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Abstract

Let G be a locally nilpotent 4-Engel group. We show that the
normal closure of any element from G is nilpotent of class at most 4.
When G has no element of order 2 or 5, the normal closure has class
at most 3. These bounds are sharp.
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1 Introduction

We define [y,, x] inductively by [y,1 2] = [y,z] = y 'z yz and [y, 1 2] =
[[Y,n ], 2]. A group G is an n-Engel group if it satisfies the law [y,, z] = 1. In
this paper we will be looking at 4-Engel groups. Whereas 2-Engel groups and
3-Engel groups are quite well understood (see for example [2,4,6,8,11,13]), rel-
atively little is known about the structure of 4-Engel groups. In particular
it is still an open question whether all 4-Engel groups are locally nilpotent.
In [18] this problem was reduced to the case where the group is either of
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prime exponent or torsion-free. In [20] it was shown that 4-Engel groups of
exponent 5 are locally finite. It follows that all 4-Engel {2, 3, 5}-groups are
locally nilpotent. To this one could add that 4-Engel groups satisfy a semi-
group identity [19]. Whether all n-Engel groups satisfy a semigroup identity
is an open question.

We want to investigate further the structure of 4-Engel groups that are lo-
cally nilpotent. We will see that they satisfy a strong generalised nilpotence
property. Before we describe our results, we list some known properties. If
G is a locally nilpotent 4-Engel group without elements of order 2, 3 or 5 it
is nilpotent of class at most 7 [18] (see also [3,17]). If only the primes 2 and
5 are excluded the group is not in general nilpotent but it is still soluble [1].
On the other hand there are examples of 4-Engel 2-groups and 5-groups that
are not soluble [2,16].

The starting point for our investigation is a result of L. C. Kappe and W. P.
Kappe [11]. They proved that a group is 3-Engel if and only if the normal
closure of every element is nilpotent of class at most 2. It is easily seen that
the analogous result holds for 2-Engel group. Thus a group is 2-Engel if and
only if the normal closure of every element is abelian. N. D. Gupta and F.
Levin [5] have on the other hand constructed an example of a 4-Engel 5-group
with an element x such that the normal closure of x has class 4 and thus
greater than 3. Thus the analogous result does not hold for 4-Engel groups.
We will however see that something close to this is true.

We recall that a group is a Fitting group if it is the product of its normal
nilpotent subgroups. Equivalently a group is a Fitting group if the normal
closure of any element is nilpotent. If there is a bound on the nilpotency
classes of the normal closures and n is the maximal value then we say that
the group has Fitting degree n. Thus 2-Engel groups and 3-Engel groups
have Fitting degrees 1 and 2 respectively. N. D. Gupta and F. Levin [5] have
constructed examples that show that an n-Engel group does not have to be
Fitting if n > 5 and they asked whether 4-Engel groups are Fitting groups.
In this paper we will show that every locally nilpotent 4-Engel group is a
Fitting group of Fitting degree at most 4. More precisely

Theorem. Let G be a locally nilpotent 4-Engel group. Then G is a Fit-
ting group of degree at most 4. If G has no element of order 2 or 5 then G



Traustason 3

has Fitting degree at most 3.

As there are examples of a 4-Engel 2-group and 5-group with Fitting de-
gree 4 [5, 15], the bounds in the theorem are sharp.

We mention one corollary to this. First we introduce another generalised
nilpotence property that is weaker then the Fitting property. A group is
said to be a Baer group if every cyclic subgroup is subnormal. If there is a
bound on the subnormal defect and n is the maximal value of the defects,
then we say that the group is an n-Baer group. We also say that a group
is non-torsion if it has an element of infinite order. According to a result
of H. Heineken [9], a non-torsion group is a 2-Baer group if and only if it is
2-Engel. In [12] it is shown that the analogous result holds for the integer 3.
Thus a non-torsion group is 3-Engel if and only if it is a 3-Baer group. In
that paper it is also shown that in general every non-torsion n-Baer group is
an n-Engel group. It is easy to see that as a corollary of the theorem above,
we have that the converse holds for n = 4 if the group is locally nilpotent.

Corollary . A locally nilpotent non-torsion group G is 4-Engel if and only
if it is 4-Baer.

Proof Suppose that G is a locally nilpotent 4-Engel group. Let x € G.
We want to show that (x) is subnormal of defect at most 4. This is true
if and only if [G, (z), (z), (z), (z)] is contained in (z). But as the normal
closure of z has class at most 4, we have

(G, (), (2), (x), (0)] = (g, @, 2,2,2] : g € G)
= 1

Hence the result. O

2 A general reduction to Lie algebras

Let F be a free group of countably infinite rank, freely generated by { fo, f1, fo, - ..},
and let L likewise be a free Lie algebra of countably infinite rank, freely gen-
erated by {zo,z1,22,...}. Consider the set Ni° of all sequences of natural
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numbers with almost all entries zero. We give this set a partial ordering as
follows: (d;) < (e;) if d; < e; for all i. We will sometimes use the short hand
notation (7, 1%) for the element (r,ds,...,ds,0,...) where dy = ... =ds = 1.
Take some fixed element D = (do,dy,...,d,,0,...) of Ni°. For each left
normed commutator

w = [fiufiw"'?fin]

of multiweight D we associate the left normed Lie product
l(w) =z4,miy . .. Tipy.

Let V be some variety of groups and consider any multiweight D. We denote
by RP the normal closure in F' of the set of all commutators of multiweight
higher than D. Then let HY; be the subgroup of F that is generated by R”
and all w € F' that are laws in V of the form

W= Wi -+ Wyl

with wy, ..., w,, commutators of multiweight D and v € R”. To this we
naturally associate the submodule M7 of L consisting of all

Hw) = lwy) + -+ U(wy)

where for some u € R”, w = wy - - - w,u € H{,) with wq, ..., w,, commuta-
tors of multiweight D. An element [ that lies in M) for some multiweight
D e Ny will be called a strong Lie relator for V. Notice that any strong Lie
relator is a multihomogenous element of L.

Suppose that we want to show that any locally nilpotent group G in V is
Fitting of Fitting degree d. As any commutator involves only a finite num-
ber of elements from G, we can without loss of generality assume that G is
finitely generated and thus nilpotent. But then it is well known that G is
residually a finite p-group. We can thus assume that G is a finite p-group.
As @ is nilpotent it suffices to show that for any non-negative integer e and
arbitrary elements gg, g1, . .., ge, any commutator of multiweight (d + 1,1°)
in go, g1, ..., ge is in the normal closure of commutators in go, g1, ..., g. that
are of higher multiweight. Let D = (d + 1,1¢). From what we have said
above, it follows that in order to show that any locally nilpotent group in V
has Fitting degree d, it suffices to show that any commutator of weight D
in F' lies in HJ. This is equivalent to saying that any Lie product in L of
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multiweight D is in M.

Now take the ideal Iy, in L generated by all w(xo,ly,...,l.), where ly,...,l. €
L, w(zo, 21, . .., x.) € M} and where D runs over all multiweights of the form
(r,1%) with r, s non-negative integers. (Notice that x( is kept fixed in w). We
make two simple observations. Firstly if [ is a strong Lie relator then lz;
is also a strong Lie relator for i = 0,1,.... Secondly, if w(xg,x1,...,z,) is
in MJ for some D = (r,1") and if ly,...,l, € L then w(zg,ly,...,l,) is a
linear combination of elements of the form w(xo,cy,...,c,) where ¢1,..., ¢,
are Lie products of the generators zg, x1, ..., and furthermore the elements
w(xg, €1, ..., ¢,) are all strong Lie relators. From these two observations,
it follows easily that the elements of Iy, are linear combinations of elements
w(xg, Tiyy ..., x;, ) where iy, ... i, > 1 and w(zg, 1, ..., %) € M](j’le) for some
non-negative integers r, e. We see from this that ), is multigraded and as L
is also multigrated it follows that a Lie product in L of weight Dy is in I, if
and only if it lies in M. We thus obtain:

Proposition 2.1 If the ideal in L/I, generated by xo + Iy is nilpotent of
class at most d then any locally nilpotent group in V has Fitting degree d.

Our problem has thus been reduced to a problem on Lie algebras. We want
to reduce the problem further. It will be convenient to deal separately with
finite p-groups in V for each prime p. So for the rest of this section we work
with a fixed prime p and finite p-groups of V.

Consider the subvariety V(p") of all groups in V that are of exponent p".

As ff’h € H‘(jl(i)h) we have that p'x;, € M)(jl(;h) and thus p"L < Lyry. Tt thus
follows that L/Iyny is a quotient of L/(p"L + Iy,). To prove that any finite
group in V of exponent p” has Fitting degree d it suffices then to show that
the ideal in L/(p"L + Iy)) generated by x + p"L + Iy, is nilpotent of class at

most d. We will next show that p” can be replaced by p.

Lemma 2.2 Suppose the ideal generated by xo + pL + Iy of L/(pL + Iy) is
nilpotent of class d then the same is true of the ideal generated by xo+p" L+ 1y
of L/(p"L + Iy).

Proof Let Q = L/(p"L + I) and let y; = x; + p"L + Iy. Let uw = v;, - - - s,
be any left normed Lie product in ) with d + 1 occurrences of yy. By our
assumption, we have that

u = puy
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for some u; € Q. As @ is multigraded it follows that we can assume that

uy has the same multidegree as w in yg,y1,.... Similarly we get elements
Ug, . .., up of same multidegree as u such that u; = pu;; fore=1,..., h—1.
Thus u = pu; = p*us = ... = p'uy, = 0in Q. O

The final reduction uses an argument of G. Higman [10] (see also [7,14]).
It allows us to add the assumption that the elements zi, x5, ... commute.
Let I, be the ideal of L generated by x;x;, i¢,j > 1. Let L}, = L/I
where [ = I, + pL + I,. For the next lemma we will need the following
property of I, which follows directly from the definition of this ideal. If
w(zo, 1, Te,...,T,) € Iy then we have that w(xo,ly,...,l,) € I, for all
li,...,l, € L.

Lemma 2.3 If in L}, we have that the ideal generated by xo + I is nilpotent
of class at most d then the same holds for the ideal generated by xo+pL + Iy
in L/(pL + Iy).

Proof Let M be the subalgebra of L generated by {z1,zs,...}. Let ey, ... e
be any elements of M. We prove by induction on ¢ that all products of weight
(d+1,1%) in xg, €q,...,e are in pL + I,,. We first deal with the case r = 1.
The product ;23" is in I by the assumption. As M](,dﬂ’l) N1, = {0}, we
have that M](,dﬂ’l) NI C pL+Iy. As I/(pL + Iy) is multigraded it then
follows that z,20™! € pL + I,. But then (23" € pL + I, for all | € L by the
remark made just before the statement of the lemma.

Now suppose we know that our hypothesis is true for some ¢t. Let ey, ..., e
be any elements of M and take any product u of weight (d + 1,11 in
X0, €1, - --,€11. By our assumption we know that v is in I and as [ is multi-
graded we furthermore have that u is modulo pL + Iy, in the linear span of
products in I of the form

€Uy -+ - Ug—1

where the sum of the degrees of ¢, €, u, ..., us—1is (d+1, 17 ) inxg, €1, . . ., €41
But such a product is a product of weight (d + 1,1%) in o, fi, ..., f; where

fi = eiej, fa, ..., fr are elements of M. By the induction hypothesis, © must
be in pL + I,,. O

It is time to summarise. Let x = x¢ + I and a; = x; + I for ¢ > 1. The Lie
algebra L%, is a Lie algebra over the field GF(p) in which the elements a;,
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i > 1, commute. For any given word w of weight D = (r, 1) in M7 we have
that L}, satisfies the identity

w(z,ly,--+,1ls) =0
for all Iy,...,ls € L},. We have also proved the following.

Theorem 2.4 If the ideal generated by x in LY, is nilpotent of class at most
d then every finite p-group in V has Fitting degree at most d.

For a given variety V we are thus faced with two problems. The first is to
calculate (partly or fully) the multigraded Lie algebra L%, for each prime and
the second is to show that the ideal generated by x in L, is nilpotent and to
determine its class. For the first problem we can apply the general approach
of G. Wall [21] to generate the multilinear identities of I,. This we shall do
in the next section for the variety of 4-Engel groups.

3 Multilinear identities for 4-Engel groups

Let £ be the variety of 4-Engel groups. In this section we investigate the
ideal I¢ in L. In particular we will calculate explicitly some of these identi-
ties that we will need later for the main result of this paper.

We next give some notation. Let r be an arbitrary positive integer and
let F, Fy, ..., F) be alist of all the non-empty subsets of { fo, ..., f..} ordered
in such a way that ||F;| < ||Fj|| whenever ¢ < j, where ||F| is the size of
the set F;. In particular we have that F; = {fo,..., f,}. The following two
elementary lemmas will be useful.

Lemma 3.1 Suppose that the group G satisfies a law
wl...wl:ul...ul’

where w; and u; are products of simple commutators involving all the elements
of F; and only these. Then G satisfies the laws

W; = Uy,

fori=1,...1.
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Proof Putting all the variables in F}\ F} equal to 1 we obtain wy; = u;. Then
we have that G satisfies ws - - -w; = ug - - - u;. Continuing in this manner we
get the result. O

Lemma 3.2 Let wy,...,w; be as in Lemma 3.1 with the extra hypothesis
that wy 1s a product of simple commutators of weight (d,1"). Suppose that G
satisfies a law

wl P wl = U
where u 18 a product of simple commutators with at least d + 1 occurrences

of fo. Then G satisfies a law of the form
w; =y
where u; s a product of simple commutators of weight at least (d + 1,17).
Proof Using Hall’s collection process we can write
U= uy---u.

Where uy, ..., u; are like in Lemma 3.1 with the further property that all the
simple commutators that occur as factors in u; have at least d+1 occurrences
of fo. By Lemma 3.1 we have that G satisfies the law w; = u;. But all the
factors of u; involve all the elements fi,..., f. so they are of multidegree at
least (d +1,17). O

We need some more notations. Let b, aq,...,a, be arbitrary group elements.
For a subset S = {s1,...,8m} C{1,...,n} with s; < s9 < -+ 5, we let
b,as] = [b,as,,...,as,].

The following identity is well known and easily proved by induction.
boar--am)= ][ [bas (1)
0#ASC{L,....r}

where the factors on the right hand side come in a certain order. From the
next lemma we will deduce the identities in Iz that we will need.

Lemma 3.3 For each positive integer r we have that the variety £ satisfies
a law of the form

[fl,fo,fz, . --af?"aananfO] = u,

where u is a product of commutators of multiweight at least (5,17).
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Proof Using the identity [f1, fo, fo, fo, fo] = 1 and calculating modulo R®
we have:

L = [fi-fr: fo, fo, fo. fo]
[f2 t 'fr7f0][f17f0][f17f07f2 o 'fT]7f07f07f0]
Ja -+ foy fos fos Jo, follfrs fo, fo, fos follf1s fos fo -+ frs fo, fos fol

fla f07 f2 o 'f?"a f07 an fO]
Using identity (1) this gives

[
[
[
[

1 = H [f17f07f.5'7f07f07f0]
0#£SC{2,...,r}
= Wwy-- 'wlfl[fh f07 f27 LRI fT7 f07 f07 fO]
Where wq, ..., w;_; are like in Lemma 3.1. But then it follows from Lemma

3.2 that & satisfies a law of the form

[flaanan . --,fr,fo,fo,fo] = U,

with u a product of simple commutators of weight at least (5,17). O

From this we immediately derive the following law in L7
lLizly - l.xze =0, (2)
forall » > 1 and [y,...,1, € L%.

We will next calculate identities in M, éo’lm) for m > 1. We follow the general

approach of G. Wall [21] and adopt some of his notations. The general idea
is simple. For each pair of integers (r,s) with » > 1 and s > 4 we expand
the identity

L=[fi-fos frgr o fogss g fogss frpr o frpss frn - frgsl,
and use the Hall’s collection process to rewrite this as a law of the form
wy---w; = 1.
Where wq, ..., w,; are like in Lemma 3.1. From this we deduce the law

wlzl.
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But we can write w; = wu where w is a product of simple commutators of
weight (0,17%%) and u is a product of simple commutators of higher multi-
weight. From this we obtain the associated multilinear Lie identity

t(r,S)(xly---71‘7’;377‘4-17"'7377‘4‘8) :0’ (3)

where t(™*) = [(w). Now for the details: first we deal with the case r = 1. In
this case we start with

1= [f17f2"'f1+87f2'"f1+saf2"'f1+saf2"'fl-i—s]

and using the identity (1) it is not difficult to see that we obtain

¢19) (56’1; T2y ... 7~T1+s) = Z T1TS5(1)TS8(2)TS(3)LS(4)), (4)
(8(1),5(2),5(3),5(4))

where the sum is taken over all partitions of {2,...,1 + s} into non-empty
pairwise disjoint sets. In particular we have that

¢4 (1520, ...,25) = Z T12Z5(2)Lo(3) Lo (4) Lo(5)s
oeSym{2,3,4,5}

and the identity ¢(»% = 0 is the linearised 4-Engel identity.

Now we deal with the case when r > 2. We can here make use of Lemma
3.3. Replacing fo by fr41--- fris in Lemma 3.3 leads to an identity of the
form
Z T1Ts)T2 " " TrLS(2)TS(3)TS(4) = Y.
(5(1),5(2),5(3),5(4))

Where the sum is taken over all partitions of {r+1,...r+ s} into non-empty
pairwise disjoint sets S(1),...,S5(4) and y is the Lie word associated to the
linearisation of u from Lemma 3.3. In case s = 4 we must have y = 0 as u
is a product of simple commutators with a least 5 occurrences of fy. This
namely implies that after replacing fo by fr11friofrisfrra and expanding no
commutator will have multiweight (0, 17**). So for s = 4 we obtain

) = > T1Zo(ri1) T2 * ** Ty To(r12) Ta(r+8) To(ria)- (D)
ceSym{r+1,r+2,r+3,r+4}

In fact we will only use identities (2), (4) and (5).
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4 The algebra L; for p # 2,3

Let p be a fixed prime and L = L. In the following we will also be working
within A = A% where A% is the associative subalgebra of End (L), the algebra
of linear maps from L to L, generated by {ad (u) : w € L}. To distinguish
between elements from L and A we will use small letters for elements in L
and capital letters for elements in A.

Let .
A =JAx - xA.
=4 i
We let £ : A* — A be the function given by

EMY,Ys, ..., Y,) = Z Ys1)Ys2) Ys)Ys

where the sum is taken over all partitions (S(1),...,5(4)) of {1,2,...,m}
into non-empty subsets. It follows from section 3 that L satisfies

WE(Y:,Ys, ..., Y) =0
for all w € L and Y3, ...,Y,, € ad (L) when m > 4.

We want to show that the ideal generated by z in L? is nilpotent. For
the primes p > 5 this can be dealt with quickly using known results. We
have seen that L, satisfies the linearised 4-Engel identity which is equivalent
to the 4-Engel identity when p > 5. But in [17] it is shown that all prin-
cipal ideals in a 4-Engel Lie algebra are nilpotent of class at most 3 if the
underlying field has characteristic greater than 5. It follows that any locally
nilpotent 4-Engel group without elements of order 2,3 or 5 is Fitting with
Fitting degree at most 3 which is clearly the best possible bound.

Dealing with L$, requires more work. In [14, Lemma 6] the authors prove
that this Lie algebra is nilpotent of class 6 and that the ideal generated by x
is nilpotent of class 4 (although the statement there is given in the context
of 4-Engel groups of exponent 5, the only Lie identities used come from I¢).
The result was obtained with the aid of a computer. The calculations can
also be done by hand using a similar approach as for the case p = 3 in Sec-
tion 6. It follows that 4-Engel 5-groups have Fitting degree at most 4. By
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the example of Gupta and Levin that we mentioned in the introduction, this
bound is sharp.

This leaves the primes 2 and 3 to be dealt with. These two cases differ
from the others in that the Lie algebras L} and L% are not nilpotent. The
approach will be quite different for the two primes, the case p = 2 being
considerably harder. We will give the proofs in sections 5 and 6.

5 The algebra L%

In this section we deal with the case when p = 2. Welet L = L2 and A = A%.
We will work with the function F : A* — A that was described in section 4.
The aim is show that Id (x)> = 0. The following consequence of the Engel
identities is very special for the prime 2 case and we will make much use of
it later.

Lemma 5.1 Let Uy,..., U, € A and 1 < i <r —1. If for all o € Sym(r),
the product Uy - - - Uq(yy ts symmetric in U, Uiyq, then

E(Ul, ey Ui7 Ui+17 .. Ur) - E(Ul, .. -vUithiUiJrlu Ui+27 .. Ur)
Proof We have E(Uy,...,U;,Uisq,...,U,) is a sum
Vi+Vat -+ Vi,

where Vi, ...,V are all the products of the form Ug(1)Us(2)Us(3)Us(4), Where
(5(1),5(2),5(3),5(4)) is a partition of {1,2,...,7} into non-empty sets.
Suppose that for each product Vi, i € S(a(k)) and i +1 € S(5(k)). Let >,
be the sum of all Vj, where a(k) < B(k). Let Y, be the sum of all V;, where
a(k) > (k). Finally let ), be the sum of all Vj, where a(k) = (k). As every
product is symmetric in U;, U;41 by assumption, we have that >, = > ,.
Hence

EUy,...,U,Uisq,...U) = Z*Z*Z
1 2 3
= 2

3
= E(U,...,Ui1,UUi1,Uisa,...,Uy). O
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As we have seen, it follows from the Engel identities that L satisfies the
linearised 4-Engel identity. When the characteristic is 2, more is true. The
next lemma shows that modulo the centre we have that L satisfies the lin-
earised 3-Engel identity.

Lemma 5.2 Let w,uy,us, uz € L and let W = ad(w) and V; = ad(u;) then

Z Us)UsyUsmyW = 0.
oeSym(3)

Proof From the linearised 4-Engel identity we have.

0

Z Wlko (1) Uo(2) Uo(3) Uo(4)

sesym(4)
Z WUAUG (1) Uo(2)Uo(3) T Z Wl (1) UsUe(2) Uo(3) T
sesym(3) oesym(4)
Z Wly(1)Ug(2) UaUg(3) T Z Wly(1)Ug(2) Uo(3) Ud
sesym(4) oesym(4)
Z UgWU(1) U (2) U (3) + Z Ug (WUp(1) ) Uo(2)Uor(3) +
sesym(3) oesym(4)
Z Ug (WU (1) Ug(2) ) Uo(3) + Z Ug (Wi (1) Uy (2) Ui (3))
sesym(4) oesym(4)
4 Z UgW U (1) Ug(2) Ue(3) T 6 Z Uyl (1) Wle(2)Ug(3) T+
sesym(4) sesym(4)
4 Z UgUg (1) Ug (2) WUe(3) T Z UgUg (1) U (2) U (3) W
sesym(4) sesym(4)
Z Ul (1) Ug(2) Uo(3z)W O
sesym(4)

We will next see that the previous lemma still holds if V; is replaced by X2.

Lemma 5.3 Let Vi = X2 and Vo = ad(vy), V3 = ad(v3), W = ad(w) €
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ad(L). Then
0= Z VoyVo) Vo W.
oeSym(f)’)

Proof Let V), = ad(vs) € ad(L). Using Lemma 5.1, we have
0 = wBX X, V2, V3, V))
= wB(X?* V5, V3, Vi)

= Z WVo(1) Vo) Vo) Vo) -
ceSym(4)

Now u(vX?) = u(ver) = wwr? + ur?v = wX? + uX?v as we are working
over a field of characteristic 2. We can thus finish the proof just as in the
proof of Lemma 5.2. O

The following lemma is a useful application of the previous lemmas.
Lemma 5.4 Let W € ad(L). Then
A XAW = AXAW
XAXW = X?AXW.
Proof From Lemma 5.2 we have

XA AW + A X AW + A, X AW

This proves the first part. The other parts are proved in a similar way using
Lemma 5.3. O

Our aim is to prove that all Lie products with 5 occurrences of x are triv-
ial. The next two propositions are steps towards this. The first one is an
immediate corollary from the first two parts of the lemma above.

Proposition 5.5 The Lie product
Zag - QrTQryq - QsTAgy1 " QpXApyy - AT

is symmetric in aq,...,a for all0 <r <s<t<k.
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Proposition 5.6 Let uq,...,up,wy,...,ws € {x,a1,a9,...} where s > 1
and let u = uy---u,. Suppose all products with the same multidegree as
ua;a;rapw, - - - ws are symmetric in the a;’s that occur. Then

UG;a;TAEW1 - - - Ws = UALTA;A5;W7 -+ - W,

Similarly if all products of the same multidegree as ua;a;x*agw; - - ws are
symmetric in the a;’s, then

uaiaijakwl s Wg = uakaaiajwl s Wg.

Proof Let Vi = A;A;, Vo = A, V3 = X and V) = ad(u). Also let W, =
ad(w;) and W = Wy - - - W;. Using Lemma 5.1, we have

O = U}lE(AZ‘,Aj,Ak,X, W)W (6)
= le(AiAj,Ak,X, VZ;)W
= Z w1 Vo) Vo) Vo) Vo W.
ceSym(4)
Before finishing the proof we make one observation. Suppose that the sum

of the multidegrees of the elements z,v, a;, a;, 21, . . ., 2 is the multidegree of
ua;a;ragws - - - ws. Then

2(wWV)zr -z = z(vaag)z - - 2
= 2V0;Gj21 -2 + 260,021 - 21+
2a;Va;21 - - 21+ 20500;21 - - 2

= zoVizy---z+ 2Vivz o

where for the second last identity we made use of the symmetry hypothesis.
Because of this we can, just as in the proof of Lemma 5.2, deduce from (6)
that
0= Z UVO(l)VO(g)VO(g) W1W
ceSym(3)
But

Z VoyVo) Vozy = (Aid)j)ApX + Ap(AA;) X + X (AiA) A +
ceSym(3)
XA (AA) + AX (AiA) + (AiA) X Ay
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and by the symmetry hypothesis the first part of the lemma follows.

The second part is proved similarly. First we apply the Engel identities.

0 = wE(A,A;, AL X, X, U)
= le(Ai7 Aj, Ak7X27 U)
= le(AZA],Ak,XQ,U)

As before this gives

0= Z uVo(l)Vo(g)Vo(g)WIW
ceSym(s)

where (V1, Va, V3) = (A;A;, Ak, X?). The rest of the proof follows just as for
the first part. O

We are now ready for the main result of this section.

Proposition 5.7 The ideal generated by x in L2 is nilpotent of class at most
4.

Proof We use the propositions above to show that the product
TAL - Qg v+ AgTlgy] Qg1 - Ay

is zero. We use induction on m. This is clear from identity (2) when m = 1.
Now suppose that m > 2 and that we know that all products of the type
above with shorter length are 0. Then all products of the same multidegree
not ending in x are 0 by induction hypothesis. By Proposition 5.5, we have
that all products of this multidegree are symmetric. Now all the propositions
above are available to us. Because of Proposition 5.6 and identity (2) all
products are equal to either 0 or one of the following.

TA1TAXAZTAY * * * AT,
Ta1TaAsTaz - - - AT
Ta1Tax a3 -+ - A (7)

ra1rasxas - - AT

ra rlay - - - apx’.
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Suppose we take one of these products of the form zayxasxuy - - - Uy 1. By
the Jacobi identity, we have

0 = [(zay)(zaz)r + (xagx)(zar) + x(zar)(xaz)|uy - - - Upmii
[(zay)(zas)r + (zasx)(xay) — (xa1x)(zasg)|uy -+ Umit

= (wai)(waz)wuy - - - Up1,

by the symmetry hypothesis. It follows that
rTa1xa2xUY * * * Umpa1 = xa1a2x2u1 s U1

So we only need to consider the last two products in (7). Now using Lemma
5.4 and Proposition 5.6 we have

rariasras - - amt = Ta T as- - AmT
= wzlasxzas - - ame
= @ rasxr’Tas - - - am

=0
by identity (2) and also

ra1ras - AT = TA1- - Qo1 XA T
TAL - Ay Ty T2 T

0.
We thus see that all the products are 0. O

From this result and Theorem 2.4 we have that any locally finite 4-Engel
2-group is Fitting with Fitting degree at most 4. One can give an explicit
example that shows that this bound is sharp. We have however chosen to
omit this as the referee has pointed out that this can also be derived from
[15]. In this paper Nickel has computed the largest nilpotent quotient of the
free 3-generator 4-Engel group. From this one can see that [z, v, y, y, z, y| has
order 10 modulo the 7-th term of the lower central series. Hence there are
finite 3-generator 2-groups and 5-groups of class 6 which have Fitting degree
4.
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6 The algebra L}

Let L = L}. We let V be the subspace of L generated by {ay,as,...}.
Lemma 6.1 Let a,be V. Then

xbra = —xaxb+ 2zabx (8)
rbr’a = xabx? 9)
rar’h = zaba®. (10)

We also have that every product of weight (3,1,1) in x, a and b is in the
linear span of raxbx and xabx®. Every product of weight (4,1,1) is trivial.

Proof The first identity follows from xb(xa) = —za(xb). The Jacobi identity
then gives us

0 = za(zb)r + xbx(za) + x(va)(xb)
= 2zaxbr — xbrar — xabr® — vax®b + xba’a
= xbr’a — xax®b
where we used (8) in the last equality. Also the Engel identities give

0 = t"Y(x;a,b,z,2)
= 2zabx® + raxbxr + zbraxr + raz’b + xbr’a

xabr? — raz?b

and we have (9) and (10).

We next turn to products of weight (4,1,1). As xaz® = 0 by (2), we only
need to consider products ending in x. As zax’br = wabz® = 0 it follows
from (8)-(10) that all products are multiples of zazbxr? and all products not
ending in zzx are trivial. Now we apply the Engel identities and see that

0 = t"Y(2;bx,a,z, 1)
z(bx)ax? + z(bx)zar + z(bx)r?a
txa(bz)z?® + rax(br)r + vaz®(bx)
= zbrar® — varbr® + rarbx®

xbrax’.

Thus all products of weight (4,1, 1) are trivial. O
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Lemma 6.2 Let a,b,c € V then all products of weight (2,1,1,1) in z,a,b
and ¢ are multiples of xaxbc and symmetric in a,b and c. Furthermore

zrabre = rabexr = raxbe (11)
Proof The Engel identities and Lemma 6.1 give us

0 = tY9b 2,2 a, )
= bx?a® + braxa + braax
= —xbra® — zabra — ra’bx

= zazxba — 3xabra — ra’bx

and
ra’br = zaxab = ra’rh. (12)
Also
0 = tY9a;b,x,a,a)
= xbxa® + 2waxab + 2xabra + raaxb + 3raabx
= 3zazab + zbra® + 2zabza.
Using this and Lemma 6.1 we have xbra® = rabra = —zraxba — xbraa =

—za’xh — xbra® and thus
rbra® = ra*rb = xa’ba. (13)

Now replace a by a + ¢ in (13) and we have (11). As xabcz is symmetric in
a b and ¢ the lemma follows. O

Lemma 6.3 Let a,b,c € V then any product of weight (3,1,1,1) in x, a, b
and ¢ is a multiple of xaxbrc and symmetric in a, b and c. Furthermore we
have

rabex? = zazber = vabrer = rabr’c = var’be = raxbrce (14)

Proof The proof is on the same line as the proof of the previous lemma.
First we consider products of weight (3,2,1) in 2, a and b. We know from the
previous lemmas that all such products are in the span of xa’xbx, za’x?b,
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rarbra and wabr?a. Using the Jacobi identity and Lemmas 6.1 and 6.2. We
have

0 = zaa(xb)xr + xbx(raa) + z(xaa)(xb)
= za’zbr — va’bz? + xbr’a® + rbraza
+abra’s — xa’x*b + valxbx

= 2za’xbr — ra’x?b + xabr’a — raxbra + 2rabr’a

and thus
ra’rbr 4+ va’r?b + raxbra = 0. (15)

Also

0 = zab(xa)xr + rax(zab) + z(xab)(za)
= xabrax — rabax® + rarab — raraxrh
—zazbra + rarabxr — rabr’a + rabrax

= 2za’xbr — zaxbra — rabr’a
which gives together with (15)
rabr®a = ra*xb. (16)
We get the third identity by applying the Engel identities. Now

0 = t"Y(abya,a,z, )
= zba’z? + rbazraxr + xbra’z + xbr’a® + zbrara + rbar’a

= zabz’a — xaxbra + 2zabr’a + rabr’a

and therefore
rabr*a = vazbra. (17)

It follows by these equations and the previous lemmas that all non-zero prod-
ucts of this multiweight and beginning in x are equal. In particular

za’rbr = rbra’r = ra’zbr = xbr’a® = xa’bx’.
Replacing a by a + ¢ gives then

racr®b = rbracr = racxbr = rcx’ab = rabexr?.
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All these products are in particular symmetric in a,b and c¢. Notice that
these are all the left normed products of this multiweight where we have
somewhere in the product two adjacent elements from V. Next we apply

raraxrc = ZL‘CLQCZL‘ = rcraxa.

This gives
raxbre + rbraxc = 2xabex®
xerarb + rexbra = 2xabex?.
Hence zaxbre = —xbraxc — xabex? = xbxera and thus

raxbrc = rbrcra = xcraxh. (18)

We thus have that all products are in the linear span of xaxbzc and xbraxc.
Now the last application of the Engel identities. We have

0 = a(zb)ea® + a(zb)rcx + a(xb)z’c
+ax(xb)cr + azx(xb)rc 4+ axc(xb)x
tazxz(xb)c + ax’c(xb) + avcr(xb)
= 3(zabcxr® + 0 + (vabz*c — rarbrc) + 0
+(zaxbrc — vax®be) + (vavchr — vavcwb) + 0

= zabex? — xaxcrb.
The lemma now follows. O

Lemma 6.4 Let a,b,c € V. All products of weight (4,1,1,1) in z, a, b and
c are trivial.

Proof If such a product ends in an element of V' it is trivial by Lemma 6.1
and if it ends in z it is a multiple of xabcz® = 0 by (2) and Lemma 6.3. O

We are now ready for more general results.

Proposition 6.5 Letn > 3. All products of multiweight (2,1") inx,aq, ..., a,
are symmetric in the a;’s and multiples of xaixas - - - a,.
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Proof We use induction on n. By Lemma 6.2 this is true when n = 3. Now
suppose this is true for n and let ¢ be a product of multiweight (2, 1"*1) in
x,ay,...,0a,+1. By the induction hypothesis we have that c is symmetric and
a multiple of za,xas - - - a4 if ¢ ends in some a;. So we only need to consider
¢ =2xay...ap1x. This is clearly symmetric and thus all products are sym-
metric. It remains to show that ¢ is a multiple of xa;xas - - - a, 1. We consider
two cases. Firstly suppose n is odd. Modulo multiples of xaixas - - - a,1, we
have

TGy Qpp1T = TQp--- an71<xan+1an>
= —xan+1an(xa1 ce anfl)
= (=1)"zay - appix

= —xai---:ap41¥

and thus c is a multiple of xaixas - - - a,,1. Now suppose that n is even. We
now apply the Engel identities. Modulo multiples of zaixas - - - a, 1, we have

0 = 2a,41(2a1 -+ Ap-2)An10,T + 2094170010, (TA1 - - Qy2)
—2
= zay- - apnr+ (=1)""zay - -apw
= 2c

and c is again a multiple of zaixas - -a,;1. O

Proposition 6.6 Let n > 3. All products of weight (3,1") in z,aq,...,a,
are symmetric in the a;’s and multiples of xaxasxas - - - ay,.

Proof When n = 3 this follows from Lemma 6.3. We now assume the lemma
is true for some n > 3. By the induction hypothesis and Proposition 6.5 all
products of weight (3,1"") in z,a; -+, a,41 are symmetric in the a;’s. Tt
remains to show that ¢ = xa;zras - - - a, 12 is a multiple of xa,xasxasz - - - ayyq.
So we calculate modulo multiples of zajrasxas---a,; 1. We use the Jacobi
and Engel identities. Now

0 = (zajzag---an_1)(xani1a,) + ran 10, (xaizas - - - a, 1)

= 2a170y - A1 + (—1)" 20y 10, - - - ag(Taix)
and

0 = 2ap1(zaizas - ap_9)ay_10,% + 20, 411T0n 0,1 (T TS - - Ap_o)

= waray - ap v+ (—1)"Pva,1a, - ax(vayn).
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It follows from these two identities that ¢ is a multiple of zayxasxasz - - - ayy1-
O

Now we can prove the main result of this section.

Theorem 6.7 The ideal generated by x in L} is nilpotent of class at most
3.

Proof Let ¢ be any product of multiweight (4,1") in z, a4, ..., a,. We prove
by induction on n > 1 that c is trivial. It follows from Lemma 6.1 and 6.4
that this is true if n < 3. Now suppose the result is true for some n > 3. Let
¢ = xajrasras - - - a, 1. It follows from Proposition 6.6 and the induction
hypothesis that it suffices to show that c is trivial. We know that all products
ending in a; are trivial. We thus have

0 = (zarzaszas---a,_1)(Tani1a,) + rapia,(Tajraszag -« - ay_1)

= zarasras- - apr + (1) Pranyia, - - - ao(vajrasr)

0 = 2ap1(zarzraszas - -+ ay_2)an_10,T + 20,1120, 0,1 (Ta1TaTAZ -+ Apy_o)

= ma1rasraz - ap v+ (=) wa, 10, - - az(vaivast).

It follows from these identities that ¢ is trivial. O

As a corollary to Theorem 2.4 and the work in sections 4-6, we get now
the main result of this paper.

Theorem 6.8 Let G be a locally nilpotent 4-Engel group. Then G is a Fit-
ting group of degree at most 4. If G has no elements of order 2 or 5 then G
has Fitting degree at most 3.
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