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Chapter 1

Introduction

“The mathematical sciences particularly exhibit order, symmetry, and
limitation; and these are the greatest forms of the beautiful.”
Aristotle (383 B.C. - 322 B.C.)

Nowadays the theory of groups has applications in the most branches of math-
ematics and also in many areas of science, for example quantum theory, crys-
tallography, and cryptography. Therefore it is a natural ambition to know as
much as possible about the different structures of groups and it is an interest-
ing problem in group theory to construct all groups of a certain order up to
isomorphism.

The general idea of classification is to find for a given order n an explicit list of
groups so that every group of order n is isomorphic to a group in the list and
no two groups in the list are isomorphic to each other. The primary difficulty
is not to determine a list containing all possible isomorphism types but to
reduce this list to isomorphism type representatives.

In this thesis we consider the special type of groups whose order factorizes in
a certain form: the groups of cube-free order or the so-called cube-free groups;
that is, we investigate the groups of order n where the prime-power factoriza-
tion of n is of the form n = p7*---pt~ with e; € {1,2}. Hence, the aims of
this thesis are to describe the structure of the groups of cube-free order and
to develop an algorithm to construct all groups of a given cube-free order up
to isomorphism.

Unless otherwise noted, all considered groups are finite.

1.1 Approach and results

Depending on the structure or significant properties of the considered groups
- for example p-groups or solvable groups - there exist different approaches to
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classify them. For more details see [4, 5].

The approach of this thesis to construct the groups of cube-free order is based
on the Frattini extension method. This method is also described in [4, 5] and
has been used to construct the groups of order at most 2 000. It follows a brief
survey of this method.

Let G be a finite group. The Frattini subgroup ®(G) of G is defined to be the
intersection of all maximal subgroups of G. Since the Frattini factor G/®(G)
has a trivial Frattini subgroup, every finite group is an extension of a Frattini-
free group by its Frattini subgroup. In particular, a group G is a Frattini
extension of a group H by an H-module M if there exists a normal subgroup

N <G with N = M and G/N = H such that G/®(G) = H/®(H).

Thus the main idea to construct all groups of cube-free order n is as follows:
1. Determine the list F of all possible Frattini factors up to isomorphism.

2. For each F' € F determine the list £ of all Frattini extensions of order
n of F up to isomorphism.

Then the union of all elements in £, F' € F, forms a complete and irredun-
dant list of groups of order n.

Motivated by this method, the following three main theorems will be proved
in this thesis; see Theorem 2.7, Theorem 7.8, and Corollary 7.13.

Theorem 1: The group G is a simple group of cube-free order if and only if
G = C, for a prime p or G = PSL(2,r) for a prime r > 3 with r+1 and r—1
cube-free.

Theorem 2: FEvery cube-free group is either solvable or it is a direct product
of a non-abelian simple group with a solvable group.

Theorem 3: There is a one-to-one correspondence between the solvable cube-
free groups of order n = p§' ... p¢r (prime-power factorization) and the solvable
Frattini-free groups F with |F| |n and py...p, | |F|.

Taunt [28] has also considered the solvable groups of cube-free order, since he
has investigated solvable groups with abelian Sylow subgroups. Compared to
the approach of Taunt, the approach of this thesis has the advantage that it
translates to an effective construction algorithm — which is the second aim of
this thesis.

An implementation of this algorithm is available in GAP [29], see [10], and a
published version of some of the results of this thesis can be found in [11].
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1.2 Structure of the thesis

The above algorithm — that is, the Frattini extension method — motivates the
steps of this thesis:

As a preliminary step, Chapter 2 investigates the cube-free groups within
the classes of simple and nilpotent groups, respectively. Some special matrix
groups of cube-free order are examined in Chapter 3. For this purpose a brief
introduction into module theory is needed. Chapter 4 gives an introduction
into the theory of group extensions and cohomology groups. We go back to
the results of these chapters in later examinations.

The construction of all possible Frattini factors relies on [16], where Gaschiitz
prepared the classification of the Frattini-free groups. For this purpose Chap-
ter 5 examines the Frattini subgroup of a group. The theory of Frattini-free
groups is presented in Chapter 6. In particular, we examine the socle of a
group and the Fitting-free groups, and then provide a theorem of Gaschiitz.
Applying this theorem, we investigate the structure of the cube-free Frattini-
free groups.

The cube-free groups are discussed in Chapter 7. We investigate Frattini
extensions and exhibit the main results of this thesis. Therefore Chapter 7
completes our theoretical examinations of the cube-free groups.

A group whose order is not divisible by any prime-square is called a square-
free group. Chapter 8 applies the results of Chapter 6 to the case of groups of
square-free order.

Chapter 9 gives a summary of the results and an outlook on further possible
investigations.

Finally, in Chapter 10 the algorithm to construct all groups of a given cube-
free order is presented. Also a report on experiments with the implementation
of this algorithm is included.

1.3 Historical remarks

The origins of the axiomatic group theory are settled in the middle of the
18th century. At this time, mathematicians like Joseph Louis Lagrange (1736
—1813), Paulo Ruffini (1765 — 1822), and Evariste Galois (1811 — 1832) inves-
tigated the theory of algebraic equations and the corresponding permutations
of roots of polynomials. In 1854 Arthur Cayley (1821 — 1895) developed the
concept of an abstract group. He denoted the group elements by abstract
symbols and defined the group operation in an abstract way. Some years later
Walther von Dyck (1856 — 1934) introduced the presentations of groups.

The idea to construct all groups of a given order has been initiated by Cay-
ley [7] and it has developed a long history since then. We refer to [5] for
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an overview. Historically, the approaches to this problem involved a large
number of hand-computations and case distinctions. Therefore many of them
contained significant errors.

It follows a small selection of some papers dealing with groups whose order
factorizes in a certain way. The symbols p, ¢, and r denote distinct primes.

Introducing the idea of an abstract group, Cayley [7, 8] considered the cyclic
groups and groups of order 4, 6, and 8 in the middle of the 19th century. In
1893 Holder [19] examined the groups of order p3, p2q, pgr, and p*.

The groups of square-free order have been known for a long time; Holder [21]
investigated the square-free groups in the year 1895.

The groups of order p® were investigated for example by Bagnera [2], Miller
[22], Schreier [26] and Bender [3].

Western [34] considered groups of order p3q and Le Vavasseur [31, 32] exam-
ined groups of order p2q¢>.

In the beginning of the 20th century Tripp [30] considered groups of order p3g?
and Potron [23, 24] was engaged in groups of order p%. In 1988 Wilkinson [35]
examined groups of order p’.

As mentioned before, Taunt [28] discussed the solvable groups of cube-free
order in the middle of the 20th century.

In 1938 Fitting [14] developed a concept to construct all finite groups. Fifteen
years later Gaschiitz acted on this suggestion and modified this concept in
[16]. The results of Gaschiitz play a fundamental role in this thesis.



Chapter 2

Special types of cube-free
groups

In this chapter we consider some special classes of groups and determine the
cube-free groups in them. We will utilize most of these results in later inves-
tigations.

2.1 Nilpotent groups

As a first step, we examine the structure of cube-free p-groups. The m-fold
direct product of cyclic groups of order n is denoted with C}".

2.1. Lemma: Let G be a group with |G| € {p,p*} for a prime p. Then G = S
for some S € {Cp,sz,Cg}.

Proof: This is well-known: One can show readily that G has to be abelian, see
[25], Proposition 1.6.15, and then the assertion follows from [25], Proposition
4.2.10. °

We recall that P < G is a Sylow p-subgroup of the finite group G if P is
a p-group and p 1 [G : P]. Further, a finite group is nilpotent if and only
if it is a direct product of its Sylow subgroups; that is, if and only if every
Sylow subgroup is normal. Together with Lemma 2.1 this implies the following
theorem.

2.2. Theorem: Let G be a nilpotent group of cube-free order. It follows that
G= Sy x ...x Sy, for distinct primes pi,...,pr and S, € {Cp,Cg,sz}
for every prime p.

2.2 Simple groups

A group G # {1} is said to be simple if {1} and G are the only normal
subgroups of GG. The classification of the finite simple groups was one of the

5
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major projects in the theory of finite groups in the last century. The existent
proof is divided into over 500 papers, which were published between 1950 and
1980, and there is no complete proof published yet. For more details and a
list of all finite simple groups up to isomorphism we refer to [9] and [17].

We recall that every finite group G has a composition series; that is, there
exists a sequence of subgroups G = G; > Ga > ... > G > Gy = {1} with
simple composition factors G;/G;;q1 for 1 < i < [. It follows that every
composition factor of a cube-free group is a simple group of cube-free order.
Thus the simple groups of cube-free order are the basic building blocks for all
groups of cube-free order and, consequently, the results of this section will be
used as a basis for later investigations.

As a preliminary step some comments concerning the notation follow. Let
n € N. With A, and S,, we denote the alternating group and the symmetric
group of degree n, respectively. For a prime power ¢ the symbol GL(n,q)
denotes the group of invertible n x n matrices over the finite field F, with
q elements. The subgroup SL(n,q) < GL(n,q) consists of all matrices with
determinant 1. If G is a group, then ((G) = {g € G | Vh € G : hg = gh}
denotes its center.

2.3. Lemma: Let Z = ((GL(n,q)). The projective linear group is defined
by PGL(n,q) = GL(n,q)/Z and the projective special linear group is given by
PSL(n,q) = SL(n,q)/(ZNSL(n,q)). Let k = ged(g—1,n) and l =n(n—1)/2.
a) |PSL(n.q)| = ¢'(¢" —1)--- (¢* = 1) /k,

b) |PGL(n, q)| = k|PSL(n,q)],

c) PSL(2,4) = PSL(2,5) = As.

Proof: Proofs can be found in [20], Theorems (II, 6.2) and (II, 6.14). .

Using the classification theorem of the finite simple groups, it is straightfor-
ward to determine the simple groups of cube-free order. Nevertheless, we are
able to provide an alternative proof not based on the classification theorem.
Our proof uses the Odd-Order Theorem of Feit and Thompson.

2.4. Theorem (ODD-ORDER THEOREM): Every group of odd order is solv-
able.

Proof. The proof of this important theorem is about 254 journal pages and
can be found in [13]. o

We recall that a group G acts on a group H if there exists a group homo-
morphism ¢ : G — Aut(H) from G into the group of automorphisms of H.
Usually one identifies g% = g and writes h9 = h9") for geGand h e H.

2.5. Corollary: The order of a non-abelian simple group is divisible by 4.



2.2. Simple groups 7

Proof.: Let G be a group of order n. Since G acts on itself via right mul-
tiplication, there is a mapping G — S,,, g — ¢, and thus a homomorphism
o: G — {£1}, g — sign(g). Let g € G be an element of order r and let
{g1,...,9r} be a left transversal to (g) in G; that is, & = n/r. One can
observe that g written as a permutation has the form

9= "(91,919.9019% .19 ") .. (G, k9, 1G> - g )

. _ _ _1\k
and, as sign((gi, 919, 9i9%,- - 99" 1)) = (=1)""", we have 7 = ((-1)""1)".

Now let G be non-abelian simple. By the Odd-Order Theorem it follows that
2 | n. Suppose that 4 t n; that is, n = 2k and k is odd. Then there is
g € G with |g| = 2 and n/|g| = k is odd; that is, g¢° = —1. The Isomorphism
Theorem shows that G/ ker o = {+1} and therefore ker o is a normal subgroup
of G of index 2. This is a contradiction and thus 4 | n. .

It follows that the order of a cube-free non-abelian simple group G has the
form |G| = 4k and k is odd. The next theorem classifies this special type of
simple groups.

2.6. Theorem: If G is a non-abelian simple group with |G| = 4k and k is
odd, then G = PSL(2,q) for some prime-power q.

Proof: A proof can be found in [18], Theorem 2. 3

The main result of this section follows.

2.7. Theorem: The group G is a simple cube-free group if and only if
a) G = C, for a prime p or
b) G = PSL(2,p) for a prime p >3 with p+ 1 and p — 1 cube-free.

Proof: We observe that [PSL(2,p)| = p(p—1)(p+1)/2 and ged(p—1,p+1) =2
for an odd prime p. Hence, by [20], Theorem (II, 6.11), it follows that the
groups listed in a) and b) are simple groups of cube-free order, and it is left
to show that these are the only groups with this property.

Every abelian simple group is isomorphic to a group in a). By Theorem 2.6,
every non-abelian simple group G of cube-free order is isomorphic to a group
PSL(2,q) for some prime-power ¢ = p”. Then the order of G is given by
|G| = q(q*> — 1)/k where k = ged(q — 1,2). Suppose that this order is cube-
free. Then:

e 7 € {1,2} holds: If r > 3, then p? | ¢ and |G| is not cube-free.
e r =1 holds if p is odd: If r = 2, then |G| =q(¢+1)(¢ —1)/2 =q(¢+1)
(p—1)(p+1)/2 holds and hence 8 | |G| follows, since 4 | p—1or 4 |p+1.

e Now p € {2,3} can be ignored: PSL(2,2) and PSL(2,3) are not simple
and PSL(2,4) = PSL(2,5) is covered by b).
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e Now p is odd and » = 1 holds. Thus |G| = p(p + 1)(p — 1)/2 with
ged(p + 1,p — 1) = 2. Hence |G| is cube-free if and only if p + 1 and
p — 1 are cube-free.

This completes the proof. °



Chapter 3

Subgroups of GL(2, p)

Let p be a prime and let G < GL(2,p) be a subgroup such that p?|G| is cube-
free. If IFI% is the natural G-module, then the group G x F; is cube-free and a
prototype for later constructions. Thus, as a preliminary step, the examination
of these matrix subgroups follows. We will exhibit that each of these groups
is solvable.

3.1 Module theory

First, we recall some notations and an important representation theoretical
theorem of Maschke to which we also refer in later investigations. A more
detailed description and proofs can be found in [25], Section 8.1. All considered
vector spaces are finite-dimensional.

3.1. Definition: Let G be a finite group.

a) An abelian group (A4, +) is a G-module if G acts on A; that is, there exists
a homomorphism v : G — Aut(A). One often identifies g¥ = g for g € G.

b) Let A and B be G-modules and let 1) : A — B be a group homomorphism.
If (a9)¥ = (a¥)? holds for all a € A and g € G, then 1 is a G-module
homomorphism. The set of all G-module homomorphism from A to B is

denoted by Homg (A, B).

c) Let A be a G-module and let B < A. If 9 € B for all b € B and g € G,
then B is a G-submodule of A.

d) If the only G-submodules of a G-module A are {0} and A, then A is called
irreducible.

It is well-known that Homg (A, B) has the structure of an abelian group.

3.2. Lemma: Let A be a G-module. If G is a simple group, then G is either
isomorphic to a subgroup of Aut(A) or A is trivial as a G-module.

9
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Proof: Denote with ¢ : G — Aut(A) the action of G on A. As G is simple,
it follows that kery € {G,{1}}. If kerip = {1}, then, by the Isomorphism
Theorem, it follows that G = G¥ < Aut(A). The case kert) = G implies that
G acts trivially on A. °

Obviously, if G = C), = A for a prime p, then A is trivial as a G-module.

Now we recall the definition of an R-module for a ring R with identity element.

3.3. Definition: Let R be a ring with identity element.
a) An abelian group (A4, +) is an R-module if there is a mapping R x A — A,
(r,a) — ra, such that the following holds for all a,b € A and r,s € R:
e r(a+b)=ra+rb,
o (r+s)a=ra+ sa,
e (rs)a =r(sa), and
e la =a where 1 € R.
b) An R-module A is a free R-module if A has an R-basis; that is, there
exists {a1,...,am} C A such that every a € A can be written uniquely as
m

a= > ria; with r; € R.
i=1
c) If M is a non-empty set, then the set of all formal sums

Z rmm  with 7, € R
meM

together with the following rules of addition

Z T + Z rlom = Z (rm +10)m

meM meM meM

and multiplication

7( Z Tmm) = Z rrmm, (r € R),

meM meM

forms a free R-module with basis M.

d) Let A, B be R-modules and let ¢ : A — B be a group homomorphism. If
(ra)¥ = r(a¥) holds for all a € A and r € R, then ¢ is called an R-module
homomorphism. The abelian group of all these homomorphisms is denoted
by Hompg(A, B).

e) An ezact sequence of R-modules is a sequence of R-modules (A4;)ien, to-
gether with a sequence of mappings (u;)ien with pu; € Homp(A;, A;—1) and
ker pi; = im piqq for ¢ > 1.
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The next definition considers a special type of a ring which is induced by a
group.
3.4. Definition: Let G be a finite group.

a) Let R be a ring with identity element. The group ring RG = {}_ ;749 |
rq € R} is the free R-module with basis G together with the rule of
multiplication

(Z ng)(z rih) = Z( Z Tyrlz)g-

geqG heG geG g=yz

b) Let F be a field. The group algebra of G over F is the group ring FG
together with the F-module structure given by

(Z fmx)f:Z(ffm)xa (fGF)

zeG zeG

Obviously, the group ring RG is a ring with identity element and the group
algebra F'G, in addition to be a ring, is a vector space over F with (uv)f =
ufv = wv! for all u,v € FG and f € F. We identify g € G with 1g € RG and
1g € F'G, respectively.

In particular, if A is a G-module, then we define an action of ) z,9 € ZG on
geG

Z zga? = Z sign(zg) (a? +...4+a%) € A,
—_—

geqG geG

a € A by

zg| times
|zg]

which furnishes A with the structure of a ZG-module. Conversely, every ZG-
module structure on A yields a G-module structure on A. Thus it is common
to write Hom¢ instead of Homy.

3.5. Definition: Let G be a group and let F' be a field. An F-vector space A
is called an FG-module if A is an FG-module in the sense of Definition 3.3a)
together with the property that g(a’) = gfa = (ga)/ for all g € FG, f € F
and a € A.

An important example is the field F), a matrix group G < GL(n,p) and the
n-dimensional F-vector space Fy. Using the well-known multiplications, the
group [} is the so-called natural Fj,G-module.

3.6. Definition: We consider a group G, a field F, and an F'G-module A.
a) A subspace B < A of the F-vector space A is an FG-submodule if gb € B
for all b€ B and g € FG.

b) Let A be the sum of two FG-submodules U and V; that is, A=U+V =
{fu+v|ueU, veV} IfUNV = {1}, then A is the direct sum of U and
V and we write A=U @ V.
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c) If {0} and A are the only FG-submodules of A, then A is called irreducible.

d) The FG-module A is called completely reducible if every F'G-submodule
B of A has a complement; that is, there exists an F'G-submodule C < A
with A =B ® C.

Similar to vector spaces, the intersection and sum of two F'G-submodules are
FG-submodules. Next, it follows a useful equivalence.

3.7. Lemma: Let A be an FG-module. Then A is completely reducible if and
only if A is the direct sum of irreducible FG-submodules.

Proof: “=" Let S = S1+...4.5, be the sum of all irreducible F'G-submodules
of A. If S < A, then there exists an F'G-submodule T' # {0} with A= S&T.
Since T contains an irreducible F'G-submodule of A, we obtain a contradiction
to the choice of S and hence it follows that A = S. Let W < A be maximal
with respect to be a direct sum of some S;. If W < A, then there exists
1<j<rwithS; £ Wand U = W @ S is an FG-submodule of A with
W < U. This contradiction yields that A = W.

“=" Let A=S51®... 5 S, be the direct sum of irreducible F'G-submodules
and let V' < A be an arbitrary FG-submodule. Since A is finite-dimensional,
there is an F'G-submodule U being maximal with respect to U NV = {0}. If
UV < A, then there exists 1 < j <7 with S;N(USV) = {0} and U < U®S;.
fv=u+seVNUaS;) withueUandseS;, thenv—ueS;NnUBV)
and hence v —u = 0. This shows that v = v € VN U = {0} and thus
VN (U @ S;) = {0} which contradicts the choice of U. Hence the assertion
follows. ®

Now we can phrase Maschke’s Theorem, see also [25], Proposition 8.1.2, and
the examination of the required matrix groups follows.

3.8. Theorem (MASCHKE): Let G be a finite group and let F' be a field
whose characteristic does not divide the order of G. Then every FG-module
is completely reducible.

Proof: Let V be an FG-module and let W <V be an FG-submodule. There
is a subspace U < V with V.= U @& W (as subspaces). The aim is to modify
the subspace U to obtain an F'G-submodule and for this purpose we define

1
0:V W, ’UHFZgilﬂ'(gU)
1

where

. V=UsW ->W, v=u+w— w.

Note that |G| is invertible in F' by assumption. One can check readily that ©
is a linear mapping with ©(hv) = hO(v) for all v € V and h € G. Therefore
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L = ker © is an F'G-submodule of V' which complements W in V: Let v € V
with ©(v) = w. Then | = v — w satisfies O() = O(v) — O(w) =w —w =0
and thus [ € L. This shows that v =1+ w e L+ W and V = L+ W. If
we LNW, then 0 = O(w) = w and hence LN W = {0}. Together we have
V=L@ W and V is completely reducible. °

3.2 Matrix groups

For a prime p we consider a subgroup G < GL(2,p) and the corresponding
group algebra F,G. As mentioned before, the F,-vector space IFIQ) can be consid-
ered as the natural F,G-module. It follows readily that the F,,G-submodules of
Fg are exactly the subgroups of FIZ, which are invariant under the action of G}
these subgroups are called G-invariant. Thus the irreducible F,G-submodules
are exactly the minimal G-invariant subgroups.

For the sake of completeness we recall that the group algebra F,G acts (or is)
reducible if there exists a proper non-trivial F,G-submodule of IFIQ,. Equiva-
lently, we also say that G acts (or is) reducible if there exists a proper non-
trivial G-invariant subgroup of FF f,. Otherwise, IF,G and G, respectively, are
said to act (or to be) irreducible.

As a preliminary step, some useful definitions follow. With Ng(U) = {g € G |
U9 = U} we denote the normalizer of a subgroup U < G in G.

3.9. Definition: Let p be a prime.
a) The subgroup of all diagonal matrices of GL(2,p) is denoted by D(2, p).
b) The subgroup of all monomial matrices of GL(2,p) is defined as

M(2,p) = (D(2,p),a) where a— (i’é)

¢) Let S(2,p) < GL(2,p) and N(2,p) < GL(2,p) be defined b
) D D D 2 y

. 0 1
S(2,p) =(b) with b= < ot ot ap )

and

N(2,p) = (b,c) with c= ( : —01 )

o+ aof

where « is a generator of the multiplication group of the field 2. The
group S(2,p) is called a Singer cycle of GL(2,p).

3.10. Lemma: The Singer cycle S(2,p) is cyclic of order p> — 1. The group
N(2,p) is the normalizer of S(2,p) in GL(2,p) and [N(2,p) : S(2,p)] = 2.
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Proof: A proof and a more detailed description can be found in [27], Theorems
2.3.5 and 2.3.6, and in [15], Section 4. .

Now we can examine the required matrix groups.

3.11. Lemma: Let p be a prime and let G < GL(2,p) be a subgroup with
pt|G|. Further, let V =3 be the natural FpG-module.

a) The group V is a direct product of G-invariant subgroups.
b) If G is reducible, then G conjugates into the group D(2,p).

Proof: a) By Theorem 3.8, the F,G-module V' is the direct sum of irreducible
F,G-submodules; that is, the group V is the direct product of G-invariant
subgroups.

b) Since G is reducible, there exists a non-trivial F,G-submodule U < V.
Thus, by Theorem 3.8, the group V is the direct product of two proper G-
invariant subgroups and therefore G is conjugated in GL(2,p) to a subgroup
of D(2,p). o

It remains to consider the irreducible cube-free subgroups of GL(2,p). These
subgroups are determined up to conjugacy by Flannery and O’Brien in [15],
Section 4, and we use this to obtain the following.

3.12. Theorem: Let p be a prime and let G < GL(2,p). If G has cube-free
order with p 1 |G|, then G is conjugated in GL(2,p) to a subgroup of M(2,p)
or to a subgroup of N(2,p).

Proof: If G is reducible, then it conjugates into the group D(2,p) < M(2,p)
by Lemma 3.11. Therefore let G be irreducible. By [15], Theorems 4.1 — 4.4,
the group G is either conjugated in GL(2,p) to a subgroup of N(2,p) or
M(2,p), or it has a central quotient G/((G) of isomorphism type in
{A4, S4, A5, PSL(2,p),PGL(2,p)}. If G/C(G) = Sy, then 8 | |G| and G is
not cube-free. If p > 5 and G/((G) is of the isomorphism type A4 or As, then,
by [15], Theorem 4.5 and Theorem 4.8, respectively, the group G has a center
of even order and thus 8 | |G|. One can check readily that the same holds in
the case of p € {2,3,5}. Since p | |PSL(2,p)| and p | |[PGL(2, p)|, the theorem
is proved. °

It is obvious that U € {M(2,p),N(2,p)} is solvable; that is, U has a series
U=U; >...>U > Uy = {1} of normal subgroups U; < U with abelian
factors U; /U;11 for 1 < i < [. As a subgroup of a solvable group is solvable
as well, it follows that every cube-free group G < GL(2,p) with p 1 |G| is
solvable.

For the sake of completeness we recall an equivalent definition of a solvable
group: A group U is solvable if and only if there exists i € N with

U=U9 00 = {1}
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where UUH) = (UW))Y and G’ = (g-*h~'gh | g,h € G) denotes the commuta-
tor subgroup of a group G. The integer i is called the derived length of U.
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Chapter 4

Extensions

It follows an introduction into the theory of group extensions. Then we provide
some useful results on cohomology theory. We will use these results in later
investigations.

4.1 Group extensions
First, we recall the definition of an extension.

4.1. Definition: Let G, H, and M be finite groups. The group G is an
extension of H by M, if there exists N <G with N = M and G/N = H.

Obviously, if G is an extension of H by M, then one can identify N and M as
well as G/N and H.

Now we introduce some notations and recall several well-known facts concern-
ing group extensions. For further background we refer to [25], Chapter 11,
and [20], Sections 1.14 and I.16.

Let H be a group and let (A,+) be an H-module. For an arbitrary mapping
v: H x H— A with

Vh,k,l e H: ~(hk)+~(,hk) =~v(h, k) +~(1, h)*

we define a group
Gy ={(h,a) |he Hya € A}

with group operation
(h1,a1)(ha,az) = (hiha, a}? + as +y(h1, ho)).

Then G, has a normal subgroup A = {1} x A with factor group G,/A =
H x {1} = H; that is, G is an extension of H by A.

17
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Conversely, if G is an extension of a group H by an abelian group A with
A <G and G/A = H, then the action

H — Aut(A), gA— (A— A, a—a?)

furnishes A with the structure of an H-module and there exists a mapping
v:H x H — A as above with G = G,. This partly motivates the following
definition.

4.2. Definition: For a group H and an H-module A let
C*(H,A) = {y:HxH— A|Yhe H: v(1,h) =~(h,1) = 0},

Z*(H,A) = {yeC*H, A)|VhklcH:

’Y(hv k) + ’V(lv hk) = 7(”"7 k) + '7(17 h)k}7
B*H,A) = {yeC*H,A)|36:H — AVk,heE K :

y(k,h) = 8(kh) — 6(k)" — 6(h)}.

The elements of Z2(H, A) and B?(H, A) are called 2-cocycles and 2-cobound-
aries, respectively.

Obviously, C%(H, A) has the structure of an abelian group where the group
operation is given by

(Y4+08): Hx H— A, (hk) > (y+0)(h,k) = y(h, k) + 6(h, k),
and it follows that B%(H, A) < Z?(H,A) < C?*(H, A).

4.3. Definition: Let H be a group and let A be an H-module.
a) The second cohomology group of H in A is defined by

H?(H,A) = Z*(H, A)/B>(H, A).

b) The symbol E(H, A) denotes the set of all extensions of H by A up to
isomorphism.

Originally the second cohomology group is denoted by H 2(AH , A), but for tech-
nical reasons we will temporarily use the “hat”-notation H?(H, A).

As indicated above, there is an important connection between the second co-
homology group of H in A and the set £(H, A):

4.4. Theorem: Let H be a group and let A be an H-module. For an extension
G of H by A let G € E(H, A) be defined by G = G. Then the mapping

H*(H,A) — £(H,A), v+ B*H,A) — G,

is well-defined and onto.
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Proof. This follows from [25], Proposition 11.1.4. °

Since the mapping of Theorem 4.4 does not have to be injective, it may occur
that distinct elements of H?(H, A) induce isomorphic extensions of H by A:

4.5. Example: Let H = V; and let A = Cy. Then A is trivial as an H-
module and one can show that Z2(H,A) = C3 and B?(H,A) = {0}; that

is, |j-\l 2(H,A)| = 8. A complete and irredundant list of isomorphism types of
groups of order 8 is given by

085 Cga C4 X 025
Ds = (g |t = 4* = ¥ = 1),
Qs = (z,y| 2! =y*2 2 =2V = 1).
Since Cy is not an extension of H by A, one obtains that |E(H, A)| = 4.

This isomorphism problem is difficult to solve in general, but we will find an
improvement of the situation.

4.6. Definition: Let GG; be an extension of a group H by an H-module A
and let A; 9 G; be the subgroup corresponding to A for i € {1,2}. Then G4
and Go are strongly isomorphic if there exists an isomorphism ¢ : G — G
with ALl = A,.

The following theorem yields a criterion when two extensions are strongly
isomorphic. The restriction of a mapping f : A — B to a subset U C A is
denoted as f|y.

4.7. Theorem: Let G; be an extension of a finite group H by an H-module A
via the cocycle v; for i € {1,2}. Denote with h € Aut(A) the action of h € H
on A and let T be the group of compatible pairs; that is,

T = {(o, B) € Aut(H) x Aut(A) |Vh e H : he = (h)},
which acts on ]EIQ(H7 A) via
v+ B*(H, A) — ~*F) 1 B2(H, A)

where »
@D = (1, h) = (2,0

Then Gy s strongly isomorphic to Go if and only if there exists an element

(o, B) € T such that wylﬁ) = 1o mod B%(H, A).

Proof: We identify G; = Gy, and A = {1} x A < G; for i € {1,2}. It
is straightforward, but technical, to prove that T is a group which acts on
H?(H, A) via the above defined operation. A more detailed description and
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references can be found in [4], Section 4.2.1.

“=" Let ¢ : G1 — G4 be a strong isomorphism. Since A* = A, the restriction
t|]a = 87! is an automorphism of A. Therefore ¢ induces an automorphism
tlgia = ot on H = G1/A = Gy/A. Let (1,a),(h,0) € Gy. The 2-cocycle
condition yields that

Gr(h~Y h) = i (h, AP

and since

(h,a)™t = (h~Y, =1 (h,h~1) —ah ™)
it follows that B
(1,a)"0 = (n,0)7}(1,a)(h,0) = (1,a").

The equation
(1,0)®0" = ((h,0)"1)(1,a)(h, 0)* = (1,a)* " (nOk

together with
(1,a)(h,0)L _ (17ah04*1) and (1’a>bil(h,0)b _ (17016%671)

implies that (a=!,37!) € T and thus also (a, 3) € T.
Let the mapping n : H — A, h — ayp, be defined by

(h*,0)" = (h,ap) € Go

and,asa; = 0,let v: HxH — A, (g,h) — agh—(ag)ﬁ—ah, be the coboundary

corresponding to 7. The aim is to show that wga,ﬁ) 4+ v =1. Let g,h € H.
It follows that

(g%, 0)(r*,0)" = (¢9%,0)"(h*,0)*
= (9:0)(1, ag)(h, 0)(1, an)
= (9,0)(h, 0)(1, (ag)")(1, an).

On the other hand, we have
((g%,0)(r%,0))" = ((g“h*,0)(1,¢1 (g% h")))"
= (gh,ag)(1, 419", h*)")
= (g, 0)(1,agn) (1, (™" (g, h)).

Combining the results of these two equations, one obtains that

(1’1[)2(97]1)) = (gh,O)il(g,O)(h,O) _
= (Lag)(L4™ (g, h)(1,an) 7 (1, (ag)") ™
= (L") (g, h) (L agn)(L, —ap)(1, —(ag)")
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= (1,91 (g,h) + 7(g, 1))

which yields the first part of the equivalence.

“<" Let (a,3) € T and v € B?(H, A) with ¢§a’ﬁ) + v = 9. By definition,
there exists a function n : H — A, h — ay, corresponding to the coboundary -,
and we define

1

t:G1 — G, (h,a) — (ha_l,aha—l +d°7).

If (h,a),(g,b) € G1, then it follows from the assumptions that

(ha)(9.0) = (b apemr +a” )" ages +67)

1

= ((hg)* " (@) + (@) e+
+ 07 g (h g )

—1

= ((hg)* ", (apa1)""

+91(h )" = (age-1)*" =gt + g 0-1)

+a% a6+

1

= ((hg)™ " a® " 407 e (hg)" +ag )
= (hg,a? +b+ 91 (h,g))

= ((h,a)(g,0))"

and therefore ¢ is a group homomorphism. As a; = 0, it is easy to see that ¢ is
injective and hence, because |G1| = |G2|, it has to be surjective as well. Since
AY = A, it is shown that ¢ is a strong isomorphism from G5 to G. °

Thus the T-orbits on H 2(H, A) correspond one-to-one to the strong isomor-
phism classes of extensions of H by A.

Now we consider a special type of extensions.

4.8. Definition: An extension G of a group H by an H-module A is a split
extension if G = H x A where H x A = G, withy: HxH — A,(g,h) — 0.

In particular, a group G is a split extension of A < G if and only if there is a
subgroup H < G with G = HA and H N A = {1}. Then one also says that
G splits over A. In this case G = H x A where H acts on A via conjugation.
The group H is called a complement to A in G.

4.9. Theorem: Let H be a group and let A be an H-module. An extension
of H by A is a split extension if and only if the corresponding element of
H?(H, A) is trivial.
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Proof. A proof can be found in [25], Proposition 11.1.4. .

The investigation of the special case when H and A are cyclic with prime order
follows.

4.10. Lemma: Let H = C, be a group of prime order and let h € H be a
generator. Let A= C), be trivial as an H-module.

a) The mapping
p—1
a:Z2(H,A) — A, v Y y(hhY)
i=1
is an epimorphism with kernel B2(H, A).
b) Forte A let

0 :i+j<p

cHxH— A, (h,hW)— 2
i ( ) {t ti+72>p

where Z = z mod p for z € Z. Then v, € Z*(H, A) and ~§* = t.
¢) The group fIQ(H, A) is of the isomorphism type C,,.
Proof: a) The mapping « is a homomorphism and it follows from b) that it is

surjective. Let v € B?(H, A) and let § : H — A be the function corresponding
to the coboundary . Then

p—1 p—1 p

ST by = S (0 = 5(hT) — 8(R)) = = 3" 6(h) =0
i=1 i=1 i=1
and thus B%(H, A) < kera < Z2(H, A).
Now let v € ker . Then the corresponding group extension G, contains a

subgroup
j—1

U= {(h,0) = {(h,Y_~(hh))[0<j<p-1}
1=1

of order p which complements A = {1} x A in G,,. Therefore G, is a split
extension of H by A and hence v € B?(H, A) by Theorem 4.9.

b) Let t € A and 0 <4,5,l < p—1 be arbitrary. An elementary computation
with case distinctions shows that

r)/t(hi’ hj) + ’yt(hl’ hiJrj) = Vt(hlJri’ hj) + ’yt(hl’ hl)

and hence v, € Z2(H, A). Further, one obtains that

p—1
7 =Y elh b = (b, 7YY =
=1
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c¢) From a) it follows that
Z*(H,A)/B*(H,A) = Z*(H,A)/ kera = A= C,

and thus the lemma is proved. °

4.2 Cohomology groups

This section provides some properties of the second cohomology group and for
this purpose we introduce a generalized definition of cohomology groups. For
proofs and further background we refer to [20], Section (I, §16), as well as [1],
Chapters 2 and 3, and [33], Chapters 1 — 3.

Throughout this section the action of a mapping f on an element x is written
as f(x); further, all considered modules are left modules.

Let H # {1} be a finite group with a subgroup P < H and let A be an
H-module. We consider Z as a ZH-module where the action of H on Z is
trivial. By [20], Theorem (I, 16.11), there exists a free resolution of Z as a
ZH-module; that is, an exact sequence

=X, BX - X Bz 0

with free ZH-modules X;. In particular, this exact sequence is also a free
resolution of Z as a ZP-module: Let X be a free ZH-module with basis
{z1,...,2,} and let {hq,...,hi} be a right transversal to P in H. Then ZH
can be considered as a free ZP-module with basis {h1, ..., hi}. Consequently,
X is a free ZP-module with basis {hjz; |1 <i <7, 1<j <k}

Next, for every i € Ny we define a homomorphism

5i : {HOHlH(le,A) — HOIDH(XZ',A),
[z fua(@))]-

and obtain a sequence

Hompy (X, A) L Hompy (X1, A) Lt Homp (X9, A) — ...
of Z-modules with im 67 < ker 6/T! for all j € N since ker yj = im p;41.
4.11. Definition: With the above notations, for n € N we define
H"(H,A) = ker 6" /im "

as the nth cohomology group of the H-module A.
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By [20], Theorem (I, 16.8), the definition of H"(H, A) does not depend on the
choice of the free resolution of Z. In particular, throughout this section we
use the following free resolution to define H"(H, A):

For i € N let X; be the free ZH-module generated by all elements of

H\ {1} x...x H\ {1},

i times

and let Xy = Z be the free ZH-module generated by the abstract symbol ().
Next, for ¢ € N we describe a ZH-module homomorphism p; : X; — X;_; via
its action on the basis elements (g1,...,9;) € X; of X;: We set

i—1
Mi(gl7"'7g7:) = (927"'7gi)+Z€;§(g17"'79’i)+(_1)Zgi(glu"'7gi—1)
k=1

where

i L EDRen g1 Gk R ks -5 90) i grgrer # 1
ek(gl" 7gl) - .
0 : otherwise

and further we define pg : Xg — Z via
to 2 Xo — 7Z, () — 1.

Then, by [1], Sections 16.1, 16.2, and 19.2, this yields a free resolution of Z as
a ZH-module, which is called the normalized standard free resolution.

4.12. Remark: If one applies these definitions to the case H = {1}, then one
obtains that H"(H, A) = {0} for all n € N.

4.13. Theorem: If H is a group and A is an H-module, then
H?(H,A) ~ H*(H, A).

Proof: Since a homomorphism is described completely by its action on a basis,
one can observe that the mapping

¢ : Homp (X2, A) — C2(H, A), f+ F,
where R R
fly,=f and  f(1,h) = Ff(h,1)=0 (Vhe H)

is an isomorphism. Identifying Hom (X2, A) with C2(H, A), it is straightfor-
ward to check that the induced second cohomology group H 2(H, A) coincides
with H2(H, A). .
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4.14. Lemma: Let H # {1} be a group and let A be an H-module. If A is a
p-group and n € N, then H"(H, A) is a p-group as well.

Proof: Let | = (|H| — 1)" and n € N. As in the proof of Theorem 4.13, one
can identify Hom (X, A) with
C"(H,A)={f:H"— A| f(h1,...,hy,) =0 if there is h; = 1}.

Since the mapping

C"(H,A) — A, v = (y(ha, oo o)) hy e {1}

is an isomorphism, one obtains that [Hom (X, A)| = |A|' and thus H"(H, A)
is a p-group. °

The next theorems define three useful mappings between cohomology groups
and then partially translate them to the special case when the second cohomol-
ogy group is defined as in Definition 4.3. Since much more theory is necessary
to prove this theorem, we only refer to a proof.

4.15. Theorem: Let H be a group and let A be an H-module. We consider
a subgroup P < H and a left transversal {hi,...,hx} to P in H. Let n € N.
a) The inclusion res" (P, H) : Homy (X, A) — Homp(X,, A) induces a ho-

momorphism
res"(P,H): H"(H,A) — H"(P, A),

the so-called restriction-mapping.
b) For g e H let

Homp(Xn,A) - Homgpgfl(Xn,A)
[z = g(flg~ )]

Then con” (P, g) induces a homomorphism

con (P, g) : {

con™(P,g) : H"(P,A) — H"(¢gPg~', A)
which is called the conjugation-mapping.
¢) The mapping
Homp(X,,,A) — Hompg(X,,A)

cor''(H, P) : k _
frlzm ;hz(f(hi ‘7))

1s independent of the choice of the transversal and it induces a homomor-
phism
cor"(H,P): H"(P,A) — H"(H, A).

This is called the corestriction-mapping.
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Proof: A proof can be found in [6], Section (XII, §8), or [33], Sections 2.3
and 2.4. .

As a consequence of the definitions, for P; < P, < H and z € H and all
v € H"(Py, A) we have

con”(Py, z)res" (Py, Py)(7y) = res" (zPyz ™), x Pax™ con™(Py, x)(7)

and
res”" (Py, Py)res” (Pa, H)(y) = res"(P1, H) (7).

4.16. Theorem: With the notations of Theorem 4.15 one can observe the

following:

a) If one defines H%(P, A) via the normalized standard free resolution of Z. as
a ZP-module and identifies H>(P, A) with H2(P, A), then the action of x €
Ny (P) on H2(P,A) via con®(P,z) translates to an action on H2(P, A);
written exponentially, that is to say

v=[f+B*PA) — 4" = f"+ B*P,A)

where
7= [(st) = flasz™ ata™)"].

b) For h € H let h € {hy,...,hy} be defined by hP = hP. Written expo-
nentially, the explicit formula for cor?(H,P) in terms of the normalized
standard free resolution is given by

cor*(H,P) : v+ B*(P,A) — 5 + B*(H, A)

where

k
— 1 —_— ] —
(u,v) = Z'y(uhi whg,vuh;  vuhg)h y
i=1

Proof. The proof is based on the more elaborated theory of cohomology groups
presented in [33], Chapters 1 — 3, and can be found in [33], Propositions 2.5.1
and 2.5.2. °

Now we exhibit some useful properties of the mappings defined in Theorem
4.15.

4.17. Lemma: With the notations of Theorem 4.15 it follows that

cor(H,P)res”(P,H)(v)=[H:Ply=~v+...+7v, (ye€ H"(H,A).

k times
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Proof. Let v € H"(H, A); that is, 7 = f +im 6™ for some f € Homp(X,, A).
Now the assertion follows from

k
cor"(H, P)fes™ (P H)(f) : ©— Y hi(f(hi'z)) = f(x).
i=1 i

In particular, we have the following corollary.

4.18. Corollary: Let H be a group and let A be an H-module. The order of
ve€ H"(H,A), n €N, is a divisor of |H|.

Proof. Since H™({1}, A) = {0}, we have res" ({1}, H)(y) = 0. Now the asser-
tion follows from Lemma 4.17 with P = {1}. .

The next aim is to show that for a p-group A with an H-module structure one
can determine H?(H, A) from H?(P, A) where P < H is a Sylow p-subgroup
of H. For this issue some preliminaries are needed:

4.19. Definition: We consider a group H, an H-module A, and a subgroup
P < H. An element v € H"(P, A) is stable if for every x € H we have

res™(P NzPx~ !, P)(y) = con™(z~ Pz N P,z)res™ (2~ Pz N P, P)(7)
or equivalently
res” (P NzPx~ !, P)(y) = res"(x Pz~ N P, Pz~ )con™ (P, z)(v).
The proof of the following lemma can be found in [6], Proposition (XII, 9.4).

4.20. Lemma: With the notations of Definition 4.19 it follows that
res" (P, H)cor"(H, P)(y) = [H : Ply
for every stable element v € H?(P, A).

Proof: Let H be written as a disjoint union of double cosets H = |J; Pz; P
with x; € H. We define W, = PN xiPmi_l and consider a representation of
P as a disjoint union of left W; cosets; that is, P = Uj y;iW; with y;; € P.
Hence one can write

J

and
J J



28 Chapter 4. Extensions

This union is still disjoint: If y;;2:p1 = yj,xip2 for some p1,ps € P, then
Yjo € yjlixiijl. Now y;,;W; = y;,;W; shows that y;,; = y;,;. Therefore H is
the disjoint union of left P cosets

i,J
and it follows that
(4.1) [H:P|=> [P: W]

(2

Let X,, be a part of the normalized standard free resolution of Z as a ZH-
module. If f € Homp(X,, A), then, by using the above transversals and the
definitions, one can check readily that

ies" (P, H)cor" (H, P)(f) = > Gt (P, Wy)ias"™ (Wi, z; Py ')eon™ (P, ) (f)
i
Passing to cohomology, for a stable element v € H?(P, A) one obtains that
res" (P, H)cor"(H, P)(7)
= Z cor™(P, P N x;Px; Yres"(P N a;Px; t, x; Pry ' )con™ (P, ;) (7)
i

= Z cor™(P, P N x;Px; Yres"(P Na; Px;*, P)(v),
i

and Lemma 4.17 proves the assertion:
res" (P, H)cor"(H, P)(vy) = Z[P : PN Pty @

(2

[H : Ply.

The proof of the next theorem is taken from [6], Proposition (XII, 10.1).

4.21. Theorem: Let P be a Sylow p-subgroup of the group H and let A
be a p-group with an H-module structure. Then res™(P,H) maps H"(H,A)
monomorphically to H"(P, A) and the image consists of the stable elements of
H™(P,A).

Proof: From Lemma 4.14 it follows that H"(H, A) is a p-group and hence
every element of H"(H, A) has p-power order. If v € kerres”(P, H), then, by
Lemma 4.17, one obtains that

0 = cor"(H, P)res"(P,H)(y) = [H : Ply

and thus v = 0 since p 1 [H : P]. Therefore res”(P, H) is a monomorphism
from H"(H, A) to H"(P, A).
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Let v = res™ (P, H)(0) be an element of the image of res" (P, H) and let x € H
be arbitrary. Then con™(H,x)(d) = § and thus

con(P,z)(y) = con™(P,z)res"(P, H)(0) = res"(zPz ", H)con™(H, z)(4)
= res"(zPz" 1, H)(9).

It follows that

res"(xPz~' N P, zPz Ycon™(P,z)(y) = res™(zPxz~' NP, H)(S)
res”(zPx~' N P, P)res™ (P, H)(6)
= res"(zPz ' NP, P)(v)

and therefore ~ is stable.

Now suppose that v € H"(P, A) is stable. Then Lemma 4.20 shows that
res" (P, H)cor"(H, P)(v) = [H : P]y.

As ged([H : P),|P|) = 1, there exist 4,j € Z with i[H : P] = 1+ j|P|, and
from Corollary 4.18 it follows that

res" (P, H) (icor™(H, P)(v)) = (1 + j|P|)y = v € im res"(P, H).

Now we can state an important corollary.

4.22. Corollary: Let P = C), be a Sylow p-subgroup of H and let A = C), be
an H-module. Then

H(H,A) = {y € H*(P,A) | V2 € Ny(P): v ="}
with v* as in Theorem 4.16a).

Proof: Tt follows from Theorem 4.21 that the group H?(H, A) is isomorphic
to {y € H%(P, A) | 7 stable}. Since res?(P, P) = [y — 7] and res?({1}, P) =
[y + 0], as H2({1}, P) = {0}, one obtains that

H*(H,A) = {y € H*(P,A) | Yz € Ng(P) : v = con®(P,z)(7)}.
Identifying H?(H, P) with H? (H, P) and using Theorem 4.16a), the assertion

follows. °

4.23. Remark: From now on the group H?(H,A) will be identified with
H?(H, A).
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4.3 The Schur multiplicator

For the purpose of further examinations another cohomology theoretical the-
orem follows. We recall that every group G has a presentation; that is, there
exists a free group F' and a normal subgroup R < F with G = F/R.

4.24. Definition: For a group G with presentation R < F' we define
M(G) = (F' N R)/[F, R|

where

[F,R] = (f_lr_lfr | f € F,r € R).

The isomorphism type of M(G) is called the Schur multiplicator of G and it is
independent from the presentation. For a more detailed description we refer
to [25], Theorem 11.4.15, and to [20], Theorem (V, 23.5).

Denote with Hom(G, A) the abelian group of all group homomorphisms from
the group G to the group A.

4.25. Theorem: If G is a non-abelian simple group and A is trivial as a
G-module, then
H*(G, A) = Hom(M(G), A).

Proof: This is a corollary of the Universal Coefficients Theorem; see [25],
Theorem 11.4.18. .

The following corollary will be useful later.

4.26. Corollary: Let G = PSL(2,q) for a prime ¢ > 3 and let A = C,, for a
prime p > 2 be a G-module. Then H?(G, A) = {0}.

Proof: By [9], Section 3.3, one obtains that [M(G)| = 2, and therefore
Hom(M(G),A) = {0}. Since G is simple and A is trivial as a G-module
by Corollary 3.2, the assertion follows from Theorem 4.25. °



Chapter 5

The Frattini subgroup

As indicated in the introduction of this thesis, it is essential to study the
structure and the properties of the Frattini subgroup of a group. Therefore this
chapter yields some important propositions concerning the Frattini subgroup.

All proofs in this chapter can also be found in [16] or [20, 25].

As a first step, we recall the definition. Let U < G be a proper subgroup of
a group G. If there exists no subgroup V < G with U < V < G, then U is
called a maximal subgroup of G and this is denoted with U <,, G.

5.1. Definition: Let G be a group.

a) The Frattini subgroup ®(G) of G is defined to be the intersection of all
maximal subgroups of G.

b) If ®(G) = {1}, then G is called Frattini-free.

A subgroup U < G is called characteristic if U* = U holds for all & € Aut(G).

Since group automorphisms map maximal subgroups on maximal subgroups,
it follows from the definition that ®(G) is a characteristic subgroup of G.

The Frattini subgroup ®(G) has the characterizing property to consist of all el-
ements of G which are unnecessary in every generating set of G; such elements
are called non-generators of G.

5.2. Theorem: The Frattini subgroup ®(G) consists of all non-generators
of G.

Proof: Let g € ®(G). If g is not a non-generator of G, then there is X C G
with (X,g) = G and (X) < G. Let M < G be maximal with respect to
XCMandg¢ M. If M < H <@, then g € H and thus H = G. It follows
that H <,, G. Since g € ®(G) < H, this is a contradiction.

Now let g € G be a non-generator. If g ¢ ®(G), then there is M <,, G with
g ¢ M. Hence it follows that G = (M, g) and since g is a non-generator, one
obtains that G = M. This is a contradiction and it follows that g € ®(G). e

An immediate consequence is the following corollary.
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5.3. Corollary: Let N JG. There is a subgroup U < G with G = UN if and
only if N £ ®(G).

The next lemmas list some more properties of the Frattini subgroup.

5.4. Lemma: Let N <G be a normal subgroup. Then the following holds:
a) ®(G)N/N < ®(G/N).

b) If N < ®(G), then ®(G)/N = ®(G/N).

Proof: a) It is well-known that a subgroup U < G/N has the form U = V/N
where N < V < G. One can prove immediately that V/N <,, G/N if and

only if V' <,,, G. Therefore V/N <,,, G/N implies that ®(G)N < V and the
assertion follows.

b) Part a) yields that ®(G)/N < ®(G/N). If M <,,, G, then N < ®(G) < M
and thus M/N <,, G/N. Hence it follows that ®(G/N) < ®(G)/N. .

In particular, Lemma 5.4 shows that the Frattini factor G/®(G) of a group G
is always Frattini-free.

5.5. Lemma: Let o be a group homomorphism of G. Then ®(G)? < &(G7).

Proof: Let U <,,, G° be a maximal subgroup and let U* < G be the preimage
of U under . If U* < H < G, then U < H° < G? and thus H? = G°. Since
kero < H, it follows that H = G and hence U* <,,, G. The equation

(ANB)*=A"NB*
holds for all subgroups A, B < G and therefore
@@= () v~
V<mGe

This shows ®(G) < (®(G7))* and the assertion follows. .

One can observe that ®(G)? # ®(G7) in general:

5.6. Example: Let G = {(a,b | a® = b* = a~'b~'a?b = 1). By Lagrange,
the groups (b) and (ab) are maximal subgroups of G and it follows that G is

Frattini-free. If 0 : G — G/(a), g — g(a), is the natural epimorphism, then
®(G7) =2 ®((b)) = (b?) and thus &(G)° < &(G7).

We provide two well-known lemmas:

5.7. Lemma: Let M IG. If N < M is a characteristic subgroup of M, then
N 4G.

Proof: Since Inn(G)|y = {a|ay | @ € Inn(G)} is a subgroup of Aut(M), the
group N is invariant under Inn(G) and hence N < G. o
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5.8. Lemma (DEDEKIND’S MODULAR LAaw): Let A, B,C < G with A < C
and C < AB. Then C = ABNC =A(BNC).

Proof: The equation C' = ABNC holds obviously. Let ¢ =ab € C witha € A
and b € B. It follows that b = a~!c € C and thus ¢ € A(BNC). Conversely,
ifc=ade A(BNC) withae Aandd e BNC, then c € C. )

Now we can prove the following:

5.9. Lemma: Let U < G be a subgroup and N < G.
a) If N < ®(U), then N < ®(G).
b) ®(N) < ®(G).

Proof: a) If N £ ®(G), then there is a maximal subgroup M <,, G with
N £ M. Hence G = NM and Lemma 5.8 yields that U = N(M NU). Since
N < ®(U), Lemma 5.2 applies and thus U = M NU and N < U < M. This
is a contradiction and therefore N < ®(G).

b) Since ®(N) < N is a characteristic subgroup, the assertion follows from
Lemma 5.7 and a). .

If U < G is not normal, then ®(U) £ ®(G) in general. An example is Dg =
((1,2,3,4),(1,4)(2,3)) < Sy with ®(Dsg) = ((1,3)(2,4)) and ®(S4) = {()}-

5.10. Lemma: If G = G x Ga, then ®(G) = ®(G1) x ®(G2).

Proof. By Theorem 5.9, it follows that ®(G;) < ®(Gy x Ga) for ¢ € {1,2}, and
hence ®(G;) x ®(G2) < ®(G; X G2). The equation

(1l M< [ AxGy) n () (GixB),

M<,G1xG2 A<mGy B<,mGa

implies that (G x G2) < ®(G1) X P(Ga). o

5.11. Lemma: If A<G is an abelian normal subgroup with AN®(G) = {1},
then G splits over A.

Proof: One can assume that A < G. Let H < G be minimal with respect
to G = HA. Since A is an abelian normal subgroup of G, it follows that
HNA<JHA=G If HNA < ®(H), then HNA < ®(G)N A = {1} by
Lemma 5.9 and thus G splits over A. Conversely, if HNA £ ®(H), then there
is M <, H with H = M(AnN H). It follows that G = HA = MA which
contradicts the choice of H. °

This yields the following important corollary. We recall that a minimal normal
subgroup of G is a non-trivial normal subgroup that does not contain a smaller
non-trivial normal subgroup of G.
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5.12. Corollary: Let N QG be an abelian minimal normal subgroup. There
is a complement to N in G if and only if N £ ®(G).

Proof. If N < ®(G), then N is non-complemented in G by Corollary 5.3. If
N £ ®(G), then G splits over N by Lemma 5.11. .

The next lemma is often referred to as the Frattini argument and, as a corol-
lary, one obtains that the Frattini subgroup is always nilpotent. We recall
that Syl,(G) denotes the set of all Sylow p-subgroups of a group G and that
all elements of Syl,(G) are conjugated in G.

5.13. Lemma (FRATTINI ARGUMENT): If H <G is a normal subgroup and
P e Syl,(H), then G = Ng(P)H.

Proof: Let g € G. It follows that P9 € Syl,(H) and thus there exists an
element h € H with P9 = P". Then gh~! € Ng(P) and g € Ng(P)H. Since
N¢(P)H < G, the assertion is proved. .

5.14. Corollary: The Frattini subgroup ®(G) of G is nilpotent.

Proof. If P € Syl (®(G)) is an arbitrary Sylow p-subgroup of ®(G), then
Lemma 5.13 and Theorem 5.2 yield that G = Ng(P)®(G) = Ng(P). It
follows that every Sylow p-subgroup of ®(G) is normal and hence ®(G) is
nilpotent. °

The following lemma provides an important property concerning the order of
the Frattini subgroup.

5.15. Lemma: If p | |G| for a prime p, then p | |G/®(G)]|.

Proof: Suppose that p { |G/®(G)| and let P € Syl,(®(G)). The fact that
®(G) is nilpotent implies that P < ®(G) is a characteristic subgroup. Hence
P<G and ged(|P|,|G/P|) = 1. By the Theorem of Schur-Zassenhaus, see [20],
Theorem (I, 18.1), there exists a complement @) to P in G. Since P < ®(G),
it follows that G = @, and this contradiction shows that p | |G/®(G)]. o

As a final result of this section, Lemma 5.15 implies a corollary concerning the
structure of the Frattini subgroup of a cube-free group.

5.16. Corollary: If G is a cube-free group, then ®(G) = Cp, x ... x Cyp,_ for
distinct primes p1,. .., Dk.

Proof: 1t follows from Lemma 5.15 that |®(G)| is square-free; that is, | (G)]
p1 - px for distinet primes pq,...,pr. The assertion holds, because ®(G) is
nilpotent. °
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Frattini-free groups

The main aim of this chapter is to provide a theorem of Gaschiitz which
classifies the groups with trivial Frattini subgroup. It turns out that every
group F' with trivial Frattini subgroup has the form F = K x S where S
is contained in the so-called socle of F' and K < Aut(S). Hence, as a first
step, we define and examine the structure of the socle of a group. Then we
investigate the structure of the cube-free Frattini-free groups.

Concerning our aim to implement an algorithm to construct the cube-free
Frattini-free groups of a given order, Section 6.5 supplies some notes on the
construction of K < Aut(S) by so-called subdirect products.

6.1 Completely reducible groups

First, we recall the definition of the socle of a group.

6.1. Definition: The socle Soc(G) of a group G is the subgroup generated
by all minimal normal subgroups of G.

In particular, the socle of a group is a characteristic subgroup since group
automorphisms map minimal normal subgroups on minimal normal subgroups.

The group of inner automorphisms of G is defined by
Inn(G) ={a e Aut(G) | Fge G: a=(G— G, h— h9)}

and Inn(G) is a normal subgroup of Aut(G).

The next definition generalizes the concept of a group. This is useful to prove
the following theorem of Remak in a more general context.

6.2. Definition: An operator group is a triple (G, 2, ) consisting of a group
G, a set € called the operator domain, and a function o : G x  — G such that
g +— (g,w)® is a group endomorphism of G for every w € 2. If the function «
is understood, then we write g for (g,w)® and speak of the Q-group G.
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Thus an operator group is a group with a set of operators which act on the
group like endomorphisms. In particular, every group is an operator group
with empty operator domain.

Analogue to groups one can define Q2-subgroups: If G is an -group, an §2-
subgroup of G is a subgroup H < G such that h* € H for all h € H and
w € ). One can check readily that the intersection of a set of {2-subgroups is
an 2-subgroup.

An Q-subgroup {1} < H < G is called Q-simple if H has only the trivial
normal 2-subgroups. If Q = Inn(G), then the Q-simple subgroups of G are
exactly the minimal normal subgroups of G. If © = (), then the Q-simple
subgroups of G coincide with the simple subgroups of G.

Next, we provide two theorems concerning the decomposition of a group. The
proofs are basically from [25], Section 3.3.

6.3. Theorem (REMAK): Let G = Gy X ... x Gy, be an Q-group where G; is

Q-simple for 1 <11 < n. Suppose that N is a normal Q-subgroup of G.

a) There exists M = {i1,...,it} C{1,...,n} with G =N x Gy x ... x Gy,
and hence N is a direct product of 2-simple groups.

b) If ((G) = {1}, then N is the direct product of some G;.

Proof: a) If N = G, then we take M to be empty. Now we assume that N # G
and hence there exists a group G; £ N. Since G; is Q-simple, it follows that
NG; 2 N x G;. Let M C {1,...,n} be maximal with regard to the property
that
GM=<N,Gj‘j€M>§NX HG]
JEM

For every j € {1,...,n}\ M it follows that G;NG s # {1} and thus G; < G .
Therefore G = Gy and a) is proved.

b) Factoring out any G; contained in N, one can assume that G; N N = {1}
for all 1 < i < n. Since N and all G; are normal in G, it follows that
[N,G;] < NNG,; ={1}; that is, elements of N commutate with elements of
G; for 1 < i <n. This implies that N < {(G) = {1} and b) is proved. °

6.4. Theorem: Let G be a group.

a) A product of minimal normal subgroups of G is a direct product of some
of them.

b) A minimal normal subgroup of G is a direct product of simple groups.

c¢) If G decomposes into a direct product of simple subgroups and ((G) = {1},
then this decomposition is unique up to the order of the factors.

d) Let H< N < G with HHN < G. If N is a direct product of non-abelian
simple groups, then there exists M I G with M < N and N = H x M,
and M is a direct product of non-abelian simple groups.
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Proof: a) Let N = Nj--- Ny be a product of minimal normal subgroups of G
and let P < N be maximal with respect to be a direct product of some N;. If
P < N, then there exists N; £ P and thus PN; = P x N;. This contradicts
the choice of P and therefore N = P.

b) Let M be a minimal normal subgroup of G. By Lemma 5.7, the group M is
characteristic simple; that is, M contains no smaller non-trivial characteristic

subgroup of G. Let U < M be a minimal normal subgroup of M and therefore

U*NU € {U,{1}} for all & € Aut(M). Since M and Aut(M) are finite, it
follows that
A=U"|acAut(M)) =U" x...x U™

for some ay,..., a4 € Aut(M) and, as M is characteristic simple, one obtains
that A = M. If there exists {1} <H <U% for some j € {1,...,t}, then H<M
which contradicts the choice of U% = U. Hence the groups U, ... U are
simple and M is a direct product of simple groups.

c¢) A proof can be found in [25], Theorem 3.3.10.

d) Since ¢(N) = {1}, part c) yields that the decomposition of N into simple
groups is unique up to the order of the factors. Then, by Theorem 6.3, there
exists an unique complement M <IN of H in N. For all g € G it follows that

HxM=N=N9=H x M9
and thus M = MY; that is, M < G. °

In particular, every product N of minimal normal subgroups of a group G is
completely reducible; that is, IV is a direct product of simple groups. The
following definition extends the definition of a completely reducible group.

6.5. Definition: Let G be a group and let Inn(G) <T < Aut(G).

a) The group G is completely reducible if G is a direct product of simple
groups.

b) A minimal T'-subgroup of G is a subgroup U < G which is minimal with
respect to U* = U for all « € I'. The group G is called I'-completely
reducible if G is a product of minimal I'-subgroups.

c) Let N I G. Then N is G-completely reducible, if N is I'-completely re-
ducible for I' = Inn(G)| .

It follows from the definition that the socle of a finite group G is the largest
normal subgroup of G which is G-completely reducible.

6.6. Lemma: Let G be a group and let N <G. Then the following properties
are equivalent:

a) N is G-completely reducible.

b) N is a direct product of minimal normal subgroups of G.
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¢) For every M <G with M < N there exists K IG with N =M x K.

Proof. “a)=-b)” This follows from Theorem 6.4a).
“b) = ¢)” This follows from Theorem 6.3.

“c) = a)” Let M = Ny --- Ny be the product of all minimal normal subgroups
N; <G with N; < N. If M < N, then there exists K JG with N = M x K which
contradicts the choice of M. It follows that M = N and N is G-completely
reducible. °

We recall that the class of nilpotent groups is closed under forming subgroups
and that the product of two normal nilpotent subgroups is a normal nilpotent
subgroup; see [20], Theorem (III, 4.1). This allows the following definition.

6.7. Definition: Let GG be a group.

a) The Fitting subgroup Fit(G) of G is the unique largest normal nilpotent
subgroup of G.

b) If Fit(G) = {1}, then G is called Fitting-free.

It is easy to see that G is Fitting-free if and only if every abelian normal
subgroup of G is trivial. Often this property is also called semisimple.

Since the socle of a group is completely reducible, the next theorem examines
its structure.

6.8. Theorem: Let S be a completely reducible group and let Rad(S) be the
unique largest solvable normal subgroup of S.

a) The group Rad(S) is a direct product of cyclic groups of prime order. In
particular, Rad(S) is the product of all abelian minimal subgroups of S.

b) There exists an unique subgroup N(S) < S with S = Rad(S) x N(S).
The group N(S) is Fitting-free and a direct product of non-abelian simple
groups.

Proof: a) By Theorem 6.3, it follows that Rad(.S) is a direct product of solvable
simple groups. A solvable simple group H is abelian since it has a trivial
commutator subgroup. Therefore H is cyclic of prime order. Now it follows
from the definition that Rad(S) is the product of all abelian minimal normal
subgroups of S.

b) Let N be the product of all non-abelian minimal normal subgroups of S.
By Theorems 6.4a) and 6.3, the group N is Fitting-free and it follows that
NNRad(S) = {1} and thus S = N xRad(S). If K is a complement to Rad(.S)
in N, then K 2 N and K is a direct product of non-abelian simple groups.
Hence K = N and we define N(S) = N. .

6.9. Definition: Let S be a completely reducible group. The groups Rad(.S)
and N(S) in Theorem 6.8 are called the abelian and Fitting-free components
of S.
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In particular, Rad(S) and N(S) are characteristic subgroups of S.

Finally, we exhibit an important result of this section.

6.10. Theorem: A completely reducible group S has cube-free order if and
only if S has the form S = A x B x C' with

o Aec{PSL(2,r) | r >3 prime withr+ 1 and r — 1 cube-free} U {{1}},
e B=C)p, x...xC,, for different primes p1,...,pn with p?1|Al|, and
o C = 031 X ... X Cgm for different primes q1,...,qm 1|A||B|.

Proof.: The assertion follows from Theorem 2.7 together with the fact that
4 | |PSL(2, p)| for every prime p > 3. o

6.2 Finite Fitting-free groups

We provide some useful propositions about Fitting-free groups. The main
result of this section is the following theorem which will be used in later
investigations.

6.11. Theorem: Let S be a direct product of non-abelian simple groups and
let A and B be groups with Inn(S) < A,B < Aut(S). If there is a group
isomorphism « : A — B, then there exists an element © € Aut(S) with
a® =a® for all a € A.

Theorem 6.11 is proved by the subsequent theorems. We recall that the
center of a direct product is the direct product of the centers. If G is a
group and M C @ is a subset, then the centralizer of M in G is defined by
Co(M)={9€G|Vme M: mg=gm}.

The proof of the next theorem is partially from [25], Proposition 3.3.18.

6.12. Theorem: Let H be a finite Fitting-free group and S = Soc(H).
a) The socle S is a direct product of non-abelian simple groups.

b) The centralizer Cg(S) of S in H is trivial.

¢) There exists Inn(S) < K < Aut(S) with K = H.

d) If T is a direct product of non-abelian simple groups and K is a group with
Inn(T) < K < Aul(T), then K is a finite Fitting-free group with socle
Soc(K) = Inn(T) =T.

Proof: a) It follows from the assumptions that Rad(S) = {1}. By Theorem
6.8b), the group S = N(95) is a direct product of non-abelian simple group.

b) Since S is normal in H, it follows that Cy(S) < H. If Cy(S) # {1},
then there exists a minimal normal subgroup N of H in Cg(S). Therefore
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N <SNCg(S)={(S) ={1} which yields a contradiction.
c) Let 7 : H — Aut(S) be the conjugation homomorphism; that is, 7 maps

h € H onto h™ = (S — S, s +— s"). Tt follows that ker 7 = Cz(S) N {1} and
hence H is isomorphic to K = H” with Inn(S) < K < Aut(S5).
d) Due to the fact that ((7') = {1} is the kernel of the conjugation homomor-
phism 7 : ' — Inn(T"), it follows that 7" = T = Inn(T"). Obviously, the group
K is finite. If a € C' = Cpyy(ry(Inn(T)), then the following equation holds for
allt e T

tT=a Ha= ().
As 7 is injective, it follows that ¢t = t® for all t € T. Therefore « = 1 and
C ={1}. If A< K is an abelian normal subgroup, then A N Inn(7") is normal
in Inn(7"). Since Inn(T") = T is Fitting-free by Theorem 6.3, one obtains that
ANInn(T) = {1}. Hence AInn(T) = A x Inn(T") as A and Inn(7") are both
normal in K. It follows that A < C' = {1} and therefore K is Fitting-free. In
particular, the socle of K is a direct product of non-abelian simple groups.
The group I = Inn(T") N Soc(K) is normal in K. By Theorem 6.4d), there
exists a normal subgroup M; < K with Inn(7") = M; x I. It follows that

Soc(K)NM; = Soc(K)NM; NInn(T) = I NM; = {1}

and thus
Soc(K)Inn(T") = Soc(K)IM; = Soc(K) x M;

is a direct product of non-abelian simple groups. Applying Theorem 6.4d)
again, there exists a normal subgroup My < K with

Soc(K)Inn(T) = Ms x Inn(T).

This shows that My < C' = {1} and hence Soc(K) <Inn(7"). Now there exists

M3 < K with Inn(T") = Soc(K) x Ms. Since M3 < Cg(Soc(K)) N {1}, it
follows that Soc(K) = Inn(T'). o

Since isomorphic groups have isomorphic socles, the next theorem classifies
the finite Fitting-free groups having a fixed isomorphism type of socle; see
[25], Proposition 3.3.19.

6.13. Theorem: Let S be a direct product of non-abelian simple groups and
A={H | Inn(S) < H < Aut(S)}.

If R is a complete and irredundant list of conjugacy class representatives of
A in Aut(S), then R is also a complete and irredundant list of isomorphism
type representatives of

B={H | H a finite Fitting-free group with Soc(H) = S}.
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Proof. From Theorem 6.12d) it follows that R € A C B. As a first step,
we show that the isomorphism classes of A are exactly the conjugacy classes
of A in Aut(S). Obviously, conjugated elements are isomorphic. Now let
Hy,Hy € A be isomorphic groups with a group isomorphism « : H; — Hs.
Since Soc(H;) = Inn(S) = Soc(Hz) by Theorem 6.12d), one obtains that the
restriction ahnn(s) is an automorphism. Further, the conjugation homomor-
phism 7 : S — Inn(S) is an isomorphism and hence

_ —1
O=rar t:8—8, s s |

is an automorphism with ©7 = 7a. For all s € S and f € Aut(S) we observe
that

(6.1) (s =f71s"f.
If s€ Sand h € Hi < Aut(S), then

-1 T -1 TQ(G'l) — “y\r (% a\— “lra;a
(s97 )T = (O = (WHOT)Th) = (k)TN TR

(6.1)

— (hoz)—lsrhoz > (S(ho‘))fr.

Since the mapping 7 is injective and s € S was chosen arbitrarily, it follows that
O 1hO = h®. Hence O 'H,0 = H® = H,, and H; and H are conjugated in
Aut(S). It remains to show that every M € B is isomorphic to a group N € A
and this follows from Theorem 6.12c). .

Finally, Theorem 6.11 is a corollary of Theorem 6.13.

6.3 A theorem of Gaschutz

Using the results of the last sections, we now provide the announced theorem
of Gaschiitz which permits a classification of the Frattini-free groups. The
theory and proofs of this section are mainly from [16].

As isomorphic groups have isomorphic socles, we consider a fixed isomorphism
type S of socle and classify all Frattini-free groups with socle isomorphic to S.
Thus throughout this section let S = R x N be a fixed completely reducible
group with R = Rad(S) and N = N(S).

Since R and N are characteristic in S, one can identify Inn(S) = Inn(/N) and
observe that Inn(/N) = N. Further, there is an isomorphism

Aut(S) — Aut(R) X Aut(N), ﬁ — (ﬁ’R7ﬁ’N)7
and every s € S and vy € Aut(S) can be written uniquely as

5= 545 with s, € R and s, € N, and
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Y =YaVy with 74 = v|g € Aut(R) and v, = v|y € Aut(N).
Consequently, for a subgroup I' < Aut(S) let

F'a={1a|yel'} and T, ={y,|yel}

By definition, I', and I';, act trivially on N and R, respectively, and elements
of I'y, commutate with elements of I';,.

As a preliminary step, some useful lemmas follow.

6.14. Lemma: If Inn(S) <T < Aul(S), then the mapping
I'/Cr(Inn(S)) — T'y, ~Cr(Inn(S)) — v,
s a group isomorphism.

Proof: 1t is sufficient to prove that the homomorphism ¢ : I' = I'), v —
has kernel Cr(Inn(S)). For this purpose let 7: N — Inn(N) = Inn(S) be the
conjugation isomorphism and observe that the following equation holds for all
n” € Inn(S) and [ € ker p:

veeS: 2" P = (nH)PaPnf = n"lafn = 2.

Hence it follows that ker ¢ < Cr(Inn(S)). Now let 5 € Cr(Inn(S)). If n € N,
then

T

VreS: (:cﬁ)("m) — VB — BT — (a/ﬂ)(ff).

Since §: S — S is an isomorphism, it follows that n®™ = n™ and, because 7
is injective, one obtains that n® = n. Since n € N was chosen arbitrarily, this
shows 3 € ker ¢ and thus Cr(Inn(S)) = ker ¢ .

6.15. Lemma: Let Inn(S) < I' < Aut(S) and 6 € Aut(S). If R is T'-
completely reducible, then R is I'°-completely reducible.

Proof: First, one can observe that Inn(S) < T'® < Aut(S) for all § € Aut(S). If
R=R;--- R, is a product of minimal I'-subgroups, then R = R? = R‘lS ---RS
is a product of I"-subgroups. It is easy to show that R‘; is a minimal I'-
subgroup for 1 < i < n and hence R is I'’-completely reducible. °

For the remaining part of this section let Inn(S) < T < Aut(S) such that R is
I'-completely reducible. Further, for this I a group FT is defined by

Fr=TxR.

6.16. Lemma: The socle Soc(Fr) of Fr is isomorphic to S.
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Proof: Since Inn(S) acts trivially on R and Inn(S) is normal in Aut(S), the
group

S* =Inn(S) x R
is a normal subgroup of Fr with S* = S, as Inn(S) = Inn(N) = N. Next,
we show that S* = Soc(F1). The fact that R is abelian and I'-completely

reducible yields that {1} x R is a product of minimal normal subgroups

of Fr. The same holds for Inn(S) x {1} since Inn(S), = {1} and since

Inn(S) = Inn(N) 629 Soc(I'y) is a product of minimal normal subgroups

of I';. Therefore
§* = (In(8) x {1)({1} x R)

is a product of minimal normal subgroups of Fr and hence S* < Soc(Fr).
If (v,b) € Cp.(S*) and (0,a) € S*, then

(6.2) (7,0)(0,a) = (y0,b7a) = (07,a7b) = (7,a)(7, ).

We note that b% = b and since R is abelian, Equation (6.2) yields that v, =1
and vy = ;. Hence

6.12b)
v € Caw(vyInn(N)) "=" {1}
and it follows that Cpg.(S*) < S*. If B < It is a minimal normal subgroup of

Fr with B £ S*, then BS* = B x S* and hence B < Cp.(S*) < S*. This is
a contradiction and thus Soc(F1) < S™. .

6.17. Lemma: Let G be a group with socle S. Then G is Frattini-free if and
only if G splits over R.

Proof. “=" By Theorem 6.8a), it follows that R is an abelian normal subgroup
of G with RN ®(G) = {1}, as ®(G) = {1}. Therefore G splits over R by
Lemma 5.11.

“<" Let ®(G) # {1} and assume, for a contradiction, that there exists a
complement H to R in G. Let N be a minimal normal subgroup of G in ®(G).
Since N is nilpotent, it follows that N is abelian and thus N < R. By Lemma
6.6¢), there exists M < R with R = N x M and thus G = HR = HNM.
This shows that |G| = |H||N||M| and M H < G, and Corollary 5.3 yields that
N £ ®(G). This contradiction proves the assertion. o

6.18. Lemma: The group Fr has a trivial Frattini subgroup.

Proof: Lemma 6.16 yields that Soc(Fr) = Inn(S) x R = N x R and therefore
A = Rad(Soc(Fr)) = {1} x R.
If one defines H =T x {1} < Fp, then
Fr=HA and HnNA={1},
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and the assertion follows from Lemma 6.17. °

After all this preparations we can state the main theorem of this chapter.

6.19. Theorem (GASCHUTZ): Let S = RX N be a completely reducible group
with R = Rad(S) and N = N(S). Let L be a complete and irredundant list of
conjugacy class representatives of subgroups of Aut(S) in Aut(S). If R is the
set of all ' € L with

(i) Inn(S) <T' and (i) R is I'-completely reducible,

then {Fpr | T' € R} is a complete and irredundant list of isomorphism type
representatives of Frattini-free groups with socle isomorphic to S.

Proof: Lemma 6.15 yields that the definition of R is independent from the
choice of L. Further, Lemma 6.16 and Lemma 6.18 show that the groups FT,
I' € R, are Frattini-free and have the socle

S*=Inn(S) x R= S
with Rad(S*) = {1} x R and N(S*) = Inn(S) x {1}.
The remaining proof is divided into three parts. Let I'1,I's € R.

(1) We show: If Fr, = IT,, then I'y and I'y are conjugated in Aut(S).

Let A : Fr, — Fr, be an isomorphism. Hence A|g« is an automorphism
and Rad(S*)* = Rad(S*). One can observe the following:

e Ifa € R, then (1,a) = (1,a™) for some \; € Aut(R) induced by A.

o If v € Ty, then (v, 1) = (')/A,c/w) for some cp 4 € R and a mapping
A : Ty — I'y induced by A.

Thus A acts on (v,a) € Fr, via

(V’Q)A = (’73 1)A(1’Q)A = ( A’a)\chy’Y)'
Let v € I'y. For every a € R it follows that
(™ a™eay) = (v,a) = ((1,a)(v, )"
= (La)*(v. 1" = (La™) (v ean)
A A
= (’Y aa’Alfy CA,’Y)
and therefore

(6.3) (Ma = A7) e = AT et
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The mapping B
ATy =Ty, vyt

is an isomorphism: The fact that A is an isomorphism yields that A
is an epimorphism. If v € ker A, then (ny,I)A € Rad(S*) and thus
(7,1) € Rad(S*). It follows that v =1 and A is injective.

Let ¢ : Aut(S) — Aut(N), v +— ~,. By Lemma 6.14, it follows that
(1)) = (I4), = I4/Cr, (Inn(S)), i € {1,2},
and thus there are isomorphisms
¢ 5 T4/ Cr, (Inn(S)) — (T4)y, 4Cr, (In(S)) > 7, 7 € {1,2).

We recall that N(S*)A = Inn(S) x {1} and thus Inn(S)* = Inn(S). It
follows that N
(Cr,(Inn(5)))* = Cr, (Inn(S))

and A induces an isomorphism
AF {Fl/Cpl(Inn(S)) — I'y/Cr, (Inn(S))
yCr, (Inn(S)) — yACr, (Inn(S)).

Defining the projections m; : I'; — I';/Cr,(Inn(S)), i € {1,2}, one ob-
tains the following commutative diagram:

IR | =1

Ton Iy Iy (T'2)y

P1 P2
o ™1 T2 o~

I'/Cr, (Inn(S)) —2>T2/Cr, (Inn(S))

This implies an isomorphism

A (T1)y — (T2)y, vy (VA)’?'

Since Inn(N) < (I'1)y, (I'2)n < Aut(N), Theorem 6.11 applies and there
is an element © € Aut(N) with

A *

(6.4) Vg € M)y OO = (1) = ().

Finally, we define A = A0 € Aut(S) with A; € Aut(R) and © € Aut(N)
as in (6.3) and (6.4), respectively. If v € I'1, then

Y= ()M (1) = (v

and thus (T'y)* = (I’l)x =Ts.
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(2)

We show: If (I';)* = Ty for some A € Aut(S), then Fr, = F.,.

Let
U Fr, — Fry, (v,0)— (7Y, aY) = (A9 6h).
Since A € Aut(S) and the conjugation with A in Aut(S) is bijective, it

follows immediately that ¥ is bijective. Now let (v, a), (0,b) € Fr,. One
can observe that

(1, a)? (6,00 = (P OTVY) = (10)X, aPb) = (78, a°b)?
= ((77 a)(éa b))qj,

and hence V¥ is an isomorphism.

We show: If F' is a finite Frattini-free group with Soc(F) = S, then
F = Fr for some I' € R.

W.lo.g. one can assume that Soc(F') = S and Rad(Soc(F)) = R. By
Lemma 6.17, there is V to R in F. Let o : V' — Aut(S) be the conjuga-
tion homomorphism and

Fr=ve={5-5, s—s"|veV}<Aut(S).

An abelian minimal normal subgroup B < F' is contained in R and for
every f = av € F with a € R and v € V it follows that B = Bf = B® =
B". Therefore B is a I'-subgroup and it is easy to show that B is minimal
with this property. As R is the product of all abelian minimal normal
subgroups of F', the abelian component R of S is I'-completely reducible.
Let 7 : N — Inn(S) be the conjugation homomorphism and let
n =av € N with a € R and v € V. Since R is abelian, the ele-
ment v commutates as well as the element n with every element of R.
Hence n™ maps s = 545, € S onto sgsgv = sas}; and it follows that
n” =v?. Thus Inn(S) <T and I satisfies the conditions (i) and (ii). In
particular, one can assume that I' € R.

Next, we consider an element v € kero = Cy(S) = Cp(S) NV and the
normal closure [v] = {v} of {v} in F; that is,

o] = (o7 | g€ F) S F.
Let g € F and s € S. Since v € Cp(S) and S < F, it follows that
v9s = (vs)? = (sv)? = sv9

with § = gsg~! € S. Hence v9 € Cp(S) and thus [v] < Cp(S). For all
f=wae F withw eV and a € R < S it follows that

([l NV) = (Wl nV)* = (] NV)* = k] nV
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and therefore v € [u] NV < F. Since [v] is the smallest normal subgroup
containing v, one obtains that [v] < V.

If [v] # {1}, then there is a minimal normal subgroup B of F'in [v]. Since
R contains all abelian minimal normal subgroups of F'and VN R = {1},
the group B has to be non-abelian. This is a contradiction to B < S
and B < [v] < Cp(S). Hence [v] = {1} which shows that o : V — T"is
an isomorphism.

Since F' splits over R, one can identify F' =V x R. Next, we define
V:F — Fr, (v,a) — (v7,a).
If (v,a),(u,b) € F, then
(,a)? (u,0)? = (v7,a)u,b) = (7u’,a™)b) = ((vu)?,a®b)
= (vu,a"b)? = ((v,a)(u,b))’.
Obviously, 9 is bijective and hence F' =2 Fr.
Finally, (1), (2), and (3) complete the proof. o
Theorem 6.19 yields a method to construct all cube-free Frattini-free groups

with a socle isomorphic to a completely reducible S. This intention will be
concretized in the following section.

6.20. Example: We determine the isomorphism types of Frattini-free groups
having a socle isomorphic to V4 = ((1,2)(3,4),(1,3)(2,4)) < S4. First, one
can observe that Sy, A4, and V4 are Frattini-free groups with
Soc(S4) = Soc(As) = Soc(Vy) = Vy.
If one identifies Aut(Vy) = Ss, then
K, ={0}, K2=1{((1,2)), K3 =1{((1,2,3)), and K4 = S3

is a complete and irredundant list of conjugacy class representatives of sub-
groups of Aut(Vy). Further, one can observe that {1} = Inn(Vy) < K; for
1 < i < 4. Now the only possibilities to write V4 as a product of different
subgroups are

Vi = ((1,2)(3,4)((1,3)(2,4)) = ((1,2)(3,4))((1,4)(2,3))
= ((1,3)(2,4))((1,4)(2,3))
In particular, the group Vj is K-, K3-, and K4-completely reducible, but not
Ks-completely reducible. Hence Theorem 6.19 yields that
Frg, =Ky x V= 8y,
Fr,=Kzx V3= Ay, and
Fro, =K1 xVy =2V,

are all isomorphism types of Frattini-free groups having a socle isomorphic
to V.
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6.4 Frattini-free groups of cube-free order

Based on Theorem 6.19, we investigate the structure of the cube-free Frattini-
free groups. We recall that the socle S of a cube-free group has the form
S =AxBxC with A, B, and C as in Theorem 6.8, and we use this notation
throughout this section. In particular, Rad(S) = B x C and N(S) = A.

First, it is necessary to examine the automorphism group of S.

6.21. Lemma: IfS = A x B x C is a completely reducible group of cube-free
order, then the following holds:

a) Aut(S) = Aut(A) x Aut(B) x Aut(C),
b) Inn(S) = Inn(A) = A and [Aut(A) : Inn(A)] | 2,

¢) Aut(B) = [, Aut(Cp,) = Cpy_1 X ... x Cp,_1,

d) Aut(C) =TT; Aut(C}) = GL(2,q1) X ... x GL(2,qm).

Proof. The groups S, B, and C' decompose into direct products of characteris-
tic subgroups and thus also Aut(S), Aut(B), and Aut(C) decompose accord-
ingly. This shows a) and the first parts of ¢) and d).

For i € {1,2} we consider C’; = IF';, as an [F,-vector space and observe that
Aut(F;) can be identified with GL(z, p). Obviously, GL(1,p) = Cp_1, and thus
c) and d) are proved.

The isomorphisms in b) are already shown in the previous sections. The group
A is either trivial or A = PSL(2,r) for some prime r. If A = PSL(2,r), then
[9], Section 3.3, yields that |Aut(A)/Inn(A)| = 2. .

6.22. Theorem: Let S = A x B x C be a completely reducible group of
cube-free order.

a) The group F is a Frattini-free group of cube-free order with socle S if and
only if F= Ax (K x (B x()) with K < Aut(B x C) such that |K||S| is
cube-free.

b) Two Frattini-free groups F; = Ax(K;x (BxC()), i € {1,2}, are isomorphic
if and only if Ky is conjugated to Ko in Aut(B x C).

Proof: a) “=" By Theorem 6.19, it follows that F' = L x (B x C) for some
Inn(S) < L < Aut(S). Thus the case A = {1} follows directly and it remains
to consider the case A # {1}. By Lemma 6.21b), one can identify A =
Inn(A) = Inn(S). Thus 4 | |Inn(A)| and it follows that 2 { [L : Inn(A)] as L
has cube-free order. Now [Aut(A) : Inn(A)] = 2 implies that

Inn(A) < L < Inn(A) x Aut(B) x Aut(C).
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Let A : L — Aut(Inn(A)) be the conjugation homomorphism and note that
L* = Inn(Inn(A)). Denote with § : L — L/Inn(A) the natural epimorphism
and let

o L — Inn(Inn(A)) x L/Inn(A), [ — (1*,1%),

be the combination of these two mappings. We show that p is bijective. Let
(a*,b°) € Inn(Inn(A)) x L/Inn(A) with a,b € L. Then there are z,y € Inn(A)
with 2 = ¢* and y* = (b*)7!. It follows that (byz)* = (a*,b°) and pu is
surjective. If I € ker p, then [ € Inn(A). Since Inn(A) is non-abelian simple,
the conjugation homomorphism Inn(A) — Inn(Inn(A)) is injective and thus
[ = 1. Hence p is an isomorphism and it follows that

L = Tnn(Inn(A)) x K = Inn(A) x K
for some K < Aut(B) x Aut(C). Therefore
F2Lx(Bx(C)=Z(Im(A)xK)x (BxC)=Ax (K x(Bx()).

“<" Let F = Ax (K x (Bx()) with K < Aut(B x C) and |K]||S| cube-free.
Then F = Lx (BxC) with L = Ax K and, by Lemma 6.21b), one can identify
L =TInn(S) x K . Thus L is a cube-free group with Inn(S) < L < Aut(S5).
The image of the projection K — GL(2,¢;) < Aut(B x C) is a cube-free
subgroup K; < GL(2,¢;) with ¢; 1 |K;| for 1 < i < m. Hence Theorem 3.11a)
applies and it is easy to show that C is K-completely reducible. Further, B
is K-completely reducible by the definition of B. Since Inn(S) acts trivial on
B x C, it follows that B x C'is L-completely reducible. Now a) is proved by
Theorem 6.19.

b) As shown in part a), one can identify F; = (Inn(S) x K;) x (B x C) for
i € {1,2}. Since Inn(S) x K; and Inn(S) x Ky are conjugated in Aut(S) if
and only if K and Ks are conjugated in Aut(B x C), the assertion follows
directly from Theorem 6.19. °

Thus every cube-free Frattini-free group F' with socle S = A x B x C' has the
form FF = A x (K x (B x C)) with a cube-free K < Aut(B x C). By Lemma
6.21, the group K can be identified with a cube-free subgroup of

Cpi—1 % ... x Cp,1 x GL(2,q1) x ... x GL(2, g,).

Every projection of K into a direct factor is solvable by Theorem 3.12. Since
K is a subgroup of the direct product of these projections, K and hence also
K x (B x C) are solvable. In particular, it follows a corollary concerning the
structure of cube-free Frattini-free groups.

6.23. Corollary: A Frattini-free group F' of cube-free order decomposes into
a direct product F' = A x L where A is either trivial or a non-abelian simple
group and L is solvable. If A is non-trivial, then 4 | |A| and |L| is odd.
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This yields a method to construct the Frattini-free groups of a given cube-free
order n up to isomorphism. First, all possible completely reducible groups
S = A x B x C of order dividing n are determined using Theorem 6.8. Then
all subgroups K of Aut(B x C) with |S||K| = n are computed up to conju-
gacy in Aut(B x C). By Lemma 6.21, such a group K is a subgroup of a
direct product of groups of the type Cp—1 and GL(2,q). As it will be shown in
the following section, the possible groups K can be determined up to conju-
gacy from their projections into the direct factors using a so-called subdirect
product construction. The possible projections into a group of the type C),_1
can be determined readily and the possible projections into a group of the
type GL(2,q) are considered in Lemma 3.12. Once all possible groups K are
determined, it is straightforward to construct all products A x (K x (B x C)).

6.5 Subdirect products

We investigate the question how one can compute all subgroups of a direct
product having given projections into the direct factors. Such subgroups are
called subdirect products of these projections and this section outlines their
construction. The theory of this section is based on [12], Section 2.2.1.

First of all, we specify the definition of a subdirect product. All direct products
are to be regarded as internal direct products.

6.24. Definition: Let D = D; x ... x D, be a direct product of groups
Dy,...,D,, and let m; : D — D; for i € {1,...,n} be the corresponding
projections. A subdirect product of D1,..., D, is a subgroup U < D such that
U™ =D, for 1 <i<n.

In particular, it is sufficient to consider the case n = 2. For this purpose we
analyze the situation and assume that U < D; x D is a subdirect product
of Dy and Dy. Then kerm = U N Dy and ker g = U N Dy are normal in U
and hence also in Dy and Dy, respectively. If M = (U N Dy)(U N Dy), then
M™ < M fori € {1,2}. Since U/M — D;M /M, uM — u™ M, is bijective for
i € {1,2}, it follows that

Dl/UﬂDl = DlM/M = U/M = D2M/M = Dg/UﬂDQ
and
U/MAD\M/M = {1} = U/M N DyM/M.

Therefore the following lemma reduces the investigations to subdirect products
U of Dy and Dy with trivial intersections; this means that D1 NU and Do NU
are trivial.

6.25. Lemma: Let U < Dy x Dy and M = (U N D1)(UNDy). Then U is a
subdirect product of D1 and Dy if and only if U/M is a subdirect product of
Dy M/M and DaM /M.
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Proof. Since U N D1 and U N Dy are the kernels of the projections U — Do
and U — D1, respectively, the assertion follows immediately. .

Consequently, the first step to determine all subdirect products of D and Do
is the computation of all candidates for the intersections U N D1 and U N Dy;
that is, one has to determine all pairs (Ny, No) with N; < D;, i € {1,2}, and
D1 /N1 = D3 /Ns. Then one computes all subdirect products V' of Dy/N; and
Dy /Ny with trivial intersections V' N D;/N;, i € {1,2}. The final step is to lift
V' to its preimage concerning the projection

D1 X DQ — Dl/Nl X DQ/NQ = (D1 X DQ)/(Nl X NQ)
Thus it remains to examine the subdirect products with trivial intersections.

6.26. Lemma: Ifvy : D1 — Dy is an isomorphism, then
Up={(g,h) | g€ D1, h € Dy, g¥ =h} < Dy x Dy

is a subdirect product of Dy and Do with trivial intersections Uy N Dy and
Uw N Dsy.

Proof: The assertion follows from the construction. A more generalized version
of this lemma can be found in [20], Theorem (I, 9.11). o

If U is a subdirect product of D; and Dy with trivial intersections, then the
projections 7; : U — Dy, i € {1,2}, are isomorphisms. Therefore 1) = TrfIWQ :
Dy — Dy is an isomorphism and U = Uy, as in Lemma 6.26. Since different
isomorphisms yield different subdirect products, there is a bijection between
all isomorphisms D1 — D5 and all subdirect products U of D; and Dy with
trivial intersections D1 NU and Do N U. This completes the described algo-
rithm to compute all subdirect products of D and Ds.

In the context of this thesis it is necessary to reduce these subdirect products
of Dy and D» to conjugacy class representatives in a group G = G1 x G with
Dy x Dy < G. This requires some extra propositions and we refer to [12], Sec-
tion 2.2.1, for more details and some comments concerning an implementation.
As the algorithm to construct all subdirect products indicates, the main run-
time of this function is spent to the computation of group isomorphisms.

6.27. Example: We construct all subdirect products of G = (g | ¢® = 1) and
H = (h | h* = 1). First, all pairs (N, M) of normal subgroups N < G and
M < H with G/N = H/M are determined:
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If (N, M) = ({g),(h)), then G = G/N = {1} = H/M = H and the identity
mapping is the only isomorphism from G to H. Hence Ujq = {(1N,1M)} and
this induces the direct product:

U1=G><H.

If (N,M) = ((¢2), (h?)), then G = G/N = Cy = H/M = H and, again, the
identity mapping is the only isomorphism from G to H. Now Uyq = ((¢N,hM))
induces the subdirect product of order 16:

Uy = <(g77 h3)7 (927 1))

If (N, M) = ({(g*),(1)), then G = G/N = Cy = H/M = H. There are two
isomorphisms from (gN) to H, that is to say

Y1+ gNw+—h and
¥y gN — h3.

Thus Uy, = ((gN,h)) and Uy, = ((gN,h?)) and the subdirect products of
order 8 follow:

Us =((g,h)), and
U = ((g,h")).

Finally, Uy,...,Us are the only subdirect products of G and H, and since
G x H is abelian, no two of these subdirect products are conjugated in G x H.
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Cube-free Frattini extensions

We discusses the second step in the algorithm to construct all groups of a
given cube-free order up to isomorphism: Assuming that a Frattini-free group
F' of cube-free order is given, we want to determine all Frattini extensions G
of I’ with cube-free order up to isomorphism.

At first we define and investigate Frattini extensions. Then we introduce the
main results of this thesis.

7.1 Frattini extensions

First, we specify the definition of a Frattini extension.

7.1. Definition: Let G, H, and M be finite groups.

a) The group G is a Frattini extension of H by M, if G is an extension of H
by M and G/®(G) = H/®(H).
b) The group G is a minimal Frattini extension of H by M, if G is a Frattini

extension of H by M and there exists a minimal normal subgroup N <G
with N =2 M and G/N = H.

7.2. Lemma: If G is a Frattini extension of a Frattini-free group F by a
normal subgroup M <G, then ®(G) = M.

Proof: 1t follows from Lemma 5.4a) that

O(G)M/M < ®(G/M) = d(F) ={1}
and thus ®(G) < M. Since G/®(G) = G/M, one obtains that M = &(G). e
Now we consider the minimal Frattini extensions.

7.3. Lemma: Let G be an extension of H by an H-module M ; that is, we
assume that M <G and G/M = H. Then G is a minimal Frattini extension
of H by M, if and only if M is a minimal non-complemented normal subgroup

of G.

93
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Proof: “=" Suppose M is a complemented. Then Corollary 5.12 yields that
M N ®(G) = {1}, and it follows from ®(G)M /M < ®(G/M) that

7 6/ 611Gl

[®(H)| [2(G/M)] ~ |2(G)M]| ~ |2(G)]

Thus H/®(H) % G/®(G) and G is not a Frattini extension of H by M. This
is a contradiction and hence M has to be non-complemented.
“<” It follows from Corollary 5.12 that M < ®(G) and this shows that
®(H) =P(G/M) =P(G)/M. Hence H/®(H) = (G/M)/P(G/M) = G/P(G)

and G is a minimal Frattini extension of H by M. °

As a consequence, one obtains the following corollary.

7.4. Corollary: The minimal Frattini extensions of a group H are exactly
the non-split extensions of H by an irreducible H-module M.

In particular, it follows from Theorem 4.9 that there is no minimal Frattini
extension of H by M if H?(H, M) = {0}.

7.2 Reduction to minimal Frattini Extensions

Now we examine the cube-free Frattini extensions. By Corollary 5.16, the
Frattini subgroup of a cube-free group G has the form

O(G)=Cp x ... xCp,

for distinct primes p1,...,ps. Let p be a prime. If M = (), is an F-module,
then, by Corollary 7.4, every non-split extension of F' by M is a Frattini
extension of F'. Conversely, Corollary 5.16 indicates that these extensions are
essentially all possible extensions which can occur.

Hence as a first step, we show that it is sufficient to consider minimal Frattini
extensions. For this purpose we introduce the following notation. If G1,..., Gy
are extensions of ' by Ny,..., Ny, respectively, then the subdirect product

le...)\ngGlx...XGs
is defined by
le...AGS:{(gl,...,gS)’glle...:gst}

where we identify G;/N; = F.

Further, for a group M = C),, x ... x Cp, we define M; < M by M; = C), and
M(i) < M by

M@)=Cp x...xCp,_, xC

pis1 X oo X Cp,.

Thus one can identify M = My x ... x My = M (i) x M; for 1 <1i <s.
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7.5. Theorem: Let F' be a cube-free Frattini-free group and let M be an
F-module of isomorphism type Cp, x ... x Cp,.

a) If G is a Frattini extension of F' by M, then G/M (i) is a minimal Frattini
extension of F' by M; for 1 <i < s.

b) If G1,...,Gs are minimal Frattini extensions of F' by My, ..., M, respec-
tively, then the group G1 A ... A Gs is a Frattini extension of F' by M.

¢) If G is a Frattini extension of F by M, then G/M (1) ~...AG/M(s) = G.

Proof: a) Obviously, G/M (i) is an extension of F' by M;. By Lemma 7.2, one
can identify ®(G) = M. Then ®(G/M(i)) = ®(G)/M (i) = M /M (i) and thus
(G/M(3)/®(G/M(i)) 2 G/M =G/®(G) =2 F.

b) Let D = G1 A ... A Gg. Since F = G1/M; and because the mapping
w:D — Gi/M, (91,-..,9s) — g1 My, is an epimorphism with kernel M, it
follows that that D/M = F. Next, we show that M = ®(D). The group

Ji={1} x ... x {1} x M x {1} x ... x {1}
is a minimal normal subgroup of D and
Ji=My x ... x M1 x {1} x M1 x ... x M

is a complement to J; in M. Since ged(|M/J;|,|J;|) = 1, the Schur-Zassenhaus
Theorem shows that this complement is unique; see [25], Theorem 9.1.2. Sup-
pose, for a contradiction, that there exists a complement R to J; in D. Then
i : R— D/J;, r — rJ;, is an isomorphism. If K; is the preimage of M/.J; un-
der 1), then K;NJ; < RNJ; = {1} and K;J; = M. Hence K; complements J;
in M and thus K; = J;. Letv; : D — D/K; be the natural epimorphism. Then
R complements Jiyi in D/K; as R is a complement to J; in D and K; < R.
By Corollary 5.12, this contradicts ®(D/K;) = ®(D/J;) = J;*, and it follows
that J; has no complement R in D. Now Corollary 5.12 shows that J; < ®(D)
and thus M = Jy---J; < ®(D). Using the projection p; : D — G;, Lemma
5.5 yields that ®(D)* < &(DH) = &(G;) = M, and therefore (D) < M. In
summary, it follows that ®(D) = M.

c) By a), the group G; = G/M (i) is a minimal Frattini extension of F' by M.
Let

Y:G— Gy x...xGg, g— (gM(1),...,gM(s)).

If g¥ =1, then g € (;_; M (i) = {1} and hence 1 is a monomorphism. Since
M (i)M; = M, one obtains that G¥ < Gy A ... A Gs. This proves the assertion
because |G| = |F||M| = |Gy A ... A Gs|. o

One can observe that Theorem 7.5 reduces the construction of cube-free Frat-
tini extensions of F' by a module of the isomorphism type Cp, x ... x C),
to the construction of minimal Frattini extensions of F' by a module of the
isomorphism type C,,.

It follows a comment on the minimal Frattini-extensions in the cube-free case.
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7.6. Remark: We have given a cube-free Frattini-free group F' and an F-
module M of the isomorphism type Cp. The aim is to construct a cube-free
Frattini extension of F' by M. For this purpose one has to assume that there
is a Sylow p-subgroup P € Syl,(F') with P = C); see Lemma 5.15. Let P be
generated by g € P. Let {h1,...,ht} be a left transversal to P in F' and for
f € F define f € {hy,...,hx} by fP = fP. We recall that res?(P, F) maps
H?(F, M) monomorphically to the subgroup of stable elements of H?(P, M).
To guarantee the existence of a Frattini extension of F by M, one has to
assume that H2(F,M) # {0}. In this case every element of H?(P, M) has
to be stable and thus H?(F, A) = C,. Let 0 # t € M. As shown in Lemma
4.10b), the cocycle

0

Y:PxP— M, (gi,gj)H{t

NN
S

L +7<p
+j>p
yields a generator vy, + B2(P, M) of H?(P,M) = C,. If follows from Lemma
4.20 that

At 4+ BX(F, M) = k™ 'cor®(F, P)(y; + B*(P, M))

is a generator of H2(F, M). By Theorem 4.16b), we have an explicit formula
for cor?(F, P) in terms of the normalized standard free resolution and hence

k

—1 — 1 — -

At :Fx F— M, (u,v) — k™1 Z%(th‘ whg,vuh;  vuh;)h
=1

Obviously, the cocycle 7; € Z2(F, M) induces a minimal Frattini extension of
F by M.

7.3 A direct product decomposition

This section provides the first main result of this thesis: We show that every
cube-free group is either solvable or it is a direct product of a non-abelian
simple group with a solvable group.

For this purpose we reduce to the construction of solvable minimal Frattini
extensions of cube-free order. We recall that, by Corollary 6.23, a cube-free
Frattini-free group F has the form F' = A x L, where A is non-abelian simple
or trivial and L is solvable. The following theorem addresses the case that A
is non-abelian simple.

7.7. Theorem: Let F'= A X L be a Frattini-free group of cube-free order such
that A is non-abelian simple and L is solvable. Let G be a cube-free Frattini
extension of F' by an F-module M = C,. Then G = Ax H and H 1is a solvable
Frattini extension of L by M.
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Proof. Theorem 2.7 yields that A = PSL(2,q) for some prime ¢ > 3. Since
4| |A] and G/M = A x L, it follows that p # 2. Now Corollary 4.26 shows
that H?(A, M) = {0}. Let ¥ : G — G/M = F be the natural epimorphism
and let A* < G and H < G be preimages of A and L under 9, respectively.
Due to the fact that H?(A, M) is trivial, the group A* is a split extension of
A by M, and, because M is trivial as an A-module by Lemma 3.2, one can
identify A* = M x A. Since (A*)’ = A is a characteristic subgroup of A* | it
follows that A <G and H N A = {1}. Thus G = A x H and, as ®(A4) = {1},

M =®(G) = ®(A) x ®(H) = &(H).

Hence it follows that H/®(H) = L. Therefore H is a solvable Frattini exten-
sion of L by M. Figure 1 summarizes the situation. °

L
%

Figure 1.

The main result of this section is implied by Theorems 7.5 and 7.7:

7.8. Theorem: A group G of cube-free order decomposes into a direct product
G = A x L where A is either trivial or a non-abelian simple group and L is
solvable. If A is non-trivial, then 4 | |A| and |L| is odd.

7.4 Uniqueness of Frattini extensions

By Theorem 7.7, it is sufficient to consider cube-free Frattini extensions of
a solvable group L by an L-module M of the isomorphism type C,. The
following theorem shows that the existence and uniqueness of such Frattini
extensions depend on the module structure of M.

If M and P are N-modules with a group isomorphism v : M — P and
(m")¥ = (m¥)" for all m € M and n € N, then M and P are isomorphic as
N-modules. This is denoted by M =y P.
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7.9. Theorem: Let G be a group and let P € Sylp(G). Suppose that P = C,
and let N = Ng(P) the Sylow normalizer. Let M = C,, be a G-module.

a) If M =y P, then up to isomorphism there exists exactly one Frattini
extension of G by M.

b) If M %n P, then there exists no Frattini extension of G by M.

Proof: Lemma 4.10c) yields that H*(G, M) = C,. Let P = (g) and M = (m).
It follows from Lemma 4.10a) that

p—1
a:ZX(P,M) = M, v~ (9,9
i=1

is an epimorphism with kernel B2(P, M). Asin Lemma 4.10b), for an arbitrary
te M let o
0 :i14+5<p

:PxP— M, (¢,¢) — -z
Ve (9',4°) {t T4

where Z = z mod p for z € Z. Then v € Z%(P,M) and ~{ = t. Since
Y, = i, mod B2(P, M) implies t; = t, the set {5 | s € M} is a transversal
to B%(P,M) in Z?(P, M); that is, every element v € Z2(P, M) can be written
uniquely as v = ~y; + & for some t € M and § € B%(P, M).

The group N acts on P with kernel C' = C¢(P) = Cn(P) and therefore one
obtains that N/C — Aut(P) = Cp_; and thus N = (z, C) for some x € N\ C.
Let the operation of x on P and M, respectively, be denoted by

' PoP, gegt
x . PP, g~ ¢, and
T : M —> M, m—cm

with a,b,c € {1,...,p— 1} and ab = 1 mod p.
As mentioned in Theorem 4.16a), an element | € N acts on Z2(P, M) via

-1 -1
vyl = (s, t) (st )

and there is an induced action of N on H?(P, M). The subgroup of all fixed
points is denoted by

Fixy(H?(P,M)) = {y € H*(P,M) |Vl € N : 7' =~}.

Let 0 # t € M. Then v¥ = v mod B?(P, M) if and only if (v¥)* = & = t.
For k € {1,...,p — 1} one obtains that

0 :a+ak<p

x k\ T
Y (9,97) = (g ¢ iatraEsp’

)" = (g, g™)" = {



7.4. Uniqueness of Frattini extensions 59

and it follows that )
—

O = 3 (a.g) = Aet.
i=1

where A= [{kc {1,...,p—1} | ak > p —a}|.

Using | = b=k one obtains that ak = abl = [ and thus A = a. It follows that
v¥ = 74 mod B?(P, M) if and only if ac = 1 mod p; that is, if and only if =
acts on P as on M. Since C acts trivially on P, the equation (v;)® = ¢¥ holds
for all y € C. Therefore 47 = v, mod B?(P, M) for every s € M and n € N
if and only if M =y P. Since {5 | s € M} is a transversal to B?(P, M) in
Z%(P, M), one obtains the following equivalence:

(7.1) Fixy(H*(P,M)) = H*(P,M) < M =y P.
a) Corollary 4.22 and Equation (7.1) yield that
H?*(G, M) = Fixy(H*(P,M)) = H*(P, M) = C,,.
Denote with j € Aut(M) the action of j € G on M. As in Theorem 4.7 let
T = {(o, ) € Aut(G) x Aut(M) | Vj € G : j& = (j)"}
be the group of compatible pairs which acts on H?(G, M) via
e 00 = (1 h) — (1%, k)]
As Aut(M) is abelian, it follows that
T={(1,8)|8eAut(M)} <T.

By construction, there are two orbits in H2(G, M) under the action of T: the
trivial orbit {0} and the orbit H?(G, M)\ {0} of size p— 1. Thus by Theorem
4.7, this yields that there are two isomorphism types of extensions of G by
M: the split extension which corresponds to the trivial orbit and a non-split
extension which corresponds to the non-trivial orbit. By Corollary 7.4, the
non-split extension is the only Frattini extension of G by M.

b) From Corollary 4.22 and Equation (7.1) it follows that H?(G, M) = {0},
and thus, by Corollary 7.4, there exists no Frattini extension of G by M . e

In particular, if there exists a unique Frattini extension, then Remark 7.6
indicates the structure of the corresponding cocycle.

Finally it remains to investigate the question how many G-modules M with
M = Cp and M =y P exist up to G-isomorphism. The next theorem solves
this problem in our considered case. As a preliminary step, we provide the
following lemma. The symbol A® denotes the normal closure of a subset
A C @ in the group G.
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7.10. Lemma: Let G be a group and let A,B < G and N <G.
a) (AN)Y = ACN.

b) If N < A, then (A/N)9/N = AG/N.

c) If N < A, then

A/NNBN/N = (AN BN)/N = (An B)N/N.

Proof: a) The group A®N is a normal subgroup of G with AN < A®N; that
is, (AN)¢ < A®N. Since A, N < (AN)Y, it follows that AN = (AN)%.

b) The group A% /N is a normal subgroup of G/N with A/N < A®/N and it
follows that (A/N)9/N < A®/N. Let M <G be defined by (A/N)%/N = M/N.
Then AY < M and thus A®/N = (A/N)E/N,

c¢) Obviously, (AN BN)/N < A/N NBN/N. Let mN € A/N N BN/N; that
is, there exist a € A and b € BN with mN = aN = bN. Then there isn € N
with b = an € AN BN and thus mN = anN € (AN BN)/N. This shows the
first equation.

Ifa=bnec ANBN withac A,be B,andn e N,thenb=an"! € ANB
and thus ANBN < (ANB)N. If cn € (ANB)N withce ANBandn € N,
then ecn € AN BN. This implies the second equation. .

7.11. Theorem: Let G be a cube-free group and let P € Syl (G) such that
P =C,. Denote N = Ng(P) and Z = Cq(P) and let R = ZY be the normal
closure of Z in G.

a) There exists a G-module M with M =n P if and only if RN N = Z.

b) If M is a G-module with M =y P, then M is unique up to G-isomorphism.
c) If G is solvable, then RN N = Z.

Proof: One can observe that R <G and Z < RN N. Since N = Ng(P) and
P € Syl,(R), the Frattini argument yields that G = RN; see Lemma 5.13.
Thus the situation is as displayed in Figure 2; see page 61.

a) “=" Let M be a G-module with M =y P and let H = C(M) <G be the
kernel of the operation of G on M. Since M is trivial as a P-module by Lemma
3.2, it follows that P < H and the Frattini argument yields that G = HN.
The group P is trivial as a Z-module and, because P =z M, it follows that
Z<H<Gand R=2% < H. Since HNN = Cy(M) = Cx(P) = Cg(P) =
Z < RN N, the equation

_ |H|IN| _ IN||R|
|[HNN| |[NNR|

|G

shows that |H| < |R| and therefore R = H. Hence RN N = HNN = Z is
proved.
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7\,
V%

* RNN

{1}

Figure 2.

“<” Let G = RN and RN N = Z, and denote the action of N on P by
a: N — Aut(P). If g = riny = rong € G with 71,79 € R and ny,ny € N,
then mn;l € NN R = Z and thus n{ = ng. Let g € P be a generator of P.
We define M = (m) = C,, and § : Aut(P) — Aut(M), (g — g') — (m — m?),

and observe that the operation
B:G — Aut(M), h=rn— (n%)°,

of G on M is well defined. Obviously, £ is a homomorphism and the mapping
P — M, g — m, induces an N-module isomorphism from P to M. In partic-
ular, M is a G-module with M =y P.

b) Suppose there are two G-modules M; and My with My =y P 2xn Ms. Let
H; = Cq(M;) be the kernel of the operation of G on M; for i € {1,2}. The
proof of a) shows that H; = R = Hs and, since G = RN, it follows that M;
and Ms are isomorphic as G-modules.

c¢) We use induction on |G|. The case G = P is trivial and thus one can assume
that P < G. Let Q be a minimal normal subgroup of G. Since G is solvable,
the group @ is an elementary abelian ¢-group for a prime ¢. If ¢ = p, then
Q =P and N = G and RN N = Z. Hence one can assume p # ¢ in the
following. Then PN @ = {1}. For a subgroup U < G we define U = UQ/Q.
First, we show that @ < R holds. Suppose that Q £ R; that is, RNQ = {1} as
@ is a minimal normal subgroup. It follows that [Q, P] < [Q, R] < RNQ = {1}
and hence Q@ < Z. But ZNQ < RNQ = {1} now implies that @ is trivial
which contradicts the choice of Q.
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Next, we note that N = Ng(ﬁ) holds, since the Frattini argument yields that
NQ = Ng(PQ). B B

Further, we show that Z = Cg(P) holds. It follows from the construction
that Z < Cz(P). Let cQ € Cz(P). As Cz(P) < Ng(P) = N, one can write
¢ = hn for some h € @ and n € N. Then for every k € P it follows that
[c, k] = [hn, k] = [h, k]"[n,k] € QP. On the other hand ¢Q € Cx(P) implies
that [c, k] € Q. Thus [n,k] € QNP = {1} for every k € P. This impliesn € Z
and thus ¢cQ = nQ € Z. In summary, this yields that Z = C’g(ﬁ).

Now RN N = Z follows from the induction hypothesis and the fact that
R=2° by Lemma 7.10a),b).

Finally, we show that R " N = Z holds. For this purpose, note that N N Q
and P are both normal in N. Thus [NNQ,P] < NNQNP = {1} and
NNQ<ZNQ. Hence NNQ = ZNQ follows. We recall that Q < R. Since
NNQ=2ZnQ < Z < R, it follows from Lemma 7.10c) that Z/Z NQ = Z =
RNN=RNN=ZRNN/RNNNQ=ZRNN/NNQ and thus ROAN = Z. e

In particular, the Theorems 7.5 - 7.11 yield a proof for the following theorem.

7.12. Theorem (MAIN THEOREM): Let F' be a Frattini-free group of cube-
free order and write ' = A x L where A is non-abelian simple or trivial and
L is solvable, as in Corollary 6.23. Let {p1,...,p,} be a set of primes such
that p; | |F| and p? {|F| for 1 <i <7 and let M 2 Cp, x ... x Cp,.

a) There exists a Frattini extension of F by M if and only if p; | |L| for
1 <4 <r. In this case there exists exactly one F-module structure on M
which allows Frattini extensions and for this unique F-module structure
on M there exists exactly one Frattini extension up to isomorphism.

b) If G is a Frattini extension of F' by M, then G = A x H where H is a
Frattini extension of L by M.

It follows an important corollary.

7.13. Corollary: Let n = p§'---pS with distinct primes pi,...,p, and
e1,...,er € {1,2}. There is a one-to-one correspondence between the groups
of cube-free order n and the Frattini-free groups F = A x L, as in Corollary
6.23, with |F| | n and p1---py | |L].

In particular, there is a one-to-one correspondence between the solvable groups
of cube-free order n = p§'--- p& and the solvable Frattini-free groups F with
|F| |nand py---p, | |F).
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Square-free groups

A group G has square-free order if p? { |G| for every prime p. As mentioned in
the introduction of this thesis, the groups of square-free order are known for
a long time; Holder [21] has investigated them at the end of the 19th century.

Now we exhibit what follows from the approach of this thesis; that is, from
the Frattini extension method.

8.1. Lemma: A group of square-free order is Frattini-free.

Proof. This follows from Lemma 5.15. °

This implies that step two of the Frattini extension method is omitted as one
has not to construct any Frattini extension.

8.2. Lemma: If G is a square-free group, then Soc(G) = Cp, x ... x Cp, for
distinct primes p1,...,Pk.

Proof. This follows from Theorem 6.10. °
Since groups of square-free order are Frattini-free, one can modify Theorem
6.19 to construct them:

8.3. Theorem: Letn = p;...py, for distinct primes p1,...,pm. Let S be the
list of all subgroups of Cp, x ... x Cp,, and for every S € S define Kg to be
the list of all subgroups K of Aut(S) with |K||S| =n. Then

{(KxS|S€eS, KeKs}

is a complete and irredundant list of isomorphism type representatives of groups
of order n.

Proof: Let S be the socle of a group of order n. It follows from Lemma 8.2 that
S and Aut(S) are abelian and thus Inn(S) = {1}. Hence no two subgroups of
Aut(S) are conjugated in Aut(S). Since S is I'-completely reducible for every
I' < Aut(S), the assertion follows from Theorem 6.19. .

63
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In particular, one has to construct all subgroups K of the abelian group
Aut(S). Concerning this computation it is another advantage over the cube-
free case that Aut(S) is a direct product of cyclic groups.

Moreover, one obtains that every group of square-free order is solvable with
derived length at most 2. Groups with this property are also called metabelian.

Now we present a construction algorithm and an isomorphism test for square-
free groups:

The following algorithm takes as input a square-free integer n = py ... p, and
returns a list of all groups of order n up to isomorphism.

SquareFreeGroups(n)
initialize Groups as empty list
for every s | n do
write s as s = p;, - - Py,
define S :=Cp,, x ... x Cp, and Aut(S5) := Cp,—1 X ... x Cp 1
define G :={I' x S| T < Aut(S) with |T'| =n/s}
append G to Groups
return the list Groups

By Theorem 8.3, a square-free group G with socle S has the form G ZT"'x S
for an unique subgroup I' < Aut(S). One can determine I" from G and S: Let
T < G be a complement to S in G; that is, G = T x S. As Cg(S) = S, the
group T acts faithfully on S and therefore can be identified with a subgroup
r< Aut(S). Then G = I'x S and, as I' is unique, it follows that [=T.

The next algorithm decides whether two square-free groups G1 and Go are
isomorphic.

IsomorphismTestSF(G1,G3)
if |G1| # |G2| then return false
compute S; := Soc(G;) for ¢ € {1,2}
if [S1| # |S2| then return false
determine T'; < Aut(S;) such that G; 2 T; x S; for i € {1,2}
identify S; = Sz and Aut(S1) = Aut(S2) and hence ', Ty < Aut(Sh)
if Ty # Ty then
return false
else

return true

This completes our examination of the square-free groups.
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Cube-free groups

This chapter outlines the main results of this thesis.

As a first step, we have investigated the nilpotent, simple, and completely
reducible groups of cube-free order; see Theorems 2.2, 2.7, and 6.10.

(1) The group G is a nilpotent group of cube-free order if and only if
G = S, x...x Sy, for distinct primes py,...,p, and S, € {C), Cg, Cp2}
for every prime p.

(2) The group G is a simple group of cube-free order if and only if G = C,
for a prime p or G = PSL(2,r) for a prime r > 3 with » + 1 and r — 1
cube-free.

(3) The group S is a completely reducible group of cube-free order if and
only if S = A x B x C with

o Ac{PSL(2,7) | r > 3 prime with r+1 and r—1 cube-free} U{{1}},
e B=C)p, x...xC,, for different primes py,...,p, with p? { |A], and
o C=C2 x...xCZ for different primes qi,...,qm {|Al|B].

Since every group G is an extension of its Frattini factor G/®(G) by its Frat-
tini subgroup ®(G), we have examined the structure of the possible Frattini
subgroups and Frattini-free groups; see Corollary 5.16 and Theorem 6.22.

(4) Let G be a cube-free group. Then ®(G) = C,, x ... x C,, for distinct
primes r1,...,r, with 2 | |G| for 1 <i < k.

(5) Let S = A x B x C be a cube-free completely reducible group as in (3).
The group F' is a Frattini-free group of cube-free order with socle iso-
morphic to S if and only if

F2AxL with L=(Kx(BxC())

for some K < Aut(B x () such that |K||S| is cube-free.
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Further, two cube-free Frattini-free groups F; = A x (K; X (B x C)) and
Fy = Ax(Kyx (BxC(C)) are isomorphic if and only if K7 and K are conjugated
in Aut(B x C).

The required groups K < Aut(B x C') have been considered in Theorem 3.12
and it follows that K is a subdirect product of subgroups of groups of the type
Cp, N(2,p), and M(2,p). In particular, every cube-free Frattini-free group F
has the form F' = A x L where A is non-abelian simple or trivial and L is
solvable.

Next, we have examined the cube-free Frattini extensions; see Theorem 7.12.
Let ' = A x L be a cube-free Frattini-free group as in (5) and let r1,..., 7% be
distinet primes with r; | |[F| and r? { |[F|for 1 <i < k. Let M = C,, x...xC,,.

(6) There exists a Frattini extension of F' by M if and only if 71 ...rg | |L].
In this case there is exactly one F-module structure on M which allows
Frattini-extensions and for this unique F-module structure on M there
exists exactly one Frattini extension G up to isomorphism.

(7) The unique isomorphism type of the extension G in (6) is given by
G=ZAx(Gyr...~Gy)

where G is the unique minimal Frattini extension of L by M; = C,., for
1 <i <k (compare Remark 7.6) and

le...AGk:{(gl,...,gk)EGlX...XGk’glMlz...:ngk}.

In particular, G1 A ... A G} is solvable.

For the sake of completeness we note a consequence; see Theorem 7.8.

(8) Let G be a cube-free group with Frattini factor F' = A x L as in (5) and
Frattini subgroup M = C;, x ... x C,, as in (4). Then G has the form

GgAX(le...AGk)
as in (7).

Therefore a cube-free group is either solvable or a direct product of a non-
abelian simple group with a solvable group.

As an important result of this thesis one obtains the the following;:

(9) By (6) and (8), there is a one-to-one correspondence between the cube-
free groups of order n = r{'...r* (prime-power factorization) and the
cube-free Frattini-free groups F' = A x L, as in (5), with |F| | n and
r1---1k | |L]; see Corollary 7.13.
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Since the Frattini-free groups are classified by Theorem 6.19, this may yield a
classification of the cube-free groups.

Furthermore, the approach of this thesis gives rise to an algorithm to construct
the groups of a given cube-free order n up to isomorphism. This algorithm is
also very efficient to compute groups of square-free order.

Further investigations may consider the explicit classification of the cube-free
groups as well as the improvement of the construction algorithm.

The approach of this thesis may also be applied to investigate the groups of
order n with p* { n for all primes p; even though the theory to work on this
case seems to be much more difficult to handle.
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Chapter 10

Algorithms and
implementation

This chapter gives a summary of the algorithm to construct all groups of a
given cube-free order up to isomorphism. Further, a report on experiments
with an implementation is given.

10.1 The construction of cube-free groups

The function CubeFreeGroups(n) takes as input a cube-free n and returns a
list of all groups of order n up to isomorphism.

CubeFreeGroups(n)
initialize Groups and Simple as empty lists
for every prime p > 3 with p + 1 and p — 1 cube-free do

if p(p+1)(p—1)/2 | n then

add PSL(2,p) to Simple

for every A in Simple do

append {A x L | L € CubeFreeSolvableGroups(n/|A|)} to Groups
return the list Groups

The function CubeFreeSolvableGroups(n) takes as input a cube-free n and
returns a list of all solvable groups of order n up to isomorphism. Let n =
pi* -+ p& be the prime-power factorization of n.

CubeFreeSolvableGroups(n)
initialize Groups as empty list
for every m | n with p; ---p, | m do
for every L in CubeFreeSolvableFFGroups(m) do
add CubeFreeSolvableFExtension(L,n/m) to Groups
return the list Groups
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The function CubeFreeSolvableFFGroups(n) takes as input a cube-free n and
returns a list of all solvable Frattini-free groups of order n up to isomorphism.

CubeFreeSolvableFFGroups(n)

initialize Groups as empty list

for every m | n do
write m as m = py - - - pgpr 41 -+ p? (prime-power factorization)
define B := Cp, X ... x Cp, and C':=C2 L XX cl
define M := {K x (B xC)| K € CubeFreeAutGrps(B x C,n/m)}
append M to Groups

return the list Groups

The next algorithm takes a solvable cube-free group L and a square-free
n = pi---pp with p; | |L] and p? 1 |L] for 1 < i < k and computes the
unique cube-free Frattini extension of L by M = C),, x ... x Cp,.

CubeFreeSolvableFExtension(L,n)
write n = p1 - - pg
for ¢ in {1,... %k} do
compute a Sylow p;-subgroup P of L
determine N := Ny (P) and R := Cp(P)t
for | € L choose | =n if l =rn € RN.
define M; = P as an L-module via m — m! = ml
compute a non-trivial v; € H?(L, M;)
compute the extension F; of L by M; via ~;
return £ := F1 A ... X E},

It remains to compute the subgroups of
Aut(Bx C) = Cp 1 x ... x Cp—1 X GL(2, pr+1) X ... x GL(2,p;)

of a given order m up to conjugacy. These subgroups can be determined from
their projections into the direct factors. Hence, by Theorem 3.12, we compute
all possible projections Z; < Cp,—1 and G; < GL(2,p;), respectively, up to
conjugacy. Using a subdirect product construction, see Section 6.5 and [12],
we determine all subdirect products U of Z7 X ... X Z X Ggy1 X ... x G} of
order m up to conjugacy in Aut(B x C).

A list of all possible irreducible subgroups of GL(2,p) up to conjugacy can
be extracted from [15], Section 4. By Theorem 3.12, the required reducible
subgroups of GL(2,p) are determined as the cube-free subgroups of the group
of diagonal matrices of GL(2,p).

The function CubeFreeAutGrps(BxC,m) takes as input an abelian socle BxC
and a cube-free m and returns a list of all subgroups of Aut(B x C') of order
m up to conjugacy. All groups in the following algorithm are determined up
to conjugacy.
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CubeFreeAutGrps(B x C,m)
initialize Groups as empty list
for p; | [B| =p1---piand p; | |C| = p{,y -+ pf do
compute a list £; of all cube-free U < C),, 1
compute a list £; of all cube-free U < GL(2, p,) with p; 1 |U|
for all groups D := D1 x ... x D; with D; € L; do
compute a list SubDir of all subdirect products U < D with |[U| =m
append SubDir to Groups
return the list Groups

This completes the algorithm to construct all groups of a given cube-free order.

10.2 Implementation and performance

The algorithm described above is implemented in the computer algebra system
Gap [29]; see [10]. All runtimes are given in seconds.

10.2.1 Cube-free groups of order at most 10000

We have constructed all isomorphism types of cube-free groups of order at most
10000 using a modified algorithm: When computing the cube-free groups of
order n we can assume that the Frattini-free groups of cube-free order m < n
are known. This means that we have stored the cube-free Frattini-free groups
of order m during the previous computations. Nevertheless, the Frattini-free
groups of order n have to be computed. In particular, every square-free group
has a trivial Frattini subgroup by Lemma 8.1.

We note that there are 8 319 cube-free integers between 1 and 10 000 and 6 083
of them are square-free.

The following table contains a description of this computation:

e # Isomorphism types of cube-free groups: 58 312.

Runtime to compute these groups: 17752.
e # Isomorphism types of square-free groups: 16 615.
Runtime to compute these groups: 20009.

e # Isomorphism types of cube-free but
not square-free groups: 41 697.
Runtime to compute these groups: 15741.

As the runtimes indicate, the algorithm is also very efficient to construct the
groups of square-free order. This is indeed not surprising in regard to the
theory presented in Chapter 8. In particular, when computing the groups of
a square-free order, the algorithm CubeFreeGroups automatically degener-
ates to the algorithm SquareFreeGroups; see page 64.
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The following table lists the top orders with respect to the number of differ-
ent isomorphism types. We use the non-modified algorithm to compute these

groups.
Order Factorized order # Groups Runtime
8820 22.32.5.72 672 197
6300 22.32.52.7 570 158
9900 22.32.52.11 492 131
7644 22.3.72.13 378 93
8892 22.32.13-19 303 82
9324 22.32.7.37 303 89
6084 22.32.132 298 96
3276 22.32.7.13 268 69
4788 22.32.7-19 259 71
5460 2%2.3.5.7-13 238 61
7260  22-3.5-117 234 71

10.2.2 Some large applications

Now we consider some larger cube-free orders. The results are given in the
following table. The first part of the table contains genuine cube-free orders,
while the second part contains some larger square-free orders.

Factorized order # Groups Runtime
52.7-13%.67%-97-107 12 178
19%.232.29.37-67- 7321072 24 1720
1671912 -233% - 241 4 17
29-31-37---83-89-97 (primes) 4 48
19-461-6449-8779-9907 2 271
13-241-6449 - 20051 2 148

Compared to the runtimes to compute the groups of order at most 2 000, see
[5], one can observe that the Frattini extension method restricted to the cube-
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free or square-free case is a very efficient method to construct these groups. In
particular, one is able to compute groups of a much larger order when using
this algorithm in the cube-free case.

10.2.3 Bottlenecks

Since the irreducible subgroups of GL(2,p) are given explicitely in [15], the
runtime of the algorithms divides predominantly into the computation of the
subdirect products, see algorithm CubeFreeAutGrps, and into the determi-
nation of the Frattini extensions, see algorithm CubeFreeSolvableFExten-
sion.
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