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Abstract

We know that groups of order p, where p is a prime, are cyclic and are all isomorphic
to Z,. That there are only two groups of order p* up to isomorphisms, both of them
abelian is also a well known fact. To continue this procedure we will in chapter one
classify the structures of p-groups of order p* and p*. The structure theorem of abelian
groups tells us everything about structuring the abelian p-groups as direct products
and so we will define another structure operation, namely the semi-direct product,
in order to structure the non-abelian ones as well. We conclude that there are five
non-isomorphic groups of order p3, three of those being abelian. Furthermore, when
p > 3, we find a semi-direct product for all non-isomorphic p-groups of order p* for
which there are 15. Since the semi-direct product uses the automorphism groups of
the groups it takes as arguments we will also study the automorphism groups of the
p-groups of order p? and p?.

Chapter two will deal with the subgroup structure of the groups discussed in
chapter one. We will determine the number of subgroups in each group as well as
acquire some knowledge of the relation between the different subgroups. Our approach
will be combinatorial, using presentations. The purpose of the final chapter is to
study the representations of the non-abelian p-groups of order p* and p* through their
character tables. Methods for obtaining these characters are both lifting characters
of abelian subgroups and by use of the orthogonality relations. The conjugacy classes
of these groups will be calculated and a short introduction to representation theory
will also be given.



Sammanfattning

Vi vet att grupper av ordning p, déar p &ar ett primtal, ar cykliska och alla &r isomorfa
med Z,. Att det finns tvé olika grupper av ordning p? upp till isomorfi, dir de bada &r
abelska, ar ocksa ett kint faktum. For att fortsédtta i detta spar kommer vi i kapitel
ett att klassisficera strukturerna av p-grupper med ordning p? resp. p*. Struktursatsen
for andligt genererade abelska grupper séger redan allt om att strukturera de abelska
p-grupperna som direkta produkter och vi kommer att definiera en annan struktur-
operation, den semi-direkta produkten, for att strukturera dven de icke-abelska. Vi
visar att det finns fem icke-isomorfa grupper av ordning p*, dirav tre stycken abelska.
Vidare, nar p > 3, finner vi semi-direkta produkter for alla icke-isomorfa p-grupper
av ordning p*, av vilka det finns 15 stycken. Eftersom den semi-direkta produkten
anvander automorfigrupperna av de grupper som den tar som argument kommer vi
dven att studera automorfigrupperna av p-grupperna av ordning p? och p3.

Kapitel tva behandlar delgruppsstrukturen hos de grupper som beaktades i kapitel
ett. Vi berdknar antalet delgrupper for varje grupp samt undersoker hur de forhaller
sig med varandra. Vart tillvigagangssiatt kommer vara kombinatoriskt, och anviander
sig av presentationer. Syftet med det sista kapitlet ar att studera representationerna
av de icke-abelska p-grupperna av ordning p® och p* med hjilp av deras karaktérsta-
beller. Metoderna for att hitta dessa ar bade att lyfta karaktérerna av de abelska
delgrupperna samt anvianda sig av ortogonalitetsrelationerna. Konjugatklasserna av
dessa grupper kommer berdknas och en kort introduktion till representationsteori
kommer ocksa att ges.
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Notation

A is defined as B

H is a subgroup of G

H is a normal subgroup of G

The center of G

H is isomorphic to K

The kernel of ¢

The image of ¢

The automorphism group of the group G
The direct product of G and H

The group Z,, X Z,, X ... X Zy,

T
The semi-direct product of G and H with respect to ¢
The commutator of x and y
The commutator subgroup of G
g is isomorphically related to h (cf. p.16)
The composition of the mappings f and g
The cyclic group of order n
The cyclic group of integers of order n
The multiplicative group of Z,
The finite field of n elements
The general linear group over F,,
The quaternion group of order 8
The dihedral group of order 2n
Generators and relations for G, i.e. a presentation of G
Inner product of class functions
The Kronecker delta, {(1) iHi=J

else
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Chapter 0

Introduction

When studying group theory one notices almost immediately that groups of prime
power orders are of great significance, with Cauchy’s, Lagrange’s and Sylow’s theo-
rems being three good examples of this. The study of these so called p-groups, where
p is a prime, can for example be used to give a clear understanding of other groups
as being compositions of different p-groups. This thesis will try to classify p-groups
of low power orders, e.g. p3, p*.

0.1 Background

We assume that the reader is familiar with group theory but we give a short summary
as a recapitulation as well as to clarify the notation. This summary is extracted from
[5] but could be found in any elementary book on the subject of abstract algebra such
as [6].

Definition 0.1.1. An ordered pair (G, x) where G is a set and * is a binary operation
is called a group, often denoted simply G, if % satisfies:

(i) (a*b)xc=ax(bxc) for all a,b,c € G.
(i) there exists an element e in G with the property axe =exa =a for all a € G
which we call the identity.

1 1

(iii) for every element a € G there exists some a~! € G such that axa™ = a"'xa = e.

Definition 0.1.2. H is a subgroup of G, denoted H < G, if H C G, H # & and H
is closed under taking products and inverses. A proper subgroup is a subgroup which
is not the whole group, i.e. H < G and H # G.

Definition 0.1.3. The center of a group G, denoted Z(G) is the subgroup of G of
largest order that commutes with every element in G.

6
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Definition 0.1.4. A subgroup N of G is called a normal subgroup if gNg=! = N for
all g € G. We denote this N <G.

Definition 0.1.5. Let N be a normal subgroup of G. We define the quotient of G
and N as the set
G/N ={gN : g € G}.

Theorem 0.1.6. The set G/N defined above is a group with the operation defined by
91N - gaN = (g1g2)N for all gy N,goN € G/N.

Definition 0.1.7. A group G is cyclic if it can be generated by a single element,
i.e. there is some element g € G such that G = {¢" : n € Z} when the operation is
multiplication.

Notation. A finite cyclic group of order n will be denoted Z,,. When we really want
to stress that the elements in the group are integers we denote Z,, by
Z, =1{0,1,2,...,n — 1} and use additive notation.

One important idea in group theory is that regarding a special kind of mapping.

Definition 0.1.8. Let G be a group with operation e and H a group with operation
¢©. A map ¢ : G — H that preserves the structure of the groups, i.e. a mapping with
the property

plaeb) =p(a)opb) forallabed,

is called a homomorphism.

Definition 0.1.9. Let ¢ : G — H be a homomorphism. Then we define the kernel
of ¢ as

ker(p) = {z € G : ¢(z) = 0}
where 0 is the identity in H.

Definition 0.1.10. Let ¢ : G — H be a homomorphism. We define the image of ¢
as

im(p) = {p(z) : z € G}.

There are several theorems regarding homomorphisms but one in particular that we
will use is the following.

Theorem 0.1.11 (The First Isomorphism Theorem). If ¢ : G — H is a homomor-
phism of groups, then ker(y) is normal in G and G/ ker(¢) = im(G).

From this theorem one can deduce the following.

Corollary 0.1.12. If ¢ is a homomorphism of groups then ¢ is injective if and only
if ker(p) = {1}, where 1 is the identity.
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Notation. A group that only contains an identity element, i.e. a group {1} where 1
is the identity element, will simply be denoted 1.

It is quite fruitless to talk about groups being equal to each other since the elements
in the set the groups consist of are often unimportant. Instead one looks at how the
operation acts on the set and so we define the idea of isomorphisms.

Definition 0.1.13. An isomorphism of groups is a bijective homomorphism of groups.

Definition 0.1.14. Two groups, G and H, are isomorphic, denoted G = H if there
exists some isomorphism between them (making them in some sense equal).

Definition 0.1.15. An automorphism is an isomorphism from a group G to itself.

Definition 0.1.16. Let G be a group. We define the automorphism group of G,
denoted Aut(G), as the group consisting of all the automorphism on G.

Another way one can look at a group is by its generators and relations. We define
this principal below.

Definition 0.1.17. Let A be a subset of the group G. Then we define

(4)= () H.
ACH
H<G
This is called the subgroup of G generated by A. If A is a finite set {ay,as, ..., a,}
then we write (ay, as, ..., a,) instead of ({a1,as, ..., a,})

Definition 0.1.18 (informal). A relation is an equation that the generators must
satisfy. Let G be a group. If G is generated by some subset S and there is some
collection of relations Ry, Rs, ..., R,, such that any relation among the elements of S
can be deduced from these we shall call these generators and relations a presentation
of G and write

G = <S : Rl,Rg, ,Rm>

Observation. More correctly we say that G has the above presentation if G is isomor-
phic to the quotient of the free group of S by the smallest normal subgroup containing
the relations Ry, Rs, ..., R,, but for more information about presentations we refer to
any detailed book on the subject.

This thesis is regarding the theory of groups of prime power order. The definition of
a so called p-group is:

Definition 0.1.19. Let G be a group and p a prime. A group of order p™ for some
n > 0 is called a p-group. A subgroup of G which is a p-group is called a p-subgroup.
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Now we shall state some of the most well known theorems in group theory, some of
these will be used through out the text without references. They are all applicable
on the theory of p-groups.

Theorem 0.1.20 (Lagrange’s Theorem, main part). If G is a finite group and H is
a subgroup of G then the order of H divides the order of G.

Observation. By Lagrange’s theorem, all proper nontrivial subgroups of a group of
order p® have order p* for k € {1,2,...,a — 1}.

Theorem 0.1.21 (Cauchy’s Theorem). If G is a finite group of order n and p is a
prime dividing n then G has an element of order p.

Definition 0.1.22. Let G be a group of order p"m where p fm then a subgroup to
G of order p™ is called a Sylow p-subgroup of G.

Theorem 0.1.23 (Sylow’s Theorem, part of). Let G be a group of order p"m
with p fm. Then there exists some Sylow p-subgroup and furthermore, any two Sylow
p-subgroups of G are conjugate in G.

Finally we add the definition of a direct product between two groups and with it, one
of the most important theorems regarding abelian groups.

Definition 0.1.24. Let G and H be two groups with operations x and e respectively.
We define the direct product of G and H as the group

GxH={(g,h):ge G,h € H}
with operation * such that (g1, hq) * (g2, ha) = (g1 * g2, h1 @ ho).

Theorem 0.1.25 (Fundamental Theorem of Finitely Generated Abelian Groups).
Let G be a finitely generated group, i.e. there exists some finite subset H of G such
that G = (H). Then

1.
GEZL" X Zpy X Ly, X oo X Ly,

for some integers r,ny,ng, ..., ng satisfying:

(a) >0 and nj > 2 for all j
(b) nip1n; for 1 <i<s—1

2. the expression in 1. is unique.



Chapter 1

Factorization of p-groups as
semi-direct products

1.1 Introduction and preliminaries

The theory for this chapter is mostly based on the book Abstract algebra by David
S. Dummit and Richard M. Foote [5].

The structure theorem of abelian groups, Theorem 0.1.25, says that all abelian
groups can be decomposed into direct products of cyclic groups. We want to study
and see if we can show something similar for non-abelian groups. The structure of
groups of orders p and p? are widely known and will therefore only be mentioned
in passing at the end of this section. First of all we will here state some important
results in group theory which will come in handy further on. This first one is a good
aid in determining the center of a group.

Proposition 1.1.1. |5, Exercise 3.1.36] Let G be a finite group of order n. If G/Z(G)
1s cyclic then G is abelian.

Proof. Let Z(G) = {1, z1, 22, ..., 241} have order ¢. Suppose that
G/Z(G) ={x1Z(G), 22 Z(G), ....,x, Z(G)}
is cyclic. That implies that there exists g € GG, with order m say, such that
G/(Z(G) = (9Z(G)) = {Z(G),9Z(G), ¢’ Z(G), ...,.g" ' Z(G)}

for some m € Z* with m < n.
Therefore, for all k € {1,2,...,n} there exists some i € {1,2,...,m} such that

{xkv TpR1, TRy vy Jszqfl} = ka(G) = giZ(G) = {gia gizlv 97;227 ey gizqﬂ}

10
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= 1, € {g',9'21,9' 20, ..., g’z 1}
= xp = gi or T = gizj for some j € {1,2,...,q — 1}.

We have thus concluded that there exists some g € GG such that for all x € G,
r = ¢g'z for some 1 < ¢ < m and some z € Z(G) from which the rest follows
trivially. R

There are several useful properties regarding p-groups, some of which we state in
the following theorem.

Theorem 1.1.2. Let G be a p-group of order p"™. Then
1. The center of G is non-trivial, i.e. Z(G) # 1.

2. For every k € {0,1,...,n}, G has a normal subgroup of order p*.

1

3. Every subgroup of order p"~" is normal in G.

Proof. See [5, p.188-189]. R

Theorem 1.1.3. Any group of order p, where p is a prime, is isomorphic to the
cyclic group Z,.

Proof. Follows from Cauchy’s Theorem. Let G be a group of order p. Since p divides
p we have that there exists some element, say ¢, of order p in the group. Then we
have that (g), which is isomorphic to Z,, has order p and so it must be that G is
isomorphic to Z,. R

Theorem 1.1.4. A group of order p*, where p is a prime, is isomorphic to either
Ly or Ly X Zy.

Proof. Let G be a group of order p?. From Theorem 1.1.2 we have that the center of
any p-group is non-trivial. Therefore we have that the order of G/Z(G) is either 1 or p
and so G/Z(G) must be cyclic and from Proposition 1.1.1 we have therefore that G is
abelian. If G has an element of order p? then we have that G is cyclic and isomorphic
to Z,2. Suppose therefore that any non-identity element of G' has order p. Let g be
such an element and take some h € G\ (g). It is clear that (g, h) must have an order
greater than p, otherwise we would have (g, h) = (g) which would be a contradiction.
Since p is a prime the only choice left is that the order of (g, h) is p? and therefore
we have that G = (g, h). Furthermore, since both g and h has order p it follows that
(g) x (h) = Z, x Z,. Now we can define the mapping U : (g) x (h) — (g, h)

(g", h) > g'h? for all i,j € Z

and since this clearly is an isomorphism we have that G = Z, x Z,,.
Hence, G is isomorphic to either Z,2 or Z, x Z,. &

11
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1.2 The semi-direct product

1.2.1 Definitions and useful results

Here we will explain the concept of one important structure operation, namely the
semi-direct product which is a generalization of the direct product and will be shown
to be a very useful tool to structure certain kinds of groups.

Definition 1.2.1. Let H and K be non-trivial finite groups and ¢ : K — Aut(H) be
a homomorphism. Through out the text the operators in H and K will consequently
be written as "-" except when we want to stress the fact that one of them is abelian
and will in that case write the operation as "+". We define the operation X, as
the following: Let H x, K be the set {(h,k) : h € H,k € K} on which it acts an
operation * as

(P, k1) * (ha, ko) = (hy - p(k1)(ha), k- ka).

We define G £ H X, K as the semi-direct product of H and K with respect to ¢.
When there is no doubt about which homomorphism, ¢, that defines the group, ¢
will be omitted and the semi-direct product will be written H x K.

Theorem 1.2.2. If H, K and ¢ is as in the above definition then G = H X, K is a
group of order |G| = |H||K]|.

Proof. To show that (G, *) is a group we have to show that it satisfies associativity
and has both an identity element as well as an inverse for every element in GG. The
operation x is of course well defined in G. That it is associative is a simple verification,

(1) » (o o)) (s ) = (= o) (), - ) (s )
I((hl (ki) (h2)) - (ks - k2><h3>,k1.k2.k3>
= (1 (k) (h2)) - (plka) 0 p(ka) (ha)) i -z - )
= (b1 - (k) (h2)) - (k) (9 (Ra) ())) e - e - )
= (hl (o(k1) (o - @(k2)(hs))), ki - ko - kg)

= (ha, k1) * (ha - (p(k2)(h3)), k2 - k3)
= (ha, k1) * ((ha, k2) * (h3, k3)).

That e = (1, 1) is the unit in G is trivial (remembering that a homomorphism takes
the identity on the identity). We shall now see that (p(k=1)(h™1), k™) is the inverse

12
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of (h,k) € G:

(h, k) * (k" )(W7), k71) = (h- (k) (p(k™) (A7), k- k)
= (h- (p(k) o p(k™))(h71), k- k7T)
= (h- (p(k) o (k)™ ) (W), k- k71)
= (h-id(h™1),1)
=(h-h 1)

1,1),

To conclude it is clear that the order of the group is |H||K]|. N\

Observation. p(k1)(he) is equivalent to the group K acting on the group H and is
then denoted kq.ho

Observation. If ¢ would be the trivial homomorphism then the semi-direct product
would become the direct product. So one can in fact see the direct product as a
special case of the semi-direct product.

Theorem 1.2.3. If G = H x, K then the following must be true:
HNK=1,G=Z HK and H <G.

Proof. This follows from identifying the subgroups H, K of G with being isomorphic
to H={(h,1): he€ H} and K = {(1,k) : k € K} respectively (an omitted, simple
verification). Noting that HNK =1 we have proved the first statement. From that
it follows that the mapping, ¥, from HK to H x, K defined by ¥(hk) = (h, k) is an
isomorphism and therefore we have proved also the second statement. Furthermore,
we have that for all £ € K and for all h € H that

(L&) (h, 1) (1, k)™ = (o(k)(h), k) * (1, k71)
= (o(k)(h) - (k) (1), k- k")

= (p(k)(h),1) < H

so K < Ng(H) and therefore K < Ng(H). With G = HK and H, K < Ng(H) it
follows that G = Ng(H). Hence H is normal in G. R

Observation. We see through our calculations that we have in some sense defined
conjugation in the semi-direct product as khk™ = p(k)(h) since h and k are related
to (h,1) and (1, k) respectively.

13
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Corollary 1.2.4. The Quaternion group Qg can not be decomposed into a semi-direct
product of two groups.

Proof. Since every nontrivial subgroup of (g must contain the element —1
(i* = —1,7% = —1,k* = —1) there can be no two subgroups whose intersection is
only 1. X

Corollary 1.2.5. No simple group can be decomposed as a semi-direct product of two
groups.

Proof. A simple group has no normal subgroups except itself and the trivial one. ¥

Now we will state two theorems that will become very important for finding the
structures of p-groups. The first one is a converse to Theorem 1.2.3.

Theorem 1.2.6. If G is a group with subgroups H and K such that G = HK, H <G
and H N K = 1 then there exists some homomorphism ¢ : K — Aut(H) such that
G=Hx, K

Proof. Since we are dealing with finite groups it is clear that the order of the groups
are equal, i.e. |HK| = |H x,K|. Therefore, in order to prove that they are isomorphic
we only need to show that there exists some injective homomorphism from one into
the other. It is a known fact that if H N K = 1 there is a unique way to write
any element of HK in the form hk for some h € H and some k € K, see more
in |5, Proposition 5.8]. As stated in the observation of Theorem 1.2.3 we have that
khk—' = ¢(k)(h). Let us now define a mapping ¥ : HK + H %, K by hk + (h, k).
This is clearly an homomorphism since

(hik1)(hoks) = hy(kihoky )kiky = (hao(ky)(he)) (ki ks)
= (b - @(kr) (o), b - ko) = (hu, ey ) # (ha, k),

and furthermore, since any element in H K can be written uniquely as a product of h
and k it is clear that ¢ is a injective homomorphism and therefore an isomorphism. %

Theorem 1.2.7. Let H and K be finite groups. If K is cyclic and there are two
homomorphisms, ¢1 and s, from K into Aut(H) such that im(p;) and im(py) are
conjugate subgroups of Aut(H), then H x,, K =2 H x,, K.

Proof. We prove this by constructing a isomorphism between the groups. Let the
operation in H X, K be written x; and the operation in H %, K be written *,. Since
K is cyclic it is abelian in the "second coordinate" but we will in this case still use
multiplicative notation due to simplify the compatibility with the "first coordinate".
Suppose that im(y;) and im(py) are conjugate, i.e. o (K)o = po(K) for some

14
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o € Aut(H). Therefore we have that for some a € Z* that op;(k)o™ = ¢y(k)® for
all k € K. Let
V:Hx, K— HX,, K

(h, k) = (o(h), k%)
First we prove that ¥ is a homomorphism,

W ((h, k) 1 (B K)) =W ((h - oa(R) (W), k- k/)

We now prove that this is a bijection by showing that it has a two-sided inverse. This
is easily seen by defining U=*(h, k) = ((p2(k)"* o o)(h™1), k™). From this we get

W(h, k) * U (h k) = (a(h), k") %3 (pa(k) oo (h™Y), k%)
= (a(h) - p2(k*) (02(k) " 0 o (h71)), k" - k%)
= (0(h) - (pa(k)" 0 pa(k) ™ 0 a) (A1), k°)
= (o(h) - (idoo)(h™"),1)
= (o(h) - o(h™"),1)
= (o(h-h7"),1)
= (L,1),
U (R, k) %o U(h, k) = (ga(k) o a(h™h), k™) %4 (o(Rh), k%)
= ((p2(k)~ 0 ) (h™") - (k™) (o (), k" - k7°)
= ((p2(k) " 0 0)(h71) - (02(k) ™ 0 ) (), 1)
= ((pa(k) "0 0)(h™" - 1), 1)
= ((p2(k) 0 0)(1),1)
= (1,1),
so ¥ does indeed have a two-sided inverse and is therefore bijective and we have found
our isomorphism. &

The converse of this theorem, that if H x, K = H x,, K and K is cyclic then
im() is conjugate to im(ps), might hold as well but we will have to leave that as a
conjecture.

15



CHAPTER 1. FACTORIZATION OF p-GROUPS AS
G. Seedén Stahl SEMI-DIRECT PRODUCTS

Now that we have defined this structure operation we can set our minds to the
problem in hand. We make the following, non-standard, definition.

Definition 1.2.8. A p-group that can be written as semi-direct products of cyclic
groups is called completely factorizable.

With this definition it follows that p-groups of both order p and p* are always com-
pletely factorizable with the semi-direct product being trivial in all cases, see Theo-
rems 1.1.3 and 1.1.4, and this will also hold for every abelian p-group.

1.3 Automorphisms of p-groups

It is clear from the previous section that the automorphism group of p-groups will play
an important role in the factorization of groups into semi-direct products. Therefore
we will take a moment to study them.

We will see that we can, for every automorphism, find an element relating to that
one which makes the following, nonstandard, definition useful.

Definition 1.3.1. Let the automorphism group of a group G be isomorphic to some
other group H, i.e. Aut(G) = H, for some isomorphism ¥ : Aut(G) — H. If
an element h € H is the image of some automorphism ¢ € Aut(G) under V¥, i.e.
U(p) = h, we say that ¢ and h are isomorphically related. We denote this ¢ <> h.

1.3.1 The automorphism group of Z,.

The automorphism group of a cyclic p-group, Z,» (with addition as an operator), is
isomorphic to the multiplicative group Z;., i.e.

Aut(Zyn) = L.

That can be seen by looking at the composition of the elements of the automorphism
group. Take 7,0 € Aut(Z,») (non-identity elements). We now take a generator for
Zyn, say 1 (where we have the operation in Z,» as addition), and study the behavior
of these two automorphisms. Let m(1) = g and o(1) = h. We get

moo(l)=n(h)=mr(l+l+. . +D)=n1)+n(l)+..7(1)=h-7(l)=h-g

h h

so we see that the composition of 7 and ¢ is the same thing as multiplication in our
original group, from which the result follows. From [5, Corollary 9.20] we have that
Zyn is a cyclic group of order p"Y(p—1). Indeed, an element is invertible if and only
if it is not divisible by p so |Z:.| = p" — Pl =p"Hp—1).

16
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1.3.2 The automorphism groups of 7, X Z, and Z}

We shall now study the automorphism group of Z, x Z,. Similar to what we just
did we take the generators of the group and see what they map to. This group is
generated by two elements, e.g. (1,0) and (0,1), so we have to see what these two
maps unto. Take p € Aut(Z, x Z,) and let ¢((1,0)) = (a,b) and ¢((0,1)) = (¢, d).
If we now take (g, h) € Z, x Z, we get

©((g,h) = ¢((9,0) + (0, ) = ©((g,0)) + »((0, h)) =
=g-¢((1,0))+ h-p((0,1)) =g (a,b) + h-(c,d) = (ga + he, gb+ hd).

We can see that this is very similar to the components from a matrix multiplication

(g,h) - <Z 2) = (ga + hc, gb + hd).

Let 0 € Aut(Z, x Z,) be defined as ¢((1,0)) = (4,j) and ¢((0,1)) = (k,1). We then
get

oog(g,h) =oc(ga+ he,gb+ hd)
= (ga+ he) - o((1,0)) + (gb + hd) - o((0,1))
= (ga+ hc) - (i,5) + (gb+ hd) - (k,1)
= (gai + hci, gaj + hej) + (gbk + hdk, gbl + hdl)
= (g(at + bk) + h(ci + dk), g(aj + bl) + h(cj + dl)).

This we can see is the same thing as
a b o7\ at + bk aj +0bl \
(g, h)- < c d)'(k: z )_(9’h>'<cz’+dk cj+dl)_
= (g(ai + bk) + h(ci + dk), g(aj + bl) + h(cj + dl)),

so we see that the composition of two isomorphisms is the same thing as matrix
multiplication. There is still one more thing we have to check, namely that the
function ¢ € Aut(Z, x Z,) is in fact an isomorphism. Since we are dealing with finite
groups it is enough to make sure that it is injective, which it is if and only if the
kernel of ¢ is trivial. The equation

wn- (¢ 5)=00

has a unique solution (g,h)=(0,0) if and only if the matrix is invertible which is the
same thing as its determinant ad — bc # 0.

17
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So we see that Aut(Z, x Z,) = GL(F,). The same calculations and results arise
when we are dealing with Z} = Z, x Z, x ... X Z, so we have found that

X
Aut(Z)) = GL,(Fy).
From [5, p.418| we know that GL,(F,) is a group of order

" =" —p)" —p>)..(0" —p" ).

1.3.3 Examples

From the previous section we have seen that we will study homomorphisms from one
group into the automorphism group of another group, so lets look at some examples
of this.

Example 1.3.2. Let ¢ : Z, =-Aut(Z,2) be a homomorphism. We have that
Aut(Z,2) = Z3, has order p(p — 1). The first isomorphism theorem gives us the
following;:

im(e)| = [Zp]/] ker(p)| = 1 or p.

If |[im(p)| = 1 then ¢ is trivial and the semi-direct product relating to ¢ is simply the
direct product. So lets assume that |im(y)| = p. A subgroup of Zy, of order p is

{np+1:neZ,}.
This can be shown by looking at
(np + 1P = (np)? +pnp)P ' +...+pnp) +1=1 (mod p?)

and since p is a prime any nontrivial element will be a generator for the group. For
instance
(np+1)*=(np)*+2np+1=2np+1 (mod p?).

Therefore we can represent (k) as (np + 1)F for some n. The choice of n is not
important (as long as it is kept from 0) since we can scale our group action as (np-+1)™"
for some m depending on n. One could also conclude this last fact from Theorem 1.2.7
since we have that Z, is cyclic and all subgroups of order p of Ly, are conjugate by
each other (from Sylow’s theorem).

Example 1.3.3. Let ¢ : Z, — Aut(Z, x Z,) be a homomorphism. Just as in the
example above we see that we want to look at subgroups of the automorphism group
that has order p. A subgroup of order p to Aut(Z, x Z,) = GL»(F,) is the group

k
generated by ( é 1 ) = ( (1) I; ) and from Sylow’s theorem we can deduce that

18
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any other subgroup of order p is conjugate to this one, since
|GLy(F,)| = p(p? — 1)(p — 1). Therefore we see that the automorphism (k) can be

e . 1 k
represented as multiplication by the matrix ( 01 )

1.4 The groups of order p°

From the fundamental theorem of abelian groups we know that there are three differ-
ent abelian non-isomorphic groups of order p?, namely Z,3, Z,2 X Z, and Z, x Z, X Z,,.
Now we will look at the non-abelian groups. From Corollary 1.2.4 we have an example
of a group of order p? that can not be expressed as a semi-direct product for p = 2.
It will be shown that p = 2 is a special case and so we will begin to study this special
case of primes p and then move along to the case where p is any odd prime.

1.4.1 The special case p =2

Theorem 1.4.1. If G is a non-abelian group of order 23 = 8 then it is isomorphic
to either Dg or Q)s.

Proof. This proof is mostly based on a similar proof in [4]. There can of course not
be any element in G of order 8 since that would imply that the group is abelian. If
every element of G has order 2 then G must also be abelian since that implies that
for all a,b € G, abab = (ab)> = 1 and multiplying the left hand side with a and
the right hand side with b gives ba = ab. So we can conclude that there must exist
some element of order 4, say a. The subgroup generated by a is of order 4 = 23! so
Theorem 1.1.2 tells us that it must be normal in G. Take an element b € G \ (a).
Since (a) is normal we have that

bab~! € (a) = {1, a,a* a®}.

If bab-! = 1 then a has order 1, so that can not be. The same thing goes for
bab~! = a? since that implies that ba?b~! = a* = 1 which would mean that a has
order 2 so that can not be either. Lastly, if bab~' = a then the group is abelian so this
is also an impossibility. Now we have two possible cases, either that b has order 2 or 4.

Case 1. b has order 2.
Then we must have that bab™! = a® = a™! and so we see that this is generates the

group
G={a,b:a*=1,0>=1,ba = a 'b)

which is isomorphic to Dsg.
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Case 2. b has order 4.
We see that if (a) N (b) = 1 then that will imply that G has a order larger than 8 so
that can not be. Therefore we can deduce that there must be some other element in
G\ {a) U (b}, call it ¢, which also must have order 4 and furthermore that a? = b* = 2.
So in this case G is generated by

(a,byc:a* =b*=c' =1,a> =b* = c* ba = a”'b)
and this group is isomorphic to Qs. X

Observation. The prime 2 is a very special case. In the general case, when G is a
p-group of order p® with p # 2 it is not the case that G has to be abelian only because
every element has order p as the case were above.

1.4.2 p being any odd prime

Lemma 1.4.2. If G is a non-abelian group of order p* then its center Z(G) has order
.

Proof. Since the center is a subgroup of G it has only a few possible orders, namely
1, p, p? and p3. We know that for p-groups the center is never trivial so it can’t be 1.
Since it is non-abelian it can not be p? either. From Proposition 1.1.1 we can conclude
that the order can not be p? since that would imply that |G/Z(G)| has order p and
would therefore be cyclic. The only choice left is p. L

Lemma 1.4.3. If G is a group of order p* then the commutator subgroup of G,
G' ={[z,y] : z,y € G}, has order p and it is equal to the center of G, i.e. G' = Z(Q).

Proof. Since the center of G is trivially normal in G, i.e. Z(G) <G, and G/Z(G)
is abelian (since G/Z(G) is a group of order p*) it follows from theorems in [5]
that G’ < Z(G) and since G is non-abelian G’ is non-trivial and therefore the only
possibility is G' = Z(G). Since Z(G) has order p it follows that G’ has order p. X

Lemma 1.4.4. If G is a group and the commutator subgroup of G is the same as the
n(n—1)

center of G, i.e. G' = Z(Q), then (xy)" = 2™y [y, x|z  for all x,y € G.

Proof. We use induction over n. It is of course true for n = 1. Suppose it is true for
k(k—1)

n =k, so (zy)* = 2*y*[y, ]2 . We now show that it holds for n = k + 1,
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k(k+1) k(k—1)
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Lemma 1.4.5. If G is a non-abelian group of order p* where p is an odd prime and
¢ : G — G is the mapping o(x) = aP then the kernel of ¢ is of order p* or p?.

Proof. First we show that ¢ is a homomorphism. Take z,y € G, we get

p(p—1) p—1

p(ry) = (vy)’ = [Lemma 1.4.4] = 2PyP[y,x] = ="y’ ([y,z]") 2 =

= [Lemma 1.4.3] = Jzzpypl%1 = 2Py? = p(z)p(y)
so  is a homomorphism. By the first isomorphism theorem we have that
|G/ ker(p)| = [im(e)]

and since im(¢) < Z(G) we can deduce that |[im(¢)| is either 1 or p. Since G has
order p* we must have that | ker(¢)| is equal to either p* or p.

g
Observation. This result does not hold when p = 2 since that implies that
peel) — p —1 =1, and therefore ly, 2] = [y, 2] # 1.

Theorem 1.4.6. Every non-abelian group of order p* where p is an odd prime is
isomorphic to either (Z, X Z,) X Z, or Zy X Z,.
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Observation. The notation might be a bit confusing. Of course Z,» contains at least
one subgroup isomorphic to Z, and so one could think that the intersections would
not be trivial but what we mean when we write Z,2 x Z,, is two groups H and K that
fulfill H N K =1 and H <G and that they in turn are isomorphic to Z,. and Z,
respectively.

Proof. This proof is based on results in |5, p.183]. Let G be a non-abelian group of
order p3. There are two cases, either G contains an element of order p? or not.
Case 1. There exists some element in G of order p?.

Let ¢ € G have order p®. From Theorem 1.1.2 we know that (g) is normal in G.
There are p elements in (g) that has order p (namely those of the kind g* where p
divides k), therefore Lemma 1.4.5 tells us that there is at least one element of order
p, say h, that does not lie in (g). (h) is a group of order p and (g) is a group of order
p? with (g) N (k) = 1 so the group (g)(h) is a group of order p* and must be equal to
G. By construction we have that (g) N (h) = 1 and since (g) is normal in G we can
use Theorem 1.2.6 to conclude that

G = (g)(h) = (g) X ()

for some . With (g) = Z,2 and (h) = Z, we know from Theorem 1.2.7 that the
choice of ¢ is unimportant (as long as it is kept from the trivial one) and will generate
isomorphic groups. Therefore we can conclude that there is only one non-abelian
group of order p? which contains an element of order p? and it is isomorphic to
sz X Zp.
Case 2. GG does not contain an element of order p?.

From Theorem 1.1.2 we know that there exists some normal subgroup H of G that has
order p?. Furthermore, since G, and therefore also H, does not contain an element of
order p* we must have that H = Z, x Z,. Let now K be generated by some element
k € G\ H. Since k must have order p we have that K = (k) = Z,. We had that H
is normal in G and by construction we have that H N K = 1 so Theorem 1.2.6 tells
us since G = HK that in this case

G=Hx,K=(Z,xZ,) X, Z,

for some . Since any two elements of Aut(Z, x Z,) that has order p is conjugate with
each other, due to Sylow’s theorem (see Example 1.3.3), we have from Theorem 1.2.7
that the choice of ¢ is not important and therefore there is only one non-abelian
group of order p?, where every non-identity element has order p, up to isomorphism,
and that is the group (Z, x Z,) x Z, R

1 a b
Ezample 1.4.7. G = {( 01 ¢ ) ta,b,c € ]Fp} < GL;3(F,) where the operation is
00

1
matrix multiplication. This group is of order p* since we have p-choices at three
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locations and also it is non-abelian since, for example,

1 1 0 1 0 O 1 1 1 1 1 0 1 0 O 1 1
0 1 0 0 1 1 = 0 1 2 % 0 1 1 = 0 1 1 0 1
0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0

Furthermore, this group has no element of order p? since:

1 n 1 nx ny+ﬁﬁfﬁxz
0 = 0 1 nz
0 0 0 1

which is easily shown by induction over n. Therefore

1 p 1 pz py+fgg%jlzz 1 0 0
0 = 0 1 pz = 0 1 0
0 0 0 1 0 0 1

which means that every element in G raised to the power p is the identity. So G is
a non-abelian group of order p* and every non-identity element has order p. Hence
G = (Z, X Z,) © Z,

From this example we have found a good representation of the non-abelian group
(Z, x Z,) x Z,. Simply by identifying the components of the 3 x 3-matrix we can see

that
1 b 1 d 1 d+a e+ fa+bd
0 c . 0 1 = 0 1 f+ec
0 1 0 0 0 0 1

is equivalent to

((d;e), f) * ((a,0),¢) = ((d, e) + ¢(f)((a,0), [ + ¢) = (d+a,e + fa+b), [ +¢)

where

0
o .
1

o =8
— N

o =8
=N

o~
= 0

p(f)((a,b)) = (a, fa +D).
Notice that the operation * mirrors its arguments in relation to the matrix multipli-
cation. One interesting observation is that

A0t = (@ s ) =) (o 1)

which we can compare to the result of Example 1.3.3. Since we earlier concluded
that any non-abelian group of order p® has a center of order p we can now find the
center of (Z, x Z,) x Z, by looking at this matrix representation. For a group of order
p every non-identity element is a generator of the group so it is enough to find one
element that commutes with every element in the group. From previous calculations
we can immediately conclude that

1
0
0

which corresponds to ((0,n),0). Hence Z((Z, x Z,) x Z,)) ={((0,n),0) : n € Z,}.

n

0>€Z(G) , forallne Z,

(=N ]

1
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Table 1.1: Non-isomorphic groups of order p* (p > 2)

Highest order element Abelian Non-abelian
p3 Zps -
P Zy X 7, Zp X 7y
p Zy X Zy X Ly | (Zy X Zp) X 2

Ezample 1.4.8. A representation of the group Z,: X, Z, might not be as intuitive but
one example, from [4], would be

G= {( Lhpa b ) :(1+pa),b€ Zz} C GLy(F,2)

where a represents the element of order p and b the element of order p?.

From this example we have a nice representation for Z,2 x, Z,, namely G. So we can
now write the operation

(b,a) * (d,c) = (b+ p(a)(d),a+c)=(b+ (1 +pa)-d,a+c)

where ¢(a) corresponds to multiplication with the element (1 + pa) (compare with
the result from Example 1.3.2, with n = 1). We can also deduce that the center is

Z(G) = {( (1) 711 ) :n € Z, and p|n} = {(n,0) : n € Z,2 and p|n}.

Observation. One could wonder why the two groups named in Theorem 1.4.6 are the
only non-abelian groups of order p3. For instance, why couldn’t we find another one
from G = Z, 1, Z,27 Well, lets take a closer look at ¢ : Z,2 — Aut(Z,). We know
that |[Aut(Z,)| = p — 1 since any isomorphism can take any non-identity element on
some other non-identity element. From the first isomorphism theorem it is clear that

im(p)| = 1,p,p% p°

but this leaves only one possibility for Aut(Z,) < im(¢) namely 1. So there is only
one homomorphism from Z,. into Aut(Z,) and this must be the trivial one, since
| ker(p)| = |G|/[im(yp)| = p? so ker(p) = G. Hence the semi-direct product Z, 1, Z,»
can in fact only be the direct product Z, x Z,» and this is an abelian group (that we
have already covered).

Now we are finished with the groups of order p? and we have seen that if p is a prime
greater than two there are five different groups of order p* up to isomorphism, and
all of them are completely factorizable. The final result can be viewed in Table 1.1.
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1.5 Automorphisms of p-groups, continued

In order to find the structure of the automorphism groups of the non-intuitive p-
groups, e.g. Zy X Z,, we will go about the same way as in the previous section but
also having to take the relations into more consideration since we will be working
with non-abelian groups. If ¢ is a automorphism of a group than ¢ has to uphold all
of the relations of the group and from that one can deduce much information about
the automorphism group. Remembering the notation from Definition 1.3.1 we will
use the symbol <+ between an automorphism and an element in some other group
when we mean that they are isomorphically related.

1.5.1 The automorphism group of 7, x Z,

First we will study the automorphism group of Z,» x Z,,. Two generators of the group
are a = (1,0) and b = (0,1). From the operation we then get ba = a'™b and so we
have that a presentation of the group can be written

Zpr X 2y = <a,b:ap2 :1>bp:1,ba=ap+1b>.

From our relations we can, with elementary calculations, deduce some useful expres-
sion
i i itjippj
Va' =a v,
(n—1)n

(alb]>n — am’+72 jipbnj.

With these we begin our study of the automorphism group of Z,2 x Z,. Take some
automorphism ¢ € Aut(Z,2 x Z,), defined by

Jarma'V constraints: i,k € Z,
LR RN jlez,
If a € Z,2 x Z, has order p* then ¢p(a) = a'’ must also have that order.

(p=1)p

(') =Pt 2 I =P £ 1 & p [

Hence, we have that ¢ # 0 (mod p). Furthermore, if b has order p then p(b) = a*¥'
must also have order p so

(p—1)p

(" = P2 R — P =1 & plk,

therefore we have that k& = pm for some m. Since this is a non-abelian group we also
must have that if ba = a'**b then p(b)p(a) = ¢(a)'*Pp(b). So
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(apmbl)(aibj) _ (aibj)l-l-p(apmbl)
o gPmtitilpplts _ gitpmap(itpmg) pl+i

= q'? = g
=il =i (mod p)

and since ¢ # 0 (mod p) we conclude that

[=1 (mod p).

In order for ¢ to be a automorphism it has to be bijective which it is if

(o(0)) N {p(a)) =1

but this is always true with the constraints we have already deduced. That is because
any element in (p(a)) of order p is of the form a?" for some r and no element in (p(b))
is of that form. So we have that the order of the automorphism group must be

|Aut(Z,2 % Z,)| = p*(p— 1)

since we have (p* — p) choices for 4, p choices for j and p choices for m.
Therefore we have that ¢ € Aut(Z,2 x Z,,) is really defined by

Jara't constraints: i € Z,2 and i #0 (mod p)
7 b— a?™b J,m € Z,

We can simply write what the automorphism ¢ will map an arbitrary element g €
Zy X Z, on. Since we already have our generators, a, b, of the group we know that g
can be expressed as a”b¥ for some z,y. Using our relations we get

©(g) = p(a“b?) = p(a)"p(b)! = (a't/)*(a""b)¥ =

= (a"* (x_zl)xjipszxaypmby) — oS jiprypmyety

This will sadly not be enough for us since it will show that we will need to calculate
what the powers of ¢ maps g to. If we take another automorphism o € Aut(Z,2 x Z,,),

defined by

S Jam a’V’  constraints: i’ € Z,e and ¥ Z0 (mod p)
b a”™'b j\m' € Z,
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we can see what multiplication will look like in the automorphism group by calculating

. . 'Y (i— )ii, ! . , , '
copla)=o(alV)=..= a” +p<%+]m )bm +i
oo p(b) = o(a’™b) = ... = a?"" ),

An automorphism will be fully defined through the triple of the exponents, i.e.
© <> (i,7,k). So therefore we can represent the multiplication of two automorphisms
as

(i — 1)idj’

(@) iodom) = i+ (U5

+jm’> i3+ 7,7 m+m').

Now we can calculate the powers of ¢ <> (i, 7, m). Thanks to Maple [1] we get:

%)

o (i,j,m)* = (i* + pj (% - %i2+m> Jij + jyim +m)

o (i,j,m)* = (i’ +pj( —i +22m—|—m),i2j+ij—|—j,i2m—|—im+m)

o (ijom)t = (it 4 pj (T~ it 4 3iPm o+ 2im 4 m)
,i3j+i2j+ij+j,i3m+z'2m+im+m>

o (ijom)® = (P+pj (D < 200 4 dim 4 3i%m 4 2im )

fwm%+W+M+$ﬁmm%Hﬁm+m+m)

The structure of these powers leads us to believe that

n—1 n—1 n—1
(i,j,M)”=<Z +pj <§Zn Zk——m +mzk+1 >,J ik,mzik)

k=0

Since this is true for n = 1 we calculate it raised to the power n 4+ 1 and get (writing

27



CHAPTER 1. FACTORIZATION OF p-GROUPS AS
G. Seedén Stahl SEMI-DIRECT PRODUCTS

it as its transpose for typographical reasons)

. n+1 . n .
) ) 7
J =1 J |
m m m
1 n—1 n—2
i" 4 pj (52” i — —ni" +m Z(k + 1)@’“)
k=0 k=0
n—1 2
= iy it J
k:Ol m
S
k=0
n—1 1 n—1 n—1
i+l n+2 | ik k
+pj(=i Zz 5" + m( iy i)
k=0 B k=1 k=0
= ij Y ik 4
k=0
n—1
"m+m Z i*
k=0
n 1 n—1
in+1 +pj(—i”+1 ik—§<n+1)2n+1+m2(k3+1)lk)
k=0 . k=0
- i3
anO
3
k=0

Hence, by induction we know it to be true. Now it is an easy, but quite copious,
task to calculate ¢™(g) by
§(5) = (@) (0 = ("I T A e S0 T ) (i)
(i (5 TRIG i = fmimm SRS (ke 1)iF) )+ S pin g iR g SR R ym SR i gy
(z—1)z n—1 .k

. . . 1. . ) . . —1. 1. .
:aI(Zner](%Zn ko - gnim+m 3R (k+1)zk))+72 pinj Sy ypm Sop i b Sonlgi +y

As we will see in the next section we will need to find the elements of order p in
this group, i.e. those that fulfill (¢, j, m)? = (1,0, 0) since that is the identity mapping.
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To do this we study

» L p—2 p—1 p—1
(i gom) = (® +pj | 5 Y +mY (ke Dit ) Gy my i)
k=0 k=0 k=0

k=0

The first coordinate is of the form ¥ + pa for some « and since p is a zero divisor in
the ring Z,2 (and therefore does not have a multiplicative inverse) we must have that

* =1 (mod p®)and a =0 (mod p).

That implies that ¢ = 1 + pr for some r € Z,. Plugging that in gives
(with (14 pr) =1 (mod p))

1 p—1 p—2 p—1 p—1
: _ 2 : .
(l—i—pr,j,m)p—(1+pr—|—pj<§kg_01+mk§_0(k+1) ,jE 1,m§ 1

(1 pp—1 .
(1 +pJ (§p+m¥> , D, mp)

(1+p*(...),0,0)
(1,0,0)

so we do not have any requirements on j and m. Therefore, we have found all elements
of order p to be of the form (1 + pr,j,m) with r, j,m € Z, with the exception that
r = j = m = 0 is not allowed. Now we can finally write what the power of an
automorphism of order p maps an arbitrary element g on. Let ¢ be an element of
order p, i.e. ¢ <> (1 +pr,j,m). Then we get

©"(g) = ()i (5 3020 1= gntm 525 (k1)) )+ ey ST 1ypm Y, 12 2o 14y

— a (1+7’LP’I’+pj( n—fn_,_mw» (z=1)z 1)9:

pjn+ypmn b$]n+y

(n— l)n+(x 1z

m+p(nrr+p]mx ng+ynm) b:cjn+y

=a

1.5.2 The automorphism group of Z,: x Z,

Now we will study the automorphism group of Z,2 x Z, which has the presentation
Zyp X Zy = (a,b: a”’ =1,b" =1,ab = ba).

Let ¢ € Aut(Z,2 x Z,). Since ¢ is an isomorphism it has to map the generators such
that the presentatlon does not change, i.e.

(a,b: @ = 1,0" = Lab = ba) ¥ (ip(a), p(0) : 9" = Lip(b)" = 1, p(a)p(8) = ¢ (b)p(a)).
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Let ¢ be defined by
Jaw a'lt’ where i,k € Z
7 Y b okt jlez,
and as always, since ¢ is an automorphism, it has to satisfy the relations of the group.
First of all that means that the element a0’ must have order p?, not p. That gives

that o ‘
(@)Y #£1 = a” #1,

so i # 0 (mod p). Secondly, the element a*b' must have order p
(=1 = =1

Therefore we have that & = pm for some m € Z,. The last relation does not yield
any further information since any two elements in the group will commute. The only
thing left is to make sure that ¢ is a bijection. That will hold true if and only if

(p(a)) N{p(b)) = 1.

That implies that the elements of order p in (p(a)) does not lie in (p(b)). There are
p — 1 elements in Z,2 of order p and they are of the form ¢"™” where g is a generator
of the group and n € Z,. Our choice of generator is a’®’ for which we have

(a'¥)" =a", n € Z,
From this we can conclude that
(a™) N (aP™b') =1 & [ #0 (mod p).

These constraint we have deduced gives the total structure of the automorphism group
and every automorphism is defined by these factors. So ¢ must actually be defined
by

Jaw ad'v where i€ Zp and i Z0 (mod p)

b~ a?™b m,j,l € Z,and 1 #0 (mod p).
From this we can calculate the order of the group. There are (p*> — p) choices for 4, p
choices for 7 and m and p — 1 choices for . In total that gives

|Aut(Z2 x Z,)| = (p° = p*) (0> — p) = p*(p — 1)

Lastly we want to see how the operation in the automorphism group is expressed.
Therefore we take another automorphism, o, defined by

arra’tl  where '€ Zpandi'#0 (mod p)
(O T
b aP™ b m', 5l € Z,and I' #0 (mod p)
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and study the composition of ¢ and ¢ as follows

As the case were in the previous section we can represent an automorphism by the
exponential factors it maps the generators on. We will therefore denote an automor-

phism, ¢, with
iJ
o t)

where we collect the 7,7, k, [ in a 2 by 2 matrix for stylistic effects only. So now we
can express our operation in the group by this representation

iGN a (i i i+ gl
m' m 1 mi’ + lm’ A ’

It is not hard to prove that

o . . B j .
Lt _ k=1 k=0
m

n:l
m § in_l_klk "
k=0

and from this we can find that the elements of order p (with the same methods as
with Aut(Z,2 x Z,)) and get that ¢ = 1+ pr for some r € Z,,, | =1 and j, m are free.
So any element of order p is of the form

(ot )=(0 1)

where r, j, m € Z, with the exception that all of them can not be zero since that gives
an element of order 1. Similar to what we did in the previous section we conclude
with calculating the mapping of an arbitrary element g € Z,2 x Z, mapped by a

power of an automorphism ¢ < ( 7; g ) and get

¥"(9) = ¢"(a)"¢"(b)" =
_ (ai"—l-pjm Zz;ll(n_k)ln—l—klkbjzz;é ’in_l_klk)x<apm ZZ;(% in_l_klkbl")y _

_ azi”—f—p:cjm Zz;;(n—k)in717k1k+pym ZZ;& Z'nflfklksz Z:;é inflfklk_;'_yln.
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1.5.3 The automorphism group of (Z, x Z,) x Z,

It will show that we will not need the structure of this group as we progress but we
will study some of the most basic structures non the less. By equal calculations as
with the previous sections we can deduce that the relations of (Z, x Z,) x Z, with
the generators a = ((1,0),0),b = ((0,1),0) and ¢ = ((0,0), 1) which yields

(Zy x Z,) ¥ Z, = (a,b,c:a? =1,0P =1, =1,ba = ab, ca = abc, cb = bc).

From this it is straight forward to find the formula for the following expressions
cal =abic,

(a'd)" = i

Let ¢ € Aut((Z, x Z,) X Z,) be defined by

a v a'bick where 1,5,k € Z,
©: b= abme l,m,n € Z,
¢+ alb’c? q,7,8 € Z,

Since ¢ will have to uphold the relations we must have that ¢(c)p(a) = ¢(a)p(b)p(c)
S0

(a9"c*) (a'V *) = (a'VF) (a'b™ ™) (a9b"c®)
o bsi — albm+lk+qn+chn.

Because of the fact that we have chosen the generators so that they can uniquely
express every element in the group we must have the demand [ = n = 0.
bsi — bm+kq
=m=si—kq (mod p)
If m = 0 we will have that ¢(b) does not have order p so we can also say that

m=si—kqg#0 (mod p).

The abelian relations will give redundant information and so we will not discuss those
here. Therefore we have that | = n = 0 and m = si — kq # 0 are the only constraints
we must place on the homomorphism to satisfy the relations of the group. Now we
only have to see when it is bijective. Since we are talking about finite groups it is
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enough to show that it is injective and so we can show that the kernel is trivial. Lets
take some element in (Z, x Z,) X Z,, say a®b?c*, and suppose it is mapped to zero.

o) = pl(a) p(b)p(c)* = ... =
_ axi+qzby(si—kq)+jac+sz+ki@—i—qs@—&-qzkwckx—mz — 0.

This leads us to a system of equations (all calculated over Z,)

zi+qz =0,
kx + sz =0,
y(sz’—kq)%—jx—%sz—%ki@—l—qs@—|—qzkx:0.

The first two give rise to
2(si —kq) =0

and since we must have (si — kq) # 0 it follows that z = 0. From that we can also
deduce that z = 0 and finally

y(si—kq)=0 = y=0.

Soif g € (Z,x Z,)x Z, and p(g) = 0 it must be that g = 0, hence the kernel is trivial
and ¢ is an automorphism with the constraints we have already deduced. Now it is
an easy task to calculate the order of the automorphism group. We have p choices
for both j and r, furthermore 7, k, ¢, s will in some sense be equivalent to a matrix in

GLy(F,) since we have that the determinant of ( ; ]; ) is kept from zero so that

will give us (p* — 1)(p? — p) choices for those elements and in total we get
|AUt((Zp X Zp) X Zp>| = p3(p - 1)(172 —1).

To find the structure of the group we can study the operation in the group, just as
we did when looking at Aut(Z,: x Z,). Take two automorphisms of the group,
o,w € Aut((Z, x Z,) x Z,), defined by

o S,
a+— a't! cF a— a' bk

0 Qb bk w: Qb bR
! ! !

¢ add ¢t cr—alb" ¢’

The composition of the two yields

(aibjck> - — an”+kq’bz‘j’+j(s'i’—k'q’)+kr'+z"k'Lig”+q's’7’““§1>+ikk'q'cz'k’+ks"
(@O %) — . — i+ +r(—H yrar N L S ok
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In the same way as with the elements of Aut(Z,2 x Z,) the elements of this group
can be represented by the six exponential components, i.e.

i ok
w(q J )

Where we write it as a 2 by 3 matrix merely for stylistic reasons. Hence we can
express the operation of two automorphisms as

?:/ ,j/ k,/ Z ,] k
/ / / o =
qg 1 s q r s
ii'—l—k} ;o ey .y ’ 7.04(i—1) r 1k(k—1) RNV /
_ q i +gm 4+ k' 'K S 4 ¢S = kK ik + ks
q' +sq qj +rm' + sr’ + z"k:’q(q;l) + q/s’s(s;) +qsk'q gk’ +ss' |

1.6 The groups of order p*
For any prime p, there are 5 abelian groups of order p* up to isomorphisms, namely
Ly L3 X Ly, g X L2, Zp X Ly X Zy and Z, X Z, X L, X 7.

Here we will try to structure all of the non-abelian groups as well.

1.6.1 The special case p = 2

As we have already seen, the prime p = 2 is a very special prime and since the
calculations are a bit extensive we will be more interested in the general case. From
[3] we know that there are 14 non-isomorphic groups of order 2* = 16 and we will not
delve further into this special case than so. From [3| we can also see that there are
precisely 15 non-isomorphic groups of order p* when p is not equal to 2. So there are
not even the same number of non-isomorphic groups and it is clear that this is really
a very special case.

1.6.2 p being any odd prime

As stated in the previous section we know that there are 15 different groups of order
p* when p is any odd prime. From the section in which we structured the groups of
order p® we learned that it is most difficult to show when two groups are isomorphic
and we will therefore not try to do that here. We will instead henceforth use the
result of [3] which tells us the generators and relations for the different groups and
we will try to find semi-direct products relating to them. With the information in [3]
we formulate the following theorem. Note that the relations are not directly copied
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from [3] but have been rewritten to be in a more intuitive form. This has been done
by trivial operations such as replacing b with b=1.

Theorem 1.6.1 (Burnside). If p is a prime greater than two, then there are 15 groups
of order p* up to isomorphisms. Five of those are abelian and the non-abelian groups
are found in the list below. We enumerate them starting from (vi) to remember the
five abelian groups.

(vi) {a,b:a” = =1,ba = a' ")
(vii) {(a,b,c:a? = = c® = 1,cb = aPbec, ab = ba, ac = ca)
(viii) (a,b:a” =" =1,ba = a'*?b)
(ix) {a,b,c:a”” =W = =1,ca = a' ¢, ba = ab, cb = be)
(x) {(a,b,c:a” =W = =1,ca = abe,ab = ba, be = cb)
(xi) {(a,b,c: a?’ =W = =1,ba = a*™Pb, ca = abe, cb = be)

(xii) if p=3 (a,b,c:a” =0 =1, = aP,ab = ba'*? ac = cab™", cb = bc)

if p >3 (a,b,c:a” =0 = =1,ba = a"*?b, ca = a'*Pbe, cb = aPbc)
(xiii) if p=3 (a,b,c: a?’ = =1, =a P, ab = ba'*?, ac = cab™t, cb = be)
if p>3(a,b,c: a?’ = = =1,ba = a'*Pb,ca = a' e,
,cb = a®bc,d # 0,1 (mod p))

(xiv) (a,b,c,d:a? =b" =P = dP = 1,dc = acd,bd = db, ad = da,
,bc = ¢b,ac = ca,ab = ba)

(xv) if p=3 (a,b,c: a?’ = = = 1,ab = ba, ac = cab, bc = ca~Pb)

if p>3(a,b,c,d:a? =b"=cP =dP = 1,dc = bed,db = abd, ad = da,

,bc = ¢b,ac = ca,ab = ba)
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Observation. We see that we get an exception when p = 3. Since this a special case
we will just as with p = 2 neglect this and instead focus on the more general cases.
So from here on we will assume p > 3 in this chapter.

Ezxample 1.6.2. Just as an example we can show why we have the constraint p > 3
for the group (xv)

(a,b,c,d:a? =W = =dP =1,ba = ab, ca = ac,da = ad, cb = be, db = abd, dc = bed).

We investigate the order of the element abcd and find

n+ (nfl)'g(nle) n(nzfl)

(abcd)™ = a e d”

with the proof being an easy exercise in induction. Therefore we have that

at=a#1 ifp=3

1 else

(p=1)p(p+1) p(p—1) (p=1)p(p+1)
(abcd)P = aPt 5 WP PdP=a 6 = {

and so this group has an element of order p? if p = 3 and in this case coincides with
some other of the non-abelian groups. Take notice that I did not show the last part
of my statement, I merely showed why the special case occurred.

1.6.3 The general case p > 3

Finding semi-direct products relating to the presentations in 3] can be done by simple
experimentation. The result from this study is found below. Notice that we will not
let ¢ be a trivial mapping even if we may not stress this at all times. We will in
the following text consequently take some generators for the groups we are studying,
naming them a, b, ¢, ... with a having a one in the first component with zeros elsewhere,
b having a one in the second component with zeros elsewhere and so on. Furthermore,
when we below use the notation of raising an integer to the power of an element in a
cyclic group it will be implied that we represent the elements by integers as well.

Proposition 1.6.3. Z,;s %, Z, is isomorphic to (vi) for all ¢ : Z, — Aut(Z,3).

Proof. From Section 1.3.1 we have that Aut(Z,:) = Zy, which is an abelian group of
order p*(p — 1). Therefore there exists a nontrivial ¢ mapping onto a subgroup of
Aut(Z,s) with order p. Since the group is cyclic there can only be one subgroup of
order p so there is only one choice of ¢ up to the choice of generator. A subgroup
of Zy, of order p is the group generated by (1 + p?). Hence, from Theorem 1.2.7, we
have that Z,s x Z, with operation

(zyy) = (@) = (x+ 1+ )2 y+y) = (@ + 2 +y2'p’, y + V)
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is the only group that can be structured in this way up to isomorphism. Now we will
find the relations for this group based on some generators. Taking the intuitive choice
gives us @ = (1,0) and b = (0,1). It is clear that a has order p* and b has order p
and also that any element in Z,: X, Z, can be written on the form a‘t’ for some i, j.
Furthermore it is easy to find that

axb=1(1,0)*(0,1) = (1,1),
bxa=(0,1)%(1,0) = (1+p>1) = (p*0)(1,1) = a” ! x b,

so this group can be written as
{a,b: a’ =W =1ba= a1+p2b),
which we see is the one numbered (vi) in Theorem 1.6.1. R

Proposition 1.6.4. (Z,2 x Z,) X, Z, with o(z)(2',y") = (&' + pzy',y') is isomorphic
to (vii).

Proof. From Section 1.5.2 we have that any automorphism ¢(z) of order p is of the

1 ] . .
form ( _;7,p rJ ) with r, j,m € Z, not all zero. One can for example choose

1
90(2)H<]1L (1))

which gives the mapping ¢(z)(2',y) = (2’ 4+ pzy/,y’) and operation
((z,9),2) * ((2,y),2) = (& + 2" + p2y/,y + 1), 2 + )
We then get the relations
bxa=1((0,1),0)*((1,0),0) = ((1,1),0) = a*b,
cxa=1((0,0),1)*((1,0),0) = ((1,0),1) = a*c,
cxb=1((0,0),1) % ((0,1),0) = ((p,1),1) = a? x b x z.
From the calculations above we get the following presentation of the group
{(a,b,c: a’ =W = = 1,ba = ab, ac = ca, cb = a’bc),
and we see that it is equal to (vii) in Theorem 1.6.1. R

Proposition 1.6.5. Z,» X, Z,2 is isomorphic to (viii) for all p : Z,2 — Aut(Z,2).
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Proof. With the same procedure as above we have that Aut(Z,2) = Z;’;Q is a group of
order p(p—1). From the first isomorphism theorem we must therefore have that both
ker(p) and im(y) has order p and so, since by Sylow’s theorem, we have that every
subgroup of order p is conjugate, Theorem 1.2.7 tells us that there is only one such
semi-direct product up to isomorphism regardless of the choice of ¢. One element of
order p is (1 4 p) which constructs the operation

(z,y)* (2, y) =+ A +p)P2y+y) = (x+ 2" +yz'p,y + ).

As above we take generators for the group and try to find relations for these. With
a=(1,0) and b = (0, 1) it is easy to see that they both have order p? and that they
can generate the whole group. The relation between them is

bxa=(0,1)*(1,0)=(1+p,1)=a’ xb
so this group can be written as
(a,b:a” =V =1,ba =a*7b).
This is the same presentation as (viii). N\
Proposition 1.6.6. (Z,: x Z,) x Z,, is isomorphic to (ix).

Proof. That there is only one group written as this up to isomorphisms is clear. The
operation in the group can be written (using the results of Z,2 x Z,) as

((z,9),2) = (2, 9), 2) = ((,9) * (@', ), 2+ 2') = ((x+ 2" +ya'p,y +y), 2+ 2).

Furthermore it is very easy to write this group as generators and relations. Simply

(a,b:a” =W =1,ba=a""Pb) x (c: P =1) =

= (a,b,c: a”’ =W = =1,ba = a*™Pb, ac = ca, bc = cb)
and so we see that this group is equal to (ix). X

Proposition 1.6.7. (Z, x Z,) X, Z,2 is isomorphic to (x) for all
¢ Zyp = Aut(Z, x Z,).

Proof. From Section 1.3.2 we have that Aut(Z, x Z,) = GLy(F,) which has order

p(p*> —1)(p—1) and so we have that both ker(¢) and im() has order p and we know,
with Sylow’s theorem, that every subgroup of order p is conjugate and then by Theo-
rem 1.2.7 we have that there is only one such semi-direct product up to isomorphism.

11 > Therefore

One subgroup of order p of GLy(F,) is the group generated by ( 01
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we have that there is only one such semi-direct product, up to isomorphism, and it
has the operation

((z,y), 2)x((2",y), 2") = ((z, )+, y) < é 1 ) c2+2) = (2, y+y'+22'), 242).

Generators for the group are a = ((1,0),0), b = ((0,1),0) and ¢ = ((0,0),1) with
a? = b = @ = 1. The relations then becomes

bxa=((0,1),0)*((1,0),0) = ((1,1),0) = a * b,
cxa=1((0,0),1)*((1,0),0) = ((1,1),1) =axbx*c,
cxb=1((0,0),1) % ((0,1),0) = ((0,1),1) = b*c,
so therefore we have the group
(a,b,c:al =W = &= 1,ab = ba, bc = cb, ca = abc)
and this is the same presentation as (x). N\
Proposition 1.6.8. (Z,2 x Z,) %, Z, with ¢(z) <> (1,1,0)* is isomorphic to (xi).

Proof. The operation is by definition of the form

((z,9),2) * ((&,), 2') = ((w,9) * p(2) (2", y), 2 + ).

From Section 1.5.1 we know all possible automorphisms, o, that ¢(z) can map to and
they are of the form

o(z) = 0% < (1 +pr,j,m).
From the same section we have seen what ¢* maps any element to by the formula

S — (@) — o (Farrpime’ G CE a0y
o(2)(@* ) =0*(a"b) =a 2 2 b

from which we get the operation

((z,y),2) * (2, 9), 2) = ((z,9) * p(2) (@, ¥), 2 + &) =
(z—1)z (' =1)a
2 * 2
(2 _21)2 + (@ _21>x 27 + y’zm> +pya’ y+aljz+y), 2 +2).

= ((z,y)*(z'+p (zxr + pjma’ zj + y’zm) g4y, 242 =

= ((z+a'+p (za:r + pjma’
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Setting (7,7, m) = (1,1,0) gives us

/(x/ _ 1)

xr
((z,y),2) * ((«",y), 7)) = ((x + 2" + pz 5 +pyx’ y+y +a'z), 2+ 2),

and so we deduce the relations
bxa= ((07 1),0) * ((1,0)70) = ((1 + p, 1)70) — qltP « b7

cxa=((0,0),1)%((1,0),0) = ((1,1),1) =axbx*c,

cxb=1((0,0),1) % ((0,1),0) = ((0,1),1) =bx*c.
The presentation can therefore be written

(a,b,c:a” =W =P =1,ba = a' b, ca = abc, be = cb)
which is equal to the one numbered (xi) in Theorem 1.6.1. R
Proposition 1.6.9. (Z,2 X Z,) X, Z, with ¢(z) <> (1,1,1)% is isomorphic to (xii).

Proof. 1f we in the proof of Proposition 1.6.8 instead of (i, j,m) = (1,1,0) put
(1,5,m) = (1,1,1) we get

_1 / /_1
D), d@ )

((z,9), 2)((«"¢/), 2) = ((z+2"+px +py ztpyal, y+y'+a'z), 2+2)

and therefore the relations are
bxa=((0,1),0)*((1,0),0) = ((1 +p,1),0) = altP % b,

cxa=((0,0),1)%((1,0),0) = ((1,1),1) =a*xbx*c,

cxb=((0,0),1) % ((0,1),0) = ((p,1),1) = a? x bxc,
which gives ut the presentation
(a,b,c: A’ == = 1,ba = a*™Pb, ca = abe, cb = aPbc).

This is not equal to any in the list, however we can rewrite this presentation as
follows. Set o = ab, B = b and v = ¢. We can still write any element in the
group as a combination of these three. Furthermore it is clear that P = 0¥ = 1 and
4P = ¢ = 1. From previous calculations we have that o™ = (ab)" = a5 g0
o = a? and o”” = 1. The relations becomes (from the previous relations we see that

aP lies in the center of the group)
Ba = bab = a'tPbb = o tPp3,

ya = cab = abch = abaPbc = a'TPbbc = 1P By,
Y3 = cb = aPbc = o 3.
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Renaming «, 5,y with a, b, ¢ we get the presentation
(a,b,c: a”’ =W = =1,ba = a'™b,ca = a"Pbc, cb = aPbe)
which is the same presentation as (xii) for p > 3. N\

Proposition 1.6.10. (Z,2 % Z,) X, Z,, with ¢(2) <> (1,1,d)* where d # 0,1 (mod p)
is isomorphic to (xiii).
Proof. From the proof of Proposition 1.6.9 above we can see that if we instead set

(i,7,m) = (1,1,d) with d # 0,1 (mod p) we get

(z—1) (2 —1)
> T

z
(z,y), 2)*((«", ), ) = ((a+2'+pa'd +pdy z+pyx’, y+y'+a'2), 2+2).

Hence the relations will be
bxa=((0,1),0) % ((1,0),0) = ((1 + p,1),0) = a' P x b,
cxa=1((0,0),1)%((1,0),0) = ((1,1),1) =ax*xbx*c,
cxb=((0,0),1) % ((0,1),0) = ((dp,1),1) = a® x b x c,
and so, we have the presentation
(a,b,c:a” =W = =1,ba = a'*b, ca = abe, cb = a™bc).

Similar to what we did above, setting o = ab, § = b and 7 = ¢ gives us that the order
of o is p?, B is p and ~y is p. Furthermore, we get that

Bo = bab = a'tPbb = o tPp3,
yo = cab = abeb = aba®bc = a'T®Pbbe = o' tP By,
B = cb = a®bc = ¥ By.

Again, renaming «, 3,y with a, b, c when writing the presentation gives us
(a,b,c: a’’ =W =c =1,ba = a*b,ca = a"t%bc, ch = a®bc)
which is the same as (xiii) for p > 3. R

Notation. In order to make a difference between the three semi-direct products above
we shall in the future denote the homomorphisms in the semi-direct products for (xi),
(xii), (xiii) as @1, @9, p3 respectively.

Proposition 1.6.11. ((Z, X Z,) X Z,) X Z, is isomorphic to (xiv).
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Proof. This group can be studied in the same way as the group studied in Proposi-
tion 1.6.6. The operation can be written

(((z,y),2), w) = (((e, ), 9), 1) = (((z, ), 2) = (2", ¥/), ), w + )
=(((z+2y+y +z22"),2+2),w+w)
and the presentation follows from
(a,byc:a? = =c” =1,ba = ab,bc = cb,ca = bac) x (d:d’ =1) =
= {(a,b,c,d:a? =W =P =dP = 1,ba = ab,bc = cb, ca = bac, ad = da,bd = db, cd = dc).
This is the same presentation as (xiv). g
Proposition 1.6.12. (Z, x Z, X Z,) X, Z, with

—1
g0<,LU)(.,L_/’y/’Z/) — (x/ +y/w+z/M

is isomorphic to (xv).

Proof. ¢ : Z, — Aut(Z, x Z, x Z,). Since Aut(Z, x Z, x Z,) = GL3(F,) we can
simply choose some matrix with order p as our representation of ¢ and see what
presentations we get. With the choice

w

_ o O

10
pow)< [ 1 1
01

we get that the automorphism will map a triple (z/,¢/, ') as follows

w

w(w — 1)

= (' +yw+ 7

— o O

10
p(w)(y,2) = (¢, )| 11
01

Then we would have the operation

(w—1)

(z,y,2),w)*((2',y,2),w) = ((a:+x'—|—y’w+z'w 5 Yty w242, w+w')

so we get the relations (trivially axb=b*xa,axc=c*xa,cxb=>bxc)

d*a=((0,0,0),1)*((1,0,0),0) = ((1,0,0),1) =ax*d
d*b=((0,0,0),1) % ((0,1,0),0) = ((1,1,0),1) =axbxd .
d*c=((0,0,0),1) % ((0,0,1),0) = ((0,1,1),1) = b* cxd
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The presentation would then be
(a,bye,d:aP =W = =dP =1,ab = ba,ac = ca,bc = ¢b,db = abd, dc = bed, da = ad)
which is the same as (xv) for p > 3. R

We have now found a semi-direct product for all the presentations from [3]|. In
order to clarify we know summarize our results in the list below.

The presentations in [3] as semi-direct products
(vi) (a,b:a” =W =1,ba = a"*7’b) = Zs x Z,,
with the operation in Z,;s x Z, given by
(z,y) * (@ y) = (z + 2" + y2'p’ y +9/),
cf. Proposition 1.6.3.

(vii) (a,b,c: a?’ =W = =1,ba = ab,ca = ac, ch = albe) = (Zy2 X Z,) Xy 2,
with ¢(2)(2',y") = (2’ + pzy',y’) where the operation in (Z,2 x Z,) %, Z, is
given by

(x,y), 2) % (", y),2) = (x+ 2" +pzy/,y +9), 2 + 2),
cf. Proposition 1.6.4.

(viil) (a,b:a” =0 =1,ba = a'"*Pb) = Z» x Z,»
with the operation in Z,2 x Z,» given by

(z,y) = (2", y) = (x + 2"+ ya'p,y +9),
cf. Proposition 1.6.5.

(ix) (a,b,c:a? =W = =1,ba = ab,ca = a'*Pc,ch = be) = (Z,2 % Z,) X Z,

with the operation in (Z,2 x Z,) x Z, given by

((z,y),2) * (2", y),2") = (x + 2"+ y2'py+9), 2+ 2),
cf. Proposition 1.6.6.

(x) (a,b,c: a?’ =W = =1,ba = ab, ca = abe, cb = be) = (Zy X Zy) X Zy
with the operation in (Z, X Z,) X Z,2 given by

((z,9),2) * (¢,9), 2) = ((z + 2",y + ¢ + 22'), 2 + &),

cf. Proposition 1.6.7.
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(xi) (a,b,c: a’’ =W = = 1,ba = a*™Pb, ca = abe, cb = be) = (Zye X Zy) Xy Z

1 “p
with ¢1(z) <> (4, j,m)? = (1,1,0)* where the operation in (Z,2 X Z,) X, Z, is
given by

(' —1
(0 2) # (@), ) = (o442 gt gy 4 072), 24 2),

cf. Proposition 1.6.8.

(xii) if p >3 (a,b,c:a” =W = = 1,ba = a'*?b, ca = a'*Pbe, cb = albc) =

= (Zp X Zy) Ny, Z, with ¢9(2) < (i,7,m)* = (1,1,1)* and where the
operation in (Z,2 X Z,) X, Z, is given by

((z,y),2) * ((«,9), ') =
(z—1) ' (x' —1)

5 TP +py' 2ty y+y +a'z), 2+ 2,

((z+2'+pa’ ©
cf. Proposition 1.6.9.

(xiii) if p > 3 (a,b,c: a?" = b= = 1,ba = a'*Pb, ca = a'+%Pbc,
,cb=a%bc,d # 0,1 mod p) = (Zy2 X Zp) XNy Zy

with ¢3(2) <> (4, j,m)* = (1,1, d)* where the operation in (Z,2 X Z},) X, Z,
is given by

((z,y),2) = ((«',9), ) =
(z—1) ' (x' —1)

2
= ((x+a'+px'd SRR +pdy z+pyr’ y+y' +2'2), 2+ 2),

cf. Proposition 1.6.10.

(xiv) (a,b,c,d:a? = b’ = P = dP =1,ba = ab, ca = ac,da = ad, cb = be,
,db=bd,dc = acd) = ((Z, x Z,) X Z,) X Z,
with the operation in ((Z, x Z,) X Z,) x Z, given by
(((@,9),2),w) = (((e, ), 9),h) = (((z + 2"y +y + 22"), 2 + 2"), w + w'),
cf. Proposition 1.6.11.

(xv) if p> 3 (a,b,c,d:aP =b" = =dP = 1,ba = ab, ca
,cb = be,db = abd, dc = bed)

ac,da = ad,
(Z, x Z, x Z,) X Z,

e 1l

with

— O O

10
plw)«< | 1 1
0 1
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where the operation in (Z, X Z, x Z,) x Z, is given by

((z,y,2), w) « (4, ), w') =

w(w —1)

=((z+2 +yw+72 5

Yy w2+ 2w+ '),

cf. Proposition 1.6.12.

Notice that these do not have to be the only semi-direct products isomorphic to
the groups in [3]. We have only showed that there is at least one semi-direct product
for every group in the list, not that it is unique. That is actually not even the case
as the following example will make clear.

Ezxample 1.6.13. Another possibility of a semi-direct product with order p* would be
(Z, x Z,) X, (Z, X Z,) with
v (Z, x Z,) — Aut(Z, x Z,) = GLy(F),) so lets take a moment to study that. If we

choose ¢((z,w)) < ( 1 (1) ) we get the the automorphism mapping

@ =) () ] ) =@ )

so therefore we have the operation

((z,9), (z,w)) « ((z,y), (2" w') = (. + 2" + 2,y +9/), (2 + 2w+ w')).
With the usual choice of generators we get (trivially ab = ba, cd = dc)
(cxa=((0,0),(1,0)) % ((1,0),(0,0)) = ((1,1),(1,0)) = a x ¢,

dxa=((0,0),(0,1))  ((1,0),(0,0)) = ((1,0),(0,1)) = axd,

cxb=((0,0),(1,0)) % ((0,1),(0,0)) = ((1,1),(1,0)) = a*xbxc,

[ dxb=((0,0),(0,1)) % ((0,1),(0,0)) = ((0,1),(0,1)) = b+ d,

which gives the presentation
(a,b,c,d:aP =W = =dP =1,ba = ab,ca = ac,da = ad, cb = abe, db = bd, dc = cd).

By comparing we see, with the only difference in the presentations being permutations
of the generators, that this group is isomorphic to (xiv). That is the same as ((Z, x
Z,) X Z,) X Z, was isomorphic to and so we that the factorization of (xiv) into a
semi-direct product is not unique.
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Table 1.2: Non-isomorphic groups of order p* (p > 3)

Number p-group Homomorphism
(1) Zy -
(i) Zyp X Ly -
(iii) Zyp X Ly -
(iv) Zyp X Ly X 2y,
(v) Zy X Zy X Ly X Ly, -
(vi) Zps X Zp < (1+p%) .
(vil) (Z % Z,) %, Z, ( (1’
(viii) Zyp My Ly o(y + p)Y
(ix) (Zp X Z),) X 2, Tr1v1al
© | Gxznze | w@e ()
(xi) (Zp2 X Zp) Xy Zp p1(z) < (1,1,0)°
(xii) (Zpe X Zy) Xy Zy wa(z) > (1,1,1)?
(xiii) (Zpe X Zy) Xy Zy w3(z) <> (1,1,d)?
(xiv) | ((Z, x Z,) x Z),) X Z, Trivial
10 0\"
(xv) (Zpyx Zyx Zy))Z, | pw)«< | 1 1 0
011

Everything we have deduced from this section can be summarized in the following
theorem.

Theorem 1.6.14. If p is a prime greater than three then there are 15 non-isomorphic
groups of order p* and all of them are completely factorizable. Furthermore, if G is
such a group it is isomorphic to precisely one of the groups found in Table 1.2

1.7 Final notes

1.7.1 Methods and generalizations

We have seen that p-groups have several nice properties, some of which have been
established in Theorem 1.1.2. A group G can be written as a semi-direct product,
H x K, if three important conditions are met. First of all, H must be normal in
G, secondly H N K =1 and lastly G = HK. In some sense a p-group takes one of
these requirements out of the equation since we have that there is at least one normal
subgroup, H, for any possible subgroup order. Therefore we only have to find some
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other subgroup, K, which is a complement to that one,i.e. HNK =1and G = HK.
As we have seen it might not always be possible to find such a complement but the
"probability" might be a little higher for p-groups.

Furthermore, let G be a p-group, we have that every subgroup of G is also a
p-group and especially the kernel of any homomorphism, ¢, taking elements in G.
From that, and the first isomorphism theorem, one can also deduce that the image
of ¢ must also be a p-group. This is also an important property since that tells us
that if G = H x, K with ¢ : K — Aut(H) we have that ¢ will map onto a p-group
in the automorphism group. That is a strong restriction we can set and may simplify
the procedure.

An important property of the semi-direct product in general can be summarized
in the following theorem.

Theorem 1.7.1. If G = H x, (K %, L) then G = (H X, K) xg L for some homo-
morphisms o and 3.

Proof. Denote the operation in H i, (K X, L) by *,, the operation in K x, L as *,,
the operation in H %, K by %, and the operation in (H X, K) x5 L by *g.
Let §: L — Aut(H %, K) be defined by

A = (BW), o))

with which we mean

B)(z,y) = (B (x), o()(y))
for some 3. Since ¢ : (K %, L) — Aut(H) is a homomorphism we have that

p((k: 1) = ((k,0)9((0,1)) = ¢((1,0))*¢((0,1))" £ a(k)B(1).
Hence we see that we can split ¢ into two parts, one depending on k and one de-

pending on [ and we choose those as our v and [ respectively. Let us now define an
isomorphism between H X, (K X, L) and (H X, K) x5 L as

U(h, (k1)) — ((h,k),1).
We have that

W ((h, (K, 1) =, (W, (K, 1))

U ((h-o(k,1
=0 ((h-p(k,1
= ((h- ok, D)(R), k- o (D(K)), L-T),
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W ((hy (K, 1) o (W, (K1) = W (R, (R, 1))+ W (R, (K, 1))
= ((h, k), 1) x5 (W', K), 1)
= ((h, k) sa BU)(K, K, 1-T)

)
) ra (BOR), oK) 1-1)
(a(k) o BOR). k- oK), 1-T)

= ((h ’ QO(I{Z, l)(h/)7 k- U(l)(k/))v L l,) )
so this mapping is a homomorphism and since it clearly also is a bijection we have
that W is an isomorphism. Hence H %, (K %, L) = (H x, K) xz L. N\

I
AAA

(h
(h

From this theorem we know that if we can completely factorize a p-group into
semi-direct products it can always be written as some other p-group times some
cyclic p-group which is quite a strong statement. For example, suppose that we have
been able to factorize all p-groups of order p* for all k < n for some n € Z* into semi-
direct products. Then we can find all the p-groups of order n that can be factorized
into semi-direct products by looking at the groups of lower order than p™ taken as a
semi-direct product with some cyclic group.

Example 1.7.2. Another semi-direct product one could have studied in order to find
all the different groups of order p* was Z,2 X, (Z, x Z,) but from the previous theorem
we know that this group is isomorphic to (Z,2 x Z,) x, Z, for some o and we studied
that group instead.

Furthermore we have that a cyclic group is always abelian. This may help us
with, for example, determining the center of the group. Let G = H %, K where K
is cyclic. In order to stress the fact that K is abelian we denote the operation in K
with "+" and the operation in the not necessarily abelian group H with "-". Suppose
(21,22) € Z(G). Then it has to commute with every element in G, especially (0, k)
forall k e K

{(zl,zQ) 5 (0,) = (21 - p(22)(0), 22 + k) = (21, 2 + k),
(0,k) * (21, 22) = (@(k)(21), k + 22) = (¢(k)(21), 22 + k).

So we must have z; = ¢(k)(z1) for all £ € K which is the same thing as that the
stabilizer of z; must be the whole of K. Now take some element (h,k) € H x, K. If
21 € Z(H) it must hold that

{(zl, 29) * (a,b) = (21 - ¢(22)(a), 22 + 1),

(a,0) * (21,22) = (a-p(b)(21), 9 + 22) = (a- 21,22 + g) = (21 - @, 22 + g).

That gives us that ¢(22)(a) = a for all a € H. Therefore, ¢(z2) must be trivial. So
if z1 € Z(H), p(k)(z1) = 2z for all k € K and ¢(z2) = id then we have that (z1, 22)
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lies in the center of G = H x, K, i.e. (21,2) € Z(H x, K). However we can not
be certain that we have found every element in the center. If z; ¢ Z(H) then we get
another, more general, requirement from

{(zl, ) % (a,b) = (21 - p(2)(a), 20 + b),
(a,b) * (21,22) = (a-9(b)(21), 9+ 22) = (a- 21,20+ g) = (a- 21, 22+ g),

which yields z; - ¢(z2)(a) = a - 2z for all @ € H. So in general we can conclude that if
o(k)(z1) = 2z for all k € K and z; - p(22)(a) = a- 2z for all @ € H then (z1, 25) lies in
the center of H x, K.

As we saw in Example 1.6.13 there can be several ways a group of order p* can be
factorized into semi-direct products, and this will most likely hold true for p-groups
of order p" with n > 4. However, we are yet to see an example of a p-group that
can be completely factorizable where the cyclic groups in the semi-directs product
differs. With that we mean that if G = Z,, X, Zn Xg, ... Xy, Zpin then the
semi-direct products is unique in the sense that any other complete factorization of
(G into semi-direct products will only change the order of the cyclic groups Z i and
the homomorphisms ¢;, not the cyclic groups themselves. From this we state the
following:

Conjecture 1.7.3. If a p-group, G, is completely factorizable it will be in a unique
way in the sense that if there are two factorizations of G,

G = Zpi1 Nam sz‘z Nsoz an_l sz‘n and
~Y . —_ . _ _ .
G = Zyjy N, Zyin NGy oo X5,y Lpim s

then n = m and furthermore, disregarding the homomorphisms, the factors, Z, , of
the second product will only be a permutation of the factors, Z,,, of the first product.
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Chapter 2
Subgroups of p-groups

This chapter deals with the subgroup structure of the previously discussed groups.
We will also acquire some knowledge of the relation between the different subgroups.
The primary approach is, as we will see, based on presentations and almost purely
combinatorial.

Throughout the text, p will always be a prime and G will be a group of order p™.
As of now, I will also assume that p > 2. In every section dealing with a specific
group, GG will denote the group under discussion.

The central definitions in this chapter are the following;:

Definition 2.0.4. The number of elements of order p* in G will be denoted ny(G).
If it is obvious what group is considered, it will be shortened as ny = ng(G).

Definition 2.0.5. The number of subgroups in GG isomorphic with H will be denoted
N (H, Q) or in short N'(H) when it is clear what group G we are working with.

Most of our work in this chapter will consist of determining n;(G) for different
i € N and N(H, Q) for different H, for each of the groups discussed in the previous
chapter.

2.1 Combinatorial methods

In this section we will present some of the methods that we will use in the subsequent
sections where we are determining subgroup structure of the p-groups discussed in
the previous chapter.

The theory used can be found for example in Abstract Algebra by David S. Dummit
and Richard M. Foote [5] or A First Course in Abstract Algebra by J.B. Fraleigh [6]
or any other first-course literature in Abstract Algebra.
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2.1.1 A method for counting subgroups

It is well known that every group G can be completely described by a presentation.
But just as there are different ways of expressing a group G in term of set and
operation, there are several different presentations of any given group.

G is isomorphic with a group G’ = (a,b,... : R) if and only if we in G can find
elements fulfilling all the relations R and those elements generate a group of order
|G| = |G'|. This can be rephrased in many equivalent ways, but it is always necessary
that there exist elements in GG satisfying the relations of the presentation. That is also
our primary concern, since it is usually the hardest task when showing isomorphism
of presentations.

For abelian groups (a,b... : a®* = b*? = ... = 1,ab = ba,ac = ca,ab = ba,...)
it is then sufficient to show isomorphism by finding elements of the right order that
all commute with each other (assuming that we do not choose elements that don’t
generate a group of the right order), since all the relations are then satisfied.

Similarly, showing that a group G has a group H as a subgroup is equivalent to
the problem of finding generators in GG such that the relations of H are satisfied. Now
we don’t need that these generators generate a group of order |G|, but merely a group
of order |H]|.

The main theme in this chapter is to determine N (H). The idea is to use gener-
ators and the method is purely combinatorial: count the number of ways of forming
subgroups isomorphic with H and then divide by the number of ways of forming the
very same subgroup, to prevent so called "double-counting". Rephrased: Count the
number of ways of choosing generators for H from the elements of G and then divide
by the number of ways of choosing generators for H from the elements of H itself.
One advantage with this method is that we will be sure that we have found every
subgroup isomorphic with H since we have "tried" every possibility.

Remember now that a homomorphism is completely determined by where the gen-
erators of the domain-group are mapped. If we also assume that the homomorphism
is injective, then we know that the group structure will be preserved. We therefore
see that counting generators of H in G is the same as counting injective homomor-
phisms from H to G, but with one important exception. When we are constructing
homomorphisms we must choose the set of generators as an ordered set, since per-
muting structurally similar generators actually gives another homomorphism. 1 give
an example of this for clarification.

Ezample 2.1.1. Let ¢ be an injective homomorphism from Z, x Z, to Z, x Z,. 1f
we choose generators a and b in the domain, then the following automorphisms are

obviously different:
a—a
b—b
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and
a—b
b—a.
We see that there is an essential difference in choosing generators of the codomain

as {a,b} and {b,a}. We are therefore double-counting whenever we have multiple
generators that are interchangeable in the relations of the presentation!

Note now that when choosing a set of generators of H in the original problem,
the set is not ordered. It seems as the problem of finding generators for H is not
the same as counting homomorphisms; one set is ordered and the other is not. This
problem is however easily solved since we will divide the number of injective homo-
morphisms from H to G with the number of injective homomorphisms from H to
H. The domain in both cases are H, so if we divide by the number of permutations
of similar generators, we will divide by the same number in both the numerator and
the denominator. The fraction thus stays the same and we conclude that it doesn’t
matter if we count the sets of generators as an ordered or unordered set, as long as
we do the same for both the homomorphisms from H to G and the homomorphisms
from H to H.

The problem of finding the number of subgroups isomorphic with H in a group G
is now reduced to a problem of counting the number of ways of choosing an ordered set
of generators for H from the elements of G' and also the number of ways of choosing
an ordered set of generators for H from the elements of H itself. The latter is merely
|Aut(H)|, since we are dealing with finite groups. We have arrived to the main result
of this chapter:

Proposition 2.1.2.

e € Hom(H,G)|p injective}|
N |[Aut(H)|

N(H)

The hard task now is to determine how to calculate |[{¢ € Hom(H, G)|p injective}|.
As already mentioned, a homomorphism is completely determined by how the gener-
ators of the domain-group are mapped. There are now two conditions that must be
fulfilled. The first condition accounts for the function to even be a homomorphism
at all. The second condition assures that the homomorphism is injective.

e The generators of H must be mapped to elements in G satisfying the relations
of H.

e The generators of H are independent, so they must be mapped to elements in
G that are similarly independent.

02



J. Laine 2.1. COMBINATORIAL METHODS

For a precise description of the theory of presentations, see for example Presenta-
tions of Groups by D.L. Johnson [7]. It is however sufficient for our needs to just have
the concept that a set of elements in a group, {g1, 92, ..., g} C G are independent in
the sense the each generator is not in the span of the others. More precisely, we want

9i & <917927 cy Gi—15 Gi+1, ---,gk>.

The method just discussed could (and perhaps should) be seen as "choosing" gener-
ators in the set of G and H satisfying the two conditions mentioned above.

2.1.2 Initial results

Observation. Observe again that even though we might write "number of ways of
choosing generators", I will always count the number of ways of choosing an ordered
set of generators. This is crucial to understand to avoid confusion.

Lemma 2.1.3. For p-groups, different subgroups of order p have trivial intersection.

Proof. H/H' < G = HN H' < G. Lagrange’s theorem now says that ]HOH’]‘\GL
so|[HNH'|=1or |[HNH'|=p. But [ HNH'|=p=H=H',so|lHNH'|=1. ¥

Theorem 2.1.4. For all p-groups, it hold that

ne(Zy)  pPp—1)°

Proof. The argument is purely combinatorial. Every subgroup isomorphic with Z
is generated by an element of order p*, and every such element in G generates a
subgroup isomorphic with Z,. Furthermore, every element a € G of order p* can
only generate one subgroup isomorphic with Z,, namely (a). Since there are exactly
ng(Zy) = p*'(p— 1) elements in (a) of order p*, this subgroup can be generated by
p"~1(p — 1) different generators. The result follows. L

Corollary 2.1.5. For a p-group G, if n; = 0 for i > k 3k, then N(Z,) = 0 for
1> k.

Proof. This follows directly from the preceding theorem. L

Corollary 2.1.6. For a p-group G, ifn; = 0 fori > k for some k, then N(H) = 0 for
all subgroups H < G such that H is completely factorizable (recall Definition 1.2.8)
with at least one factor of Z, for i > k.
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Proof. From the preceding theorem we know that G has no subgroup isomorphic
with Z,.. A subgroup H satisfying the assumptions would though have at least one
subgroup isomorphic with Z,:. This is obviously a contradiction. X

Ezxample 2.1.7. The group Z,2 X Z,» has n3 = 0 and thus it cannot have a subgroup
isomorphic with Z,s, since that group has elements of order p*.

Corollary 2.1.8. For all p-groups,

This can easily be deduced from Theorem 2.1.4, but for instructional reasons I
give a direct proof for this.

Proof. The argument is combinatorial. First determine the number of ways of choos-
ing a generator, then divide by the number of ways the same subgroup can be gen-
erated. The number of ways of choosing generator is of course ny. There are p — 1
generators in every group of order p. The result follows. R

Corollary 2.1.9. If G = Z]f, then

N(Z,) = =p" 4" 2 L +p+1.

Proof. This follows directly from Corollary 2.1.8 and the fact that n; = p*¥ — 1 in this
particular group, since all elements except the identity have order p in G. X

2.2 Subgroups of groups of lower order

In this section we will determine the most important properties of the inner structure
of groups of order p™, n < 3. This includes finding the number of different subgroups
and the number of elements of different order. We will also take a look at how we
can find subgroups isomorphic to these groups in our subsequent study of the groups
of order p*. For that we need to determine |Aut(G)| for the non-abelian groups we
also determine the center Z(G).

We saw in the previous chapter that p = 2 must be analyzed separately from the case
p > 2 when we are investigating groups of order p®. Interestingly enough though,
there is no difference for different primes greater than 2. We will focus on the more
general case, so throughout this chapter, p > 2 is assumed.
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Many of the results in this section was derived in Chapter 1, but when they are
central for the work being, I will not omit them but present them again with a
slightly different approach to the method of proof.

2.2.1 {id}, Z, and Z,

These groups are in some sense the building blocks of the groups we will later consider.
We will present the relevant properties of these groups here.

The trivial group {id}

According to some definitions, the trivial group {id} is a p-group. Whether we con-
sider it a p-group or not is not relevant to our interests. We will however not count
it or describe it when we are determining the subgroup structure of different groups.

The cyclic group of order p

The only group of order p is the cyclic group Z,. |Aut(Z,)| = p — 1, since there are
p — 1 generators in Z,.

There are only two groups of order p*: Z, x Z, and the cyclic group Z,2. Both
are abelian. In the next section we will examine Z, x Z,,, but first we’ll take a look
at Zp2.

The cyclic group of order p?

If we use additive notation, it is clear that the elements of order p in Z,. are the
elements on the form po, for some integer o # 0, so n; = p— 1. There are p? elements
of Zye,sony=(p*)—(p—1)—1=p*—p.

Z,2 has only one subgroup of order p. |Aut(Z,)| = p® — p, since that is how many
generators Z,» contains.

2.2.2 Z,x Z,

Z, x Z, is abelian, so a suitable presentation for G = Z, x Z, is (a,b : a? = b’ =
1,ab = bay).

All nontrivial elements are of order p, so n; = p?> — 1. According to Corollary
2.18, Z, x Z, has p + 1 subgroups isomorphic with Z,. With the notation that is
used in this document:

N(Z,) =p+1.
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The following proposition was stated and proved in Section 1.3.2 ; which the reader
may want reread. I will though give a slightly different proof which might give the
reader some insight about the methods used in this chapter.

Proposition 2.2.1.

|Aut(Z, x Z,)| = (p* = 1)(p* —p) = p(p — 1)(p* — 1)

Proof. There are p?> — 1 nontrivial elements, so there are obviously p? — 1 choices for
the first generator, which we can denote a. The second generator must not lie in
the subgroup generated by a, (a), since that would break the condition of generators
being independent; {(a,b) would then have order p and not p* as it should. G is
however abelian, so every other element is possible to choose as a second generator.
That leaves us with (p*> — 1) — (p — 1) = p? — p choices for b. The result follows. X

Theorem 2.2.2. If GG is a p-group, then
ni(ni —(p—1)) _ N<Zp)<N(Zp) —1)
plp—1)(p* —1) p(p+1) '

Equality holds if and only if all elements in G of order p commute with every other
element of order p.

N(Z, x Z,) <

Proof. Assume that all elements of order p commute with each other. Let a,b € G be
elements of order p. Since all elements of order p commute with each other, ab = ba
is automatically fulfilled. The only remaining condition is then that (a)N(b) = 1. We
have n; choices for the first generator and then ny — (p — 1) for the second. Dividing
with the number of ways of forming the same subgroup from different generators, we
e (m—(p=1) _m(m—(p—1)
n\ny —\p— ni\ny — \p —
N X 2) = T8 Z, < Z)] ~ po—DF = 1)

The last equality follows directly from N(Z,) = ;™

min - -1 _ (1) (552 _Mz)wiz,) -y
p(p+1)(p — 1) p(p+1) p(p+1) '

However, if not all elements of order p in G commute, then we get less choices for
generators since we also need to impose the condition ab = ba. The denominator with
|Aut(Z, x Z,)| does not change though, of course. This goes with the idea that this is
the number of ways of choosing generators of H within H itself, which is independent
of G and its structure. X
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2.2.3 Zyp

If we use additive notation, the elements of order p in Z,s are the elements on the
form p?a with o # 0. There are thus p— 1 elements of order p. Similarly, the elements
of order p? are the elements on the form p3 that are not of order p or 1. We thus have
p?—(p—1)—1 = p?—p different values for 3. The elements of order p* are the elements
that are not of lower order, so we have n3 = p*> — (p> —p) — (p—1) — 1 = p> — p>. We
arrive at

ng =p’ —p’

ny =p* —p

n=p—1.
From Theorem 2.1.4 and Theorem 2.2.2 we get N(Z,2) = N (Z,) = 1 and N(Z, x
Z,) = 0.

There are p® — p* choices for a generator of Z,3, and hence |[Aut(Z,3)| = p* — p* =

p*(p—1).

2.24 Z;xZ,

Since Z,2 x Z,, is abelian, this group has the presentation (a, b : a?’ =W =1,ba = ab).

Using additive notation with the first component modulo p? and the second com-
ponent modulo p, we observe that ¢ = (x,y) € G has order p exactly when x is a
multiple of p. That means that we have p choices for  and p choices for y if we want
g to have order p. We can however not have x = y = 0 since g would then be the
identity element. We conclude that n; = p? — 1 and it then follows that ny, = p3 — p2.
The elements of order p (or less) have the form (pa,y).

Now we have elements of both order p? and p, so we might get subgroups isomorphic
both to Z,» and Z, x Z,. By Corollary 2.1.8 we get

N(Zp):];_ =p+1.

From Theorem 2.2.2 we obtain

N(Z,x Z,)=1.
From Theorem 2.1.4 we get
3 2
p =D
N(sz) = p2—p =P
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Proposition 2.2.3.
Aut(Z,2 x Z,)| = (p* — p*)(»* —p) = p*(p — 1)?

Proof. All elements in G commute, so the only condition on a and b is that they
intersect trivially. For a there are p* — p? choices. For b there are (p? —1) — (p—1) =
p? — p options, since there are p — 1 elements of order p in (a). The result follows. X

In summary for Z,» x Z,:

( 3 2

[Aut(Zy2 x Z,)| = p*(p — 1)*.
Theorem 2.2.4. For all p-groups it hold that
na(ni—(p—1)  N(Zp)N(Z) —1)
N(Z,:x 7)< = P P .
(2 Z) pip—1)? p?

Equality holds if and only if all elements of order p?> commute with all elements of
order p.

Proof. Assume that all elements of order p? commute with all elements of order p.
Let a have order p? and b order p. By assumption, ab = ba, so the only condition
on a and b (except their orders) is that their intersection is trivial. We can choose
a arbitrarily, which gives us ny options. Now we need that b ¢ (a). There are p — 1
elements of order p in (a), so we are left with n; — (p — 1) choices. The result follows
from Proposition 2.1.2, since |[Aut(Z,2 x Z,)| = p*(p — 1)
The last equality follows directly from using Theorem 2.1.4 and Corollary 2.1.8
This is obviously an upper bound for N (Z,2 x Z,); in the case that not all elements
in G of order p? commutes with all elements of order p we get less choices of b for a
given a (or vice versa), while the denominator stays the same. X

2.2.5 Z,X Z,x Z,

A presentation of this group is (a,b,c: a? = b = ? = 1,ba = ab, ca = ac, cb = bc).

Every nontrivial element is of order p, so

n3:n2:O
n=p>—1.
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According to Corollary 2.1.8,

—1
N(Zp>=];_1 —p+p+1.

Since ny = 0, N(Z,2) = 0. Theorem 2.2.2 gives that

o (P*+p+1)(*+p)
N(Zy) = (p+1)p

The next proposition was proved in the previous chapter, but we will here see a
slightly different method that illustrates the methods used in this chapter.

=p +p+1.

Proposition 2.2.5.
|Aut(Z, x Z, x Z,)| =p’(p = 1)(0* = (P’ — 1)

Proof. G is commutative, so the only conditions are that b ¢ (a) and ¢ & (a,b). We
have p®—1 choices for a and (p*—1)—(p—1) = p3—p choices for b. ¢ may not lie in {(a, b),
which is a group of order p?. There are thus (p*—1) — (p?> —1) = p® — p? options for c.
In total: [Aut(Z, x Z, x Z,)| = (> =1)(p* —p)(@* —p*) = p’(p— (P - D(»*—1). X

In conclusion, for Z, x Z, x Z, it holds that:

n=p>—1

N(Z,)=p*+p+1

N(Z, x Zy) =p*+p+1

[Aut(Z, x Z, x Z,)] = p*(p = 1)(p* = 1)(p° = 1).

For information on NV (Z, x Z, X Z,) in a general p-group, see Theorem 2.2.18.

226 (Z,x Z,) xZ,
From the previous chapter we know that the operation is
(z,y),2)((@",y),2) = ((x + 2",y +y + 22'), 2+ 2')
with every component modulo p. One presentation is
(a,b,c:a? = = =1,ba = ab, ca = abc, cb = be) .
Lemma 2.2.6. For g = ((z,y), 2) € (Z, X Z,) X Z, with the operation above, it holds

that
n(n —1)zz

5 ),nz).

g" = ((nz,ny +
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Proof. Proof by induction. g' = ((z,y), 2), so it holds for n = 1. Assume the formula
holds for n.
gt = gy
(n—1)zz
VT ) (). )

(n—1)

n Tz
= ((nx+n,ny+ 5 +y+ (n2)z),nz + z)

n
= ((nz,ny +

(n* —n)rz 2nxz
2 + 2
= (v ot vy + P g

= ((n+ Dz, (n+1)+

), (n+1)z)

The result follows by induction. X

Proposition 2.2.7. For (Z, x Z,) x Z, it holds that

n2:0
n1:p3—1

Proof. Notice that

(p—1)zz

9 ),pz) = ((070)70)

p
9" = ((pz, py +

This means that all nontrivial elements have order p. &

From Theorem 2.1.4:
N(ZPQ) =0
N(Zp) :p2+p+1.

Observation. In order to determine N(Z, x Z,) we cannot use Theorem 2.2.2, since
not all elements of order p commute. If we choose two elements arbitrarily, we
could actually accidently generate the whole group. An example of this is H =
(((1,0),0), ((0,0),1)). H will obviously consist of elements ((z,0),2) = a“c?, but we
will also have ca = ((1,1),1) € H, so H has at least order p?+1 and thus p3, implying
that H = G.

Lemma 2.2.8. ¢g.¢' € G = (Z,x Z,) x Z, (with the operation defined above) commute
if and only if vz' = 2’z (mod p).

Proof. From the operation:
99' = ((z + 2",y +y +za'), 2 + 2')
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and
g9=((z+a"y+y +7a),2+2)
We see that equality in the second component holds if and only if x2' = 2’z (mod p).

X
Proposition 2.2.9. The center of (Z, x Z,) x Z, with the operation defined above is

Z(G) = (((0,1),0)) = Z,.

Proof. Assume g € Z(G). Then we must have zz' = 2’z (mod p) for arbitrarily
chosen ', z’. This can clearly only be achieved if x = z = 0. y is however arbitrary. X

Lemma 2.2.10. Let g,h € G = (Z, X Z,) X Z, and (g) # (h). If gh = hg, then
Z2(G) < (g, 1)

Proof. (Credit to Mats Boij for the line of the proof.)

Take an element a € (g,h). If a € Z(G), then we are finished. Assume instead
that a ¢ Z(G). The centralizer of a, Ce(a) = {g € G|ga = ag}, cannot have order p?
since we assumed that a ¢ Z(G). It cannot have order p either, since it commutes with
at least one other element than its powers, namely h from the assumptions. Cg(a)
must then have order p? and be isomorphic with Z, x Z,. Since also h € Cg(a),
we can conclude that Cg(a) = (g, h) (Which is itself an interesting result!). We also
know that Z(G) < Cg(a) Va € G, which proves the lemma. R

Proposition 2.2.11. In (Z, X Z,) X Z, it holds that
N(Z,x Z,) =p+1.

Proof. Since we cannot use Theorem 2.2.2, we must find another approach. Again, all
subgroups isomorphic with Z, x Z, can be generated by two elements of order p. Call
them g, h, (g) # (h). Z, x Z, is abelian, so gh = hg by necessity. If gh = hg, then
|{(g,h)| = p? by previous argument, so it will indeed generate a subgroup of the right
order. Furthermore, all elements in G have order p, so it must indeed be isomorphic
with Z, x Z,.

Lemma 2.2.10 implies that Z(G) < (g,h). We can then ignore the choices of
generators ¢ and h where neither (¢9) = Z(G) or (h) = Z(G) since every sought
subgroup can be expressed as H = (f, g), with f € Z(G). The number of ways of
forming different combinations of (f,g) will now be the N(Z,) — 1 choices for (g).
These will coincide exactly N(Zp, Z7) — 1= (p+ 1) — 1 = p times. We have covered
all possibilities, so

N(72) = (p(;ff)l_)l_l_pﬂ.

p
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For the sake of completeness, here is again the order of the automorphism group
of (Z, x Z,) X Z,:

|AUt((Zp X Zp) X Zp)l = p3(p - 1)(172 - 1) .

The proof can be found in Section 1.5.3.
In summary for (Z, x Z,) x Z,:

n=p—1
N(Z) =p*+p+1
N(Z)=p+1

2.2.7 sz X Zp

This group has the presentation
(a,b:a” =V =1,ba = a’b)

and the operation
(@, y)(",y) = (& + 2"+ pya’,y + o)

with the first component modulo p? and the second component modulo p.

Lemma 2.2.12. For g = (z,y) € Z,2 X Z, with the operation above, it holds that

pn(n — 1)zy
9

Proof. Proof by induction. It holds for g! = (x,y). Assume that it holds for g".

g" = (nz+ ,NY), -

gn—H — gng

pn(n — 1)xy
2

pn(n — 1)xy

2

p(n® —n)zy | 2pnay
2 2

ZM7 (n+1)y)

The result follows by induction. R

= (nr+ ,ny)(z,y)

= (nw+ + x4+ p(ny)z, ny +y)

= (D

,(n+1)y)

= ((n+

Proposition 2.2.13. For Z,» X Z, it holds that

ny = p° — p?
n=p>—1.
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Proof. Using the previous result, we get

pp(p — 1)zy

5 ,py) = (pz,0).

9" = (px +
Evidently, we have elements of order p? exactly when x is not a multiple of p,
and thus p? — p choices for z. We can however choose y arbitrarily, so we arrive at
ny = (p* —p)p =p’ — p*.
Since also

2( 2
pp~(p° — L)zy
(" — Lay 5 ) ,p°y) = (0,0),

There are no elements of order p?, so ny = p* — p. X

9" = (pr+

Proposition 2.2.14. The elements in G = Z,2 X Z, of order p forms an abelian
subgroup.

Proof. The elements in G of order p are the elements on the form (pa,y). We have
that

(pa, y)(p,y') = (pa + po + pypa,y + ') = (pa + pa’,y + ') .

The product is then of order p, implying that the elements of order p form a subgroup.
We also see that all these elements commute, so it is abelian. &

Proposition 2.2.15. The center of G = Z,2» x Z,, with the operation defined above is
Z(G) = ((p.0)) = Z,.
Proof. Let (z,y) € Z(G) and let (2/,y') € G be arbitrary. We get the product
(@, y)(",y) = (x+ 2"+ pya’,y + ).

We see that they commute if and only if y2’ = 'z (mod p). If 2’ and 3/ are arbitrary,
we must then obviously have x = 0 (mod p), or equivalently x = paw and y = 0. X

For Z,» x Z,, by using Corollary 2.1.8,Theorem 2.2.2 and Theorem 2.1.4 we get:

n2:p3—p2
n=p>—1
N(Z,) =p+1
N(z2) =1

N(Zyp)=p.

For the sake of completeness:
|Aut<Zp2 X Zp)| = p3(p —1)
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The proof is given in Section 1.5.1.
In summary for Z,2 x Z,:

( =p p2
(Z) +1
N(Zy) = p
N(Z,x Z,) =
| |Aut(Z 2NZ)|— S(p—1).

Result 2.2.16. When determining N (Z,2 x Z,) in an arbitrary p-group, the condition
of independent generators is redundant

Proof. ba = a**Pb implies that ba # ab, but {a) is cyclic and therefore all elements
in it commute. The conclusion is that b ¢ (a), since we would otherwise reach a
contradiction. X

2.2.8 General Theorems

When we soon turn our attention towards the groups of order p*, we will see that
they can have subgroups of order p3. It is therefore time to state some more general
results that will help us to describe these groups.

Lemma 2.2.17.

[Aut(ZE)] =[] (* - ')

=0

This is stated in Chapter 1, but I will present a combinatorial proof.

Proof. All generators have the same order, and we are working with an abelian group,
so the only condition is that of independence of generators.

For the first generator, g, there are p¥ — 1 choices, since nl(Z]’,f) =p* — 1. The
second generator, go, must not lie in {g;), so there are (p* — 1) — (p—1) = p* —p
choices for g,. For the third generator, g3, to not lie in the span of ¢g; and g, we must
exclude p? — 1 choices, because (g1, g2) is a group isomorphic with Z, X Z, and then
has order p?.

We observe that for the (i + 1):th generator, we need to exclude p* — 1 options,
namely the options in (g1, go, ..., g;). The result follows. L

Theorem 2.2.18. For p-groups, it hold that

N(Zk)< Hf_ol( (pi_l)).
T T 0 )
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Equality holds if and only if all elements of G of order p commute with every other
element of order p.

Proof. Assume that all elements in GG of order p commute. Then, by choosing elements
of order p we need only worry about the condition of independence. We have n;
choices for the first generator g;. For the second choice we must exclude all elements
of order p in (g;), of which there are p— 1. That accounts to n; — (p — 1) choices. For
the third generator, g3, the condition is that g3 & (g1, g2), so there are n; — (p* — 1)
options.

For the (i+ 1):th generator the condition is that g;+1 & (g1, g2, ..., 9;). Hence there
are n; — (p' — 1) choices for g; ;.

The equality then follows from Proposition 2.1.2 and Lemma 2.2.17.

Assume now instead that not all elements of order p commute. That gives us fur-
ther restrictions on the possible choices of generators. The denominator is however
independent of G. R

Corollary 2.2.19. For abelian p-groups, it hold that
o (M — (7' = 1))

N(Zk) — H
! [T (0" = »)

Corollary 2.2.20. If G is a p-group in which all elements of order p commute and
ny = pF — 1, then it holds that N(Z}) = 1. and N (Z) = 0 for 1 > k.

Proof. This follows trivially from Theorem 2.2.18. Using the theorem and remember-
ing that n; = p* — 1, we get

N(Z¥) = [1 (m — (' — 1)) _ 1= (=1 -G -1)

T— : - f— :
g Hizol (" = ") Hz‘zol (" —p")
Similarly, if [ > k:
N(Zl) o Hé:(l) (n1— (' —1)) o Hi:O (pk —p)
T IS =) T (0 )
The numerator will here be zero since the factor corresponding to ¢ = k <1 —1 is

zero. The denominator never gets a factor equal to zero since the product stops at
1=1—1. L

Theorem 2.2.21. If G is a completely factorizable p-group (see Definition 1.2.8) of
order p* with ny = p* — 1, then G contains no subgroups consisting of more than k
factors of semidirect products.
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Proof. We have seen that for every group H of order p? or less it holds that H consists
of semidirect products with [ factors if and only if n;(H) = p! — 1. Then clearly if
[ > k, we have more elements of order p in the subgroup H than in the group G. But
that is impossible! R

Example 2.2.22. Z» X Z,2 is a completely factorizable group with two factors. It has
p* — 1 elements of order p. It contains no subgroup isomorphic with Z, x Z, x Z,,
since that subgroup would then have p* — 1 elements of order p.

2.3 Subgroups of groups of order p*

The purpose of this section is to list the number of different subgroups as well as the
number of elements of different order for the groups of order p*. We will also find the
center of each group and often gain some knowledge of what the inner structures of
the groups are like.

The procedure will in many aspects be straight-forward and rely heavily on the
results of Chapter 1 and the results about the smaller p-groups just presented.

Also in this section will we assume that p > 2, but as we noticed in the preced-
ing chapter, a few of the groups collapse nontrivially when p = 3. I will therefore in
those cases even assume that p > 3, which when I do will be stated explicitly.

2.3.1 The abelian groups of order p*

The procedure is more or less mechanical and the results hold for all primes, even p =
2. For N'(Zyi), use Theorem 2.1.4. For N'(Z}), use Theorem 2.2.18. For N'(Z,2 x Z,,),
use Theorem 2.2.4. We can of course not have non-abelian subgroups in an abelian
group, so N'(Z,: x Z,) = N((Z, x Z,) x Z,) = 0.

Zps Zys X Ly Zyp X Lo Ly X Ly, X 4, Ly, X Ly X L), X 4,
ng pt—p° 0 0 0 0
ng p*—p> pt—p°> 0 0 0
ny pP—p p°—p* p'-p* p'-p° 0
n p—1 p>—1 p?—1 p—1 p*—1
N(Z,) 1 p+1 p+1 pPP+p+1 P+pi+p+1
N(Zp) 1 p p+p P 0
N(Z,x Z,) 0 1 1 pPP+p+1 ptepi+2pP+p+1
(Zyp) 1 p 0 1 0
N(Zy x Z,) 0 1 1 p’+p+1 0
N(Z, x Z,x Z,) 0 0 0 1 pP+pit+p+1
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2.3.2 The general method

As we will see later in this section, the descriptions for the different nonabelian
subgroups of order p* will be presented in a very similar manner (and order). The
procedure for each group is roughly as such:

e We will first give one possible presentation and one possible operation for the
group under discussion. These are provided from the previous chapter. Note
that there are many possible defining operations and presentations for every sin-
gle group, I just choose convenient ones for ease of calculation and illustration.
For the sake of brevity, I will not note this in every single case below.

e Starting from the operation we can easily determine g™ and then the number
of elements of the different orders by simply computing ¢?, gp2 et cetera.

e From Theorem 2.1.4 we directly get N (Z,+) and most importantly N(Z).

e Theorem 2.2.21 and Corollary 2.1.6 can tell us that some groups definitely not
are subgroups of the group under discussion.

e If the product of elements of order p also is of order p, then we know that they
form a subgroup. That is very valuable information.

e By computing the condition for commuting elements we can find Z(G) and
sometimes also other useful information.

e The number of different abelian subgroups follows from Theorem 2.2.18, Theo-
rem 2.1.4 and Theorem 2.2.4. If not all elements of order p commute, it is often
necessary to use the condition for commuting elements.

e Lastly, if there are any remaining subgroups to treat with, they are dealt with.

2.3.3 (vi) Zy % Z,
As noted in the previous chapter, this group is isomorphic with
(a,b:a” =t =1,ba =a"*"b)
with operation
(2, y)(2",y) = (v + 2"+ p'yz’ .y +3).
The first component is modulo p* and the second modulo p.
Lemma 2.3.1. For g = (z,y) € Z,s X Z, with the operation above, it holds that

2
—1
p'n(n — 1)ay i

g" = (nx + 5 ,nyY) -
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Proof. Proof by induction. It holds for ¢! = (x,y). Assume that it holds for g".
gt = gy
p?n(n — 1)zy
2
p?n(n — 1)zy
2
P’ —ney | 2p’nay (n
2 2
2
p°(n + 1)nxy
P DR (4 4 1)y)

= (nz + ,ny)(,y)

= (nx+ + x + p*(ny)z,ny +y)

= (n+1)x+ + 1)y)

= ((n+ D+

The result follows by induction. R

Proposition 2.3.2. For Z,s X Z, it holds that

3

ng =p'—p
712:]93—192
n1:p2—1

Proof. A few quick calculations give that

2,3 3_11, .
PP Z DT ) — (0,0) = id,

(2, )" = (pPa +

2,2 (2
ppe(p” — L)xy
WD )~ 2e,0),

(2, )" = (pPa +

and finally
2

p’p(p — Dzy
(2,9 = (pu + T2E Y
The first equation shows that there are no elements of order p*. From the last equation
we see that the elements of order p or less are the elements where x is a multiple of

p?, y arbitrary. That gives us p? elements, but including the identity. n; = p? — 1.
g has order p? or less if x is a multiple of p, y arbitrary. There are p* such
elements. Subtracting the p? elements of lower order yields ny = p* — p?. It follows
that ng = p* — p?. X

,py) = (pz,0).

From Theorem 2.1.4 and its corollaries we receive:

N(Zy)=p+1
N(Zp2> =P
N(Zyp)=p.
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Proposition 2.3.3. For Z,s x Z, it holds that

N(Z, x Z,) =1
N(Z} x Z,) =1,

Proof. Consider the product of two elements of order p:
(PP, y) () = PPa+ P + pPyp’al y +4) = PPa+ Py +y).
They obviously commute with each other.
Consider now the product of an element of order p? and an element of order p:

(P*a,y)(p,y') = (pa + pd + pPypd’,y +y') = (pP*a + pa')

(pd, ) (PP, y) = (PPa+ pd + p*y'p’a,y + ) = (PPa +pd).

We see that they commute. The result follows from Theorem 2.2.18 and Theorem
2.2.4. L

Proposition 2.3.4. The center of G = Z;3 X Z, is
Z(G) = ((p,0)) = Zp2 .
Proof. From the operation we see that
99 =9'9g e yr' =y'x (modp).
If we let ¢’ be arbitrary, we see that g¢’ = ¢’g only if g = (pc, 0). X
Directly from Theorem 2.2.21:
N(Z, x Z, x Zy,) = N((Z, x Zy) x Z,) = 0.

Proposition 2.3.5. For Z,s x Z, it holds that

N(Zypz % Z,)=0.
Proof. All elements of order p? commute with all elements of order p, and this is then
true for every subset of G. Z,2 x Z,, however contains elements with these properties,

so we can have no such subgroup in G. R
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In summary for Z,s x Z,:

( _ 4 3

\

2.3.4 (vil) (Z2 x Zy) x Z,,

From the previous chapter we know that this group is isomorphic with
{a,b,c: a”’ =W = =1,ba = ab, ca = ac, chb = afbey .

We have the operation

((l‘, y)7 Z)((ZE,, y,)7 Z/) = ((.17 + +pzy’, Y+ y'), zZ+ 2/)
with the first component modulo p? and the second and third component modulo p.

Lemma 2.3.6. For g = ((x,y),2) € (Z,2 X Z,) x Z,, with the operation above, it holds

that
pn(n — 1)yz

9" = ((nx + ,nY),nz) .

Proof. Proof by induction. It holds for g' = (z,y). Assume that it holds for g".

gt = g
pn(n —1)yz
2
n(n —1)yz
Z% + 2+ p(nz)y,ny +y),nz + z)
p(n* —n)yz N 2pnyz
2 2

w,(nﬂ)y),(nﬂ)z)

= ((nz + »ny),nz)((2,y), 2)

= ((nx+

= (((n+ 1Dz + ,(n+1)y), (n+1)2)
= ((n+ 1z +
The result follows by induction. X
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Proposition 2.3.7. For (Z,. x Z,) X Z, it holds that

ny = p* —p’
n=p>—1.

Proof. Since

pp(p — 1)yz

5 ,0Y),pz) = ((pz,0),0),

9" = ((x,y),2)" = ((pr +

we see that g is of order p or less only if = is a multiple of x. We can allow y and z
to be arbitrary, so n; = p*> — 1. (Remember that x is modulo p? and y, z modulo p.)

Similarly,
2(,,2
2 2 pp°(p” — Dyz
0 = (). " = (e + P ) 1) — (0,0),0)
shows that there are no elements of higher order than p?, so ny = p* — p3. R

From Theorem 2.1.4 and its corollaries we receive:

N(Z,)=p*+p+1
N(ZPQ) = p?
N(Zp3) =0.

Proposition 2.3.8. The center of G = (Z,2 X Zy,) x Z, with the operation defined
above is

Z(G) = (((1,0),0)) = Z,2.
Proof. From the operation we get that
99 =¢dg& 2y =2y (mod p).
Thus if we let ¢’ be arbitrary, we must have y = z = 0. &

Proposition 2.3.9. Let G be the group (Z,2 X Z),) X Z,. The product of elements of
G of order p has order p. The product of an element of order p* and an element of
order p has order p>.

Proof. Tt follows directly from
((pa,y), 2)((pe, y'), 2') = ((pa + po’ + pzy', y +v'), 2 + 2')

and
((pa,y), 2) ('), ') = ((pa + 2’ +pzy/ sy +y'), 2 + 7).
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Notice that this means that the element of order p form a subgroup of order p,
since it is closed under multiplication. All elements of order p does not commute
however, so

N(Z, x Z,x Z,) =0
{ N((Zy, x Zy) x Z,) =1.
The last assertion is confirmed by choosing a = ((0,1),0),b = ((p,0),0),c = ((0,0),1)
for generators of (Z, x Z,) X Z,, .

If we consider just the subgroup with elements of order p, (Z, x Z,) x Z,, then
it is obvious that every smaller subgroup in G with elements of just order p will
be a subgroup of this subgroup isomorphic with (Z, x Z,) x Z,. We can draw the
conclusion that

N(Z, x Z,) = N(Z, x Zp,(Z, X Zp) X Z,) =p+ 1.
Proposition 2.3.10. For (Z,2 X Z,) x Z, it holds that
N(sz X Zp) :p—l—l.

Proof. Assume a = ((x,y), 2) has order p>. Then a? = ((pz,0),0), so the only sub-
group of (a) isomorphic with Z, is (((p,0),0)). This fact is very convenient, since we
then now that for every choice of a, b is not allowed to be in the center because they
would then coincide. (Notice that (((p,0),0)) < Z(G).) We can then first choose b
with the only condition that b ¢ Z(G) and then choose a with the only condition
that ab = ba. We then solve the problem of coinciding generators.

We have p* — p choices for b, since it must not be in the center.

For a, we see that we can choose = arbitrary, we just need that x #Z 0 (mod p) for
the order of a. We thus have p? — p choices for x alone. To repeat myself, the only
condition now is that ab = ba < zy' = 2’y (mod p). We now have three different
cases to examine.

y' =0,2/ # 0=y =0 and z can be chosen arbitrarily.

2'=0,y # 0= 2z =0 and y can be chosen arbitrarily.

y', 2" # 0. Choose y and z is determined by 2y’ = 2’y (mod p) or vice versa.

We see that in either case, we have p choices for y and z combined. Bringing all
this together and revoking Theorem 2.2.4:

N(Zyp x Zy) = W’ =)@ =pp _P=D@* 1)

pPl—-12 pp—1)?

=p+1.

Proposition 2.3.11. For (Z,

2 X Z,) X Z, it holds that
N(Zyp xZ,)=p*—1.
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Proof. Let a = ((x,9),2),b = ((pa, '), 2.

ba = ((x +pa’ +pz'y,y +y'),z +2)
a'*?b = ((z +pr +0,y +0), 2 +0)((pc, ), 2') = ((x +pr +pa’ +p2'y,y +y'), 2 + )

The condition from the relation is then that
Zdy=x+zy (modp).

We see directly that b cannot lie in the center, because that would imply x = 0
(mod p), contradicting the order of a. That solves the problem of coinciding gener-
ators automatically. We also see that also a cannot be in the center, for the same
reason.

First choose a. We cannot have y = z = 0, and we must have x £ 0 (mod p). In total
(p* — p)(p? — 1) possibilities for a. (This can also be realized by taking the elements
of the center from the total: (p*—p3)— (p*—p) =p*—p* —p*+p= (P> —p)(P*—1).)

When choosing b, we quickly realize that o/ is arbitrary (p choices). Again we have
three different cases to investigate.

=z

y = 0,z # 0 = 3 is completely determined by ¥’ = =* (mod p) since we are
working in the field Z,. Notice that ¢’ # 0 (mod p) for the same reason, since z = 0
(mod p).

The same thing happens for z = 0,y # 0.

Y,z # 0. Choose ¢’ and 2z’ is determined by 2’ = (z+z3y')/y (mod p) or vice versa.
Again, this is possible because we are working in a field. Notice here that 3/ = 2’ =0
is not an option, so again we have p choices.

In total for b: p* choices. |Aut(Z,2 x Z,)| = p*(p — 1), so

(p* —p)(p* — 1)p?

N(Zp 2 Z) = =50,

:pz—l.

73



J. Laine CHAPTER 2. SUBGROUPS OF p-GROUPS

In summary for (Z,2 X Z,) X Z,:

(g =p'—p°
ng=p>—1
N(Z,) =p*+p+1
N(Zy) = p?

) N(Z, x Z,) =p+1

N(Zy;)=0
N(sz XZp)—p+1
N(Z, x Z, x Z,) =
N(ZPQNZP):p2—1

\ N(<ZpXZp) X Zp) =

2.3.5 (viil) Z: x Z,
This group is isomorphic with
(a,b:a” =" =1,ba = a"*?b)

with the operation
(z,y)(@",y) = (@ + 2"+ pya’,y + /).

Both components modulo p?.

Lemma 2.3.12. For g = (z,y) € Z,2 X Z,» with the operation above, it holds that

pn(n — 1)zy

5 ,nY) .

9" = (nz +

Proof. Proof by induction. It holds for g' = (z,y). Assume that it holds for g".
gt = g

pn(n — 1)xy
2

pn(n — 1y

2

p(n® —n)wy | Zonzy
2 2

p(n+ 1)nzy

PN (1 4 1))

= (nr+ ,ny)(z,y)

= (nw+ + x4+ p(ny)z, ny + y)

= ((n+ 1z + ,(n+1)y)

= ((n+1)z+
The result follows by induction. X
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Proposition 2.3.13. For Z,» x Z,> it holds that

ng = p' —p?
n=p>—1.
Proof. Since
pp(p — Dzy

g’ = (z,y)* = (pr + ,py) = (pr,pYy) ,

2
we see that ¢ has order less or equal to p only if both z and y are multiples of p.
That gives us a total of p? elements since both components are calculated modulo p?.
ny = p? — 1. Also, since

202
pp~(p” — 1)zy
o = ey = e+ D 2 q0),

there are obviously no elements of higher order than p?, and thus ny, = p* — p?. X

From Theorem 2.1.4 and its corollaries we get:

N(Zp) =p+1
N(Zp2> =p’+p
N(Z3) =0.

Proposition 2.3.14. For Z,» x Z,> it holds that
N(Z,x Z,) =1.
Proof. Take two elements of order p and multiply them:
(pv, pB)(ped’, pB') = (pex + pa’ + ppBpa, pB + pB') = (pa + pa’, pB + pf') .

We see that all elements of order p commute. The result follows from Theorem
2.2.18. X

From Theorem 2.2.21 we get
N(Z, x Z, x Z,) = N((Z, x Z,) % Z,,) = 0.

Proposition 2.3.15. The center of G = Z,2 X Z,» with the operation defined above
18

Z(G) = <(p7 O)? (O7p)> = Zp X ZP‘
Proof. From the operation we get that
99' =g'g = yz' =y'z  (mod p).

Let ¢’ € G be arbitrary. It then follows that we must have x,y = 0 (mod p), so the
elements on the form g = (pa, p) commute with all other elements. We see that
Z (@) consists exactly of the elements of order p. R
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Proposition 2.3.16. In Z,» x Z,2 it holds that

N(sz XZp):p—l—l
N(sz NZp):O.

Proof. The first assertion follows directly from the preceding proposition and Theorem
2.2.4. The second assertion follows from the fact that if all elements of order p
commute in G, then it must also be true in all of its subgroups. &

In summary for Z,» X Z,:

[0y =p* —p?
n=p?—1
N(Zy) =p+1
N(Zy) =p* +p
N(Z, x Z,) =1
N(Zyp) =0
N(Zp2 XZp):p—i—l
N(Z, x Z, x Z,) =0
N(ZpxZ,)=0

\ /\/((ZpXZp)NZp):O.

2.3.6 (ix) (Z, % Zy) x Z,

We know from the previous chapter that this group is isomorphic with
{a,b,c: a”’ =W =c =1,ba = a'™"b,ca = ac,ch = be)
and that is has the operation
((z,9),2)((e,9),2) = (= + 2"+ pyz’ sy + ), 2+ 27) .
First component modulo p?, second and third component modulo p.

Lemma 2.3.17. For g = ((z,y),2) € (Z,2 X Z,) X Z, with the operation above, it
holds that
pn(n — 1)y

5 ,Y), nz) .

9" = ((nx +
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Proof. Proof by induction. It holds for g' = ((x,y),z). Assume that it holds for g".

gt = gy

pn(n — 1)xy
2

pn(n —1)xy

2

p(n® —n)zy 2pnay
2 2

p(n + 1)nzy
2

= ((nz+ yny),nz)((z,y), 2)

= ((nz+ + z + p(ny)z,ny +y),nz + 2)

= (n+Dx+ ,(n+1y), (n+1)2)

= ((n+1)x+ ,(n+1)y),(n+1)z)

The result follows by induction. N
Proposition 2.3.18. For (Z,2 X Z,) x Z, it holds that

ny = p' —p’

n=p>—1.
Proof. First we notice that

pp(p — D)zy

9" = ((z,9),2)" = ((px + ,py),pz) = ((p,0),0).

2

This is equal to ((0,0),0) exactly when « is a multiple of p, so as before we have
ni = p> — 1. We have no elements of order p? since

> > pp*(p* — 1zy

9" = ((z,y),2)" = ((p°x + 5 ,0%y),p°z) = ((0,0),0).

Thus ny = p* — p3. N
Just as usual, from Theorem 2.1.4:

{ N(Z)=p*+p+1
N(Zy) =p*N(Zy) =0.

Proposition 2.3.19. The center of G = (Z,2 x Zy,) X Z,, with the operation defined
above s
Z(G> = <((p> 0)7 O>7 ((07 0)7 1)> = Zp X Zp :

Proof. We see from the operation that
99' =9'g = yx' =y'z  (mod p)

For an arbitrary ¢’ we then need that x = pa and y = 0. z is though arbitrary. The
result follows. L
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Proposition 2.3.20. In (Z,: x Z,) x Z, it holds that

N(Z,xZ,)=p*+p+1
N(Z,x Z, x Z,) =1
N((Z, x Z,) x Z,) =0.

Proof. 1 will first show that all elements of order p commute with all other elements
of order p:

((pev, ), 2)((ped, 9, 2') = (patpa’ +p*ya , y+y'), 2+2") = ((patpa’,y+y'), 2+2") .
Now Theorem 2.2.18 implies that

(p* +p+1)(p*+0p)

2
=p’+p+1
2 p+p

N(Zp X Zp) =

and also
N(Zy,x Z, x Z,) =1.

Finally, since all elements of order p commutes, N'((Z, x Z,) x Z,) must be zero. X

Proposition 2.3.21. For (Z,2 X Z,) x Z, it holds that
N(Zp2 X Zp) =p.

Proof. We want to examine when elements of order p? commute with elements of
order p. A few quick calculations show that

(z,y,), 2)(p, ), 2") = (x + pa’ +pypa’, y +9'), 2+ 2') = (x+pa’,y +y'), 2+ 2')

and
((pa,y), 2 (2, y), 2) = ((x +pd + py'z,y +9), 2+ 2').

Thus they commute only if ¥’z = 0 (mod p). But if x was a multiple of p, then
would ((,y), z) not be an element of order p?, so we must have ¢’ = 0. The conclusion
is that the generator of order p must necessarily lie in the center. We must though
exclude the elements in (((p,0),0)), since we would otherwise break the condition of
independence of generators.

We thus have p? — p choices for the generator of order p and can choose the
generator of order p? freely: p* — p® choices.

We conclude that

(r* = ") (@* — p)

./\/(sz XZp) = p3(p—1)2 =p
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Proposition 2.3.22. For (Z,2 X Z,) x Z, it holds that
N(Zpe x Z,) =p*.
Proof. Let a = ((z,y), 2),b = ((pc/,¢/), 7).
ba = ((x +pa +py'z,y+y), 2+ 2)

and
a'*Ph = ((z +po’ +pr,y+y'), 2+ 2'),

hence the relation is satisfied only if ¥’ = = (mod p). Because of the order of a,
x #0 (mod p), and then v = 1. We get that b = ((pa/, 1), ).
We have p* — p? choices for a and p? choices for b. Note that it cannot happen
that (b) = (((p,0),0)), which was actually guaranteed by Result 2.2.16.
We then get = )
p —p)p 2
N(Zp2 NZp)—m—p .

In summary for (Z,2 X Z,) x Z,:

[ ny =p' —p?
nq :p3—1
N(Zp):p2+p+1
N(Zp) = p*
N(Z,x Z,)=p*+p+1
N(Zs) =
N(Zyp x Z,) =p
N(Z,x Z, x Z,) =1
N(Zy x Z,) = p?

\ N((ZPXZP>NZP):O

2.3.7 (x) (Z, X Z,) X Zy
This group is isomorphic with

{(a,b,c:a? =P = =1,ba = ab,ca = abe, cb = be)
with the operation

((z,9),2)((«",y), ) = (@ + 2",y + ' + z2'), 2 + )

with first and second component modulo p and the third component modulo p?.
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Lemma 2.3.23. For g = ((z,y),2) € (Z, X Z,) X Z,2 with the operation above, it
holds that

n(n —1)zz
2

Proof. Proof by induction. It holds for ¢g' = (x,y). Assume that it holds for g".

g" = ((nx,ny + ),nz).

gn+1 _ gng
nin—1)xz
= (g + "D (). 2)
nin—1)xz
= ((n:z:+x,ny+%+y+(nz)$)anz+z)
(n—1)xz 2nzxz

5 + 5 ),(n+1)z)

(n+ 21)n$z)7 (n+1)2)

— ((n+ Dz, (n+ )y + 2
= (((n+ 1)z, (n+ 1)y +

The result follows by induction. R

Proposition 2.3.24. For (Z, x Z,) X Z, it holds that

Ng = P4 - P3
n=p>—1.
Proof. We see that
pp—1)xz
9" = ((pz, py + %),pz) = ((0,0),p2)
and (2 )
2 p(p° — 1)z
9" = (Wx,p’y + ————),p"2) = ((0,0),0).
Thus g has order p only if z is a multiple of p. We then have p choices for each
component, and n; = p*> — 1. No element has order p3, so ny = p* — p3. X

From Theorem 2.1.4 and its corollaries:

Proposition 2.3.25. The center of G = (Z, x Z,) X Z,2 with the operation defined
above is

Z(G) = <((07 1)’0)’ ((070)7p)> = Zp X ZP‘
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Proof. From the operation we get that
99 = g9 22’ =2Zr (mod p).
If we let ¢’ be arbitrary, we must have x = 0 and z = p. L

Proposition 2.3.26.
N(Zy, x Zy) =p* +p+1
N(Z,x Z, x Z,) =1
N((Z, x Zy) x Z,) =0.

Proof. 1 will first show that all elements of order p commute with all other elements
of order p:

(z,9),pn) (=", ¥),pY) = (z+2", y+y +pv2 ), py+pY) = (z+2", y+y), py+p7').
Now Theorem 2.2.18 implies that

p’+p+1)p*+p)

_ 2
2t =p +p+1

N(przp):<

and also

N(Z,x Z, x Z,) =1.

We also arrive at
N((Z, x Zy) x Z,) =0.

Proposition 2.3.27. For (Z, x Z,) X Z, it holds that
N(sz X Zp) =Dp.

Proof. We want to examine when elements of order p? commute with elements of
order p.
We have that

(z,y),2)((«"y),pY) = (42" y+y' +22"), 2+ pY) = (z+2", y+y +22"), 24+ p7")
and

(2", y"), pY)(z,y),2) = ((z+ 2"y +y +py2), 2+ pY) = (e + 2",y +9), 2+ pY).

Thus they commute only if 2’z = 0 (mod p). But if z was a multiple of p, then
would ((x,), 2) not be an element of order p?, so we must have 2/ = 0. Furthermore,
((z,y),2)? = ((0,0),pz), so we must exclude the elements in (((0,0),p)) from the
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choices of generator of order p, since we would otherwise break the condition of
independence of generators. That leaves us with p? — p generators of order p. We
can though choose the generator of order p? freely, since the other generator is in the
center and then automatically fulfilling the relation. We conclude that

(r* —1*)(@»* —p)

N(Zp % Z,) = .
(2 % 2,) pP(p—1)? P

Proposition 2.3.28. In (Z, X Z,) x Z,2 it holds that
N(Zypx2Z,)=0.
Proof. We are searching for elements fulfilling
a” = =1,ba = a"*?b.

Take one element of order p? and one element of order p and set them as a and b. We
want them to satisfy ba = a'™Pb. First:

ba = ((z",y"),p7)((z,y), 2) = (x+2", y+y'+p7'2), 24+pY) = (x+2", y+v'), z+pY) .
Continuing with the right side of the relation:
a b= = ((z,y,),2)""P((2",y),pY)
1+ 14+p—1Dzz
= (M+p)z,(1+p)y + (Lt 5 p—1)
= ((z,y), z+p2)((«".y), )
(x+2,y +y + 22’ + pza’), 2 + pz + py')
= (z+a",y+y +22"), 2+ py +p2).

Equality in the third component can only hold if z = 0 mod p, but that is impos-
sible since that would imply that a = ((z,y), 2) is an element of order p | We can
therefore not find elements in G satisfying the relations of Z,2 x Z,,. R

), 1+ p)2)((«,y, p7)

In summary for (Z, x Z,) X Z,:

(np=p'—p’
n=p3—1
N(Zp):p2—|—p—i—1
N(Zy) = p*

) N(Zyx Zy) =p*+p+1
N(Zs) =
N(Zp x Zy) =p
N(Z,x Z, x Z,) =1
N(Zp2xZ,)=0
\ N((ZPXZP)NZP):O



J. Laine 2.3. SUBGROUPS OF GROUPS OF ORDER p*

2.3.8 (xi) (Zp % Z,) Xy, Z,
This group is isomorphic with

(a,b,c: a’ =W = = 1,ba = a**Pb, ca = abc, cb = bc) .
The operation becomes

pza! (¢ — 1)

5 +pyz'y+y +za'), 2+ 7).

((z,9),2)((,), 2) = ((z + 2" +

First component is modulo p?, the second and third components are modulo p.

Lemma 2.3.29. For g = ((z,y),2) € (Z,2 X Z,) X, Z, with the operation above, it
holds that

pn(n — 1)z(x — 1)z+pn(n - 1):Uy+p(n —2)(n — 1)nz?z n(n—1)zz

),nz).

Proof. Proof by induction, it is exactly similar to the analogue in the previous groups.

N\

Proposition 2.3.30. In (Z,2 x Z,) X, Z, it holds that

ny = p* —p’°
n=p3—1.
Proof. We see that
—l)x(r—1)z —1)x — — 2722 —1)xz
¢ = ((pr+ pp(p 1)4( Dz pp(p21) v 4 Pl 2)(1(0i Dp Y+ p(p 21) ),p%)

= ((px,0,0)

so g has order p only if x is a multiple of p. As before, n; = p* —1 g** = ((0,0),0),
so ny = p* — p?. X

Thanks to Theorem 2.1.4 we get

N(Z,) =p*+p+1
N(Zpg) p2
N(Zy3)=0.

Proposition 2.3.31. For (Z,2 X Z,) X, Z, it holds that

N(Z, x Z,) =p* +p+1
N(Z,x Z, x Z,) =1
N((Z, x Zy) x Z,) =0.
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Proof. We multiply two elements of order p:

(p, ), 2)((pey), ) = ((pev+ pa/ + BEEGED 4 pypal,y +yf + 2pa), 2+ 2) =
= ((pa+pay+y) z+7)

All elements of order p commute and the product of elements of order p is of order p.
The results follow from Theorem 2.2.18 and the fact that not all elements of order p
commute in (Z, X Z,) X Z,. R

Lemma 2.3.32. For every g € G = (Z,2 X Z,) Xy, Z, of order p*, it holds that
2(G) < {g).

Proposition 2.3.33. For (Z,2 x Z),) X, Z, with the operation defined above it holds
that
N(Zyp x Z,)=0

and

Z(G) = <(<p’ 0)’0)> = Zp'

Proof. By multiplying an element of order p with an element of order p? we get

'v(x — 1)

ya
(pcsy/), 2) (2 y), 2) = ((x +pa’ + 2 5 +py'z,y+y +za’), 2+ 2)

and

(), 2)((pa, ), 2) = (& + pa/ + P20 4 pypel y + o + zpa), 2 + 2')
= ((zx+pd,y+y),z+2).

If these elements are to commute, they must satisfy

—le(g_l) +4y'r =0 (mod p)
Zr =0 (mod p).

But since z # 0 (mod p), we must have z/ = 0. The first equation then becomes
y'z =0 (mod p). By the same argument, we must have ¢y’ = 0. So the only elements
of order p that commute with all (or any, for that matter) elements of order p?, are
the elements on the form ((pa/,0),0).

All elements of order p commute with each other, so we have found the center:
Z(G) = (((p,0),0)) = Z,. This also means that the only possible choices of generator
of order p are the generators of Z(G), but because of the preceding lemma, the
generators would then not be independent; (b) < (a)! Therefore, N(Z,2 x Z,) =0. X

Proposition 2.3.34. In (Z,2 x Z,,) X, Z, it holds that

N(Z

p2 NZp):p.
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Proof. We want to find elements a, b fulfilling a?* = b = 1,ba = a?*b. The left side
of the last relation is

Zr(rx —1
ba = ((pa’,y'),2")((7,9),2) = ((z +pa’ + ]% +pyry+y + ), 2+ ).
We then have that
altr — ((m + pa + p(1+p)pj(x*1)z + p(1+§)my + p(pfl)pél+p):r2z7y 4 (1+I;)pxz>,z)

= ((z+pz,y),2),
which leads to

altPh = ((x + px,y), 2)((pa, ,/),/Z/)
= ((z +pa +pr+ B2y 4 opd), 2+ 2)

= ((z+pd +pr,y+y),z+72).
The conditions for a and b are then

@ +y'z =2 (mod p)
Zx=0 (mod p).

But since ((z,y), z) is of order p?, z # 0 (mod p) must hold. We can see that that
implies 2/ = 0. Inserting this in the first condition, we get ¥’ = = (mod p). Again,
r #Z 0 (mod p) and so 4 = 1. We conclude that the generator of order p? is arbitrary,
but the element of order p must be on the form ((pa’,1),0). There are therefore
p* —p? choices for a and p choices for b. |[Aut(Z,2 x Z,)| = p*(p — 1) now gives us the
result

=
N(sz NZp)_—p?’(p—l) =Dp.
&
In summary for (Z,2 X Z,) Xy, Zp:

(ny=p*—p°
ny = p3 -1
N(Z)=p*+p+1
N(Zp2) =p°

) N(pr Zp) =p2+p+1
N(Zp3) =
N(sz X Zp) =
N(Z,x Z,x Z,) =1
N(sz X Zp) =D
N((Z, x Zp) x Z,) =0
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2.3.9 (xii) (Z2 % Zy) Xy, Zy, p >3

Observation. We must assume that p > 3 in this case, since it collapses nontrivially
for p < 3.

This group is isomorphic with
(a,b,c:a” =W = =1,ba = a' b, ca = a"*Pbe, cb = aPbc)

with the operation

pz(z — 1)’ N pzx'(x' — 1)

5 5 +pzy +pyx y +y +z2'), 2+ 2)

99 = ((z + 2"+

or, equally,

22x! zx?
p + p
2 2

99 = ((x+ 2"+ + pzy' + pyx’ — pza’ y+y + zaf), 2 + 21).

The first component is modulo p? and the second and third are both modulo p.

Lemma 2.3.35. For g = ((z,y),2) € (Z,2 X Z,) Xy, Z, with the operation above, it
holds that

nx + :Un(nf1)%227171)90,22 + pn( + Pn(z—l) (2y2’ 4 2:z:y — 2rz + 3;-22)
n __ n(n—1)zz

9 = ny + ——;
nz

n—1)(n—2)z2z

Proof. Proof by induction. There is no difficulty in this proof, the verification is in
the line of the previous analogue results for the other groups. &

Proposition 2.3.36. For (Z,2 X Z,) Xy, Z, it holds that
ny = p* —p’
n=p>—1.

Proof. ¢* = ((px,0,0), so g has order p only if = is a multiple of p. As before,
ny=p*—1¢” =((0,0),0), so ng = p* — p*. N

From Theorem 2.1.4 we get
N(Z,) =p’+p+1
2

N(Zy) = p?
N(Zy3)=0.
Proposition 2.3.37. The center of G = (Z,2 } Z),) X, Z, with the operation defined

above is

2(G) = (((p,0),0)) = 2.
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Proof. Taking a look at the second component in the operation, we see that z2' = 'z
(mod p) must be satisfied for two commuting elements. If this is to be satisfied for an
arbitrary ¢’ = ((«',¢), 2'), then we must have z = pa and z = 0. Turning to the first
component, we see that the only terms remaining form the requirement z'y = ya’
(mod p). This holds for arbitrary 2/, 2’ only if y = 0. X

Proposition 2.3.38. In (Z,2 X Z,) X, Z,, the product of two elements of order p
has order p and it commutes if and only if zy' = 2’y (mod p).

Proof. By multiplying two elements of order p we get
((pa, @), 2)((pe, y), &) = (e + pa’ + pzy’,y +¢), 2 + 7).
The result follows by inspection of the first component. &

Proposition 2.3.39. For (Z,2 X Z,) X, Z, it holds that

N((Zy x Z,) % Z,)
N((Zp x Zp) x Zp)
N(Z,x Z,)=p+1.

1
0

Proof. The previous proposition implies that G has a subgroup consisting of the
elements of order p, and that not all elements in it commutes. We find that this
subgroup, let us call it H, is nonabelian, and since there is only one nonabelian group
of order < p? with all elements having order p, we conclude that H = (Z, x Z,) x Z,.
There are only p® — 1 elements of order p however, so

N((Z, x Z,) x Z,) =0.

Every smaller subgroup consisting of elements of order p must be a subgroup of
H, since it contains all the elements of order p. Proposition 2.2.11 gives the last
result. g

Lemma 2.3.40. For every g € G = (Z,2 x Z,

. » Z, of order p*, it holds that
Z(G) < (g).

) X

Proposition 2.3.41. In (Z,: x Z,) X, Z, it holds that
N(Zypz x Z,) =1.
Proof. Let g = ((x,9),2),9 = ((p/,y'), 2"). We see that
99" = ((x+pa' +pzy/y +y), 2+ 2)
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and also

Zl2x 2/132
b i b
2 2

/

g9=((z+pa +

+pZy+py'c —pdry+y +2x), 2+ 7).
Equality in the second component implies that
Zr=0 (mod p).

We want g to be of order p?, so x # 0 (mod p), and thus 2z’ = 0. Now taking a look
at the first component, we get

yr=zy (modp) <y (r—2)=0 (mod p),.

Assume first that x — z Z 0 (mod p). That would imply 3’ = 0. Thus the only
elements that such elements of order p? commute with are in the center, ¢’ € Z(G).
But from Lemma 2.3.40 we see that such elements of order p? cannot form subgroups
isomorphic with N'(Z,. x Z,).

Assume then that x =z ( mod p). ¥/ is then arbitrary with the exception that
y' # 0, since that would again lead to the previous situation. We have p? — p choices
for x and p choices for y. z is completely determined by the choice of z. We have p
choices for o/ and p — 1 choices for 3. This totals to (p*> —p)p-p(p—1) = p3(p— 1)
|Aut(Z2 x Z,)| = p*(p — 1)*, so

Proposition 2.3.42. For (Z,2 X Z,) X, Z, it holds that

N(sz X Zp):p—l.
Proof. Let a = ((x,y),2),b= ((pa/,y'),2"). The calculations are then

pd (2 — 1)z N pZx(r —1)

5 5 +py+pyry+y + ), 2+ ),

ba = ((x + pa’ +

a' b = ((x + pr,y), 2)((p,y), 2') = (x + pa’ + pxr +p2y/,y + ),z + 7).

The condition for the second component is then that 2’z = 0 (mod p).
r # 0 (mod p) = 2/ = 0. The condition for the first component is then reduced
to
vr=x+2zy (modp).
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We see that we must have ¥’ £ 0 (mod p). That leaves us with p choices for o/ and
p—1 choices for /. (a) and (b) can never coincide, so we can choose a with 'z = z+zy/
(mod p) as the only restriction. We get p? — p choices for x and p choices for 3. Now
z is fully determined by the condition. In total we have (p* — p)p - p(p — 1) choices
for a and b. We thus get the result

3 2
pip—1)
N(Zpx2z)=LP" ) 1
U 2 %) =5
N\
In summary for (Z,2 X Z,)) Xy, Zp:
(7L4—0
713—0
ng = p' —p’
n=p°—1

\

2.3.10 (xiii) (Zp2 X Z,) Xy, Zpy p >3

Again, it is necessary to assume p > 3. As was showed in the preceding chapter, if
we let d # 0,1 (mod p), then we have the presentation

(a,b,c: a”’ =W =c =1,ba = a*b,ca = a"t%bc, ch = a®bc)
and the operation
pdz(z — )2’ pza/(a’ — 1)
2 + 2

with the first component modulo p? and the second and third component modulo p.

+pdzy +pyx’ y +y' + za’), 2 + 2,

99" = ((x+2"+

Lemma 2.3.43. For g = ((2,y),2) € (Z2 X Z,) Xy, Z, with the operation above, it
holds that

nx + pn("_l)(fg_l)dmz + pn(n_l)én_Q)xQZ + 20 (9dyz + 22y — (d + 1)z + 2°2)
no__ n(n—1)xz

g = ny + 2
nz
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Proof. The proof follows the same procedure as the previous analogue results for the
other groups and is left out for readability and brevity. &

Proposition 2.3.44. For (Z,2 X Z,) X, Z, it holds that

ny = p* —p’
n=p3—1.

Proof. ¢* = ((px,0,0), so g has order p only if = is a multiple of p. As before,
n1:p3_19p2:((070)70>730 n2:p4_p3' N\

Proposition 2.3.45. The center of G = (Z,2 X Z),) Xy, Z, with the operation defined
above is

Z(G) = (((p,0),0)) = 2.

Proof. This is indeed very similar to the previous group. Taking a look at the second
component, we see that zz’ = 2’z (mod p) must be satisfied for two commuting
elements. If this is to be satisfied for an arbitrary ¢’ = ((2,%/), 2’), then we must
have x = pa and z = 0. Turning to the first component, we see that the only terms
remaining form the requirement dz'y = yz’ (mod p) < y(dz'—2') =0 (mod p). This
holds for arbitrary 2/, 2z’ only if y = 0. R

Proposition 2.3.46. In (Z,2 X Z,) X, Z,, the product of two elements of order p

has order p. They commute if and only if zy' = z'y (mod p).

Proof. We first see that

((pa, ), 2)((pe,y), 2') = ((pa + pa’ + pdzy',y + ), 2 + =) .
It then holds that
99 =g¢g&dzy =dz'y  (mod p).
By assumption, d # 0 (mod p). We are working in the field Z,, so the result follows.
L

Proposition 2.3.47. For (Z,2 X Z,) Xy, Z, it holds that

®3

N((Zp X Zp) X Zp)
N((Zy x Zy) x Z)
N(Z,x Z,)=p+1.

1
0

Proof. The previous proposition implies that G has a subgroup consisting of the
elements of order p, and that not all elements in it commute. We find that this
subgroup, let us call it H, is nonabelian, and since there is only one nonabelian group
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of order < p*, we conclude that H & ((Z, x Z,) x Z,). There are only p* — 1 elements
of order p however, so
N((Z, x Z,) x Z,) =0.

Every smaller subgroup consisting of elements of order p must be a subgroup of H,
since it contains all the elements of order p. Proposition 2.2.11 gives the result. %

Lemma 2.3.48. For every g € G = (Z2 X Z,) Xy, Z, of order p*, it holds that
Z(G) < (g).

Proposition 2.3.49. In (Z,: x Z,) X, Z, it holds that
N(sz X Zp) =1.

Proof. This is following the line of the proof in the previous section.
Let a = ((z,v,),2),b = ((pa,y'), 2"). We get that

pdZ' (7 — 1)z p2e(x—1)
2 * 2

ba = ((z + pa’ + +pdZy +pyr,y+y+2w), 2+ 2)
and also
ab= ((x+pd +pdzy/,y +v), 2+ 7).

Equality in the second component can only hold if z/ = 0. The condition for equality
in the first component is then reduced to y'(z—dz) = 0 (mod p), but we cannot allow
y' = 0 since that would imply (b) < (a). The condition becomes = = dz (mod p).
We have p choices for o and p — 1 choices for y’. We have solved the problem of
coinciding generators, so the only restriction for a is = dz (mod p). That leaves us
with p? — p choices for x and p choices for y. z will be determined by the choice of .
In total: p?(p — 1) - p(p — 1). The result then follows:

N(sz X Zp) = »

Proposition 2.3.50. In (Z,2 x Z,) X, Z, it holds that
N(ZpxZ)=p—1.

Proof. Let a = ((z,v),2),b = ((p/,y'), z'). We want them to satisfy ba = a'*?b, so
we calculate

pdz' (2 — 1)x N p2'z(r —1)

ba = !
a = ((z+pa’ + 5 5

+pdz'y + py'z,y+y + '), 2 + 2)
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and
a' b = ((z + pz,y), 2)((pe, y), 2') = ((x + pa’ + pr + pdzy/,y +¢), 2 + 7).

The condition for the second component is then that z’z = 0 (mod p). = # 0
(mod p) = 2’ = 0. The condition for the first component is then reduced to

yr=x+dzy (mod p).

We see that we must have ¥/ #Z 0 (mod p). That leaves us with p choices for o/
and p — 1 choices for ¢/. (a) and (b) can never coincide, so we can choose a with
y'z = x+dzy’ (mod p) as the only restriction. We get p>—p choices for z and p choices
for y. Now z is fully determined by the condition. In total we have (p? —p)p-p(p—1)
choices for a and b. We conclude that

pPPlp—172

N(Zp2 NZp): p3(p—1) —p—l.

In summary for (Z,2 X Z,) Xy, Zy:

( n4:0
n3:O
n2=p4—p3
ng=p>—1
N(Zy)=p"+p+1

sz) = p2

szpr):l

Zy X Zy X L) =0

ZPQNZP):p—l
N((Z, x Zy) % Z,) =1.

\

Observation. There is no difference in structure between group (xii) and (xiii) that I
have found.

2.3.11 (xiv) ((Z, x Z,) X Z,) X Z,

In the previous chapter, it was shown that this group is isomorphic with

(a,b,e,d:aP =0 = =dP =1,dc = acd,bd = db, ad = da, bc = cb,ac = ca,ab = ba)
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with operation
(((@,9),2), w)(((«",y),2),w) = (@ + 2,y +y + 227), 2 + &), w + ).
All components are modulo p.

Lemma 2.3.51. For g = (((x,v), 2),w) € ((Z, x Z,) X Z,) x Z, with the operation
above, it holds that

n(n —1)xz
2
Proof. Proof by induction. It holds for g* = (((x,y), 2), w). Assume that it holds for

n

qg.

n

9" = (((nz,ny + ),nz), nw) .

gt = g
M),m),nw)(((m, y).2),w)

(n—-1)

n Tz
= (((nz+2,ny + 5 +y+ (n2)z),nz + z), nw + w)

= ((n,my +

(n? —n)rz  2nzz)
2 2

W), (n+1)2), (n+ 1)w)

= ((n+ Dz, (n+ 1)y + ,(n+1)z2), (n+ 1w)

= ((n+Dzx,(n+ Dy +

The result follows by induction. R
Proposition 2.3.52. For ((Z, x Z,) x Z,) x Z, it holds that

n=pt—1.
Proof. For any g € G we have g? = (((0,0),0),0). R

Proposition 2.3.53. The center of G = ((Z, X Z,) % Z,) x Z, with the operation
defined above s

Z(G) = ((((0,1),0),0), (((0,0),0), 1)) = 2, x Z,.

Proof. By inspection of the operation, we see that the condition for commuting is
xz = 2’z It we let ¢ = (((«/,y),7'),w’) be arbitrary, we see that we must have
x = z = 0. The elements commuting with all other elements are thus on the form
(((0,4),0),w). The result follows immediately. N\

Proposition 2.3.54. For any g € G = ((Z, X Z,) X Z,) X Z, (with the operation
defined above) such that g ¢ Z(G),

Clg) = Z(C) x {9) = Z, x Z, x Z,.
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Proof. By definition, this arbitrary g commutes with all elements in Z(G). ¢ can
however not commute with any other elements than the elements in Z(G) and (g),
because then |C(g)| > p*. That would force |C(g)| = p*, but by assumption g ¢ Z(G)
so we reach a contradiction.

g also commutes with its powers, so |C'(g)| > p?, completing the proof. X

This means that elements not lying in the center commute with p?® elements.
From Corollary 2.1.8 and Corollary 2.1.6:

N(Z,)=p+p*+p+1
N(Zyp) =N(Zys) =0
N(Zp2 X Zp) :./\/(sz X Zp) =0.

In summary for ((Z, x Z,) X Z,) X Z,:

(g =p' -1
N(Z,) =p*+p*+p+1
N(Zyp) =
N(Zy) =0
N(Zy x Z,) =0
| N(Z % Z,) =0

Observation. It remains to determine N(Z, x Z,), N(Z, x Z, x Z,) and N ((Z, %
Z,) X Z,) for this group.

2312 (xv) (Z, X Z, X Zp) X Zpy p >3

Again, it is crucial that p > 3 for the results to hold.
This group is isomorphic with

(a,b,c,d:a? =W =P =dP =1,ba = ab, ca = ac,da = ad, cb = be, db = abd, dc = bed)

with operation

(w—1)7

((x,y,z),w)((x',y’,z’),w’):((:C—i—x'—i—wy’—i—w 5 Yty w242, w+w')

and all components modulo p.

Lemma 2.3.55. For g = (((x,y),2),w) € (Z, X Z, X Z,) X Z, with the operation
above, it holds that

n(n — 1)yw+n(n —Dww—-1)z n(n-1)(n—2)(zw? ny+n(n —1)zw

5 1 + 5 5 ,NZ), NW)

9" = ((na+
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Proof. 1T omit the proof for brevity. There is no essential difference to this proof and
the similar ones that I have already done for the other groups. &

Proposition 2.3.56. For (Z, X Z, x Z,) X Z, it holds that
n=pt—1.

Proof. A quick calculation shows that

gP = ((p:r—i—p( Dyw | plp—Dw 4( Dz +p(p71)(g*2) ,py—l—p(p l)zw,pz),pw)
= ((0,0,0), 0)

X

Proposition 2.3.57. The center of (Z, X Z, x Z,) X Z,, with p > 3 and the operation

defined above is

Proof. By looking at the operation, we see that

e w2 =w'z
g9 g9 wy/+w(w;1) _wy+w(w —1)z

The first equation can only be satisfied for every ¢’ = ((2/, ¢/, 2'),w’) € Gifw = z = 0.
The second equation becomes w'y = 0, which is only satisfied for arbitrary w’ if

Note that you can see that (((1,0,0),0)) < Z(G) from the presentation.

From Corollary 2.1.8 and Corollary 2.1.6 we get
N(Z,)=p’+p" +p+1

and

N(Z2):N(Zp3):N(Zp2 XZp):N(Zp2 NZp):O.

p
In summary for (Z, x Z, x Z,) X Z,:

(n=p' -1
N(Z)=p"+p+p+1
N(Zy) =0
N(Zp3):

N(Zp2 X Zp) =
| N(Z2 % Z,) =0

Observation. It remains to determine N(Z, x Z,), N(Z, x Z, x Z,) and N ((Z, x
Z,) X Z,) for this group.
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2.4 Starting points for further studies

Throughout this text we have seen that some results seem to hold for all p-groups (at
least of low order with sufficiently big p). It thus seems plausible that a few general
results hold. For example that the n; are independent of everything but p and the
factors of the semidirect product, at least for completely factorazible p-groups. This
is a result that would most probably prove Conjecture 1.7.3.

Another thing we have noticed is that it seems like the product of elements of
order p is itself of order p. Again, it seems plausible that this holds for completely
factorizable p-groups when p is sufficiently big.

We also have a few natural starting points such as the study of the groups of order
p® and higher and also the study of what exactly happens when p = 2 or p = 3 for
the groups that collapse for these values of p.

In summary, here are some suggestions for starting points for further studies listed:

e Determine N(Z, x Z,), N(Z, x Z, x Z,) and N'((Z, x Z,) x Z,) for the groups
denoted (xiv) and (xv).

e For the further studies of the groups of order p" with n > 4 it is needed to
determine |Aut(G)| for all the groups of order p?.

e Continue with the study of the groups of order p°.

e Examine what happens when p = 2 and p = 3 for the groups that break down
for these values of p.

e A proof or rejecting of Conjecture 1.7.3 is of high importance.

e We saw that for all the groups of order p*, (with p > 3 when needed) it is true
that a,b € G of order p implies (ab)? = 1. Is this generally true? Will it hold
for the groups of order p®> when p is big enough?

e Some of the groups studied suffer from clumsy operations and/or presentations.
Finding alternatives might make some of the work more intuitive.
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Chapter 3

Representations of p-groups

In this chapter we will look at p-groups using representation theory. We will study
the irreducible characters of the non-abelian p-groups of order p* and p* and present
their character tables. In the process of finding these characters the conjugacy classes
of the groups will also be calculated. But first we will give an introduction to the
theory which covers the basics and proves the theorems that will be used later.

3.1 Short introduction to representation theory

This introduction will follow ideas and proofs presented in the book Linear represen-
tations of finite groups written by Jean-Pierre Serre (see [§]).

3.1.1 Definitions and basics

A representation p is defined as a homomorphism from a group G into GL(V') where
V' is a finite dimensional vector space over C and the degree of a representation is
defined to be the dimension of the space V. We will use the notation p, to describe
the linear map associated to g by p.

Two representations, (V, p) and (W, o), of the same group are called isomorphic if
there exists a linear isomorphism from V' to W with the property that fop, = 0,0 f
for any g € G.

Example 3.1.1. Let V be the vector space spanned by (e4),e¢ and let p act on the set
of basis vectors as ppe, = epy. Then p is a representation and it is called the regular
representation.

These representations will usually be studied through their subrepresentations
which are defined as a subspace W of V' which is stable under the action of p(g), that
is we have

p(g)W CW Vged.
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A representation which has no proper non-trivial subrepresentations will be called an
irreducible representation and we have a theorem regarding decomposing representa-
tions.

Theorem 3.1.2. Every representation can be written as a direct sum of irreducible
representations.

For the proof of this we will need the following lemma.

Lemma 3.1.3. If p: G — GL(V) is a representation, then for every subspace W of
V' stable under G there exists a complement which also is stable under G.

Proof. Here we will use a trick from Serre’s book, see Theorem 1.1 in [8]. Let p be
the projection of V onto W and define

p |G| Zpg p pg Y
geG

which also is a projection onto W since p,/W C W for all g € G, and thus has a
complement W in V. But we also have that p° o p, = p, o p° since

prop’op,t = pu °(ig |Zpg pop,')op,’
geG
= |G‘th0pgop0pg o py"
geG
- |G|Zpg0p0pg
geG

Therefore if we take z € W we get p’z = 0 and p, o p’z = 0 so we have p” o p,x = 0
thus p,z € W and
ngo g WO

which shows that W? is stable under G. N

Proof of theorem 3.1.2. Let p : G — GL(V). We will show this using induction on
the degree of the representation. If n = 1 then it is irreducible, so assume that the
theorem is true for all degrees less than n. If the representation is irreducible there is
nothing to prove, otherwise there exists a proper non-trivial subrepresentation which
implies the existence of a subspace W which is stable under G. Then by lemma 3.1.3
we get the existence of a complement such that V=W @ W’, that is we have V as
a direct sum of representations of degree strictly less than n and so by induction we
are done. R

98



G. Behm 3.1. SHORT INTRODUCTION TO REPRESENTATION THEORY

Lemma 3.1.4 (Schur’s lemma). Let (V,p) and (W, o) be two irreducible represen-
tations of a group G. Let also f : V. — W be a linear function with the property

fopy=o040f.
(1) If V. and W are non-isomorphic then f = 0.
(1) If V and W isomorphic then f will be multiplication by a scalar.

Proof. For (i) we observe that f(V') is a subspace of W since linear maps takes
subspaces into subspaces. We observe that f(V/) is stable under o since for any g € G

0gf (V) = (040 [)(V) = (f 0 pg)(V)

now we use that p,V C V and get o,f(V) C f(V). Because of irreducibility we can
conclude that either f(V) is 0 or W, now assume that f(V) = W but that would
imply that V' and W are isomorphic, thus f = 0.
To prove (ii) we assume that V = W and p = o, then there exists an eigenvalue
A. So let f"= f — X and note that f' o p, = p, o f' since for z € V and g € G
(f'o Pg)T = f,pgx = [Pyt — Apgx = pgfr — pgAz = (pg © fa.

But ker f’ is a stable subspace under p since for = € ker f’

f’(pgx) = pg(f':p) =p0 =0

and so p, ker f' C ker f'. Note also that since A has at least one eigenvector we get
ker f' # 0. Therefore ker f/ =V because p is irreducible and thus f = A. R

3.1.2 Characters

If p is a representation of G then the character x of p (usually denoted x,) is defined
for g € G as

Xo(9) = Tr(p(g))

where Tr is the trace. With a little abuse of language we will call a character of an
irreducible representation an irreducible character.

Theorem 3.1.5. If x is the character of a representation p of degree n then x has
the following properties

(i) x(1) =n
(i) x(hgh™') =x(g) Vh,g € G.

(iii) x(g7) = x(g) V g € G.
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Proof. Note that since p is a homomorphism 1 must map to the identity element of
GL(V) which is the identity matrix I,, of size n. Then x(1) = Tr(I,), but we have
Tr(1,) = n thus proving (7).

The second property is trivial since we know that the trace is similarity invariant
(see any book in linear algebra for proof).

The third property follows from the fact that eigenvalues of p, are roots of unity
and the fact that the character x(g) is the sum of the eigenvalues. We also note that
if A is an eigenvalue of p, then A~! is an eigenvalue of p,—1 and that A = A~!, then

X =Y A=Y N'=x(g7").
X

Another valuable property of these characters is that they respect the direct prod-
uct.

Theorem 3.1.6. Let (V,p) and (W, o) be two representations of G and let also ¢
and ) be their characters. Then the character x of V@& W is x = ¢ + .

See Proposition 2.2 in [8] for proof.

The second property of Theorem 3.1.5 can also be stated by saying that a function
f : G — C should be constant on the conjugacy classes of G' and such a function will
be called a class function. If we consider the vector space of all class functions we
can define an inner product as

1 -
(0:%) = 7 > w(g)(g).
geG
We now want to prove one of the most useful theorems regarding characters.
Theorem 3.1.7 (The orthogonality relations).

(i) Let x be a character of a representation (V, p), then x is irreducible if and only
if (x,x) =1.

(i1) If ¢ and ¢ are characters of two non-isomorphic irreducible representations then
(p,9) = 0.

The proof will be split up into three propositions and throughout their proofs we
will use Corollary 2.1 from Serre’s book, see [8].

Lemma 3.1.8. Let (V,p) and (W, o) be two irreducible representations of a group G
and let h -V — W be linear and define

1 _
ho = @ZO} lhpt.

teG
Then
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(i) if p and o are non-isomorphic then h® = 0
(it) if V=W and p= o then h® = LTr(h), where n = dim V.

Proof. Note that for any s € G h° o p, = o, 0 h” since

o, tohlop, = Za o, thpps
tGG
= Za(ts 1hpts
tGG
= ho.

Now we can use Schur’s lemma 3.1.4 and get for (i) that h® = 0 since h = 0. For (i)
we get that h® = X\ and since

Z Tr(o; *hp;) = Tr(h)

e
and since Tr(A) = nA we conclude that A% = XTr(h). R

Proposition 3.1.9. Let x be a character of a representation (V,p), then (x,x) =1
if x is irreducible.

Proof. Let x be given in matrix-from by p, = (r;;(¢9)). Then x(g) = > 7:i(g) and

1 —1
(6 x) x(g Tyi\g)T55'\9 ).

gEG gEG,i’,j/

Now we redefine 2° from Lemma 3.1.8 to be in matrix-form given by (hy;), with
h' = (hij), pg = (rij(9)) and o4 = (si;(g)) we get

1 5 et

If we then apply (%) of the lemma to p, we get that

R = ~Tr(h)

n

and in matrix-form this is

Iy
RO — 4 E Sir it B
1] vyttt
oy
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When we equate these expressions we get

5
J

E i (D higrye (1) = =2 ) Sujrhay
| n il,j/

t,i g’

which is a system relating coefficients of h;; thus we can express them separately as

\G! an TJ] 513(51J
Now apply this last formula with s;; = r;;
]G’ Zru et 513513
and so we can continue to calculate (x, x)
1 _
ex) = 5 2 reel9)ryr(e)
’ | gEG7i,7j/
1
= — 62-/ "51'/ i/
2 ey
7 7‘7
= 1.

N\

Proposition 3.1.10. If ¢ and i are characters of two non-isomorphic irreducible
representations then (¢,v) = 0.

Proof. Let p, = (1;5(g9)) and o, = (s;;(g)) be the irreducible representations with
characters ¢ and 1.
We again use h° from Lemma 3.1.8 in matrix-form as

but this time the lemma gives that hij = 0 for our non-isomorphic representations
and hence gives the system of equations

|G|ZS” r” ) =0.

When we then calculate (p, 1)) we get

1 _
Z Ti’i’(g)sj’j’(g 1) =0.

Gl &7 s

(o, ) =
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Proposition 3.1.11. Let x be a character of a representation (V, p), then x is irre-
ducible if (x,x) = 1.

Proof. We use Theorem 3.1.2 and write the representation V' as a direct sum of
irreducible representations W;
V= @ miVVi?
i

where m; is the multiplicity and W; is non-isomorphic to W if ¢ # j. But then it is
clear from Theorem 3.1.6 that x = >, x; where y; is the characters of W;, so that

e =0 x> xi) =D (ixg) =Y _m;.
i j ij
The assumption (,x) = 1 then gives that the y must be irreducible since the mul-
tiplicities my, are a positive integers. R

And thus we are done with the proof of Theorem 3.1.7.

We now turn our attention to the space of class functions on G and we will prove
that it has a basis related to the irreducible characters and its dimension is related
to the conjugacy classes of G.

Theorem 3.1.12. The characters of the irreducible representations of G form an
orthonormal basis for the space of class functions on G.

Proof. Again the discussion will follow a proof by Serre (see Theorem 2.6 in [8]).

It is already clear that the irreducible characters xq, ..., x; form a orthonormal
set, so we only need to show that they span the space of class functions on G. So
assume that we have a class function f that is orthogonal to y; and thus outside the
span of the characters.

We intend to show that f = 0 by applying Schur’s lemma 3.1.4 to the function py
defined for any irreducible representation p : G — GL(V') by

pr=>_ f(9)ps
geG
Then py is a linear function from V to V, and for any h € G

prloron = > F(9)pn-1pgpn

geG

= > f(huh™p,

u=h—lgheG

= > fuw)pa
ueG
= Py
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and so we have satisfied the assumptions of Schur’s lemma and get that p; = A. So
we take the trace of this equality and get

nA =Tr(ps) = Zf )Tr(py) = Zf 9) =g(f,x)

geG geG

but since f is orthogonal to all the irreducible characters we get that (f, ) = 0 and
thus A = 0. We conclude that p; = 0 for all irreducible representations, but we can
always decompose a reducible representation and thus p; = 0 for any representation.

Now choose the regular representation (see Example 3.1.1) and look at how py

acts on e;
prer = Z f(g)pger = Z f(9)eg
geG geG
but p; = 0 which implies >, f(g)e; = 0 which means that f(g) = 0 for all g. So
we conclude f = 0 which is what we wanted to show. R

Theorem 3.1.13. The numbers of irreducible characters are the same as the number
of conjugacy classes of G.

Proof. The class functions are determined by their values on the conjugacy classes
of G thus as a complex vector space they have a dimension equal to the number of
classes. But we showed in the previous theorem that the irreducible characters form a
basis for the same vector space, thus the number of classes and number of irreducible
characters are the same. X

We also have a restriction on the degrees of the irreducible representations and
how they relate to the size of G.
Theorem 3.1.14. Let n; be the degrees of the irreducible representations of G then

Gl => nl.

Proof. We make use of the regular representation from Example 3.1.1 and note that
if we let 7 be its character then r(1) = |G| and r(g) = 0 if g # 1 since pge; # e; if

g#1

Now if we expand the character r as a linear combination of the irreducible char-
acters, r(g) = > _(r, x:)xi(g), we get the coefficients as

— _|Gl—
% 1 7
(.30) = 7 250 = D =
geG
where n; is the degree of the character y;. If we then evaluate r(1) we get that
r(l) = Z (r, xi)xi(1 Zn

but r(1) = |G| and we are done. R

104



G. Behm 3.2. PRELIMINARIES

3.1.3 Induced representations

Let H < G and let 0 : H — GL(W) be a representation of H. Let also R be the
set of representatives of the left cosets of H in G. We say that a representation
p: G — GL(V) is induced from the representation ¢ of H if we can write V as a
direct sum of copies of W, that is

V=&pnW.

reR

One can think of this representation as letting 6 act on W and identifying 6 with
the restriction of py to H. In that case the subspace W becomes stable under p and
thus the spaces psW will also be stable under H and only depends on the coset to
which s belongs. Then the action of G on this set of subspaces p,W will be the same
as that of the action of G on the set of cosets.

We cannot a priori assume the existence and uniqueness of this representation (at
least not if we define it this way, see chapter 16 in [2| for another definition using
group algebras and tensor products), this is proved in Theorem 11 in [§].

If we know the character of # we can compute the character of the induced repre-
sentation p as in Theorem 12 in [§]

Theorem 3.1.15. |

Xol9) = D xeltT'gt).

|H| teGt—1gt
t-lgteH

Corollary 3.1.16.
Xp(1) = |G : H|xo(1)

Proof. Just evaluate the formula in the previous theorem for 1

o)== > xo(t'1t)= ZX& =[G : Hlxo(1).

‘H‘ teGt—11teH teG

3.2 Preliminaries

We will need to know the representations of some small abelian p-groups, namely
those of Z, and Z, x Z,. To find these we will use the following theorem.

Theorem 3.2.1. If G s an abelian group then every irreducible representation will
be of degree 1 and the converse is also true.
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Proof. Since G is abelian we know that it has |G| conjugacy classes. Which by
Theorem 3.1.13 is gives that G has |G| irreducible characters, but we also have by
Theorem 3.1.14 that

which clearly only can be satisfied when n; = 1 for all <. The converse is clear from
Theorem 3.1.13. R

3.2.1 Characters of Z,

We proceed as in Example 5.1 in [8] and begin by noting that since Z,, is abelian every
irreducible representation will be of degree 1 (Theorem 3.2.1). Thus the characters of
these representations will be of the type x(g) = w for some w € C. Noting that g = 1

we see that wP = 1, so w is a p-th root of unity, that is w = e for a = 0,...,p—1.
Thus we get the irreducible characters defined for z € Z,

3.2.2 Characters of 7, x Z,

This is treated in Example 15.2 in [2]| as follows.

We first observe that the conjugacy classes of a direct product is the product of a
class in each of the factors, thus we have in our case p? conjugacy classes. This can
be shown as in the example in [2] by noting that an element (x,y) in a direct product
is conjugate to («/,y’) if and only if x and z’ are conjugate and likewise for y and y'.

We make the assumption that the characters will be

Tap(T,Y) = Xa(T)X5(Y)

where x, and xg are irreducible characters of Z,. We now want to verify that these
functions indeed are p? irreducible characters by using Theorem 3.1.7. Then by
Theorem 3.1.13 we know that there are no other irreducible characters and we are
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done.
1
(TaﬂaTa’ﬁ’) = @ZT&,B(Q)TOL/B/(Q)
geG
1 -
= 5 > Xa(@)Xs¥)Xar (@) x5 (¥)
p T,yELp
= iz e%afpe%ﬁye—%a/xe—%ﬁw
p T,YyELp
1 27i ’ 27i ’
= Ly e 30 e
p z€Zp y<Zp
1
= Epaaa’péﬁﬁ’
- 604(1’6,85’

Here we have used that the sum over all the p-th roots of unity is zero and thus
we have found all of the characters.

3.3 Characters of p-groups of order p?

Throughout this section A will denote an arbitrary non-trivial p-th root of unity.

3.3.1 Characters of (Z, x Z,) x Z,

Let G = (Z, x Z,) X Z,. To motivate our search for the the irreducible characters we
make use of Theorem 16 in [8] which is stated to hold for supersolvable groups, but
since p-groups are supersolvable we can state the theorem as

Theorem 3.3.1. Let G be a p-group. Then each irreducible representation of G is
induced by a representation of degree 1 of a subgroup of G.

So since we know the irreducible characters of both Z, and Z, x Z, we can look
at the induced characters of these subgroups, but we are only interested in the case
Zy X Zy since the degree of an induced representation is related to H as in Corol-
lary 3.1.16 and so we want |G : H| = p.

To continue we need to find the conjugacy classes of G, and this is done best by
considering the matrix presentation of G which is introduced in Example 1.4.7. So if
we have g = ((z,y),2) € G, it was shown that g is equivalent to the matrix

o O
O~ W
— 8
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and that multiplication in G is with this presentation just matrix multiplication which
gives the formula

((z,9),2)) * ((&,), 2') = ((z + 2",y + ¢ +2"2), 2+ 2).

So now it is not hard to find the conjugates of g by h, let h = ((u,v),w) so we have
that h='gh is

1 —w wu—v 1 2z vy 1 w v 1 2 y+z2u—aw
0 1 —u 01 =z 01 w|]=101 x
0 0 1 0 01 0 0 1 0 0 1

If not both = and z are zero we see that we get p conjugates and if x = 2 = 0
we see that ¢ is in the center of G. And so we can conclude that the representatives
of the non-trivial conjugacy classes are ((z,0), z) and that we have p? — 1 different
classes of this type. We also get that Z(G) = {((0,v),0) |y € Z,}.

Induced characters of (Z, x Z,) x Z, by Z, x Z,

Let G = (Z, x Z,) x Z, and H = {((z,y),0)} = Z, X Z, so that |G : H| = p. To
calculate the induced characters x we use Theorem 3.1.15 and let 7.¢(x,y) = AV
be the characters of H, then

1 _
X((I7y)7 Z) = m Z TEC(t 1gt)
teGt—lgteH
With the definition of H we get that

1
X((xv y)7 Z) == ") Z )\Ex)\f(y-i‘Zu—xw)’

p ((u,v),w)EG
((z,y+zu—aw),z)eH

but since H is of the form {((z,y),0)} we see that xy = 0 if z # 0 and note also that
the summand does not depend on v, thus

2
x((z,9),0) = % S OATAwTI) NN Y\,

The sum Y, A" is a sum of all roots of unity and will vanish when (x # 0, but ¢
is arbitrary and this implies that x vanishes whenever z # 0. Note now that x(g) is
zero whenever g € Z((), so we finally have our induced character y which takes its
non-zero values on the center as

Xc((0,9),0) = pA°v.
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We also want to verify that these characters are irreducible by calculating

(Xooxe) = ﬁzmg)xv(g)

geG

1 /
= = Zp)\Cyp)\—Cy
Py

2
P y
_ _32)\(4 ¢y
LA
= O

where the last equality is again due to the fact that we sum over all roots of unity
and so if we use Theorem 3.1.7 we get that x are irreducible, non-isomorphic to each
other and has degree p.

Lifting characters from 7, x Z,

To find the rest of the characters we use the method of lifting characters from an
abelian subgroup G with a homomorphism which also is a class function.

Let n : (Z, x Z,) X Z, — Z, x Z, by ((x,y),z) — (x,z), observe that this is a
homomorphism. Then ¢,3 = 7,5 01 is a class function, and I intend to show that
these are irreducible characters. To do this we look at the inner product

(Gup o) = ﬁzfaan(g))w(n(g))

geG

= Ly ey
P

x7y7Z

_ % Z )\(a—a’)x Z )\(B—B’)z7
- z

and since each of these sums are zero if (for the first sum) o # o’ and p if @ = o
(and likewise for the second) we see that

(Pap Parp’) = Oaardpp,

which implies that ¢, are irreducible characters (again by Theorem 3.1.7).

Since ©,5((0,0),0) = 7a5(n((0,0),0)) = A@0+50) = 1 we see that all of these
characters has degree 1 and that g is the principal character.
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Character table

We have found two orthogonal sets of irreducible characters but we still need to verify
that they are non-isomorphic to each other.

(e o) = éZXc(g)%ﬁ(g)

geG

1
R
P™ (@ ez

_ P ¢
pf”;/\y

We see that if ¢ # 0 then we get (x¢, pag) = 0 which is what we needed to prove
that the characters are orthogonal. Thus we have found p? characters of degree 1 and
p — 1 characters of degree p, thus by Theorem 3.1.13 we have found all irreducible
characters.

Let ((0,y),0) be the elements in Z(G) and let ((x,0),z) be the representatives
of the non-trivial conjugacy classes. Assume further that «, 5,( € Z, and also that
¢ # 0, then we get the character table as

| ((0,9),0) | ((2,0),y)
Dap 1 )\az+6z
X¢ pASY 0

Observe that we can identify the principal character as .

3.3.2 Characters of Z,: x Z,
Let G = Z,» x Z, with the group action as
(@,y) = (2", y) = (& + 2"+ pz'y,y +9).
From Example 1.4.8 it is clear that any element g = (z,y) can be written as
1+py =z
0 1)
1

Using this we find the formula for ¢g7' = (x,y)~! as

(xfy)il = (—.T(l _pZJ); _y)7

from which we can determine the conjugacy classes of G. Let g = (x,y), then its
conjugates are of the form

(u,0) " (2,y) * (u,0) = (z + plyu — 2v),y).
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To find the center of G we look for elements such that

(u,0) " (2, y) * (u,0) = (2,9),

and is satisfied by, for example, the elements of the type (pr,0) for r € Z,. There are
p such elements and they form a subgroup of G isomorphic to Z, and thus Z(G) =

{(pr,0) | r € Z,}.

The representatives of the non-trivial conjugacy classes are (x,y) where we count
both coordinates modulo p. So there are p? — 1 non-trivial classes because the choice
(0,0) will lie in Z(G), and thus we have a total of p*> + p — 1 classes.

Lifting characters from 7, x Z,

Define n : G — Z, x Z, as (z,y) — (x mod p,y), this defines a homomorphism
which is also constant on the conjugacy classes of G. So let w,3 = Tos 01, and verify
that they form an orthonormal set of irreducible characters

(aps porgt) = pi S ras (02, 9) i (122 )

Now since 1 counts modulo p in the first coordinate we get, with '’ =z mod p

p e —
((pa& Qpa’ﬁ’) = E E Taﬂ(x/y)Ta’ﬁ’<x/a y)
z'y

— lg Z (a2’ +8y) \ —(a'z'+By)
p” =
x'y

_ iQ 3 Aemas $7 G-
P4 -

= 5aa/6551 .

This is again by the fact that a sum over all roots of unity is zero.

Orthogonality relations

Instead of using induction to obtain the rest of the irreducible characters one can make
a guess and then use the orthogonality relations to show that they are irreducible.
And if we look at the previous group and make a bold guess, we assume that the
irreducible characters of Z,» x Z,, are the of same type as those of (Z, x Z,) X Z,. So
we let . be zero outside Z(G) and defined therein by

Xc(pr,0) = p)\g’".
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Verification of the irreducibility is easy

1

(xe:xe) = EZX((Q)X(’(Q)
g

1 ,

— EZPACTp)\—CT

_ Iy eeor
p 2

= ¢

We also want to show that they are orthogonal to the ¢,5 by calculating

(X¢: Pas) = éZXc(Q)%B(g)

geG

1
Sy e
p (pr,0)eZ(G)

— Z%ZACT

thus if ¢ # 0 we have (x¢, @ap) = 0 are done by Theorem 3.1.7 and have found p — 1
irreducible characters.

Character table

This group has a very similar character table to the other non-abelian p-group of
order p3. So the table is, with 2/ = 2 mod p and ¢ # 0

0| (@)
| 1| AT
X¢ | pATT 0

3.4 Characters of p-groups of order p*

We proceed through the list of the non-abelian p-groups presented in Section 1.6.3.
Again we will throughout this section use A as an arbitrary non-trivial p-th root of
unity and p as any p-th root.

3.4.1 Method

Two of the groups are direct products of the groups of order p* and Z, so the characters
are obtained as in Section 3.2.2.
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The other groups are divided into two cases characterized by |Z(G)| = p* and
|Z(G)| = p. The first case is treated as described below but the case where |Z(G)| = p
is trickier and I have yet to find a method for this case.

(i) Find the group operation and the formula for the inverse.
(ii) Find the conjugacy classes of the group using the inverse.

(iii) Lift characters with a homomorphism 7 from G to an abelian subgroup of G.
We will let  be defined by collapsing the conjugacy classes, that is, it maps the
classes onto their representatives. As it turns out 7 will define a map from G to
G/Z, and for each case we need to verify that it is a well-defined homomorphism
to an abelian group. One also need to check that the composition of n and the
characters of G/Z, is a class function and that it is an irreducible character.
But since a homomorphism to an abelian group always be a class function it is
enough to check the irreducibility.

(iv) Make a guess and find the characters of degree p. A good starting point is to
guess that characters are zero outside the center and has a similar appearance
as the x of the groups of order p?.

(v) When we have found all characters (we know that the number of characters are
exactly the same as the number of conjugacy classes, see Theorem 3.1.13) we
verify that our characters are irreducible and are non-isomorphic using Theo-
rem 3.1.7.

3.4.2 (Vi) Zs x Z,

Let G = Z,s x Z,. The operation is
(z,y) * () = (z + 2" + pPya’,y + /)

and using this we can find the conjugacy classes by first finding the inverse of an
arbitrary element.

(z,y)""

((2,0) % (0,9)) "
(0,9)" # (2,0)
(0, —y) = (—==,0)
(

—z + pPry, —y).
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Then the conjugates of (z,y) by (u,v) are

(u,v) " (2,y) * (u,v) =
= (—u+ p*uv, —v) * (z +u + p’yu,y + v)
= (—u+p’w +z+u+pyu+ p*(—v)(z + u+ p*yu), —v + y + )
= (z+p*(yu —va),y).

Thus we see that Z(G) = {(pr,0) | r € Z,2} since the center of a p-group of order
p* has order p or p? and we have found p? elements which have trivial conjugacy
classes. The non-trivial classes are of size p and have the representatives (z,y) where
x € Zyp,y € Z, and pf z, thus we have p(p* — 1) such classes (p? choices for = and p
for y and p of those are in Z(G)). The total number of classes is p* + p* — p.

Lifting characters from 7, x Z,

We want to find a homomorphism which maps the conjugacy classes to their rep-
resentatives, so let n : (z,y) — (z mod p*y) and n : G — Z,2 x Z,. This is a
homomorphism because

n((z,y) = (@', y) =n((z+ 2"+ p’ya’,y +9)) = (@ + 2",y +3)

and

() *n((2',y) = (z,9) = () = (@ + 2",y + 7).

Let T.5(z,y) = u*N%, then we get p? irreducible characters by taking ¢.s =
Tap © 1, Which are irreducible because

1 -
(agsPars) = = > Tapon(x,y)Tap o 1(x,y)
P xEZps,yEZp
p
= = Z Tap (@', )T (2!, y)
p :I:’GZPQ,yGZp
_ lg SO gl \E
p LE’GZPQ,yGZp
= T e e
p :E’GZPQ pyEZp
= 6@04’565’-
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Orthogonality relations

For (pr,0) € Z(G) let 0. (pr,0) = pu", where p is a p>-th root of unity, and 6, = 0
for values outsize Z(G). We verify irreducibility as

Z Qv(x,y)é’v(x,y)

Z‘EZP3 WYEZp

= % > o pu"

rEsz

= = Z u(v—v’)r
p

TEsz

(0,,0,) =

| -

- (57“/ :

We check that the 6., are non-isomorphic to ¢,z by

> 0, y)eas(x, y)

acEZpg WYEZ)p

Z plu'yrlu/apr)\ﬁo

TGZPQ

Z M(v—ap)r

TEZPQ

S| =

(04, 0ap) =

S| -

@%l’@

and we see that so long as v # ap for all « then (6,,¢a5) = 0. So we get p* — p
choices for v and thus we have found the rest of the irreducible representations.

Character table

We have found p? characters of degree 1 and p? — p characters of degree p, we know
that there are no more since there are p® + p? — p conjugacy classes of G. Thus the
character table of G is, where p v

| (pr,0) | (z mod p?,y)
uorr T Py
pp” 0

Pap
0

v

3.4.3  (vii) (Zp x Z,) % Z,
Let G be (Z,2 x Z,) x Z, and we know the operation of this group as

((z,9),2) * (', ¢),2) = (@ + 2" +pzy sy +¢), 2 + &),
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The inverse of an arbitrary element is

((z,y),2)7" (,0),0) * ((0,9),0) * ((0,0), 2)) ™"
= 0,0),2) 1*(( 7y)70) b ((ZL‘,O),O))
0,0), —2) * ((0, =), 0) * ((—z,0),0))

pyz, _y) z)* ((— 70)7 0)
—T + py=z, _y)a _Z)

thus the conjugates of ((z,v), z) by ((u,v),w) are

((w,0),0) 7" % ((2,y), 2) * ((u, v),w) =
((—u+ pow, —v), —w) * ((z + v+ pzv,y +v), 2 + w)
= ((z+pzv—yw),y, 2).
We see that Z(G) = {((x,0),0)} and that the representatives of the non-trivial classes

are ((z mod p,y),z) where y and z not both zero. Thus we have p* — p classes of
size p and the total number of classes is p* + p? — p.

Lifting characters from 7, x Z, x Z,

Let n : ((z,y),2) — (x mod p,y,z) which takes G to Z, x Z, x Z,. This will
define our homomorphism since it collapses the conjugacy classes and it truly is a
homomorphism since

n(((,y),2) * (2", y),2)) =n((z + 2" +p2y sy +¢), 2+ ) = (e + 2,y + v/, 2 + &)
and
n(((z,9),2)) *n(((z',y'),2") = (x,y,2) x (2", ) = (z + 2",y + ¢, 2 + 21).

We use 7 to lift the character Tos,(7,y,2) = A**APYA\7* to a character on G as
Papy = Tapy © 7). These characters are irreducible since

Gopr o) = ~ S o (), 2)pwry (5,9, 2)
p v€Z2,y,2€ Zp
_ Z A\(@—a)z' \ (B=B")y \ (v—)z
@ y,2€ 7,
5040/5/35’57“/ .

116



G. Behm 3.4. CHARACTERS OF p-GROUPS OF ORDER p*

Orthogonality relations
Let 0;((x,0),0) = pu‘® and 0 = 0 outside Z(G). Check that 6 is irreducible

(0., 00) :]% S 0ul(@,0), (@ 9), )

zemey,zeZp
2
_ b (¢=¢Na!
= i
prg

= g

Check that the 0 are non-isomorphic to ¢qgs,

(Oc. o) = pi S 0 y), ) pan (@), 2)

xEsz Y,2€ELp

1
— — Z pMC:c/\—am)\—EO/\—WO

QJGZPQ

_ ]%Z Mgw)\ax

CEEZPQ

Observe now that for some suitable non-zero a we have A\ = pP® since A is a p-root
and p is a p?-th root, then we get that

p —pac)x
(0, papy) = i > e,

xGsz

For this to be zero for all @ we need that ( # paa mod p, but this is saying that
p1 (. Sowe get p? —p choices for ¢ thus we have found our irreducible representations
of degree p.

Character table

We have found p* characters of degree 1 and p* — p characters of degree p, we know
that there are no more since there are p® 4+ p? — p conjugacy classes of G. Thus the
character table of G is, where p { ¢

| ((2,0),0) | (= mod p,y), 2)
o )\ax}\ﬁy}\’yz
pus” 0

Paby
Oc
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3.4.4 (Viii) sz X sz
Let G be Z,» x Z,» with the operation

(z,9) x (2",y) = (x + 2" + pya’,y + ).
The inverse of an arbitrary element is
~1

((2,0) = (0,)) "
= (,y) (37,0)‘1
(
(

(z,9)

— + pay, y)

and thus we get the conjugates of (z,y) by (u,v) as
(w,0) 7" % (2,9) % (w,0) = (—u+puv,—v) * (x + u+ pyu,y + v)
= (z+plyu —vz),y)

Thus the center of G is {(pr, ps) | r, s € Z,} and the non-trivial classes are represented
by (x mod p,y) where if z = 0 then y # 0 mod p since otherwise (z,y) € Z(G).
There are p® — p such classes and they are of size p, so we have a total of p® + p? — p
conjugacy classes of G.

Lifting characters from Z, x 7,

Let n: (z,y) — (z mod p,y) which is a homomorphism from G to Z, x Z,2, since

n((x,y) * (2,y) =n((z + 2" +pya’,y +v)) = (x+ 2",y +9)
and
n((x,y) *n((2,y) = (x,y) * (2',y) = (x + 2",y + 7).

So we use 71 to lift the characters 7,5(x,y) = A\u? of Z, x Z, to G. Let
©Yap = Tap © 1 and verify irreducibility

1 -
(Paps o) = = O Pas(@,y)Pus(2,y)
p xyEZQ
D (a—a)z", (B—P")
= 2 Ay
zEZp,yEZpg
— 5060/56ﬁ/'
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Orthogonality relations

Let O.c(pr,ps) = pA\"A%* for (pr,ps) € Z(G) and let 6., = 0 otherwise. These
characters are irreducible since

1

(06C796’C’) = = Z Heg‘(xvy)ee’g“’(l‘7y)
p :cyGZ 2
_ p Z /\e g’ r/\g“ ¢s
rsEZp
— 555'6CC/'

They are non-isomorphic to the ¢,s since

(0cc: Pa) = (z,9)pas(T,y)

NM

Z p)\er)\CS)\ ozpr —Bps
(pr,ps)€Z(G)

Z 6 pa)r Z )\(su—ﬁps

€Zp s€Zy

s - sl

because if € # 0 then > AE=POT = () and thus (0, pas) = 0, so the 0. are
p(p — 1) irreducible characters.

Character table

We have found p? characters of degree 1 and p? — p characters of degree p, we know
that there are no more since there are p® + p? — p conjugacy classes of G. Thus the
character table of G is, where € # 0

| (pr,ps) | (x mod p,y)
Dop 1ors AT Py
0.c | pATAC 0

3.4.5 (ix) (Z,2 % Zy) X Z,

Let G be (Z,2 x Z,) x Z, and observe that G is a direct product of two groups of
which we know the irreducible characters, see Section 3.3.2. We also observe that the
conjugacy classes of G are represented by the products of the representatives of the

classes in Z,2 x Z, and Z,. Thus we have p(p® + p — 1) classes in G represented by
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((z mod p,y), z) and the center is {((pr,0),2) | 7,z € Z,}. We then proceed as we
did in Section 3.2.2 and the characters as are
| ((pr,0),2) | (x_mod p,y), 2)
PRE )\ax}\,@y}\'yz
PATTIAGE 0

Papy
O

3.4.6 (x) (Z, % Z,) % Zy
Let G be (Z, x Z,) x Z,» with the group operation as
((z,y),2) * ((«",y), ) = ((z + 2"y + ' + 22), 2+ 2).
The inverse of an element in G is
((I7y),2)_1 = ((( ) )*(( Y )70) ((07 )7Z))_1
= ((0,0),—2)7" % ((0, =), 0)~" * ((==,0),0)™"
= ((O’ _y)7_ )* (—1’,0), )
((—z, —y+x2), —2).
Then the conjugates of an element ((z,y), z) by ((u,v),w) is
((w,0),0) 7" % ((2,9), 2) * ((wv), w) =
((—u, —v +vw), —w) * ((z + u,y + v+ zu), z + w)

((x,y + zu — zw), 2).

So we see that Z(G) = {((0,y),pr) | y,r € Z,} and the representatives of the non-
trivial classes are ((z,0),2) where p t z if z = 0. Thus we get p(p? — 1) such classes
of size p, and a total of p* + p? — p conjugacy classes of G.

Lifting characters from Z, x Z
Let n: ((z,y), 2) = (z, z) which is both a homomorphism from G to Z, x Z,.

n((z,y),2) * (2", ¢),2") =n(((z + 2,y + ¢ +22), 2+ ) = (2 + 2/, 2 + 7))
and
n(((z,9),2)) *n(((«',y'), ) = (v,2) % (2, ) = (x + 2, 2 + &),
Let @op = Top 0 1) Where To5(z,y) = A% Then ©ap are irreducible
1 -
(90057900/5’) = E Z (pa5<($,y),2)§0a/5/(($,y),Z)

z,YE€Zp zeZ 2

= P S A5

p TE€Zp,2€7Z 2

=~

= GawrOss.
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Orthogonality relations
Let 0.c((0,y),pr) = pA¥A¢" for ((0,y),pr) € Z(G) and let 6. = 0 otherwise. These

characters are irreducible since

(Ocb0e) = ~ 5 0.cl(9), 2o (@9),7)

x,yGZp,zesz

P’ (e—€")y \ (¢
_ e—¢& )Y — '
= § A A

Y,r€ELp
- 566’5(§’
and they are non-isomorphic to the ¢,z
1 -
(65090045) = 1 Z 954((x,y),z)<pa,3((x,y),z)

p x,yEZp,zesz
1

— E Z p)\SyACTA—OéOILL—ﬂpT

((0,9),pr)€Z(G)

_ £ er ¢r,,—Bpr
o i Z A Z A p
YyEZp sEZp

which is zero whenever e # 0 thus we get p(p — 1) irreducible characters.

Character table

We have found p? characters of degree 1 and p* — p characters of degree p, we know
that there are no more since there are p + p? — p conjugacy classes of G. Thus the
character table of G is, where € # 0

| ((0,9),pr) | ((x,0), 2)
Do ,uﬁpr )\a:vluﬁz
Oc | pAVAT 0

3.4.7 (xi) (Zyp X Zy) Xy, Zy
Let G be (Z,2 X Z,) x, Z, with the operation
=1

(z,y),2) * ((«',y),7) = (x + 2’ + pza’ +pyz,y+y +a'z), 2+ 7).

The inverse of ((z,y), z) is

(($ayaz)7w>_1 = ((070)7_Z) ((0,—y),0)*((—1‘,0),0)

((07 _y)a _Z) * ((_‘r7 0)7 O)
z+1

= ((—x —pzz + pry, —y + x2), —2).
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Then the conjugates of ((z,y), z) by ((u,v),w) are

((%U)? w)il * ((l’, y)a Z) * ((u7 U)? w) =

u—+1

= ((—u—pwu + puv, —v + uw), —w)

*((x 4+ u + pzu + pyu,y + v+ uz), 2z + w)

u—1 x—1
= ((z+plyu — vz + zu 5 TWI— ),y +uz — zw), 2).

Thus we see that Z(G) = {((pr,0),0) | r € Z,}. The observe also that the conjugacy
classes of order p are represented by ((0,y),z) and there are thus p* — 1 of them.
Further we get p(p — 1) classes of order p? with ((z mod p,0), z) as representatives,
and so we have 2p? — 1 conjugacy classes in G.

In this group |Z(G)| = p and thus our method fails and I have not found another
way of obtaining the characters yet.

3.4.8 (xiv) ((Z, x Z,) % Z,) x Z,

Observe that this group is a direct product and proceed as in Section 3.4.5. We know
the characters of (Z, x Z,) x Z, from Section 3.3.1 and the conjugacy classes, so we
conclude that we have p(p? + p — 1) classes represented by (((z,0),2),w) and the
center is (((0,y),0),w). Thus the character table looks like, where € # 0

| (((0,9),0),w) | (((«,0), 2), w)
NE ASENFAT

Papy

96( p)\ay)\g“z 0

349 (xv) (Z, X Z, X Z,) X Zy, p> 3
Let G be (Z, x Z, x Z,) x Z, with the operation

(9.2 w) (0. 2)0f) = (Gt o/t 20D g 2 ) ),
The inverse of an element is then
<<x>yaz>7w)71 = ((0707 0)? _w) * ((0707 _Z>70>
*((07 -v, 0)7 0) * ((—CE, Oa 0)7 0)
1
= ((—zw = 2w, —2), —w) * (<2, —,0),0)
1
= ((—x—zww + yw, —y + zw, —2), —w).
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So the conjugates of ((x,y, z),w) by ((z/,y', '), w’) are

("9 2),w) 7 ((,y, 2),w) * (9, 2), w) =

— (<_.T/ _ Z/wl + _"_y/w/’_y/ +Z/w/,—2/), _wl>

2
(w—1)
2

*((x + 2"+ y'w+ 2w Y w242, w+ W)

—1 "+1
= ((x—l—y’w—yw'—z/ww’—l—z'wa+zw’w 5

Y w2 —w'z,z),w).

We observe that Z(G) is the elements of the type ((x,0,0),0). In this group we have
p(p — 1) classes of order p? with representatives ((0,0, 2), w) where w # 0 and p* — 1
classes of order p represented by ((0,v, 2),0). So in total we have 2p* — 1 conjugacy
classes in G.

Since |Z(G)| = p our method does not work for this group and I haven’t found
the characters of this group yet.

3.5 Observations and conjectures

When we calculated the conjugacy classes of these p-groups we noted that they all
seemed to behave similarly. If we would calculate the conjugacy classes of the re-
maining two groups of the type (Z,2 x Z,) %, Z, I believe we would get that

Conjecture 3.5.1. In the case of |G| = p* with p > 2 or |G| = p* with p > 3 the
number of conjugacy classes are determined by the size of the center.

It would be interesting to investigate whether this is true for all p-groups or is this
perhaps just a low-order accident?

Another thing that might be worth looking into is if the method of obtaining the
characters will work for larger p-groups.

Conjecture 3.5.2. Let |G| = p®, then if Z(G) has mazimal size our method presented
in Section 3.4.1 will work and we will get a character table which looks like the ones
we have seen.
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