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Abstract.  We study the structure of split Malcev algebras of arbitrary dimension over
an algebraically closed field of characteristic zero. We show that any such algebras M
isoftheformM =U+ " ;1 with U a subspace of the abelian Malcev subalgebra H
and any /; a well described ideal of M satisfying [/}, [x] = 0 if j # k. Under certain
conditions, the simplicity of M is characterized and it is shown that M is the direct sum
of a semisimple split Lie algebra and a direct sum of simple non-Lie Malcev algebras.
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1. Introduction and preliminaries

The class of Malcev algebras contains one of the Lie algebras and so a question arises
whether some known results on Lie algebras can be extended to the framework of Malcev
algebras (see [4, 7, 9, 10]). In the present paper, we are interested in studying the structure
of arbitrary Malcev algebras by focussing on the split ones. After introducing the concept
of split Malcev algebra as the natural extension of one of the split Lie algebra (see [1, 6]),
we improve in §2 the techniques of connections of roots introduced for split Lie algebras
and split Lie triple systems in [1, 2], so as to develop a theory of connections of roots
for split Malcev algebras M which let us prove the first decompositions of M. Finally, in
§3 and under certain conditions, the simplicity of M is characterized and it is shown that
M is the direct sum of a semisimple split Lie algebra and a direct sum of simple non-
Lie Malcev algebras. Throughout this paper, K denotes an algebraically closed field of
characteristic zero.

DEFINITION 1.1

Denote by H a maximal abelian subalgebra (MASA) of a Malcev algebra (M, [-, -]). For
a linear functional o« : H —> K, we define the root space of M associated to « as the
subspace My = {vy € M : [h, vq] = a(h)vy for any h € H}. The elements @« € H*
satisfying M, # 0 are called roots of M and we denote by A := {« € H*\ {0} : M, # 0}
the root system of M. We say that M is a split Malcev algebraif M = H @ (P, p Ma)-

We also say that a root system A is symmetric if it satisfies that @ € A implies —o € A.
It is clear that the root space associated to the zero root satisfies My = H, and that split
Lie algebras are examples of split Malcev algebras. As in the finite dimensional case
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[3, 5], we can show that if [M,, Mg] # O with B # « then o + B € A U {0} and
[My, Mgl C Myp; and that if [My, My] # O then [My, My] € Moy + M_q.

2. Connections of roots: Decompositions

In the following, M denotes a split Malcev algebra with a symmetric root system A. Let
us denote by

Q = {aeA:[My, M_,] # 0}
U {aeA:[[Mg, M_gl, My] # O for some B € A}.

We associate to any o € 2 the symbol 6, and denote ®g = {6, : o € Q}. Let us
define the mapping + : (A U ®q) x A — H* U ®g, where H* is the dual space of H,
as follows:

Oy, ifa €,

0, ifagQ -~

e For o, 8 € A with B # —a, we define @« + B € H* as the usual sum of linear
functionals, that is (« + B)(h) = (& + B)(h) = a(h) + B(h) forany h € H.

e Forf, e Ogand B € A,

° ForaeA,a+(—a)={

B, ifeither [[My, M_q], Mgl # O or [[Mg, M_g], My] # 0,
0, otherwise,

O+ 8 = {
where 0 denotes the zero root.
Since o € Q implies —« € 2, we get that if « + (—«) = 0, then —@ + « = 6_,. The
below lemma is a direct consequence of the above definition.
Lemma 2.1. The following assertions hold.

(1) Forany a € Q and B € A such that 6, + B = B we have

(i) B € Qand B+ (—B) = 6.
(i) 0 + @ = @ and O_y + (—B) = —B.

(2) Forany a, B,y,8 € A we have
W ifa+ B =246,thend + (—B) = a and —a + (—B) = —6;
()if (¢ +B)+y =08witha + € Oq,then f = —a,6 =y, +(—=y) =6,,
B+ + (B =a,—a+ (=p) =0y and (—a + (=) + (—y) = —4.

DEFINITION 2.1

Let @ and B be two nonzero roots. We say that « is connected to S if there exist
o1, ...,a, € A such that

1) o =a;
2) {1 +az, (@1 +a2)+a3, ..., (a1 +a2) +a3)+--)+a,-1} C AUOBOgq;
3) (a1 +a2) +a3) +--) toy—1) + o, € £B.

We also say that {«q, ..., o} is a connection from « to S.
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PROPOSITION 2.1

The relation ~ in A, defined by a ~ B if and only if a is connected to B, is of equivalence.

Proof. {a} is a connection from « to itself and therefore o« ~ «. Let us see the symmetric
character of ~. If @ ~ g, there is a connection {«1, a2, @3, ..., 0¢y—1, &} from « to B. If
n = 1,theno; = o = £ and so {8} is a connection from S to «. Suppose n > 2. We can
distinguish two possibilities. In the first one ((- - - (o1 +a2) +a3)+--)+oy—1)+o, = B
and in the second one

(¢ (o1 o) +az)+-) +ap—1) o, =—p. 6]

Suppose we have the first one. By the symmetry of A, we can consider the set of nonzero
roots {B, —a,, —ay—1, ..., —a3, —aa} C A. Let us show that this set is a connection
from B to «. Definition 2.1(2) gives us two options for the expression (- - - ((«¢; + a2) +
a3)+ ) Fay—1. - (o) +o2) +a3) + -+ -) + -1 € A, Lemma 2.1(2(i)) implies

B+ (=) =(C--((a1+a2) +a3)+---)+oa,—1 €A. 2)
If(- (1 +a2)+a3)+--) +a,-1 € Ogq, then necessarily n > 3 and

(- (ar+a)t+az)+--) +ap2 €A,
Lemma 2.1(2(ii)) shows 8 + (—ay) = 6y, € Ogq and

B+ (o) + (—ap-1) = (- (a1 +a) +3)+--)ta2€ A (3)

Now, we can argue in a similar way from equations (2) and (3), taking into account
Lemma 2.1(2), to conclude (- - - ((8 + (—ay)) + (—ap—1)) + -+ +) + (—az) = o and so

{B, —otn, —ay—1, ..., —a3, —an} is a connection from g to «.
Suppose we are in the second possibility, that is, as given by equation (1). Let us show
that {8, o, o¢p—1, ..., a3, @2} is a connection from B to «. We begin by observing that,

taking into account condition (2) in Definition 2.1, a recursive argument with Lemma
2.1(2) and the fact that if « + (—a) = 6, then —a + o = 6_,. Let us assert that if
G- (o1 +a)4+a3)+---)+a; € Afori =2,...,n,then

¢ (o) + (=02)) + (=a3)) + -+ +) + (=)
=—((-- (o1 +or) +a3) +--) + i),

and that if (--- ((1 +a2) +a3) + ) +o; = 00—y, € Oqfori =2,...,n—1,
with ((--- (@1 +a2) +a3) +--+) + o) + i1 € A, then

o (=) + (—@2)) + (=@3) + -+ ) + (—ar) = O,
and

(¢ (((=ap) + (=a2)) + (—a3)) + -+ -) + (=) + (—aip1)
=—((C-- (a1 +a2) +a3z) +--+) +a;) +apy).

In particular, by considering equation (1), we have

B=(C(((ma) + (—a2)) + (—a3)) + -+ ) + (—p—1)) + (). (D
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Taking into account the above observation, we can argue as in the first possibility

that {8, o, @y—1, ..., @3, @2} is a connection from S to o and to conclude that ~ is
symmetric.

Finally, suppose « ~ B and 8 ~ y, and write {«, ..., o} for a connection from o
to B and {Bi, ..., Bn} for a connection from B to y. If m = 1, then y € +f and so
{a1, ..., oy} isaconnection from« to y. If m > 2, we have that {«q, ..., o, B2, ..., Bm}
is a connection from « to y in case (--- (@] + @2) + ---) + o = B, and taking into
account the observation given by equations (1) and (4), that {1, ..., on, —B2, ..., —Bm}
is a connection from « to y in case (--- (¢1 + o2) + -+ ) + oy, = —B. Therefore a ~ y
and ~ is of equivalence. (]

Given o € A, we denote by Ay, = {8 € A : « and B are connected}, and define
Hp, = spang{[Mg, M_g] : B € Ay} and Vp, = @/%Aa Mg. It is easy to verify that
My, = Hp, ® Va, is a Malcev subalgebra of M that we call the Malcev subalgebra
associated to Ay.

PROPOSITION 2.2
Ify ¢ Ay, then [Mg, M,] =0 and [[Mg, M_g], M,] =0 for any B € Ag.

Proof. Let us suppose that there exists 8 € Ay such that [Mg, M, ] # 0 with y ¢ A,.
Then y # £p and B + y € A. From here, we easily get that « is connected to 8 + y,
that is, B + y € Aq. Taking into account —8, 8 + y € Ay, we deduce y € Ay, a
contradiction. Therefore [Mg, M, ] = O for any B € Ay and y ¢ A,. Finally, suppose
[[Mg, M_gl, M,] # 0. Then {8, —B, y} is a connection from S to y and so y € Ay, a
contradiction. Hence, [[Mg, M_g], M,,] = 0. U

Theorem 2.1. The following assertions hold:

1. Forany o € A, the Malcev subalgebra M, = Hp, ® Va, of M associated to Ay is
an ideal of M.

2. If M is simple, then there exists a connection from o to B for any a, 8 € A and
H = Yy Mo, Mol

3. For a vector space complement U of spang{[My, M_4] : @ € A} in H, we have
M=U+ Z[ot]eA/~ I, where any i is one of the ideals M, of M described in
item (1), satisfying [Ijo], I151] = 0 if [a] # [B].

Proof.

(1) By Proposition 2.2, we get

(Mp,. M] = [

Pimp. M 410 P Mp. He <@ M/;)

BeAy BeAy BeAy

o )] .

122"
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(2) The simplicity of M implies Mp, = M. Therefore A, = A and H =

ZaeA[MOlv M*O{]‘
(3) Consequence of Proposition 2.1(1) and Proposition 2.2.

COROLLARY 2.1

If the center of M is zero, (Z(M) = 0), and [M, M] = M, then M is the direct sum of
the ideals given in Theorem 2.1, M = @[a]eA/~ Lia-

Proof. From [M, M] = M,wehave M =} ,1cx /~ I1a)- The direct character of the sum
now follows from the facts [/[y], I[g]] = 0, if [«] # [B] and Z(M) = 0. g

3. The simple components

Recall that any simple Malcev algebra over K is either a Lie algebra or a seven-
dimensional algebra over its centroid, denoted by €. This simple non-Lie Malcev algebra
is a split one under the decomposition €y = $ @ (&), @ (&y)_,, where §H is a
one-dimensional MASA of €.

The following lemma is consequence of the fact that the set of multiplications by ele-
ments in H is a commuting set of diagonalizable endomorphisms, and / is invariant under
this set.

Lemma 3.1. Let M = H @ (@aeA (I N My) be a split Malcev algebra. If I is an ideal
of M,then I = (I N H)® (P cp(I N My)).

We take the following definitions from the theory of split Lie algebras and split Lie
triple systems [2, 6].

DEFINITION 3.1

We say that a split Malcev algebra M is root-multiplicative if o, B € A with o # B, such
thate + B € Aor6y + B € A. Then [My, Mg] = Mg or [[My, M_o], Mg] = Mg
respectively.

We also say that a nonzero root « of a split Malcev algebra M is abelian if there exists
0 # ey € My such that [e,, M_,] = 0.

We are interested in split Malcev algebras with no abelian nonzero roots. As examples
of root-multiplicative split Malcev algebras satisfying this fact we have the non-Lie simple
Malcev algebra €y (see the multiplication table in (§6 of [8]), and so all are of finite
dimensional semisimple Malcev algebras (over an algebraically closed field). We also
have semisimple separable L*-algebras and semisimple locally finite split Lie algebras
over a field of characteristic zero [6].

Theorem 3.1. Let M be a root-multiplicative split Malcev algebra with no abelian
nonzero roots and with Z(M) = 0. Then M is simple if and only if it has all its nonzero
roots connected and H = ZaeA[Mﬂl’ M_,].

Proof. The first implication is Theorem 2.1(2). To prove the converse, consider I a
nonzero ideal of L. By Lemma 3.1, we can write I = (I N H) & (5 (I " My)) with

aEA]
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A ={ae € A: 1N M, # 0} and, taking into account Z(M) = 0, with A; # @. We
can assert that there exists « € A’ such that a(I N H) # 0. Indeed, first observe that
I N H # 0, because in the opposite case we have that for any 0 # e, € I N M, nec-
essarily [eq, M_q] = 0, o is an abelian root of M which is a contradiction. Second, if
a(INH) =0foranya € Al then [INH, M,] = 0. As we also have [ NH, H] = 0 and
[INH, Mgl =0forany 8 € A\ Al we conclude I N H C Z(M) = 0, which contra-
dicts the fact that / N H # 0. Let us show that H C I. By the above, we can take cg € Aj
satisfying ao(/ N H) # 0. From here, [/ N H, My,] = My, and so My, C I. Now, for
any B € A\ {£2w0}, the fact that o9 and $ are connected and the root-multiplicativity of
M give us a connection {yy, ..., ¥} from « to B such that

y1 =00, Yi+y2, i+y2)+ys, .., G- (i) +y3)+ ) +ye—1 € AUBg,

G-y +y) )y e Zpand [ [Mag, My, My, -1, My, ] = Meg,
with € € #£1. From here, we deduce that either Mg C I or M_g C 1. In both cases
[Mg, M_g] C I. From here, the fact that H = ZﬁeA[Mﬂ, M_g] finally gives us H \
{IM2ay, M_24,1} C 1. Consider now the bracket [M,, M_q,]. Since g is a non abelian
root, this product is nonzero and taking into account Z(M) = 0, there exists § € A such
that [[My,, M_q,], Ms] # 0, being so Ms C I.1f 6 € g then [[My,, M_q], May,] =
My, C I, and in case § ¢ Fap, then 2§ ¢ £2ap and we can argue from § as we did
above with ag to get [M2y,, M_24,] C I. Consequently we can assert H C I. Given now
any o € A, the factsa # Oand H C I show [H, My] = M, C I. We conclude I = M
and therefore M is simple. (]

Theorem 3.2. Let M be a root-multiplicative split Malcev algebra with no abelian
nonzero roots and satisfying Z(M) = 0,[M, M] = M. Then M is the direct sum of the
SJamily of its minimal ideals, each one being a simple split Malcev algebra having all its
nonzero roots connected.

Proof. By Corollary 2.1, M = 41cp /~ l[a) is the direct sum of the ideals [jq] = Hp, @
Va, having any I}, its root system, A, with all of its roots connected. Even more, Ay
has all of its roots Ag-connected (connected through roots in A,). We also have that
any of the /4 is root-multiplicative as a consequence of the root-multiplicativity of M.
Clearly Ijo) have no abelian nonzero roots, and finally Zj, (/jo]) = 0 where Zj,, (/[4])
denotes the center /[o] in I|4], as a consequence of [14], I[g]] = 0if [a] # [B] (Theorem
2.1(3)), and Z(M) = 0. We can apply Theorem 3.1 to any /[o] so as to conclude I[4] is
simple. It is clear that the decomposition M = D414 /~ I[a] satisfies the assertions of
the theorem. ]

In the following corollary the term semisimple algebra means direct sum of simple
algebras.

COROLLARY 3.1

Let M be a root-multiplicative split Malcev algebra with no abelian nonzero roots and
satisfying Z(M) = 0,[M,M] = M. Then M is the direct sum of a semisimple split
Lie algebra and a direct sum of simple non-Lie Malcev algebras (seven dimensional over
their centroid).
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