = ("I (ggm)1) ® Erom)@ ®1) ®p 1
=" ®1®S(gfm) ®u 1,

hence (4.12) follows. Now we have to prove the injectivity. Suppose that for all m € M we have
0=0¢Q; fi®n)m) =3 ;(1® S(gf,m) ®n ni. Then gf, , =0 for all m e M, since S is bijective.
Therefore f; =0 for all i.

It remains to prove that ¢ is surjective. Let g € Chom(M, N) and M = _, Hm;. Then there exist
hijj e H and nj; € N such that g(m;) = Zj(l ® hjj) @y njj. Now, we define fj; e M* by fij(my) =
[(S(hij) ® 1) ®u 118ik. Then g = (3_; ; fij ®nyj) since ¢ (3, ; fij ®nij) (M) = 3, ; 8ik(1 @ hij) ®p nyj =
Z]-(l ® hij) ®n nij = g(my), finishing our proof. O

As a motivation for the definition of H-coalgebra and pseudo-bialgebra, we used the cohomology
theory of pseudoalgebras developed in [1], in order to get to the right notion of cocycle that will be
the compatibility condition between pseudobracket and coproduct. See Section 5.1, for a brief review

of the basics of this theory.
We have the following definition:

Definition 4.3. A Lie H-coalgebra R is an H-module, endowed with an H-homomorphism

2
§:R— \"R
such that
(I®8)s—112(I®8)6 = (8 ® D3, (414)

where 713 = (1,2) € Ss.

This is nothing but the standard definition of a Lie coalgebra, compatible with the H-module
structure of R.

In this section we will give the answer to the following natural question: Does the “dual” of one
structure produce the other, at least in finite rank? The answer is given by Theorem 4.5, below. But

first we will need the following definition.

Definition 4.4. Let L be a finite free H-module with basis {a;}}_;. The dual basis of {a;}]_, in L* is
defined by the set {af}?:r where each a/ € L* = Chom(L, k) is given by

adx@)=>0101) ey sj. (4.15)
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It is easily checked that, with this definition {a/ }'}.:1 is a linearly independent set such that H-
generates L*.

Theorem 4.5.
(a) Consider L = @f’:] Haj a finite free Lie H-pseudoalgebra, with pseudobracket given by
i xaj] =) (h! @) ®n a.

k=1

Let L* = Chom(L,Kk) = @f\lzl Ha' be the dual of L where {a'} is the dual basis corresponding to {a;).
Define 8 : L* — L* ® L* as follows:

5(a) =" s(h))a' ® s(I)a’ (4.16)
ij
and extend it H-linearly, i.e. §(ha®) = A(h)8(a). Then (L*, 8) is a Lie H-coalgebra.

(b) Conversely, let (R, 8) be a finite Lie H-coalgebra. Then the left H-module R* = Chom(R, K) is a Lie H-
conformal algebra with the x-brackets defined by

[fxg]y(r) = Z fX(z) (r(l))gyX(,]) (r(z)) (4'17)
with f,ge R*,reRandx,y € X = H*, where §(r) =) _r(1) Q2.

Proof. (a) Due to the skew-commutativity of the pseudobracket of L, [a; xa;] = Zk(h;f ® I;{j) Ry ax =
=Y (@' ® hi") @4 ax = —(0 @ id)[a; * a;]. Then we have that

B(a") = Z S(hfj)ai ® S(l;j)aj
ij
==Y s(")a' ® S(h])a’
ij

=—0(5(d")),

showing that §(a¥) e /\Z(L). Now we have to check the co-Jacobi condition for §. Using the notation

[a; * aj] = Zk(hg ® l;j) ®py a; and the composition rules (3.5) and (3.8), together with the Jacobi
identity in L,

0=[a; x[aj xa]] — (0 ®id)[a;j = [a; * q)]] — [[a; *aj] xa]

=Y (¥ hl (1), ® 1 (%)) ®nas— Y (), @ W @ (") ) ®n as

ks ks

- Z(hg (hlsd)(l) ® I;Z(h,;l)(z) ® l’sd) ®H Us. (4.18)
k,s

Now,
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(id®8)(8(a)) = ([d®38) (Z s(h*)d ® s(lé")ak)

ik
= Y s(h¥)a @ A(S() (s () @ S()d)
ik,j,l
= Z (S®5©9) (hik ® hlj<l(1g<)(1) ® llil(lik)(z)))(ai ®ad® al)‘
ijkl

Similarly,

—112(d®3)(5(a%) =— Y (S® S @) (hf () 1, @ h* @B (1) ) (¢ @ ! @ )
i,j.k,l

and

G®id)(3(c)) = Y ((S®S® S)(h () 0 ® 17 (hK @) (d®ded).
i,j,kl

Therefore comparing with (4.18), we have that § satisfies the co-Jacobi condition, namely,

(1d®8)(5(c°)) — T12(d ®8) (5(e)) — (6 ® id) (8(a%)) =0.

(b) We define our candidate for the pseudobracket in R* in terms of its Fourier coefficients (cf.
formula (9.21) in [1] or (3.32)):

[fx&ly(M) = fxo, (r)) 8yx 1, (F@) = Z i r1) 8y mis ) T2))s

i

where {h;} and {x;} are dual bases in H and X respectively. The H-sesqui-linearity properties of
[fxgly(r) with respect to x and y are tedious but straightforward.

By properties (2.14), (2.21), (2.22) of the filtration {F, X}, if y € F; X, then yx_1) € F, X for all x € X.
Thus by locality of g, it follows that for each fixed x € X, r € R there is an n such that [fxg]y(r) =0
for y € F, X. Therefore, by Remark 3.10, for each x € X we have that [ fyg] € Chom(R, k).

In order to see that [f = g] is well defined, we need to check that [fyg] satisfies locality, i.e. for
each f, g e R* there exists n € N such that [fxg] =0 for all x € F;X. By the locality of f and g,
for each term of §(r) = ) r(1) ® r(2), there are ny and ny such that fy, (ra)) =0 if x2) € Fy; X, and
8yxy)(r@) =0 if yx(_1) € Fn, X. Thus taking n big enough and using (2.22) we have that x() or X(_1)
belongs to F,(X). Since we have that yF, X C F, X for all y € X, then we conclude that for each r € R
there exists n such that [fxgly(r) =0 for all y € X and for all x € F, X.

Since R is finite, we can choose an n that works for all r belonging to a set of generators
of R over H. Now the H-sesqui-linearity of [fxg],(r) with respect to y (for fixed x) implies that
[fxgly(r) =0 for all y and r. Hence [ fxg] =0 for x € F, X.

To finish our proof, we need to check the skew-commutativity (3.24) and the Jacobi iden-
tity (3.25) for (4.17). In order to see the skew-commutativity we need to proof that [fyg] =
— > (x, hi<,1))hi(,2> [gx, f1. Evaluating the right-hand side of this equation in r and using the skew-
symmetry of §, we have that

- Z(xv hi(,1)>hi(,2) [gx,-f]y(r) = - Z(xa hi(,1)>[gxi f]yhi(,z) (r)
= - Z<X7 hi(,l) )gxi(z) (r(l))f(yh,-(fz))x,-(fl) (T(Z))
= Z(Xa hi(,1)>f(yh,v(_2) )Xi(—l) (r(l))gxia) (T(Z))
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Since [fx&ly(r) = fxy (r1))&yx_y,(r2)), in order to prove the skew-commutativity is enough to
show that

D xhi ) (Vhi )%i ) ® Xig)) =X@) ® YX(-1). (4.19)

For k,l € H, we have

D % hi ) ((Vhiy)Xi ) ® Xigy) ) (k@)
= Xy hi ) (%@ D(hi )Xy ® Xi) ) (k@) by (2.20)
_Z X(=1), hl(]) X(Z)a ((yhl( 2))Xl( 1) >(Xi(2)’l>
—Z X1y i) ) (%@ I{(Vhiy) k)i - k@) (X, ) by (219)
)

=Y (x1y hig) (X@), 1

by (2.10), (2.11 ), (2.17 ) and cocommutativity of H

(k( 1)}’) hl(])) xl(])vk( 2)><Xl(2)’l>

= (keny)xy. hi)(x@). 1)xi. kD) by (2.19) and (2.20)
= ((k—y))x1), k) l)(x(2), 1) by (2.24).
Since (hy)x(,l) ®X(2) = h(l)(yx(q)) X h(z)X(z), we get
(k1) W)x(=1), k—2)l){x2), 1) = (k(—1)<1) (Yx=1)s k) k1) X2). 1)

= (¥X(-1), kay k—2)D) (x2) ky,,) by (2.10)
= (¥x(-1), 1) (x2), k) by (2.4)and (2.5),

proving the identity in (4.19). To finish, we still have to check the Jacobi identity. We have that
[fx[gyl]]z(r) - [gy[fxl]]z(r) = fx(z) (r(l))[gyl]zx(,l)(r(Z)) — 8y (r(l))[fxl]zy(,u (re)

= fX(Z) (r(]))gY(Z) (r(Z)m )I(ZX(—l))y(—n (r(z)(Z))

- gy(z) (r(l))fX(z) (r(2)(1))l(zy(,1))x(,1) (r(2)(2)) (420)
and
[[fX(z) g]yx(1>l]z(r) = [fX(z) g](yXﬂ))(z) (r(l))lz(yxm)(_]) (r(2))
= fxo1q T8 xan @y, T zyxan 1) F@)- (4.21)

Due to the co-Jacobi condition of § given in (4.14), comparing (4.20) and (4.21), it is enough to show
that

X2)2 ® (YX(1) 2)X2)_1) @ Z(YX(1))(-1) =X2) B Y (2) ® (ZX(-1)) Y (1)
=X2) ® Y2) ® (Zy(—1))X(~1)- (4.22)
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Due to the commutativity and associativity of X, the last equality is immediate. Since A(xy) =
XY ®X@2)Y@2), we have

X2 ® (YX1)@)X@)1) ® Z(¥X(1))(-1)
=18y B2y (1) X2) e ® X)) X@) 1) B X(1)(1)
=X2) ® Y2 ® (ZX(-1)) ¥ (-1)>

proving the first equality of (4.22) and finishing our proof. O

Motivated by the definition of the differential of a 1-cochain in the reduced complex of a Lie
H-pseudoalgebra [1, Section 15.1], we introduce the following notion.

Definition 4.6. A Lie H-pseudo-bialgebra is a triple (L, [*],§) such that (L, [*]) is a pseudoalgebra,
(L, 8) is an H-coalgebra and they satisfy the cocycle condition:

ax8(b) — (0 ®u Db x8(a) = 8([a b))
for all @ and b in L.

Example 4.7. Let (g, [ , ], ) be a Lie bialgebra. Now, it is easy to check that the pseudoalgebra Curg =
H ® g has a natural Lie pseudo-bialgebra structure given by:

s(fea=f-ia,

for f ® a € Curg. But not all the bialgebra structures on Cur(g) are of this form, as it is shown in the
next example.

Example 4.8. Consider the rank 2 solvable Lie pseudoalgebra
L, = Ha ® Hb,
with x-bracket (extended by skew-symmetry and sesqui-linearity) given by
[axal=0=[bxb], [axbl]=(p®1)®ub,
where p € H. We shall not consider the most general case where p ® 1 is replaced by « € H ® H. We
do not plan to give an exhaustive classification of Lie pseudo-bialgebra structures on L, instead, we
shall study pseudo-bialgebra structures on L, whose underlying coalgebra structure comes from the

dual of a solvable Lie pseudoalgebra Ly, with h € H. That is, fix h € H, then by applying Theorem 4.5
to Ly we obtain a Lie H-coalgebra structure on Ly by taking 8y, : L, — /\2 Ly given by

dn(a) =0, Sp(b)=S(h)a®b —b® S(h)a.

By a simple computation it is possible to show that &, is a Lie pseudo-bialgebra structure on L, if
and only if

(S®DA(S(hp) =—(1®S)A(S(h)p). (4.23)
In the special case of p =1, we have that L, >~ Cur(T;) where T; is the 2-dimensional Lie algebra

considered in Examples 2.2 and 3.2 in [8]. In this case every h satisfying (4.23) produces a non-
isomorphic Lie pseudo-bialgebra structure in Cur(T3), obtaining pseudo-bialgebra structures that do
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not come from bialgebra structures in T, as in the previous example. Moreover, in order to see how
different is the situation from the classical case, observe that if h satisfies (4.23) and S(h) = —h (which
is the case if he g CU(g) = H), then 8, =d(1 ®y r), where r = %(a ® ha —ha®a) (cf. (5.2) and (5.4)
below), showing that there are coboundary structures § = dr (see next section for the definition) in
Cur(T,) with §(a) =0 and such structures are not present in the Lie algebra T, (see Example 3.2
in [8]).

Example 4.9. Recall that gc; can be identified with H ® H with pseudobracket defined as follows
(see (3.33)):

[(fR®a)x(g®b)]=(f ®gan) ®u (1®@bag) — (fba) ® g @4 (1 ®ab)),

for f®a and g® b in H® H. By straightforward computations, it is possible to show that given
r=(f®DAE®1)ege Agey,

sr(1@a) = (faa) -1 - (((faa)e ®az) AE®D) - fc) - (fo @) A(g®1))
+ (gaa) -1 - ((FOD A ((€aa) @ ®aw)) — g-1 - ((f®D A (g ®a)

gives a Lie pseudo-bialgebra structure on gc;. This is an example of coboundary Lie pseudo-bialgebra
defined in the following section and it is a generalization of an example given in [13].

Remark 4.10. The examples presented here show that this theory is richer than the classical Lie
bialgebra theory. We are far from classification results in this context. Observe that it is not known if
a conformal version or a pseudoalgebra version of Whitehead’s lemma holds for Cur(g).

5. Coboundary Lie pseudo-bialgebras

In this section we study a very important class of Lie pseudoalgebras, for which the H-coalgebra
structure comes from a 1-coboundary.

5.1. Cohomology of pseudoalgebras
For the sake of completeness, we shall review some of the definitions given in Section 15 of [1].
5.1.1. The complexes C*(L, M)
As before, H is a cocommutative Hopf algebra. Let L be a Lie H-pseudoalgebra and M be an L-
module.
By definition, C"(L, M), n > 1, consists of all
y € Hompyen (L®", HE" @y M) (5.1)

that are skew-symmetric. Explicitly, y has the following defining properties (cf. (3.9), (3.10)):
H-polylinearity: For hj e H, a; € L,

Y(h1a1 ® -+ @ hpay) = (11 ® -~ @ hy) @ 1)y (a1 ® -+~ @ ap).
Skew-symmetry:
Y@ ® - ®0i411006 Q- Qan)
=—(0i,it1 QDY @1 ® - ®0Qai41 Q- Qap),

where 07 i+1: H®" — H®" is the transposition of the i-th and (i + 1)-st factors.
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For n =0, we put C°(L, M) =k®y M ~ M/H, M, where H, = {h € H | e(h) = 0} is the augmenta-
tion ideal. The differential d: CO(L, M) =k ®y M — C'(L, M) = Hompy (L, M) is given by:

(A @um)(@ =) (id®e)(hym; € M (52)

ifaxm=Y;hi®ymie H®2 @y M, forae L, me M.
For n > 1, the differential d: C"(L, M) — C"t1(L, M) is given by

dy)(a1 ® - ®ant1)
= Y (DM 0Li®uidaxy@ ® - ®di® - ®an1)
1<i<n+1
+ ) (DM (o125 @ id)
I<i<jsn+1

xy([i+aj]®01®  ®4G® @4 ® - @ dn41), (5.3)
where o01_,; is the permutation h; ®h1 ®-- - ®hi_1Qhj11®---Qhyp1 = "1 ®---®hpy1, and 014, 2§
is the permutation i ® hj @h1 ® ---®@hi_1 ®hi11®---Qhj_1®hj1® - Qhpp1—>h1 ®--- @hpy1.

In (5.3) we also use the following conventions. If axb=)"; fi ®n ¢; € H®2 @y M foracl, beM,
then for any f € H®" we set:

ax(f@ub)=)Y (1® ) (id® A" D) (fi) ®n c; € HE™ D @y M,

1

where A D = ([d®---®id®A)---(id® A)A : H — H®" is the iterated comultiplication (A© :=id).
Similarly, if Y (@1 ® --- ®an) =); 8 ®n vi € H*" @y M, then for g € H®2 we set:
Y((E®na)®an®- - ®a)
=Y (g® 12 V) (A ®id® ") (g) @y vi € HE™D @y M.

1

Note that (5.3) holds also for n =0 if we define ACD :=¢,

The fact that d> = 0 is most easily checked using the same argument as in the usual Lie algebra
case. The cohomology of the resulting complex C*(L, M) is called the reduced cohomology of L with
coefficients in M and is denoted by H*(L, M) (cf. [4]).

Remark 5.1. Note that the cocycle condition for the cocommutator §:L — A% L in the definition of an
H-coalgebra is indeed the condition that § is a 1-cocycle of L with coefficients in A% L in the reduced

complex.

5.2. Definitions and conformal CYBE

Among all the 1-cocycles of L with values in /\2 L, we have 1-coboundaries § that come from the
differential of an element r € A*L, that is

51(@) = (d(1 ®y ) (@), (5.4)

forall aelL, cf. (5.2).
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Definition 5.2. A coboundary Lie pseudo-bialgebra is a triple (L, [*],r), with r € L ® L, such that
(L, [*],8r) is a Lie pseudo-bialgebra. In this case, the element r € L ® L is said to be a coboundary
structure.

Now, we can state one of the main results of this article.

Theorem 5.3. Let L be a Lie pseudoalgebraand ;t : HQ (LQL) — LQ L given by u(h@ma®n) = A(h)(m®n).
Letr=3 ;ai®bjc L L. Themaps,:L - L® L givenby (ael)

8r(@) = (dA®un)@ =) u(la al®b; +o12(a; ® [a, bil)),

1
is the cocommutator of a Lie pseudo-bialgebra structure on L if and only if the following conditions are satisfied:
(1) the symmetric part of r is L-invariant, that is:
Sriry (@ =0,
whereriz =Y ; bi @ a;;

(2) us(a-[[r.r]])=0

where u3(h®@m®n® p) = (A ® 1)A(h))(m ® n ® p), the dot action is the action analogous to the
bracket defined in (3.17) and

[(r.r]] =12 (laj.ai1®bj ® bj) — u?,(a; ® [aj, bl ® bj) — u?5(ai ®a; ® [bj, bil), (5.5)

where //LLk means that the element of H that appears in its argument in the k-th place acts via the an-
tipode on the element of L located in the I-th entry.

Proof. From now on we will use the following notation: For a and b in L,
[axb]= (" ®1) @ cap € (H® H) @ L.

Since r=3;a;®b; e L®L, by (4.2)

axr=(h"%®1) ®p (Ca,q; ®bi) + (h*P ®1) ®p (@i ® cqpy)-

Thus

(@) = (d(1 ®n 1) (@)
= (R - (ca.q; ® bi) + h*P - (a; ® ca p,))
= 1(la, a1 ® b + o12(a; ® [a, bj1)), (5.6)

where we set u(h®m®n)=A(h)(m®n) for all he H and m and n in L, and [a,b] € H ® L is the
Fourier transform of [a * b] (cf. (3.17)).

It is clear that the skew-symmetry of § is equivalent to condition (1) in the statement of the
theorem. Now
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(6r ® id)3r(a) = (6r ® id) (ha,a,- - (Ca,q; ® b)) + h-bi . @i ®¢q b))

a,q;

= (3 dr(Ca) @b + '8 @) @ hiy'ca
=h®% - (8r(Ca.q) ® bi) +h*P' - (8:(a1) ® cap;)
=h®% - (h@% - (Cy a; ® b)) @ bj +he T - (a; ® ey b)) ® bi)
+hOP (R (Cqpa; ® D)) @ Capy + T+ (@ ® Cay b)) © Cay)
=1 (13 ([la, i), a5] @ b @ by)) + 2 (13 (a; ® [[a, i), bj] ® b))
+ w3 (uy” (101, a1 @ bj @ [0, bi1)) + 3 (11 (a; @ [ai, bj1 @ [a, bil)),

where er * means that the element of H that appears in its argument in the k-th place acts on the
elements of L ® L formed by the elements in the r and s-th entries, and then relocated in its original
places, omitting k-th place. For example u;"l(m RfFINApR L =Ffaymen® fop ® g withm, n
and p in L and f, g in H. Similarly, @ represents the action of the element of H in the k-th place
acting in the element of L ® L ® L formed by the remaining elements in its argument.

Now, we can write down the twelve terms in Zc_p,(5r ® id)é;(a), where Zc'p. stands for cyclic
permutations of the factors in L ® L ® L. Namely

> 6 @id)si(@) = pa (3

c.p.

[la,ail.a;]®bj ®b;)) (5.7)

+ 2 (3 (aj ®[la,ail, bj] @ by (58)

.3

+ 31y [alva]]®b]®[a bil (5.9)

.3

+ u3(py " (aj @ lai, bjl ® [a, byl (5.10)

.5

+ pa2(pg’ (5.11)

+ w3 (p (5.12)

(la.bi] ® [a;, a;] ® b;

U'l

(5.14)

+ w1 (uy”(la, bil ®aj @ [a;, bj]

?(bj ®b; ®[[a, ail, a;] (5.15)

)

)

)

bi ® [[a,ai], aj] ®bj)

)

+ u3(py )
)

(aj
(
(
(
?(bi®a;j® [[a,ail, bj]
(
(
(
(
(bj

+pa (13 ([[a, i), bj] @ bi @ a; (5.16)

5

+ u2(py (5.17)

=NA= MW RS AW WA BN WA N2 =N UJ—‘A

( )
( )
( )
( )
( )
+ 1 (p ) (5.13)
( )
( )
( )
( )
( )-

)
)
bj ® [a,b;j] ® [a;, a;])
)

+u2 (i ([ai, bj1 ® [a, bl ® a; (5.18)

On the other hand, by the skew-commutativity in (3.19) we have that

ws(a-[ir.r1]) = ps(a- (12, (laj. ail ® bj @ by)
— u2y(ai ®laj. bil @ bj) — u25(ai ®a; ® [by, bil)))
=~ (3 F@ideideid)([a, [0, aj]] ® bj @ b;)) (5.19)
+ 12 (1% (1ai, aj1® [a, bil @ b)) (5.20)
+p3(24(1aj, a1 @ bj @ [a, bil)) (5.21)
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+ 1 (13 (e, a1 ® [bi, a;1 ® bj) ) (5.22)
+ (2 (d® F @ id®id)(a; ® [a, [bj, a;]] @ bi)) (5.23)
+ u3(uly (a5 ® [bj. ail ® [a, bil)) (5.24)
+ (13 (e, a1 ® aj ® by, b)) (5.25)
— i@ ® (id® pb))p>(la, a1 ®@bj)) (5.26)
+us(ny’(deid® F®id)(a; @ aj ® [a, [bi, bj1])), (5.27)

where F is the Fourier transform defined in (2.26) and p(b)(a) = [a, b] for all a and b in L. Now, the
study of the sum of both equations is divided in several steps.
First, observe that (5.9)+ (5.21)= 0. Indeed, using the skew-symmetry introduced in (3.19), if
laj,ai] =h"% ®cq;q, We get
u3(ps(lai a1 @ bj ® [a, bil)) = —ps (7 (K], @ h(Y caja; @ bj @ [0, bil))
a ,ai s
—HM3 (h )(]) (é) Caj,a,- & h(*l)(Z)b]’ ® [a» bl])
= —1u3(caj.q; ® S(h%")b; @ [a, by1)

—u3(p24(laj. i) ®b; ® [a, by])).

a;.a;

Similarly, we have (5.10) 4 (5.24) = 0.
Interchanging the indices i and j and using the Jacobi identity (3.20), we have that (5.7) + (5.19)
is
(e ([la, ail,a] @ b; @ b)) — 1 (5 (F @ id@id®@id)([a, [ai, aj1]] ® bj @ b;))
= —ui(3*(Foo ®id®id®id)([a, [a,a;]] @ b @ b;)))
= —u1(13°([la, a;1,ai] ® bj @ by)). (5.28)

Now, using the invariance property of part (1) of this theorem, and (5.28), we obtain that (5.16) +
(5.28) is
(15 ([la, ail, bj] @ bi @ a;)) — pr (15 ([la. a1, ai] @ b ® b))
= w1 (w3 ([la,aj1,bi] ®bj @ a; + [[a. aj1,a;] @ bj ® b;))
= —p3(uy°(bi ®b; @ [[a.aj].a;] + a; ® bj ® [[a. aj]. bj]))
= (A) +(B).

It is easy to see that (A) + (5.15) =0, hence it remains to cancel (B).
Now, recall that p(x)(y) =[y,x] for all x and y in L, then using again the invariance of part (1),
we get that (5.13) 4+ (5.22) is
1 (12 (10, bil ® [a, aj1 @ bj)) + pu1 (uh (e, a1 ® [by, aj] @ b))
1( (1d®,0(a])®1d)([a bil®a; ®bj+[a,a;]®b; ®bj))
= w3 {((i[d®@p@p)ui?(la, bil @ a; + [a, a1 ® b;)) ® b}
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= - *{((ild®p@)p)py” (bi ® [a,ai] +a; ® [a, bi])) @ b;}
= —12(113° (bi ® [[a. ail.aj] ® bj +a; ® [[a, bil, a;] ® b))
= (D) + (O).

It is obvious that (D) + (5.11) =0, hence it remains (C).
Similarly, we have that (5.14) 4 (5.25) is

1 (ug” (1o, bi) ® aj ® [az, bj1)) + a1 (3> (la. ail ® aj @ [by, bj1))
pi(n3° (id®id®id®pb))(la, bl ®a; ® a; + [a,a;] @ a; ® by))

u3*{((d@id@p®))ui*(la. bl ®a; ®a +la.a] ® a; @ b))}
=-u3*{((i[d@id®p®))uy* (bi ®a; ® [0, 0] +a; ® a; ® [a, b))}
= —p3(u°(bi ®a; ® [[a.ai].bj] +a; ® a; ® [[a. bilb;]))

= (F) + (E)

and it is obvious that (F) + (5.12) = 0, hence it remains (E). In a similar way, it is easy to see that

(5.18) +(5.20) = pa (1> (lai, bj1 @ [a, bil @ aj + i, a;1 ® [a, bi] ® b))
= —u2(py”(aj ® la. bil ® [a;, bj] + b; ® [a, bi] ® [a;. a;1))
= (H) + (G),
and we have (G) + (5.17) = 0, hence it remains (H).

By a simple computation it is easy to see that (5.8) + (5.23) + (C) = 0 by Jacobi identity (3.20).
Now, we can write, using skew-symmetry and invariance property,

(5.26) + (B) + (H) = p3(a; ® (id® p(b) ;™ (aj ® [a, bj1)). (5.29)

Finally, a simple computation shows that (5.27) + (E) 4+ (5.29) = 0 by Jacobi identity, and it is easy
to check that we have canceled all the terms, finishing the proof. O

Definition 5.4. A quasitriangular Lie pseudo-bialgebra is a coboundary Lie bialgebra (L,[ * ],r) with
reL® L such that

(1) [[r,r]]=0 mod(H+ - (L® L ® L)), where H, is the augmentation ideal,
(2) r is L-invariant, namely 8;4r,, (@) = 0.

6. Pseudo Manin triples

Let V be an H-module. A bilinear pseudo-form on V is a k-bilinear map (,):V xV - (H® Hy®pk
such that

(hv,w)=((h®1) @y 1)(v, w),
(v,hw)=(1®h)®y 1)(v,w) forallv,weV, heH.
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We call a bilinear pseudo-form symmetric if
(v,w)= (o ®y 1){(w,v) forallv,welV.
A bilinear pseudo-form in a Lie pseudoalgebra L is called invariant if
(la*b],c)=(a,[bx*c]) (6.1)

for all a, b, c € L, where the usual composition rules of polylinear maps are applied in (6.1).
Given a bilinear pseudo-form on an H-module V, we have a homomorphism of H-modules,
¢:V — V*=Chom(V,Kk), v+ ¢y, given as usual by

(py)xw=(v,w), veV.

Now, suppose that a bilinear pseudo-form satisfies that (v, w) =0 for all w € V, implies v = 0.
Then ¢ gives an injective map between V and V*, but not necessarily surjective.

Following [13], a bilinear pseudo-form is called non-degenerate if ¢ gives an isomorphism between
V and V*.

Definition 6.1. A (finite rank) pseudo Manin triple is a triple of finite rank Lie pseudoalgebras (L, L1, Lo),
where L is equipped with a non-degenerate invariant symmetric bilinear pseudo-form (,) such that
1. Ly, Ly are Lie pseudosubalgebras of L and L =Ly & L1 as H-module;
2. Lo and Lq are isotropic with respect to (, ), that is (L;,L;) =0 for i =0, 1.

Theorem 6.2. Let L be a Lie pseudoalgebra free of finite rank. Then there is a one-to-one correspondence
between Lie pseudo-bialgebra structures on L and pseudo Manin triples (R, Ry, Rg) such that Ry = L.

Proof. Given a Lie pseudo-bialgebra L, we construct a pseudo Manin triple in the following way: we
set R{ =L, Ro = L* with the Lie pseudoalgebra structure given by the dual of the coalgebra structure
in L, R=L®L* and take the non-degenerate symmetric bilinear pseudo-form in R given by

(a+f.b+g) =[x () + (0 ®yidg=*(a),
for all a,b e L and f, g € L*. Now, observe that the invariance of the bilinear form uniquely de-

termines the bracket on L @ L*, namely: let {e;}]_, be an H-basis of Ry and let {e}}]_, be the
corresponding dual basis in Ro ~ R} and set

leixejl=D (b ®l))@ner and [efxei]=) (f/ ®g) @nef.
k k
Due to the invariance of the bilinear form, we have

(lef xej].e)) = (e}  lej xel) = > (1@ hf @ L) @n b
k

= (1 ® hlﬂ ® 11!") ®nl= ((l{l)(—z) ® hljl(l{l)(—l) ® l) ®n 1

<Z((,lj$)(_2) ® hljs(l;'is)(—l)) ®H e5, €l>

S

and
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(fe*ef].ef) =le;. [ef xef]) = Y (1® fi* @ &%) @n 5
1
— (1 ® f]l:k ®g;l<) Qyl= ((gljk)( 2 ® ftk( ik )( . ® 1) ®p 1

(e ® (e o) @ ).

N

Hence, using skew-symmetry, we have

[ef *ej] = Z((lajs)(—z) ® hzjs(lzjs)(—l)) ®H €5 — Z(f}r(gi‘r)(—l) ® (gz‘r)(—z)) ®ner. (62)

N

It remains to show that this is indeed a Lie pseudoalgebra bracket. Let us first check the Jacobi iden-
tity, namely we have to show that

0= [e; *[ejxej]] — ((0 @id) @y id)[e; * [e;k7 xej]] — [[e; xej]xej]

together with a similar relation involving two e*’s and one e. Expanding it, using (6.2) and the com-
position rules (3.5) and (3.8), we get

0= Z [(5) )i ® H hks(lks)( 2))(1)®l;z(hﬁs(llzgs)(—2))(z)]®H es
_Z (&) oy ® (glfr)(g)(])®1;‘<j(glfr)(72)(2)]®H er
= ST ) ) )
- ;[(’{fh_])(ffm (&™) 1)) ® (&) o) © 15 (15) ) (&™) 1)) )] @1 m
+Z fpr ) ( 1) llr)(n@h%@( )( 2)(1”)(2)]@*1 em
+ ;[(’ZS)(_]) ) iy ® M5 05) ) (57) oy gy @ 1" (1) ) ] @ €
- Z[(lis)( 1)(fsm( jm)(q))(l) ®h?(’?)(fz)(f;m(gj'm)(q))(z) ® (gim)(fz)] ®H em
+Z LA (82") oy (B0) ) ® (87) oy (B1) ) ® ih ] @11 €m. (6.3)

The coefficients of e* in (6.3) give a relation equivalent to the Jacobi identity of L, and it is easy
to see (after renaming some variables) that the coefficients of e in (6.3) give a relation equivalent to
(6.9) which is up to the identification

HIHIH®yH—->HQRHRy H®H

fRIQhRug—I®h®uS(fI®E (6.4)
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the 1-cocycle condition of the cobracket in L (see (6.9) below). In a similar way, the other Jacobi
identity in L @ L* is equivalent to (6.9) and the Jacobi identity of L*.

Conversely, let (R, R1, Rg) be a pseudo Manin triple. The non-degenerate pseudo-form (,) induces
a non-degenerate pairing Rg ® R1 — H that produces an isomorphism R} ~ Ro as H-modules, and
hence a Lie pseudoalgebra structure on R}. Denote by é the Lie coalgebra structure induced on Ry by
Theorem 4.5. We have to show that (Rq, [*], 8) is a Lie pseudo-bialgebra and hence Ry is its dual Lie
pseudo-bialgebra. Therefore, we have to check the cocycle condition

=68(la b)) — (0 @y id)(b x 8(a)) —a*S(b). (6.5)

In order to do this, let {e;}}_, be an H-basis of R and let {ef}{_; be the dual basis in Ro > R7. Set,
as before,

lejxej]= Z(hgj ®l)®@ues and [ef wef]=>( Togl)oner.
N N
By definition (see Theorem 4.5),
ser) =Y S(h))e' @ S(1)e’
ij
Thus, we have

s(lejxed) =D (W' @) @u (S(£)es ® S(g)er)

r,s,t

=Y (W' o)y ou (S(F) @ S(g8)) (1 ® 1) ®h (es ®er)). (6.6)

r,s,t

On the other hand

ejxd(e) = Z(hls( (fSt)ljs)( 1H® 1) @ ((S(fft)llis)(z)ek ® S(g")er)

k,t,s

+ 2 (0 (S(&)) -y © 1) ®n (S(f7")es ® (S(&)1A) 1)

n,t,s

=3 (S Ly @ 1) @ (S o e ® S(g)er)

k,t,s

+ Y (Y (S (g _py @ 1) ®n (S(F)es @ (S(g)I) 5 6n) (6.7)

n,t,s
and

(0 ®H id) (ej * S(ej)) = Z(l ® h;f(s(f;t)l;f)(_w) ®H ((S(f;t)llis)(z)ek ® S(g;t)et)

k,t,s

+)_(1@mi(S(g)) y) ®n (S(f)es ® (S(7)I) o en)

n,t,s
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= Z fSt)l{s)(q)) QH ((S(f]st)lf)(z)ek ® S(g;t)et)
k,t,s
+ ;(1 QR (S(&5)) ) @ (S(f])es @ (S(g5)) gy en)-  (6.8)

By taking the coefficients of (1® 1) ®y (ep ® eq) in (6.6), (6.7) and (6.8), the cocycle condition (6.5)
becomes (after renaming subindexes)

Zr:(hi’ ol @u (S(fM) ® 5(gh"))
= Z (B (S(EDH) 1y © 1) @1 (SN o) @ (&)
+Z (" (s(gMH) _yy® 1) @ (S(F) ® (&) )
- XS:(l @S (S(F)) 1) @1 (SUF)) ) @ S(8]7))

S (@RS ) @n (S(P) © (S ). (69)

which is equivalent under the identification (6.4) to the coefficients of e; in (6.3), that is, the Jacobi
identity on R = Ry & Ro >~ Ry @ RY, finishing the proof. O

7. Pseudo Drinfeld’s double

The correspondence between pseudo-bialgebras and pseudo Manin triples gives us a Lie pseudoal-
gebra structure on L & L* if L is a pseudo-bialgebra. In fact, a more general result is true.

Theorem 7.1. Let L be a free finite rank Lie pseudo-bialgebra and let (L & L*, L, L*) be the associated pseudo
Manin triple. Then there is a canonical Lie pseudo-bialgebra structure on L & L* such that the inclusions

Les L@l < (1)

into the two summands are homomorphisms of Lie pseudo-bialgebras, that is §; g1+ = 81 — 81+. Moreover,
L & L* is a quasitriangular Lie pseudo-bialgebra.

The Lie pseudo-bialgebra L @ L* is called the pseudo Drinfeld double of L and is denoted by DL.

Proof. Let {e;}}_;, be an H-basis of L and let {e}}]_, be the corresponding dual basis in L*. Suppose,
as before, that

[ei*ej]:Z(h?@le) ®ues and [e}“*eﬂ :Z( sij®g;j) ®He;.

S N

Let r=37,e,®e €L ®L*CDL®DL be the canonical element corresponding to Z €
Chom(L,L) ~ L ® L* (see Proposition 4.2), where Z(a) = (1 ® 1) ®y a. Now, let us verify that
Srgr* :=08L — 81+ =d(1 ®y r). Using (6.2) and (5.6), we have
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(da®un)xe;= Z(hli, (lil)(—]))(l)(lil)(Z)ei ® (hljg (li')(il))(z)e;."
ik

- Z(h{s (11!5)(—2) (1{5) (1) (,1))(1)ei
i,s

® (hfs(lx!s)(—z) (ll!s)(—l)(—l))(z) (Ilqs)(—l)(Z)e;k

+Z &) (&) 1)(_1)(f11:r)(—1))(1)ei

® ((&]) 2 (gs‘r)(—neu(f}r)<—1>)(2>(f}r)<2> (g9r)(—1>(z)er
= Z S(f}r)ei ® S(g;r)er
=d(ej).

Similarly, by using Theorem 4.5 with (6.2), and then skew-symmetry, we get

(dA1®un)*ef= Z (Ils)( 1)(1)(1 ‘S)(fz)(_l)(l)(hz‘s)(fl)(l)(hls)(z) (l )( 2% es

s,i

(lls)< 1><2)(ll's)<—2><fl)(z>(hls)< D@ g

]r ]r jr jr
=2 @") - e 1)(1)("5 )28

r, i
® (fi]r)(z)(g{r)(—1)(2) (g{r)(—z)(,1)(2)e?

Z (1) gk 1 ® (fkﬂ)@(gzﬁ')<_1>(2)(gﬂl)(z)67§

i,k

= Z S(l;s)e;‘ ® S(h?)ef
i,s
== S(h})e; @ s()e
s,i

= —f* (e’;)

It remains to see that r gives us a quasitriangular structure (recall Definition 5.4). Using (5.5), we have

1) =12 (e ] ) — 4308 e ] @) (e 00y 8 €]

Z( (z)ek l]l (1)5(h,];i)e’]’f®e;"

k,j,i

i jk jk i
+e® (l{<)(—1)(2)6k ® (I )( 1)(1)(l] )(2) (h{‘)e’f
® (f]lk)(Z) (ggk)(fl)(z)ek ® (f]lk)(l) (gl]k)( 1)(]) (g] )(2) j

—e® (glfi)ms(fjl'ﬁ)ek ® (g’fi)a)e?)-
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Now, the last two terms cancel out by skew-symmetry (after interchanging the summation indices j
and k). Then, it is easy to see, using skew-symmetry, that [[r,r]] =0 mod HT - (L® L ® L), since

[tr.11] = D[ 6 ® () 1y S ()¢ ® ¢f

k. j.i

jk * jk jk ik\
tei® ((Hc)(—l))(z)ek ® ((lzc)(—l))(l)(1{6)(2)5(’1{ )ej]

=2 () ® (), S @) + (1@ () @ 5())] (ex ® € @)

k,j,i

=3 [\ gy ® @), S @ 1) = (1@ S(h) @ S(I)) ] (ex @ €F @ )
k,j,i

= Z lﬂ (1) lﬂ)(]))l](l ® S(h,](') ® (llil)(z))(ek ®e;® e
k,j,i

and ((l,{i)a) — 8((I£i)(1))1) € H. Finally, by similar computations, it is possible to verify that
pa(ei* (r+r21)) = Mz(ei * (Zej ®ej+ej ®ej)) =0,
J

finishing the proof. O
8. Ay (L) and the annihilation algebra

A Lie algebra is usually associated to a Lie pseudoalgebra L, that is the annihilation algebra, see
Remark 7.2 in [1]. In this section, using the language of H-coalgebras, we will see it as a convolution
algebra of certain type, obtaining a more natural and conceptual construction. The definition of this
algebra in [1] is equivalent to but different from the one presented here.

Here we will recall the definition of the annihilation algebra of a pseudoalgebra. Let Y be a
commutative associative H-differential algebra with a right action of H, and let L be a Lie H-pseudo-
algebra. We provide Y ® L with the following structure of a left H-module:

hx®@a) =xh_—1y®hpa, heH,xeY,ael.

Then define a Lie pseudobracket on Y ® L by the formula:

[(x@a)+(y@b)]=> (fir) ® gia) ®n (*fip) (Vi) ®ei). (8.1)

i

if [axb]=7";(fi ® gi) Qn e;. It is easy to check that (8.1) is well defined and endows Y ® L with the
structure of a Lie H-pseudoalgebra. Now, we define the Lie algebra

Ay(D) = QL)/H(Y ®L),

with bracket

[x®a,y®b]= Z8(fi(1))8(gi(1))((Xfi(z))(ygi(z)) ®e;)

=Y &fi)(yen ®ei.
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In the case H =Kk[d], Y =K[t,t~'], 8 = —d;, the Lie k[d]-pseudoalgebra Y ® L (i.e.: in the classical
conformal algebra case) is known as an affinization of the conformal algebra L (see [10]).
Now, take Y = X = H*. Recall that X has a right H-module structure given by

(x-h, f)={x, S f),
with h, f € H and x € X.
Definition 8.1. The Lie algebra A(L) = Ax(L) is called the annihilation algebra of the pseudoalgebra L.
Now, we can give an interpretation of .4y (L), as a convolution algebra.

Theorem 8.2. Let L be a free finite Lie pseudoalgebra, let (L*, §) be the corresponding Lie H-coalgebra. Then
there is an isomorphism of Lie algebras

Ay (L) ~Homp (L*,Y)
with the bracket in the space of homomorphisms given by

[f.gl=mo(f®g)od,
where m stands for the multiplication in Y.

Proof. Let us define the map

¢:(Y ® L)H (Y ® L) > Hompy (L*, Y)

X®a—> ¢(X®a)
such that for all f e L*
p(x®@a)(f)=x- (liS(hy))

if f(a)=Y;(hi ®l;) ®u 1. It is straightforward to check that this map is well defined and ¢(x®@a) €
Hompy (L*,Y).

Let’s check that ¢ is injective. Consider an H-base set for L, namely {e;}. Assume that
¢(O_;xi®ej) = 0. This means that ¢(3_;x; ®e;)(f) =0 for all f € L*. Suppose that there exists
Xiy # 0 and take f € L* such that f(e;) = (1 ® 1) ®4 8i,. In this case ¢(3_;xi Qe)(f) =xj, =0
which is a contradiction.

Now, consider an H-basis {f;}{_; of L*, and & € Hompy (L*, Y). Set a(fi) = }_; xJhi | thus it is easy
to check that

¢<ZXU ®hijei>(fk) =a(fu),

ij

for all k, proving surjectivity.

Finally it remains to show that this is a Lie algebra homomorphism. As always, consider {e;} a
basis for L and {e}} the corresponding dual basis for L*. Thus, if [e; * em] =Y _;(hf™ ® ™) @ e;, we
have
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(5@, yaEn) () =0 X G OEm) @e ) e)

i
= (xh™) (V™)

On the other side,

[¢(x®en).¢(y @em)](ex) = (mo (¢(X®en) @ (¥ @ em)) 0 3)(ef)
= m(¢x@en(S(h)es) ® (v @em (S )ef))

st

=2 m(Ons (- hf) @ dme (v <))

5.t
= (xh™) (V™).
finishing the proof. O
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