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Approximating a group by its solvable
quotients

Khalid Bou-Rabee

ABSTRACT. The solvable residual finiteness growth of a group quantifies
how well the group is approximated by its finite solvable quotients. In
this note we present a new characterization of polycyclic groups which
are virtually nilpotent. That is, we show that a group has solvable
residual finiteness growth which is at most polynomial in log(n) if and
only if the group is polycyclic and virtually nilpotent. We also give new
results concerning approximating oriented surface groups by nilpotent
quotients. As a consequence of this, we prove that a natural number
C exists so that any nontrivial element of the C'kth term of the lower
central series of a finitely generated oriented surface group must have
word length at least k. Here C depends only on the choice of generat-
ing set. Finally, we give some results giving new lower bounds for the
solvable residual finiteness growth of some metabelian groups (including
the Lamplighter groups).

CONTENTS
Introduction 700
Acknowledgements 701
1. Preliminaries 701
1.1. Some group theory 701
1.2.  Quantifying residual finiteness 702
1.3.  Connections to word growth and normal subgroup growth703
2. The Proofs of Theorems 1 and 2 704
3. Proof of Theorem 3 705
4. Some examples 709
References 711

Received February 19, 2011.

2010 Mathematics Subject Classification. 20E26.

Key words and phrases. Residual finiteness growth, nilpotent, residually finite, solvable,
soluble.

The author was partially supported by NSF RTG grant DMS-0602191.

ISSN 1076-9803/2011
699


http://nyjm.albany.edu/nyjm.html
http://nyjm.albany.edu/j/2011/Vol17.htm

700 KHALID BOU-RABEE

Introduction

Let Brx(n) denote the metric ball of radius n in a group I' generated
by a finite set X with respect to the word metric || - [|p . In this article we
study the following question:

Question 1. Let P be a property of groups. How large a finite group with
property P do we need to detect elements in Brx(n)? That is, what is the
smallest integer FfﬂD’X(n) such that each nontrivial element in Br x(n) sur-
vives through some homomorphism to a group with property P of cardinality
no greater than Fllva(n) ?

We will be focusing on two properties: nilpotent (P = nil) and solvable
(P = sol). The asymptotic growth of F° is called the solvable residual
finiteness growth of I', while the asymptotic growth of Fflﬂ is called the
nilpotent residual finiteness growth. When the property P is relaxed, we use
the notation Fr and call the growth the normal residual finiteness growth.

It is known that any virtually nilpotent group has normal residual finite-
ness growth which is at most polynomial in log(n) [B10]. Further, any
finitely generated linear group with normal residual finiteness growth which
is polynomial in log(n) is virtually nilpotent [BM1]. The author has been
unable to find any group that is not virtually nilpotent with such growth.
Hence, this has lead the author to believe that there may be a positive
answer to the following question.

Question 2. Is it true that if a group I' has normal residual finiteness
growth which is at most polynomial in log(n), then T' is virtually nilpotent?

Our first result is the following, which resolves the question for a large
class of groups. Our proof builds off of the methods in [BM1] (cf. Theorem
1.1 in that paper).

Theorem 1. IfT" has a finite-index subgroup that is residually solvable and
finitely generated then the following are equivalent:

e I' has normal residual finiteness growth which is at most polynomial

in log(n).
o [ is virtually nilpotent.

We also record the following result, which resolves the question for solvable
groups, while providing a new characterization of solvable groups which are
virtually nilpotent. Loosely speaking, the result shows that, except in the
“obvious” cases, there is a new universal lower bound on the difficulty of
detecting elements in finite solvable quotients.

Theorem 2. Let I' be finitely generated. Then the following are equivalent:

o ' has solvable residual finiteness growth that is polynomial in log(n).
o [' is solvable and virtually nilpotent.
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The proofs of Theorems 1 and 2 are in Section 2. In our proofs we use in
an essential way the results of J. S. Wilson [Wi05].

On the other end of the growth spectrum, the first Grigorchuk group
is known to have solvable, normal, and nilpotent residual finiteness growth
which is exponential [B10]. Our next main result, proved in Section 3, shows
that the fundamental group of an oriented surface has super-polynomial,
but not super-exponential, nilpotent residual finiteness growth. The proof
of the upper bound relies on the structure theory of the group PSLa(Z[]),
while the lower bound uses a construction due to B. Bandman, G-M Greuel,
F. Grunewald, B. Kunyavskii, G. Pfsiter, and E. Plotkin [B06].

Theorem 3. Let I' be the fundamental group of an oriented surface. Then
2" = Fpl(n) = 2V

From this theorem, we obtain the following corollary (proved in Section 3).
Variants of the following corollary for free groups have been shown using
different methods (cf. Theorem 1.2 in [MP]).

Corollary 4. Let I' be the fundamental group of an oriented surface with
generating set X. Then there exists a constant C > O such that any nontrivial

v € T satisfies v & Ty -

We conclude, in Section 4, by showing new lower bounds for the normal
residual finiteness growth for some wreath products of abelian groups (the
Lamplighter groups). The proofs give explicit constructions of elements in
Br x(n) that are not well-approximated by finite solvable quotients. These
results suggest that a gap might exist for the normal residual finiteness
growth of solvable groups that are not polycyclic.

Acknowledgements. I am especially grateful to my advisor, Benson Farb,
and my postdoctoral mentor, Juan Souto, for their endless support and
guidance. I thank Alan Reid for supplying the proof of Claim 3. T am very
grateful to Justin Malestein for his comments on an earlier draft. And I
thank Ralf Spatzier, Richard Canary, Matthew Stover, and Blair Davey for
helpful mathematical conversations and moral support.

1. Preliminaries

In this section we build up some notation and tools needed in the proofs
of our theorems.

1.1. Some group theory. Let I' be a group. Set I'®) to be the derived
series of I', defined recursively by

r® =1 and ) = [p=D k=],
A group T is said to be solvable if G**) = 1 for some natural number k. The

minimal such k is called the solvable class of I'. If, in addition to I' being
solvable, each quotient T'(F) / I'(++1) ig finitely generated, then I is said to be
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polycyclic. Equivalently, a group I' is polycyclic if and only if I is solvable
and every subgroup of I' is finitely generated. Set I'y, to be the lower central
series for I', defined recursively by

FQ =TI and Fk = [kal,r].

A group I is said to be nilpotent if I'y, = 1 for some natural number k. The
minimal such k is the nilpotent class of I'.
We record the following elementary lemma:

Lemma 5. Let ' be a finitely generated group. Then the following are
equivalent:

(1) T is polycyclic and virtually nilpotent.

(2) T is solvable and virtually nilpotent.

Proof. The implication (1) = (2) is immediate since polycyclic groups are
solvable. We now show that (2) = (1). Since I' is virtually nilpotent, I'
contains some nilpotent subgroup, say A, of finite-index. It suffices to show
that any subgroup A’ of T is finitely generated. The group A’ N A is finite
index in A’ and is a subgroup of A. Since A is f.g. nilpotent and hence
polycyclic, it follows that A N A’ is finitely generated. Hence A’ is finitely
generated as finite generation is inherited by finite group extensions. ([

1.2. Quantifying residual finiteness. Recall that a group is residually
finite if the intersection of all its finite index subgroups is trivial. Let I" be
a finitely generated, residually finite group. Let P be a property of groups.
For v € T' — {1} we define Q(v,T", P) to be the set of finite quotients of T'
with property P in which the image of v is non-trivial. We say that these
quotients detect v. We define

Dr(y) := inf{|Q] : Q € Q(7, G, P)}.
For a fixed finite generating set X C I" we define

Ffy(n) :=max{D{'(y) : v €T — {1}, |y[lx < n}.
For two functions f,g : N = N we write f < g if there exists a natural
number M such that f(n) < Mg(Mn), and we write f ~ g if f < g and
g = f. In the case when f = g does not hold we write f % ¢g. When f < g
does not hold we write f A g. We will also write f = gfor g < fand f # ¢
for g A f. If there exists a natural number M such that f(n) < Mg(Mn)
for infinitely many n, we say that f(n) < g(n) for infinitely many n.

It was shown in [B10] that if X,Y are two finite generating sets for the
residually finite group I', then Fryx ~ Fry. This result actually holds for
the more general Fff function when the property P is always inherited by
subgroups:

Lemma 6. Let I' be a finitely generated group and P be a property of groups
that is always inherited by subgroups. If A is a finitely generated subgroup of
' and X,Y are finite generating sets for I'; A respectively, then Fi,y =< Flpj,x.
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Proof. As any homomorphism of I" to @), with ) having property P, re-
stricts to a homomorphism of A to a subgroup of Q), it follows that DZ(h) <
DE(h) for all h € A. Hence,

(1) FXy(n) =sup{DX(9) : llglly < n,g+#1}
< sup{Df'(9) : llglly < n,g #1}.

Further, there exists a C' > 0 such that any element in Y can be written in
terms of at most C' elements of X. Thus,

(2) {heA:|hlly <nh#1} C{gel:|gllx <Cn,g#1}
So by (1) and (2), we have that

FX y(n) < sup{Df(g) : llglly < n,g # 1}
< sup{D{ (9) : |lgllx < Cn,g # 1} = FE4(Cn),
as desired. O

Since we will only be interested in asymptotic behavior, we let FIE be the
equivalence class (with respect to &) of the functions Fff’ + for all possible

finite generating sets X of I'. Sometimes, by abuse of notation, F£ will stand
for some particular representative of this equivalence class, constructed with
respect to a convenient generating set.

1.3. Connections to word growth and normal subgroup growth.
Given a finitely generated group I' with generating set X, recall that word
growth involves studying the asymptotics of the following function:

wr(n)

:=|{y €T : the word length of v with respect to X is no more than n}|.
Subgroup growth is the asymptotic growth of
sr(n) :={A<T:[I':A]l=n}|
Normal subgroup growth is the asymptotic growth of
sp(n) =[{A<T:[[:A] =n}.

Gromov’s Polynomial Growth theorem [G81] equates virtual nilpotency to
having polynomial word growth. The following lemma is a slight improve-
ment of Proposition 2.3 in [BM1].

Lemma 7. Let I' be a finitely generated, residually finite group generated
by X. If

explexp((loglog(n)]®)) < wrx(n),
for infinitely many n, then Fr x(n) A (log(n))" for any r € R.
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Proof. We first recall a basic inequality from [BM1] (Inequality (1) in that
paper) that relates word growth, normal subgroup growth, and normal resid-
ual finiteness growth:

(3) log(wrx(n)) < st (Frx(2n)) log(Fr.x(2n)).

To prove the theorem with this inequality, assume to the contrary that
there exists » € R such that Fry =< (log(n))". In terms of < notation,
inequality (3) becomes:

log(wr,x(n)) = st (Frx(n)) log(Frx(n)).
Taking the log of both sides, we obtain

loglog(wr,x(n)) = log(st (Fr.x(n))) + log(log(Fr,x(n)))-
This inequality, in tandem with the assumptions
exp(exp([loglog(n)]*)) < wr x(n) for infinitely many n,
Fra(n) < (log(n))",
and log(sf(n)) < (log(n))? (see [LS03, Corollary 2.8]) gives
[log log(n)}? < (loglog(n))* + log log log(n),
for infinitely many n, which is impossible. (]

Following the proofs in [BM1], we achieve the following two corollaries.

Corollary 8. Any finitely generated solvable group has normal residual
finiteness growth which is at most polynomial in log(n) if and only if the
group s virtually nilpotent. O

Proof. Since virtually nilpotent groups are linear [A67], any virtually nilpo-
tent group has polynomial in log(n) normal residual finiteness growth (see
[B10]). If suffices to show that any finitely generated solvable group that
has normal residual finiteness growth which is at most polynomial in log(n)
is virtually nilpotent. Milnor’s Theorem in [M68] states that any finitely
generated solvable group which is not virtually nilpotent must have expo-
nential word growth. This fact along with the normal residual finiteness
growth assumption on I' contradicts Lemma 7. ([

Corollary 9. Any finitely generated solvable group I' that is virtually nilpo-
tent has solvable residual finiteness growth bounded above by (log(n))* for
some k. O

2. The Proofs of Theorems 1 and 2

Proof of Theorem 1. It follows, from Theorem 0.2 in [B10], that if " is
virtually nilpotent then Fr(n) is at most polynomial in (log(n)). Hence, it
suffices to show that I is virtually nilpotent if Fr(n) is at most polynomial in
log(n). Let A be a finite-index subgroup of I' that is residually solvable and
finitely generated. If A is virtually nilpotent, then I' is virtually nilpotent.
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Further, by Lemma 6, Fa(n) is at most polynomial in log(n). Hence, we
may assume that I' is residually solvable and finitely generated. Suppose I
is not virtually nilpotent, then by Theorem 1.1 in [Wi05], it follows that T’
must have word length greater than

exp exp([log(n)]'/?)

for infinitely many n. But we claim that having such word growth contra-
dicts Lemma 7. Indeed, the assumption in Lemma 7 is satisfied if

exp(exp([loglog(n)]*)) < exp(exp([log(n)]'/?)),

which is clearly true. O

Proof of Theorem 2. If ' is virtually nilpotent and residually solvable,
then by Lemma 0.4 in [LM91], I is solvable. So by Corollary 9, we see that
I" must have solvable residual finiteness growth which is at most polynomial
in log(n). This completes one direction of the proof. To finish, we must show
that if I' has solvable residual finiteness growth which is at most polynomial
in log(n), then I' is virtually nilpotent and solvable. By Theorem 1, T' is
virtually nilpotent. Hence, as I' is residually solvable, I' must be solvable by
Lemma 0.4 in [LM91]. O

3. Proof of Theorem 3

Let I" be the fundamental group of a compact surface. Since I' contains a
free group, the lower bound of the theorem follows from the following claim
and Lemma 6.

Claim 1. We have F3L,(n) = exp[\/n].

1

Proof. Let = and y be generators for Z* Z. Let ui(z,y) = 272y 'z and

Unt1(2,y) = [Tun (2, y)2 ™ yun(z, y)y ).

By Theorem 1.1 in [BO6], u,(z,y) # 1 for all n. Moreover, u, € T'™ and
|lun|] < C4™ for some natural number C. By a well-known result of Hall,
'™ C Tyn (see, for example, Lemma 2.7 in [MP]). Further recall that if
Q is a finite group of nilpotence class 27, then |Q| > 22". Drawing all this
together gives

Ful(c4my > 22",
Let m = [logy(y/n)], where [] denote the floor function and n is large enough
to ensure that m is positive. We have

FRl(cq4m™) > 22",

Since [logy(yv/n)] > logy(v/n), we have 22" > 9V Further, [logy(y/n)] <
logo(v/n) + 1, so because F2! is a nondecreasing function in n,

Fpl(C220ee Vi) < Fpil(C221om(ViD+2) < PRl (4C).
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Hence,
Fl(4Cn) < 2V,
Since 4C is greater than one, we get

Fl(n) < 2V, O

Before proving the upper bound in Theorem 3, we first prove some pre-
liminary results.

Claim 2. Let A be the kernel of the group homomorphism
¢ : PSLo(Z[i]) — SLo(Z /2 Z)
induced by the ring homomorphism
Zi)| = Z[i]) (1 —4)) =Z |2 7.
Then FRil(n) < 2m.

Proof. Before starting the proof, we construct a filtration for the kernel
which will help us find small nilpotent quotients. Set Gog = A and

G}, = ker[PSLy(Z[i]) — SLa((Z /2% Z)[i]) /{=£1}] for k > 1.

Then, because 2 = (1 —4)(1 + i), we have the following filtration of normal
subgroups for Gy:

Go>G1>2Gy>Gg >
We first claim that each quotient Go/Gy, is a 2-group of order less than 28

We write [A] for the equivalence class in PSLa(Z[i]) containing an element
A € SLy(Z[i]). The first quotient Go/G is
{[4] € PSLy(Z[i]) : A=1 mod (1—1)Z[i]}/ ~,
where [A] ~ [B] if A = +B = B mod 2Z[i]. Denote by Ms(Z /27Z[i))
the set of all 2 x 2 matrices with coefficients in Z /2 Z[i]. Let h : Go/G1 —
(M2(Z J2Z]i]),+) be given by [A]G1 — (A —1). The map is well-defined:
indeed if [A] ~ [B] then [A] = [B + 2N] for some N in Ms(Z[i]). So setting
My =A—1 gives
[B] =[A+2N]=[1+ M4+ 2N].
Hence, h([A]G1) = M4 and h([B]G1) = Ma + 2N which is equal to My
in My(Z[i]/2Z]i]). Further, the map is a homomorphism: indeed, if [A] =
1+ (1—14)M] and [B] =[1+ (1 —4)N], then
[A][Bl=[1+(1—-49)(M+ N)—=2iMN] ~ [1+ (1 —i)(M + N)].
Finally, the map h is injective since matrices that get mapped to 1 under h
must satisfy A =1 mod 2Z[i]. It follows that Go/G; is a 2-group of order
at most |Ms(Z /2 Z[i])| = 28.
For k > 1 we write

Gr/Grs1 = {[A] € PSLy(Z[i])) : A=1 mod 2*Z[i]}/ ~,
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where [A] ~ [B] if A=+B mod 2! Z[i]. Define a map
9: Gr/Grir — (M2(Z [2Z]i]), +)

by [A] — (A —1)27% It is well-defined: indeed if [A] ~ [B] then A =
+(B — 2FF1N) for some N in My(Z[i]). So setting M4 = (A — 1)27F gives

+B=A+ "IN =28 My + 1 £ 2MIN =1+ 2F(My £ 2N).

Hence, h([A]Gr+1) = Ma and h([B]Gi4+1) = M4 + 2N which is equal to
M4 in My(Z[i)/2 Z]i)).

Further, g is a homomorphism: Indeed, if [A] = [1 + 2¥M] and [B] =
[1 + 2*N], then [A][B] = [AB] becomes

(14 2°M)(1+28N)] = [1 4+ 2" M + 28N + 22 M N] ~ [1 + 28 (M + V),

which maps to M + N. Finally, the map is injective, as g([A]Gg+1) = 0
implies that [A] = [14+2¥F1N] ~ [1]. Tt follows that G} /G 1 is a two group
with order bounded above by 2%. This gives that Go/G}, is a 2-group of
order bounded above by 28% as claimed.

Let X be a finite set of generators for A as a semigroup and set S = {1,i}.
We claim that there exists A > 0 such that for any [A] € A with [|[A]||x < n
and any non-zero entry a € Z[i] of A+ 1 we have

lalls < A™.

To prove the claim, let @’ be the entry of A in the same spot as a in A=+1.
We have, by the triangle inequality,

lalls < lla'lls + [[1]s-

This reduces the above claim to the following. There exists > 0 such that
for any A € Gy with [|A||x < n and any non-zero entry a € Z[i] of A we
have

lalls < "
We claim that if 5 denotes the maximum of ||z||s, where x ranges over all
entries of all elements of X, then p := mf satisfies the last statement. To
see this, consider first the case A = XY with X,Y € X. The entries of A
are scalar products of the rows of X and the columns of Y. Thus we are led
to study ||z - y||s for =,y € Z[i]™, where - denotes scalar product. Clearly
we have ||z - y||s < mmax{||z;y;||s : 1 <i < m}. In terms of the basis S we
can write
Tj = Qg + byt and Yj = Gy + byt

where each ag, b;, ay, by belongs to Z. One computes

lzyills < llzjllsllyslls-

This formula and induction on n complete the proof of the claim.
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We now finish the proof. Let [A] be an element in A of word length at
most n in terms of X. Then, by the above, there exists a C' > 0 such that
any nonzero entry a of A —1 or A + 1 satisfies

lalls < 2°™.

However, by the definition of Gj: if A is nontrivial and in Gg, then any
nonzero entry a of A—1and A-+1 has ||a||s > 2*. It follows that [A] ¢ G,
hence, as Go/Gcy, is a 2-group of order at most 28T e have

pril([4]) < 2867,
giving
Fil (n) < 2™ O

Claim 3. Let A be the kernel of the group homomorphism

¢ : PSLa(Z[i]) — SLo(Z /27)
induced by the ring homomorphism

Zi)| = Z[i])] (1 —4)) =Z |2 7.
Then A contains the fundamental group of a genus 2 surface.

Proof. Let d be a square-free postive integer, Oy the ring of integers of
the quadratic imaginary number field Q(v/—d) and T'y the Bianchi group
PSLy(04). It was shown by Maclachlan (see Chapter 9.6 of [MRO03]) that
for any circle € with equation:

alz|?* + Bz+ Bz +c¢=0, with a,c € Z,B € 04
the group
Stab(C,Ty) = {y € T'y: v(C) = € and ~ preserves components of C\ C}

is an arithmetic Fuchsian subgroup of I'y. Moreover, all such arithmetic
Fuchsian subgroups occur like this.
We now fix attention on the case of d = 1 and the circle € with equation

2022+ (1+i)z2+(1—-i)2—2=0.

Denote the group Stab(€) by F. It is shown in [MR91] Theorem 8 that this
is an arithmetic Fuchsian group of signature (0;2,2,3,3;0). With a bit of
effort, explicit generators for F' can be computed, namely:

IRy (=142 3+4i
=10 —i ) 2= 14 1-2i)
(2 342 (142 2+3i
TB=\1 1-2i)° Ta=\ 0 9 )

Now let I" denote the principal congruence subgroup of I'; of level ((1 + 7)).
To determine the group F N T we consider the reduction of the generators
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of F modulo ((141)). It is easily seen that (projectively) x; and z2 map
trivially with 3 and x4 mapping to the elements

0 1 11
(1) = (5 0),
respectively. We deduce from this that the image of F' under the reduction
homomorphism is cyclic of order 3, and so it follows that since each of z; and
xo is killed, they determine 3 conjugacy classes of cyclic groups of order 2 in
FNI. Given that the index [F': FNTI'| = 3, we deduce that the signature of
the Fuchsian group FNT' is (0;2,2,2,2,2,2;0). Any such group has a genus
2 surface group. In summary we have shown that the level ((1 4 7)) principal
congruence subgroup of PSLs(01) contains a genus 2 surface group. O

We now prove the upper bound in Theorem 3:

Corollary 10. Let I' be the fundamental group of an oriented surface. Then
Fhil(n) < 2,

Proof. By Claim 3, the kernel in Claim 2 contains I'. Hence the corollary
follows from Lemma 6. ([
Corollary 11. Let I' be the fundamental group of an oriented surface with
generating set X. Then there exists a constant C > 0 such that any v € T
satisfies ¥ & Loy -

Proof. By the previous corollary, we have that there exists C' > 0 such that
F%ﬂx(n) < 207 for all n. Hence, for any v € T — {1}, we have D¥l(y) <

2CIllx . But any finite group of nilpotent class no less than C/||y||x, must
have order no less than 2¢1"lx hence ~ ¢ Lojv)jx+1, Which is sufficient. [

4. Some examples

In this section we show that better lower bounds can be found for some
groups I' where [, '] is not finitely generated.

Example 1. Let p be a prime number. Let ' be the group Z /pZ17Z. Set
A = @iz Z /pZ to be the base group of I' so I'JA = Z. We claim that
Proof. We begin with a linear algebraic construction of candidates for a
lower bound. Let A be the 2m x m matrix with entries in Z /pZ given by

1 11 1

OO O R R, O
O M= OO

~—~~
i
SN—
_ O O = O -
OO, OO
O - OO O =
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Set m = n(n + 1)/2. This matrix gives a linear transformation from
(Z |pZ)*™ to (Z /pZ)™. Since the cardinality of (Z /pZ)?™ is greater than
that of (Z /pZ)™, we have that ker(A) is nontrivial. Fix w = (wy, ..., wam)
to be a nontrivial element in ker(A). Let ¢; be the Dirac delta function
giving an element in A. Set v to be the element

i=1

This element v is our candidate.

Let t be the generator for Z in the wreath product of Z /pZ17Z. 1t is
straightforward to see that the element v has word length less than 2m(p+2).
Let ¢ : I' = @ be a map onto a finite @ such that v ¢ ker ¢. Then, supposing
that ¢(t") =1 for r < n gives

2m r—1
P(v) = o (Z wz‘&z) =¢ (Z(wi + Wity + Wig2r + - )5¢> = 0.
i=1

i=1
Hence, 7 > n, and so |Q| > n, giving Fr(n?) = n and hence Fr(n) = n!/?
as desired. O

The above method strengthens Example 2.3 in [BK10].

Example 2. Let I’ be the wreath product Z1Z. Set A = ®;czZ to be the
base group of T' so T/A = 7. We claim that Fr(n) = n'/*,

Proof. We begin with a linear algebraic construction of candidates for a
lower bound. As in the above proof, let A be the 2m x m matrix, this time
with entries in Z given by Expression 4. Set m = n(n + 1)/2, for n even.
This matrix gives a map from V := Z*™ to W := Z™. Let || - ||« be the

supremum norm on Z‘. By the triangle inequality and the definition of A,
one sees that for any v € V', we have

[Av]lw < mllv]ly.

Further, if we let By (k) = {v € Z: |||z < k}, then ABy (k) C By (mk)
for all k. Moreover, for all even k € N,

1By (k/2)] = (k+1)™, and
By(k/2)] = (k+1)>™

If k = (m + 2), then

|By(k/2)| = (k+1)*™ > ((m 4+ 3)k)™ = (km + 3k)™
> (mk+ 1) = |Bw(mk/2)]|.

Hence, as ABy(k/2) C By (mk/2), there must exist w € ker(A4) N By (k)
that is nontrivial. Fix such a w, and write w = (wy, ..., way,). Let d; be the
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Dirac delta function giving an element in A. Set v to be the element

2m
Z wléz
i=1

This element v is our candidate. It is straightforward to show that the
element v has word length less than 2m(k + 2).

Let ¢t be the canonical generator for the wreath product of Z1!Z whose
image generates I'/A. Let ¢ : I' — @ be a map onto a finite ) such that
v ¢ ker ¢. Then, supposing that ¢(t") = 1 for r < n gives

2m r—1
$(v) =¢ Z wid; | = ¢ Z(wz + Witr + Wigor + ) | =0.
i=1 i=1
Hence, r > n, and so |Q| > n, giving Fr(n*) = n and hence Fr(n) = n'/*
as desired. ]
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