LEFT 3-ENGEL ELEMENTS IN LOCALLY FINITE 2-GROUPS

ANASTASIA HADJIEVANGELOU AND GUNNAR TRAUSTASON

ABSTRACT. We give an infinite family of examples that generalise the con-
struction given in [10] of a locally finite 2-group G containing a left 3-Engel
element x where (x)“, the normal closure of z in G, is not nilpotent. The
construction is based on a family of Lie algebras that are of interest in their
own right and make use of a classical theorem of Lucas, regarding when (’S)
is even.

1. INTRODUCTION

Let G be a group. An element a € G is a left Engel element in G, if for each
x € G there exists a non-negative integer n(x) such that

([z,a],a],...,a] = 1.
n(z)

If n(x) is bounded above by n then we say that a is a left n-Engel element in G.
Throughout this paper we will assume that, when dealing with commutators or
Lie products, these are left normed. Recall that the Hirsch-Plotkin radical of a
group G is the subgroup generated by all the normal locally nilpotent subgroups
of G and that this is also locally nilpotent. It is straightforward to see that any
element of the Hirsch-Plotkin radical HP(G) of G is a left Engel element and
the converse is known to be true for some classes of groups, including solvable
groups and finite groups (more generally groups satisfying the maximal condi-
tion on subgroups) [1,[3]. The converse is however not true in general and this is
the case even for bounded left Engel elements. In fact whereas one sees readily
that a left 2-Engel element is always in the Hirsch-Plotkin radical this is still an
open question for left 3-Engel elements. Recently there has been a breakthrough
and in [7] it is shown that any left 3-Engel element of odd order is contained in
HP(G). From [12] one also knows that in order to generalise this to left 3-Engel
elements of any finite order it suffices to deal with elements of order 2.

It was observed by William Burnside [2] that every element in a group of expo-
nent 3 is a left 2-Engel element and so the fact that every left 2-Engel element
lies in the Hirsch-Plotkin radical can be seen as the underlying reason why
groups of exponent 3 are locally finite. For groups of 2-power exponent there
is a close link with left Engel elements. If G is a group of exponent 2" then it
is not difficult to see that any element a in G of order 2 is a left (n + 1)-Engel
element of G (see the introduction of [14] for details). For sufficiently large n
we know that the variety of groups of exponent 2" is not locally finite [6,8].
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As a result one can see (for example in [14]) that it follows that for sufficiently
large n we do not have in general that a left n-Engel element is contained in
the Hirsch-Plotkin radical. Using the fact that groups of exponent 4 are locally
finite [11], one can also see that if all left 4-Engel elements of a group G of
exponent 8 are in HP(G) then G is locally finite.

Swapping the role of @ and x in the definition of a left Engel element we get
the notion of a right Engel element. Thus an element a € G is a right Engel
element, if for each z € G there exists a non-negative integer n(x) such that
([[a,z],z],...,z] = 1.
[
n(z)

If n(x) is bounded above by n, we say that a is a right n-Engel element. By a
classical result of Heineken [5] one knows that if a is a right n-Engel element in
G then a! is a left (n 4 1)-Engel element.

In [9] M. Newell proved that if a is a right 3-Engel element in G then a € HP(G)
and in fact he proved the stronger result that (a)® is nilpotent of class at most 3.
The natural question arises whether the analogous result holds for left 3-Engel
elements. In |10] it is shown that this is not the case by giving an example
of a locally finite 2-group with a left 3-Engel element a such that (a)€ is not
nilpotent. Moreover in [4] an example is given, for each odd prime p, of a locally
finite p-group containing a left 3-Engel element x where () is not nilpotent.

In this paper we extend the example above, of a 2-group, to an infinite family
of examples. The construction will be based on a family of Lie algebras that
generalize the Lie algebra given in [13]. These algebras are of interest in their
own right and will make use of a classical theorem of Lucas. Before stating
Lucas’s Theorem we need some notation.

Let p be a prime and consider non-negative integers m and n written in base p

m = mo+nap+---+ mk_lpk_l + mkpk
n o= no+mp+-+ng_1pP gt
where 0 < mg,...,mg,no,...,n < p— 1. We introduce a partial order <,,

where n <, m if and only if n; < m;, for 0 <7 < k.

Theorem 1.1 (Lucas’ Theorem). The binomial coefficient (ZL) 1s divisible by p
if and only if n £, m.

Remark. Notice that when p = 2 we get that the binomial coefficient (Tg) is
odd if and only if n <o m.

2. THE LIE ALGEBRA L

In this section we construct a family of Lie algebras that extend the example
given in |13]. The construction makes an interesting use of Lucas’ Theorem.
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Let F be the field of order 2 and let n = 2" — 2, for m > 2. Consider the
(n+ 2)-dimensional vector space L = Fv(0) +Fv(1)+---+Fv(n—1)+Fw+Fz.
We equip L with a binary product where

vin—1)-w=w-v(n—1) = w
v(i)-x=x-v(@) = 0
w-x=xz-w = v(0),

such that i ®j =i+ j (modn —1) and i & j € {0,...,n — 2}, and where
ww = xx = 0. We then extend the product linearly on L. The next theorem is
our first main result.

Theorem 2.1. L is a Lie algebra over IF.
Proof. Let 0 <i4,j,k <n—1 and suppose that

i+1 = ay+2a1+---+2" a1
j4+1 = bo+2b1+...4+2" b,

k+1 = co+2c1+--+2" e,
n+l—(i+1) = (1—ag)+2(1—a)+---+2""11 —an_1)
n+l—(+1) = (1—0bg)+2(1=b)+---+2"11 =bp)
n+1—(k+1) = (1—c))+2l—c))+--+2" 1 —cpnr),

where 0 < a;,b;,¢; <1 for 0 <7< m— 1. In order to show that the product is
alternating, it only remains to see that v(i) - v(i) = 0 and v(7) - v(j) = v(j) - v(3)
(recall that the characteristic is 2). Firstly

. . 1+ 1 o
v(i) - v(i) = <n+1_(i+1)>v(z@z).
In order for the product to be zero we know by Lucas’ Theorem that we need
n+1—(i+1) €9 i+1. Assume for contradiction that (n+1)—(i+1) <z i+1. Then
1—a; <ay, for all 0 <7 < m — 1 which implies that ag = a1 = -+ = a1 = 1.
This gives i + 1 = 1424---42m"1 =p 41 that contradicts i < n — 1.

Now, for v(j) - v(i) = v(3) - v(j), we need
(=01

But, Z+1, isodd <= 1—-0b;<q;, foral0<i<m—1
n+1—(+1)

1

— 1—a;<b;, forall0<i<m—1
J+ .
<— <n+1—(i—|—1)> is odd.
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Having established that the product is alternating we turn to the Jacobi iden-
tity . If we have basis elements e, f then, ase-e=0and e- f = f - e, we get
(e-e)-f+(e-f)-e+(f-e)-e=2(e-f)-e=0. Therefore, we only need to
deal with the cases when the three basis elements are different. We will divide
our anaysis into few cases. Notice first, that any Jacobi relation involving one
occurrence of z and two v(i)’s, for 0 < ¢ < n — 1, is clearly 0. There is one
remaining type of a Jacobi relation that involves x. This is the one for a triple
(x,w,v(i)), where 0 <i <mn— 1.

First, let 0 < i< n—2. We have, v(i)wz + wzv(i) + zv(i)w = v(i + 1)z +
v(0)v ( Du(i) = 0, since i +1 < n—1 < n and thus n £ i + 1. If
i=n-— 1 then v(n — Nwz + wzv(n — 1) + zv(n — Dw = wr +v(0)v(n — 1) =
(0) + ()u(0) =0,

Let us next consider triples of the type (w,v(i),v(j)) where 0 <i,5 <n— 1.

Case 1: Let i=n—1and 0 <75 <n — 2. Then,
wv(n — () +v(n — 1) (Jw +v(j)wv(n —1)
()

_ <>

v+ + G+ +1)+ <j +2>v(j +1)

1
2 + 2)w(j +1) = 0.

Jw+v(j+1v(n —1)

Case 2: Let 0 <i < j <n—2. Then,
_l’_

wo(i)o(j
= J)+(n > i ® jlw+v(j+ 1)v(i)

v z)v Jw + v(jwo(i)

n—i¢—1 n—1

= <n_z_1 v(i®d (j+1)) <i+1>v(i@(j+1))+<‘;+i>v(z‘@(j+1))

= (7w G+ ) =0 _

where the last equality follows from Pascal’s Rule.

_ <J+1) (@G +1) +(”1.)@@'@<j+1>>+v<z'>v<j+1>
(o

Finally, consider v(i)v(j)v(k) + v(j)v(k)v(i) + v(k)v(i)v(j) = cv(i ® j D k) +
au(i®jdk)+asv(i®jdk), for 0 < 4,7,k < n—1. Clearly, if all coefficients «;
are even then the Jacobi identity holds. So, assume without loss of generality
that «; is odd. Then, as v(7)v(j )#Oweget 1 <az+bz, fori=0,...,m—1.
Then, (Z + 1) + (j + 1) = (a() + b()) + 2(&1 =+ bl) - 2m= 1(am_1 —|— bm—l) >
142442 =n+1,s0i+j>n—1
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Case 1: Consider the case where i+j = n—1. Then, v(i)v(j)v(k) = v(0)v(k) =
(k:lrl)v(k@O). Notice that (kj;l) is odd if and only if k = n—1. Hence k =n—1
and v(i)v(j)v(k) =v(0&® (n — 1)) = v(0). Thus,
v(@)v(G)v(k) + v(F)v(k)v(i) + v(k)o(i)o(5)

= 0(0) + (G + Do) + (@ + Do()o(j)

= v(0) + (j + 1)v(0) + (i + 1)v(0)

= (n+2)v(0) =2"v(0) =0,
as required.
Case 2: Consider the case where i + j > n. We want to show that if a; is odd

then exactly one of ao, a3 is odd. We shall consider each term separately. We
have

o(iyu(f)e(k) = (n s 1))0@- & i)u(k)
<n+1jj(t+ 1)) <n+ 1— (I;i;—n+2)>v(i@j@k)’ since i +j 2 n

- <n+1jjé+1>> (2(n+1)_1’f_+(i1+1+j+1)>v(z‘@j@k),

We assumed that oy must be odd, hence we need both binomial coefficients to
be odd. We have ( j+l ) is odd if and only if 1 < a; + b;, for all 7. Let ¢

n+1—(i+1)
be the smallest index such that a; + b; = 1. Therefore, ag = --- = a;_1 = bg =
ce=b = 1.
In order for (2(n+1)71kj(1+1+j+1)) to be odd we must have that 2(n +1) — 1 —

(i+1+j5+1) <o k+1. So,

2n+1)—1—(i+1+j+1)

= 201+2+2% 4+ +2™ 1Y) —1—((ag + bo) +2(ar +b1) +--- + 2" +
e+ 2" N a1 + b))

= 21422y b))+ 2" 2 — a1 — b1)

= 1+4+2+2%+- 427 22 —apy — b)) + -
+2"7 12 — @y — by1)

<2 co+20 4+ 20 ey + 20 + 2 ey 4+ 27 e,

hence, co =c1 =---=¢_1 =1and 2 < a; +b; +¢, for all i > t+ 1. Notice that
it follows in particular that 1 < a; 4+ ¢;, b; + ¢; for all ¢ except possibly i = t.

Notice that the assumption 2(n +1) =1 — (i + 1+ j + 1) <g k + 1 implies
that 2(n+1)—1—(i+14+j4+1)<k+1. Thatis2(n —1) <i+j+ k. Then
we must have that j+ &k >n—1 and ¢ + k > n — 1. If there is an equality, for
example j + k = n — 1, then, by symmetry, we have already shown in Case 1

that the Jacobi identity holds. So, we may assume that j + k,7+ k > n. Hence,

similarly as above, v(j)v(k)v(i) = (n+1k—+(;+1)) (2(n+1)—1i—+(}c+1+j+1))”(i ©jOk)

and v(k)v(9)v(j) = (n+1ij(}€+l)) (2(n+1)—1]:2+1+i+1))v(i ©jDk).
We have two cases:
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(a) ¢, = 0: Assume without loss of generality that a; = 0 and b, = 1. Then,

_ _ k+1 . i+1
at+c =0 % 1 and b; +¢; = 1, hence (n+1f(j+1)) is odd and (nﬂi(kﬂ))
is even. Notice that this implies that the smallest index s such that
bs +cs = 11is s = t. Hence, (2(n+1)712j(§'+1+k+1)) is odd, since 2 >
a; +b; +c¢j, foralli >t+1and ag = --- = a;_1 = 1. This shows that
the Jacobi identity holds.

(b) ¢t = 1: Assume without loss of generality that a; = 0 and b; = 1. Then,
both a;+c¢¢, by +c¢; > 1, hence both binomials coefficients (
(n+1ij—(}c+1)
index such that as + ¢s = 1, then s = ¢ and so (2(n+1)—1j—+(%+1+k+1)) is

odd. It only remains to show that (2(n+1)_1ifé+1+k+1)) is even. But,

b +c; = 2, so the smallest index [ such that b;+¢; = 11isl > t+1. Then,

k41
n+1f(j+1)) and

) are odd. Now, similarly as in case (a), if s is the smallest

. i+1 : o _
in order for (2(n+1)—1—(j+1+k+1)) to be odd we require ag = ag ==
a; = 1, which contradicts our assumption, hence (2(n +1)_1Z_+é. Stk +1))

must be even and the Jacobi identity holds.
O

Lemma 2.2. The Lie algebra L has trivial center.

Proof. Take an element of L say [ = A_jx + A\v(0) + -+ + A\p—1v(n — 1) + paw,
where A_1, Ao, ..., Ap—1, € F, that lies in the center of L. Multiplying by
x gives pv(0) = 0, therefore p = 0. Then, multiplying by w gives A_jv(0) +
Aov(1)+- -+ Ap—2v(n—1)+N\,—1w = 0 and therefore \_.; = --- = \,_1 =0. O

Lemma 2.3. W =Fv(0) +--- 4+ Fv(n — 1) + Fw is a simple ideal of L.

Proof. Consider the ideal I generated by y, where y = \v(0) + -+ -+ Ap—10(n —
1) + pw and A, ..., Ap—1,p € F are not all zero. We first show that w € I. If
Ao =+ = A1 = 0, this is clear. If not, take the smallest ¢ such that X\; # 0,
where 0 < 7 < n — 1. Taking y and mulitiplying n — ¢ times by w gives us \;w
that implies that w € I. Having established that w € I we can multiply it by
z,v(0),...,v(n — 2) to see that v(0),...,v(n—1) € I. Hence [ = W. O

Let E = (ad(z),ad(v(0)),ad(v(1)),...,ad(v(n — 1)),ad(w)) < End(L). As

Z(L) is trivial, F is the associative enveloping algebra of L.
Lemma 2.4. The associative enveloping algebra E is finite-dimensional.

Proof. This follows from the fact that dim(L) = n + 2, hence dim (End(L)) =
(n +2)%, thus E must be of finite dimension. O

We will use L to construct a locally nilpotent Lie algebra over F of countably
infinite dimension. This will then help us to construct a locally finite group G
with a left 3-Engel element y where ()¢ is not nilpotent. We now introduce a
notation that was used in [13] of modified unions of subsets of N. We let

AUDB - AUB, 1fAﬂ.B:(Z)
0, otherwise
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For each non-empty subset A of N we let W4 be a copy of the vector space
W =TFv(0) +--- 4+ Fo(n — 1) + Fw, that is W4 = {24 : z € W} with addition
24 +ta = (z+t)a. We then take the direct sum of these
W @
0£ACN

that we turn into a Lie algebra with multiplication
za-tp = (2-t)auB
when z4 € W4 and tg € Wp and extend linearly on W*. The interpretation
here is that zy = 0. Finally, we extend this to the semidirect product with Fx
L*=W*"@Fx
induced from the action z4 - = (z - ) 4. Notice that L* has basis
{z} U{v(0)4,...,v(n —1)a,wa : 0 # A C N}

and that

v(i)a-v(i)p =ws -wp =0,

v()a-x=0, wa-z=0v(0)a,
forall 0 <7,7 <n—1and
. . j+1 L .
v(i)a-v(j)p = Jv(i @ j)aup, forall 0 <i,j <n-—1,
n—iq
v(i)a-wp =v(i+1)aup, forall 0 <i,j <n—2

and v(n —1)4 - wp = wa,B.

Lemma 2.5. L* is locally nilpotent.

Proof. Notice that any finitely generated subalgebra of L* is contained in some

S = (2,v(0)40,--,v(0) a0, .., v(n — 1)A?71,...,v(n— 1)A?71,w31,...,w31>.

Thus it suffices to show that S is nilpotent. Observe first that any Lie product
with a repeated entry of v(i) 4 or wp is trivial and thus a non-trivial Lie product
of the generators of S can include in total at most r+ s+ - -+t +1 such elements.
Asv(i)a-z = (wp-z)-x =0 we have (z-z)-x =0 for all z € L*. Thus we see
that S is nilpotent of class at most 2(r + --- + ¢ 4+ ). Therefore, L* is locally
nilpotent. O

3. THE GrouP G

For an element y € L* we denote by ad(y) the linear operator on L* induced
by multiplication by y on the right. In this section we find a group G inside
GL(L*) containing 1 + ad(z), where 1 + ad(z) is a left 3-Engel element in G,
but where (1 + ad(z))¢ is not nilpotent. The next Lemma is a preparation for
this.

Lemma 3.1. The adjoint linear operator ad(x) on L* satisfies:
(a) ad(x)? = 0.
(b) ad(x)ad(y)ad(z) =0, for all y € L*.
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Proof. (a) This follows from our earlier observation that (z - z) -2z = 0 for all

z e L™

(b) Follows from wa -z -v(i)p -z = v(0)a -v(i)p-x = 0,wa - = - wp - T =

v(0)4 - wp-x=v(1)aup -z =0. O
Now let y be any of the generators x,v(i)4,wa, for 0 < i < n — 1. Since,

ad(y)? = 0 for all y it follows that

(1+ad(y))? =1+ 2ad(y) + ad(y)? = 1.

Thus, 1+ ad(y) is an involution in GL(L*). Notice also that the following are
elementary abelian 2-groups of countably infinite rank.

Vo = <1 + ad(v(O)A) :AC N>7
Vi = (I+ad(v(l)s): ACN),
V-1 = (1+adw(n—1)a): ACN),
W = (1+ad(wa): ACN)
We will be working with the group G = (1 + ad(x), Vo, V1,..., Vo1, W).

Lemma 3.2. The following commutator relations hold in G:
(a) 1+ ad(wa), 1+ ad(xz)] =14+ ad(v(0)a).

(b) [1 + ad(v(i)a),1 + ad(x)] = 1. ‘

(c) [1+ ad(v(i)a),1 + ad(v(j)p)] =1+ (if_lz) ad(v(i @ J)AuB)-

(d) [[1 + ad(v(i)a),1 + ad(wp)] =1+ ad(v(i+ 1) aup), if 0 <i < n—2.
1

(e) [1 + ad(v(n —1)a),1 4+ ad(wp)] = 1+ ad(waup).
Proof. (a) We have
1+ ad(wa), 1+ ad(z)]
= (1+ad(wa)) - (1+ad(z))- - (1+ad(wa))-(1+ad(zx))
= 1+ ad(wa)ad(x) + ad(z)ad(wa) + ad(z)ad(wa)ad(z)
= 1+ ad(wa-x)
= 1+ ad(v(0)a),
where we have used Lemma Part (b) is proven similarly. For (c) we have
[1+ad(v(i)a), 1+ ad(v(j)5)]
= (I+ad(v(i)a)) - (1 +ad(v(j)s) - (1 +ad(v(i)a)) - (1 +ad(v(j)s))
= 1+ad(v(i)a)ad(v(j)p) + ad(v(j)s)ad(v(i)a)
= 1+ad(v(i)a-v(j)s)

+ 1 o
= 1+ (j ,)ad(v(zEB])AuB).
n—i
Parts (d) and (e) are proved similarly.

O

Remark. Notice that as L* is locally nilpotent it follows from Lemma that
G is locally nilpotent. Next proposition clarifies the structure of G.
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Proposition 3.3. We have G = (1 + ad(z))Vy - - - Vo1 W. In particular, for
every element g € G there exists an expression g = (1 + ad(z)) - ro---rp_1- s,
with e € {0,1},70 € Vo, ..., "n—1 € Vp—1 and s € W.

Proof. Suppose that

9= 90(1 +ad(z))g1 --- (1 + ad(z))gn
where go, ..., g, are products of elements of the form 1 + ad(v(0)4),...,1 +
ad(v(n —1)4),1 + ad(w4). From Lemma we know that (1 + ad(wa))(1 +
ad(z)) = (1 4+ ad(x))(1 + ad(wa))(1 + ad(v(0)4)) and (1 4+ ad(x)) commutes
with all products of the form 1 + ad(v(i)a), for 0 < i < n — 1. We can thus
collect the (1 + ad(z))’s to the left starting with the leftmost occurrence. This

may introduce more elements of the form 1+ ad(v(0)4), but no new elements
1+ ad(z). We thus have that

9= (1+ad(x))"g1--- gm
where g; is of the form 14+ad(v(j)a), for 0 < 7 < n—1 or of the form 1+ad(wa,).
Notice also that we can assume that n = €, where € € {0,1}. This reduces our
problem to the case when g € (M, ..., V,_1,W). Suppose

9 =9192" " Gn,

where the terms g; are (1+ad(v(0)4,)),...,(1+ad(v(0)4,)),..., (1 +ad(v(n—
p,))s---,1+ad(v(n—1)p,)), (1+ad(we,)),- .., (1+ad(we,)) in some order.
By Lemmal[3.2] we have that (1+ad(v(j)5))(1+ad(v(i)4)) = (1+ad(v(i)a))(1+
ad(v(j)2))(1 + ()ad(v(i @ )aup)) and (1 + ad(wp))(1 + ad(v(i)a) ~ (1 +
ad(v(i)a))(1+ad(wp))(1+ad(v(i+1)aun)), if 0 <i < n—2or (1+ad(wg))(1+
ad(v(n —1)4)) = (1 +ad(v(n —1)4))(1 +ad(wp))(1 + ad(waup)), if i =n — 1.
We can thus collect the terms so that

g = (1+ad((0)a,))---(1+ad(v(0)a,)) - (1 +ad(v(n - 1)p,))---
(1+ad(v(n—1)5,)) - (1 +ad(we,))--- (1 +ad(we,)) - ha- - hm,
where h; are of the form 1+ ad(v(i)p), with 0 < @ < n — 1, or of the form
1+ ad(wp), where D is a modified union of at least two sets from
S={A1,...,Ar,...,B1,...,Bs,C1,...,Ci}.

Thus,

g = aoa1 - - - an—1ah,
where a; € V;, for 0 < i <n—1,a € W and h is a product of elements of the
form 1+ ad(v(i)p), with 0 <7 < n — 1, or of the form 1+ ad(wp), where D is
a modified union of at least two sets from S.

Repeating this collection process we get
g = boby - - - b1 bk,

where b; € V;, for 0 <i<n—1,b€ W and k is a product of elements of the
form 1+ ad(v(i)g), where 0 < i < n — 1, or of the form 1+ ad(wg), where E is
a modified union of at least three sets from S.

Continuing in this manner we conclude that after k steps

g = coc1 - Cp—1Cf,
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where ¢; € V;, for 0 < i <n—1,ce€ W and f is a product of elements of the
form 1+ ad(v(i)g), where 0 < ¢ < n — 1, or of the form 1+ ad(wg), where
H is a modified union of at least k + 1 sets from &. However, any modified
union of at least r +--- + s+t + 1 sets from § is trivial and thus f = 1 when
k=r+4---4+ s+ t. This completes the proof. O

Theorem 3.4. The element 1+ ad(x) is a left 3-Engel element in G such that
(1+ ad(x))€ is not nilpotent.

Proof. Showing that 1 4+ ad(x) is a left 3-Engel element in G is equivalent to
showing that [(1 + ad(z))Y,1 + ad(z)] commutes with 1 + ad(z) for all g € G.
Let g = h(1 +ad(wa,)) - (1 +ad(wa,)) be an arbitrary element in G, where
he{(1+ad(z)))Vo---Vn_1. We want to show that

[(1+ad(2))?, 1+ ad(z),1+ ad(z)] = 1.
Let y € L*. Then

(1+ad(y))1+ad(w/4) = (1+ad(wa))(1+ad(y))(1+ad(wa)) = 14+ad(y)+ad(y-wa).

Notice that (1+ad(z))? = (1+ ad(ac))(Ha‘d(wf‘l))"'(Had(““‘n))7 since by Lemma
3.2 we know that 1+ad(x) commutes with all elements of the form 1+ad(v(i) ),
for 0 <7 < n— 1. Then, by induction we obtain that

(I1+ad(x))? =1+ ad(y)
where
y = v+ Z v(0)4, + Z U(l)Ail—’Aj +-t Z WA; 1)U LA (g1
1<i<k 1<i<j<k 1<i(1)<i(2)<...<i(n+1)<k
Since ad(z)ad(y)ad(z) = 0, the commutator of (1 + ad(z))? with (1 4+ ad(x)) is
(1+ad(y))(1+ad(x))(1+ad(y))(1+ad(z)) = 1+ ad(y)ad(z)+ ad(x)ad(y)
+ad(y)ad(x)ad(y).
Then,
[(1+ad(@))?,1+ad(@),1+ad(@)] = [(1+ad())(1 + ad(y))]*
= (14 ad(y)ad(z) + ad(x)ad(y) + ad(y)ad(z)ad(y))?
1

)

using the fact that ad(x)ad(y)ad(r) = ad(y)? = ad(x)? = 0.

However, the normal closure of 1+ad(x) in G is not nilpotent, as for 4; = {i}
we have

1+ ad(wa,),l+ad(z),1+ad(wa,),1 +ad(wa,),...,1 +ad(wa,),. .-,
1+ ad(z),1+ad(wa,,,., )1 +ad(wa,,), -, 1+ ad(wA(mH)n)]
= 1+ad(w3),
where B = AgU A1 U... U Ap)n = {0,1,2,...,(m + 1)n}. O
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One might wonder if the nilpotency class of the subgroup generated by r
conjugates is unbounded for the family we have constructed. That turns out
not to be the case. Our next aim is to show that the subgroup generated by any
r conjugates (1 +ad(x))9,...,(1+ad(z))? of 1+ ad(z) in G will be nilpotent
of r-bounded class.

We first work in a more general setting. For each e € F and () # A C N| let
e(A) € End(L*) where

v(i)p-e(4) = (v(2)- €e)pua
wp - e(A) (w-e)pua
zoe(d) = (z-e)a,

for0<i<n—1.

Then let E* = (ad(z),e(A): e € E and ) # A C N). As L* is locally nilpotent,
one sees readily that the elements of E* are nilpotent and thus 1 4+ E* is a
subgroup of End(L*).

Despite the fact that the normal closure of 1+ ad(x) in G is not nilpotent, it
turns out that the nilpotency class of the subgroup generated by any r conjugates
grows linearly with respect to r. In order to see this we must first introduce
some more notation. In relation with the r conjugates we let A;, As,..., A, be
any r subsets of N. For each r-tuple (il,42,...,ir) of non-negative integers and
each e € F we let

bt = NN e(BiUBy U UB,).

Bl §A1 Bk gAr
|By| = il |B,| = ir

Notice that
(inir) | fir) <“ + jl) . (“’ + jr) (e f) 1+ i)
11 w
Consider the r conjugates of (1 + ad(x)) in G. Recall that each conjugate is

of the from (1 + ad(:v))(Had(wcl)'"(Had(wcj)). Without loss of generality one

can assume that each C} is a singleton set. The following argument also works
for the more general case. Let

Ay ={1,... ki}, Ao={k1+1,... ka},..., A ={kr1+1,... k}
and
e1 = ad(v(0)),e2 = ad(v(1)), ..., e, = ad(v(n — 1)), eny1 = ad(w).
Then we have seen (see the proof of Theorem that

(14 ad(e)) 0400040000 = 1 4 ad(a) 4 {100 g (100
(1 + ad<a:.))(1+ad(wkr—1+1))'“(1+ad(wkr)) = 1+ ad(x) + 6507'“70?1) + -4 e(o_it'l'vovn"'l)'
Let

i = 0,...,0,i,0,...,0)
(lvk) - e’i ?
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where 7 is the k-th coordinate and 1 <7 <n+1. Let

F = <f(j,k) _ ego,.l.,o,j,o,...,o) 1<j<n+1, 1<k<r).

Our aim is to find an upper bound for the nilpotence class of F'. For this we

need to understand better the two aspects of multplying eilnir) gnd fUL-7),
These are

A. Under which conditions the binomial coefficients are non-trivial ;
B. Under which conditions is the Lie product e; - ¢; non trivial.

The next two lemmas will help clarify these questions.
Lemma 3.5. Ifi+j >n+2, then (/) = 0,where 0 <i,j <n+ 1.
Proof. Suppose that

1= ag + 201 +...+2m_101m,1

j=0B0+2B1+...+2" 18, 1.

We have that (iﬂ ) is odd if and only if ¢ <o i+ j. The latter happens if and only

7
if there exists no [ such that oy = 8; = 1, where 0 <[ < m — 1. In particular,

for the binomial coefficient to be non-zero we need i +j < 1 +2+-..2m71 =
2Mm —1=n+ 1. [l

Lemma 3.6. Ifi+j<n—1and1<1i,j <n, thene;-ej =0.

Proof. As a preparation we first show that v(i) - v(j) = 0if i+ 7 <n—2. To
see this let

i—|—1:a0—|—2a1—|—...—|—2m_1am,1
jH1=byg+2by4...+2" b,
n+l—(G+1)=1-ap)+2(1—a)+...+2" (1 —am_1),
where 0 < a;,b; <1 for 0 <!l <m —1. Then
j+1 .
. isodd < 1< g +bforall0<I<m—1.
n+1—(i+1)

In particular for (nﬂjj'(liﬂ)) to be odd we need i+1+4+j+1 > 1+42+4-..42m71 =
2™ —1=mn+1. That is we need ¢ +j > n — 1. Thus if i + j < n — 2 we have
v()-v(j) = 0. Having established this preliminary result we turn to e;-e; where

1 < 4,5 < n. Firstly,

wee; = wu(i—1)v(j—1)=v(i)v(j—1)

- <n+1—j(i+1)>”(i@(j_l))

and so it immediately follows from the result above that we;e; = 0, if i4j—1 <
n — 2, that isif i + j < n — 1. Then, for 0 < k < n — 1, we have

v(kei-e; = wv(k)v(i —1)v(j —1).
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From our preliminary result above we know that v(k)v(i — 1) = 0, if k + (i —
1) < n—2. We can therefore assume that & + (i — 1) > n — 1 and hence
k®(i—1)=k+(i—1)— (n—1). Therefore,

weires = () gy ) o+ G0 00 DG -1

_ <n+1_i(k+1)>v(k:+i—n)v(j— 1)

which, by our preliminary result again, is trivial when k+i—n+j—1<n—2,

that isif k+i4+j < 2n—1. Given that 0 < k < n—1 we have in particular that

the product is trivial when i 4 j <n —1. Hence, ¢;-e; =0if i +j<n—-1. 0O
From these two lemmas we get the following result.

Lemma 3.7. Let 1 <i,5 <n. If f;r)- [(s) @ nonzero, thenn <i+j<n+1.

We are now ready for establishing the linear upper bound for the nilpotence
class of F.

Lemma 3.8. F is nilpotent of a class at most 4r — 1.

Proof. Notice that by Lemma we have that fo, 1) - f(j,s) = 0 for any
1 <j <n-+1. We thus only need to consider products of elements f; )y where
1 < ¢ < n. Take any such product of even length 2u where u is going to be
determined later. Suppose the product is

(1) (fair k) fonsn) - k) fGursa) )5

where 1 < 41,... 0,y J1,--sdu Snand 1 < Kk, ky, .oy 81,00, 8, < T
We want to determine u so that this product becomes 0. From Lemma 3.7 we
know that for this product to be non-trivial we need i;+j; > n, for all 1 <1 < w.
For 1 <[ < r, let t; be the sum of all the Ith coordinates of the superfixes of
the 2u elements in the product. For this to be non-zero we need

ti4 ...+t = (i1 +j1) + -+ (g + Ju) = nu.

If one of t1, ..., t, is greater than n+ 1 then Lemma 3.5 implies that the product
is zero. We need to find how big u has to be so that this happens. Notice that

the largest value of 1, ..., t, is greater or equal to the mean value and this is at
least =*. Therefore, it suffices that

% =>n—+2.
This holds when u = 2r. Hence, F22") = F4 — . (I

From this it is not difficult to obtain a linear upper bound for nilpotence
class of the group generated by r conjugates of 1 + ad(x). First we extend the
analysis of F' to the subalgebra @ = (ad(x), F) of E*. If no element f(, )
occurs then any product of elements of ) of length 4r + 1 is trivial. Here we are
using the fact that ad(x)? = 0, Lemma and the fact that ad(xz) commutes
with elements of the form f(;;) when 1 <7 < n. Suppose therefore that at least
one element f(,41 ) is involved in a product of elements of Q. If an element
of the form f(;;) included, where 1 <4 < n, we can pick f,,41%) and f(;;) that
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are of closest distance within the product. This reduces things to the following
situations:

ey ad(@) fap s

S ad(®@) fngiey o

“Sfnrrm fay

cfanfmrie
These products are trivial, as ad(z) commutes with f(; ;) and the products of
ftnt1,0) and f(;) are trivial by Lemma @ We can therefore assume that no
element f(; ;) is involved, where 1 < ¢ < n. Then we only have a product in
ad(r)’s and elements of the form fq,414). By Lemma 3.5 and the fact that

ad(z)? = 0 the product needs to alternate between ad(x) and elements of the
form f(,,41x). We will make use of the fact that

ad() fint1,k) = fins1h) ad(@) + fap)-

We have
ad(x)f(n+l,k1)ad(x)f(nJrl,kz) = (f(n+1,k1)ad<95)+f(1,k1))ad<$)f(n+1,k2)

Finr1e) 84(2)? Finit ) + Fi1,k0) 84(2) Fng 1,0

= 0+ ad(®)fu k) finrih) =0,

where the last equality follows from Lemma Similarly any product of
the form f, 11 %,)ad(2) fint1,k0) ad(z) is 0. To conclude we have seen that
Q¥+l = 0. Now let H be a subgroup of G generated by any r conjugates
(14 ad(z))%,...,(1+ad(x))? of 1 +ad(x) in G. Then

Yara1(H) <1+ Q¥ =1.

Thus we have the following result.

Proposition 3.9. Let (1 + ad(x))%,...,(1 + ad(x))9" be any r conjugates of
1+ ad(z) in G. Then H = ((1+ ad(x))%,...,(1+ ad(x))?) is nilpotent of class
at most 4r + 1.
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