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BASIC COMMUTATORS AS RELATORS

DAvID A. JACKSON, ANTHONY M. GAGLIONE, AND DENNIS SPELLMAN

ABSTRACT. Charles Sims, [7] has asked whether or not the lower central subgroup
Yn(F) of a free group F coincides with the normal closure in F' of the set of basic
commutators of weight n. Here, we investigate variations of this question where we
consider other varieties or other sets of commutators. We also give brief new proofs
that this question has a positive answer in the previously known cases for weight n
at most 4 and for the case where n = 5 and F' is free with rank 2. We show that
for n > 4, v,,(F) is the normal closure in F of the set of basic commutators having
weights n through 2n — 4, inclusive. This is a common generalization of Sims’ result
for weight 4 and a result of Martin Ward, but both of these earlier results are used
in the proof.

1: INTRODUCTION AND NOTATION

For a natural number » > 2, F' = F). is the free group on the ordered alphabet
X ={x1,29,...,2,}.

We write y® for x~lyx and [y, ] for the commutator y~tz~lyz. If A and B
are subsets of any group G, then A is the normal closure of A in G and [A, B] is
the subgroup of G that is generated by the set of elements [a, b] where a € A and
b € B. We write [z, x,y] for the commutator [[z,z], y]. The weight of a commutator
¢ is denoted by wt(c). We follow Marshall Hall’s definition for basic commutators.
See, for example, [2] or [6].

Fix an order on the alphabet X. (1) The basic commutators of weight one
are the letters of X taken in this order. (2) Having defined and ordered the
basic commutators of weight less than n, the basic commutators of weight n are all
of the commutators [c;, ¢;] which satisfy the conditions: (a) ¢; and ¢; are basic
commutators with n = wt(¢;) + wt(c;). (b) In the order that has been chosen
for basic commutators of weight less than n, ¢; < ¢;. (¢) If ¢; = [cs, ¢;] where ¢
and ¢; are basic commutators, then ¢; < ¢; in the order that has been chosen for
basic commutators of weight less than n. (3) The basic commutators of weight n
follow all of the basic commutators of weight less than n in the order for the basic
commutators of weight less than n+ 1, but the basic commutators of weight n may
be ordered arbitrarily.

While we may order the commutators of weight n arbitrarily, the choices that we
make will have consequences for which commutators of higher weights are basic and
which are not. For example, depending upon which order we use for the commuta-
tors [x2,z1] and [x3, z1] in weight 2, either [[x2, 1], [x3, z1]] or else [[z3, 1], [x2, 1]]
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will be a basic commutator in weight 4. Following the terminology of Sims [7] we
will say that our choices determine a basic sequence of commutators. Whenever
we represent a basic sequence of commutators as a subscripted list, the subscripts
will reflect the order that we have chosen for the basic sequence and we will have
¢j < ¢ if and only if j < k.

Write «,, for the n** term, v, = v,(F) = [v,,_1(F), F] of the lower central
series for F. Let C = {x1,29,...,%p,¢r41,... } be any fixed basic sequence of
commutators that begins with the ordered alphabet X. Throughout this paper, we
will let V,, denote the normal closure in F' of the set R,, of basic commutators of
weight n from C. In [7], Charles Sims raised the question of whether or not v,, = N,
and answered this question positively for n < 4 and for n = 5,7 = 2. Our concern
throughout this paper will be variations upon this question. In section 2, we present
some useful tools for computing with commutators. We use these to give a brief
proofs of Sims’ results that v,(F) = N4 and that v5(F) = N5 when F' has rank 2.
In section 3, we prove that the analogues of Sims’ question for the varieties [, 2]
and [Ny, 2] have positive answers. In section 4, the principal result is that, for
n >4, v,(F) is the normal closure in F' of U?Z:LR]-.

For the given alphabet X, a simple commutator of weight n is a commutator

[iy, @iy, -+, x4, | where each z; is a letter of X. It is not difficut to see that ,,(F') is
the normal closure in I of the set of simple commutators of weight n. If i1 > i, and
io < iz < .-+ < iy, then the commutator [z;,,2;,, - ,x;, ] is a basic commutator

for any choice of basic sequence of commutators. This is noted by Sims [7] and
can be proved by a simple induction. Following standard notation, [d,c;b,a] is
an abbreviation for [[d, c], [b,a]] and more generally [C;aq,az,...ay] abbreviates
[C, [al, as, . . .ak]].

The following lemma, together with Groves’ Lemma and Proposition W in the
next section, will also be used in our related paper, [5].

Basic Lemma. Letr > 2 and n > 2 be fized. Suppose that Np_1 = ~,,_; . If for
every basic commutator ¢ of weight n — 1 and every x € X, we have [c,x] € N,,
then N, =17, .

Proof. Write R,,_; for the set of basic commutators of weight n — 1. It is clear that
N, is always a subgroup of 7, so we need to show that v, C N,,. By hypothesis,
Yn—1 = Np_1, 80 ¥, = [Vn—lvF] = [Nn—lvF] = [(Rn—l)F>F] = [Rn—lvF] which is
contained in N,, since [c,z] € N, for every ¢ € R,,_1 and every x € X.

2: GROVES’ LEMMA
Lemma 2.1. Suppose a,b, and c are elements of any group G. Then
le,b,a] = (1b,a,a]*" (b, a,d) )b, a,a) ™) (b, a, b, a, b
((bya, ™) [b, a, 0] ([c, a, ] ebl[¢, a, b]cb([c7 a, c]fl)b)[b’a].
Proof. Tt will suffice to show that the equation is valid in the free group on {a, b, c}.
Write both sides of the equation as words in this free group and observe that the

reduced forms are equal. See also the first parts of Groves’ Lemma and Proposition
W, below.
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Lemma 2.2. N3 =1;3.

Proof. By the Basic Lemma and the easy observation that No = 75, we need only
check that [z, xj7xi] is in N3 when i < j < k. This follows from the equation in
Lemma 2.1.

In [3] Havas and Richardson published a wonderfully short proof by J.R.J. Groves
that the commutator [b,a, b, a] is in the normal closure of the set of basic commuta-
tors of weight 4 on the alphabet {a,b}. In the following lemma, we dissect Groves’
proof for generalization and further use.

Groves’ Lemma. Let A, B and C be elements in any group G.
(i) [C,B,A] = [C,B]'[C, A]7'[B, A,C]7\([C, BI[C. A][C, A, B])!PA

(i) If [B,A,C],[C,A,B],[C,A;B,A] and [C,B;C,A] are trivial in G, then
(B, A] = [C, B B,A].

(i) If [B, A, C1,[C, B, B], [C, A, A], [C, A, B] and [C, A, C] are trivial in G, then
[C, B, A] and [C, B; B, A] are trivial in G.

(iv) If [C, B], [C, A, A] and [C, A, B] are trivial in G, then so is [B, A, C)].

(v) If [C, A; B, A, [C, B; B, A] and [C, B; C, A] are trivial in G, then when any
two of [C, B, A],[B, A,C] and [C, A, B] are trivial in G, the third is also.

(vi) If [C, A, C),1C, B, Cl,[C, A; B, A] and [C, B; B, A] are trivial in G, then
[C,B, Al = [B, A, C|7Y[C, B; C, A][C, A, B][B,A].

Proof. (i) Note that BA = AB[B, A] and apply the commutator identity [z, yz] =
[z, 2][z, ][z, y, 2] = [z, 2][x,y]* to both [C,BA] and [C, (AB)[B, A]]. Equate these
and solve for [C, B, A].

(ii) With [B,A,C] = 1, and [C, A, B] = 1, the equation in part (i) simpli-
fies to [C, B, A] = [C, B]~'[C, A]=([C, B][C, A))[B-Al. With [C, A; B,A] = 1, and
[C,B; C, A] = 1, we can write this as [C, B, A] = [C, B]~'[C, A]~[C, A][C, B]IP-A]
= [C, B]"'[C, B|lBAl = [C, B; B, Al

(iii) Observe first that with [C, A, A], [C, A, B], and [C, A, C] trivial in G, we do
have that [C, A; B, A] and [C, B; C, A] are trivial in G also, so we have [C, B, A] =
[C, B; B, A] by part (ii). Write this as [C, B, 4] = [C,B, (B 'A71B)A], and use
[z,y2] = [z, 2][x,y]? to rewrite this as [C, B, A] = [C, B, A][C, B, B~*A~'B]4. Mul-
tiply this last on the left by [C, B, A]~! and then conclude that [C, B, B"*A~!1B]
is trivial. It then follows, using the triviality of [C, B, B] that [C, B, A~1] is trivial
and hence [C, B, A] is trivial.

(iv) Since [C, B] and hence [C, B, A] are trivial, from the first part of Groves’
Lemma we have 1 = [C, A][B, A, C]~'([C, A][C, A, B])!P4]. Since both [C, A, A]
and [C, A, B] are trivial in G, we obtain 1 = ([B, A, C]~")I®4] and the triviality of
[B, A, C] follows.

(v) From part (i), with [C, B; B, A] and [C, A; B, A] trivial, we have

[C,B, Al = [C, B|7Y[C, A]7[B, A, C]Y[C, B][C, A][C, A, B]IB-A]

If [B, A,C] and [C, A, B] are trivial, then [C, B, A] = [C, B; C, A]. If [C, B, A] and
[B, A, C] are trivial, then 1 = [C, B; C, A][C, A, B]I®AL1f [C, B, A] and [C, A, B] are
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trivial, then [B, A,C] = [C, B][C, A][C, B]7Y[C, A]™* = [C, B;C, A|(C:BllC.A) ™"
See also Proposition W, below.

(vi) Since [C, B] commutes with both [B, A] and with C, it commutes with
[B, A, C]. Similarly, [C, A] commutes with [B, A, C]. Since [C, B]I®-4] = [C, B] and
[C, AlIBAl = [C, A], the result then follows from the equation of part (i).

Parts (i), (ii), and (iii) and their proofs are visible in [3]. We find it convenient to
also place the other parts under the common umbrella of “Groves’ Lemma.” Both
Groves’ Lemma and Proposition W, below, were originally formulated as tools to
use in the proof that Sims’ question has a positive answer for weight 5 and rank 3.
Since these results do simplify some proofs in this paper, we have included them
here also. We make repeated use of all cases of Groves’ Lemma in [5].

For any group G and elements x,y, and z in G, define W (z,y, z) by

W(Jc,y,z) = [Zvy}_l[zvx]_l[y’x]_l[zay][zvx][y’x]'

W (z,y, z) can be written in a number of different moderately lengthy forms. We
will find it convenient to be able to make brief reference to this element without
immediately committing to any one of the forms.

Proposition W. If G is any group and x,y, and z are elements of G, then

() [2yoa] = (g2 2] ) W,y 2)[, 2,90
(1) W(z,y,z2) =|z,y;2,1] [Z,y;y,x][z’x] 2, 2y, 7]
(i) W(z,y,2) = [z, 259, 2]z, y;y, 2] [z, y; 2, 2]

Proof. These may be verified by substitution and reduction in the free group on
{z,y, z}. The subgroup of G generated by x,y and z is an image of this free group.
The first part of the proposition can also be regarded as a restatement of the first
part of Groves’ Lemma.

Like Lemma 2.2 above and Theorem 2.6 below, the following result is known
by Sims, [7]. The proofs in [7] rely on a computer implementation of a string
rewriting algorithm. Our proofs here are reasonably short and direct. The method
anticipates that used in [5] to prove that N5 = ~5 for all r.

Theorem 2.5. Ny =y, for arbitrary r > 2.

Proof. By the Basic Lemma and Lemma 2.2, it will suffice to show that [c,z¢] € Ny
(or equivalently [c, z¢] = 1 modulo N4) whenever c is a basic commutator of weight
3 and zy € X. Then ¢ = [z, z;, xx] where i < j and ¢ < k. If £ > k, then [c, z/]
is a basic commutator of weight 4, so we may assume that we have ¢ < k as well
as ¢ < j and ¢ < k. We use part (iii) of Groves’ Lemma with C' = [z}, 2;], B = zy,
and A = xy. Then [B, A] = [z, x¢] which is basic of weight 2, so [B,A,C] =
[k, T¢; 5, 2;] which, when nontrivial in F, is either a basic commutator of weight
4, or else the inverse of such, depending upon the order we have chosen in C for the
basic commutators of weight 2. Also [C, B, B] = [zj,x;, 2k, )] is always a basic



BASIC COMMUTATORS AS RELATORS 5

commutator of weight 4, so it will suffice to show that [C, A] commutes with A, B
and C' modulo Ns. We will see that the following four cases naturally occur:

(1) =i (2) £>iandj>¢ (3) L>iandj<(l (4) (<i

Case 1: £ =14 In this case, we have A = ¢y = x;, so that [C, A] = [z;, i, x;].
Then [z, x;, x4, x4, x5, T, T, x4] and [z, x;, x4, xx] are all basic commutators of
weight 4, so [C, A] commutes modulo Ny with A = z;, B =z, and C = [z;, z;].

Case 2: { >iand j > ¢ With ¢ >4, [C,A] = [z;,x;, 2] is a basic commutator
of weight 3 and then [C, A, B] = [z}, i, 2, xi) and [C, A, A] = [x;,2;, x4, x¢] are
basic commutators of weight 4. It remains to show that [C, A, C] is trivial modulo
Ny and for this it will suffice to show that [x;,x;, ¢, 2;] and [z, z;, 24, ;] are
trivial modulo N4. The former is trivial by case 1. Since we assume here that
Jj >4, [xj,x;, 20, x;] is a basic commutator of weight 4 and we are done.

Case 3: £ > i and j < ¢ Exactly as in case 2, to show that [x;,x;, 2k, 2] is
trivial modulo Ny, it will suffice to show that [C, A, z;] = [z, z;, ¢, x;] is trivial
modulo Ny. This is immediate from case 2, applied to [z;,z;, 2}, 2;] where k=1¢
and { = j-

Case 4: £ < i We again have that [C, A] = [z}, x;, x|, but with ¢ < 4, this is
no longer a basic commutator. We have in this case that £ < i < j and ¢ <i < k.
We need to use eventually that [z;,z¢, ;] and [z, z¢, ;] are basic commutators of
weight 3 and that both of these commute with z;, z;, z;, and z,. The commutators
[, e, T4, i), (T4, Te, T4, 5], [T, Tp, T4y k] and [z, 24, x4, ;] are basic commutators
of weight 4. With a change of notation, [x;,z¢, ;,x¢] and [x;, z¢, i, x| are trivial
modulo Ny by case 1. Similarly, [z;, z¢, x;, z;] is trivial modulo Ny by case 2, while
[, xe, xj, k] is basic if k > j and is trivial by case 2 if k < j.

By either the second or the third part of Proposition W, we see that W (xg, x;, ;)
is trivial modulo N4. Using this, and the first part of Proposition W, we have that
[z, 2i, 2] is equivalent to ([z;, ze, z;] 1) o zd@i@il[z, 2, ][ Since we have
just seen that [z;,z¢,x;] and [z, ¢, z;] commute with z;, z; and x,;, we have that
[z, i, 20 = (2,20, 25] 7 x), 2, 7;] modulo Ny. Since these factors commute with
xy, also, we are done.

Theorem 2.6. If F is free with rank 2, then N5 = ~v5(F).

Proof. Let F be free on the ordered alphabet {a,b}. Then the basic commutators
of weight 4 are [b,a,a,al,[b,a,a,b] and [b,a,b,b]. By Theorem 2.5 and the Basic
Lemma, it will suffice to prove that [b, a,a,b, a] and [b, a, b, b, a] are trivial modulo
Ns.

To show that [b, a, a, b, a] and [b, a, a, b; b, a] are trivial, we use part (iii) of Groves’
Lemma with C' = [b,a,a], B=b and A = a. Then [B, A,C|7%,[C, B, B, [C, A, 4]
and [C, A, B] are basic commutators of weight 5. Since [C, A] = [b, a, a, a], it com-
mutes with a,b and C = [b, a, a] modulo Ns.

To show that [b,a,b,b,a] is trivial modulo N5, we first show that [b, a,b; b, a, a]
is trivial modulo N5 and that [b,a, b, a] is equivalent modulo Nj to [b, a, a, b].

To show that [b,a,b; b,a,a] is trivial modulo N5, we use part (iv) of Groves’
Lemma with C' = [b, a,a], B = [b,a] and A = b. Then [C, B] and [C, A, A] are basic
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commutators of weight 5. Since [C, A] = [b, a,a, b], it commutes with B = [b, a] by
the second paragraph of this proof.

To show that [b, a,b, a] is equivalent to [b, a, a, b] modulo N5, we use part (vi) of
Groves’ Lemma with C' = [b,a], B = b and A = a. Then all of the commutators
[C,A,C], [C,B,C], [C, A; B, A] and [C, B; B, A] are basic commutators of weight 5,
so we have [b, a,b,a] = [b,a; b,a]~'[b, a, b; b, a, a][b, a, a,b]>*. Since [b, a,b; b, a, a] is
trivial by the previous paragraph and [b, a, a, b] commutes with [b, a] by the second
paragraph, we have [b,a,b,a] = [b, a,a,b].

To prove that [b, a, b, b, a] is trivial modulo N5, we use part (iii) of Groves’ Lemma
with C = [b,a,b], B="b and A = a. Then [B, A,C]~! and [C, B, B] are basic com-
mutators of weight 5. By the previous paragraph, we have that [C, A] is equivalent
to [b,a,a,bl], so [C,A] commutes with A =a, B="5band C = [b,a,b|.

3: VARIETIES WITH COMMUTATOR LAWS

Following [6], write 2 for the variety of abelian groups and 91, for the variety
of groups which are nilpotent with nilpotency class at most 2. In this section, we
want to prove that Sims’ question has a positive answer in the variety [2,2] of
metabelian groups and in the variety [Nz, 2].

Theorem 3.8. 7, (F) - K = N, - K if either K = [y5(F),y,(F)] or if K =
[v3(E), va(F)].

Equivalently, for a group G that is metabelian or a group G from the variety
Mo, 2] (i.e., a group which satisfies the law [[z1, z2, 23], [z4, x5]]), we can verify
that G is nilpotent of class n — 1 by confirming that all of the basic commutators
of weight n are trivial in G.

By Theorem 2.5, we may assume that n > 5. As noted in the introduction, v,,(F')
is the normal closure in F' of the set of simple commutators of weight n. Theorem
3.8 is then a consequence of the following theorem.

Theorem 3.7. Suppose either that n > 2 and K = [v4(F),v,(F)] or else that
n > 5 and K = [v3(F),v,(F)]. If w is any simple commutator of weight n in F,
then in F/K we will have one of the following three possibilities occur, where ¢y
and co are simple basic commutators of weight n.

wK =1 K or wK = cl_lK or wK = cl_lch.

We will prove Theorem 3.7 after establishing a few easy facts about groups in
the varieties [, 2] and [M2,2A]. In terms of verifying nilpotence, Theorem 3.7 is
substantially stronger than Theorem 3.8. To verify that a group G in one of these
varieties is nilpotent of class n — 1 for some sufficiently large n, we need only show
that the simple basic commutators of weight n are all trivial in G.

If G is any metabelian group, then it is well-known and easily verified that for
any elements cj,c,c3 € G’ and x € G, we have [cico, 2] = [c1,2][co, 2], [c] !, 2] =
[e1, 2] 7! and ¢5? = ¢3. If G is any group from the variety Mo, 2], then it is similarly
verified that for any elements ¢1,c2 € G', ¢35 € v5(G) and x € G, we have [c1co, 2] =
[e1, @][e2, 2], [e1 !, 2] = [e1, 2] and ¢ = c3.

Recall that we have defined the element W (a, b, ¢) in any group G by W(a, b, c) =
[e,b] 7 [e,a] 7 [b, a] 7 e, b][c, a][b, a]. Tt is then clear that W (a,b,c) is trivial in any
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metabelian group G. If G is a group from the variety [J12, 2], then from Proposition
W, in section 2, we see that W(a,b,c) is a product of three commuting factors
[c, b;¢,a],[c,b;b,a] and [c,a; b, a].

Lemma 3.1. If G is any metabelian group, then [c,b,a] = [b,a,c] e, a,b] for any
a,b,c € G and [c,b,a] = [c,a,b] if c € G'.

Proof. Since W (a,b,c) is trivial in G, the first conclusion follows from part (i)
of Proposition W in section 2. Since [b,a,c] = [[b,a], ] by definition, the second
conclusion then follows from the first.

Lemma 3.2. Suppose that G is a group in the variety [Na,A]. If a,b,c,d € G,
then [d,c;,b,a] is central in G. As a consequence, W(a,b,c) is central in G.

Proof. We do not require that a,b, c and d are distinct here, so we will have that
W (a,b, c) is central once we have that [c, b; ¢, a], [¢, b; b, a] and [c, a; b, a] are all central
by the first conclusion of this lemma.

Let x be an arbitrary element of G. It will suffice to show that [d, ¢; b, a; x] is
trivial. We use part (v) of Groves’ Lemma with C = [d, ], B = [b,a] and A = x to
prove that [C, B, A] = [d, ¢; b, a; ] is trivial.

Lemma 3.3. Suppose that G is a group in the variety [Mo, A]. Then for any a,b, c €
G, [c,b,a] = [b,a,c] e, a,b]W (a,b,c). If c € G', then [c,b,a] = [b,a,c] e, a,b].
If ¢ € v5(G), then [c,b,a] = [c,a,b)].

Proof. The first conclusion again follows immediately from part (i) of Proposition
W. From either part (ii) or part (iii) of Proposition W, we see that W (a,b,c) is
trivial for G € [, U] if c € G'. When ¢ € v5(G), then [b, a, ] is trivial.

Lemma 3.4. Suppose that G is a group in the variety N9, 2A]. Then for any
a7 b’ C7d E G7 [d’ C’ b? a} = [d7 C’ b? a] [d7 C? a? b]'

Proof. Replace ¢ by [d, ¢] in the second conclusion of Lemma 3.3.

Lemma 3.5. If G is any metabelian group, * € G',y; € G and w € Sy is any
permutation, then [fE, Y1,Y2,-- -, yt] = [.’E, Yrl, Yn2s - - 7y7rt]'

Proof. This is Lemma 34.51 from [6]. As observed in the proof there, this follows
easily from Lemma 3.1.

Lemma 3.6. Suppose that G is a group in the variety [Ma,A] and that either
x € v3(G) and t > 1 or else that x € G’ andt > 3. If y; € G for 1 <i <t and
m € Sy is any permutation, then [x,y1,Y2, ..., Yt] = [Ty Y1, Yn2s -+« Yrt)-

Proof. When = € ~3(G), then this lemma follows from the final conclusion of
Lemma 3.3, using the fact that every permutation is a product of transpositions,
in the same way that Lemma 3.5 follows from Lemma 3.1.

Suppose then that z € G’ and ¢t > 3. Note that it will suffice to prove the lemma
in the case where z is a simple basic commutator [d, ¢|]. We will assume that this is
S0, mostly so we can reuse the notation x. If 71 = 1, then by the previous paragraph
with © = [d, ¢, y1] € v3(G) and 7 replaced by its restriction to {2,3,...,t}, we are
done. If w1 = 2, then [d,c,y1,y2] = [d, ¢ y1,¥2]d, ¢,y2,y1] by Lemma 3.4 and
then [d, ¢, y1,y2,ys] = [d, ¢, y2, Y1, ys] since [d, ¢;y1, yo] is central by Lemma 3.2. It
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then follows that [d, ¢, y1, Y2, Y3, ---, 4] = [d, ¢, Y2, 91,3, - .., Y] and we obtain the
conclusion by the result of the first paragraph with = = [d, ¢, yo].

If 71 > 2, let 7 be the transposition which interchanges 2 and 71. Then we
can use the conclusion of the first paragraph with x = [d, ¢, y1] € 73(G) and the
permutation 7 to find [d,c,y1,Y2, Y3, .-, Yt] = [dyC,Y1,Yr1,Y35- -, Y2,.--,Yt]. We
are then done, since [d, ¢, y1,Yr1,Y3, ..., Y] is one of the cases we treated in the
second paragraph.

Proof of Theorem 3.7. Much of the proof will be the same whether we are in the
case where K = [v5(F),v,(F)] or in the case where K = [y3(F),v,(F)]. Write
w = [T, Tiy,...,x;,]. Since we are only concerned with nontrivial commutators,
we may assume that either iy < i9 or 4o < i7. (If i34 = 42 then w is trivial
and we have wK = ¢;'¢; K.) We want to reduce immediately to the case where
is < i1. If we do have iy < g, then [z, 2:,] = |24y, 24,] 7" s0 [24, T4y, Ty ] K =
[Ty, i, )7L i, ) K = [24y, T4y, w3, LK and eventually [z, %, Tig, - .., 24, | K =
[Tin, iy s Tigy - - - T4, ) - K. We will continue with the assumption that we have iy >
1o and we will show that in this case we have either wK = ¢1 K or w = C;lch.
We next use either Lemma 3.5 or Lemma 3.6 to find that [z;,, 24,, Zi5, ..., 2, [ K =
[@iys Tins Ti gy Tiyy - - @i | K where 7 is chosen to be a permutation on {3,4,...,n}
such that i,3 <izq < -+ <irpn. We are then done if iy < ir3. If not, then we may
assume, in order to better manage notation, that we have i1 > i > 13 < iy <115 <
c <y

In the case where K = [y5(F),75(F)], we next use Lemma 3.1 to express
[Ti), Ty, iy | K aS [Tiy, Tig, iy | iy, Tis, iy K. Then we see [z, Tiy, Tiy, v, | K =
[[miz » Lig xil]il[xh » Ligs xi2]7xi4]K = [mizv Ligs Tiy s ;Cu}fl [xh y Ligy Lig, xi4]K' We
can continue in this manner to find that [z;,, xi,, Zig, Tiy, - - -, T, | K 18 equal to the
product [Tiy, Ty, Tiys Tigs - s Tiy ) L[ Tiys Tins Tig, Tiys -+, x5, | K. If it happens that
i1 > i4 and/or that is > i4 we conclude by applying Lemma 3.5 again.

Suppose then that we are in the case where K = [y3(F),7,(F)] and n > 5.
In this case, we have [x;,, T, i, | K = [Tiy, Tiy, Tiy | @iy iy, iy W (T4y, Tiy, iy ) K
by Lemma 3.3. Since W (z;,, x;,, x;, ) K is central by Lemma 3.2, we again find that
[$i1,$i2,$i3,$i4,...,,’Ein} = [$i2,$i3,$i17$i4,.. . 7551'"]71[1'1'171‘7537371‘2;33147- --7='Ein]K~
If it happens that ¢; > 44 and/or that iy > iy we conclude by applying Lemma 3.6
again.

4  USING HIGHER COMMUTATORS

For s > 1, we will use the notation IV,,., for the normal closure in F' of the basic
commutators from C having weights n through n + s — 1, inclusive. That is,

Nps = (ngl {ceC|wt(c)= j})F.

In this notation, the normal closure, N,, of the set of basic commutators of
weight n, becomes N,,.;. We want to show, consecutively, that v, (F') is equal to
Np.n_1, Npn—o and Ny.,,_3. The first of these is contained in work of Martin Ward,
see [8, 9, 4] and all of the cases rely heavily on the following theorem of Martin
Ward. We will use only the part of this theorem that says that the given set of
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“basic invertators” generate -, (F'). We will not need the more difficult conclusion
that this set is a free basis for v,,(F).

Theorem 4.1. (Martin Ward, [4,9]) For n > 2, ~,,(F) is freely generated by the
set of all commutators of the form [e, bfl,bgz, .. .,bg"] where ¢ > 1, ¢ and the b;
are basic commutators having weights less than n, ¢ > by < by < -+ < by, B = %1,
wt([e, b)) > n, if ¢ = [e1, ¢a] then ¢y < by and if b; = b;, then 8; = ;.

Proposition 4.2. Forn > 2, ~,(F) = Np.p_1.

Proof. 1t is clear that N,.,,—1 C 7,,(F), and it will suffice to show that each of the
free generators, [c, b?l , b§2, R bqﬁq] from the theorem of Martin Ward is in Np.,—1.
For this, we use induction on ¢. In the base case, ¢ = 1, assume first that we
have a free generator, [c, b1], where §; = +1. Then by the hypotheses for Theorem
4.1, we have that [c,b] is a basic commutator, that wt(c) < n, wt(b1) < n and
wt([e,b1]) > n. We see that [c,b1] is a basic commutator with n < wt([c, b1]) <
2n — 2, so [e,b1] € Npp—1. If we have instead the free generator |c, bfl], then
[e,b7'] = (Je, b))% which is also in Np.,_1. Suppose then by induction, that

C=lc bfl,bg{...,bg‘fll] has been shown to be in N,.,,_1. Then [C,b,] = C~1Cb

and [C,b; '] = ([C, by] 1P are in N,,.,_; also.

Lemma 4.3. Assume that n > 3 and that a and b are basic commutators of weight
n—1. Then [b,a] € Npp—o2.

Proof. Since [a,b] = [b, a] ™!, this lemma is symmetric in a and b. Write a = [az, a1]
and b = [be,b1] where a1, as, b1, and by are basic commutators. By symmetry, we
may assume that a; > by. Then [b, a1] and [b, as] are both basic commutators and
these have weight at least n and at most 2n — 3, so b commutes with both a; and
ag modulo N,,.,—o. Hence b commutes with a = [ag, a;] modulo N,,.,,—o.

Proposition 4.4. Forn >3, ~,(F) = Np.p_o.

Proof. By Proposition 4.2, it will suffice to prove that Ny.,_1 C Np.n_2. Suppose
that ¢ = [b, a] is a basic commutator with n < wt(c) < 2n — 2. If wt(c) < 2n— 3 or
if wt(b) > n, then it is immediate that ¢ € Ny.,,—2. Since wt(a) < wit(b), this leaves
only the possibility that wt(a) = wt(b) = n — 1 and this case was covered by the
previous lemma.

To prove that v, (F) = Npu—3 for n > 4, we will prove that Np.,—2 C Np.p_3.
The following two lemmas will be useful.

Lemma 4.5. Assume that n > 4, that c is a simple basic commutator of weight
n—3, that x,y, and z are letters with x < y < z and that [c, x] is a basic commutator
of weight n — 2. Then [c,x,z,y] € Npup—3.

Proof. If n =4, we already know that v,(F) = Ny = Ny.1, so [¢,z, z,y] € Ny.1. For
the rest of this proof, we assume that n > 5, so that ¢ is a basic commutator with
weight at least 2. Since the conclusion is clear when y = z, we will also assume
that y < z.
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Suppose first that y = 2. We use part (iii) of Groves’ Lemma with C' = [¢,z], B =
z and A = z. Then [B,A,C]71,[C, B, B],[C, A, A] and [C, A, B] are all basic com-
mutators of weight n. Since [C, A] = [¢, z, z], we see that [C, A, ] is a basic com-
mutator of weight 2n — 4 and that [C, A, z] is a basic commutator of weight n.
Thus, [C, A] commutes with both ¢ and x modulo Ny,.,,_3, so [C, A] commutes with
C = [¢,z] modulo N,,.,,—3.

Now suppose that y > x. We use part (iii) of Groves’ Lemma with C = [¢,z], B =
zand A =y. Then B, A,C|7,[C, B, B],[C, A, A] and [C, A, B] are all basic com-
mutators of weight n. Since [C, A] = [¢,x,y] is a simple basic commutator and
wt(c) > 2, [C, A, ¢] is a basic commutator of weight 2n — 4 and [C, A] commutes
with ¢ modulo N,,.,,—3. The previous paragraph applies to [c, z,y, 2], so [C, A] also
commutes with z and hence with C' = [¢, 2] modulo Ny, 3.

Lemma 4.6. Assume that n > 4, that ¢; and co are simple basic commutators of
weight n — 3, that z,y, and z are letters with x < y < z and that [c1,z] and [ca,y]
are basic commutators of weight n — 2. Then [[c2,y, 2, [c1, Z]] € Npin—s.

Proof. If n = 4, we already know that [[c2,v, 2], [c1,2]] € V4(F) = Ny = Naya.
For the rest of this proof, we assume that n > 5, so ¢; and cp are simple basic
commutators with weight n — 3 > 2.

We use part (iv) of Groves’ Lemma with C' = [¢1,2], B = [c2,y] and A = 2
to prove that [B, A, (] is trivial modulo N,.,_3. Since [C, B] has weight 2n — 4
and either [C, B] or [C, B]~! is a basic commutator, we know that [C, B] is trivial
modulo N,,.,—3. We observe that [C, A, A] is a simple basic commutator of weight
n. To show that [C, A, B] is also trivial modulo Ny.,_3, it will suffice to show
that [C, A, co] and [C, A, y] are trivial modulo Ny.,_3. The latter follows from the
previous lemma. Since wt(cz) > 2, [C, A, ¢2] is a basic commutator of weight 2n—4.
Since n > 5, this weight is at least n+1 and [C, A, o] is also trivial modulo N,,.,,—3.

Theorem 4.7. Forn >4, ~,(F)= Nuyn_s.

Proof. This is known when n = 4, so we may assume that n > 5.

By Proposition 4.4. it will suffice to show that N,.,,_o C N,.,_3. Suppose that
¢ = [b,a] is a basic commutator with n < wt(c) < 2n — 3. If wit(c) < 2n — 4 or
if wt(b) > n, then it is immediate that ¢ € Nyp.p—3. Since wit(b) > wt(a), it will
suffice to prove that [b,a] € N,.,—3 when a and b are basic commutators with
wt(a) =n — 2 and wt(b) =n — 1.

Next, we want to reduce to the case where a and b are simple basic commutators.
Write a = [ag,a;1] and b = [be, b1] where a1, aq,b; and by are basic commutators.
Suppose first that wt(a;) > 2 and that aqy > by. Then both [b, a1] and [b, as] are
basic commutators and these have weight at least n+ 1 and at most 2n — 5. Hence,
in this case, b commutes with a1, as and a modulo N,,.,,_3. Similarly, suppose that
wt(by) > 2 and that by > a;. Then both [a,b1] and [a, bs] are basic commutators
and these have weight at least n and at most 2n—>5. Hence, in this case, a commutes
with b1, by and b modulo N,,.,,—3. If, in the case where wt(aq1) > 2, we have by > a1,
then by also has weight at least two: if, in the case where wt(b) > 2, we have
a1 > by, then a; also has weight at least two. Thus, for the rest of this proof, we
may assume that a and b are both simple basic commutators.
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Write a as a = [¢1,x] where ¢; is a simple basic commutator with weight n — 3

and z is a letter. Also write b = [co,¥, 2] where y and z are letters with y < z,

C2

is a simple basic commutator with weight n — 3 and [c2,y] is a simple basic

commutator with weight n — 2. If > z, then [b, 2| is a simple basic commutator
with weight n and [b,¢;1] is a basic commutator with weight 2n — 4. We see that
b commutes with ¢1,z and a = [¢1, 2] modulo N,,.,,—3. If y < = < z, then [b, z] is
trivial modulo N,,.,,—3 by Lemma 4.5 and [b,c1] is a basic commutator of weight
with weight 2n — 4. We again see that b commutes with ¢1, 2 and ¢ modulo N,,.,,_3.
Finally, if < y < z, then [b,a] € Ny,,.,—3 by Lemma 4.6.

o]
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