Journal of Algebra 326 (2011) 192-200

Contents lists available at ScienceDirect

JOURNAL OF

Journal of Algebra

www.elsevier.com/locate/jalgebra

Lie powers of relation modules for groups

L.G. Kovacs?, Ralph StohrP*

@ Mathematics, Australian National University, Canberra ACT 0200, Australia
b School of Mathematics, University of Manchester, Manchester, M13 9PL, United Kingdom

ARTICLE INFO ABSTRACT
Artidf? history: Motivated by applications to abstract group theory, we study Lie
Received 20 November 2008 powers of relation modules. The relation module associated to

Available online 17 November 2009

X a free presentation G = F/N of a group G is the abelianization
Communicated by Peter Webb

Ngp = N/[N, N] of N, with G-action given by conjugation in F. The

In memoriam Karl Gruenberg degree n Lie power is the homogeneous component of degree n in
the free Lie ring on Ny, (equivalently, it is the relevant quotient

Keywords: of the lower central series of N). We show that after reduction

Free groups modulo a prime p this becomes a projective G-module, provided

Relation modules n>1 and n is not divisible by p.

Free Lie algebras Crown Copyright © 2009 Published by Elsevier Inc.

Free metabelian Lie algebras All rights reserved.

1. Introduction

Let G be a group given by a free presentation G = F/N where F is a non-cyclic free group and N
is a normal subgroup of F. The free abelian group Ny, = N/N’, regarded as a G-module with action
induced by conjugation in F, is known as the relation module for G stemming from the given free
presentation.

For an arbitrary commutative ring K with 1 and a free K-module V, let £(V) denote the free
Lie algebra on V over K, and let £,(V) denote its degree n homogeneous component. If V carries
the structure of a G-module, the action of G extends to the whole of £(V) with G acting diagonally
on Lie products. Thus each £;(V) becomes a KG-module called the n-th Lie power of V. The n-th
metabelian Lie power M, (V) of V is the degree n homogeneous component of the free metabelian
Lie algebra M(V) = L(V)/L" (V).

Let p be a prime, let Zp) denote the ring of integers localized at p, and let M = N, ® Zp). The
aim of this paper is to establish the following result.
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Theorem. Let p be a prime, n an integer, and G a group given by a free presentation G = F /N with F non-
cyclic free and N normal in F. Furthermore, let M = Ngp ® Zp). If n > 2 and p does not divide n, then both
the Lie power L, (M) and the metabelian Lie power M, (M) are projective Zy)G-modules.

Reduction modulo p gives the following.

Corollary. In the notation of the Theorem, let M = Ngj, ® (Z/pZ).1fn > 2 and p does not divide n, then both
the Lie power L, (M) and the metabelian Lie power M, (M) are projective (Z/pZ)G-modules.

For n =2 and n =3, where M, (M) = £,(M), this was recently proved in [5], and used to obtain
a rather surprising result on certain central extensions of groups. In the most prominent special case,
the result in question states that the free centre-by-nilpotent-by abelian groups F/[y.(F’), F] are
torsion-free for ¢ = 6. This is in startling contrast to the cases where c is a prime or ¢ =4, when for
sufficiently large ranks these relatively free groups do contain elements of finite order: see [1,7-9].
The present paper was motivated by these applications to abstract group theory, and indeed, our
Corollary can be used to extend the results of [5] to other values of c. This will be carried out in a
subsequent paper.

In the case where G is a finite group of order prime to n, our Theorem was proved a long time ago
[3, Proposition 9.2] using Tate cohomology. Our present approach is based on exploring filtrations of
Lie powers and symmetric powers, and relies on results of [8] and [6]. We mention that the Theorem
cannot be extended to arbitrary n: results in [2] and [3] show that it is not true for n = p, and one
can see from [9] that it is not true when p =2 and n =4.

2. Alemma on projective modules

We begin preparations with a general lemma which may have some independent interest. For any
K-free KG-module V, we let V" denote the n-th symmetric power of V, with the convention that
vo=k.

Lemma 2.1. Let K be a commutative ring with 1, G a group, V a K -free projective KG-module, and n a positive
integer. Assume that, for each prime divisor q of n, either q is a unit in K or G has no element of order q. Then
the symmetric power V", the Lie power L, (V) and the metabelian Lie power M, (V) are also projective.

We shall use this with K = Z), in which case the assumption is simply that either p does not
divide n or G has no element of order p.

Proof. The three cases are exactly parallel, so we only describe the last one.

The first step is to adapt the usual proof of Maschke’s Theorem to prove that if H is a finite
group whose order is a unit in K, then every K-projective KH-module is KH-projective. Choose a KH-
homomorphism ¢ : W — V from a free KH-module W onto V. Since V is projective as K-module,
there is a K-homomorphism v : V — W such that the composite /¢ is the identity automorphism
of V. Check that the map defined by

X:V—>W, v [HTY ((vhyy)h™!
heH

is a KH-homomorphism such that the composite x ¢ is the identity automorphism of V. This proves
that V is isomorphic to the KH-direct summand V x of the free KH-module W, and so V is KH-
projective.

The next step is to show that it suffices to prove the lemma for free KG-modules. Let V be a
direct summand of a free KG-module W, and ¢ : W — V, x : V — W a pair of KG-homomorphisms
whose composite x ¢ is the identity automorphism of V. These yield KG-homomorphisms M, (W) —
Mp(V) and My(V) — M, (W) whose composite is the identity automorphism of M, (V), showing
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that M (V) is isomorphic to a direct summand of M;(W). Thus it suffices to prove that M, (W) is
KG-projective.

The remaining step is to deal with a free KG-module W. Let X be a free generating set of W as
KG-module. The set XG (= {xg | x € X, g € G}) then freely generates W as K-module, and each orbit
of G in XG is a regular orbit. We shall use that if H is any subgroup of G, then all the orbits of H in
XG are also regular.

The free metabelian Lie algebra M (W) is a graded algebra, with W as homogeneous component of
degree 1 and M, (W) as homogeneous component of degree n. In terms of the Lie algebra generating
set XG, there is also a finer grading which may be described as follows (cf. Lemma 4.1 in [3]). As
K-module, M, (W) is spanned by the ‘monomials’ which are Lie products with n factors, all from the
set XG. Given any function, f say, from XG to the set of non-negative integers such that the sum of
the values of f is n, there are only finitely many monomials in which each element xg of XG occurs
precisely f(xg) times among those n factors: the K-submodule they generate is the multihomogeneous
component corresponding to f. It is easy to see that M, (W) is the direct sum of these components
and that G permutes these components among themselves. Further, the stabilizer in G of any such
component is finite with order dividing n. (To see this, the key point is to notice that if a subgroup H
stabilizes the component corresponding to f, then f must be constant on each orbit of H in XG. As
the sum of the values of f is n, the set {xg € XG| f(xg) > 0} must be finite; as it is a union of regular
orbits of H, the order |H| is finite and n is |H| times the sum of the values of f over any complete set
of representatives of these orbits.) This shows that, as KG-module, M, (W) is a (restricted) direct sum
of modules induced from subgroups H whose orders divide n. If a prime q divides |H|, then G does
have elements of order q and so (by assumption) g is a unit in K: thus |H| itself is a unit in K. The
KH-module to be induced to KG is a multihomogeneous component whose stabilizer is H; it is not
only K-projective but even K-free, being freely generated by the left-normed basic Lie monomials it
contains. Thus the above version of Maschke’s Theorem shows that the multihomogeneous component
is KH-projective, and then it follows that the induced KG-module is KG-projective. This completes the
proof. O

3. On symmetric powers and metabelian Lie powers

We continue with K an arbitrary commutative ring with 1 and G any group. All tensor products
will be over K. Let

0->A—-BLcoo0 (3.1)

be a short exact sequence of K-free KG-modules, and identify A with its image in B. For n >m >0,
let K Z‘m denote the submodule of B" spanned by the elements

a10a20---00my1 0bmyno---oby

where aj,ay,...,am4+1 € A, b2, ..., by € B. It will also be convenient to set Kg‘f1 = B". These sub-
modules form a filtration

0<A"=Kp" ' <Kp" P <. <Kp® <KpT' =B"

which we shall refer to as the (A, C)-filtration of B".

Certain KG-homomorphisms ng’m :B" — B™® C"™ will play an essential role in our examination

of symmetric powers. These are obtained from the symmetrization homomorphism
opg™:B"—>B"@B" ™

given by
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b b ! E (b b )® (b bony)
O+++0 - — O+++0 O+++0
1 n !(n — )! ~ w(1) w(m) w(m+1) w(n)

where the sum runs over all permutations w of the indices 1,...,n. (Note that no actual division is
needed here: the n! summands fall into (:1) sets, each consisting of m!(n —m)! equal summands, and
instead of division by m!(n — m)! one might simply sum just one summand from each of these sets.)
We define ™" as the composite of o™ and the surjection

(ITo-rol)®(Bo-0f):B"@B"™ > B "@C"™
given by

(b1o---obm)®(bmy10---0oby)> (byo---0oby) ® (bpt1Bo---obpp).

It is obvious that if more than m terms of the sequence b1, ..., b, belong to A then each summand
in the image of by o---oby is 0: thus K™ lies in the kernel of ™. It is also easy to see the effect
of ng’m on by o---oby, when precisely m terms of by, ..., by, lie in A: then precisely m!(n —m)! of the
n! summands are non-zero and these are all equal to each other, so the image is just

(bway o obum) ® (bpymiyfo---obymBb)

where w is any permutation such that b1y, ..., bem) are precisely the terms of by, ..., b, that lie
in A. Exploiting that C is K-free, this leads to an easy proof of the fact that the restriction of j'rg‘m to
Kg'm_l has kernel Kz™ and image A™ ® C"™™, so it yields an isomorphism

K™/ Kp™ — Am @ Cchm, (3.2)

In particular, it follows that all filtration quotients Kg’m_1 /Kg™ are K-free.

It is not so easy to see the effect of ng’m on other filtration quotients, but careful examination can

reveal a lot more: see [6, Section 3] and [10, Section 2]. To state some of the conclusions that we
shall use here, note that the (A, C)-filtration of B™ induces a filtration

0<AmM@C" M=Ky @M <Kp" PR <.
<Kpl@C" M<Ky '@ M =B"gCc" "

of the tensor product B™ ® C"~™. The quotients of this filtration are also K-free, and of course nt’;""

yields isomorphisms
(kg e ™) /(K e M) > Alg Cm T @ C (33)
Lemma 3.1.

(i) Forn > m > 1> 0, the homomorphism ng’m yields the first vertical map in a commutative diagram

Kg,lfl/Kg,l Al ® Cnfl

|

(Kp'™ ' @ My /(K @ Cm) —— Alg cnl g cnm
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where the horizontal maps are the isomorphisms (3.2) with m =1 and (3.3), and the second vertical map

is1® og_l’m_l
n.m

(ii) Ifn > m > 0 and the ring K has no additive torsion, then kerng’m =Kg

Given any K-free KG-module A, it is well known (see [2, Corollary 3.2]) that the metabelian Lie
power M, (A) fits into a short exact sequence

0—> Mu(A) > AQ A" > A" >0 (3.4)

of K-free KG-modules, with the maps given by

[a1,az,a3,...,a,]—> a1 ®(@yoazo---0ay) —ay ® (@ odzo---ody)
and
ag®(@o---oay)>ajodyo---ody
(a1,...,ay € A), respectively. If n is invertible in K, then this sequence splits via the map (1/n)ag‘1 :

A" —> A® A", giving a useful consequence.

Lemma 3.2. [f n is invertible in K, then there are isomorphisms

AQA™ = My(A)® A" and cokeral! = My(A).
In another direction, one may use (3.4) to prove the following.

Lemma 3.3. Any short exact sequence (3.1) of K-free KG-modules yields a short exact sequence
0— Mn(A)— B® A" - KI"™2 0,

Proof. Starting with any exact sequence (3.1), consider the map ¢ : B ® A"~! — B" given by b ®
(@o---oap_1)+>boajo---oay_q. This is clearly a KG-homomorphism, and its image in B" is the
submodule Kg’”_z. It maps AQ A" ! onto A", and upon restriction it yields the relevant map in (3.4):
thus (ker ) N(A® A" 1) = M, (A). The lemma will therefore follow if we show that ker¢ < AQ A" 1,
To this end, we use that (3.1) splits over K (because C is K-free): ignoring the action of G, we
may think of B as a direct sum A @ C of free K-modules. Let A be an ordered basis of A as free
K-module, and let C be a basis of C as free K-module. Then the elements a; ® (az o --- o ay) and
c®(@o---oay) withaj e A, ceC and ay < --- < ay form a K-basis of B® A" !, and the elements
dj0020---0dy and coazo---oa, with g€ A, ceC and a; <a» < --- < ay, form a K-basis of K™"~2,
Since (c® (azo---o0ay))p =coazo---ody, the basis elements of B® A"! involving an entry from C
are mapped one-to-one onto their counterparts in the basis of K™"~2, Hence ker¢ is contained in
the span of the basis elements involving only entries from A, that is in AQ A", O

The next lemma will be a key ingredient in the proof of our main result.

Lemma 3.4. Suppose that K has no additive torsion, and let n > m > 1. Then the restriction of the homomor-
phism ry™ : B" — B™ @ C"~"™ to the submodule Kg’m_z of B" yields a four term exact sequence

0— Kp™ — Kp™? - Kp'™? @ "™ — A" @ cokeral ™! s 0.
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Proof. Lemma 3.1(ii) implies that 7™ maps the quotient K™ 2/Kj™ injectively into Kj™ 2 ®

C"™ ™, This yields the middle vertical map for a commutative diagram

00— AmM@ (M ——> KpM2 /KM > Am-1g cn-mil > @

| |

00— AM@ ("M —— K?,mfz ®CHM — > Am-1 g g M —= 0

where the horizontal exact sequences come from the (A, C)-filtrations (each using relevant instances
of the isomorphisms (3.2), (3.3)). By Lemma 3.1(i), the vertical map on the left is the identity map

and the vertical map on the right is 1® o¢ ™!, Thus the quotient of K?’mfz ® C"™™ by the image
of Kj™ 2 is A" ® cokerof ™!, and the result is proved. O

4. Symmetric and metabelian Lie powers of the augmentation ideal

From now on we work with the coefficient ring K = Z,) where p is an arbitrary but fixed prime,
and we write R for the group ring Z)G. By A we denote the augmentation ideal of R, that is the
kernel of the augmentation map ¢ : R — Zy), and we are going to exploit the modules Kg’m coming
from the (A, Zpy)-filtration of R" that is determined by the augmentation sequence

0—>A—R5Zgp —0.

Since R™ ® Z’(”p‘)m = R™, the corresponding homomorphism n;"m discussed in Section 3 now goes
simply from R" to R™.
The main result of this section is the following.

Lemma 4.1. Let n > 2. Then

(i) A™is projective as R-module whenever n # 0, 1 mod p,
(ii) Mpu(A) is a projective R-module whenever n # 0, 2 mod p.

This an easy consequence of a technical result which we deduce first.
Lemma 4.2. Letn > m > 1. Then ngm is a projective R-module whenever n and m are not divisible by p.

This lemma is essentially proved in [6, Lemma 8] except that the conclusion there is not that K,';’m
is projective but that the homology groups H(G, K,’%‘m) with k > 1 vanish. The latter holds for a much

t t
wider range of modules, namely for the modules Ky’ ™ with t > 0, the case t =0 being the one

needed here. For the convenience of the reader we give the proof of Lemma 4.2, adapting the notation
and argument of [6]. We shall use without proof special cases of the short exact sequences (9.c), (10)
and (12) of [6, Lemma 3], re-stated as follows.

Lemma 4.3.

(i) Ifn > m > 1, then there exists a short exact sequence

0— Kp™— Kp™ ' = kit 0. (4.1)
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(ii) Ifr > 1 and n > rp + 1 with n = 0 mod p, then there is a short exact sequence

0— KR g kPPl o, (4.2)

(iii) Ifn > 1 with n 2 0 mod p, then there is a short exact sequence

0— Ky' - R"—>R—0. (4.3)
We shall use without reference two obvious facts: one, if in an exact sequence all terms except
the first one are known to be projective, then the first term is also projective; and two, the tensor
product of a Zp),G-projective module and a Z,)-free Z)G-module is always Z)G-projective. Except
for proclamations, we shall not keep repeating the common modulus, p, of our congruences.
Proof of Lemma 4.2. This will be done by induction on m. The case m =1 follows from (4.3) and
Lemma 2.1, so let m > 1. When m =1, say, m=rp + 1 with r > 1, the inductive hypothesis is that
KZ'rp*l is projective whenever n >rp — 1 and n % 0. In particular, K,er‘rp*l is also projective, so

an appeal to (4.2) proves what we need. When m = 0, 1, the inductive hypothesis is that K;‘m*1 is

projective for all n with n>m —1 and n 0, so in particular K?’m_l is also projective, and this time

an appeal to (4.1) completes the inductive step. O

Proof of Lemma 4.1. The first part follows from Lemma 4.2 since A" = I(Z'”fl. As to the second part,
Lemma 3.3 applied to the augmentation sequence gives a short exact sequence

0— Mn(A) = RO A" 5 Kp"2 50

in which the middle and right hand terms are projective R-modules: the former is projective because
of the free tensor factor R and the latter is projective by Lemma 4.2. O

5. Proof of the Theorem

We need one more technical lemma. The relation module M fits into a short exact sequence

0O->M—-P—>A—0

where P is a free R-module (see e.g. [4, Chapter 6, §6]); this is usually referred to as the relation
sequence. The critical point is that some of the terms and quotients of the (M, A)-filtrations of the
symmetric powers P" are projective.

Lemma5.1.Ifn > m > 0 and n % 0 mod p whilen —m # 1 mod p, then K™ is projective.
Proof. If (3.1) is the relation sequence, the isomorphism (3.2) yields the short exact sequence
0— K™ — K™ 5 Mm@ AT s 0, (5.1)
and the four term exact sequence of Lemma 3.4 turns into
0— Kp™— Kp™ 2 5 K2 @ AV M™! @ cokeroh ™! s 0. (5.2)

The lemma will be proved by induction on m. If m =0, (5.1) turns into
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0—Kp®— P"— A" 50 (5.3)

and our assumptions imply that n s 0, 1. Then A" is projective by Lemma 4.1(i) and P" is projective
by Lemma 2.1, so (5.3) gives that Kg‘o is projective. (Note that this case does not occur when p =2.)
If m=1, (5.2) turns into

0— K — P" - P® A" — cokerai! — 0 (5.4)

and our assumptions imply that n 0, 2. Then Lemma 3.2 gives that cokeroZ‘] = Mp(A), and the
latter is projective by Lemma 4.1(ii). Thus in (5.4) all terms to the right of K;";l are projective, and

this implies that K 2‘1 is projective as well.

For the inductive step, let m > 1. Suppose first that n —m = 0. Then n — (m — 1) # 1, and hence
Kg‘mfl is projective by the inductive hypothesis. Also, since n —m =0, 1, the symmetric power A"™™
is projective by Lemma 4.1(i), and hence M™ ® A" ™ is projective. Now the exact sequence (5.1)
implies that K™ is projective. It remains to deal with the case n —m=0. Then n — (m —2) # 1 and
m— (m—2) #1, and hence Kg’m_z and K,T'm_z are projective by the inductive hypothesis. Finally,
since n —m+1=1, Lemma 3.2 gives that cokerazferl‘1 is isomorphic to My_n+1(A), and the
latter is projective by Lemma 4.1(ii). Thus in (5.2) all terms to the right of Kg’m are projective, and

this implies that K gm is also projective, as required to complete the inductive step. O

Proof of the Theorem. By Lemma 3.3, the relation sequence yields a short exact sequence

0— My(M) > P@M" ! — Kp" % > 0.

Here the middle term is a free module (because of the free tensor factor P), and the right hand term
is projective by Lemma 5.1. Hence M, (M) is projective. Now we turn to the Lie power. It is proved
in [8, Section 3.1] that the Lie power £,(M) has a finite filtration, called there the type series, whose
quotients can be obtained from the metabelian Lie powers

Mo(M), M3(M), ..., My(M) (5.5)

using the operations of taking metabelian Lie powers, symmetric powers and tensor products. Let
7 denote this class of modules. To prove the second part of the Theorem it suffices to show that
all modules of degree not divisible by p in 7 are projective. We use induction on the number of
operations required to obtain a module in 7 from the modules (5.5). The base of our induction is
given by the already established result about metabelian Lie powers. For the inductive step, if V € 7
and U = M(V) or U= V¥ are of degree not divisible by p, then neither k nor the degree of V are
divisible by p. Hence V is projective by the inductive hypothesis and M (V) and V¥ are projective
by Lemma 2.1. If U=V @ W with V, W € 7, and the degree of U is not divisible by p, then either
the degree of V or the degree of W is not divisible by p, and hence one of the tensor factors, V
or W, is projective by the inductive hypothesis, so it follows that the tensor product U=V Q@ W is
projective as well. This completes the inductive step, and thereby the proof of the Theorem. O
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