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BASES, FILTRATIONS AND MODULE DECOMPOSITIONS OF
FREE LIE ALGEBRAS

RALPH STOHR

ABSTRACT. We use Lazard Elimination to devise some new bases of the free
Lie algebra which (like classical Hall bases) consist of Lie products of left
normed basic Lie monomials. Our bases yield direct decompositions of the
homogeneous components of the free Lie algebra with direct summands that
are particularly easy to describe: they are tensor products of metabelian Lie
powers. They also give rise to new filtrations and decompositions of free Lie al-
gebras as modules for groups of graded algebra automorphisms. In particular,
we obtain some new decompositions for free Lie algebras and free restricted

free Lie algebras over fields of positive characteristic.

1. INTRODUCTION

Let L = L(X) be the free Lie algebra with free generating set X over a commu-
tative ring K with 1. Thus
L= @ L,

n>1
where L,, = L, (X) is the homogeneous component of degree n in L (we also say:
the n-th Lie power). Assume that the set X is ordered. A left normed basic Lie

monomial of degree n over X is a Lie product of the form
[x1,22,23,...,2,] Wwith @1,20,23,...,2, € X and z1 > 20 < w3 < ... < 2.

We write H, = H,(X) for the set all left normed basic Lie monomials of degree
n, and H for the set of all left normed basic Lie monomials of degree > 2. Notice
that the left normed basic Lie monomials are contained in any classical Hall basis
of L, and that any such basis consists indeed of Lie products of left normed basic
Lie monomials. Moreover, the left normed basic Lie monomials of degree > 2 form
a free generating set of the derived algebra L' = €, <, L,. It follows that for
each n > 1 the set H,, (more precisely, the set {v + L;; v € Hy}) is a basis of
the n-th homogeneous component M,, = M,,(X) of the free metabelian Lie algebra
M =L/L" on X. We call M, the n-th metabelian Lie power.

In this paper we obtain some new bases for the free Lie algebra L, which (like
classical Hall bases) consist of Lie products of left normed basic Lie monomials.
The advantage of our bases is that they provide direct decompositions of the Lie
powers L, (as K-modules) with direct summands which are particularly easy to

describe: they are metabelian Lie powers and tensor products of metabelian Lie
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2 RALPH STOHR

powers. For example, if n > m > 2, our bases may be chosen in such a way that
they contain all Lie products

(1.1) [, wy,wa, ..., wg] (u € Hy, wr,...,wg € Hy,).

The span of these basis elements is (as a free K-module) isomorphic to the tensor
product M,, ® M,, ® --- ® M,, (with k tensor factors M,,). On contrast, a Hall
basis contains only the Lie products (1.1) with w; < wg < -+ < wy, and the span
of those is isomorphic to M,, ® Sk (M,,,) where Sy (M,,) is the k-th symmetric power
of M,,.

Our bases give rise to filtrations of the L,,, not just as K-modules but as modules
for a group G of graded algebra automorphisms. The quotients of theses filtrations
are direct sums of tensor products of metabelian Lie powers. The filtrations com-
pare favorably with the (more complicated) filtrations obtained using Hall bases
in [18, Section 3.1]. In the case where K is a field of characteristic zero, we can
do better and instead of filtrations we actually get decompositions of the L, as
KG-modules. It is interesting to compare these decompositions with somewhat
similar decompositions obtained by G.E. Wall [21], where direct summands are
tensor products of symmetric powers of metabelian Lie powers (similar to the quo-
tients of the filtration in [18]). We also obtain a number of applications for Lie
powers over fields of positive characteristic. There our methods apply not only to
free Lie algebras, but also to free restricted Lie algebras (in the case where K is a
field of positive characteristic).

When working with the free restricted Lie algebra R = R(X), it is convenient to
think of R as the closure of L in its universal envelope under the unary operation
u +— uP. The universal envelope of L will be identified with the tensor algebra
T =@,~cT, where T, = (X)®", the n-th tensor power of the free K-module on
X. B

Given a free K-module A, we write L(A) for the free Lie algebra on A, that is the
free Lie algebra on X where X is an arbitrary K-basis of A, and L,,(A) for the n-th
Lie power. Similar notation will be used for free restricted Lie algebras and free
metabelian Lie algebras. If G is a group acting on A by K-linear automorphisms,
so that A becomes a KG-module, then the action of G extends uniquely to the
whole of L(A) with G acting by graded algebra automorphisms. In particular, the
Lie powers L, (A) become KG-modules. Similarly, M, (A), R,(A) and T,,(A) will
be regarded as K G-modules. In the most general case G is the full group of graded
algebra automorphisms of the free Lie algebra L = L(X), that is G = GL(V)
where V' = Ly = (X). The actual aim of this paper is to obtain information about
the structure of the free Lie algebra as a KG-module, and the greater part of it
(Sections 5-10) deals with module structure. Our new bases have been devised to
serve this purpose, but we hope they will be of independent interest. The final four
sections are concerned with modular Lie powers. In recent years these have been
studied intensively by a number of authors, and considerable progress has been
made. Some comments on that and related references can be found at the end of
Section 7.
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The key tool in this paper is Lazard elimination for free Lie algebras (see Sec-
tion 2), and another important devise is a variation thereof, called restricted elim-
ination, that is peculiar to free restricted Lie algebras (see Section 8). We use the
left normed convention for Lie brackets (that is [u, v, w] = [[u, v], w]), and we write
(U) for the span of set U in a K-module.

2. DECOMPOSITION BY LAZARD ELIMINATION

Let X be a countable set of cardinality at least 2, and let L = L(X) be the
free Lie algebra on X over a commutative ring K with 1. The Lazard Elimination
Theorem (see [2, Chapter 2, Section 2.9, Proposition 10]) reads as follows.

Lazard Elimination Theorem. Let X = Y UZ be the disjoint union of its proper
subsets Y and Z, then

LX)=L(YUZ)=L(Y)® L(Z1Y)

where

ZZYZ{[Zayla"'vyk}; Z€Z,yz€Y,kZU}

We call Z1Y the wreath set of Y and Z. Our aim is to apply this theorem
repeatedly, namely, first to L(X), then to L(Z1Y), then to the free Lie algebra
on the wreath set resulting from the previous elimination, and so on, to obtain
decompositions of L(X) over K.

Definition 2.1. Let {E;};>1 and {Ei}izo be sequences of non-empty subsets of
the free Lie algebra L(X) satisfying the following recursive conditions.

(i) Fo=X .

(ii) For all ¢ > 0, E; is a proper subset of E;_; and E; = (F;_1 \ E;) E;.
Then we call {E;};>1 an elimination sequence for L(X), and the sequence {Ei}izo

its associated wreath sequence.

Note that the associated wreath sequence {Ei}izo is uniquely determined by its
initial term F, and the elimination sequence {E;}i>1. Observe also that, by the
definition of a wreath set, all elements of F; and E; are Lie monomials in X , and
therefore have a well-defined degree with respect to X. An immediate consequence

of the Lazard Elimination Theorem is the following

Lemma 2.1. Let {E;}i>1 be an elimination sequence for L(X) with associated

wreath sequence {EAi}iZO. Then for each k > 1 there is a direct decomposition
(2.1) L(X) = L(F)) ® L(Ey) ® --- @ L(Ey) ® L(E},).
of L(X) as a free K-module. O

Definition 2.2. An elimination sequence {E;};>1 for L(X) is called convergent if

(2.2) L(X) = P L(E)).

i>1
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Next we derive some conditions for the convergence of an elimination sequence.
These conditions refer to notion of degree in L(X). It will be convenient to state
them for the case when the elements of X may have been assigned degrees other than
one. Namely, we say that X is a graded set if X has a distinguished decomposition

as a disjoint union X = J X, of its subsets X, where « runs over some index

ael
set I, and the elements of each subset X, are assigned the degree n(a) where n(«)
is a natural number. If for each n > 1 there are at most finitely many o € I
with n(a) = n, we say that X is finitely graded. As in the common case where
all elements of X have degree 1, this more general notion of degree gives rise to
a decomposition of L(X) into homogeneous components: The n-th homogeneous
component L, of L(X) is spanned by all Lie products [w1, wa, . .., wy] with w; € X
such that degw; + --- 4+ degwy, = n, and we have L(X) = @, L,. For a set B
of homogeneous elements in L(X) we let §(B) denote the smallest natural number
such that B contains an element of degree §(B), and if all elements of B have
the same degree we write deg B for the common degree of all these elements. The
definition of the sets E; as (Eq;_l \ E;)VE; implies that for any elimination sequence

{E;}i>1 the sequence {§(F;)}i>o is non-decreasing.

Lemma 2.2. Let X = [J,¢;

tion sequence for L(X) with associated wreath sequence {E;}i>o. Then {E;}is1 is

Xo be a graded set, and let {E;};>1 be an elimina-

convergent if

lim 0(E;) = oo.

1— 00
Proof. Suppose that lim; . 6(E;) = co. Since L(X) is the direct sum of its ho-
mogeneous components, it is sufficient to show that for each n > 1 the homoge-
neous component L,, is contained in @, L(F;). Our limit condition implies that
there exists a k > 1 such that Ej, consists entirely of elements of degree > n, and
consequently L(Ey) C @,-,, Li. But then (2.1) implies that L, is contained in
@le L(E;), and hence L, C €D, L(E;) as required. O

We exploit the lemma to derive another sufficient condition for convergence.
Suppose that X = |J,c; Xo is a graded set and let 3 € I. Then the wreath
set (X \ X)X has a distinguished decomposition as the disjoint union of the

homogeneous sets

Xa,k = [Xa,Xﬁ,...,Xﬁ] :{[u,vl,...,vk]; UEXO”UL' EX[;}
—_—————

k

where v € I\ {8},k > 0. We call this decomposition the natural grading of the
wreath set (X \ X3) 1 X3, and we refer to the sets X, ; as to the components of
the natural grading. We call an elimination sequence {E;};>1 for L(X) natural, if
E, = X3 for some 3 € I, and each E; with ¢ > 1 is a component of the natural
grading of the wreath set B, = (Ei_g \ E;—1) V E;_1. A natural elimination
sequence is called regular if each E; is a set of smallest possible degree (that is
deg E; = 6(E;_1)).
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Example. Let Y = YoU Y3 U Y, U--- with degY; = i. To produce a regular
elimination sequence {E;};>1 for L(Y'), we first set E; = Y>3, the set of smallest
degree in the (natural) grading of Eg = Y. Then

Ey = {Y3,Y4,Ys, V3, Ya], Vs, [Ya, Ya], Yz, [V5, Vo], [V3, Ya, Yal, . . . }.

The regularity condition implies that Eo = Y3, the component of smallest degree
in the natural grading of El. Then

Ey = (Y1, Y5, V3, Yo], Yo, [Ya, Yal, Yo, [V5, Yo, [Y3, Y2, Yo, Y2, Y ..
YlOv [}/éaYQ]a [Y67 YQa YQ]v [Y47}/27Y27 YQ}, [Y7a Y3]7 [}/:57}/27 Y3]7
[Y37Y2a }/27 }/3]3 [Y47Y37Y3]7 .. }

Next comes F3 = Y}, but after that there are choices to be made as Eg contains
two components of minimal degree, namely, Y5 and [Y3, Y2], and there will be even
more choice later on. Different choices will result in different elimination sequences.

The first terms of the elimination sequence up to degree 8 are as follows:
Yo, Y, Vi, Y5 [V5,Y3], Y, [Ya, Y3,

(2.3) Yz, [Ys, Ya], [V3, Y2, Yo, [Yy, Y3],
Vs, [Ys, Ya], [Ya, Y2, Ya], [Y5, V3], [Ys, Y2, Y.

These sets do not depend on the ordering we are required to choose, but the ordering
will have an essential effect in higher degrees. For example, if we choose Y5 >
[Y3, Y], we get the set [Ys,[Y5,Y2], [V3, Y2], Y5] in degree 20, but this set will not
occur if we make the opposite choice.

Lemma 2.3. Let X = J,c; Xo be a finitely graded set. Then every regular elimi-

nation sequence for L(X) is convergent.

Proof. Let {E;};>1 be a regular elimination sequence for L(X), and let E; =
Uae 1, Ua be the natural grading of E;. The assumption that X is finitely graded
guarantees that for each ¢ > 1 and each n > 1 there are only finitely many o € I;
such that degU, = n. Let J; denote the subset of I; such that the U, with a € J;
are of minimal degree, that is degU, = § (EAZ) Then the regularity condition on
the elimination sequence gives that F;;, = Us for some 8 € J;. But then Ei+1
consists of the sets U, with a € (J;\ 8) and sets of higher degree. In particular, the
number of sets of degree §(F;) in the natural grading of ;1 is strictly less than
the number of sets of degree ¢ (]_3}1) in the natural grading of E;. This gives that for
some j > 4 there will be no sets of degree 5(El) in the natural grading of E‘j, and
since the sequence {J(E;)}i>1 is non-decreasing, we have that §(E;) > §(E;). But
this means that our elimination sequence satisfies the condition of Lemma 2.2, and
the result follows. O

Convergent elimination sequences can be used to construct homogeneous K-
bases of the free Lie algebra L(X). The most straightforward example of such an
application comes from convergent elimination sequences {E;};>1 in which each
term E; is a singleton: E; = {w;} for some w; € L(X). In this case each of the

direct summands on the right hand side of (2.2) is a free Lie algebra of rank 1,
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L(X;) = (w;), and the right hand side of (2.2) is a decomposition of L(X) into
a direct sum of rank 1 submodules (w;) (i = 1,2,...). In other words, the set
{w;; i > 1} is a K-basis of L(X). In particular, if the grading of X in Lemma 2.2
is such that every X, is a singleton X, = {z,}, then all the sets in the natural
gradings of the wreath sets E; are singletons, and, consequently, all elimination sets

E; are singletons. This gives the following

Corollary 2.1. Let X =J,¢;

that every X, is a singleton. Then the elimination sets E; in every regular elim-

X, be a finitely graded set, and assume in addition

ination sequence {E;};>1 are singletons, E; = {w;} with w; € L(X), and the set
{w;; 1=1,2,3...} is a K-basis of L(X). O

An easy consequence of this corollary is the following result.

Corollary 2.2. Let X be a graded set such that for each n > 1 there are at most
finitely many elements of degree n in X, and let {E;};>1 be an elimination sequence
such that each E; consists of a single element w; that is of smallest possible degree
in E;_1. Then {E;}i>1 is convergent. In particular, the set {w;; i =1,2,3...} is
a K-basis of L(X).

Proof. Write X as a finitely graded set X = (J,.x{z}. Then any elimination
sequence satisfying the condition in the statement of the corollary will be regular

with respect to this grading, and hence it is convergent. [l

Corollary 2.2 applies to the standard case where X is a finite, and all elements of
X have degree 1. In this case it is not hard to see that if {E;};>1 is an elimination
sequence as in Corollary 2.2, then the resulting K-basis {wy,ws, ws, ...} is precisely
a classical Hall basis. Hall basic monomials are defined recursively and depend on
an ordering of the basis elements. When we use an elimination sequence as above to
get a Hall basis, this order is just the order in which the elements w; are eliminated:
wp < wy <wg < ---.

Our next aim is to give an alternative description of the sets F; in a regular
elimination sequence. To this end we define an collection of subsets of the free Lie
algebra L(X).

Definition 2.3. Let X = (J,.; X be a graded set. A basis set collection for L(X)
is an ordered set B = B(X) of subsets of the free Lie algebra L(X), which we call
B-sets, defined inductively as follows. The B-sets of minimal degree are the sets
X, of minimal degree in X, ordered in an arbitrary way. Now suppose that the
B-sets of degree < n have been defined and ordered so that the ordering respects
the degree. Then the B-sets of degree n are the sets X, with deg X, = n and the
sets
U, V] =A{[uy,v]; vwelUwveV}

such that

(i) U and V are B- sets with degU + degV = n,

(ii)) U >V,

(iii) if U = [Uy, Us] for B-sets Uy, Uy then V' > Us.
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The degree n sets are then ordered arbitrarily, and declared to be greater than the
B-sets of degree less than n. We write B, for the set of all B-sets of degree n, and
B(X) or simply B for the set of all B-basis sets.

Note that if X is a finitely graded set, then each B,, consists of finitely many sets,
and hence we may assume that the order of B is of type Ro: B = {E1, Es, E3,...}
with F1 < By < B3 < ---.

Theorem 2.1. Let X = J,c; Xa be a finitely graded set, and let B = {Ey, Eo, Es, . ..
be a basis set collection for L(X). Then {E;};>1 is a regular elimination sequence
for L(X). In particular, there is a direct decomposition
LX)=PLE)=P P LO)
i>1 n>1U€EB,
of L(X) as a free K-module.

Proof. By construction, F, that is one of the X, with minimal degree, is the
initial term of a regular elimination sequence. Hence, to prove the theorem we
need to show that each E; with ¢ > 1 is a component of minimal degree in the
natural grading of E;_1. The are two cases to consider. If E; = X, for some
«a € I, then X, is a component of Ei,l and it must be of minimal degree since,
by induction, {E;},«; is the initial part of an elimination sequence, and hence the
span of the E; contains all homogeneous components L,, with m < deg E;. So
E;_1 cannot contain elements of degree less than deg F;. If, on the other hand,
E; = [U,V] for B-sets U and V, then it follows from Definition 2.3 that E; =
[Ei, Ek, ..., Ey] for some k < 1 < i. But then E; is a component of EA’k,l and hence
of all subsequent terms of the wreath sequence until Eiq. Indeed, since {E;},<; is
the initial part of an elimination F; cannot be eliminated at an earlier step than the
i-th (because otherwise the set E; would appear more than once in our sequence of
B-sets prompting the contradiction E; < E;), and it must be of minimal degree in

Ei_l by the same argument that was used in the case where F; = X,,. O

An important consequence of the theorem is that the span of each B-set of the
form [U, V] is (as a free K-module) isomorphic to the tensor product (U) ® (V). It
follows that the span of each basis set in B,, is isomorphic to a tensor product with
tensor factors (X,) (« € I). In view of Corollary 2.1, the number of B-basis sets in-
volving a given set the basis sets Xo,, Xa,, - .., Xo, with multiplicities 1,12, ..., g,
respectively, is equal to the dimension of the fine homogeneous component of the
free Lie algebra L(X) with X = {x,; « € I} that is spanned by all Lie products
involving Ta,, Tay, - - - Ta, With multiplicities 1, %2, ...,t,. This dimension is given
by the fine Witt formula (see [16, Theorem 5.11]). We summarize our discussion
as follows.

Corollary 2.3. The number of B-sets U involving the sets Xo,, Xay, - -+ Xa, with
multiplicities t1,to, ..., 1y, Tespectively, is
(t/d)!
2.4 = d
24) I N oy
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where t = t1+ta+- - -+t, and the sum runs over all divisors d of the greatest common

divisor (t1,...,tq) of t1,...,t,. For any such basis set U there is an isomorphism
(U) 2 (Xa)®" © (Xa,)®2 @ - © (Xa,)®"
as free K-modules. O

Example. If Y = YU Y3 U - is as in our previous example, we have two B-
basis sets involving Y5 with multiplicity 3 and Y3 with multiplicity 2 in degree 12,
namely [Y3,Ys, Y2, Vs, Y3] and [[V3, Yo, Y], [Y3, Y]], and the span of either of them
is isomorphic to the tensor product (Y5)®? @ (Y3)®2.

3. THE DECOMPOSITION THEOREM FOR L(X)

From now on X is a finite set , and L = L(X) is the free Lie algebra on X over
a commutative ring K with 1. We will assume that each element of X has degree
1 and that X is ordered. Write L as the direct sum

L=X)sL

where L’ is the derived algebra of L. Then L’ is itself a free Lie algebra (of infinite
rank). Moreover, L' has a graded free generating set Y of the form

Y=YUY3UY,U---

where the elements of Y;, (n > 2) have degree n (with respect to X): degV,, = n.
A graded free generating set of this form will be referred to as a standard free
generating set for L'. The most prominent example of a standard free generating
set is the set of left normed basic Lie monomials of degree > 2 in X, that is
Y = H where H is as defined in Section 1 (see, for example, [1, Section 2.4.2], or
[6, Section 2.2] where this free generating set is obtained using Lazard elimination).
Note that any standard free generating set for L’ is finitely graded. The main
result of this section involves a basis set collection for the derived algebra L’ as
a free Lie algebra with a standard free generating set ¥ = Yo UY3 U ---. The
grading of Y is particularly simple, and a basis set collection for L(Y) is relatively
straightforward. In fact, such a collection was discussed in the Example in Section
2, and the corresponding B-sets up to degree 8 are listed in (2.3). The main result

of this section is an immediate consequence of Theorem 2.1, applied to L.

Theorem 3.1. Let Y be a standard free generating set for the derived algebra L',
and let B = B(Y') be a basis set collection for L' = L(Y). Then there is a direct

decomposition
(3.1) L=(X)o L)
veB
of L as a free K-module. O

The theorem yields the following result about the homogeneous components of
L(X).
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Corollary 3.1. For each n > 2 there is a direct decomposition
din d#nU€By 4
In particular, for all prime numbers p we have

L,(X)= P L.(v)= W),

UeB, UeB,

and hence the union of the B-sets of degree p in B(Y') is a basis for L,(X). O

Another consequence of Theorem 3.1 is that the B-sets in B(Y) are linearly
independent in L, and that the K-span of the union of all B-sets in B is the direct
sum (over K) of the spans of the individual B-sets in L. Moreover, the span of Y,
is, as a K-space, isomorphic to the metabelian Lie power M,, = M, (X) while the
span of a basis set of the form U = [Uj,Us] is isomorphic to the tensor product
(U1) ® (Us). It follows easily that the K-span of any B-set is isomorphic to a tensor
product of metabelian Lie powers. To make this more precise, we introduce the

following

Definition 3.1. Let Y and B as in Theorem 3.1. The associated tensor product
t(U) of a B-set U € B(X) is given by
tg(U)=M,(X) it U=Y,

and
tB(U) :tB(U1)®tB(U2) if U= [U1,U2].

It follows from the definition that the associated tensor product t5(U) of a B-set
U of degree n is either a metabelian Lie power M,, or a tensor product of the form
My, @My, ®---®M,, with n; +ny+---+n, = n. This observation and Corollary
3.1 imply the following

Corollary 3.2. For each U € B(Y') there is an isomorphism (of K-modules)

(U) =tp(U),
where
tp(U) =M, @ Mp, ® - ® My,
for some k-tuple (n1,ns,...,ng), k> 1, of natural numbers > 2 with ny +na+. ..+
n, = n. The number of B-basis sets of degree n for which tg(U) is a tensor product
in which a given set My, , My,, ..., M,, occurs as tensor factors with multiplicity
ty,to,. .., tL, Tespectively, is given by (2.4). O
4. BASES

Now we exploit Theorem 3.1 to obtain new K-bases for L. In view of Corollary
3.1, the Theorem provides us with K-bases for the homogeneous components of
prime degree p : The union of the B-sets U of degree p in B(Y") is a basis of L,. To
obtain bases for the homogeneous components of arbitrary degree, and hence for

the whole of L, we order all the finite basis sets U € B(Y) (in an arbitrary way),
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and apply Theorem 3.1 to all direct summands L(U) in (3.1). This gives a direct

decomposition

L(X Yo P e @ p L.
UeB(Y) UeB(Y) VeB(Y (U))
where Y (U) is a standard basis of the derived algebra L'(U). After that we can
apply Theorem 3.1 to all the direct summands L(V'), and by repeating this process
indefinitely we obtain in the limit a direct decomposition of the free Lie algebra L
whose direct summands are free K-modules with bases obtained from X by repeated
application of the B-set construction to standard bases of derived algebras. In order

to turn this discussion into a formal theorem, we make the following

Definition 4.1. A complete basis set collection T for L(X) is a union

T=J7T"(X)

k>0

where each 7*) is a family of subsets of L(X), which are termed the T-sets of level
k (k=0,1,2,...), such that 7(®) = {X}, and for k > 0

T(X)={U; UeBY(WV)), VeT* (X))}

where Y (V) is a standard free generating set of the derived algebra L'(V) and
B(Y (V) is a basis set collection for L(Y (V)) as defined in Definition 2.3. We write
7, and ’Tn(k) for the set of all T-sets of degree n in 7 and 7 respectively.

Observe that the T-basis sets of level 1 are precisely the B-sets in B(Y') where
Y = Y(X) is a standard basis of the derived algebra L’ = L'(X). With this
definition, we can now state the our basis theorem.

Theorem 4.1. Let T be a complete basis set collection for L(X). Then the union
of all T-sets in T is a K-basis for L. O

We use the term T-basis for a basis of this sort. In order to domesticate the
definition of T-sets, recall that each T-set of level k > 1 is, by definition, a B-set
for a derived algebra L' = L'(V) regarded as a free Lie algebra L(Y(V)) with
standard free generating set Y(V) = Yo(V) U Y3(V) U ---, where V is a T-set of
level k — 1. In the case where V = X, we write simply Y for Y (X). As mentioned
in the previous Section, T-sets of level 1 for L(X) are listed in (2.3). Then the

level-2 T-basis sets up to degree 8 are
Ya(Yz), Ya(Ya),Y3(Ya), Ya(Ya),
and the only level-3 T-basis set of degree < 8 is
Y5 (Ya(Y2)).

An important special case arises if all standard free generating sets in the definition
of the complete basis set collection 7 are canonical free generating sets consisting

of left normed basic Lie monomials. In this case the T-basis consists of Lie products
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of left normed basic Lie monomials in X, as mentioned in the Introduction. For

example, if X = {z,y, z} with order z < y < z, then

Yy = {[y,x], [va]v [z,y]},

and, assuming [y, z] < [z, z] < [z,y], we get

Ya(Ya) = {2 2], [y, 2]l [[2, 9], [y, 21l [[2, 9], [, 2]}

and

Y3(Y2) = {Hza fE], [yvx}’ [:%xH? Hza CU], [yvx}v [271']]7 sy Hza y]a [Za (E], [Zvy]]}
An example of a level-2 T-set in degree 10 is

[Y37 Y2](YQ) = {[[[Za x]v [yv ‘T]v [y7 x]]v [[Zv .%']7 [y7 x]]],
[z, 2], [y, 21, [y, 2], [[z, 9, [y, 1], - }-
In the previous section we have defined the associated tensor product of a B-set.
If U is a B-set in B(Y'(V)) with (U) 2 t(U) = M, (V) ® - & M,, (V), and V is
itself a B-set in B(Y (W)) with (V) 2 ¢(W) = My, (W) ® -+ - @ M,,, (W), then

for each tensor factor in the decomposition of #(U). This motivates the following

definition of the associated iterated tensor product of a T-set.

Definition 4.2. Let 7 = J;5,7®(X) be a complete basis set collection for
L(X). The associated iterated tensor product t(U) for a T-set U € T is defined as
follows. For X, the only T-set of level 0 we set ¢t(X) = M;(X) = (X), and if U
is a T-set of level k > 0, that is a B-set in B(Y(V)) where V € T+~ (X) and
Y (V) is a standard free generating set for L'(V'), with associated tensor product
tg(U)=M,,(V)®---® M,, (V) (as in Definition 3.1) we set

Note that t(U) = tg(U) for any T-set U of level 1. The following is now an
immediate consequence of the basis theorem.

Corollary 4.1. For any U € T there is an isomorphism

of free K-modules. O

5. FILTRATIONS

In the remaining part of this paper we deal with the structure of the Lie powers
L, with n > 2 as modules for a group G of graded algebra automorphism of L.
The Lie powers L,,, the metabelian Lie powers M,, (and later on the restricted Lie
powers R,,) will be regarded as modules for G. The presence of the group G will be

a standing assumption for the rest of the paper.
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Let Y = Un22 Y,, be a standard free generating set for the derived algebra L'.
The lower central series of the derived algebra L’ induces on the Lie powers L,
with n > 2 a filtration

(51) L, = Ln,l > Ln,2 > Ln,S > > Ln,l(n) > Ln,l(n)+1 =0

where L,, j, is spanned by all Lie products in Y of total degree n and degree > k
with respect to Y. Here I(n) = n/2 if n is even, and if n is odd we have l(n) =
(n—1)/2. Clearly, the L,, ; are KG-submodules of L, and we have, in particular,
L,2=1L,NL" and hence L, 1/L, 2 = M,. Let B = B(Y) be a basis set collection
for L’ = L(Y'). By construction, all B-sets U in B are homogeneous with respect
to both X and Y, and hence each of them has well defined degrees with respect to
both X and Y. We write deg as usual for the degree with respect to X and Deg
for the degree with respect to Y. It follows from Corollary 3.1 that the quotient
Ly, 1/ Ly k41 is spanned by the homogeneous components Ly (U) where d runs over
all common divisors of n and k, and U runs over all B-sets of degree n/d with respect
to X and degree k/d with respect to Y. Given n,k with n > 2 and 1 < k < I(n),
and a common divisor d of n and k we set

Bhra={U¢€ B; degU =n/d,DegU = k/d}.

Theorem 5.1. Let Y a standard free generating set of L', and let B be a basis set
collection for L' = L(Y'). Then the terms of the filtration (5.1) are K G-submodules,
and for the quotients there are KG-module isomorphisms

(5.2) Lo g/Ln g1 = @ @ La(t(U)).

(k) UEBn k.a
Proof. 1t follows from Corollaries 3.1 and 3.2 that for the quotients of the filtration
(5.1) we have isomorphisms of free K-modules as in (5.2). To see that these are, in
fact, isomorphisms of K G-modules, we define for each U € B the associated tensor
product of Lie powers #(U), and a homomorphism vy : #(U) — L,, where n = deg U

as follows. If U =Y, we set

t(Y,) =L, and -y, =id: L, — Ly,

and if U = [Uy, Us] we set

{U) = {(U1) @ {(Us)

and define vy by

(u1 ® u2)yu = [wryo,, u2yw,]  (u; € HU;), i =1,2).

Hence each £(U) is of the form #(U) = L,,, ® --- ® L, for some positive integers
n1,...,ns with n; > 2. For each U € B there is an obvious surjection 7 : {({U) —
t(U) stemming from the natural surjections L,, — M,, (n; > 2). It is clear that
the kernel of 77 is spanned by all tensors u = 11 ® - - - @ us with w; € Ly, such that
at least one of the factors u; belongs to L,, N L"”. This implies, in particular, that

uyy € Ly s11 where n = degu and s = Degu.
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Moreover, for each natural d the homomorphism ¢y induces a homomorphism
,y((}d) : Lq(t(U)) — Lgy, which is, for vy,...,vg € {(U) given by

]()

[V1,. .., valYy [vivu, .-, v1YU] € Lan

and the homomorphism 7y induces a homomorphism W,(Jd ) La(t(U)) — Lq(t(U))
given by

[v1,... ’Ud]ﬂ'[(]) [vimy, ..., 017y € Lap.

In particular, 7[(} ) = vy and 7T[(J) = my. Observe that the kernel of 77[(}1 ) is spanned
by left normed Lie products v = [vq, .. vd] such at least one of the v; belongs to
ker 7wy, which, in its turn, implies that v’y 6 Lan,s+1 where s = dDegU.

For n > 2 and 1 < k <(n), consider the homomorphism
b P L)L,
d|(n,k) UEB k,d

which is for each direct summand U € B with DegU = n/d and DegU = k/d of
the domain defined as 'y( ) Lq(t(U)) — L, , and the surjection

P P Liw)y—- P P Lauv))
d|(n,k) UEBn k.4 d|(n,k) UEBn k.4

defined as the direct sum of the appropriate wg) In order to establish the isomor-

phism (5.2) we observe that
(i) the image of the homomorphism I'y, j, is contained in L, j,
(ii) the homomorphism I'y, ; maps the kernel of the homomorphism II, ; into
Ln,k+l-
By (i), the homomorphism I, ; induces a homomorphism
D D LaltW) = Luk/Lnssr.
d|(n,k) UEBn k,a
By (ii), this homomorphisms factors through
b D L
d‘ n k) UGBn k,d
Finally, it remains to observe that the induced homomorphism
B P LatU) = Lon/Lokn
d|(n,k) UEBR k.4
yields a bijection between K-bases of the domain and the image (which is clear
since (5.2) is a K-isomorphism). This completes the proof of the theorem. O
Examples. For n = 8 we have {(8) = 4 and the filtration (5.1) has the form
Lg=1Lg1 > Lga > Lg3>Lgs>0.
The B-basis sets of degree up to 8 are listed in (2.3). We have
38,1,1 = {Y8}
Bs o1 = {[Ys,Y2],[Y5, Y]}, Bs22={Ys}
68,3,1 - {[Y47 }/27 YQ]) [YE))7 }/27 }/3]}
Bsa1 =Bgaz2 =9, Bgas={Yo}.



14 RALPH STOHR

For the quotients of the filtration we have
Lg1/Lgs = Mg
Lgo/Lss 2 Mg®@ My @© Ms®Ms @ Lo(My)
Lgs/Lga = MyQ@ My @My & Mz Q My ® Ms
Lg 4 = Ly(M>)

For n = 12 get a more illuminating example. Here [(12) = 6, and the filtration
(5.1) takes the form

Lig=1Li21 > Lig2> L1233 > Liga > Ligs > Li2g =0
with quotients
Lia1/Li22 = t(Y12)
Liga/Li23 = t([Y10, Y2]) ® t([Yo,Y3]) @ t([Ys,Ys5]) @ t([Y7,Ys]) © La(t(Ys))
(
£(

1

[
Lig3/Lig s = t([Ys, Y2, Ya]) © t([Y7,Y2,Y3]) @ t([Y7,[Ys,Y2]]) ® --- @ La(t(Ya))
Lioa/Lias = t([Y6,Y2,Y2,Y2]) & -+ @& La(t([Ys,Y2])) & La(t(Y3))
Lias/Lize = t([Ya, Yz, Y2, Yo, Ya]) @ t([Y3, Y2, Yo, Yo, V3]) @ t([Y3, Y2, Y2, [V3, Y2]])
L2 = Le(t(Y2))

There are too many level-1 T-basis sets of degree 12 to list them all, but we have

HZ

listed the ones with Deg equal to 1,2, and 5 as well as all direct summands stemming
from level-1 T-basis sets of smaller degree. Note that in Li23/L12.4 we have the
basis sets [Y7, Ya, Y3] and [Y7, [Y3, Ya]] with

t([Y7,Y2,Y3]) = M7y @ My ® Ms, t([Y7,[Y3,Y2]]) = M7 @ (M3 ® My),

that is, their associated tensor products are equal up to the order of the tensor

factors.

Now we return to the direct decomposition (5.2) in Theorem 5.1. Consider the
direct summands Lg(¢(U)) with d > 1 in the quotients of our filtration. Then we
can apply the theorem to these homogeneous components to obtain a filtration

La(t(U)) = La1(t(U)) > La2(t(U)) > -+ > Laya)(t(U)) > Lgiay+1(t(U)) =0

with quotients

Lax(t(U))/Lar (tU) = P B Latv)
d1|(d,k) VEBa,k,a, (Y)
where Y is a standard free generating set for the derived algebra L'(¢(U)). Now
think of the B in Theorem 5.1 as T() in some complete basis set collection 7 for
L(X). Then every V in under the big direct sum is a level-2 T-set, and ¢(V) is its
associated iterated tensor product as in Definition 4.2. Theorem 5.1 can then be
applied to the direct summands Lg, (¢(V(U)) with dy > 1, and we can repeat this
process until we reach a state where all quotients in the resulting refinement of the
filtration (4.1) are of the form L, (¢(U)) = t(U) for some T-set U (of level > 1).
It is not hard to see that the direct summands in the ultimate refinement of the
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original filtration for L,, will be in one-to-one correspondence with the T-basis sets

on degree n. We summarize our discussion in the following

Theorem 5.2. Let T be a complete T-basis set collection for L(X). Then each
Lie power L, with n > 2 has a finite filtration whose quotients are isomorphic to
direct sums of KG-modules of the form

P

U
where U runs over an appropriate subset of the T-basis sets of degree n. Moreover,
there is a one-to-one correspondence between the T-sets of degree n and the direct

summands that appear in these quotients. O

Examples. Consider the filtration for Lg in the example after Theorem 5.1. Here
all direct summands of the quotients except Lo(My) = Lo(t(Y2)) and L4(Ms) =
L4(t(Y2)) are of the form ¢(U) for some level-1 T-basis set U. Applying Theorem
5.1 to the exceptional quotients gives
Lo(t(Y2)) = t(Y2(Y2)) = M2 (My)
and a filtration of length 2
La(t(Y2)) = Laa(8(Y2)) = La2(t(Y2)) = 0
with quotients
L (6(Y2))/La2(t(Y2)) = £(Ya(Yz2)) = My(Ms)
and
Ly (t(Y2)) = La(t(Y2(Y2))) = t(Y2(Y2(Y2))) = M2(M2(M2))

where the last in this chain of equations is, strictly speaking, obtained by yet
another application of Theorem 5.1. Hence the filtration in Theorem 5.2 for Lg has
length 5, and the direct summands of the quotients are precisely the modules ¢(U)
for the eight T-basis sets U of degree 8.

In the filtration for L5 the direct summands Lo (¢(Ys)), L3 (t(Ya)), La(t([Ya, Y2])),
L4(t(Y3)) and Lg(#(Y2)) require further applications of Theorem 5.1. For L4(¢(Y3))
we get a filtration of length 2 with quotients isomorphic to

t(Ya(Ys)) = Ma(Ms) and  #(Yz(Y2(Y3))),
and for Lg(t(Y2)) we get a filtration of length 3 with top quotient
t(Ys(Y2)) = Mg (M),
middle quotient
t([Ya, Y2](Y2)) @ £(Ya(Y3(Y2))) = Ma(Mz) @ Ma(Mz) & Ma(Msz(Ms)),

and bottom quotient
t(Y3(Y2(Y2))) = M3(Ma(M2)).

Hence the filtration in Theorem 5.2 for Lis has length 9, and its bottom term is
the submodule L3(L2(L2))> = Mg(MQ(Mg))
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6. MODULE DECOMPOSITIONS OF L(X) IN CHARACTERISTIC ZERO

Suppose there exists a standard free generating set ¥ = Yo U Y3 U --- of the
derived algebra L’ such that the span of each Y, is invariant under the action of
G. In other words, for all n > 2, (Y},) is a KG-submodule of L’. Then the span
of each B-set U in a basis set collection B(Y') is G-invariant, and the isomorphism
(U) 2 t(U) in Corollary 3.2 is an isomorphism of K G-modules. Moreover, if T is
a complete basis set collection for L(X) derived by using exclusively G-invariant
standard free generating sets, then the span of each T-set U € 7 is G-invariant and
the isomorphism (U) 2 ¢(U) in Corollary 4.1 is an isomorphism of K G-modules.
Thus any T-basis of L gives rise to a module decomposition in which the direct
summands are in one-to-one correspondence with the T-sets in 7, provided that
there exists a G-invariant standard free generating set for L'. In this section we

show that this is always the case when K is a field of characteristic zero.

Lemma 6.1. Let L = L(X) be a free Lie algebra of finite rank over a commutative
ring K with 1, and let n > 2 be a positive integer such that (n — 2)! is invertible in
K. Then the derived algebra L' has a standard free generating set Y = YoUY3U---

such that the span of Yy, is G-invariant.

Proof. Let ¢, : L, — M, denote the natural surjection from L, onto M,. The
key ingredient in the proof of this lemma is the fact that there exist a KG-module
homomorphism ,, : M,, — L,, such that the composite of 1,, and ¢,, amounts to
multiplication by (n — 2)! in M,,. Such a homomorphisms is exhibited in [5, pp.
349-350]. If (n—2)! is invertible in K, then 1, = 1/(n—2)1,, is a splitting map for
the natural surjection ¢,. Now let Y = Yo UY3U--- be a standard free generating
set for L'. Then Y, is a basis of L,, modulo L” N L,,, and the set Y,, = anﬁnlﬁn too
is basis of L, modulo L” N L,,. Moreover, Y, is G-invariant as it is the image in L,
of the KG-module M,, under the G-map 1[1 Since L"NL, = L(YoU---UY,,_1)NL,,
it follows that for each y € Yj,, the image § = yontb, € Y, is of the form

gn =yn + Wy
where 7 is an automorphism of the free K-module (Y;,). But then it is easily seen

that theset Y = Yo U-+-Y,,_1 UY, U Yo11 U--- is a free generating set of L’ (see
[6, Lemma 2.1]), and the lemma follows. O

Now suppose that K is a field of characteristic zero. Then (n — 2)! is invertible
for all n > 2, and, by Lemma 6.1, the derived algebra of any free Lie algebra of
finite rank over K has a G-invariant standard free generating set. As observed
above, this implies that for L = L(X) there exist G-invariant basis set collections
B(Y) for L’ = L'(Y) and G-invariant complete basis set collections 7. This gives

the main result of this section.

Theorem 6.1. Let L = L(X) be a free Lie algebra of finite rank at least 2 over
a field K of characteristic zero. Then there exist complete basis set collections T
for L(X) such that the span of each T-set is a KG-submodule of L(X). For such
T, the direct decompositions in Theorem 3.1 and Corollary 3.1 (with B = T(M))
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are direct decompositions of KG-modules, and the isomorphisms in Corollary 3.2

(again with B=TW ) and Corollary 4.1 are isomorphisms of KG-modules. O

For example, for the Lie power Lg we get
L~ Mg & Mg®@ My & My®@ My @ My & Ms @ M;
O Ms®My®@Ms & Ma(My) @ Ma(Ma(Ms)).

Our decompositions are particularly simple in prime degree p as only basis sets of
level 1 (that is B-sets) occur (see Corollary 3.1), and the number of B-sets U for
which ¢(U) has a given set of tensor factors (counting multiplicities) is given in
Corollary 3.2. Obviously, the relevant tensor products occurring in L, are in one-
to-one correspondence with the partitions of p in which all parts are > 2. Recall
that a partition of n is a string A = (n’il,n?, . ,nfj]) where the n; and the ¢; are
positive integers such that ny > ng > -+ > ng and t1ny +tano + -+ - + tgng = n.

Define the tensor product M) by

My = (M,)®" @ (Mny)®2 ® -+ @ (M) "

and set o
1 t/d)!
m(A) = — d
N =4 d(t;m“( VT d) e jd)]
where t = t; +t3 + -+ +t,. Also, let A(n) denote the set of all partitions A\ =
(nil ) "32, . ,ng‘*) of n with ny > 2. Then we have for any prime p an isomorphism
(6.1) Ly~ @ (Moo,

AeA(p)
In the case where G is the group of all graded algebra automorphisms of L = L(X),
that is G = GL(r, K) where r = |X|, it is well known that the Lie powers L,, are
semisimple with the isomorphism types of the simple direct summands indexed by
partitions of n with at most r parts (the number of parts for a partition A as above
is t1 + -+ - +1t4). We write [A] for the simple module corresponding to the partition
A (and we adopt the convention that [A] = 0 if A has more than r parts). The
n-th metabelian Lie power M, is known to be simple, and, in fact, M,, & [n —1,1]
for n > 3 and My = [1?]. Thus (6.1) expresses L, as a direct sum of tensor
products of simple modules. Consequently, the irreducible constituents of L, and
their multiplicities can be calculated by using the Littlewood-Richardson rule (see

[15, p. 68]). For example, for p =7, (6.1) turns into
L =M; & Ms @ Ms & M3 @ M ®@ My & My ® Ms.

Here M7 = [6,1], and one calculates
Ms® My 2 [5,2) & [5,1%] & [4,2,1] @ [4,17]
Ms @ My @ My =2 [4,3] @ [4,2,1]%2 @ [4,1%] @ [3%,1]®2 @ [3,2%]%2 @ [3, 2,124
© 3,112 @ [2°,1]%% @ 22,1312 @ [2, 1°]
My® Mz = [5,210[5,1% @ [4,3] © [4,2,1]%? @ [4,1%]
© 331 @ 3,22 @ [3,2,17%
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so that
L7 26,11 @ [5,2]°% @ [5,1%]*% © [4,3]"* @ [4,2,1]%°
@ [4,1%]%3 @ [32,1]% @ [3,27]%° @ [3, 2, 12]®°
o [3’ 14]632 @ [237 1]692 ® [227 13]@2 @ [2, 15]7

as first published by Thrall [20]. In fact, in this paper of 1942 Thrall published a
list of the multiplicities of the irreducibles occurring in the Lie powers L,, for n < 10
(his result for n = 10 was later corrected by Brandt [3]). Unfortunately, even in
the case where n is a prime it doesn’t appear that the method of determining those
multiplicities outlined above is more practical than Brandt’s (see [3, Corollary I],

see also [17, Chapter 8] for an overview of more recent results on multiplicities).

7. MODULE DECOMPOSITIONS IN POSITIVE CHARACTERISTIC

In this section p is an arbitrary but fixed prime, and K is a field of characteristic
p. Then the situation with module decompositions is more complicated than in the
characteristic zero case since it is no longer true that the derived algebra L’ has a G-
invariant standard free generating set. However, by Lemma 6.1, the derived algebra
L’ of every Lie algebra L over K has a standard free generating set Y = YoUY3U- - -
such that the spans (Y,,) are G-invariant for 2 < n < p 4+ 1. Consequently, if 7 is
a complete basis set collection for L(X) derived by using exclusively standard free
generating sets of this kind, then all the T-sets involving exclusively basis sets of
degree 2,3,...,p+ 1 are G-invariant. It is clear that this is the case for all T-sets
of degree < p + 1. Hence we have the following

Theorem 7.1. Let L = L(X) be a free Lie algebra of finite rank at least 2 over a
field K of positive characteristic p. Then there exist complete basis set collections
T for L(X) such that the span of each T-set of degree n < p+1 is a KG-submodule
of L(X). Moreover,

(i) for alln with 2 < n <p+1 there are direct decompositions

LX)= @ @ L= w

d|n d#n UeTn(}Zi Uve7,

as KG-modules,
(ii) for each U € T, with 2 <n < p+ 1, there is an isomorphism
(U) = t(U)
as KG-modules. O

In particular, if n = ¢ where ¢ is a prime, decompositions of the form (6.1) (with
q in place of p) are valid over fields of characteristic p whenever ¢ < p.

As an application of Theorem 7.1 we recover the key result of [7]. Consider the
Lie power L,(X) where p is the characteristic of K. Then, by the theorem, we have

L,= @ ).

verV
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It is clear that the intersection L,NL" coincides with the span of the T-set U € ’Z;,(l)
such that DegU > 2, in other words, all T-set in 7;,(1) except Y,. For any such U,

the associated tensor power ¢(U) is of the form
(7.1) tU) 2 My, @Mp, @M, (k>2,n+--+n,=p)

for some suitable nq,...,n;. For the metabelian Lie power M, (X) (over an arbi-
trary commutative ring K with 1), there is a KG-homomorphism u,, : M, — T,
from M, into the tensor power T;, = (X)®" such that the composite of p,, with the
canonical projection p,, : T,, — M, given by 21 ® ... @ x, — [21,...,2,] (z; € X)
amounts to multiplication by n(n—2)! on M,, (see [18, Section 3.2] or [12, Theorem
3.3]). It follows that M, is a direct summand of T;, (as KG-module) whenever
n(n — 2)! is invertible in K. In particular, in the case under consideration, where
K is a field of characteristic p, M, is a direct summand of T}, for all n < p. This
holds for the tensor factors on the right hand side of (7.1), and hence the entire
tensor product is a direct summand on the tensor power 7}, =T, ® - - -®T},, . Since
L,NL" is a direct sum of KG-modules (U) with ¢(U) as in (7.1), we have proved

the following result.

Theorem 7.2 ([7], Theorem 3.1). Let L = L(X) be a free Lie algebra of finite rank
at least 2 over a field K of positive characteristic p. Then the submodule L, N L"”

is a direct summand of the tensor power T, = (X)®P. O

An alternative proof of Theorem 7.2 was given by Erdmann and Schocker in [11,
Section 6]. In [7] this result was used to determine the indecomposable direct sum-
mands of L, and their Krull-Schmidt multiplicities as modules for G = GL(r, K)
in the case where K is an infinite field of characteristic p. For Lie powers L,, with
(n,p) = 1 this had been accomplished earlier by Donkin and Erdmann [10], while
[11] deals with the case where n = mp with (m,p) = 1. Further progress has
recently been made by Bryant and Schocker [8], [9].

Over the past twelve years there has been remarkable progress in studying mod-
ular Lie powers for finite groups (see [4] and the references therein). However, most
of the results in this area refer to the case where the p-Sylow subgroup of G is cyclic,
and very little is known about Lie powers in characteristic p as modules for finite
groups with non-cyclic p-Sylow subgroup. In the smallest possible instants, where
K is a field of characteristic 2 and G is the Klein four group, some initial results
have been obtained in [14], but these rather confirm how limited our knowledge is.
We hope, however, that the results of the present paper will help to remedy the
situation, particularly for modular Lie algebras of rank 2. For these our method
gives much more detailed information as we will see in the final two sections. There
we will work with the free restricted Lie algebras, which will be discussed in the

short section that follows.

8. FREE RESTRICTED LIE ALGEBRAS AND RESTRICTED ELIMINATION

Let K be a field of positive characteristic p, and let R = R(X) be the free
restricted Lie algebra (or p-Lie algebra) on X. As explained in the Introduction,
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R can be identified with the closure L = L(X) in the tensor algebra T'= ,,~, T»
with respect to the unary operation u — uP, and we will take this point of view in
what follows. Then L < R < T, and for the degree n homogeneous components we
have L,, < R,, <T,. Here R,, = RNT,, and L,, = LNT,,. In fact, R,, = L,, for all n
which are not divisible by p, and if p divides n, then R,, = L,, + ({v”; u € R, /p}).

As for ordinary free Lie algebras, there is Lazard elimination for free restricted
Lie algebras. The corresponding Elimination Theorem is exactly the same as the
Lazard Elimination Theorem in Section 2 with R in place of L. We also need
the following variation of Lazard elimination that is specific to free restricted Lie

algebras.

Restricted Elimination Theorem. Let X = {a} U Z. Then there is a direct

decomposition (over K )
R(X) = (z) ® R(Z 1y {})
where
Zyp{z}={2", [z,2,...,2]; 2€ Z,0<s<p-—1}.
——
For a proof of this theorem we refer to the proof of Theorem 2.7.4. in [1].

We conclude this section with an examination of the p-th restricted Lie power

R,. Here we have a direct decomposition (over K)
R,={aP; x € X} UH,))® (L, NL").

where I, is the set of all left normed basic Lie monomials of degree p in  and y.
However, as we have just seen in the previous section, L, N L" is a direct summand
of T}, as a KG-module. But then it is also direct summand of R,. We let P, denote
the quotient P, = R,/(L, N L"). Then

R,=2P,® (L,NL").
Clearly P, has a submodule that is isomorphic to the metabelian Lie power M,
and for the quotient, which is generated by XP, there is an isomorphism
P, /M, = (X)"
where (X)" is the Frobenius twist of (X). However, in general, M, is not a direct

summand of P,,.

9. FREE LIE ALGEBRAS OF RANK 2 IN CHARACTERISTIC 2

Now let K be a field of characteristic 2, let X = {z,y} and consider the free
restricted Lie algebra R = R(x,y) of rank 2 over K. By applying the Restricted
Elimination Theorem twice (that is by eliminating first  and then y) we obtain

the direct decomposition

R(x,y) = <.73,y> D R($2vy27 [y,x], [y’ma y]’ [l‘Q,y]).

On noting that 22,y? and [y, ] span Ry, and that [y, z, ] and [2%,y] = [y, z, 7]
span Rs3 (and recalling that both Ry and Rs are invariant under the action of G)
we obtain the following result which is implicitly contained in [19, Section 2].
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Theorem 9.1. For the free restricted Lie algebra R = R(z,y) of rank 2 over a

field K of characteristic 2 there is a direct decomposition
R(z,y) = (z,y) ® R(R2 & R3).
as a KG-module. O

Now we can apply the methods of Section 2 to obtain a decomposition theorem
for R(z,y). For that we use Lazard elimination for free restricted Lie algebras. By
applying the restricted analogue of Theorem 2.1 (and Corollary 2.3) to R(R2® R3),

we obtain the following result.

Theorem 9.2. For the free restricted Lie algebra R = R(z,y) of rank 2 over a

field K of characteristic 2 there is a direct decomposition as a KG-module

R(z,y) & (z,y) D R(R2) ® R(R3) ® @ (R(R2® - ® Ry Q@ R3 ® -+~ ® Rg3))®mb),

s,t>1

s t

where the direct sum runs over all ordered pairs s,t of positive integers and

1 (s + 8)/d)!
mis.t) = = > p(d) (s/d)\(t/d)!"

d|(s,t)
O
Corollary 9.1. For all n > 2 there is a direct decomposition of R, = R, (x,y) as
KG-module
Rn = Rn/2(R2) D Rn/3(R3) S2) @ (Rn/(25+3t) (RQ ®--® Rg ®R3 Q- ® R3))€am(s,t)

s,t>1 s t

where we adopt the convention that Ry, = 0 if n/k is not an integer. O
For Lie powers this implies the following result.

Corollary 9.2. For all n > 4 there is a direct decomposition of L, = L,(x,y) as
KG-module

Lp = Ly, /5(R2) ® Ly 3(R3)
S @ (Ln/(25+3t)(R2 R QR ®R3R - ® R3))®m(s,t)

s,t>1

s t

where we adopt the convention that Ly, = 0 if n/k is not an integer. O

Examples. For small n the decompositions in Corollary 9.2 are as follows:
Ly = Ly(Ry)
Ls = R3 ® Ry
Le = Ly(R3) @ L3(Ra)
L= R3®@ R ® Ry
Ls = R3® Rs @ Ry & Ly(Ry)
Ly R3® Ry @ Ry ® Ry & Ls(R3)
Lig=R3® R3® Ry ® Ry © La(R3® Ry) © Ls(Rz)
L1 Z R3O R QR QR @Ry & R3® Rz ® Rz ® Ry
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Remark. Since the dimension of R3 = L3 is 2, Theorem 9.2 can be applied to
the direct summand R(R3), and then consecutively to all direct summands which
are free restricted Lie algebras of rank 2. Further applications of elimination are
possible if the 3-dimensional module Ry has a non-trivial direct decomposition.
This happens, for example, if K is the field of order 2 and G = GL(2,2) acting
naturally on (z,y). Then R is the direct sum of two simple GL(2,2)-modules (a
trivial and a natural). We mention that in this case the module structure of L(z,y)

has been completely determined in [13].

10. FREE LIE ALGEBRAS OF RANK 2 IN CHARACTERISTIC p > 3

Now let K be a field of characteristic p > 3 and let L = L(z,y) and R = R(z,y)
be the free Lie algebra and the free restricted Lie algebra on two free generators

x,1y. Restricted elimination of x and y gives a direct decomposition
R=(z,y) ® R(N)

where
N:{[y7x7"'7x7y7"'7y]; 1§8<p70§t<p}
s t
U{a?,y"tu{la?y, ...,y 1<t <p}
—
t
Note that the degrees of the free generators in N range from 2 to 2p — 1. For n in

this range we write N,, for the subset of elements with degree n in N. Note that
Np = H, U{2",y"}

where H,, denotes the set of all left normed basic Lie monomials of degree p in x
and y. As we have seen in Section 8, the set /V,, spans the homogeneous component
R, modulo L, N L". Recall the direct decomposition (8.1), and let N, be a basis
of the direct summand P,. Of course Np too spans R, modulo L, N L”, and then
it follows (see [6, Section 2.3]) that the subset N, of the free generating set N can
be replaced by Np so that the resulting set NN is again a free generating set:

R = (z,y) ® R(N)
= (z,9) ® R(NaU---UN,_1 UN,UN, 1 U---U Ny 1).

Next we use Lazard elimination to eliminate the free restricted Lie algebra R(Np) =

R(P,). This gives a direct decomposition

(10.1) R = (z,y) ® R(N,) & R(W).
Here W consists of all elements of the form
[, w1, ..., wg]

where u € N; with 2 <4 < 2p — 1 but i # p while wy,...,wx € N, and k > 0.
Since P, = (N) is a KG-submodule of R,, the free restricted Lie algebra R(N,,) is
a submodule of R. We claim that R(W) too is a KG-submodule of R. To verify
the claim we need to show that for any v € W and any g € G the element vg is
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a linear combination of Lie products of elements of W. This will be an obvious
consequence of the following three assertions.
(i) For all w € N; with 2 < i < 2p—1buti # pand all g € G, ug is a linear
combination of Lie products of elements of W.
(ii) For all w € Np and all g € G, wg is a linear combination elements of Np.
(iii) For all vy,..., v, € W and all w € Np, [1,...,Um,w] is a linear combination

of Lie products of elements of W.

Now, (i) holds because for any u € N; with ¢ in the relevant range we have ug € R;
and in view of (10.1) we have R; C R(W) for all 4 with 2 < ¢ <2p—1buti#p
(since R(Np) consists entirely of elements whose homogeneous components have
degrees divisible by p). The assertion (ii) holds since Np spans a K G-submodule of
R,, namely P,. Finally, (iii) is an immediate consequence of the identity

m

[V1y.. ., O, w] = Z[vl,...,[vj,w],...,vm],
j=1

which follows easily from the Jacobi identity, and the fact that, by definition, for
any v; € W and any w € Np the Lie product [v;, w] is again an element of W.
Now set B,, = R(W)N R,,. Then we have the following

Theorem 10.1. Let R = R(z,y) be the free restricted Lie algebra of rank 2 over
a field K of positive characteristic p > 3. For each n > 2 there exists a KG-
submodule B,, of R,, such that R, = By, for all n > 2 which are not divisible by p,
and if n is divisible by p then

R, = Rn/p(Pp) @ B,.

In particular, for all n which are divisible by p, R, ,(Pp) is a direct summand of
R,, as a KG-module. [l

For the free Lie algebra L, set C,, = R(W) N L, = L(W) N L,,. Then we obtain
the following

Corollary 10.1. Let L = L(x,y) be the free Lie algebra of rank 2 over a field K
of positive characteristic p > 3. For each n > 2 there exists a KG-submodule C,,
of Ly, such that L, = C, for all n > 2 which are not divisible by p, and if n is
divisible by p then
Ly = Ly,(Pp) @ C.
for n > p while
L,=M,®C,

In particular, for all n > p which are divisible by p, Ly ,,(Py,) is a direct summand
of L, as a KG-module. O

In the case where p = 3, the method used to prove Theorem 10.1 yields partic-
ularly simple decompositions of the Lie powers up to degree 9. The decomposition
of Ly is of special interest in view of recent work by Bryant and Schocker [8]. They
have shown that the general decomposition problem for Lie powers over fields of

characteristic p reduces to the decomposition problem for Lie powers of prime power
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degree p*. For k = 1 this problem has been solved in [7], and so the case of Lie
powers of degree p? is the smallest case that is open. We conclude this section by
spelling out the details. Let K be a field of characteristic 3 and let L = L(x,y) and
R = R(z,y) be the free Lie algebra and the free restricted Lie algebra on two free

generators x,y. Restricted elimination of x and y gives a direct decomposition
R = {(z,y) ® R(Na U N3U Ny U N5s).
It is easily seen that
(N2) = Rz, (N3) = R3, (Na) = Ry,
all of which are K G-submodules of R, while
Ns = {ly,z,2,y,9), [+, 9. 4]}
We rewrite our decomposition as
R = (x,y) ® R(Ry ® R3 ® Ry & (N5))
Now elimination of R(Rj3) gives a decomposition
R=(z,y) ® R(R3)
© R(R2 ® Ry @ ((N5) @ [Ro, R3]) © [R4, R3] © ([(Ns), R3] © [R2, R3, R3]) @ ---).
We will not list free generators of degree greater than 9. Now observe that
(N5) ® [R2, R3]) = Rs and [(Ns), Rs] @ [Re, Rs, R3] = [R5, Rs).
With this the decomposition can be rewritten as
R=(z,y) © R(R3) © R(R2 ® Ry ® R5 ® [Ry4, R3] © [R5, R3] & ---).

Now apply elimination of R(Rg). Since Ry is one-dimensional, this is a free re-

stricted Lie algebra of rank 1.
R =(z,y) ® R(Rs3) ® R(Ry)
® R(R4 ® R5s & [R4, R2) @ ([R4, R3] @ [R5, R2]) @ ([R5, R3] @ [Ra, Ra, Ro))
® ([R4, R3, R2) ® [R5, R, Ra]) ® -+ - ).
Next observe that
[R4, R3] ® [R5, R2] = Ry and [R4, R3, Ra] ® [R5, Ra, Ro] = [R7, R2],
so the decomposition turns into
R =(z,y) © R(R3) & R(R2)
® R(Ry @ Rs @ [Ry, R2] ® Ry ® ([Rs, R3] ® [Ra, Ry, Ro]) ® [Ry, Ro] @ -+ ).
Finally, elimination of R(Ry) gives
R =(z,y) ® R(R3) ® R(Ry) ® R(Ry)
@ R(Rs5 @ [R4, R2]) ® Ry @ ([R5, R3] @ [R4, R2, R2]) ® ([R7, R2) ® [R5, R4]) @ -+ -).

Here
[R7, RQ] ~ R;® Ry and [R5, R4] ~ Rs ® Ry.
Then the decomposition yields the following result for Rg.
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Theorem 10.2. Let R = R(z,y) be the free restricted Lie algebra of rank 2 over
a field K of positive characteristic 3. Then there is a direct decomposition of KG-

modules
R9 :R3(R3) D [R77R2} 83 [R5aR4]

where [Ry, Ra] &2 R7® Ro and [R5, Ry] & Rs® R3 are direct summands of the tensor
power Ty. O

For the free Lie algebra L(z,y) this yields the following

Corollary 10.2. Let L = L(x,y) be the free restricted Lie algebra of rank 2 over
a field K of positive characteristic 3. Then there is a direct decomposition of KG-
modules

Lg = L3(R3) @ [L7,L2] @© [Ls, L]

where [Ly, La] = L7 ® Ly and [Ls, Ly] = Ls ® Ly are direct summands of the tensor
power Ty. O

These decompositions are peculiar to rank 2. They are not valid for ranks greater
than two. A a byproduct of our calculations for Ry we have the following decom-

positions for degree 6 in rank 2.
R = R3(Ry) © Ra(R3) @ [Ry, Ra], Le = La(R3) @ [Ly, Lo]
where [R4, RQ] = [L4, Lg] = LR Lo.
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