acific
ournal of

athematics

IN THIS ISSUE—

Walter Feit and John Griggs Thompson, Chapter I, from Solvability
of groups of odd order, Pacific J. Math, vol. 13, no. 3

Walter Feit and John Griggs Thompson, Chapter 11, from Solvability
of groups of odd order, Pacific J. Math., vol. 13, no. 3

Walter Feit and John Griggs Thompson, Chapterlll, from
Solvability of groups of odd order, Pacific J. Math., vol. 13, no.

Walter Feit and John Griggs Thompson, Chapter 1V, from
Solvability of groups of odd order, Pacific J. Math., vol. 13, no.

Walter Feit and John Griggs Thompson, Chapter V, from Solvability
of groups of odd order, Pacific J. Math., vol. 13, no. 3

Walter Feit and John Griggs Thompson, Chapter VI, from
Solvability of groups of odd order, Pacific J. Math., vol. 13, no.

Walter Feit and John Griggs Thompson, Bibliography, from
Solvability of groups of odd order, Pacific J. Math., vol. 13, no.

Vol. 13, No. 3 May, 1963




PACIFIC JOURNAL OF MATHEMATICS

EDITORS
RavLpu S. PHiLLIPS J. Ducunpax
Stantord University University ot Southern Califorma
Stantord, Calitorma Los Angeles 7, Califorma
M. G. Arsove LoweLL J. Paige
University of Washington Unmiversity of Caiitornia
Seattle 5, Washington Los Angeles 24, California

ASSQCIATE EDITORS

E. F. BECKENBACH D. DERRY H. L. ROYDEN E. G. STRAUS
T. M. CHERRY M. OHTSUKA E. SPANIER F. WOLF

SUPPORTING INSTITUTIONS

UNIVERSITY OF BRITISH COLUMBIA STANFORD UNIVERSITY

CALIFORNIA INSTITUTE OF TECHNOLOGY  UNIVERSITY OF TOKYO

UNIVERSITY OF CALIFORNIA UNIVERSITY OF UTAH

MONTANA STATE UNIVERSITY WASHINGTON STA'LE UNIVERSITY
UNIVERSITY OF NEVADA UNIVERSITY OF WASHINGTON

NEW MEXICO STATE UNIVERSITY * * *

OREGON STATE UNIVERSITY AMERICAN MATHEMATICAL SOCIETY
UNIVERSITY OF OREGON CALIFORNIA RESEARCH CORPORATION
OSAKA UNIVERSITY SPACE TECHNOLOGY LABORATORIES

UNIVERSITY OF SOUTHERN CALIFORNIA NAVAL ORDNANCE TEST S1ATION

Mathematical papers intended for publication in the Pacific Journal of Mathemuces should
be typewrittea (doubie spaced), and the author should keep a complete copy. Manuscripts may
be sent to any one of the four editors. All other communications to the editors should be addressed
to the managing editor, L. J. Paige at the University of California, Los Angeles 24, Calitornia.

50 reprints per author of each article are furnished free of charge; additional copies nray be
obtamned at cost in muitiples of 50.

The Pacific Journal of Mathematics 1s published quarterly, in March, June, September, and
December. Effective with Volume 13 the price per volume (4 numbers) 1s $18.00; single 1ssues, $5.00.
Spectal price for current issues to individual faculty members of supporting institutions and to
individual members of the American Mathematical Society: $8.00 per volume; single issues
$2.50. Back numbers are available.

Subscriptions, orders for back numbers, and changes of address should be sent to Pacific
Journal of Mathematics, 103 Highland Boulevard, Berkeley 8, California.

Printed at Kokusai Bunken Insatsusha (International Academic Printing Co., Ltd.), No. 6,
2 chome, Fupmi-cho, Chiyoda-ku, Tokyo, Japan.

PUBLISHED BY PACIFIC JOURNAL OF MATHEMATICS, A NON-PROFIT CORPORATION
1he Supporting Institutions listed above contribute to the cost of publication of this Journal,
but they are not owners or publishers and have no responsibility for its content or policies



SOLVABILITY OF GROUPS OF ODD ORDER
WALTER FEIT AND JOHN G. THOMPSON

CHAPTER 1

1. Introduction

The purpose of this paper is to prove the following result:
THEOREM. All finite groups of odd order are solvable,

Some consequences of this theorem and a discussion of the proof
may be found in [11].

The paper contains six chapters, the first three being of a general
nature. The first section in each of Chapters IV and V summarizes
the results proved in that chapter. These results provide the starting
point of the succeeding chapter. Other than this, there is no cross
reference between Chapters IV, Vand VI. The methods used in Chapter
IV are purely group theoretical. The work in Chapter V relies heavily
on the theory of group characters. Chapter VI consists primarily of
a study of generators and relations of a special sort.

2. Notation and Definitions

Most of the following lengthy notation is familiar. Some comes
from a less familiar set of notes of P. Hall [20], while some has arisen
from the present paper. In general, groups and subsets of groups are
denoted by German capitals, while group elements are denoted by
ordinary capitals. Other sets of various kinds are denoted by English
script capitals. All groups considered in this paper are finite, except
when explicitly stated otherwise.

Ordinary lower case letters denote numbers or sometimes elements
of sets other than subsets of the group under consideration. Greek
letters usually denote complex valued functions on groups. However,

Received November 20, 1962. While working on this paper the first author was at
_various times supported by the U. S. Army Research Office (Durham) contract number
DA-30-115-ORD-976 and National Science Foundation grant G-9504; the second author
by the Esso Education Foundation, the Sloan Foundation and the Institute for Defense
Analyses. Part of this work was done at the 1960 Summer Conference on Group Theory
in Pasadena. The authors wish to thank Professor A. A. Albert of the University of
Chicago for making it possible for them to spend the year 1960-61 there. The authors
are grateful to Professor E. C. Dade whose careful study of a portion of this paper
disclosed several blunders. Special thanks go to Professor L. J. Paige who has expedited
the publication of this paper.
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776 SOLVABILITY OF GROUPS OF ODD ORDER

o and ¢ are reserved for field automorphisms, permutations or other
mappings, and ¢ is used with or without subscripts to denote a root of
unity. Bold faced letters are used to denote operators on subsets of
groups.

The rational numbers are denoted by & while &, denotes the
field of nth roots of unity over &,

Set theoretic union is denoted by U. If % and B are sets, A — B
denotes the elements of A which are not in B. A B means that A
is a proper subset of B,

Coon]oesd the group generated by --- such that .-
1> will be identified with 1.

{oee]ee} the set of --- such that ---.

gpeee] e the group defined by the generators - .. with
the relations ---,

X | the number of elements in the set X.

Xt the set of non identity elements in the set X.
vid a set of primes. If 7 = {p}, we customarily
identify 7 with ».

T’ the complementary set of primes.

m-number a non zero integer all of whose prime factors
are in «,

n, the largest m-number dividing the non zero
integer n.

T-group a group X with |X| = |%|..

m-element a group element X such that (X is a 7-group.

S.-subgroup of X a subgroup & of X with |&| =|%]|..

S-subgroup of X a S,-subgroup of X for suitable .

Hall subgroup of %X a S-subgroup of X.

8% & is a normal subgroup of X%.

& char X £ is a characteristic subgroup of %.

F(E modR) the inverse image in X of f(¥/MN). Here
N %, and f is a function from groups to
subgroups.

0.(%) the maximal normal w-subgroup of X.

O.,....r,(%X) 0., (Xmod O, ... .. (%)).

m-closed group we say that X is w-closed if and only if X has
a normal S,-subgroup.

F(%) the Fitting subgroup of X, the maximal normal
nilpotent subgroup of X%.

D(®) the Frattini subgroup of %, the intersection
of all maximal subgroups of X.

Z,(%) the nth term in the ascending central series

of X, defined inductively by: Z(X) =1, Z,(X) =



o (%)

[X, Y]

(X, -+, X,
[, B]

[mly c %y §,’In]
xY

%I
C.(®)

Q2.(%)
o™(%)

m(X)
m,(%)
cl(%)

Cp()

N

ker (X = 9)

celg (A)
V(cel, (A); B)

(%)

2. NOTATION AND DEFINITIONS i

Z(%) = center of %, Z,,,(X) = Z(X mod Z,(%)).
the smallest normal subgroup ) of X such
that %/9) is a m-group.

XY ' XY = X'X*.

[[le R Xn—l]v Xu]: n = 3.

{A, B]|Ae¥, Be B>, A and B being subsets
of a group.

[[%[l’ %y 215-—1]’ 9'In]y n = 3.

(XT|Xe%, YeD). If 29,%Y is called
the normal closure of X in 9.

[%, %], the commutator subgroup of %,

the nth term of the descending central series
of %, defined inductively by: Cy(X) = %,
C,.(%) = [C,(%), %].

the subgroup of the p-group X generated by
the elements of order at most p*.

the subgroup of the p-group X generated by
the p*th powers of elements of X%.

the minimal number of generators of X.
m(PB), B being a S,-subgroup of X.

the class of nilpotency of the nilpotent group
%, that is, the smallest integer n such that
% = Z,(%).

the largest subset of B commuting element-
wise with 2, % and B being subsets of a
group X. In case there is no danger of
confusion, we set C() = C,().

the largest subset of B which normalizes %, %
and B being subsets of a group X¥. In case
there is no danger of confusion, we set N(2)=
N,(2).

the kernel of the homomorphism «a of the
group X into the group ). a will often be
suppressed.

{A* | X e X}, A being a subset of X.

X | XeZ%, A* = B), the weak closure of
celz(A) in B with respect to the group X.
Here A and B are subgroups of X. If A =
V(celg (A); B), we say that A is weakly closed
in B with respect to %.

the set of primes which divide |%|.

the n by n matrix with 1 in positions (i, %)
and (4,7 +1,1<it=n,1=j=<n—1, zero
elsewhere.
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SL(2, p)

special p-group

extra special p-group

self centralizing sub-
group of X
self normalizing sub-
group of %
Sz (%)

SFENAF)
W)

N(%; 7)
section

factor

chief factor

the group of 2 by 2 matrices of determinant
one with coefficients in GF(p), the field of
» elements.

an elementary abelian p-group, or a non
abelian p-group whose center, commutator
subgroup and Frattini subgroup coincide and
are elementary.

a non abelian special p-group whose center
is of order p.

a subgroup %A of X such that A = C(A). Notice
that self centralizing subgroups are abelian.
a subgroup A of ¥ such that A = N(Y).

the set of self centralizing normal subgroups
of X.

A | Ae Az (%), m(A) = m}.

the set of subgroups of ¥ which % normalizes
and which intersect A in the identity only.
In case there is no danger of confusion, we
set Uz (A) =UA). If UA) contains only the
identity subgroup, we say that U() is trivial.
the m-subgroups in U(Y).

if © and & are subgroups of the group X,
and 9 < &, then £/9 is called a section.

if © and & are normal subgroups of X and
D E K, then 8/D is called a factor of X.

if /9 is a factor of X and a minimal normal
subgroup of %X/9, it is called a chief factor
of X.

If /K and L/M are sections of X, and if each coset of & in H has

a non empty intersection with precisely one coset of I in € and each
coset of M in L has a non empty intersection with precisely one coset
of & in , then $/® and &/M are incident sections.

If /R is a section of X and L is a subgroup of ¥ which contains
at least one element from each coset of ® in , we say that £ covers
DIR. We say that & dominates the subgroup & provided € covers the
gection NVz(R)/Cx(R). The idea to consider such objects stems from [17].

If & = O/f is a factor of X, we let Cy(F) denote the kernel of
the homomorphism of ¥ into Aut ¥ induced by conjugation. Similarly,
we say that X in X centralizes § (or acts trivially on %) provided
Xe CB).

We say that X has a Sylow series if X possesses a unique S, ...,
subgroup for each 7 =1, +--, n, where n(X) = {p,, -+, P,}. The ordered
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n~-tuple (p,, -+, p,) is called the complexion of the series [18].

A set of pairwise permutable Sylow subgroups of X, one for each
prime dividing |%X|, is called a Sylow system for X. This definition
differs only superficially from that given in [16].

P. Hall [18] introduced and studied the following propositions:

E, X contains at least one S,-subgroup.

C, X satisfies E,, and any two S,-subgroups of X are conjugate
in %X,

D, % satisfies C,, and any m-subgroup of X is contained in a
S;-subgroup of X.

Er X contains a nilpotent S.-subgroup.

In [19], P. Hall studied the stability group A of the chain #: % =
%=2%2--- 2%, =1, that is, the group of all automorphisms o of
%X such that (,X)* =%,X for all X in %;,_, and eacht=1, -+, n. If
B and X are subgroups of a larger group, and if B normalizes X, we
say that B stabilizes & provided B/Cy(¥) is a subgroup of the stability
group of & .

By a character of £ we always mean a complex character of %
unless this is precluded by the context. A linear character is a
character of degree one. An integral linear combination of characters
is a linear combination of characters whose coefficients are rational
integers. Such an integral linear combination is called a generalized
character. If &7 is a collection of generalized characters of a group,
let _#(5°)(¥(5°)) be respectively the set of all integral (complex)
linear combinations of elements in 2. Let _#(%”), €(5”) be the
subsets of _# ($7), & (.5”) respectively consisting of all elements ¢ with
a(l) = 0.

If « and B are complex valued class functions on %, then the
inner product and weight are denoted by

(@ B = 5 T, «0FD),

|l = (@, @) .

The subscript %X is dropped in cases where it is clear from the context
which group is involved.

The principal character of X is denoted by 1;; the character of
the regular representation of %X is denoted by ;. If a is a complex
valued class function of a subgroup $ of X, then a* denotes the class
function of X induced by «a.

The kernel of a character is the kernel of the representation with

the given character.
A generalized character is n-rational if the field of its values is
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linearly disjoint from &£,.
A subset U of the group X is said to be a trivial intersection set
in X%, or a T.I set in X if and only if for every X in ¥, either

XAXNA S {1}
or
XUAX=9U.

If © is 2 normal subgroup of the group X and 6 is a character
of O, J(6) denotes the imertial group of 6, that is

() = {X| X%, (X HX) = 6(H) for all He9}.

Clearly, © < J(8) for all characters 6 of 9.

A group % is a Frobenius group with Frobenius kernel © if and
only if © is a proper normal subgroup of ¥ which contains the centralizer
of every element in $*. It is well known (see 8.16) that the Frobe-
nius kernel $ of X is also characterized by the conditions

1. 9<% 1cHCi,

2. J(6) =  for every non principal irreducible character 6 of .

We say that X is of Frobenius type if and only if the following
conditions are satisfied:

(i) If  is the maximal normal nilpotent S-subgroup of %, then
1CHCk,

(ii) If € is a complement for  in X, then & contains a normal
abelian subgroup A such that J(@) N & = A for every non prineipal
irreducible character ¢ of 9.

(iii) € contains a subgroup @, of the same exponent as & such
that €, is a Frobenius group with Frobenius kernel 9.

In case X is of Frobenius type, the maximal normal nilpotent
S-subgroup of X will be called the Frobenius kernel of X.

A group & is a three step group if and only if

(i) & =&'Q*, where Q* is a cyclic S-subgroup of &, Q* -1,
and & NQ* = 1.

(ii) & contains a non cyclic normal S-subgroup © such that
" € OC(D) = &', HC(P) is nilpotent and $ is the maximal normal
nilpotent S-subgroup of &.

(iii) 9 contains a cyelic subgroup $* #+ 1 such that for @ in
0%, Ce(@) = *.

3. Quoted Results

For convenience we single out various published results which are
of use.
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3.1. ([19] Lemma 1, Three subgroups lemma). If 9, R, 8 are
subgroups of the group X and

[©,88=[829] =1 then [¢,9,R]=1.

3.2. [20] F(X) = NCyD), the intersection being taken over all
chief factors D of the group X.

3.8. [20] If X is solvable, then C(F(X)) = Z(F(X)).

3.4. Let p be an odd prime and X a p-group. If every normal
abelian subgroup of X is cyclic, then X is cyclic. If every mormal
abelian subgroup of X is generated by two elements, then X is isomorphic
to one of the following groups:

(i) a central product of a cyclic group and the non abelian group
of order p* and exponent p.

(ii) a metacyclic group.

(iii) gp<4, B|[B, A]=C,[C, A] = B*",C?*=[B,C] = A* = B" =
1L,n>1,(r,p)=D.

(iv) a 3-group.

A proof of this result, together with a complete determination of the
relevant 3-groups, can be found in the interesting papers [1] and [2].

8.5. [20] If X is a non abelian p-group, p 18 odd, and if every
characteristic abelian subgroup of % is cyclic, then X is a central
product of a cyclic group and an extra special group of exponent p.

3.6. ([22] Hilfssatz 1.5). If o is a p'-automorphism of the p-group
X, p is odd, and o acts trivially on 2.(%), then o = 1.

3.7. [20] If A and B are subgroups of a larger group, then
A, B] < <A, B).

3.8, If the S,-subgroup P of the group X is metacyclic, and if
p ts odd, then BN O°(X) is abelian.

This result is a consequence of ([23] Satz 1.5) and the well known
fact that subgroups of metacyclic groups are metacyclic.

3.9. [28] If W is a normal abelian subgroup of the nilpotent
yroup X and U is not a proper subgroup of any normal abelian subgroup
of X, then U is self cenmtralizing.

38.10, If B is a S,-subgroup of the group %, and e &4~ (P),
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then CA) = A x D where D is a p'-group. The proof of Lemma 5.7
in [27] is valid for all finite groups, and yields the preceding statement.

311, Let A and B be subgroups of a group X, where N is a
p-group and B is a p'-group normalized by N. Suppose A, is a subgroup
of A which does mot centralize B. If B, is a subgroup of B of least
order subject to being normalized by N and not centralized by A,, then
B, 18 a special g-group for some prime q, YU, acts trivially on D(B)
and U acts irreducibly on B,/D(B,). This statement is a paraphrase
of Theorem C of Hall and Higman [21].

3.12. ([3] Lemma 1), Let A be a nonsingular matriz and let o
be a permutation of the elements of A. Suppose that o(A) can be
derived from A by permuting the columns of A and o(A) can also be
derived from A by permuting the rows of A. Then the number of
rows left fixed by o i8 equal to the number of columns left fixed by o.

The next two results follow from applying 3.12 to the character
table of a group X.

3.13 (Burnside). A group of odd order has no non principal real
valued irreducible characters.

3.14. If o is an automorphism of the group X then the number
of 1rreducible characters fixed by o is equal to the number of conjugate
classes fixed by o.

3.15. ([8] Lemma 2.1). Let P be a p-group for some prime P
and let 6 be an irreducible character of B with 6(1) > 1. Then
26,(1) = 0 (mod 6(1)*), where the summation ranges over all irreducible
characters 6; of B with 0,(1) < 6(1).

Let & be a Frobenius group with Frobenius kernel . Then

3.16. (). (7], [26]). D is a nilpotent S-subgroup of L and &
OCE for some subgroup € of & with $NE =1,

3.16. (ii). ([4] ». 334). If p, q are primes then every subgroup
of € of order pq is cyclic. If p + 2 then a S,-subgroup of € is cyclic.

8.16. (iii). ([7] Lemma 2.1 or [10] Lemma 2.1). A non principal
irreducible character of  induces an irreducible character of 2.
Furthermore every irreducible character of £ which does not have
O in its kernel is induced by a character of . Thus in particular
any complex representation of 8, which does not have $ in its kernel,
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contains the regular representation of & as a conmstituent when
restricted to €.

We will often use the fact that the last sentence of 3.16 (iii) is
valid if “complex representation of £” is replaced by “representation
of € over a field of characteristic prime to |2]”.

4. Elementary Results

LEMMA 4.1, Let X be a group with center B8 and let \ be an
irreducible character of 2. Then M1)* < |%X: 8.

Proof. For Ze 3, | MZ)| =A1). Therefore
2] =2 2g|M2) [* = | BM1)

LemMMA 4.2. Let o be a generalized character of the group %.
Suppose that R, X are commuling elements of X and the order of R
18 a power of a prime r. Let F be an algebraic number field which
contains the |X|th roots of unity and let t be a prime ideal in the
ring of integers of F which divides r. Then

a(RX) = a(X)(mod v) .

Proof. It is clearly sufficient to prove the result for a generalized
character, and thus for every irreducible character, of the abelian
group {R, X>. If a is an irreducible character of <R, X then a(RX)=
a(R)a(X) and a(R) = 1 (mod r). This implies the required congruence.

LEMMA 4.8. Let © be a normal subgroup of the group X and let
A be an irreducible character of X which does not contain D in its
kernel. If Xe% and C(X)N D =<1, then MX) = 0.

Proof. Let p, tt, -+- be all the irreducible characters of £/ =X%.
Let A, N\, <++ be all the remaining irreducible characters of %. If
C(X) N =<1, then C(X) is mapped isomorphically into C(X) where
X is the image of X in %. Consequently

ZipX) P =1C0(X)| 2 1 CX)| = 2| o X) | + ZiMX) [P
This yields the required result.

Lemma 4.3 is of fundamental importance in this paper.

LEMMA 4.4, Let  be a normal subgroup of the group X. Assume
that if 0 is any monprincipal irreducible character of  then 6* is
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a sum of irreducible characters of %, all of which have the same
degree and occur with the same multiplicity in 6*. For any integer
d let &; be the sum of all the irreducible characters of X of degree d
which do mot have © in their kermel. Then £, = avy*, where a 18 a
rational number and v is a generalized character of 9.

Proof. Let 6}, 6, --- be all the distinct characters of ¥ which
are induced by non principal irreducible characters of $ and which are
sums of irreducible characters of X of degree d. Suppose that 0} =
a2 \;;, where \;; is an irreducible character of X for all values of j.
It is easily seen that 4}, Y, --- form a set of pairwise orthogonal
characters. Hence &, = 2;(1/a,)0F. This proves the lemma.

If © is a normal subgroup of the group X, X € X, and @ is a character
of 9, then % is defined by ¢*(H) = (X 'HX), He 9.

LEMMA 4.5. Let $ be a normal subgroup of the group X and let
0 be an irreducible character of . Suppose X contains a mormal
subgroup %, such that J(6) S %, and such that %X,/ is abelian. Then
0* is a sum of trreducible characters of £ which have the same degree
and occur with the same multiplicity im 0*. This common degree
18 a multiple of |X:(0)|. If furthermore $ is a S-subgroup of %,
then 6* is a sum of | J(0) : ©| distinet irreducible characters of degree

|%: 3(6) 16(1).

Proof. Let 0, be the character of () = & induced by 4. Let
A be an irreducible €onstituent of 6, and let g, (5, - -+, ¢, be all the
irreducible characters of J/$. Choose the notation so that Ay, =
ifand only if 1 <% < mn. Since by =|J:9|0, we get that \g = ab
for some integer a. Thus, )

(4.1) 3 Mty = ab,.

Hence, every irreducible constituent of a8, is of the form \y;, so all
irreducible constituents of 4, have the same degree. The characters
th, [, + -+ form a group I which permutes the irreducible constituents
of af, transitively by multiplication. Hence for every value of j there
are exactly » values of 7 such that Mg;et; = M5, If now A, A, -+, are
the distinct irreducible characters which are constituents of a8,, then
(4.1) implies that ad, = n3\,;.

Suppose U is a complement to $ in J, $ being a S-subgroup of .
We must show that 6, is a sum of || distinet irreducible characters
of J. For any subgroups &, & of I with $ S & S &, and any character
@ of & let o* denote the character of £ induced by .
<. "Suppose £ hds the property that 6% is a sum of |®: 9| distinct
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irreducible characters of &, where $ S ® € J. Let Mg be the multi-
plicative group of linear characters of § which have  in their kernel,
and let Mg be an irreducible constituent of 6%. Then (1) = 0(1) is
prime to |A N K], and it follows from Lemma 4.2 that Ay does not
vanish on any element of A N & of prime power order. This in turn
implies that
= > rtt.
F-E}IRQ

If 8 =3, we are done. Otherwise, let ® contain & as a subgroup
of prime index. It suffices to show that xf’ is reducible, or equivalently,
that A§ = \g for every L in 8. This is 1mmed1ate since (6%)" = 6%,
so that A\§ = Ao/t for some g in Mg, Since A is abelian, it follows
that (¢t = 1, as required.

To complete the proof of the lemma (now that the necessary
properties of & have been established), it suffices to show that if

0, = bI\, ’

where the )\, are distinct irreducible characters of &, then each A% is
irreducible, and A% = 2% for A, # )\;. For if this is proved, the normality
of %, in ¥ implies the lemma. The definition of & implies that xﬁos is
a sum of |%,: | distinet irreducible characters of . Furthermore, )\,
is the only irreducible constituent of Xﬁ"s whose restriction to © is not
orthogonal to 8. Thus, if A = A%, then \; = ;. Since A% vanishes
outside &, a simple computation yields that ||A¥|?=1. Therefore
A¥o i irreducible. The proof is complete.

LEMMA 4.6. Let p be an odd prime and let P be a normal S,-
subgroup of the group POE. Assume that HE is a Frobenius group with
Frobenius kernel 9, D€ is a p'-group and SNE =1,

(i) If Cx@) =1, then H S C(B).

(ii) If Cx(E) 8 cyclic for all elements E € €*, then | €| iz a prime
or S C(P).

(ii) If 1+ Cp(9) S Cyx(€), then either P is cyclic or Cy(€) is not
cyclic.

Proof. 9CE is represented on PT/D(P). Suppose that H L C(P).
By 38.16 (iii) € has a fixed point on PB/D(P), and thus on P. This
proves (i). If || is not a prime, let 1 <G, &, Then 3.16 (iii) implies
that €, has a non-cyclic ﬁxed point set on PB/D(P), and thus on EB
This proves (ii).

As for (iii), let k be the largest integer such that $ has a non
trivial fixed point on Z,(P)/Z,—(P). It follows that  has a non trivial
fixed point on Z(P)/D(Z.(P)).. If Z.(P) is not cyclic then since HE is
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completely reducible on Z,(P)/D(Z.(P)) (i) implies (iii) by 8.16 (iii).
Suppose that Z,(P) is cyelic. If £ = 2, then by [10] Lemma 1.4, P is
cyclic. Since Z,(*P) is of class 1 or 2, 2,(Z,(P)) is of exponent p. As
Z,(*P) is not cyclic neither is 2,(Z(P)). Thus it may be assumed that
B = 2(Z,(P)) is non cyclic of exponent p and class at most 2. If P
is abelian then (iii) follows from (i). If ¥ is of class 2 then by (i) €
has a fixed point on B/P’ and on P'. As P has exponent p this implies
that Cyx(C) is not cyclic as required.

5. Numerical Results

In this section we state some elementary number theoretical results
and some inequalities. The inequalities can all be proved by the methods
of elementary caleculus and their proof is left to the reader.

LEMMA b.1. If p,q are primes and
p=1(modg), ¢ = 1(modp)
then p=14+q + ¢

Proof. Let p=1+ ng. Since » > ¢, ¢ = 1(mod p). Hence
1+g+q=mp.
Reading (mod q) yields m = 1 + rq. Therefore
l1+g9+¢=14(r+ n)g + rng*.

If » #+ 0 then the right hand side of the previous equation is strictly
larger than the left hand side. Thus » = 0 as required.

The first statement of the following lemma is proved in [5]. The
second can be proved in a similar manner.

LEMMA 5.2. Let p,q be odd primes and let n = 1.
(i) If q™ divides (p* —1)(p** — 1) ++- (p — 1) then ¢™ < p".
(i) If q™ divides (p™ — 1) ("™ — 1) --- (p* — 1) then g < p™.

If =5, then

(5.1) 332>,

(5.2) 571 > 80z,

(5.3) 3x > 20(2x* 4 1)
If x =17, then

(5.4) 8> 22,



(5.5)
(5.6)
(6.7)

(5.8)

(5.9
(5.10)

(6.11)

(6.12)

5. NUMERICAL RESULTS
3* — 38 > 28z,
T >4523*+ 1,
5 >423*+1 for =13,

(xﬂ—l)—(x—l)u—ﬂ-;ﬁm for 2,y =3.

' —1>4y" forx=8, y=b5,orx=5,y=38.

2>y forx=3, y=borxz=10, y=3.

¥y —1 > ¥ —1

for = =3.
y—1 x—1 orw>y<

p U= S @7 1) g ps 3.
y—1 z—1
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CHAPTER II

6. Preliminary Lemmas of Lie Type

Hypothesis 6.1.

(i) p vs a prime, P is a normal S,-subgroup of PU, and U is
a non identity cyclic p’-group.

(i) Cy(®)=1.

(iii) P’ is elementary abelian and ‘B’ < Z(P).

@iv) |PBU| s odd.
Let U =<U), 1| =u, and |PB: D(P)| = p*. Let & be the Lie ring
associated to P ([12] p. 328). Then L= «* P & where &£* and
5 correspond to PB/P’ and T’ respectively. Let &K'= K */p<*. For
t=1,2, let U; be the linear transformation induced by U on 2.

LEMMA 6.1. Assume that Hypothesis 6.1 is satisfied. Let ¢, ---,
&, be the characteristic roots of U,. Then the characteristic roots of
U, are found among the elements e; with 1 <1< j < n.

Proof, Suppose the field is extended so as to include ¢, ---,¢,.
Since U is a p’-group, it is possible to find a basis x,, -+, ®, of &£
such that x,U, = e;x;, 1 < 7 < n. Therefore, «,U,-2,;U, = ¢,;2,-x;. As
U induces an automorphism of .&°, this yields that

;2 U, = 2, U, o2;U, = 852,025 .
Since the vectors z;-2; with 7 < j span &, the lemma follows.

By using a method which differs from that used below, M. Hall
proved a variant of Lemma 6.2. We are indebted to him for showing
us his proof.

LEMMA 6.2. Assume that Hypothesis 6.1 is satisfied, and that
U, acts irreducibly on <. Assume further that n = q i8 an odd
prime and that U, and U, have the same characteristic polynomial,
Then q¢ >3 and
u < 3"

Proof. Let ¢ be the characteristic roots of U, 0 <¢<m. By
Lemma 6.1 there exist integers ¢, j, k such that er'er’ = er*, Raising
this equation to a suitable power ylelds the existence of integers a
and b with 0 < a < b < ¢ such that g?®+»*-1 = 1, By Hypothesis 6.1 (ii),
the preceding equality implies »* + p* — 1 = O(mod u). Since U, acts
irreducibly, we also have p* — 1 = O(mod ). Since U is a p'-group,

789
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ab # 0. Consequently,

p*+ p*—1=0(mod u),

(6.1) PP —1=0modu), 0<a<b<q.

Let d be the resultant of the polynomials f=2*+ 2> —1 and g =
2 — 1. Since ¢ is a prime, the two polynomials are relatively prime,
so d is a nonzero integer. Also, by a basic property of resultants,

(6.2) d=hf+kg

for suitable integral polynomials 2 and k.
Let ¢, be a primitive gth root of unity over &, so that we also
have

h (€ + &b — 1) :[1 € + 6% — 1)

(6.3)
—_ h {3 + es(u—-b) + et(b—a) e;b — e-.b _ 8—'“}

For ¢ = 8, this yields that d* = (8 — 1 + 1+1)* = 4% so that d = 4.
Since % is odd (6.1) and (6.2) imply that 4 = 1. This is not the case,
so g > 3.

Each term on the right hand side of (6.3) is non negative. As
the geometric mean of non negative numbers is at most the arith-
metic mean, (6.3) implies that

1 El i{a—b $ (b— i —4 1) —4b
dﬂ/llé?_.o{s_*_e;a )+€; a)_s;a_eqm_sq__eq }.
=

The algebraic trace of a primitive gqth root of unity is —1, hence
dhn<3.
Now (6.1) and (6.2) imply that
u=|d| < 8.

Since 8% is irrational, equality cannot hold.

LEMMA 6.8, If P is a p-group and P’ = D(P), then C(B)/C. (B>
18 elementary abelian for all n.

Proof. The assertion follows from the congruence

[Au 0y A”]p = [Al’ Ty An—l! Aﬁ] (mOd Cn+l(§B)) ’
valid for all 4,, ---, 4, in PB.

LEMMA 6.4. Suppose that o is a fized point free p’-automorphism-
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of the p-group P, P = D(P) and A = A* (mod P') for some integer
2 independent of A. Then P i8 of exponent p.

Proof. Let A° = A®.A* so that A* is in ¥’ for all A in PB.
Then

[y +-+, A =[A4f, -+, A = [Af-A;", eee, AZ-AY]
= [A:’ MRS A:] = [Alv "% A”]z" (mOd Cn+1(§B)) .

Since o is regular on P, o is also regular on each C,/C,..,. As the
order of ¢ divides p — 1 the above congruences now imply that cl(P) <
» — 1 and so P is a regular p-group. If J'(P) # 1, then the mapping
A —— A? induces a non zero linear map of P/D(P) to C.(P)/C..(F)
for suitable n. Namely, choose n so that &%(B) < C.(B) but F(P) &
C...(B), and use the regularity of ¥ to guarantee linearity. Notice
that n = 2, since by hypothesis §'(P) S P’. We find that z = 2" (mod p),
and so z*' = 1(mod p) and o has a fixed point on C,_,/C,, contrary to
assumption. Hence, J'(B) = 1.,

7. Preliminary Lemmas of Hall-Higman Type

Theorem B of Hall and Higman [21] is used frequently and will
be referred to as (B).

LEMMA 7.1. If % 18 a p-solvable linear group of odd order over
a field of characteristic p, then O0,(%X) contains every element whose
minimal polynomial is (x — 1)

Proof. Let 7 be the space on which X acts. The hypotheses
of the lemma, together with (B), guarantee that either O,(%X) #+ 1 or
X contains no element whose minimal polynomial is (z — 1)

Let X be an element of ¥ with minimal polynomial (# — 1)’. Then
0,(%) + 1, and the subspace % which is elementwise fixed by 0,(%)
is proper and is X-invariant. Since O,(%) is a p-group, % # 0. Let

& = ker (X — Aut 2%), K =ker(E— Aut (7 %)) .
By induction on dim #°, X€ 0,(Xmod &), i = 0,1, Since
0, (X mod &) N 0, (X mod &,)
is a p-group, the lemma follows.
LEMMA 7.2. Let X be a p-solvable g'roup of odd order, and U a

p-subgroup of X. Any ome of the following conditions guarantees
that A < O, ,(%):
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A i8 abelian and |%: N(A)| is prime to p.

p=5and [B, U A A, A =1 for some S,-subgroup B of X%.
[B, A, A] = 1 for some S,-subgroup P of X.

A acts trivially on the factor 0, , ,(%)/0,(%).

Ll .

Proof. Conditions 1, 2, or 8 imply that each element of 2 has a
minimal polynomial dividing (z — 1) on O, ,(%)/®, where D =
D(0,. (%) mod O,.(x)). Thus (B) and the oddness of |%| yield 1, 2, and
3. Lemma 1.2.8 of [21] implies 4.

LEMMA 7.8. If X 48 p-solvable, and B 1is a S,-subgroup of %,
then () is a lattice whose maximal element is 0,(%).

Proof. Since 0,(%) <X and BN O,(X) =1, 0,(X) is in UCP).
Thus it suffices to show that if e M(P), then < 0,(X). Since P
is a group of order |P|-|H| and P is a S,-subgroup of %X, O is a p'-
group, as is ©0,.(%). In proving the lemma, we can therefore assume
that 0,.(X) = 1, and try to show that © = 1. In this case, 9 is faith-
fully represented as automorphisms of 0,(%), by Lemma 1.2.3 of [21].
Since 0,(%) =%, we see that [D, 0,(X)]|=HN P, and H = 1 follows.

LEMMA 7.4, Suppose P is a S,-subgroup of X and A € &4 (P).
Then U(A) contains only p’-groups. If in addition, X is p-solvable,
then U(A) is a lattice whose maximal element is O,.(%).

Proof. Suppose A normalizes D and AN H =1). Let A* be a
S,-subgroup of AP containing A. By Sylow’s theorem, P, =A*N
is a S,-subgroup of . It is clearly normalized by %, and A N P, ={1).
If P, # 1), a basic property of p-groups implies that 2 centralizes
some non identity element of P, contrary to 8.10. Thus, P, = 1D
and $ is a p’-group. Hence we can assume that X is p-solvable and
that 0,.(%) =<1) and try to show that = {1).

Let %, = 0,(X)9%. Then O,(%)A is a S,-subgroup of %, and
Ae FAZ 47 (0,(X)¥). If %, %, then by induction D<0,(%,) and so
[0,(%), ] =0,(%) N 0,(%) =1 and D = 1. We can suppose that %, =
%,

If A centralizes O, then clearly A < %, and so ker (¥ — Aut ¥) =
A x &, by 810 where 9= 9,. Hence, $ char A x , < %, and
9, <%, so that , = 1. We suppose that €A does not centralize 9,
and that © is an elementary g¢-group on which 2 acts irreducibly.
Let B = 0,(%)/D(0,(%)) = B, X B,, where B, = Cgx(®) and B, = [B, $].
Let V€%, and Xe V, so that [X, A] < A. Hence, [X, A] maps into
B,, since [[X, A], D]S D N O0,(X) = 1. But B, is X-invariant, so [X, A}
maps into B, N B, = 1. Thus, A S ker (X — AutB,), and so [, D]
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centralizes B,. As U acts irreducibly on 9, we have $ = [9, Y], so
B, =1. Thus, $ centralizes T and so centralizes 0,(%X), so $ =1, as
required.

LEMMA 7.5. Suppose $ and 9, are S, -subgroups of the solvable
group &. If BSO0,D) NP, then BS0L9).

Proof. We proceed by induction on [&|. We can suppose that
© has no non identity normal subgroup of order prime to pq. Suppose
that & possesses a non identity normal p-subgroup . Then

SE0,9) N0,D) .

Let =6/J, B=BI/J, D=9/, &:=9/J. By induction, B 0,(9),
80 BSO0,(DPmod I) = 0,(D), and we are done. Hence, we can assume
that 0,(8) = {(1>. In this case, F(®) is a g¢-group, and F(S)< D,.
By hypothesis, B<S0,(9.), and so B centralizes F(&). By 3.3, we
see that B = (1), so BS0,(D) as desired.

The next two lemmas deal with a S,-subgroup 8 of the p-solvable
group X and with the set

& = {9|1. 9 is a subgroup of %X .
2. Po.
3. The p-length of  is at most two.
4. |9| is not divisible by three distinet primes .}

LEMMA 7.6. X ={D[|De .

Proof. Let %, = {9|Hec o). It suffices to show that |%,|, = | %],
for every prime ¢q. This is clear if ¢ = p, so suppose ¢q # p. Since
¥ is p-solvable, X satisfies E,, so we can suppose that X is a p, ¢-
group. By induction, we can suppose that X, contains every proper
subgroup of X which contains P. Since PO, (X)e.s”, we see that
0,X)<S%,. If NBNO, (X)) cX, then N(PBNO,(X))=%,. Since X =
0,%)-N(BNO, (%)), we have X =%,. Thus, we can assume that
0,%) =B NO, ,(X). Since TO,, (X)e.s”, we see that 0, (X)) =%, If
RO, (%) = %, we are done, so suppose not. Then N(P N 0, (%)) C %,
so that %, contains N(PB N 0, , ,(¥))0, (%) = X, as required.

LEMMA 7.7. Suppose M, N are subgroups of £ which contain P
such that 9 = (O N MO NN) for all  in S~ Then X¥=MRN.

Proof. It suffices to show that |[MN|, = |X|, for every prime gq.
This is clear if ¢ = p, so suppose ¢ # p. Let Q, be a S,-subgroup of
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M NN permutable with P, which exists by E,, in M NRN. Since %
satisfies D,,, there is a Sisubgroup Q of ¥ which contains Q, and
is permutable with B, Set R = PLO. We next show that

R=@RNIWERNN) .

If Re .o~ this is the case by hypothesis, so we can suppose the p-
length of R is at least 3. Let B, =P N 0,,,(R), and L = Ny(B).
Then £ is a proper subgroup of R so by induction on |X|, we have
L=E@NIWENN). Let & =PB-0,,,(R) = PO, (R). Since & is in
% we have = (& N MR NN). Furthermore, by Sylow’s theorem,
R =82 Let ReR. Then R= KL with Ke R, Le 8. Then K = PK,,
with Pin B, K, in 0,,R). Also, L=MN, Min2nNWM, Nin2nN,
and so R = KL = PK,MN = PMK*N, Since KXc0,,R), we have
K* = MN, with M, in RN &, N, in RN K. Hence, R = PMM,-N,N
with PMM, in M N R, NN in RN R.
Since R= (RN TR NN), we have

_ _ IR M 1 RNN|,
=R = v )
£l = [Rl, [RNMNNR,

By construction, (RN M N N|, = | M N N|,. Furthermore, | RN M|, <
(M|, and RN N|, = [N],, s0

o), = LRARl o (RO [ROR], _ |y
TRl = T m AR EREGEDD 1%,

completing the proof.

LeMMA 7.8. Let X be a finite group and  a p’-subgroup of %
which is normalized by the p-subgroup A of X. Set A, = Cy(9).
Suppose L is a p-solvable subgroup of % containing AD and  Z 0,.(Y).
Then there is a p-solvable subgroup 8 of UCLA,) which contains A
and & 0,.(R).

Proof. Let § = 0,.,(8)/0,(%). Then © does not centralize §.
Let B be a subgroup of ¥ which is minimal with respect to being
AH-invariant and not centralized by . Then B = [B, §], and [B, A,| =
D(B), while [D(B), 9] = 1. Hence, [B, A, $] =¥, $,B] =1, and so
[9,8B, %,] =1. Since [, B] =B, A, centralizes B. Since B is a sub-
group of &, we have B = £/0,.(2) for suitable £,. As 0,(2) is a
p’-group and B is a p-group, we can find an A-invariant p-subgroup
PBo of ¥ incident with B. Hence, A, centralizes B,. Set

=B, HHr<8.
As 8 is p-solvable so is & If 9 £ 0,.(8R), then
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[Be, 0] S & N 0,(R) S 0,.(8)

and 9 centralizes B, contrary to construction. Thus, $Z 0,(R), as
required.

LEMMA 7.9. Let $ be a p-solvable subgroup of the finite group
X, and let P be a S,-subgroup of O. Assume that one of the follow-
ing conditions holds:

(a) |X| s odd.

(b) »=5.

(¢c) p=238 and a S;subgroup of ® is abelian.
Let B, = 0,.,(9) NP and let P* be a p-subgroup of X containing P.
If B is a S,-subgroup of N (B,), then B, contains every element of
FEN(PB*).

Proof. Let Ae A2+ (P$*). By (B) and (a), (b), (c), it follows
that ANP=ANP, = A, say. If A, A, then there is a B,-invariant
subgroup B such that A, B, |B:A| = p. Hence, [B,, BN, &
Py, 80 BS N (P) N P*. Hence, {B, P) is a p-subgroup of N (Py),
so BEP. Hence, BESAN P = A, which is not the case, so A = A,
as required.

8. Miscellaneous Preliminary Lemmas

LemMmA 8.1, If X i8 @ m-group, and & 18 a chain X =¥%2
%2-.-2%, =1, then the stability group A of & i3 a w-group.

Proof. We proceed by induction on n. Let Ac . By induction,
there is a m-number m such that B = A™ centralizes ¥,. Let Xe¥%;
then X# = XY with Y in %,, and by induction, X* = XY". It fol-
lows that B% =1,

LEMMA 8.2. If P i3 a p-group, then P possesses a characteristic
subgroup € such that

(i) cl@) =2, and €/Z(C) is elementary.

(ii) ker (Aut P—> Aut €) is a p-group. (res is the homomor-
phism induced by restricting A in Aut P to €.)

(ili) [B,C] = Z(C) and CE€) = Z(©).

Proof. Suppose € can be found to satisfy (i) and (iii). Let
® = ker res. In commutator notation, [®, €] =1, and s0 [®, €, P] = 1.
Since [€, P] =€, we also have [€, B, £] = 1 and 3.1 implies [P, &, €] =
1, so that [B, K]S Z(€). Thus, £ stabilizes the chain P2E21 so
is a p-group by Lemma 8.1.
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If now some element of 2.4 (P) is characteristic in B, then
(i) and (iii) are satisfied and we are done. Otherwise, let % be a
maximal characteristic abelian subgroup of B, and let € be the group
generated by all subgroups ® of P such that AcCD, [D:A| = p,
DEZ(PmodA), DS CH). By construction, A< Z(€), and € is seen
to be characteristic. The maximal nature of % implies that A = Z(€).
Also by construction [, €]< U = Z(€), so in particular, [€, €)= Z(€)
and cl(€) <2, By construction, €/Z(€) is elementary.

We next show that C(€) = Z(€). This statement is of course
equivalent to the statement that C(€)=S €. Suppose by way of con-
tradiction that C(€)Z €. Let & be a subgroup of C(€) of minimal
order subject to (a) € B, and (b) €L €. Since C(€) satisfies (a)
and (b), & exists. By the minimality of &, we see that [, €]=€
and D(E)< €. Since § centralizes €, so do [P, €] and D(E), so we
have [, E]=¥U and D(E) = A. The minimal nature of & guarantees
that G/ENE is of order p. Since ENE=CNYU, GENA is of
order p, so GUA/N is of order p. By construction of €, we find A S
€, so <€, in conflict with (b). Hence, C(€) = Z(€), and (i) and
(iii) are proved.

LEMMA 8.8. Let X be a p-group, » odd, and among all elements
of P& (%), choose U to maximize m(N). Then 2,(C(2(N))) = 2,(N).

REMARK. The oddness of p is required, as the dihedral group
of order 16 shows.

Proof. We must show that whenever an element of X of order
p centralizes 2,(%), then the element lies in 2,(%).

If XeC(RN) and X* =1, let B(X) = B, = {2(A), XD, and let
B,CcB, - B, =<, X> be an ascending chain of subgroups, each
of index p in its successor. We wish to show that B, <{ B,. Suppose
B, 1B, for some m <n — 1. Then B, is generated by its normal
abelian subgroups %B, and B, N Y, 8o B, is of class at most two, so
is regular. Let Ze€®B,, Z of order p. Then Z= X*A,A in ¥, k an
integer. Since B, is regular, X*Z is of order 1 or p. Hence,
Aec ), and Z¢B,. Hence, B, = 2,(B,) char B,, < B,..,, and B, < B,
follows. In particular, X stabilizes the chain 22 2,(%) =2 {1).

It follows that if D = 2,(C(2())), then D’ centralizes A. Since
Ne Fz 1 (%), VYU We next show that D is of exponent p.
Since [D, D]& A, we see that [D, D, D} & 2,(A), and so

2,999 =1,

and c¢l(®) £8. If p=5, then D is regular, and being generated by
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elements of order p, is of exponent p. It remains to treat the case
» =3, and we must show that the elements of ® of order at most
8 form a subgroup. Suppose false, and that <X, Y) is of minimal
order subject to X*=Y*=1, (XY)+#1, X and Y being elements
of ©. Since (Y, Y*Hc{X,Y), [Y,X]=Y"'. X'YX is of order
three. Hence, [X, Y] is in 2,%), and so [Y, X] is centralized by
both X and Y. It follows that (XY)' = XYY, X =1, so D is of
exponent p in all cases.

If 2D, let €% E&D, |€: 2(A)| =p. Since 2,(N) <
Z(€), € is abelian, But m(€) = m(A) + 1 > m(A), in conflict with
the maximal nature of U, since € is contained in some element of
Fz (%) by 3.9.

LeMMA 8.4. Suppose p is an odd prime and X is a p-group.

(i) If LAz 1;(%) is emptly, then every abelian subgroup of %
18 generated by two elements.

(ii) If &5 (X) is empty and A is an automorphism of X of
prime order q, p + q, then q divides p* — 1.

Proof. (i) Suppose U is chosen in accordance with Lemma 8.3.
Suppose also that X contains an elementary subgroup & of order p°.
Let G, = Cx(2,(A)), so that €, is of order p’at least. But by Lemma
8.8, G, < 2,(N), a group of order at most p?, and so &, = 2,(A). But
now Lemma 8.3 is violated since & centralizes €,.

(ii) Among the A-invariant subgroups of X on which A acts non
trivially, let © be minimal. By 8.11,  is a special p-group. Since
p is odd, © is regular, so 3.6 implies that  is of exponent ». By
the first part of this lemma, $ contains no elementary subgroup of
order p°. It follows readily that m(9) < 2, and (ii) follows from the
well known fact that ¢ divides [Aut ©/D(D)|.

LEMMA 8.5. If % is a group of odd order, p is the smallest
prime in 7(%), and if in addition X contains no elementary subgroup
of order p°, then X has a normal p-complement.

Proof. Let P be a S,-subgroup of X¥. By hypothesis, if  is a
subgroup of P, then %7 +;(9) is empty. Application of Lemma 8.4
(ii) shows that N (D)/Cx(9) is a p-group for every subgroup  of P.
We apply Theorem 14.4.7 in [12] to complete the proof.

Application of Lemma 8.5 to a simple group @ of odd order im-
plies that if » is the smallest prime in 7(®), then & contains an
elementary subgroup of order °. In particular, if 3en(®), then &
contains an elementary subgroup of order 27.
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LEMMA 8.6. Let RN, N, N, be subgroups of a group X and suppose
that for every permutation o of {1,2,8},

mﬂ'(l) g ER,(,) ma' (8)

Then NN, is a subgroup of X.

P’I‘OOf. m,%l g (mlms)(msm,) g mlmsmg g m1(m1%)m’ g_ mlmg, as re-
quired.

LemMA 8.7. If A is a p'-group of automorphisms of the p-group
B, of A has no fized points on P/D(P), and A acts trivially on D(P),
then D(P) S Z(P).

Proof. In commutator notation, we are assuming [P, U] =B,
and [¥%, D(P)] = 1. Hence, [A, D(P), B] = 1. Since [D(P), B} < D(P),
we also have [D(P), B, A} =1. By the three subgroups lemma, we
have [P, A, D(P)] = 1. Since [P, A] = B, the lemma follows.

LemMMA 8.8. Suppose Q is a q-group, q is odd, A is an auto-
morphism of T of prime order p, p=1(mod q), and Q contains a
subgroup L, of index q such that P& .A5(Q,) 8 empty. Then p=
14+ g+ ¢ and Q i8 elementary of order ¢

Proof. Since p = 1(mod ¢) and ¢ is odd, p does not divide ¢* — 1.
Since D(Q) & Q,, Lemma 8.4 (ii) implies that A acts trivially on D(R).

Suppose that A has a non trivial fixed point on Q/D(X). We can
then find an A-invariant subgroup MM of index ¢ in L such that A
acts trivially on Q/IM. In this case, A does not act trivially on IR,
and so M = Q,, and M N Q, is of index ¢ in WM, By induction, p =
1+g+ ¢ and M is elementary of order ¢°. Since A acts trivially
on Q/M, it follows that O is abelian of order ¢* If Q were elemen-
tary, Q, would not exist. But if Q were not elementary, then A
would have a fixed point on 2,(Q) = M, which is not possible. Hence
A has no fixed points on Q/D(Q), so by Lemma 8.7, D(Q) S Z(XQ).

Next, suppose that A does not act irreducibly on Q/D(X). Let
N/D(L) be an irreducible constituent of A on Q/D(X). By induction,
N is of order ¢°, and p=1+ ¢+ ¢. Since D) R, DQ) is a
proper A-invariant subgroup of . The only possibility is D(Q) =1,
and || = ¢® follows from the existence of Q,.

If |Q]| =¢* then p =1+ ¢ + ¢* follows from Lemma 5.1. Thus,
we can suppose that |Q| > ¢°, and that A acts irreducibly on Q/D(Q),
and try to derive a contradiction. We see that £ must be non
abelian. This implies that D(Q) = Z(Q). Let |Q: D(Q)| = ¢*. Since
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p=1(modg), and ¢"=1(modp), n=8. Since D(Q)=2Z(Q), n is
even, L/Z (L)) possessing a non singular skew-symmetric inner product
over integers mod ¢ which admits A. Namely, let € be a subgroup
of order ¢ contained in Q' and let €, be a complement for € in L',
This complement exists since L’ is elementary. Then Z(Pmod €,) is
A-invariant, proper, and contains D(X)). Since A acts irreducibly on
/D(Q), we must have D(Q) = Z(Xmod €,), so a non singular skew-
symmetric inner product is available, Now Q is regular, since ¢cl(Q) =
2, and ¢ is odd, so |2,(R)| = |Q:0% ()], by [14]. Since cl(Q) = 2,
2,(2) is of exponent q. Since

R:01Q) 2 12:DR)| =2 ¢,

we see that |2,(Q)] = ¢*. Since Q, exists, 2,(X) is non abelian, of
order exactly ¢!, since otherwise Q, N 2,(X) would contain an elemen-
tary subgroup of order ¢°. It follows readily that A centralizes 2,(Q),
and so centralizes Q, by 3.6. This is the desired contradiction.

LEMMA 8.9. If P is a p-group, if F&.45(B) is non empty and
A is a normal abelian subgroup of B of tyve (p, p), then A is con-
tained in some element of AL N5 (D).

Proof. Let € be a normal elementary subgroup of 3 of order 7%
and let G = Cx(A). Then €, P, and <, €)= is abelian. If
|¥| = »*, then A = €, = Fc E, and we are done, since € is contained
in an element of & 45(P). If |F| = p°, then again we are done,
since ¥ is contained in an element of .2&.4:().

If X and 9 are groups, we say that 9 is involved in X provided
some section of X is isomorphic to 9 [18].

LEmMMmA 8.10. Let P be a S,-subgroup of the group X. Suppose that
Z(P) is cyclic and that for each subgroup A in B of order p which
does not lie in Z(P), there i3 an element X = X(N) of P which
normalizes but does not centralize A, 2(Z(P))). Then either SL(2, p)
18 involved in X or 2(Z(P)) 18 weakly closed in P.

Proof., Let ® = 2(Z(P)). Suppose & = D¢ is a conjugate of D
contained in P, but that € #D. Let D =<D), & =E). By hypo-
thesis, we can find an element X = X(&) in P such that X normalizes
{E,D>=%, and with respect to the basis (¥, D) has the matrix

((]j i) Enlarge § to a S,-subgroup P* of C,(€). Since € = D7,
B¢ S C4(€), so P* is a S,-subgroup of %, and € S Z(P*). Since Z(P*)
is cyelic by hypothesis, we have & = 2,(Z($*)). By hypothesis, there

is an element Y = Y(®) in $* which normalizes {§ and with respect
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to the basis (E, D) has the matrix G (1)) Now <(1) %) and G (1)>
generate SL(2, p) [6, Sections 262 and 263], so SL(2, p) is involved in
N,(®), as desired.

LemMa 8.11. IFf U i8 a p-subgroup and B i8 a g-subgroup of X,
P #q, and A normalizes B then [B, A] = [B, A, «AJ.

Proof. By 3.7, [¥,B] < AB. Since AB/[A, B] is nilpotent, we
can suppose that [, B] is elementary. With this reduction, [B, %, U] «
AB, and we can assume that [B, A, A] = 1. In this case, A stabilizes
the chain B2[B, AJ21, so [B, A] =1 follows from Lemma 8.1 and

P+ q.

LEMMA 8.12. Let p be an odd prime, and G an elementary sub-
group of the p-group P. Suppose A is a p'-automorpvhism of B which
centralizes 2(Cy(€)). Then A=1.

Proof. Since €S 2(Cyx(€)), A centralizes &. Since € is A-invari-
ant, sois Csp(@)- By 3.6 A centralizes C‘-B(@)' so if € = Z (), we are done.

If Ca(€) B, then Cy(€)D(P) =P, and by induction A centralizes
D(PB). Now [P, €1< D(P) and so [P, €, <4>] = 1. Also, [E, 4] =1,
so that [€,{A4), B] =1. By the three subgroups lemma, we have
[<A>, B, €] = 1, so that [B, {AD] < Cy(€), and A stabilizes the chain
PRCK(E) D1, It follows from Lemma 8.1 that A =1.

LEMMA 8.13. Suppose B is a S,-subgroup of the solvable group
&, L A5(P) 18 empty and &S is of odd order. Then & centralizes
every chief p-factor of &,

Proof. We assume without loss of generality that 0,.(®) = 1.
We first show that P IS, Let © = 0,(8), and let € be a subgroup
of  chosen in accordance with Lemma 8.2. Let B = 2,(€). Since
p is odd and cl(€) < 2, W is of exponent p.

Since 0,(®) =1, Lemma 8.2 implies that ker (& —— Aut@) is a
p-group. By 3.6, it now follows that ker (& —— Aut ) is a p-group.
Since P has no elementary subgroup of order ° neither does 28, and
so |W: D) < p*. Hence no p-element of & has a minimal poly-
nomial (z — 1)* on B/D(W). Now (B) implies that P/ker a < Sfker ax.
and so P < &, since ker a & P.

Since P <« &, the lemma is equivalent to the assertion that if
is a S,-subgroup of &, then ¥ =1. If & # 1, we can suppose that
¥’ centralizes every proper subgroup of P which is normal in &. Since
g is completely reducible on P/D(B), we can suppose that [, ] =P
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and [D(P),¥]=1. By Lemma 8.7 we have D(P)SZ(P) and so
2(P) =R is of exponent » and class at most 2. Since P has no
elementary subgroup of order 2° neither does R. If & is of order p,
%' centralizes & and so centralizes P by 3.6, thus £ = 1. Otherwise,
|®: D(R)| = p* and & is faithfully represented as automorphisms of
K/D(R). Since (2] is odd, & =1.

LEMMA 8.14. If & 48 a solvable group of odd order, and
FEN(PB) is empty for every S,-subgroup P of S and every prime
p, then &' 1is nilpotent.

Proof. By the preceding lemma, &' centralizes every chief factor
of &. By 3.2, & < F(&), a nilpotent group.

LemMMA 8.15. Let & be a solvable group of odd order and suppose
that & does mot contain an elementary subgroup of order p° for any
prime p. Let P be a S,-subgroup of & and let € be any character-
istic subgroup of P. Then €N P 1 S.

Proof. We can suppose that €=, since € NP char P. By
Lemma 8.14 F(8) normalizes €. Since F(©&)P <« S, we have & =
F(©)N(P). The lemma follows.

The next two lemmas involve a non abelian p-group P with the
following properties:

(1) pis odd.

(2) B contains a subgroup P, of order p such that

0(530) = éBo B, ’

where 9B, is cyelic.
Also, U is a p'-group of automorphisms of 9P of odd order.

LEMMA 8.16. With the preceding notation,

(i) U s abelian.

(ii) No element of At centralizes 2,(C(By)).

(i) If U is cyclic, then either |A| divides p 1Tor F& (D)
18 empty.

Proof. (ii) is an immediate consequence of Lemma 8.12.

Let B be a subgroup of P chosen in accordance with Lemma 8.2,
and let T = 2,(B) so that U is faithfully represented on . If P, &L
9B, then P, is of maximal class, so that with B, = W, W, = [B;, P,
we have |B;: W,,|=», 1=0,1,.--,n—1, |W| =p*, and both (i)
and (iii) follow. If P,=W, then m(W) =2. Since [BW, P]S Z(W),
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it follows that (P, Z(W)> < B. By Lemma 8.9, .Z_4;(P) is empty.
The lemma follows readily from 8.4.

LEMMA 8.17. In the preceding mnotation, assume in addition that
|A| =q 18 a prime, that q does not divide p —1, that P =[P, A]
and that Cq;(i’l) 18 cyclic. Then |PB| = p'.

Proof. Since girp — 1, A centralizes Z(P), and so Z(P)SP'.
Since C$(91) is cyclic, 2(Z,(P)) is not of type (p, ). Hence, B S
2(Z(P)). Since every automorphism of 2,(Z,(B)) which is the identity
on 2:(Z,(P)/2(Z(P)) is inner, it follows that P = 2,(Z.(P)) - D, where
D = Cp(2(Z,(P))). Since P, is eyclic, s0 is D, and s0 D& 2(Z,(P)),
by virtue of B =[P, A] and ¢t p — 1.



CHAPTER III

9. Tamely Imbedded Subsets of a Group

The character ring of a group has a metric structure which is
derived from the inner product. Let £ be a subgroup of the group
X. The purpose of this chapter is to state conditions on € and X which
ensure the existence of an isometry z that maps suitable subsets of
the character ring of { into the character ring of ¥ and has certain
additional properties. If a is in the character ring of € and ar is
defined then these additional properties will yield information con-
cerning a*(L) for some elements L of £. Once the existence of 7 is
established it will enable us to derive information about certain
generalized characters of X provided we know something about the
character ring of . In this way it is possible to get global infor-
mation about X from local information about &.

There are two stages in establishing the existence of 7. First we
will require that £ is in some sense “nicely” imbedded in X. When
this requirement is fulfilled it is possible to define a* for certain
generalized characters a of £ with a(l) = 0. In this situation a* is
explicitly defined in terms of induced characters of various subgroups
of X. Secondly it is necessary that the character ring of 2 have
certain special properties. These properties make it possible to extend
the definition of 7 to a wider domain. In particular it is then possible
to define a® for some generalized characters a of & with a(1) + 0.
The precise conditions that the character ring of € needs to satisfy
will be stated later. In this section we are concerned with the
imbedding of £ in X. The following definition is appropriate.

DEFINITION 9.1. Let & be a subset of the group X such that
9.1) AHsleN@ =2.

Let £, be the set of elements L in € such that C(LHYEE, and let
D= —g,.

We say that £ is tamely imbedded in X if the following conditions
are satisfied:

(i) If two elements of { are conjugate in X, they are conjugate
n £

(ii) If © is non empty, then there are non identity subgroups
O, ++, 9, of X, n =1, with the following properties:

803
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@) (%1, 19:) =1 for © # j;

(b) ; is a S-subgroup of N, = N(D:);
© R=9L8NN;) and H: N2 = 1;
@ (90, 1C(L))=1 for Le,;

(e) For 1 <14 =<n, define

={ U Cu(@D} -9t
EE%
Then Sft% is a non empty T. I. set in X and N; = N (ift.-).
(iii) If L,€%D, then there is a conjugate L. of L, in L and an
index 4 such that

C(L) = Co(L)-Co(L) S .

If &is a tamely imbedded subset of X then for 1 < ¢ < n, each of
the groups ; is called a supporting subgroup of 2. The collection
{9:11 =1 = n} is called a system of supporting subgroups of L.

In one important special case, the definition of tamely imbedded
subset of % is fairly easy to master. Namely, if © is empty, the
reader can check that  is a T. I. set.

If € is a tamely imbedded subset of X with 8 = N (51’) then in
this section _# (53) denotes the set of generalized characters of 8 which
vanish outside £ and "g(ﬁ) denotes the complex valued class functions
of $ which vanish outside €. Similarly, £ (@)( %(SE)) is the subset of
a (8)(%(8)) vanishing at 1. R. Brauer and M. Suzuki noted that if

£ is a T. I. set in X then the mapping 7 from %(8) into the ring
of class functions of X defined by

ar = a*

is an isometry ([24], p. 662). They were then able to extend this
isometry to certain subsets of %’(:‘3). Several authors have since then
used this technique and it has played an important role in recent
work in group theory.

In this chapter these results will be generalized in two ways.
First we will consider tamely imbedded subsets of %X rather than T.I.
sets in X. Secondly we will show that under a variety of conditions
T can be extended to various large subsets of %(@). The results
proved in this chapter are important for the proof of the main theorem
of this paper. However it is unnecessary in general to assume that
X has odd order or that ¥ is a minimal simple group.

The following notation will be used throughout this section.

For a tamely imbedded subset € of X let &= N(ﬁ) and for
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1<7=nlet $; and N; have the same meaning as in Definition 9.1.
Define $, = 1 and

& ={L|Le®D, C(L)=N} forl<t=n.
For Le&,0=i=<n let
©.2) W, = {LH|LH = HL, He $} = L{®: 0 C(L)} .

Since £ is tamely imbedded in % it follows from (9.2) and Definition
9.1 that for Le®, 01 n

(9.3) |CL)[=]CL)NE| |As] .
For ac %(@) and 1 < 7 < n define
a; = a|gag, .
Let a;, be the class function of M,/D; which satisfies

a; lgnm, =q;.

Let a;, be the class function of N; induced by a;. Define
(9.4) a’ = a* + 23 (a;, — an)* .

Ifae Z (ﬁ) then (9.4) implies that a* is a generalized character of X.
It is an immediate consequence of the definition of induced characters
that for 1 <t <n

a,(A) = a(L) for Le®;, Ae¥,;
(9.5) o, (A) =0 for Le®, AcA;,, A+ L
an(L) = |CL)N$:|a(L) for Le¥g,.

LEMMA 9.1. Suppose that & is a tamely imbedded subset of %.
If ae & (f!) let a* be defined by (9.4). Then a’(X) =0 ¢f X is not
conjugate to an element of U, for any Le CJ L, , while
=0

a(d) = a(L) for Ae¥A,LelJs;.

=0

Proof. If Ne,; then a complement of $; in (N is solvable.
Thus ([28] p. 162) for 1 < ¢ < n every element of R; is conjugate to
an element of the form HL = LH with LefnNN;,, He D;. Suppose
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that L is not conjugate to an element of f!’; then since ac¢ %(@),
(9.4) implies that a’(HL) = 0. This implies that a*(X) = 0 unless X

is conjugate to an element of %, for some Leg& .

Let Ae,, Leg for some ¢ with 0 <7 <mn. Suppose that
XLXe 532,- for some Xe€X and some § with 1 <4 =<n,7+# 3. Then
(19, 1€CL)))#*+1. Thus ©# 0 and Le ‘fé.-. Furthermore C(L) =
Co(L)Co(L). By assumption (|£:],|9;]) =1 and (|9, |Co(L)]) = 1.
Thus (| C(L)|, | D;|) = 1 contrary to the choice of L. Since ae % (2),
a; — a;, vanishes on N; — ?ﬁ‘}. Consequently (9.4) implies that

9.6) a(A) = a*(A) for 1 =0

) a’(A) = a*(A) + (@, —a;))*(4) for1lsi<n.
Since fft,- isa T. I. set in ¥ with N (52;) =N, we get that

(ay — ay)*(4) = (@, — a,)(4) .
Thus (9.6) yields that
9.7 a’(A) =a*(4) + (a,;, —az)(A) forl=i<n.
Assume first that A = L. Then a*(L) = | C(L) N ;| a(L). Hence

(9.5), (9.6) and (9.7) yield that a’(4) = a(L). If A # L, then a*(4) =0

and 1<7<n. Thus (9.5) and (9.7) yield that also in this case
a‘(A) = a(L). The proof is complete in all cases.

LEMMA 9.2. Suppose that isa tamely imbedded subset of X.
If ae &(®) let a* be defined by (9.4). Then for 1<i<n

a*(N) = ay(N) for NeR U D, .

Furthermore |y, i8 a linear combination of characters of N;/9D;.

Proof. If Ne 9, then by Lemma 9.1 and the definition of «a,
a’(N) = 0 = a,(l) = ay(N) .

If Ne E?E,;, and a’(N) # 0, then N is conjugate to an element A of
U, for some Leg,. Thus by (9.5) and Lemma 9.1 a*(N) = a,,(N) as
required.

Let 6 be an irreducible character of R; which does not have ©;
in its kernel. Then
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9.8 (@ g 6) = ——Zp,a (N)I(N) .

I?Rl

By Lemma 4.8 6 vanishes on %, — 52,- — ©; hence (9.8) and the first
part of the lemma yield that

@ |y, 6) = —— Zna(N)IN)

Iml

lm | Em. u(N)ﬁ(N) (@, 0) .

Since a«;, is a linear combination of characters of N,/D: this yields
that (a® |y, 6) = 0. The lemma is proved.

LEMMA 9.3. Suppose that g is a tamely tmbedded subset of X.
If ae &(8) and a* is defined by (9.4) then

(ar, lz)g = (@, 19,)9, .

Proof. Let €,C,, --- be all the conjugate classes of ¥ which
contain elements of . Let L, L,, -+ be elements in 0 ¥, such that
i=0

L;e€; N . The number of elements in % which are conjugate to
an element of ¥, , is easily seen to be

= _1%]
1€;1 [, = TCLY] 1%y, |

Thus by Lemma 9.1 and (9.3)

9.9) @, 1e = 37 STt | % 4T
1 |8]
= 2; L
72 Teay ne ) -

By assumption €, N @’, € n @’, -+- are the conjugate classes of  which
contain elements of ¥, Since € «(8) this yields that

8|
@19 = o7 Tay e

Therefore (9.9) implies the desired equality.

LemMmA 9.4. Suppose that Lisa tamely imbedded subset of X%.
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Let 8 be a generalized character of % such that for Le 08.-, 6 is
i=0

constant on UA;,. If a,Be % (ﬁ) and if ar, B are defined by (9.4)
then

(ar, 0)5 = (a’ elg)g
(@, B = (@, B)g .

Proof. Since # is constant on U, for Le L'j& it follows from
=0
Lemma 9.1 that
{aéls}t = a'é .
Thus by Lemma 9.3

(ar, 0)5 = (a’é, 1&)3 = (aélﬁi ]:2)9 = (a! Glg)ﬁ .

By Lemma 9.1 8° is a generalized character of ¥ which is constant

on A, for Le 08;. If now @ is replaced by B° in the first equation
i=0

of the lemma the second equation follows.

LEMMA 9.5. Suppose that 8 is a tamely imbedded subset of
X, Let © be a class function of X which is constant on UA; for

Le 0 ;. Let X, be the set of all elements in X which are conjugate
i=0
to some element of U; with Le _08;. Then

+=0

1

37 280 = L sue).

18]

Proof. Define ac %(fé) by

a(L) = 6(L) if Le®
a(L) =0 if Le® — &,

By Lemma 9.1

a’(X) = 6(X) if Xe%,
a’(X) =0 if Xek—%, .

Consequently Lemma 9.3 implies that
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"‘1_‘ ZEOO(X) = (a7, lg)g = (a’ 12)2 = | 1

H Toy =40

=1 5,
=18 SMO(L) .

Lemma 9.5 is of great importance. Even the special case in
which 6 =1, is of considerable interest and plays a role in section

26. In this special case, Lemma 9.5 asserts simply that |%,|/|%X| =
181181

10. Coherent Sets of Characters

Throughout this section let fbea tamely imbedded subset of the
group X¥. Let € = N(2) and let _#(2) be the set of generalized char-
acters of € which vanish outside €. Let = be defined by 9.4).

DEFINITION 10.1. A set .5 of generalized characters of £ is
coherent if and only if

(i) A *#0.

(ii) It is possible to extend 7 from _# (5°) to a linear isometry
mapping _#(5”) into the set of generalized characters of X.

(i) A£(A)sAR).

It is easily seen that if .&” is a coherent set and 7~ &£.%¥ with
F(77)# 0 then also .7 is a coherent set. It is more difficult to
decide whether the union of two coherent subsets of _# (f!) is coherent.
Examples are known in which & consists of irreducible characters of
€ and is not coherent though .%(<5°) # 0 [25]. In these examples )
is even a T. I. set in X¥. The main purpose of this section is to give
some sufficient conditions which ensure that a subset & of _# (@) is
coherent.

LEMMA 10.1. Suppose that Lisa tamely imbedded subset of X%.
Let & ={M[1=Z1%=n} with n =2, Assume that for 1<1=n, N\
18 an irreducidble character of 8. Furthermore \(L)= A(L) for
Le@ — . Then & is coherent. Furthermore, if 7, and 7, are
extensions of T to 7 then either T, =7T,0r | & | = 2 and A} = —\3,,
1=1,2.

Proof. For 1<4,j<n let a;=x —1\; then a;;c _#(%).
Thus % (5”) # 0 since n = 2. Furthermore «f; is defined. Since 7
is an isometry this yields that

(10.1) (a3, aiz) = (@, Qi) = 00 — 055 — Ogjr + 040 .
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In particular (10.1) implies that if i+ j then ||a};||* = 2. By Lemma
9.1 a;;(1) = 0, therefore «;; is the difference of two irreducible charac-
ters of %.

If » > 2, then it follows from equation (10.1) that (af, ai;) =1
if 1<4,7and ¢+ j. It is now a simple consequence of (10.1) that
there exists a unique irreducible character of ¥ which is not orthogonal
to any af; for 2 < i < n. Furthermore if 4, is chosen to be plus or
minus this character then it may be assumed that

(ai,4)=1 for2<1=<n.
Now define 4; by

ai,=4,— 4, 2=5i1=n.
This implies that

ai; = 4; — 4;.

Hence (10.1) yields that the generalized characters 4;,,1 <1 <mn are
pairwise orthogonal and that they each have weight one. It is easily
shown that a rational integral linear combination of the characters
n; of degree zero is a rational integral linear combination of the
generalized characters «,,. Hence if .&¥* is the set of generalized
characters 4,,1 < 1 < n, then the linear mapping sending ); into 4; is
an isometry. Thus, . is coherent and the extension of ¢ to &7 is
unique in this case.

If » =2, define 4; for ¢t =1,2 by ai, = 4, — 4,, where A4; has
weight one, Any rational integral linear combination of A\, and A, of
degree zero is a multiple of a,,. Thus, if 7, is any extension of 7 to
S, Mit=4; or Mt = — 4, ; for i =1,2. The proof is complete.

Before proving the main result of this section, another definition
is needed. The following notation is introduced temporarily.

Let & be a subset of _# (SAB) which consists of pairwise orthogonal
characters. If &£ £.97, let #(5%) denote the smallest weight of any
character in ¢ of minimum degree. If .5 and &~ are coherent
subsets of & and 7, and 7, are extensions of = to .%{ and .7 re-
spectively, define

(A, T T, Ts) = {a]

(i) ae #().

(ii) a° = 4, + 4,, where
(a) dezx(T ™),
(b) 4, is not orthogonal to _# (%),
©) N4l = 2(A))
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DEFINITION 10.2. Let .57 be a coherent subset of . and let z*
be an extension of v to .54. The pair (%4, t*) is subcoherent in &*
if the following conditions are satisfied: If .7~ is any coherent sub-
set of & which is orthogonal to .5¢ and if 7, and 7, are extensions
of T to &4 and & respectively, then

(i) .47 is orthogonal to 7 7,

(ii) If ae (%%, 11, 77, T,), then a® is a sum of two generalized
characters, one of which is orthogonal to .54* and the other is in
+H.

If (%, *) is subcoherent in &7, we also say that .&4 is subcoherent
in &2, which causes no confusion in case z* has been designated.

Hypothesis 10.1.

(i) R is a tamely imbedded subset of the group X%.

(ii) For 1<i<k, ¢={\|1<8=<n}is a subset of 7).

(iii) & = 0 S~ consists of pairwise orthogonal characters.
i=1

(iv) For any i with 1 < i <k, &, 1is coherent with isometry ;.
2 18 partitioned into sets &; such that each &; either consists of
trreducible characters of the same degree and | 5% | = 2 or (S, Tis)
%8 subcoherent in & where T;; = T, on ;.

(v) For 1<1<k,1=<8=n, there exist integers 4, such that

l=4=/4S S,
x‘s'n(]-) = /.'.)"11(1)7 /ﬂ | /h .

(vi) My t8 an irreducible character of L.
(vii) For any integer m with 1 < m =k,

-
&

m— '+ 2
(10.2) 4 >S9/
=1 ” Nis “, '

9
0
-

THEOREM 10.1. Suppose that Hypothesis 10.1 is satisfied. Then
&7 18 coherent. There is an extension t* of 7 to 7 () such that
either t* agrees with ©; on & or % = {\, Ny} and N3 = —A\;%; for
i=12,

Proof. The proof is by induction on k. If k=1 the theorem
follows by assumption.

k—
It is easily seen that Lj &% satisfies the assumption of the theorem.
i=1

k—1
Hence by induction it may be assumed that |J .54 is coherent. Let

i=1

k—1
7* denote an extension of = to |J &4, with the property that for
i=1
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1<i1=k—1,7* agrees with 7; on &4, or &%=\, \;} and \§" = — Afiy,
i=12.

Choose the notation so that \,, has minimum weight among the
characters in &4 of degree #4\;(1). Let %, be the subset .&%; which
contains A\, For 1 < 8 < n, define

B, = 4o dn — M,
Thus B, %4(5”) and B: is defined. Define the integer ¥ by
(10.3) ML B) =4 —v.
If ,)#(1,1)and 1 i<k —1,1=<t=mn, then by (10.3)

(7\'-: 1] Bl) - (/tk'll' ) (/A' k':t‘y B;)

(10.4)
= Ly — Y) — bibn = —Ylis .

Since \,, i8 irreducible and 7 is an isometry on % (%)

(10.5) 181" =4% + I M. * forl<s=<m,.
By (10.4)

k—1 %
(10.6) Bi=dMi —y 5> —L i+ 4

ST

where (4,\;;))=0 for 1=i<k—-1,1<8=<mn;. Equations (10.5)
and (10.6) now yield that

(10.7) 4 — =41+ Ml

lI ..II
If y # 0 then since y is an integer (10.2) and (10.7) imply that

0=24 — ) <Inull—114]*.
Therefore
(10.8) N4 <[ Ml if y#0.

We will show that y = 0. By Hypothesis 10.1 (iv), ¢ can be ex-
tended from % (%4) to a linear isometry 7, on _#(%%). Forl < s < n,
let 4, be the image of M., under this extension. If (4, 7:;) is sub-
coherent in .&¥, then 4% is orthogonal to UJ!=! 7. Suppose that
; consists of irreducible characters of the same degree. If $43i
is not orthogonal to Ui-!.54*", then there exists N €.94; and A\, €.57,
for some tand m with 1 <1 5 k — 1, such that (A"%3, \{") # 0. Assume
first that .4, consists of irreducible characters of the same degree.
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Then it may be assumed that A = A\, Nt € sy Mt = M 80Nd N, =
Niey Nig' € Sy Mis F Mo Thus N2 = e\l for suitable ¢ = =1, Hence

0= — A, Mf — M) =6+ (AL, M) .
Hence A\i,, = —&\t. Therefore
0 = (AL, — ML) = e(nid + NEN1) = 260 (1),

which is not the case as ||A**/|* = 1. Suppose now that .54, is sub-
coherent in .&”. Then .54 is orthogonal to .54* by definition. There-
fore, for 2 < 8 < n,,

109) (4, %24 —a,) = (81, D4 — 4,) = — L.

k1 k1 k1

Thus, 4 is not orthogonal to % (54,)°. If 5% consists of irreducible
characters this yields that || 4|[*= 1. Hence, ¥ = 0 by (10.8). Suppose
that (%4, 7..) is subcoherent in &% If y + 0, (10.8) implies that

(10.10) Bi=4+4

where 4¢e +.%1% and 4, is orthogonal to .&f*. By changing notation
if necessary it may be assumed that

(10.11) A= +4,
by (10.9). Now (10.9), (10.10) and (10.11) yield that
(10.12) 2l = 1(4, DI N4 N |

Hence, (10.8) and (10.12) imply that ¥y = 0 in all cases. Thus, (10.3)
becomes

(10.13) (L, B = 4 .

For 1<s=<m,,

Bo=Lep + (Len, = ).

i 1
Therefore, (10.13) implies that

(10.14) ML, B)=4.,, 1=s=mn,.
For 1 < 8 £ n,, define A\, by

(10.15) Bi = 4l — Ma,

and extend the definition to _# (%) by linearity. This implies that
Me = NF or A = {A, Npand A= —gE for ¢ =1,2. Hence, %47 is
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k—
orthogonal to L_J:.?.’ * and thus z* is an isometry on #(%°). The

proof is complete,

If & is a coherent subset of _# (@), then 7 will be used to denote
an extension of 7 to _#(5°).

Hypothesis 10.2.

(i) Lisa tamely imbedded subset of £ and O; is a supporting
subgroup of 2. N, = N(D.).

(ii) If 0 is any non-principal irreducible character of $; and
G is the character of N, induced by 6, then & is a sum of irreducible
characters of N;, all of which have the same degree and occur with
the same multiplicity in 8.

LEMMA 10.2. Suppose that Hypothesis 10.2 is satisfied. For any
character a of D; let &% be the set of irreducible characters of N
whose restriction to O; coincides with a. If € is a generalized
character of X which 1is orthogonal to _%(S4)* for all a with
(@,1) =0 then 6 is constant on the cosets of ; which lie in

R — i

Proof. We first remark that by Lemma 4.3 characters in &
vanish on N, — 93?,- — 9;, and so generalized characters in _#%(5%)
vanish on R; — E)'A?.-. Suppose that 4,, 8, are distinet characters in .
with (@, 1p) =0. By assumption (6, (6, — 6,)*) =0. Thus by the
Frobenius reciprocity theorem (Qm,’ g8, —8,)=0. Henc_e by Hypothesis
10.2 0% =4 + B, where 7 is a class function of R; induced by a class

function v of ; and B is a generalized character of N,/9:.. Thus
€(N) = B(N) for NeR, — ;. The proof is complete.

LEMMA 10.8. Suppose that Hypothesis 10.2 is satisfied. Let &
be a coherent subset of _# (§) which consists of pairwise orthogonal
characters of &. Assume further that & contains at least two
1rreducible characters, Then if e .S, \° 18 constant on the cosets
of : which lie in N; — 9.

Proof. Suppose that 6, 8, are distinct irreducible characters of
N, which do not contain ; in their kernel such that 0% = 0%‘. We
will show that ‘
(10.16) (M,m‘, 0,—6,)=0.

By Lemma 4.8 6, and 6, vanish on %, — ‘272,- — 9;. Since 52,- is a
T. I, set in ¥ and N; = N(N;) the mapping sending 4, — 4, into
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(0, — 6.,)* defines an isometry on _%({6,, 6,}). By Lemma 10.1 this
can be extended to an isometry of _~#({8, 6.}). Let 6,86, be the
respective images of 4, 0, under this isometry. By assumption &
contains two irreducible characters X\, and \,. Since

AN — MDA, € ()
for j =1, 2, Lemma 9.2 implies that if (10.16) is violated then
O“:m,' 0,—6)+0 for j=1,2,
Thus by the Frobenius reciprocity theorem
N5, 0,—60) =05, (0, —60,)*)+0 for j=1,2.

Thus by changing notation if necessary it may be assumed that
A= +6; for j =1, 2, where the sign is independent of j. Hence

10.17) (MM — MDA, O, — 0) = (1) + A1) = 0.
Since M (LA, — A ()N € A4 (S°) Lemma 9.2 implies that
(DN — MM g, 6, — 65) = 0.
Thus by the Frobenius reciprocity theorem
(A — MDA, 6, — 6) = (DN — M, (6, — 6,)*) = 0
contrary to (10.17). Therefore (10.16) must hold. The result now

follows from Lemma 10.2.

LEMMA 10.4. Suppose that the assumptions of Lemma 10.3 are
satisfied. Let a be the least common multiple of all the orders of
elements in & I f A 18 an irreducible character in ¥, then &2,
contains all the values assumed by \.

Proof. By assumption .&” contains another irreducible character
M. Let o be any automorphism of &7 whose fixed field contains .
Then since (N — MU\, € A4 (S7) it follows directly from (9.4) that
ol (MmN — MONMF] = {M(D)o(h) — ML)}
= (DN — MDA} .
Therefore
MDo(V) — MLI(A) = MDA — MDA .

As ||AT P = ||Af|* = 1, this implies that o(A") = \*. As o may be an
arbitrary automorphism of &7 whose fixed field contains &7, the result
is proved. '
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LEMMA 10.5. Suppose that Lisa tamely imbedded subset of %.
Let A; have the same meaning as in (9.2) and let © be a generalized

character of X which is constant on U, for Le 08.-. Let & be a
=0

coherent subset of _# (@) consisting of irreducible characters. Then
there exist rational numbers b, c, and generalized characters B, of

& which are orthogonal to &¥ such that if L e ¥ then O(L) = bB(L)
if O is orthogonal to &7, and A (L) = ML) + ¢v(L) if O = A e 577,

Proof. 1t is an immediate consequence of Lemma 9.4 that if &
is orthogonal to 7° and if & = I\(1)\;,, where \; ranges over .57,
then

(10.18) 6(L) = b&(L) + b,8(L) for Lel

where b, b, are rational numbers and B, is a generalized character of
€ which is orthogonal to &% If & =\, then Lemma 9.4 yields that

(19.19) A(L) = ML) + e&(L) + esvi(L) for Le @

where ¢, ¢, are rational numbers and v, is a generalized character of
€ which is orthogonal to .2 There exists a generalized character &
of € which is orthogonal to .&” such that

§+& =pg.
Since o, (L) = 0 for L e & (10.18) and (10.19) imply respectively that

6(L) = —b&'(L) + b,8(L)
A(L) = ML) — e'(L) + er(L) .

The lemma follows by a suitable change in notation.

It is worth noting that if the hypotheses of Lemma 10.3 are
satisfied for every subgroup in a system of supporting subgroups of
@, then that lemma implies that \* satisfies the hypotheses of Lemma
10.5. This fact will be used later in this paper.

11. Some Applications of Theorem 10.1

In this section we are concerned with the problem of finding
conditions under which it is possible to apply Theorem 10.1. That
theorem will then allow us to conclude that certain sets of characters
are coherent. To clarify matters the main Hypothesis is stated
separately. This also serves to introduce the notation.
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Hypothests 11.1.

(i) 530 8 a tamely imbedded subset of the group %X and 8, =
N (@o) has odd order. 9, < % and 8 18 a union of cosets of O, Let
L = 8,/9, and let € be the image of 8,, n L,

(ii) 9 and & are normal subgroups of L such that D is nilpotent
and

(11.1) PcsycEHNS clcnce.
meHt

(iii) 7 is the set of all characters of & which are induced by
non principal irreducible characters of 8, each of which vanishes
outside & Then & consists of pairwise orthogonal characters.

(iv) There exists an integer d such that d|2:8||\M1) for v e &~.
Furthermore & contains an irreducible character of degree d|2:R|.

(v) Define an equivalence relation on &~ by the condition that
two characters in & are equivalent if and only if they have the
same degree and the same weight. Then each equivalence class of
&7 18 either subcoherent in 7 or consists of irreducible characters.

(vi) For any subgroup U of © which is normal in L let ¥ ()
be the subset of & consisting of those characters which are equiva-
lent to some character in &7 that has U in its kernel.

In the application to the main theorem of this paper (11.1) will
always be augmented by one of the following conditions.

(11.2) 9 =8=Rce.

(11.3) Pcl=Rce.

(11.4) vs U‘C(H)nR=§gRg8.
HE,@

THEOREM 11.1. Suppose that Hypothesis 11.1 s satisfied. Let
9, be a normal subgroup of & which is contained in D such that

(11.5) | 9:0.| > 4d*|8: 8+ 1.

If “(9.) 18 coherent and contains an irreducible character of degree
d|L:8| then & i8 coherent,

Proof. Let $, be a normal subgroup of £ which is contained in
$: and is minimal with the property that .$”(9,) is coherent. Suppose
that £, = . Choose 9; C D, such that 9,/D, is a chief factor of L.
Let .V(“p,) = ={\,|1=8=mn}, where A, is irreducible and
M(l) =d | 8: R| Let S, +-+ S be the subsets of P(D) — (D)
consisting of all characters of a given weight and a given degree. For
2=t =<k let 47;(1) be the common degree of the characters in &4,
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By Hypothesis 11.1 all the assumptions of Theorem 10.1, except possibly
inequality (10.2), are satisfied for <“(9;). We will now verify that
also inequality (10.2) is satisfied.

Let 4, 0, --- be all the irreducible characters of & which do not
have © in their kernel. Let #; denote the character of £ induced by
0;. Then each 4; is in & by Lemma 4.3. Furthermore if §; ranges
only over characters of $£/9, then

20,(1)0; = Pgig, — Paig -
Therefore

(11.6) 260,1)8; = Paip, — Poip -

If 8;+ 6; then (f;,4,) = 0. Suppose that for a given j there are a;
values of i such that §; = ;. Then (11.6) implies that

1.7 Z{0,(Masf 10,1 = 12:9:] — [2: 9]

where the summation in (11.7) ranges over the distinet ones among
the 4,. Since

(0.0 13:1F = 0,07 2: R a = 3,00, = A
(11.7) yields that

AL(1)? 2:9, e:
ZIIM.II’_' 0.1 —12:91,

where &4 = {\,,} or equivalently

* 42 2:8,] —18:9]
(11.8) 4 > | .
I = @IERT

Since 9 is nilpotent £,/9. is in the center of $/9,. Every irreducible
character of § is a constituent of a character induced by an irreducible
character of ©. Thus for 2 <m < k, Lemma 4.1 implies that

wmd |8: 8] = VI]O:0:]]8: 901,

or equivalently

(11.9) 5 < & iall/lu@ 2l

Suppose now that inequality (10.2) is violated for some value of m.
Then (11.8) and (11.9) yield that

|8:9,] — [2:9] _ 2|8 $>|1/|$? sl
a8 R
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Thus
{19:9.] -1} <24 |2: 8| V[9: 5,

or
19:9:'—2[9:0:1+1 =44 |8:R[9: D1 .

Since every term is an integer this implies that

(11.10) |D:9:]| —1=54d°|2: 8.

However $,S9,, thus |9:9,| = |9:9:|. Now (11.5) and (11.10) are
incompatible. Therefore inequality (10.2), and thus all the assumptions
of Theorem 10.1, are satisfied. Hence by that theorem .5#(9,) is co-
herent contrary to the minimal nature of ©,. This finally implies
that $, = 1). Therefore & = .5#(,) is coherent. The proof is
complete.

The remainder of this section consists of applications of Theorem
11.1. Lemmas 11.1 and 11.2 are closely related to Theorem 2 of [8].
By using the argument of that theorem the assumption that | 2| is
odd in the following lemmas can be replaced by suitable weaker as-
sumptions. However the stronger results are not relevant to this
paper and will not be proved here.

Hypothesis 11.2,

(i) Hypothesis 11.1 and equation (11.2) are satisfied. Thus
d=1.

(ii) | 8| i odd and /9’ 18 a Frobenius group with Frobenius
kernel /9.

LemMMA 11.1. Suppose that Hypothesis 11.2 is satisfied. If
[9:9']1>4(|8:9'+1

then & is coherent.

Proof. By Lemma 10.1 and 3.16 (iif) 57(9') is coherent. The
result now follows from Theorem 11.1.

Lemma 11.2. Suppose that Hypothesis 11.2 1s satisfied. Then
& 18 coherent except possibly if O is a mon abelian p-group for some
prime p and

|9:9' 1 =4[|8:9"+1.
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Proof. If © =9, X §,, where $, and 9, are proper normal sub-
groups of &, then

[£::9i|=1 (mod |8:H]) fori=1,2.
Since |£]| is odd, this implies that
19::911=2(2:91+1 fort=1,2.

Hence [9:9'1>412:9?+ 1 and .&” is coherent by Lemma 11.1. As
© is nilpotent this implies that & is coherent if  is not a p-group
for any prime p. Since [2] is odd

19:91-1-,
1z 8T e,

Thus by Lemma 10.1 .5 is coherent if  is abelian. The result now
follows directly from Lemma 11.1,

LEMMA 11.8. Suppose that Hypothesis 11.2 is satisfied and L is
a Frobenius group with Frobenius kernel . Assume that © is a
p-group for some prime p and [H:D(D)| = p*'. Then 7 i8 coherent.

Proof. 1If © is abelian Lemma 11.2 implies that .&” is coherent.
If © is not abelian then the second term of the descending central
series modulo the third is cyclic. Thus

p=1(mod|8:9]).
Therefore (p — 1) = 2|2:9]| as | 2| is odd. Hence
[9: 9| =p*>4|2:01'+1

and the result follows from Lemma 11.1.

LeMMA 11,4, Suppose that Hypothesis 11.2 is satisfied and L is
a Frobenius group with Frobenius kernel . Assume that O is a
p-group for some prime p and |D: D) | =" If

(11.11) p—1>2p|8:9|

then & 18 coherent.

Proof. If © is abelian Lemma 11.2 implies that & is coherent.
If © is non-abelian let ©, be a subgroup of D(H) such that D(D)/D,
is a chief factor of & As D is nilpotent D(9)/D. is in the center of
©/9.. Thus by Lemma 4.1 the degree of any irreducible character of
/9, is either 1 or p. Hence the degree of any character in (9,
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is either |2: 9| or |2:9|p. Let 54, 5 be the subsets of .S(9,) con-
gisting of all the characters of degree [2:9],|2:9|» respectively.
Let 1=1,4=p. By (11.11)

| &% = fs = >2 =24.

Thus by Theorem 10.1 .$7(9,) is coherent.
If |D(©):9.| =p or p*, then p=1 (mod |8:9]) or

PP—1=0 (mod|8:9]).
As (p* —1,p* — 1) = p — 1 this yields that in either case
p=1 (mod|8:9]).
Therefore p — 1= 2[|2:9|. Hence
19: 912 |9:D®)| =0 >4|2:9"+1

and .%” is coherent by Lemma 11.1. Suppose that |[D(9):9,]| = »°.
Then by (11.11)

|9: D=9 >4|2:9+1.

Since #(9,) is coherent the result now follows from Theorem 11.1.
The next two lemmas involve the following situation:

Hypothesis 11.3,

(i) Hypothesis 11.2 is satisfied.

(ii) There exist primes p, ¢ and positive integers a, b such that
|12:91=0%19:9'|=(0:D(®)| =¢*. Thus || is a power of g.

LEMMA 11.5. Suppose that Hypothesis 11.8 is satisfied and a = 2¢
is even. Then & 18 coherent except possibly if q¢° + 1 = 2p® ¢° s
the smallest degree of any non linear irreducible character of  whose
kernel contains [9, O] and for no subgroup 9, of © with O, + 9,
D, < € i3 /9, a Frobenius group.

Proof. Suppose that .57 is not coherent. Then by Lemma 11.1
I +1=¢% As (¢°+1,¢°—1)=2 it follows that 2p®|¢°+ 1 or
2p°|¢° — 1. If 2p® # ¢°+ 1 this implies that 4p* 4+ 1 < ¢° contrary
to what has been proved above. Therefore ¢°¢ + 1 = 2p°,

Let .77 = {6;;} be the set of non principal irreducible characters
X DD, '] of degree ¢'. Lemma 4.1 implies that .7; is empty for
i >c. Let &% ={\;} be the set of characters in .5¥ of degree ¢‘p’.



822 SOLVABILITY OF GROUPS OF ODD ORDER

Since | & = 2(¢° — 1) > 2¢°, it follows from Hypdthesis 11.1 and
c—1
Theorem 10.1 that U % is coherent. Suppose that |J .77 is non

i=1

empty. Then 3.15 1mp11es that

c—1
'Z;- ;‘ 0.1y = q* .
Therefore
c—1 qli - —l—c—l xi,_(l)’ _ _lc_l 0. 1 . 2 .
*‘g";llkull’ p* =o§s: WAl I‘%Hpnz':lz,-: o) > 20° .

Thus by Theorem 10.1

U209 9)

is coherent. Since
4|2: 9P+ 1=4p"+ 1< ¢ = |D:[H 911,

Theorem 11.1 implies that .5 is coherent. Thus it may be assumed
that ¢° is the smallest degree of any non linear irreducible character
of 9/[9, ']

Suppose now that ©' contains a subgroup 9, # © such that /9,
is a Frobenius group. Then $, may be chosen so that £/, is a chief
factor of €. Thus [, §'1= D, and by the earlier part of the lemma
every irreducible character of /9, has degree either 1 or ¢°. As.
¢ +1 = 2p%, ¢*is the smallest power of ¢ which satisfies ¢* = 1 (mod ).
Since '/, is a chief factor of € this implies that £/, is in the
center of /9, and |9: .| = ¢*. If 6 is an irreducible character of
/9, of degree ¢°, then the orthogonality relations yield that 6(H) =
for He /9, — 9'/9.. As every non linear character of /9, has degree
q° the orthogonality relations may once again be used. They imply
that

(11.13) |C(H)| =g¢* for He /9, — 99, .
However
<H, ¥'/%,) S C(H)

which contradicts (11.13). Thus £’ contains no subgroup 9, #  such
that 2/9, is a Frobenius group. All statements in the lemma are
proved.

LeEMMA 11.6. Suppose that Hypothesis 11.3 is satisfied. Assume
further that a is odd and p = 8. Then S ts coherent.
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Proof. Asaisodd and ¢° = 1 (mod 3), it follows that ¢ = 1 (mod 3).
Define the integer ¢ = 1 by

g=1(mod3), gq%1 (mod3+),

If b<ec, then ¢ =228+ 1. Thusif a #1,4-3% +1< ¢* and & is
coherent by Lemma 11.1, If ¢ = 1, then 9 is cyelic. Therefore &

is coherent by Lemma 10.1.
Suppose now that b >¢., Then since ¢°* =1 (mod 3’) we must

have a = 8"z for some integer x. Therefore
¢ = ().

Since ¢! =1 (mod 3*"), this yields that

(11.14) =1+ 2.3,

If 4.3®% + 1< ¢* then .&” is coherent by Lemma 11.1. Thus if & is
not coherent (11.14) implies that

43" + 12 ¢ 2 (1+ 237 > 880 + 1,

Therefore 3 > 2.83°. Hence b = 1 or b = 2. In either case this implies
that ¢* <43 +1< 7., As a =0 (mod3) we get that ¢ < 7. How-
ever ¢ =1 (mod3). This contradiction arose from assuming that .&¥
is not coherent. The proof is complete.

12. Further Results about Tamely Imbedded Subsets

In this section a fairly special situation is studied. Our purpose
here is to get some information about certain sets of characters which
may not be coherent.

Hypothesis 12.1,

(i) Let q be a prime and let L be a S,-subgroup of the group
X, Assume that QO = £ is tamely imbedded in % and & = N(Q) = Q
has odd order. Let 9, <8, Q,cQ and let Q= Q/Q,L=2Q,.

(ii) 2 is the set of all characters of & which are induced by
non-principal irreducible characters of Q. Define an equivalence
relation on ¥ by the condition that two characters are equivalent
1f and only if they have the same degree and the same weight, Then
each equivalence class of &~ 1is either subcoherent im & or conmsists
of irreducible characters.

(iii) Let 1 =9 < g --- be all the integers which are degrees
of irreducible characters of Q. Let n > 0 be a fized integer. For
0<i1=<n—1 let & be the set of all characters in & of degree
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g7t |R:2|. Assume that each & consists of irreducible characters.
Let & be an equivalence class in < consisting of characters of
degree ¢'»|8:Q|. Let & = UL, .

In case Hypothesis 12.1 is satisfied the following notation will be
used.

(12.1) 1Q: 8| =¢, |T:Q|=e>1.

Since |8]| is odd, | 4| =2 and A(S4)+# 0 for 0 =t =<n. Thus by
Lemma 10.1 .57 is coherent for 0 < i < n — 1.

For 0 < 7 < n let a; be the number of non principal irreducible
characters of Q of degree ¢’:. By Hypothesis 12.1 &/Q acts regularly
as a permutation group on the non principal irreducible characters of
degree ¢7i for 0 < ¢ < n. Since | 8] is odd, no non principal irreducible
character of Q is real. Thus a; is even. Therefore

(12.2) a,-sO(modZe),L%l=% for0si<n-—1.

Let j, = 0. Define j, inductively to be the largest integer not
Ja—1

exceeding n + 1 such that |J .57 is coherent. Suppose that

=351
0=7< "'<jt<jt+1=n+1.

For 0 < 8 <t, define

(12.3) J.= U S
i=Jg
and let m, = f;,. Define
(12.4) ¢, = Dua, V™ for0<s8=t,

where 7 ranges from j, to j,;; — 1. Define

(12.5) d,=qm ™ for0<s<t.
Then by Theorem 10.1 applied to 7, U %5,,,
(12.6) ¢, <2d, for 0<s<t.
By (12.2)

12.7) ¢, =0 (mod2) for0=<s8<t.
By 3.15

(12.8) 1+ ic,-q"‘i =0 (modg™s+) for 0=s8<t.
3=0



12. FURTHER RESULTS ABOUT TAMELY IMBEDDED SUBSETS 825

LemMA 12,1, Suppose that Hypothesis 12.1 is satisfied. Assume
that

19:Q'|=¢* <42+ 1.
Then

@<e+1 Jor 0=s<t.

Furthermore if a is odd, ¢, < ¢ and ¢, £ 0 (mod q), then

%€ e —1.

Proof. We will first prove that
(12.9) 1+ Segmi<eg™ for0<s<t.
i=0

This is true if 8 = 0 since 1 < ¢. Suppose that s > 0. Then by (12.5)
and (12.6)

1+ Echﬁmi =<1+ 2e ‘5_“_1 gqrit®it
=0 i=o0
=1+4+2Q+q+ -+« + g™

§_1+2e(q,-'—_l)§1+e(q"ﬂl — 1) < eg’™s
(@-1

Assume now that the lemma is false and choose s minimum tc
violate the result. Let ¢=¢,, d =d,.
By (12.8) and (12.9)

q”""‘H < eqﬂm, + cqmn, .
Hence by (12.5)
(12.10) d<e+ec.

Inequalities (12.6) and (12.10) yield that d? < e + 2ed or d* — 2ed — e < 0.
This implies that

e—Vet+tesd=<e+Ve+e.

Consequently

(12.11) d=<e+Ve+e<3e.

Suppose that
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14 i c;q*™i = 3g*ms+t
1=0
Then by (12.9)
3g*msr1 < (e + c)g™s .
Hence by (12.7) 8d*',< e + ¢ < 3¢/2. Thus
d’e

e
— =< —<e—-1
c _2<

since e > 2. This contradicts the choice of s. Hence
1+ J2;:'.)¢:,q”"i < Bgmer

As ¢; is even for 0 < j < s, (12.8) implies that

(12.12) 1+ g, cig™™i = g,

The group L contains a normal subgroup &, of index ¢g**s+1, Every
irreducible character of Q/Q, has degree strictly less than g™+ and
the sum of the squares of the degrees of these characters is equal

to ¢**s+1, Hence (12.12) implies that every character of & whose
degree is strictly less than g™+ has Q, in its kernel. Thus L, is a
normal subgroup of € and £/Q, is a Frobenius group with Frobenius
kernel 2/Q,. Therefore

(12.13) g~ =d¢g™ =1 (mode),

and the center of Q/Q, has order at least ¢, Thus by Lemma 4.1
g™ < g™++1—%, This yields that

(12.14) ¢ =d.
Define the integer & by
(12.15) c+k=d.
By (12.10) k¥ < e and by (12.12) 0 < k. Thus
(12.16) 0<k<e.
Define the integer b by
(12.17) g™ = q¢** (mode), 0sb=sa-—-1.
Equations (12.7), (12.13), (12.15) and (12.17) imply that
(12.18) k=d'=¢""=¢q" (mode).
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If b =0, then by (12.16) and (12.18) k = 1. Thus by (12.15) ¢ =
d* — 1, hence by (12.7)

‘_1.’.6_.—_-LH'_1)E_=e+_e_<3+1
c c c )

If ¢ < ¢ and a is odd, then
d=c+1<e+1<qg™,

Thus by (12.18) d* = q*. However this is impossible as & is odd.

Assume now that b + 0. As d’is a power of ¢, (12.14) and (12.18)
imply that either d* = ¢*** or d* = ¢***. Since b # 0, the latter case
leads to '

d2 z qm+b — qlaqb > 4elq > 9e2 .
Hence d > 3e contrary to (12.11). Thus
(12.19) P =g, 2<a-—b.

The inequality follows from (12.17) and the fact that @ + b is even,
Now (12.11) and (12.19) yield that

’b=q_aj—.i d’ 26_’_<32.

qa—h qa—b q2
Thus 1 < ¢* <e. (12.16) and (12.18) imply that
(12.20) k=q¢q, b>0.

q

Equation (12.15) now becomes d* = ¢ + ¢°. Hence
¢=0 (modg).
Furthermore by (12.19)
ce=d'—¢"=¢@ —-1).

Consequently
dae qa+be qae e
— = = =€+ <e+1,.
¢ @ -1 ¢-—-1 ¢ -1

THEOREM 12.1. Suppose that Hypothesis 12.1 is satisfied. Assume
that for some j with 0= j<n — 1, €% and M€ S5, Define

a = qTitTiNn, — A,
Suppose that %< .7, and
a' = A + Al
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where 4,€ _#(7,) and 4 i8 orthogonal to _#(7,*). Then
14 se+ (M.
Furthermore if a is odd, ¢ = ¢, < 6 and ¢ # 0 (mod q) then
H4l'se+ M| —2.

Proof. Let 7 =7, If S5,.E7 then a'e _#(7) and
4 = 0. Thus the result is trivial in this case. Hence it may be assumed
that .5, Z.7. In particular, .&” is not coherent, hence < is not
coherent, so by Lemma 11.1 |Q: Q| < 4¢* + 1. Consequently Lemma
12.1 may be applied. Furthermore f;,, = m,,, and s < ¢ Thus 7
consists of irreducible characters. Let 7~ = {\,;|1 =<1 < n,}, where
the notation is chosen so that A, # X,; and M, (1) | N, ;1) for 1 < ¢ < m,.
Suppose that A, = \,,. Define the integer x by (a*, \f) = —&. Then
since a €. %4(5”) Lemma 9.4 implies that

(ar’ A':'i) = _x—}‘dl)— -+ 3;,,(1""“"’-" for 1 é ’I: é n, .

Ma(1)
Then
4= qUeTIng — @ :‘_511;" .
Therefore
14|*=llar [} — || 4 |]' = g*™err=72
(12.21)

1 __ 2 C _ amgg—1y 2 Aa(1) mei1—1§
+ I\ - S 9 i)+ w—xn(l)q oty

where ¢ = ¢, is defined by (12.4). Let d =d, be defined by (12.5).
Since A, (1) = ¢™ and A,.(1) = ¢77 (12.21) yields that

2
(12.22) N4 = ||\ + 22d — ﬁeﬁ.

As a function of =, 2rd — (2’c/e) assumes its maximum at x = ed/ec.
Thus (12.22) implies that
ed’ ed

e _ il + 2L
C

(12.23) N4l = 1+ 2= — =

As || 4] is an integer Lemma 12.1 and (12.23) imply that ||4|]’=<
lIn]]* + e. Furthermore if a is odd, ¢ < ¢ and ¢ # 0 (mod g), then

NI = linmi+e—2.
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The proof is complete.
13. Self Normalizing Cyclic Subgroups

Hypothesis 13.1.

(i) B is a eyclic subgroup of the group X with || = w odd.
Suppose that B = W, x W, where w; = |VW;|and w, =1 fori=1,2.
Let

D=0 BB,
For any non empty subset A of ®
(13.1) CA)=NRA=.
(ii) Let. Wy, Wy be faithful irreducible characters of WTB,, TW/TY,
respectively. Define
W;; = WHWH
Jor0zizsw,—-1,0=j57=5w,— 1.
If w,, w, in Hypothesis 138.1 are both primes then (13.1) follows from

the assumption that N(TW) = W. Thus the situation described above
is a generalization of this case.

LEMMA 18.1. Suppose that Hypothesis 18.1 is satisfied. Then
W is a T.1. set in X. There exists an orthonormal set {;;|0 < 1 =
w,— 1,0 < 5 =< w,— 1} of generalized characters of X such that for
0=ZiZw—1,0=75=<w,—1, the values assumed by 7,;, N, N; lie
M @y, o, &, TESPECLIVELY. Ny = 1 and

74 W) = 0 (W) for WeB,
(1 — 0% — @y + 05)* =1z — oo — Noj + Nis -

Furthermore every irreducible character of X distinct from all 7
vanishes on B.

Proof. 1t follows directly from Hypothesis 13.1 that WisaT. I
get in X, Define the generalized character «;; of T by
Q5 = (W — W)W — By5) .
Clearly a;; vanishes on T — ®. Thus
ax (W) = a, (W) for Wed,

(13.2)
(a:'kh a:;) = 1 + 8!" + 8:’: + aiaah
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for 1<4,8<w,—1,1=<j,t<w,—1. Therefore ||a%|'=4 and
(af,at)=2fori,5,t + 0,5 #t. It follows directly from the definition
of a;; that the values of a} lie in &,

For any algebraic number field % and any generalized character
a of a group let # () denote the field generated by & and all the
values assumed by a. Since &(a;;) = &(af;) we see that & (a}) =
&, for some v with v|w. If 4,7 # 0 then v = v,v,, where v,|w, and
v,>1 for s=1,2. By (13.2)

a?j':lgiexigaigsy

where 8,, 6, ©, are distinet irreducible characters of X%.
Suppose that «(6,) & &7, for k=1,2,8. Let

F = @(91; 02; 05) = Q’(Ol, 0” 03) .

Let & be the Galois group of & over &,. For k =1,2,3let G, be
the subgroup of @ whose fixed field is &, (6,).

Assume first that & =0, UG, U®,. By (13.2) 6,NnS, =1 for
1=8<t=8 If =@, for some k then «(6,) =&, contrary to
assumption. Let |@| =g and |G,| =g, for £ =1,2,8. Then it may
be assumed that ¢ >g,=¢9,=9,. Since g=g¢,+¢.+g,—1—-1—-14+1
we must have g, = g/2. Therefore

1=18,n6,]=2a0/2, 1=|6.nNG|=g/2.
Hence
g/2=g—gl=g2+ga_2! 93,03_5_2.

Therefore g < 4. ® is not cyelic as it is the union of proper sub-
groups. Hence & is the non cyclic group of order 4 and |8,| =2
fork=1,2,3. As v, is odd this implies that v,=8. For k=1,2,3
let @, = {g,)>, where the notation is chosen so that &, = &, (8)).
Therefore og(af;) = af;,. Hence 0,(8,) = 6,. Consequently &, (8,) =
&, (0,) as © is abelian. This implies that g, = g, which is not the
case. Thus 8 #6, UG, U G,.

If 06— G, UG, UG, then by (13.2) (a¥, o(a)) = 2. Hence by
choosing the notation suitably it may be assumed that ¢(@,) = 8,. If
(a¥, 8,) + (at, 0(0,)) then replacing ¢ by o' and 6, by 8, if necessary
we get that

aly =1, + {6, + 6, — (8} .

By (18.2) a(8,) # 6,, .. Hence also 0(8,) # 0%®,). Therefore
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2 < (o(ar),af) =1 — 1 + (8, + 6,, 0(8)) — 0'(8,)
= (6, + 6,,9(8) — (6, + 8,, 6%(6)))
<6,+6,06)) =1

" gince 0,, 0, 6(0,) and 0%, are all characters. This contradiction
establishes that (a}, 6.) = (a¥;, 0(8,)). Since a(1) = 0 we see that

(13.3) ay =1, + {6, + 0(8,) — 6.} .

Furthermore &, =@, and if ye® — G, U®, then 6, #v6,. By
definition @, # v(#,) for v ®, U @,. Therefore

6, + v, for ve®,

Suppose that v(8,) = 6, for some automorphism v of .&#. Then
v6(8,) = 0(8,) and (13.3) implies that (a}, v(a%)) = 3. Thus by (13.2)
Y(a¥) = at,. Consequently ¥(#,) = @, and so

(13.4) @S F =0, .
If now ve®*, v # 0,7 # ¢!, then (13.8) yields that
2= (an, v@y) =1+ (6,76)) .

Therefore v(8,) = 0, and v¢®,. Thus |G,|= |G| - 2. Since®, =6
and |®,|||®| we get that |G| < 4. If |G| =2then #F &«&,. Thus
(13.2) and (18.3) yield that 2 = (a};, o(af;)) =2 8. Since |&;: &7, | is
even we get that [@| = 4. Thus either v, =5 and & S &, or v, = 3.
In the latter case (13.2), (13.3) and (13.4) imply that 0(8,) = 8,. Thus
® = @, or equivalently «2(8,) S &, contrary to assumption.

Suppose now that v, = 5. Thus », # 5 and the previous argument
with v, and v, interchanged yields that (8,)S &, fork =1or k = 2,
Thus by (13.4) <)< 4, By (13.2) and (18.3) @ = (o). Thus
o*(#,) = 6, since (o*(a};), a¥;) = 2. Let v be in the Galois group of &,
over &,. Then 76%6,) =6, and 7 can be chosen so that

(af;, vo'a) =1.
Hence (13.3) yields that
(6, + 0(8,) — 6,,70%(6,) + 19*6,) — 6,) = 0.
Since 8, is not conjugate to &, this implies that
(©, + 0(8,), 70%(8,) + 70%6,)) = —1

contrary to the fact that 6,, 6(8,), v6%(8,) and v6%#,) are all characters.
Thus in any case there exists a non prineipal irreducible character
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6, of X such that (8, af)#0 and «(6,)<&,. Suppose that
«(0,) = &. Since w is odd

(a:na—:v = (ai.f; EG—J) = 1 .
Therefore

1=(1§i91+92i93,1gi91i§z——s)=2+(93i@3;§2i63)-

Hence
(01 =+ Os; éz + és) = —1 .

Since @, and 6, are characters this yields that 6, # 6, for k =2, 3.
Hence 6, = 6, and so 6, = 8,. Consequently (8, + 8,,8, + 6,) = +2,
which is not the case. Therefore

(13.5) @+ cO)Sa, .

Similarly there exists an irreducible character 6, of X with (€,, af) + 0
and & #+ &)= &,,. Thus by (18.5) 6, + 6,. Now (13.2) yields
that

(13.6) ali =1z — Ny — No; + Nij
for1<igw,—1,1<j=<w, —1. The +7;; are distinct irreducible

characters of X whose values lie in the required field. Suppose now
that

Neoisg = ‘Z; ;i0;; + AP

with @, = 0. Then by the Frobenius reciprocity theorem it follows
from (138.6) that

— Qi — Qoj + Q5 = _ao’t ’
wyi—1 wy—1 w11 wg—1

Neoigg = Zl W0 + 21 QoiWy; + z{ o 2{ Wy
= i= 3= i=
wy—1 wi—1 wa—1

+J_§a05§wu—’_§w.i+al’%

wy—1 wa—1 wg—1 w1—1 w3—1

= 'Z._laso%wu'i' J__Zlaoi ?;3(0;5- ,g:a)u"*‘ap
Consequently for We
7]:0( W) = - ’gi wu‘(W) = w.o( W) .

In a similar way it can be shown that 7, (W) = @, (W). Then it
follows from (13.6) that 7,(W) = w,(W) for We B,
This implies that if We 28 then
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ST 1M =5 3 oM =w=|cm)].

=0 5=0 =0 j=0

The orthogonality relations for the irreducible characters of % now
yield that every irreducible character of X distinet from all +7,;

vanishes on . This completes the proof of the lemma.

LemMA 13.2. Suppose that Hypothests 13.1 is satisfied. If 41is
a generalized character of X which vanishes on T then

w-1 g1
4=axly + Z.'.l o g}) Nii

w31 w1—1

wi~1 w3—1
+ El Qs é’?&:"—aw Z‘{ :’z::;vi}"*"do
where (4o, ;) =0 for 01w, —1,0<j<w,— 1.

Proof. Let

w1—1 wy—1

d=4,+ 3 3 @i,

= =
where (4,,7;;) =0for0 i =w, —1,0<j7=<w,— 1. By Lemma 13.1
4,1 — N — N + ) =0 for0si=w,—-1,0=<j=w,— 1.
Hence
Gy — iy — Qo5 + ;=0 for0s+1=w,—-1,0=55w,—1.
This implies the desired result.
Hypothesis 13.2.

(i) The group & = X satisfies Hypothesis 13.1.
(ii) L contains a normal subgroup & such that

L=8B, 2NW, =)
and if A is a non empty subset of W — LY, then
CA) =N =BB.
Since W, is a S-subgroup of T, Hypothesis 13.2 (ii) implies that
®, is a S-subgroup of . Also, if We %}, then C(W)N & = B,.

LEMMA 13.3. Suppose that £ satisfies Hypothesis 13.2, Then
W—W,isaT.l.setin8 For0=i=w —1,0=j=<w,—1 there
exist irreducible characters (;; of L such that
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wg—1 w11
Linge =T 05+ 3 a, 3, @, ,
t=0 =0

where {a,} is a set of integers depending on j and the sign depends
only on j.

Proof. Hypothesis 13.2 implies that I — W, is a T. 1. set in &.
For0<i,k=sw —1,0=<75=<w,-1,0,;— w,; vanishes on W,. Define

S ={w;|0£i=w, -1} for0<jsw,—1,.

Then by Lemma 10.1 .54 is coherent for 0 < j < w, — 1. Let u#;; =
+o};, where the sign is chosen so that y;;(1) > 0. Then

(@5 — 0)" = (Wi; — O)* = (s — [245)
for0<i,k<w,—-1,0j5w,—-1.

The Frobenius reciprocity theorem now implies the required result
since (w;; — w,;)* vanishes on ,,

LEMMA 13.4. Suppose that & satisfies Hypothesis 13.2, Let \ be
an 1rreducible character of &. Then there exists an integer a such
that

x'mBl = a‘of’ml 4

or

Mg, = T + 00g,
for some i, with 0 <i<w,— 1,05 w,— 1,

Proof. Let p,; be the characters defined in Lemma 13.3. If
A =,; for some ¢,7 with 0<i<w,—1, 0<j =< w,—1 then the
result follows from Lemma 18,3. Furthermore Lemma 18.8 implies
that

w1—1 wy—1

2 2 (W) =w=[C(W)| for WeD}.

i=0 j=o0
Hence if \ # g;; for all 4,7 we have that M(W) = 0 for We !. This
completes the proof of the lemma.

We will use the fact that Lemma 13.4 is valid over fields of
characteristic prime to ||, provided that A is absolutely irreducible.

LEmMMA 18.5. Suppose that L satisfies Hypothesis 18.2. For
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0<i1=w,—1,0=7=<w,—1 let p;; be the characters defined by
Lemma 138.8. Define

w1—1

&= Xty for0sjsw—1.

Then &; is induced by an irreducible character (; of K. Further-
more

Pisg = tojig=f; for0=i=w,—-1,0=j=w,—1.

Proof. By Lemma 13.4 the characters f,;,,0<71=<w, —1,0=
j =< w,—1 are the only irreducible characters of £ which do not
vanish on . Since each p, agrees on W, with a suitable linear
character of 2/f it follows from Lemma 18.1 that {¢£,|0 <1 < w, — 1}
is the set of irreducible characters of £/f. Therefore ft,t; agrees

with ££;; on ®. Hence Lemma 18.1 implies that g0, = ;. Con-
sequently if y; = ;o then

Pisig = tojig =5 for0<i=w,—1,0=j=w,—1.

Thus the Frobenius reciprocity theorem implies that t;; is a constituent
of pf for all values of ¢,j. Since

HO) = 0D = 3 #a() = &)
the lemma is proved.

LEMMA 13.6. Suppose that & satisfies Hypothesis 13.2, p is a
prime, and R is an extra special p-group with K =W, Let
|R:8| = p™. Then w, divides either p* + 1 or p — 1.,

Proof. 1t is easily seen that a faithful irreducible character of
& has degree p". Thus by Lemmas 13.4 and 13.56
p*=p(l) =aw, =1,

This proves the result.

LeEMMA 138.7. Suppose that £ satisfies Hypothesis 13.2. Let p;, &;
be defined by Lemma 13.5. Then an irreducible character of R
either induces an irreducible character of 8 or it induces &; for some
Jwith 07 <w,— 1.

Proof. The group B, acts as a2 permutation group on the conjugate
classes of 8. If We B, and W leaves some conjugate class of R fixed,
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then since T, is a Hall subgroup of £, W must centralize some element
of this conjugate class. Hence by assumption the only conjugate
classes of & which are fixed by any We B! are those containing an
element of W,. There are at most w, of these., The group W, also
acts as a permutation group on the irreducible characters of & There-
fore by 3.14 there are at most w, irreducible characters of & which
are fixed by any element We®!. By Lemma 13.5 the w, distinet
characters ¢;, 0 < j < w, are fixed by every We I, and these induce
£;,0 <7< w, Thus every other irreducible character of & induces
an irreducible character of . The proof is complete.

Hypothesis 13.3.

(i) & is a tamely imbedded subset of the group % and & = N(®)
has odd order.

(ii) L satisfies Hypothesis 13.2, and X satisfies Hypothesis 138.1
with the same group W.

(iii) 2 contains a mormal nilpotent subgroup O such that

®cops U cH)nRslcRce.

megpt
g =8UyUL'®L.
LEQ
(iv) There exist subgroups ,, --+, D, such that {,|1 <8 = n}
is a system of supporting subgroups of £ and 531. Let R, = N(D.,)
for 1<s8 = n.
(v) For 02i=w,—1,0=j3<w,—1 let n;, p;, & be defined
respectively by Lemmas 13.1, 13.83 and 18.5.
(vi) Let &7 be the set of characters of & which are induced by
non principal irreducible characters of K, each of which vanishes

outside 2.

LeMMA 18.8. Suppose that Hypothesis 18.8 is satisfied. Assume
that for some 4,5,k with 01w, — 1L 1=<j,k<sw,—1, ;1) =
(). Then p,; — s, vanishes in £ — 2 and

(5 — M)’ = 2 — D)

Proof. By Lemma 13.8 f,;, tt:. do not contain 2B, in their kernel,
thus they do not contain $ in their kernel. Hence by Lemma 4.3
Yy M vanish on & — L. By Lemma 13.3 Piivg, = Pinig, - Thus
M:; — M, vanishes on € — €, Hence || (¢4 — #4)7 ||’ = 2. By Lemmas
9.1 and 13.3
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{5 — )" (05 — M) W) =0 for We B .

¥

Thus the result follows from Lemma 13.1,

LEMMA 18.9. Suppose that Hypothesis 13.8 is satisfied. Choose
kwithl<kZw,—1. Let
A=E11=7=w, —1,8(1) = &)} .

Then & 18 coherent and
wl-l
§i=¢ Z_‘a i
18 an extension of T to 4 where either e =1 or e = —1,

Proof. Since |8| isodd &; # &;. Hence % (S4) # 0. By Lemma
13.5

§i— &= g{, (5 — ) -
Hence Lemma 13.8 yields that
Ei—&) = 'go + (D5 — D) -

By Lemma 9.1 (§; — £,)° vanishes on i@l. Thus Lemma 13.2 implies
that

w11

(13.7) & — g = =% Z.}) s — Nu)

Now define

wy—1

5§=i‘§)77ii

where the sign is the same as in (18.7). It is easily seen that risa
linear isometry on %4. Thus .54 is coherent.

LEMMA 13.10. Suppose that Hypothesis 138.3 is satisfied. Let .4
have the same meaning as in Lemma 18.9. Then (54, 7) 18 sub-
coherent in & where T is defined on & as in Lemma 13.9.

Proof. By Lemma 18.9 .57 is coherent. Let .7~ be a coherent
subset of .5 which is orthogonal to .&4. Let 7, be an extension of
T to 7.

Every generalized character in .&” vanishes on . Thus by Lemma
9.1 every generalized character in _%(.5”)° vanishes on W, If \is
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an irreducible character in .7, then A # \ as |8] is odd. Further-
more (A — \)'€.%(5”)" and thus vanishes on . Hence \? # +7:;
for 0w, ~1,0=<7<w,—1. Therefore A2 is orthogonal to
Fr. If ¢, e 7, thensince (672, (£, — [.)°) = w,, £72i8 a linear combination
of 7, and 7;, with 0 <4 < w, — 1. Hence £:2 is orthogonal to &".
Consequently .7 *2 is orthogonal to .&4°.

Suppose now that a € _%(&”) with a* = 4, + 4,, where 4,€ (7 ™),
4, is not orthogonal to % (%4°) and |4, w,. Let a* =TI + 4,
where 4 is a linear combination of the generalized characters 7;; and
rn)=0for0<t=w,—-1,0=<j7=w,—1. Let ¢ be the set of
integers s such that £,€.9. Lemma 13.8 implies that every gener-
alized character in .77 ** is orthogonal to #;; for 0 <1< w, — 1,j¢o0.
Let 4 = 4, + 4], where 4, is a linear combination of 7,, with s€ o and
4, 7.)=0for 0<i<w, —1,8e0. Then

(13.8) N4l = w, .

By changing notation it may be assumed that ¢,&,€.5 and
(4, & — €)>0. By Lemma 9.4

(41, 67 — sat)gg = (a, §] — E§)§ =(a, & — Ez)g .
Hence (41, &f — &) is a non zero integral multiple of w,. By (13.8)

L é — &y = |[alf]l& =& = 2ui.
Therefore

(13.9) 4,86 — &) =w,.
By Lemma 13.2

w1—1 wi—1

(13.10) 4i=¢ ‘go Qs + € ‘5::') {(@i + @i + (@io + @)W} + 47,

where ¢ is as in Lemma 13.9 and where (47, 7,) =0for0 =i < w, — 1,
t=20,1,2. Now (13.9) yields that a, —a,=1. Thus (13.8) and
(13.10) imply

w—1 wi—1

E,) ai, + g‘.) (@i + o) + (@i + G — 1} S w, .

Every term in the second summation is non zero. Thus a,, =0 for
0<i=w, —1. Hence ay,=1 or a, =0. Hence (13.8) and (13.10)
yield that 4] = & or 4, = —&;. This shows that (5%, 7) is subcoherent
in .~ and completes the proof of the lemma.

In the proof of the main theorem of this paper we will reserve
the letter = to denote the extension of 7 to &4 defined by Lemma
13.9. Thus (%4, 7) will always be subcoherent in &~
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DEFINITION. A Z-group is a group all of whose Sylow subgroups
are cyeclic.

Hypothesis 13.4.

(i) L=BRwithBNK =1, KL and & solvable. Furthermore
B 18 a cyclic S-subgroup of L and |L| is odd.

(ii) For Be®B, Cy(B) = Ce(B). Furthermore Cy(B)isa Z-group
and & # Cy(B).

(iii) 8 is faithfully and irreducibly represented on a vector space
7" over a field of characteristic mot dividing |8|. Z° contains a
vector space ¥, of dimension at most 1 such that if Be B, ve ¥
then vB = v if and only if ve 7,

LemmA 13.11. Suppose that Hypothesis 13.4 is satisfied. Then
R i3 nilpotent. Furthermore |B| is a prime and the representation
of & on 7" is absolutely irreducible.

Proof. Let )\ be the character of the representation of £ on 7
Let P be a S,-subgroup of & which is normalized but not centralized
by B. Then either Cy(®B) =1 or PB satisfies Hypothesis 13.2. Thus
by Lemma 13.4 only one absolutely irreducible constituent of Mg is
not linear. Hence \ is absolutely irreducible. Furthermore Lemma
13.4 and 3.16 (iii) imply that \g has py as a constituent. Thus |B|
is a prime.

The nilpotence of R is proved by induction on [®|. We assume
without loss of generality that the underlying field is algebraically
closed. If BCS F(®) then 8 < C(B) contrary to assumption. Thus by
3.3 BZC(F(). Let § be a minimal nilpotent normal subgroup of
£ which is not centralized by B. Then % is a p-group for some prime
p. Furthermore ' = D(%) and BE& C(D(F)). By Lemma 13.4 there
is exactly one non linear irreducible constituent of gy, Let

>"I3$=’Z=‘;pi+0’

where each y; is a linear character of ¥®B. Assume first that n + 0.
If v is an irreducible constituent of 6,5, then (v, 0 = 1. Since
V#E Mo for 1 <1 =mn, we have (Mg, F’ﬂ;}) =1. Since g is a sum of
conjugate characters this implies that § is abelian and the g; are
distinct. Thus ¥B = F, x B, where | F,| = p and F,B is a Frobenius
group. For Leg&let pi(X) = p(L*XL). If Lef such that pf = g,
for some 4, j then L e N(,) since ¥, is the kernel of each ;5. Since
£ permutes the constituents of :g transitively this implies that N(E,)
acts transitively on {¢, +-+, #1,}. Hence n is odd. Thus M1) == + |B]|



840 SOLVABILITY OF GROUPS OF ODD ORDER

is even contradicting the absolute irreducibility of . Therefore n = 0
and Mgy is irreducible.

By Lemma 18.4 this implies that A1) = |8 or A1) =2{B]| — 1.
If M1) = |B| then \, is reducible since (|B|,|R|)=1. As |B| is a
prime this implies that A\ is a sum of linear characters and & is
abelian. Thus we can suppose that A(1) =2 |8| — 1. By Lemma 13.4
X,g is irreducible. Thus if $ is any proper B-invariant subgroup of
& with FS 9 then BH satisfies the induction assumption and 9 is
nilpotent. If =P x H, with FSPB then since Ny is irreducible,
£.€Z®). If § is not a S,-subgroup of € then ¥R, is a proper sub-
group of & where R, is a B-invariant p-complement in &. Thus
& S Z(®) and & is nilpotent. Suppose now that § is a S,-subgroup
of &.

Since D(F) < C(B), D(F) is cyclic. Let %, be the subgroup of
index p in D(§). Then §/F, is a p-group of class 2 and hence is a
regular p-group. If F/®, does not have exponent p then there exists
a characteristic subgroup of % of index p which is normal in £ but
is not centralized by B contrary to the minimality of §. Thus F/F.
has exponent p. Therefore B acts without fixed points on F/D(F) as
C4(®) is cyclic and D(F) < C(B).

Let 8/9 be a chief factor of £ with &= 9. Suppose first that
B does not centralize /9. Then BRK/H is a Frobenius group which
is represented on F/D(%). As B has no fixed points on F/D(F) Lemma
4.6 implies that 8/ acts trivially on F/D(F). Thus & = FCol®) is
nilpotent. Assume now that 2/ is abelian. Then |8:9]=4¢ for
some prime q #= p. If BRI is represented faithfully on F/D(F), the
minimal nature of § implies that BK/H is represented irreducibly on
FID(E). Let R/9 =<(Q9). Then @ acts without fixed points on
B/D(F). Since Mg is irreducible, Z(F) S Z(8). Thus Q € C(Q(D(F))).
Hence Q € C(D(%)). We will now reach a contradiction from the fact
that Qe C(F). Let =% X .. Then , & Z(¥). Thus &/F is abelian.
Let £ be the linear character of £/F such that MH) = M1)p(H) for
He®,. Let vy=xp’. Then A1) =21)=2|B|—1 and A, is an
irreducible character of £/9,. The group 8/9, satisfies Hypothesis 13.2
where $9,/9, is the normal subgroup. Thus by Lemma 13.4 no
irreducible character of £/9, has degree 2|8| — 1. This completes
the proof of the lemma in all cases.

~ DEFINITION. Let U and B be subgrbups of a group € with B&
N@). We say that B is prime on U if

S Cy(B) = Cy(B) for Be B,

4
'

© If |®B]| is a prime then B is necessarily prime on A. ~ -+ - -
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LEMMA 13.12, Let 8 =UAB with A 1 L, A solvable, B cyclic,
(A, IB)=1 and |AB| odd. Suppose that B is prime on A and
Cy(®B) 18 a Z-group. If Cy(B)S WA then AIF(A) is nilpotent. If
Sfurthermore |B| i8 not a prime then A is nilpotent.

Proof. Let € be a counter example to the result for which [ |
has minimum order. Since (||, |B|) = 1 the hypotheses are satisfied
by all B-invariant factor groups of .

Suppose that |B| is not a prime. Let M be a minimal normal
subgroup of 8. Then M is a p-group for some prime »p and M <= A.
By induction A/M is nilpotent. If L is a B-invariant S,-group of A
for gen(N), ¢ +# p, then MO JAB and B has no fixed points on
2 — Q. If Ais not nilpotent then it is possible to choose ¢ so that
ML) is not nilpotent. Let L, = C(M). Then BY/Q, is faithfully
represented on M. Hypothesis 18.4 is satisfied with MM in the role
of #. Thus by Lemma 13.11 |8/} is a prime contrary to assumption.

Assume now that |®B| is a prime. Suppose that £ contains two
distinct minimal normal subgroups M, and MW,. For 72 =1, 2 let §;
be the inverse image of F(A/M,) in A. By induction A/F; is nilpotent
for ¢ =1,2. The result now follows from the fact that F() =
H N .. Thus it may be assumed that € contains a unique minimal
normal subgroup M. Then M < 0,(NA) = F(N) for some prime p. Let
D = D(0,(Y)). Then F/D) is a p-group. Thus the result follows
by induction if © # 1. Assume now that ©® = 1. Then Cy(I) = 0,(A).

Let A, be a B-invariant S, -subgroup of A. Then AMB is faith-
fully represented of M. Hypothesis 13.4 is satisfied with I in place
of 7 unless A, SCy(B). Thus by Lemma 18.11 A; is nilpotent or
A, S Cy(B).

Let %, = A/0,(N) and let B, be a B-invariant S,-group of A,. If
B, F(AU,) then A/P, is nilpotent since it is a p’-group and the result
is proved. Assume that ¥, & F(,). By induction %,/F () is nilpotent.
Hence B does not centralize P, by assumption. :

Let P be a p-group in A, which is minimal with the property
that B normalizes P but does not centralize B. Since F(,) is a p'-
group there is a prime ¢ # p such that P contains no normal p-sub-
group, where L is a S,-group of F(). Thus BP acts faithfully on
Q. Let M, = Cyy(B). As OB is faithfully represented on M Lemmas
4.6 and 13.4 imply that IR, # 1. Let O, = Cy(B). As PB is rep-
resented faithfully on Q/D(Q), Lemmas 4.6 and 13.4 imply that
Q,#1. Thus Cy(B) is a Z-group, T, < Cy(B) and pq || Cy(B)|.
Therefore ’ : ' : C

(13.11) p.= 1 (mod q)-.
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By 3.11 B is a special p-group and D(P)S Cyx(B). Thus D(P) is
cyclic. By Lemma 13.11 the representation of PB on Q/D(Q) has a
unique faithful irreducible constituent and this constituent is absolutely
irreducible. Let /¢ be the character of this constituent. If D(PB) # 1
then by Lemma 13.4 p, remains absolutely irreducible. Hence
g =1 (mod p) contrary to (18.11). Therefore P is an elementary
abelian group and BYP is a Frobenius group. Thus p#(1) = |B| is a
prime, If B is not cyeclic then ty is reducible in the field of ¢
elements as pp is faithful. Thus ¢ =1 (mod p) contrary to (13.11).
Therefore B is a cyclic group of order p and BP is a Frobenius group.
Hence

(13.12) p=1 (mod|BJ).

Let Q, be a BYP invariant subgroup of Q which is minimal sub-
ject to ‘,BQ_C%(D.‘,). Thus the representation of BP on O,/D(L,) is
irreducible. Therefore Q,% (Q,P)’. Since 0,(A) is elementary and
Cy(B) #1 we get that the hypotheses of the lemma are satisfied.
Thus the minimal nature of % implies that 2, = QP and O = Q,.
Therefore the representation of BOP on M is irreducible. Let L,
be a minimal normal subgroup of BOP which is not centralized by
B. Thus O, &Q. Then Q] = INY,) and BE C(D(Q)). Hence D(L)
is cyclic. Let A be the character of the representation of BL, on M.
By Lemma 13.4 )\ has exactly one irreducible constituent which does
not have (BL)) in its kernel. Let 6 be this constituent and let

A=SIn 4 6.
=1

Since each \; is a character of a group of exponent ¢ |B| it follows
from (13.11) and (18.12) that each A\, is absolutely irreducible. Thus
M(1)=1for 1 <4 =<n. By Lemma 18.11 6 is absolutely irreducible
in the field of p elements. By Lemma 13.4 6(1) < 2|8B| — 1. Since
|B|p is odd (B) and (138.12) yield that

(18.13) || = p* 2 p"B'.

Thus » + 0. Let 0\n, = 2j=1 V5, Where each y; is an irreducible char-
acter of Q,. Thus

(13.14) A = Z_,‘l xﬂnl + E{ Yi.

Since L, 4 Q,BYP, {)"Inl’ y;} is a set of conjugate characters. Since
n # 0 they are all linear, Thus Q) =1. Hence OB =L, X OB,
where Q.8 is a Frobenius group and |Q,| = ¢. Furthermore
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(13.15) m=0(1) =|3B|.

Since O, Skern; #Q, for 1 £1 =<7 we see that 7&.-,01 # y; for all
%, 5. Since v; # y; for © # j we get that no constituent of Mg, occurs
with multiplicity greater than one. Since {)“"ln} is a set of distinet
linear characters of Q, we get that » < ¢q. Now (13.13), (13.14) and
(13.15) yield that

pPEM)=m+ns|Bl+q.

This contradicts (18.11) and (138.12) since |B| pg is odd. The proof is
complete.






FCLESPRNERNS (T SR U L

' CHAPTER IV

14. Statement of Results Proved in Chapter IV

In this chapter, we begin the proof of the main theorem of this
paper. The proof is by contradiction. If the theorem is false, a
minimal counterexample is seen to be a non cyelic simple group all
of whose proper subgroups are solvable. Such a group is called a
minimal simple group. Throughout the remainder of this chapter,
® is a minimal simple group of odd order. We will eventually derive
a contradiction from the assumed existence of ®.

In this section, the results to be proved in this chapter are summar-
ized. Several definitions are required.

Let 7* be the subset of m(B®) consisting of all primes p such that
if P is a S,-subgroup of @, then either %z #;(P) is empty or P
contains a subgroup 2 of order p such that Css(ﬁ) =Y X B where B
is cyclic. Let m} be the subset of #* consisting of those p such that
if P is a S,-subgroup of ® and a is the order of a cyclic subgroup
of N(P)/PC(P), then one of the following possibilities occurs:

(i) a divides p — 1.

(ii) P is abelian and a divides p + 1.

(iii) |B| = »* and a divides p + 1.

We now define five types of subgroups of ®. The basic property
shared by these five types is that they are all maximal subgroups of
®. Thus, for z = I, II, III, IV, V, any group of type « is by definition
a maximal subgroup of ®. The remaining properties are more detailed.

We say that I is of type I provided
(i) M is of Frobenius type with Frobenius kernel 9.
(ii) One of the following conditions is satisfied:
(a) DisaT. I setin G.
(b) #n(9) Sy,
(¢) o is abelian and m(@)
(iii) If pen(WM/D), then m,,(im) s 2 and a S,-subgroup of M is
abelian.

The remaining four types are by definition three step groups. If
©isa three step group, we use the followmg notatlon

@=@'QB1, @'n%,—l C’g'(%l) , .

Furthérmore, $ denotes the maximal normal nilpotent S-subgroup of
&. By definition, $ & & so we let U be a complement for  in &',

845
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In addition to being a three step group, each of the remaining four
types has the property that if ¥, is any non empty subset of
BB, — B, — W, then Ny(W,) = W,W,, by definition. The remaining
properties are more detailed.

We say that & is of type II provided

(i) U+#1and U is abelian.

(ii) Ng() £ &.

(iii) NgA) =& for every non empty subset A of &* such that
Co(A) # 1.

(iv) |W,| is a prime.

(v) For every prime p, if %, A, are cyclic p-subgroups of U
which are conjugate in & but are not conjugate in &, then either
Co(Ug) =1 or Cyx(A) = 1.

(vi) $C®) is a T. 1. set in G.

We say that & is of type III provided (ii) in the preceding defi-
nition is replaced by

(ily Ng) =,
and the remaining conditions hold.

We say that & is of type IV provided (i) and (ii) in the definition
of type II are replaced by

)y w=+1,

()" Ngl) < @,
and the remaining conditions hold.

We say that & is of type V provided
(i) nu=1,
(ii) One of the following statements is true:
(a) & isa T. I set in G.
(b) & =P x &, where &, is cyclic and P is a S,-subgroup of
& with pen*.

THEOREM 14.1. Let @ be a minimal simple group of odd order.
Two elements of a nilpotent S-subgroup D of & are conjugate in &
if and only if they are conjugate in N(D). FEither (i) or (it) is true:

(i) Every maximal subgroup of ® is of type I

(i) (a) @ contains a cyclic subgroup BW =B, x W, with the
property that N(B,) =L for every non empty subset Ty, of TW—W,—W,,
Also, B, +1, i1 =1,2.

(b) @ contains maximal subgroups & and T not of type I
such that

S WS, T =B/_T, en®, =1, TNy, =1,
GNT=1W.
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(¢) Ewvery maximal subgroup of ® is either conjugate to & or
T or 18 of type I
(d) Either & or T 18 of tyve II.
(e) Both & and T are of type II, III, IV, or V. (They are
not necessarily of the same type.)
In order to state the next theorem we need further notation. If
 is of type I, let

=8 = U CyH),

zeH

where $ is the Frobenius kernel of &.

If 8 is of type II, III, IV, or V, we write = ¥, ¥ N /W, = 1.
Let $ be the maximal normal nilpotent S-subgroup of &, let 1 be a
complement for  in & and set W = Co(BW), W, =WN L, B =B —
W, — BW,.

If 8 is of type II, let

8= U Cy(H).
HepHE

If 8 is of type III, IV, or V, let
L=g,
If 8 is of type II, III, IV, or V, let
{=80UL'BL.

LEQ

We next define a set o = (%) of subgroups associated to &.
Namely, e o~ if and only if M is a maximal subgroup of & and
there is an element L in £ such that CL)YZL & and C(L) &S M. Let
{R,, -+, N,} be a subset of .o~ which is maximal with the property
that M, and N, are not conjugate if 1 = j. For 1 <1 < n, let O; be
the maximal normal nilpotent S-subgroup of %,.

THEOREM 14.2. If 8 is of type I, II, III, IV, or V, then & and &,
are tamely imbedded subsets of ® with

N&) =NR)=2¢g.

If &7(8) is empty, € and &, are T. 1. sets in ®. If o7 (%) is non
empty, the subgroups ,, « -+, O. are a system of supporting subgroups
for £ and for L,

The purpose of Chapter IV is to provide proofs for these two
theorems.
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15. A Partition of 7(®)

We partition 7(®) into four subsets, some of which may be empty:
m, = {p|A S,-subgroup of @ is a non identity eyclic group.}
7, ={p|1l. A S,-subgroup of ® is non cyclic.
2. & does not contain an elementary subgroup of order 2°.}
7w, = {p]1. O contains an elementary subgroup of order p°
2. If P is a S,-subgroup of &, then U(P) contains a non
identity subgroup.}
m,={p|1l. @ contains an elementary subgroup of order p°.
2. If P is a S,-subgroup of &, then U(P) contains only
<D}
It is immediate that the sets partition #(®). The purpose of Lemma
8.4 (i) is that condition 2 defining =, is equivalent to the statement
that & 4(P) is empty if P is a S,-subgroup of &. Lemma 8.5
implies that 8¢ x, U m,.

16. Lemmas about Commutators

Following P. Hall [19], we adopt the notation YUAB = [, B},
THUABH = [y AB*, B, n =1,2, ---, and VABE = [, B, €].

If X is a group, .+ (X) denotes the set of normal abelian
subgroups of X.

The following lemmas parallel Lemma 5.6 of [27] and in the
presence of (B) absorb much of the difficulty of the proof of Theorem
14.1,

LEMMA 16.1. Let B be a S,-subgroup of & and U an element of
A DB). If § is a subgroup of & such that

(i) <%, 3D is a p-group,

(i) § centralizes some element of Z(P) N A¢,
then Y'FUA = (1),

Proof. Let Ze C(®) N Z(P) N A*, and let € = C(Z). By Lemma
7.2 (1) we have A S 0,. ,(€) = H. As P is a S,-subgroup of €, P, =
BN is a S,-subgroup of . Since A < B, so also A < PB,, and since
9 is abelian, we see that Y9’ < 0,(€). Since H €, we have
YFA S  and so V*FA S 0,.(€). Since <A, F) is assumed to be a p-
group, the lemma follows.

If P is a non cyclic p-group, we define Z/(P) as follows: in case
Z(P) is non cyclic, 7 (*B) consists of all subgroups of Z(P) of type
(p, p); in case Z(*P) is cyclic, Z(P) consists of all normal abelian
subgroups of P of type (v, p).

LEMMA 16.2. Let B be a non cyclic S,-subgroup of ®, A € 427 (P),
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and let & be a subgroyp such that . N

(i) <%, 3> is a p-group,

(ii) A contains a subgroup B of Z(P) such that 58., Ci(F)#=<D.
If p =5, then YA = (1), while if p =8, then VFA = (1)>. Also,
if Wy=UAN2Z(P) and p = 5, then Y¥FA =D, -

Proof. If B, S Z(P), the lemma follows from Lemma 16.1. If
B, £ Z(P), then P, = C(B,) is of index p in P so is of index at most
P in a suitable S,-subgroup P* of C(B,) = €. In particular, B, < P*.

Let = 0, ,€), Bt =P*NH, and P, = B,N . Since B, < B*,
so also B, < Pr. Hence YPrA S B, NH S B, and so V"PrA =, A
being in A7 (P,). If p =5, we conclude from (B) that A < , and
so Y9 S 0,.(C). Since YFA < O, the lemma follows in this case.
(Since P, centralizes A,, we have V*FA = {1D.)

Suppose now that » = 8. If Pr = P, then VPrA* = (1), and so
by (B), A = $ and the lemma follows. If Pr + P, then P* = B[LP,
since | P*:PB,| = p. In this case, letting A = AH/D, P* = P*H/H, we
see that A e 297 (P*) and so A S 0, ,(€/9), that is, AS 0, ,, ,(€) =
K. Hence, YFAS R and since A < P*, we see that ¥FA S0, ,.,(C),
and so YU < . Continuing, we see that Y'FA < 0,.(€)P, and so
YFUA < 0,(€), from which the lemma follows.

LEMMA 16.8. Let 3 be a S,-subgroup of ® and let €e Z(P).
Let ¥ be a subgroup of & such that

(i) <%, €> is a 3-group.

(i) €, = Cg(@) # <.
If %€ # (1), then 7v'F&* = €,, and €, = 2(Z(P)).

Proof. First suppose €, S Z(P). Let $ = CE€) 2 (B, F>. Since
P is a S,-subgroup of 9, (B) implies that € S 0y «(9). Setting P, =
Oy (D) N B, we have 0, (D) = 0,(P)B,. If € = Z(P), then € & Z(P)
and so 7'FE? S 0,(D) N <G, € = 1), since {F, € is a 3-group. If
€ & Z(P), then the definition of Z/(P) implies that ¥’FE* S €,0,(9),
so if 7'FC* # (1), we must have 7'FC*= H'C.H for suitable H in
0:(9). By definition of it follows that H-'€,.H = €,.

We can suppose now that €, & Z(). In this case, the definition
of Z(P) implies that € = (D, €D, where D = 2(Z(P)). Let B, =
Cy(C,) and let P* be a S;-subgroup of = C(€,) containing P, and
let B = B* N0y 5(D). Since B, is of index at most 3 in P* and since
B, centralizes €, we have ¥*B*€* = (1), and so € S By. If PBF S P,
it follows that v < 0,(D) N <E, F> = {1) and we are done. Hence,
we can suppose that P} & B,. In this case, it follows that P* = PPy,
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since | B*:B,| = 3. We also have D(B!) SB,, and s0 €S Cyx(D(B)) =
€. If €< P, we have € & Z(€), and since Z(F) char & char Py, it
follows that ¥'FC* S 0,(D) N <C, §> = (1> and we are done. We can
therefore suppose that € & Z(€¢). Choose E in G — Ce(€). Since P*
centralizes €, it follows that E does not centralize ® = (D). Consider
[D,E]l=F+1. Now €< Z(P) < P* and so FeZ(P). On the
other hand, F lies in D(%}) since both £ and D are in PF. Since
Ee@G, it follows that E centralizes F.. Since {B,, E> = P*, it follows
that F'is in Z(P*). But F is of order 8 and €, = 2,(Z(P*)), since
Z(B*) is cyclic. It follows that { F') = €,, and so E normalizes € and

with respect to the basis (D, F) of € has the matrix (%) i) On the

other hand, P possesses an element which normalizes € and with

respect to the basis (D, F') has the matrix G (1)> Since these two

matrices generate a group of even order, we have the desired con-
tradiction which completes the proof of this lemma.

17. A Domination Theorem and Some Consequences

In view of other applications, Theorem 17.1 is proved in greater
generality than is required for this paper.

Let B be a S,-subgroup of the minimal simple group ¥ and let
A be an element of . %Z_+"(P). Let ¢ be a prime different from ».

THEOREM 17.1. Let Q,%, be maximal elements of W; q).

(i) Suppose that Q is not conjugate to O, by any element of Cy().
Then for each element A in W}, either Cp(A) =1 or Cg(4) = 1.

() If YeFAZ45(B), then L and O, are conjugate by an
element of C().

Proof. The proof of (i) proceeds by a series of reductions. If
A = 1, the theorem is vacuously true, so we may assume A # 1.

Choose Z in Z(P), and let T* be any element of U(; q) which
is centralized by Z. By Lemmas 7.4 and 7.8, if £ is any proper
subgroup of %X containing 2AQ*, then V* & 0,.(2).

Now let Q* denote any element of U(¥; ¢) and let L be a proper
subgroup of X containing AQ*. We will show that Q* & 0,.(8). First,
suppose Z(P) is non cyclic, Then Q* = {Cy(Z)|Zec Z(P)*), so by
the preceding paragraph, Q* < 0,.(2). We can suppose that Z() is
cyclic. Let Z be an element of Z(P) of order p. We only need to
show that [Q*, Z] < 0,.(%), by the preceding paragraph. Replacing
Q* by [Q* Z], we may suppose that Q* =[Q* Z]. Furthermore,
we may suppose that U acts irreducibly on Q*/D(Q*).

Suppose Z€O0,.,(2). Then Q* =[Q* Z] S 0,.,() NV* S 0,(Y)
and we are done. If U is cyclic, then Z is necessarily in 0, ,(2),
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since AN O, () #1. Thus, we can suppose that 2 is non cyeclic.

Let A, = Cy(V*) = Cy(RV*/D(V*)), so that A/A, is ecyclic and
Ze¢U,. We now choose W of order p in %, such that {Z, W) <.

Suppose by way of contradiction that Q* £ 0,.(2). Then by Lemma
7.8, we can find a subgroup & of AC(A,) which contains AQ* and
such that Q* £ 0,.(R). In particular, Q* £ 0,.(C(W)). Thus, we
suppose without loss of generality that £ = C(W). Let P* be a S,-
subgroup of ¥ which contains P=PN C(W). If PB*= ?ﬁ, then
Ze€0, 4,2, by Lemma 1.2.3 of [21], which is not the case. Hence,
P is of index p in P*. Clearly, AS P and Ze Z(‘:ﬁ). Hence,
[B*, Z] < Z(PB) < A. Let PBr = PB* N 0,..,(2) so that P is a S,-subgroup
of 0, ,(8). Then [P}, <Z), 0*] & [%, Q*] N 0,.,(8) S V* N 0,.,(8), 80
that [P}, <21, 0*] S 0,(8). Let B =0, ,(8)/0,(2) and let B, = Cx(T*).
The preceding containment implies that [B,{Z)] = %B,. Let B,=
Ng(B,)). Then Z acts trivially on the Q*¥A-admissible group B,/B,.
Hence, so does [(Z), O*] = Q*, that is, B, S B,. This implies that
B = B, is centralized by L* so L* S 0,(¥). We have succeeded in
showing that if Q* is in U(Y; ¢) and £ is any proper subgroup of %
containing AQV*, then Q* S 0,.().

Now let &4, -+, &, be the orbits under conjugation by C(Q) of
the maximal elements of WM(;q). We next show that if Qe &,
L, €4 and 1 # j, then LN, = 1. Suppose false and 4, 7, Q, L, are
chosen so that |Q N Q,| is maximal. Let Q* = Ny(QN L)) and Qf =
Np,(R& N L), Since L and L, are distinct maximal elements of U(%; g),
QN Y, is a proper subgroup of both O* and QF. Let L = N(Q N Q).
By the previous argument, <Q*, Q! S 0,.(8). Let R be a S,-subgroup
of 0,(2) containing O* and permutable with % and let R, be a S,-
subgroup of 0..(8) containing L} and permutable with €. The groups
R and R, are available by D,, in 20,(8). By the conjugacy of Sylow
systems, there is an element C in 0,(2)% such that A=A and

=R, As % has a normal complement in 0,.(2)¥, it follows that
C centralizes 9. Let O be a maximal element of U q) containing
R,. Then QN2 DQNY, and so Qea. Also, QNQ 2
Q* 5 (QNY,)° so that Qe and i = 4.

To complete the proof of (i), let Q, L, be maximal elements of
U(; q) with Qe &, 0, € &;. Suppose A€ A* and C(A)+#1, Cp (A)+1.
Let € = C(A), let R be a S,-subgroup of 0,(8) containing C(4) and
permutable with U, and let R, be a S,-subgroup of 0,.(2) containing
Cp,(4) and permutable with %A, Then R° = R, for suitable C in C().
Let ©* be a maximal element of WU(W;q) containing R,. Then
Q*NY,2C(A)#1 s0 V* e, Also, RL* NV 2(C(4))° #1 s0
Q*e &, and 1 = 7. This completes the proof of (i).

As for (ii), if A e S 4;(B), then there is an element A in A
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such that Cg(4) # 1 and Cg(4) # 1. By (i), Q and Q, are conjugate
under C().

CoroLLARY 17.1. If pemUnm, P i8 a S,-subgroup of & and
N e A& _1;(P), then for each prime q + p and each maximal element
L2 of U(; q), there is a S,~subgroup of N(N) which normalizes Q.

Proof. Let Ge N(A). Then L° is a maximal element of U(¥; q),
since any two maximal elements of U(; ¢) have the same order, so
¢ = L0 for suitable C = C(G) in C(Y). Hence, GC normalizes L.
Setting = N(Q) N N(N), we see that I covers N()/CX), that
is, N(Q) dominates 2. Now we have JC () = N(X) and & contains
A. Since CA) =A X D where D is a p’-group, we have N(A) =
JCA) = JAD =3P, and & contains a S,-subgroup of N(A) as required.

COROLLARY 17.2. If pem,Um, P 18 a S,-subgroup of
S, Ae FAZ(P) and q i8 a prime different from p, then B
normalizes some maximal element Q of WU; q). Furthermore if G
18 an element of & such that A = B, then N¢ = A¥ for some N in
N(Q).

Proof. Applying Corollary 17.1, some S,-subgroup P* of N(A)
normalizes Q,, a maximal element of U(%; q). Since P is a S,-subgroup
of N(), P = P** for suitable X in N(A), and so P normalizes Q =
LF, a maximal element of U, q).

Suppose Ge® and A¢ = P. Then A? normalizes O since P does,
so 2 normalizes Q. Now Q¢ is a maximal element of WU(¥;q)
since any two such have the same order. Hence, Q¢ ' = Q° for some
C in C(¥), by Theorem 17.1 and so CG = N is in N(Q). Since A" =
A% = A, the corollary follows.

COROLLARY 17.8. If pem,P i3 a S,subgroup of & and
e A& N:(P), then U(A) is trivial.

Proof. Otherwise, U(; q) is non trivial for some prime q # p,
by Lemma 7.4, and so U(%B; ¢) is non trivial, contrary to the definition
of «,.

Hypothesis 17.1.

(i) pem, P is a S,-subgroup of & and A e F& (D).

(i1) q is a prime different from p, W, q) i8 non trivial and Q
18 a maximal element of U(U; q) normalized by P.
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REMARK. Most of Hypothesis 17.1 is notation. The hypothesis
is that pem, for in this case a prime ¢ is available such that (ii) is
satisfied. Furthermore, we let

B = Vieely(A); F), N=NE), and N, = N(Z(B)).

LEmMMA 17.1. Under Hypothesis 17.1 4f Ge® and A = P, then
A¢ = A¥ for some element N in N(Q) N N(B).

Proof. By Corollary 17.2, U¢ = A* for some element X in N.
Since N is solvable, Lemma 7.2 (1) and Corollary 17.2 imply that
N = 0,(N) - Nyp(B), so we can write X = N,N where N,€0,(R) and
Ne Ny(B). Now A7 is in B, so in particular is in P. Also AN = A~
is in P. Hence, if A is in A, then A .A*" =[A, NJ* is in B,
and in particular is a p-element. Since [A4, N;] is a p’-element, we
see that N, e C(Y). Hence A" = A¥, and the lemma follows.

LemMMmA 17.2, Under Hypothesis 17.1, N, = 0*(N).

Proof. Since Z(B) char B, and B is weakly closed in P, N,
contains N(P), so Theorem 14.4.1 of [12] applies. We consider the
double cosets M, X*P distinet from MN,. Denote by K(X) the kernel of
the homomorphism of 8 onto the permutation representation of P on
the cosets of M, in NXP. Let P= P(X) be an element of P such
that &(X)P is of order » in Z(P/K(X)).

Suppose we are able to show that P can always be taken to lie
in A. In this case, we have [U, P,P]=1 for all U in P. Since
p =8 and © is simple we conclude from Theorem 14.4.1 in [12] that
N, = 0°(N,).

We now proceed to show that P can always be taken to lie in 2.
The only restriction on the element X is that Xe¢MN, that is, we
must have $(X) = B.

Now A S B, so Z(B) centralizes A. Since Ac & 4+ (B), we
have Z(B) = A. It follows that N, contains C ().

It suffices to show that A £ KX). For if A L HX), choose A
in A so that (K(X) N WA is of order p in Z(P/R(X) N A). It follows
that R(X)A is of order p in Z(P/K(X)).

Suppose by way of contradiction that A & £X). Then A = NF
so A & P** for P* a suitable S,-subgroup of N,. But P* = P* for
some Y in N,. Setting X;= YX, we have N, XP=NX,P and A = P,
Hence, A1 =P, so by Lemma 17.1, AXT = A" for some W in
NN N(EB). Since N(B) = N,, we have A = A¥Trand WeRNN,. Let
WX, = X,. Since WeR, we have B, X,P = N X, P.

Since X, normalizes A, A normalizes Fr ', By Theorem 17.1,
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Q%' = QF for some C in C(Y). Hence X;C~* = X, (this defines X,)
normalizes L. Since X, and C normalize 2, we see that X; e N N N().
Since C centralizes 2 and C(N) = N,, we have N, X, P = N X P.

We now write X, = X;X,, where X;efN N N(B) and X,€0,(N).
Such a representation is possible since X;eN. Consider the equation
X, = X!7'X,. Since N(B) =N, we have NX;P=NXP. If Ae¥,
then [4, X;'] is a p'-element since X,€0,(N). But [4, X;'X]]=
[4, X!][4, X;]%, an identity holding in all groups. Since X; e N(B),
[4, X!]1€B. Since X,e N¥), [4, X' ]cASDB, so [4, X;1%eB, a
p-group. Hence

[4, X7 =[4, X' X]=1.

Since A is an arbitrary element of %, we have X,e C() = N,. Now,
however, we have

leEB = m1X1$ = leﬂiB = SRIXﬂS = m1X4$ = gz1 ’

so XeN,, contrary to assumption.

LEMMA 17.8. Under Hypothesis 17.1, R, = 0,(N) - N N), and
N = O*(N).

Proof. We must show that N contains at least one element from
each coset €=0,.(N)W, WeR,, from which the lemma follows directly.

Let & = PBNO, ,(Ny), 8 = Ny, (), and CA) = A x D, D being
a p-group. Notice that ® < 0,.(N,) by Lemma 7.4 together with
C) =< N,. (This was the point in taking Z(B) in place of BV.)

By Sylow’s theorem, & contains some element of €, so suppose
We&. Since U is contained in © by Lemma 7.2 (1), we have
A" < = P, and A" normalizes L. Hence, A normalizes V¥ ' and
by Theorem 17.1, Q¥ ' = Q° for some S in C(). Write S=AD
where Ae U, DeD, so that QF = Q?, since A normalizes Q. Hence,
DW normalizes Q. But DWe€, since De0,(R), so DWeRNN,
and N contains an element of €,

LEMMA 17.4. Under Hypothesis 17.1, if © is a subgroup of B
which contains A, then N(D) = N,.

Proof. Let Ge N(D). Since P normalizes Q, so does $. Hence,
9% normalizes L. But £7= 9 and O contains A, so A normalizes.
£f By Theorem 17.1, Qf = Qf for some C in C(Y). Let GC'=
NeR. Now N = N,N, where N,€0,(R) and N,eRNN,. Consider
the equation GC'N,;* = N,. Let Ze Z(3).

We have GC'N;"ZN,CG™ = GZ,G™, where Z, = Z* is in Z(B);
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hence, Z'GC'N;?ZN,CG™ = [Z, N,CG™] = Z7'GZ,G™ is a p-element
of O, since Z,eZB)SAS D, so that GZ,G'eGHG = . But
Z*N,ZN;*€ 0,(R). Hence, [Z, N,CG]=[Z, N/ ]=1. Since Z is
an arbitrary element of Z(B), it follows that N, centralizes Z(B), so
N, is contained in N,. But now the elements N,, N, and C normalize
Z(®B). Since G = N,N,C, the lemma follows.

LEmMA 17.5. Under Hypothesis 17.1, if & is a proper subgroup
of @ which contains B, then T = 0, ,(R).

Proof. If P, =P N0, (), and &, = Ng(P), it suffices to show
that 8 & P.. By Lemma 7.2 (1), we have A & PB,, and so by Lemma
17.4, & S N,. Thus it suffices to show that B < 0,. ,(R,). By Lemma
17.3, it suffices to show that B & 0, ,(N). However, this last contain-
ment follows from Lemma 7.2 (1) and Corollary 17.1.

LEMMA 17.6. Under Hypothesis 17.1, if & is a proper subgroup
of ©, and B, 18 a S,-subgroup of R, then V(ccly(N); B)) S 0,,,(R).

Proof. Suppose false, and that £ is chosen to maximize ||, and
with this restriction to minimize |f1,. Let P, = BN 0, ,(R). By
minimality of |®|,, we have P, < & By maximality of |®],, B, is a
S,-subgroup of N(,). We assume without loss of generality that
B & P. In this case, Lemma 7.9 implies that A = P,. Since A = P,
by Lemma 17.4 we have & & N;; by Lemma 17.5, 8 = 0,.,,(R,), so in
particular, V(cclg(¥); B,) S P, as required.

18. Configurations

The necessary E-theorems emerge from a study of the following
objects:

1. A proper subgroup & of ®.

2. A S,-subgroup P of K.
©)

3. A p-subgroup % of G.

4, B= V(ccl@@l); P), M = [0,.,, »(R), 9], B = 0,,,(R)/0,(R).

DEFINITION 18.1. A configuration is any 6-tuple (8, B, 2U; B, M, W)
satisfying (C). The semi-colon indicates that B, MM, W are determined
when R, B, A are given.

DEFINITION 18.2.

(@ = {A|
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(i) A is a p-subgroup of @.
(ii) for every configuration (&, B, A; B, W, W),
(a) M centralizes Z(W).
(b) If Z(BW) is cyclic, then WM centralizes Z,(W)/Z ().}

DEFINITION 18.3.
GFEND) = UFZAN(B), #ZO)=UZ®D),

B ranging over all S,-subgroups of & in both unions.

LEmMA 18.1. If p = 5, then Z/(p) U P& A4;(p) S € (D).

Proof. Let ez (p)U FZ A5(p), and let (], B, A; B, M, B) be
a configuration. Suppose by way of contradiction that either IN fails
to centralize Z(TW) or Z(W) is cyeclic and M fails to centralize
Z,(B)|Z(). Since 0,.,,(R) centralizes both Z(W) and Z(W)/Z(W), it
follows that some element of I induces a non identity »’-automorphism
of either Z(T) or Z.(W)/Z(W), so in both cases, some non identity
p’-automorphism is induced on Z,(TW) by some element of IR. By 3.6,
some non identity p’-automorphism is induced on 2,(Z,(W)) = W, by
some element of M. Let W, = 2(Z(W)) & W, and let BW_, = .

Let M, =ker (0,5, (R)—Aut,), M,=ker (0, , ,(X)—Aut (TW,/TW,)).
By definition of M, M is contained in M, if and only if V acts trivially
on 0, , ()W, i =0 or 1. Suppose that B does not act trivially on
0,5 (R)/M,. Let B= U be a conjugate of A which lies in B and
does not centralize 0,.,,,(®)/MM. (B depends on 7). In accordance with
3.11, we find a subgroup R; of 0,.,, ,(R) such that N,/M, is a special
g-group, is B-admissible, and such that B acts trivially on D,;/M,,
irreducibly and non trivially on R,/®,, where ®; = D(R; mod ;). Let
B; = ker (B — Aut (N,/MM,)), so that B; acts trivially on N,/WM, and
B/B; is cyclic.

Let %; be a subgroup of T,/TW;_, of minimal order subject to being
BN,-admissible and not centralized by M;. The minimal nature of X,
guarantees that B, acts trivially on %;,, If B.,B; is a generator for
B/B,;, then (B) guarantees that the minimal polynomial of B; on X; is
(x — 1) where r =17, =|3B:%;]|.

Suppose © = 0. Since X, is a p-group, while 0,.(®) is a p'-group,
we can find a p-subgroup 9, of & such that $, and ¥, are incident,
and such that ©, is B-admissible. In particular, B, centralizes ,.
Let PB* be a S,-subgroup of N(B), so that P* is a S,-subgroup of G.
If B, N Z(P*)* is non empty, we apply Lemma 16.1 and have a contra-
diction. Otherwise, Lemma 16.2 gives the contradiction.

We can now suppose that Z() is eyclic. In particular, T, is of
order p. Since ¥%, is of the form 9),/T, where ), is a suitable subgroup
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of W, we can find a p-subgroup $, of K incident with ), and B-
admissible.

Choose B in B,. Since B, centralizes ,/T, and since T, is of
order p, it follows that 9, = Cg (B) is of index 1 or p in $,. If
B, N Z(P*)* is non empty, application of Lemma 16.1 gives 7*9,B* = (1D,
and so 7'9,B* = (1), the desired contradiction. Otherwise, we apply
Lemma 16.2 and conclude that v'9,8* = (1>, and so ¥*9,8° = {1), from
which we conclude that |8:%8,| = 5. In this case, however, setting
B=Z®P*)NB, we have B =B, 3), and so the extra push comes
from Lemma 16.2 which asserts that v*9,8° = {1), and so 79,8' = (1),
completing the proof of the lemma.

19. An E-theorem

It is convenient to assume Burnside’s theorem that groups of
order p°¢® are solvable. The interested reader ecan reword certain of
the lemmas to yield a proof of the main theorem of this paper with-
out using the theorem of Burnside.

If p,gem,Um, we write p ~ ¢ provided @ contains elementary
subgroups € and & of orders p® and ¢® respectively such that (&, §>C®.
Clearly, ~ is reflexive and symmetric.

Hypothesis 19.1.
(i) pemUnm,qen(®) and p+q.
(ii) A S,-subgroup B of ® centralizes every element of WU(B; q).

LemmA 19.1. Under Hypothesis 19.1, if B e Z/(p), then B central-
izes every element of U(B; q).

Proof. Suppose false, and that O is an element of U(B; ¢) minimal
with respect to ¥Y8Q # {(1)>. From 8.11 we conclude that B centralizes
D(2) and acts irreducibly and non trivially on £/D(L), so in particular,
Q=708 and B, = ker (B— Aut Q) = {1). Let € = C(B,), let P be
a2 S,-subgroup of N(B), and let B, = C(B)NP. Since Bez(»), By
is of index at most p in a S,-subgroup %P, of €, and so P, < B,. Hence
BB = P Since P, centralizes B, we have TP,V = 1), so
B0, ,€)=8 Let 2=0,(6). Since BSRCE, YOBES K, so
KBS RN S L Since Q =708, we have QL & L.

By Lemma 8.9, B is contained in an element A of A& 4;(P).
Since YU centralizes B, we have A S P,. Let D = AL, and observe
that € is a normal p-complement for 2 in ©. By Hypothesis 19.1
ii), Theorem 17.1, Corollary 17.2, and D,, in ®, ¥ centralizes a S,-
subgroup of D, so D satisfies E, and every p,g-subgroup of D
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is nilpotent. But OB S D, and QL=7OB <L), so OB is not
nilpotent. This contradiction completes the proof of this lemma.

Hypothesis 19.2,

(i) p,genmUm, and p # q.

(ii) p~aq.

(iii) A S,-subgroup P of @ centralizes every element of WU(PB; q)
and a S,-subgroup Q of & centralizes every element of W(Q; p).

THEOREM 19.1. Under Hypothesis 19.2, & satisfies E,.

We proceed by way of contradiction, proving the theorem by a
sequence of lemmas. Lemmas 19.2 through 19.14 all assume Hypothesis
19.2, We remark that Hypothesis 19.2 is symmetric in p and q.

LEMMA 19.2. <N, B> G, whenever e Z/(p) and Be Z(q).

Proof. Suppose <A, B) = RS, where Aec z(p), Be % (g), and
& is minimal. By D,, in &, it follows that & is a p, g-group.

By the previous lemma A® centralizes O,(®) and B centralizes
0,(R). Since B and A are abelian, K/A® and K/B® are abelian, so &
centralizes 0,(]) X O,(!) = F(!). Hence & & Z(F(R)) by 38.3.

Let & be a chief series for ®, one of whose terms is &, and
let €/ be a chief factor of . If & & D, then €/D is obviously a
central factor. If € S &', and €/D is a p-group, then B centralizes
€/®, and since €/D is a chief factor, A must also centralize €/D, sc
€/® is a central factor. The situation being symmetric in » and g,
every chief factor of & is central, and so & is nilpotent, and & =
A x B.

Let N = N(Y), let M be a S, ,-subgroup of N with Sylow systen
B, Q, P being a S,-subgroup of G, since Ae 2/(p). By D,,in N, B, =
BY = Q for suitable N in N. Let M, be a maximal p, g-subgroup of
S containing M, with Sylow system P, Q, where L= Q,. Let Q
be a S,-subgroup of & containing L,. Finally, let B = V(cclg(B); L)
and observe that B, & V. By Hypothesis 19.2, P centralizes O,(IM,)
By the previous lemma, B centralizes 0,(IN).

We next show that 8L & F(IM)). Consider O, ,(M,), and let P, =
BNO,(M). Since P centralizes 0,(IM,), so does B,, so O, (M) =
B, X O,(M,) is nilpotent. But now B centralizes P, and so Lemm:
1.2.3 of [21] implies that ¥ S O,(M,). It follows that B < M,. Since
LB is weakly closed in a S,-subgroup of I, it follows that I, is
S,,.-subgroup of &.

Again, P centralizes 0,(M,), and now L, centralizes 0,(IN,) botl
assertions being a consequence of Hypothesis 19.2 (iii). It follow:
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readily that every chief factor of W%, is central, and so I, is nilpotent.
Since we are advancing by way of contradiction, we acecept this lemma.

LEMMA 19.8. If U e Z/(p), then either C(A) i3 a ¢'-group or a
S,-subgroup € of C(N) is of order q, and € has the property that it
does nmot centralize any B € Z/(q).

Proof. Let G be a S,-subgroup of C(N), and suppose & 3 {1D.
By Lemma 19.2, no element of ¢* centralizes any Be % (q). Let Q
be a S,-subgroup of & containing & and let Be Z (). Then Cy(B)
is of index 1 or ¢ in Q and is disjoint from €, |&| = ¢q follows.

Lemmas 19.2 and 19.3 remain valid if p and ¢ are interchanged
throughout. In Lemmas 19.4 through 19.14 this symmetry is destroyed
by the assumption that p > ¢ (which is not an assumption but a choice
of notation).

We now define a family of subgroups of @, F = & (p). First,
& is the set theoretic union of the subfamilies .# (), where P
ranges over the S,-subgroups of @. Next, & (P) is the set theoretic
union of the subfamilies .&# (¥U; P), where A ranges through the
elements of #&_1,(P). We proceed to build up & A; P). Form
V() = Vieclgx(A); B). Consider the collection 27" = 2 (A) = # (¥, q)
of all p, g-subgroups £ of & which have the following properties:

1. P K.

(K) 2. Vi) SO0, ,(R.

3. Every characteristic abelian subgroup of B N 0, ,(R]) is eyeclic.

If %Y, q) is empty, we define 5 (U; P) to consist of all
subgroups of A of type (p, »). If 2 (¥, q) is non empty, we define
F(U; P) to consist of all subgroups of A of type (», v) together with
all subgroups of PN O,,,(!) of type (v, p) which contain 2,(Z(BN O, ,(]))),
and £ ranges over .o7°(¥, q).

Notice that # (p) depends on ¢, too, but we write .# (p) to
emphasize that its elements are p-subgroups of &. The nature of
& 1is somewhat limited by

Lemma 194, If U, A, € FZA4;(PB), B is a S,-subgroup of
G, 7 (A) and 27 (2,) are non empty, and if e #(NA),1=1,2,
then PN Oq.p('@l) =PBN Oq,p(Ra)-

Proof. Let B.=PNO,,(R),71=1,2. Then PB; < B,2=1,2.
From 3.5 and the definition of &# (p), we have cl(P) =2,i=1,2.
Hence Y*B.P; =<1> and YB.P! = ). From (B), we conclude that
B S PB, and B, = Py, as required.

Using Lemma 8.9 and Lemma 19.4, we arrive at an alternative
definition of & (P), B being a S,-subgroup of &. If %" (A) is empty



860 SOLVABILITY OF GROUPS OF ODD ORDER

for all A e FAZ4,;(P), & (V) is the set of all subgroups B of P of
type (p, p) such that B¥ is abelian. If .92°(Y) is non empty for some
e A2 A:(PB) and Ke % (A), then F (P) consists of all subgroups
of type (p, p) in O, ,(R) N P which contain 2,(Z(0,,,(R) N P)), together
with all subgroups B of 0, ,(®) NP of type (p, ) such that BP¥ is
abelian. Here we are also using (B) to conclude that O, (R) NP
contains every element of 2%+ (P).

LeEMMA 19.5. Let 8¢ % (N), where Ne P& 4;(B) and P is a
S,-subgroup of @. Let B, = PN O, ,(R). If M is any proper subgroup
of © containing P, then B0, (W) < M.

Proof. Since ¥*PPi=1, it follows from (B) that P,=PB N 0, (M) =
P, say. By Sylow’s theorem, It = 0,(IM)Ny(P,), so it suffices to
show that P, << Ngy(B,) = N. Choose Nin R. Then [P}, B, B, Bo]=1.
Since B, = P, & P¥ < &¥, it follows from (B) applied to & that
B, & PY, so that P, = P, as required.

LEMMA 19.6. Let &€ .27 (), A e A& 14:(P), B being a S,-subgroup
of ®, and let £ be a subgroup of index p in B, = 0,,(&) N P. Then
B = Vieclg(R); B) S PN O, (R).

Proof. Since % _45(P) is non empty, (B) implies that € is non
abelian. Now £2,(Z(*B)) is of order p and is contained in £. By 3.5
R/2.(Z(B)) is abelian.

Let 8¢ = g, be a conjugate of € contained in P, Ge®, First,
suppose that (2,(Z(P)))° = 8 is contained in PB,. Then Cg(8) =€, is
of index 1 or » in PB,. Set €, = C(3). By Lemma 19.5, with €, in
the role of M, B¢ in the role of P, PF in the role of P,, we see that
Y€, = (1), and it follows that v$,8 =<1>, so by (B), & & B,
(Recall that p = 5.)

Thus, if &, Z B, but & S P, then 8 £ B,. But £, normalizes B,
so BN 8. Since 8, is of index p in P¢, any non cyclic normal
subgroup of £, contains 8. Hence, P, N &, is cyclic and disjoint from
8. If now 2,(%,) is extra special of order p**', we see that 2,(%)
contains an extra special subgroup ¥ of order p*~' which is disjoint
from T

Consider now the configuration (&, B, &; B, IR, W), and observe
that W = PB,. T is disjoint from P, so is faithfully represented on
F=0,,5 (&)/0,,,(R), a g-group. Furthermore, § is faithfully represented
on 2,(W)/2(Z(W)), which makes sense, since 0, ,(R) acts trivially on
2,(B)/2(Z(W)). Let ¥, be the subgroup of ¥ which acts trivially on
Q2(Z(®)), which also makes sense, since 0, () acts trivially on
Q2(Z(B)). Then F/F, is cyclic and T acts trivially on F/F, since p >q.
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Since £ is a p-group, T acts faithfully on ¥, so acts faithfully on
F/DG). If |G D(G) | =q", then | T | divides (¢"—1)(¢g"'—1)---(¢—1),
and so [¥| < ¢*, by Lemma 5.2,

On the other hand, %, acts faithfully on 2,()/2,(Z()), and trivially
on 2,(Z(BW)), so ¥, is isomorphic to a subgroup of the symplectic group
Sp(2r, p). Hence, || divides | Sp(2r, p)|, = (" — 1) --- (»* — 1) [6],
so by Lemma 5.2 (ii), | .| < . Combining this with the previous
paragraph, we have |ZT|=9""'<¢" = |&]| < P, a contradiction,
completing the proof of the lemma.

We can now translate this information about £ to the general
P, g-subgroup of &. To do this, we let () be the set theoretic
union of sets <Z(P), P ranging over the S,-subgroups of &. _F(P)
is the set of all subgroups € which can occur in the previous lemma.
Formally, <2 () is the set of all subgroups of index p in PN O, ,(R),
where &€ 77 (N), and N e FSZ_14;(D).

LEmMMA 19.7. If 8¢ <(p) and D i8 a p, g-subgroup of ®, then
B, = V(Cd(g(g); 'b) & 0«.9(%)-

Proof. Let (D, B, &; B, M, T) be a configuration. The lemma is
clearly equivalent to the statement that LS 0, ,(9). Let P, be a
S,-subgroup of & containing B, and let ¥, = €% be a conjugate of &
contained in PB,. Since 8, € L (p), we have £ e (P, for some S,-
subgroup B, of 8. Now P, = P& for some X in G, and so 8 S P,
By Lemma 19.6, we have »*Py(8%)'=<1), and so 7*R,8 =1); in
particular, ¥*$,2 = (1>, so (B) and » = 5 imply this lemma.

LemMMA 19.8. If e A& 45(D), then B = 0, ,(]) for every con-
figuration (8, B, A; B, M, W) for which | 18 a p, g-group.

Proof. Suppose false, and that & is chosen to maximize P, and,
with this restriction to minimize |®|,. It follows readily that 0,(R)
is a S,-subgroup of O, ,(®) and that P is a S,-subgroup of every
p, g-subgroup of & which contains f.

By Lemma 18.1 and the isomorphism O,(8f) = 0,,,(8)/0,(8) = B,
we conclude that I centralizes Z(0,(R)). By minimality of |®|,, we
also have & = PM.

If P* is a S,-subgroup of & containing B, we see that Z(P*)
centralizes 0,(f), and so Z(P*) & Z(0,(®)), by maximality of P. It
now follows that & centralizes Z(*), and maximality of P yields
B = P*,

Since B does not act trivially on O, , ,(R)/0, ,(®), and since p > ¢,
it follows that IR contains an elementary subgroup of order ¢°. But
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M centralizes Z(0,(%)) = 8 and if 8 is non cyclic, then 3 contains
an element of Z/(*P), in violation of Lemma 19.3. Hence, 8 is cyeclic.
In this case, we conclude from Lemma 18.1 that a S,-subgroup of M
centralizes Z,(0.(8)) = 2,. But 3, contains an element of Z/(P), so
once again Lemma 19.8 is violated. This contradiction completes the
proof of this lemma.

LEMMA 19.9. If e £ (p) U P& 4,(D), then & S 0,(R) for every
D, g-subgroup & of & which contains 2.

Proof. By Lemmas 19.7 and 19.8, it suffices to show that £
centralizes 0,(8R). If e & +;(p), Theorem 17.1, Corollary 17.2 and
Hypothesis 19.2 imply that £ centralizes 0,(f). If e < (p), then
Le 2 (P) for some S,-subgroup P of @. In this case, if A € A= 15(P),
the definition of & (P) implies that A N L = A, is non cyclic. Hence,
O/(®R) is generated by its subgroups C(4) N O(f) as A ranges over
A¢. By the preceding argument, A is contained in 0,(K],) for every
P, g-subgroup & of C(A) which contains 2. Lemma 7.5 implies that
2, centralizes O,($f). In particular, 2,(Z(P)) centralizes O(&).

Consider C(2(Z(P))) 2 (B, 0,(R)). Since LS 0,8,) for every
P, g-subgroup &, of (B, 0,(8)> which contains € by (B) and Hypothesis
19.2, a second application of Lemma 7.5 shows that £ centralizes 0,(8),
as required.

LEMMA 19.10. If Be Z# (p), then B centralizes every element of
U(B; q).

Proof. Suppose false, and £ is chosen minimal subject to
LeWU(B; g) and OB + (1), s0 that we have Q =708 and B, =
ker (B — Aut Q) # {1)>. Let € = C(B,). Since Be . F (p), we have
Be 7 (P) for a suitable S,-subgroup P of . By definition of F (P),
either C(B) contains an element ¥, of .#Z_#5(P) or else C(B) contains
a subgroup P, of index » in PN 0,,(R), Re Z# (A) and A e FZ_4;(P).
Let © be a S, ,-subgroup of € containing %[, in the first case, and P,
in the second case. Lemma 19.9 implies that A, & 0,(9) in the first
case and P, S 0,(D) in the second case. In both cases, we have
B S 0,9). Now let $, be a S, -subgroup of € containing BY. By
Lemma 7.5, we have B S 0,(D,) and so QB S 0,(D) N Q = {1,

contrary to assumption.
LemMA 19.11. If Be F (p), Ae % (q), then G = (¥, B).

Proof. Suppose <¥, B> =8 G, and A and B are chosen to
minimize &. By the minimal nature of &, & is a p, g-group. By the



19. AN E-THEOREM 863

previous lemmas, 2A® centralizes 0,(R®), and B® centralizes 0,(R). It
follows readily that £ is nilpotent, so & = %A x B. But now C()
contains B in violation of Lemma 19.8, with p and ¢ interchanged.
This interchange is permissible since Lemma 19.3 was proved before
we discarded the symmetry in p and gq.

LeEMMA 19.12, If D i3 a p, q-subgroup of & and if D possesses
an elementary subgroup of order p°, them a S,-subgroup of D is
normal in D,

Proof. Case 1, D contains a S,-subgroup P of &. Let Q be a
S;-subgroup of D, let O, = QN 0, (D), let Q be a S,-subgroup of &
containing Q, let Be (L), and Q, = Cp,(®B). Then L, is of index
1or ¢ginQ,

Next, let & = 0,(®), and assume by way of contradiction that
fc P. By the preceding lemmas, & contains V(ccly(N); P) for every
e A& 4;(P). By the preceding lemma, no element of Qf centralizes
any element of & (p).

If & contains a non eyclic characteristic subgroup €, then every
subgroup of € of type (p, p) belongs to & (), and so Cgx(Q) is cyclic
for @ €L,. This implies that 7= _#;(,) is empty, and if Q, possesses
a subgroup of type (q,q), then »p =1 (modq). However, if 8 does
not contain any non cyclic characteristic abelian subgroup, then every
subgroup of & of type (p, p) which contains 2,(Z(f)) lies in F (P),
and we again conclude that & _4;(Q,) is empty, and if O, is non
cyclic, then p =1 (mod q).

Now L, = 0,,(D)/® admits a non trivial p-automorphism since
KRCP, so FZF4:(Q) is non empty, by Lemma 8.4 (ii) and » > q.
Hence, L, is non cyclic, being of index at most ¢ in Q,, and this
yields » =1 (mod ¢). We apply Lemma 8.8 and conclude that p =
14 g+ ¢ and L, is elementary of order ¢®. This implies that any
two subgroups of Q, of the same order are conjugate in ©. Since
at least one subgroup of L, of order ¢q centralizes B, every subgroup
of Q, of order g centralizes some element of Z/(g). Since at least
one subgroup of L, of order ¢ centralizes some element of & (P),
every subgroup of Q, of order ¢ centralizes some element of & (p).
This conflicts with Lemma 19.11.

Case 2. D does not contain a S,-subgroup of ®. Among all D
which satisfy the hypotheses but not the conclusion of this lemma,
choose D so that | DN 2(A)| is a maximum, where A ranges over all
elements of 7. 4;(p), and with this restriction, maximize |D|,.

Let ®, be a S,-subgroup of D, and let P be a S,-subgroup of &
containing D,,
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First, assume D, centralizes 0,(®). In this case, 0,(D) is a S,-
subgroup of 0, ,(®). By maximality of |D|,, D, is a S,-subgroup of
N(0,(D)). This implies that D, contains every element of .2z #;(P).
To see this, let A e A& +;(P), and let A, =AND,. Since 0,(D) is
a S,-subgroup of 0, (D), it follows that AN D, & 0,(D). If A, were
a proper subgroup of U, then ¥, would be a proper subgroup of
Nyg,(0:(D)). Since this is not possible, we have A = A,. But now,
Vicelg(); D) < D, and by maximality of |D|,, D, = P follows, and
we are in the preceding case,

We can now assume that D, does not centralize 0,(®). Suppose
D, contains some element B of F (p). By Lemma 19.10, B centralizes
0,(D). Since D, does not centralize 0,(D), |0,(D)]| > ¢, and so Lemma
19.11 is violated in C(Q), Q being a suitable element of 0,(D). Thus,
we can suppose that ®, does not contain any element of & (p). In
particular, ® N 2,(A) is of order 1 or p for all A e A= _+;(p). Let
Bez(P), and D, = Cp,(B). Since S&_.4;(D) is non empty by
hypothesis, D, is non cyelic. Let € be a subgroup of ®, of type
(p, p). Since BL D, (€, B> is elementary of order at least p*. If
¢ does not centralize 0,(D), then there is an element E in &* such
that € does not centralize C(E) N 0,(D). But in this case, a S,
subgroup of C(E) is larger than ® in our ordering since B & C(F),
C(E) possesses an elementary subgroup of order 7% and a S,-subgroup
of a S,,.-subgroup ¥ of C(¥) is not normal in . This conflict forces
every subgroup of D, of type (p, p) to centralize 0,(D). Thus, 2,(D,) =
D* centralizes 0,(D), since D* is generated by its subgroups of type
(p, ). However, we now have N(D*)2<(D,B,0,D)> and a S,,
subgroup ¥, of N(D*) is larger than D in our ordering, possesses an
elementary subgroup of order »°, and has the additional property that
its S,-subgroups are not normal in %,. This conflict completes the
proof of this lemma.

Lemma 19.12 gives us a fairly good idea of the structure of the
p, g-subgroups of &. The remaining analysis is still somewhat detailed,
but the moves are more obvious.

For the remainder of this section, ¥ denotes a S,-subgroup of &,
£ a S,subgroup of N(P), and Da S,-subgroup of & which contains Q.

LEMMA 19.13. S4&° 45(RQ) i8 non empty.

Proof. We apply Hypothesis 19.2 (ii) and let © be a maximal
p, g-subgroup of & which contains elementary subgroups of order p*
and ¢°. By Lemma 19.12, D, 4 D, D, being a S,-subgroup of D,
Since D is a maximal p, g-subgroup of &, D, is a S,-subgroup of &,
80 D, = P and the lemma follows.
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We now choose B in Z/(Q) and set Q, = C,(B).

LEmMmA 19.14.

(i) A& 1) 18 empty.

(ii) Q contains 2(Z(D)).

(iii) =1 (modq).

(iv) LF contains an element Y which centralizes an element of
Z (B), and has the additional property that Cy(Y) contains an
elementary subgroup of order ¢°.

(v) If XeQt and X centralizes an element of # (P), then X
does not centralize any element of 2 (), and C(X ) does not contain
an elementary subgroup of order ¢'.

Proof. Let & be an elementary subgroup of Q of order ¢° and
choose & in L, if possible. If P possesses a non cyclic characteristic
abelian subgroup €, then some element of & has a non cyclic fixed
point set on €. Since every subgroup of € of type (p, p) lies in
Z (P), (iv) is established in this case.

If every characteristic abelian subgroup of P is cyclic, then some
non cyclic subgroup &, of & centralizes Z(P). Since any non cyeclic
subgroup of P which contains 2,(Z(PB)) is normal in P, by 3.5, some
element of @, centralizes an element of & (), so (iv) is proved.

If € €9, then Lemma 19.11 is violated in C(E), E € %, E central-
izing an element of # (PB). Hence, (i) is proved.

On the other hand, S#%&_#:(Q) is non empty, so L, possesses a
subgroup &, of type (¢,¢9). If p #1 (modgq), then some element of
. is seen to centralize an element of & (P). Since this is forbidden
by Lemma 19.11, (iii) follows.

We now turn attention to (v). In view of Lemma 19.11, we only
need to show that if X in Q* centralizes an element of . (*B), then
C(X) does not contain an elementary subgroup of order ¢'.

Let A be an element of .# (P) centralized by X, let  be a S, ,-
subgroup of C(X) and let & be a maximal p, g-subgroup of & containing
9. By D,,in C(X), A, =A< H S &, for some G in C(X). Suppose
by way of contradiction that C(X) contains an elementary subgroup
of order ¢'. By D,, in C(X),  contains an elementary subgroup of
order ¢'; thus, & contains such a subgroup.

We first show that a S,-subgroup of & is not normal in & Suppose
false. In this case, since & is a maximal p, ¢-subgroup of @, a S,-
subgroup of & is conjugate to %, and so & is conjugate to PQ.
However, (i) implies that Q) does not contain an elementary subgroup
of order ¢*, since |Q:Q,| =g, so & does not contain one either,

We now apply Lemma 19.12 and conclude that £ does not possess
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an elementary subgroup of order p°. It follows directly from Lemma
8.13 that £ has p-length one. Let £, be a S,-subgroup of £ containing
A, and let B, = V(eelgx(W,); &;). By Lemma 19.10, B, centralizes O,(R).
Since £ has p-length one, B, < £. But then N(B,) = RN contains S,-
subgroups of larger order than |£,|, and N also contains &, contrary
to the assumption that & is a maximal p, g-subgroup of ®&. This
contradiction proves (v).

We now turn to (ii). Choose Y to satisfy (iv) and let € be an
elementary subgroup of Cy(Y) of order ¢°. If QI(Z(ﬁ)) = 0, were
not contained in &, then (€, 2,> would contain an elementary subgroup
of order ¢*, and (v) would be violated. This completes the proof of
this lemma.

We remark that Lemma 19.2 and Lemma 19.14 (ii) imply that
VA (ﬁ) is eyelic.

Theorem 19.1 can now be proved fairly easily. We again denote
by € an elementary subgroup of {2 of order ¢°, and we let Y be an
element of G* which centralizes an element of # (). Let &, = Cg(B).
Since 2, = QI(Z(:@)) centralizes B, 2, does not centralize any element
of Z7(P), by Lemma 19.2, and so does not centralize P. Thus, we
can find an element E in &! with the property that £; does not
centralize Cyp(E). Consider € = C(E). We see that € contains both
Y and B. Since Y does not centralize B, <Y, B> is a non abelian
group of order ¢°, with center 2,. Let £ be a S, ,subgroup of €
which contains (Y, B)>; since £ contains B, € does not contain an
elementary subgroup of order p°. Since £, is contained in the derived
group of <(Y,B), 2, is contained in ¥. We apply Lemma 8.13 and
conclude that ©Q, centralizes every chief p-factor of 2. It follows
that v*82; = (1) for suitably large =», and so 2, & 0,(2). But now
if © is any S, -subgroup of € which contains 2,, we have 2, S 0,(9),
by Lemma 7.5, and so [, Cs_B(E)] is both a p-group and ¢-group, so
is {1), contrary to construction. This completes the proof of Theorem
19.1.

COROLLARY 19.1. If p,qem,U7m, P+ q, and D ~ q, then either
PET, O QET,.

Proof. 1f & satisfies E),, then both p and ¢ are in m,. Other-
wise, Hypothesis 19.2 is violated and the corollary follows.

20. An E-theorem for 7;

Hypothesis 20.1 p,qem, p# ¢q, and p ~ q.
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THEOREM 20.1. Under Hypothesis 20.1, @ satisfies E, .

The proof of this theorem is by contradiction. The following

lemmas assume that Hypothesis 20.1 is satisfied but @ does not satisfy
E,,.

LemMmA 20.1. If B is a S,-subgroup of @ and Q is a S,-subgroup
of @, then either P normalizes but does not centralize some q-subgroup
of @, or X normalizes but does not centralize some p-subgroup of ®.

Proof. This lemma is an immediate consequence of Hypothesis
20.1, Theorem 19.1, and the assumption that & does not satisfy E,,.

We assume now that notation is chosen so that P, a S,-subgroup
of @, does not centralize £, a maximal element of U(P; q). Let L*
be a S,-subgroup of N(L;) permutable with P, and let Q be a S,-
subgroup of & containing Q*.

LEMMA 20.2. O,(PL*) # <.

Proof. Suppose false. Let U be an element of & #;(X). By
Lemma 7.9, we have U & 0,(PL*). We apply Lemma 17.4 and conclude
that N(Q,) S N(8), where 8= Z(8), 8 = V(cclx(¥); Q), and so &
satisfies E,,, contrary to assumption.

Let P, = 0,(%9*).

LEMMA 20.3. Q* i3 a S,-subgroup of every proper subgroup K
of ® which contains B,*.

Proof. Let ¥ be a S, -subgroup of & with Sylow system Q,, B,
where Q*S O, and B, S %P, and let F(T)=2T, x T,, where T, =0,(T),
T = O(X).

We first show that T, S PB,. Suppose by way of contradiction
that £, NP, T,. Since Q* and B, both normalize T, N P, and both
normalize ¥,, setting T¥ = N (T, N P,), we see that TIV*P, is a
group, and that Q*$P, normalizes T¥. Let T*/T, N P, be a chief factor
of TXQO*P, with T* = T¥. Since P, < PO*, it follows that P, central-
izes T*/T, NP, that is YT*P, £ T, N P,. In particular T* normalizes
B,. Now PQ* is a maximal p, g-subgroup of & by Lemma 7.3, so
LQ* is a S,-subgroup of N($3,). A second application of Lemma 7.3
yields that B, is a S,-subgroup of O0,.(N(P)). But B,T* is normalized
by Q*, so a third application of Lemma 7.8 yields B,2T* & 0,.(N(P))),
so $* = B, contrary to our choice of £*. Thus, ¥, & P..

We next show that £, & Q*. To do this, it suffices to show that
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B, centralizes T,, for if this is the case, then I, S C(PB) S N(B),
and so ¥,Q* is a g-subgroup of N($B,). Since Q* is a S,-subgroup of
N(B), T, < Q* follows.

To show that %3, centralizes ¥,, we first show that P, centralizes
Cq,(R4). By definition, Q* is a S,-subgroup of N(L,), and since
0*Cq, (D) is a g-subgroup of N(L,), we have Cq (Q) S Q*. Hence,
[Ce,(), BIES TN, BIJS T.NPB, =<1). Suppose that P, does
not centralize ¥, and that T, is a P,Q-invariant subgroup of <,
minimal subject to the condition 7%,P, # {1>. By minimality of T,,
we have T, =T, PB,.. Since I, is a g-group, 7T, T, and so
TEB, = {1). Since vO,P, = 1), we also have V'Q,BET, = (1)>. The
three subgroups lemma now yields v*P,%,Q0, = (1), s0 L, centralizes
YB3, = F,. By what we have already shown this implies that P,
centralizes ¥,. This conflict forces 7B,T, = .

We next show that O, & T,. To do this, consider C¢(¥,) = € T.
Since ¥, & P, we see that O, & €. On the other hand, Z(%P,) central-
izes both ¥, and I,, so Z(P,) & T,, by 3.3. Hence, € & Cx(Z(B)) S
C(Z(P) & N(Z(B)). Since L, = 0(PQ*), Lemma 7.5 implies that
£, £ 0,€) char € 4 &, and so Q, £ T,.

Consider finally C3(%,). Since Q, S T,, we have C¢(T,) & Cx() &
C(Q,) &S N(L,). Since P, =0,(PQ*), Lemma 7.5 implies that
P, S 0,(Co(T,)) char Cx(T) <L, and so P, S T,. Since we have
already shown that £, S P, we have T, =B, < %, and so Q* is a
S,-subgroup of ¥, as required.

To prove Theorem 20.1 recall that Q is a S,-subgroup of & con-
taining O*. Choose A in A& 45(2), and let A* = A N Q*. We first
show that A* CcA. Suppose by way of contradiction that A* = A,
Then 2 normalizes %B,. Lemma 7.3 and the previous lemma imply
that 9B, is a maximal element of U; »). By Corollary 17.1, N(%,)
contains a Ssubgroup of &, and ® satisfies E,,. Since we are
advancing by contradiction, we have U* C 2.

We next show that A* N, = {1). To do this, we observe that
WNY, AL, s0if AXNY, =LA, then A*NO,NZQ*)#=A>. In
this case, however, C(U* N O, N Z(V*)) contains P, and also contains
Q*¥A, contrary to the previous lemma. Thus, A* N Q, = A). Since
A* and Q, are both normal in QO*, we have YA*Q, = (1.

Let 2, = Ny(X*), so that A* A, S A, Observe that +AL* S
*NAC Y, and so O normalizes A,. Let B be any subgroup of A,
which contains 2* properly. Since [B, Q,%*] S UA*, we see that B
normalizes O,* = O, x A*. Since O* normalizes B, Q* also normal-
izes Cp,(B) = D, say. If D+ (1), then DN Z(V*) # {1). But then
the previous lemma is violated in C(® N Z(2*)). Hence, D = .
Since C(A) N Q,A* = A*, we have C(B) N QA* = A*.
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Since B normalizes L, x A*, B also normalizes (L, x A*) = Q.
Since B has no fixed points on ! by the above argument, L, is
abelian. But now Q,2* and B are normal abelian subgroups of {Q,, B),
so (&, B) is of class two, so is regular. It follows that if Be®,
Q€ Q,, then [B Q] = [B,Q] =[B,Q]°. But B is an arbitrary subgroup
of A, which contains A* properly, so we can choose B such that
JY(B) € A*. For such a B, the element B centralizes JY(L,). It now
follows that Q, is elementary.

We take a different approach for an instant. P does not centralize
the elementary abelian group Q,, and N(X;) has no normal subgroup
of index p, by Lemma 17.3. It follows that Q, is not of order gq.

Returning to the groups 2* and B, since B has no fixed points
on Q, if Be®B, Be¢U*, then the mapping ¢5:Q, — A* defined by
$5(Q) = [B,Q], @ in Q,, is an isomorphism of {, onto a subgroup of
A*. Hence, A* is not cyelic.

From the definition of 2A*, we see that A* contains Z(Q). We
wish to show that 2* contains an element of 2/(Q). This is immediate
if Z(Q) is non cyeclic, so suppose Z(Q) is cyclic. If 2* does not
contain any element of (X)), then the element B above can be taken
to lie in some element of /(). However, [Q, Blc 2(Z(L)), so ¢4
could not map L, onto a subgroup of order exceeding ¢g. We conclude
that 2A* containg Z(X) and also some element of Z/(Q).

We will now show that for each element Z of Z(Q)%, we can find
a p-subgroup H(Z) in U(X; p) which is not centralized by Z. Namely,
A* is faithfully represented on P, since A*N Y, =) and A* is a
normal abelian subgroup of Q*. We first consider the case in which
Z(2) is non cyclic. Let & be a subgroup of Z(Q) of type (g, ¢) which
has non trivial intersection with (Z, that is let € contain 3, = 2,({Z)).
Since 3, acts non trivially on P, B, acts non trivially on Cg(E) for
suitable F in ¢*. Let € = C(F), and let R be a S,-subgroup of €
permutable with Q. It is easy to see that B, does not centralize
0,(QR) € U, p).

If Z(Q) is cyclic, we use the fact that 2* contains an element
U of Z7(Q). We can find an element U in ¥ such that 8, = 2,(Z(Q))
does not centralize Cg(U). Let € = C(U). By (B), it follows that
1 S 0, (€), and so [3,, C3,(U)] S 0,(€). Thus, € contains an element
of U(; p) which 3, does not centralize.

It now follows from Theorem 17.1 and the preceding argument
that if 9 is a maximal element of M(Q; p), then Z(Q) is faithfully
represented on ?1~3 If Sﬁ is a S,-subgroup of N (‘:ﬁ) permutable with
L, then Lemma 20.2 is violated with » and ¢ interchanged. This
completes the proof of Theorem 20.1.
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21. A C*-theorem for @y, and a C-theorem for T,

It is convenient to introduce another proposition which is “between’”
C, and D,

C*: % satisfies C., and if ¥ is a m-subgroup of X with the
property that |¥ |, = |%|, for at least one prime » in «, then T is
contained in a S,-subgroup of %.

THEOREM 21.1 If p,qem, and p ~ q, then © satisfies CrX,

Proof. We can suppose p #+ q. We first show that & satisfies
C,.. By Theorem 20.1, ® satisfies E,,. Let $ be a S, ,-subgroup
of ® with Sylow system %3, £, where P is a S,-subgroup of &. We
assume notation is chosen so that || > |Q|. Then 0,9) = ) by
Lemma 5.2. Lemma 7.3 implies that 0,(9) is a maximal element of
HUEL; p). If O, is another S, ,-subgroup of & containing L, then 0,(D.)
is also a maximal element of U(Q); p). From Section 17 we conclude
that 0,(9) = G™'0,(D)G for suitable G in &. Hence, GD,.G* and
both normalize 0,() so are conjugate in N(0,(D)).

Turning to CJ},, we drop the hypothesis || > |Q|, and let &
be a maximal p, g-subgroup of & containing 5. Let D be a S, ,-subgroup
of & containing PB.

First, assume that 0,(%) # 1. In this case, 0,%) is a maximal
element of U(PB; q). If 0,(9D) # 1, then 0,(D) is also a maximal element.
of U(PB; ¢). Thus, Theorem 17.1 yields that $ is conjugate to T.
(Here, as elsewhere, we are using the fact that every maximal element.
of U(B; ¢) is also a maximal element of U(; ¢) for all A in A& 15(B).)
Thus, suppose O,(9) = 1. In this case, if A e A= 4;(P), then B D,
B = V(celx(N); PB), by Lemma 17.5, so |G|, = | N(B):C(B)|,. But
N(O,(%)) dominates B, 80 | N(0«(X)) |, > |@|,, which is absurd.

We can now suppose that 0(%) = 1. We apply Lemma 17.5 and
conclude that B q &, where B = V(ccly(A); B), and Ae S5 7:(D).
Let Q, be a S,-subgroup of . Since T is a maximal p, g-subgroup
of ®, L, is a S,-subgroup of N(J).

Let  be a S, -subgroup of & containing P and let Q be a S,-
subgroup of . Let Q,=0,(9). If {, =), then $ S N(B), by
Lemma 17.5, and we are donme. Otherwise, $ = Q,Ng(B), again by
Lemma 17.5, and we assume without loss of generality that Ny(B) & T.

Assume that Ng(B) N, # {1). Then in particular, TN L, # {1,
contrary to Oy(%) = {1>. Hence, Ng(B) N L, = <.

We will now show directly that Ng(B) =T. Since Ny(B) S X,
it suffices to show that | Ng(B)l, = |T[;. Now N(L,) = 0,(N(L)-
(N(2,) N N(B)), by Lemma 17.1, and since Ng(B) N L, = {1), it follows
easily that | Np(®B) |, = | N(Q,) N N(B) |..
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Let %, = N(Z(B)). By Lemma 17.3 we have %,=0,.(R,)-(NQ) NN)).
Let M = N(Q,) NN,. Since M contains P, 0,(M) = 0,.(N) N M. By
Lemma 17.5, we now have It = (0,.(%,) N M) - (N(B) N M), which yields
N, = 0,,N) - (N(Q) N N(B)). Now R, contains £ and TN O, N) =
<1), since O,(%) =<1). Thus, Q, is mapped isomorphically into
R,/0,.(N) = (N(R) N N(B))/(0,(R) N N(Q) N N(B)), and it follows
that | N(Q) N N(B)|, = |Q,| = |Z],, as required.

Since Ny(®) = T, it follows that T S 9, proving the theorem.

THEOREM 21.2. Let o be a subset of m,. Assume that ® satisfies
E,, for all p, q in 6. Then & satisfies C,.

Proof. By the preceding theorem, we can assume that o contains
at least three elements. By induction on |o|, we assume that &
satisfies C, for every proper subset 7 of o.

Let 0 ={p, -+, 0.}, n =38, and let 6, =0 — p;, 0;; =0 — D, — p;,
1=<1,j=n,1#J. Let & be a S, -subgroupof ®, 1 << <n. Then
the S, ’-subgroups of &; are conjugate to the S, -subgroups of &;.

For ¢ # j, let m;; =|0,(8;)|. Note that by C., m,;; depends
only on 7 and j and not on the particular S, ,subgroup of @& we choose.

Fix 4,5,k i # j# k # 1, let P; be a S,-subgroup of ®, let S}
be a S.,,-subgroup of @ containing PB; and &; be a S, -subgroup of
® containing 9PB;, chosen so that S NSy is a S,j'h-subgroup of &
which is possible by C,M, C,j and C,,.

Let B;; = 0,(87), B = 0,(S}). Suppose that B;; N By = <.
‘With this assumption, we will show that m,; < m;.. We can assume
that 1 =1, =2, k=38, that B, N P,; =), and try to show that
Mz = My,

Let B, R, R;, -+, R, be a Sylow system for S} NS}, and let
By, Ry, -+, R, and B, R, R, -+, R, be Sylow systems for S} and S}
respectively. Here R; is a S, -subgroup of @, 2 =2, .-, n.

Since %, is the S, -subgroup of F(&}), the condition P, N B =<1
says that P, is faithfully represented as automorphisms of F(&}). Now

FE&)=F&)NP X FEHNR, x F&S)NR, x --- X FS&S)NR,,

where P, = F(S)NP,.. Since P, and P, are disjoint normal subgroups
of B, P, centralizes P,;. If 4 < s < n, then {P,, FSHNR)> =9,
is clearly contained in &} N &} and so P, and F(SF) N R, are disjoint
normal subgroups of 9,, and so commute elementwise. But P, is
faithfully represented as automorphisms of F(&}), so is faithfully
represented as automorphisms of F(&}) N R,. It follows from Lemma
5.2 that m,; < m,..

Returning to the general situation, if 0,(S;) N 0,,(8:) = <1),
whenever 1 #j#+k +1, and &, NS, is a S,,_k-subgroup of @, then



872 SOLVABILITY OF GROUPS OF ODD ORDER

m;; < m;.. Permuting 1, 7, k cyclically, we would have m;; S m; =
my; < m;;. The integers m,;, mj,, m,; being pairwise relatively prime,
we would find m;; =1 for all 2+ 5. This is not possible since a
S.,-subgroup of & is solvable.

Returning to the groups &F and &}, we suppose without loss of
generality that P, N P = Dz +# A).  Since Dy & P I S5, Dy
commutes elementwise with 0,,(&}). Similarly, D,,, commutes element-
wise with 0,,(&}). Hence <{B,, 0,(&}), 0,/(})> = & is a proper sub-
group of @ normalizing ®,;,. By Lemma 7.5, both 0,,(57) and 0,,(S7)
are S-subgroups of 0,(%); in particular, £ has a normal p,-complement.
Since € has a normal p,-complement, we can find an element C in Cg(P)
such that 0,(&}) is permutable with C~'0,(S})C. For such an
element C, let M = €0,,(S}), C~'0,,(&})C>.

We will now show directly that for each ¢ in o, N(I) contains
a S,-subgroup of &. This is trivially true if M = (1), so suppose
that MM = 1), Let W, ---, M, be a Sylow system for IM which is
normalized by P, where I, is an S, -subgroup of M, 1 =2, ---, n.
We remark that by C,,, each IR; is a maximal element of U(P,; p,).

Let || = p¢ and let ||, = p/*. By Lemma 17.5 and C;;,, we
see that p/~* =|N(B):C(B)|,, where B = Viccly(A); P), B=P,,
and A € FELA5(P).

Let R, = N(Z(B)). Let € be a coset of 0,.(N) in N,. Then €
contains an element N of N(B) by Lemma 17.5. Hence, T¥ ' = MY,
1 =2,+--,m where C,,---,C, all lie in C(N). Let & = P, W|,,- --,M,,
C, ---,C,). Since Dy N Z(P,) # 1, and since ! centralizes D,,;;NZ(PY),
we have 8C®. Let & = 0,(8) (p = p,) so that 8P = & by Lemmas
7.3 and 7.4. Hence, £ contains both M and M*’, and since B
normalizes M, A normalizes both M and M* ™. By C;,,i =2, -+, n,
I is a S-subgroup of €. By the conjugacy of Sylow systems in AL,
there is an element C in A such that A° = A, M = M*™", Since
{A has a normal p-complement, CeCN) & 0,(N), so € contains
CNe N(I?).

Thus, if T =N, N N(IM), we have N, = 0,(N,)T. Since P < T,
we have 0,(%) = T N 0,(N,). Hence T = 0,.(T)Ng(B) by Lemma 17.5,
so that %, = 0,(N)Ng(B). Thus Ny (B) maps onto N(B)/C(T). Since
Nz(B)NWM centralizes B, it follows that |[T:T NM|,, = pli™%,
t=2,.--,n. Hence |TM|, = |G|, as required.

If now M = (1), then N(M) G and so © satisfies E,.

We now treat the possibility that IR =<1>. In this case, both
F(P}) and F(P}) are p-groups. By (B), both groups contain A. By
Lemma 17.4, both 3} and P* are contained in N(Z(B)), so once again
® satisfies E..

It remains to prove C,, given E, and C. for every proper subset
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7 of o.

Let © and , be two S,-subgroups of & with Sylow systems
By, o+, Bo and L, ---, Q, respectively, PB; and L; being S, -subgroups
of @ 1=i=sn.

If F(9) and F(9,) are p,-groups, we apply Lemma 17.4 and conclude
that  and 9, are conjugate in N(Z(B)), where B = V(cclx(A); By,
Ne A% 4,(PB) and we have normalized by taking P, = Q..

If F(9) is a pi-group, then C, , for i =2, ---, n imply that F()
is a p,-group. Thus, we can assume that neither F($) nor F(D,) is
a p-group for any prime p.

Let m; = |0,(9) |, mi=|0,(9) |, 1 =1 =n. For each i, we can
choose G; in @ so that QH =P;, 1 <7<n, 1+ 5. Let & = 9F,
t=1, -+, m, so that DN R; contains a S, -subgroup of .

Suppose 0, (f) N 0, (D) = 1) for some 3, j, i # j. Then 0, (8
is faithfully represented on F(9), since 0,,(R;) S . But in this case,
0,,(8;) centralizes 0, (D) and also centralizes 0,,(9) for k + . Hence,
0, ,(R.-) is faithfully represented on 0,,(9), and so m; < m; by Lemma
5.2. For the same reasons, m; < m;, since 0, (9) is faithfully repre-
sented on F(R,). If forall 4,5, 1<4,j<m,i#J, 0,(R)N 0,9 =
{1, we find m; < m; < m), and so m; = m,; = 1. This is not possible
since  and 9, are solvable.

Hence, we assume without loss of generality that 9, =
0,,(8,) N 0,(9) # {1>. We will now show that 0,(R,) is conjugate to
0,(9). To see this, we first apply Lemma 7.4 and C,,,, to conclude
that 0,(8R,) and 0,(9) have the same order. Since D, centralizes
both 0,,(R,) and 0,,(9), it follows that £ = (P, 0,/(R,), 0,()) < S.
By Lemma 7.4, it follows that <0,/(&,), 0,;(9)) & 0,,(2). By Theorem
17.1 and Cj,,, 0,(®,) and 0,(D) are S-subgroups of 0,,(¥), so are
conjugate in ¥, being of the same order. Since O’i(@ # <1, C,
follows immediately.

22. Linking Theorems

One of the purposes of this section is to clarify the relationship
between 7, and =,.

Hypothesis 22.1.
(i) pem, gen(@®).
(i) A S,-subgroup P of & does not centralize every element of

U(®; o).

THEOREM 22.1. Under Hypothesis 22.1, #f Q, is a maximal
element of U(B; q) and Q is an element of X, of order q, then Cqp(Q)
contains an elementary subgroup of order ¢*. In particular, gem,Ux,.
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Proof. Choose € char Q, in accordance with Lemma 8.2, and set
€, = 2(€). From 3.6 and Lemma 8.2, it follows that ‘) does not
centralize €,. Since cl(€) < 2, €, is of exponent q.

Since N(€,) 2 N(Q,), Lemma 17.3 implies that 0?(N(€,)) = N(€,).
Since N(€,) has odd order, this in turn implies that €, is not generated
by two elements. Consider the chain #:€,2v€,Q,276¢,012 .--.
Since P does not centralize €,, P does not stabilize &, so we can
find an integer n and subgroups ,, A; such that EAMM S A &
A, & €, and such that B = A/A, is a chief factor of N(Q,) and
with the additional property that 9 does not centralize B. Since
N(Q) = 0°(N(Q,)), we also have N =0°%N), where N=
(NB) N NEQY)/(CE®B) N N(R,)). Since | N(Q,)| is odd it follows that
|B| = ¢*. Since YA, S U, it follows that |Cy (@) = ¢*. If Co(Q)
did not contain an elementary subgroup of order ¢° then we would
necessarily have @ € %, since 2, is of exponent ¢. Since |C,,(Q)| = ¢°,
the only possibility is that Cy,(Q) is the non abelian group of order
¢* and exponent ¢. But in this case Qe Cy (Q) S Z(€,), and Cy(Q)
contains an elementary subgroup of order ¢° since L, does, by Lemma
8.13, Lemma 8.1, and the equation N(Q,) = O°(N(Q)).

Hypothesis 22.2.

(i) B is a S,-subgroup of ® and pen,.

(ii) g, ren,Un,; B does not centralize every element of U(B; q)
and P does not centralize every element of VU(P; 7).

THEOREM 22.2. Under Hypothesis 22.2, q ~ r.

The proof of this theorem is by contradiction. The following
lemmas assume that g +~ 7.

Since Hypothesis 22.2 is symmetric in ¢ and r we can assume
that ¢ > r, thereby destroying the symmetry.

Let A e & 45(P). Let Q,, R, be maximal elements in U(P; g),
U(B; r) respectively.

LEMMmA 22.1. If © is an UA-invariant q, r-subgroup of ®, and
if a S,~subgroup 9, of O 1s non cyclic, then 9, < 9.

Proof. Let O, be a S,-subgroup of © normalized by . Since
q + r, either FEA;(D,) or FE NP, is empty. If FZ A5,
is empty, application of Lemma 8.5 to  yields this lemma.

Suppose Z.A4:(D,) is non empty. Then FZ 44D, is empty,
so  has g¢-length one. Thus, it suffices to show that 9, centralizes
0,(9). We suppose without loss of generality that 2 normalizes 9,.
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Then by Corollary 17.2 9, is contained in a conjugate of Q,, so C(H)
possesses an elementary subgroup of order ¢* for H in ©,, H of order
g, by Theorem 22.1. We will show that 2,(9,) centralizes 0,(9). Since
9, is assumed non cyclie, 2,(9,) is generated by its subgroups & which
are elementary of order ¢? so it suffices to show that each such €
centralizes 0,(9). If & does not centralize 0,.(9), then €& does not
centralize 0.(9) N C(E) for suitable E in &, By Lemma 8.4,
FZA5(0,(9) N C(E)) is non empty for such an E, so g + r is violated
in C(E).

Since 2,(9,) centralizes 0,.9), it follows that .F&.7; (0(D)) is
empty, since ¢ + r. Hence, 9, centralizes 0,(9) by Lemma 8.4, as
required.

We define .9 as the set of ¢, r-subgroups of U(A) which have
the additional property that no S,- or S,-subgroup is centralized by %,

LEMMA 22.2. ¥ 18 non empty.

Proof. Suppose that vYOQ,A = (1). If we also had YRA =<1),
then ¢ + r would be violated in C(X). Hence, YR,A # {1>, and we
can find R, S R,, R, = 1), such that R, = YRA and such that A, =
Cy(R,) = <1). Consider C(YU,) 2<A, Q, N> =2. By Lemma 17.6,
A 20, (2 and it follows readily that £ possesses a normal comple-
ment 9, to A. We can then find C in Cy(A) such that = {0, R
is a ¢, r-group. By Lemma 22.1 and the fact that Q, is a maximal
element of A(Y; q), we have Q, < 9. But now R{ = N(L,) = O*(N(L)).
Since ¢ ~ r, if &, is a S,-subgroup of N(L,), then F& 4:(S,) is
empty. By Lemma 8.13 N(Q,) centralizes every chief r-factor of
N(Q). It follows that 2 centralizes R?, contrary to construction, so
we can assume that vQ,% # {1).

Suppose YR, A = (1). Since A possesses an elementary subgroup
of order p’, we can find A in A such that Cg(4) is non cyelic.
Consider C(4) 2 <¥, C3,(4), ®)>. By Lemma 17.6 we can assume that
$=<Co(A4),R)> is a gq,r-group. Then Lemma 22.1 implies that
S, < 9, &, being a S,-subgroup of $. Enlarge  to £, a maximal
A-invariant gq, r-subgroup with Sylow system &, R,. Lemma 17.6,
Lemma 22.1 and maximality of & imply that &, is a maximal element
of U(Y; q), contrary to g « 7.

We can now assume that vO,% # (1) and YR,A = {1.

Let 9, be an A-invariant subgroup of L, of minimal order subject
to 7O, U = {1). Let R, be an U-invariant subgroup of R, of minimal
order subject to YRUA # {1). Let A =ker(A—AutQ,), A =
ker (A — Aut R,). Since U acts irreducibly on Q,/D(LQ,) and on R,/D(R,),
it follows that A/, is eyelie, © = 1, 2. Since A e FZ 45(P), L, N A, =
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A, # (1). An -invariant S,,,-subgroup of <A, L, R,> & C(Y,) satisfies
the conditions defining %, by Lemma 17.6 and D,,, in <%, Q,, R).

Let & be a maximal element of 9%, with Sylow system &, &,,
chosen so that ¥ normalizes both &, and &,, & being a S,-subgroup
of &.

LEMMA 22.3. R, i8 cyclic and O(R) = {1).

Proof. Suppose R, is non cyclic. Then Lemma 22.1 yields &, < £.
The maximal nature of £, together with Lemma 17.6, imply that
&, is a maximal element of U(¥;q), so is conjugate to Q.

By Lemma 17.3, N(&,) = R = 0*(MN). Since g+ r, N(&,) does
not possess an elementary subgroup of order 7°. Now % = 0°(RN) and
Lemma 8.13 imply that v&,2% = (1), contrary to construction. Hence,
K, is cyclic.

If 0(8) + {1, then 2(0,(8)) = 2(®,) < 8 The maximal nature
of £ now conflicts with Lemma 17.6 and Theorem 22.1 proving this
lemma.

We choose C in C(A) so that £ < R,; since &’ is also a maximal
element of .2¢°, we assume without loss of generality that &, & HR,.

LEmMMA 224,

(i) &, is non abelian.

(ii) No non identity weakly closed subgroup of &, is contained
n 0(R).

(iii) O.(R) contains an element of 2/ (R), N being any S,-subgroup
of ® containing a S,-subgroup R* of N(R).

Proof. We first prove (ii). Suppose T # (1), T is weakly closed
in &, and TE 0,(8). Then T < &, so the maximal nature of &
together with Lemma 17.6 imply that &, = R,.

Since N(R,)) = O°(N(R,)), so also N(T) = 0°(N(T)). Since g+ r,
Lemma 8.13 implies YA, = <1, contrary to construction, proving (ii).

If & were abelian, then 0(R) =<1) and Lemma 1.2.3 of [21]
imply that 8, = 0,(8), in violation of (ii). This proves (i).

Suppose r € 7;. In this case, C¥, implies R* =R, and since R{=1),
it is clear that R, contains an element U of Z(R). Since K, =
N@O(®) N R, it follows that U N Z(R) =S K, andsoby (B), UNZR) &
0,(8). It now follows that 1 & &,, and so U & O,(R), again by (B).
Next, suppose that rex,. In this case, since R+ (1), R* contains
an element B of Z(R), R* being a S,-subgroup of N(R)). Since B
centralizes O,(PR*), by Lemma 19.1, we have B = R,. Since BES R,
BNZA)ES K, and so by (B), BNZR) = 0(R). It follows that
B < 0,(R). This proves (iii).
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To prove Theorem 22.2 we will now show that £, centralizes
Z(0.(R8)) = 8. Suppose by way of contradiction that this is not the
case. We can choose € € Z7(r) such that € = &, but € £ 0(R®). Since
&, is cyclic €, = € N 0,(R) is of order ». From (B), we then have
7 18E 7 # ).

If »r =5, we apply Lemma 16.2 and conclude that *3€* =<1,
contrary to the above statement. Hence r =8, and by Lemma 16.3
we have 7’36€* = @,; in particular, €, & 8. Now apply Lemma 16.3
again, this time with O,(&®) in the role of %, and conclude that
7'0,(R)E* = €,.

Let T = 70(!)8,. By Lemma 8.11, we have T =7IR,, and so
€, & 2(Z(T)). Hence by (B), &, acts trivially on T/2,(Z(X)), and this
implies that T = 2,(Z(%)), so that T is elementary.

The equality v’3€? = €, and (B) imply that an element of € — €,
induces an automorphism of ¥ with matrix J;. Since |®,| divides 3*—1,
we have |&,| = 13.

By definition of 2 we have /12 = | Aut®,]. Since »p # r = 3,
we have a contradiction, completing the proof that £, centralizes 3
in all cases.

Now Z(R,) centralizes 0,(R), so by maximality of £, we have
Z(R)SK, and (B) implies that Z(R)=Z(0,(8)). Hence, K& N(Z(R))=
R,. But RN, = 0°(R,) and since g + r, N, does not possess an elementary
subgroup of order ¢°. Lemma 8.18 implies that v& % = (1), contrary
to construction, completing the proof of Theorem 22.2.

For p in m, U, let 97 °(p) be the set of all subgroups T of &
of type (p, p) such that every element W of T centralizes an element
B of Z(p). We allow B to depend on W.

Hypothesis 22.3.
(i) pem, gen(@®).
(i) p~aq.

THEOREM 22.3. Under Hypothesis 22.8, if & is a p, g-subgroup
of ® and if & contains an element of %7 (p), then a S,-subgroup of
8 is normal in R.

Proof. Let .9 be the set of subgroups of & satisfying the
hypotheses but not the conclusion of this theorem and let .24 be the
subset of all ® in .5~ which contain at least one element of Z/(»).

We first show that .9 is empty. Suppose false and & in 9% is
chosen to maximize |®|,. Let &, be a S,-subgroup of &, and let
B = V(cely(B); K,) where Be 7 (p) and B & &,.

Since p + q, Hypothesis 22.1 does not hold. Hence, Hypothesis



878 SOLVABILITY OF GROUPS OF ODD ORDER

19.1 holds. Apply Lemma 19.1 and conclude that B centralizes O,(R).

Suppose &, is a S,-subgroup of &. Then &, centralizes O/(8R).
By Lemma 17.5 and Hypothesis 22.8 (i), if A e = +;(R],), and B, =
V(celg(N); &,), then B, = 0,,,(R). Since &, centralizes O(R), it follows
that B,S0,(8&), and so ¥, < K. By Lemma 17.2, N(Z(8,))=0°(N(Z(B,))).
Since p % q, N(Z(®B,)) does not possess an elementary subgroup of
order ¢°, so Lemma 8.13 implies that &, < &, contrary to the definition
of 24. Hence, in showing that .9 is empty, we can suppose that
£, is not a S,-subgroup of &.

Since ¥ centralizes 0(8), we have &, - 0,(8®) & N(B). Since B is
weakly closed in &, and £, is not a S,-subgroup of @&, &, is not a
S,-subgoup of N(L¥). Maximality of |&|, implies that £, < &, - 0,(R),
and so O,(8) is a S,-subgroup of O, ,(&).

Let L be a S,-subgroup of @ containing £,, and let A € 2= _4;(P).
Since O0,(Rf) is a S,-subgroup of O, .(R®), it follows from (B) that
AN K, = AN O,(R). By maximality of |&],, &, is a S,-subgroup of
N(O,(8)) and it follows readily that U & 0,(R). But in this case,
LB, = V(cclg(A); 8,) < &, by Lemma 17.5. Since &, is not a S,-subgroup
of ®, it is not a S,-subgroup of N(%,), and the maximality of &, is
violated in a S, ,-subgroup of N(B,). This contradiction shows that
27 is empty.

Now let & be in .27 with | 8 |, maximal. Let WS &,, W e 27 (p).
If YRO(R) # <1), then W does not centralize C(W) N O,(R) for suitable
W in B¢, But in this case a S, ,subgroup of C(W) contains an
element of Z/(p) and also contains non normal S,-subgroups, and 2%
is non empty. Since this is not the case, T centralizes O,(&), and
so W, = V(celx(W); &,) centralizes O,(K), W being an arbitrary element
of 97 (p) contained in &,. Since &, is not a S,-subgroup of @, it is
not a S,-subgroup of N(T,), so maximality of ||, implies that &,
centralizes O, (R). Hence, 0,(®) is a S,-subgroup of O, ,(®). Since
&R, is a S,-subgroup of N(0,(R)) in this case, Z(P) S 0,(R) for every
S,-subgroup P of @ which contains &,. It follows that &, contains
an element of 2/(p). This contradiction completes the proof of this
theorem.

If pen,Ur, we define m(p) to be the set of primes ¢ such that
p ~ q, and we set w(p) = w(p) N 7,.

THEOREM 22.4. If p,qem, and p ~ q, then m(p) = m(q).

Proof. We only need to show that if rem, and p~r, then r~q.
Apply Theorem 21.1, let & be a S, ,subgroup of & with Sylow
system P, Q, and let £ be a S,,-subgroup of @ with Sylow system

B, R.
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If Hypothesis 22.2 is satisfied, Theorem 22.2 applies and yields
this theorem. Hence, we suppose without loss of generality that P
centralizes O,(8).

Let e A& 45(P), B = Vicclg(A); B). Apply Lemma 17.5 and
conclude that B < K.

If P also centralizes 0,(2), then we also have B L, and g~ r
follows from consideration of N(¥). We can suppose that P does not
centralize 0,(2).

. Suppose we are able to show that N(0,(%)) contains a S,-subgroup

of C(P). Apply Lemma 17.3 and conclude that N(Z(B)) =R, =
0,(N) - N, NN, where N = N(0,(2)). Let Q, be a S,-subgroup of C(P)
which is contained in R. Since P centralizes 0,(R), it follows that
L, is a S,-subgroup of 0,.(RN,). Let N be a S,-subgroup of 0,.(N),
so that 0,(N) = NFQ,. Hence,

ml=oﬂ’(ml)'%lnm'——-mrgl'mlnm:mf.mlnm!

since Q, S R NN. Since N, contains a S,-subgroup of &, so does
NNRN. But N contains a S,-subgroup of & as well, and so q¢ ~ 7.

Thus, in proving this theorem, it suffices to show that N(0.(2))
contains a S-subgroup of C(%B).

We wish to show first that some element A of 2! centralizes a
subgroup W of 97 (r) with W & 0,(2). If DO()) = D is non cyelic,
then every subgroup of ® of type (r,r) is in 9#°(r) and since A
possesses an elementary subgroup of order »°, an element A is available.
Suppose then that D is cyclic. If D = (1), then of course P centralizes
D. If D+ A), then N(D) = 0*(N(D)) and once again P centralizes
D. It now follows that 2* contains an element A whose fixed-point
set on £2,(0,(¥))/2(D) is non cyclic, and this implies that C(A) N 0.(L)
contains an element of %77(r).

For such an element A, let  be a S, ,-subgroup of 0,(C(A4)) which
is A-invariant and contains O,(R). Then Lemma 17.5 implies that
contains an element of 97°(r). Apply Theorem 22.3 and conclude that
9, <49, O, being a S,-subgroup of . If D* is a maximal element
of U(Y; g, r) containing $, then Theorem 22.3 implies that D < H*,
¥ being a S,subgroup of $*. By maximality of ©*, O is a maximal
element of U(; r). Since  contains a maximal element of UX; q),
namely, O,(8), so does $*. It follows that N(0,(2)) contains a maximal
element Q* of U(PB*; ¢) where P* is a suitable S,-subgroup of N(0,(2)).
But B S N(0,(R)), and so P = P*¥ for some N in N(0(R)), and so
Q*Y =, is a maximal element of WU(B; ¢) normalizing 0,(8¥). By
Lemma 17.4, Q, is a maximal element of U(¥; q).

Now P centralizes O,(f), and O(&) is a maximal element of U(B; g).
It follows that N(O(R))/C(0(R)) is a p'-group. Since L, and O,(R)
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are conjugate by Theorem 17.1, it follows that N(Q,)/C(Q,) is a p'-
group, and so P centralizes Q,. By C;,, it follows that O, is a S,-
subgroup of C(*B), completing the proof of this theorem.

THEOREM 22.5. If pem,, then @ satisfies C. ).

Proof. By Theorem 22.4, if q, r € m,(p), then ¢ ~ r. By Theorem
20.1, ® satisfies E,, for g, r € m(p). By Theorem 21.2, ® satisfies C,,).

Hypothesis 22.4. .

(i) pem, genmUm,

(i) If P 8 a S,-subgroup of ®, then P contains a normal
subgroup € of type (p, ) which centralizes at least one maximal
element of U(B; 9).

LEMMA 22.5. Under Hypothesis 22.4, € centralizes every element
of U(E; g).

Proof. Suppose false and O is an element of WU(E; ¢) minimal
with respect to YQE€ # {1>. Then Q = YQE€ and &, = Cx(Q) # .
Let © = C(€,). Then © contains an element U of & _+;(P) with
G <= UA. By Lemma 17.5, A = 0,. (D), and so & = vQF is contained
in 0,(9). If L* is an W-invariant S,-subgroup of 0,.(9), it follows
readily that vQ*€ = 1>. If L is a maximal element of WU(¥;q)
containing O*, then & does not centralize L. Let 9, be a maximal
element of U(P; q) centralizing €. Since L, is also a maximal element
of U(¥; q), we have Q, = Q7 for suitable C in C(¥) S C(E). Since G
does not centralize fl, @ = € does not centralize L,. This contradiction
completes the proof of this lemma.

The next theorem is fairly delicate and brings z, into play ex-
plicitly for the first time.

Hypothesis 22.5.
(i) pem, gem,.
(i) p~q.

THEOREM 22.6. Under Hypothesis 22.5, if P is8 a S, -subgroup
of @ and Q, is a maximal element of WU(P;q), then Q, + 1). If
Q, 18 a S,-subgroup of N(LQ,) permutable with P and O, i3 a S,-
subgroup of @ containing L, then L, contains every element of
FEN (). Furthermore, 0,(PL,) = 1.

Proof. By Theorem 19.1, P does not centralize £, so in particular
2, # {O.
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Suppose that L, contains an element B of #%(1,). By Lemma
19.1, B centralizes 0,(PLY,) and since B is a normal abelian subgroup
of Q, (B) implies that B 0,(PLY,). Let A be an element of
GEN5(L,) containing B, Let D = N(B) 2 {5, 0,(PL,)). Since
q e, 0,9 =<1), and (B) implies that A S 0,(9). Hence,
[ N Qy, 0,(BL)] S 0((D) N O,(PL) = 1), and by (B), AND, &
0, (BLY,;), and s0 AN, S O0,(PY,), that is, AN, =ANQ,. If
ANLY, U, then AN Y, < Ny(Q,), contrary to Ny(Q) S ANQ, =
ANLY,. Hence, A S N,. Since gem, Corollary 17.3 implies that
W(A; p) is trivial, so 0,(PY,) = 1). By Lemma 7.9, it follows that
L, contains every element of %% _#"(X;), and not merely . This
proves the theorem in this case,

We can now assume that Q, does not contain any element of
Z(2;), and try to derive a contradiction.

Since Q, is a S;subgroup of the normalizer of every non identity
normal subgroup of P, if D)) # (1), then N (D(Q,)) contains an
-element of Z/(XQ;), and since Np (D(Q,)) = L, in this case, L, contains
an element of Z/(Q;), contrary to assumption. Hence, D(Q,) = <1).

Let OF = 0, (BL) N Q,. Since [QF, Q)] = [0, (PL), 1] < B,
and since every element of Z/(Q;) normalizes [QF, L,], we conclude
that Q, € Z(Q}). Since D(QF) N LY, is normalized by every element
of ZZ(Q) and also by <0,(BL,), PL, N N(QF)) = P, we have
DR NQ, =<1)>. This implies that Qf = Q, x § for a suitable
subgroup § of Q.

Since Z(T,) S Q,, we have Z(Q,;) S QF, by (B). Since Q, contains
no element of Z7(L,), Z(L),) is cyclic. For the same reason, Z(Q,) N1, =
<1), since otherwise, 2,(Z(L;)) & L, and every element of Z/(Q;)
normalizes £,. In particular, Q, is a proper subgroup of Q. This
implies that 0,(BL,) # {1D>. More exactly, Q, = Cp*(0,(PLY)).

Let Be 2/(Q,) and let O, = Cp (B), so that [D,: Q| = q.

Suppose 0,(PL,) is non cyelic. In this case, a basic property of
p-groups implies that 0,(PL,) contains a subgroup € of type (v, »)
which is normal in B. Since L, is a maximal element of W(P; q),
Hypothesis 22.4 is satisfied. Since £, is of index ¢ in Q,, Theorem
22.1 implies that 9, + {1>. Hence, (B, > is a proper subgroup of
® centralizing Q,. Choose B, € ccly(B) and €, € cclk(®) so that £ =
<%, € is minimal. By D,, in R, it follows that & is a p, g-group.
By Lemma 19.1, B¢ centralizes 0,(®) and by Lemma 22.5, Gf centralizes
0,R). It follows that & = B, x €. Let R = N(B,. Since ger,, F(N)
is a g-group. By Lemma 22.5, &, centralizes F(N) so 3.3 is violated.
'This contradiction shows that O,(PL,) is cyelic.

Since Q, = Cp*(0,(PL)), it follows that F is cyclic of an order
dividing » — 1.
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Let B = 2,(0)) = O, X (), and let $, = Ngp (B). We see that
PO, = DI0,(PL), H; N 0,(PLy) = <1). Let M = N(B), M, = C(B). It
is clear that M, N PQ, = Q}, since WM, N 0,(PL,;) = (1), and since QF
is a S,-subgroup of O, ,(PL,).

Let 8 = 0,(Ptmod M,). We see that 8 N PQ, = QF, again since
L is a S,-subgroup of 0, ,(BV,). We observe that since QF contains
Z(2y), M contains every element of %/(Q;), and so contains B. By
Lemma 7.1, € contains B. Hence, 2 D> M,.

We next show that &/, = € is elementary. If D(®) # <1), then
by a baASic property of g-groups, C%(D(E)) is of ozA'der at least ¢
Hence, Q, = Ca(D(®) N Q, # (1)>. But in this case, X, is normalized
by <0,(BLQ,), D> = P, and is centralized by D (L mod IM,), and so
L, is not a S,-subgroup of N(Q,). This is not possible, so D(8) = (1.
We have in fact shown that if 8 < I, and M, C &, = &, then Cx(L)
is of order gq.

Since € is abelian, € normalizes [B, B] = 2(Z(Q,)). It follows
that Cx(®) = 2.(Z()).

Let 8, = (8%, M, and let B, = B¥, McM. Since B and B,
are conjugate in I, [B,B,] is of order ¢ and is centralized by ¥. It
follows that [B, B,] = 2,(Z(Q,)). Since { is abelian, and since BMW
covers /M, = &, it follows that [B, ] = 2(Z(Qy)). Let Q] = gq",
and |, : M, | = q™. Since each element of 2! determines a non trivial
homomorphism of LB/2,(Z(X,)) into 2(Z(L,)), it follows that m < n.
Since Cx(R) = 2(Z(Ly)), it also follows that m = n. Hence, m = n.
This implies that &, = &, since any g-element of Aut 8 which centralizes
€, is in &, by 3.10. Here we are invoking the well known fact that
L, is normal in a S,-subgroup O of Aut DB and is in fact in 2% 1" (Q).
(This appeal to the “enormous” group Aut B is somewhat curious.)

Returning to £, let B* be a S,-subgroup of £, and let T = 2,(B*).
Since O (B*) € Z(B*), and Z(B*) is cyclic, it is easy to see that
RQUZ(BW)) = 2(Z(L)), and that T/2(Z(W)) is abelian. Hence, BW is
an extra special group of order ¢**! and exponent gq.

We next show that 9, is a p’-group. Since M, S C(LQ,), it suffices
to show that no non identity p-element of N(XQ,) centralizes B. This
is clear by D,, in N(XQ,), together with the fact that no non identity
p-element of PLQ, centralizes B.

Since M, is a p'-group, so is L. Since L q M, we assume with-
out loss of generality that Ng(B) normalizes B*.

Let € € & 4:(B), and set €, =€n Ny(B). Since P =
0,(PQy,) - Np(B) and 0,(PLY,) is cyclic, €, is non cyclic. Since €, is
faithfully represented on B, it is faithfully represented on T& = Q,(B*).
Since p > ¢, €, centralizes 2,(Z(2W)).
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We can now choose C in €! so that €, does not centralize T, =
Cyx(C). Let B, =[B,E]. We will show that T, is non abelian.
To do this, we first show that T, is extra special. Let We %, —
2(Z@®)). Since C centralizes W, C normalizes Cgx(W). Since p > g,
C acts trivially on W/Cyx(W), and so C centralizes some element of
B~ Cx(W). It follows that Z(W,) = Z(W), so that W, is extra
special. We can now find B; & B, so that W, = W, and W, N B, &
Z(B); in fact, we take W, = Cy (BW,). By the argument just given,
B, is extra special. Since T, is, too, it follows that L, is extra special,
hence is non abelian.

For such an element C, let ¥ = C(C) 2 (€, W,>. By Lemma 17.5,
€ S 0,,,(T). Since W, =[W,, €,], by Lemma 8.11, it follows that
B, € 0,(%). It follows now that U(C; q) contains a non abelian group.
But now Theorem 17.1 implies that the maximal elements of U(C; q)
are non abelian. Since ), is a maximal element of U(C; q) and Q,
is elementary, we have a contradiction, completing the proof of this
theorem.

THEOREM 22.7. If p, qem, and p ~ g, then n(p) = n(q).

Proof. Suppose p ~r. By Theorem 22.4, we can suppose that
rem, Proceeding by way of contradiction, we can assume that a
S,subgroup Q of @ centralizes every element of U(Q; r), by Theorem
22.1. By Theorem 19.1, a S,-subgroup P of & does hot centralize
every element of U(P;r). Applying Theorem 22.2, we can suppose
that P centralizes every element of U(B; q).

Let Q, be a maximal element of U(PB; ¢) and let R, be a maximal
element of U(PB; r). Let R, be a S,-subgroup of N(R,) permutable with
P and let R, be a S,-subgroup of @ containing R,. Let A e .FZ_1;(P).
By Theorem 22.6, 0,(PR,) = 1), so A does not centralize R,. We
can then find A in A* such that R} = [Cy (4), A] # <.

Suppose L, is non cyclic. Then by C},, Q, contains an element
of 7(q). Let 9=CA 2R, Q> =2, and let & be an UA-
invariant S, ,-subgroup of 0,.(T) with Sylow system &,, Q,. By Theorem
22.3, ©, < ®. Since N(L,) = 0*(N(Q))), it follows that YAK, = 1>
by Lemma 8.11 and the fact that N(Q,) does not contain an elementary
subgroup of order »°. This violates the fact that R} = YR!U = {1,
by D,, in ©. Hence, Q, is cyclic.

Since YQ,P = 1D, B, = 0,(PLY,) # (1D, where Q, is a S,-subgroup
of ® permutable with ¢ and containing Q,, which exists by C}..
Since N(P) = O(N(P)), it follows that O, & Z(X,), L, being a S,-
subgroup of O,.(N(B)).

Let B = V(cclg(A); P), and N, = N(Z(B)). By Lemma 17.3, N, =
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0,MR) - N, N N®R). Since Q, is a S,subgroup of 0,(N), it follows
readily that %!, N N(R,) contains an element of 97 (¢). In particular,
N(R,) contains an element of %#7(q). If & is a S,,-subgroup of N(R)
with Sylow system g, &,, then £, < &, by Theorem 22.3. By Theorem
22.6, R, contains an element € of .%Z_+;(R,). By Corollary 17.3,
NE) is trivial. Since {,€WU(€), we have a contradiction, completing
the proof of this theorem.

23. Preliminary Results about the Maximal Subgroups of &

Hyopothesis 23.1.
(i) © 18 a non empty subset of w,.
(ii) For at least one p in w, w = n(p).

We remark that by Theorem 22.7, Hypothesis 23.1 (ii) is equivalent

(i) =n(p) = w for all p in w.

Under Hypothesis 23.1, Theorem 22.5 implies that & contains a
Sg-subgroup . Since D also satisfies E, for all subsets v, of w, $
is a proper subgroup of & by P. Hall’s characterization of solvable
groups [15]. This section is devoted to a study of $ and its normalizer
M = N(D). All results of this section assume that Hypothesis 238.1
holds. Let w ={p, -, 0.}, n =1, and let B, ---, B, be a Sylow
system for 9.

LEmMmA 23.1. M 18 a maximal subgroup of & and is the unique
maximal subgroup of @ containing 9.

Proof. Let £ be any proper subgroup of & containing . We
must show that & IR. Since & is solvable we assume without loss
of generality that £ is a w, ¢g-group for some g¢ w. Let B, ---, B,
£ be a Sylow system for & It suffices to show that P, 4 P.2.

Since q¢ w, p,#*q. Theorem 22.1 implies that P, centralizes
0,(PL). By Lemma 17.5, B < P, where B = Vicelx(A); B) and
Ne A& 4;(B). By Lemma 17.2, R, = N(Z(B)) = 0x(N). Since R,
does not contain an elementary subgroup of order ¢°, Lemma 8.13
implies that P, centralizes every g-factor of P, and so P, < PO,
completing the proof of this lemma.

LEMMA 23.2. If p; € n(F(D)), and UA; € & AN5(P.), then C(A)SMM.

Proof. We can assume that ¢+ =1. By Cj,; © contains a S, -
subgroup of C(A,) for each 7 =2, +--,n. Thus, it suffices to show
that if g¢ w, and Q is a S,-subgroup of C(¥,) permutable with P,
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then Q & IN.

By the preceding argument, P, < PB,Q. Since P, normalizes C(A,) =
A X D, D being a pl-group, it follows that PO = P, x Q.

Since F(9) NP, # (1D, it follows that M = N(F ()N P,), since
F(®) NP, char & <M and M is the unique maximal subgroup of &
containing . The lemma follows since N(F(O)NP) 2 CFO)NB) 2 Q.

LEMMA 233. Let 1<i<mn, and let W e = :(P), B;=
Vieelg(s); Bo). If CA) =M, then N(B;) S M.

Proof. We can assume that ¢ =1. If F(9) is a p-group, then
Lemma 17.5 implies that B, < $ and so B, < WM, since B, is weakly
closed in F(9) N P,.. In this case, N(B,) = M and we are done.

We can suppose that F(9) is not a p,-group, and so T = 0,.(9) +
{1>. Let g, ---, 2%, be a P-invariant Sylow system for L, where Z;
is a S,-subgroup of ¥ and we allow %;=<1>. By C},, T, is a
maximal element of U(P.; p;).

Let Ne N(B,). Then by Theorem 17.1, ¥ = X¢ where C,, -+, C,
are in C(W;) S M. Since T char D M, each TY¢ is contained in T
and so T¥ =T, Since T = 1), M = N(T) 2 N(B)), as required.

LEMMA 23.4. Let 1<i=n, A;e B A4:(B), B; = Vicclg(¥.); Bi).
If <CA,), N(B)> & I, then M is the unique maximal subgroup of
® containing P,.

Proof. We can assume that 1 =1. Let Q be a ¢-subgroup of
© permutable with P,. It suffices to show that Q & M.

Since Q = 0(PB,L) - N (B)), it suffices to show that O, = 0,(B,L) S
M. If Q is centralized by 9B, then by hypothesis O & M. Otherwise
we apply Theorem 22.1 and conclude that g€ w. By Theorem 17.1,
£ < 9 for suitable Ce C(¥,;) & M, and the lemma follows.

LEMMA 28.5. For each 1t =1, ---,m, if ;e P& A45(B.), then
C,) S M, and M is the unique mazimal subgroup of ® containing P;.

Proof. First, suppose p; € 7(F(9)). Then C¥;) & M, by Lemma
23.2. Then by Lemma 23.3, N(ZB,) S M, B; = V(celgy(A.); Bs), and then
by Lemma 23.4, this lemma follows. We can suppose that p; ¢ 7(F(9)).

We assume that ¢ =1. Let C(A) =%, X D, where D is a p}-group.
It suffices to show that for each ¢ in m(D), M contains a S,-subgroup
2 of D. If gew, this is the case by C};,,, 80 we can suppose that
qew.

Since p, & n(F(9)), A, does not centralize F($). If F(D) were cyclic,
and p = max {p, -, P.}, then a S,-subgroup of $ would be contained
in F(9) and so be cyclic. Since this is not the case, F(9) is non cyeclic,
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so we can assume that F(9) N P, is non cyelic. We can then find 4
in A so that C(4) N F(H) N P, contains an element of % (p,), say ..

Let 8* =D, B, A> S C(A), and let £ be a S, ,,-subgroup of
£* with Sylow system £,, %,,, &, where 2, S €, and Q S %,. Since
A, & 0,;,,(8*) by Lemma 17.5, it follows that A,0,,(8*)/0,(2*) is a
central factor of 2*. Hence, ¥, is a S, -subgroup of £* and so 8* =
A - Ovi(g*)-

We apply Theorem 22.83 and conclude that £, < 8. If $isa
maximal element of U(¥,; p,, ¢) containing &, -2, it follows that 8 ,< g,
where 8,,, is a maximal element of U; p.). By constructlon, ¢
contains X. By Theorem 17.1, there is an element C in C(¥,) such
that 82 = 0,(P,B,). Since O normalizes £, it follow that N(0,(B,%B,)
contains a S,-subgroup of C(A). But p.ex(F(D)), so by what is
already proved, we have N(0,,(B,%,)) & M, and so M contains C(U,).
We apply Lemmas 28.3 and 238.4 and complete the proof of this lemma.

24. Further Linking Theorems
LEMMA 24.1. If pern,qen,Ux, and q ~ p, then n(q) S n(p).

Proof. If ¢ = p, there is nothing to prove, so suppose ¢ # p.
Corollary 19.1 implies that genm,. Letr~gq,r #q,r +# p. We must
show that r ~ p.

If ren, and O is a S,-subgroup of &, then { does not centralize
every element of U(Q; p) and Q does not centralize every element of
U(Q; r). By Theorem 22.2, we have p ~ 7.

If rem,, then since also gem,, we have r ~ p, by Theorem 22.7.
This completes the proof of this lemma.

If pe ,and p, € 7(p), p, # », let 7(v)) = {p, By, * -+, P.}. By Theorem
22.7 and Lemma 24.1, #n(p;) = n(p;),1=<1%,5<n. It follows from
pem, that p;e€n, 1 <4 <n. By Theorem 22.5, ® satisfies C,,,. Let
9 be a S, ,,-subgroup of @. Clearly, © C @ since p ¢ my(p)).

It is easy to see that F(P) is non cyclic. Choose © so that the
S,,-subgroup of F(9) is non eyclic. Let %P, «--, P, be a Sylow system
for ©, P; being a S, -subgroup of . Thus, P, N F(P) is non cyelie,
so that T; N F(9) contains a subgroup B of type (p, ») which is normal
in PB;. Let A be an element of % #;(P;) which contains B. Let
Bo be a maximal element of U(; p). By Lemma 24.1 and Theorem
22,6, Py =), Let CA) =A X D, D being a p.-group.

THEOREM 24.1. <%y, 0,(9), D) is a pi-group.

Proof. Let & be the set of U-invariant subgroups $B, of B, such



24. FURTHER LINKING THEOREMS 887

that <Ry, 0,,(9), D> G. Since <0,(9), DPSC(PB), it follows that
e A

Suppose P,e #, and T = <’1~3o. 0,,(9), ). Since A normalizes
T, AITD=UAT=2cS. By Lemma 17.6, ASO0,,,(2).

Let oA be the image of %A under the projection of 0;;,(%) onto
0, ,,(8)/0, (2) Since % = A, we see that ¥ is a self centralizing sub-
group of O,, ,,‘(8)/0,, (), and it follows readily that 0,..,(8)]0,,(8) is
centralized by SB,,, 0,(9) and D. By Lemma 1.2.3 of [21], we have
<%, 0 »(D), DS 0,(2) and hence T = 0,(®) is a pi-group.

Let T, -+, Z,, be an W-invariant Sylow system of T, T; being a
S,-subgroup of Z. If g;e{p, -, .}, it follows from C; . , that %;
is a maximal element of WU(;q;). Since DT, this implies that
0,.(9) is a S-subgroup of . If ¢; # »,q;€{p,, -+, P}, then Theorem
22.1 implies that U centralizes T;, so that T, &SP, Finally, if ¢; = »,
then there is an element D of D such that T? &P, by Theorem 17.1.

Let & be a fixed S,-subgroup of <D, 0,(9)>. By the preceding
paragraph, & is a S,-subgroup of ¥, and B, N T is a S,-subgroup of
2. Since PSP, N T, it follows that <P, |Pe &> = P* is permu-
table with & so that B*R is a proper pl-subgroup of @. This means
that & contains a unique maximal element. Since Cy(B) is UA-in-
variant for each Be®!, since P, ={Cy(B)|BeB*), and since
{Cx(B), 0,(9), DS C(B)C ©, the theorem follows.

THEOREM 24.2. Let R = <P, 0,(9), D), and M = N(R). Then
M contains O, M is a maximal subgroup of & and WM is the only
maximal subgroup of & containing B;.

Proof. Since B, + 1>, M is a proper subgroup of . We first
show that I contains P;. Let L be an W-invariant S,-subgroup of
R, so that £ is a maximal element of U(; q), either by virtue of
q e nn(p;), or by virtue of g ¢ m(p;) so that A centralizes Q. For P in
B;, QF = QP for some D in D by Theorem 17.1 together with C(A) =
A x D. Since DS R, OF is a S,-subgroup of R. Hence, R* SR, and
so R*” =R, Thus, P;SM

To show that $SM, we use the fact that H = 0,(9) Ny(¥),
where B = V(celg(A); B;). Since 0,(H) SR, it suffices to show that
Ny(B) M. We will in fact show that NEB)SM. Let Q be a B-
invariant S,-subgroup of k. If Ne N(B), then A" =B, so that A¥ ™"
normalizes Q. Hence, A normalizes QF = QF, De D, and we see that
R¥ = R. Thus, M contains  and N(B).

Let M, be a maximal subgroup of & containing M. It is easy
to see that R = 0,(IM,) by Lemma 7.3, so that L, SM, and M is a
maximal subgroup of &.
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Let & be any proper subgroup of ® containing ;. To show that
S M, it suffices to treat the case that & is a ¢, p,-group. Let R,
be a S;-subgroup of & permutable with ;. Since N(B) S I, it suffices
to show that 0,(®) SIM. This is clear by C;,, if ge{p, ---,p,}. If
¢ = p, this is also clear, by Theorem 17.1, since C(Y) &M and P, =M.
If g¢{p, »,, ---, P}, then P; centralizes O,(B,R,) by Theorem 22.1, and
we are done, since C(A) =M.

If gem,Um, and Q is a S,-subgroup of @&, we define
Q) = (D | QEQ, O, contains some element of 7F.4;(Q)},

D) = {Q | QEQ, O, contains a subgroup O, of type (g, q)
such that C(Q) € 9% (Q) for each @ in Q,},7=2,3,4.

LEMMA 24.2. If qem,Um, and Q 18 a S;-subgroup of ®, then
every subgroup L, of QO which contains a subgroup of type (g, q, q)
18 in 5% (Q).

Proof. Let BeZ(Q), Of = Cp(B), so that VY is non cyelic.
Let O, be a subgroup of QF of type (¢, ). If Qe Q,, then Cy(Q)2B.
Since B is contained in an element of & _#;(X), it follows that
Cy(Q) is in H4(RQ).

THEOREM 24.3. If gqem,XQ is a S,isubgroup of &, and Q s
contained in a unigue maximal subgroup of ©, then each element of
S () 18 contained in a unique maximal subgroup of .

Proof. Let M be the unique maximal subgroup of & containing
L. We remark that if this theorem is proved for the pair (Q, M),
then it will also be proved for all pairs (Q¥, M) where Me M. This
prompts the following definition: 4*(Q) is the set of all subgroups
2, of O such that L, contains €* for some € in FZ_7;(Q) and
some Me . Clearly .94(Q) S *(Q).

Suppose some element of .24*(Q) is contained in a maximal sub-
group of @ different from M. Among all such elements Q, of *(Q),
let || be maximal. By hypothesis, Q,c Q. Let M, be a maximal
subgroup of & different from I which contains L, and let QF be a
S;-subgroup of M, which contains Ly, If O, QF, then O, C Ng;(Qy).
Since 0, C Ng(Q,), maximality of |Q,| implies that Ng(Q) &M, so
that Ny:(Q,) S Q* for some M in M. Since M, # M, so also M¥ ™ = M.
But Nna(ﬁo)"_’e S *(Q), and maximality of |L,| is violated. Hence,
L, is a S,-subgroup of MM,.

Let € e & 4;(Q) be chosen so that €¥S O, for some Me M.
Since every element of MU(€) is contained in M, every element of
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HUE¥) i3 contained in M¥ =M. Hence O, .(MHSM. If V=
V(cclg(@); L), then 0, C N(B), so Ny (B)S M, by maximality of
| ]. Since M, = 0,.(M,) - Na (B) by Lemma 17.6, we find that I, S M,
contrary to assumption. The theorem is proved.

THEOREM 24.4. Let qem, U, and let Q be a S,-subgroup of ®.
If each element of S (Q) i8 contained in a unique maximal subgroup
M of ®, then for each i = 2,8, 4, and each element Q, of (L), M
18 the unique maximal subgroup of & containing L.

Proof. For i =2, 8,4, let *(Q) be the set of subgroups Q,
of L such that L, contains a subgroup L, of type (q, ¢) such that Caqy(Q)
contains an element of .97 *(X¥) for some M e and all @€ 0,. Here
7 *(QY) denotes the set of Q¥, O, ¥ *(Q). Suppose 1 = 2,3, or 4
is minimal with the property that some element of .97 *(X) is con-
tained in at least two maximal subgroups of ®&. This implies that
S4(QY) does not contain any elements which are contained in two
maximal subgroups of @, M being an arbitrary element of M. Choose
£, in *(R) with |Q,| maximal subject to the condition that £, is
contained in a maximal subgroup M, of & with M, + WM. We see
that L, is a S,-subgroup of M,. Let L, be a subgroup of O, of type
(g, 9) with the property that Cg(Q) contains an element of .27%(Q%)
for suitable M in M, and each @ in L,. (We allow M to depend on
@.) Since 0,(IM,) is generated by its subgroups 0,(IM,) N C(Q), Q € L,
it follows that O,.(I,) =M.

Let € be an element of & .#;(Q). Then €L L, or we are
done. Let £ =0,N 0, (M). Since J,NE=,NE by (B), it

follows that Nn(ﬁ.):) Q,. Hence, N(Q) S M, by maximality of | Q.
Since M, = O,,(EUL)-N%(Q), we have I, S M, completing the proof
of this theorem, since .&(Q)S . ¥*(Q),7=2,3,4.

THEOREM 24.5. If gem, and L 18 a S,-subgroup of ®, then O
is contained in a unique maximal subgroup of ©.

Proof. If m(¢)&m, this theorem follows from Lemma 23.5.
Suppose pen(g) N7, Let m(g) = {p, p, -+, P}, Where ¢ =p, and
let © be a S, ;,-subgroup of @ containing Q. If LN F(P) is non
cyclic, we are done by Theorem 24.2, so we suppose that QN F(9)
is cyeclic.

Let Dt be the unique maximal subgroup of @ containing . Suppose
we are able to show that C(€) &M for some € in FZ #;(X). Since
F(®)NLQ is cyeliec, F(M) N Q is also cyclic. Hence, 0,.(M) =1. If
B = V(cclx(€); Q), then N(B) normalizes O, (M), by Theorem 17.1,
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together with C(€)SM. Since K = 0,(R): Ng(B) for every proper
subgroup £ of & which contains L), it suffices to show that every
element of U(Q) is contained in M. This follows readily by Cisp
Theorem 22.1 and C(€)< M.

Thus, it suffices to show that C(€) =M. Choose ¢ such that &,
a S,-subgroup of F(9), is non cyelic, and let %PB; be a S, -subgroup of
9 permutable with Q. It suffices to show that Cg(C)e (B;) for
some Ce@' by Theorems 24.8 and 24.4 together with the fact that
M is the unique maximal subgroup of ® containing %B,.

Let §f = 0,,(0%;), so that F¢ is a maximal element of U(T; p;).
By Lemma 17.3, Q& N(§!). Since PB; is contained in M and no
other maximal subgroup, QS W'. Thus, if 2(Z(%:) is generated by
two elements, then Q centralizes Z,(¥;) and we are done. If Z(§)
is non cyelic, then every subgroup of Z(%F;) of type (p;, »;) is contained
in 7 (%B;). Since € contains a subgroup of type (g, q, ¢), C(C) N Z(F:)
is non cyclic for some C in €*, and we are done in this case. There
remains the possibility that Z(g;) is cyeclic, while 2,(Z,(3;)) is not
generated by two elements. Since every subgroup of 2,(Z(3:) of
type (p;, »;) which contains 2,(Z(%;)) is contained in .4 ($P;), by Lemma
24.2, and since C(C) contains such a subgroup for some C in €*, we
are done.

The preceding theorems give precise information regarding the
S,-subgroups of the maximal subgroups of & for ¢ in =,.

THEOREM 24.6. Let gem, and let WM be a mawximal subgroup of
®. If Q is a S,-subgroup of M and L is not a S,-subgroup of S,
then O contains a cyclic subgroup of index at most q.

Proof. Let Q* be a S,-subgroup of ® containing Q, let B e Z(L*)
and let O, = C,(B) so that |[Q:Q,| =1 or ¢q. If O, is non eyelic,
then L,€ 7 (Q*), and so Q, is contained in a unique maximal sub-
group of ®, which must be M, since QS W. But QL*Z M, a con-
tradiction, so Q, is eyclie, as required.

Theorem 24.6 is of interest in its own right, and plays an important
role in the study of x, to which all the preceding results are now
turned.

Hypothesis 24.1.
1. 3erm,.
2. P i8 a S;-subgroup of ®.
3. 8 is a proper subgroup of & such that
(i) P&
(ii) If = O0,R), there is a subgroup € of O chosen in
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accordance with Lemma 8.2 such that Z(€) is generated by two ele-
ments.

THEOREM 24.7. Under Hypothesis 24,1, B 1is contained in a
unique maximal subgroup M of G, and M centralizes Z(P).

Proof. Let & be any proper subgroup of @ containing PB. We
must show that & centralizes Z(P).

By Lemma 8.2, ker(f — Aut€) is a 3-group, so is contained in
$. It follows that Cg(€) = Z(€) and in particular Cp(€) = Z(©).

Suppose €& 0(8). Then Z(04(8) < Cx(€)= Z(€), so Z(04R)) is
generated by two elements. Since |{| is odd, a S;-subgroup of £
centralizes Z(04(%)), so centralizes Z(P). Since B also centralizes Z(P),
we have S C(Z(P)).

Suppose € L 0,(L). Since Z(€) is a normal abelian subgroup of P
we have Z(€C)S 0,(8). Since Y*PE*S Z(€), we conclude that €<
0, 5(2). By the preceding paragraph, N(PB N 0,, (8)) centralizes
Z(B). Thus, it suffices to show that P0O,(8) = L, centralizes Z ().
Since 8, = Ng (04(8)€)+[0,,+(8), €], and since P normalizes OLL)E, it
suffices to show that [0,.(8), €] centralizes Z(P). Let 3 = Z(0«(2)),
so that 3 contains Z(). Since 3 is a normal abelian subgroup of PB,
(B) implies that B3 S 04(8). Hence, ¥’'3€* =1, which implies that
[0s,:(2), €] induces only 3-automorphisms on 8, and suffices to complete
the proof.

Hypothesis 24.2,

1. 3em,.

2. B is a S;-subgroup of ®.

3. If R is any proper subgroup of & containing B, and if =
O((R), then every subgroup € of © chosen in accordance with Lemma
8.2 satisfies m(Z(C)) = 8.

RemMARk. If 3em, then Hypothesis 24.1 and Hypothesis 24.2
exhaust all possibilities.

LEMMA 24.3. Under Hypothesis 24.2, B contains an element B
of 7z(B) such that the mormal closure of B in C(2(Z(P))) is abelian.

Proof. If Z() is non cyclic, every element of Z/(P) satisfies
this lemma. Otherwise, set £ = C(2,(Z(%))), and let %A be a non
eyelic normal abelian subgroup of . Since A < B, A contains an
element B of Z/(P) which meets the demands of this lemma.

THEOREM 24.8. Let pexm, and let P be a S,-subgroup of &, If
» = 8, assume that Z/(P) contains an element B such that the normal
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closure of B in C(2(Z(P))) is abelian. If p =5, let B be any ele-
ment of Z/(P). If & is any proper subgroup of & such that
0.(R) =1 and if R, 18 a S,-subgroup of &, then & = 8- Ny(B), where
B = V(cclgy(®B); R,), and L is the largest normal subgroup of & which
centralizes Z(R,).

Proof. Observe that £ contains 0,(R).

Since 0,(R mod &) = £-(], N 0, (& mod L)), maximality of & guaran-
tees that L =0,(®mod ). If B L, then Sylow’s theorem yields
this theorem since ¥ is weakly closed in € N &,.

Suppose by way of contradiction that 8 Z 2. Let & = 0,.(8 mod ).
By Lemma 1.2.3 of [21], v8&, &£ L.

Let B, =8,NEg, and let §, =&, N Ng(B,). Let B, be the normal
closure of ¥ in Ng(®,). Suppose &8, S C(Z(R,)). Since &8, < Ng(B.),
and since £ = 8- Ng(P,) by Sylow’s theorem, we see that LB, < 8.
Maximality of € implies that &%, 2. In particular, Y, 8< 8. Since
e =g-g, by Sylow’s theorem we have 8BS 0, (8 mod &), which is not
the case. Hence, 74,8, & C(Z(8®,)). Since Z(P,) 2 Z(R,), we also have
"/§1%1$_C(Z(€Bl)). Since {8, §1>gN (Z(B,)), the identity [X, YZ] =
[X, Z][X, Y]* implies that B, contains a conjugate B, = B of B such
that 728, £ C(Z(B,)). Since ﬁlgNﬁ(‘,&), application of Theorem C of
[21] to 58151/551 N C(Z(P,) yields a special g-group Q = /8, N C(Z(P))
such that 8B, acts irreducibly and non trivially on Q/D(Q). Since Q
is a p'-group, and O does not centralize Z(%P,), Q does not centralize
B = 2(Z(P,)). Furthermore, W = W, x BW,, where W, = Cx (L) and
W, = yBQ, and W; is invariant under B,Q, ¢ =1, 2.

Since LB, is a p-group and W, + 1, we have W; # 1, where W; =
C,(B,) and B, = ker (B, — Aut Q) # 1. If p = 5, Lemma 18.1 gives
an immediate contradiction. If p = 8, and V¥*&®;B} = 1, we also have
a contradiction with (B), since Y%;Q # 1. If Y BB+ 1, Lemma
16.3 implies that Z(P) is cyclic, and that B, = 2(Z(P°)). However,
the normal closure of B, in C(2,(Z($?))) is abelian, and so YW B! =1,
the desired contradiction, completing the proof of this theorem.

REMARK. Except for the case p =8, and the side conditions
0,(8) =1 and € 8, Theorem 24.8 is a repetition of Lemma 18.1.

Hypothesis 24.3.

1. pem,qen(p),q+ p.

2. Q s a S;subgroup of ®, P, is a maximal element of UN(Q; p),
and B, 18 a S,-subgroup of N(B,) permutadble with Q.

8. P s a S,-subgroup of ® containing PB,, and B e Z(P), where
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Jor p =3, the normal closure of B in C(2(Z(P))) is abelian.
4, V= V(cclg(SB); B).

THEOREM 24.9. Under Hypothesis 24.3, either Ny(B) contains an
element of V7 (Q) or Co(Z () contains an element of 7 (Q). Further-
more, P, = P and O satisfies C,,.

Proof. Let R be the largest normal subgroup of & = N(P,) which
centralizes Z(P;). Then & = 2-Nu(B), by Theorem 24.8. Since £ ¢ &,
LN QL. If 2N O is non cyelie, then € N Qe (D).

Suppose £ N Q) is a non identity eyelic group. By Lemma 17.6,
LS. Since a Sylow ¢-subgroup of £ is eyelie, it follows that &
centralizes QN L-£,/¥, where £ = 0,(2), and so QNS Z(V). If
B centralizes QN 8-8/¥, then Ng(B) contains a S,-subgroup of K.
In this case, Q normalizes B~ for some K in & Let {Q, B!) be a
S, ;-subgroup of & containing QBX, with BX = PF. By the conjugacy
of Sylow systems in £, we have Pr5 = B, QF = Q for suitable K,
in 8 Hence, £ normalizes B*%: gnd V1< P,. Since B is weakly
closed in B, B = B*¥=: and we are done. If B does not centralize
QNL-LL, then N(B)NL is a ¢'-group, since LN L is eyclic. In
this case the factorization, £ = £- Ny (B), together with Q N LS Z (L),
yvields that Q =Q N x Q,, for some subgroup O, of L. This in
turn implies that every non cyclic subgroup of L is in ().

Since & = £-Ng(B) and € N L is cyclic, the S;-subgroups of Nu(B)
are non cyclic. Hence, £ contains a non eyclic subgroup £, such that
£, normalizes BX for some K in &. By the conjugacy of Sylow
systems, we can find K, in & such that BL=X1 = P, and QXS Q. Since
LB is weakly closed in L, B = BEE:, and we are done, since every non
cyclic subgroup of X is contained in .%4(Q).

Suppose LNV =C1)>. Then 8 is a ¢’-group. From & = L- Ny (B),
we conclude that Q normalizes B~ for some K in & and the conjugacy
of Sylow systems, together with the fact that B is weakly closed in
B, imply that O normalizes B, This completes the proof of the first
assertion of the theorem.

If P, P, then P, Ng(B). Since every element of Q) is
contained in a unique maximal subgroup M of &, by Theorem 24.3,
if N(B) contains an element of .%(L), then B, is not a S,-subgroup
of M. But P,Q is a maximal p, g-subgroup of G, by Lemma 7.3. If
C(Z(P,)) contains an element of .94(Q), then since Z(P,)=Z(P) by
(B) and Theorem 22.7, we see that C(Z(P)) contains an element of
¥ (Q). Hence, P=IM. Thus, in all cases, PS=IM. Since WM also
contains a S, -subgroup of ®, ® satisfies E,,. Since Q is contained
in M and no other maximal subgroup of &, @ satisfies C,, as required.
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Hypothesis 24.4.

1. 3em,.

2. B is a S;-subgroup of &.

3. P contains a subgroup A which is elementary of order 27
with the property that Y'C(A)N* =1 for all Ae AP,

Hypothesis 24.5.

l. penm,

2. A S,-subgroup P of ® 18 contained in at least two maxrimal
subgroups of ®.

LEMMA 24.4. Assume that Hypothesis 24.5 is satisfied and that
if p =3, Hypothesis 24.4 is also satisfied. If p =5, let A be an
arbitrary element of & A(P). If p=3, let A be the subgroup
giwven in Hypothesis 24.4. Let T be the weak closure of A in P, and
let B* be the subgroup of P generated by its subgroups B such that
BS A and A°/B 1is cyclic for suitable G in . Let M be a proper
subgroup of ® containing P, with the properties that M is a p, q-
group for some prime q and M has p-length at most two. Let (%,%)
be any one of the pairs (Z(P), W), (Z(W*), W), (Z(B), W*). Then M =
MM, where WM, normalizes X and M,/Cyxy (%) is a p-group, and M,
normalizes ).

Proof. Let Q be a S,-subgroup of I, and let = 0,(M). Then
P2 <M. The lemma will follow immediately if we can show that
vQ%) normalizes ¥ and induces only p-automorphisms on X,

Suppose by way of contradiction that either some element of YQ3)
induces a non trivial g-automorphism on X%, or vQ%) does not normalize
X, IfP =], we can find B = A°< Y such that either some element
of YQB induces a non trivial g-automorphism of X or else YQB does
not normalize X. Similarly, if 9 = B*, we can find B&Y and G in
& such that B< A¢, A¢/B is cyclic and such that either some element
of YQOB induces a non trivial g-automorphism of Z(P) or else YOB
does not normalize Z ().

Let © = Q9/9, so that vOB = (YOB)D/D. Since YOB is gener-
ated by the subgroups YQ,8 which have the property that B acts
irreducibly and non trivially on Q,/D(Q,), we can find O, = Q,9/9
such that vQ,B either does not normalize % or some element of YO, %8
induces a non trivial g-automorphism on %, and with the additional
property that B acts irreducibly on <,/D(Q)).

Let B, = ker (B — Aut Q,) = ker (B — Aut Q./D(L))), so that B/B,
is cyclic. Let M, = HBY,, and , = 0,(M,). Since HPB S P, and since
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ZP)S D, it follows that Z(P) S Z(D,). Also, since Z(BW*) is a normal
abelian subgroup of B, we have Z(W*)< 9.

Suppose that £ = Z(P). If » = 3, then since A/B, is generated
by two elements, it follows that %, # (1>. Hence, Z(9,)< C(B,).
Since the normal closure of A¢ in C(B,) is abelian, we have Y*Z(9)B* =
<{1), and (B) implies that a S,-subgroup of $Q, centralizes Z(9,), so
centralizes Z(%P).

Suppose p = 5. ‘We first treat the case that 9, N U +# {1) for some
Nez(P°), NS A, Then {Z(D), A>SC®,NN) =€ and P°NE is
of index at most pin P°. If B* is a S,-subgroup of € containing P N €,
then P NE < P*. Hence, YP*BSYyP*AS PN E, and so vH*B =
). It follows that B< 0,(€). (Note that 0,.(€) = (1) since A° < €.)
Hence, 7Z(9,)8 S 0,(€), and so 7*Z($,)8* = {1), so that a S,-subgroup
of ©Q, centralizes Z(9,) and so centralizes Z(P).

We can now suppose that ©, NU =C1)> for all U such that
Nez (P, NS A In this case, since U/B, is generated by two ele-
ments, there is a normal elementary subgroup € of ¢ of order »* such
that €< A°. Hence, €NB, # {1>. Since ENB,SEN D, we can
find E in €N 9L Consider C(E)2<Z(D), Cys(E)). Since AYB is
cyclie, if Ue Z7(P°) and US A%, then BNU=U, #1). Let Uelll.
Let B* be a S,-subgroup of C(F) containing Cg;a(E), so that
| PB* : Cpe(E) | =1, por p’. We have v"$*B'S Cye(E), and so v'P*B* =
{1>. This implies that B=0,(C(E)). Let Ze Z(9,); then [Z, Ule
0,(C(E)), so that [Z, U, U, U]e Cge(E). Since Uel,SUe Z/(P), it
follows that [Z, U, U, U, Ule€ Z(P°). Since H, NU =1, and since
[Z,U,U, U U)eZ(P% N, we have [Z, U, U, U, U] =<1). This shows
that a S,-subgroup of HQ, centralizes Z(9,) and so centralizes Z(%P).

Suppose now that X = Z(W*), so that P =W. In this case,
B = A, Hence, B, BW*, since B(B, is cyclic. Since Z(W*) is con-
tained in 9,, if B* denotes the normal closure of B, in HBL,, then
Z(TW*) centralizes B*, B* being a subgroup of W*.

Let €* = C(B*)N , so that €* is normal in $BY,. If p =3,
we have Y€*B* = (1), since B, # {1), and it follows that a S,-sub-
group of M, centralizes €*, Namely, if €* =€ >E€¥> ... is part
of a chief series for M, then P, centralizes each €}/C%,,, so that a
S,-subgroup of M, centralizes each €}/€Y,,, so centralizes €*, If p =5,
then B, N U # (1) for some Ne 7/ (PF), USHB, and we have Y'E*B* =
{1)>, and we are done.

THEOREM 24.10. Under Hypothesis 24.5, p =3 and 7(38) = {3}.
Furthermore, Hypothesis 24.4 is not satisfied.

Proof. Suppose that either » = 6 or Hypothesis 24.4 is satisfied.
Let %A be any element of & .45(P) in case p = 5 and let A be the
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subgroup given by Hypothesis 24.4 in case p = 3. Let W, B* be as
in Lemma 24.4. Let %, = N(Z(P)), N, = N(BW), N, = N(Z(W*)), and
let © be any proper subgroup of @ containing P. Then by Lemma
24.4and Lemma 7.7, wehave 9 = (D NI)ONIW) = @ NRNONR,) =
GNRVONN,). Taking D =N, we get N, SRR, N, S NN,. Taking
=R, we get NN, N, SNN,. Taking $=N,, we get N, =
NR, RS NN,. By Lemma 8.6, we conclude that NN, is a group
and so DS NN, for every proper subgroup  of & containing P. If
NN, = S, then 0,(N,) is contained in every conjugate of N,, against
the simplicity of &. Hence, NN, is the unique maximal subgroup of
@ containing .

We can now suppose that p = 3 and that Hypothesis 24.4 is not
satisfied. Suppose qem(3),q +38. Let L be a S,-subgroup of &
permutable with 8 and let M be the unique maximal subgroup of &
containing Q. If 9 =0,(IM) and € is a subgroup of o chosen in
accordance with Lemma 8.2, then Theorem 24.7 yields that m(Z(€)) = 8.
Let € be a subgroup of & of type (¢,¢,¢9) and let 2,(Z(€)) =
€, x - x €, each €, being a minimal G-invariant subgroup. If &
centralizes Z(€), then any subgroup of Z(€) of type (8,3,38) will
serve as A. This is so, since in this case, C(4) S M for all A in A,
Otherwise, [€;| =27 for some ¢, and since @E/Cg(€;) is cyelic,
C(€)) € 4 (R), so we let A be any subgroup of €; of type (3,3, 3).
The proof is complete.

25. The Isolated Prime

Hypothesis 25.1.

1. 3em,

2. A S;-subgroup P of & i8 contained in at least two maximal
subgroups of S. )

THEOREM 25.1. Under Hypothesis 25,1, there is a q-subgroup
Q of © permutable with P such that if O = PQ and if P, O are
the images of B, O respectively in D/0(D), then P =1 is cyclic, P

18 faithfully and irreducibly represented on Q/D(Q), and L does not
centralize B = 2(Z(0«9))).

Proof. There is at least one proper subgroup of ® containing P
and not normalizing Z(*f), since otherwise N(Z(P)) is the unique
maximal subgroup of @ containing P. Let $ be minimal with these
two properties. Then = PO for some g-group Q. Since e,
0,(9) =1. Since FZA4(Q) is empty, © has g-length 1. Hence,
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O(9)Q < 9. By Lemma 8.13, B is abelian. By minimality of ©, P
acts faithfully and irreducibly on /D). If P =1, then P <« D,
and O normalizes Z(%B), which is not the case.
Since L does not normalize Z($P), O does not centralize Z(04(9))
80 does not centralize 2,(Z(0.(9))). The proof is complete.

We will now show that Hypothesis 24.4 is satisfied. PQ is rep-
resented on B = 2,(Z(049))), and it follows from (B) that the minimal

polynomial of a generator of P is (z — 1), Hence, there is an ele-
mentary subgroup 2 of B of order 27 on which B acts indecomposably.
Let P, = Cx(¥) and let € = 2(Z(P,)) so that A & €. Choose A e AL
and set € = C(4). Let P* be a S,subgroup of € containing PLBp. (It
may occur that P = P* but this makes no difference in the following
argument.) If B, = PL*, then V*EA* = 1. Suppose | PB*: PB,| = 3. Then
<P, P*> = N(B,), so that {B, P*> normalizes &. Since P and P* are
conjugate in N(%B,), any element of P* — B, has minimal polynomial
{2 — 1)® on G,

Let 8 = 04(€). Then |£: 8NP =1 or 3, so that 7RE = P,
and R =1. By (B), €< If < P, then €< Z(R), and
YEW*=1. Suppose [K:XNPy|=3. Then D) S PB,, so that
C < Co(D(R). If Co(DR) S Py, then € S Z(Ce(D(R))), and once
again YCU' = 1. Hence we can suppose that Cg(D(R)) contains an
element K of & — &N Py. Since & & P*, it follows from the preceding
paragraph that the class of Co(D(R)) is at least three. On the other hand,
if Xand Y are in Co(D(R)), then [X, Y] e Co(D(R))NK’'. Since & S D(R),
we have [X, Y, Z] =1 forall X, Y, Z in Ce(D(R)). This contradiction
shows that Y €UA* =1 for all A in A*. Combining this result with
the results of Section 24 yields the following theorem.

THEOREM 25.2. If pewm, and P is a S,-subgroup of ®, then P
18 contained in a unique maximal subgroup of ®.

THEOREM 25.8. Let pen, and let P be a S,-subgroup of 8. Then
each element of () is contained in a unique maximal subgroup of G.

Proof. First, assume that if p =8, then Z/(P) contains an ele-
ment B whose normal closure in C(Z(P)) is abelian, while if p = 5,
B is an arbitrary element of Z ().

Let M be the unique maximal subgroup of & containing PB. Let
S *(P) be the set of subgroups B, of P such that P, contains €¥ for
suitable € in A& 45 (P), M in M. Suppose by way of contradiction
that some element P, of .4*(P) is contained in a maximal subgroup
M, of @ different from M, and that |PB,| is maximal. It follows
readily that B, is a S,-subgroup of MM,. Since P, contains €* for
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suitable € in SAZA45R), M in M, 0,(M) = 1. Thus the hypotheses
of Theorem 24.8 are satisfied, IR, playing the role of & and B, the
role of &,, B = V(ccly(B); P). Since Nyp(B) OB, and since P,2E* 2
Z(P) (€* being self centralizing), we conclude from the factorization
given in Theorem 24.8 and from the maximality of P, that M, < WM.

There remains the possibility that for every B in (), the
normal closure of B in M = C(Z(P)) is non abelian, and p = 3.

Let © = O,(M). If $ contains a non cyclic characteristic abelian
subgroup A, then A contains an element B of Z(PB), and B is abe-
lian. Since we are assuming there are no such elements, every
characteristic abelian subgroup of © is cyeclic. The structure of 9 is
given by 8.5. If € is any element of %= .#;(B), then € £ , by
(B), so €e & A4;5(D).

As before, let L€ .4*(P) be chosen so that LB, is contained in
a maximal subgroup M, of & different from M, with |P,| maximal.
Then P, is a S,-subgroup of M, and O, (M) = 1.

Let £ = 0,(M,)). Since 7’TE* =1, (B) implies that TNE =B, N €.
Since B, = Ng,(SI) by maximality of P3,, we conclude that € = I, We
need to show that © & %B,. Consider DN B, = O,. Since VP S
2(Z(P)), we conclude that , S 0, (M), and maximality of |P,}
implies that N(P N Oy (T!)) S M so it suffices to show that T, =
P05, (M) S M, and it follows readily from T, = Ng (TDo): 7905+ (P01}
that it suffices to show that 79,0, (M) = M. Since € = T, we have
Z(%) S €, so that YZ(X)9; = 1, and 79,0;,: (M) induces only 3-auto-
morphisms on Z(2), so centralizes Z(P), and WM, = M follows in case
$C9.

Suppose D= B,. If HSNETDOE, then 2(Z(P)) & T, and since
YIS Q(Z(P) & T & D(T), (B) implies that D = T. In this case,
2(Z(®X)) = 2(Z(P)) < M, so M, & M. There remains the possibility
that §N T =EC.

If T =€, then "’ =1 and (B) is violated. Hence, T DOE, so
that '+ 1. Hence, ¥ NZEX)+ 1. If 2(Z(P)) E T, then yIH = '
and we are done. If Q2(Z(P)) £ T, we conclude that $ centralizes
T NZEQ), since TNZE®) SC. This is absurd, since 2(Cy(®)) =
2.(Z(P)) by (B) applied to M, completing the proof of this theorem.

Before combining all these results, we require an additional result
about =«,.

THEOREM 25.4. Let pem, let P be a S,-subgroup of & and let
MM be the unique maximal subgroup of ® containing P. Then P S W

Proof. Let €e Pz 45(P), and suppose G in & has the property
that €°< B. Then €SM¢™'. By Theorem 25.3, we have MM ' =M,
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so that GeIM. Hence B = V(ccly(C); B) = Vicely(€); B). By (B)
and pemx,, € S 0,(M) for each M in M. Hence, B < M, so maxi-
mality of M implies M = N(V). By uniqueness of M (or because B
is weakly closed in ), we have T 2 N(P). Furthermore, by Theorem
25.3, if M = M, then € £ M¢. Thus, € is not in the kernel K(G)
of the permutation representation of P on the cosets of P in MGP,
We can then find C in € such that $(G)C has order p in Z(P/K(G)),
so Theorem 14.4.1 in [12] yields this theorem.

We are now in a position to let 7, and 7, coalesce, that is, we
set 7, =m, Um,.

THEOREM 25.5. Let M be a maximal subgroup of &. If pem,
and M, is a S,-subgroup of M, then either M, i8 a S,-subgroup of
S or M, has a cyclic subgroup of index at most p, and M, ¢ S (P)
Jor every S,-subgroup P of ®. If w is the largest subset of m, with
the property that M contains a Sy-subgroup & of G, then S M,
and S < P,

Proof. Let P be a S,-subgroup of & containing M,. Suppose
M, < P. Then M, ¢ .~ (P), by Theorems 24.8, 24.5, and 25.8. Thus,
if Be Z(P), then C(B) N M, is cyclic. Since |WM,:CB)NWM,| =1
or p the first assertion follows.

Let &, be a S,-subgroup of & for ¢ in w. (If @ is empty there
is no more to prove.) If gem, then &, & W by uniqueness of I
and Lemma 17.2. If gem,, then &, & I’ by uniqueness of M and
Theorem 25.5. Hence, @ = W. If ren(M), r¢ v, then W central-
izes every chief r-factor of M, by Lemma 8.138. Since &< W', we
conclude that & < M.

THEOREM 25.6. m, 8 partitioned into mon empty subsets o, ---,
0., m =1, with the following properties:

(i) If t&m, then @ satisfies E. if and only 1f < o, for
some 1 =1, -, m.

(ii) If ©: is a S, -subgroup of ®, then N; = N(D,) is a mazimal
subgroup of ®, ;S N, and . N Of is of square free order for
each GEG —-NR;, 1=1,---,m.

(i) If p;eo; and B; 18 a S,-subgroup of ;, and if P, N P =
D; #1 for some Ge® — N, then D; is of order p; and Cq (D)) =
D; x &, where €, is cyclic, 1 =1,2, -+, n.

Proof. By Lemma 8.5, m, is non empty. By Corollary 19.1,
Theorems 24.8, 24.4, 24.5, 25.2 and 25.3 ~ is an equivalence relation on

7, and if a,, ---, 0, are the equivalence classes of 7, under ~, then (i)
holds.
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Let $=9; be a S,-subgroup of & and let P=P; be a S, -
subgroup of  for » = p,e ;. By Theorem 25.5, N($) = RN is a maxi-
mal subgroup of &, and = .

Suppose GE® — N and PN P =D # 1. If P, is any non identity
characteristic subgroup of 9, then either N(®) N Pe (P) or
N(®) N P ¢ ¥ (PF), by Theorems 24.3, 24.4, 24.5, 25.5 and 25.3. Since
N(D(®)) contains every element of both %/ (P) and Z7(P?), we con-
clude that D is elementary of order » or p'. Suppose |D| = p*. If
D contains 2,(Z(P)) then N(D) contains an element of Z/(P), so that
NOYNPeSP). If D does not contain 2,(Z(P)) then N(D) NP
contains an elementary subgroup of order 9° so once again
N®)NPe (P). The same argument applies to P, so that PESN.
Hence P¢ = B* for some N in N. Hence GN'e N(P)S N, so GeN,
contrary to hypothesis. Hence, ® is of order p.

If Cp(D)e 4 (P), then N(D) SN, so that P°NNDOD, contrary
to the fact that P¢ N PY has order 1 or » for all N in N, by the
preceding paragraph. Hence, Cx(®)¢ ¥ (P). If Be Z(P), and
Cx(®) N Cy(B) = €, then € is of index at most p in Cy(D) and € is
disjoint from D, since Cyp(D)¢ ¥ (P). Hence, Cyp(D) = D x €. This
proves (iii), the cyclicity of € following from Cy(D) ¢ 4 (¥). The proof
is complete.

26. The Maximal Subgroups of &

The purpose of this section is to use the preceding results, notably
Theorems 25.5 and 25.6, to complete the proofs of the results stated
in Section 14.

LEMMA 26.1. If pem Um, and B is a S,~subgroup of ®, then
P = N(PY.

Proof. If P is abelian, the lemma follows from Griin’s theorem
and the simplicity of ®. If P is non abelian, P is not metacyelic,
by 8.8. Also, p = b, as already observed several times. Thus, from
3.4 we see that 2,(B) is a non abelian group of order p°. The hypo-
theses of Lemma 8.10 are satisfied, so f & N(@(Z(PB))Y by Theorem
14.4.2 in [12] and the simplicity of ®. Since N(P) & N(2,(Z(P))), and
since N(2,(Z(%))) has p-length one, the lemma follows.

LEMMA 26.2. If pem, and P is a S,-subgroup of ®, then P is
abelian or is a central product of a cyclic group and a non abelian

group of order p* and exponent p.

Proof. We only need to show that P is not isomorphic to (iii)
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in 8.4. Suppose false. Let P, = 2,(PB), and let & be a fixed S,-
subgroup of N(F). Set & = &/Ce(P). The oddness of | N(P)| guar-
antees that R, is abelian.

Let & be a chief series for P, one of whose terms is P, and
which is S-admissible. Let a; be the character of &, on the ith term
of & modulo the (¢ + 1)st, where 1 =1,---,7+ 8, and |B: P,| = »"-
Since PB/P, is eyclie, @, = --- = ;. From 8.4, we see that a, = a ;.
Furthermore, a..,=aa,, and a,,=a,,a,, Combining these
equalities yields a,, =1, so a,, =1, and Lemma 26.1 is violated.

If B normalizes A we say that B is prime on A provided any
two elements of B* have the same fixed points on €. If |B| is a
prime, B is necessarily prime on %. If A is solvable, then B is prime
on %A if and only if for each prime p, there is a S,-subgroup A, of
A which is normalized by B and such that B is prime on 2.

The next two lemmas are restatements of Lemma 13.12.

LEMMA 26.3. Suppose A 18 a solvable m-group, and B is a cyclic
w'-subgroup of Aut(U) which is prime on A. Assume also that
19| B| 8 odd. If |B| is not a prime, if the centralizer of B in
A 18 a Z-group, and if B has no fized points on A/, then A is
nilpotent.

LEMMA 26.4. Suppose U is a solvable m-group and B is a ='-
subgroup of Aut(A) of prime order. Assume also that |UA|-|B| s
odd. If the centralizer of B in N is a Z-group, and if B has no
fized points on /A, then A/F(N) is nilpotent,

& denotes the set of all proper subgroups of &, 25 denotes
those subgroups U of & such that, for all pex, A does not contain
an element of .7(B) for any S,-subgroup P of ®; 27 = 2 — 23.
# denotes the set of maximal subgroups of @, # = _# N 235, i =
0, 1.

If & € 25, then & does not contain an elementary subgroup of order
p* for any prime p, so & is nilpotent. Furthermore, if 7(®) ={p,, ** -, Da}»
Py > Py > -+ > ., then & has a Sylow series of complexion (p,, « - -, p,).

Suppose pem, and P, is a subgroup of type (p, p) with B, e 23
Let PB,, -+, P, be the distinct S,-subgroups of & which contain L,.
Since B, ¢ A (B:), 1 <1 < n, it follows that B, 2 2,(Z(B,)), and that
N(R,) — C(B,) contains an element of order p centralizing 2,(Z(%B.)).
Since N(B,)/C(PB,) is p-closed, this implies that 2,(Z(PB:)) = 2(Z(B,)),
1<1, j<n. This fact is very important, since it shows that the
p + 1 subgroups of %3, of order p are contained in two conjugate
classes in ®, one class containing 2,(Z(%,)), the remaining p subgroups
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lying in a single conjugate class.

If Me _, H(IN) denotes the largest normal nilpotent S-subgroup
of M. Note that by Lemma 8.5, H(I) + 1. More explicitly, z(H(IN))
contains the largest prime in #(IM). Note also that H(M) is a S-sub-
group of &.

If Me_», H(IM) denotes the unique S,-subgroup of M, where
o = o(IM) is the equivalence class of w, under ~ associated with M.
That is, pc o if and only if pex, and I contains a S,-subgroup of
®. Or again, peo if and only if I contains an elementary subgroup
of order p°. Or again, peo if and only if perm, and M contains an
element of (%) for some S,-subgroup P of G.

Suppose Me_#, qgen(M) — o(I) and a S,-subgroup T of W
centralizes H,(MM). Since W is the unique maximal subgroup of &
containing H,(IM), it follows that N(Q) S I, so that O is a S,-sub-
group of ®. Then by Lemma 26.1, & S . Since the derived group
of M/H,(\) is nilpotent, we have QO < M. Thus, if 7 is the largest
subset of (M) — o(M) such that some S.-subgroup of W centralizes
H(M), then M contains a unique S.-subgroup E,(WM), E, (M) is a
normal nilpotent S-subgroup of M, E(M) is a S-subgroup of &,
and the structure of the S,-subgroups of E,(IM) is given by Lemma.
26.2. We set H(IR)=<{E,(I), H(M)>=E, (M) x H(WM). Since E,(WM)< M
and E,(I) centralizes H,(MM), and since M is the unique maximal
subgroup of & containing H, (M), it follows that E, (M) is a T.I. set
in @.

If pem,N7* and P is a S,-subgroup of &, then the definitions
of m, and 7* imply that 2.(Z(P)) is of type (p, p). In this case, we
set T(P) = Cp(2(Z,(P))), and remark that T(P) char B, |P: T(P)| =
p. Furthermore, if P is an element of order » in T(P), then Cy(Py
contains an elementary subgroup of order »®. If gem, — 7*, set
T(Q) = Q, Q being any S,-subgroup of &. The relevance of T(Q)
lies in the fact that if @ is any element of T(Q) of order ¢, then
C(Q) is contained in only one maximal subgroup of &, namely, the
one that contains Q. This statement is an immediate consequence of
the theorems proved about .97 (L), explicitly stated in Theorem 25.5.

If Ae 2, then A is contained in a unique maximal subgroup M
of @, so we set M(A) =M. The existence of the mapping M from
25 to _#, is naturally crucial.

If Me #,, set fI(EIR) = HM)*. If Me_ #, let f!(im) consist of
all elements H in H(IM)* with the property that some power of H,
say H, = H* is either in E(M)* or is in T(X)* for some S,-subgroup
L of M with q e z(H(M)).

Let gen, and let Q be a S,-subgroup of @ with T(Q)cC Q; let
7 (Q) denote the set of subgroups Q, of Q of type (g, ¢) such that
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Ly = 2(C(Q)) for some element Q in O, If Qe .7(Q), then Q, 2
2(Z(XQ)). Furthermore, if ger, and L, is a subgroup of & of type
{9, 9), and if O, is contained in at least two maximal subgroups of
@, then 9, 7(Q) for every S,-subgroup Q of & which contains Q,.

LEMMA 26.5.
(i) If Me _#, then HER) is a T.I. set in O,
(il If Me _#, then HM) is a T.I. set in ©.

Proof.

(i) HCINY is cyclic and normal in M, by Lemma 26.2. Hence,
if He H(I)'* N H(M)* for some G in G, then N(KH)D) =2 <M, M),
S0 Ge MM, as required.

(i) It is immediate from the definition that IAI(‘.IR) is a normal
subset of M, so ﬁ(s.m) is a T.I. set in M. Suppose Ge® and
He ﬁ(‘.m) N ﬁ(ﬂ'ﬁ)". Choose n so that K = H* is in either E,(IMM)* or
T(R)* for some S,-subgroup £ of H(M), and such that K is of prime
order. If Ke E,(IN)*, then since (| E(M)|, | H(M)|) =1, it follows
that Ke E(IM)*. Hence C(K) =2 {H(IM), H(M)®), and so GeIn.
Suppose Ke H(M)*. Then Cy(K)e ¥ (L) and so C(K) S M. This
implies that H,(IY) N H{M)? contains non cyclic S,-subgroups. By
Theorem 25.6 (ii), we again have Ge M. The lemma is proved.

With Lemma 26.5 at hand, it is fairly clear that the one remaining
obstacle in this chapter is 7#*. In dealing with 7*, we will repeatedly
use the assumption that |®| is odd.

LEMMA 26.6. Let pem, let P be a S,~subgroup of ®, and let
WM = M@P). If B, is any non identity subgroup of T(P) and P, is
contained in the p-subgroup P* of ®, then N(P*) & IMN.

Proof. In any case, P* = M, by Theorem 25.6 (iii). If PB* is non
cyclic, then N(2,(B*)) contains an element of .(P,) for some S,-
subgroup P, of M and we are done. Otherwise, 2,(P*) = 2,(B)), so
N(2,(P*)) contains an element of (%), and we are done.

LEMMA 26.7. Suppose p,qem,U7T,, P¥+q, L is a S,-subgroup
of & and P is a S,-subgroup of N(X). If P is cyclic, then P i3
prime on Q.

Proof. Suppose false. Then ¢ = +1 (mod p), and every p,q-
subgroup & of ® is g-closed. Also 2,(P) & Z(PB*) for some S,-subgroup
P* of @, by Lemma 26.2 and |PB| > ». If P* is cyclic, or if P* is
non abelian, then P S N(2,(P)), by Lemma 26.1. Since every chief
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g-factor of N(2.P)) is centralized by N(Q(P)), it follows that P
centralizes Cp(2,()) and we are done.

If P* is abelian and non ecyclic, then P* normalizes some S,-
subgroup Q* of N(2(%)). Since the lemma is assumed false,
Co(2(B)#1, so Q*# 1, If & is a maximal p, g-subgroup of &
containing P*Q*, then & is g-closed, so contains a S,-subgroup of G.
This violates the hypothesis of this lemma.

LemMMA 26.8. Let pem, qen(®) and suppose that gexw, Un, or
p*q. If & is any v, q-subgroup of & and K contains an element
of Y (P) for some S,-subgroup P of O, then K is p-closed.

Proof. Let M = M(R). The hypotheses imply that |/ H(IV)|
and gt | H(M)|. The lemma follows.

LEMMA 26.9. Let pem, qcn(®) and suppose that gem U, or
p+q. If Q 18 a q-subgroup of ® which is normalized by the cyclic
p-subgroup P of @, then P is prime on L.

Proof. If |B| = p, the lemma is trivial. Otherwise, the lemma
follows from Lemma 26.8, since N(2,(%P)) contains an element of
S(%B,) for some S,-subgroup B, of G.

LEMMA 26.10. Let Me _#, and let P be a S,-subgroup of WM for
some prime p. If B i3 non abelian and P L W', then P does not
contain a cyclic subgroup of index p.

Proof. We can suppose that Pe .2; for if PBe .25, then M =
M(@P) and P < W by Theorem 25.6 (ii). Hence, proceeding by way
of contradiction we can suppose that P = gp{P, P,|Pf"=PF =1,
P'P,P, = P}**"™ where n = 2. Note that P = (P"™.

If P is nilpotent, then P < W, so M = N(P') by maximality of
M. This implies that P is a S,-subgroup of @ which is not the case.
Hence, ' is not nilpotent. In particular, Me_ . It follows that
p # q for all ¢ in m(H,(IN)).

We first show that E, (M) = 1. For % centralizes E,(IM), so if WM,
is an element of _# containing N(¥'), then E,(It) normalizes some
S,-subgroup B, of M, with B = B,. It follows from Lemma 8.16 that
E, (1) centralizes B,. If E, (M) ~= 1, then P, & M, which is not the
case, so E,(IN) = 1.

Choose ¢ in 7(H(IM)) and let O be a S,-subgroup of P normalized
by 8. We can now choose % & T'(Q) such that % is normalized by
2,(P), is centralized by some non identity element P of 2,(P), but is
not centralized by 2,(8). For otherwise, 2,(B) centralizes T(XQ), and
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NQ,(P) & M, which is not the case. For such a choice of A and
P, let & be a S, ,-subgroup of C(P) which contains A2,(P). By Lemma
26.7, there is a S,-subgroup &, of & which contains 2 and is contained
in M. Since £2,(P) does not centralize A, and since P+~ q, a S,-
subgroup £, of & is contained in .25, by Lemma 26.8.

We wish to show that & < & This is clear if R, contains an
element of ¥ (*) for some S,-subgroup Q* of &, by Lemma 26.6.
Otherwise, Lemma 8.5 implies that &, < &, since ¢ > p. By Lemma
26.6, & = M, so WM contains a S,-subgroup of C(P). This implies that
(P> + {PF"™">. Since the p subgroups of P of order p different from
(P> are conjugate in P, and since ﬁ(WZ) is a normal subset of N,
we can suppose that P = P,.

Let PB* be a S,-subgroup of & containing L and let W = Q,(Z,(T*)),
so that BN P = (PP, or else pem, It follows that P,W central-
izes P, for some W in . But I contains a S,-subgroup of C(P),
so C(P)N W contains an element of order equal to that of P, W,
Since P,W and P, have the same order, a S,-subgroup of C(P) N M
has exponent p*, which is not the case. The proof is complete,

LemMA 26.11. Let Me _# and let P be a S,-subgroup of M for
some prime p. If B is non abelian, then P S WM.

Proof. First, suppose pem, If Pe .27, we are done. Other-
wise, P contains a cyclic subgroup of index p and we are done by
the preceding lemma.

We can now suppose that pex,. If I is nilpotent, the lemma
follows readily from Lemmas 26.1 and 26.2. We can suppose that
W is not nilpotent and that P & W'. Since P is non abelian, Lemma
26.2 implies that 2,(P) is of order p°, or else P is metacyclic. In the
second case, we are done by the preceding lemma.

We first show that E, () = 1. Since 2,(Z(P)) centralizes E, (M),
it follows readily that N(E,(IM)) dominates B, by Sylow’s theorem.
If EC?) +1, then M = N(E,(IM)), and so P & W, by Lemma 26.1,
and we are done.

Let 2 be a S,-subgroup of M which is normalized by B, with
q € T(H(M)).

We show that Q = T(Q). For otherwise, P’ centralizes L, by
Lemma 8.16, so that N(P') = M. By Lemmas 26.1 and 26.2, P&
N(P'Y, contrary to L E W. Hence, O = T(Q).

Let 8 = Z(2,(B)). We next show that 3 has no fixed points on
., Let ©,=20NC(8), and suppose by way of contradiction that
2, #1. Let £ = N(3), and let £, be the maximal normal subgroup
of € of order prime to »g. Let 8,, £, be permutable Sylow subgroups of
L P, O, 8. Since &, < &, it follows that & is not contained
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in any conjugate of M. This implies that L ¢ .25 This in turn
implies that 2, centralizes every chief g-factor of €, by Lemma 8.13.
Hence, 8, < 2,2, and it follows that N(8,) covers 2/%%,. Since
NE) S M, by Lemma 26.6, we have a contradiction. Hence, Q, = 1.

We next show that if PeQ,(P) — 3, then C(P) =M. This is
clear if C(P) N Q is non cyclie, since O = T(Q), so suppose C(P)N ] =
L, is cyclic. We remark that £, # 1, an easy consequence of the
preceding paragraph.

Let I, be a maximal subgroup of & containing C(P), and let
* be a S,-subgroup of M, containing Q,. If QO* is non cyeclic, then
0* is contained in a unique maximal subgroup ¢ of &, GeG,
and since Q* S M, we have M, = M, Since MNWM* 2 Q,, and
since L, € T(Q), we have M = M, Thus, we can suppose that Q*
is eyelie.

Since B acts regularly on Q, we can suppose that a S,-subgroup
P* of I, normalizes O* and that {P, 8> = P*.

If 9] is nilpotent, then 2,(V*) < M,. Since 2,(T*) = 2,(Q,), we
have M = M,. Hence, we can suppose that I} is not nilpotent.

Choose 7 in w(H, (M), and let R be a S,-subgroup of M, normalized
by B*Q*. Since Q* is cyclic, ¢ ~ r. Since ¢ # r, Q* does not cen-
tralize R. It follows from Q* S (P*Q*) that R = T(R), by Lemma
8.16. Since 0*J is a Frobenius group, it follows that R, = RN C(B) #
1. Let € = N(B).

Let & be a S,,-subgroup of € which contains R, and P*, and
let &, be a S,-subgroup of £ containing R,. If &, is non cyelie, then
K, e€.2, 50 R WM. If &, is cyelic, then in any case £, S M,, since
R = T(R). Let &, be a S,-subgroup of & If P* does not centralize
R, then r > p, and so &, < &, and once again & & M,. If P* cen-
tralizes R, and R, 4 ®, then K, < K. Since the structure of &, is
determined by Lemma 26.2, and since R, centralizes P*, it follows
that R, centralizes &,, so that 2,(R,) < &, and once again & = M,.
Thus, in any case, we see that £ = M,. This implies that 3 & M,
so 8 centralizes every chief g-factor of I,. This is absurd, since
BQ* is a Frobenius group. We conclude that C(P) & M for every P
in 2(%P) — 3.

We will now show directly that N(2,(B))SMM. Choose N e N(2.(P)).
Then 2,(B) normalizes O and Q. Since 8 has no fixed points on
QF, QF is generated by its subgroups Q¥ N C(P), Pc 2,(P) — 3. By
the preceding paragraph, we conclude that Q¥ & M. Since MY is the
unique maximal subgroup of & containing QF, we have I = IM~,
so Ne. By Lemma 26.1, B <= N(2(B)), so PSS WM. The proof is
complete.

LEMMA 26.12. Suppose Me . _# and P is an abelian, non cyclic
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S,-subgroup of M for some prime p. Suppose further that a S,-
subgroup of ® is non abelian. Then P =B, X PB,, where |P,| = »,
B, centralizes H(IN), PLH(M) is a Frobemius group with Frobenius
kernel H(IM) and B, contains 2,(Z(P*)) for every S,-subgroup P* of
® which contains PB.

Proof. Let P, be a S,-subgroup of & containing P. If per,
then 2,(P)e.7(P,), and if o is any automorphism of P, of prime
order s, then 8 < p, by Lemma 8.16. The same inequality clearly
holds if pem,.

Choose ¢ in w(H(IM)) and let O be a S,-subgroup of W normalized
by B.

Let B3 = 2,(Z(%,)). We will show that Q8 is a Frobenius group.
Let € = N(3B) and suppose by way of contradiction that Q,=QNE #1.
First consider the case that pex,. Let I, = M(C), and let B, be a
S,-subgroup of M, normalized by Q, with S PB. Then [Q, P] S
LQNPw =1, so Q, centralizes P. Since 2(P) & .7 (By), it follows
that Q, centralizes P,. Thus, if ¢e a(E(M) or T(L) =1, we con-
clude that P, & M, which is contrary to hypothesis. Otherwise,
TR)CQ, or gem, U, so that ¢ > p, or P centralizes L. But in
these cases, we at least have N(Q,) S M, so Q, + Q, which yields
q > p, and so a S,-subgroup of MM N M, is non cyclic, and centralizes
Pw. Again we conclude that P, S I, which is not the case. Hence,
we can suppose that pem,.

Let & be a S, subgroup of € containing PQ,, PSS K,, L, & K,,
and let 8* be a maximal p, g-subgroup of & containing £, &, & K7,
R, & &, where &; is a S,-subgroup of &* and & is a S,-subgroup
of £*. Since P, is a S,-subgroup of G, &, = K} is a S,-subgroup of
®. If & contains an elementary subgroup of order ¢°, then & < &%,
and maximality of £* implies that &* is contained in a conjugate of
SR, contrary to hypothesis. If £ does not contain an elementary
subgroup of order ¢°, then either ¢ > p or P centralizes Q,. If ¢ > p,
then & < &*, so once again &* < ¢ for some Ge®. If ¢ < p, then
K q &*, and since Q, centralizes PB, L, centralizes &}, by Lemma
26.2. In this case, O,(R*) + 1. If O,(8*) is non cyclic, then &* & M7,
either by Lemma 26.6, in case q € «,, or because Q <] M in case g € 7,.
If 0,(8*) is cyclic, then Q, < &*. In this case Ny({,)P is conjugate
to a subgroup of R*, since K* is a S-subgroup of N(Q,). Since
£ < &*, it follows that P centralizes N5(L),) so that Ny(L,) centralizes
some S,-subgroup of N(Q,). If qem(E(IM)), this is not possible. But
if qen(H,(M)), then Ny(L,) is non cyclic, so N(Ny(Q,) S M. Thus,
in all these cases, I contains a S,-subgroup of ®&. Since this is not
possible, 830 is a Frobenius group, and so BH(IMM) is a Frobenius

group.
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Suppose M e _#,. We will show that if 3, is any subgroup of
B of order p with C(8,) N H(IN) # 1, then C(8,) S M. Let M, e #
with C(8,) & M,. First consider the case M, = ¢, for some G in
®. Let L, be a non identity S,-subgroup of C(3,) N H(IM) and let
L, be a S;-subgroup of C(3,) N H(M,) containing Q,. If Q, CQ,, then
Lemma 26.2 implies that Q, is a S,-subgroup of ®&. In this case,
since M, and I are conjugate and since P is a S,-subgroup of MW, P
contains a subgroup of order » which centralizes the S,-subgroup of
M. Since BH(M) is a Frobenius group, this implies that if 3, is
any subgroup of P of order p, then either 3,H(IM) is a Frobenius
group, or 3, centralizes H, (M), the S,-subgroup of M. This violates
the choice of Q,. Hence, O, =Q,. If a S,-subgroup of ® is abelian,
then ©, < <M, M), so M = M,. If some S,-subgroup of & contains
2,(2,) in its center, then by Lemma 8.10, It = IM,. Hence, we can
suppose that L, is of order ¢ and Q, & Z(H(IM)). In this case,
NE) NMWM, is of index ¢ in M, and N(Q) N M is of index g in M,
and N(Q,) N M, contains C(3,).

Let £ = N(Q). If & is contained in a conjugate of I, then
NER)NHID) < 2 so L E M, since N(Q,) N HIY) < WM,. Similarly,
LS M, and we are done. If R is contained in an element of _#;, then
since BH(M) is a Frobenius group, we see that N(Q,) N HMN) < &, D,
and 2 = M.

Hence, in showing that C(3,) & M, we can suppose that C(3,)
is contained in an element I, of _#. Since 3:(C(8,) N H(I)) is a
Frobenius group, this implies that 3 & M. Since P is a S,-subgroup
of M, we conclude that P is a S,-subgroup of M,. By what we have
already proved, BH(I,) is a Frobenius group, This implies that
(C(8y) N HAM))H,(W,) is nilpotent, so C(3,) N H(WM) centralizes H,(IN,).
Since M, is the unique maximal subgroup of ® containing H,(M,), it
follows that H(IN) centralizes H,(M,), so that M = M,, which is absurd
since Me _#, M e _#. We conclude that C(3,) & .

We next show that if M e _»] and C(3,) contains an element of
H®@), then C(2,) S M. Here, as above, R, is a subgroup of P of
order p. Let £, be a P-invariant S,-subgroup of C(3,) N M with
Q. NH®) + @. From Lemma 26.7, we conclude that C(8) N M
contains a S,subgroup Q, of C(8,), and we can assume that Q, = Q..

Let Me 7, CB)EWM. If M =M then MNWM, 27, so
M=MW,. If W is nilpotent, then by Lemma 26.7, we see that
M, N M contains a S,-subgroup L, of WM, which is B-invariant. Since
BQ, is a Frobenius group, O, < M, and so W, = WM. We can suppose
that 9N} is not nilpotent, and that WM, = M. In particular, W, e _#.
It follows that P is a S,-subgroup of M, so that BH(I,) is a Fro-
benius group, and so L, centralizes H(IN), and M =W, follows.
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Thus, M = WM, in all cases.

Suppose now that 9 contains two distinet subgroups 3,, 3, such
that C(3) N H(M) #+ @ and C(8)N HD) + @. We can choose P in
P, such that B, =8F. If Me_#, we get an easy contradiction.
Namely, C(8) S MNM?, and so M =M? and PeMN P, = B, so
that 3, = 3,, contrary to assumption.

If M e _#;, then M N M? contains C(Z,) N HM). If H(M) contains
an abelian S;-subgroup Q with C(3,)NQ # 1, then C(8,) N < (WM, WM,
and M = WM?, which is the desired contradiction. Otherwise, if Q is
a S,-subgroup of H(M) with C(Z,) N =1, # 1, then N(Q,) N M is of
index ¢ in M and N@E) NIM? is of index ¢ in M?, while both
NEQ) N H) and N(Q,) N H(DF) are S-subgroups of N(L,). Further-
more, since a S, ,subgroup ¥, of N(L,) is ¢-closed, it follows that
PN N HEA) and P(N(Q,) N H(ART)) are S-subgroups of N(Q,).
Furthermore, P has a normal complement in N(Q,), since gex,, and
no element of P* centralizes N(Q,) N . By the conjugacy of Sylow
systems in N(Q,), we can therefore find CeC(P)N N(Q,) such
that (N(Q) N H@D))’ = N N HM).  Since (N(Q,) N HERP)) =
NE) N HERPY), and N(Q,) N HEAR) < M, we conclude that Pt = M7e,
so PCe I, which is not the case, since C is in 9 and P is not.

Hence, there is exactly one subgroup 3, of P of order p» which

has a fixed point on ﬁ(s.m), 80 B, centralizes H(IM). Since P = 3, X P*,
where P* 2 3, the lemma follows.

Lemma 26.12 is quite important because, given M, (and the
hypothesis of Lemma 26.12) it produces a unique factorization of 2.(B).
Namely, exactly one subgroup B8 of P of order » is in the center of
a S,-subgroup of &, and exactly one subgroup 2, of 5 of order p
centralizes H(I), and 3 # 3,. This is a critical point in dealing
with tamely imbedded subsets. Furthermore, Lemma 26.12 shows
that H(I) is nilpotent, a useful fact.

LEMMA 26.13. Suppose Me _# and P is an abelian, non cyclic
S,-subgroup of M for some prime p. Suppose further that a S,-
subgroup of ® is abelian. Then the following statements are true:

(i) B i8 a S,-subgroup of G.

(il) C(2(P) & WM.

(iii) If P and P, are elements of B which are conjugate in &
but are not conjugate in M, either C(P)NH(W)=1 or C(P)NHI)=1.

(iv) Either M dominates 2,(P) or C(2,(P) N HIM) = 1.

(v) Omne of the following conditions holds:

(a) PSW.
(b) N(B,) = M for every non identity subgroup B, of P such
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that C(B) N HE) + 1.

Proof. If pem, then Pe .27 and all parts of the lemma follow
immediately. We can suppose that pe m,.

In proving this lemma, appeal to Lemmas 8.5 and 8.16 will be
made repeatedly.

If 2,(P) centralizes H(IM), then M = N(2,(P)) and all parts of
the lemma follow immediately. We can suppose that 2,(B) does not
centralize H(M). This implies that HA) N P = 1.

We first prove an auxiliary result: if & is any p, ¢g-subgroup of
@ containing 2,(P) and if & N H(M) + 1, then K is g-closed. To see
this, let Q be a S,-subgroup of & N H(M), and let Y, be a S,-subgroup
of K NM which contains 2,(B). Let K, be a S,-subgroup of & con-
taining O and let &, be a S,-subgroup of & containing PB,. If &, € 23,
then & € M for some Gin B and so &, < K. If &, € 25 then & does
not contain elementary subgroups of order 2®or ¢°, so either &, < & or
<8 IR IR and &, 4K, then p>¢q. Suppose gem, Um,. Then
P centralizes the S,-subgroup O, of M. There is no loss of generality
in supposing that £ is a maximal p, ¢-subgroup of ®&. It follows
from this normalization that O/(R) is a S,-subgroup of G, and &=
!,x8®,. Hence, we can suppose g<m,. Since & P R, & e 25 If
O,8) is not of order ¢, then & is contained in a conjugate of I, by
Lemma 26.7, and we are done. Hence, we can suppose that Q=
O/fR) is of order q. But now N(Q) N M contains S,-subgroups of
order exceeding ¢, so that S, ,-subgroups of N({) are g-closed. Since
! € N(Q), 8 is g-closed

(i) is an immediate application of the preceding paragraph, since
some element of PB* centralizes an element of H(W)E.

We turn next to (iv). Suppose C(2,(P) N HIR) + 1, and L, is

a non identity P-invariant S,-subgroup of C(2,(P)) N H(IM). Let O,
be a S,-subgroup of N(2(P)) permutable with P. By the first
paragraph of the proof, P normalizes Q,, so by Sylow’s theorem
N(2,) dominates 2,(P). Suppose for some 7 =1, P normalizes Q,
and Q, dominates 2,(P). Let L,., be a Si-subgroup of N(Q,)
permutable with . Then P normalizes Q,,, and so Q,., dominates
2(B). Since L, S, & ---, we see that some S,-subgroup of &
dominates 2,(PB) and is normalized by PB. It follows that the normal-
izer of every S,-subgroup of MM dominates 2,(P*) for some M in IR,
and so M dominates 2,(P). (iv) is proved.

Notice that if C(2,(P)) N H(M) # 1, then by (iv), elements of P
are conjugate in € if and only if they are conjugate in M. Thus,
in the case, it only remains to prove (ii). We emphasize that in any
case (i) and (iv) are proved.
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Since P S W, if Me_#, then B M and the lemma follows.
We can suppose that Me_#. Let gecn(H(M) and let Q be a P-
invariant S,-subgroup of M. If Q2.(P) centralizes T(LQ), then (ii)
follows immediately. Thus, we can choose P in 2,(P)* such that 2,(B)
does not centralize T(Q)NCP) =Q,. If O, €25 then C(P)S M,
so that (ii) holds. If Q, € 2; then Q, is eyclic, by Lemma 8.16, and
the containment P S M'. Hence 2,(P) = (P> X P, where P, is a
Frobenius group.

Let € = C(P). If & is nilpotent, then Q, = 0,(€), so by Lemma
26.7, € & M, and (ii) follows. Suppose €’ is not nilpotent. Hence,
€ contains an elementary subgroup of order »* for some prime r. If
ren(H(IMM)) then € & M¢ for some G in @, Since MNWM* 29,
we have I = M¢ and (ii) follows. Suppose r ¢ 7(H,(WM)). In this case,
2,(B)Q, normalizes a S,subgroup R of €. Since P centralizes R
and PO, is a Frobenius group, and since g & r, it follows that
RNCEMPB)) 1. Let M = M(E). By (iv) applied to WM, we get
PSM. Since O, NHI) =1, and since the derived group of
M /H(M,) is nilpotent, P centralizes T,, which is a contradiction.
Hence, C(P)S M, and (ii) holds. The lemma is proved in case
C2,(PB) N HER) + 1, and (i) is proved in all cases.

Throughout the remainder of the proof, we assume

(26.1) CRMP)NHIY 1
Suppose P, is a non identity subgroup of P and
(26.2) CPB)NHD) #1,

There are three cases:
(a) Me.# and CHF)NHD) + 2.
(b) Me # and CE)INHI) =0

(c) Me_~#,.
In each of these cases, we will show that
(26.3) N(B) &I

Case a,. N(P,) is nilpotent.

Choose ¢ so that C(P,) N H(M) contains an element of order g,
and let Q, be a P-invariant S,-subgroup of C(P,) N H(M). By (26.1),
0, E NP, s0 QS O,(NB)). If gen(H(M), we conclude that
N@ON(B)) S M, by Lemma 26.7. If gem(E(M)), then O(N(P))
centralizes H,(IM)? for some G in @, and so N(Q,) 2 {H, (M), H,(M)*,
and G €M follows.

Case a,. N(P,) is not nilpotent,

In this case, N(%P,) contains an elementary subgroup of order *
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for some prime r. If rex(H(IM)), then M(N(P,)) = WM¢, for some G
in . Since M N H(I) + @, we have M= We. If r ¢ n(H(M)), let
R be a S,-subgroup of N(P,) normalized by Q.(P)Q, where L, is a
non identity S,-subgroup of C(P,) N H(M), as in Case a,. Let 2(P) =
£2(B,) x P, so that O,P, is a Frobenius group by (26.1). If PR is a
Frobenius group, then O, centralizes R, and R < M. This is not the
case, since r + r, for all r, € 7(H(WM)). Hence, P, has a fixed point
on R*, so 2,(P) has a fixed point on H(M(R)). By (iv) applied to
M(R), it follows that 2(P) & M(R), and so 2,(P) centralizes L,
which is not the case. Thus (26.3) holds in case (a).

In analysing case (b), we use the fact that E,(IR)* = ﬁ(mt), and
that if B is any subgroup of H(M) which is disjoint from iz(m),
then B is of square free order and qem, N =* for every g in 7(B).

Let Q be a non identity P-invariant S,-subgroup of C(B,) N H(M).
so that || = q. Suppose that (26.3) does not hold.

We will show that PQ is contained in a maximal subgroup W,
of & such that M is not nilpotent, and such that I, is not conjugate
to I,

Case b,. N(B,) S M° for some G in G.

Consider N(XQ). Since N(Q) N WM and N(Q) N WM have non cyclic
S,-subgroups, and since M = M9, it follows that N (L) is contained in no
conjugate of M. Let Q, be a P-invariant S,-subgroup of N(Q) N H(IM).
If N(QY is nilpotent, then Q, S 0,(N(Q)), and so N(Q) S M by
Lemma 26.7. This is not the case, since N(Q)N M has non cyclic
S;-subgroups., Hence, N(LQ)' is not nilpotent, so we take I, =
M(N Q).

Case b,. N(P,) is nilpotent, but N(P,) is not contained in any
conjugate of IN.

Since 0SS N(By)', VLE ON(PBy). If O(N(B,)) is not of order g,
then N(B,) S M¢ for some G in G. Suppose that O = O (N(PB,)) is
of order q. Let R, = N(X), so that N, N M has non cyelic S,-subgroups
and N(B,) & N,. Since N(PB,) is contained in no conjugate of W,
neither is R,. If N is nilpotent, then a S,-subgroup of N, N M is con-
tained in 0,(%N,), by (26.1) and so N, = M, which is not the case.

We apply (iv) to M,. If C(2(P)) N HEIR) + 1, then P& M, so
that P centralizes Q, which is not the case. Hence, (26.1) holds
with T, replacing M. Let P, be any subgroup of P of order p
different from 2,(B,). Then P is a Frobenius group. Choose
ren(H(M,)) and let R be a S,-subgroup of M, invariant under PL.
If © does not centralize T(R), then C(B) N T(R) « 1, so that case
(a) holds with IR, replacing IM, P, replacing P,.

Suppose then that Q centralizes T'(R). Then N(Q) & M, so 2
Ssubgroup L, of N(X) N M is contained in M,. We suppose without
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loss of generality that £, normalizes R, If now P, is any subgroup
of P of order p which does not centralize Q,/Q, then since Q, does
not centralize T(R), we conclude that C(P,) N T(R) +~ 1.

Thus, in all cases, if PF, B, ---, B} are the distinet subgroups
of P of order p which have fixed points on I}(EIRI), then n = p, so
that n = p or p + 1.

Choose Ne N(2,(PB)). Then there are indices 7, 7, not necessarily
distinet, such that B} = P3¥. If 4 = j, then Ne M, by (a). If 7+ 7,
then N(BH) S M, NI, so that HI) NMF + @ and T, = M.
Hence, N(2,(P)) S M,, so 2,(P) S M], and 2,(PB) centralizes O, which
is not the case. Hence, (b) implies (26.3).

We will now complete the proof of this lemma in case Me ;.

Since some element of 2,(P)* has a fixed point on I;'(EIR), (ii) holds
by (26.3). Also, by (26.8), alternative (v)b holds. It remains to prove
(iii). Suppose P,, P, are elements of § which are conjugate in @,
but are not conjugate in M, and that C(P)NHM)+1,i=1,2,
"Theorem 17.1 is violated.

We next verify (26.8) under hypothesis (c).

Suppose by way of contradiction that (26.8) does not hold. Let
£ be a non identity PB-invariant S,-subgroup of C(P,) N H(EM). We
will produce a subgroup £ of ® such that & is not nilpotent, and
such that QP = &. Once this is done, then it will follow as in case
b, that p» of the p + 1 subgroups of P of order p have fixed points
on HM(®))%, and (26.3) will follow.

Suppose M, is a maximal subgroup of & containing N(B,). If
M, is nilpotent, then O & O0,(MWM,). If O,(I,) is non abelian, then
M, = WM for some G in &. Furthermore, from (26.1) and the fact
that Q is not a S,-subgroup of ®, we conclude that Q = 0,(IM) N C(B,).
Hence, N(Q) contains C(P,). Let M, be a maximal subgroup of &
containing N(Q). If IM; is nilpotent, then M, = M and (26.3) holds.
Hence, M, is not nilpotent, so we can take & =M,. If O,(M,) is
abelian, then MM = M, and (26.3) holds. Thus, (26.3) holds in all cases.

The completion of the proof that (26.3) implies this lemma is a
straightforward application of Theorem 17.1.

LEMMA 26.14. Suppose M e _# and P i3 a non abelian S,-subgroup
of M. Then N(RQ(Z(P)) < M. Furthermore, one of the following
conditions is true:

(a) 2.Z(P)) centralizes H(IM).

(b) N(B) & WM for every non identity subgroup B, of P.

() P < HI.

Proof. Suppose pem,. If Pe.2%, then M= M(P), and so
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NQ(Z(B))) = M. Since P = HM), the lemma is proved. If Pe .27,
then P contains a cyclic subgroup of index p. Since P is assumed to
be non abelian, P is a non abelian metacyclic group, so B L W, by
3.8. Lemma 26.10 is violated.

Through the remainder of the proof, we assume per,.

Let 3 = 2(Z()), so that 3 is of order », by Lemma 26.2 and
Lemma 26.10.

If T is nilpotent, then B <{ M, and all parts of the lemma follow,
We can suppose that %' is not nilpotent. In particular, Mec_#. We
can further assume that p ¢ m(H(IN)).

Since P is non abelian, 3 centralizes E,(IM).

Choose ¢ € r(H,(M)) and let O be a P-invariant S,-subgroup of MW,
If gen*, then 3 centralizes Q.

Thus, if & = (E,(M) U (z* N 7(H(M))), then B centralizes a S:-
subgroup of M. If # = w(H(M)), all parts of the lemma follow.

Let ren(H(Y)) — & and let R be a S,-subgroup of It normalized
by P, and such that 3 does not centralize R. If there are no such
primes r, we are done.

Let 9B, be any subgroup of P of order p different from 8. We
will show that N(,) = IN.

Since 3 does not centralize R, R N C(B) £ C(B). Set R, =R N C(B).
If R,e2;, then N(PB) S M. Otherwise, R, is a non trivial cyclic
subgroup of R, and 3R, is a Frobenius group.

Let M, be a maximal subgroup of & containing N(P). If M| is
nilpotent, then R, < 0,(IM), so W, < M, by Lemma 26.6. We can
suppose that 9 is not nilpotent and that IR, is not conjugate to WM.
If a S,-subgroup of M, is non abelian, then 3 centralizes R,, which is
not the case. Hence, a S,-subgroup of I, is abelian and non cyclic.
We can apply Lemma 26.12 to IR, and a S,-subgroup $* of I, which
contains B,8. We conclude that BH(IN,) is a Frobenius group. Since
BR, is a Frobenius group, R, centralizes H(M,), and so WM = M,. We
conclude that 9 contains N(PB,) in all cases.

Now let P, -+, P, be the distinet subgroups of P of order »
different from B. Here n = p* + p. Let £ be any proper subgroup
of @ containing 2,(B). Let & = 0,(2). Since g, is generated by its
subgroups C(P,) N &, 1 <1=<n, we have &, S M. Let &, = LN N(Q(D)),
and choose L in £, We can then find indices %, j, not necessarily
distinct, such that B! = P;. Hence, N(B;) & TN DME,  Since N(P;)
contains an element of R < H(IN), we have M = J= Hence, LS M,
so in particular, N(8) & .

Let B, be any non identity subgroup of B. If P, is non cyelic,

then N(P)S N@B)SM. If B, is cyclic, then N(2,(By)) S M. The
proof is complete.
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LemMMA 26.15. Suppose Me _#,A is a cyclic S-subgroup of M
and AN =1. Then A is prime on HI), and C(N) N HN) is a
Z-group.

Proof. Suppose 2 is prime on H(M), but that Q is a non cyclic
S;subgroup of C(A) N H(M). Choose pen(A) and let A, be the
S,-subgroup of UA. Since N(,) £ M, it follows that Qe .25, Thus,
if gem, Q is a S,-subgroup of &, while if q € m,, Q is also a S,-subgroup
of ®, by Lemma 8.12, Since { € 25, we have g €, so that I = N(Q).

Let M, be a maximal subgroup of & containing N(,). If a
S,-subgroup of ® is eyclic, then I = N(X)) dominates ¥U,, which is
not the case, since A, NP =1. Hence, pen,Ux, Let A be a
S,-subgroup of M, permutable with Q. If A} is a S,-subgroup of G,
then O normalizes ;. Otherwise, O normalizes A} since A, < Ak,
and Lemma 8.5 applies to QA}.

Let & be a maximal p, ¢-subgroup of ® containing QA*, and let
8, be a S,-subgroup of & Then &, < &, so that £, is a S,-subgroup
of @. Let M, be a maximal subgroup of & containing N(R,).

If £ were non abelian, then M = M, by Lemma 26.14, which is
not the case. Hence, L is abelian. If pex, then by Lemma 26.13,
we have N(2,(Q)) & M, since O centralizes A, = 1. Since this is
impossible, we see that pem,.

If A, £ !,, then by Lemma 26.1, together with the fact that
N(Q) covers N(8&,)/8,C(R,), we see that A, N W # 1, contrary to
hypothesis. Hence, %, S &,. Since Y, = C(Q) N &,, this implies that
&, is a non abelian group of order p* and exponent p.

Since some element of f has a non identity fixed point on H(IR,)?,
and since T centralizes L, we see that T = M, by Lemma 26.13.
Since N(2,) & M, and since A, N W’ = 1, it follows that M < M,, the
desired contradiction.

Thus, in proving this lemma, it suffices to show that % is prime
on H(IM).

First, suppose that U is a p-group for some prime p. We can
clearly suppose that |¥%| = p, and that C(2,()) N H(I) + 1.

Case 1. pem,. Let qen(E(M)), sothatgen, Uxn,., Lemma 26.9
applies. Let q € m(H(M)). Then p ~ ¢ since AN W = 1. Lemma 26.10
applies. If Me _#, Lemma 26.9 applies.

Case 2. pem, and a S,-subgroup of & is abelian,

If qen(E(M)), or g x(HIN)) and Me _#, Lemma 26.7 applies,

Let qen(H(IM)), and let O be an -invariant S,-subgroup of IN,
If A centralizes O, we have an immediate contradiction. Hence,
does not centralize Q.

We can suppose by way of contradiction that [C(2,(2)) N L, A] + 1.
If C(2,(A)) N Qe 2, M contains a S,-subgroup of G, which is not the
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case. Otherwise, ¢ > p, so every p, g-subgroup of & is g-clogsed, and
S contains a S,-subgroup of ®, which is not the case,

Case 8. pem, and a S,-subgroup of & is non abelian.

Here, A & N(2,(N)), by Lemma 26.2. Since C(2,(N)) N H(IN) € .73,
the lemma follows.

Case 4, pem,. In this case, also, we have ¥ & N(2,(%)), and
the lemma follows.

Next, suppose that A = A, x A, where U, is a non identity p;,-group,
+=1,2. Suppose by way of contradiction that Q is an H-invariant
S,-subgroup of H(M) and that A is not prime on Q. We can suppose
that %, does not centralize 0 N C(2,(A)) = 2N CHA) = L,

Let Dt be a maximal subgroup of & containing N(2,(2,)). Then
M, is not conjugate to M, either because A, is not a S-subgroup of
M, or because A, S M. Let L, be a S,-subgroup of M N WM, which
contains ), and is W-invariant.

Suppose O, < Q,. Then U, & H(), since [Ty, U] # 1, and
g ¢ m(H(IM,)). Furthermore, Q, is non eyclic. Suppose g€ m,. In this
case, ¢ > p,, 8o a S,-subgroup A of M, normalizes some S,-subgroup
of M, and it follows that A} normalizes some S,-subgroup of @, This
implies that ¥, is a S, -subgroup of &. But in this case A, & N2,(A,))’
so that 2, centralizes , and so Q, = L,. Suppose gem, If Q,€. 2],
then N(2,(,)) = M, which is not the case. Hence, Q,€ 27 so that
q > .. Once again we get that Q, = Q,. Hence, we necessarily have
Q, =, in all cases.

Since ¥, is prime on H(IM), from the first part of the lemma, we
conclude that L, is eyclic.

We next assume that IR is nilpotent.

Suppose 2,(0,(IM,)) = 2,(T,). Since L, is a S,-subgroup of MW, N M,
it follows that gem, and Q, is a S,-subgroup of &, so that I = M,
Since O, = [Q,, A,] E 0, (M,), we can suppose that O,(IN)) is non cyeclic.
In this case, however, 0,(IN) is a S,-subgroup of & and M, is conjugate
to M, which is not the case.

We can now suppose that IR; is not nilpotent.

Suppose p, ¢ 7(H,(IM,))). Let & be a complement for H,(MW,) in M,
which containg 0,%. Then & is nilpotent and so [Q,, U] & 0,(€).

Case 1. gem. In this case, ¥, is a S,-subgroup of &, and Q,
dominates %A,. This violates A, N W = 1.

Case 2. gqem, and a S,-subgroup of @ is abelian. In this case,
2([Ln, Us]) = 2,(0(E)), so once again A, is a S, -subgroup of & and
M dominates A,.

Case 8, gem, and a S,isubgroup of ® is non abelian. Since L,
is cyclic, we have ¢ > p,, so some S,-subgroup &, of € normalizes
some S,-subgroup of ®. But now IR dominates A, since every p,, ¢-
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subgroup of ® is g-closed, and & dominates 2A,.

Case 4. gem,. If gern*, then every p, g-subgroup of & which
contains a S, ,~subgroup of I, is g-closed, so once again I dominates
A, and A, is a S, -subgroup of &. Hence, g¢n*. Since W, is not
conjugate to M, it follows that if Q, is a S,-subgroup of & containing
£,, then 0, e 23, which implies that Q, is eyclic, and Q, < M. Hence,
0, = 1, since U, centralizes Q,. But now L, = [Q,, U] < &, 80 € = M.
Thus, once again %, is a S, -subgroup of @ and M dominates U,.

All these possibilities have led to a contradiction. We now get
to the heart of the matter. Suppose p, € Z(H,(T)).

We will show that p, ¢ r*.

Let %, be a S,-subgroup of H,(IM;) containing A, and invariant
under %A,Q,. Suppose that

(26.4) NI, Q) s

We will derive a contradiction from the assumption that (26.4) holds.

If g e 7, (26.4) is an absurdity, since N([2,, O,]) =M. If gem, Uz,
then a S,-subgroup of N([2,, O,]) N M is non cyelie, so g € 7, as already
remarked. If q < p,, then 2, centralizes a S,-subgroup of M, so L,
is a S,-subgroup of ®. In this case, however, [, Q] < M, an absurdity,
by (26.4). Thus, if (26.4) holds, then gex, and ¢ > p,.

Since (26.4) is assumed to hold, it follows that Q, is a S,-subgroup
of M N N, Q). Hence, L, is non cyclic. We have already shown
that Q, is eyclic. We conclude that (26.4) does not hold.

If p,en*, then [%,, O,] centralizes PB,, by Lemma 8.16 (ii), so
{(26.4) holds. Hence, p, ¢ 7*.

Since (26.4) does not hold, and since p,¢xn*, C([W, QPN DB, is
cyclic. It follows that C(,) NP, is non eyelic. This implies that
NEL) < M, since C(A) NP, € 25, Since p, ¢ 7(H(IM)), and since ¢ > p,,
it follows that a S,, ;subgroup of I%,/H(IN,) is g-closed. This in turn
implies that some S,,-subgroup of M, normalizes some S,-subgroup of
@®. Since %, is a S,,-subgroup of M, A, is forced to be a S,,-subgroup
of @. But N¥,) & M, and A, & N, so 2, centralizes LQ,. The
proof of the lemma is complete in case w(A) = {p,, p.}.

If |#(A)| =8, the lemma follows immediately by applying the
preceding result to all pairs of elements of w(%).

LEMMA 26.16. Suppose M e 2 and H(IM) is not nilpotent, Then
(P W | is o prime and W' 18 a S-subgroup of M,

Proof. Let pen(IM/IM') and let A, be a S,-subgroup of M. By
Lemma 26.11, %, is abelian. Suppose U, is non cyclic. If a S,-subgroup
of ® is non abelian, then H(IMN) is nilpotent, by Lemma 26.12. Hence,
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we can suppose that a S,-subgroup of @ is abelian. By Lemma 26.13
A, is a S,-subgroup of ®&. By Griin’s theorem, the simplicity of ®,
and Lemma 26.15, %, contains elements A,, A, which are conjugate in
S but are not conjugate in M. If 2,(C4)) = 2,({4,)) and if 2,({4,))
has a fixed point on H(IN)!, then N(2,(CAD)) S M, so that A, and A4,
are conjugate in IR, Since this is not the case, 2,({AD)H(M) is a
Frobenius group, and so H(IM) is nilpotent, contrary to assumption.
Hence, 2,((A,)) # 2,((4,)). By Lemma 26.18, either 2,(KA)H(M) or
2,((AD)H(M) is a Frobenius group, which is not the case. Hence,
9, is cyelic.

Let U be a complement to M’ in I, so that A is a eyelic S-subgroup
of N,

By Lemma 26.15, U is prime on H(M) and C(A) N H(M) is a Z-group.

Let & = [, HM)] and suppose that |A| is not a prime. By
Lemma 26.3, & is nilpotent. By 3.7, & < H(I). Hence F(H(I)) 2 !,
so that H(I)/F(H(M)) is a Z-group. It follows that H(IMN) £ W, the
desired contradiction.

LEMMA 26.17. Suppose M e # and 7,=7n(HW))Nrn* 7,=
a(HO) Nn*. Let T, ={py, -+, P}, D >0 > -+ > p,, and 7,=
{9y, @}, @ >+ >qn. Set T =1,U7,. Then a S.-subgroup of M
has a Sylow series of complexion (D, ++«, Du, @y ** ) Ouw). Furthermore,
if ret, M has r-length 1.

Proof. We first show that It has r-length 1 for each ~ in 7.
If re¢n(H(M)), this is clear, so suppose 7€ n(H, (). Let R be a
S,-subgroup of M and let A be a subgroup of R of order r such that
Cyu(A) = A X B where B is cyclic.

Let R, =RNO, (WM, and M, = NR,). It suffices to show that
M, has r-length one, since T = M0, (M). Let B be a subgroup of
R, chosen in accordance with Lemma 8.2, and set T = 2,(B). Then
ker (O, - Aut W) S M, N O, (WM. If A S R, then m(BW) < 2, and we
are done. We can suppose that A & R,. This implies that m(W) < 7,
since C() N W has order r and W is of exponent r. We are assuming
by way of contradiction that I has r-length =2, so by (B), we have
m(W) = r. Hence, m(W) = r.

Set W, = B/ D(T) and let W, = M,/ker (M, — Aut B,). Then Amaps
onto a S,-subgroup of IM,. Hence W, has a normal seriesl <€, c €, = M,,
where €, and I,/€, are ’-groups and |C,: €, | = .

Since m(W) = r, €, is abelian. Also M,/€, is faithfully represented
on €,/€, and since r € 7(H(IM)), €, C M,.

By Lemma 26.16, | : M’ | = ¢ is a prime, and W' is a S-subgroup
of M. We let Q be a Ssubgroup of M,, so that O is of order gq.
Since |MM: W' | = | WM, : WM] |, it follows that O maps onto IN,/C,, Let.
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A denote the image of A in M, and let O denote the image of Q in
M,. Since €, is a r'-group and a ¢'-group, we assume without loss
of generality that £ normalizes .

Let a be the linear character of Q on A, so that a # 1. Let 8
be the linear character of Q on B,/yW,A. Since ¢ divides (r — 1)/2,
ngl(@) is non cyclic. Hence, C(Q) N H(M) is not a Z-group, contrary
to Lemma 26.15.

Thus, 9 has r-length one for each re€z. Since a S, -subgroup of

M has a Sylow series of complexion (g, -+, ¢,) and since a S.-subgroup
of I is 7,-closed, it suffices to show that a S, -subgroup of M has a
Sylow series of complexion (p,, «--, p,).

Let R be a S,,, ;subgroup of M with Sylow system £;, ; where
p; > p;. By Lemma 8,16, &; N N(R;) centralizes &;. Hence & is p;-closed,
since & has p,-length one. The lemma follows.

LEMMA 26.18. Let Mec _# and let € be a complement for H(I)
in M. Then there is at most one prime p in n(€) with the following
properties:

(i) A S,-subgroup of € is a non cyclic abelian group.

(ii) A S,-subgroup of G is non abelian.

Furthermore, if n(€) contains a prime p satisfying (i) and (ii), then
a S,-subgroup of € 18 a Z-group.

Proof. Suppose p,, , € (&), », # p, and both p, and p, satisfy (i)
and (ii). Let €, be a S, -subgroup of € and let €, be a S,,-subgroup
of € permutable with .,

Let G, =UA; x B;, where |A;| = p;, A; centralizes H(IMN), B; H(IM)
is a Frobenius group and 2,(B;) S Z(PB;) for some S, -subgroup PB; of
®,7=1,2. Assume without loss of generality that p, > p,. Then
G, normalizes @, It follows that 2,(C,) centralizes &,/%,, and this
implies that 2,(€,) centralizes 2,(B,). It follows that @ satisfies E, ,,.

By Lemma 26.17, N(P,) contains a S,-subgroup P} of &. By
Lemma 8.16, P}’ centralizes B,, so centralizes &,. Since C(¥,) E M,
we see that p, e 7,. By Lemma 26.2, and Lemma 26.10, P, now centralizes
%B,. This is a contradiction, proving the first assertion.

Now suppose p € 7(&) satisfies (i) and (ii), €, is a S,-subgroup of & and
¢, is a non cyclic S,-subgroup of & permutable with &,, ¢ € #(€), ¢ # p.

Case 1, @, is non abelian.

In this case, @, is a S,-subgroup of @ and g e, by Lemma 26.14,
Since €, = W', &, normalizes &,. Write €, = A x B, where A centralizes
H(), BH(IM) is a Frobenius group, and 2,(B) & Z(P) for some S,-
subgroup of P of @ with &, =B. Then 2,(€,) centralizes &,/E, N C(H(IN)).
If @, centralizes €, then @ satisfies E,, as can be seen by considering
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N(E,).

We now show that & does not satisfy &,,. Otherwise, since
N@E,) & M, we see that €, normalizes some S,-subgroup P* of G.
Then €, centralizes * by Lemma 26.2, Lemma 26.14, and Lemma 8.16.
This is not possible since €, is abelian.

Hence, & does not satisfy £, ,, so 2,(&,) does not centralize €, and
¢ > p. Thisimplies that | €, : €, N C(H(M)) | =¢q. Hence &, N C(2,(E,))=
€ is of order q.

Consider N(2,(€,)) =RN. Since a S,-subgroup of N has order
p|E,|, it follows that a S, ,subgroup of R is g-closed. Let ¥, be a
S,-subgroup of N containing €F. If ¥, is not of order ¢, then N(2,(F.))
contains a S,-subgroup of @, a S, ,subgroup of N(2(F,) is g-closed,
and a S,-subgroup of N(2,(3,)) has larger order than €,. As N(G) S
M, this is not possible. Hence F, = € has order q. But now a
S;-subgroup of N(%,) contains &, and Z(G,), so a S, ,subgroup of
N(F,) is g-closed. This in turn implies that a S,-subgroup of N(E,)
has order larger than |€,|, which is a contradiction.

Case 2. @&, is a non cyclic abelian group.

By the first part of the proof, and by Lemma 26.13, €, is a S,-
subgroup of ®&. Since 2,(€,) centralizes € /&, N C(H(M)), and since
G, LCHM)), it follows that © satisfies €,,. This implies that a
S, ,-subgroup of @ is p-closed, by Lemma 26.2. Hence, &, centralizes
the center B of some S,-subgroup of &, since 2,(€,) centralizes 2,(B),
(where €, = A x B, as in Case 1). To obtain the relation [2,(E,), 2,(B)]
=1, we have used Lemma 26.13 to conclude that there are at
least 2 subgroups of &, of order ¢ which have no fixed points on H(:?), or
else €, < M’ in which case &, normalizes €, and so 2,(8B) centralizes €,.

But now N(2,(8)) dominates €,, so &, centralizes some S,-subgroup
of ®, contrary to C(€,) S M. The proof is complete.

LEMMA 26.19. Let Me _#. Suppose M/H(M) is abelian. Sup-
pose further that either H(IM) is nilpotent or |MM: H(M)| 18 not a
prime. Then M is of type I or V.

Proof. Let & be a complement for H(IN). Since H(I) = I’
by hypothesis (we always have H(I) S MWM’), € = M/WM’ is abelian.

Case 1. € is cyclic.

We wish to show that H(I) is nilpotent, so suppose |&| is not
a prime. Since | €| is not a prime, since € is prime on H(IM), since
¢ has no fixed points on H(IM)/H(M), and since C(E) N HEM) is a
Z-group, it follows from Lemma 26.3 that H(IM) is nilpotent, so that
C(E) N H?) = €, is cyclic.

Case la. G, =1.

In this case, M is a Frobenius group with Frobenius kernel
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H(R) = W, so condition (i) in type I holds. If H(IM) is a T.I. set
in ©, then M is of type I, since (ii) (a) holds, so suppose H(IM) is
not a T.I. set in @. Let H(M) =P, x -+ x B,, where P, is the S, -
subgroup of M and {p, ---, .} = *(HEW)). If p,er, then clearly
p;ent. If p,em,Nw*; then also p,; € ¥, since EZ(P;) is a Frobenius
group. Similarly, if p;en, and %, is non abelian, then p,; € 7¥.

Suppose p;¢7m*. Then either p;ew, and B, is abelian, or
p;em, — t*. We will show that the second possibility cannot occur.

Choose G in @& — M such that = HA) N HEARV)® = 1, and let
H be an element of ® of prime order p. If p;exw, — n*, and p #* p;,
then C(H) 2%, B>, and M = M?, contrary to assumption. Hence,
p=1p;. In this case, C(H)2(CH)NDP;, C(H)NP, and since
p;€E®, — n*, both C(H)N P, and C(H) N P¢ are in .27, so M = M¢,
Hence, (r, — 7*) N a(H(M)) = 2.

Thus, if 7(H(IM)) & 7, then #(H(IM)) contains a prime ¢ such
that the S,-subgroup L of W is abelian and gex,. Since €| does
not divide ¢ — 1 or ¢ + 1, but |€| does divide ¢°— 1, we can find
r, 7, € () such that »,|¢—1 and 7|¢+ 1. Let & be the S, -
subgroup of €. Then Q = Q, x Q,, where L, is normalized by €, and
Q; is eyclic, 2 =1,2. Since 7,|q + 1, it follows that L, and Q, are
isomorphic €, -modules. Hence, €, normalizes every subgroup of 2.

Once again, choose G in @ — M so that D = HI) N H(DY)® = 1.
Then C(D) 2<X, Q%, so C(D) is not contained in any conjugate of
M. Let CR)SWMe_»#. We apply Lemma 26.13 to M, and Q.
Since C(2,(Q)) = HIM), we have H(IM) < M,.

Suppose H(IM) were not abelian. Let R be a non abelian S,-
subgroup of H(IM). Apply Lemma 26.16 to I, and R, and conclude
that N(2,(Z(R))) <M, and so M < IM,, which is not the case. Thus,
alternative (ii) (¢) in the definition of type I holds, so It is of type
I. (Since H(M)e #°,, HM) is generated by two elements.)

Case 1b. G, = 1.

Since H(T) = W, we have G HWY = HO) U {1}. It follows
that N(G,) = M for every non empty subset &, of €& Let G = GG, —
G—-¢. If @0 is any non empty subset of (5, then each element of
@ is of the form EE, EcG, E ec®. Thus, if § = {E¥|EcE},
then N (@fo)g N (%o) SM. Since MN N (@'o) = @€, M is a three step
group with € in the role of Q*, H(M) in the role of 9, €, in the
role of D*. Since H(M) = W', we take N =1, so that (i) in the
definition of type V holds. If (ii) (a) holds, then M is of type V,
so suppose (ii) (a) does not hold.

Since &, < HY, H@R) is non abelian. Let HM) =P xS,
where P is a non abelian S,-subgroup of H(IR) (there may be
several).
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We will show that &, is a T.I. set in . Suppose Ge® — M
and &, N &f = D is a maximal intersection, so that N(D) is contained
in no conjugate of M. Let M, e _»~ with N(®D)SM,. Apply Lemma
26.14 to M, and P and conclude that iUtCiml, a contradiction.
Hence, &, is a T.I. set in &,

Since H(IM) is not a T.I. set in @, choose Ge® — M so that
1+ H) N H(M)? is a maximal intersection. Since &, is a T.I. set
in ©, we see that H) N HI)® = D, = PN B¢, and ND) is con-
tained in no conjugate of M, while N(D,)26S,. Since &, is a T.I.
set in N(®,), and since N(D)Z WM, S, is eyclic. By construction, P
is non abelian, so pex*, It only remains to show that pecx*.

Apply Lemma 8.16 to P and €. If & does not centralize Z(P),
then |E| divides p — 1 and we are done. Suppose that € centralizes
Z(P). Then € is faithfully represented on 2,(Z.(%))/2(Z(P)), so if
| 2U(Z(P)) : 2(Z(P))| = p, we are done. Otherwise, we let P, be an
element of P of order p such that Cg;(Po) = (Py x U, where A is
cyclic. Since | 2(Z)P)): 2(Z(B))| = »*, we have P,cQ2,(Z(P)), so
{(Po 2(Z(PB)><P. By Lemma 8.9, & 4(P) is empty. By
Lemma 26.2, ¥ is a central product of a cyclic group and 2,(%P),
with [ 2(B)| = »*. Since PS W and since & centralizes Z(P), we
have |P|=p’. € is faithfully represented on PB/P’, and since &
centralizes ¥, each element of & induces a linear transformation of
PB/PB' of determinant 1. Thus, || divides either p — 1 or p + 1,
since & is isomorphic to a cyclic p’-subgroup of SL(2, p). Hence,
perny, and WM is of type V.

Case 2. € is non eyeclic.

Case 2a. There is an element p ¢ w(E) such that the S,-subgroup
G, of € is non ecyclic and a S,-subgroup of & is non abelian. In
this case, Lemma 26.18 implies that € = &, x % where & is eyclic.

Let €, =6G,x¢€,, with |G, =2 €E,SZ(M), and with
G, H(I) a Frobenius group. Also  is a eyclic S-subgroup of IN.

We will show that &,FH(IN) is a Frobenius group. If =1,
this is the case, so suppose ¥ + 1. By Lemma 26.16, ¥ is prime on
H(M). Let ©* = C(%) N H(M), and suppose H* += 1. Then €,H* is
a Frobenius group. Let M, be a maximal subgroup of & containing
N(Z), & being a fixed subgroup of ¥ of prime order. Then IR, is
not conjugate to M. Hence, M N M, € 2. Since §,,H* is a Frobenius
group, €, N M, = 1, so a S,-subgroup of I, is abelian. By Lemma
26.12, €, H(M,) is a Frobenius group, so H(IM) N M, centralizes H(WM,).
Since 1CH*S HIM) NM, we see that MSM,, which is not the
case. Hence, $* = 1, so FH(IM) is a Frobenius group, as is &,,FH(IM).
M itself is a group of Frobenius type.

Suppose W is not a T.I set in @ and 7(W) L 7}. It follows readily
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that 2DV is abelian and is generated by two elements. M is of type I.

Case 2b. Whenever a S,-subgroup of € is non ecyclic, a S,-
subgroup of & is abelian.

Let # be the set of primes p ’n 7(€) such that a S,-subgroup
of € is non cyclic. Let € = €, x §,, where €, is the S;-subgroup of
@. Thus @, is a cyclic S-subgroup of M, and # +# @. By Lemma
26.13, €, is a S-subgroup of ®.

We first show that if pe® and €, is the S,-subgroup of €,, then

(26.6) CE)NHI) =1

This is an immediate consequence of Lemma 26.13 (iv) and Griin’s
theorem, since ' N E, = 1.

We next show that either &, = 1 or &H(IM) is a Frobenius group.
Suppose &, 1. By Lemma 26.15 &, is prime on H(IR). Suppose
O*=CE)NHI) +1. Let €, be the S,-subgroup of &, for some
qen(§,), and let M, be a maximal subgroup of @ containing N(E,).
Then I, is not conjugate to .

By Lemma 26.13 (ii), together with YW N &, = 1, there is some
element of 2,(¢,)} which has no fixed points on H(IR), so 9* is
cyclic. By construction <€, 9*>SM,. Suppose WM, N H(N?) is non
cyclic for some G in @. Let R be a non cyclic S,-subgroup of
MmN HEIRE, If a S,.-subgroup of @ is abelian, then H(I®) =M, by
Lemma 26.13 (i) and (ii). Since €S M, we have M? = M,, which
is not the case. Hence, a S,-subgroup of & is non abelian. If R
were non abelian, then M, = M for some G, in G, by Lemma 26,14
with R in the role of P. Hence, R is abelian. By Lemma 26.13,
R=RXR, |R|=r R centralizes H(M,) and R, H(IN,) is a Frobenius
group. By (26.6), RS M, so R, < IM,. Since RH(IN,) 4 M,, we can
find a S,-subgroup R* of M, which is normalized by €,. Since IM
and M, are not conjugate, w(H(M)) N 7(H(M,))) = &, so R* does not
lie in H(IWM,), and R* does not centralize H(M,). There are at least
» subgroups P, of 2,(€E,) with the property that PB,R*/R, is a Fro-
benius group, by (26.6). Each of these has a fixed point on H(IN)
It follows from Lemma 26.13 (iii) that IR, dominates &,. This is
absurd, by (26.6) and Lemma 8.13. Hence, I, N H(I®) is cyelic for
all G in . In particular, T, N H(IM) is cyelic. This implies that
M, N HE) is faithfully represented on H(IM,), so H* is faithfully
represented on H(M,). By (26.6), at least p subgroups of &, or order
p have fixed points on H(IM,), so M, dominates &,, which violates (26.6),
by Lemma 8.13. G,H(M) is a Frobenius group. Thus, in the defi-
nition of a group of Frobenius type, the primes in 7(€,) are taken care
of. Let €&, = €, x &, with|€,,| | €, |, pe T, and where €,; is cyclic,
+=1,2 1If |€,|<|CE,]|, then 2,(€,) char €, By Lemma 26.14
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(v), it follows that €,,H(M) is a Frobenius group. If |E,,| = |€,|,
then by Lemma 26.14 (iii), there is some element P of order p in €,
such that <P>H(M) is a Frobenius group. Thus, & contains a sub-
group &* of the same exponent as & with the property that G*H(I)
is a Frobenius group. M is of Frobenius type.

If H(R) is not a T.I. set in ®, and n(H(M)) & «f, it follows
readily that H(IM) is abelian and is generated by two elements. The
proof is complete.

LEMMA 26.20. Let Me _# and let T be the subset of primes p
in (M| H(IM)) such that a S,-subgroup of M i8 a non cyclic abelian
group and a S,-subgroup of © is abelian. Let € be a complement for
H() in M. Then a Si-subgroup P of € is a normal abelian sub-
group of € and PNE =1 or L.

Proof. We can suppose L+ 1. Let pef and let €, be a S,-
subgroup of €. We first show that €, <& Let gen(€) and let
€, be a S,-subgroup of & permutable with &,. If &, is non abelian,
then N(Q(Z(E)) SM, by Lemma 26.14. If 02,(Z(€,)) centralizes
2.(€,), then G, =W so that &, centralizes ¢,. We can suppose
that 2(Z(€,)) does not centralize 2,(€,). Since 2.(€,) centralizes
€,/€, N C(H(I)), and since &, & C(H(IM)), it follows that €, so
that &, centralizes &,.

If €, is a non cyclic abelian group, then ¢€# by Lemma 26.18.
If @, 4¢E,¢, then €, normalizes & and (€, -centralizes
G /G, NCHE). If € NCHE) =1, then N(€,) dominates 24(C,),
so €, centralizes €,. If €, N C(HW)) # 1, then €, N C(2:(E,)) domi-
nates &,, so that &, dominates &, and once again €, centralizes €.

Suppose &, is cyclic. We can suppose that €, normalizes &,.
Then 2,(€,) centralizes &,. If gem, Um, then &, centralizes &,
since €, S N(2,(€,)Y. We can suppose g €x, and that a S,-subgroup
Q of C(2(E,)) is in 2. In this case, however, C(P) S M (L) for all
Pe @, so M = M(Q) which is absurd. Hence, €, < €, so that P is
a normal abelian subgroup of &.

Suppose & contains a non abelian S,-subgroup &, for some prime
g. Then N(2(Z(G,)))SM, which implies that PSS I, since N(E,)
dominates each Sylow subgroup of .

Thus, in showing that PNW =1 or B, we can suppose that
every Sylow subgroup of & is abelian. By Lemma 26.18 and the defi-
nition of #, this implies that a S;-subgroup % of € is a Z-group.
This in turn implies that & N P’ is a S-subgroup of M. Let F, be
a complement for NP in F. Then F, is cyclic. If Fp, =1, then
& is abelian and we are done. We can suppose §, # 1.

Suppose F,is not of prime order. Let T = [T, BPH(M)]. By
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Lemma 26.3, and Lemma 26.16 ¥ is nilpotent. If [F,, PB] # 1, then
[Bo, €51 = 1, for some S,-subgroup €, of PB. Hence, N[, €,]) domi-
nates every Sylow subgroup of . Since [F, H(IN)] can be assumed
non cyclic, P I', and we are done. If [F,, B] =1, then PN W =
1, and we are done.

We can now suppose that &, is of prime order r. We can now
write P = P, x B, where B, =PNCF) and B, =[P, F), and we
suppose by way of contradiction that P, # 1,7 =0, 1.

Choose p so that &, N B, = 1, where €, is the S,-subgroup of P.

If B, N &, centralizes H(IM) N C(§.), then N(B) < M, by Lemma
26.13, since HMM) N C(F,) + 1. Since B, N €, 1 N(E,), BN E, S WY,
contrary to construction. Hence we can assume that (5, N €,)D*
is a Frobenius group, where $* = H(M) N C(¥,). Let M, be a maxi-
mal subgroup of & containing N(®,). Since B,N E, < N(E,), it
follows that B, N E,SIM], since N(F,) dominates €,. Since I, is
not conjugate to M, it follows that m(H(WL)) N 7(H(WM)) = @, so that
O* N HM) =1. Since [9*, B, N €,] # 1, both B, N &, and [$*, B, N G, ]
are in IM,, so commute elementwise. Thus [$*, B, N €,]=1, contrary
to the above argument. The lemma is proved.

LEMMA 26.21. Let Me 7 and suppose mw(IM/IM') contains a
prime p such that a S,-subgroup of WM is non cyclic. Then M 1is

of type I.

Proof.

Case 1. A S,-subgroup of & is abelian.

Case 2. A S,-subgroup of & is non abelian,

In Case 1, let T be the subset of those ¢ in #(MWM/H(IM)) such that
a S,-subgroup of I is an abelian non cyclic S,-subgroup of @. Then
pe 7, and if € is a complement for H(IM) in M, then a S;-subgroup P of
& is an abelian direct factor of & by Lemma 26.20. Let €=BxF.
[f ¥ were not a Z-group, then some Sylow subgroup &, of ¥ would
be non abelian, by Lemma 26.18 and the definition of #. But then
N(F,) &M, by Lemma 26.14. Since N(3,) dominates every Sylow sub-
group of P, we would find PSP, which is not the case. Hence,
& is a Z-group.

Let %, be a complement for ' in ¥, and let ¥, be the S,-
subgroup of F,. Let $* = H(M) N C(2,(F,)). Since H* is a Z-group,
and since N(2(%,)) dominates every Sylow subgroup of %, P central-
izes $*. By Lemma 26.13, $* = 1. Hence FH(M) is a Frobenius
zroup.

Let &, be the S,-subgroup of &', and let £* = H(M) N C(2(F.))-
[f $* is a Z-group, then $* = 1 as in the preceding paragraph. If
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$* is not a Z-group, then since N(2,(3.) dominates every Sylow
subgroup of B, we find P&WM', which is not the case. Hence,
FH(M) is a Frobenius group.

If % is non abelian, then m(Z(9,)) = 38 for every S,-subgroup 9,
of H(IN), so that H(IN) is a T.I. set in @. By Lemma 26.13, I is
of Frobenius type, so I is of type I. If ¥ is abelian, & is abelian,
so M is of type I by Lemma 26.19.

In Case 2, let € be a complement for H(IM) in I, let €, be a S,-sub-
group of €, and let & be a S,-subgroup of & Let &, be a complement
for FNIM' inF. Then F, is a S-subgroup of W, and F, = 1 is a possi-
bility. We can suppose g, is permutable with &,, so that $, normalizes
¢,, since by Lemma 26.18, % is a Z-group, and F N W = 1.

Let €, = A x B, where A centralizes H(WM), BH(MN) is a Frobenius
group, ¥, normalizes both A and B, and 2,(B)<= Z(P) for some S,-
subgroup P of &. By hypothesis, [F,, &,] < &,.

Suppose F, # 1. Let §* = §, N C(B), and suppose that 1 C F* C
%o Let % be a fixed subgroup of F* of prime order. Then * =
HM) N CEFr) = HI) N C(F,) is a Z-group normalized by F,B. Since
%:B is non abelian, * = 1. Hence F*BH(IN) is a Frobenius group.
Since g, is prime on H(WM), F.H(M) is a Frobenius group. In par-
ticular, every subgroup of {, of prime order centralizes B.

Let & = § NI, and suppose that &, # 1, so that our running
assumptions are: F, # 1, L F* T B # 1. Suppose FH(M) is not
a Frobenius group, and let %! be a subgroup of prime order such
that * = HIY N C@¥) # 1. It follows that N(FHS M. But Fr
centralizes 2,(€,), so &, is not a S,-subgroup of N(F¥). Hence
BFH(I) is a Frobenius group, in case 1 C F*C F,. Hence, M is of
Frobenius type in this case. If B is non abelian, then m(Z(9,)) = 3
for every S,-subgroup 9, of H(M), r e m(H(WM)), so H(WM) is a T.I. set
in @ and M is of type I. If BF is abelian, and H(M) is not a T.I
set in O, and 7(H(M)) £ nF, then m(H(M)) =2 and H(M) is abelian.
M is of type I in this case.

Suppose now that ¥, = F* + 1. In this case AF < €. Since
BH(IM) is a Frobenius group and A centralizes H(WM), it follows
readily that FH(IM) is a Frobenius group, and that I is of type I.

Next suppose {* =1,%,# 1. Since F, is prime on H(M), F, is
of prime order. Since ¥, does not centralize B, F, does centralize
A. Let ©* = HWM) N C(F.), so that H* #1. Since A centralizes
H(@), A centralizes H*. Since BF, is non abelian and BH(M) is a
Frobenius group, it follows that H(M) is a T.I. set in @ and that
$* is cyelic.

Let I, be a maximal subgroup of & containing N(F,). Then I,
is not conjugate to . Let &, be a complement to H(WM,) which con-
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tains $*. If A& H(R,), then since C(A) =M, H* centralizes a non
cyclic p-group, which is not the case. Hence, A L H(IM), and we can
suppose that A S E,.

Since N(D) < M for every non empty subset D of (AH*)?, it follows
that AH* is prime on H(IR). Let OF = HIN) N M, so that $ = DF, and
©:F is prime on H(M,). Since N(F) S M, it follows that HF = H*.

If A is not a S,-subgroup of M,, then 2,(B)* =M, for some M
in M. But then 2,(B)*H(IN) is a Frobenius group, as is 2,(B)*H*,
so that ©* centralizes H(I,), which is absurd. Hence 2 is a S,-
subgroup of M,.

If & H (M), then either |F,|exm, or a S,gol-subgroup of M, is
abelian. But in the first case, 9* dominates g, contrary to
F NP =1, while in the second case D*A normalizes some Sig,-
subgroup & of M, with F, S K, and [R, D*AJH*NU is a Frobenius group.
As ©*: is prime on H(IN) and | H*A | is not a prime, it follows that
[©*Y, &] centralizes H(M,). If R is a Slgorsubgroup of @, then 9*A
dominates 8, so F, S I, which is not the case. Otherwise, a Sig,-
subgroup of @ is non abelian, and 2,(IR, $*A]) is contained in the
center of some S,%o.-subgroup of @&. But N([9*U, KD&M, and a
S,%ol-subgroup of M, is abelian. Hence, &,S H ().

We next show that $*U is a complement to H(IM) in M.
Namely, turning back to the definition of %, we have § = F(F N W').
But BS, and U centralizes H(IM). Hence, F=F, or §F is a
Frobenius group with Frobenius kernel ¥ N IM'. Now, since F =
H,(M,), it follows that MM, N M S O*AH(IM,). This implies that H*A
has a normal complement in €, If *A = &, then €, is a Frobenius
group with Frobenius kernel €; and €, = E9*U. This is absurd
since *A is prime on H(M,), and | D*A | is not a prime. Thus H*A
is a complement to H(IM,) in M,. Now, however, H(IM,) is nilpotent.
Since ¥, has no fixed points on (€ N W), it follows that M N M, =
B A,

Since $*A centralizes F, it follows that ¥ S H(I,)'. We next
show that H(M,) is a T.I. set in &. Namely, |3, divides p — 1,
since [B, F,] =B. Hence p> | F,|; since | ¥, | is a prime, |F,| e, —7*,
so HM,) is a T.I. set in G.

We now turn to N(E,). Let IR, be a maximal subgroup of &
which contgins N(2,(8B)). Then I, is not conjugate to either M or
M, since the S,-subgroups of these three maximal subgroups are
pairwise non isomorphic. Let 3 be a S,-subgroup of M, containing
€, and normalized by %, If pem, then {, does not map onto
N(B)/PC(P), since F, centralizes A. But then N(F,) covers
N(B)/PC(P). This is not the case since N(F,) &M, and AL M.
Hence, p¢m, so pemn, and P& H(M).
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Since C(§,) N H(M,) S M, and since
1=(H@)|, | HD)|-|HDY)|),

it follows that C(§.,) N H(T,) = A. Hence, N(F,) N M, normalizes
A. But NGE)NNE) = FAD*. (This turns the tide.) Suppose
N@) N MO AY¥,. Then M, contains a non identity subgroup H**
of $*. But H(IM, contains B, and we find that [H**, B] = H** <
H(I,), which is not the case. Hence N(%F,) N T, = AF..

By Lemma 26.17, I, has p-length one. Let &, = 0,.(It;), so that
PRYR, = P WM, = M/K,. Then M,/PR, is a Frobenius group whose
Frobenius kernel is of index ||, or else M, = PR,F,. In any case,
by Lemma 8.16, IR, centralizes B/P’. But now AZ WM;, which is a
contradiction to H(IM,) =& M.

We have now exhausted all possibilities under the assumption
that ¥, # 1.

Suppose F, = 1. In this case, FESWM', § is cyclic and F is nor-
malized by €,. Since BH(MM) is a Frobenius group, 2,(B) centralizes
H, so Q.(E,) centralizes §. This implies that FH(IM) is a Frobenius
group, or ¥ = 1. In both cases, M is of Frobenius type. If §F +# 1,
then BF is non abelian, so m(Z(9,)) = 3 for every S,-subgroup 9, of
HM), ren(H(M)), and H(M) is a T.I. set in . If F =1, then
¢ = @, is abelian, and the lemma follows from Lemma 26.19.

LEMMA-. 26.22. Let 2 be the set of Z-subgroups 3 of & with
the following properties:

(i) If p,q are primes, every subgroup of B of order pq is
cyclic.

() 3=8:%x8,18:1=2+1,i=1,2 and for any non empty
subset B, of B — B, — 8, N(8) < 8.

Then 2 8 empty or consists of a wunique conjugate class of
subgroups.

Proof. If 3e€ 27, and 8 = B,x B, satisfies (i) and (ii), then
3 =8 — B, — B, contains (2, —1)(2, — 1) elements. Since 8 is a
Z-group, (z,z,) = 1. 3 is clearly a normal subset of 8, so N(g) =
8. Suppose Ge® and Z eg N 3". Then there is a power of Z, say
Z, = Z* such that Zle:?) N 33" and such that Z, has order »,p, where
p; is a prime divisor of | 3;| = 2;. Then {8,> <1{B, 8%> and so 8 =
3%, Ge 3. Thus, the number of elements of & which are conjugate
to an element of 3 is

S|

(26.7) 3]

_ _ |8
(& — 1)z —1) > 5
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Suppose 3* is another subgroup of 2 and 8* = 8 x 3 satisfies
(i) and (ii). Set 83* = 8* — 8F — B¥. We can assume that 3* N3 #
@, by (26.7), and it follows that 8* = 8. The proof is complete.

LEMMA 26.23. Let Me _», and suppose M’ is a S-subgroup of
M, | M : W' | is not a prime, and WM/’ is cyclic. Then WM is of
type I or V, or M has the following properties:

(i) HEM) is a nilpotent T.I. set in G.

(ii) If € is a complement for H(M) in M then

(a) € <3 a mon abelian Z-group and every subgroup of &
of order pq is cyclic, p, ¢ primes.

(b) € is prime on H(M), and &, = H(IM) N C(E€) i8 a non
tdentity cyclic group.

(ili) ©C€, = 3 satisfies the hypotheses of Lemma 26.22,

Proof. If MM = H(M), the lemma follows from Lemma 26.19.
We can therefore suppose that H(IM)C T, Let € be a complement
for H(IN) in I, let § be a complement to & = EN WM’ in €. Then
‘% is a cyclic S-subgroup of I, and |F| is not a prime.

If M is a Frobenius group, then m(Z(9,)) = 3 for every non
identity S,-subgroup 9, of H(IM), so H(M) is a T.I. set in @, and
we are done. We can suppose that 9t is not a Frobenius group.

Suppose FH(IM) is a Frobenius group with Frobenius kernel H(IN).
With this hypothesis, we will show that I is of type I.

Let &, be a cyclic S,-subgroup of &, Suppose $* = H(IM) N C(2,(E,))
# 1. Then €,F, normalizes *. Consider N(2(E,)) 29 E,, F.
‘Since |§| is not a prime and $F9* is a Frobenius group, it follows
that N(2,(C)) <M. Hence, &, is a S,-subgroup of ®. Since €,
.does not centralize H(M), it follows that every subgroup of F of
prime order centralizes €,. Since G, STV, |F| is not square free,
.and ¥ contains a S-subgroup P, such that [€,, F]+# 1. Consider
N(©Q(3)). If gem, then [F,E,]=1 If gen or gem, and a S,-
subgroup of ® is non abelian, then F, S N(2,(F,)), so once again
1¥.,6,]=1. If genwr, and a S,-subgroup of & is abelian, then
N(2,(E,)) contains a S,-subgroup of &, contrary to N(2,(C,)) <.
Hence ©* =1 and G H(M) is a Frobenius group.

Since M is not a Frobenius group, &, contains a non cyeclic S,-
subgroup ¢, for some prime p. If €, is abelian, and a S,-subgroup
.of @ is non abelian, then € = &,-&,,, and €, is a Z-group. In this
case, &, H(M) is a Frobenius group, and so M is of type I. If €,
is abelian, and a S,-subgroup of @ is abelian, then €, is a S,-subgroup
of @. In this case, every subgroup of ¥ of prime order centralizes
&,/€, N C(H(MM)), so centralizes &} for some non identity subgroup
of €,. Since pew, and a S,subgroup of & is abelian, it follows
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that if $§, is a S;-subgroup of ¥ which does not centralize &}, then
g€, a S,-subgroup of @ is abelian, and &, is normalized by a S,-
subgroup £ of @ with F, Q. Since C(2(E,)) M, CE,) N LS F,.
Since £ is of type (¢°%, ¢*), ab > 0, there is a direct factor of & which
normalizes every subgroup of &,. Hence, %, is this direct factor.
Hence, ¢ divides p — 1, so we have €, =, x §,,, where &, is
normalized by L. It follows that G, H(IN) is a Frobenius group for
1=1,2.

Suppose every Sylow subgroup of & is abelian. Let # be the
subset of p in w(€) such that a S,-subgroup of & is non ecyeclic, and
let B be a S;-subgroup of €. By Lemma 26.18 and the preceding
paragraph, P is a normal abelian subgroup of €. Hence, I is of
Frobenius type. Since € is non abelian, H(M) is a T.I. set in @, so
M is of type I.

Thus, if FH(M) is a Frobenius group and every Sylow subgroup
of & is abelian, then I is of type I.

Suppose FH(Pt) is a Frobenius group, and &, is a non abelian
S,-subgroup of € Then €, is a S,-subgroup of ® and pem, Since
every subgroup of ¥ of prime order centralizes &,/€, N C(H(M)),
and since €,Z C(H(M)), Lemma 26.9 implies that §F centralizes
E,/€, N C(H(M)). This violates the containment &, &SI'. Hence, if
SH(IM) is a Frobenius group, M is of type I.

Suppose now that FH(IN) is not a Frobenius group. Let €, =
C(®) N H). By Lemma 26.15, @, is a Z-group. By Lemma 26.3,
H(T?) is nilpotent so &, is cyclic. Since every subgroup of § of
prime order centralizes &'/& N C(H(WM)), it follows that & normalizes
€, so centralizes €, since Aut €, is abelian. Hence, &, < H(INY.

Since every subgroup of § of prime order centralizes
G’ /€ N C(H(M)), it follows that €' is abelian. Suppose &' were non
cyclic. Let €, be a non cyclic S,-subgroup of ¢&'. By Lemma 26.12,
together with &, # 1, &, is a S,-subgroup of @.

Let ¥, be a S,subgroup of % which does not centralize
C,/E, NCHEM), and let E* =€ NCRAGB)#1. Then N=
N(2,(3F)) 25, €5, €. It follows now from €, HM)' = ﬁ(‘m) U {1}
that either %, is not a S,-subgroup of @ or §,S W', both of which
are false. Hence, & is cyclic. This yields that every subgroup of
& of order pq is cyclie, p, ¢ being primes.

We next show that € is prime on H(IM). Since C(E)=
CRNHD) =EG, for all Ec@ it suffices to show that G, =
C(E)N H(MM) for all Ec@*. Suppose false and €, is a S,-subgroup
of & such that C(2,(€,) N HIM) = €, > E,. Since FE,/E, is a Fro-
benius group, it follows that €, is a S,-subgroup of ® and N(€,)S
M. In this case, let ¥, be a S,-subgroup of F which does not
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centralize €, and consider N(2,(%,))2<€,, §>. If ¢enr, Lemma 26.9
is violated; if gem, then F, S N(2«(F,)) 80 [Fo, €l =1; if gem, F
is not a S,subgroup of N(&,), contrary to N(G,)S M. Hence, € is
prime on H(M), and so &, = C(E) N H) for all Ec@*. Since € is
non abelian, H(IM) is a T.I. set in @.

Let 8 = &G, and let 8 = GG, — G — G,. By construction, € # 1,
G #1 and NB) NM=238. Since &< HEDMYSHIV)U {1}, NBy)S
IR for every non empty subset B, of & Since (&), |€,]|) =1, this
implies that N(:%) =3 and N (30)g3 for every non empty subset 30
of 3 Thus, 3 satisfies the hypotheses of Lemma 26.22. The proof
is complete.

LEMMA 26.24. Suppose e _# and M is of type V. Then W’
18 tamely imbedded in .

Proof. We can suppose that I’ is not a T.I. set in &. Let
€, = M’ N C(€), where € is a complement to Y in M. Then &, =1,
and G, SIM"”". Hence, P is non abelian. Let W = P x S, where
P is a non abelian S,-subgroup of W', and &, is the S, -subgroup of
M’ for some prime p (there may be several).

We show that &, is a T.I. set in @. If &, =1, this is the case.
Suppose &,+ 1, and Se& NS, S+1. Then C(S)2{PB, B*. Let
M, be a maximal subgroup of & containing C(S). By Lemma 26.14,
N@Q(Z(P) &S M. Hence MSIN,, so M =M, 2P and so P = PF
and Ge M.

Since M’ is not a T.I. set in G, it follows that &, is eyclic.

Suppose MeI', M+ 1, and C(M)<LIM. Since every subgroup
of & is normal in M, it follows that MeP. Furthermore,
M>N T(P) =<1), so M is of order p, and Cyp(M) = {M)> x B x &,
where B is a non identity cyclic subgroup of P, and B=22(Z(P)).
(Notice that since M¢ M, Cy(M) S IN'.)

Let M, be a maximal subgroup of & containing C(M). Then a
S,-subgroup of M, is abelian, by Lemma 26.14, so {<M>xB is a
S,-subgroup of IR, by Lemma 26.6. By Lemma 26.12 BH(I,) is a
Frobenius group.

Let £ be a complement to H(IM,) in M, which contains Cgy(M).
Since BH(IM,) is a Frobenius group, it follows that (M) x 2,(B) < 8.
This implies that L= M, so that L = WM N M.

We next show that ((Tt|, | H(M,)|) = 1. This is equivalent to
showing that (€|, | H(M)|) = 1. Suppose false and ¢ is a prime
divisor of (|€|,| H(@R)|). Since pex*, q divides p+1 or p — 1.
Since p divides |M,: H(AR))|, and BH(IN) is a Frobenius group,
gem,— n*. Thus, if @ is any element of & of order g, then C(Q)
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is contained in a unique maximal subgroup of &. Let Q be an
element of € of order ¢, and let M, = M(C(Q)). Then EE, S M,. Since
gem, — *, M, is conjugate to M, in &. Since €S, is a Frobenius
group or &, =1, @, is a p-group. We can thus find G in @ such
that M¢ = M,, and we can suppose that {Ef, M,B) is a p-group.
This implies that G¢<= M, so that Ge M. Since <M,B) is a §,-
subgroup of M, we have GI= (M, B). Since ¢ &IM" and Ge M,
G M’ N<{M, B, and so 2,(€¢) = 2,(B). But now [2,(EF), €] =1,
contrary to Q¢ H(IM,) and 2,(B)H(IM,) a Frobenius group. Hence,
(M|, | HEDY) ) = 1.

By construction, C(M) S It,. We next show that Np(<MD) is a
complement to H(IM,) in M,. Since L=MNWM,, it follows that
<M <8, since <M, B) ¢ and {<M)S C(H(I,)). Thus, 8= Ny(KMD).

We next show that two elements of ' are conjugate in ® if
and only if they are conjugate in M. Let M, M, e M, and M = M¢,
Ge®. Since &, is a T.I. set in ®, we can suppose M, M, e B. If
Me f!(sm), then C(M)S I, so B¢ N M is non cyclic, and so GeM.
We can suppose M¢ IAJ(‘,IR). In this case Cy(M) is a S,-subgroup of
C(M). Now C(M)=24{2,(Z(P)), 2(Z(P%))>, so we can find Ce C(M)
so that 2(Z(P))°S Cyx(M). As observed earlier, this implies that
Q(Z(B)° = 2(Z(P)). Since (Z(P9))° = 2(Z(P)*°, and M=
N(Q2(Z(B)), we have GCeM. Then M’ = M° so M and M, are
conjugate in M, namely, by GC, since C e C(M).

Let M, ---, M,, be a set of representatives for the conjugate
classes €,, ---, €, of elements in IN which are in I* and satisfy
CMH)ELEM, 1 <1 <m. As we saw in the preceding paragraph, C(M,)
is contained in a unique maximal subgroup of &, for each %, in fact,
N(KM)) is the unique maximal subgroup of & which contains
CKM>). Let ;= NKM)), 1<i<m, and suppose notation is
chosen so that R, -.-, N, are non conjugate in &, while N, is con-
jugatetosome N, withl <1<, if n+1=<j<m. Set ;= HDR,),
l1<i=m, so that (|9, |9 =1 1=4,7<n,1+].

Let

R, =U Cm‘(H) - 9.
mept
Since M. =%, it follows that N(R) = R.. Also, R, = DR, N W)
and ;N M=1. If ,NMS W, then N, N M is abelian, and in
fact RN WM =M x B; xS, where B; is a cyclic subgroup of P.
Since (B, x &,)9; is a Frobenius group,

(26.8) = U M9 U{1},

net
so is a T.I. set in ®.
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Suppose ;N MZWM'. Then ;N W AR NM, and N, N M =
R NW)-F, where FNWM =1, and F<{M,> is a Frobenius group so
that || divides » — 1. Now & normalizes B; x &,. (B:; can be so
chosen.) If {B;S, is abelian, then FB,S,H; is a Frobenius group by
Lemma 26.21, (together with F<{M,> a Frobenius group), and ?fé.- is a
T.I. set in @. If ¥B;S, is non abelian, then since § is prime on
W, and F is prime on P, F is prime on B;SD;. If |F| is not a
prime, then [§, B;8,] centralizes ;. Since &, is cyclic and every
subgroup of &, is normal in M, we have &, =1. But N(B)=M
since 2,(B;)S Z(W'). Thus, we can suppose |F| is a prime. If §
centralizes B;, Lemma 26.21 implies that N; is of type I. Thus, we
can suppose that ¥®B; is a Frobenius group. Hence FB.S, is a
Frobenius group, as is F{MD>B;S,. Since B,D; is a Frobenius group
and §B; is also a Frobenius group, O; is a nilpotent T.I. set in 3.
Hence §* = Ctu(%) is a non identity cyclic subgroup and §F* satisfies
the hypotheses of Lemma 26.22 with the obvious factorization FF* =
$ x &*. But €€, also satisfies the hypotheses of Lemma 26.22, so
F&* and €GE, are isomorphic. In particular, p divides |FF*|, so
divides |¥*|. This is absurd, since p divides |B;| and B;H; is a
Frobenius group with Frobenius kernel ;,2%*. Hence, this case
cannot arise. Hence, ‘fé.- is a T.I. set in @, and in fact (26.8) holds.
Since 9, is a S-subgroup of N;, we have N, = N(i?%i).

Since M; and N; are not conjugate in @, 1 <4,5<n,1+# j, by
construction, we have (|9;], |9;]) =1 if ¢ 3. The factorization of
C(M,) is now immediate, 1 £k <m. We have already shown that
(M|, |9:)) =1. Thus, D' is tamely imbedded in ®.

Hypothesis 26.1.

(i) ©e_7 and & is a S-subgroup of ©.

(ii) |&:&'|=q i3 a prime and Q* i8¢ a complement to &'
m S.

(ili) & is not nilpotent.

(iv) ©* = Ce(DY).

LEMMA 26.25. Under Hypothesis 26.1, $* s cyclic and Q*H*
satisfies the hypotheses of Lemma 26.22 with the factorization
L*H* = Q* x D*; N(Q*) 18 contained in a unique mazimal subgroup
Tof ;S NT =Q*O* Q*ST'; every element of 2 is of type I or
18 conjugate to & or E.

Proof. Since & is not nilpotent, $* # 1. Let T be any maximal
subgroup of & containing N(Q*). :

Let # consist of those p» in 7(®') such that either pen* or
pen(D*) or p¢n(H(S)), and let 1 be a Q*-invariant S;-subgroup of
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S, and let  be a S;-subgroup of &'. We will show that U is
nilpotent and that < &.

Choose pe@ and let P be a Q*-invariant S,-subgroup of &. If
pern* or pegn(H(S)), then & has p-length one, by Lemma 26.17.
Hence, &' centralizes 0,. ,(8)/0,(®), so © has a normal p-complement.
If pen(9*), then by 8.16 (i) or Lemma 13.4, & centralizes
0;..,(©)/0,(8), so in this case, too, &' has a normal p-complement.
Hence, U is nilpotent and <t &. Since & is not nilpotent, o # 1.
Ful;thermore, &*NUEU. By construction, n(9)Snw, —n*, so
N(®)S© for every non empty subset © of DF. Thus,  is a T.I.
set in ®. Since $*NUSW, Lemma 26.14 implies that N(P)S©S
for every non empty subset © of ©*. Thus H*Q* = H* x Q* satis-
fies Hypothesis (ii) in Lemma 26.22,

Let §** =&'NT29H*. < is not conjugate to S, either because
L* is not a S,-subgroup of & or because Q* = T'. Thus, D** N H(T) =
1. If ©*c 9**, then Q* Z T’ since [Q*, $**] +# 1. But in that case,
some S,-subgroup of ¥ normalizes $**, so Q* is a S,-subgroup of G..
But in that case, Q*S N(Q*)Y=3'. Hence, 9* ="' N T, so H*V* =
S NI, Since N(fb)g@ for every non empty subset D of O% it
follows that $* has a normal complement in £, say ¥, and £, is a
S-subgroup of T. Suppose Q*&EIT'. Then T, N T’ is disjoint from
%, 9*(X, N T’ is a Frobenius group, and T, = (T, N T)Q*. Further-
more, a 9*-invariant S,-subgroup L of T, has a normal complement
in &, and Q is abelian, by Lemmas 26.10 and 26.11. Thus Q* is a
direct factor of Q, and Q* C Q, since L*ZL T’ and N(Q*) =T, Ifa S,-
subgroup of & is abelian, then N(9*) dominates Q, so Q*=&&,
which is not the case. If a S,-subgroup of @ is non abelian, then since
T, N ¥ is nilpotent, O* is contained in the center of some S,-subgroup
of ®. This is absurd, since N(Q*) S and Q is an abelian S;-subgroup
of . Hence, Q*&X.

Again, let Q be a S,-subgroup of £ normalized by $*, and let
B be a S,-subgroup of T, normalized by $*. Then either L =1 or
$*B is a Frobenius group. In both these case, we conclude that
L Q% If B does not centralize Q, then by Lemma 26.16, ge 7w, —
n*, so T is the unique maximal subgroup of ® containing N(Q*). If
B centralizes Q, then Q*= L), so if gem, T is the unique maximal
subgroup of @ containing Q*. But if ¢g¢m, then Q* JE, so of
course ¥ is the unique maximal subgroup of & containing N(Q*).
Thus, in all cases, ¥ is the unique maximal subgroup of & containing
QF.

We next see that if p, p, are primes then every subgroup of
$* of order p,p, is cyclic. We next show that $* NN S Z(H*).
Suppose false and $F = D* N U, £ Z(D*) where U, is the S,-subgrour
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of U. If rex, Um, then since U, =&, it follows that remx, and U,
is the non abelian group of order »° and exponent r, so that |9} | =
7. Since $* N1 has a normal complement in $* and every subgroup
of D* of order p,p, is cyclic, $F & Z(H*). Thus, we can suppose that
rem,. By definition of %, we also have rexn*. Apply Lemma 8.17
and conclude that ¢ divides » — 1. Since $* is a Z-group, Lemma
13.4 applied to L*U, acting on the S,-subgroup of &' implies that
1, centralizes the S,-subgroup of &; since $F S 1), it follows once again
that F =& Z(9*). Hence, $* = (H* N ) X ($* N ) with cyelic H* N 1.

If 9*NHSF(S), then H* is cyelic. Suppose H* is non cyelic.
Since 1 is nilpotent and since &'/F(&) is nilpotent by Lemma 26.4,
it follows that 7(9* N O) contains a prime s such that a S,-subgroup
of &'/F(S) N 9 is non abelian. Hence, Cg(1) contains a non abelian
S,-subgroup. By construction, sex, — n*, so Cz()) € 27. This implies
that & is a T.I. set in @.

Since * is assumed non ecyclic, hence non abelian, and since
every subgroup of * of order p,p, is cyclic, it follows that | D* : D*'|
is not a prime. By Lemma 26.23 (i), £, is a nilpotent T.I. set in G,
Set g=|6]|, |&|=m, |T,|=m, |D*|=h, |[R*|=q. If G, G,
G;€®, the sets G'&"G,, GG, GI(H*Q* — * — Q*)G, have pair-
wise empty intersections. Hence,

> 9 - DI m—1) + I (h — 1) —
92 L -+ Lom -1+ La-ne-1,

so that

1 1 1
g mh Sk
Since m, = 8k, m, = 3¢, the last inequality is not possible. Hence,
O* is cyclie.

Let € be a maximal subgroup of & which is not conjugate to
either & or . If ¥ is not a S-subgroup of £, then Lemmas 26.10,
26.11 and 26.21 imply that & is of type I. If € is a S-subgroup of
2 but /2 is non cyclic, Lemma 26.21 implies that £ is of type I
If & is a S-subgroup of £, /¥’ is cyclic, and |2:%'| is not a prime,
then by Lemma 26.23, @ is of type I or € contains a subgroup 3 =
B, %X 8, which satisfies the hypotheses of Lemma 26.22. But Q*9*
also satisfies the hypotheses of Lemma 26.22, so 3 is conjugate to
2*H*. Since 8, S H(®) can be assumed, either (| 8;],|Q*|) #1, or
(8.1, 19*|) £ 1. The first case yields & = 2% G e€®, the second case
yields € = &%, G, € ® and we are done in this case. Lemmas 26.22
and 26.23 complete the proof.
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LEMMA 26.26. Under Hypothesis 26.1 X 1is either of type V, or
(i) |9*| =»p 18 a prime.
(ii) T satisfies

@) |T:¥|=0p, and T’ i3 a S-subgroup of L.

(b) T’ is not nilpotent.

Proof. By Lemma 26.25, Q*<= %' and 9* is cyclic. As
©*NUSW and 7 Sx, — 7%, it follows that N()S & for every
non empty subset @ of D**. Since SN T = Q*D*, this implies that
$* has ¥’ as a complement. If |9*| is not a prime, ' is nilpotent,
by Lemma 26.3. This implies directly that ¥ is of type V, condition
(ii) in the definition of type V following easily, since ¥’ is non abelian.

We can suppose that T is not of type V. Hence, (i) is satisfied.
Since ¥’ is not nilpotent, (ii) (a) and (ii) (b) also hold.

Lemma 26.26 is important, since if ¥ is not of type V, then T
satisfies Hypothesis 26.1, as does &.

LeMMA 26.27. Under Hypothesis 26.1, one of the following holds:
(i) NWLS; (i) & 18 a tamely imbedded subset of ®, and U is a
S-subgroup of G.

Proof. Suppose NU)S &, If & iga T.I. set in @ we are done.
Hence, we can suppose that &' is not a T.I. set in @.

Since &' is not a T.I. set in & and since  is a T.I. set in
S @(9)=n, — 7, so Lemma 26.5 (ii) applies), U # 1. We first treat
the case in which U is non abelian. Let U =R x R,, where R is a
non abelian S,-subgroup of R, and R, is the S,-subgroup of U. We
show that & is the unique maximal subgroup of & containing R.

Suppose RS, %e_#. By Lemma 26.1, N(Q(ZR)SLNES.
In particular, NR)S LN S, so R is a S,-subgroup of G. If & =S¢,
Ge@®, then by Sylow’s theorem, R is conjugate to GRG™ in &, R =
S-'GRG™'S, so that S-'Ge NR)&®S, and GeS. Hence, we can
suppose 2 is not conjugate to &. Clearly, 8 is not conjugate to T,
since ¢t |T:X'|. Hence, 8 is of type I. But then RS H(), so that
L = NR)=S, contrary to assumption. Hence, R is contained in &
and no other maximal subgroup of ®. This implies that U is a S-
subgroup of .

Choose Se&"*"N&"% Ge® — &S. There are such elements S and
G since &' is not a T.I. set in . If S is not a #-element, then
S, = S"e 9N $* for some integer n, contrary to the fact that  is
a T.I. set in @. Hence S is a #-element and we can suppose that
Sell, If S¢R, then S, = S"c RN S" for some m, and C(S,) con-
tains a S,-subgroup of both & and &¢ which is not the case. Hence,
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SeR. Since R was any non abelian Sylow subgroup of U, it follows
that R, is abelian.

Let fe_z, C(S)= 8. A S,-subgroup of £ is non cyclic. Let
R be a S,-subgroup of £ containing Cy(S). If rex, then by Lemma
26.7, N(Cx(S))S®, so R = Cx(S). If rem, the same equality holds
by Lemma 26.14 and the containment N (Cx(S) E N(R(ZHR))). Thus,
2 is not conjugate to &. Since R is non cyclic, £ is not conjugate
to . Hence, € is of type I, and this implies directly that £ =
HYERNS), SN H® =1. Since a S,-subgroup of & is non abelian,
Lemmas 26.12 and 26.18 imply that

{ U e} - B@ = BEKGY,
meg@?

and it is obvious that H(®)<{S>* is a T.I. set in @ with £ as its
normalizer. We have verified all the properties in the definition of
a tamely imbedded subset except the conjugacy condition for &' and
the coprime conditions. By definition of H(¥), together with the
fact that &' is a S-subgroup of @, it follows that (| H(®)|, |&'|) = 1.
If (|H(®)|, |Q*]) + 1, then € is conjugate to ¥. This is not the case, as
R is non cyclic. Thus, if &, ---, &, is a set of representatives for the
conjugate classes of maximal subgroups of & which contain C(S) for
some Sin & and are different from &, it follows that (| H(,) |, | H(&;)|) =1
for 1 # j. It remains only to verify the conjugacy condition for
elements of &%, Let S,S, be elements of & which are conjugate
in . We can suppose that S and S, have order » and are in R;
otherwise it is immediate that S and S, are conjugate in &. Let
S = G'S,G, then C(S) 2<{2(Z(R)), 2(Z(R°)). Since N(2(ZR))) <
&, it follows that S and S, are conjugate in &. (It is at this point
that we once again have made use of the fact that the subgroups in
7 (R) have two conjugate classes of subgroups of order »,) Thus, &
is a tamely imbedded subset of & in this case.

We now assume that U is abelian. We first show that 1l is a
S-subgroup of ®&. Otherwise, 1 is not a S-subgroup of N(U,) for
some non identity S,-subgroup U, of . Let N(,)S 8¢ _#. Then
2 is not conjugate to &, since |2(y+# |S|;. Suppose £ is conjugate
to . Since UL* is a Frobenius group, we have 1S %, Thus ¥ is
not nilpotent, since by hypothesis N(1)=©&. Hence, £ is not of
type V. By Lemma 26.26, |$*| = p is a prime. Since |Q*|=q is
also a prime, it follows that if B is a S,-subgroup of T’ normalized
by 9%, then $*T is a Frobenius group, (8 # 1, since T’ is not
nilpotent). If 7(l) & 7(B), then since N(U) &S, it follows that U is
conjugate to B. But p divides | N(B): C(B)|, and so p = g, which
is not the case. Hence 7(M)ZLw(B). But r)&za@)NnT) S
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(V) U {g}, so g € x(1), which is absurd since &' is a ¢’-group. Hence,
€ is not conjugate to either & or T, so L is of type I. Since Q* is
of prime order and Q* is a Frobenius group, U< H(R®). Since
NU)= S, we have U = H(8). Hence 8= N(I1) =S, which is absurd.
Hence, N1 is a S-subgroup of &. This implies directly that NU,) =&
for all non identity Sylow subgroups U, of &,

Since U is an abelian S-subgroup of &, and $ is a T.I. set in G,
the condition N(11) & & implies that two elements of & are conjugate
in @ if and only if they are conjugate in &,

Suppose Se@&"*, and C(S)ZS. Then S is a 7-element, and we
can suppose Scll. Let e _#, C(S)SL. Since U is an abelian S-
subgroup of @& and since US C(S)S &, it follows that € is not con-
jugate to & or . It is now straightforward to verify that &' is
tamely imbedded in @.

LEMMA 26.28. Under Hypothesis 26.1, etther & or T 18 of type
II. If & is of type II, then

U Cg(H)
medt

18 a T.I. set in @. Both & and T are of type II, III, IV or V.

Proof. First, suppose T is of type V, but that & is not of type
II. Suppose NU)SS. By Lemma 26.27, &' is a tamely imbedded
subset of ®. As U is a S-subgroup of & in this case, we have
(1], |¥'))=1. By Lemma 26.24, ¥’ is a tamely imbedded subset
of @. We now use the notation of section 9. Suppose Sc¢&"* Te "
and some element of Uy is conjugate to some element of A,. This
implies the existence of € _# such that |2 : H(Y)| divides (&', |T'))
=1, which is not the case. Setting W= 9*Q* — o* — Q*, it
follows that no element of 8 is conjugate to an element of Ay or
A,. We find, with o = |D*|, s =|&'|, t = |¥'|, that by Lemma 9.5,

1, t-—-1

L (h=D@-1) s—
(26.9) g= ha g+ pom g+ ih g,

which is not the case. Hence NM) &£ &. If U, were a non abelian
S,-subgroup of &, then N(2(Z(1,)) &S, by Lemma 26.14. Since
NWU)S N(R,(Z,))), this is impossible. Hence 1 is abelian, and
m(l) < 2. Thus, & is of type II in this case, since the above in-
formation implies directly that © is nilpotent.

Suppose now that ¥ is not of type V. Then from Lemma 26.26
we have T = $*BLY, where L) is a normal S,-subgroup of T, H*B is
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a Frobenius group with Frobenius kernel 8B, and 8 is a non identity
q’-group. Since Q* is of prime order ¢, it follows from 8.16 that
L2 contains a subgroup O, such that Q, < T, Q/Q, is elementary of
order ¢*(p = | 9*|), and B centralizes Q,.

We next show that %’ centralizes Q. This is an immediate
application of 3.16. If N(B)<= <, then ¥ is of type III or IV accord-
ing as B is abelian or non abelian. If neither & nor T is of type
II, then both &' and &' are tamely imbedded subsets of &, by Lemma
26.27, since both & and ¥ satisfy Hypothesis 26.1. Once again,
(26.9) yields a contradiction.

If & is of type II, then  is a T.I. set in &. Suppose

X, Ye U Cyx(H)

medt

and X = G'YG. Choose H,eCy(X), H,eCyY). Then C(X)=2
{H, G'HG>. If C(X)S©S, then Ge S, since Hisa T.I. setin G. We
can suppose C(X)Z S, and without loss of generality, we assume
that X has prime order », XelU. If a S,subgroup of U is non
eyelie, then by Lemmas 26.12 and 26.13, C(X)S&. We can suppose
that the S,-subgroup U, of 1 is cyclic, so that {(X> = 2,(I,). Since
NW«S, it follows that NKXD)ZS. Choose fe._# with
NKXY) S8 If ¢(X)No* + 1, it follows readily that C(X)S®S, so
we can suppose C(X)N $* =1. In this case, C@(X )Q* is a Frobenius
group, and this implies that C©(X )E H(®), which is not the case.
The proof is complete.

LEMMA 26.29. If e _# and 2 is of type I, then

U CyH)=8

Bemt

18 a tamely imbedded subset of ®.

Proof. We first show that H(8) is tamely imbedded in @.

If HR®) is a T.I. set in & we are done. If H(R) is abelian,
the conjugacy property for elements of H(R) holds. Suppose H(L) is
abelian, Le H(®), and C(L)Z 8. Let Ne _# with C(L)SN.

Suppose N is of type I. Then N N L is disjoint from H(N), since
HRSRNL. Let & be a complement for H(RN) in N which contains
NNL. Lemmas 26.12 and 26.13 imply that E =N N 2.

If &, ---,8, is a set of representatives for the conjugate classes
of maximal subgroups of @ constructed in this fashion, then (| H(Z,)|,
|HE;)|) =1 for ©+j. Also, (| H()!, | H®)[) =1. Suppose (| H(Z)|,
| Co(L)|) # 1 for some L e H(8), and some i. We can suppose that
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L has prime order r. Let s be a prime divisor of (| H(Z,)|, | Ca(L) ),

so that sem(®) — n(H(®)), Since & is of type I, this implies that a

S,-subgroup & of £ is non cyelic so that sezn*. Since & does not

centralize a S,-subgroup of €, s < r. But now Lemma 8.16 implies

that the S,-subgroup of £ centralizes a S,-subgroup of H(Z;), which

is not the case. Hence, (| H(E,)|, | Co(L)|) =1 for every Le H(Z).
By construction

8= U CH) - HRY

mem@yt

contains a non identity element. From Lemma 26.13 we have N (f!;) =
€, and @,- is a T.I. set in @, Thus, if H(R) is abelian and every N
with the property that fte_# and C(L)SN for some Le H(R) is
of type I, then H(R) is tamely imbedded in .

Suppose N is not of type I. Since H(R)SN, it is obvious that
N is not of type V. It is equally obvious that M is not of type III
or IV. Hence, N is of type II. Since H(R) is a S-subgroup of @, it
is a S-subgroup of N, and it follows that M N L is a complement to
H(N). Since | H(N)| is relatively prime to | H(®)| and to each | H(Z,) |,
we only need to show that | H(R)| is relatively prime to |Cy(L)],
LeH®). Let ¢g=|RN:N'|, so that ¢ is a prime and N N & contains
a S,subgroup O* of M. Since 7(HN)) S, — w*, it follows that if &
is a Sg-subgroup of £, w = n(H(R)) N n(L), either & =1, or KH(B) is
a Frobenius group. Thus (| H®N)|, [ Cy(®)|) = 1 for L € H(Y), and H(Y)
is a tamely imbedded subset of . Since C(L)< 8 for every element
of

{ U C(H)—HE),

BER(Q)

by Lemmas 26.12 and 26.13, the lemma is proved if H(R) is abelian.

We can now suppose that H(L) is non abelian, and is not a T.I.
set in @. Let R be a non abelian &-subgroup of H(Y), and let
HE) =R xR, Since H(L) is not a T.I. set in @ Lemmas 26.14 and
26.13 imply that R, is a cyclic T.I. set in ®&. It follows directly
from Lemma 26.12 that H(R) is a tamely imbedded subset of &.

It remains to show that @ is a tamely imbedded subset of &.
This is an immediate consequence of Lemmas 26.12 and 26.13.

LEMMA 26.30. If © is a nilpotent S-subgroup of O, then two
elements of O are conjugate in & if and only if they are conjugate
mn N(D). N

Proof. Let Le_#, N8 If DS H(R) and £ is of type I,
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we are done. If DS H(®) and L is not of type I, we are done. If
OLH®)), then SN H(®) =1. If € is of type I, » is abelian, and
we are done. If L is not of type I, then 8 is of type III or IV, and
we are done,

We now summarize to show that the proofs of Theorems 14.1
and 14.2 are complete. By Lemma 26.30, the conjugacy property for
nilpotent S-subgroups holds. If every element of _.Z is of type I, we
are done by Lemma 26.29. We can therefore suppose that _# con-
tains an element not of type I. Choose L€ _#, £ not of type I.
By Lemma 26.21, if pen(¥/2'), a S,-subgroup of £ is cyclic. This
implies that 2’ is a S-subgroup of £. First, suppose |£:%'| is not a
prime. Then by Lemma 26.23, 2 is of type V or satisfies the con-
ditions listed in Lemma 26.23. Suppose that £ is not of type V, and
@ is a complement to H(®) in 8. Let p be the smallest prime such
that a S,-subgroup &, of € is not contained in Z(€) and choose
e #, N2(,)=8. By Lemmas 26.12 and 26.13, 2, is not of
type I. Lemma 26.21 implies that & is a S-subgroup of &, and /%
is cyclic. By construction, £ is not nilpotent, and also by construec-
tion %, is not conjugate to €. We will now show that [2,:8[| is a
prime. Otherwise, since ¥, is not of type I or V, £ satisfies the
conditions of Lemma 26.23. In this case, both H(¥) and H(S) are
nilpotent T.I. sets in @ and £ N £, satisfies the hypotheses of Lemma
26.22. Let/=|2,4=|8|,|8:HR)| =¢, [:H®R)| =¢, g =8|,
so that

(26.10) gg(8_1)(31—1)g+/—lg+/l_.lg’
ee, /e 4e,

which is not the case. Hence |%,: 2| is a prime, so that £, satisfies
Hypothesis 26.1. But then Lemma 26.25 implies that £ is of type
V. Thus, whenever 8 € _# satisfies the hypotheses of Lemma 26.23,
® is of type I or V.

Suppose every element of _# is of type I or V, and there is
an element & of type V. Let pen(2/¥), and let €, be a S,-subgroup
of 8 Choose 8, so that N(€,)S®% e _»#. Then 8 is not of type I.
Suppose &, is of type V. By Lemma 26.20, ¥ and &, are tamely
imbedded subsets of &. Since (|¥'|, |8!|) =1, it follows that %, and
%, do not contain elements in the same conjugate class of &, Le €',
L,e?. Setting g=[8|, [2]=4 [8]|=4 [2:%|=¢, |2:8]|=e¢,
then (26.10) holds, by Lemma 9.5, which is not the case.

We can now suppose that _# contains an element £ not of type
I or V. Lemmas 26.21, 26.23 and the previous reduction imply that
¥ is a S-subgroup of £, &' is not nilpotent, and |£:%’'| is a prime.
Lemmas 26.25 and 26.28 complete the proof of Theorem 14.1.
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As for Theorem 14.2, Lemmas 26.28 and 26.29, together with
Theorem 14.1, imply all parts of the theorem, since if £ is of type
II, III, IV, or V, 8 is any tamely imbedded subset of & which
satisfies V' (@) =£, and W = W, T, is a cyclic subgroup of & which satisfies
the hypothesis of Lemma 26.22, then adjoining all L-'(8B — B, — W®W,) L,
Leg to £ does not alter the set of supporting subgroups for Q, as
(W)= 8forall WeB — W, — W,. The proofs are complete.



CHAPTER V

27. Statement of the Result Proved in Chapter V

The following result is proved in this chapter.

THEOREM 27.1. Let @ be a minimal simple group of odd order.
Then ® satisfies the following conditions:

(i) p and q are odd primes with p > q. @ contains elementary
abelian subgroups P and T with |P|l= 2, |Q|=¢*. P and Q are
T.I. sets in ®.

(ii) N(P)=PUL*, where PU and NQ* are Frobenius groups with
Frobenius kernels P, U respectively. |Q*|=gq, |U|= (p* — 1)/(p — 1),
L*cland (*—-1D/p—-1),p—-1) =1

(iii) If P* = Cx(Q*), then |P*| = p and P*Q* is a self-normal-
1zing cyclic subgroup of ®. Furthermore, C(P*) = PL*, C(L*) =
QP*, and B* = NRQ).

(iv) C) is a cyclic group which is a T.I. set in @, Further-
more, L* S NI) = N(C()), NW)/C(M) i3 a cyclic group of order
pq and N() is a Frobenius group with Frobenius kernel C(1).

In this chapter we take the results stated in Section 14 as our
starting point. The notation introduced in that section is also used.
There is no reference to any result in Chapter IV which is not con-
tained in Section 14. The theory of group characters plays an es-
sential role in the proof of Theorem 27.1. In particular we use the
material contained in Chapter III.

Sections 28-31 consist of technical results concerning the characters
of various subgroups of @. In Section 32 the troublesome groups of
type V are eliminated. In Section 33 it is shown that groups of
type I are Frobenius groups. By making use of the main theorem
of [10] it is then easy to show that the first possibility in Theorem
14.1 cannot occur. The rest of the chapter consists of a detailed
study of the groups & and ¥ until in Section 36 we are able to supply
a proof of Theorem 27.1.

28. Characters of Subgroups of Type 1

Hypothesis 28.1.

(i) X is of Frobenius type with Frobenius kernel O and comple:
ment G.

(ii) € = AB, where A is abelian, B 18 cyclic, and (|L|, |B|) = 1.

943
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(iii) €, 78 a subgroup of & with the same exponent as & such
that €, is a Frobenius group with Frobenius kernel 9.

LemMMA 28.1. Under Hypothesis 28.1, X has an irreducible charac-
ter of degree |€,| which does mot have D in its kernel.

Proof. If U is eyclic, then X is a Frobenius group and the lemma
is immediate. We may assume that % is non cyeclic.

Let ©./D(D) be a chief factor of AD with H, S H. Let A, =
Coy(9./D(D)). Then A/, is cyclic. Since X is of Frobenius type, the
exponent of /Y, is the exponent of A. Hence, |F:YU,|=|C,|. Let
%A, be the normal closure of U, in € Then %, is abelian., Let ¢ be
a non principal linear character of £,/D(9). Then () = HYU,, so
Lemma 4.5 completes the proof.

LEMMA 28.2. Suppose L is of type I, and & = X satisfies Hypo-
thesis 28.1. Suppose further that Z(€) contains an element E such
that Co(E) £ &' and Cy(E) # . Then the set & of irreducible
characters of & which do not have D in their kernmel is coherent.

Proof. By Lemmas 28.1 and 4.5, it follows that Hypothesis 11.1
and (11.4) are satisfied if we take =1, =8, d =|E,| and let
% play the role of &%

Since E' is in the center of €, it follows that 'Cg¢(E) < €. Thus,
by assumption, $/9’ is not a chief factor of €. Therefore,

(28.1) L:91>4(|E+1.

Let ()= {\i.l8=1,+--,m;;t=1, .--, k}, where the notation
is chosen so that A\,(1) =A;(1) if and only if ¢=J, and where
Aull) < <o < Au(l). By (28.1) we get that (11.5) holds with $, = 9’
and by Theorem 11.1 the lemma will follow as soon as it is shown
that .&#(9') is coherent.

Set 4 =Au(1)/d for 1 <41 < k. Then each 4 is an integer and
l=4< -+ < 4. By Theorem 10.1, the coherence of .$7(9') will
follow once inequality (10.2) is established. Suppose (10.2) does not
hold. Then for some m with 1 <m <k,

(28.2) Som, <24 .

=1

Every character in .5#(9') is a constituent of a character induced
by a linear character of . Therefore,

(28.3) 4566 .
Let '6 = $/9’ and let ‘61 = Cﬁ(E)’ '62 = [‘61 E]. Thus, 6 = 51 X 52
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and §:; # 1, ¢ =1,2. If 9, is the inverse image of P; in O, then EP;
is of Frobenius type and satisfies Hypothesis 28.1. Two applications
of Lemma 28.1 imply that n, = 4|€: E,|. Hence, (28.2) does not hold
for any m, 1 <m =< k. The proof is complete.

29. Characters of Subgroups of Type III and IV

The following notation will be used.

S = &Q* is a subgroup of type II, III, or IV. Q* plays the
role of %W, in the definition of subgroups of type II, III, and IV
given in Section 14. 9, U, and I, have the same meaning as in these
definitions. T = T'YW, is a subgroup of type II, III, IV, or V whose
existence follows from Theorem 14.1 (ii) (b), (e).

Let n(9) = {p,, ---, p} and for 1 <1 <¢, let P, be the S, -sub-
group of . Define

C.=uncep), 1=si=t,
€ =ME..

Let D=1, |B|=u, |0%|=¢q,|€|=c,1=7=tand [€|=c,
By definition, ¢ is a prime.

4 is the set of characters of & which are induced by nonprincipal
irreducible characters of &'/9.

%7 is the set of characters of & which are induced by irreducible
characters of & that do not have 9 in their kernel.

The purpose of this section is to prove the following result.

THEOREM 29.1.

(i) If & s of type III then & U5 18 coherent except possibly
if 19| = p* for some prime p and € =1,

(i) If © isof type IV, then ¥ U S5 18 coherent except possibly
af 1O = p® for some prime p, € =10 and & 18 not coherent.

Hypothesis 29.1.
& is a subgroup of type III or IV,

Throughout this section, Hypothesis 29.1 will be assumed. Thus,
by Theorem 14.1 (ii) (d), T is of type II. Consequently, T, has prime
order p. Let p=9p, P=P, and W, = P*. Thus, by 3.16 (),
NS CEPB) for 2=t <t Since U Z C(D), this yields that 1 Z C(P).
As 11 does not act trivially on PB/D(P), Lemma 4.6 (i) implies that
Cy(P*) =€, cl.

For any subgroup 9, of HE, let .&7(9,) denote the set of characters
in %4 U & which have the same degree and the same weight as some
character in %4 U .7 that has , in it kernel.
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LEMMA 29.1. Hypothesis 11.1 is satisfied if &7 in that hypothesis
18 replaced by S U &, $ 18 replaced by D€, O, is taken as {1, &
18 replaced by &, & and & are replaced by &, and d = 1,

Proof. By Theorem 14.2, Condition (i) is satisfied. Condition (ii)
follows from the fact that & is a three step group. Condition (iii)
is immediate and Condition (vi) is simply definition (consistent with
the present definition). Since UQ* is a Frobenius group, & contains
an irreducible character of degree q. Hence, Condition (iv) is satisfied.
The group © satisfies Hypothesis 13.2. Hence, by Theorem 14.2,
Hypothesis 13.8 is satisfied with € =&, X =@, and L=R=¢&, and
with & replaced by $5U.%”. By Lemmas 13.7, 13.9, and 13.10,
Condition (v) of Hypothesis 11.1 is satisfied. The proof is complete.

LEMMA 29.2. If SP((DC)) is coherent, then S U & i8 coherent.

Proof. As N Z C(P), U does not act trivially on P/D(P). Since
L* is a Frobenius group, 3.16 (iii) yields that [B: D(P)| = »*. As
either p=8 and ¢g=5or p=5 and ¢ = 3, (5.9) yields that

OC: (€)Y [z |B:DP) 29" >4'+1=4(S:&+1.

Hence, (11.5) is satisfied with $, = (£€).” By Lemma 29.1, Theorem
11.1 may be applied. This implies the required result.

LemMMA 29.3. If SZ((D€)) is nmot coherent, then &" = HE,

Proof. Letb=|H€:&”|. We have P* £ &”, as B* £ &' and O*
centralizes P*. Hence, &/&" is a Frobenius group. Let d, < --- < d,
be all the degrees of characters in S“((H€)) and let -, =d.fq for
1<m=k. Then for each m, 4 is an integer and 4 = 1. Every
character of &/&" is a constituent of a character induced by a linear
character of €. Thus, 4, < ufc for 1 < m < k. There are at least

(20-1

irreducible characters of degree ¢ in S#((9€)'). Thus, if SZ(HCY) is.
not coherent, inequality (10.2) must be violated for some m. In par-
ticular, this implies that

(@s-

q

IA

2/,

A

o ¥
[
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Therefore, b — (cfu) < 2q, so b< 2¢ + 1, sincec < u. As H$E/S" is a
normal subgroup of the Frobenius group &/€"”, we have b = 1 (mod q).
Since b and ¢ are both odd, this implies that & = 1 as required.

LemMaA 29.4. If <2((9C)) i8 mot coherent, then H =P, P =
D), |B:P =2, P NDEP)=1and € =1

Proof. By Lemma 298, ©" =9€. If 2<i=<t then UD S
B.C(P.), so that p;||& :&”|. Hence, t=1and D=P. € =1 fol-
lows directly from the fact that $€ =&" S QU'. If |PB: DEP)| > »°,
then since Cx(Q*) = P* is cyclic, Lemma 4.6 (i) implies that some
non identity element of P/D(P) is in the center of PU/D(P). Thus,
p divides |19:©"”| which is not the case. Since 1 does not act
trivially on PB/D(P), 8.16 (iii) now implies that | P : D(P)| = p°. Since
P* has prime order and lies outside D(P), we get that D(P)UL* is
a Frobenius group. Hence, by 38.16 (i), D(P)l is nilpotent. Conse-
quently, D(P)/T is in the center of PU/P'. As the fixed points of
11 on P/P’ are a direct factor of P/P’, and since U has no fixed points
on P/D(P), we have P = D(P). The lemma is proved.

LEmmA 29.5. If S7((9€)') is not coherent then P is an elementary
abelian p-group of order p°.

Proof. In view of Lemma 29.4 it suffices to show that L' =1,
By 3.16 (i), U S C(P). Thus, if P’ # 1, there exists a subgroup B,
of P such that B, < PU and [P’ : PBy| =p. If U acts irreducibly on
B/®, then P'/PB, = Z(PB/B). Hence, P/PB, is an extra special p-group
and |P: P | = p® for some integer b contrary to Lemma 29.4.

Suppose that U acts reducibly on PB/P'. Since the irreducible
constituents of this representation are conjugate under the action of
£*, all constituents have the same dimension. As |[P:P'| = p* and
q is a prime, this yields that they must all be one dimensional. There-
fore, there exist elements P, -+, P, in P such that

PBIP = BPIPD> X -+ x KBBIPD
and
U-'PPU=P:o®, Uell, 15i=g,

where s, -+-, s, are linear characters of U (mod p) with s, (U) =
8,(Q*UQ) for Ue N and a suitably chosen generator @ of Q*. Since
|Q*| is odd, s8;8; # 1 for any 7,5 with 1 <4, § <q. Hence, if 7,7
are given, there exists U<l such that s(U)s(U)+# 1. For 1=sk=<¢q
let P, be an element of P’ such that
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U-P%BU = P P, .

Since P'/P, S Z(P/P,), we get that

[P;, P;] = U[P, P,JU = [P P, P{s P]]
= [Py, P;1 @] = [Py, Pl (mod By) .

Since 8;(U)s{(U) #+ 1, this yields that [P;, P;]Je®}, for 1 <1, j=<gq.
Since P =P, +++, P, we get that P’ S B, contrary to construction.
Thus, P’ = 1 as required.

LEMMA 29.6. If S2((DC)) is not coherent and € # 1, then % is
not coherent.

Proof. Suppose that € 1, Assume that &, is coherent.
Let =5 Let % ---,.% be the equivalence classes of
S(9C)) — &% chosen so that every character in &, has degree /,q
for2<m=<k, and 4 < -+ < 4. Suppose J:,.57 is not coherent.
By Hypothesis 11.1, and Lemma 29.1, all parts of Hypothesis 10.1
are satisfied except possibly inequality (10.2). Since .Z(($€)) is not
coherent, inequality (10.2) must be violated for some m.

Every character in J%., &4 is a constituent of a character induced
by a linear character of €. Thus 4, =< (u/c) for 1 < m < k. Hence,
violation of inequality (10.2) yields that

u—1_9, <2%,
q c

Since ¢ =1 (mod 2q) and ¢ # 1, this implies that

u_1§2ql=_(2q—+1)u—_1i§u—l<u-—1.

¢ c ¢ ¢
Hence %, . & is coherent. Since ((9€)) = UL,.s4, the proof is
complete.

The proof of Theorem 29.1 is now immediate. Lemmas 29.2, 29.4
and 29.5 imply statement (i). Lemmas 29.2, 29.4, 29.5, and 29.6
imply statement (ii).

30. Characters of Subgroups of Type II, III and IV

The notation introduced at the beginning of Section 29 is used
in this section. The main purpose of this section is to prove the
following result.
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THEOREM 30.1. Let © be a subgroup of type II, III or IV.
Then & 18 coherent except possibly if & is of type II,  is a non
abelian 8-group, HU/C 18 a Frobenius group with Frobenius kernel
OC/C, u < 8" |9:9 | =238 and T is a subgroup of type V.

All lemmas in this section will be proved under the following as-
sumption.

Hypothesis 30.1.

(i) © is a subgroup of type II, III, or IV,

(ii) &7 18 mot coherent ewcept possibly if & 1is of type II.
(iii) VW has exponent a.

For any subgroup 9, of & let S7(9,) be the set of characters in
% which have 9, in their kernel. Notice that this notation differs
from that used in Section 29.

LEMMA 30.1. The degree of every character in 7 18 divisible
by aq.

Proof. Every character in .5 is a constituent of a character of
& induced by a nonprincipal character of . For any character 8 of
5 let & be the character of DU induced by 4. Set U, =@ NU.
Let (N:U,|=0b. If & is of type II or III, then by Lemma 4.5 it
suffices to show that if 6 # 1, then a|b.

Let 8 be the kernel of 4 and let He © — & such that HR € Z(9/R).
Then £ < 9U, and U'HRU = HR for UeW,. As(u,h)=1,if Uel,,
then U centralizes some element in HR. Hence, I, & &. Let I, =
{U*|Uen}. Then 1, char U and U, S U, S &.

Suppose 1, #1. If & is of type II, then & is a T.I. set in ®
by Theorem 14.2, Hence, N(1) £ N(I1,) & & contrary to definition.
If & is of type III, then by Theorem 29.1, NQ* is represented irre-
ducibly on . Since U, q UQ*, i, is in the kernel of this represen-
tation. Thus, 1, & C(P) contrary to Theorem 29.1. Thus, I, =1.
Therefore U* =1 for Uell and so a|b in case & is of type II or III.

If & is of type IV, we will show that Hypothesis 11.1 and (11.2)
are satisfied with £, in that hypothesis being taken as our present
D, 8 being taken as &/9, D and & being taken as &'[/9, and @., being
taken as &', Certainly (i) is satisfied. Since &/9 is a Frobenius group
with Frobenius kernel &'/9, (ii) and (11.2) are satisfied, and the
remaining conditions follow immediately from the fact that &/9 is a
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Frobenius group. The present .&; plays the role of .%¥ in Hypothesis
11.1 iii).

Notice now that Hypothesis 11,2 is satisfied. By Lemma 11.2
and the fact that .55 is not coherent it follows that &'/ is a non
abelian r-group for some prime r whose derived group and Frattini
subgroup coincide. But U= &'/$. Since € =W, /€ is of exponent
r, 80 a =7r. As U has no fixed points on 9, it follows readily that
every non linear character of & has degree divisible by 7, as required.

LEMMA 30.2. For 1 <1<t |B::D(PB)| = p! and U/C; has ex-
ponent a.

Proof. If & is of type III or IV, the result follows from Theo-
rem 29.1. Suppose & is of type II. Then & is a T.I set in ® by
Theorem 14.2. Let a; be the exponent of U/C; for 1 <4 <t Let
W, ={U%|Uen}. Then I; € €, =& and I, char U. Thus, if U, #1,
then N() & N(I1;) € &, contrary to definition of subgroups of type II.

Suppose | PB; : D(P;) | > p! for some ¢ with 1 <4 < ¢. Since Cp(L*)
is eyelie, this implies the existence of a subgroup 9, with W, S H, C H
such that £/, is a chief factor of &. By 8.16 (i), HU/D, is nilpotent.
Thus, 1 & & and N ) & &, contrary to definition.

LeEMMA 30.3. For 1 <1 <t either a|(p; — 1) or a|(p! — 1) and
(@, p; — 1) = 1. In the first case, P,/D(P;) is the direct product of q
groups of order v;, each of which is mormalized by 1. In the second
case, W€, is cyclic of order a and acts irreducibly on PB,/D(P;).

Proof. By Lemma 80.2, 1Q* is represented irreducibly on P,/D(%;).
As 11 q UQ*, the restriction of this representation to 11 breaks up-
into a direct sum of irreducible representations all of which have the
same degree d. By Lemma 80.2, d|q and so d =1 or d = q.

If d =1, the order of every element in 1/€,; divides (p; — 1)..
Hence, by Lemma 30.2, a|(p; — 1).

If d =¢q, then U acts irreducibly on P:,/D(PB;). Thus, W/E; is
cyclic. By Lemma 80.2, |[11:€;|=a. Therefore, a|(p! —1). Let
U/€; =<U)>. Then the characteristic roots of U are algebraically
conjugate over GF(p). Hence, this is also the case for every power
of U. If (a, p; — 1) # 1, then some power U, # 1 of U has its charac-
teristic roots in GF(p) and thus is a scalar. This violates the fact
that 1Q* is a Frobenius group.

LEMMA 380.4. Suppose (a, p; — 1) =1 for some 1, 1 £ 1 <t. Let
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O =P IB,
I

and let | B, : B;| = pr. Then m! = m.q for some integer m;. Further-
more, (9, contains at least

%{(M"‘ a— e, (p™ — 1)}

1rreducible characters of degree aq and at least (pP:i — 1) characters
of wetght q and degree aq.

Proof. By Lemma 30.3, U/€; is cyclic. By Theorem 29.1, © is
not of type IV, so U is abelian. Hence, $11/9.€; is a Frobenius group.
By Lemma 30.2, |U: €;| = a. Furthermore, since UQ* acts irreducibly
on B,/D(P,), D = /9, is the direct product of ¢ cyclic groups of the
same order pf. Thus, gm; = mi, and |C5R*)|= p. By 3.16 (iii)
every non principal irreducible character of 9€,/9,€; induces an irre-
ducible character of 9U/D,C; of degree a. Since U is abelian, this
implies that every irreducible character of $€;/9, which does not have
® in its kernel induces an irreducible character of S1/D, of degree
a. Hence, Y1/, has at least

(pr* — D)e;
a

distinet irreducible characters of degree a.

Since &/9, satisfies Hypothesis 13.2, Lemma 13.7 implies that all
but p™ — 1 non principal irreducible characters of Y11/9, induce irre-
ducible characters of &, The result now follows.

LemMMA 30.5. Suppose that a|(p; — 1) for some 7 with 1 <t < ¢.
Let

O, =B I B;
J#s
and let |P;: P! = :":‘. Then m; = milq is an integer and S7(9.)
contains at least

(Pri—1) u
a au

irreducible characters of degree aq, where |1’ | = /',

Proof. For any subgroup ¥ of &, let X = X9,/9,. By Lemma

30.3, ® contains a cyclic subgroup P;, which is normalized by U such
that
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| Bt | = 7

and such that © = P, x 9, for some subgroup , which is normalized
by U. Since UQ* acts irreducibly on P,/D(P.), it follows that m,; =
mi/q. Let U, be the kernel of the representation of U on B,,. Then
/Y, is eyelic and so [1:1,| < a. There are at least

_(2-’_'_‘_,;}l|nl|
"

distinet linear characters of U,/9, which do not have P, in their
kernel. Each of these induces an irreducible character of U of
degree (U :1,|. Thus, by Lemma 80.1, |1:U,| = a and there are at
least

@r —~1-u
a-a-u

distinet irreducible characters of D11 of degree a which have 9, in
their kernel, and as characters of & have ©, in their kernel. If one
of these induced a reducible character of & or two of these induced
the same character of &, then Q* would normalize , contrary to
the fact that NQ* acts irreducibly on P./D(B,).

LemMmA 30.6. If .7 contains no irreducible character of degree
aq, then t =1, By=D(P), a =% = (p{ — 1)/(p, — 1), and ¢ = ¢, = L.
Furthermore, .7 (9') is coherent.

Proof. By Lemmas 30.8 and 30.5, (@, p;, —1) =1 and a divides
(P! —1)/(p; — 1) for 1 <3 <t. Suppose that for some i,

W=D gr—n=o0.
a
Then
(pg"‘i - 1) e:<a
(pri—1 "7 7

Therefore, ¢; =1, m; =1, and @ = (p! — 1)/(p; — 1). Thus,

(30.1) ﬂ"’_‘aﬂ —(pr—1)=0.

Now Lemma 30.4 implies that (30.1) holds for 1 < ¢ <t. Thus, t = 1.
Hence,c=¢, =1, u=a=(p*"—-1)/(p — 1), p=p,. Also, m, =1, and
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so B, = D(P,).

If a character ¢ in & U.¥; is equivalent to a character in .7 (9'),
then its degree is prime to {9, so " & kerd. Thus, the equivalence
relation in Hypothesis 11.1 has the property that the present set
() is a union of equivalence classes. Therefore, .57(9’) consists
of (p — 1) reducible characters of degree aq. Theorem 14.2 implies
that Hypothesis 18.3 is satisfied. Hence, Lemma 13.9 implies that
(D) is coherent.

The remaining lemmas in this section will be proved under the
following stronger assumption.

Hypothesis 30.2.
(i) Hypothesis 80.1 is satisfied.
(i) &7 is not coherent,

LEmMMA 30.7. If S7(9') is mot coherent, then =%, € =1,
a=0p—-1)2 p=p, u#a, and D(P) = PB. The degree of every
character in 7 (9') is either aq or uq, and F (D) contains exactly
2ufa irreducible characters of degree aq.

Proof. Let d, < --- <d, be all the degrees of characters in
S((H€)). Define 4 =d;fag for 1 <1< k. By Lemmas 13.10, 30.1
and 30.6, all the assumptions of Theorem 10.1 are satisfied except
possibly inequality (10.2). Every character in .&2((9€)’) is a constituent
of a character of & which is induced by a linear character of 9HC.
Hence, d, < qu/c, and so 4 < ufac.

Choose the notation so that a|(p; — 1) for 1 <i<{¢,and (a, p; — 1) =
1 for t,+1<i<t. If SZ(HEY) is not coherent then inequality
(10.2) is violated. Lemmas 80.2 and 30.3 imply that for £, + 1 = ¢ < ¢,
¢; =uj/a. Thus by Lemmas 30.4 and 80.5, there exists m with

1 <m £k, such that

QU (pr—1) Lofu (o™ -1 (pr—1)
S AR p” —2}

+ 2 r—1 o9, <24
i<tg+l q ca

Therefore,

b (pmi — i _
(30.2) ﬁ(piaTl)“;. > uéz/m%é_g_ég.

= i=tg+1 qa

For
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1<ist, (pri —1) > 2pt™i-D |
a

By Theorem 29.1, ¢ = %'. Thus, (80.2) implies that
{30.3) tL,<1 Ift, =1 thenm, =1 ¢t=1,

Assume first that ¢{,=0. If ¢t=1, then since ¢ < p? and a <
@ —1)/(p, — 1), (80.2) yields m, =1. Thus, every character in
S((D€)) has degree aq. Therefore the definition of subeoherence
implies directly that .S7((9€)’) is coherent contrary to assumption.
Suppose now that ¢ = 2. Then (80.2) yields that (p, — 1) + (p, — 1) =
2q. Therefore,

(80.4) P, £1(modg), 2=1,2.
Further, (30.2) also implies that

_l (i —1) 1 (pi—1)
@05 a -0 am-D="

It follows from (30.4) that

(30.6) 1@-1 _1_1@-1 (mod q) .

Each term on the left of (30.5) is an integer. Hence, if », > p,,
(80.6) yields that :

1 @1 1 (-1
PR ki e

contrary to (30.5). Consequently, ¢, + 0.

Now (80.2) and (80.3) imply that ¢ = 1, so that © = B,.. We also
conclude that m, = 1, so that D(B) = P{. Furthermore, ¢ = ¢, = o/,
and (p, — 1)Ja £ 2. Since ap, is odd, we have p, — 1 = 2a. Finally
we get that 4, =ufac and so m=k. If k=m > 2, or if S ((HC))
contains more than 2u/a irreducible characters of degree ga, then (80.2)
is replaced by a strict inequality which is impossible as (p, — 1)/a = 2.
Thus, k=m =2, and so d, = ug/c and the degree of a character in
(D)) is either agq or ugfe. If &is of type II or III, then (HC) =
9’ and the result is proved.

Suppose that & is of type IV. Since the degree of any character
in SZ((9C)) is either ag or ug/c, U/€ is generated by two elements.
Since € = I, N is generated by two elements. Thus, if we set D, =
9, replace  and & by &'/9, and replace £ by & in Hypothesis 11.2,
then by Lemma 29.1, Hypothesis 11.2 holds and by Lemma 11.3 and
Theorem 29.1, we conclude that & = $7(9’) is coherent, contrary to
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assumption,
LEMMA 30.8. .$#(9') 18 coherent.

Proof. By Lemma 30.7, it may be assumed that =P is a p-
group for some prime p, that D(P) =¥, and that € = 1. Suppose
that .7(9’) is not coherent. Let .54 be the set of irreducible charac-
ters in S7(9’) of degree aq. Then by Lemma 30.7
80.7) =2, g=flp=1

a 2
Let .& be the set of irreducible characters in .57(9’) of degree ug. The
group &/9’ satisfies Hypothesis 13.2. Hence, by Lemmas 18.5, 18.7
and 30.7, there are (p — 1) reducible characters in & of weight ¢
and degree uq which have £ in their kernel. As the sum of the
squares of degrees of irreducible characters of /9’ is p'uq, we get
that

(30.8) ug + | Sl g'a’ + (0 — Ve’ + | S| g™ = p'ug .

Since U1 is abelian and is generated by two elements, we also have
(30.9) usa.

Now (30.7), (80.8) and (30.9) yield that

(80.10) REAE ik ¢ R I)Zq— 2qa — 1

ga—}q{@«—l)‘—(p—nq——‘”‘—”’}.

4

Hence, by (5.8), .54 is non empty.

Let “={\,|1=8=<mn} for i=1,2, The character A, is in-
duced by a linear character of some subgroup &, of index a in &',
Define

(30.11) a= (g — M),

where Tgo is the character of & induced by lg, Since & <&, it
follows that 1g, induces pg/g, on &'. Since LO* does not normalize
&,, (80.11) is seen to imply that

H
||a||'=a+1+(q—1)“7.

Since & is tamely imbedded in & and a vanishes on & — @3, we get
that
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2
(30.12) laclF=llall=a+1+@—1)-=.

Furthermore,
(ar, X;i - X;,) = (av k':i - X!J) =0

for all values of 7 and j.
Suppose that (a°, Ay;) # 0 for some ¢. Then (a*,Ay) # 0 for all
t. Henece (30.10) and (30.12) imply that

p"-—’l _(p—’l)_(p_l)§a+1+(q—1)£
qa a q u

=p"1+1+(q~1)—‘::—.

2
Thus
(30.18) 2{(1+ «++ + p* Y} = p"; 1
2 \la q 2
(p—1) a?
< —
<q 82 (p+q
(p—1) p
<e-= (p+q2)
Therefore
7—3 p1—1 “--l:_q_
<4t — <pq(1+12)
Hence

31 < 4Pt < q(l + —g—) <.

Thus ¢ = 8 by (5.1). Now (30.13) becomes

4
p—1

N 8 5 2a*
2+p+P)S S 1){ +2@-p+1+ u}

Thus
%(1+p+p’)é4+p—1+%(p—1)’+3;L(p—1).

This implies that

4 . 5 ., 2a°
= + S+ = p,
3p P 6p % P
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Therefore (1/2)p* < p(1 + (2a*/u)), or equivalently (1/2)p < 1 + (2a°/u).
Thus (80.7) yields that
u< 2a® = 4a’ S(p_1)2<p+1<3a“

%p—l p—2  (p—2)

This is impossible since a |%, @ # % and both a@ and « are odd. Thus,
(30.14) (@, ;) =0 for r,€.%.

Define 8 = (uja)\,; — Ay € HA(S°). Suppose that (87, \5) = (w/a) — b.
As 7 is an isometry on _%(.%”), this yields that

(67, M) = % 8a—b for all i,
Therefore,
T ll’_. _ T T
(30.15) B _(a b)xn b M+ T+ 4,
where I is a linear combination of elements in .54* and 4 is orthogonal

to U S4°.  Sinee (B, A, — \) # 0, it follows that || I|]*= 1.
Since

(30.16) o= =(%)+1,

(80.7) and (30.16) yield
4P+ (% —b) + (2% -1)p < (-“-) .

a

This implies that

||A||’+2%b’—2-'-‘-bso,
a

or b» < b. Since b is an integer, b =0 or 1 and 4 = 0.
Suppose b = 1. Then (30.15) becomes

(30.17) g = (l - 1) Ny — S+ I
a A
As a, B vanish on & — @, we have

(30.18) (@, ) = (&, B) = —%.

Since (a’, AL, — AL) = —1, we get that
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(30.19) a =@ — 1D\, + 2 % A+ 4,

for some integer # and some 4, which is orthogonal to &4. Now
(80.14), (30.17), (30.18) and (80.19) yield that

_l=(%—1>(x—1)—x(2l—1).

a a

Reading this equality mod u/a, we get
0= —(a:—l)—i—:vsl(modi).
a

Thus u = a, contrary to Lemma 80.7. Hence, b = 0. Consequently
B° = (uja)\j; + I', and so I" = +\i; for some j. Since (87, A\ — A\j) # 0,
Agj = Ny OF Ay. This implies directly that &% U %4 is coherent. Lemma
13.10 and Theorem 10.1 now yield that .&#(9’) is coherent. The proof
is complete.

LeMMmA 30.9. & 18 of type II.

Proof. If & is of type III or IV, then Theorem 29.1 yields that
® =1. Thus, by Lemma 80.8, .5 is coherent, Hence, Hypothesis
30.2 implies that & is of type II.

LemMA 30.10. If &7 contains an trreducible character of degree
agq, then Hypothesis 11.1 is satisfied with =1, =6, 8 =6, R =
& and d = a.

Proof. By Theorem 14.2, Condition (i) is satisfied. Condition (ii)
follows from the definition of three step group. Conditions (iii) and
(vi) are immediate, while Condition (iv) holds by assumption. The
group & satisfies Hypothesis 13.2. Hence, by Theorem 14.2 Hypo-
thesis 13.8 is satisfied with 2 =6, 8 = &, £=6 and 8 =©. By
Lemmas 13.7, 13.9 and 13.10, Hypothesis 10.1 is satisfied. Thus,
Lemma 10.1 yields that Condition (v) of Hypothesis 11.1 is satisfied.
The proof is complete.

LeMMA 30.11. If & contains an irreducible character of degree
aq, then

|9:9 | =4’ +1.

Proof. By Hypothesis 80.2, .~ is not coherent. Thus, Lemmas
30.8, 30.9, and 30.10, together with Theorem 11.1 yield the result.
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LEmmA 80.12. For 1<i1<t, (@,p.—1)=1 and BU/E, is a
Frobenius group.

Proof. Suppose that a|(p; — 1) for some ©. Then Lemmas 30.2
and 30.11 yield that pI < 4a’¢*+ 1 < (p; — 1)’¢* + 1. Thus, pi* < ¢
Therefore, (5.1) implies that ¢ =8. Hence, p;, =5 or 7. Thus, @
divides 4 or 6. As ais odd and (a,q) =1, this implies that
a =1 which is not the case. Therefore, by Lemma 80.8, 11/€; is
cyclic of order @ for 1<i1<¢t If BU/E; were not a Frobenius
group, then for some b < a, {U?|Uell} = U, would lie in &. Since
U, # 1 and U, char U, this implies that N(I1) & N(1,) & &, contrary
to Lemma 30.9.

LEvMMA 80.18. t=1, p, =38, a < 8 and P = D(P).

Proof. By Lemma 380.8, © # 1. Choose the notation so that
Pr#1l. Let Po=Pu D Py O B = B D Brasi, where By/P, 4, is
a chief factor of & for 1 <4 <n. Thus, PB,/P.... I8 of class two
and so is a regular p-group. By Lemma 4.6 (i) Q* centralizes an
element of P; — Py, for 1 <4 <n. Since Cyp(V*) is cyclic, this
implies that %,/P,.:» has exponent p*. Let W/, =<U). Then the
regularity of P,/P,, ... yields that U has the same minimal polynomial
on B/D(PB) as on Pj/P,.... Hence, by Lemma 6.2, a < 8*. Now
Lemma 30.11 implies that if | B,: B! | = pr*, then

(30.20) o E P =43¢+ 1.
Since 8 =< p,, (30.20) implies that
pr Pl S 4+ 1.
Hence, by (6.9), m =1 and ¢ = 1. Thus, (30.20) becomes

(30.21) pI<43¢" +1.
If p, =11, (30.21) implies that

3«<(%)'§4q’+1.

Thus, 32 < ¢* and so ¢ < 5 by (5.1). Hence ¢ = 3 and (30.21) yields
1331 = 11® < 4.8 + 1 < 1000, which is not the case. If p», = 7, then
(30.21) and (5.6) imply that ¢ < 7. Thus, ¢g=5o0r¢=38. If ¢ =38,
then
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b SR

»n—1
and a < 3*< 9. Since (g,a) =1 and a |57, this cannot be the case.
If ¢ =5, then

Pl _ g
»—1

is a prime. Thus 2801 =a < 3”* < 27. Suppose now that p, = 5.
Then by (5.7), ¢ <18. Thus, ¢ =3,7, or 11. Let r be a prime
factor of a. Then » < 8*and 5 =1 (mod ). Thus, » =1 (mod 29).
If =38, then =1 (mod 6) and = < 8%, which is impossible. If
g="1T, then r< 8% <50 and r =1 (mod14). Thus r =29 or 43.
Since 5" = —1 (mod29) and § = —6 (mod 43), these cases cannot
oceur. If ¢ =11, then r < 8" < 437 and » = 1 (mod 22). Thus, r =
23, 67, 89, 199, 331, 353, 397, or 419. Since 5* =1 (mod r), the quad-
ratic reciprocity theorem implies that (r | 5) = 1, so that » = +1 (mod 5).
Thus, r =89, 199, 331 or 419. Since 5" =55 (mod 89), 5" = 92
(mod 199), 5" = —2 (mod 331), 5" = —40 (mod 419), these cases cannot
occur. Hence, p, = 3, and the lemma is proved.

If &7 is not coherent, then Lemmas 30.8 and 80.12 imply that
|, | is not a prime. Hence, ¥ is of Type V. The other statements
in Theorem 30.1 follow directly from Lemmas 30.9 and 30.13.

31. Characters of Subgroups of Type V

In this section T = ¥'W, is a subgroup of type V. Let S be the
subgroup of & which satisfies condition (ii) of Theorem 14.1. By
Theorem 14.1 (ii) (d) & is of type II. The notation introduced at
the beginning of Section 29 will be used.

.7 is the set of all characters of ¥ which are induced by non
prineipal irreducible characters of ¥'. For any class function a of '
let & be the class function of £ induced by «.

For0<i=<qg—1, 0=<7 < w,—1let 7, be the generalized charac-
ters of @ defined by Lemma 13.1 and let vy;; be the characters of £
defined by Lemma 13.3.

Hypothesis 18.2 is satisfied with 8 =%, = ¥’ and %, replaced
by %,. By Lemma 18.7 £’ has exactly ¢ irreducible characters which
induce reducible characters of £. Denote these by v; for 0 <71 =<q — 1,
where v, =1z, Let {,=9; for 0 <i<q—1. Since ¢ is a prime
the characters v, are algebraically conjugate for 1<1<q-—1.
Therefore

y(1)=y(1) forl=<i=<g-—1.
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LEmmA 81.1. (D) contains an irreducible character of & ex-
cept possibly if w, 18 a prime and DU is a Frobenius group.

Proof. If & is not a Frobenius group then there are strictly
more than w, classes of &'/9’ whose order is not relatively prime to
}©|. The result now follows from Lemma 13.7.

Suppose that & is a Frobenius group. By Lemma 6.2 and 3.16
(iii) 9 is abelian and || = wj if the result is false. Then Lemma
13.7 implies that & contains exactly w, — 1 conjugate classes which
are in 9. Therefore

19]=1 =qw, — 1.
%

Hence

_191-1_ 19]-1
u P |©|1/'_1>1/l—-§|.

‘This implies that  is an elementary abelian p-group for some prime
p. Since B, is eyclic w, is a prime as required.

LEmMMmA 81.2. Let

ai; = ((W)1g — L), os) -
Then a;; #0 for 1<i<q—1,0=j=w,— 1.

Proof. Lemma 10.3 implies that by Lemma 9.4
@LY) Wiz — G Tag) = (W1 — 6 %) = ass .
Since 7,, is rational on ¥’ by Lemma 13.1, a;; = a; is independent of

4. Thus (81.1) implies that

g—-1
(31.2) Nojigr = bz — ay .Z.} Viogr + Xig7 »

for some integer b, where a is an integral linear combination of
irreducible characters of ¥ each of which vanishes on .

Let Qe Q*. Let p be a prime dividing w,, let P be an element
of order » in L, and let » be a prime divisor of » in the ring of
integers of & . Let w;; have the same meaning as in Hypothesis
13.1. Thus by Lemmas 13.1 and 13.3

(81.3) NAPQ) = 0(PQ), a(PQ) =0, v,(PQ)=-cn(PQ),

where ¢ = +1 is independent of 7. Therefore
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BLY S rPQ=¢5 0u(PQ =¢ T 0u@ = —¢.
In view of Lemma 4.2 (31.3) and (81.4) imply that
7i(Q) = 70(PQ) = 0o (PQ) = 0y;(Q) =1 (mod p)
(31.5) gvm(Q) = —¢ (mod p)
a@) = a(PQ) =0 (mod p) .
Thus (31.2) and (81.5) yield that 1 =e¢a; (mody). Thus a; +# 0 as

required.

The main purpose of this section is to prove that .~ is coherent.
Theorem 12.1 will play an important role in the proof of this fact.
The lemmas in this section will from now on satisfy the following
assumption.

Hypothesis 31.1.
9 18 not coherent.

By Griin’s theorem %/’ is a2 Frobenius group. Hence by Lemma
11.2 ' = Q is a g-group. Define

(31.6) 120 =q, 1T:Q|=w,=e.

Let 1 =¢o< ¢g"1 < --. be all the integers which are degrees of
irreducible characters of Q. Let

(81.7) v,(1) = ¢’», n>0,.
By Lemma 13.10 Hypothesis 12.1 is satisfied. Let .7, be defined
by (12.3) for 0 < s < t.

LEMMA 381.8. Suppose that b = 2¢ for some integer ¢. Then e
is mot a prime power.

Proof. Suppose that e = p* for some prime ». Then by Lemma
115 ¢°+1=2p*, fi=c and L contains a subgroup Q, which is
normal in ¥ and satisfies |Q': 0| =¢ and Q* € O — Q. Therefore
n =1 and .7 contains 2(¢g° — 1) irreducible characters A\, X\, <<+ of
degree e. Define

a=Tg-N, B=eMm—10.
By Lemma 9.4 we have that
(B8L8) Jla|f=e+1, |[BI'=¢"+e, (@, B)=—¢.

Furthermore
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(ar, A': - h;) = 8:'1 - 36! ’
(B, M — A = ¢%(0i, — 0y) .

Suppose that (a7, A7) +# 0 for some 7 with 2 <1 < 2(¢° — 1). Then
(31.8) and (31.9) imply that

(31.9)

Ll t1=eti=joPzl+ar -1 -1,

Hence ¢° + 8 = 4¢° — 4, or 7 = 3¢° which is not the case. Therefore
(31.10) a=1lg—M+TI, ('K\)=0 for151=<2(¢~—1).
Equation (31.9) also yields that for some integer

2(g%~1)

(31.11) B =¢N —= ‘Z_I A+ 4,
~()»f,41)=0 for1s%=<20¢-1).
Furthermore Lemma 13.8 implies that for 2<s8=<¢q —1,
(31.12) 4,8-0=6,0-=6,—-0)=e.
Since S8° vanishes on ® and (8, 1g) = 0 Lemma 13.2 yields that

e—1 e—1

g1 —1
(31.13) 4=500 %+ 3 0u S+ 4,

=

where (4, 7:;;) =0for 0<1<q—1,0=<j=<e—1. Now(31.12) and
(31.13) imply that

Ao —Qpy==x1 for2<s8=<q-—-1.

Define @ = a,. Then (31.13) implies that
@LlY) (@x1P+@—2a*+ S a
=1
—1
+ Sl £1+a)+@-Da+a)} s 4P,

For any value of j the term in the last summation in (31.14) is non
zero. Furthermore (@ + 1)* + (¢ — 2)a®* # 0. Thus (81.14) implies that
if there are exactly k values of j with a,; # 0, then

(81.15) k+e=<|4|*, kis even.

The last statement follows from the fact that (9,;, 4) = (7., 4) since
B* and thus 4 has its values in &7. By definition

(qcin - &)= qcﬁn — M)+ (@M — M) =¢gar + B

Lemma 381.2 implies that for any value of j with 1<j<e—1
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(31.16) @, ;)0 or (B N;)#0.
Now (31.8), (31.11) and (31.15) yield that
(—2)+22¢° -1 -1} = ¢*,
or
20¢° — o = 2¢°x .

Therefore

0<z=-—9% <2,
¢ -1

Suppose that # + 0, then z = 1. Now (81.8) and (31.11) imply
that ||4|*=g¢*+e—{(¢— 1)+ 2(¢°—1)— 1} =e+ 2. By (31.15)
this implies.that k=0 or k=2. Assume first that £ = 0, then
(81.10) implies that ||I"|? = e — 1. Hence by (31.16)

e—1

Fzzi-noj-
=1

This implies that (87, I') = 0. Consequently (31.8), (31.10) and (81.11)
yield that

—¢=(@,B)=(-\,8)=2—¢=1-¢

which is not the case.

Assume now that k =2. Choose 1,2 with 1=1'<2=<e¢—-1
so that a,, # 0 for j = 1,2, Thus 7o = D, G = G = =1 and by
(81.16)

a=1g—M+ 5 *xpi+ T, [G]P=2.

1#17,27,0

Since 8 has its values in &, and 7, has its values in &, (9,;, 87) # 0
for any algebraic conjugate 7,; of 7,.. By Lemma 13.1 7, has at
least (p — 1) algebraic conjugates. Hence p = 3, therefore q + 3.
Since @* vanishes on T Lemma 13.1 implies that for 1 <s<¢q—1

0=(a, 1y — N — o + M) =1+ (Lo, — Do + N} — (L'gy Tn’) -
Hence if (I, 7,,) = 0 then
2= |IrFz@-1>2.
Therefore (I'y, ') # 0. Hence

e—1

F=52=livoj-

Consequently (31.8), (31.10) and (81.11) yield that
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—¢=(@,B)=(—\,B)t2=2—q¢+t2=1—-¢" %2,

The assumption that # # 0 has led to a contradiction in all cases.
Therefore (81.8), (31.11) and (81.15) imply that

B =¢\+ 4, 4|P=e.
Thus a,; =0 for 1 < j < ¢ — 1. Thus (81.14) implies that
(@a+1)Ye+(q—2)ae=e.

Hence a =0 or =8 and a =1 =0. Thus 87 =¢\i —{f or ¢ =38
and 87 = ¢°\f + {i. In either case this implies that the set of charac-
ters consisting of \;, 1 £t <2(¢° —1)and {,, 1 £ 8 £ ¢ — 1 is coherent.
This includes all characters in .7~ which have L, in their kernel.
Since |Q:Q,| = ¢** > 4p® the result now follows from Theorem
11.1 with $=2=R=9, 9, =X, and £ =g,

LEMMA 81.4. . s coherent,

Proof. By Theorem 30.1 w, is a power of 3 if .&” is not coherent.
By Lemma 31.8 b is odd. Thus the lemma follows from Lemma 11.6.

LEMMA 381.5. For 0 <i1<n — 1 let \; be an irreducible charac-
ter of T with \(1) = eq”s. Let Q, be the normal closure of L* in
X, Let 1 =g < +++ < q'n be all the degrees of irreducible characters
of L/, Then I/, is a Frobenius group. For any value of j with
0=<j=<m let 6; be an irreducible character of X[Q, of degree eq’s,
Define

a = io, - M ’
Bi=¢q i, — N\ forlsis=n-—1,
Vi = q% %0, —0; for1<j=m.
Then
(.8:’770:)=0 fOTOétée—l, léién_ls
("5 %) =0 for 0=t=e—1,1<j=m.

Furthermore if e i a prime then one of the following possibilities
must occur:

& =1g =N+ 57,
@ =lg+ N+ 5 and 26+ 1=D: 0],

-1
a'=1@+q§.‘|_17].o+r’
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with (I 7,)=0for 0£8<q—1,0=t<e— 1.

Proof. Forl1=i1=n—-1,155<m let
&' =T+ dyw, Bi=Tun+ 4y, Y;=1Ty+ 4o,

where each d4;; is a linear combination of the generalized characters
7,. and each [I';; is orthogonal to each of these generalized characters.
Since for 1 =<8=q—1, ({, — ()" is orthogonal to a*, B; and 7v; and
all of these vanish on %, Lemma 13.2 implies that

q—1 e—1 e—1 q—1 e—1

(31.17) 4i; = aplg + a .gl ;7}.4 + ‘g{aot ‘:Z;oﬂlt — Qg .Z='1 ‘glu Dot »

where {a}U {a,} is a set of integers depending on (¢, j). Since
A — X5, a)# 0, [[4ol* <e. Since (\j — X, B5) # 0, (65 — 65, 75) # 0,
Theorem 12.1 implies that

(31.18) [|4;; 1P = e for all (3, 7) .

Assume first that (¢, §) # (0, 0). Then a, = 0. Thus (31.17) and
(31.18) imply that

(q—1)a’+(q—1)g(a+am)’+ ga&ée.

If a = 0 then for each value of ¢ either a,, + 0 or a + a,, # 0. Thus
(¢ — Da’ £ 1 which is not the case. Hence ¢ = 0 and so

—1 g1
(31.19) 4i; = ‘_gaot ?:'o Vot »

As (&) is orthogonal to #4(.7 ) Lemma 31.4 yields that for all
9
&(1)¢0 — &E(1)6L, 4:;) =0 for L=k, K <e—1.
By (31.19) (4,;, &) = +a,q. Hence
E(Dag: — & (L)ag, = 0.
Suppose now that a, # 0 for some t. Then a, # 0 for all ¢ with
1<t<e Hence (81.18) and (81.19) imply that
gle—1) = qgaz. Ze

which is not the case. The result is proved in case (%, ) # (0, 0).
Let (¢, 7) = (0,0). Then a, = 1. By assumption £.(1) = &(1) for
1<k=e—1, since ¢ is a prime. By (31.17)
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(4o &) = H{alg — 1) + aug —an(g — 1)}, forl1sk=<e—1

where the sign is independent of k. Since (4y, &L — &) = 0 this yields
that a, =a, for 1 <k <e — 1. Hence (81.17) and (81.18) imply that

@—Da’+(—Dan+(€—1g—-1)e+an—1)'=e—1.

If a, # 0 this yields that ¢ =0 and @, =1 and the result follows.
If a; = 0 then we get that

@—Da*+(e—1)g—1)a—-1)y<e—1.
Hence @ = 1 and the result is proved also in this case.

LEMMA 31.6. Let A = \,_, have the same meaning as in Lemma
31.5. Define

By=B=¢q" s\ - (.
Then (B, M) =0 for 0=t <e—1,
Proof. Let &, be the equivalence class in .7~ defined by (12.3)
which containg M. If ¢, is in .7, then the result follows from the

coherence of . 7,. For any 1, let a;/¢e be the number of characters
of degree ¢”i¢ in .7, and define ¢ as in (12.4) by

(31.20) ¢ = S agim

where ¢'me¢ is the minimum degree of any character in . 7;.
Let

(31.21) BF=4+4+17I,

where 4,€ _# (77°), 4 is an integral linear combination of the gener-
alized characters 7,, and I" is orthogonal to .7," and to every 7,,.
Theorem 12.1 yields that

(31.22) WA+ P = 2.

B* vanishes on ® and (87, 1g) = 0. Furthermore ({; —{{, 4) =e for
2<s8=<q—1. Therefore Lemma 13.2 implies that

(31.23) d=¢ g The + Gy

q—1e—1 —1
L)

22%+§%gm,

=1t=0

where ¢ = +1.
Since _7(.S”)" is orthogonal to _7(.77)" Lemma 31.4 yields that

G — &5, ) =0 for 1=k, K <e—1,
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By (31.23)
¢ 4) = £{e + (¢ — L)ay + qau},
where the sign is independent of k. Therefore
§ul) {e + (¢ — Day + qau} = &(1) {e + (¢ — Day, + gau}
for 1 <k, k¥ <e. By (81.22) and (81.23) we see that

(BL24) S0k + @+ & + (@ — 2)0h + 3 (6 + 0 + )
+@—2F @t a =4[ S 2.

If a, # 0 and a, + ¢ + 0 then for each ¢t at most one of a,, a,, + a,
€ + @y, + a, vanishes. Hence (81.24) yields that

(a'm + 5)’ =+ (q - 2)0'?0 _S_ 2.

This is impossible as either a, or a, +¢ is even. If a, # 0 then
(31.24) implies that

e—1

25+ @-D+@— 2 S-S 2.

Ifq+8,then2a} + (¢ —2)a, — e =2forl1 <t <e Henceq—2=
2 which is not the case. Thus a,, =0 or ¢ =8 and a, + ¢ =0. Thus
we get

(31.25) € 4) = £{*e + qay}
81 £e + qan} = &u(l){xe + qay} for 1<k, K <e.

Assume that the result is false. Then a, # 0 for some value of
t. We will next show that a, 0 for 1 <t <e. If this is false
then there exists 7 such that a,; =0. If v is any character in .&¥
then (v(1)&5 — &;(1)y', 4 + I') = 0. Thus (81.25) implies that

: a4+ =210
(81.26) Or 4+ 1) = 205

Thus £,1)|v(1) for every v in .&”. Let a be the exponent of 1I. By
Lemmas 80.1, 30.4 and 30.5 £;(1) = aq. Thus 9 is in the kernel of
&;. Define

o={ti1 st <e &)+ &}
By (31.25)

) =&} pr1<t<e.
D eristse

Ay =




31. CHARACTERS OF SUBGROUPS OF TYPE V 969

Thus (31.22), (81.23) and (31.26) yield that
2000 2 2901 + = S {60 - HOF 2 v + Z s ey,

where © = 4/9 if ¢ # 8 and # =16/25 if ¢ =8, and v ranges over
the irreducible characters in . By Lemma 13.7 there exist irre-
ducible characters ¢, of & which induce the characters &, for1 < ¢ <e.
Consequently

2ea’q 2 SV + @ 3D 2 2 {20 + 5 )

where ¥ ranges over the irreducible characters of € which are distinet
from all g, and do not have D in their kernel. Therefore C(D) S
otherwise since |®| is odd there are at least 2eg characters X of
degree at least a. Furthermore

2ea’q = x{u(h — 1) — a’(e — 1)} .

This implies that

(31.27) yeqa® = {_221 teo— l}a’ > uh — 1),

where y =4 if ¢ =8 and ¥y =5 otherwise. Let 1C 9, c 9, where
£ 48, Leth, =%, ha=[9D: %, & = [Cy (") | and ¢, =] Cg5 (L) |
Since & is of type II ae, < 2h, and a < u. Thus (81.27) implies that
h, — 1 < 2yqge,. Since h, = p*'e, for some prime p dividing h, we get
that »*' < 2yq. Thus ¢ =8 by (5.1). Hence »* < 24 which is not
the case as p = 5. Hence no such group 9, exists. Thus  is an
elementary abelian p-group for some prime. Therefore ¢ = p is a
prime and £,(1) = &,(1) for 1 < ¢ <e. Consequently a, = a,; =0 for
1 £t < e contrary to assumption.
Returning to (81.24) we see that

e—1

ay,<e+1.
t=1

Therefore a3, =1 for 1 <t <e¢— 1., Thus
(31.28) a,=+1 forl=st<e—1.
Now (81.24) implies that

(31.29) (@ + €)Y + (@ — 2)al,
+ (¢ — Di(a, + ¢+ ay,)' + (g— 2)(a,y + aOI)’}
Se+1,
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Suppose that ¢ +#3. Thus ¢ =5 and @, =0. Then (81.29) im-
plies that (¢ — 1)(¢ —2) < e+ 1. As g = 5 this implies that 3¢ — 3 <
¢+ 1 or e <2 which is not the case. Therefore

(31.30) g=3.
By (81.29) either a,, =0, @y = —(@y, +6)Or @y + & =0, @y = —ay,.
Now (31.23) and (31.28) imply that

4= '—*'{E: e — ._i i 77-:}

=0 t=

or

-

4= :i:{.i’?:c - 'fli 77-:} .

t=0 t=1 a=0

This is equivalent to

4= '—*'{7710 - :2; (o + 77::)}
(31.31) or

4= i{’?m - g (0 + 77u)} ;

Since (87 — B7, I') = 0, I' is a real valued generalized character. Thus
IC|*+ 1. By (81.81) || 4| = 2¢ — 1, hence by (31.22) I' = 0. Now
(81.21) implies that

n—1 &gl

(31.32) Br=qivmn — @ 3 5 g TN + 4,

where for m =1 <% — 1, \;; ranges over the characters of degree
eq’s in 7.

Suppose that .~ contains an irreducible character v. Then by
Lemma 31.4

Q)& — A, B)=0 forl1<t<e—1.

As v is rational valued on elements of Q, v* # Aj; for all 7, 5. Thus
(31.81) and (381.32) imply that

+2v(1) = (v(1)é;, B7) = G, 87) = 0.

Therefore .5 contains no irreducible characters. Hence by Lemma
31.1

(31.33) e=9p, P a prime,

Now Lemma 81.8 implies that b is odd, where b is defined in
(81.6). As ||4]?=2p — 1> 2p — 2 Theorem 12,1 implies that if c¢ is
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defined in (81.20) then
(81.34) ¢c=0(modgqg) orc=p.

Assume first that m #+ 0 in (81.32). Let a be defined as in Lemma
31.5. Suppose that

-1
af=1®iM+.Z=lvogo
Then (81.31) and (81.82) yield that

0= (,B)=x(—1).
Thus by Lemma 381.5

(31.85) @ =lgtM+ NN+, [[H|P=p—38.

Then

n—1 o4/P

(31.36) IN=rIy+y Z Z q!"—f"'xst:' ’

1=m j=1

where (I', M) =0 for m<i1<n—1,1=<j = (a;/p). Suppose that
y = 0. Then (81.31), (81.32) and (81.86) yield that 0 = (ar, 8°) = *1.
Hence ¥ # 0. Thus by (31.35) and (81.36)

Thus (81.34) yields that
(31.37) ¢=0 (modgq).
Equations (31.31), (31.32), (31.35) and (81.36) imply that

0= (@), §) = £1+ yg's/m1g/rrrm — 2y 2.

Hence (31.37) implies that 0 = +1 (mod ¢q). This contradiction arose
from assuming m # 0.
Assume now that m = 0. Then

e=¢q¢"—14 §a,-q”*’ .
=1
Hence ¢ = 0 (mod q). Thus (31.34) and 3.15 imply that

(31.38) c=p, ¢+1=0 (modg”»).
Now (81.31) and (81.32) yield that
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@I 4 p = || 87 ||} = @V Tn1) — 2pq7n + P -%— +2p-1.
Therefore
(31.39) x%e + p(p — 1) = 2xq"»p .
By (81.38), (¢ + 1) > pg’». Thus (31.39) yields that
f(®) = 2*pg’» — 1) — 2z¢’*p + p(p — 1) < 0.

It is easily verified that f(x) is a monotone increasing function for
222 and f(2)=p(r—1)—4>0. Thus # < 2. By (31.39) 2 > 0.
Hence z = 1. Now (31.39) becomes

¢+ p@—1)=2¢"p,
or equivalently
(31.40) P—p0+2¢)Y+c=0.
Therefore (1 + 2¢’+)' — 4¢ = 0, hence
4c < 4¢V* + 49" + 1 < 8¢~

Thus ¢ < 2¢*». As ¢ is even, (31.38) now yields that ¢ = ¢¥» — 1,
Now (81.40) becomes

¢ —2¢p+p'—p—-1=0,
or

@~—p—-1@*—p+1)=p.

As p is a prime one of the factors is +1 and the other is +p. As
the factors differ by 2 this implies that »p =1 =2, Hence p = 3.
Since p # ¢ (81.30) implies that p # 8. This contradiction establishes
the lemma in all cases.

TueoREM 31.1. 9 18 coherent.
Proof. Suppose that .7~ is not coherent so that Hypothesis 31.1

is assumed. Let a, 8;, 7;, \;, 8; have the same meaning as in Lemmas
31.5 and 31.6. Choose Ay = 6,. Then

(81.41) (@1 — &) = g'a" + S g™ regy
(31.42) (@™ — G = 3L a™ 7487 .

(31.43) @30, — 0 = Sy, for 1<jsm.
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Lemmas 81.2, 31.5 and 81.6 together with (81.41) imply that

e—1
@ =1g— %+ %7

or

—1

af=lg+x§+t2_1%¢

and 2¢ +1=|Q:Q'|. If the latter possibility occurs then by Lemma
10.1 it may be assumed after changing notation that in any case

e—1

(81.44) = 1@ — N+ ¢§1 Noe -

Now Lemma 31.5, (31.43) and (31.44) imply that

(31'45) —q° = (ar’ (qhﬂo - 01)7)
= (—0;,(q6,—0,))), for L<s=<m.

Since || (¢°*6, — 6.)° |' = ¢** + 1 and ((¢°*6, — 6.)", (6 — 6)) = —1, (81.45)
implies that

(31.46) (@0, — 6, = q°05; — 0 for 1<s=<=m.
Lemmas 31.2 and 31.5 and equations (31.42) and (381.44) yield that
(31.47) —q" = ("M — &) a”) = (@7 N — 5y — M)«

By Lemma 138.10 {{;|1 <7< q — 1} is subcoherent in .7~. Since
(@7 — &) 11 = ¢ + e it follows from (31.47) that

(31.48) @ — Q) =" - (.

Let Q, have the same meaning as in Lemma 81.5. Then there
exists a subgroup L, of L, such that Q,/%, is a chief factor of T
and |Q,: Q| =¢q. Let 7 (Q,) be the irreducible characters of ¥ of
degree eq%, 0 < j < m. Then (81.46) implies directly that .7 (Q,) is
coherent. Hypothesis 11.1 is satisfied with = €=8=9 and T =
8. If 7 is not coherent then Theorem 11.1 implies that |Q:Q,| <
40’ +1. As I/Q, is a Frobenius group this implies that Q, =<'
Therefore /O, is an extra special g-group. Thus |Q: Q| = ¢* for
some integer ¢. Define

T ) =T Q)U{Il=sisqg—1}.

Then . (X),) consists of all characters in .7~ having the same weight
and degree as some character in .7~ which has Q, in its kernel. By
(81.48) .97 (),) is coherent, Thus if .7~ is not coherent Theorem 11.1
implies that
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(31.49) ¢ ={0:0,|<4e’+ 1.

Lemma 13.6 applied to the group W, Q/Q), implies that e|¢g°+ 1 or
e|g°—1 and |W,| =e. As ¢ is odd this yields that 2¢ < ¢°+ 1 in
any case. Thus by (31.49)

=4+ 1=+ 1) +1<2".

This contradiction suffices to prove Theorem 31.1.

COROLLARY 81.1.1. If )\, s an irreducible character of T of
degree w, then

(i’z"_xo)r=1@“7\';+ ‘}:770:-

Proof. Let a = i,., — X and let a, = (a7, ). By Theorem 31.1

(81.50) GWlg — &) = vl + @A, — L)
= v — & + vi(la" .

As 7, is rational on T', (M, M) =0. By Lemma 13.9 (9., £i) = 0.
Thus (31.50) implies that

(Wlg — &), ) =apy() for 1<t<w,—1.

Hence by Lemma 31.2 (@, 7)) #0 for 1 st=w,— 1. As |9 |>2
(@,1g) =1, (@, A — X)) = —1 and ||a”|]* = w, + 1 we get that

wy—1

a'=1m—7\.ﬁ+i§iﬂ°..
As a° vanishes on B Lemma 13.2 now implies the required result.
COROLLARY 81.1.2. &' 18 a Frobenius group and w, is a prime.

Proof. Suppose that .&” contains an irreducible character 6.
Choose ¢&; in S7(9). Then (BQ)E: — &(1)67) e A(S”). If & is not
coherent 4 may be chosen in $7(9') by Theorem 30.1 and Lemma 31.1.
Hence by Corollary 31.1.1 and Lemmas 13.9 and 30.8,

0 = (BL)E; — £:1)67, (g — M)
= 00)(£ 57, 3 ) = 260D

Therefore . contains no irreducible characters. Lemma 31.1 now
implies that &' is a Frobenius group and w, is a prime,
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32. Subgroups of Type V
THEOREM 32.1. & contains no subgroup of type V.

Proof. Suppose that the result is false and £ is a subgroup of
type V. T is tamely imbedded in & by Theorem 14.2. For 0 <1< n
let 8, have the same meaning as in Definition 9.1 and let A, be
defined by (9.2). Let &, be the set of elements in & which are
conjugate to some element of ¥U; for Le Y7..&. By Lemma 9.5

1
(82.1) 1@ (8]

= 7 Serle(D = - (1~ 7).

Let M be an irreducible character of degree w, in .¢~. By Theo-
rem 31.1 and Lemmas 10.3 and 9.4

(32.2) M(T) =a + MT) for TelT",

where ¢ is independent of 7. Now Theorem 31.1 and Corollary 31.1.1
imply that @ =0 in (82.2). Thus A (T) = MT) for TeIT* Hence
Theorem 31.1 and Lemmas 10.3 and 9.5 imply that

(823) 3, IV = S MO P =1 -

I@I IEI If"C’I '

Let B be defined by Theorem 14.1 (ii) (a) and let B=B—BW, — O*.
Define

=UG'RG .

ee®
Thus Theorem 14.2 (ii) (a) implies that

(82.4) A g =111, 1
|8 | wy, ¢ quw,

Let @, be the set of elements in @ which are conjugate to some
element of $*. Since » is a T.I. set in G,

(32.5) 116, =

1 —
6] PAETIAARE

Define
®o=©_®1_®’—@3o
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Then (32.1), (82.4) and (82.5) imply that

1 1 1 1 1 1
— |zl (1l -4 — ) [ — — ——
I(SII ol 2 ( w, q+qw,) (w, w,[i”[)
1 1 1 1 1 1
) (qu qul@l) g wg qu w|T|
1 1 1 1 _ 1
qu| 9| g 8 8 8¢
By (32.3)
1 w. w
32.7 —_ V@ P<s1-—(1- )= % |
(32.7) &7 SwINEr s ( II,l) -

By Corollary 81.1.2 w, is a prime and HU is a Frobenius group.
Hence by Lemma 13.1 7y, :-+,%,., are algebraically conjugate
characters whose values lie in «#,,. Every element whose order is
divisible by w, lies in ®, U ®,. Thus 7,;(G) = 1,(G) is a rational integer
for Ge®, and 1<j=<w,—1. Now Corollary 81.1.1 implies that
1 —A(G) + (w, — 1)a(G) = 0 for Ge®,. Hence A (G) = 1(mod 2) for
Ge®, Therefore |\ (G)|=1forGe®, Now (82.6) and (32.7) imply
that

W, 1
— > =
|Z'| © 3¢
or
(82.8) 3qw, > |T'].

Since " 1, (32.8) yields that 8w, > |¥':3"”| and |T”|=g¢. Thus,
T, acts irreducibly on '/, Therefore ¥’ is an extra special group.
Let |2’ :%”| = g¢*. Then by Lemma 13.6, w, < (¢° + 1)/2. Thus (32.8)
implies that ¢* < (8/2)(¢° + 1) < 2¢°. Hence ¢° < 2 which is not the
case. The proof is complete.

COROLLARY 32.1.1. Let & be a subgroup of type II, III or 1IV.
Let & have the same meaning as in Sectton 29. Then &7 18
coherent.

Proof. This is an immediate consequence of Theorems 30.1 and
32.1.

33. Subgroups of Type I

LEMMA 33.1. Let & be @ maximal subgroup of & and let £ have
the same meaning as in section 14. If 8 is of type 1 with Frobenius



33. SUBGROUPS OF TYPE I 977

kernel © let < be the set of all irreducible characters of & which
do not have © in their kernel. If £ 1is of type II, III or IV let &
be the set of characters of 8 each of which 18 induced by a non
principal irreducible character of ' which vanishes outside Q. Let
Q; have the same meaning as in section 9 and let A, be defined by
(9.2). If ne & then A\ can be defined. Furthermore \° is constant
on A; for Le Y, &.

Proof. Since |®| is odd Lemmas 10.1 and 13.9 imply that A\°
can always be defined as {)\, X} is coherent.

If Le& then %, = {L} and there is nothing to prove. If Leg;
with 7 # 0 let 9, be a supporting subgroup of € such that CLYeEN; =
N(©). If N, is of type I then the result follows from Lemmas 4.5
and 10.3. By definition N; cannot be of type III or IV. If R; is of
type II then the result is a simple consequence of Corollary 32.1.1.

The main purpose of this section is to prove

THEOREM 33.1. Ewery subgroup of type 1 is a Frobenius group.

All the remaining lemmas in this seetion will be proved under
the following assumption.

Hypothesis 33.1.
® contains a subgroup of type 1 which is not a Frobenius group.

If Hypothesis 33.1 is satisfied the following notation will be used.

o is a set of primes defined as follows: p;eo if and only if @&
contains a subgroup IM; of type I with Frobenius kernel &; such that
a S,-subgroup of M;/K; is not cyclic.

p = p, is the smallest prime in 6, M =IM,; & = K,.

B, is a S,-subgroup of M.

P is a S,-subgroup of & with P, & B

® is a maximal subgroup of & such that N(2,(B,)) & &.

% has the same meaning as in Lemma 33.1.

If 8 is of type I let 1 be the Frobenius kernel of 8 Let & =
U€ with UNE =1.

If 8 is of type II, III or IV let  be the maximal normal nilpotent
S-subgroup of . Let U be a complement of  in ¥ and let T, be
a complement of & in € with T, & N).

LEMMA 388.2. £ is the unique maximal subgroup of & whickh
contains N(2,(B,)). Furthermore R is either a Frobenius group or
L is of tyve III or IV and B can be chosen to lie in 1.
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Proof. By Theorem 32.1 2 is not of type V. If 8 is of type II,
IIT or IV then B, S ¥ since P, i3 not eyclic, Since  is a T.I. set
in @ it may be assumed that P, S U.

There exists Pe 2,(%,) such that C(P) S M. Thus either P =
P, or Z(P) is cyclic and Z(P) & By. If a S,-subgroup of 1 is abelian
then P, is the S,-subgroup of Ul. Hence 2,(B,) char Ul and so N() &
N(Q2(P)) = & Therefore £ is of type III or IV and ¥ =P, & U.
By definition ¥ is the unique maximal subgroup which contains
N(Q2,(B,)). If the S,-subgroup of U is not abelian then L is of type
IV and it may be assumed that L < 0. Then 2,(P,) S £ and in this
case also L is the unique maximal subgroup of & which contains
N(2,(Bo).

Suppose that 2 is of type I. Let ¥, be a S,-subgroup of 8 with
B & Bi. If pen(€), then P, is abelian. Thus, P, = P, and so P, =
PB. Hence, P is an abelian S,-subgroup of &. By construction,
N(B) & 8. Hence, P < ¥, by Burnside’s transfer theorem. Since
| 8] is odd, if an element of N(P) induces an automorphism of P of
prime order ¢, then ¢ < ». By the minimal nature of p, a S,-subgroup
of € is cyclic. Let P*=PNCA). Since L is of type I, P* is
cyclic. We can now find a prime ¢ such that some element N(P)
induces an automorphism of order ¢ on P/P*. Let T be a S,-subgroup
of & permutable with ®B. Since ¢ < p, L normalizes P, and Q is
cyclic. Since LU is a Frobenius group, £,(X) centralizes P/P*. Let
By = Cy(4(2)). Then P = P*P¢, and [Q, BF] & P*.

Let 2* be a maximal subgroup containing N(2,(Q)). The minimal
nature of p implies that Q &£ 2*. Hence, by Lemma 8.18, Q centralizes
every chief p-factor of £*, so L centralizes P, which is not the
case. We conclude that p ¢ n(€). Therefore pen(ll). Hence PSU.
U is not a T.I. set since P is not a T.I. set in @, This yields that
either penf or m() = 2. In either case this implies that every
prime divisor of |€| is less than p. The minimal nature of » now
implies that € is a Frobenius group.

The previous parts of the lemma imply that if £, is & maximal
subgroup of @ which contains N(2,(3,)) then &, is a Frobenius group
and p divides the order of the Frobenius kernel of &,. If B is abelian
then =P, and L=, = N(2,(By). If P is non abelian then L =
L, = N(Z(®3)). The uniqueness of £ is proved.

LEMMA 38.8. There exists an irreducible character \ € & which
does not have P in its kernel such that M1)|(p — 1) or M1)|(p + 1).

Proof. Let M be a character of £ which does not have P in its
kernel and is induced by a linear character of 11 if £ is a Frobenius
group and by a linear character of ¥ if £ is of type III or IV,
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Either P = B, and so m(P) =2, or Z(P) is eyclic. In either case
this implies that if ¢ € = (N(B)/C(P)), ¢ # » then g |(p + 1) or ¢|(p—1).
If & is of type III or IV then A(1) = || is a prime and the result
follows. Suppose that L is a Frobenius group. If pexn} then €| =
A1) has the required properties by assumption. If p ¢ n¥ then O is
abelian since  is not a T.I. set in &. Thus P =P, and m(P) = 2.
Suppose that g, ¢,€ n(€) where q,|(p — 1) and ¢,|(p +1). Then an
element of € of order ¢, acts as a scalar on P. There exists Pe Pt
such that N((P>) & M. Thus M contains a Frobenius group of order
pq, which is not the case. Therefore every prime in #(€) divides
(» — 1) or every prime in 7(€) divides (p + 1). Since (p+1,p —1) =
2 this yields that |€||(p + 1) or |€||(p —1). The lemma follows
since M1) = | €.

LemmA 33.4. Let N be the character defined in Lemma 383.3.
Then

AM(L) = ML) for Le®

Proof. Set e=|2:%|. Observe that if £ is a Frobenius group,
then since pen*, it follows that ¥ =1, so that A1) =e. This
equality also holds if & is of type III or IV.

Set a = (fg, — ) so that a* = 15 — A\ + 4, where 4 is a gener-
alized character of & orthogonal to 1g. Let A=\, -+, N\, be the
characters in .&” of degree e. Since e divides (p + 1)/2 or (» — 1)/2,
it follows that f >e+ 1, and so (4,\)) =0, 1 <1< f.

We next show that & is coherent. If £ is a Frobenius group,
the coherence of & follows from Lemma 11.1 and the fact that
is of type I.

Suppose & is of type III or IV. Then Hypothesis 11.1 and (11.2)
are satisfied with the present £ in the role of £,  in the role of
9, and /D in the role of . By Lemma 11.1, we may assume that
|&:8"|<4|2: ¥+ 1. Hence, |:%"|=9" and e = (p + 1)/2, so
that P=U. If P is non abelian, then e divides (p — 1)/2. Hence,
we may assume that B is abelian of order »* and £ is of type III.
By Theorem 29.1 (i), no element of P! centralizes . This implies
that if g, ---, &, are the characters in .&” of degree pe, then f’ = 2p.
Hence, (4, 5) =0, 1< 5= f'.

Let 8= (p\, — tt), so that B = pAf — & 3\ — ¢ + 4, with
(4, \7)=0. If =0, the coherence of & follows from Theorem
30.1. As ||BA|P=9"+1, and f = 2(p — 1), it follows that 0 < z < 2,
and || 4,[?< 2. Hence, 2 =1 and (4, ¢;) = 0. But now (a*, 87) =
@ B)=—p=—(—1)+ (4, 4), so that (4, 4) = —1. This is not
the case as 4 and 4, are real valued generalized characters of @
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orthogonal to 1g. The coherence of . is proved in all cases.
Since (4, \7) = 0, the lemma follows from Lemmas 9.4 and 33.1.

LEMMA 383.5. Let )\ be the character defined in Lemma 33.3. Then

I MK < )T%T .

liml

Proof. Let @, be the set of all elements in @ which are conjugate

to an element of A, for some Le®. Let ®, be the set of all ele-

ments in @ which are conjugate to an element of A, for some K € &,

No subgroup of ® can be a supporting subgroup for both 8 and M.

If & were a supporting subgroup of M then p would not be minimal

in the set 6. Thus @, is disjoint from @,. Therefore by Lemmas 9.5,
4.5, 10.3, 33.1 and 33.4

1 T ] 1 T Hl — 1 r H
WZMX(K)I |®|EmllN(G)l <1 l@lz‘%l @]
=1—T§—|Z§||7\,'(G)|’=1-—l—;|—2§!|7\.(G)|’
C1 (1o MDYy MY
( ISI) EY

LEMMA 33.6. Let M = KF where F = M N L. Then there exists
Fin (BN Z(F)) such that Co(F) L &. Furthermore MM satisfies
Hypothesis 28.1.

Proof. If & isof type I, then § S U, Thus, ¥ is nilpotent and
hence abelian. The result follows from 8.16 (ii) and the fact that
P, is not cyelie.

Suppose & is not of type I. If § L UD, then we may assume
that W, S §. Then WP, is a Frobenius group and WP, = F. By
3.16 (ii), T, centralizes an element of K. Since |W,| is a prime,
this contradicts the fact that I contains a Frobenius group of order
[W,R|. Thus, FSUD. Let F.=FNH. Since $ is a T.I. set in G,
we get that &, is a cyclic normal S-subgroup of . If &, = 1, then
% is abelian and the result follows from 3.16 (ii).

Assume now that §, # 1. We may assume that § = F(F N U).
If 92,(%P,) does not centralize ¥,, then there exists P* & 2,(B,) such
that §,P* is a Frobenius group. Hence, Co(B*) # 1 by 3.16 (ii). But
in this case, * lies in no normal abelian subgroup of ¥ contrary to
the definition of groups of Frobenius type. Thus, 2.(%,) centralizes §,.
Since N U is abelian and § = F.(F N U), this implies that 2,(B,) &
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Z(%). The lemma now follows from 3.16 (ii).

LEMMA 33.7. Let _# be the set of all irreducible characters of
M which do mot have R in their kermel. Let N be the character
defined in Lemma 83.3. If _# 18 coherent themn \* is constant on &*.

Proof. Let O, - D, be a set of supporting subgroups of M in
©, and let N; = Ng(H:). By definition,

Mt = U, Cn(K) .

Suppose MeT¥ and Cy(M) L M. We will show that Me®. For
otherwise, some power of M is M-conjugate to an element A of RFF.
Since & is a supporting subgroup of some tamely imbedded subset of
®, it follows that Cy(4) S M. Hence, M is in &

We next show that R;is of type I or II, 1 < ¢ <s8. Suppose N;
is not of type I. Then N, = Hi(It; N M), and we assume that N, N M =
LNV NF). Since P; is a supporting subgroup of ‘.th, we may
choose M in S so that Co(M)EN;, Cx(M)ZL M. By the first paragraph,
Me®*. Hence, ®; N8 = 1. If Nxg(N: N ®) & N, then by a well known
property of nilpotent groups, we have 8 =R, N K, so that M= N,
which is not the case. Hence, Ngx(R; N ®) £ N, so N; is not of type
III or IV; M; is of type II.

Let a be the least common multiple of the orders of all elements
of & We will show that (@ |RD)=(, | D:)=11=<1=<s. If 8 is
of type I, then € is a Frobenius group, so a divides |1I|, and we only
need to verify that £ is not conjugate to MM or N,,1 <71 <838 As
none of the groups M, N, ---, N, is a Frobenius group, this is clear,
Suppose L is of type III of IV, so that & = %11281,33 = U, Since
none of M, N, ---, N, is of type III or IV, we have (||, |8]) =
(9L, 19:)=1,1=<1=<s. Since Ng(ll) < &, it is trivial that (|1, |R() =
(quj, %) =1

We appeal to Lemma 10.4 and conclude that \* is rational on &
and on every supporting subgroup of o,

Let 9; be a supporting subgroup of 9% and let @ be a character
of 9; with (@, 1) = 0. Let z, ¢, be irreducible characters of R; with
M9, = M9, = @. Then ||(#t, — ££)*||" = 2 and no irreducible character
of ® appearing in (¢, — (t,)* is rational on ;. Thus, (A7, (¢, — £)*) = 0.
If N, is of type I, then Hypothesis 10.2 is satisfied with our present
s in the role of & If N, is of type II, then a complement to 9; in
N is abelian, and again Hypothesis 10.2 is satisfied. Hence, by Lemma
10.2, \° is constant on the cosets of 9; in M\; — O;, and in particular
is constant on all the sets UA,, Me M. As _# is assumed coherent,
an appeal to Lemma 10.5 completes the proof of this lemma.
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Theorem 33.1 will now be proved by showing that Hypothesis 33.1
leads to a contradiction.

Choose Pc P! and KeC(P)N &. By Lemmas 33.1 and 33.4

(33.2) N (KP) = N(P) = MP) .

Let p be a prime divisor of p in &&. By Lemma 4.2
(33.3) A(K) = A(PK) (mod p)
(33.4) MP) =nM1) (mody).

Now (33.2), (33.3) and (33.4) yield that
A (K) = AN (PK) = MP) = M1) (modp).
By Lemma 10.4 A*(K) is rational. Thus
A(K) =M1) (mod p) .
Since M1) = (p + 1)/2 by Lemma 33.3, we get that
(33.5) IV(E) | =2M1) —1 for Ke®, Cp(K)+1.

If every element in & commutes with an element of ¥ then (33.5)
implies that

(33.6) IAV(K)| =M1) —1 for Kef*.

If not every element in & commutes with an element of ¥ then
A* is constant on £ by Lemmas 28.2, 33.6 and 33.7. As (33.5) holds
for at least one element in & we get that (83.6) holds in any case.
Now Lemma 33.5 and (33.6) imply that

MU S 1R 1= 1 6
EIIR T

This can be written as

[T: R {i®—1}/e—1) _
(833.7) 2] > %] ( . ), where ¢ = (1) .

Since [£:2NM|>1 and LN WM is a complement to & in I, (33.7)
yields that

150820 (i 1y 5 (8- 2y

3
Hence 8|R]/4> 8| —1lor|8| < 4. Thus |®]| =3 and a S;-subgroup
of ® is eyclic contrary to the simplicity of ® and the fact that |G|
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is odd. This contradiction completes the proof of Theorem 33.1.
THEOREM 33.2. @& contains a subgroup of type II.

Proof. Suppose false. Then by Theorems 14.1 and 33.1, every
maximal subgroup of ® is a Frobenius group. Let I be a maximal
subgroup of ® and let & be a complement to the Frobenius kernel of
M. We will show that & is abelian. Suppose false.

Let o be the set of primes p such that for some maximal subgroup
M, with Frobenius kernel 9, and complement &, a S,-subgroup of €, is
not in Z(€,). Let p be the least prime in 6. We may suppose that
a S,-subgroup P of € is not contained in Z(€). Then PN E = 1. Let
I, be a maximal subgroup of & containing N(2,(%)). Since 2,(P) =
Z(€),E = M. If P is contained in the Frobenius kernel & of M,
then so is [P, €] + 1. This is impossible as & does not centralize B,
while & is nilpotent. Hence €N K =1. Since W & &, it follows
that B is not contained in M, and that a S,-subgroup of M, is eyelic.
Hence, by Burnside’s transfer theorem, @ is not simple. Since this
is not possible, € is abelian.

Let Ge®* Let M be a maximal subgroup of & containing C(G).
It follows that C(G) is nilpotent. Hence, ® is solvable by the main
theorem of [10]. The proof is complete.

34, The Subgroups & and ¥

By Theorems 382.1 and 33.2 & contains two subgroups & and T,
each of which is of type I, III or IV and which satisfy Condition
(ii) (b) of Theorem 14.1. The following notation will be used throughout
the rest of this chapter. This differs slightly from that introduced
previously.

=0, T=PT, || =q, |P'I=p.

‘Thus p and ¢ are both primes. Let P be the S,-subgroup of & and
let © be the S,subgroup of ¥. Then P* S P, Q* € 0. Let

W=P*Q*, W=/ — P* —Q*.

Let I be a complement of P in &' and let VL be a complement of O
in ¥'. By 8.16 (i) U1 and B are nilpotent, thus

Uucp=86,
re?

if & is of type II and
Uce==2,

eel?
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if T is of type II. Let
€ =Cy®), D =Cx(R) .

If Sis of type IIl or IV let U* =1, If & is of type II then
a maximal subgroup I which contains N(1) is not conjugate to T
since M is not g¢-closed. Hence by Theorem 33.1 I is a Frobenius
group. Let U* be the Frobenius kernel of M. Thus 1 & U*, Define
B* similarly. Let

€j=c, [D|=d, [Ul=u, |B|=vd,
[u*|=wu%, |B*|=ov*d, |B|=g.

&7 is the set of characters of & which are induced by irreducible
characters of & which do not have 9§ in their kernel.

7" is the set of characters of ¥ which are induced by irreducible
characters of £’ which do not have Q in their kernel.

The set .5” as defined here is a subset of the . as defined in
Section 29. Thus by Corollary 32.1.1 .5 and .~ are coherent.

%, %, are the sets of irreducible characters of N(1*), N(B*)
respectively which do not have 1*, B* respectively in their kernel.

For0<1=<g—1,0=<j=<p—1, 9; are the generalized characters
of ® defined by Lemma 13.1; f,; are the characters of & defined by
Lemma 13.3; v;; are the characters of ¥ defined by Lemma 13.3. For
0=7=<p-—1,& is the character of & defined by Lemma 13.5. For
0=1=q—1, is the character of & defined by Lemma 13.5.

If =@, c®, where &, is a maximal subgroup of @ and if «
is a class function of &, then & denotes the class function of &, induced
by @. Whenever this notation is used &, will be uniquely determined
by the context.

Throughout this section no distinction is made between & and T.
Any result in this section about one of these groups is automatically
valtd for the other by symmetry.

LEMMA 34.1. Either

pr—1
u pra

and U/€ s cyclic or U/€ i8 the product of at most ¢ — 1 cyclic groups
and w|(p—1)y* For 1<j=<p—1 & i3 induced by a linear
character of P&, £(1) = uq. Either PU is a Frobenius group with
|B| =p" and
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or & contains an irreducible character of degree uq which s induced
by a linear character of PE.

Proof. If P* & D(P) then by 3.16(3) PU/D(P) is nilpotent. Thus
PU is nilpotent contrary to assumption. Hence ¥ contains a subgroup
PBo such that P* NPy =1 and P/PH, is a chief factor of S. Hence
UL* is represented on the elementary abelian group L/%,. By 3.16 (i)
P11 is nilpotent. Therefore UQ*/€ is faithfully and irreducibly
represented on P/P,. By 3.16 (i) | P: By | = »°

Let P/B, = BP*/By X PB./Po, where Q* & N(P,). By Lemma 4.6 (i)
Ny(B) S Cy(B/Bo). Thus Ny(P.) S Cy(P) = €. Hence any non principal
linear character of PE/P,€ induces &; for some j with 1 <57 =<p— 1.
As p is a prime the characters &; are algebraically conjugate for
1=7=<p-—1. Thus &;(1)=uq for 1 <57<p—1. Let & =+, for
+r; & linear character of PE/PB,E.

Suppose that |PE: D(PE)| > p°. Then PE contains a subgroup
9 # B, such that PE/D is a chief factor of &S. Let A be a non
principal linear character of B€/9. Then . induces an irreducible
character of & of degree ugq.

Suppose that U is represented reducibly on B/P,. Since U g NQ*
the irreducible constituents of this representation all have the same
dimension. This dimension is 1 since ¢ is a prime. Thus 11/€ is the
direct product of k eyclic subgroups for some integer k, each of which
has order dividing (»p — 1). No element of /€ is represented as a
scalar as UQ* is a Frobenius group. Therefore k¥ < q and « | (p — 1)*%.
The irreducible constituents of the representation of /€ on P/P, are
distinct since ULQ* is irreducibly represented on B/PB,. Let P/P, =
Py X «o+ X P, where PB;.;, = Q*P,Q° for some generator Q of V* and
such that U normalizes each PB;. Let

P=1:[1P‘

with P,e B}, P, = Q'P/'Q and QP,Q' = P,,, for 2<i1=<q 1. Sup-
pose Uell and UQ centralizes P for some 5. Let UP,U P#¢ then

P (UQ)'P(UQ) = Q] Prq.

Then QP»@Q’ = P,.;. If j + q then P,.; is conjugate to P,. Hence
Ppi is conjugate to P;* which is impossible as |I1Q | is odd. Therefore
j=gq. Then UP,U=P, for 1<1=<q and so Uc@. This proves
that no element of (1Q/C)! leaves P fixed. Let /4 be a non principal
linear character of /P, with ker £, = B, x -+ x B,. Let 1, = p2'™;
then g = ge,p7*1; - - - 12, induces an irreducible character of & of degree
ug.
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Assume now that U is irreducibly represented on P/P,. Then /€
is cyclic since 1/€ is abelian. If a subgroup of /€ acts reducibly on
BB, then it is represented by scalar matrices. As UQ* is a Frobenius
group every non identity subgroup of /€ acts irreducibly on PB/P..
Thus U/€ permutes the subgroups of order » in PB/P, and no element
of (N/C)* leaves any such subgroup fixed. Hence

p—1
up-—l.

Suppose now that & contains no irreducible character of degree ug.
By an earlier part of the lemma this implies that | B€ : D(PC) | = p°
Thus € =1 and |PB: D(P)| = p°. Since D(P) N P* = 1, we must have
D(P) =P. By 8.16 () P'U is nilpotent. If P’ #1 then there exists
a subgroup P, of P’ such that | P’ : B,| = ». Hence P'/P, is the center
of PB/PB, since N acts irreducibly on P/P'. Thus P/P, is an extra special
p-group. This implies that ¢ is even which is not the case. Thus
P’ = 1. Hence PU is a Frobenius group. Consequently Pl contains
(p* — 1)/u irreducible characters of degree u. Lemma 13.7 now implies
that

LEMMA 34.2, Either PU is a Frobenius group with | P| = »" and

p—1
p—1

or OB is a Frobenius group with |Q| = q° and

¢ —1

v = o

Proof. If the result is false then Lemma 34.1 implies that .&*
contains an irreducible character A of degree ug and .7~ contains an
irreducible character 8 of degree vp. Every character in .7 * is rational
valued on P by Lemma 10.4. Since |® | is odd this implies that every
generalized character of weight 1 in .&#° is orthogonal to .77 *. Define

a=k—€1; B=0_C1-
Then a(l) = 8(1) =0 and (a7, 8°) = 0. Thus

q—1 -1
0= (v — 6,07 — ) = (£ 5 % £ 3, 7)
= i(vu’ 7y = £1.
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This proves the lemma.

LEMMA 84.8. For 12j=<p—1

S A X) P 2z ue | B —w
XE(RE

Proof. Since PE is a T.I. set in @ and .&” is coherent the Frobenius
reciprocity theorem implies that for 1 =j<p—1

0i(X) = e(t(X) + (X)) for Xe(PE),
where « is a generalized character of &'/, and & = 1. Therefore
2 (X = 2 (X Ja(X) + phoi(X)a(X)}
(ﬂs@) (*@)

+ E‘Iﬂo;(X)I’+ Z‘.‘F (X)) .
(B (BE

This implies that
(84.1) (q%;’ [7X) " = —2£4,(1)a(1) + cu| B| — u’
+IB1 3, 1(O)F — ety
By Lemma 34.1, 2u + 1 < ||, thus
—24;(Dx(1) + | B %T. |a(C) | — a(1)*
2 |B| %‘. la(C) ' — 2u + Da(l)
= I%I@Si‘.la(c)l’g 0.

The result now follows from (34.1).

LEMMA 344. For1£1<qg—-—1
> @z B - e,

xeRE

Proof. Since PC is a T.I. set in @ the coherence of .5 and the
Frobenius reciprocity theorem imply that 7,(X) = a(X) for X e PC —€,
where « is a generalized character of &'/, Therefore for1<i<¢-—1

(34.2) S 1 7(X)=_ 3 |aX)[
xePE—C XERE—C

={|§BI—1}%I“(C)I’-

If PeP*, QeQ@** and q is a prime divisor of ¢ in &,, then by
Lemma 4.2
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7:(P) = 7:(PQ) = 1 (mod q) .

Thus the expression in (84.2) is non zero. The result now follows
from the fact that

Eé‘.la(C)I’ =0 (modc) .

LEMMA 34.5. Suppose that & contains an irreducible character
A of degree uq which is induced by a character of PE. Then

S IMX) P> uge | B — (ug)' — 2ug®.
xewpe?

Proof. As PE€ is a T.I. set in & the coherence of & and the
Frobenius reciprocity theorem imply that

AV(X) = MX) + a(X) for Xe(PE),
for some generalized character « of &'/P. Therefore

S IMX)P= 2 IMO) P+ S MXAX) + MX)a(X)}
got pe pe?
(34.3) + E.‘ |a(X) |* = uge | P| — (ug)’ — 2n(D)a(1)
(B
+{P -} X|a(C)' + Xl
41 11

If |a(l)| = ¢ then by Lemma 34.1
2M(1)| (1) | = 2uqg| (1) | < 2ua(l)* < {|B| — 1} a(1)*.

Hence the result follows from (84.3) in this case. If |a(l)| < ¢ then
201)| a(1) | < 2uq® thus (34.3) also implies the result in this case.

LEMMA 34.6. Let &, be the set of elements in & which are not

conjugate to any element of PE, L or . Suppose that & contains
an irreducible character ) of degree uq. Define

A, ={G|Ge®, \(G) + 0}
A, = {G| G € B, 7(G) = 0}
A ={G|G e, Pu(G) # 0, 7n(G) = 0 (mod (¢ — 1))} .
Then
G=AWUA,UY,.

Proof. Suppose that Ge@®, — (A, UW,). Let a=¢ — . Then
¢ —2M(G) =0 and

G =)y = 'J::Z;.,’?u — A



34. THE SUBGROUPS & AND 989

Since G € @,, 7,,(G) is rational. Thus 7,(G) =N(G) for 1 <i<q 1.
As Ge¢ U, U A, we must have that

(34.4) 0= Z 7:(@) = 7a(G) + (¢ — D7u(@)
= 7u(G) (mod (g — 1)) .

Suppose that 7,(G) = 0. Then since a’(G) =0 we must have that
Na(G) =0 for 0 <+ =<q—1. Hence by Lemma 138.1

0= (1@ — o — Nu+ M) (G) = 1 — 7,(G)

contradicting the fact that G¢U,. Hence 7,(G) # 0 and by (34.4)
G €U, as required.

LEmMMA 34.7.

(i) If ¢ =5 then |PB| = p* and uje > 9p'/20q.

(ii) If p,q="5 then ¢ =1 and u = (18/20) p*/q.

(ii) If p=8and ¢+ 1 then u =121,q =5, ¢ = 11.

(iv) Ifq=38thenc=1o0rc="T. Furthermoreu > (p* + p + 1)/18.

(v) If q =3 then P is an elementary abelian p-group and |P| =
pPorp=Tc=1and |P|="T.

(vi) If q=38 and ¢ =T then u > (p* + » + 1)/2.

Proof. If Plisa Frobenius group with |P| =% u = (p*—1)/(p — 1)
then all the statements in the lemma are immediate. Suppose that
this is not the case. Then by Lemma 34.1 & contains an irreducible
character A which is induced by a linear character of €. By Lemma
34.2 OB is a Frobenius group with |Q| =¢* v =(¢" — 1)/(q — 1),
d=1.

PE, L and ® are T.I. sets. Let ®,, A, A, A, have the same
meaning as in Lemma 34.6, Then

1 1 1 1

2@ =1—-(1—-2> - =4+ —

yl d ( P q pq)

1
34.5 Ble — {2 -1
(34.5) qucl‘Bl{Il 1} - vaDI{I | — 1}
_1,1_ 1 11, 1 .1
P g pg qu pv  quc|P|  pvg*

Since \* is rational valued on &, by Lemma 10.4, Lemma 34.5 implies
that

1 1
LI == INX) Pl - —— (X))
| % | g%‘:l (X)] I‘BI @%I (X)|
(34.6) uq 2
<

®le T TBle
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If Lemma 34.3 is applied to ¥ then Lemmas 18.1 and 34.4 yield that

g s lsipx)p
g g U,

1 1 1 1 1
) =1—(1-1_1,1)_ p_—— 1 gemig
LD = ( P q+pq) p'UQ"{vq } |?13]uqc{lqSI fo
v

1 1

1,
P pg*  uq | Plug

Lemmas 13.1 and 34.3 also imply that

1 1 1
— | S —= Nu(X) [*
| I-—( 1) Z;l (X)|

sl fi-(1-1-1,1)

(34.8) T (-1 P 494 D9
1 o
~ ey e %1 — w0}
(q—1)'{ - +qcl‘«Bl}

Lemma 34.6 and (34.5), (84.6), (84.7) and (34.8) now imply that

1 1 1 1 1 1 uq
-+ — @-1)+————-—=
P quc|P] pve? ) ¢ pa qu |Blec
2q 1 ) 1 1 1
+ + + = - - =
|Bje |Blug p¢®> ¢ p¢ qu
1 u

R e

Since v = (¢* — 1)/(g — 1), this can be simplified to

1_ (u+29 , =1 1 1
p =" I®lc ' 1Blauwe  pa—1) pr@-1D
(¢-1) 1 u
" + q° +m(q—l)+qcl‘fBl(q—-l)’
(84.9) _(u+2q_, (-1 u

|B|e |Bque  ge|Bl(@—1)

(@+1) , @—-1'—1
re(qg — 1) pe*(q — 1)
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By Lemma 34.1 4 < (p* — 1)/(» — 1) and | B| = p°; thus (34.9) implies that

_I_S(u+2)q+ g+ 1) 1
~ 1Ble -1 elp —1 -1y
110) P I?BII inq(q ) ep—1ag—1)
+ —.
p'q  pg™!
Let |PB| = p°» then
(34.11) 2 =c¢ = 1(mod 29) .

Suppose first that p, ¢ = 6. Then (34.10) implies that

1. w 29 3 1 2
p = pe + pize + 10p + 80(p — 1) + 5'p°

Hence by (5.2)

1_ ug 1 3 .32 , 12
P < pwe  40p + 10p + 80p + 80p °
Therefore .
34.12 9 » 138
( ) xc P° > 20p
Therefore
(34.13) 1, 18p2 o

rry 20q 2q °

Suppose that ¢z # 1. Then by (34.11) cx > 2¢. Thus (34.12) implies
that

18 1% 1 1
20 2 2 (p—1)°
Thus 13(p — 1) < 10p or 3p < 13 which is not the case. Hence ¢ =

2 = 1 and (34.13) completes the proof of statement (ii) of the lemma.
Suppose now that p = 3. Hence (34.10) yields that

1 _(u+2q ., (@+1) 1 1,1
4.14 — = T 55
(34.14) 3~  exd + 3g(g — 1) 2q(g — 1) + 3% + 3¢

As g = 5 this implies that

log» 1.1 ,@'+1) 1
3=cx3"+10+160+ 3q +75'

Hence by (5.3)
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160 —48—-3—-24—-10 _ 75 3

> 480 =280 20"
Thus
38 g
4, ICESO I
(34.15) - > 20 g

This yields that

Hence 4q > cz.
Assume that cx # 1. Then (34.11) implies that

(34.16) cx=2¢+1,
Suppose first then ¢ = 11. Then (34.14) implies that

1 q % 2 1 1 2 1 1
—< 4 %, 4 L S S S
3 ex 8 + 55 + 2.10° + 10.3® cx 3° 300
Henece
9 uwy,1 2 1,1 3 _5
cx3">3 55 60>3 54 18 °
Therefore
4 .85 .26 1
cx u 18 > 18 > 2

contrary to (34.16). Suppose that ¢ = 7. Then c¢x =15 by (34.16).
Thus # =3 and ¢ =5 since « is a power of 3 and (¢, 8) = 1. This
contradicts (34.11). Hence ¢ = 5. Thus by (34.16) ¢z = 11. Hence
# =1 and ¢ =11 since z is a power of 3. Thus statement (i) of the
lemma follows from (34.15) and statement (ii). If ¢ # 1 then ¢ =05
and ¢ = 11. By (84.15)

11.8°
34.1 =2 >2=(p 1)y,
(34.17) w> o> (»-1)
Hence by Lemma 34.1 w|(3* — 1)/2 =121. Thus % = 121 by (84.17).
This completes the proof of statement (iii) of the lemma,
Assume now that ¢ = 3. Lety = (»* 4+ » + 1)/u. (¥ is not neces-
sarily integral) Then (34.9) implies that
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1 < 3(p+p+1) + 6 " 1
p cxyp® cxp? 3p’u
»P+p+1) 2 1
+ L .
12¢xyp® + 3p + 2p3*
Therefore
1 _381p"+p+1) 6 1 1
3p < 12c2yp® + cxp*  3p'u + 2p3e-1 "’
or
3(p*+p +1) 18 1 1
34.18 1 .
( ) < 4dexyp® + cxp’ + Pu + 2.872

Suppose that cxy = 13. Then (34.18) implies that

ST @P+p+1) 4 19 1
52 s P 52

Therefore 37(p* + » + 1) > 51p* — 52-19, or
14p* — 87p — 5219 - 87 < 0.

Therefore, p < 11. Hence p =5 or p="7. Since (6, u) =1, Lemma
84.1 now implies that |9+ p + 1. Thus «|31 if p=5 and u|b7
if p =7. Hence one of the following must occur:

p=2>5, u = 31, y=1, cx =18

or

By (34.11)
cx =1, p=T orce=13.
If ¢z = 13 then by (34.18)

ST @P+p+1) 19 ., 1
52 P + 13p* + 52 °

1<

Hence » < 5, which is not the case. Therefore we have shown that
either cxy <18 or p =T, u =19,y =8 and ¢x = T7. If cxy < 18, then
4 <18, and by (84.11) ¢x =7 or cx = 1. Thus in any case

(34.19) u>—7-’:—'%—"—'i,cx=1 orcx =1T.

This proves statement (iv) of the lemma.



994 SOLVABILITY OF GROUPS OF ODD ORDER

If # + 1 then (84.19) implies that c=1 and =7, hence p =17
and |B|=T. Since (u,6) =1, Lemma 84.1 implies that « |57, thus
u =19. If D(P) +# 1 then N acts irreducibly on B/D(P) and centralizes
D(P). If P is non abelian this implies that D(P) = Z(PB). Hence P
is an extra special p-group contrary to the fact that |B: D(P)| = »°.
Thus B is abelian. Hence |P:2,(B)| =< p. If 2(P) # P this implies
that UL is represented on 2,(P) and so U acts irreducibly on 2,(B)
contrary to D(P) & 2,(P) and U € C(D(P)). Thus P is elementary
abelian. Statement (v) of the lemma is proved.

Suppose that ¢ =7 and ¥ = 2; then (34.18) implies that

37T P+ p+1) 19 1
1< 2L -
<56 P + 7p’+54

Therefore, p < 5 which is impossible. Hence if ¢ =17 then y < 2.
This proves statement (vi) of the lemma and completes the proof of
Lemma 34.7.

LEMMA 34.8. If q=5 then PU/C i3 a Frobenius group and
u|(®* —1)/(p —1).

Proof. By Lemma 34.7 (i) |P|=2° Thus if PU/E is not a
Frobenius group then by Lemma 34.1 « |[(»p — 1)/2]**. Thus by Lemma
34.7 (i)

9.p*?
9ot 20 °

Therefore ¢ > 2-2-(9/10) which is not the case, since ¢ = 5.

LEMMA 34.9. If p,q=5 then c=1, |B|=p" and either u=
(»*—1)/(p—1) or p =1(mod g) and w = 1/q [(p* — 1)/(p — 1)].

Proof. By Lemma 34.7(ii) ¢ = 1. Lemma 34.8 implies that | B| =
p*and u|(»* — 1)/(p —1). Letux =(p*—1)/(p —1). If p#1(modg)
then

w=2"1 _ 1 (mod2g).
p—1
Thus 2 =1(mod 29). If p=1(modq) then (p*—1)/(p —1) =0 (mod q).
Hence # =0(modq) as (u,q) =1. Thus in any case « = 2¢ if the
result is false. Now Lemma 384.7 (ii) implies that

P =1 _yr>oquz 13 g

p—1 10

Hence
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13 13
1218 po 18 o
T T

Thus 18 > 3p contrary to the fact that p = 5.

pq>pq_

LEMmA 34.10.

| N(B*):B*C(B*)| = p or pq if p,q=bor p=38,¢q=1
=8o0rl1l50r 3 ifp=8,¢q=5
=p,3p or Tp tf ¢ =38.

Proof. Let € be a complement of B*C(B*) in N(B*) which contains
P*. Every Sylow subgroup of € is cyclic and every subgroup of prime
order is normal in € by 8.16 (ii) and Theorem 33.1, Thus € & N(P*) =

Q*PE. Hence € =P* or |€| =pg or € = P*€C. The result now
follows from Lemma 34.7.

By Theorem 83.1 1* is tamely imbedded in @ unless UI* = U and
C‘_B(II) # 1. By Lemma 34.7 this can only happen if p = 7 and ¢ = 8.
In that case let 2/ be the set of characters of & which are induced
by non principal irreducible characters of &'/%3. In all other cases let

#, =% . Define 7" similarly. Then .%(%)" and _%(¥°)" are always
defined.

LEMMA 84.11. Suppose that ¥~ is coherent and p >q. If

dv* —1 > v»—1

| N(B*) : B* | P
and
dv* —1 S %= 1
| N(B*) : B*| q

then | N(B*):B*| = nq. If furthermore | N(B*):B*| = pq then 1/p <
pglv*d.

Proof. Let e = |N(B*):B*|. Let e with (1) =e. Let
a= iszs‘ — 4, Then ||a’ | =]||a]?=e¢e+ 1. Define :
B@ = Tn'g;@ — Mo 133 = ‘ilap'om = Yy .

Bg, B¢ vanish on & — &, — §, respectively. As @1 and ¥, are T.L.
sets in ®

@4.20) 11851 = 1186 ' = 22 +2, I8P =18l = 2L + 2.
Furthermore by Lemma 13.8
(34.21) Bs=1lgxm+ Iy, Bi=1lgtnu+ Ty
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where I'g, I'g are real valued generalized characters of & which are
orthogonal to 1y. The assumed inequalities and (34.20) imply that
(v7,88) =0=(y",B83). Thusif a" =13+ ¥ + 'y then

0=(a",88) =1+ (P, I'y) (mod 2)

0=(a,B3) =1+ (D, I'y) (mod2).
Since I'y is rational valued on ® this implies that

(Mior I'g) = (1os, I'gp) = 1 (mod 2)
for121=<¢q—1,1<j=<p—1. Hence by Lemma 13.1
(g — o — Tos + %5 @) = 1 + (7o, I'p)
+ oss I'g) + (i3, ') (mod 2) .
Thus (7, I'gy) # 0 for 1=41<¢—1,1<j=p—1. Hence
e+l=|a|P=pg+1.
Suppose now that ¢ = pq then

-1

(84.22) =lgty % Z N + Z N £ 23 2

Let ®&, be the set of elements in @ which are conjugate to some
element of A, with VeB**. Since 2 is coherent by assumption,
(34.22) Lemmas 338.1 and 9.4 imply that +*(VC) = (V) for VCe ¥,,
VeB*, Furthermore Lemma 9.5 and (34.22) imply that

1 T 3 3
G428) L S| OF = e S W@ P =1 B
By Lemma 9.5
= (@v -1
(34.24) —‘I@ol——'Z@o (5( ) = *dg'.:' @( ) = W

Let &, be the set of elements in @ — @&, which are not conjugate to
any element of B, PE or UD. Now (84.22) implies that if Ge@,
then +*(G) is rational and

0=a(@) =1+ ¥(G) (mod 2) .
Thus |¥*(G)|*= 1 for Ge®,. Hence (84.28) implies that

vd* — 1) 1 1 1
>y -1 4 1 _1_,1
I@‘| pqv*d ( P q pq)

_IB€C|—-1 (09D -1
qu | Ble pv|Qld

'v"‘d
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“Therefore
pg o1, 1 1 _ 1, 1 _ 1., 1
v*d  p q pg pg pevd qu qu|Plec
1 1
v w|Qld’

‘Since v >2¢, v >2p and p >¢=3
L D T
pv

1 1 3
P4 P qu !

<1,
q q
thus the required inequality follows.

LEmMMA 84.12. If U* is cyclic then U* i3 a T.I. set in @ unless
N*=u and NU) & S.

Proof. Since U* is a cyelic S-subgroup in N(11*), U* is a S-subgroup
«of @. Suppose that U* is not a T.I. set in ® and let 1 #U* N G'U*G =
1, &u*. Then {NMU*), N(GU*G)} & N(,). Since N(11*) is a maximal
:subgroup of & this implies that {U*, G-N*G} & N(U*). Thus GT'U*G =
N* and N* is a T.I. set in G.

35. Further Results About & and £

The notation of Section 84 is used in this section. However we
‘will destroy the symmetry of & and ¥ by choosing the notation so that

(85.1) g<p.

The next three lemmas are restatements of Lemmas 84.7, 84.8,
84.9 and 34.10.

LEMMA 85.1. If gq=b6thenc=d=1,v=(g"—1)/(¢—1), |B|=2"
amd || =q?. Either u=(*"—1)/(p —1) or p =1(mod q) and u =
1/q[(»* — 1)/(» — 1)]. Furthermore PU and OB are Frobenius groups.

| NU*):0*| =q or pqg and | N(B*):B*| =p or nq.

LEmMA 35.2. Suppose that ¢ =8. Then |Q| = 8°,

»S 9 387
d 20 »

and QBID is a Frobenius group with v[(8* —1)/2. Either d =1 or
d=11,p=05 and v =121. Furthermore ¥ = %; and

| N(B*):B*| = 2,3p or Tp.
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LEmMmA 35.3. Suppose that ¢ =8. Then

| NU*):u*cu*)| = 8 or 3p ifp=T
=38,1560r 83 i p=5H.

Furthermore one of the following possibilities occurs:

(i) e=1,u>@+p+1)/18, P is an elementary abelian p-group
with [P =2 or |P| =T

) ec=T,u>@+0+1)2 P is an elementary abelian p-group
with |P| = p°.

LEmMmA 35.4. FEither q =8,p=5,v=11,4 = 81 or

v»—1 >u——1.
p q

Proof. By (56.12)

¢ (¢ -1) > p? »*-1) .
q—1 p—1

Therefore if v = (¢* — 1)/(¢ — 1) then by Lemma 84.1
v—1 _1+---+¢g"—-1_ q@¢-1)

P D p(g — 1)
pq—l_l
p(p* —1) p—1 u—1
> Tap—1 = q =7y

Suppose now that v # (¢* —1)/(¢ —1). Then ¢ =8 by Lemma 85.1, By
Lemma 85.2 v|(8" — 1)/2 and v > 9/20-(8"Yp). Thus if (v —1)/p =
(w — 1)/g then by Lemma 34.2

9 g8
20 p P+ p
p = 8 -

Hence p < 11. Thusp=5orp="7T. If p=7 then v»|(3 —1)/2 = 1093.
As 1093 is a prime this implies that v = (8" — 1)/2 and the result follows
from the first part of the lemma. If p =5 then v|(8° — 1)/2 = 121.
Thus v =11 and %|81l. Thus % = 81. The proof is complete.

LEMMA 35.5. & s coherent.

Proof. Suppose that & is not coherent. Then by Lemma 11,2
v*d is a power of some prime . As B/D is eyclic r = 1 (mod p). Thus
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(35.2) r>2p>2q.
Let |B*: D(B*)| = r*, then n = 8 by Lemma 11.8. By Lemma 11.1
(85.8) r* < 4|NB*):B**+1.

Suppose that | N(B*) : B*| = Tp. Then p # 7 and (85.2) and (85.3) imply
that r* < 200p* < 507°, If n = 4 this yields that » < 7. Then p =8
by (35.2) which is not the case as p > q. Hence n = 8. Thus Lemma
11.4 implies that r* < 2r(7p) + 1. Hence by (85.2) r* < 14p < 7r and so
r < T which is impossible.

By Lemmas 35.1 and 35.2 we may assume now that | N(8*): 8*| <
pq. Thus (35.2) and (85.3) imply that

™S 4p'¢ +1<@p) <,
thus » = 8. Hence Lemma 11.4 implies that
7.3
'r’§2'rpq+1<?.

This completes the proof in all cases.,

LemMA 35.6. d=1. If | N(B*):B*| < pq then v* = v or p =5,
q=3,v=11,»* =121,

Proof. If | N(B*):B*| > pgthenc+ 1. Henced =1 by Lemma
34.2. Assume now that | N(8*):8*| < pq.

Assume first that d +# 1. By Lemmas 85.1 and 35.2 d =11,¢q¢ =
8,p=>5 and v=121. By Lemma 34.2 u=(5°—1)/(5 —1)=81. Thus

do* -1  11°—1 11’ —1 v—1

N - 15 ° 5
and

do*—1 -1 81-1_u-1

IN@Y: 8| — 15 3 q

Hence by Lemmas 85.5 and 34.11 1/p < pq/v*d.
Thus

1< v*d < p¢="175.

Therefore d = 1.

Assume now that ¢ =8,p=5,v=11,u =381, Let v* =vz. 2 =
1(mod10) as v = v* = 1(mod 10). If v* #11 and »* # 121, then
2 =21. Thus »* = 21.11.
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-1 2111-1 11-1 _v—1

| N(B*):B*| — 15 > 53 D
and
v —1 g21.11—1>31—-1=u——1.
| N(B*): B* | 15 3 q

Thus Lemmas 35.5 and 34.11 imply that 1/p < pg/v*. Thus 21.11 <
v* < p’¢ = 75 which is not the case. Therefore » = v* = 11 or v* =
121, and we are done in this case.

By Lemma 385.4 it may now be assumed that (v —1)/p > (u —1)/q..
If v* = vz, then  =1(mod 2p) since v* = v = 1 (mod 2p). Thus

(35.4) v*=xv,2>2p>2¢ ifx£1l.
Therefore

v*—1 v* —1 2vg — 1 v—1 uw—1
= > > > .
| N(B*): B* | g g D q
Hence by Lemmas 35.5 and 384.11 1/p < pg/v*. Hence (85.4) and
Lemmas 35.1 and 35.2 imply that

<&p/ysl(lfv* §_12.p’q.

p—1
e g V= 9
Thus ¢** < 2p’. Hence p < 7 by (5.4). Thus p =5. Hence # = 11,
¢ =3 and v|121. By assumption v # 11, hence v = 121. Thus 11* <
v* < p’¢ = 75. This completes the proof in all cases.

LemMMmA 35.7.
| N(U*):0*C(*) | =q or pg.

Proof. This follows directly from Lemmas 35.1, 35.2, 35.3 and 35.6..

THEOREM 85.1. If N(1*) is conjugate to N(B*) then the conclusions
of Theorem 27.1 hold.

Proof. By Lemma 35.6 if B* = B then p =5, ¢ = 3 and v* = 121.
Thus % = 31. Hence u does not divide »*. Thus by Lemmas 35.1
and 35.2, B* = B is cyclic. By Theorem 33.1 N(L*) is a Frobenius
group with Frobenius kernel B*. Hence by Lemma 34.12 B* is a.
T.I. set in @. Since Q* & NU1*) and »|| N(B*):B*| Lemma 385.7
implies that N(U1*)/1* is a cyclic group of order pg. Thus condition
(iv) of Theorem 27.1 holds. Since B* is cyclic so is 1. Thus € char
U. Hence if € #1 then NU) &S which is not the case. Hence
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¢=1. By Lemma 35.6d = 1. Thus C(*) = QP* and C(P*) = PO*.
Hence condition (iii) of Theorem 27.1 holds. If |P|+# »° or || + ¢7,
then NI) & & or N(B)S T respectively. This implies that P is
elementary abelian of order »* and L is elementary abelian of order
g*. Hence condition (i) of Theorem 27.1 holds.

Since U is cyclic and € =1, PU and NO* are Frobenius groups
and N(P) =& = PU. Since U* is cyclic every divisor z of |U*|
satisfies ¢ = 1 (mod pg). Thus (11|, p — 1) = 1. Hence by Lemma 34.1
a1 (@ —D/(p—1). Let (»—1)p—1)=y||. Suppose that
p# 1(modq). Then y =1 (mod pq) since

P—1 _ 1| =1(mod pg) .
p—1

Thus if y # 1, then ¥ > 2pq. Furthermore Lemma 35.1 implies that

in this case ¢ =38. Thus by Lemma 35.3 (i)

13>—2’+Tlf]i—1— =y > 2pq = 6p

which is impossible as » > 8. Thus ¥y =1and so|U| = (p* —1)/(» —1). Sup-
pose that p=1(mod g). Then ¢|(»*—1)/(p—1). Henceu|1/q[(p*—1)/(p—1)]
since (u,9)=1. Asg< pand u=(p"—1)/(p—1)=1(mod p) we see
that w # 1/¢[(»* — 1)/(» — 1)]. Thus if ¥ # 1, Lemma 35.1 yields that
¢ =38. Since ¢ =1, Lemma 85.3 (i) implies that u > (p*+ p+ 1)/13.
This is impossible since w = 1 (mod 3p). This verifies condition (ii) of
Theorem 27.1 and completes the proof of the theorem.

36. The Proof of Theorem 27.1
In this section the study of the groups &€ and £ is continued. All

the lemmas in this section will be proved under the following assumption.

Hypothesis 36.1

(i) ¢<o.
@ii) NQU*) is not conjugate to N(B*).

The following notation is used in addition to that introduced in
Section 34.
pew , veZ
and
¢(1) = | NU*):u*cu*)|, (1) =|NB*):B*|.

If ¢,€ 77 then ¢: is defined since |@| is odd. Let T = {¢}| ;€ %}.
Then
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(iu.—¢)==1@,—¢'+ru+su, if 2 =%

g — ¢y =1g—¢"+ Iy + 8y if 7+ %,

(86.2) Qg — V) =15 — ¥ + Iy + 8y

(36.3) (lpggr — M) =1g =T+ Mg+ 8¢ forlsjsp—1,

(36.1)

(36.4) (gp —V)*=1gxt N+ g+ 5y forl<sisg-—1,

where 5y, Eg are in _#(%/7), £ (77°) respectively, I'y, ['p are orthogonal
to z/°, 77" respectively. Eg, 5, are linear combinations of the
generalized characters 7,, and I'g, Iy are orthogonal to each 7,.
Then I'y, I'y, I'y and I'y are real valued generalized characters each of
which is orthogonal to 15. Thus

(36.5) Ly, M) + (', ¢°) £ 0 (mod 2) ,
(36.6) (Fgy M) + (L' ¥7) = 0 (mod 2) .
(36.7) Ty M) + (I, ¢°) # 0 (mod 2) .
It is a simple consequence of Lemma 18.1 that
(36.8) (s ) + gy o) + (Fyy M) # 0 (mod 2) .
(36.9) Iy M) + (I'igs 7o) + (L', 71) = 0 (mod 2) .

By Hypothesis 36.1 (ii) Z7° is orthogonal to 2. Thus
(36.10) Iy, ¥7) + (I, ¢7) % 0 (mod 2) .
Since 7 is an isometry (36.1), (36.2), (86.3) and (86.4) yield that
(36.11) I Ty ll* = | NU*):u*CcU*)| -1
(36.12) | Fgll* < | N(B*):B*| —1
(36.13) Il < 222
(36.14) 1Tl s 2= L,

LemMmA 86.1. % is coherent.

Proof. If & is of type IV then by Lemmas 35.2 and 35.8¢ =1
or 7 so by Lemma 11.1 the result follows from Theorem 29.1. If &
is of type III then 1 = U* is abelian and the result follows from
Lemma 11.2. Suppose that 2 is not coherent. Then Z¥ = %, and
by Lemma 11.2 U* is an r-group for some prime ». Furthermore &
is of type II. Let e = |N(U*):1*| then by Lemmas 11.1,11.3 and
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114 U¥ = DU*) # 1,
(36.15) |q*: 0¥ | =r* withn=3,
(36.16) rr<4e+1,n=4 or r*=<2re+1and n=38.

Suppose first that U is not cyclic. Then by Lemma 35.1 ¢ = 3.
If ¢ # 1, then by Lemma 35.3 € is cyclic and

P+p+1 p—1Y)
u > 2 >( 2 ) .
Thus by Lemma 384.1 /€ is cyclic. Hence U is generated by two
elements. If ¢ =1 then Lemma 34.1 implies that 1 is generated by
two elements. Thus U+ U*. As & is of type 1I & is a T.I set in
@. Consequently there exists an element R of order r such that
0 = Cy.(R). Thus Z(1*) is cyclic. Hence » =1 (mod e). This contradicts
(36.15) and (36.16).

Suppose now that U is cyelic. Thus » = 1(mod ¢). By (36.16)
NU*)/0* is irreducibly represented on 1*/D(11*). Thus O* acts as a
group of scalar matrices on U*/D(1*). Hence by Lemma 6.4 * has
prime exponent. Since U is a eyclic subgroup of 11* this implies that

(36.17) |0 =1r.
If ¢ > 8 then Lemmas 385.1, 85.7 and (86.15) and (86.16) imply that

pﬂ—l&
(7 ) S |UP<dl+1<dpg+1.

Hence 9*° < 5¢°® and so
534—10 é qu—lo < psq—xo < 5 .

Thus 3¢ — 10 < 1 which is not the case.
Suppose that ¢ =3: If » = 4 then (86.16) and Lemmas 35.3 and
35.7 imply that

(’”’—4’1’;-4+—II< 1| < 36p + 1.
Hence
PP< (P + p+ 1) < 13360 + 1) < 3.18%p*.

Thus »° < 8.13°. Hence p < 18. If n =3 then (86.16) and Lemmas
35.3 and 85.7 imply that

W<|ul’§6p.

Hence
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PL<(P+p+1)12<186p< 18p.

Therefore p < 13 in this case also. Thus p =5,7 or 11. By Lemma
34.1 and (36.17) either |[U||(p — D or |U||p*+p+ 1. If |U||(p—1)
then p =11 and || = 5 since (JU|,6) =1. However in this case

EJrlg_-Fl)>1o>|u|

which is impossible by Lemma 85.1. Thus |11]||p*+ p + 1. Hence by
(36.17) if p=5,|{U| =381, ifp="7,|U| =19 and if p =11 then || =
Tor |U|=19. If p=>5 then (36.16) and (86.17) imply that

31° < 86.25 + 1
which is not the case. If p =7 then (86.16) and (86.17) imply that
19° < 36.49 + 1 < 1800 .

Thus 19 < 100 which is not the case. If p =11 and |1| =19 then
(36.16) and (86.17) imply that

15.360 < 19° < 36.121 + 1 < 4800

which is not the case.
Assume now that p =11 and (0| =7r="7. Then (36.15) and
(36.16) imply that

(86.18) ™<3611'+1, 7 =1 (mod1l).
Since
™ >10* > 5000 > 36.11* + 1

we must have n < 4. However
7=5"7=2"T=8 (mod11)
contrary to (86.18). The proof is complete.
LEMmA 36.2. ¢ = 8.
Proof. Suppose that ¢ # 3. Then by (36.10) either (I"y, ¥7) # 0

or (I'g, $°)#0. If u=1/q[(»*—1)/(p—1)], then u £ 1 (modp). Hence
by Lemmas 35.1, 35.5 and 36.1,

g’ —1 1 -1 _
—1 —1

g <pg—1 or 2—> _ <pg—-1.
nq

Therefore by (5.11) p* < (»*—1)/(p —1) < p’¢®. Hence p"*<¢’< p*
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which is impossible for ¢ = 5.
Lemma 36.3. ¢ =1, | N(B*):B*| =»p or 3p.

Proof., If ¢+ 1thenc=T7and v > (p*+ p + 1)/2 by Lemma 35.3.
Since [(p —1)/2)* < (»* + p+ 1)/2 Lemma 34.1 implies that »|p* + p+ 1.
Thus # = p*+ p + 1. By Lemma 34.2 v = (3* — 1)/2.

Suppose first that | M(U*):11*|=38. Then by (36.8) I"y= £ (0 7a).
Thus (I'y, 7,) = 0. Hence (I'g, ¢7) #+ 0 by (36.5). Since 7/ is coherent
(36.13) implies that

-1 _ s -1
8 = 8 '’

Tu* — 1 u
LA [ A L
3 S| gl' =

which is not the case.

Suppose now that |N(1*):U*|# 3. Then by Lemma 35.7
| NU*):0* | = 8p. Let cu* =azu = 2(1 + p + p*). Then z = 1 (mod 6p)
since

cu* =u =1 (mod 6p) .

As 1< ¢ <« this implies that = 6p + 1. Hence by Lemma 35.2
and (36.12)

(36.19) 0“;; LN 6;’;‘ 22u>Tp—12|Igl.

Since Z is coherent this implies that (', ¢°) = 0. Thus by (36.10)
(36.20) (I'y, ¥7) # 0.

Since % is coherent (86.18) and (86.19) imply that (I'g, ¢) = 0. Thus
by (36.5)

(86.21) (I'ys M) Z 0 (mod 2) .
Since 7 is coherent (86.11), (36.20) and (86.21) imply that

w—1)+——2 —1

- - <8y -—-1.
IN@Y 8| 7

Hence by Lemma 35.2
3 —1

—1=9v—-1=5v*—-1=<2p|NB*):B*| < 14p°.

Therefore 37 — 8 < 28p’. Hence » =5 by (56.5). Thus % = 81 and
v =121, If the S,-subgroup of 1* has order 7*, then 7* = 1 (mod 5).
Thus » = 4. Therefore
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uw* -1 7381 -1 v—1
= — 24 = .
3 15 > P
Thus the coherence of Z~ implies that (I, ¢°) = 0. Hence (36.7) yields

that (I'y, %) # 0(mod 2). Therefore (36.8), (36.11) and (36.21) imply
that

contrary to (36.20). Thus ¢ =1 and consequently |N(B*):38*|=1»p
or 3p.

LEmMMA 36.4. | NUI*):1*CU1*)| = 3p.

Proof. If the result is false then | N(1*): 1*C(1*)| = 3 by Lemma
35.7. Thus (36.8) implies that I'y = £(7 + 7). Therefore by (36.5)
and (36.10) (I'g, ") + 0 and (I'g, ¢°) # 0. Since u* = u (36.13) implies
that u* =« and

(36.22) I'y= 340,

where ¢; ranges over 7. Thus by (36.6) (I'g, ) is odd. Hence by
Lemma 36.3 and (36.12)

—1
r53=b2¢§i’z=,lﬂnj+458,
where b is odd and 4 is orthogonal to all ¢;, 7,;. Therefore by (36.22)

0= (Fge — ", Gg — ) =121 23820

Since b = 0 this implies that |b|(w — 1)/8 = 2. Hence u = 7. Thus
by Lemma 35.3 (i) 7 = (p* + » + 1)/18, hence » < 10. Hence p =5
or p="1T. In either of these cases u|(»*+ » + 1) by Lemma 34.1
since (u,6) =1. Thus 7|31 or 7|57 which is not the case.

LEMMA 36.5. || = p"

Proof. If |P|+# p* then NU) S Sas Pisa T.I. set in &. This
contradicts Lemma 36.4.

LEMMA 86.6. U s cyclic.
Proof. By Lemma 34.1 if 1 is not eyelic then 1 =11, x 1,, where

each U, is cyclic and |U;||(p —1)/2. Let |U;|= (p — 1)/2y; for ¢ =
1,2. If v, = 4 then Lemma 35.8 (i) implies that
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P Ptptl -1 _@-1 _ o
13 < 13 < 4y -~ 16 < 16

which is not the case. Thus ¥y, < 4. If ¥, = 2 then p =1 (mod 4)
and so [U|=(p—1)*8 is even. If 74, =8 then p =1 (mod 8) and
so 8|u which is not the case. Thus %y,=1 and u = [(p — 1)/2].
Therefore ((p —1)/2, 6) =1. Thus p =11. Furthermore u = 1/4 (mod p).
Since u* =1 (mod ») by Lemma 86.4 we have that u* = ux and =
4 (mod p). By Lemma 34.2 v = (8° — 1)/2. Hence Lemma 36.3 and
(36.10), (36.11) and (36.12) imply that

3 -1

-1
~1
<8 -1 or g~ <3-1.

(36.23) 3p

The first possibility implies that 3* — 8 < 18p* — 6p. Thus 87 < 2p°,
Hence » < 7 by (5.4). The second possibility in (86.23) yields that

-(pz—l),—x—1§9p’—3p.

Therefore

(p—1) 2 =<36p"— 12p + 4 < 36p° .
As p = 11 this implies that

H 2
36.24 36(—P _Y=326(1+ -1 V=36(12L) < y5.
@624 w< <10—1) ( +p—1)— (Fa0) <
Let # = 4 + zp for some integer z. Then since p = 11 (36.24) yields
that z < 4. Furthermore

(36.25) p<4l; if 222, p<20; if z=8, p<1l4.

As p<4land ((p—1)2,6)=1, p=11or »p =23. If p = 23 then by
(36.25) » = 27 which is impossible as # =1 (mod 3). If p = 11, then
=15, 26 or 87. As 2 =1 (mod 6) this implies that # = 87. Then
% =25 and so 37 =1 (mod 11) by Lemma 36.4 which is not the case.

LEMMA 36.7. u=2+p+1 or u=(@+»+1)/8 or u=
@+ p + 1)/7.

Proof. If u|[(» —1)/2]* then by Lemmas 34.1 and 36.6 u|(» —1)/2.
Thus by Lemma 3858 () (» —1)/2 > (» + » + 1)/13. Hence
2p* — 11p + 15 < 0 which implies that » < 5. Therefore by Lemma
841 "+ p+1=uy, ¥ an integer. By Lemma 35.8 (i) ¥y < 13. If
r is a prime such that »*°+ p + 1 =0 (mod r) then either »r = 3 or
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r=1 (mod8). Hence y=1,8,7To0r 9. If y=9then p’+p+1=0
(mod 9). Hence p =1 (mod8). Thus p=1,4 or 7 (mod9). In none
of these cases is P+ »+ 1 =0 (mod9). Hence y=1,3 or 7.

LEMMA 86.8. u=u*=9p"+p+ 1.

Proof. Let u* = ux. Assume that ¢ # 1. «* =1 (mod 6p) by
Lemma 36.4. If u=2p"+p»+1, then u=u*=1 (mod6p), thus
=1 (mod6p) andso =1+ 6p. If u=(p+ »+ 1)/8, then x =3
(mod p). Furthermore z =1 (mod6) since u =u* =1 (mod 6) and
p=1 (mod6) since p*+ p+1=0 (mod3). Thus if x = 3 + zp then
1=8+4+2 (mod6). Hence x=38+ 4p. If w=(p*+ »+ 1)/7 then
=177 (modp). If =7 then by Lemma 86.6 the S,-subgroup of
n* is generated by two elements. Hence 7°—1 =0 (modp) by
Lemma 36.4. However 7 — 1 =48 and (p,48) =1. Thus« # 7. Let
=T+ 2p. Then P+ p+1=u=1 (mod6). Hence p =5 (mod 6).
Thus 1 =2 =7+ 52z (mod6), hence z =0 (mod6). Therefore z =
7 + 6p. Thus in any case

(36.26) u* = ue, r=4p+ 3.

Therefore (u* —1)/3p > (v —1)/3. Hence by (86.13) and the coherence
of v
(86.27) (¢, I'g) =0.

Assume first that (¢°, I'g) # 0, then by (36.12) and the coherence
of v

(36.28) w1 _gp_1.
3p

Suppose now that (¢, I'g) =0. Then by (36.10) (¥, Iy) # 0.
Hence the coherence of 2° and (86.11) imply that

-1
3p

By (86.27) and (86.5) (7, I'y) % 0 (mod 2). If also (7, I'y) were odd
then by (36.8) (i, 'y) #0for1<i1<q¢-—1,1=<j=<p-—1. Thus
by (86.11) (¢*, I'y) = 0 contrary to what has been proved. Therefore
(Mo I'y) = 0 (mod 2). Hence by (36.7) (I'g, ¢°) # 0. Thus by (36.14)
and (36.29)

(36.29) =3p-1.

u*—lsv—l S'v*—l

= <9p—3.
3p P

Now (36.28) implies that in any case
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* 1
36.30 Ll <8 —1.
( ) T 74

For any prime r let 11, be the S,-subgroup of 11*.
Suppose first that « = »* + » + 1, then « > 6p. Hence (86.30)
implies that

6 +p+1)—-1=<27p—-9.

Therefore 2p* — 7p + 4 < 0 which is impossible for p = 5.
Suppose now that u = (p* + » + 1)/3 then = = 4p + 3 by (36.26).
Hence (36.30) implies that

4P+p+1)<8lp.

Thus 4p < 81 or p < 22. Since p =1 (mod 3) this yields that p = 7,
p=13 or p=19.

If p=1T7 then u=19. If [U,|=19" then n=6 as [U,|=1
(mod 7). Thus (86.30) implies that 19° < 27.7* < 19'. If » = 13 then
% =261. Let |U;|=61", then n =8 as |U,| =1 (mod13). Hence
(86.80) implies that 61° < 27.13* < 61°%. If »p =19 then u = 127. Let
| | = 127", then n = 3 a8 |U, | =1 (mod 19). Hence (36.30) implies
that 127 < 27.19° < 127,

Assume finally that v = (' + » + 1)/7 then 2 =6p + 1. Thus
(86.30) implies that

$@+p+1) o7,
7 <

Therefore 6p < 27.7, so p<32. Since P+ p+1=0 (mod?7),
p=2(mod7) or p=4 (mod7). Thus p =11 or p = 23.

If p=11 then ¥ =19. Let |U,|=19" then n =8 as |U,| =1
(mod 11). Hence (36.30) implies that 19° < 27.11° = 287.11 < 19°. If
p=23thenu=179. As|U,] =1 (mod28), |U,|= T79°. Hence (86.30)
implies that 79° < 27.23* < 79°.

Therefore # = u* in all cases. Hence u =1 (mod p) by Lemmas
36.4 and 36.5. Since (p,6)=1, T 1 (modp) and 8 =1 (mod p).
Hence by Lemma 36.7 u = p*+ p + 1.

The proof of Theorem 27.1 under Hypothesis 36.1 is now im-
mediate.

Let ¢ = 8 and p have the same meaning as in the earlier part
of this section. By Lemma 85.2 [Q| = ¢°. By Lemma 386.5 | B| = »".
The other properties of Condition (i) follow from the structure of &
and T and Theorem 14.1. Thus Condition (i) is verified. By Lemma
35.6 C(Q) = Q. Hence C(L*) = B*Q. By Lemma 86.83 C(P) = P,
hence C(P*) = PO* by Lemma 36.5. The other properties of Condi-
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tion (iii) follow from the structure of & and £. Thus Condition (iii)
is verified. Lemmas 36.6 and 36.8 imply that 1 = C(1) is cyclic. By
Lemmas 34.12 and 36.4 U =1U* is a T.I. set in @, Hence Lemma
36.4 completes the verification of Condition (iv).

Lemmas 84.1, 86.3, 36.5 and 86.8 imply that PBU is a Frobenius
group. Lemma 36.8 implies that {U| = (p* —1)/(p — 1). Lemmas 36.4,
86.6 and 386.8 imply that if u,[|U| then %, =1 (modpq). Thus
({0],» —1)=1. The other statements in Condition (ii) follow from
the structure of & and Z.

By Theorem 35.1 this completes the proof of Theorem 27.1 in
all cases.



CHAPTER VI

37. Statement of the Result Proved in Chapter VI

The purpose of this chapter is to prove the following result.

THEOREM 37.1. There are no groups & which satisfy conditions
(i)~(iv) of Theorem 27.1.

Once it is proved, Theorem 387.1 together with Theorem 27.1 will
serve to complete the proof of the main theorem of this paper. In
this chapter there is no reference to anything in Chapters II-V other
than the statement of Theorem 27.1. The following notation is used
throughout this chapter.

® is a fixed group which satisfies conditions (i)—(iv) of Theorem
27.1

ey =21
lul—u—T:—l—
U*=CM) and |U*|=u*.
n* =0, U= U, Thus U ={U)
2,=[%, B*] so that QL =LQ* X Q,.

P and Q are fixed elements of P** and Q** respectively.

For any integer » > 0, 2, is the ring of integers mod n. If n
is a prime power then &, is the field of n elements.

U acts as a linear transformation on . Let m(t) be the minimal
polynomial of U on P. Then m(f) is an irreducible polynomial of
degree ¢ over #,. Let w be a fixed root of m(t) in #,. Then w
is a primitive uth root of unity in %, and w, @?, -+, @¥** are all
the characteristic roots of U on B.

38. The Sets % and &

LEMMA 88.1. There exists an element Y € Qf such that P* nor-
malizes YR*Y !

Proof. LQ* normalizes U* and Q* is contained in a cyclic sub-
group of N(1*) of order pq. Hence some element of order p in C(Q*)
normalizes U*. Since C(Q*) = QP* every subgroup of order p in
C(Q*) is of the form Y 'PB*Y for some Y e, Hence it is possible
to choose Ye O, such that Y"B*Y normalizes 1*. Since [P*, U]& B,

1011
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PB* does not normalize 1*, hence Ye Q! and P* normalizes YU*Y -,

From now on let
(88.1) Z,=YUY? Z=YUY?'=2Z*"

where Y satisfies Lemma 38.1. Notice that Q* normalizes {Z,), since
0* normalizes 11* and Y centralizes Q*., Define v, we 2. by

(38.2) PZP=27;, Q'ZQ=2"

LEMMA 38.2. If Z,e{Z), a€ 2, be %, then {Z,) = {Z ")
unless a =0 and b =0,

Proof. Z;7'P-°QZ,Q'P° = Z;***-'. Hence P°Q® acts trivially on
{ZpKZy ", However if Z,+ 1 then P*Q*(Z,) is a Frobenius
group with Frobenius kernel {(Z,>. Thus {Z,> = {Z**"-*> as required.

LEMMA 38.8. Ewvery element of PU has a unique representation
wn the form P™OUS where ac 2, and m,(t) 18 a polynomial of
degree at most ¢ — 1 over % ,.

Proof. There are up® ordered pairs (m,(t),a) with a€ 2, and
my(t) of degree at most ¢ — 1 over 2,. Thus it is sufficient to show
the uniqueness of (m,(t), @) in such a representation.

If PmOJes = P~i® U+, Then reading mod P yields that a = a'.
Since m(t) is irreducible we get that m,(t) = mi(t) (mod m(t)). Thus
m,(t) = mi(t) as required.

LEMMA 38.4. Ewvery element of PU — U has a unique representa-
tion in the form U°PYU*, where %,2€ 2, and y€ %5, ¥ # 0.
Proof. If Xe Pl — N and
X =U*P'U* = U»P"U"n
then reading mod P we get that * + 2 =, + 2,. Hence
U= pylJ-=+= — p»n

Since X¢ll, y +0. As (u,p — 1) =1 we have that # =,, and so
Y =1, #=2. The representation is unique. There are u*(p — 1)
ordered triples (x, ¥, 2) with x,z¢ 2, and y€ 2, ¥ #+ 0. Each triple
gives rise to an element of PU — U and |PU — U| = u’(p — 1). The
result now follows.

LeEmMmA 38.5. Let %,2,9€ 2, =F,; ¥, [, he Z.. Then
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P=U'PU'PU*=1

if and only if
(i) y+f+h=0
(ii) 2w’ + z + gw'*™ = 0.

Proof. Let R= P*U'P'U’P*U*. Then
R = p=v? 4 gU_"—!U”"“ ]
Thus by Lemma 38.3 R =1 if and only if
y+h+f=0 x4 277+ gt7v7 = 0(mod m(t)) .
The first equation allows us to rewrite the second as
xt? + z + givt* = 0 (mod m(t)) .

Thus the lemma is proved.

DEFINITION 88.1. The set . is defined to consist of all ordered
triples (a,, a,, a;) such that

(i) a;€2,, 0,0 for ©=1,2,8.

(ii) e, +a,+a,=0.

(iiiy PUPU%PU» =1,

DEFINITION 38.2, <7 is the set of all elements a, ¢ 2, such that
(a,, a,, a;) € 7 for suitable a,, a,.

LEmMMA 386. || = ||

Proof. If (a,, a,, a,) € . then by Lemma 88.4 a, and a, are de-
termined by a,.

LEmMA 38.7. (@, @, @) € ¥ if and only if

(i) ,€e2,, a;+0 for 1=1,2,3

(ii) e,+a,+a;=0

(ili) o™ + wmts — 2 =0,

Proof. By Lemma 38.5,

PUnPUaPU* =1

if and only if a, + @, + @, = 0 and w* — 2 + w**% = (0, This implies
the result.

Lemma 38.8. If (ay,a,, a,)€ 7, then (—a, —a,, —a,) € 7.
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Proof. If (a, a., a;) €. then by Lemma 38.7 w=% — 2 + @™ = 0.
As a, = —a, — a, this yields that

W —24 @B =0,

As —a, — a, —a, = 0 the result follows from Lemma 38.7.

LEMMmA 38,9, For 0<i<p—1 let € be the conjugate class of
PO which contains P* and let &; be the sum of the elements in €;
wn the group ring of PU over the integers. Let

p—1
R =3cf.
i=0
If ¢ > 38, then ¢, = 2.

Proof. Let g, tt, --- be all the irreducible characters of PU/PT
and let ¥, %, -+ Dbe all the other irreducible characters of PU. It

is a well known consequence of the orthogonality relations ([4] p. 316)
that

_ up' [ f(PYRAPY) | 5 X(PYYAP))
o o 12‘: (1) ; Xi(1) }

Since U is eyeclic, pt:(P) = p(PY) = (1) =1 for all 2. By 3.16 ;L) ==
for all 5, Thus

=% 1 s (PYYAPY
(38.3) a=tcfut - SAEYHP)
By the orthogonality relations
SIuPHPS|CP)| =p” for 12isp—1.

Therefore

38.4) [ 3 X(PYYAP)| = (max | x:(P) ) Z (2P = 97
By (38.3) and (38.4)

| p'e, — w'| = p*”.

Thus
(38.5) P, = u' — p¥*,
Since w = f; ‘11 > pi-1 (38.5) yields that

¢y = o Pt > pr-t — puit = puyput 1y
=
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As ¢ >3 and ¢ is a prime we have ¢ = 5, and the lemma follows.
Lemma 38.10. | ¥|=|#|>0.

Proof. Assume first that ¢ = 3. Consider the set of polynomials
of the form f,(t) = + at’ + (@ + 6)t — 1 with a€ 2,. There are »
of these and none of them has 0 as a root. Thus if f,(¢) were re-
ducible for every value of a there would exist a #+ b such that f.(f)
and f;(t) have a common root c€.%#,. Then

ac’+ (@ + 6)c = be* + (b + 6)c .

Since ¢ # 0 this yields that a(c + 1) = b(c + 1), hence ¢ = —1. How-
ever f,(—1) = —8 # 0. Thus there exists some polynomial f,(t) which
is irreducible over &,. Let a be a root of f,(f) in .%,5. Then

@t = —f0) =1, (1+a)"=_f(—1)=8.

Therefore a = w* for some a;€ 2, @,#0, and 1+ a =2w* for some
a,€ 2,,a,+ 0., Furthermore —w* + 20~ =1, Thus ©* + w*+%—2=0,
Since o # 1, a, + a, # 0. Hence by Lemmas 38.6 and 88.7 | &% | =
|| > 0.

Assume now that ¢ > 8. Then Lemma 38.9 implies the existence
of a,be 2, with a # 0 or b # 0 such that

U-PUUPUt = P?,
Therefore
(38.6) PUPUPU* =1,

let a,=0b, a,=—a, agz=a—b. Then a,+a,+a,=0. If b=0
then (38.6) becomes PU*PU® = 1; as PU is a Frobenius group this
implies @ = 0 contrary to the choice of @ and b. If @ = 0 then (38.6)
implies that PU*P'U* =0, hence b =0. If a —b =0 then (38.6)
yields that PU°P*U—“P =1 or U® commutes with P?, Thus a =0,
hence also b = 0. Therefore a,, a,, @, are all non zero and by Definition
88.1 and Lemma 38.6 | & | =|<#| > 0.

The following result about finite fields is of importance for the
proof of Theorem 37.1.

LEMMA 38.11. For z€ %, define N(x) = x'***+""' and for

x+ 2 let °= 2;9; If ae Fp — F,, then for some i, N(a*') # 1.

Proof. Assume that the result is false and N(a”') =1 for all i.
‘We will first prove by induction that
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38.7 o= =z atE g g p .
88.7) —ia+ (i+1)

If 1 =1 (38.7) follows from the definition of 6. Assume now that
(38.7) holds for i =k — 1. Then

1
—(k—2a+ k-1
2"{ (—(k—)1)a+1c }
—(k—Da+k
—2(k —Va + 2k + (k — 2 — (b — 1)
—(k—Dla+k
—ka+ (k+1)°

This establishes (38.7).
Now (88.7) implies that for j = 1,

a™ =

o HG-Dati .
1o = =t

Tty REGED

Therefore

N(—ja+j+)=—=> 1.
11 N

Thus
(38.8) N(—ax+a+1) =1 forae F,.
Define f(t) by
(38.9) fO=¢C—a)t—ar) .-t —a).
Thus f(t) has coefficients in &, and (88.8) yields that
(38.10) arf(2E2 1) = aN(2EL L-a)=Ne+1-a)=1
for ae &, a #0.

Let b = _“_:_1 for @ # 0, then ¢ = 7_1_1_ . Hence (38.10) yields that

(38.11) SO)—0b—-1)y= for be #,, b#1.
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J@® — (@t —1) is a polynomial of degree at most ¢. By (88.11)
F@) — (@ —1)Y has at least (p — 1) roots. As (p — 1) > ¢ we must
have that f(t) = (t — 1)°. By (38.9) a is a root of f(t), hence a« =1
contrary to the choice of @. The proof is complete.

39, The Proof of Theorem 37.1

LEMMA 89.1. There exist functions f, g, and h such that

(i) fand b map 2, X %, X 2, into 2,

(ii) g maps %, X %, X %, into 25,

(iii) P=UYPUI=vopoeynJravn =1
Furthermore for x + 0, y + 0, z+ 0 (iii) determines f(z, y, 2), 9(z, ¥y, 2)
and h(x,y, 2) uniquely and f(x,y, 2), g9(z, ¥, ), h(x, ¥, 2) are all non-
zero.

Proof. By Lemma 388.4 the functions exist and are uniquely de-
fined by

PUPUIPUP =1

provided that P*UYP* does not lie in N. It is easily seen that if
2+0, y+ 0 and z+ 0, P°UYP* does not lie in U.

Suppose that f(x,y,2) =0. Then P*UYP*** = U-*ell. Then
y=—h and U'P***U-V = P~* ¢ P*. Therefore either y =0or x = 0.

Suppose that g(z,y,2) =0. Then P*U'P*= U-’"* Thus y =
—f-—h and UP*Uv=P~*, Hence x =0or y=0.

Suppose that h(x,y,2) =0. Then UYP*U’P’** =1, Hence
y+f=0, then U'P*U¥= P* Thus y=0or 2=0. This com-
pletes the proof of the lemma.

Throughout the rest of this section f, g, # will denote the funec-
tions defined in Lemma 39.1. For ze€ 2°,, Y as in Lemma 38.1, define

Y,=YP*YP",

LemMaA 39.2,

(i) Y,= Y 'P*YP*= P*YP*Y™

(ii) YP*Y'= Y- P*

(iii)) YP'Y'= P'Y,,
Sfor x,2,0€ %,

Proof. Since Pe P*S N(Q,) and L, is abelian, (i) is immediate.
(iii) is a direct consequence of (i). By definition Y_, = Y 'P*YP—",
Thus Y} = P*Y'P—*Y = YP*Y'P—* which implies (ii).

LemMA 89.8. For xz¢ 2,, P-*UP* = Y;'U"Y,.
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Proof. By (38.2) P*ZP—*=Z"", By (88.1) Z= YUY. Hence
Y 'PYUY'P*Y=U"".
Conjugating both sides by P°, we get that
YUY, = P*U""P*.
If both sides are raised to the v*th power, the lemma follows,
LEMMA 39.4.
Y ZVY:} = P ZMevn Y 0 Py Z-t@y0pos

Proof. Substitute (38.1) into (iii) of Lemma 389.1 to get
P*Y'ZVYP*'Y'Z'YP°'Y"'Z*'Y = 1.
Conjugate by Y-'P* to get
(P=YP*Y )ZUYP'Y )Z/(YP'Y )Z'P* = 1.
Now use the results of Lemma 39.2 to derive that
Y.ZVY}P*Z'P°Y,Z"P* =
which implies the lemma.
LemMmA 89.5. If (a,, @, a;) €., then
Y, 22 Y Y 2 Y = Y 2 Y

Proof. In the definition of . conjugate (iii) by P2, Then
PyapUuPU=P* =1,
or
(P*UP)YPU%P%) = P*U~%P*,
Hence Lemma 389.8 yields that
(YUY )Y UY,) = YUY, .
Since Q is abelian, this implies that
YUY Y, U'Y;* = Y,U %Y.

Conjugating by Y ! implies the result by (88.1) and the fact that Q
is abelian.

LEMMA 89.6. For (a, a,, a;) e & define
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9. = 92, ay, —3)

g: = 9(1, —az*, —38)

g = 9(1, ap®, —2)

k, = h(@, aw, —8) — h(1, —a,?, —3)v!
k.= —f(2, a,v, —8) — h(1, a,v*, —2)v?
k= —fQ,an®, —2v' + f(1, —a?, —8)
k=—-—g—1.

Then
(39.1) Y, Z1PY;' = P~ Z"P*Y, ' P*Z*P% ,

Proof. Use Lemmas 39.4 and 39.5 to obtain

P3Z+3.010.-8) Y,‘(,‘ a0 P-o3.00.-3) Z~r3.010.—8) P8
B-1 Y A (1,a49%,—-3) Y‘T} ago—) P—p(1.u,o3.-n) Z-r (1,8408,—3) pP?
= Y2 Y V2% Y = V.2V
= P Z—m.—a,u".—a) ,711_ — P—gu.—a,o'.—s) Z—yu.—a,u?,—s) pt
agys,— .
Multiply on the left by Y,u40.-0Z**%"~"P* and on the right by
P Z!(l.—asv’.-—a) Pm.—a,oﬂ,—s)

to get
AYy_(l?' a,oa,—a)B = Ya(a,ulu.—S)CYn_(-:,—csv’--s)
where
A = P-92.60.-8) Z—y(a,alo.—a)—h(1.a,o°.—:)u-3 p?
B = P-001.030%—3)—17—1(1.630%, ~2)o~1+ 1 (1,~ag03,~3) Po(1,~az02,—3)

C = Zl;(a.alu.—a)—-h(1.-a3u2.-a)o"1 P ,
or equivalently

A=P9Zup*, B= P*Z%sPus, C=2Z4"P,
The lemma follows.

LEMMA 39.7. Let (a,, @, ;)€ . Use the notation of Lemma
39.6. If k, + 0, then there exist elements ¢, c;€ 2, such that

(i) k+0

(ii) ki + krs=F

(ili) Y PYP-% = P-aY'P-%Y .

Proof. Conjugate (89.1) by Q. Since P*Q = C(Q), this yields
that
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Y, Z*PY,' = P~ Z*PY, 'P*Z¥*P% ,
Taking inverses we get
Y, PoZ-ohY 0t = P~z ~vhP-tY, P Z - "hpo

Multiplying this by (39.1) on the left yields

YGIZ (1—w)k; Y,II — P—nZk,P! Yg—;lPkZ (l—w)k3P—k anP_’Z_wk2P,1 .
Conjugating by P~ yields

Pn lezu—w)kl Y,?P—" = Zkp? Y,;IP"Z (1-w)ky P—Fk Y%P—Qz—wk, .
Use Lemma 39.2 (iii) and (38.1) to get

YPaY YUYt YPuY !
=YURY'P'Y, 'P*YU Y 'P~*Y, P YUY,

Conjugate this by Y to obtain »

payt-mp-o = UhYPY P*YUS Y P*Y, PYU ¢,
Multiply on the left by U-*: and on the right by U** to obtain

U-tpae-wkup-njvk = W Uk W,
(39.2)
W, = Y'P'Y,'P*Y .
Suppose that U*t* =1, Then (89.2) implies that
Poayt-okup-o = [Jt-wk

By Hypothesis k, #+ 0, hence by Lemma 38.2, U%** 1, By Lemma
39.1 g, # 0. Thus the above equality cannot hold in the Frobenius
group PU. Hence U*"* =1, This proves statement (i) of the
lemma..

Let U, = W, U W2, By (89.2) U, is a conjugate of U*s*—*
which lies in PU. All conjugates of U*"* which lie in U1 are of
the form

Uk,u—w)u"swc' ,
with ¢, € 23, ¢’€ 2,. Hence
(89.3) U, = W,UB-o Wt = Wit [ ksi—wre®iue’ W,

for some W,eP. Thus W,W,e N(1). Since @€ N(1), we get that
Q- W, WQe N1). By (39.2) WQ = QW,, thus Q'W, W,.Q = Q' WLQW.
Hence

WQ W R = WaWQ'W' W 'Q) e NW) .
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However W.Q'W,'Qe P. Since PN N) =1, this yields that
Qe C(W,). Hence W,e PNCW@ = P*. Thus

(39.4) W, = P>
for some ¢, € 2,. Now (39.2) and (89.4) show that
W, W, e QPB* N NU) .

Since Pe N(KZ)), we have Y-'PYe N(), thus QP*NNU) =
{Y-'PY). Therefore

(39.5) W, W, = Y 'P»Y
for some ¢, € ;. Consequently

VAN Rt A et
If this is compared with (39.3) we see that

(39.6) G+e=0 ¢=0.
Using (39.4) and (39.6) in (39.5) leads to
(39.7) W, = PaY'P-aY,

Comparing (39.2) and (89.7), we get
P-aY-'P-sY = Y 'P'Y,'P*Y .
Conjugating by Y gives
(39.8) YP-aY'P~% = P*Y'P*,
If we substitute (89.7) into (39.2) we get
U-rPaUi-oup-nkw = P-alJkt-wstpe

Multiply on the left by U~***P% and on the right by U-*wpPal xe
to get

U—k,o"-"Pc, U-kpulla = U—wk3u°3Pe, U-twpalfhe

Since the right hand side is the left hand side conjugated by @, we
see that @ centralizes the left hand side. Hence

(39.9) U-w"pPay-4pPulU* = Pa
for some ¢, € 2. Reading (39.9) mod P yields that
k, =k, + kv
which proves (ii) of the lemma. Substituting (ii) of Lemma 39.2
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into (39.8) we get that
(39.10) PY, P = Y )P,
Substituting (89.10) into (89.1) leads to

Y, ZMPY,! = P9 ZMY'P-oraZ"P%

Multiply on the left by P% and on the right by P-%, Then using
Lemma 39.2 (ii) and (iii) this becomes

YP1Y ' ZWPYP- 1Y = ZY 1P~ Z%s
Use Z= YUY to get
YPaUMY'PYP Y = YURY Y 'P~wsYUsY ™,
Conjugate by Y and multiply on the left by U-* to get
(39.11) UrPaUsY'PYP = Y'Y 'P Y U" ,
Conjugate by @ and take inverses, then
PuY'PYU-twp-ahw = U Y\ PataY, Y,
Multiply by (89.11) on the right to get
Py,Y—lP—-l YU—kle—lek’(w—l)Plekl Y—lPYP—ﬂ, — U"S(l"“) .
Conjugate by W to get

W PuY 'PtYU- e Pp-aUhte-tpaa Y- PYP- W
= W, Ube-» W,

Using (39.2) and (89.3), this yields

W PaY P Y{U P akw-vpala} Y PYP-: W™
(39.12) = U, = UMPayl c-wmp-apyok
Now by the second equation in (39.12)

U—kle—al Uk,wU—k,Pal Ukl — U—kle-—yl Ul:,w UOU—kngql Ulqw .
Thus the first equation in (89.12) implies that

U-rwpalJavY-1PYP- W e C(U,) .

By (39.3) and (89.4), C(U,) = P~al1*P%, Hence
(89.13) Ut pulJaw Y- PYP- W, = P~aU,P%

for some U,e*. We wish to show that U,ell. To do this con-
jugate (39.18) by @ to get
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(39.14) U+ P’y PYP- W' = P-aUyeP%

by (39.7). Multiply (39.13) by the inverse of (39.14) on the right to
get

(39.15) U-tvwpnhw -2 p-ahw’ = P-alJi-vpPa

By Lemma 388.2 U, and U}~ have the same order. Since the left
hand side of (89.15) is in PBU, this implies that the order of U, divides
u, thus U,ell,

Multiply (39.13) on the left by U,™P° and on the right by
W, P2 Y'P'Y to get

(39.16) UtPaU-twpalUk® = PaW, PaY'P'Y

By (39.7) the right hand side is in C(Q), while the left hand side is
in PU. Since C(Q) N PU = P*, this yields that

(39.17) U 'PaU-twpayke = P’
for some ¢"” € 2,. Conjugate by Q' to get

U;e ' PaU-mPaUk = P,
Comparing this with (39.9) yields that

Ur P = Uw"Pa,

so that

Ut = U, ¢, =c".
Using (89.16) and (89.17) this yields

Pt = PaW,PuY'P'Y
or

Poa-aY'PYP2=W,.
Hence by (39.7)

Po-aY-'PYP~% = P~aY'P~%Y,

This immediately implies (iii) of the lemma and thus completes the
proof.

LemMMA 39.8. Let (a,, a,, a,) € &7, and let k, have the same meaning
as in Lemma 89.6. Then k, = 0.

Proof. Suppose that k, + 0, so that Lemma 39.7 may be applied.
Let
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hq = h(2, al’l), _'3)
h, = h(1, a,v*, —2)
ks = R(1, —asv?, —3) .
By Lemma 38.5 (i)
f@,av, —8)= —aw—h
f(lr q,,'vs, '_2) = __a’,vs - h:
fQa, —a*, —8) =av* — h,.

Hence in the notation of Lemma 39.6
kl = hl - h,’l)_l
k’ == a{l) + h1 - h”v—.,
ks = av* + hv ' + ay* — hy .
Since a, + a, + a; = 0, this yields that
k= —a v+ hv™ — by
k,—ky= —aw+ hv?*— hot.,
Thus
(fy — k)v = ky
or
ky+ kovi=k.

By Lemma 389.7 (ii) this implies that k,(v* — v ) =0. If ¢, # —1,
then by Lemma 38.2, (v* — v»*) has an inverse in 2,. Thus k, =0

contrary to Lemma 39.7 (i). Therefore ¢; = —1. Now Lemma 39.7
(iii) becomes
(89.18) Y-'PYP-% = P-2aY-'PY .

Reading (39.18) mod L implies that g, =¢,. Thus (89.18) yields that
Y-'PY and P-% commute. Since g, # 0 by Lemma 89.1, this implies

that
PY'PYeQ,NC(P)={1}.

Thus Ye, N C(P) = {1} which is not the case. Therefore k, =0 as
required.

LeMMA 399 Let (a, a.,, a)e 5, let k, and k; have the same
meaning as in Lemma 39.6. Then k, =k, = 0.

Proof. Since k, = 0 by Lemma 89.8, (89.1) becomes
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139.19) Y, PY;! = P~ Z"PY, ' P*Z"P% |
‘Conjugating by @ and using (88.2) we get that
{(39.20) Y, PY;;' = P~ Z*P*Y 'P*Z¥%P%
Now (39.19) and (89.20) imply that

ZMP Y, P*ZYs = Z*MPY, 'P*Z s
‘Therefore
(39.21) PYP*ZRe- Pt Y, Pt = Zkaw-b |

Suppose that %k, + 0. Then by Lemma 38.2 k(1 — w) + 0. As
<Z» is a T.I. set in &, (39.21) now implies that P*Y,'P*e N((Z)).
As Pe N(KZ)) this implies that

Y- P-uYP% = Y, e NKZ)) N Q= <L) .

‘Therefore P? commutes with Y. Hence g, = 0. This is contrary to
Lemma 39.1. Thus %k, = 0.

Now (89.21) implies that kyw — 1) =0. Therefore by Lemma
38.2 k,=0.

LEMMA 389.10. Let (a, a,, a))e Y and g, have the same meaning
as in Lemma 89.6. Then g, = 1.

Proof. In view of Lemmas 39.8 and 39.9 equation (89.1) becomes
{(39.22) Y, PY,'= P"P'Y'P*P%
Reading (39.22)Jmod L, implies that

l=—0,+2+k+g,

.or using the definition of %
(39.23) “-1-g=k=-1+4+9—9,.
Hence g, = g, — ¢, and (39.22) becomes
(39.24) Y, PY,' = P*nY, 1, P,

P acts as a linear transformation on L, It is convenient to use
the exponential notation. Thus Y7 = P-'YP, so that Y, = Y'+F?,
(89.24) can be rewritten as

PY, PY; = P-o=Y;, Put

In exponential notation this becomes
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(39.25) Y(_1+P71)P+ (1~ pP93) — Y(l_Pﬂl—ﬂl)yﬂ—l
Define

(39.26) A=(—1+ PP+ (1 — P%)— (1 — Por)pa-
=(Q1—P)+ Py (P*—1)— P»Y(P—-1).
Since P*L, is a Frobenius group with Frobenius kernel £, 1 — P is

an invertible linear transformation on L, By (89.25) A annihilates
Y. Hence also A(1 — P)7! annihilates Y. By (89.26)

Al — P)* =1 — Pu(P + 1) 4 Post
=1—Pn+41— Put_]4 Pt

Therefore
Y, 1 Y;'11Y,,'" = Y(—1+pﬂ,—1)—(—1+P'1-‘)_(_1+p01) =1
tae il .
Thus
(39.27) Y=Y, Y.

By Lemma 39.3
Y,,',l . Ut Y”’_1 = P~ [Jpos-1
By (89.27) this yields that
(39.28) Y;LY U, Y, = P-erhgpery
Lemma 89.2 also implies that
Y U o Y, = P"UP" .
Raising this to the v%——'th power we get that

(39.29) YUY, = Py TP
Now (39.28) and (39.29) yield that
(39.30) PLP-U T paY, | = P-er P

Another application of Lemma 39.3 gives
(39.31) Y LU, , = P-or v UPe
Thus (89.80) and (39.81) imply that

YL [P-aU" T P, U] Y,

(39.32) =[P-wr PO, p-o-d JPo;]

Since g, # 0, P~ U ""'Pugll, Therefore
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[P..,1 U”’z-.l-lP'l, U‘,Ul—l] c q;‘ .
As P is a T.I. set in ® (39.32) now implies that
Y, 1€ N®) Ny =1.

Therefore P~ commutes with Y and so g, = 1. Now (39.27) yields
that Y, , =Y, or

Y- P-@rdYP@rd = Y-IP1YP,

Consequently P~ YP'ws? = Y, Hence g, =2. Now (39.23) implies
that g, = 1 as required.

LemmA 89.11. Let <# have the same meaning as in Definition
38.2. If ac Z then —ac .

Proof. Let @ =a,€ &# and suppose that (a, a, a;)€.%”. By
Lemma 388.8(—a,, —a,, —a;)€ .. Let (—a, —a, —a,) play the role
of (a,, a,, a;). By Lemma 389.10 g, = g(1, —@,*, —2) = 1. Thus Lemmas
88.5 and 39.1 imply that

(89.33) —a,v* + fQ1, —a,v*, — 2) + h(1, —as®, —2) =0
(39.34) @ — 2 4 @t —

Let b, = —a,»®, b, =f(1, —a,®®, —2) and b, = h(l, —a,2®, —2). By
Lemma 89.1 b, + 0 for i =1,2,3. By (89.83) b, + b, + b, = 0. Now
it follows from (89.34) and Lemma 38.7 that (b, b,, b;)e .o, Thus
—av®* = —a, 0 = b, e FZ.

Since @ was an arbitrary element of <# we get that for any
integer n, a(—?*)*€ <. Thus in particular, a(—7°)?¢c <#. Hence
by (88.2), —a = —av*?€ <2 as was to be shown.

It is now very easy to complete the proof of Theorem 37.1.
Define the set & by

% ={w'|laec F}.

Since | &# | = | ¥ |, Lemma 388.10 yields that & is not empty. The
definition of <# and Lemma 38.7 yield that 1¢% and aeZ if
and only if 2 —ae . Lemma 39.11 implies that a € & if and only

if a=*e &. Therefore if o egthenz1 €#. Sinceu=14+p+---

+ p, we have N(a) = at+?+ -+ =1 for ae &. Thus if ¢ has the
same meaning as in Lemma 38.11 then there exists ae F,¢ — &,
such that N(a) =1 for all values of 7. This contradicts Lemma
38.11, and completes the proof of the main theorem of this paper.
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