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ABSTRACT: It is our goal to present an universal enveloping algebra for the simple
(non-Lie) 7-dimensional Malcev algebra M («, 3,7) in order to obtain an universal
enveloping algebra for simple Malcev algebras and to study its properties.
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Introduction

The universal enveloping algebra of an algebra is a basic tool in the study
of its representation theory. Given a algebra A, let us denote by A~ the
algebra obtained from A by replacing the product zy by the commutator
[, y] = vy — yx, for elements x,y € A. It is known that if A is an associative
algebra one obtains a Lie algebra A~ and, conversely, the Poincaré-Birkhoft-
Witt Theorem establishes that any Lie algebra is isomorphic to a subalgebra
of A~ for some associative algebra A ([1], [2]).

If we start with an alternative algebra A (alternative means that z(zy) =
2%y and (yx)r = yx?, for x,y € A) then A~ is a Malcev algebra. Since
any associative algebra is in particular an alternative algebra, then the Mal-
cev algebra A~ is a natural generalization of the Lie algebra A~. In [4],
Pérez-1zquierdo and Shestakov presented an enveloping algebra of Malcev
algebras (constructed in a more general way), generalizing the classical no-
tion of universal enveloping algebra for Lie algebras. They proved that for
every Malcev algebra M there exist an algebra U (M) and an injective Malcev
algebra homomorphism ¢ : M — U(M)~ such that the image of M lies into
the alternative nucleus of U(M), being U (M) a universal object with respect
to such homomorphism. The algebra U (M) has a basis of Poincaré-Birkhoff-
Witt Theorem type over M and it inherits good properties, analogous to
those of the universal enveloping of Lie algebras, but it is in general not
alternative.
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In this work we are interested in the universal enveloping algebra of simple
Malcev algebras. All simple Malcev algebras are the simple Lie algebras
and the 7-dimensional simple (non-Lie) Malcev algebras M (a, 3,7), with
afy # 0, up to an isomorphism. As the universal enveloping algebra of
simple Lie algebras are well known, this work is dedicated to the study of the
enveloping algebra of a particular class of simple Malcev algebras: M («, 3, 7).
It is our goal to investigate whether the universal enveloping algebra of an
algebra of this particular type is alternative.

1. Classification of simple Malcev algebras

Throughout this paper we consider finite dimensional algebras over a ground
field K.

Definition 1.1. Let L be a vector space over K endowed with a bilinear
operation [,] : L x L. — L. We say that L is a Lie algebra if the following
two axioms are satisfied: Vz,y,z € L

(L1) [z,y] = —[y, x| (anti-symmetry)
(L2) [[z, 9], 2] + [[y, 2], 2] + [[2, 2], y] = 0 (Jacobi identity)

Definition 1.2. Let M be a vector space over K with a bilinear operation
] : M x M — M. We called M a Malcev algebra if the following two
axioms are satisfied: Vz,y,z € M

(M1) [2,y] = —[y, 2] (anti-symmetry)
(M2) [[z,9], [z, 2]] = [[z, 9], 2], 2] + [y, 2], 2], ] + [[[2, 2], 2], ¥] (Malcev identity)

It is clear from the definitions that any Lie algebra is a Malcev algebra. We
say that M is simple if it has no ideals except itself and zero, and [M, M] #
{0} (with this last condition we avoid the 1-dimensional algebras). It is
known that, if the field K is of characteristic # 2, 3, a simple Malcev algebra
is either a simple Lie algebra or a 7-dimensional simple (non-Lie) Malcev
algebra M (a, 8,7), with a8y # 0, up to an isomorphism (see Kuzmin [3]).

These last algebras are the only simple Malcev algebras which are not
Lie algebras. In particular, if the ground field K is algebraically closed of
characteristic 0, then any simple Malcev algebra is either isomorphic to one
simple Lie algebra in the following list: A, = sl(n 4+ 1,K), with n > 1,
B, =s0(2n+1,K), withn > 2, C,, = sp(2n,K), with n > 3, D,, = s0(2n, K),
with n > 4, and the exceptional Lie algebras Eg, E7, Eg, Fy, G2, or isomorphic
to 7-dimensional simple (non-Lie) Malcev algebra M(—1,1,1).
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Each algebra M (a, 5,7) over a ground field K of characteristic # 2 is iso-
morphic to the algebra C'~ /K, where C' is a suitable Cayley-Dickson algebra
over K. Two algebras of this type are isomorphic if and only if the cor-
responding Cayley-Dickson algebras are isomorphic. The simple (non-Lie)

Malcev algebra M («, 8, ) has a basis {ey, . .
tiplication table is the following (see [3]):

., e7} relative to which the mul-

€1 €9 €3 €4 €5 €6 €7
el 0 es3 —aey  es —aey  —ey aeg
ey | —e3 0 Ber  eg er  —fes —Pes
e3| aes —pfe; 0 er —aeg  fPes —afey
eq| —e5 —eg  —er 0 ver  ye2  ves
es | aey —er  aeg  —yep 0 —ves  aryes
eg| er  PBey —Pes —yex  yes 0  —Bye
er | —aeg  Pes  afley —vye3 —aves [Bye 0

2. Universal enveloping algebra of a Lie algebra

Since a simple Lie algebra is in particular a simple Malcev algebra, we recall
briefly the notion of enveloping algebra of a Lie algebra, its construction and
some properties, including the Poincaré-Birkhoff-Witt Theorem ([1], [2]).

Definition 2.1. Let L be a Lie algebra with arbitrary dimension over a field
K of any characteristic. A universal enveloping algebra of L is a pair (L, ¢),
where I is an associative algebra with identity element 1 and ¢ : L — ™
is a Lie homomorphism such that for any associative algebra 8 having an
identity element 1 and any Lie homomorphism ¢ : L — ‘B~ there exists
a unique homomorphism of algebras ¢’ : 4 — 9B such that ¢'(1) = 1 and
o = ¢’ o1 or, equivalently, the following diagram commutes:

L -8

|

M

In the following theorem we collect some properties of the universal en-
veloping algebra.

Theorem 2.2. [t is verified:
(1) The pair (4, 1) is unique (up to isomorphism).
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(2) U is generated by the image t(L) (as associative algebra).

(3) Let Ly, Ly be Lie algebras and (8, t1), (L, 12) its respective universal
enveloping algebras and consider the homomorphism o : Ly — L.
Then there exists a unique homomorphism o : Y, — YU, such that
oo =ao ou.

(4) Let I be a bilateral ideal in L and J the ideal in L generated by o(I).
Ifl € L then 3:14+1 — «(1)4+73J is a homomorphism of L/I into B,
where B = U/T, and (*B, 7) is a universal enveloping algebra for L/I.

(5) & has a unique anti-automorphism m such that m ot = —i. Moreover
™ =1.

(6) There is a unique homomorphism § of i into Y @ L (the diagonal
mapping of ) such that 6(v(a)) = t(a) ® 1 +1® t(a), a € L.

(7) If D is a derivation in L then there exists a unique derivation D' in
L such that Lo D = D' oy.

As a consequence of Property (3), instead of studying the representations
of Lie algebras, we can study the representations of their enveloping algebras,
which becomes simpler since they are associative algebras.

The construction of the universal enveloping algebra (4, ¢) of a Lie algebra
L appears by considering the tensor algebra of L,

_ it _ 70 1 2 m
7(L)=JTL=LuvT'Lu’Lu---u T"L U--
i=0 K L L®L Le--eL

(Im copies)

with the associative product defined on homogeneous generators of T'(L) in
the following way:
(@ QU)W R QWy) =11 ® - QU AW ® - @ Wy, € TFL

This makes 7'(L) an associative algebra with unit element, which is generated
by 1 and any basis of V. Let J be the two-sided ideal in T'(L) generated by
the elements of the form

ﬂf@y-y@ﬂf— [x,y],VI,y € L.
Define (L) = T(L)/J and ¢ : L — (L) the restriction to L of the
canonical projection of T'(L) — H(L). The pair (4(L), ) is an enveloping
algebra of L.

Theorem 2.3 (Poincaré-Birkhoff-Witt). Let L be a Lie algebra (finite or
infinite dimensional) and {xy,xs,x3,...} be an ordered basis of L. Then the



UNIVERSAL ENVELOPING ALGEBRAS FOR SIMPLE MALCEV ALGEBRAS 5

elements
$Zl®x22®”'®xlk7 ZlSZQS...SZkH kEN

with the unit element, form a basis of M(L). In particular, if dim L < oo
and {x1,...,x,} a ordered basis of L then the elements

m m
$11®...®$n"7

form a basis of U(L).

with m; >0 (i=1,...,n)

3. Universal enveloping algebra of a simple Malcev al-
gebra

In order to obtain the universal enveloping algebra for all simple Malcev al-
gebra and study its properties, it remains to exhibit the universal enveloping
algebra of the simple (non-Lie) Malcev algebras M («, 8,7). The universal
enveloping algebra of a Lie algebra is defined in terms of the basis given by
the root decomposition. This algebra is associative and has many interesting
properties. It is our goal to see if this structure can be extended to the family
of algebras M (a, 5,7).

The (non-Lie) Malcev algebra M(«, 5,7) can be decomposed as a direct
sum of its root spaces with respect to a Cartan subalgebra, as in Lie alge-
bra case. If H =< h = e; >, then we have the root space decomposition
M(a,B,v) = H® M, 5 ® M_; 57, where

M /q = <$1 = e3 + iv/aes, Ty = e5 + i/ aey, 13 = e7 — i\/566>,

Mfwa = <y1 = €3 — 1/ e, Ys = €5 — Iy/ ey, Y3 = €7 + i\/566>.

In this new basis the expression of the multiplication in M(«, 3, ) is given by:

h Ll T2 T3 Y1 Y2 Y3
h 0 i\/axl z\/&szg i\/al‘g —z\/&yl —z\/&yg —i\/ay3
xy | —iy/ox 0 2i/ays  —2iv/aBys  2i/aph 0 0
Ty | —iazy —2iays 0 2iy/ayy 0 2i\/ayh 0
y2 | vy 0 —2iv/ayh 0 2iy/axs 0 —2i/ayr
ys | ivays 0 0 —2iy/apyh  —2i/afry  2ivaya 0

As any Lie algebra appears from an associative algebra by taking commuta-
tors, the natural approach to the enveloping algebra of M (a, £, ) is imposing
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alternativity. We recall that an algebra A is alternative if x(zy) = 22y and
(yx)x = ya?, for x,y € A.

We want to describe the product in the alternative algebra U (M (a, 8,7)).
We consider the set of generators 1, h, x1, x2, T3, Y1, Yo, y3 and the multiplica-
tion xy satisfying the relation: zy — yx = [x,y], where the commutator [, ] is
the product in M (a, 8,7). To make computations, we consider the following
relations, that hold in any alternative algebra (see [5]):

1
(x,y,2) = EJ(:c,y, z), (3.1)
[z.ylo(2,y,2) =0,  Va,y,zeUM(apb7)) (3:2)
where, as usual, J(z,y, 2) = [[z,y], 2] + [[y, 2], ] + [[2, 2], y] is the Jacobian,

(x,y,2) = (xy)z — x(yz) is the associator and z o y = xy + yx is the Jordan
or symmetric product.

Using the relations above, by means of straightforward calculations, we
get the table of the multiplication in U(M(«, §,7)). For example, equation
(3.2) for x1, w9, x5 gives 0 = [z1, 22 0 (x4, T2, 13) = (2iy/ays) o (5a8vh). Since
afy # 0, we have that y3 o h = 0. Since we know that [h, y3] = —i\/ays, we
conclude that hys = —z£y3 —ysh.

We present the product in U(M (a, 5,7)) in the following table:

h 1 Z2 x3 Y1 Y2 Y3
h 0 i@ml i@xg i\/TEl‘g —z£y1 —z£y2 —z‘/—_yg
oy | =i 0 ivays  —ivaBy:  ivaBh 0 0
wy | —ixy  —i/ays 0 ivayy 0 iv/ayh 0
w3 | —ixy  ivafys  —ivayn 0 0 0 i/apyh
Y1 Z@yl —iy/aBh 0 0 0 —iyoxs iyopfrs
Yo z@yg 0 —iy/ayh 0 i/azxs 0 —iy/ayz,
Y3 z@yd 0 0 —ivaByh  —ivafxs iayx 0

Now, we can prove our result:

Proposition 3.1. The algebra U(M

table above is alternative if and only if it is trivial.

Proof: Since U(M
h(i¥2r,) =

2

So we can summarize the behavior of universal enveloping algebras of sim-

4

a, B3,7)) is alternative, we have that h?z; =

ple Malcev algebras as follows:

z1. Since h? = 0 we conclude that o = 0.

(a, B,7)) defined by the multiplication

h(hxl) =
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Corollary 3.2. Let M be a simple Malcev algebra of finite dimension over
a ground field K of characteristic # 2,3. If M is a simple Lie algebra then
there exists a suitable associative algebra A such that M C A~. If M =
M(a, B8,7) is a 7-dimensional simple (non-Lie) Malcev algebra then there is
no alternative algebra A such that M C A~.
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