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Preface

Let G be a finitely generated group, and for n € N let a,(G) denote the
number of subgroups of index n in G. By the ‘subgroup growth’ of G one
means the asymptotic behaviour of the sequence (a,(G)). The first main theme
of this book is the relationship between the subgroup growth of a group and its
algebraic structure.

This may be viewed as a new chapter in the theory of finiteness conditions in
infinite groups, originated early in the last century by the Russian school of O.
J. Schmidt and largely associated with the names of Kurosh and P. Hall. This
studied questions of the following sort: let P be a property that is common to all
finite groups F', for example ‘there exist m and n such that F' is generated by m
elements and every element x of F satisfies " = 1’. Now let G be an arbitrary
group having property P; does it follow that G is finite? In the case of the above
example this is the Burnside problem. In other cases one would only expect to
deduce that G is virtually soluble, perhaps, e.g. when P is the property of
having finite rank: there exists m such that every (finitely generated) subgroup
can be generated by m elements. Numerous positive results were obtained in
the middle of the century, pertaining to special classes of groups such as linear
groups. However, many of the natural conjectures resisted all attempts at a
general proof. The reason for this became clear in the 1970s, when Olshanskii
and Rips constructed the so-called ‘Tarski monsters’: these are infinite groups
G such that every proper subgroup of G is cyclic of (a fixed) prime order.
Such a group G satisfies any reasonable finiteness condition and is a counter-
example to any reasonable conjecture, such as the Burnside problem. On the
other hand, in the '80s and ’90s it gradually appeared that if one takes the
old conjectures and adds the hypothesis that G is residually finite, then the
conjectures indeed become theorems. The most famous example is the positive
solution of the restricted Burnside problem, which may be interpreted as saying
that every finitely generated residually finite group of finite exponent is finite
— this earned Zelmanov a Fields medal. Other examples, closer to the spirit of
this book, are the proof by Lubotzky and Mann that every finitely generated
residually finite group of finite rank is virtually soluble, and results of Wilson
and Zelmanov about residually finite Engel groups. These may all be seen as
wide generalisations of the earlier results about finitely generated linear groups,
since all such groups are indeed residually finite.

For a group to be residually finite means that it has many subgroups of finite
index: enough so that their intersection is trivial. It is entirely natural, then,
to ask the question “how many subgroups of each finite index?” From the most
naive point of view, the study of subgroup growth may be seen as the project of
arranging residually finite groups in a spectrum, from the ‘very residually finite’
— with fast subgroup growth — at one end to the ‘only just residually finite’ —
having very slow subgroup growth — at the other.

The new developments mentioned above rest on three main planks: (i) the
classification of the finite simple groups, (ii) Lie algebra methods applied to finite
p-groups, and (iii) ‘linearisation techniques’ via p-adic analytic groups. We shall
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see how (i) and (iii) are applied throughout this book, to derive information
about the algebraic structure of a group, now assumed to be residually finite,
when its subgroup growth is restricted: by specifying the type of subgroup
growth we obtain a whole spectrum of refined finiteness conditions.

Thus subgroup growth puts a new slant on a long tradition in infinite group
theory. However, it can also be seen in a quite different light. As well as the
asymptotic behaviour, the arithmetic of the sequence a,(G) may be of interest;
this is conveniently encoded in the Dirichlet series (¢ (s) = > a,(G)n~*, known
as the ‘zeta function of the group G’ (the definition parallels that of the Dedekind
zeta function of a number field, which encodes in the same way the number of
ideals of each index in a ring of algebraic integers). One can now begin to
develop a branch of ‘non-commutative analytic number theory’ that relates the
analytic properties of the function {s(s) to the structure of the group G. This
is the second main theme of the book.

Let us mention some highlights, beginning with growth. A well established
theory of ‘growth of groups’ relates to the ‘word growth’, that is the nature of
the sequence (b5 (G)) where b5 (G) denotes the number of elements of G that can
be expressed as words of length at most n in some (fixed) finite generating set
S. While the precise values of the b7 (G) depend on the choice of generating set
S, their growth (i.e. asymptotic behaviour) does not. For example, free groups
have exponential growth, while abelian, and more generally nilpotent, groups
have polynomial growth. In fact a celebrated theorem of Gromov characterises
the groups of polynomial growth precisely as those which are virtually nilpotent.

The situation with subgroup growth is similar in broad outline, but differs
in interesting ways. Again, the fastest growth occurs for free groups, but now it
is of type n!, which is like e®1°8™ that is, slightly faster than exponential. At
the other end of the spectrum, the PSG Theorem (Theorem 5.1 in the book)
characterises the (finitely generated) groups with polynomial subgroup growth:
these are precisely the groups G such that G/R(G) is virtually soluble of finite
rank — here R(G) denotes the intersection of all subgroups of finite index in G.
(Of course the numbers a,,(G) can only contain information about the quotient
G/R(G), so when studying subgroup growth it is natural to assume throughout
that R(G) = 1, that is, G is residually finite.).

While the PSG theorem and Gromov’s theorem are logically quite indepen-
dent, they share a number of features. To begin with, both classify the groups of
polynomial growth as (finite extensions of) groups in a well-understood subclass
of the soluble groups. Moreover, both are proved following a similar pattern,
centred on a reduction via topological groups to the special case of linear groups.

Gromov developed new methods in geometric group theory in order to embed
his group in a topological group, at which point he was in a position to apply
the solution to Hilbert’s 5th problem (the characterisation of topological groups
having the structure of a real Lie group). In the case of polynomial subgroup
growth, the classification of the finite simple groups is invoked along the way
to embedding the group in a pro-p group, at which point one is in a position to
appeal to Lazard’s solution of the p-adic version of Hilbert’s 5th problem (the



proof that we give in Chapter 5 actually avoids p-adic Lie groups but is based
on the same ideas).

The characterisation of linear groups with polynomial word growth depends
on the ‘Tits alternative’: a finitely generated linear group either is virtually
soluble or else contains a non-abelian free subgroup. The presence of a free sub-
group in G implies that G has exponential word growth, but tells us nothing
about the subgroup growth. To deal with linear groups of polynomial subgroup
growth, a different dichotomy had to be established: now sometimes known
as the ‘Lubotzky alternative’, this asserts that a finitely generated linear group
either is virtually soluble or else has a subgroup of finite index whose profinite
completion maps onto the congruence completion of some semisimple arithmetic
group. This reduces the problem to the question of counting congruence sub-
groups in arithmetic groups.

The counting of congruence subgroups may be seen as a form of ‘non-
commutative number theory’. The proof of the PSG theorem is completed
by an application of the Prime Number Theorem; but the precise estimation of
‘congruence subgroup growth’ in arithmetic groups is of interest in itself, and
this involves both some serious group theory and deep number theory, such as
the Bombieri-Vinogradov theorem on the ‘Riemann hypothesis in the average’.

Another highlight in the story of word growth was the construction by Grig-
orchuk of groups of intermediate growth, strictly between polynomial and ex-
ponential. While (continuously) many such growth types have been realised,
they all lie between eV™ and e”, and the nature of the ‘spectrum’ of possible
growth types is still very much a mystery. In contrast, the spectrum of subgroup
growth types is known to be essentially complete: explicit constructions that
demonstrate this are given in Chapter 13. On the other hand, as is the case for
word growth, there are definite ‘gaps’ in the subgroup growth spectrum when
one restricts to special classes of groups such as linear groups.

The class of finitely generated nilpotent groups plays a special role both in
word growth and subgroup growth. As mentioned above, these are (virtually)
just the groups of polynomial word growth, and an exact formula for the minimal
degree of a bounding polynomial was given by Bass; it takes integral values
and depends on simple structural invariants of the group. Finitely generated
nilpotent groups also have polynomial subgroup growth; but there is no known
way to determine the degree of polynomial subgroup growth in terms of the
structure of the group, and it is not always an integer. It is known, however,
that this degree is a rational number.

This brings us to our second theme, the ‘arithmetic of subgroup growth’. If
G is a finitely generated nilpotent group, its degree in the above sense is denoted
a(@G), and is equal to the abscissa of convergence of the zeta function (¢ (s). Such
zeta functions share some of the properties of the more traditional zeta functions
of number theory: for example they enjoy an Euler product decomposition, and
for each prime p the local factor at p, denoted (g p(s), is a rational function of
p~ 5. The proof applies a beautiful rationality theorem for p-adic integrals due
to Denef, based on considerations in p-adic model theory.

However, in contrast to classical zeta functions, the global behaviour of (¢ (s)
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is erratic; for example, (;(s) does not (usually) have analytic continuation to C.
This is related to the fact that the rational function expressing the local factor
Ca.p(s) depends on the number of F-rational points of a certain variety defined
over Z, and so varies wildly with the prime p. The construction of this variety
is a procedure in algebraic geometry involving resolution of singularities, that
leads to an explicit determination of the local factors. This is precise enough to
yield the conclusion that the global abscissa a(G) is a rational number (using the
Lang-Weil estimates for rational points on varieties over finite fields). It is also
used to show that the global function (¢ (s) is approximated in a neighbourhood
of a(@) by an Artin L-function, and hence has a meromorphic continuation
to this neighbourhood. This opens the way to methods of analytic number
theory, which then yield an asymptotic formula cn®() (logn)? for the number
of subgroups of index at most n in G (here ¢ is a constant and [ is a non-negative
integer) — a statement whose simplicity belies its depth.

The ‘local zeta function’ (¢ ,(s) is also defined for a p-adic analytic pro-p
group G, and again is a rational function. This depends on deep work of Denef
and van den Dries in ‘p-adic analytic model theory’, and has remarkable and
unexpected consequences for the theory of finite p-groups, including the proof
of a delicate conjecture of Newman and O’Brien (explained in Chapter 16).

Attempts to answer the simple question: ‘how many subgroups of index
n does a group possess?’ have thus encompassed a surprisingly broad sweep
of mathematics. The full range will become apparent on looking through this
book; it includes methods and results from the theories of finite simple groups,
permutation groups, linear groups, algebraic and arithmetic groups, p-adic Lie
groups, analytic and algebraic number theory, algebraic geometry, probability
and logic. In many cases it has not been sufficient to quote results “off the
peg”, and new results have been obtained that have nothing to do with sub-
group growth as such. Among these are criteria for an infinite group to be
linear, the ‘Lubotzky alternative’ mentioned above, and new theorems about
finite permutation groups. There have also been applications outside subgroup
growth: a group-theoretic characterisation of arithmetic groups with the con-
gruence subgroup property, estimates for the number of hyperbolic manifolds
with given volume, and the results mentioned above on the enumeration and
classification of finite p-groups.

Our aim in this book is not to present a completed theory: the subject is still
very young. Indeed, while some of the core results (such as the PSG theorem)
have been around for a few years, many were discovered even as we wrote, and
are still unpublished (around 44% of those labeled ‘Theorem’ in the main body
of the book had not been published by the end of the 20th century). This book
is an attempt to present the state of the art as we reach what is perhaps the
end of the ‘foundational stage’. The broad outlines of a rich theory have begun
to emerge; it is ripe for deeper investigation and new discoveries, and we hope
that this book will encourage more mathematicians to explore an intriguing new
field.
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The present healthy state of the subject is largely due to the efforts and
insight of a small number of colleagues (and friends): Avinoam Mann, Aner
Shalev, Laci Pyber, Fritz Grunewald, Marcus du Sautoy, Thomas Miiller. They
have all materially contributed to the book by giving us access to their latest
unpublished work, as have Andrei Jaikin-Zapirain, Benjamin Klopsch, Attila
Maréti and Nikolay Nikolov. We thank them all most heartily. We are also
most indebted to Efi Gelman, Dorian Goldfeld, Michael Larsen, Richard Lyons,
Avinoam Mann and Laci Pyber for kindly reading various parts of the text and
suggesting numerous corrections and improvements.

Some of the material is based on the first author’s lectures at Groups St.
Andrews/Galway, 1993, and at Yale, Columbia, Rice and the Hebrew Universi-
ties in the intervening years; he is grateful for much helpful feedback from the
audiences on these occasions, and to the BSF, NSF and ISF for several research
grants over the years.
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Notation

Number theory

f~g it f(n)/g(n) —1 as n— oo

f=0(g) if there exists a > 0 such that f(n)/g(n) < a for all large n
f=o(g) if f(n)/g(n) —0 as n—

f=g it f=0(9) and g=O(f).

logz = log, x

Inz =log, x

[x] : greatest integer < x
[2] : least integer > x

Group theory

H <G, H< G, H<<G: H is asubgroup, normal subgroup, subnormal
subgroup of G

H <, G etc.: H is an open subgroup of G (a profinite group)

|G : H| : the index of H in G

g*=a""gz

lg,2] =97 'g"

(X)) : subgroup generated by a set X

[H,K] = ({[h,k] [ h € H, k € K})

G’ =[G, G] derived group of G

Yn(G) : nth term of lower central series of G ( n(G) = G, 7(G) =
[yn-1(G). G )

Cq(X), Ng(X): centraliser, normaliser of X in G

Z(G) : centre of G

®(G) : Frattini subgroup of G

G"=({g" g€ G}

G . direct product of n copies of G (also sometimes denoted G™ when G
is abelian)

G S : the permutational wreath product of G with (the finite permutation
group) S

d(QG) : size of a minimal generating set for G

d(H): H<Gandd(H) < o (G an abstract group)
rk(G) = sup
d(H):H<,G (G a profinite group)
ur(G) = sup {rk(Q) : Q a finite quotient of G’}
r,(G) = rk(P) where P is a Sylow p-subgroup of G (G a finite group)
ur,(G) = sup {r,(Q) : Q a finite quotient of G}



xiv
o(x) : the order of the element z in a given group

The Fitting length (or height) of a soluble group G is the minimal length of
a chain 1 = Ng < N; < ... < N = G of normal subgroups such that N;/N;_;
is nilpotent for each

C,, : cyclic group of order n
Sym(n), Alt(n) : symmetric, alternating group of degree n

an(G) : the number of subgroups (or open subgroups) of index n in G

$n(G) : the number of subgroups (or open subgroups) of index at most n in
G

$(@) :the number of subgroups in the finite group G

mn(G), a}(G), aX<(G) : the number of mazimal, resp. normal, resp. sub-
normal subgroups (or open subgroups) of index n in G (similarly for s¥(G),

sn(G) )
cn(T), ¢(G) : the number of congruence subgroups (resp. normal congru-
ence subgroups) of index at most n in the arithmetic group T’

A group G is said to be wirtually X, where X is some class of groups, if G
has a normal subgroup N of finite index such that N € X (when G is profinite
N must be open).

A group G is residually X if

n N =1;
G/Nex

equivalently, if for each element x # 1 of G there is an epimorphism 6 : G — H
where H € X and 6(z) # 1.



Chapter 0O

Introduction and overview

Suppose we want to bring some order into the universe of infinite groups. This
is too huge and too diverse for anything like a classification up to isomorphism
to be feasible; instead, we look for simple invariants, and try to see how groups
are divided up according to the nature of their invariants.

The invariant we are going to study is the subgroup growth function. To each
group G we associate the numerical function

n— a,(G)

where a,, (G) denotes the number of subgroups of index n in G. (We only consider
groups for which these numbers are finite: this restriction is discussed below.)
From the group-theoretic point of view, the natural questions are

(1) what are the general features of subgroup growth functions, for groups in
general?

(2) which algebraic features of a group are reflected in properties of its subgroup
growth function?

If we are number theorists rather than group theorists, we may view the
subject from a different angle. If G is a ‘natural’ sort of group, one would like
to know

(3) what are the arithmetical properties of the numerical sequence (a,(G)) ?

From this point of view, the investigation of subgroup growth functions should
be seen as a branch of ‘non-commutative arithmetic’: it is in direct analogy
to the study of the Dedekind zeta function of a number field, which encodes
the arithmetical sequence (a,(0)), where a,(0) denotes the number of ideals of
index n in the ring of algebraic integers o.
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0.1 Preliminary comments and definitions

(i) First of all, we need to know that a,(G) is finite for each n. This forces
us to restrict attention to groups G for which this is the case; every finitely
generated group G has this property, and more generally so does every group
whose profinite completion is finitely generated (see below). (It is shown in
[Wilson 1970] that every group satisfying the mazimal condition for normal
subgroups has only finitely many subgroups of each finite index; the subgroup
growth of such groups has not as yet been investigated.)

(ii) Let R(G) be the intersection of all finite-index subgroups of G. Then
an(G) = an(G/R(G)). So we may as well restrict attention from the beginning
to groups G such that R(G) = 1. Such groups are said to be residually finite.

Many of the groups that arise naturally in mathematics are both finitely
generated and residually finite, so these restrictions leave us with plenty of
material to work on.

(iii) Every group G has a profinite completion G. This is the inverse limit of
the system of all finite quotient groups of G; it is a compact Hausdorff topological
group whose open normal subgroups form a base for the neighbourhoods of the
identity, in other words a profinite group. 1f G is residually finite we may consider
G as a dense subgroup of G. In that case, the mapping H — H (the closure of H
in @) is an index-preserving bijection from the set of all finite-index subgroups
in G to the set of all open subgroups in G. It follows that a,(G) = a,(G) for
every n, where by an(@) we denote the number of open subgroups of index n in
G. (When referring to subgroups of finite index in a profinite group, we shall
always mean open subgroups. Whether a finitely generated profinite group can
have finite-index subgroups that are not open is an interesting open problem,
but not one that need concern us here.) These matters are explained in more
detail in the Profinite groups window.

The moral is that subgroup growth is ‘really’ a feature of profinite groups. It
is logical to divide our study into two stages: one: examine the subgroup growth
of profinite groups; two: investigate the (abstract) groups that have a particular
profinite group as their profinite completion. In practice we don’t always follow
this path, but it is illuminating to bear in mind these two distinct aspects of
the subject (analogous to arithmetic in the p-adic numbers vs. arithmetic of
the rationals). In the rest of the book we move freely between ‘abstract’ groups
and profinite groups, according to what seems more appropriate in the context.

(iv) ‘Growth types’ When studying subgroup growth in the asymptotic
sense, it is natural to consider the growth rate of the ‘summatory’ function

n

i sn(G) =) _a;(G),

j=1

that is, the number of subgroups of index at most n in a group G. A rough
classification of groups by subgroup growth is provided by the growth type: a
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group G has (subgroup) growth type at most f, for some function f, if there
exists a positive constant a such that

sn(G) < f(n)* for all large n; (1)

G has growth type f if this holds and there exists another positive constant b
such that
5,(G) > f(n)® for infinitely many n. (2)

In other words, the growth type is f if and only if

log(sn(G)) = O(log f(n))
log(sn(G)) # o(log f(n)).

A moment’s consideration shows that ‘having the same growth type’ is not
actually an equivalence relation; however, it is a convenient way to summarize
the information that we have about many groups. In some cases we can do
better, namely when we have a lower bound as well as an upper bound for
$n(G) that is valid for all large n. Thus we say that G has strict growth type f
if (2) as well as (1) holds for all large n, in other words if

log(sn(G)) =< log f(n).

‘Having the same strict growth type’ is of course an equivalence relation.
G is said to have polynomial subgroup growth if the growth type is at most
n, i.e. if $,(G) < n° for all n, where c is some constant.

We shall also be considering some other subgroup-counting functions:

a}(G), s )(G) : the number of normal subgroups of index n (resp. index at

most n) in G

adN @), s39(G) : the number of subnormal subgroups of index n (resp. index
at most n) in G

my(G) : the number of mazimal subgroups of index n in G,

and the language of ‘growth types’ is extended to these in the natural way.
The results on these growth functions are less systematic and complete than in
the case of subgroup growth, and this is one area where much remains to be
discovered.

0.2 Overview of the chapters

Each of the chapters after the first deals with a particular aspect of subgroup
growth (or a related topic). Several basic and elementary arguments appear
repeatedly in different contexts, and we have collected these together in Chapter
1. The reader should not be put off by the somewhat bitty nature of this
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chapter, but rather skim through it on first reading and refer back to it whenever
necessary.

The next four chapters deal with groups of successively slower growth types.
Chapter 2 considers free groups. These exhibit the fastest possible growth:
they have subgroup growth of strict type n™. The proof is a (relatively simple)
application of finite permutation group theory, of a kind that will appear (in
more sophisticated forms) in several other places. The normal, subnormal and
mazximal subgroup growth types of free groups are also determined; the first of
these depends on the following result of independent interest: the number of
isomorphism types of finite d-generator goups of order n is bounded above by
n2dlogn.

An ‘upper composition factor’ of a group G means a composition factor of
a finite quotient of G. One of the recurring themes throughout the book is the
close link between subgroup growth of a group and the structure of its upper
composition factors. This is first examined in detail in Chapter 3. The first
main result there shows that a finitely generated group G has at most exponential
subgroup growth type (and at most polynomial mazimal subgroup growth) if G
does not involve every finite group as an upper section (this is equivalent to
a restriction on the upper composition factors). A precise relationship is then
established between the actual rate of subgroup growth and the nature of the
excluded finite groups.

If every upper composition factor of G is cyclic of order p, for a fixed prime p,
then G is a pro-p group; the last part of Chapter 3 determines the strict growth
type of free pro-p groups, which is again exponential. The normal subgroup
growth type of these groups is also determined; again, this is done by estimating
the number of isomorphism types of finite d-generator goups of order p™, which
is about pm2 where ¢ depends on d.

Chapter 4 continues the study of pro-p groups, those that are in some sense
smaller than the free ones. In analogy with a result stated above, it is shown
that a finitely presented pro-p group has growth type at most 2V™ if it does
not involve every finite p-group as an upper section. Several examples of pro-p
groups are examined, all of which have growth type n'°g™.

The most important result of this chapter is the following dichotomy satisfied
by every finitely generated pro-p group G : let ¢ < 1/(8logp). Then either
5,(G) > ncl°8™ for infinitely many n or G has polynomial subgroup growth;
and the latter holds if and only if G has finite rank (this is equivalent to G having
the structure of a p-adic analytic group). This theorem is a forerunner of the
‘PSG Theorem’, which characterizes groups of polynomial subgroup growth;
and it is the first case of a ‘gap theorem’, saying that (within a particular class
of groups) the growth type cannot lie in a certain range — in this case, strictly
between type n and type nl°8™.

Chapter 5 is devoted to one of the main results of the book, the aforemen-
tioned PSG Theorem: « finitely generated residually finite group has polyno-
mial subgroup growth if and only if it is virtually soluble of finite rank. The
‘if” direction is easy and already appears in Chapter 1. The proof in the other
direction involves several different techniques:
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e Finite group theory, including the classification of finite simple groups, to
obtain restrictions on the upper composition factors.

e ‘Linearisation’, that is, finding sufficient conditions for an infinite group
to be isomorphic (or almost so) to a linear group over a field.

e ‘Strong approximation’ results for linear groups, reducing questions about
these to the case of arithmetic subgroups in semisimple algebraic groups.

e The Prime Number Theorem.

Much of the necessary material, which is of independent interest, is dealt with
separately in ‘windows’ (explained below).

We jump ahead to Chapter 10, which treats the ‘Profinite PSG Theo-
rem’, namely the characterisation of profinite groups with polynomial subgroup
growth. Such a group need not be soluble: modulo a prosoluble normal sub-
group of finite rank the group is (virtually) a product of finite simple groups of
Lie type, satisfying certain precise arithmetical conditions. The proof develops
further the finite group theory of Chapter 5 (but is independent of the other
parts of that chapter).

Chapters 8 and 9 discuss stronger versions of the PSG Theorem that ap-
ply to linear groups, and more generally to residually nilpotent groups. In each
case there is a ‘gap theorem’: if the subgroup growth is of type strictly less than
plogn/loglogn then it is polynomial. This depends in part on results of Chapter
6, decribed below, as does the following striking theorem on normal subgroup
growth: if a finitely generated linear group G has polynomial normal subgroup
growth, then the simple components of the Zariski closure of G (a linear al-
gebraic group) are of types Ga, Fy or Es. Here we see a remarkably subtle
structural property of a group reflected in its subgroup growth; the result is
‘genuine’ in that the groups G2(Z), F4(Z) and Es(Z) really do have polynomial
normal subgroup growth.

The heart of proof of the PSG Theorem is an estimation of the congruence
subgroup growth in arithmetic groups. A fairly easy lower estimate sufficed
for that proof. Chapter 6 is devoted to the precise determination of this growth
type: it is nlog™/1oglogn ip characteristic zero and n'°8™ in positive characteristic.
The methods in the two cases are quite different, depending in the first case on
Bombieri’s deep results on the Riemann hypothesis ‘on average’, in the second
case on the combinatorial study of finite Lie algebras. The growth type of
normal congruence subgroups is also determined: this depends delicately
on the type (i.e. the Dynkin diagram) of the underlying simple algebraic group.

These results are used in Chapter 7 to establish a group-theoretic char-
acterisation of arithmetic groups (in characteristic zero) with the congruence
subgroup property (CSP): an arithmetic group has CSP if and only if it
has subgroup growth of type strictly less than n'°8™. Arithmetic groups are a
particular case of lattices in Lie groups. Using the above criterion as a def-
inition of the ‘generalized CSP’, the rest of Chapter 7 examines the subgroup
growth of such lattices, and establishes in many cases a generalized version of
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Serre’s congruence subgroup conjecture, namely that a lattice in a simple Lie
group L has the (generalized) CSP if and only if L has real rank greater than
1. The methods here are largely topological and geometric. As an application,
it is shown that the number of hyperbolic manifolds of a given dimension and
volume at most r grows like v, where ¢ is a constant.

The emphasis so far has been on determining the subgroup growth of various
groups, using a more-or-less direct approach. A new angle appears in Chapter
11. Here we consider a profinite group G as a probability space, using its
natural Haar measure as a compact topological group. The simple observation
that the probability for random a k-tuple in G to belong to a given open sub-
group H is |G : H |7]C has far-reaching consequences. Applying this when H is
a maximal subgroup, for example, we see that the probability P(G, k) that G
can be generated by k elements is at least 1 — Y m,,(G)n~*; this implies that
if G has polynomial maximal subgroup growth then for sufficiently large k one
has P(G,k) > 0 — in this case G is said to be positively finitely generated or
PFG (as a special case we may infer that every profinite group with PSG is
finitely generated! — a non-probabilistic result proved by simple probabilistic
means). In fact, a profinite group is PFG if and only it has polynomial maz-
imal subgroup growth; the “only if” is a much deeper result that depends on
the classification of finite simple groups. A variety of other applications of the
probabilistic method are also given, including an elegant determination of the
zeta function of Z? (see below).

The property of having polynomial (or otherwise restricted) subgroup growth
may be viewed as a finiteness condition on a group; it is an ‘upper finiteness
condition’ in the sense that it is defined as a limitation on the finite quotients. In
Chapter 12 we consider some other upper finiteness conditions, in particular
one called polynomial index growth (PIG): a group G has PIG if |G* : G*"| <
n¢ for all n and every finite quotient G* of GG, where c is a constant. Another
closely related condition is ‘bounded generation’: a profinite group is said to be
boundedly generated (BG) if it is equal to the product of finitely many procyclic
subgroups. The main result shows that both conditions are closely related to
subgroup growth: for profinite groups, PSG = BG = PIG, while PIG implies
that the subgroup growth is of type at most n(1°8 m)?. Both PIG and BG (for the
profinite completion) can be used to characterize arithmetic groups with the
congruence subgroup property, in analogy to the first main result of Chapter 7.

The theory of groups with upper finiteness conditions such as these is less
developed than the theory of subgroup growth, and one purpose of Chapter 12
is to draw attention to the many unanswered questions in this area.

Chapter 13 concludes our study of growth types by establishing that the
subgroup growth spectrum is essentially complete. That is, for any ‘rea-
sonably nice’ non-decreasing unbounded function f : N — (0,00) such that
f(n) = o(n) there exists a finitely generated residually finite group having sub-
group growth of type n/(™ . This means that there are no ‘gaps’ in the spectrum
of possible growth types, between the slowest type n' and the fastest type n".
(Actually the given constructions leave the possibility of a ‘small gap’ between
types nl°glo8™ and nl°8" but there seems little doubt that this can be filled.)
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It follows in particular that there are continuously many distinct growth types
for finitely generated groups.

The examples in this chapter are constructed in two stages: first a profinite
group G is tailored to have the required growth type, and then — the more
challenging part — a finitely generated dense subgroup I' of G is found such
that the natural epimorphism I' — G is actually an isomorphism, or at least
has relatively small kernel. This procedure illustrates the philosophy outlined
above in Section 0.1 (iii). It is applied to two different kinds of profinite group:
(a) a product of finite alternating groups, using finite permutation group theory,
and (b) a ‘branch group’ in the sense of Grigorchuk, using the theory of groups
acting on rooted trees.

The last three chapters are devoted to the ‘arithmetic of subgroup growth’.
A full treatment would require a whole second book; here we provide no more
than an introduction to this area, where indeed many of the most challenging
open problems are to be found.

In Chapter 14 we report first on the case where G is a free product of finite
or cyclic groups. In this case, the sequence a,(G) can be studied by combi-
natorial methods, generalising the approach originally applied to free groups
in Chapter 2. These lead both to remarkably precise asymptotic formulas and
to some intriguing results on divisibility properties. For the proofs, which in-
volve real analysis and combinatorics, we refer the reader to the original litera-
ture. The final section of Chapter 14 determines the subgroup growth of surface
groups; the method is character-theoretic, and potentially opens the way to a
similar study of other classes of one-relator groups.

The next two chapters introduce the (subgroup growth) zeta function. If G
is any group with polynomial subgroup growth, the Dirichlet series

CG(S) — Z an(G)

nS

represents a complex analytic function, the zeta function of G, regular on the
half-plane Re(s) > a(G), where a(G) = inf{c | s,(G) < n° for all large n} is
the ‘degree of polynomial subgroup growth’.

Chapter 15 studies the case where G is a finitely generated nilpotent group.
In this case, the zeta function has excellent properties, including (a) an Euler
product expansion, (b) for each prime p the ‘local factor’

Cap(s) =D ap (Gp™™ 3)
n=0

ia a rational function of p~%; (c) analytic continuation. These are applied in the
proof of the following theorem: (d) if G is a finitely generated nilpotent group
then

50 (@) ~ en®(logn)”

for some ¢ >0,0< a=a(G) €Qand 0 < G € Z.
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Claim (a) is elementary. The rationality theorem (b) is discussed in detail,
and related to properties of integrals on p-adic manifolds. The chapter also
presents five different proofs of the nice formula

Cza(s) =C(s)¢(s =1)...¢(s —d +1)

(here ((s) denotes the Riemann zeta function), each illustrating a different ap-
proach to the topic. On the other hand, (c) and (d) are very deep, and we only
outline briefly the main ideas of the proofs.

Finally, Chapter 16 considers the zeta function of a compact p-adic an-
alytic group. For such a group G (which is a finite extension of a pro-p group
of finite rank), the ‘local zeta function’ (3) is again a rational function of p—°
(generalising the nilpotent case). This applies for example to groups such as
SL4(Z,), raising the interesting challenge of actually determining the rational
functions in such cases. It also has several remarkable applications to the enu-
meration and classification of finite p-groups; the simplest of these to state is
the following, where

f(n,p,c,d)

denotes the number of isomorphism types of d-generator groups of order p™ and
nilpotency class at most ¢: for fized p, ¢ and d the function n +— f(n,p,c,d)
satisfies a linear recurrence relation with integer coefficients; while the most
remarkable is the proof of a subtle conjecture of Newman and O’Brien on the
classification of p-groups of fized coclass. Again, the chapter gives only an outline
of the main ideas of the proofs.

0.3 On CFSG

The classification of the finite simple groups (CFSG) is a wonderful ‘black box’
that enables the solution of many otherwise intractable problems in group the-
ory. A few of the major theorems in the book rely on this black box for their
proof, notably the ‘PSG Theorems’ of Chapters 5 and 10. This does mean that,
at present, the complete proof of such theorems is about 15,000 pages long! We
do not know if independent proofs will ever be found; this would certainly be
desirable for aesthetic and mathematical reasons We have tried on the whole
to resist the temptation to ‘shorten’ arguments by appealing indiscriminately to
CFSG, though we occasionally mention points at which such an appeal would
simplify a proof.

On the positive side, the book shows how CFSG has made possible substan-
tial advances in infinite group theory, in a perhaps unexpected way; thus as well
as being the end of one story it is the beginning of a new one.

0.4 The windows

On the whole, the individual chapters after the first are independent of one
another, and can be read in any order (except that Chapters 7 and 8 rely on



0.5. THE ‘NOTES’ 9

Chapter 6, Chapter 10 on parts of Chapter 5, and Chapter 16 on parts of
Chapter 15).

A wide range of mathematical disciplines has to be invoked in the course of
our work. Each will be familiar to some readers and not to others. In an attempt
to keep clear the main structure of the development within each chapter, we have
separated off the discussion of various topics into twelve windows. Although
physically they appear together at the end of the book, the reader is expected
to treat them rather as ‘hypertext links’, and be prepared to flick to a window
for illumination whenever necessary. We apologise for the (hopefully minor)
inconvenience, and hope that this is compensated by the attendant streamlining
of the main text.

The windows vary in style: some are little more than lists of results, with ref-
erences, collected together for convenience; others discuss some topic in greater
or lesser depth, and present either new material or material that is not other-
wise easily available in the required form. We occasionally allow ourselves to
digress, where we feel there is something interesting to be said. The windows
on Linearity conditions and Strong approximation in particular are quite
substantial and are really chapters in their own right; their present form is sup-
posed to emphasize that they are of more general interest, quite apart from
their applications in this book. It is our hope that these, and some of the other
windows, will be a useful source for people working in related areas beyond the
narrow topic of subgroup growth.

For cross-references to the windows we use boldface type and the special
symbol %, so for example “(%> Pro-p groups)” means “see the Window on

pro-p groups”.

0.5 The ‘notes’

Results are usually given in the main text without attribution; needless to say
this is mot meant to imply any claim of originality. Instead, bibliographic ref-
erences are collected in the ‘notes’ section at the end of each chapter. We
have tried to give due credit to the authors of all the main results; doubtless
some oversights will have occurred, and we beg the forgiveness of our respected
colleagues in such cases.

Occasionally, the ‘notes’ also contain references to additional material not
covered in the main text, and/or historical remarks.
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Chapter 1

Basic techniques of
subgroup counting

The purpose of this preliminary chapter is to introduce a variety of simple
arguments that will serve as basic tools throughout the book. Taken en masse
these may seem rather dry and uninspiring — the reader may prefer to skim
through them fairly briskly, returning later when necessary to study particular
points in more detail (the simpler results will often be used in later chapters
without special mention).

There are three basic methods for obtaining upper bounds on the number
of subgroups of finite index in a group: (i) counting homomorphisms into finite
groups, (ii) counting generating sets and (iii) counting complements in exten-
sions. We shall see how each of these methods is used, sometimes in combination.
Slightly more sophisticated methods will also appear, which involve restricting
to Sylow subgroups or to soluble subgroups.

We give a fairly thorough account of subgroup-counting in abelian groups;
this is essential because the most usual way to obtain lower bounds for s, (G)
in a general group G is to locate an elementary abelian section A ‘near the top’
of G and then relate s, (G) to s,/ (A), where m is the index of A in G.

‘We recall some notation:

d(Q) : the minimal cardinality of a generating set for G (topological gener-
ating set if G is profinite);

tk(G) =sup{d(H) | H a finitely generated subgroup of G} ;
1,(G) =sup{d(H) | H a p-subgroup of G} (when G is finite);

a, (@) : the number of subgroups of index n in G (open subgroups if G is
profinite);

Sn(G) = Zaj(G)7 S(G) = ZG'J(G)

11
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G denotes the profinite completion of a group G;

log x denotes the logarithm to base 2 of x.

1.1 Permutation representations

Let G be a group and H a subgroup of index n in G. Then G permutes the
right cosets of H by right multiplication. If we label H with 1 and the remaining
n — 1 cosets with 2,,...,n in any order we obtain a homomorphism

¢+ G — Sym(n);

it is clear that (i) ¢(G) is transitive and (ii) H = Stabg (1) = ¢~ 'Sym({2,...,n}).
Since there are (n—1)! distinct such labellings, we see that H gives rise to (n—1)!
homomorphisms ¢ : G — Sym(n) satisfying (i) and (ii). Conversely, to each

¢ : G — Sym(n) such that ¢(G) is transitive we may associate the subgroup
Stabg (1) which has index n in G.

Under this correspondence between subgroups and permutation representa-
tions, moreover, the mazimal subgroups of G correspond to primitive represen-
tations (for the stabilizer of a block containing the point 1 is a subgroup of G
containing the stabiliser of 1). Thus, writing

tn(G) = {e : G — Sym(n) : ¢(G) is transitive}|

and
Pn(G) = {¢ : G — Sym(n) : ¢(G) is primitive}|,

we have
Proposition 1.1.1

an(G) = t,(G)/(n — 1)!
ma(G) = pa(G)/(n — 1)

For example, if G is infinite cyclic we havea, (G) = 1 for every n, while ¢,(G)
is equal to the number of n-cycles in Sym(n) which is (n — 1)

Corollary 1.1.2 IfG is a finitely generated group, or a finitely generated profi-
nite group, then

an(G) <UD /(n — 1)1 = n . UL

(For the profinite case, note that the homomorphisms ¢ are continuous.) Asymp-
totically, this is the best possible upper bound, as we shall see in Chapter 2.

To go further we need to count the number of transitive permutation repre-
sentations. Write hg = 1 and for n > 1 let

h,(G) = |Hom(G, Sym(n))|.
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Lemma 1.1.3 Let G be any group. Then

@=3 (1 21) (@) st

k=1

Proof. For each k, let h, (G) denote the number of representations of G
in in Sym(n) for which the orbit of 1 has length exactly k. Now given k, there
are (Z:}) ways to choose the orbit of 1, tx(G) ways for G to act on this orbit,

and h,_x(G) ways for G to act on its complement in {1,2,...,n}. Therefore
n—1
ms(@) = (1)) s (6), (1)

and the result follows. m
Combining this with Proposition 1.1.1 we get

Corollary 1.1.4 Let G be any group. Then

an(G) =

m n 2 (ni k)!hn,k(G)ak(G).

This recursive formula is useful only when we have some independent infor-
mation about the permutation representations of G; it will be applied to free
groups (Chapter 2), to groups having restricted composition factors (Chapter
3), and to certain groups given by a finite presentation (Chapter 14).

1.2 Quotients and subgroups
The following is evident, and will be used frequently without special mention:

Lemma 1.2.1 (i) If N < G then a,(G/N) < an(G) and $,(G/N) < s,(G).
(i) If H < G with |G : H| = m then a,(H) < amn(G) and sp(H) < $mn(G).
(iii) Provided a,(G) is finite, a,(G) = an(G) for some finite quotient G of
G. Consequently an(G) = an(G).

Lemma 1.2.2 If G is finite then

sn(G) < s(G) < |GI™D (1.2)
k(@) < log |G (1.3)

Proof. (1.2) is clear since each subgroup of G can be generated by rk(G)
elements. At least one subgroup H really needs rk(G) = r generators; say
H={(x1,...,2,). Put H; = (x1,...,z;). Then

|G|Z|H|:|HHT,1‘|H2H1||H1|22T,

whence (1.3). =
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Lemma 1.2.3 Let U be a subgroup of finite index g in G. Then for each k the
number of subgroups H of G with H > U and |H : U| < k is at most

gllos k],

Proof. The maximal length of a chain of subgroups between U and H is
at most [logk] = s, say; so H can be generated by U and at most s further
elements. Moreover,

U, 21,...,25) = (Uya121, . ..,0:T5)

whenever ai,...,as € U, so the number of distinct subgroups of this form is at
most |G:U|"=¢° m

Corollary 1.2.4 Suppose that L is a subgroup of finite index m in G. Then for
each n we have
5n(G) < (mn)lles™ls, (L).

Proof. To each H < G we associate the subgroup HNL of L. If |G : H| <n
then |H : HN L| < n. Given a subgroup U of index at most n in L, if H < G
satisfies H N L = U then |H : U| < m, so the number of such subgroups H is at
most

‘G : U|[logm] < (mn)[logm].

The corollary follows. m

1.3 Group extensions

In this section, we fix a normal subgroup N of G and write @ = G/N. We
denote by
Der(G, H)

the set of derivations (crossed homomorphisms, 1-cocycles) from G into a
G-group H; that is, maps 6 : G — H such that §(zy) = §(x)¥ - 6(y). If H is
abelian (i.e. a G-module) this set is an abelian group, with pointwise operations.
When the G-action on H is trivial, Der(G, H) = Hom(G, H). The supremum of
|Der(G, H)| for all actions of G on the group H is denoted

der(G, H).

Lemma 1.3.1 (i) The number of complements to N in G is either zero or else

equal to |Der(Q, N)| (for a certain action of Q on N );
(i)

der(Q, N) < |[N|*@). (1.4)

141 is abelian then Der(Q), is 1somorphic to a subgroup o an
If N is abelian then Der(Q, N h b f N(@) gnd
[Der(Q, N)| = [N/Cn(Q)| - |[H'(Q, N)|. (1.5)

(iv) If N is abelian and Q is finite then |Q|- H'(Q, N) = 0.
(v) If N is abelian, H is a subgroup of finite index m in QQ and N has exponent
coprime to m then |[H'(Q,N)| < |H'(H,N)|.
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Proof. (i) if G is a non-split extension of N by @ then there are no comple-
ments. Otherwise, G is a semi-direct product G = N x H , and we may identify
Q with H, which acts on N by conjugation. For § € Der(H, N) define

Hs = {h-6(h) | he H}.

It is routine to verify that each Hy is a complement to IV in G and that § — Hj
is a bijection between Der(H, N) and the set of all complements to N.

(ii) A derivation is determined by its effect on the elements of a generating
set.

(iii) Say @ = (z1,...,24) . Then

0 (0(x1),...,0(xq))

embeds Der(Q,N) into N((@)  The first cohomology group H(Q,N) is
Der(Q, N)/IDer(Q, N) where IDer(Q, N) denotes the set of inner derivations
0o x — [a,z] (x € Q, a a fixed element of N). Now (1.5) holds because the
map a — d, induces an isomorphism N/Cy(Q) — IDer(Q, N).

(iv) and (v) (Well known cohomological facts) Write N additively, and let
H < @ be as in (v). The restriction map Der(Q, N) — Der(H, N) induces a
homomorphism res : H(Q,N) — H'(H, N). Put K = ker(res). We show that
mK = 0. This gives (iv) if we take H = 1; while if tN = 0 then clearly tK = 0,
so if ged(t,m) = 1 then K = 0, giving (v).

Now an element of K is represented by some § € Der(Q,N) such that
0(H) = 0. Let T be a transversal to the right cosets of H in @ and put

a=— Z é(x).
xzxeT

Let y € Q. Then for x € T we have vy = h,x’ where h, € H and x — 2z’ is a
permutation of T', so

d(zy) = 6(hs)? + 6(a') = 6(2').
It follows that
Sa(y) =Y (6(x) = 8(x)") =D _6(x) = > d(xy) + Y _ 6(y)
= 6(z) =Y _6(a") + md(y)
=md(y).
Thus m - § is the inner derivation §, and represents 0 in H'(Q, N). m

Proposition 1.3.2 The following hold:

(i)

an(G) < Zan/t(Q)at(N)trk(Q) (1.6)
tin
50 (G) < 5(Q)8n (N )@ 1.7

5n(G) < $n(Q)sn(N)c™ where ¢ = 3U@D/3, (1.8)
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(i) If Q is finite then

5n(G) < sp(N)nI@!. (1.9)
(iii) If G is finite then
s(G) < s(Q)s(N) | N|™@ (1.10)
s(G) < s(N) |G™@ (1.11)
G

Proof. Let H be a subgroup of index nin G, put D = HNN and B= NH,
and let t = [N:D|. Put A = Ng(D) and C = AN N. Then H/D is a
complement to C'/D in A/D. So for a given pair D, B the number of possibilities
for H is at most

der(A/C,C/D) < <@,

since |C/D| <t and A/C = B/N < Q. Given t, the number of possibilities for
D is at most a;(N) and the number of possibilities for B is at most a,,/(Q);
this gives (1.6), and (1.7) is an immediate consequence. When G is finite, this
also gives (16.4.8) since t < |N|, and (1.11) follows on applying (1.2) to @ (a
more direct argument for (1.11) is given below).
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Now put d = d(Q). Keeping the above notation, note that by Schreier’s
formula ([R], 6.1.1) we have

d(A/C) =d(B/N)<1+|G:B|(d—1) =1+ %(d ~ 1) < nd/t.

Hence
der(A4/C,C/D) < "/t < 3nd/3,

since 1/t < 3'/3 for every t € N. The estimate (1.8) now follows as before.

Suppose now that |Q| = ¢ is finite. Fix n and let D < N with |N : D| =
t < n. Then fix transversals {z1,...,2,} to G/N and {yi1,...,y:} to the right
cosets of D in N. If H is a subgroup of G with H N N = D then

i€S(H)

for some subset S(H) of {1,...,q} and some function f : S(H) — {1,...,t}.
Now |G : H| = tq/|S(H)|, so if |G : H| < n then either t < n or t = n and
S(H) ={1,...,q}. Suppose that ¢ < n. Then putting f(i) = co for each i ¢
S(H), we see that H is determined by a function from {1,...,q} to {1,...,t,00};
so the number of such subgroups H is at most (t+1)? < n?. On the other hand,
if t = n then H is determined by a function from {1,...,q} to {1,...,t}, so
there are again at most n? possibilities for H. Since there are s,,(IN) possibilities
for D this gives (1.9).

Suppose finally that G is finite. If H < G and HN N = D then H/D &
HN/N < @ so H is generated by D together with at most rk(Q) further el-
ements. Each of these can be chosen in at most |G| ways, and (1.11) follows.
|

In part (iii) of the last proposition we bounded s(G) in terms of s(N) and
rk(Q). In some circumstances it is also possible, though harder, to give a bound
in terms of s(Q) and rk(N):

Proposition 1.3.3 Suppose that G is finite and that N is soluble, of derived
length | and rank r. Then

s(G) < s(Q) NI T 1QI" < s(Q) |G
This depends on

Lemma 1.3.4 If Q is finite and A is a finite Q-module of (additive) rank r
then )
[HY(Q.A)| <A el

Proof. Put G = A x Q. For each prime p let ), be a Sylow p-subgroup of
Q@ and let A, denote the p-component of A. Then

HY(Q A) =P H"Q A)
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and Lemma 1.3.1(v) shows that |H1 (@, 4,)] < ‘HI(QP, Ap)| for each p; so our
claim will follow if it holds with A, @ replaced by A,, ). Thus we may assume
that both A and @ are p-groups.

Put C = Cg(A). To each complement H to A in G associate the subgroup
Dy = HNC. Each such Dy is a complement to A in C, so the number of
possibilities for Dy is at most

|Der(C/A, A)| = [Hom(C/A, A)| = ’Hom(é, A)’
= [Hom(A,C)|
<ol <el,

where C = C/AC’. Having fixed Dg = D, put R = Ng(D) and S = RNC =
N¢ (D). Now R/S 22 G/C acts faithfully by conjugation on A; it follows that

tk(R/S) <5(r —r)/2 < 3r? — 1
(— Pro-p groups, Proposition 13). Hence
Der(R/S, S/D)| < |S/DI" ' < AP

But H/D is a complement to S/D in R/D, so this bounds the number of possi-
bilities for H with Dy = D. The result follows since ‘Hl(Q, A)‘ < |Der(Q, A)]
which is exactly the number of such complements H. =

We now complete the

Proof of Proposition 1.3.3. Suppose first that NV is abelian. To each
subgroup H of GG associate the pair of groups Dy = H NN, Gg = NH. The
number of possibilities for Gy is s(G/N) = s(Q), and the number of possibilities
for Dy is s(N) < |[N|". Now H/Dpy is a complement to N/Dy in Gy /Dy, so
given Gg = R and Dy = D, the number of possibilities for H is

Der(R/N, N/D)| < |N/D|-|H'(R/N,N/D)|
< |N/D|-|N/DP* "' |R/N|"
<INPTIQI,

by Lemma 1.3.4. Thus
s(G) < s(Q) NPT QI

when N is abelian.
Now suppose that N has derived length I > 1, and let A be the (I — 1)th
term of the derived series of N. Inductively we may suppose that

s(G/A) < 5(Q) |N/A|37'2+(l_1)7' |Q|(l_1)"_
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Applying the first case with A, G/A in place of N, @) we now obtain

$(G) < s(G/A) AP |G Al"
< $(Q) - INJAPT T AP g Al QT
= 5(Q) - INJAP" AP QI
< s(Q) NPT QT

as required.

An analogous result, using the Fitting length instead of the derived length
of N, is established in §10.4; however in that case the proof depends on CFSG.

It is sometimes useful to have a bound for the number of supplements to N
in G, that is, subgroups H such that NH = G. If in the above proof we count
only subgroups H for which Gy = G, the factor s(Q) gets replaced by 1, and
essentially the same argument gives

Corollary 1.3.5 Suppose that G is finite and that N is soluble, of derived

length | and rank r. Then the number of supplements to N in G is at most
|G|3T2+l’r

When counting normal subgroups the following variations on (1.7) can be
useful:

Proposition 1.3.6 Put

2.(N)={Z(N/D) | D< N, D <G, |N:D|<n},
zn(N) =sup{|Z| | Z € Z,(N)},
S.(N) = sup {1k(Z) | Z € Z,(N)}.

Then
s (G) < 5(Q)s7 (N) 2 (N)™D) < 57(Q) s (N)n™(@)

and
s7(G) < 57(Q)s3 (N) 2 (N)n ().

Proof. To each H < G with |G : H| < n we associate the pair
X=NH, D=NnH. (1.12)

The number of possibilities for such a pair is at most s (Q)sY (N). Having fixed
the pair (X, D), let H denote the set of H <1 G such that (1.12) holds, and put
Z|D = 7Z(N/D). Tt will suffice now to show that |H| is bounded above by both

2™ and  s3(Q) |27
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To do so we may factor out D and so assume that D = 1. Then X = N x H
for each H € H. Now fix one B € H. Then any H € H takes the form

H={b-f(b)|be B)

where f: B — N is a homomorphism with f(B) < Z. Since d(B) = d(X/N) <
rk(@) the number of such homomorphisms is at most |Z |rk(Q) , giving the first
bound. For the second, note that the kernel of f is just B N H which is normal

in G, and as
X/(N -ker f) = B/ker f = f(B)

it follows that K = N - ker f is a normal subgroup of index at most n in G.
There are at most s (Q) possibilities for such a K. Having fixed K, we have
ker f = BN K, and the number of possibilities for f is at most the number of
monomorphisms from B/(BNK) into Z. If there is at least one then d(B/(BN
K)) <r1k(Z), so in any case their number is at most |Z|rk(z)
bound. =

, whence the second

1.4 Nilpotent and soluble groups

For nilpotent groups a sharper version of Lemma 1.2.2 holds:
Lemma 1.4.1 If G is nilpotent then for each n > 1
an(G) < n™E&), (1.13)
50 (G) < ntTHRE), (1.14)
Proof. If G has infinite rank there is nothing to prove. Otherwise, we may
assume that G is finite. Let p be a prime. Then every subgroup of index p in G is
normal, so is the kernel of some epimorphism G — C,,. Since d(G) < 1k(G) =r
there are at most p” — 1 such epimorphisms, and so a,(G) < p". Now let n > 1.
Then n = pm for some prime p, and every subgroup of index n in G is contained

in some subgroup M of index p in G. Arguing by induction on n we may suppose
that a,,(M) < m". It follows that

an(G) < ap(G) - |Gr:nJ\?|X:p am (M)

<p'm"=n".
This proves (1.13), and (1.14) follows. m

Combining this with Proposition 16.4.8 we obtain a large family of groups
with polynomial subgroup growth:

Proposition 1.4.2 Suppose that the group G has a chain of subgroups
1=Gr<Gr1<---<1Go <G

where G;_1/G; is nilpotent of rank r; fori=1,...,k and |G/Go| = m is finite.
Then

5 (G) < pmHREE T
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Proof. Put s; = riy1 + -+ 1, for 0 < ¢ < k. From (1.13) we have
an(Gr—1) < n"™ = n-1, Let i < k and suppose inductively that a,(G;) <
n*+k=i=1 for each n. Then (1.6) and (1.13) give

an(Gi—1) < Z i (Gio1/Gi)a(Gi)t™

tin

g Z(n/t)’l‘1 ) tsi-i-k—i—l . t’!‘i

tin

— n’l‘i E tsi‘i’k*i*l g nSi71+k7i.

tln

It follows by induction that a,(Gg) < n®*+*=! for each n, and hence that
5n(Go) < n*ot*. An application of (1.9) now concludes the proof. m

Corollary 1.4.3 If G is a virtually soluble group of finite rank then there exists
a constant « such that s, (G) < n® for all n.

The converse of this result will be the main result of Chapter 5.
From the arithmetical point of view, the key fact about nilpotent groups is

Proposition 1.4.4 Let G be a nilpotent group. If n = [[p°®) (with distinct
primes p) and a,(G) is finite then

an(G) = [[ apen (G).

Proof. Replacing G by a suitable finite quotient, we may assume that G
is finite. Then G = P; X --- x P, where Pi,..., P, are the distinct Sylow
subgroups of GG. The result now follows because each subgroup H of G is of the
form (HNP)x---x(HNP). m
1.5 Abelian groups I

For certain abelian groups it is possible to estimate the subgroup growth with
some precision.

Proposition 1.5.1 If p is a prime then

d
1 1
<1 _ d) pk(dfl) S Clpk (Z(d)) S (1 4 ) pk(dfl)

for all k > 0.

Proof. Suppose
ap (Z) = f(d, k)p*=Y
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for all d and k. Then f(1,k) =1 for all k. Now let d > 1. Taking N = Z and
Q = 7=V in (1.6) gives

k
PPV ) = ap(ZD) < ap(2Y) 1 phm il (1.15)

Supposing inductively that f(d —1,i) < (p/(p —1))¢~! for all i we deduce that

f(d k) < (L)d_l gp_i - (&)d'

This establishes the second inequality.
On the other hand, Z(¥ has p*? homomorphisms into the cyclic group Cpr,
and hence pF? — p(k=14 epimorphisms onto Cpr. The number of epimorphisms

with a given kernel is [Aut(Cy.)| < p*; it follows that the number of distinct

such kernels is at least (pF? — p(*=D)p=k This implies the first inequality. m

It is worth mentioning that the above calculation gives an exact recursive for-
mula for f(d, k), because in the present case the inequality in (1.15) is actually
an equality, as is clear from the proof of (1.6). This formula is elegantly summed
up in the generating function identity

%S d—1 1
> @3 = Tl g
n=0 7=0 p

see Chapter 15.

The analogous estimate for elementary abelian groups, stated next, is the
single most frequently used result in our subject. To state it, for each prime p
we define the constant x(p) by

o0

lp) =1 -p7)"

i=1

We also put

(=1 =p)...(0" —p 1)
Note that 1 < k(p) < 4 for every p, and that x(p) — 1 as p — oo. Note also

1-14),

r

[d} @' =D’ =p)... @ —p")
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Proposition 1.5.2 Let A = CI(,d). Then for 1 <r <d,

—-Tr d T —-Tr
/s(p)pr(d ) > apr(A) = L] >p (d=r),
p

(d+ 1)H(p)pd2/4 > s(A) > ple /4, (1.16)
f]p is
the number of linearly independent r-tuples in A divided by the number of
distinct bases in any r-dimensional subspace, so [g]p is equal to the number of

r-dimensional subspaces in Féd). By duality, this is the same as the number of

subspaces of codimension r, which is a,r(A). The two inequalities in the first
line then follow from the fact that

Proof. Think of A as a d-dimensional vector space over F,. Now [

d—r d i
p p =D d—r
~ > = >
1— pf(rfz) pr— pt b
for 0 <i <r < d. For the final inequality, note that s(A) > a,a/2(A) when d is
even, s(A) > a,+1)/2(A) when d is odd. =

The proof of the lower bound carries over without difficulty to homocyclic
groups of prime-power exponent:

Proposition 1.5.3 Let A = Cz(jf,) where n > 1. Then for 1 <r < d we have

apnr(A) > prd=m),

Proof. Let us call a k-tuple of elements of A independent if it generates
a subgroup isomorphic to C’Z(,’Z). A simple counting arument shows that the
number of independent k-tuples in A = CZ(,?L) is

k—1

a(d.k) =] (p"d — p(”*”d“) :

i=0
It follows that the number of subgroups isomorphic to CIEIZ) is given by

q(d, k) < pn(d—k)k
q(k, k)

if 1 <k < d. The result follows on taking k=d—r. =

1.6 Finite p-groups

Proposition 1.5.2 can be used to deduce an upper bound valid in every finite
p-group:
Proposition 1.6.1 Let G be a group of order p®. Then for 1 <r < d,

ayr (G) < fi(p)pr(d_r).
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Note that this is sharper than Lemma 1.4.1 only when r > d — rk(G).

Proof. We prove this in two ways, illustrating different techniques.

(1) By the preceding result, it suffices to show that G has at most as many
subgroups of index p" as does the elementary abelian group A of the same order,
and we prove this by induction on d. Let Z be a central subgroup of order p in
G. Then

apr (G) = apr (G/2) +Z ) [Hom(K /Z, Z)|
=a,(G/2) +ZE K)pdK/2)
K

< apr(G/Z) + ap—1 (G/Z)p*~
where K runs over all subgroups of G containing Z with |G : K| = p"~!, and
e(K) =1if Z has a complement in K, e(K) = 0 otherwise. Similarly, taking Y
to be a subgroup of order p in A we have

( ) A/Y +Z d(K/Y

=a,(A)Y) + aprfl(A/Y pd=
where K runs over all subgroups of A containing Y with |G : K| = p"~!, and
e(K) is defined analogously, so e(K) = 1 for every K in this case. The result
now follows by the inductive hypothesis.
(2) We adapt the argument of the elementary abelian case. Let n < d and let
H be a group of order p™ with d(H) = m. The number of n-tuples of elements
that generate H/®(H) is at least

(pm _ 1)(pm _p) o (pm _ pm—l)pm(n—m) > K(p)_lpnm.

Each of these corresponds to |®(H)|" = p™("~™) generating n-tuples for H, so
H has more than /<;(p)’1p"2 ordered generating sets of size n. Now the number
of n-tuples of elements in G is p®™; consequently the number of subgroups of
order p™ in G is less than

z = '%(p)p(din)n-

This gives the result on puttingn=d —r. m
If G is a p-group with d(G) = d < co then G/®(G) is isomorphic to F( ),
and so for 1 < r < d we have

R
o (6) 2 0 (B67) = 1] 25710, (117)
p

in particular
ay(G) > pi~t. (1.18)
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Since every subgroup of index p in G contains ®(G), we also have

d
P’ -1 p d—1 d—p(p)
G) = L = e 1.19
ap(G) P p (1.19)
where
(p) = log(p— 1)
logp ’
note that 0 < u(p) < 1 and that u(p) — 1 as p — oc.
Now let

e d,(G) = max{d(H) | H a subgroup of G of index p"}
o d(G) = 3 di(G)

e 5,(G) = min{d(H) | H a subgroup of G of index p"}

Proposition 1.6.2 Let G be a finite p group. Then for each n > 1 we have

pln @71 < g (@) < par (@ —nule) (1.20)
n 5171(G) _ 1
p
a (G) > [ 1 (1.21)
i=1

Proof. (1.20): Let H be a subgroup of index p"~! with d(H) = d,,—1(G).
Applying (1.18) to H gives the first inequality in (1.20). For the second, note
that every subgroup H of G of index p™ is part of a chain

H=H,<H,  1<H, < ---<H <Hy=@G (1.22)

with |G : H;| = p* for each i. By (1.19), H; has at most p%(&)~#P) subgroups
of index p, so given H; this is an upper bound for the number of possibilities
for H;;1. It follows that the number of possibilities for H = H,, is at most

n—1

H pdi(G)—u(p) — pdiifl(G)—mt(p).

i=0

(1.21): Write k,, = a,»(G). Now let n > 1. Each subgroup of index p"~! in
G has at least (p®~1(%) —1)/(p—1) subgroups of index p. On the other hand, if
H is a subgroup of index p” in G then the number of subgroups of index p™~!
that contain H is at most (p™ — 1)/(p — 1): for each of them corresponds to
a subgroup of order p in the group Ng(H)/H, which has order at most p™. Tt

follows that 51 (C)
p,> @ =1/ —1)
- e -D/e-1)
and as ko = 1 this gives (1.21). =
Remark Proposition 1.6.2 applies without change to every finitely generated
pro-p group, since all of the invariants ay» (G), d,,(G), d%(G) and §,,(G) can be
detected in a suitable finite quotient of a pro-p group G.

: k’n—la
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1.7 Sylow’s theorem

Another method for counting subgroups in finite groups uses Sylow subgroups,
to reduce to the p-group situation.

Lemma 1.7.1 Let G be a finite soluble group. Ifn = pS*...p* wherepy,...,py
are distinct primes, then

k
an(G) <n- Hapée, (P)
i=1

where for each i, P; is a Sylow p;-subgroup of G.

Proof. We may assume that n divides |G|, since otherwise a,(G) = 0.
According to Hall’s theory of Sylow systems (% Finite group theory, §1),
G has a family of Sylow p;-subgroups P;, one for each of the primes p1,...,pm
dividing |G|, with the following property: for every subgroup H of G there exists
x € G such that

H*=(H*NP)...(H*NPy,).
Now suppose that |G : H| = n. Then |H* N P;| is the p;-part of |H*| = |H| =
g/n, and so |P;: H* N P;| = p{* (where e; = 0 if ¢ > k). The number of
possibilities for H* N P; is therefore at most pci (P;), and so the number of
possibilities for H* is at most []}", e (P;). The result follows since H is one
of the |G : Ng(H?)| < |G : H| = n conjugates of H*, and e (P;) =1 for each
i>k m

Corollary 1.7.2 Let G be a finite soluble group and put r =
max {r,(G) | p prime}. Then

1+r
;

an(Q)
sn(Q)

IA

n
n2+r

IN

for every n.
Proof. Keep the above notation. Lemma 1.4.1 shows that

for each i. The first claim now follows from the preceding lemma, and the second
is an immediate consequence. |

This provides an alternative approach to Corollary 1.4.3; it has the advantage
of being truly ‘local’, depending only on the finite quotients of the group and
not on its global structure:

Corollary 1.7.3 Let G be a group such that every finite quotient of G is soluble
of rank at most r. Then
50 (G) < 0T

for all n.
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A similar argument yields a slightly weaker estimate for an arbitrary finite
group:

Proposition 1.7.4 Let G be a finite group. If n = pi* ...py* where py,...,pg
are distinct primes, then

k
an(G) < nF - J[ape (P)
i=1

where for each i, P; is a Sylow p;-subgroup of G.

Proof. Let H be a subgroup of index n in G. For each i, H has a Sylow p;-
subgroup of the form HN P with z; € G. Given z;, the number of possibilities
for H N P is at most a,e: (P;""); so the number of k-tuples of the form

(HNPP,... HNP™)

for a given k-tuple x = (x1,...,2) is at most

k
H Clp;fi (Pz)
i=1

The number of such k-tuples x is at most |G |k; but if x corresponds to H as
as above then so does the k-tuple (21hq,...,z;hg) for any hy,...,hy € H, so
the number of k-tuples corresponding to distinct subgroups of index n in G is
at most |G|" /|H |" = n*. The result follows since H is generated by its Sylow
subgroups HN P (i=1,...,k). m

Corollary 1.7.5 Let |G| = pll’1 .. .pi’t where p1,...,p; are distinct primes, and
put b =max{b; | 1 <i <t}, r =max{r,,(G)|1<1i<t}. Then

an(G) < nu(n)+r < pttr < nt+b < n210g\G|
for each n, where v(n) denotes the number of distinct prime divisors of n.

The first inequality follows on applying Lemma 1.4.1 to each P;, and the re-
maining inequalities are clear (we may assume that n | |G| since a,(G) = 0
otherwise).

As an exercise, the reader can generalise this argument to show that G has
at most n?1°89 = ¢21°8™ subgroups of index n containing a given subgroup U
of index g in G (the proposition above being the case U = 1). This is sharper
than Lemma 1.2.3 when n < g'/3.

1.8 Restricting to soluble subgroups
Write
sol(G), nil(G)

for the number of soluble subgroups, respectively nilpotent subgroups of G. The
following is useful for estimating the total number of subgroups in a finite group.
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Proposition 1.8.1 Let G be a finite group.
(i) s(GQ) < |G| - s0l(G).
(ii) Let I be the mazximal Fitting height of any soluble subgroup of G. Then

5(G) < nil(G) .

Proof. It is proved in [Aschbacher & Guralnick 1982] that every finite group
can be generated by a soluble subgroup together with one further element. This
immediately implies (i) (though easy to use, this hardly counts as an elemen-
tary result, since the theorem of Aschbacher and Guralnick is an application of
CFSG).

Now let H be a finite soluble group of Fitting height . We claim that H is
equal to a product of [ nilpotent subgroups. If [ = 1 then H is nilpotent and
the claim is trivial. Suppose that [ > 1. Then H has a normal subgroup K of
Fitting height [ — 1 such that H/K is nilpotent, and then H = KC where C is
any Carter subgroup of H (& Finite group theory). The claim now follows
by induction.

In the situation of (ii), it now follows (with the theorem quoted above) that
every subgroup of G is generated by at most [ nilpotent subgroups together with
one cyclic subgroup, so we have (ii). =

A similar argument combined with Corollary 1.7.2 gives

Proposition 1.8.2 Let G be a finite group and put r = max {r,(G) | p prime}.
Then
$0(G) < |G|"n?*"

for every m, where b is an absolute constant.

Proof. This depends on the following theorem of [Borovik, Pyber & Shalev
1996]: the number of mazimal soluble subgroups of G is at most |G|, where c is
an absolute constant. If H is a subgroup of index at most n in G then H = (S, x)
for some soluble subgroup S and some x € G, by the theorem of Aschbacher
and Guralnick; without loss of generality S = H N'T where T is a maximal
soluble subgroup of G, and then |7 : S| < n. There are at most |G| choices for
T, and given T there are at most n?*" possibilitites for S, by Corollary 1.7.2.
The result follows, with b = ¢+ 1. (Borovik, Pyber and Shalev conjecture that
¢ =1 will do; if this is correct, we can take b = 2 in the proposition.) m

1.9 Applications of the ‘minimal index’

We have applied Proposition 16.4.8 to soluble groups in several of the above
results. It is also useful for dealing with groups having non-abelian composition
factors. Denote by

w(G)
the minimal index of a proper subgroup of G of course u(G) = |G| if G is cyclic
of prime order, but there are also good lower bounds for u(G) when G is a
non-abelian simple group.
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Proposition 1.9.1 Suppose that 1 = G < Gp—1 < ... <1 Gy = G. Put Q; =
G;-1/G; and suppose that

Qi) > Qs
tk(Q;) <

for each i, where (¢ — 1)r > 2. Then for every n,

5,(G) < nFer.

Proof. Put Q = Q1. If 5;(Q) > 1 thent > u(Q) > \Q|1/c, so for every t > 1
we have

5:(Q) < 1Q" < 1.

This gives the result if & = 1. Now suppose k > 1 and argue by induction. Then
(1.6) gives

an(G) <Y an(Q)ar(Gr)t™

tin
< an(Gi)n" + Z an/t(Q)a(G1)t"
t<n/2
< n(kfl)cr+r+ Z (n/t)crt(kfl)crtr
t<n/2
:n(kfl)cr+r+ncr Z t(k72)cr+’r
t<n/2

< n(k—l)cr+r + e ﬂ _n(k—Q)cr—H"
< nkcrfl

for each n > 2, since 1 + n/2 < n and (k— 1)er +r+ 1 < ker — 1. The result
follows. m

Corollary 1.9.2 Let G be a direct product of non-abelian simple groups. Then
s$n(G) < n®
for all n, where o depends only on rk(QG).

Proof. This depends on the classification of finite simple groups, which
implies that for any simple group @ of rank at most r we have u(Q)° > |Q|,
where ¢ depends only on r (3 Simple groups). If G is a product of k simple
groups then G contains an elementary abelian 2-subgroup of rank k (since every
non-abelian simple group has even order), so k < rk(G). The above proposition

now gives the result, with a = ¢ - rk(G)%. =
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1.10 Abelian groups 11

The material of this section will only be needed in Chapter 10.

A convenient estimate for the number of subgroups in a general finite abelian
group A is provided by the size of the endomorphism ring End(A), as shown in
the next proposition. We shall frequently use the fact that

Hom(EP A, P B;) = €P Hom(4;, B;). (1.23)
4,J
In particular, this implies that if A= @ C,,, and B =  C,,; then
[Hom(4, B)| = [ [ ged(mi, n;) (1.24)
4,J

= |[Hom(B, A)|.
We also need
Lemma 1.10.1 Ifn | |A] = a then a,(A) = aq/,(A).

This follows from the duality between A and A* = Hom(A4, C*).

Now we can establish
Proposition 1.10.2 Let A be any finite abelian group. Then
s(A) < |End(A4)]. (1.25)
s(A)* > |A|" |End(A)| (1.26)

Remark. Using a more delicate argument involving Hall polynomials, [Gold-
feld, Lubotzky & Pyber]| establish the sharper bounds

A7 End(A)|F < s(A) < A [End(A)[* .

Proof of Proposition 1.10.2. The first claim (1.25) holds because every
subgroup of A is the kernel of at least one endomorphism of A.

To prove (1.26), write A = B® C where C = C,,, and m is the exponent of
A, and suppose inductively that (1.26) holds with B in place of A. Then (1.23)

gives

[End(4)] = [End(B)|- [BJ - |C
< s(B)"|B]*|C]
— (1Bl s(B)*)?- |4].

So it will suffice to establish that

|B|s(B)? < s(A)2. (1.27)
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Now for each subgroup L of index n in B there exist |Hom(C,B/L)| = n
subgroups H of A such that H N B =L and H + B = A, so we have
an(4) > nap(B).

Put b = |B|. With Lemma 1.10.1 this gives

25(A) 22 an(A)

n|b

> Znan(B) + Znab/n(B)

n|b n|b
= Zan(B)(n +b/n) > 2Vbs(B)
n|b

since n4b/n—2vb = (v/n++/b/n)? > 0. This implies (1.27), and so completes
the proof of (1.26).

We shall use this result in conjunction with the following estimates for the
number of endomorphisms.

Lemma 1.10.3 Let A and B be finite abelian groups. Then
|Hom(A, B)|* divides |End(A)| - [End(B)].

Proof. Assume first that A and B are p-groups, of types (eq,...,e,) and
(f1,..., fs) respectively. Using (1.24) we see that the statement is equivalent to

ZZmin(ei,fj) < Zmin(ei,em) + Zmin(fj, fn)- (1.28)

Suppose without loss of generality that e; < ey < ... < e, and that f; < fo <
... < fs, and argue by induction on r + s. Now the right-hand side of (1.28) is
equal to

Z min(e;, €ny,) + Z min(fj,fn)+€r+fs+226i+22f1

1,m<r 7,n<s i<r Jj<s
>2 > min(e, fj) ber+ fo+2> e +2> f; o (1.29)
1<r,j<s <r ij<s

by inductive hypothesis. The left-hand side of (1.28) is equal to

2 Y min(e;, fj) + 2min(e,, f) +2 ) min(er, fo) + 2 min(er, f;).

i<r,j<s i<r J<s

Term by term this is is less than or equal to to (1.29); so (1.28) is true, and the
lemma holds for p-groups.

The general case follows on applying (1.23) to the primary components of
A and B. (For a different, algebraic, proof see [Segal & Shalev 1997], Lemma
4.1.) m
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Corollary 1.10.4

k

End(EP 4;)

=1

k

[ 1Endca:)*.
=1

i

Proof. From (1.23), we see that the left-hand side is equal to

k

[ Hom(A;, A))] = [] [End(A;)| - [ IHom(A;, A;)f.

i=1 i<j
By the Lemma this number divides
k k
k
[[1End(A)]- T T1End(A)| [End(4;)| = [ End(4:)".
i=1 1<J =1

]
The case k = 2 can be interpreted as

Corollary 1.10.5 Let M and N be two finite families of positive integers and
‘H their disjoint union. Then

H ged(a, b) | H ged(a, b) H ged(a, b)
a,be’H a,beM a,beN
Lemma 1.10.6 Suppose that
0=A4 <A <...<A=A
Put Q; = A;/A;_1 for each i. Then
|[End(A)| divides |[End(Q1 & --- & Q).
Proof. Let C be any abelian group. The exact sequence
0—Ar 1 —=A—Qr—0
gives rise to an exact sequence
0 — Hom(C, Ay,_1) — Hom(C, A) — Hom(C, Q).

This implies that [Hom(C, A)| divides |Hom(C, Ax_1)| - |[Hom(C, Q)|, and it
follows by an obvious inductive argument that

k
[Hom(C, A)| | [ [Hom(C, Q:)| = [Hom(C,Q1 & -+~ & Q)] -

i=1
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In particular we have
[Hom(A, A)| | [Hom(A, Q1 & -+ & Q)|

— [Hom(Q1 & - - & Q, A)|
| [Hom(Q1 @ -+ & Qk, Q1 & -+ & Qp)|.

Corollary 1.10.7 In the situation of Lemma 1.10.6,

k
[End(A)| | ] [End(@:)]".

i=1

1.11 Growth types

To conclude the chapter, we interpret some of the results in terms of growth
type. Recall that a group G is said to have subgroup growth of type f if there
exist positive constants a and b such that

sn(G) < f(n)® for alln

$,(G) > f(n)® for infinitely many n;
and that G has growth of strict type f if the second inequality holds for all large
n. In particular, polynomial subgroup growth means growth of type at most n.

Let H be a subgroup of finite index m in a group G. Corollary 1.2.4 and
Lemma 1.2.1 show that for every n,

5,(G) < a-nb-s,(H),

Sn(H) < $mn(G)
where a = m[°¢™] and b = [logm]. This means that ‘on the whole’, G and H
have the same growth type. For example, G has polynomial subgroup growth
if and only if H does. The same holds for faster growth types, as long as we

restrict to ‘reasonable’ functions. Let us say that a function f satisfies (x) (for
a given m € N) if

logn = o(log f(n)) ((+)

and
log f(mn) = O(log f(n)).
This holds for all ‘nice’ functions such as
f(n) _ n(loglog...logn)ﬁ7 or
f(n)=2"", or
f(n) =n"".

Now we can state
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Proposition 1.11.1 Let H be a subgroup of finite index m in a group G.

(i) If H has growth type (or strict growth type) fi where f1 satisfies (x),
then so does G;

(i) if G has growth type (or strict growth type) fo where fo satisfies (x),
then so does H.

Proof. We have
log s, (H) < 10g $yun(G) = O (log fa(mn)) = O (log fo(n))
and
log s,(G) <loga+ blogn +log s, (H) = O (log fi(n)),

so H has growth type at most fo and G has growth type at most f;. The same
argument (using o in place of O) shows that the growth type of G is not strictly
less than f; and that of H is not strictly less than f5, so G and H do have
growth types f1 and fy respectively.

The proof for strict growth types is similar and is left to the reader (note
that if n is large enough, there exists ¢ € N such that m?t > n > mt, and then

$n(G) > smi(G) > s¢(H),
while

log f1(t) > elog fi(m®t) > elog fi(n)

for some fixed € > 0, provided we assume that f; is a non-decreasing function;
this assumption is justified when f; is the strict growth type of a group H). =
The dual situation is similar:

Proposition 1.11.2 Let M be a finite normal subgroup of a group G. Then
(i) G has polynomial subgroup growth if and only if G/M does;
(ii) suppose that G /M has strict growth type f where f satisfies () for every
m € N; then G and G/M have the same strict growth type.

Proof. Certainly s,(G) > s,(G/M) for all n. For the other direction, we
may assume that G is residually finite, in which case G has a normal subgroup
N of finite index such that M NN = 1. Write @ = G/N. By (1.9) in Lemma
16.4.8 we have

sn(G) < nl9s, (N)
< n|Q|smn(G/M)

where m = |G : M N|. This clearly implies (i). For (ii) we note that
log smn (G/M) = O(log f(mn)) = O(log f(n))
and deduce that

log 5,(G) = O(log f(n)) = O(log 5,,(G/M)).
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The result follows. m

Similar results hold for normal subgroup growth. Indeed, it is an easy con-
sequence of Proposition 1.3.6 that if M < G is finite then G and G/M have
the same (strict) type of normal subgroup growth, and that if N is a normal
subgroup of finite index in G then the normal subgroup growth type of G is at
most that of N. However, it is not known whether the normal subgroup growth
type N is necessarily bounded above by that of G; even the following problem
is open:

Problem Suppose that G is a group with polynomial normal subgroup growth.
Does every normal subgroup of finite index in G have polynomial normal sub-
group growth?

Notes

Much of this material is “folklore” (inasmuch as a subject barely 20 years old
can be said to have it). Some specific references are as follows.

§1.1: [Dey 1965], [Wohlfahrt 1977]

A version of Corollary 1.3.5 appeared in an early draft of [Goldfeld, Lubotzky
& Pyber]

Corollary 1.4.3: [Segal 1986,]

Proposition 1.6.2: [Ilani 1989]

Lemma 1.7.1 and Corollary 1.7.2: [Mann & Segal 1990]

Proposition 1.7.4 and Corollary 1.7.5: [Pyber 1997]

Proposition 1.8.1 and §1.10: [Segal & Shalev 1997]

Proposition 1.9.2: [Segal 2001].

Some interesting results on groups whose subgroup growth is ‘multiplicative’
(as it is for nilpotent groups) are given in [Puchta 2001].

Further results on counting subgroups in finite abelian groups (as in §1.10)
are established in [Goldfeld, Lubotzky & Pyber|. See also [Butler 1994].
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Chapter 2
Free groups

The study of subgroup growth in finitely generated groups begins with the
observation that there are only finitely many subgroups of each finite index. By
considering homomorphisms of a d-generator group G into Sym(n), we showed
in §1.1 that a,(G) < n - (n!)4~1 for each n. It is not much harder to see that
asymptotically this bound is achieved. Rather surprisingly, the same applies
also to the number m,,(G) of maximal subgroups of index n. The precise result
is

Theorem 2.1 Let F be a free group on d > 2 generators. Then
an(F) ~my,(F) ~n-(n)4 L

This is proved in Section 1, along with an exact recursive formula for the num-
bers a,, (F'). Since n™/?2 < nl < n" for all n, it implies

Corollary 2.2 FEvery finitely generated mon-abelian free group has subgroup
growth of strict type n™ and mazimal subgroup growth of strict type n™.

Since n™ = 2"1°8"  this upper bound for the growth type of finitely generated
groups is a little faster than exponential. Many groups, however, have at most
exponential subgroup growth: in the next chapter we shall see that any group
with super-exponential growth must be rather similar to a free group, in the
sense that it involves every finite group as an upper section. The same holds,
surprisingly, for groups whose mazimal subgroups grow faster than polynomially.

Sections 2 and 3 deal with, respectively, subnormal subgroups and normal
subgroups. While exact formulas are too much to expect, we obtain reason-
ably sharp upper bounds. As might be expected, there are somewhat fewer
subnormal subgroups than subgroups, and many fewer normal subgroups.

Theorem 2.3 Let F' be a d-generator group. Then for all n,

a1
a7 (F) < g2,

37
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This upper bound is exponential. On the other hand, we shall prove in the
next chapter that every non-abelian free pro-p group has exponential subgroup
growth. Now if F' is a non-abelian free group then the pro-p completion F), of
F' is a non-abelian free pro-p group, and

an(F,) = aZ9(F)

whenever n is a power of the prime p (3 Profinite groups). Theorem 3.6
with p = 2 gives

g (Fy) > 2= DE =D—k(k—1)/2,

this shows that the upper bound in Theorem 2.3 is pretty well sharp when n is
a power of 2. In general, choosing k so that 2 < n < 2¥*! we may deduce that
sIUF) > 2“5 n—o(m) Tt follows that the subnormal subgroup growth of F is
of at least exponential type, so we have

Corollary 2.4 FEvery finitely generated non-abelian free group has subnormal
subgroup growth of strict type 2" = n™/ 108"

While the proof of Theorem 2.3 as stated uses the Classification of finite simple
groups, we shall give an alternative elementary proof that the growth is at
most exponential; thus Corollary 2.4, like Theorem 2.1, is independent of the
classification.

The number of normal subgroup of index n in F' is closely related to the
number f(n,d) of isomorphism types of d-generator groups of order n:

Lemma 2.5 Let F be a free group on d generators. Then for each n,
f(n,d) < ai(F) < n? f(n,d).

Indeed, if G is a d-generator group of order n then there is an epimorphism
from F onto G whose kernel is a normal subgroup of index n. Clearly, non-
isomorphic groups give rise to distinct kernels, so f(n,d) < aJ(F). On the
other hand, to each normal subgroup N of index n in F' we may associate the
natural epimorphism ¢ : F — F/N, with N = ker . Given a group G of order
n, the number of epimorphisms F — G is at most n?; so the number of N for
which F/N 2 (G is at most n?, and the second inequality follows.

Thus the normal subgroup growth type of F' is determined by the function
f(n,d). In Section 3 we establish

Theorem 2.6 For every n and d we have
f(n,d) < n2(d+1)/\(n)'

Here, A(n) = Y. 1; when n = [[pY with distinct primes p1,pa,..., so A(n) <
logn for all n. With the preceding lemma this gives at once
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Theorem 2.7 Let F be a free group on d generators. Then for each n,

3 (F) < n@HD+Am),

These results seem to depend crucially on CFSG. (The best upper bound for
f(n,d) that can be established by elementary means seems to be an exponential
one, using the bound for a9 (F) discussed above.)

Corresponding lower bounds are again obtained by considering normal sub-
groups in a free pro-p group, or equivalently the number of d-generator finite
p-groups. In the following chapter we show that for each prime p and each
d>2,

f@*,d) > p™°
for all large k, if ¢ < (d — 1)?/4d. With Theorem 2.7 and Lemma 2.5 this now

gives

Corollary 2.8 Fvery finitely generated non-abelian free group has normal sub-
group growth of strict type n'°8™.

2.1 The subgroup growth of free groups

According to Corollary 1.1.4, the following holds for any group F' and each
n>1:

1 (|
an(F) = mhn(F) - ; = k)!hnfk(F)ak(F)a

where h,(F) denotes the number of homomorphisms F' — Sym(n). If F is the
free group on d > 2 generators then clearly

ha(F) = (nl)?,
and plugging this in now yields the recursive formula

Proposition 2.1.1 Let F' be the free group on d > 2 generators. Then

n—1

an(F) = n(n)™" =" (n — k)" ay(F).
k=1

To better estimate the growth of a,(F'), we note that, provided d > 2,
“most” d-tuples of permutations in Sym(n) generate transitive subgroups: that
is,

tn(F)/hn(F) — 1 as n — oo, (2.1)

where t,(F) denotes the number of homomorphisms F' — Sym(n) with transi-
tive image.
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Indeed, by Lemma 1.1.3 the number of intransitive actions of F' on the set
{1,...,n} is just

Z () = _ (52 1) tEaa(r)
< _ (ZZ i) (k) ((n — )))?
- g ()
[n/2] NG
< (n!)? 2 (k> v

since (}) = (,,",)- (Here, hy ;(F) denotes the number of representations of F

in Sym(n) in which the orbit of 1 has length exactly k.) Now for 1 < k < n/2

we have i
n n\ k-1 b1
> (= — > . .
(k’)(k:) (n—k+1)>2 n/2

Noting that d — 1 > 1, we deduce that

n—1

hn(F) - tn(F) = Z hn,k(F)

and (2.1) follows. (We mention in passing the theorem of [Dixon 1969] that for
d > 2 most d-tuples in Sym(n) not merely act transitively but actually generate
either Sym(n) or Alt(n).)

Now Proposition 1.1.1 gives

an(F) = (2.2)

by (2.1). This establishes half of Theorem 2.1.

The following easier estimate is sometimes useful: since Sym(n) contains
(n — 1)! distinct n-cycles, the number of d-tuples that generate a transitive
subgroup of Sym(n) is at least (n — 1)!- (n!)?~!, so (2.2) immediately gives
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Corollary 2.1.2 Let F be the free group on d > 2 generators. Then
an(F) > nld1

for every n.

What about the mazximal subgroups? Proposition 1.1.1 also shows that
my(F) = pn(F)/(n - 1)!

where p,, (F) denotes the number of primitive actions of G on {1,...,n}. Thus
to show that
M (F) ~n - (n)4 ! (2.3)

it suffices to establish that
pn(F)/hy(F) =1 as n— oo.

Of course, this follows from the theorem of Dixon mentioned above, but it is
easy to prove directly. Indeed, each transitive but imprimitive action of F' on
{1,...,n} preserves some non-trivial partition of this set into equal parts, of
size r = n/s, say, and corresponds to a homomorphism from F into the wreath
product

Sym(r) 2 Sym(s).

The number of such partitions is

() ()0 = e

and the number of homomorphisms from F into Sym(r) ¢ Sym(s) is

[Sym(r) 2 Sym(s)|* = ((r1)*s)".

It follows that

ta(F) = pu(F) € 3 ”‘

o ((r)*sh)*
<d(n)-n!-((r)sH* !
< d(n)n= =D (e,

since it is easy to see that (r!)*s! < (n —1)! when n =rs with » > 1 and s > 1
(here d(n) denotes the number of divisors of n). Thus

W = (n)) "4 (ta(F) = pu(F))
<d(n) -n~""Y

which tends to 0 as n — oo, since d > 2 and d(n) = o(n) (see [HW], §18.1).
Together with (2.1) this establishes (2.3), and completes the proof of Theorem
2.1.
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2.2 Subnormal subgroups

The proof of Theorem 2.3 is a simple application of two facts. The first is
Schreier’s formula: if H is a subgroup of finite index n in a finitely generated
group G, then

d(H) - 1<n(d(G)-1) (2.4)

(see [R], Theorem 6.1.1). The second lies much deeper, and depends on CFSG:

Lemma 2.2.1 A d-generator group has at most 2n?~' mazimal normal sub-
groups of index n.

Proof. It follows from the classification (&> Finite simple groups) that
there are at most 2 simple groups of a given order n. So if G is a d-generator
group, the number of epimorphisms from G onto simple groups of order n is
at most 2n?. However, if n is not prime then each such simple group S has at
least n automorphisms; it follows that for each epimorphism from G to S, there
exist at least n — 1 further epimorphisms with the same kernel. Thus if n is not
prime, then G has at most 2n¢~! maximal normal subgroups of index n. If n
is prime, there is only one group of order n, and it has n — 1 automorphisms;
in this case G has at most n?/(n — 1) < 2n4~! maximal normal subgroups of
indexn. m

To prove the theorem we have to show that if G is a d-generator group then,
for each n, the number of subnormal subgroups of index n in G is at most

n2
I _gld=tn _ p2g(d-1)(n-1),
5=

Arguing by induction on n, we may assume that n > 1 and that the correspond-
ing result holds for all indices less than n (and all finitely generated groups).
We may also assume that d > 2, as the result holds trivially if G is cyclic. Now
if H is subnormal of index n in G, then there is a maximal normal subgroup N
of G such that

H << N «G.

Let r = |G : N|. Then (2.4) shows that d(N)—1 < r(d—1),and |N : H| =n/r.

So if N is given, the number of possibilities for H is at most

2
25r(d—1)(n/r—1) _ n (d—1)n
(n/r)°2 T22T(d71)2 (2.5)

(here we are using the inductive hypothesis). If r is given, the number of
possibilities for N, according to Lemma 2.2.1, is at most 2r?~!. Consequently,

_ n? 1
a:q(G) S Z <2Td 1'm2(d D > (26)

1<r|n
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So to complete the proof it will suffice to show that

. (27)d-1
ey
r29r(d—1)

1<r

Now since d > 2 and 2r/2" < 1/2 for r > 4, the sum in question is bounded
above by

o0

2 2 6 2 ) 11
s, 202 == —1—=-=2)=0.95...<1.
22+32 8+T=4r 3+(7r /6 1 9) 0.95...<

This completes the proof of Theorem 2.3.

We promised an alternative proof that aJ9(G) is exponentially bounded.
This is based on the following elementary result established in the Finite sim-
ple groups window: there is an absolute constant ¢ such the number of simple
groups of order n is bounded above by ¢”. Using this in the proof of Lemma
2.2.1 we deduce that a d-generator group has at most c"n®~! mazximal normal
subgroups of index n.

Now we are ready to prove by induction on n that for d > 2, a d-generator

group has at most
nZCnQ(dfl)(nfl)

subnormal subgroups of index n. The argument goes as above, replacing (2.5)
by (n/r)2e/ror@=D(/r=1) _ (/)2 n/ro(n=r)(d=1)
and (2.6) by

ad9(G) < Z (crrd—l ) (n/,r)2cn/r2(n—r)(d—1))

1<r|n

d—1
2 no(d—1)(n—1) | (2T)
< nc"2 1E| @D
<r[n

The result follows since we have shown above that the final sum is at most 1/2.

2.3 Counting d-generator finite groups

Recall that f(n,d) denotes the number of isomorphism types of d-generator
groups of order n. This section is devoted to the proof of Theorem 2.6, which
we restate as

Theorem 2.3.1 For every n and d we have

f(n,d) < n?(d+1)/\(n).
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We begin by stating two conjectures.

Conjecture A Fvery group of order n with a given set of d generators can be
defined by these generators and at most 2(d + 1)\(n) relations.

Conjecture B Fvery finite simple group G can be defined by two generators
and at most 2X\(|G|) relations.

Recall that A(n) denotes the total number of factors in the prime factorisation
of n.

At the time of writing, Conjecture B is known for most types of finite simple
group, the only unknown cases being certain Ree groups (see the notes below).

We will now show that Conjecture B implies Conjecture A and then we will
show that Conjecture A implies Theorem 2.3.1. Subsequently, we shall introduce
profinite presentations and show that in the profinite interpretation, Conjecture
B is true, while the above mentioned implications remain valid. Thus Theorem
2.3.1 will be eventually proved unconditionally.

Conjecture B implies Conjecture A

Let G be a group of order n generated by x1,...,z4. Suppose first that G
is simple. By hypothesis, G has a presentation

<y7 Z3 w1<yaz)7"'>wT(yaz)>

where r < 2X(n). Say z; = &(y, z) and y = n(x), z = ((x) where 1, ¢ and the
&; are words. Then it is easy to see that the d +r < d+ 2X(n) < 2(d + 1)A\(n)
relations

zi =&(n(x),¢(x))  (i=1,....d)
w;(n(x),¢(x)) =1 G=1....7)

define G on the given generators x1, ..., Zq.

Suppose now that G is not simple, and let N be a minimal normal subgroup
of G, of order m. By induction G/N can be defined by r < 2(d + 1)A\(n/m)
relations in the generators x1N,...,xq4N. Let these relations be ui(xN) =
1,...,u.(xN) = 1. (Here and below x/N stands for the d-tuple (1N, ..., z4N),
similarly for x etc.). Now, N is a product N = S X - - - X S, of conjugate simple
groups. Put s = |S1| and let

S1=(y, z; R)

be a presentation of Sy, where R is a set of words on y, z with |R| < 2A(s).
Now since G/N is finite, there exist negative words (i.e. involving no positive
powers of the generators)

vy =1, v2(x),...,v5(x)
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such that, in G,
S;)i(x) =5,

for each i. Then S; = (y;, z;) where y; = %), z; = 2%®)_ Say y = w(x) and
z = w'(x), and put

()< (2.7)

Next, find words ¢; such that u;(x) = t;(y,z) (this is possible since u;(x) € N)
and words s;; and sj; such that

J

vt =si(y.z) 27 = sy, z).

We claim that G can be defined by the following relations in the generators
z1,...,%4, where t;, s;5, s'ij will be used to denote the words in x obtained by
substituting the word w;(x) for y; and wj(x) for 2; in the words ¢;, si; and s;;:

u; = t;(y,2) (i=1,...,7r)
R(w17 wll) = {1}7

[wi, wi] = [wy,wj] = [wy, wi] = [wy,wi] =1 (i=2,...,k) (2.8)
w’ = 84, w?jzsgj (i=1,....k, j=1,...,d).

Indeed, let X be the group defined by this presentation. Since the relations
hold in G, there is a homomorphism ¢ from X onto G (mapping the generators
x; of X to the generators with the same name of G). Let Y be the subgroup of
X generated by the 2k elements w;, w;. The subgroup Y; generated by w; and
w] is an image of the simple group S, and hence is isomorphic to S; since ¢
maps it onto S7 in G; and the identities (2.7) show that Y = (¥Y**,..., Y]"").
Note also that for every x; the relations imply that Y* < Y’; hence Y™ <Y
whenever 7 is a positive word in the x;, and since the words v; are negative we
have Y <Y for each 7. Now the third line of (2.8) ensures that

Y = (Y1,Cy(11)),

so Y7 < Y. It follows that for each i, ¥|"" < Y%, and hence by the preceding
remark ;" <1'Y. Therefore Y = Y;"* - ... Y"* has order at most s*, so it has
exactly this order and ¢y : Y — N is an isomorphism. Also, as Y is finite the
relations Y% <Y ensure that Y is normal in X.

Putting every w; and w} equal to 1 in the above presentation we obtain a
presentation of X/Y, which is just the given presentation (x; ui,...,u,) for
G/N. Hence ¢ also induces an isomorphism from X/Y onto G/N. Thus ¢ is
injective and X = G as claimed.

To estimate the number of relations we separate two cases.
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Case 1: where S is non-abelian. Then A(s) > 2, and the number of relations
is

r+|R| + 4(k — 1) 4+ 2kd < 2(d 4+ 1)A(n/m) + 2A(s) + 4(k — 1) + 2kd
=2(d + 1)A(n) — 2(d + 1)X(m) 4 2X(s) + 4(k — 1) + 2kd
< 2(d+1)A\(n) — 2kd

since A(m) = kA(s) > 2k.

Case 2: where Sy is cyclic of prime order. In this case, we may take w' =
1, |R| = 1, and omit the redundant relations in rows three and four of (2.8)
involving the w}. The number remaining is then

P41+ (k—1)+kd < 2(d + DAn/m) + (d + 1)k
=2(d+ 1)A(n) — (d+ 1)k

since now A(m) = k.
In each case we have fewer than 2(d 4+ 1)\(n) relations, and the proof is
complete.

Conjecture A implies Theorem 2.3.1

Let G = (z1,...,24) be a group of order n. Then G has a minimal normal
subgroup N = S1 X --- x S} as above, where S1,..., Sy are isomorphic simple
groups, of order s, say. Once N and G/N are given, GG is determined up to
isomorphism by the following data: the d automorphisms

a+— a”

of N, and the r elements
ti = U; (X)

of N where (x1N,...,24N ; u;(xN) =1(i = 1,...,r)) is a presentation for G/N.

Now if S and T are simple groups and |S|* = |T|kl for some k, k' > 1
then k = &’ and |S| = |T'|; and given |S| there are at most two possibilities for
the isomorphism type of S (for both claims, & Finite simple groups). So
having fixed |[N| = m we have at most two possibilities for the isomorphism
type of N. Since N can be generated by 2k elements it has at most m?* <
m? ™) automorphisms. By definition, there are f(n/m,d) possibilities for the
isomorphism type of G/N, and according to Conjecture A, the group G/N is
defined by r < 2(d + 1)A(n/m) relations among the generators xz;N. Putting
these together, we see that the number of possibilities for G is

Fnad) < )0 2+ f(nfm,d) -0 DA/

1<m|n

= Z 2. f(n/m,d) - mAEEDAR) Ly =22(m)

1<m|n
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Assume inductively that f(h,d) < R24TDXR) whenever h < n. Then for n =
hm we have

2(d+1)Am) < (pA), A 2T arnam) | —2d+1)A0m)
f(h,d)ym < (AMm n h .

Putting this into the above we get

fln,d) < n2(d+1A(n) Z 9, —2A(m) (n/m)~ 2(d+1)A(mn)
1<m|n
n?(d—i—l))\(n)

since each term inside the sum is at most 2/n?. This concludes the proof of
Theorem 2.3.1, modulo Conjecture A.

Profinite presentations

The reader has certainly noticed that the proof shows that Conjecture A
and Theorem 2.3.1 are valid if we consider groups whose composition factors
satisfy Conjecture B, e.g., all soluble groups, or even all finite groups whose
composition factors are not of type U(3,q) or 2G2(q). Unfortunately, the last
two families of finite simple groups are not known to have short presentations.
This obstacle can be overcome by using “profinite presentations” instead.

Let Fd be the free profinite group on d generators, i.e. Fd is the profinite
completion of the discrete free group Fy on the generators z1, ..., zq4. Fd has the
universal property: if ¢ : {z1,...,24} — G is a map from the set {z1,..., 24}
to a Eroﬁnlte group, it has a unique extension to a contmuous homomorphlsm
@ : F; — G. Note that for every element (“word”) w in Fd7 every profinite
(in particular, finite) group G and every gi,...,94 € G we can evaluate w on
91,5 9d, i€, w(gi,...,gq4) is defined as p(w) when ¢ is the unique homo-
morphism ¢ : ﬁd — G extending the map ¢(x;) = ¢;,¢ = 1,...,d. Thus we
can consider the elements w of F as “words”, though they are not words in
x1,...,2q in the usual sense. Moreover, we can speak of presentations of profi-
nite groups by generators and relations: if G = Fy/N and Y is a subset of N
such that NV is the minimal closed normal subgroup of ﬁd containing Y then we
say that (z1,...24;Y) is a profinite presentation of G.

Theorem 2.3.2 FEvery finite simple group G has a profinite presentation with
two generators and 2A(|G|) relations.

We postpone the proof of this theorem, but note first that it implies

Theorem 2.3.3 FEvery group of order n generated by d elements has a profinite
presentation with these generators and at most 2(d + 1)A(|G|) relations.

Indeed the proof that Conjecture B implies Conjecture A works word for word,
just replacing the set R, which was a set of ordinary relators, by a set of profinite
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words. Similarly, the deduction of Theorem 2.3.1 from Conjecture A serves just
as well if we replace Conjecture A by Theorem 2.3.3.

We are thus left with the need to prove Theorem 2.3.2. Once this is done,
the proof of Theorem 2.3.1 will be complete.

To prove Theorem 2.3.2 we start with a proposition of some independent
interest. But first we need a definition. Let G be a finite group with presentation
G = F;/N, where Fj is the free group on d generators. Write N’ = [N, N] for
the commutator subgroup of N, and for a prime p put N(p) = N’ - NP. By
the Nielsen-Schreier Theorem N is a free group on r = 1 + d(n — 1) generators
where n = |G|. Hence N/N'" = Z" and N/N(p) = F,. The free group Fy acts on
N/N’ and N/N(p) by conjugation and in both cases the action factors through
G. The G-module N/N’ (resp., N/N(p)) is called the relation module (resp.
mod p relation module) of G with respect to the presentation G = Fy/N.

Now, if G = Fy/N is a presentation of G then G is also isomorphic to ﬁd/ﬁ
where N is the closure of N in F,;. Thus Fy;/N is a profinite presentation of G.

Proposition 2.3.4 The number of relations needed for the profinite presenta-
tion G = Fyq/N is equal to maxdg(N/N(p)), i.e. the mazimum over all primes
P

p of the number of generators of N/N(p) as a G-module.

Remark. A deep result of R. Swan asserts that dg(N/[N, N]) = maxdg(N/N(p)),
J2

so the proposition can be reformulated as saying that the number of profinite re-
lations needed for G is equal to the number of generators of the relation module
(see [Gruenberg 1976]). But we will not need Swan’s result for our applica-
tion. It is worthwhile to mention, though, that a longstanding open problem is
whether N can be generated as a normal subgroup by dg(N/[N, N]) elements.
In view of the above Proposition, this is equivalent to asking whether the num-
ber of ordinary relations needed to define G is equal to the number of profinite
relations needed for the same purpose. This is the difference between Theorem
2.3.3 and Conjecture A.

Proof of Proposition 2.3.4. N is a normal subgroup of ﬁd. Let M be the
intersection of all the maximal open normal subgroups of N. It is easy to see
that (i) M is normal in F; and (ii) for a subset Y of N, Y generates N normally
if and only if it does so modulo M. Moreover, we can describe quite precisely
the structure of N/M. In fact, N/M = [[S™(5) where the product runs over

s

all the finite simple groups S and each one occurs with multiplicity m,.(S), when
Sm=(8) ig the largest direct product of copies of S which is still generated by r
elements. So, for example, if S is abelian, i.e. S = C, for some p,m,(S) =,
but for non-abelian groups it is much larger than r (see [Kantor & Lubotzky
1990]).
Separate the product into two parts N/M =2 A x B when A = HC’; and
P

B = [[S™ (%) where this time S runs only over the non-abelian finite simple
s
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groups. Note that the action of ﬁd on A factors through G, making A into a
G-module.

Claim: The number of generators of N/M as a normal subgroup of ﬁd /M
is equal to dg(A).

Indeed assume {y1,...,y¢} is a subset of A generating A as G-module. Let
z1 be an element of B, each of whose components, in each single S, is non-trivial.
As B is a product of finite simple groups, the normal closure of z; in B (and
hence in Fy /M) is B. Since A and B have no common composition factors, it
follows that (y1,21), (y2,1),..., (ye, 1) generate A x B as a normal subgroup of

Fq/M.
Now, as the different primes are also “independent” one deduces that
dg(4) = maxdg (N/[N, NIN)
= max dg(N/N(p))
and Proposition 2.3.4 is proved.

This reduces the proof of Theorem 2.3.2 to the problem of evaluating the
numbers dg(N/N(p)). The first step is to reformulate the problem, using a
general formula due to [Gruenberg 1976]. Let S denote the set of all simple
F,[G]-modules, and for M € S put

&y =0 if M T,
v =1if MZF,.

Gruenberg’s formula is as follows; for the proof see the Profinite groups win-
dow:

Proposition 2.3.5

dg(N/N(p)) = max

dim H2(G, M) — dim H*(G, M)
o] )

dim M
(If p t |G|, this formula reduces to dg(N/N(p)) = d, a result obtained earlier
by Gaschiitz.)

Thus it remains to estimate the dimensions of certain cohomology groups,
for a finite simple group G. The next two results, which depend on CFSG, give
us what we need. For each prime p, the invariant ¢,(G) is defined by

p* DG
pﬁp(G)+1 1, |G|
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Proposition 2.3.6 (&~ Finite simple groups) Let G be a finite non-abelian
simple group. Then for every prime p,

dim H?(G,F,) < 2.

Proposition 2.3.7 [Holt, 1987] Let G be a finite group and M a faithful simple
F,[G]-module. Then

dim H?*(G, M) < 2¢,(G) dim M.

We can now complete the proof of Theorem 2.3.2. Let G be a finite non-
abelian simple group. Then G can be generated by 2 elements (3~ Finite
simple groups), so we have a profinite presentation G = B /N; in view of
Proposition 2.3.4, it will suffice to prove that

da(N/N(p)) < 2X(|G])

for every prime p. According to Proposition 16.4.7 with d = 2, this holds
provided every simple F,[G]-module M satisfies

2A(|G|) — 1) dim M if M 2F,
dim H*(G, M) — dim H*(G, M) <
2(A(|G|) = 1) dim M if M >2F,
(2.9)
Now of course |G| is not a prime-power, since G is non-abelian and simple, so
M|G]) > 2 and A(|G]) > 1+ £,(G) for every prime p. Applying the last two
propositions we see that in each case, the right hand side of (2.9) is at least
dim H?(G, M).
Thus Theorem 2.3.2 is established, and Theorem 2.3.1 follows.

Notes

The recursive formula Proposition 2.1.1 is due to [Hall 1949], the first modern
paper to deal with subgroup-counting. The asymptotic formula for a,(F') in
Theorem 2.1 is due to [Newman 1976], who also considers other groups, as
reported in Chapter 14. The observation that Dixon’s theorem implies m,, (F') ~
an(F) was made by L. Pyber.

Theorem 2.3, including the elementary proof of the exponential upper bound
for aJ9(F), is due to L. Pyber and A. Shalev (unpublished).

The results on normal subgroup growth and the function f(n,d) were estab-
lished for soluble groups, and conjectured in general, by [Mann 1998], following
a slightly weaker conjecture of [Pyber 1996]; [Lubotzky 2001] proved The-
orems 2.6 and 2.7 by adapting Mann’s methodology and introducing profinite
presentations. The sequel [Mann (a)] discusses further interesting variations
on this theme. It is interesting to note that while f(n,d) (for a fixed d) grows
like n'°8™ the number of isomorphism types of all groups of order n grows



2.3. COUNTING D-GENERATOR FINITE GROUPS 51

like n(logm)’ (see [Pyber 1996]), while the number of those without abelian
composition factors grows very much more slowly, like n'°¢!°¢" [Klopsch (c)].
For a discussion of Conjecture B, including its proof in most cases, see
[Kantor 1992]. Almost all the remaining cases are dealt with in [Babai,
Goodman & Kantor 1997] and [Hulpke & Seress 2001] (these papers
consider ‘short presentations’ rather than the ‘small presentations’ required for
Conjecture B, but the relevant results may be deduced from them).
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Chapter 3

Groups with exponential
subgroup growth

We saw in the last chapter that finitely generated free groups have super-
exponential subgroup growth; so for a group to have subgroup growth of merely
exponential type is certainly some kind of restriction. Can it be characterised
algebraically? This question seems difficult to answer, because the groups with
exponential subgroup growth encompass a huge variety of examples. This is not
really surprising, because a very mild algebraic condition is in fact sufficient to
ensure that the growth is at most exponential:

Theorem 3.1 Let T" be a finitely generated group. Suppose that there exists a
finite group which is not isomorphic to any upper section of I'. Then I has at
most exponential subgroup growth type.

(An upper section of I' means a quotient A/B where B << A < T' and B has
finite index in I'). However, among the finitely generated groups with exponen-
tial (and even slower) subgroup growth there also exist some which do involve
every finite group as an upper section: examples are given in Section 2 of Chap-
ter 13. Thus it seems unlikely that the groups with ‘superfast’ — strictly above
exponential — growth can be described in a uniform way, analogous to the char-
acterizations of ‘slow’ — polynomial — subgroup growth to be given in Chapters
5 and 10.

Once we know that a group has exponential growth type, we can ask for a
finer measure of the subgroup growth. Let us define an invariant

1
o(G) = limsup OgST"(G).

Then o(G) is finite precisely when G has at most exponential growth type, and
o(G) > 0 when the growth type is exponential. Thus Theorem 3.1 may be

interpreted as saying that if the upper sections of I' ‘avoid’ some finite group H

53
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then o(T") is finite. Remarkably, the nature of the ‘avoided’ groups is reflected
quite precisely by the actual value of o.

This relationship is best articulated in terms of suitable relatively-free profi-
nite groups. To set the scene, let us begin by reformulating Theorem 3.1 in
this language. Let C be a class of finite groups closed under taking subgroups,
quotients and extensions, and containing at least one non-trivial group; we call
such a class ‘good’. We shall denote the free pro-C group on d generators by
F4(C). Now if T is a d-generator group and I' does not involve a certain finite
group H as an upper section, then the profinite completion T is an image of
F4(C) where C is some good class not containing H (for example, one of the
classes Cy, defined just below); so Theorem 3.1 follows from the more precise

Theorem 3.2 Let C be a good class of finite groups that does not contain all
finite groups. Let d > 2. Then the free pro-C group Fy(C) has subgroup growth
of strict type 2.

Now for k£ > 4 let
Ck

denote the class of all finite groups that do not involve Alt(k + 1) as a section.
Thus we have a stratification of the class of all finite groups:

SCCyCCs5C...CCrCCxy1 C...

where S denotes the class of all finite soluble groups. Note that a d-generator
group I' does not involve Alt(k + 1) as an upper section if and only if I is an
image of F4(Ck). Now we can state

Theorem 3.3 Letd > 2 and k > 4. Then

o(Fa(Cy) = o~ (FafCe) = (d— 1) ;255 (3.1
o(Fa(8)) = 0~ (Fu()) = (d 1) 22 (32)

Here, we have included the invariant

0~ (G) = liminf M.
n

The theorem shows that our invariant o is fine enough to distinguish al-
ternating sections in free pro-C groups; however it cannot distinguish between
prosoluble groups and groups having some other types of simple non-abelian
sections, since 241/3 = 41Y/(4=1)  Thus the alternating groups seem to play a
special role when it comes to subgroup growth, a phenomenon we shall see again
in Chapter 13.

In the cases where o(F') = 0~ (F') = o, say, the function log s, (F') is asymp-
totic to on; thus for any € > 0 we have

2l0=en < 5 (F) < 2lote)n
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for all large n. The theorem therefore implies (and refines) the upper bound
for subgroup growth in Theorem 3.2, since any class C satisfying the given
conditions clearly also satisfies C C C;, for some k& > 4. Applying the theorem
to the profinite completion of a finitely generated group we obtain the following
refinement of Theorem 3.1:

Corollary 3.4 Let T’ be a d-generator group that does not involve Alt(k+1) as
an upper section, where d > 2 and k > 4. Let € > 0. Then

s5n(T) < 200Fe)m
for all large n, where o = (d — 1)(log k!)/(k — 1).

It is not known if this result is best possible: certainly Theorem 3.3 shows that
it cannot be sharpened by “profinite” considerations alone, but the construction
of a d-generator group I' as in the corollary such that I" is sufficiently similar to
F,4(Cy) is another problem.

Restricting the upper sections of a group also has dramatic consequences for
the maximal subgroup growth, and again the alternating groups seem to wield
particular influence.

Theorem 3.5 Let G be a finitely generated profinite or abstract group.

(i) If G does not involve every finite group as an upper section then G has
polynomial maximal subgroup growth.

(ii) If G has only finitely many distinct alternating groups as upper compo-
sition factors then G has mazimal subgroup growth of type at most nl°8™,

(iii) If G has only finitely many distinct alternating and symmetric groups

amonyg its finite quotients then G has mazximal subgroup growth of type at most
No
nv™.

These results are established in Sections 1 and 2. The rest of the chapter
concerns pro-p groups. In Section 3 we establish

Theorem 3.6 Let F' be the free pro-p group on d > 2 generators. Then for all
k > 1 we have

prt D < (F) < prt 0D

It follows that log s,x(F) ~ p* - (d — 1) logp/(p — 1) and hence that
o(F) = (d—1)logp/(p—1).
On the other hand, o~ (F) = o(F)/p; for the function log s, (F) fluctuates

between n - (d — 1) 7% ng +o(1) and 2 - (d — l)fff + o(1), since it is constant
k+1

for n between p* and D — 1. In any case, it follows that every non-abelian
free pro-p group has strict growth type 2". This implies the lower bound for
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subgroup growth in Theorem 3.2, since if C is a good class of groups then C
contains all finite p-groups for at least one prime p.

It is interesting to compare this result with Theorem 3.3. Thinking of I as
a quotient of the free d-generator prosoluble group Fy(S), we see that among
all open subgroups of ﬁd(S ), the subnormal ones of p-power index have positive

density, measured in a suitable logarithmic sense, and that this density is roughly

proportional to 252,

In Section 3 we also show how “Hall’s enumeration principle” may be used
to give a recursive formula for the numbers a,. (F).

The last two sections deal with normal subgroup growth. The following result
is established, as a counterpart to Theorem 2.7:

Theorem 3.7 Let F' be the free pro-p group on d > 2 generators. Then

pk2((d71)2/4d+o(1)) < a;’“ (F) Spk2(0171)/2%@173)/271

where o(1) is a term that tends to 0 as k — oo.

As before, this may be interpreted in terms of the number f(p*,d) of iso-
morphism types of d-generator groups of order p*. Using Lemma 2.5 we have

Corollary 3.8 Let d > 2. Then
2 2 2 2
P /ad+o(k?) < Fp",d) < p* (d—1)/2+0(k)_
(A slightly sharper upper bound will be given in §3.4 below.) As in the

preceding chapter, these results are closely related to the number of (pro-p)
relations required to define a d-generator finite p group. Writing

g(p*,d)

for the smallest integer g such that every d-generator group of order p* has a
pro-p presentation on d generators with g relations, we shall prove

Theorem 3.9 Letd > 2. Then

g@*.d) < (d—Dk+1 forallk>1,
g(pk7d)N(d_1)]€ as k — oo.

Theorem 3.7 shows that

—1)2 log ash (F log ash (F -
@=1° g 28 F) ogap(F) d—1
4d nlog p” nlog p” 2

This suggests the
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Problem Does log a. (F)/nlogp™ tend to a limit as n — oo, and if so what is
it?

It is worth remarking that all the results on ‘relatively free’ profinite groups
may be interpreted as results about (absolutely) free abstract groups; for exam-
ple, writing Fy(p) for the d-generator free pro-p group, we have the ‘dictionary’

an(Fy(S)) = |{H < Fy | |Fy : H| = n, Fy/corep,(H) is soluble}|
(Falp)) = as2(Fa)
(Fa(p)) = a5 (Fu)

Y

a

hS]

2
A

where Fy is the free group on d generators and corer,(H) denotes the biggest
normal subgroup of Fy contained in H.

Throughout this chapter, we shall use the convention that in the context of
profinite groups, ‘subgroup’ means ‘closed subgroup’ and all homomorphisms
are supposed continuous.

3.1 Upper bounds

In order to calculate the subgroup growth of a free group, we had to enumerate
the transitive d-generator subgroups of Sym(n). Using the same approach, we
can estimate the subgroup growth of a free pro-C group by enumerating the
transitive d-generator C-subgroups of Sym(n).
We begin with some generalities. Let C be a quotient-closed class of finite
groups, and for n € N let
Me(n)

denote the set of maximal transitive C-subgroups of Sym(n) (i.e. maximal mem-
bers of the set of subgroups that are both transitive and belong to C). Clearly
ML (n) is a union of a certain number

Conjl (n)
of conjugacy classes of subgroups in Sym(n). We write
Ords(n) = max{|H| : H € ML(n)}.

Proposition 3.1.1 Let G be a pro-C group generated by d elements. Then for
each n,
an(G) < n - Conjb(n) - Ordh(n)?~1.

Proof. According to Proposition 1.1.1, a,,(G) = t,(G)/(n—1)! where ¢, (G)
is the number of transitive representations of G in Sym(n). Now if ¢ : G —
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Sym(n) is such a representation then ¢(G) is a transitive C-subgroup of Sym(n);
so for each such ¢ there exists H € ME(n) with H > ¢(G). It follows that

W@ < S [Hom(@ H)
Hemt (n)

< > =

Hemt (n)

Now the conjugacy class of a subgroup H in Sym(n) has cardinality
|Sym(n) : No(H)| < n!|H|™", so partitioning 9% (n) into conjugacy classes
we get

S |H|" < Conjb(n) - max (n1|H|*1\H|d)
HeMt (n)
Hemt, (n)

= n! - Conjb(n)Ordh (n)?=1.
The proposition follows. =

This simple proposition is very important: it shows that many subgroup
growth questions are in essence questions about finite permutation groups. In
this book we cannot go deeply into permutation group theory, and will have to
be content with quoting a number of results. We should emphasise that these
results about pemutation groups lie much deeper than the simple reduction
arguments we are using here; for a proper understanding of the subgroup growth
theorems of this section, the reader should really study the original literature
referred to in the Permutation groups window (some of which was motivated
by these subgroup growth questions).

Theorem 15 of the Permutation groups window may be stated as

Proposition 3.1.2 Let C be a good class such that S C C C Cy for some k.
Then there exists ¢ depending only on C such that

Conjh(n) < n°
for all n.
On the other hand, Theorem 8 of the Permutation groups window gives
Proposition 3.1.3 Let C C C,f where k > 4. Then Ordtc(n) < p"1 where
o= (k)0

(Here C; denotes the class of all finite groups that do not have Alt(n) as a
composition factor for any n > k; of course this class properly contains Cy.)

Now let G be a d-generator pro-C group, where S C C C C and k > 4.
Combining the last three propositions we get

an(G) S n- nc . M(n_l)(d_l);



3.1. UPPER BOUNDS 59

it follows that

log $,(G) < (c+1)logn+ (n—1)(d—1)logu
n-((d—1)logp+o(1)).

Thus
o(G) < (d—1)logp.

Taking C = Cj, gives the upper bound in (3.1) (which implies the upper
bound for subgroup growth in Theorems 3.2 and 3.1). Taking C to be the class
of soluble groups and k = 4 we get the upper bound in (3.2).

Suppose finally that C is the class of finite p-groups, for some prime p. Since
the largest power of p dividing n! is at most (n — 1)/(p — 1), the analogue of
Proposition 3.1.3 in this case has u = p'/®~1_ and we deduce in the same way
that every d-generator pro-p group G satisfies

7(6) < (d~ 1) EE.

An alternative approach to pro-p groups, giving more precise results, is described
in Section 3.

It remains to establish the upper bounds on mazimal subgroup growth. We
saw in §1.1 that m,(G) = p,(G)/(n—1)! where p,, (G) is the number of primitive
permutation representations of G of degree n. It follows as before that if G is a
d-generator pro-C group then

mn(G) < n - Conjb(n) - Ords(n)* 1,

where Conjg (n) denotes the number of conjugacy classes of maximal primitive C-
subgroups in Sym(n) and Ordf(n) the maximal order of a primitive C-subgroup
of Sym(n). It is easy to see that Ord%(n) < Ordf(n) and Conjh(n) < Conjs(n);
part (i) of Theorem 3.5 is therefore a consequence of Proposition 3.1.2 together
with

Proposition 3.1.4 Let C be a good class of finite groups that does not contain
all finite groups. Then there exists a constant ¢, depending on C, such that

Ord%(n) < nf
for every n.

(&> Permutation groups, Theorem 4; note that C C By for some k in the
notation of the window.)

Similarly, Theorem 3.5(ii) follows from Theorems 13 and 16 of the Permu-
tation groups window, which we restate as
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Proposition 3.1.5 (i) IfC C C; then
Ordi(n) < nelosn

where ¢ depends only on k.
(i1) If C is the class of all finite groups then

Conjb(n) < nelos™ (3.3)
where ¢ is an absolute constant.

To prove part (iii) of Theorem 3.5, let I' be a d-generator group and suppose
that G does not have Alt(n) or Sym(n) as a quotient when n > ng. If n > ng
and H is a primitive image of G in Sym(n) then H is a proper primitive group,
hence satisfies |H| < nV™ where cq is an absolute constant (% Permutation
groups, Theorem 1). Arguing as in the proof of Proposition 3.1.1 and using
(3.3) we deduce that

pn(T) < nelogn . pl. pld=beovn
for all n > ng. Hence

mn(r) _ pn(r) < n1+clogn+(d71)co\/ﬁ < na\/ﬁ
(n—1)!

for sufficiently large n, if a is any constant larger than (d — 1)cg, and Theorem
3.5(iii) follows.

Theorem 3.5(i) shows that there is a huge jump — super-exponential to poly-
nomial — between the maximal subgroup growth type of free groups on the one
hand, and that of groups with restricted upper sections on the other. This ‘jump’
is not a ‘gap’, however: in Chapter 13 we construct finitely generated groups
having a range of maximal subgroup growth types between n™ and n'°¢™, These
examples are all subcartesian products of finite alternating groups. Whether or
not there is a gap in the possible types of maximal subgroup growth between
n'°8™ and polynomial type is not at present clear.

3.2 Lower bounds

Let us begin with an easy example: it is not logically necessary for Theorem 3.3,
but is instructive and has other applications. Fix a prime p, and for a positive
integer t consider the group

Gy = Cp1 Cye
= A x (),

where (z) is cyclic of order p* and A is the group algebra F,[(x)], considered as
an (r)-module. Now A is an F,-vector space of dimension p‘, hence contains
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(p* —1)/(p —1) > p* ~* subspaces of codimension 1. Thus G; contains more
than ppt_l subgroups of index pt+!.
Now let

I'=Cp1Cs

= <a,z; a? =1, [a”

i

,aij] =1 for all i,j> .

Adding the relation 2P =1 turns this group into Gy, so I' maps onto each Gy.
In a similar way we see that G;y1 maps onto G; for each ¢, so we may form the
inverse limit

G = limGt,

a two-generator metabelian pro-p group usually denoted CptZ,; in fact G = fp.
Fix ¢ with 1 < ¢ < p/?’. Suppose now that p'+t! < n < p'*2. Then s, (I
and s, (G) are both at least equal to a,.+1(Gy), which exceeds

ppt—l > pn/p2—1 > "
for all sufficiently large values of n; thus we have established
Proposition 3.2.1 Let p be a prime and let 1 < ¢ < pl/pQ. Then

$n(Cp 1 Coo) > "
$n(Cp 1 Zp) > "

for all large n.

This shows that there exist 2-generator metabelian groups and 2-generator
metabelian pro-p groups whose subgroup growth is at least exponential (in-
deed, the proof shows that this holds even for the growth of 2-step subnormal
subgroups). This is therefore a lower bound for the strict growth type of any
non-abelian free metabelian group, any non-abelian free metabelian pro-p group,
and any non-abelian free prosoluble group.

If C is any good class of finite groups then C contains C,, for some prime p;
provided d > 2 the free pro-C group ﬁd(C) then maps onto C)p, ! Z,, hence has
strict growth type which is at least exponential. This completes the proof of
Theorem 3.2.

We now establish the lower bounds in Theorem 3.3. Slightly more generally,
fix k > 4 and let C be any good class of finite groups that contains Sym(k) and
all finite soluble groups. Let &5 = ﬁd(C) denote the free pro-C group on d > 2
generators, and write

log k!
K==
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Step 1. For each t > 0,
log agt (®4) > k(d — 1)(k' — 1) — ct?

where ¢ = (log k)2.

This is trivial if £ = 0. The general case is proved by induction on ¢, start-
ing at ¢ = 1. To start the induction, let F,; denote the (abstract, absolutely)
free group on d generators, and let X be the intersection of the kernels of all
homomorphisms from F,; into Sym(k). Then every subgroup of index k in Fy
contains X. As Fy/X € C it is an image of @4, so we have

ak(q)d) Z ak(Fd) 2 k!d_l (34)

by Corollary 2.1.2. This gives the claim for ¢ = 1 since x(k — 1) = log k!.

Now suppose that t > 1, and put m = k'~1(d — 1) + 1. By Schreier’s
formula for pro-C groups (% Profinite groups), each open subgroup H of
index k'~! in ®, is isomorphic to ®,,, hence, by (3.4), contains at least k!™~*
open subgroups of index k. By inductive hypothesis there are at least 2" such
subgroups H where

n=r(d-1)(k"1=1)—c(t—-1)>2%

On the other hand, given a subgroup L of index k* in ®4, the number of distinct
subgroups H of index k'~! in ®, that contain L is at most

kt log k

(Lemma 1.2.3). Putting these estimates together we deduce that

log ap: (®4) > n — t(logk)? + (m — 1) log k!
>r(d—1DET 1) —ct —1)* —ct + k(k - Dk (d - 1)
> k(d — 1) (k" — 1) — ct?

as claimed.

Step 2. Now let n > 1 be arbitrary, and choose t and r so that

k2t S n< kQ(t+1)
rkt <n < (r+1)k".
Fix an open subgroup H of index r in ®4; such subgroups exist, because ®4

maps onto every finite cyclic group. As above, we see that H = ®,.4_1)4, s0
by Step 1 we have

log ape (H) > rr(d — 1) (k' — 1) — ct?

> K
> k(d —1)n — k(d —1)(r + k') — ct®.
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Since r < k2 < k2\/n and ct? < c(logn/2logk)? = (logn)? /4, while s,,(®4) >
axt(H), we infer that

log s,,(®a) > log ay: (H)
> k( #(d = 1)(k* +1)v/n — (logn)? /4

d—1)n—
k(d —1)n — O(v/n).

It follows that o~ (®4) > x(d — 1). This completes the proof of Theorem 3.3
(for (3.2), take k = 4 and C to be the class of all finite soluble groups).

To conclude this section, let us show if C is a good class that includes C),
and C, for distinct primes p and ¢ then the free group ﬁd(C) for d > 2 has
mazximal subgroup growth of strict type n. Say ¢ is odd, and let s be the order
of p modulo ¢. Then the order of p modulo ¢™*! is ¢"s for each m > 0. Given
n > s, let m be such that

q"s <n < qmls,

and put ¢ = ¢™s. The field F,: then contains a primitive element x of order
g™t and we form the group H = F,+ x (z) (where x acts by multiplication on
the additive group of the field). It is easy to see that (z) is a self-normalising
maximal subgroup of H, and that H is a 2-generator group in C. Thus H, and
therefore also Fy(C), has at least p! > n'/? maximal subgroups of index p! < n.

3.3 Free pro-p groups

From now on we concentrate on pro-p groups. Throughout the rest of the
chapter, the prime p is kept fixed, and we put

_ log(p—1)
logp

Note that 0 < 4 < 1 and that 4 — 1 as p — co. According to Proposition 1.6.2
and the remark following it, if G is a finitely generated pro-p group then

pdnfl(G)_l S apn (G) S pd:,—l(G)_nyf’
apn (G) 2 H

i=1

péi—l(G) -1
p—-1
Here

e d,(G) = max{d(H) | H a subgroup of G of index p"},

e 5,(G) = min{d(H) | H a subgroup of G of index p"}.
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Now let F' be the free pro-p group on d > 2 generators. Schreier’s index
formula (&~ Profinite groups) shows that

op(F) =dp(F) =pF(d—1)+1
for each k£ > 1. It follows that

k-1
. d—1
di _(F)—kp= d—1)+1—p) < —=@p"—1)+k,
Ea(F) =k =3 (=) 1= ) < T 08 - )

and hence that .

ap (F) < ot "Dk,
This gives the upper bound in Theorem 3.6.

For the lower bound, note that
0i—1(F _
D 1.( ) -1 > plimi ()=
pt—1
for each ¢ > 1, and
u d—1
> (6ia(F) —i) = ﬁ(pk —1) = k(k—1)/2.

i=1
Combining these with (3.5) we deduce that

k(k—1)

apk (F) > prt® D= S

This completes the proof of Theorem 3.6.

To conclude this section, let us derive a recursive formula for a,:(F'). For
brevity we write ¥,,, = F,,,(p) for each m, so F' = ¥,. Also

{d] =)t =p)... (p=pY)
t] -1 —-p)...(pt—p1)"
Lemma 3.3.1 Fork >1,

d
d _
e (1) = S0 [ e () 39)
t=1

Proof. Let ® = ®(¥,;) denote the Frattini subgroup of ¥, Let
{Km-/CI) li=1,..., [Ctl]} be the list of subgroups of index exactly p* in W,/®.
By Schreier’s theorem for pro-p groups (% Pro-p groups), each K;; is a free
pro-p group on 1 + p(d — 1) generators. The result now follows immediately

from Hall’s enumeration principle (++ Pro-p groups) applied to the collection
of index p”* subgroups of U;. m

This is a legitimate recursive formula, but it uses a, (V) to express a,(Vq)
with s # d (s > d but I < k). It is not hard to deduce from this a relation which
expresses a,x (Vq) using only a,: (¥q) for t < k:
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Proposition 3.3.2 For k > 1,

k k—t(7
a0 (V) = ;(_1)t+1pt(t—1)/2 [p (d . 1)+ 1] api—t(Vq). (3.7)

Proof. For brevity, let us write

an,t = apr (V14pt(da-1))-

Certainly (3.7) is correct when k = 1. Let n > 1 and suppose inductively that
(3.7) is valid whenever k < n. Putting £ = n in the right-hand side of (3.6) and
applying the inductive hypothesis we obtain

d n—t
d _ s(s n—t—s (.t d -1 + 1
Z(_l)t-i-l [t:|pt(t 1)/2 . Z(_l)s-H P (s—1)/2 [p (p (5 ) ]ants)t.
t=1 s=1

(3.8)
Putting k& = n in the right-hand side of (3.7) and applying (3.6) we obtain

k n— d
Y ()t piee s {p o 1] (= {d}p‘*(s—”/%n_t_s,y (3.9)

t=1 t s=1 s
Observe now that (3.9) and (3.8) are equal (interchange the indices s and t). It
follows that (3.7) is valid for & = n, and the proof is complete. m

3.4 Normal subgroups in free pro-p groups

In the preceding chapter, we were able to estimate the number of d-generator
groups of order n by obtaining an upper bound for the number of (profinite)
relations needed to define such a group. The same approach is effective when
dealing with finite p-groups. In fact the proof given in §2.3 applies directly to
groups of p-power order; however, as the finite simple p-groups are much easier
to understand than finite simple groups in general, the argument is very much
simpler in this case, so let us give it here.

Proposition 3.4.1 Let G be a group of order p* > 1 with a generating set X
of size d. Then G has a presentation (X; R) where |R| < dk.

Proof. Suppose first that &k = 1. If G = (x1,...,z4) has order p then z;
alone generates G for some 7 and then G has a presentation of the form

G = <x1,...,xd; ¥ =1, x; :xf(j) (j;éz)>

Now let k& > 1 and suppose that G = (z1,...,24) has order p¥*. Then G has
a central subgroup N of order p. Inductively, we may suppose that G/N has a
presentation

G/N = {(x1N,...,24N; u;(xN) =1 (1 <i <r)) (3.10)
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where r = d(k —1). Since |G| > |G/N| and z1, ..., x4 generate G, the relations
u;(x) = 1 cannot all hold in G, so there exists ¢ such that the element u:(x) = z
actually generates N. Then u;(x) = 2¢) where 0 < e(i) <p—1fori=1,...,r
It is easy to see that the following is then a presentation for G :

T1y.e..,24;5
G=< w(x)P =1, [zj,u(x)]=1(1<j<d), >
ui(x) = up ()0 (1<i<r i #t)

Thus G is defined by 1 +d+d(k—1) — 1 = dk relations on the given generators.
]

Note that we obtain here a presentation in the category of groups. For
purposes of enumeration, it is enough to consider pro-p presentations (just as
profinite presentations sufficed in Chapter 2), and for these we have a slightly
better result:

Theorem 3.4.2 Let G be a group of order p* > 1 with a generating set X of
size d. Then G has a pro-p presentation (X; R) where |R| < (d—1)k+ 1.

We postpone the proof, which is couched in the language of graded Lie
algebras, to the next section, and proceed now to deduce the upper bounds
stated in Theorem 3.7 and Corollary 3.8.

Let F' be the free pro-p group on d > 2 generators. Suppose that N <, F
and |F: N|=p™ > 1. Write

®p(N) = N[N, F), dp(N) = dimg, (N/®p(N)).

Thus dp(N) is the number of generators required by N as a closed normal
subgroup of F'. According to Theorem 3.4.2, dp(N) < (d—1)n+1,s0o N/®p(N)
is an elementary abelian p-group of rank at most (d—1)n+ 1. Such a group has
fewer than p(4=17+1 subgroups of index p, and this is then an upper bound for
the number of open normal subgroups of F' that are contained in N and have
index p"*!. Since every open normal subgroup of index p"*t! is contained in at
least one of index p™ this shows that for n > 1,

ajnﬂ (F) < agn(F) Cpld=Dn+t,

Since a3!(F) < p it follows inductively that

ah (F) < p*(@=1/2=n(d=3)/24d=1,

The number of isomorphism types of d-generator groups of order p™ is de-
noted f(p",d). Since f(p',d) = 1, a similar argument yields

f(pn’d) < pn2(d—1)/2—n(d—3)/2—1_

Using Proposition 3.4.1, proved above, instead of Theorem 3.42.2, the same
kind of argument yields slightly weaker upper bounds, of order p™ %/2.
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We turn now to the lower bounds. These will follow from a corresponding
lower bound for the number of pro-p defining relations. Indeed, we shall show
that Theorem 3.4.2 is very sharp in the sense that for every k, there exists a
d-generator group of order p* that needs ‘about’ (d — 1)k pro-p relations. Let

9(p*,d) = max {dp(N) | N <, F, |F : N| = p*}

where as above F is the free pro-p group on d generators; thus g(p”, d) is the
least integer r such that every d-generator group of order p* has a d-generator
pro-p presentation with r relations.

Theorem 3.4.3 Let d > 2. Then

as k — oo.

This will be proved below. Now given k, we can find N <1, F with |F : N| =
p*F and dp(N) = g(p*¥,d) = g, say. For each n with k < n < k + g we then have

05 (F) > @i (N/®p(N)) > pln=h)o=—ntk)

We would like to maximize this lower bound by choosing k& optimally with
respect to n. Putting k = xn and supposing temporarily that g = (d — 1)k,
we find that (n — k)(g — n + k) = n?((d + 1)x — dz? — 1) has its maximum at
z = (d+1)/2d. This suggests that we choose k = [(d + 1)n/2d], which yields
(d-=1n (d—1+e(k))n (d—1)2n? )
_ _ > . =

(= k)g—n+ k) > ' I o)
(here e(k) — 0 as k — oo). Thus as. (F) > p’(@=D?/4d+o(n®). with the upper
bound given above this establishes

Theorem 3.7 Let F be the free pro-p group on d > 2 generators. Then as
n — oo,
2(d—1)2 o(n? n?(d— n
P =1 /dto(n?) < 0 (F) <p (d=1)/24n/2.

if d>3 the n/2 term on the right may be omitted.
The rest of this section is devoted to the proof of Theorem 3.4.3. As above,

F denotes the free pro-p group on d > 2 generators (it may equally well be the
abstract free group on d generators, if the reader prefers). We write

Fn:’Yn(F)a Pn:Pn(F)

for the terms of the lower central series and of the lower central p-series of
F. These are related in the following way: for each k > 1 there is a bijective

mapping

k
O : [[ T/ @) — Pe/Prs, (3.11)
i=1

(T1,...,T) — Jc’fkilxgkiz o e Pria (3.12)
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where T; = ;@ (I';); moreover 6§ is a group isomorphism unless p = 2, in
which case the restriction of 8, to H?:z I';/®r(T;) is a homomorphism; for the
proof see e.g. [HB|] Chapter VIII, Theorem 1.9(b). For k > 2 and i = 2,...,k
let

Pi(i)/Piyr = 0 | [[T5/2p(T)) |,

Jj=1

so Py = Py(k) > Pu(k—1) > ... > Py(2) > Pyy1. If p is odd these are
evidently subgroups of Pj; this remains true if p =2 — it suffices to check that
for xz, y € F,

:zzzkyzk = (xy)zk mod Py (2),
and this follows from the fact that

2k—l

k
k k _ ok k
2y (ay) €T3 [T
=1

an application of the ‘Hall-Petrescu identity’; see e.g. [DDMS], Lemma 11.9(i).
Another application of the same identity gives

Lemma 3.4.4

Pu(i)? = Por(i)  if 2<i<k
Pp(i)P < [Pp(i — 1), F]Pqa(i —1)  if 3<i<k.

Proof. The mapping = — zP induces a homomorphism 7 : Py/Pri1 —
Py11/ P42 such that 041 = 7 o 0; this implies the first claim. Now let ¢ > 3
and suppose that © € I';_1, y € F. According to [DDMS], Lemma 11.9(ii) we
have

k+1
k+1 k+1 _ k+1 k+1-—1
e, y)? 2y ers [T
=1
< Pyyo.

The second claim of the lemma now follows since Py(4) is generated by Py (i —1)
together with elements of the form [x,y]pk with = € T;_q,for which 27" ¢

Pk(i — 1) u

Corollary 3.4.5 (i) Let Pyy1 < M < N < Py, where k > 2, and put [N : M| =
p™. Then

(i) Let Pyy1 < N < Py and put [N : Pyy1| =p™. If (a) Pr(i—1) < N < Py (i)
where i > 3 or (b) N < P,(2) then

dp(N) = dp(Pres1) — (d —1)m —d(d +1)/2.
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Proof. Say F' = (g1,...,94) and N = (uy,...,um) M. Then ®p(N) is
generated modulo ® (M) by {uf,...,uf, } U{[uj,q|j <m,l<d},so
dimg, (B5(N)/@p(M)) < (d+ .
It follows that
m+dp(M) =log, |N : ®p(M)| = dp(N) +log, [®r(N) : @r(M)|
<dp(N)+ (d+ 1)m.

This gives (i).
Now let N be as in (ii)(a) and put M = Py (i — 1). Then Lemma 3.4.4 gives

NP < Py(i)? < [Pu(i — 1), F]Pyss(i — 1)
= [M,FIM? = ®p(M);

$0 @ (N) = [N, F]|®r(M) and the argument used above shows that now dp(N) >
dp(M) — (d — 1)mg where p™ = |N : M|. Putting |Px(j) : Pc(j — 1)| = p™,
we see similarly that

dr(Py(7)) > dr(Pe(j — 1)) — (d — 1)m;

for i —1 > j > 3. On the other hand, part (i) applied to the pair N = P;(2) >
M = Pj41 gives

dp(Pi(2)) 2 dp(Pry1) — d(me +ma),
and putting these together gives
dp(N) > dp(Prt1) — (d—1)(mo + mij—1 + -+ - +m3) — d(ma + mq)
=dp(Pey1) — (d=1)m — (m2 + ma).
If N < P,(2) then m < mg + my, and (i) with M = Py gives
dp(N) > dp(Pgt1) — (d—1)m —m > dp(Pry1) — (d — 1)m — (ma2 + my).
Part (ii) follows in either case since

mg +my = dimg, (Fa/®r(I'2)) +dimg, (I'1/@r(I'1)) = @‘Fd = @

We can now complete the

Proof of Theorem 3.4.3 It follows from Theorem 3.4.2 (to be proved in the
next section) that g(p™,d) <1+ (d—1)n ~ (d — 1)n. Now let n > d(d+ 1)/2.
Then for a suitable value of £ > 3 we can find an open normal subgroup N of
F with |F : N| = p™ such that either

Pi(i—1) < N < Py(i)
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for some i > 3, or
Pry1 < N < Py(2).
Write
P = |F: P ], p"® = | Pyt Prasl.

Then |N : Pryq| = p*™ =" and dp(Py11) = 7(k), so from the Corollary we have
dp(N) 2 r(k) = (d = 1)(s(k) =n) —d(d +1)/2
=(d-1)n+rk)—(d—1)s(k)—d(d+1)/2.
Since g(p™,d) > dp(N) and n > s(k — 1), it will therefore suffice to prove
that

(d—1)s(k) — r(k)
s(k—1)

—0 (3.13)

as k — oc.

Let M(i) = dimg, (I';/®r(I';)). Then M (i) is equal to the rank of the free
abelian group I';/T"; 11, and this is given recursively by a famous formula due to
Witt:

dr =Y jM(j);

iln
see for example [HB] Chapter VIII, Theorem 11.15. It is easy to see that
M(n) ~d"/n;

indeed, if n > 8 and C' = C,, > 2 is a constant such that jM(j) < Cd’ for all
J < n then

”]‘g”) “1= 3 ﬂ\g# <Cnd™?<C/2<C -1
jln,g<n
so nM(n) < Cd™. By induction this holds for all n with C' = Cs, and the claim
follows since Cnd~"/? — 0 as n — .
The bijection 8 shows that r(k) = Zf:ll M (i), and s(k) = Zi:ol r(i). From
elementary analysis we deduce that

dk+2
r(k) ~ m7
S(k) dk+2 T(k)

Td-12% " d-1

Thus
(d—1)s(k) —r(k) = o(r(k)) = o(s(k — 1))

and (3.13) follows.
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3.5 Relations in p-groups and Lie algebras

Theorem 3.4.2, stated above, is equivalent to

Theorem 3.5.1 Let F' be the free pro-p group on d > 2 generators and N an
open normal subgroup of index p™ > 1 in F. Then

dimg, (N/[N, FIN?) < (d — 1)m + 1.

The result, and the proof, are the same if F' is taken instead to denote the
abstract free group. We shall deduce it from an analogous result about Lie
algebras. To effect the translation, we first associate a graded Lie algebra to F)
in the following way. Write I'; for the ith term of the lower central series of F,
put L; =T;/T;+1, and define a bracket operation L; x L; — L;;; by setting

[l 1,yTj41] = [z, y]Tiy 1 (xely,yely).

It is easy to see that this is a well-defined bilinear mapping (writing the group
operation in each L; additively), and it extends to a binary operation on the

direct sum
o0
L= @ L;.
i=1

This makes L into a Lie ring (the Jacobi identity follows from the group-theoretic
Hall-Witt identity; see e.g. [HB] Chapter VIII, § 9). Since F' is a free pro-p
group, each of the factors I';/T;41 = L; is actually a free Z,-module of rank
M (i), defined in the preceding section; all we need here, however, is that L is
additively torsion-free: indeed, each L; is torsion-free because the lower central
factors of a free group are free abelian ([HB] Chapter VIII, Theorem 11.15).
Since [L, L] = @,., Li; we have

dimg, (L/([L, L] + pL)) = dimg, (F/(I'2F?)) = d.
Now let N be as in the theorem, put

NTiyq) Ny <

Ni:( L;

Tiqa
and let

L(N) = éN

It is easy to see that then L(NN) is an ideal in the Lie algebra L and that
|L:L(N)| =|F:N|.Since [(NT;)NT;_1,F] < [N, F]l';41 NT; for each ¢ > 1,
we have

[L(N), L] + pL(N) €
where N* = [N, F]N?. Thus dimg, (N/N*) <
an ideal H of L we write

L(N™)
dimp, (L/®L(L(N))), where for

& (H) = [H, L] + pH.

Theorem 3.5.1 therefore follows from the second claim in the next result:



72CHAPTER 3. GROUPS WITH EXPONENTIAL SUBGROUP GROWTH

Theorem 3.5.2 Let L be a Lie ring and H an ideal of L such that L/H s
nilpotent. Suppose that

dime(L/be(L)) =d>2, |L:Hl=p">1.
Then

(d—1)m if pPL=0
dlme(H/‘I)L(H)) S .
(d=1)m+1 if L has no additive p-torsion

Proof. Case 1: where pL = 0. Consider L as an [Fp-algebra. We may
suppose that @1, (H) = 0 and have to bound dim(H). Since L/H is nilpotent,
there exists x € L\ H with [#,L] C H. If m = 1 then L = H + zF, so
O (L) = [L,H] + [z,z]F, = 0 and dim L = d, giving the result in this case.
If m > 1, put M = H + 2F,. Arguing by induction we may suppose that
dim(M/®(M)) < (d —1)(m — 1). Since [[M,L],L] C [H,L] = 0 we have
[M,®,(L)] = 0; since (M) = [H, L] + [z, L] it follows that dim(®(M)) < d.
Thus

dim(H)=dim(M)-1<(d-1)(m—-1)+d—-1=(d—1)m.

Case 2: where L has no p-torsion (this hypothesis is not needed until subcase
2.3, in fact).

Subcase 2.1: Where H O @ (L). Thenm < dand L = H4+21Z+- - -+, Z,
say. We have

Op(L)=CL(H)+ > priZ+ > [vi3;)Z2C H,
i=1 1<i<j<m
whence

dim(H/® (H)) = dim(L/®y (L)) + dim(®, (L) /@1, (H)) —m

since m < d and d > 2.

Subcase 2.2: Where H 2 [L,L] but H O pL. Since L/H is nilpotent we
can find an element z € [L, L] \ H such that [z, L] C H and pz € H. Now put
M = H + zZ. Then

pr € p[LaL} - [vaL] c [Ha L]

so we have

S (M) = ®L(H) + [z, L].

The result now follows inductively in a similar way to Case 1 above.
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Subcase 2.3: Suppose finally that pL ¢ H. Again we argue by induction on
m. Put Hy = HNpL and Hy, = H + pL. Applying Case 1 to the Lie algebra
L/pL we have

dim(Hz/(®L(Hz2) +pL)) < (d—1)a

where |L : Hy| = p®. Now put

M =p 'H,.

Then M properly contains H and M # L; inductively we may assume that

dim(M /@ (M)) < (d—1)b+ 1

where |L : M| = p”. Now multiplication by p induces an (additive) isomorphism
M/®p (M) — Hy/®r(Hy), so

dim(H, /@1, (Hy)) < (d—1)b+ 1.

But

p’=I|L: M| =|pL:pM|
=|pL: Hy|=|Hy: H =p"

The result follows, since it is easy to see from the picture that

dim(H/®,(H)) < dim(Hy /@, (Hy)) + dim(Ha /(1 (H) + pL)).
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Notes

Theorem 3.1 (as well as the upper bound in Theorem 3.2) is due to [Pyber &
Shalev 1996]. (They state a stronger form of Theorem 3.1, concerning groups
with restricted upper composition factors; however, there is a gap in the proof
of Corollary 2.2(ii) of that paper, and the result in the stronger form remains in
doubt; we are grateful to these authors for pointing this out.) The fundamental
result Proposition 3.1.1 is also from [Pyber & Shalev 1996].

Theorem 3.3 was proved for & > 9 (and conjectured in general) by A. Mann
(unpublished). The bounds for primitive permutation groups required to com-
plete the missing cases 4 < k < 8 were established by Atila Maréti (& Per-
mutation groups, §1).

Theorem 3.5(i) is due to [Borovik, Pyber & Shalev 1996]. Parts (ii) and
(ili) of Theorem 3.5 are due to [Pyber & Shalev 1997].

Theorem 3.6 and the material of §3.3 are from [Ilani 1989].

Earlier versions of Theorem 3.7 and Corollary 3.8 are due to [Neumann
1969], who obtained slightly weaker upper bounds (of order pkdz/ 2), and [Mann
1998], who obtained significantly weaker lower bounds (kaz for some small
¢ > 0). The sharper results given here are due to Andrei Jaikin-Zapirain
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(unpblished), who is responsible for Theorem 3.9 and the material of §3.5. (In a
slightly longer argument he also obtains the better lower bound ka((d_l)/ 4+o(1))

in Theorem 3.7, still some way short of the corresponding upper bound.)
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Chapter 4
Pro-p groups

In this chapter we consider the subgroup growth of pro-p groups that are in
some sense smaller than the free ones. We begin in Section 1 with one of the
fundamental results on subgroup growth,

Theorem 4.1 The finitely generated pro-p groups with polynomial subgroup
growth are precisely the pro-p groups of finite rank.

The pro-p groups of finite rank are just the p-adic analytic pro-p groups, a
well-known and much studied class of groups (++ Pro-p groups). Each such
pro-p group has a well defined dimension, and we show that the ‘degree’ of
polynomial subgroup growth is bounded above and below by constant mutliples
of the dimension.

Theorem 4.1 is strengthened in Section 2, where we establish

Theorem 4.2 Let G be a pro-p group. If
Sn(G) < nclogpn
for all sufficiently large n, where ¢ < 1/8 is a constant, then G has finite rank.

A noteworthy feature of this result is that it demonstrates a gap in the “growth
spectrum” of pro-p groups: it shows that any finitely generated pro-p group ei-
ther has growth type < n or has growth type at least n'°8™. Actually the known
growth types achieved by finitely generated pro-p groups are rather sparse, but
whether further gaps really exist is at present a complete mystery.

However, it is known that the gap (n, n'°8™) is not any wider. In Sections 3,
4 and 5 we determine the subgroup growth of some specific pro-p groups: the
Nottingham group, the groups SL}(F,[[t]]), and more generally the so-called
‘A-perfect’ analytic groups over pro-p rings. All these groups have infinite rank
and growth type n'°8™, showing that Theorem 4.2 is best possible as regards
growth type; the more delicate problem of finding the best bound for c is still
open: this bound lies somewhere between 1/8 and 1/2.

7
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The final section is devoted to finitely presented pro-p groups. The
main result here is

Theorem 4.3 Let G be a finitely presented pro-p group. Then either G has
subgroup growth of type at most 2V™ or G contains a non-abelian free pro-p
subgroup.

It follows that if G does not involve every finite p-group as an upper section,
then the subgroup growth of G is significantly less than that of a free pro-p
group (which is exponential): so the theorem is a pro-p analogue to Theorem
3.1. This striking result depends on a deep theorem of Zelmanov about pro-p
groups satisfying the Golod-Shafarevich condition.

We continue to use the convention that in the context of profinite groups,
‘subgroup’ means ‘closed subgroup’.

4.1 Pro-p groups with polynomial subgroup growth

The most thoroughly studied class of pro-p groups is the pro-p groups of finite
rank. We recall that the rank of a profinite group G is defined by

rk(G) = sup {d(H) | H a closed subgroup of G}
=sup {d(H) | H an open subgroup of G} .

Several alternative characterisations are known for the class of pro-p groups of
finite rank, some of which are listed in the Pro-p groups window. The most
spectacular one is that a pro-p group has finite rank if and only if it has the
structure of a p-adic analytic group; for present purposes, some more algebraic
criteria are relevant, and we shall state them below. The purpose of this section
is establish Theorem 4.1 which characterises this class in terms of subgroup
growth.

Suppose to begin with that G is a pro-p group of finite rank r. Each finite
quotient I' of G is a p-group of rank at most r, hence satisfies

5,(T) < nttr

for each n, by Lemma 1.4.1. Since s, (G) is the supremum of s, (I") over all such
T it follows that s,(G) < n'*". Thus G has polynomial subgroup growth.

A sharper bound can be deduced from Proposition 1.6.2, which shows that
ayk(G) < pi—1(G) =k

where = log(p — 1)/log p and
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recall that d;(G) = max{d(H) | |G : H| = p'}. It follows that a,.(G) < p(r—#k
and hence that

5n(G) < Z p(T*#)k <c-n'"TH,

pF<n

where ¢ = p"™#/(p""" — 1). Hence

log s,(G) _

a(G) = limsup <r-—p.

logn
It remains to show that polynomial subgroup growth implies finite rank.
This depends on the following fact (++ Pro-p groups):

Proposition 4.1.1 Let G be a pro-p group. Then G has finite rank if and only
if there exists k < oo such that d(N) < k for every open normal subgroup N of
G.

This will be applied in conjunction with

Lemma 4.1.2 Let G be a finitely generated pro-p group and k a positive integer.
Let N be an open normal subgroup of G maximal with the property that d(N) >
k. Then

|G . N| Sp(k_l))‘

where A = [logd(N)].

Proof. Put C = Cg(N/®(N)); then N < C < G. Suppose that C > N.
Then (C/N)NZ(G/N) contains a subgroup M/N = (N, xz) /N of order p. Now

so M/®(N) is abelian; therefore
d(M) > d(M/D(N)) > d(N/B(N)) = d(N) > r.

This contradicts the choice of N as M > N. It follows that N = Cg(N/®(N)).

The p-group G/N therefore acts faithfully on the F,-vector space N/®(N),
hence may be embedded in the group Uq(F,) of d x d upper uni-triangular
matrices over F,,, where d = d(IV) is the dimension of this vector space. Now it
is easy to see that Uy(F,) has a filtration (U(i))}, of normal subgroups such
that each factor U(i—1)/U (%) is elementary abelian. Intersecting this with G/N
gives a chain G = Ng > Ny > ... > N; = N, where t < A and each N;_;/N; is
elementary abelian. From the choice of N we have d(N;_1/N;) < d(N;—1) < k—
1 for each 4, s0 |N;_;1 : N;| < pF~! for each i. Hence |G : N| < plk=Dt < plk=DA,
|

Now let G be a pro-p group and suppose that s,(G) < n® for all n. We
have to show that G has finite rank. We note to begin with that G is finitely
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generated: otherwise G/®(G) would have infinitely many subgroups of index p.
Now let k be such that d(IN) > k for some open normal subgroup N of G. Our
aim is to prove that k is bounded above in terms of «. Once established, this
will imply that there is a fixed upper bound for d(N) as N ranges over all the
open normal subgroups of G, and the result will follow in view of Proposition
4.1.1.

Since the set of open normal subgroups N of G satisfying d(N) > k is non-
empty, we may choose a maximal member, that we call N. Put d(N) = d, so
d > k. The preceding lemma tells us that

|G . N‘ Sp(kfl))\ < p(dfl))\

where A = [logd]. On the other hand, N/®(N) = FZ has at least pld*/4
subgroups of index pl%/2l. Thus for n = pl¥/2+@=DA G has at least p[d2/4]

subgroups of index at most n, and so

[d°/4] < log, 5,(G) < alog,n
=ald/2]+ a(d— 1A < ad/2+ a(d —1)(1 + logd).

Since (logd)/d tends to 0 as d — oo it follows that d is bounded above by a
number depending only on a. As k < d we have achieved our aim, and the
proof is complete.

(Essentially the same argument would work under the weaker hypothesis
s (G) < nllog ™' where £ > 0 is a constant; in the next section we shall do
much better than this.)

We have seen above that if G has rank r then the ‘degree of polynomial
growth’ a(@) is at most r — pu, where p = log(p — 1)/logp. It is not clear if
this bound is best possible. When p is large, it is close to the correct bound for
the free abelian pro-p group G = Z;, which has a(G) = r — 1: this follows from
Proposition 1.5.1, which implies that

Spe(Z) = spe(Z7) =Y ay:(Z7)

i<k

is bounded above and below by constant multiples of p*("=1. It is also known
that a(G) is always a rational number: this follows from the theory of ‘local
zeta functions’, discussed in Chapter 16.

The dimension dim(G) is defined to be the rank of any uniform open sub-
group of G (+ Pro-p groups). In general we have

Theorem 4.1.3 Let G be a pro-p group of finite rank. Then provided dim(G) >
1 we have

a(G) > dim(G)/6.

Proof. The group G has an open normal subgroup H which is a uniform
pro-p group, and «(G) > a(H) (see §1.11), so replacing G by H we may as well
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assume that G is uniform, of dimension d say. Let G; = P;(G) denote the ith
term of the lower central p-series of G. Then for ¢ > 1,

|G: Gy = pG=D), |Gy : G| = p,

and G;/Go; is an abelian group of exponent p’ and rank d (3 Pro-p groups).
Thus G;/G>; is homocyclic, and Proposition 1.5.3 shows that

Qpri (Gl/ng) > pir(d—r)

for 1 <r < d. Hence

n—= pi(d+r) — Sn(G) > pir(d—r) — nc(d,r)

where ¢(d,r) =r(d —r)/(d+r). As i can be arbitrarily large we see that
a(G) > max ¢(d,r).

T 1<r<d

The result follows since

d

c(d, 5) = g (d even),

d—1, (d—1)(d+1)
2 )= 2(3d — 1)

d
e(d, > G (d > 3 odd).
]
Choosing r more carefully one obtains the estimate

a(G) > (3—2v2) - dim(G) - (V2 - 1),

which is sharper when dim(G) is large; but we do not know if the lower bound
given here is best possible. Indeed, the precise determination of «(G) for pro-p
groups of finite rank in general seems to be a difficult problem. An example of
a pro-p group of finite rank is the ‘first principal congruence subgroup’ G,, =
ker (SLy,(Z, — SL,,(F,)), which has rank m? — 1 (if p is odd) and therefore
satisfies a(G,,) < m? — 1 — p. This is very likely not the best bound. The best
bound is not known except for the case m = 2, where [Ilani 1999] showed that
a,r(G2) grows like kp”; it follows that a(G2) = 1 = rk(G2) — 2.

4.2 Pro-p groups with slow subgroup growth

To show that a pro-p group of infinite rank has faster than polynomial subgroup
growth, we counted subgroups in a suitably large elementary abelian section.
Doing this more carefully leads to more explicit lower bounds for the subgroup
growth; the main step is

Lemma 4.2.1 Let G be a pro-p group. Suppose that G has an open subgroup
X with
|G X|=pF d(X)=d> )k
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where A > 0. Put
)\2
TTAN 1)

Then there exists e < d such that for t = k + e we have
ay (G) > p179%
where e = (2+ \)/kA.

When applying this, we think of A as fixed while k is very large, so that ¢ is
very small.

Proof. The idea is to choose e so as to maximize e(d — e)/(k + e)?; this will
give the best value for v. As the given expression for v(1 — €) is an increasing
function of A, we may as well assume that A = d/k. Then elementary calculus
shows that e should be close to 7d where 7 = 1/(\ + 2). Taking

e = [rd]
we find that (@ ) \2
e(d—e 1
1— =) =~(1—¢).
Gro? gDt gm0
Thus for t = k£ + e we have

p'y(lfe)t2 <pe(dfe) < |:d:|
(&

= ape (X/B(X)) < aye (G).

Taking advantage of a more subtle characterisation of the pro-p groups of
finite rank, we can now weaken the hypothesis of (the harder implication in)
Theorem 4.1 and prove Theorem 4.2. This says that if G is a pro-p group of
infinite rank and 0 < ¢ < 1/8 then

$0(G) > nelosym (4.1)

for infinitely many values of n.

To this end, it will suffice to find a chain G = X¢g > X7 > --- > X,,, > ---of
open normal subgroups of G such that if |G : X,,| = p*™) and d(X,,) = d(m)
then

d(m) > Mk(m) (4.2)

for infinitely many values of m, where A > 2¢(1 + v/1+4 ¢~1). Indeed, if this
holds then the preceding lemma shows that there exist arbitrarily large values
n = p' such that

5n(G) > ay (G) > pr1ment = pr=e)log, n,
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where
)\2

’Y:m>c

and g, — 0 as n — oo. It follows that if n is big enough then v(1 —&,) > ¢,
and (4.1) follows.

A suitable chain (G;) is provided by the ‘Jennings-Zassenhaus’ series of G,
defined recursively as follows:

Definition D;(G) = G; for i > 1, D;(G) = D; where

D; = (Dpijp)” - ] (D), Dl
k=i

When G is a finitely generated pro-p group, the chain (D;) is the fastest
descending chain of open subgroups of G, starting with G, such that [D;, D] <
Dty and D;) < D,; for all j and k. For properties of this series, see [DDMS],
Chapter 11. Jennings proved that D;(G) is equal to the ith modular dimension
subgroup of G; however, the important fact for us is the following theorem of
Lazard and Lubotzky & Mann ([DDMS], Theorem 11.4):

Proposition 4.2.2 Let G be a finitely generated pro-p group. Then G has finite
rank if and only if D; = D;y1 for some 1.

To return to the proof of Theorem 4.2, suppose G is a pro-p group of infinite
rank and 0 < ¢ < 1/8. If G is not finitely generated then s, (G) is infinite for all
n > p, so we may as well assume that G is finitely generated. Then D; > D;1q
for every i. Now put

Xm = D2m

and define d(m), k(m) as above. Since ¢ < 1/8, we have 2¢(1 + 1+ ¢~ 1) < 1,
and we may choose A\ with 1 > A > 2¢(1 + /1 + ¢~ 1). To complete the proof,
it now suffices to show that (4.2) holds for infinitely many values of m.

Note that for each m we have

¢(X’m) = [XmaXm]Xgl S D2~2"”Dp.2m - D2m+1 = Xm+1_
This implies that
pd(m) = |Xm : ‘I)(Xm)| > |Xm : Xm+1| = pk(m+l)—k(m)7

k(m+1) — k(m) < d(m).

Suppose now that d(m) < Ak(m) for all m > mg. Then k(m+1) < (1+X)k(m)
for all m > mg, and so

k(mo +mn) < (1+ X)"k(mg)
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for all n > 0. But k(mg + n) > 2" since D; > D;yq for 2m0 < § < 2mo+n,
consequently

2" < k(mo)(1+ A"
for all n. This is impossible since k(mg) is finite while 2" /(1+ \)" — oo because

A < 1. It follows that d(m) > Ak(m) for infinitely many values of m, which is
what we had to prove.

4.3 The groups SL,(FF,[[t]])

We have seen that a little knowledge of the dimension subgroup series (D;) in
a pro-p group G may enable us to deduce a lower bound for s,(G), at least
for infinitely many values of n. If we know more about the series (D;), we can
do better: in the rest of this chapter we obtain both upper bounds, and lower
bounds valid for all large n, for some groups whose dimension subgroups are
explicitly known.

We begin in this section with certain special linear groups.

Fix an integer r > 2 (or r > 3 if p = 2). For n > 1 let G,, denote the nth
principal congruence subgroup in Gy = SL,.(F,[[¢]]):

G = ker (SL,(Fp[[t]]) — SL(F[[1]/ (")),

that is the group of matrices congruent to the identity modulo ¢"F[[¢]]. The
group Gy inherits a topology from the (¢)-adic topology on the matrix ring, in
which the subgroups G,, form a base for the neighbourhoods of 1. Since the
residue-class mappings above are all surjective (because F,[[t] is a principal
ideal ring), we have

|Go : G| = [SLn(Fp [t]]/(t"))| = [SLy(Fp)| - p~ ~ D=1
for each n > 1. It follows that
Gy Gy = p(* DD

so the group G = Gj is a pro-p group. It can be verified that G,, = D,(G) =
P, (G) for each n; hence in particular

d(G) =log, |G : Go| =77 — 1.

Proposition 4.3.1 “Level vs. index ” Let H be an open subgroup of index p*
in G. Then H > Gjy1.

The proof of this key result involves the associated graded Lie algebra of
G. Now [G;,Gj] < Giqj and GY < Gp; for all 4, j > 1. This means that
L, :=G,/Gpy1 = ]F;z_1 and that there is a well-defined operation

(,)ILiXLj—>Li+j
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given by (2Git1,yGj+1) = [,y|Gitj41; thus we obtain a graded Lie algebra

over I,
L= @Ln.
n=1

In fact L = Ly ® tF,[t] where Ly = sl,.(F,), with L,, corresponding to Lo ® t™;
for details, see [DDMS], §13.4.
Note that the Lie algebra Lg is perfect, that is, (Lo, Lo) = Lo. It follows that
if V' is a subspace of codimension 1 in Lg, so Ly = V 4+ aFF,, for some element a,
then
LQ = (V + ClIFp, V 4+ Cl]Fp) = (V, Lo) (43)

Lemma 4.3.2 For each n > 1 let V,, be a subspace of Ly and assume that
(Vi,V;) € Viyj for all i, j. Put k, = dim Ly — dim 'V}, for each n and suppose
that k=Y | ky, is finite. Then k, =0 for alln > k.

Proof. Suppose n is such that k, # 0. Then V,, < Lg. If i + j = n then
(Vi,V;) € V,, < Lo, so (4.3) implies that k; + k; > 2. Thus if n = 2m then
km > 1, k, > 1, and

n—2=2(m Z i ki) Sk =k —kn <k —2

while if n = 2m + 1 then

m

n—1—2m<z i+ ki) <k—ky,<k—1.

In either case it follows that n < k. m
We can now complete the

Proof of Proposition 4.3.1 The open subgroup H has index p* in G. For each
n put

H, = (H N Gn)GnJrl/GnJrl < L,.
Then (H;,H;) C Hiy; and k = > -, k,, where k,, = dim L,, — dim H,,. Iden-
tifying L,, with Ly ® t" as above, we can write H,, = V,, ® t" where V,, is a

subspace of Ly, and the hypotheses of Lemma 4.3.2 are satisfied. It follows that
k, = 0 for all n > k, which means that H > Gj41. O

It follows from Proposition 4.3.1 that a,x (G) = a,v(G/Gp41). Now Propo-
sition 1.6.1 shows that if H is a group of order p? then

apr(H) < k- p'@=")

for 1 < r < d, where k is a constant 1yzing between 1 and 4. Applying this to
the group G/Gj.1, which has order p =Dk we deduce
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Theorem 4.3.3 Let G = SLL(F,[[t]), where r > 2 (r >3 if p=2). Then
apr(G) < k- PR

Taking r = 2 (and p > 3) we find that s, (G) < n?*)1°8:" for all large n,
if ¢ > 0. Since G has infinite rank (as it contains an additive copy of F,[[t]]),
this shows that the bound ¢ < 1/8 in Theorem 4.2 cannot be weakened to
¢ <2+ ¢ for any € > 0. A slightly different approach, that we shall indicate in
the following section, allowed [Barnea & Guralnick 2002] to establish

Proposition 4.3.4 Let G = SLy(F,|[[t]]), where p > 3. Then
a,:(G) < p(k2+5k)/2'
So in fact
50 (G) < n(t/2He)log, n
for all large n, and the best possible bound for ¢ therefore lies between 1/8 and

1/2.

Now let us determine a lower bound for the subgroup growth. As in the
preceding section we put
Xm == C‘?2m7

and see that
d(Xm) Z logp ‘GQm : G2m+1|
=(r* —1)2" >log, |G : Xpnl.
Thus we may apply Lemma 4.2.1 with A = 1. For k = log, |G : Xp,| = (r? —
1)(2™ — 1) and t = t(m) = k + e where e = [k/3] this gives
ay (G) > p(1/BA=3/k)*
Let € > 0 and let n be a large positive integer. Then there exists m such that
Pt <n < pHm+D) | giving
50 (G) > p(l/S)(173/k)t(m)2 < p(1/32-¢) logpn,
since t(m + 1) is approximately 2t(m). Thus for the groups SLL(F,[[t]]) the
lower bound s,(G) > n°&™ holds for all large n, if ¢ is any constant with
c<1/32.
It follows that SL, (F,[[t]]) has strict growth type n'°¢™. This means that
for G = SL;(F,[[t]]) the quantity
log 5,,(G)
(logn)?

is bounded above and below by positive constants. The following is an interest-
ing problem:

e Does log s, (G)/(logn)? tend to a limit as n — oco? If so, determine this
limit as a function of r.
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4.4 A-perfect groups

The results of the preceding section can be generalised in the following way.
A pro-p domain is a complete local integral domain (commutative, Noetherian
with identity) A whose residue class field F' is finite and has characteristic p.
We denote the maximal ideal of A by m, so F' = A/m, and assume for technical
reasons that the associated graded ring

grA = é m" /m" !

n=0

has no zero divisors. Familiar examples of such rings are the power series rings
F,[[t1,...,ts]], where ¢ is a power of p, and o[[t1,...,ts_1]] where o is a finite
extension of Z,. Fach of these rings has Krull dimension s, and in general we
let s denote the Krull dimension of A. In this section we consider only the
equicharacteristic case, where pA = 0.

A A-standard group of dimension d is a pro-p group G which carries a coor-
dinate system with values in m(9, such that the group operations are given by
power series with coefficients in A. We shall not go into the details here, and
refer the reader to Chapter 13 of [DDMS] for a full discussion, where it shown
that SLL(A) is A-standard group of dimension 72— 1, the coordinates of a matrix
M being m;; — 0;; for (i,7) # (r,r). More generally, if G is any simple Chevalley
group scheme (other than A; if p = 2) then the first congruence subgroup

G'(A) = ker (G(A) — G(A/m))

is a A-standard group (see [DDMS], Exercise 13.11). These examples will be
important in Chapter 6, when we consider arithmetic groups over global fields
of characteristic p.

Using the coordinates, it is usual to identify G with the set m(?). Having done
this, we write G,, for the subset (m™)(@). Then each G,, is a normal subgroup of
G = G4, and the family (G,,) is a base for the neighbourhoods of 1 in G. We
say that G is A-perfect if G2 = [G, G]. In this case,

[Gma Gn] = Gmin (4.4)
G < Gpn

for all m and n (the second line depends on our standing assumption that
pA = 0). This holds, for example, for the groups G'(A) except when p = 2 and
G is of type A; or C),. One may define a graded Lie algebra

L=@PGn/Gni
n=1

as in the preceding section, and there exists a d-dimensional Lie algebra Lg over
F such that

L=Ly®gm= Lo @m" /m" 1) 4.5
o gmm =@ (rogm (4.5
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with G, /Gpni1 = Lo ® m™/m™+1. This construction works for any A-standard
group G; and G is A-perfect precisely when Ly is a perfect Lie algebra (this is
expressed in (4.4)).

Now |Gy, 1 Gyt| = |m”/m”+1|d7 and
dimp(m™/m" 1) ~ enlsY

for some positive constant ¢, by the Hilbert-Samuel theorem ([AM], Theorem
11.14). Tt follows that

‘G : GQm

< (140(1))|Gam : Gam+1],
and the argument at the end of the preceding section now gives

Theorem 4.4.1 Let G be a A-perfect pro-p group. Then there exists ¢ > 0 such
that
Sn(G) > nclogpn

for all large n.

We can also repeat the proof of Theorem 4.3.3 in the present more general
setting, at least when F' = IF,,. However, if s > 1 this approach only yields an

upper bound of the form ,
Sn(G) < nc(logp n)s.

The correct generalisation of Theorem 4.3.3 depends on a deeper analysis of the
graded Lie algebra. The key result is

Proposition 4.4.2 ([Lubotzky & Shalev 1994], Proposition 4.2) Let L be the
Lie algebra (4.5). There exists a constant ¢, depending only on A and d, such
that

dimg, (K/(K, K)) < ¢-dimg, (L/K)

for every graded F,-Lie subalgebra K of finite codimension in L.

(A more precise result in the case where A has Krull dimension 1 is proved in
Chapter 6, §6.3).

Now suppose that H is an open subgroup of index p* in G. To H we associate
the graded Lie subalgebra K (over F,) of L with nth homogeneous component

H, = (H N Gn)Gn+1/Gn+1 < L,.

Then dimg, (L/K) = k. It follows by the proposition that dimg, (K/(K, K)) <
ck. Since

(Hi, Hj) = [HNGi, HN G]Gitjy1/Gijer < ([H HIN Gt )Gy /Gigjta,s
we see that (K, K) C @([H, H|NGy,)Grni1/Gry1 and hence that
|H : [H, H|| < p™*.

This implies that d(H) < ck.
We have shown that dj(G) < ck for each k, and applying Proposition 1.6.2
we deduce
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Theorem 4.4.3 Let G be a A-perfect group. Then there exists ¢ such that

i (G) < p*’

for all n.

Thus s,(G) < n® 18" for some constant ¢’ , and we have shown that every
A-perfect group has strict growth type n'°g™,

We remark that Proposition 4.3.4, in the preceding section, was deduced in
a similar way by [Barnea and Guralnick 2002] from a variant of Proposition
4.4.2: they prove that
d(K) < dimg,(L/K) + 3

for every graded Lie subalgebra K of L, in the case G' = SLy(F,[[t]]).

4.5 The Nottingham group

This interesting pro-p group is the group of normalised automorphisms of the
power series ring Fp[[t]]. For each n > 1, let V,, denote the group of (con-
tinuous) automorphisms of the Fp-algebra Fp[[t]] that induce the identity on
Fp[[t]/t"T1F,[[t]], and write N' = Aj. This is the Nottingham group, and it is
a pro-p group having the chain

N=M>No>-- >N, > -

as a base for the neighbourhoods of 1. For details, we refer to [NH], Chapter
6 and Chapter 10, where it is shown that N is (topologically) generated by 2
elements and that it contains a copy of every countably based (in particular,
every finitely generated) pro-p group. The second fact implies that A/ does not
have finite rank, so it is not p-adic analytic. More generally, it is shown in
[NH], Chapter 1, Section 5.1 that A/ is not analytic over any pro-p ring; so it is
distinct form the A-perfect groups considered above. The following was proved
by Leedham-Green and Shalev; see [NH] Chapter 6, Theorem 8:

Proposition 4.5.1 Suppose that p # 2. Let H be an open subgroup of index
pF in N. Then H > N, where n = [2kp/(p —1)].

It follows that
QApk (J\/) = Qpk (J\[/J\/n)

where n = [2kp/(p — 1)]. Now it is easy to see that [N'/N,,| = p"~ 1, so applying
Proposition 1.6.1, as in Section 3 above, we deduce

Theorem 4.5.2 Suppose that p # 2. Then

apk (N) < K- pk2(p+1)/(p71)

for all k > 0.
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Thus for large n we have s, (N) < n°!°8 ™ where ¢ is any constant exceeding
(p+1)/(p—1). Since N has infinite rank it follows from Theorem 4.2 that the
growth type of N is nlog™.

The same holds more generally for the Nottingham group over F, where ¢
is any power of p; see [NH], Chapter 6.

4.6 Finitely presented pro-p groups

Let G be a finitely presented pro-p group. A minimal presentation for G is a
pro-p presentation

G =(X;R)

by generators and relations such that | X| = d(G). If every minimal presentation
of G satisfies the condition

a(G)?
> 77
7= S5,

the group G is said to satisfy the Golod-Shafarevich inequality. The celebrated
theorem of Golod and Shafarevich states that this holds for every finite p-group
G; a far-reaching generalisation of this fact has been proved by Zelmanov:

Theorem 4.6.1 [Zelmanov 2000] Let G 2 Z, be a finitely presented pro-p
group. If G does not satisfy the Golod-Shafarevich inequality then G contains a
non-abelian free pro-p group as a closed subgroup.

An elementary lemma (3 Pro-p groups) shows that to every finite presen-
tation (Y;.S) of G there corresponds a minimal presentation (X; R) with

[R| = |S] = (Y] = [X]).
It follows that if G satisfies the Golod-Shafarevich inequality then

d(G)?

51 (Y] - (@) = =3

(4.6)

Lemma 4.6.2 Let G be a finitely presented pro-p group. Then there ezists
c > 0 with the following property: if H is an open subgroup of G and H satisfies
the Golod-Shafarevich inequality then

d(H) < ¢/|G - HI.

Proof. We may suppose that G = F//K where F is a finitely generated free
pro-p group and K = W is the closed normal subgroup of F' generated by
the finite set R. Let H be an open subgroup of index h in G. Then H = E/K
where E is open and of index h in F. Now FE is a finitely generated free pro-p

group, and it is clear that K is generated as a closed normal subgroup of £ by
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the union of h conjugates of R. Thus H has a finite presentation (Y’;S) with
|S| < h|R|. Applying (4.6) to H we deduce that

h|R| > h|R| — (Y| —d(H)) > d(H)* /4.
Thus d(H) < 2y/|R[-Vh. m

If G is such that every open subgroup of G satisfies the Golod-Shafarevich
inequality, the lemma shows that d,,(G) < ¢p™/? for each n, and hence that

(n+1)/2 _ 1
* p
dr(GQ) < 0201/27_1

(Proposition 1.6.2). With Proposition 3.3.1 this gives

* _ ron/
apn (G) < pin(@)=nm o pe'p 2

for a suitable constant ¢’ (recall that p = log(p — 1)/logp). Thus we have
established

Proposition 4.6.3 Let G be a finitely presented pro-p group such that every
open subgroup of G satisfies the Golod-Shafarevich inequality. Then there is a
constant a such that

an(G) < avV®

for all n.

Thus a pro-p group satisfying the hypothesis of Proposition 4.6.3 has growth
type < ovn,

The condition that every open subgroup satisfies the Golod-Shafarevich in-
equality would seem to be rather a strong one. In fact, however, it is fulfilled
by a large class of finitely presented pro-p groups: indeed, Zelmanov’s theorem
implies that if G is a finitely presented pro-p group that is not virtually pro-
cyclic, then either G satisfies the hypothesis of Proposition 4.6.3 or G contains
a non-abelian free pro-p group. Since a virtually procyclic group has polynomial
subgroup growth (e.g. by Corollary 1.2.4) this now implies Theorem 4.3:

A finitely presented pro-p group that contains no non-abelian free pro-p sub-
group has subgroup growth type at most 2V™.

This applies, for example, to all finitely presented soluble pro-p groups. It also
applies to every finitely presented pro-p group that is linear over a local field,
since [Barnea and Larsen 1999] have shown that such a linear pro-p group cannot
contain a non-abelian free pro-p subgroup.

It is interesting to observe that this result is best possible from two points
of view. Firstly, Theorem 4.3 does not hold for finitely generated pro-p groups
in general: indeed we saw in Chapter 3 that the soluble pro-p group C,Z,
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has exponential growth type. This difference between finitely presented and
infinitely presented soluble groups deserves further exploration. Secondly, the
exponent y/n is best possible: in Section 9.3 we construct a finitely presented
metabelian pro-p group having strict growth type 2V,

Proposition 4.6.3 also has a sort of converse:

Theorem 4.6.4 Let G be a finitely presented pro-p group. If there exists € > 0
such that

)275

an(G) < nllosn (4.7)

for all large n then G, and every open subgroup of G, satisfies the Golod-
Shafarevich inequality.

This may be viewed as another generalisation of the Golod-Shafarevich theorem,
different in spirit from Zelmanov’s theorem since it refers to the finite quotients
rather than the subgroup structure of G. The proof is along similar lines to that
of Theorem 4.2; the key step is the following result, proved as Theorem D1 in
[DDMS], Interlude D:

Proposition 4.6.5 Let G be a finitely presented pro-p group with Jennings-
Zassenhaus series (D;), and suppose that

|G : D;| = p*.

If

1imsups;/i <1
then G satisfies the Golod-Shafarevich inequality.

Keeping the notation of this proposition, we also have

/

Lemma 4.6.6 Suppose that lim sup 511 "> 1. Then for each § > 0 there exist

infinitely many values of i such that

S9; > 8?_6.

We prove this below, and first complete the proof of Theorem 4.6.4. If G
satifies the subgroup growth condition (4.7), then so does every open subgroup
of G (with possibly a different ¢), so it will suffice to show that G itself satisfies
the G-S inequality. Let us suppose that it doesn’t, and aim for a contradiction.
Assume without loss of generality that ¢ < 1 and put § = ¢/2. The two
preceding results together imply that so; > 5?75 for infinitely many values of 4.
In particular, s; — oo with ¢. Now D;/Ds; is an elementary abelian p-group of
rank Sg; — $;, hence contains at least p*(52—%)) subgroups of index p*. So for
n = p* we have

an(G) > psi(SZi—Si).
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But if i is large then a, (G) < n{l°8 n)*7* by hypothesis, whence

si(s2; — ;) logp < (logn)*~*

= (2logp)®~©

3—25

S

On the other hand, for infinitely many values of i we have

2—6

1 45
Si(82; — 8;) > s:(s77° — 85) > 55? 0

1 )

say, givin
Y, g1ving s . )
s; < 2%(logp)”.

This contradicts s; — oo, and the result follows.

Proof of Lemma 4.6.6. We may assume that § < 1. Put ¢; = s;/i. Then
fori < j<2i ‘ A -
NI P )
Suppose there exists k such that sg; < 81275 for every ¢ > k. Then
, B . s
to; = (Szi)l/m < (sf 5)1/21 _ t; /2
for each ¢ > k, and by induction we get

_98yJ
loip < f;(; 2

forall j > 1. Since 0 < 1 — % < 1 it follows that

tij — 1

as j — 00.
Now, for a general large ¢, pick j with 2/~'k < ¢ < 2/k. Then (4.8) shows
that

te <ty —1

and so limsupty < 1. The lemma follows.

4.7 Notes

Theorem 4.1 is due to [Lubotzky & Mann 1991]. Theorem 4.1.3 was pointed
out to us by Laci Pyber.

The theorem of [Zelmanov 2000] is actually stronger than we stated: Zel-
manov says that a finitely generated pro-p group satisfies the Golod-Shafarevich
condition if it has a (not necessarily finite) presentation in which the relators
‘grow rapidly’ in a precise sense. This holds in particular if the group is finitely
presented and does mot satisfy the Golod-Shafarevich inequality as we have
stated it.
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[Wilson 1991] discussed the Golod-Shafarevich inequality in pro-p groups
and established Lemma 4.6.2.

Applications of the Jennings-Zassenhaus (‘modular dimension subgroup’)
series to subgroup growth were pioneered by A. Shalev. He proved Theorem
4.2 in [Shalev 1992], and Theorem 4.6.4 in recent unpublished work. These
methods are discussed in detail in [DDMS], Chapter 11.

The methods and results of §4.3 are based on [Shalev 1992], Section 4.
The sharper result for SLo(F,[[t]]) is due to [Barnea & Guralnick 2002].
The material of §4.3 is from [Lubotzky & Shalev 1994].

Recently, [Abért, Nikolov & Szegedy] have proved the following: let & be
a simple Chevalley group scheme of dimension m and G = &*(F,[[t]]) (excluding
p=2if & is A; or C}); then

Sk (G) < p7k(k71)/2+mlc'
Thus s, (G) < n(zteM)leen for every F,[[t]]-perfect group G of this kind, the
constant 7/2 being independent of the group.

Theorem 4.5.2 on the Nottingham group is due to Leedham-Green and
Shalev; see [NH], Chapter 6.

[Klopsch (a)] examines pro-p groups with slow subgroup growth. This
paper gives a number of results about the degree; the main result is a complete
classification of pro-p groups with linear subgroup growth; apart from easy
soluble cases the main examples are of the form SL1(A,) where A, is a maximal
order in a central Q,-division algebra of index 2.



Chapter 5

Finitely generated groups
with polynomial subgroup
growth

A group G has polynomial subgroup growth, or PSG, if there exists ¢ > 0 such
that

$n(G) < nf

for all n. The most familiar infinite group with this property is of course Z; in
fact, since the property depends only on the finite images of the group, it is
clear that, more generally, every additive subgroup of Q has PSG. Elementary
considerations then show that any group that is obtained from the identity by
finitely many iterated extensions by such subgroups of Q or by finite groups will
still have PSG; we proved this in Chapter 1. The class of groups so obtained
is the class of residually finite virtually soluble groups of finite rank. General
properties of these relatively straightforward groups are discussed in the Soluble
groups window; in particular, a finitely generated residually finite group is
virtually soluble of finite rank if and only if it is virtually soluble and linear over
Q.

Thus we have a good supply of easy examples of PSG groups. Are there
any others? To approach this question one should examine groups that are
very unlike soluble groups of finite rank. Now these groups are ‘tall and thin’
— think of Z on top of Z — and ‘close to abelian’; at the opposite extreme
one might consider groups that ‘low and wide’ and ‘very non-abelian’: infinite
direct products of finite non-abelian simple groups. Among these, it turns out,
we also find some infinite groups with PSG (as we shall see in Chapter 10).
However, such groups can never be finitely generated. Familiar examples of
finitely generated groups that are far from soluble are the semisimple arithmetic
groups, that is, arithmetic subgroups of semisimple algebraic groups. While
some of these, such as SLo(Z), are close to free groups and therefore clearly

95
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don’t have PSG, it is more usual for arithmetic groups to satisfy the so-called
congruence subgroup property; such groups have relatively few subgroups of
finite index, and so provide a possible source of non-soluble PSG groups.

As a subgroup of GL4(Z), an arithmetic group I' maps naturally into
GL4(Z/mZ) for each m; the kernels of these mappings are the principal con-
gruence subgroups of I'; and any subgroup of I' that contains such a principal
congruence subgroup is called a congruence subgroup. We can estimate the num-
ber of congruence subgroups in I' by examining the images of I' in the finite
matrix groups GL4(Z/mZ); when we do this, we find that in fact the growth
of congruence subgroups (let alone all finite-index subgroups) is strictly faster
than polynomial. The reason for this is number-theoretic: as we shall see, there
are many congruence subgroups because there are many primes below any given
bound (the Prime Number Theorem).

At this point, one begins to suspect that maybe there really are no further
kinds of PSG groups; and indeed this is true:

Theorem 5.1 (The PSG Theorem) Let G be a finitely generated residually
finite group. Then G has PSG if and only if G is virtually soluble of finite rank.

This result is sharp, in the following sense: given any increasing function
f such that f(n) # O(n®) for every ¢, there exist finitely generated, residually
finite groups that have subgroup growth of type at most f, but are neither
virtually soluble nor of finite rank. The construction of such groups is given in
Chapter 13.

Polynomial subgroup growth is essentially a restriction on the finite quotients
of a group: it says that they have relatively few subgroups of each given index.
A possible reason for having few subgroups is that every subgroup has a small
generating set. The upper rank of a group G is

ur(@) = sup {rk(G) : G a finite quotient of G}

(this is the same as the rank of the profinite completion of ). An analogue to
the PSG Theorem, and an intermediate step in its proof, is

Theorem 5.2 Let G be a finitely generated residually finite group. Then G has
finite upper rank if and only if G is virtually soluble of finite rank.

It is often easier to estimate the number s(G) of all subgroups in a finite
group G than to determine the numbers s, (G). We therefore tend to work with
the following concept. A group G has weak PSG (wPSG) if there exists ¢ > 0
such that

5(G) < ’ér

for every finite quotient G' of G; it is obvious that PSG implies wPSG, and
we show in Chapter 10 that wPSG is actually equivalent to PSG. This is quite
a deep result, being a major step in the proof of the ‘Profinite PSG Theo-
rem’; however it is not needed when dealing with finitely generated (abstract)
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groups: we actually prove the ‘only if” direction of the PSG Theorem using the
weaker condition, from which it will follow that the weaker condition implies
the stronger one in the finitely generated case.

The proof of the PSG Theorem required the development of some new tech-
niques in infinite group theory. Some of them have wider application, and we
have separated off the discussion of these in the Linearity conditions and the
Strong approximation windows. There are four logically independent parts
to the argument.

I. The ‘linear case’: this is the heart of the proof. In Section 2 we show that
a semisimple arithmetic group can never have wPSG (unless it is finite); this is
an application of the Prime Number Theorem. Then using the ‘Lubotzky alter-
native’ (3 Strong approximation), we deduce that every finitely generated
characteristic-zero linear group with wPSG is virtually soluble.

II. The ‘main reduction’ in Section 3 we show that every group G with
wPSG has restricted upper chief factors, that is, there is a finite upper bound
for the ranks of all non-abelian upper chief factors of G (factors A/B where B is
a normal subgroup of finite index in G and A/B is a minimal normal subgroup
of G/B). This depends on CFSG. Together with a result from the Linearity
conditions window, this implies the following: if G is finitely generated and
has wPSG then G has a normal subgroup D such that

(i) G/D is a linear group over a field of characteristic zero, and

(ii) the image of D in every finite quotient of G is soluble.

III. The ‘prosoluble case’: in Section 4 we prove that every prosoluble group
with wPSG has finite rank (as a profinite group); this is essentially a result
about finite soluble groups. It means in particular that if a group G with wPSG
has all its finite quotients soluble, then G has finite upper rank.

IV. The proof of Theorem 5.2 is given in Section 5. This depends on the Feit-
Thompson Odd Order Theorem and P. Hall’s theory of finitely generated soluble
groups, and applies another result from the Linearity conditions window.

Together these four steps complete the proof of Theorem 5.1. We have
already observed that if G is virtually soluble of finite rank then G has PSG
(Corollary 1.4.3). Suppose conversely that G is a finitely generated residually
finite group with weak PSG, and let D be the normal subgroup provided by
Step II. Step I shows that G/D has a soluble normal subgroup Go/D of finite
index; and then from property (ii) of D it follows that every finite quotient of
G is soluble. An elementary lemma, proved in Section 1, shows that Gy also
has wPSG, and it follows by Step III that Gg has finite upper rank. Finally,
Theorem 5.2 shows that G is virtually soluble of finite rank, and hence so is G.
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To any group G with PSG one may associate its ‘minimal degree of polyno-
mial growth’, namely

a(G) =inf {c| s,(G) < n° for large enough n}

log s, (G)

= lim sup ]
ogn

It seems to be a difficult problem to determine (@) in terms of the algebraic
structure of G. In the final section we show that «(G) is bounded above and
below by constant multiples of the Hirsch length of G.

Is it possible to characterise the PSG groups that are not necessarily finitely
generated? Since subgroup growth is a property of the profinite completion of
a group, this may be construed as a question about the general profinite PSG
group. A structural description of these is given in Chapter 10, where we shall
see that every profinite group with PSG is, roughly speaking, an extension of
a prosoluble group of finite rank by a product of finite simple groups; from
this more general point of view, it then appears that the restriction to finitely
generated groups has the effect of killing off the infinite semisimple ‘top layer’.

Let us conclude this introduction with a philosophical remark. It is a re-
markable feature of both Theorems 5.1 and 5.2 that a hypothesis which men-
tions only a finiteness condition leads to the conclusion of solubility. Two facts
in particular lie behind this, one ‘local’, one ‘global’.

First of all, The Odd Order Theorem, which lies at the heart of Theorem 5.2:
this infers the solubility of a finite group from a purely arithmetical hypothesis,
and takes us to the point where we know that every finite quotient of our group
is soluble. Secondly, the structure of semisimple algebraic groups. This leads to
the ‘global’ conclusion of solubility by way of a contradiction: an algebraic group
that is not virtually soluble must have a non-trivial image which is semisimple, at
which point we can examine the congruence structure of a suitable arithmetic
group and find that the original hypotheses (of an arithmetical nature) are
violated.

5.1 Preliminary observations

For any group G we define

o/ (@) = inf {a >0:5(G) <|G|" for every finite quotient G of G} ,
o*(G) =inf{a > 0:5,(G) <n® for all n € N},
where conventionally inf ) = co. Thus G has weak PSG if and only if of(G) is

finite. It is clear that
al(G) <o (@),
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so wPSG is indeed a (possibly) weaker condition than PSG.
The upper rank of a group G is

ur(G) = sup {rk(G) : G a finite quotient of G}

=rk(G).
Since s(G) < \G|rk(G) when G is finite, we see that for every group G
(@) < ur(@).

It is also true that a*(G) is bounded above by a function of ur(G), but this fact
lies deeper, and will be proved in Section 1 of Chapter 10.

It is not true that ur(G) is in general bounded above by a function of a*(G):
in Section 3 of Chapter 10 we shall see examples of groups with PSG that
have infinite upper rank. That there is such a bound when one restricts to
(pro)soluble groups is established in Section 4, below; it is the essential link
between Theorem 5.1 and Theorem 5.2 in the (pro)soluble case.

It is obvious that each of the three properties PSG, wPSG and finiteness
of upper rank is preserved on passing to quotients. The main point we wish
to establish here is that each property is also preserved on passing to finite
extensions and to subgroups of finite index. We shall use these facts freely
throughout the rest of the chapter.

Proposition 5.1.1 Suppose H < G where |G : H| = m < co. Then

ur(H) < ur(G) < ur(H) + logm; (5.1)

(@) < af(H) + logm; (5.2)
(m + logm)at(Q@) ifH<G

ol (H) < P (63)
(m! + logm!)af (G) + log(m — 1)! in general

a*(H) < (14 logm)a™(G); (5.4)

a"(G)<m+ao*(H) if H<G. (5.5)

Proof. Since every subgroup of finite index in H contains a normal subgroup
of finite index in G, it is enough to consider the case where G is a finite group.

(5.1) is clear, since if L < G then L is generated by L N H and at most
log|L: LN H| <logm further elements. A similar argument establishes (5.2).

For (5.3), suppose first that H < G. If N < H has index n > 2 then N
contains a normal subgroup N of G with ‘H ' N 0| < n™, and then

S(H/N) < s(G/No) < |G : NO|*

< (mnm)aT(G) < n(m+logm)aT(G).

The general case follows on replacing H by its normal core, and then applying
(5.2).

(5.4) is clear since s, (H) < Sy (G) for each n. Finally, (5.5) follows from
Proposition 1.3.2(ii) of Chapter 1. m
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5.2 Linear groups with PSG

Let G be a finitely generated linear group over a field of characteristic zero, and
suppose that G is not virtually soluble. We shall prove that G does not have
wPSG. According to the ‘Lubotzky alternative’ (++ Strong approximation),
there exist a subgroup G; of finite index in G, a finite set of primes S, and a
connected, simply connected simple algebraic group & over Q such that every
congruence quotient of I' = &(Zg) appears as a quotient of G (and T is infinite).
If G has wPSG then so does G1; hence s(I'*) is bounded by some fixed power
of |T"*| as I'* ranges over the congruence quotients of I'. It will therefore suffice
to show that

log s(T'/A)

log [T'/Al

is unbounded as A ranges over the principal congruence subgroups of T'.
Let us suppose that & < GL4. The fact that I' is infinite implies that the
topological group

SR) x [] &(@p)

peS

is non-compact, because it contains I' as a discrete subgroup. This means that
the algebraic group & satisfies the hypotheses of the Strong Approximation
Theorem with respect to the set S U {oo}. It follows in particular that for m =
q1 - --qx Where q1, . . ., qi are distinct primes not in .S, the natural homomorphism
T of I into GL4(Z/mZ) maps I' onto

k
&(z/mz) = || 6(Z/4:2).

i=1
Thus writing I'(m) for the congruence subgroup ker m,,,, we have

k

r/D(m) = [[ 6(E,).

=1

(For all this, see the Strong approximation window.)

Next, we observe that for almost all primes p, the group &(F,) has even
order; this follows from Lang’s theorem on finite algebraic groups (++ Linear
groups), or it can be deduced from the Odd Order Theorem, as follows: if
6(Fp) < GLg(Fp) has odd order, then it is soluble, of derived length bounded
in terms of d (Zassenhaus’s Theorem, & Linear groups); so if T is the set of
all such primes p then I'/ () . I'(p) is also soluble. But if 7" is infinite then
Mper ['(p) = 1, whence I' is soluble. This is impossible because I' is Zariski-
dense in the simple algebraic group & (Borel’s density theorem, [PR], Theorem
4.10). The set T of exceptional primes must therefore be finite.

Write p,, to denote the nth prime (in ascending order starting from p; = 2),
and let ¢ be the biggest index for which either p, € S or &(F,) has odd order.
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If
t+k

m= H DPn,

n=t+1

then the group I'/T'(m) contains an elementary abelian subgroup of order 2%,
and it follows that

s(D/T(m)) > 2[¥*/4],

(Proposition 1.5.2). On the other hand,
[T/ (m)] < |GLa(Z/mZ)| < m"

so the essence of the matter is to compare m with k. This is exactly what the
Prime Number Theorem does. In fact, for present purposes we only need an
easier weak version of it, originally proved by Chebyshev (3 Primes): there

exists A > 0 such that
log (Hm) < Anlogn

i=1

for all n > 1. Taking n =t + k where k > ¢, say, gives logm < 4Aklogk, so we
have

log s(T'/A,) K4k

log|T/An| ~ ddAklogh  “logk

where a = (16d2A)~! > 0.
As k/logk — oo with k, it follows that log s(T'/A)/log |T'/A| is unbounded
as A ranges over the principal congruence subgroups, as required.

Note that if n is large then there exists k such that
4d?A - klogk < logn < 8d°A - klogk.

With m as above, the number ¢, (T") of congruence subgroups of index at most
n in T is then at least s(T'/A,,) > 2[]“2/4}; while

logn 8d% Ak log k

< 8d* Ak.
loglogn ~ log(4d?A) + log k + loglog k

Thus
C,L(F) > 2[k2/4] > 2b(log n/loglogn)? _ nblogn/(loglog n)?

where b = (256A42d*)~1 > 0. Sharper bounds for the congruence subgroup
growth of arithmetic groups will be obtained in Chapter 6, by applying a more
delicate form of the Prime Number Theorem along arithmetic progressions.
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5.3 Upper chief factors

The PSG theorem depends ultimately on two particular properties of the fi-
nite simple groups: the first is that each contains a relatively large elementary
abelian subgroup, which implies that a semisimple group contains many sub-
groups relative to its order; the second is that a simple group has relatively
few automorphisms, which is used to show that any non-abelian chief factor in
a group appears in the group with relatively small index (in fact it suffices to
know that a simple group S can be generated by two elements, which implies
that S has at most |S|° automorphisms). In this section we spell out the de-
tails. In Chapter 10, we shall see that the ‘Profinite PSG Theorem’ depends
on some more delicate information about the simple groups, namely that for
a simple group of bounded rank, both the outer automorphism group and the
Schur multiplier have bounded orders.

Definition An upper composition (respectively chief) factor of a group G is
a composition factor (respectively chief factor) of some finite quotient of G.

Definition The group G has restricted upper composition (respectively chief)
factors if there is a finite upper bound to the ranks of all non-abelian upper
composition (respectively chief) factors of G.

The key result is

Proposition 5.3.1 FEvery group with weak PSG has restricted upper chief fac-
tors.

We denote by
X(n,e)

the set of all simple groups of Lie type *X,,(F,.), that is, groups of Lie rank n
over finite fields having degree e over a prime field. It follows from CFSG (%~
Finite simple groups) that a family of non-abelian finite simple groups has
bounded rank if and only if there exists a positive integer 3 such that the family
is contained in the union of the following three families of groups:

So: the sporadic finite simple groups
A(B): alternating groups of degree at least 5 and at most (3
X(B) =U{X(n,e) [n < and e < 5}

(here ‘rank’ is meant in the group-theoretic sense, i.e. Priifer rank, not Lie
rank).

Lemma 5.3.2 Let S = Alt(n) where n > 5. Then S contains an elementary
abelian 2-subgroup E with 2 | tk(E) > n/4.
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Proof. Say n = 4k +r (0 < r < 4). Then S contains the direct product
of k copies of Alt(4), and for E we take the corresponding product of & Klein
4-groups. Thus FE has rank 2k > n/4. m

Lemma 5.3.3 Let S = *X,,(F,c) be simple of Lie type. Then S contains an
elementary abelian p-subgroup E with rk(E) > ne/8 and |E\248 > |9].

Proof. Note that

|S] < p248e ifp < 8
S| < prnthe if n > 8

(> Finite simple groups).

Suppose first that n < 8. We take E to be an additive one-parameter
subgroup (a root subgroup or a suitable subgroup of a root subgroup). Then E
is elementary abelian of rank e > ine, and |E| = p® > |S|1/248.

Now suppose that n =4k +r > 8 (0 < r < 4). Then S is a classical group,
hence contains a copy of (P)SLi,/9(IFpe) (% Finite simple groups). The
upper unitriangular matrices in this group having non-zero off-diagonal entries
only in the top k X k right corner form an elementary abelian p-subgroup E of
rank kZe > %ne, and

|B| = p*e = ||

Definition For a group G,
B(G)

denotes the least natural number 3 such that every non-abelian upper compo-
sition factor of G lies in Sy U A(B) U X(B) (if there is no such number then
B(G) = o0).

w(G)

denotes the supremum of the natural numbers m such that some finite quotient
of G has a normal subgroup isomorphic to S(™ for some non-abelian finite
simple group S.

Now Proposition 5.3.1 will follow from the slightly stronger

Proposition 5.3.4 There is a function f : N — N such that for any group G
with weak PSG we have
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Proof. As we are concerned only with the finite quotients of G, we may
suppose that G is in fact finite. Put a = af(G). It will suffice to show the
following: if M = S(™) is a non-abelian normal subgroup of G and S is simple
then m < f(a) and S € Sy U A(B) U X(B) where § < f(a).

Replacing G by a suitable quotient we may assume in addition that Co(M) =
1. Then G acts faithfully by conjugation on M, and permutes the m simple
factors of M among themselves. The kernel Gy of this permutation action has
index at most m! in G; on the other hand, since S can be generated by 2 elements
(¢ Finite simple groups), |Aut(S)| < |S|*, and it follows that |Go| < |S]*™.
Thus |G| < m!|S|*™, which implies that

s(G) < (m!]S]P™)® < m™|S)Pme

Now we separate three cases.

Case 1: S € Sy. Let C be the maximal order of a sporadic simple group
(so C' is the order of the Monster simple group in fact). The group S contains
an involution, so M has an elementary abelian 2-subgroup of rank m, hence
contains at least 2(m°/4) subgroups. Hence

2[m2/4] < S(G) < mmaCQma.

Case 2: S = Alt(n) where n > 5. Using Lemma 5.3.2 we see similarly that
M contains at least 2™°"°/8 subgroups. As |S| = n!/2 < n™ we infer that

2m2n2/8 < S(G) < mman2mna.

Case 3: S = *X,(Fpe). By Lemma 5.3.3, S contains an elementary abelian
p-subgroup E of rank r, say, where r > ne/8 and |S| < p?#8". As above, this

implies that
1mplies a [mzrz/él] ma, 496mra
P <m"%p :

In each case, taking the logarithm of each side of the given inequality, and
noting that logz/x — 0 as * — oo, we may deduce

in Case 1 that m is bounded by a function of « ;

in Case 2 that m and n are bounded by functions of « ;

in Case 8 that m and r are bounded by functions of a , which implies that
n and e are also so bounded since ne < 8r.

This completes the proof. m

Now the following is proved as Corollary 3 in the Linearity conditions
window:

Proposition 5.3.5 Let G be a finitely generated group with restricted upper
chief factors. Then there is an exact sequence

1— D — G — GL,(F)

where F' is a field of characteristic zero and the closure of D in G is prosoluble.
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With Proposition 5.3.1 this now gives the main result of this section,

Proposition 5.3.6 Let G be a finitely generated group with wPSG. Then G has
a normal subgroup D such that (i) G/D is linear over a field of characteristic

zero and (i) D/(N N D) is soluble for every normal subgroup N of finite index
in G.

This conclusion applies only to finitely generated groups. Propositions 5.3.1
and 5.3.4, on the other hand, are quite general, and will be used in Chapter 10
where we characterise the profinite groups with wPSG.

Similar restrictions on the upper composition factors of a group G can be
inferred, using the same kind of argument, if G has subgroup growth slightly
faster than PSG: if we assume merely that G has subgroup growth of type
strictly less than nlegn/(Ieglog ")2, then there exist By and for each prime p some
finite 3, such that every non-abelian upper composition factor S of G' belongs
to

So UA(Bo) U|J " Xn(Fpe) [ < By, € < By}
p

If M = S0 is a normal subgroup of some finite quotient of G, then m is
bounded for S € SoU.A(fy) and m is bounded by some number depending on p
if S = *X,,(Fpe) (see [Segal (a)]). However, the dependence on p is unavoidable
in this case, as shown by the examples constructed in Chapter 13.

5.4 Groups of prosoluble type

Let us say that a group G is of prosoluble type if G is residually finite and
every finite quotient of G is soluble; in other words, G embeds naturally in its
profinite completion G and G is a prosoluble group. The aim of this section is

to establish

Theorem 5.4.1 FEvery group of prosoluble type with weak PSG has finite upper
rank.

This follows from the quantitative version:
Proposition 5.4.2 There is a function f : N — N such that
k(G) < f(a!(@))
for every finite soluble group G.
Proof. Kovacs’s Theorem (3~ Finite groups) says that

tk(G) < 1+ maxr,(G),
P
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so let us fix a prime p and show that r,(G) is bounded above by some function
of af (@) = a. Since 1,(G) = 1,(G/0, (G)), we may now factor out O, (G) and
assume further that O, (G) = 1.

Put F = Op(G@). Then F = Fit(G) and so Cq(F) = Z(F) (3~ Finite
group theory). Now considering F'/F'F? as an F,G-module, let V' denote the
direct sum of its I, G-composition factors and C the kernel of the action of G
on V. Then C/Z(F) acts faithfully and nilpotently on the p-group F, and it
follows that C' is a p-group; hence C' = F and so G/F acts faithfully on the
completely reducible F,G-module V. It follows by the theorem of Palfy and
Wolf (& Permutation groups) that |G : F| < p3 where d = dimg, (V) =
dimg, (F//F'F?). Since F//F'F? contains at least pl4/2” subspaces, we have

Pl < §(G/F'FP) < |G/F'FP|* < pte,

giving d < 16 + 2. Hence |G : F| < p™ where m = 48« + 6.
Now put Fy = F and for i > 0let Fi1; = F/F?. Let s = max; dimg, (Fi—1/F3),

g = 2+ [logs]. Then F, is a powerful p-group, |F : F,;| < p** and rk(F) <
s(q +1). Since F, is powerful, we have dimp, (F;_1/F;) < dimg, (Fy/F,;11) for
all i > ¢; hence dimp, (F;_1/F;) = s for some i < ¢+ 1. (For properties of pow-
erful p-groups, & Pro-p groups.) Then |G : F;| < pldtDs+™ and as above we
infer that [s/2]> < ((¢ + 1)s + m)a. Since ¢ < 2 + log s this implies that s is
bounded by some function of m and a. As

rp(G) < rp(G/F) +1k(F) <m+ (g +1)s,
the result follows. m

As we shall see repeatedly, a key step in the investigation of PSG groups
is to establish upper bounds for the index of elementary abelian sections in a
group: this connects the subgroup growth of the elementary abelian section to
that of the group, and can then be used to estimate the rank of the section.
In the preceding proof, the required upper bound was provided by the Palfy-
Wolf theorem which bounds the order of a completely reducible soluble linear
group over IF,; the generalisation of this result to linear groups with restricted
composition factors will play the analogous role in Section 2 of Chapter 10.

5.5 Groups of finite upper rank

Here we prove Theorem 5.2. As with the PSG Theorem, the proof has a ‘local’
part and a ‘global’ part.

The ‘local’ part concerns the finite images of a group, and does not depend
on finite generation. For a finite group G with Sylow p-subgroup S,(G), let

dsy (G) = d(Sp(G)),
rp(G) = rk(Sp(G));
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for any group G, write

uds,, (G) = sup {ds,(G) | G a finite quotient of G},
ur,(G) = sup {r,(G) | G a finite quotient of G} ;
equivalently, uds,(G) = d(Sp(é)) and ur,(GQ) = rk(Sp((A;)) where Sp(é) is a
Sylow pro-p subgroup of the profinite completion G. It is clear that

uds, (G) < ur,(G) < ur(G)

for each prime p and every group G. R
Recall that a group G is of prosoluble type if G is residually finite and G is
prosoluble, which amounts to saying that every finite quotient of G is soluble.

Theorem 5.5.1 Let G be a residually finite group. If udsy(G) is finite then G
1s virtually of prosoluble type.

Proof. Let K be a normal subgroup of finite index in G such that dso(G/K) =
udsy (G). We claim that every finite quotient of K is soluble. To establish this,
let K/N; be a finite quotient of K. Then N; contains a finite-index normal
subgroup N of G, and it will suffice to show that K /N is soluble.

Now Tate’s theorem (%~ Finite groups) shows that the group K/N has
a normal 2-complement, Q/N say. Then /N is soluble by the Odd order
theorem, and K/Q is soluble because it is a 2-group. The claim follows. m

Remark The first part of this argument is equally valid for odd primes p; it
shows that if uds,(G) is finite then G has a normal subgroup Gy of finite index
such that every finite quotient of Gg has a normal p-complement. In this case,
every subgroup of p-power index in Gy is subnormal.

We now proceed to the ‘global’ part of the argument. Let G be a finitely
generated residually finite group of finite upper rank. By Theorem 5.5.1, G has
a normal subgroup Gy of finite index that is of prosoluble type. Replacing G by
Gy, we may as well assume that G is of prosoluble type. Then G satisfies the
hypotheses of Corollary 5 in the Linearity conditions window: this asserts
that a finitely generated group of prosoluble type and finite upper rank is virtually
nilpotent-by-abelian. Again replacing G by a finite-index subgroup, we may
therefore suppose that G is nilpotent-by-abelian; and Theorem 5.2 will follow
once we have established

Proposition 5.5.2 Let G be a finitely generated nilpotent-by-abelian group. If
ur,(Q) is finite for every prime p then G has finite rank.

Proof. Let A be the derived group of G, and A’ the derived group of A.
Thus A is nilpotent; if A/A’ has finite rank then A has finite rank (3+ Soluble
groups), so we may replace G by G/A’ and assume that A is abelian. Then A
may be considered as a module for the group ring Z[G/A] = S, with the elements
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of G/A acting via inner automorphisms of G' (we shall write the group operation
in A as addition). According to P. Hall’s theory (¢ Soluble groups), we have
the following:

(i) every quotient of G is residually finite;

(ii) A is a Noetherian S-module;

(iii) A contains a free abelian subgroup F' such that A/F is a m-torsion
group for some finite set m of primes.

Let T be the torsion subgroup of A. Since G is residually finite, each finite
subgroup of 7" maps injectively into some finite quotient of G, which implies
that for each prime p, the p-rank of T is at most ur,(G). On the other hand, it
follows from (ii) that 7" has finite exponent, ¢ say. We conclude that T is finite,
of order at most ¢" where r = max{ur,(G) | p| ¢}

Replacing G by G/T, we may therefore suppose that A is torsion-free. Let
p be any prime not in 7. Then

pANF =pF, pA+ F=A

and so F/pF = A/pA. Since G/pA is residually finite we see that rk(A/pA) <
ur,(GQ). It follows that rk(F) = rk(F/pF) < ur,(G) is finite. Since the rank of
A is equal to rk(F') and G/A is a finitely generated abelian group, G has finite
rank as claimed. ®

This concludes the proof of Theorem 5.2, and with it of the PSG Theorem.

5.6 The degree of polynomial subgroup growth

Recall that
log s, (G)

(@) = limsup og 1

which is finite if and only if G has polynomial subgroup growth. We call this
the degree of G. (The reader is warned, however, that this differs from the usage
of [Shalev 1999]: see the Notes below.) How does this invariant relate to the
structure of G?
It is not hard to see that
a(ZD) =d,

either directly by applying the lemma below, or by identifying «(G) as the
abscissa of convergence of the associated zeta function (see Chapter 15). In
general, a finitely generated residually finite PSG group is virtually soluble of
finite rank; for such a group G, the invariant corresponding to the dimension
of Z(9 is the Hirsch length h(G), defined as follows. Let T be the maximal
periodic normal subgroup of G. According to the structure theory (&~ Soluble
groups), there is a chain of subgroups

T=Gy<G1<...<4Gr, <G (5.6)



5.6. THE DEGREE OF POLYNOMIAL SUBGROUP GROWTH 109

such that each factor G;/G;_1 is torsion-free abelian of rank 1, and G/G), is
finite. Also T is finite if G is residually finite. We set h(G) = h (an invariant of
G by the Jordan-Holder theorem).

Lemma 5.6.1 Let G be a group and N a normal subgroup such that G/N has
rank 1. Then for each n > 1,

$n(G) <m-s,(N).
Proof. Write Q = G/N. From Proposition 1.3.2(i) we have
4 (G) < amye(Q)ar(N)EHD <3 "1 ay(N) - ¢.
tlm tlm

Therefore

Applying this to (5.6) we deduce that s,(G/Go) < n”* for each n, so
a(Gr/Go) < h. The next two propositions will enable us to deal with the
‘missing’ factors Gy and G/G},.

Proposition 5.6.2 Let G be a group of finite rank and T a finite normal sub-
group of G. Then a(G/T) = a(G).

Proof. Write Q = G/T. Clearly a(Q) < a(G), and we may assume that
a(Q) is finite. Put r = rk(Q). As above, we have

sn(GQ) < Z Z aj/i(@)ar(T)t"

J<n t|j

<s(T)ITI"Y Y ain(Q)

T =0
< s(T) [T 5,(Q),

since a;(T) = 0 when ¢ 1 |T|. It follows that «(G) < a(Q). ®

Lemma 5.6.3 Let Q be a finite group and S a finite soluble group of derived
length l. Then
der(Q,5) < ¢S]

where s = 1k(S), r = 1k(Q) and q is the exponent of Q.
Proof. Suppose to begin with that S is abelian. From §1.3 we have
der(Q, S) < ‘S| . ’Hl(Qa S)
qu(QaS) :07
rk(H'(Q, S)) <rs,

)
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the last because Der(Q,S) is isomorphic to a subgroup of S(¥®@), Tt follows
that

|HY(Q,8)] < ¢
and hence that der(Q,S) < ¢"*15].

For the general case, let Aq,..., A; be the successive factors in the derived
series of S. It is an elementary fact that then

l
der(Q, S) < ] der(Q, As).

i=1

Applying the first part to each A; we obtain

l
der(Q, 5) < " ] 14l = ¢ I5].

i=1

Proposition 5.6.4 Let H be a subgroup of finite index in a virtually soluble
group G. Then

a(H) <a(G) <1+ a(H).

Proof. Since s,(H) < $mn(G) for all n, where m = |G : H|, it is easy to
see that a(H) < a(G). So we may assume that «(H) is finite and have to prove
the second inequality. Let N < H be a soluble normal subgroup of finite index
in G, and put Q@ = G/N.

Now the first part of the proof of Proposition 1.3.2 shows that

an(G) < Zan/t<Q)at(N>w(t)
tin

where 9 (t) denotes the maximum value taken by

der(Q1, S)

as @1 ranges over subgroups of @ and S ranges over sections C/D of N such
that D <« N and |N/D| = t. Writing ¢, r for the exponent and rank of @ and
l, s for the derived length and rank of N, respectively, we may deduce from the
preceding lemma that

W(t) < "'t
Thus taking ¢ = ¢"*!s(Q) we get

an(G) <c- Ztat(N)

tln
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whence

Jjsn t|j
= CZ [f] ta;(N) < anat(N)

It follows that a(G) < 1+ a(N), and this gives the result since a(N) < a(H).
[

Putting these together gives
Proposition 5.6.5 Let G be a virtually soluble group of finite rank. Then
a(G) < h(G)+1.

This estimate is best possible, as shown for example by the infinite dihedral
group D which has a(D) = 2. The same example shows also that Proposition
5.6.4 is best possible.

In the other direction we have

Theorem 5.6.6 Let G be an infinite virtually soluble minimaz group. Then

a(G) > Zh(G).

Proof. Replacing G by Go/T where T is periodic and |G : Gyl is finite, we
may suppose that G is soluble and residually finite.

Suppose first that h(G) > 1. Let p be any prime not in spec(G). According
to Proposition 11 in the Soluble groups window, G then has a normal subgroup
H of finite index whose pro-p completion H,, is a pro-p group of finite rank and
of dimension equal to h(G). Now

~ 1 ~
a(Hp) > 6 dim H,

by Theorem 4.1.3, and the result follows since

If h(G) = 1 then G has a normal subgroup H of finite index such that
H =~ Q, where Q, = Z[Il) | p € w] and m = spec(G) is a finite set of primes.

Since s, (Qy) > n — (logn)!™! for each n, we have
a(G) > a(H)>1

in this case. m
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We do not know if this lower bound (or the slightly sharper one mentioned
in §4.1) is best possible, or even close. It is interesting to note that the proof
actually gives a lower bound for the growth of subnormal subgroups; it seems
likely that in general a<9<(G) will be strictly less than «(G), but this is not
at present clear (most of the examples for which a(G) is known explicitly are
nilpotent groups, where of course all subgroups are subnormal).

5.7 Notes

The question of which finitely generated groups have PSG was first raised in
[Segal 1986a], and answered there for the special case of residually nilpotent,
soluble groups. New methods were introduced in [Lubotzky & Mann 1991],
which proved the same result without assuming solubility. Key contributions of
this paper were (1) the proof that pro-p groups with PSG are p-adic analytic,
which is then used to reduce to the case of linear groups; (2) the ‘Lubotzky
alternative’, reducing the problem further to arithmetic groups; and (3) the
lower estimate for congruence subgroup growth in arithmetic groups (given at
the end of Section 5.2 above).

The next step was taken in [Mann & Segal 1990]. The three main con-
tributions of this paper were (1) bringing finite simple groups into the picture,
and thereby essentially establishing the results of Section 5.3, above. (2) The
proof of Theorem 5.2, about groups of finite upper rank; this was based on
the methods of [Lubotzky & Mann 1989], which first introduced the use of
Tate’s theorem to deduce solubility from finite rank. Together, (1) and (2) suf-
ficed to establish the PSG theorem for groups that are residually finite-soluble.
(3) The construction of (infinitely-generated) groups with PSG that are direct
products of simple groups PSLy(F,) (this was important for later developments
— see Chapter 10).

The full PSG theorem was finally established in [Lubotzky, Mann & Segal
1993], by combining the preceding arguments with an idea from [Wilson 1991]
(% Linearity conditions, Theorem 2). Further properties of PSG groups were
established in [Mann 1993]; the ideas of this paper were also important for later
developments, reported in Chapter 10, as were those of [Segal 1996b] which
introduced the concept of ‘weak PSG’.

Most of the above papers make a reduction to the case of linear groups
by showing that suitable pro-p completions are p-adic analytic, and then using
Ado’s theorem via p-adic Lie theory (the ‘Lubotzky linearity criterion’). A
simple alternative approach to this step was provided by [Segal 1996a] (+
Linearity conditions, Section 2). This is the approach we have followed in
this chapter.

Some estimates for the degree of finitely generated nilpotent groups were
obtained in [Grunewald, Segal & Smith 1988], where it is shown in par-
ticular that if G is such a group and H is a subgroup of finite index then
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o(G) = a(H). [Klopsch 2000] established the lower bound a(G) > 1h(G) for
a PSG group G; the interesting proof is different from the one given above.
[Shalev 1999] studies a slightly different growth invariant:

deg(G) = limsup(log a,(G)/logn);

it is easy to see that deg(G) < a(G) < deg(G) + 1, but the precise relation-
ship between the two degrees depends very much on the group in question. He
proves analogues of Propositions 5.6.2 and 5.6.4 (our proofs are based on his),
and determines deg(G) precisely for certain groups. Perhaps the most remark-
able result of this paper is that deg(G) never takes values in the open interval
(1,3/2); the result of [Shalev 1997] stated below implies that (0,1) is another
such interval. Whether any further gaps exist in the spectrum of deg(G) is an
interesting open problem. Shalev states that the «(G) never lies in the interval
(1,2); beyond this, equally little is known about possible gaps in the spectrum
of a(G).

Residually finite groups with very slow subgroup growth have been charac-
terised. [Shalev 1999] shows that if G is finitely generated, then a,,(G) = O(n)
if and only if G is virtually cyclic, while in [Shalev 1997] it is shown that
an(G) = o(n) if and only if G has a central subgroup of finite index whose finite
quotients are all cyclic, in which case a,(G) = O(1).
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Chapter 6

Congruence subgroups

Among the most interesting finitely generated groups that occur ‘in nature’
are the arithmetic groups. These come equipped with a distinguished family of
finite-index subgroups, the congruence subgroups, and the aim of this chapter is
to examine their growth rate. The results, as well as being satisfying in their own
right, have implications (via strong approximation methods) for linear groups
in general: a foretaste appeared in Chapter 5 and more will be seen in Chapter
8.

For background on arithmetic and S-arithmetic groups, the reader is referred
to the book [PR] of Platonov and Rapinchuk. However, readers unfamiliar with
algebraic groups may safely ignore the more technical details, as many of the
results to be discussed in this chapter make sense, and are of interest, when
applied to the ‘classical’ groups such as SL4(Z) or SLg4(Z[1/m]).

Before stating the results let us fix some notation.

Let k be a global field: a finite extension field of Q or of F,(z). We denote
by O or O the ring of integers of k. The set of all primes (equivalence classes
of valuations) of k is denoted V. The ‘infinite primes’ (non-archimedean valu-
ations) form a subset Vi, and the set of all ‘finite primes’ is denoted V; (so V¢
may be identified with the set of non-zero prime ideals of ). We recall that
Vs is a finite set, empty if chark # 0 (See e.g. [Cassels 1986].) For each v € Vj
the v-completion of k is denoted k,.

Throughout, S will denote a finite subset of Vj containing V... The ring of
S-integers is

Os={zrek]|v(xr)>0foralv¢gS}

Let G be a connected, simply-connected, simple, algebraic group defined over
k with a fixed embedding G < GL,.. Our main interest in this chapter is the
S-arithmetic group

I'=G(0Os) = GNGL,.(Og).

We assume throughout that I' is infinite (or equivalently that [], .o G(k,) is
not compact).

115
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Typical examples of such I' are the groups SL,(Z) or SL,(Z[1/m]) with

r > 2, in characteristic zero, and SL,(F,[x]) (with » > 2) in characteristic p,
€

where g = p°.

For each non-zero ideal J of Og the principal congruence subgroup modulo
J is

I'(J) =ker (T' — GL,.(0g/J))
={geTl|g=1,(modJ)}.

Any subgroup of ' containing I'(.J) for some ideal J # 0 is called a congruence
subgroup.
Definition ¢, (I') denotes the number of congruence subgroups of index at most

niin I.

The first two theorems determine the strict growth type of ¢,:

Theorem 6.1 Suppose that chark = 0. Then there exist positive constants a
and b such that

nalogn/loglogn < Cn(F) < nblogn/ loglogn

for allm > 1.

In other words, in the characteristic zero case I" has congruence subgroup growth
of strict type nl°gn/1oglogn  Op the other hand, in positive characteristic the
congruence growth type is (usually) n!°8":

Theorem 6.2 Suppose that chark = p > 0, that G is k-split, and if p = 2 that
G is not of type Ay or C;. Then there exist positive constants a and b such that

nalogn < Cn(r) < nblogn
for all n.

The lower bound is valid also in the excluded cases (A; and Cj in characteristic
2), but for these an upper bound is not known (apart from the exponential
bound provided by Theorem 3.1).

There is another way to look at these results. It follows from the Strong
Approximation Theorem (3 Strong Approximation) that

liml'/T(J) 2 imG(Os/J) = G(Os),

where -
Os =[] o
v S
is the profinite completion of the ring Og. The profinite group I' = G(@) is the
congruence completion of I', and its open subgroups are in 1 — 1 correspondence
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with the congruence subgroups of T'; thus ¢, (I') = s, (I) for each n and thus the
‘congruence subgroup growth’ of I' may be interpreted as the subgroup growth
of the profinite (‘adelic’) group T'.

The congruence subgroups are the ‘obvious’ subgroups of finite index in
an arithmetic group; there may or may not be others as well. This question,
the ‘congruence subgroup problem’; will be addressed in depth in the following
chapter. The answer, for any particular arithmetic group I', depends on the
difference between I' and the profinite completion I' of I', and we shall see that
it can be detected from the subgroup growth type of I'. As this is the same
as that of I', we may interpret the congruence subgroup problem as that of
comparing the subgroup growth types of two profinite groups.

Theorem 6.1 is proved in Section 1 and Theorem 6.2 in Sections 2 and 3.
In the final section we consider normal congruence subgroups. Here a startling
new phenomenon appears. Let

cn ()

denote the number of normal congruence subgroups of index at most n in T.

It turns out that the growth type of ¢;J(T") depends crucially on the ‘fun-
damental group’ of the adjoint group associated with G. This is the quotient
group 7(G) of the lattice of weights of G modulo the sublattice generated by
the roots, and is isomorphic to the centre of the group scheme associated to the
simply-connected cover G of G; usually (that is, unless chark | |7(G)]), 7(G)

is isomorphic to Z(G(k)) where k denotes the separable closure of k). In any
case, 7(G) depends only on the type (i.e. Dynkin diagram) of G, as shown in
the following table:

Al BZ,C’Z or E7 Dl, | even Dl, [ odd EG GQ,F4,E8
Z/1+1)Z 7]27 27 X LJ2L | ZJAZ | Z/3Z 0

We can now state:

Theorem 6.3 Let p > 0 be the characteristic of k. Then the strict growth type
of ¢ (T is:

(i) n if G is of type Go, Fy or Es,
(ii) mlosn/(oglogn)® i n(G) £ 0 and p t|7(G)|,
(iti) n'os™ if p | |7 (G)].

The proof of Theorem 6.3 partially depends on studying first the normal
subgroup growth of open compact subgroups in algebraic groups over local fields.
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Theorem 6.4 Let K be a non-archimedean local field of characteristic p > 0
and Ok its valuation ring. Let G be a connected, simply connected K -simple
subgroup of GL,.. Let

A = G(0Ok) = G(K)NGL,.(Ok).
Then the normal subgroup growth of A is of strict type

(i) '™ if p |7 (G)]

(i) n if G is of Ree type, i.e., either p =2 and G is of type Fy or p =3 and
G is of type Gs.

(11i) logn otherwise.

The proofs of Theorems 6.3 and 6.4 are sketched in section 6.4 below. The
proofs show that the groups of Ree type which play a special role in Theorem 6.4
appear for an entirely different reason than Gs, F, and Eg appear in Theorem
6.3. In fact, Go, Fy and Eg appear in Theorem 6.3 because their fundamental
group is trivial, while the groups of Ree type appear in 6.4 as exceptions because
their adjoint representations are reducible. There are other cases of reducibility,
e.g. when p =2 and G is of type Aj, but in all of them p divides |7(G)| and
so they are covered by case (i). In particular, this is the case for the groups of
Suzuki type.

The following two tables summarize the growth types of s, (A), s2(A), cn(T)
and ¢J(T'); in items marked (*) we assume that G satisfies the hypotheses of
Theorem 6.2.

Table 1: Local Groups
A as in Theorem 6.4

[ »p=0 | p>0 |
Sn(A): n sn(A) nlo8™ (%)
sJI(A) logn | sY(A): nl°8™ if p [ [r(G)]

n if G is of Ree type
log n otherwise

The results on s, (A) follow from results of Chapter 4. When K has charac-
teristic zero and residue characteristic ¢, A is a linear group over Z, and hence
virtually a pro-q group of finite rank (3 Pro-p groups). When char K = p > 0,
A is virtually an O -perfect pro-p group in the sense of §4.4 (see [DDMS] Ex-
ercise 13.11).
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Table 2: S-Arithmetic Groups
I' as in Theorems 6.1, 6.2, 6.3

S ‘ p=0 \ p>0
Cn(F) . plogn/loglogn Cn(r) . plogn (*)
Ga, Fy, Eg
cp() - n () n
7T(G) #1, Cn(F) . nlogn/loglogn Cn(r) . nlogn (*)
ptlm(G)] ¢3() : nlogn/(oglogn)® (L) : nlogn/(oglogn)®
cn(T) : nloem ()
p | ‘W(G)| cannot occur
) e

6.1 The characteristic 0 case

In this section we determine the strict congruence subgroup growth type of an
S-arithmetic group over a number field k. In this case, S\ Voo = Sy may be
identified with a (finite) set of prime ideals of O.

To simplify matters, we shall assume that £ = Q and Sy is a finite set of
rational primes. (The general case can be reduced to this one by ‘restriction of
scalars’; see [PR], §2.1.2. This needs some care in case S is not the full set of
primes lying over some set of rational primes.)

Thus I' = G(Zg) where G < GL, is a connected, simply-connected, simple
algebraic group defined over Q, (so in fact G < SL,.). Let d denote the dimension
of the algebraic group G (so d < r? —1).

The notation G(Z/mZ) means the group of Z/mZ-rational points of the
algebraic group G. For present purposes we may as well take it to mean the
image of " in GL,,(Z/mZ), as long as m is coprime to S; this is justified by the
Strong Approximation Theorem (3 Strong Approximation) which ensures
that T maps onto G(Zs/mZg).

We begin by establishing the upper bound. The key to this is the following
fact:

Proposition 6.1.1 (“level < index”) Let H be a congruence subgroup of T.
Then H > T'(m) for some m < c-|I': H|, where ¢ > 0 depends only on G.

Let us say that a subgroup H of M = G(Z/mZ) is essential if H does not
contain
M(r) = ker(M — G(Z/rZ))

for any r | m with < m. The proposition is then clearly equivalent to
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Proposition 6.1.2 There exists a constant C > 0 such that for each m € Z,
every essential subgroup H of M = G(Z/mZ) satisfies |M : H| > Cm.

For the proof, we need the following facts: for almost all primes p,

(1) G(Z/pZ) is a perfect central extension of a product of finite simple groups
of Lie type in characteristic p. It is generated by elements of order p. No
non-abelian simple factor of G(Z/pZ) is involved in G(Z/qZ) for a prime

q#p-

ii) K = ker(G(Z,) — G(Z/pZ)) is a uniform pro-p group of dimension
P b pro-p group

dim(G). The congruence subgroup modulo p® is equal to ®4_;(K) where

O(K) = K and @;41(K) = ®(P;(K)) (the Frattini subgroup of ®;(K)).

(iil) ®(G(Zp)) =K.
(iv) For each e > 1 the group G(Z/p°Z)) is perfect.

For (i), see the Finite simple groups window; (ii) and (iii) are proved in the
Strong approximation window. (iv) is a direct consequence of (i) and (iii).

We will argue as if (i) — (iv) hold for all primes, and show that C' = 1 will
do in that case. It is left for the reader to verify that one can compensate for
the finitely many “bad” primes by making C smaller. Note that also for them,
(ii) is ‘essentially’ correct: G(Z,) has an open uniform pro-p subgroup and the
congruence sequence and the sequence ®;(K) are still “very close” to each other.

Note first that if p is a prime, then G(Z/pZ) is generated by its Sylow
p-subgroups and therefore every proper subgroup H of G(Z/pZ) satisfies

G(Z/pZ) - H| > |P: POH| > p

for some such Sylow subgroup P.
Now let m = pi' ... p¢ where py,...,p, are distinct primes. Then

M =M x---x M,

where
M; = M(m/p;") = G(Z/p;'Z).

We claim that for each i, the projection 7;(H) of H to M(m/p;) is a proper
subgroup of M(m/p;). Indeed, suppose (w.lo.g.) that m (H) = M(m/p1).
Since M (m/p1) is the Frattini quotient of M it follows that H projects onto Mj.
Then H has all the non-abelian composition factors of G(Z/p17Z) as composition
factors (with at least the same multiplicities), and as H/(H N M;) embeds into
My x -+ x M, all these composition factors occur already inside H N M;. But
H N M is a normal subgroup of M; (because H projects onto Mi); since M, is
a perfect group it follows that H N M; = M;. But this is impossible since H is
supposed to be essential.
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Therefore |M; : m;(H)| > p; for each i, and it follows that

Mz H| > [] 1M mi(H)| > [ i

If e; = 1 for each ¢ this concludes the proof.

Suppose now that e; > 1 for some i, and put m’ = [[;_, p;, so that m’ < m.
Let H be an essential subgroup of M = G(Z/mZ), and let H' denote the
projection of H into G(Z/m'Z) = [[._, G(Z/p;Z). Then m(H') = m;(H) is
a proper subgroup of G(Z/p;Z) for each i, so H' is an essential subgroup of
G(Z/m'Z). Thus the index of H' in G(Z/m'Z) is at least m’, and it suffices
therefore to prove now that the index of HNM (m’) in M (m/) is at least m/m’ =

Now M(m') is the direct product of the p;-groups L; =
ker (G(Z/p;’Z) — G(Z/p;,Z)) and H N M(m') is the product of the H N L,.
It will therefore suffice to show that |L; : H N L;| > p¢*~* for each .

Fix i, put p = p;, e = e;, and M = G(Z/p°Z). Then L; = M(p), and
H N L; = D, say, does not contain M (p®~!). We claim that then DM (p’) does
not contain M (p’~!) for e > j > 1. Indeed, since M (p’) = ®(M (pJ ),

M@~ <DM@P) = M@’ = (DM@~ 1)e(M@p' ™))
= M@~ =DnM@p'™)
= D>M@p'™") = M@),
so our claim follows by reverse induction. It follows that

|M(p) : D| = H |DM(p?~") : DM(p?)| = p*".

Thus |L; : HN L;| > pffl as required, and the proof is complete.

Corollary 6.1.3

cn

en(D) <Y 50 (G(Z/mIZ)).

m=1

Thus the problem is reduced to estimating the number of subgroups in cer-
tain finite groups. This depends on the following information:

Proposition 6.1.4 Suppose that m is divisible by h distinct primes. Then for
each prime q we have
r,(G(Z/mZ)) < 3r%h. (6.1)

Proof. Since G is a subgroup of SL,.,
ry(G (Z/mZ)) < 1q(SLr(Z/mZ))
< Z rq(SLy( —|—urq(SL (Z )))

< 3y (SL(F,)) + (2% — 2),
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where SL!(Z,) is the kernel of SL,.(Z,) — SL,(F,) which is a pro-p group of
rank at most 2r% —2 (3 Pro-p groups). The g-rank of SL,(F,) is at most r?/2
for each prime p (% Finite group theory). Thus (6.1) follows. m

Of course, sharper bounds can be given, depending on the dimension d of G.
See the Remark below.

Proof of Theorem 6.1: the upper bound. Let j < n and m < n.
Suppose that |G(Z/mZ)| = ¢ is divisible by ¢ distinct primes, and let s =
max 1,(G(Z/mZ)). Corollary 1.7.5 of Chapter 1 shows that

P

a;(G(Z/mZ)) < j'*°.

Say m is divisible by h distinct primes. Now there exists an absolute constant
A such that

t < Alogg/loglogg,
h < Alogm/loglogm

(3 Prime Numbers). From the preceding proposition we have s < 3r2h, and
g <m"". Tt follows that ¢ + s < r2(1 + 3A4) log m/ log log m. Thus

n

( Z/mZ Zaj Z/mZ Z Blogn/loglogn

where B =1+ 72(1 + 3A).
With Corollary 6.1.3 this gives

cn(F) < nblog n/ log logn7

where b depends only on B and c¢. This is the required upper bound.

(The argument can be simplified by quoting the fact that SL,.(F,) has rank
at most 72 /241, together with the trivial estimate s(G) < |G|™) ; but the only
known proof for this rank estimate depends on CFSG: see the Finite simple
groups window.)

The lower bound for ¢, (T") given in Section 2 of Chapter 5 was of the form
nblogn/(oglogn)® We need to sharpen this to obtain a lower bound of the correct
order. The group-theoretic part of the argument can remain much the same,
but we must appeal now to some more powerful number theory. Let us recall
the argument given in Chapter 5. Let x be a large real number, P(x) the set of
primes p with p <z and m = Hpep(z p. Then

I/T(m) = G(Z/mZ) = ] G(F

peP(x)
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The latter is the direct product of t = |P(x)| finite quasi-simple groups, hence
contains a subgroup isomorphic to Fg). This gives at least olt*/4] congruence
subgroups of index at most |G(Z/mZ)| ~ m? in T, and the Prime Number
Theorem provides estimates for m and ¢ which suffice to yield the stated lower
bound. Now we present a slight variation on this argument. Let ¢ be a prime

of size approximately z/2, and put

P(z,q) ={p <x|p=1(modq)}
(p ranging over primes). Now take m = [[ cp(, , p- By Lang’s theorem (%

Linear groups), each G(F,) contains a cyclic subgroup of order p — 1, and
hence if p = 1 (mod ¢) a cyclic subgroup of oder ¢. It follows that

r/rm)= J[ G(F,)

PEP(,q)

contains a copy of F,(f) where ¢t = |P(x,q)|, and as above we infer that T' has
at least ¢lt’/4 congruence subgroups of index at most |G(Z/mZ)| ~ m?. Now
Dirichlet’s theorem on arithmetic progressions says that |P(z,q)| is approx-
imately equal to (¢ — 1)~ - |P(2)|, and assuming the Generalised Riemann
Hypothesis it can be shown that the resulting estimates for m and ¢ are good
enough to yield the stronger lower bound stated in Theorem 6.1.

We only have to get round the little difficulty that the number theorists
have so far failed to prove the Riemann Hypothesis! Fortunately, Bombieri has
proved that, in a suitable sense, the Riemann Hypothesis is ‘true in the average’;
that is, if one averages the error terms when estimating the number of primes
along arithmetic progressions, then one indeed obtains the result predicted by
the Riemann Hypothesis. This means that there does exist a prime ¢ (though
we may not know which one!) for which the argument given above will work.

We now proceed to spell out the proof, using some precise consequences
of Bombieri’s theorem that are explained in the Primes window. For a real
number z, a Bombieri prime for x is a prime ¢ such that

Y 1 T
Iyiq.1) — —=| <

o(g)| ~ Inz o(q)

for every y < x, where ¥(y;q,1) = Zpep(y'q) Inp. We fix p € (0, %) Then
for every sufficiently large x, there exists a Bombieri prime lying in the inter-
val (z°/Inx, 2”), and we make a fixed choice ¢, of such a Bombieri prime.

Moreover, writing
P, = H D,

PEP(T:qz)

we have
1—p

d(qz) Inx (1+o(1) 2 Inz

In P, = (23 ¢p,1) = ¢>x

P (25 42)] = (1+0(1)), (6.2)
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where o(1) stands for a number that tends to 0 as z — oo (the second line
follows directly from the definition of ¢).

Proof of Theorem 6.1: the lower bound. We fix ¢ > 1. It follows from
(6.3) that for every sufficiently large integer n there exists « such that

(Po)* <n < (Prw)?,
and then, writing A = log, e, we have

(logn)> _ A(nn)? _ Ad*o> 2x(-2)

log logn Inlnn = (1—p)lnx (1+0(1)). (6.4)

Now put P = P,, ¢ = ¢, and consider the congruence subgroup I'(P) of
I'. From the Strong Approximation Theorem for arithmetic groups (3+ Strong
Approximation) it follows that

I/T(P)=G(Z/PZ)= ][] G(F,).

pEP(,q)

We have shown above that I' then has at least q[L2/ 4] subgroups containing
I'(P), where L = |P(z,q)|. Each of these is a congruence subgroup of index at
most
Gz/Pz)= ][] 1G(EF,) <P
pEP(2,9)

(> Finite simple groups).

As P? < n it follows that ¢, (T') > q[L2/4], and using (6.2) and (6.4) we
obtain

log ¢, (T') > A [L?/4] Ing

> % (ml_p>2 plnz - (1+0(1))

Inz

o (logn)* ~ p(1-p)
T loglogn o(2-20)442

“(1+0(1)).

Let a be any positive constant strictly smaller than 1/(16d?). Choosing p very
close to % and o very close to 1, we infer that

c (F) > 2a(logn)2/loglogn —n log n/ loglogn
" > =
for all sufficiently large n, as claimed.

Remark. Better estimates can be obtained by arguing more carefully. The pa-
per [Goldfeld, Lubotzky & Pyber]| initiates the study of the constants appearing
in the exponent. We will not describe this work in detail, but we will review it
briefly.



6.2. THE POSITIVE CHARACTERISTIC CASE 125

Let G be a Chevalley group scheme, k a number field, O and S as before.
Let T' = G(O;) and

. log C,,(T)
a+(I) = limsup (logn)?/loglogn

o log C(I)
a-(T) = limsup (logn)2/loglogn’

[Goldfeld, Lubotzky & Pyber] conjecture that

(a) o (T) = a_ (D).

(b) a4+(T") depends only on G and not on O (it is relatively easy to see that
it does not depend on S).

(¢) ay(T) = YEED"D" yhere R = R(G) = dmG=rankG.
(Here rankG denotes the Lie rank of G.) They prove all three conjectures for
G = SLj, and show that the expression given in (c) is at least a lower bound
for a_(T") in the general case.

The proof given above for the lower bound in Theorem 6.1 is a slight variation
of that in [Goldfeld, Lubotzky & Pyber]. The more careful treatment there gives
the optimal lower bound at least for SLy. The generalization to other number
fields is based on a corresponding extension of Bombieri’s work. The proof of
the upper bound (for SLs) is based on a series of reductions, which shows that
the dominant term of ¢, (I") comes from counting subgroups of SLa(Z/mZ) that
lie between B = (S :) and U = (_01 T
one of counting subgroups in finite abelian groups.

). The problem is then reduced to

6.2 The positive characteristic case

We turn now to the proof of Theorem 6.2. In this case when the characteristic
is positive we have added two assumptions: (a) G is k-split and (b) If p = 2,
G is not of type A; or C;. While the first assumption is just a question of
convenience, and it seems very likely that the theorem holds without it, the
second assumption is essential for the proof. We are not sure whether the
theorem holds without it: in any case, it will need a new idea. The crucial
point in assumption (b) is to ensure that the associated Lie algebra is perfect.
It should be stressed however that the two assumptions are only needed for the
proof of the upper bound. The lower bound holds unconditionally.

So let’s start with the lower bound whose proof is quite easy (and uses only
the local completion).

Choose one valuation v ¢ 5. Then G(Og) maps onto K = G(0,). We
claim that K has subgroup growth of strict type at least n'°8™ (in fact it is
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equal to n'°8™ by Theorem 4.4.3). Indeed, let m, be the maximal ideal of O,
and for each ¢ > 1 put

K; = ker (G(0,) — G(O,/m))) .

For each i > 1 the quotient K;/K,,; is isomorphic to (O,/m,)? (3+» Strong
approximation, Corollary 6). One then verifies easily that

(i) log, |K : Ki| ~ ci for some constant c,
(ii) [K;, K;] < Kg; for each i,
(iii) K? < K,; for each 1.

This implies that K;/K»; is an elementary abelian p-group of rank approxi-
mately ci. Thus there are at least p[CQiz/ 4 subgroups between K; and Ko, all
having index at most p?** in K, and the claim follows (essentially the same
argument was used to obtain lower bounds in §§4.3 and 4.4).

To prove the upper bound we note first that as G is split and simple over k,
it is absolutely simple. We write

M = G(Os)
and note that ¢, (T') = s, (M).

Proposition 6.2.1 There exists a constant ¢ such that every open subgroup of
index n in M contains a subnormal subgroup of M having index at most n® in

M.

In other words, M satisfies the ‘polynomial subnormal core condition’.

Proof. Every non-abelian upper composition factor of L is a quotient of
G(F,) for some power ¢ of p, hence is a simple group of Lie type and bounded
Lie rank. Thus M lies in one the classes B, of groups satisfying the ‘Babai-
Cameron-Pélfy condition’. The proposition follows by Proposition 10 of the
Permutation groups window . m

Now given a subnormal subgroup of index at most n¢ in M, the number of
subgroups containing it is at most n¢les() = ne’ logn by Lemma 1.2.3. It will
therefore suffice to show now that M has at most n®°8™ subnormal subgroups
of index n, for some constant b (a similar bound will then of course follow for
those of index at most n).

Let us refresh our notations: Let V' = Vi \ S be the set of places of k outside
S. For v € V, let O, be the completion of Og with respect to v and let m,
be the unique maximal ideal of O,. Thus O, /m, is a finite field of order q¢),
where ¢ is the size of the maximal finite subfield of k.
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Put
M, = G(0,)
K, (i) = ker (G(O,) — G(O,/m})) .
Then
M =G(0Os) = [[ M.

veV

Write
Ty : M — M,

for the natural projection map.

Because G is absolutely simple, each of the groups M, /K,(1) 2 G(O,/m,)
is a finite quasi-simple group. Let W(M,) be the ‘weak-Frattini subgroup’ of
M, namely the intersection of the maximal open normal subgroups. Then
W (M,) contains K,(1), and is in fact equal to the preimage Z, in M, of the
centre Z (G(O,/my)).

Now let H be a subnormal open subgroup of M. Then H, = H N M, is a
subnormal subgroup of M,. As M,/W(M,) is a simple group, it follows that
either H, = M, or H, < W(M,). Thus putting

Vo(H)={veV |HNM,# M,},

we have
mo(H) < Z, for every v € Vo(H).

This shows that H is contained in the group [, gy, (i) Mo X [yevy ) Zo-

Suppose |M : H| = n. Since the order of | M, /Z,| is approximately ¢**)?, where
d is a constant (the dimension of G), it follows that
n> g7 (6.5)

veVy(H)

(where d’ is slightly less than d). Applying the characteristic-p Prime Number
Theorem (%~ Primes) we deduce that V = V,(H) satisfies

< Alogn

Vol (6.6)

~ loglogn
for some constant A.

Note next that the number of possibilities for the set Vj(H) is bounded as
a function of n. Indeed, if v € Vy(H), then |O,/m,| = ¢¢*) < n'/? and
another application of the Prime Number Theorem shows that the number of
possibilities for v is O (n/logn). With the preceding result this shows that the
number of possibilities for Vi (H) is

n Alogn/loglogn
_ logn
) <<logn> ) o(n'°8™).
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We may therefore fix a finite set Vj of places and count subnormal subgroups
H of index n in M for which Vo(H) = Vy. Each such H contains [, 4, M, and
projects into HUEVO Z,, so this amounts to counting the subnormal subgroups
of [[,ev, Zv that have index n in [, oy, Mo.

Put

Y = HZU and K = HKq,(l).

vEV) vEV)

Then K is a pro-p group and Y/K =[]y, Z(G(O,/my)) is a finite abelian
p’-group, of rank at most 2 |Vj| and exponent E, say, depending only on G (each
of the direct factors is an image of the fundamental group 7(G) discussed in
the introduction). It follows that

SW(Y/K) < |Y/K‘rk(Y/K) < E4‘V0‘2 — no(logn)7

in view of (6.6).

To each subnormal subgroup H of index < n in Y we associate HN K < K
and HK/K <Y/K. Given HNK = D and HK = P, let N = Np(D); then
(NNK)/D is a p-group because D is open in the pro-p group K, while N/(NNK)
has order prime to p. Since H/D is a subnormal complement for (N N K)/D
in N/D it follows that H/D = OP(N/D). Thus H is uniquely determined by
HNK and HK, and so the number of possibilities for H is bounded above by

$n(Y/K) - sp(K) =n°1e™ s, (K).

We are thus left with the problem of bounding s, (K).

Say Vo = {v1,...,v}. Write ¢; = e(v;), so O, /m,, = Fse;, and put
K;(i) = Ky, (i) for j =1,...,t and each ¢ > 1. Now consider the graded F,-Lie

algebra
Ly =EPK;()/K;(i+1),
i=1

with Lie bracket induced on homogeneous elements by the group commutator
in Kj. It is shown in [DDMS], Chapter 13 (we used the same construction in
§4.4) that

Ej = Lo® ﬂFqﬁj [t}

where Ly is the Lie algebra over F,, associated with G; that is, given the (split)
form of G, its Lie algebra has the well known Chevalley basis and multiplication
table with integral structure constants, and Lg is the F,-Lie algebra with these
structure constants reduced modulo p. It is not always the case that Lg is a
simple Lie algebra; even worse, if p = 2 and G is of type Ay or C} then Ly is not
even perfect. This is the reason we have excluded these cases (we won’t need
simplicity but we do require perfection).
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Put K(i) = @;:1 K;(i). To the group K with its filtration (K (i)) we
associate the graded F,-Lie algebra

L=EPK()/K(i+1)

=1

t t
=P L, =P Lo tF st
j=1 j=1

t
= | P Lo@Fy; | @tF,[t] = L@ tF,[t]

J=1

where L = @;Zl Lo ®@Fge;.
To each closed subgroup H of K one associates the graded IF,,-Lie subalgebra

L(H) = @HK(i + 1) N K(i)/K(i +1).
i=1
If |[K: H| = p" then dimp,(L/L(H)) = r. It is easy to see that the derived
algebra L(H) = [L(H), L(H)] is contained in L(H') where H' = [H, H] is the
(closed) derived group of H.
Now the heart of the proof is the following proposition, which will be proved
in the next section:

Proposition 6.2.2 Let H be a graded Fp,-Lie subalgebra of L. Then
dim(£/H") < dim L + 4dim Ly - dim(L/H)
(where all dimensions are over Fy, ).

Using this we can now finish the proof of Theorem 6.2. Let H be an open
subgroup of index p" in K. By the above proposition and the preceding remarks
we have

K : H'| Spf(r)

where f(r) = dim L + 4dim Lg - . Tt follows that |H : H'| < p/")~" and hence
that
d(H) =dim(H/H'H?) < f(r) —r=h+ (4d — 1)r

where h = dim L and d = dim L.
Now d = dim G, while

t
h=d-Y log, |0, /my| < (d/d)logn

j=1

by (6.5). Thus d(H) < ' logn + ¢r where ¢’ and ¢ are constants.



130 CHAPTER 6. CONGRUENCE SUBGROUPS

In the notation of §1.6, we have established that d,.(K) < ¢’logn + er for
each r, and Proposition 1.6.2 now shows that for each m,

apm (K) S pz7‘<7n dT‘(K) S pC/mlogn+O(m2).
Since m < logn if p™ < n it follows that
sn(K) < pO((ogn)®) _ O(logn),

This completes the proof, modulo Proposition 6.2.2.

6.3 Perfect Lie algebras

Let F be a field and Ly a perfect Lie algebra of dimension d over F. Let
Fi, ..., F; be finite field extensions of F', and put

Li=Ly®Fj
t
L=EPL,
j=1

(all tensor products over F'). Thus L is a Lie algebra over F. For a subspace U
of L, dim U denotes the F-dimension of U and codimU = dim L — dim U. For
subspaces U and V of L, we write

[U, V] = {([u,v] |ueU, veV)
where for any subset X, (X) denotes the F-subspace spanned by X.
Proposition 6.3.1 Let U and V be F-subspaces of L. Then
codim [U, V] < d(codim U + codim V).

Before proving this, let us deduce Proposition 6.2.2. This concerns the
graded Lie algebra
LetF,t =L

and a graded F,-Lie subalgebra H of finite codimension in L.

Say
H= @ U, ® tt
i=1

where each Uj; is a subspace of L. Then

=2 \n=1
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and so

dim(L/[H,H]) = dim L + i codim (ZZ[Um, Un])

1=2

<dim L+ Y (codim [Uy, Uy] + codim [Uy,, Uy 41])

n=1

<dim L + Z d(3codim U,, + codim Uy, ;1) by Proposition 6.3.1

n=1

<dimL+4d»  codimU, = dim L + 4d dim(L/H).

n=1
This establishes Proposition 6.2.2.

Remark In fact the same result holds for an arbitrary IF-Lie subalgebra H of
L, graded or not. Taking U,, to be the subspace of leading terms of elements of
degree n in ‘H, the reader can easily verify that the argument still works.

Now let us prove Proposition 6.3.1. Let K be the algebraic closure of F.
Then for each j we have

LioK=(Ly®F))®K = Ly® (F; ® K) = Lo ® K“) = (Ly ® K)*)

where e; = (F; : F). So L® K = M™ where M = Ly ® K is a d-dimensional
perfect Lie algebra over K, and n = ) e;. Since extending the base field
preserves the dimensions of subspaces, Proposition 6.3.1 will therefore follow
once we establish

Lemma 6.3.2 Let K be an infinite field and My, ..., M, perfect d-dimensional
Lie algebras over K. Let U and V' be subspaces of L= My & ---® M,,. Then

codim [U, V] < d(codim U + codim V).

Proof. Write m; : L — M; for the projection map and put U; = 7;(U). Let
S; be the set of d-tuples x € U;d) such that

codimyy, ([w1, Mj] + - -+ + [wq, M;]) < dcodim py, U

We claim that each S; is non-empty. Indeed, if U; < M; then dcodimy, U; >
d, while if U; = Mj then codimyg, ([x1, M;] + ...+ [xq, M;]) = 0 whenever
{z1,..., 24} is a basis for Uj.

Now §; is a Zariski-open set in U](d) (its complement is defined by the vanish-
ing of certain determinants whose entries are linear functions of the coordinates
of 21,...,24); therefore w{l(Sj) is a non-empty Zariski-open subset in U (writ-

ing m; also for the projection LD — M ;d)). The intersection of finitely many
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such sets is non-empty (because U is a vector space over an infinite field). Hence
there exist y1,...,yq € U such that 7;(y1,...,yq) € S; for every j.
Putting 7;(y;) = 2, we have

o L]+ [y 2 = @ (o4, ) + -+ [, M) )

the codimension of this subspace in L = B, M; is at most

d Z codimyy, U; < dcodimU.

J
Now let W be a complementary subspace to V' in L. Then

d d d

S o L =D v VI+ > v Wl

i=1 i=1 i=1

Since dim[y;, W] < dimW = codimV for each ¢ this implies that the codi-
mension of Y [y;, V] in > [y, L] is at most dcodimV. The result follows since
2y VICUV]. =

6.4 Normal congruence subgroups

We will start with sketching the proof of Theorem 6.4. We won’t give a complete
proof, sending the reader to [Larsen & Lubotzky] for details. Instead we describe
a special case which illustrates the general method.

Let A = SLy4(F,[[t]]). For r € N put

A(r) = ker (SLa(Fp[[t]]) — SLa(Fp[[t]}/(t"))) -

Then A/A(1) = SL4(F,) and for every i,5 > 1,[A(2), A(5)] € A(i + j) and
A(1)P C A(pi). Thus for each » > 1, A(r)/A(r + 1) is an elementary abelian
p-group of rank d? — 1, central in A(1)/A(r + 1). The action of A/A(1) on
A(r)/A(r + 1) is equivalent to the adjoint action of SLq(F,) on its Lie algebra
S[d(Fp).

Now, if p t d, then sl4(F,) is a simple SLy4(F,)-module. Using this one can
easily prove that for every proper open normal subgroup N of A, there exists
r € N such that A(r) C N C Z(r) where Z(r)/A(r) = Z(A/A(r)). So N is of
index approximately p(d2_1)T. As Z(r)/A(r) has order bounded independently
of r, it follows that for a given r there is only a bounded number of possibilities
for such N. This implies that s(A) is bounded above, as well as below, by
constant multiples of logn.

On the other hand, if p | d, then for » > 1 the group A/A(pr) has a large
centre: this consists of all the scalar matrices of the form (1 + y)I; where y €
(t")/(t"). Note that (14 y)? = 1 in the ring F,[[¢]]/(t"), so det((1 +y)I4) = 1.
Now, |(t")/(t"")| = p®~" and so A/A(pr) has a central elementary abelian
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p-subgroup of rank (p—1)r. Hence A has at least p[(p’1)2T2/4] normal subgroups
of index at most |A/A(pr)| ~ p(&°~DPr Therefore s2(A) grows at least as fast
as n'°8". As this is the fastest possible normal subgroup growth type (Corollary
2.8), it follows that the strict growth type of s;J(A) is nlo&™.

Note that SLg is of type Ayz_1 whose fundamental group is of order d, so
p | |7(G)| if and only if p | d and we have proved Theorem 6.4 for the special
case of A = SLy(F,[[t]]). The general case is based on similar considerations but
it is technically much more complicated. The groups of Ree type in particular
need special consideration. Here A(r)/A(r+1) is not a simple A/A(1) module,
which leaves room for more normal subgroups. In the positive characteristic
case (in contrast to Ga(Zs) and Fy(Z3)) there are indeed many more normal
subgroups, though their number is still polynomially bounded. There are more
cases for which the finite IF,-Lie algebra is not a simple module for G(F,) — (see
[Hogeweij 1982]), but in all of them p | |7(G)| which already gives the maximal
possible normal subgroup growth type n'°s".

For later use we make another remark. There is another difference between
the cases p | d and p 1 d. In the first case the centres of the finite quotients can
be arbitrarily large, as we saw above for A = SL4(F,[[f]]). In the second case,
we have the following:

Proposition 6.4.1 Let G be a simply connected, simple algebraic group over
a local field k of characteristicp > 0. If pt |7 (G)| then for every open compact
subgroup Ao of G(k) there exists a constant C' = C(Ao) such that |Z(Q)| < C
for every finite quotient Q of Ay.

This is not difficult to check when A = SL4(FF,[[t]]), p 1t d; for the general case
see [Larsen & Lubotzky].

Before we turn to the proof of Theorem 6.3, we illustrate the main idea of
the proof by treating the example

I = SL3(Z).

If p =1 (mod 3) then the centre of SL3(F,), the group of scalar matrices, is
a cyclic group of order 3. Now let = be a large real number and p,...,ps the
primes of size at most = with p; = 1 (mod 3). By the Prime Number Theorem
along arithmetic progressions (3> Primes), ¢ ~ z/2lnz and Zle lnp; ~ x/2.
Let m = Hle p; so m is approximately /2. The Strong Approximation theo-
rem shows that SL3(Z) maps onto SL3(Z/mZ) = Hle SL3(F,,); this group has

order at most m?, while its centre is an elementary abelian 3-group of rank £. It
follows as usual that T has at least 31¢°/4 normal subgroups of index < m?, and
with the preceding estimates for £ and m this shows that the normal subgroup
growth of T is of strict type at least nlog”/(loglog n)? Tt is also not difficult to
prove an upper bound of the same type.

Note however that SL3(Z) has trivial centre. Its Zariski closure SL3(C) has a

centre of order 3, but the argument would work equally well for PSL3(Z) whose
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Zariski closure PSL3(C) has no centre. What really matters is the centre of the
simply connected cover, i.e. the fundamental group of the adjoint group, which
ensures that for sufficiently many primes p the centre of the mod p congruence
quotient is non-trivial.

Now we sketch the proof of Theorem 6.3 in general. Recall that the congru-
ence completion of I' = G(Og) is

M = G(0s) = [[ G(0),
vgS

and that ¢}(T) = s;}(M).

Let us start with part (iii). By Theorem 6.4.(i), already for one single v ¢ S,
the normal subgroup growth type of G(O,) is of type at least n'°8™ hence so
is that of s3J(M). As this is the maximal possible, this establishes (iii).

Next, we consider the lower bounds in parts (i) and (ii).

For (i): Og has at least cn ideals of index at most n, for some fixed ¢ > 0
(depending on Og) and for all n sufficiently large. The principal congruence
subgroup ker(I' — G(Og/I)) associated to an ideal I of index < n is normal,
and has index at most n? for some constant d. This shows that the growth type
of ¢}(T) is at least n.

For (ii): Note first that we are in the case where p t |[7(G)|. Recall that 7(G)
in this case is isomorphic to the centre of G(k), where k denotes the separable
closure of k, as G is simply connected. There exists a finite Galois extension k'
of k such that G(k’) contains Z(G(k)). Let P; be the set of primes in k that
split completely in &' and P = P; \ S. By the Chebotarev density theorem (¢
Primes) the set P; has positive density, and as S is finite so does P. For a
large real number z, let P, be the set of all primes in P of norm at most z. By
the Prime Number Theorem and the positive density of P, each of the functions

¥(x)
x/Ilnx and x

m(x)

is bounded away from both zero and infinity, where

w(2) = [Pul, v(@)= 3 In|P|

PeP,

and |P| denotes the norm of P (i.e. the index |O : P|).
Put J(z) = [[pep, P and let M(J(z)) denote the principal congruence

subgroup modulo J(z). Now |Og/J(z)] = [[ |P| = e*®. It follows that
PeP,
M/M(J(z)) = [I G(Og/P) is of order approximately C{* where C is some
PeP,
constant and d = dim G. Now fix a (rational) prime ¢ dividing |7(G)|. For
each P € P, the group G(Og/P) contains a central element of order q. Thus

[Ipep, G(Os/P) has a central elementary abelian g-subgroup of rank [P,|. It
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follows that M /M (J(z)) has at least q/™(®*/4] central subgroups and hence that
M has at least )
gF@/4 > g7 maT

normal subgroups of index at most C{®. This proves that the normal subgroup
growth of M is of type at least nlogn/(loglog n)” as claimed.

We turn finally to the proof of the upper bounds.
Let P be the set of all primes of £ which are not in S. Let P; be the set of
all primes v € P such that:

(a) G(F,) is a quasi-simple group, where F,, = O, /m,, and G(F,) is the image
of G(O,) in GL,(F,);

(b) if Q, (i) = ker(G(O,) — G(0O,/m!)), then
[QU(1)7 QU(Z)] = QU(Z + 1)
for every i > 1;

(c) the elementary abelian p-group Q,(1)/Q,(2) is a simple G(F,)-module,
and

(d) If p = 0, the rational prime below v does not divide |7(G)|.

Now, unless G is of Ree type (i.e., p = 2 and G of type Fy or p = 3 and
G of type G3), the set Py contains almost all primes in P. This is well known
when G splits, but also holds in general (the reader is referred to [Larsen &
Lubotzky] for details and references).

We will leave aside the two exceptional cases when G is of Ree type. Consider
S1=SU{v|v ¢ Pi}and Hy = G(Os,) = [[,ep, G(Oy). One proves by
induction, using properties (a), (b) and (c), that for each open normal subgroup
N of Hy, there exists an ideal I of Og, such that Q(I) C N C Z(I) where

Q) = ker G(Os,) — G(Os, /1)

and Z(I) is the preimage in Hy of the centre of G(é.g,\l/f) (here T denotes the
closure of I in 65\1 ). It now follows, by a similar computation to the one carried
out above for the lower bound, that the normal subgroup growth type of H; is
n in case (i) and n'ogn/(oglog ™* in case (ii).

Now M = H; x Hy where Hy = Hv¢7>1us G(0O,). The latter is a product of
finitely many groups, each of them having at most polynomial normal subgroup
growth . We claim:

(A) The normal subgroup growth of Hj is at most polynomial.

(B) The normal subgroup growth of M is at most polynomial in case (i) and
at most nlosn/(eslogm)” ip cage (ii).
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Claim (B) completes the proof of Theorem 6.3, except for groups of Ree type.
For these cases the proof is similar but more care is needed as the modules in
condition (c) are not simple. The reader is referred to [Larsen & Lubotzky] for
details.

Applying Proposition 1.3.6 of Chapter 1 to a group extension of the form
A < A x B we obtain

Lemma 6.4.2 Let H = A x B be a product of two groups. Then
si(H) < 57(B)?s7(A)za(A4)" )
where

2n(A) = max{|Z(A/D)||D < A and |A: D| < n},
0n(A) = maX{d(Z(A/D))‘NQA and |A:D|<n}.

To prove Claim (A), we combine this with Theorem 6.4 and Proposition
6.4.1.

Now for Claim (B).

Case (i): the only open normal subgroups of H; in this case are the prin-
cipal congruence subgroups, and the finite quotients have no centre. It follows
therefore that

sm(M) = s3(Hy x Hy) < s7(Hy)s;) (H2)?,
and so it is polynomially bounded.

Case (ii): We observed above that the normal subgroups of H; lie be-
tween Q(I) and Z(I) for some I < Og,. Now if I is an ideal of index n®
which is a product of m prime powers then the Prime Number Theorem im-
plies that m < clogn/loglogn, where ¢ is a constant. So the abelian group
Z(I)/Q(I) has order at most z¢08n/loglogn where 2 = |7(G)|, and its rank
is at most C’logn/loglogn. Thus in the notation of Lemma 6.4.2, z,(H;) <
zClogn/loglogn anq §, (Hy) < C”logn/ loglogn, while s3(H;) < zC¢" (logn/loglog n)?,

It follows that

sS(H) < s3)(Hp)? - 220 logn/loglogn)®

and the claim follows by (A) (since z is constant).

Notes

Theorem 6.1 is from [Lubotzky 1995,], but the proof of the lower bound
given there relies on a version of the Prime Number Theorem along arithmetic
progressions which is known only modulo the Generalized Riemann Hypothesis.
This gap was subsequently filled in [Goldfeld, Lubotzky & Pyber], where it is
shown that by a different choices of the parameters one can appeal to a theorem
of Linnik and make the proof unconditional. We have preferred, however, to
use Bombieri’s result (also following [Goldfeld, Lubotzky & Pyber]) as that
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result (a) enables to present the proof in a cleaner way and (b) gives a better
constant (in fact the same constant one would get using the GRH). There is,
though, one disavantage to this approach: the prime chosen in the proof, though
its existence is assured by Bombieri, is not explictly specified, and hence nor is
the set of arithmetic subgroups presented to demonstrate the lower bound. To
this extent the proof is non-constructive.

Proposition 6.1.1, comparing level and index, is due to [Lubotzky 1995,].
It has a long history, going back to Galois for the case of SLy(Z) and prime
level; see [Jones 1986] for further references.

The lower bound in Theorem 6.2 is from [Lubotzky 1995,], where a weaker
upper bound (n(10g ”)2) was also established. The sharp upper bound in Theorem
6.2, and the material on Lie algebras in Section 6.3, are due to Nikolay Nikolov
(unpublished); the short proof of Lemma 6.3.2 given here was suggested by M.
Abért and B. Szegedy.

[Abért, Nikolov & Szegedy]| establish a stronger version of Proposition
6.2.2, showing that

dim(£/H') < dim L + 7dim(L/H).

(The proof only applies to the Lie algebras arising, as above, from split simple
algebraic groups.) This implies that the number of subnormal congruence sub-
groups of index at most n in I is bounded above by n?'°8™ where the constant
b is independent of the group G; whether the same can be said for the number
of all congruence subgroups of index at most n is at present unclear, because
the constant ¢ in Proposition 6.2.1 does depend on the Lie rank of G.

The results on normal subgroups are all from [Larsen & Lubotzky].
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Chapter 7

The generalized congruence
subgroup problem

We keep the notation of the preceding chapter, restricting attention now to an
algebraic number field k, with ring of integers O = Oy. The set of all primes
(equivalence classes of valuations) of k is denoted V4, the finite subset of ‘infinite
primes’ (non-archimedean valuations) is Vo, and V;, \ Vo = Vy; so Vy may be
identified with the set of non-zero prime ideals of . For each v € Vj the
v-completion of k is denoted k.

Throughout, S will denote a finite subset of Vj, containing V,,. The ring of
S-integers is

Os={xek|v(x)>0forallvegsS}.

Let G be a connected, simply-connected, simple, algebraic group defined over
k with a fixed embedding G — GL,.. We assume throughout that

e G(k,) is non-compact for every v € S\ Vo
o G(ky,) is non-compact for at least one v € S.

In the preceding chapter we determined the congruence subgroup growth of
the S-arithmetic group
I'=G(Og);

it is of type nlogn/loglogn  What about its subgroup growth? Obviously this
will be the same if every subgroup of finite index is a congruence subgroup, and
it is easy to see that it will still be the same if the following slightly weaker
condition holds: the natural map

I — G(Os)

has finite kernel (it is an epimorphism, by the Strong Approximation Theorem).
In this case I is said to have the congruence subgroup property (CSP). We remark
that if G(k,) were compact for some v € S\ V., then the CSP would fail for

139
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formal reasons (because in that case, G(Og) is commensurable with G(Og/)
where S = S\ {v}); so our global hypothesis that G(k,) be non-compact for
each finite v € S is no real loss of generality. (If G(k,) were compact for every
v € S then T', being a discrete subgroup of [][,.q G(ky), would be a finite
group.)

The first main result shows that if I' does not have CSP then its subgroup
growth is significantly faster. In Section 1 we prove

veES

Theorem 7.1 Let I' = G(Og) be as above and assume that G(k) has the
‘standard description of normal subgroups’ Then I' has the congruence sub-
group property if and only if T' has subgroup growth of type strictly less than
nl°8 " that is, if and only if

sn(T) = O(n® 1Og")
for every e > 0.

The extra hypothesis imposed on G is explained in §7.1; it is conjectured to
hold in all cases, and known to hold in almost all cases.

The theorem shows that when I' fails to have the congruence subgroup prop-
erty, most of its finite-index subgroups are not congruence subgroups: for in-
finitely many integers n, I' has at least n°1'°8™ subgroups of index < n, but no
more than n¢2 1087/ 1oglogn of these are congruence subgroups (where ¢; and ¢y
are positive constants). We actually believe (and many known examples support
this) that when the congruence subgroup property fails the subgroup growth is
in fact much faster than n'°®™ (probably super-exponential).

It follows from the theorem, but is easy to see anyway, that if I' has the CSP
then no subgroup of finite index in I can have a non-abelian free quotient. It is
less obvious but also true that in fact no subgroup of finite index can have an
infinite cyclic quotient; as I' is finitely generated this is equivalent to saying that
if ' has the CSP then every finite-index subgroup of T' has finite abelianisation.
The proof of this is sketched in §7.1 below.

The interest of Theorem 7.1 is that it provides a characterisation of the
arithmetically-defined congruence subgroup property in purely group-theoretic
terms (for further results of this nature, see Chapter 12). An important appli-
cation is that it enables one to formulate the ‘congruence subgroup problem’
without referring to the arithmetic structure of I'; this is of particular interest
for lattices in semisimple Lie groups. The classical congruence subgroup prob-
lem concerns S-arithmetic groups as above. Such an S-arithmetic group is a
lattice (a discrete subgroup of finite covolume) in a suitable semisimple group.
Here by semisimple group we mean a product H = [[;_, G;(K;) where each K;
is a local field and G; is a simple algebraic group defined over K;. A famous the-
orem of Margulis shows that in many cases, every lattice in H is S-arithmetic.
On the other hand, when r = 1 and G has K;-rank equal to 1, it is possible
(sometimes) that H also has non-arithmetic lattices. (The K;-rank of G; is the
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maximal dimension of a K;-split torus in G;). Using Theorem 7.1 as a guide,
it makes sense to formulate the

Generalized congruence subgroup problem Let I" be a lattice in a semisim-
ple group over local fields of characteristic 0. Is the subgroup growth type of I'
strictly less than n!°8™? In this case we say that I has the generalized congruence
subgroup property.

Serre’s conjecture, which is largely proved by now, asserts, loosely speaking,
that an S-arithmetic lattice in a semi-simple group H has the congruence sub-
group property if and only if the rank of H is at least 2 (see §7.1 for a precise
formulation). In particular, the conjecture implies that the validity of the con-
gruence subgroup property for (arithmetic) lattices I' in H depends only on H
and not on I'. This is compatible with other known properties of lattices. Ex-
tending this philosophy to arbitrary lattices in H, it is natural to conjecture that
non-arithmetic lattices never have the generalized congruence subgroup property
(these only exist in groups of rank one, by Margulis’s theorem mentioned above).

In Section 2 we summarize what is known about the subgroup growth of
lattices in rank-1 groups. This is not sufficient to establish the ‘generalized
conjecture’, but all the results support it. Taken together they amount to

Theorem 7.2 Let H = G(K) where K is a local field of characteristic 0 and
G is a simple, connected algebraic group defined over K with K-rank 1. Let T’
be a lattice in H. Then I' does not have the generalized congruence subgroup
property in each of the following cases:
(1) if K is non-archimedean;
(2) if K =R and one of the following holds:

(2a) H is locally isomorphic to SO(2,1) or SO(3,1);

(2b) H is locally isomorphic to SO(m,1),m > 4, and either T' is arithmetic
and m # 7 or T is one of the (currently) known non-arithmetic lattices;

(2¢) H =SU(m,1) and T is an arithmetic lattice of ‘simple type’, or H =
SU(2,1) and T is one of several non-arithmetic lattices constructed by Livne.

In most cases, one actually proves that I' has a subgroup of finite index
that has a non-abelian free quotient; this implies (by Corollary 2.2) that I" has
subgroup growth of strict type n™. It seems likely that this always holds for
such lattices, the only doubtful cases in the above list being SO(3,1), some
arithmetic lattices (of ‘complex type’) in SO(m,1), m odd, and the arithmetic
lattices of simple type in SU(m, 1).

When K is a local field of positive characteristic, uniform lattices in rank-
one groups are virtually free, while the non-uniform ones are not even finitely
generated, and have uncountably many subgroups of finite index.

The arguments in §7.2 are topological and geometric. The debt to geometry
is repaid by the following application, discussed in the final section:
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Theorem 7.3 Forn >4 andr > 0 let p, (1) denote the number of isomorphism
classes of n-dimensional hyperbolic manifolds of volume at most r. Then there
exist positive constants a = a(n) and b =b(n) such that

rar < pn(r) < rbr

for all sufficiently large r.

7.1 The congruence subgroup problem

In many cases, for example if G splits over k, it is known that G(k) = G is a
projectively simple group, i.e. G/Z(G) is simple. This is not the case in general.
For example, let H be the Hamiltonian quaternion algebra and G = H' the
group of quaternions of norm 1. It is well known that if p is an odd prime then
H splits in Q, and hence G(Qp) = SL2(Qj), but H does not split in Q2 and
G(Q2) is a compact, indeed profinite, group. As G(Q2) contains G(Q) this
group is also residually finite, hence has many normal subgroups of finite index.

The Platonov-Margulis conjecture asserts that essentially all normal sub-
groups of G(k) are obtained this way. More formally, let

T ={veVy|G(k,) iscompact}.
It is known that T is a finite set, and our standing assumption is that
TNS=4.

Let 0 : G(k) — Gr =[], cp G(ky) be the diagonal embedding of G(k) into the
profinite group Gr = [[,cr G(ky).

Platonov-Margulis Conjecture For every non-central normal subgroup N
of G = G(k) there exists an open normal subgroup N of Gp such that N =
6‘1(1\7). In this case one says that G has the standard description of normal
subgroups.

The Platonov-Margulis conjecture has been proved in almost full generality
(see [PR], Chapter 9 and [Segev 1999]). Margulis has also proved that in any
case, every non-central normal subgroup of G = G(k) has finite index. We will
assume throughout the section that G has the standard description of
normal subgroups. Note that if T is empty, as is the case for example if G
splits or even quasi-splits, this implies that G is projectively simple.

The standing assumption that Gg = [[,cg G(ky) is non-compact, which is
equivalent to

veS

ranksG = Z rankg, (G) > 1,
veS

implies that the S-arithmetic group I' = G(Og) is infinite; in this case I' is a
lattice (i.e. a discrete subgroup of finite covolume) in Gg.
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The congruence subgroup problem concerns the family of all finite-index sub-
groups of I'. As every non-zero ideal of Og has finite index, the principal con-
gruence subgroups I'(J), and hence all congruence subgroups of T', have finite
index. The classical congruence subgroup problem asks whether these are all
the subgroups of finite index in T'.

A modern reformulation is due to Serre. Consider G = G(k) as a topological
group with two topologies. The arithmetic topology is defined by taking as a
base of neighbourhoods of the identity the family of all finite-index subgroups of
I'. The S-congruence topology is defined similarly by taking just the congruence
subgroups of T'. Let G (resp. G) be the completion of G with respect to the
arithmetic (resp: S-congruence) topology. Note that G is not the profinite
completion of G, which may have no proper subgroups of finite index; but the
closure I' of I' in G is indeed the profinite completion of I". By the strong
approximation theorem for G (% Strong Approximation), G(k) is dense in
G(Ag), where Ag is the ring of S-adeles of k; then G is isomorphic to G(Ag)
and the closure ' of T in G is isomorphic to G(Os) this is the congruence
completion of T'.

The arithmetic topology is stronger than the S-congruence topology and
hence the identity map on G extends to an epimorphism 7 : G — G. We put

C=0C(G,S) =kerm.
It follows from the definitions that C' < f, and we have the exact sequence
1-C—-T—>T—1.

If indeed every finite-index subgroup of I' is a congruence subgroup, then the
two topologies are the same and 7 is an isomorphism, so C' = 1. Otherwise C
is non-trivial. In any case, C' is a profinite group.

Proposition 7.1.1 One of the following holds:
(a) C(G,S) is finite and central, or
(b) C(G, S) is not finitely generated as a topological group.

In view of this strong dichotomy, and since for most applications (e.g. super-
rigidity — see [Bass, Milnor & Serre 1967]) the finiteness of ker 7 suffices, we make
the following

Definition T' = G(Og) is said to have the congruence subgroup property (CSP)
if C(G, S) is finite (and hence central).

Warning: some authors call this the “weak congruence subgroup property”,
keeping “congruence subgroup property” to its original meaning, i.e. kerm = 1.

If T has CSP then it has subgroup growth of strict type nlogn/loglogn
Theorem 6.1 and Proposition 1.11.2. So to complete the proof of Theorem 7.1
it remains to establish

Proposition 7.1.2 If T = G(Og) does not have CSP then T' has subgroup
growth of type at least n'°8™.
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This will occupy the rest of this section. We shall assume for simplicity that
in fact T is empty, so that G is projectively simple; for the general case see
[Lubotzky 1995,].

We begin by sketching the proof of Proposition 7.1.1. Suppose that (b) does
not hold, i.e. that C is finitely generated as a profinite group. The infinite
simple group G/Z(G) acts on C via conjugation in G, and the action cannot
be faithful because the group of (continuous) automorphisms of C is residually
finite (indeed a profinite group; see for example [DDMS], §5.3). Hence the action
is trivial, which means that C' is centralized by G, and hence central in GasG
is dense.

Before proceeding we remark that the same argument shows the following
(whether or not C is finitely generated):

(t) If M is an open subgroup of C' which is invariant under conjugation by G
(or equivalently normal in G) then [C,G] < M.

In the present case, we see that G is a central extension of the adelic group G
G(Ag). This implies that C is a quotient of the ‘metaplectic kernel’ M (G, S),
which is always a finite group: see [PR], §9.5, [Prasad & Raghunathan 1983].
Thus (a) holds.

The next step is the following result, which was essentially proved in [Rap-
inchuk 1990] and called ‘Rapinchuk’s Lemma’ in [Lubotzky 1995,]:

Proposition 7.1.3 If ' does not have the congruence subgroup property, then
there exist the following: a subgroup Ty of finite index in ', a profinite group E
containing Iy as a dense subgroup, and an exact sequence of profinite groups

1-W—-F—H—1, (%)

where

o W is the Cartesian product of infinitely many copies of a fized non-trivial
finite simple group F, and _

o H is an open subgroup of the congruence completion I' of T.

Furthermore, if F is abelian then

o H can instead be taken to be a pro-p group of finite rank, for some prime p.

Proof. (Sketch) Let K = [C,G] denote the closure of [C,G] in G. Then
1—-C/K — CA?/K — G — 1 is a central extension of G, since G is dense in
G. Tt follows from the ‘Metaplectic Theorem’ mentioned above that C'/K is
finite. So K is open in C and normal in G. Let M be a maximal proper open
normal subgroup of K, so K/M = F is a non-trivial finite simple group. Now
N = ﬂgeG M?9 is a closed normal subgroup in G. If N has finite index in C,
then by (4) we have M > N > [C,G] = K, a contradiction; N therefore has
infinite index in K. Moreover K/N is a subcartesian product of copies of F' (a
subgroup of [ [, K/M? which maps onto each factor). As F'is a finite simple
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group, it follows that K /N is isomorphic to an infinite Cartesian product of
copies of F' (actually the number of factors is countable because G = G(k) is a
countable group).

We now have the exact sequence

1—>C/N—>é/N—>C~7'—>1,
and as C' < T < é this induces an exact sequence
1—>C/N—>f/N—>f—>1.

Replacing I' with a suitable finite index subgroup I'g which satisfies fEﬂC’ =K,
we get e
1— K/N—Ty/N—Ty—1

where Ty is the closure of I'y in G = G(@S). So the main part of the proposition
is proved with E =To/N and W = K/N = F%o,

When F' is abelian, one can take H to be a suitable open subgroup of rn
G(ky), for some v € V'\ S. The latter is virtually a pro-p group for the rational
prime p lying under v, so its sufficiently small open subgroups are pro-p groups.
For details of the proof see [Lubotzky 1995a], (5.3). m

We can now complete the proof of Proposition 7.1.2. Suppose that I" does
not have the congruence subgroup property. We have to show that the subgroup
growth type of I' is at least n'°8™. Now let E be the profinite group given in
Proposition 7.1.3. Since the profinite completion of I'y maps onto F, it will
suffices to prove that the subgroup growth of F is at least that fast. Given what
we know about E, the argument now follows a pattern familiar from Sections 3
and 4 of Chapter 5.

Case 1. Where the finite simple group F' is non-abelian. Now the upper
composition factors of E are either congruence images of G(QOg) or else isomor-
phic to F'; consequently every finite quotient of E belongs to the class B, of
groups satisfying the ‘Babai-Cameron-Pélfy condition’, relative to some bound
¢ (3 Permutation groups). We now apply

Lemma 7.1.4 Let Q be a finite group belonging to the class B., and suppose
that Q has a normal subgroup N isomorphic to F™ for some non-abelian simple
group F. Let n =|Q : Co(N)|. Then

Sn(Q) > nAlogn
where A > 0 depends only on ¢ and F.

This is proved below. Now let K be any open normal subgroup of E. Then
KW/K = F(™) for some m, and applying the lemma to Q = E/K we deduce
that s,(E) > n1°8" where n = |E: Cg(KW/K)|. Since F™) has trivial
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centre, it is clear that n > |[KW/K| = |K : KN W|; as W is infinite, n takes
arbitrarily large values as K ranges over all the open normal subgroups of F,
and it follows that the subgroup growth type of E is at least nl°8™,

Proof of lemma 7.1.4 Replacing by Q/Co(N) we may assume that
Q@ acts faithfully by conjugation on N, and n = |@Q|. Now @ permutes the m
simple factors of N, with kernel K, say. Then K is isomorphic to a subgroup
of Aut(F)(™) so |K| < |F|*™ because F can be generated by 2 elements (3~
Finite simple groups). Also Q/K is isomorphic to a subgroup of Sym(m),
and Theorem 8 of the Permutation groups window implies that |Q/K| < b™
for some b depending only on ¢. Thus n < o™ |F|2m and logn < mB where
B=b|F|.

On the other hand, N contains an elementary abelian subgroup of order p™
for some prime p | |F| (of course we can take p = 2, by the Odd Order theorem);

hence @ has at least p[mg/ 4 subgroups. Then

log 5,.(Q) = log s(Q) > [m?/4]
> A(logn)?

where A = (8B)7!, say. The lemma follows.

Case 2. Where F is abelian. In this case W is an infinite elementary abelian
g-group for some prime ¢, and we have the exact sequence (x) in which H is
Now a pro-p group.

If p = q then F is a pro-p group of infinite rank, hence E has subgroup
growth type at least n'°8™ by Theorem 4.2.

We are left with the case where p # ¢. Let K be any open normal subgroup
of F and put Y = Cgp(KW/K). Then KW/K = Fy* for some m, and E/Y is a
finite p-group acting faithfully on KW/K. It follows that |[E/Y| < (2¢)™ < ¢°™
(3 Finite group theory). Now Y/KW is also a p-group, so Y/K is nilpotent
and therefore equals KW/K x D/K for some open normal subgroup D of E.
Then Y/D = 7" contains at least q[mz/ 4] subgroups, each of which corresponds
to an open subgroup of index at most |E : D| < ¢ in E. Hence for n = ¢™
we have

log s,,(E) > [m*/4] log q
> A(logn)?

where A = (72log q) !, say. As above, the fact that W is infinite implies that n
takes arbitrarily large values, and again we conclude that the subgroup growth
type of E is at least n'°8™. This completes the proof of Proposition 7.1.2, and
with it the proof of Theorem 7.1.

Remark. A sufficient condition for C(G, S) = C to be infinite is that I" possess
an infinite virtually abelian quotient. Indeed, if this holds and C' is finite then
I' = I'/C also has such a quotient. Since I' =[], ¢ G(O,) it follows that G(O,)
has a non-trivial abelian qotient for infinitely many p; this contradicts the fact
that G(O,) is a perfect group for almost all p (see §6.1).
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7.2 Subgroup growth of lattices

By a semisimple group we mean a product H = [[;_, G;(K;) where for each i,
K; is a local field and G; is a connected simple algebraic group over K;. The
rank of H is defined to be

s

rank(H) = Z rankg, (G;)

i=1

where rank g (G) denotes the maximal dimension of a K-split torus in G. We
assume throughout that none of the G;(K;) is compact (this is equivalent
to rankg, (G;) > 1 for each i).

A discrete subgroup I' of a locally compact topological group H is called a
lattice if H/T carries a finite H-invariant measure. T is uniform (or cocompact)
if H/T' is compact, and non-uniform otherwise. A lattice I" in H is called
1rreducible if no finite index subgroup of I' can be represented in the form of a
direct product of two infinite groups.

Irreducible lattices in a semisimple group H are always finitely generated
except when » = 1, K; is a local field of positive characteristic, and I" is a
non-uniform lattice in H = G1(K7). For this, and other facts about lattices,
see the book [M] of Margulis.

The S-arithmetic groups discussed above provide important examples of
irreducible lattices. Let k be a global field, S O V., a finite subset of Vi, and G
an absolutely almost simple algebraic group defined over k. Then I' = G(Og) is
an irreducible lattice of G = [],.g G(ky), via the diagonal embedding. This is
a well known result of Borel and Harish-Chandra (in the characteristic 0 case)
and Behr and Harder (in the positive characteristic case).

Now let H be a semisimple group and I' an irreducible lattice of H. Then I'
is called arithmetic if there exist k, G and S as above and a continuous epimor-
phism ¢ : G = [[,cg G(ky) — H, with compact kernel, such that ¢(G(Os)) is
commensurable to I'.

The celebrated theorem of Margulis is

Theorem 7.2.1 If rank(H) > 2 then every irreducible lattice in H is arith-
metic.

Our main focus in this section is the subgroup growth of lattices in semisim-
ple groups. For arithmetic lattices there is the

Conjecture [Serre 1972] Let G be a simple simply connected algebraic group
over a global field k, satisfying our non-compactness assumptions w.r.t. the
set S. Then I' = G(Og) has the congruence subgroup property if and only if
ranksG > 2.

Recall that
rankgG = rank(G) = Y _ rankg, (G(ky)).
vES
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Now, the affirmative part of Serre’s conjecture (i.e. that I' has the congruence
subgroup property if rankg(G) > 2) has been proved in many cases (see [PR]
§9.5 and [Rapinchuk 1997]). In these cases Theorems 6.1 and 6.2 give the
subgroup growth of I'. We should mention that the assumptions of simple
connectedness and non-compactness of G(k,) for v € S\ V, are not really
essential as regards the subgroup growth of I' (for the first, I' may be replaced
by a suitable covering group with finite kernel, and for the second by a suitable
subgroup of finite index).

For groups of S-rank 1 the situation is less clear. Note also that Margulis’s
Theorem allows for the existence of non-arithmetic lattices.

Before going further, let us call the attention of the reader to the fact that
Serre’s conjecture on the congruence subgroup problem implies in particular that
the answer to this problem for an arithmetic group G(QOg) does not depend on
the arithmetic group, but rather on the ambient semisimple group in which it
sits as a lattice (and actually only on its rank). We have seen in Theorem 7.1
that the congruence subgroup property is eventually a question of the subgroup
growth type of the arithmetic group. Putting this together, we would expect
that all lattices SO(n,1) and SU(n,1) should fail to have the generalized CSP,
as we know that some of them do; as these are the simple real Lie groups that
have non-arithmetic lattices, we should therefore expect that the generalized
CSP fails for every non-arithmetic lattice. This would be so if the following
conjecture is verified:

Conjecture Let H be a semisimple group and I'y, I's two irreducible lattices
in H. Then the subgroup growth type of I'; is the same as the subgroup growth
type of I's, unless one of them is not finitely generated.

(Recall that H can contain a non-finitely generated lattice only if it is a rank-1
group over a local field of positive characteristic.)

We should mention however that the conjecture is not true for more general
topological groups H. For example, some arithmetic groups are also lattices
in H = Aut(Xp41) X Aut(X,41), where p and ¢ are primes and X, denotes
the r-regular tree, while [Burger & Mozes 2000] have constructed lattices in H
which are simple groups and so have no proper subgroups of finite index.

If indeed Serre’s conjecture is valid and arithmetic lattices in higher rank
semisimple groups do have the congruence subgroup property, then combining
this with Margulis’s arithmeticity result and using Theorem 6.1, one can see
that our conjecture holds at least in the case of higher-rank groups. Thus its
main new content concerns rank one groups, where non-arithmetic lattices are
possible. Let us see what can be said in this case.

We shall say that a group I' is of VF type if I' contains a normal subgroup
I’ of finite index such that I'y has a non-abelian free quotient.
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Case 1: Non-archimedean fields

Theorem 7.2.2 Let K be a non-archimedean local field and H = G(K) a
simple group of K-rank 1. Let T be a lattice in H.

(i) If T is uniform then T is virtually free.

(i) If T is non-uniform then T' is not finitely generated, and there exists n
such that T' has uncountably many subgroups of index n.

Case (ii) only occurs when char(K) is positive (see e.g. [Tits 1979]).

Proof. (See [Sr] Chapter II, §§1.7, 2.6). To each simple K-group H is
associated a Bruhat-Tits building: this is an aspherical building X of dimension
equal to rank(H), on which H acts so that H \ X is a finite complex. In our
case X is a tree. If T is cocompact then T' \ X is a finite graph, and T is
the fundamental group of a finite graph of finite groups. Hence it is finitely
generated and virtually free.

If T is a non-uniform lattice, then it is a “non-uniform tree lattice” in the ter-
minology of [Bass & Lubotzky 2001], and hence not finitely generated. Moreover
from the structure theorem proved in [Lubotzky 1991] it follows that T" has a
subgroup of finite index m with an infinite elementary abelian p-quotient, where
p = char(K). Evidently ' then has uncountably many subgroups of index mp.
]

Case 2: K =C
Here there is (up to local isomorphism) just one rank-one group.

Proposition 7.2.3 Let I be a lattice in SLa(C). Then I' has subgroup growth
of type at least n(1°8 n)*7* for every e > 0.

We will deduce this from Theorem 4.6.4: this says that if P is a finitely
presented pro-p group having subgroup growth of type at most n(l°8 n*™° for
some € > 0, then every minimal pro-p presentation of P must satisfy the Golod-
Shafarevich inequality. Suppose we can show that I' has a subgroup A of finite
index such that (some minimal presentation of) P = A, does not satisfy the
Golod-Shafarevich inequality: that is, P has a pro-p presentation on d(P) gen-
erators and r relations where r < d(P)?/4. We may then conclude that the
subgroup growth type of P is at least n(l°g m*" for every € > 0, and hence that
the same holds for A and for T'.

We may assume that I' is torsion-free. Now I' is not a virtually soluble
group because it is Zariski-dense in SLa(C) ([Ra], Cor. 5.16). It follows that
I" has infinite upper p-rank for every prime p, by Corollary 18 in the Strong
approximation window; in fact we only need the fact that I" has upper p-rank
at least 5 for one prime p. In any case this means that some subgroup A of finite
index in I' satisfies

o~

d(Ap) > 5.
We now appeal to the following result due to [Epstein 1961]:



150CHAPTER 7. THE GENERALIZED CONGRUENCE SUBGROUP PROBLEM

Proposition 7.2.4 If A is a torsion-free lattice in SLa(C) then A has a finite
presentation (X; R) such that |R| < |X]|.

We sketch the proof for the case where A is uniform, i.e. A\SLy(C) is compact.
Let H = SLy(C)/SU(2) denote the 3-dimensional hyperbolic space. Then M =
A\ H is a 3-dimensional hyperbolic manifold, compact by our hypopthesis, and
A = 7 (M). Take a cell decomposition for M with C; i-cells, i = 0,1, 2, 3, where
C3 = 1. A presentation for w1 (M) can be obtained from this decomposition:
the generators correspond to edges outside a maximal subtree and the relations
are given by the 2-cells. This gives C; — (Cp — 1) generators and C5 relations,
so we only need to show that

Ci—Co+1—-Cy>0.

But C7 — Cy + 1 — (5 is equal to the Euler characteristic of M, which is equal
to 0 by Poincaré duality.

The proof for the non-uniform case is similar. In fact [Epstein 1961] proves
more precisely that the deficiency of A, namely the maximum of | X| — |R| over
all finite presentations (X; R) of A, is equal to 0 if A is uniform and equal to 1
otherwise.

The same presentation (X; R) may be taken as a pro-p presentation for the
pro-p completion P = A, of A (+» Profinite groups). It is shown in the
Pro-p groups window that P then has a pro-p presentation (Y’;S) such that

Y| =d(P)
S| = [R| = (I1X] = [Y]).

Since | X| > |R| and d(P) > 5 this gives
S| < Y] <[Y]* /4.

Thus we have a minimal presentation for P that violates the Golod-Shafarevich
inequality, and the proof is complete.

Proposition 7.2.3 shows that, as expected, lattices in SLy(C) don’t have
the generalized CSP. However it gives only a rather weak lower bound for the
subgroup growth. In many cases (probably all in fact), the growth is much
faster. In particular, the following are known:

(i) Every non-uniform lattice in SLa(C) is of VF type [Cooper, Long & Reed
1997], [Grunewald & Noskov].

(ii) Let T be a torsion-free uniform lattice in SLa(C) such that T'/[T, T is finite.
Then there exists a > 0 such that s,(T) > 2"" for infinitely many values
of n [Reznikov & Moree 1997].
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Since SLg(C) is locally isomorphic to SO(3,1), some of the examples dis-
cussed in the next subsection provide further instances of (uniform) lattices in
SL2(C) that are of VF type. It is not known however if every uniform lattice
in SLy(C) has this property. A well-known conjecture of Thurston asserts that
every lattice in SLo(C) has a subgroup of finite index that maps onto Z (or in
geometric formulation: every compact hyperbolic 3-manifold has a finite-sheeted
cover with positive first Betti number). But at present this conjecture is wide
open.

Case 3: K =R

We turn finally to the most interesting case, where H is a real rank-one group. It
is known that H is locally isomorphic to one of the following: SO(m, 1) (m > 2),
SU(m,1) (m > 2), Sp(m, 1) (m > 2) or F{ 2.

Now SO(2,1) is locally isomorphic to SLa(R) and SO(3, 1) is locally isomor-
phic to SLo(C). The second case has been dealt with above, and the first is
easy:

Proposition 7.2.5 FEvery lattice in SLy(R) is of VF type .

Proof. Let T be a lattice in SLy(R). Replacing T’ by a subgroup of finite
index, we may suppose that I' is torsion-free. Then identifying the upper half-
plane H with SLy(R)/SO(2), we find that T" is isomorphic to the fundamental
group w1 (M), where M = T'\'H is a Riemann surface of genus g > 2 with r
puncture points say. Now 71 (M) has a presentation

g

,
<a1,b1,...,ag,bg,cl,...,cT;H[ai,bi] ch — 1>.
j=1

i=1

If M is compact, then r = 0 and 71 (M) maps onto the free group on g generators:
add the relations a; = b;,1 = 1,...,g. (Note that g > 2 because the the torus
of genus 1 is not covered by H.) If M is not compact then r > 1 and 71 (M) is
free on the 2g 4+ r — 1 generators a1,b1,...,a4,bg,¢1,...,cr—1. M

Next we consider the groups SO(m,1) where m > 3. First the arithmetic
lattices: except when m = 3 or m = 7, these are of two kinds:

I The lattices of simple type: Let k be a totally real number field with ring
of integers O, and o1 =id, 09, ...,0, the r = (k : Q) distinct embeddings
of k into R. Let f be a diagonal quadratic form in m + 1 variables over
k, say f = ZZ’:{l a;x?. Assume that f is of type (m,1) while fo¢ is
positive definite (i.e. of type (m + 1,0)) for ¢ = 2,...,r, (where f7 =
S g (a;i)2?). Then SO(f,0) is a lattice in [[_, SO(f7,R). As the
last r — 1 factors are compact (isomorphic to SO(m+1)), the projection of
SO(f, O) into the first factor SO(f,R) = SO(m, 1) is an arithmetic lattice
there.
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IT The lattices of complex type (which exist only if m is odd). Let k be a
totally real number field, D a quaternion algebra over k with the involution
o given by o(x) =tr(z) —x (x € D). Let m = 2d — 1,V a d-dimensional
D-vector space and h : V x V — D a a non-degenerate skew-Hermitian
form (so that for A\, € D and v,w € V, h(Av, pw) = o(A)h(v,w)p.) Let
G = SU(h) be the special unitary group of this form h. Assume that h
was chosen in such a way that G(k ® R) = SU(m,1) x C where C is a
compact group. If O is the ring of integers of k, then the projection I'
of G(O) to SU(m,1) is an arithmetic lattice (see [Vinberg & Shvartsman
1993] or [Li & Millson 1993] for details).

Proposition 7.2.6 FEvery arithmetic lattice of simple type in SO(m,1) (m >
3) is of VF type .

Proposition 7.2.7 If T is an arithmetic lattice of complex type in SO(m,1)
(m > 3) then T does not have the congruence subgroup property.

Proposition 7.2.7 is the accumulation of the work of several authors; see
[Lubotzky 1996,,)] for a unified approach. As the proof does not give any new
information on the subgroup growth we won’t go into the details here; the main
point of the proof is to show the existence of some congruence subgroup of I'
with an infinite abelianization. It is well known that this suffices to contradict
the congruence subgroup property.

On the other hand we will prove Proposition 7.2.6, as the method will also
be used again below. The proof depends on the following observation:

Lemma 7.2.8 Let I' be group and assume that one of the following holds:
(i) T =4, ;Ag, a free product with amalgamation, or
(ii) T = A.p, an HNN-extension of A over a subgroup B.

Suppose that there exists an epimorphism w:1T' — C of I' onto a finite group C
such that

e in case (i) w(B) is a proper subgroup of both (A1) and 7(As) and has
index at least 3 in one of them,

e in case (ii) m(B) is a proper subgroup of w(A).

Then T' has a subgroup of finite index that maps onto a non-abelian free
group.

This is a consequence of the universal properties of amalgamated free prod-
ucts and HNN extensions, and the fact that the groups 7(A;) (*B) m(Asz) and
™

7(A)ur(p) are virtually free when the constituents are finite groups and their
relative indices satisfy the given inequalities (see for example [Sr] Chapter II,
§2.6).

If B is closed in the profinite topology of I', then the epimorphisms from I'
onto finite groups separate the cosets of B, and we may infer
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Corollary 7.2.9 Let ' be as in Lemma 7.2.8. Assume that B is closed in the
profinite topology of T' and that (|A; : Bl — 1)(|A2 : B| — 1) > 1 in case (i) or
|A: B| > 1 in case (ii). Then T has a subgroup of finite index that maps onto
a non-abelian free group.

We now apply this to prove Proposition 7.2.6. We may choose an ideal J of
O so that the congruence subgroup I'(J) is contained in the identity component
SOg(m, 1) of SO(m,1), see [Millson 1976]. Write T',, = I'(J). As explained in
Millson’s paper, there is a reflection 7 through the hyperplane z; = 0 which
normalizes I',,. Let I',,_1 be the centralizer of 7 in I',,; then I',,_; is the
principal congruence subgroup modulo J in the subgroup of SO(m — 1,1) that
preserves the restriction of f to the hyperplane 1 = 0, and I',,_1 is a lattice in
SOp(m—1,1). Moreover, Yy,—1 = T',—1\SOg(m—1,1)/SO(m—1) is an embed-
ded totally geodesic hypersurface of the manifold Y,,, = I'y, \ SOg(m, 1)/SO(m).
This implies that T, = m1(Y,,) is equal to either A; ;Ag or A.p, where

B =T,,—1 and A; and Ay (or A) are subgroups of I';,,: the first case occurs
if Y,,_1 separates Y,,, the second case otherwise. In either case, B = I',,_1,
being a congruence subgroup of a Zariski-closed subgroup of T',,, is closed in
the profinite topology of I';,,. We may therefore apply Corollary 7.2.9 and infer
that T',,, has a subgroup of finite index that maps onto a non-abelian free group.
The proposition follows since I',, has finite index in T'.

The lattices of simple type for m = 3 include the groups SLo(Z[v/—d) where
d is a square-free positive integer, so these groups also virtually map onto free
groups (a result proved by different methods in [Grunewald & Schwermer 1981];
see also [Elstrodt, Grunewald & Mennicke 1998], Chapter 7). There are further
arithmetic lattices in SO(3,1), which are of neither simple nor complex type,
coming from the units of some quaternionic algebras; Proposition 7.2.3 shows
that they all have subgroup growth of type at least n(l°8 ”)275, but in general
their precise growth type is not known.

For m = 7 there are also some additional lattices, coming from the triality
phenomenon of Dy. Nothing is known about the congruence subgroup problem
(or the subgroup growth) for these lattices.

There are two known methods to construct non-arithmetic lattices in SO(m, 1).

I. Certain groups generated by reflections; these exist for small values of m
(2 <'m < 10); see [Vinberg & Shvartsman 1993] for history and details.

IT. The so-called “interbreeding lattices” constructed for every m by [Gromov
& Piatetskii-Shapiro 1988]; see also [Vinberg & Shvartsman 1993].

As we are going to use the interbreeding lattices in §7.3, we will sketch their
construction. Let f and f’ be two diagonal quadratic forms defined over the
same number field k. Let fy and f{ be their restrictions to the hyperplane 1 =
0. We will assume that f and f’ are not equivalent over k, but that fy and f}

are equivalent. We now take an ideal J and I'y,,, I, Typoeq, T0 1, Y0, Y Vi
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and Y, _; to be as in the above proof, where symbols with ' refer to f’. Our
assumptions mean that Y;, and Y,/ are not isometric to each other but Y,
and Y, are. Assume for simplicity that Y,,_; (resp. Y, ;) separates Y,
(resp. Y,) into two disjoint pieces Z; and Zy (resp. Z] and Z}). Now let
M be the m-dimensional manifold obtained by gluing Z; and Z} along their
boundaries (which are Y;,,_1 and Y,),_; respectively — these are isometric so the
gluing is possible). Being hyperbolic manifolds means that the curvature at
every point is —1. As curvature is a local property, M is a hyperbolic manifold
whose fundamental group T'g = 71 (M) is a lattice in SO(m, 1). As explained in
[Gromov & Piatetskii-Shapiro 1988], I'y is a non-arithmetic lattice.

In group theoretic terms I'g is obtained as follows: after suitable conjugation
in SO(m, 1) we can assume that I,y =T _; and then ', = A; * Ay and

|
[, = A x Ajwhere A; = m1(Z;) and A} = m1(Z;) fori = 1,2. Now, I'g is the

m—1

subgroup generated by A; and A}, and as Y, separates M, T'o = A; _x Al.

m—1

Also Ty, = To N SO(m — 1,1) is Zariski-closed in Ty, hence closed in the
profinite topology of I'g. So Corollary 7.2.9 implies that I'y has a subgroup of
finite index that maps onto a non-abelian free group.

A common generalization of what we have shown so far is

Theorem 7.2.10 Let M be an oriented m-dimensional hyperbolic manifold of
finite volume. Assume that M has a codimension-one totally geodesic subman-

ifold. Then w1 (M) is of VF type .

The proof, which is quite similar to the special cases seen above, can be found
in [Lubotzky 1996(b)]. This result includes also the case where the lattice
I' in SO(m,1) is inside a group generated by reflections (or just contains a
reflection), since in that case the fixed-point set of the reflection is a totally
geodesic submanifold of codimension one. We can therefore deduce:

Corollary 7.2.11 LetT be a non-arithmetic lattice in SO(m, 1) which is either
generated by reflections or else of ‘interbreeding’ type. Then T is of VF type .

Let us mention that this corollary covers all the known examples of non-
arithmetic lattices in SO(m, 1) for m > 4.

So far we have summarized what we know on the subgroup growth of lattices
in SO(m,1). We turn now to SU(m,1). Here the story is much shorter as we
know very little.

In SU(m, 1) there are also arithmetic lattices similar to those of simple type
in SO(m, 1), namely the integral matrices preserving suitable Hermitian forms.
For these, it was shown by Kazhdan, Shimura and Borel & Wallach that there
exists a congruence subgroup with an infinite abelian quotient (see [Lubotzky
1996,)]. Hence, again, they do not have the congruence subgroup property and
so have subgroup growth type at least n'°8™. But there are more arithmetic
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groups. It is interesting to mention that for some of these, every congruence
subgroup has finite abelianisation (though it is not known if the same holds for
all subgroups of finite index) — see [Rogawski 1990], Theorem 15.3 and [Clozel
1993]. Tt is therefore difficult to predict at this point whether they have the
congruence subgroup property or not (of course, Serre’s conjecture predicts that
they do not!). Nor can we say anything about their subgroup growth (beyond
the fact that it is of type at least nl°g™/loglogn hrovided by the congruence
subgroups).

For m = 2 and 3, some non-arithmetic lattices in SU(m, 1) are known (see
[Deligne & Mostow 1993]. Also for them we do not know the subgroup growth,
except for one of the lattices in SU(2,1) constructed by Livne and described in
[Deligne & Mostow 1993], §16. This lattices has a non-abelian free quotient; it
is the only lattice in SU(m, 1) whose subgroup growth type is known.

We turn now to the last remaining cases Sp(m, 1) and Fi%o). Let us recall
right away that by results of [Corlette 1992] and [Gromov & Schoen 1992], all
lattices in Sp(m,1) and in F4(_20) are arithmetic. According to Serre’s conjec-
ture, these arithmetic lattices are not supposed to have the congruence subgroup
property. But it should be mentioned that Serre’s conjecture is in doubt for these
cases: since 1972 when Serre made his conjecture, it has been discovered that
lattices in Sp(m, 1) and in F4_20) behave in many ways (though not in all ways)
like lattices in higher rank groups, e.g. they have Kazhdan’s property (7') and
super-rigidity. (Recall also that super-rigidity follows from the CSP). On the
other hand, there are good reasons to believe that these lattices do not have
the CSP: the cocompact ones are hyperbolic groups and as such have plenty of
normal subgroups of infinite index, while in all cases where the CSP has been
proved, it has also been proved that every non-central normal subgroup is of
finite index. Anyway, the answer to the congruence subgroup problem is not
known for any single lattice in these groups. Neither do we know the subgroup
growth type.

7.3 Counting hyperbolic manifolds
The following was proved by [Wang 1972]:

Theorem 7.3.1 For m > 4 and 0 < r € R, there is only a finite number of
m-dimensional hyperbolic manifolds of volume at most r (up to isomorphism,).

[Carlip 1997] and [Carlip 1998], motivated by questions from theoretical
physics, raised the question of quantitative estimates for these finite numbers.

Isomorphism classes of m-dimensional hyperbolic manifolds of volume r are
in one-to-one correspondence with conjugacy classes of torsion-free lattices of
covolume 7 (with respect to a suitable fixed normalization of the Haar measure)
in SO(m, 1). In fact, Wang’s Theorem is much more general than our statement:
it applies to all lattices (not necessarily torsion free) and most semisimple Lie
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groups. Writing pg(r) to denote the number of conjugacy classes of lattices of
covolume at most r in a group G, his result is

Theorem 7.3.2 Let G be a semisimple real Lie group without compact fac-
tor, and assume also that no factor of G is locally isomorphic to PSLy(R) or
PSLo(C). Then pg(r) is finite for every positive real number r.

Counting conjugacy classes of lattices in Lie groups can be thought of as a
generalisation of counting finite index subgroups, since in a discrete group (for
which the Haar measure of a finite subset is its cardinality) the finite index
subgroups are exactly the subgroups of finite covolume. Moreover, it turns out
that subgroup growth plays a crucial role in the proof of the lower bound of the
following result, which is the response to Carlip’s question:

Theorem 7.3.3 For each m > 4, there exist positive real numbers a = a(m)

and b = b(m) such that
rar < Pm(T) < ,,,br

for all large v, where p,, (r) is the number of (isomorphism types of ) m-dimensional
hyperbolic manifolds of volume at most r.

We give here only the proof of the lower bound, which is based on subgroup
growth. For the proof of the upper bound see [Burger, Gelander, Lubotzky &
Mozes]. The proof depends on the following theorem of Margulis:

Theorem 7.3.4 [M] LetT be a finitely generated irreducible lattice in a semisim-
ple group H without compact factors. If I' has infinite index in its commensu-
rator then I' is arithmetic.

Here, the commensurator of T" is the group
commp (') = {h € H | I AT has finite index in both T and I‘h} .

Fix m > 4 and let T’ be one of the “interbreeding lattices” in SO(m, 1)
described in the preceding section. Thus I' is a torsion-free non-arithmetic
lattice, of finite covolume vy say in SO(m,1), and by Corollary 7.2.11 there
exists ¢ > 0 such that

$n(T) > n"

for all large n.

Let H™ = SO(m,1)/SO(m); this is the m dimensional hyperbolic space
which is the universal cover of every m-dimensional hyperbolic manifold. I" acts
on H™, and vy is the volume of the hyperbolic manifold I'\'H™. Each subgroup
A of index t in T' gives rise to an m-dimensional hyperbolic manifold Ma =
A\H™ which is a t-fold cover of I'\H™ and has volume tvg. Now suppose A and
A’ are two such subgroups of I'. If Ma and Ma, are isomorphic (=isometric)
then an isomorphism ¢ : Ma — Ma- lifts to an isometry ¢ : H™ — H™.
Now the group of isometries of H™ is G = O(m, 1) and hence ¢ is given by an
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element g of G which conjugates A = 71 (Ma) to A" = 71(Mas). As A and
A’ are of finite index in I, it follows that I'Y is commensurable with I", that is,
g € Commg(T") =Ty, say.

Now, as I is a non-arithmetic lattice, Margulis’s Theorem 7.3.4 implies that
the index |’y : T'| = h, say, is finite. Then for a given A of index ¢ in Ty, there
are at most ht subgroups of I" which are conjugate to A in I'y. In view of the
preceding paragraph, this implies that the manifolds of the form Ma lie in at
least a;(T")/ht isomorphism classes when A ranges over the a;(T") subgroups of
index ¢t in T

It follows that for each positive integer n,

Sn(r) - ncn—l.

> >
pm(nvo) = ;at(r)/ht = hn h

Let 7 be a large positive number, and put n = [r/vg]. Then

pm(r) = pm(nve) > r"

where a is any positive constant strictly smaller than ¢/vg, provided r is large
enough. This is the required lower bound.

Remark One can give explicit estimates for ¢ and vy in this proof, and thereby
obtain an explicit bound for a = a(m).

An interesting aspect of the proof of Theorem 7.3.3 is that the rate of growth
of the number of hyperbolic manifolds is governed by the subgroup growth of
one lattice. One may wonder whether this is the case in more general circum-
stances. If G is a simple Lie group of rank at least 2 and I is a lattice in G,
then by Margulis’s Theorem 7.2.1, T" is arithmetic and by Serre’s conjecture
(which is proved in most cases) I" has the congruence subgroup property; hence
its subgroup growth is of type nl°8"/1oglogn Ly Theorem 6.1. These observa-
tions motivate the following conjecture posed in [Burger, Gelander, Lubotzky
& Mozes).

Conjecture Let G be a simple Lie group of R-rank at least 2. Let pf,(r) be
the number of manifolds covered by X = G/K of volume at most r, where K
is a maximal compact subgroup of G. (Equivalently, pf (r) is the number of
conjugacy classes of torsion-free lattices of covolume at most r in G). Then the
function pf,(r) has strict growth type

Tlog r/(loglog )

A similar conjecture can be stated for pg(r) as defined at the beginning of
this section. The connection between pe(r) and pf(r) needs some clarification.
It is quite likely that they have similar growth type. For more results on pg(r)
see [Gelander].
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Notes

Theorem 7.1 is from [Lubotzky 1995,]. Part 1 of Theorem 7.2 follows readily
from well-known results, as does the case of SO(2,1) in part 2(a). The case of
SO(3,1) = SLy(C) is treated in [Lubotzky 1995,], but the critical ingredients
are from [Lubotzky 1983] and the unpublished result of Shalev, Theorem 4.6.4.

As mentioned in §7.2, [Cooper, Long & Reid 1997] and [Grunewald
& Noskov] give sharp results for non-uniform lattices, while [Reznikov &
Moree 1997] give a sharper result for some cocompact lattices. We mention in
passing that a standard way to contradict the CSP for arithmetic groups is to
provide a finite-index subgroup having infinite abelianisation. Indeed, according
to a well-known conjecture of Thurston it is expected that all lattices in SO(n, 1)
have such a subgroup. This is still wide open in the case of SO(3,1), even for
arithmetic lattices; for the case of arithmetic lattices in SO(n, 1) with n # 3,7
see [Lubotzky 1996,].

On the other hand, for n > 4, a strong form of Thurston’s conjecture (prop-
erty VF) for the known non-arithmetic lattices in SO(n,1) is established in
[Lubotzky 1996, giving Part 2(b) of Theorem 7.2. However, Thurston’s
conjecture (and the subgroup growth type) is not known as yet for arbitrary
non-arithmetic lattices (if any more exist!).

As for Part 2(c), the failure of the CSP for some of the arithmetic lattices
in SU(n, 1) was established by Kazhdan, Shimura, Borel and Wallach; see
[Lubotzky 1996,)]. The claim about Livne’s non-arithmetic lattices follows di-
rectly from their construction. There are further non-arithmetic lattices, about
which nothing is known.

Theorem 7.3 is established in [Burger, Gelander, Lubotzky & Mozes].



Chapter 8

Linear groups

Given a major result such as the PSG Theorem, it is usually worth while to try
and deconstruct its proof: by following up various intermediate steps one may
achieve deeper insights and, possibly, be led to new results. The material of
Chapter 6 is a case in point, as are some of the methods described in the Lin-
earity conditions and Strong Approximation windows. Here we consider
the subgroup growth of finitely generated linear groups, and will see that for
these, a stronger form of the PSG Theorem holds.

Theorem 8.1 Let G be a finitely generated linear group over a field of charac-
teristic 0. Then either G is virtually soluble of finite rank (hence has PSG) or
there exists b > 0 such that

Sn(G) > nblogn/ loglogn
for all sufficiently large n.

Thus for such groups there is a gap in the possible growth types: a finitely
generated characteristic-0 linear group has subgroup growth of strict type at
least nlo8n/1oglogn o at most n.

In positive characteristics the gap is even wider:

Theorem 8.2 Let G be a finitely generated linear group over a field of positive
characteristic. Then either G is virtually abelian (hence has PSG) or there
exists b > 0 such that

5,(G) > 579(G) > nbloen

for all sufficiently large n.
Both Theorems 8.1 and 8.2 are best possible. As shown in Chapter 6,
the groups SL3(Z) and SLg3(F,[t]) have congruence subgroup growth of type

plogn/loglogn and nlogn respectively; as both groups also have the congruence
subgroup property, these are also the respective subgroup growth types.

159
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Although they cannot be sharpened, these results can be generalized. Every
f.g. linear group has a residually nilpotent normal subgroup N of finite index:
that is, the lower central series (;(N)) intersects in the identity. For groups in
this wider class we still have a ‘gap theorem’:

Theorem 8.3 Let G be a finitely generated group that is virtually residually
nilpotent. If G has subgroup growth of type strictly less than nl°&"/108108n thep
G is virtually soluble of finite rank (hence has PSG).

Theorem 8.1 is proved in Section 1; more precisely, it is reduced to the
special case of metabelian groups, which is postponed to the following chapter.
Theorem 8.3 is deduced from it in Section 2. The proof of Theorem 8.2 is given
in Section 3. Unlike the PSG Theorem, these results do not depend on CFSG,
which was invoked only in the ‘reduction to the linear case’.

In Section 4 we turn to normal subgroup growth. We saw in Chapter 2 that
the normal subgroup growth type of a free group is n'°™. This is just slightly
faster than polynomial, so one cannot expect polynomial normal subgroup growth
(PNSG) to imply very strong structural restrictions in the way that PSG does.
Indeed, the examples produced in Chapter 13 below have normal subgroup
growth that is slower than linear, and they are far from being soluble. In spite
of this, we have

Theorem 8.4 Let G be a finitely generated linear group. Let G be the Zariski
closure of G, GO its identity component and R(G) the mazimal soluble normal
subgroup of G°. Write

G°/R(G) = ﬁsi

where each S; is a simple algebraic group. If G has normal subgroup growth of
type strictly less than n'°&™/(1°81081)° then one of the following holds:

(i) » =0, in which case G and G are virtually soluble, or
(ii) each S; is of type Go, Fy or Eg.

This theorem is quite surprising in two ways. First, it shows that unlike the
situation for residually finite groups in general, even a slight limitation on normal
subgroup growth (weaker than PNSG) does imply strong structural restrictions
on a linear group. Moreover, these restrictions are of a subtle nature: they
manifest themselves only in the algebraic group generated by the linear group;
like the congruence subgroup property discussed in the last chapter, this is
another case of an abstract group-theoretic property influencing how a group
can sit as a group of matrices.

Secondly, one may wonder about the distinguished role played by the ex-
ceptional simple groups Gs, Fy and Fg. What is so special about them? These
are the only simple algebraic groups whose fundamental group is trivial: this
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means that they have a trivial centre over any field. After reading Chapter 6 the
reader may not find the occurrence of Gy, Fy and FEg all that surprising, since
we have already seen there that they behave differently when we count normal
congruence subgroups. In fact Theorem 6.3 shows that Go(Z), F4(Z) and Es(Z)
each have polynomial normal congruence subgroup growth; since they are also
known to have the congruence subgroup property, this is the same as saying that
they have PNSG. Theorem 8.4 is thus best possible in the sense that Gs, F; and
FEg indeed appear as exceptions.

The result proved in Section 4 is actually even stronger, and reflects the
trichotomy for normal congruence subgroup growth given in Theorem 6.3.

8.1 Subgroup growth, characteristic 0

Let G be a finitely generated linear group over a field of characteristic zero. We
separate two cases.

Case 1. Where G is not virtually soluble.

Just as in §5.2, it follows by the ‘Lubotzky alternative’ (3+ Strong approx-
imation) that there exist a subgroup G; of finite index in G, a finite set of
primes S, and a connected, simply connected simple algebraic group & over Q
such that every congruence quotient of I' = &(Zg) appears as a quotient of G
(and T is infinite). Then by Theorem 6.1 we have

Sn(Gl) > Cn(r) > nalogn/loglogn

for all n, where a > 0 is a constant (and ¢, (I") denotes the number of congruence
subgroups of index at most n in I'). Since s,(G) > 5[, /m)(G1) where m =
|G : G4] it follows in this case that

Sn(G) > nblogn/ loglogn

for all large n, for a suitable constant b > 0.

Case 2. Where G is virtually soluble, of infinite rank.
This case depends on the following result, which will be established in Section
1 of the following chapter:

Proposition 8.1.1 Let H be a finitely generated virtually metabelian group of
infinite rank. Then there exist ¢ > 1 and d € N such that

for all large n.

Now according to the Lie-Kolchin-Mal’cev Theorem (% Linear groups),
G has a nilpotent normal subgroup N such that G/N is virtually abelian. Since
G is finitely generated, the quotient G/N has finite rank, so N must have
infinite rank. As N is nilpotent, this implies that N/N’ also has infinite rank
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(++ Soluble groups). Hence the virtually metabelian group G/N’ has infinite
rank. Proposition 8.1.1 now shows that there exist ¢ > 1 and d € N such that

d

sIG/N') = "

/

for all large n. Since s39(G) > sI9(G/N') and ¢ > plosn/loglogn fo |arge

n, we see that
sn(G) > SZM(G) > plogn/loglogn

for all large n.
This completes the proof of Theorem 8.1, modulo Proposition 8.1.1.

Remark The argument in Case 2 does not depend on the characteristic being
zero; it shows that any f.g. linear group that is virtually soluble and of infinite
rank has subnormal subgroup growth of strict type at least 2" for some € > 0.
This will be used in Section 8.3.

8.2 Residually nilpotent groups

Let G be a finitely generated group that is virtually residually nilpotent, and
assume that G has subgroup growth of type strictly less than nlogn/loglogn T et
H be a residually nilpotent normal subgroup of finite index m in G, and let p
be any prime. Then for all sufficiently large n we have

Sn(ﬁp) < sp(H) < 8mn(G) < n{108, M)/16

It follows by Theorem 4.2 that for each prime p, the pro-p completion ﬁp of
H is a pro-p group of finite rank. Now Theorem 8 of the Linearity condi-
tions window shows that H is a linear group over a field of characteristic zero.
Therefore so is G.

We may therefore apply Theorem 8.1 and infer that G is virtually soluble of
finite rank, thus establishing Theorem 8.3.

8.3 Subgroup growth, characteristic p

Since a finitely generated linear group in any characteristic is virtually residually
nilpotent, we already know that such a group is either virtually soluble of finite
rank or else has subgroup growth of type at least nl°g”/loglogn  When the
characteristic is positive, however, we can say more. Here we prove

Theorem 8.2 Let F' be a field of characteristic p > 0 and T a finitely generated
subgroup of GL,,,(F). Then one of the following holds:

(a) T is virtually abelian, hence has PSG;

(b) there exists a constant ¢ > 0 such that s, (T) > s29(T) > nclosn for
all sufficiently large n.

This depends on the following important structure theorem for linear groups
over local fields:
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Theorem 8.3.1 [Pink 1998] Let K be a local field of characteristic p > 0 and
L a compact subgroup of GL,(K). Then there exist closed normal subgroups
L3 < Ly < Ly of L such that:

1 L/Ly is finite;
2 Ly/Ls is abelian of finite exponent;

3 if Lo/ L3 is infinite, there exist a local field E of characteristic p, a connected
adjoint semi-simple algebraic group H over E with universal covering w :
H — H, and an open compact subgroup A < H(E), such that La/Ls is
isomorphic as topological group to w(A);

4 L3 is a soluble group of derived length at most m.

Now let T" be a finitely generated subgroup of GL,,(F). As I' is finitely
generated it is contained in GL,,(A) for some finitely generated subring A of
F. Now A can be embedded into the ring of integers R of some local field K of
characteristic p, so we may suppose that I' is a subgroup of M = GL,,,(R). Also
M is virtually a pro-p group, so by passing to a normal subgroup of finite index
we may assume that the closure L of I in M is a pro-p group. In this case, L
is a homomorphic image of the pro-p completion I'y, of T, and s, (L) < s3<(T")
for every n.

Suppose first that I' is virtually soluble. Then I' has a unipotent normal
subgroup U such that T'/U is virtually abelian (The Lie-Kolchin Theorem, %
Linear groups). U is a nilpotent group of exponent dividing p™, so if I has
finite rank then U is finite; as T is residually finite it follows that I is virtually
abelian, and we are in Case (a) of Theorem 8.2. If I" has infinite rank then the
remark at the end of Section 8.1 shows that the subnormal subgroup growth of
T is of strict type at least 27" where € > 0, and we are in Case (b).

Suppose next that I' is not virtually soluble. Then L is not virtually soluble.
We apply Pink’s theorem. Since L is a finitely generated pro-p group, L/Ls is
finite and therefore Lo/L3 is infinite. Let O be the valuation ring of the local
field E given in the theorem. Then A is commensurable with H(O), and the
argument given in §6.2 shows that ﬁ((’)) has subgroup growth of strict type at
least n!°8™. The same therefore holds for A, and as ker @ is finite it holds for
Ly/L3 = w(A), and hence for L since L/Ls is finite. Thus there exists ¢ > 0
such that s79(T) > s,(L) > n°l°e™ for all large n, and we are in Case (b).

This completes the proof of Theorem 8.2.

Remark It is interesting to observe that the proof of Theorem 8.2 given
here is very different from the proof of Theorem 8.1. In the characteristic 0
case we used “global” arithmetic groups and the strong approximation theorem
for linear groups. Here we apply only “local” methods, and yet get a stronger
result. On the other hand, there is some formal similarity in the structure of
the proofs: Pink’s theorem in the one case, and the Weisfeiler-Nori theorem in
the other, being used to replace an arbitrary linear group by an ‘arithmetically
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defined’ subgroup of some semisimple algebraic group, where the structure can
be seen fairly explicitly.

8.4 Normal subgroup growth

In this section we outline the proof of the following theorem, which is a stronger
form of Theorem 8.4. Let us fix some notation.

F' is an algebraically closed field of characteristic p > 0, G is a finitely
generated subgroup of GL,.(F'), and G is the Zariski closure of G, with connected
component GY. The maximal soluble normal subgroup of G° is denoted R(G),
and we have a decomposition

G°/R(G) = H S;
=1

where each S; is a simple algebraic group over F. The fundamental group of the
adjoint group scheme associated to S; is denoted 7(S;) — recall from Chapter 6
that m(S;) = 0 if and only if S; is of type Ga, Fy or Eg; otherwise it is a finite
group of order [ + 1 if S; is of type A;, of order 2, 3 or 4 in all other cases.

Theorem 8.4.1 (i) If 7(S;) # 0 for at least one i then there exists ¢ > 0 such

that

S?’<L](G) > nclogn/(loglogn)2

for all n.
(i) If p | |7 (S;)| for at least one i then there exists ¢ > 0 such that
8<1(G) > nclogn

n

for all n.

A serious technical difficulty in the proof comes from the fact that we do not
know the answer to the following simple question:

Problem. Let G be a finitely generated group and H a normal subgroup of
finite index in G. Is the normal subgroup growth type of H the same as that of
G?

(It is easy to see that the normal subgroup growth type of H is at least that of
G.)

When studying subgroup growth we often pass without loss of generality to
a subgroup of finite index. The fact that we are not allowed (as of now) to do
so with normal subgroup growth is a real headache.

Let us first prove the theorem assuming that the problem has an affirmative
answer. Then we will indicate how the proof is carried out even without this
assumption.

One of the advantages in assuming that the problem has an affirmative
answer is that we are allowed to replace G by G°, and so assume that G is
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connected. As we need to prove only lower bounds on the normal subgroup
growth, we may also replace G (and hence also G) by any suitable quotient.
Without loss of generality, we shall therefore assume that G is a connected
simple algebraic group with 7(G) # 0, and in case (ii) that p | |7 (G)].

Recall now that a specialisation of G means a group homomorphism ¢ : G —
GL, (k) that is induced by some ring homomorphism from R into some field k,
where R is a subring of F' such that G < GL,(R); note that if char(F) =p # 0
then also char(k) = p. We now quote the following ‘specialisation theorem’,
which appears in the Strong approximation window:

Theorem 8.4.2 Let G be a finitely generated subgroup of GL,(F) whose Zariski
closure G is a connected simple algebraic group. Then there exist a global field
k and a specialisation v : G — GL,.(k) such that the Zariski closure of ¥(G) in
GL,.(k) is isomorphic to G.

Applying this theorem, we may replace G by 1(G), and so reduce to the
case where G < GL, (k) where k is a global field of characteristic p. As G is
finitely generated, there exists a finite set of primes S of k (containing all the
archimedean ones) such that G < G(Og) = G N GL,(Og), where Og denotes
the ring of S-integers of k.

According to the Strong Approximation Theorem for linear groups (3~ Strong
Approximation), there is a finite set S’ O S of primes of k such that G is dense
in G((ﬁ;) It follows that G has at least as many normal subgroups of index n
as G(Og) has normal congruence subgroups of index n; according to Theorem
6.3, this is at least nclogn/(oglog ™)’ for some constant ¢ > 0. This establishes
(i) (and also Theorem 8.4), under our simplifying assumption.

Suppose now that we are in case (ii), i.e., p | |7(G)|. We again apply Pink’s
theorem, Theorem 8.3.1 stated in the preceding section.

Choose a prime v of k outside S and take K to be the completion k,, with
valuation ring O,. Then G is contained in G(0,), and the closure L of G in
G(0,) is a compact subgroup of GL,(K) (topological terms refer here to the v-
topology on k,, which makes G(O,) a profinite, indeed virtually pro-p, group).
We therefore have closed normal subgroups L3 < Lo < Ly of L such that

L/Ls is virtually abelian of finite exponent;

if Ly/Ls is infinite, there exist a local field E of characteristic p, a connected
adjoint semi-simple algebraic group H over £ with universal covering w :
H — H, and an open compact subgroup A < H(FE), such that Ls/L3 is
isomorphic as topological group to w(A);

L3 is soluble.

Since G is finitely generated, L is topologically finitely generated and so
L/Ls is finite. Also L3 is finite and Lo/L3 is infinite, since L is Zariski dense
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in the simple algebraic group G, and Ly is Zariski-dense in G because G is
connected.

It follows (see [Pink 1998]) that the algebraic group H is isogenous to G
and hence that |r(H)| is also divisible by p. Now Theorem 6.4(i) shows that
the group ﬁ((’)E) has normal subgroup growth of strict type n'°¢™. Using our
simplifying assumption (twice!) we may infer that the commensurable group A
has the same strict normal subgroup growth type, and hence so does Lo/ L3 =
w(A), as ker w is finite. Using the simplifying assumption once more we deduce
that L/L3z, and hence L, has at least n°1°8™ normal subgroups of index at most
n for each n, where ¢ > 0 is a constant. Since L is an image of the profinite
completion of G it follows that G has at least this many normal subgroups, and
case (ii) is established.

Let us now indicate how one still proves Theorem 8.4.1 without knowing
that the open problem has an affirmative answer in general. Whenever we pass
from G to a finite index normal subgroup H, we have to make sure that at least
a good proportion of the finite-index normal subgroups of H are still normal in
G. We illustrate the basic idea by considering a special case.

Let G be a simple Chevalley group with Z-structure and put H = G(Z).
The outer automorphism group Out(G) is a finite group acting on H. Let
G = H x Out(G). Now, if G is not of type Go, Fy or Eg (i.e., if 7(G) # 0),
we have produced many normal congruence subgroups in the following way (see
the proof of Theorem 6.3, and the example preceding it, in §6.4): let P be a
finite set of primes with |P| = ¢ (in the example of §6.4, P consists of all primes
p < z with p = 1(mod3)). Put m = [[,cpp, so G(Z/mZ) = [[,cp G(Fy).
Let H(m) = ker(H — G(Z/mZ)). The group H(m) is also normal in G =
H x Out(G). Now Z(G(Z/mZ)) is not necessarily central in G/H (m), and the
subgroups of Z(G(Z/mZ)) may not all be normal in G/H (m). However, if we
fix a prime ¢ such that ¢ | |Z(G(F,))| for each p € P, then for each such p
the set V, of elements of order dividing ¢ in Z(G(F,)) is an elementary abelian
g-group (it is usually cyclic, unless H is of type D,,, in which case ¢ = 2 and
Vp & Oy x (), and it is Out(G)-invariant. Hence we get in G(Z/mZ) a central
subgroup W = Hp ep Vo = V®IF§ (where V is the common isomorphism type of
the V). The action of Out(G) on W is its action on V' tensored with the trivial
action on Fg. So, while not every subgroup of W is Out(G)-invariant, every
Fg-subspace U of IFfI gives rise to a subgroup V ® U which is Out(G)-invariant,
and hence gives a normal subgroup of G. It is now easy to count and to show
that this gives a supply of at least q[ﬁ/ 4 normal subgroups in G' = H x Out(G)
of index at most md™(S) . |Out(G)|. This suffices to ensure that the normal
subgroup growth of G is (at least) of the same strict type as the the normal
congruence subgroup growth of H (though possibly with a smaller constant).

The proof in general involves considerable technicalities; the reader is re-
ferred to [Larsen & Lubotzky] for details.
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Notes

Theorem 8.1 appeared in [Lubotzky 1995,]. A slightly weaker form of Theo-
rem 8.2 appears in [Abért, Lubotzky & Pyber|. All the material on normal
subgroup growth is from [Larsen & Lubotzky].



Chapter 9

Soluble groups

The first version (historically) of the PSG Theorem to be proved dealt with
the very special case of groups that are assumed to be both soluble and resid-
ually nilpotent; under these hypotheses, an elementary argument sufficed for
the proof, involving none of the sophisticated mathematics that we have seen
in Chapter 5. In section 2 of this chapter we give a slightly more sophisticated
(though still elementary) proof of the following sharper result:

Theorem 9.1 Let G be a finitely generated virtually soluble group that is vir-
tually residually nilpotent. Then either G has finite rank (and hence PSG), or
there exist ¢ > 1 and d € N such that

for all large n.

This shows that the subgroup growth gap for residually nilpotent soluble
groups is much larger than that for residually nilpotent groups in general, which
was given in Theorem 8.2. In Section 3 we show that this theorem is best
possible, by constructing for every integer d > 2 a finitely presented metabelian
gI‘O}lp having subgroup growth, and subnormal subgroup growth, of strict type
on'/,

Whether a similar (or perhaps smaller) gap occurs in the growth types of
finitely generated soluble groups that are not virtually residually nilpotent is
a major open problem, and present techniques seem to shed little light on this
question; for more on this see the notes at the end of this chapter. It is worth
remarking that no example is known (to us) of a finitely generated residually
finite soluble group that is not virtually residually nilpotent. If the two conditions
in fact turn out to be equivalent, then of course Theorem 9.1 will provide a
positive solution to this ‘soluble gap problem’.

Among finitely generated soluble groups, the metabelian ones are the easiest
to understand; questions about these often reduce to commutative algebra. This
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is illustrated by the construction given in Section 3, and also in the rest of the
chapter. We begin in Section 1 by proving the special case of Theorem 9.1
where G is virtually metabelian; as well as introducing in simplified form the
ideas needed for the general case, this fills the gap left in the proof of Theorem
8.1 in the preceding chapter.

In Section 4 we consider normal subgroup growth. While little is known about
this for soluble groups in general, the metabelian case is fairly well understood.
To each finitely generated metabelian group G we associate an invariant k(G),
which is the Krull dimension of the ring

Z|G*P] Jann(G");

here G’ denotes the derived group of G, considered as a module for the group
ring of G = G/G’. When G is infinite, x(G) is a positive integer.

Theorem 9.2 Let G be a finitely generated metabelian group with k(G) =k >
1. Then there exist positive constants a and b such that

nb(logn)l_z/k’ < 5<1(G) < na(bgn)l_l/k

= 9In =

for all large n.

Thus we have an infinite sequence of normal subgroup growth types, faster
than polynomial and slower than those exhibited by arithmetic groups (see
Chapter 6). This theorem is a litte imprecise (a statement of our ignorance, not
of mathematical fact!); but for polynomial normal subgroup growth (PNSG)
the result is definitive:

Theorem 9.3 Let G be a finitely generated metabelian group. Then G has
PNSG if and only if k(G) < 2.

Analogous results hold for metabelian pro-p groups. The proofs are not
given in full, but we explain how these results are deduced from corresponding
results in commutative ring theory.

9.1 Metabelian groups

Here we prove the special case of Theorem 9.1 dealing with virtually metabelian
groups. This step will suffice to complete the remaining case of Theorem 8.1,
concerning virtually soluble linear groups (see Chapter 8).

The essential idea of the proof has already been used in Section 2 of Chapter
3, where we considered the group C, ! Cw; it merely requires some technical
elaboration. Let G be a finitely generated virtually metabelian group of infinite
rank. Thus G has an abelian normal subgroup A and a normal subgroup Gg
of finite index, containing A, such that Go/A = Z% for some d € N. The group
ring R = Z(Gy/A) is Noetherian, and the action of Gy/A by conjugation makes
A into a finitely generated R-module (which we shall write additively). Since
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G /A has finite rank, A must have infinite rank, and it follows that for at least
one prime p the quotient A/pA = A has infinite rank; this follows from Hall’s
‘generic freeness lemma’ (+ Soluble groups, §3). There exist prime ideals
P,...,P; of R and a filtration 0 = My < M; < ... < M; = A such that
for each i the factor module M;/M;_; is a torsion-free R/P;-module; we fix an
index j such that M;/M;_; is infinite and put M = M;/M;_1, P = P;. Let L
be a maximal ideal of R containing P, and put

KJA=(1+L)N(Go/A).

Note that L has finite index in R (3 Soluble groups, §3); it follows that K
has finite index in Gp, so K contains a subgroup H of finite index which is
normal in G, with H > A.

Since M is a torsion-free Noetherian module for R/P, Krull’s Intersection
Theorem ([AM], Theorem 10.17) shows that

ﬁ ML"™ =0.

n=1
As M/M L™ is finite for each n it follows that M L™ > M L™ *! for each n, whence
dimg, (M/ML") > n.

The Artin-Rees Lemma ([AM], Chapter 10) says that for some fixed &, we have
AL™* N M; C M; L™ for every n. Therefore

dimg, (A/AL™F) > n.

Now if z € H and n > 1 then 2?" —1 = (z—1)P" (modp). Since H/A is
abelian and pA = 0 it follows that

A(HP" —1) C A(H —1)P" C ALP"

and hence that ,
dimgp, (A/AHP" 1)) > p™ —k

whenever p™ > k.

Let us translate this back into group-theoretic notation. Given m as above,
put H,, = AH?" and B,, = AP[A, H,,]. Then B,, < A < H,,, H,,/JA = 7¢
and A/B,, is an elementary abelian p-group of rank at least p™ — k, central in
H,,/By,. Now let z,y € H,,. If p > 3 then aPy? = (zy)? (mod B,,), while if
p = 2 then a*y* = (2y)* (mod B,,). It follows (putting p=pifp >3, p=4
if p = 2) that the subgroup HP B,,/B,, consists of pth powers in H,,/B,, and
hence that

HP B,,NA=B,,.

Therefore H? A/HP B,, = A/B,, is an elementary abelian p-group of rank at
least p™ — k. Thinking of this as an [F,-vector space we see that it contains at
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least p?” ~*~1 subgroups of index p (and each of these is normal in H,,, which

in turn is normal in G).
On the other hand,

|G:HPA|=|G:H|-|H:Hy,| |Hy: HP A

:a.pdm.pd

< apd(erZ)
where a = |G : H| is a constant independent of m.
Now given a large positive integer n let m be such that

apd(m+2)+1 S n< apd(m+3)+1.

—F=1 (2-step subnormal)

From the above we see that G contains at least pP"
subgroups of index at most n. If n is sufficiently large this number exceeds !
where ¢ = p2a) ™" > 1.

This completes the proof of Theorem 9.1 for the case where G is virtually
metabelian.

The reader familiar with commutative algebra will have realised that we
used less than full information about the R-module A in the above argument.
Using the Hilbert-Samuel Theorem, one can show that in fact

dimg, (M/ML") > n"

where 7 is the Krull dimension of the local ring (R/P)r,p; and we could have
worked with the group ring F,(Go/Cg,(M)) instead of Z(Gy/A). In this way,

one can show that G has at least ™" 2-step subnormal subgroups of index at
most n, for all large n, where r (in general > 1) and d’ (in general less than d) are
appropriate invariants of G. For details, see [Segal & Shalev 1993]. We believe
that in this form, the result obtained is sharp, in the sense that there exist
metabelian groups G, with these invariants, for which s, (G) is also bounded

above by c’fr/d for some c¢; > 1; however, the only examples so far constructed
have either r =1 or 7 = d — 1 (for the former, see Section 3, below).

9.2 Residually nilpotent groups

Here we prove Theorem 9.1. The heart of the argument is similar to that in
the metabelian case, but we shall need to go a little deeper into the structure
of soluble groups of finite rank.

Let G be a finitely generated soluble group that is residually nilpotent, and
suppose that G has infinite rank. We shall show that

(9.1)
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for some ¢ > 1, d € N and all large n. This will imply Theorem 9.1, for if G is
normal and of finite index m in a group G; we then have

s39(Gy) = "

for all large n, where ¢; = c2m) ™ S 1 The proof will in fact show that G

has at least ¢ 2-step subnormal subgroups of index at most n, so we get

the corresponding result for 3-step subnormal subgroups in G1; however, a few

small adjustments to the proof — left for the interested reader — will suffice to

show that the subgroups to be counted can be taken 2-step subnormal in Gj.
We need an elementary lemma:

Lemma 9.2.1 Let G be a residually nilpotent group. If A is a maximal abelian
normal subgroup of G then G/A is residually nilpotent.

Proof. Write G,, = 7,(G). Then
G A, G, A] < [Gp,G)[A Al = Grpa
for each n. So if B =2 ,(G,A) then

B' < ﬁ Gny1=1.

n=1

Thus B is an abelian normal subgroup of G containing A, and so B = A. The
lemma follows since (), 7,(G/A) = B/A. m

The proof now proceeds by induction on the derived length of the soluble
group G. Let A be maximal among the abelian normal subgroups of G that
contain the last non-trivial term of the derived series. The lemma ensures that
then G/A is again residually nilpotent; and G /A has smaller derived length than
G. So if G/A still has infinite rank, we may assume that (16.2) holds with G/A
in place of G. The result now follows since s <(G) > s79(G/A) for each n.

Henceforth, we may therefore assume that G/A is a soluble group of finite
rank. We now separate two cases.

Case 1: Suppose that for every prime p, the pro-p completion ép of G has
finite rank. Then Lemma 9 of the Linearity conditions window shows that G
embeds in [ ], Gi for some finite set 7 of primes. It follows that G is residually

(finite nilpotent of rank < r) where r = maxjec, rk(@l) is finite. Since G is also
soluble, we may now deduce from Corollary 5 of the same window that G is
virtually nilpotent-by-abelian. Since G has infinite rank, this implies that G
has a virtually metabelian quotient of infinite rank (3% Soluble groups), and
(16.2) now follows by the result of Section 9.1.

Case 2: For some prime p, the pro-p completion ép of G has infinite rank.
Writing
Gn - ’Yn-i—l(G)Gp 5
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this means that rk(G/G,,) tends to co as n — oco. Since G/A has finite rank, it
follows that rk(A/(ANG,,)) tends to co. But A/(ANG),,) is an abelian p-group,
so putting
A, =1[4,G,...,GJA? < (AN G,)AP
~———

we have

tk(A/A,) > tk(A/(ANG,)) —

as n — o0o. Now it is clear that if A, 1 = A,, for some n then the chain (4;) is
stationary from ¢ = n onwards; hence either A/A,, has infinite rank for some n,
or else 4,41 < A, for all n. In either case, it follows that

rk(A/A,) >n

for all n.

Now fix m € N for the moment and put ¢t = p™, H = AGP". Since A/A, is
abelian of exponent p we see that [A, H] < A;. It follows from the lemma to be
proved below that there exists a normal subgroup S/A; of H/A; such that

SOA:At
|H : AS| <k

where k € N depends only on the group G/A, not on m. Then AS/S = A/A;
is an elementary abelian p-group of rank at least ¢, hence contains at least p*—!
subgroups of index p (each of which is normal in H, hence 2-step subnormal in
Q).

Let us denote by d the sum of the ranks of the (abelian) factors in the derived
series of G/A. As G/H has exponent p™ we have |G : H| < p™?. Hence G has
at least p'~! 2-step subnormal subgroups of index at most k - p™4+1.

Now put

c= p(kpd+1)7l/d/2 > 1.

Given a large positive integer n, let m € N satisfy
kpmd+1 S n< kp(m—&-l)d—i-l.
Then
n/4logc < (k‘pd“)l/dpm log ¢
1 m
= 50" logp < (t —1)logp
where t = p™. Thus G has at least et 2-step subnormal subgroups of index
at most n, and (16.2) follows.
The existence of the normal subgroup S of H is assured by the following
lemma, which we apply to the group G/A;; note that G/A is virtually torsion-

free because it is finitely generated and residually nilpotent, hence residually
finite (3 Soluble groups).
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Lemma 9.2.2 Let G be a group and A < H normal subgroups of G such that
(i) G/A is soluble of finite rank and virtually torsion-free,

(i) AP[A, H] = 1, where p is a prime.

Then there exists S << H with SN A =1 and |H : AS| < k, where k depends
only on G/A.

Proof. The group G/A has normal subgroups G;1/A > G3/A such that
G/G, is finite, G1/G2 is free abelian, and G3/A is torsion-free nilpotent (%
Soluble groups). Write b — 1 for the nilpotency class of Go/A, and let d be as
defined above.

Since A is central in H, the group G2 N H is nilpotent of class at most b; this
implies that every element of S7 := (G3 N H)pb is the pth power of an element
of Go N H (a lemma of Mal’cev, see [Sg], Chapter 6 §B, Prop. 2). As Gy/A is
torsion-free it follows that

S1NACAP =1.

Now put
Hy = Cy((Go N H)/AS1) N G

Then H, /(G2 N Hy) is free abelian and H; /S is nilpotent of class at most 3. It

follows as above that every element of S/S; := (H1p3b51)/51 is the p’th power
of an element of H;/S;, and hence that

Sﬂ(GQﬁH1) - (GgﬂHl)pb C Sy

Therefore SN A =1, and it remains to bound the index |H : AS|. We claim
that |H : AS| < k where k = |G : G1| p*® +3% Indeed, |H : HNGy| < |G : G4l.
Next, the group (H N G1)/H;y acts faithfully on (G2 N H)/AS; this has order
at most p®? and rank at most d, hence has at most pb”l2 automorphisms, which
implies that |[H NGy : Hy| < pbd2. Finally, H,/AS has order at most p®*¢, and
our claim follows. m

9.3 Some finitely presented metabelian groups

In this section we construct, for each integer d > 2, a finitely presented metabelian
group G having subgroup growth (and subnormal subgroup growth) of type
27" This shows that Theorem 9.1 is best possible. Given any prime p, we can
choose G so that its pro-p completion also has this growth type; thus taking
d = 2, we obtain examples of finitely presented metabelian pro-p groups with
growth type 2V™, which shows that Theorem 4.3 is also best possible.

Our construction is also interesting for a different reason. As we shall see
in Chapter 13, the ‘growth spectrum’ of finitely generated groups in general
essentially contains no gaps; that is, there is a continuous range of growth types
between PSG (type n) and n™; in particular, there is a continuum of distinct
growth types. If we restrict attention to groups in any of the following classes,
however — (a) finitely presented groups, (b) f.g. soluble groups, (c) f.g. pro-p
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groups — the picture is dramatically different: only a countable family of growth
types is known to occur, namely

e PSG (type n)

logn logn/loglogn

e finitely many ‘particular’ types, such as n
in arithmetic groups

in pro-p groups, n

e the sequence of types 27" exhibited here, and the sequence 2"(d_1)/d,

obtained by B. Klopsch using a variation of the same construction.

One of the most challenging open problems is to discover whether there are
any, or infinitely many, or uncountably many further growth types achieved by
groups in classes (a), (b) and (c). (As there are only countably many isomor-
phism types of finitely presented groups, the third possibility is of course ex-
cluded in case (a); the same applies to the classes of finitely generated metabelian
groups and finitely generated linear groups.)

The construction is as follows. We fix a prime p and an integer d > 2, and
let
I=(o1,...,2a)

be a free abelian group of rank d. Choose distinct monic irreducible polynomials
fi(X) (i =1,...,d—1) of degree at least 2 over F,,, write R = F,T" for the
group ring and let P be the ideal of R generated by

{fi(xd)_xi | 1 Slgd—l}
Thus writing z = x4 + P we have
R/PzIFp[x][x_l, Ao fa ()Y, (9.2)

The action of T' by mutiplication on R makes R/P into a I-module M, and we
now set

G=MxT.

Theorem 9.3.1 (i) The group G is a (d+1)-generator finitely presented metabelian
group. There exist constants b, ¢ > 1 such that

(ii)

1/d

b < s39(G) < 5, (G) <

for all large n, and
(iii) G has a normal subgroup K of finite index such that

/ 1/d

pn' < sn(I?p) <c"

for all large n.
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Proof of the lower bounds The lower bound in (ii) is a special case of
the result established in Section 1. For (iii), we choose a maximal ideal L/P of
R/P and let K be the inverse image in G of

(1+L)NT.

Then the argument of Section 1 shows that for large values of n, K has at least

p! two-step subnormal subgroups of p-power index at most n, where b > 1 is
a suitable constant. The same therefore holds for K.

The proof of the upper bounds is a little longer, and more interesting.
The key step is the following lemma, where we write

— (ant/d . )
= (dl) max deg fj.

Lemma 9.3.2 Let A be a subgroup of finite index in I' and let N be an F,I'-
submodule of finite index in M. Then

dg, A(M/N) < pu|T: AV

Here, dp,A(M/N) denotes the number of generators required by M/N as
an F,A-module. Before proving this, let us deduce the upper bound in (ii).
This will also imply the upper bound in (iii) (replacing ¢ by a larger constant if
necessary).

To each subgroup H of index n in G we associate

D=D(H)=HnNM,
A=A(H)=(MH)NT.

Then D is an F,A-submodule of finite index m = p, say, in M, and [T : A| =
n/m. Also H/D is a complement to M/D in MA/D; so the number of possi-
bilities for H, given the pair (A, D), is equal to

|Der(A, M/D)| < m?

since A is a d-generator group.

Note that D contains the F,I'-submodule M(n) = M N G(n) where G(n)
is the intersection of all subgroups of index n in G; as G is finitely generated,
G(n) has finite index in G and so M (n) has finite index in M.

Now suppose A is given, and put r = [,utl/d] where t = |T": A|. By the
lemma, M/M(n) is an r-generator F,A-module. The number of isomorphism
types of F,A-modules of dimension [ is at most

[Hom(A, GL(F,))| < p™,

hence the number of F, A-submodules of codimension [ in the free F, A-module

(FpA)" is at most pdl2 - pl™. Tt follows that the number of possibilities for D is

at most ) \a
pdl +Ir — mdlogp m—pt .
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The number of possibilities for A is a;(I") < n?. Putting everything together
we obtain

1/d
an(G) < E m? . nd . mdlog, mtut
mt=n

1/d
< n(2+logn)d . C'T

where ¢; is a suitable constant; we leave it as an exercise for the reader to verify

that

11/4d 1/d

mt=n=—m <g"

where o = /¢ (e the base of the natural logarithms). It follows that s, (G) <
" for all large n if ¢ is any constant strictly larger than ¢;.

Proof of Lemma 9.3.2 To begin with, identify T' with Z(® using the
basis z1,...,24. Then A is a lattice in R(Y) with determinant T : Al. Tt fol-
lows by Minkowski’s theorem (see [HW], Theorem 447) that there exist integers
ai,...,aq such that

d
D lai| < (dr[r = A
i=1
1+# H zit =y € A.
Suppose for clarity that aq,...,as are non-negative and asy1,...,aq are nega-

tive. Write = fy(z) = 4. Then in the ring R = F,I' we have
s d
[[5@=y- I] fi@)! modP). 93)
i=1 i=s+1

Now N is an R-submodule of finite index in M = R/P, so M = M/N is a
finite ring image of R/P and from (9.2) we have M = F,[z] where T denotes the
image of z in M. Suppose L is a maximal ideal of F,A such that ML = 0. Then

(9.3) shows that T satisfies an equation of degree at most ¢ = Z?:l |a;| deg(f;)
over the field F' = (F,A)/L, and hence that dimy(M) < q.

In general, we may deduce that M /ML can be generated as an FpA-module
by g elements, for every maximal ideal L of F,A. This implies that the same
holds for M/ML™ for every n, and then by the Chinese Remainder Theorem

that ds, A (M) < g.
The lemma follows since

d
g =" lai|deg(f;) < (d![T: A"/ max deg(f;)
=1

:u|F:A|1/d.
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To complete the proof of Theorem 9.3.1, it remains only to show that G
has a finite presentation on d + 1 generators. Denote by u the element of G
corresponding to 1 € R/P, so u generates M as a I'-module, and put x = zg4.
Thus

G=(u,z,21,...,24-1) -

We claim that the following relations present G on these generators:

uP? =1
=1 (1<j<d-1)
[ri,7,]=1 (1<i<j<d—1) (9.4)

ut=ofi® (1<i<d-1)
[, u” =1 (1 <n<degf)
where u/(®) = HZ:O(U”””)C" for a polynomial f(X) = 22:0 en X"

It is straightforward to verify that these relations together with the infinitely
many additional relations

n

[u,u® ] =1 (n > deg f1)

do give a presentation for G it remains to show is that these additional relations
are consequences of (9.4). So let us assume (9.4), and suppose inductively that
[u7uzn] =1for 1 <n <k where k > h = deg f;. Write

AX) = X" +epn X" X + e

Then

commutes with

h
k+1 h H rL+k+1 h

Since [u”',u®’] = 1 whenever |i —j| < k, it follows that u® commutes with
(uxkﬂ)‘:h. As ¢, = 1 and ¢y is a non-zero element of I, this implies that
[w, u‘”k+1] = 1. Our claim follows by induction, and the proof of Theorem 9.3.1

is complete.

9.4 Normal subgroup growth in metabelian groups

In this section we discuss Theorems 9.2 and 9.3. Throughout this section,
G denotes either a finitely generated metabelian group (case 1), or a finitely
generated metabelian pro-p group (case 2).
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Let G% = G/G’ be the abelianisation of G, and let

R=7Z [Gab} in case 1
R=17Z, [[Gab]] in case 2

(in case 2, R is the ‘completed group algebra’ of the pro-p group G, see
[DDMS], Chapter 7). The conjugation action of G on the derived group G’
(which is closed in case 2) makes G’ into a Noetherian R-module that we de-
note by M. We now define a structural invariant of G by setting

k(@) = Dim(R/anng(M))
(here Dim denotes the Krull dimension of a ring).

Theorem 9.3 G has polynomial normal subgroup growth if and only if kK(G) <
2.

In general, as remarked in the preceding chapter, it seems difficult to relate
the normal subgroup growth of a group with that of a finite-index subgroup (in
contrast to the question of subgroup growth). In the metabelian case, however,
we can deduce

Corollary 9.4.1 If H is a subgroup of finite index in G then H has polynomial
normal subgroup growth if and only if G does.

This follows from Theorem 9.3 together with the easily verified fact that x(H) =
k(G).

Theorem 9.2 Suppose that k(G) =k > 1. Then there exist positive constants
a and b such that

nb(logn)l’z/’C < SQ(G) < na(logn)lfl/k

for all large n.

It must be admitted that the second theorem is not quite satisfactory: it should
be possible to obtain the same exponent for logn on both sides of the inequality,
but this is still an open problem. In any case, since it is easy to construct
metabelian groups G where k(G) takes any positive integral value, we see that
there are infinitely many distinct types of normal subgroup growth, both in f.g.
metabelian groups and in f.g. metabelian pro-p groups.

Example Let p be a prime. Then the wreath products
G=0,1z%, H=17 12+

are metabelian groups with x(G) = k(H) = m(ép) = ﬁ(ﬁp) = k (provided
k>1for G, k>2for H).

Both theorems are reduced to ring theory by means of the next lemma,
where s, (M) denotes the number of R-submodules of index at most n in M:
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Lemma 9.4.2 There exist positive constants h, f and g such that

sn(M) < sth(G)

n

for all n.

Proof. The abelian group I' = G contains a torsion-free subgroup I'y of
finite index f, say. Let r denote the rank of I' and m the number of generators
required by M as an R-module. Put h = m + 2r + 1.

To each submodule NV of finite index in M we associate a normal subgroup
N* of G as follows. Let e be the exponent of M/N, let

C/G" = Cr,(M/N),
and put
N*=CN.

It is then easy to verify that N*NG’ = N, so the mapping N — N* is one-to-one;
and

\G:N*|:|F:Fo|~|F0:C|-‘C:C62G’
Sf-nm~e2r-n

<nf

: ‘ce2G’ LCCN

since I'y/C < Autg(M/N) which has order at most n™, and e < n. This implies
the first claim.

For the second claim, we associate to each normal subgroup N of finite n
in G the pair (K = G'N, D = G’ N). Given |G : K| = q and |M : D| = s,
the number of possibilities for D is at most ss(M), and that for K is at most
aq(G) < ¢". Moreover, N/D is a complement for M/D in K/D, so the number
of possibilities for N is at most

\Hom(K/M, M/D)| < 5"

It follows that

Theorems 9.3 and 9.2 now follow from the corresponding results in ring
theory. For these, R can be either a finitely generated commutative ring or
a commutative local ring with finite residue field, M is a finitely generated
R-module, and Dim(M) denotes the Krull dimension of R/anng(M).
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Theorem 9.4.3 (i) s, (M) is bounded above by a polynomial in n if and only
if Dim(M) < 2.
(ii) If Dim(M) = k > 1 then there exist positive constants a and b such that

1-2/k 1-1/k

nb(log n) < Sn(M) < 7,La(log n)

for all large n.

Let us sketch the proof of the lower bound in (ii); this also implies the ‘only
if’ direction on (i). Suppose, then , that M is a finitely generated R-module. We
may assume that anng(M) = 0 and that Dim(R) = k > 1. If R is not already a
local ring, we may localize at a maximal ideal of height k£ and so reduce to the
case where R is local, with maximal ideal q; let F' = R/q be the (finite) residue
field. According to the Hilbert-Samuel theory (see e.g. [E], §12.1 and Lemma
1.12), there exist polynomials P(X), P(X) of degrees k — 1, k respectively, and
positive constants « and 3, such that

dimp(Mq™/Mq™ ) = P(m) > am*™!
> dimp(Mq’ /Mg*!) =P(m + 1) < pm*
=0

for all sufficiently large integers m. Hence if |F'| = g then for large m, M q™ /Mq™*!

contains at least q[(amkfl)z/ 4] distinct F-subspaces. Each of these corresponds
k
to an R-submodule of index at most ¢®™ in M.
Now let n be a large positive integer. There exists m such that

pm* < log, n < B(m + DF < 2km*,
and then

log, (sn(M)) > [(am*~1)?/4]
> 7(log, n)2_2/k

where v > 0 is a suitable constant. Thus s, (M) > nbosm)' ™" where b =

7/ logq.

The upper bounds in theorem 9.4.3 are harder to prove; in case (ii) they
depend on estimates for the number of generators needed by ideals of finite
index in local rings, due to [Boratynski, Eisenbud & Rees 1979]. For details see
[Segal 1997].

Notes

The original PSG Theorem for residually nilpotent soluble groups appeared in
[Segal 1986,]; the sharper Theorem 9.1 was announced in [Mann & Segal
1996].
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The results on subgroup growth of metabelian groups in Sections 1 and 3
are from [Segal & Shalev 1993]. Benjamin Klopsch (in unpublished work)
has modified the construction of Section 3 to obtain metabelian groups with
subgroup growth of type on' ™ for every positive integer d. We conjecture that
2" should occur for every rational € € (0,1), but this remains to be established.

The results on normal subgroup growth of metabelian groups are from [Segal
1997].

The subgroup growth of finitely generated soluble groups is discussed in
[Segal (a)] and [Segal 2000;]. The latter paper states the conjecture that
if a finitely generated soluble group has finite upper p-rank for every prime p,
then it has finite rank. In the former paper it is shown that if this conjecture is
true, then there is a gap in the possible subgroup growth types of f.g. soluble
groups, between PSG and type n!°8™. The bulk of the second paper is devoted
to establishing the conjecture in a special case: namely for f.g. groups G that
have a chain of normal subgroups 1 < A < K < G such that A is abelian and
finitely generated as a G/A-module, K/A is abelian of finite rank, and G/K is
polycyclic. Tt follows that there is a ‘subgroup growth gap’ for groups in this
class (which includes in particular all soluble groups of derived length 3 with
the maximal condition on normal subgroups). While this result is too special
to be of great interest, the proof introduces new methods; these may lead to
further progress on this problem, as well as to other applications in the theory
of f.g. soluble groups.
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Chapter 10

Profinite groups with
polynomial subgroup
growth

We showed in Chapter 5 that the finitely generated, residually finite groups with
polynomial subgroup growth are just those that are virtually soluble of finite
rank. The proof involved two kinds of argument: a ‘local’ part, analysing the
finite quotients of the group, and a ‘global’ part which involved representing
the group as a linear group. The latter depended crucially on the group being
finitely generated, and the result is not true without that hypothesis. However,
it makes sense to ask: can one characterize the general PSG group, including
those that are not finitely generated? The answer is a qualified ‘yes’, in the
sense that we can describe its profinite completion.

In this chapter, we determine precisely which profinite groups have PSG. To
begin with, let us consider some examples. As mentioned in the introduction
to Chapter 5, we already know that soluble groups of finite rank, and hence
also their profinite completions, are among the PSG groups. More generally, we
shall establish

Theorem 10.1 Ewvery profinite group of finite rank has PSG.

In terms of abstract group theory, this says that every group of finite upper rank
has PSG.

What about the other examples mentioned in Chapter 5, namely infinite
products of finite simple groups? On studying such examples, it becomes clear
that a product of finite simple groups has ‘few’ subgroups of finite index if there
is minimal ‘overlapping’ between the orders of the simple factors: if many of
the factors have order divisible by a prime p, for example, then their direct
product will contain a large elementary abelian p-subgroup which in turn has
many subgroups relative to its order; and knowing enough about the structure

187
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of finite simple groups one can see that this is essentially the main obstacle to
the group having PSG. To formalize these vague ideas, we make the following

Definition Let N be a family of natural numbers. Then N satisfies the ged
condition if there exists a positive number v such that for every finite subfamily

F of N, ,
IT 1T ecdten) < (H) |

z€F yeF TzEF

Our second family of examples is provided by

Theorem 10.2 Let (T;) be a sequence of finite nonabelian simple groups of
bounded ranks, each occurring with bounded multiplicity, and suppose that the
sequence of orders (|T;|) satisfies the ged condition. Then the profinite group

I
has PSG.

Some examples of this type are exhibited at the end of Section 10.3, below.

Now we can ask the question: do the two preceding theorems between them
provide all possible profinite PSG groups? Liberally interpreted, the answer
turns out be ‘yes’. The complete characterisation of profinite groups with PSG
is given in the following theorem, whose terminology is explained below:

Theorem 10.3 (The Profinite PSG Theorem) Let G be a profinite group. Then
G has PSG if and only if G has closed normal subgroups S < Gy such that S is
prosoluble of finite rank, G/Gy is finite, and G1/S is a quasi-semisimple group
of bounded type such that N'(G1/S) satisfies the ged condition.

Here, a profinite group @ is said to be quasi-semisimple of bounded type if @
is perfect (equal to the closure of its derived group) and Q/Z(Q) = [[ T; where
(T;) is a sequence of finite groups of bounded rank, each occurring with bounded
multiplicity, and each T; is a simple group of Lie type; and A (Q) denotes the
numerical sequence (|T;]).

It is worth noting that the simple groups 7; have bounded ranks if and
only if (1) they are of bounded Lie rank and (2) the underlying fields have
bounded degree over their prime fields. This follows from the classification of
finite simple groups, and it means that in principle, we can recognise ‘on sight’
whether a group is quasi-semisimple of bounded type. (The groups we term
‘quasi-semisimple’ are more usually called ‘semisimple’; we use the longer term
to emphasize the possible presence of a non-trivial centre, which in the present
context may be of infinite rank.) Of course Theorem 10.3 includes Theorem
10.2 as a special case. That it also generalizes Theorem 10.1 is less obvious:
this follows from the profinite version of Theorem 5.2, namely the fact that
every profinite group of finite rank is virtually prosoluble (see Section 1 below).

This theorem has two remarkable consequences.
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Corollary 10.4 The class of all PSG groups is extension-closed.
It is striking that (at present) no direct proof of this simple statement is known.

Corollary 10.5 If G is a profinite group with PSG then every (topologically)
finitely generated closed subgroup of G has PSG.

The restriction to finitely generated subgroups in this corollary is certainly nec-
essary, as we shall see in a moment. It is worth remarking that Corollary 10.5 is
a special property of polynomial subgroup growth; for example, the pro-p group
CplZy has exponential subgroup growth type, but embeds as a closed subgroup
in SL(F,[[t]]) which has the much slower growth type n'°¢™ (see Chapter 4).

Another result that may be regarded as a consequence of Theorem 10.3 is
the following; though in fact it has a surprisingly simple probabilistic proof,
given in Chapter 11:

Theorem 10.6 FEvery profinite group with PSG is finitely generated.

The proof of Theorem 10.3 is long, and we shall omit some of the more
technical details. For these, and the proofs of the two corollaries, the reader is
referred to [Segal & Shalev 1997].

Now let us outline the broad structure of the argument. As in Chapter 5, we
work mostly with the concept of weak PSG (wPSG); whereas before this was
merely a flourish, it seems to be an essential tool for the considerations of this
chapter. Recall that G has wPSG if there exists a such that

s(G) < |§’a

for every finite quotient G of G.

The first stage in the proof of Theorem 10.3, given in Section 10.2, is to show
that every profinite group with weak PSG is virtually an extension of a prosol-
uble group of finite rank by a quasi-semisimple group of bounded type. Having
established this, we are left with three (more or less logically independent) tasks:

e the characterisation of quasi-semisimple groups with wPSG (in Section
10.3);

e proving that every extension of a prosoluble group of finite rank by a group
with wPSG has wPSG, a special case of Corollary 10.4 (in Section 10.4);

e proving that wPSG is equivalent to PSG (in Section 10.5).

Most theorems of this chapter are initially proved in the form of results
about finite groups, saying that certain structural invariants of a finite group
G can be effectively bounded in terms of af(G), the ‘exponent of weak PSG’
defined in Chapter 5. This is true in particular of the invariant o*(G) defined
as follows (we also recall the definition of af(G)):
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Definition
o*(G) =inf{a > 0: 5,(G) < n® for all n}

ol (@) = inf {a >0:5(G) < |@|a for every finite quotient G of G} ,

where conventionally inf () = co.

Thus G has PSG if a*(Q) is finite, while G has weak PSG if af(Q) is finite.

We shall write f, f1 etc. to denote certain functions, whose existence is
supposed to be asserted when they occur in a statement (the same symbol may
denote different functions in different sections).

10.1 Upper rank
Theorem 10.1 follows directly from part (ii) of

Proposition 10.1.1 (i) If G is a prosoluble group then
o*(G) <1k(G) + 2.

(ii) There is a function f: N — N such that
a*(G) < f(rk(G))
for all profinite groups G.

Proof. Since both sides of the stated inequalities depend only on the finite
quotients of G, we may assume that G is a finite group.

(i) This is merely a slightly weaker version of Corollary 1.7.2.

(ii) Put r = rk(G). Suppose to begin with that G has no non-trivial soluble
normal subgroup, and put

K= (] M-Cg(M),
MeM

where M denotes the set of all minimal normal subgroups of G. Now if
M € M then M = S where S is a finite simple group of rank at most
r and m < r because S has even order, whence S(™) contains an elementary
abelian 2-subgroup of rank m. The outer automorphism group of M embeds in
Out(S)1Sym(m), and |Out(S)| is bounded by some function of r (% Finite sim-
ple groups); therefore |Out(M)| < f1(r), and it follows that |G : MCq(M)| <
f1(r). Now G is a quotient of the free group F on r generators; F has only a fi-
nite number of normal subgroups of index fi(r), and their intersection therefore
has finite index, fo(r) say, in F. It follows that

|G : K| < for).
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Now suppose that M € M is contained in K. Then
K=KNMCg(M)=M x Cx(M)

(because M N Ck (M) is an abelian normal subgroup of G). It follows that
K = My x --- x My, for some My,...,M; € M, and hence that K is a direct
product of non-abelian simple groups. Now we apply Corollary 1.9.2 to deduce
that

sn(K) < nd3()

With Proposition 1.3.2(ii) this gives

5 (G) < nfs(+f2(r)

for all n.

Now consider the general case, and let R denote the soluble radical of G.
The special case above gives s,(G/R) < nf3(+/2(") "and from part (i) we have
sp(R) < n2*" for all n. We conclude by Proposition 1.3.2(i) that

sn(G) < nd ()

for all n, where
f(r) = 2+7r)+ (fs(r) + fa(r)) + .

This completes the proof. m

Part (ii) depends implicitly on CFSG. A more elementary derivation of The-
orem 10.1 goes by way of Tate’s theorem (3~ Finite group theory), which
implies

Theorem 10.1.2 Let G be a profinite group whose Sylow pro-2 subgroups are
finitely generated. Then G is virtually prosoluble.

Recall that this depends on the Odd Order Theorem but not CFSG. This reduces
Theorem 10.1 to an application of part (i) of Proposition 10.1.1. It should be
noted, however, that this is weaker than Proposition 10.1.1 (ii), since the proof of
Theorem 5.5.1 does not provide an effective bound for the index of a prosoluble
subgroup.

10.2 Profinite groups with wPSG: structure

In this section we elucidate the structure of the general profinite group with
weak PSG. This will enable us, In Section 10.5, to show finally that weak PSG
is the same as PSG. It also prepares the ground for the exact characterisation
of these groups.

Throughout this section, G will denote a profinite group with wPSG, and
a = af(G). We begin with two elementary lemmas.
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Lemma 10.2.1 Let K <, G with |G : K| =m < co. Then

ol (@) —logm < of (K) < (1 +1logm)af(G)
o*(G) < a*(K) +m.
Proof. Asusual we may assume that G is finite. Proposition 1.3.2(iii) shows

that
s(G) < s(K)|G™E/5)

Since rk(G/K) < logm this gives

$(G) < |K|* 19 |G < gy 0

)

whence the first inequality. For the second inequality, note that

s(K) < s(G) < |G @
— (m|K|)aT(G) < |K|(1+logm)aT(G)

provided |K| > 2. The final inequality is immediate from Proposition 1.3.2(ii).
]

Lemma 10.2.2 Put
G(n) = ﬂ{N <o G| |G : N| divides n} .

Then
G G(n)| < flan).

Proof. If we can prove this under the assumption that G/G(n) is finite,
it will follow in general. So let us make this assumption; then replacing G by
G/G(n) we may suppose that G is finite and that G(n) = 1. Now choose normal
subgroups K1, ..., K; of index dividing n in G so that K1 N...NK; =1 and ¢
is minimal, and put

Li=()K;.

J#i
Then |L;| divides |G : K;| and hence divides n.

Now suppose that n is divisible by u = u(n) distinct primes. Then at least
one prime, p say, must divide |L;| for at least [¢/u] distinct values of 7. Since
the groups L; generate their direct product in G it follows that G contains an
elementary abelian p-subgroup of rank at least [¢t/u] . Consequently

p[[t/u]2/4] < s(@) < |G|™ < nte.

This implies (crudely) that
t < 8ulalogn
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(since p > 2). As |G| < n! this shows that we can take

f(a, n) — nS,u(n)2alogn.

Now we recall some notation and a result from Section 5.3.

Sy denotes the set of sporadic finite simple groups
A(B) denotes the set of alternating groups of degree at least 5 and at most 3

X(B) denotes the set of all simple groups of Lie type X (Fpe) where the Lie
rank n and the field degree e are at most (3.

For any group G, (G) denotes the least natural number § such that every
non-abelian upper composition factor of G belongs to Sp U A(S) U X () (or oo
if there is no such 3); and w(G) denotes the supremum of all natural numbers
m such that some finite quotient of G hs a normal subgroup isomorphic to S
for some non-abelian simple group S.

Proposition 5.3.4 asserts that if G has wPSG, then both B(G) = (3 and
w(G) = w are finite, and bounded by some function of af(G) = a. This fact is
the key to our first major structural observation:

Proposition 10.2.3 G has closed normal subgroups R < Gg such that R is
prosoluble, G/Gy is finite (of order bounded by some function of o), and

Go/R= [[ 70,
TeT

where T C X (B) and m(T) < w for each T € T.

Proof. This is very similar to the proof of Proposition 10.1.1(ii). Let M
be a non-abelian upper chief factor of G. Then M = S(™) where m < w and
S eSS UAB)UX(B). f S € So UA(B) put Gy = Cg(M), while if S € X(5)
let Gps be the kernel of the natural map G — Out(M). Then |G : Gyl < n
where n is bounded by some function of § and w; this is clear in the first case,
and in the second case follows as in the proof of Proposition 10.1.1. So putting

Go=[)Gu

where M ranges over all the non-abelian upper chief factors of G, we see by
Lemma 10.2.2 that |G : Gy| is finite and bounded by some function of «.

For each N <1, G with N < Gy, let Ry /N be the maximal soluble normal
subgroup of Gy/N, and put

R=(){Rn|Go>N <, G}.
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Then R is a closed, prosoluble normal subgroup of G contained in Gy, and
GQ/R = hmGo/RN

The proposition will therefore follow if we can show that, for each N <, G with
N < Gy, the group Go/Ry is a direct product of simple groups belonging to
x(9).

So replacing G by G/Ry and changing notation, we may as well assume that
G is finite and that Gy contains no non-identity soluble normal subgroup of G.
Now let K be the product of all minimal normal subgroups of G contained in
Gy. Each of these minimal normal subgroups is a non-abelian upper chief factor
of G, so the definition of G ensures that Gy = KCgq,(K); and KNCqg, (K) = 1.
As Cg,(K) < G it follows that Cg,(K) = 1 and hence that Gy = K, a direct
product of simple groups in Sy U A(S) U X(3). However, any chief factor of G
which is a product of groups in Sy U.A(f) is centralized by Gg, hence cannot lie
inside K; hence Gy is a product of groups in X' () as required. m

Now Lemma 10.2.1 shows that Gy has wPSG, and that af(Gy) is bounded
by some function of af(G) and |G : Gyl; to simplify notation, we may as well
replace G by Gy and so assume in the following discussion that G has a closed
prosoluble normal subgroup R such that G/R is a Cartesian product of simple
groups in X (). Can we now deduce that the prosoluble group R has finite
rank? Unfortunately things are not quite that simple, as we shall see in Section
10.3. The correct statement is given in the following proposition.

Proposition 10.2.4 The group [R,G| has finite rank, bounded by a function
of a.
Here, [R, G] denotes the closure in R of the subgroup [R, G].

Proof. This is an elaboration of the proof of Proposition 5.4.2. In that
proposition, the hypothesis of solubility was used essentially in bounding the
order of a completely reducible linear group. Although we cannot invoke this
here, we do know that G has restricted composition factors, and fortunately,
thanks to the linear version of the theorem of Babai, Cameron and Palfy, that
suffices to provide a similar bound at the corresponding point in the argument.

As in Proposition 5.4.2, we may assume that G is finite and that p is a prime
such that O,/ (G) = 1, and have to show that r,([R, G]) is bounded in terms
of a. Note that R is now the maximal soluble normal subgroup of G and that
G/R is a direct product of simple groups belonging to X'(3).

Let E = E(G) be the subgroup generated by all the quasi-simple subnormal
subgroups of G. Recall (++ Finite group theory) that the generalized Fitting
subgroup

F*(G) =Fit(G)E(G)

has the property Cq(F*(G)) = Z(F*(G)). We also need the fact that

Co(E) = Co(E/Z(E)) = R.
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Let us suppose to begin with that
E(G)=0y,(G)=1.

Then O,(G) = Fit(G) = F*(G) = F, say. We now repeat the proof of Proposi-
tion 5.4.2, with just one change: the derivation of the inequality |G : F| < p*?,
where d = dimp, (V) and V denotes the direct sum of the F,G-composition
factors of F//F'F?, depended on the solubility of G; instead of the P4lfy /Wolf
theorem we now quote Theorem 4 of the Permutation groups window, which

gives instead
|G : F| < pM,

where h is a number that depends only on 3(G). The rest of the argument goes
exactly as before, to show that
rp(R) <1p(G) < f(a)

for a suitable function f.
We now return to the general case, still assuming that O, (G) = 1. Put
Z = Z(E) and C = Cg(FE) = Cg(E/Z). Then G/Z = E/Z x C/Z, because
E/Z is a product of non-abelian chief factors of G and G induces only inner
automorphisms on each such chief factor. It follows in particular that Z < Z(G).
Now write
—:G—G/E

for the quotient mapping. We claim that E(G) = O, (G) = 1. To see this, sup-
pose that X/FE is a quasi-simple subnormal subgroup of G/E. Then

(XNC)/Z =Y/Z, say, is quasi-simple and it follows easily that Y’ is a quasi-
simple group. But Y is also subnormal in G, so Y’ < F; this now implies that
X/E is abelian, a contradiction. Thus X cannot exist, and so E(G) = 1 as
claimed. Next, suppose that X/F is a minimal normal p’-subgroup of G/E,

and define Y as above. Since E(G) = 1, the group X/E is elementary abelian;
hence so is Y/Z, whence Y is nilpotent. But ¥ <« G so Oy (Y) < Oy (G) = 1;
thus Y is a p-group, and therefore so is X /E =2 Y/Z, a contradiction. Thus

again X cannot exist, and O (G) =1 as claimed.
The special case done above now shows that

p(R) < f(a).

Since R < C we have
RNE =7 <Z(R)

and hence in particular that R/Z = R. It follows from the definition of E that
Z is a quotient of the Schur multiplier M(E/Z). Also E/Z is a direct product of
simple groups belonging to X' (), and the multiplier of each such group has order
at most 16(8 + 1) (& Finite simple groups); consequently Z has exponent
dividing (16(5+ 1))!. On the other hand, Z is a p-group since O (G) = 1. If
p > 16(8+ 1) it follows that Z = 1, in which case

mp([R, G]) < 7mp(R) =1p(R) < f(a),
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and we are done. We may therefore suppose henceforth that
p<16(8+1).

The Schur multiplier M(R/Z) has p-rank bounded by a number depending

only on r,(R) (3 Finite group theory). This implies that
rp(R'NZ) <rp(M(R/2)) < fi(e)
for some function f7, and hence that
rp(R) <1p(R) +1p(R'N 2Z) < fla) + fila).

It remains to deal with the factor [R, G]/R'. Now let p™ be the p-part of the
exponent of R/R’, and let m = r,(R/R’), so m < f(a). Consider the group

K =Cg(R/R'RZ).

This is the kernel of the action of G on an [F)-vector space of dimension m. Since
p < 16(8+1) it follows that k = |G : K| < |GL,,(F,)| is bounded by some fa(«)
depending only on a. On the other hand, K/Cg(R/R'RP) is abelian (since Z
is central in G), and Cx(R/R'RP)/Cx(R/R'RP") is a p-group; but G/R is a
product of non-abelian simple groups and R < Cx(R/R’ an), so we must have
K =Cg(R/R'R"") = Cq(R/R'RP").

Let z1,. .., 2, generate R modulo R'RP" Z and let {y1, ..., yx} be a transver-
sal to the cosets of K in G. Then

[R,GIR”" = ([ws,y) | 1<i<m, 1 <j<k)RR.
Since the p-part of [R,G]/R’ is isomorphic to [R, G]RP" /R'RP" it follows that
rp([R, G]/R)) < mk < f() f2(e)

and hence that r,([R, G]) < f(@)f2(a) + f(a) + f1().
This completes the proof. m

We are now ready to state the main structure theorem. A profinite group H
is said to be quasi-semisimple of bounded type if H is perfect (that is, H = H')
and

H/Z(H)= J] x™0),
Xex

where for some finite 5 we have X C X(8) and m(X) < @ for each X. The
least such ( is called the type of H. The fact that the Schur multiplier M (X)
has order at most 16(5 + 1) for each such X, alluded to in the preceding proof,
implies that Z(H) is then an abelian group of exponent dividing (16(5 + 1))!.

Theorem 10.2.5 Let G be a profinite group with wPSG. Then
(i) G is finitely generated;
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(i) G has closed normal subgroups S < G1 such that S is prosoluble of finite
rank, G/Gy is finite, and G1/S is a quasi-semisimple group of bounded type
having wPSG.

Moreover, d(G), the indez |G : G1|, the rank of S, the type of G1/S and o (G1/S)
are all bounded by functions of of(G).

Proof. We shall say that a number is ‘bounded’ if it is bounded in terms of
af(G). Let R < Gy be the closed normal subgroups of G provided by Proposition
10.2.3, and put e = (16(5 + 1))!. Now put

S= [Ra GO]Re
G, = GLRe.

Note first that af(Gy) is bounded, by Lemma 10.2.1. Applying Proposition
10.2.4, with Gy in place of G, we see that [R, Go] has bounded rank, so factoring
out this closed normal subgroup we may suppose for the rest of the proof that
[R,Go] = 1.

Write D = RN GT). Since Go/R is a product of non-abelian simple groups
we have Gy = RG). By Proposition 5.4.2 (or an elementary argument!), the
abelian group Go/G{ has bounded rank r, say, so R/D = Gy /Gj, also has rank
r. On the other hand, Gig is perfect since R is central in Gy, so in fact Gig is
quasi-semisimple of bounded type (at most ) with centre D, and it follows that
D¢ = 1. As R is abelian, this now implies that rk(R¢) < r. This completes
the proof that S = [R, G| R® has bounded rank; and of course S is prosoluble
because S < R.

Now

G1/8 = GyRe/Re = Gy /(G N Re)
is the quotient of Gig by a central closed subgroup; hence G1/S is again quasi-
semisimple of bounded type at most 3. Finally,

Go/G1 =~ R/DR?

which has order at most e”, and so |G : G1| < |G : Ggle” is bounded.
This completes the proof of (ii). Part (i) now follows, because

d(G) <d(G/Go) +d(Go/S) +d(S)
<log|G : Go| + 28 +1k(S).

To see that d(Gp/S) < 23, note first that d(Go/S) = d(Go/Z) where Z/S =
Z(Go/S), because Gy/S is perfect. On the other hand, we can write Go/Z as
the direct product of at most 3 closed subgroups, each of which is a Carte-
sian product of pairwise non-isomorphic non-abelian simple groups; since every
simple group can be generated by 2 elements the same holds for each of these
cartesian products. (The fact that profinite PSG groups are finitely generated
can be proved very simply by a quite different method, given in Chapter 11). =
The significance of this theorem is that, to a large extent, it reduces the
characterisation of profinite groups with wPSG to the case of quasi-semisimple
groups, which can be described in terms of certain numerical parameters.
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10.3 Quasi-semisimple groups

A quasi-semisimple group with trivial centre is a Cartesian product of finite
simple groups. Such a group G is determined, up to a small amount of ambiguity,
just by the orders of its simple factors, with their multiplicities (the ambiguity
results from the occasional coincidence of the orders of non-isomorphic simple
groups). Ignoring the ambiguity, it follows that (roughly) any property of G is
equivalent to some arithmetical property of the corresponding family of natural
numbers. Which arithmetical property expresses the condition that G have
wPSG? There is no a priori reason to expect that this property should have a
concise arithmetical definition; quite remarkably, however, it does. Moreover, it
applies to all quasi-semisimple groups, even those with non-trivial centres.

Let G be a quasi-semisimple group of bounded type. Thus for some finite (3
we have G/Z(G) = [];c1 Ti, where T; € X(f3) for each i and no factor occurs
more than [ times. Define

N(G) = (ITi])iez-

We say that a family IV of natural numbers satisfies the ged condition if there
exists a positive number v such that for every finite subfamily F' of N,

T TT ecdte.w) < (rp)

zeF yeF x€F

We can now state

Proposition 10.3.1 Let G be a quasi-semisimple profinite group of bounded
type. Then G has wPSG if and only if the family N'(G) satisfies the ged condi-
tion.

The appearance of the ged condition is explained by Proposition 1.10.2,
which relates s(A) for an abelian group A = P C,, to

|[End(A)| = H ged(e;, e;).

The idea behind the proof of Proposition 10.3.1 is that we can ‘model’ a finite
quotient of G' by a suitable abelian group.

The argument in the ‘only if’ direction depends on the following property of
simple groups:

Lemma 10.3.2 ([Segal & Shalev 1997], Lemma 6.2). Let T € X(3). Then T
contains elements g1, ..., gm, where m depends only on (3, such that

m

[ ota) =171.

j=1
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We omit the rather technical proof, but illustrate the result with an example:

Example Let T' = PSLy(F,) where p > 5 is a prime. Then m = 4 will do: let

(01 (11 (X0
g1 = -1 0 y 92 = 0 1 y 93 = 0 )\71

where A is a generator for the multiplicative group F,, and g4 = oP~! where o is
a Singer-cycle (acting like multiplication by a generator of F;z onF,. =F,0F,).
The images of g1, . . ., g4 in T have orders 2, p, (p—1)/2 and (p+1)/2 respectively,
while |T| = p(p? — 1)/2.

Now suppose that G as above has wPSG, and let F' be a finite subfamily of
N(G). To simplify notation, we may as well assume that F = (|Ty|, ..., |Tk]).
Then Ty x --- x Ty = G is a quotient of G. For each i, put n; = |T;| and let
Gils-- -, gim D€ the elements of T; provided by Lemma 10.3.2.

The idea is to ‘model’ G with the correponding abelian group B = C,,, X
o x Cy,. Forj=1,...,m, let

Aj=(gij |i=1,....k) <G.
Then A; = Ce(y ) X -+ X Ce(x 5y where e(i, j) = 0(gi;), and we may construct

a filtration
B=B,>By 12>...2B1>By=1

so that Bj/Bj—l = Aj fOI‘j = 1,...,m.
Now on the one hand,
[End(4))] < |45]s(4;)" < |45]5(G)*
for each j. On the other hand,

k k m
H H ged(ng,nj) = |[End(B)| < H |[End(4;)™.
j=1

i=1j=1

Fgr both of these, see §1.10. Putting them together and noting that [}, |A4;| =
|G | we obtain

ko k
H H ged(ng, n;) < ‘é’m . 8(@)47"2

i=1j=1

where a = af(G).
It follows that A (G) satisfies the ged condition with constant v = m+4m?2a.

The converse will be deduced from the following general result about finite
linear groups:
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Proposition 10.3.3 Let p1,...,pr be primes and m € N. For each i let X; be
a subgroup of GL,,(F,,) of even order, and let H = X1 x -+ - x Xj,. Suppose that

E k k v
T 1T sedxil 1X50) < (H |XZ-> .
i=1

i=1j=1

Then
s(H) < |H|f(m’lh’/)

where p is the maximum multiplicity of any prime in the sequence p1,. .., Dk.

Before giving the proof, let us complete the deduction of Proposition 10.3.1.
So let G be quasi-semisimple of bounded type 3, and suppose that N'(G) satisfies
the gecd condition with the constant . We have to show that if G is any finite
quotient of G then s(G) < ‘é’s where s is bounded in terms of 5 and 7.

Now G is a finite perfect group and G/Z(G) = T} x --- x T} where each
T; € X(B). It follows that G is an epimorphic image of Ty x - x Ty = H,
say, where T; denotes the universal covering group of T;. For each i we have
T,
|H| < |G 2, and as s(G) < s(H) it will therefore suffice to show that s(H) < |H|*
where s is bounded in terms of 3 and ~. This we do by verifying that Proposition
10.3.3 is applicable, taking X; = T; for each . That is, we find m, p and v as
in the proposition and check that each is bounded in terms of 3 and 7.

What is m? Suppose T; = X (pri). Then X; = T; has a faithful linear
representation over le:i of degree bounded in terms of n; < . Since also e; < 8
for each 7, there exists m, bounded in terms of 3, such that X; < GL,, (F,,) for
each i.

What is ;17 There are at most 143 possibilities for the symbol *X,,,, at most
0B possibilities for e;, and each T; occurs at most § times up to isomorphism. It
follows that no prime occurs more than 1433 times in the sequence ps, ..., pk,
and so pu < 1433,

What is v? The Schur multiplier M (T;) is the kernel of the covering map
T, — T;. Let h be the least common multiple of the orders |M(T3)], so | X;]
divides h|T;| for each i. Then

< |T,»|2 (the order is actually very much less: ¢ Finite simple groups); so

ged(|X;, X)) < hged(|Ti], |T5]) < ged (T3], [T3]) 2"

since ged(|T5|, |T}|) > 2; thus

koK E ok
H Hng(|Xi| X)) < H chd(m| |T ) los

i=1j=1 i=1j=1

k ~v(14log h) E v
- (H m) < (H |x,-> |
=1 =1
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where v = y(1 + logh). Since each T; € X(3), we know that h is bounded in
terms of § (3 Finite simple groups); hence v is bounded in terms of 3 and
5.

This completes the deduction of Proposition 10.3.1, and it remains to prove
Proposition 10.3.3. We shall use Proposition 1.8.1, which we restate here (recall
that for a finite group G, nil(G) denotes the number of nilpotent subgroups of
G):

Lemma 10.3.4 Let H be a finite group, and let [ be the mazximum Fitting height
of any soluble subgroup of H. Then

s(H) < nil(H)",

Proof of Proposition 10.3.3. We shall say that a number is ‘bounded’ if
it is bounded in terms of m, p and v. The soluble subgroups of H have bounded
derived lengths, by Zassenhaus’s Theorem (3 Linear groups), and a fortiori
bounded Fitting heights; in view of the above Lemma, it will therefore suffice
to show that nil(H) < |H|* where s is bounded.

Write m; : H — X; for the ith projection mapping. Let Y be a nilpotent
subgroup of H. Then m;(Y) = P,(Y) x Q;(Y) where P;(Y) is a p;-group and
Q;(Y) is a pj-group, and we have Y < P(Y') x Q(Y") where

P) =] Pv). Q) = [Qiv).

Now for each i, the rank of P;(Y) is at most m? (& Finite group theory).
Since the rank of a nilpotent group is just the maximum of the ranks of its
Sylow subgroups, it follows that rk(P(Y)) < um?2. Therefore Y is generated by
Y NQ(Y) and at most um? further elements. Thus given Y NQ(Y), the number
of possibilities for Y is at most \H|’Lm2 .

Let us call a subgroup Y of H non-modular if 7;(Y') is a p;-group for each 4,
and suppose that H contains n nilpotent non-modular subgroups. The preceding
discussion shows that

nil(H) < [H|"™ n.

To each nilpotent p}-subgroup @; of X; we assign one of its maximal abelian
normal subgroups A;. Then A; is a diagonalisable group and @Q;/A4; embeds
in Sym(m), which implies that rk(4;) < m and rk(Q;/A;) < m (3 Linear
groups). Hence @; has rank at most 2m. It follows that the number of such
subgroups @; of X; is at most |X¢\2m. To estimate n, we now associate to each
nilpotent non-modular subgroup Y of H the k-tuple

QYY) = (m(Y),...,m(Y)).

The number of such k-tuples is at most [ |X;|*™ = |H|*™, so it will suffice
now to estimate the number n(Q) of such Y for a fixed choice of Q(Y) =

(@Q1,---, Q)
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Put A=A x - - xApand Q = Q1 X --- X Q. Then Y < @Q; we estimate
separately the number of possibilities for ANY, for AY, and then, given these
two groups, for Y itself.

Since each A; has rank at most m, the abelian group A is isomorphic to a
subgroup of

(Ctl X X Ctk)(m)

where t; = | X;| for each 7. It follows by Proposition 1.10.2 and Corollary 1.10.7
that

m2

k k
H H ng(ti’ tj)

i=1j=1

k IJ’ITL2
(1)
i=1

This gives an upper bound to the number of possibilities for ANY.
The group Q/A = Q1/A; X -+ X Q. /Ay has rank at most km and order at

E2m

s(A) < [End(Cy, x -+ x Cy )™

IN

most (m!)¥, hence contains at most (m!)
is even we have

subgroups. However, since each t;

E ok
2 v
Qk < H Hng(tiatj) < |H| ’
i=1j=1

which implies that

(ml)F* = gk logm! < | pgjvlosmt (10.1)
Hence the nur'nber of possibilities for the subgroup AY of @ is bounded above
by |H|umlogm..

Finally, having fixed ANY = B and AY = F, we estimate the number of
possibilities for Y. Since Y/B is a complement to A/B in E/B, this number is
at most

d = |Der(E/A, A/B)|.
Put B() =ANY and, for ¢ Z 1, let Bz = BiflAi- Put CZ == CE(Bz/Bzfl) and
write d; = |Der(E/A, B;/B;—1)|. Then d < d; ...d}, and for each i we have

d; < |Der(E/C;, Bi/Bi—1)| - [Hom(C; /A), Bi/B;—1] .

Now C;/A < @Q/A has exponent dividing m! and rank at most km, while
B;/B;—1 = A;/(A; N B;_1) is abelian and has rank at most m; therefore

|Hom(C;/A), B;/Bi_1| < (m!)¥™".

On the other hand, since C; > [],; 4;, the quotient £/C; is isomorphic to a
section of Q;/A; and so has rank at most m. Therefore

|Der(E/C;, B;/Bi—1)| < |B;/Bi—1|™ < |Ai|™.
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Putting these together we get
k 2
d < H <|A2|m (m')kmz) < |H|m (m!)k2m2 < ‘H|m+m vlogm! )
i=1

The conclusion is that
n(Q) < |H|’

where
s =vm? +vmlogm! + (m + m?vlogm!).

The result follows.
To conclude this section, let us show how Proposition 10.3.1 may be used to
construct many groups with wPSG (which is equivalent to PSG, as we show in

§10.5 below). Let (p;) be a sequence of distinct primes greater than 3 such that
for each 1,

pi > 2
p; = £3 (mod 8)

p; £ 1 (mod q) for each prime factor g of Hpj (p? -1).
j<i

The existence of such sequences is guaranteed by Dirichlet’s theorem on arith-
metic progressions. Now put

L; = PSLy(F,,), L; = SLy(F,,).
Then |L;| = pi(p? — 1)/2 for each i, so for i > j we have
ged(IL;l, [Li]) = 12,

and a short calculation shows that the sequence (|L;|) satisfies the ged condition
with v = 4. It follows that the profinite groups

i=1 i=1

both have (w)PSG. Note that the centre of G is an infinite group of exponent 2;
this explains the remark made in an earlier section that the prosoluble radical
of a PSG group need not necessarily have finite rank.

Now let R = Z[{p~! : p € S}] where S is the complement of {p; | i € N} in
the set of all primes. The group SLy(R) has the congruence subgroup property
(see Chapter 6), so its profinite completion is isomorphic to

SLa(R) = [ [ SLa(Zy,).-
1=1
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Let K; be the principal congruence subgroup ker(SLa(Zp,) — SLa(Fp,)). Then
K; is a pro-p; group of rank 3, and so K = [[;2; K; is pronilpotent of rank 3
(3 Pro-p groups). The exact sequence

1 — K — SLy(R) — HSLQ(FM) =G -1
i=1

now shows that SLQ(E) is an extension of K by C~}’; Proposition 10.4.3, to be
proved below, now implies that SLa(R) has (w)PSG, and hence that SLo(R)
also has PSG. Thus we obtain a plentiful supply of countable, non-soluble linear

groups with PSG.

10.4 Profinite groups with wPSG:
characterisation

We now have all the ingredients, and it remains to put them together. The
main step is the following result about group extensions, similar to Proposition
1.3.3:

I IOpOSlthIl 10.4.1 Let G be a ﬁnue gyoup ana S a 5()[1[8)26 normail Sub up
Cf ailk T. Qhen g?()

where | denotes the mazximal Fitting height of all soluble subgroups of G.
This will be proved below. For the present application we also need

Lemma 10.4.2 Let @ be a finite group and H a soluble subgroup of Q. Then

[(H) < min{f3(ck(H)), fa(a"(Q))}.
Recall that I(H) denotes the Fitting height of H.

Proof. Put r = rk(H), and let K denote the intersection of the centralizers
of all chief factors of H. Since these chief factors are elementary abelian of rank
at most r, we see that H/K is a subdirect product of soluble linear groups of
degree at most r. It follows by Zassenhaus’s Theorem (% Linear groups) that
the derived length of H/K is bounded by a function of r. As K is nilpotent this
shows that {(H) < f5(r).

Now applying Theorem 10.2.5 to the group @, we find normal subgroups
S < R <@ of Q such that S is soluble, R/S is central in Q1/S and Q1/R is a
product of simple groups in X (), where rk(S), 8 and |Q : Q1| are all bounded
in terms of af(Q). In particular, Q;/R is a product of linear groups of bounded
degree, so as above it follows that [((Q1 N H)/(R N H)) is bounded (where
‘bounded’ now means in terms of af(Q)). Clearly [((Q:NH)/(SNH)) = 1((Q1N
H)/(RNH)). Also I(H/(Q1NH)) <log|Q : Q1|, while I(SNH) < f3(rk(S)) by
the preceding paragraph. Since the Fitting height is sub-additive on extensions
we deduce that [(H) is bounded in terms of af(Q). =
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Corollary 10.4.3 Let S <. G where G is a profinite group, S is prosoluble of
finite rank v, and o (G/S) = « is finite. Then

aT(G) < f(r, ).

Proof. We may assume that G is finite, and have to bound s(G) in terms
of |G|]. Put Q = G/S. Since Fitting height is sub-additive on extensions, we
see from Lemma 10.4.2 that the Fitting height of every soluble subgroup of G
is bounded by f3(r) + fi(a) = I, say. Then Proposition 10.4.1 gives

s(G) < s(@Q)N |52
< \Q|afl(l) |S|f2(lﬂ”) < |G‘f(ﬁa)

where f(r,a) = max{afi(f3(r) + fa(r)), f2(f3(r) + fa(r))}. =
Combining this with Theorem 10.2.5, Proposition 10.3.1 and Lemma 10.2.1,
we obtain the characterisation of profinite groups with wPSG:

Theorem 10.4.4 Let G be a profinite group. Then G has wPSG if and only if
G has closed normal subgroups S < Gy such that S is prosoluble of finite rank,
G/G1 is finite, and G1/S is a quasi-semisimple group of bounded type such that
N(G1/S) satisfies the ged condition.

The proof of Proposition 10.4.1 depends on a further lemma (cf. Lemma
1.3.4):

Lemma 10.4.5 Let A and B be finite nilpotent groups, with A acting on B.
Let r =1k(B). Then

IDer(A, B)| < s9(A) - |B| T +0/2.

Proof. Write A,, B, to denote the Sylow p-subgroups of A, B respectively,
and A, for the (normal) p-complement of A. Then

Der(A, B)| = [ IDex(4, B,)| = [ IDex(4y, B,)| [Dex(4,, B,)|
P p

where the product ranges over all primes p. Now every derivation A, — B, is
inner (the conjugacy part of the Schur-Zassenhaus theorem), so [Der(A,, Bp)| <
1B,

Fix p and put P = B, Q = A,. Let § € Der(Q,P) and put K = K; =
Cqo(P)Nkerd. It is easy to verify that K <1 Q. Since the restriction of 0 to Cq(P)
is a homomorphism with kernel K, we deduce that Cq(P)/K is isomorphic to
a subgroup of P, hence has rank at most r. On the other hand, according
to Proposition 9 in the Pro-p groups window, every p-subgroup of Aut(P)
has rank at most 5(7r%2 — ), so this is an upper bound for rk(Q/Cq(P)). It

2
follows that Q/K has rank at most 3(7r? 4+ ). Now ¢ is determined by the
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2
induced derivation Q/K — P, so once K is given there are at most |P|(™" /2
possibilities for . This shows that

Dex(Q, P)| < s9(Q) - |P| T +7/2.

The lemma follows since s<(A) =[], s9(4;) and |B| =], |B,|. =

Proof of Proposition 10.4.1. Recall that s(G) < nil(G)"*! by Lemma
10.3.4, so it will suffice to find an upper bound for nil(G).

Let F be the Fitting subgroup of S and put n; = nil(G/F). To each nilpotent
subgroup H of G we associate Yy = HF and Dy = H N F. Given a nilpotent
subgroup Y/F of G/F and a subgroup D of F, the number of possibilities for
H such that Yg =Y and Dy = D is at most

der(Ny (D)/Ng(D), Np(D)/D),

because H/D is a complement to Ny (D)/D in Ny (D)/D. Since Ny (D)/Ng(D) =
Y/F and Np(D)/D is a section of F, Lemma 10.4.5 shows that this number is
at most

2 2
S(Y/F) . ‘F‘1+(77‘ +7‘)/2 g nl |F|1+(7T +’l")/2 .

The number of possible choices for Y is at most n1, and there are at most |F|"
possibiities for D. It follows that

nll(G) S n% |F|1+(7T2+3r)/2 )

To get rid of ny we now repeat this argument, going up the Fitting series of
S, which has length at most /; the conclusion is that

nil(G) < nil(G/S)2l : |S|2’*1(1+(7r2+3r)/2) .

Thus
s(G) < s(G/S)+ W ‘S|f2(l,7~)

where f1(1) = (14+1)2" and fo(l,7) = (1+1)2"71(14+(7r2+3r)/2). This completes
the proof.

For the proofs of Corollaries 10.4 and 10.5, we refer the reader to [Segal &
Shalev 1997]. The first of these, which says that extensions of PSG groups again
have PSG, is quite easily reduced using Corollary 10.4.3 to the case of quasi-
semisimple groups; in that case, it comes down to the elementary arithmetical
fact that if two sequences satisfy the gcd condition then so does their union,
by Corollary 1.10.5. Corollary 10.5 depends on a slightly tricky application of
Jordan’s theorem (3~ Linear groups) .
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10.5 Weak PSG = PSG

To complete the proof of the Profinite PSG Theorem it only remains to establish

Theorem 10.5.1 FEvery group with weak PSG has PSG. More precisely, there
exists a function f such that

(@) < a* (@) < f(a(@)) (10.2)

for all groups G.

We have already remarked that of(G) < o*(G) holds trivially. Now let
G be a group with a = af(G) finite. Since a*(G) depends only on the finite
quotients of G, to complete the proof of (10.2) we may replace G by one of its
finite quotients, and so assume henceforth that G is finite. As before, we shall
call a number ‘bounded’ if it is bounded above by some function of . According
to Theorem 10.2.5, G has a normal subgroup G of bounded index and a soluble
normal subgroup S < G; of bounded rank such that G1/S is quasi-semisimple
of bounded type f3,say. Now Lemma 10.2.1 shows that af(G}) is bounded, and
that o*(G) is bounded by a function of o*(G1). Thus it will suffice to show that
a*(G4) is bounded in terms of af(G1); so we may replace G' by G and assume
henceforth that G = G;. In this case, we have

S<R<G

where S < G is soluble of bounded rank r, R/S = Z(G/S), G/S is perfect and
G/R is a product of simple groups in X'(f3), each occurring with multiplicity at
most 3.

Suppose we can show

A that G has at most nf1(®) normal subgroups of index at most n, for each
n, and

B that if H < G and |G : H| = n then |G : Hg| < nf2(®) for each n,

where Hg = e H9Y. Then every subgroup of index n in G contains a normal

subgroup of index at most n/2(®; there are at most n/2(®/1(®) such normal
subgroups, and each of them is contained in at most n/2(® subgroups of G.
Consequently

an(G) < nl2@)fi(a)y, f2(a)a _ ) f2(a)(fr(a)+a)

Therefore s,,(G) < nf(® where f(a) = 1+ fo(a)(fi(a) +a), and (10.2) follows.
The proof of (A) depends on the following simple lemma.

Lemma 10.5.2 Let H be a direct product of non-abelian simple groups, each of
which appears at most 3 times. Then the number of normal subgroups of index
at most n in H is bounded above by

n2+2[3.
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Proof. Let ¢, denote the number of isomorphism types of images of H
of order m, and b,, the number of normal subgroups of index m in H. Since
d(H) < 203 there are at most m?? epimorphisms from H to a given group F of
order m. However, since Z(F) = 1, the group F has at least m automorphisms,
so at least m epimorphisms from H to F' share the same kernel. It follows that

b < m?P ey,

Now H =[] Si(f ) where S1,Ss, ... are pairwise non-isomorphic simple groups,
fi < B for each 4, and, putting s; = |\S;|, we may suppose that

60§81§82§....

Since there are at most 2 non-isomorphic simple groups of each order, no integer
appears more than twice in the sequence (s;). Now ¢, is just the number
N(m) of sequences (e;) such that 0 < e; < f; and [[s;" = m. We claim that
N(m) < m?. The lemma will follow, since we then have

i b < i m2P=1.m? < n20+2,

m=1 m=1

The claim is proved by induction on m. If m < 60 then N(m) = 0. Suppose
that m > 60. Then

N(m) < Z N(m/s;) < z:(m/sl)2 < 2m? Z =% < m?.

silm silm r>60

(The fact that there are at most 2 simple groups of each order depends on the
classification; for the present application it suffices to know this for groups in

X(B).) m

Proof of (A). Let N < G have index < n. The preceding lemma shows
that there are at most n2+2# possibilities for the subgroup RN/R in G/R. So
given K/R < G/R with |G : K| < n, it will suffice to bound the cardinality of
the set |, -, N (m) where

N(m)={N<G|RN =K, |K:N|=m}.

Fix m < n and put D = (JN(m). Since R is soluble, each of the quotients
K/N with N € N(m) is soluble, of exponent dividing m, so K/D is also soluble
of exponent dividing m. As K/R is a product of non-abelian simple groups,
this implies in particular that RD = K.

Put T = SD. Then G/T is perfect with centre RD/T = K/T, and G/K
is a product of at most logn simple groups in X(3). It follows that K/T is an
image of M (G/T) which has order at most

(16(64' 1))logn — nlog(lG(ﬁ—l—l)).
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On the other hand, T'/D is a soluble group of rank at most r and exponent at
dividing m, hence

‘T/D| < mr(3+log r)

(3 Finite group theory, Proposition 21). Putting these together we deduce
that

|G/D] < n'
where ¢t =1 4 log(16(8 + 1)) + (3 + log r). It follows that

N (m)| < n',

and hence that |U,,<, N(m)| < n'**e.

The conclusion is that G has at most n(?+28)+0+t2) normal subgroups of
index at most n; this concludes the proof of (A).

The statement (B) is another application of the Babai-Cameron-Palfy Theo-
rem; specifically, we use Proposition 12 in the Permutation groups window
which bounds the product of the orders of the non-abelian composition factors
of a transitive permutation group with restricted composition factors.

Let H < G with |G : H| = n. Replacing G by G/Hg, we may assume that in
fact Hg = 1, and have to show that |G| < n/2(®). In this case G acts faithfully
as a transitive permutation group of degree n on the right cosets of H. Now the
non-abelian composition factors of G are just the simple direct factors of G/R,
so each one occurs with multiplicity at most 3; the result just quoted shows
that

|G : R| < nf @

for a certain function f. Put k = G- f((). Since R/S is a quotient of the Schur
multiplier M (G/R), it now follows as in the proof of (A), above, that

IR : S| < nklos(16(3+1)),

Now put F' = Fit(S). Since F is nilpotent and |F' : H N F| divides n we have
F" < H, and as F" < G it follows that F™ = 1. As above, this implies that
|F| < n"3+1°87) and Theorem 7 in the Finite group theory window now
shows that

|S| < n4r(3+logr)'

Altogether we deduce that
|G| < ni2(@)

where fo(a) = k(1 + log(16(8 4+ 1))) + 4r(3 + logr).
This establishes (B), and so completes the proof of Theorem 10.5.1.
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Notes

The ‘Profinite PSG theorem’ and its corollaries were proved in [Segal & Shalev
1997]. Important ingredients were obtained earlier: the equivalence of weak
PSG and PSG was established in [Segal 1996;], and the structure Theorem
10.2.5 (essentially) in [Shalev 1997]. (These two latter papers were being
written at around the same time, and their authors realized serendipitously that
a combination of their methods might point the way to the full characterisation
of profinite PSG groups.)

The paper [Shalev 1997] also presents a delicate analysis of the subgroup
growth of profinite groups of the form

G = [[PSLa(F,,).

3

Using some powerful analytic number theory, Shalev shows that the sequence
(p;) can be chosen so as to ensure that the corresponding group G can have
polynomial subgroup growth of any specified degree, or that G can be made to
have arbitrarily slow non-polynomial subgroup growth. Much easier (pronilpo-
tent) examples of groups with slow non-polynomial subgroup growth are given
in [Mann & Segal 1995]; yet different examples are given in Chapter 13,
below.

The paper [Segal 1996,] was inspired by the methods of [Mann 1993],
which showed how the Babai-Cameron-Palfy theorem and the generalized Fit-
ting subgroup could be used to bound the ranks of abelian upper chief factors
in a PSG group.



Chapter 11

Probabilistic methods

Probability has entered into group theory along several paths. One, initiated
by Erdés and Turan in the 1960s, is the investigation of probabilistic properties
of finite groups; a typical example of this is the classic theorem of Dixon that a
random pair of elements generates the alternating group Alt(n) with probability
that tends to 1 as n — o0, and its recent extension by Kantor, Lubotzky,
Liebeck and Shalev to the definitive result: a random pair of elements generates
a finite simple group with probability that tends to 1 as the group order tends
to co. Another path is based on the fact that a profinite group G, being a
compact topological group, has a finite Haar measure p. Normalising this so
that u(G) = 1, we may consider G as a probability space: this means that
the measure of a subset X of G is construed as the probability that a random
element of G lies in X. It is now natural to ask questions such as: what is
the probability that a random k-tuple of elements generates G? Formally, this
probability is defined as

P(G,k) = u{(xl,...,xk) eGW® | (z1,... z1) = G}, (11.1)

where 1 denotes also the product measure on G,

When G is finite we have u(X) = |X| /|G| for each subset X, so the concept
of probability in profinite groups reduces to the usual one in finite groups.
Indeed, this second path is really a special case of the first one, because (under
certain reasonable conditions)

w(X) = inf 7|XN/N|

= inf S (11.2)

as N ranges over the open normal subgroups of G, so the probability of an
event in G is a limit of probabilities associated to some family of finite groups.
However, as usual, the profinite language provides a suggestive framework for
articulating questions and constructing proofs.

The connection of these ideas to subgroup growth is made by associating to
each tuple of elements in the profinite group G the (closed) subgroup generated

211
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(topologically) by that tuple. (Henceforth, when talking about profinite groups
we shall understand ‘subgroup’ to mean ‘closed subgroup’ and ‘generated’ to
mean ‘topologically generated’.) The most striking applications of probabilistic
methods to subgroup growth questions (though by no means the only ones) con-
cern mazximal subgroup growth; these are based on the following major theorem:

Theorem 11.1 Let G be a profinite group. Then G has polynomial mazimal
subgroup growth if and only if P(G,k) is positive for some natural number k.

A profinite group G is said to be positively finitely generated, or PFG, if
P(G, k) is positive for some natural number k. We call G a PMSG group if G
has polynomial maximal subgroup growth. Thus the theorem asserts that PFG
is equivalent to PMSG. The ‘only if’ direction is easy, and will be proved in
Section 2.

Now to say that P(G, k) is positive means that the set of generating k-tuples
in G has positive measure (in G(k)), hence is certainly non-empty; so it implies
in particular that G can be generated by k elements. Thus we immediately
derive the following corollary (from the easier implication in Theorem 1!); this
makes no mention of probability and may be taken as justifying the chapter
heading:

Corollary 11.2 FEvery profinite group with PMSG is finitely generated. In par-
ticular this holds for every profinite group with PSG.

Applying this to the profinite completion of an abstract group gives

Corollary 11.3 Let G be a group with polynomial mazimal subgroup growth.
Then there exists k € N such that every finite quotient group of G can be gen-
erated by k elements.

In fact the proof will show that if m,(G) < n” for all n then we can take
k=[vy+2].

Applying Theorem 11.1 in conjunction with Theorem 3.5, we see that very
many groups are positively finitely generated:

Corollary 11.4 Let G be a finitely generated profinite group. Then G is PFG
unless every finite group occurs as an upper section of G.

This applies, for example, to the congruence completion of every arithmetic
group. However, it is not the whole story: it is shown in [Mann & Shalev 1997]
that the Cartesian product of any collection of distinct finite nonabelian simple
groups has PMSG; further examples are provided by the following theorem,
proved in section 3:

Theorem 11.5 Let G be a group (abstract or profinite) such that

55 (G) < (logn)?

n
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for all n, where v is a constant. Then

mn(G) < enT27

for all n, where ¢ is an absolute constant.

Thus ‘logarithmic’ normal subgroup growth implies polynomial maximal sub-
group growth, so every profinite group with this property is PFG, and hence
in particular is finitely generated. Finitely generated abstract groups with this
property that have arbitrarily large finite alternating groups as upper composi-
tion factors are described at the end of §13.4.

The harder implication in Theorem 11.1 depends on detailed information
about the subgroup structure of finite simple groups, and in particular on CFSG;
the proof is outlined in Section 3. It shows in fact that if P(G,k) > 0 then
My (G) = o(nF+6).

In Section 2 we establish

Proposition 11.6 The class of profinite PFG groups is closed under exten-
sions.

This now gives
Corollary 11.7 The class of PMSG groups is closed under extensions.

Like the analogous result for polynomial subgroup growth (Corollary 10.4), this
applies to all groups, not just profinite groups; indeed, suppose that N < G
and both N and G/N have PMSG. Then G is an extension of N by G/N
where N is the closure of N in G; now G/N is isomorphic to G /N and N is
a homomorphic image of N , 50 both N and G /N are profinite PMSG groups,
hence G has PMSG and then so does G. We do not know a non-probabilistic
proof for this corollary — a striking result, since a maximal subgroup of G does
not generally intersect N in a maximal subgroup of N.

The probabilistic approach also yields other kinds of information. Write

an,d(G)

to denote the number of d-generator subgroups of index n in a group G. In
Section 4 we establish

Theorem 11.8 Let G be a group that does not involve Alt(m + 1) as an upper
section. Then for each d € N there exist C = C(m,d) and k = k(m,d) such
that

Gn,d (G) < Cn*

for all n.
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The proof is given for a profinite group G. Applied to the profinite completion
of an abstract group, it yields the analogous estimate for the number @, 4 of
index-n subgroups H such that every finite quotient of H can be generated by
d elements; of course, a,,q < @p,q. This result is a broad generalisation of the
fact, established in Chapter 10, that every group of finite upper rank has PSG
— since if G has upper rank r then a,(G) = a, ,(G) for every n.

In the reverse direction, we saw in that chapter that if the PSG group G is
prosoluble then the numbers d(H) are bounded by a constant (the rank of G),
but in general they need not be. The next theorem shows that their growth
is in any case extremely slow (compared for example with the linear growth
d(H) ~ |F : H|d(F) for a free profinite group F):

Theorem 11.9 Let G be a profinite PSG group. Then there exists a constant

C' such that
d(H) < C+/log|G : H|

for every open subgroup H of G.

Like Corollary 11.2, this is derived from elementary probabilistic considerations
quite independent of the difficult classification theorem of Chapter 10.

The quantity P(G,k) is particularly transparent when G is a pro-p group.
This is discussed in Section 5, where we give two applications. The first, anal-
ogous to Theorem 11.8, concerns the number a,),.(G) of normal subgroups of
index n in G that can be generated (as normal subgroup) by r elements:

Theorem 11.10 Let G be a finitely generated pro-p group. Then for each r,

ayl (G)=o(n") asn — oo.

n,r
This (perhaps rather recondite) result has the following interesting consequence:

Corollary 11.11 Let h(p*,r) denote the number of (isomorphism types) of
groups of order p* that have a finite presentation with r relations. Then

h(p®,r) = o(p*") as k — co.

For comparison, recall that the number of d-generator groups of order p¥ grows
roughly like ka (Chapter 3). The corollary follows on applying the theorem
to the free pro-p group G on r generators: for every finite presentation of a
finite group needs at least as many relations as generators, so the groups being
counted take the form G/N where N is the normal subgroup of G generated
normally by the r relators.

The final, rather surprising, application shows how probabilistic considera-
tions can sometimes deliver exact results, not just estimates. It is a (virtually
one-line) proof of the formal Dirichlet series identity

00 a d d—1
> "(% ) _ HC(sfi) (11.3)

n
n=1
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where ((s) is the Riemann zeta function This will be proved again, in several
different ways, in Chapter 15, where it is the starting point for the theory of
‘subgroup-counting zeta functions’.

We begin in Section 1 by recalling some essential features of the Haar mea-
sure on profinite groups.

11.1 The probability measure

The distinguishing features of a Haar measure u on a compact topological group
are (1) finiteness and (2) translation-invariance (left or right, each of which
implies the other). If the group G is profinite and we fix u(G) = 1, in which
case p is said to be normalized, it follows that

w(gH) = p(Hg) = |G:1H‘

for every coset of every open subgroup H of G. Let us call such cosets basic
open sets. If the set

X = Ul‘inj UUKlykl

is the union of a finite collection of basic open sets, we can find an open normal
subgroup N of G contained in ﬂj H;N (", K;, and then X is equal to the union
of finitely many, say n, cosets of N, in which case

n

X)=nu(N)= ———.
u(X) = nu(N) G N
If X is the union of a countable family of basic open sets, we can write X as
an ascending union X = Uzoil X; where each X; is a finite union as above, and
obtain

p(X) = lim p(X,),
11— 00

In particular, if the set A/ of all open normal subgroups is countable, this de-
termines the measure of every open set in GG, and thus also of every closed set
since

p(G\X) =1—p(X).

In this case G is said to be countably based; this applies for example when G is
finitely generated.

For a detailed justification of these observations, including a proper definition
of the Haar measure in the general case of a non-countably-based profinite group,
the reader is referred to Chapter 16 of the book [FJ] by Fried and Jarden. We
shall make tacit use of several basic facts established there in the general context
of measurable sets, but will usually apply them only to sets that are closed or
open. These facts include the existence and uniqueness of the normalized Haar
measure u, as well as
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(1) the product measure on G¥) is the same as the Haar measure of G(*) ([FJ],
Prop. 16.10);

(2) if X CY are measurable sets then pu(X) < u(Y);

(3) if the measurable sets X; are pairwise disjoint then

u(J Xi) = 3 n(Xo);

i=1

(4) if the sets X; are measurable then

o

u(J X0) < 3 n(Xo);

i—1

this follows from (3) and (2) on replacing X; by X; \ (X3 U...UX,;_1) for
each i > 1;

(5) if the sets X; are measurable then

X;) = lim p(X;) =supp(X;) if X; C X4 for all ¢

—00

=4
3

-
Il
—

X;) = lim p(X;) =inf u(X;) if X; O X;41 for all i.

17— 00

=4
DL

N
Il
-

As an illustration, let us derive the identity (11.2) stated in the introduction,
assuming that G is countably based and that X is a closed subset of G. In this
case, X = (oo; XN; where Ny > N, > ... is a descending chain in N. From
(5) we have

p(X) = inf (X N;)

> inf p(XN) > p(X
2 jnf W(XN) 2 p(X)
since X C XN for each N; so u(X) = infyen (X N). Now for each N € N/
the set XN is the union of |[X N/N| cosets of N, so u(XN) = |XN/N|u(N) =
|XN/N|/|G: N|, and (11.2) follows.

Lemma 11.1.1 Assume that G is countably based. Let K be a closed nor-
mal subgroup of G and w : G — G/K the natural epimorphism. If X is a
closed subset of G then p(n(X)) > u(X); if Y is a closed subset of G/K then

p(rH(Y)) = u(Y).
Proof. Using (11.2) we reduce to the case where G is a finite group. In

that case, if X C G then |7(X)| < |X|/|K]|, with equality if X = 7=(Y); both
claims follow directly. m
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11.2 Generation probabilities

Throughout this section, G denotes a profinite group and p the normalized Haar
measure, on G or on some direct power G*). Now fix k and write

X(G.k) = {x e G® | (x) =G},

where x = {z1,...,2;} when x = (21,...,2;) (and (x) means the closed sub-
group topologically generated by the set x). Since a subset T fails to generate
G if and only if T is contained in some maximal open subgroup of G, it is clear
that
GP\X(G k)= ) MP, (11.4)
M max G
where M max G means ‘M is a maximal (proper) open subgroup of G’. This

is an open subset of G*), so X (G, k) is closed, hence measurable. We may
therefore define

P(G,k) = u(X (G, k) :

the probability that a random k-tuple generates G. Thus 0 < P(G,k) < 1, and
if P(G,k) > 0 then d(G) < k (for if d(G) > k then the set X (G, k) is empty).
Using (11.2) we can interpret P(G, k) in the following way:

P(G,k) = inf {P(G/N,k) | N <G, N open}; (11.5)

when G/N is a finite group, of course, P(G/N, k) is simply the proportion of
all k-tuples in G/N that generate G/N. If G is finitely generated this follows
directly from (11.2), since in that case G is countably based (and X is a closed
set). If G is not finitely generated then P(G, k) = 0, as we have just observed;
on the other hand, there exist finite quotients of G that cannot be generated
by k elements, since d(G) = sup d(G/N); consequently P(G/N, k) = 0 for some
open normal subgroup N of G and the right-hand side of (11.5) is also equal to
Zero.

Proposition 11.2.1 Let K be a closed normal subgroup of G and let H be an
open subgroup of G. Then

(i) P(G/K.k) > P(G, k);

(1)P(G,k+1) > P(G/K,)P(K,k);

(iii) P(G,k+d) > |G : H"**Y) P(H, k) for any integer d > log|G : H.

Proof. We may assume that G is finitely generated, since otherwise the
right-hand side of each inequality is zero. Write 75, : G*) — (G/K)®*) for the
natural map. Then 7 maps X (G, k) into X(G/K, k), and applying Lemma
11.1.1 to the pair K*) < G*) we deduce that

pX(G/K, k) = p(X(G, k),

which is (i).
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For (iii), note that G = (H, y1,...,,yq) for suitable elements y;, since d is
an upper bound for the length of any subgroup chain between H and G. Now
put X = X(H, k). Then

X X Hy; x -+ x Hyy € X(G, k + d).

Now (iii) follows since u(X) = P(H, k)u(H®) = |G : H\_k P(H,k)and u(Hy;) =
—1 .
|G : H|™" for each i.

The proof of (ii) is more transparent when G is a finite group; the general
case follows from this one on applying (11.5). Suppose that x € X (K, k) and
y € Wl_l(X(G/K,l); then the subgroup <X> of G covers the quotient G/K, so
‘<X>| >|G:K|. Ifuy,...,ux € (y) then

<331U17~-~733kukay17~-~7yl> = G’

therefore P(G,k + 1) is at least equal to 1G]~ " times the number of such
k + [-tuples. This number is at least

K" |X(G/K, )] - |G = KI*|X(K k)| = |G P(G/E, D) P(K k).

]

Thus the class of profinite groups with PFG is closed under extensions. In
particular it follows that a profinite group is PFG if it has an open normal
PFG subgroup; intriguingly, however, the answer to the following question is
unknown:

Problem Is every open subgroup of a PFG group itself a PFG group?

If we assume that G has only a finite number m,(G) of maximal open
subgroups of index n for each n, then the set of all maximal open subgroups is
countable, and we obtain the following estimate from (11.4):

1-P(G,k) = u ( U M(k>>

M max G
< Y M) (11.6)
M max G
= > G M= ma (G,
M max G n>1

This is all that is needed to establish the easier direction of Theorem 11.1:

Proposition 11.2.2 Lety be a positive constant, and suppose that m, (G) < n?
for every n. Then P(G,k) > % for every integer k > + 2.

Proof. Indeed,

1-P(G k)<Y ma(GnF <Y n k<Y 02 =x%/6—-1<0.65
n>1 n=2 n=2

so P(G,k)>0.35. m
Essentially the same argument shows that if G has PMSG then in fact P(G, k) —
1 as k — oo.
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11.3 Maximal subgroups

The proof of (the harder direction in) Theorem 11.1 depends on some deep
finite group theory and on some further probability theory. Let us begin with
the latter, which is quite elementary. The result we need is the so-called Borel-
Cantelli Lemma (we use the notation introduced in Section 1):

Proposition 11.3.1 Let (X;) be a sequence of measurable subsets of G, and

put
x= (U XZ) :
n=1 \i=n
(1) If the series >, w(X;) is convergent then p(X) = 0.

(ii) If the sets X; are pairwise independent and the series > o | u(X;) is
divergent then pu(X) = 1.

Note that the set X consists precisely of those elements that belong to infinitely
many of the X;. Here two sets X and Y are said to be independent if

(X NY) = pu(X)u(Y).

The proof of Proposition 11.3.1 is given in the Probability window.
When applying part (ii) of the Borel-Cantelli Lemma, we need to recognise
when certain sets are independent. The relevant case is

Lemma 11.3.2 Let A and B be mazximal open subgroups of G with distinct
cores. Then for each k, the subsets A% and B®) of G*) are independent.

Proof. Put Ag = coregA and By = coregB. If Ag < B then Ay < By,
so By is not contained in Ay and hence also not contained in A. Thus we may
suppose without loss of generality that Ay is not contained in B, in which case
ApB = G, and hence AB = G. This implies that |G: ANB| =|G: A||G: B,
whence

p(AD NBWY = |G ANB ™" =G A7 |G BT = p(AW)u(BW).

Suppose now that P(G,k) > 0. Then G is finitely generated, so has only a
countable collection of maximal subgroups. Let us call two maximal subgroups
equivalent if they have the same core, and in each equivalence class choose a
representative having minimal index in G. Let this set of representatives be
(M;)ien, and let ¢, denote the number of indices ¢ such that |G : M;| = n.

Now consider the series

oo oo

ZM(Mi(k)) = Z |G : Mi\_k = ann_k.

=1 =1 n>1
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We claim that this series is convergent. Indeed, according to Borel-Cantelli (ii)
and the preceding lemma, if the series diverges then the subset of G(*) consisting
of tuples x that lie in only finitely many of the sets M;*) has measure zero. But
if x € X (G, k) then x lies in none of the M;(®); thus P(G, k) = u(X(G, k)) =0,
contradicting hypothesis.
It follows that
¢n = o(n").

To deduce that G has PMSG, it now remains to bound m,(G) in terms of g,.
This is where finite group theory comes in.

Theorem 11.3.3 There is an absolute constant ¢ such that, in any group G,
the number of core-free mazimal subgroups of index n in G is at most cn® for
each n.

A subgroup M of G is core-free if core¢ M = 1; of course, if G has any such
subgroup M of finite index then G is a finite group. The theorem implies
that a group has at most cn® inequivalent faithful primitive permutation rep-
resentations of degree n. For the proof, we must refer to the paper [Mann &
Shalev 1997]. The result established there is slightly weaker, with the exponent
5 replaced by d(G); the present version may be obtained by combining their
proof with that of Lemma 2.8(a) in [Lucchini & Morini 2002] and a little extra
argument. (The original, weaker, theorem suffices for the present application.)
Given Theorem 11.3.3 we can now complete the

Proof of Theorem 11.1. Suppose that the profinite group G satisfies
P(G,k) > 0. Then d(G) < k. Let N; = coregM;. If M is a maximal subgroup
of index n in G then coreg M = Nj for some i such that |G : M;| < n; the number
of possibilities for i is therefore at most ga + - - - + ¢,,. Applying Theorem 11.3.3
to G/N; we see that given N;, the number of such maximal subgroups M is
at most en®. On the other hand, we have shown above that g, = o(n*). The
number of possibilities for M is therefore

mn(G) < en®(ga + - + qn) = o(n"+F).

Thus G has polynomial maximal subgroup growth, and the proof is complete.

Now suppose that G is a profinite group with
s3(G) < (logn)"

for all n. Since |G : coregM| < n! when |G : M| = n, Theorem 11.3.3 gives
ma(G) < en® - 535(G)
< en®(logn!)? < en®t?7,
and Theorem 11.5 follows.

Before leaving this topic, we should mention a striking application of Theo-
rem 11.3.3, due to L. Pyber.
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Theorem 11.3.4 [Pyber (a)] There is an absolute constant ¢ such that for
every finite group G, the number of mazimal subgroups of G is at most |G|°.

It is interesting to compare this with Theorem 10.5.1. We showed there that
if s(G) < {§|C for every finite quotient G of a group G, then G has PSG, of degree
bounded in terms of ¢; thus a polynomial bound for the number of all subgroups
is a strong structural restriction on a finite group, whereas Pyber’s theorem
shows that a corresponding bound for mazimal subgroups is no restriction at
all: adapting the language of Chapter 10 one can say that every group has ‘weak
PMSG?’. This is another aspect of the principle illustrated by Theorem 3.1, that
polynomial mazimal subgroup growth is a relatively mild condition on groups.

11.4 Further applications

As before G denotes a profinite group and p the normalized Haar measure on
G. Define

X'(G,k) = {x e GM | (x) <, G}

where H <, G means H is an open subgroup of G. Thus X'(G, k) is the disjoint

union
L]

X'(G.k)y= |J X(H k).
H<,G
If X'(G, k) is non-empty then G has at least one k-generator open subgroup, so

G is finitely generated and hence countably based, and the union on the right
has countably many terms. So writing

Q(G7 k) = :U‘(X,(G7 k))

we have
QG k)= > w(X(H,k) (11.7)
H<,G
= > PHkWHY)= " P(HFk)|G:H™".
H<,G H<,G

From this we may draw several conclusions.
(1)
P(G,k) < Q(G,k),
Q(G,k) > 0= P(G,k+d) >0 for some d;

so Q(G, k) is positive for some k if and only if G is PFG. The first inequal-
ity is clear, and the second follows from Proposition 11.2.1(iii), taking d =
[log |G : H|] where H is some open subgroup of G for which P(H, k) > 0.



222 CHAPTER 11. PROBABILISTIC METHODS

(2) Fix a real number ¢ € (0,1] and let H(k,c) denote the set of all open
subgroups H of G such that P(H,k) > c¢. Write a,(k,c) for the number of
H € H(k,c) such that |G : H| = n. Then

¢y aplken™F < " PHK)|G:H|IT" <Q(Gk) < 1.
n=1 HeH(k,c)

Consequently
an(k,c) < c 'nF

for each n. Thus we have the polynomial growth of certain families of open
subgroups in G.

Suppose for example that G does not involve Alt(m+1)as an upper section.
Then every finite quotient of G belongs to the class C,,, of finite groups that do
not involve Alt(m+1). Now fix a positive integer d and let F' be the free pro-C,,
group on d generators. Theorem 11.4 tells us that F' is a PFG group: so for
some k we have P(F,k) > 0. Now every d-generator open subgroup H of G is
an image of F), hence satifies

P(H,k) = P(F,k)
by Proposition 11.2.1(i), and so lies in H(k, ¢) where ¢ = P(F, k). It follows that
and(G) < an(k,c) < c 'n¥

for each n, and we have established Theorem 11.8 (with C' = ¢~!); note that ¢
and k here depend only on m and d.

(3) Suppose G has the property that P(H, k) = qi is constant over all open
subgroups H of G. Then from (11.7) we have

Z an(G)n=F = Z G H| ™" = ;' Q(G,k). (11.8)
n=1 H<,G

As we shall see in the next section, this can be used in some circumstances to
determine the numbers a, (G).

For the rest of this section, we assume that the profinite group G has poly-
nomial subgroup growth, so there exists ¢ € N such that

an(G) < n¢

for all n.

Lemma 11.4.1 If a,(G) = O(n*~17¢) where e >0 then Q(G,k) = 1.
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Proof. Let x € G®). If the closed subgroup (x) is not open in G then it is
contained in infinitely many open subgroups; from the Borel-Cantelli Lemma,
Proposition 11.3.1(i), the probability of this event is zero if the series

> wHW) =" an(@)n*

H<,G n=1

is convergent, which indeed it is. m
Now we give the

Proof of Theorem 11.9. Let H be an open subgroup of index n > 2
in G. We shall show that d(H) < Cy/logn where C' depends only on ¢. For
k,meN let

P(H,k,m)

denote the probability that a random k-tuple in H generates a subgroup of
index > m in H. Thus P(H,k,m) = pg(Y) where pg is the normalized Haar

measure on H and
Y = U L") c gk

L<.H
|H:L|>m

(note that each closed subgroup of infinite index is contained in open subgroups
of arbitrarily large finite index). It follows that

P(H,k,m) < Y [H:LTF <> aj(H)j ™"
L<,H j>m

|H:L|>m
<D an (@)<Y
j>m ji>m

Now choose

T:"\/clom-‘, m:[2\/@-‘, k=c+r+1.

Then

[e'S)
St Y < [T e =t <
j>m m

j>m

and
m" Z 2r\/clogn > 2clogn = nc

bl

so P(H,k,m) <n°m™" < 1.
It follows that H contains at least one k-generator open subgroup L of index
at most m. Then H is generated by L together with at most log |H : L| < logm
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further elements, so

d(H) < k+logm
<c+ (14 +/clogn)+ 1+ (1++/clogn)
< C+/logn

where C' = 2y/c + ¢+ 3, say. This completes the proof.

11.5 Pro-p groups

Let G be a pro-p group, with d(G) = d finite. A set {z1,...,z\} generates G if
and only its image {z1P(G),..., 2, ®(G)} in G/P(G) generates G/P(G); so

P(G, k) = P(G/®(G), k)
by Lemma 11.1.1. Now G/®(G) = IFZ(,d) =V, say. The generating k-tuples in V'

are represented by d x k matrices of rank d over IF,; since row rank equals column

rank, the number of such matrices is just the number of linearly independent

1(7]{) , which is

" =DE" —p)... (0" —p™ ")

(this is zero if k < d). Dividing by |V(k)| = pF? we get

d-tuples in F

d-1
P(G.k) = POVE) = [ (1 =) (11.9)
7=0
=1I,(d, k), say.

Thus every finitely generated pro-p group is positively finitely generated. Of
course, this is a very special case of Theorem 11.1, since every maximal subgroup
has index p; but here we have the added feature that if G can be generated by
d elements, then d elements generate GG with positive probability — this is not
the case e.g. for G = Z, a one-generator group for which P(G,1) = 0 (as we
shall see below).

Let us consider now the number a.(G) of normal subgroups of index n in
the pro-p group G that can be normally generated by r elements. Let

PY(N,k)

denote the probability that a random k-tuple in the (closed) normal subgroup
N of the pro-p group G generates N as a normal subgroup: that is, the measure
(w.r.t. iy ) of the set

{XGN(k)|<§G>:N}.
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Let N (k,c) denote the set of all open normal subgroups N of G such that
PY(N,k) > ¢, and write b, (k,c) for the number of N € A(k,c) such that
|G : N| = n. Just as in the preceding section we infer that

ey bu(k,om™ < Y PYNE)G:N|TF <L,
n=1 NeN (k,c)

and hence that b, (k,c) = o(n*) provided ¢ > 0.

To estimate the numbers PY(N, k), note that (x¢) = N if and only if
(x9) @c(N) = N where ®¢(N) = [N,G]N?, and that this holds if and only if
(x) D(N) = N. It follows by a now familiar argument that

PY(N,k) = P(N/®g(N), k)
=1II,(s, k)

where s = d(N/®g(N)); and reversing this argument we see that s is exactly
the minimal number of generators required by N as a normal subgroup of G.
If N can be normally generated by r elements then s < r and so P%(N,k) =
II,(s, k) > I, (r, k); thus N € N(k,c) where ¢ = IL,(r, k).
Taking k& = r we deduce that
ar (G) < bn(r7 C) = O(nr)

n,r

where ¢ = II,(r,r) > 0; and we have proved Theorem 11.10.

Next, consider the example G = ZI()d). In this case, every open subgroup H
of G is isomorphic to G, so P(H,k) = P(G, k) =11,(d, k). Also Q(G, k) =1 for
every k > d+ 1, by Lemma 11.4.1, so for such k the formula (11.8) reads

Z ann * =T0,(d, k)~"
n=1

where a,, = a,, (Zl(yd)). Writing X = p~* and noting that a,, = 0 when n is not
a power of p this becomes

0o d—1
Y auXxt=J[a-px)"" (11.10)
i=0 =0

On the right we have a rational function of X and on the left a power series
in X, which converges to the same value when X = p~* for any large integer
k. Therefore (11.10) is an identity, and by multiplying out the geometric series
>, (PP X)™ we obtain explicit formulae for the numbers a,;.

Let us replace X by p~* where s is a complex variable. Then (1 — X)~! =
(1 —p=%)~! is just the p-factor (,(s) in the Euler product expansion of the
Riemann zeta function {(s), so we can restate our conclusion as

> app = G(s)Cp(s = 1) Gp(s —d + 1),

1=0
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Leaving pro-p groups now, let us apply this to the group Z(®. It is easy to
see that if n = p7* ... p% where p1,...,p, are distinct primes then

n(ZD) Hae 7Dy = Haf Zib).

This now implies the following identity of formal Dirichlet series:

i an(Z(d))n*S = H i Ay (Zéd))p*is

n=1 p 1=0

= HCP(S)CP(S - 1) . Cp(s —d+ 1)
=((s)¢(s—1)...¢(s —d+1).

The first equality, a formal consequence of unique factorisation, generalizes to
all nilpotent groups. It will be discussed in Chapter 15, where we exhibit several
different ways of deriving this remarkable identity.

As an exercise, the reader may ge\rive the same identity by applying the
above method directly to the group Z(?), rather than going via the factors ZI(,d).
The main step is to establish that

P(ZD k) = (C(k)C(k —1)...¢(k—d+1))"",

(this includes the cases k < d, interpreting ¢(1)~! as 0). Applying (11.5) reduces
this to evaluating P(A, k) for a finite abelian group A; then note that

=1 P4, k),

where A, is the p-component of A, and use (11.9). This approach replaces the
multiplicative property of a, with that of P(A,k), and the identity theorem
for power series with the identity theorem for Dirichlet series; the essential —
combinatorial — content is of course the same in both approaches.

Notes

The study of generation probabilities in the style of this chapter was initiated
by [Jarden 1975], who introduced the use of the Borel-Cantelli lemma in such
investigations and applied it to examine the probability of generating a pro-
cyclic group. See [FJ], §16, where Fried and Jarden also raised the question of
probabilistic generation for free profinite groups. This was taken up by [Kantor
& Lubotzky 1990], who determine several families of PFG groups, and show
that non-abelian free profinite groups are not PFG.

Most results of this chapter that are not otherwise attributed are due to
[Mann 1996]. This paper was the first to develop the topic systematically
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(and introduced the term PFQG). In particular, Mann proved the easier direction
of Theorem 11.1 and many special cases of the harder direction, including the
case of virtually prosoluble groups. The paper introduces several other ideas,
including the definition of a ‘probabilistic zeta function’ (see §15.2 below), and
raises a number of problems.

Theorem 11.1 is due to [Mann & Shalev 1997]. They prove that if G is
a finite almost-simple group, then m,,(G) < cn!? for every n, where c is an
absolute constant; using this, they deduce that a finite d-generator group has at
most 2n? core-free maximal subgroups of index n, if d is sufficienetly large; as
remarked above this suffices for Theorem 11.1. The stronger Theorem 11.3.3 is
due to L. Pyber (unpublished); by a more careful argument he obtains the still
sharper bound cn?. Further applications of this result appear in [Lubotzky
(a)], where the “expected number” of random elements required to generate a
finite d-generator group is determined.

[Bhattacharjee 1994] proves directly that infinitely iterated wreath prod-
ucts of finite alternating groups are PFG; this shows that Corollary 11.4 does
not have a converse.

Surveys of probabilistic methods and results in group theory, particularly
finite group theory, are given in [Kantor 1992], [Shalev 1998] and [Shalev
1999;]. Further results and problems, closer to the spirit of this chapter, are to
be found in [Mann (b)].
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Chapter 12

Other growth conditions

Subgroup growth is one way to measure the growth of finite images of a group.
Of course there are other, equally natural, ways to do this. One that has received
a certain amount of attention is known (not quite accurately) as ‘index growth’:
that is, the growth of |G : G| as a function of n. Novikov and Adian showed
that this index is in general infinite, even for finitely generated groups G (the
negative solution of the original Burnside problem); as we are concerned here
primarily with finite quotients, we concentrate rather on

|G : G"| = sup {\é : G"| : G a finite quotient of G} )

(here G™ denotes the closed subgroup generated by all nth powers in the profinite
completion of G). The positive solution of the restricted Burnside problem
by Zelmanov shows that if G is finitely generated then this number is indeed
finite, for every n. However, it can grow exceedingly fast — a multiply-iterated
exponential function of n (see [Vaughan-Lee & Zelmanov 1999], §2). Thus the
following should be a strong restriction: a group G has polynomial index growth,
or PIG, if there exists v > 0 such that |G : G"| < n? for all n.

However, the problem of characterising finitely generated, residually finite
groups with PIG seems to be harder than the corresponding question for PSG
groups, and may in a real sense be intractable (see the remarks following The-
orem 12.8 below). In this chapter, we discuss what is known on the topic, and
take the opportunity to examine the relationships between PSG, PIG and other
conditions that, in one way or another, restrict the size of the finite quotients
of a group. Not unexpectedly, the PIG condition imposes weaker restrictions
on a group than PSG does; remarkably, it turns out that PIG is actually a
consequence of PSG — this is far from obvious, and comes at the end of a long
chain of reasoning that relies in particular on CFSG.

A profinite group G is boundedly generated, or BG, if it is equal to the
product of finitely many procyclic subgroups; this holds if and only if there
exists k such that every finite quotient of G is the product of at most k cyclic
subgroups (by a familiar inverse-limit argument that we recall in Section 1,

229
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below). In that case, a finite quotient of exponent dividing n clearly has order at
most n*. Thus for profinite groups, bounded generation is a sufficient condition
for PIG.

On the other hand, many interesting profinite groups turn out to be bound-
edly generated. Important classes of such groups are provided by the first two
theorems.

Theorem 12.1 FEwvery profinite group of finite rank is boundedly generated.

A profinite group G is said to be adelic if G is isomorphic to a closed subgroup
of

SLin(Z) = [ [ SLn(Zy),

for some m > 2.
Theorem 12.2 Fwvery finitely generated adelic group is boundedly generated.

Further examples of BG profinite groups are described in Section 12.8.

Now suppose that G is a profinite group with polynomial subgroup growth.
We saw in Chapter 10 that G has closed normal subgroups R < Gy such that
G/G) is finite, R is prosoluble of finite rank, and Go/R is a ‘quasi-semisimple
group of bounded type’. It is not hard to deduce (see Section 2 below) that
Go/R is a homomorphic image of an adelic group A. Also G, hence also Gy/R,
is finitely generated (see Corollary 11.2), so Go/R is an image of some finitely
generated (closed) subgroup of A. It follows by Theorem 12.2 that Go/R is BG,
and by Theorem 12.1 that R is BG. Hence G itself is boundedly generated, and
we have the second implication in

Theorem 12.3 For a profinite group the following implications hold:
finite rank — PSG — BG = f.g. and PIG. (12.1)
Moreover, each of these implications is strict.

The easy third implication was established above, while the first was proved as
Theorem 10.1.

Profinite groups with PSG but of infinite rank were exhibited at the end
of §10.3. In view of Theorem 12.2, an example of a BG profinite group that
does not have PSG is SL,,(Z) itself (for any m > 2); that this group has faster
than polynomial subgroup growth follows from the proof of Theorem 6.1 (or the
easier argument in §5.2), and it is finitely generated because its dense subgroup
SL.»(Z) is finitely generated. The fact that the third implication in (12.1) is
strict will follow from Theorem 12.8, stated below.

On the other hand, in the domain of pro-p groups all four conditions in (12.1)
are equivalent (see Section 12.6 below). We shall see that some of these condi-
tions also turn out to be equivalent within various classes of finitely generated
(abstract) groups.

The circle of implications (12.1) is completed with
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Theorem 12.4 Let G be a profinite group. Then
i) 4 is en as subgroup growth of type at most n'°8™, and poly-
i) if G is BG then G h b th of t t nloe™ and pol
nomial mazximal subgroup growth; ,
ii) 4 as en as subgroup growth o e at most n an
(ii) if G has PIG then G h bgroup growth of type at most n1°6™" and
if G is also finitely generated then G has maximal subgroup growth of type at
most nl°8",

Tt is interesting to note that the first claim in (ii) applies to profinite PIG groups
that need not be finitely generated. An example in §12.8 will show that the claim
about subgroup growth in (i) is best possible.

The theorem will be deduced from the next proposition, which concerns
composition factors. We saw in Chapter 10 that a profinite group of finite
rank has only finitely many non-abelian upper composition factors, because it
is virtually prosoluble; while the upper composition factors of a PSG group have
bounded ranks (Chapter 5). It turns out that the finiteness conditions BG and
PIG also impose (successively weaker) restrictions on composition factors. Let
us say that

e (G € CY if G does not have arbitrarily large alternating groups as upper
composition factors, and that

e (G € B if among the upper composition factors of G, the alternating ones
have bounded degrees and those that are classical simple groups of Lie
type have bounded Lie ranks.

It is shown in the Permutation groups window that G € B if and only if G
does not involve every finite group as an upper section.

Proposition 12.5 Let G be a profinite group.
(i) If G is BG then G € B.
(ii) If G has PIG then G € C<.

This is proved in Section 12.4, along with some further related properties of BG
and PIG groups. It leads to the following structure theorem (which falls short,
however, of complete characterisations):

Theorem 12.6 Let G be a finitely generated profinite P1G group. Then G has
closed normal subgroups
1I<RINZG (12.2)

such that G/N is virtually metabelian, R is prosoluble, and N/R is a Carte-
sian product of finite simple groups of Lie type, each occurring with bounded
multiplicity.

If G is boundedly generated then the simple factors of N/R have bounded
Lie ranks, and N may be taken so that G/N is virtually abelian.

In discussing profinite groups, we have limited ourselves to ‘local informa-
tion’; that is, information that is implicit in the structure of the finite images
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of a group. How much further can we go if we start from a finitely generated
(abstract) group? The magic key that unlocked the PSG theorem was lineari-
sation: the methods of the Linearity Conditions window show that a finitely
generated group satisfying a sufficiently strong upper finiteness condition has a
linear representation with a relatively harmless kernel (of ‘prosoluble type’, say).
However, the condition PIG is not sufficiently strong; the underlying reason for
this is

Proposition 12.7 There exists a universal constant R such that
S| < exp(5)"
for every finite simple group S of Lie type,

where exp(S) denotes the exponent of S. Using this, it is easy to see that a
Cartesian product of such simple groups whose orders grow suitably fast will be
a PIG group. To find a finitely generated group whose profinite completion is
such a product is not so easy, but in Section 12.8 we sketch the proof of

Theorem 12.8 There ezists a finitely generated residually finite P1G group T’
such that

(i) T is not BG;

(ii) T is not linear, indeed every linear quotient of T is virtually cyclic.

In fact, the proof will show that there are 2%° non-isomorphic such groups;
this is in stark contrast to the case of finitely generated residually finite PSG
groups, of which there are only countably many, since by the PSG theorem they
are all linear over Q. Thus it is probably hopeless to look for a characterisation
of f.g. residually finite PIG groups analogous to the PSG theorem.

It would be interesting to investigate further the class of BG (abstract)
groups — an abstract group is said to be BG if it is equal to the product of
finitely many cyclic subgroups. These groups include the f.g. soluble minimax
groups [Kropholler 1984] and many arithmetic groups [Tavgen 1991] (see below).
Are there any essentially different examples?

Problems

e Are there uncountably many residually finite boundedly generated groups?

e If G is a f.g. residually finite group, does G BG imply that G is BG?

Is every residually finite BG group linear?

Is every just-infinite BG linear group isomorphic to an S-arithmetic group?

e Does every soluble f.g. residually finite group with PIG have finite rank?
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Some properties of boundedly generated (abstract) groups are established in
[Abért, Lubotzky & Pyber]; in particular, it is shown that every BG linear
group over a field of positive characteristic is virtually abelian. We shall not go
into this further, as bounded generation (for abstract groups) is not primarily
a condition on the finite quotients.

As might be expected, pathologies like Theorem 12.8 cannot arise in resid-
ually nilpotent groups:

Theorem 12.9 Let G be a finitely generated virtually residually nilpotent group
with PIG. Then

(i) G is a linear group in characteristic zero;

(i) if G is virtually soluble, then G has finite rank, and G is the product of
finitely many cyclic subgroups.

Thus for finitely generated virtually residually nilpotent groups that are
virtually soluble, all the conditions (12.1) are equivalent. This is certainly not
the case without assuming solubility, in view of the following theorem, which
should be compared with the results of Chapter 7:

Theorem 12.10 Let I' be an S-arithmetic group in a simply-connected, abso-
lutely almost simple algebraic group & over a number field k. Then the following
are equivalent:

(a) T' has the congruence subgroup property

(b) T is BG

(¢c) T has PIG.

Of course, (b) implies (¢). Assuming without loss of generality that T is a
subgroup of SL,,(Z[1/t]) for some ¢, we may consider the congruence completion
T of T as a closed subgroup of SLm(i), so by Theorem 12.2 it is always true that
[ is BG. If T also has the congruence subgroup property then T differs from T
by at most a finite kernel, and this is enough to establish that (a) implies (b).
The proof of remaining implication is given in Section 12.7.

It is known [Tavgen 1991] that if & is quasi-split and has k-rank at least 2
then I' is itself boundedly generated; this gives an alternative, group-theoretic
proof for the congruence subgroup property in this large class of arithmetic
groups.

Before concluding this introduction we should mention another growth con-
dition. The rank function of a profinite group G is

dn(G) =sup{d(H) : H <, G, |G: H| <n}.

Thus G has finite rank if d,,(G) is bounded; in general, the slow growth of d,, (G)
as a function of n is another upper finiteness condition of a similar type to PSG
and PIG. We have seen in Chapter 1 that when G is a pro-p group, there is
a tight relation between the rank function and the subgroup growth (warning:
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the notation d,,(G) was used there in a slightly different sense). In general,
Theorem 11.8 showed if the profinite group G has PSG then

d,(G) = O (\/@)

A number of other results relating to the rank function have been obtained, but
to avoid overloading this chapter we do not discuss most of them. However, let
us state

Theorem 12.11 [Lubotzky 1995] Let T' be as in Theorem 12.10. Then T' has
the congruence subgroup property if and only if d,,(T') = o(logn).

The proof is along similar lines to that of Theorem 12.10.

Little is known about the ‘index growth’ |CA¥ : (A?"| in general, beyond the
case of PIG. It remains to be seen whether a theory as rich as that of subgroup
growth is waiting to be developed; the same applies to the study of the ‘rank
function’.

Let us conclude with some speculative remarks. In chapter 5, we character-
ized the PSG-groups: these are the “smallest” groups from the point of view of
subgroup growth. We shall see in Chapter 13 that right above PSG there is a
continuous spectrum of possible growth types, so in general one cannot expect
to have a “next type of growth” after PSG.

Still, a very remarkable class of groups stands out as a candidate to be the
“next class”, namely the S-arithmetic groups in higher rank semi-simple alge-
braic groups over algebraic number fields (see Chapters 6 and 7). Conjecturally
these groups have the congruence subgroup property (this has been proved in
most cases), and hence according to Theorem 6.1 have subgroup growth of type
plogn/loglogn — Among finitely generated linear groups this is indeed the next
possible growth type above PSG (see Chapter 8).

It is now natural to wonder whether a finitely generated linear group with
subgroup growth of type nl°gn/108logn js necessarily of arithmetic type. This
question reminds one of the Platonov conjecture: if a characteristic-zero linear
group is rigid (i.e. has for each n only finitely many irreducible representations
of degree n) then it is of arithmetic type (see [PR], [Bass & Lubotzky 2000]
and references therein). This conjecture, widely believed for a number of years,
was recently disproved in [Bass & Lubotzky 2000]. We therefore have to look
for other characterizations of these arithmetic groups. One such is given in
[Lubotzky & Venkataramana 2002], but it is not very natural or satisfactory. It
may be hoped that a more natural algebraic characterization of these arithmetic
groups, among the finitely generated linear groups, will be found in terms of
subgroup growth or one of the other finiteness conditions discussed above, as
suggested by Theorems 12.10 and 12.11 (in view of the history of Platonov’s
conjecture, however, one should be rather cautious about making too specific a
conjecture!).
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12.1 Rank and bounded generation
We begin by sketching the proof of

Theorem 12.1.1 If G is a finite group of rank r then G is a product of f(r)
cyclic subgroups, where f(r) depends only on r.

The first step is the following lemma, which was essentially proved as part
of Proposition 10.1.1:

Lemma 12.1.2 If G is a finite group of rank r then G has normal subgroups
R < K such that
|G/K| < fl(r),

K/R is a direct product of at most r non-abelian simple groups, and R is soluble.

Now if R is a product of a cyclic groups and each simple factor of K/R is a
product of b cyclic groups, it follows that G is a product of a + rb + log(f1(r))
cyclic groups. So it will suffice to prove the theorem in the special cases (a)
where G is soluble, and (b) where G is simple.

Step 1. Where G is a p-group. Now G has a powerful normal subgroup P of
index dividing p" 1271 The group P is a product of r cyclic subgroups, and
G/P is a product of at most r(1 + [logr]) cyclic subgroups. So G is a product
of fo(r) = r(2+ [logr]) cyclic subgroups. (3 Finite group theory).

Step 2. Where G is nilpotent. Since the direct product of cyclic groups
of coprime orders is cyclic, it follows from Step 1 that G is a product of fa(r)
cyclic subgroups.

Step 3. Where G is soluble. Lemma 10.4.2 shows that the Fitting height
of G is bounded by some function f3(r) of r. It follows that G is the product of

f3(r) - fa(r) cyclic subgroups.

Step 4. Where G is simple (and non-cyclic). If G is sporadic or alternating
then G has bounded order. Otherwise, G is of Lie type, and the Lie rank is
bounded in terms of r. It follows that the Weyl group W of G has bounded
order. Now GG has a Bruhat decomposition

G=UNU

where U is nilpotent and N is the normalizer of a maximal torus H; here H
is abelian and N/H = W. Hence N is a product of at most 7 - log |W| cyclic
groups; and by Step 2, U is the product of fo(r) cyclic subgroups. It follows
that G is the product of f4(r) cyclic subgroups, where f4(r) depends only on r.
(For the Weyl group and Bruhat decomposition, see [GLS] Theorem 2.3.5.)

This concludes the proof of Theorem 12.1.1. Theorem 12.1 is a formal con-
sequence, in view of the following routine argument:
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Lemma 12.1.3 Let G be a profinite group. If every finite quotient of G is a
product of k cyclic subgroups then G is a product of k procyclic subgroups, and
conversely.

Proof. For each open normal subgroup N of G let X'(N) denote the set of
all k-tuples

(r1N,...,2xN)

in G/N such that G = N (x1)...(xg). If M < N are open normal subgroups
then the quotient mapping G/M — G/N induces a map myn : X(M) —
X (N). Thus we obtain an inverse system of finite sets X' (NN), ordered by reverse
inclusion of open normal subgroups of G. If every finite quotient of G is a
product of k cyclic subgroups, each of the sets X'(IV) is non-empty; it follows
that the inverse limit of this system is non-empty (see for example [DDMS],
Chapter 1). This means that there exists a family (rx), labeled by the open
normal subgroups N of G, such that ry € X(N) for each N and mp n(2m) =
tn whenever M < N. Thus if ty = (z1,8N,...,z5,vN) and M < N then
zimM C x; yN for each i. Since cosets of open subgroups are compact, it
follows by the finite intersection property that for each i =1,...,k,

mxi,NN 7& (Z)
N

Now choose g; € (| z;, vV for each ¢, and let (g;) denote the procyclic subgroup
of G generated by g;. Then G = N (g1)...{gr) for each N <, G, and as
(91) .- {gk) is a closed subset of G (being a product of compact subsets) it
follows that

(g1) - (gr) = (VN {g1) - (o) = G-
N

The converse is evident. m

12.2 Adelic groups

The following general structure result for finite linear groups is proved in [Liebeck
& Pyber 2001]; some of the key ingredients in its proof are sketched in the next
section.

Proposition 12.2.1 Let X < GL,,(FF,), where p is sufficiently large compared
to m. Then X has normal subgroups X1 > Xo > X3 such that

(a) | X : Xq| < fi(m) where f1(m) depends only on m,

(b) X1/X5 is abelian,

(¢) X2/ X3 is a p-group,

(d) X3 is equal to a product of at most 25m(m — 1)/2 subgroups of order p,
and every simple quotient of X3 is a group of Lie type in characteristic p.



12.2. ADELIC GROUPS 237

Now let p1,...,pr be sufficiently large, distinct primes and for each 4 let
X% be a subgroup of GL,,(F,,). Suppose that G is a subdirect product in
X1 x ... x X* (a subgroup that maps onto each of the direct factors), and that
G can be generated by d elements. We claim that G is the product of at most
g(d,m) cyclic subgroups, where g(d, m) depends only on d and m (but not on

For j =1,2,3 write X; for the normal subgroup of X given in Proposition
12.2.1, and put

1 k
G =GN (X} x--xXJ).

Step 1. The free group Fy on d generators has only finitely many nor-
mal subgroups of index at most fi(m). Let K be their intersection and put
fa(d,m) = |Fyq : K|. Fixing an epimorphism ¢ : Fy — G we obtain composed
epimorphisms

Vi Fg— G — X'/ X1
Evidently ker¢; > K for each i, so ¢(K) < G;. It follows that
|G : G1| S fg(d, m)

Step 2. The group G1/G> is abelian, and can be generated by d - fo(d, m)
elements, by Schreier’s formula.

Step 3. The group G2/G3 is isomorphic to a subgroup of [ X4/X%. The or-
der of X3/X} divides that of a Sylow p-subgroup of GL,, (F,, ), namely p?(mfl)/ 2,
so Xi/X?% is a p;-group of rank at most m(m — 1)/2. Consequently G2/G3 is
nilpotent of rank at most m(m — 1)/2.

Step 4. We claim that G3 = X3 x --- x X¥. To see this, note that G/G3 is
an extension of a soluble group by a group of order at most fs(d, m); provided
the prime p; is sufficiently large this implies that G/G3 has no section that is a
simple group of Lie type in characteristic p;, and it follows that the projection
G — X' maps G3 onto Xi. This holds for each i, and so Gz is a subdirect
product in Xi x - x X§. However, since the primes p; are distinct and large,
the groups X% have no common simple quotients, and this implies that the only
subdirect product in X3 x --- x X¥ is the full direct product.

Now it follows from Step 4 that G3 is a product of at most 25m(m — 1)/2
cyclic subgroups. Steps 1 — 3 together imply that G/G3 has rank at most
m(m — 1)/2 + dfz(d,m) + log f2(d,m). With Theorem 12.1.1 these together
imply that G is the product of at most g(d, m) cyclic subgroups, where g(d, m)
depends only on d and m (it suffices to quote here the easier case of Theorem
12.1.1 concerning nilpotent groups).

To complete the proof of Theorem 12.2, let H be a closed subgroup of SLm(z)
and N an open normal subgroup of H. Suppose that H/N can be generated by
d elements. Since N is open it contains H N ][, g SLm(Z,) where S is some
finite set of primes; so writing H; for the projection of H in Hpes SL,(Z,) we
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may identify H/N with a finite quotient H;/N;. Next, consider the natural
projection

m: [ SLm(Zy) — [ SLm(Fy)

peES peS

and let K = Hy Nkerm. Now the kernel of 7 is [] ¢ SL;.(Z,), a pronilpotent
group of rank at most m? (3 Pro-p groups); by (an easy case of) Theorem
12.1.1, it follows that K N1 /N is a product of at most f(m?) cyclic groups.

On the other hand, Hy/K N; is a d-generator image of w(H;), hence it is an
image of some d-generator subgroup Y of Hpes SL,,(F,). Write S = 51 U Sy
where S consists of primes that are not sufficiently large, in the sense used
above, and let ¢ : ¥ — HpESz SL,,(F,) denote the projection mapping. The
result established above shows that ¢(Y") is the product of at most g(d, m) cyclic
subgroups; while the order of ker ¢ is bounded by a function of m alone (namely
the product over all ‘insufficienly large’ primes p of |SL,, (F,)|).

Putting everything together we infer that H; /N7, and hence H/N, is equal
to the product of at most g1(d,m) cyclic subgroups, where g;(d, m) depends
only on d and m.

Thus if H is a d-generator group then every finite quotient of H is a product
of at most g1(d,m) cyclic subgroups, and it follows by Lemma 12.1.3 that H
is the product of g;(d,m) procyclic subgroups. This completes the proof of
Theorem 12.2, modulo Proposition 12.2.1.

To conclude this section, we recall the following definition from Chapter 10:
a profinite group Q is said to be quasi-semisimple of bounded type if Q) is perfect
and Q/Z(Q) = [[ T; where (T;) is a sequence of finite groups of bounded rank,
each occurring with bounded multiplicity, and each T; is a simple group of Lie
type. It follows that @ is a quotient of

o-TI7

where ﬁ is the univeral cover of T;. Since the groups 7; have bounded rank,
each T; is of the form *X;(F,.) where the Lie rank [ and the field degree e are
bounded (3~ Finite simple groups). Thus only finitely many, say ¢, different
Lie types *X; occur. For each of these, the universal group *)?l (Fpe) has a
faithful representation in SL,,(Fpe), and we may take m to be the same for
all of them. If f is a bound for the field degrees e and w is a bound for the
multiplicity of each simple factor, we see that

Q < [[SLm(Fy) ) < ] SL-(F,) (12.3)
p p

where r = twfm. Let G be the inverse image of Q in I, SL.(Z,) = SLr(i).

Since C~2 is a product of subgroups in the individual factors, it is a closed subgroup
of the product (12.3), so G is a closed subgroup of SL,(Z). Thus we have
established
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Lemma 12.2.2 Let Q be a profinite group. If Q is quasi-semisimple of bounded
type then Q is a homomorphic image of an adelic group.

With the remarks in the introduction, this completes the proof that every
profinite group with PSG is boundedly generated. (As the reader will have
noticed, this proof does not need to go via adelic groups: the relevant part of
of the proof of Theorem 12.2 can be applied directly.)

12.3 The structure of finite linear groups

Here we state without proof some of the results established in [Liebeck & Pyber
2001], that lie behind Proposition 12.2.1.

By a delicate analysis of the Bruhat decomposition (cf. §12.1 above), Liebeck
and Pyber established

Proposition 12.3.1 Let H be a quasi-simple group of Lie type over a finite
field of characterstic p, other than >Fy(2)'. Then H is equal to the product of
25 of its Sylow p-subgroups.

The transition to linear groups in general relies on the following theorem of
[Larsen & Pink]:

Theorem 12.3.2 Let G be a finite subgroup of GL,,(F'), where F is a field of
characteristic p. Then G has normal subgroups

G1 > Gy > Gy

such that

(a) |G : G| is bounded by a function of m,

(b) G1/G2 is a direct product of simple groups of Lie type in characteristic
D,

(¢) G2/Gs5 is an abelian p’-group, and

(d) Gz = 0y(G).

Combining these results, Liebeck and Pyber prove

Theorem 12.3.3 Let G be a finite subgroup of GL,(F), where F is a field of
characteristic p and p is sufficiently large relative to m. If G is generated by
elements of order p then G is equal to the product of 25 of its Sylow p-subgroups.

Note that as long as p > m, every element of p-power order in GL,,(F)
has order p, so any subgroup G of GL,,(F) without nontrivial p’-quotients is
generated by elements of order p. Moreover, if F' =T, and P is a p-subgroup of
G then |P| divides p™(™~1/2 5o P is a product of at most m(m — 1)/2 cyclic
subgroups (each having order p). It follows that G is the product of at most
25m(m — 1)/2 subgroups of order p. This conclusion is applied, together with
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another application of the Larsen-Pink theorem, to establish Proposition 12.2.1,
stated in the preceding section.

A remarkable feature of these results is that, although the simple groups
of Lie type play a central role, the proofs are all independent of CFSG: this is
possible thanks to the powerful theorem of Larsen and Pink, which can often
be used to eliminate the need for CFSG.

12.4 Composition factors

Here we establish some consequences of BG and PIG. Let G be a profinite group,
and suppose to begin with that G has PIG. Thus there exists v = v(G) such
that

Q: Q" <n”
for every finite quotient @ of G.
Let L be a non-abelian upper composition factor of G. Then G has an upper

chief factor N = L(*) for some k. Consider the finite group Q = G/Cg(N).
Identifying N with its image in ) we have

1< N<KQ

where K is the kernel of the permutation action of @ (by conjugation) on the
k simple factors of N. Thus Q/K is a transitive subgroup of Sym(k) and
K < Aut(L)®),

Suppose that L = Alt(m) for some m > 7. Then Aut(L) = Sym(m). Since
the exponent of Sym(n) is at most 3™ for each n (3 Finite group theory, §9)
it follows that the exponent of @ is at most 3* - 3™, and hence that

|Q| < g(k+m)y

- (3 =

mk(logm — 1) < 2(k + m)vylog3.

On the other hand,

Hence

This implies that m < 2 - 337.
It follows that G has no alternating upper composition factor of degree ex-
ceeding 2 - 337, and we have proved part (ii) of Proposition 12.5.

Assume now that G is the product of m procyclic subgroups. We claim that
the upper composition factors that are simple of classical Lie type have bounded
Lie ranks. As above, let

LW>=N<K<aQ (12.4)

where @ is a finite quotient of G, N is a minimal normal subgroup of @ and K
is the kernel of @ — Sym(k).
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The maximal order of an element of Sym(k) is at most 2* (3» Finite group
theory, §9), so if g € Q then g" € K for some n < 2*, and if h is an upper
bound for the orders of automorphisms of L it follows that g has order at most
(2h)*. As @ is the product of m cyclic subgroups this implies that |Q| < (2h)*™.

Suppose now that L = *X;(q) is a classical simple group of Lie type, with
I > 4 say. Then Out(L) has exponent dividing 2e(q £ 1) (where ¢ = p°®) and
L < PSLgj4+1(F,) (% Finite simple groups). Since elements of GLg41(F,)
have order at most ¢?*! — 1 (3~ Finite group theory, §9) it follows that the
maximal order of any automorphism of L is at most

2e(q £ 1)(¢* = 1) < ¢”,
say. On the other hand,
] 2 ¢ (1 - o(1)) > ¢"

if [ is large (3~ Finite simple groups). With the result of the previous para-
graph this gives
2 k
¢"" <|LI" <1Ql < (24"

Thus [ < 4m.

We conclude that the Lie rank of any classical simple upper composition
factor of G is at most max{4m, C'} where C' is some absolute constant. Since
the alternating upper composition factors have bounded degrees, because G has
PIG, it follows that G belongs to the class B, and Proposition 12.5 is proved.

As a consequence we can derive another finiteness property of BG groups.
A group G is said to satisfy the polynomial core condition, or PCC, if there
exists ¢ such that
|G : coreg(H)| < |G: H|

for every (open) subgroup H of finite index in G.

Proposition 12.4.1 Let G be a profinite group. If G has PIG and G € B then
G satisfies PCC.

Proof. If G € B then there exists k& such that every finite quotient of G
belongs to the class By, (3 Permutation groups) Let H be an open subgroup
of index n in G and put Q = G/coreg(H). Then @ is a transitive permutation
group of degree n, and @ € By. It is shown in the Permutation groups
window that under these conditions, the exponent of @ is at most nf1(®). If
G also has PIG it follows that |Q| < nf1(*)Y where v = v(G). The proposition
follows. m

In view of Proposition 12.5, this implies that every profinite BG group sat-
isfies PCC.

In §5.3 we defined the invariant w(G) as the supremum of natural numbers
k such that G has a normal upper section (normal subgroup of a finite quotient)
of the form L) with L a non-abelian simple group. Proposition 5.3.4 shows
that w(G) is finite if G has PSG; the next result generalizes this:
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Proposition 12.4.2 Let G be a profinite group. If G has PIG then w(G) is
finite.

Proof. Let Q be a finite quotient of G and L) = N < Q where L is an
arbitrary non-abelian simple group. In order to bound k, we may replace @) by
Q/Cqg(N), and so assume as above that Co(N) = 1. Let K be as in (12.4).

Suppose to begin with that N is a minimal normal subgroup of ). Then
Q/K is a transitive permutation group of degree k, and by Proposition 12.5(ii),
proved above, @/K has no alternating composition factors of degree exceeding
0, say, where ¢ depends only on G. It follows (++ Permutation groups) that
the exponent of Q/K is at most k¢°¢* where ¢ depends only on . Also the
exponent of Aut(L) is bounded by [Aut(L)| < |L|* (% Finite simple groups).
As above it follows that

i <1Ql < (L eest)
where v = 7(G). Hence
k —2y < (k= 2y)log|L| < ey(logk)?,

which implies that k < f(v) where f(y) depends only on ~.

In the general case, we have N = M; x --- x M; where each M; is a chief
factor of G. Thus M; = L* where k; < f(v) for each i. Put D; = Cg(M;) and
let K; be the kernel of the permutation action of @) on the set of simple factors
of M;. Then

Q/K; < Sym(k;) < Sym(f) where f=max{ky,...,k} < f(7).

Let e denote the exponent of Aut(L) and h the exponent of Sym(f). Then each
Q/D; has exponent dividing eh, and as D1 N...N Dy = Co(N) =1 it follows
that the exponent of @ divides eh. As e < |L\2 and h < 37 we deduce that

LI <1QI < L 31 <L,

Thus
k<~2+f(),

and so v(2 + f(7)) is an upper bound for w(G). m

Remark. In §13.3 we exhibit profinite groups G having arbitrarily slow
non-polynomial subgroup growth. Each of them has w(G) = oo, so G does not
have PIG. This shows that the implication “PSG = PIG” in Theorem 12.3 is
strict. This is true even among finitely generated abstract groups, because for G
as above, a finitely generated abstract group I' such that I' = G is constructed
in §13.4.

Theorem 12.6 is a formal consequence of what we have proved so far in
this section, together with the classification of finite simple groups. Indeed, the
following is true:



12.5. BG, PIG AND SUBGROUP GROWTH 243

Proposition 12.4.3 Let G be a profinite group such that a,,(G) is finite for all
n. Assume that G € C9 and that w(G) is finite. Then G has closed normal
subgroups

R<N<H

such that G/H is finite, H/N is metabelian, R is prosoluble, and N/R is
a Cartesian product of finite simple groups of Lie type, each occurring with
bounded multiplicity.

If also G € B then the simple factors of N/R have bounded Lie ranks, and
H may be taken so that H/N is abelian.

We omit the proof, which is very similar to that of Proposition 10.2.3. The
key extra facts required concern the structure of Out(L) where L is simple of
Lie type: namely, Out(L) has a metabelian normal subgroup of index dividing
6, and if L is of bounded Lie rank then Out(L) has an abelian normal subgroup
of bounded index (3 Finite simple groups). For details, see [Balog, Pyber
& Mann 2000], Theorem 2.3 and Corollary 2.4.

12.5 BG, PIG and subgroup growth

We can now deduce Theorem 12.4. The claims about maximal subgroup growth
follow directly from Proposition 12.5, in view of Theorem 3.3 and (the proof of)
Theorem 3.2 (see Chapter 3).

Proposition 12.5.1 Let G be a profinite group satisfying PCC. If G either has
PIG or else is finitely generated then there exists ¢ such that

5,(G) < ncl°8™ for all n.

Proof. Let H be an open subgroup of index n in G. Then H contains an
open normal subgroup Hg of G having index at most n® in G, where a is a
constant; therefore H contains G™ for some m < n®. Now suppose that G has
PIG. Then |G/G™| < m?Y where v is a constant, and so by Corollary 1.7.5 we
have

an(G/Gm) < n210g|G’/Gm|
< n2’ylogm.

It follows that ,
an(G) < Z n2'ylogm < n¢ logn

m<n®

where ¢ = (27 + 1)a, giving the result with ¢ = ¢ + 1.
If G is finitely generated then there exists b such that si'(G) < kbl°s* for

every k, by Corollary 2.8. So in this case there are at most na’blogn possibilities

for Hy, and applying Corollary 1.7.5 in a similar way we obtain

2
an(G) < p blogn | n2alogn.
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The result follows as before with ¢ = 1 + 2a + a?b. =
This applies in particular if G is a boundedly generated profinite group, by
Propositions 12.5 and 12.4.1, and this completes the proof of Theorem 12.4(i).

Now let G be a profinite group with PIG. By Proposition 12.5, there exists k
such that every finite quotient of G lies in the class C; (groups with no alternat-
ing composition factors of degree exceeding k). It is shown in the Permutation
groups window that if @ € C; is a transitive permutation group of degree n
then the exponent of Q is at most n?1°8™ where b depends only on k. It follows
as in the proof of Proposition 12.4.1 (in §12.4) that if H is an open subgroup
of index n in G then H contains an open normal subgroup of index at most
ntY1o8m where v is a constant. Arguing as above we deduce that

S"(G) < Z n2'ylogm < nc(logn)2

m<nb’V log n

where ¢ = by(2y + 1).
This completes the proof of Theorem 12.4(ii).

12.6 Residually nilpotent groups

For any group G let
v(G) = inf {ﬁ : |é : é”| < nP for every finite quotient G of G} .

The results of the last two sections all effectively bound various invariants of a
finite group G in terms of v(G). We begin this section with another such result,

Proposition 12.6.1 There is a function f such that
k(G) < f(4(G@))
for every finite p-group G.
Proof. Let G be a finite p-group and put
kE=max{d(K) | K < G}.

It follows from the theory of powerful p-groups that rk(G) < k(2 + [logk])
(> Finite group theory, Cor. 19), so it will suffice to bound & in terms of
7 =7(G).

Choose K <1 G maximal subject to d(K) = k. A simple argument (see the
proof of Lemma 4.1.2) shows that K = Cq(K/®(K)), so G/K acts faithfully
by conjugation on K/®(K) = F’;. Hence if g € G and p™ > k then ¢*" € K.
Taking m = [log k| we thus have

m+1

" < KP < 9(K).
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It follows that
PP =|K/®(K)| < |G/®(K)| < pmtD7,
)s

so k < y([logk] + 1), and this implies an upper bound for k£ depending only on
v. u

A similar result (Proposition 5.4.2) was proved for finite soluble groups with
a given degree of polynomial subgroup growth; however, this can not be carried

over to the present context, as is shown by the example

G =Fpa xFpa, (12.5)
a finite metabelian group with v(G) < 2 and arbitrarily large rank d.
Corollary 12.6.2 A pro-p group has PIG if and only if it has finite rank.

Now Theorem 8 of the Linearity conditions window asserts that a finitely
generated residually nilpotent group I' is linear over a field of characteristic zero
if each of its pro-p completions I', has finite rank. In view of the last corollary,
this holds if I has PIG. Since a subgroup of finite index in a PIG group clearly
has PIG, and a finite extension of a linear group is linear, it follows that a f.g.
PIG group that is virtually residually nilpotent is linear in characteristic zero.

Suppose now that G is a finitely generated soluble group, that G is virtually
residually nilpotent and that G has PIG. We claim that then G has finite rank.

We have just shown that G is a linear group. It follows by the Lie-Kolchin-
Mal’cev theorem (% Linear groups) that G is virtually nilpotent-by-abelian
(alternatively, apply Corollary 5 of the Linearity conditions window). Re-
placing G by a suitable normal subgroup of finite index and factoring out the
second derived group, we reduce to the case where G is a finitely generated
metabelian group (3 Soluble groups, Proposition 1).

Let A = G’ be the derived group of G. According to Hall’s theory (%
Soluble groups, §3), if A has infinite rank then there exists a prime p such
that A/AP has infinite rank. So replacing G by G/AP we may assume that
AP = 1. The group G is still virtually residually nilpotent (loc.cit.), so let Gy be
a residually nilpotent normal subgroup of finite index in G, put G, = 7,(G1)
for each n, and let Ay = AN Gy. Then for each n > 2, G1/G,, is a finitely
generated nilpotent group with torsion subgroup A;/G,,. It follows that G1 /G,
is residually a finite p-group and hence that A;/G,, embeds into some finite
p-quotient of G1. Now Proposition 12.6.1 shows that

rk(A1/Gn) < f(7)
where v = y(Gy) is finite. As (),—, G,, = 1 this implies that
|Av| = sup|A1/G,| < p' .
Thus A; is finite, so A is finite, and G has finite rank.
Thus G is a f.g. minimax group (3++ Soluble groups); [Kropholler 1984]

shows that such a group is equal to a product of finitely many cyclic subgroups.
This completes the proof of Theorem 12.9.



246 CHAPTER 12. OTHER GROWTH CONDITIONS

12.7 Arithmetic groups and the CSP

In this section we sketch the proof that for arithmetic groups, PIG implies the
congruence subgroup property; as remarked in the introduction, this will com-
plete the proof of Theorem 12.10. The proof is similar to that of the correspond-
ing subgroup growth result in Chapter 7, and depends likewise on ‘Rapinchuk’s
lemma’ Proposition 7.1.4. Throughout, I' denotes an S-arithmetic group that
satisfies the hypotheses of Theorem 12.10. We restate Rapinchuk’s lemma:

Proposition 12.7.1 IfT" does not have the congruence subgroup property, then
there exist the following: a subgroup Ty of finite index in ', a profinite group E
containing Ty as a dense subgroup, and an exact sequence of profinite groups

1-W-—-FE—-H—1,

where

o W is the Cartesian product of infinitely many copies of a fized non-trivial
finite simple group F, and B

o H is an open subgroup of the congruence completion I' of T.

Furthermore, if F is abelian then

o H can instead be taken to be a pro-q group for some prime q.

Let us assume that I" has PIG but not CSP. Then I'y has PIG, and it follows
that the profinite group F has PIG. Proposition 12.4.2 now shows that w(FE) is
finite, so F' cannot be a non-abelian simple group. Therefore W is an elementary
abelian p-group of infinite rank, for some prime p. If H is a pro-p group then F
is a pro-p group with PIG, which contradicts Corollary 12.6.2. We may therefore
suppose that H is a pro-g group for some prime g # p.

Let @ be a finite quotient of F, and let A be the image of W in Q). We claim
that the rank of A is bounded, independently of ). Now A is a p-group and
Q/A is a g-group, so Q = AxY for some subgroup Y, and Cg(A) = Ax Cy (A).
So factoring out the normal subgroup Cy (A) we may assume that Cg(A4) = A.
Suppose now that A = F’;, where k > 2 say. Then Q/A is a ¢-subgroup
of GL(F,), hence has exponent dividing p¥ — 1 (each element is semisimple
and has eigenvalues in F,x). At first glance, this looks unhelpful — compare
the example (12.5); however, the fact that we are dealing with powers of a fixed
prime g makes all the difference, in view of the following elementary observation:

Lemma 12.7.2 Let p # q be fized primes. Then there exists a constant c
(depending on p and q) such that for k > 2,

p* =1 (mod¢") = n < clogk.

Accepting this for now, we see that the exponent of Q/A is at most ¢¢!°8%,

Thus @ has exponent at most p - ¢°'°¢* and so

p" = 14| <|Q| < (pg°'r*)7
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where 7 = «(E). This implies that k is bounded above in terms of p, ¢, ¢ and
v, and our claim is established.

Since W, as a closed subgroup of F, is the inverse limit of its images such as
A, it follows that W has finite rank, a contradiction. This completes the proof
of Theorem 12.10.

Proof of Lemma 12.7.2. If ¢ is odd put v = p?~ 1, if ¢ = 2 put v = p>.
Then v =1+ ag® with s > 1 (s > 2 if ¢ = 2) and ¢ { a. Now for each m > 1,

v?" =1+ ag®t™ (mod ¢*+™ )

(induction on m and the binomial theorem). It follows that if n > s, then the
order of v modulo ¢" is exactly ¢"~*. Hence if p* = 1 (mod ¢") then ¢"~* divides
k and it follows that

n§s+10qu§clogk

where ¢ depends only on p and gq.

12.8 Examples

The following somewhat easier variation on Theorem 12.3.3 is established in
[Abért, Lubotzky & Pyber]:

Proposition 12.8.1 Let d > 2 and let ¢ > 3 be a prime power. Then SL4(F,)
is a product of 10d(d — 1) cyclic subgroups of order q — 1.

Now let (p;) be a sequence of distinct primes and put ¢; = 2Pi. Then ¢; — 1
and ¢; — 1 are relatively prime whenever ¢ # j, so any finite direct product of
the form [], Cg,—1 is a cyclic group. With the preceding proposition this gives

Theorem 12.8.2 Let d > 2. Then the Cartesian product

G = [ PSLa(F,,)

i=1

is equal to the product of 10d(d — 1) procyclic subgroups.

Thus G is a boundedly generated profinite group, rather different from the adelic
groups considered earlier. It is again clear, from the results of Chapter 10, that
G is not a PSG group.

Next, let us examine a metabelian example. For a field F' let A(F') denote
the 1-dimenional affine group over F', that is the semidirect product Fy x F™.

Lemma 12.8.3 For each finite field F with |F| > 2 the group A(F) is equal to
the product of 3 cyclic subgroups of order |F| — 1.
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Proof. Let A be a generator for the cyclic group F*. Then p =\ —1 # 0,
so each non-zero element of F is equal to u)? for some i. Write A(F) = V ()
where V is the additive group of F' and z acts like multiplication by A, and let
e=1p € V. Then

Iu)\z _ xfi(eflew)l,i _ :L,fi(wfl)exz#l.
Thus V C (z) - (z)° - (x) and so A(F) = (z) - (z)° - (z). m
Taking ¢; = 2P¢ as above, we deduce the first claim in

Theorem 12.8.4 The Cartesian product
¢ = [ A®F,)
i=1

is equal to the product of 3 procyclic subgroups. For each ¢ < 1/8 there exist
infinitely many integers n such that

5n(G) > nelosn,

This shows that Theorem 12.4 (i) is best possible. To establish the second
claim, observe that if p = p; and 1 <r < p then F,, has at least 2r(P=7) additive
subgroups of index 2" (Proposition 1.5.2), so for n = 2P™" we have

50(G) = sa(A(F,,)) > 2707,

This exceeds n°1°8™ as long as r(p —r)/(p + )% > ¢. Now taking r = [p/3] one
verifies that

and the claim follows.

Now we turn to index growth. Let us begin by estimating the exponent of
GLq4(q), where ¢ = p©. It is easy to see that for each r < d this group contains
an element of order ¢" — 1 (a ‘Singer cycle’, a generator for the multiplicative
group Fy, acting on the additive group of F,-, considered as an Fy-subspace of
F?). Writing

qr -1= H q)m(Q)v
m|r
where ®,,(X) denotes the mth cycloctomic polynomial, we deduce that the
exponent of GLg4(q) is divisible by
L(d,q) = 1 ) .
(dq) = lem @ (q)
In fact L(d, q) is exactly the p’-part of the exponent, since an element of p’-order

is semisimple with eigenvalues in Fy, for some r < d. Now we want to compare
L(d, q) with

Pd,q)= [] ®mle).

1<m<d
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Let [ # p be a prime, and let f be the order of ¢ modulo [. The following
fact of elementary number theory is proved in [HB], Chapter IX, Lemma 8.1:

e if m # fI° for any i then [ does not divide ®,,(q)

o if m = fI* with i > 1 then [? does not divide ®,,(q).

Hence if I¥ is the exact power of | dividing ®(q), then the l-part of P(d,q) is
1#+50) where s(1) < log; d. Tt follows that

P(d,q) < L(d,q) [V < d!- L(d,q) < ¢"*** - L(d,q).  (12.6)
Next, note that

|Pm(q)| = H lg —¢| > (g — 1)¢(m)
¢

where ¢ ranges over the primitive mth roots of unity and ¢ denotes the Euler
function. According to [HW], Theorem 330,

d
> ¢(m) = %dQ + O(dlog d).

m=1

Hence )
P(d,q) > (g — 1) balos

where a = 3/7% and b is a constant. With (12.6) this gives

L(d, q) > (q . 1)ad2—(b+1)dlogd
ch2

Y

for some absolute constant c.
If the exponent of PSL4(F,) is E then the exponent of GL4(g) divides
2(q — 1)E. So replacing c¢ by a suitable smaller constant we have

Lemma 12.8.5 Let E(d, q) denote the exponent of PSLq(F,). Then there exists
an absolute constant ¢ > 0 such that

E(d,q) > ¢"*

for all d > 2 and all prime-powers q.

We can now deduce

Proposition 12.7 There exists a universal constant R such that

S| < exp(S)"
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for every finite simple group S of Lie type.

Proof. Let S = *X;(¢) in the notation of the Finite simple groups

window. Then
5] = ¢*(1+0(1)) < ¢**
where d is the dimension of the associated Lie algebra.

If S is of exceptional type then d < 248. Also S contains a copy of (P)SL, (F,),
hence an element of order ¢+ 1 or (¢ + 1)/2. Thus the exponent of S exceeds
q'/?, say.

If S is a classical group then [ > 1/d/3 and S contains a copy of (P)SL, (FF,)
where m > [/2. Tt follows by the preceding lemma that the exponent of S it at
least ¢¢@/12.

The result follows, with R the maximum of 4 x 248 and 24/c.

Thus, although as we have seen the PIG condition imposes various structural
restrictions on the finite images of a group, it has no implications for the finite
simple images, apart from excluding large alternating groups.

Now let (S,,) be an infinite sequence of finite simple groups of Lie type and
suppose that

n—1
H |Si| < ‘Sn|
i=1
for each n > 1. Then the profinite group
G=][5
n

has PIG. Indeed , if @ is any finite quotient of G then ) = S, x --- x .S, for
some ny < ng < ...< ng and

’I’kal

k
Q1 = [T 18n. 1 < TT 15il - 1Snul < [Su,[* < exp(Sa,)*" < exp(@)*F; (12.7)

i=1 i=1

so ¥(G) is at most 2R. On the other hand, if the groups S,, have unbounded
Lie ranks then G is not boundedly generated, according to Proposition 12.5.

It is easy to find a sequence of the required kind. For example, let g be a
fixed prime-power and take

Sn = PSLg(n) (Fy)
where d(1) > 2 (or > 3 if ¢ = 2) and for each n > 1,
d(n) >d(1) +---+d(n—1);

then S;, contains a copy of S; X --+ x S,,_1. Thus for profinite groups BG is a
strictly stronger condition than PIG.

To show that this is true also for finitely generated abstract groups, we
appeal to the following construction due to [Lubotzky, Pyber & Shalev 1996]:
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Proposition 12.8.6 Let q be a fized prime-power and (d(n)) an arbitrary strictly
increasing sequence of integers > 2. Then there exists a finitely generated resid-
ually finite group T' such that

f = 2 X HPSLd(n) (Fq)

Choosing (d(n)) as above, we obtain a finitely generated group I" such that
T is not boundedly generated; and a trivial adjustment to the argument (12.7)
shows that v(I') < 2R + 1, so I' has PIG. This establishes the first claim of
Theorem 12.8.

Now let A be a quotient of I' and suppose that A is a linear group. Then A
has a residually finite-nilpotent normal subgroup Aq of finite index (% Linear
groups). Let N < Ag be a normal subgroup of finite index A such that Ay/N
is nilpotent. Then A/N is an image of f, hence takes the form

A/N=CxM

where C' is cyclic and M is a product of non-abelian simple groups. Then
MnN(Ag/N)=1s0Ag/N is cyclic. It follows that Ay is residually cyclic, hence
abelian; and moreover every finite quotient of Ag is cyclic. As Ag is also finitely
generated it follows that Ag is a cyclic group.

Thus every linear quotient of I is virtually cyclic, and this completes the
proof of Theorem 12.8.

Notes

The problem of characterising (soluble) PIG groups was raised in [Segal 1986,],
where Theorem 12.9(ii) was proved. It was also shown in that paper that for a
f.g. residually finite soluble group G of finite rank, the invariant defined by

inf{v:|G:G"| <n? for all large n}

(an asymptotic version of our v(G)) is equal to the Hirsch length of G.
Theorem 12.9(i) was proved in [Mann & Segal 1990], where it was also
shown that groups of finite upper rank satisfy PIG.
The equivalence of finite rank, BG, PSG and PIG in pro-p groups was proved
partly by [Lazard 1965] and partly by [Lubotzky & Mann 1991]; for further
variations see [DDMS], Chapter 3.

The topic of bounded generation in arithmetic groups has received consid-
erable attention; see [PR] §4.4, page 203 and references therein. The charac-
terisation of arithmetic groups with the congruence subgroup property in terms
of PIG, and hence Theorem 12.10, is due to [Platonov & Rapinchuk 1993|
and to [Lubotzky 1995,].

[Pyber & Shalev 1997] proved that a finite group of rank r is the product
of f(r) cyclic subgroups; this implies Theorem 12.1. [Pyber 2000] proved
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that profinite groups with PSG are boundedly generated. His proof is based on
the following theorem of [Hrushovski & Pillay 1995], which was proved by
model-theoretic techniques:

Theorem Let G be a subgroup of GL,(F,), and G the normal subgroup of G
generated by the elements of order p. Then G is a product of k subgroups of
order p, where k depends only on n.

logn

The fact that BG profinite groups have subgroup growth of type at most n
is proved in the same paper of Pyber.

The proof that adelic groups are boundedly generated, and all the material
of §12.3, is due to [Liebeck & Pyber 2001].

Theorems 12.8.2 and 12.8.4 are due to [Abért, Lubotzky & Pyber].
Among many other results, this paper establishes further restrictions on the
structure of a boundedly generated profinite group (in the spirit of Theorem
12.6) if it is the completion of a BG abstract group, as well as results on the
representation theory of BG abstract groups.

All the remaining main results on PIG groups are due to [Balog, Mann &
Pyber 2000].

The group given in Proposition 12.8.6 was constructed in [Lubotzky, Py-
ber & Shalev 1996] to give the first example of a finitely generated group
having subgroup growth type n'°8™; it was not then known that this is also
the growth type for arithmetic groups in positive characteristic having CSP.
The same paper gave a construction of a f.g. group with subgroup growth type
plogn/(loglog ”)2, the slowest non-polynomial type known at that time.

Various forms of the ‘rank function’ d,(G) were introduced in [Lubotzky
1986], where a number of conjectures are proposed.



Chapter 13

The growth spectrum

The group Z has subgroup growth of type n, while the free group on two gen-
erators has growth type n”, and this is the upper limit for finitely generated
groups. In earlier chapters we have seen many intermediate types of subgroup
growth; we have also seen that among ‘reasonable’ classes of groups, such as
linear groups, certain intermediate types cannot occur. If one considers arbi-
trary finitely generated groups, however, then essentially every type of growth
between these limits is possible. The main result we establish in this chapter is

Theorem 13.1 Let g : Rvg — R<( be a non-decreasing function that satisfies
the condition (x). Then there exists a 4-generator group having subgroup growth
of type n9(™).

The condition (x) is as follows:
either (%) : logz = O(g(x)) and g(x) = o(z)
or (x)2:  g(«'®%) = O(g(x)).

Condition (x); corresponds to subgroup growth of types ranging from n'°&™ up

to (though not including) n™. Condition (k)2 allows a range of growth types
down to (though not including) polynomial growth, type n. It means that g
must grow rather gently, and implies in particular that

g(z) = O((loglog 2)*)

for some k > 0, and so excludes examples such as g(z) = (logz)® with 0 < e < 1.
However, every function of the form

g(z) = (loglog...log x)*

(at least two iterations of log, and any k > 0) does satisfy (x)2. The possible
small gap in the ‘growth spectrum’ left by the above statement is partially filled
by the

253
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Scholium For each positive integer k there exists a 4-generator group having
growth type at most ntoem™ and at least nlos™" "

It should be said that the condition (*) is merely a technical requirement of the
proof, and is probably not really necessary for the theorem.

The proof of Theorem 13.1 consists of two quite different constructions.
These have a common strategy, however. Let us call growth of type n9(™ ‘fast’
if logn = O(g(n)), and ‘slow’ if g(n) = o(logn). In each case, we begin by con-
structing a profinite group G having the requisite growth type: fast in Section
1, slow in Section 3. Then in Sections 2 and 4 we exhibit a finitely generated
dense subgroup T of G whose profinite completion I' is not too different from
G: the construction of Section 4 actually gives I' = G, while in Section 2 we
obtain I' 2 G x Z. In each case, the subgroup growth of I' will be determined
by that of G.

In the case of fast subgroup growth, the results obtained are sharper: the
group I actually has growth of strict type n9(™ and mazimal subgroup growth
type n9(™) | provided the function g grows fairly smoothly.

The results stated above exhibit a wide range of subgroup growth types.
Within any given growth type, of course, there is room for finer classification;
for example, groups of exponential growth type were further distinguished in
chapter 3 by the invariant o, and we shall see that this can take every positive
value. Of particular interest is the class of groups with polynomial subgroup
growth, where the relevant invariant is the degree, that is,

a(G) = inf{a | $,(G) = O(n*)}.

Some suggestive results about the ‘degree spectrum’ — the possible range af
values taken by a(G) — are discussed in the Notes at the end of the chapter.

13.1 Products of alternating groups

Here we establish

Theorem 13.1.1 Let J be a set of integers > 5 and let g : Rsg — Rsg be a
non-decreasing function. For j € J put f(j) = {jg(j)] Then the profinite group

G =G(J ) = [[ A
JjeJ
satisfies
mn(G) > n9™ for alln € J

M (G) < 5, (G) < nd(M+201081+29 g5 411
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Thus provided J is infinite and logn = O(g(n)), both the subgroup growth
and the maximal sugroup growth of G are of type n9(". (Exercise: supposing
g(n) grows much faster than n, why does this not contradict the absolute upper
bound n™ established in Chapter 27) If J contains all large integers then G
even has subgroup growth of strict type n?); the same holds as long as J is
infinite and log f(jr+1)/1og f(jr) is bounded, where ji is the kth element of J
in ascending order.

Example Let g(j) = ¢j/logj, where ¢ is a positive constant. Then (provided
J is infinite) the group G has exponential subgroup growth, and

log s
o(G) = limsup og‘sT(G) =

Thus the invariant o takes the full spectrum of values.

The lower bound in Theorem 13.1.1 is easy to see. Indeed, since Alt(j) has
a maximal subgroup Alt(j — 1) of index j, it is clear that G has at least f(j)
maximal (open) subgroups of index j for each j € J.

The rest of this section is devoted to the proof of the upper bound. This
depends on the following concept:

Definition Let © be a finite set. A standard subgroup of Sym(QQ) is a subgroup
of the form
Alt(Qq) x -+ x Alt(2,)

where €4, ...,€Q, are disjoint subsets of ) of cardinality at least 5. We allow
r = 0, corresponding to the identity subgroup.

Here and below, the convention is that for a subset A of Q, we identify Alt(A)
with the pointwise stabilizer of '\ A in Alt(Q2). Now the key to understanding
subgroup growth in products of alternating groups is the next theorem, whose
proof is sketched in the Permutation groups window, §3:

Theorem 13.1.2 Let Q be a finite set and S a standard subgroup of Sym(S).
Then each subgroup H of S contains a standard subgroup H, of Sym(Q) such
that

|S:H,| <I|S:H|.

To prove the upper bound in Theorem 13.1.1 we proceed in steps.

Step 1 Let Q be a finite set and S = Alt(21) x- - - x Alt(€2,.) a standard subgroup
of Sym(Q2). Then the number Ng(m) of core-free standard subgroups of index

m in S is at most m*.

A subgroup H of S is core-free if it contains no non-identity normal subgroup of
S; since the direct factors A; = Alt(€);) are simple, this is equivalent to saying
that H; = H N A; < A; for each 1. Moreover, it is clear that H is standard if
and only if H = H; x --- x H, and H; is a standard subgroup of A; for each 1.
So

Ns(m) =Y Na,(m)...Na,(m,),
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summed over all factorisations m = my ...m, with each m; > 2.
An elementary exercise shows that the number of such factorisations of m is
less than m2. We claim that for each 1,

Ny, (m;) <m?. (13.1)

3 1
Once established, this will complete the proof of Step 1, since it implies
Ng(m) < Zm%mz = ZmQ <m?-m?=m"

It remains to prove (13.1). Write n; = |©;]. Modulo even permutations,
the number of proper partitions of €2; that give rise to a standard subgroup of
index m; in Alt(£2;) is at most the number of (unordered) tuples (b1, ...,b;),
with ¢ > 2 and each b; > 1, such that

and ) )

Using induction on k, it is a simple exercise to show that for any k > 1, there
are no more than k (ordered) tuples (bi,...,b:), with ¢ > 2 and each b; > 1,
such that (13.2) holds and n;!/[[b;! < k. We may infer that the number of
conjugacy classes of standard subgroups of index m; > 1 in Alt(Q;) is at most
m;, and (13.1) follows since each such subgroup has at most m; conjugates.

Step 2 With S as in Step 1, the number of core-free subgroups of index n in S
is at most n2>+20logn,

According to Theorem 16.4.17, each subgroup H of index n in S contains a
standard subgroup H, having index at most n® in S. Of course H, is core-free
if H is, and by Step 1 the number of possibilities for such an H, is at most
n® xn2% = n2?%. On the other hand, given H,, the number of subgroups of index
n in S that contain H, is at most |5 : H*|log(|S:H*‘/n) < n21en (see Lemma
1.2.3). Putting these together gives the stated bound.

Step 3 Conclusion.

Let H be an open subgroup of G with |G : H| < n. Put K = coreg(H), the
biggest normal subgroup of G contained in H. Now each open normal subgroup
of G is the product of all but finitely many of the direct factors Alt(j) (as these
are all simple groups), so

G/K =[] Ale(5)™)

JjeJ

where t; < f(j) for all j and t; = 0 for almost all j. On the other hand, G/K
acts faithfully and transitively on the right cosets of H.
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Lemma 13.1.3 If Sym(m) contains a transitive subgroup isomorphic to
[TAlt(5)®) then
[[i<m.

Postponing the proof of this, we apply it with m = |G : H| < n and deduce
that n > [] 4% = ¢, say. Now given ¢, the number of factorisations of this form
is at most ¢ < n?, and there are at most n possibilities for g. So the number
of possibilities for the sequence t = (¢;) is at most n?.

Given t;, there are (ft(j)) ways to choose a normal subgroup Alt(j)(f(j)’tj)

in Alt(5) (1)), Hence the number of possibilities for K, given the sequence t, is
f() N 9() " (911
H( ; SHf(J)]:H{J“1 <[40
< (Hjtj)g(n)—s-l _ qg(n)+1 < ng(n)-i—l;

here we may replace g(j) by g(n) because g is non-decreasing and ¢; = 0 when-
ever j > n.

Altogether, the number of possibilities for K is thus at most n9(™+4. Given
K, the number of possibilities for H is equal to the number of core-free subgroups
of index at most n in the standard group G/K, which by Step 2 is at most

n x n25+20logn Thyg
Sn(G) < ng(n)+2010gn+30.

This completes the proof, apart from

Proof of Lemma 13.1.3 Suppose A; X --- X Ay is a transitive subgroup of
Sym(m), where A; = Alt(n;) and

5<n; <ny <.

We have to show that Hle n; < m, and argue by induction on m. We may
clearly assume that k > 2.
Case 1. Suppose that each A; is transitive. Then both A; and Ay X - - - X Ay,

are regular, so
k

1 1
gul= 1:[2(5712') =m,
which forces k = 2, ny = no and nyiny < m since ny > 5.
Case 2. Suppose that A; is intransitive. Put B = H#j A; and let Uy, ..., U,
be the orbits of A;. Then B permutes the set U = {Ui,...,U,} transitively,
with kernel K say. Now B = K x C' where

K=][4 c=]]4
ieX i€y
and X UY ={1,...,k} \ {j}. Moreover, C acts faithfully and transitively on
U so inductively we have
H n; <r.

€Y
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On the other hand, A; x K acts faithfully and transitively on Uy, giving
H n; <m/r.
1€XU{j}

The result follows.

13.2 Some finitely generated permutation groups

Let
G=G(Jf) =[] AV
jeg

be the profinite group discussed in the preceding section. Under suitable con-
ditions on J and f, we shall see that G contains a finitely generated dense
subgroup I' that has essentially the same subgroup growth as G.

We assume that f takes the form f(j) = {jg(jﬂ for some non-decreasing
function g : R~g — R such that

logz = O(g(x)) and g(z) = o(). ((%)1)

Theorem 13.2.1 Suppose that J is an infinite set of sufficiently large odd in-
tegers. Then there exists a 4-generator group I' such that

L =G, f) X Z
Before embarking on the proof let us deduce

Corollary 13.2.2 Let g : Ryg — Rsg be a non-decreasing function that sat-
isfies I. Then there ezist a 4-generator group I' and a constant a > 0 such
that

nd( < mn(T) < s,(T) for all large odd n
$p (D) < n9(™ for all large n.

Proof. We take J to consist of all odd integers > j;. According to Theorem
13.1.1, G = G(J, f) satisfies

n9™ < m,(G) foralln e J

$n(G) < IMF20108n+29 £ )
Since @ is isomorphic to a quotient of I' we deduce that 5,(T) > my, (T) > n9(™)
for all odd n > j;.

On the other hand, Proposition 1.3.6(i) shows that
$n(D) = 5,(I) = 5,(G x Z)
=5,(G X Z) <$,(Z) 5,(G) - n
< ng(n)+20 log n+31 < nag(n)
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for large values of n, where a > 0 depends on the constant implied in logz =

O(y(x)). =

Remarks (i) Suppose that the function ¢ is reasonably smooth in the sense
that g(n)/g(n — 1) is bounded above for all n (this further restriction on g is a
pretty mild one). Then I' actually has subgroup growth of strict type n9(™): for
when n is large and even we have s, (I') > m,,_1(T') > (n — 1)9(»=1 > p=9(n)
where ¢ is some positive constant.

(ii) Take g(n) = c¢n/logn, where ¢ > 0. Then

g9(n) +20logn + 31 = g(n)(1 + o(1)),
so the finitely generated group I' satisfies

1 r
o(I') = limsup OgsTn() =c.

The rest of this section is devoted to the proof of Theorem 13.2.1. We have
to set up some notation. J is an infinite set of odd integers greater than or
equal to some constant ¢ > 5, and f : J — N is a function. Define f(n) = 0
for n ¢ J, and let n; < ny < ... be the non-decreasing sequence in which each
integer n occurs exactly f(n) times. Let

Q={@G,m)]|ieN, 1<m<n;}

ZGQz'CNXN
=1

where Q; = {(i,m) | 1 <m < n;}, and let G be the subgroup of Sym(f2) con-
sisting of permutations g such that ;g = Q; and g, is an even permutation,
for each i. Identifying Q; with the set {1,...,n;} via the second component
gives an isomorphism 6; : Alt(Q;) — Alt(n;), and for g € G we write

gi = ¥i(g) = 0i(g)a,) € Alt(n;).

Evidently g + (g:),cn gives an isomorphism

G=G(J f) =[] AV,
jed
The support of g is
supp(g) = {w € Q | w? # w}.

Let D denote the set of all elements of G having finite support; thus D is just
the restricted direct product of the groups Alt(;). It is a normal subgroup of
G.
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Fix a sequence (k;) of positive integers such that k; + 1 < n;/2 for each ¢
and n;/k; is unbounded as i — co. Put

I = [ 1 } (13.3)
so kil; <n; —1;, and (I;) is an unbounded sequence of integers > 2. Now let

L:GLiCQ.

i=1
Let @ be a subgroup of G such that

supp(g) C L for every g € Q,
QND=1, (13.4)
if n; = n; and i # j then ;g # ¥jq-

The existence and nature of such a subgroup is a point we shall return to later.
Now define two elements u, 7 of G by setting

w; = (123) for all ¢
7 = (123...n;) for all 4,

and let

P=(u Q) <G
N={")y, H=D(r, Q).

Proposition 13.2.3 The following hold:
I'=NH and NNH =D,
N/D = Alt(Z);

H/D=Q7Z.
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Corollary 13.2.4 Let K be the kernel of the map ¢ : T — G induced by the
inclusion I' — G and let D be the closure of D in I'. Then

f:ﬁxK%Gx@.

Proof. We may identify the profinite completion D of D with G. The
universal property of D gives a commutative diagram

where j denotes the inclusion D — D. Then 7 is surjective and Lpom is the
identity map D — G, and it follows that ) is an isomorphism. Hence D = G
and DN K = 1. Since Un is surjective we also have T = DK; but D < r

because D < T, so I = D x K as claimed.
Finally,

—

K =T/D=(T/D) = (T/N)

since N/D = Alt(Z) is an infinite simple group, and I'/N = H/D = Q1Z by
the proposition. m

Before proving Proposition 13.2.3 let us complete the
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Proof of Theorem 13.2.1. Recall that f(j) = [jg(j)] where g : Ryg —
R+ is non-decreasing and

logz = O(g(x)), g(x)=o(x).
Since the function x +— x log x is strictly increasing, we may define k; by
k;log k; = [8g(n;)logn;] .

The conditions on g ensure that n;/k; is unbounded as i — oo and that 5 <
k; <n;/2—1 for each i provided n; is large enough. Now we need the following
observation:

Lemma 13.2.5 Let k > 5. Then there are at least k*/* distinct monomor-
phisms from Alt(5) into Alt(k).

Proof. Write k = 5r + e where 0 < e < 4. Let A = Alt(5) be the diagonal
subgroup in

r—1
[ At(E;) < Alt(k)
§=0
where E; = {5j + 1,55 +2,...,55 + 5}. It is easy to see that Cgymr)(A) =

Sym(r) x Sym(e), so that by applying inner automorphisms of Sym (k) we obtain
k!/rle! distinct monomorphisms A — Alt(k). The lemma follows since

' | k/2
ﬁ > k! > ﬁ > /4,
rle! = (r+e)! 2

It follows that for each i, there are at least f(n;) distinct monomorphisms
from Alt(5) into Alt(k;). Indeed,

1
log f(n;) < 2g(n;)logn,; < Zkl log k; = log (kflﬂl) .

Givenn € J,let i,i+1,...,i+ f(n) —1 be all the indices ¢ for which n; = n,
and let 7;,..., 74 fn)—1 be distinct monomorphisms from Alt(5) into Alt(k;).
Let u = (123) and v = (12345) € Alt(5), and for i <t < i+ f(n) — 1 define
elements «y, B; € Alt(L;) by

O (ce) = me(u)
0:(Be) = ne(v).
Now take o = (e;) and 3 = (53;) € G and put Q = (o, ).
Then @ satisfies the conditions (13.4), and by Corollary 13.2.4 we have
F'=Gx Q1 Z. Evidently, u — «, v — [ gives an isomorphism Alt(5) 2 @Q, so
Q is a perfect group. This implies that

—

QUZ=1.
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To see this, write Q1Z = Q! {x), and note that if 7 is any homomorphism from
Q! {x) to a group of finite order n > 1, then

m(Q) =7([Q,Q]) = 7([Q,Q""]) =1,

which implies that the profinite completion of Q@ (z) is the same as that of (z).

Thus in fact T 2 G x Z as claimed. This completes the proof of Theorem
13.2.1, modulo Proposition 13.2.3.

Proof of Proposition 13.2.3. Write A; = Alt(Q;) < G, and for each
subset I of N let
7 G— Ar = HAi
i€l

denote the projection mapping (and 7; = m;;). Recall that N = <NF> .

Step 1. We claim that 7;(N) = Ay for every finite set I. When |I| = 1
2
on |I]; suppose that |I| > 1 and that B = 7;(N) < A;. Let ¢ € I and put
K =TI\ {i}. Inductively we may suppose that 7x(B) = Ak. Since A; is simple
and |B| < |A;] it follows that BN A; = 1 and that mx|p is an isomorphism
B — Ag. Composing its inverse with 7; g we obtain an epimorphism Ax — A;,
which restricts to an isomorphism

this is clear since m;(N) > <u > = A, for each i. Now we argue by induction

it A — A;

for some k € K. Certainly ny = n; = n, say, in this case, and we obtain a
commutative diagram

N
/ N
Ak m AZ ’
1 1
Alt(n) - Alt(n)

the vertical maps being 6 and 0; and o some automorphism of Alt(n). Now let
0 <m < n — 3 and observe that

o(m+1,m+2,m+3) =cpmp((1"))
— O (4)) = (m+ L+ 2,m 1 3)

It follows that o is the identity automorphism of Alt(n), and hence that ¢ =
0,7, and v; = 0;m; have the same restriction to N. Now let z € @) and let
~v € Alt(n), so v = ¢r(a) = 1;(a) for some a € N. Then

YR = i (a®) = 9ia®) = 4H;
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hence 95 (z) = 9;(x) since Alt(n) has trivial centre. This contradicts (13.4),
and the claim follows.

Step 2. Next we show that N > D. It will suffice to show that N > A; for
each i. Fix ¢ and put
]

ni—2

Then (i) € N and
mi(y() =1 if n; >n,
mi(v(@)) = o5 it n;=mn;
where 0; = Hj_l(l,m —1,2) # 1. In particular, (i) € Ay where I = {j | n; <

n;t. Now let a € A;. Step 1 shows that there exists x € N such that 7;(x) = a.
Then [y(i),z] € N and

(i), z]) =1 if n; >n;
J [’Y(Z)a ]) = [Ujal] =1 if n; =n; andj?éi
i([v(@), 2])

Thus [o;,a] = [y(i),z] € A; NN, and as o; # 1 it follows that 4; < N as
required.

Step 8. We claim that for each ¢ # 0,

[Q,Q"'] C D.

It suffices to verify this for ¢ > 1. Note now that L; N L;7" = () whenever I; > t.
t
This implies that the support of [Q, Q7 ] is contained in the finite set

U Li7

1; <t

i
(

3

3
8

[0, .

3

and the claim follows.
Hence there is a natural epimorphism
< . (@)D
o : t:]zer — ) .
Since supp(Q?) N supp(Q?®) is finite whenever s # t, while every non-identity
element of () has infinite support, we see that ker ¢ = 1. Thus ¢ is an isomor-
phism.
It is easy to see that no positive power of 7 lies in <Q<T>> D. Thus
QYD
/D=0, p- L0 1~ gz
Step 4. To show that N/D = Alt(Z), let 7 denote the set of all integer
sequences (t) = (;)ieny with
1<t <ny
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for all 7. Define an equivalence relation on 7 by setting
(t) ~ (s) < t; = s; for sufficiently large .

We denote the equivalence class of (t) by t. The group G permutes 7 by
(t)9 = (s) where

(1, 81) = (i, 8:)?
for each 4, and this action respects ~ . Clearly D is contained in the kernel
of the induced action of G on 7/ ~. For each n € Z we define the element
n € T/ ~ to be the equivalence class of a sequence (¢) such that for sufficiently
large indices 1,

ti=n if n>0

ti=n;+n if n<O0
(the value of ¢; for small ¢ is immaterial). The set Z = {n | n € Z} is naturally
bijective with Z. Our aim is to show that the action of N on 7/ ~ preserves
the subset Z, induces on it the full alternating group Alt(Z) (consisting of all
even permutations of finite support), and that the kernel of the induced action
is exactly D.

Now N = <M<Q’T> > It is straightforward to verify that ) acts as the identity
on Z, that 7 acts as the shift n — n+ 1, and that p acts as the three-cycle
(1,2, 3). Since Alt(Z) is generated by the three-cycles (n,n+1,n+2) it follows
that the action of N induces Alt(Z) on Z. That the kernel of this action is
exactly D is not quite as obvious as it seems, and we leave it as an exercise
for the reader: the key point is to show that if y € N then there exists b,
independent of i, such that

supp(y:) € {i} x ({1,2,...,0} U{ni —=b,ni —b+1,...,mi})
for all large . It follows that if y ¢ D then y must move n for some n with
In| <.

Step 5. It only remains to show that N N H < D. This follows from the
preceding step: for if h € H = D (7, Q) then h acts on Z as some power of the
shift n — n + 1, while V acts by permutations of finite support; soif h € NNH
then h acts as the identity on Z and hence belongs to D. This concludes the
proof of Proposition 13.2.3.

13.3 Some profinite groups with restricted com-
position factors
In Section 1 we obtained groups with relatively fast subgroup growth by putting

together arbitrarily large finite alternating groups. Results from several earlier
chapters suggest that groups having relatively slow subgroup growth are likely



266 CHAPTER 13. THE GROWTH SPECTRUM

to have more restricted (upper) composition factors; here we consider some
examples where these factors are of uniformly bounded rank.

Let (Tk)x>0 be a sequence of finite groups, satisfying the following conditions
for all k, where 7, = |T| and r and ¢ are fixed positive constants:

Tk = Tk—1; (i)
rk(Ty,) <r; (i)

T}, contains an elementary abelian subgroup Ay such that
o < 1Al (i)
if g is the minimal index of any proper subgroup in 7} then
pe > pk—1 and 7 < b (iv)

For example, we could have Ty = X(Fp) where X(F) is a simple group of
fixed Lie type over the field F, (pg) is an increasing sequence of primes and e is
constant: see the Finite simple groups window.

Let (Ix)r>0 be a sequence of integers > 2, for k > 1 put

k—1
me =[] 1, (13.5)
=0
and write
By =T™).

Now let W7 = Ty, and for k > 1 let W}, be an extension group of By_1 by Wy_;.
Thus we have an exact sequence

1= Bp1 = Wi —= Wi — 1,
and we may form the inverse limit

W= W((D), (1)) = limW,.

This is a profinite group, whose finite quotients are just the images of the various
groups Wi.

Let us estimate the subgroup growth of W, assuming for simplicity that [y
is even.

Lemma 13.3.1 If n < g1 then s,(W) < n2trme,

Proof. Note to begin with that

k
> my < 2my, (13.6)
=0
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since mj; = lj_1mj_1 > 2m;_; for each j > 1. Now if ¢ > k then p; > pp41 > n
so B; has no proper subgroup of index n or less. It follows that every subgroup
of index < n in W;y; contains B;, and hence that

Sn(WH—l) = Sn(Wi) =...= Sn(Wk-&-l)-

Now Wi41 has a subnormal series of length Z?:o m; < 2my, whose factors T}
satisfy conditions (ii) and (iv). Applying Proposition 1.9.1 from Chapter 1 we
deduce that

Sn(Wk+1) S n2trmk'
The lemma follows since s, (W) is the supremum of the s,(W;). m

Lemma 13.3.2 Forn = T,?mk we have

sn(W) > nme/8t,

Proof. Let us write 7 = 7, and m = my,. Using (13.6) we have

k
[Wit1] = HT;nj <X <M=,
P

On the other hand,
Wi1 2> B > A,(ﬁm)-

If A, = C, then p¢t > 7, and Aim) has at least p62m2/4 subgroups. Since
|[Wit1| < n it follows that

sn(W) = 8,(Wit1) = s(Wit1)
e?m? /4 > 7_rrLr")/4t — nm/St.

v

p

The two lemmas show that we can control the subgroup growth of W by
fine-tuning the growth of my, as against 7, and . Let us apply this to a specific
example. Let g be an unbounded, non-decreasing positive real-valued function
such that

g(2'57) < Ag() (13.7)

for all large x, where A is a positive constant. Then the following holds:

Lemma 13.3.3 There are constants B, C' > 0 such that for each integer m > C
there exists a prime p > m with

g(p) > 2m > Bg(p™). (13.8)
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This will be proved below. Now choose a sequence of primes recursively as
follows. Let pg > max{12,C} be a prime such that g(py) > 12. Having chosen
Do, - - -y Pk—1, Put l; = 1 4+ p; for i < k and let m = 6my where my, is given by
(13.5) above. Then take pr, = p where p > m is a prime satisfying (13.8). Thus

g(pr) > 12my, > Bg(p2™) (13.9)

for every £ > 1. Now let

Ty = PSLo(F,, ).
Then T}, has rank 2, up =1+ pr = I, and

.
Pr < T =pi(Pk — 1)/2 < |Ak]” < i,

where Ay, is a subgroup of order p; (3 Finite simple groups). Thus conditions
(i) — (iv) are satisfied with ¢ = 3 and r = 2. (We could use X (F) instead of
PSLy(F,, ), for any fixed Lie type X and any constant e, by suitably adjusting
the parameters in the following proofs.)

Theorem 13.3.4 If (T}), (Ix) are as above then the profinite group W ((T), (1))
has subgroup growth type n9(™).

Proof. Let n = pim’c,where k > 1. Then n > T,fm’“ = n/, say, so according
to Lemma 13.3.2, we have

sn (W) > /24 S P;n%/ﬁ _ /36
Now (13.9) gives my > Bg(n)/12, so taking ¢ = B/(12 x 36) we have

(W) > 09,
Thus the growth type of W is not less than n9(").
For the upper bound, let n > pg. There exists k such that pp < n < pgy1,
and then Lemma 13.3.1 gives
Sn(W) < lemk.

But
12my, < g(pr) < g(n)

by (13.9), since p, < ux < n and g is non-decreasing. Thus s, (W) < n9™ for
all large n. =

The condition (13.7) on g excludes some perfectly nice functions such as
(logm)® with 0 < € < 1, and it is worth mentioning two variations of the above
construction, that allow for a wider range of growth types but for which we have
less precise information.
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Variation 1 Let g be any unbounded function. Then the sequence of primes
(pr) can be chosen so that s,(W) < n9(™ for all large n, while W does not

have polynomial subgroup growth. The proof is similar but simpler: it suffices
Mg —1

to ensure that p; > p271 and g(py) > 72m3 for each k > 1.

Variation 2 Let & be a positive integer, put g(n) = (logn)'/* and g*(n) =
(logn)'/(*+1) | Then the sequence of primes (px) can be chosen so that

sn(W) <09 for all large n,
sn(W) > n®*(™  for infinitely many n,

where ¢ is a positive constant. Again the proof is similar: it suffices to ensure
that
(12my)" <logpr < 2- (12my)"

for each k > 1. The details are left to the reader.

Before proving Lemma 13.3.3, let us establish
Lemma 13.3.5 If g(2'°8%) = O(g(z)) then g(x) = O((loglog x)*) for some k.

Proof. Suppose that g(x'°¢?) < Ag(x) for all z > zg, where 2y > 4 and
A>1.Put k=log A, No =1+ z2™ and let

B = { gl o e oo, il

We claim that then g(x) < B(loglogz)* for all x > z¢. Indeed, suppose that
this holds for all x € [z, N] where N > Np. Let y € [N, N'°¢ V], Then y = x'°8®
where x € [zg, N], and

9(y) = g(a'°8%) < 2%g(x)
< 2¥B(loglog z)* = B(loglogy)*.

The claim follows since NN > N2 nm

Proof of Lemma 13.3.3. Recall that ¢g is an unbounded, non-decreasing
positive real-valued function that satisfies (13.7). Let m be a large positive
integer and let n be the least positive integer such that g(n) > 2m. There exists
a prime p with n < p < 2n (‘Bertrand’s postulate’, & Prime numbers). Then

g(p) = g(n) > 2m.

Since g(z) = o(logz) by the preceding lemma, this implies also that p >
logp > g(p) > m provided m is large enough. Then

g(P™) < g(p'8P) < Ag(p).



270 CHAPTER 13. THE GROWTH SPECTRUM

Finally,
9(p) < g(2n) < Ag(n — 1) < 24m

provided 2n < (n — 1)°8(*=1 which holds if m > 10 since 2n > p > m.

Thus provided m is large enough we obtain (13.8) with B = A~!, and the
lemma is proved.

Note that we never specified the group extensions in the construction of W
from the sequence of groups (7} ); for example, W could simply be the product
of all the groups T,Smk). However, such a group would not be finitely generated
(as a profinite group). A more interesting example is the following: noting that
each T}, has a natural doubly-transitive permutation representation of degree [y,
on the points of the projective line over F,,, (or equivalently, on the right cosets
of a maximal subgroup of index Ij), we form the groups W as a sequence of
iterated permutational wreath products. That is, W1 = T}, a permutation group
of degree Iy = mgy; having obtained W, for i < k as a permutation group of
degree m;, we take

Wit1 = T W Wy,

to be the permutational wreath product of T} with Wj. This is the semi-direct
product of By = T,Em’“) by Wy, which acts by permuting the my direct fac-
tors, and Wy, has a natural faithful imprimitive permutation representation
of degree Iy - my = mp11.

The inverse limit W of these iterated wreath products turns out to be a
finitely generated profinite group; indeed, we shall see in the next section that
W is the profinite completion of a finitely generated (abstract) group.

13.4 Automorphisms of rooted trees

A rooted tree is a tree T with a distinguished vertex vg, the root. A vertex of
T is said to have level n if n is the distance from vy to v, that is, the length of
the unique path from vy to v. We consider an infinite spherically homogeneous
rooted tree ¥, that is one where for each n > 1, all vertices of level n have the
same (finite) valency [,, + 1. In this case we say that ¥ is of type (I,,)n>0, where
lp is the valency of vg. Thus if v is a vertex of level n > 1 then a unique edge e
leads out of v towards vy (upwards, let us say), and the component of T\ {e} not
containing vy is a spherically homogeneous rooted tree of type (ly)k>» having
v as its root. This subtree is denoted ¥,. We picture ¥ as growing downwards
(‘a peculiarity of the Northern hemisphere’ according to M. F. Newman), and
embedded in the plane; this fixes an ordering (left to right, say) on the vertices
of each level.
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Vo

V1 U2

22

We denote by ¥[n] the finite rooted subtree containing of all the vertices of
level at most n.

Let Q(n) denote the set of all vertices of level n; thus (n) is the ‘bottom
layer’ of ¥[n], and each automorphism of ¥[n] is determined by the permuta-
tion it induces on Q(n); we use this to identify Aut(%[n]) with a subgroup of
Sym(Q(n)). We may identify Q(n + 1) with the set {1,...,1,} x Q(n). Hav-
ing done this, we see that Aut(¥[n + 1]) is precisely the permutational wreath
product

Sym(l,) t Aut(T[n]).

Starting with Aut(%[1]) = Sym(lp) we deduce that for each n > 1,
Aut(%E[n]) = Sym(l,—1) 1 Sym(ln—2) ¢... : Sym(lo).

(Another way to see this is to observe that Aut(%[n]) consists of all permutations
of (n) that respect the sequence of equivalence relations

d(v,w) < 2r

forr=1,...,n — 1, where d denotes the distance between two vertices.)
Finally, since each automorphism of ¥ is determined by a sequence of com-
patible automorphisms of the subtrees ¥[n], we have

Aut(%) = lim Aut(%n)) = lim (Sym(l,—1) 1Sym(lp—2) ... 1Sym(lp))

We write 7, : Aut(T) — Aut(Z[n]) < Sym(Q(n)) to denote the restriction
mapping.
Suppose that for each n > 0 we have a subgroup 7,, < Sym(l,,). Then
Wy =Tn 1 1Th_2... 0Ty < Aut(%[n]), (13.10)

and the profinite group
W =w((D),) = lim W, (13.11)

n—oo
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is naturally embedded in Aut(¥).

For a subgroup I' of W, let stp(n) denote the pointwise stabilizer in I" of
Q(n); this is the kernel of the restriction map (7,);p. We say that I" has the
congruence subgroup property if every subgroup of finite index in I'" contains
str(n) for some n, and that T is dense in W if

for every n, that is if I' is dense in the natural profinite topology of W. The
following is now clear, since the subgroups str(n) form a base for the neighour-
hoods of 1 in T relative to the topology induced from the natural topology of
W

Lemma 13.4.1 Let . : I — W be the map induced by the inclusion I' — W.
Then ¢ is surjective if and only if T is dense in W, and v is injective if and only
if I' has the congruence subgroup property.

We need some notation for tree automorphisms.

9= (gla"'agm)n

indicates that g € stauz)(n) and that g; is the restriction of g to the subtree
%, where v; is the ith vertex in Q(n) (in our chosen order, reading from left
to right); here m = |Q(n)|. For any a € Sym(l,,) and any vertex v € Q(n), we
write & to denote the automorphism of ¥, that induces o on the vertices of
level 1 in ¥, and preserves the ordering of vertices within all the subtrees ¥,
for vertices w # v of T,; in other words, a corresponds to o € Sym(l,,) when
Aut(T,) is identified with ... Sym(l,41) 2 Sym(l,,); we say that « is rooted at
v. For example, taking n = 0, we can write any automorphism g of ¥ as

g:(hl,...,hlo)1°d

where h; € Aut(%,,) and « € Sym(lp) is the action of g on Q(1) = {v1,..., vy}

For each n > 1, let u(n) denote the rightmost vertex of level n in T and

u(n, 1) the leftmost vertex immediately below u(n) (that is, the vertex l,,11 — 1
steps to the left of the rightmost vertex in Q(n + 1)).
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u(1,1)

Now let us get down to specifics. Let P = (x,y) be a two-generator perfect
group, and suppose that for each n > 0 we have an epimorphism

O P — T,

where T, is a doubly-transitive subgroup of Sym(l,). Write a,, = ¢, (x) and
Brn = én(y). We now define four automorphisms of <.

& =g rooted at vy

n = B, rooted at vy

a and b

where a acts on each of the disjoint subtrees Ty, 1) for n > 0 by Qg1 ToOted

at u(n, 1), and b acts likewise with Bnﬂ in place of a4 1.

Theorem 13.4.2 The group T' = ({,m,a,b) is a dense subgroup of W (defined
by (13.11) and (153.10)) and T' has the congruence subgroup property.

Before proving this, let us complete the proof of Theorem 13.1. Given a
function ¢ that satisfies condition ()2, Theorem 13.3.4 asserts that we can
choose a sequence of primes (pg) so that the profinite group W = W ((T), (1))
has subgroup growth type n9(") where I}, = 1 + p;, and T}, = PSLy(F), ). Now
pr > b for each k, so T} is a quotient of the group P = SLg (Z[%]) Moreover, P
is generated by the two matrices

(1) G

and P is a perfect group [Bass 1964]. Also the natural action of Ty on the I
points of the projective line over F,, is doubly transitive. Now Theorem 13.4.2

— ol

provides a 4-generator subgroup I' of W, which by Lemma 16.4.1 satisfies T~w.
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Thus s,(I') = s, (W) for all n and I has growth type n9™) as required. The
same applies if g is a function of the type mentioned in Variation 1 or Variation
2 in the preceding section.

Theorem 13.4.2 depends on two key facts. One of them is a weak form of
the congruence subgroup property that holds in great generality. Here, for any
subgroup G of Aut(%) we denote by rstg(v) the pointwise stabilizer in G of
T\ %,

Lemma 13.4.3 Let G be a subgroup of Aut(¥) that acts transitively on each
Q(n). If N is a subgroup of finite index in G then there exists n such that
N > rstg(v) for every vertex v of level n.

Proof. We may assume that N << G. Then G/N contains only a finite
number, say k, of distinct subgroups. Let n be so large that |Q(n)| > k; since
[Q(5)] > 2[Q(j — 1)| for each j we could take any n > logk. Then there exist
distinct vertices u, w € Q(n) such that Nrstg(u) = Nrstg(w). Since rstg(u) and
rste(w) have disjoint supports in T, they commute elementwise. Consequently

rstg(w)’ < [Nrstg(w), Nrstg(w)] = [Nrstg(u), Nrste(w)]
< Nlrstg(u), rstg(w)] = N.

The result follows since rstg(v)’ is conjugate in G to rstg(w)’ for each v € Q(n),
because G acts transitively on Q(n). m

The second key fact is a structural property of the group I', expressed in the
next lemma. In order to state it, we need to define a series of groups as follows.
Consider a vertex v of level m. The tree ¥, is a spherically homogeneous rooted
tree of type (In)n>m, and we now define I'(T,) < Aut(%,) in the same way that
we defined T' < Aut(%) but using a4, and B4, in place of o, and S, for
each n.

Lemma 13.4.4 Letn > 1. Then (i)

str(n) = H rstr(v),

vEN(n)

and (it) for each v € Q(n), the group of automorphisms of T, induced by the
action of rstr(v) is precisely T'(%,).

Proof. Suppose we can prove this for n = 1. The argument can then be
repeated with I'(¥,) in place of I' and the result will follow for every n. So we
assume that n = 1.

Say Q(1) = {v1,...,v} where | = ly, and denote the restriction of rstp(v;)
to Ty, by A;. Write I'(7) = I'(%y,).

Now T' contains (£,1) = T which permutes (1) transitively. If o € Tj
sends [ to i then o induces an isomorphism between the trees T, and T, that
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preserves the ordering of vertices, and hence sends I'(1) to I'(z) as well as sending
A; to A;. Let us call this ‘property x*’.

By definition, I'(l) is generated by £(1) = a; and 7(1) = 3;, rooted at v; =
u(1), together with a(1) and b(1), where a(1) and b(1) denote the restrictions
of a and of b to the tree T,,.

Since a and b fix all vertices of level 1 , we have

rstr () < str(1) = (a,0)7° (ste(1) N To) = (@, )T,

because TO acts faithfully on Q(1). Now let o € Ty. If o fixes [ then a° acts as
a(1) on T,,. If o sends 1 to [ then a“ acts on T, as £(1); in every other case a®

acts as the identity on ¥,,. Similar conclusions apply to b7, and it follows that
the group of automorphisms induced on %, by str(1) is precisely T'(l). In view
of property #, this implies that stp(1) induces the group I'(i) on ¥,, for each 4,
so we have

str(1) € (T(1),...,T(1)), . (13.12)
Now let ¢ = w(ay,f1) and 7 = w'(ay,B1) be elements of Ty, where w, w’
are words. Put h = w(a,b) and ' = w'(a,b). Then
h=(o,1,....;1,%)1, K =(7,1,...,1,%)

where the . .. represent identity automorphisms and the *s some automorphisms
of %,,. Since Ty is doubly transitive it contains an element p that fixes 1 and
moves [. Then

he = (6,1, %, ..., 1)
and then

h*, 1) = ([o,7],1,..., 1)1,
[h?, W) = (1,...,1,[6,7])1 = g, say

where p € Ty sends 1 to I. Evidently g € rstr(v;), and this shows that [0, 7] €

A;. As Ty is a perfect group it follows that A; contains the whole of T, in
particular both £(1) and 7(1).

This argument also shows that I' contains the element (dl, 1,...,1)1. There-
fore

((dl, 1,..., 1)1)_1 ca = (1, ceey 1,a(1))1 S I'Str(?)l)

and so a(l) € A;. Similarly (1) € A, and it follows that A; > I'(l). Using
property x we deduce that A; > T'(¢) for each i. With (13.12) this gives

I'Str(vi) S Stp(l) g (F(l), N ’F(Z))l g (Al, ey Al)l .

This implies both (i) and (ii). m
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Proof of Theorem 13.4.2 We have to show that I' < W and that 7, (I") =
W, for each n. In fact the second claim implies the first, since W is the inverse
limit of the W,.

From the definition we see that I" induces Ty on €(1). Similarly, for a vertex
v of level n — 1, the group I'(%,) induces T;,_1 on the set of vertices of level 1 in
the tree ¥,. It follows by Lemma 13.4.4 that str(n) induces Ty,—1 X -+ X Tj,_1
on (n), acting as the base group of W,,. Supposing inductively that m,,_1 (T') =
W,_1 we may infer that

Wn(r) = Tn,1 i Wn,1 = Wn

We also have to establish that I' has congruence subgroup property. Let N
be a subgroup of finite index in I'. Since each T} is transitive, m,(I') = W, is
transitive on Q(n) for each n. We may therefore apply Lemma 13.4.3 to deduce
that there exists n such that N > rstp(v)’ for every v € Q(n). Now we claim
that each of the groups rstr(v) is perfect; this will be proved below. Given the
claim, it follows by Lemma 13.4.4(i) that

N > H rstr(v) = stp(n),
vEN(n)

which is what we had to prove.

It remains to show that rstp(v) is perfect. Now Lemma 13.4.4(ii) shows that
rstr(v) 2 T'(%,). As the latter group is defined in just the same way as T, it will
suffice to show that T itself is perfect. Recall that P = (x,y) is a perfect group

and that T' = (£,n,a,b). Here (¢,n) = Ty = Ty = ¢o(P), while a and b act

on each of the disjoint subtrees T, 1) as Qnyq and ﬁn 41 respectively, where
i1 = Opa1(x) and Bri1 = dpa1(y). It follows that any relation satisfied by x
and y in P is satisfied by each of the pairs ay, 41, 8,41 and hence by a and b, so

r—a, y—b

defines an epimorphism from P onto {(a,b). Thus T is generated by two images
of the perfect group P and hence is perfect as claimed.
This completes the proof.

Remarks (i) Similar results may be obtained under more general hypotheses.
For example, it is not necessary to asume that the permutation groups T, are
doubly transitive: it suffices to assume that each one is transitive. Using this,
one can obtain a finitely generated group whose profinite completion is the
iterated wreath product of any sequence of non-abelian finite simple groups.
It is also not hard to show that groups like I' are just-infinite, that is, every
non-identity normal subgroup has finite index. For all this, see [Segal 2001] (it
is assumed in that paper that the groups T, are not only transitive but have
distinct point-stabilizers: this hypothesis can be removed with a little extra
argument).
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(ii) In particular, the proof of Theorem 5 in [Segal 2001] shows that there
is a 5-generator group I' such that I' = W = limW,, where

W, = Alt(n +5) ... LAIE(6) t Alt(5).

It is easy to see that the only open normal subgroups of W are the ‘level stabi-
lizers’ ker(W — W,,), and hence that for each m,

s (W) < logm.
It follows by Theorem 11.5 that W, and hence also I', has polynomial mazximal
subgroup growth. Thus the sufficient condition for PMSG given in Theorem

3.5(i) is not necessary, either in profinite groups or in finitely generated abstract
groups.

Notes

The construction of §§13.1 and 13.2 is due to L. Pyber (personal communica-
tion); it will appear in [Pyber(b)].

Finitely generated dense subgroups in infinite products of (pairwise non-
isomorphic) alternating groups were constructed by [Neumann 1937], to give
continuously many non-isomorphic finitely generated groups. Using a variant of
Neumann’s construction, [Lubotzky, Pyber & Shalev 1996] obtained exam-
ples of finitely generated groups with the slowest then known non-polynomial
subgroup growth, of type nlogn/(loglog ”)2; an analogous construction using fi-
nite special linear groups instead of alternating groups provided examples with
growth type nlogn/loglogn Tn order to obtain a continuum of distinct growth
types, Pyber had (a) to generalize Neumann’s approach by allowing each of the
alternating groups to appear several times in the product, and (b) determine the
subgroup growth of what we have called ‘standard subgroups’ of Sym(€2); for
this he had to establish an interesting new result on finite permutation groups,
Theorem 13.1.2.

The construction of §§13.3 and 13.4 is from [Segal 2001]. Possible variations
are discussed in [Segal (a)].

Groups generated by ‘rooted’ and ‘directed’ automorphisms of rooted trees
were studied in a series of papers by R. I. Grigorchuk and others, see [Grigorchuk
2000]; it was the study of this article (in his role as an editor of the book [NH]
in which it appears) that inspired the author of [Segal 2001]; in particular
this article gives sufficient conditions for such groups to have the ‘congruence
subgroup property’.

The groups of Grigorchuk are mostly prosoluble. Iterated wreath products
of finite simple groups were studied by [Neumann 1986] and [Bhattacharjee
1994], using permutation-group methods. The simple proof of the ‘congruence
subgroup property’ given in §13.4 is taken from the former paper. In the latter,
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Bhattacharjee showed that iterated wreath products of finite simple alternating
groups are (positively) finitely generated.

The spectrum of a(G) — the ‘degree of polynomial subgroup growth’ — is
discussed in [Shalev 1999,], though he concentrates mainly on the slightly
different invariant
log an (G)

= 1. S
deg(@) = limsup og

Shalev proves that deg(G) never takes values in the interval (1,3/2), and states
that a(G) never lies in the interval (1,2). It is unknown whether further ‘gaps’
of this kind exist.

[du Sautoy & Grunewald 2000] prove that a(G) is a rational number if
G is a finitely generated nilpotent group; see Chapter 15 below.



Chapter 14

Explicit formulas and
asymptotics

So far we have concentrated mainly on subgroup growth type, a rough-and-
ready estimate for the rate of growth of a,(G). In the last three chapters of the
book, we take a closer look at the numbers a,(G) themselves. Of course, the
detailed arithmetical and asymptotic properties of this sequence will depend on
the nature of the groups G under consideration, as will the methods appropriate
to studying them.

In this chapter we focus on some classes of virtually free groups and on
surface groups. Of course, (almost) all these groups have subgroup growth of
type n!, but we will look at explicit formulas for the numbers a,(G), their
congruence behaviour modulo primes, and asymptotic estimates.

Already, these examples lead to a rich and interesting theory. We cannot
in this chapter go into this theory in depth: rather, we shall indicate some of
the highlights, and say a little about the kind of methods used to prove them.
The forthcoming survey article [Miiller (e)] presents a comprehensive account
of current knowledge on ‘modular subgroup arithmetic’.

14.1 Free groups and the modular group

Let us begin by recalling the recursive formula for the number of subgroups of
index n in the free group F,; on d generators:

Theorem 14.1.1

n—1

an(Fg) =n- ()4 =" (n — k)" ay(Fy).
k=1

This formula is due to Marshall Hall, whose paper [Hall 1949] can be probably
considered as the birth of the subject of subgroup growth. We deduced it in

279
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Chapter 2 from some simple combinatorial observations presented in Chapter
1, §1.1. As these will be fundamental for most of what follows we restate them
here, and take the opportunity to fix some notation.

e h,(G) = |Hom(G, Sym(n))|.

e ¢,(G) denotes the number of homomorphisms from G into Sym(n) having
transitive image.

e The cyclic group of order r is denoted C,.

Proposition 14.1.2 Let G be a group. Then

(@)

an(G) = (n —)i (14.1)
m(G) N~ hak(G)

T e b T (@). (14.2)

k=1

If G = G1*Gax. . .xGq is a free product, then of course h, (G) = Hle hn(Gy).

Theorem 14.1.1 follows on taking G; = Cw for each 4, so h,(G;) = n! for each

i. Another case of special interest is the modular group PSLa(Z) = Cy % Cs5. The

sequences hy,(C2) and h,(C3) satisfy recurrence relations, from which one can
deduce a recurrence for a,(PSL2(Z)) of the following form:

Theorem 14.1.3 [Godsil, Imrich & Razen 1989] Let G = PSLo(Z). Then
a1(G) = aa(G) = 1, a3(G) = 4, a4(G) = 8, a5(G) = 5, ag(G) = 22, and for
each n > 6

(n* —2n® —n? +3n + a1 (G) =
(n® — 6n% 4+ 5n + 1)a, (G) + (n® — 3n* + 8n — 5)a,_1(G)
+ (3n* — 8n3 + 8n — 8)an_2(G) + (2n* — Tn3 + 10n% — gn + 2)a,_3(G)
+3(n? = 5n + 6)an_4(G) + (n® — Tt — 1103 + 8n? — 1gn + 12)a,_5(G).

We remark that the existence of such a recursive formula for a,,(G) is somewhat
surprising: note that a subgroup of index n is not contained in any subgroup of
index n — ¢ if i < 5. It is probably rather a rare occurrence: for example, such
a sequence cannot have growth type strictly between polynomial and exponen-
tial. It would be interesting to determine for what other kind of groups G the
sequence (a,(G)) can satisfy a recurrence relation with polynomial coefficients.

Anyway, it seems that the actual numbers a,, (PSL2(Z)) have attracted con-
siderable attention. Tables of values have been published by the American
National Bureau of Standards [Newman 1976a]. For example

a100(PSL2(Z)) = 159299552010504751878902805384624.
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As for free groups, most permutation representations of G = PSLs(Z) are
transitive [Newman 1976b] and hence

tn(G) ~ hy(G),
an(G) ~ hp(C2)hy,(Cs)/(n — 1)!

This may be combined with the following asymptotic estimates:

Proposition 14.1.4 [Moser & Wyman 1955] For each prime p,
p—1 1/p
hn(Cp) ~ K, exp Tn(lnn -1)+n

where
p1/? (p#2)

271/2671/4 (p:2)

K_

p =

Applying this for p = 2 and p = 3 [Newman 1976b] obtained
Proposition 14.1.5

~1/2 .
an 2 ~ e exp ﬁlnnfl +n1/2+n1/3+11nn .
PSLy(Z 12me!/? : 5

Of course, once again we see that the growth of all subgroups of PSLy(Z) is
much faster than that of the congruence subgroups (as described in Chapter 6).

14.2 Free products of finite groups

For a group G, let us write bg(G) = 1 and for n > 1 set

Consider the formal power series
AX) = Ag(X) =) an(G)X™,
n=1

B(X) = Ba(X) =Y b(G)X".
n=0
Now (14.2) reads
TLbn(G) = Zak(G)bn—k(G)v
k=1

which is equivalent to the formal power series identity

XB'(X) = A(X)B(X).
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Thus
AX) _ B'(X)

= = 71
X ~ B(X) dx *®

(B(X))

(where of course log here denotes the usual formal series inverse to exp), and
we can restate this as

Proposition 14.2.1
A(X)
B(X) = —dX
() = [ 55

This simple observation is the starting point of a deep theory, developed
by Thomas Miiller, which extends the results of Section 1 to more general free
products of finite groups; all groups of that kind are virtually free.

Let’s see for a moment what Proposition 14.2.1 says for the trivial group
G = {1}. Now a1(G) =1 and a,(G) = 0 for n > 1, while h,(G) = 1 for every
n, 80 b,(G) = 1/n!. Thus in this case the proposition reads

1 X
Z HX” = exp/ YdX =exp X.
Stirling’s well-known formula asserts

n! ~ (2m)1/ 2t /2 as n — oo.

For a more interesting example, let G = C,, be a cyclic group of prime or-
der p. Then A(X) = X + XP. Note also that in general [(A(X)/X)dX =

S 2:(%) X and so in this case B(X) =exp (X + %X”). Now for each n,

n=1 n

b (G) = 1+ 7,(n)

n!

where 7,(n) denotes the number of elements of order p in Sym(n), and so we
have

Proposition 14.2.2

=1 1
Z an = exp <X—|— Xp> .
= n! P

This lovely proposition is of independent combinatorial interest, and results of
this type have been proved by direct methods in several places (see the Notes).
Since h,(Cp) =14 7,(n), we can now see Proposition 14.1.4 as an analogue of
the Stirling formula.

Now let G be any group of finite order m. Putting

P(X)=Pa(X)=)_ #X‘l = icixi

d|m i=1



14.2. FREE PRODUCTS OF FINITE GROUPS 283

we have

Bo(X) =1+ i #xn — exp(P(X)).
n=1 '

The coefficients of P(X) satisfy ¢; # 0 and ¢; = 0 for m/2 < i < m. [Miller
1997], using methods of complex analysis, developed machinery which gives a
detailed asymptotic expansion for exp(P(X)) for such polynomials P. In this
way he obtained an asymptotic expansion of h,(G) = |Hom(G, S,,)| for every
finite group G. Here is a corollary of his work:

Theorem 14.2.3 Let G be a finite group of order m. Then

1 G
hn(G) ~ Kg - n=1/m)n exp | — (1 _ m) n4+ Z adil )nd/m
dlm
dim

where
m~1/2 if 2¢m

Kag = o2
m—1/2 exp (_(am/z( ) ) if 2|m

2m

Along the way Miiller deduced the following curious phenomenon: if for two
finite groups G and H we have h,,(G) ~ h,(H) as n — oo then the two sequences
must coincide. It is not difficult to show that there exist non-isomorphic groups
for which the two sequences coincide. According to Proposition 14.1.2, it suffices
to find G and H for which ax(H) = ai(G) for every k. Examples of such
pairs can be found in [Schmidt 1994], §5.6 (these examples have isomorphic
subgroup lattices; in the case of p-groups G and H, this actually implies that
arp(H) = ax(G) for every k). Some pairs of infinite groups with this property
will appear in Section 14.4 below.

We can now move in the other direction and apply the last theorem to count-
ing subgroups in some infinite groups. Using the fact that h,, is multiplicative
on free products, [Miiller 1996] deduced

Theorem 14.2.4 Let G = Gy % --- x G4 the free product of s finite groups of

orders mq, ..., mg respectively, where if s = 2 they are not both of order two.
Then
an(G) ~ Le®a(n) (n — o)
where
Qa GZ 2
Lg = (2nmy...mg) " Y2exp [ — Z (am2(G))” m/;n(% )
2|m;

and

Oa(n) = n~X(G)n exp | x(G)n + Z Z @nd/mi n %lnn

i=1 djm;
d<m;
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Here

is the Fuler characteristic of G.

Note that Proposition 14.1.4 is a very special case of Theorem 14.2.3 and
Proposition 14.1.5 is a special case of Theorem 14.2.4. In fact, the full results of
Miiller are stronger even for the classical modular group, for which he showed:

an(PSLa(Z) = (12me!/2) "/ 207/% exp(L + R(n) + O(n™*%))
where R(n) is equal to

_p /6 1n71/3 _ Enq/z _ ln*2/3+ @nﬂws _ 67963n71 _ 2449841 n-7/6
6 24 36 240 51840 362880

There has also been some interest in counting special subgroups of the mod-
ular group, for example the number of free subgroups of index n (these are
precisely the torsion-free subgroups). More generally, every subgroup A of fi-
nite index in I' is of the form Co * - -+ * Cq % C3 * - - - x C3 xF,. where F,. is a free

s t

group on r generators. Say that A is of type (s,t,r) in this case. By comparing
the Euler characteristics of the groups one can see that the index of a subgroup
of type (s,t,7) is equal to 3s+4t+6(r — 1), so for a given (s, t,r) there are only
finitely many finite index subgroups of that type. The problem of determining
the number of subgroups of a given type in PSLy(Z) is discussed in [Miller (d)],
where it is termed the Poincaré problem. More general results of this flavour
are obtained in [Miiller & Puchta (a)].

14.3 Modular Subgroup Arithmetic

Hall’s recursive formula Theorem 14.1.1 easily implies by induction
Proposition 14.3.1 a,(Fy) is odd for every d and every n.

M. Grady and M. Newman have looked, more generally, at Hall’s formula
when taken modulo p. In each such case it becomes a linear recurrence relation
of a fixed length with constant coefficients, and therefore defines a periodic
sequence. For example for d = 2 and p = 5, the relation is

an = 4an_1 + 3an—2 + 4a,_3 + ap—4 (mod5) forn >5

with initial values a1 = 1, as = 3, a3 = 3 and a4 = 1. The period of this
sequence modulo 5 turns out to be 62. It is not at all clear for what kind of
groups G the sequence a,(G) will be periodic modulo p, for every prime p or
for some prime p. [Grady & Newman 1992] show that if G is the free product
of at least two cyclic groups then a,(G) is periodic modulo p for every p; this
paper has further results of a similar flavour.
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Here is another suggestive observation. Since 2"P~1 = 2" (mod p) for every
x, by Fermat’s theorem, and a;(F;) = 1 for every r, it follows from Theorem
14.1.1 that

an(Fr) = an(Frip—1) (modp)

for every n. As a,(F1) =1 for every n, we can deduce the following generalisa-
tion of Proposition 14.3.1:

Proposition 14.3.2 [Grady & Newman 1992] Let p be a prime and suppose
that r = 1 (modp — 1). Then

an(Fr) =1 (mOdp)
for all n.

Moving beyond free groups, we have

Theorem 14.3.3 [Stothers 1977] a,,(PSL2(Z)) is odd if and only if n = 2% —3
orn = 2(2% — 3) with k > 2.

(This confirms a conjecture of C. R. Johnson.) Stothers’s proof uses a different
method. Put I' = PSLy(Z) = (x,y) where z has order 2 and y has order 3. To
each subgroup H of index n in I" one associates a directed graph whose vertices
are the left cosets of H. A directed edge, coloured red, goes from u to v if
v = x - u, and a directed edge, coloured blue, goes from u to v if v = y - u.
Elements of I" correspond to paths along the graph starting at H, and those
which also end at H give the elements of H. The graph X so obtained has the
following properties:

(a) each vertex has a blue loop, or is a vertex of precisely one blue triangle;

(b) each vertex has a red loop, or is an end of precisely one red edge;

(¢) X is connected.

X has a distinguished vertex, the coset H, which we denote by 1. Two such
directed coloured graphs satisfying (a), (b) and (c) are said to be equivalent if
there is a colour-preserving isomorphism between them sending 1 to 1. It is not
difficult to see that there is a one-to-one correspondence between the subgroups
of index n in I' and the equivalence classes of coloured graphs satisfying (a),
(b) and (c). Thus questions about the number of subgroups are translated into
problems of counting graphs.

A similar correspondence between finite-index subgroups and coloured graphs
can in principle be established for every group with a given presentation. How-
ever, the problem of counting such graphs in general seems hopeless.

Following Stothers, other authors have studied the set

7(G) ={n € N| a,(G) =1 (mod2)}.

As we have seen, 7(Fy) = N. [Grady & Newman 1992] showed that the same
holds for the free product of at least four copies of any cyclic group.

[Miiller (a)] studied 7(H,) for the “Hecke groups” H, = C3 * C;. Among
other things he proved
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Theorem 14.3.4 (i) If g is even then w(Hy) = N.
(ii) If q is odd then the following are equivalent:

2g—1) —
(a) :m(Hy) = Ay U2A, where qu{(qq_gqieN}

(b) : q is a Fermat prime.

(iii) If q is odd and g > 3 then w(Hy) is infinite.
(iv) If @1 and qo are distinct odd integers > 3 then w(Hy,) # m(Hy,).

Note that (ii) is a far-reaching generalisation of Theorem 14.3.3. Altogether,
the theorem gives a new characterisation of the Fermat primes!

Various other results and conjectures are given by the above mentioned au-
thors, but it is difficult at this point to see the general picture. One of the
difficulties is that (unlike most questions dealt in this book) divisibility proper-
ties of a,,(G) can be severely affected when G is replaced by a commensurable
group. [Miiller (b)] has shown that if N is a normal subgroup of an arbitrary
group G with G/N cyclic of order 2" then

m(G) = 2"7(N) U U 20 (m(N) N (N \ 2N)) .
p=0

He has also proved a result of similar flavour about the sets
{n eN|a,(G) =k (modp)},

for arbitrary integers k and primes p, and used these to deduce congruence
properties of a,(G) for certain free products G of finite groups. An analogous
programme for one-relator groups is carried out in [Miiller & Puchta (b)]. At
this stage, the results, though quite deep, apply only to rather restricted classes
of groups. But it seems that this is only the tip of the iceberg of a rich theory
of “modular subgroup arithmetic”.

14.4 Surface groups

Let us begin with some general observations about subgroup counting in one-
relator groups. So let

G={(g91,.-..,9a; w(g1,...,94) = 1)

be a one-relator group. The sequence (a,(G)) is determined via Proposition
14.1.2 by the numbers

hn(G) = |Hom(G, Sym(n))| .

It is evident that h,(G) is equal to the number of solutions in Sym(n)(?) of the
equation
w(ml, ce ,xd) =1.
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Now the question of the number of solutions of an equation in a finite group
has a long history: indeed it was one of the earliest applications by Frobenius
of his new invention, character theory. To see why this should be, let us write,
for a group H,

No(H, 2) = Hx € HD | w(x) = z}’ .

Thus
hn(G) = Ny (Sym(n), 1)

for each n.

The function N,, = N,,(H, —) is a class function, i.e. constant on conjugacy
classes. As the irreducible characters of G form a basis for the space of class
functions on G, the function V,, can in principle be expressed as a linear combi-
nation of characters (“non-commutative Fourier analysis”). An elegant account
of this procedure is given in §7.2 of the book [Serre 1992]. In general it is easier
said than done; but there are cases where it can be done quite explicitly, and
leads to sharp information about subgroup growth.

Before turning to our specific topic, we make two remarks.

(i) If two words wy and we in Fy are in the same orbit of Aut(Fy) then N, =
Ny,, so some complicated words can be replaced by simpler ones.

(ii) Suppose that w = wyws where the supports of w; and wy are disjoint.
Then
Nw = INgy, * ng

where * denotes the convolution

(@ ¥)(2) =Y o)y~ '2).

yeH

From now on we focus on two famous sequences of one-relator groups; but it
seems likely that the method should be applicable to other one-relator groups
where the relator is a relatively simple word. Let I'y (resp. I‘;) denote the
fundamental group of a closed orientable (resp. non-orientable) surface of genus
g (resp. 2g), where g > 1. So Iy has the presentation

g
I‘lg = <I13-"axg7y1a"'7yg ) H[xzvyz] = 1>

i=1

and I'y has the presentation

g
r;= <x1,...,ajg,y1,...,yg ; ngyf = 1>.
i=1

Several papers have been dedicated to counting the subgroups of finite index in
Iy and I'}, according to various parameters. Most works have been motivated
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by topological considerations and old questions of Hurwitz and Poincaré; these
concern the number of covers of one sort or another of a closed Riemann sur-
face. For example counting inequivalent covers of degree n amounts to counting
conjugacy classes of index n subgroups, etc. For more on these questions we
refer the reader to the survey article [Kwak & Lee 2001] and its bibliography.
Here we shall concentrate on the question of counting all subgroups of index n.

Similar results, using the same methods, can be established for the funda-
mental groups of non-orientable surfaces of odd genus, too (and appear in the
cited literature). We stick to the groups I'; because of a certain similarity to
I'y, which will shortly become apparent.

It was probably [Mednykh 1979] who was the first to connect this question
with the representation theory of the symmetric group Sym(n). We will follow
the more recent (and far-reaching) presentation of [Puchta (a)] and [Miller &
Puchta (a)].

For a positive integer k, we denote the set of irreducible characters of Sym(k)
by X (k). The fundamental result is

Theorem 14.4.1 Let I' be either I'y or I‘;, Then

h(I') = [Hom(I', S, )| = (nd)™~ X;k) X(1)2=2

Here is a striking consequence:
Corollary 14.4.2 [Mednykh 1988] For every n,a,(I'y) = a,(T;).

This follows immediately in view of Proposition 14.1.2. Thus I'; and T’} are
“isospectral”: that is, they have the same sequence (a,,(I')) and hence the same
zeta-function (see Chapter 15 below). This is quite remarkable as the groups
(and even their profinite completions) are not isomorphic. It would be of great
interest to better understand what it means for groups to be isospectral, and
very few examples of such groups with non-isomorphic profinite completions are
known.

For k € N and t € R put
Br(t) = (k)" D x(1)™
XEX (k)

Note that S5 (0) = p(k), the number of partitions of k, since this is the number
of conjugacy classes in Sym(k). Using this notation we can restate Theorem
14.4.1 in the concise form

hn(T) = n!B,(2g9 — 2),

and the identity (14.2) in Proposition 14.1.2 now gives

n—1

an(T) =By =Y Burar(T)

k=1
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where ; = (;(2¢g — 2). Since a1(I") = 1 we may deduce the following “explicit
formula” by induction on n:

Corollary 14.4.3 [Mednykh 1979] Let I' denote one of I'y or I';. Then

n

an(F) == Z(*l)s+1 Z’LS . 6i1ﬂi2 P /Bis

s=1
where B; = [;(2g — 2) for each i and the sum is over all ordered s-tuples
(i1,...,1s) of positive integers such that iy + -+ is = n.

(Actually Mednykh gives a slightly different, but equivalent, formula.) Since
I'y = 72 and a,(Z?) is easily seen to be o(n), the sum of the divisors of n, the
special case g = 1 of this result reduces to the combinatorial identity

n

o(n) = S (=1 iy plin) . plis).

s=1
To obtain an asymptotic estimate for the a,(I") we first need one for the
character-sums (3, (t); this is provided by

Proposition 14.4.4 [Miiller & Puchta (a)] For fized t > 1,

Y ox() T =2+0m"" (n— o0).

XEX(n)

This means that the dominant terms of the sum come from the two one-
dimensional representations of Sym(n). It implies that as long as g > 2,

Bn (29 — 2) ~ 2(n!)?972 (n — o)

Now just as for the free non-abelian groups, one can show that ‘most’ homo-
morphisms from I' to Sym(n) have transitive image, so (for g > 2) we have

tn(L) ~ hp(T') = nlBn (29 — 2).
Together with (14.1) this gives
Theorem 14.4.5 Let I' be either I'y or F;, where g > 2. Then
an(T) ~ 2n(n!)?972,
Recalling that a,,(F;) ~ n(n!)4~1 (Theorem 2.1) we see that
an(T) ~ 2an(Fog—1).

This is a suggestive result: both I' and Iy, are groups presented on 2g gen-
erators with one relation, and the value of a,, reflects the number of ways of
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expressing the identity in Sym(n) as a value of the particular word defining that
relation. Suppose that G is a d-generator 1-relator group and that

an(G) ~c-an(Fg_1);
what are the possible values for the constant ¢?
Let us now sketch the proof of Theorem 14.4.1. For this we need first to
determine the functions Ny, ,)(Sym(n), —) and N2 (Sym(n), —).

Proposition 14.4.6 (Frobenius, 1896) Let H be a finite group. Then for z €
H,

x(2)
x(1)

Niwy)(H,2) = |H| Y
summed over all irreducible characters of H.

The proof depends on the following general fact (see [Curtis & Reiner 1981],
Prop. 9.33 or [Serre 1992], §7.2):

Lemma 14.4.7 Let H be a finite group, C1,Cs conjugacy classes of H and
z € H. Then the number of solutions of the equation x -y = z with x € C1 and
y € Cy equals

)

|C1|C2| ~—~ x(C1)x(Ca)x(27")
|H| 2 x(1)

summed over all irreducible characters of H.

Now [z,y] = 27 2¥ so solutions of [z,y] = z correspond to solutions of the

equation 27! -u = z where u is a conjugate of . Given a conjugacy class C the
number of solution of the second equation with 2 € C' and u € C~ 1 is

Clic > X(O(CDx(z"1)
|H| x(1)
Given one such solution (z,u), there are |Cg(x)| = |H|/|C| elements y such
that ¥ = u. Hence given C, the number of solutions of [z,y] = z with z € C' is

O)x(CVx(z71
|C‘ZX( )X(X(1))X( )

and summing over all classes C' we get

| xGTYH x(z™)
S xoxte™) Q) =[H|> )

X geEH X

since > g x(9)x(g71) = |H| (the first orthogonality relation, [Curtis & Reiner
1981], Proposition 9.21). The proposition follows since x(z~!) is the complex
conjugate of x(z) and the whole sum - being an integer! — is real.

The corresponding result for w = 22 is a little harder to prove, and we refer

the reader to [Isaacs 1976], Corollary 4.15:
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Proposition 14.4.8 (Frobenius and Schur, 1906) Let H be a finite group all
of whose irreducible characters can be realized over R. Then for z € H,

N,2(H,z) = ZX

summed over all irreducible characters of H.

Corollary 14.4.9 With H as above,
x(2)

z)=|H .

)= 13

Proof. According to remark (ii) above,

Ny2yo(H,z) = Noa(H,t)N, (H,t'2)
teH

"L 20X

teH x

by the ‘generalized orthogonality relation’ (see e.g. [Isaacs 1976], Theorem 2.13).
[

Since all irreducible representations of Sym(n) can be realized over Q, this
applies to H = Sym(n). Thus for each n we have

Xz
x(1)

Nigy)(Sym(n), 2) = Ny2y2(Sym(n (14.3)

XEX( )
Let us denote this expression by F,(z). Applying (ii) again, we see that for

w:H?ZI[xi,yi] or w = f 1:17 Y2,

Ny (Sym(n), —) = Fp x Fy % .. *Fn—F(*)g

n

g
This already shows that I'y and I'; are isospectral, since h,(I'y) = h,([};) =
F(1).
To complete the proof of Theorem 14.4.1, it remains to show that
FM?(1) = nlB, (29 — 2).
In fact we shall prove by induction on g that

PO () = ot Y XM

XEX(n)
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this gives the result on putting z = 1.
When g = 1 this is (14.3). Suppose that g > 1. Then (arguing inductively)

F'(2) = Y Y (y)Fay'2)

yESym(n)
—1
29—3 X z)
= Z (n1)=~ Z X( )29 3" Z
yESym(n) XEX(n) X' €EX(N)

2g—2 1 10, —1
= (n!) Z W Z xW)x'(y~ 2)

XX €X(n) y€Sym(n)
_ 29—2 X(2) .
—utn Y M
XEX(n)

the final equality applies the ‘generalized orthogonality relation’ as before. This
completes the proof of Theorem 14.4.1.

To apply this method in studying the subgroup growth of other one-relator
groups, one will need information about the number of solutions of other equa-
tions in Sym(n). Some results more general than the above are stated in the
Exercises in §7.2 of [Serre 1992]. Another result of this type is

Theorem 14.4.10 [Kerber & Wagner 1980] Let H be a finite group. For pre-
assigned natural numbers ni,na,...,ng, the number of solutions in H of the
equation x'xy? ... x* = z is given by

x(z7h)
3 [Tew ) 25

Jj=1

where

Cym = Z x(y").

yeH

We mention finally the recent work [Liskovets & Mednykh 2000]. This paper
gives a formula for a, (04 ) where O, . is the fundamental group of an orientable
Sl-bundle with Euler class e over a compact surface of genus g. This group has
a presentation

Oy = <a1,...,ag,b1,.. by b Haz, i = he, [ai, h] = [bi,h] = 1 (all ¢)>,
so it is a central extension of I'y. It is shown that

an(Oge) = D am(Ty)lomms
ml=n
2|n-(e,n)

(where (e, n) is the g.c.d. of e and n). The proof is algebraic. Similar results
hold also for the other central extensions of surface groups.
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Notes

For combinatorial results related to Proposition 14.2.2, see [Chowla, Herstein
& Moore 1951], [Chowla, Herstein & Scott 1952], [Moser & Wyman
1955].

[Miiller 1996] proves much more than the result we have stated as Theorem
14.2.4; on the one hand, his result allows also for infinite cyclic free factors, and
on the other he gives a very explicit error term in the asymptotic expression for
an(G).
‘Modular subgroup arithmetic’ is developed in [Grady & Newman 1992,
[Grady & Newman 1994], and the series of papers [Miiller (b)], [Miiller
(c)], [Miiller (d)], [Miiller & Puchta (b)]. The survey article [Miiller (e)]
gives a full account of the present state of knowledge in this area.

The explicit formulas of §14.4 are due to [Mednykh 1979], [Mednykh
1988]. The asymptotic results are due to [Puchta (a)] and [Miiller & Puchta
(a)]; their results are more precise than those given here, with very strong
bounds on the error terms.
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Chapter 15

Zeta functions I: Nilpotent
groups

In the previous chapter, the numbers a, (T") for a finitely generated group I" were
encoded via the generating function

Ap(X) =) an(T)X™,

Another way to encode a sequence of numbers is via their associated Dirichlet

series:
(r(s)=> an@n™=> |l H|".
H<T
This can be considered as a formal series, but if a, (") = O(n) for some c,
that is if I' has polynomial subgroup growth, the series converges for complex
numbers s such that PRe(s) is sufficiently large. More precisely, recalling that

log 5, (T')

a(l") = inf{a | s,(T") = O(n®)} = limsup log

)
we can say that (p(s) converges for fRe(s) > a(I") and defines a holomorphic
function on this half plane (while (r is divergent at s = «(I"); both claims follow
from elementary analysis). The analytic function (r(s) is called the zeta function
of I'. This definition parallels the definition of the Dedekind zeta function of a
number field, which encodes in exactly the same way the number of ideals of
index n in a ring of algebraic integers.

Let’s now assume in addition that the group I' is nilpotent. Then (r(s) has
an Fuler product, namely

¢r(s) =[] () (15.1)

where the product runs over all primes p and

Crapls) =D ap(D)p~™.

=0

295
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The functions (r ,(s) are called the local zeta functions of T', or just local factors.
The identity (15.1) is a formal consequence of the fact that when I' is a nilpotent
group, the arithmetical function a, (T") is multiplicative, that is,

an(l") = H ap;(j) (F)

where n =] pj(j ) is the factorisation of n with distinct primes pj;; this in
turn follows easily from the fact that every finite nilpotent group is the direct
product of its Sylow subgroups (see Proposition 1.4.4).

If I' = Z then a,(T') =1 for every n, and (r(s) = >, n~* is none other than
the Riemann zeta function ((s), so the theory of zeta functions of nilpotent
groups which we are going to discuss here may be seen as a non-commutative
extension of classical analytic number theory.

More generally, let us consider I' = Z", the free abelian group of rank r.
Here we have

Theorem 15.1 (z-(s) =((s)-C(s—1)-...-((s—r+1).

We shall present five distinct proofs for this elementary, but suggestive, result
(one of them has already appeared in Chapter 11).

Things begin to get more challenging — and unpredictable — when we turn to
non-abelian groups. The smallest of these among torsion-free nilpotent groups
is the ‘discrete Heisenberg group’, that is the free class-2 nilpotent group on 2
generators

F=(x,y,z;z=[z,y], [z,2] = [2,y] = 1)
b
1

Il

1 a
0 1
0 0

Theorem 15.2 Let F' be the discrete Heisenberg group. Then

C(s)¢(s — 1)¢(2s — 2)¢(2s — 3)
¢(3s —3) '

(Note that the right hand side is indeed a Dirichlet series since ﬁ => pn)n=*
where g is the Mobius function.)

When this result was discovered by Geoff Smith in the early 1980s, it en-
couraged the hope that the zeta function of every finitely generated nilpotent
group might have such a nice expression (and hence, for example, a meromor-
phic continuation to the whole plane). This is by no means the case, however.
The picture is more complicated and more subtle: we return to this below.

Section 1 examines the nature of the local zeta functions. We begin by
showing how the local zeta function of Z" may be re-interpreted as a certain
p-adic integral. This integral is easy to evaluate explicitly, and leads to the first

Cr(s) =
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proof of Theorem 15.1. (A brief explanation of p-adic integrals is given in the
p-adic integrals and logic window.)

Now, the representation of (r ,(s) as a p-adic integral is a procedure that
can be applied quite generally, whenever I' is a torsion-free finitely generated
nilpotent group. When I" is non-abelian the resulting integral is usually hard
to evaluate explicitly; this can still be done in some very simple cases, and
we do it for the Heisenberg group. We now come to a key observation: the
integral representing (r ,(s) is in any case the integral of a definable function
over a definable domain of integration, in the sense of p-adic model theory. An
important general theorem, due to to [Denef 1984], applies to all such integrals,
yielding the following result:

Theorem 15.3 Let I' be a finitely generated torsion-free nilpotent group and p

a prime. Then (r,(s) is a rational function over Q of p~*.

This theorem initiated the general theory of such group-theoretic zeta functions.
Its meaning in terms of subgroup growth is quite concrete: thinking of p~™° = X
as a variable, we can interpret the theorem as asserting the power series identity

S i _ 2(X)
;apj(r)x )

where ® and ¥ are polynomials over Z, of degrees ¢ and k, say, respectively.
Now multiplying out and equating coefficients we infer:

Corollary 15.4 There exist positive integers £ = £(T,p) and k = k(T,p) such
that the sequence (api (F))i>€ satisfies a linear recurrence relation with constant
coefficients over Z of length at most k.

Both the Euler product (15.1) and Theorem 15.3 hold also for the ‘normal
zeta functions’

(), Crp(s)

which are defined analogously using ;] (T") in place of a,(T), with essentially
the same proofs. Theorem 15.3 has been vastly generalized by [du Sautoy 1993],
to the domain of all compact p-adic analytic groups; this is dealt with in the
following chapter. One consequence of du Sautoy’s theorem is that Theorem
15.3 applies to all finitely generated nilpotent groups, not just the torsion-free
ones.

In Section 2 we digress to give four more proofs of Theorem 15.1. Each of
these proofs generalizes in a different way, and some of them point in interesting
new directions. Among these are (1) the topic of zeta functions associated to
algebraic groups; the latter are in fact the ‘true’ generalisation of the Dedekind
zeta functions; from our point of view, they arise when we study the growth of
the number of subgroups H of T" such that H = T'. (2) The ‘probabilistic zeta
functions’ introduced by Mann.
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In Section 3 we turn to the ‘global’ zeta functions themselves. A better
understanding of the analytic behaviour of (r(S) depends on a more delicate
analysis of the local factors (r ,(s), in particular of their variation with p. The
main results are as follows, where I' denotes a finitely generated nilpotent group.

Theorem 15.5 «(T') is a rational number.

Theorem 15.6 The function (r(S) has a meromorphic analytic continuation
to some open half-plane containing a(T).

The significance of the latter theorem is that it allows one to apply a standard
method of analytic number theory, a so-called Tauberian theorem, to deduce an
asymptotic estimate for the subgroup growth. Combining Theorem 15.6 with
[N], Corollary on p. 121, one deduces

Theorem 15.7 There exist an integer 3 > 0 and a constant ¢ such that
5 (I) ~ en®(Inn)?
where « = a(T') € Q.

(Here, 8 4 1 is the order of the pole of (r(S) at s = «(T")). As before, these
results all apply to the normal subgroup counting functions as well.

These deep theorems may be said to put the ‘analytic number theory of
nilpotent groups’ firmly on the map. We cannot discuss the proofs in any detail,
and confine ourselves to giving an outline of the main ideas. A more detailed
account may be found in Chapter 9 of [NH]; for complete proofs the reader is
referred to the original paper [du Sautoy and Grunewald 2000].

These proofs go deeply into algebraic geometry and algebraic number theory,
and certainly represent the high point of the arithmetical theory of subgroup
growth to date. They also shed some light, but only the first glimmerings,
on some of the most intriguing problems that remain open. To conclude this
introduction let us mention a few of these, together with what is at present
known about them.

Problem 1 ‘Uniformity’ In most cases where we have an explicit formula for
the rational function representing (r ,(5), it takes the form

P(p,p~°)
Q(p,p~*)

where P and @ are two-variable polynomials over Z that do not depend on p.
In this case we say that (r ), is uniform in p. A glance back at Theorems 15.1
and 15.2 will show that this is the case when I' is either Z" or the Heisenberg
group, for example. Other examples, calculated in [Grunewald, Segal & Smith
1988], have the slightly weaker property that finitely many polynomials suffice
to represent (r ,(.S) in this way, as p ranges over all primes, and it was suggested
in [Grunewald, Segal & Smith 1988] that this might hold for all I'. The proof

(15.2)
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of Theorem 15.3 in [Grunewald, Segal & Smith 1988] actually showed that P
and @ may be taken to have bounded degrees as p ranges over all primes; this
implies in particular that the numbers ¢(T", p) and k = k(T', p) in Corollary 15.4
are independent of p.

In [du Sautoy 1994,] it is proved that @ itself may be taken independent of p,
indeed that it only depends on the Hirsch length of I". However, the suggestion
as regards P has been refuted by [du Sautoy 2001], who shows how to encode an
elliptic curve C over Q into the definition of a nilpotent group I' in such a way
that infinitely many different polynomials P are required, reflecting the (“wild”)
variation with the prime p of the number of points on C(F,). Specifically, to the
curve

C:Y?=X3-X

he associates the class-2 nilpotent group I' generated by x1, x2, =3, T4, T5, T, Y1, Y2, Y3
subject to the relations

(71, 24] = |23, 25] = Y3

(21, 5] = [22, 26] = [23,74] = Y1
(1, w6] = [w2,24] = y2

[i,x;] = 1 (all other ¢, j)
i, Y5] = [yi, y;] = 1 (all 4, j),

and shows that for almost all primes p,

(p(s) = Ri(p,p™") + [C(Fp)| - Ra(p,p™");

here R; and Ry are (non-zero) rational functions.

It was also conjectured in [Grunewald, Segal & Smith 1988] that for a rela-
tively free nilpotent group I', (1, is uniform in p (with perhaps finitely many
exceptions for small primes). This was established in [Grunewald, Segal &
Smith 1988] for free-nilpotent groups of class 2, and recently for all 2-generator
free-nilpotent groups [du Sautoy & Grunewald (a)]. But the problem in general
remains open.

Problem 2 ‘Local functional equation’ In most cases that have been calcu-
lated explicitly, the numerator P in (15.2) has a curious symmetry property:
the coefficients are ‘symmetric about the middle’. In other words, there exist
integers a and b such that

P(X,Y)= XY P(X~ 1y 1h.

No general explanation is known for this phenomenon (but see the discussion of
the related function (g in §15.2 below).

Problem 3 Abscissa of convergence and analytic continuation. This is
really two problems.
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(a) How does a(I") depend on the structure of I'? The proof of Theorem 15.5
gives in principle an explicit procedure that may be applied to any given group
I' (f.g. nilpotent as always), but sheds little light on how the result reflects
algebraic properties of I'. Some relatively crude upper and lower bounds are
given in [Grunewald, Segal & Smith 1988] and [Klopsch 2000].

(b) For which groups I" does (r(s) have a meromorphic continuation to the
whole complex plane? This is the case for groups like Z" and H, but there
are groups I' such that (r(s) has a natural boundary. Here we have a subtle
arithmetical property of a nilpotent group I': what does it mean in terms of the
structure of I'? The paper [du Sautoy & Grunewald 1998] studies an interesting
variant of this question.

We can illustrate some of these phenomena with the following example, of
a group that is barely more complicated than the Heisenberg group: the free
class-two nilpotent group on three generators. For this group I', it is shown in
[Grunewald, Segal & Smith 1988] that

1+p3—38 _|_p4—3s +p6—5s +p7—58 _|_p10—88
(= p ) =P =)0 = P91 = P (1= )

(rpls) =

for every prime p. So in this case we have (1) ‘uniformity’ and (2) a ‘local
functional equation’ (formally replacing p by p~! has the effect of multiplying
the expression by p'°~%%). But (3) the global function (F(s) = [],¢7,(s)
does not have analytic continuation to C; [du Sautoy (b)] shows that the line
Re(s) = 7/5 is a natural boundary.

To conclude with a quotation: “The [Dedekind] zeta function knows ev-
erything about the number field; we just have to prevail on it to tell us”
[Swinnerton-Dyer 2001], page viii. The great edifice of algebraic number theory
exists largely for that purpose. Results like Theorem 15.7 show that the analogy
is not completely fanciful; in our non-commutative, group theoretic, context we
have some foundation-stones, but there is plenty of building still to be done.

15.1 Local zeta functions as p-adic integrals

In this section, p will denote a fixed prime. The p-adic absolute value of A € Z,
is written
A =p~f

where A = pfu and u is a p-adic unit. When talking about pro-p groups, we
shall use ‘generated’ to mean ‘topologically generated, and write G = (S) to
mean that the set S generates G topologically.

For any nilpotent group I' and all i we have a,:(I") = a,: (fp), so to study
the p-local zeta function of I" we may replace I' by its pro-p completion.
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Let us begin with I' = Z", in which case fp = Z, = G, say. Each open
subgroup H of G has a ‘triangular’ basis

hq (M1 A1z A1)
ha = (0 Aoz Aoz ... A2r)
hi = (0 0 A Air) (15.3)
h. = (0 0 A\op)
An r-tuple (hy,...,h,) of this form will be called a good basis for H.
Let e; denote the ith standard basis vector in G = Zj, and put
G; = (eiy...,er), Hi=HNG,.
Then (hq,...,h,) is a good basis for H precisely when
H;,=(h;)+ Hjyq for i=1,...,r (15.4)
For each ¢ we have
|G - Hi| = |G : Gig1 + Hy| - |Gig1 : Higa| (15.5)

= il T Gigr s Higal

since G;/(Giy1 + H;) = Zp/NiZy = Zp/pfin where \;; is pfi times a p-adic
unit. It follows that
G H|=|Gy: Hy| =[]l ™" (15.6)
i=1
whenever (15.3) is a good basis for H.
To each open subgroup H of G we associate the following set of upper-
triangular matrices over Z,:

hy
M(H) = | (h1,...,h:) is a good basis for H
by

Writing ¢ for the normalized Haar measure on the additive group Tr(r, Z,) =

Z;(TH)/ 2 of all of upper-triangular r X r matrices, we make the following key

calculation:
Lemma 15.1.1 M(H) is an open subset of Tr(r,Z,). Its measure is given by

r

pMH)) = (1=p )" T il

i=1

where the |\;;| are determined by (15.5).
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Proof. Fix a generator g; for H; modulo H;;1. From (15.4) we see that
(h;) is a good basis if and only if

h; € glz; + Hi+1
for each i, so
M(H) = (1Z, + Ha) X -+ X (9, Ly, + Hy1).
This shows that M (H) is open, and that its measure is
114 (9iZ; + Hita) (15.7)
i=1

(using u to denote the normalized measure on Zi for every j, a slight abuse of
notation).
Now write
g = (O,...,O,)\ii,...,)\i,«) = (0,/\“,>\)

say. Then as a subset of Z; ="' = Z, x Z7~" we have
gzZ; + Hi+1 = {()\iiv,vX—i— h) | S Z;, h e HiJrl} .

Now there exists n such that p"Z;*i C H;yy. Partitioning Zj into (finitely
many) additive cosets U; = v; + p"Z,, we may write

gzZ; + Hi+1 = U((}\“Uj) X (’UjX + Hi+1)).
J

The measure of this set is equal to

J
= p(Niip) - pr(Hit1)
= (1 =p ") [Nl |Gy Hipa| ™'
=@=p Yl J] sl

j=i+1

=1 -p )TNl
j=i

ZN(Aiin)‘N(UjXJFHHl):M U()‘iin) p(Hiy1)

by (15.6) applied to H; 1 < G;11. Plugging this into (15.7) gives the result. m

Since the integral of a constant function over M(H) is just p(M(H)) times
the value of the function, we can rewrite the conclusion (introducing a formal
variable s) in the following form:
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1
|G:H| "= ——— / BT A D W L /78
Ty A
M(H)
As the sets M(H) are pairwise disjoint, we may sum over the countable collec-
tion of all open subgroups H of G and obtain

Proposition 15.1.2
Goo) = Ty [Pl A
(prty J e
M

where M = J{M(H) | H <, G}.

To evaluate this integral, we observe that M is equal to the set all upper
triangular » x r matrices over Z, with non-zero entries along the diagonal. Those
with determinant zero form a set of measure zero and can therefore be ignored.
Thus

1 — s—r
CZT(S) = I |/\11‘s L. A |/\r7“| du
v (I-p71)
Tr(r,Zp)

i E— i 14
=)
r—1 )

= [Ta-»="% (15.8)
1=0

the final step uses the formula

s 1_p71
/W dp = Hﬁv

Ly

which is derived in the p-adic integrals and logic window.
With the Euler product (15.1) this completes the first proof of Theorem
15.1.

The formalism of this proof can be carried over whenever G is the pro-p
completion of a torsion free finitely generated nilpotent group I'. In this case,
I' has a central series I' =T'y > I'y > -+ > I', > I',41 = 1 with each factor
[';/T;41 infinite cyclic. Choosing z1,..., 2, so that z;I;11 is a generator for
I';/Tit1, we can express each element of I' uniquely in the form

Qr

— 01 .
T=x" ... x

with aj,...,a, € Z. Such an r-tuple (z1,...,,) is called a Mal’cev basis for
I'. P. Hall showed that when (aq,...,a,) are taken as the co-ordinates of z, the



304 CHAPTER 15. ZETA FUNCTIONS I: NILPOTENT GROUPS

group operations in I' are given by polynomial functions with rational coeffi-
cients; this applies also to the power operation x +— x™, which is a polynomial
function of (ay,...,a,) and n (see e.g. [Kargapolov & Merzljakov 1979], §17.2).

These polynomial functions, being integer-valued on the integers, can all be
expressed as polynomials over Z in the binomial functions ()k( ) They can there-
fore be extended to polynomial functions on any ‘binomial ring’, in particular to
Zyp. Endowing the set Z;, with operations defined by these functions, we obtain
a group

G = T'?r;

this is a pro-p group, having the central series G = G; > Gy > -+ > G, >
Gr41 = 1 where

G =T
VA
= <.’L‘Z p> Gi+1.
Sending z € I to its co-ordinate vector (a1, ..., a,) identifies I' with Z" C Zj =

G, and it is not hard to verify that then G is the pro-p completion fp. For later
reference, we note the crucial facts that the group operations

(z,y) = zy, v+ x ! (z,y € G)
and the power operation
(z,\) 2 (e G, NeZp)

are polynomial functions on G X G = fo, G =17y, and G x Z;, = Z;*l respec-
tively.

Now, simply changing additive to multiplicative notation, we define a good
basis for an open subgroup H of G by the criterion (15.4). Then (15.5), (15.6)
and Lemma 15.1.1 are still valid, with essentially the same proofs. The conclu-
sion is that

Proposition 15.1.2 holds whenever G is the pro-p completion of torsion free
finitely generated nilpotent group.

In general, it is not so easy to describe the set M for a non-abelian group
G. When this can be done, it again leads to a complete evaluation of the local
zeta function. By way of illustration, we apply it now to complete the

Proof of Theorem 15.2. The discrete Heisenberg group is
F=(zyz|[zy =z zz=]y2=1).
As Mal’cev basis we take (z,y, ), giving rise to the central series

G=G) = (z,y,2) >Ga={(y,2) >G1 =(2) > Gy =1
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in the pro-p completion G = FZ?. We have to recognize the set M of upper-
triangular matrices that represent good bases for open subgroups of G.

Now the upper-triangular matrix A = (\;;) belongs to M(H) if and only if
the following three conditions are satisfied:

H = <.’I:/\11 y>\12 Z/\137 y>\22 Z>\237 Z/\33> (1)
HNGy = <y)\22 Z)\za7 Z>\33> (ii)
HNGy= (%), (iif)

Given the matrix A, take H to be the (closed) subgroup of G defined by (i);
this is open if and only if A1 - Ag2 - Ag3 # 0. Assuming this to be so, then (iii)
is satisfied if and only if <z’\33> contains the commutator

[x/\n y>\12 Z/\l?’, y>\12 Z)\zs] — [:L.An,y/\zz} _ Z>\11>\22’

which happens if and only if 33 divides A\i1A22 in Z,. If condition (iii) is
satisfied then one easily checks that (ii) also follows. We conclude that M is
the set of all upper-triangular matrices A as above for which all \;; are non-zero
and )\33 | )\11)\22.

We can now evaluate the integral giving (r,(s) = (a(s). Having already
evaluated ng (s), it is simpler in fact to integrate over the complement of M in
Tr(3,Z,), namely the set

Ly Ly Z,
C(M) ~ U 0 pr; Z,
a,b,c>0 0 0 pa+b+c+1Z;

where ~ indicates equality apart from the set of measure zero consisting of
singular matrices. Noting that p(p"Zs) = p~"(1 —p~') we find that

1—pH7? / A1 57 A2 572 | Ass 52 dp
oM

_ Z Z Zp—asp—b(s—l)p—(a+b+c+1)(s—2)

a>0b>0 c¢>0

2—s
_ p . Zzp—a(Qs—Q)p—b(Qs—S)
O )

p27s

=P )57

(the transition from an integral to a geometric progression made here in the
first step is illustrated in more detail in the window on p-adic integrals and
logic). To obtain (g(s) we have to subtract this from (1 — p~!)~3 times the
corresponding integral over the whole of Tr(3, Z,,), which is given in (15.8) above.
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The result is

1 p2fs

(I—p=)(1—pl=5)1 —p2=2) (1 —p2>==)(1 —p>=25)(1 — p>~29)
_ (1 —p3_35)
(1 —p)(1 —pl=5)(1 — p2=25)(1 — p2-3s) (15.9)

With the Euler product formula this completes the proof.

We have given this calculation in some detail for several reasons.

Firstly, because the result is remarkable: it presents the zeta function of a
non-commutative group as a simple closed formula in terms of the very classical
Riemann zeta function — a result we had no right to expect in advance.

Secondly, to show how, in practice, one evaluates integrals of the type that
arise in this context: namely by successively summing certain geometric pro-
gressions. In fact, a little thought about the definition of these p-adic integrals
reveals that they are, in essence, a convenient formalism for handling just such
geometric progressions. This makes Denef’s rationality theorem seem less sur-
prising: indeed, the main point of Denef’s proof is to decompose the domain of
integration into pieces on each of which the integral can actually be evaluated
in this way (3 p-adic integrals and logic).

Thirdly, to reveal the lucky accident that is responsible for the simple form
of (15.9): while the denominator (1 —p=*)(1 —p'=%)(1 — p*>=2%)(1 — p?73%) is
predictable once we know the general shape of the integral, the fact that the
numerator also looks like a local zeta-factor just comes from some lucky cancel-
lations. As far as we know, there is no deeper explanation for this phenomenon,
and it is not reproduced in the local zeta functions of (even slightly) more com-
plicated groups. The denominator, on the other hand, does always take the
form of a product [J(1 — p%~%): see [du Sautoy 1994,].

Let us return now to the general case of a torsion free finitely generated
nilpotent group I'. Proposition 15.1.2 represents (r p(s) quite explicitly as an
integral. The only difficulty is the domain of integration M. This is the set of
all upper-triangular matrices with rows h; = (0,...,0, Aii, ..., Air), i =1,..., 7,
which form good bases for open subgroups of G = fp, when this is identified
with Zj as explained above.

Lemma 15.1.3 An r-tuple (h1,...,h;) is a good basis for some open subgroup
of G if and only if
(ii) for each pair i > j there exist B; j41,...,Bir € Ly such that
lhiohy) = W - R,
Proof. This is just the same as the argument used above for the special case
of the Heisenberg group, if we note that condition (ii) expresses the requirement
that [h;, h;] should lie in the closed subgroup generated by hji1,...,h,. B
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Now comes a crucial observation: both conditions (i) and (ii) in this lemma
can be expressed in the first-order language of Z, (% p-adic integrals and
logic). This is clear for (i); for (ii) it depends on the fact both the group
operations and the operation of taking powers (with a p-adic exponent) are given
by polynomials with rational coefficients. This implies that each component of
both the left-hand side and the right-hand side of the displayed equation in (ii)
can be expressed as a polynomial in the components Ag; of the vectors h;, ..., h;.
Lemma 15.1.3 thus implies

Proposition 15.1.4 The domain of integration M in Proposition 15.1.2 is a
definable subset of Tr(r,Z,).

Everything is now ready to apply the following theorem:

Theorem 15.1.5 [Denef 1984] Let M be a definable subset of Zy" and let h,k :
Ly'— Ly be definable functions. Then

[ i@ k@) d
M

18 equal to a rational function over Q of p~=.

(A function h : Zp'— Z, is definable if its graph {(y,h(y)) | y € Z'} is a
definable subset of Zg”l.) For some discussion of this fundamental result, see
the p-adic integrals and logic window.

Theorem 15.3 now follows from this together with Propositions 15.1.2 and
15.1.4.

15.2 Alternative methods

We now describe some other proofs of Theorem 15.1. While most of them, in
the end, come down to the same basic calculation, each illustrates a different
approach to the problem of counting subgroups, and each can be generalized in

its own way.
We recall the

Theorem

Cor(s) =C(s)C(s—1)...¢(s—r+1). (15.10)
We first mention a corollary:

Corollary 15.2.1 Let o(n) denote the sum of the divisors of n and p(n) the
number of partitions of n. Write £(X) = > o(n)X™ and P(X) = 1+
o n=1

> p(n)X™. Then

n=1

X  P(X)
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Proof. In the notation of Chapter 14, we claim that h,(Z?) = p(n) - n!.
Indeed, Z? is the free abelian group on say z and y. The image of & in Sym(n)
can be be any element of Sym(n). Once the image g of z is chosen, y can be
mapped to any element of the centralizer C(g) of g in Sym(n). Hence

@)= Y cml= Y B

9€Sym(n) gesym@ny 9]

g
= Sym(n)| Y 1 = ntp(n)
]

where [g] denotes the conjugacy class of g. Thus b,(Z?) = p(n) (notation of

Section 14.2). On the other hand (15.10) says that (z2(s) = ((s){(s — 1) =

(>>1-n7%)(>n-n~*) which means that a,(Z?) = Y. 1-d = o(n). Thus our
dln

corollary follows now from the discussion in Section 2 of Chapter 14. =

(

This corollary is equivalent to the following well known partition identity

pn) =5 2D i — i)

‘ n
=1

Just as happened in Chapter 14, the group theoretic approach gives a new proof
for an old combinatorial identity. It will be be an interesting development if new
identities can be found using subgroup-counting techniques.

Second proof of (15.10) [Grunewald, Segal & Smith 1988] This naive
approach simply follows the proof that soluble groups of finite rank have poly-
nomial subgroup growth; the easy structure of Z" allows us to count subgroups
exactly rather just estimate their number. Let I' = Z" and fix Z < I' with
Z~7 and I'/Z 2 Z"*. To each pair (D, P) where D <y Z and Z < P <; T
we associate the set

H(D,P)={H<T|HNZ=D and HZ = P}.

Since P/Z is free abelian, the extension Z/D < P/D splits, and the number of
complements is equal to

\Der(P/Z, Z/D)| = [Hom(P/Z, Z/D)| = |Z/D|""*

(see §1.3). So |H(D, P)| = |Z : D|""". Now every subgroup H of finite index in
I’ belongs to precisely one of the sets H(D, P), and then

T:H|=|T:P||P:H|=|T":P||Z:D|.
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It follows that

(r(s) = Z Z Z T H[™

P/Z<;T/Z D<;Z HeH(D,P)

= Y t:P ) 1Z: DT |H(D, P)|

P/Z<T)Z D<;Z
= Y. [/z:P/z|”* Y |Z:D["7'°
P/Z<sT/)Z D<;Z

= QF/Z(S)CZ(S —-r+ 1)

Since I'/Z =2 Z"~! and Z = Z our formula (15.10) now follows by induction on
T.

The above proof is very explicit in the sense that we “construct” all sub-
groups of finite index in T from the subgroups of Z and I'/Z. This method can
be applied to some groups I that are nilpotent of class two, taking for Z the cen-
tre of I'. However, we need to have some control over when the subgroup P/D
actually splits over Z/D. The original determination of the zeta function of the
Heisenberg group by [Smith 1983] used exactly this approach; with hindsight,
one sees that the ‘splitting conditions” amount to the same as the conditions
that define the domain of integration in the proof given in the preceding section,
while the ‘summand’ |Z : D|”® |H(D, P)| corresponds to the integrand.

Third proof of (15.10) [Ilani 1989] This is an application of Hall’s enumer-
ation principle (3 Pro-p groups). This says the following, where m denotes
the number of subspaces of codimension ¢ in Fg:

Proposition 15.2.2 Let G be a pro-p group, ® = ®(G) = [G, G|GP its Frattini
subgroup and d = d(G). Forl <t <d let

CIR)

be the set of all subgroups K of G with ® < K < G and |G : K| =pt. Let S be
a finite collection of proper subgroups of G and denote by n(t,7) the number of
H € S such that H < K ;. Then

d 1]
S+ > (=) D2 "t i) = 0.

i=1

Now take G'=Z;, and let S be the set of all open subgroups of index p" in
G. Since each K;; = G in this case, we have

n(t,i) = apn—(G)

for each t, hence the recursive formula
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Corollary 15.2.3 Forn > 1,

T

_ T r
apn (Z7) = Z(_l)tﬂpt(t 1)/2 L] apn—t(Zy)-

t=1
Writing ¢, = ayn(Z;), with ¢, = 0 for n < 0, and putting f(X) = 1 +

Yoo cn X™, .we can interpret this as a power series identity

FX) = 1= = 3" (-1yipte-vr2 H F(X)X".

t=1 ¢
Thus
FXO)TT =143 (-1t H X!
t=1 t
r(r— - i T, et o
— (C1)p DR Y (L1l 1>/2u(p LX)

Jj=0

(putting j = r — ¢ and noting that [}] = B] ). Now the following identity was

established in the course of proving Hall’s principle (3 Pro-p groups):

ﬁ(y ) = i(_l)jpj(jflw H yr—i.

=0 i=0 J

Putting Y = p" "' X we infer that

f(X)71 _ (71)rp7r(r71)/2 lzl(prle . p])

7=0
r—1
=J[a-p77'X).
7=0

Thus

r—1
Czrp(8) = Czp(s) = f(p™°) = H(1 e A
§=0
giving the Euler p-factor in (15.10).

This method of proof produces a recursive formula for a,»(G). It works
equally well for all pro-p groups G with the ‘homogeneity’ property that (x
depends only on the index of an open subgroup K in G. This is the case for
the free pro-p groups, and we used the same method for these in Chapter 3. In
fact, it is enough to assume that G has the following property: for every open
subgroup H of G, d(H) = f(|G : H|) depends only on the index of H in G.
In this case G is said to be f-indexed, and the argument leading to Corollary
15.2.3 gives the following slightly surprising result:
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Proposition 15.2.4 If the pro-p group G is f-indexed then (g is determined
by the function f.

Proof. One shows by induction on n that a,» (G) depends only on f. Indeed,
ap(G) = 1, and if n > 1 then ay«(G) is determined by the numbers a,n—+(K)
where t > 1 and K ranges over the subgroups K, ;. Each K;; is f;-indexed,
where f;(p*) = f(p'**) for all k, so inductively we may suppose that all the
apn—t(Ky ;) are determined by f;, hence by f. Explicitly, apn (G) = apn (f) where

ap () = g<—1>t+1pm‘“” H Gyt (f1):
]

This applies for example to any extension G of Z,, by Z,, since clearly d(H) = 2
for every open subgroup H of G. The conclusion is that (¢ = CZZ; thus we obtain
uncountably many pairwise non-isomorphic pro-p groups having the same zeta
function. (Of these, however, only Zf) is nilpotent; it is not known if infinitely
many f.g. nilpotent groups can have the same zeta function, nor even if two
non-isomorphic torsion-free nilpotent pro-p groups can.)

The next proof differs from the others: instead of considering the subgroup
structure of I' it focuses on the structure of the endomorphisms of I'. This
approach, when generalized, leads to a rich theory that we mention below.

Fourth proof of (15.10) [Bushnell & Reiner 1980] Each finite index sub-
group H of Z" is of the form H = Z" - g where g is an integral r X r matrix of
non-zero determinant, that is

g9 € GL(Q) = M,(Z) N GL,(Q).

Further Z"g, = Z"g, if and only if gig; ' € GL.(Z), and the index of Z"g
in Z" is equal to | det(g)|. Hence (zr(s) = > |det(g)|”® where g ranges over a
g

complete set of representatives of the coset space GL,(Z)\GL. (Q). Such a set of
coset representatives is given by the set T of integral upper-triangular matrices
(ai;) such that a;; = 0if j > i, a; > 1 fori =1,...,r and 0 < a;; < a;j
for j < i. (Of course, choosing a coset representative of this shape corresponds
to choosing a good basis for the corresponding subgroup of Z"). The number
of such matrices with given diagonal (ajy,...,a,.) is equal to agsaZs...a’ !,
while the determinant of each such matrix is aji1a920a33 . .. a,.. Thus

Car(s) = |det(g)|

geT
oo oo
2 r—1 —s
= E E (22 55 .. ar (a11 ... Gpy)
a11:1 ar,,.:l

(X ar) (ah) - (Do an'™) =ce)is =1 (s =r+1).
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If we try to generalize this proof to a wider class of groups we won’t learn
much about the corresponding zeta functions, since usually there are subgroups
of finite index in T' that are not isomorphic to I" (in fact if T' is nilpotent then
it must be free abelian), and there is no such semi-group which takes the role
of GL,(Q) N M,(Z) in the above proof. However, we do obtain information
about the numbers ai*°(I") of subgroups of index n that are isomorphic to T.
[Grunewald, Segal & Smith 1988] introduced the function

ISO ISO
Z CL

and calculated it for certain nilpotent groups I' (of course (1%° = (r when T is
free abelian). Just as above, (°(s) can in general be expressed as a sum over
the cosets of Aut(I") in the semigroup End(I"). However, this function is not
usually very nice: for example it does not have an Euler product. As explained
in the above-mentioned paper, (1¥°(s) is analogous the the zeta function of the
principal ideal class in a number field.

A much better function appears if instead of the finitely generated nilpotent
group I' we consider its profinite completion I". Then

ZF (S 150 H CISO

does have an Euler product decomposltlon it counts the number of subgroups
H of index n in T such that H = T'. The local factors are again rational functions
of p~°, and can be expressed as suitable p-adic integrals:

)= > |deilg)l;

A(Zp AT (Qp)

= [ vA@)e) " ety (15.11)
AT(Qp)

where A is a linear algebraic group such that A(Z,) = Aut(fp), AT(Q,) =
M,(Z,) N A(Qp), and v is a (multiplicative) Haar measure on A,(Q,). The
formula (15.11) in fact associates a ‘local zeta function’ (a , to any linear alge-
braic group A, and such zeta functions have received a considerable amount of
attention; see [Grunewald, Segal & Smith 1988], [du Sautoy & Lubotzky 1996],
[du Sautoy (c)]. For example, when A = Ry, /o(GL;) is the multiplicative group
of a number field £ then (4 ), is exactly the product of the Euler p-factors of the
Dedekind zeta function of k over primes p dividing p. Following [Igusa 1989],
[du Sautoy & Lubotzky 1996] establish both ‘uniformity’ and a ‘local functional
equation’ for the functions (a ,, for an extensive class of algebraic groups A;
the latter is connected with certain symmetries in the associated root system.

Fifth proof of (15.10) [Mann 1996] We gave this in detail in Chapter 11,
Section 11.5. It depends on two observations: the first is that the probability
P(G, k) that a random k-tuple in a pro-p group G generates G is given by
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d—1
PGk = [[(1 - ")
j=0

where d = d(G). The second is that a random k-tuple generates an open sub-
group of G with probability 1 if k is big enough, provided G has polynomial
subgroup growth.

The key fact now is that every open subgroup H of Z; = G is isomorphic to
G, hence satisfies P(H, k) = P(G, k). Since the probability that a k-tuple in G
generates H is |G : H|™" P(H, k), we may combine the above observations and
deduce

1= Y |G: H|" P(H,k) = (a(k)P(G, k) (15.12)
H<oG
d—1
= Co(k) [T =p%).
j=0

This holds for all large integers k, so using the identity theorem for power series
we may infer that

r—1

Corp(s) = Cals) = [T =),

=0

the desired Euler factor in (15.10).

An attractive feature of the method is that it seems to require hardly any
calculation, and provides a satisfying conceptual explanation of the formula
H;;é(l — p?=%)~1. Like the third proof, above, this approach may be useful
when G is a pro-p group that is f-indexed for some function f, in which case
P(H, k) depends only on k and |G : H| when H is open in G.

Avinoam Mann had the idea of using the equation (15.12) to define a new
zeta function, for any profinite group G such that P(G, k) > 0 when k is large
(that is, any PFG group, in the language of chapter 11). He conjectures that
there should exist an analytic function (gmb(s), ‘naturally’ associated to G, such
that

prob (k) = P(G,k)~!  for all large k € N.

The paper [Mann 1996] explains how Cgmb is a subtle form of generating function

for the growth of subgroups that are ‘maximal intersections’, and discusses some
interesting cases. In particular, it is shown that when G is a finitely generated
prosoluble group then Cgmb really exists, that it has an Euler product, and that
the p-local factor is rational in p~* if G is virtually pro-(p-nilpotent). Thus
for prosoluble groups G, the function Cgmb(s) is ‘better’ than (g(s) in two
respects: the latter does not usually have an Euler product, and it is only
defined (convergent on a non-empty half-plane) when G has finite rank. There

is a far-reaching theory here waiting to be discovered.
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15.3 The zeta function of a nilpotent group

In this section we sketch some of the ideas behind Theorems 15.5 and 15.6. We
shall be brief; a much fuller survey is given in Chapter 9 of [NH].
To find out more about the global zeta function (r of a f.g. nilpotent group

I', one has to analyse the local factors (r, in greater detail. Recall that in order

to express (r p as an integral, we identified I', with Zj by using a Mal’cev basis:

the domain of integration M C Tr(r,Z,) is then defined by some first-order
conditions coming from the commutator operation in I',. These conditions can
become very complicated. Now there is another way to identify I') with Z7,

arising from Lie theory, namely via the mapping log from fp to its Lie algebra
(‘co-ordinates of the first kind’ as opposed to the ‘co-ordinates of the second
kind’ that we introduced first). It turns out that in these new co-ordinates the
definition of M is much cleaner.

Let us assume for simplicity that I is torsion-free. Then I' may be identified
with a subgroup of the upper unitriangular group Try(m,Z) for some m, and
the mapping

— lo _ i (_l)n_l( _ l)n
g g9 = - o g

sends T' into the set Tro(m, Q) of upper-triangular matrices over Q with zero
diagonal. This is a Lie algebra, with the operation [a,b] = ab — ba. The subset
log' is not usually a Lie subring, or even an additive subgroup, of this Lie
algebra; but there is a subgroup I'g of finite index in I' such that L = logI'y is
indeed a Lie ring, and L = Z" where r is the Hirsch length of T (for all this,
see [Sg], Chapter 6). Moreover, it is shown in [Grunewald, Segal & Smith 1988]
that for almost all primes p,

apn (T') = apn (L) for all n,

where apn (L) is the number of Lie subrings of index p™ in L. Thus for such
primes, we can determine the local zeta functions of I' by studying instead the
local zeta functions of L.

Now fix a prime p and identify L ® Z; with Z;, by choosing a Z-basis for L.
The proof of Proposition 15.1.2 in Section 1, above, shows that

1 S— S—T
CL,p(S) = m / |>\11| oo |>\rr‘ dﬂ
M

where M is now the subset of Tr(r, Z,) defined by a certain collection of bilinear
equations, which express the requirement that the linear span of the rows of the
matrix (A;;) be closed under the Lie bracket.

The upshot is that (1, ,(s) is given by what Grunewald and du Sautoy call
a cone integral. The definition is as follows. Let D = (f;, 9; | i =1,...,1) be a
family of m-variable polynomials over Q, and let ¥p(x) be the statement

o(fi(x)) < vlgi(x)) for 1<i<l,
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where for a given prime p, one interprets v as the p-adic valuation. Put
Vp(D) = {x € Z" | ¢p(x) holds} .

The set D is called a set of cone integral data, and the cone integral defined by

D is then
ZD(Svp) :/
Vi (

| fo(x)1,, l90(x)];, dps
»(D)
where as before y is the normalized Haar measure on Z;".

‘We can now state

Proposition 15.3.1 Let L = Z" be a Lie ring. Then there is a set of cone
integral data D such that

Cp(s) = a,0Zp(s,p)
for all primes p, where each a0 = Zp(c0,p) is a non-zero constant.

It is important to note that the defining conditions coming from D are indepen-
dent of the prime p.
Now the main result of [du Sautoy & Grunewald 2000] is

Theorem 15.3.2 Let D be a set of cone integral data, and put

Zp(s) = [[ ap.0Zn(s.p),

p

the product over all primes p. Then
(i) Zp(s) is equal to a Dirichlet series with rational abscissa of convergence,
a;

(ii) the function Zp(s) has a meromorphic continuation to the half-plane
Re(s) > a — § for some § > 0.

From the above discussion we see that if I is any finitely generated nilpotent
group, then (r(s) differs from Zp(s) in at most finitely many Euler factors. With
some more work to deal with these ‘bad’ factors, one can then deduce Theorems
15.5 and 15.6 from Theorem 15.3.2.

The proof of this theorem has three main ingredients. The following sketch
is not expected to be really comprehensible on its own; it is just meant to give
an impression of the general circle of ideas.

(1) Using Denef’s method of evaluating p-adic integrals by an explicit reso-
lution of singularities, it is shown that for almost all primes p,

Zp(s,p) = apo+ Y _ cp(I)Pr(p,p~*) (15.13)
Ies

where S is a certain finite collection of (Boolean combinations of) algebraic
varieties defined over Z, ¢, (I) denotes the number of F,-points on the reduction
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modulo p of I, and each P;(X,Y) is a rational function of two variables over Q, of
a simple and explicit form. This very interesting result shows that the question
of ‘uniformity’ for our local zeta functions as the prime varies is intimately
related to the corresponding question for the numbers ¢, (1); this links the group-
theoretic zeta function in an explicit way to the Weil zeta functions of certain
algebraic varieties.

(2) Using the Lang-Weil estimate for the numbers of points on varieties over
finite fields, together with (15.13), including the explicit form of the functions
P;(X,Y), it is shown that a;(l)ZD(s,p) can be determined to a good approxi-
mation in terms of expressions like
p—s

1+ lp(U)l_ip_sa

(15.14)

where U runs over certain irreducible Q-varieties and {,,(U) encodes the number
of absolutely irreducible components of the reduction modulo p of U.

(3) Now the absolutely irreducible components over Q of the varities U that
arise in (2) are all defined over some finite Galois extension field K of Q, and
the Galois group permutes these components, according to some permutation
representation p. To these data is associated an Artin L-function L(s, p, K/Q).
The final step is to show that

I, (1+6,0)255)
L(s, p, K/Q)

is finite for all s > 1 — 4, for some § > 0.

The classical work of Artin shows that L(s, p, K/Q) has a meromorphic con-
tinuation to the left of Re(s) = 1. The same therefore holds for Euler products
of factors like (15.14), and this when fed back into Step (2) is enough to estab-
lish (ii) in Theorem 15.3.2. The proof of (i) is a little simpler: it is possible
to determine the abscissa of convergence of [], a, LZp(s,p) directly from the
formula (15.13), with the help of the Lang-Weil estimates.

This analysis has an interesting moral. While the local factors of our zeta
function in general vary wildly with the prime, as do the solution-numbers ¢, (1),
the analytic behaviour of the global zeta function mimics that of a classical Artin
L-function, whose own Euler factors vary quite uniformly with the prime - that
is, they take only finitely many distinct forms depending on the decomposition
of the prime in the number field. Thus the uniformity proposal of [Grunewald,
Segal & Smith 1988] mentioned in the introductory section, while false as stated,
is sort of true in an asymptotic sense.

Note, finally, that Proposition 15.3.1 makes no mention of nilpotency: it
applies to any Lie ring over Z, in fact to any Z-algebra structure (not necessarily
Lie or associative) on Z"; and the local version applies similarly to any Z,-
algebra structure on Z;. It follows that the corresponding local zeta functions
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are rational in p~*°. All the problems mentioned in the introduction apply equally
in this new context, and equally little is known about them. A particularly
interesting project is to investigate these rational functions for the ‘simple’ Lie
algebras such as sl(d, Z); a first step in this direction is taken in [Ilani 1999], [du
Sautoy 2000] and [du Sautoy & Taylor], where it is shown that for L = sl(2,Z),

Cu(s) = C()C(s = 1)C(2s = 1)¢(2s —2) [T(1 = p' %) (1432172 — 23,
pF#2

Notes

Most of the sources have been mentioned in the main text; here is a résumé.

The definition of the zeta function for a torsion-free f.g. nilpotent group, the
Euler product, and the rationality of the local factors were given in [Grunewald,
Segal & Smith 1988|. This paper also considers (a) zeta functions of rings,
showing that (¢ and (;, differ in at most finitely many local factors when L is
the Lie ring associated to a nilpotent group G; (b) zeta functions associated to
algebraic groups.

These latter zeta functions are studied in depth by [du Sautoy & Lubotzky
1996], who establish ‘uniformity’ and a local functional equation in many cases,
generalizing fundamental work of [Igusa 1989]. A sequel by du Sautoy is in
preparation.

Theorems 15.5, 15.6 and 15.7 are due to [du Sautoy & Grunewald 2000].

The following works determine the zeta functions for various specific classes
of groups and/or rings: [Ilani 1989], [du Sautoy 2000], [du Sautoy, Mc-
Dermott & Smith 1999], [du Sautoy & Taylor|, [Klopsch (b)], [Taylor
2001]. A general approach to constructing nilpotent groups whose zeta func-
tions are related to elliptic curves is developed in the recent works [du Sautoy
(a)], [Griffin 2002] and [Voll 2002]; the latter work of Voll also establishes a
number of cases of ‘uniformity’ and of local functional equations.

More theoretical developments are to be found in a series of forthcoming
papers of du Sautoy and of du Sautoy & Grunewald. For further references see
the survey articles [du Sautoy & Segal 2000], which appears in [NH], and
[du Sautoy (d)]. The final section of the latter presents most of the local zeta
functions for which an explicit formula is known.

A different kind of generating function can be associated to the family of
finite index subgroups of a group. For a finitely generated group G, [Larsen
(2001)] defines

Z(G,s) = Z e(n)n™°

where e(n) is 1 if G has a subgroup of index n and 0 otherwise. Larsen shows
that the abscissa of convergence of this series is equal to 1/d where d is the
smallest possible dimension of the Zariski closure of some linear representation
of G with infinite image (if no such representation exists then the abscissa is
7€ero).
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Chapter 16

Zeta functions II: p-adic
analytic groups

As we saw in the last chapter, the arithmetic of subgroup growth in a finitely
generated nilpotent group I' can be studied ‘locally’: on the one hand, the
sequence (a,(I')) is determined in a simple way by the numbers a,;(I") (for
all prime-powers p?); on the other hand, for each fixed prime p the sequence
(a,i (I')) satisfies a linear recurrence relation: in other words, the local zeta
function

Gals) =3 “”;ﬁr)
=0

is a rational function in the variable p~*. The first, ‘global’, property is a special
feature of nilpotent (or more generally pronilpotent) groups. The second, ‘local’,
one, however, holds in much greater generality. In this chapter we give a brief
account of the results, some of the ideas behind them, and some remarkable
applications to the enumeration and classification of finite p-groups. For more
information, see the detailed survey article [du Sautoy & Segal 2000] and the
original papers [du Sautoy 1993], [du Sautoy 2000].

The common theme underlying all the results of this chapter is the subgroup
growth of compact p-adic analytic groups. We recall that a topological group
is compact and p-adic analytic if and only if (i) it is a profinite group of finite
rank and (ii) it is virtually a pro-p group; this holds if and only if it contains an
open subgroup that is a uniform pro-p group. For the definition and properties
of these groups, see the Pro-p groups window. The first main theorem is

Theorem 16.1 Let G be a compact p-adic analytic group. Then (g p(s) and

Cgp(s) are rational functions over Q of p—*.

If I is an abstract group then the pro-p completion G = fp of T has finite
rank if and only if T' has finite upper p-rank. Since a,;(G) = a;ﬁ (T"), the

319
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theorem implies that (ﬁ; (s) = Ca,p(s) is rational in p~° provided I' has finite
upper p-rank. With a little more work it is also possible to deduce

Corollary 16.2 Let I' be a group with finite upper p-rank. Then Cpp(s) and

leip(s) are rational functions over Q of p~*.

Of course, compact p-adic analytic groups arise in other ways; Theorem 16.1
raises the interesting challenge of determining the rational functions associated
to groups such as the congruence subgroups of SL4(Z,), which are very far from
nilpotent. Beyond the case of SLo(Z,,) this project is still wide open.

In order to prove Theorem 16.1, du Sautoy established a very general ratio-
nality theorem for integrals defined over a uniform pro-p group. This is explained
in Section 1; it depends on work of Denef and van den Dries in ‘analytic’ p-adic
model theory. The deduction of Theorem 16.1 and Corollary 16.2 is given in
Section 2.

du Sautoy’s rationality theorem is so general that it can be applied not only
to the familiar subgroup-counting zeta functions, in the spirit of Chapter 15, but
also to various ‘modified’ zeta functions. For example, one can encode in such
a zeta function the number of orbits, under some acting group, of subgroups
of index p’ in G that satisfy some ‘definable’ condition. This method has wide
scope, and we describe some of its applications in Sections 3 and 4.

Higman and Sims showed in the 1960s that the number of (isomorphism
types of) groups of order p™ is about ])(2/27)”37 and we have seen in Chapter 3
that for a fixed d, the number of d-generator groups of order p™ grows like p“*”2
(where v depends on d). Now let

f(n7p’c7d)

denote the number of d-generator groups of order p" and nilpotency class at
most ¢ (up to isomorphism). This number is certainly bounded above by aﬁn (F)
where F' is the free nilpotent-of-class-c pro-p group on d generators, hence it is
at most polynomial in p™ (because F' is a pro-p group of finite rank).

Theorem 16.3 For fixed ¢, d and p and sufficiently large n, the function n —
f(n,p,c,d) satisfies a linear recurrence relation over Z.

A major inroad into the classification of finite p-groups has been the beautiful
coclass theory, developed by Leedham-Green, Newman and others. A group of
order p™ has coclass r when its nilpotency class is n — r. Let

c(n,p,r)

denote the number of groups of order p™ and coclass 7 (up to isomorphism).
This number is also polynomially bounded in terms of p™ (this is not at all
obvious!), and we have the analogous
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Theorem 16.4 For fixed r and p and sufficiently large n, the function n —
c(n,p,r) satisfies a linear recurrence relation over Z.

These are very striking results: the class of finite p-groups has traditionally been
considered too ‘wild’ for classification, yet here we see very regular patterns,
established by model-theoretic methods applied in a subgroup-growth context.

The next result is even more striking; to explain it we need to recall the
main conclusion of coclass theory. This says that for each fixed prime p and
natural number 7, almost all finite p-groups of coclass r can be arranged into
finitely many ‘families’. Each family is represented by a rooted tree that contains
exactly one infinite path (the ‘trunk’). Each vertex of the tree represents one
group, and there is an edge from G to H if and only if there is an epimorphism
from G onto H with central kernel of order p. For accounts of this theory, see
[Leedham-Green & McKay 2000] and [DDMS], Chapter 10. Now, extensive
computer calculations by Newman and O’Brien for the case p = 2 led them to
some delicate conjectures about the shape of these trees. One of these is

Conjecture P (p = 2) Each of the trees of coclass-r 2-groups is eventually
periodic, with period dividing 27!.

This means the following. Let ¥ be a tree with trunk (Py, Pi,..., Pp,...);
removing the edge between P,_; and P,, divides ¥ into two connected compo-
nents, one finite and one infinite. The infinite one is denoted ¥,,. The conjecture
asserts that for all sufficiently large n, the trees ¥,, and ¥, ;o1 are isomorphic.

It is known that this periodicity fails for primes p # 2. However, there is
a modified version. For a natural number m, let T[m] denote the subtree of ¥
consisting of all vertices of T having distance at most m from the trunk (and
the corresponding edges); so T[m] is a ‘pruned’ version of ¥. It is known that
when p = 2 there exists a finite m such that € = ¥[m]; hence the following
theorem, valid for all primes, implies the qualitative statement of Conjecture P
(though not the actual period):

Theorem 16.5 Let T be one of the infinite rooted trees of p-groups of a fixed
coclass, and let m € N. Then the tree T[m] is eventually periodic.

All of these theorems about finite p-groups are proved by establishing the
rationality of suitable ‘modified’ local zeta functions. du Sautoy has also estab-
lished some results of a ‘global’ flavour, by showing that the generating Dirichlet
series for the function f(n,p,c,d) can be represented as a cone integral, in the
sense of Chapter 15, Section 3. We shall not go into this further, but state one
of the conclusions:

Theorem 16.6 Let g(n,c,d) denote the number of isomorphism types of d-
generator nilpotent groups of class at most ¢ and order at most n. Then for
fized ¢ and d,

g(n,c,d) ~ yn®(log n>ﬂ

as n — oo, for some real v > 0, rational o > 0 and integer > 0.
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The theory of cone integrals also sheds some light on the question of how
f(n,p,c,d) varies with the prime p, for fixed ¢, d and n, a problem raised by
Higman in 1960; see [du Sautoy 2000].

These results represent a new kind of application for the arithmetic theory
of subgroup growth, one that shows great promise for the future.

16.1 Integration on pro-p groups

In this section we consider a uniform pro-p group G. Writing G = G1 > ®(G) =
Gy > G3 > ... for the lower central p-series of G, this means that (i) G/GP
is abelian (G/G* is abelian if p = 2) and (ii) each of the factors G;/Giy; is
elementary abelian of rank d (3 Pro-p groups). For g € G, define

w(.g) =n if gEGn\Gn+1

w(l) = oo.

The first-order language L has two sorts of variables: those of sort z, inter-
preted as elements of G, and those of sort A, interpreted as elements of Z,;
function symbols 7!, z -y, 2, and ¢, (x) (a € N), the latter to be interpreted
as certain fixed automorphisms of G; a binary relation symbol interpreted as
w(z) > w(y); and constant symbols of the first sort, representing fixed elements
of G. A subset M of G") is definable if there is a formula x(z1,.. ., x.) of Lg,
containing exactly r free variables of the first sort, such that

M= {(917'“797") | /‘6(91,...,97«) is true}.

A function ¢ : G") — G is definable if its graph {(g,¢(g)) | g € G} is a
definable subset of G("+1). Finally, a function f : G(") — Z is said to be simple
if there exist definable functions 1, ..., %, : G — G and integers ay, ..., am
such that

f(gl?' .. agT) = Zaiw(wi(gla <o 7gT))
i=1

for all g1,...,9, € G.
We can now state du Sautoy’s rationality theorem:

Theorem 16.1.1 Let G be a uniform pro-p group, let M be a definable subset
of G and let h,k : G — 7Z be simple functions. Then

Z(h7k,/\/l7s):/ p_s}b(‘”)p_k(”)du(x)
M

s equal to a rational function over Q of p~=.

Here, ;1 denotes the normalized Haar measure on G("). The theorem is proved
by introducing p-adic co-ordinates on G, translating everything into the ‘ana-
lytic’ language of Q,, introduced by [Denef & van den Dries 1988], and then ap-
plying their correponding rationality theorem (¢~ p-adic integrals and logic,
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Theorem 3). The possibility of making this translation depends on Lazard’s
theory, which implies that the group operations (including the taking of p-adic
powers) can be expressed in terms of suitable power series; see [DDMS].

16.2 Counting subgroups in a p-adic analytic group

Now let G be a compact p-adic analytic group. Then G has an open character-
istic subgroup G that is a uniform pro-p group, of dimension d, say (& Pro-p
groups). Write G; for the ith term of the lower p-central series of G;. In order
to count the open subgroups of G, we want to associate to each such subgroup
a ‘good basis’, in the spirit of Chapter 15, Section 1.

Fix a subgroup K of p-power index in G with K > (1, and fix a transversal
{y1 = 1,y2,...,y1} to the right cosets of G; in K. Let H be an open subgroup
of G such that G1H = K, and put H; = H N G; for each i. Since H is open,
there exists m such that H,, = G,,. We start by defining a good basis for Hy:
this is a d-tuple (hq,...,hq) in Gy such that

w(hi) <w(he) < ... <w(hg),
and such that for each n < m the set
{M;’"’””“”Gn+1 11<i<d wh)< n}
is a basis for the Fp-vector space H,Gpt1/Gni1. Now a tuple
(hi,..  harty, ... 1) € G\ s called a basis for H if
(i) (h1,...,hq) is a good basis for Hy, and
(i) {t1y1,t2y2,...,tiy;} is a transversal to the right cosets of Hy in H.

Let M(H;) denote the set of all good bases for Hy, and IC(H) the set of all
bases for H. Then

w(K(H)) = |Gy : Hy| ™' p(M(H)y))

where £ denotes the normalized Haar measure on G (because each ¢; in (ii) can
vary over exactly one left coset of H; in G). The measure of M (H;) depends
on just how the index |Gy : Hy| splits up into its factors |G; : H;G;+1]; this is
encoded by a certain partition P = Py, of d, and the result is

pM(Hy)) = gp - p* 207200
where gp = [[,cp H;:l(l —p~ ), and (hq,...,hq) is any element of M (H;).
Also

|G1 . H1| ES H |G2 . HiGi+1|
i=1
— pd—w(hl)—m—w(hd).
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Now let Hg p denote the set of all open subgroups H of G such that (a)
G1H = K and (b) the partition Py, is equal to P. There are finitely many
possibilities for K and for P, and

Cap(s)=>_ > |G:H|I".

K,PHEHK, P

Put

Then Y- yepy,. |G H|” is equal to |G : K|™* times

SiGrs B ) [ au

KC(H)

:/ p(K(H)) ™ pleth+twlha)=dsg,
Kk, p

— —w ——w i—1)w(hy)—d?, (w cedw —d)s
:qu/lC pld—e(hn) (ha))l = (i L) = (o) oo (ha)=d)s g,
K,P

2
= qp'p™ " Z(h, kK p, 9)

in the notation of the previous section, where h and k are certain simple func-
tions. The essential point now is that each of the sets i p is definable as a
subset of ngH), in the language Lg,. It follows by Theorem 16.1.1 that each
Z(h,k,Kk p,s) is a rational function of p~°. Therefore so is (g p(s).

More generally, let X be a subset of the set of all open subgroups of p-power
index in G. We say that X is definable if each of the sets

Kﬁ,P = U ’C(H)

HGHKYPPIX

is definable; this will hold if membership of X' for an open subgroup H can be
expressed as a statement in Lg,, applied to any basis for H. In this case, the
above argument yields the conclusion that

(&) => |G:H|I"®

HeXx

is a rational function of p~*¢. This applies in particular when X is the family

of all open nmormal subgroups of p-power index in G, showing that Cap(s) is a
rational function. This concludes our sketch of the proof of Theorem 16.1.

To deduce Corollary 16.2, let " be a group of finite upper p-rank; assume
without loss of generality that I is residually finite. By the Remark in Section 5
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of Chapter 5, I" has a normal subgroup I'y of finite index such that every finite
quotient of 'y has a normal p-complement. Now let

G=lm{I'/N|N<T, N<Tyand T'y/N is a finite p-group}. (16.1)

Thus G is a profinite group, and it is easy to see that the closure in G of T'y is
the pro-p completion of I'g. Hence G is virtually a pro-p group of finite rank,
hence a p-adic analytic group. Moreover, if H is a subgroup of p-power index in
I then H NTy contains one of the normal subgroups N in (16.1), which implies
that |G : H| = |I" : H| where H denotes the closure of H in G. Thus H — H
is an index-preserving bijection between the family of all subgroups of p-power
index in I'" and the family of all open subgroups of p-power index in G, and it
follows that

Crp(s) = Cap(s), Cﬁp(s) = Cé],p(s)
(note that H <1 T if and only if H < G).

16.3 Counting orbits

We keep the notation of the last section, so G is a compact p-adic analytic
group, and let A denote some fixed group of automorphisms of G. Now let X
be a definable and A-invariant family of open subgroups of G, and let b,» (X' /A)
denote the number of orbits under the action of A on

{HeX||G:H|=p"}.
The following generalizes Theorem 16.1:

Theorem 16.3.1 The function
Cjals) =D byn(X/A)p~™
n=0

s a rational function over Q of p~*°.

For example, taking A to be the group of all inner automorphisms of G
and X to be the set of all open subgroups of G, we deduce that the number of
conjugacy classes of open subgroups of index p™ in G satisfies a linear recurrence
relation, for sufficiently large n. On the other hand, taking A = Aut(G), we
shall see in the following section how this can be applied to the enumeration of
isomorphism types of finite p-groups.

The proof of Theorem 16.3.1 depends on the fact that Aut(G) is itself again
a compact p-adic analytic group ([DDMS], Chapter 5). It is easy to see that
the numbers b, (X /A) are unchanged if we replace A < Aut(G) by its closure
in Aut(G), so we may assume that A is in fact closed; then A is also a compact
p-adic analytic group. Thus A contains an open normal uniform pro-p subgroup
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Aj; we may choose A; and the characteristic open uniform subgroup Gy of G
so that

G = G1 X Al
is a uniform pro-p group. Now

S by (/A = 371G HT A Na(H)|

Hex

Z|A:X|71|G:H|78

H,X

where the second sum ranges over pairs (H, X) where H € X and X = N4(H) <
A. The heart of the proof now consists in showing that this sum can be inter-
preted as a finite sum of integrals over subsets of &™) where the domain of
integration is definable in the language Lg and the integrand involves simple
functions in the sense of Lg. The theorem is thus reduced to an application of
Theorem 16.1.1.

16.4 Counting p-groups

The link between subgroup growth and the enumeration of finite groups is pro-
vided by the following elementary fact:

Proposition 16.4.1 ([FJ], Prop. 15.31) Let C be a class of finite groups closed
under taking subgroups, quotients and direct products, and let F' be a free pro-C
group. Let M, N be open normal subgroups of F. Then F/M = F/N if and
only if there exists an automorphism ¢ of F such that (M) = N.

For our first application, take C to be the class of finite p-groups of nilpotency
class at most ¢, and let F' be the free pro-C group on d generators. Then every
d-generator finite p-group of class at most ¢ appears as a quotient F/N, and the
proposition shows that the number f(n,p,c,d) of isomorphism classes of such
groups of order p" is equal to the number byn (X' /A) of orbits of A = Aut(F)
acting on the set {H € X' | |G : H| = p™}, where now X denotes the set of all
open normal subgroups in F. Also F is a pro-p group of finite rank (% Pro-p
groups). Applying Theorem 16.3.1 we deduce that

> f,pe,d)p™
n=0

is a rational function of p~°, and Theorem 16.3 follows.

If we want to enumerate groups of fixed coclass, we come up against the
problem that there is no corresponding relatively-free profinite group. However,
the following theorem, the main result of coclass theory, goes some way to saving
the situation:
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Proposition 16.4.2 [Leedham-Green 1994], [Shalev 1994] For each prime p
and integer r > 1 there exists h = h(p,r) such that every finite p-group of coclass
r contains a normal subgroup of index at most p" that is nilpotent of class 2

(abelian if p = 2).

Suppose now that P is a finite group of coclass r and order p”. Then
|7 (P) : yi41(P)] > pfor 1 < i < n—r, so [y2(P)] > p""~! and hence
|P:y2(P)| < p"tl. Therefore d(P) < r + 1, and so P is an image of the
free pro-p group F on r + 1 generators. Also, the proposition implies that

vy (P)PP") = 1. (16.2)

Putting
U=F/ys (’Yh(F)Fp ) )

we see that every finite p-group of coclass r is isomorphic to a quotient of U.
Now U is a free pro-C group where C is the class of all finite p-groups P satisfying
(16.2), and it is easy to see that U is a pro-p group of finite rank. However,
not all the finite images of U have coclass r; let X denote the set of those open
normal subgroups N of U such that the coclass of U/N is exactly . Then just
as before we see that the number ¢(n, p,r) of isomorphism classes of groups of
order p™ and coclass r is equal to byn (X /A) where A = Aut(U).

Applying Theorem 16.3.1, we may deduce that the function

o0
> e(n,p,r)p™"
n=0

is rational in p~—*, provided we can show that the family X of open normal
subgoups of U is definable. This of course requires more work; the key fact
here is that one can determine whether a group P has coclass r in a uniformly
bounded number of steps, because of the following result:

Proposition 16.4.3 [Shalev 1994] Let P be a finite p-group. Then P has
coclass v if and only if P/vs(P) has coclass v, where f = 2p" if p is odd,
f=ort3 ifp=2.

This concludes our sketch of the proof of Theorem 16.4.

The proof of Theorem 16.5, regarding the shape of a tree, is naturally more
subtle. Again, this comes down to establishing the rationality of a certain
generating function, one that encodes the number of subgroups in X that belong
to a ‘twig’ of each specified shape: the twigs are the connected components that
remain when the trunk is deleted from the tree. The periodicity of the (‘pruned’)
tree is then deduced with the help of the following elementary lemma:

Lemma 16.4.4 Let (c,) be a sequence where each ¢, is either 0 or 1. If the
sequence satisfies a linear recurrence relation, then it is eventually periodic.

For details, see [du Sautoy & Segal 2000] and [du Sautoy 2000].
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Notes

Again, we have mentioned most of the sources in the main text.

Theorem 16.1 and the material of §§16.1, 16.2 are from [du Sautoy 1993].

The remaining main theorems, and the material of §§16.1, 16.2, are from
[du Sautoy 2000]; see also the announcement [du Sautoy 1999].

(Ilani 1999] determines zeta functions associated to the group SLqa(Zj).
The zeta functions associated to various Lie rings over Z, are determined in
[Klopsch (b)] and [Taylor 2001].
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Window: Finite group
theory

In this window, all groups are assumed finite. Here we collect a number of results
that play a significant role in the book (further material of an elementary nature
that we sometimes take for granted is easily available in textbooks such as [H],

[R] and [A)]).

1 Hall subgroups and Sylow bases

(See [R], Chapter 9 or [H], Chapter VI.)

A subgroup H of a group G is a Hall 7-subgroup (where 7 is a set of primes)
if |H| is a product of primes in 7 and |G : H| is divisible by no prime in 7. When
p is a prime, a Hall p’-subgroup is called a p-complement (where p’ denotes the
the set of all primes distinct from p).

Theorem 16.4.5 (P. Hall) The following are equivalent for a group G.

(i) G is soluble;

(ii) G has a p-complement for every prime p dividing |G| ;

(iti) G has a Hall w-subgroup for every set of primes T;

(iv) for every set of primes 7, every w-subgroup of G is contained in a Hall
w-subgroup, and all Hall w-subgroups are conjugate in G.

Let p; (i = 1,...,k) be the prime factors of |G| and suppose that G has a
pi-complement Q; for each i. Then

P = ﬂ Qj
J#i

is a Sylow p;-subgroup of G for each i, and P;P; = P;P; for each pair (i, j). Such
a system of pairwise permutable Sylow subgroups (one for each prime factor of
|G|) is called a Sylow basis of G. The first statement of the next theorem follows
from the last theorem:

Theorem 16.4.6 Let G be a soluble group. Then G possesses a Sylow basis.
Moreover, all Sylow bases are conjugate in G.

335
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The second statement means that if (P;) and (P}) are two Sylow bases, then
there exists g € G such that P} = P/ for each i (assuming of course that P;
and P correspond to the same prime). A subgroup H of G is said to reduce

into a Sylow basis (P;) if H N P; is a Sylow subgroup of H for each 3.

Corollary 16.4.7 If G is soluble with Sylow basis (P;) and H < G then some
conjugate of H reduces into (P;).

Proof. Let py,...,px be as above. For each ¢ let H; be a p;-complement of
H, and Q; > H; a p;-complement of G. Then the P = ﬂj# Q; form a Sylow
basis of G and for each i it is clear that H N P is a Sylow subgroup of H. If g

?

is such that P* = P for each i then H9" reduces into (P;). m

2 Carter subgroups

(See [R] Chapter 9 or [H] Chapter VI.)
A Carter subgroup of a group G is a nilpotent subgroup C such that Ng(C) =
C.

Theorem 16.4.8 (R. W. Carter) Let G be a soluble group. Then

(i) G possesses Carter subgroups, and they are all conjugate.

(ii) Let C be a Carter subgroup of G and let C < H < G. If N < H and
H/N is nilpotent then H = NC.

Corollary 16.4.9 Suppose that G has a chain of normal subgroups 1 = Ny <
Ny <...< N; =G such that N;/N;_1 is nilpotent for each i. Then

G=C-Cy-...-C

where C; is a Carter subgroup of N; for each i.

3 The Fitting subgroup

This is the unique maximal nilpotent normal subgroup Fit(G) of a group G
(Fitting proved that a product of nilpotent normal subgroups is nilpotent, so
Fit(G) exists). A frequently used and well known fact is that in a finite soluble
group, the Fitting subgroup contains its centraliser. The following lemma is a
little sharper:

Lemma 16.4.10 Let G be a finite soluble group. Then G has a normal subgroup
N such that
[N, N] < Z(N) = Ca(N).

Proof. Let A be maximal among abelian normal subgroups of G, and put
C =Cg(A). If C = A take N = A. If not, then C/A is a non-trivial normal
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subgroup of G/A, hence contains a non-trivial abelian normal subgroup N/A of
G/A, and we choose a maximal such N. Then

C > Cq(N) > Z(N) = A > [N, N],

by the maximality of A. Suppose that Cz(N) # A. Then Cg(N)/A contains a
non-trivial abelian normal subgroup D/A of G/A. Then DN N < Z(N) so in
fact DN N = A; therefore DN/A = D/A x N/A is abelian, contradicting the
maximality of N. It follows that Co(N) = A = Z(N) and the proof is complete.
[

(The finiteness of G is not really necessary here: we can use Zorn’s Lemma
instead.)

Theorem 16.4.11 If G is a soluble group then
|G| < |Fit(G)|*.

Proof. Put F = Fit(G) and let ®(F) be the Frattini subgroup of F. Then
F/®(F) = @V, where for each prime p, V, = F/F'F? is an F,[G]-module via
conjugation. Let W, denote the completely reducible F,[G]-module obtained
by forming the direct sum of the F,[G]-composition factors of V,,, and let K,
be the kernel of the action of G on W,,. According to the theorem of Palfy and
Wolf (3 Permutation groups) we have

‘G/Kp| < |Wp|3 = |V;7|3~

Now put K = ﬂp K,. Then K acts nilpotently on each V), hence it acts nilpo-
tently on F'/®(F), and hence it acts nilpotently on F' (an elementary property of
nilpotent groups). Therefore K/Cg (F) is nilpotent, and as Cx (F) < Cg(F) <
F it follows that K is nilpotent. Thus K = F' and so

Gl = K| |G/K| <|F|- [[V° = |F|[F/®(F)* < |F|*.
P

]

The Fitting length (or Fitting height) of a soluble group G is the least integer
h such that Fit™ (@) = G, where Fit(G) = Fit(G) and Fit™(G) /Fit) (G) =
Fit(G/Fit™(@)); this is clearly the minimal length of a chain of normal sub-
groups from 1 to G with nilpotent factors. Corollary 16.4.9 thus shows that G
is equal to a product of h nilpotent subgroups.

4 The generalised Fitting subgroup

(See [A], §31.)

This plays the role of the Fitting subgroup in non-soluble groups. A group S
is quasi-simple if S is perfect (i.e. S =5") and S/Z(S) is simple. The layer of G
is the characteristic subgroup F(G) generated by all the quasi-simple subnormal
subgroups of G. The generalised Fitting subgroup of G is

F*(G) = BE(G)Fit(G).
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Proposition 16.4.12 Let G be a finite group, E = E(G) and F* = F*(G).
Then

Ca(E/Z(E) = Ca(E),
Co(F*) =7Z(F™),

and if R is a soluble normal subgroup of G then

[E,R] = 1.

5 Tate’s theorem

(See [H] Chapter IV, Satz 4.7.)

A group G is p-nilpotent if G has a normal p-complement, so G is an ex-
tension of a normal p’-subgroup by a p-group. Several sufficient conditions for
p-nilpotency are provided by transfer arguments. The important one for us is
the following, due to John Tate:

Theorem 16.4.13 Let G be a group with a normal subgroup N and a Sylow
p-subgroup P. If PN N < ®(P) then N is p-nilpotent.

Write P = P/(PN N). Now P/®(P) is a d-dimensional vector space over
F, where d = d(P); so if PN N is not contained in ®(P) then

d(P) = dim(P/®(P)) < dim(P/®(P)) = d(P).
Hence the

Corollary 16.4.14 Let G, N and P be as above. If d(PN/N) = d(P) then N
is p-nilpotent.

This result is useful in combination with the Odd order theorem: this
says that every group of odd order is soluble, and hence implies that every
2-nilpotent group is soluble.

6 Rank and p-rank

The following was proved for soluble groups in [Kovécs 1968], and for all finite
groups (using CFSG) by [Lucchini 1989] and [Guralnick 1989):

Theorem 16.4.15 If every Sylow subgroup of G can be generated by d elements
then d(G) < d+ 1.

Now recall that rk(G) = sup{d(H) | H < G} and 1r,(G) = rk(P) where p
is a Sylow p-subgroup of G. Applying the theorem to arbitrary subgroups of a
group G we deduce
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Corollary 16.4.16
tk(G) < 1+ maxr,(G).
pllGl
A related result uses soluble subgroups instead of Sylow subgroups:

Theorem 16.4.17 [Aschbacher & Guralnick 1982] Let G be a group. Then
there exist a soluble subgroup H and an element g of G such that (H, H9) = G.

7 Schur multiplier

(See [H] Chapter V, §§23-25 or [A], §33.)

The multiplier of a group G is M(G) = H?*(G,C*) = Hy(G,Z), a finite
abelian group whose exponent e satisfies e? | |G|.
_ If G is perfect, that is G = G’, then G has a unique universal covering group
G. This is a perfect central extension of G by M(G) and every perfect central
extension of G is a quotient of G. In particular, if

1-A4A—-Y ->G—1

is a central extension of G with Y =Y’ then A is an image of M(G).

If G and H are perfect groups then M (G x H) = M(G) x M(H) (in general
there is an extra ‘correction term’ (G/G’") ® (H/H')).

If P is a Sylow p-subgroup of G then the p-component of M (G) is isomorphic
to a subgroup of M (P).

The following is an application of the theory of powerful p-groups (see below):

Theorem 16.4.18 [Lubotzky & Mann 1987] Let G be a p-group of rank r.
Then

tk(M(G)) < r(r—1)/2 4+ 7*([logr] +¢)
where e =0 if p is odd, e =1 if p = 2.

8 Powerful p-groups

This theory is due to [Lubotzky & Mann 1987]; for a detailed exposition see
[DDMS], Chapter 2. A p-group G is said to be powerful if G/GP is abelian
(when p # 2) or G/G* is abelian (when p = 2). Powerful groups resemble
abelian groups in several respects; for example,

Theorem 16.4.19 Let G be a powerful p-group. Then

(i) 1K(G) = d(G);

(i) if G = (x1,...,2q) then G = (x1) (x2)...(xq) is a product of d cyclic
subgroups.
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Part (i) implies that if G is powerful then
dims, (H/®(H)) = d(H) < d(G) = dims, (G/®(G))
for every subgroup H of G.
Corollary 16.4.20 IfG is a powerful p-group of exponent p* then |G| < phd(@)
Write ®°(G) = G and for i > 1 set ®(G) = ¢(2~HQ)).

Theorem 16.4.21 ([DDMS] Chapter 2, Exercise 6) Let G be a p-group, put
G; = Q) and let

s = IgiOXd(Gi)’
m = [logs] +¢

where e =0 if p is odd, e =1 if p=2. Then
(i) Gy, is powerful;
(ii) |G : Gp| < p™*.

Since
s <max{d(N) | N < G} <1k(G)
this implies

Corollary 16.4.22 If G is a p-group of rank r then G contains a powerful
characteristic subgroup of index at most p" (1o,

Corollary 16.4.23 Let G be a p-group. If d(N) < k for every normal subgroup
N of G then
tk(G) < k(2 + [logk]).
d

For if H < G then d(HNG,,) < d(Gp) < k by Theorem 16.4.19, while for each
7 < m we have

d((HNGi—1)/(HNG;)) <d(Gi-1/Gi) <k

since G;_1/G; is elementary abelian.
Combining Corollary 16.4.22 with Corollary 16.4.20 we deduce

Corollary 16.4.24 If G is a p-group of rank r and exponent p" then
|G‘ Spr(1+ﬂogﬂ+h)-
This has an application to arbitrary finite groups:
Proposition 16.4.25 Let G be a finite group of rank r and exponent m. Then
‘G| | mr(3+1ogr).
Indeed, if m = [ p*?) and P is a Sylow p-subgroup of G then |P| = p™®) where
n(p) <r(1+ [logr] + e(p)) < e(p)r(3 +logr),
and the result follows since |G| = [[p"®).

The theory of powerful p-groups has important applications to pro-p groups
(3 pro-p groups).
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9 GL, and Sym(n)

If p is a prime, the p-part of n! is at most pl(»~D/(P=DI 5o this is an upper
bound for the order of any p-subgroup of Sym(n). It follows that

n—1
p—1

rp(Sym(n)) <

With Corollary 16.4.16 this implies that the rank of Sym(n) is at most n. How-
ever, an elementary argument due to [Jerrum 1986] yields the better bound

Theorem 16.4.26 The rank of Sym(n) is at most n — 1.

(See [Cameron 1999], § 1.14. The best bound (for n > 4) is actually [n/2], due
to [Mciver & Neumann 1987].)
In the other direction it is easy to see that

rk(Alt(n)) > (n —3)/2;

indeed, Alt(n) contains a direct product of [n/4] Klein four-groups, which is
elementary abelian of rank 2 - [n/4].
If n =a; + - -- + aj then by the GM-AM inequality we have

[ < (/i) <2m.

It follows that the maximal order of any element in Sym(n) is at most 2. We
can also bound the exponent exp(Sym(n)) of Sym(n). If p is a prime then the
maximal order of a p-element in Sym(n) is at most p°?) where e(p) = [logp n] .
Hence

eXp(Sym(n)) — H pe(p) < nw(n) < nA(n/ Inn) _ eAn
p<n

where 7(n) denotes the number of primes below n and A is a constant (slightly
greater than 1), by the Prime Number Theorem. [Hanson 1972] shows that
in fact 3" is an upper bound. Note that Hp<n pe®) = ¥ where 1 is the
number-theoretic function defined in [HW], §22.1. It follows by [HW] Theorem
434, a version of the Prime Number Theorem, that

In(exp(Sym(n))) ~ n

as n — oQ.

Now we consider the group G = GL,,(F,) where ¢ = p° for a prime p. A
Sylow p-subgroup of G is the group of upper uni-triangular matrices, which has
order

qn(n—l)/2

and hence rank at most en(n — 1)/2. If | is a prime other than p and H is
a Sylow [-subgroup of G then H is monomial (see [We], Chapter 1); that is,
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H is conjugate over the algebraic closure E, of F, to a group of monomial
matrices. Thus there is a homomorphism 6 : H — Sym(n) such that ker 6 is
diagonalisable. Then ker 6 is an abelian group of rank at most n (since every
finite subgroup of F; is cyclic), while H/ker 8 has rank at most (n —1)/(l —1).
Thus we have

Theorem 16.4.27 Let G = GL,,(F,) where ¢ = p°. Then
1(G) < en(n — 1)/2,

1
MG)§n+7 - <on-1

for primes [ # p.
With Corollary 16.4.16 this gives

Corollary 16.4.28 The rank of GL,,(Fpe) is at most 1 +en(n —1)/2 < en?/2
ifn>5ore>2 and at most 7 otherwise.

Again, this is not the best bound. (For p # 2 and e = 1, [Pyber 1993] gives
n?/4.)

It it easy to see that a diagonalisable subgroup of GL,,(IF,) has order at most
q" — 1. Since an I-subgroup of Sym(n) has order at most [(*~1/(=1) < on—1/
the above argument also gives

Proposition 16.4.29 If | is a prime and | { g then a Sylow l-subgroup of
GL,,(F,) has order less than (2¢)™.

If g € GL,(F,) is unipotent then
g —1=(@g-1" =0

as long as pf > n. Hence the order of ¢ is less than pn. In any case, the
eigenvalues of g lie in F}.., so if g is semisimple then its order divides ¢" — 1. It
follows that the order of any element of GL,, (F,) is bounded above by pn(q™—1).
In fact the correct bound is ¢ — 1 [Horoshevskii 1974].



Window: Finite simple
groups

In a statistical sense, the simple groups (by which we mean, in this window,
non-abelian finite simple groups) are quite rare: the Godfather of the subject
has likened them to fossils, occasionally found buried among the composition
factors of a general finite group [Thompson 1984]. The analogy includes the
suggestion that they are hard: excavating with primitive tools may uncover
some general features of a group, but will usually not reveal the deeper secrets
of structure hidden within the simple factors. Prosaically, what this means is
that when simple groups are present, one can only get so far with elementary
group-theoretic arguments and then one gets stuck.

A revolutionary change in the nature of group theory occurred around 1980,
after two or three decades of extraordinary work. This was the complete classi-
fication of the simple groups, which we shall refer to as CFSG. Many hitherto
intractable problems can now be solved by a more or less standard two-stage
procedure: (1) the problem is reduced to a specific question about simple groups,
and (2) one answers the question by examining the known list of simple groups.
Either stage may of course be difficult — but we are no longer stuck in quite the
same way. Some of the main results in this book, such as the PSG theorem,
testify to the remarkably wide scope of this philosophy — and show that, far from
bringing group theory to an end, CFSG may open the doors to unexpected new
vistas.

The proof of CFSG is so long (estimated at 15,000 pages) and fragmented
that some mathematicians are doubtful about accepting the result as defini-
tive. Unwilling to be ejected from the paradise created for us by Thompson,
Gorenstein, Aschbacher and their co-workers, we trust that such doubts will
eventually be laid to rest. The proof is being systematised and re-written in
a series of books by Gorenstein, Lyons and Solomon; a careful explanation of
its present status is given in the introduction to the first volume of the series
[Gorenstein, Lyons & Solomon 2000].

As an extra ‘safety net’, it should be mentioned that most results in infinite
group theory that depend on CFSG are robust to the extent that the occurrence
of just finitely many presently unknown simple groups would not invalidate their
proof.

343
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1 The list

For the statement of the classification theorem, and more or less detailed ac-
counts of the proof, see [G], [Gorenstein, Lyons & Solomon 2000], [A]. For
the construction and properties of groups of Lie type see [C|, [Carter 1985],
[St]. A comprehensive (if rather indigestible) reference for properties of all the
simple groups is [GLS].

The starting point for the classification was the celebrated Odd order the-
orem:

Theorem 16.4.1 [Feit & Thompson 1963] Ewvery group of odd order is soluble.

This is of course equivalent to the statement that every finite simple group has
even order.

The finite simple groups comprise two infinite families and 26 sporadic
groups. The infinite families are

(1) the alternating groups Alt(n) for n > 5;

(2) the groups of Lie type.

The simple groups of Lie type are the adjoint Chevalley groups X;(q) and the
twisted Chevalley groups *X;(q) Here X; denotes one of the connected Dynkin
diagrams A; (I > 1), By (I > 2), C, (I = 3), Dy (I > 4), Es, E7, Es, Fy, Ga;
q = p°© denotes a prime-power; and ¢ is 2 or 3. The twisted groups only exist for
certain of the diagrams and certain values of [, ¢t and ¢:

*Ai(q), *Di(q), *Es(q),
*Dy(q)
2By (2™), 2F4(2™), 2G2(3™) (m odd).

The groups *X;(q) are simple except for a few very small values of [ and g¢; for
almost all of these the derived group is simple, and these are usually included
among the ‘simple groups of Lie type’ (* means 1, 2 or 3 where 'X;(q) =
Xi(g)). However, up to isomorphism, all these ‘derived’ simple groups of Lie
type also occur as ‘adjoint groups’ * X;(q), with the one exception 2Fy(2)’ (the
‘Tits group’), and to simplify some statements we shall count this group as an
honorary ‘sporadic’.

In general, X;(g) is the group of Fg-rational points of the corresponding
simple (split, adjoint) algebraic group, and *X;(q) the subgroup of fixed points
in X;(¢") of a certain automorphism of order ¢. Many groups of Lie type are
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classical groups:

Ai(g) =PSL(I+1,F,)
Bi(q) = P20 + 1,F,)
Ci(q) = PSp(2,Fy)
Di(q) = PQT (21, F,)
2Ai(q) = PSU(I + 1,F,)
*Di(q) = PQ™ (21, F,)

The others are called exceptional groups.

The parameter [ is the Lie rank (or ‘untwisted rank’).

With 9 small exceptions, the simple groups of Lie type and the alternating
groups are all pairwise non-isomorphic, except that B;(2") = C;(2") for all [
and n.

The order of *X;(q) is given by a certain polynomial in ¢; these are listed
in Table I of [GLS], for example. The same table also gives the orders of the
sporadic groups. This table shows that |A3(4)] = |A3(2)| and |B;(q)] = |Ci(q)|
for all I and q. It is true (but by no means self-evident!) that these are the only
cases of non-isomorphic simple groups whose orders coincide. Thus

e For each integer m there are are most two non-isomorphic simple groups
of order n.

Moreover,
o If S and T are simple and |S|* = |T|" for integers a and b then |S| = |T|.

These and many other interesting facts about the orders of simple groups are
established in [Kimmerle, Lyons, Sandling & Teague 1990], following work
of Artin and Tits.

Theoretical formulas for the order are given in [C], [A] and [St], §89, 11.
Writing dim(X;) for the dimension of the simple Lie algebra of type X; (see
table (16.1) below), we have

Proposition 16.4.2 Let G = 'X;(q) be simple of Lie type and put d = dim(X;).
Then
G| = ¢*(1+0(1))
and if G is untwisted then
G| < ¢

(Here o(1) means a number that tends to 0 as ¢ — 00.)

A group G is quasi-simple if G is perfect (i.e. G = [G,G]) and G/Z(G)
is simple. Each simple group G of Lie type *X;(q) has a ‘universal’ version
G ='X,(q) such that G/Z(G) = G. If G is simple then G is quasi-simple.
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2 Generators

Theorem 16.4.3 [Aschbacher & Guralnick 1984] Every simple group can be
generated by 2 elements.

This was established for the groups of Lie type by [Steinberg 1962]. In fact,
‘most’ pairs of elements in a simple group S generate S, in the sense that

X,

S

as |S| — oo where X = {(z,y) € S x S| (z,y) = S}; this conjecture of Dixon
was finally proved by [Liebeck & Shalev 1995] following work of Dixon, Babai
and Kantor & Lubotzky.

3 Subgroups

Let G = *X;(q) be a group of Lie type, A the associated Dynkin diagram. (In
the twisted case, A is a quotient graph of the diagram X; by the appropriate
symmetry). To each subset of A there corresponds a conjugacy class of parabolic
subgroups of G. In particular, suppose that A’ is a connected subgraph of A.
Then A’ is again a Dynkin diagram X', and the corresponding parabolic sub-
group contains a quasi-simple group of type X'(q), that is, a perfect central
extension of the simple group X'(q). Applying this to the classical groups we
deduce

Proposition 16.4.4 Let G = *X;(q) be a classical group. Then G contains
a subgroup isomorphic to (P)SL(m,Fy), and hence Alt(m) is a section of G,
where m > 1+1/2.

Here by (P)SL(m,F,) we mean a group of the form SL(m,F,)/N where 1 <
N < Z(SL(m,F,)).
If ¢ = p° it follows that G contains an elementary abelian p-subgroup of rank

[%]2 e > [2¢/4, corresponding to the group of upper unitriangular matrices in
SL(m,F,) having non-zero entries only in the top right-hand [%] X [%] corner.
This implies

Corollary 16.4.5 Let G = *X;(p®) be a group of Lie type. Then

I’e < 4rk(G) if G is of classical type
1 <8 and e <1k(G) if G is of exceptional type.

The second claim holds because, in any case, G contains a copy of the additive
group of F,. (Recall that rk(G) denotes the maximum of d(H) over all subgroups
of a group G, not the Lie rank. To avoid confusion, in this window we shall
refer to rk(G) as the Prifer rank.)
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4 Representations

Each (adjoint) Chevalley group may be constructed as a group of automorphisms
of the corresponding Lie algebra. The dimension of this Lie algebra is given in
terms of the Lie rank [ by the following table (see [Jacobson 1962], Chapter IV):

A, B C D, E; E; Es F; G
(16.1)
I(1+2) 1204+1) 1(20+1) 1(20—1) 78 133 248 52 14

Hence if G = X;(q) is an untwisted simple group of Lie type then
G < SL,(F,) < SL,.(F,)

where n < max{2i% +1, 248} and ¢ = p°. If G = 'X;(q) is a twisted group then
G < Xi(q"), where t = 2 except for the case of 2Dy. Thus we have (crudely)
part (i) of

Proposition 16.4.6 Let G = *X,(q) be a simple group of Lie type, where

q=p°¢. Then (i)
G < SL,(F,) < SL,.(F,)

where n = max{5l?, 248};
(i) if G is a classical group then

G < PSLay1 (F,).

Of course, (ii) follows from the table in Section 1. Since the Priifer rank of
GL4(Fpe) is at most max{ed?/2, 7} (& Finite group theory), this implies

Proposition 16.4.7 Let G be as above. Then
rk(G) < max{(2l + 1)22, Ne}

where N = 2482 /2.
Combining this with Corollary 16.4.5 we deduce
Corollary 16.4.8 There exists a function f such that
max{e, 1/4} < k(*X,(p)) < f(1,¢)
for every prime p.

Thus a collection of simple groups of Lie type has bounded Priifer ranks if
and only if it has bounded Lie ranks and bounded field degrees.

The minimal degree of a faithful linear representation of a simple group of
Lie type is generally less than the crude bound given in Proposition 16.4.6. A
lower bound for this follows from
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Proposition 16.4.9 Let G be a classical group of Lie rank . If G is a section
of GL,,(F) for some finite field F' then

-4
n>—.
- 3
This follows from Proposition 16.4.4 together with

Proposition 16.4.10 ([DM], Theorem 5.7A) If Alt(k) is a section of GL,(F)
for some finite field F' then

2k -6
3

(The bound (2k — 4)/3 given in [DM] is slightly too weak.)

The minimal degree of a faithful permutation representation of a simple
group G is equal to the minimal index of a proper subgroup. In the case of a
classical group G = X;(q) the smallest permutation representation is generally
speaking given by the natural action of the group on the points of the corre-
sponding (d — 1)-dimensional projective space, where d is {4+ 1, 21 or 2 + 1 (see
Section 1). The minimal degree is therefore

n >

qd+l -1

I+1
q—1 '

>q

In general we have

Proposition 16.4.11 ([Kleidman & Liebeck 1990], 5.2.2) Let G be a simple
group of Lie type of Lie rank . Then every proper subgroup M of G satisfies

G : M| > |G|V

where ¢(l) is a positive constant depending only on [.

5 Automorphisms

Let G = *X;(p®) be a simple group of (adjoint) Lie type. Every automorphism
of G is a product (in the stated order) of an inner automorphism, a ‘diagonal
automorphism’, a ‘field automorphism’ and a ‘graph automorphism’; these are
defined in [C], [St]. See also [GLS] §2.5. It follows that Aut(G) has a chain of
normal subgroups

Inn(G) < D < DF < Aut(G)

such that
e Inn(G) =G

e D/Inn(G) is a finite group isomorphic to the centre of the universal group
*X;(p©), an abelian group of rank at most 2, order dividing 3, 4 or [ + 1
and exponent dividing p® + 1
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e F'is a cyclic group of order dividing e and DF/D < Z(Aut(G)/D)
e Aut(G)/DF is 1, cyclic of order 2 or isomorphic to Sym(3).
Writing Out(G) = Aut(G)/Inn(G) we have

Proposition 16.4.12 Let G = *X;(p°) be a simple group of Lie type. Then
Out(G) is soluble of derived length at most 3 and

|Out(G)| < 6e - max{(l + 1), 4}.
Combined with Proposition 16.4.6 this implies
Corollary 16.4.13 Let G = *X;(p°) be a simple group of Lie type. Then
Aut(G) < SL,(F,)
where n = 6e? - max{(l + 1), 4} - max{5[?, 248}.

Regarding the remaining simple groups, we have

Proposition 16.4.14 Let G be an alternating or sporadic simple group. Then
|[Out(G)| < 2 unless G = Alt(6) in which case |Out(G)| = 4.

6 Schur multipliers

The multipliers of all finite simple groups are given in [G], Table 4.1 (based
largely on work of Schur, Steinberg and Griess.) From this table one reads off
the following.

1) If G is simple then M (G) has rank at most 2.

2) If G is not of the form A;(q) or 24,(g) then M(G) has exponent dividing
12.

3) If G = A;(q) then M(G) is cyclic of order ged(l+ 1, ¢ — 1) unless the pair
(1,q) is one of five small exceptions; in each of these cases M(G) has exponent
dividing 12 and order dividing 48.

4) If G = ?A;(q) then M(G) is cyclic of order ged(l+ 1, g+ 1) unless the pair
(1, q) is one of three small exceptions; in each of these cases M (G) has exponent
dividing 12 and order dividing 36.

5) Apart from a finite number of pairs (I,¢), the ‘universal’ group of Lie
type ‘X;(q) is the universal central extension of the simple group G = X;(q);
that is, the centre of ‘X;(g) is isomorphic to M (G), which is a p’-group (see [G],
§4.15A).

It follows from (1) that H?(G,F,) has dimension at most 2 for every prime
p (because H?(G,TF,) is the cokernel of the mapping M (G) — M(G) given by
multiplication by p).
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7 An elementary proof

We stated above that there are no more than two simple groups of any given
order. The only known proof of this fact depends on the classification, and it
may be of interest to record an elementary direct proof of the following (ridicu-
lously weak!) bound, which will suffice for some of our applications. It is due
to L. Pyber and A. Shalev (unpublished).

Proposition 16.4.15 here is an absolute constant ¢ such that for each positive
integer n, the number of simple groups of order n is at most c".

Proof. Fix a large integer n. Let G be a simple group of order n. We
consider two cases.

Case 1. Where G has a proper subgroup of order at least (logn)?. Then
G < Sym(m) where m = [n/(logn)?]. Also G can be generated by at most logn
elements, so there are at most

(m!)logn < (nn/(log7z)2)logn —9n

possibilities for G.

Case 2. Where every proper subgroup of G has order less than (logn)?. We
claim that then n has a prime divisor p > %bg n. Accepting the claim for now,
let P be a subgroup of G of order p and let M be a maximal subgroup containing
P. Put m = |M| and k = m/p. The length of any chain of subgroups refining
1< P < M<QGisat most 2+ logk, so G can be generated by [2 + log k]
elements. Also G < Sym(n/m), so the number of possibilities for G is at most

((n/m)!)z-'rlogk < n(n/m)(2+1og k) _ or

where ) 5+ log k
T:nogn~( +log k) < 16n.
pk
It remains to establish the claim. Suppose that all prime factors of n are
bounded above by x = %log n. The number of these prime factors is then at

most

X

m(@) < (2 +0(1))logz = log x

if n is large enough, by an easy weak form of the Prime Number Theorem (%

Prime numbers). On the other hand, since each Sylow subgroup of G has
order less than (logn)? we have

n=|G| < (logn)> @,
Therefore
logn < 27(z) loglogn
logn

<23 —F—"———logl
- 8(loglogn — 3) g0

a contradiction if n is large. The claim follows, and this completes the proof. m



Window: Permutation
groups

In this Window, all groups are finite unless otherwise stated.

1 Primitive groups

A permutation group acting on a set ) is primitive if it preserves no partition
of Q apart from the trivial ones {Q} and {{a} | @ € Q}. A subgroup G of
Sym(n) is called a proper primitive group if G is primitive and G does not
contain Alt(n). To obtain a useful classification of proper primitive groups is
a longstanding goal of permutation group theory, recently brought much closer
with the help of CFSG: see [Cameron 1981]. We shall need

Theorem 16.4.1 Let G < Sym(n) be a proper primitive group. Then

n!

G| < Ta/2]l (16.1)
G| < 3", (16.2)
G| < neV" (16.3)
where ¢ is an absolute constant; and
|G| < 2" unless G is one of 24 known exceptions. (16.4)

(16.1) was proved by Bochert in 1889; see [DM], Theorem 3.3B. (16.2) and
(16.4) are due to [Mar6ti]; these depend on CFSG. (The slightly weaker bound
|G| < 4™ due to [Praeger & Saxl 1980] does not; nor does the better bound
nevr1o8™ ohtained by L. Babai, see [DM] §5.3). (16.3) follows from [Cameron
1981], Theorem 6.1; this also depends on CFSG.

2 Groups with restricted sections

A section of a group G is a factor A/B where B 9 A < G. Of course, A/B is a
composition factor of G if, in addition, A/B is simple and A is subnormal in G.
It is a chief factor if B <« G and A/B is a minimal normal subgroup of G/B.

351
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We consider the following classes of groups, where k denotes a positive integer
constant.

G € Cy, if no section of G is isomorphic to Alt(k + 1)
G € C7 if no composition factor of G is isomorphic to Alt(n) for any n > k

G € By if G € ¢ and no composition factor of G is isomorphic to a classical
finite simple group of degree exceeding k (here by degree we mean the
degree of the natural projective representation)

G € Ry, if k(M) < k for every non-abelian composition factor M of G

G € R}, if G € By and for every composition factor of G which is a simple
group of Lie type X;(F,), the field degree e satisfies e < k.

Remarks (i) The classes Cy are closed under taking subgroups, quotients and
extensions. Conversely, any class of finite groups with this property, other than
the class of all finite groups, is necessarily contained in Cj, for some k. Similarly,
each of the classes C, By, Ry and R}, is closed under taking normal subgroups,
quotients and extensions.

(ii) Let G be an infinite group. Then either G involves every finite group as
an upper section, or else every finite quotient of G lies in Cj, for some fixed k; in
particular, if (in the latter case) G is a profinite group then G is a pro-Cy group.

(iii) Let Sy denote the set of sporadic simple groups; for 5 € N let A(f)
denote the set of alternating groups Alt(n) with 5 < n < § and X(8) the set
of simple groups of Lie type X;(p°®) (untwisted or twisted) where the Lie rank !
and the field degree e are both < 3. Then

SoUA(B)UX(B) € Ry,

where k = 23 4+ 1. On the other hand, it follows from CFSG that every simple
group in Rj, belongs to Sy U A(B) U X(B) where f = max{8, k}. (A classical
group of Lie rank [ has degree at least [ + 1 and at most 2] + 1, while a group
of exceptional Lie type has Lie rank at most 8) (3> Finite simple groups).

Proposition 16.4.2 For each k there exists k' such that

Ck Q Bk/ and Bk Q Ck/ (16.5)
Rk Q R;ﬁ/ and 'R% Q Rk/. (16.6)

Also C, CC and R}, C By.

Proof. The final statement is obvious.

Note that every simple section of G is a section of some composition factor of
G. Now suppose that C is classical finite simple group of degree n. If Alt(k+1)
is a section of C then n > (2k—4)/3, by [DM], Theorem 5.7A (% Finite simple
groups, Prop. 10). On the other hand, C' contains a copy of (P)SL, (F') for
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some field F', where m > (n 4+ 3)/4, hence C does have Alt(m) as a section (¢
Finite simple groups). It is now easy to deduce (16.5).

To prove (16.6) it suffices, in view of CFSG, to observe (a) that (n —3)/2 <
rk(Alt(n)) < n —1 (3 Finite group theory), (b) that if C' = X;(Fpe) then
both [ and e are bounded above in terms of rk(C), and rk(C') is bounded above
by a function of [ and e (3 Finite simple groups). =

While the class By, is not closed under taking subgroups, the above proposi-
tion gives

Corollary 16.4.3 For each k there exists k" such that if G € By then every
section of G belongs to Byr.

The class By, was introduced in the seminal paper [Babai, Cameron & Palfy
1982]. The main results of that paper are the next two theorems, where
f1, f2,... denote certain arithmetical functions. (This paper considers groups
whose composition factors are the known simple groups in By, and with this
proviso the proofs do not depend on CFSG; the results as stated here do rely
on CFSG.)

Theorem 16.4.4 If G is a primitive permutation group of degree n and G € By,
then
|G| < nf1(k)

Theorem 16.4.5 If V is a finite vector space and G € By is a completely
reducible subgroup of GL(V') then

|G| < |V|f2(k).

Theorem 16.4.4 may be deduced from a more recent result of [Gluck, Seress
& Shalev 1998], which shows that if G € By, is a primitive subgroup of Sym(2),
then € contains a subset A of cardinality at most Ak? such that the pointwise
stabiliser of A in G is {1} (i.e. A is a base for G); here A is some absolute
constant, and it follows easily that then

|G| < nlAl < nAk.

(Liebeck and Shalev have since improved the former result to |A| < Ak; this
implies an earlier result of Pyber that f; may even be taken to be a linear
function of k.)

Of course each class Bj, contains the finite soluble groups. For these we can
give explicit bounds, due to Palfy and Wolf:

Theorem 16.4.6 ([Manz & Wolf 1993], Theorem 3.5) If V is a finite vector
space and G is a completely reducible soluble subgroup of GL(V) then

1
Gl <5 VI
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Theorem 16.4.7 ([Manz & Wolf 1993], Corollary 3.6) If G is a primitive sol-
uble subgroup of Sym(n) then

1
|G| < 57113/4.

Permutation groups in the class C also have bounded orders. The next
result was originally proved with a slightly weaker bound in [Babai, Cameron
& Palfy 1982]; the present form is due to [Maréti] (and for & > 9 to A. Mann,
independently):

Theorem 16.4.8 Let G < Sym(n). If G € C}, where k > 4, then
G < p

where
o= L1t/ (k=1)

Proof. This is clear if n < k. Suppose that n > k and argue by induction
on n. Note that p > 41/3 > 2,

Case 1. Suppose that G is primitive. Since k < n, the group G does not
contain Alt(n); Theorem 16.4.1 (16.4) now shows that |G| < 2771 < p"~! unless
G is one of the 24 known exceptions listed in [Maréti]; for these the claim can
be checked case by case.

Case 2. Suppose that G is imprimitive. Then G preserves a system of blocks
of sizes r1,...,rs, say, where r; < n, s <n and r; +---+rs = n. The action of
G on the set of blocks gives a homomorphism ¢ : G — Sym(s) with kernel K,
say. Let K; denote the group of permutations induced by K on the ¢th block.
Then K; < Sym(r;) for each i, and the inductive hypothesis gives |K;| < "1,
while |¢(G)] < p*~t. Tt follows that

S
Gl < ]I [6(G)] < p= e pl=1) = =t
=1

[

The constant p given here is best possible, as shown by the iterated permu-
tational wreath product of k" copies of Sym(k), a permutation group of degree
n = k"1 and order k!(»~1/(*=1)  This observation is also due to Maréti.

Taking k& = 4 we deduce

Corollary 16.4.9 If G is a soluble subgroup of Sym(n) then |G| < u"~! where
p=(24)"3.

This was obtained earlier by Dixon (see [DM], Theorem 5.8B)

One connection with subgroup growth (by no means the only one) is mani-
fested in the following way. Let H be a subgroup of G. The normal core of H
in G is

coreg(H) = ﬂ HY,
geaG
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this is the biggest normal subgroup of G contained in H. Similarly, the subnor-
mal core of H is
coreqng(H) = (K << G| K < Hy;

by a classical theorem of Wielandt (see [R], 13.1.8) this is the biggest subnormal
subgroup of G contained in H. The following result is from an unpublished
manuscript of L. Pyber and A. Shalev.

Proposition 16.4.10 (L. Pyber & A. Shalev) Let X be a family of finite
groups.
(i) there exists k such that X C C if and only if there exists ¢ such that

|G : coreq(H)| < l&H] (16.7)

for every G € X and every H < G (‘exponential core condition’).
(ii) there exists k such that X C By, if and only if there exists ¢ such that

|G : coresng(H)| < |G : HIf (16.8)
for every G € X and every H < G (‘polynomial subnormal core condition’).

Proof. (i) Suppose that G € C;'; we may assume that k¥ > 6. Let H < G
with |G : H| = n. Then the action of G on the right cosets of H gives a
permutation representation G — Sym(n) with kernel coreg(H), and it follows
by Theorem 16.4.8 that

|G : coreg(H)| < p" 1

so (16.7) holds with ¢ = k (since p < k).

Conversely, suppose that (16.7) holds, and that G has a composition factor
isomorphic to S = Alt(m), where m > 7. Let N < G be maximal such that
S is a composition factor of G/N, and write G = G/N. Then G has a unique
minimal normal subgroup M = S7 x --- x S, where S; = S for each i, and
Cs(M) = 1. Let U be a subgroup of index m in Si, put L = Ng(S5;) and
H = Ny(U). Since G permutes Si,..., S, transitively, |é : L| = r, and since
every subgroup of index m in Alt(m) is a point-stabiliser (this holds because
m > 7) we have |L : H| < m. Thus

‘@:H‘gmr.

On the other hand, H NS} = U < S1, so H does notjontain M and it follows
that coreg(H) = 1. Of course, (16.7) still holds with G in place of G, giving

(?) < f@| = |@ : corea(H)| < (|G| <M.

Hence m™/2 < m! < 2¢™ and so m < 2¢2. It follows that G € CS where
k = max{6, [2¢*]}.
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(ii) Suppose that G € By, and let H < G with |G : H| = n. We claim that
(16.8) holds with ¢ = f1(k). Replacing G by G/coreg(H ), we may assume that
G is a subgroup of Sym(n) and that H is the stabiliser of 1, say.

Case 1. Suppose that G is primitive. Then |G| < n® by Theorem 16.4.4,
and the result is immediate.

Case 2. Suppose that G is not primitive. The action of G on a minimal
system of imprimitivity gives a homomorphism 6 : G — Sym(r), where 1 <
r <n and (G) is a primitive subgroup of Sym(r). As above, |6(G)| < r°. Put
K =kerf. Then H N K is the stabiliser of 1 in K, so |K : H N K| is the length
of the K-orbit of 1, which is at most the size of a block, namely n/r. Making the
natural inductive hypothesis, we may suppose that H N K contains a subnormal
subgroup L of K with |K : L| < (n/r)°. But then L is subnormal in G so

|G : coresna(H)| < |G: L =1|G: K||K : L

<7rf(n/r)¢ =n-.

The proof of the converse is similar in spirit to the corresponding part of (i),
but more complicated, and we omit the details. (The result in this direction
will not be needed in this book). m

Corollary 16.4.11 Let G be a transitive subgroup of Sym(n). If G € By, then
the exponent of G is at most n®, where ¢ = f1(k).

Proof. Let H be a point stabiliser in G. By (ii), H contains a subnormal
subgroup U of G with n® > |G : U| = t, say. Then G* < U, so G* < coreg(H) =
1. (The proof of (ii) gives ¢ = fi(k).) m

Let ¢f(G) denote the product of the orders of all the composition factors of
G (each isomorphism type being counted once). The following result, due to L.
Pyber, is a slight variation of one in [Segal 1996,):

Proposition 16.4.12 Let G be a transitive subgroup of Sym(n). If G € By, then
cf(QG) is at most n®, where ¢ = f1(k).

Proof. If G is primitive this is clear from Theorem 16.4.4. Otherwise, G
permutes transitively a set of r blocks, each of size b, where r < n, b < n and
br = n. Let N be the kernel of this action. Provided the blocks are chosen
as small as possible, N induces equivalent transitive permutation groups on
the blocks. So NV is a subdirect product of copies of some transitive subgroup
T < Sym(b), and T € By. Inductively, we may suppose that c¢f(G/N) < r¢ and
cf(T) < b°. The result follows since ¢f(N) = cf(T), ¢f(G) < cf(N)-cf(G/N)
and br =n. =

The next result gives an upper bound for the size of primitive groups un-
der weaker hypotheses than that of Theorem 16.4.4. It may be deduced from
[Cameron 1981], Theorem 6.1.
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Theorem 16.4.13 Let H be a primitive subgroup of Sym(n). If H € C; then
|H| < ncl°8™ where c is a constant depending on k.

Corollary 16.4.14 Let G be a transitive subgroup of Sym(n). If G € C; then
the exponent of G is at most n°l°8™.

Proof. If G is primitive this follows from the theorem. If not, then G
permutes transitively a set of k blocks, each of size n/k, where 1 < k < n.
Let N be the kernel of this action. Provided the blocks are chosen as small
as possible, N induces equivalent transitive permutation groups on the blocks.
Inductively we may suppose that these permutation groups have (the same)
exponent at most (n/k)°°8("/*) and that G/N has exponent at most k¢1°&%,
The result follows since

kclogk . (n/k)clog(n/k) < nclogn.

]
The next result applies to classes such as Cg:

Theorem 16.4.15 ([Borovik, Pyber & Shalev 1996], Thm 1.2) Let C be a
class of finite groups that is closed under taking subgroups, quotients and exten-
sions, contains all finite soluble groups but does mot contain all finite groups.
Then there is a constant ¢ (depending on C) such that for every n, the mazimal
transitive C-subgroups of Sym(n) lie in at most n® conjugacy classes in Sym(n).

Finally we have the following bound for the number of conjugacy classes of
primitive groups:

Theorem 16.4.16 ([Pyber & Shalev 1996], Thm 1.) There is an absolute
constant ¢ such that, for each n, the group Sym(n) has at most n®'°8™ conjugacy
classes of primitive subgroups.

The last four theorems all depend on CFSG. The proofs involve detailed
information on the subgroup structure of finite simple groups and powerful
techniques of permutation group theory; we cannot go into them here.

3 Subgroups of alternating groups

For sets A C ) we make the convention that Alt(A) is identified with the
pointwise stabiliser in Alt(Q2) of '\ A.

Definition Let 2 be a finite set. A standard subgroup of Sym(2) is a subgroup
of the form
Alt(21) x -+ x Alt(£2,)

where €4, ...,€, are disjoint subsets of ) of cardinality at least 5. We allow
r = 0, corresponding to the identity subgroup.

The following theorem is the key to counting subgroups in products of finite
alternating groups.
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Theorem 16.4.17 [Pyber (b)] Let 2 be a finite set and S a standard subgroup
of Sym(§2). Then each subgroup H of S contains a standard subgroup H, of
Sym(Q) such that

1S: H,| <|S:H|. (16.9)

Note that (16.9) is equivalent to
|H : H,|<|S:H|" (16.10)

We sketch the proof, which is basically a dévissage to Bochert’s theorem.
The first reduction is to

Proposition 16.4.18 Let H < Sym(n) where n > 5. Then H contains a stan-
dard subgroup H, of Sym(n) such that

|H : H,| < |Sym(n) : H*. (16.11)
Let us assume this for now and deduce Theorem 16.4.17. So let
H < S =Alt(2) x --- x Alt(£,)

where |©;| > 5 for each i. Put A = Alt(Qy) and B = Alt(2) x - -+ x Alt(Q,.).

Suppose first that r = 1, so S = Alt(n), n > 5. The proposition gives a
standard subgroup H, of H such that |H : H,| < (2|S: H|)3> = 8|S : H|?; this
implies (16.10) unless n < 8. If 5 <n < 7 then

1
|H|§§(n—1)!<n4§|S:H|4,

and we take H, = 1.

Now suppose that » > 1. Then S = A x B. Let X, Y denote the projections
of H into A and B and put Dy = HN A, Dg = H N B. Note that Dy <
X, Dp <Y and

[ X[|Dp| = [H| = |Y|[Da4].

Inductively we may suppose that there exist standard groups X, < X and
Y. <Y such that | X : X,| <|4: X\4 and |V : Y| <|B: Y|4. Put
H,=(HnNnX,)(HNY,) =(DanX,) x(DgNnY,).

Since any normal subgroup of a standard group is standard (because Alt(k)
is simple for k > 5), we see that H, is a standard group. Moreover, since
H<X XY,
|H: H| < |X : X, || X : DaNX,|-|Y Y| |Ys: DpNY|
4 4
A x| Bt
— x|t 1Dal |yt IDsl
4
s
XY|*|H|

(16.12)

<|S:H*.
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This completes the reduction, and it remains to prove Proposition 16.4.18.
Write S = Sym(£2) and put n = |Q|. Note that (16.11) is equivalent to

|H|* < (n))|H,|. (16.13)

Case 1. Where H < S is primitive. This is the heart of the proof. If
H = Alt(n) we take H, = H. Otherwise, H is a proper primitive group, and
Bochert’s result Theorem 16.4.1(1) shows that |S: H| > [n/2]!. It is easy to
see that then
1S H|*>n!=19],

so we may take H, = 1.

Case 2. Where H is transitive but imprimitive. Then H preserves a partition
of Q into blocks g, ..., Qg each of size r, say, where rs =n and 1 < r < n. Let

K = ker(H — Sym(s))

be the kernel of the permutation action of H on the set {4,...,Q} and let
P, < Sym(2;) be the group induced by K on ;. Then the P; are conjugate
under H and H is contained in the permutational wreath product P Sym(s)
where P = Py; so

|H| < |P?%|s! < (r!)°sl.

Choosing r as small as possible we ensure that P is a primitive subgroup of
Sym(€;) = Sym(r). We will repeatedly use the elementary estimate

(rh?(sh” < nl.

Subcase 2.1: where 2 < r < 4. In this case we have
[H|* < (r)*(s)* < (n))?

(an easy estimate if s > 3, a direct calculation when s = 2). So H, = 1 will do.

Assume henceforth that » > 5, and put

Q = Alt(Qq) x -+ x Alt(9Qs).

Subcase 2.2: where P is a proper primitive subgroup of Sym(€;). Applying
Bochert’s theorem to P we find that [H|* < (n!)® by a calculation similar to
the preceding subcase. Take H, = 1 in this case.

Subcase 2.3: where K > Q. Put H, = Q). A simple calculation shows that
(16.13) holds in this case.

Subcase 2.4: where K does not contain @ but P; > Alt(;) for each i. Then
K N P; =1 for each i. The following is a nice exercise:
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Lemma 16.4.19 Let N < Q = Ay X---x As where the A; are isomorphic finite
simple groups. Suppose that N projects onto each direct factor A; but N # A;

for each i. Then |N| < \Q|1/2.
(cf. [Cameron 1999], Exercise 4.3). Applying this to K N Q we infer that
IKNQ| < |Q|1/2 and hence that

K| <2°|K NQ| < 2%(r!/2)*/2.
A short calculation using |H| < s!|K| now yields |H|* < (n!), and we take
H, =1 in this case.

Case 3: where H is intransitive. Then H < AXx B where A = Sym(§;), B =
Sym(£22) and Q = Q; U Qy is a non-trivial partition of Q. Put r = |Q4] and
s = |Q9] = m — r, and suppose that r < s. As above, let X, Y denote the
projections of H into A and B and put Do = HN A, Dg = H N B. Note that
S H| > S AB| = (7).

Subcase 3.1: where s < 4. One verifies directly that (:)4 > n!, whence

3
|H| < rlsl < (”) <|S:H.
T

Take H, = 1.

Subcase 3.2: where r < 4 < s. Suppose that Dg < B. Inductively we
may suppose that Dp contains a standard subgroup T such that |Dg:T| <
|B: Dp|*. In this case we put H, = T. Then

|H:H,| < |H:Dg||B:Dg|
<|A|-|AB: H|?
-3
n 3 24 3
<rl cHI” < —|S:H|".
<n(") Isal < s ]
If Dp = B we take H, = Alt(Q) and get |H : H,| <48 < |S: H|.

Subcase 8.8: where s > r > 5. Suppose that X < A and Y < B. Inductively
we find standard subgroups X, < X and Y, <Y such that | X : X,| < |A: X|*
and |Y : Y,| < |B:Y|’. Put

H.=HNX)HNY,) =(DanX,) x(DpNY,).

As in (16.12), above, we then have
-3
\H:H,|<|AB: H|> < (“) 1S H|®.
7

If X = AorY = B, replace H by the inverse image in H of Alt();) x
Alt(22). This introduces a factor of at most 4% in the last equation. In any
case, |H : H,| < |5 : H|".

This completes the proof.



Window: Profinite groups

For background on profinite groups we recommend Wilson’s book [Wi] and the
book of Ribes and Zalesskii [RZ], where detailed proofs and generalisations can
be found for the results stated below. For pro-p groups a convenient source is
the book of Dixon, du Sautoy, Mann and Segal [DDMS].

Let us recall some definitions and elementary properties.

Let C be a class of finite groups. We assume throughout that C is closed
under taking normal subgroups, quotient groups and finite subdirect products,
and that C contains a non-trivial group. A pro-C group is the inverse limit of an
inverse system of epimorphisms of groups in C. When C is the class of all finite
groups a pro-C group is called a profinite group. This is a compact Hausdorff
topological group whose open subgroups form a base for the neighbourhoods
of 1 (and a subgroup is open if and only if it is closed and of finite index).
In general, a profinite group G is a pro-C group if and only if G/N € C for
every open normal subgroup N of G. When C is the class of all finite p-groups
for a fixed prime p (respectively, all finite nilpotent groups, or all finite soluble
groups), a pro-C group is called a pro-p group (resp. a pronilpotent group, a
prosoluble group).

In the context of profinite groups, one commonly uses ‘subgroup’ to mean
‘closed subgroup’, and ‘generating set’ to mean ‘topological generating set’; in
particular, a profinite group is said to be finitely generated if it is topologically
generated by a finite subset (note that an infinite profinite group can never be
finitely generated as an ‘abstract’ group, since it is necessarily uncountable).
Also ‘homomorphism’ normally means ‘continuous homomorphism’. The profi-
nite group G can be generated by d elements if and only if G is the inverse limit
of finite d-generator groups, and this holds if and only if G/N is a d-generator
group for every open normal subgroup N of G.

1 Completions

Let T be a finitely generated group. The pro-C topology on I is defined by taking
as a fundamental system of neighborhoods of the identity the collection of all
normal subgroups N of I" such that I'/N € C. A subgroup H is then open in
T if and only if H contains a normal subgroup N of T" such that I'/N € C (this
implies that H has finite index in T'). We can complete I' with respect to this

361
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topology to get
Te =lim{T/N|N <T and T/N € C};

this is the pro-C completion of I' (it is denoted I's in [RZ]). It has a natural
topology, making it into a pro-C group, inherited from the product topology on

[[{r/N|N<T and /N €}

where each of the finite groups I'/N is given the discrete topology. There is a
natural homomorphism (continuous w.r.t. the pro-C topology)

i:T —Te

given by i(y) = lim(yN). The kernel of i is the C-residual of T', that is the
intersection of all N <1 T" such that I'/N € C. In particular, ¢ is injective if and
only if I' is residually-C, that is, if the C-residual of I' is equal to 1.

If C = {all finite groups} we write I'c = I': this is the profinite completion
of T'; if C = {all finite p-groups} we write fc = fp: this is the pro-p completion
of ' (also sometimes denoted I'j; the authors disagree as to which notation is
preferable).

Proposition 16.4.1 The universal property: the pair (fc,i) is characterized
by the following: i(T') is a dense subgroup of fc, and for every pro-C group P
and every continuous (relative to the pro-C topology) homomorphism ¢ : I' — P
there exists a (necessarily unique) continuous homomorphism @, : fc — P
such that @, oi = . Moreover, this holds if it holds for every continuous
homomorphism ¢ from T to a (finite) group P € C.

If C; C Cy then fcl is the maximal pro-C1 quotient of fcz-

Note that if C is closed under taking subgroups, then every homomorphism
I' — P is continuous.

When the group I is residually-C, we normally identify I" with its image
under 7 in I¢.

Corollary 16.4.2 Let N < . Then the quotient mapping ' — T'/N induces
an isomorphism

Te/N = (T/N),
where N denotes the closure of i(N) in Te.

__ Proof. N is contained in the kernel of the composed homomorphism I' —
I'c — T'¢/N so we have an induced homomorphism I'/N — T'¢/N. This in

turn induces a homomorphism « : mc — Te¢ /N. On the other hand,
I' - I'/N induces a homomorphism Te — (I'/N). whose kernel contains N,

giving #: [¢/N = (I'/N)¢. It is easy to see that o and 3 are mutual inverses.
[
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Proposition 16.4.3 Suppose that T is residually-C. Then there is a one-to-
one correspondence between the set X of all subgroups of I that are open in the
pro-C topology of I' and the set Y of all open subgroups of T'c, given by

X—X (HeX)
Y—yYnl (YeY)

where X denotes the closure of X in fc. Moreover,
IT': X| = ’fc Y‘
This shows that the number
an(l'c)

of open subgroups of index n in fc is equal to the number of subgroups of index n
in T that are open in the pro-C topology. For example, we have a,(T") = a,(T")
for each n, while an(fp) is equal to the number of subnormal subgroups of
index n in I' when n is a power of the prime p. Though quite elementary this
observation is fundamental for this book, and we sketch the proof.

Write G = I'¢, and let N be a normal subgroup of I' such that T'/N € C.
Then I'/N is a pro-C group so the residue-class mapping ¢ : I' — I'/N induces
a homomorphism ¢, : G — I'/N such that .|r = ¢. Thus writing N = ker o,
we have NN T = N; also N is open in G (being a closed subgroup of finite
index), and as I' is dense in G it follows that N is exactly the closure N of N
in G and that NI' = G. Thus I'/N is naturally isomorphic to G/N, and the
assignment X +— XN is an index-preserving bijection from the set of subgroups
X of I with V < X to the set of all subgroups Y of G with Y > N. Tt is clear
that if Y = XN then Y NT" = X and that Y is the closure of X in G. All the
claims of the proposition follow easily from this.

We emphasise that subgroup growth questions about profinite groups always
refer to the number of open subgroups of a given index; it is not known whether
a finitely generated profinite group can have subgroups of finite index that are
not open. (This cannot happen in pro-p groups — see [DDMS], Chapter 1 — nor
more generally in prosoluble groups [Segal 2000]).

Proposition 16.4.4 Assume (additionally) that the class C is closed under tak-
ing subgroups and extensions. Suppose that I' is residually-C and that X <T' is
open in the pro-C topology. Then the closure of X in T¢ is isomorphic to Xc.

Proof. Suppose M < X is such that M/X € C. Let My be the T'-core of
M (the intersection of all T'-conjugates of M); then X/My € C, being a finite
subdirect product of copies of X/M. Also there exists N < I" with N < X
such that I'/N € C. Now put D = My N N. The hypotheses on C imply that
I'/D € C. From the proof of Proposition 16.4.3 we have

X=XD,XNT'=X and XND=I'NnD=D.
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Thus the quotient map X — X/D lifts to the quotient map X — X /D, and
it follows that the quotient map X — X/M lifts to a homomorphism from X
onto X/MD = X/M.

This shows that the inclusion mapping X — X has the universal property
with respect to continuous homomorphisms from X into C-groups, and the result
follows from Proposition 16.4.1. m

2 Free profinite groups

Let r be a positive integer and let F' = F. be the free group on the set
X = {x1,...,2,}. The pro-C completion F¢ of F is the free pro-C group on
r generators. That is, the mapping

j:i|X:X—>]/7\c

has the universal property: for every pro-C group G and every map ¢ from the
set X to G there is a unique continuous homomorphism ¢ : F — G such that

poj=ep.

Proposition 16.4.5 Assume (additionally) that the class C is closed under tak-
ing subgroups and extensions. Let F' = F.
(i) Let T be a subgroup of F that is open in the pro-C topology, with |F : T| =
1. Then the closure T of T in ﬁc is a free pro-C group on 1+1(r —1) generators.
(ii) Let Y be an open subgroup of index 1 in ﬁc. Then'Y is a free pro-C group
on 14 1(r — 1) generators.

It is known (see for example [RZ], Proposition 3.3.15) that F is residually-C.
The proposition then follows from Propositions 16.4.1 and 16.4.4, in view of the
Nielsen-Schreier Theorem (see [R], Theorem 6.1.1) which shows that X is a free
group on 1+ I(r — 1) generators. But a warning is needed here: the proof of
Proposition 16.4.4 used crucially the fact that C is closed under extensions. (In
fact we gave the proof to stress this point!) If C is the class of nilpotent groups,
for example, which is not extension closed, then Proposition 16.4.5 fails to hold.
Indeed, F¢ is then the Cartesian product of its Sylow pro-p subgroups F},, over

all primes p; so ﬁc has an open subgroup of prime index ¢ which takes the form

T, < 7,
PF#q

where F™* is free on 1+¢(r—1) generators; this group is neither free pro-nilpotent
on r generators nor on 1+ ¢(r — 1) generators.

For most purposes, it is safe to assume that we are dealing with a class C
that has all the desirable closure properties mentioned above; however, we will
also be interested in group classes defined by restrictions on composition factors:
such classes are not in general closed under taking subgroups, so a little care is
sometimes necessary.
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Warning The definition of a free pro-C group on an infinite set of generators
has to be slightly modified: see [Wi] §5.1 or [RZ] §3.3. We shall not be needing
this.

3 Profinite presentations

We assume throughout this section that the class C is closed under subgroups,
quotients and extensions. Let F' = F¢ be the free pro-C group on the finite set
X ={z1,...,z4}, and let K be a closed normal subgroup of F'. Suppose that
K is generated as a closed normal subgroup of F' by a subset Y (that is, K is
generated topologically by the conjugates of all elements of Y'). We write

F/K =(X;Y).

It is natural to interpret this as the pro-C group generated by X subject to
the ‘relations’ Y, but we have to extend the language of ‘group words’ in the
following way. If w € F and H is a pro-C group containing elements hq, ..., hq,
the expression

U)(hl,...,hd)

denotes the element p(w) € H where ¢ : F — H is the unique homomorphism
F — H sending x; to h; for i = 1,...,d. It is now clear that (X;Y) has
the usual universal property: if G is any pro-C group generated by d elements
g1, ---,9q such that

w(g1,...,94) =1 forall w ey,

then there exists a unique epimorphism 7 : (X; Y) — G with 7(z;K) = g; for
i=1,...,d

In particular, if this 7 is an isomorphism we say that G is generated by
{91,...,9a} subject to the relations {w(gi,...,9q4) | w € Y}, and write

G=1(g1,---,9a;Y) "

This is called a pro-C presentation of G (it is usual also to say that G has a
pro-C presentation (X; Y) if X is a set bijective with {g1,...,94}).

Proposition 16.4.6 Suppose that G = fc where T is a finitely generated (ab-
stract) group. If

r=(Xx;Y)
is a presentation for T (in the usual sense), where X is finite, then
G=(X;Y)

s a pro-C presentation for G.
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Proof. Let ® be the free (abstract) group on X and N the normal closure
of Y in ®. By Corollary 16.4.2 we have

O¢/N = (®/N), =T¢ = G.

The result follows since E)C is the free pro-C group on X and N is the closed
normal subgroup generated by (the image of) Y. m

It follows that if a finite group I' € C has a presentation with d generators
and r relations, then it has such a pro-C presentation. Whether the converse is
true, however, is a long-standing open problem, both for C the class of all finite
groups and for C the class of finite p-groups (the problem is whether a set of
r ‘infinite’ relations, i.e. profinite ones, can be replaced by a set of r ordinary
finite relations).

For the remainder of this section, we take C to be the class of all finite
groups, and consider profinite presentations of a finite group G. Let F be the
free profinite group on a set X of d generators and suppose that

G =F/N = (X; R)

where now N is an open normal subgroup of F, generated as a normal subgroup
by the set R. Write N’ = [N, N] for the closure of the derived group of N. Then
G acts by conjugation on the abelian group N/N’, and the resulting G-module
is called the relation module of the associated presentation. For each prime p,
we put N(p) = N'NP and call N/N(p) the mod p relation module.

For any G-module M let dg(M) denote the minimal number of module
generators required by M. It is obvious that

da(N/N(p)) < da(N/N') < |R|

for each prime p. In Chapter 2, §2.3 we show that in fact there exists a set of
relations R with
[R| = masda(N/N ()

(this is essentially Proposition 2.8 of [Gruenberg 1976]). Thus to determine

the minimal number of (profinite!) relations needed to define G, it suffices to

find the numbers de(N/N(p)). Remarkably, this information is contained in the

represenation theory of G. The following result is due to [Gruenberg 1976]; see

also [Lubotzky 2001] for the case where G is profinite (not necessarily finite).
Let S denote the set of all simple F,[G]-modules, and for M € S put

Ev=0if M=F,

Ev=1if M2F,.
Then Gruenberg’s formula is as follows:
Proposition 16.4.7

dim H%(G, M) — dim H'(G, M)
dim M

o/ ) = o { |

MeS

WgM}+d.(w1)
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(If p 1 |G|, this formula reduces to dg(N/N(p)) = d, a result obtained earlier by
Gaschiitz.)

Now fix M € §. Then E = Homg(M, M) is a finite field extension of F,,
and both H*(G, M) and H?(G, M) have a natural structure as E-modules. Put

em = (E:Fp)

ry = dimg (M)

sy = dimp HY (G, M)

ty = dimpg H*(G, M).
Let /(M) be the maximal integer such that M*M) is a quotient module of
N/N(p); then

Homg (N, M) = Homg(N/N (p), M) = B3,
Now the key step is
Lemma 16.4.8 For each M € S,
M) =ry(d—Em) —sm +tu.

Proof. Considering M as an F-module, we have the 5-term exact sequence
corresponding to the extension 1 - N — F — G — 1:

0— HYG,MN) - HY(F,M) — H' (N, M)® — H*(G,M"™) — H*(F, M)
(%)
(see [RZ] Corollary 7.2.5).
Now as M is trivial as an N-module,

HY(N, M)% = Homg(N, M) = E‘),
Also

d - dimp, M if M is the trivial G-module
(d—1)dimg, M if M is non-trivial

= (d—&m)emrm;

dimg, H'(F, M) = {

while since MY = M we have
dime Hl(G, MN) = €eMSM,
dim[pp HQ(G, MN) = eMtM.
Note finally that H2(F, M) = 0 because F is free. Putting this information into
(*) gives
exrsy — (d—Eap)enrar + el (M) — eprtar = 0.

The lemma follows. =

Note now that
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(i) M™ is the maximal direct power of M which appears as a quotient of
F,[G]. Indeed, if M occurs v’ times then

M = Homg, (¢)(F,[G], M) 2 Homg, o) (M, M)" = E"’;

ii) dg (M) is equal to the smallest integer k such that M*M) appears as
(if) da( q g pp
quotient of F,[G]".

Together these imply that

o -2,

An elementary argument shows that

de(N/N(p)) = max dg (M),

Using the formula for (M) given in the lemma we deduce finally that

da(N/N(p)) = max V(M)-‘ = max (FM_SM-‘ —&m + d) .

MeS | Ty ™M

This completes the proof of Proposition 16.4.7.



Window: Pro-p groups

A pro-p group is an inverse limit of finite p-groups, or equivalently it is a profinite
group (3 Profinite groups) in which every open subgroup has index a power
of p ; here p denotes a prime, kept fixed throughout. It is important to note
that a non-trivial profinite group can be a pro-p group for at most one prime p
(otherwise the only open subgroup is the whole group).

We consider only closed subgroups and continuous homomorphisms; so (X)
denotes the closed subgroup generated by a subset X in a pro-p group G,
G' = [G,G] the closure of the derived group, and GP" the closed subgroup
generated by all 7", z € G. As usual, d(G) denotes the minimal cardinality of
a (topological) generating set for G.

The lower central p-series of a pro-p group G is defined by

P (G)=G
Po(G) = [Pr1(G), Pra (G| Paa (G)” (0> 1).

The modular dimension series or Jennings-Zassenhaus series is defined by

Di(G) =G
Dn(G) =[] [Di(G),Dj(G)] Dy (G)P (n>1).
i+j=n

The material of the first two sections can all be found in [DDMS] and/or in
[Wi].

1 Generators and relations

Let G be a pro-p group. The Frattini subgroup ®(G) of G is the intersection of
all maximal (open) subgroups of G. Every maximal subgroup of G is normal
and of index p, (because the same is true for finite p-groups), and so contains
G'GP. Therefore ®(G) > G'GP. On the other hand, G’'GP is an intersection
of open normal subgroups N of G; for each such N the group G/N is a finite
elementary abelian p-group and satisfies ®(G/N) = 1. Therefore ®(G) < [N,
and we have

Proposition 16.4.1 If G is a pro-p group then ®(G) = G'GP.

369



370 PRO-p GROUPS

It follows that if 0 : G — H is an epimorphism of pro-p groups then
0(P(Q)) = o(H). (16.1)

A subset X of G generates G if and only if X ¢ M for every maximal
subgroup M; this holds for X if and only if it holds for ®(G)U X . Consequently
G = (X) if and only if G = (X) ®(G). Considering G/P(G) as a vector space
over IF,,, we deduce that G is finitely generated if and only if G/®(G) is finite-
dimensional, in which case

d(G) = dimg (G/D(G)).

This fact makes pro-p groups much easier to manage than profinite groups
in general. Here is one application (for generalities on profinite presentations
see the Profinite groups window).

Proposition 16.4.2 Suppose that the pro-p group G has a finite pro-p presen-
tation G = (X; R). Then G has a pro-p presentation (Y;S) such that

Y[ =d(G), |S] = |R] = (IX] = d(G)).

Proof. Let F be the free pro-p group on the set X. We are given an
epimorphism 6 : FF — G with kernel <RF > This induces an epimorphism
¢ : F/®(F) — G/®(G), and it follows from (16.1) that ker ¢ = (R") ®(F) =
(R) ®(F). Let rq,...,rx € R be such that {ri®(F),...,r®(F)} is a basis for
(R) ®(F)/®(F), and extend this to a basis {r1 ®(F),...,r,2(F),s1P(F),...,s,D(F)}
of F/®(F). Then

n = dims, (G/2(G)) = d(G),
k=d(F)—n=|X|-dG).

Now put Ry = {r1,...,7} and let N be the normal closure of Ry in F. It is
easy to see from the universal property that F/N = F is the free pro-p group
on the set Y = {s1N,...,s,N}, and 6 induces an epimorphism 6* : F — G.
Moreover,

kerd" = (RF) N/N = (S7)

where S is the image of R\ Ry in F. The result follows since |S| < |R| — k (if
this inequality is strict we may just repeat some relators). m

It is plausible to suppose that a pro-p group G = (X; R) must be large if | R|
is small compared with |X|. The celebrated theorem of Golod and Shafarevich
asserts that if | X| = d(G) and |R| < |X|* /4 then G must be infinite; recently,
[Zelmanov 2000] has proved that under these conditions, G must in fact contain
a non-abelian free pro-p subgroup. Here we prove the very easy

Lemma 16.4.3 Suppose that the pro-p group G has a finite pro-p presentation
G =(X;R). If |R| < |X]| then G has an infinite abelian quotient.
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Proof. We have G = F/N where F is the free pro-p group on d generators
and N is generated by the conjugates of z1, ..., x,, say, where r = |R| < | X| = d.
Then G/G' = F/NF'. Now F/F' = Z% and NF'/F' is generated by the r < d
elements x; F’. Since every Z,-submodule of finite index in Zg is isomorphic to
Zg it follows that N F’ has infinite index in F. m

The same argument applied to the abstract free group on d generators gives

Lemma 16.4.4 FEvery finite presentation of a finite group needs at least as
many relators as generators.

2 Pro-p groups of finite rank

The rank of a profinite group G is

tk(G) = sup {d(H) | H <, G}
=sup{d(H) | H is a closed subgroup of G}.
The following portmanteau theorem summarises much of the book [DDMS];

for detailed references see [DDMS], Interlude A. The results are due mainly to
[Lazard 1965] and [Lubotzky & Mann 1987].

Theorem 16.4.5 For a pro-p group G the following are equivalent:

a G has finite rank;

b G has the structure of a p-adic analytic group;

c G is isomorphic to a closed subgroup of GL4(Zy) for some d;
d G is finitely generated and virtually powerful;

e G is virtually uniform;

f G is finitely generated and for some n, or for infinitely many n, D,(G) =
Dyi1(G);

g G has PSG, or PIG, or is boundedly generated.

Of these, (b) is mentioned mainly for interest, and will only be used in
Chapter 16. PSG means ‘polynomial subgroup growth’: that this is equivalent
to finite rank for pro-p groups is proved in Chapter 4 of this book. The conditions
PIG (‘polynomial index growth’) and ‘bounded generation’ are discussed in
Chapter 12.

To say that G is powerful means that G/GP is abelian (if p is odd), that
G/G* is abelian (if p = 2); this is equivalent to saying that G is the inverse
limit of a system of powerful finite p-groups with all maps surjective (3> Finite
group theory). G is uniform if G is powerful and

d(G) = dimg, (P, (G)/Pn11(G)) < oo foralln > 1.
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This holds if and only if G is f.g., powerful and torsion-free ([DDMS], Chapter
4).

If G is f.g. and powerful then for each n > 1,
1

PG =" ={g" " g€ G} = 0(Paa(G).

If G is a pro-p group of finite rank then there exists d such that d(H) = d for
every open uniform subgroup H of G. This number d is called the dimension
of G and is denoted dim(G). This is equal to the dimension of G as a p-adic
analytic group. Evidently

dim(G) < rk(G).

If G is powerful then we also have

In particular, if G is uniform then rk(G) = dim(G), so every subgroup of G can
be generated by dim(G) elements. As one would expect, dimension is additive
on extensions:

Proposition 16.4.6 ([DDMS], Theorem 4.8) Let G be a pro-p group of finite
rank and N a closed normal subgroup of G. Then

dim(G) = dim(N) + dim(G/N).

The next result in the case of finite p-groups is discussed in the window on
Finite group theory. For the proof see [DDMS], Corollary 3.14:

Proposition 16.4.7 Let G be a pro-p group and r a positive integer. If every
open subgroup of G contains an open normal subgroup N of G with d(N) < r
then G has finite rank.

Now let us examine the implication (¢) = (a) in Theorem 5 more closely.
Fix a positive integer d and for i > 1 let

['(i) = GLZ(ZI)) = {9 € GLa(Zy) | g=1a (modpi)}
A(i) = SLY(Zp) = {g € SLa(Zy) | g = 14 (mod p')} .

Thus T'(i) is the kernel of the residue map GL4(Z,) — GL4(Z,/p'Z,), and
similarly for A(i) (these are ‘principal congruence subgroups modulo p*’). The
following is proved in [DDMS], Chapter 5:

Proposition 16.4.8 Let i > 1 if p is odd, i > 2 if p = 2. Then I'(i) is a
uniform pro-p group of dimension d2.

‘We now deduce
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Corollary 16.4.9 (i) Suppose that p # 2. Then tk(A(1)) = d* — 1.
(ii) Suppose that p = 2. Then tk(I'(1)) < 2d? and tk(A(1)) < 2d% — 1.

Proof. (i) The mapping g — detg is a homomorphism from I'(1) into
the multiplicative group U = 1 + pZ, C Z;, with kernel A(1) and nontrivial
image. Now U = Z, (by the logarithm map, or apply the proposition with
d = 1). Therefore I'(1)/A(1) =2 Z,. The claim follows because dim is additive
on extensions ([DDMS] Theorem 4.8).

(ii) Write V = Z(Qd). Then T'(1)/T'(2) acts faithfully on V/4V and trivially on
both V/2V and 2V/4V. The mapping g — g — 1 therefore induces an injective
homorphism from T'(1)/T'(2) into Hom(V/2V,2V/4V) = FS). Since rank is
(obviously) sub-additive on extensions it follows that tk(T'(1)) < rk(I'(2))+d? =
2d2.

The argument of (i) shows similarly that rk(A(2)) = d?> — 1. As A(1)/A(2)
is isomorphic to a subgroup of T'(1)/T'(2) it follows as before that rk(A(1)) <
tk(A(2)+d?>=2d*>—-1. m

For a more direct argument, see the proof of [Wi|, Lemma 8.3.3.

3 Linear pro-p groups over local fields

In this section, K will denote a local field of positive characteristic £. The ring
of integers of K is denoted Og.

Proposition 16.4.10 Suppose that G < GL,,,(K) is a pro-p group where p # £.
Then G is finite.

Proof. Since G is compact, it can be conjugated into GL,,(Ok). Since this
is virtually a pro-¢ group, it follows that G has a subgroup H of finite index
that is both a pro-p group and a pro-¢ group. Since p # £ this forces H =1. m

The following major theorem describes the structure of compact subgroups
in general:

Theorem 16.4.11 ([Pink 1998], Corollary 0.5) Let G be a compact subgroup
of GL,,(K). Then there exist closed normal subgroups Ls < Lo < Ly of G such
that:

(1) G/Ly is finite;

(2) Ly/Ls is abelian of finite exponent;

(8) if Lo/ L3 is infinite, there exist a local field E of characteristic £, a connected
adjoint semi-simple algebraic group H over E with universal covering : H—
H, and an open compact subgroup A C ﬁ(E), such that Lo/Ls is isomorphic
as topological group to w(A);

(4) Ls is a soluble group of derived length at most m.

Corollary 16.4.12 Suppose that G < GL,,,(K) is a pro-p group of finite rank.
Then G is virtually abelian.
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Proof. By Proposition 16.4.10 we may assume that p = £. It is easy to see
that now G/Ls is finite. We claim that Lo /L3 is also finite. Suppose not. Then
Ly/L3 is a pro-p group of finite rank which is isomorphic to an open compact
subgroup A of a semi-simple group H over a characteristic-p local field E. But
this is impossible. Indeed, E is isomorphic to F,((¢)) for some ¢ = p*, and A is
commensurable to H(F,[[t]]) = P, say. The congruence subgroups

P = ker(H (Fy[[t]]) — H(F,[[1]/ ("))

satisfy [Py, P,|P? < Py, and |P, : Pa,| > p™ for all n. Thus P,/Ps, is an
elementary abelian p-group of rank at least n. It follows that P, and therefore
also A, has infinite rank as a pro-p group, and so cannot be isomorphic to
Ly/L3. (One could also deduce the same conclusion from [Pink 1998], Corollary
0.3, which shows that if two open compact subgroups of simple algebraic groups
over local fields are isomorphic, then the fields are the same, and the algebraic
groups are isomorphic.)

We conclude that Ls is of finite index in G, so G is virtually soluble. By the
Lie-Kolchin-Mal’cev theorem (% Linear groups), G has a unipotent normal
subgroup U such that G/U is virtually abelian, and we may take U to be closed
in G. Then U is a pro-p group of finite rank and has exponent dividing p™,
so U is finite. As G is residually finite it follows that G is virtually abelian as
claimed. m

Remark The ranks of torsion-free abelian subgroups pro-p subgroups of
GL,,(K) are not bounded. Even GL;(F,[[t]]) contains free abelian pro-p sub-
groups of arbitrarily large rank: for example, for every set of primes {q1, ..., ¢},
the elements {1 +t% | i =1,...,l} generate a free abelian pro-p group of rank

l.

A more elaborate application of Pink’s theorem leads to

Theorem 16.4.13 [Barnea & Larsen 1999] The group GLy,(K) contains no
free non-abelian pro-p subgroup.

4 Automorphisms of finite p-groups

Proposition 16.4.14 Let A be a finite abelian p-group of rank r. Then the
p-rank of Aut(A) is at most £(3r* —r) if p is odd, 3(57* —r) if p=2.

Proof. Let V = Zj(f) and identify A with a quotient Z,-module V/K of V.
Let I' be the stabiliser of K in Autz, (V). Since V' is a free Z,-module every
automorphism o of A lifts to a Zy-endomorphism a* of V; each such o* is
surjective since V = K +Va* and K < Vp, hence a* is also injective, so in fact
a* € T'. Tt follows that the natural mapping from I" to Aut(A) is surjective, and
hence that

rp(Aut(A)) < ury(T) < ur,(Autz, (V)).
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Now Autz, (V) = GL,(Z,). Using Proposition 7 or Corollary 16.4.9 we have

ur, (GL,(Zy)) < rk(GLi(Zp)) + 1p(GLy (Fp))
<er?+r(r—1)/2,

where GL;(Z,) is the first congruence subgroup in GL,(Z,) and ¢ = 1 if p is
odd, € = 2 if p = 2 (for the p-rank of GL,(FF,) see the window on Finite group
theory). The result follows.

For a direct proof, see [Wi], Lemma 8.3.3. m

Lemma 16.4.15 Let G be a finite p-group and P < G. Let A be maximal
among the normal abelian subgroups of G contained in P. Then Cp(A) = A.

Proof. Suppose Cp(A) > A. Then Cp(A) contains an element z ¢ A such
that zA is in the centre of G/A. But then A (z) is abelian and normal in G,
contradicting the maximality of A. =

Proposition 16.4.16 Let P be a finite p-group of rank r and Q) a p-subgroup of
Aut(P). Then the rank of Q is at most 3(5r® —r) if p is odd, at most (7r* —r)
ifp=2.

Proof. Put G = Px(Q. Let A < G be as in the lemma, and put C' = Cg(A).
Then [P,C] < CNP = A, soC/Cc(P) embeds into Der(P/A, A) via

¢ (h—[h,c]).
Since @ N Ce(P) =1 it follows that
QNC < Der(P/A, A) — A™.

Thus tk(Q N C) < 2.
Proposition 16.4.14 shows that the rank of any p-subgroup of Aut(A) is at
most 92 )
re—r or< —r
2 =2).
5 (#2), 57— (=2
Since Q/(QNC) acts faithfully on A this is an upper bound for rk(Q/(QNC)),
and the result follows since

1k(Q) < rk(QN C) +1k(Q/(QN C)).

m
(A weaker bound is given in [Segal & Shalev 1997], Lemma 2.1.)
5 Hall’s enumeration principle

This is a form of the inclusion-exclusion argument in combinatorics particularly
adapted to counting sets of subgroups in p-groups.
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For integers r > t > 0 we write

=" e e -l

this is the number of subspaces of dimension (or codimension) ¢ in the vector
space IF;.
We begin with two lemmas.

Vel

This is immediate from the defining formula; we prefer to see it as an exercise
in counting subspaces. Let V = IF;H > U = F,. For each subspace W/U of
codimension ¢t — 1 in V/U there are precisely p"~'*! complements to U in W,
giving altogether p™~*+1[ " | subspaces of codimension ¢ in V; the remaining

Lemma 16.4.17

subspaces of this codimension in V' all contain U, and there are [:] of them.

Lemma 16.4.18 The following identity holds:

l:I(X 7pt) _ Z(il)tpt(tfl)/2 |::;] Xt (162)

t=0 t=0

Proof. Let F(r, X) denote the polynomial on the right-hand side of this
identity. It is easy to see that F/(1,X) = X — 1. Now let » > 1 and suppose that
F(r, X) = [ (X — "),

Now consider the coefficient of X" ™1~ in F(r, X)(X — p"). For ¢t > 1 this is
equal to

4 t—1

+1
— (—1)tptt—1)/2 r
(=1'p ;

(_l)tpt(t—l)/Q H . (_l)t—lp(t—l)(t—Q)/2|: r }

by Lemma 16.4.17; for ¢ = 0 it is equal to 1. In either case this is the coefficient
of X1~ in F(r +1,X), so we have F(r, X)(X —p") = F(r + 1, X) and the
lemma follows by induction. m

We can now state the main result, due to [Hall 1934]; he considered finite
p-groups but the proof is the same:

Proposition 16.4.19 Let G be a pro-p group, ® = ®(G) = |G, G|G? its Frat-
tini subgroup and d = d(G). Forl <t <r let

ot 4}
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be the set of all subgroups K of G with ® < K < G and |G : K| = pt. Let S be
a finite collection of proper subgroups of G and denote by n(t,) the number of
H € S such that H < K ;. Then

d [1]
S|+ > (=12 "t i) = 0. (16.3)

t=1 i=1
Proof. For H € S, put dg(t,i) =1if H < K, 0g(t,i) = 0 otherwise. The
left-hand side of (16.3) is then equal to to sum over all H € S of the expressions

d 4]
L+ (=D ED2N "5y (t,0). (16.4)

i=1

Fix such an H and let L be the intersection of all the K ; that contain H.
Then L > ® and |G : L| = p" for some r > 1. Now dg(t,i) = 1 just when
K;; > L, and for each ¢t with 1 < ¢ < r there are precisely m such Ky ;;
consequently (16.4) is equal to

T r—1
_ r
L4 3o ) = TTa s =o.
t=1 t=0

as we see on substituting X =1 in Lemma 16.4.18. =
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Window: Soluble groups

1 Nilpotent groups

Most of the following is quite elementary and can be found in [Sg], Chapter 1
or [R], Chapter 5.

Proposition 16.4.1 Let G be a group and G; = v;(G) for each i. Then for
each i > 1 the commutator induces an epimorphism of abelian groups

Gi-1/Gi @2 G/G" — G;/Giqa.

Consequently,

(i) if Gi/Gry1 is w-torsion for some set of primes w, or has exponent dividing
m, then G;/Giy1 has the same property for each i > k;

(ii) if tk(G/G") = r then tk(G/Gri1) < r+12+---+r*. Hence if G is nilpotent
and G/G' has finite rank then G has finite rank;

(i1i) if a group T' acts on G and

[G7F7"'7F} S GQ
——

n

then for each i > 1
[Gi, F, ey F] < Gi+1.
v
wm
Proposition 16.4.2 Let G be a finitely generated nilpotent group.

(i) G is residually finite.

(i) The elements of finite order in G form a finite subgroup 7(G) and G/7(G)
1s torsion free.

(ii3) If G is torsion-free then G is residually a finite p-group for every prime
p. If G is not torsion-free then G is residually a finite nilpotent w-group where
m = 7(Q) is the finite set of primes p such that G contains an element of order

.
(iv) G/7(G) has a central series of finite length h with infinite cyclic factors.
Here h = h(G) is an invariant of G, the Hirsch length.

(v) For each prime p, the pro-p completion @p has finite rank. If p ¢ 7w(Q) then

379
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é,, is a torsion-free pro-p group and

rk(G,) = dim(G,) = h(G).

(vi) For every prime p,
tk(Gp) = ur,p(G).

Part (vi) holds because if G is any finite quotient of G then each Sylow
subgroup of G is a direct factor. Evidently ur,(G) < r,(7(G)) + h(G), which is
finite.

Suppose that G is torsion-free. Then G has a central subgroup Z = Z such
that G/Z is torsion-free with Hirsch length h — 1. By (ii) applied to the group
G/ZP" we see that ZP" is closed in the pro-p topology of G, for each n, from
which it follows easily that the sequence

1HIZ\p_’ép_>(G//?)p_’l

is exact. It follows that ép is a torsion-free pro-p group of dimension
h=h(G) > ur,(G) = 1k(G,,).
This is then an equality since rk(P) > dim(P) for any pro-p group P of finite

rank (3 pro-p groups). Part (v) now follows since ép = (G/7(G)),, whenever
p ¢ 7(G)

Proposition 16.4.3 ‘Stability groups’ Let G be a group and I' a subgroup of
Aut(G). Suppose that

1=Gyp<G1<...<G, =G

is a chain of normal subgroups of G such that [G;,T] < G;—1 for 1 < i < k.
Then

(i) (1) = 1;

(i) if k = 2 then T embeds in Der(G/G1,Z(G1)) via

v = (9G1 — [9,7]) -

2 Soluble groups of finite rank

These were studied by A. I. Mal’cev around 1950 and then by D. J. S. Robinson
and Wehrfritz around 1970. Many of the assertions below are proved in [R2],
sections 9.3 and 10.3.
Following [We], we denote by
S,

the class of soluble groups of finite rank that are virtually torsion-free.
The following is proved in [We], pages 25-26:
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Proposition 16.4.4 Let G be an &; group. Then G is isomorphic to a subgroup
of GL,(Q) for some n.

With the Lie-Kolchin-Mal’cev theorem (3 Linear groups) this implies that
every G; group is virtually nilpotent-by-abelian; in fact, since a diagonalisable
linear group over (a finite extension of) @ has finite rank if and only if it is
finitely generated, we can deduce (cf. [R2], Theorem 10.33)

Proposition 16.4.5 If G is an &; group then G has a nilpotent normal sub-
group N such that G/N is virtually free abelian of finite rank.

A soluble group G is minimazx if there is a finite chain
1=Go <G <...<Gp=G (16.1)

of normal subgroups of G such that each factor G;/G;_; is an abelian minimax
group; an abelian group A is minimaz if A contains a subgroup B such that

(i) B is finitely generated

(ii) A/B is the direct product finitely many groups of type Cpe (for various
primes p). The set of primes p that occur is called spec(A4).

For any set of primes 7 write
1
Qr =Z[-|pem].
p

A torsion-free abelian group A is minimax if and only if A is isomorphic to a
subgroup of @Sﬁ") for some finite r and some finite set of primes 7; the smallest
such set is then spec(A). If G is as above, one defines

k
spec(G) = U spec(G,/Gi—1).

i=1

This is a finite set of primes.

More generally, if G is virtually an &; group then there is a set 7 of primes
and a chain (16.1) of normal subgroups of G such that G;/G;—; — Qﬁ!’” for
i=1,...,k—1and G/Gj_1 is finite. The smallest such set 7= (which may be
infinite in general) is called spec(G), and G is virtually minimax if and only if
7 is finite. The proof of Proposition 16.4.4 shows that G is a linear group over
the ring Q,. Conversely, it follows from the Lie-Kolchin-Mal’cev theorem that
if 7 is finite then every soluble linear group over Q, belongs to G;, and is a
minimax group (this depends also on the S-units theorem of Dirichlet).

Proposition 16.4.6 A soluble minimax group G is residually finite if and only
if it is virtually torsion-free.
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In one direction this follows from the preceding remark, since if 7 is a finite
set of primes then the group GL,(Q;) is residually finite, because the finitely
generated ring Q. is residually finite. In the other direction, it follows from
[R2], Theorem 10.33 which shows that a residually finite soluble minimax group
is virtually nilpotent-by-(free abelian of finite rank); while if N is a nilpotent
minimax group with torsion subgroup 7" then T is finite if it is residually finite
(cf. [R2], Theorem 10.23).

Both the classes of soluble minimax groups and of &; groups are closed under
taking extensions. The first is obvious from the definition; the second follows
from

Lemma 16.4.7 Let G be a soluble group of finite rank. Then G € &; if and
only if G has no infinite periodic normal subgroup.

This follows from [R2], Theorem 9.39.3 and Lemma 9.34. Together with the
preceding proposition it easily implies

Proposition 16.4.8 The class of residually finite virtually soluble groups of
finite rank is extension-closed.

Finally, the important result of Robinson:

Theorem 16.4.9 ([R2], Theorem 10.38) Every finitely generated soluble group
of finite rank is a minimax group.

In [Robinson 1975] this is generalised, to show that every finitely generated
soluble group having finite sectional p-rank for each prime p is a minimax group.

To summarise some of the main conclusions:

Theorem 16.4.10 Let X denote the class of finitely generated residually finite
virtually soluble groups of finite rank.

(1) A finitely generated group G belongs to X if and only if G is virtually
soluble and linear over Q, for some finite set of primes m.

(2) A finitely generated group G belongs to X if and only if G is virtually a
torsion-free soluble minimaz group.

(3) The class X is extension-closed.

Now let G € &;. The sum of the torsion-free ranks of the abelian factors
G;/G;—1 in a series like (16.1) is an invariant h(G) called the Hirsch length of
(. This can be detected in suitable pro-p completions:

Proposition 16.4.11 Let G € &; be residually finite, and let p be a prime.
Then G is a pro-p group of finite rank and dimension at most h(G). If p ¢

spec(G) then G has a normal subgroup H of finite index such that dim(H,) =
h(G).
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Proof. G has an abelian normal subgroup A such that G/A is again a

residually finite &, group and A is isomorphic to a subgroup of ng)7 where
m C spec(G), r = rk(A) > 0 and h(G) = r + h(G/A). We have an exact
sequence

1-4—-G,— (G/A), —1 (16.2)

where A denotes the closure of A4 in CA}’p. Now A is an image of /Tp and ﬁp = Z,()s)
for some s < r; moreover s = r if p ¢ 7. Since the rank is subadditive and the
dimension is additive on extensions of pro-p groups, and dim(Z,) = 1, (3 Pro-p
groups), the first claim of the proposition follows by induction on h(G).

For the second claim, let H = [ Cq (M) where M ranges over all the normal
sections of G that are elementary abelian p-groups; since G has finite rank m,
say, we have G/Cqg(M) — GL,,(F,) for each such M, and as G is soluble of

~

finite rank it follows that G/H is finite. We claim that dim(H,) = h(G).

Replacing G by H in (16.2) and arguing by induction, it suffices now to show
that if A is the closure of A in ﬁp then A = A\p‘ This holds provided the pro-p
topology on H induces that on A. A base for the neighbourhoods of 1 in the
latter topology is the family of subgroups A", n € N, so it remains to show
that for each n there exists a normal subgroup K, of finite p-power index in H
such that A?" = AN K,,.

By Proposition 16.4.8 the quotient G /AP" is residually finite, so there exists
a normal subgroup N of finite index in G with AN N = AP". Now put K/(N N
H) = Oy(H/(N N H)). Evidently K N A = A?". We claim that H/K is a p-
group. To see this, put P/K = O,(H/K). If P < H then there exists a normal
subgroup Q/P of H/P with Q < H and 1 # Q/P an abelian ¢g-group for some
prime ¢ # p. The definition of H ensures that H acts nilpotently on P/K, so
Q/K is a nilpotent group, hence has a unique Sylow g-subgroup @Qo/K. But
Qo/(N N H) is a normal p’-subgroup of H/(N N H) and Qy > K, contradicting
the definition of K. It follows that H/K = P/K is a p-group, as claimed. This
completes the proof. m

Remark. It is not hard to see that the converse of the final statement is also

true, in the sense that if p € spec(G) then dim(H,) < h(G) for every subgroup
H of finite index in G.

3 Finitely generated metabelian groups

In the 1950s Philip Hall obtained some deep results about the structure of
finitely generated soluble groups by generalising facts from commutative alge-
bra to the case of certain non-commutative group rings. When dealing with
metabelian groups, it is enough to apply Hall’s methodology and the original
commutative algebra. (For Hall’s results, which include everything we need, see
[R], Sections 15.3-15.5.)

Throughout this section, G denotes a finitely generated metabelian group.
Thus G has an abelian normal subgroup A such that G/A is also abelian. The
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conjugation action of G on A induces an action of G/A on A, whereby A may
be considered a module for the group ring Z(G/A) = R. Thus R is a finitely
generated commutative Ting.

Lemma 16.4.12 A is finitely generated as an R-module.

Proof. Let 6§ : F — G be a presentation of G where F' is a finitely generated
free group, and put N = 6~1(A). Then F/N is abelian, hence finitely presented,
and it follows that IV is generated as a normal subgroup of F' by finitely many
elements 1, ..., z,,. Their images 6(z1),...,0(x,,) then generate A as a normal
subgoup of G, hence as an R-module. =

As R is a Noetherian ring by Hilbert’s basis theorem, we deduce
Proposition 16.4.13 A is a Noetherian R-module.

Next, we need
Lemma 16.4.14 A is residually finite as an R-module.

Proof. Let 0 # a € A and let N be a submodule of A maximal subject to
a ¢ N; it will suffice to show that A/N is finite. So replacing A by A/N, we
reduce to the case where every non-zero submodule of A contains a. Let I be a
maximal ideal of R containing the annihilator of a, and write

Al = ﬁ AlI™.
n=1

According to Krull’s intersection theorem ([AM], Theorem 10.17) there exists
r € I such that AT>°(1—r) =0.

Suppose that AI™ # 0 for each n. Then a € AI*®, s0 1 —r € anng(a) C I,
which is impossible since r € I. Therefore AI™ = 0 for some n. Now R/I is
a finite field (see below) and each factor I7/I7+! is a finitely generated R/I-
module, so the ring R/I"™ is finite. Therefore so is the finitely generated R/I"-
module A. =

Remark We quoted the fact that R/I is a finite if I is a maximal ideal of R.
This follows from a form of Hilbert’s Nullstellensatz: if k is a field, E is a
finitely generated k-algebra, and E is a field then E is a finite extension of k
(see [AM], Cor. 5.24). To conclude that R/I = E is finite, we also need to know
that the prime field k& of R/I is finite; this may be deduced from the ‘generic
freeness lemma’, [E], Theorem 4.14.

We can now deduce

Proposition 16.4.15 The group G is residually finite.
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Proof. Suppose first that A is finite, and put K = Cg(A). Then [K, K] <
KnNA<Z(K) so K is nilpotent. Also K has finite index in G, so K is finitely
generated. Therefore K is residually finite (see Section 1 above), and hence so
is G.

The general case follows from the preceding lemma, which shows that the
normal subgroups N of G with N < A and N/A finite intersect in 1. m

A similar argument gives

Proposition 16.4.16 (B. Wehrfritz; see also [Segal 1974]) G has a normal
subgroup Gy of finite index such that Gy is residually nilpotent.

Proof. It suffices to show that AI*° = 0 for some ideal I of finite index in
R; indeed, the inverse image Go in G of (G/A) N (1 + I) satisfies

Tn+1(Go) < AI"

for each n, so Gy is residually nilpotent if AT = 0, and G/Gy is isomorphic to
a subgroup of the unit group in the finite ring R/I.

Let us call A ‘good’ if such an ideal exists. Suppose now that A is not
good. Then A has a submodule D maximal with the property that A/D is
not good, and in order to arrive at a contradiction we may factor out D and
suppose that every proper quotient module of A is good. Let I be a maximal
ideal of R containing the annihilator of A. As before we find r € [ such that
AI*(1—r) =0. By the Artin-Rees Lemma ([AM], Chapter 10) there exists m
such that

Al —r)"NAI® C AI®(1—1r)=0.

Since r € I we cannot have (1 —r)™ € I, so 0 # A(1 —r)™ = B, say. Then
A/B is good, so there exists an ideal J of finite index in R with AJ*>® C B. But
then K = J NI has finite index in R and AK*>® C BN AI*® =0, so A is good,
a contradiction. m

The next result is a special case of Grothendieck’s ‘generic freeness lemma’,
see [E], Theorem 4.14. Actually, Hall’s non-commutative “generalisation” prob-
ably came first; his proof is given in [R], 15.4.3.

Proposition 16.4.17 The group A contains a free abelian subgroup F such
that A/F is a w-group for some finite set of primes 7.

Hall proved this as a step towards his proof of residual finiteness. For our
purposes, its importance lies in the following consequence:

Corollary 16.4.18 For almost all primes p,
tk(F) < ur,(G) < rk(F') +rk(G/A).
This follows because if p ¢ 7 then
AJAP = F/FP,
and rk(A/AP) < ur,(G) since G/AP is residually finite, while rk(F/FP) = rk(F).
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Window: Linear groups

Here we collect mostly standard material about group-theoretic properties of
linear groups, most of which appear in Wehrfritz’s book [We]. Some deeper
results relating to strong approximation are discussed in the window of that
name.

Throughout, F denotes a field with algebraic closure F', and n is a posi-
tive integer. The subgroup of upper-triangular matrices in GL,,(F') is denoted
Tr(n, F') and the subgroup of upper uni-triangular matrices is denoted Try (n, F').

G denotes a subgroup of GL,, (F).

1 Soluble groups

The basic result is

Theorem 16.4.1 (Lie, Kolchin) If G is soluble and connected in the Zariski
topology then G is triangularizable, that is, there exists x € GL,(F') such that
7 1Gx < Tr(n, F).

See [We], Chapter 5. This implies that any soluble G has a normal subgroup of

finite index that is triangularizable; this index can be effectively bounded:

Theorem 16.4.2 (Mal’cev) There is a function f such that every soluble sub-
group of GL,,(F) has a triangularizable normal subgroup of index at most f(n).

See [We], Chapter 5. It is important to note that f(n) depends only on n and
not on the field F.

Since Tri(n, F) is nilpotent of class n — 1 and Tr(n, F')/Tr1(n, F') is abelian,
this implies
Theorem 16.4.3 (Zassenhaus) There is a function g such that every soluble
subgroup of GL,,(F) has derived length at most g(n).

2 Jordan’s theorem

Theorem 16.4.4 (C. Jordan, 1878) If char(F') = 0 and G is finite then G has
an abelian normal subgroup of index at most j(n), where j(n) depends only on
n.

387
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See [Curtis & Reiner 1981] (or [Ra], Theorem 8.29 for a more general result).
This has an important extension:

Theorem 16.4.5 (Platonov) If char(F) =0 and G is virtually soluble then G
has a soluble normal subgroup of index at most j(n).

See [We|, Corollary 10.11.

3 Monomial groups

A matrix in GL,,(F) is monomial if it has exactly one non-zero entry in each row
and each column. These form a subgroup Mon(n, F'), which is the semi-direct
product of the diagonal group by the group of permutation matrices; thus

Mon(n, F) 2 (F*)" x Sym(n).

Proposition 16.4.6 If G is completely reducible and nilpotent then there exists
z € GL,(F) such that x~*Gx < Mon(n, F).

This follows from [We], Theorem 1.14. It applies in particular when G is a finite
nilpotent group and char(F') 1 |G|, by Maschke’s theorem. Since every finite
subgroup of T is cyclic, we deduce

Corollary 16.4.7 If G is finite and nilpotent and char(F) { |G| then G is an
extension of an abelian group of rank at most n by some subgroup of Sym(n).

4 Finitely generated groups

If G is finitely generated then G < GL,,(R) where R is some finitely generated
subring of F'. For each (proper) ideal I of R, let

G(I) =GN (1, + M,(I))

denote the kernel of the natural projection GL,,(R) — GL,(R/I). Thus if I has
finite index in R then G(I) is a normal subgroup of finite index in G. We now
quote some facts from commutative algebra:

(i) Every maximal ideal of R has finite index (3 Soluble groups, §3, Re-
mark).

(i) Jac(R) = ({M | M is a maximal ideal of R} = 0 ([AM], Chap. 5, Exercise
24).

(iii) For each proper ideal I of R, (], I = 0 ([AM], Corollary 10.18).

From (ii) it follows that the subgroups G(M) as M ranges over maximal
ideals intersect in 1, and with (i) this gives
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Proposition 16.4.8 (Mal'cev) If G is finitely generated then G is residually
finite, indeed residually (linear of degree n over finite fields).

This result has a sort of converse: see the Linearity conditions window.

Now fix one maximal ideal M. Then R/M is a finite field, of characteristic
p say, and it is easy to see that for each i, M*/M**! is a finite (additive) group
of exponent p. If i > 1 and x € G(M?) then (x — 1)P and p(z — 1) are both =0
modulo Mt and it follows that P € G(M*™t). Thus G(M?)/G(M*') has
exponent (dividing) p, and so G(M)/G(M7) is a finite p-group for each j > 1.
With (iii) this gives the first claim in

Proposition 16.4.9 If G is finitely generated then G has a normal subgroup
of finite index which is residually a finite p-group, for some prime p, where
p = char(F) if char(F') # 0.

If char(F') = 0, this holds for all but finitely many primes p.

The final claim follows from the fact that pR = R for only finitely many primes
p, by ‘generic freeness’ ([E] Theorem 14.4). One half of the ‘Lubotzky linearity
criterion’ asserts (in the characteristic zero case) that, for almost all primes p,
G is virtually residually a finite p-group of bounded rank; this is discussed in
the Linearity conditions window.

Since any element of finite order in a group that is residually a p-group must
have p-power order, we see that G(M1) N G(Ma) is torsion free if char(R/M;) #
char(R/M5). Hence

Corollary 16.4.10 If G is finitely generated and char(F) = 0 then G is virtu-
ally torsion-free.

5 Lang’s theorem

A subgroup G of GL,,(F) that is closed in the Zariski topology is called a linear
algebraic group. If the ideal of polynomials in X1, ..., X,, that vanish on G can
be generated by polynomials with coefficients in F' then G is said to be defined
over F, or an F-group. When F' is perfect (for example, finite), a necessary and
sufficient condition for G to be defined over F' is the ‘Galois criterion’:

r€G <+ 1° € G forevery o € Gal(F/F)

([B] AG Theorem 14.4).
For any subring R of F one writes

G(R) = G NGLy(R).

In particular G(F’) is the group of F-rational points of G. One says that G is
connected if it is connected in the Zariski topology. For further definitions and
more details, see for example the books of Borel [B] or Humphreys [Hm)].
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In this section we asume that F' is a finite field of size q. Let ¢ be the
automorphism of F' given by ¢(z) = 29 (z € F), so F is the fixed-point set of
¢. We assume that G is an F-group, and extend the map ¢ to G by applying
it to each matrix entry. Then G(F) is exactly the fixed-point set of ¢ in G.

Theorem 16.4.11 (Lang) If G is connected then the mapping
0:G—=G; z— ¢x) -zt
18 surjective.

For the proof, see [B] §16.

A Borel subgroup of G is a maximal closed connected soluble subgroup of
G. A fundamental property of Borel subgroups is that they are all conjugate in
G ([B] §11.1). If G has a Borel subgroup that is defined over F' then G is said
to be quasi-split.

Corollary 16.4.12 If G is connected then G is quasi-split.

Proof. Let B be a Borel subgroup of G. Then ¢(B) is another one so
there exists 2 € G such that z7'Bx = ¢(B). By Lang’s theorem we have
7! = ¢(y) -y~ ! for some y € G. Put C =y~ By. Then

P(C) = o(y) " 9(B)o(y)
= ¢(y)~" -2 Bx - ¢(y)
= yilBy =C.

Now each element ¢ of C has entries in some finite Galois extension of F, so
if 0 € Gal(F/F) then ¢© = ¢!(c) for some t, hence ¢ € C. It follows by the
‘Galois criterion’ that C' is defined over F. m

Any closed subgroup of G that contains a Borel subgroup is called parabolic
([B] §11). The combinatorics of parabolic subgroups hold the key to the struc-
ture of a semisimple group; however the result we need here is the following, a
special case of [B] Theorem 20.6:

Proposition 16.4.13 Suppose that G is semisimple and connected. If G has
a proper parabolic subgroup defined over F then G contains a non-trivial F-split
torus.

An F-split torus is a closed subgroup T that is isomorphic over F (as an
algebraic group) to a product of copies of the multiplicative group F'. In
particular, the group of F-rational points T'(F) is isomorphic to (F*)(™) for

some m. Combining the last two result we deduce:

Proposition 16.4.14 If G is semisimple and connected then G(F) contains a
copy of the group F*.



Window: Linearity
conditions for infinite
groups

1 Variations on Mal’cev’s local theorem

It was a fundamental discovery of Mal’cev that for groups, the property of being
linear of (fixed) degree n is of ‘finite character’. From the metamathematical
point of view, his observation was that this property can be expressed in a
suitable first-order language; algebraically, what it means is that a group G is
linear of degree n if and only if for every finite subset S of G there exists a degree-
n linear representation p of (S) which separates S, i.e. such that |p(S)| = |5].
This sounds rather like saying that G is locally residually (linear of degree n),
but is in fact stronger: a direct product of infinitely many elementary abelian
groups of distinct prime exponents and unbounded ranks is residually linear of
degree 1 but has no faithful linear representation over any field. If we make
the additional assumption that G is finitely generated, however, then results
like Mal’cev’s obtain under the weaker hypothesis; this observation is due to
[Wilson 1991;]. The following proof is based on an idea that we learned from J.
D. Dixon.

Notation
L(n, R)

denotes the class of all linear groups of degree n over the ring R; for p a prime
or 0,

L(n,p) = U {L(n,F) | F a field of characteristic p}
L(n) = J{Lm, F) | F a field} .

Let n € N, fixed throughout the following discussion, and let G be a group.
Let S denote one of the rings

Z,F, or Q

391
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by an S-field we mean a field that is an S-algebra, in other words any field if
S = Z, a field of characteristic p if S = F,,, a field of characteristic zero if S = Q.
Consider the polynomial ring

A= A(G) = S[Xij(9) [ 1,5 =1,...,n; g €]

where the X;;(g) are independent indeterminates. Let I be the ideal of A
generated by the elements

Eij = Xi;(1) =65 (all 4,)

Pij(gvh) = Xz](gh) - Zsz(g)Xk](h) (au ivj) all gah S G))
k=1

and write A = A/I. Then for each S-field F' we have a 1 — 1 correspondence
Hom(G, GL,(F)) — Homg_a1g(4, F), (16.1)

such that 6 : G — GL,(F) corresponds to 6" : A — F where X;;(9)0" = (96):;
for all i, j and g (so A is the co-ordinate ring of the ‘variety of n-dimensional
representations’ of G).

Now let {Y;;(g9) | 4,7 =1,...,n; g € G\ {1}} be a new set of indeterminates
and put

B =B(G) = AlY;(9) |i,j=1,...,n; g € G\ {1}],

B=B(G)=B/IB.

For 1 # g € G put

n

N(g)=1- > (Xulg) — 6r)Yii(g) € B.
k=1

Suppose that 6 : G — GL,,(F) corresponds to §" : A — F. Then for 1 # g € G
we have gf # 1 if and only if X;;(g)0" # ¢;; for some pair (i, 7). In this case,
we can extend 6 to a homomorphism 6* : B — F such that N(g)6* = 0 by
mapping

(Xij(9)0 —655)" for (k,1) = (i, ])

0 for (k,1) # (4,5)

and for h # ¢g mapping each Yy;(h) to an arbitrary element of F. Conversely,
if 9* : B — F is any homomorphism that extends " and satisfies N(g)0* = 0,
then Xy;(9)0" = Xyi(g)0* # gy for some pair (k,1), and so g6 # 1.

It follows that for any given subset T' of G \ {1}, the existence of a represen-
tation 8 : G — GL,(F) with T'Nkerf = ) is equivalent to the existence of an
algebra homomorphism 6* : B — F with N(g) € ker 0* for all g € T'.

Yii(g) —
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Putting
L(n) itS=2%
L=< L(n,p) itS=F, ,
L(n,0) ifS=Q

we can state

Theorem 16.4.1 (Mal’cev) Let G be a group. Then G € L if and only if for
every finite subset T of G there exists a linear representation 0 : (T) — GL, (F),
where F' is an S-field, such that t0 # 1 for allt € T\ {1}.

Proof. We only have to prove the ‘if’ statement. Let J be the ideal of B
generated by the set {N(g) | 1 # g € G}. If J # B then J is contained in a
maximal ideal M of B, and the residue mapping 0* : B — B/M = F satisfies
N(g) € ker6* for all g € G\ {1}. It follows by the above discussion (taking
T = G\ {1}) that the corresponding representation 6 : G — GL,,(F) is faithful,
so in this case G € L.

Suppose that J = B. Then 1 € IB + J and we can write

1= "UiiEij+ Y Vijlg.W)Pyi(g.h)+ > W(HN() (16.2)

g,h€T teT\{1}

for some finite subset T' of G and suitable elements U;;, V;;(g,h), W(g) € B.
There is a finite subset 7" 2O T of G such that each of these elements lies in the
subring B(H) of B where H = (T"). By hypothesis, there exists a representation
6 : H— GL,(F), for some S-field F, such that ¢ # 1 for all t € 7"\ {1}. The
corresponding homomorphism 6* : B(H) — F then satisfies N(t)§* = 0 for each
t € T’ \ {1}; applying 6* to the image of equation (16.2) in B(H) now yields
the contradiction 1 = 16* = 0.
This completes the proof. m

Assume next that G = (g1,...,94) is finitely generated. Then so is the
S-algebra
A= A1,

namely by the elements X;;(gx), Xij(gk_l) fori,j=1,...,nand k =1,...,d.
It follows that A has only finitely many minimal prime ideals, P, ..., P, say.
Denote by Ej, the field of fractions of the integral domain A/P;,. If § : G —
GL,,(F) is a representation of G in an S-field F' then " : A — F factors through
A/ Py, for some k; it follows that 6 factors through

Tk - G — GLH(Z/P]C) S GLn(Ek>
g9 (Xi;(9) + Pe).
Hence if g € G and g6 # 1 then gm, # 1 for some k, and so gm # 1 where

7= (m1,...,Tm): G — GL,(F1) X - -+ X GL,(Ep).
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Suppose now that G is residually in £. Then for each element ¢ # 1 in G
there exists a representation 6 as above with gf # 1, and then gm # 1. Thus
kerm =1 and so m embeds G into GL,,(E1) X -+ X GL,(Ep,).

If S =1, or S = Q then each Fj, is an extension field of S; in this case there
exists an extension field E of S that contains E, ..., E,,, and GL,(F;) X « -+ X
GL,(Ey,) < GLpn(E). Thus we have established the first two parts of

Theorem 16.4.2 Let G be a finitely generated group.

(i) If G is residually in L(n) then G is a subdirect product of finitely many linear
groups of degree n.

(ii) Let p be a prime or zero. If G is residually in L(n,p) then G is in L(mn,p)
for some m.

(iii) Let (Fy) be a family of fields such that for each prime p only finitely many
of the F,, have characteristic p, and these are all finite. Suppose that G admits
representations 6, : G — GL, (F,) such that (), kerf, = 1. Then G € L(n',0)
for some n'.

To prove (iii), we take S = Z, and suppose that F1,..., E, have characteris-
tic 0 while the rest have positive characteristic. We embed the Ej, for 1 < k <r
in a common field E of characteristic zero, and write

To = (7T17 s 771-7“) G — GLn(El) X X GLn(Em) < GLrn(E)
Let X = {«a | charF, # 0}, and put

K= ﬂ ker 6,
acX

(if X is empty, K = (). Suppose 1 # g € K. Then gf, # 1 for some a ¢ X.
Now ¢, : A — F, factors through A/P;; for some k, and then

charFj, = charF, =0,
so k < r. Since 6 factors through 7y, it follows that gmg # 1. Thus
KNkermy =1,

and G embeds in G/K x Gmy.

Now the hypotheses imply that G/K is finite, of order f say. Then G/K
embeds in GL;(E) and G embeds in GLf(E) x GL,,(E) < GL,/(E) where
n' = f + rn. This completes the proof.

(A quicker way to prove (i) and (ii) is to observe that G maps injectively
into GL,,(R) where R is a finitely generated subring of a Cartesian product of
S-fields; see [Wilson 1991;], [Lubotzky, Mann and Segal 1993]. We have chosen
the present approach via representation rings to emphasize the relationship with
Mal’cev’s local theorem.)

We shall apply this result to groups satisfying the following condition:
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Definition A group G has restricted upper chief factors if there is a finite
upper bound to rk(M) as M ranges over all the non-abelian upper chief factors
of G.

Corollary 16.4.3 Let G be a finitely generated group with restricted upper chief
factors. Then there is an exact sequence

1— D — G — GL,(F)
where F' is a field of characteristic zero and the closure of D in G is prosoluble.

The stated property of D amounts to saying that D /(NN D) is soluble for every
normal subgroup N of finite index in G.

Proof. Let M be the set of (G-isomorphism types of) non-abelian upper
chief factors of G, and put

D= () Ca(M).
MeM

If N <¢ G then by considering a chief series of G/N through DN/N we see at
once that D/(N N D)= DN/N is soluble; so D has the stated property.

Let Mg denote the subset of M consisting of groups that are products
of sporadic or alternating groups, and for each prime p let M, denote the
set of those members of M that are products of simple groups of Lie type in
characteristic p. Since by hypothesis M consists of groups of bounded rank,
we see that for each p, prime or zero, the set M, contains only finitely many
non-isomorphic groups; as G is finitely generated there is only a finite number
of possible G-actions on each of these groups, and it follows that each of the
sets M, is finite.

Now according to Corollaries 13 and 8 in the Finite simple groups window,
there exists f, independent of p, such that Aut(M) < GL(F,) for every M €
M, if p is a prime; and this holds also for p = 0 if we write Fo = Q and take
f > max{|Aut(M)| | M € My}.

Since C (M) is the kernel of the natural map G — Aut(M), part (iii) of
Theorem 16.4.2 now applies to show that G/D is a linear group in characteristic
zero. W

2 Groups that are residually of bounded rank

The following useful analogue to Theorem 16.4.2 has a slightly different hypoth-
esis and a slightly weaker conclusion.

Theorem 16.4.4 [Segal 1996, Let G be a finitely generated group. Suppose
that G is residually (finite soluble of rank < r), where r is finite. Then G has
a nilpotent normal subgroup D such that G/D is a subdirect product of finitely
many linear groups over fields.
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Proof Let G/K be a finite soluble quotient of G. Then G/K has a normal
subgroup N/K which is nilpotent of class at most 2 and satisfies Cq(N/K) < N
(3 Finite group theory). Put Ex = N/N'K

Claim: If H < G and [Ek,, H] =1 then 6 H < K.
To see this, write N = N/K and observe that

NyH] <N = [N o H| <N =1

= [Nz H| =1
= v H < Cg(ﬁ) <N

= Yo < [N H < K

(++ Soluble groups).

Now for some finite r, G has a family S of normal subgroups, intersecting
in the identity, such that G/K is finite and soluble of rank at most r for each
K € S. For K € S let Ex be the section of G/K indicated above, and write Z
for the Cartesian product of all the abelian groups Ex. Then Z is an r-generator
module for the ring R = ZS, on which G acts by R-module automorphisms.
Since G is finitely generated, there exist a finitely generated subring S of R and
an r-generator S-submodule M of Z such that MG = M and MR = Z.

Since S is a commutative Noetherian ring, M contains a finite chain of fully
invariant S-submodules

O=My<M i <...<Mp=M

such that, for each j, M;/M;_; is a finitely generated torsion-free S/P;-module,
where P; = anng(M;/M;_1) is a prime ideal of S (see e.g. [We], Lemma 13.2).
Put Q; = Cq(M;/M;_,), and suppose that M;/M;_, can be generated by r;
elements as an S/P;-module. Then the action of G embeds G/Q); in

Auts/pj (Mj/Mjfl) S GLTJ. (FJ)

where F} is the field of fractions of S/P;.
Put D=@Q:1N...NQg. Then

Z(D—-1)"=M(D-1)FR=0.

It follows that [Ef,, D] =1 for every K € S. By the initial Claim, this implies
that

Yor D < ﬂS =1

The theorem follows since

k
G/D < G/Qy x -+ x G/Qp = [[ GL., (F)).

=1

Corollary 16.4.5 (of the proof) Let G be as in Theorem 16.4.4. If every finite
quotient of G is soluble, then G is virtually nilpotent-by-abelian.
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Proof Suppose now that every finite quotient of G is soluble. Let 1 < j < k,
put S; = S/P; and V; = M;/M;_;. If L is a maximal ideal of S; then G induces
on V;/V;L a finite linear group of degree at most r;. It follows by Mal’cev’s
theorem (¢ Linear groups) that G has a normal subgroup H, of finite index
bounded by a function of r;, such that H" acts unipotently on V;/V;L. Since G
is finitely generated, we can choose H = Hj, say, independently of L, and then
have

Vy(H} — 1) € (VL =0
L

(the final equality follows easily from the facts that V;} is torsion-free and finitely
generated and the Jacobson radical of S; is zero).

Now let T' = ﬂ?lej and put s =711 + -+ +7,. Then M(T' —1)° =0. As
above, this implies that v6s(7") = 1, and the result follows since G/T is finite.

3 Applications of Ado’s theorem

Ado’s theorem asserts that every finite-dimensional Lie algebra over a field of
characteristic zero has a faithful linear representation. If the Lie algebra is
associated to an analytic group, this gives rise to a linear representation of
the group, which may not be faithful in general; however, for a compact p-
adic analytic group we do indeed obtain a faithful representation for some open
subgroup, which can be induced up to a faithful representation of the whole
group. Since these groups include the pro-p groups of finite rank, we have

Theorem 16.4.6 Let G be a pro-p group of finite rank. Then G is isomorphic
to a closed subgroup of GLy(Z,) for some n.

For details of the proof, see [DDMS], Section 7.3. An important consequence
is
Theorem 16.4.7 ‘Lubotzky linearity criterion’ [Lubotzky 1988] Let T' be a
finitely generated group. Then T' € L(n,0) for some n if and only if there exist
a prime p and an integer r such that I has a filtration by normal subgroups (I';)
such that T'/Ty is finite, T'1/T; is a finite p-group of rank < r for each i > 1,
and ;2. ;i = 1.

To prove the ‘if’ statement, observe that I'y embeds in

Now G is a pro-p group of rank at most r, hence linear over Q, by Theorem
16.4.6. Therefore so is I'1, and the induced representation of I" is a faithful linear
representation over Q,. For the converse, see [Lubotzky 1988] or [DDMS],
Interlude B (in fact the converse holds in a stronger form: if I' is linear in
characteristic zero then a filtration of the stated kind exists for almost all primes
p)

All this applies to groups that are virtually residually p-groups. In some
circumstances this can be generalised.
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Theorem 16.4.8 Let I" be a finitely generated residually nilpotent group. If the
pro-p completion 'y has finite rank for every prime p then T' € L(n,0) for some
n.

This will follow from Theorem 16.4.6 once we have established the following
lemma:

Lemma 16.4.9 Let T be a finitely generated residually nilpotent group. Suppose
that, for some prime p, the pro-p completion I';, has finite rank. Then there
exists a finite set w of primes such that the natural map

F—>Hf4

lem
18 injective.

Indeed, the hypotheses of Theorem 16.4.8 then imply that fg — GLy(0)((Ze)
for each ¢ € 7, so I embeds into

11 GLai(Z0) < GL,(C)

lem
where n =3, n(f).

Proof of Lemma 16.4.9 Suppose that A is a torsion-free nilpotent quotient
of I". Then Ap is an image of Fp, SO dlm(A ) < dim(T" »). Now dlm(Ap) is equal
to the Hirsch length h(A) of A, so we have

h(A) < dim(T,).

We may therefore choose a normal subgroup T of I" such that T'/T is torsion-
free and nilpotent of maximal possible Hirsch length. Then ~,(T') < T and
T /() is finite, for every n exceeding the nilpotency class of I'/T (& Soluble
groups). It follows that T/[T,T] is finite, of order m, say.

Let ¢  m be a prime, and suppose that @) < I" has finite index a power
of g¢¢. Then T = (TN Q)[T,T], and as T'/(T N Q) is nilpotent it follows that
T=(TNQ) <Q. Hence T is contained in the kernel T'(¢q), say, of the natural
homomorphism I' — T',. On the other hand, T > I'(¢) because T'/T is residually
a finite ¢-group (Gruenberg’s theorem, & Soluble groups).

Thus I'(q) = T for every prime g 1 m. Choose one such prime ¢ and let 7 be
the set of prime divisors of m together with g. The kernel of the natural map
I' = [Isen Te is then

(r@Q=rnr®= () T©=1,

Lem £lm all primes £

since I is residually nilpotent. The result follows.



Window: Strong
approximation for linear
groups

The original Strong Approximation Theorem, commonly attributed to the an-
cient Chinese, says that Z is dense in the profinite group Hp Z,. An analogous
formulation is valid for the additive group of an algebraic number field. Such a
group may be viewed as the Q-rational points of a linear algebraic group over Q,
and one is led to consider the question of strong approximation in linear groups.

In group-theoretic terms, the question is this: given a subgroup A of GL,,(Z),
what is the image m,,(A) of A in GL,,(Z/mZ), for arbitrary values of m? Ob-
viously, if A is contained in a proper algebraic subgroup G of GL,, then m,,(A)
must be contained in the corresponding subgroup G(Z/mZ). One says that
A has the strong approximation property if this is the only obstacle to solving
congruences in A; more precisely (and slightly more generally), let us make the
following definition, where for a set of primes S we put

Zs=7Zp ' |pe S

Definition Let S be a finite set of primes, A a subgroup of GL,(Zs) and G
the Zariski-closure of A in GL,,. Then A has strong approximation w.r.t. S if A
is dense in the profinite group

G(Zs) = [] G(zy).

¢S

In other words, the closure of A in the Zariski topology on G(Zg) is the
same as its closure in the congruence topology. On the face of it this may seem
a rather technical matter; but the consequences are far-reaching. Indeed, when
A has strong approximation we see that m,,(A) = G(Z/mZ) whenever m is
divisible by no prime in S. A lot is known about the finite groups G(Z/mZ)
when G is an algebraic group, and we may infer that A has this large collection
of well-understood finite images, a matter of special interest to us in the context
of this book.

399
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The ‘classical’ Strong Approximation Theorem for algebraic groups gives
sufficient (and necessary) conditions under which an S-arithmetic group G(Zg)
in an algebraic group G has strong approximation in the above sense. Although
deep and fundamental, this result is not entirely unexpected, because it applies
essentially to algebraic groups that are in a sense generated by copies of the
additive group. It was a remarkable discovery of Nori, Weisfeiler and others in
the 1980s that similar results can be obtained for quite general linear groups.
We shall state a particular case of their results in Section 1, and show there how
it can be reduced to a certain theorem about finite linear groups. In Section
2 we outline three different approaches to the proof of this theorem (but stop
well short of proving it in full). In the final section we briefly discuss a recent
generalisation due to Pink, applicable to fields of arbitrary characteristic.

Our main application is presented in Section 3. Sometimes referred to as
‘Lubotzky’s alternative’; this is the following theorem: for a finitely generated
linear group T' over a field of characteristic zero, one of the following holds:

(a) T is virtually soluble, or

(b) there exist a simply-connected simple algebraic group G over Q, a finite
set of primes S such that G(Zg) is infinite, and a representation p : Ty —
G(Zg), where Ty is a normal subgroup of finite index in T, such that p(Ty) is
dense in G(Z;)

In particular, in case (b) it follows that T'o maps onto G(F,) for almost all
primes p.

A few other applications are discussed along the way.

1 A variant of the Strong Approximation Theo-
rem

For definitions and background on algebraic groups, the reader is referred to [B]
and [PR]. By a linear algebraic group over Q we mean a Zariski-closed subgroup
G of GL,, = GL,(C) defined by some finite set of polynomial equations over
Q. Taking these equations to have Z-coefficients, we may interpret them in any
ring R, and then G(R) denotes the solution-set of these equations in GL, (R).
This is ‘usually’ a group, equal to the R-rational points of the group scheme G.
We shall leave aside such delicate foundational questions; when R is a domain
of characteristic zero it may be embedded in C, and then G(R) = GNGL,(R);
for the case R =T, see the remarks following Corollary 3 below.

Let G be a connected, simply connected Q-simple linear algebraic group
defined over Q, with a given embedding in GL,,. Let S be a finite set of primes.
The S-arithmetic subgroup G(Zg) of G is infinite if and only if at least one
of the groups G(Q,) for p € S U {oco} is non-compact (here Qs = R); in
one direction this is easy to see, because G(Zg) sits ‘diagonally’ as a discrete
subgroup in [, g0y G(Qp). Under these conditions we have
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Theorem 16.4.1 ([PR] Theorem 7.12) Strong Approzimation Theorem
for S-arithmetic groups: Provided G(Zg) is infinite, it is dense in G(Zg).

This is equivalent to the statement
G(Q) is dense in G(Ag),

where Ag denotes the ring of S-adeles; see [PR], §7.1. The same holds, with
appropriate definitions, if Q is replaced by any algebraic number field.

We remark that some, but not all, of the hypotheses are necessary here: the
conclusion holds if G is either semi-simple or unipotent, but not in general if
G is an algebraic torus. But it is necessary that G(Q,) be non-compact for at
least one p € S U {0}, and that G be simply connected; a brief explanation of
the latter requirement is given in §4.

The main result we are going to discuss is

Theorem 16.4.2 Strong Approximation Theorem for linear groups:
Let A be a Zariski-dense subgroup of G with A < G(ZS) Then the closure

of A in G(ZS) is open (hence of finite index) in G(Zs)

Several remarks are in order. First of all, since A is Zariski-dense in G
it is certainly infinite, so the non-compactness condition mentioned above is
automatically satisfied. Secondly, the conclusion is equivalent to the statement
that the closure of A in the S-arithmetic group G(Zg) with respect to the
congruence topology is of finite index in G(Zg); this is the topology induced
on G(Zg) as a subspace of G(ZS), and has a base for the neighbourhoods of 1
consisting of the S-congruence subgroups ker(G(Zs) — GL,(Z/mZ)), where m
ranges over integers not divisible by any prime in .S. This follows from Theorem
1. Finally, to say that the closure A of A is open in G(Z\g) implies in particular
that A contains

G(Zs,) = I] Gz

pES1

for some finite set of primes S; containing S, hence that A actually has the
strong approximation property w.r.t. S;. Now if A is merely assumed to be a
finitely generated subgroup of G(Q) then there exists a finite set S such that
A < G(Zg), and enlarging S to S; as above we infer

Corollary 16.4.3 Let A be a finitely generated Zariski-dense subgroup of G(Q).

Then there exists a finite set of primes S such that A is dense in G(Zg). In
particular, for almost all primes p we have

The final statement needs a word of explanation. For almost all primes p,
the equations defining the algebraic group G can be reduced modulo p to give
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a connected, semisimple algebraic subgroup of GL, defined over F,, that we
still denote by G, and (for almost all p) one has m,(G(Z,)) = G(F,); see
[PR], Proposition 3.20. Our claim therefore follows from the fact that m,(A) =
mp(G(Z,)) for almost all p.

This corollary, which suffices for some (though not all) applications, is a little
easier to derive than the full strength of Theorem 16.4.2; it does not depend on
Lemmas 16.4.4 and 16.4.5 below (they have other uses, however, and Corollary
16.4.6 is important in its own right).

We now outline the proof of Theorem 2. We explain the reduction to Propo-
sition 16.4.7, below, in some detail, as it is not easily accessible in the literature;
our approach is based on the unpublished manuscript [Nori (a)], where a con-
siderably more general theorem is established. A complete published proof is
available in [Weisfeiler 1984]; Weisfeiler’s result is also much more general as
he works over an arbitrary field (the somewhat easier theorem of [Mathews,
Vaserstein & Weisfeiler 1984] does not quite cover our case as it deals with an
absolutely simple Q-group). A still more general theorem is proved by [Pink
2000] (see §4 below).

The Q-simple group G may be identified with the restriction of scalars

R oH

of some absolutely simple k-group H, where k is a finite Galois extension of Q.
Then

and for each prime p we have

G(Q,) = [[Hkp)

i=1

where k£ ® Q, = H'Zf:l kpiy (and f = f(p) depends on p). We denote the Lie
algebra of G by L; then L(Q) is a simple module for G(Q) under the adjoint
representation. In general, L(Q,) is not simple for G(Q,,), but it is semisimple
and may be identified with

f
B Lu (ki)
=1

where Ly is the Lie algebra of H; each summand Ly (kp(;)) is a minimal ideal
and a minimal G(Q,)-invariant subspace. For almost all p, the analogous de-
composition is valid ‘modulo p’: that is,

!
G(F,) = HH((’)/IJ(Z')), (16.1)

!
L(Fp) = EB Lu(O/p(i)) (16.2)
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(O being the ring of integers of k). As H is an absolutely simple group, Lg (k)
is absolutely irreducible as a k[H(k)]-module, so AdH(k) spans Endy(Lg(k));
it follows that AdH(O/p) spans Ende /, (L (O/p)) for almost all primes p of O,
in which case Ly (O/p) is irreducible for H(O/p). This implies that, for almost
all primes p, (16.2) is a decomposition of L(F,) into minimal ideals.

Lemma 16.4.4 For every prime p ¢ S the closure of A in G(Z,) is open.

Proof. (Sketch) Write P for the closure of A in G(Z,). Then P is a closed
subgroup of the p-adic analytic group G(Z,), and the Lie algebra L(P) of P is
a subalgebra of the Lie algebra of G(Z,,), which is L(Q,) (see [DDMS], Chapter
9). Since A is Zariski-dense in G(Q,), the subalgebra L(P) is invariant under
the adjoint action of G(Q,), hence is an ideal in L(Q,). Therefore L(P) is equal
to the sum of some of the Ly (ky(;)). Now since A < G(Q) it follows that the
projections of A into each of the H(k,(;)) are isomorphic, and this implies that
the projections of L(P) into each of the summands Ly (ky(;)) are isomorphic.
It follows that if L(P) # 0 then L(P) is the sum of all the Lg(ky(;), that is,
L(P) = L(Qp).

If L(P) = 0 then P is finite, which is clearly not the case. Therefore L(P) =
L(Q,), which implies that P is open in G(Z,) as claimed. ®

Lemma 16.4.5 For almost all primes p, the Frattini subgroup of G(Zy) is
N, = ker(m, : G(Zp,) — G(F,)).

Proof. (sketch) For large enough primes p, the residue map 7, maps G(Z,)
onto G(F,). Let G; denote the kernel of the map G(Z,) — G(Z,/p'Z,), so
N, = G1. When m > 1, the mapping

1+ p™z — z(mod p)

induces an injective group homomorphism 6,, : G.,/Gmy1 — M, (F,); and the
mapping
g—g°

induces a homomorphism P, : Gy, /Gmt1 — Gmy1/Gmia. It is easy to verify
that the triangle
Pm
Gm/Gerl — Gm+1/Gm+2
N 7

Om 9771+1

M, (Fy)

commutes. Now G is defined as an algebraic subgroup of GL,, by polynomial
equations in the matrix entries, and the Lie algebra L of G is defined as a
subspace of M,, by the linear parts of these equations (taking the identity matrix
as origin of co-ordinates). When p is large, we may reduce these equations
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modulo p, and find that L(F,) is exactly the image of 6,,; this holds for each
m > 1. It follows in particular that 6,, and 6,,,1 have the same image, and
hence that P,, is an isomorphism.

This implies that Gp,41 = G2, G, 42 for each m > 1, and hence that for any
k we have

Go = GPGy..

Since the Gy form a base for the neighbourhoods of 1 in the pro-p group Gi,
and G1/G3 is abelian, this shows that G, is the closure of GY[G1,G1] in Gy,
which is exactly the Frattini subgroup of G;.

The lemma will follow, therefore, once we show that G;/Gs is the Frattini
subgroup of Go/G2 where Gy = G(Z,). Now if p is large enough, it follows
from the structure theory that L(F,) is spanned by elements of the form log
where x is an element of order p in G(F,) (see [Nori 1987]; here, log is defined
by the formula (16.3) in the following section). Using the identity

_ 1)1
p-l(f)zﬂmdp) G<j<p-1),

we can see that if x € G satisfies 2P € Gy, then
01(2PG2) = logT

where T = mp(z) € G(F,). It follows from the preceding paragraph that G1/G2
is generated by elements of the form zPGy with x € Gy. If M /G2 is a maximal
subgroup of Go/G2 and M does not contain Gy, then Gi M = Gg; but if z € G
satisfies 27 € G; and ¢ = y (mod Gy) with y € M, then 2P = y? (mod Gs)
lies in M, and so Gy is contained in M, a contradiction. Thus every maximal
subgroup of Go/G2 contains G1/G2, and the lemma follows. m

Along the way we have shown that for each m > 1, the closure of G?, in
the p-adic topology (which is the same as the pro-p topology of G;) is equal to
Gma+1; a8 G, /Ga is an elementary abelian p-group of rank dim(G), we have

Corollary 16.4.6 For almost all p, the group N, is a uniform pro-p group of
dimension equal to dim(G), and the lower central p-series of Ny, is given by

P;(N,) = ker (G(Zy) — G(Zy/p'Zy)) .
(3 Pro-p groups. Recall that in a uniform pro-p group N of dimension d,

P, 1(N) is equal to the Frattini subgroup of P;(N) and |P;y1(N) : Py(N)| = p?
for each i > 1.)

The main step in the proof is the following proposition; here we write

o; : G(Fp) — H(O/p(7)) and
0; : L(F,) — Lu(0/p(i))

for the projection maps in (16.1) and (16.2).
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Proposition 16.4.7 For all sufficiently large primes p the following holds. If
X is a subgroup of G(F,) such that

(a) fori=1,..., f(p) the order of 0,(X) is divisible by p, and

(b) every X -invariant Lie subalgebra of L(F,) is an ideal,

then X = G(F,).

We discuss the proof of Proposition 16.4.7 in the following section. Assuming
this result for now, we may deduce

Lemma 16.4.8 For almost all primes p, A is dense in G(Z,).

Proof. We claim that for almost all primes p, the group X = m,(A) satisfies
the hypotheses of Proposition 16.4.7. Suppose that hypothesis (a) is false for
infinitely many primes. Then there is an infinite set Q of primes of O such that
for each p € Q,

Tp(A) = oimp(A) < GLn (Fp)

is a group of order coprime to p (where p is the ith prime divisor of the rational
prime p). By Jordan’s theorem (3~ Linear groups) there exists m, depending
only on n, such that each such 7, (A) has an abelian normal subgroup of index
dividing m. It follows that

[AT, AT C ﬂ ker

since Q is infinite (here we are identifying G(Zs) with H(Og) where S denotes
the set of prime divisors in O of primes in S). Since A is Zariski-dense in G
this implies that [G™, G™] = 1, which is false since G is a Q-simple algebraic
group. This contradiction shows that condition (a) in Proposition 16.4.7 must
hold for almost all primes.

Since Ly (k) is absolutely irreducible for H(k) and A is Zariski-dense in H(k),
it is also absolutely irreducible for A. Therefore Ad(A) spans Endy(Lg(k)); it
follows that for almost all primes p of O, Adm, (A) spans Endep,,(Lu(O/p)) and
hence that the O/p-module Ly (O/p) is irreducible for m,(A). Thus for almost
all primes p, the decomposition (16.2) expresses L(IF,) as a direct sum of simple
mp(A)-modules. As each summand is an ideal of L(F,) this shows that (b) holds
for each such p.

To complete the proof of the lemma, let A denote the closure of A in G(Z,,).
Proposition 16.4.7 shows that

mp(A) = mp(A) = G(F,,) = 1, G(Z,)
for almost all primes p. For each such p we then have
G(Zy) = NPK7

and it follows by Lemma 16.4.5 that A = G(Z,). m
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It is now easy to complete the

Proof of Theorem 2 Let Y be the closure of A in G(Z;) = [l,¢s G(Zp), and
let Y, denote the closure of A in G(Z,). Thus Y, is the projection of Y into

G(Zp). Lemmas 16.4.8 and 16.4.4 imply that J[ .Y, is open in G(ZS) so it
suffices to show that Y is open in the product HP Y Now if P is a product
of pro-p groups for distinct primes p, then a closed subgroup of P that projects
onto each factor must be the whole of P (because the same is true for products
of finite p-groups). It follows that Y certainly contains the product

[N =] N x [ NNy

p¢S p¢T peT\S

for some finite set of primes 7' 2 S, and we may choose T so that for each p ¢ T,
(i) Y, = G(Zp) and (ii) Y,/N, = G(F,) is a finite semisimple group. Then
HpgT Y, /N, is a product of pairwise non-isomorphic finite semisimple groups;
as Y projects onto each factor in this product it follows that Y projects onto
[I,¢7 Yp- On the other hand, HpGT\S'(Y N Np) has finite index in [ e 5 Y5

Together these imply that Y is open in Hp¢ g Y, as required.

We conclude this section with the following somewhat surprising application
of the preceding arguments:

Theorem 16.4.9 Let G be a connected, simply-connected simple algebraic group
defined over Q. Then there exists a finite set of primes S with the following prop-
erty: if A is a subset of G(Zg) such that for one prime p not in S the image
of A in G(F,) generates G(F,), then the image of A in G(F,) generates G(Fy)
for almost all primes q.

Proof. Let S be the set of ‘bad’ primes for Lemma 16.4.5, let A be the
subgroup generated by A C G(Zg), and suppose that 7,(A) = G(F,) for some
p ¢ S. Since ker 7, is the Frattini subgroup of G(Z,) it follows that A is dense
in G(Z,), in the congruence (p-adic) topology. As the congruence topology is
finer than the Zariski topology this implies that A is Zariski-dense in G(Z,),
and hence also in G. Lemma 16.4.8 now shows that A is (¢g-adically) dense in
G(Z,) for almost all primes ¢. For each such ¢ we then have 7,(A) = 7,G(Z,),
and the result follows since 7,G(Z,) = G(F,) for almost all ¢. m

2 Subgroups of SL,(F,).

All the main results depend on Proposition 16.4.7, stated in the preceding sec-
tion. We shall not attempt to prove this in full; unfortunately, moreover, it does
not appear explicitly in the literature, but only in the unpublished manuscript
[Nori (a)]. However, different versions of this important result have been proved
n [Nori 1987], [Mathews, Vaserstein & Weisfeiler 1984], [Weisfeiler 1984] and
[Hrushovskii & Pillay 1995], and we would like to illustrate three quite different
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ways of approaching the proof. To this end, we shall concentrate on the special
case where G is the algebraic group SL,; all the key ideas appear already in
this case.

Since SL,, is absolutely simple, the statement reduces to

Theorem 16.4.10 Fix n > 2. For all sufficiently large primes p the following
holds. If X is a subgroup of SL,,(F,) such that

(a) the order of X is divisible by p, and

(b) s, (Fp) is irreducible as an X -module under conjugation in the matriz ring,

then X = SL,(F,).

First proof (in the spirit of) [Matthews, Vaserstein & Weisfeiler 1984], [Weis-
feiler 1984]: using the classification of finite simple groups.

If X < SL,(F,) = SL(V), then X is contained in some maximal subgroup
L of SL(V'). The maximal subgroups of (most) finite simple groups have been
classified (and CFSG is needed, even when one comes to classify the maximal
subgroups of a known family of groups such as SL,(F,)). According to a fun-
damental result of [Aschbacher 1984], every such maximal subgroup L is one of
the following nine cases:

C: The stabilizer of a subspace of V', or of a pair of subspaces V7, V5 such that
dim V] +dim V5 = n and either Vi C Vo or V=V, & V5.

C5: The stabilizer of a direct sum decomposition V' = @V, for V; of the same
dimension.

Cs5: The stabilizer of a field extension of I, whose degree is a prime dividing n.
Cy: The stabilizer of a tensor product decomposition V = V; ® V5.
C5: The centralizer of a field automorphism.

Cg: The normalizer of a symplectic-type r-group for a prime r # p (in an
irreducible representation).

C7: The stabilizer of a tensor product decomposition V' = @ V; for V; of the
same dimension.

Cg: A classical subgroup embedded as usual.

Cy: L = Ng(S), where S is a nonabelian simple subgroup of PSL(V') such that
S < L < Aut(S), and the universal cover S of S acts absolutely irreducibly

on V. (Here S is the largest perfect group which, modulo its center, is
isomorphic to S.)
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Now, one can see that in the first eight cases, the maximal subgroup L
is inside a proper connected algebraic subgroup of SL, and therefore has an
invariant subspace in the Lie algebra sl,, of SL,, thus its action on sl, is not
irreducible and so L cannot contain X. The more difficult case to handle is
(as usual) Cy. In this case L is the normalizer of a finite simple group S.
If S is an alternating group then the order of S is bounded by some number
depending only on n, because Alt(k) is not a section of SL, (F) for any field F'
if K > (3n +6)/2 (3 Finite simple groups). Since X < L < Aut(S), the
order of X is bounded if S is an alternating or sporadic group, and hence that
p1|X]| provided p is large enough.

We may therefore suppose that S is of Lie type, say S = Y (F,.) where r is
a prime. Suppose first that r # p. Both e and the Lie rank of Y are bounded
in terms of n (3 Finite simple groups). Now S contains a non-trivial split
torus T (Lang’s theorem, ¢ Linear groups), and T normalises a non-trivial
unipotent r-subgroup R. If r is large (relative to the Lie rank of Y') then
R is elementary abelian, and |NSLH(FP)(R) : R| < n! (exercise!); consequently
|T| < nl. Since |T| > r — 1 it follows that r is bounded in terms of n. We
conclude that |S| = |Y(FF,..)| is bounded by a number depending only on n, and
as above we deduce that p 1 |X| if p is large.

In the remaining case, S = Y (IF,.) is a simple group of the “right” charac-
teristic. By Steinberg’s theory (see [St]), the representation of S in SL(V) is a
tensor product of representations obtained by applying the Frobenius automor-
phism of F,. (maybe several times) and then an algebraic representation of Y.
It follows that S is contained in a proper connected algebraic subgroup of SL;
therefore so is its normalizer and hence X cannot act irreducibly on sl (FF,).
This completes the proof (the original proofs given by Weisfeiler, Matthews et
al., predating Aschbacher’s theorem, used some more direct consequences of

CFSG).
Second proof [Nori 1987]: using algebraic geometry over finite fields

For a subgroup X of SL,,(F,) we denote by Xt the subgroup of X generated
by the elements of order p. Note that if p > n, then every element of p-power
order in SL,,(F,) actually has order p, so in this case X+ = O (X) contains
the Sylow p-subgroups of X.

For each element x in X of order p, let

U, = {exp(tlogz) | t € F,)} < SL, (F,),

where IfF; is the algebraic closure of Fy,; here

_ ey
logx = Z pa (16.3)
i=1
p—1 5
exp z = Z T (16.4)

i=0
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for matrices x and z in M, (I’F\;) satisfying # = 1, 2P = 0, and U, is an algebraic
(one-parameter) subgroup of SL,,.

Let X be the (connected) algebraic subgroup of SL,, generated by {U, |z €
X, P = 1}. Nori’s key result states that if p is large enough with respect to
n, then X+ = )}(FP)JF. Now, it follows from the structure theory that (if p is
large enough then) )?(Fp) = )Z'(Fp)"'; thus in fact X+ = )?(Fp). In other words,
X can be realized as the group of Fp-rational points of the connected algebraic
group X. This result now implies Theorem 16.4.10. Indeed, since X normalises
X it preserves the Lie algebra Lz of X; it follows that L (IF,) = sl,(F,) and
hence that X = SL,. Thus X > X+ = SL,(F,)

Nori’s proof rests on a detailed analysis of the relation between groups and
their Lie algebras in the characteristic p case. He establishes a one to one
correspondence between nilpotently-generated Lie subalgebras of M, (F,) and
unipotently-generated subgroups of SL,, (F,), provided p >> n.

Third proof [Hrushovskii & Pillay 1995]: using model theory.

A field F is said to be pseudo algebraically closed (PAC, for short) if every
irreducible variety defined over F' contains an F-rational point. By Hilbert’s
Nullstellensatz, algebraically closed fields are PAC, but there are many others
(see [FJ]). Important examples of PAC fields are the pseudo-finite fields. These
are the fields F whose elementary theory is equal to the theory of almost all
finite fields: this means that a first-order sentence is true in F if and only if it
is true in almost every finite field. If one takes an infinite set of primes {p; }ics
then a non-principal ultraproduct of {F,, };c; provides an example of such a
field. Such an F is indeed PAC: If V is an irreducible variety defined over F,
then it gives rise to such varieties Vg over almost every finite field F. It follows
from the Lang-Weil estimates on the number of points in varieties over finite
fields that Ve (F') # 0 for sufficiently large F', and by elementary equivalence we
see that V(E) # (0.

Hrushowski and Pillay studied “definable” subgroups and subsets of GL,, (F),
i.e. subsets which can be defined by first-order statements. They have developed
a theory of such subsets which parallels the theory of Zariski-closed subsets. One
of their fundamental results is as follows [Hrushovskii & Pillay 1994], Prop. 2.1:
let X be the subgroup of GL,(F) generated by a family of Zariski-irreducible
definable subsets. Then (1) H is definable and (ii) H has finite index in its
Zariski closure in GL,,(F'). Let us see now how this may be applied to the proof
of Theorem 16.4.10. Suppose that the Theorem does not hold. Then there is an
infinite sequence of primes {p;};c; and proper subgroups H; < SL,(F,,) such
that each H; acts irreducibly on sl (F,,) and has order divisible by p;. Let’s
take a (nonprincipal) ultraproduct of these structures. Then F', the ultraproduct
of the Fp,, is a pseudo-finite field, and the corresponding ultraproduct of the
{H,}ier is a subgroup H of SL,,(F). We first show that H is Zariski-dense in
SL,, (F). Otherwise, its Zariski closure H, an algebraic group over F', would have
an invariant proper Lie subalgebra in sl,(F). By the elementary equivalence,
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this would imply that H; has an invariant proper Lie subalgebra in sl,,(F,,) for
almost all ¢ € I, contrary to hypothesis. A similar argument implies that H
contains a unipotent element: if not, then H; has order coprime to p; for almost
all 7 € I, again contradicting the hypothesis.

Suppose y is a unipotent element of H. Then the set U, = {exp(tlogy) |
t € F} is a subgroup of H. Indeed, for any p; > n, any unipotent element z of
GL,(Fp,) has order p;, and

{exp(tlogz) [t € Fp} = {a? |0<j<p—1}

is exactly the subgroup generated by z inside H;. If y is the image of (x;) in
the ultraproduct H it follows that U, is a subgroup of H (here, log and exp are
defined componentwise, by the formulae (16.3) and (16.4) above).

Now for each unipotent element y € H, Uy is a definable Zariski-irreducible
subgroup of SL,(F). Let Hy be the subgroup of H generated by all such U,.
The theorem stated above shows that Hy has finite index in its Zariski closure
Hy. As Hy is normalized by H which is Zariski-dense in SL,,(F), it follows that
Hy is normal in SL,, (F). Therefore Hy, and its finite-index subgroup Hy, are
both equal to SL, (F'). This now implies that H; = SL,(F,,) for almost all 4,
the final contradiction that completes the proof.

We end this section by mentioning that in recent years, various strong results
on subgroups of GL,(F,) have been obtained. Most notable is the work of
Larsen and Pink who established the following general structure theorem, which
can be used as an ‘elementary’ alternative to CFSG in certain arguments:

Theorem 16.4.11 [Larsen & Pink] Let H be a finite subgroup of GL,(F),
where F' is a field of characteristic p > 0. Then G has normal subgroups Gz <
Gy < G such that

1) |G/G1] is bounded as a function of n;

2) G1/Gy is a direct product of at most 5 simple groups of Lie type defined over
fields of characteristic p;

3) G2 /Gj5 is abelian of order prime to p, and

4) G3 is a finite p-group.

3 The ‘Lubotzky alternative’

On the face of it, the strong approximation theorem is only about subgroups of
S-arithmetic groups, but in fact it has profound applications to finitely gener-
ated linear groups. Most of these are derived via the following theorem, which
Mann has kindly dubbed “Lubotzky’s Alternative”, in analogy with the well-
known “Tits Alternative”.

The Tits alternative asserts that a finitely generated linear group I' either is
virtually solvable or else contains a non-abelian free group. It means that either
I is small (“virtually solvable”) or else I" contains a large (“free”) subgroup. One
of its main applications is the dichotomy: linear groups are either of polynomial
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word growth or of exponential word growth. The Lubotzky alternative asserts
that either T" is small (virtually solvable) or else T' has large finite quotients
(“G(F,) for almost all primes p”). Its main application is the dichotomy: linear
groups of polynomial subgroup growth are virtually soluble, and if the subgroup
growth is not polynomial then it grows at least as fast as n'°¢™ (see Chapters 5
and 8). It appeared in this role in [Lubotzky and Mann 1991].

Theorem 16.4.12 Let G be a finitely generated linear group over a field of
characteristic zero. Then one of the following holds:

(a) G is virtually soluble,

(b) there exist a connected, simply connected simple algebraic group & over Q,
a finite set of primes S such that S(Zg) is infinite, and a subgroup G1 of finite
index in G such that the profinite group (‘5(273) is an image of @1.

In finitary terms, the meaning of (b) is that every congruence quotient of &(Zs)
appears as a quotient of Gy (this is equivalent to (b) by the Strong Approx-
imation Theorem). It may also be important to know something more about
the simple algebraic group & (for example, in Chapter 8 when we try to count
normal subgroups of finite index in a linear group). We return to this question
below, after discussing the proof of Theorem 16.4.12.

The theorem is proved in a sequence of reductions. For the first, we recall
that a specialisation of a group G < GL,(F) into GL,,(k), where k is a field,
means the homomorphism ¢* : G — GL,, (k) induced by some ring homomor-
phism ¢ from R into k& where R is a subring of F' that contains the entries of
all matrices in G.

Proposition 16.4.13 Let G be finitely generated subgroup of GL,(F), where
F is a field of characteristic zero. If G is not virtually soluble then there exist
an algebraic number field k and a specialisation ¢* of G into GL,, (k) such that
¢*(G) 1is not virtually soluble.

Proof. Let f and m be positive integers, provided by the Platonov-Zassenhaus
theorem, such that every virtually soluble linear group of degree n over a field
of characteristic zero is (soluble of derived length < f) by (finite of order < m)
(% Linear groups). Since G is finitely generated, its subgroups of index at
most m intersect in a normal subgroup G of finite index in G. Let K be the
fth term of the derived series of G1; since G is not virtually soluble we know
that K # 1. Choose an element g # 1 of K, an entry g;; # 0;; of the matrix g,
and put z = g;; — dy;.

Now let R be a finitely generated Q-subalgebra of F' such that G < GL,,(R).
Since the maximal ideals of R intersect in 0 ([E], Theorem 4.19), there exist a
field k and a Q-algebra epimorphism ¢ : R — k such that ¢(z) # 0. The group
homomorphism ¢* : G — GL, (k) induced by ¢ then satisfies ¢*(z) # 1, so we
have ¢*(K) # 1. From the definition of K it now follows that ¢*(G) is not
virtually soluble.

Since the field k is finitely generated as a Q-algebra, the ‘Weak Nullstellen-
satz’ ([E], Theorem 4.19 or [AM], Prop. 7.9) shows that is a finite extension of
Q, that is, an algebraic number field. =
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Thus to prove Theorem 16.4.12, we may replace the original group G by its
image under a suitable specialisation, and so assume that G < GL, (k) where
(k : Q) = d is finite. Since GL,, (k) < GL4,(Q), we may further replace n by dn
and F by Q.

Changing notation, we henceforth assume that G < GL,,(Q).

Second reduction Let G° be the connected component of 1 in the Zariski
topology of G (induced from the Zariski topology on GL,(Q)). Then G° < G,
so replacing G by G° we may assume that in fact G is Zariski-connected. Now let
& be the Zariski-closure of G in GL,,(C). Thus & is a connected linear algebraic
group defined over Q. Also & is not soluble; hence there exist a connected Q-
simple algebraic group & defined over Q and a Q-rational epimorphism p : & —
6. Since G is Zariski-dense in & it follows that p(G) is Zariski-dense in &; and
we have p(G) < 6(Q).

Replacing G by its image p(G), we may therefore assume that G is Zariski-
dense in the connected Q-simple algebraic group &.

Third reduction Let m : & — & be the universal cover of &. Thus & is a
simple simply connected algebraic group over Q and 7 is a Q-rational morphism.
Moreover, ker 7 is finite and

&(Q)/7(6(Q)) = B, say

is an abelian group of finite exponent. Indeed, ker 7 is the (finite) centre Z of S
and E embeds into H'(Q, Z) by the exact sequence of Galois cohomology (see
[PR], §2.2); we recall the simple proof in Lemma 16.4.14 below. Let us continue
now with our reduction, and put

H=6Q) Nt YqQ).

Then N
G/n(H) = G/(GNm(&(Q) — E,

so G/w(H) is finite because G is finitely generated. Hence w(H) is finitely
generated also, and as ker is finite it follows that H is finitely generated.
Therefore H < &(Zg) for some finite set of primes 5. Since &(Zg) < GL,y,(Zs)
for some m this implies in particular that H is residually finite; hence there
exists Hy < H with H; Nkerm = 1. We now have

H1 = ﬂ'(Hl) Sf G.

We claim that~ H, is Zariski dense in G. Indeed, writing $) for the Zariski-
closure of H; in &, we have n(Hy) < w($)) < &; but 7($)) is Zariski-closed in
6, while the Zariski-closure of w(H;) has finite index in the Zariski-closure of G
which is &. As & is connected it follows that 7($) = &. Therefore G = 9-kerm.
Since ker 7 is finite and & is connected this implies that G = 9 as claimed.
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Replacing G by H;, we may now therefore assume that the simple algebraic
group & is simply connected, and that G < &(Zg) for some finite set of primes
S.

Conclusion Now Theorem 16.4.2 shows that the closure G of G in the profi-
nite group

6(Zs) = | 6(z,)

pES

is an open subgroup of 6(2;) This implies that G contains a subgroup of the

form
Il s@,)x [ {1

pES1 p€SI\S

where 57 O S is still some finite set of primes, and hence that G is in fact dense
in G(Z/S\l) = [I,¢s, ©(Zp). Replacing S by 51 we may as well suppose that G
is dense in G(Z\g)

In that case, 6(2;) is the completion of G relative to the congruence topol-
ogy, which is coarser than the profinite topology; so G(Z\S) is a homomorphic

image of G and the proof is complete.

It remains to prove

Lemma 16.4.14 Let & be a semisimple algebraic group defined over Q, and
m: 6 — & its unwersal covering. Then

5(Q)
7(8(Q))

is an abelian group with finite exponent dividing the order of the center of S.

Example. A typical example is & = PGLs, & = SLy and

m(6(Q) (@)?

6@Q _ Q@ _RNZ
71@1@.

Proof. The map 7 : S — & is surjective with a finite central kernel Z
of order m, say. Let L = 77 }(&(Q)) and M = &(Q). The Galois group
G = Gal(Q/Q) acts on L and M is precisely the set of fixed points. Moreover, for
every z € L and 0 € G we have x7'o(z) € Z. This implies that o[z, y] = [z,]
for every 0 € G and z,y € L. It follows that [x,y] € M for all x,y € L. Now let
x € L. Then o(x) = zz for some z = z(o,z) in Z, and then o(z™) = 2™2™ =
™. This shows that ™ is in M. Thus

M > [L,L)L™

and the lemma follows since &(Q)/7(S(Q)) is a quotient of L/M. m
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We promised to say more about the simple group &. Looking back at the
above proof of Theorem 16.4.12, we see that & appears as (a covering group of)
one of the simple components of &° where & is the Zariski closure of ¢*(G);
and we are free to choose any one of these simple components. Is there any way
to keep some control over the group &?

Proposition 16.4.15 Let G be finitely generated subgroup of GL,(F), where
F is a field of characteristic zero. Let G be the Zariski closure of G in GL,(C).
Then there exist an algebraic number field k, a normal subgroup G1 of finite
index in G, and a specialisation ¢* of G1 into GL, (k) such that the Zariski
closure of ¢*(G1) is isomorphic to GP.

Here G denotes the identity component of G.

Using this, it is possible to strengthen the statement of Theorem 16.4.12:
under the hypotheses of that theorem, suppose that the Zariski closure of G
has a simple composition factor T. Then T is a product of absolutely simple
groups, each isomorphic over C to a simple algebraic group S; and the simple
group & in the conclusion of the theorem may be taken to be C-isomorphic to a
product of copies of S.

We omit the details of the proof, which needs some care over fields of def-
inition, but sketch now the proof of Proposition 16.4.15. A slightly different
formulation, valid in all characteristics, is proved in [Larsen & Lubotzky] and
stated in the following section.

There is a finitely generated subring A of F such that (i) G < GL,(A) and
(ii) the algebraic group G is defined by equations with coefficients in A. There
exists a prime p (in fact infinitely many) such that A can be embedded in Z,
([Cassels 1986], Chapter 5); and Z, may be embedded in C. We may then
suppose that

G < GL,(4) <GL,(Z,) < GL,(C),

and the Zariski closure of G in GL,(C) is still G. Replacing G by a suitable
subgroup of finite index, we may suppose that (i) G < GL. (Z,), the principal
congruence subgroup modulo p, and (ii) the algebraic group G is connected.
The idea now is to think of a specialisation of G; as a deformation of the
given representation Gy — GL..(Z,). Say G = (g1,-..,94), and let M be the
closure of G in the pro-p group GL}L(ZP). Then M is a finitely generated pro-p
group, so its Frattini subgroup ®(M) is open (% Pro-p groups). Since the
algebraic numbers in Z, are dense in Zj, there exist homomorphisms ¢ : A — Z,
arbitrarily close to the inclusion A — Z, such that ¢(A) is contained in the
algebraic closure of Q in Z,, (this is not obvious: it depends on the fact that if
an equation f(X) = 0 over Z, has a solution { € Z,,, then for every polynomial
f1 sufficiently close to f, the equation f1(X) = 0 also has a solution in Z,,
moreover one that is close to ). We may therefore find such a homomorphism
¢ for which ¢*(g;) = ¢; (mod ®(M)) for i = 1,...,d. Since ¢1,...,gq generate
M topologically, so do ¢*(g1),...,¢*(gq). Thus ¢*(G) is (topologically) dense
in M. Now if H is any dense subgroup of M and H is the Zariski closure of H
then H(Z,) is a closed subgroup of GL,,(Z,) containing H, so H(Z,) > M > H
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and so H is the Zariski closure of M. Applying this to H = G and to H = ¢*(G)
we deduce that ¢*(G) has the same Zariski closure as G. This completes the
proof; for k we take the finite extension field of @Q generated by the finitely
generated ring ¢(A).

We conclude this section with a few applications.

Theorem 16.4.16 Let I' be a finitely generated linear group over a field of
characteristic zero. If I is not virtually soluble then, for every prime p, the Sylow
pro-p subgroups of the profinite completion I' of I' are not finitely generated.

Before proving this we deduce a couple of corollaries.

Corollary 16.4.17 Let T’ be a finitely generated linear group over a field of
characteristic zero. If T is infinite then T' has a subgroup of index divisible by d
for every integer d # 0.

Proof. It is easy to see that the conclusion equivalent to the assertion that
for every prime p, the Sylow pro-p subgroups of I are infinite. This follows from
the Theorem if I is not virtually solvable, while if I" is virtually solvable then I'
has a finite-index subgroup which maps onto Z. m

Corollary 16.4.18 Let ' be a finitely generated linear group over a field of
characteristic zero. If I' has finite upper p-rank for at least one prime p then I'
1s virtually soluble.

Indeed this is a formal consequence of the theorem since the upper p-rank of
I' is by definition the rank of a Sylow pro-p subgroup P of I', hence an upper
bound for the number of generators required by P.

Remark If p = 2, this can be proved by a quite different route, namely using
Theorem 4 of chapter 5. It is interesting to compare it with Theorem 2 of
Chapter 5, which asserts that a finitely generated residually finite group of
finite upper rank is virtually soluble: finite upper rank implies a (uniform)
finite bound for the upper p-ranks for all primes p, and this much stronger
hypothesis is necessary if we don’t assume linearity (for examples see Chapter
13, Section 4).

Proof of Theorem 16.4.16. Replacing I' by a suitable subgroup of finite in-
dex, we may suppose by the Lubotzky alternative that I' maps onto [ a2s S(Fy)
where & and S are as in Theorem 16.4.12. Tt suffices therefore to prove that
the Sylow pro-p subgroups of this product are not finitely generated.

Fixing the prime p, it will suffice to show that there are infinitely many
primes ¢ for which p | |6(F,)|. Now, by Lang’s Theorem (% Linear groups)
the group & is quasi-split over IF, and therefore contains a one-dimensional split
torus; so 6(F,) contains a subgroup isomorphic to [F; which is of order ¢ — 1.
By Dirichlet’s Theorem (3~ Primes) there are infinitely many primes ¢ with
¢ = 1(mod p). The theorem follows as then p | |&(F,)| for each such g.
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Remark. While the Lubotzky alternative has to be formulated slightly differ-
ently in positive characteristic, all the applications in this section hold also in
that case. See §4 below.

4 Strong approximation in positive characteristic

“Morally” the Strong Approximation Theorem holds also for linear groups over
fields of positive characteristic; but it needs to be properly formulated, and this
is not quite a straightforward matter.

Recall that in the ‘classical’ (characteristic zero) situation, one hypothesis
of the Strong Approximation Theorem is that the algebraic group G be simply
connected. If G is not simply connected, there is a proper isogeny ¢ : G — G.
Then I' = G(Zs) = ¢(G(Zg)) for some finite set of primes S, and the closure

—~

of I' in G(Zg) is contained in (p(é(i;)) which has infinite index in G(Z\g) (see
[PR] §7.4 for details). When the characteristic p is positive, a similar obstacle
arises even if the group is simply connected. Consider for example the group
I'y = SLq(Fp[t?]), a subgroup of the arithmetic group I'y = SL4(FF,[t]). Like the
latter, I'; is Zariski dense in SLg4; but its (congruence) closure in the congruence
completion SL4(F,[t]) is far from open. To see this, note that a single local

factor of SLq(Fp[t]) looks like SLq4(F4[[x]]) where ¢ is a power of p and z is a
uniformising parameter, while the closure I';of I'; in such a factor consists of
matrices all of whose entries are pth powers; so I'y < SL4(F,[[z"]]), a subgroup
of infinite index in SLq4(F,[[x]]).

This is just a ‘formal’ counterexample, in that I'; is isomorphic to I'g, which
does have the strong approximation property. However, a more delicate problem
can occur when p is 2 or 3 and G is a simple algebraic group possessing roots
of two distinct lengths whose ratio is \/p (this happens for p = 2 and G of type
B,, C, or Fy and for p = 3 and G of type G3). In such cases, there is a so-
called ‘non-standard isogeny’ ¢ : G — G¥ where G¥ is another simple algebraic
group, and we can play a game similar to the above taking for I'; the image
under ¢ of an arithmetic group in Gj in this case I'; need not be isomorphic to
any arithmetic group in G#. (These isogenies are responsible for the ‘twisted
groups’ of Suzuki and Ree.)

Thus if strong approximation is to hold at all, it must be formulated rather
carefully. A suitable formulation was found by Pink, and we present here a slight
variation of this. Let G be a connected simple adjoint algebraic group defined
over a global field k, and let " be a finitely generated Zariski-dense subgroup
of G(k). The triple (k, G,T) is said to be minimal if whenever (k', G',T”) is
another such triple with k¥’ a global subfield of k, and ¢ : G’ — G is an isogeny
with (T') = T, then k¥’ = k and ¢ is an isomorphism. Pink proves that for
any such triple (k, G,T") there exists a minimal one (k¥’, G’,T") such that G’ is
isogenous to G and I is commensurable to T

Now let (k, G,T") be a minimal triple and let 7 : G — G denote the universal
cover of G, so G is simply-connected. Put T'* = G(k) N7 (w(I)).
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Theorem 16.4.19 [Pink 2000] Let (k, G,T") be a minimal triple, and let S be
a finite set of primes of O = Oy, such that T* < G(Og). Then the closure of T'*
in G(Og) is open.

If we start with an arbitrary triple (kg, Go, o), then replace it with a min-
imal one (k, G,T") as above, then the resulting I'* will be commensurable with
the original group I'g; hence the group-theoretic applications discussed in the
preceding sections remain valid, with suitable adjustments, also in characteristic
p. However we need also the following analogue of Proposition 16.4.15, which
is of some independent interest:

Theorem 16.4.20 [Larsen & Lubotzky] Let F' be an arbitrary field and let T
be a finitely generated subgroup of GL,(F). Suppose that the Zariski closure G
of ' is a connected absolutely simple algebraic group. Then there exist a global
field k and a specialisation ¢ : T — GL, (k) such that the Zariski closure of
Y(T) in GL,, is isomorphic to G.

Using this and Pink’s theorem, one can deduce a version of Lubotzky’s al-
ternative valid in all characteristics (here k denotes the separable closure of
k):

Theorem 16.4.21 Let G be a finitely generated linear group over a field of
characteristic p. Then one of the following holds:

(a) G is virtually soluble,

(b) there exist a global field k of characteristic p, a connected, simply connected
simple algebraic group & over k, a finite set of primes S of the ring of integers
O of k such that S(Og) is mﬁmte and a subgroup G1 of finite index in G such
that the profinite group (‘5((’)5) is an image of G1 Moreover, & may be chosen
to be k-isomorphic to TY for some 1, where T is any of the simple components
of the Zariski closure of G.
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Window: Primes

The problems discussed in this book bring us quite often to counting congruence
subgroups in an arithmetic group I' = G(Z) and that leads to counting primes.
One may note that if G is the one-dimensional unipotent algebraic group G,
then G(Z) = Z and counting primes is actually counting maximal subgroups
in this G(Z). So the whole content of this book can be considered as a gen-
eralization of the counting problems studied in analytic number theory. From
this point of view, one may see our subject of subgroup growth as a chapter of
“non-commutative analytic number theory”.

1 The Prime Number Theorem

For a real number z > 1, let 7(z) denote the number of primes not exceeding
x and ¥(z) = Zp<x Inp. (Throughout, the variable p is supposed to range over
primes.) The main result of classical analytic number theory is

Theorem 16.4.1 PNT (Hadamard, de la Vallée Poussin)

T

m(x) ~ —

Inz’

That is, 7(x)/(z/Inz) tends to 1 as & — oo. This is proved in [HW], Chapter
XXII. It is a relatively elementary fact ([HW] Theorem 420) that

Hax) ~m(z)nzx,
so an equivalent formulation of PNT is
Izx) ~ . (16.1)
Another equivalent form ([HW], Theorem 9) is
pn ~nlnn (16.2)

where p,, denotes the nth prime.

419
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Much effort has been devoted to estimating the error term E(z) = 9(x) — x
in the PNT. It is known that the Riemann Hypotheses (RH) is equivalent (!) to
the assertion: E(z) = O(x27¢) for every & > 0. Moreover if one assumes RH,
then actually E(z) = O (z'/?(Inz)?).

Estimation of 7(z) is crucially needed in the proof of the PSG Theorem (see
Chapter 5); actually for this theorem the following weaker estimate suffices:

Proposition 16.4.2 (Chebyshef, 1852)

W(I)Xﬁ as r — 0o.
The proof goes essentially as follows: Assume x is an integer. It is easy to see
that the highest power of a prime p which divides z! is [ﬂ + {;—2} + [;—3] +.--
where [t] denotes the greatest integer less than or equal to t. It immediately
follows that 2! =[] ., ple/PlH/p* 1+ and so

- (] 31+ 3]+

p<z

Now In(z!) is asymptotic to zln(z) by Stirling’s formula, and, since squares,

cubes, --- of primes are comparatively rare, and %] is almost the same as %,

one can infer that

x Z ln]()p) = zn(z) + O(z);

p<z
from this one can deduce that 7(z) is of order . For details, see [HW], ch.
XXII. An explicit easy upper bound, obtained by combining Theorems 415 and
420 of [HW], is

x
< (2 1)) —
T(@) < (24 (1) e
(recall that log 2 denotes the logarithm to base 2).
The following useful estimates are easily derived from (16.2):

Corollary 16.4.3 If n is divisible by exactly m distinct primes then

Inn
m=0 (hlhl’fl) '

Corollary 16.4.4 If n is the product of the first m primes then

Inn = O(mInm).

For certain purposes we shall also need a much more elementary result,
known as ‘Bertrand’s postulate’. For the proof see [HW], Theorem 418 or [PB],
Chapter 1:

Theorem 16.4.5 For each positive integer n there erists a prime p with n <
p < 2n.



PRIMES 421

2 Arithmetic progressions and the Bombieri-Vinogradov
theorem

For the more precise counting of congruence subgroups in arithmetic groups
presented in Chapter 6, we need to count primes in arithmetic progressions,
together with good estimates for the error term.

To this end, let a and ¢ be relatively prime integers with ¢ > 0. Let

P(z;q,a) ={p<z|p=a(modq)},
m(z;q,a) = [P(z;q,a)| ,

Hx;q,a) = Z In p.

pEP(x;9,a)

The classic theorem of Dirichlet, proved in 1837, asserts that if ged(g, a) = 1 then
there are infinitely many primes congruent to a (mod ¢), that is, 7(x; q,a) — 0o
as x — 00. In fact, these primes are ‘equally distributed’ in the following sense:

Theorem 16.4.6 Assume that ged(q,a) = 1. Then

1 x
W(x;%a)“’@'m,
A C) I
Nwaa)~ 5y ™ o)

Here ¢ denotes the Euler function. For the proof, see for example [N], Theorem
3.11. Below we shall see how it may be deduced from a more general result,
Chebotarev’s theorem.

However, we also need an estimate for the error term

X

#a)’

Assuming the generalized Riemann Hypothesis, one can prove that if ¢ < z then

E(z;q,a) = 9(z;q,a) —

(me)mxl E(x;q,a) < Cz'/?(Inx)?
a,q)=

for some absolute constant C'

[Bombieri 1965] proved unconditionally that this holds “on the average” (a
slightly weaker version was proved independently by Vinogradov). See also
[Davenport 2000]. Precisely, we have

Theorem 16.4.7 (Bombieri’s Theorem) Let A > 0 be fized. Then there exists
a constant c(A) > 0 such that

T
max max |FE(y;q,a)| < c¢(A)—-—.
- ygg(w)gll (y;9,a)| < c( )(lna:)A—5
qg(lnz)A
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Thus the “average error” is O(z2 (Inz)3), which as remarked above does imply
RH “in the average”. We will need to use it in the following way.

Definition. Let = be a large positive real number. A Bombieri prime, w.r.t. x,
is a prime ¢ for which max |E(y; ¢, 1)| < ﬁ If ¢ is a Bombieri prime, w.r.t.
y<z q)Inx

x, we call the set P(x; qi 1) a Bombieri set w.r.t. = and denote it for short by
P(z;q).

Lemma 16.4.8 Fizx 0 < p < % Then for x sufficiently large, there exists at

. . . . . . P
least one Bombieri prime q lying in the interval [lfl—w, xp].

Proof. Assume not, then for all primes ¢ in the interval % < q < P,
max |E(y;q,1)] > m In view of the trivial inequality ¢(¢) = ¢ —1 < ¢, it
ysx
immediately follows that

x 1
> ?2§|E(y,q,1)|>m > .

25 <q<ar 2 <g<ar

Inx

- ilnlnx
2p (Inx)?

provided z is sufficiently large (the sums ranging over primes ¢); the last in-
equality follows from the well known asymptotic formula for the partial sum of
the reciprocals of the primes

Zl :lnlny+b+0(1)
q Iny

q<y

when b is an absolute constant.
This contradicts Bombieri’s Theorem with A > 7, provided x is sufficiently
large. m

Corollary 16.4.9 Let q be a Bombieri prime with respect to x. Then for x
sufficiently large,
x
<3| —— .
- (é(Q)(lnl‘)Q)
Proof. We have

= 9(n5q,1) —9(n—1;¢,1)
2 1=2, T =

PEP(,9)
N 1 1 V(x5 q,1)
- Zﬁ(n,q, 1) (ln(n) ~In(n+ 1)) * In(z 4+ 1)

n=2

71—(1'; q, 1) -

_r
d(q) Inx

In(1+ 1) I(z;q,1) 1 1

:;ﬂ(n;%l)lnnln(n—kl) + Inx —V(@ig,1) (lnx CIn(z+1)

).
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By the defining property of a Bombieri set, we have the estimate |¥(n;q,1) —

%| < m, for n < z. It follows easily that

UCGTRIIPE 1 1 1
_ M < . - . el
Z ! Inz |~ gﬁ(n,q, 1)71' (Inn)? o) (ln:z: In(z + 1))

pEP(z,q9)

3 Global fields and Chebotarev’s theorem

By a ‘gobal field’ one understands either an algebraic number field (finite ex-
tension of Q) or a finite extension of the rational function field F,(¢) for some
prime p (a function field). The ring of integers Oy of a global field k is the
integral closure of Z (in the first case) or of F,[¢] (in the second case). There are
several equivalent concepts of ‘prime of k£’. The ‘infinite primes’ are equivalence
classes of archimedean valuations of k; the ‘finite primes’ are equivalence classes
of non-archimedean valuations of k, or the non-zero prime ideals of Of. We
stick with the latter interpretation; the norm of a prime p is

Np = [Ox/p|.
The Prime Ideal Theorem for global fields is

Theorem 16.4.10 Let 7(x) denote the number of prime ideals p of Oy with

Np < x. Then
x

m(x) ~ —

Inz’

The proof for algebraic number fields may be found in [Cassels & Froéhlich
1968], Chapter VIII §2, or [Lang 1970], Chapter 15, §5. For the function field
case see [Reichardt 1936].

There is also a far-reaching generalisation of Dirichlet’s theorem. Let L be
a finite Galois extension of the global field k, with Galois group G. Let 8 be a
prime ideal of Op and p = P N Ok. Provided p is unramified (which holds for
almost all primes), there is a unique element

- [4]e0

such that ° = 2P (mod*B) for every x € Op. This is called the Frobenius
symbol. The primes P such that P N O = p for a given p form a single orbit
under G, and their Frobenius symbols form a single conjugacy class in Gj; this
is denoted (LT/k) and is called the Artin symbol. The important theorem of

Chebotarev asserts that the primes of k are equally distributed according to
their Artin symbol; that is,
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Theorem 16.4.11 (Chebotarev) Let C be a conjugacy class in G, and denote
by me(x) the number of prime ideals p of O such that Np < x and (LT/]C) =C.

Then C
T

A special case most often used in applications is when C = {1}: the primes p

such that (LT/k
theorem asserts that these have density 1/ |G| = 1/(L : k).

The theorem was originally proved (like Dirichlet’s theorem on arithmetic
progressions) in a weaker form, namely as a statement about the Dirichlet den-

sity of the set of primes in question. A set of primes S has Dirichlet density &

if
D pesNp)™*
2 anp(Np)~*
tends to the limit § as s — 17. It is easy to see that if § > 0 then S is infinite.

However, what one really wants to know is the ‘natural density’ of S, namely
the limit as © — oo (if it exists) of

) = {1} are precisely those that split completely in L, and the

l{p € S: Np < =}
[{p prime: Np < z}|’

It turns out that if either density exists then so does the other, and they are
equal; this is an application of the Tauberian theorem of Ikehara and Delange
(cf. [Koch 1997], Theorem 1.113, [Lang 1970], Chapter 15). Bearing this in
mind, the proof of Chebotarev’s theorem may be found in [FJ], Chapter 5.

Let us show how Dirichlet’s theorem appears as a special case (cf. [FJ],
Chapter 5). Let ¢, a be integers without common factor. Let ¢ be a primitive
gth root of unity, k = Q and L = Q(¢). For each integer b coprime to ¢ there
exists v(b) € Gal(L/k) such that (") = ¢®. If p { ¢ is a prime then ~(p) is
the Frobenius automorphism corresponding to (any prime of L lying over) p.
Clearly p = a(modq) if and only if v(p) = y(a); thus the density of the set
of all such primes p is equal to 1/|Gal(L/k)| = 1/¢(q), as required (note that
Gal(L/k) =2 Z/qZ is abelian in this case, so the conjugacy class of v(a) has just
one element).



Window: Probability

We require very little in the way of probability theory, but the probabilistic
terminology is suggestive; in particular it makes sense of what would other-
wise seem a purely technical piece of measure-theoretic manipulation. For an
accessible and rigorous introduction to the theory, see for example [Renyi 1970].

Let P be a set with a positive, countably-additive measure p such that
w(P) =1 (a ‘probability space’). The measurable subsets of P are called events,
and the probability of an event X is u(X). Two events X and Y are independent
if

WX NY) = p(X)u(Y).

We prove two results, which go together by the name of the Borel-Cantelli
Lemma. A slightly stronger form is proved in [Renyi 1970], Chapter VII §5.
Both concern a sequence (X, )nen of events, and the associated event

Xeo =) (00 Xk>.
neN \k=n

An element x lies in X, if and only if x belongs to infinitely many of the X,,,
so X is interpreted as the event “infinitely many of the events X,, happen”.
The Borel-Cantelli Lemma (under some conditions) determines the probability
of X, once the probabilities of the individual events X,, are given.

Fix the notation

pn = u(Xy)
Poo = (X0,
and for X C P write X = P\ X.
Proposition 16.4.1 If the series .- | py is convergent then ps, = 0.

Proof. Let ¢ > 0. Then there exists n such that Y .- py < e. Since
Xoo € U, X1 we have

OSpooN(Xoo)S,U'(fj Xk)

k=n

o0 (oo}
<Y u(Xe) =) pr<e
k=n k=n

425
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The result follows. =

Proposition 16.4.2 Assume that the events X,, are pairwise independent. If
the series .- | pn is divergent then po = 1.

The proof of this direction needs a little more preparation. For any measur-
able function f on P, define
BN 1
P
(1) = [ (#() ~ E()Pd
P
E(f) is the expectation of f and D?(f) is the variance of f. Now for each

n let o, : P — {0,1} be the characteristic function of X,, so a,(z) = 1 for
x € Xy, ap(z) =0 for z € X,,. Note that

Define
n
Fo(x) =) (ar(z) — pr),
k=1
and note that
E(F,)=0.

We assume henceforth that the events X,, are pairwise independent.

Lemma 16.4.3 For each n we have
D*(F,) =Y pr(1—pr).
k=1

Proof. Since E(F,) = 0 we have
n 2
D*(F,) Z/ (Z(ak(l‘) —pk)> dzx
P

k=1

=3 [ (o) = pie + Y [ (o) = pole(s) - p)d
k=17P

£k Y P

Now ay,(z) — pr takes the value 1 — pg on X and the value —p;, on Xj. So

/P(Oék(x) —p)’de = pe(1 = pi)* + (1 — pr)pi = pr(1 — pi).
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Similarly, for k # [ the function (ax(z) — pr)(cu(z) — pi) takes the values

—(1 = pr)m on X \X;
—-pr(l—=p) on X;\ X
(I=pe)(L—=p) on XpNX;~

DEDL on XpUJX;

Since pu(XrNX;) = prpi, these four sets have measure pr(1—p;), pi(1—pk), P
and 1 — pr — pr + pepr = (1 — pi)(1 — p;) respectively. Putting these together
we find that

[ (@@ = p@ite) e =0,
:

The lemma follows. m
The next lemma is known as Chebyshef’s inequality:

Lemma 16.4.4 Let f be a measurable function on P. For A > 1 put
By ={z € P|(f(x) - E(f))* > AD*(f)}.

Then
p(By) <AL

Proof. If D?(f) =0 then f(z) = E(f) identically and u(B,) = 0. Suppose
that D2(f) # 0. Then

DA(f) = /P (f(x) - B(f))*da
> [ (@) - B

> u(By) - AD*(f),

and the result follows. m

Proof of Proposition 16.4.2. For each n let

Y, = {m€P|Fn(x) <—;Zpk}.

k=1

i)

O /Y79 S 0 9/ S KD DYy "
DAF) ATl ©

Then each x € Y, satisfies

(F(x) —

>/ q;M_A

where
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since pg(1 — p) < pi for each k.
It follows by Lemma 16.4.4 that

H(¥,) <4 (i@ .
k=1

As the series Y77 | p is divergent, there exists an increasing sequence (n(j));en
such that
(Vo)) <277

for each j. Putting Z; = Y,,(;) we may now apply Proposition 16.4.1 to deduce
that u(Zs) = 0.

To conclude the proof, it will therefore suffice now to verify that Xo, C Zo.
Suppose then that z € X.. Then for some n we have = ¢ UZin X}, whence
ar(z) = 0 for all k > n. For each m > n we then have

F.(z)+ Zpk = Zak(x) = Zak(x) <n.
k=1 k=1

k=1

Since this is less than %Zgilpk if m is large enough, we see that x € Y, for
all sufficiently large m, and so = € Z,,. The proposition follows.



Window: p-adic integrals
and logic

1 Results

We consider integrals of R>o-valued functions over subsets of Q}', with respect
to the Haar measure p (always normalised so that u(Z;') = 1). The functions
and subsets considered will always be easily seen to be measurable, which means
that the integral is well defined, as a non-negative real number or co (see for
example [Royden 1964], Chapter 11).

In practice, we evaluate integrals by interpreting them as series. Thus if
¢V — Ry takes only countably many values ¢,, we have

[ odn =3 o7 (o)) € RU{)

The fibres ¢~*(c,) will usually be the intersection of a closed set with an open
set, hence measurable. The series either diverges to +oo or else converges ab-
solutely, so the order of summation is immaterial.

The p-adic absolute value of A € Q, is written

A =p™

where v()\) is the exact power of p that divides A (i.e. p~*WM .\ € Ly it X #0;
one puts v(0) = oo and |0] = 0).

In general, s will denote a real variable, assumed when convenient to be large
and positive.

The following is in a sense the typical example:

s 1_p71
R
Z, 1-p

Proof. Let U, = p"Z, \ p"*'Z,. This consists of p — 1 cosets of p"T'Z,
(out of a possible total of p"*1), so u(U,) = (p — 1)p~"*+1). Since the measure

Lemma 16.4.1

429
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of {0} is zero we have

(oo} (oo} (oo}
/Z [ du = Z/U @ dp =Y p " u(U) =p~(p—=1) Y p Y,
P n=0 n n=0 n=0

a geometric progression with the stated sum. m

The first order language L of Q, consists of the usual logical symbols (in-
cluding the quantifiers V, 3), symbols for variables, a constant symbol for each
element of Q,, binary operation symbols +, -, and relation symbols =, | (where
x | y is interpreted as v(z) < v(y)). By a formula of L we mean a ‘meaningful’
expression constructed using only these symbols. A subset V' of Q" is definable
if there is a formula ¢(z1,...,z,,) of L, containing exactly m free variables x;,
such that

V={xeQ)|ex)is true} .

Theorem 16.4.2 [Denef 1984] Let V' C Z;* be a definable subset of Q' and
let h, k be polynomials in m variables over Z,. Then there exist polynomials P
and Q) over Q such that

P(p~)
Q)

[ mG@)l e dn =
1%
for all large positive s € R.

Denef’s statement has only |k(z)|® in the integrand, but his proof works as
well with the extra factor |h(z)|. On the other hand, he also proves a more
general form of the theorem, in which k is allowed to be any definable function,
that is one whose graph is a definable subset of Q" x Q, = Qg‘“. The proof
shows that the polynomial () can always be taken to be of the form

Q) = [ - p=1%) (16.1)

where «; and §; are non-negative integers. An outline of this proof is given in
the following section.
The integral on the left can be written as a sum

> anp™™ =S,
n=0

say, where S is a power series. It follows from the theorem that Q(T)S(T) =
P(T) holds for all T in some interval [0,¢] where e > 0. This implies that
Q(T)S(T) = P(T) is an identity of formal power series; that is, we may consider
s as a dummy and determine the coefficients a,, recursively from this identity.

A further refinement of Denef’s theorem was obtained by [Macintyre 1990].
He shows that if h and k are defined independently of the prime p (for example,
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if they are polynomials over Z), and the domain V is also defined independently
of p, then the degrees of P and @) are bounded independently of p. More explicit
information about the variation of P and () with p has been obtained in certain
cases by [du Sautoy & Grunewald 2000] (see also our Chapter 15, Section 3).

A powerful generalisation of Denef’s theorem was obtained by Denef and
van den Dries:

Theorem 16.4.3 [Denef & van den Dries 1988] Let V C Z;” be a subanalytic
set and let h, k : Z' — Zp be analytic functions. Then there exist polynomials
P and Q over Q such that

P(p~)
Q)

/ ()] () [* dp =
1%

for all large positive s € R.

A function on Zj' is called analytic if locally it can be defined by convergent
power series. We won’t define ‘subanalytic set’, but note that these include
the sets definable in a certain first-order language for @, that includes function
symbols for functions defined by power series. This is just what is needed for
the applications to p-adic analytic groups discussed in Chapter 16.

As above, the polynomial () may be taken of the form (16.1). The formal
structure of the proof is similar to that of Denef’s theorem; the hard work goes
into setting up the ‘analytic’ theory which makes the argument possible, and
we shall say no more about this.

2 A peek inside the black box

The key to Denef’s theorem is the fact that the logic of Q, admits quantifier
elimination, in a suitable sense. This means that any formula can be replaced
by a formula without quantifiers, and hence that any definable set can be built
out of sets that have a particularly simple form. The precise result is as follows:

Theorem 16.4.4 [Macintyre 1976] A subset of Q)" is definable if and only if
it is a Boolean combination of sets of the following types:

{x Q| f(x)=0} @
{x Qg | fx)} (11)
xeQp | @yeqy) /o) =y} (1)

where f, g are nonzero polynomials in m wvariables over Z, and n > 2 is a
natural number.

A Boolean combination means a set obtained by forming (finitely many) unions,
complements and intersections.
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A simple lemma in [Denef 1984] shows that any set of type (I) or (II) is also
of type (III) (exercise for the reader!). Now if V is a Boolean combination of
sets V; then an integral over V is a finite linear combination, with coefficients
£1, of integrals over sets of the form Vi, N...NV;,. So it suffices in Denef’s
theorem to consider the case where V is defined by finitely many conditions of
the form

P(g;(x);nj) : gj(x) is an njth power

where g; € Z,[T] and 2 <n; € N.

The next, and hardest, step is to show that V' can be further decomposed
into finitely many compact, open pieces on each of which all the polynomials g;
and the functions h, k appearing in the integrand can be replaced by monomials.
We shall come back to this below, but first let us see how it is used.

Suppose, then, that V' is the set of all x € a + p°Z;" such that P(g;(x);n;)
holds (j = 1,...,q), where each g;(x) is a monomial. Let n be a common
multiple of ny,...,ng. If each z; is replaced by zi'z; with 2; € Q) then the
validity of P(g;(x);n;) is unaffected. Since (Qj)" NZ; has finite index in Zj, it
follows that V' is partitioned into finitely many subsets of the form

{x€a+peZ;”|P()\i_1:z:i;n) forizl,...,m}.

We may therefore suppose that V' is just this set. If h and k are also monomials
then
cis+b;

|h(x)| [k()|* = p ] ] |
i=1

where ¢; and b; are non-negative integers, and

m

/ |h<x>||k<x>3du=pe°1_1( [ g du(az»)

where
V; = {y €a;+p°Zy| P(A;ly;n)} .

Let us fix ¢ and evaluate the corresponding integral. Putting U(k) =
(p*Zy \ p* ™ Zy) N Vi, we have

J(0) = / [ da(s) = / Iy
v, kzzo k)

= 3 p eI (U (k).
k=0

cis+b; d
m

Suppose first that a; & p°Z,. Then |y| = |a;| = p~/, say, for every y € V;. In
this case U(k) is empty for k # f, so

J(i) = Ap~I(cistbi)
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where A = pu(V;).

Suppose next that a; € p°Z,. Then we may as well take a; = 0. Say \; = pJu
where u € Z%. Then y € U(k) if and only if (i) k > e and (ii) y = p*v where
v € Z;, and

pk’l) _ pgu A pnlwn
for some integer I and some w € Z;. Hence U(k) = § unless k > e and
k = g (modn), in which case U(k) = p*u - (Z;)n. So putting B = u(u - (Z;)n)
we have p(U(k)) = p~*B, and
J(’L) — Z p—k(cq;s—&-b,;—i-l)B
keK

p
1— pfn(cis+b.;+1) ’

—e/(cis+bi+1)

where K is the set of k > e with k = g (modn) and €’ is the smallest number
in K.
Thus
s T L)
[h(x)| )" dp = p= | | J(i) = F7—
/v 1;[1 Qp~)

where P is a polynomial and Q(T) is a product of factors of the type (1 — p°T).
This is precisely the claim of Denef’s theorem, and it makes clear why the result
takes the form that it does.

The heart of the proof lies in the reduction to this special case (where every-
thing is a monomial). Denef gives two different ways of achieving this reduction.
The first appeals to Hironaka’s theorem on the resolution of singularities. Ap-
plied to the hypersurface defined by the polynomial i - k- [] g;, this shows that
locally, co-ordinates can be found in terms of which each of the individual poly-
nomials in question can be expressed as a monomial. The use of this ‘black box’
has the advantage of giving a relatively quick and easy proof of the general ex-
istence theorem. The disadvantage is that it relies on deep and massive work in
algebraic geometry. However, in specific cases it can be carried out effectively,
giving an explicit rational function as the value of the integral. This was used
to good effect by du [Sautoy & Grunewald 2000], as reported in Chapter 15.

Denef’s alternative proof is more complicated, but more elementary, and
avoids resolution of singularities. Instead, it takes advantage of the ‘grainy’
structure of Z, as expressed in the so-called cell decomposition theorem. This
approach, which makes essential use of the quantifier elimination theorem, has
the advantage that it can be applied to any definable functions, not just poly-
nomials: the idea is to show that if f is definable then Z7' can be decomposed

into ‘cells’ on which |f] is the same as |7’|1/ ¢ for some rational function r and
some e € N; a cell is something like a rectangle. This approach is developed fur-
ther in [Macintyre 1990], whose ‘uniform cell decomposition’ is the basis for his
proof that the numerator and denominator in Denef’s theorem have bounded
degrees, independently of the prime. It is worth consulting the introduction to
Macintyre’s paper for a clear and detailed review of Denef’s argument.
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Open problems

Most of the following problems have been mentioned, explicitly or implicitly,
earlier. Problems that seem to us of particular interest are marked .

1 ‘Growth spectrum’

The broad question of what subgroup growth types occur is answered in Chapter
13, but as soon as we begin to restrict either the class of groups or the kind of
subgroups the problem is very much open. Here is a brief summary of what is
known, together with some indications of what remains to be discovered.

Note that the definition of ‘growth type’ allows one group to have growth
type f for many distinct functions f. When referring to the ‘spectrum of growth
types’, what we mean really is the set of equivalence classes of growth types,
where f is equivalent to g when log f =< logg. All groups are assumed to be
finitely generated (abstract or profinite).

1.1 Subgroup growth types

All groups: full spectrum from n to n”, except possibly between n(1°g1og n)*
(k € N) and n'°" (see chapter 13).

Problems: (a) Fill this gap;

(b) What about strict growth types? (the construction of Chapter 13 already
gives all strict types between n'°8™ and n").

Residually nilpotent groups: there is a gap between n and nl'ogn/loglogn

(see Chapter 8). The only types known to occur apart from n and n™ are
plogn/loglogn  plogn (16.1
2" (y=1/d or 1 —1/d with d € N). (16.2)
(See Chapters 6 and 9.)
Problems: (a) What other types occur?

(b) Are there further gaps?

435
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(c) Is the spectrum uncountable?
(d) Does type 2" occur for every rational v € (0,1)? (See §9.3.)

Linear groups and soluble residually nilpotent groups. Here the gaps
are wider, from n to n'°8™ for linear groups in positive characteristic,
from n to 2" (y > 0 arbitrarily small) for soluble res. nilpotent groups
(see Chapters 8 and 9).

Problems: (a) and (b) as above. (c¢) for soluble res. nilpotent groups. (d) for
metabelian groups.

Soluble groups: The maximal growth type is 2" (see Chapter 3); the only
known ones beyond PSG are those in (16.2).

Problems: (a*) Is there a gap above PSG?
(b*) Is the spectrum uncountable?

Countable classes: there are only countably many f.g. linear groups, f.g.
metabelian groups, finitely presented groups.

Problem: in each case, the spectrum is countable — describe it!

Pro-p groups: The maximal growth type is 2"; there is a gap from n to n'°8™.
The known growth types are n, n'°™ and types as in (16.2) (see Chapter
4 and §9.3).

Problems: (a*) Are there other gaps?
(b*) What other growth types occur?

(¢*) Is the spectrum uncountable?

1.2. Finer growth invariants

PSG groups: there are two invariants, o(G) = lim sup log sn (%) and deg(G) =

logn
lim sup loglgé‘fLG). It is known that deg(G) cannot lie in (1,3/2) and that

a(G) cannot lie in (1,2) ([Shalev 1997;], [Shalev 1999,]).

Problems: (a*) Are there further gaps in the spectrum of « or deg ?

(b*) Is a(G) € Q for every f.g. PSG group? Describe the spectrum of possible
values (it is a countable set!)

(¢) Find the supremum of the numbers ¢ such that a(G) > (£ + o(1)) - h(G)
for all f.g. PSG groups. (It is known that 3 — 2V/2 < &€ < 1: see §5.6.)

See also problem (a) in §3 below.
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Nilpotent groups: It is known that a(G) € Q (see Chapter 15).

Problem*: What is the spectrum of «(G) for f.g. nilpotent groups G? (The
only known values are in NU {5/2,7/2}).

Pro-p groups: If 5,(G) < n8»™ for all n where ¢ < 1/8 then G has PSG
(see Chapter 4).

Problems:
(a) What is the best bound for ¢? (it is known to lie between 1/8 and 1/2).

(b) If G does not have PSG, does G have strict growth type at least f, for
some function f that is faster than polynomial (and independent of G)?

(c) Determine a(G) for G = SL}(Z,) (see also ‘local zeta functions below).

(d) Find the supremum of the numbers ¢ such that a(G) > (£ 4+ o(1)) - dim G
for all pro-p groups G of finite rank. (It is known that 3 — 2v/2 < ¢ < 1:
see §4.1.)

1.3. Subnormal subgroup growth types

Finitely generated abstract groups: The fastest subnormal growth type
is 2™ (see Chaper 2). The only known types faster than polynomial are
those in (16.2), achieved by metabelian groups (see Chapter 9), nl°8"
(arithmetic groups in positive characteristic) and nl°gn/(eglogm)?* (some
arithmetic groups in characteristic zero) (see Chapter 6: for arithmetic
groups with the CSP, the subnormal growth can be estimated in a similar
way to the normal subgroup growth).

Problems: (a*) is the spectrum uncountable?
(b*) Are there gaps?

F.g. profinite groups: All the subgroup growth types achieved by pro-p
groups (listed above) are in fact subnormal subgroup growth types.

Problem: Are there any other subnormal growth types in profinite groups,
beyond these and the ones listed just above?

1.4. Normal subgroup growth types

The fastest normal growth type is n'°8™ (Chapter 2). The only known types
faster than polynomial are n'°8™ and nlogn/(oglog n)? (certain arithmetic
groups) and a countable infinite sequence of types n108™)° with 1 /3<e<
1 (metabelian groups) (see Chapters 6 and 9).
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Problems: (a*) is the spectrum uncountable?
(b*) Are there gaps?
(c*), (d*): The same questions for f.g. pro-p groups.

Problem: Investigate the possible normal and subnormal growth rates where
these are very slow (less than linear); the examples of Chapter 13 have
this property.

1.5. Maximal subgroup growth types of finitely generated groups

The examples of §13.2 exhibit the full spectrum of maximal subgroup growth
types between n'°2™ and n”. Pyber can extend this down to nlogn/loglogn,

Problem™: Is there a gap between n and this latter type (or some smaller gap)?

2 Normal subgroup growth in pro-p groups and
metabelian groups

Problems:

(a*) Characterise the f.g. pro-p groups with polynomial normal subgroup
growth. (The metabelian ones are characterised in §9.4.)

(b) Let F' be the free pro-p group on d > 2 generators. Then log, a;’k (F) lies
between (c; — €)k? and (cz + €)k? for large k, where ¢; = (d — 1)?/4d and
¢ = (d—1)/2 (see Chapter 3). Does k=?log, a;k(F) tend to a limit as
k — oo? If so, what is it?

(c¢) Let G be a f.g. metabelian group or metabelian pro-p group. Then

< loglog s;7)(G)

2 —2/k + o(n) <2-1/k+ o(n)

loglogn

where k = k(G) (see Chapter 9). Does the middle expression tend to a
limit as n — oo? If so, what is it?

3 The degree of f.g. nilpotent groups

Problems: (a*) Determine «(G) in terms of structural invariants of the f.g.
nilpotent group G.
(b) Tt is known that

h(G) > o(G) > (3 — 2V2)h(G)

(this is slightly stronger than Proposition 5.6.6 which applies to all f.g. PSG
groups). Is the constant on the right best possible?
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4 Finite extensions

Let H be a normal subgroup of finite index in a group G.

Problems: (a*) If G has polynomial normal subgroup growth, does H also?
(cf. §1.11.)
(b*) Same for polynomial mazimal subgroup growth (cf. Chapter 11).

5 Soluble groups

All the results giving lower bounds for the subgroup growth of f.g. soluble
groups or prosoluble groups are obtained by counting subnormal subgroups.
Questions: Let G be such a group. (a*) Is the subnormal subgroup growth
type of G the same as the subgroup growth type?
(b*) If G has PSG, is a¥9(G) = a(G) ?

6 Isospectral groups

Groups G and H are said to be isospectral if a,(G) = a,(H) for every n. This
is equivalent to saying that they have identical zeta functions (see Chapter 15).
Evidently this holds if G~H , but this sufficient condition is not necessary: it
is shown in Chapter 14 that for each g, the orientable surface group of genus g
and the unorientable surface group of genus 2¢g are isospectral.

In general, nothing seems to be known about the structural implications of
this relation. To determine what it means for two groups to be isospectral is
one of the fundamental problems in the theory of subgroup growth. Here are
some specific questions:

(a) If G and H are isospectral groups, do they have the same normal, subnormal
or maximal subgroup growth types?

(b) If G and H are isospectral torsion-free finitely generated nilpotent groups,
must they have isomorphic profinite completions?

(c) Can there be infinitely many non-isomorphic isospectral torsion-free finitely
generated nilpotent groups? (A fundamental theorem of Pickel shows that
there are only finitely many such groups with a given profinite completion
— see [Sg], Chapter 10).

7 Congruence subgroups, lattices in Lie groups
Question*: Let I be a finitely generated just-infinite linear group over a field

of characteristic zero, with subgroup growth of type nl°g”/leglogn  Doeg
it follow that I is isomorphic to an S-arithmetic group? (cf. problem 8(d)
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below. See [Lubotzky & Venkataramanal for another algebraic character-
ization of arithmetic groups, and [Bass & Lubotzky 2000] for a counterex-
ample to Platonov’s conjectural characterization.)

Problem*: Determine the congruence subgroup growth type of arithmetic
groups in simple algebraic groups of type A; and C; over global fields
of characteristic 2. (See Chapter 6.)

Problems™: Prove the ‘generalised congruence subgroup conjecture’ for an irre-
ducible lattice I in a characteristic-zero semisimple group H (see Chapter
7). It is of particular interest to establish

logn

(a) If T' is non-arithmetic then T" has subgroup growth of type at least n

(b) if A is another irreducible lattice in H then A and T" have the same subgroup
growth type. Same problem in positive characteristic, assuming I' and A
are finitely generated (see Chapter 7.)

Problems: (a*) If T is an arithmetic group (in a simple algebraic group) in
characteristic zero then
log ¢, (T)
(logn/loglogn)?

(16.3)

is bounded above and below by positive constants (Chapter 6). Does this
ratio tend to a limit as n — oo? If so, what is it? The answer is known
only for T' = SLy(Q); for this and a precise conjecture in the general case,
see §6.1 and [Goldfeld, Lubotzky & Pyber].

(b*) Similar questions in characteristic p # 0, for the ratio

log ¢, (T)
(logn)? -

(c*) Is there an absolute upper bound, independent of the simple algebraic
group G, for this ratio, when I' = G(Oy), k is a global field of character-
istic p # 07 (See [Abért, Nikolov & Szegedy] for a step in this direction).

8 Other growth conditions

PIG means ‘polynomial index growth’ (see Chapter 12). BG means ‘boundedly
generated’: G is BG if G is equal to the product of finitely many cyclic or
procyclic subgroups.

Problems:

(a) Are there uncountably many residually finite boundedly generated groups?

(b) If G is a f.g. residually finite group, does G BG imply that G is BG?
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(c*) Is every residually finite BG group G linear? Is G linear if we assume
additionally that every subgroup of finite index has finite abelianisation?
(H. Bass; see [Abért, Lubotzky & Pyber] for more on this question.)

(d*) Is every just-infinite BG linear group isomorphic to an S-arithmetic group?

(e) Does every soluble f.g. residually finite group with PIG have finite rank?
(Yes if it is also residually nilpotent: see Chapter 12.)

(f) Does every f.g. group with PIG have subgroup growth type at most n'°8™,
or polynomial maximal subgroup growth? (Theorem 12.4 gives the weaker
upper bounds nl°g ")2, nl°e™ respectively.)

(g*) Let G be a f.g. group with ur,(G) finite for every prime p. Must G have
finite rank? (If this holds for soluble groups G it implies a gap in the
subgroup growth spectrum for these groups; see Chapter 9, Notes.)

9 Zeta functions

This area is largely uncharted territory, waiting to be explored in many di-
rections. For some promising beginnings, see the papers by du Sautoy in the
bibliography, as well as Chapter 15. Here we mention a small sample of prob-
lems. Several specific conjectures are stated in the comprehensive survey article
[du Sautoy (d)].

Problems:

(a*) “Uniformity”. Let G be a f.g. free group in the variety of nilpotent groups
of a given class. Prove that

Cap(s) = R(p,p™") (16.4)

for almost all primes p, where R is a rational function in two variables
over Q. Same for (5 (s).

(b*) For which f.g. nilpotent groups G is it the case that the local zeta functions
Cap(s) (or (5 ,(s)) satisfy a ‘local functional equation’

R(X7LY™!) = XY*R(X,Y),

where R is given by (16.4)? Find an explanation for this phenomenon
where it is known to occur. (For many examples, see [du Sautoy (d)], §5.)

(¢*) Determine (g, for G = SLL(Z,), or (1, for the associated Lie algebra
L = sly(Z,), where d > 2 (for d = 2, see [du Sautoy 2000], [du Sautoy &
Taylor]).

(d*) Find a definition for Mann’s ‘probabilistic zeta function’, and study its
properties (see §15.2, and [Mann 1996] for more details).
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