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ABSTRACT. The analysis of the set of isomorphism classes of Frobenius groups
with commutative Frobenius kernel is reduced here to “abelian” algebraic num-
ber theory. Some problems, such as the computation of the number of isomor-
phism classes of Frobenius groups subject to various restrictions on orders,
are further reduced to elementary number theory. The starting point is the
bijection between the set of isomorphism classes of Frobenius groups with com-
mutative Frobenius kernel and with given Frobenius complement G and the
set of G—semi-linear isomorphism classes of finite modules over a ring naturally
associated with G. This ring is a maximal order in a simple algebra whose
center Z is an abelian extension of Q. All Frobenius complements and their
associated rings are explicitly computed here in terms of simple numerical in-
variants. The finite modules of such a ring are sums of indecomposable ones,
and the indecomposable ones are shown to correspond to powers of unramified
(over Q) maximal ideals of the ring of integers of £ which do not contain the
order of the Frobenius complement.
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CHAPTER 1

Introduction

A Frobenius group is a finite group G with a nontrivial normal subgroup N
(called a Frobenius kernel) and a nontrivial subgroup H (called a Frobenius com-
plement) such that the orders of N and of H are relatively prime and for every
r € G\N there exists a unique y € N with z € yHy!. Particular classes of
Frobenius groups are of interest (see [J1, Example, pp. 320-324] for a striking
application), as is the class of Frobenius groups as a whole (e.g., proofs of gen-
eral results involving minimal counterexamples sometimes reduce to an analysis
of Frobenius groups and their automorphism groups). The structure of Frobenius
groups has been clarified by deep results such as Thompson’s theorem (settling a
long—standing conjecture) that Frobenius kernels are nilpotent [T, Theorem 1, p.
579] and Zassenhaus’s structure theory for Frobenius complements [Pa], [Z].

The study of Frobenius groups with abelian Frobenius kernel is reduced in
this paper to algebraic number theory. The author and D. K. Harrison [BrH]
showed that there is associated with each Frobenius complement H a ring, called
its truncated group ring (cf. Chapter 2), such that the G—semi-linear isomorphism
classes (cf. Remark 13.3) of finite modules over that ring are naturally bijective
with the isomorphism classes of Frobenius groups with Frobenius complement H
and abelian Frobenius kernel. (Frobenius kernels are always abelian except when
the complement is a group of odd order all of whose Sylow subgroups are cyclic.
Of the 5,385,907 isomorphism classes of Frobenius complements of order at most
105 only about 11% are of this type. Combinatorial results for Frobenius comple-
ments are discussed in Chapter 11.) For example, if G is a metabelian Frobenius
group, then its Frobenius complement is cyclic, say of order m, and the truncated
group ring of the complement is Z[l /m, 2™/ m}. Since finite modules over such
rings are well-understood, one can obtain a very complete picture of the class of
metabelian Frobenius groups, including counting theorems for isomorphism classes
(cf. [BrH, Section 11]). Another example of a Frobenius complement is the multi-
plicative group of real quaternions {£1, +i, +j, £k} (the quaternion group). Here
the truncated group ring is the localization Z[i,j, k, %} of the Hurwitz ring [H, p.
373].

In this paper a complete computation of the truncated group rings of arbitrary
Frobenius complements is given in terms of simple numerical invariants which deter-
mine the isomorphism classes of the Frobenius complements. As the next theorem
indicates, these rings are of such a nature that the problem of computing their
finite modules can be regarded as a problem in algebraic number theory, albeit in
a broad sense.

1.1. THEOREM. The truncated group ring of a Frobenius complement of order
v is a mazimal Z[1/~y]-order in a finite dimensional simple algebra whose center is
an abelian Galois field extension of Q.
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The above theorem lets us apply the theory of modules over maximal orders to
find the isomorphism classes of Frobenius groups with abelian Frobenius kernel.

1.2. THEOREM. There is a natural bijection from the set of isomorphism classes
of Frobenius groups with abelian Frobenius kernel and with given Frobenius comple-
ment G to the set of orbits (under the natural action of Aut G) of the free abelian
semigroup on the set of all powers of mazximal ideals of the center of the truncated
group ring of G.

In Chapter 13 we prove a more complete statement of Theorem 1.2, namely
Theorem 13.2. We also give there a simple description of all abelian Frobenius
kernels and find the thirteen isomorphism classes of nonsolvable Frobenius groups
of order at most one million. The Frobenius groups of order at most one billion
with noncyclic Frobenius complement and nonabelian Frobenius kernel are shown
to have only three possible orders. The results of Chapter 13 are applied in the next
one to give concrete constructions of all Frobenius groups with abelian Frobenius
kernel. These are shown in Theorem 14.2 to be semidirect products (see below)

(B r'/ar') x H

where H is a Frobenius complement, the a are powers of maximal ideals in a ring 1,
and I and I’ are the integral closures, respectively, of Z[1/|H|] in the center of and
in a canonical maximal subfield of the simple algebra of Theorem 1.1 arising from
H. (If a group B (written multiplicatively) acts on a group A (written additively),
then we let A x B denote the semidirect product , i.e., the set A x B with the
operation given by the formula (a,b)(c,d) = (a + be,bd).) Constructions of all
Frobenius groups whose Frobenius complement is the special linear group SL(2,5)
or a binary dihedral group are given involving little more than elementary number
theory. Here is a simple example.

1.3. EXAMPLE. In Remark 14.5 below we show that the Frobenius groups
whose Frobenius complement is the quaternion group (i,j) are up to isomorphism
exactly the semidirect products H := M x (i,j) where M is a direct sum (uniquely
determined by the isomorphism class of H except for the order of the factors)
of groups of the form M(p*) := (Z/p*Z)* where p is an odd prime, k& > 0,
and the action of (i,j) on M(p*) is such that for all (§,7) € M(p*) we have
i(0,7) = (ad + by,b6 — av) and j(6,7) = (v, —6) where for each p* we have fixed
integers a and b with a? + b%> = —1 (mod p¥).

Theorem 1.2 is applied in Chapter 15 to give a formula (Theorem 15.1) in terms
of elementary number theory for the number of isomorphism classes of Frobenius
groups with abelian Frobenius kernel of given order and with given Frobenius com-
plement. The formula is applied to calculate, for example, that there are exactly
569,342 isomorphism classes of such groups of order at most one million.

Theorem 1.1 will be proved in Chapter 12. The proof will depend on the anal-
ysis in Chapters 5 through 10 of six types of Frobenius complements. The breakup
into six cases arises from the following sharpening of a theorem of Zassenhaus [Pa,
Theorem 18.2, p. 196] on the structure of solvable Frobenius complements.

1.4. CLASSIFICATION THEOREM. Fvery Frobenius complement G has a unique
normal subgroup N such that all Sylow subgroups of N are cyclic and G/N is
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isomorphic to one of the following six groups:
(1) 15 ‘/47 A47 845 A5; 85

where 1 denotes the trivial group and Vy denotes the Sylow 2—subgroup of the alter-
nating group Ag.

Theorem 1.4 will be proved in Chapter 4 using the results of the preceding two
chapters. In Chapter 2 we will review the construction of the truncated group ring
of a group and prove some basic lemmas about them, including an analysis of the
truncated group rings of direct products and of cyclic extensions. (This chapter
has references to [BrH]|, but it, and in fact almost all of this paper, can be read
independently of [BrH]; we do include for completeness a few short arguments from
that paper.) The truncated group rings of finite subgroups of the multiplicative
group of units of the division ring of real quaternions are computed in Chapter 3.
These groups give standard examples of five of the six types of Frobenius comple-
ments and they play a special role in the general theory. We also lay the foundation
in Chapter 3 for the construction in Chapter 4 of an example of the sixth type of
Frobenius complement.

We referred earlier to numerical invariants determining the isomorphism class of
a Frobenius complement. Detailed insights into the structure of Frobenius comple-
ments and related groups can be found in the literature. The work here inevitably
overlaps some of this (e.g., Theorems 7 and 16 of [Z] give presentations by generators
and relations related to ones given here), but it is distinctive in the identification of
numerical invariants which determine isomorphism classes with sufficient precision
to allow one to read off the number of isomorphism classes of Frobenius comple-
ments of various sorts. (The counting theorems here are less interesting to me in
themselves than as tests of the completeness of the theory.)

The next definition introduces one group of invariants which determines a
Frobenius complement up to isomorphism. The definition uses the fact (easily
deduced from [S, 12.6.17, p. 356]) that if N is a group all of whose Sylow sub-
groups are cyclic (i.e., N is a Z—group [Pa, p. 104]), then the group N’ x (N/N’)
is cyclic, so its automorphism group is canonically isomorphic to Z, \.NI' (N’ denotes
the commutator subgroup of N.)

1.5. DEFINITION. Let G and N be as in Theorem 1.4. We call N the core of G
and [G : N] the core index of G. The signature of G is the image of the composition
of maps

G — Aut (N' x (N/N")) — Ziy,

where the left-hand map is induced by conjugation by elements of G and the right-
hand map is the canonical isomorphism.

1.6. THEOREM. A Frobenius complement is determined up to isomorphism by
its order, core index, and signature.

Theorem 1.6 will be proved in Chapter 16, where we will also show that other
combinations of invariants—especially ones arising from the truncated group ring—
determine the isomorphism class of a Frobenius complement. For example, in the
statement of the above theorem the signatures can be replaced by the abelian exten-
sions (of the rational numbers) from Theorem 1.1. The arguments in Chapters 11
through 17 will depend on the analysis of each of the six types of Frobenius com-
plements, namely those with core index 1, 4, 12, 24, 60 and 120 (the orders of the
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six groups in the list (1)). In Chapters 5 through 10 we will determine one after
another the set of isomorphism classes and the truncated group rings of Frobenius
complements with given core index in terms of numerical invariants related to the
signatures above but more specifically tailored to the specific type of Frobenius
complement. In each case we will start with some numerical data, use it to con-
struct a ring and to identify a subgroup of the group of units of the ring, and
then prove that the group is a Frobenius complement, the ring is its truncated
group ring, the numerical data are isomorphism invariants of the group, and all
Frobenius complements with the given core index are constructed in this way. This
approach is focused specifically on Frobenius complements since these are precisely
the nontrivial groups whose truncated group rings are nontrivial [BrH, Theorem
8.4].

The method of constructing groups sketched above is related to Amitsur’s con-
struction [Am)] of the groups which are isomorphic to finite subgroups of the groups
of units of division rings. This should not be surprising since all such groups are
known to be Frobenius complements [SW, Theorem 2.1.2, p. 45]. The precise
overlap of this paper with [Am] is obscured by the focus here on a systematic
(indeed, functorial) method of associating rings to groups by means of truncated
group rings. In both cases the association allows the application of arithmetic
methods. Such methods are used in Theorem 17.4 to give a formula involving only
elementary number theory for the index of the central simple algebra of a Frobenius
complement which is a Z-group. This formula is used to show that every Frobe-
nius complement which is a Z—group of order at most 100,000 can be expressed as
group of k X k—matrices over a division ring where the average value of k for these
groups is less than 2. The formula is presented as a contribution to what would
be a natural extension of Amitsur’s work [Am)], namely, the computation of the
index and the degree of the central simple algebra associated with each Frobenius
complement. (The degrees and centers of these algebras are computed in Chapters
5 through 10; a comparison of the degree and index shows how close a Frobenius
complement is to being a subgroup of a division ring.) The formula is also used to
establish a variant of Shirvani’s characterization of the Z—-groups which are finite
subgroups of division rings.

We end this chapter by collecting for reference some notational conventions; all
those which are not standard will be explained again when first used.

For any integer n we set ¢, = e2™/™ and let ny denote the product of the
distinct rational primes dividing n. Z, Q, Z,,, and Z; denote the ring of integers,
the ring of rationals, the factor ring Z/nZ, and its group of multiplicative units,
respectively. The Euler phi-function is denoted by ¢.

For any finite set S, unitary ring R, finite group G and g € G we let |S| denote
the number of elements in S, |g| denote the order of g, G’ denote the commutator
subgroup of G, Z(G) denote the center of G, R* denote the multiplicative group
of units of R, M, (R) denote the ring of n x n matrices over R, and RG denote
the group ring of G over R. We let (g) denote the subgroup of G generated by g,
and use similar notation for the subgroup generated by a sequence of elements of
G. The restriction of a function f with domain S to a subset T of S is denoted
fIT. We let Intp R denote the integral closure in a field F' of a subring R. If o is a
function whose domain contains S, then S7 = {a € S : 0(a) = a}; similar notation
is used for the fixed subset of S of a set of functions with domain containing S.
Finally, we write S < G if S is a normal subgroup of G.
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Another group of conventions will prove convenient. Suppose g is an element
of order n of a multiplicative group. It is common and unambiguous to write g5t"%
for g° (where s € Z). We will extend this notation to cosets whose moduli are
multiples of n and even mix different moduli, e.g.,

gB+nD)+(5+2nZ) _ 8

We will similarly mix integers and cosets of various sorts in congruences: if a and
b are either integers or cosets whose moduli are multiples of n, then we shall write
a =b (mod n) if and only if a +nZ = b+ nZ. For example, 14+ 12Z =13 = 7+ 6Z
(mod 6).

Next, if n is a multiple of an integer m, then for any integer a we unambiguously
write (a + nZ, m) for the greatest common divisor (a,m). Thus for example 2 =
(6,8) = (6 + 24Z,8).

Two other conventions will be used constantly. If m and n are positive integers,
then m//n will denote the largest factor of m relatively prime to n, and n,, will
denote the largest factor of m dividing a power of n. Note m = (n,,)(m//n). For
example, 6129 = 24 and 120//6 = 5. We make the order of operation conventions
so that ab//cd = (ab)//(cd) and ab,, = a(by,).

When defining a symbol a to be an expression F, we often write a := E.

APPENDIX. Here is a list indicating the page on which is first introduced a
notation (other than those given immediately above) or a definition which might
be used in a subsequent chapter with little or no reminder.
page 1: Frobenius group, Frobenius kernel , Frobenius complement
page 2: A x B (semidirect product)
page 3: V,, Z—group, core, core index, signature
page 6: g, ag, g, Z(c), the integral truncated group ring Z(G), the rational trun-
cated group ring Q(G), the truncated group ring Zg)(G)
page 8: (A4,0,m,¢), 7, QA
page 10: H, R, «, B, C,,, Dy, Hoa, Hss, Hi20, v* (conjugate of 7)
page 14: generalized quaternion group
page 17: Hayg
page 18: (proper) Frobenius triple, 1-complement; r—sequence and invariant of a
1-complement
page 21: core invariant, type, J-complement (for J = Vj, Ay, Sy, As, S5); r—sequence,
invariant and reduced invariant for a Vy—complement
page 31: r—sequence, invariant and reduced invariant for an A4—complement
page 42:. r—sequence, invariant and reduced invariant for an S;—complement
page 50: invariant and reduced invariant for an Ss—complement
page 62: (E/K,®) (crossed product algebra)
page 66: G—group, Iso(G), S(G), [n] (for n € S(@))



CHAPTER 2

Lemmas on Truncated Group Rings

Let G be a finite group.

2.1. NOTATION. Let A be a subring of the field of rational numbers Q. If g € G
let g denote the image of g under the natural map from G into the group ring AG.
Let ac denote the set of elements of AG of the form 3, ., h where g € G and
g # 1. Also let A(G) = AG/(ac) and Ay = A[1/|G]]. Finally for each g € G, let
g =g+ (ag) be its image in A(G). (Note that the precise meanings of ag and of
the ideal (ag) depend on the choice of A.)

In this paper we use the above notation only with A equal to either Z, Z ) or Q.
We call Z(G) and Q(G) the integral truncated group ring and the rational truncated
group ring of G, respectively. The ring Z)(G) is called the truncated group ring
of G. (By [BrH, Lemma 8.1, p. 64] this ring is the same as the “truncated group
ring” of [BrH, Definition 7.3, p. 63].)

In this chapter we focus on integral truncated group rings because of their
apparent simplicity and the fact that the other truncated group rings are obtained
from them essentially by tensoring with either Zg) or Q.

Guralnick and Wiegand prove that the ideal (ag) of the integral group ring ZG
has trivial intersection with Z if and only if G is a Frobenius complement [GW,
Theorem 2.2, p. 570]. We will use several times the following corollary of this
result; for completeness a proof is given using some arguments from [BrH].

2.2. LEMMA. Suppose G is nontrivial. Then G is a Frobenius complement if
Z{G) is not a torsion Z-module.

PROOF. Let p be any rational prime not dividing |G|. The canonical image
M of Z(G) in Q(G) is finitely generated and hence free as a Z-module, and by
hypothesis it is nontrivial. Hence M /pM is finite and nontrivial. Now suppose g
is a nontrivial element of G; then g has a power ¢° of prime order, say ¢ = |g°|.
The canonical map Z[zx] — Z(G) taking = to g° takes the cyclotomic polynomial

Oy (x) =1+x+ 2%+ -+ 291 to zero (cf. Notation 2.1), and hence it induces
q-1 _
a homomorphism Z[(,] — Z(G) taking (, to g°. Since ¢ = ®,(1) = [] (1 - (),
i=1
q-1 _
therefore [] (1 —39°*") = ¢. Thus if gm = m for some m € M/pM, then g°m = m
i=1
and so
q—1

0=(1-7")m= H (1—§Si)m=qm.
i=1

Since we also have pm = 0 and p # ¢, then m = 0. This shows that the natural
action of G on M /pM is without fixed points. It follows easily using the definition

6
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of a Frobenius group in [S, p. 348] that the semidirect product M/pM x G with
respect to the natural action of G on M/pM is a Frobenius group with Frobenius
complement isomorphic to G. O

We will see by inspection from the explicit computation in Chapters 5 through
10 of the integral truncated group rings of all Frobenius complements that the
integral truncated group rings of Frobenius complements are actually nontrivial
and free as Z-modules (cf. Theorem 12.2). Until this is proved we will often as
a matter of bookkeeping be either hypothesizing or noting that various integral
truncated group rings are nontrivial and free as Z-modules.

It will sometimes be more convenient to work with the image of G in Z(G)
rather than with G itself. The following lemma is then relevant.

2.3. LEMMA. If Z(G) is nontrivial and free as a Z—module, then the natural
map G — Z(QG) is injective.

PROOF. Suppose h € G has order s > 1 and h = 1. Then sl = Ef;ol 7= 0,
since qu<h> g € ag. This contradicts the hypothesis that Z(G) is nontrivial and
free. O

The next lemma will be used in Chapter 3 in the analysis of groups of real
quaternions and in Chapter 17 in the analysis of finite subgroups of division rings.

2.4. LEMMA. Let G be a finite subgroup of the group of units D® of a division
ring D and let ¢ : ZG — D be the map induced by the inclusion map G — D.
Then ag ts contained in ker .

PROOF. Suppose g € G has order n > 1. Then g — 1 is a unit in D. Since
0=g"—1=(9—1)(1+g+---+g"'), then Yne(g I € kerp. Thus ag C kerp. O

We describe below how to compute the truncated group rings of direct products
and cyclic extensions of groups in terms of the truncated group rings of these groups.
In the former case, the key construction is tensor product; in the latter it is an old
construction of Albert. Albert states his result for algebras over fields, but it
generalizes transparently to algebras over arbitrary commutative rings.

2.5. THEOREM. [A, Theorems 10 and 11, pp. 183-184]. Let A be an algebra
over a unitary commutative ring R. Let m be a positive integer, o be an automor-
phism of A, and c be a unit of A with o(c) = ¢ and ca = c™(a)c for alla € A. Then
A is a subalgebra of an R—algebra B which has an element b such that 1,b, ..., 6™ 1
is a basis for B as a left A—-module, b™ = ¢, and ba = o(a)b for all a € A. More-
over, if A is simple with center K and o|K has order m, then B is simple with
center K°.

In the above theorem, o|K denotes the restriction of ¢ to K and K7 is the
fixed field of o|K.

2.6. REMARK AND NOTATION. We describe here some identifications that will
be used throughout the paper in order to keep notational complexity under control.
(A) Let G be a group. We often treat the natural isomorphisms Z(G) —
Ly ® Z{G) and Q(G) — Q ® Z()(G) as identifications. Now suppose Z(G) is
free as a Z-module. Then the canonical homomorphisms Z(G) — Zy ® Z(G)
and Zg(G) — Q ® Z()(G) are injective and we treat them as identifications.
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Thus, for example, when Z(G) is free as a Z-module we will in the natural way
regard Z(G) as a subring of Q(G) (this combines all the above identifications:

(B) In the setting of Theorem 2.5 we let & denote a specific choice of an element
b as in that theorem. With this choice the algebra B is uniquely determined up
to (canonical) isomorphism by A, o, m and ¢; we denote it by (A, o, m,c). Thus
(A, o,m,c) is the A-algebra with basis (as a left A-module) 1,7,---,5™ ! having
o™ = cand ca = o(a)o for all a € A.

(C) Suppose A is a Z-algebra which is free as a Z-module. We then use the
canonical injective homomorphism A — Q ® A to identify A with a subring of
Q® A and we denote Q ® A by QA. If in the statement of Theorem 2.5 we have
R =7 and A free as an R—module, then there is a natural isomorphism

QA I®o,m,1®c)— QB

(where I : Q — Q is the identity map), which we also treat as an identification.
Thus in particular A, QA and B are all identified with subrings of QB.

The following lemma is related to an observation of Guralnick and Wiegand
[GW, p. 564] and will be used in the treatment below of direct products and cyclic
extensions of Frobenius complements.

2.7. LEMMA. Suppose that every nontrivial Sylow subgroup of G has a unique
subgroup of prime order. Let P denote the set of prime divisors of |G| and for each
p € P pick a subgroup H, of G of order p. Then the ideal (ag) of ZG is generated

by {Zherﬁ:pEP}.

PROOF. Suppose 1 # h € G. Then h* has prime order p for some integer s > 0.
By hypothesis (and Sylow’s Theorem) (h*) = bH,b~! for some b € G. Thus the
element

s—1 s—1
So- (X (2i) i 2o (X0)
g€(h) g€(h®) i=0 gEH, i=0

of ag is in the ideal generated by > . H, g. O

2.8. CycrLic EXTENSION LEMMA. Suppose that 1 # H < G and ¢ € G. As-
sume that Z{H) is nontrivial and free as a Z-module, that cH generates G/H, that
[G : H] divides a power of |H|, and that every nontrivial Sylow subgroup of G has
a unique subgroup of prime order. Then G is a Frobenius complement, Z{G) is
nontrivial and free as a Z-module, and there is a natural isomorphism of Z{H)—
algebras

0:Z(G) — (Z(H),a, G H],C[G:HJ)
mapping ¢ to &, where o € Auwt Z{H) is induced by conjugation by c.

The reader will easily verify that the construction of truncated group rings is
functorial on the category of groups and injective group homomorphisms. Thus
conjugation by ¢ on H does induce an automorphism of Z({H) (as is assumed in the
statement of the above theorem) and the inclusion H — G does induce a unitary
homomorphism Z{H) — Z{G), making Z(G) a Z(H )-algebra.
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PROOF. Let B = (Z(H),0,[G : H],clGH]). Tt suffices to prove the existence of
the isomorphism 6; then by the construction of B, Z({G) is nontrivial and free as a
Z—-module, and hence G is a Frobenius complement by Lemma 2.2.

We have a well-defined map 6y : G — B taking hc' to ho® whenever h € H
and 0 < i < [G : H]. A straightforward computation shows that 6, preserves
multiplication. Therefore 6y induces a ring homomorphism 6; : ZG — B which is
surjective since B is generated by 0o(H) and &. It suffices to show that ag generates
the kernel of ;. Now for each rational prime p dividing |G|, p also divides |H],
so G has a subgroup of order p contained in H. Thus by Lemma 2.7 as ideals of
ZG we have (ag) = (ag) C ker6;. Now any element A of ZG can be written in
the form ZEE:OH]A hict where h; € ZH for all i. (Identify ZH with a subring of
ZG.) Then 01(A) = >, h;c" where h; denotes the image of h; in Z(H). Thus, if
A € ker 6y then 61 (h;) = h; = 0 for all 4, so h; € (ag) for all 4, and hence A € (ag).
This completes the proof of Lemma 2.8. O

2.9. DIRECT PRODUCT LEMMA. Let G and H be nontrivial groups of relatively
prime orders such that Z{G) and Z{H) are nontrivial and free as Z—modules. Then
Z{G x H) is nontrivial and free as a Z-module, G x H is a Frobenius complement,
and there is an isomorphism Z(G x H) — Z{(G) @ Z(H) taking (g,h) to & h for
all (g,h) € Gx H.

Note that G x H cannot be a Frobenius complement if G and H do not have
relatively prime orders [Pa, Theorem 18.1(i), p. 194].

PROOF. By Lemma 2.2 it suffices to prove the existence of the isomorphism.
The natural multiplicative map G x H — Z(G) ® Z(H) taking each (g, h) to g® h
induces a homomorphism 6 from the integral group ring of G x H to Z{G) ® Z{H).

By Lemma 2.7 (agxm) is generated by elements of the forms > @\1) and

> hem, (1, h) where Go and Hy range over subgroups of G and H, respectively, of
prime order. (Recall that |G| and |H| are relatively prime, so every Sylow subgroup
of G x H is a Sylow subgroup of either G x 1 or of 1 x H.) 6 clearly maps all such
elements to 0, so (agxm) C kerf. Hence 6 induces a homomorphism

01 :Z(Gx HY — Z{G)  Z{H) .
On the other hand the injections G — G x H and H — G x H induce maps
Z{G) — Z{G x H) and Z(H) — Z{G x H), and hence a homomorphism

0s: Z(G) @ Z{H) — Z{G x H)

with 62(g ® h) = (g,h) for all g € G and h € H. Since 5 is clearly the inverse of
01, then 60, is an isomorphism. O

g€Go



CHAPTER 3

Groups of Real Quaternions

Denote the division ring of real quaternions by
H =R+ Ri+Rj+ Rk

where R denotes the ring of real numbers; we identify (, = e with the element
cos2m/n + isin2r/n of H. Let 7 = (V5 +1)/2 (so 77! = (VB -1)/2), a =
(-14+i+j+k)/2and B= (r~+7i+]j)/2.

3.1. REMARK AND EXAMPLES. Consider the following subgroups of H®,
namely, Cy, := ((,) (n > 1), Dyy := (Con,j) (n > 2), Hoy := (i,j, ), Hyg :=
(Cs,j, ), and Hyoo := (i,j, ¢, B8). Vignéras [V, Theorem 3.7 and Proposition 3.8,
p. 17] reports that every finite subgroup of H® is isomorphic to one of the groups
listed above and that Ho4 and Hisg are isomorphic to the special linear groups of
2 x 2 matrices over the fields of order 3 and 5, respectively. By Corollary 3.3 below
all of these groups except the trivial group are Frobenius complements. It is easy
to see that Cy, (for n > 1) and Dy, (for odd n > 2) have core index 1 and that Dy,
(for even m > 2) has core index 4. (The core in the latter case is ((,).) Moreover
Hsy, Hys and Higp have core index 12, 24, and 60, respectively (in each case the
core is (—1)). In Example 4.3 we construct a Frobenius complement, denoted Ha4o,
of core index 120.

27i/n

We can now state the main theorem of this chapter; equivalent results in the
cyclic case go back at least fifty years (see [LL, Theorem 2.2]) and include [BrH,
Claim2, p. 58].

3.2. THEOREM. Let H be any of the groups C,, (n > 1), Dy, (n > 1), Hay,
Hys or Hyag. Then the inclusion H — H induces an isomorphism from Z{H)
onto Z[H].

In the above theorem Z[H] denotes the subring of H generated by the set H. We
will use a common notation for conjugation in H: for any v = a + bi+ ¢j + dk € H,
we write 7 = a — bi — ¢j — dk for the conjugate of v in H. Before proving the
theorem we record a corollary of it and Lemma 2.2.

3.3. COROLLARY. The nontrivial groups listed in Theorem 3.2 are all Frobenius
complements.

In fact all the nontrivial finite subgroups of the group of units of any division
ring are Frobenius complements (see [SW, Theorem 2.1.2, p. 45] or Proposition 17.1
below).

The next two lemmas will be used in the proof of Theorem 3.2. The first records
the results of some routine computations. Note that Part (E) implies that || = 3.

1

3.4. LEMMA. (A) aia™! =k, aja™ =i, and aka™! =j.

10
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(B)B'=B"  (s0|B|=5).

(C) B’ =ap+i.

(D) (B%)" = —apfi= (8%)"  (s0|B%=3).

(E) If y = (=1t i+ 5+ Kk)/2, then 4% = ~* (so |y| = 3).

3.5. LEMMA. 1,08 is a basis for Z[H129] as a Z[Has]|-module, and o, 1,3,k is a
basis for Z|Haa] as a Z—module.

PRrROOF. Since |3| = 5 (Lemma 3.4B), (3) and Ha4 are disjoint subgroups of
Hia with |(B)||Hz24| = |Hi20|, so every element of Hyzp can be uniquely written
as a product ab where a € Hay and b € (3). Hence Lemma 3.4C implies that the
set {1,8} spans Z[H20| as a Z[Hz4]-module. Now suppose A + BB = 0 where
A and B are in Z[Ha4] and are not both zero. Then clearly B # 0 so we can
write 3 = —B~!A, which is in Q[i, j] (the ring of rational quaternions is a division
subring of H ). This is impossible since 7 ¢ Q. Hence 1, B is a basis for Z[H20]
as a Z[Hz4]-module. The second assertion of the lemma follows easily from [H,
Lemma 7.4.4, p. 373)]. O

Theorem 3.2 will now be proven.

Proor. By Lemma 2.4 the inclusion H — H induces a homomorphism
¢ : ZH — Z[H] with ker ¢ D (ag). It suffices to prove the reverse inclusion.
S o t
Case I: H = Hyy or Hyg. Let v € ker . We can write y = 3 h; — > g; for some
i=1 j=1
hi, g; € H. We may assume by induction that such sums with fewer than s 4 ¢
terms are in (ag). Note

@) = (e - (a e+ ).
i=1 j=1 i=1

The last summation of equation (2) is in (ag). Thus without loss of generality
we may assume that ¢ = 0, and, further, that hy = 1 (since v € (ag) if and only
if ﬁl_lv € (ag)). Hence without loss of generality we may further assume that
he = =1 or he = (—1+i+j+k)/2; otherwise the real part of ¢(7) would be of the
form m/2 4+ n/v/2 where m, n € Z, m > 0 (contradicting that ¢ () = 0) since the
h; are in Hyg, whose 48 elements are +1, +i, +j, £k, (1+i+j+k)/2, (£1+i)/V2,
(£143§)/V2, (£1 £ k)V2, (£i+j)/V2, (£i+k)/V?2, (£j+k)/V2[C, p. 372]. If
hy = —1 then ﬁl + ﬁg € ay and we are done by induction. On the other hand if
hy = (—1+i4j+k)/2, then 1+ hy + h% € ay by Lemma 3.4E and so

= (—/\iz%JrZE) + (T+ﬁz+ﬁ§ R0+ (—Al))) .
=3

Since the second term is in (ag) and the first has fewer than s elements, we conclude
by induction that v € (ag), as required.

Case II: H = Hygp. First recall from Lemma 3.5 that 1, 3 is a basis for Z[H120] as
a Z[Hs4)-module. Next note that by Lemma 3.4D,

~2

B

~

—af-i= (—/cm\ﬁi+ﬁ2\i+f)(/—\i)— (&E+:\046+T+3)
( +B1+1>(/\)—(&ﬁ+i)(f+(/—1\))e(af1).
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(Be careful here to distinguish between —% and “NforyeH .) Therefore modulo
(ag) we have

~2 —
= af+i,

53 T3 A (~2 Na,
= af°+iB=(a”"+i)B+ ai,

~4

= (a3+ifa\+&\i)3+&2\i+(f1).
Now suppose C' € ker ¢; it suffices to show C' € (ag). C is a sum of terms of

the form ngﬁl where 0 < i < 5, d € Hoq and n € Z. By the above paragraph C
can therefore be written modulo (ag) in the form

C=A+Bpj

where A, B € ZHs4. Since ag C ker ¢, 0 = p(A) +¢(B)B. Since 1, B forms a basis

for Z[H129] as a Z|Ha4)-module, then ¢(A) = ¢(B) = 0. Thus by the previous case

A, B € (am,,) C (ag), so C € (ag), as required.

Case III: H = C),. The theorem is trivial if n = 1. Now suppose n is a prime

power p'T! where t > 0. The canonical surjective homomorphism 7 : Z[z] — ZH
-1

with y(z) = C, carries the cyclotomic polynomial D, (x) = pz X" onto @, (En) =
i=0

-1

> E ;. Thus by Lemma 2.7, v carries the kernel of the natural homomorphism

i=0

Z[x] — Z[(,] taking x to ¢, onto the kernel of the natural homomorphism ZH —

Z(H) (note that ((,) is the unique subgroup of H of prime order). Hence 7 induces

an isomorphism Z[(,] — Z(H) taking (, to ¢,,. The inverse of this isomorphism

is induced by the inclusion H — H, proving the theorem in this case.

Next suppose n = mk where m and k are relatively prime integers larger
than 1. By induction on the number of prime factors of n we may suppose we
have isomorphisms v : Z(C,,,) — Z[(] and 6 : Z(Cr) — Z[¢k] taking ¢, and
¢, respectively to ¢, and (. By the Direct Product Lemma 2.9 we have an
isomorphism

W Z{Chy X Ck) — Z{Chp) @ Z{Cl)
taking (¢, 1) to (,, ® 1 and (1,{x) to 1 ® (. We also have natural isomorphisms
n: Z{Cpn) — Z{Cy, X C)
(induced by the group isomorphism C,, = ((m, (k) — Ch X C, taking ¢, to (Gn, 1)
and (i to (1,¢x)) and
p: Z[Cp] ® Z[Ck] — Z[C,y)]

(taking ¢, ® 1 and 1 ® i, to (,, and (g, respectively). The composition p(y® §)un :
7{C,) — Z[C,] carries ¢, and (,, to (x and (,, and hence is the promised
isomorphism induced by the inclusion H — Z[H].

Case 1V: H = Dy,, n > 2. By the Cyclic Extension Lemma 2.8 we have an
isomorphism

Z(Dyn) — (Z{Can),0,2,—-1)

taking C,,, (in Z(Dyy,)) to C,,, (in Z(Cs,)) and j to &, where o is the automorphism
of Z(Cs,) induced by conjugation by j (so o((y,) = jlonj™! = Z;nl) By the
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previous case we have an isomorphism
(Z{C2n),0,2,-1) — (Z[(2n], 7,2, —1)
where 7((2,) = C{nl. Composing these isomorphisms with the obvious isomorphism
(Z[G2n], 7,2, =1) — Z[Day]
(map (o, to itself and 7 to j) gives the required map Z(H) — Z[H]. O

The next lemma will be needed in several proofs below, beginning with the
proof of the Classification Theorem 1.4 in the next chapter.

3.6. LEMMA. (A) There is a unique automorphism vy of Hizo mapping j to k
and firing . It maps o to (o)™t and B to (B3)~*.

(B) There is a unique automorphism of Z[H120] mapping j to k and fizing 4. It
extends the map .

(C) There is a unique automorphism of Q[i,4,V5] extending vo. It maps /5
to —\/5.

PROOF. Conjugation by (s fixes i = (3 and maps j to
GsiGs ' = Gs(iGiT)i=Gi=ii=k.
Hence there is an automorphism 7 of Q[i, j] of order 4 fixing i and taking j to k.

Let 15 be the automorphism of Q[v/5] of order 2 taking v/5 to —v/5. Then 1, ®
induces an automorphism v of order 4 of

Q[Hi20) = Q[i, j, V5](= Q[i. j] ® Q[V5)])

taking v/5 to —v/5, j to k and fixing i. Then ¥(k) = ¥(ij) = ik = —j and
(1) = -7 s0o () = (-1+i—-j+k)/2=(ai)~! and
U(B) = (—1 -7+ k)/2=(Bi)".

The automorphism v therefore restricts to an automorphism g of Hi29 and to an
automorphism of Z[Hj20] fixing i and mapping j to k. (The restrictions must be
automorphisms since ¥ has order 4.) Suppose now that ¢ is another automorphism
of Z[Hyg0) fixing i and mapping j to k. Then ¢ extends to an automorphism
@1 of Q[H120](2 Q ® Z[H12]). The center of Q[Hi20] = Q[v/5][i,j] is Q[v/5], so
@1 restricts to an automorphism of Q[v/5]. If ¢y fixes v/5, then ¢1(7) = 7, so
¢(B) = (r7' + 7i+k)/2 and hence

—5 = [0~ 9)/2) = (4(8) - 8)° € ZlH1an].
But this contradicts the fact that Z[Hi99] as a Z-module is finitely generated.
Hence ¢1(v/5) = —v/5, so @1 = . Thus ¢ = |Z[Hia0], so V|Z[H2] is the
unique automorphism of Z[H;g] fixing i and mapping j to k. Now suppose ¢q is
a group automorphism of Hi9¢ fixing i and mapping j to k. Then ¢ induces an
automorphism of Z{H120) and hence by Theorem 3.2 it extends to an automorphism
of Z[H20] fixing i and mapping j to k. Then by the uniqueness of ¥|Z[H1z0] we
must have pg = 9. Finally suppose ¢ is any extension of ¢y to an automorphism
of Q[Hya0]. If v2(v/5) = —/5, then @y = 1 and we are finished. If not we must
have 2(v/5) = v/5, so

©2(B) = (7' + 7i+k)/2# ho(B),
contradicting that @2 extends 1y. Thus o = ). (|



CHAPTER 4

Proof of the Classification Theorem

We now prove Theorem 1.4. The proof will use some properties of generalized
quaternion groups which are collected in the lemma below. Recall that the Sylow
2-subgroups of Frobenius complements are either cyclic (in which case the Frobe-
nius complement is a Z-group) or generalized quaternion groups. The generalized
quaternion group of order 2"*! > 8 admits generators u and v with |v| = 27,

2 2" 1

u? =v2""" and wou=t = v~L. The proof of the next lemma uses this notation.

4.1. LEMMA. Let H be a generalized quaternion group of order 2"t! and let
z € H have order 2".

(A) If w € H\(z), then H = (w, 2), |w| = 4, and wzw™! = z71.

(B) H/{z?) = Vj.

(C) Suppose 0 < s < mn, s # 2. Then (22" ") is the unique cyclic subgroup of
H of order 2°. If s =2 and n > 2, then it is the unique cyclic normal subgroup of
H of order 2°.

ProoF. Write H = (u,v) as in the paragraph above the statement of the
lemma. The assertions of the lemma are easily verified if n = 2 (i.e., H is a

quaternion group), so suppose n > 2. Since 02"t

= u?, then every element of H
has the form v* or uv®. But for all i, (uv®)? = u?, so uv® clearly has order 4. Hence
z must be a power of v. All the assertions of (A) and (B) are now easily checked.
The fact that all elements of H outside of (v) have order 4 also makes clear that H
has only one cyclic subgroup of order 2° whenever 0 < s < n except when s = 2,
and this subgroup must be (22" ). Now suppose s = 2. Then (22" ) is normal
and cyclic of order 4. Any other such subgroup would have the form (uv?), and
hence would contain the element

v(uv®)o™H(uv')? = 0?2,
Since v? has order 2”71 > 4 we must have (uv®) = (v?). Hence u € (v), a contra-
diction. Thus (22" ") is the only normal cyclic subgroup of H of order 4. O

4.2. LEMMA. Let G be a Frobenius complement with a subgroup of indexr 2
which is an internal direct product of Hi29 and a subgroup J. Then there exists an
element u of G of order 8 with u? = i, uju™' = k, uku™! = —j, vau™! = (ai)~?
and uBu~t = (Bi)~ L.

PROOF. The order of J is relatively prime to 30 [Pa, Theorem 18.1(i), p. 193-
194]. Thus Higg is a characteristic subgroup of JHjgp and any Sylow 2-subgroup
of G must be a generalized quaternion group of order 16. G has such a subgroup
S containing (i, j), say with u € S of order 8. Then u? is an element of order 4 in
(1,j). By Lemma 3.4A we may assume without loss of generality that u (and S)
are chosen with u? = +i and indeed with u? = i (if necessary, replace u by iu).

14
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Then by Lemma 4.1A

wju~t =u(ui ) = e =ij =k

and so uku~! = uiju~! = ik = —j. Finally, applying Lemma 3.6A to conjugation

by u, we have uau~! = (ai)~! and uBu~! = (Bi)~ L. O

The above lemma shows that there is at most one (up to isomorphism) Frobe-
nius complement having Hiog as a subgroup of index 2. Such a group is constructed
in Example 4.3 below.

We now give the proof of the Classification Theorem 1.4.

PROOF. Recall that a Z—group is a group all of whose Sylow subgroups are
cyclic, so a Frobenius complement is a Z—group if and only if its Sylow 2—subgroup
is cyclic [Pa, Theorem 18.1(iv), p. 194]. Hence a Frobenius complement is a
Z~-group if it has a subgroup of odd index which is a Z-group.

Now let G be any Frobenius complement. We begin by showing the existence
of a core N of G, i.e., a normal Z-subgroup of G such that G/N is isomorphic
to one of the groups on the list (1) of Chapter 1. We first suppose G is solvable.
Then G has a normal subgroup Ny which is a Z-group of maximal possible order
such that G/Nj is isomorphic to a subgroup of Sy [Pa, Theorem 18.2 (Zassenhaus),
p. 196]. Therefore [G : Ny] # 3, since otherwise by the previous paragraph G is
a Z-group and so |Ny| was not maximal. Similarly, [G : Ng|] # 6 (otherwise Ny
would be a subgroup of index 3 of a subgroup of G of index 2, since every group
of order 6 has a subgroup of order 3). If [G : Ng] = 1, 12, or 24, then G/Ny is
isomorphic to 1, A4, or Sy and we can simply set N = Ny. Suppose this is not
the case; then by Lagrange’s theorem [G : Np] is a proper power of 2: 2, 4 or
8. We may write Ng = (x,y) where |z| = n, |y| = m and zy = y"x for some
positive integers r, n, m satisfying (m,nr(r — 1)) = 1 [Pa, Proposition 12.11, p.
106],[S, 12.6.17, p. 356]. Then m is clearly odd. Recall that 2,, denotes the largest
power of 2 dividing n and n//2 denotes the largest odd factor of n (cf. Chapter 1).
Then N; := (22, y) is clearly a normal subgroup of G of odd order |G|//2. Let
H be a Sylow 2—subgroup of GG; H is a generalized quaternion group since G is
not a Z-group. The natural homomorphism H — G/Nj is injective, and hence
is an isomorphism. By Lemma 4.1B there is a normal cyclic subgroup Hy of H
with H/H;, = V;. Hence by the Noether isomorphism theorems G has a normal
subgroup N containing Ny with N/N; & Hy and G/N 2 V,. N is a Z—group since
its Sylow 2—subgroups are isomorphic to the cyclic group H;. This completes the
proof of the existence of the group IV of Theorem 1.4 in the case that G is solvable.

Now suppose G is not solvable. Then without loss of generality we may assume
that G has a subgroup of index at most two which is an internal direct product of
a Z-group M of order relatively prime to 30 and the group Hisg of the previous
chapter (apply [V, Proposition 3.8, p. 17] and [Pa, Theorem 18.6 (Zassenhaus), p.
204]). Z* = {£1} is the unique subgroup of Hisg of order 2; it is in the center of
G [Pa, Theorem 18.1(iii), p. 194] and is normal in G. M is normal in G because
M Hi9¢ is normal in G and M is a characteristic subgroup of M Hig (it is the unique
subgroup of M Hya of order |M]). Thus N := Z*M is a normal Z-subgroup of
G. If G = M Hyo, then G/N = Hy90/Z* = As [Pa, Lemma 13.6 and Proposition
13.7, pp. 120-122]. Now suppose G # M Hyy. Then

|G/N| = [G . MH120][MH120 : MZ.] = 2|A5| = |S5| .
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We can therefore show that G/N = S5 by proving that G/N is generated by
elements satisfying defining relations for Ss.

By Lemma 4.2 G has an element u with u? = i, uju™' = k, uku™! = —j,
wout = (ai)™t and uBu~! = (Bi)~!. Let so = Bu!N and s5 = BN in G/N. In
order to show that G/N = S5 it then suffices to prove that G/N = (s2, s5) and

_ 3
(3) 53 =52 = (s552)" = (s5 "s28582)" =1

[B, Section 6, p. 125]. Now (s2, s5) contains BN, ulN, and iN = u?N and therefore
also contains N (Lemma 3.4D) and hence both jN and kN (Lemma 3.4A). Thus
(s2, 85) contains and hence equals

Next, s2 = 1 by Lemma 3.4B, and
s2=u" (uﬁu )ﬁu_lN =u 47187 1B IN = —IN = 1.

Therefore
(s5s2)* = BNs2uNs2uNsauNsuB "N
Bu'B N =1.
Also since |3%i] = 3 (Lemma 3.4D), we have
_ 3 _ _ _ _
(851828582) _ 1/32U 2/82U 2ﬁ2 2

= w1(B%)’(~u)N = —IN = 1.

This completes the proof of the relations in the list (3). Thus G/N = Ss. This
completes the proof of the existence part of the Classification Theorem 1.4. We
next prove uniqueness.

Let us suppose that M and N are both normal subgroups of G which are Z—
groups such that G/N and G/M are both isomorphic to groups on the list (1 ) We
prove M = N. We may suppose without loss of generality that [G : N| < [G : M]
and hence that [G : N] divides [G : M]. (Note that if G is solvable, then [G : N]
and [G : M] are both in {1,4,12,24}, and otherwise they are both in {60, 120} )
Thus |M] divides |N|.

We claim M C N. Without loss of generality (for proving this assertion)
G # N. Hence G # M. Hence [G : N] and [G : M] are divisible by 4. For each
prime divisor p of |G| we can find Sylow p—subgroups M, My, Np, and N of M,
G, N, and G, respectively, with M;, C M and N, C N,. Consider any such prime
p. Since M, = M N My, then M;, < M. Similarly N, < Ny, and if p = 2 then
4 divides [N; : Np]. Since N, is cyclic it has a cyclic subgroup Ny of order |M,y|.
Ny is a characteristic subgroup of N, and N, < N;, so Ny < N;. Indeed, Ny
is the unique normal cyclic subgroup of N, of order | M| (this is trivial if N, is
cyclic; otherwise apply Lemma 4.1C after observing that 4 divides [N - NO]) Now
Sylow p-subgroups of G are conjugate, so there exists ¢ € G with xM* -1 =N,.
Since M, < M , then oM,z -1 g xM* N* Hence xMyz~™" = Ny. Thus
M, = :C_lNox C x_le = N. But then, as claimed, M = {(JM,) C N, where the
union is taken over all prime divisors p of |M]|.

We finish the proof of Theorem 1.4 by proving that N = M. First suppose
G is nonsolvable. Then G/N and G/M must be isomorphic to either As or Ss.
Now G/N is a homomorphic image of G/M but As is not a homomorphic image of
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S5 (otherwise Sy has a normal subgroup of order 2 and hence a central element of
order 2, which is false). Thus G/N and G/M must be isomorphic to each other, so
|N| = |M]|, and hence N = M. Next suppose G is solvable, so G/N and G/M are
isomorphic to 1, Vi, A4 or S4. Again, suppose G/N is not isomorphic to G/M since
otherwise |M| = |N|, so N = M. However G/N is again a homomorphic image of
G/M. But of the groups 1, V4, A4 and Sy only 1 is a homomorphic image of any
of the others. Thus G = N, and so G is a Z—group. Hence the Sylow 2—subgroups
of G, and therefore of G/M also, are all cyclic. But neither Vj, A4 nor Sy has a
cyclic 2-Sylow subgroup. Thus G/M is trivial, so M = G = N in this case. This
completes the proof of the Classification Theorem. O

The following construction of a Frobenius complement with core index 120 will
preview techniques which will be used repeatedly in the following chapters.

4.3. EXAMPLE. Let 1 denote the automorphism of Z[Hjg9] of Lemma 3.6B.
Recall that (i) = i and note that 92 is just conjugation by i. Thus the ring
R := (Z[H12], v, 2,1) is well-defined and free as a Z-module (cf. Remark 2.6 and
Lemma 3.5). Let Hayp denote the subgroup of R® generated by Hiq and zZ Then
Hsyyp satisfies the conditions of the Cyclic Extension Lemma 2.8 (with H = Hig

o~

and ¢ = 1; note that the Sylow subgroup (v, j) is a generalized quaternion group
of order 16). Thus Z(H240) = R is nontrivial and torsion—free as a Z-module
and Hsyg is a Frobenius complement. Since Hayg contains Hiog, it is not solvable,
so it must have core index 60 or 120. Just suppose the core index is 60. Since
|Hz40| = 240 = 4| As], then the core would be a cyclic group of order 4. By Sylow’s
Theorem some conjugate of the core, and hence the core itself, is a normal cyclic
subgroup of <1Z, j) of order 4. But by Lemma 4.1C the only such subgroup is
(1) = (i). This is impossible, however, since (i) is not even a normal subgroup of
Hio (e.g. see Lemma 3.4A). Thus Hayso must have core index 120. It follows that
the core of Hagg is (—1).

We end this chapter by sketching an alternative approach to classifying Frobe-
nius complements into six types (cf. Theorem 1.4).

4.4. REMARK. If G has core index larger than 1, then the core C' admits a
unique subgroup Cj of index 2 and the factor group G/Cy is isomorphic to either
Dsg, Hoy, Hyg, Hi29 or Hayo depending on whether G has core index 4, 12, 24, 60 or
120, respectively. This fact could be used in place of the Classification Theorem 1.4.
Our explicit use of the groups “H;” (e.g. in Theorems 7.11 and 9.1) recommends
such an approach. On the other hand, the groups Vy, A4, Ss, As and S5 used in
Theorem 1.4 are simpler and more familiar than the groups Dg, Hay, Hys, Hi2
and H240.



CHAPTER 5

Frobenius complements with core index 1

By a 1-complement we mean a Frobenius complement which is a Z-group; this
usage will be generalized in Definition 6.1 below. We study here the isomorphism
classes and integral truncated group rings of 1-complements; this will require a
modest elaboration of the usual structure theory of Z-groups [Pa, Proposition
12.11, p. 106]. Recall that if 0 < n € Z, then ny denotes the largest square—free
integer dividing n.

5.1. DEFINITION.  (A) A Frobenius triple is an ordered triple (m, n,T) where
(A1) m and n are relatively prime positive integers;
(A2) the order of T divides n/ng; and
(A3) T is a cyclic subgroup of Z2 with (=1 + T) N Z?, nonempty.
(B) We call the Frobenius triple (m,n,T) proper if n > 1.
(C) Suppose G is a Z—group. The invariant of G is the triple

(I, 16 : G, 1)
where [ is the image of the composition of functions
G — AutG — Zicy) -

The left hand map above is induced by conjugation by elements of G and
the right hand map is the natural isomorphism (recall that G’ is cyclic [S,
12.6.17, p. 356]).

(D) If G has invariant (m,n, (r)) for some r € Z?,, then an r—sequence for G is
a sequence x, y of elements of G with |z| = n, |y| = m, and xyz~—! = y".

The only Frobenius triple which is not proper is (1,1,Z3).
The next theorem assembles the main results of this chapter.

5.2. THEOREM. (A) The map assigning to each 1-complement its invariant
induces a bijection from the set of isomorphism classes of 1-complements to the set
of proper Frobenius triples.

(B) If G is a 1-complement with invariant (m,n,(r)), then G has an r—
sequence.

(C) Say (m,n,(r)) is a proper Frobenius triple and t = |r|. Then there is
an automorphism o of Z[(mnyt] fizing G,y and with o(Gn) = (. The subgroup
G := ((m,0) of the group of units of the ring

A= (Z[Cmn/t]v 0,1, Cn/t)
is a 1—-complement with invariant (m,n,(r)). Moreover, the inclusion G — A
induces an isomorphism Z{G) — A.
(D) Let G be as in part (C). Then Z{G) is a free Z—module of rank ¢p(mn), and

Q(G) is a simple algebra with degree t and with rational dimension [Q(G) : Q] =
(mn); the isomorphism Q(G) — QA maps the center of Q(G) onto Q[Crn /4] -

18
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The “o” in part (D) is actually the canonical extension of the o of part (C)
to Q[Cmnse). The bijection of part (A) easily generalizes from 1-complements to
arbitrary Z—groups. The focus in (A) on the group 7' rather than on the generator
r (as in [Pa)) is because T, but not r, is an isomorphism invariant of G. The index
of the simple algebra Q(G) is computed in Theorem 17.4 below.

We begin the proof of Theorem 5.2 by collecting some simple observations
about Frobenius triples.

5.3. LEMMA. Letm andn denote relatively prime positive integers. Letr € 73,
and sett = |r| and T = (r).

(A) (m,n,T) satisfies condition (A2) of Definition 5.1 if and only if (m,r—1) =
1; also, (m,n,T) satisfies condition (A3) of Definition 5.1 if and only if
pino 1,

(B) Suppose (m,n,T) is a Frobenius triple. Then:
(B1) m is odd, and either t is even or 3{m;
(B2) ifn=2thenm=t=1;
(B3) if n=2 (mod 4), then t is odd and (m,n/2,T) is a Frobenius triple.

PROOF. Note that if —1+77 € Z3,, then 1 = ((r = 1)(1+7r+---+r771),m),
so (m,r — 1) = 1. We leave the rest of the proof of part (A) to the reader. The
equation (m,r) = (m,r — 1) = 1 implies m is odd. It also says that if 3 divides m,
then r = 2 (mod 3) so r? = 1 (mod 3). But if 3 divides m, then r* = 1 (mod 3), so
must be even. (If ¢ were odd then r = 1 (mod 3), contradicting that (m,r—1) = 1.)
The last two parts of (B) are easily verified. O

We now give the proof of Theorem 5.2.

PROOF. Let G be a 1-complement. Then by Theorem 12.11 of [Pa, p.106]
there exists x, y € G, positive integers m and n, and r € Zj, with v = 1 and
(m,nr(r — 1)) = 1 such that the equations

=y =1, zy=y'x
give a presentation of G. Moreover by Theorem 18.2 of [Pa, p. 196] (or, more
pecisely, by the first paragraph of its proof) r/ =1 (mod m), so (m,n, (r)) is a
Frobenius triple (cf. Lemma 5.3). Since G’ = (y) (note xyz~'y~! = y"~! generates
(y)), then m = |G’| and n = [G : G']. The image of the map G — Aut G’ is
generated by the image of x and this maps to r in Z?,. Thus the invariant of G is
(m,n, (r)), and it is a proper Frobenius triple.

Suppose s is any generator of (r). Let t = |r|, so t divides n. Then s = 7 for
some ¢ € Z such that (t,4) = 1. There exists j € Z with j = ¢ (mod ¢,) and j =1
(mod n/t,) where t,, as usual denotes the largest divisor of n dividing some power
of t. Then (j,n) =1, so |v?| = n. Then 27, y is an s—sequence for G, proving part
(B).

Next suppose (7 is another 1-complement with the same invariant (m,n, (r))
as G. By (B), G has an r—sequence 1, y1. But then G = G; since the two groups
have equivalent presentations in terms of the generating sets x, y and x1, y1.

We next prove part (C); note that this will complete the proof of part (A). Thus
let (m,n, (r)) be any proper Frobenius triple. The existence of the automorphism
o of (C) is routine since (m,n) = (m,r) = 1. Note o has order ¢ = |r|. Thus
the algebra A of part (C) is well-defined (cf. Theorem 2.5 and Remark 2.6B). Let
H = (Cunyt) and G = ((n,0). Then |(n| = m and since 6° = (¢, then |7| = n.
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(We clearly have 6" = ((,;)"* = 1. On the other hand if 1 = 57" where
0 < p <t,then 1= ((,/¢)?07, so by the definition of A, n/t divides ¢ and p = 0, so
n divides tq+p.) Moreover 6¢,0 * = 0((n) = (7. Hence G is clearly a Z-group of
order mn. By Theorem 3.2 the inclusion H — Z[(y,p,/¢] induces an isomorphism
Z{H) — Z[Gnn/¢). Hence by Corollary 3.3 H is a Frobenius complement. Since
Z[Cmn ) is torsion-free and finitely generated as a Z-module, then Z(H) is free and
of rank ¢(mn/t). Condition (A3) of Definition 5.1 says that [G : H] =t divides a
power of |H| = mn/t. Hence by the Cyclic Extension Lemma 2.8 G is a Frobenius
complement, and hence a 1-complement with invariant (m,n, (r)), and the inclusion
G — A induces an isomorphism Z(G) — A. Thus in particular Z(G) is free of
rank t¢(mn/t) = ¢(mn) (use Definition 5.1(A3) to apply the usual computation
of the Euler ¢—function [NZ, Section 2.4, pp. 48-49]). Hence Q(G) has rational
dimension ¢(mn). Since Q(G) = (Q[Cmn/t, 0, t,Coye) = QA (cf. Remark 2.6), by
Theorem 2.5 Q(G) is simple with center isomorphic to Q[(yn/¢]”. The dimension
of Q(G) over its center is

[QA : Q[Cmn/t” [Q[Cmn/t] : Q[Cmn/t]g} =t )
so the degree of Q(G) is t. O

5.4. REMARK. Suppose z,¥y is an r—sequence for a 1-complement G with in-
variant (m,n, (r)). We will frequently use the well-known fact that the center of
G is (z') where t = |r|, and the commutator subgroup of G is (y). The first fact
follows easily from the definition of t; the second was proved (briefly) above.

In Proposition 11.1 below we look at the problem of counting the number of
isomorphism classes of 1-complements.



CHAPTER 6

Frobenius complements with core index 4

6.1. DEFINITION. Let G be a Frobenius complement with core N. Then there
is a unique Frobenius triple A and group J from the list (1) of Chapter 1 such that
A is the invariant of N and G/N 2 J (cf. Theorems 1.4 and 5.2A). We call A the
core invariant of G and J the type of G, and say that G is a J—complement.

The core index is of course just the order of the type, and hence is one of the
integers 1, 4, 12, 24, 60, or 120.

6.2. NOTATION. In this and the next four chapters we will let A = (m,n,T)
be a fixed proper Frobenius triple. We will also let r denote a fixed generator of
T and set t = |T'|. In these chapters we will analyze Frobenius complements with
core invariant A and core index larger than 1.

The reader may find it helpful (but not necessary) to know that in Chapters 6
through 10 p will only be used to denote a rational prime; that a, b, ¢, d will be
elements of Z,,; and that e, f, g, h will often be elements of Z,, and will always be
elements of rings of the form Z, where s is a divisor of n.

In this chapter we will analyze all Vj—complements with core invariant A =
(m,n,(r)). We begin by introducing the numerical objects which will be shown to
be in one—to—one correspondence with the isomorphism classes of Vj—complements
with core invariant A.

6.3. NOTATION. Let ¢ : Z?, XZ;//t — Z;n//t be the natural map (so ¥(a, f) =
[ +24Z). Let S denote the set of all subgroups of Z;, x Z:L//t whose image under
¢ is (=1 +2,,/4Z) and which have order at most 4 and exponent at most 2.

The size of § will be computed in Corollary 6.6 below. Note that 2, ,; = 2,, if
t is odd, which we will find in Theorem 6.5 below to be the only case of interest.

6.4. DEFINITION. Let u, v, z, y be a sequence of elements of a V;—complement
G with core invariant A. We will call u, v, x, y an r—sequence for G if xz, y is an
r—sequence for the core of G (cf. Definition 5.1D); (u,v) is a Sylow 2-subgroup of
G with v? = 2"//2; and (u,v) is contained in the normalizer of (x). The invariant
of an r—sequence u, v, x, y of G is the 4-tuple (a,g,c, h) in Z3, X Z2 X L3, X L2
with uyu=t = y¢, uru=! = 29, vyv~! = y°, vav~! = 2"; we call the subgroup
((a,g +nJ/tZ), (c,h +n//tZ)) of Z2, X Zp i @ reduced invariant of G.

In the next theorem we assert that a Vj—complement has one and only one
reduced invariant; neither of these facts is supposed to be obvious at this point.
Please note that the choice of r is fixed (cf. Notation 6.2); the uniqueness assertions
of Theorem 6.5 below assume this fixed choice of r.

21
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6.5. THEOREM. There exists a Vy—complement with core invariant A if and
only if n is even and t is odd. If n is even and t is odd, then every Vi—complement
with core invariant A has a unique reduced invariant, and assigning to each such
Frobenius complement its reduced invariant induces a bijection from the set of iso-
morphism classes of Vy—complements with core invariant A to the set S.

We will soon give a sequence of lemmas which will contain the proof of The-
orem 6.5 and go on to analyze the truncated groups rings. First, however, we use
Theorem 6.5 to count isomorphism classes.

6.6. COROLLARY. Let s denote the number of distinct odd prime divisors of
mn//t. The number of isomorphism classes of Vj—complements with core invariant
A is 0 if n is odd or t is even; 2571(2° + 1) if t is odd and n = 0 (mod 4); and
(25 +1)(2571 +1)/3 if t is odd and n =2 (mod 4).

PrOOF. We may assume without loss of generality that n is even and ¢ is odd
(Theorem 6.5), and that s > 1 (if s = 0 then % is an isomorphism and S has only
one element). The integer k := mn//2t factors into the product of prime powers
lek pi- Each of the groups Zp, is cyclic [NZ, Theorem 2.34, p. 79] and hence has
a unique element of order 2. The map ¢ of Notation 6.3 is the composition of the
natural isomorphism

Zy, <2y, — |12, | x 23,
plk

with the projection

10z, | xz5, — zs, .

plk
Thus § is naturally bijective with the set of subgroups of Z** x Z3 which project
onto the subgroup (—1 4 2,7Z) of Z3 and have order at most 4 and exponent at
most 2.

First suppose n = 2 (mod 4), so 2, = 2 and Z3 is trivial. Then S is bijective
with the set of subgroups of Z** of order at most 4. There are 2° such subgroups of
order at most 2, generated by the 2° elements of Z*°. We have a 6:1 covering of the
set of subgroups of order 4 of Z*° by the set of ordered pairs of distinct nontrivial
elements of Z*° (assign to each such ordered pair the group that its components
generate), so there are exactly (2° —1)(2% — 2)/6 such subgroups. Thus when n = 2
(mod 4), then S has cardinality exactly

(2°-1)(2°-2)/64+2°= (2" +1) (2" +1)/3.

Finally suppose n = 0 (mod 4), so =1+ 2,,Z # 1+ 2,Z. Then no group in &
is trivial. The groups of order 2 in S correspond bijectively with the elements of
7%, of which there are 2°. The groups of order 4 in S correspond bijectively with
subgroups of order 4 and exponent 2 of Z** X Z3 projecting onto —1+2,7 and each
of these is uniquely generated by an unordered pair of distinct nontrivial elements
of Z*° x 73 with last coordinate —1 + 2,,Z. There are exactly 2° (25 - 1)/2 such
pairs, and hence S has cardinality

227128 —1) +2° =271 (28 +1).
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We begin the proof of Theorem 6.5 with some lemmas which will be used in
this and in later chapters; the first two will be used repeatedly.

6.7. LEMMA. Let z, y be an r—sequence for a 1-complement with invariant A.
Suppose a € Ly, g € Zn, s € Z and (g,t) = 1. Then (yaxg)s =29 ifs =0
(mod t), and (y?z9)° = y®a9® if s=1 (mod t).

PROOF. Suppose s =0 (mod t). Then

(rg—l)(l—l—rg—k-u—l—rg(sfl)) =rY—-1=0.
Since (g,t) = 1, then (r) = (r9), so r9 — 1 € Z?, (cf. Lemma 5.3A). Thus 1 + r9 +
oo+ 796D = 0. Repeatedly applying the rule z9yz—9 =y’ we have

gs

(y“x")s = ya<1+rg+r2~‘7+---+r“*“g>xgs =z

Hence if s =1 (mod t) we also have
()" = y'a? (y"a?)" =y atat T = yrat.
O

6.8. LEMMA. Let x, y be an r—sequence for a 1-complement H with invariant
A. Suppose that o € Aut H and that s is a positive integer. Then there exists
a €72, b€ L, and g € 72, with o(y) = y°, o(z) = y’z9 and g = 1 (mod ¢).
Moreover, if o*(z) = =z, then ¢° = 1 and b(1+a + -+ +a*"') = 0. Finally,
if o has order dividing s and (s,m) = 1, then a® = 1 and also (m,a — 1) and
(m, 1+a+---+ as_l) are relatively prime and have product m.

PROOF. The existence of a, b and g follows from the definition of an r—sequence
and the fact that (y) is a characteristic subgroup of H; that a and g are in Z?, and
Zy, follows from the fact that o preserves the orders of elements of H. After all, if
some prime p divided both g and n, then by Definition 5.1(A3) and the previous
lemma,

1 7& O'(I)n/p _ (ybxg)n/;v — (In)g/P _ 17

a contradiction. Thus g € Z; and, similarly, a € Z7,.

Since xy = y"x we have

yy’2t = o(y'w) = o(zy) = yPaly" = yPy @,
so ar +b = b+ ard, whence r9~! = 1. Then g = 1 (mod t). An easy induction
argument using the previous lemma shows that for any positive integer j
o () = ypAFatta g’

Therefore if o*(z) = @, then b(1 +a+---+a*"') =0 and ¢° = 1.

Suppose that (s,m) = 1 and ¢ has order dividing s. Then y = o*(y) = y* , so
a® = 1. If p is a prime divisor of (m,a — 1), then 1 +a+---+a*~! = s (mod p),
so by hypothesis p does not divide (m, 14+a+---+ as_l). Hence (m,a — 1) and
(m, 1+a+---+ as_l) are relatively prime. However since a® = 1 and

a*—1=(a—1)(1+a+---+a""),

then m is the product of (m,a —1) and (m,1+a+---+a*"1). O

6.9. LEMMA. Suppose g € Z,, and g =1 (mod k) for some divisor k of n. If
g° =1 for some integer s relatively prime to k, then g =1 (mod ky,).
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PROOF. Suppose a prime p divides k and p* divides n. It suffices to show that
p' divides g—1, i.e., that g = 1 (mod p*). Since g = 1 (mod p), then 14+g+- - -+g°~*
is not divisible by p since it is congruent to s modulo p and (s, k) = 1. However p’
divides

(-1 +g+-+g7")=9"-1,
so p* divides g — 1, as required. [l

6.10. LEMMA. If (m,n,T) is the core invariant of a Frobenius complement G
which is not a Z—group, then n is even.

PROOF. Since all the nontrivial groups of display (1) in Chapter 1 have a
subgroup isomorphic to Vy, then G has a subgroup which is a Vj—complement with
the same core as G. Hence we may suppose without loss of generality that G is
a Vi—complement. If n is odd then each Sylow 2-subgroup of G has 4 elements
and hence is cyclic [Pa, Theorem 18.1(iv), p. 194]. This says G is a Z-group,
contradicting our hypothesis. Thus n must be even. O

6.11. LEMMA. Suppose u, v, x, y are elements of a Vy—complement G with
core invariant A such that x, y is an r—sequence for the core of G and (u,v) is a
Sylow 2-subgroup of G with v> = x™/2. Further suppose a, b, ¢, d € Z,, and g,
h € Z, and uyu™" = y*, vzu~' = 4’29, vyv~! = y° and vev~' = ya. Thent
is odd, a> = c* =1,¢9°=h*=1,g=h =1 (mod t), bla+1) =d(c+1) =0,
dla—1)=b(c—1), and h=—-g=1 (mod 2,).

PROOF. Since m is odd (Lemma 5.3(B1)) and n is even (Lemma 6.10) and G
is a Vy—complement, then (u,v) is a generalized quaternion group of order 4(2,)
and v has order 2(2,,). Hence u has order 4 (Lemma 4.1A). Hence conjugation by u
induces an automorphism of (z,y) of order dividing 2. Thus by Lemma 6.8, a? = 1,
g*=1,g=1 (mod t), and b(a + 1) = 0. The lemma (applied to conjugation by v)
also implies that A = 1 (mod t). Since v? = z"/2,

62

¥ = v2yv72 _ xn//nyfn//Q — yrn//z
so 2 = r™/2. Also 2™/ ?uv = v*v ™ u = vu, so

ac -1 car™//?
y* =vuy(vu)” =y ;

so ac = acr™/?. But then 7"/ = 1, s0 ¢ = 1 and t divides n//2. Thus t is odd and
so conjugation by v has order dividing 2 on (x,y). Hence h? =1 and d(c+ 1) = 0.
Next since uv = v—2vu and v? = 2"/ commutes with z and y, we have

—1 _ ’UUZC’U,_l’U_l _ ybc-l-dwhg7

yd“+bxh9 = wvzv lu
soda+b=bc+d, ie., dla—1)=b(c—1). Since v*> = 2™/?, then by Lemma 6.7,
22 — /21 — (ydxh)"//Q — ph(n//2)
Thus n//2 = h(n//2) (mod n), so h =1 (mod 2,). Similarly,

292 = Pyt = Py =02 = 2

so g = —1 (mod 2,,). O
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6.12. REMARK AND NOTATION. Suppose that u, v, x, y is an r—sequence for
a Vj—complement G with core invariant A. Then ¢ is odd by Lemma 6.11. Let

0= 9u)v7w7y : <'LL,’U> — Z:n X Z:l//t

assign to each w € (u,v) the pair (a,g + n//tZ) where a € Z,, and g € Z,, satisfy
wyw ™' = y* and wrw ™! = z9. Note that  is a homomorphism, v> = 2™/2 € ker 6,
and the image of 6 is exactly the reduced invariant of G corresponding to u, v, x,
y. In particular 6 and the reduced invariant depend only on the group (u,v) and
not on the sequence u, v.

We are now ready to prove about half of Theorem 6.5.

6.13. LEMMA. If there is a Vy—complement with core invariant A, then n is
even and t is odd. FEvery Vi—complement with core invariant A has a unique reduced
imwvariant and it is in S. Moreover, two Vy—complements with core invariant A are
isomorphic if and only if they have the same reduced invariant.

Note that to say a Vj—complement with core invariant A has a reduced invariant
is to say it has an r—sequence; that the reduced invariant is unique says that all the
r—sequences give rise to the same reduced invariant.

PRrROOF. Suppose G is a Vy—complement with core invariant A. Then n is even
by Lemma 6.10. There exists an r—sequence z, y for the core of G (Theorem 5.2B).
There is a Sylow 2-subgroup of G containing z"//?; it is a generalized quaternion
group (u,v) of order (2,)4 with u? = v?*, wvu=! = v=1 and vt = 1. If 2,, = 2,
then 2™//2 = v? (G has a unique element of order 2 [Pa, Theorem 18.1(iii), p. 194]).
Suppose 2,, > 2. Then

(&™) = (2, y) N (u,0) < (u,0),

so by Lemma 4.1C (applied with 2° = 2,,), (z"/?) = (v?), so for some odd integer
k, an/l? = (v*)2. Replacing v by v* we may assume without loss of generality that
v is chosen with v? = 2™/2. Since (z,y) and (y) are normal subgroups of G, there
exist a, b, ¢, d € Z,,, and g, h € Z,, with

uyu ™t =y, wauTt =yl2d, oyt =y°, vav ! =ydah.

Then by Lemma 6.11, tis odd and a®> = c¢> =1, g> = h?> =1, g=h =1 (mod t),
bla+1)=d(c+1)=0,d(a—1)=b(c—1)and h = —g = 1 (mod 2,). Conjugation
by u and by v each induce on {(x,y) automorphisms of order dividing 2 (since ¢ is
odd, v? = 2"//? is a power of x*, which commutes with y since rt = 1). Hence by
Lemma 6.8

m=(m,a+1)(m,a—1)=(m,c+1)(m,c—1)
where the two factors of m in both cases are relatively prime. Hence there exist a,
d € Z?, with
a'(a—1)=1 (mod(m,a+ 1)) and ¢’(c — 1) =1 (mod(m,c+ 1)).
Since d(a — 1) = b(c — 1) we have
adb=cd (mod(m,c+1,a+1)).
Thus there exists an integer j with

j=—-ab (mod (m,a+1))and j =—c'd (mod (m,c+1)),
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whence

(a—1)j+b=0 (mod (m,a+ 1))
and

(c—1)j+d=0 (mod (m,c+1)).
But then

0=(a—1)j+b=(c—1)j+d (modm)
since the equations b(a + 1) = d(c+ 1) = 0 imply
b=0 (mod (mya—1))andd=0 (mod (m,c—1)).

The sequence u, v, y/z, y is an r—sequence for G with invariant (a, g, ¢, h) be-
cause (y/x)” = 1 and (yz)y(y/z)~' = y"; (Ya)"/? = 2™/? = v? (Lemma 6.7);
wylzu~t = giotbpd = yja:)g since ja +b = j (mod m); and vy/zv—1 = yictdgh =
(ng;)h since je +d = j (mod m). The corresponding reduced invariant is
((a,9 + (n//t)Z), (c,h + (n//t)Z)), which is in S by the identities proved earlier.
Thus we have shown that any Vj;—complement with core invariant A has an r—
sequence, and its corresponding reduced invariant is in S.

We need some notation. Suppose G and G; are Vj—complements with core
invariant A. Suppose u, v, x, y and u1, v1, X1, Y1 are r—sequences with invariants
(a,g,c,h) and (a1, g1,c1, k1) and corresponding reduced invariants S and Sy for G
and (1, respectively.

We now prove G has a unique reduced invariant. For this we use the above
notation, taking G = G7. There exists z € G with z(uy,v1)z71 = (u,v). We have
integers w, 8, i, p, 0, T with 1 = y~x%, y; = y*, zyz~' =y, and zxz"' = 727,
By hypothesis, y] = z1p127 " = yfs, sor =7° Thus § =1 (mod t). Also 7 =1
(mod t) by Lemma 6.8. Hence by Lemma 6.7

_ 5
2x12 1_ ypu.) (yU.IT) _ ypw+a"r7'5 )
Note that zuiz7!, zv1271, zz127 Y, 212~ must be an r-sequence for G with the
same invariant as uy, vy, 1, y1. Next calculate that
1)71//2 _ (

pw+U$T6)"//2 _ x‘rt?(n//?) _ (U57)2 )

(lez_ Y

But 7 and 4 are odd, since they are relatively prime to n. Thus

1

(zurz™h, zo127Y) = (u,0) = (u,0°7).

oT 1

Hence u, v°7, zx127 !, zy127 ! is also an r—sequence for G with possibly a different
invariant than w, vy, 1, y1 but with the same reduced invariant S; (cf. Re-
mark 6.12). We now compute the invariant for this r—sequence. First note that
uzy 2z tuTl = yhre = (zylz_l)a; similarly

VO zy 2 T = (zylz_l)c& = (zylz_l)c.

(Note that ¢ = 1 and 7 is odd, so ¢®” = ¢.) Next, modulo the normal subgroup
(y) we have

_1— —1\9
wzryz tuTt = 2079 = (z212 1)
and similarly

. 1 _1\h
VT 212 T =z o = (lez 1)
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Since v°" and u are in the normalizer of (zz127!) we therefore have the equations

uzxiz Tt = (z:z:lzfl)g and 07 (lezfl)v*& = (lezfl)h

Thus u, v°7, zz12~ ", zy12~ ' has the same invariant (a,g,¢,h) as u, v, z, y,

and hence the same reduced invariant S. Thus S = S, as claimed.

Let us now assume that S = S;. We complete the proof of the lemma by
showing that G = G;. (We use the notation introduced in the paragraph before the
last one.) It suffices to show G and G have r—sequences with the same invariant,
since then they have equivalent presentations and hence are isomorphic. First
suppose 2, > 2,s0 1 +2,Z # —1+2,Z and |S| is 2 or 4. Let 6 = 6,44, and
01 = Ouy vy 21,4, (cf. Remark 6.12). If |S| = 2, then by Lemma 6.11 6(u) must be
the unique nontrivial element of S and 6(v) must be trivial; the same is true for
01(uy) and 01 (vy1), so O(u) = 601 (uy1) and O(v) = 01 (v1). On the other hand if |S| = 4,
then 0(v) = 61(v1) since both must be the unique nontrivial element of S N ker
(cf. Lemma 6.11 and Remark 6.12; ¢ is defined in Notation 6.3). Also 6(u) and
01(uy) are not in ker ¢ so either 6(u) = 61 (uy) or 8(u) = 61 (u1v1); we may assume
without loss of generality that 6(u) = 61 (u1) (if necessary replace uy by uiv1 which
changes the invariant but not the reduced invariant of the r—sequence ui, vi, x1,
y1). Hence whatever the value of |S|, we have a = a1, ¢ = ¢1, g = ¢1 (mod n//t)
and h = hy (mod n//t). But by Lemma 6.9 (applied with k =t), g=g1 =h =M
(mod t,). Thus g = g1 and h = hy, so G and G; have r—sequences with the same
invariant, as was to be proved.

Next suppose 2,, = 2. If w and z are any pair of generators of (u,v), then w, z,
x, y is an r—sequence for G with reduced invariant S. With such a modification we
may assume without loss of generality that u and v are chosen with 6(u) = 61 (u1)
and 8(v) = 61(v1). Then a = a1, g = g1 (mod n//t), ¢ = ¢1, and h = hy (mod n//t).
Again applying Lemma 6.9 we have (a,g,¢,h) = (a1, 91, c1,h1), which completes
the proof that G = G;. O

In the next theorem we complete the proof of Theorem 6.5 by showing that
when n is even and ¢ odd, every element of S is the reduced invariant of some
Vi—complement with core invariant A. As with earlier constructions of Frobenius
complements we will begin by constructing the truncated group ring. The reader
might wish to read the last paragraph of the next theorem before reading the rest.

6.14. THEOREM. Suppose n is even andt is odd. Let S € S. Then there exists
(a,g,c,h) € L2, X L3 X Z> X 72 with

S = ((a,g+n//tZ), (c,h+n//tZ));

g=h=1 (mod t,); h=—-g=1 (mod 2,); and (c,h) = (1,1) if | S| < 4.

Let A = (Z[Cmn/t],a,t,Cn/t) be as in Theorem 5.2C, and set x = ¢ and y =
Cm- Then there exists o9 € Aut A with ao(y) = y¢ and oo(z) = z". Further,
oo (/%) = a™/?, |oy| < 2, and 2"/?2 = o3 (2)a™/? for all z € A. Let Ay =
(A, o0, 2,2"//2) and v = Go. Then there exists o1 € Aut Ay with |o1| = 2, o1(y) =
y?, o1(z) =29, and o1 (v) = v~ . Let B= (A1,01,2,—1) and u = 7.

The multiplicative monoid G = {(x,y,u,v) is a Vy—complement with core in-
variant A; u, v, x, y is an r—sequence for G with invariant (a,g,c,h) and reduced
invariant S; and the inclusion G — B induces an isomorphism Z{G) — B. Z{G)

is free of rank ¢(|G|) = 4¢(mn) as a Z-module.
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The conditions specified on the automorphisms oy and o1 should be checked
to imply that the rings 4; and B above make sense (cf. Theorem 2.5 and Re-
mark 2.6B).

PRrOOF. The existence of (a, g, ¢, h) follows from the Chinese Remainder Theo-
rem (note t, and n//t are relatively prime with product n) and the definition of S.
One easily checks that z", y¢ is an 7—sequence for the 1-complement H := (x,y)
(recall that h = 1 (mod t), so r* = r). Hence there exists an automorphism
of H mapping z to " and y to y°; this map induces an automorphism &, of
Z{H) taking T to z" and 7 to 7° and hence an automorphism og of A taking x
to 2" and y to y¢ (cf. Theorem 5.2C). Note oq(x"/?) = gh("//2) = gn//? since
h =1 (mod 2,), and |og| < 2 since h? = 1 and ¢* = 1 (cf. the definition of
S and the fact that 2 = 1 (mod t,)). Also since t is odd, /2 is in the center
of (z,y), so a2z = o2(z)x™//? for all z € A. Hence it makes sense to define
Ar = (A, 00,2,:1:"//2) and to let v = 5o. Let Hy = (z,y,v). By the Cyclic Exten-
sion Lemma 2.8 H; is a Frobenius complement and the inclusion H; — A; induces
an isomorphism Z(H;) — A;. (The isomorphism in question is actually the com-
position of the isomorphism Z{H;) — (Z(H), 0o, 2,5”//2) from Lemma 2.8 and
an isomorphism

(Z<H>7 &07 2, En//2) - (Aa 00,2, xn//Q)

induced by the isomorphism Z{H) — A of Theorem 5.2C.) Since A is free of rank
¢(mn) as a Z-module, A, is free of rank 2¢(mn). H; has a presentation with
generators z, y, v satisfying the relations

=y =1, ay=y'z, v2=2"? wvzr=2"v and wvy=yv.

(The definition of A; is used here; for example vav™! = Gozo, ' = 09(2)500, ' =
z".) Now H; is also generated by x9, y% v~! and these generators can also be
checked to satisfy the above relations: (29)" = (y*)™ = 1; a9y®*z~9 = y°" (since
g=1 (mod t)); (v™1)2 =27 "/2 = (29)™//2 (since g = —1 (mod 2,,));

,Uflya(,ufl)fl — UﬁQUya’Uil’UQ _ xfn//ancxn//Q — (ya)c;

and, similarly, v='29(v=1)~! = (29)". Hence there exists an automorphism of H;
taking =, y and v to 29, y* and v~!, respectively; this induces an automorphism
o1 of Z{H,) and hence induces an automorphism oy of A; taking z, y and v to
29, y* and v~! respectively (arguing as above in the construction of op). Since
a> =1, g> = 1 and o1(v) # v, and A; is generated as a ring by x, y and v,
therefore |o1| = 2. Hence we can form B := (A1, 01,2, —1) and set u = 07 and let
G = (z,y,u,v). {u,v) is a Sylow 2-subgroup of G and it is a generalized quaternion
group, so it has a unique subgroup of order 2. Then by the Cyclic Extension
Lemma 2.8 G is a Frobenius complement and the inclusion G — B induces an
isomorphism Z(G) — B (as before, Lemma 2.8 gives an isomorphism Z(G) —
(Z(Hy),51,2,—1) and the isomorphism Z(H;) — A; induces an isomorphism
(Z(Hy),51,2,—1) — B). Now since A; is free of rank 2¢(mn) as a Z-module,
then B is free of rank 4¢(mn) as a Z-module. By construction H is a normal Z—
subgroup of G and G/H = (uH,vH) = V, since u? and v? are in H and [G : H] = 4.
Thus H is the core of GG, and G has core index 4 and core invariant A. Moreover u,
v, x, y is by construction an r—sequence for G with invariant (a, g, ¢, h) and hence
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with reduced invariant ((a, g + n//tZ),(c,h + n//tZ)) = S. Finally, since n is even
and [G : H| = 4, then the rank of Z(G) is 4¢(mn) = ¢(dmn) = ¢(|G]). O

The last theorem in this chapter gives some basic properties of the rational
truncated group ring of a V;—complement. We will use the notation of the previous

theorem, so that in particular G is a Vj—complement with core invariant A and
reduced invariant S, and Z(G) = B.

6.15. THEOREM. Q(G) is a simple algebra with dimension ¢(|G|) = 4¢(mn)
over Q and with degree 4t if |S| = 4 and 2t otherwise. The inclusion G — B
induces an isomorphism Q(G) — QB, and the center of QB is K771 if |S| =4
and K[v]? if |S| # 4, where K denotes the center of QA.

The proof of Theorem 6.15 will show that if |S| # 4, then K[v] is a quadratic
field extension of K and the restriction of o1 to it has order 2. If |S| = 1, then
K[v]”t = K and the proof will show that K[u,v] is a quaternion algebra over K

and QB =2 QA @k Klu,v].

PRrROOF. [Q(G) : Q] = 4¢(mn) since Z(G) is free of rank 4¢(mn) as a Z—
module. We may assume by Theorem 6.5 that G is the group of Theorem 6.14.
First suppose |S| = 1. Then 2, = 2 (otherwise S must have nontrivial image
in Zy,). Thus Klu,v] is a quaternion algebra over K (note u? = v? = —1 and
uvu~™! = v71) and hence is simple with center K and dimension 4 over K. By
Theorem 5.2D, QA is central simple with dimension ¢2 over K. Further, since
|S| = 1, then v and v commute with  and y, and so every element of K[u,v]
commutes with every element of Q4. Also QB is clearly generated as a Q-algebra
by z, y, u and v, and

[QB: K] =4[QA: K] = [K[u,v] : K][QA : K].

Hence Q(G) = QB = K[u,v] @k QA by [P, Proposition ¢, p. 165]. Thus Q(G) is a
central simple K—algebra of degree 2t [P, Proposition b(i), p. 226]. Since 2,, = 2,
K[v] is clearly a quadratic field extension of K with fixed field K under oy (recall
that o1 (v) = —v).

Next suppose |S| = 2. Then (¢,h) = (1,1), so v commutes with x and y.
L := Q[(mn,e) has no root of unity of order 2(2,,) = |v|, so v generates a quadratic
field extension of L and hence of K (note v? = 2"/ € K since t is odd). By [P,
Proposition ¢, p. 165], QA; = QA @k K[v], so QA; is simple with center K [v]
[P, Proposition b(ii), p. 226]. The automorphism oy of QA; induces on K[v] an
automorphism of order 2 (recall that o; (v) = v~!). Hence QB is simple with center
K[v]? by the theorem of Albert (Theorem 2.5). The degree is therefore 2t.

Finally suppose |S| = 4. Then the surjection 0y 4,4, : (u,v) — S induces
an isomorphism 6 : (u,v)/(v?) — S (cf. Remark 6.12). Since v? is in the center

of (z,y), conjugation induces a homomorphism § : (u,v)/(v?) — Aut(z?,y).
Suppose w € (u,v) commutes with z! and y, d.e., that w(v?) € kerd. Write
wrw™! = xf for f € Z2 (recall that u, v, x, y is an 7—sequence ). Then wyw ™! =y

and 2 = wrlw™! = 2/, so f = 1 (mod n/t). Hence O(w(v?)) = (1, f +n//tZ) =
(1,1), so w(v?) is trivial. Therefore § is injective. Hence the image of §, which
is exactly the group of automorphisms of (y,2") = (Gn,Cut) = ((mnye) induced
by o and o1, has 4 elements. Thus the group (o9|L,01|L) of automorphisms of
L := Q[Cmn ¢) has 4 elements, so [L : L"‘)"’l] = 4. Since [L : K| = tis odd, therefore
[L: L7t N K| = 4t. Thus 0y induces an automorphism of order 2 on K and oy
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induces an automorphism of order 2 on K°°. Therefore QA4 is simple with center
K70 and QB is simple with center K727t (cf. Theorem 5.2D and Theorem 2.5).
The degree of QB over its center is therefore 4. (|



CHAPTER 7

Frobenius complements with core index 12

The isomorphism classes of Aj—complements and their truncated group rings
are computed here. We begin by introducing the numerical objects which will
be shown to be bijective with isomorphism classes of Aj—complements with core
invariant A. We continue to use the notation of Notation 6.2.

7.1. NOTATION. Let S denote the set of all cyclic subgroups S of Zj, x Zn//ﬁt
such that 7% x (1) is a subgroup of S of index either (3,¢) or (3,n), where T™*
denotes the Sylow 3—subgroup of T'.

In some cases S can be described much more simply; see Remark 7.4 below.
Notice that the meaning of the symbol S here is different from that in Chapter 6.

7.2. DEFINITION. Let G be an Aj;—complement with core invariant A. Suppose
that (d,h) € Z?, x Z? and that u, v, z, y, z is a sequence of elements of G such
that H := (u,v,z,y) is a Vy—complement with the same core as G; u, v, x, y is
an r-sequence for H with trivial invariant; 2% = /3, zyz~! = y¢, 2z~ = 2,
zvz~! = u, and zuz~! = vu. We then call u, v, z, y, z an r—sequence for G with
invariant (d, h) and reduced invariant ((d,h + n//6tZ)) (so a reduced invariant of

G is a subgroup of Z3, X Z3, q,).

The next theorem says (among other things) that an Aj—complement with
core invariant A has an r—sequence and hence a reduced invariant, and that all
r—sequences give rise to the same reduced invariant. Note that the notions of
r—sequences for 1-complements, Vy—complements, and As—complements are three
distinct (but related) concepts.

7.3. THEOREM. If there exists an Ag—complement with core invariant A, then
n =2 (mod 4). If n =2 (mod 4), then every Ay—complement with core invariant
A has a unique reduced invariant and assigning to each such Frobenius complement
its reduced invariant induces a bijection from the set of isomorphism classes of
Ay—complements with core invariant A to the set S.

The reader may find it useful to keep in mind that
n=2 (mod4) <= (n,4) =2+=2,=2<=n//2=n/2.

Before turning to the proof of Theorem 7.3 we give an analysis of the set S in
the next remark, and then use this remark and Theorem 7.3 to count the number of
isomorphism classes of Aj—complements with core invariant A. The computation
will show that S can be empty even if n = 2 (mod 4), so this condition is not
sufficient for the existence of an Aj4—complement with with core invariant A.

7.4. REMARK. If 3 does not divide n, then S contains only the trivial group. If
3 divides n but not ¢, then S consists of all subgroups of Zy, x Z?, /6t of order dividing

31
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3. Finally, if 3 divides ¢, then S consists of all cyclic subgroups of Z;, x Z? J/6t having

((r™//3,1)) as a subgroup of index 3. In this case S is naturally bijective with the
set of cosets of the factor group (Z3, x Z;//Gt)/«rt/?’, 1)) of the form (a, g){(r'/3,1))

where ¢ = r™//3 and ¢* = 1. (Assign to any such coset the subgroup of Z?, x Z;//ﬁt
generated by any of its three members.)

PROOF. The assertions above are easily verified except for the last one. Sup-
pose 3 divides t. Any member of S is generated by an element (a, g) of Z?, X Z:l//ﬁt

such that ¢ = 1 and a® = /3 (if (a,g) is any generator, then (a, g)® generates
((r/3,1)), so for some s € Z not divisible by 3 we have (a,g)% = (r"/3,1);
now just replace (a,g) by (a®,¢%)). For any s € Z the cyclic group generated
by (a,g)(r*/?,1)* is independent of the value of s since (r/3,1) € ((r"/3,1)) C
((a,g)). If {(b,h)) = ((a,g)) and h*> =1 and b = /3, then ((a, g)(b, h)’l)3 =1,
so for some integer s, (a,g) = (b, h)(rt/3,1)* (note that ((r*/3,1)) is the unique
subgroup of {(a, g)) of order 3). O

7.5. COROLLARY. Let s denote the number of prime factors p of mn//t with
p =1 (mod 3). The number of isomorphism classes of Ay—complements with core
invariant A is 1 if n = 2 (mod 4) and 3 does not divide n; (3° +1)/2 if n = 2
(mod 4) and 3 divides n but not t; 3°~! if n =2 (mod 4), 3 divides t, and
(4) if plm (pprime) and 3,-1 = ‘T"//g —|—pZ|, then 3,1 =1;
and 0 otherwise (i.e., if either n £ 2 (mod 4) or else 3 divides t and for some
prime divisor p of m, 1 < 3,1 = ’r"//?’ —|—pZ‘).

Note that the condition 1 < 3,1 = |7°"//3 + pZ| simply says that (r 4+ pZ)
contains a nontrivial Sylow 3-subgroup of Z3.

ProOOF. We may assume without loss of generality that n = 2 (mod 4) and that
3 divides n, since otherwise the Corollary is immediate from Theorem 7.3. For any
finite abelian group A and power 3% let As: denote the set of elements of A of order
dividing 3°. By the Chinese Remainder Theorem, from the prime factorization

mn//6t = Hpi(p)
P

(product over all prime factors p of mn//6t) we obtain a ring isomorphism

Loy, X Lyt — HZpi@)
P

and hence a group isomorphism
Ly % Z’:L//Gt - H Z;up) .
P

Each factor Z;i(p) is cyclic [NZ, Theorem 2.34, p. 79] and hence is an internal
direct product of a subgroup isomorphic to Zs and a p-group (recall that Pp(p'P)) =
p®=1(p —1)). Thus for each integer i > 0 we have a natural isomorphism

(5) (Zh, X I3, 1y61) 31 = H (Z3) 4 -
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In particular

(Zp, X Ly, )y61) 5 = H (Z3), = (Z3)°

since Zjy has an element of order 3 if and only if p = 1 (mod 3) (recall that it is
cyclic). Thus Zy, x Z2 //6t has 3° — 1 elements of order 3 and hence
1+((3°=1)/2) = (3°+1)/2

subgroups of order dividing 3 (each subgroup of order 3 contains and is generated
by two elements of order 3). Thus if 3 divides n but not ¢, the set S has (3°+1)/2
elements (cf. Remark 7.4). Let us now finish by considering the case that 3 divides ¢.
In this case Zy, X Zy, /6, (= IL, Z;i(m) has an element of order 3 (namely (rt/3 1)),
so some Zj has an element of order 3. Thus s > 0. It suffices to show that if S| # 0,
then the condition (4) holds, and that if (4) holds, then |S| = 35~1. So first suppose
|S| # 0. Then by Remark 7.4 there exists a € Z¢, with a® = r™//3. Suppose p is a
prime divisor of m with 3,_1 # 1 (i.e. p =1 (mod 3)). We need to show 3,,_1, which
is the order of the Sylow 3-subgroup of Z}, does not equal |r//3 4 pZ|. Now this is
obvious if 7*//3 4+ pZ is trivial, so suppose otherwise. Then it has order a positive
power of 3; since a® = /3 then 3,1 > |a + pZ| = 3|r"//3 + pZ| > |r"//3 + pZ|,
proving (4). Now suppose (4) is valid; we show |S| = 3°~!. Let p be any prime
divisor of mn//6t. If 3,1 = 1, then only one element of Z has cube equal to
/3 4 pZ =14 pZ; if 3,1 > 1 and p divides n//6t, then exactly 3 elements of Zs
have cube equal to 1; and if 3,1 > 1 and p | m, then Zy has exactly three elements
b with b> = 7"//3 + pZ (the hypothesis (4) says r"//3 + pZ does not have maximal
3—-power order in the cyclic group Z3). From the isomorphism (5) we now deduce
that there are exactly 3° elements of Z7, x Z;//ﬁt with cube (r™/3,1), and hence
there are exactly 3°~! cyclic subgroups of Z}, x Z;, /¢, such that (r73,1)) is a
subgroup of index 3 (each such subgroup is generated by three elements with cube
(r™//3,1)). Hence in this case |S| = 3°~'. O

We begin the proof of Theorem 7.3 with a lemma which is the key to the case
when 3 does not divide n.

7.6. LEMMA. Suppose v and § are elements of a Frobenius complement of or-
ders p and s, respectively, where p is a prime not dividing s. If voy~* € (8), then
v¥§ = 0.

PROOF. There is an integer k with vdy~! = 6*. Since § = yPéy P = §*",
then k? = 1 (mod s). Let ¢ be any prime factor of s. Then (7, §%/9) has order pq
and hence is cyclic [Pa, Theorem 18.1(ii), p. 194]. Thus 6%/ = y§%/9y~1 = §ks/a,
Therefore

s/q=ks/q (mods), so 1=k (modgq).

Hence k+sZ is in the kernel of the natural surjective homomorphism p : Z§ — Zg3, .
Therefore the order of k + sZ in Z? divides

| ker p| = ¢(s)/(s0) ,

which is a divisor of s (c.f. equation (24) in Chapter 15). Thus k + sZ has order
dividing (s,p) = 1. Hence vJ = §Fy = §~. O
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7.7. LEMMA. Suppose there exists an Ay—complement G with core invariant A.
Then n =2 (mod 4) and G has an r—sequence.

PROOF. By hypothesis there is a surjective homomorphism Y : G — Ay
whose kernel is the core of G. Then Y~!(V}) is a Vy—complement with the same
core as G. By Theorem 6.5 it has an r—sequence u, v, x, y. Note vu, v, z, ¥ is also
an r—sequence for Y=1(V}). Also n = 2 (mod 4) (apply Theorem 6.5 to T=1(V})).
Hence ¢ is odd and 3 does not divide m (Lemma 5.3(A and B1)). Thus (z"//3) is
a Sylow 3-subgroup of Y~1(V}); hence it is a subgroup of index 3 of a (necessarily
cyclic) Sylow 3-subgroup (z) of G. Since (%) = (2"//3) we may (and do) assume
that z is chosen with 2% = 2"/3. T(z) has order 3 and hence is a 3-cycle in Ay,
and conjugation by T(z) must cyclically permute the three nontrivial elements of
Vi, namely Y(u), T(v) and Y(vu). Possibly replacing u by vu we may assume
Y(zvz71) = Y(u) and Y(zuz~!) = T(vu). Since (x,y) is the kernel of T we can
therefore write zvz~! = y°x®u and zuz~! = y?alvu for some ¢, d € Z,, and e,
f € Zy,. By Lemma 6.8 we can write zyz~! = y* and zz2~! = y/29 where i € Z?2,,
jE€ELm, g€ Z, and g =1 (mod t).

We next prove that v and v commute with x and y, so the invariant and reduced
invariant of the r—sequence u, v, x, y of the V;—complement Y~1(V}) are trivial.
We can write uyu~! = y® and vyv~! = y° for a, b € Z2,. Conjugating the first
equation by z yields the equation

y@ = ylafouyiuto lefy= = yiabrf '
Hence br/ = 1. Now b has order dividing 2 and ' odd order, so b= 1 and r/ = 1,
so f = 0 (mod t). Similarly, conjugating the second equation by z shows that
b=ar®, sor® =1 (whence e =0 (mod t)) and a = 1. Now write uzu~! = z" and
vev~! = 2% where h, k € Z% and h = k = 1 (mod t) (Lemma 6.8). Conjugating
the equation ux = zu by z yields that

yd-i-fo-i-ghkvu _ yd;vauijg _ (ijg) ydvau _ yJ-l-drxgh-i—fUu

(using Lemma 6.7 and the facts that r/ =1 and g = h =1 (mod t)). Hence k = 1
and d = dr. But then d = 0 since (r — 1,m) = 1. Similarly conjugating vex = z*v
by z shows that ¢ = ¢r and gk = gh (using the fact that £k =1 (mod ¢) and r¢ = 1),
so ¢ =0 and h = k = 1. This completes the argument that v and v commute with
z and y.

Let us summarize our partially simplified relations between u, v, =, y, 2: u, v,
x, y is an r—sequence for Y~ (V) with trivial invariant, 2% = 2"/3, zuz=" = zfvu,
227! = 2%, 2oz~ = y729, and zyz~! = y'. We next argue that u, v, z, y, z could
have been chosen so that j = 0. Note that gf3 = 28yz3 = g/ Byy—n//3 = yrn//a,
soi3 =73 Let I=1+4+i42+---4+436)~1 50

(i — 1) =33 — 1= (/3O g —pn g =,

By Lemma 6.8 (applied with s = 3 to conjugation by z on (z,y)) we have that
g> = 1and (1+i+1i?)j = 0 (mod m), and (applied with s = 3(3,), so that
2% = (x"// 3)3" =1 trivially commutes with z and y) we have that m is the product
of the relatively prime factors (m,i—1) and (m, I). Since 1+ i+ 142 divides I, then
(m, 1+ i+ i?) divides (m,I) and hence j = 0 (mod m/(m,I)), i.e., 5 = 0 (mod
(m,i—1)). Now (i — 1)/(m,i — 1) is relatively prime to m/(m,i — 1) = (m,I), so
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there exists ¢* € Z with
*(i—1)/(m,i—1)=—j/(m,i—1) (mod(m,I))
and hence
i*(i—1)=—j (modm).
Let = y" 2. Routine computations show u, v, %, y is an r—sequence for T=1(V})

with trivial invariant. (E.g. use Lemma 6.7 to verify that xn/2= g"/2 = y2))
Further,

/3 — (yi*x)n//B _ yi*(1+r+r2+~»+r<"//3)*l)xn//s _ /3 — .3

because (r —1,m) =1 and

(r—1 (1+r+-+ r("//B)_l) = (r"//3 —1)i* = (i3 —1)i*
=i*i—-1)(1+i+d®) = —j(l+i+4*)=0 (modm).
Next
z b 27l = zyi*:zcz_l = y“*ijg = yi*xg = X9
because
(it"+j)—i"=i"(i—-1)+j=—j+7=0 (modm).

Further since e = f = 0 (mod t) as shown earlier, then zuz~! =2/ vu and
vzt =1e by Lemma 6.7. Thus we may without loss of generality assume j =0

(replace x by ;\é), none of the relations reviewed at the beginning of this paragraph
are changed.

Conjugating both sides of the equation u
n/2

2 = 2"/2 by z we obtain

2 2f,.m/2

z"? = 2lvuzlvu = 2 (vu)? = ¥z

so 2f = 0. Similarly since v*> = 2"/2, then

xq(n//2) — 2%uxu = I2€In/2,

so g(n//2) = 2e + (n/2) (mod n). Since n = 2 (mod 4), therefore n//2 = n/2,
and so 2¢ = 0. Hence e = f = 0 (mod n/2), so z¢, 2/ € (u?). Let U = /v and
% = 2¢* /4. Then 12 = /2, ¥ and ¥ commute with z and s

1 1

v vV Voo
zuz b=z afou=vu; and zvz ¢

f Vv
=r'ru=1u.

VARV, i
Then u, v, z, y, z is an r—sequence for G. [l

7.8. LEMMA. Suppose an As—complement with core invariant A has an r—
sequence with invariant (a,g). Then ¢° = 1, a® = /3, g = 1 (mod (6t),),
and the reduced invariant {(a,g + n//6tZ)) is in S.

PROOF. Let u, v, x, y, z be an r—sequence with invariant (a, g). Since

aS

Y = 23y2_3 — :En//3yx—n//3 =y

/3

then a® = /3. Lemma 6.8 (applied to conjugation by z, with s = 3) implies g° = 1
and g = 1 (mod t). Since z commutes with 23 = 2/3, then 2™/3 = za"//3271 =
29//3) 50 g =1 (mod 3,,) (recall that n = (n//3)(3,)). Since n =2 (mod 4) (by
the previous lemma) and g3 = 1, then ¢ = 1 (mod 2,,). By Lemma 6.9 (applied
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with s = 3 and k = t//3), g = 1 (mod (t//3),). Thus ¢ = 1 (mod (6t),) (every
prime dividing 6t divides 2 or 3 or t//3). Now (r"//3) is the Sylow 3-subgroup of
T and ((a, g+ n//6tZ)%) = ((r™//3,1)), so T* x (1) has index 1 or 3 in the reduced
invariant. If 3|¢, then the index is 3 = (3,n) = (3,t). If 3|n but 3 1 ¢, then the index
is indeed either 1 = (3,¢) or 3 = (3,n). Finally suppose 3 does not divide n. Then
23 = a™/3 = g™ =1, s0 |z| = 3 is not a factor of |z| or |y|. Hence by Lemma 7.6,
z commutes with both = and y, so the invariant (a, g) is trivial. Thus the reduced
invariant has index 1 = (3,t) = (3,n) over the (trivial) Sylow 3-subgroup of T
Therefore in all cases the reduced invariant is in S. |

7.9. LEMMA. Suppose u, v, z, y, z and uy, v1, L1, Y1, 21 are r—sequences with
the same invariant (a,g) for Ag—complements G and Gy with core invariant A,
respectively. Then there is an isomorphism from G to Gy taking u, v, z, y, and z
to ui, v1, 1, Y1, and z1, respectively.

PROOF. The lemma follows from the fact that A and (a,g) completely deter-
mine a presentation of G by generators and relations with w, v, z, y, z as the
generators. [l

We now introduce notations that will be used in Chapters 9 and 10 as well as
in the next theorem.

7.10. NOTATION. Suppose n =2 (mod 4). Let 0 € AutZ[(pn 24 fix G20 and
map (G, to ¢;,. Then let Ay = (Z[(mn/2t], 7,1, Cny2t) and let J = ((m, ) (a subgroup
of A3). If n # 2 then (m,n/2,T) is a proper Frobenius triple (Lemma 5.3B(3))
and J and A are the 1-complement and truncated group ring constructed as in
Theorem 5.2C with respect to this triple. If n = 2, then J = (1) and we may
identify Ag with Z = Z(J). (Note that since 2,,, = 2, then Z[(,p/2¢] = Z[Crnn st
so the o above is the same as the o of Theorem 5.2C, but the & is not!). We let xq,
yo be an r—sequence for J if n # 2 and set zop =y =1 if n = 2.

The next theorem uses the above notation and the group Hs4 of Example 3.1.
Together with Lemmas 7.7 and 7.8 it completes the proof of Theorem 7.3 in the
case that n is not divisible by 3.

7.11. THEOREM. Suppose that n = 2 (mod 4) and that 3 does not divide n.
Then G := Hay X J is the unique (up to isomorphism) As—complement with core
invariant A, and the natural map G — Z[Ha4| ® Ao induces an isomorphism
Z{G) — Z[H2|®Ag. Z{G) is free of rank 4¢(mn) as a Z-module. Q(G) is simple
with degree 2t and with dimension 4¢(mn) over Q; its center is naturally isomorphic

to the center Of Q-AO (namely7 Q[Cmn/t]a) Flnall% (1’7 1)) (kv 1)) (_158)7 (17<m);
(a?,1) is an r—sequence for G.

PRrROOF. By Theorem 5.2 (and Notation 7.10) the inclusion J — A, induces
an isomorphism Z(J) — Ap. By Theorem 3.2 the inclusion Hoy — Z[Ha4]
induces an isomorphism Z{Hs4) — Z[Ha24]. Now Hs4 and J have relatively prime
orders by hypothesis (and Lemma 5.3(B1)), so by the Direct Product Lemma 2.9
G is a Frobenius complement and the natural map G — Z[Ha24] ® Ap induces an
isomorphism Z(G) — Z[H24] ® Ag. The Hurwitz ring Z[Hs4) = Z[i, ], o] is a free
Z-module by Lemma 3.5. Its rank must equal the rational dimension of the ring
Q®Z[Ha4) = Q]i, j], which is a central simple quaternion algebra over Q of rational
dimension 4. By Theorem 5.2 Ay is free of rank ¢(mn) as a Z-module, and Q.4¢
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is simple with dimension ¢(mn) over Q and with center Q[ ¢|7. Thus Z(G) is
free of rank 4¢(mn) as a Z-module, Q(G) is simple with dimension 4¢(mn) over
@, and the center of Q(G) is naturally isomorphic to the center of QAg [P, Lemma
b(ii), p. 225 and Lemma c(ii), p. 226]. The degree of Q(G) is the product of the
degrees of Q[i, j] and Q.Ap, namely, 2t. Now let z = (—1,7), y = (1,(n), u= (i, 1),
v = (k,1) and z = (a?,1). Routine computations show that G = (u,v, z,y, z); that
(x,y) is a normal subgroup of G with G/(x,y) = Hay/(—1) = Ay; and that (z,y)
is a 1-complement with invariant (m,n,7T’). Thus G is an As—complement with
core invariant A. Using Lemma 3.4 one checks that the sequence u, v, , ¥, z is an
r—sequence for G. Now suppose H is any Aj—complement with core invariant A.
By Lemmas 7.7 and 7.8 H has an r—sequence, say with invariant (a, g); ¢ = 1 (mod
(6t),,); and the reduced invariant ((a, g+mn//6tZ)) is in S. But the only element of S
is the trivial group. Thus (a, g) is trivial (recall that n = (6t),(n//6t)). Therefore
every Aj—complement with core invariant A has trivial invariant and hence, by
Lemma 7.9, they are all isomorphic. O

7.12. REMARK AND NOTATION. Suppose n = 2 (mod 4). Let H = (u,v,z,y)
be the Vi—complement with core invariant A and trivial reduced invariant con-
structed in Theorem 6.14 as a subgroup of the algebra B (and denoted in the
statement of Theorem 6.14 by G). In the next theorem we will use H and B to
construct Aj—complements with core invariant A and with reduced invariant any
given element in S in the case that 3 divides n.

We remark on some alternative approaches to A4—complements. First, it is not
hard to show that H = Dg x J and hence that B = Z[i, j| ® Ao where J and Ag are
as in Notation 7.10. Thus in the next theorem H and B could have been replaced
by Dg x J and Z[i, j] ® Ay, respectively. Next suppose that 3 does not divide n.
Let A=—(14u+v+uv)/2 € QB. Then the subgroup (z,y,u,v, A) of QB is an
A —complement with core invariant A. This observation gives an another approach
to the material of the previous theorem.

7.13. THEOREM. Suppose that n =2 (mod 4), 3 divides n, and S € S.

(A) There exists a € Zp, and g € Z% with S = ((a,g + n//6tZ)), g = 1
(mod (6t),), and a® = r"//3.

(B) There is an automorphism 7 of B which restricts on H to a group automor-
phism fizing /3 and mapping u, v, =, and y to vu, u, x9, and y*, respectively.
Moreover, 73(w) = x™/Pwx="//3 for all w € H. Let C = (B,T,3,$"//3), z =T,
and G = (u,v,x,y,z). Then G is an Ag—complement with core invariant A and
reduced invariant S; and u, v, x, y, z is an r—sequence for G with invariant (a,g).

(C) The inclusion G — C induces an isomorphism 0 : Z(G) — C. Z{G) is
free of rank 12¢(mn) as a Z—module. 6 extends to an isomorphism Q(G) — QC.
QC is a simple algebra with dimension 12¢(mn) over Q, with degree 2t(|S|, 3), and
with center K™ if |S| # 1 and K[z2(1 —u—v —ou)] if |S| = 1, where K denotes the
center of QB.

The group H and ring B of the above theorem are those of the preceding
remark. The assertions about 7 in (B) guarantee that C is properly defined (cf.
Notation 2.6B). By Theorem 6.15 the center K of QB is the field Q[ 4] of
Theorem 5.2; if [S| = 1 we will see that —z(1 — u — v — vu)/2 is a root of unity
of order 3(3,) and that it commutes with v, so that in this case it generates cubic
extensions both of L and of L[v].



38 7. FROBENIUS COMPLEMENTS WITH CORE INDEX 12

PrROOF. S = ((a,g0)) for some a € Z?, and gy € Zy, /6, where a® = r"//? and

g2 = 1 (Remark 7.4; note that 7"//3 = 1 if 3 does not divide ¢). By the Chinese
Remainder Theorem there exists g € Z¢, with g = go (mod n//6t) and g =1 (mod
(6t),,), so that g3 =1 (mod n) and g =1 (mod ¢).

Since v and v commute with x and y, then vu and v commute with x9 and y®.
Since g = 1 (mod t), 29y®z~9 = (y*)". Also |29 =n and |y®| = m and (29,y) is
the core of H. Finally, (vu,u) is a Sylow 2-subgroup of H, and (vu)? = (x:9)"//?
since n = 2 (mod 4). Hence vu, u, 29, y* is an r—sequence for H with the same
trivial invariant as u, v, x, y. Thus there is an automorphism 7y of H taking u, v,
x and y to vu, u, 9 and y®, respectively (argue as in the proof of Theorem 7.9).
Hence there is an automorphism 7 of Z{H) taking @, 7, T, 7 to vu, u, T9, g* and
therefore (since the inclusion H — B induces the isomorphism Z(H) — B) an
automorphism 7 of B restricting to 79 on H. Since a® = /3 and ¢® = 1, then
3(z) = 29" = x = 2/B3z2~//3 and 3(y) = ya3 = yrn//3 = g"/3yx="//3; the
analogous formulas with y replaced by u or v hold since u and v commute with
x. Thus 73(w) = 2™/2wz="//3 for all w € B. Finally, 7(x"/3) = x9"//3) = gn//3
since g = 1 (mod (6t),) (so g =1 (mod 3,,) and (n//3)g = n//3 (mod n)). This
completes the proof of the existence of 7. Since B is a free Z-module of rank
4¢p(mn), then C is by construction a free Z-module of rank 12¢(mn). The Cyclic
Extension Lemma 2.8 says that G is a Frobenius group and that the inclusion
G — C induces an isomorphism Z(G) — C. (We use here the fact that the
inclusion H — B induces an isomorphism Z{H) — B, cf. Theorem 6.14.) G
is easily checked to be an Aj—complement with core (x,y) and hence with core
invariant A. By construction u,v,z,¥y,z is an r—sequence for G with invariant
(a,g) and reduced invariant S. Also Q(G) = Q ® C has dimension 12¢(mn) as a
Q-algebra. We can identify QC = Q ® C with (QB, 7,3, x"//3) (cf. Remark 2.6C).
It remains to argue that QC is simple and to compute its center and degree.

First suppose that S is nontrivial. If 7 were trivial on (2!, y), then y = 7(y) = y*
soa=1,and z' = 7(2*) = %9 so g = 1 (mod n/t). Thus g = 1 since by construction
g = 1 (mod t,). This contradicts the hypothesis that S is nontrivial. Hence
7 is nontrivial on the cyclic group (z',y) and hence on the cyclotomic extension
L=Q [xt, y] =Q [Cnm/t]. Both ¢ and 7 induce automorphisms on L (and hence on
all of the subfields of L). On L we have 7° = ¢"//3 and 7o = o7, so |(o|L,7|L)| <
3t. Suppose T|L = (o|L)" for some integer i. Then since o(z') = z’, we have
29" = 7(2') = 2*, s0o g = 1 (mod n/t), whence g = 1 (mod n//6t). Thus a # 1
(by hypothesis S is nontrivial). Also y" = o'(y) = 7(y) = y%, so a = r*. Thus
|la| divides t. Since a® = r"//3, the order of a is a power of 3. Hence 3 divides .
Since 7% = a® = r™/3, then 3i = n//3 (mod t). But then 0 = n//3 (mod 3), a
contradiction. Hence 7|L & (o|L). Thus |(o|L,7|L)| = 3t. Setting K = L% we
therefore have

(K : K] [L:KT)[L: K] =[L: L]t

[(o| L, 7|L)|t ™" = 3.

Thus by the last part of Theorem 2.5 QC is simple with center K. Hence the
degree of QC is triple the degree of QB, namely 6t = 2¢(|S],3) (cf. Theorem 6.15).

Next consider the case that S is trivial. Then z commutes with  and y. Now
x and y also commute with « and v, and hence with A := (=1 +u+v+vu)/2 (an
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element of QC). Also A and z commute since conjugation by z just permutes the
summands of A. Hence |Az| = |z| (the order of z is a nontrivial power of 3 since
23 = 2"//3 by construction, and |A| = 3 by Lemma 3.4E). (In the application of
Lemma 3.4E we are identifying u, v, and A with i, k, and «. Formally we have
a homomorphism (i, k) — G taking i and k to w and v, and this map induces a
homomorphism p : Z[i, k] — C taking 2 to 24; p can be used to push the formulas
of Lemma 3.4 into C.) Further, Az commutes not only with = and y but also with
u and v, since conjugation by A and by z give inverse automorphisms of (u,v)
(Lemma 3.4A). Hence Az is in the center of QC. Thus the center of QC contains
K[Az]. Since a = 1, then /3 = 1, so t divides n//3. Hence z™/3> € K. Now Az
is a root of the polynomial X3 — z"/3 ¢ K [X]. The roots of this polynomial are
roots of unity of order 3(3,,) and hence do not lie in K (recall K C Q[ ¢]). Thus
K[Az] is a cubic field extension of K. Hence QC = QB @k K[Az] [P, Proposition
a, p. 225]. Thus QC is simple with center K[Az] [P, Proposition b(ii), p. 226].
The degree of QC is 2t = 2t(|S],3) because QB has degree 2t (Theorem 6.15),
[QC : QB] =3, and [K[Az]: K] = 3. O

It remains to solve the isomorphism problem when 3 divides n, i.e., to show
that in this case every Aj—complement with core invariant A has a unique reduced
invariant and that the reduced invariant determines the Aj—complement up to
isomorphism.

7.14. LEMMA. An Ay—complement G with core invariant A has only one re-
duced invariant.

PRrOOF. By Theorem 7.11 we may suppose 3 divides n. Let u, v, x, y, z and uy,
v1, Z1, Y1, 21 be r—sequences for G with invariants (a, g) and (a1, g1), respectively.
By Lemma 7.8

a?’ — a“:l)) — 7’-77’//37 g?’ = g% = 1, g = g1 (mod (6t)n) .
We can write y; = y® and 2, = y°z" for some b € Z2,, ¢ € Zy,, and h € Z2. As
usual h =1 (mod t) since

brl -1 _ r _ _br
Y =Iiyyiry =Yy =Y .

We can also write z; = y%zfv'u/2® where s = 1 or 2, d € Zp, f € L, i, j € Z.
Then

arb _ a1 __ -1 ba’rt
Y =y =z =y )

so a; = a®rf and hence r™/3 = ¢5(//3)+3F Therefore
(6) (s=1)(n//3)+3f=0 (modt).

Similarly modulo the normal subgroup (y) we have

_ s
29 = 2P = 2yt = 2P

and so g1 = ¢g®. If 3 does not divide ¢, then the congruence (6) implies that 3f =0
(mod t), and so f =0 (mod t). Hence a; = a®. Thus
(avg + n//GtZ)S = (alagl + n//6tZ) )

so the reduced invariants of the two r—sequences are the same. Now suppose 3
divides t. Then the congruence (6) says (s —1)(n//3) =0 (mod 3), so s = 1. Thus
g = g1 and f =0 (mod t/3). It follows that rf has order dividing 3 and hence lies in
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the unique subgroup of (r) = T of order 3, namely (r/3). Thus (a, g+ n//6tZ) and
(a1, g1 +n//6tZ) lie in the same coset of (Z2, x Z;//(ﬁt))/«rt/?’, 1)) and so generate
the same subgroup of Z3, X Z, /) (cf. Remark 7.4). O

The next lemma will complete the proof of Theorem 7.2.

7.15. LEMMA. Suppose G and G1 are Ag—complements with core invariant A
and with the same reduced invariant. Then G = G1.

PROOF. We may suppose 3 divides n (Theorem 7.11). By hypothesis there are
r—sequences u, v, z, y, z and uy, v1, 1, Y1, 21 for G and G; with invariants (a, g)
and (a1, g1), respectively, such that

S :={(a,g +n//6tZ)) = {(a1,91 + n//6tZ)) .

Our strategy is to construct a new r—sequence for G with invariant (a;,g1) and
then to invoke Lemma 7.9 to conclude that G =2 (5.

First suppose 3 does not divide ¢, so that the reduced invariant .S is a subgroup
of Z3, X L3, 6, of order dividing 3 (Remark 7.4). Then for s equal to either 1 or 2,

(a,g +n//6tZ)° = (a1,91 + n//6tZ) .

Hence a® = a; and ¢° = ¢1 (apply Lemma 7.8 which says ¢° = g1 (mod(6t),)). If
s = 1 there is nothing to prove, so suppose s = 2. Consider the sequence v3, u3, 27,
y, 22 where i € Z is chosen so that i = 2 (mod 3,,) and i = 1 (mod n//3). Since 3
does not divide ¢, then i = 1 (mod t), so z'yz~% = y". Also |z*| = n since (i,n) = 1.
Thus v3, u?, 2%, y is an r-sequence for the Vj—complement (u,v,z,y) with trivial
invariant (cf. Definition 6.4). Further, (22)% = 22("/3) = (2)"//3 since i = 2 (mod
3n). Also 22yz72 = y“2 = y® and 2%2%272 = 79" = (x%)91. One easily computes
that z2u3272 = v? and 2203272 = (vu)?® = w33, Tt follows that v3, u3, 2%, y, 22 is
an r—sequence for G with invariant (a1, g1), so G = Gj.

Now suppose 3 divides ¢. In this case the construction of a suitable r—sequence
for G is a bit more subtle. Pick an integer s’ with s’ = 1 (mod 3;) and s’ = 0 (mod
n//3), and set s = s’t/3. Then s = t/3 (mod t) and s = 0 (mod (n//3)(3:/3)).
Since 3 divides ¢ and g = 1 (mod t), then 1+ g + g = 0 (mod 3). Hence there
exists v € Z, with 3y = 1+ g+ g% Since (n//3,3,) = 1, there exists u € Z with
u(n//3) =1 (mod 3,). By the Chinese Remainder Theorem we can pick h € Zj,
with h = 0 (mod n//6t), h = 0 (mod 2,), and h = pus’y (mod 3,). Now set
7=1+1th € Z,,s0o 7 =1 (mod t) and (7,n) = 1. By the choices of v, u, and h
(respectively) we have that modulo 3,

s'(t/3)(1+g+g°) = 5'(t/3)(37) = tus'y(n//3) = thn//3)
and hence s(1 + g + ¢%) = (r — 1)(n//3) (mod 3,). Since s = 0 (mod n//3) we
conclude that
(7) (r=1)(n//3) =s(1+g+g°) (modn).

Now consider the sequence u, v, 27, y, z°2. We show this is an r—sequence
for G. Clearly u, v, 27, y is an r—sequence for (u,v,z,y) with trivial invari-
ant (one uses here only the facts that 7 = 1 (mod t) and (7,n) = 1). Next
(2%2)3 = go(Fata”)gn//3 — (47)//3 (by the congruence (7)), (z°z)u(z*z)~! = vu,
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and (z°2)v(2°2) " = u (since v and v commute with z). Finally, (z°2)y(z°2)"! =
yor* = yor”? and (x52)a7 (2°2)~1 = (27)9. This shows u, v, 7, y, ¥°z is an r—
sequence for G with invariant (ar'/3, g). By Remark 7.4, a; = a(rt/3)? for i = 0, 1
or2and g = g;. If i = 0 then a; = a, so G and G; have r—sequences with the same
invariant; if 4 = 1 then G and G still have r—sequences with the same invariant
(a1,91): the sequence u, v, 7, y, x°z works for G. If i = 2 then the above argument
shows u, v, ;CT2, Y, 25t 2 is an r—sequence for G with invariant (aq,g1) (repeat
the construction of the r—sequence u, v, 7, y, £°z from the r—sequence u, v, x,y, z
but now starting with the r—sequence w, v, 27, y, °z) . Hence for any value of i,
G =Gh. O



CHAPTER 8

Frobenius complements with core index 24

The next definition focuses on a type of presentation by generators and relations
of S;—complements. We continue of course to use the notation of Notation 6.2.

8.1. DEFINITION. Suppose G is an Sy—complement with core invariant A. Sup-
pose u, v, w, x, Yy, z is a sequence of elements of G and (a,g) is an element of
Z2, x Z» such that H := (u,v,x,y,2) is an Ay;—complement with the same core as
G; that u, v, z, y, z is an 7—sequence for H with trivial invariant; and that w? = u,
wrw™ ! =29, wyw! =y, and wzw ! = 27"/3v22. We then call u, v, w, z, y, z
an r—sequence for G with invariant (a,g) and reduced invariant {(a,g + n//6tZ)).

One assertion of the next theorem is that an Sy—complement has an r—sequence
and all such have the same reduced invariant.

8.2. THEOREM. There exists an Sy—complement with core invariant A if and
only if 3 does not divide t and n = 2 (mod 4). If 3 does not divide t and n = 2
(mod 4), then each Si—complement with core invariant A has a unique reduced
invariant, and assigning to each such Frobenius complement its reduced invariant
induces a bijection from the set of isomorphism classes of Sy—complements to the
set of subgroups of Zy, x Z;//ﬁt of order dividing 2.

8.3. COROLLARY. Suppose n =2 (mod 4) and 3 tt. Let s denote the number
of distinct prime divisors of mn//6t. Then there are 2° isomorphism classes of
Sy—complements with core invariant A.

PROOF. Z?, x Z;//m is a direct product of s cyclic groups of even order. Now
apply the above theorem. O

As usual we proceed in a sequence of lemmas.

8.4. LEMMA. Let G be an Sy—complement with core invariant A. Suppose we
have a sequence u, v, w, x, y, z of elements of G such that H := (u,v,z,y,z) is
an Ag—complement with the same core as G; that u, v, x, y, z is an r—sequence for
H with invariant (b, h); that |(w,v)| = 16; and that w? = u, wzw™! € (x,y)v2?,
wrw™ !t = y°x9, and wyw ! = y* where a, ¢ € Ly, and g € Z,. Then 3 | t,
b=1,h=1,g=-1 (mod3,),g= 1 (mod2t,), > =1,a®>=1,cla+1) =0,
(mya+1l,a—1) =1, m = (mya+ 1)(m,a — 1), wow™ = wv, and wzw™! =
x~"/3y22. Moreover, there exists an integer a’ with a’(a—1) = —c (mod (m, a+1)),
and u, v, w, y“/x, y, z is an r—sequence for G with invariant (a,g) for any such

a.

PROOF. By Theorem 7.3, n = 2 (mod 4). Hence by Lemma 4.1A, vwv™! =
w~! and thus
wow ™ = w(vw_lv_l)v =w?v = ww.

42
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By Lemma 6.8 (applied with s = 2 to conjugation by w) we have a® = 1, g% = 1,
g=1(modt),c(l4+a)=0,(ma+1l,a—1)=1,and m = (m,a+ 1)(m,a — 1).
Lemma 6.9 then implies that ¢ = 1 (mod t¢,). Since n = 2 (mod 4) and ¢g? = 1,
then ¢ is odd and g = 1 (mod 2t,,).

By hypothesis we can write wzw ™! = y?zv2? for some d € Z,, and e € Z,.
Conjugating each term of the equation zy = y®z by w yields the relation

1

2 e
yd-i-ab T rluz

so br® = 1. By Lemma 7.8 then, r("/3)43¢ = 1 50 (n//3) + 3¢ = 0 (mod t). Hence
3 does not divide ¢, as claimed. Thus ¢ divides n//3, so 3¢ = 0 (mod t¢) and hence

e =0 (mod t). But then 7¢ = 1, so b = 1. Next conjugate the relation zz = 2"z
by w to deduce that modulo the normal subgroup (y) we have

2 ba+d e, . .2

=ylztvz?yt =y zfvz

2
2€TIN 022 = 202229 = p9MTey22

so that h = 1.

Now conjugate 2™/ = 23 by w; by Lemma 6.7 since ¢ divides n//3 we have
29(n//3) _ (ydxevz2)3 _ ySdIBGZG _ ydeBGJrQn//B.
Thus d = 0 (Lemma 5.3(B1)) and

(8) 3e= (g —2)(n//3) (modn).

Thus e = 0 (mod n//3). We further claim ¢ = —1 (mod 3,). This is trivial if
3t n; if 3 is a factor of n then the congruence (8) implies that g = 2 (mod 3), so
(3,9 —1) = 1. But since g> =1, then (g — 1)(g +1) =0 (mod 3,),s0 g+ 1 =0
(mod 3,,), as claimed. The relation w? = u implies that modulo (y),

—1 2 -2 _ 1

vz = u(zuilzfl)zzw 2ZW = wrfvzlw”

2 _
= xgeuv(xev,ZQ) = goet2etn//3,=1,

soe(g+2)+n//3=0 (modn). But g = —1 (mod 3,), soe = —n//3 (mod 3,,). Since
e =0 (mod n//3), we conclude that e = —n//3 (mod n). Thus wzw ™ = x= /322,

It remains to prove the last sentence of the lemma. Since a—1 and (m,a+1) are
relatively prime, there exists o’ € Z with a’(a—1) = —c¢ (mod (m,a+1)). But then
a'(a—1) = —c¢ (mod m) since m = (m,a—1)(m,a+1) and ¢ =0 (mod (m,a — 1))
(recall that ¢(14+a) = 0). Now set r= y* . Then u, v, %, y is clearly an r—sequence

. ceq s . M .

for (u,v,z,y) with trivial invariant. Indeed, u, v, z, y, z is an r—sequence for H
with trivial invariant since ¢ divides n//3 and hence an//3= g/ = ;3 (Lemma 6.7).

Vv
To verify that u, v,w, =, y, z is an r-sequence for G with invariant (a, g) it remains
only to observe that

’ ’ g
w b w = y@atexd = (y“ ;v)g —
since g =1 (mod t) and a’(a — 1) = —c¢ (mod m). O

8.5. LEMMA. Suppose G is an Sy—complement with core invariant A. Then
n =2 (mod 4) and 3 does not divide t. G has an r—sequence, and both the invariant
and reduced invariant of any r—sequence for G have orders dividing 2.

PrOOF. By hypothesis there is a surjective homomorphism T : G — S4 whose
kernel is a Z-group with invariant A. Then H := T~!(A4) is an A4—complement
with the same core as G. Hence by Theorem 7.3, n = 2 (mod 4) and H has an
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r—sequence u, v, &, Y, z, say with invariant (b, h). There is a Sylow 2—subgroup of
G containing (u,v). It must be a generalized quaternion group and hence have an
element w of order 8 whose square must be in (u, v); we may assume without loss of
generality that w? = u (if necessary replace w by an element of the form ztwz~‘u/
where 4,5 € {0,1,2}).

Y(z) has order 3 and T(w) has order 4. Hence without loss of generality we
may assume Y is chosen so that Y(z) fixes 4 and Y(w) = (1234). Thus Y(u) =
T(w?) = (13)(24). We claim Y(z) = (132). For suppose this is not true. Then
Y(z) = (123). Thus T(wzw™!) = (234) = Y (uz?), so wzw™ = yuz? for some
v € {(x,y). Since zvz™! = u and u commutes with v (Definition 7.2), we have
(conjugating by w)

2 2

U = yuz uvz !

-1,-1 -1
=quT T =,

a contradiction. Thus T(z) = (132), as claimed. Therefore
T (wzw ™) = (243) = T(2%u) = T (v2?).
1

u_lfy_

Hence wzw™! € (z,y)vz2. Of course we can write wyw ! = y* and wrw ™! = y°z9
for some a, ¢ € Zy,, and g € Z,,. Then Lemma 8.4 applies to tell us that 3 1 ¢; that
G has an r—sequence with invariant (a, ¢); and that both the invariant and reduced
invariant of any r—sequence have order at most 2. (|

8.6. PROPOSITION. Suppose G and G1 are Sy—complements with core invariant

A. Suppose (a,g) and (a1, g1) are the invariants of r-sequences u, v, w, x, y, z and
uy, V1, Wi, 1, Y1, 21 of G and G1, respectively. Then the following are equivalent:

(A) GGy ;

(B) ((a,g 4 n//6tZ)) = ((a1, 91 + n//6tZ)) ;

(C) ((I,g) = (alagl) 5

(D) There is an isomorphism G — Gy taking u, v, w, x, y, z to uy, vy, w1,

1, Y1, 21, respectively.

Note that the implication (A) = (B) (applied in the case G = G) says that
the reduced invariant of an Sy;—complement is unique.

PRrROOF. Clearly (D) = (A). We now show (A) = (B) = (C) = (D).

(B) = (C). This is immediate from Lemma 8.4, since the element g of Z,, is
completely determined by the congruences g =1 (mod 2t,), g = —1 (mod 3,,) and
g = (g +n//6tZ) (mod n//6t).

(C) = (D). The invariant (a, g) determines a presentation of G by the gener-
ators u, v, w, x, y, z and the relations described by Definition 8.1 and Lemma 8.4.
If (a,g) = (a1, g1), then G1 has an equivalent presentation, and hence is isomorphic
to G.

(A) = (B). We may suppose without loss of generality that G = G;. Let
w, v, w, T, Yy, z and uy, v, w1, T1, Y1, 21 be r—sequences for G with invariants
(a,g) and (a1, g1), respectively. Now S, has a unique subgroup of index 2 and
hence by hypothesis G has a unique subgroup of index 2 containing its core. Thus
(u,v,2,y,2) = (u1,v1,21,Y1,21), and hence wy € G\(u,v,z,y,2). Thus we can
write w; = y°z/yw for some ¢ € Z,,, f € Z,, and v € {u,v,z) (so v commutes
with z and y). Similarly we can write y; = y* and z; = y?2® for b, d € Zy,, € € Z,,.
Then

yit = wignwy = yeal ywytw Ty ey e =y
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Thus a1 = arf, so 1 = 2/, so r/ =1 (recall t = |r| is odd). Thus a = a;. Next,
modulo the normal subgroup (y) we have

g1 — -1 _ .f e —1_ -1 —f _ .9
T =wriw;, s =rywrw Y X% =7,

so g = ¢1. Condition (B) follows immediately. O

The next theorem completes the proof of Theorem 8.2 by establishing the sur-
jectivity part of the bijection in the theorem. The integral and rational truncated
group rings of Sy—complements are also described.

8.7. THEOREM. Suppose n = 2 (mod 4) and 3 does not divide t. Let S be a
subgroup of Zy, x Z;//Gt of order dividing 2.

(A) There is an Ay—complement H with core invariant A and trivial invariant.
There exists (a,g) € Z2, x Z% with S = ((a,g + n//6tZ)), g = —1 (mod 3,,),
and g = 1 (mod (2t),). The natural map H — Z{H) is injective; let u, v, z,
y, z be an r—sequence for its image. Then there is an automorphism p of Z{H)
mapping u, v, x, Y, 2 to u, uv, x9, y°, z~"By22, respectively. For each v € Z{H),
p*(v) = uyu™".

(B) Let D = (Z(H),p,2,u), w = p, and G = (u,v,w,x,y,z). Then G is
an Sy—complement with core invariant A, and u, v, w, T, Yy, z IS an r—sequence
for G with invariant (a,g) and reduced invariant S. The inclusion map G — D
induces an isomorphism Z{G) — D. Finally Z(G) is free of rank 8(n,3)p(mn) as
a Z-module.

(C) Q(G) is isomorphic to QD, which is simple with dimension 8(n,3)p(mn)
over Q. Let E denote the center of Q(H). If 31 n and S is trivial, then QD has
degree 2t and center E[(l — u)w} ; otherwise QD has degree 4t and center EP.

The proof of Theorem 8.7 will show that if 3 does not divide n and S is trivial,
then E[(1 — u)w] = E[V2] # E.

PROOF. Since 3 does not divide ¢, then the trivial group is in the set S of
Notation 7.1 and hence is the reduced invariant of an A4—complement H with core
invariant A (by Theorem 7.3). The invariant of H is then also trivial (Lemma 7.8).
The existence of (a, g) follows from the Chinese Remainder Theorem (again recall
that 3 does not divide t). The natural map H — Z(H) is injective by Lemma 2.3.
Hence the image of H has an r—sequence u, v, x, y, z. Now consider the sequence wu,
wv, 9, y*, £="/3vz2. First note that g2 = 1 since g = 1 modulo n//6t, modulo 3,,
and modulo (2t),,. Since g =1 (mod t), then u, v, 29, y* is easily checked to be an
r—sequence with trivial invariant for the Vy—complement (u, v, x,y) = (u, uv, 29, y*).

Also
(x—n//3v22)3 — o (=n//3)3,2,2,.2(n//3) _ .—n//3 _ (xg)"//?’

since g = —1 (mod 3,,). Since t divides n//3, 27 "/3v2% commutes with z and y.
Next,

(:c’”//3vz2)U(:c’”//3v22)_1 =z By~ = v = (uwv)u

and (x_"//3vz2) (uv) (:E_"//3vz2)_1 = u. Thus u, wv, 9, y*, ©~"/3v2? is also an
r—sequence with trivial invariant. Hence by Lemma 7.9 there is an automorphism
of the image of H in Z(H) taking u, v, x, y, z to u, uv, 9, y*, = "/3vz%. Then
this automorphism extends to the automorphism p of Z(H). To verify the last
part of (A) we must show uy = p?(y)u for ¥ = u,v, 2,y and z. The cases when
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~v = u,v,z,y are easily checked using the identities ¢g> = 1 and a® = 1. Finally,
since g(n//3) = —n//3 (mod n), then

P(2)u = x_g("//B)uv(x_"//BUZQ)(:r_"//gvz_2z32)uz_lz
= wovz” " Pouz™Pouz = uz.

This completes the proof of (A).

The assertions of part (A) guarantee that D is well-defined (cf. Notation 2.6B).
Theorems 7.11 and 7.13 say that Z(H) is free of rank 4(n, 3)¢(mn) as a Z-module.
Also [G : H] = 2 clearly divides |H]|, and the Sylow 2-subgroup (w,v) of G is a
generalized quaternion group. Thus we can apply the Cyclic Extension Lemma 2.8
to deduce that G is a Frobenius complement and the inclusion G — D induces an
isomorphism from Z(G) to D, which by construction is free of rank 8(n,3)d(mn)
as a Z-module. Now (x,y) is by construction a normal Z-subgroup of G. G/{(x,y)
is generated by the cosets of wz and of z since

w=(wz)z"', wu=w? and v=z"luz.
One checks that modulo (z, y)
(wz)?=1, 2*=1, and ((wz)z)4 =1.

Hence G/(x,y) is a homomorphic image of Sy [B, p. 119]; since G/(x,y) has order
2[H : (z,y)] = 24, then G/(z,y) = S4. Thus G is an Sy—complement with core
(x,y) and therefore core invariant A. By construction u, v, w, z, y, z is an r—
sequence with invariant (a,g) and core invariant S. (The automorphism p is just
conjugation by w.) This completes the proof of part (B).

We have isomorphisms

Q(G) = QD = (Q(H), p, 2, u)

(Notation 2.6); thus by Albert’s Theorem 2.5 QD is simple with center E? if p has
order 2 on E. Now p? is conjugation by wu, so its restriction to F is trivial. Hence
p has order 2 on E if and only if it is nontrivial on E. Now by Theorems 6.15, 7.11
and 7.13, £ D K := Q[:ct,y]g where o is the automorphism of D given by con-
jugation by z. If 3 divides n, then since ¢ = —1 (mod 3) we have ! € E and
p(z') = 2" # z'. Now suppose 3 does not divide n and S is nontrivial. Then the
restriction of p to Q[:vt, y] is an automorphism of order exactly 2 (this is obvious
if a # 1; if g+ n//6tZ # 1 then g # 1 (mod n/t), so p(at) = 29 # a*). Hence
this restriction does not fix Q[a', y}a (otherwise p|Q[z!, y] € (¢|Q[x",y]), which is
impossible since the restrictions of p and ¢ have orders 2 and ¢, respectively, and
t is odd). Thus p has order 2 on E. When this happens the degree of Q(G) is
clearly twice that of Q(H), which is 2¢ for all Aj—complements with core invariant
A and trivial invariant. Thus if either S is nontrivial or 3 divides n, then indeed
Q(G) is simple with degree 4t and center E°. Now suppose S is trivial and 3
does not divide n. Then FE = Q[xt,y]g by Theorem 7.11, which also implies that
Qlu,v,z,y, z] = Qu,v,z,y]. (Remember that x and y are in Z(H), not H.) Now
let n = (1 — u)w, so that n? = (—2u)u = 2 (recall that w? = u). By hypothesis
n commutes with z and y; it clearly commutes with u, and also with v since by
Lemma 8.4

vt = (v(1 — w)o Ho(wr rw Hw = (1 + w)v(uw)  w =17.
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Hence E[n] is contained in the centralizer of Q[u, v, x,y, 2] = Q(H), which is simple
with center E. Since n =2 (mod 4), then 2 is unramified in Q[z',y] [R, 4B(1), p.
269] and hence in E. Thus 2% — 2 is irreducible over E, so E[n] is a quadratic field
extension of E. Hence

[Eln] : E]Q(H) : E] = [QD : E].
Further, since (1 + u)n = 2w, then the set E[n] U Q(H) generates QD. Hence by
[P, Proposition ¢, p. 165] QD = E[n] ® g Q(H). This implies that QD is simple
with center E[n] as claimed. Thus the degree of Q(G) is the same as that of Q(H),

namely, 2¢. In all cases the rational dimension of Q(G) is the same as the rank of
Z{G), namely 8(n, 3)p(mn). O



CHAPTER 9

Frobenius complements with core index 60

We continue to use the notation of Notation 6.2 and, when n = 2 (mod 4), the
notation of Notation 7.10.

9.1. THEOREM. There exists an As—complement with core invariant A if and
only if (mn,60) = 2. Suppose (mn,60) = 2. The unique (up to isomorphism)
As—complement with core invariant A is J x Hysg. Moreover, Z{J x Hiag) is a
free Z—module of rank 8¢p(mn) and the natural map J x Hyag — Z(J) ® Z{H120)
induces an isomorphism Z{J X Hya0) — Z(J) @ Z{H120). Q(J x H1a9) is a simple
algebra with dimension 8¢(mn) over Q and with degree 2t; its center is naturally
isomorphic to K[\/g] , a quadratic field extension of the center K of Q(J).

The rings Z{H120) and Z({J) were analyzed in Theorems 3.2 and 5.2, respec-
tively. (If J =1 then Z(.J) = Z.) The proof of Theorem 9.1 will show that J x (—1)
is the core of G.

PROOF. First suppose (mn,60) = 2. Let G = J X Hyag. Z{J) is free of rank
¢(mn) as a Z-module (note that ¢(1) = 1; if n # 2 apply Theorem 5.2 to the triple
(m,n/2,T), noting that ¢(mn) = ¢(mn/2)). Z{Hyz) is isomorphic to Z[H;20]
(Theorem 3.2), which as a Z-module is free (cf. Lemma 3.5). Its rank is therefore
the rational dimension of Q[H20] = Q [i,j, \/5} , which is 8. Since Hyag and J have
relatively prime orders we can apply the Direct Product Lemma 2.9 to deduce that
G is a Frobenius complement and

Z(G) = Z(J) @ Z{H120) ,

so Z{G) is free of rank 8¢(mn) and Q(G) has rational dimension 8¢(mn). Next,
J x (—1) is a normal Z-subgroup of G with

G/(J x (=1)) = Hio/(~1) = 45,

so J x (—1) is the core of G and G is an As—complement. If n = 2 then G has core
invariant (1,2, (1)) = A (Lemma 5.3(B2)); suppose n # 2. Let = (z9,—1) and
y = (yo,1). Then (z,y) is the core of G, |z| = n, |y| = m, and zyz~' = y", so in
this case also G has core invariant (m,n, (r)) = A.

Q[H120] = Q[i,j, \/5} is a generalized quaternion algebra over Q[\/g}, S0 it is
a simple algebra with center Q [\/5] Next, Q(J) is simple and its center, call it K,
is isomorphic to a subfield of Q[Cnp /4] (cf. Theorem 5.2 if n # 2). Since 5 does not
divide mn, then v/5 ¢ K [R, 4B(1), p. 269]. Hence the center of Q(.J) ® Q[H20),
namely K®Q [\/5 } , is a quadratic field extension of K isomorphic to K [\/5 } . Thus
we have an isomorphism

Q(G) = (Q[H120] ®gpy5 KIV5]) @15 (QU) @k K[V5])

48
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(cf. [P, Exercise 3, p. 226]). Hence Q(G) is simple with center isomorphic to
K[V5] [P, Proposition b((i) and (ii)), p. 226]. The degree of Q(G) is the square
root of

[Q(G) : Q)/[K[V5] : Q] = 8p(mn)/2[K : Q] = 4[Q(J) : K] = 4t
(cf. Theorem 5.2), i.e., the degree is 2t.

Let us now suppose G is any As—complement with core invariant A; we must
show that (mn,60) = 2 and G = J x Hjg9. Since Aj is not solvable, then G is not
solvable. Thus by a theorem of Zassenhaus [Pa, Theorem 18.6, p. 204], G has a
normal subgroup M of index at most 2 which is isomorphic to H x Hio where H
is a Z—-group of order relatively prime to 30. Now G has a subgroup which is an
A —complement with the same core invariant A as G, so by Theorem 7.3 n = 2
(mod 4). But then since |G| = mn|4s], 2j¢; = 8. But 8 is already a divisor of
the order of H x Hjog; hence M = G. Without loss of generality we may assume
G = H x Hyz9. We must show H = J. The core of G is H x (—1) since this is
a normal Z-subgroup with factor group As (cf. the Classification Theorem 1.4).
Hence H x (—1) has invariant A. If n = 2 then clearly H = J = 1 and we are
done. Suppose n # 2. Suppose the Z-group H has invariant (mq,n1, (r1)) and
ri—sequence x1, y1. Let z = (x1,—1) and y = (y1,1). Then |x| = 2nq, |y| = my,
ryr~! =y™ and (x,y) = H x (—1). Therefore H x (—1) has invariant

(mv n, <T>) = (mlv 2ny, <T1>) )
so the invariant of H is
(mlvnlv <T1>) = (mvn/2a <T>) .

Thus H and J are isomorphic since they have the same invariant (Theorem 5.2).
We also have that (mn,60) = 2 since (m1n1,30) =1 and n = 2 (mod 4). O



CHAPTER 10

Frobenius complements with core index 120

As with other types of Frobenius complements, representations of Ss—comple-
ments by generators and relations will be developed at least implicitly (e.g., see
Theorem 10.6B). However the emphasis will be put in this chapter on the close con-
nection between Ss— and S;—complements (cf. Proposition 10.7 below). The next
definition exploits this connection to associate invariants with Ss—complements.
We continue to use the notation of Notation 6.2 and, when n = 2 (mod 4), Nota-
tion 7.10.

10.1. DEFINITION. Suppose G is an Ss—complement with core invariant A. An
element (a, g) of Z?%, x Z? is an invariant for G (and ((a, g + n//6tZ)) is a reduced
invariant for G) if it is an invariant for a subgroup of G which is an S;—complement
with the same core as G.

10.2. THEOREM. There is an Ss—complement with core invariant A if and only
if (mn,60) = 2. When (mn,60) = 2, each Ss—complement with core invariant A
has a unique reduced invariant and assigning to it its reduced invariant induces a
bijection from the set of isomorphism classes of Ss—complements with core invariant
A to the set of subgroups of Z3, x Z;//ﬁt with order dividing 2.

Before proving Theorem 10.2 we apply it to count isomorphism classes.

10.3. COROLLARY. Suppose (mn,60) = 2. The number of isomorphism classes
of Ss—complements with core invariant A is 2°, where s is the number of distinct
prime factors of mn//6t.

We now prove a strong version of the assertion of Theorem 10.2 that each
Ss—complement has a unique reduced invariant.

10.4. LEMMA. Suppose (mn,60) = 2. Let G be an Ss—complement with core
invariant A. Then G has a subgroup H of index 5. Moreover every subgroup of G
of index 5 is an Sy—complement with the same core as G and with the same core
invartant, invariant, and reduced invariant as H.

PROOF. The argument will depend on a simple property of S5. (We thank Ed
Bertram for a helpful discussion of subgroups of S5 of index 5.)

Claim. Any subgroup S of S5 of index 5 is conjugate to the subgroup S* of Ss
of all permutations fixing 5.

Subproof. Since |S| = 24, S must contain a 3—cycle £ and a Sylow 2-subgroup
of S5. Possibly replacing S by a conjugate we may assume without loss of generality
that S D ((1234), (13)). If £ has the form (a b 5), then £5¢~1 has the form (5 ¢)
where § = (13) if b € {1,3} and § = (2,4) if b € {2,4}. Thus the 5—cycle (1234)(5 ¢)
is in .S, contradicting that [S5 : S] = 5. Hence ¢ fixes 5 and so

S = ((1234), (13),€) = S*

50
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(the middle group is contained in the others and has order at least 24 = |S| = |S*|).
This completes the proof of the claim.

Since S* = S, the Noether Isomorphism Theorem says G has a subgroup H
of index 5 which is an Sj—complement with the same core N as G. Now let H;
be any subgroup of G of index 5. For each odd prime p dividing mn let M,
be a Sylow p-subgroup of H;. Then M, C N since every Sylow p-subgroup of
G lies in the normal subgroup N for p an odd prime divisor of mn. But N is
generated by all the M, together with the unique element of G of order 2 (recall
that n = 2 (mod 4) and m is odd), so N C H;. Now the subgroups H/N and
Hy/N of G/N (2 S5) are of index 5, so by the Claim above there exists g € G with
(gN)(H/N)(gN)~! = H;/N. Thus gHg~! = H;. Since H and H; are conjugate,
Hy is an Sy—complement with the same core, core invariant, invariant and reduced
invariant as H (Proposition 8.6). O

Part of the next lemma says that the hypothesis (mn, 60) = 2 of the previous
lemma was redundant.

10.5. LEMMA. Let G be an Ss—complement with core invariant A. Then
(mn,60) = 2. Moreover any Ss—complement with the same core invariant and
reduced invariant as G is isomorphic to G.

PROOF. Since Aj is the unique subgroup of S5 of index 2, then G has a unique
subgroup A of index 2 which is an As—complement with the same core as G. The-
orem 9.1 then implies that (mn,60) = 2. Now let (a,g) be the invariant of G.
By Proposition 8.6 it suffices to show that (a,g) (together with the core invariant
A and core index 120) determine G up to isomorphism. By Theorem 9.1 we may
assume without loss of generality that the subgroup A is an internal direct product
of the groups Hig9 and J. By Lemma 4.2 there exists w € G with

(9) w? =1, wiw™! =k, waw™! = (ai) ™, whw™ = (Bi)7!.

The subgroup JHas = (i,j, e, 20, y0) has order 24(mn/2), so the group S :=
(i,j,w, xo,yo, ) has order 24mn. Thus by Lemma 10.4 S is an Sy—complement
with invariant (a, ¢) and the same core as G, namely (—1zg,yo) (cf. the paragraph
after the statement of Theorem 9.1). By Lemma 7.11 (last sentence) i, k, —1xo,
Yo, @2 is an r—sequence for JHo4. By the last sentence of Lemma 8.4 we may
assume without loss of generality that x is chosen so that i, k, w, —1xg, v, & is
an r—sequence for S with invariant (a,g). Then since g is odd, wzow™" = z§ and
wyow ™! = y&; these equations, together with the above list (9) of relations show
exactly how G is determined as a cyclic extension of the direct product JHi29, and
hence how is G determined up to isomorphism by its core invariant, core index, and
invariant. |

In the above proof we showed that G was isomorphic to that extension of
J x Hyag by a cyclic group of order 2 associated with the element (1,i) and auto-
morphism (¢g, 7) of J x Hiao where 1 is the automorphism of Lemma 3.6A and 7
is the automorphism of J taking x¢ to 2§ and yo to y§ [S, 9.7.1, p. 250]. This is our
only explicit reference to the machinery of cyclic extensions of groups; of course we
have repeatedly made such constructions using the Cyclic Extension Lemma 2.8.

The next theorem will complete the proof of Theorem 10.2 and give the struc-
ture of the Ss—complements and their truncated group rings.
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10.6. THEOREM. Suppose that (mn,60) = 2 and that S is a subgroup of Z?, X
Z;//Gt of order dividing 2.

(A) There exists (a,g) € Zo, X Zt with S = ((a,g + n//6tZ)) and g = 1
(mod (2t),,) and g = —1 (mod 3,,). There also exists a unique automorphism p of
2% Hyzo) fizing (T,3) and mapping (7 1), (30,1) and (T,3) to (7,1)° (3,1)"
and (1, k), respectively. Moreover p? acts as conjugation by (1, 'L)

(B) The subgroup G := ((m), (m), (m), (L—a), (ﬁ),ﬁ} of D* where
D= (Z(JXH120>, 0,2, (m)) is an Ss—complement with core invariant A, invariant
(a,9), and reduced invariant S. The inclusion G — D induces an isomorphism
0:Z{(G) — D. Z(G) is free of rank 16¢(mn) as a Z-module.

(C) 0 induces an isomorphism Q(G) — QD. QD is simple with rational
dimension 16¢(mn) and degree 4t. If E denotes the center of Q(J x Hiz), then
the center of QD is EP.

The rings Z{J x Hia9), Q(J x Hyz9), and E were analyzed in Theorem 9.1;
Lemma 3.6 shows that p maps the square root of 5 in E to its additive inverse
(recall E = K [V5] where K is the center of Q(J)).

PRrROOF. The existence of g follows from the fact that (2t),, 3,, and n//6t are
relatively prime. Since g = 1 (mod t), zfydzy? = (y3) . Also |2}| = n/2 and
’yg‘ = m. Hence there is a unique automorphism of J = (x,yo) taking zo to
x) and yo to y§; by Lemma 3.6A there is a unique automorphism of Higg fixing
i and mapping j to k. Combining these automorphisms gives an automorphism
po of J x Hyap. Then pg induces the automorphism p of Z(J x Hys0). Moreover
p? is conjugation by (ﬁ) because p3 is conjugation by (1,1i), as is easily checked
(use Lemma 3.6A and the facts that > = 1 and ¢g?> = 1). Thus the ring D is
well-defined.

By the Cyclic Extension Lemma 2.8 (applied with “H” the image of J X Hia
in Z(J x Hi20)) G is a Frobenius complement and the inclusion G — D induces
an isomorphism Z(G) — D. We now show G is an Ss—complement with invari-
ant (a,g) and core invariant A. First, G contains an isomorphic copy of Hiap,
so it is not solvable. Further, it has an element of order 8, so it cannot be an
As—complement (cf. Theorem 9.1). Thus it must be an Ss—complement by the
Classification Theorem 1.4. The subgroup

H = ((0,1). (v, 1), (1,1), {(1.]) (T, @) )

has index 5 in G and hence by Lemma 10.4 is an Sy;—complement with the same core,
core invariant and invariant as G. Suppose the core of G has r—sequence x1, y; and
invariant (mi,n1, (r1)). Then (z2,y;) is a normal subgroup of G of order min; /2,
which is relatively prime to [G : (#1,y1)] = 2|S5| = 240. Hence it equals ((zo,1),
(y0,1)), since this supersolvable group also has order mn/2 = |G|/240 = miny /2
S, Exercise 9.3.20, p. 230]. Thus (z1,41) = (%0, —1), (o, 1)) (the right hand
group is a subgroup properly containing ((zg,1), (yo,1)), which has index 2 in
(x1,91)). Thus G has core invariant A. With Theorem 7.11 it is now routine to
verify that

(1.1). (1K) 7. (20, =1), (0. 1), (1, 0?)
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is an r—sequence for H with invariant (a, g), so G does indeed have invariant (a, g).
For example, to verify the last condition of Definition 8.1 we must check that

p(1a?)p ! = (@, —1) (L) (1L a?)’,

i.e., that po((1,a?)) = (1,ka) (since 3 1 n). By Lemma 3.6A this is equivalent to
saying (ai)~? = ka, which is easily verified using Lemma 3.4A.

From the construction of D we know that Z(G) = D is free of rank 16¢(mn)
as a Z—module (recall from Theorem 9.1 that Z{.J x Hygg) is free of rank 8¢(mn)).
It follows that Q(G) has rational rank 16¢(mn) and it is isomorphic to QD =
(Q(J x Hi20), ¢, 2, (1,1)) where p' is the canonical extension of p to Q(.J x Hizo) (cf.
Remark 2.6C). By Theorem 9.1 and Theorem 3.2 we have a natural isomorphism

Q(J x Hizo) — Q(J) ® Q[i,j, V5] .
By its construction p induces an automorphism of Q(.J) taking o to TJ and g, to 7§
and an automorphism of Q [i,j, \/5} which by Lemma 3.6C maps v/5 to —v/5. The
above isomorphism on Q(J x Hiso) maps E to K ® Q[\/g] where K is the center
of Q(J). Now the restriction of p to E has order exactly 2 (since p(\/g) =5
and a? = 1 and ¢g? = 1). Hence by Albert’s Theorem 2.5 QD is simple with center
E?. The degree of QD is the square root of
[@D: QI/[K[V5) : Q] = 16¢(mn)/[K : Q] = 16[Q(J) : Q]/[K : Q] = 16¢*

(by Theorem 5.2). Thus the degree of QD is 4¢, as claimed. O

The last result in this chapter highlights the close connection between isomor-
phism classes of Sy—complements and isomorphism classes of Ss—complements.

10.7. PROPOSITION. There is a one—to—one correspondence between the set of
isomorphism classes of Ss—complements and the set of isomorphism classes of Sy—
complements whose cores have order relatively prime to 15. If G and H are an S5—
complement and an Si—complement, respectively, then their isomorphism classes
correspond if and only if H is isomorphic to a subgroup of G of index 5.

PRrROOF. By Lemma 10.4 and the first part of Theorem 10.2, any S5-complement
G has a subgroup of index 5 which is an S4—complement with the same core as G
and hence with a core whose order is relatively prime to 15, and all such subgroups
are isomorphic. Thus we have a well-defined function from the set of isomorphism
classes of Ss—complements to the set of isomorphism classes of Sy—complements
which have cores of order relatively prime to 15. Now let H be any such S4—
complement, say with invariant (a,g) and core invariant A. Since (mn,60) = 2
(note n = 2 (mod 4) by Theorem 8.2), there is an Ss—complement G with invariant
(a,g) and core invariant A (Theorem 10.2). By Lemma 10.4 G has a subgroup
of index 5 which is an Sy—complement with invariant (a,g) and core invariant
A. Hence this subgroup is isomorphic to H. Therefore our map is surjective. If
(G1 is another Ss—complement with a subgroup of index 5 isomorphic to H, then
G also has invariant (a,g) and core invariant A (Lemma 10.4). Thus G = G,
(Theorem 10.2), so our map is also injective. O



CHAPTER 11

Counting Frobenius Complements

The following table lists the number of isomorphism classes of Frobenius com-
plements G subject to restrictions on the core index, call it I, of G and on the order
|G| of G.

IG] <10° [ |G] <5-10° | |G| < 10°
IT=1] 256,349 | 1,494,276 | 3,191,063
I'=4] 137,769 935,711 | 2,119,504

T=12| 2714 14,524 29,865
T=24] 3229 18,775 39,850
T=60| 223 1115 2230

T=120] 275 1599 3395

TOTAL | 400,559 | 2,466,000 | 5,385,907

About 88.8% of the isomorphism classes of order at most 10% have even order
(specifically, 4,782,903 out of 5,385,907). This suggests that the focus of this paper
on Frobenius groups with abelian Frobenius kernel is not unduly restrictive.

The main ingredients in the construction of the above table were, first, the
proposition below, which counts the number of proper Frobenius triples with cer-
tain given parameters, and, second, the “counting corollaries”, by which name we
refer collectively to Corollaries 6.6, 7.5, 8.3 and 10.3 which together with Theo-
rems 5.2A and 9.1 allow one to easily compute the number of isomorphism classes
of Frobenius complements with given core invariant in terms of these parameters.
The calculations were organized around a nest of loops involving first picking a
value for the order of the commutator subgroup of the core, then picking values of
the exponents e(i, j) of Part (B2) of the proposition below, and finally picking a
value for the order of the commutator factor group of the core.

11.1. PROPOSITION. Let p(1),...,p(s) be the prime divisors of an integer m
such that m > 3.

(A) Suppose (m,n,(r)) is a proper Frobenius triple. Sett = |r|. For eachi < s
let t(i) = |r + p(i)Z|. Then

(A1) (m,n) =1, n > 1, and tty divides n;

(A2) t = LCMJt(1),...,t(s)]; and

(A3) if i < s, then t(i) is a divisor of (p(i) —1)//m and t(i) # 1.

(B) Suppose now that n, t, and t(1),...,t(s) are any positive integers satisfying
conditions (A1), (A2) and (A3).

(B1) Then the number of proper Frobenius triples of the form (m,n, {(r)) with
t(i) = |r +p(@)Z| for all i < s is 1 := ([];<, o(t(1)))/o(t).

54



11. COUNTING FROBENIUS COMPLEMENTS 55

(B2) Let q(1),...,q(s*) denote the distinct prime factors of [, (p(i) —1)//m
and for each i < s write t(i) = [[;<,- q(5)¢®9) . Then 1 equals

H q(j) PO~ 1@ Amin{1=M().0} (4 (5) — 1)1 () —min{M(5),1}
j<s*

where for each j < s*, L(j) = > c,e(i,j), I(§) = X<, min{l,e(i,j)}, and
M(j) = max{e(1,j),...,e(s,j)}-

In the statement of the above proposition #(i) = |r 4+ p(i)Z| denotes the order
of r + p(i)Z as an element of the multiplicative group Z;(i). Remark 11.2 below
discusses some of the significance of these parameters.

ProOF. Condition (A1) follows directly from Definition 5.1(A and B). We can
write m = Higs p(7)¢®; then we have a natural isomorphism

(10) zy, — 11200 -

i<s
Thus ¢ is the least common multiple of the orders of (i) := 7 + p(i)*DZ, i < s.
Now the order of each 7(i) divides ¢ and hence it is not divisible by p(i). On the
other hand Z;(i)ﬁ(i) is cyclic of order p(i)¢)~*(p(i) — 1). Hence the order of 7(i) is

|r 4+ p(i)Z| = t(i) (the kernel of the canonical surjection Z;( ey — Ly ;) has order

i)
p(i)¢W=1). This proves (A2). Now fix for consideration any i < s. If (i) = 1,
then 7 =1 (mod p(4)), contradicting that (r — 1,m) =1 (Lemma 5.3A). That ¢(7)
divides p(i) — 1 and (¢(i), m) = 1 follow from Lagrange’s theorem and the fact that
(t,m) = 1, respectively. This completes the proof of (A3).

Now suppose n, t and (¢(7) : ¢ < s) satisfy conditions (A1), (A2), and (A3).
Suppose r € Z¢, has order relatively prime to m and that | r + p(i)Z |= t(i) for
all i < s. We claim that (m,n, (r)) is a Frobenius triple. If some p(i) divides
(m,r — 1), then 1 = |r + p(¢)Z| = ¢(i), contradicting (A3). Hence (m,r — 1) = 1.
Since 7 has order relatively prime to m, the order of r equals the order of its image
in [[;<,Z; ), which is t. Since tto divides n it follows that r"/mo = 1. That
(m,n,(r)) is a Frobenius triple now follows from Lemma 5.3A.

The isomorphism (10) shows that the set of all r € Zy, satisfying the conditions
of the previous paragraph is bijective with the set of s—tuples (r1,...,7s) where each
r; is an element of Z;‘)(i)e@') of order ¢(z). (Since p(i) t ¢(¢), the order of any such r;
is the same as that of r; + p(¢)Z in Z;(i).) Since each Z;(Z.)
of such elements r is [[,, ¢(t(7)). Each group generated by such an element is of
course generated by (b(t)_such elements. Hence the number of subgroups generated
by such elements is ([, ¢(t(i)))/#(t), and hence this is the number of Frobenius
triples (m,n, (r)) with |r + p(i)Z| = t(i) for all i < s. This completes the proof of
(B1). The assertion (B2) follows from a routine computation using [NZ, Theorem
2.16, p. 48]. O

11.2. REMARK. Let A be the Frobenius triple (m,n, (r)) of Proposition 11.1A.
Our focus above on the parameters m, n, and ¢(¢) (i < s) is only partly explained
by the fact that Proposition 11.1B allows us to compute the number of Frobenius
triples with these parameters. Just as important, these parameters determine the
number of isomorphism classes of Frobenius complements with core invariant A.
In fact by the counting corollaries the numbers of such isomorphism classes with

o1 1s cyclic, the number
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given core index is determined by m, n, and t except in the case of core index 12
when 3 divides ¢. In this case the crucial condition (4) of Corollary 7.5 is satisfied
if and only if for all 4 < s, either 3,;)_1 = 1 or 3,(;)—1 does not divide #(i). (Note
that 3;(;) is the order of /3 4 p(i)Z.) The invariants t(i) along with m and n
are also enough to determine whether or not a 1-complement with invariant A is
isomorphic to a subgroup of the group of units of a division ring (cf. Theorem 17.6).



CHAPTER 12

Maximal Orders

In this chapter we will prove Theorem 1.1 of the Introduction and give a repre-
sentation of truncated group rings as crossed product algebras. The results in this
chapter are crucial for the analysis of Frobenius groups with abelian kernel in the
next three chapters.

12.1. NOTATION. For the remainder of this paper G will denote a Frobenius
complement with core C' and core invariant A = (m,n,T); as in Notation 6.2 we
fix a generator r of T and set ¢ = |T|. We also let Z and deg Q(G) denote the
center and degree, respectively, of Q(G).

12.2. THEOREM. Suppose G is a Frobenius complement. Then Q(G) is a sim-
ple ring with finite dimension as a Q—algebra and with degree dividing |G|. Further,
Z{G) is nontrivial, finitely generated and free as a Z—module; it is a Z—order in
Q(G). Finally, Zcy(G) is nontrivial, finitely generated and free as a Zgy-module
and is a Zg)y—order in Q(G).

The last sentence of Theorem 12.2 is an immediate consequence of the previous
ones, which themselves were proved for each of the six types of Frobenius comple-
ments in Chapters 5 to 10. (Lemma 16.2 below gives a summary of some of the
results of these chapters involving the rational dimension and the degree of Q(G).
It shows that the dimension is at most |G| and the degree divides [G : C]t.)

The next corollary to Theorem 12.2 uses the fact that the construction of
truncated group rings is functorial on the category of groups and injective homo-
morphisms.

12.3. COROLLARY. Suppose H is a subgroup of a Frobenius complement G.
Then the natural maps G — Z(G), Z{H) — Z(G), Q(H) — Q(G), and
Z{G) — Q(G) are injective.

PROOF. Theorem 12.2 says that Z(G) is nontrivial and free as a Z-module, so
by Lemma 2.3 the map G — Z{G) is injective. It also follows that Z(G) — Q(G)
is injective. The unitary homomorphism Z(H) — Z(G) lifts to a unitary ring
homomorphism Q(H) — Q(G), which is injective since Q(H) is simple and Q(G)
nontrivial. (Note that if H is trivial, then Z(H) = Z.) Hence Z(H) — Z(QG) is
also injective. O

It is perhaps worth recording a second corollary to Theorem 12.2 and the Direct
Product Lemma 2.9.

12.4. COROLLARY. A direct product of two nontrivial groups is a Frobenius
complement if and only if the two groups are Frobenius complements of relatively
prime orders.
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12.5. REMARK AND NOTATION. Let L = Q(C'Z(C)). C'Z(C) is a normal
subgroup of G since the center Z(C') and commutator subgroup C” are characteristic
subgroups of the normal subgroup C. We let x, y denote an r—sequence for C'; then
C'Z(C) = (z',y) = (a'y), and L = Q[zt,y] = Q|[(mny:] by Theorem 3.2. We
will further assume that x and y have been chosen so that they are part of an
r—sequence for G if G is solvable (so that it has an r—sequence). Finally we use
Corollary 12.3 to identify H with a subset of Q(H) and L with a subfield of Q(H)
for any Frobenius complement H with core C' and, more generally, to identify Q(J)
with a subring of Q(H) for any subgroup J of H.

The next theorem shows that the center of Q(G) is an abelian extension of Q.
It also gives implicitly a representation of Q(G) as a crossed product algebra [P,
§14.1, pp. 251-252]. It will be applied in the proof of Theorem 1.1 and in Chapters
13, 14, 15, and 17. Recall that a subfield E of Q(G) containing Z is called strictly
mazimal if [E : Z] (or, equivalently, [Q(G) : E]) equals deg Q(G) [P, p. 236].

12.6. THEOREM. There is an element ¢ of Zq)(G) such that ¢l =1 and
E = Q[¢] is a strictly maximal subfield of Q(G) containing L. Moreover ¢ can be
chosen so that for each n € Gal(E/Z) there exists v, € Zq)(G)® such that for all
7, p € Gal(E/Z), vrvv;,) € (C) and 7 is the restriction to E of conjugation by vy .

12.7. REMARK. The proof of Theorem 12.6 will show that ¢ can be chosen of
order f := smn/t where s < 6 and s divides [G : C]. f is of course a multiple of
the conductor of Z; the conductor can equal f (as when G is Hyg, or cyclic of order
not congruent to 2 modulo 4, or binary dihedral of order divisible by 8) or half f
(as when G is either Hyg9 or cyclic or binary dihedral of other orders) or neither of
these values (as when G is Hay or the 1-complement with invariant (3,4, (24 3Z))).

In the construction below of the v, of Theorem 12.6 we will always have v; =1
(so the associated factor set is normalized).

We now prove the above theorem.

PROOF. Throughout the proof we let “/ mod 5”7 denote the remainder when 3
is divided by j (for ¢, j € Z with j > 0). The proof will be broken into eleven cases;
the only consolation the author can offer the reader is the fact that no further such
casework will be needed until Chapter 15.

Case 1: |G : C] = 1. We use Theorem 5.2 and its notation to identify Q(G) with
QA. Then Q(G) has degree t and center L?. Hence L = Q|G 4] is itself a strictly
maximal subfield of Q(G) and we set E = L and ¢ = (y,/¢- The automorphism o
on L is precisely conjugation by x; it clearly generates Gal(E/Z), so we set v, = x
whenever 0 <4 < ¢. If also 0 < j < t, then

’Ugi’Ugj’U;-laj = lejx*((ﬂr]) mod t) c <xt>

which is a subgroup of ().
The remaining cases are similar to Case 1, but with various complications.
Case 2: |G : C] = 4 and G has reduced invariant S with |S| < 2. In this case
we use the notation and results of Theorem 6.14 and identify Q(G) with QB. The
hypothesis on S implies that v commutes with z and y and hence with (/- By
Theorem 6.15 Q(G) has center (L7[v])?* and degree 2t, so that
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is a strictly maximal subfield of Q(G), where ¢ = v(y,p . Conjugation by 2 and
by u induce automorphisms ¢ and o7 of E with orders t and 2, respectively. Both
fix Z (recall that  and v commute) and hence they generate the Galois group
Gal(E/Z). A typical element of the Galois group can be uniquely written in the
form 7 = UiU{ (where 0 < i < t, 0 < j < 2) and can be obtained by conjugation
by v, := x'u’; each of the elements ’UT’Up’U_l can be written in the form

o
(:Eiuj) (Ii’uj’) (:E(iJri’)mod tu(jﬂ")modz)*l 7
which is a power of ' = (,,/; € ({) since u? = —1 is a power of z*, uzu™! = a9,

and g =1 (mod t).
Case 3: [G : C] = |S| = 4, where S is the reduced invariant of G. Again we use
the notation of Theorem 6.14 and identify Q(G) with QB. By Theorem 6.15 Q(G)
has degree 4t and center L7091 so in this case L is a strictly maximal subfield
and we again set E = L and { = (- The Galois group of E/Z is generated
by o (conjugation by z), oo (conjugation by v) and o7 (conjugation by w) since
these homomorphisms of Q(G) map E into itself, fix Z, and generate a group of
automorphisms of £ of order 4¢. Each element of the Galois group can be uniquely
written in the form 7 = UiUéO'If (where 0 <i<t,0<j5<2,0<k<2)andis
given by conjugation by v, := zviu*. Elements of Q(G) of the form v, v,(v,,) "
can be written in the form
U g 4 (:E(iJri’)mod tp,(G+i") mod 2, (k-+k') mod 2)*1 :

which is a power of ({) since uzu~" and vav~! are congruent to  modulo ' = ¢, ,

and both > = —1 and v? = 2//? are in (z') C (¢).
Case 4: |G : C] = 12 and 3 1 n. We now use the notation and results of
Theorem 7.11 and identify Q(G) with

Q[i,J] & (Q[Cmn/tL Uatu 4727,/15) .

Then L = Q ® Q[Grnny¢)- The center of Q(G) is Q® Q[(n/¢]” and the degree is 2t.
Let ( =i® (2 Then

mn/t*
is a strictly maximal subfield. The Galois group of E//Z is generated by conjugation
by j®1 (call it p) and conjugation by 1 ® & (call it ¢). Elements of Gal(E/Z) can
be uniquely written in the form 7 = §?p* where 0 <i<t 0<k<2 such7is
the restriction to E of conjugation by v, := (1® E)Z(j ® 1)k =j* ® 5. For any T,
n € Gal(E/Z) the element v,v,v;," of Q(G) can be written in the form
. =i\ (3k' o =i (3 "Ym ~(i+i') m -1
(Jk QG )(Jk QG )(J(k+k) od2 ®a( +i") odt)
which lies in
+{1®5%) C (i@ ) = (0) -

Case 5: [G : C] =12, 3|n, and G has trivial reduced invariant. We now use the
notation and results of Theorem 7.13, taking S = 1. We may identify Q(G) with
QC. Let A= (—1+u+v+wvu)/2 and ( = x'yvAz. As noted in the paragraph
after the statement of Theorem 7.13, the ring L[v, Az] is a cubic field extension of

L[v] = Q[Grn/t, v] = Q[Comn/¢] and Az is a root of unity of order 3(3,). Since Q(G)
has degree 2t and center L7[Az], it follows that

E = QK] = L[U, AZ] = QKGmn/t]
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is a strictly maximal field extension of Z. The automorphisms ¢ (conjugation by
x) and oy (conjugation by u) map E to itself, fix Z, and have orders ¢ and 2,
respectively. Thus they generate Gal(E/Z). Each member of the Galois group can
be uniquely written in the form 7 = aiU{ (0<i<t, 0<j<2)andsuch T acts by
conjugation by v, := x'u/. The elements of Q(G) of the form UTUpv;pl are easily
checked to all be in (z*) C (¢).

(The reader might note that the above case is one of the few in which the
element ¢ is not in the image of the map G — Q(G).)

Case 6: [G : C] = 12, 3|n, and G has nontrivial reduced invariant S. We again
use the notation of Theorem 7.13 and identify Q(G) with QC. The degree of Q(G)
is 6t and the center is L7, so

is a strictly maximal subfield, where ¢ = x'yv. We have automorphisms o (conju-
gation by ), o1 (conjugation by u) and 7 (conjugation by Az, where A is defined
as in the previous case) which map FE into itself and fix Z. (Note that conjugation
by Az fixes v and acts on ! and y exactly as 7 does.) Since (Az)3 = 2% = 2/3,
then 77 = ¢™/3, and so 71 has order 3(3;) . Thus (0,07, 71) has order 6t, so it is the
Galois group of E/Z. Each element of the Galois group can be uniquely written
in the form n = UiU{T{C where 0 < i <t,0<7<2,0<k < 3;such 7 is precisely
conjugation by v, := z'u/ (Az)*. With p = O'i/O'{,T{CI (where 0 < ¢/ <t,0< j' < 2,
0 < k' < 3) we have

i+ i+5 ) mod 2_k+k' —
np = U(z+z +46(n//3)) mod t0§J+J ) mo T{c—i—k 38

where § =1 if k + % > 3 and § = 0 otherwise. Hence vnvpv;pl equals

Iiuj(AZ>kxi’uj’ (Az)k’ (x(i+i’+6(n//3))mod tu(j+j’)mon(AZ)kJrk’fBé)*l

which is a power of 2! and hence lies in (¢). (Recall that zxz~1 = 29 where g = 1
(mod t); when § = 1 use the fact that 2% = 2"/3.)

(The above case is one of the few in which some v, is not in the image of
the natural map G — Q(G). In this case we used conjugation by Az instead of
conjugation by z because the latter does not map E into itself.)

The next three cases deal with S;—complements. In each of these cases we use
the results and notation of Theorem 8.7 and we identify Q(G) with QD. Then L
is identified with Q[z?, y].

Case 7: 31 n and G is an S;—complement with trivial reduced invariant. As
usual let o € Aut Q(G) be conjugation by x. Then Q(G) has degree 2t and center
L?[n], where n = (1 — u)w. Let ¢ = z'yw. Then

E = Lw] = Q[¢] = Q[Camn,]

is a strictly maximal subfield of Q(G). The inner automorphisms ¢ and g (conju-
gation by v) of Q(G) map F into itself, fix Z, and have orders t and 2, respectively.
(Note that vwv~! = w~!.) Thus they generate the Galois group of E/Z. A typical
element 7 = oo} (where 0 < i < t, 0 < j < 2) of Gal(E/Z) is conjugation by
vy := x'07; one easily checks that each v,v,(v,,) "t is in (z') C (C).

Case 8: 31 n and G is an Sy—complement with nontrivial reduced invariant.
Then the degree of Q(G) is 4t and the center is L”? where o is conjugation by x
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and p is conjugation by w. Let ¢ = z'yu. Then

is a strictly maximal subfield. The inner automorphisms o (conjugation by v), o
and p each map F into itself, fix Z, and have orders 2, t and 2, respectively, on
E. Thus they generate Gal(E/Z), a typical element of which can be written in
the form 7 = oo pF where 0 < i < t, 0 < j < 2,0 < k < 2; 7 is conjugation
by v, := z'v/wk. Elements of Q(G) of the form v-vyvy} are all in (u,z*) C (C).
(Recall that vwv=! = w™1t.)

Case 9: 3|n and [G : C] = 24. Then Q(G) has degree 4¢ and center (L7[Az])?
where, as before, A = (—14+u+v+wvu)/2; o is conjugation by x; and p is conjugation
by w. Then

E := Llu, Az] = Q[¢] = Q[C6mn 1]

(where ¢ = a'yuAz) is a strictly maximal subfield of Q(G). The inner automor-
phisms o (conjugation by v), o and p each map F to itself, fix Z, and have orders 2,
t and 2, respectively, on E. (Note that wAzw ™! =z~ "/3(A2)? and 2~ "//® € (x)
since 3 1 t.) Hence they generate the Galois group of E/Z. As in the previous
case, each 7 = Uiogpk (where 0 < i <t,0<j <2 0<k<2)is conjugation by
vy = zv/w" and elements of Q(G) of the form v,v,vy,) are all in (u,z') C (C).

Case 10: [G : C] = 60. We use Theorem 9.1 and its notation, so we may
identify Q(G) with

&= (Q[Cmn/t]v g, ta Cn/?t) & Q[\/gv iaj] .
(We also use here the isomorphisms of Theorems 3.2 and 5.2D.) Q(G) has degree
2t and center Q[(nn/¢]” ® Q[v/5 ] and hence

E = Q[Cmn/t] ® Q[ﬁ] = @[C] = @[C5mn/t]

is a strictly maximal subfield of Q(G), where ¢ = (/e @ B (B is defined at the
beginning of Chapter 3). The inner automorphisms o (conjugation by ¢ ® 1) and
oo (conjugation by 1®k) of Q(G) map E into itself, fix Z, and have orders ¢ and 2,
respectively, on E. (The key fact here is that k@k ! = 8* = 7' by Lemma 3.4B.)
Hence o and o generate Gal(E/Z). A typical element of the Galois group has the
form 7 = oiog (where 0 < i < ¢, 0 < j < 2) and is given by conjugation by
vy == o' @ k. A routine computation shows all elements of Q(G) of the form
vrtgur) are in (G @ 1) C (C).

Case 11: [G : C] = 120. Let £ be the ring introduced in Case 10 above. We
may identify Q(G) with (&, p, 2, 1 ® i) where py € Aut(Q[(pmn ), 0,1, Cry2t) maps
Gm and G to ¢4 and 79, respectively; p; € Aut Q[i,j, v/5] is the automorphism of
Lemma 3.6C; and p = pg ® p1 € Aut & (Theorem 10.6). The degree of Q(G) is 4t
and its center is Z = (@[Cmn/t]" ® @[ﬁ])p. Hence the field E of Case 10 is also
a strictly maximal subfield for Q(G) in this case (recall that pi(v/5) = —v/5). A
routine computation using Lemmas 3.4 (A and B) and 3.6 shows that

(11) (i )p1(B)(ia ) " =ia i B ai T = B2,
It follows that conjugation by (1 ® ia~1)p is an automorphism, call it p3, of Q(G)
which maps FE into itself, fixes Z and has order 4. Also conjugation by ¢ ® 1 (call

it o) maps E to itself, fixes Z, and has odd order t. Hence Gal(E/Z) = (o, p3).
Each element 7 = o%p} (where 0 < i < ¢, 0 < j < 4) of the Galois group is just
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conjugation by v; = (¢ ® 1)i((1 ® ia_l)ﬁ)j. Let n = oi/pfo;/ where 0 < i’ < ¢,
0 < j' < 4. Then
an — (8 ® 1)(i+i’)modt((1 ® iafl)i)\)(j+j/)mod4 .
Since (1@ ia " )p(E® 1) = (6 ®1)(1 ®ia"1)p, then

(12iap) @e 1)’ (1eia ")) (1eia)p) U mD

= Gen’ (1oia )’ )
Now by Lemma 3.6 and Lemma 3.4A,
(1®ia™)p)" = (1eia H(1®ia)(1 i)’ = (1@ —k)? = 1.

It follows easily that v;v,v;, € £(6* ®1) C (¢), which completes the proof of Case
11 and the theorem. O

mod4))

The proof of the above theorem gives us a specific representation of Q(G) as
a crossed product algebra. We now prove a general result about maximal orders
in crossed product algebras. The following notation will be used. Suppose E/K
is a Galois field extension with Galois group H. Suppose ® : H x H — F is a
normalized factor set (so ®(1,1) = 1). Then (E/K,®) denotes the central simple
K-algebra which as a vector space over E has a basis (u(o) : 0 € H) such that

eru(or)equ(oz) = e101(e2)® (01, 02)u(o102)

for all e1, ex € E and 01, 09 € H [P, §14.1, p. 252]. Note that u(1) is the identity
since ® is normalized.

12.8. THEOREM. Suppose E/K is a Galois field extension with abelian Galois
group H, where E is an algebraic number field. Let d be a nonzero integer with
some power in the relative discriminant of E/Q. Suppose ® : H x H — E is a
normalized factor set with image in (Intg Z[1/d])*. Then Y .y (Intg Z[1/d])u(o)
is a mazimal Z[1/d]-order in (E/K, ®).

PROOF. For any subfield F' of E we will let I(F) = Intp Z[1/d], the integral
closure of Z[1/d] in F'. In particular we have I(Q) = Z[1/d].

Let A = (E/K,®). Note that ) ., I(E)u(o) is a subring of A and indeed
an I(Q)-order. By [Re, Theorem 10.5 (iii), p. 128] it suffices to show that
Y wer I(E)u(o) is a maximal I(K)-order in A. Now suppose p is any maximal
ideal of I(FE). Then by [Re, Corollary 11.6, p. 134] it suffices to show that
I(K)p ®1(k) Ywen I(E)u(o) is a maximal I(K),~order in K, ®x A. Here and
below for any subring D of E we let D, denote the completion of D in the p-adic
topology.

Let Hgp denote the decomposition subgroup of H with respect to p and let
F = EHo be the decomposition field. Let C = (E/F,®). (Strictly speaking ®
should be replaced in this definition of C' by its restriction to Hy x Hjp.) Let
f=[E:F]and g = [F : K|. Now no power of d is in p, so p is unramified over Q
[R, Theorem 1, p. 202] and hence it is unramified over K. Thus g is the number
of extensions of I(K) Np to a maximal ideal of I(F) and f is the residue class
degree of p with respect to the extension E/K. Let &1,...,&, be a set of coset
representatives in H for H/Hp; then

§(p) NVI(E), ... &(p) NI(F)
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are the g distinct extensions of p N I(K) to I(F).
A is free with basis u(&1),...,u(&,y) as a left C—module. (We identify C with
the subring >y Eu(o) of A.) Right multiplication by elements of A gives a map
: A — EndcA (so 6p(a)(b) = ba for all a, b € A). The basis u(&1),...,u(&y)
has associated with it a map 6, : EndcA — M,(C); for each v € End A,
01(7) is the g x g matrix [a;;] where for all i < g, y(u(&;)) = >°7_, aiju(§;). Now
let Cp, = (Ey/K,,®) (note that Hy can be identified with the Ga101s group of
E, over F, = K,). Then we have an inclusion map 6 : My(C) — My(Cp).
The composition 62616y : A — My(Cy) is a ring homomorphism. (This is a
routine computation; let us briefly check multiplicativity. If 616p(a) = [a;;] and
6160(b) = [bi;], then for all i < g,

Oo(ab)(u(&i)) = u(&)ab = > airu()b
k

D awd brgu) =Y (D awmbrs)ul&y)
k j j k

6‘16‘0 ab

Zalk%] = [ai;] [bi;] = 6:100(a)0160(b) )

Let 03 : K, — M,4(Cy) be the natural homomorphism (map each a to a[d;;]
where 0;; denotes the usual Kronecker delta and [d;;] is therefore the g x g identity
matrix). Composing 63 ® 626016y with the multiplication map on My(Cy) yields a
homomorphism

0: Ky ©x A— M,y(Cy)
which is injective since K, ® ¢ A is simple, and surjective since
Ky ®@x A: Kp)l=[A: K] =[E: K
= [P¢*= 92[033 DBy = [My(Cy) - K]
By [Jz, Theorem 1, p. 699] A := ___p I(E)pu(0) is a maximal I(K),—order in

C, and hence by [Re, Theorem 8.7, p. 110] My (A) is a maximal I(K),—order in
M,(Cy). Therefore it suffices to show that

T:=0(I(K)p @15y Y I(E)u(o))
oc€H
contains My(A). This is clear if g = 1 (note that I(E), = I(K),I(E)), so suppose
g > 1. We will prove Z > Mgy(A) by showing that for all ¢ < g, h < g, 0 € Hp
and e € I(E), the matrix eu(o)E.p, = [eu(0)d;cd;p] is in Z, where Egp, is the g X g
matrix with a 1 in the (¢, h) position and with all other entries 0. So pick such e,
h, o and e.

Suppose j and k are distinct positive integers less than or equal to g. Then £ !
and & ! represent distinct cosets of H/Hp, so 5]71(;3) and & ! (p) restrict to distinct
ideals of I(F). Thus there exists a € I(F) with a € {;l(p) N(1+&,'(p)) (Chinese
Remainder Theorem). Thus {;(a) — &x(a) € I(F) \p C I(F)y = I(K)y. (Since
E/K is abelian, each & maps F' into itself and hence maps I(F) into itself.) Thus
7 contains the matrix

(12) (&xla) = &(@) (1@ a—g(a)@1).
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Note that 6(1 ® a) is the diagonal matrix whose " component is &;(a) (since
bo(a)(u(&)) = u(&)a = &(a)u(&;)). Hence the matrix (12) is a diagonal matrix
whose j*" term is

(€(a) —&(@) " (&(a) — &(a)) =0
and whose k" term is

(&rla) — fj(a))_l(&c(a) —¢&i(a)) =1.

Taking the product of all these matrices for fixed k and for j =1,...,9, j # k, we
see that Fyy is in Z for all £ < g.

For each ¢ < g we have a bijection s; in the symmetric group S, such that
§i&j = Tij&s, (5 for all j < g, where 7;; € Hy. Thus

w(€) D ul) = D B )07y, e ) ulmiula )

J<g J<g

> eju(rulg))

J<g

for some e; € I(E)* and some 7; € Hy. Therefore 7 contains a matrix, namely
0(1® > ;<,u(&)), which for all i < g and j < g has (i, j)-entry of the form bu(p)
where b € I(E)® and p € Hy. By multiplying such matrices on the right and left
by those of the form F;; we see Z contains for all ¢ and j a matrix of the form
bu(7)E;; where b € I(E)® and 7 € Hy. In particular for some such b and 7 we have
bu(t)E.p € I. Note that since H is abelian, for any a € I(E), p € Hyp and i < g,

u(&)au(p) = &(a)®(& p)®(p, &) ulp)u(&),
s0 0(1 ® au(p)) is a diagonal matrix with & (a)®(&;, p)®(p, &) ulp) in the (i,i)
position. Set p = o7~ ! and

a=¢E"(e®(p,7) " p(b) T 0(p, &) D(&: p) )
so that 6(1 ® au(p))bu(r)Ee, (€ I) is a scalar multiple of E; by the scalar

Ee(a)® (&, p)@(p, &)~ ulp)bu(r) = eu(o).
Thus eu(o)E.n € Z, as was required to be shown. O

Before proving Theorem 1.1 we set out the notation to be used in the proof,
since this notation will be used again in the next three chapters.

12.9. REMARK AND NOTATION. We let E = Q[¢] be the maximal subfield of
Q(G) and (v, : 0 € H) be the subset of Q(G) constructed in the proof of The-
orem 12.6, where H = Gal(E/Z). For any subfield K of Q(G), let I denote
Intx Z(g). Also let f and s be as in Remark 12.7. Finally, for all o,7 € H, let
®(0,7) = v,v,v, L. Then (v, : 0 € H) is a basis for Q(G) over E, ® is a normal-
ized factor set [P, Lemma, p. 251], and we have an isomorphism

T:QG) — (E/Z,9)
carrying each sum ), e,V to > 4 eou(o) (where e, € E for all o € H).

We now give the proof of Theorem 1.1.



12. MAXIMAL ORDERS 65

PROOF. Theorems 12.2 and 12.6 above include all of Theorem 1.1 except for
the assertion that the Zg)—order Z(g)(G) is maximal in Q(G). The discriminant
of E divides a power of || [R, 4B(2), p. 269]. Hence some power of |G| is in the
relative discriminant of E/Q. Since ( is integral over Z, then ® takes all of its values
in If,. Therefore by the previous theorem, A := ), Ipu(c) is a maximal Z g~
order in (E/Z,®). By the choices of ¢ and the v, (0 € H), the image of Z)(G)
under T contains A (note that Ir = Z)[¢]). Since A is a maximal Zg)-order, it
follows that Z)(G) is a maximal Zg)-order in Q(G). O

The above proof of Theorem 1.1 yields the following corollary, which uses the
notation of the preceding remark.

12.10. COROLLARY. As an Ig-module Zc\(G) has basis (v, : 0 € H), and
there is a unique Ig—algebra isomorphism from Zqy(G) to Y, 4 Ipu(o) (a subring
of (E/Z,®)) mapping v, to u(o) for each o € H.

We end this chapter with a fundamental lemma which will be used frequently
(and often without citation) below. We use the notation of Remark 12.9.

12.11. LEMMA. Let p be a mazimal ideal of Iy. Then p is unramified in the
field extension E/Q and the characteristic p of Ig/p does not divide [E : Z].

PROOF. Since by definition |G| is a unit in Iy, therefore p does not divide |G/,
and hence p divides neither || nor degQ(G) = [E : Z] (cf. Theorems 12.2 and
12.6). Thus p = plg is unramified in F/Q [R, 4B(1), p. 269]. O



CHAPTER 13

Isomorphism Classes of Frobenius Groups with
Abelian Frobenius Kernel

We will use notation of Notation 12.1 and Remark 12.9, so that in particular
G denotes a Frobenius complement with core C' and core invariant A. We will also
write R := Z(g)(G). We study in this chapter Frobenius groups with Frobenius
complement G and with abelian Frobenius kernel; it will be convenient to call such
groups G—groups. Our object is to compute the set Iso(G) of all isomorphism classes
of G—groups in terms of the maximal ideals of the Dedekind domain Iz = Intz Zg).
To this end let S(G) denote the free abelian semigroup on the set P of nontrivial
powers of maximal ideals of Tz. Let S(G)/ Aut G denote the set of orbits of elements
of §(G@) under the natural group action of Aut G, the automorphism group of G.
(Elements of Aut G induce automorphisms of Q(G) which restrict to automorphisms
of Iz which, in turn, induce bijections of S(G).) Elements of S(G) will be written
as formal sums n =), _n; (pfl) where 7 > 0 and for each ¢ < 7, p; is a maximal
ideal of Iz, n; > 0 (with some n; > 0), and k; > 0; every element of S(G) has such
a representation with all the n; equal to 1. The orbit in S(G)/ Aut G of n € S(G)
will be denoted [n]. We will also denote the isomorphism class of a group H by [H].

The next lemma will make it easier to state our main theorem for this chapter.

13.1. LEMMA. [BrH, Theorem 8.2, p. 64]. Suppose H is a G-group with
Frobenius kernel M. Then M has a left R—module structure with gm = gmg~" for
allg e G and m € M.

PROOF. Since G acts on M (by conjugation) and M and G have relatively
prime orders, then M has a Zg)G-module structure with gm = gmg~' for all
g € G and m € M. It therefore suffices to show that ag annihilates M (cf.
Notation 2.1). If 1 # g € G and m € M, then

a(( Z(:)ﬁ)m) = Z(:f)m

since g(g) = (g). Hence (Zhe<q> iAL)m is indeed trivial (the action of G on M is
without fixed points since H is a Frobenius group). That is, agM is trivial. O

We now have the main result for this chapter.

13.2. THEOREM. There is a bijection ¥ : Iso(G) — S(G)/ Aut G such that if
H is a Frobenius group with Frobenius complement G and abelian Frobenius kernel
M and ifn =3, ni(p) is in S(G), then W([H]) = [n] if and only if for alli < T
there exists a mazimal ideal b; of R and an indecomposable R—module M; such that
b;N1z =p;, bfi is the annihilator of M;, and M is isomorphic as an R-module to
the direct sum M{* @ --- @ M!~.

66
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A constructive definition of the map ¥ appears in Remark 13.5.

13.3. REMARK. Some language used informally in the Abstract and Introduc-
tion above will now be made precise. Suppose M and M* are R-modules (so
they are also G-modules). A G-semi-linear isomorphism from M to M™* is an
ordered pair (f,\) where A € Awt G, f : M — M* is an additive bijection, and
flgm) = A(g)f(m) for all g € G and m € M. Then the set of G—semi-linear isomor-
phism classes of finite R—modules is naturally bijective with the set of isomorphism
classes of G—groups. (Associate with each such R—module M the semidirect prod-
uct M x G.) While the point of view expressed in this remark, which is close to the
spirit of [BrH], is not emphasized here, it is never far below the surface. The proof
of the assertion of bijectivity above is mechanical, at least when one uses the fact,
explained below in the proof of Theorem 13.2, that if two G—groups are isomorphic,
then they admit an isomorphism which maps G to itself.

We now collect some of the ideal theory needed for the proof of the above
theorem.

13.4. LEMMA. (A) If a is either a maximal ideal of R or the annihilator of a
finite R—module, then aNZ # {0}.

(B) If a is an ideal of R with a NZ # {0}, then R/a is a finite principal ideal
ring, Qa = Q(G), and a is finitely generated as a Zc)—module.

(C) If a is the annihilator of a finite indecomposable R—module, then a is a
nontrivial power of a mazimal ideal of R.

We are using the term “ideal” in the usual two—sided ring—theoretic sense. Part
(B) of the above lemma (together with the fact that R is a maximal order) implies
that the ideal a in (B) is a “two—sided R-ideal in Q(G)” in the sense of [Re, p.
193].

PRrROOF. Recall from Theorem 12.2 that R is finitely generated and free as a
Z(y~module (so any maximal ideal is nontrivial) and that Q(G) is simple (so that
for any nontrivial ideal a of R, Qa = Q(G)). First suppose a is an ideal of R with
aNZ # {0}, say with 0 < k € anZ. Since R is a maximal order (Theorem 1.1),
it is a Dedekind prime ring [MR, Theorem 3.16, p. 148], and hence R/a is a
principal ideal ring [MR, Theorem 7.10(i), p. 164]. Without loss of generality the
integer k may be chosen relatively prime to the unit |G| of R, and hence R/Rk is
a homomorphic image of the finite ring ZxG. Thus R/a is finite, and also a/Rk is
finite. Since R, and hence Rk, are finitely generated as Z(g)-modules, therefore a
is finitely generated as a Z(g)-module. This completes the proof of (B).

Now suppose a is a maximal ideal. Just suppose that aNZ = {0}. If 0 £ k € Z,
then k + a must be a unit in R/a since otherwise it generates a nontrivial proper
ideal in a simple ring. Since Qa = Q(G), therefore for any v € R we can write
ny = md for some nonzeron, m € Z and 6 € a. Then y+a = (n+a)~*(md+a) = 0.
Thus R = a, contradicting the choice of a. Hence a NZ # {0}.

Next suppose a is the annihilator of a finite R—module M. By Lagrange’s
theorem |M| € Z Na # {0}. This completes the proof of (A). It remains to
prove part (C), so suppose M is indecomposable. By [Re, Theorem 22.10, p.
193] (and parts (A) and (B) above), a can be written as a product b - .. bk~ of
nontrivial powers of distinct maximal ideals b; of R, and this product is independent
of the order of the factors. Suppose 7 > 1. Since maximal ideals are prime,
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by + b2 --- b, = R. Raising both sides of this equation to a sufficiently high power,
we deduce that R = b5 4+ b52 ... 6% . M is an indecomposable R/a-module with
trivial annihilator and R/a is the direct sum of the ideals b¥' /a and b} - - - b% /a.
Hence M decomposes nontrivially as the direct sum of b¥ M and b52 .- 6%~ M, a
contradiction. Hence 7 = 1, and so a = b}, O

The next two remarks give constructions and notations which are central to
the proof of Theorem 13.2. The first involves a constructive definition of the map
v.

13.5. REMARK. Let H be a G—group with Frobenius kernel M. By the Krull-
Schmidt Theorem [J1, p. 115] (and Lemma 13.1) we can write M as a direct sum
of indecomposable R—modules M = ®;<.M; (uniquely up to isomorphism, except
for the order of the summands). By Lemma 13.4C the annihilator of each M; is
a power bf of a maximal ideal b; of R. For each i < 7, b; and k; are uniquely
determined by the annihilator b* [Re, Theorem 22.10, p. 193] and b; N Iz is a
maximal ideal of Iz [Re, Theorems 10.5, p. 128, and 22.4, p. 191]. We write

w(H) =Y ((0in12)") € ().

Note that U([H]) = [ (H)]. .

13.6. REMARK. Suppose M is a (left) R—module and 0 € Aut R. Let oM
denote the R—module with the same additive group as M and with scalar multipli-
cation #, given by the formula r#,m = o~ (r)m for all * € R, m € M. One easily
verifies that if a is the annihilator of M, then o(a) is the annihilator of oM. Also
oY (e M) = M and if N is a second R-module, then 0(M ®N) = oM G oN. It fol-
lows that M is indecomposable if and only if oM is indecomposable. If 7 € Aut G
we will often let 7 also denote the automorphism of R induced by 7 and let 7M
denote the associated R—module.

13.7. LEMMA. Suppose H and H* are G-groups and o € Aut G. Then there
exists an isomorphism H — H* which restricts on G to o if and only if Y(H*) =

op(H).

PROOF. Suppose ¢ : H — H™* is an isomorphism restricting on G to 0. We
use the notation of Remark 13.5. For each g € G and m € M,

p(G#om) = o (@m) = (e (gImo~ (g7"))
= gp(m)g™" =gp(m).
Thus ¢ induces an R—module isomorphism oM — ¢(M). Note that (M) is the
Frobenius kernel of H*. By the previous remark, cM; & --- @ oM., is the decom-
position of oM into indecomposable R—modules, and hence up to isomorphism it

is the decomposition of ¢(M) into indecomposable R—modules. For each i < 7,
a(b¥) = o(b;)¥ is the annihilator of o M;, and so
W) =Y (06 N I2)" = o (H).
i<t
Conversely, let us now suppose that ¥(H*) = oi)(H). We continue to use the

notation of Remark 13.5 and similarly let M* = ®;<,- M, denote the Frobenius
kernel of H* and its decomposition into indecomposable R-modules. Let (b%)*:
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denote the annihilator of M for each i < 7%. Our hypothesis then implies that
7 = 7% and, after reindexing the M;, that h; = K} and ob; N[z = b} N Iz for all
i < 7*. But then ob; = b} for all i < 7 [Re, Theorem 22.4, p. 191]. Hence oM;
and M} are R/(b})*-modules with the same trivial annihilator. Using Lemma 13.4
to apply [J, Theorem 44, p. 79] we deduce that oM; and M} are isomorphic as
R/(b7)*¥i—modules, and hence also as R-modules. Thus there is an R-module
isomorphism p : oM — M*. Define ¢ : H — H* by setting ¢(mg) = u(m)o(g)
for all m € M, g € G. This map restricts to o on G and it is a bijection since p
and o are bijections. It is also the required isomorphism since for all g, ¢’ € G, m,
m’ € M we have

p(mgm'g’) = p(mgm'g"gg")
= p(m(a(@)#.m"))o(gg’)
p(m) (o (@)u(m))o(g)o(g")
= pulma(g)u(m’)a(g™)o(g)o()
= p(mg)p(m'y)
This completes the proof of the lemma. O

The above lemma is related to Lemma 11.1 of [BrH, p. 72].

If H and H* are G—groups, call them G—isomorphic if there is an isomorphism
H — H* which fixes G. In the next proposition we compute the set I'so(G)* of G-
isomorphism classes of G—groups. This is essentially the same thing as computing
the set of isomorphism classes of finite R—modules. The proof will use the fact that
if M is any R—module, then G acts on M (since G maps into R*) and hence we can
form the semidirect product M % G.

13.8. PROPOSITION. % induces a bijection from Iso(G)* to S(G).

PRrROOF. Let H and H* denote G—groups. One checks that an isomorphism
¢ : H — H* fixing G induces an R-module isomorphism of the Frobenius kernels
of H and H*. Hence )(H) = v (H*); this shows that ¢ induces a well-defined
map Iso(G)* — S(G). Lemma 13.7 (applied with o trivial) implies that this map
is injective. We now prove surjectivity. Any element n € S(G) can be written in
the form 3, (p¥) where 1 < 7 € Z and for all i < 7, 0 < k; € Z and p; is a
maximal ideal of Iz. Then there is a maximal ideal b; of R with by NIz = p,
[Re, Theorem 22.4, p. 191]. Since by NZ # {0}, then b** N Z # {0}, so R/bM
is a finite primary principal ideal ring; the radical is bl/b]fl (Lemma 13.4). Thus
R/ blfl can be identified with a matrix ring M,,(B) where B is a completely primary
ring [J, Theorem 31, p. 71]. Then M, := (R/b%")Ey; is an indecomposable R/b%"
module with trivial annihilator ideal, where E17 is the u x u matrix [0;19,1]. (After
all, F11M; = B is an indecomposable B—module; we use here the analysis of [J,
pp. 78-79], adapted to left R—modules.) Then M is an indecomposable R—module
with annihilator b]fl. Similarly we can find indecomposable R—modules Ma, ..., M,
whose annihilators bgz,...,bff satisfy b; N Iz = p; whenever 2 < ¢ < 7. Let
M=M®&- - -®&M,. Gactson M without fixed points. (This follows from an easy
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argument from [BrH, p. 65]: if gm = m where 1 # g € G, m € M, then
gm = (1/lg)(m +gm+---+7""'m)

m

(1/lgh | T |m=0m=0)

he(g)

Hence the semidirect product M x G is a Frobenius group with Frobenius kernel
M x 1 and Frobenius complement 1 x G. Identifying 1 x G with G we obtain a
G-group H with

i<t
This completes the proof of the proposition. O

We are now ready to give the proof of Theorem 13.2.

PROOF. First suppose ¢ : H — H* is an isomorphism of two G—groups. Then
©(Q) is a Frobenius complement of H*, so there exists b € H* with bp(G)b~! = G.
Replacing ¢ by its composition with conjugation by b, we can assume without loss
of generality that ¢ restricts on G to an automorphism ¢ of G. Lemma 13.7 (and
Remark 13.5) then apply to say that ¢ (H*) = o¢)(H). Hence the map ¥ is well-
defined; the same lemma applies to say it is injective. Finally Proposition 13.8 says
that W is surjective. O

The next theorem gives the group structures of the Frobenius kernels of G-
groups in terms of their images under the bijection of Theorem 13.2. Knowledge
of the orders of these groups will be needed in Chapter 15 when we compute the
number of G—groups with specified order.

13.9. THEOREM. Suppose n =), (pf) € S(G) where each p; is a mazimal
ideal of Iz. For each i < 7T let p; be the unique rational prime in p; and let f;
denote the ramification degree of p; in the field extension Z/Q. Then the Frobenius
kernel of any G-group J with ¥([J]) = [n] is isomorphic as a group to

fi deg Q(G)
M(n) :=EB(Zp§i) £Q(G)

i<T

The Frobenius kernel associated with 1 by Theorem 13.2 is the group M con-
structed in the proof of Proposition 13.8. Therefore in order to prove Theorem 13.9
it suffices to prove the following lemma which implies that M is the sum of the

components (pr_ci )fi des Q(G) .

13.10. LEMMA. Let k be a positive integer and p be a mazximal ideal of Iz.
Then
(A) pR is a mazimal ideal of R and (pR)N Iz =p;
(B) Iz/p* is isomorphic as an additive group to ng where p is the unique ra-
tional prime in p and f is its residue class degree in Z/Q;
(C) R/p*R is isomorphic as a ring to Myegqicy(1z/p").
PRrooF. By Corollary 12.10 R is a free Ig—module of rank

deg Q(G) = [Q(G) : E] = [E : Z]
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with basis {v, : 0 € Gal(E/Z)}. Also Ig is a free Iz—module with basis 1, ¢,
¢2,...,¢deeQG)—1. after all, this set is clearly linearly independent over Z and it
spans I as an Iz-module since 1, ¢, ¢2,...,¢"! spans I as a Z(¢y-module [R,
4B(3), p. 269] and the irreducible polynomial of ¢ over Z has degree deg Q(G)
and coefficients in Z N Z)[¢] = Iz. Hence R is free of rank (degQ(G))? as an
Iz-module and has a basis containing 1. Tt follows that (p*R) N Iz = p* and that
R/p*R is free of rank deg Q(G)? as an Iz /p*-module.

In particular, (pR) NIz = p. Hence we may regard Iz/p as a subring of
R/pR. Since (v, : 0 € Gal(E/Z)) is a basis for R as an Ig—module, therefore
plg = (pR) N Ig, so we can also regard Ig/plg as a subring of R/pR. With this
understanding we now turn to proving that Iz/p is the center of R/pR.

Suppose ¢ is in the center of R/pR. Write £ = > &0 + PR, where
0€Cal(E/Z)
each &, is in Ig. Then by hypothesis (¢ + pR)E = (¢ + pR), so

Z <§O’UU + PR = Z goa(C)va + pR

ceGal(E/2) ceGal(E/Z)

Since the v, form a basis for R as an Ig—module, then {v, + pR: 0 € Gal(E/Z)}
is a basis for R/pR as an Ig/pIg—module. Hence &, (¢ — o({)) € pR for all 0 €
Gal(E/Z). Since

l+a+-a = ] (@=¢").
1<i<f
therefore f¢'=1 = ] ¢—¢'*. Since f is a unit in R (it is a factor of |G|), therefore
1<i<f
¢ — ¢’ is a unit in R whenever 2 < j < f. If 1 # o € Gal(E/Z), then o(¢) = ¢/
where 2 < j < f. Thus & € pR when o # 1. Hence we can write £ = &y + pR for
some &y € Ig.
Now let pq,...,py denote the maximal ideals of Iz containing p, so that p/gp =
p1 N---Npg (Lemma 12.11). For all 0 € Gal(E/Z) and j < g, (vo + pR)E =
&(vs + pR), and hence

§o—0(6) € IgNpR=plp Cypj,
s0 & +pj =o0(&o) +p;. It follows that &+ p,; € (Iz +p;)/p; = Iz/p. (Note that
every automorphism of I /p; fixing (Iz + p;)/p; is induced by one in Gal(E/Z).)

Thus there exists v € Iz with & 4 py = v + p1. Also for each j < g there exists
o € Gal(E/Z) with o(p1) = p;. Then

§o+pj=0(l) +p; =0 +p1) =0(y+p1) =7+p;,
so by Lemma 12.11

§o—n€ ﬂpj:pIE-
J<g

Hence £ =& +plg =v+plg € Iz/p. It follows that Iz /p is indeed the center of
R/pR.

Let g be a maximal ideal of Ir containing p and E; be a g-adic completion
of E. We can pick a p—adic completion Z, of Z contained in Ey, so E; = Z,E.
The ramification index of Ey/Z, is trivial (apply Lemma 12.11). We may use the
map T of Remark 12.9 to identify Q(G) with (E/Z,®), so the Schur index of
Z, @z Q(G) equals that of (Eq/Z,,®") (cf. [Re, Theorem 29.13, p. 248]; here @’ is
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the restriction of the map ®.) By [Jz, Theorem 1, p. 699], this Schur index divides
the ramification index of E,/Z,, so it is trivial. It follows from [Re, Theorem
22.14, p. 194] that pR is a maximal ideal of R. This completes the proof of (A).

A routine induction on k shows that if a1,...,ay is a sequence of elements of
Iz representing a basis for Iz/p over Z,, then it also represents a basis for Iz/ p*
as a Zyx—module. The assertion (B) is an immediate consequence.

It remains to prove (C). As in the surjectivity part of the proof of Proposi-
tion 13.8 we have an isomorphism 6 : R/p*R — M,(B) where B is a ring with
nilpotent radical a such that B/a is a division ring. Since B/a is finite, it is there-
fore a field. M, (a) is an ideal of M, (B) with factor ring isomorphic to M, (B/a),
so M,(a) is a maximal ideal of M,(B). But pR/p*R is the only maximal ideal of
R/p*R. Hence § maps pR/p*R onto M, (a), so R/pR = M,(B/a) and

|B/a| = |center of M, (B/a)| = |center of R/pR| = |Iz/p|.
Therefore

(degQ(G))* = [R/pR:Iz/p]
= [Mu(B/a): B/a] =u?,

so u = deg Q(G). But

[BI"" = [Mu(B)| = |R/p*R| = | Iz /pH| =",
so |B| = |Iz/p*| = |Iz +p*R/p*R|. But  must map Iz + p*R/p* R into the center
of M,(B) and hence into the canonical image of B in M, (B). Thus Iz/p* = B,
and so R/p*R = Myeeq(cy(Iz/p*). This completes the proof of (C). O

We end this chapter with two applications, the first to nonsolvable Frobenius
groups, and the second to Frobenius groups with nonabelian Frobenius kernel.

13.11. EXAMPLE. We apply the above theory to find all thirteen of the iso-
morphism classes of nonsolvable Frobenius groups of order at most 10°. Methods
of constructing these groups concretely are given in the next chapter. Since the
kernel and the core of the complement of a Frobenius group are solvable, therefore
a Frobenius group is nonsolvable if and only if its core index is 60 or 120 (since
As and S5 are the only nonsolvable types, cf. Definition 6.1) and hence only if its
Frobenius kernel is abelian. Let G be the Frobenius complement and M be the
Frobenius kernel of such a Frobenius group J = MG. We will use the notation of
this chapter associated with G. Let p denote any prime factor of | M| and let f be
the residue class degree of p in the field extension Z/Q. Note that p > 7 since p
does not divide |G| = mn[G : C]. Also note that m = 1, since otherwise ¢ is at
least 7 and hence deg Q(G) is at least 14 (Theorems 9.1 and 10.6); this says | M| is
at least 714 (Theorem 13.9), contradicting that |.J| < 106.

Case 1: [G : C] = 120. Then 4 divides deg Q(G) (Theorem 10.6C), so by
Theorem 13.9

108 > | J| > 2p*[G : C] > 7* - 240 = 576,240 .

Since 2p*[G : O] is a factor of |J|, it must therefore equal it; hence p = 7. Thus
M| =7* and |G| = 2[G : C] (so n = 2). Thus G is isomorphic to Ha4o, the unique
Ss—complement with core of order 2 (cf. Theorem 10.6 and Example 4.3), and J is
the unique G—group associated with the maximal ideal of Iz = Z[1/30] generated
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by 7 (cf. Theorem 13.2; note that Z = Q[\/g]p = Q). That there actually exists
such a group of order 576,240 also follows from the theorems cited above.

Case 2: [G : C] = 60 and f > 1. Then degQ(G) > 2 and f > 2, so by
Theorem 13.9, p* < |J|/|G] < 105/120 < 10%, so p = 7. Also

105 > 7| > 2[G : C](mn/2t)p* = 288,120(mn/2t) .

Since any proper factor of mn/2t must be at least 11 (Theorem 9.1), therefore
mn/2t = 1, so n = 2. Hence |M| = p* and 2 = degQ(G) = f. Thus G = Hia,
the unique As—complement with two element core (Theorem 9.1) and J is the G-
group associated with the unique maximal ideal of Iz = 7Z [1 /30,5 ] containing 7
(Theorem 13.2). That there actually is such a group of order 288,120 follows from
the above cited theorems together with the fact that because (?) = —1, therefore
the residue class degree of 7 in @[\/5] /Q really is 2.

Case 3: [G : C] =60, f =1, and n # 2. Let ¢ be an odd rational prime
dividing n. Since f = 1, the residue class degrees of p in the extensions Q[(,]/Q
and Q[v/5]/Q must be trivial (note that Z > Q[{,, V5] by Theorem 9.1). Thus
p=1(modq) (so ¢ <p)and 1= (2) = (’5’) (by the quadratic reciprocity theorem),
so p = +1 (mod 5). Just suppose ¢ > 11. Then 10° > |J| > 120-11-p?, so p < 27.
This is impossible since no prime p congruent to +1 modulo 5 and less than 27
has p — 1 divisible by a prime larger than 7. Hence ¢ = 7. Since 120¢p? < 109,
then p < 35. Thus p = 29. Since 120p%q = 706,440 divides |J| < 109, it must
equal |J| and hence |G| = 120q and |[M| = 292. Thus G must be the unique As—
complement with core of order 14 (namely Hizo X ((7), cf. Theorem 9.1) and J
is the unique G—group corresponding to the orbit in S(G)/ Aut G consisting of all
the maximal ideals of Iz containing the prime 29. (All these maximal ideals lie
in the same orbit since the automorphisms of GG induce all the automorphisms of
Z = Q[\/g, Cﬂ. This can be proved directly, but it also follows immediately from
Theorem 15.7 below.) That such a group J of order 706,440 exists follows from the
fact that the prime 29 does indeed split in Q[\/g, Cﬂ and, of course, the theorems
cited above.

We now have our last, easiest, and most prolific case.

Case 4: |G :C] =60, f =1 and n = 2. Then degQ(G) = 2, Z = @[\/5]
and, as in the previous case, since f = 1 we have p = +1 (mod 5). Because
2[G : Clpee &) < |J| < 108, therefore p < 92, so p is one of the primes

(13) 11, 19, 29, 31, 41, 59, 61, 71, 79, 89.

Since |[M| is a product of squares of the above numbers and |M| < 10°/2[G : O] <
8334, then | M| must actually be one of these squares. Hence G = Higp and J must
be one of the ten isomorphism classes of G-groups associated by Theorem 13.2
with the orbits of the maximal ideals of Iz = Z[1/30, \/5] containing one of the
ten primes in the list (13). (Note that each of these primes has two conjugate
extensions to Iz, and these ten pairs of extensions constitute ten separate orbits of
S(G)/ Aut G.) The proof that all ten such groups of orders 120p? exist (p on the
list (13)) is routine.

The data in Example 15.3 below shows that the vast majority (that is, about
99.8%) of Frobenius groups of order at most 10° with abelian Frobenius kernel have
cyclic Frobenius complement. The following proposition suggests that the same may
be true for Frobenius groups of order at most 10 with nonabelian Frobenius kernel.
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13.12. PROPOSITION. Suppose J is a Frobenius group of order at most 10°
with noncyclic Frobenius complement and nonabelian Frobenius kernel. Then J
has Frobenius complement of order 171 and Frobenius kernel of order 75, or else
Frobenius complement of order 63 and Frobenius kernel of order either 212 or 28,

The noncyclic Frobenius complement of order 63 is discussed briefly just after
the statement of Theorem 17.6 below.

For the remainder of this chapter J will be as in the above proposition. G and
K will denote a Frobenius complement and the Frobenius kernel for J, respectively.
We use notation of this chapter in connection with G, so that G has core invariant
A = (m,n,(r)). The proof of the proposition will show at least implicitly that
G is determined up to isomorphism by the order of J; the order of J also gives
detailed information about the factors K/K', K'/K",... of the derived series of
K. For example if |J| < 10, then G is the unique noncyclic Frobenius complement
of order 63 and K/K' = K’ = 7,° The idea of the proof is that these factors are
abelian Frobenius kernels for the Frobenius complement G, and hence their possible
orders are determined by Theorem 13.9.

PROOF. Since K is nonabelian, G must have odd order and hence is a noncyclic
Z-group. Let p be the largest prime divisor of ¢. Since p  m and p is the order
of an element of Z? , there exists a prime divisor ¢ of m with ¢ = 1 (mod p), so
that ¢ > 2p 4+ 1. For any prime divisor p of |K| let f(p) denote the residue class
degree of p in the field extension Z/Q. We can write Q[Gnn/e] O 2 D Q[
(Theorem 5.2). Thus the residue class degree |p + n/tZ| of p in Q[(,/]/Q divides
f(p), so n/t divides p/(») — 1. Hence p divides p/») — 1, and so p/» > p+1 > 4.
Note similarly that |p + mZ| divides the residue class degree |p + mn/tZ| of p in
QIGCmnyt)/Q, and hence divides [Q[(mn/¢] : Z]f(p) = tf(p). Thus m, and hence g,
are divisors of ptf(P) — 1.

Now let p be a prime such that K has a Sylow p-subgroup S which is not
abelian (there must be such a Sylow subgroup since K is nonabelian and nilpotent
[T, Theorem 1, p. 579]). Set f = f(p). Since S’ # S”, therefore by Theorem 13.9

K| > |S/8"||S"/8"| = p**/
SO
(14) |J| = mn|K| > p*qp™! > p*(2p+1)p*" .

We use the inequality (14) repeatedly. Since p/ =1 (mod p), if p > 5, then p/ > 6,
50 10% > |J| > 52-11-6'°, a contradiction. Thus p = 3. Hence by the choice of p, t is
a power of 3. Recall that pf > 4. Hence if 9 divides ¢, then 10° > [.J| > 4!® > 10°.
Therefore ¢ = 3. Thus by the inequality (14), 10° > 9-7- p%/ so p/ < 13. But
pf =1 (mod 3) and if p = 2, then 2 = |p + 3Z| divides f. Hence either p = 2 and
f=2orp=T7and f=1;0orp=13 and f = 1.

First suppose that p = 13 and f = 1. As proved above, ¢ is a divisor of 133 —1,
whence ¢ = 61 and 10° > 9-61 - 135, a contradiction. Thus p # 13. Hence n/t
divides either 22 — 1 or 7% — 1, whence n/t = 3. Thus n = 9 in all cases.

Now consider the case that p = 7 and f = 1. Since m divides 73 — 1, therefore
m = 19. Now suppose |K| has a prime divisor p’ other than p. As noted above
(p) ) > 4,5010° > 9197543, a contradiction. Hence |K| = 73 where i > 2.
Since 10° > |J|, we must have i = 2, so |G| = mn = 171 and |K| = 7°.
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Finally suppose p = 2 and f = 2. Then m divides p3f —1 =63, som =7
and |G| = 63. Suppose |K| has a prime divisor p’ other than p. Since 10° >
|J| > 63-45 . (p')3/ () therefore (p')/(?) < 16. However there is no such prime
power which also satisfies the congruences (p')f(?) =1 (mod 3) and (p')3/(¥) =1
(mod 7). Hence |K| = 2% for some i > 2 with 10° > 63 - 25/, Hence i is 2 or 3, as
was required to be shown. This completes the proof of the proposition. [l



CHAPTER 14

Concrete Constructions of Frobenius Groups

We continue to use the notation set out in the first two sentences of the pre-
vious chapter, so that in particular G will denote a Frobenius complement and
R = Z()(G). The construction of Frobenius groups with abelian Frobenius kernel
in that chapter (cf. the proof of Proposition 13.8 and Lemma 13.10C) was not
concrete in the sense that it depended on the choice, for each power a of a maximal
ideal of Iz, of an isomorphism R/aR — Mgegq(c)(Iz/a), but there was no indica-
tion of how to actually construct such isomorphisms. What is really needed is some
explicit construction of an indecomposable R—module with annihilator aR and this
is precisely the purpose of the first lemma below. It yields in Theorem 14.2 a con-
crete way of representing every G—group. We also give here explicit constructions,
which use little or nothing beyond elementary number theory, of all the Frobe-
nius groups whose Frobenius complement is either Hyao (& SL(2,5)) or a binary
dihedral group. These constructions can be read independently of each other.

The next lemma shows for any power a of a maximal ideal of Iz how to put an
R-module structure on Ig/alg (or, more precisely, on an Ig—module M (a) which is
naturally isomorphic to it), so that it becomes an indecomposable R—module with
annihilator aR. Recall that the elements v, (7 € Gal(E/Z)) form a basis for R as
an Ig—module (cf. Corollary 12.10).

14.1. LEMMA. Letp be a mazimal ideal of Iz and let q be a power of a maximal
ideal of Ig with qN Iz = p* where 0 < k € Z. Let Eg denote the decomposition
field for p in the field extension E/Z.

(A) Gal(E/Z2) is the internal direct sum of a subgroup G which is disjoint from
Gal(E/E;) and a cyclic group {(T) containing Gal(E/Eg). Let v = [E4: E7].

(B) There exists n € Ig such that Ng/g,(n) = ol (mod q). Let n; = n if
1= and let n; = 1 otherwise.

(C) The natural Iz -module structure on M (p*) := D,cc Dicic, Ig/pT'q ex-
tends uniquely to an R—-module structure such that for all

(15) A= (apﬁi—l—pTiq:peg,lgiS’y)EM(pk)
we have

(16) v A= (T(ap,ip(m))vapv;lvgl + PTiHCI)i)p
and for oll p € G,

(17) vud = (1(ap,i)vuvpv, + ppt'a),

Moreover, with this R-module structure M (p*) is indecomposable with annihilator

p*R.

In Part (B) above Ng/p, denotes the norm map from E to Eg. Similarly we
have the norm map Ng,g- : E — E7. The choice of 7 in Part (B) corresponds to

76
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the choice of a and b in the construction of all Frobenius groups whose Frobenius
complement is either the quaternion group (Example 1.3), a binary dihedral group
(Lemma 14.3), or Hizp (Lemma 14.7). As the proof of the above lemma will
show, the group G and the group element (7) in Part (A) can be chosen almost
canonically. G can also be chosen to have order at most 2. Indeed in all but three of
the eleven cases of the proof of Theorem 12.6 G can be taken to be trivial, in which
case the formula (16) simply says that v, A = (T(amni) + T”lq)i’p and formula

(17) says v, A = A. The R-module M (p*) is determined up to isomorphism by p*
independently of the above choices since it is indecomposable with annihilator p¥ R.

Before giving the proof of the lemma we record as a corollary to the lemma
and Theorem 13.2 the construction of all G-groups.

14.2. THEOREM. The G—group corresponding to the orbit of any Zlgigp(pfi)
in S(G) under the bijection U of Theorem 13.2 is the semidirect product

(18) (P M) =G.

1<i<p

We now prove Lemma 14.1.

PROOF. Let f := [E : E,] and let p be the unique rational prime in p. By
Lemma 12.11 p is unramified in E/Z and p does not divide f.

(A) When Gal(E/Z) is cyclic we can simply take G = 1. When Gal(E/Z) is
not cyclic, then it is generated by an element o of odd order together with two
distinct elements op and oy of order 2 (cf. the proof of Theorem 12.6). Since
Gal(E/Ey) is cyclic, it cannot contain (o, 01). If it is disjoint from (og, 01), then
we can set 7 = o and let G = (00, 01); finally if Gal(E/Eq) contains exactly one
nontrivial element p of (og, 1), then we can let 7 = op and let G be generated by
any element of (og, 1) not in (p).

(B) By Theorem 12.6, ol e (¢) C Ig. Since T is just conjugation by v, then
v‘;‘ isin Ey. Let a denote the radical of q. Since norm maps for extensions of finite
fields are surjective, then there exists o' € Iy with Ng/p, (') = ol (mod a). Since
p1t [, Hensel’'s Lemma implies that there exists " € E4NIg with (n")/ Ng, g, (') =

/oA

ol (mod q). It suffices to set n = 7'y’ since then Ng,z,(n) = (0"") Ng/p,(0).
(C) Note that |7| = fv. Since Gal(F/Ey) is contained in (1), it is generated
by 77, so 77(q) = ¢. Thus the value assigned to v, A in equation (16) is indeed
in M(p*). Further, {p7? : p € G,1 < i < 7} is a complete set of representatives
for Gal(E/Z)/Gal(E/E,). Therefore M (p*) is isomorphic to Ig/p*Ig, so its or-
der is |Iz/p*|9eXE) | which is the order of the indecomposable R-module with
annihilator p*R (cf. Theorems 13.2 and 13.9). Let w : Iy — Endy, /. M (p¥)
be the natural multiplication map (recall that M (p*) is an Ig-module). De-
fine V; and for each yp € G a map V, in End;, /,« M (p*) taking each A as in
Equation (15) to the quantities in Equation (16) and Equation (17), respectively.
Note that {viv, : 0 < i < fvy, p € G} is a basis for R as an Ig-module since
{vri, 10 <0 < fy, p € G} is abasis for R as an Ig—module and by Theorem 12.6
for each ¢ and p we have viv, = dv,:, for some unit § € Iy. Hence we can define
an additive map Q : R — Endy ;. M(p¥) taking each aviv, to w(a)V;V, (for
a€lg,0<i<]|r|and u € G). Suppose that p,d € G and that b € Ig; let A be as
in Equation (15). Routine computations show that Q(v,b) = Q(v,)Q(b) and that
Q(v,b) = Q(v-)Q(b). Similarly Q(v,)Q(v-) = Q(vuv-) and Q(vs)Q(v,) = Q(vsvy).
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(Note that Q(vsv,) = Q(Ugvuvgﬂl)ﬂ(vgu) and Q(v,v-) = Qv o7 ) Q(vrvy).)

We further claim that Q(’UJ,-T‘) = Q(v,)!7l. A straightforward computation shows
that

V) (A) = (77 (api)T p(n HTJ VrUU, 1)+p7iq:p€g,1§i§”y)

(note that 77 (ny4i—;) is 7%(n) if i = j and is 1 otherwise). The product
7|-1
Ng/pr(vpvrv, v; H vjvva v tu

telescopes to p(vr I ‘) i

p(Ng/5,(M)Ng) e (vrvpv; o, ) = p(ol) (p(el o ™) 71 = ol

One now can use the above formula for V.7(A) to show that as claimed Q(v,)!7l(A) =
V27(A) is equal to

(ap)iTi(NE/Ed (pm)NEg /B~ (UTUpv;lvp_l) + pTiq)p_’Z_ = Q(v'TTI)(A) .

A tedious but straightforward computation using the formulas proved above
shows that § preserves multiplication; this says that M (p*) has the required R-
module structure.

It remains to show that M (p*) has annihilator p* R and is indecomposable as
an R-module. Since p¥ C puq for all u € Gal(E/Z), then clearly the annihilator
contains p¥ R and hence it has the form p/ R for some j < k (cf. Lemma 13.10(A)).
Since p? is in the annihilator, therefore

0=p'(1+pr'a), , = (¥ +pr'a),,,

. Thus by the choice of n we have modulo pq

sop! € qNIz = p*, s0 j > k. Thus j = k. Hence p*R is indeed the annihilator, and
so M (p*) must be a sum of indecomposable R-modules whose annihilators contain
p*R, and at least one of these modules must have annihilator equal to p*R. This
one will then have the same order as M (p¥), as was observed at the beginning of
this proof of part (C). Hence M (p*) is in fact indecomposable. O

We now give a more elementary construction of the Frobenius groups whose
Frobenius complement is the binary dihedral group

G - D4m - <<2m7j>

where m > 2. We may identify R with the ring of real quaternions Z[1/2m, (Qm,j]
(cf. Theorem 3.2); then Iz = Z[1/2m, (om + ({nﬂ To see this one can argue
directly or apply Theorem 5.2D when m is odd (whence G is a 1-complement with
invariant (4, m, (—1))) and apply Theorem 6.15 when m is even (whence G is a
Vi—complement with reduced invariant ((1,—1))). It will be useful to keep in mind
that

(Com — C1)? = =4+ (Com + Gol) P € 12

Suppose that 0 < k € Z and that p is a maximal ideal of Iz. For each m, p
and k let us fix a choice of a and b as in the following lemma.
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14.3. LEMMA. There exists a, b € Iz/p* with a® + b? = (Cgm — C;ni)Q + pk.
There exists a unique Iz /p*—algebra isomorphism

0:R/pFR — My(Iz/p")
mapping (Com—Col)+p* R and j+p*R to A = [¢ 2 ] and J =[O §], respectively.

a

Before proving this lemma, we state the main result for Dg,,—groups.

Let N(p*) denote the set of 2 x 1 column matrices with entries from Iz /p*
considered as a left R—module (scalar multiplication by r € R is left multiplication
by the matrix 6(r + p*R)); we may also consider the additive group N (p*) a Dy~
module via the injection Dg4,, — R.

14.4. THEOREM. The Frobenius groups with Frobenius complement isomorphic
to Dam, are exactly the groups isomorphic to a semidirect product of the form

k
<@ N(az)> X D4m

k
where Y, a; is in S(Dam).

=1

The proofs of Lemma 14.3 and Theorem 14.4 will be combined.

PrROOF. When k£ = 1, the existence of a and b in Lemma 14.3 follows from
the fact that the quadratic form z? + y? is universal in any finite field of odd
characteristic. The existence in the general case follows from the k£ = 1 case and
the local squares theorem. (If ag + b3 = (Com — anll)2 (mod p), then Com — G,k — b3
is a square modulo p, and hence a square modulo any power of p. This argument
assumes ag is a p—adic unit, which is true without loss of generality since (o, — Cz?i
is a p—adic unit.) Since

1 _ 1 _
<2m = §(<2m - <2n}L) + §(<2m + CQn%L) )
the pair 1, <2m_<2_7711 is a basis for Z[1/2m, (a,,] as an Iz—module. Thus 1, <2m—<2_"];,
j, (sz — C;n}b)j is a basis for R as an Iz-module. Hence
L+ p"R, Com = G + PR, J+ PR, (Com — Go)i + 'R
is a basis for R/p*R as an Iz /p¥-module. Therefore there is a unique Iz /p*-linear
function

0 : R/ka B Mdch<G> (Iz/pk)

taking the four elements of the above basis respectively to 1, A, J and AJ (here
we have denoted by 1 the 2 x 2 identity matrix). Since

1 0 1 0
0 1 -1 0 .

e =2(a® +b%) € (Iz/p")°,
b a a b

the matrices 1, A, J and A.J are linearly independent over Iz /p* and hence the map
0 is injective; it is surjective since its domain and codomain have the same number of
elements (Lemma 13.10C). Finally, § preserves multiplication since A2 = (a?+b2)-1,
J? = —1 and AJ = —JA. This completes the proof of the lemma. The theorem



80 14. CONCRETE CONSTRUCTIONS OF FROBENIUS GROUPS

then follows from Theorem 13.2 and the construction in Proposition 13.8 of the
Frobenius group associated with any Zle (a;) € S(Dym)- O

14.5. REMARK. Note that Dg = (i,j) is just the quaternion group. In this
case Iz = Z[1/2] and the maximal ideals of Iz are generated by the odd rational
primes. For any odd prime power p* we can identify the additive group M (p*) of
Example 1.3 with N ((pZ[3])*). One checks that the actions of Dg on M (p*) in
Example 1.3 and Lemma 14.3 are identical. (Please note that in this case (o —
anll = 2i, so the a and b of Example 1.3 can be taken to be exactly half the a and
b of Lemma 14.3.) Hence the groups constructed in Example 1.3 are well-defined
and comprise all the Frobenius groups with Frobenius complement isomorphic to
Ds (note that all such groups have abelian kernel since Dg has even order). The
uniqueness assertion of Example 1.3 follows from the fact that Iz = Z[1/2] has no
nontrivial automorphisms, so each orbit of §(Dg)/ Aut Ds is a singleton.

A corollary of Example 1.3 describes the orders of some Frobenius kernels.

14.6. COROLLARY. The set of orders of all Frobenius kernels of Frobenius
groups with Frobenius complement (i,3) is exactly the set of odd square integers
larger than 1. The order of the Frobenius kernel of any Frobenius group whose
Frobenius complement is not a Z—group is an odd square.

PrOOF. The first sentence follows from the fact that the order of each inde-
composable module M (p*) of Example 1.3 is the square p?*. The second sentence
follows from the first and the fact that by inspection (from Chapters 6 to 10) all
Frobenius complements other than Z-groups contain an isomorphic copy of (i, j),
and hence the Frobenius kernels of Frobenius groups with such complements are
also Frobenius kernels of Frobenius groups with complement (i, j). [l

For the remainder of this chapter we let G = Hi9g (cf. Chapter 3) and identify
R and Iz with Z[1/30,+/5,1,j] and Z[1/30, /5], respectively (Theorem 3.2). Let P
denote the set of all nontrivial powers p* # 1 of rational primes p > 5. (As usual,
p will be used only to denote a prime number.) The notation introduced in the
next lemma will be used in our construction of all Frobenius groups with Frobenius
complement G = Hiog.

14.7. LEMMA. Suppose q¢ = p* € P. Pick a = a(q), b = b(q) and s = s(q) in
Zq with a®> +b* = —1, and 30s = 1. If p =1 or 4 (mod 5), let A = Z, and pick
c=c(q) € Awithc®> =5+ qZ. Ifp=2 or3 (mod 5), let A =7Z,X]/(Y) and
c= X+ (Y) where Y = X2 — (5 + qZ). Then there are R-modules M (q+) and
M (q—), both with additive group A & A, such that for all (v,0) € A® A,

1 . .

%(77 5) = (877 86)7 7’(77 5) = (G’Y + b(sa b’Y - (lé), 3(77 5) = (67 _7)
and

V5(7,8) = (¢v,¢d) in M(g+)
and
V5(7,8) = (—ey, —cd) in M(qg—).
Before proving the above lemma we state our main theorem on Frobenius groups

with complement G = Hi59. We need a bit more notation. Let FreelP denote the
set of all maps from P to the set of nonnegative integers with finite support (i.e.,
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FreeP is the free abelian monoid on the set P). Let Py denote the set of all proper
prime powers p¥ in P with p = 1 or 4 (mod 5) and let P; = P\ Py. We give the
set of all maps Py — Z the lexicographic order (so m > n if for some gy € Py we
have m(qo) > n(qo) and m(q1) = n(q1) whenever go > ¢1 € Po).

14.8. THEOREM. For any m and n in FreeP, not both zero, the semidirect
product

(19) J(m,n) = (69qu (M(g+)™? @ M(q—)"(Q))) X Hizg

is a Frobenius group with Frobenius complement isomorphic to His9. Moreover any
Frobenius group with Frobenius complement isomorphic to Hysg is isomorphic to
J(m,n) for exactly one choice of m and n in FreeP, not both zero, with m|Py >
n|Py and n|P; = 0.

For example all Frobenius groups with complement Hisy and order 11 - 120
are isomorphic to exactly one of the semidirect products

M1+ x G, (MA1+)eM(11-)x G, M(11°4) xG.

Let us describe these groups more concretely. Since 11 = 1 (mod 5) we have
M(11£) = Z3, and M(11?4) = Z3,, and we can choose a(11%), b(11%), ¢(11%),
s(11%) (i = 1,2) so that for all (y,8) € Z%

1

i(y,0) = (77 + 40,4y = 76), j(7,6) = (6, =)

and for all (v,0) € Z3,,,
25(1,0) = (~4, ~46), V5(3,) = (48, £480),
i(7,0) = (157 + 46,4y — 156) and j(v,6) = (6, —7)

(the signs depend on whether we are in M(11°+) or M(11?—)). The semidirect
product M (11+) x G is the Hjgo—group of minimal order; it is an easy exercise (at
least with a table of primes less than 1000) to find the 92 isomorphism classes of
Hia0—groups with order at most 120-106. (M (991+) x G, which has order 120-9912,
is the one of maximum order.)

We have the following analogue to Corollary 14.6.

14.9. COROLLARY. The set of natural numbers which are the orders of the
Frobenius kernels of Frobenius groups with Frobenius complement Hyog is the set S
of all squares n # 1 relatively prime to 30 such that p, is a fourth power for all
primes p = 2 or 3 (mod 5). The order of the Frobenius kernel of any nonsolvable
Frobenius group is a member of S.

PROOF. The first sentence follows from Theorem 14.8 and the fact that |M (g+)]
equals ¢? if ¢ € Py and equals ¢* otherwise. The second sentence follows from the
first and the fact that a Frobenius group is nonsolvable if and only if its Frobenius
complement contains an isomorphic copy of Higp. O

We now prove Lemma 14.7 and Theorem 14.8.

PrOOF. Theorem 13.2 describes the G—groups in terms of the maximal ideals of
Iz and their associated indecomposable R—modules. Each of these maximal ideals
intersects down to a maximal ideal of Z[1/30], and hence to an ideal generated by
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a rational prime larger than 5. Now let us fix a proper prime power ¢ = p* € P.
Let I, denote the ring of p-adic integers. I, contains a square root of 5 if and only
if Z4 has an element with square 5 + ¢Z, and hence if and only if p =1 or 4 (mod

5) (by quadratic reciprocity (g) = (£)). In this case we let /5, as an element of
I,,, denote the square root of 5 mapping to ¢ (cf. Lemma 14.7) under the natural
homomorphism I, — Z,. Then in all cases we have a unique isomorphism

L[V5]/al,[V5] — Zg[d]

taking the coset of v/5 to ¢. Let o be the unique nontrivial automorphism of Iz
(so 0(v/5) = —/5); o is induced by an element of Aut G by Lemma 3.6. We have
an embedding p : Iz — I,[v/5] with p(v/5) = /5. Since p is unramified in the
extension Q[v/5]/Q [R, A2, p. 169], then

p=p):=p ' (pL,[V5]) and op

are exactly the extensions of pZ[1/30] to a maximal ideal of Iz (they are equal if
p =2 or 3 (mod 5)), and p(q) := p(p)* is equal to p~*(¢qI,[v/5]) [Re, Theorem
5.1(ii), p. 68]. Thus there is an isomorphism

0 : Iz/pk — Zg|c]

carrying the coset of v/5 to c. We will lift #; to an isomorphism on R/(pR)*
essentially by tensoring with Z[i, j].
Since Z[i, ]| is free as a Z-module we have a natural isomorphism

(20) Zlij)® Iz [ Zfij) @ p* — Z[i,j] ® Iz/p".
The inclusion maps induce an isomorphism
Zi,jj® Iz — R
which can be used to translate (20) into an isomorphism
R/Rp* — Z[i,j] © Iz /p".
Composition with 1 ® 6, gives an isomorphism
02 : R/(Rp)* — Z[i,j] ® Zg[c]

mapping the cosets of 1/30, v/5,iand jto 1®s, 1®¢, i®1 and j® 1, respectively.
There is an isomorphism of Z,[c]-algebras

05 : Z[i,j] ® Zy[c) — Ma(Zg|c))

mapping i® 1 and j® 1 to

a b 0 1
I:= {b —a] and J := {_1 O}’

respectively. After all, there is an isomorphism of Z,[c]-modules taking the basis 1,
i®l, j®l,ij®1 to the basis 1, I, J, IJ and this map preserves multiplication since
I? =J? = —1 and IJ = —JI. The composition of 3 and 03 gives an isomorphism

R/(Rp)" — Ms(Zy|c]).
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It follows that Rp is a maximal ideal of R (consider the k = 1 case) and hence that
R/(Rp)* is a finite primary principal ideal ring (Lemma 13.4). Thus as argued in
the proof of Theorem 13.2

B Mz ld) g )
is an indecomposable R-module with annihilator Rp* = (Rp)*. The isomorphism
B — A? taking each [g 8] in B to (v,d) puts an isomorphic R—module structure
on A?, which can be checked to be exactly the structure claimed for M (g+). The
automorphism o of Iz has an extension to an automorphism of R fixing i and j; we
will also denote this extension by o. One checks that the scalar multiplication on
oM (g+) is exactly that claimed for M (g—); thus there is such an R-module and
it is indecomposable with annihilator o(Rp*) = Ro(p)* (cf. Remark 13.6). This
completes the proof of Lemma 14.7 and the calculation of the annihilators of the
R-modules M (g+) for ¢ € P. From the proof of Proposition 13.8 it follows that all
the groups J(m,n) are Hyizp—groups. Note that given m and n in FreelP (not both
7ero),

Y(J(m,n)) =Y (m(a)(p(a)) + n(a)(op(q)))

= Y (m(g)(p(a)) + n(a)(op(a)) + Y _ (m(g) + n(q)) (p(q))

q€Po q€P;

o | Y (n(a)(p(a) + m(q)(op(a)) + Y _ (m(q) + n(q)) (p(q))

q€Po q€eP,
It follows that every Hyao—group is isomorphic to one of the form J(m, n) for some m
and n (not both zero) in FreelP (Proposition 13.8) and in fact for such m and n with
m|Py > n|Py and n|P; = 0 (Theorem 13.2). Now suppose J(m,n) is isomorphic to
J(m’,n') where m|Py > n|Po, m'|Py > n/|Py and n|P; = n’|P; = 0. Then either
P(J(m,n)) equals
G(J(m ;) =" m(q)(p(g) + n'(9)(op(q))

ocP

or it equals
ap(J(m',n)) =" n'(a)(p(g)) +m'(a)(op(g))

oclP
In the first case m = m/ and n = n’. In the second m|Py = n'|Py, m/|Py = n|Po,
m|P; = m/|P; and n|P; = n/|P; = 0. Then by hypothesis

m|]P’0 Z n|]P’0 = m/|P0 Z n/|]P’0 = ’ITL|]P>07

so once again on all of P we have m = m’ and n = n/. This completes the proof of
the uniqueness part of the theorem. [l



CHAPTER 15

Counting Frobenius Groups with Abelian
Frobenius Kernel

Let G be a Frobenius complement and k be an integer, k > 1. Let I'so(G, k) de-
note the set of isomorphism classes of Frobenius groups with Frobenius complement
G and with abelian Frobenius kernel of order k. (The set Iso(G) of Chapter 13 is
the disjoint union of these sets Iso(G, k).) In this chapter we show how the number
of elements of Iso(G,k) can be computed from the factorization k = p{* ---pp’
of k into a product of powers of distinct rational primes p1,...,p,, together with
the basic numerical invariants developed in Chapters 5 to 10 which determine the
isomorphism class of G, namely, the core invariant A, the core index [G : C], and
if [G: C] = 4,12,24 or 120, the reduced invariant S. When [G : C] = 1 or 60,
it is convenient to set S equal to the trivial subgroup of Zy, x Z;,. We again use
the notation of Chapter 12 and specifically that of Notation 12.1 and Remarks 12.5
and 12.9,50 E=Q[({] > 2

Let B denote the image of Gal(F/Z) under the natural isomorphism Aut £ —
Z;. We now state a formula for |[Iso(G,k)| in terms of f, k, S, A and B. In
Remark 15.13 below we will show how to compute f and B from A, [G : C] and S.
Asin [BrH, p. 75] if 0 < v € Z, we let P(u,v) denote 0 if u is not a nonnegative
integer and let it denote the coefficient of z* in the power series expansion of

[1(1 = 2")7" otherwise. Also, if i < p and j € Z¢, then let d(p;,j) denote the
=1

s:lbgroup of Z? generated by B, j, and p; + fZ. Finally, let § denote (|S],3) and let
By denote the kernel of the natural homomorphism Ly — ZZn Jt.51)"

15.1. THEOREM. The number of elements of Iso(G, k) is

IBol 2 H ( d((i(j,)j)) '

(21)
JEBy i=1 p“

The reader can consult [BrH, Lemma 11.12 and Remark 11.13C, pp. 77-78]
for a combinatorial interpretation of P(u,v) as a kind of partition function and for
effective methods of computing it. The next remark indicates that the appearance
of a partition function in this context is to be expected.

15.2. REMARK. Consider the case that G is the cyclic group ((,), n > 1. Then
f=nand E = Q[¢,] = Z, so B is trivial and By = Zp. Then the formula (21)
becomes

i S (i d60)

JEZ‘ =1

84
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which is the formula in [BrH, Theorem 11.7, p. 75] for the number of isomorphism
classes of metabelian Frobenius groups with kernel and complement of orders k and
n, respectively. Actually the formula of [BrH] also applies when n = 1 to give that
the number of isomorphism classes of abelian groups of order k is

ﬁ P(a;, 1);
i=1

this standard result [H, Corollary, p. 115] follows from the fundamental theorem
of finite abelian groups.

15.3. EXaAMPLE. The following table, constructed using the above theorem,
Remark 15.13 and Example 13.11, gives the number of isomorphism classes of non-
metabelian Frobenius groups J with abelian Frobenius kernel subject to restrictions
on the core index I of a Frobenius complement of J and on the order |J] of J.

[J] <10° [ |J] <5 x 10° | |J] < 10°

I=1 100 268 395
I=4 151 422 605
I=12 23 59 84
I=24 6 18 25
I =60 2 8 12
=120 0 0 1

TOTAL 282 775 1122

The number of metabelian Frobenius groups is discussed in Remark 11.13(A)
of [BrH] (there are 568,220 with order at most one million).

The above calculations were very much simplified by some easy consequences
of the fact that we were only considering Frobenius groups of order at most one
million; this implies, for example, that if the Frobenius group has core index greater
than one, then in fact the core is cyclic, and if the core index is one, then the degree
of the rational truncated group ring of the Frobenius complement is at most 4.

The proof of Theorem 15.1 will proceed in a sequence of lemmas. In these
lemmas ZA"& will denote the subfield of Z fixed under all the automorphisms of
Z induced by automorphisms of G. (Each automorphism of G induces an auto-
morphism of Q(G) and hence an automorphism of its center Z. Note that Z itself
is the fixed ring of Q(G) under the inner automorphisms of G.) Our first task is to
calculate ZA" &, We begin with a slight refinement of part of Lemma 6.8.

15.4. LEMMA. Suppose that ¢ € AutG and o(z) = y°x" where ¢ € Z,, and
heZ?. Then h=1 (moddt).

PROOF. Suppose § # 1, since otherwise the lemma follows trivally from Lemma
6.8. Then [G : C] = 12, 3 divides n (so 3 - 3; divides n), and S is nontrivial. We
have o(y) = y® for some b € Z®,. Suppose u, v, , y, z is an r-sequence for G with
invariant (a,g). Then u; = o(u), v1 = o(v), 1 := o(x), y1 := o(y), 21 := o(2)
is also an r—sequence for G with the same invariant. Proceeding as in the proof of
Lemma 7.15 we set z; = v/ 2/ where v € (u,v,y), jis 1 or 2, and f € Z,. Since

yab - O'(Zyz_l) = :szjybz_]x_f — ybajrf

)
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therefore 1 = a/~!rf. Next, modulo (u,v,y) we have
"3 = g(a"13) = 0(23) = (2 29)? = pf O+ ) i (n//3)
Hence
(22) h(n//3) = f(1+¢" +¢*)+j(n//3) (modn).
One more such computation. Again modulo (y, u,v) we have
29" = o(zxz ) =2l gl = o’

so ¢/~ =1 (mod n).

Now suppose 7 = 2. Then by the last congruence, g is trivial. Since S # 1,
therefore 3 divides |a|. Since 1 = a’~r/, then the order of a divides the order
of 7, namely t. Hence 3|t. Since a® = r™/3 (Lemma 7.8), then the order of a is
3-3; (note 3; is the order of #™/3), which does not divide ¢. This contradiction
shows j = 1. Hence 7/ =1, so f =0 (mod 3;). By Lemma 7.8 g = 1 (mod 3), so
1+ g+ ¢*>=0 (mod 3). Hence by the congruence (22)

(n//3)(h—=1)=f(1+9+9¢°)=0  (mod3-3),
so h=1 (mod 3-3;) as claimed. O

15.5. LEMMA. There exists an r—sequence x, y for the core of G such that for
every d € 7%, and e € Z with e = 1 (moddt), there exists an automorphism
7€ Aut G with 7(y) = y¢ and 7(v) = 2°.

PROOF. The argument breaks into several cases. Write e = g+nZ where q € Z,
so ¢ =1 (mod ([G: C],2)t).

Case 1: [G : C] = 1. Since e = 1 (mod t), then for any r—sequence x, y, we
have z¢y?x—¢ = (y?)". It follows that there is an endomorphism of G taking =, y
to ¢, y?. Since G = (x¢,y?), this endomorphism is the required automorphism.

Case 2: [G : C] = 4. Let u, v, x, y be an r—sequence for G with invariant
(a,g,c,h). There is an endomorphism of G' mapping u, v, z, y to u, v?, x¢, y?
respectively; this map is surjective and hence is the required automorphism. (The
point here is that u, v, ¢, y? is an rsequence for G with the same invariant
as u, v, x, y and hence is a set of generators for G satisfying the same relations
as u, v, x, y. For example one computes that since ¢ is odd, h? = h and hence
vizty=1 = g’ = (z°))

Case 3: [G: C] =12 and 3 { n. We use the notation of Theorem 7.11. By the
first case there is an automorphism 7 of (xg,yo) taking zg, yo to x5, yg. Then the
automorphism 1 ® 7 of G := Hoy x J maps ¢ = (—1,x¢) and y = (1, yo) to z¢ and
y?, as required.

In the next three cases we have [G : C] = 12 and we let u, v, x, y, z be an
r—sequence for G with invariant (b, h).

Case 4: |G : C] = 12, 3 divides n, S = 1 and e = 1 (mod 3). Since S = 1,
therefore b = 1 and h = 1 (c¢f. Lemma 7.8), so z commutes with 2 and y. One
checks that u, v, ¢, y?, 27 is an r-sequence for G with invariant (b, h). (That
z%uz"% = vu and 2%z~ 7 = u follows from the hypothesis that e = 1 (mod 3).)
Then by Lemma 7.9 G has an automorphism taking = and y to 2¢ and y?.

Case 5: [G: C] =12, 3 dividesn, S =1 and e # 1 (mod 3). As in the previous
case (b, h) is trivial. Since 3 divides n, therefore ¢ = 2 (mod 3). Hence —vu, —wv,
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x¢, y%, 29 is an r-sequence for G with trivial invariant. Hence by Lemma 7.9 G
admits an automorphism taking z, y to z¢, y%.

Case 6: [G: C] =12, 3 divides n, and S # 1. Then § = 3, so e = 1 (mod 3t).
As in the previous case, it suffices to show u, v, ¢, y?, 27 is an r-sequence with
invariant (b, h). There exists ¢ € Z with ¢ = 1 4 3it, so by Lemma 7.8

b — b(bS)ti — b(Tn//3)ti — b;

hence z9y%2~7 = (y?)*" = (y*)b. The rest is routine.

In the next three cases we have [G : C] = 24 and we let u, v, w, z, y, z be an
r—sequence for G with invariant (b, h).

Case 7: [G : C] = 24 and 3 1 n. By Proposition 8.6 it suffices to show that
u, v, w, ¢ y¢, z is also an r-sequence for G with invariant (b, h), and this can
be verified by routine computations. (Recall that 23 = 2™/3 = 1 since 3 does not
divide n and that z commutes with = and y.)

Case 8: [G : C] = 24, 3|n, and e = 1 (mod 3). In this case it suffices to verify
that u, v, w, ¢, y?, 27 is an r-sequence for G with invariant (b, h). In Case 4 we
saw that u, v, ¢, y¢, 27 was an r—sequence for (u, v, x,y, z). The rest is transparent
except for the equality wz9w ™! = (2¢)~"/3v(2%)2. To verify this write ¢ = 1 + 3i
(where i € Z) and recall that h = —1 (mod 3,,) by Lemma 8.4. Note that

—(n//3) +ih(n//3) = —(n//3) — 3i(n//3) + 2i(n//3) (modn).
Hence
wziw= ! = wzxi(n//S)wfl _ $7n//3U22$ih(n//3)
= x_n//3x_3i(n//3)U22x2i(n//3) = (xe)_n//3U(ZQ)2 .

Case 9: |G : C] =24, 3|n and e = 2 (mod 3). In this case it suffices to observe
that —v, —u, wz?, ¢, y? 27 is an r-sequence for G' with invariant (b, h). Since
h = -1 (mod 3,), then h(n//3) = —n//3 (mod n). Writing ¢ = 2 4 3i we therefore
have

(w2?)(29) (wz?)"r = w3y

:(x—n//3vz2)2xihn//3 _ (x2+3i)—(n//3)(_u)x(n//3)2iz4
= ()P (—u) (7).

The remaining verifications are routine.

Case 10: [G : C] = 60. We use the notation of Theorem 9.1 and assume
G = J x Hyz0. As in the first case J has an automorphism 7 taking z¢ and yo to =
and yg, respectively. Then the automorphism 7 x 1 of J x Hia9 maps z = (z¢, —1)
and y = (yo, 1) to z° and y?, respectively.

Case 11: |G : C] = 120. Let u be the automorphism of Z(J x Hjsp) induced
by the automorphism 7 x 1 of the previous case. Then without loss of generality G
is the Ss—complement constructed in Theorem 10.6 and p commutes with p. This
implies that g induces an automorphism of G fixing p. (|

15.6. LEMMA. ZAWG [

PROOF. We use the notation and the division into cases of the proof of Theo-
rem 12.6. In Cases 1, 3, 4, 6 and 8 we have L D Z, so there is nothing to prove.
We now consider the remaining cases. For any 7 € Aut G we also let 7 denote the
automorphism of Q(G) that it induces.
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Case 2: [G : C] = 4 and |S| < 2. There exists 7 € Aut G mapping an r—
sequence u, v, z, y to u, —v, x, y. Thus ZA"E C Z7 C L[v]” = L. Here 27 has
denoted the set of elements of Z fixed by the automorphism of Z induced by 7.

Case 5: [G: C] =12, 3|nand S = 1. If u, v, x, y, z is an r—sequence for
G, then u, v, z, y, z'7™ is an r-sequence for G with the same trivial invariant.
Hence there exists 7 € Aut G mapping the first r—sequence to the second. Hence
T7(Az) = A" £ Az since 2" = (2™/3)"/3 £ 1. Since Az satisfies a cubic
polynomial over L we have

ZAWG c ZT C L[A2]" = L.

Case 7: [G:C)=24,34n,S=1. If u, v, w, z, y, z is an r—sequence for G,
then u, v, —w, x, y, z is an r—sequence with the same invariant, so some 7 € Aut G
maps the first 7—sequence onto the second. Then 7(n) = —7, so ZA"E C Z7 C
L =1L,

Case 9: |G : C] = 24 and 3|n. Let u, v, w, x, y, z be an r—sequence for G.
Note that

= vz vz vz oY)

20271(273>n/3 _ v(znqtl)fl.

w2n+1w71 — (,szl)nqu n/3

It follows easily that u, v, w, x, y, 2"*! is an r-sequence for G with the same

invariant; hence there exists 7 € Aut G mapping the first to the second. As in Case
5 we then have ZA"E C L[Az]” = L.

Case 10: [G : C] = 60. If ¢y is the automorphism of Lemma 3.6A, then 1 X 1)
is an automorphism of G = J x Hjgp; the induced automorphism of Q(G) maps

V5 to —v/5. Thus
ZAutG - (Q[Cmn/t] ®Q[\/g])1xwo cL.

Case 11: |G : C] = 120. The automorphism 1 x ¢y of J X Hiog in the previous
case extends to the automorphism 1 ® p; of &€ = Q(J X Hijag), which commutes
with p and hence induces an automorphism 7 of G fixing p. Thus

ZA0G Q] @ Q[VE]) C L.
O

15.7. THEOREM. ZA™C s o cyclotomic extension of Q generated by a primi-
tive (n/t, 5t)*" root of unity.

PROOF. We let , y be as in Lemma 15.5, and we identify z* with ¢,/ and
y with (, so that L = Q[Gnny¢) (cf. Remark 12.5). We begin by justifying the
inclusions

(23) Ql¢(n/t.o0) C Z2A44CF c LAMEG c L7
where H is the image of the canonical homomorphism
0 :Zy, x ker (Zy, — Z3,) — Aut L
which for each a € Z3, and g € ker (Z,’l — th) has
0(a,9)(Gm) = ¢ and 0(a, 9)(Cnye) =G, 1 -

First suppose 7 € AutG. Then by Lemmas 6.8 and 15.4, 7(y) = y* and
7(z) = y’a" where a € Z3,, b € Z,, and h € ker (Z5 — Z3,). In all cases 6t
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divides n (as noted earlier, 6 # 1 only if 3 divides n, cf. Remark 7.4). Since h =1
(mod 4t),
hn/(n/t,6t) = h(n/t)(6t/(n/t, ot))
= (n/t)(6t/(n/t,0t)) =n/(n/t,6t) (modn).
Hence by Lemma 6.7
T(Cnpron) = (@ H0)
_ (ybxh)n/(n/t,zst) — xhn/(n/t,ét)

= g™/ (/60 Cln/t,6t) -

Thus justifies the first inclusion of the display (23). The second inclusion follows
from Lemma 15.6; and the third is immediate from Lemma 15.5. It now suffices to
show that

¢(mn/t) = [H|o((n/t,0t)),

since this will imply that the inclusions of display (23) are all equalities.
We next show that the sequence

1— 1 xker (Z4 — Lty gy) — Loy % ker (Z — Z3,) ~> H — 1

is exact, where 4 is the inclusion map. (Recall that n is a multiple of §t and hence is
a multiple of the least common multiple [n/t,6t] of n/t and 6t.) If g € ker (Z§ —
Z[‘n/mt]), then 6((1,9))(y) = y and 6((1,9))(z*) = 2'9 = 2* since g =1 (mod n/t)
by hypothesis. This shows that the image of v is contained in the kernel of §. Now
suppose (a,g) € kerf. Then y* =y and 2'9 = z', soa =1 and g = 1 (mod n/t).
By the choice of g we have g = 1 (mod 6t), so g =1 (mod [n/t,dt]). Thus (a,g) is
in the image of 1. This proves the exactness of the above sequence. We conclude
that

|H|p(n)/o([n/t,6t]) = p(m)p(n)/o(6t) .
Hence it suffices to show that
o(n/t)p(5t) = ¢([n/t, 6t])¢((n/t,6t)) .

Recall that for any positive integer z we let zp denote the product of the distinct
rational prime divisors of z, so that

(24) ¢(2) = 2¢(20)/ 20
[NZ, Theorem 2.16, p. 48]. Let ¢ = (n//t)o. Since to divides n/t (Lemma 5.3(A)),
we have [n/t,0t]o = tog = (n/t)o (recall that if § # 1 then 6 = 3 divides n). Also
note that (n/t,dt)g = (6t)o. Therefore

¢([n/t,6t])¢((n/t,5t))

[n/t,6t]p([n/t, 6tlo)  (n/t,6t)p((n/t,6t)o)

[n/t,&f]o (n/t,ét)o
_/0a((n/n) 5t o((3t)0)
(n/t)o (6t)o
= o(n/t)p(dt) .

This completes the proof of Theorem 15.7. O
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We now turn more directly toward the proof of Theorem 15.1. The argument
will parallel and generalize that of [BrH, §11]. Let Z; be a field lying between F
and Z, and set G = Gal(Z,/ZA"F). For each 0 € G let I, = Z° N Iz. We also
let P, denote the set of nonzero primary ideals of I, and let S, denote the free
abelian semigroup on the set P,. For example, if o fixes Z, then I, = Iz, P, = P
and S, = §(G) (cf. the first paragraph of Chapter 13). In general I,, P, and S,
depend only on the restriction of o to Z. If q € Py, let

P@={peP:pnl, =q}.
Finally, if n € S,, let
n®lz =Y npnl)pcSG).
peEP

(We are viewing elements of S, as functions from P, to the set of nonnegative
integers having nontrivial finite support.)

15.8. LEMMA. Forallo € G andp € P
Plpnl,)={rp:7€{0)}.

PRrROOF. Let a and b be maximal ideals of Iz and let ¢ and j be positive integers.
By Lemma 12.11 no maximal ideal of I, ramifies in Iz. Thus a’* NI, = (a N I,)%.
Therefore, if a? NI, = b/ N I,, then i = j and aN I, = bN1,, so 7(a) = b for some
7 € Gal(Z/279) = (0|Z). Hence, if b/ € P(a’N1,), then b/ € {r(a’) : 7 € (0)}.
Thus P(a’N1,) C {r(a’) : 7 € (0)}; the reverse inclusion is transparent. O

15.9. THEOREM. There exists a |G| : 1 covering of S(G)/ AutG by the set
U:= U {o} xS mapping each pair (o,n) to the orbit of n® Iz.
o€eg

ProOF. By Galois theory both G = Gal(Z;/Z4") and AutG induce the
same set of automorphisms of Z. Hence the natural actions of G and Aut G on S§(G)
have exactly the same set of orbits. Now pick ¢ € G and v € §(G). Let H denote
the stabilizer of « with respect to the action of G on S(G); then |[y]| = [G : H].
Since G is abelian, H is also the stabilizer of any element of [y]. We now show
o € H if and only if v = n® Iz for some n € S,. First, if v = n ® Iz for some
n €Sy, then

o(v) = D nle M p)NL)o(e ()

peP

= > npnI)p=7,

peP
so 0 € H. Next suppose 0 € H. Then

PIRICaCNIED PRICLE

peEP peP
SO

Y(p) = P) =0 (p) = ...

Thus for each p € P, the function + is constant on

{r(p): 7€ ()} =P(pNI)
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(Lemma 15.8). Hence we can unambiguously define 1, € S, by setting n,(pNI,) =
~v(p) for all p € P. Clearly, 7, is the unique element of S, with v =7, ® Iz, as
claimed. The |H| elements (0,7,) of U (where o ranges over H) are exactly the
elements (7,m) of U such that v =7 ® Iz. Since [y] has [G : H] elements, there are
exactly [G : H]|H| = |G| elements of & mapping to [v]. O

15.10. LEMMA. Suppose (o,1) € U. The order of the Frobenius kernel of the
Frobenius group associated with [n ® Iz] € S(G)/ Aut G by the map ¥ of Theo-
rem 13.2 is

T, = H |1, /q|"(@[2:27] deg Q)
q€Ps

PrOOF. By Theorem 13.9 the Frobenius kernel, call it M, of the Frobenius
group associated with the orbit of

nelz= Z Z n(a)p

q4E€P; peP(q)

H H |1z /p|"(@) des UG)

q€P peP(q)

has order

Consider any q € P, and p € P(q). Write p = a’ where a is a maximal ideal of Iz.
Since a is unramified in Z/Z7 we have

g=pnl,=a'Nl, =(anl,)
and [Z : Z7] = fg where f is the residue class degree of a in Z/Z7 and

g = ’{bEP:bismaximalandbﬂlg:aﬂlg}’
= |{b" € P: b is maximal and b" N I, = q}|
= |P(q)].

Note that f depends only on a NI, and hence on q. Therefore
[Lz/p| = Iz /a]' = |I/I, N a['! = |1, /al
so that

M| = H |Ia/q|lP(q)\fn(q)dch(G>
qeP,

= H |1, /q|IZ:Z7 (@) des UC)
S

We continue to use the notation of the previous lemma.

15.11. LEMMA. Let o € G. Then

e 501~ = 117 (72 oo )

where for each rational prime p we let f(p) denote the residue class degree of p in
Z7/Q and g(p) denote the number of maximal ideals of I, containing p.
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PRrOOF. For each rational prime p let A(p) denote the set of maximal ideals of
I, containing p, so that g(p) = |A(p)|. Let n € S,. Then

n=> > 2 )
P acA(p)j=1
where the first sum is over all rational primes p not dividing |G|. Then
n(a?)[2:27] deg Q(G)
v, =11 I IT /]
P a€A(p) j=1

by the previous lemma. Since |I,/a’| = p?/(?) | therefore
— H H Hpjf(p)n(aj)[Z:Z”] deg Q(G) _ th(iﬂ)
p oa j P

where

= > ng (a))[2 : 2°] deg Q(G) .

aeA(p) j=1

Hence I'y = k = H p}* if and only if 7(a’) = 0 whenever a maximal ideal a of I,,
=1
contains a ratlonal prime equal to none of the p; (i < p) and for all i < p

= f(p)[2: 2°)deg Q(G) Zm o)

a€A(p;) j=1

But for each i < p the number of solutions in integers z; o (where a € A(p;) and
j > 1) of the equation

T 2 TaR 0l - S e

a€A(p;) j=1
is exactly
a;

P (f(pi)[z Z]desQl0) I i))

P oo L
(cf. [BrH, Lemma 11.12C, p. 77]). Hence the number of n= > > > n(a?)a’
i=1 acA(p:) j=1

with I';, = k is exactly

l:IP <f(pi)[Z : Z;] deg Q(G) 7g(pi)> )

15.12. THEOREM. With f(p;) and g(p;) as in Lemma 15.11,

[Fo(G. 1) = |g|ZH ( FP)Z 271 des QG >’g(p”)'

oceGi=1
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Proor. Let I';, be as in the previous two lemmas. By Theorems 13.2 and 15.9
there exists a |G| : 1 cover of Iso(G) by U, so
|G][Is0(G, k)| = [{(o,n) €U : Ty = k}.
The previous lemma then implies that

Hso(G, P |9|ZH ( T2 21 QG >’g(p”)'

oegi=1

O

The above theorem takes a very natural form when we pick 21 = Z, so G =
Gal(Z/ZA" %) and [Z : Z7] = |o|. In the following proof of Theorem 15.1, however,
we will take Z; = FE.

PROOF. Let Z; = E, so G = Gal(E/Z4 %), By Theorem 15.7 the image of
G under the natural isomorphism Aut £ — Z7 is exactly

By = ker Z; — Zzn/t)ét)

where § = (3,]S5]). We now prove that if i < p and if o € G corresponds to j € By,
then

f(0i)[Z - 27]deg Q(G) = d(pi, J)
and hence
d(pi, 3)9(pi) = [2 : 271 (pi)g(pi) deg Q(G)
=[E: Z][2: 27][27 : Q] = ¢(f) -
Theorem 15.1 will then follow immediately from Theorem 15.12. The order of B is
deg Q(G), and [Z : Z7] is the order of the coset o Gal(E/Z) in
Gal(E/ZA"E) ) Gal(E/Z) = Gal(Z/ 2216,
Hence [Z : Z9] is the order of jB in By/B. Finally f(p;) is the order of (p;+§Z)(B, j)
in
Z; /(B.j) = (27 /B)/ ((B.)/B)
>~ Gal(Z2/Q)/ Gal(Z2/27) = Gal(27/Q).

Thus [Z : 27]f(p;) deg Q(G) is the order of the subgroup of Z7 generated by B, j,
and p + fZ, i.e., d(p;, 7). This completes the proof of Theorem 15.1. O

15.13. REMARK. The reduction to elementary number theory of the computa-
tion of |Iso(G, k)| requires a description of how to compute f and B in terms of the
numerical invariants A, [G : C] and S for G. Both f and Gal(E/Z) are computed
in the proof of Theorem 12.6. In particular if we write f = smn/t, then we have
s=1,2,1,2,6,2,4,2,6,5,5 in the Cases 1 through 11, respectively. By inspection
then

s = (5,]G:C]) ifeither [G:C]=|S|=4or[G:C]e{1,60,120};
s = 4 if[G:C]=24,|S|=1and 3{n; and
s = 2(3//|S|,n,|G:C]) otherwise.
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The description of B in terms of A, [G : C] and S is a bit more complicated.
Let

(a,g,c,h) € Zy, X Ly X Ly, X Lo,

denote (1,1,1,1) if [G : C] =1 or 60; let it be an invariant for G if [G : C] = 4; and
let it be such that ¢ =1, h = 1 and (a, g) is an invariant for G otherwise. Such a
4—tuple is easily constructed from [G : C], A and S (cf. Theorems 6.14, 7.13A, 8.7A
and 10.6A) and except when [G : C] is 4 or 12 is unique. Let ¢ =5 if [G : C] > 60
and otherwise let ¢ denote [G : Cly, the product of the distinct prime divisors of
[G: C). Let pu = 212/1GCLif [G: C] > 60, p = (—1)¥IGCLif [G: C] < 4, and
p=(35)2 + 8 24/1G:Clif [G . C] = 12 or 24. By the Chinese Remainder Theorem
there exist unique r*, ¢* and A* in Z¢ with r* =7 (mod m); r* =1 (mod f/m);
g* = a (mod m); ¢g* = ¢ (mod (f/m)//q); g* = p (mod g¢;); and, finally, h* = ¢
(mod m) and h* = h (mod f/m) if [G : C] = 4, and h* = (—1)IF+1 (mod 2;) and
h* =1 (mod §//2) if [G : C] # 4. We now claim that in all cases,

(25) B=(r*,g",h").

To prove formula (25), one simply translates the case-by—case descriptions of a set
of generators for Gal(E/Z) in the proof of Theorem 12.6 into a set of generators
for B using the following simple principle. Suppose that 7 € Aut Q[(s] and that f is
the product of three pairwise relatively prime positive integers by, ba, bs. For each
i <3, let n; be a b root of unity in Q[¢;] and suppose T(n;) = ni'. Ife € Z is a
solution to the set of congruences x = e; (modb;) (for i = 1,2,3), then e + {Z is
the image of T under the natural isomorphism Aut Q[(;] — Z3 . We illustrate the
use of this fact to calculate B in two of the cases from the proof of Theorem 12.6
and leave the remaining cases to the reader.

Case 6: |G : C] = 12, 3|n and |S| > 1. In this case s =2, ¢=6,g =1
(mod (6t),,) (by Lemma 7.8), 6; = 3,,/; - 4, (a,g) is an invariant for G with respect
to an r—sequence u, v, x, y, z, and by Euler’s theorem

p=23+8%3) =1 (mod6y).
We factor f in three ways

m - (f/m) = (25) - (//2) = m - 65/m - (n/1)//6.
The above factors are the orders, respectively, of the elements

t t(65) .

y7 VT ) U? yw2t7 y7 xt(n//g)v7 x

Gal(E/Z) is generated by o, o1 and 71. Since o(y) = y" and o(va!) = vz!, then
o maps to r*. Since o1(v) = v~ ! and o1 (yx?') = yz*, then oy maps to h*. Note
g =1 (mod 3,), so gt(n//3) = t(n//3) (mod n), and hence 7 fixes z**/3v. Also
71(y) = y* and 71 (2%") = (2%7)9, so 7 maps to g*. Thus Gal(E/Z) maps to
(r,g",h").

Case 11: [G: C] =120. Then p =2, s = ¢ =5 and f = 5mn/t. We factor f in
two ways:

m-f/m=m-n/t-5.

The factors of § above are respectively the orders of

CTTI®17 Cn/2t®_/67 <m®1; Cn/2t®_1a 1®/6
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Gal(E/ Z) is generated by o and p3. Since 0((®1) = (¢n®1)" and 0(¢,/2:0—8) =

Cn/2:®—PB, 0 is mapped to 7*. On the other hand p3(¢,®1) = p(¢m®1) = ((n®1)%,

P5(Cnyor @ —1) = plGuyor @ —1) = (Guyor ® —1)7 and by equation (11) in Chapter 12
ps(1®P)=(1@ia 1o pn@)(lia ) =12 06)°.

Thus p3 maps to g*. Since 2; = 2, then h* = 1. Hence B is indeed generated by

r*, g* and h*.



CHAPTER 16

Isomorphism Invariants for Frobenius
Complements

We now study combinations of isomorphism invariants of Frobenius comple-
ments which determine those groups up to isomorphism. Our object is to prove
Theorem 1.6 of the Introduction, and to investigate the extent to which a Frobenius
complement G is determined by its truncated group ring Z)(G). For A either a
group or ring, let [A] be the isomorphism class of A (in the appropriate sense).

We continue to use the notation of Notation 12.1 and Remark 12.5, so that in
particular G will denote a Frobenius complement with core C' and core invariant
(m,n,T). We let S denote the signature of G. Set k = |C'Z(C)|; thus k = mn/t
and L = Q[¢x] (cf. Remark 12.5).

16.1. THEOREM. [G] is determined by any of the following four collections of
data:

(D1) [C] and [Z(c)(G)];
(D2) [G : C] and [Z(C)]:
(D3) |G, |C], and [Z];
(D4) |G|, |C], and S.

Theorem 1.6 is of course equivalent to the assertion that [G] is determined by
the data in (D4). We begin the proof of Theorem 16.1 with four lemmas. The first
simply assembles some material that can be read off of Theorems 5.2D, 6.15, 7.11,
7.13C, 8.7C, 9.1, and 10.6C.

16.2. LEMMA. For each of the sixz possible values of [G : C|, the corresponding
values of deg Q(G)/t and [Q(G) : Q]/d(mn) are as indicated below.

G C]=[1] 4 12 24 [ 60120
[Q(G) : Ql/¢(mn) = | 1| 4 (0,34 |[(,3)8] 8] 16
degQ(G)/t=|1|20r4|20r2(n,3) | 20r4d | 2 | 4

Our second lemma relates the integer units in Zg)(G) to the order of G. Its
proof involves a (somewhat implicit) construction of bases for integral truncated
group rings of Frobenius complements as Z-modules.

16.3. LEMMA. Let p be a rational prime. Then p € Zg)(G)® if and only if p
divides the order of G.

PROOF. First suppose that as a Z-module Z(G) has a basis of the form
Y1,7Y2, - - -,7Ys where v = 1. This is also a basis for Z(G)<G) considered as a Z(g)—
module. If p is a unit in Z)(G), then for some integers a; and b; with each b;

96
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dividing some power of |G| we have

p((a1/b1)m + -+ (as/bs)ys) = 1Imn

so pai /by = 1. Thus p divides |G|. On the other hand if p divides |G| then p is a
unit in Zg)(G) by the definition of the truncated group ring.

We complete the proof of the lemma by verifying the supposition of the first
sentence of the proof. If G is cyclic of order n, then Z(G) = Z[(,], which has
basis 1,(,...,¢?"~1  Lemma 3.5 implies that B := {1,i,j,a} is a basis for
Z[H24) = Z(H24) and that B + BB is a basis for Z[H20] = Z(Hj20). Thus the
supposition is valid in these three cases; it follows that it is valid in all cases since
in Chapters 5 through 10 we constructed all integral truncated group rings of Frobe-
nius complements from those of these three cases by the processes of forming tensor
products and of forming the “cyclic extensions” of Albert’s Theorem 2.5; both these

constructions clearly preserve the property of having a basis including the element
1. O

The next lemma shows how the signature S of G determines the reduced in-
variant (if there is one) and core invariant of G. Recall that if the core index of G is
4,12, 24, or 120, then invariants (and reduced invariants) for G, usually associated
with r—sequences of G, have been defined (cf. Definitions 6.4, 7.2, 8.1 and 10.1).

16.4. LEMMA. Let 0 : Zy, x Z? — Z,, be the canonical isomorphism and set
Ty = 60(T x (L+nZ). If[G: C] =4, 12, 24 or 120 select an invariant for G.
Define

B = (14+mnZ) if [G:C]=1 or 60;
= (0(a,g),0(b,h)) if [G:C]=4 and
(a,g,b, h) is the selected invariant for G;
= (0(a,9)) if [G:C]=12,24, or 120
and (a, g) is the selected invariant for G.

Then S is generated by Ty and B. Moreover Ty is exactly the set of elements of S
of order dividing t. If G = C then B is trivial; if 3 divides |S| and [G : C] = 12
then S is cyclic of order 3t and B is the Sylow 3—subgroup of S; and in all other
cases B is the Sylow 2—subgroup of S.

Proor. T is the image of C' under the map G — Z3,,, of Definition 1.4, so
Ty C S. If [G: C] =1 or 60 then T3 = S since G is generated by C together
with some elements of G commuting with every element of C' (cf. Theorem 9.1 for
the case [G : C] = 60). Now suppose [G : C] = 4 and u, v, x, y is an r—sequence
for G with invariant (a,g,b,h). Then S is generated by 77 and the images of u
and v in S, namely 0(a, g) and 6(b, h), respectively. Thus S is generated by B and
Ty; the set of elements of S of order dividing the odd number ¢ is 73; and B is
the Sylow 2-subgroup of S. Next suppose [G : C] = 12. Say u, v, x, y, z is an
r—sequence for G having the selected invariant (a,¢g). Since v and v commute with
x and y, S is generated by 77 and the image of (z) in S, namely B = <(a,g)>.
First consider the case that 3 does not divide |S|. Then (a,g) is trivial, so 3 t ¢,
B =1, and S = Ty. Next suppose 3 divides |S| but not ¢. Then a® = r™/3 =1,
so (a, g) has order exactly 3. That is, T} has order prime to 3 and B has order 3.
Finally suppose 3 divides t. Since a® = #"//3 # 1, then (a, g) has order 3(3;) and
0=1(S) = ((r,1),(a, 9)) = ((r*,1),(a,g)). Since |r¥| =1t//3 is relatively prime to
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’(a, g)} = 3(3¢), then S is cyclic of order 3t. One easily checks now in all cases with
[G : C] = 12 that Ty is the set of elements of S of order dividing ¢ and B is the
Sylow 3-subgroup of S.

Next consider the case that [G : C] = 24. If u, v, w, x, y, z is an r—sequence
with the selected invariant (a, g), then we have B = (6(a,g)), which is the image
of win S. Since u, v and z commute with x and y, this says S is generated by T}
and B. Since ¢ is odd and |B| a 2-power, then B is the Sylow 2—subgroup of .S and
T; the set of elements of S of order dividing ¢. Finally suppose that [G : C] = 120.
We may assume our group G and selected invariant (a, g) are those constructed in
Theorem 10.6. Then S is again generated by 77 and the image of p in S, namely
B= <(a, g)> And again T} is the set of elements of S of order dividing ¢ and B is
the Sylow 2—subgroup. O

The next lemma relates the signature S to the center Z of Q(G).

16.5. LEMMA. The diagram

G —— 7,

commutes, where the top map is that of Definition 1.5, the bottom map is the
canonical isomorphism, the right—hand map is the canonical one, and the left—
hand map is induced by conjugation by elements of G (if g € G and n € L, then
5(g)(n) =gng—1). Moreover the image of § is Gal(L/L N Z) and the restriction of
p to S is injective.

Before proving this lemma we state a corollary which begins to suggest how spe-
cial are S (when compared to other subgroups of Z¢,,,) and Z N L (when compared
to other subfields of cyclotomic extensions of Q).

16.6. COROLLARY. S is isomorphic to Gal(L/L N Z), and both have a cyclic
subgroup of index at most 2. (S is not cyclic if and only if G is a Vy—complement
with reduced invariant of order 4.)

The isomorphism of the corollary is immediate from Lemma 16.5; the rest of
the corollary follows from the analysis of S in Lemma 16.4.
We now prove Lemma 16.5.

PROOF. Let z, y be an r—sequence for C, so
(z'y) = (a',y) = Z(C)C’
is a normal subgroup of G and L = Q[E@] Then conjugation by elements of G
induces automorphisms of <:Cty> and hence of L which clearly leave L N Z fixed.
If v € L9 then v € Z since the image of G — Q(G) generates Q(G) as a
@Q-module. Hence by Galois theory §(G) = Gal(L/L N Z). We next argue that p
is injective on S. Suppose otherwise. Then S has an element s of prime order p in
the kernel of p. We use the notation of Lemma 16.4. Write s = 6(c, f). Now p is
clearly injective on T, so s ¢ T1. Hence by Lemma 16.4 either [G : C] =12, p = 3,

and 3 does not divide ¢; or p = 2 and [G : C] =4, 24, or 120. In all cases s is in B
and hence f =1 (mod t,) (Lemmas 6.9, 6.11, 7.8, and 8.4). Our hypothesis says
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¢=1 (mod m) and f =1 (mod n/t). But then f =1 (mod n), contradicting that
s = 0(c, f) has order p. Hence p is injective on S.

Finally suppose g € G maps to 71 and 7o under the maps G — Z;, of the
diagram factoring through § and p, respectively. Then by definition y"™ = gyg~!
y™ and 27t (y) = gxtg~(y) = 2" {y). Hence 1 = ro (mod m) and r; = 73 (mod
n/t), so r1 = ro. That is, the diagram commutes. O

We are now ready to give the proof of Theorem 16.1.

PROOF. Let S denote the image of S under the function p : Z|.c| — 7, of
Lemma 16.5. Consider a fifth set of isomorphism invariants:

(D5) |G, [C], |Z(C)C"], and S .

We will show that the data in (D5) determine [G] and that
(D1) — (D2) — (D3) — (D5) «— (D4)

where “(Di) — (Dj)” means the data in (Di) determines that in (Dj).

An inspection of Lemmas 16.2 and 16.3 shows precisely how |C| and [Zg)(G)]
determine [G : C], so (D1) — (D2): [G : C] =1 if and only if [Q(G) : Q] = ¢(|C|);
[G : C] = 4 if and only if [Q(G) : Q] = 4¢(|C|) and either 3 divides |C| or
3 & Zi)(G)®; |G : C] = 12 if and only if either [Q(G) : Q] = 12¢(|C]) or else
[Q(G) : Q] = 4¢(|C|), 3 does not divide |C|, and 3 € Z()(G)*; [G : C] = 24 if
and only if either [Q(G) : Q] = 24¢(|C|) or else [Q(G) : Q] = 84(|C|) and either
5 ¢ Ze)(G)* or 5 divides |C|; [G : C] = 60 if and only if [Q(G) : Q] = 8¢(|C]),
5 € Z(){G)*, and 5 does not divide |C|; [G : C] = 120 if and only if [Q(G) : Q] =
166(/C1).

Now we prove (D2) — (D3). It suffices to show how |C| is determined by
[G : C] and [Z(g)(G)]. The key observations are given in

Claim 1. (A) Suppose [G : C] = 12. Then 3 divides n if and only if 3 divides
deg Q(G) or Z has a primitive cube root of unity.

(B) Suppose [G : C] = 24. Then 3 divides n if and only if some quadratic field
extension of Z has a primitive 9th root of unity.

Proof of Claim 1. (A) If 3 does not divide n, then Z is isomorphic to a subfield
of Q[¢x] which has no primitive cube roots of unity (Theorem 7.11) and 3 does not
divide the degree of Q(G) (Lemma 16.2). Now suppose 3 divides n and 3 does not
divide deg Q(G). By Theorem 7.13 and the paragraph following it, the invariant of
G must be trivial and hence Z has a root of unity of order 3(3,). Thus Z has a
primitive cube root of unity, as required.

(B) Suppose 3 divides n. G has a unique subgroup H which is an A4—comple-
ment with the same core as G. By Theorem 8.7C the center of Q(H) is an extension
of Z of degree at most 2. H has trivial invariant, so by Theorem 7.13 the center
of Q(H) has a root of unity of order 3(3,,) and hence a primitive 9th root of unity.
Now suppose 3 does not divide n. Again by Theorem 8.7C, Z is isomorphic to a
subfield of E[\/ﬂ, where E is the center of Q(H). By Theorem 7.11, Z is then
isomorphic to a subfield of Q[Ck, ¢s] = Q[Cax] since (s + (5 = V2. Now Q[Co, Cax] is
an extension of Q[C4x] of degree 6, and hence no subfield of Q[(4x] has a quadratic
extension containing (9. Thus Z has no quadratic extension with a primitive 9th
root of unity. This completes the proof of Claim 1.
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We now apply the identity

[Cl = o(ICDICo/d(IC]o)

(cf. formula (24) in Chapter 15) to the computation of |C| in terms of [G : C)]
and [Z)(G)]. By Lemma 16.3 |G|o is the product of the distinct rational primes
in Z()(G)*. Then a routine computation using Claim 1 above and Lemma 16.2
shows that

IC] = 1G1o[Q(G) : QI/(6(IGlo)d)

where 6 = 1if [G:Cl=1;=4if [G: C] =4; § =121if [G : C] = 12 and either
3 divides deg Q(G) or Z has a primitive cube root of unity; § = 6 if [G : C] = 12
and 3 does not divide deg Q(G) and Z has no primitive cube root of unity; § = 12
if [G : C] = 24 and no quadratic extension of Z has a primitive 9th root of unity;
§ =24 if [G : C] = 24 and some quadratic extension of Z has a primitive 9th root
of unity; 6 = 15 if [G : C] = 60; and 6 = 30 if [G : C] = 120.

Our next task is to show (D3) — (D5). We need the following technical result.

Claim 2. The degree of Q(G) is 6t if and only if [G : C] = 12, 3 divides |C],
and Z does not have a root of unity of order 3(3,¢).

Proof of Claim 2. By Lemma 16.2 we may assume without loss of generality
that [G : C] = 12 and 3 divides |C|. Then by Theorem 7.13 the degree is 6t if and
only if the reduced invariant of GG is nontrivial. In this case Z is isomorphic to a
subfield of Q[(], which clearly has no root of unity of order 3(3,). On the other
hand if the reduced invariant is trivial, Z is isomorphic to K[z(1 —u —v — vu)] (in
the notation of Theorem 7.13) which has —z(1 — u — v — vu)/2 as a root of unity
of order 3(3,). This completes the proof of Claim 2.

We now show how k = |Z(C)C’| is determined by |G|, |C|, and [Z]. First
suppose |G| = |C|. Then by Lemma 16.2 and the definition of degree, the square
of the degree of Q(G) is

£ =[QG):Q2: Q" = ¢(C)/12: qQ,
so that

1

|Z(O)C| = 1C|/(6(IC])/[2 - Q])> -

The other cases are similar but a bit more complex. Set ¢ = 3 if |G| = 12|C|, 3

divides |C|, and Z has no root of unity of order 3(3|¢|), and let £ = 1 otherwise.

Since |G| # |C|, then t is odd and hence by Claim 2 and Lemma 16.2, t* =
£72(deg Q(G))?//2, which by the definition of degree and Lemma 16.2 equals

£72[Q(G) : @] [z : @]*1//2
= &2(s(C)/[2 - Q) ([Q(G) : Ql/e(IC) //2
= £33,/ |G|/|C|>( (|C|>/[z Ql)//2.

This shows ¢, and hence k = |Z(C)C’| = |C|/t, are both determined by |C|, |G|,
and [Z].

It remains to show that S is determined by |G|, |C|, and [Z].

By Theorem 12.6 (and Remark 12.7) Q(G) has a subfield W containing Z and
L which is isomorphic to a subfield of U := Q[(sox]. By Galois theory each subfield
V of W is isomorphic to only one subfield, call it Vi, of U. Thus for example L; is
Q[¢k], the unique subfield of U isomorphic to L. Since any homomorphism W — U
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preserves intersection of subfields of W, then L; N Z; is the unique subfield of U
isomorphic to L N Z. Thus the image of the natural map

Gal(Ll/Ll N Zl) — Zz
depends only on [Z] and k = |Z(C)C’| and it equals the image of
Gal(L/LN 2Z) — Z;,
which by Lemma 16.5 is exactly the image of S in |Z$|. This completes the proof
that (D3) — (D5).

The penultimate step in the proof of Theorem 16.1 is to show that (D4) —
(D5). This amounts to showing how k = |Z(C)C’| is determined by |G|, |C| and
S. If |G| = |C| then k = mn/t = |C|/|S|. Now suppose |G| # |C|. If |G|/|C| # 12
or 3 does not divide |S|, then by Lemma 16.4 t = |S|//2, so

k=1Cl/(1S1//2)-
Finally suppose |G|/|C| = 12 and 3 divides |S|. Then by Lemma 16.4 ¢ = |S|/3, so
k= 3|C|/|S].

It remains to show that [G] is determined by the data in (D5), i.e., by |G|,
|IC|, k = |Z(C)C'| and S. With § as in Lemma 16.5 we clearly have <Tty>6(c) .
(mt); indeed we have equality since if for some s € Z (ya')® = z(yz')*z", then
ysxt® =y so s(r — 1) = 0 (mod m). Then s = 0 (mod m) (recall that
(r—1,m) = 1), so (yz')* € (x'). For any integer j let S; denote the set of members
of S of order dividing j. Note t = |C|/k and hence S; is determined by the data in
(D5). By Lemmas 16.4 and 16.5, S; is the image of 6(C) in Z} under the canonical
isomorphism Aut L — Z3 and hence

‘{7 €{Ck) v =vforall se §t}’
= ()] = (@) = ni
is determined by the data in (D5), as are n = (n/t)t, m = |C|/n, and
T = image of S; under the map Zj — Z°, .

If |G|/|C| = 1 or 60, this says [G] is determined by the data in (D5) (cf. Theorem 5.2
and 9.1). The same conclusion can be drawn for all other possible values of |G|/|C]
since if |G|/|C| is 4, 12, 24, or 120, then the reduced invariant of G is precisely the
image of Ss, gg(gn), Sy, or Sy under the canonical maps from Zy, into Z3, X Z;//t’
Zy, % Z;//Gt, Zy, % Z;//Gt, or Zy, X Z;//ﬁtv respectively (cf. Lemma 16.4). We are
using Theorems 6.5, 7.3, 8.2, and 10.2, which say that such a Frobenius complement
is determined up to isomorphism by its core index, core invariant, and reduced
invariant. This completes the proof of Theorem 16.1. O



CHAPTER 17

Schur Indices and Finite Subgroups of Division
Rings

A formula is established here for the Schur index of the rational truncated group
ring of a 1-complement in terms of its invariant. The next two propositions show
that the problem of computing the degree and index of Q(G) for any Frobenius
complement G can be regarded as an extension of the problem of finding all finite
subgroups of division rings (i.e., finite subgroups of the groups of multiplicative
units of division rings), since the finite subgroups of division rings are exactly the
Frobenius complements whose rational truncated group rings have index and degree
equal. (Recall that a central simple algebra is a division ring if and only if its degree
equals its index.)

17.1. PROPOSITION. [SW, Theorem 2.1.2, p. 45]. A nontrivial finite subgroup
of a division ring is a Frobenius complement.

PROOF. Let D be a division ring and H be a nontrivial finite subgroup of
D*®. Suppose D has finite characteristic p; then the image of the canonical unitary
homomorphism ZH — D is a finite ring without zero divisors, and hence is a finite
field by Wedderburn’s Theorem on finite division rings. Thus H is cyclic (this is
essentially the argument of [H1, Theorem 6, p. 122]). It follows from Corollary 3.3
that H is a Frobenius complement. Now suppose D has characteristic zero. By
Lemma 2.4 we have a unitary homomorphism Z(H) — D, so Z(H) cannot be a
torsion Z-module. Hence H is a Frobenius complement (Lemma 2.2). O

17.2. PROPOSITION. (Cf. [Am, Theorem 3, p. 364.].) A Frobenius comple-
ment G is a finite subgroup of a division ring if and only if Q(G) is a division
ring.

Proor. Sufficiency follows from Corollary 12.3. Now suppose G is a subgroup
of a division ring D. Without loss of generality we may suppose G is not cyclic
(cf. Theorem 3.2), so D has characteristic zero (argue as in the preceeding proof or
apply [H1, Theorem 6, p. 122]). Then the canonical homomorphism Z{G) — D
(Lemma 2.4) extends to a unitary homomorphism Q(G) — D, which is injective
since Q(G) is simple. Therefore Q(G) has no zero divisors, and hence by Wedder-
burn’s theorem on simple algebras it must be a division ring. (|

The above propositions suggest that rational truncated group rings can provide
a convenient setting for studying finite subgroups of division rings. We use them
now in a proof (with no claim of originality) of Amitsur’s theorem [Am, Corollary
4, p. 384] that there is only one nonsolvable finite subgroup of a division ring.

17.3. THEOREM. Hiag is the only (up to isomorphism) nonsolvable finite sub-
group of a division Ting.

102
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PROOF. Suppose H is an nonsolvable finite subgroup of a division ring. By
Theorem 17.1 H is a Frobenius complement and hence without loss of generality
H has a subgroup of index s < 2 of the form His9 x J where J is a Z-group of
order relatively prime to 30 [Pa, Theorem 18.6, p. 204]. It suffices to show s and
J are trivial.

First suppose J # 1, so it is also a Frobenius complement. Suppose J has
invariant (m,n, (r)) and z, y is an r—sequence for J. Then Jy := Hig X () is a
subgroup of H; let

C:= Q<J0> = Q[iaja \/g} ® Q[Cn]

(cf. the Direct Product Lemma 2.9 and Theorem 3.2). By Theorem 17.2, C is
a division ring. Now C is clearly the quaternion algebra (_1}’3_1) over the field
E := Q[V5,¢,] (note that 5 does not divide n, so V5 & Q[(,]). Since C is a
division ring, the quadratic form (—1)X? + (—1)Y? does not represent 1 over E [L,
Theorem 2.7, p. 58]. Thus the field E has level 4, so the residue class degree f for
the prime 2 in the extension E/Q is odd [L, Proposition 2.11, p. 307]. (Since n > 5,
E is not formally real.) But this is impossible, since the residue class degree for
the prime 2 in the extension Q [\/5} /Q is clearly 2 (after all, Q [\/5} is the splitting
field of 22 4+ 3z + 1 and a root of this polynomial induces a quadratic extension of
Z3). Hence J must be trivial.

Just suppose s = 2. Then H may be identified with Hayo (cf. Example 4.3 and
Theorem 10.2), so Q(Hz40) has no zero divisors (Theorem 17.2). But this is false
since

(1—”@) (1+”ﬂ$) zl—v(%@‘l)izl—w(”y)i:o
where v = ((2+ v/5)/5)(3j + 4k). Hence s = 1, as claimed. O

In the next theorem the computation of the index of the rational truncated
group ring Q(G) of a 1-complement G is reduced to tractable calculations in ele-
mentary number theory. We use the notation of Notation 6.2 for the remainder of
this chapter.

17.4. THEOREM. Let G be a 1-complement with invariant (m,n, (r)). For each
prime divisor p of m let

f(p) = LCM [|p + n/tZ|, |(p+ m//pZ,v +m/[/pL)|/|r + m//pZ|]
and let

8 = GCD{|r + m//pZ|(p"™ — 1) : p | m}.

Then Q(G) has index 1 if m = 1; index 2 if m # 1, n/t = 2 and —1 € (r); and
index n/(n,d) otherwise.

In the statement of the above theorem all subgroups are multiplicative sub-
groups and all orders of elements are multiplicative, not additive, orders. Before
proving the above theorem we consider some applications.

17.5. REMARK. Suppose G is a 1-complement and k is the degree of Q(G)
divided by its index. Then Q(G) is isomorphic to a ring of k x k—matrices over a
division ring, so G is isomorphic to a subgroup of the group of invertible elements
of such a ring. Thus k& measures how close G is to being a finite subgroup of a
division ring; k equals 1 if and only if G is a finite subgroup of a division ring (cf.
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Theorem 17.2). We will call k the reduced degree of G. Here is a table giving,
subject to restrictions on the order of the Frobenius complements, the number
of isomorphism classes of 1-complements, the number of these which are finite
subgroups of division rings, the average of their reduced degrees (rounded to two
decimal places), and the mazimum of their reduced degrees. (The words emphasized
in the previous sentence correspond to the labels in the table below.)

order | isomorphism classes | subgroups | average | maximum
< 10,000 20,509 13,197 1.60 16
< 50,000 119,868 66,825 1.85 32
< 100,000 256,349 134,161 1.98 64

The numbers of isomorphism classes were computed using Proposition 11.1;
the computations of the reduced degrees were made using the previous theorem
and Theorem 5.2D.

We next apply Theorem 17.4 to prove a variant of Shirvani’s characterization
of the Z—groups which are finite subgroups of division rings [SW, Theorem 2.1.5, p.
47]. Among such groups are the cyclic groups and the binary dihedral groups Dy,
where m is odd. We now find all the others. By Proposition 17.1 we can without
loss of generality focus our attention on 1-complements.

17.6. THEOREM. Suppose G is a 1-complement with invariant (m,n, (r)) which
is neither a cyclic nor a binary dihedral group. Then G is a finite subgroup of a
division ring if and only if for all prime divisors p of m and q of |r + pZ|, q does
not divide |r +m//pZ|, and |p + qq,/+Z| is larger than (qT:Z/t, %, 2) and does not
divide |p + pZ| for any rational prime p which divides mn but not p|r + pZ|.

Consider an example. For all positive integers ¢ and j one can check that
there is a unique Frobenius triple of the form (7¢,3/+1, T); it has T = (27" + 7'Z)
and |T| = 3. Since 7 # 1 (mod 3 - 37), then the 1-complement with invariant
(74,301 (271 + 7'Z)) is a finite subgroup of a division ring. Not only is the group
of this type of order 63 the unique noncyclic subgroup of a division ring of minimal
odd order (which gives Amitsur’s answer [Am, Theorem 6, p.374] to a question of
Herstein [H1]), it is the unique noncyclic Frobenius complement of minimal odd
order.

The proof of Theorem 17.6 gives more compact (but less elementary) criteria
for a 1-complement to be a finite subgroup of a division ring than that above (e.g.,
see formula (26)). In Remark 17.7 we discuss further the divisibility conditions of
the theorem above and their connections with those of [SW, Theorem 2.1.5(c), p.
47].

PROOF. The symbol p will always denote a prime factor of m, and ¢ and
p will always denote primes. We use the notation and results of Theorem 17.4
and Proposition 11.1A. In particular, ¢ = |r| is the least common multiple of the
t(p) := |r + pZ|. We will several times use implicitly below the observation that
if ¢ divides t(p), then Zp has an element of order ¢, so ¢ divides p — 1 and hence
|p + ¢°Z] is a power of ¢ for all positive integers s.

First suppose n/t = 2 and —1 € (r). Then Q(G) has index 2. Since G is not
binary dihedral, the degree ¢ of Q(G) is not 2, so G is not a finite subgroup of a
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division ring (Proposition 17.2). Now t is a power of 2 (since ng divides n/t), so
4 divides t and hence there exists some p with 4 dividing p — 1. The validity of
the theorem follows in this case since for any ¢ dividing t(p) we have qg, /¢ = 4, so

P+ qaupeZ| =1 < (222,242 2),

Now suppose that either n/t # 2 or —1 ¢ (r), so the index of Q(G) is n/(n, J).
Then G is a finite subgroup of a division ring if and only if ¢t = n/(n,d), and
hence if and only if (n,d) = n/t. Now n/t divides (n, d) since for every p it divides
plP+7/tZl _ 1. Moreover any prime power dividing (n,d) which is relatively prime
to t divides n/t. Hence G is a finite subgroup of a division ring if and only if for

all prime divisors ¢ of t, qq,,/; 1 0, i.e., there exits some p with

(26) qnye 1 |1 +m//pZ)(p’ P —1).

Since gy, divides p/(P) — 1, the condition (26) is equivalent to the condition that
gt |r+m//pZ| and qq,; + p’®) — 1. The relation g { |r + m//pZ| implies that
p is in fact the unique prime divisor of m with t(p) divisible by ¢. Hence G is a
finite subgroup of a division ring if and only if for all p and for all divisors ¢ of ¢(p)
we have ¢ { |r +m//pZ| and |p + ¢*T'Z| 1 f(p) where we have set ¢* = g, or
equivalently, ¢ { |r + m//pZ| and

(27) lp+q“T'Z| t LCM [|p + n/tZ], |p + m//pZ|] = |p + nm/tpnZ] .

Because |p + ¢?*1Z| is a prime power, the assertion (27) is valid if and only if
Ip 4+ ¢*7Z| | |p + PmnstZ| for every p dividing mn//p. Now for each such p,
[P + Pyt Z| is the product of |p + pZ| and a power of p. Hence the condition (27)
is equivalent to saying that |p + ¢?*1Z| { |p + pZ| whenever p divides mn but not
pt(p) and that

(28) p+ a2l Ip + 472
It remains to prove that the condition (28) is equivalent to

1
(29) lp+q*'Z| > ¢ where = (¢*!, Z%, 2).

Assume condition (28). Then (29) follows trivially if ¢ = 1, so suppose ¢ # 1. Then
p =3 (mod 4) and 4 divides ¢q?. Therefore |p+q?Z| is at least 2, so [p+¢?*'Z] is at
least 4, which is larger than ¢. Now suppose the condition (29) is valid. Condition
(28) is obvious if ¢ = 2 and p = 3 (mod 4), so suppose otherwise. Let a be
maximal with ¢% dividing p¢ — 1. By the choice of ¢, either ¢ is odd or @ > 2. An
easy induction argument now shows that for all 7 > 0 we can find an integer s; not
divisible by ¢ such that p®" = 1+ ¢%*s;. By our hypothesis (29), a < d + 1. Since

d+1—a

P =1+ ¢%sq_q and p =1+¢"*'sa1_q, therefore

|pc + qd+1Z| _ qurlfa > |pc + qu|.

The validity of the assertion (28) follows readily (note that c|p® + ¢°Z| = |p + ¢°Z|
whenever d < e € 7). O

17.7. REMARK. We sketch the connections between the divisibility conditions
of the above theorem and those of Shirvani’s characterization of these groups [SW,
Theorem 2.1.5(c), p. 47]. Proofs are routine and are left to the reader.

(A) The condition that ¢ does not divide |r +m//pZ| for all p and q as in the
above theorem is equivalent to the condition that the numbers |r 4+ pZ| as p ranges
over the prime divisors of m are pairwise relatively prime. This is equivalent to the



106 17. SCHUR INDICES AND FINITE SUBGROUPS OF DIVISION RINGS

condition that G has the kind of decomposition G x - - - G found in [SW, Theorem
2.1.5(c), p. 47].

(B) The condition that |p + qqy/+Z| > (¢n:/q, (p +1)/2,2) corresponds to the
conditions on “@” in [SW, Theorem 2.1.5(c), p. 47].

(C) The assertion that |p+qgy/+Z| does not divide [p+ pZ| for all prime divisors
p of mn which do not divide pt(p) is equivalent (in the presence of the conditions of
(A) and (B) above, which imply that [p+ qgy,/¢+Z| = q|p + G, /+Z|) to the divisibility
condition in the last sentence of [SW, Theorem 2.1.5(c), p. 47].

The remainder of this chapter is devoted to the proof of Theorem 17.4. We
identify Q(G) with the crossed product algebra (L/K,®) where L = Q[Grnn/¢);
K = L° where 0 € Aut L fixes (,/; and maps (,, to (;,; and ® is the factor set
on (o) with ®(c*,07) equal to ¢, if i +j > ¢ and equal to 1 otherwise, where i
and j range over the nonnegative integers less than ¢ (cf. Remark 12.9 and Case
1 of the proof of Theorem 12.6). The index of Q(G) is the least common multiple
of the local indices, i.e., the indices of the rings K, ® x Q(G) where p ranges over
the primes of K [Re, Theorem 32.19, p. 280]. Hence the index of Q(G) is the least
common multiple of the indices of the crossed product algebras

Ap = (Lp/Kpa‘I’p)a

where p ranges over the primes of L, L, denotes the completion of L at p, K,
denotes the closure of K in Ly, and ®, denotes the restriction of ® to the Galois
group of L,/K,, which can be identified with a subgroup of (s) [Re, Theorem
29.13, p. 248]. We begin by considering an infinite prime p of L. If p is a real prime
(som=2and L = Q) or else restricts to a complex prime of K, then A, has index
1. Now suppose it is complex but restricts to a real prime of K. Then n/t = 2
(otherwise K', which contains ¢, /¢, could not have a real prime). Let F' = K, N L.
Since [Ly : Ky] = [C : R] = 2, then [L : F] = 2. But L/K is a cyclic extension.
Hence L°"* = F and o%/2 extends uniquely to an automorphism 7 of L,/K,. The
only nontrivial automorphism of C/R is complex conjugation, which takes any m-—
th root of unity to its inverse. Hence ¢! = ot/2(¢n) = ¢7/°. Thus rt/2 = —1.
In A, we have u(1)? = ®(c¥/2,0"/?)u(1) = Gyt = —1, and u(r)yu(r)™t = 7(v)
is the complex conjugate of v (defined with respect to p) for any v € L,. (We
are using here the crossed product notation introduced in the paragraph preceding
Theorem 12.8.) Thus A, = H and hence A, has index 2. We end this discussion
of real primes of K by showing that if m # 1, n/t = 2, and r*/? = —1, then K
does indeed have a real prime. After all we then have o'/2(¢,,) = (.1, so ot/? is
complex conjugation. Thus K = L7 C Lo ¢ R, so K has a real prime.

We now consider a finite prime p of L. p extends a rational prime, say p. Let us
denote the residue class degree and ramification index of (the restriction of) p with
respect to a field extension Ey/FEs, where L D E; D E2 D Q, by f(F1/FE>) and
e(E1/E>), respectively. If p does not divide mn, then p is unramified and hence A,
has index 1 [Jz, p. 699]. Now suppose p divides n. By [R, 4B(5), p. 269]

e(L/Q) = ¢(pmn/t) = ¢(pn/t) = e(Q[Cn/t]/@) :

Hence e(L/Q[G,/¢]) = 1, s0 e(L/K) = 1. Thus again L/K is unramified, so 4, has
index 1. Finally suppose p | m. Then p does not divide t = [L : K], so the extension
L/K is tamely ramified. Since the automorphism group (o) of L/K is cyclic, then
6 := ot/¢(L/K) must be a generator of the inertia group of L/K with respect to p.
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Let ¢ be a Frobenius automorphism for L/K. Observe that u(f)¢(X/5) = Cnye and
u()u(B)ulp) " u(B) 71 = (u(f)H/F) oD/

where ¢ = pf(5/Q gince all the u(o?) (0 < i < t) commute. (Note that e(L/K)
divides ¢ — 1 since it divides ([L : K],e(L/Q)) = (t,¢(pm)) = (t,p — 1).) Since
L, /K, is tamely ramified and by definition ®, takes its values in the group of units
of the valuation ring of Ly, then by [Jz, Theorem 2, p. 700] the index of A, is the
order of the image in the residue class field L of L, of the multiplicative group

—1)/e(L/K LK) _1)/e(L/K —1)/e(L/K
<<7(:1/t1)/ (L/ )7<7(lq/t 1)/e(L/ )> = fltz/tl)/ (L/ )> = ()

where s = (n/t)/(n/t,(q—1)/e(L/K)). The factorization of X* — 1 in L induces
the factorization of X* — 1 in L. But because the characteristic p of L does not
divide s, X* — 1 factors into distinct linear factors in L. Therefore the group ((s)
injects into L, so the index of A, is
(30) n/t B n

(n/t, (g —=1)/e(L/K))  (n,t(q—1)/e(L/K))

Next we turn to the calculation of ¢ = p/5/® and of e(L/K). The ramification
index e(L/K) is the order of the inertia group I(L/K) of p with respect to the
extension L/K, and this group is the intersection of the inertia group I(L/Q) of p
with respect to L/Q and the Galois group (o). We will treat as identifications the
natural isomorphisms

Aut Q[Cmn/t] — Aut Q[Cpm] X AUtQ[Cmn/tpm]

(31) | |

Z.

mn/t Z;nl X Z.

mn/tpm

(the top map is induced by restriction). The inertia and decomposition groups
of p with respect to the extension L/Q map under the top isomorphism of the
commutative diagram (31) into the direct product of the corresponding groups with
respect to the extensions Q[(p,,]/Q and Q[Cmn/ip,,]/Q. We can pick s € Z with
s =r (mod m) and s = 1 (mod n/t). Then (o) is identified with ((s + pmZ, s +
mn/tpmZ)) and I(L/Q) with Zs ~x 1 [R, 4B(5), p. 269], so [I[(L/Q)| = ¢(pm)-
The intersection of these two groups is generated by olsTmn/tPmZl 5o

e(L/K) = t/(t, s + mn/tpmZ)
Since |s + mn/tp,uZ| = |r + m//pZ| and
t=|r| = LCM[|r + pmZ|,|r +m//pZ|]

then

e(L/K) = [I(L/K)| = |r 4+ pmZ| /(|7 + pmZ|, |7 + m//pZ|)
and
(32) t/e(L/K)=|r+m//pZ|.

Now let D(L/Q) and D(L/K) denote the decomposition groups of p with respect to
the indicated field extensions. Then D(L/Q) corresponds under our identification
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(31) to Zp ~x {p + mn/tp,Z) (the decomposition group of p with respect to the
field extension Q[Crnn /tp,,]/Q is generated by the Frobenius automorphism). Hence

ID(L/Q)| = ¢(pm)|p + mn/tpmZ]| .

D(L/K) is the intersection of D(L/Q) and (o), so it is generated by o’ and has
order t/i where 4 is the order of the coset of s + mn/tp,Z in the factor group
Ly sip P+ mn/tpnZ). Thus i = dynn/ip,, (ps $)/Ip + mn/tpmZ|. Here we are
letting d,,(j, k) denote the order of the subgroup D,,(j, k) := (j + pZ, k + pZ) of Z;,
for any integers j and k relatively prime to the positive integer u. Hence

[D(L/K)| = tlp + mn/tpmZ|/dpn jtp,, (P, 5) -
Combining these ramification group calculations we obtain

L/ QIDEL/E)]  |r+m//pZ]

Now let us consider the restriction to Dy, /tp,., (p, s) of the natural homomorphism

Ly stpm, — Ly )y Since s+mn/tpyZ is in the kernel, then the image is (p-+n/tZ)

and the kernel is D := Dy, /1p,.. (s,p'p"’"/tZ'). Since the generators of D are trivial
modulo n/t, it follows that

f(K/Q)

D jtp, (D 8) = D+ JtZ||D| = |p + n/tZId,, (s, pPT/ )

The order of the coset of p + m//pZ in the factor group Z3, /(s + m//pZ) is

3= duyp(p,3)/|s + m//pZ], so the order of the coset of pP*"/*2l +m//pZ in the
factor group is

j  dyyyp(s, plP T/
(J, lp + n/tZl) |s +m//pZ|
Hence
n |s +m//pZ|dpmsp(p; 5)
dm//p(57p|p+ /tZI) _ //p

(dmysp(py8), s +m//pZllp +n/tZ])

Because r = s (mod m) we can deduce that

B dinyyp (P, 8) P + n/tZI|s + m//pZ|

IR = @ 5),Ip + nezlls + miJp])lr + mijp]
= LOM [dp (D, 8); |p + n/tZl|s + m//pZ] /Ir +m//pZ|
= f(p).

Hence by formulas (30) and (32) the index of A, is

n/(n, (p"® = 1)|r + m//pZ]) .

We can now give the index of Q(G). If m = 1, then Q(G) = L is abelian, so
its index is indeed 1. Next suppose that m # 1, n/t = 2, and rt/2 = —1. Then we
have seen that K has a real prime and the local index at any such prime is 2. On
the other hand by equation (30) the local index at any finite prime divides n/t = 2.
Thus the index of Q(G) is exactly 2. Finally suppose that neither of the above two
cases occurs. Then K has no real primes, so the index of Q(G) is the least common
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multiple of the indices of the rings A, as p ranges over finite primes which extend
rational primes p dividing m. That is, the index is

LM G e =) ™ T

This completes the proof of Theorem 17.4.
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