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Summary

In this thesis a connection between nearrings and triply factorized groups is investigated. A
group G is called triply factorized by its subgroups A, B, and M, if G = AM = BM = AB,
where M is a normal subgroup of G and AN M = BN M = 1. Many problems in the theory
of factorized groups can be reduced to triply factorized groups (c.f. [2]).

Triply factorized groups are connected with radical rings in a natural way. A ring R is called
radical, if R forms a group R° under the “circle operation” aob = ab+a+0 for every a, b € R.
In a radical ring R° operates on the additive group R and it can be shown that the semidirect
product R° x R is a group triply factorized by two subgroups A and B isomorphic to R° and a
normal subgroup M isomorphic to R*. Hence, in the triply factorized groups obtained in this
way, the normal subgroup M is always abelian. If, on the other hand, G = AM = BM = AB
is a triply factorized group with abelian subgroups A, B, and M and AN B = 1, there exists
always a radical ring, from which G can be obtained as above (Sysak [20], see also [2]).

To construct triply factorized groups G = AM = BM = AB with non-abelian normal
subgroup M, a method using nearrings is described. Nearrings are a generalisation of rings
in the sense that the additive group of a nearring is not necessarily abelian and only one
distributive law holds. If R is a nearring with identity element 1 and U is a subgroup of the
additive group R™ such that U + 1 is a subgroup of the group of units of R, then U is called
a construction subgroup of R. For instance the Jacobson radical J(R) of any ring R is a
construction subgroup of R. It is shown that U 4 1 operates on a construction subgroup U,
such that the semidirect product (U + 1) x U is a group triply factorized by two subgroups A
and B isomorphic to U 4+ 1 and a normal subgroup isomorphic to U. Conversely, it is proved
that every triply factorized group G = AM = BM = AB with AN B =1 can be obtained by
a suitable nearring with this method. This generalises the above mentioned theorem of Sysak.

To know more about construction subgroups, the structure of nearrings is investigated in
detail. Here local nearrings, i.e. nearrings in which the set of all elements which are not right
invertible forms an additive group, play a special role. In these nearrings the group of non-
invertible elements forms a construction subgroup. Given an arbitrary p-group N of finite
exponent (p a prime), a technique to construct local nearrings with a construction subgroup
that contains a subgroup isomorphic to N is developed.

Moreover, all triply factorized groups that can be constructed using a local nearring R of
order p? (p a prime) are described depending on the structure of the additive group of R.
These triply factorized groups have order p*. There exist two different triply factorized groups
of order p* for every prime p. But it turns out that for p > 5 there is only one triply factorized
group that can be constructed by a local nearring R of order p?, if the exponent of RY is p?
and R is not abelian.

Finally, all local nearrings R with dihedral group of units are classified. It turns out that
these nearrings are finite and their order does not exceed 16. It is shown that if R is such a
local nearring, then its additive group is a p-group for p = 2 or p = 3. This is done by showing
that no group of order 32 can occur as the additive group of a local nearring with dihedral
group of units. Some of the calculations in this classification were made with the computer
algebra system GAPR The programs used here are described in detail in Appendix B.
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Introduction

A group G is called triply factorized if G = AM = BM = AB for two subgroups A and
B and a normal subgroup M of G where ANM = BN M =1, i.e. G is a semidirect
product A x M = B x M of A with M and of B with M. Many problems in the
theory of factorized groups can be reduced to questions about triply factorized groups
(c.f. Amberg, Franciosi, de Giovanni [2]). Therefore it is desirable to obtain examples of
such groups.

A ring R is called radical, if R is a group R° under the “circle operation” aob = ab+a-+b
for all a, b € R, or equivalently, if R coincides with its Jacobson radical J(R). If R is a
radical ring, the group R° operates on the additive group R, such that the semidirect
product R° x RT is triply factorized. This observation was first described by Sysak [20]
(c.f. [2, Section 6.1]). If G = Ax M = Bx M = AB is a triply factorized group
constructed with this method, the normal subgroup M is isomorphic to the additive
group of R and hence always is abelian (c.f. Construction 1.2.2).

Conversely, Sysak proved that if G = AxM = Bx M = AB is a triply factorized group
with abelian subgroups A, B, and M and AN B = 1, there is always a commutative
radical ring R such that G can be obtained via the above construction using R (c.f.
Theorem 1.2.3 below).

For further investigations it is desirable to have also triply factorized groups G in
which the normal subgroup M is not necessarily abelian. In the following, nearrings will
be used to find such groups.

Nearrings are a generalisation of rings in the sense that addition in nearrings need not
be commutative and only one distributive law holds (c.f. Definition 2.1.1). In Chapter 2
some relevant facts about nearrings are collected, most of which are well-known and can
be found for example in Meldrum [17], Pilz [18], or Clay [7].

In Chapter 3 a construction of triply factorized groups using nearrings is developed.
For this, the notion of a construction subgroup is needed (c.f. Definition 3.1.1). This is
a subgroup of the additive group of a nearring, which is connected in a natural way with
some subgroup of the group of units of the given nearring. The following is proved.

Theorem (c.f. Construction 3.1.4)

If R is a nearring and U is a construction subgroup of R, then the set U + 1 =
{u+1]ueU} is a subgroup of the group R* of units of R, which operates on U.
Then the semidirect product G = G(R,U) = (U + 1) x U is a triply factorized group
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G=AxM=BxM=AB, where M =U, A=U+1, and B={(u+ 1,u) |uec U}
is the “diagonal subgroup” of G(R,U).

Note that here the normal subgroup M need not be abelian. If R is a ring with
identity element, then J(R) is a construction subgroup of R and this construction is
identical to that described in Construction 1.2.2.

In Section 3.2 it is shown that the above mentioned Theorem 1.2.3 holds for triply
factorized groups in general. If M is a not necessarily abelian group, the set M (M) of
all mappings of M in M forms a nearring under pointwise addition and multiplication
by composition. The following generalises Sysak’s theorem.

Theorem 3.2.5.

IfG=Ax M =B x M = AB is any triply factorized group with AN B = 1, then the
nearring M (M) contains a construction subgroup U with G = G(R,U) = (U +1) x U.
Thus every such triply factorized group can be obtained from a nearring.

For further investigations of construction subgroups, in Chapter 4 the structure of
nearrings is studied in more detail. It is well-known that the Jacobson radical for rings
can be described in several different ways, which lead to different radicals for nearrings. It
turns out that a construction subgroup of a nearring under certain finiteness conditions is
contained in one of these generalisations of the Jacobson radical (c.f. Proposition 4.4.1).

Much work has also been done to generalise quasiregularity from rings to nearrings.
Beidleman [6] describes a generalisation of quasiregularity, which is very similar to that
in ring theory. Meldrum [17] uses a more general definition, which includes Beidleman’s
concept. Both notions are described in Section 4.1.2, since some results only hold for
the more restrictive definition of Beidleman [6].

A short section of Chapter 4 deals with nearfields, since they are needed to describe
the structure of local nearrings in Chapter 5.

In Section 4.3, the prime ring of a nearring R is introduced. A prime ring is defined
to be the subnearring of R generated by its identity element. The structure of the prime
ring of a nearring R gives some information about the whole nearring R. For instance,
it is very easy to show that there exists up to isomorphism exactly one nearring with
identity element over a finite cyclic additive group. It is shown that prime rings are
always isomorphic to Z/nZ for some positive integer n or to a certain subring of Q (c.f.
Lemmas 4.3.3 and 4.3.4). In Theorem 4.3.7 the construction subgroups of a prime ring
are described.

A nearring R is called local, if the set Ly of all elements of R, which are not right
invertible, forms a subgroup of the additive group RT. These nearrings are especially
useful for the construction of triply factorized groups, since in a local nearring R the set
Ly is a construction subgroup. Local nearrings were first investigated by Maxson [16].
Their structure is described in Chapter 5.

It still seems to be unknown if the group Lg is always an ideal of the local nearring R,
although this holds in many cases. It is shown that if a local nearring R exists, in which
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Lg is not an ideal, then there also exists a simple local nearring, i.e. a local nearring
which does not have any ideals other than the trivial ones. Simple local nearrings are
studied in Section 5.1.5.

In Section 5.2.1 the prime rings of local nearrings are investigated. It turns out that
the prime ring of a local nearring is local as well. If Ly is a normal subgroup of the
additive group of a local nearring R, the additive group Ly + Pg is also a local nearring,
where Pg is the prime ring of R. For the construction of triply factorized groups this
nearring is sufficient, since it contains the construction subgroup Lz and the identity
element of R.

The nearfield R/Lg for a local nearring R is examined in Section 5.2.3. It is shown
that for every skewfield K there is a local nearring R which is not a ring, such that
R/Lp is isomorphic to K. Moreover, in Example 5.2.12 a local nearring R is given, in
which the nearfield R/Lg is not a skewfield. This example was constructed using a C++
program which calculates the whole multiplication table of the nearring starting with
a few predefined products. This program also checks that the calculated multiplication
indeed leads to a local nearring. The program is explained in detail in Appendix A.

If R is a zero-symmetric local nearring satisfying certain finiteness conditions, the
subgroup Lg is a nilpotent nearring. The structure of a local nearring R with nilpotent
Lp is investigated in Section 5.3. These results are used in Chapter 8 for the classification
of local nearrings with dihedral groups of units. For these investigations the annihilator
series of a local nearring is introduced (c.f. Definition 5.3.1), which leads to the following
criterion for Lz to be nilpotent.

Theorem 5.3.4.
If R is a local nearring, then the R-subgroup Lg is nilpotent if and only if R possesses
an annihilator series.

It is well-known that the additive group of a finite local nearring is always a p-group
for a prime p (c.f. Maxson [16]). Therefore using finite local nearrings only triply fac-
torized p-groups can be constructed. In order to obtain more general triply factorized
groups, in Section 5.4 subdirect products of local nearrings are studied. It is shown in
Corollary 5.4.2 that a subdirect product of local nearrings is in fact a direct product of
suitable local nearrings under certain finiteness conditions. These direct products can be
used to obtain nearrings which are not local, but contain construction subgroups which
need not be p-groups.

The construction subgroups Lg of most of the examples of local nearrings that can be
found in literature are abelian. To obtain also examples of local nearrings R, in which
the construction subgroup Lg is not abelian, a method for constructing local nearrings
with non-abelian construction subgroup Lp is described in Chapter 6. The following is
proved.

Theorem 6.1.5.
Given an arbitrary p-group N of finite exponent, where p is a prime number, there exists
always a local nearring R such that N is isomorphic to a subgroup of Lg.
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In Section 6.2 the additive and the multiplicative structure of the nearring in The-
orem 6.1.5 is investigated. Also the operation of Lr + 1 on Ly is described, which is
important to know the structure of the resulting triply factorized groups.

All triply factorized groups constructible by using local nearrings of order p? for a
prime number p are presented in Chapter 7. It is well-known that for every prime p there
exist exactly 5 non-isomorphic groups of order p?. These are treated separately, where
the case p = 2 requires a special consideration. It is clear that the triply factorized groups
that can be constructed by local nearrings of order p? must have order p*. Moreover,
there are two different triply factorized groups of order p* for every prime p. It is
surprising that if the additive group R™ is non-abelian of exponent p? there is no local
nearring such that the triply factorized group obtained by R is a non-trivial semidirect
product of the elementary abelian group of order p? with itself, if p > 5, whereas for
p = 3 there is such a local nearring whose additive group is non-abelian of exponent 9
(c.f. Theorem 7.6.2).

In Chapter 8 all local nearrings with dihedral group of units are classified. It is shown
that the additive group of such a local nearring is always a finite p-group for p = 2 or
p = 3. Moreover, the order of R does not exceed 9, if Rt is a 3-group. The structure of
a local nearring with dihedral multiplicative group is rather restricted, as the following
result shows.

Theorem 8.3.11.
There is no local nearring with dihedral multiplicative group, whose order is larger than
16.

This is proved by considering the structure of all groups of order 32. It is shown that
none of these groups can occur as the additive group of a local nearring with dihedral
multiplicative group. Some of the calculations in the proof of Theorem 8.3.11 were done
using the computer algebra system GAP [9]. This system contains a large library of
“small” groups and their automorphism groups. The programs used in the proof of this
theorem are described in detail in Appendix B.



Notation

General notation

Symbol Description

%] The empty set

N Set of positive integers {1, 2, 3, ...}

Ny Set of non-negative integers (N U {0})

Z Ring of integers

Z/nZ Ring of integers modulo n

Q Field of rational numbers

Qp Ring of rationals whose denominator is not divisible by the prime p

F, Field of order ¢ (¢ a prime power)

(F), Ring of n x n-matrices over the field F'

Cn Cyclic group of order n

Epn Elementary abelian group of order p™ for a prime p;
additive group of F,n

Qo (Generalized) quaternion group of order 2"

D, Dihedral group of order n

GL(n,p) Group of automorphisms of E,»
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Notation

Symbol Description
H<L<G H is a subgroup of the group G;
H is a subnearring of the nearring GG
H<G H is a proper subgroup of the group G;
H is a proper subnearring of the nearring G
A4B A is a normal subgroup of the group B;
A is an ideal of the nearring B
A< B A is a proper normal subgroup of the group B;
A is a proper ideal of the nearring B
G=H G and H are isomorphic
G=r H G and H are isomorphic as R-modules
| M| Cardinality of the set M
|G : U] Index of the subgroup U in the group G
exp(G) Exponent of the group G
o(g) Order of the group element g
Z(G) Centre of the group G
Ca(U) Centraliser of U in the group G
Nq(U) Normalizer of U in the group G
Stabg () Stabilizer of Q in G
End(G) Semigroup of endomorphisms of G
Aut(G) Group of automorphisms of G
Inn(G) Group of inner automorphisms of G
(A;|i€I) Group generated by the subsets A; of a group, i € [
(a; |i€I)  Group generated by the elements a; of a group, i € [

11



Notation

Symbol Description

la, 0] Commutator of the group elements a and b, i.e. —a — b+ a + b for
additively written groups, a='b~tab for multiplicatively written groups

4, B] (la,0] |[a€ A, be B)

G’ Derived subgroup [G, G| of the group G

Ax B Direct product of the groups A and B;
Cartesian product of the sets A and B

Ra& S Direct sum of the nearrings R and S

A+ B {a+bla€ A, be B} for subsets A and B of an additively written
group

AB {ab| a € A, b € B} for subsets A and B of a semigroup

Ax M, Semidirect product of the group A with the group M, where M is the

M x A normal subgroup

a:A— B  «isamapping from A in B

a:ar—b ac =0

id s The identity mapping on the set M

aly Restriction of the mapping o : M — N to the subset U of M
Ker(a) Kernel of the homomorphism «

Im(«) Image of the mapping o

Hom(G,H) Set of all homomorphisms from G in H
X" Set of all products of n elements of the subset X of a nearring

J(R) The Jacobson radical of the ring R

12



Notation

Special notation

Symbol Description Definition Page
G(R) Triply factorized group constructed by the radical 1.2.2 16
ring R
Rt Additive group of the nearring R 2.1.1 18
M(G) Nearring of mappings from the group G in G 2.14 19
My(G) Nearring of zero-symmetric mappings of the group 2.14 19
G
M.(G) Nearring of constant mappings of the group G 2.1.4 19
Ry The zero-symmetric part of the nearring R 2.1.6.(a) 20
R. The constant part of the nearring R 2.1.6.(b) 20
R~ Group of units of the nearring R 2.1.6.(g) 20
ot (r) Additive order of the nearring element r 2.1.6.(h) 20
o*(r) Multiplicative order of the unit r of a nearring 2.1.6.(h) 20
Ar(X) Annihilator of X in R 224 23
Gr (G is an R-module 2.2.5 23
Rpr The regular R-module R 2.2.8 24
I<,R I is a left ideal of the nearring R 2.3.1 24
I<. R I is a right ideal of the nearring R 2.3.1 24
U<ipG U is a submodule of the R-module G 2.3.1 24
U<rG U is an R-ideal of the R-module G 2.3.1 24
B</R B is a left R-subgroup of the nearring R 2.35 26
B<. R B is a right R-subgroup of the nearring R 2.3.5 26

13



Notation

Symbol Description Definition Page

(X:Y) {reR|VyeY :yre X} for a nearring R and 2.3.8 26
non-empty subsets X and Y of an R-module GG

(X :Y] {g € G|Vy €Y :gye X} foranearring R, a non- 2.3.8 26
empty subset X of an R-module GG, and a non-
empty subset Y of R

Cy(X) {yeY | Xy C R.} for a nearring R and non- 2.3.11 27
empty subsets X and Y of R

G(R,U,N) Triply factorized group constructed by the con- 3.1.4 30
struction subgroup U of the nearring R and the
normal subgroup N of U

G(R,U) Triply factorized group constructed by the con- 3.14 30
struction subgroup U of the nearring R

J,(R) Intersection of all annihilators of R-modules of 4.1.5 37
type v for a nearring R; the v-radical of R

Pr The prime ring of the nearring R 4.3.1 41

14



Chapter 1.
Triply factorized groups

1.1. Factorized groups

In the theory of factorized groups, triply factorized groups play an important role. Many
problems concerning factorized groups can be reduced to triply factorized groups.

1.1.1 Definition (c.f. Amberg, de Giovanni, Franciosi [2])
A group G is called factorized (by A and B), if it can be written as a product G = AB
of two of its subgroups A and B.

If G = AB is a factorized group and N is a normal subgroup of G, then the factor
group G/N = (AN/N)(BN/N) is also factorized. On the other hand, a subgroup S of
GG need not be factorized by a subgroup of A and a subgroup of B.

1.1.2 Example

Let G = Dyy = (z, y | 2> = y® =1, y® = y~!) be the dihedral group of order 12. Then
G is factorized by A = (z) and B = (y?, zy®), but the subgroup S = (y*) of G cannot
be written as a product of a subgroup of A and a subgroup of B.

A subgroup S of a factorized group G = AB is called factorized, if S = (ANS)(BNS)
and ANB C S (c.f. [2]). It can easily be shown that the intersection of arbitrarily many
factorized subgroups of G is factorized (c.f. [2, Lemma 1.1.2]). Thus, the intersection
X (9) of all factorized subgroups of G which contain the subgroup S of G is the smallest
factorized subgroup of G containing S. X(S) is called the factorizer of S. If N is a
normal subgroup of G, the factorizer X (V) has an interesting triple factorization.

1.1.3 Lemma (Amberg, de Giovanni, Franciosi [2, Lemma 1.1.4])
Let the group G = AB be factorized by A and B, and let N be a normal subgroup of
G. Then, X(N) = (ANBN)N = (BN AN)N = (ANBN)(BnN AN).

1.1.4 Example
Let A, B, G, and S be as in Example 1.1.2. Then S <G, and X (S) = (z,%?). In this
case, AN BS = A and BN AS = (zy*).

15



1.2. A connection between triply factorized groups and radical rings

Since the factorizer of a normal subgroup N of a factorized group G always has a
triple factorization by Lemma 1.1.3, in order to obtain information on the structure of
N, in many cases one has to consider groups with a triple factorization. If G is a group
which has a triple factorization of the form G = AB = AM = BM with subgroups A
and B of G and an abelian normal subgroup M of G, then C = (AN M)(BN M) is a
normal subgroup of GG. In this case,

G/C = (AC/C) x (MC/C) = (BC/C) x (MC/C) = (AC/C)(BC/C).

1.1.5 Definition
A factorized group G is called triply factorized (by A, B, and M), it G = Ax M =
B x M = AB for two subgroups A and B and a normal subgroup M of G.

Note that in a triply factorized group G = A x M = B x M = AB the subgroups A
and B are complements of M and hence A = B. But A and B can only be conjugate if
A=B=4dG.

1.2. A connection between triply factorized groups and
radical rings

IfG=Ax M= Bx M = AB is a triply factorized group with an abelian normal sub-
group M, there is an interesting connection to radical rings in the sense of Jacobson [12].

1.2.1 Definition

Let R be an associative ring. R is called a radical ring, if R coincides with its Jacobson
radical J(R), i.e. if R forms a group under the circle operation aob = ab+ a+ b for all
a, b € R. Obviously, a radical ring does not contain an identity element.

The following construction, due to Ya. Sysak, is for instance described in [2].

1.2.2 Construction (Sysak [20])
Let R be a radical ring, embedded in an arbitrary way into the ring R; with identity
element. Then the group R° is isomorphic to the subgroup R + 1 of the group of units
of Rl.
Let U be a left ideal of R and M = R/U as a left R-module. Then the group A = R+1
operates on M via
I+ 0)m™Y = (m+1)"HN+U

for all [, m € R. In the semidirect product G = G(R) = A x M,
B={((1+1)",1+U) |le R}
is a complement of M with the property
G=AxM=Bx M =AB,
i.e. G is a triply factorized group.

16



1.2. A connection between triply factorized groups and radical rings

This construction raises the question, if for a triply factorized group G = A x M =
B x M = AB there is always a radical ring R such that G can be constructed by R. The
next theorem shows that this is the case, if A, B, and M are abelian and if AN B = 1.

1.2.3 Theorem (Sysak, in [2, Proposition 6.1.4])

IfG=Ax M =B x M = AB is a triply factorized group with abelian subgroups A,
B, and M, and with AN B = {1}, then there is a commutative radical ring R with
G = G(R).

In [4, Example 2.4] it is also shown that Theorem 1.2.3 need not be true, if A and B are
nilpotent of class 2.

Since the group M in Construction 1.2.2 is the additive group of an R-module, it is
always abelian. To obtain triply factorized groups G = A x M = B x M = AB with a
possibly nonabelian group M, one can use nearrings instead of rings.

17



Chapter 2.

Nearrings

2.1. Basics about nearrings

First some basic facts about nearrings are given. Most results in this chapter can be
found in Meldrum [17], Pilz [18], and Clay [7].

2.1.1 Definition (c.f. Meldrum [17])
A set R with two binary operations “+” and “” is called a (left) nearring, if the following
conditions hold:

(N1) (R,+) is a (not necessarily abelian) group with neutral element 0; (R, +) often is
written as R*;

(N2) (R,-) is a semigroup, i.e. the multiplication is associative;
(N3) the left distributive law holds, i.e. z- (y+2) =z -y+a -z forall z, y, z € R.

As usual, for z - y one often only writes xy. If R contains an element 1 such that
x-1=1-x =xforall x € R then R is called a nearring with identity. A nearring
with xy = 0 for all x, y € R is called a zero nearring, and a nearring is called constant
nearring, if xy =y for all z, y € R.

If instead of the axiom (N3) in R the axiom
(N3) (x+y)-z=a-24+y-zforalzx, vy, 2z €R.

holds, then R is called a right nearring. Right nearrings are used by some authors (e.g.
Pilz [18]), and all results about left nearrings always have an analogue for right nearrings
and vice versa.

2.1.2 Convention
Let R be a nearring, »r € R and n > 0 a positive integer. Then for r + --- 4 in the
~—_—

n times
sequel will always be written rn and never nr. Analogously, for negative integers m, rm
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2.1. Basics about nearrings

will mean —(r(—m)). The reason for this are nearrings with identity. If integral factors
are written on the right, they can be considered as multiples of the identity element.!
Conversely, nr will mean (1 4+ --- 4 1)r, which is in general different from rn.

Note that because of left distributivity in every nearring R the equation (xy)n = x(yn)
holds for all x, y € R and all n € Z, even if R does not have an identity element.

2.1.3 Remark
As for rings, it can be shown that a nearring with identity must be trivial if 1 = 0.
Hence, in the sequel “nearring with identity” will always imply 1 # 0.

2.1.4 Examples
(a) Let G be a (not necessarily abelian) additively written group with neutral element
0. Then
M(G)={a:G— G},

the set of all mappings from G in G, is a left nearring under pointwise addition (i.e.
g(a+ ) = ga+ gf) and composition of mappings (g(af) = (ga)B3)). (If one writes
the mapping on the left of the element it operates on, then M (G) becomes a right
nearring.)

(b) The following subsets of M (G) are also nearrings under these operations:

o My(G)={a:G— G|0a=0}
e M.(G)={a:G — G| a=const}
o MG)={a:G— G| aley= const and Oa = 0}

2.1.5 Remarks
As for rings, one can show that the following equalities hold in any nearring:

(a) 0 =0 for every r € R
(b) r(—s) = —(rs) for every r, s € R.

Considering constant nearrings, it is easy to see that the following equations do not hold
in nearrings in general:

(@) Or=0
(b) (=r)s = —(rs).

The following definitions are very useful when dealing with nearrings. In particular,
part (e) is important, since the terms commutative and abelian in the theory of nearrings
have different meanings.

In powers the exponent is also written on the right.
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2.1.6 Definition
Let R be a nearring.

(a) Ry ={r € R|0r =0} is called the zero-symmetric part of R.

(b) Re ={reR|0r=r} ={reR|VreR: xzr=r} (cf Lemma 2.1.10) is called
the constant part of R.

(¢c) Rgy={deR|(r+s)d=rd+sd Vr,se R}. An element d € R is called a dis-
tributive element, if d € Ry.

(d) The nearring R is called constant, zero-symmetric, or distributive if R = R., R = Ry,
or R = Ry, respectively.

(e) R is called commutative, if (R,-) is commutative; R is called abelian, if (R,+) is
abelian.

(f) R is called distributively generated (d.g.), if there is a subsemigroup S < (Ry, ),
such that the additive group R™ is generated by S. In this case, one often writes
R=(R,9).

(g) If R is a nearring with identity, the group of units of R is referred to by R*.

(h) If R is a nearring with identity and r € R, o™ (r) is the additive order of r in R*. If
r € R*, 0*(r) is the multiplicative order of .

Weinert [23] deals with distributive nearrings. One important result of this article is

that a distributive nearring with identity always is a ring.

2.1.7 Lemma (Weinert [23])
If R = R, is a distributive nearring, then

R* = {z": Z;Y;

=1

TLGN(), T, Y; ER}

is a ring. In particular, a distributive nearring with identity element is a ring.

If one is familiar with rings, especially the constant part R, appears unusual, since
rings are always zero-symmetric nearrings. The following theorem gives an important
description of the structure of the additive group of a nearring. Moreover, although
a constant element r of a nearring R has the property that sr = r for all s € R,
Lemma 2.1.10 shows that it is enough to consider Or, if one wants to check if r is
contained in R, or not.
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2.1.8 Theorem (Meldrum [17, Theorem 1.15])

Let R be a nearring. Then R, is the unique maximal constant subnearring of R and Ry
is the unique maximal zero-symmetric subnearring of R. Moreover, Rt = R." x Ry™.
In particular, if r € R, then r — Or € Ry and Or € R..

2.1.9 Corollary
Let R be a nearring with identity 1. Then 1 € Ry and hence 1 -z € Ry for all z € Z.

2.1.10 Lemma (Meldrum [17, Lemma 1.12])
Let R be a nearring and r € R an element of the form r = Ox for some x € R. Then

r € R.. On the other hand, all elements of R, are of this form (since y = Oy for y € R.).

In nearrings with identity the structure of the group of units is of special interest.
In this context it is useful to know that the multiplicative inverse of a zero-symmetric
element is zero-symmetric as well. Moreover, the subsequent lemma shows that the
group of units of a nearring R is factorized by the group of units of the zero-symmetric
part of R and the group R, + 1.

2.1.11 Proposition
Let R be a nearring with identity 1 and r € R* N Ry. Then r~! € Ry.

PROOF. Let 71 = ry + 0r~! with 7y € Ryg. Then, 1 = rr=t = r(rg + 0r™1) = rro +
Or~!, and hence —rrg + 1 = Or~!. Since sums, products, and additive inverses of zero-
symmetric elements are zero-symmetric, the left side of the last equation is contained in
Ry, while the right side is contained in R. by Lemma 2.1.10, and thus both must be 0.
Hence, Or~' =0 and ! € R,. O

2.1.12 Lemma (c.f. [3, Lemma 2.5])
Let R be a nearring with identity 1. Then R.+ 1 is a subgroup of R* isomorphic to
R." and R* = Ry*(R. + 1) with Ry* N (R.+ 1) = {1}.

PROOF. It is not difficult to see that the mapping o : R."™ — (R, +1)*, 2 +— —x + 1, is
a group isomorphism. Moreover, if r € R*, by Theorem 2.1.8 there are elements ¢ € R,
and z € Ry such that r = c+ 2z = z(c+1). Since By N R, = {0} and 1 € Ry, it is clear
that Ry* N (R.+ 1) = {1}. O

For the construction of triply factorized groups using nearrings, the operation of the
group of units on the additive group is important. For the investigation of the structure
of the constructed triply factorized groups the following result is useful.

2.1.13 Proposition
Let R be a nearring with identity element 1. Then R* is isomorphic to a subgroup of
Aut(R™), i.e. R* operates faithfully on R*.
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Proor. For r € R* consider the mapping o, : R — R with z — rz for all z € R. Since
(x+y)o, =7(x+y) =re+ry =z, +yo, for all z, y € R, o, is an endomorphism of
R*. Obviously, o, is bijective, hence o, € Aut(R"). Since 0,0, = 0. for all r, s € R*,
the mapping o : R* — Aut(R") with r +— o,-1 for all » € R* is a group homomorphism.
But if 0, is the identity mapping, rx = z for all x € R, in particular for z = 1, and
hence » = 1. This means that the kernel of ¢ is trivial and hence ¢ is a monomorphism.
It follows that R* is isomorphic to Im(o). O

Given a nearring R with identity element 1, the additive order of units always is equal
to the exponent of the additive group. In particular, a group which does not contain an
element whose order is equal to the exponent of the group cannot be the additive group
of a nearring with identity.

2.1.14 Theorem
Let R be a nearring, and let r € R have finite additive order. Then o*(xr) | o™ (r) for
allx € R.

PROOF. Let n = o"(r). Then, (ar)-n = z(r-n) = 20 = 0. Hence, o (zr) | ot (r). O

2.1.15 Corollary
Let R be a nearring with identity. Then, o™ (r) = exp(R") for all r € R*.

PROOF. First let exp(R") < oo and r € R*. Then o™ (r) | exp(R") = n. Now let s be
an arbitrary element of R. Then s- o™ (r) = sr!r-o(r) = sr~'(r-o*(r)) = sr~10 = 0,
and hence o™ (s) | o™ (r); thus, o™ (r) = n.

By the same argument, o™ () must be infinite, if exp(R") = oo, since if 0 (r) = n < 0o
for some r € R*, for all s € R would hold s - o™ (r) = 0. O

2.2. Homomorphisms and modules

2.2.1. Nearring homomorphisms

Homomorphisms are a well-known and useful tool for the investigation of any kind of
algebraic structures. As known from rings or groups, nearring homomorphisms can be
used to embed nearrings into other nearrings and in this way to achieve information
about the structure of the nearrings under consideration.

2.2.1 Definition

Let R and S be nearrings,  : R — S a group homomorphism from R™ to S*. The
mapping « is called nearring homomorphism, if for all r, ' € R the following equation
holds: (rr')a = (ra)(r'a). The terms kernel, monomrophism, epimorphism, isomor-
phism, endomorphism, and automorphism are defined as usual.
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2.2.2 Remark

Let R be a nearring and o : R — M (R") the mapping with r(sa) = rs. It is eas-
ily checked, that a is a nearring homomorphism with Ker(«) = {r € R| Rr =0}. In
particular, every nearring with Ker(a)) = {0} can be embedded into the nearring M (R™).

It is well-known that any ring R can be embedded into a ring R; with identity element,
such that R is an ideal in R;. For nearrings, this is not always possible, but the following
theorem shows that it is at least possible to embed a given nearring into a nearring with
identity as a subnearring.

2.2.3 Theorem (Clay [7, Theorem 1.3.27])
Every nearring can be embedded into a nearring with identity.

2.2.2. Nearring modules

In ring theory, the concept of modules is very important. For nearrings, a similar
concept exists. Because of the lack of right distributivity, left and right modules lead to
essentially different theories. For the construction of triply factorized groups only right
modules are important, and thus in the following only right modules will be introduced.
Of course, authors using right nearrings also use left modules.

2.2.4 Definition (R-modules)

(a) Let (G,+) be a group and R a nearring. G is called a (right) R-module, if there is
a nearring homomorphism 6 : (R, +,-) — (M(G),+,0). Such a homomorphism is
called representation of R. A representation 0 of R is called faithful, if Ker(8) = {0}.

(b) Let R be a nearring and G an R-module. For Y C G, the set
Ar(Y)={r € R| Yz =0}

is called the annihilator of Y. If 0 is a representation of R, then @ is faithful, if and
only if Ar(G) = Ker(#) = {0}.
Note that some authors (e.g. Pilz [18]) use the term “R-group” instead of “R-module”.

2.2.5 Remark

Often one finds a definition of R-modules, which is equivalent to Definition 2.2.4: Let
(G,+) be a group with neutral element 0 and R a nearring. Let p : G x R — G,
(g,7) — gr. Then, (G, ) is called R-module, if for all g € G, r, s € R:

(M1) g(r +s) = gr + gs, and
(M2) g(rs) = (gr)s.

If there is no danger of confusion, one often writes G instead of (G, u). Some authors
also use the notation Gg (or gG, if they are using right nearrings).

23



2.3. Ideals and special subgroups

The following definition is very useful if one deals with nearrings with identity.

2.2.6 Definition
Let R be a nearring with identity, G an R-module. If g1 = g for all g € G, then G is
called unital.

Also for nearring modules homomorphisms are defined in the usual way.

2.2.7 Definition

Let R be a nearring, G and H R-modules. Let 7 : G — H be a group homomorphism
from G* to H". Then 7 is called R-module homomorphism or short R-homomorphism,
if (gr)T = (g7)r for all ¢ € G and all r € R. The terms kernel, R-monomrophism,
R-epimorphism, R-isomorphism, R-endomorphism, and R-automorphism are defined as
usual.

2.2.8 Remarks
(a) Let R be a nearring. Then R is an R-module, which is called the regular R-module,
and is often denoted by Rpg.

(b) Let G be a group. Then G is an M (G)-module in the obvious way.
(c¢) The following statements are very easy to check:

(i) gOr = 0 for all g € G.

)
(ii)) g(—r) = —(gr) for all g € G and all r € R.
(iii) Ogr = O¢ for all r € Ry.

)

(iv) gr = 0gr for all g € G and r € R..

2.3. ldeals and special subgroups

2.3.1. Nearring and module ideals

In ring theory ideals of rings play an important role. Note that ideals, as for rings, in the
theory of nearrings are defined as the kernels of homomorphisms, but the criterion for a
subgroup of the additive group of a nearring does not look as simple as in ring theory. In
particular, since the additive group of a nearring need not be abelian, ideals have to be
normal subgroups of the additive group. It is also a very important difference between
rings and nearrings that one has to distinguish between module ideals and submodules.
While module ideals are the kernels of module homomorphisms, submodules are subsets
of modules which are modules themselves under the module operations.

2.3.1 Definition (ldeals and submodules)
Let R be a nearring and G an R-module.
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(a) A normal subgroup I of R* is called ideal of R (denoted I < R), if

(i) RICI
(ii)) (r+i)s—rselforallr,se€ Randalli€ [I.

If I only has property (i), it is called left ideal (denoted I <, R); if I only has
property (ii), it is called right ideal (denoted I <, R).

(b) A normal subgroup N of G is called R-ideal of G (denoted N <p G), if the element
(g+n)r—nris contained in N for all g € G, alln € N, and all » € R. In particular,
the right ideals of R are the R-ideals of the regular R-module Rp.

(¢) A subgroup U < G7 is called R-submodule of G (denoted U <p G),if UR C U.

Factor nearrings and factor modules are defined in the usual way. It is easy to check,
that ideals (R-ideals) are exactly the kernels of nearring homomorphisms (R-homomor-
phisms). Note that for an R-module M the factor module M/N is only defined for
R-ideals N, not for R-submodules V.

A nearring is called simple, if R and {0} are the only ideals in R. An R-module is
called simple, if it has no non-trivial R-ideals (c.f. Pilz [18]).

An ideal I <R is called mazimal ideal, if I # R and I <J <1 R implies that J = I.
Maximal left ideals, right ideals, and R-ideals are defined analogously.

2.3.2 Example

Let R be a nearring. Then the zero-symmetric part Ry is a right ideal of R. By
Theorem 2.1.8, Ry" < R*, thus it suffices to show that for all z € Ry and all 7, s € R
the element (r + z)s — rs is zero-symmetric. But this is true since 0((r + 2)s — rs) =
(0r +02)s — 0rs = Ors — Ors = 0.

As known for rings, the sum of two nearring ideals again is an ideal. The subsequent
theorem shows that the factor nearring R/I of a nearring R modulo an ideal I, as
expected, is zero-symmetric if the constant part R, is contained in the ideal I.

2.3.3 Lemma (Meldrum [17, Theorem 1.30])
(a) The group-theoretical sum of two right ideals again is a right ideal.

(b) The group-theoretical sum of two left ideals again is a left ideal.
(c) The group-theoretical sum of two ideals again is an ideal.

2.3.4 Theorem
Let R be a nearring and I an ideal of R with R. C I. Then R/I is a zero-symmetric
nearring.

PrRoOOF. Let r € R. Then I(r+1)=(0+1)(r+1)=0r+1=1,since Or € R, C 1. O

25



2.3. Ideals and special subgroups

2.3.2. R-subgroups

In ring theory, (left or right) ideals often are introduced as subgroups of the additive
group of a ring, which are invariant under left or right multiplication (or both) with
arbitrary ring elements. As stated above, for nearrings ideals are defined in a slightly
different way. But also for nearrings R the R-invariant subgroups are important.

2.3.5 Definition
Let R be a nearring and H < R*' a subgroup of the additive group R*.

(a) H is called left R-subgroup of R (denoted H <, R), if RH C H.
(b) H is called right R-subgroup of R (denoted H <, R), if HR C H.

(c) If H is both a right and a left R-subgroup, it is called two-sided R-subgroup or
(R, R)-subgroup of R.

In the sequel, “R-subgroup” will always mean “right R-subgroup”. R-subgroups are
exactly the R-submodules of Rg. Maximal (left, right, two-sided) R-subgroups are
defined in the usual way.

2.3.6 Example

Let R be a nearring. Then the constant part R, is an (R, R)-subgroup of R, since for
r € Rand ¢ € R, one has Orc = ¢ = rc and Ocr = c¢r. Thus, by Lemma 2.1.10,
re, cr € R,.

If one considers only zero-symmetric nearrings, it is a useful fact that in this case right
ideals always are right R-subgroups. From this point of view, zero-symmetric nearrings
are a bit closer to rings than general nearrings.

2.3.7 Lemma (Meldrum [17, Lemma 1.35])

Let R be a nearring. If I is a right ideal of R then IRy C I. In particular, if R = Ry is
a zero-symmetric nearring, every right ideal is a right R-subgroup, and every ideal is an
(R, R)-subgroup of R.

2.3.3. Generalised annihilators

Annihilators are an important concept in ring theory. For nearrings and nearring mod-
ules, annihilators are introduced in a more general context. Here it is not necessary that
certain products are zero, but only that they are contained in some given set.

2.3.8 Definition
Let R be a nearring and G an R-module. Let X and Y be non-empty subsets of G.
Then one defines

(X:Y)={reR|VyeY : : yreX}.
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For @ # X C G and @ # Y C R one defines
(X:Y]={geG|VeY: : gye X}.

Note that (X :Y) is a subset of R, while [X : Y] is a subset of G. In most cases there is
no danger of confusion, but if GG is a submodule of the regular module Rg, it is important
to distinguish these two cases.

Since these sets are more general than annihilators, one cannot expect that they are
ideals in general. But depending on the special structure of the subsets X and Y of the
R-module G, also structural facts about the sets (X : Y') can be stated.

2.3.9 Theorem (Meldrum [17, Theorem 2.31])
Let R be a nearring and G an R-module, X, Y C G. Then the following statements
hold.

(a) If XT < GY, then (X :Y)" < RT.

(b) If X* QG™, then (X : V)T <IR*.

(¢) If X <g G, then (X : Y) <, R.

(d) IfXT < G* and YR<Y, then (X : Y) <, R.
(e) If X A G, then (X : V)<, R.

From this it follows that the annihilators of arbitrary subsets of R-modules always are
right ideals of R, and the annihilators of submodules of an R-module are ideals of the
nearring R.

2.3.10 Corollary (Meldrum [17, Corollary 2.32])
Let R be a nearring and Y a subset of the R-module G. Then (0 :Y) = Ag(Y) <, R
and QLR(G> < R.

The following definition is useful for generalising results concerning nilpotency in zero-
symmetric nearrings to general nearrings (c.f. Theorem 4.1.13).

2.3.11 Definition
Let R be a nearring and @ # X, Y C R. Then define €y(X) = {y € Y | Xy C R.}.
Then €x(X) = (R, : X) and by Theorem 2.3.9, €x(X) <, R.
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2.3.4. Properties of ideals and R-subgroups

As in ring theory, also nearrings with identity element always contain maximal ideals.
Since all rings are nearrings, it is clear that also in the case of nearrings it is essential
that the nearring under consideration contains an identity element.

2.3.12 Lemma
Let R be a nearring with identity element, I <\ R a proper ideal of R. Then there is a
maximal ideal M <4 R with I C M.

PROOF. Let M ={K<IR| K # R, 1 C K}. Since I € M, M # &, and M is partially
ordered by inclusion. Now let £ be a chain in 9, and let J = |J{K | K € £}. Since R
has an identity element, which is contained in no K € ¢ because K # R for all K € I,
one has J # R. Moreover, since ¢ is a chain, it is easy to check that J < R. By Zorn’s
Lemma, 971 contains a maximal element M. O

In a similar way one can show that a nearring R with identity always contains maximal
left and right ideals.
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Chapter 3.

Constructing triply factorized groups

3.1. Construction of triply factorized groups

It was shown Construction 1.2.2, how triply factorized groups can be constructed by
using radical rings. This construction will now be generalised using nearrings. For this
the following definition is needed.

3.1.1 Definition
Let R be a nearring with identity 1. Let U < R* such that (U 4+ 1) < R*. Then, U is
called a construction subgroup of R.

If U is a construction subgroup of the nearring R, then 1 ¢ U, since otherwise 0 € U+1,
which is not invertible. For the construction of triply factorized groups it is not only
important that U + 1 is a multiplicative group if U is a construction subgroup, but also
that U is invariant under left multiplication with elements from U + 1. The following
result shows that this is always the case.

3.1.2 Proposition
Let R be a nearring with identity, U a construction subgroup of R. Then (U+1)U C U.

ProoOF. Let A =U 4+ 1 < R*. Since U is an additive group, for every a, b € A one
hasa—b=a—-141-b=(a—-1)—(b—1) € U, sincea—1,b—1 € U. Now
let u,v € U with u = a — 1 and v = b — 1 for suitable elements a, b € A. Then
(u+1)v=ua(b—1) =ab—a € U, since ab, a € A. O

3.1.3 Examples
(a) Let R be a nearring with identity. Then the trivial subgroup {0} is a construction
subgroup.

(b) Let R be a nearring with identity 1. Then R, is a construction subgroup of R, since
R.+ 1< R* by Lemma 2.1.12.

(c) Let p be a prime, n > 1 a positive integer, and R = Z/p"Z. Then the subgroup pR
of R is a construction subgroup of R.
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(d) Let R be a ring with identity element. Then the Jacobson radical J(R) is a con-
struction subgroup of R.

(e) A large class of nearrings containing less trivial construction subgroups than these
examples are the local nearrings (c.f. Maxson [16]), which will be described in detail
in Chapter 5.

Using construction subgroups it is possible to construct triply factorized groups in
a very similar way as in Construction 1.2.2. In fact, it is not difficult to see that
Construction 1.2.2 is a special case of the following construction.

3.1.4 Construction
Let R be a nearring with identity element, U a construction subgroup of R, and N* <U™

a normal subgroup of U™ with (U +1)N C N. Let M = UT/N and A = (U +1)".
Then A operates on M via the rule

(w+ NV =@+ D) u+ N

for all u+N € M and all v+1 € A. Next, form the semidirect product G = G(R,U, N) =
Ax M ={(u+1,v+ N) |u,v € U} and let

B:{((u—i-l)_l,u—i-N) lueU}.

Then G = Ax M = Bx M = AB is a triply factorized group. In the following, G(R, U)
will be written instead of G(R, U, {0}).

PROOF. It is clear, that A operates on M™ via the above rule.
(a) B is a group:
Let ((u—l—l)_l,u—i—N),((w+1)_1,w+N) € B. Then
((u—l—l)_l,u—l—N) ((w—|—1)_1,w—|—N)
(( D7 w17 w4 N)
(w+1)(u+1))"", (w+1)u—|—w—|—N)
(w+Dut+w+1)"" (w+1)u+w+N)€B
and ((u+1)71,u+N)_1 = (u+1,(u+1)71—1+N) € B, because u + 1 =
((u—i—l)_l—l—l—l)f1 and

(w+1)""u+N) (u+1,(u+1)"" =1+ N)
(w+ D) (w+1), (u+ 1) ut (u+ 1) =1+ N)

=(1,(u+1)" (u+1)—1+N)
(1
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(b) G=Bx M:

(i) BN M ={(1,N)}:
Let B> (u+1)"",u+N) € M ={(LLu+N)|ueU}). Thenu+1 =1,
and thus u = 0.

(i) G = BM:
Let g = (k+1,l+ N) € G. Then one gets g = bm with the elements b =
(k+1,(k+1)"'—=1+N)eBandm= (1,1 + (k+1)"" +1+N) € M.

(¢c) G=AB.

Let ¢ = (k+ 1,4+ N) € G. 1If one chooses a = ((k+1)(l+1),N) € A and
b:((H—l)_l,l—l—N)EB,onegetsab:g.

Thus G = AXx M = Bx M = AB is triply factorized. O

3.1.5 Proposition
Let R be a nearring and U a construction subgroup of R. If the operation of U + 1 on
U is trivial, i.e. if (u+ 1)v = v for all u, v € U, then UT = (U + 1)*.

PRrROOF. Let a: U — U + 1 with ua = —u + 1 for all uw € U. Clearly, « is a bijection,
hence it suffices to show that « is a group homomorphism. Let u, v € U. Then

(ua)(va) = (—u+ 1)(—v + 1)
=(—u+1)(—v)+ (—u+1)
=—v—u+1
=—(utv)+1
= (u+v)a. O

3.2. Triply factorized groups constructible by nearrings

In Theorem 1.2.3 it was shown that a triply factorized group G = Ax M = BX M = AB
with ANB = 1 can always be constructed using a radical ring, if A, B, and M are abelian
groups. Within nearring theory, one can even show that every triply factorized group
with AN B = 1 and an arbitrary subgroup M can be obtained from a construction
subgroup of M (M) (c.f. Example 2.1.4).

Let G=AxXx M = B x M = AB a triply factorized group with AN B = 1. In the
following, the elements of G will be written as tuples (a, m) with a € A and m € M. For
A, B, and GG the multiplicative notation will be used, while M will be written additively.
Furthermore, let 7 : G — A, (a,m) — a, be the canonical epimorphism from G onto A,
and let 7 = 7|g. Finally, let i : G — M, (a,m) — m and u = fi|p. (Clearly, u need not
be a homomorphism in general.)
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3.2. 'Triply factorized groups constructible by nearrings

3.2.1 Lemma
(a) p is a bijection between B and M.

(b) m is an isomorphism from B onto A.

PRrROOF. (a) Let b; = (a;,m) € B, i =1, 2, with byt = bopt = m. Then

= (ala{l,()) cANB= {1}

Hence ay = as, i.e. by = by, and thus p is injective.

Now let m € M. Since G = AB, thereis an a € A and a b € B with m = ab, i.e.
(1,m) = (a,0) (bmr,bu) = (a (brw),bu). Thus m = bu and hence p is also surjective.

(b) Let a € A. Since G = B X M, there are elements b € B and m € M with a = bm.
Thus one has a = a7 = (bm) T = bima = bx = b, since Ker(7) = M. Hence 7 is
surjective.

Now let b; = (a,m;) € B, i =1, 2, with bym = bym. Then

Hence (m; — mg)'f1 = 0, i.e. m; = my and thus b; = by. This means that 7 is

injective. O

Now let § : A — M, a — an 'y, which is a bijection by Lemma 3.2.1.

3.2.2 Lemma )
Let a, b € A. Then (ab)é = (ad)’ + bd. In particular, 16 = 0 and (a™') 6 = — (ad)® .

PROOF. Let a, b € A with ar™' = (a,m) € B, and br—! = (b,n) € B. Then ad = m
and b0 = n. But ab = (a,m) (b,n) = (ab,m’ + n) € B, and hence (ab)§ = (ab) 7'y =
m? +n = (ad)’ + bo.

Moreover, 16 = (1-1)8 = (16)" + 16 = 15 + 16, and thus 16 = 0. Finally, 0 = 15 =
(@a-a~1)6 = (ad)® + (a~1) 4. It follows that (1) = — (ad)® . O
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3.2. 'Triply factorized groups constructible by nearrings

Next let v: A — M (M), a— vy, with v, : M — M, z— (a~' (z671)) 0.

3.2.3 Lemma
(a) 1 = idyy, where idy, is the identity mapping on M.

(b) Yoy = Yap for all a, b € A.
(¢) 7, is bijective for all a € A.
(d) ~ is a group monomorphism from A in M(M)*. In particular, A = Im(7).
PROOF. (a) Let z € M. Then ay; = (171 - 267!) § = z, and hence 7, = id,.
(b) Let z € M. Then
TV Yo = (a_l (33(5_1)) oy = (b_l (a_l (1:5_1)) 5(5_1) 0
= (b ta "t (2671) 6 = ((ba) ™" (x07Y)) 6

= Tab-
Thus YoY% = Vab-
1

(c) Tt follows immediately from (a) and (b) that v,-1 = ~,7".

(d) That v is a group homomorphism follows from (c) and (b). So let a € Ker(7), i.e.
Yo = idps. Then 0 = 07, = (a7*(0671)) 6 = a~'6. Hence a=! = 057! = 1, that is
a=1. O

Since 0, = a~1J, 7, is uniquely determined by 0~,, because of the bijectivity of . Let
V =1Im(y) and U =V —idj;. Then the following lemma holds.

3.2.4 Lemma
(a) U is a group with respect to addition.

(b) The mapping £ : M — U, m Vms-1)-1 — 1, Is a group isomorphism.
(c) U is a construction subgroup of M(M).
(d) o=t (m&) = (m*) € for alla € A and allm € M.
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3.2. 'Triply factorized groups constructible by nearrings

PROOF. (a) Let v; = 7, —idy € U, i = 1, 2. It suffices to show that v; — vy € U,
ie. vy — vy +idy = e, — idy +idar — Ve, + 1dy = Yay — Yap, +1das € V. Let
c=((a1716 — ay16)61)"". Then, for all z € M,

2 (Yar = Yar +idar) = (™" (2677)) 0 — (a2~ (935_1)) 5 tz
(a1_15)z6 ' +r—x— (ag 15) —I—x
(afld) — (a70)" 42
a; o —a _15)966_1 +x
(

(

)906*
¢ (wd ))

= x7

It follows that 74, — Ve, + idys = 7. € V and hence Ut is a group.

(b) First 0(m&) = 07;,5-1)-1 — idyy = (mé~1(067"))§ = m for all m € M, ie. the
mapping m¢ is uniquely determined by 0(m¢). Then 0(mé +né) = m+n =
0((m+n)&), i.e. (m+n)§ =m&+né. Thus £ is a group homomorphism. Since £ is
bijective (the mapping v, — idy; +— (a™!)d is an inverse of £), £ is an isomorphism
and hence M 2 U™.

(¢) By (a), U is an additive group. By construction of U, the set U +1 is a multiplicative
group. Hence U is a construction subgroup of M (M).

(d) Let a € A and m € M. Then

0(ya~" (m&)) = 0(ya-1 (mE))

and thus v, 7! (mé) = m?. 0

By Construction 3.1.4, U leads to a triply factorized group V x U, which is isomorphic
to G via the group isomorphism av: G — V x U, (a,m) — (7,, m&).
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3.2. 'Triply factorized groups constructible by nearrings

PROOF. Let (a,m), (b,n) € G. Then

((a,m

(ab m +n)
= (Ya, (m" + 1) €)
(”Ya%,( ) —l—nf)
= (Yoo, 1" (ME) + n)

= (Ya, m&) (1, nE)
= (a,m)a- (b,n)a.

Moreover, « is bijective, since v and £ are. O

In summary it follows that the group G can be constructed from the construction sub-
group U < M(M). Thus the following theorem is proved.

3.2.5 Theorem

IfG=Ax M = Bx M = AB is a triply factorized group with AN B = 1, then the
nearring M (M) contains a construction subgroup U with G = G(R,U).
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Chapter 4.

More on nearrings

4.1. Radical theory

4.1.1. Monogenic R-modules and modules of type v

In ring theory the Jacobson radical J(R) of a ring R plays an important role (c.f. e.g.
Jacobson [12]). There are several different characterisations of the Jacobson radical
in ring theory. Unfortunately, these characterisations lead to different concepts when
generalised to nearrings. In the following, a few useful generalisations of the Jacobson
radical for nearrings are introduced. These are closely connected to quasiregularity for
nearrings, as the usual quasiregularity is connected to the Jacobson radical in ring theory.
For these generalisations, first monogenic R-modules of type v have to be defined.

4.1.1 Definition (Meldrum [17, Definition 3.1])

Let R be a nearring and let G be an R-module. G will be called monogenic, if there
exists a g € G such that gR = G, i.e. G = {gr |r € R}. An element g € G such that
G = gR is called a generator of G.

4.1.2 Proposition
If G is a monogenic R-module and R a nearring with identity, then g1 = g for all g € G,
i.e. G is a unital module.

PRrROOF. Let h € GG be a generator of GG, and let g € G an arbitrary element. Then there
is an element r € R with g = hr. It follows that g1 = (hr)1l = h(rl) = hr = g. O

4.1.3 Definition (Meldrum [17, Definition 3.4])
Let G be a monogenic R-module. Then

e (7 is an R-module of type 0, if GG is simple, i.e. it has no non-trivial proper R-ideals;

e (7 is an R-module of type 1, if G is simple and for all g € G, either gR = G or
gR =A{0};
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4.1. Radical theory

e (G is an R-module of type 2, if G has no non-trivial proper R-submodules.

Note that R-modules of type 2 are also of type 1, and those of type 1 are also of type 0.

4.1.4 Lemma
If R is a nearring with identity and G is an R-module of type 2 then G = gR for all

g € G\ {0}.

PROOF. For every g € G, the set gR is a submodule of GG, since for r, s € R always
gr+gs = g(r+s) € gR and (gr)s = g(rs) € gR. Since G is of type 2, gR = {0} or
gR =G. But g = g1 € gR, and hence, if g # 0, then gR = G. O

Using R-modules of type v, it is now possible to define the radicals 7, (R) for a zero-
symmetric nearring R. Note that these three radicals coincide with the Jacobson radical
of R if R is a ring.

4.1.5 Definition (Meldrum [17, Definition 5.4])
Let R be a nearring. For v € {0, 1, 2} the v-radical J,(R) is

J,(R) = ﬂ {2r(G) | G is an R-module of type v}

If there are no R-modules of type v, then put J,(R) = R.

4.1.6 Remark

For zero-symmetric nearrings R, Beidleman [6] defines the radical J(R) as the intersec-
tion of all right ideals of R which are maximal as R-subgroups. Using Lemma 4.1.4 it is
easy to see that J(R) = J2(R).

4.1.2. Quasiregularity

The ring theoretical quasiregularity may also be generalised to nearrings. Because of the
lack of the right distributive law, the definition of quasiregularity seems to be somewhat
more complicated than in ring theory.

4.1.7 Definition (Meldrum [17, Definition 5.19])
(a) Let R be a nearring. The element z € R is said to be right quasireqular, if z is
contained in the right ideal of R generated by {x — zz | x € R}

(b) A subset X of R is called quasireqular if every element of X is right quasiregular.

4.1.8 Remark

If R is a zero-symmetric nearring with identity element 1, Beidleman [6] calls the element
z € R right quasiregular, if there exists an element r € R such that (1 —z)r = 1. In this
case, z is also right quasiregular in the sense of Meldrum [17].

37



4.1. Radical theory

PROOF. Let z be right quasiregular in the sense of Beidleman [6], r € R with (1—z)r = 1,
and let I be the right ideal of R generated by {x — zx | 2z € R}. Then 1 — z € I, and
since R is zero-symmetric, I is an R-subgroup of R by Lemma 2.3.7. Hence z =12 =
(1—2)rzel. O

Note that the definitions of Beidleman [6] and Meldrum [17] are not equivalent, even
for zero-symmetric nearrings with identity. An example for an element which is right
quasiregular in the sense of Meldrum [17], but not in the sense of Beidleman [6] is given
in a more general context below in Remark 4.4.4.

As for rings, one may define nil and nilpotent subsets for nearrings, as well as nilpo-
tent elements. Nilpotent construction subgroups will be of special interest when local
nearrings are investigated in Chapter 5.

4.1.9 Definition (Beidleman [6, Definition 6.1])
Let R be a nearring.

(a) An element z € R is called nilpotent, if there is a positive integer n such that 2™ = 0.

(b) A subset X C R is called nil, if all elements of X are nilpotent.

(c) A subset X C R is called nilpotent, if there is a positive integer n such that
X"={r-...-rp | € X} = {0},

i.e. each product of n elements of X is zero. Clearly, every nilpotent subset of R is
nil.

Although Meldrum [17] and Beidleman [6] only consider zero-symmetric nearrings,
most statements about nilpotent elements and nil subsets also hold in general nearrings,
since obviously nilpotent elements are always contained in the zero-symmetric part of a
nearring.

The following lemma and the subsequent theorem are well-known in ring theory, but
hold also for nearrings. Since Meldrum [17] only considers zero-symmetric nearrings,
here the proof for the general case is given.

4.1.10 Lemma (see Meldrum [17, Lemma 5.20 and Corollary 5.21])
A nilpotent element of a nearring R is right quasiregular. In paricular, a nil subset of R
is quasiregular.

ProOOF. Let z € R be a nilpotent element. Then there is a positive integer n with
2" = 0. Let K be the right ideal of R generated by {x — zz | x € R}. Then for all 1 > 1
the element 2" — zz* = 2* — 2'*! € K. In particular, z =z — 2" =Y " (' = 2'""1) € K.
Hence z is right quasiregular. O

The following theorems taken from Meldrum [17] hold for zero-symmetric nearrings.
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4.1. Radical theory

4.1.11 Theorem (Meldrum [17, Theorem 5.23])
If B is a quasiregular R-subgroup of the zero-symmetric nearring R, then B C J5(R).

4.1.12 Theorem (Meldrum [17, Theorem 5.38])
Let R be a zero-symmetric nearring with descending chain condition for R-subgroups.
Then every quasiregular R-subgroup H of R is nilpotent.

This may be generalised as follows.

4.1.13 Theorem

Let R be a nearring with identity element which satisfies the descending chain condition
for R-subgroups. Let H be an R-subgroup of R with H +1 C R*. Then there is a
positive integer n such that H" = H N R,.

PRrROOF. For k € N, let H;, be the R-subgroup of R generated by H*. Then
H=H DHyD ---DHy 12H, 2D Hp1 2 ...

is a descending chain of R-subgroups. By the chain condition, there is a least positive
integer n with H, = H,,,. First, it is clear that H N R, C H* for all k, and hence
H.NnR.= HNR, Let K = H, and show that K = H N R, — this is sufficient to show
the theorem.

Assume that K # H N R.. If K5 is the R-subgroup generated by {kiks | k1, k2 € K},
then Ky > H,, = H,, = K. Hence K5 = K. Next consider the set

S={L|L<, R LCK,LK+#HNR,)}

(note that H N R, is always contained in XK for X C R). Since K = K, is the R-
subgroup generated by K? and K # HN R., K* # HN R, and thus K € S. By the
descending chain condition, S contains a minimal element M. Since MK # H N R,,
there is an element m € M with mK # H N R.. It follows that mK is an R-subgroup
of R contained in K. Now (mK)K = H N R, would mean that mK? = H N R.. But
then K2 C €g(m) <, R, and hence €x(m) 2 Ky = K (c.f. Definition 2.3.11). This is a
contradiction since mK # H N R, and thus (mK)K # HN R, and mK € S. Moreover,
mK C M and by the minimality of M, it follows that mK = M.

Let x € K with max = m. Then mar = mr and hence xr — r € Ag(m) for all r € R.
Since H+1C R*, —z + 1 € ™Ar(m) N R*. It follows

m=m(—z+1)(—z+1)"'=0(—z+1)"" €R..
=0

But then mk € R, for all k£ € K and thus mK = H N R., a contradiction. Hence
K=HNR.. O
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4.2. Nearfields

4.2. Nearfields

Nearfields are an important class of nearrings. They first appear in Dickson [8]. For the
construction of triply factorized groups, nearfields do not play a very important role,
but they appear as factor nearrings of local nearrings, which will be described in detail
in Chapter 5. An overview about the theory of nearrings can be found in Wahling [22].

4.2.1 Definition
A nearring F' is called nearfield, if F'\ {0} is a multiplicative group. A nearfield which
is not a skew-field is called a proper nearfield.

4.2.2 Proposition (Pilz [18, Proposition 8.1])
If F' is a nearfield then either F' = M.(C5) or F is a zero-symmetric nearring with
identity.

4.2.3 Remark
Note that F' = M.(C5) is not a nearring with identity. Let ¢ be the neutral element of
the group F'\ {0}. Then ¢ is not an identity element of F, since O = ¢ # 0.

On the other hand, if F' is a zero-symmetric nearring, then the neutral element 1 of
F\ {0} is an identity element. In the following only zero-symmetric nearfields will be
considered.

As the next lemma and the subsequent theorem show, nearfields are much closer to
rings than general nearrings.

4.2.4 Lemma (Wahling [22, Satz 1.2.2])
Let F' be a nearfield and x, y € F. Then the following holds:

(a) xy =0 if and only if x = 0 or y = 0.
(b) 2 =1 ifand only ifx =1 or x = —1.
(c) (=D)z = x(-1).

(d) (=2)y = —zy = 2(=y).

4.2.5 Theorem (Wahling [22, Satz 1.2.3])
The additive group Ft of a nearfield F is abelian.

4.3. Prime rings

The prime field of a field is the subfield generated by the identity element. For nearrings
with identity, this concept may be generalised. One cannot expect that the subnearring
generated by the identity element in general is a field, but it turns out that it is a
commutative ring. In the following the subnearring generated by the identity element is
less important than the nearring containing also the inverses of the invertible elements.
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4.3. Prime rings

4.3.1 Definition
Let R be a nearring with identity element 1. Then define Er = (1)*. Furthermore, let
Prp={nm™'|n€ Er, me ErNR*}.

4.3.2 Lemma
Let R be a nearring with identity element 1. Then Er and Pr are commutative rings.

PROOF. Let n, m € E, i.e. there are integers n, m withn =1-nand m =1 -m. If

m >0 then nm =n+---+n € Ex and hence, if m < 0, nm = —(n(—m)) € Eg. Since
m summands

nm=(1-n)-m=1-(m)=1-(mn) =mn, it is also clear that Eg is a commutative

nearring with identity and hence a ring by Lemma 2.1.7.

It is clear that Pg is closed under multiplication and that (Pkg,-) is a commutative
semigroup. Thus it suffices to show that Pg is closed under addition. Let n, x € Fx and
m, y € Er N R*. Then it is not difficult to see that nm™" + xy~! = (ny + max)(my) "
Hence Pg is a commutative nearring with identity and thus a ring by Lemma 2.1.7. O

The following two lemmas describe the structure of Er and Pg in detail. It turns out
that the structure of these rings is not very complicated.

4.3.3 Lemma
Let R be a nearring with identity 1 and o™ (1) =n < co. Then Eg = Pp = Z/nZ.

PROOF. It is clear that Fr = Z/nZ. Since an element of Z/nZ which is not invertible
is a zero-divisor, it cannot be invertible in R. Hence the inverses of invertible elements
of Er are contained in Er and thus Er = Pg. O

4.3.4 Lemma

Let R be a nearring with identity 1 and o™ (1) = co. Then Er = Z. There is a set Tg
of primes such that an element n € Eg is invertible in R if and only if no prime p € g
is a divisor of n. PR 2 ZD™', where D =7\ ( U pZ), i.e.

PETR
n
PR%{EEQ‘VpewR:me}.

Note that it is possible that mg contains all prime numbers. In this case P is isomorphic
to Z.

PROOF. If 07 (1) = o0, it is clear that Er = Z. Now let n € Z such that n is invertible
in R. Then for every prime p with p | n, also p must be invertible in R. On the other
hand, if n is not invertible, then there is a prime divisor p of n which is not invertible.
But if p is a prime which is not invertible in R, then for every z € Z the element pz
is not invertible — hence pZ N R* = @. Now let mr be the set of all primes which are
not invertible in R. Then all elements of |J pZ are not invertible, while all elements

PETR
of D=7\ ( U pZ) are invertible. An easy calculation shows that Pr = ZD~' where
PETR
ZD~! is the ring of quotients over Z with set of denominators D. O
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4.3.5 Definition
Let R be a nearring with identity 1. Then Py is called the prime ring of R. Note that
by Lemmas 4.3.3 and 4.3.4 Py is always contained in Rj.

In the following, the construction subgroups of prime rings will be investigated. In
particular, prime rings always contain a unique maximal construction subgroup. The
following definition is needed for the description of construction subgroups of finite prime
rings.

4.3.6 Definition %
Let n be a positive integer with n = [] p§’, where p; are pairwise distinct primes, a; > 0,
i=1

k

and k > 0. Then let x(n) = [] ps, the greatest square-free divisor of n. For negative
i=1

integers let k(n) = k(—n).

4.3.7 Theorem
Let R be a nearring with identity.

(a) If o (1) = n < oo then U < Pgr* is a construction subgroup of Py if and only if
Ut = (k)" with k | n and x(k) = k(n).

(b) If o™ (1) = 0o and g is the set of all prime numbers in Er which are not invertible
in R, then U is a construction subgroup of Pg if and only if there is an integer x
with p | x for all p € g and

U%Qx:{%e(@‘az\n,(a:7m):1}.

In particular, if mp is finite and ¢ = [] p, then K = Q, = ¢Px is the unique maxi-
PETR
mal construction subgroup of Pr. If g is infinite, there is no non-trivial construction

subgroup of Pg.

PROOF. (a) Let U be a construction subgroup of Pg. By Lemma 4.3.3, P = Z/nZ
and hence U™ is generated by a divisor of n. First show that (Ik + 1, n) =1 for all
l € Z if and only if k(n) = k(k).

To see this k(k) = k(n), | € Z, and let 1 # t be an arbitrary divisor of n. Then
k(t) | Ik and hence k(t) t Ik + 1. Thus ¢t { Ik — 1 and since this holds for any
divisor t of n, one has (lk + 1,n) = 1. An easy calculation shows that in this case
U+1<Pg*~.

On the other hand, if & | n with (k) # k(n) then there is a prime p with p | n and
p 1 k. Hence (p,k) = 1. Then there are elements z, y € Z with zp + yk = 1, i.e.
zp = (—y)k+ 1. Thus p | (—y)k + 1 and (—y)k + 1 is not invertible in Pkg.
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4.3. Prime rings

(b) First let U be a construction subgroup of Pg, and let § € U with (a,b) = 1. Assume
that there is an element p € mr with p { a. Then there exists an integer k£ with
ka = —1 (mod p), and hence p | ka + 1. Thus ka + 1 ¢ Pr*. But this is a
contradiction, since § € U and therefore § - kb = ka € U. Hence p | a for all p € 7.
Thus, if 7y is finite, U < K, and if 7g is infinite, a is divisible by an infinite number
of primes and hence a must be zero, such that the trivial subgroup of Pr™ is the
only construction subgroup of Pg.

For the remainder of this proof let g be a finite set and let ¢ = ] p.

PETR
Now show that Q, is a construction subgroup of P if ¢ | x (which is equivalent to
the condition that p | z for all p € mg). It is clear that Q, is a subgroup of Pgr*. If
%, 7€ Q, with (va,b) = (wr,s) = 1, then & +1 = %’Lb € Pp*, since ptza+b
for all p € .. Furthermore,

Ta xr -1 zxa+bd s
(F 1) (2 ) ot

b s b Trr—+s
B zas + bs B ras — xbr

~ xbr+bs  xbr +bs

+1e€eQ,+1,

since x | xas — xbr and (x,bs) = 1. Hence, Q, + 1 is a group under multiplication
and thus a construction subgroup of Pg.

Next let U be a construction subgroup of Pgr. Then U + 1 is a multiplicative group.

In particular, for every z € U also 1 — (z+1)~' and 1 — (—z + 1)~ are contained in

U. It will be shown by induction, that for every n € Ny the elements 7%— lie in U,

if 7 € U. For n = 0 this is clear. Now assume that m € U for some n € Ng.
Then

-1
a a
=1-(14+— U
b+ na <+b+(n—1)a) ©
-1
a a
(- .
and b—na ( b—(n—l)a+> €v

Since if § € U also a € U, one has =5— € U for all n € Z. Now let <& € Q, with
(ar,s) = 1. Then s + aZ € (Z/aZ)™, such that there is an integer ¢ with st = 1
(mod a), or, in other words, st = 1 + na for a suitable n € Z. By what was shown

above, & = z— € U, and hence ¢* = %~ - rt € U. Thus, Q, < U.

Finally, let Num(U) = {a € Z |3 € Z: (a,b) =1A% € U} be the set of all nu-
merators of the elements of U (clearly, Num(U) # @). As shown above, ¢ | a and
Qu < U for all @ € Num(U). Let ¢ be the greatest common divisor of the elements
of Num(U). (In the sequel, the greatest common divisor of the elements of the set

M C Z will be denoted as gecd M.) Then it has to be shown that U = Qj.
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Clearly, Num(U) C U, and there is a finite number of elements a;, € Num(U),
1 <i<mn, with ged{a; | 1 <i<n} = ¢. Hence, there are integers 2, ..., z, with
g =", az,such that § € U and thus Q; < U. If on the other hand 7 € U with
(a,b) = 1, then @ € Num(U), and hence ¢ | a. Furthermore, (g,b) = 1, such that
7 € Q. Hence U < Q5 and thus U = Q. O

4.4. More on construction subgroups

In the following, the structure of construction subgroups is investigated. In particular,
for zero-symmetric nearrings some useful facts are given.

4.4.1 Proposition
Let R be a zero-symmetric nearring with identity. If U is a construction subgroup, then
U is quasiregular. If U is also an R-subgroup, U is contained in the radical J>(R).

PRrROOF. Let U be a construction subgroup of the zero-symmetric nearring R, and let
x € U. Let I be the right ideal of R generated by {r —zr | r € R}. Then 1 —x € I and
since IT < RT, also —x + 1 in I. But since R is zero-symmetric and U is a construction
subgroup, also 1 = (—z + 1)(—z + 1)~! € I by Lemma 2.3.7, and thus I = R. Hence
xr € I and so x is a right quasiregular element. The rest follows immediately from
Theorem 4.1.11. O

The following theorem shows that every nearring with identity contains maximal con-
struction subgroups.

4.4.2 Theorem

Let R be a nearring with identity, U a construction subgroup of R. Then U is contained
in a maximal construction subgroup. In particular, R contains maximal construction
subgroups.

PRrROOF. Let 901 be the set of all construction subgroups of R which contain U. Since
UeM M+ . M is partially ordered by inclusion. Let € be a chain in 97 and let
V =U{K | K € t}. Then V is a construction subgroup of R, since for u, v € V there
is a group K € ¢ with v, v € K, and hence u —v € K CV, u+1,v+1 € R*, and
(u+1)(v+1)"' € K+1CV +1. By Zorn’s Lemma, 1 contains a maximal element.O

4.4.3 Lemma
Let R be a zero-symmetric nearring with identity, K <, R a quasiregular right ideal of
R in the sense of Beidleman [6] (c.f. Remark 4.1.8). Then K is a construction subgroup.

PROOF. Since R is zero-symmetric, K is an R-subgroup. Since K is quasiregular in the
sense of Beidleman [6], for every k € K the element 1 — k is right invertible, and since
K is a right ideal, one has K +1 = 1+ K and all elements of K + 1 have a right inverse.
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Thus it suffices to show that these right inverses are contained in K + 1 and that K + 1
is closed under multiplication.

First let k € K be an arbitrary element, » € R the right quasi-inverse of —k, i.e.
(14+k)r =1. Then 1—(1+4k)r = 0. Moreover, since K is a right ideal, (1+k)r—r € K.
This leads to 1 —(1+k)r+(1+k)r—r =1—r € K < r—1 € K, and hence r € K+1. Now
let k, l € K. Then (k+1)({+1) = (k+1)I+k+1=((k+DI-D)+(1+k)+1 e K+1,
and hence K + 1 is closed with respect to multiplication. O

4.4.4 Remark

The following example shows that Lemma 4.4.3 is not true if K <, R is only quasiregular
in the sense of Meldrum [17] as defined in Definition 4.1.7. Let Rt = (1, a) = E4 be
Klein’s Four Group and define a multiplication on R via the following multiplication
table.

. 0 1 a 1l+a
0 0 0 0 0
1 0 1 a l+4+a
a 0 a 0 a
1+a|0 14a 0 1+a

It is not difficult to see that this multiplication leads to a zero-symmetric nearring with
identity element. Now, consider the annihilator K = g(a) = {0, a} which is a right
ideal of R by Corollary 2.3.10. But since (1+a)—a(l1+a) = 1+a—a = 1, the right ideal
of R generated by the set {x —az | € R} is equal to R and hence a is a quasiregular
element of R in the sense of Definition 4.1.7. But since za = 0 for x # 1, the element 1
is the only invertible element in R. Hence R does not contain non-trivial construction
subgroups, in particular, K is not a construction subgroup of R.

Moreover, a is an example for a right quasiregular element of a zero-symmetric near-
ring, which is not right quasiregular in the sense of Beidleman [6] (c.f. Remark 4.1.8).

The following two lemmas describe the behaviour of construction subgroups under the
forming of factor nearrings and sums of subgroups.

4.4.5 Lemma
Let R be a nearring, U a construction subgroup of R, and I <R. Then (U + I)/I is a
construction subgroup of R/I.

PROOF. It is clear that (U +I)/I is a subgroup of (R/I)". Now, let u € U. Then there
is an element v € U with (u+1)(v+1) = 1, and hence ((u+1)+(14+1))((v+1)+(14+1)) =
(u+Dw+1)+I=1+1. 0

4.4.6 Lemma

Let R be a nearring with identity, and let U and V' be construction subgroups with the
additional property that U +V =V +U. If U and V' are left R-subgroups, then U +V
is also a construction subgroup.
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ProoOF. Let U and V be left R-subgroups. Since U +V =V + U, which it follows that
U + V is an additive group. Let u,u’ € U and v,v" € V. Then

(ut+v+ )W+ +1)=(w+v+ 1)+ (u+v+ 1) +u+0v+1.
v ev

~
eU+v

Moreover, since RU C U and since U and V' are construction subgroups, (v+1)"'u+1
is contained in U + 1 and therefore

((v+1 fu41)" 1(v+1)_1>(u+v+1)
= ((v+ u+1) 1((v+1)’1(u+v+1))
= (0+ D) u+1) (w+1) M)
=1

Y

i.e. all elements of U + V + 1 are left invertible. But since ((v+1)"u+1)"" € U + 1
and (v+1)"! € V + 1, it follows that ((v+ 1) u+1)"' (v+ 1)t € U+ V + 1. This
means that U + V 4 1 is closed under multiplication and every element of U +V + 1 is
left invertible in U + V' + 1. Hence U + V + 1 is a group under multiplication and thus
U +V is a construction subgroup. O

As one might expect, the ascending or descending chain condition for subgroups in
R* is related to the ascending or descending chain condition for construction subgroups.

4.4.7 Lemma

Let R be a nearring with identity, and let R* satisfy the ascending or descending chain
condition on subgroups. Then R fulfils the ascending or descending chain condition for
construction subgroups, respectively.

PROOF. Let R* satisfy the ascending chain condition for subgroups. Furthermore, let
Uy < U < Uy < ... be an ascending chain of construction subgroups of R. Then
Uy+1<U; +1< Uy +1< ... is an ascending chain of subgroups of R* and hence
thereis an n € Nwith U, +1 =U,, + 1 for all m > n. Thus U,, = U,,, for m > n. The
proof is the similar for the descending chain condition. O

If R is a nearring and U a construction subgroup of R, then U + 1 is a subgroup of
R* by the definition of construction subgroups. The following lemma shows that if U
is also an ideal of R, U + 1 is a normal subgroup of R*. In the subsequent remark it is
shown that the converse need not be true, i.e. if U + 1 is a normal subgroup of R*, U
need not be an ideal of R.

4.4.8 Lemma
Let R be a nearring with identity and U a construction subgroup of R which is an ideal
of R. Then U +1<R*.
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PROOF. Since U is an ideal of R, the canonical epimorphism o : R — R/U can be

restricted to the set R*. Since ¢ is a nearring homomorphism, ¢ |gx is a group homo-
morphism R* — (R/U)*. Clearly, U +1 is the kernel of ¢ |gx, and hence U +1 < R*.00

4.4.9 Remark
The converse of Lemma 4.4.8 is not true. Let C3 = {0, 1,2} be the cyclic group of order
3, and R = M(C3). For o0 € R write (0o, 10,20), i.e. for example, if 0o = 1o = 1 and
20 =2, then 0 = (1,1, 2).

Now, let U = {(z,z,2) € R |z € C3}. Then, since R* = Ss,

V=U+1= {(07172)7 (17270)7 (2a0>1)}§]RX~

Hence, U is a construction subgroup of R with U + 1 < R*. But U is not an ideal of R,
because for instance for r = (1,1,0), s = (1,1,2), and v = (1,1,1) € U,

(r+u)s—rs=((1,1,0)+ (1,1,1)) - (1,1,2) — (1,1,0) (1, 1,2)
,2,1)(1,1,2) — (1,1,1)

,2,1) — (1 1,1)

,1,0) ¢

((
= (2
(2
(1

4.5. Subdirect sums and products

Subdirect sums and products are well-known group and ring theoretical notions. For
nearrings, these concepts are defined in a similar way. Most of the results in this section
can be found in Pilz [18]. These results will be used in Section 5.4 below, where subdirect
products of local nearrings are investigated.

4.5.1 Definition (Pilz [18, Definition 1.54])
Let R;, i € I, be a family of nearrings.

(a) The set XIR with component-wise defined operations “+” and “” is called the
S

direct product [ R; of the nearrings R;, i € I.
icl
(b) The subnearring of [[ R; consisting of those elements where all but a finite number
iel
of components are zero, is called the (external) direct sum @ R; of the R;, i € 1.
il
4.5.2 Definition (Pilz [18, Definition 1.55])

Let R;, i € I, be a family of nearrings, R a subnearring of [[ R;. If all projection maps
iel

m : R — R;, © € I, are surjective, then R is called a subdirect product of the R;, © € I.

R is called subdirect sum, if R also is a subnearring of the direct sum of the R;, i € I.
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4.5.3 Remark (Pilz [18, Remark 1.58], c.f. Gratzer [11])
If R is a subdirect product of nearrings R;, ¢ € I, then the R; are homomorphic images
of R. If K; = Ker(m;) for the projection mappings 7; : R — R;, then (K;);cs is a family
of ideals of R with zero intersection.

Conversely, if a family of ideals (K;);c; of some nearring R with )
R is isomorphic to a subdirect product of the nearrings R; = R/ K.

.er = 10} is given,

4.5.4 Definition (Pilz [18, Definition 1.59))

A subdirect product R of nearrings R;, ¢« € [ is called trivial, if there is an index ¢ € [
for which 7; is an isomorphism. A nearring R is called subdirectly irreducible, if R is not
isomorphic to a non-trivial subdirect product of nearrings.

4.5.5 Theorem (Pilz [18, Theorem 1.60], c.f. Gratzer [11])
The following conditions for a nearring R # {0} are equivalent:

(a) R is subdirectly irreducible;

(b) If (K;)icr is a family of ideals of R with zero-intersection, then there is an index
i €I with K; = {0};

(c) N 1#{0}

{0}AI <R
(d) R contains a unique minimal ideal, contained in all other non-zero ideals.

4.5.6 Example
The ring Z/p*Z for a prime p and a positive integer ¢ is subdirectly irreducible.

4.5.7 Corollary (Pilz [18, Corollary 1.61])
FEach simple nearring is subdirectly irreducible.

4.5.8 Theorem (Gratzer [11, page 124])
FEach nearring is isomorphic to a subdirect product of subdirectly irreducible nearrings.
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Chapter 5.

Local nearrings

5.1. Definition and basic properties

Local nearrings form a large class of nearrings containing non-trivial construction sub-
groups and hence are useful for the construction of triply factorized groups. They were
first introduced by Maxson [16] as a generalisation of local rings. In the following, basic
properties of local nearrings are described. In particular, the structure of prime rings
and the groups of units of local nearrings are investigated. Later certain nilpotency con-
ditions for local nearrings are exhibited and at the end of this chapter subdirect products
of local nearrings are considered.

5.1.1. Definition of local nearrings

In the following, only nearrings R with identity 1 are considered, but in general they are
not zero-symmetric as in Maxson [16]. Therefore, some of the proofs have to be adapted.

5.1.1 Definition
Let R be a nearring. The set of elements of R, which do not have right inverses, will be

denoted as Lg, i.e.
Lr={ke€e R|kR+# R}.

5.1.2 Definition (Maxson [16, Definition 2.1])
The nearring R is called a local nearring, if Ly is an R-subgroup of R.

5.1.3 Theorem (Maxson [16, Theorem 2.2])
Since no element of a proper R-subgroup of R can have a right inverse, L is the unique
maximal R-subgroup of R, if R is a local nearring,

The following theorem gives an important criterion for a nearring to be local.

5.1.4 Theorem (Maxson [16, Theorem 2.3])
The nearring R is local if and only if Ly is a subgroup of R*.
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The next lemma shows that a local nearring R is the set theoretical union of the group
R* of units of R and the R-subgroup Lg. This is a useful property of local nearrings,
since every element of R is either a unit or contained in Lg.

5.1.5 Lemma (Maxson [16, Lemma 2.4])
Let R be a local nearring. Then the elements of Lr do not have left inverses, and the
elements of R\ Lg are units.

PROOF. Assume, | € Li has a left inverse r, i.e. vl = 1. Then lr € Lr and hence
1 —Ir ¢ Lg. Therefore there is an element ¢ € R with 1 = (1 — Ir)t. This implies that
r =r(l —Ir)t = 0t, and hence 1 = rl = 0tl € R.. Since 1 € Ry, this yields that 1 = 0
by Theorem 2.1.8, a contradiction. Thus, the elements of Lz do not have left inverses.

Now let 7 € R\ Lg. Then there is an element s € R with rs = 1. By the above,
s € Lg, and hence there is an element ¢ € Ly such that st = 1. But then r =7r-1 =
r(st) = (rs)t = t. Hence, r is a unit and so R* = R\ Lg. O

5.1.6 Corollary (Maxson [16, Corollary 2.6])
If R is a local nearring, then Lp is an (R, R)-subgroup of R.

The following proposition shows that local nearrings can be used for the construction
of triply factorized groups.

5.1.7 Proposition
Let R be a local nearring. Then Ly is a construction subgroup of R.

PROOF. It is clear that Lr +1 C R*. Thus let k, [ € Lg. Then
k+D)({+1)=(Gk+1)I+k+1€Lr+1.

Moreover, let I’ = (I+1)7!. Then 1 =1'(I+1) ="l +1' and hence ' = —I'l +1 € L+ 1.
Thus Lr + 1 is a group with respect to multiplication. O

5.1.2. Basic properties of local nearrings

Maxson [16] considers only zero-symmetric local nearrings. The following lemma shows
that there is no big difference, to allow local nearrings to have a non-trivial constant part,
since the constant part R, of a nearring R is always contained in Ly (c.f. Lemma 2.1.12).

5.1.8 Lemma
Let R be a nearring. Then R, C Lg.

PROOF. Assume that x € R, is an invertible element. Then there is an element y € R
with 1 = yxr = ¢ € R.. But by Corollary 2.1.9, 1 € Ry, and by Theorem 2.1.8,
Ro N R. = {0}, a contradiction to 1 # 0. O
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5.1.9 Corollary
If Ly is nil, then R is zero-symmetric, since no non-trivial constant element can be
nilpotent.

The following result shows that a local nearring always contains a zero-symmetric
local subnearring.

5.1.10 Proposition
Let R be a local nearring. Then Ry is also local. Moreover, Lr, = Lr N Ry.

PROOF. It is clear that | € Lr N Ry implies | € Lg,. Now let [ € Lg,. Then [ cannot
be a unit in R, since the inverses of zero-symmetric units are also zero-symmetric by
Proposition 2.1.11. Hence | € Lg, and thus Lr, = Lr N Ry is an additive group. By
Theorem 5.1.4, Ry is local. O

5.1.11 Remark
By Lemma 5.1.8, R. C Lr. By Lemma 2.1.12, R. + 1 C R*. In fact it is easy to check
that then (c+ 1)t = —c+ 1.

It is well-known that for local rings R the group Lg always is an ideal of R which
coincides with the Jacobson radical J(R). A similar result can be stated for local
nearrings R, if R # J2(R), but it seems to be still unknown whether a local nearring R
with R = J5(R) exists or not.

5.1.12 Lemma (Maxson [16, Lemma 2.9])
If R is a zero-symmetric local nearring, then Ly is a quasiregular R-subgroup of R and

Lr C J(R).

PROOF. Since R is zero-symmetric, Lp is a quasiregular R-subgroup by Remark 4.1.8
and hence is contained in J>(R) by Theorem 4.1.11. O

5.1.13 Corollary
(a) If R is a zero-symmetric local nearring with descending chain condition for R-
subgroups, then Lg is nilpotent by Theorem 4.1.12.

(b) If R is a local nearring with descending chain condition for R-subgroups, then by
Theorem 4.1.13 and Lemma 5.1.8 there is an n € Ny with Lg" = R,.

As for rings one can show that non-trivial factor nearrings of local nearrings are
likewise local.

5.1.14 Lemma
Let R be a local nearring and I < R a proper ideal of R. Then the factor nearring R/
is local.
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PROOF. Since [ is a proper ideal, I < Lg. Thus, Lg/I is an additive subgroup of
(R/I)*. Forr € R*, (r+I)(r'*+ 1) =1+1, and hence r + I € (R/I)*. Now, let
[ € Lr and assume there is an element k + I € R/I with (I + I)(k+ 1) =1+ I. This
means that [k—1 € I. But since [ < Lg and [k—1 & Lg, this is a contradiction. Hence,
Lg/r = Lg/I and R/I is local. O

The following theorem gives a criterion for Li to be an ideal of the local nearring
R. Tt seems that there is up to now neither a proof that a local nearring R always is
different from J2(R), nor an example for a local nearring R with R = J2(R). Because
of this, many authors (e.g. Gorodnik [10]) define local nearrings R to be different from
the radical J»(R).

5.1.15 Theorem (Maxson [16, Theorem 2.10])
If R is a zero-symmetric nearring with J5(R) # R, then R is local if and only if Lr =
J2(R). L is an ideal of R if and only if R # Jo(R).

5.1.16 Corollary (c.f. Maxson [16, Corollaries 2.11 and 2.12])
Let R be a local nearring with Lp < R.

(a) The factor nearring R/ Ly is a nearfield. In particular, R/Lyg is abelian.

(b) R is simple if and only if R is a nearfield.

5.1.3. Properties of the additive group R™

5.1.17 Definition (Maxson [16])
Let R be a local nearring. If there is a positive integer n, such that 1-n € Lg, then R
is said to satisfy Property (P).

Now, let K = {n € N|1-n &€ Lg}. Then K has a minimal element ng. If ng is a
composite number, say ng = niny with 1 < n; < ng for ¢ € {1, 2}, then 1-n; € R* =
R\ Ly fori € {1, 2} and hence 1-ng = 1-(n1ny) = (1-n1)(1-ng) € R*, a contradiction.
Thus ng is a prime.

From this it follows that R fulfils Property (P) if and only if there is a prime p with
1- pE LR.

5.1.18 Proposition (Maxson [16])

Let R be a local nearring satisfying Property (P), and let n, m be positive integers with
1-n,1-m € Lg. If d is the greatest common divisor of n and m, then 1-d € Lg. In
particular, the prime p with 1 -p € Lg is uniquely determined.

PROOF. Since d is the greatest common divisor of n and m, there are integral numbers
x and y with d = nz +my. But then 1-d=1-(nz+my) = (1-n)-x+(1-m)-y € Lg.
It is clear now that p must be a divisor of all n € N with 1-n € Lg. O
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The following lemma shows that if Lz has finite exponent and is non-trivial, it follows
that R satisfies Property (P). If R is a nearfield, i.e. a local nearring with trivial R-
subgroup Lpg, one can not obtain much information about R from the structure of L.

5.1.19 Lemma
Let R be a local nearring, and let Ly have finite exponent. Then R is a nearfield or R
satisfies Property (P).

PROOF. Assume that R is not a nearfield, i.e. Lr # {0}. Let n = exp(Lz™") and assume,
R does not satisfy Property (P). Then 1-n € R*, i.e. there is an x € R with (1-n)x = 1.
But then | = [(1-n)z = (I-n)x = O0x for all | € Lg. By Corollary 2.1.9, 1 - n is zero-
symmetric, so that by Proposition 2.1.11 also z is zero-symmetric. Thus, [ = 0x = 0 for
all [ € Lg, a contradiction to Lgr # {0}. Hence 1-n € Ly and R satisfies Property (P).0

The next theorem and the subsequent corollary give some information about the
structure of the additive group of a local nearring with certain finiteness conditions.
In particular, it turns out that the additive group of a finite local nearring is always a
p-groups for some prime number p.

5.1.20 Theorem (Maxson [16, Theorem 7.4])
If R is a local nearring with descending chain condition for R-subgroups and Prop-
erty (P), then R™ is a p-group for the prime p with 1-p € Lg.

PROOF. The proof for the zero-symmetric case can be found in Maxson [16, Theo-
rem 7.4]. Here, the proof for the general case will be given.
Let p be the prime with 1-p € L and consider the chain

L2 (1-p)Lp 2 (1-p)’Lr2--- 2 (1-p)* 'L 2 (1-p)*Lr D ---.

Since rLg is an R-subgroup of R for all » € R, in the above chain, there exists some
k € N with (1-p)f1Lr = (1-p)*Lg. This means, that (1-p)* = (1-p)*l; for a suitable
ly € Ly, ie. (1-p)*(1 —1;) = 0. Since 1 —I; € R*, there is an element z = (1 — ;).
Then (1-p)* = (1-p)*(1 — I})x = Ox, which is a constant element by Lemma 2.1.10.
By Corollary 2.1.9, (1-p)f = 1-p" € Ry, i.e. 0z = (1-p)* € R.N Ry = {0}. Hence
o™ (1) | p*, and by Corollary 2.1.15 R* is a p-group. O

5.1.21 Corollary (Maxson [16, Corollary 7.6])

The additive group of a local nearring R, whose subgroup Lp is finite and non-trivial,
is a p-group for a prime p. In particular, the additive group of a finite local nearring is
always a p-group (even if Ly is trivial).

PROOF. Since Lp is the unique maximal R-subgroup of R, all proper R-subgroups of R
lie in Lg. But since L is finite, R has descending chain condition on R-subgroups. By
Lemma 5.1.19, R satisfies Property (P), and hence R* is a p-group by Theorem 5.1.20.
If R is finite, R satisfies Property (P) as well as the descending chain condition for
R-subgroups, even if Lg is trivial. O
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5.1.22 Corollary
Let R be a local nearring. Then |R*| is odd, if and only if R is a finite nearfield of
characteristic 2.

PRrROOF. If R is a finite nearfield of characteristc 2, it is clear that |R*| is odd.

Let |R*| be odd, in particular finite. Because of Lr +1 C R* and |Ly + 1| = |Lg|,
also Lg and hence R is finite. By Corollary 5.1.21, |R| = p"™ and |Lg| = p™ for a prime
p and non-negative integers n and m with m < n. This means that |[R*| = p" — p™ =
p™(p"~™ — 1) = 1 (mod 2). Since the number p"~™ — 1 is odd, it follows that p = 2.
But then p™ is odd only for m = 0, i.e. |Lg| = 1. Hence R is a nearfield. O

In the investigation of zero-symmetric local nearrings, those local nearrings R with
nil or even nilpotent Ly play an important role. The following result exhibits a useful
connection between the nilpotency of Lz and the exponent of the additive group Lz™.

5.1.23 Proposition
Let R be a local nearring. If R is a p-group for a prime p and Lg™ = 0 for some n € N,
then exp(Lp") < p" L.

PROOF. Since o7 (1) = p' for some [, one has 0 = 1-p' € Ly and hence p € Lp. Let
| € Ly be an arbitrary element. Then [-p"~ ! € Lg" = 0 and hence [ - p"~! = 0. Thus
exp(Lr") divides p"~!. O

5.1.4. The structure of Ly

It seems to be unknown whether there is a local nearring R with the property that Lp
is not an ideal of R or not. It is even not known if Lr has to be a normal subgroup
of the additive group R™. But it is in fact possible to determine some structural facts
about local nearrings R in which Lg is not a normal subgroup of R*.

5.1.24 Lemma
Let R be a local nearring in which the additive group Lg™ is not normal in the additive
group RT. Then Lz™ coincides with its normalizer Np+(Lg™).

PROOF. Since Lp" is not normal in R* there is an element » € RX and a k € Lp
with —r + k +r € Lg. This means that r'(—r +k +7) = -1 +r 'k +1 € R*.
Hence, for arbitrary s € R*, one gets —s + s(r~'k) + s & Lr. But s(r~'k) € Lg, hence
R*NNg+(Lr") = @, and thus Lg* = Ng+(Lg"). O

5.1.25 Theorem (c.f. [3])
Let R be a local nearring with nil R-subgroup Lg. Then L < R.

PROOF. Let | € Lg and 7, s € R and let n be the smallest integer with " = 0.
Assume that the element ¢t = (r + l)s — rs does not belong to Lr. Then one has
=01+ Ds—1"lrs = (e + 1Y) s — " lrs = " lrs — " hrs = 0. But if
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t € R*, one can multiply this with ¢~! from the right and obtains ("' = 0, contradicting
the choice of n.

Thus, it suffices to show that Lp™ << R*. But since (r +1)s —rs € Ly forall r, s € R
and all [ € Lg, with r = —1 and s = 1 one sees that —1+1+ 1 € Li for all [ € L. By
Lemma 5.1.24 it follows that Lp™ < R™. O

5.1.26 Corollary
Let R be a zero-symmetric local nearring with descending chain condition for R-sub-
groups. Then Lr < R.

PROOF. L is quasiregular by Lemma 5.1.12 and hence nilpotent by Theorem 4.1.12.
Thus, Ly < R by Theorem 5.1.25. O

5.1.27 Lemma
Let R be an local nearring.

(a) If the group R* is not perfect, then Lr™ < R™.
(b) If Lp <R, then R* is not perfect.

PROOF. (a) If R* is not perfect, (R)" is a proper subgroup of RT. Since r[s, t| = [rs, 1]
for all r, s, t € R, (R") is a left R-subgroup of R, and hence is contained in Lg.
This means that Lp™ < R+,

(b) Now let Lr < R. By Corollary 5.1.16, R/Lp is a nearfield. Hence, R*/Lg" is an
abelian group and thus (R")" C Lg. This means that R is not perfect. O

The following theorem shows that it is sufficient to investigate the zero-symmetric
part of a local nearring to check if Ly is an ideal of R. In particular, to investigate local
nearring in which Ly is not an ideal, one can restrict the investigations to zero-symmetric
nearrings. Moreover, it is shown in Corollary 5.1.30 that in a finite local nearring R the
R-subgroup Lp is always an ideal.

5.1.28 Theorem (c.f. [3, Lemma 3.3])
Let R be a local nearring. Then Lr < R if and only if Lr, < Ry.

ProOF. If Lrp <R it is clear that Lp, < Ry. Consider the case Lp, < Ry. As in the
proof of Theorem 5.1.25 it suffices to show that ¢t = (r+1)s —rs € Lg for all v, s € R
and all [ € Ly. Since RT = Ry™ x R.", the elements r, s, and [ can be uniquely written
asr =1y + 7., S=Sy+ S, and | = lg + . with rg, sg, l[g € Rg and r,, s., l. € R,.

Thus t = (r 4+ 1)(So + S¢) — r(so + 8c) = (r +1)so + Se — $c — 150 = (1 + 1)sg — 750.
Since Lg is an (R, R)-subgroup of R by Corollary 5.1.6, the element ¢ is contained in
Lpif r € Ly or s € L. Hence it may be assumed that 7, s € R*. Then r~'t =
rtr+1)so — 17 rsg = (1 +r71)sg — 8o, and 7~ € Ly if and only if ¢t € Li. Thus it
suffices to show that t = (1 +1)s —s € Lg for all | € Lg and all s € Ry™.
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Now, (1+ 1) %=1 +1) "1+l +1l)s— (L+1l)ts=(1+1)s— (1+1) s =
(1+1)s—s+s—(1+1) s Since Lg, <Ry, s — (1 +1y)"'s € Lr, < Lg, and
hence t € Lg if and only if (1 +1.)s —s € Lg. But if (1+1.)s —s € R*, there is an
element x € R* with 1 = 2((1 +[.)s —s) = (z + l.)s — xs. From this it follows that
0=0-1=0((x+1.)s —xs) = (0x + I.)s — Oxs and hence (0x + [.)s = Oxs. Since s is
invertible, Ox 4+ [. = Ox and hence [. = 0. But this contradicts (1+1.)s —s € R*. Hence
Lr<R. O

5.1.29 Corollary
Let R be a local nearring with descending chain condition for R-subgroups. Then
Lr<R.

Proor. By Corollary 5.1.26, Lr, < Ry. Hence by Theorem 5.1.28 L < R. O

5.1.30 Corollary
Let R be a finite local nearring. Then Lr < R.

5.1.31 Remark

It seems to be unknown, if there is a local nearring with Ly 4 R, and hence it is unknown,
if it can happen that Ly™ ¢4 RT. Corollary 5.1.30 shows, that such a local nearring must
be infinite, if it exists.

Moreover, if R is a local nearring with Lr €4 R, then let I be a maximal ideal in
R (by Lemma 2.3.12, such an ideal exists). Then R/I is a simple local nearring, and
Lr/r 4 R/I. Thus, if there is a local nearring with L @ R, then there also exists a simple
local nearring with this property. Simple local nearrings are investigated in Section 5.1.5.

If R is a distributively generated local nearring (c.f. Definition 2.1.6.(f)), it suffices to
show that Ly is a normal subgroup of the additive group R to ensure that Ly is an
ideal of R, as the next lemma shows.

5.1.32 Lemma
Let (R, S) be a distributively generated local nearring with Lgt < R*. Then Lr < R.

PROOF. Let | € Lg and 7, s € R, where s = > ' | s; with s; € S or —s; € S. Then it
suffices to show that (I +7)s —rs € Lg.
First, let n = 1. Then

(l+7r)s—rs=(+r)sy —1rs

B l81+7‘81—’/‘81, s1 €8

N rsi+10sy —rsy;, —si €S8
lsq, es

_ S1 S1 c LR
(lSl)frsl, -5, €8
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Here, z¥ means additive conjugation, i.e. ¥ = —y+x+y. Next assume that (I4r)s—rs €
Ly for all s with n =k — 1. Then for n = k one has

k k

(l—l—r)s—rs:(l—i-r)Zsi—rZsi

k—1

=S Uyt (L) se—rsi— Y s

=1

lSk + 7Sk, (Sk € S) A
— l ; _ _ .
: (E4r)si+ {rsk + sk, (—sk€9) "ok ;7‘3

(.

'

€Lp
k—1 k—1
— (- rsi)
= (l+7)s Zr ((l+7) s —rsg) i=1 € Lpg.
=1 g =1 G‘ITR
€Lgr
Hence (I +r)s —rs € Lg and thus Lg < R. O

The next result gives some information about the centraliser of Ly in a local nearring.
In particular, if the group Lz" is not abelian, the centraliser Cg(Lg) is contained in
L.

5.1.33 Lemma
Let R be a local nearring. If there is an r € R* such that r € Cg+(Lg"), then
R* C Cgr+(Lg") and Lp" is abelian. Hence Ly < Z(R").

PROOF. Let r € R* N Cg+(Lg"). Then —r + 1+ 17 = [ for all | € Ly and hence
r il =rY—r+l+r)=—-1+rt+1foralle€ Lg Hence, 1 € Cr+(Lg") and thus
R* C Cpr+(Lg™).

Now, l+k+1=1+(k+1)=(k+1)+1l=k+(1+1)=k+1+1. Hence Lp" is
abelian. O

In Proposition 5.1.7 it was shown that in a local nearring R the group Ly is always
a construction subgroup. The following lemma shows that in a local nearring R even
every proper left R-subgroup is a construction subgroup.

5.1.34 Lemma
Let R be a local nearring and U a proper left R-subgroup of R. Then U + 1 and 1 + U
are subgroups of R*.
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PROOF. It is clear that U +1 C R*, since U C Ly. Let u, v e U, u = (u+1)"' € R*.
Then
(u+Dv+1)=wm+lv+u+leU+1
~—————
eu
Moreover, 1 = a(u+ 1) = du + @, i.e. &« = —tu+ 1 € U + 1. Similarly it follows that
1+U < R”. 0

5.1.35 Lemma
Let R be a local nearring, I << R a proper ideal of R. Then I +1 < R*.

PRrROOF. Since I < R, I is a proper left R-subgroup of R and hence by Lemma 5.1.34 a
construction subgroup of R. By Lemma 4.4.8, [ 4+ 1 is a normal subgroup of R*. O

In Remark 4.4.9 it was shown that the converse of Lemma 4.4.8 does not hold in
general. The following theorem shows that for the construction subgroup Lg of a lo-
cal nearring R the converse of this lemma indeed holds. Moreover, this gives another
criterion for Li to be an ideal of R.

5.1.36 Theorem
Let R be a local nearring. Ly + 1 is a normal subgroup of R* if and only if Lp < R.

Proor. If Lr <R then Lg + 1< R* by Lemma 5.1.35.
On the other hand, if Lr + 1 < R*, for every [ € Lr and every r € R* there is an
element k;, € Ly with r=1(I + 1)r =k, + 1.

(1) Let l € Lg. Then

ki1 +1= (—Dl+D)(-1)=((-DI-1)(-1) =1-(-1)

— (—D)l=-1-Fk_1+1
= I=(-1)(-1=k_14+1)=1— (=1, —1
= —1+1+1=—(=1)k_ € Lg.

Hence 1 € Ng+(Lg"'). By Lemma 5.1.24, Lp" < R,

(2) Letl € Lg, 7, s € R. If r € Lg or s € Lg, then (I +r)s —rs € Lg. Thus it may be
assumed that r, s € R*. Then

(I+7)s—rs=r(""+1)r'rs—rs
(kp11p-1 + Drs —rs = rs(rs) k-1, + 1)rs — rs

= rs(kkr st 1) —rs= 7sKk, 4, s TS —TS

=1y

= rski 4, _1rs € L. O
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5.1.37 Corollary

Let R be a finite local nearring. Then Lp + 1 € Syl (R*) for some prime p. By
Theorem 5.1.30, Lr < R, so that Lr + 1 is normal in R*. This is the only Sylow-p-
subgroup of R*, and every p-element of R* must be an element of Lr + 1.

PROOF. If |R| < oo, then |R| = p™ and |Lg| = p™ for a prime p and some non-negative
integers n and m with m < n. Hence, |R*| = p" — p™ = p™(p"~™ — 1). Because
|Lr + 1| = |Lgr| = p™, it follows that Lz + 1 € Syl (R*). O

The following theorem shows that if R is a local nearring in which the group Lz
is normal in R*, R contains a local subnearring N such that Ly = Lg and Ly is an
ideal in V. Since this subnearring contains the whole construction subgroup Lg, in this
situation one can restrict the consideration to N for the construction of triply factorized
groups.

5.1.38 Theorem ([3, Lemma 3.6])
Let R be a local nearring with LT <RT. Then N = Ly U Ngx(1 + Lg) is a local
nearring with Ly < N.

The next theorem shows that a local nearring with cyclic additive group is finite. In
Section 5.2.1 it will be shown that these local nearrings even coincide with their prime
rings and hence are completely classified in Section 4.3.

5.1.39 Theorem
Let R be a local nearring with cyclic additive group. Then R is finite.

PROOF. Assume that R is infinite, i.e. Rt = Z*. Then there is a non-negative integer
k with L = kZ.

Let 0 # E be the identity element of R, which need not coincide with the generator 1 of
the additive group Z*. For every n € R* there is an element x € R* with E = an € nZ
(without loss of generality, n > 0 in Z). Now let ¢ be a prime with ¢ { k, if k& # 0; if
k =0, let ¢ be an arbitrary prime. Then ¢™ ¢ Ly for every m € N. Hence, F € ¢"Z,
which implies

Ee ()¢ z={0}.
meN
This contradiction shows that |R| is finite. O

5.1.5. Simple local nearrings

If R is a local nearring, it still seems to be unknown whether Ly is always an ideal of R
or not. This section investigates the structure of a local nearring R, in which Lg is not
an ideal of R.

Let R be such a local nearring. Since by Theorem 5.1.28 Lr < R if and only if
L, < Ry, in the following R will be assumed to be zero-symmetric. By Corollary 5.1.26,
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R cannot satisfy the descending chain condition. Clearly, every proper (right) ideal
of R is contained in Lg. Since R has an identity, it contains maximal (right) ideals
by Lemma 2.3.12. Since the sum of two (right) ideals is likewise a (right) ideal by
Lemma 2.3.3 and the sum of two distinct maximal (right) ideals is the whole nearring,
R can contain only one maximal (right) ideal. Furthermore, factor nearrings of local
nearrings are local, so if I is the maximal ideal of R, the nearring R/I is a simple local
nearring which is not a nearfield. Obviously, Lg/; is not an ideal of R/I.

5.1.40 Remark
Without loss of generality one may assume in the following that R is simple.

5.1.41 Theorem
R does not have non-trivial proper right ideals.

PROOF. Let I <, R be a right ideal of R and assume that I # {0}. Then G = R/I is
an R-module with I < 2Ax(G) JR. Since I # {0} and since R is simple, Ar(G) = R, a
contradictionto 1 € R ([ +1)-1=1+1#1). O

5.1.42 Theorem

R has no zero-divisors.

PROOF. Assume kl = 0 for k, I € R\{0}. Then Az(k) <, R and 0 # [ € Ar(k). By
Theorem 5.1.41, A(k) = R, a contradiction to k-1 =k # 0. O

In the following let 0 # [ € Lg be fixed and let G = [R. Then G is a monogenic
R-module.

5.1.43 Theorem
G is isomorphic to the regular R-module Rp.

PrRoOOF. The mapping « : R — G with ra = Ir is an R-module isomorphism:
(1) «is a group homomorphism:

(r+s)a=Ir+s)=Ir+ls=ra+ sa

(2) « is an R-module homomorphism:

(rs)a =1(rs) = (Ir)s = (ra)s

(3) « is a monomorphism:
ra=0 & lr=0& r=90

By the definition of G it is clear that « is surjective, so G =g R. O
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5.1.44 Corollary
G is a simple R-module.

Proor. By Theorem 5.1.43, GG is isomorphic to Rgr. If G has a proper non-trivial R-
ideal, then so does Ri. But R-ideals of R are exactly the right ideals of R, and these
do not exist in R by Theorem 5.1.41. O

Thus G is an R-module of type 0. Since J1(R) = J2(R) = R, G cannot be of type 1
or type 2. Thus there is an element ¢ € G with 0 < gR < G. Theorem 5.1.43 and
Corollary 5.1.44 applied to gR, gives an infinite descending chain of R-submodules of G:

G=IRDODLRDILRDI3RD ...
The nearring R can be embedded into the nearring My(G) via

a: R — My(G)
T

(Is)a,. = 1(sr)
Then « is a nearring monomorphism. Let g € G, r, s € R.
e g, s = g(r+s) = gr+gs=ga, + gas, hence a, s = a, + as.
o ga,.s = g(rs) = (gr)s = ga,as, hence a,.s = a,.as.

e Let o, = a,. Then, for all t € R, ltr = lta, = lta, = lts, it follows 0 = ltr — lts =
lt(r —s), i.e. r = s. Hence, « is injective.

5.1.45 Proposition
«,. is surjective if and only if r € R*.

PROOF. Let «, be surjective. Then thereis a g =ls € G = [R with ga, = [, i.e. Isr = I.
Then 0 = lsr—1 = I(sr—1) and by Theorem 5.1.42 sr = 1. Hence r € R*. The converse
is trivial. O

Since the elements of Lra are not surjective, they have nontrivial annihilators in

My(G). Define ; via
)0, geIm(a)
9= {g, g ¢ Im(ay)

Since ¢y is not surjective, 3 # 0 and it is clear that o0, = 0.
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5.2. The structure of local nearrings

5.2.1. Prime rings of local nearrings

In this section, the structure of the prime rings of local nearrings will be investigated. It
turns out that these prime rings are local and, as an extension of Theorem 5.1.20, that
the additive group R* of a local nearring R is a p-group for a prime p, if RT has finite
exponent.

5.2.1 Lemma
Let R be a local nearring.

(a) If o™ (1) = m < oo, then the prime ring Pg is isomorphic to Z/p"Z for a prime p.
(b) If o™ (1) = oo, then Pr = Q, = {% €eQ ‘ p’[m}, if there is a prime p with 1-p € Lp,
and Pr = Q, if there is no such prime.

In particular, the prime ring of a local nearring is local.
(c) If Lp, = {0}, then Py is a field, since then it is both a nearfield and a ring.

PROOF. (a) By Lemma 4.3.3, P = Z/mZ. Since ot (1) < oo, R has Property (P), so
that there is a prime p such that 1-p € Lgr N Pg, i.e. p | m. But Lgr N Pg is a group
with respect to addition, and all elements of Pg which are not contained in Lg are
invertible in Pr by Lemma 4.3.3. Hence Pg is local and thus m is a prime power.

(b) Consider the mapping o : P — Q with (1-n)(1-m)™" — L. Again, it is easy to
check that ¢ is a ring monomorphism. If there is a prime p with 1-p € Lg, then
1 -m is invertible if and only if p { m, i.e. Im(o) = Q,. If there is no such prime, o
is an epimorphism.
Since it is well-known that Q, is a local ring, it follows that Pg is always a local
ring.

(c) This is obvious. |

Now Theorem 5.1.20 may be extended.

5.2.2 Corollary
If R™ has finite exponent, then R is a p-group for a prime p.

PROOF. R™ has finite exponent if and only if 0™ (1) < oo. Hence, Py is a finite local
nearring, and by Theorem 5.1.20 Pr™ is a p-group. Thus 0" (1) is a power of p, and since
ot (1) = exp(R™), R is a p-group. O

The converse of Corollary 5.2.2 is of course also true. If R™ is a p-group for some
prime p, then there is a positive integer n such that o™ (1) = p". But by Corollary 2.1.15
it follows that exp(R") = p" < 0.
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5.2.3 Remark

In Theorem 5.1.39 it was shown that a local nearring with a cyclic additive group must
be finite. Since by Corollary 2.1.15 the nearring R must coincide with (1) in this case,
Lemma 5.2.1 implies that R = Pg, and so there is a prime number p and a positive
integer ¢ such that R = Z/p’Z. In particular, R is zero-symmetric.

Figure 5.1‘descr‘ibes the structure of ‘a R — R/Lg
local nearring with Lr < R. Here Pg is
the prime ring of R, and K is the prime
field of the nearfield R/ L. Pr+Lr T (Pr+ Lgr)/Lr
Lemma 5.2.5 shows that for Lr < R the ~ K

group Pr + Lg is a local nearring. This Ly + Lp/Lr

raises the following question: Let F' be
a nearfield with primefield K, and R a
local nearring with Lp <R and R/Lr =
K. Is there a nearring R with Lp = Lg Lp, = PrN Lg
and R/Lj = F7?

However, the following example shows
that this is not always the case.

Pp

Figure 5.1.: Local nearring with Lr <R

5.2.4 Example 3
Let R = Z/4Z be a local nearring and F' = F4. Then there is no local nearring R with

R<R,Lp=Lsand R/Lz = F.

PROOF. Assume, R is such a local nearring. Since |Lg| = 2 and |R/Lj| = 4, the group
R has order 8. Moreover, exp(RT) = 4, since R* has a cyclic subgroup of order 4. But
this group cannot be cyclic itself, since it has a factor group isomorphic to Klein’s four
group. Since |Lp| = 2, one has |R*| = 6, and thus R™ must have at least 6 elements of
order 4 by Corollary 2.1.15. Hence Rt = Q5. But by Malone [14, Corollary 4] there is
no nearring with identity over QJg. O

5.2.5 Lemma
Let R be a local nearring with Lr™ <<R*. Then Pp + Lg is also a local nearring.

PROOF. Let N = Lgr UNgx(Lg + 1). By Theorem 5.1.38, N is a subnearring of R
and Ly I N. Furthermore, since 1 € N, the prime ring Py is contained in N. Hence
Pr+ Lr C N. Since Lr < N and Py is a subnearring of N, by Lemma 2.3.3 Pg + Lg is
a subnearring of N with Lz < Pg + Lg.

Let r=p+1€ (Pp+ Lg)\ Lr. Then r~! € R exists. Since r is invertible, p cannot
be an element of Lp. Hence the inverse p—! € Py exists. Since Ly < R, the element
rp~t—1= (p+0)p ' —pp~' € Lr. Multiplying this with r~! from the left, it follows that
pt—rteLg Thus, —r'=—pt4+pt—r-tc Pr+ Ly andsoalsor e P+ Lg.
This means that Pr + Lg is local. O
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If a (not necessarily local) nearring R is used for the construction of triply factorized
groups, only a construction subgroup U of R is needed. Hence it suffices to consider
the subnearring of R generated by U + 1. Thus, if Ly™ < RT for a local nearring R, for
the construction of triply factorized groups using local nearrings, one may assume that
R= PR + LR-

5.2.2. The multiplicative group R*

In this section the structure of the group of units of a local nearring will be investigated.
It turns out that for a finite local nearring this group can be described as a semidirect
product of Lr + 1 and the group of units of the nearfield R/Lg. Moreover, it will turn
out that if the group of units of a local nearring R is a torsion group, also the additive
group of R is periodic and hence has finite exponent by Corollary 2.1.15.

5.2.6 Lemma
Let R be a local nearring with Lr I R. Then (R/Lgr)* = R*/(Lg +1)*.

PRrOOF. Clearly, the mapping o : (R/Lg)* — R*/(Lr+1)* with (Lg+r)a = (Lg+1)r
is a group isomorphism. 0O

5.2.7 Lemma
Let R be a finite local nearring. Then R* = (Lg + 1)* x (R/Lg)*.

PROOF. Let |R| = p", p a prime, n € N. Moreover, let |Lg| = p™ (0 < m < n). Then
|R*| = p"—p™ = p™(p"~™—1). Since p" 1 p"~™ —1, the group Lr+1 has a complement
B in R* by the Schur-Zassenhaus Theorem (c.f. Robinson [19, Theorem 9.1.2]). But
since B= R*/(Lgr+1)* = (R/Lg)*, it follows that R* = (Lr +1)* x (R/Lg)*. O

5.2.8 Lemma
Let R be a local nearring.

(a) If R is a torsion group, then exp(R™) < oc.

(b) If R contains a non-trivial element of finite additive order, R has Property (P).
(c) If |R: Lg| < oo, R has Property (P).

(d) If R* is periodic, so is R™.

PROOF. (a) By Corollary 2.1.15, exp(R*) = 0" (1) < o0.

(b) Let 0 # r € R with n = 0" (r) < co. Then 0 = rn. This implies that n € Lg. Hence
R has Property (P).

(c) Consider the right cosets of Lgr. Since |R : Lg| < oo, there are positive integers
n < m with Lg +n = Lgr +m. Hence n — m € Lg. Thus R has Property (P).
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(d) Let R* be periodic. Assume that exp(R") = co. By Lemma 5.2.1, Pg is isomor-
phic either to Q or to Q, for a prime p. Both rings Q and @Q, have non-periodic
multiplicative groups, which contradicts Pr* < R*. O

The next theorem holds for general nearrings, although it is formulated only for finite
local nearrings in Maxson [16].

5.2.9 Theorem
If R is a local nearring which is not a nearfield, then |R| < |Lg|* (c.f. Maxson [15,
Theorem 2.1]).

ProoF. By Corollary 2.3.10, for every y € R, the annihilator 2z (y) is a right ideal of
R. Since 1 ¢ Ag(y), this yields Ar(y) < Lr. Now let 0 # [ € L. Define \; : R — IR
by x\; = lx for all z € R. This is an R-endomorphism of the regular module R with
Ker()\l) = Q[R(l) Hence, RR/ QlR(l) gR Im(/\l) Since Im(/\l) Q IR Q LR, |R’ = |RR| =
| Ker(Ar)| - [Tm(Nr)| < |Lg| - |Lr| = |Lr|*. O

5.2.10 Corollary
(a) Let R be a local nearring which is not a nearfield, with |Lg| < co. Then R is finite.

(b) |R| = |Lg| if and only if R is infinite.

PRrROOF. (a) The proof of Theorem 5.2.9 shows that Lp is a finite subgroup of finite
index of R™. Hence R is finite.

(b) If R is infinite, also Lg is infinite by Theorem 5.2.9 . In this case, |R| < |Lg|* = |Lg|.
On the other hand, if R is finite, |Lg| < |R| since 1 & L. O

By Malone [14, Corollary 4] no generalised quaternion group can occur as the additive
groups of nearrings with identity. The next corollary shows that also non-commutative
dihedral groups cannot occur as additive groups of local nearrings. This result will be
used in Chapter 8, where local nearrings with dihedral groups of units are investigated.

5.2.11 Corollary
Let n > 3 be an integer. Then there is no local nearring R with Rt = Dgn.

PROOF. The dihedral group Dy» has exponent 2"~! > 2. Assume that R is a local
nearring with Rt = D,.. Then by Corollary 2.1.15 all elements of additive order 2 must
be contained in Li. But Dsn is generated by two elements of order 2, and hence Ly = R,
contradicting 1 & Lg. O
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5.2.3. The nearfield R/Lp

In the following only local nearrings R with Lr < R will be considered, since only in
this case R/Lgr has a meaning. In most examples of local nearrings that appear in
literature the nearfield R/Lg is a field, in many cases even a prime field. The next two
examples show that every skewfield and even proper nearfields, i.e. nearfields which are
not skewfields, can occur as R/Lg.

5.2.12 Examples
(a) Let K be a skewfield. Then there is an abelian local nearring R with R/Lr = K.
Let RT = K+ x KT and define a multiplication on this group as follows:

(91/2,0), fi=0
(g2 +g1fo, fife), [1#0

Then (R,+,-) is a local nearring with Lr = {(g,0) | g € K} and identity element
(0,1). To see this, only the associative and left distributive laws have to be checked.
In the case f; # 0 # f5 only the associativity will be verified, since the other cases
are similar and even easier. Also the left distributivity is very easy and will be

skipped. Let g;, f; € K fori € {1, 2, 3}.
((91, f1)(g2, fz)) (93, f3) =

(91, f1) - (92, f2) = {

g2 + g1 f2, f1f2)
g3+ (92 + 91.f2) f5, frfaf3)
= (93 + g2f3 + g1faf3, f1fofs)

(91,f1) ((92, f2)(937 fs)) = (91, fl)(gs + 92f37f2f3)
= (94 + 92f3 + g1.fof3, f1fofs)
Here it is necessary that K is a skewfield, since the right distributivity of K is used.

To show that Lr = {(9,0) | g € K}, let ¢1, go € K. Then (g1,0)(g2,0) = (0,0),
and hence the elements of the given set cannot be invertible. On the other hand, if
(g, f) € R with f # 0, consider the element (—gf~*, f~!). Then

(_gf_la f_l)(.g> f) = (07 1)7
and hence (g, f) is right invertible. Thus, the set claimed to be Ly is indeed the set
of elements of R which are not right invertible.

—~ ~~ T~ I/~

Obviously, Lg is an additive group, and hence R is a local nearring. An easy
calculation shows that Lg is an ideal of R. Moreover, R is not right distributive in
general. If char K # 2, one gets
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Finally, by the definition of the operations on R, it is clear that R/Lr = K.

In the examples for local nearrings given so far, the nearfield R/Lg always is a
skewfield. The next example shows that R/Lg may be a proper nearfield.

Let R =(1,a|9=a-9=[1, a] =0) = Cy x Cy, and define a multiplication on R
by x -1 = x for every x € R. Furthermore, for all x € R the product za has to be

defined. If this is done, all products in R can be determined by the left distributive
law.

Define xa for all x € L, where L = R - 3, by the following table.

L2 Jaal & | wa [ oz | =z |
0 0 3 a-3 -3 —a-3
a-3| -3 3+a-3 3—a-3| -34+a-3 3+a-3
—a-3 31/|3—a-3|—-3—-a-3|| -3—-—a-3|—-3+a-3

Now let (a-2)a=—2and (1 —a-2)a = —2 — a-4. These definitions are sufficient
to calculate the whole multiplication. Let a € RT be an arbitrary element. Then
define n, and k, such that x = n, + ak,. Then n, and k, are uniquely defined
modulo 9.

Let  and y be elements of R for which the products za and ya are already known.
Then the product of z and y is zy = x(n,+ak,) = zn,+ (xa)k,. Moreover, also the
product (zy)a can be determined in a similar way: (zy)a = z(ya) = tny, + (xa)ky,.
Thus, all products za for z € R\ L can be calculated successively (actually, the
calculations were done by a C++program, which is explained in Appendix A). These
calculations lead to the following table.

z ‘ zTa ‘ T H T ‘ zra ‘ T ‘
a -1 —a a-2 —2 a-4

a-4 —4 a-?2 —a-4 4 —a-2
—a-2 2 —a-4 —a 1 a
1 a 1 2 a-?2 —4
1+a l—a| —-4—a-4 2+a 4—a-2 —2—a
l4+a-2 —4—q —4+a 24+a-2 2—a-2|—-2—a-2
14+a-3 3+a-4 1—a-3 2+a-3 3—a-4|—-4—a-3
14+a-4 4~+a-2 —4 —aq 24a-4 l—a-2|-2—a-4
1—a-4 2—a| —-4—a-2 2—a-4 —4+a —24a
l1—-a-3| -3—a-2 14+a-3 2—a-3 —3—a| —44+a-3
l—a-2|-2—-a-4| —4+a-2 2—a-2|-2—-—a-2|—-24a-2
1—a —1—a|—-4+4+a-4 2—al|—-14a-4| -24a-4
3+a 2—a-3|-3—a-4 3+a-2 l—a-3 —3+4a
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5.2. The structure of local nearrings

Loz | wa | 2t | x| wa [ a7l |
3+a-4|—-1—a-3 -3 —a 3—a-4| -2—-a-3| -3+a-4
3—a-2|—-4—a-3| -3+a-2 3—a 4—aq-3|—-3—a-2

4 a-4 —2 —4 —a-4 2

44 a l1+4a-2| —-1—a-4 —4+a| —-24+a-4 1+a-2

44a-2|-1—a-4| —-1+a-4| —4+a-2 2+a 1—a-2
44+a-3 3—a-2|-2—a-3| —44+a-3 3—a 2—a-3
44+a-4 4—a-4 —1—al| —44a-4 4+a-4 1—a
4—a-4| —-4—a-4 —14all 4—a-4| —4+a-4 1+a
4—a-3 —3+a| 24a-3|| 4—a-3| -3+a-2 2+a-3
4—a-2 —2—a|—-14+a-2| —-4—a-2 l1+a-4 1—a-4
4—a 2—a-4|-1—a-2 —4—qa|—-1—a-2 l1+a-4

—3+a| —44+a-3 3+a-2| -3+a-2 44a-3 3—a-?2

—3+a-4 24+a-3 3—a-4|| -3—a-4 14+a-3 3+a
—-3—a-2|—-14+a-3 3—a -3—-al| —2+a-3 3+a-4

—2 —a-2 4 -1 —a -1
—24a 1—a-4 2—a-4 —14a 1+a 4—a-4

—24a-2 24a-2 2—a-2| —1+a-2 24a-4 4—a-2
—24a-3 3+ a 4—a-3| —-1+a-3 34+a-2| —-1—a-3
—2+4+a-4 4—a 2—al|l -1+a-4 —2+a 44a-2
—2—a-4| —-14+a-2 24a-4|| —-1—a-4| —-4—a-2 4+a
—2—a-3|-34+a-4 4+a-3|| —-1—-a-3|-3—a-4|—-14a-3
—2—a-2| -2+4+a-2 24a-2| —-1—a-2 44+ a 4—a
—2—a| —-4+a-2 24+a —1—a —1+4a 44+a-4

The computer program described in Appendix A also checks the associative and left
distributive laws. Obviously the product of every two elements of L is zero, such
that these elements cannot be invertible, while the elements not contained in L are
units. Hence L. = L and R is a local nearring.

Now let z =a-2and y =1 —a-2. Then 0*(z) = 0*(y) = 12 and 2% = ¢® = —1.
Moreover, one finds that (z)* N (y)* = (—1)* and yx = xy~!. But

[{z) N (y)] 2

and hence R* = (z, y | 22 =1, 25 = 5 yzr = zy™1).

9

To verify that R/Lg is a proper nearfield, consider the expression
(14+a)a—(a+a*)=(1+a)a—a*~a=1—-a—(-1)—a=2—a-2¢ Lg.
This means that

(1+Lgr)+ (a+Lg)) (a+ Lr) # (1 + Lr)(a+ Lg) + (a + Lr)(a + Lg)
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and so R/Lp is not distributive, i.e. R/Lp is not a skewfield.

5.3. Local nearrings with nilpotent Lp

In the following let R be a local nearring with the additional property Lg" = 0 but
L™ ' # 0 for some non-negative integer n. In particular, R is zero-symmetric and
Lr <R by Theorem 5.1.25. Local nearrings R with nilpotent R-subgroup Ly are of
special interest, because e.g. finite zero-symmetric nearrings belong to this class by
Corollary 5.1.13. The main goal of this section is to define annihilator series, which are
used to investigate local nearrings with dihedral groups of units in Chapter 8.

5.3.1 Definition
(a) A series
O0=I5 <1 <---<l; = Lg

of ideals of R is called an annihilator series, if I; C (141 : L) for 1 <i¢ <k —1.

(b) Let L, be the ideal of R generated by (Lg)’, the set of all products of i elements of
Lg. Then L, ={0}.

(c) Define recursively

Since L; is an ideal of R, so is (L; : Lg). Clearly, L’ C (L;41 : Lg), so that
L; C(Lj41: Lg) for 1 <j <n—1, and hence

0=L,<L,1<---<L7=0Lpg

is an annihilator series.

5.3.2 Lemma
Let 0 = I, <Iy_1 <---<Iy = Lr be an annihilator series of R. Then L; C I, for all
1<j<k.

PROOF. The case j =1 is clear, since Iy = I = Li. Now assume that L; C I;. Since
Ij C (L1t Lr), li € iy, for all i € I; and for all [ € Lg. But Lg? C L; C I, and so
LR]—H g Ij+1. Since [jJrl < R, LjJrl g Ij+1. O

The series 0 = L, < L,,_1 <---<1Ly = Lg is called the lower annihilator series.

5.3.3 Lemma
Let 0 = I, <Iy_1<---<Iy = Lgr be an annihilator series of R. Then I;_; C 2; for
0<j<k.
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5.4. Subdirect products of local nearrings

PROOF. For j = 0 this is true, because I, = Ay = {0}. Assume that I;_;_1) € A;_;.
Since Ik—j g (Ik—(j—l) . LR) = {T €ER } Vil e LR clr e ]k—(j—l)} and Q[j = (Qlj_l : LR)
one has

Ii—j © (Iy—j—1) : Lr) C (-1 : Lr) =2

and hence [j,_; C ;. O
Because of the last lemma, the series
0=y <--- <A, 1 = Lp
is called the upper annihilator series of R.
TR
A1 T Lp=L1=1;

an72 1

L,

Ay

Qll_

Figure 5.2.: An annihilator series of R in the case k =n

From the above considerations one gets the following result.

5.3.4 Theorem
Let R be a local nearring. Lpg is nilpotent if and only if R has an annihilator series.

5.4. Subdirect products of local nearrings

Subdirect sums and products of nearrings were introduced in Section 4.5. In the fol-
lowing, subdirect products of local nearrings are investigated. It turns out that under
certain finiteness conditions subdirect products of local nearrings are in fact direct pro-
ducts of local nearrings. These direct products are needed for the construction of triply
factorized groups, since they have non-trivial construction subgroups with less structural
restrictions than the construction subgroups of local nearrings.
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5.4. Subdirect products of local nearrings

5.4.1 Theorem
Let R;, i € I, be a family of local nearrings and R a subdirect product of the R;, i.e. the
projection maps m; : R — R; are surjective, or, in other words, for every r; € R; there is
anr € R with rm; = r;. Furthermore, let R have an identity element 1g.

Let @ # J C I and jg € J with the following property:

Ifrj, € L, , then rm; € Lp; for every j € J. (5.1)
(a) 1gm; = 1g, for alli € I.
(b) For all j € J, rm; € Lg, implies that rm, € Lg, for all k € J.

(c) Let r € R with rm; € RY for some j € J. Then rmy € Ry for all k € J and if
|J| < oo, there is an element s € R with st = (rm,) ™! for all k € J.

(d) Let Ry ={(rm; | j € J) | r € R}. Then Ry is a subdirect product of the R;, j € J,
and for a finite set J, the nearring R is local.

(e) If |J| < oo, then R is isomorphic to a subdirect product of the local nearring R
and the R;, i € 1\ J.

(f) If I is finite and (5.1) implies that |J| = 1, then R is the direct product of the R;,
1€ 1.

PRrROOF. (a) For every r; € R; there is an r € R with rm; = r;. Hence, r; = rm; =
(rig)m; = (rm;)(1gm;) = ri(1gm;). Similarly, one sees that (1,.m;)r; = r; for every
r; € R;. Thus, 1gm; = 1p,.

(b) Let j € J and r € R with rm; € Lg,. First it is shown that then rm;, € Lg, .
Assume, this is not the case. Then there is an element s € R with smj, = (rﬂjo)_%.
Hence (rs)mj, = 1 and (rs—1)m;, = 0 € Lg, . For brevity let r; = rr; and s; = sm;.
Since r; € Lg,, the element (rs — 1)7; = r;js; — 1 € R, which contradicts (5.1).

Thus rmj, € Lg, , and (5.1) implies that rmy € Lg, for all k € J.

(c) By (b), rm, € R} for all k € J. Furthermore, there are elements s¥) € R with
s®my, = (rm,) ! for all k € J.

Now, let |J| = n < co. Without loss of generality let J = {1, ..., n}. It is shown
by induction that the s*) can be chosen such that s) = ... = s For n =1 this
is clear. Next assume that s = ... = s~ = ¢ for k < n and a suitable ¢t € R,

ie. tm = (rm)~!, and hence (1 —rt)m; =0for 1 <1<k —1.
Let ¢/ = s®)(1 —7t) +t. Then for 1 <1<k —1
t'm = (s(k) (L—rt)+t)m
= s® g, (1 —rt)m +tm

= tﬂ'l = (7’71'[)_1,
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5.4. Subdirect products of local nearrings

and furthermore
twk—( (1 —rt) —i—t)ﬂk
S(k)ﬂ'k (1 — rt) m, + tmy,
= (rme) ™ (1 = (rmy) (tme)) +
= (rm) " = (tmp) + tm,
= (rmp) "

Hence the elements s) can be replaced by ¢ for all 1 < [ < k. Thus it may be
assumed by induction that s*) = s for all k € J. But then (rs)m; = 1 for all j € J.

It is clear that R; is a subdirect product of the R;, j € J. Next, consider the set
L={reR,|VjeJ: rrj€Lg}.

By (5.1), 7 € L if and only if rm; € Lg, for some j € J. Furthermore, L is an
additive group, and by (c), r € Ry \ L is invertible with inverse in R;, since all
components r7; are invertible. Hence, L = Lr, and R; is a local nearring.

Let P=R;& [[ Ri ie.
€I\J

P={((rmj|jeJ.reR),(ri|reR,icI\J))}.
For all ¢ € I, define the mappings
o, P—R;
rm, 1€ J

((rﬂj]jEJ,rGR),(ri]riERi,z'EI\J))H{Ti’ eI\

Let R be the set of all 7 € P such that there is an element # € R with 7o; = #; for

all s € I. It is clear that R 2 R, and since R is a subdirect product, so is R.

Let ¢ € I be fixed. Then for every j € I\ {i} there is an element r; € R with
rjmi € Ly, and rjm; € RS, since there is no J C I with Property (5.1) and |J| > 2.
Hence there is an element s; € R with (r;s;)m; = 1. Since (r;s; — 1)m; € R and
(rjs;—1)m; = 0, there exists an element s;; € R with s;;m; = 1 and s;;7; = 0 for each
i and j € I with i # j (take an arbitrary element s’ € R with s'm; = ((r;s; — 1)m;) ™
— then let s;; = s(r;s; — 1)). Hence for every i € I the element

I -
JEN{i}
satisfies the relation e;m; = 0 for ¢ # j and e;m; = 1 (e; exists since |I| < 00). Thus

for every i € I and every r; € R; there is an element r € R with rm; = r; and rm; = 0
for j # 4. This means that R is the complete direct product of the R;, ¢ € I. O
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5.4. Subdirect products of local nearrings

5.4.2 Corollary

Let Ry,...,R,, n € N, be local nearrings, R a subdirect product of the R;, 1 < i < n,
and let R have an identity element. Then R is a direct product of local nearrings. If the
set {1,...,n} has Property (5.1), then R itself is a local nearring by Theorem 5.4.1.(d).

PRrROOF. If there exists a subset J C {1,...,n} which satisfies Property (5.1) and |J| >
2, the nearrings R;, j € J, can be replaced by R;. Since there are only finitely many
R;, the nearring R can be written as a subdirect product of a smaller number of local
nearrings. After finitely many steps, all J with Property (5.1) will be of cardinality 1.
Hence, R is a direct product of local nearrings by Theorem 5.4.1.(f). O

5.4.3 Example
In Corollary 5.4.2 it is necessary that only finitely many local nearrings are used. Con-
sider the ring Z of integers and let p be an arbitrary prime. For n € N let I,, be the

ideal p"Z of Z. Then () I, = {0}, and hence Z is isomorphic to a subdirect product of
neN
the Z/I, by Remark 4.5.3. But the Z/I,, are local nearrings, whereas Z is not a direct

sum of local nearrings.
Moreover, consider R,, = Z/p"Z for a prime p. The mapping

a:Z—>HRn

neN
2z (1g, -z | n €N)

is an embedding of Z into the direct product of the R,, and all projection mappings are
surjective. Hence Zo is a subdirect product of the R,, and is indeed isomorphic to Z.
Since zom; € Lp, if and only if p divides z, the index set N satisfies (5.1). Thus, also in
the second statement of Theorem 5.4.1.(d) the finiteness of J is required, since Z is not
local.

In Example 5.4.3 it was shown that Z is isomorphic to a subdirect product of the local
nearrings Z/p"Z, n € N, where p is a prime. Similarly it can be shown that the ring
pZ is isomorphic to a subdirect product of these rings. All of the rings Z/p"Z have an
identity element, but pZ does not. The following theorem shows that this cannot happen
for subdirect products of finitely many nearrings R; with periodic groups of units.

5.4.4 Theorem
Let R;, i € I, be local nearrings. If |I| < oo and R;* is periodic for all i € I, then every
subdirect product R of the R;, © € I, has an identity element.

PROOF. Without loss of generality, let I = {1,...,n}, n € N. Since R is a subdirect
product, there is an element r, € R with rym; = 1, where 7; is the projection mapping
R — R;. Now assume that r,_1 € Rwithrp_ym; =1for1 <j <k—1. Ifry_m € Ry,
put 7, = 1", where m = 0*(ry_17) is a positive integer. Then rym; = 1for 1 < j <k.
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5.4. Subdirect products of local nearrings

Next assume that 7,17, € Lg,. Then there is an element s € R with sm;, = 1.
Then (ry_1s — s)m; = 0 for 1 < j < k—1, and (rg_15 — s)m = rp_1me — 1. Since
Tr—1Tk — 1 € Ry™, there is an element ¢ € R with tm, = 1 and tm; = 0for 1 < j < k—1.
But then (rp_1 +t)m; =1for 1 <j<k—1,and (rp_1 +&)m = rpme + 1 € Rp™. As
above, this gives an element 7, € R with rym; =1 for 1 < j <k.

By induction, there is an element r, € R with r,m; = 1 for all © € I. This is an
identity element for R. O

5.4.5 Theorem
Every local nearring is a subdirect sum of subdirectly irreducible local nearrings.

PrOOF. By Theorem 4.5.8 every nearring R is a subdirect sum of subdirectly irreducible
nearrings, which are isomorphic to epimorphic images of R. But non-trivial epimorphic
images of local nearrings are local by Lemma 5.1.14. O
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Chapter 6.

An example for a local nearring

In this chapter a method to construct a local nearring R is described, such that the group
Ly contains a subgroup isomorphic to a given p-group N of finite exponent, where p
is a prime. With this construction it is possible to obtain examples of local nearrings
with non-abelian construction subgroups Lg, which lead to the construction of triply
factorized groups G = A x M = B x M = AB with a non-abelian group M.

6.1. Construction of a local nearring R

Let p be a prime, N* an additively written, not necessarily abelian p-group of exponent
p’, £ € N. Then N with zero the multiplication is a nearring. This nearring can be
embedded into a nearring with identity as follows.

Let G=N @F,. Then N can be embedded into My(G) by Theorem 2.2.3:

©: N — My(G)

n— 0,

n, g¢N

0, geN
to IV, which will be identified with N in the sequel. Note that if g =n+f € G = N@F,
then g € N & f =0. Next let

- {Z (idaa; + 6,,)

J=1

Here, g6, = for all g € G. Thus Ny is a subnearring of My(G) isomorphic

ajGZ/pEZ, anN,TGNO}, (6.1)

where idg is the identity of My(G). In the following it will be shown that R is a local
nearring, whose R-subgroup L contains a subgroup isomorphic to V.

Beacuse of left distributivity, to determine the multiplication on R, it is sufficient to
know the product of an element of R with an element of N.
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6.1. Construction of a local nearring R

6.1.1 Lemma
Let x = Z;Zl (idGaj + Qn].) € Rand m € N. Then

0 — Oms  D_5—1a; Z0 (mod p)
0, >31a;=0 (modp)

PRrROOF. Let g € G. Then

g (Z (idga; + an)> 0,, = (Z ga; + g0, ) 0,,
7j=1

j=1

Z ga] +n])) On, g& N

]1ga] geN
_ (Z gaj—l—n]))e gé& N
07 gEN

It is shown next that >°7_, (ga; +n;) € N if and only if 377 a; = 0 (mod p). Let
g=n+ f withn € N and f € F,. Then

r s

> (gaj+nj) => ((n+ fla; +ny)

j=1 j=1
= Z (naj +n;) + Zfaj.
j=1 =1

But this expression lies in V if and only if Z;Zl a; f = 0, which is equivalent to Z =0
(mod p). Since this condition is independent of the choice of g, the lemma is proved O

6.1.2 Theorem
R is a zero-symmetric nearring.

ProOOF. It is trivial that R is an additive group, since N has finite exponent. By
Lemma 6.1.1, R is closed under multiplication, since z(idga) = xa and z6,, € R for
every x € R, a € Z, and m € N. The nearring R is zero-symmetric, since R C My(G).0

The next step is to determine the set L of elements of R which are not right invertible.
This is done in the following lemma and the subsequent theorem. The last step then is
to show that Ly is indeed a subgroup of R*.

76
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6.1.3 Lemma

0

Let k : G — G with (n+ f)k = gﬂao,mo], j:% 0’ where mg € N, ag € Z/p*Z, and
[nag, me] = —nag — mgy + nag + my is the additive commutator of nay and mgy. Then
k € R. In particular, all mappings of the form

n+ f N ZZ:l[nakaka f % 0 (62)

0, f=0

are contained in R.
PROOF. It is easy to see that k = [apidg, 0] € R. 0

6.1.4 Theorem

Let v =37\, (idga; + 0,,) € R. Then x is right invertible if and only if >0 0
(mod p).

Proor. If Z;zl a; =0 (mod p), it is clear that x is not injective and hence has no right
inverse. Thus let a =", a; #0 (mod p) and m =} %_  n;. Then a € (z/p'z) e
a~t € Z/p'Z exists. Let § = idga™' 4+ 0_,,o-1. Then

(n+ flag = { Ezj—l (naj +mnj) +> 5, faj> g, f#0

22:1 na]—) Y, f=0
_ (227:1 (nag) + Y0_ ny + k(n) + X0, faj) G, [#0, k(n) e N'
naa~?, f=0
_ (n (22:1 aj) + 22:1 n; + l%(n)) a4+ f (Z;Zl aj) at—ma™l, f#0
n, f=0
~ Jnaa=t +ma=' + k(n) —ma=' + faa~', f#0, k(n) € N’
=1, i
_n+f+kn), f#0, k(n)e N’
- n, f=0

Here the commutator expressions k(n), k(n) and k(n) appear since the order of the
summands which need not commute is changed. These expressions are as in (6.2). By

k(n), f#0
0, f=0
hence so does the right inverse y = y — k of x. O

6.1.5 Theorem
The nearring R is local, where

Lemma 6.1.3 the mapping x : G — G with (n + f)rk = { lies in R, and

Lp= {Z (idGak + an) €ER

k=1

zs:ak =0 (mod p)} (6.3)
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6.2. The examination of the structure of R

PROOF. By Theorem 6.1.4, the set given in (6.3) is the set Ly of all not right-invertible
elements of R. Thus it is sufficient to show that Ly is a subgroup of R*, but this is
trivial, since N and hence R* have finite exponent. O

6.2. The examination of the structure of R

To examine the structure of R, the following definitions are needed.

6.2.1 Definition
(a) The mapping o : R — Z/p'Z is defined by > i (idga; + 0,,) — > aj. It is
clear that o is a nearring homomorphism, since by Lemma 6.1.1 (z6,,) o = 0.

(b) The group homomorphism 7 : R — N is given by »"_, (idga; + 0,,) — > iy Ony-

(c¢) Let z = Z;=1 (idGa]’ + an) € R. By changing the order of the summands one gets

$:1dG (i@) +i0nj+mx

j=1 j=1
=idg(z0) + 27 + Ky,

where k, is an element of the commutator subgroup R’ of R™. Thus one can define
the mapping k : R — R' by zk = k, = —z7 — idg(x0) + .

Since the representations of elements of R given in (6.1) are not unique, it has to
be checked that these mappings are well-defined. Since for ¢ = 0+ 1 € G one has
gxr = 0+ z7, 7 is well-defined. Moreover, nx = n - (zo) for all n € N, thus also o is
well-defined. This implies that x is well-defined.

6.2.1. The additive group R"
For the investigation of the structure of R™, first consider the set
N ={—idg +6, +idg | n € N}.

It is clear that N is a subgroup of RT isomorphic to N.
6.2.2 Lemma 3
NNN =Z(N)=2Z(N).

PRrROOF. Let x = —idg + 0; +idg € NN N, i.e. there is an n € N with x = 6,,. For
g =m+ [ € G this means

{—g+ﬁ+% g& N
9T =

0, geN
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6.2. The examination of the structure of R

—f-—m+n+m+f, g&N

o
{

—-m+n+m, g¢&N

0, geN’
but also
n, g¢N
gr = )
0, geN

thus —m +n +m = n for all m € N; for m = 0 it follows that n = n, and hence
n € Z(N). Thus NNN C Z(N) = Z(N). The inclusion Z(N) C N N N is obvious. O

The following lemma shows that in the local nearring R the R-subgroup Lg is always
nilpotent. The smallest number n for which Lg"™ = 0 only depends on the exponent of
the group N, from which R was constructed.

6.2.3 Lemma
For1<n </, theset Lg" C {x € R| 20 =0 (mod p")}. Moreover, Lg"™ = {0}.

PrOOF. For n = 1 the lemma is trivial. So let y = Z;Zl (idGaj + an) with yo = 0
(mod p*~') and & € Lg. Then zy = ', (za; +26,,) = > ' xa; = x(yo), and
because of zo =0 (mod p) one gets (zy)o =0 (mod p").

If yo =0 (mod p" 1), i.e. yo = 0, then zy = z(yo) = 0. O

6.2.4 Corollary
(a) R C Ker(o).
(b) Let z, y € R'. Then xy = 0.

PRrROOF. The first statement follows directly from the definition of . The second follows
from the proof of Lemma 6.2.3. O

Now the structure of Lr™ and of Rt may be described.

6.2.5 Theorem
Let M = LN Ker(r). Then L™ = N x M and R = N x Ker(7).

PROOF. It is clear that N NKer(7) = {0}. Now let x = 27 + (idg(z0) + k,) € R. Then
idg(zo) = R, € Ker(7). It is also clear that idg(zo) + &, € M for x € Lg. O

Depending on the structure of N, the structure of the additive group R™ can be
quite complicated. For nilpotent N of nilpotency class 2, the calculations in R* can be
simplified, as the following lemma shows. In this case it is also easier to describe the
groups R and Lp™.
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6.2. The examination of the structure of R

6.2.6 Lemma
If N is nilpotent of class 2, the following statements hold:

(a) Let n,m, k € N, a,b € Z/p'Z with a + b € Z/p'Z". Then there are elements
r, s € N with

0, +idga + 0,, + idgb + 0, = 0, + idg(a + b) + 0,
where r =n+m+k —m(a+0)~! and s = m(a + b)~' with m = ma + k(a +b).
(b) Letn, m, k € N, a, t € Z/p*Z. Then there are elements r and s € N with
0, +idg(pt — a) + 0., + idga + 0, = 0, + ida(pt + 1) + 05 — idg,
where r = n+m + k + ma and s = —ma.
PrROOF. Let n, m, k € N.

(a) Put m = ma+ k(a+b). Then

0, +idga + 6,, + idgb + 0,
= Opim +idg(a + b) + 0 + [idga, 0,,]
= Oppmer +ida(a +b) + [idg, O - a] + [idg(a + b), 0]
= Oprmin — Os + 05 +1dg(a +b) + [ide, Omatiiary))
= Ontmik—s + idg(a +b) + 05 + [idg, O] + [0s,idg(a + )]
=0, +idg(a + b) + b + [idg, 0] + [fs(asn), 1dc]
= 0, +idg(a +b) + 0, + [idg, O] + [0, 1d¢]
=0, +idg(a + b) + ;.

(b) Let r =n+m+ k+ ma and s = —ma. Then

0, +idg(pt — a) + 0,, + idga + 6
= 0, + idgpt + [idga, 0_,,] + 6, + O
= Opimir + idept + [idg, 0l
= Onimar + idept + [0 4, —idg]
= Ok + idapt + Opme + 1de + 0_ e — ide
= Onymiktma +1dgpt +idg + 05 — idg
=0, +idg(pt +1) + 05 — idg. O
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6.2. The examination of the structure of R

6.2.7 Corollary
In the situation of Lemma 6.2.6 one has

Lg = {6, +idc(pt + 1) + 0, —idg | n, m € N, t € Z/p'Z}, (6.4)

and
R* = {en +idge+ 0, ‘ n,meN, ce Z/pfzx} . (6.5)
ProOOF. Both statements follow by successive application of Lemma 6.2.6. O

6.2.2. The multiplicative group R*

For the investigation of the group of units of R it is convenient to consider the sets
le{ldg+9n|nEN} and NQZ{Qn—I—IdngLEN}

From Lemma 6.1.1 it follows that these are subgroups of R* isomorphic to N. First one
sees that N1 N, is the central product of N; and N,.

6.2.8 Lemma
N1 N N2 - Z(Nl) - Z(NQ)

PRrROOF. Let z =idg+0, = 0,,+idg € NyNNy. Then (k+1)z = (k+1)+n = m+(k+1)
for all K € N, hence k+n =m + k. For k = 0 one can see that n = m, and this implies
that n € Z(N), hence idg + 0, € Z(N;) and 6, + idg € Z(N3). Thus it follows
N1 N Ny CZ(N;) = Z(N3). The inclusion Z(N;) € N; N Ny also follows immediately.O

6.2.9 Lemma
For all x € Ny and all y € Ny the equation xy = yx holds.

ProoF. Let x =idg + 6, and y = 6,, + idg. Then

(idg + 0,) (0 +ide) = (ide + 6,0, + ide + 6,
= 0, +idg + 0,
= 0, + idg + (B + 1dc)0,
= (O, +idg) (ide + 6,.). 0

6.2.10 Corollary
NNy = {0, +idg + 0,, | n, m € N} is the central product of Ny and Ny (c.f. e.g. Robin-
son [19, Section 5.3)).

As the next two lemmas show, also the group of units R* can be written as a semidirect
product.
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6.2. The examination of the structure of R

6.2.11 Lemma
Let x, y € R. Then

— z(yo), x € Ly
Y z(yo) +yr + vk, € RX

PROOF. Since y =idg(yo) + y7 + Ky, this follows immediately from Lemma 6.1.1. O
In Definition 6.2.1, the nearring homomorphism o is defined. The restriction
ot R* — 7L/p'Z”
with 0* = o|gx is a group-epimorphism.

6.2.12 Lemma
(a) The multiplicative group S = {idgc

c e Z/pZZX} is isomorphic to Z/p'Z” .

(b) R* =S x K, where K = Ker(c*).

PROOF. Statement (a) is clear. It is also clear that SN K =1 and K < R. Let z € R*.
Then z; = idg (zo*) ™" - & € K. Moreover, idg (z0*) € S and & = idg (zo*) - ;. This
implies (b). O

6.2.3. The operation of Ly + 1 on Ly

For the construction of triply factorized groups by local nearrings the operation of Lr+1
on Ly is important, since Ly is a construction subgroup as needed in Construction 3.1.4.
In particular, it is interesting under which circumstances this operation is trivial. It turns
out that this is the case if and only if N N is an elementary abelian group.

6.2.13 Lemma
The subgroup Lr + 1 < R* operates trivially on Lg if and only if N is an elementary
abelian group.

PROOF. First let exp(N) = p* with £ > 2. Then 0 # y = idgp € Lr. Now let
x =0,+idg € Lgr+1 with np # 0. Then zy = (0,, +1idg)p, and thus for g =m+ f € G
one gets

_Jn+gp, g€ N
g(wy) = {gp’ geN

_Jnt+mpp+fp, g¢N
gp; geN

_Jn+mp, g&N
gp; geN
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6.2. The examination of the structure of R

If m is chosen such that o™ (m) # p = o™ (n + m), then (6,, + idg)y # 0, but also
(0, +1dg)(zy) = 0. Hence zy # y and Lk + 1 does not operate trivially on Lg.

Now let N be such that for all z, y € Ly the equation (x + idg)y = y holds. By the
above considerations, exp(N) = p. Moreover,

—idg + 0, +idg = (9n -+ idg)<—idG +0,, + idg)
= —idg -0, +6,, + 0, +idg
= _idG + 0—n+m+n + ldG

for all n, m € N, and this implies that 0_,, . ,,.,, = 0,,, i.e. —n +m +n = m. Hence N
must be abelian.

On the other hand, if N is elementary abelian, it follows from (6.3) that Ly = N, and
hence, by Lemma 6.1.1, Ly + 1 operates trivially on Lg. O
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Chapter 7.

Triply factorized groups constructed by
local nearrings of order p°

7.1. Preliminary results

In the following, all groups G(R, L) will be determined, where R is a local nearring of
order p? for a prime p (c.f. Construction 3.1.4). Since |Lg| > |R : Lg| by Theorem 5.2.9,
one has |Lr| = p* and hence |G(R, Lr)| = p*. The following lemma shows that for p > 3
the group G(R, Lg) has the form E,2 x E, if Lg" is elementary abelian. The case Lg™"
cyclic will be described in Section 7.2.

7.1.1 Lemma
Letp >3, A=Cp, M = E, and G = Ax M. Then M has no complement B in G
such that G = AB, i.e. G is not triply factorized by A, B, and M.

PROOF. Let A = (a), and let « : M — M, m — m® Then a € Aut(M). Since
Aut(M) = GL(2,p) does not contain elements of order p?, the order of @ must be 1 or
.

First consider the case a = idy;, i.e. G = A x M, and let B be another complement of
M in G. Assume that G = AB. Then the intersection of A and B is be trivial, because
p' = |G| = |AB| = “QH;‘ = |f5l§|' But since G is abelian, this means that G = A x B.
This is impossible, since Cp2 x C,2 and C)2 X Ej2 are not isomorphic.

Let o(a) = p. Since Aut(M) = GL(2,p), a may be considered as a 2 X 2-matrix over
[F,, and since o(a) = p, the minimal polynomial of « is a divisor of 27 — 1 = (x — 1),
and thus the characteristic polynomial of a is f, = (x — 1)?. Hence there is a basis of

M such that the matrix « is for some 0 # x € IF,. This means that there are

1 =z
0 1
elements my, my € M such that M = (my, my), mia = mq, and meax = my"mo.

Now assume that G is triply factorized by A, B, and M. Then B = (b) with b = a'm

for some m € M. Without loss of generality one may assume that ¢ = 1, i.e. b = am.
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7.2. The case R™ cyclic

-1 _
z—1 =

By induction one sees that b™ = a‘mg,(a), where g, € F,[x] is the polynomial

v P4 2" 24 ...+ 2+ 1. For n = 1, this is clear. Now let n > 1. Then
bt =" = a"mg,(a)am
= a"™ (mg,(a)) am =a"" (ma" ' ma”? - mam) am
=a""" (ma” ma”™" - ma® ma) m = a"'mgnia(a).

But g, is the zero polynomial, and hence b” = a?. It follows that |[A N B| > 1, which
contradicts G = AB. O

It is well-known that for every prime p there are exactly five groups of order p?, three of
which are abelian. In the following, these five cases for R will be considered separately.

7.2. The case R" cyclic

First it will be shown that Li" is a cyclic group if and only if RT is cyclic. To prove
this, the following lemma is needed.

7.2.1 Lemma
Let p be a prime and G a group of order p* and exponent p?. If G contains exactly p> —p
elements of order p?, then p = 2 and G = Qs.

PROOF. First assume that G is abelian, i.e. G = Cj2 x C),. Write the elements of this
group as pairs of the form (z,y) with x € Cp2 and y € C,. Since y?* = y? =1 for
all y € C,, the element (z,y) has order p? in G if and only if z has order p? in Cpe.
Moreover, there are exactly p? — p elements of order p® in C2. Hence G contains exactly
p(p* — p) elements of order p?. Now p(p? — p) = p> — p? is always different from p* — p.
Hence G cannot be abelian.

Assume that G is non-abelian and p > 3. Since exp(G) = p?, one has

G:<a7b‘ap2:bp:1,ab:ap+l>.

Thus, (a?)? = a” 7 = a?. Hence, if g = a™b € G with 0 < i, j < p — 1, it follows that
¢" = a?’b? =1, ie. g =1 or o(g) = p. Thus G contains at most p? — p? elements of
order p?, but p* — p? < p® — p. Hence also p > 3 is impossible.

This means that G is non-abelian and p = 2. There are only two non-abelian groups
of order 23, both of which have exponent 22. But the dihedral group Dg contains only
two elements of order 4, whereas Qg indeed contains 23 — 2 = 6 elements of order 4. O

If Lr" is a cyclic group, then exp(R") > p? and for all » € R one has o' (r) =
exp(RT) by Lemma 2.1.15. Assume that exp(R") = p?. Then R" has exactly

pP-p+pt—p=p’—p
—— =
R¥| €Lr
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7.3. The case R* elementary abelian

elements of order p?. By Lemma 7.2.1 it follows that p = 2 and R = Qg. But by
Malone [14, Corollary 4] there exists no nearring with identity whose additive group is
isomorphic to Qg. Hence, if Lz" is cyclic, also RT must be cyclic.

If R is a local nearring additive group is cyclic, R = Z/p*Z because of R = Pr and
Theorem 5.1.39. In this case, Ly = (p)*, and Ly + 1 is a cyclic group of order p?, if
p > 3. If p =2, it is isomorphic to E;. The operation of Lr + 1 on Lg is well-known:
forl=pn € Lr and k = pm+1 € Lr+1 one has kl = (pm + 1)pn = p*mn + pn. Thus,
in the case p =2, G(R, Lr) = E, x Cy, and for p > 3, one has G(R, Lr) = Cj2 x Cp.

7.3. The case R" elementary abelian

First the structure of Lr + 1 and how Lg + 1 can operate on Lgi will be determined.

Let Rt = (1, a, b), where L = (a, b). Then for every r € R the mapping o, : R — R
with za, = rx is an endomorphism of R*; if r € R*, it is even an automorphism.
Moreover, if a, = a, for r, s € R, then ro = sz for all x € R. For x = 1 this yields
r = s. This means that o : R* — Aut(R") =2 GL(3,p), * — «, is a monomorphism.
Now consider the group (Lg + 1)* of order p?, which is isomorphic to a subgroup of
GL(3,p). If p > 3, by Lemma 7.1.1 (Lg + 1)* cannot be cyclic and hence must be
elementary abelian. If p = 2, (Lg + 1)* may also be cyclic.

The next lemma is needed to describe all semidirect products E,2 X E2.

7.3.1 Lemma
For every prime p there are exactly two non-isomorphic semidirect products E,2 X E,z,
one of which is abelian.

Proor. Clearly the direct product E,. x E,. is abelian. Thus consider a non-trivial
semidirect product E,2 x E2. In the following, £,» will be considered as a 2-dimensional
vector space over [, and identify the automorphism group of E,» with GL(2, p).

Let G and H be elementary abelian groups of order p?, and let o« € Hom(G, GL(2, p)),
so that Ker(a) # G. Since |GL(2,p)| = p(p+1)(p—1)?, the kernel of o cannot be trivial,
i.e. | Ker(a)| = p. Thus there is an element a € G with aa # E, where E is the identity
of GL(2,p) (of course, o(acr) = p). Moreover, there is an element 1 # b € G with
ba = F.

Now let A = aa. Since AP — E = 0, the minimal polynomial of A is a divisor of
2P —1 = (x — ¢)P, and hence the characteristic polynomial of A is f, = (x —1)?, so that
there is a basis (x, y) of H such that the matrix representation of A has triangular form.
Moreover, 1 is the only eigenvalue of A. Thus A can be represented by

1 n
=0 1),
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7.3. The case R* elementary abelian

where 0 # n € F,. Now let m = n~! € F,, (or, more precisely, let m € N with nm = 1

(mod p)). Then
A™ — (a™)a = (é 1) .

Replacing a by a := a™, one has G = (a, b) and H = (z, y), and in G x H it follows that
2% =z, 2 =z, y* = zy, and y* = y. Thus every two non-abelian semidirect products

E,» x E,2 are isomorphic. |

Subcase 1: p >3

In this case, (Lgr + 1)* is elementary abelian. Thus G(R,Lg) = E, x E,. Since
there is a large number of nearrings of order p?, not all local nearrings over E,: will be
determined. But for every possible semidirect product G = E,» x E,2 a local nearring
R with R™ = Es and G(R, Lg) = G will be given.

Consider the matrix ring R over [F,, generated by the elements

110 1 01
My=101 0], My=10 10
0 01 0 01
Then 0*(M;) = 0*(Ms) = p. Then it is not difficult to see that

R = n,x,y €k, s,

o o3
o3 R
S ow

and hence it is clear that |R| = p3. Since R is a subring of the matrix ring (F,)s, it
follows that R™ = E,s. Moreover, Lr = {M € R | det(M) = 0}, i.e. all matrices in R
with zeroes in the main diagonal. Thus it is clear that R is local. Finally, the operation
of (Lr 4+ 1)* on Lg is trivial, which means that G(R, Lr) = E,2 X E.

Next, consider the matrix ring R over [F, generated by

1 11
M=10 11
001
Again, it is easy to check that
n Ty
R = 0 n x n, z,y €k,
0 0 n
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7.3. The case R* elementary abelian

is a local nearring with R = E3 and Lg = {M € R | det(M) = 0}. Simple calculations
show that Lr = (X, Y)", where

0 01 010
x=[oo0oo], v=[o0oo0 1],
000 000
and Lr + 1 = (A, B)™, where
1 10 1 01
A=10 1 1], B=1010
001 001

Moreover, it is not difficult to verify that AX = X, AY = X +Y, BX = X, and
BY =Y, and hence, G(R, Lg) is isomorphic to the non-abelian semidirect product
E,: x E,; by Lemma 7.3.1.

Subcase 2: p =2

First consider the groups of the form E, x E;. If R is the subnearring R of (IFy)3
generated by

1 01 1 00
Mi=101 0], My=10 1 1],
0 01 0 01
then one has

nx,y € Fy

S 8

Here Ly + 1 operates trivially on Lg, and it follows that G(R, Lr) = E, x Ej.
On the other hand, there is no local nearring R with RT = Eg and G(R, Lg) = E; X E,
non-abelian, as the following lemma and its corollary show.

7.3.2 Lemma
The non-abelian group G = E; x E; does not have a normal subgroup M = FEj, which
has two complements A and B, such that G is triply factorized by A, B, and M.

PrROOF. By Lemma 7.3.1 the group G can be written as (a, b, x, y) with z% = z,
y*=xzy, 2’ =2, and y* = y. Let M = (x, y) <G, and let E = (a, b, x) = Es.

Let U be a subgroup of G which is isomorphic to E,. If U contains one of the elements
x, y, or zy, then |UN M| > 2, and hence U cannot be a complement of M. If U contains
one of the elements bz or bxry, then a cannot be contained in U, since U is abelian, but
by® = bxy and bry® = by. Now y, xy, by, and bxry are the only elements of order 2 of
G which are not contained in E. Thus, all complements of M are contained in E. But
then, if A and B are complements of M, one has AB < E < (. This means that G
cannot be triply factorized by M and two of its complements. O
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7.4. The case R* abelian of exponent p?

7.3.3 Corollary
Let R be a local nearring with R = Fg and Lr* = (Lp + 1)* = Ey. Then (k+ 1)l =1
for all k, l € Lp and hence G(R, Lg) = E4 X Ejy.

PrROOF. By Lemma 7.3.2 there is no nearring R which has a construction subgroup U
such that UT = (U + 1)* = E, and the operation of U + 1 on U is non-trivial. O

In order to find local nearrings R with R™ = Eg and a cyclic group (Lg + 1)*, in the
following lemma all possible semidirect products Cy x Ej are determined.

7.3.4 Lemma
Up to isomorphism there are exactly two different semidirect products Cy X Ey4, one of
which is abelian.

ProoOF. Obviously, the direct product Cy X Ey is abelian. Hence it suffices to show that
all non-trivial semidirect products C4 x E, are isomorphic.

Let G = (a) = Cy, H = E,, and let a : G — Aut(H) = GL(2,2) be a non-trivial
homomorphism, so that aa is not the identity mapping on H. Since |GL(2,2)| = 6, one
has o(aa) = 2. Hence, as in the proof of Lemma 7.3.1, one can find elements z, y € H
such that * = x and y* = zy. Thus every two non-trivial semidirect products Cy X FEy
are isomorphic. O

If R is a local nearring with Lzt = E; and (Lg + 1)* = Cy, then L + 1 cannot
operate trivially on Ly by Proposition 3.1.5. Moreover, it is easy to see that the group

Cy x Ey is not triply factorized. Thus only the group Cy X Fj can occur as G(R, Lg).
Let

11
M=1]0 1 € (Fy)s.
0 0

—_ = =

Then o* (M) = 4 and the subring R of (IFy)3 generated by M has order 8. More precisely,

R = n, x,y€fyp,

o o 3

x
n
0

S 8w

and it is easy to see that R is in fact a local nearring with Lp™ = E; and (Lg+1)* = C}.
Hence G(R, Lg) = Cy x Ej is a non-trivial semidirect product.

7.4. The case R" abelian of exponent p?
If exp(RT) = p? and R" is abelian, then

Rt=(l,a|l-p>=a-p=[l,a] =0). (7.1)

89



7.4. The case R* abelian of exponent p?

In this case, Lr = (p, a), i.e. Lg* = E,». By Lemma 7.1.1 (Lg + 1)* is elementary
abelian if p > 3.

The first lemma in this section gives a criterion for a ring over the additive group
given in (7.1) to be local.

7.4.1 Lemma

Let R be a ring over the group given in (7.1), where the multiplication is given by
l-z=x-1=x for all * € R and the product a - a (note that a ring over an abelian
group is determined uniquely if the products of the generators of the group are known).
Ifa-a € (p)", R is local with Lr = (a, 1-p)*.

PROOF. Let a-a € (p)7, so that a - a = pt for some ¢t € Z. Since the elements of (p)™*

cannot be invertible because of p? = 0, it suffices to show that every z € R\ (a, p)* has
a multiplicative inverse. Let 2 € R\ (a, p)", so that © = n +am for some n, m € Z and
p{n. Then

2 = n* + o(k)ptm*n*~? + akmn*~!

for k > 2, where o(k) = k(k;), ie. 0(l) =0and o(k+ 1) = k + o(k). This can be seen

by induction as follows. First,

2

2? = (n + am)? =n®+a-2nm + a®m?

=n? 4+ ptm? + a - 2mn = n® + o(2)ptmn® + a - 2mn?.

Now, let k > 2. Then

xk+1 — SC'I‘k

= (n+ am) (n* + o (k)ptm*n*~* + akmn®~")

= " 1 o(k)ptm*nf ! + akmnk

+ amn® + apo (k) tm®n*~? + g?km?n* !
< LN ——
-0 =ptkm?2nk—1

= " 4 ptm2n (o (k) + k) + a(k + Dmn”
=" 4 o(k + Dptm*n™ + a(k + 1)mn”.

Since |R\ (a, p)" | = p* — p* = p*(p — 1), it follows that

P =) — Pt -1) a(p2(p _ 1))ptm2np2(pfl)f2 + apQ(p _ 1)mnp2(p71)*1

J/

-0

2 2
oy PO D=1 =1 s -

2

—1
_ np2(p,1) i p(p2 ) '?2(]92(]9 . 1) _ 1)tm2np2(pfl)*24
-0
— P
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7.4. The case R* abelian of exponent p?

But since Py = Z/p*Z and so |Pr*| = p?> — p = p(p — 1), one has n?’®~1) = 1 because
of n € Pr™, ie. 2?"®=1) = 1. This means that z is invertible, and hence L = (a, p>+.
Thus it follows that R is a local ring. O

By Lemma 7.1.1 Lr + 1 is elementary abelian, if p > 3. If p = 2 and Ly + 1 is
elementary abelian, by Lemma 7.3.2 the operation of Ly + 1 on L must be trivial. For
every prime p, a nearring R with G(R, Lg) = E,2 x E, is for instance given by the ring
with multiplication defined by 1-1=1,1-a=a-1=a, and a-a = 0, where 1 and a
are the generators of R given in (7.1) (this ring is local by Lemma 7.4.1).

If p > 3, the operation of Lr 4+ 1 on Ly need not be trivial. Consider for example the
ring given by the multiplication defined via a® = p, which is again local by Lemma 7.4.1.
In this case, a® = 0, and hence [* = 0 for all [ € Ly, since

(an +pm)® = a*n® + a*n*pm - 3 + anp*m? - 3+ p*m* =0

for 0 < n, m < p. Moreover, (an + pm)* = a*n? + anpm - 2 + p*m? = a®>n® = n? - p.

Now
(a+1)”:§:ai(j> :a2<g) —i—a(?) + (g) :@-p—i—an—i—l

1=0

for n > 2, and

(a+p+1)"=i(a+p)i(7;) :(a+p)2(g) +(a+p)(7f>+<g)

i=0
n(n2_ )-p+an+pn+1: (n;1)~p+an+1.
Thus, if (a +1)" = (a+p+ 1) for n, m € Z, one has
w~p+an+1:W~p+am+l
— (n(n2_ D _ m(m2+ 1)> -p=a(lm—n) € (p)N{a).

Since (p) N (a) = {0}, it follows that a(n —m) = 0 and hence n = m (mod p). Thus
(a+1)"N{a+p+1)°={1} andso Lg+1={(a+1,a+p+1). But

(a+1Da=a*+a=p+aa,

which means that Lr + 1 operates non-trivially on L. Thus G(R, Lg) = E2 X Epe.
If p=2, Ly + 1 may also be cyclic. Again consider the ring defined by a? = 2. Then
Lp+1is cyclic, since (a +1)?=a?’+a-2+1=2+1=3# 1.
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7.5. The case R non-abelian of exponent p

7.5. The case R" non-abelian of exponent p

In this case p > 3, since groups of exponent 2 are always abelian. As there is (up to
isomorphism) exactly one non-abelian group of order p® and exponent p for every odd
prime p, in this case RT = (a, b | a-p=>b-p=0,[a,b"=][a,b]=[a,b]). Now (RT)
is always a left R-subgroup of the nearring R. Therefore in a local nearring the group
(R*) must be contained in Lg unless RT is a perfect group by Lemma 5.1.27.(a). Since
finite p-groups are not perfect, in a finite local nearring R one must have 1 ¢ (R*).
This means that without loss of generality

R+:<1, a ‘ l-p=a-p=0,[l,a'=[1,a]" = [1,a]>, (7.2)

so that Lr = (a, [1,a])". Since 2 -1 = = for every + € R and because of the left
distributivity of R, the multiplication of R is determined uniquely, whenever x - a is
known for all € R. Moreover, Pz N (a, [1,a])* = {0}. Thus for all # € R there is an
n € Pr and an [ € Ly such that x =n + 1.

Since R* is a nilpotent group of class 2, the following rules hold for all z, v, 2 € R
and all n € Pg:

[z +y, 2] = [z, 2] + [y, 2], [z, y + 2] = [z,y] + [z, 2],
[zn, y] = [z, yln = [z, yn],  [z,y] € Z(RY).

In the following these relations are used without further reference.
By Lemma 7.1.1 the group (L + 1)* must be elementary abelian. Hence in this case
G(R, Lg) can only be a semidirect product of the form E,2 x E..

7.5.1 Theorem

Let R be a nearring whose additive group is as in (7.2) and whose multiplication is
givenby 1-2 =x-1 =g forallz € R and (n + l)a = an for alln € Pr = (1)* and
all 1 € {a, [1,a])". Then R is a local nearring with Lr = (a, [1,a])", and G(R, L) =
E 2 x Epz.

p

PrRoOOF. By the definition of the multiplication one has na = an for all n € Pr. More-
over, for all z, y, z € R the identity z[y, z] = [xy, xz] holds in every nearring R.

By the left distributive law this multiplication can be extended to the whole group
R*. Now has only to be checked that the associative law holds. This is now done in
several steps. Since p > 3, one has 2 € Pg*. Let 2 = 27! € Py, and let L = (a, [1,a])".
Note that L is an abelian group.

(1) (n+k)[1,a] =[1,a]n? for all n € Pg and [ € L:

(n+k)[1,al =[n+k,(n+k)a] =[n+k,an] = [n,an] + [k, an]

= [n,an] = [n,aln = [1,a]n’.
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7.5. The case R non-abelian of exponent p

(2) (n+k)[1,a] =n[1,a] for all n € P and k € L:
(n+k)[1,a] = [n+ k,an] = [n,na] + [k, na] = n[1,al.

(3) (n+k)l=nlforallne Pgand!l € L:
Let | = ax + [1,a]y € L with z, y € Pg. Then

(n+ k)l = (n+k)(ax + [1,aly) = (n+ k)(ax) + (n + k)([1, aly)

@ naz + n[l,aly =n(az + (1, aly)

= nl.

(4) (n+ k)m =nm + km+ [k,n]zm(m — 1) for all n, m € Pg and k € L:

Since m € Pg, there is a positive integer m with m = 1-m. Apply induction on m.
For m = 1 one has m = 1 and hence nm+km+ [k, n|zm(m—1) =n+k+0 =n+k.
Now let 7o > 1. Then m +1=1-(m + 1) and one has

n+k)(m+1)=n+km+n+k
=nm + km+ [k,n]zm(m —1)+n+k
=nm+km+n+k+ [k, njzm(m — 1)
=nm+n+ km+k+ [km,n] + [k,n]zm(m — 1)

=n(m+1)+k(m+1)+ [k,n|m+ [k,n|zm(m—1)
=n(m+1)+ k(m+ 1)+ [k, n](m + zm(m — 1))
=n(m+1)+k(m+1)+ [k,n](2z2m + zm(m — 1))
=n(m+ 1)+ k(m+ 1)+ [k,n|zm (2—|—m—1)
=n(m+1)+k(m+1)+ [k,nlzm(m+1)
n(m+1)+k(m+1) + [k, nlz(m+ 1)m

(5) (n+k)(m+1) =nm+km+nl+ [k,n|zm(m—1) for all n, m € Pgpand all k, [ € L:

m+k)m+1) = n+Ekm+ n+k)Il =nm+km+ [kn]zmim—1)+nl =
nm + km + nl + [k,n]zm(m — 1) by (3) and (4).

(6) ((n+k)(m=+1))h=nmhforaln, me Pgandall k, [, h € L:
This follows immediately from (5) and (3).

(7) For every n, m, r € Pg and every k, | € L the following holds:

(n+ k) (m+1)r
= nmr + kmr +nlr + [k (zr(m — 1) + mzr(r — 1)) 4+ nlzr(r — 1), nm] :
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7.5. The case R non-abelian of exponent p

By (4) and (5) one has

((n + k)(m + l)) r

& (nm + km +nl + [k,n] 2m(m — 1)) r

@ nmr + kmr + nlr + |k n} zmr(m —1) + [km + nl, nm] zr(r —1)

[
= nmr + kmr + nlr + [k, nm] zr(m — 1) + [(km + nl)zr(r — 1), nm|

= nmr + kmr + nlr + [kzr(m — 1), nm] + [kmzr(r — 1) 4+ nlzr(r — 1), nm|
= nmr + kmr + nlr + [kzr(m — 1) + kmzr(r — 1) + nlzr(r — 1), nm]

= nmr + kmr + nlr + [k (zr(m — 1) + mzr(r — 1)) + nlzr(r — 1), nm|

(8) For every n, m, r € Pr and every k, [, h € L the following holds:
(n+k)(m+1)) (r+h)
= nmr + kmr + nlr + nmh + [k (zr(m — 1) + zmr(r — 1)) + nlzr(r — 1), nm|
This follows immediately from (6) and (7).

(9) For every n, m, r € Pg and every k, [, h € L the following holds:

(n+k) ((m+1)(r+ h))
= nmr + kmr + nlr + nmh + [nlzr(r — 1) + kzr(mr — 1), nm)|

Using (5) one obtains

(n+k) ((m+1)(r + h))
= (n+ k) (mr +lr + mh + [I,m] zr(r — 1))
= nmr + kmr +n (Ir + mh + [, m] zr(r — 1)) + [k, n] zmr(mr — 1)
= nmr + kmr + nlr + nmh + [nl,nm] zr(r — 1) + [k, nm] zr(mr — 1)

= nmr + kmr + nlr + nmh + [nlzr(r — 1) + kzr(mr — 1), nm]

(10) Since zr(m — 1) + zmr(r — 1) = zr(mr — 1), the multiplication on R is associative

by (8) and (9).

By the definition of the multiplication it is clear that kl = 0 for all k, [ € L. Hence the
elements of L cannot be right invertible. Thus it suffices to show that R* = R\ L in
order to see that R is local with Lr = L.
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7.5. The case R non-abelian of exponent p

Let x € R\ L. Then there are elements n € Pg™ and | € L such that © = n + [.
Moreover, there exists an m € Pp™ with nm = 1. Then

(n+k) (m —mkm — [mk, 1] zm(m — 1))

© nm + km — nmkm — [nmk,n] zm(m — 1) + [k, n] zm(m — 1)

=1+4+km—km— [k,1] z2(m —1)+ [k, 1] 2(m — 1)
=1

Hence z is right invertible, and this means that R is a local nearring with Lrp = L.
Moreover, for every k, | € L by the definition of the multiplication it follows

(k+1)l=1+k+[k 1) =1

i.e. Lr + 1 operates trivially on Lg. Thus G(R, Lr) = E,2 x E,. O

7.5.2 Theorem

Let R be a nearring with R* as in (7.2) and multiplication given by 1-x =z -1 = z for
all x € R and (an + cm + k)a = ak® + ckn, where ¢ = [1,a], and n, m, k € N. Then R
is a local nearring with Lp = {a, [1,a])", and G(R, L) is isomorphic to the non-trivial
semidirect product E,» X E,.

PROOF. It is clear that every x € R can be written as an +cm +1-k =an + cm + k,
where ¢ = [1,a] and n, m, k € N are unique modulo p, and that the given rules lead to
a well-defined multiplication which is left distributive. It has only to be checked that
the multiplication is associative. This is done in several steps.

(1) (an+cm + k)c = ck>:
(an+cm +k)e = (an + em + k)[1, a] = [an + em + k, (an 4+ cm + k)a]
= [an + k, ak® + ckn] = [an + k, ak?]
= [an, ak2] [k:,ak:z] [k: ak?]
= [1,a)k? ck®.

(2) (an+cm+k)r:anr+c(mr+knr )+kr for all r € Ny:
Apply induction on r. For r = 0 this is clear. Thus let » > 0. Then
(an+cm+k)r = (an+cem+k)(r —141)
=an(r—1)+c¢ (m(r —1)+ kn%) + k(r—1)
+an+cm+k
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7.5. The case R non-abelian of exponent p

i e (s N

+k(r—1)+[k(r—1),an] +k

=anr +c (mr + kn%) +[1,alk(r — 1)n + kr

zwmr+c(mr+kn(&;2%1:22+T—1>)+kr

-1
:anr—l—c(mr—i-lmr(TZ >> + kr

@)W”+m"+kﬂmﬁﬂﬂ+®—%NWT+"@+f(mw+k%+mu+kM“1>+kt

(an+cm+k)(ar +cs + 1)
= (an + cm + k)ar + (an + cm + k)es + (an + cm + k)t

tt—1
:(M?+cm0r+cﬁs+mn+c<mr+mz(2 ))+kt

tt—1
:ak2r+cl€nr—|—ck3s+ant+c(mt—i—kn ( 5 ))+kt

tt—1
zaw%+nﬂ+c(mW+k%+nn+mz<2>)+kt

(4) The multiplication is associative:

Let an+cm + k, ar +cs+t, ar + cy + 2 € R. Then, on one hand,
((an+em+k)(ar +cs+ 1)) (ax + cy + 2)
( Wr+nt+c<hw+k%+4m+wmﬂ%;9)+k§(mﬂwy+z)
= a k2t2x +k*rz + ntz)

t(t—1
c <k:t (K*r +nt) z + K*t*y + <k:nr + ks +mt + kn%) -

+ kt (/{:27“ + nt) Z(Z; 1)>

+ ktz

96



7.5. The case R non-abelian of exponent p

=aq (l{:Qtzx + E*rz + ntz)
t—1

+c <k3rtx +nkt?r + Py + nkrz + E3sz + mtz + nktz

z—1 z—1
E3rt kt?
+ KTtz 5 + nkt 'z 2 )

+ ktz
=a (k2t2x + Krz+ ntz)

+c (k:grtx + nkt*s + Bty 4+ nkrz + k*sz + mtz

5, z—1 t—1 t(z—1)
+ k°rtz 5 +nk:tz< 5 + 5

+ kitz
=a (k2t2m + Krz+ ntz)

+c <k37“tx + nkt’z 4+ 3y + nkrz + E3sz + mtz

+ Ktz ; L + nk:tztzz_ 1)
+ ktz,
and on the other hand,

(an+cm+ k) ((ar + cs +t)(ax + cy + 2))
= (an+cm+ k) <a (tgx + rz) +c (tm: + t3y + sz + tr@) + tz)
= a (K**z + k°rz + ntz)

+c (kzn (Px+rz) + K (tr:v + 3y 4 52 + tr@)

2(tz — 1))

t
+mtz + kn 5
+ ktz
= a (K*z + k°rz 4+ ntz)

z—1

+c (nkt% + nkrz 4+ B rte + B33y + Esz + EPrtz

tz—1
+ mitz + nktz 5 )

+ ktz
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7.6. The case R* non-abelian of exponent p?

It is easy to see that these two expressions are equal. Thus R is a left nearring under
the given multiplication.

Furthermore L = (a, ¢), since for k # 0 (mod p) the inverse of an+cm+k is ar +cs+t,
where t € N with k&t = 1 (mod p), r = —nt?® (mod p), and s = —t>nr — mt* — nﬁ(th)
(mod p). For k = 0 the element an + ¢m + k cannot be right invertible. Hence the
nearring R is local.

It is clear that |Lr + 1| = p®. From Lemma 7.1.1 it follows that (Lp + 1)* = E..
Moreover, it is easy to see that (a+ 1)a = a+ c. Hence the semidirect product G(R, Lg)

is non-trivial. O

7.6. The case R" non-abelian of exponent p?

If Rt is non-abelian of exponent p?, the case p = 2 is impossible, since there are no local
nearrings over Qg (c.f. Malone [14, Corollary 4]) or Dg (c.f. Corollary 5.2.11).

Hence p > 3 and RT = (a,b|a-p*=b-p=0,a"=a-(p+1)). Since o7 (1) =
exp(R™) in every nearring by Corollary 2.1.15, one has without loss of generality

Rt =(Lb|p’=b-p=0,—-b+1+b=p+1). (7.3)

In this case, [1,b] = p. If R is a local nearring over the additive group given in (7.3), it
is clear that b € Lg; moreover, one has Lr = (b, p). Furthermore, Lg + 1 is elementary
abelian by Lemma 7.1.1. Since (p + 1)" = pn + 1 for all n € N (this holds since
Pr 2 Z/p*Z), one has (Lg +1)* = (b+ 1, p+1). As in Section 7.5, R" is a nilpotent
group of class 2, such that the following rules hold for all z, y, z € R and all n € Py
and will be used without further reference:

[x+y,z]:[x,z]+[y,z], [a:,y+z]=[a:,y]+[:ﬁ,z],
[zn,y] = [z, yln = [z,yn],  [z,y] € Z(R").

For the understanding of the structure of local nearrings over R™ as in (7.3), the following
calculation rules are useful.

7.6.1 Lemma
Let R be a local nearring over the additive group given in (7.3). Then the following
holds:

(a) For all n, k, r € Ny one has
-1
(bn+ k)r =bnr + k (r + pnr(rQ—)) (7.4)

Note that every element of R* can be written as bn + k for suitable n and k.
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7.6. The case R* non-abelian of exponent p?

(b) (b+1)p=p
() (p+1p=p
(d) (p+1)b=0>
(e) There is an element x € [F,, such that
(b+1)b="b+ pz. (7.5)
This x will be fixed until the end of this section.
(f) (b+1)kb = b+ pka for all k € Ny.

(g) (0+1)" =bn+pz™ % 1 for all n € Ny,

k(k—1
(B) b+ DHp+1) = bk +p (1+ 2552,
PRrROOF. (a) For r = 0 this is trivial. Now let » > 1. Then
(bn+k)yr=(bn+k)(1+r—1)
=bn+k+(n+k)(r—1)

:bn+k+bn(r—1)+k(r—1+pn

(7“—1)2(7“—2))

:bn—i—bn(r—1)+k:+[k,bn(r—1)]+k(T_1+pn(r—1)2(r—2)>

:bnr—l—k+wkn(7~_1)+k(7,_1_|_pn(7”—1)2(7“—2))
:bnr+k(1+pn(r_1)+r_1+pn(7”—1)2(7’—2)>

o (e (CEU2 )

(r—1(r—2)+2(r— 1)>
2

:bnr—l—k(r—i-pn

-1
=bnr+k (r—l—pnr(rz ))

(b) This follows immediately from (a).

(c) Since Pg is a ring one has (p+ 1)p = p> +p = p.
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7.6. The case R* non-abelian of exponent p?

(d) Since (Lg + 1)* = E,2 is an abelian group, one obtains

(p+1)b+1)=0+1)(p+1)
<~ (p+Lb+p+1=(0b+1)p+b+1
— (p+Lb+p+l=p+b+1
— (p+1b=p

(e) Since b € Lg, it is clear that there are elements z1, x € F, such that (b + 1)b =
bxy + pr € Lg. Using (b) it follows

p=(0b+1)p =B+ D[1,b]=[b+1,(b+ 1)}]
=[b+1,bxy +px] = [b+ 1,bx1] = [b,bxq] + [1, ba1]
= [1,blay = pry

Thus z; = 1.
(f) This follows by induction immediately from (e).

(g) For n =0 this is clear. So let n > 1. Then
(b+1)" =+ 1)(b+1)""

=(b+1) (b(n—1)+px

02 )
(n—1)(n—2)
2

(n—1)2(n—2)+b+1

(n—1)(n—2)
2

= (b+1)b(n—1)+ (b+ 1)pz +b+1

© b+ pz) (n—1) + pa

:b(n—1)+px<n—1+ )—i—b—i—l

n(n—1)

1
5 +

= bn + px

(h) Using the previous rules, one obtains

b+Dfp+ 1) =0+1Dkpl+1)
= (b+DFpl + (b4 1)*
b(k=1) |

=pl + bk + px 5

k(k—1
:bk+p<l+:c¥)+1. O
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It is well-known that (Z/p*Z)* = Cp—1). Hence there is an element z € Pg* with
0*(z) = p — 1. Since zb € Lg, there are elements y,, y € F, with zb = by, + py. But

pz = 2zp =z[1,b] = [z,2b] = [z,bys + pyl
= [z, byn] + [z, py] = [2,byn] = [1, b2y = p2y,

and hence y; = 1. This means that
zb = b+ py, (7.6)
which leads to the following.
b+ 1)z=(2""b+27") 2
=(b—pyz"+27")2

e e (24475 )

z—1
:bz—py—I—pT+1

On the other hand, by Lemma 7.6.1 (h)

@+1y@+1W:ley:@+4y(p01—xazgl—y>+1)
=p(ﬂ—$@z_1

ZP(O—xdz

-1 -1 -1
:pr(zQ _$z<22 >_y+x@)+1

—y) + (b+ 1)

-1

+1

z—1
:bz+p(T—y>+1

z—1
:bz—py+pT+l.

Hence
e

b+ Dz = (b+ 1) (p+ 1)) v, (7.7)

7.6.2 Theorem

(a) For every prime p > 3 there is a local nearring R over Rt given in (7.3) such that
G(R,Lr) = E2 X Ep, i.e. Lr + 1 operates trivially on Lg.

(b) For p = 3 there is a local nearring R over R* such that Lr+ 1 operates non-trivially
on Lg. For p > 5 there is no local nearring over R* with a non-trivial operation of
Lr+1 on Lg.

101
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PROOF. (a) Defining 7b = b for all r € R, the left distributive law yields

(bn+0)(br+k) = (bn+0br+ (bn+ 1)k

) br +bnk +1 (k —I—pnk(k; 1)>

k(k—1
= b(r+nk) + pnl ( 5 )+lk‘.

The associativity of this multiplication has to be checked. For A, B, C, D, E, FF € N
one has on one hand

((bA+ B)(bC + D))(bE + F)
( (C + AD) —i—pABw +BD) (bE + F)

= b(E+ CF + ADF)
F(F-1)

p(C + AD) @ABW 4 BD) )

+ <pABD(DT_1) + BD> F

=b(E + CF + ADF)

D(D

+p(C + AD) BD# + pABFT_l) + BDF

=b(E + CF + ADF)
F(F-1)

P (BC’D 5

+ABD2@+ABFM>
+ BDF
=b(E+CF + ADF)

P (BCD—F (F2_ Yy aBDF (DFQ_ = DQ_ 1))

+ BDF

F(F=1)  pppDF -1

:b(E+CF+ADF)+p(BC'D )+BDF,

and on the other hand
(bA+ B)((bC' + D)(bE + F))

= (bA + B) (b (E+CF)+ pC’Dw + DF)
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So(mrorea(pent =D pr))

(peDEER 4 DF) (pODHE 4 DF 1)

+ pAB 5
+B(p0DM+DF)
=b(E+CF + ADF)
+pABw+pBCDF<F—1) + BDF
:b(E+CF+ADF)+p(BCD—F<F2_ D , apppPE-1

) + BDF.

Thus the multiplication is associative. Moreover, since (p+ 1)p = p, (p+ 1)b =,
(b+1)b=0b,and (b+1)p=bp+p +p@ = p by (7.4), the operation of Lr + 1

on Lp is trivial.

(b) By (7.6), one has z7'b = b— pyz~'. Thus, on one hand, using Lemma 7.6.1 one gets

b+ 1) =21 (b2 +pr+ 1)
=z 242 pr + 2
= (b—pyz") -2+ przt 427
=02 —p2yz L+ przt 4 270
=02+p (xz_l — 2yz_1) + 274

1

1

but also

2+ 1)=2" b+ D2z b+ 1)
b+ 1) (p+ 1)1 v (274 27)

= (
= (b+1)*(p+ 1) (h—pyzt 4 27
= (

z—

b+ 1) <b —pyz '+ (p+ 1)(17’”2)71*?/271)

o o055 )

N (ST (AR R

z—1

= (lH—l)Zthp((z_1 — )
z—1

:b+pxz+p((z_1—x)
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7.6. The case R* non-abelian of exponent p?

z—1
2

=b+p (xz +(z7' =) - 2y2_1> +(b+1)z1

-1
=b+p (xz + (271 = x)z — 2yz1>

2
-1 z - 1
:b2—|—p(xz+(z — ) 5 —2yz )
—1 27t -1
+(px ( 5 )+1> <2_1+p 5 )

-1
=02+p (xz + (271 - I)Z - 2yz_1)

2
2(z—1) I |
—+1
+<px 5 + >z +p 5
—1 -1
=02+p xz+z_1z _ iz — Yzt
2 2
—1 11
+pxz_1M + 271 +pz
2 2
1 -2t —1
=02+p (mz + < 2yz_1> —pxz
2 2
N z—1+ 2_1—1+ .
pT— r— z
11 11
:b2+p(:ﬁz—z 5 —2yz_1~|—z 5 )—{—2_1

=02+p (a:z — 2yz’1) + 27

1 1 1 1

Hence 27! — 2yz7! = 22 — 2yz71, ie. 227! = 22 or x = x2?. This means that
either z = 0 or 22 = 1 (mod p). The first case leads to a trivial operation of
Li + 1 on Lg, and this means that in the case of a non-trivial operation of Lz + 1
on Lg one has # # 0. Hence, 22 = 1 (mod p), which means that 2%’ = 1, since
(pn+1)? =1 (mod p?) for all n € N. But 0*(z) = p—1, and hence 2P~! = 1. Thus,
1 = 22272071 = 222001 — 22 [t follows that 0*(z) =p — 1| 2. Since z # 1 this
means that p = 3.
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If p = 3, one can choose x = 1 to obtain a local nearring in which Lr + 1 operates
non-trivially on Lg. O
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Chapter 8.

Local nearrings with dihedral
multiplicative group

8.1. General results

In this section local nearrings with dihedral multiplicative group are investigated. Most
of these results can also be found in [3]. The first lemma on the structure of dihedral
groups is well-known and will not be proved here.

8.1.1 Lemma
Let D be a dihedral group and N < D. Then one of the following holds:

(1) |D: N| =2 and N is a dihedral group.
(2) D= N.
(3) N is a cyclic group.

The next two lemmas and the subsequent theorem can also be found in detail in [3].

8.1.2 Lemma ([3, Lemma 4.1])
If R is a nearfield with (non-trivial)! dihedral multiplicative group, then |R| = 3 and
hence R = 5.

PROOF. By Lemma 4.2.4 (b) the equation 2% = 1 has only the two solutions z = 1 and
x = —1 in R. Hence |R*| < 4, which means that |[R*| = 2. Thus |R| = 3, and so
R = ;. O
8.1.3 Lemma ([3, Lemma 4.2])

Let R be a local nearring. If Lr + 1 is a cyclic group, then Ly is finite.

8.1.4 Theorem ([3, Theorem 4.3])
Let R be a local nearring whose multiplicative group R* is dihedral. Then R is finite.

IThe trivial group is not really a dihedral group, but sometimes it is useful to consider it as a dihedral
group. The cyclic group of order 2 and Klein’s Four Group both are dihedral groups throughout
this section.
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8.2. Nearrings of odd order

8.2. Nearrings of odd order

First local nearrings of odd order are considered. It turns out that the order of a local
nearring of odd order with dihedral multiplicative group cannot be larger than 9. In
the following, all these nearrings will be determined. In Lemma 8.1.2 it was shown,
that there is exactly one local nearring of order 3 with dihedral multiplicative group.
It will be shown in Theorem 8.2.2 that there are up to isomorphism exactly two local
nearrings of order 9 with dihedral multiplicative group. Since Z/9Z is the only nearring
with identity element over the additive group Cy, and since (Z/9Z)* is not dihedral, it
is clear that the additive group of these two local nearrings is elementary abelian.

8.2.1 Theorem ([3, Theorem 4.4])
Let R be a finite local nearring of odd order. If R* is dihedral, then either R = F3 or
R* is an elementary abelian group of order 9.

Proor. By Corollary 5.1.30, L < R. Since R/Lp is a nearfield whose multiplicative
group is isomorphic to R*/(Lg + 1), this group is dihedral and so R/Lr = F3 by
Lemma 8.1.2. Therefore, 3 € Lg and hence R* is a 3-group by [3, Lemma 3.9]. Thus
Lgr+ 1 is a normal 3-subgroup of R* and so a cyclic group whose elements are inverted
by —1. In particular, since 4 € Lp + 1, it follows that 4 = (—1) -4 - (—1) = 47!, so that
16 = 1 and hence 3 = 0. Therefore exp(R") = 3. Next (Lg + 1) X Lg is a product of
two cyclic 3-groups by Construction 3.1.4, so that Ly is cyclic by [21, Lemma 6]. Hence
|Lr| = 3 and so RT = E. O

8.2.2 Theorem
There are exactly two local nearrings over Ey whose multiplicative groups are dihedral,
one of which is zero-symmetric.

PROOF. Let R be a local nearring over Ey with dihedral multiplicative group, and let
0 # a € Lr. Then R™ = (1, a). To determine the multiplication in R it suffices to
consider the products ra for all r € R.

Since |Lg| = 3, also (Lg +1)* =2 C3. Hence 0*(a+1) =3 and (a+ 1) =a-2+1. Tt
follows that (a + 1)a = (a -2+ 1)a = a. Since —1 € L + 1, one has R* = (-1, a + 1)
and (—1)(a+1)(—=1) = (a+1)"' =a-2+ 1. But on the other hand,

(—D(a+1)(-1)=((-1)a+1)(-1) = -1 — (—1)a.

This yields —(—1)a = =14+a-2+ 1 =a-2, and so (—1)a = a. Thus ra = a for all
r e R*.

Since a? € Lg, there are the following three possibilities for a?:
(1) a*=0:

In this case a ¢ R.. But R.* < Lp" by Lemma 5.1.8, and hence R. = {0}. Thus
Ly is nilpotent by Corollary 5.1.13, which means that also (a + a)a = 0.
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8.3. Nearrings of even order

(2) a® = a:

In this case, a € R., because otherwise R would be zero-symmetric as in (1) and
hence Lg is nilpotent. Thus R, = Lgr and ra = a for all a € R. But this implies
that a? = 0, a contradiction.

(3) a> =a+a:

In (1) was shown that Lg is nilpotent and hence a? = 0, if a ¢ R.. This means that
a € R, and hence a? = a. But then a? = a + a is impossible since a + a # a.

Thus there are at most two local nearrings with dihedral multiplicative group over Fy,
one of which is zero-symmetric. Indeed, both possibilities for the multiplication lead to
local nearrings. Only the associativity of the operations has to be checked. Thus let
b € Ey and consider the mappings oy and as with

CY12E9—>E9
0, xe€(b)
T = s
b, x & (b)
OéQZE9—>Eg

z — b.

Let R; be the subnearring of M(FEy) generated by the identity mapping of Fy and «;
for i € {1, 2}. Then it is not difficult to see that R;* = Dgs, where R; is local, R; is
zero-symmetric, but Ry is not. O

Thus all local nearrings with dihedral multiplicative groups of odd order are classified.

8.3. Nearrings of even order

Now local nearrings of even order will be studied. In [3] it was shown that a local nearring
of even order has order at most 32, if its group of units is dihedral. An investigation of
all possible additive groups of order 32 shows that there is no local nearring of order 32
whose multiplicative group is dihedral. Thus Theorem &8.3.11 improves the main result
of [3]. Moreover, in this section several cases for the structure of local nearrings of even
order with dihedral groups of units are treated and illustrated by examples.

8.3.1 Lemma ([3, Lemma 5.1))

Let R be a local nearring of order 2"™' with dihedral multiplicative group. Then
|R : Lg| =2, in particular R* = Lg + 1 is a dihedral group of order 2". Furthermore,
exp(RT) < 8.
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8.3. Nearrings of even order

PROOF. Since R/Lp is a nearfield of even order, it cannot be isomorphic to Fs. Thus,
by Lemma 8.1.2, (R/Lg)* cannot be dihedral and hence must be trivial. That means
that R/Lr = Fy and so |R: Lg| = 2.

Let 2! be the exponent of R*. Then Pp = Z/2'Z by Lemma 4.3.3. Hence Pr* =
Cy X Cyi—2 is an abelian subgroup of R*. This means that |Pg*| < 4, which is equivalent
to |Pr| < 8. Thus exp(R") < 8. O

8.3.2 Lemma ([3, Lemma 5.4))
Let R be a local nearring of even order with dihedral multiplicative group such that R*
operates faithfully on Lr™. Then the following two statements hold:

(1) Lg is either a group of order 4 or a non-cyclic abelian group of order 8.
(2) R* is either a cyclic group of order 8 or a group with exponent at most 4.
In particular, |R| < 16.

8.3.3 Corollary
Let R be a local nearring of even order with dihedral multiplicative group such that R*
operates faithfully on Lr*. Then exp(R") < 4.

PROOF. By Lemma 8.3.2 R* is either a cyclic group of order 8 or a group of exponent
at most 4. But if RT is isomorphic to Cg, then R = Z/8Z by Lemma 4.3.3. This is
impossible since in this local nearring the operation of Lg 4+ 1 on Lg is not faithful (it
is not difficult to see that Stabgx(Lg) = (—3)™ in this case). 0

8.3.4 Theorem ([3, Theorem 5.7])

Let R be a local nearring of order 2™ withn > 1, and let R* be dihedral. Then2 <n <5
and Lp" is either an abelian group or a group of order 16 whose derived subgroup has
order 2. In particular, Lr has an abelian subgroup of index 2.

In the following let R be a local nearring of order 2"™! with dihedral mutliplicative
group. Then, by Lemma 8.3.1, R* = L+ 1 = Dyn and |R : Lg| = 2. Let L +1 =
(k+1,1+1)" for suitable k, [ € Ly, and let

K = Stabgx(Lg) = {r €e R* |Vl € Lg:rl =1} . (8.1)

Of course, K < R*, so that by Lemma 8.1.1 there are the following three cases. Other
than in [3], the nearrings under consideration will now be investigated depending on
these three cases.

(1) K = R*;
(2) |R* : K| =2 and K is not cyclic;
(3) K is cyclic.
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8.3. Nearrings of even order

Case (1): K = R*

In this case, Ly + 1 operates trivially on Lg, and hence Li"' is a dihedral group of
order 2". Because of the trivial operation and since —1 € Lr 4+ 1 and 2 € Lg, one has
—2=(-1)2=2,ie. 4 =0, and so exp(R") < 4. This means that |Lg| < 8 and thus
|R| < 16.

The following lemma is needed to investigate the structure of the additive group R™.
With this result it will be possible to show that a nearring with K = R* has at most 8
elements.

8.3.5 Lemma
Let G be a group of order 16 and exponent 4, D = (a,c|a®>=c*=1,c"=c"!) a
subgroup of G isomorphic to Dg. Then there is an element h € G\ D with o(h) = 2.

PROOF. Let d € G\ D with o(d) = 4 (if there is no such element, there is nothing to
prove). Since D is a normal subgroup of G of index 2, the element d? is contained in D.
Then G = (a,c,d). Since C' = (c) is characteristic in D, it follows C' < G. Hence ¢? € C,
i.e. ¢® € {c,c7'}. This means that d? commutes with ¢, and since d? € D, it follows that
d? € C. Moreover, since o(d?) = 2, d® = 2. Next, a® € D, but a® & C, since ¢’ = ¢ 1.
Now consider two cases:

(i) ¢l =c
In this case (dc)? = d*c* = ¢* =1, i.e. o(dc) = 2. But dc € G\ D, and so one can
let h = dc.

(ii) ¢t =71

Here [c,da] = 1, and hence (dac)? = (da)?*c?. Since (da)? € D and [c, (da)?] = 1,
(da)?* € C. Without loss of generality one may assume that o(da) = 4 (otherwise

put i = da) and hence (da)? = ¢*. Tt follows that o(dac) = 2. Since dac € G \ D,
one can put h = dac.

Thus in every case there is an element h € G\ D with o(h) = 2. O

Now suppose that |R| = 16. Then R is a group of order 16 with exp(R*) = 4 and L™
is a subgroup of RT isomorphic to Dg. But then R\ Lg = R* contains an element h
with o™ (h) = 2, contradicting Corollary 2.1.15. Hence |R| < 8.

8.3.6 Examples

(a) If |R| = 4, there are two possibilities for R*. If RT is cyclic, then R = Z/4Z,
and indeed in this local nearring the operation of Ly + 1 on Ly is trivial. If RT
is elementary abelian, i.e. RT™ = (1, b) with Lr = (b), then 1-b = (b+ 1)b = b.
Since b? € Ly, there are exactly two possibilities for b2, both of which lead to a local
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8.3. Nearrings of even order

nearring. Since R in this case is very small, the possible multiplications can be given
by the following tables:

=0 V¥=5b
. 0b 1 b+1 . 06 1 b+1
0 |00 O 0 0 |0b O b
b |0 0 b b b |0 b b 0
1 106 1 b+1 1 |00 1 b+1
b+110 b b+1 1 b+1/10 b 0+1 1

If |R| = 8, then R is abelian since it is not possible to define a local nearring on
Dg by Corollary 5.2.11 or on Qg by Malone [14, Corollary 4]. First, if R™ is cyclic,
then R = 7/8Z and R* is isomorphic to the dihedral group of order 4. But in Z/8Z
the operation of Lg + 1 on Lg is not trivial since (—1) -2 = —2 # 2. Thus there are
only the following two possibilities in this case:

(1) Rt = (1, b) 2 Cy x Cy:

Here Ly = {0, b, 2, b+ 2}. Since Lg + 1 operates trivially on Lg, the equation
rb = b holds for every r € R*. If R is not zero-symmetric, R. = (b), since
2 ¢ R.. This means that rb = b for every r € R. By left distributivity, this
multiplication may be extended to a multiplication on the whole of R. It can
easily be checked that this multiplication is associative (indeed this nearring is
isomorphic to the subnearring of M (R") generated by the identity mapping and
the constant mapping which maps all elements to b).

Now let R be zero-symmetric. Then Lg is nilpotent by Corollary 5.1.13, and
there are the two cases Lg?> = 0 and Lp> # 0. In both cases L2 =0 by
Lemma 5.3.3 since |Lg| = 4. If Lg* = 0, the multiplication is completely

0, TELR

defined by rb =
b, re€ R~

. It is not difficult to check that this nearring is a

ring.

If Lp? # 0 = Lg® one has 1 < |Ar(Lg)| < 4, and since 2 € Ar(Lg), it
follows that Ar(Lr) = {0, 2}. Since the ideal L, generated by Lz* (c.f. Defini-
tion 5.3.1), is a subset of Az (Lz) by Lemma 5.3.3, the elements b* and (b+1)b are
contained in Ar(Lg). Furthermore, Ly = Ar(Lg) since otherwise Ly = 0 and
so Lr? =0. Thus 2-b € L3 = 0 and hence 2-b = 0. If b? = 0, then (b+2)b = 2,
since otherwise Lg® = 0. But then (b4 2)((b+ 1)b) = (b + 2)b = 2, whereas on
the other hand ((b+1)(b+1))b = ((b+1)b+b+1)b = (2+b+2)b = b*> = 0. This
contradicts the associativity of the multiplication. Hence b* = 2. Considering
the associativity of b(b+ 1)b on sees that (b+ 2)b = 0 is also impossible. Thus
(b+ 2)b = 2. Again using the mapping 3 : x +— xb it is easy to see that the
above multiplication is associative and the nearring generated by the identity
mapping on R™ and 3 generate a local nearring as described above.
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8.3. Nearrings of even order

(2) Rt =1, a, b) = Fg:
Here a and b can be chosen such that Lr = (a, b). Since r -1 = r for all
r € R, only the products ra and rb must be defined for every r € R. If R
is zero-symmetric, then Lg is nilpotent, and hence there are the following two
possibilities.
(i) Lg*=0:
In this case, la = 1b =0 for all [ € L. Consider the mappings

a: Rt — Rt B:Rt — Rt
xH{O, z € (a, b) xH{O, x € (a, b)

a, otherwise b, otherwise

and let idg be the identity mapping on R™. Then the subnearring R of
M(R™") generated by idg, «, and [ is a local nearring of order 8, whose
group of units is isomorphic to Dy and L + 1 operates trivially on L.
Moreover, LRQ = 0.
(ii) Lg® # 0= Lg*

In this case Ar(Lg) is a subgroup of order 2 of Lg, so that without loss
of generality Ar(Lg) = (a)". Now b?, (a + b)b € Ar(Lg). If b* = 0, then
(a+b)b # 0 since b € Ar(Lg). Hence in this case (a + b)b = a. But this
means that (a + 0)((b+ 1)b) = (a + b)b = a, whereas ((a + b)(b+ 1))b =
(a4 a+ b)b = b* = 0, a contradiction to the associativity. Similarly one
shows that (a + b)b # 0. Hence b* = (a + b)b = a, and thus for all r € R
the products ra and rb are defined. This multiplication can be extended
to a multiplication on the whole of R. It is not difficult to check that
this indeed leads to an associative multiplication and a local nearring with
dihedral group of units.

If R is not zero-symmetric, R. < Lg and hence |R.| € {2, 4}. If |R.| = 4, the
products ra and rb are defined for all » € R, and it is not difficult to check
that the resulting multiplication is indeed associative. Finally consider the case
|R.| = 2. Without loss of generality R, = (a)". But then Ry is a local nearring
by Proposition 5.1.10. Since Ry* < R* and |Ry| = 4, the case |Lg,| = 1 is
impossible and hence |Lg,| = 2. Thus Lg, contains a non-trivial element of
Lp, and without loss of generality this element is b. By Corollary 5.1.13 Lg, is
nilpotent and hence * = 0. Now a((a+ 1)b) = ab since Ly + 1 operates trivially
on Lgr. But by associativity and since b € Ry one has

a((a+ 1)) = (a(a +1))b = (a* + a)b = (a+ a)b
= 0b =0,
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hence ab = 0. Similarly,

(a+b0)b=(a+0b)((a+1)b) = ((a+0b)(a+1)b= ((a+b)a+a+b)b
=(a+a+bb =V 0.

Thus all products rb for r € R are defined. As above one can check that the
multiplication on R given by this and left distributivity is indeed associative.

Thus all local nearrings of even order with dihedral multiplicative group and a trivial
operation of Lr + 1 on L are described.

Case (2): |R*: K| =2 and K not cyclic

. In this case K is isomorphic to the dihedral group Dgn-1. Since
1 I (k+ 1)l =1 for every k+1 € K and every | € Lg, the set K =
T Lr* {k € Lr|k+1¢€ K} isasubgroup of Lg*, which is isomorphic
+ K~ Dyt to K. Thus Rt is a group of order 2! which has a subgroup
+ CXZpm-e L rt of index 2 and a dihedral subgroup K of index 4, such that
ot (r) = exp(R") for all » € R\ Lg. Since R' is not cyclic,
exp(R*) < 2" The following lemma shows that in this case
— 0 IR| < 32.

By Theorem 8.3.4, |R| < 32 in general. In the case under consideration, the following
lemma gives another proof for this result.

8.3.7 Lemma
Let G be a group, U <G, and DU with |G : U| = |U : D| = 2 and D = Dgn-1. If
0(g) = exp(G) for every g € G\ U, then n < 4, i.e. |G| = 2" <25 = 32.

2n72

PROOF. Let G be such a group with o(g) = exp(G) for each g € G \ U. The exponent
of G is 2" 7% where k € {0, 1, 2}, since |G| = 2"}, G is not cyclic and exp(D) = 272

Without loss of generality let n > 4 (otherwise there is nothing to show). Let T" be
the cyclic subgroup of order 2"~2 of D. If for every g € G\ U the order of T'N {g) would
be at least 4, then the subgroup of order 4 of T" would be in the centre of GG, which is
not possible. Thus there exists an element h € G\ U with |T"N (k)| < 2. This means
that P

Ty | > T T = s

Since |G| = 2" one has 2n —3 — k <n + 1, so that n < 4+ k. But k£ < 2, and hence
n < 4+ k < 6. Thus the order of G is at most 27.

n = 6: This is only possible if &k = 2, i.e. exp(G) = 2"2. In this case, G = T (h), and

hence D =T (h*). But since h € G\ U, o(h) = 2%, and so o(h*) = 2 = 4. This is
a contradiction, since all elements of D which of 4 are contained in T'.
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n =>5: If in this case exp(G) = 2"!, then one gets the same contradiction as above.
Thus only the case exp(G) = 2”2 has to be considered. Let G be a group of order
64 and exponent 8, and let D < U < G with |G : U| = |U : D| =2 and D = Dys.
Let D = {a,c|a®*=c=cc=1),U = {a, ¢, u), and G = (a, ¢, u, r). Moreover,
let C' = (c). Without loss of generality, one may assume that o(z) = 8, because
otherwise there is nothing to show. Then there is an element h € G\ U with
o(h) < 8, i.e. h* = 1. To show this, the following two cases have to be considered.

(1)

D <G

In this case, C'<J G, since C' is a characteristic subgroup of D. Thus ¢* €
{c*!, ¢*3} and hence ¢** = ¢, i.e. [¢,2?] = 1. Since z* € D, o(z*) = 2, and
[c, 1] = 1, it follows that ! = ¢*. Similarly way one sees that [c, (za)?] = 1
and (za)* = ¢!, if o(za) = 8 (otherwise there is nothing to prove). Now
consider the four cases for c*.

(a) " =c
Here [c, 7] = 1 and hence (zc)* = 2*c¢* = clct = 1.

(b) & =c 1
In this case, [c,za] = ¢ lax 'cxa = ¢ 'ac™'a = ¢7'c = 1, and hence
(rac)t = (za)ict = et = 1.

(c) & =c*
Because a ¢ C, also a®* € C, say a® = ac®. Then (za)?® = zara =
r?a”a = 2?ac"a = r?c™™. Tt follows that (za)® = (za)?za = z%c "za =
r3c3"a = r3ac®™, and hence (ra) = (va)*ra = r*ac®va = rPaxc"a =
rlactac™™ = e = A7 But (za)? = ), and thus ¢! = 47

It follows that ¢ = 1. Since ¢ = (¢3)® = ¢73, from this one gets
(rac)? = (za)c(ra)c = (ra)*c™c = (ra)?c™? = 2%¢27", and this leads to

(rac)t = (xQC*Z*")2 =l = et = 1.
(d) & =c3

Here (zc)? = 2%c®c = 2%c™2, and thus (zc)? = 2tc¢™* = cle™? = 1.
DLG:

In this case U = Ng (D) since DQU. If g € G\ U with ¢*> € U\ D, there is
an element d € D with d9 = ue for some e € D, because g ¢ Ng(D). Thus
there is an element ¢ € G \ U with ¢*> € D. Hence (gd)? = ¢°d?d = g*ue.
But g2, u € U\ D, and so g?u € D. Therefore (gd)* € D and without loss of
generality one may assume that z2 € D. Moreover, in the following o(za) = 8

will be assumed, since otherwise the claim is proved.
Now 2% € D and o(2?) = 4, and thus 2% = ¢*2. If 2% = ¢72, replace x by 271,

so that in any case 2% = c%.

First assume ¢* ¢ D. If a® ¢ D, then (ac)® € D and one can replace a by ac.
Thus let a® € D, so that a® = a’c’ for some j, [ € N. If j =0, one has [ = 4
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since o(a) = o(a®) = 2, i.e. a® = ¢*. But then (za)? = 2%a%a = *c*a = ac?
and hence (za)t = 1, a contradlctlon to o(za) = 8. Thus a® ¢ C, and so
a® = ac'. Hence (za)? = 2%a%a = ctacla = ¢*!. Since o(za) = 8, (za)? = ¢*2
and hence | = 0 or [ = 4. But if [ = 0, one has ac* = = a® = a, a

contradiction. On the other hand, [ = 4 leads to ac! = ¢ = a*” = (ac?)* =
a®(c')* = ac*(c*)® and hence (¢*)® = 1, which is contradiction. This means
that ¢* € D and hence a” € D.

Since o(c®) = 8, ¢® € {c*!, ¢**}. But then c®c € (c?). If o(xc) = 8, o((zc)?) =
4. But (zc)? = 2%c®c = *c®c € (c?), and hence (zc)? = 2. If (zc)? = 2,
one has ¢?c”c = (zc)* = ¢® and hence ¢* = ¢~!. But this leads to ¢ = 2 =
(22)* = (c*)* = ¢2, a contradiction to o(c) = 8. Thus (zc)? = ¢™2, and hence

c® = 3. As above, this leads to the contradiction ¢ = 2? = (22)* = (?)® =

06 = 072.

In summary it is shown that in every case there is an element g € G \ U with
o(g) < 8.

It follows that n < 4 and hence |G| < 32. O

The following lemma will be used in Example 8.3.9.(d) to show that also in the case
under consideration there is no local nearring R with |R| = 32.

8.3.8 Lemma

Let G be a group of order 32 which has a subgroup D isomorphic to Dg. For every
g€ G let S, ={(dg)* | d € D}, the set of squares of the elements of the right coset Dg.
Then |S,| > 2 for every g € G.

PROOF. Let D = (a, ¢| a®> = ¢* = ¢ = 1) and assume that there is an element g € G
such that |S,| = 1. Let s be the unique element of S,. Then (dg)* = s for all d € D.
But this means that s = (dg)? = dgdg = dd? '¢*> = dd’ s and hence dd?" " = 1 for all
d € D, or in other words d9 ' = d~! for every d € D. In particular, ac™! = a~l¢! =

a9 9" = (ac)? = (ac)”' = ac and hence ¢ = ¢!, a contradiction. Hence |S,| > 2. O

8.3.9 Examples

(a) If |R| = 4, Lg is cyclic of order 2. Thus there is an element b € Ly with Lp™ = (b)™.
But since rb # 0 for all » € R*, the operation of Lz + 1 on L must be trivial.
Hence in Case (2) there are no local nearrings of order 4.

(b) Next consider the case |R| = 8. If R* is cyclic, i.e. R = Z/8Z, it is not difficult to see
that K = (—3). This means that Z/8Z belongs to Case (2). As mentioned above,
the additive group of a local nearring of order 8 must be abelian. Consider the non-
cyclic abelian groups of order 8. If R* is not cyclic, both R* and Lz are elementary
abelian of order 4. But then for every | € Ly one has 1 = (I4+1)? = (I4+1)l+I+1 and
so (I41)l = =l =l foreach l € Lg. Now consider k, | € Lr with k # 0 # land k # [.
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Then (k+1)(1+1) & {1, k+1, [4+1} and hence I+k+1 = (k+1)(I4+1) = (k+1)I+k+1.
It follows that (k4 1)l = for all k, I € L and hence Ly + 1 operates trivially on
Lg. Thus in Case (2) there is only one local nearring of order 8.

(c) Using GAP[9] with SONATA1] one can check that there are 185 local nearrings of
order 16 with dihedral group of units such that |Lg + 1 : K| = 2. These nearrings
will not all be described here. Only two examples will be given here.

(1)

Let R =(1,a|8=a-2=[1,a] = 0) = Cg x Cy. Clearly, then Lp = (2, a)" =
Cy x Cy. If one defines (—1)a = (a — 1)a = a+ 4, one gets (a—1)* = (a—1)a —
(a—1) = a+4+1—a =5 = —3. Thisleads to 0*(a—1) =4 and (a—1)"! = a+3.
Moreover, (—1)(a —1)(=1) = (-1)(1 —a)=-1—(a+4)=a+3=(a—1)"".
Hence R* 2 Dg. Tt is also clear that R* # K, and since —3 = (a—1)? € K and
(=1)(a—1) =a—3 € K, one has |K| = 4. Of course, K is not cyclic. If one
defines la = 0 for every [ € Lg, the products ra are defined for every r € R. To
see that this leads to an associative multiplication on R it suffices to check the
subnearring of M(R") generated by idp+ and the mapping a : R — R™ with
x — xa where xa is as defined above.

Consider the non-abelian group

R+:<1, al,(zg]42@1-2:a2~2:[1,ag]z[a17a2]20,

—1—|—a1—|—1:a1—|—a2>.

Then it can be checked that |R*| = 16 and exp(R") = 4 (R™ is the non-abelian
semidirect product Cy X Fj as described in Lemma 7.3.4). Now a multiplication
on R™ has to be introduced such that R becomes a local nearring. Then Lg =
(2, ay, a2>+ = Fg. Now define kl = 0for all k, | € L and ra; = a; and ras = as
for all € R\ Lg. To check the associativity of this multiplication consider the
following mappings:

a,: Rt — R* as: Rt — R
O, T e LR 0, WS LR
x i x — ]
a1, otherwise as, otherwise

It can easily be checked that the subnearring of M (R™) generated by idg+, a7,
and s has order 16 and the multiplication is as described above.

Now (a; — 1)*> = (a; — )ay — (a; — 1) = a; +1 —a; = a; + as + 1 and hence
(a1—1)4 = (CL1+CL2+1)2 = (a1+a2+1)a1+(a1+a2+1)a2+a1+a2+1 =
a;+as+a;+ay+1=1. Moreover, (—1)(a; —1)(=1) =a; +az—1=(a; —1)"".
Hence R* = Dg. Since ra; = a; for © = 1,2 and all r € R*, one has r € K if
and only if -2 = r. Thus a; — 1 ¢ K, i.e. |K| < 4. But since —1 € K and
as+1€ K, |K| > 4. Because of (—1)? = (ag+1)? = 2, K cannot be cyclic, and
this means that R belongs to Case (2).
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(d) Assume that |R| = 32. Then |Lg| = 16 and K = Dg. Moreover, D = K — 1 is a
subgroup of Lzt which is also isomorphic to Dg. Now consider the homomorphism
o : R* — Aut(Lr") with r — o,, where lo, = 7l for all | € Lg. Then of course
K = Ker(o). Hence | Im(o)| = 2 and there is an automorphism o € Aut(Lz") with
o() =2 and ro = a for all r € R*\ K. Clearly 2 € Ly and so

r+r=r-2=2«a (8.2)

for each r € R* \ K. But since |R : D| = 4, the group D has four right cosets
in R, two of which are contained in Lr and one coinciding with K. This means
that R* \ K is a right coset of D. Thus there is an element s € R* \ K such that
R*\ K = D+ s. By (8.2) there is an element z = 2« with (d + s) - 2 = z for all
d € D. But this is a contradiction to Lemma 8.3.8, since R satisfies the hypothesis
of that lemma. Hence there are no local nearrings of order 32 in Case (2).

Case (3): K is cyclic

First some examples will be given. It turns out that for |R| € {4, 8} there are no
additional nearrings not covered by the previous cases. For |R| = 16 one example is
given to demonstrate that there are local nearrings of order 16 which do not belong to
Case (1) or Case (2). In Theorem 8.3.11 all groups of order 32 are considered to show
that there are no local nearrings of order 32 with dihedral group of units.

8.3.10 Examples
(a) If |R| =4, R* is cyclic and hence so is K. But as mentioned above, Lr + 1 operates
trivially on Lp and so this case is identical to Case (1).

(b) If |R| = 8, then R* = D,. If K # 1 is cyclic, then K = Cy = D,; this case is treated
as Case (2). Thus only the case K = 1 remains. But this case is not possible, since
K is the kernel of a homomorphism R* — Aut(Lz") and Aut(Lz") = S3 does not
contain a subgroup isomorphic to Fj.

(c) Let Rt =(1,a,b|4=a-2=0-2=[l,a] = [1,b] = [a,b] = 0) = Cy X E,. Define a
multiplication on R by -1 = r for all » € R and the following rules:

(0, re(2)F
2, e Lg\ (2)"
r€<2R+\<>J>F+1 0, r € Lp
a, r a
ra = 4 rb= 140, re(2, b +1.

2+a, refa)+b—1 _

N 24 b, otherwise
24a+b, re(a+b)"+1+a
la+0, re2+a+b" -1

Considering the mappings a : R — R, r +— ra and : R — R, r +— rb as defined
above, one can see that the subnearring of M(R™) generated by «, 5, and the
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identity mapping on R* is a local nearring of order 16 over RT with R* = Dg and
K| =1.

In the following theorem all groups of order 32 are considered to show that they
cannot be the additive group of a local nearring with a dihedral group of units. There
are 51 groups of order 32, but not all have to be considered separately. Most of the
groups of order 32 cannot occur as RT, since for example their exponent is larger than
8. Altogether there are seven groups of order 32 left, which will be treated separately.

8.3.11 Theorem

There is no local nearring of order 32 whose multiplicative group is dihedral.

PROOF. Assume there exists a local nearring R of order 32, whose multiplicative group
R* is isomorphic to D1g. Then, R belongs to Case (3), i.e. the group K as defined
in (8.1) is cyclic. Let C = {k—1|ke K}. Then C is a cyclic subgroup of Lg™
isomorphic to K. Since exp(R*) < 8 by Lemma 8.3.1, also | K| is not larger than 8. By
Lemma 8.3.2, |K| > 1. Proposition 2.1.13 implies that Aut(R™) contains a subgroup
isomorphic to Dsg; in particular, RT is a group of order 32 with an automorphism of
order 8. By Baginski, Malinowska [5], there are 23 groups of order 32, which have an
automorphism of order 8. Using GAP[9] (but also by simple calculation) one can see that
16 of these groups have exponent not larger than 8 and an automorphism group which
has a subgroup isomorphic to D15. The GARprograms used to obtain these informations
are described in detail in Appendix B.

Moreover, Lz is a subgroup of index 2 of RT, such that o"(r) = exp(R™) for every
r € R\ Lg. Among the 16 groups under consideration, seven have such a subgroup of
index 2. These are the following:

G1 = E3
G2:C4><E8
Gs={(a,bcla-d=c-4=[b,c]=0,a-2=0-2,0"=—b, ¢" = —c)

Gy={a,b,c,d|a-4d=c-2=d-2=a,c] =]a,d] =[b,c] =0,
b,d] =[c,d] =0,a-2=0-2,b"=—b

Gs={(a,bcla-8=b-2=c-2=[b,c] =0, [a,b] =¢, a°=—a"3)

G¢= (a,b,c|la-8=b-4=c-2=1[b,cJ]=0,a-4=0-2,
[a,b]:c, [CI,,C]:CL'4>

Gr={(a,b|la-8=b-8=0,a-4=0b-4,0"=10"3)

Here, the groups Gs, G3, and (G4 have exponent 4, whereas the groups G5, Gg, and G~
have exponent 8.
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Now consider the mapping

7: R* — Aut(R") (8.3)

THTT?

where z7, = rz, and let D = Im(7). By Proposition 2.1.13, 7 is a monomorphism and
D = Di. Let r € R and ay, s € D with ray; = ras. Then there are elements
$1, So € R* with oy = s;7 and ray; = s;r for @ € {1, 2}. Hence s;r = sor, and right
multiplication with r=! leads to s; = s5. Thus a; = as. This means that for all r € R*
the following holds

[{ré |6 € D} | =16. (8.4)

First assume that Rt is elementary abelian. Let S € Syl,(Aut(R")) and D =
{D < S| D= Dy} Then |S| = 1024 and |D| = 16. It can be checked that for ev-
ery r € R and every D € D there is an a,,p € D, such that o, p # idg and ra, p = 7.
Hence ‘{7“5 |9 € D} | < 16. Now let r € R* and let D; be an arbitrary subgroup of
Aut(R") isomorphic to Dig. Then there is a 3 € Aut(G) such that D; <SP, such
that Dy = D,” for some Dy € D. Let s = rf~! and v = asp,- Then v# € Dy and
rv? = rB7 3 = syB8 = s = r. Hence for every r € R and every D < Aut(R") with
D = Dyg one obtains |{ré | § € D} | < 16, a contradiction to (8.4). Thus R* cannot be
elementary abelian, and there are only six groups left to be checked.

In the following, let £(G) = {U <G ||G:U|=2AVge G\U :0(g) =exp(G)},
and D(G) = {D < Aut(G) | D = Dyg}. Then L(G) is the set of all subgroups of G
which are candidates for L in a local nearring R with R™ = G. Moreover, for U € L(G)
let Dy(G) = {D € D(G) | U is D-invariant}. All the calculations in the following have
been done using GAP[9], but of course they could also be done by direct calculation.
The groups of order 32 are described in detail in [13].

(1) RY =Gy = (a) x (b, ¢, d) = Cy x Eg:

In this case, |[£(R*)| = 1 and hence there is only one possibility for L. It turns
out that L = (a-2, b, ¢, d) is the only group in L(R*). Moreover, one can check
that |[D(R*)| = 336. But an elementary calculation shows that [{rd | 6 € D}| =8
for every r € R\ L and every D € D(R™), a contradiction to (8.4). Thus there is
no local nearring R with dihedral group of units over Gj.

(2) R*=Gs={a,b,cla-4=c-4=1[b,c]=0,a-2=0b-2,0"= —b, " = —c):
In this case |[L(R")| = 7 and |D(R")| = 16. But the only group L € L(R") for
which there is a D € D(R") such that L is D-invariant is L = (a - 2, b, ¢); for this
group Dy (R™) = D(R*). But again it turns out that [{rd | 6 € D}| = 8 for each
r € R\ L and each D € D(R*). This contradiction to (8.4) shows that there is no
local nearring R with dihedral group of units over Gj.
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(3)

R+ == G42

Here, |[L(R")| = 3 and |D(R*)| = 144. Also in this case it turns out that for every
L € L(R"), every r € R*\ L and every D € Dy(R") one gets |{rd | § € D} | = 8.
Thus by (8.4) there is no local nearring with the desired properties over Gy.

Rt =Gs={(a,b,cla-8=b-2=c-2=1b,c] =0, [a,b] = ¢, a® = —a - 3) = (a, b):
In this case |[D(R")| = 4, |[L(R")| = 1, and Lg = (a-2, b, ¢c) € L(R"). Clearly,

Ly is a characteristic subgroup of RT. Since for every r € R\ Lg the relation
rlht = —r . 3 holds, without loss of generality a is the identity element 1 of R.

Since the group Pr = (1)" is not normal in R*, the group Ry" must be a normal
subgroup of R* which properly contains Pr. Assume that R is not a zero-symmetric
nearring. Then Ry™ = Ng+(Pg), since it is the only proper normal subgroup of R*
containing Pgr. But then |R.| = 2 and there is an x € R.,  # 0, with rz = x for all
r € R. In particular, if r € R*, one gets © = rx = z(r7), where 7 is the mapping
defined in (8.3). This means that there exists a group D € D(R™) such that 6 = x
for all 9 € D. But there is no D € D(R") such that 26 = z for all § € D and some
x & Nr+(Pgr) with o™ (x) = 2. Thus the nearring R must be zero-symmetric. In
particular, Ly is nilpotent by Corollary 5.1.13.

It is not difficult to see that Ly’ = (4)". In particular, I[k,m] = 0 for all k, I, m €
Ly, since exp(Li") = 4. Moreover, if | € Lg, then -2 € (4)7, ie. [ -2 = 4n’ for
some n’ € N. By Theorem 2.1.14, ot (lb) | 0o7(b) = 2. The elements of Rt whose
orders divide 2 are 0, ¢, b, b+c¢, 2+ b, 24+b+c, 4, 4+c, 4+ b, 4+b+c, =2+,
and —2+ b+ c. Then Ib € {0, ¢, 4, 4+ ¢} for all | € Lg, since all other possibilities
lead to a contradiction to the nilpotency of Lg:

1. Ib = b: This would mean [?b = b, and so ["b = b # 0 for all n € N.

2. 1b=b+ ¢: This would lead to b = l(b+¢) =1lb+1lc=b+c+[l,1b] # 0, and
hence 130 = 1(b+ ¢ + [1,1b]) = I(b+ ¢) = [*b. Thus ["b = [?b # 0 for all n > 2.

3. b =2+ b: This would mean [?0 = [(2+b) =1-2+1b=4n'+ 2+ b # 0, hence
Bo=1(4n"+2+0b) =1(2+b) = ?b # 0 and thus ["b = [?b # 0 for all n > 2.

4. 1b=2+0b+c: This would mean I’ =1(2+b+c)=1-2+1b+1lc=4n"+2+b+
¢+ [1,1b] # 0, hence I*b = 1(4n' + 2+ b+ c+[I,1b]) =1(2+ b+ ¢) = [*b and thus
["b=1%b# 0 for all n > 2.

5. 1b = 4+ b: This would mean [?b = (4 + b) = lb # 0, hence ["b = [b # 0 for all
n € N.

6. Ib=4+b+c: This would mean 1?0 = [(4+b+c) =lb+lc=4+b+c+]l,1b] # 0,
hence 130 =1(4+ b+ c+[I,1b]) = (4 + b+ ¢) = [?b and thus ["b = [*b # 0 for all
n > 2.

7. b = —2 + b: This would mean *b = [(—2+b) = 2] -2+ 1b=4n' — 2+ b # 0,
hence 30 = [(4n’ — 2+ b) = I(—2 + b) = *b and thus ["b = [?b # 0 for all n > 2.
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8. 1b = =2+ b+ c: This would mean I?b = (=2 +b+c) = —1-2+1b+lc =
4n' —24b+c+][l,1b] # 0, hence 136 = [(4n' —2+b+c+ 1, 1b]) = [(—24b+c) = I?b
and thus ["b = [?b # 0 for all n > 2.

Since all eight cases lead to contradictions to the nilpotency of Lg, only the four
possibilities given above remain. Since ¢ = [1, b], one gets lc = [, lb] for every | € Lp.
But since all possibilities for {b are contained in the centre of Lz ", it follows that
lc =0 in every case. Now let k, [ € Lr with | =22 4+ by + cz and k - 2 = 4w. Then
kl = k(2x + by + c2) = 4wz + kby + kez = 4wz + kby € (4, ¢)™. Hence klm = 0 for
all k, I, m € Lg and thus Lg* = 0.

Therefore (4, ¢)™ < Ag(Lg). Since exp(Lg") = 4, it is also clear that 2 & Ar(Lg).

There are three normal subgroups of R™ which contain 4 and ¢ and do not contain
2. These are the candidates for 2 = Az (Lg)™.

(A) A= (4, )" (A =4):
In this case is (R/A)T = CyxCy. As shown above, there are two zero-symmetric
local nearrings over this group whose multiplicative groups are dihedral. In both
cases the operation of (R/®2A)* on Lp, o is trivial, such that rb € b+ 2 for every
r € R*. But there is no D € D(R") such that ba € b+ 2 for each o € D.
Thus this case is impossible.

(B) A=(4,b,c)" (|| =8):
In this case (R/21)* is cyclic of order 4. There is only one nearring with one
over this group, and this is isomorphic to Z/4Z. This is a local nearring with
dihedral group of units, and the operation of (R/2A)* on Lg, o is trivial. But
again, there is no D € D(R") such that ba € b+ 2 for all « € D. Therefore
also this case is impossible.

(C) A={4,6+b, )" (|2A]=8):
As in the last case, (R/2()" is cyclic of order 4, and there is no D € D(R™)
such that ba € b+ 2 for all &« € D. Thus also this case is impossible.

Therefore no local nearring with dihedral group of units exists over Gs.

Rt = GG = <CL, b>

In this case |[L(R')| = 1 and |D(R')| = 4. If such a local nearring exists, then
Lr=<{(a-2,0b,c). Since R = (a, b) and the relations between a and b are satisfied
by every r € R*, without loss of generality 1 = a.

Assume that R is not zero-symmetric. The group Pr" is not normal in R*, but it is
contained in the zero-symmetric part Ry. Hence Ry™ = Ny+(Pr "), since this is the
only proper normal subgroup of R* containing Pg, because |R : Pr| = 4. But this
normalizer does not have a complement in R", a contradiction to Theorem 2.1.8.
Hence R must be zero-symmetric.
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Since Lz’ = (4)" and exp(Lg") = 4, it follows that k[l,m] = 0 for every k, I, m €
Lr. Moreover, [ -2 € (4) for every | € Li. From 4 = b -2 it follows that
(Ib)-2=1(b-2) =1-4 =0 for every | € Lp. Hence Ib € (4, ¢)", because ot (l) = 4
foralll € Lr\(4, ¢)". Butsince (4, ¢)" = Z(Lg"), this yields lc = I[1,b] = [I,1b] = 0
for every | € Lr. Thus (4, ¢)* < Ar(Lg) < R. Since 2 ¢ Ar(Lg), there are the
following possibilities for A = Ar(Lg):

(A) 2= (4, ¢), (12| = 1)
In this case, (R/2A)T = Cy x Cy. As shown above, the operation of (R/2)* on
Lo must be trivial, i.e. there must be a D € D(R") with ba + 2 = b+ for
every a € D. It is easy to check that this is not the case, and hence this case
is impossible.

(B) A= (b, o), (|A]=38):
Since here (R/2)* = Cy, also in this case the operation of (R/2)* on Lg o

must be trivial. Again, there is no D € D(R™) such that ba + 2 = b + 2 for
every a € D. Hence also this case is impossible.

(C> A= <2_b7 C>7 (‘Qll :8)
Again, (R/ )" = (4. But as in the last case it turns out that this group 2
cannot be the annihilator of Ly in R.

As none of the possible normal subgroups of R™ can be the annihilator of Lg in R™,
this local nearring cannot exist.

Rt=G;=(a,b|la-8=0-8=0,a-4=0-4,b"=0b-3):

For this group one obtains |£(R")| = 3 and |D(R")| = 8. The groups Ly = (a, b- 2)
and Ly = (a+b-3,b-2) are both contained in £(R"), but one can check that
Dr,(RT) = @ for i € {1, 2}. Thus, if a local nearring with dihedral group of units
exists over this group, Lr = (a -2, b). Since then for every r € R* the relations
r-4=>5b-4and b" = b- 3 hold, without loss of generality 1 = a. Again, the group
Prt = (1)" is not normal in R* and the normalizer N+ (Pr") has no complement
in R*, such that R must be a zero-symmetric nearring. By Corollary 5.1.13, Ly
must be nilpotent.

Since exp(Lr") = 8, the element 4 cannot be contained in the annihilator Az(Lg).
Let n € N such that Lg"* # 0 = Lg". Then n > 4 by Proposition 5.1.23. As in
Definition 5.3.1, L, is the ideal of R generated by Lg" ', This is contained in
20, = Ar(Lr) by Lemma 5.3.3. The group R™ contains exactly three elements of
order 2; namely 4, 2+ b-2, and 2 — b - 2. Since it is already known that 4 ¢ 2,
let z € {2+ b-2} and let N, be the normal closure of (z)". Since 2, must contain
at least one element z of order 2 and since ;" <I R*, this group must also contain
the normal closure N,. But for both possible choices for x it turns out that 4 € N,.
Thus the desired nearring also does not exist in this case.
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Since a local nearring with dihedral group of units cannot exist over any group of order
32, the theorem is proved. O

8.3.12 Corollary
If R is a local nearring with dihedral group of units of even order, then |R| < 16.
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Appendix A.
C++Program used in Example 5.2.12

In Example 5.2.12 a nearring over a group isomorphic to Cy x Cy was defined. In this
example RT = (1,a|9=a-9 =11, a] = 0), and a multiplication on this group is given
such that R becomes a local nearring with Lrp = R - 3. By the left distributive law
it is clear that only the products x - 1 and x - a have to be defined for all z € R. In
order that 1 becomes the identity element of R, it is clear that x -1 = x for all x € R.
Then, the products [ - a are defined for all [ € Lg. Furthermore let (a - 2)a = —2 and
(1—a-2)a=—2—a-4. Then it has to be checked that these products define the whole
multiplication on R and that this multiplication is well-defined and an associative left
distributive nearring multiplication. This check has been done by a C++program, which
is described here.

First a class for the elements of R is defined (the line numbers given here are the
numbers of the code lines in the source code file, which is as a whole given at the end of
this appendix).
class Nearring_Element

This class contains two member variables in the range from 0 to 8, which describe the
element. Thus the element constructed by the constructor

/I Constructor:
/I The element constructed is the tuple (E,A) in the additive group
/I C9 x CO9.
Nearring_Element(  int E,
int  A) :
e(E%9),
a(A%?9)
{
if (e <0)
e += 9;
if (a < 0)
a += 9;

}

is the element € - 1 + a - a in the group. The function body of this constructor ensures
that the member variables are in fact in the desired range.
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Moreover, the elements of the group can be numbered from 0 to 80. This is necessary
to define the multiplication later. The constructor

/I Constructor;
/[ The additive group has order 81. The elements are numbered from
/[ 0 to 80, and the element constructed is the element with the
/I number i.
Nearring_Element( int i) :
e((i/9)%9),
a(i%9)

if (e <0)
e += 9;
if (a <0
a += 9;

}

constructs the element with the number i , while the member function

/I This function returns the number of a nearring element.

int
num() const
{
return  e*9+a;
}

returns the number of an element of R.
Also an addition for the elements is needed, as well as the possibility to multiply an
element with an integer. This is done by the following two member functions.

/I Addition of two nearring elements
Nearring_Element

operator +(const Nearring_Element &f) const
{

return  Nearring_Element(e+f.e, atf.a);
}

/I Multiplication of a nearring element with an integer
Nearring_Element
operator *( int i) const

{

return  Nearring_Element(e*i, a*i);

}

Multiplication is defined outside this class, because a global array is needed for this.
As described above, only the products x - a have to be defined. Thus, an array is created
in the program, in which the numbers of the elements xa are given, indexed by the
number of x. As long as these products are not yet defined, the value —1 is put into
the array to indicate that the products are unknown. Here the member functions n()
and K() are used. These functions return the values of the two member variables of
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the class, i.e. if X = Nearring _Element(u,v) one has x.n() =uandxk() =vV.
This means that x.n() = n, and x.k() = k, as defined in Example 5.2.12.(b) on page 67.

KT T T ]
1
/I Multiplication table

/I In this table the product x*a for all nearring elements is stored.
/I If this product is still unknown, -1 is stored. The element

/I mtab[i] is the number of the nearring element

/I Nearring_Element(i)*a.

1
T e T
static int mtab[81] = {

-1, -1, -1, -1, -1, -1, -1, -1, -1,
-1, -1, -1, -1, 1, -1, -1, -1, -1,
-1, -1, -1, 1, 1, -1, -1, -1, -1,

-1, -1, -1, -1, -1, -1, -1, -1, -1,

-1, -1, -1, -1, -1, -1, -1, -1, -1

/I Multiplication operator for two nearring elements.
Nearring_Element
operator *( const Nearring_Element &x,

const Nearring_Element &y)

{

return  x*y.n() + Nearring_Element(mtab[x.num()])*y.k();

}

In the main() function, first the products already defined are put into the multipli-
cation table.

/I First put the already known products for the non-invertible
/I elements into the table.

mtab[Nearring_Element(0,0).num()] /l da =0

= Nearring_Element(0,0).num();
mtab[Nearring_Element(0,3).num()] /I (@3)a = -3

= Nearring_Element(-3,0).num();
mtab[Nearring_Element(0,-3).num()] Il (-a3)a = 3

= Nearring_Element(3,0).num();
mtab[Nearring_Element(3,0).num()] /l 3a = a3

= Nearring_Element(0,3).num();
mtab[Nearring_Element(3,3).num()] /I (3+a3)a = 3-a3

= Nearring_Element(3,-3).num();
mtab[Nearring_Element(3,-3).num()] /I (3+a-3)a = -3-a3

= Nearring_Element(-3,-3).num();
mtab[Nearring_Element(-3,0).num()] /I -3a = -a3

126



270

275

285

290

295

300

305

Appendix A. C++Program used in Example 5.2.12

= Nearring_Element(0,-3).num();

mtab[Nearring_Element(-3,3).num()] /I (-3+a3)a = 3+a3
= Nearring_Element(3,3).num();
mtab[Nearring_Element(-3,-3).num()] /I (-3-a3)a = -3+a3

= Nearring_Element(-3,3).num();

/I Next also put the two known products for the invertible elements
/I into the table

mtab[Nearring_Element(0,2).num()] Il (@2)a = -2
= Nearring_Element(-2,0).num();
mtab[Nearring_Element(1,-2).num()] /I (1-a2)a = -2-a4

= Nearring_Element(-2,-4).num();

After this initialisation the remaining products are determined. This is done in a loop
which runs until all products are known. As described in Example 5.2.12, if the products
ra and ya are known, the product xya can be determined. Whenever two elements x
and y are found for which the products za and ya are already known, the value of zya
is determined and stored in the multiplication table. If also the product zya is already
known, it is checked if there is a contradiction to previously determined products. It is
also verified that the multiplication table can be filled completely.

/I The remaining products are determined successively using the
/I already known products. This is done as long as not all products
/I are known.
while  (number_of _non_defined_products() > 0) {
/[ Count the unknown products
int before = number_of non_defined_products();

/I Loop over all nearring elements x for which the product xa is
/I already known
for (int xnum = 0; xnum < 81; ++xnum) {
if  (mtab[xnum] == -1)
continue ;
Nearring_Element x(xnum);
Nearring_Element xa(mtab[xnum]);

/I Loop over all nearring elements y for which the product ya is
/l already known
for (int ynum = 0; ynum < 81; ++ynum) {
if (mtablynum] == -1)
continue
Nearring_Element y(ynum);
Nearring_Element ya(mtab[ynum]);

/I Determine xy and xya
Nearring_Element xy = x*y.n() + xa*y.k();
Nearring_Element xya = x*ya.n() + xa*ya.k();

/I Check if this product leads to a contradiction
if (mtab[xy.num()] != -1) {
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}

I
I
I
"
if

}

if  (mtab[xy.num()] '= xya.num()) {
/I If yes, tell about the contradiction
std::cerr << "Contradiction:"

<< "X =" << X
<< " I_"_‘xal_‘:u" << Xa
<" Yy = "<y
<< " _ya =" << ya
<< " ._.._.Xy._.:._." << Xy

<< " _ . Xya_=" << xya
<< " _.In _the table:
<< Nearring_Element(mtab[xy.num()])
<< std:endl;

}
}

else {
/[ If there is no contradiction and the product xya is not
/I known up to now, put the newly determined product into
/I the table.
mtab[xy.num()] = xya.num();

Report an error if there were no new products determined. This
means that the nearring multiplication is not completely

defined by the products defined initially. In this case the
program has to be aborted.

(before == number_of non_defined_products()) {

std::cerr << "Did _hot _find _new_products\n”;

std::abort();

To ensure that the determined multiplication is indeed a nearring multiplication, a
check for associativity and left distributivity is done next.

/I Last the associativity and the left distributivity of the
/I nearring multiplication is checked.

bool ass = true ;

bool dis = true ;

for (int i =0;i< 81 & ass && dis; ++i) {
Nearring_Element x(i);
for (int j =0; <8l & ass && dis; ++)) {

Nearring_Element y(j);
for (int k =0; k < 81 && ass && dis; ++k) {
Nearring_Element z(k);

Nearring_Element D1 = x*(y+z);
Nearring_Element D2 = (x*y)+(x*z);
Nearring_Element Al = (X*y)*z;
Nearring_Element A2 = x*(y*z);
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/I Check distributivity
if (D1 != D2) {
/I Report any detected error
std::cout << "Dis: s x <" F "y <" + "<z
<< ") =" << D1 << std:endl
<" ot x g " Py <" 4+ "< X
<< " F "<z <" =" << D2 << std:endl;
dis = false ;
}
/I Check associativity
if (Al = A2) {
/I Report any detected error
std::cout << "Ass: (s x <" F'ky<") ¥'"<<z
<< " _ =" << Al << std:end
K" Ll << x<<" Ft<<y<«<" *"<z
<< ") =" << A2 << std:endl;
std::cout << " .. " x <" 'y <" =" << Xy
<< stdiendl << " L "<y <" *F "<z
<< " =" << y*z << std:endl
ass = false
}
}
}
}
if  (!dis) {
std::cerr << "Distributivity _erron\n";
}
if (lass) {
std::cerr << "Associativity _error\n®;
}

if (Y(ass && dis)) {
std::abort();

}

If the determined multiplication has passed all tests, a list of all products xa for all

xr € R is written to the standard output channel in BTEX format, which can be used
directly in the tables given on page 67. Also the inverses of the invertible elements of R
are included in the table.

In the following the whole source code of the program is listed.
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[T T T ]

1

/I This program determines the multiplication of a nearring, if only a
/I few products are defined.

)

I T ]

#include  <iostream>
#include  <string>
#include <sstream>
#include  <cassert>
#include  <cstdlib>

WO T T ]

5 1

/I This class describes an element of the nearring.
1
T T T
class Nearring_Element
{
public
/I Constructor:
/I The element constructed is the tuple (E,A) in the additive group
/I C9 x CO9.
Nearring_Element(  int E,

int A) :
e(E%9),
a(A%?9)
{
if (e <0)
e += 9'
if (a < 0)
a +=9;
}

/I Constructor:
/[ The additive group has order 81. The elements are numbered from
/I 0 to 80, and the element constructed is the element with the
/I number .
Nearring_Element( int i) :
e((i/9)%9),
a(i%9)
{
if (e <0)
e += 9;
if (a<0)
a += 9'

}

/I Addition of two nearring elements
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Nearring_Element

operator +(const Nearring_Element &f) const
{

return  Nearring_Element(e+f.e, a+f.a);
}

/I Multiplication of a nearring element with an integer
Nearring_Element
operator *( int i) const

{
return  Nearring_Element(e*i, a*i);
}
/I Compare two nearring elements
bool
operator ==(const Nearring_Element &f) const
{
return e == fe && a == fa;
}
/[ The opposite of operator==
bool
operator !=( const Nearring_Element &f) const
{
return e = fe || a I= fa;
}
/I This function returns the number of a nearring element.
int
num() const
{
return  e*O+a;
}
/I This function checks if an element is contained in the subgroup L
/I of R
bool
Ir() const
{

return e % 3 ==0&& a % 3 == 0;
}

/I This function returns n for the nearring element n+ak

int
n() const
{
return  e;
}

/I This function returns k for the nearring element n+ak
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int
k() const

{

return a,

}

private
int e, a;

3

I T
1

/I Multiplication table

1

/I In this table the product x*a for all nearring elements is stored.

/[ 1f this product is still unknown, -1 is stored. The element
/I mtab[i] is the number of the nearring element
/I Nearring_Element(i)*a.
1
T T T
static int mtab[81] = {
-1, -1, -1, -1, -1, -1, -1, -1, -1,

/I Multiplication operator for two nearring elements.
Nearring_Element
operator *( const Nearring_Element &x,

const Nearring_Element &y)

{

return  x*y.n() + Nearring_Element(mtab[x.num()])*y.k();

}

/I Returns the multiplicative inverse of a nearring element, if it
/I exists. If the element is not invertible, the zero element is
/I returned.
Nearring_Element
inverse( const Nearring_Element &f)
{

/I Check if the element is invertible

if  (f.Ir())

return  Nearring_Element(0);
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/[ Search the inverse and return it.
for (int i =0; i< 81 ++i) {
Nearring_Element x(i);
if (f*x == Nearring_Element(1,0)) {
155 return X;

}
}
/I This should never happen, because the inverse must have been
160 /I found previously.

assert( false );

}

/I Output operator
165 Std::ostream &
operator <<(std::ostream &os, const Nearring_Element &f)
{
return  os << '( << fn() << ) << fk() << )]
}
170
/I This function returns LaTeX-code representing a nearring element.
std::string
latex( const Nearring_ Element &f)
{
175 /I Get the data of the element
int n = fn();
int k = fk(;

/I Special treatment for zero
180 if (n==0 && k == 0)
return  std::string("$0$");

/l Ensure that the absolute values of n and k are minimal
if (n > 4)
185 n-=209;
if (k> 4)
k -=9;

/I Build the LaTeX-Code
190 std::ostringstream o0ss;

0ss << '$
if (n==0){
if (k<0){
if (k== -1) {
195 0ss << "-a“
}
else {
0ss << "-a _\Mcdot " << -k;
}
200 }
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else {
if (k=1 {
0ss << "a";
}
205 else {
0ss << "a _Mcdot " << k;
}
}
}
210 else {
0SS << n;
if (k!=0) {
if (k< 0){
if (k ==-1) {
215 0ss << "-a"
}
else {
oss << "-a _\Mcdot " << -k;
}
220 }
else {
if (k==1) {
0SS << "+a";
}
225 else {
0ss << "+a _\Mecdot " << k;
}
}
}
230 }
0ss << '$;

/I Return the generated LaTeX-Code
return  0ss.str();
235 }

/I This function counts how many products still are unknown

inline
int
240 humber_of non_defined_products()
{
int res = 0;
for (int i =0;i< 81 ++i) {
if  (mtab[i] == -1)
245 ++res;
}
return  res;
}

250 /[ Main function
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int

{

main()

/I First put the already known products for the non-invertible
/I elements into the table.

mtab[Nearring_Element(0,0).num()] /l da =0

= Nearring_Element(0,0).num();
mtab[Nearring_Element(0,3).num()] Il (@3)a = -3

= Nearring_Element(-3,0).num();
mtab[Nearring_Element(0,-3).num()] /I (-a3)a = 3

= Nearring_Element(3,0).num();
mtab[Nearring_Element(3,0).num()] /l 3a = a3

= Nearring_Element(0,3).num();
mtab[Nearring_Element(3,3).num()] /I (3+a3)a = 3-a3

= Nearring_Element(3,-3).num();
mtab[Nearring_Element(3,-3).num()] /I (3+a-3)a = -3-a3

= Nearring_Element(-3,-3).num();
mtab[Nearring_Element(-3,0).num()] /I -3a = -a3

= Nearring_Element(0,-3).num();
mtab[Nearring_Element(-3,3).num()] Il (-3+a3)a = 3+a3

= Nearring_Element(3,3).num();
mtab[Nearring_Element(-3,-3).num()] /I (-3-a3)a = -3+a3

= Nearring_Element(-3,3).num();

/I Next also put the two known products for the invertible elements
/[ into the table

mtab[Nearring_Element(0,2).num()] Il (@2)a = -2
= Nearring_Element(-2,0).num();
mtab[Nearring_Element(1,-2).num()] /I (1-a2)a = -2-a4

= Nearring_Element(-2,-4).num();

/I The remaining products are determined successively using the
/I already known products. This is done as long as not all products
/[ are known.
while  (number_of _non_defined_products() > 0) {
/[ Count the unknown products
int before = number_of non_defined_products();

/I Loop over all nearring elements x for which the product xa is
/I already known
for (int xnum = 0; xnum < 81; ++xnum) {
if (mtab[xnum] == -1)
continue
Nearring_Element x(xnum);
Nearring_Element xa(mtab[xnum]);

/I Loop over all nearring elements y for which the product ya is
/I already known
for (int ynum = 0; ynum < 81; ++ynum) {
if (mtabl[ynum] == -1)
continue ;
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}

I
I
I
I
if

}
}

Nearring_Element y(ynum);
Nearring_Element ya(mtab[ynum]);

/I Determine xy and xya
Nearring_Element xy = x*y.n() + xa*y.k();
Nearring_Element xya = x*ya.n() + xa*ya.k();

/I Check if this product leads to a contradiction
if (mtab[xy.num()] != -1) {
if (mtab[xy.num()] != xya.num()) {
/I If yes, tell about the contradiction
std::cerr << "Contradiction:"

<< "X =" << X
<< " . Xa =" << xa
<" Yy . ="<<y
<< " _.ya =" << ya
<< " XY =" << xy

<< " _ . Xxya_=." << xya
<< " __lIn _the _table: "
<< Nearring_Element(mtab[xy.num()])

<< std::endl;
}
}
else {
/I If there is no contradiction and the product xya is not
/I known up to now, put the newly determined product into
/I the table.
mtab[xy.num()] = xya.num();
}

}

Report an error if there were no new products determined. This
means that the nearring multiplication is not completely

defined by the products defined initially. In this case the
program has to be aborted.

(before == number_of _non_defined_products()) {

std::cerr << "Did _hot _find _new_products\n”;

std::abort();

/I Last the associativity and the left distributivity of the
/I nearring multiplication is checked.

bool ass = true ;

bool dis = true ;

for (int i =0;i< 81 & ass && dis; ++i) {
Nearring_Element x(i);
for (int j =0; < 8l & ass && dis; ++)) {

Nearring_Element y(j);
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for (int

Nearring_Element z(k);

Nearring_Element D1
Nearring_Element D2
Nearring_Element Al
Nearring_Element A2

/I Check distributivity
if (D1 != D2) {

k = 0; k < 81l & ass && dis; ++k) {

X*(y+z);
(x*y)+(x*z);
(x*y)*z;
X*(y*z);

/I Report any detected error

std::cout << "Dis: e x <<t Pty << "<z
<< ") _=_" << D1 << std:endl
<" "< X << " Fh<y << " 4 " << X
<< F Mz <" =" << D2 << std:endl
dis = false ;
}
/I Check associativity
if (Al !'= A2) {
/I Report any detected error
std::cout << "Ass: (e x gt 'y *F'<<z
<< " =" << Al << std:endl
<" L x<ge" "y " *"<<z
<< ") =" << A2 << stdiendl;
std::cout << " et X <" PNy <" =" << Xy
<< std:endl << " Lt <<y << " * " << Z
<< " =" << y*z << std:end;
ass = false ;
}
}
}
}
if (dis) {
std::cerr << "Distributivity _error\n";
}
if (‘ass) {
std::cerr << "Associativity _error\n®;
}

if (Y(ass && dis)) {
std::abort();
}

/I Finally the multiplication table is written to standard output as

/l a table in LaTeX format.

int column = O;

for (int
for (int

it (xIr0)

e =0,e<9 e +=3) {
a=20; a<9 ++a) {
Nearring_Element x(e,a);
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continue ;
Nearring_Element xa(mtab[x.num()]);
Nearring_Element x1 = inverse(x);
std::cout << latex(x) << " L& " << latex(xa)
<< " & " << latex(x1);

++column;

if (column == 2) {
std::cout << " _\\\n\W\hline\n";
column = 0;

}

else {
std::cout << " L&

}

}

for (int a=0; a<9 ++ta) {
Nearring_Element x(e+l,a), y(e+2,a);
Nearring_Element xa(mtab[x.num()]), ya(mtab[y.num()]);
Nearring_Element x1 = inverse(x), yl = inverse(y);

std::cout << latex(x) << " L& " << latex(xa) << " L&
<< latex(x1l) << " L&
<< latex(y) << " _& " << latex(ya) << " L&
<< latex(yl) << " _\\\n\W\hline\n™;

}
}

/I Terminate program successfully
return  0O;
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GARprograms used in the proof of
Theorem 8.3.11

In the proof of Theorem 8.3.11 some calculations are used, which also could be done by
hand, but they can be achieved much faster using a computer system. In this appendix
the programs used to get the desired information are described.

The first problem is to determine all groups G of order 32 with exp(G) < 8, such that
Aut(G) contains a subgroup isomorphic to Dyg. Since the automorphism group of Es; is
very large (|GL(5,2)| = 2'°-3%.5-7-31 = 9999360), this group is treated separately — it
is well-known that GL(5,2) contains a subgroup isomorphic to Dig. To check this using
GAR one does not have to check the whole group GL(5,2), but only a Sylow-2-group.
A subgroup of GL(5,2) isomorphic to Dsg is for example generated by the matrices

1 0000 11000
01100 01000
A=10 0 1 0 0 and B=1001120
00011 0001O0
00001 00001

The following GARprogram determines all groups of order 32 with the desired properties.

HE R R S R S R S B R S B R R
#

# Determine all groups of order 32 with exponent not larger than 8

#

HHHHHHHEHH AR R H R

Groups_List := Filtered(AllSmallGroups(32), G -> Exponent(G) <= 8);

HH R R R R R R R R R R R
#

# The following function checks if the group of automorphisms of the

# group G contains a dihedral subgroup of order 16. Since it is known

# that GL(5,2) contains a dihedral subgroup of order 16, the case that
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# G is elementary abelian is treated separately.

#

R
Aut_has_subgroup_D_ 16 := function(G)

# Local variables

local AutG, # For the group of automorphisms
Ord2; # For the automorphisms of order 2

# Check if G is elementary abelian
if IsElementaryAbelian(G) then
return true;
fi;
# Determine all automorphisms of order 2

AutG
Ord2

AutomorphismGroup(G);
Filtered(AutG, a -> Order(a) = 2);

# Return true if and only if there are two automorphisms a and b
# of order 2, such that a*b has order 8.

return ForAny(Combinations(Ord2, 2),
pair -> Order(Product(pair)) = 8);
end;

PR T
#

# Determine all groups G contained in Groups_List, such that the

# automorphism group of G has a dihedral subgroup of order 16.

#
R

Groups_List := Filtered(Groups_List, Aut_has_subgroup_D_16);

Now, Groups _List contains 16 groups. The next step is to check that the groups G
considered in the proof of Theorem 8.3.11 must have a subgroup L of index 2, such that
o(g) = exp(G) for each g € G'\ L. Since these subgroups are investigated in more detail,
a function which returns all these candidates for L is defined. All groups for which this
function returns the empty list are filtered out.
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B R R R R T B P T B T A
#

# The following function returns a list of all subgroups L of G, such

# that the index of L in G is 2 and all elements of G not contained in

# L have order exp(G). The fact is used that L has to be normal in G.

#

HHHHHHHH A AR
Get_L_Candidates := function(G)

# Local Variables

local NormalSg; # For the normal subgroups of G

# Determine all normal subgroups in G, which have index 2

NormalSg := Filtered(NormalSubgroups(G), N -> Index(G, N) = 2);

# Return all normal subgroups of G which have the desired
# property.

return Filtered(NormalSg,
N -> ForAll(G,
g -> g in N or Order(g) = Exponent(G)));
end;

BHHH B R R B R B R R R R B R R
#

# Determine all groups in Groups_List for which Get L Candidates

# returns a non-empty list.

#

BHHH B R T B R R R R R R

Groups_List := Filtered(Groups_List, G -> Get_L_Candidates(G) <> []);

Next, Groups _List contains the seven groups which are investigated in detail in the
proof of Theorem 8.3.11. Note that the sequence of groups in Groups _List differs from
the sequence given in the proof on page 118; the groups in Groups _List are as follows:
Gs, Gg, G7, G3, Gy, G4, G1. If one wants to check if a given group G, which is stored in
the GARvariable G is contained in Groups _List , one can use the GARexpression

[dGroup(G) in List(Groups_List, IdGroup);

inside GAP For example, to verify that the group G3 is contained in Groups _List
the following GARcode can be used. Note that groups in GAPare always written mul-
tiplicatively.
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HHHHHHHEHH
#

# Check that G_3 is contained in Groups_List.

#

U R

# First construct the free group on three generators and assign the
# generators to the variables a, b, and c.

reeGroup(["a", "b", "c");

O T o9 T
ITRRTENT!
nmmm

# Now define the relations of the group G_3 and construct the group
# G_3 using these relators.

Rel := [ a4, ¢4, Comm(b,c), a’2/b"2, b a*b, ca*c |;
G_3 := F/Rel;

# Check if G_3 is contained in Groups_List.

group_in_list := 1dGroup(G_3) in List(Groups_List, IdGroup);
if group_in_list then

Print("The group is contained in Groups_List.\n");
else

Print("The group is not contained in Groups_List\n");
fi;

After determining £(G) for a given group G using Get_L_Candidates the set D(G)
has to be calculated. This is done by the following function.

HHBHEHHEH R
#

# The following function returns a list of all subgroups of the

# automorphism group of G which are isomorphic to D_16.

#

HHHEHH R

Get_D16_Automorphism_Groups := function(G)
# Local variables
local AutG, # The automorphism group of G
Ord2, # The automorphisms of order 2
Pairs; # Pairs of automorphisms of order 2

# Determine all automorphisms of G of order 2

AutG
Ord2

AutomorphismGroup(G);
Filtered(AutG, a -> Order(a) = 2);

142



Appendix B. GARprograms used in the proof of Theorem 8.3.11

# Determine all pairs of automorphisms of order 2 of G which
# generate a dihedral group of order 16.

Pairs
Pairs

Combinations(Ord2, 2);
Filtered(Pairs, p -> Order(Product(p)) = 8);

# Return the set of groups generated by the pairs of automorphisms
# determined in the last step. To avoid dublicates the function
# Set is used instead of List.

return Set(Pairs, Group);
end;

The first group to be checked by GAPis Gy. Since |L£(G2)| = 1, there is only one
possibility for Lg. The check of all 336 dihedral groups contained in D(Gs2) is done by
the following GARcode.

# First select the group and determine L(G) and D(G). L and Rx, the
# set of elements if G not contained in L, are also assigned.

G := Groups_List[5];

Ls := Get_L_Candidates(G);

L := Ls[1];

Rx := Filtered(G, g -> not g in L);

D _16 List := Get _D16_Automorphism_Groups(G);

# Print some information

Print("Number of candidates for L: ", Length(Ls), "\n");
Print("Number of dihedral automorphism groups of order 16: ",
Length(D_16_List), "\n");

# For each D in D_16 List and each r in Rx determine the size of the
# set { rdelta | delta in D }.

res = Set(D_16 List,
D -> Set(Rx, r -> Length(Set(D, delta -> r"delta))));
Print("Result: ", res, "\n");

The groups G5 and G, are treated in a similar way.

Finally the verification of the argument that a certain normal subgroup 2 of G cannot
be the annihilator of Ly is explained. This applies for instance to G5, for which it will
be described here. The code for Gg is nearly the same.
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# First select G_5 and determine L and the generators of G

G := Groups_List[1];

Ls := Get_L_Candidates(G);
L = Ls[l];

G =[ G1, G2, G3 ]
a G ens[1];

b Gens[2];

c Gens[3];

# Determine D(G)
D16s := Get D16 _Automorphism_Groups(G);
# Determine the candidates for the annihilator of L

Anul_Cands := Filtered(NormalSubgroups(G),
N -> a4 in N and ¢ in N and not a2 in N);

# Check if for one of the possible annihilators Anul there is a
# subgroup D of Aut(G) isomorphic to D_16, such that

# Db'delta + Anul = b + Anul

# for every delta in D.

# Note again that groups in GAP are written multiplicatively.

found := false;
for Anul in Anul_Cands do
found := ForAny(D16s, D -> ForAll(D, delta -> b"delta/b in Anul));
if found then
Print("Found a candidate for the annihilator.\n");
break;
fi;
od;
if not found then
Print("No candidate for the annihilator found.\n");
fi;

The GARcalculations used to investigate GG; and G are elementary and need no further
explanations.
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