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1. INTRODUCTION

In recent years probabilistic methods have proved useful in the solution of several
problems concerning finite groups, mainly involving simple groups and permutation
groups. In some cases the probabilistic nature of the problem is apparent from its
very formulation (see [KL], [GKS], [LiSh1]); but in other cases the use of probability,
or counting, is not entirely anticipated by the nature of the problem (see [LiSh2],
[GSSh]).

In this paper we study a variety of problems in finite simple groups and fi-
nite permutation groups using a unified method, which often involves probabilistic
arguments. We obtain new bounds on the minimal degrees of primitive actions
of classical groups, and prove the Cameron-Kantor conjecture that almost sim-
ple primitive groups have a base of bounded size, apart from various subset or
subspace actions of alternating and classical groups. We use the minimal degree
result to derive applications in two areas: the first is a substantial step towards the
Guralnick-Thompson genus conjecture, that for a given genus g, only finitely many
non-alternating simple groups can appear as a composition factor of a group of
genus g (see below for definitions); and the second concerns random generation of
classical groups. Our proofs are largely based on a technical result concerning the
size of the intersection of a maximal subgroup of a classical group with a conjugacy
class of elements of prime order.

We now proceed to describe our results in detail.

1.1. Intersections of maximal subgroups and conjugacy classes of classical
groups. Let G be a finite almost simple group with socle Gy, a classical group with
natural module V over a field of characteristic p. We say that a maximal subgroup
M of G is a subspace subgroup if it is reducible on V', or is an orthogonal group on
V embedded in a symplectic group with p = 2; more specifically, M is a subspace
subgroup if one of the following holds:

(1) M = Gy for some proper non-zero subspace U of V, where U is totally
singular, non-degenerate, or, if G is orthogonal and p = 2, a non-singular
1-space (U is any subspace if Go = PSL(V));
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(2) Go = PSL(V), G contains a graph automorphism of Gy, and M = Guw
where U, W are proper non-zero subspaces of V', dimV = dim U + dim W and
either UCWorV=UgW;

(3) Go = Spam(q), p=2and M NGy = 0%, (q).

Note that in (3), if we regard Gy as the isomorphic orthogonal group Oay,11(¢q),
then M N Gy = O, (q) is the stabilizer of a subspace of the natural module of
dimension 2m + 1.

If M is a subspace subgroup, we call the action of G on the coset space (G : M)
a subspace action of the classical group G.

All the results in this paper rely on the following theorem, which for sentimental
reasons we do not number, but refer to as (x).

Theorem (x). There is a constant € > 0, such that if G is any almost simple
classical group, M is a mazimal subgroup of G which is not a subspace subgroup,
and x € G is an element of prime order, then

|29 N M| < |29

1.2. Minimal degrees. Let G be a permutation group on a set Q. We let fix(g)
denote the number of fixed points of an element g € G. Let G* = G\ {1}. The fizity
fix(G) of G is defined by fix(G) = max{fix(g) : ¢ € G*}. The minimal degree m(G)
of G is defined by m(G) = |Q| — fix(G), and coincides with the minimal support
of a non-identity element of G. The fizity ratio (or fized point ratio) rfix(g) of an
element g € G is defined by rfix(g) = fix(g)/|?]. We also set rfix(G) = fix(G)/|9].
If G is an abstract group and M is a subgroup of G, then we let fix(G, M) and
rfix(G, M) denote the fixity and the fixity ratio of the permutation group obtained
from the action of G on the cosets of M. For g € G, fix(g, M) and rfix(g, M) are
defined in a similar manner.

The fixity and the minimal degree of primitive permutation groups have been
studied extensively since the days of Jordan, with numerous applications. The best
elementary (i.e. classification-free) bound was obtained by Babai [Bal], who showed
that if G is a primitive group on a set  of size n, then m(G) > (y/n—1)/2, provided
G does not contain the alternating group on 2. Using the Classification Theorem,
Liebeck and Saxl [LS] showed that rfix(G) < 2/3 with some known exceptions (the
2/3 bound has recently been improved to 1/2 by Guralnick and Magaard [GM]).
In fact the principal result of [LS] deals with almost simple groups, showing that
if G is an almost simple group of Lie type over F,, then for every primitive action
of G we have rfix(G) < % (with a few exceptions when soc(G) = La(q), L4(2) or
PSp4(3)).

The following result gives a much stronger bound for classical groups, provided
subspace actions are excluded.

Theorem 1.1. There is a constant € > 0 such that if G is an almost simple clas-
sical group over F,, with natural module of dimension n, and M is a mazimal
subgroup of G which is not a subspace subgroup, then

rfix(G, M) < ¢~ ".
Note that such a result is not valid for subspace actions, where the fixity ratio
is sometimes as large as ¢—! (roughly). However, results from [Shi] and [GK] show

that similar bounds also hold if M is a subspace subgroup, provided the subspace
stabilized is not of dimension less than én (or > n — on), where § = §(e).

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



SIMPLE GROUPS, PERMUTATION GROUPS, AND PROBABILITY 499

1.3. The genus conjecture. The bound obtained in Theorem 1.1 can be applied
in several contexts. First, we use it in order to obtain a partial solution to the
genus conjecture of Guralnick and Thompson [GT].

To state this, let G be a finite group acting faithfully and transitively on a set €2
of size n, and let £ = {x1,... ,xx} be a generating set for G with z1...xx = 1. If
x € G has cycles of length r1,...,r; in its action on €, define the indez ind(x) =
le(rZ —1). The genus g = g(G,Q, E) is defined by

2ln+g—1) = Zind(xi),
i=1

and the genus g(G,Q) of the permutation group (G, ) is the minimum value of
9(G,Q, E) over all such generating sets E. We say that G is a group of genus
g if there is a faithful transitive G-set Q such that ¢g(G,) < g. Such a group
is the monodromy group of a cover X — Y, where X is a compact connected
Riemann surface of genus g and Y is the Riemann sphere (see [Gu] for background).
Groups of genus g (particularly the case g = 0) have been extensively studied; for
a survey, see [Gu]. The main conjecture in the subject, the Guralnick-Thompson
genus conjecture [GT], states that if £(g) is the set of non-abelian, non-alternating
composition factors of groups of genus g, then £(g) is finite for each g.

The genus conjecture was reduced to the almost simple case in [Gu, 5.1]. More
specifically, one is required to show that only finitely many almost simple groups
of Lie type have primitive permutation representations of given genus g.

Thus let G be an almost simple group of Lie type over the field F,. It is shown
in [LS] that if G has genus g, then ¢ is bounded in terms of g. Therefore, in order
to prove the conjecture it suffices to deal with classical groups in arbitrarily large
dimension. The case g = 0 and G = L, (q) was settled by Shih [Shi]. Recently it
has been shown in [LP] that only finitely many classical groups G have primitive
permutation representations of genus g provided the point-stabilizer M lies in the
class S in Aschbacher’s classification of maximal subgroups of classical groups (see
[As, KLi]). Here we extend this result to all but subspace actions.

Theorem 1.2. For any integer g > 0 there are only finitely many classical groups
in non-subspace actions having genus g.

Therefore, in order to complete the proof of the genus conjecture, it remains to
deal with subspace actions of classical groups.

1.4. Base size. Recall that a base of a permutation group G on a set () is a
subset B C (2 whose pointwise stabilizer G'(p) is trivial. Bases arise in estimating
the orders of primitive permutation groups, and also play an important role in
computational group theory (in various polynomial-time algorithms). Denote by
b(G) the minimal size of a base for G. There are several conjectures suggesting
upper bounds on b(G). A conjecture of Cameron and Kantor [Cal, Conjecture 3.4,
p. 343], [CK, p. 260], [Ca2, p. 638] concerns almost simple primitive groups G; it
states that for such groups, b(G) is bounded by some absolute constant, unless G
lies in a prescribed list of exceptions. Our next result settles this conjecture in the
affirmative.

Theorem 1.3. There exists an absolute constant ¢ such that for any almost simple
primitive permutation group G, one of the following holds:
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(i) G is A, or Sy, acting on k-subsets of {1,... ,n} or on partitions of {1,... ,n}
into k parts of size n/k;
(ii) G is a classical group in a subspace action;
(iii) b(G) <ec.
Furthermore, excluding G as in (i) or (ii), the probability that a random c-tuple of
elements from the permutation domain forms a base for G tends to 1 as |G| — oo.

We note that b(G) is unbounded for the groups in parts (i)—(ii), since the orders
of these groups are not bounded by a fixed polynomial function of their degree.
The last statement in Theorem 1.3 is in fact conjectured explicitly in [CK].

Another conjecture concerning base size was recently settled in [GSSh]. It was
shown there that, if G is a primitive permutation group not involving A, (that
is, having no section isomorphic to A4), then b(G) < f(d) for some function of f
depending only on d. The function obtained in [GSSh] is quadratic, and it was
asked whether a similar result holds with a linear function. The answer is provided
by

Theorem 1.4. Let G be a primitive permutation group not involving Ay. Then
b(@G) is bounded above by a linear function of d.

1.5. Random generation. In spite of considerable progress in the study of gen-
eration, and random generation, of finite simple groups, some natural problems still
remain open.

It has recently been shown [Di, KL, LiShl] that a randomly chosen pair of
elements of a finite simple group G generates G with probability — 1 as |G| — oo.
An interesting related problem, which first arose in [KL], deals with generation by
a fixed element and a randomly chosen one. Given an element = € G, let P, (G)
denote the probability that (x,y) = G, where y € G is randomly chosen, and set
P=(G) = min{P,(G) : x € G#}. It was conjectured in [KL] that P~(G) — 1 as
|G| — o0, but this was refuted in [GKS]. While the cases of alternating groups and
groups of Lie type over fields of bounded size are now well-understood (P~ (G) is
bounded away from 1 in these cases), the behaviour of P~(G) for classical groups
G over unbounded fields is still unclear. We settle this as follows.

Theorem 1.5. Let G be a classical simple group in dimension n over the field Fy.
Suppose ¢ — 0o. Then P~(G) — 1, regardless of n.

If n is bounded, then the result is proved in [GKS], so it remains to consider the
case where both ¢ and n tend to infinity, which is what we do here. We note that
the case G = L,(q) is settled in [Shl] using different methods.

The next problem, posed by G. Robinson, deals with random generation of simple
groups by two conjugate elements. Suppose we choose at random x € G and then
we choose at random a conjugate x¥ of x. What can be said of the probability that
(x,2¥) = G?

Theorem 1.6. Let G be a classical simple group, and let x,y be randomly chosen
elements of G. Then the probability that (x,2¥) = G tends to 1 as |G| — oo.

This extends results from [Sh2]. In fact Theorem 1.6 has recently been extended
to all simple groups G in [GLSS].

1.6. Structure of the paper. There are three further sections. In the first, we
assume Theorem (%) to be true, and deduce Theorems 1.1-1.6. The second and
third comprise the proof of Theorem (x).
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2. PROOFS OF THE MAIN RESULTS

In this section we assume that Theorem (%) holds, and use it to derive Theorems
1.1-1.6.

Denote by Cl(n,q) the set of almost simple groups whose socle is a classical
group over F, with natural module of dimension n, and by Ci,(g) a quasisimple
group with central factor group in Cl(n, q).

Proof of Theorem 1.1. Let G € Cl(n,q), and let M be a maximal subgroup of G
which is not a subspace subgroup. Write  for the coset space (G : M). Let
x € G be a non-trivial element with a maximal number of fixed points on 2. Then
fix(z) = fix(G), and by replacing = with a non-trivial power if necessary, we can
assume that x has prime order. We have

rfix(G) = fix(x)/|Q| = |2% N M|/|z%].

By Theorem (x), therefore, rfix(G) < |2%|~¢. Now all conjugacy classes of G have
size greater than P(G), the smallest degree of a faithful permutation representation
of G, and lower bounds for P(G) are given in [KLi, 5.2.2]. In particular we see that,
excluding a finite number of possibilities for G, we have P(G) > ¢"/2. Consequently
rfix(G) < ¢~¢*/?, proving Theorem 1.1.

Proof of Theorem 1.2. Fix an integer g > 0. Let G € Cl(n,q) act faithfully and
primitively on a set Q of size m, where (G, §2) is not a subspace action, and suppose
g(Gv Q) =9

Assume 1fix(G) < &. Then fix(z) < m/86 for all 1 # x € G, whence ind(z) >
(85(d — 1)m)/(86d), where d is the order of x (and ind(z) is as defined in §1.3).
Now G has a generating set x1,...,x such that 21 ...2; = 1 and > ind(z;) =
2m — 2 4+ 2g. Therefore, writing d; for the order of x;, we have

%mzdldi ! <2m — 2+ 2g.
If S(d; — 1)/d; > 85/42, it follows that m < cg for some constant c¢. Otherwise,
one of the following holds:

(1) k=4, (d1,da,d3,ds) = (2,2,2,2);

(2) k=3 Y1/d) > 1:

(3) k<2
In each case G is either solvable or isomorphic to As (see [Ma, Chapter II]).

We conclude that there are only finitely many possibilities for non-subspace
actions (G, Q) satisfying g(G, Q) = g and rfix(G) < 1/86. On the other hand, by
Theorem 1.1 there are also only finitely many possibilities for non-subspace actions
(G, Q) of classical groups G such that rfix(G) > 1/86. Theorem 1.2 follows.

Proof of Theorem 1.3. Let G be an almost simple primitive permutation group on
a set 2, and suppose (G, ) is not as in (i) or (ii) of Theorem 1.3. We shall show
that for a suitably chosen constant b, almost every b-tuple of elements of ) forms
a base for G. If G is alternating or symmetric, this holds with b = 2, by [CK,
Theorem 2.2]. If G is a group of Lie type in bounded dimension, the assertion
follows from [GSSh|. Thus it remains to deal with classical groups G € Cl(n, q) of
large dimension. Let Q(G,b) denote the probability that a randomly chosen b-tuple
from 2 does not form a base for G. Let P denote the set of elements of prime order
in G, and let z1,...,z, be a set of representatives for the G-conjugacy classes of
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elements of P. Let M be the stabilizer of a point in Q (so that M is a maximal
subgroup of G).

Note that, for a given x € G, the probability that a randomly chosen point of €2
is fixed by z is rfix(z). Therefore the probability that a randomly chosen b-tuple
of elements of  is fixed by z is rfix(x)®. Now, if a b-tuple is not a base, then it is
fixed by some element x € G of prime order. This yields

b < 3 rix(a)! Z|xG| (M 02€/|2E)? Z|meG|/|xG|“

zeP

Since by assumption, (G, ) is not a subspace action, Theorem () gives
M Naf| <|zf['7c (1<i<r).

Combining the above inequalities we find that

QG b <Z|$G|b(l €)—(b—1) Z|$G|1 be

=1
Suppose b > e~ 1. Then 1 — be < 0, and
Q(G,b) <r- O,
where C' is a conjugacy class of minimal size in G. As observed in the proof of 1.1,
we have |C| > ¢™/? (recall G € Cl(n,q)). On the other hand, if [ is the (untwisted)

Lie rank of G, and k(G) is the number of conjugacy classes in G, then by [LPy,
Theorem 1] we have

r < k(G) < (69)'|G : soc(G),

and this is less than ¢*" (note that |G : soc(GQ)| < |Out(soc(@))|).
Hence, letting b > 11¢~!, say, we have 1 — be < —10, so

Q(G,b) S 7"|C|_10 < q4nq—5n _ q—n'

Thus Q(G,b) — 0 as |G| — oo. Hence, with this choice of b, almost all b-tuples
form a base, and the Cameron-Kantor conjecture follows. Note that in [CK] this
conjecture is already formulated in the probabilistic form established here.

Proof of Theorem 1.4. For d > 5, let I’y denote the class of finite groups which do
not involve Ay. Let G € T'y be a primitive permutation group. We have to bound
b(G) by a linear function of d. The proof in [GSSh] shows that it suffices to consider
two cases:

(1) the case where G is almost simple, and
(2) the case where G = VH < AGL(V) is of affine type and H is a primitive
(irreducible) subgroup of GL(V).

Indeed, if the base size of G is bounded by f(d) in these two case, then [GSSh]
shows that the base size of a general primitive group G in I'y will be at most
20 + 2logd + f(d).

We first handle case (1). Suppose G € I'y is almost simple. By Theorem 1.3, we
may assume G is as in (i) or (ii) of 1.3, since otherwise the base size of G is bounded.
It is shown in [GSSh] that if soc(G) is alternating, then b(G) is bounded by a linear
function of d (this follows from known bounds on the maximal length of a chain
of subgroups in G). Therefore we can assume that G is as in 1.3(ii), namely a
subspace action of a classical group G € Cl(n, q). Since G € T'y, we have n = O(d),
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so it suffices to show that b(G) < en. This is done by explicit construction in [Li2,
p. 14].
This completes the proof in the almost simple case.

Now consider the affine case (2). Here G = VH < AGL(V) is of affine type,
acting on the set of vectors in V', where H is a primitive subgroup of GL(V) =
GL,(q) (¢ = p*). Observe that AGL(V) itself has a base of size n 4 1; hence we
may assume that n is large. In order to resolve this case we need some preparations.

Lemma 2.1. Let H be a primitive irreducible subgroup of GL(V') = GL,(q) (with
n large). Then one of the following holds:
(i) [H] < |V
(ii) H stabilizes a tensor product decomposition V.=V, @Va: here H < GL,,(q)o
GL,,(q) with n = ning and ny,ng > 1;
(iii) H lies between a quasisimple subgroup S and its normalizer in GL(V): either
S is an alternating group Ay and V is a minimal module for S (of dimension

k—1ork—2), orS is a classical group in CI(%,qo) for some t dividing n
and some subfield Fq, of Fg.

Proof. Choose t maximal such that H lies in a subgroup X = GL,,/4(¢").t of GLy(q)
(in its natural embedding). Observe that (i) holds if n/t = 1; hence we may assume
that n/t > 2. Now choose a classical group Y = Cl,:(q) < X (Fgy, C Fg),
minimal such that H < Nx(Y).

We apply Aschbacher’s theorem [As] to the subgroup H of the classical group
Nx(Y). According to this, either H contains Y, or H lies in a subgroup in one of
the families C; (1 < ¢ < 8), or H is the normalizer of an irreducible quasisimple
subgroup (we say H € S in the latter case); see [KLi] for detailed descriptions of
these families.

If H contains Y, then (iii) holds. If H € S, then by [Lil, 4.1], either (i) holds,
or (iii) holds with S = Ay.

Now suppose H < M with M a subgroup in the family C;. As H is primitive
and irreducible, i # 1,2; by choice of X and Y, i # 3,5,8. If i = 4, then M is a
tensor product subgroup, and (ii) holds. If i = 6, then M < (F}, ort*2a) Spou(r).z,
where n/t = 7%, r is prime and « divides n. This yields

2
|H| < anBaTQa n S qnn3n2logn+l < an’

provided n is large (as assumed). Finally, if H is contained in a member of C7, then
there are a,t > 1 with n = a’ and H < (GL4(q) © ... 0 GL4(q)).St; this yields

|H| < qa2tt! < q3at _ an.
Thus (i) holds. &

A sequence of vectors vy, ..., v, will be called a strong base for H if the only
elements of H which leave the subspaces (v1),. .. , (vx) invariant are scalars. Define
b*(H) to be the minimal size of a strong base for H.

Lemma 2.2. There exists a constant ¢ such that, if H € 'y is a primitive subgroup
of GL(V'), then b*(H) < cd.

Proof. Tt is shown in [GSSh, Theorem 5.3] that there is an absolute constant ¢;
such that if G = VH < AGL(V), where H € T'y is a primitive subgroup of GL(V'),
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then in the action on V,
rfix(G) < |V|~Ved,

This shows that, if A € H is fixed and is not scalar, and v € V is randomly chosen,
then the probability P}, that h leaves (v) invariant is at most ), p. rfix(Ah) <

qrfix(G) < q|V|~ Ve,

Suppose V' = (F,)", and proceed by induction on n = dimV. Note that
b*(GL(V)) = dimV + 1, so the result follows if n = O(d). We can therefore
assume that n > 2c1d, where ¢; is as above. Hence ¢ < |[V['/2¢14, so

Ph < q|V|—1/c1d < |V|_1/2cld.

Now choose at random v1,...,v; € V, and let Q*(H, k) denote the probability
that v1,... ,vx do not form a strong base for H. Then

Q (H k)< Y Pf<|H|V|TMd
heH\Z(H)

It follows that, if |[H| < |V|3, and k > 6¢1d, then Q*(H, k) < 1, so b*(H) < 6c1d.

We now apply Lemma 2.1. If H satisfies 2.1(i), then the linear bound on b*(H)
is already obtained.

Now suppose H satisfies 2.1(ii). Then we have n = ning for some nq,ne > 1
and H < GLy,(q) o GLy,(q). Let H; be the projection of H to GLy,(q) (i =1,2).
Then H; < GL(V;), H; € Ty and H < H; o Hy. By induction on dim V' we have

We now claim that

b*(Hy o Hy) < max{b*(Hy),b*(Hz)}

(where b*(H;) refers to the minimal strong base size of H; on V;). To show this,
let b = max{b*(H1),b*(H2)} and let v;; € V; ( =1,...,b) be a strong base for H;
(1 =1,2). Set v; = v1; ®va;. We assert that v1,... , v, is a strong base for H ® H.
Indeed, let h = hihy where h; € H;, and suppose h keeps all the subspaces (v;)
invariant. Then

h(vj) = h1(v15) ® ha(vg)) = Avij @ vaj,

for some A € F,. This implies h;(v;;) € (vi;) for all 4,5. Thus hq, he are scalars,
and so is h. This establishes the claim.

Applying the claim we now obtain b*(H) < c¢d as required.

Finally, consider H as in 2.1(iii). Suppose first that S = Ai. Then k < d and
ne{k—1k—2} son <d+ 1. Therefore b*(H) < d+ 2 in this case.

To conclude, suppose S € Cl(n/t, qo), where t divides n and F,, is a subfield of
Fqt. From the proof of 2.1, we see that, viewing V' as an n/t-dimensional space
over Fy:, V is a natural module for S. Therefore H admits a strong base of size at
most (n/t)+1 (the extra 1 to take care of field automorphisms). Since n/t = O(d),
the result follows. #

Since a strong base for H is also a base for H, Theorem 1.4 follows from 2.2.

Proof of Theorem 1.5. Let G € Cl(n, q), and suppose ¢ — co. We can assume that
n — oo, since otherwise the conclusion follows from [GKS]. Let M be a set of
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representatives for the conjugacy classes of the maximal subgroups of GG. As in the
proof of [GKS, Theorem II] we have
1-P(G)< Y rfix(G, M).
MeM

Write M = M;UMsUM3 where M consists of subspace subgroups, Mg con-
sists of the subgroups lying in the Aschbacher classes C; (2 < i < 8), together with
Ay, Sk in minimal representations, and M3 consists of the remaining subgroups in
S.

For ¢ = 1,2, 3 write

E; = Z rfix(G, M).
MeM;

Then

1-P (G) < E1+ Ey+ Es,

so it suffices to show that, for each i, F;, — 0 as ¢,n — oc.
Let M € M; be the stabilizer of a k-dimensional subspace of the natural module
V, where k < n/2. Tt follows from results of Guralnick and Kantor [GK, §3] that

rfix(G, M) < q~°F,

where § > 0 is some absolute constant. Hence the contribution of these subgroups
to 7 is at most

27" =271 —q %),

k>1
which tends to 0 as ¢ — oo. This shows that E; — 0, except possibly in the case
where G is symplectic in characteristic 2. In this case there are two additional
subgroups in M7, namely O (q) and O, (¢). If M is one of these subgroups, then
rfix(G, M) < 4/3q by [LS], and so the contribution of these subgroups to E; is at
most 8/3¢, which tends to 0 as ¢ — oo. Therefore E; — 0 in any case.

Let M € My. Then by Theorem 1.1 we have

rix(G, M) < g~ ".
On the other hand we have

IMa| < enlogloggq
by [GKS, 2.2]. Therefore

ETL_)O

FEs <cnloglogq-q~

as n or q tend to infinity.
Let M € M3. By the proof of Lemma 4.1 below,
rfix(G, M) < q_cng/z.
On the other hand, as in [LiSh2, p. 89] we have
|M3| < 6n2¢°" logq.
Therefore
3/2

E3 < 6n°¢°"logq-q~ " —0

as n — oo.
The theorem is proved.
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Proof of Theorem 1.6. We adopt the notation of the previous proof. Let G be a
simple group in Cl(n, g). We can assume that n — 0o, since otherwise the conclusion
follows from [Sh2].

We need some notation. Let Q.(G) denote the probability that (z,z¥) # G. Let
{C;}ier be the conjugacy classes of G. Suppose C; = {1} and let I# = I'\ {1}. For
each i € I fix a representative g; € C;.

By [Sh2, p. 572] we have

_ |CiﬂM|2 1 |C; N M|
Qe(G) <|GI7' + A =G+ —rfix(gi, M).
ieI#ZMeM |Cl||M| ie]%e/vl |M|
Let M1, Mo, M3 be as in the preceding proof. For M € M let rank(G, M)

denote the rank of the corresponding permutation group. Fix M € M;. As in
[Sh2, p. 574] we have

|ClﬁM| 1 1
————rfix(¢g;, M) = |G : M|7" - — |C; N M|fix(g;, M)
; | M| | M| ;

=|G: M|7! - rank(G, M).
For M € My U M3 we use the inequality (see [Sh2, p. 573])

i N M
Z Mrﬁx(gi,M) < rfix(G, M).
iel# |M]

Define

Dy= ) rank(G, M)|G: M|,
MeM;,

and let Es, F5 be as in the proof of Theorem 1.5. It then follows that
Qc(G) <|G|™" + Dy + E + Es.

In order to show that Q.(G) — 0, we bound each of the partial sums Dy, Fs, Fs5
separately. First, since n — oo, it follows from the previous proof that F,, E3 — 0.
So it remains to consider D;. To bound this, we need the following result bounding
the ranks of subspace actions.

Proposition 2.3. Let M be a subspace subgroup of the classical simple group G €
Cl(n, q).
(i) If M is the stabilizer of a totally singular subspace (any subspace if G =
L,(q)), then rank(G, M) < cn?.
(i1) If M is the stabilizer of a non-degenerate k-space (k <n/2, G # L,(q)), then
rank(G, M) < ckq"", and also rank(G, M) < ck2g"" —F/2+3,
(iil) If M is the stabilizer of a nonsingular 1-space with G orthogonal and p = 2,
or if (G, M, p) = (Spam(q), 0%, (q),2), then rank(G, M) < cq.
(iv) In all cases, rank(G, M)|G : M|™' < en?q="/5.

Proof. (i) In this case M is a parabolic subgroup of G; say M = Py, the stabilizer of
a k-space. It is well known (see [CIK]) that rank(G, Py) is the same as rank(W, W),
where W is the Weyl group of G and W}, the parabolic subgroup of W corresponding
to Py. If G = L,,(q), then W = S,,, Wi, = Sk X S,,—x and the rank is k + 1. If G is
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symplectic, unitary or orthogonal in odd dimension or of type O, then W = 2¢.5;
(of type B;) and Wy, = Si x 2!~k S,_j. In this case consider W acting in the
natural imprimitive action on {£1,...,4+n}, with W} the stabilizer of {1... k},
to see that rank(W, W) < ck? (in fact it is equal to (k + 1)(k + 2)/2). Finally, if
G is orthogonal of type OF, then W = 2!71.5; of type D; (index 2 in type B;) and
the same considerations as above give rank(W, W) < ck?.

(i) Let V' be the natural module for G, and let G1 = Npgrv)(G) (so that
|G1 : G| < 8; see [KL, Chapter 2]). Observe that rank(Gi, M) is equal to the
number of orbits of G; on pairs (U, W) of non-degenerate k-spaces.

Suppose first that G is not an orthogonal group in characteristic 2. Let (U, W) be
a pair of non-degenerate k-spaces. Let X = UNW. The G;-orbit of X is specified by
dim X and dim(rad(X)). Say rad(z) = {(e1,...,e,). Then X has a (standard) basis
€1y s €ry€rt1, fral,...,€s, fs (Dossibly with an additional nonsingular vector d if
G is orthogonal), with inner products as given in [KL, §§2.4, 2.5]. Up to G1-action,
the number of possibilities for X is at most ck? (as there are at most k choices for
r and s). Extend the above basis of X to standard bases of U and W:

basis of U : €ly... ,er,er+17fr+17--- ,es,fs,fl,... ,fr,es+1,fs+1,... ,(d,dl)
basis of W : €1, .. aeraer-‘rlv.f?“-‘rlv"' 7esaf57f{7"' 7f7{76/s+15fg+17"' 7(d7d/1)

where d,d;,d] are non-singular vectors which may or may not be present. Now
observe that by Witt’s theorem, the Gi-orbit of (U, W) is determined by the inner
products of the above basis vectors of U with those of W. There are at most k?
such inner products, so it follows that

rank(G1, M) < k2"

Write e = e; for j < s. We may choose the ej(i > s+ 1) so that (e1,e;) = 0 for
all but at most one value of i (take the e} to include a basis for the kernel of the
map v — (e1,v) from the space spanned by the e to the field). Thus the G;-orbit
of (U,W) is specified by the above k% inner products, but excluding the (ey,€})
which equal zero. There are at least (k — 2)/2 such e}, so the orbit is specified by
k? — (k —2)/2 — 1 inner products. The last part of (ii) follows.

When G is an orthogonal group in characteristic 2, the above proof goes through
with minor changes. There are two possibilities for rad(X) of a given dimension
r, namely {(e1,... ,e.) and {e1 + f1,e2,...,¢e,) (the first being totally singular, the
second not); and X/rad(X) may be of type O or O~. There may also be up to 4
extra vectors d, dq, ... to add to the bases of U, W. Apart from these changes, the
above proof goes through.

(iii) This follows from the proof of [LPS, Proposition 1].

(iv) This is immediate from the previous parts. @&

Since | M| < cn, Proposition 2.3(iv) gives

Di<en- chq_"/5 = ch?’q_”/5 — 0

as n or ¢q tend to infinity.

Theorem 1.6 follows.

We note that the lower bounds on the various generation probabilities obtained
in the proofs of 1.5 and 1.6 for classical groups in general are significantly better
than the ones given in [Shl], [Sh2| for G = L,(q).
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3. PROOF OF THEOREM (*): PRELIMINARY LEMMAS

This section and the next are devoted to the proof of Theorem (x).

Let G be an almost simple group with socle Gy, a classical group with natural
module V' of dimension n over a finite field I = Fgu, where u = 2 if G is unitary
and u = 1 otherwise. Let p be the characteristic of F.

We are required to produce a constant € > 0 such that, for any element x € G of
prime order, and any maximal subgroup M of G which is not a subspace subgroup,

|29 N M| < |z€)1 7.
Define

log |z¢ N M
Flz, M) = M

We have to show that f(z, M) <1 —e.

Let G,M and x be as above. Observe first that by [LS], |z N M|/|z%| <
min{2/¢'/2,3/4}, and hence Theorem (%) follows if the dimension n is bounded.
Thus we may assume that n is unbounded.

By [As], the maximal subgroup M is either in one of the Aschbacher families
C; (1 < i < 8), or it lies in collection S of almost simple, irreducible subgroups
(satisfying various other conditions); see [KLi] for descriptions of all these families.

Throughout the section, we adopt the following notation:

log |z€|

o(1) = on(1);
¢, c, ... are positive constants;
0,0, ... are small positive constants.

For a finite group M, io(M) denotes the number of involutions in M.

Lemma 3.1. We have |M| < |G|2T°(1) . Moreover, there exists & > 0 such that if
|M| > |G|279, then M ‘is of one of the following types:

M€ Cy: Clyalq) wr Sz, GLy 2(q") (Go # Ln(q))

M eCs: Clya(q?)-2, GU, a(q) (G orthogonal or symplectic)

M €Cs: Cln(q*?), Spn(q) or SO, (q) (G unitary)

M eCs: Spa(a), SOn(q) or SUL(¢"?) (Go = Lu(q)).

Proof. For M € C this follows by inspection of [KLi, Chap. 4] (recall M is not a
subspace subgroup). For M € S it follows from [Lil]. &

In what follows we let (x) denote the conclusion of Theorem (x).
Lemma 3.2. If |Cq(z)| < |G|279, then () holds.
Proof. The hypothesis implies that |zC| > |G|219", giving (x) by 3.1 (first asser-
tion). &

Lemma 3.3. If x ¢ PGL(V), then (x) holds.

Proof. As * ¢ PGL(V) and has prime order, it is a field, graph or graph-field
automorphism of Gy (in the sense of [GL, §7]).

If o(z) > 3, then z is a field automorphism, and |Cg (z)| < |G|3T°M), giving the
result by 3.2.

Now assume o(z) = 2. Then |zC| > |G|z7°M) (sce [LiSh2, 4.4] for example).
Hence the result is immediate unless |M| > |G|27%, so assume the latter holds.
Then M is given by 3.1. In each case we see using [LiSh2, 4.1, 5.4, 5.5] that i2(M) <
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|M|zt°M). Using 3.1 we obtain ix(M) < |M[zTo0) < (JG[V/2+e(D))1/2+0(1) <
|G|ateM) 1t follows that

|2¢ N M| < ig(M) < |G| /2He0),
[ )

In view of 3.2 and 3.3, we assume from now on that x € PGL(V) and |Cg(x)| >
G|z, _
Let F be the algebraic closure of F = Fgu, and let V = V @ F. Let & be a
preimage of x in GL(V). Define
v(z) = vyp(z) = min{dim[V, 2] : X € F*}.

Note that V_( ) > 0 if x # 1. Take G to be one of the classical algebraic groups

T
SL(V),Sp(V),SO(V), such that there is a Frobenius morphism o of G satisfying
Go = Go/Z(Gy).

Lemma 3.4. Suppose v(z) = s. Then the following hold.
(i) If Go = LE(q), we have
c@®@®) > |29 > ¢ max(¢®*" ), ™).
(i1) If Go = PSpn(q) or P (q), then
PPN/ 5 120] S  max(gP ), g /2).

Proof. (i) Assume first that x is semisimple and v(z) = s. Then Cg(2) lies in
a o-stable subgroup ((GL,_,)* x GLyp_j(n—s)) NG for some k > 1, and contains

GL, _,. Hence
cd|GL;,_,(a)] < |Cqrs()(2)] < ¢|GL;,_(q) x GLL(q)],
which yields ¢g*?"=%) > |2€| > ¢/¢**(»=%). This also implies |[z&| > /g™ if s <

n/2; and if s > n/2, then |[Cgre (o) (2)] < |GLS_ (q)[V(=9) < ¢q™("=%) giving
|G| > cqm.

Now assume z is unipotent (of order p). For each i, let n; be the number of
Jordan blocks in z of size i, so that > in; =n, Y. n; =n —s. By [Wa, p. 34] we

have
|$G| ~ qn2_2 Zi<j znln]—Z’Lnf
Define
. . 9
f=2 E inimn; + E ;.
1<j
We claim

(1) f=(n—s)*+s;
(2) if s <n/2, then f < (n — s)% + s%; and
(3) if s > n/2, then f < n(n—s).
Conclusion (i) follows from these assertions.
For (1), observe that > (i — 1)n; = s, so

f= (Z ni)? + Z(z —1)n? +2 Z(z — Dnn;

i<j

> (Z ni)% + Z(z —Dn; = (n—s5)* +s.
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For (2), note that

= (i-1n7+2> (i—1)(G—Dnin; > Y _(i—nf +2> (i —Dniny,

i<j 1<j

and hence f = (n—s)> + 3 (i — 1)nf + 232, ,(i = )nin; < (n —s)* + 5.

Finally, for (3), the fact that Y n;=n—s, > (i — 1)n; = s gives

stn—s) = (i—nf+> ((i—1)+ (G- 1)niny
i<y
>N (- 1)n2+2Y (i— Dy = f — (n—s)%.
i<j

(ii) Assume first that Go = PSpn(q) (with n even), and =z is semisimple with
v(z) = s. Let V), be an eigenspace of Z of maximal dimension n — s, corresponding
to eigenvalue A. If A = %1, then V) is non-degenerate, and Sp,_s < Cgz(z) <

Spn_s % Sps (all o-stable subgroups); otherwise, Vj is totally singular and GL,,_s <
Ca(2) < (GLn—s)k x Spy_ok(n—s) for some k > 1. It follows that

1SPn—s(q)] < |Csp, () (@) < [SPn—s(q) x Sps(q)l,

whence

Cqs(2n—s+1)/2 > |ZCG| > clqs(n—s).
This also gives || > ¢/¢™*/? unless s > n/2, in which case, as above,
2% > ¢[Spn(a)|/[Spn—s(@)"" 7% > /g2,

Now suppose z is unipotent, of order p. Let n; be the number of Jordan blocks
of size ¢ in . Then Y in; =n,> n; =n—s. Suppose p # 2. Then by [Wa, p. 37],
n; is even if ¢ is odd, and

~ i NN 71— nf T4
|Csp, () (&)] = q2i<a Pt G0 2 TT S, () T] ¢"/%10n. (9)]-

% odd 7 even
Hence
|£L’G| ~ q(n2+n—2 Zi<j in,inj—Zinf—Zi odd ni)/2'
Define
9= Qmej +me + Z n;.
i<j i odd

We claim that

(1) 9= (-5 +n—s

(2) if s <n/2, then g < (n —s)? + 52 +n; and

(3) if s >n/2, then g < (n — 8)% + s(n — s) +n.
Conclusion (ii) (for p # 2) follows from these assertions.

To see (1), observe

g= (Z ni)? + Z(z —1)n? +2 Z(z — 1)nin; + Z n;.

i<j i odd

Hence g > (n—8)2 4+ 3, con i + Dijoqa i = (n—5)2 +n—s.
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For (2), note that

s24+n= (Z(z — 1)n)* + Zmi
> Z(z —1)n? + 22(1 — )nn; + Z ni=g—(n—s)

i<j 7 odd

And for (3),
stn—s)+n=0_(i—n)O_ni)+ > in;
> Z(z — 1)n? + 22(2 — 1)n;n; + Z ni=g—(n—s)

i<j i odd
Finally, if p = 2, we see from [AS, §7] that, writing n = 2m,
cqm2+(m—s)2+m > |CG(CE)| > clqm2+(m—s)2+m—s’
giving cg®™ 5t > 2¢| > /¢*»=%). Since v(z) < n/2 in this case (as x is an

involution), the conclusion follows. This completes the proof for Gy = PSp,(q).
The proof for Gy = PQ,(q) is entirely similar and is left to the reader. &

Lemma 3.5. If v(z) > (3 + 0)n (where § is a small positive constant), then (x)
holds.

Proof. The hypothesis implies by 3.4 that |#€| > |G|219, giving (x) by 3.1. #

Assume from now on that v(z) < (3 4 §)n, where ¢ is a small positive constant.
For a positive integer s, and a subgroup H of PGL(V), define

ns(H) = |{h € H : o(h) prime and v(h) = s}|.

For a prime r, let k.(H) be the number of conjugacy classes of elements of order r
in H, and define

kpr(H) = max{k,(H) : r prime}.

Lemma 3.6. (i) If Gy = L5(q), then ny(G) < cng"+t*?"=%) and k,.(G) < cng™.
Also, if s < (1/24 8)n, then ny(G) < cng®Ts(2n=3),

(ii) If Go is a symplectic or orthogonal group, then ng(G) < cqts(n=s+1)/2
and kp(G) < cg™. Also if s < (1/2+ 6)n, then ns(G) < cg*2n=5+5)/2,

Proof. (i) Let ks, (resp. ks ) denote the number of conjugacy classes in PGLE (q)
of unipotent (resp. semisimple) elements h of prime order such that v(h) = s. Such
a unipotent class is determined by a partition of n into n— s parts (each part being
the size of a Jordan block). Subtracting 1 from each part gives a partition of s.
Letting P(s) denote the number of partitions of s we obtain

ks < P(s) < 2°.

A semisimple element h of prime order r is conjugate to the image (modulo scalars)
of a matrix diag(A1,...,A;, In), where each A; is an irreducible i x ¢ block (and
il +m = n, r divides ¢* —1). If v(h) = s, then the largest eigenspace of h on V (of
dimension n — s) is either the 1-eigenspace of dimension m, or is the eigenspace of
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an eigenvalue of some A;. In the first case, m = n — s; and in the second, | > n —s
and | < n/i. Thus

ko <704 Y <t + (/i) (@) < eng™.

n/i>l>n—s
It now follows from 3.4 that
ns(PGL; (q)) < c(ks + ks,s)qs(Qn—S) < C/nqn+5(2n—5)_

Note that kp, (PGLS,(q)) < > o<, (ksu + ks,s), and from the above this is less than
eng™. Finally, if s < n/2, then in the second case above, n/i > n— s implies i =1
and & conjugate to the image of diag(l,—s, A1,...,As), whence ks s < ¢°. This
gives ngs(PGL: (q)) < ¢/ng®t*2"=9). And if n/2 < s < (1/2+ 8)n, then either i = 1
as before, or i = 2, in which case we obtain ks s < ¢((¢ + 1)/2)™? (n/2 2-blocks,
at most ¢ + 1/2 choices for each A; up to conjugacy), whence ks s < cg® giving the
result as before.

(ii) First consider ks ,, for Go = PSp,(q). For p odd, by [Wa, p. 34], a unipotent
class of elements h of order p with v(h) = s is determined by a partition of n into
n — s parts, and, for each even part size, a choice of one of two orthogonal forms.
Since the number of even part sizes is less than /s, it follows that ks, < P(s)2V® <
25tV5_ If ¢ > 5, then this is less than ¢”; and if ¢ = 3, then v(h) = s < 2n/3 so
25tVs < g™ Hence ks < cq™ for all odd g; the same holds when p = 2, by [AS,
£8].

Now consider ks s for Go = PSpn(g). A semisimple element h of prime order r
with v(h) = s is conjugate to the image of either

diag(l,—s,—1Is) or diag(l,, A1, Al_T, oA AZ_T),
where each A; is an irreducible i x i block (matrices relative to an obvious basis) and
r divides ¢' — 1. Arguing as above, we obtain ks s < cng™? (and if s < (1/2 4 0)n,
ks s < cq®), giving the result as in (i).
The argument for Go orthogonal is similar and left to the reader. &

The next lemma is taken from [HLS, Lemma 4.1]. As it appears there without
proof (and there is some possibility of confusion over which field things are being
taken over), we give a proof here.

Lemma 3.7. Let V,,V; be vector spaces of dimensions a,b over F,, and let g =
g1 ® g2 € GL(V,) ® GL(W) acting on V =V, ® V,, with g of prime order. Let
s1 = v(g1)(= vy, 5(91)), and sy = v(ga). Then

v(g) = vy s(g9) > max(asz, bs1).

Proof. Suppose first that g is semisimple. Let g; have eigenvalues A1, ..., A\; with
multiplicities rq1, ... ,7; respectively, and let go have eigenvalues pq, ..., u, with
multiplicities s1,...,8y4, where 71 > 1o > ... > 1, and s1 > ... > s,. Then

v(g1) =a—r1,v(g2) =b— s1.
Assume without loss that ¢ > uw. Then the maximum dimension of an eigenspace
for g = g1 ® g2 is at most Ei r;8;. Therefore

t t
v(g) > ab— Zrisi >ab—r Zsi =ab—rb="bv(g1),
1 1

and similarly v(g) > av(ga).
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Now suppose g is unipotent of order p. In the Jordan canonical form, for 1 <
i < p let the Jordan block J; of size i X ¢ occur with multiplicity r; in g1, and with
multiplicity s; in go.

For i < j < p, one checks that Cy,gv,(J; ® J;) has dimension i. Hence

dim Cv, gy, (91 @ g2) < Y _iris;,
i

and therefore v(g1 ® g2) > ab — Z” ir;sj. Consequently

av(g2) = a(b — Z sj) < ab— (Z Z?"Z)(Z sj) =ab— Zirisj <v(g1 ® g2).

ij
Similarly bv(g1) < v(g1 ® g2).
4. COMPLETION OF PROOF OF THEOREM (%)

Continue with the notation of the previous section. In this section we complete
the proof of Theorem (%) by considering the possibilities for the maximal subgroup
M of the classical group G. Recall once again, that M either lies in one of the
Aschbacher families C; (1 < i <8), or M € S; also M is not a subspace subgroup,
and v(z) < (3 + 6)n, where 4 is a small positive constant.

Lemma 4.1. If M € Cc UC7 U S, then (x) holds.

Proof. If M € Cg UCy, then M N PGL(V) is primitive and tensor-indecomposable
on V (since M is maximal, for instance), and hence by [HLS, Theorem 4(b)],
v(xz) > y/n/12. By [HLS, Theorem 4(a) and p. 452-3], the same conclusion holds
for M € S, excluding the case where M = A,44 or S,4q (d < 2) and V is a
constituent of the permutation module. Hence, excluding this case, by 3.4 we have

29| > ¢

However, for M € Cs, |M| < cr?®|Spaa(r)| for some prime r, where n = r%; hence
IM| < er?@*+3a < cpdlogn For M € Cp, |M| < |GLa(q)|?|Ss| with n = a®, so
M| < g < /¢®". And for M € S (excluding the above exception with
M' = Apia4), we have [M| < ¢ by [Lil]. Thus in all these cases, we have
|2 N M| < |M| < |29, giving (%).

Finally, suppose M’ = A, 4 with d < 2, as in the case excluded above. In this
case the proof of [LP, Lemma 8] supplies lower bounds for |z%| and upper bounds
for |z N M|, from which the result follows easily. &

Lemma 4.2. If M € Cs, then (x) holds.

Proof. Suppose M € Cs. Then either

(1) M NPGL(V) lies in the image modulo scalars of a group Cl,,/;(¢").k, where
k is prime (and G is of the same type Cl,(q)), or
(2) MNPGL(V) lies in the image of GU,, /2(¢q) and G is symplectic or orthogonal.

Consider case (1). Let B = Cl,,(q"*). For y € B, let
vo(y) = min{dim([V,, /1, \y] : A € F*}

and let v(y) be defined as above (relative to V = V,,).
We claim that for y € B of prime order,

v(y) > kro(y).
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If y is unipotent, this is clear, since v(y) = n—dim Cy, (y) = k(3 —dim Cy,, ,, (y))
= ko (y).
Now suppose y is semisimple. An element of GLn/k(qk) conjugate to
diag(Ai,. .., Aujk) € GLy(F) (N € F)
becomes conjugate to

diag(A, A2, .. A0 LA ) € GL(F)
1ag IRRASERRRIE R4S ye sy n/k n .

For an eigenvalue A € F of y, let V3 be the corresponding eigenspace in V,, k> and
define

a=max{dimVy : A = A}, b=max{dimV), : p # p?}.

Then vo(y) = min(% —a, # —b). The maximum multiplicity of an eigenvalue of y on
Vi is at most max(ak,bk). If b > a, then v(y) > n—bk and vy(y) < 3 —b < v(y)/k,
as required. And if b < a, then v(y) > n —ak and vo(y) < ¥ —a < vo(y)/k. This
establishes the claim.

Next, for y € M — B of prime order k, y is B-conjugate to a field automorphism
of B of order k (see [GL, 7.2]). Such an element acts as a permutation with n/k k-
cycles on a suitable basis of V,, and hence v(y) = n(k—1)/k; as v(z) < (3+6)n, this
case arises only when k = 2, in which case [y N (M — B)| < c|Cl,,/2(q?) : Cly,2(q)|.

Now let v(x) = s, and assume that (k, s) # (2,n/2). Define an integer d to be 1
if Go = L (¢q), and to be 2 otherwise. Then by the above and 3.6,

|xG N M| < ny(B) < ¢ Z (qk)r((Qn/k)—r+5)/d < c%'qs(Qn—s+5k)/kd.
r<s/k

Therefore using 3.4, we have

flw, M) < logn + (sé?:)?:)— s+ 5k) _ 2;}6?”3_4—55)19 +o(1).

Denote the right hand side of the above equality by g(k, s). We claim that g(k, s) <

3/4 + o(1). Indeed, for fixed k, the function g(k,s) is increasing when s €

[0, (1/248)n], so its maximum is attained at the end point s = (1/2+§)n. Therefore
(3/2 = 6)n+ 5k
2k(1/2 —0)n

The expression on the right is maximal when k£ = 2, and so
(3/2 — 8)n + 10
k,s)< 1 _
99 < = a7

g(k,s) <

=3/4+7,
as required.
Finally, assume (k, s) = (2,n/2). Then
|z N M| = |z% N B| +|z% n (M — B)]
< ’rLS(B) + c/|Cln/2(q2) : Cln/2(Q)| < 2”8(‘3)7

and the conclusion follows as before.
Now consider case (2). The argument here is similar. Let B = GU,,/2(q). As
above, if b € B, we have vy, ,(b) < s/2. By [LiSh2, 4.4], M — B has at most 3

B-classes of involutions y, and [Cg(y)| > ¢|B : O,,/2(q)| for each of these; moreover,
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v(y) = n/2 (as each such involution interchanges a pair of maximal totally singular
subspaces of V ® F). Thus if s # n/2, then by 3.6,

29 N M| = 29N Bl <ne(B) <c > ¢ < e(s/2)g /A 2FD),
r<s/2

and by 3.4,
|£CG| > cqs(n—s)’
whence f(z, M) < ((2n —s+2) +logn)/(4(n —s)) < 3/4+ o(1) as above. And if

s =n/2, then |z% N M| < ny(B) + ¢|B : O,/2(q)| < 2n(B), giving the result as
above again. #

Lemma 4.3. If M € Cy4, then (%) holds.

Proof. Suppose M € Cy4, so M N PGL(V) < Cl,, (q) ® Cl,,(q) = Cl(V1) ® Cl(Va),
where V =V} ® Vo, n = nine and n; > 2. (The precise possibilities are listed in
[KL, §4.3].) Write s = v(z).

Let ¢ = g1 ® g2 € M, and write s; = v(g;). Then by 3.7, s = v(z) >
max(nisz, n2s1). As s < (3 +6)n, we have s1 < (3 + 0)ny, s2 < (3 + 0)na.

By 3.6,

|z N M| < maXslgs/b,52gs/aq(sl/d)(%l_Sl+5)+(52/d)(2n2_52+5)a

where d = 1 if Go = L§(q) and d = 2 otherwise. The maximum above is attained

when s1 = s/ng, so = s/n1. Therefore, using 3.4, we have

(s/n2)(2n1 — (s/n2) +5) + (s/n1)(2n2 — (s5/n1) +5)
2s(n — s)

Write a = n1,b = ng, and denote the expression on the right by g(a, b, s). We claim

that g(a,b,s) < 3/8+ o(1). To show this write s = an, and note that

aa(2a — aa +5) + ab(2b — ab + 5)
2an(n — an)

flw, M) <

g(a,b,s) =

S5ala+b)n=2 + a(2 — a)(a? + b?*)n=2
2a(1 — «) '

This yields

5(a+bn=2+ (2 —a)(a® +b*)n?
2(1 —a) '
Note that (a + b)n~2 = o(1), and that (a? + b*)n=2 < 1/4 + o(1). Therefore
(2—a)(1/4+0(1))
2(1—«) '

For « in the interval (0,1/2 + ¢], the expression on the right attains its maximum
when o = 1/2 4 6, giving g(a,b,s) < 3/8+ ¢, as claimed. &

g(a,b,s) =

9(a,b,s) <

Lemma 4.4. If M € Cs, then (x) holds.

Proof. Suppose M € Cs, so either

(1) M N PGL(V) < Cl,(qo), where ¢ = g for some prime k, or
(2) Go =U,(q) and M N PGL(V) < PGSp,(q) or PGO,(q).
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Consider case (1). Let s = v(z). Then by 3.4, writing d = 1 if Gy = L& (q),
d = 2 otherwise,

|eM| < Cq(()S/Ul)(271—s+1)'
Hence using 3.6, we have
129 1 M| < k(M) || < cngy #/ D=4,
Consequently
2n+s(2n—s+1) +logn
2sk(n — s) '

The expression on the right is increasing in s € (0, (1/2+§)n], and so the maximum
is attained for s = (1/2 + §)n. This yields

1 3/2-4
T M) < S o)

flz, M) <

<3/4+4".

Now consider case (2). Here, again using 3.4 and 3.6, we have
|13G ﬂM| < ka(M)|$M| < an+(s/2)(2n—s+1)’
and the result follows as before. &

Lemma 4.5. If M € Cy, then (%) holds.

Proof. In this case, either

(1) M N PGL(V) is contained in the image modulo scalars of a subgroup
Cln(q) wr Sg, where n = km and k > 2, or
(2) M N PGL(V) is contained in the image of GL,/2(¢"), and Gq is unitary,
symplectic or orthogonal.
Consider case (1). Write B for the image of the base group (Cl,,(q))*, fixing
a decomposition V =V @ ... @V}, (where dimV; = m for all ¢). Let s = v(x).
Suppose first that 2% N M C B. If s; = vy, (2V%), then s; + ... + sx < s. Thus by
3.6, with the usual definition of the integer d,

WM (B < Y [[amgrmrsensiiya

s1+...+sp<s,5;<m i

< (Cm)sqn/d H qs,i(Zm—sqy—i-l)/d'

K2

The number of terms in the sum with Y s; =t < s is at most (k;ﬁ;l), which is less

than k'. Let 0 < s1,...,8, < m with >.s; =t < s. Then Y s? > k(t/k)? = t*/k,
and so

Zsi(Zm— si+1)=02m+ 1)t — Zsf < (2m+ 1)t —*/k.
i=1
Hence

ns(B) < (Cm)sqn/dzktq(t/d)(2m—t/k+1) < (Cm)sqn/dsksq(s/d)(2m—s/k+1)'
t=1
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It follows by 3.4 that
s(2(n/k) — (s/k) + 1) + n+ 2s(logk + logm + ¢)
2s(n — s)

flz, M) <

2n —s n
- 2k(n—s) + 2s(n — s)

If s > 1, then the expression on the right is maximal when s = (1/2 4+ §)n and
k = 2, giving f(z, M) < 3/4+ . And if s = 1, then in fact, ns(B) < c¢*™/,
giving f(z, M) < 3m/(2s(n —s)) + o(1) < 3/4+ o(1) again.

Now assume that 2% N M ¢ B. We may take 2 € M — B; say x is the image of
Z = (b1,...,bg)m, where each b; € Cl,,,(¢) and 1 # m € Si. Let r be the (prime)
order of x, hence of m. For the purpose of estimating v(x), we regard Z as an
element of GL, (F), and each b; as an element of GL,,(F). We have #" = AI for
some scalar A\. Choose u € F such that u” = A~!. Replacing & by ui (hence each
b; by pb;), we then have " = I.

Let m consist of h r-cycles and f fixed points, so that k = hr + f. Say m induces
the permutation Hle((z —1)r+1...ir) on the coordinates. As " = I, we have

+o(1).

bl...br :br+1...b2T = ... :b(h—l)r—i-l'"bhr = 1
Define
g = (1,b1,blbz,blbzb3, N ,bl .. .b,«_l, ey
L b(h—1)r+1, O(h=1)r+10(h=1)r+2> - -+ » O(h—1)rt1 -+ - brr—1, 1, .., 1).
Then g~'mg = (by,ba,... ,bpr,1,...,1)7. Hence, if b = (1,...,1,bpprs1,... ,bk),
then

g torg = (b1,...,bg)T = .
Thus z is conjugate (in GL,,(F)) to br.

Suppose r # p, and let w € F,, be an r'" root of unity. Let W = Z’fr V;. Then
there is a scalar A such that in its action on W, Ar has each of the eigenvalues w?
(0 <i <r—1) with multiplicity mh. Therefore

v(z) =v(br) > mh(r —1).
Similarly, if » = p, then Cy (7) has dimension mh, and the same conclusion follows.

Since v(z) < (2 +68)n = (3+0)m(hr+f), it follows that h(r—1) < (14+8)(h+f),
where 140" = (14 20)/(1 — 26). By 3.4, we have

2mh(r—1)(n—mh(r—1))(1-6")/d _ 2m2h(r—1)(h+f)(1—=8")/d

|2%] > cq cq
(6" a small positive constant, usual definition of d). Obviously,
|2¢ N M| < |M| < |Clm(q)|Fk! < cqg"™E!,

where c(m) = m? if Gy = L:(q), c¢(m) = (m? + m)/2 if Gy = PSpn(q), and
c(m) = (m? —m)/2 if Go = PQ,(q). Hence

dkc(m) + dk log k

(1) [ M) < S e — D+ =57
Now k=h(r —1)+h+ f, so
k 1 1 2

DT D) R =1) T h¥ T S hr—D)

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



518 MARTIN W. LIEBECK AND ANER SHALEV

Consequently

" de(m) dlogk 3 2log k
(1=0")f (@, M) < m2h(r—1)  m2h(r—1) =~ 2h(r—1)  m2h(r—1)
This yields (x) (with e = 1/8 or so), unless one of the following holds:
(a) h=1,r=2;
(b) m2h(r —1) < 16logk.
Consider case (a). Here k = f +2 and h+ f = k — 1. Going back to (T) above, we

find that
dk(c(m) + logk) ko om?+m+2logk
- < < .
A= M) < = k1) “F-10  om2 )
This yields the conclusion (with ¢ = 1/8 or so) unless either (b) above holds, or

k=2.

For k = 2 we argue as follows. Since x € M — B and x has prime order, x must
be an involution. Hence |[z¢ N M| < io(M). It is easy to see (by direct computation
or using the proof of [LiSh2, 5.4]) that ip(M) < |[M|L/2re() = q+e(W)m*/d  Qyp
above-mentioned lower bound on |2¢| (with k =r =2,h =1, f = 0) yields

|xG| S C/q2m2(1—6”)/d'

Hence
126 A M| < Jig(M)] < gUFroIm*/d < |G |1/2+8"

where as usual, ¢ is small.

Now consider case (b). Here in particular, m? < 16logk and h(r —1) < 16logk.
The first inequality yields n? = k?m? < 16k?logk, and so k is as large as we
want (since n is). Since h(r — 1) = (k — f)(r — 1)/r, the second inequality yields
k— f<16rlogk/(r —1) < 32logk, whence f > k — 32logk.

We may suppose that for all y € 2 N M, we have y = b¢ with b € B and ¢ € Sy,
having more than k£ —32log k fixed points, since otherwise the above argument gives
the conclusion. In other words,

x®NM C{B¢: ¢ € S, |supp(¢)| < 32logk}.

Now |B| < ¢™’F < ¢16klogk and
32log k ,
{6 € S : | supp(#)| < 32logk}| < < ;’g ).(32logk)! < nlogn < |BJo),

Hence |2 N M| < |B|**+oM),

For the purpose of proving (x) we may therefore assume that |2%| < |B|?. Then
|2¢| < ¢3?k 1ok wwhence by 3.4 we have v(z) < 32logk.

Now fix ¢ € Si with |supp(¢)| < 32logk. We next obtain an upper bound for
the number of elements h of B¢ such that v(h) < 32log k; this will then be an upper
bound for |2¢ N Bg|. Let h = (by, ... ,bx)¢ with dim Oy (h) > n — 32logk, and say
¢ moves the points 1,... ,t and fixes the rest, where t < 32logk. The number of
possibilities for by, ... by is at most (g™ )321°5k  which is less than ¢51218” % Of
the remaining b;, at most 32logk of them are not equal to I,,; hence the number
of possibilities for byi1,... , by is at most k32108 (gm*)32logk We conclude that

G 512log2 k 1.321logk [ m?\32logk 512log? k 7.32logk 512log? k
|z~ N Bg| < ¢ & N koI08R (g )Pe e < g & ¥ kCe08r ¢ g
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Since the number of possibilities for ¢ is at most k321°8%(321ogk)!, and k is large,
it follows that

2% N M| < (¢")°" < (g")°" <[220,
giving the result.

Finally, case (2) is handled in exactly the same way as case (2) in the proof of
42. &

Lemma 4.6. If M € Cs, then () holds.

Proof. Recall we are excluding M = O,(q) < Spn(q) with ¢ even (as this is a
subspace subgroup). Thus when M € Cg, we have Gy = L,(¢) and M of type
PSp,(q), On(q) or Un(¢*/?). Let s = v(x). Then by 3.6,
|ZIIG ﬂM| < nS(M) < Cq(s/2)(2n—s+5)’

so by 3.4,
(s/2)(2n — s +5)

2s(n—s) '
which (for 0 < s < (1/2 + d)n) is bounded above by 3/4+ . &

fla, M) <

Notice that Theorem (x) is now proved.
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