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ON 4-ENGEL GROUPS
MICHAEL VAUGHAN-LEE

Abstract

In this note we prove that a group G is a 4-Engel group if and
only if the normal closure of every element g € G is a 3-Engel

group.

1. Introduction
A group G is said to be an n-Engel group if
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for all z,y € G. (Here [z,y] denotes =1y~ lzy, and [z,y,...,y] denotes the left-

normed commutator [[...[z,y],...],y].) The structure of 2-Engel groups is straight-
forward, as they are known to be nilpotent of class at most 3 — see Levi [9]. It
is easy to see that the normal closure of an element in a 2-Engel group is abelian.
Heineken [7] proved that 3-Engel groups are locally nilpotent, and Kappe and
Kappe [8] proved that a group is a 3-Engel group if and only if the normal closure
of every element is nilpotent of class at most 2.

In 2005 Havas and Vaughan-Lee [6] proved that 4-Engel groups are locally nilpo-
tent. Traustason [11] had earlier proved that if G is a locally nilpotent 4-Engel
group, and if g € G, then the normal closure of g in G is nilpotent of class at most
4. So Traustason’s result, together with Havas and Vaughan-Lee’s work, implies
that the normal closure of an element in a 4-Engel group is nilpotent of class at
most 4. This bound is sharp — Nickel [10] showed that if G is the class 6 quotient of
the free 4-Engel group of rank three, and if a, b, ¢ generate G, then the commutator
[a,b,b,b, c,b] has order 10. So the normal closure of an element in a 4-Engel group
is nilpotent, but the nilpotency class can be as big as 4. However we are able to
show that the normal closure of an element in a 4-Engel group is a 3-Engel group.
Conversely, it is easy to see that if the normal closure of every element in a group
G is a 3-Engel group, then G is a 4-Engel group. For suppose that a and b are two
elements in a group G with the property that the normal closure of every element
is a 3-Engel group. Then

[b,a,a,a,a] = b, al,a,a,a] =1,

since [b,a] is in the normal closure of a. So we are able to prove the following
theorem.

THEOREM 1. A group G is a 4-Engel group if and only if the normal closure of
every element in G is a 3-Engel group.
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ON 4-ENGEL GROUPS

Note that the results on the normal closure of an element in 2-Engel and 3-Engel
groups imply that analogues of this theorem hold in 2-Engel and 3-Engel groups.
It is still an open question whether or not 5-Engel groups are locally nilpotent, but
the normal closure of an element in a 5-Engel group need not be 4-Engel. If we let
G be the largest nilpotent 5-Engel group generated by two elements a, b of order 3,
then G is nilpotent of class 9 and has order 3'7. And in G

[a,[b, al, [b, al, [b, al, [b, a]] # 1.

Gupta and Levin [3] showed that the normal closure of an element in a 5-Engel
group need not be nilpotent. Actually, this is quite easy to see. Let B be the free
group of countably infinite rank in the variety of groups which are nilpotent of class
2 and of exponent 3, and let A be the cyclic group of order 3. Let the free generators
of B be by,bs,..., and let A be generated by a. Let G be the wreath product of A
with B. Then

[(l, [bl, bg], [bl, 1)3]7 ey [bl, bk]]

is a non-trivial element of GG for all k > 2. So the normal closure of b; in G is not
nilpotent. But it is quite easy to see that G is 5-Engel — in fact G satisfies the
identity

[w’x’y7Z’Z7z] = 1'

To see this, let N be the normal closure of A in G. Then N is an elementary
abelian 3-group, and G/N = B, which is nilpotent of class 2 and has exponent 3.
So if w,z,y, 2z € G then [w, x,y] and 2 both lie in N, and

1 = |:|:’U‘)7x’ y]7Z3] = [w’x’ y) 2}3[w7x7 y’ Z7 Z}S[w7x7 y’ z? Z)Z] = [w’x5y7 Z7 z? Z]'

We apply a series of reductions to prove that the normal closure of an element
in a 4-Engel group is a 3-Engel group. First we show that it is sufficient to prove
the result for four generator groups. Using the results of Havas and Vaughan-Lee
mentioned above, and the results of Traustason [11], the problem reduces to the
cases of 4-Engel 5-groups and 4-Engel 2-groups. The case of 4-Engel 5-groups is
quite straightforward, and the bulk of the difficulty in the theorem arises from the
case of 4-Engel 2-groups.

The key to the proof is Traustason’s theorem that the normal closure of an
element in a locally nilpotent 4-Engel group is nilpotent of class 4, together with
Havas and Vaughan-Lee’s theorem that all 4-Engel groups are locally nilpotent.
We also use Traustason’s theorem from [11] that if G is a locally nilpotent 4-Engel
group without elements of order 2 or 5, then the normal closure of an element in G
is nilpotent of class at most 3. We shall use these results without further comment.

2. Reduction to four gemerator groups

Let G be a 4-Engel group and let a € G. We need to show that [z,y,y,y] = 1
for all z,y in the normal closure of a in G. We can write © = ajas ... a,, and write
y = bibs...b, where ay,as,...,a,, and by, bs, ..., b, are conjugates of a or inverses
of conjugates of a. Using the fact that the normal closure of a is nilpotent of class
at most 4 we see that

[‘Tvyvyvy]: H [aiayvyvy}a

1<i<m
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ON 4-ENGEL GROUPS

and so it is sufficient to show that [b,y,y,y] = 1 whenever b is a conjugate of a or
the inverse of a conjugate of a, and whenever y is in the normal closure of a. If
b= a% then

—1 -1 —1

by, 9] = [0, y, 9] = [a,y? Ly ,y? )7,
and if b = a9 then

_ -1 —1 —1._
by, y,yl =la %y g,y =[a,y? ,y? ,y? |79

So it is sufficient to show that [a,y,y,y] = 1 whenever y is in the normal closure of
a. Writing y = b1bs ... b,,, as above, we have

[aayvy’y] = H [a’abiabj7bk]~ (1)
1<i,5,k<n
It follows that [a,y,y,y] is a product of terms of the following forms (where b, ¢, d
are conjugates of a or inverses of conjugates of a):
[CL, b7 b7 b])
a,b,a,blla,b,b,al,

—

-
. la,b,a,al,

. [a,b,b,c][a, b, c,bl[a, c, b, b],

* [a’ b? a? C][a" C7 a’ b][a" b7 c? a][a’c7 b’ a]?

. la,b,¢,d][a,b,d, d[a,c,b,d][a,c,d,b][a,d,b,]la,d,c,b].

There is some redundancy in this list, but this is deliberate. Cases 1 to 5 cover
the situation when 7, 7,k in (1) are not all distinct, or when one of b;, b;, by, equals
a. So to show that [a,y,y,y] = 1 we need to show that elements of the form 1 to 6
above are all trivial in 4-Engel groups. Note that we need only check that elements
of form 1, 2 or 3 are trivial in two generator 4-Engel groups, that elements of form
4 or 5 are trivial in three generator 4-Engel groups, and that elements of form 6 are
trivial in four generator 4-Engel groups. It is an easy computation in either GAP
[2] or MAGMA [1] to calculate the free 4-Engel group of rank two, and it is then a
trivial matter to check that elements of form 1 or 2 or 3 are trivial. It is a rather
more substantial calculation to compute the free 4-Engel group of rank three — it
has class 9 and Hirsch length 88. In fact MAGMA v2.13-1 gets an arithmetic overflow
while computing the class 9 quotient of the group, and fails. But GAP performs
the calculation satisfactorily using Werner Nickel’s package nq [10], and it is then
easy to verify that elements of form 4 or 5 are trivial. So we need only show that
elements of form 6 are trivial in four generator 4-Engel groups. Unfortunately the
free 4-Engel group of rank four is out of reach of both GAP and MAGMA, and so
we need an indirect proof. But we will use the fact that elements of form 1 to 5 are
trivial.

Y Ot W N

3. Reduction to 2-groups and 5-groups
As we showed in the last section, we need to show that
[a,b, ¢, d][a,b,d,][a,c,b,d][a,c, d,b]la,d,b,]la,d,c,b =1 (2)

whenever a, b, c,d are elements of the free 4-Engel group of rank four with b, ¢, d
either conjugates of a or inverses of conjugates of a.
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ON 4-ENGEL GROUPS

Using the fact that

[a, b7 ¢, d][a, b, d, c][a,c, b, d][a,c,d, b ][a,d, b, c][a,d, c, b7 ]

= ([a, b, ¢, d][a, b, d, c][a, c,b,d][a, c,d,b][a,d,b,[a,d,c,b]) "
we see that it is sufficient to deal with the case when b,c,d are conjugates of a.
Now the free 4-Engel group of rank four is a nilpotent group, and so is residually
a finite p-group. So it is sufficient to establish (2) whenever a,b, ¢, d are elements
of a finite 4-Engel p-group, with b, ¢, d conjugates of a. By Traustason’s result, we
know that the normal closure of an element in a finite 4-Engel p-group is nilpotent

of class at most 3 unless p = 2 or p = 5. So this reduces the problem to the case of
2-groups and 5-groups.

4.  4-Engel 5-groups
We need to show that
[a,b,c,d][a,b,d, c][a,c,b,d][a,c,d,b]a,d,b,c]la,d,c b =1

whenever a is an element of a finite 4-Engel 5-group G and b, ¢, d are conjugates of
a in G. We can write b = a® = afa, z] for some = € G, and we can similarly write
¢ = ala,y] and d = afa, z]. Then, expanding, we obtain

[a,b,c,d][a,b,d,c][a,c,b,d][a,c,d,b]la,d,b,c]a,d,c,b]
= [a, [a, m],a,a] la,[a,y],a ] la,[a, 2], a, }
: ] [

[a [a, 2], [a, 4], a] [a, a,y] [a, z],a] [a, [a, 2], a, [a, Y]] [a, [a, Y], a, [a, 2]]
la;[a, 2], [a, 2], a] [a, [a, 2], [a, 2], al [a, [a, 2], a, [a, 2]] [a, [a, 2], @, [a, ]
[a, [a, ], [a, 2], a] [a, [a, 2], [a, 4], a] [a, [a, y], @, [a, 2]] [a, [a, 2], @, [a, Y]
[, [a, 2], [a, 9], [a, 2]] [a, [a, 2], [a, 2], [a, 4]} [a, [a, 9], [a, 2], [a, ]
la;[a, 4], [a, 2], [a, 2]] [a, [a, 2], [0, 2], [0, 4l [a, [a, 2], [a, o], [a, ]]

We now use the fact that elements of form 1 to 5 above are trivial to simplify
this expression. Writing [a, z] = a~'a® we see that [a, [a, 2], a,a] = [a,a®,a,a] = 1.
Similarly [a, [a,y], a,a] = [a, [a, 2], a,a] = 1. Also

[a, [a,z], [a,y], a] [a, [a, y], [a, 2], a] [a, [a, 2], a, [a, Y]] [a, [a, Y], a, [a, «]]
= [a,cﬂ,a*l,a} [a,ay,afl,a} [a,ax,a,afl] [a,a%a,a*l]
la,a”,av,alla,d?,a”, d] [a,a”, a,a’] [a,a, a,a”]

= [a,a", a, a]_2 [a,a, a,a}_2 [a,a®,aY,a][a,a”,a", a] [a,a”, a,a’]]a,a?, a,a”]

and we similarly see that

[a, [a, 9], [a, 2], a] [a, [a, 2], [a, 9], a] [a, [a, 4], a, [a, 2]} [a, [a, 2], @, [a, y]] = 1
and

[a, [a, 9], [a, 2], a] [a, [a, 2], [a, 4], al [a, [a, Y], a, [a, 2]] [a, [a, 2], a, [a, y]] = 1.
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So
[a,b,c,d][a,b,d,c][a,c,b,d][a,c,d,b]a,d,b,]la,d,c,b]
= [a,[a, 2], [a, 9], ]a, 2]} [a, [a, 7], [a, 2], [a, y]] [a, [a, y], [a, 7], [a, 2]]
“la, [a, 9], la, 2], [a, 2] [a, [a, 2], [a, ], |a, y]] [a, [a, 2], [a, Y], [a, 2]] .

Now we set t = [a, z][a, y][a, 2], so that [a,t,t,] is a product of terms of the form
[a, u, v, w] where u, v, w lie in the set {[a, =], [a, ], [a, z]}. Again using the fact that
elements of form 1 to 5 above are trivial, we see that in this product all the terms
where {u,v,w} # {[a,2],[a,y],[a, 2]} cancel with each other. For example, if we
pick out the terms where two of u,v,w equal [a, 2] and the third equals [a, y], then
we obtain

[a, [a,z], [a, ], [a, y]] [a, [a, =], [a, y], [a, z]] [a, [a, Y], [a, 2], [a, 2]] .
Writing [a, 2] = a=ta®, [a,y] = a~1a?, and expanding, this gives
-1

[a,a””,ail,afl]Q[a,ay,a ,ail][a,am,ax,afl][a,am,afl,az]

1 1

-[a,a”,a"*, a¥][a,a?,a” ", a%][a,a®, ¥, a")[a,a¥, a”, a" ]

-la,a”,a”, av][a, a”,a¥,a"][a,a?, a”, a®)

= [a,a",a,a]*[a,a?, a,a]a,a”,a”,a] " ‘[a,a”, a,a”] "

-[a,a”,a,a") " a, 0¥, a,a"] " a, 0", 0¥, a] " [a, 0¥, 0", 0] 7
: [a’; azv a:v’ ay][aa az’ aya am][a’ ay’ aw’ am}
=1.
So
[a7 t,t, t}
= [a,[a,z],[a,y],[a, 2] |a, [a, 2], [a, 2], [a, y]) [a, [a, y], [a, 2], [a, ]]
“la, [a,y], [a, 2], [a, 2]] [, [a, 2], [a, 2], [a, Y]] [a, [a, 2], [a, y], [a, 2]]
= [a,b, ¢,d][a,b,d, ][a,c,b,d][a,c,d,b][a,d,b,]la,d,c,b].
Next, notice that
la, zy2] = [a,yz][a, z][a, z, y2]
= [a7 Z] [av y] [aa Y, Z} [CL, (ﬂ] [aa z, yz],
so that
t = a, z][a, yl[a, 7]
= [a,zy2][a,y, 2] o, z,y2] g
for some ¢ in the derived group of the normal closure of a. It follows that [a,t,t,1]
is a product of terms of the form
[a,u, v, w] where u, v, w € {[a, zyz], [a,y, 2]71, [a, z,yz]fl}.

One final time we use the fact that elements of form 1 to 5 above are trivial to see
that in this product the terms of the form [a, u, v, w] where two or more of u, v, w
equal to [a, zyz] all cancel with each other. For example, if we pick out the terms
where two of u,v,w equal [a,zyz] and where the third equals [a,y, z] 7!, then we
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obtain

[a,[a, zyz], la,xyz], [a,y, 2] '] [a, [a, 2y2], [a,y, 2] 7, o, oyz]]

' [aa [aa Y, 2}713 [aa wyz], [aa xyz]] :

We can express [a, ¥, z]_l as a product cjcacscy, where cq, ca, c3, ¢4 are conjugates

of a or inverses of conjugates of a, and then expanding we obtain
H Iia’aflazyz’aflaa:yz’ Ci] [a’ a*lazyz’civ a*lazyz] [CL, ci afla:ryzv a*lawyz} 7
1<i<4

and this equals 1 by an argument similar to those above.

So we see that [a, t,,t] is a product of terms of the form [a, u, v, w] where u, v, w €
{[a, ryz],[a,y, 2] 71, [a, x,y2] 1} and where at least two of u, v, w € 73(G). It follows
that [a,t,t,t] is a product of terms [a, u, v, w] all of which lie in y9({a, z,y, 2)). But
(a,z,y,z) is a 4-Engel 5-group, and by Theorem 3.3 of [5] we know that four
generator 4-Engel 5-groups are nilpotent of class at most 8. So [a, t,t,t] = 1, which
implies that

[a,b,c,d][a,b,d,][a,c,b,d][a,cdbla,db,clla,d, c,b =1,

as claimed.

5. 4-Engel 2-groups
We finally show that the relation
[a,b, ¢, d][a,b,d, d][a,c,b,d][a,c,d,b]la,d,b,]a,d,c,b =1

also holds in 4-Engel 2-groups. As above, it is sufficient to show that if G =
(a,x,y,z) is a 4-Engel 2-group and if g is a commutator of weight 9 or more in
G with four of the entries in G equal to a, then g = 1. Actually, we prove a more
general result.

PROPOSITION 2. Let G be a 4-Engel 2-group and let g be a commutator of weight

k 4+ 4 with entries a,a,a,a,x1,%2,...,2; (in some order), where k > 2 and
a,T1,%2,...,2x € G. Then either g = 1, or g = [a,21,0a,a,%2,Z3,...,Tk,a].
Furthermore
[a,xl,a,amg,xg,...,xk,a]2:1,
[a,iEl,a7CL,LE27SE37. .. 7Ikaa] = [a7x107a7a7x207x307' .. 7xk0'7a]

for all permutations o of {1,2,...,k}, and
[a'axlaa‘aa7x27x3a e axkva} =1
if 1,x9,...,xE are not all distinct.

(There are 4-Engel 2-groups with [a, 21, a, a, 2, x3, ..., Tk, a] #£1 for k=2, 3,4,5.)
We then immediately obtain the following corollary, which implies that the normal
closure of an element in a 4-Engel 2-group is 3-Engel.

COROLLARY 3. Let G = (a,z,y, z) be a 4-Engel 2-group, and let g be a commutator
of weight 8 or more, with four of the entries in g equal to a and with the remaining
entries from the set {x,y,z}. Then g = 1.
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Proposition 2 has a similar flavour to some of the results established by Traus-
tason [11] in his proof that the normal closure of an element in a 4-Engel 2-group
is nilpotent of class at most 4, and we use several of Traustason’s arguments in
establishing Proposition 2.

To prove Proposition 2 we first use the GAP [2] implementation of Werner
Nickel’s nilpotent quotient algorithm [10] to find some identities which hold in three
generator 4-Engel 2-groups. We compute the free 4-Engel group of rank three. If
we let the free generators of this group be a,z,y then we quickly establish that
[a,z,a,a,y,a] has order 10, that

[av x,Y,a,aq, a] = 17
and that the elements
[a7x7aay7ava‘]7 [a"x7x7a'aa7y7a]7 [a?xaavaaxay7a]
all have order 5. It follows that if a, x,y are elements of a 4-Engel 2-group then
[a" x? a7 a” y’ a]2 = ]"
[aam7y7a7a7af} = [aamvaayacha’} = [aax7x7aaa7y7a} = [a7x7a’aa7x7yaa] =1

We use these identities to obtain some more general identities which hold in
4-Engel 2-groups.

First, consider the identity [a, z,y, a, a, a] = 1. Substituting yz for y we obtain

[[a, z, z][a, z, y][a, 2, y, 2], a,a,a] = 1.

Expanding, and using the fact that the normal closure of a is nilpotent of class at
most 4 we obtain

[a7 :177 Z’ a7 a’ a] [a7 :Z:7 y7 a’ a7 a} [a’ x’ y7 Z’ a7 a7 a] - 17
and hence
[a,z,y,z,a,a,a] = 1.

Repeating the argument we obtain

[a,wlax%"'axkvaaa’ﬂa] =1 (3)

for all £ > 1.

Similarly, the identities
[aaxaCL,yaaaa] = [a,x,x,a,a,y,a] = [a,x,a,a,x,y,a] = [a,x,a,a,y,a]2 =1
give

[aamlyl?w"7337‘7a7y17y27"'ay57a7a] = 17 (4)
[a7x3x7avaay1,y2v'"7ysaa] = 1) (5)
[a?xaa7aaxay17y27"'7y37a] = 13 (6)
[a’axhx?,'"5$T7aaa7y17y2,"'ay57a/]2 = 17 (7)

for all ;s > 1. In fact, these identities also hold for s = 0. This follows from
equation (3) for identities (4) and (7), and from calculations in the free 4-Engel
group of rank two for identities (5) and (6).
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Next, we substitute zz for x in equation (5). Expanding, we obtain

[av-raz7aaa7yl7y23'~'ay87a][a7z7x7aaa7y17y25'"?y87a]u = 17

where u is a product of commutators of weight at least s + 7, with four entries a
and at least one entry x, at least one entry z, and one entry y; for each of 1 =
1,2,...,s. Denote the multiweight of [a, z, 2, a,a,y1, Y2, ..., Ys,a] by (4,1,1,...,1)
(with s 4 2 1’s), indicating that the commutator has four entries a, and one entry
from each of x,z,y1,y2,...,ys- Then u is a product of commutators with multi-
weights (4,2,1,1,...,1), (4,1,2,1,...,1) and (4,2,2,1,...,1), where multiweight
(4,2,1,1,...,1) (for example) indicates that there are four entries a, two entries
x, one entry z and one entry y; for each of i = 1,2,...,s. We say that a multi-
weight (i1,42,...,%,) is higher than a multiweight (j1,7j2,...,4,) if 4, > 7j, for
n=12,...,randif Y _ i, > > _ j,. Thus

[a,x,z,a,a, Yi,Y2, .- 7ysaa][a7zax7ava’ayl7y2a cee 7y35a]
is equal to a product of commutators each of which have higher multiweight. We
write
[a7x7zaa7aay17y27 s 7ysaa][a7zax7a7aay17y2a s 7y35a] ~1

to denote this. Combining this with equation (7) we obtain

[a’7 [xvz}’avchylvy%"'7ysaa]N]-' (8)
Following Traustason [11], we now perform some calculations in a certain Lie
ring satisfying multilinear Lie relations which hold in the associated Lie rings of
4-Engel groups.
Consider the 4-Engel identity [z,y,y,y,y] = 1. If we substitute y1y2ysy4 for y,
expand, and pick out the terms which involve all of the variables x, y1, y2, ¥3, y1
then we obtain an identity of the form

H [xuyla'ayQ(nySa'uyéLo']g = 17
o€Sym(4)

where g is a product of commutators of weight at least 6, each of which involves all
of the variables x, y1, ¥2, y3, y4. In other words, we obtain a relation of the form

H [$7y10';y20'ay307y40] ~1
oc€Sym(4)

which holds whenever =, y1, y2, y3, ys4 are elements of a 4-Engel group. This gives
the multilinear Lie relation

Z (xayloayQUaySvaélg) =0 (9)
o€Sym(4)

which holds in the associated Lie rings of 4-Engel groups. (We will denote the Lie
product of z and y by (z,y), to distinguish Lie products from group commutators.)
Similarly, substituting y; y2ysy4ys for y, expanding, and picking out the terms which
involve all the variables x, y1, y2, Y3, ¥4, y5 we obtain a relation of the form

H [177y1a792my3my4a,ysa]% ~1
oeSym(5)

for some integral coeflicients «, .
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This yields the multilinear Lie relation

Z aa(xay107y20,y303y407y50) =0. (10)
o€Sym(5)

Note that relation (9) has degree 5 and relation (10) has degree 6. We obtain another
multilinear Lie relation of degree 6 as follows. We substitute zz for = in the identity
[,9,y,y,y] = 1 and obtain

[[x,y][x,y,z] [Z, y]vya yvy] =1

Expanding, and using the fact that any commutator with 5 or more entries y is
trivial in 4-Engel groups, we obtain
[,y v 9.9z v, 2,9, 9, 9llz 00,9, = 1,

and hence
[z,9,2,9,y,y] = 1.

Substituting y1y2ysy4 for y and expanding, we obtain the group relation

H [x7y10721y207y307y40'] ~1
o€Sym(4)

and the multilinear Lie relation

Z (-Tyylavzay20'7y3avy40') =0. (11)
o€Sym(4)

In a similar way we obtain three multilinear Lie relations of degree 7. Substituting
zw for z in the relation [z, y, z,y,y,y] = 1 we obtain the relation [z, y, z, w,y, y,y] =
1. This gives the group relation

H [‘raylavszvaUayBUayﬁla] ~1
o€Sym(4)

and the multilinear Lie relation

Z (ajay10'7sz7y207y307y40) =0. (12)
oc€Sym(4)

Similarly, substituting y; y2y3y4ysye for y in the group relation [z, y, y,y,y] = 1, and
substituting y1y2y3y4ys for y in the group relation [z,y, z,v,y,y] = 1, we obtain
two further multilinear Lie relations of degree 7. Thus we have one multilinear Lie
relation of degree 5, two of degree 6 and three of degree 7. (These are the relations
tA) =0, t(15) =0, ¢t =0, tGH =0, t(1.6) = 0 and +(>5) = 0 from [11].)

We let L be the (largest) Lie ring over the integers generated by a,z1,za,. ..
which satisfies these six multilinear Lie relations, and also satisfies the Lie relations
(@i, ;) =0 for all ¢, j > 1. Traustason [11] gives the following relations which hold
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in L (u and w denote arbitrary elements of L):

(u, s, 0,2z, w) = (u,z;,a,x;,w) modulo 2L, (13)
(u,zi,a,a,25,w) = (u,xj,a,a,z;,w) modulo 2L, (14)
(u,a,z;,a,a,w) = (u,a,a,z;,a,w) modulo 2L, (15)

(u, i, x5, a, xp, w) = (u, Tg, a, T, ¢, w) modulo 2L, (16)
(w, x5, 25,0, a, x5, w) = (u, Tk, a, a, z;,x;,w) modulo 2L. (17)

Equations (13), (14) and (15) appear in [11, Lemma 5.4], and (16) and (17)
appear in [11, Proposition 5.6]. Traustason’s notation is different from that used
here, and he works in the quotient L/2L, but otherwise the equations are the same.
I also verified all these relations, using the nilpotent quotient algorithm for graded
Lie rings [4] to compute in L/2L. (To do this, I needed to write special purpose
subroutines to enforce the relations (9), (10), (11) and (12) as well as the remaining
two relations of weight 7.)

We also need one further identity, which holds in any Lie ring:

(a,2,a,y,a)
= (a,2,y,a,a) + ((a,2), (a,y),a)
= (a,2,y,a,a) = ((a,y), a, (a,)) — (a, (a,2), (a,y))
= (a,2,y,a,a) + ((a,2), (a,y,a)) = ((a,9), (a, 2, a))
= —(a,z,a,a,y) + 2(a,x,a,y,a) + (a,y,z,a,a) + (a,y,a,a,x) — 2(a,y,a,x,a).

Combining this with equation (14) we see that in L
(a,z;,a,2;,a,w) = (a,xj,x;,a,a,w) modulo 2L. (18)
Using relations (13) — (18) we are able to prove the following lemma.

LEMMA 4. Let w be a Lie product in L of multiweight (4,1,1,...,1) in
a,x1,T2,...,Tk. Then, working modulo 2L, w is a linear combination of Lie prod-
ucts of the following forms:

(a,21,a,0,%9,T3,...,Tk,a),
(A Y1, A, Y2, ey Yy Qy Qg Yty - - -5 Yk )s
(@ Y1y ey Yry Oy Ay Oy Yty ey Yk )s
where Y1, Yo, ..., Yi 18 some permutation of x1,xs,...,xx and 1 < r < k.

Proof. Clearly, w is a linear combination of Lie products of the form

(aablv'"7braaacla"',Cs7aad17'",dtaaaela"'veu)
where r+s+t+wu = k, and where by,...,b.,c1,...,Cs,d1,...,ds,€1,..., €, i some
permutation of x1,xa,...,zr. Let us introduce the notation f(r,s,t,u) to denote

Lie products of this form. Clearly, we may assume that r > 0.

If s > 0 and ¢t > 0, then working modulo 2L we can use equation (16) to express
f(r,s,t,u) in the form f(1,1,7+s+¢—2,u), and then use equation (18) to express
it in the form f(2,0,7 + s+t — 2, u).

So we need only consider elements of the form f(r,0,¢,u) and f(r,s,0,u). If
t > 0 then we can use equation (17) to express elements of the form f(r,0,¢,u) in

350



ON 4-ENGEL GROUPS

the form f(1,0,7 +¢ — 1,u). Similarly, if s > 0 then we can use equation (16) to
express elements of the form f(r,s,0,u) in the form f(1,r +s—1,0,u).

So, working modulo 2L, we see that w is a linear combination of elements of the
form f(r,0,0,u), f(1,0,¢t,u) and f(1,s,0,u). Also if u > 0 then we can use (17),
(15) and (16) in succession, to express an element of the form f(1,0,¢,u) in the
form f(¢,0,1,u), then f(t,1,0,u) and then f(1,¢,0,u). So we are left with a linear
combination of elements of the form f(1,0,k — 1,0), f(1,s,0,u) and f(r,0,0,u).
To complete the proof of Lemma 4 we need to show that

(Cl,l'l,Cl,a/,xQ,JJg,.-.,l'k;,a) = (a‘axlo'aa7a’7x20'a'r30'a'~'7'7;/6070') modulo 2L
for all permutations o of {1,2,...,k}, and this follows immediately from equation
(14) together with the fact that (z;,z;) = 0 for all ¢, j. O

COROLLARY 5. Let F' be the free Lie ring with free generators a,xy,xs,... in the
variety of Lie rings determined by the six multilinear Lie identities defined above,
and let w be a Lie product in F of multiweight (4,1,1,...,1) in a,2z1,xa,...,Zk.
If q is any power of 2, then, working modulo qF, w is a linear combination of Lie
products of multiweight (4,1,1,...,1) of the following forms:

(a,21,a,a,%2,T3,...,Tk,a),
(a,21,a,a,29,23, ..., Zm,Q),
(@ Y1,y Y2y - ooy Yry Oy Gy Ypids ey Yn),
(a7y17' s Yry Gy Ay Ay Yy 1y - 7yn),

wherem < k, n < k, where z1, 22, ..., Zm, Y1, Y2, - - - , Yn are Lie products of elements
from the set {x1,xs,...}, and where z1 is a Lie product of weight at least 2.

Proof. The proof is by induction on k, the result being trivial for £k = 1. First
consider the case when ¢ = 2. Note that L = F/I, where I is the ideal of F
generated by the Lie products (z;,z;). So, working modulo 2F, w = u + v where
u is a linear combination of Lie products of the required form, and v € I. All the
relations of F' are multihomogenous, and so v is a linear combination of elements
of I all of which have multiweight (4,1,1,...,1). This means that v is a linear

combination of Lie products of multiweight (4,1,1,...,1) of form
(a,b1,...,bp a,¢1,...,Cs,a,d1, ... de,a,eq,...,ey)
where by,...,b.,¢1,...,¢s,d1,...,ds,€1,...,6, are Lie products of elements from

the set {x1,xa,...,zr}, and where r + s + ¢t + v < k and at least one of the Lie
products has weight at least 2. The result for ¢ = 2 now follows by induction on k.

Now consider the case when ¢ is some arbitrary (but fixed) power of 2. We have
shown that w = u 4+ 2v where v is a linear combination of elements of the required
form. But this relation must be multihomogeneous, and so v is a linear combination
of Lie products with multiweight (4,1,1,...,1). And so v = v’ 4+ 2v’ where v’ is a
linear combination of elements of the required form. Thus w = u+ 2u’ + 4v’, where
v’ is a linear combination of Lie products of multiweight (4,1,1,...,1). So w is a
linear combination of elements of the required form modulo 4F', and repeating this
argument we see that w is a linear combination of elements of the required form
modulo ¢F'. O
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We are at last in a position to complete the proof of Proposition 2. Let G be
a finite 4-Engel 2-group, let a,x1,xs,...,x, € G for some k > 2, and let g be a
commutator of weight k + 4 with entries a,a,a,a,x1,xo,...,z; (in some order).
Let the exponent of G be ¢. Then by Corollary 5, g ~ hh’' where h is a product of
group commutators of the form

[a7l‘13a7aax27x37 s 7zk7a]7
[a,z1,a,a, 22,23, ..., Zm,al,
[y Y1, Ay Y2y oy Yy Qy Ay Yrg 1y - vy Ynls
[avylv e Yry @A 5 Yt 1y - 7yn]7

where m < k, n < k, where 21, 22,...,2m,Y1,Y2,--.,Yn are commutators of ele-
ments from the set {z1,z2,...}, where z; is a commutator of weight at least 2,
and where h’ is a product of gth powers. Since G has exponent ¢, ' = 1. Also,
commutators in G of the form

[avy15a7y2a"'ayraa7aay7'+1a"'ayn] or [a)ylv"'7y7'7a7a7aay7"+1a"'ayn]

are trivial by equations (3) and (4). In addition, equation (8) implies that if z; is a
commutator of weight at least 2 then

[aa 21,0y Gy 225 235 - -+ 5 Zmy (l} ~ L
Finally, [a, 21, a,a, 22,23, ..., 7k, a)> = 1 by equation (7), and so g ~ 1 or
g~ [a7fv1,a,a,x2,x37 cee 7$kaa]'
Note that if o is any permutation of {1,2,...,k}, then ¢ is also a commutator
of weight k + 4 with entries a,a,a,a,15,%25,...,Try. It follows from the same
argument that g ~ 1 or g ~ [a,Z14,0a,a,T25, 2305, - ., Tke, a]. This implies that
[Cl, T1, A, Ay T2, T3, ...,Tk, a] ~ [a7 T1o, Ay, Ay T26,X30y -+ Lko, CL]
for all o.
Now consider any commutator h in a, 1, Ts, ...,z which has higher multiweight

than g. Then this commutator must have a repeated entry z; for some i, and so
h~1or

h~la,z;,a,a,x;,25,...,2,,a) =1 by equation (6).
So if h is a commutator in a, 1, T9, ...,z which has higher multiweight than g,
then h ~ 1. But this implies that h is a product of commutators with higher
multiweight than h, and each of these commutators is a product of commutators
with yet higher multiweight. And so on. Since G is nilpotent, this implies that
h = 1. All this implies that ¢ = 1 or g = [a,21,a,a,22,3,..., 2, a], and the rest
of Proposition 2 follows immediately.
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