DE GRUYTER Forum Math. 2020; 32(3): 713-721

Research Article

Andrea Lucchini, Mariapia Moscatiello and Pablo Spiga*

A polynomial bound for the number of
maximal systems of imprimitivity of a finite
transitive permutation group

https://doi.org/10.1515/forum-2019-0222
Received August 19, 2019

Abstract: We show that there exists a constant a such that, for every subgroup H of a finite group G, the
number of maximal subgroups of G containing H is bounded above by a|G : H|>/2. In particular, a transi-
tive permutation group of degree n has at most an3/? maximal systems of imprimitivity. When G is soluble,
generalizing a classic result of Tim Wall, we prove a much stronger bound, that is, the number of maximal
subgroups of G containing H is at most |G : H| - 1.
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1 Introduction

In 1961, Tim Wall [12] has conjectured that the number of maximal subgroups of a finite group G is less than
the group order |G|. Wall himself proved the conjecture under the additional hypothesis that G is soluble.
The first remarkable progress towards a good understanding of Wall’s conjecture is due to Liebeck, Pyber
and Shalev [9]; they proved that all, but (possibly) finitely many, simple groups satisfy Wall’s conjecture.
Actually, Liebeck, Pyber and Shalev prove [9, Theorem 1.3] a polynomial version of Wall’s conjecture: there
exists an absolute constant ¢ such that every finite group G has at most c|G|>/2 maximal subgroups. Based
on the conjecture of Guralnick on the dimension of certain first conomology groups [6] and on some com-
puter computations of Frank Liibeck, Wall’s conjecture was disproved in 2012 by the participants of an AIM
workshop; see [7].

The question of Wall can be generalized in the context of finite permutation groups and this was done by
Peter Cameron; see [3] (also for the motivation of this question).

Question 1.1 (Cameron [3]). Is the number of maximal blocks of imprimitivity through a point for a transitive
group G of degree n bounded above by a polynomial of degree n? Find the best bound!

To see that this question extends naturally the question of Wall, we fix some notation. Given a finite group G
and a subgroup H of G, we denote by

max(H, G) := |{M | M maximal subgroup of G with H < M}|
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the number of maximal subgroups of G containing H. Now, if Q is the domain of a transitive permutation
group G and w € Q, then there exists a one-to-one correspondence between the maximal systems of imprim-
itivity of G and the maximal subgroups of G containing the point stabilizer G, and hence Question 1.1 asks
for a polynomial upper bound for max(G,, G) as a function of n = |G : G,|. When n = |G|, that is, G acts regu-
larly on itself, the question of Cameron reduces to the question of Wall and [9, Theorem 1.3] yields a positive
solution in this case, with exponent 3.

The main result of this paper is a positive solution to Question 1.1.

Theorem 1.2. There exists a constant a such that, for every finite group G and for every subgroup H of G, we have
max(H, G) < a|G : H>/2. In particular, a transitive permutation group of degree n has at most an>/> maximal
systems of imprimitivity.

In the case of soluble groups, we actually obtain a much tighter bound, which extends the result of Wall [12,
(8.6), p. 58] for soluble groups on his own conjecture.

Theorem 1.3. If G is a finite soluble group and H is a proper subgroup of G, then max(H, G) < |G : H| - 1.
In particular, a soluble transitive permutation group of degree n > 2 has at most n — 1 maximal systems of
imprimitivity.

2 Preliminaries

We start by reviewing some basic results on G-groups, on monolithic primitive groups and on crowns tailored
to our proof of Theorem 1.2. For the first part we follow [5], for the second part we follow [8] and for the third
part we follow [1, Chapter 1] and [5]. This section will also help for setting some notation. All groups in this
paper are finite.

2.1 Monolithic primitive groups and crown-based power

Recall that an abstract group L is said to be primitive if it has a maximal subgroup with trivial core. Inciden-
tally, given a group G and a subgroup M we denote by
coreg(M) := ﬂ M#
geG

the core of M in G. The socle soc(L) of a primitive group L is either a minimal normal subgroup, or the direct
product of two non-abelian minimal normal subgroups. A primitive group L is said to be monolithic if the
first case occurs, that is, soc(L) is a minimal normal subgroup of L and hence (necessarily) L has a unique
minimal normal subgroup.

Let L be a monolithic primitive group and let A := soc(L). For each positive integer k, let L¥ be the k-fold
direct product of L. The crown-based power of L of size k is the subgroup Ly of L¥ defined by

Li:={(li,...., ) e LK |l =---= 1, (mod A)}.

Equivalently, if we denote by diag(L¥) the diagonal subgroup of LX, then Ly = A¥diag(L¥).

For the proof of the next lemma we need some basic terminology, which we borrow from [11, Sections 4.3
and 4.4]. Let k be a positive integer and let A be a direct product S; x --- x Sx, where the S; are pairwise
isomorphic non-abelian simple groups. We denote by 77; : A — S; the natural projection onto S;. A subgroup X
of Aissaidtobeastripif X # 1 and, foreachi € {1, ..., k}, either X n Ker(rr;) = 1 or 1;(X) = 1. The support of
the strip Xistheset {i € {1, ..., x} | m;(X) # 1}. The strip X is said to be full if m;(X) = S; for all i in the support
of X. Two strips X and Y are disjoint if their supports are disjoint. A subgroup X of A is said to be a subdirect
subgroup if ;(X) = S; foreachi € {1, ..., x}.

Scott’s lemma (see for instance [11, Theorem 4.16]) shows (among other things) that if X is a subdirect
subgroup of A, then X is a direct product of pairwise disjoint full strips of A.
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Lemma 2.1. Let Ly be a crown-based power of L of size k" having non-abelian socle N and let H' be a core-free
subgroup of Ly contained in NX'. Then |[NK' : H'| > 5K

Proof. We argue by induction on k’. If k' = 1, then the result is clear because N¥ = N has no proper sub-
groups having index less then 5. Suppose that k' > 2 and write N := Ny x --- x Ny, where Ny, . . ., Ny are the
minimal normal subgroups of Ly’ contained in N¥'. Foreachi e {1,...,k'}, we denote by 7; : NK N; the
natural projection onto Nj.

Suppose that there exists i € {1,...,k'} with m;(H'") < N;. Then N;H'/N; is a core-free subgroup of
L /N; = Lir_; and is contained in NX'/N;. Therefore, by induction, [NX' : H'N;| = [INK'/N; : H'N;/N;| > 5% -1,
Furthermore, |H'N; : H'| = |N; : H' n N;| > 5 because N; has no proper subgroups having index less then 5.
Therefore, |[NK' : H'| > 5%,

Suppose that ;(H') = N; forevery i€ {1, ..., k'}. Since N is non-abelian, we may write N; = S; 1 x --- x S ¢
for some pairwise isomorphic non-abelian simple groups S;; of cardinality s. For each i € {1,...,k'}
and j e {1,...,¢}, we denote by m;; : NK S;; the natural projection onto S;;. Since m;(H') = N;, we
deduce 7; j(H') = S j foreveryi € {1,...,k'}andj € {1,..., £}. In particular, H' is a subdirect subgroup of
S1,1 X -+ x Sgr,¢, and hence (by Scott’s lemma) H' is a direct product of pairwise disjoint full strips. Since no N;
is contained in H', there exist two distinct indices i1, i, € {1, ..., k'}and jq,j> € {1, ..., €} such that (i1, j1)
and (i, j») are involved in the same full strip of H'. If we now consider the projection r;, ;, : N Ko, Ni, x Nj,,
we obtain |N;, x Ny, : 7, i, (H')| = s > 60 > 52. The inductive hypothesis applied to Ker(m;, ;,) N H' yields
[Ker(r;, 1,) : Ker(m;, ;,) N H'| = 5¥'~2, and hence [N¥ : H'| > 5. O

In the proofs of Theorem 1.2 and 1.3, we use without mention the following basic fact.

Lemma 2.2. Let M be a normal subgroup of a crown-based power Ly with socle N¥. Then either M < N* or
Nk <M.

Proof. Foreachi e {1,...,k}, wewrite N; := {(n1, ..., ng) € N¥| nj=1forallje{1,...,k}\{i}}. In partic-
ular, N = Ny x --+ x Ng.

Let M be a normal subgroup of the crown-based power L with socle N and with M ¢ N¥.Letm € M \ N,
Foreachi € {1,...,k}, since M does not centralize N;, we deduce 1 # [M, N;] < M n N;. As N;j is one of the
minimal normal subgroups of Ly, we must have N; < M. Therefore, NK =Ny x---x N¢ < M. O

2.2 Basic facts on G-groups

Given a group G, a G-group A is a group A together with a group homomorphism 6 : G — Aut(A) (for sim-
plicity, we write a® for the image of a € A under the automorphism 6(g)). Given a G-group A, we have the
corresponding semi-direct product A xg G (or simply A x G when 0 is clear from the context), where the
multiplication is given by
814y - 8242 = glgzafzaz

for every a;, a; € A and for every g1, g2 € G. A G-group A is said to be irreducible if G leaves no non-identity
proper normal subgroup of A invariant.

Two G-groups A and B are said to be G-isomorphic (and we write A =; B) if there exists an isomorphism
¢ : A — Bsuch that

(a®)? = (a?)®

for every a € A and for every g € G. Similarly, we say that A and B are G-equivalent (and we write A ~; B) if
there exist two isomorphisms ¢ : A - Band @ : A x G — B x G such that the following diagram commutes:

1 ¢ > A < > AxG » G » 1

I o

1« > B < > BxG » G » 1.

Being “G-equivalent” is an equivalence relation among G-groups coarser than the “G-isomorphic” equiv-
alence relation, that is, two G-isomorphic G-groups are necessarily G-equivalent. The converse is not neces-
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sarily true: for instance, if A and B are two isomorphic non-abelian simple groups and G := A x B acts on A
and on B by conjugation, then A #; B and A ~; B. However, when A and B are abelian, the converse is true,
that is, if A and B are abelian, then A ~¢ B if and only if A =; B; see [8, page 178].

Let Gbeagroupandlet A := X/Y be a chief factor of G, where X and Y are normal subgroups of G. Clearly,
the action by conjugation of G endows A with the structure of a G-group and, in fact, A is an irreducible
G-group. On the set of chief factors, the G-equivalence relation is easily described. Indeed, it is proved in [8,
Proposition 1.4] that two chief factors A and B of G are G-equivalent if and only if either
e A and B are G-isomorphic, or
o there exists a maximal subgroup M of G such that G/coreg (M) has two minimal normal subgroups N;

and N, that are G-isomorphic to A and B, respectively.

(The example in the previous paragraph witnesses that the second possibility does arise.) From this, it follows
that, for every monolithic primitive group L and for every k € N, the minimal normal subgroups of the crown-
based power L are all Lx-equivalent.

2.3 Crowns of a finite group

Let X and Y be normal subgroups of G with A = X/Y being a chief factor of G. A complement U to A in G is
a subgroup U of G such that
G=UX and Y=UnX.

We say that A = X/Y is a Frattini chief factor if X/Y is contained in the Frattini subgroup of G/Y; this is equiv-
alent to saying that A is abelian and there is no complement to A in G. The number 65(A) of non-Frattini
chief factors G-equivalent to A in any chief series of G does not depend on the series, and hence §5(4) is
a well-defined integer depending only on the chief factor A.

We denote by L4 the monolithic primitive group associated to A, that is,

_ Ax(G/Cs(4)) if Aisabelian,
' G/Cg(A) otherwise.

If A is a non-Frattini chief factor of G, then L, is a homomorphic image of G. More precisely, there exists
a normal subgroup N of G such that

G/N=Ly and soc(G/N)~gA.

Consider now the collection N, of all normal subgroups N of G with G/N = L, and soc(G/N) ~; A: the
intersection

Re(A):= (| N

NeNy
has the property that G/R(A) is isomorphic to the crown-based power (L4)s,(4), thatis, G/Rg(A) = (La)s,(4)-
The socle I(A)/Rg(A) of G/Rg(A) is called the A-crown of G and it is a direct product of §5(A) minimal
normal subgroups all G-equivalent to A.
We conclude this preliminary section with two technical lemmas and one of the main results from [9].

Lemma 2.3 ([1, Lemma 1.3.6]). Let G be a finite group with trivial Frattini subgroup. There exists a chief fac-
tor A of G and a non-identity normal subgroup D of G with I5(A) = Rg(A) x D.

Lemma 2.4 ([5, Proposition 11]). Let G be a finite group with trivial Frattini subgroup, let I5(A), Rg(A) and D
be as in the statement of Lemma 2.3 and let K be a subgroup of G.If G = KD = KR;(A), then G = K.

Theorem 2.5 ([9, Theorem 1.4]). There exists a constant c such that every finite group has at most cn3/% core-
free maximal subgroups of index n.

Theorem 2.5 is an improvement of [10, Corollary 2]. We warn the reader that the statement of Theorem 2.5
is slightly different from that of [9, Theorem 1.4]: to get Theorem 2.5 one should take into account [9, Theo-
rem 1.4] and the remark following its statement.
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3 Proofs of Theorems 1.2 and 1.3

In this section, we prove Theorems 1.2 and 1.3. Our proofs are inspired from some ideas developed in [4].
Moreover, our proofs have some similarities, and hence we start by deducing some general facts holding for
both.

We start by defining the universal constant a. Observe that the series ¥, u=>/2

converges. We write

) f 1
a := .
L3
Let ¢ be the universal constant arising from Theorem 2.5. We define

goe 11ca’
T1-1/2327

Recall that max(H, G) is the number of maximal subgroups of G containing H. For the proofs of Theo-
rems 1.2 and 1.3 we argue by induction on |G : H| + |G|. The case |G : H| = 1 for the proof of Theorem 1.2 is
clear because max(H, G) = 0. Similarly, the case that H is maximal in G for the proof of Theorem 1.3 is clear
because max(H, G) = 1. In particular, for the proof of Theorem 1.2, we suppose |G : H| > 1 and, for the proof
of Theorem 1.3, we suppose that H is not maximal in G.

Consider
H:= ﬂ M.

H<M<G
M max. in G

Observe that max(H, G) = max(H, G). In particular, when H < H, we have |G : A| < |G : H| and hence, by
induction, we have max(H, G) = max(H, G) < a|G : H>/? < a|G : H]?/2. Moreover, when G is soluble, we have
max(H, G) = max(H, G) < |G : H| -1 < |G : H| — 1. Therefore, we may suppose H = H, that is,

H is an intersection of maximal subgroups of G. (3.1)

Suppose that H contains a non-identity normal subgroup N of G. Since max(H, G) = max(H/N, G/N) and
|G/N| < |G|, by induction, we have max(H, G) = max(H/N, G/N) < a|G/N : H/N|*/? = a|G : H|>/2. Moreover,
when G is soluble, we have max(H, G) = max(H/N, G/N) < |G/N : H/N| -1 = |G : H| - 1. Therefore, we may
suppose

coreg(H) = 1. (3.2)

Let F be the Frattini subgroup of G. From (3.1) we have F < H and hence, from (3.2), F = 1. In particular,
we may now apply Lemma 2.3 to the group G.

Choose I, R and D as in Lemma 2.3. By (3.1), we may write

H=Xin---nX,nYin---nYg,

where Xy, ..., X, are the maximal subgroups of G not containing D and Y1, ..., Y, are the maximal sub-
groups of G containing D. We define

X:=Xin---nX, and Y:=Y;Nn---NnY,.

ThusH=XnY.
For every i € {1,...,p}, since D £ X;, we have G = DX;, and hence Lemma 2.4 (applied with K := X;)
yields R < X;. In particular,
R<X. (3.3)
Since R = R;(A) for some chief factor A of G, Section 2.3 yields
G/R =Ly

for some monolithic primitive group L and for some positive integer k. We let N denote the minimal normal
subgroup (a.k.a. the socle) of L. From the definition of I and R we have I/R = soc(G/R) = soc(Li) = NX. Finally,
let T := X n I. In particular,

| >

|~
|~
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We have
HnD=XnY)NnD=Xn(YnD)=XnD=Xn({InD)=XnI)nD=TnD.

It follows G : HI G : Hi G : Hi

G:HD| = 71 _ i S b

| | [HD:H| |D:HnD| |D:TnD|
IfD<T,thenD < X,andhence D < XNnY = Hbecause D < Y. However, this is a contradiction because D # 1
and hence, from (3.2), D £ H. Therefore, D £ Tand |[D : Tn D| > 1.

Applying our inductive hypothesis, we obtain

|G : H| \3/2 a
—|D:DnT|) S—23/2|G:H|3/2, (3.4)

o = max(HD/D, G/D) < a|G/D : HD/D>* = a|G : HD]?/? = a(
Moreover, when G is soluble and HD is a proper subgroup of G, we obtain

|G : H| |G : H|
=—-1¥< —
[D:DnNT| 2

o =max(HD/D, G/D)<|G/D : HD/D|-1=1|G: HD| -1 1. (3.5)
(Observe that, when G is soluble and G = HD, we have ¢ = 0, and hence the inequality 0 < |G : H|/2 - 1 is
valid also in this degenerate case.)

From (3.3) we deduce p < max(HR, G).If R ¢ H, then |G : HR| < |G : H| and hence, applying our induc-
tive hypothesis, we obtain

<26 HP. (3.6)

|G : H| \3/2
) - 23/2

«HR]3/? = g 220
p < max(HR, G) < a|G : HR’'* = a(|HR :H

Moreover, when G is soluble and HR is a proper subgroup of G, we obtain

|G : H| 1<|G:H|_

< max(HR, G) < |G : HR| - 1 = “1<
p < max(HR, G) <| | |HR : H] 2

1. (3.7)

(As above, when G is soluble and G = HR, we have p = 0, and hence the inequality p < |G : H|/2 - 1 is valid
also in this degenerate case.)
Now, from (3.4) and (3.6), we have

2
max(H, G) = 0+ p < 23—‘/12 16 : HP? < |G : HP2.

Similarly, when G is soluble, from (3.5) and (3.7) we have

G:H G:H
max(H,G)=(I+psI > |—1+| > l

-1<|G:H|-1.

In particular, for the rest of the proof, we may assume that R < H. Now, (3.2) yields R = 1, and hence G = Ly
and D = I. Therefore, we may identify G with Ly and D with N,
Set
C:={coreg(X;) | i€ {1,...,p}}

and, for every C € C, set
Mc := {Xi liefl,...,p}, C= coreg(X,-)}.

For the rest of our argument for proving Theorems 1.2 and 1.3, we prefer to keep the proofs separate.
Proof of Theorem 1.2. In this proof, we distinguish two cases.

Case 1: Suppose that N is non-abelian. Since N is non-abelian, the group G = Ly has exactly k min-

imal normal subgroups. We denote by Ny, ..., Ny the minimal normal subgroups of G. In particular,
I=NK=N;xNyx---xNg.
First, we claim that, for every i € {1, ..., p}, there exist x,y € {1, ..., k} such that N, < X; for every

¢efl,...,k}\{x,y}, thatis, X; contains all but possibly at most two minimal normal subgroups of G.
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We argue by induction on k. The statement is clearly true when k < 2. Suppose then k > 3 and let
C := coreg(X;). If C = 1, then X; is a maximal core-free subgroup of G, and hence the action of G on the right
cosets of X; gives rise to a faithful primitive permutation representation. Since a primitive permutation group
has at most two minimal normal subgroups [2, Theorem 4.4] and since G has exactly k minimal normal
subgroups, we deduce that k < 2, which is a contradiction. Therefore, C # 1.

Since Ny, ..., Ny are the minimal normal subgroups of Ly, we deduce that there exists £ € {1, ..., k}
with N, < C. Now, the proof of the claim follows applying the inductive hypothesis to G/N, = L;_1 and to its
maximal subgroup X;/N,.

The previous claim shows that, for every C € C, C contains all but possibly at most two minimal normal
subgroups of Nk = I. Therefore,

el < k2.

Let C € Candlet M € M. The reader might find it useful to see Figure 1, where we have drawn a fragment
of the subgroup lattice of G relevant to our argument.

Let k' be the number of minimal normal subgroups of G contained in M. In particular, In M = N¥'.
Observe that I n H is contained in I N M and is core-free in G. Applying Lemma 2.1 (with H' replaced by I n H
in a crowned-based group isomorphic to Ly), we get |INnM : In H| > 5K As k' > k - 2, we deduce t > 552,

Now, M/C is a core-free maximal subgroup of G/C. From Theorem 2.5, when C = coreg(M)and z = |G : C|
are fixed, we have at most cz3/? choices for M. As t > 552, we have z < |G : H|/5%2. Thus

. k-
D XITED D NP ETPP U R (CE) L e A

k— .
Cee Cee  z||G:H] ZI|G:H] 52 Aicm G+ HI
2<|G:H|/5%2 2<|G:H| /5% 2<|G:H]| /55
Therefore,
k-2 00
(56-1;)3/ZS ) 31/2 =d.
2||G:H] G : Hl u=1 U
z<|G:H| /52

Finally, it is easy to verify that k?/53-2)/2 < 11 for every k. Summing up,

p <1icd'|G: H??. (3.8)

From (3.4), (3.8) and from the definition of a, we have

max(H, G) = g + p < 231/2|G . HP? + 11¢d'|G : HP'? = alG : HPP2.
Case 2: Suppose that N is abelian. As N is abelian, the action of L by conjugation on N endows N with the
structure of an L-module. Since L is primitive, N is irreducible. Set g := |Endy(N)|. Now, N is a vector space
over the finite field IF, with g elements, and hence |N| = q"' for some positive integer k'.
Let C € C and let M € M. By Lemma 2.2, C < I. Now, the action of G/C on the right cosets of M/C is
a primitive permutation group with point stabilizer M/C. Observe that in this primitive action, I/C is the socle
of G/C. In particular, G/C acts irreducibly as a linear group on I/C, and hence C is a maximal L-submodule
of I. Since I is the direct sum of k pairwise isomorphic irreducible L-modules, we deduce that we have at
most (g¥ - 1)/(g — 1) choices for C. Moreover, |G : M| = |G/C : M/C| = |N| = qk'. From Theorem 2.5, when C
is fixed, we have at most c|G : M|3/2 = ¢(gX')3/? choices for M € Mc. This yields

k
-1 ' '
p <16l - max|Mc| < qu ceq?K 2 < cght3K 2, (3.9)

As we have observed above, M NI = C is an L-submodule of G. Since an intersection of L-submodules is an
L-submodule, we deduce that

Hnl=Xin---nXp)nI
is an L-submodule of G and hence HnI < G. Since H is core-free in G, we deduce HN1I =1, and hence
II| = IN|k = g*' divides |G : H|. In particular, |G : H| > g*K'. Therefore, from (3.9) we obtain

k3K 2

p<c|G:Hl W
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G
z
y \
HI M
X KY
1 H(InM)
z t
X
InM H
\
X
INnH

Figure 1: Subgroup lattice for G.

When k # 1 orwhen (k, k') # (2, 1), we have % < % When k = 1, by refining (3.9), we obtain the sharper

bound p < ¢g®¥'/? < ¢|G : HP?2. When (k, k') = (2, 1), we may again refine (3.9):
p<clg+1)g?? <c-2q-¢*? =2cq®* < 2¢|G : HP'* < 2¢|G : HP??.

Summing up, in all cases we have
p <2c|G: HP'?. (3.10)

From (3.4) and (3.10) we have

max(H, G) = 0 +p < %m . HP'? +2¢|G : HP'? < alG : HP?,

as desired. O

The rest of the proof of Theorem 1.3 follows the same idea as in Case 2 above, but taking in account that the
whole group G is soluble.

Proof of Theorem 1.3. Since G = Ly and I = Nk, we may write G = I x K, where K is a complement of N in L.
As in the proof of Theorem 1.2 for the case that N is abelian, we have that the action of L by conjugation on N
endows N with the structure of an L-module. Since L is primitive, N is irreducible. Set q := |End (N)|. Now,
N is a vector space over the finite field IF; with g elements, and hence |N| = g¥' for some positive integer k'.

Let C € C and let M € M¢. As we have observed above (for the proof of Case 2), M NI = C is a maximal
L-submodule of G, Hn I = 1 and [I| = |N|* = g*¥' divides |G : H]. In particular, |G : H| = £g**' for some posi-
tive integer ¢.

Since G is soluble and since M is a maximal subgroup of G supplementing I, we have M = C x K* for
some maximal L-submodule C of I and some x € I. Arguing as in the proof of Theorem 1.2 for the case
that N is abelian, we deduce that we have at most (g% — 1)/(g — 1) choices for C. Moreover, we have at most
|[I/C| =|G: M| =|N| = qk' choices for x. This yields

k_ !
<4 1q".
q-1
Now, (3.5) gives 0 < |G : H|/|ID : DN T|-1: recallthat D=I=N¥and DnT=DnH =InH = 1. Thus
0<|G:H|/ID-1=G: H|/g" -1 = ¢ - 1. Therefore,

k
q -1 p
—q . 11
qg-1 (3.11)

When ¢ > 2, a computation shows that the right-hand side of (3.11) is less than or equal to

max(H,G)=0c+p<€-1+

eg* -1 =1G6:H|-1.
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In particular, we may suppose that £ = 1. In this case, |G : H| = g*¥" = |I|and hence G = IH = I x H. Moreover,
o = 0. Since H is not a maximal subgroup of G (recall the base case for our inductive argument), k > 2.

Assume also k' = 1. Since |[End;(N)| = g = |N|, we deduce that L/N is isomorphic to a subgroup of the
multiplicative group of the field IF; and hence |L : NJ is relatively prime to g. Therefore, |G : I| is relatively
prime to g and hence so is |H|. Therefore, replacing H by a suitable G-conjugate, we may suppose that K = H.
Using this information, we may now refine our earlier argument bounding p. Let C € C and let M € M. Since
G = I x His soluble, M is a maximal subgroup of G supplementing I and H < M, we have M = C x H for some
maximal L-submodule C of I. We deduce that we have at most (g¥ — 1)/(g — 1) choices for C and hence we
have at most (g% — 1)/(g — 1) choices for M. This yields

k

max(H,G)=o+p=p< L= <g*~1=1G:H -1,

q-1

and the result is proved in this case.
Assume k' > 2. A computation (using € = 1 and k, k’ > 2) shows that the right-hand side of (3.11) is less
than or equal to ¢** =1 = |G : H| - 1. O
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