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Introduction

In this course, we will focus on the foundations of algebra, in-
cluding linear algebra. We will also discuss some very simple,
but nevertheless fundamental facts from number theory. Algebra
and number theory are very closely related areas of pure math-
ematics, complementing analysis, combinatorics', geometry and
topology?.

What is number theory? As the name says, number theory is
studying the properties of the integer numbers (...,-1,0,1,2,3,...),
in particular the relation of addition and multiplication. Many
number theory problems are easy to formulate, but very difficult
to solve. The most prominent example is Fermat’s last theorem
from 1637: For n > 3 there are no (non-trivial) integer solutions

1 Using combinatorics one can, for example, compute that in the standard
lotto game there are (469) ~ 14000000 possible results.
2In topology one can see, for example, that the knot in Figure 1 cannot

be untangled without cutting the string.

Q

Figure 1: Knot



0. INTRODUCTION 2

of the equation

"+ oyt =2"
Fermat’s last theorem was only proven 1995 (by A. Wiles) af-
ter 350 years of work of many mathematicians, which involved
introducing various new concepts in mathematics. Today, there
are close connections of number theory to, for example, algebraic
geometry, combinatorics, cryptography and coding theory.
What is algebra? Algebra is a very diverse area of mathemat-
ics, which discusses basic structures which are of key importance
in all fields of mathematics, like groups rings and fields. That is,
algebra studies the question, how one can introduce operations
on sets, like the addition and multiplication of integer numbers.
By combining methods from algebra and number theory, one
can construct, for example, public key cryptosystems. Another
connection of algebra and number theory arises from algebraic
geometry, which studies solution sets of polynomial systems of
equations in several variables®.
The simplest (but in practice the most important) special
case are linear systems of equations over a field K (for example,
K =Q, R, C the field of rational, real or complex numbers), the

3For example, the common solution set of z? + 2y? = 3 and 222 +
y? = 3, that is, the intersection of two ellipses, consists out of 4 points
(1,1),(-1,1),(1,-1),(-1,-1), see Figure 2.

| A\
‘ N
/o \ '\
1 \

yoof [ ] \:\

Figure 2: Four points.
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core topic of linear algebra. Here, we solve systems

a11T1 + ... T A mTm = bl

Ap1%1 + oo + Ty, = by,

with a;; € K, b e K for z; e K (withi=1,...,n and j =1,..m).
As an application of linear algebra, we will discuss the Google
page rank algorithm.

Let us also comment on an other special case, which however
goes beyond the topics discussed in this course, that is, poly-
nomial equations of higher degree in a single variable x. For
example, one can ask for the solution set of the quadratic equa-
tion

ar’ +br+c=0.

The solutions can be described, using radicals, as

o b+ vVb?-4ac

2a

In a similar way, one can find expressions in terms of radicals
for equations of degree d = 3 (Tartaglia 1535, Cardano 1545) and
d =4 (Ferrari 1522), for d > 5 the solutions can, in general, not
be written in terms of radical any more. An important subtopic
of algebra, the Galois theory, discusses when this is possible.
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Fundamental constructions

In this section, we discuss fundamental construction, which are
used to construct from given mathematical objects new math-
ematical objects. Starting out with the notation of a set, we
discuss how two given sets can be related to each other. In par-
ticular, we will discuss maps and equivalence relations.

1.1 Sets

Definition 1.1.1 (Cantor) A set is a collection of definite,
distinct objects m, concrete or imaginary, thus forming a new
object M.

If m is an element of M, we write
me M,

if not, then m ¢ M. We write the set M with elements m, mo, ...
as
M= {ml,mQ, } .

We call the set with no elements the empty set @ ={ }.

Remark 1.1.2 The definition we interpret as follows: Objects
are mathematical objects and the collection of objects into a set,
15 a new mathematical object. By the term distinct, we mean
that we can decide for any two objects in the set, whether they
are equal or not.
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Example 1.1.3 The following sets of numbers are examples of
sets: The numerical digits

{071727"'79}}
the natural numbers
N={1,2,3,..}
No={0,1,2,3,...},

the integers
Z={0,1,-1,2,-2,...},

the rational numbers
@:{%m,bez, b;t()}.
The Symbol | is written in place of with.

Definition 1.1.4 If every element of the set N is also an ele-
ment of the set M (that is, me N = m e M), then N is called
a subset of M (we write N ¢ M or N € M). The symbol = is
used in place of from which it follows that.

Two sets My and My are equal (we write My = M), when
M c My and My c M. That means m € M, < m € M5. Here
the symbol < is written instead of if and only if, that is both
= as well as < holds.

Example 1.1.5 {0,...,9} c Ny.
Definition 1.1.6 Let M, N be sets. Then the complement of

N in M 1s,
M\N={meM|m¢N}.

The complement M\N can be seen in terms of a so-called Venn-
Diagram in Figure 1.1. Further we call

MuN={m|meM ormeN}
the unton of M and N, see Figure 1.2, and
MnaN={m|meM und me N}

intersection of M and N, see Figure 1.5.
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Figure 1.1: Complement

Figure 1.2: Union

Example 1.1.7 Ny =Nu{0}.

Notation 1.1.8 For an index set I + @ and sets M;, 1 € I, we

write
(\M;={m|meM, foralliel}

iel

for the intersection of the M;, 1€ I, and

UM, = {m | there exists i € I with m € M;}
iel

Figure 1.3: Intersection
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for the union of the M;, i€ 1.
We abbreviate for all by ¥V, and there exists by 3.

Example 1.1.9 For I ={1,2} and given sets My and M,

mMi:MlmMZ-

iel

Definition 1.1.10 We write |M| or #M for the number of
elements of a finite set M and, |M| = oo, if M has infinite
many elements.

Example 1.1.11 That is |@] =0, [{0,...,9}| = 10 and |{0}| = 1.
Definition 1.1.12 Let My, ..., M,, be sets. Then the set
My x...x M, ={(mq,...,m,) |mye M; Vi=1,...n}

of ordered tuples constructed from elements of My, ..., M,, is
called the cartestan product of My, ..., M,. For n e N we write

M"™ =M x...x M.
—_———
n-times

The elements of M™ are lists (my, ...,my,,) of length n with entries
i M.

Example 1.1.13 We have
11,23} % {3,4} = {(1,3), (1,4), (2,3), (2,4), (3,3), (3,4)} .
The chess board is the cartesian product

{a,....;h} x{1,...,8} ={(a,1),...},
the 3-dimensional space is
R3=RxRxR,
and the set of 8-bit numbers is

{0,1}* = {(0,...,0,0),(0,...,0,1), ..., (1,...,1,1)} .
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Definition 1.1.14 Let M be a set. The power set of M is
oM —s3(M) = {A|Ac M}.
Theorem 1.1.15 Let M be a finite set. Then
|2M] = 2IM1.
Example 1.1.16 Power sets:

22 = {o}
2 = {z, {11}
2002 = {g, {1},{2}.{1,2}}.

We use the following general principle for proofs to prove, for
example, Theorem 1.1.15.

1.2 Mathematical induction

Suppose we have for every n € Ny a given claim A(n), and fur-
thermore it is given that:

1) Base case: A(0) is true.
2) Induction step: it follows for every n > 0 that

A(n-1) is true = A(n) is true.

Then A(n) is true for all n € Ny. In fact we have the following
chain of conclusions:

A(0) true = A(1) true = A(2) true = ...

Remark 1.2.1 Analogously, one can of course proceed to prove
statements A(n) for n > ng with ng € Z. One only has to make
sure that the initial step A(ng) and all subsequent arrows used
in the chain of conclusions

A(ng) true = A(ng+1) true = A(ng+2) true = ...

are proven.
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Using induction, we now prove Theorem 1.1.15:
Proof. By numbering the elements of M we can assume without
loss of generality (written in short WLOG) that M = {1, ... ,n},
using the convention that {1,...,0} = @. So we have to show that
the statement

hold true for all n € Nj.
Initial step n=0: It is 22 = {@}, and hence [2?| =1 = 20.
Inductive step n—1 to n: The union

{Ac{l,...,n}|neA}
={A|Ac{l,...,n-1}}u{Au{n}| A c{l,.,n-1}}

is disjoint, and therefore it follows from the induction hypoth-
esis

that

]
Next we discuss another typical example of a proof using
induction.

Notation 1.2.2 We write
Yag=ai+...+a,
k=1

for the sum of the numbers aq, ..., ay,.
Similar we use

n
Hak:al-...-an
k=1

for their product.
When the numbers a; are represented by the elements k of
the set I, we write
2.

kel

for their sum and, analoguesly [1ey ar for their product.
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Remark 1.2.3 Given the list a = (ay, ..., a,) the following com-
puter program computes the sum s =Y _; ax:

s:=0;

for k from 1 to n do
s:=s+alk];

od;

We use the syntaz of MAPLE, see [21], but the code will be sim-
tlar in most programming language. See also FExercise 1.5.

Using induction, we can prove the following general formula
for the sum Yj_; k, which allows a much more efficient calculation
for this specific sum:

Theorem 1.2.4 For all n € Ny,

-

k=0

n(n+ 1)

Proof. Initial step n =0: We have

0-(0+1)

0
z k=0=
k=0 2
Inductive step n to n+1: We have
n+1
Yk= Z k+(n+1),
k=1
and hence it follows from the induction hypothesis that

n+1

Zk_n(n+1) s+ )

_ n(n+1)+2(n+1)
2
_ (n+1)(n+2)
—y

]
For a further example, see Exercise 1.4.
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Remark 1.2.5 The analogue to a proof by induction is in com-
puter science the concept of a recursive algorithm. For example,
the following recursive function calculates the sum Y.j_ok:

sumints:=proc(n)
if n=0 then return(0);fi;
return(sumints(n-1)+n);
end proc;

We can also write a recursive function that determines all
subsets of {1,...,n} from the proof of Theorem 1.1.15. For the
implementation thereof, see Ezxercise 1.8. Another proof by in-
duction, which provides a recursive algorithm, is discussed in
Ezercises 1.10 and 1.11.

For further examples of induction, see the Exercises 1.5, 1.6,
1.7 and 1.12.

1.3 Relations

In the following way we can describe relations between two sets:

Definition 1.3.1 A relation relation between sets M and N 1is
given by the subset Rc M x N.

Example 1.3.2 For M ={2,3,7}, N ={4,5,6} and
R={(m,n)e M x N |m divides n}

we have
R = {(274)7 (276)7 (3a6)} :

The most important role is played by relations in which each
element of M gets assigned exactly one element of V:

1.4 Maps

Definition 1.4.1 A map f: M — N is a relation Rc M x N,
such that for every m € M there is a unique element f(m) e N
with (m, f(m)) € R. We write
f: M - N
m  +~ f(m).
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We call M the source and N the target of f.
For a subset Ac M

f(A)={f(m)|meA}cN
1s called the image of A under f, and
Image(f) = f(M)

1s called the image of f.
For Bc N

fH(B)={meM|f(m)eB}cM
15 called the preimage of B under f.

Remark 1.4.2 If a map is given by a mapping rule f: M — N,
m ~ f(m), the representation of f as a relation is nothing else
than the graph

R = Graph(f) = {(m, f(m)) |[m e M} c M xN

of f.
Example 1.4.3 For
f: R - R
x = f(x)=2a?
we have

R = Graph(f) = {(z,2%) |z e R},
see Figure 1.4. The image of f is
f(R) =Rxg
and we have
FHL2Y) = {-1,1,-V2,V2}.

Definition 1.4.4 A map f: M - N is surjective, if for the
immage of f we have

f(M)=N.
If for all my,mq € M we have, that
f(m1) = f(m2) = mqy = mo,

then f is injective.
A map that is both injective and surjective is bigective.
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2

17

-2 T 5 :

Figure 1.4: Graph of parabola.

Example 1.4.5 The parabola function
R - R, z + 22

in Example 1.4.3 is neither injective or surjective. As a map
onto its 1mage
R - Ry, z = 22

it becomes surjective. The map
Rso = Rsg, 2+ 2°

in which we also restrict the source is bijective. The hyperbola
1
R\{0} > R, 2~ —
x
is injective, but not surjective (see Figure 1.5).

Theorem 1.4.6 (Pigeonhole principle) If M, N are finite sets
and if f: M — N is an injective mapping, then |M|<|N]|.

Example 1.4.7 Let M = {1,2,3} and N = {1,2}. Since |M| >
|N| there is no injective mapping f: M — N. Figure 1.6 shows
an example of a map f: M — N. Since f(1) = f(3), it follows
that f is not injective.
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Figure 1.5: Hyperbola

Figure 1.6: A non-injective map

We now prove Theorem 1.4.6:
Proof. We have

NI= 312 3 | ()] =11,
nelN neN
since f~1({n}) has exactly 1 element, if n lies in the image of
f (since f is injektive), and is empty otherwise. The second
equality holds true, since M is the disjoint union

M= f"({n})
neN

of the level sets f~1({n}) of the map f (which is analogous to the
contour lines on a map giving the height of the respective point):
A map assigns to each element m exactly one value n. We will
come back to this idea in the context of equivalence relations. m

Since a map assigns exactly one image element to each ele-
ment of the source, the corresponding statement for surjective
maps follows directly:
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Theorem 1.4.8 If M, N are finite sets and f: M - N a sur-
jective map, then |M| > |NJ|.

Combining Theorem 1.4.6 and Theorem 1.4.8, we have:

Corollary 1.4.9 If M, N are finite sets and f: M — N a bijec-
tive map, then |M|=|N|.

Definition and Theorem 1.4.10 If f : M — N is bijective,
then there is a unique tnverse map

VN> M, yeaxif f(z)=y.

We have

@) =2 and  f(f7(y) =y

for all x € M and y € N, respectively. Moreover, f~1 is bijective.

Proof. The inverse map is well-defined (that is, its definition
assignes to every element of the source a unique element of the
target): For every y € N there is exactly one z € M with f(z) =
y. Since f is surjective there exists such an x, and since f is
injective, this z is unique.

The two equalities are clear by definition of f~!. On the
bijectivity of f~!: Since for every x € M we have f~1(f(z)) =z,
the map f~! is surjective. For the injectivity, we use that f is a
map: If y;,y, € N and x; € M with y; = f(«;), then from

zy= [N (y) = 7 (y2) =z,

it follows, that y; = f(z1) = f(22) =y2. ®
For the term “there is a unique” used above, we also write
the symbol 3.

Remark 1.4.11 The inverse map f~! is the relation

{(f(z),z) |[reM}yc NxM.
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Figure 1.7: A bijektive map and its inverse map.

2

0 1

Figure 1.8: Square root

Example 1.4.12 Figure 1.7 shows a bijective map f: {1,2,3} —
{a,b,c} and its inverse map [~'.The inverse of the bijective map

Ryo = Ryp, 7+ z?

18
Ryp = Ryp, y = \/§

as shown in Figure 1.8.
See also the Exercises 1.14, 1.17, 1.18 and 1.19.

Definition 1.4.13 Let f : M - N and g : N - L be maps.
Then the composition of f and g is defined as
gof: M - L
m > g(f(m))
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Lemma 1.4.14 The composition of maps is associative, that is,
for maps

MiINSLE K

we have

ho(gof)=(hog)ef.
For the proof see Exercise 1.15.

Example 1.4.15 Fvenif f: M - M and g: M — M, in general
fog#go f. For example for

[R>S R? (z,y) > (2 +y,y)
g:R*>R? (z,y) =~ (z,2+y)

we get

fog:R* =R (2,y) = (2z+y,2+y)
gof:R*=>R? (z,y) = (v +y,7+2y).
Definition 1.4.16 Let M be a set. The tdentity map on M
18
m = m

Example 1.4.17 Figure 1.9 shows the graph of idg.

The equations in Definition and Theorem 1.4.10 can then be
wirtten as follows:

Theorem 1.4.18 If f: M — N s a bijective map, then
f_lof:idM fOf_lzidN

Indeed, these equalities characterize the property bijective
and uniquely define the inverse map. For this see Exercise 1.16.
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2

-2 0 2

Figure 1.9: Identity map R - R

1.5 Partial orderings and equivalence re-
lations

Definition 1.5.1 A relation Rc M x M on a set M is called
e reflexive, if (m,m) e R for allme M,
e transitive, if

(I,m) e R and (m,n) e R=— (I,n) € R,

e anti-symmetric, if

(n,m) € R and (m,n) € R=— m =n.

If R is reflexive, transitive, and anti-symmetric, then R is
called a partial ordering. If, in addition, for all m,n € M we
have (m,n) € R or (n,m) € R, then R is called a total ordering.

Example 1.5.2 1) The inclusion c of subsets of a set M is a
partial ordering on the power set 2M: For all A,B,C'c M
we have

o Ac A (reflexive)
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e Ac B and Bc C = AcC (transitive)
e Ac B and Bc A= A= B (anti-symmetric).

In general c is not a total ordering, for example, for M =

{1,2} neither {1} c {2} nor {2} c {1}.
2) In contrast, < on R is a total ordering.

The concept of an equivalence relation relaxes the concept of
equality.

Definition 1.5.3 Let M be a set and R ¢ M x M a reflexive
and transitive relation. If R is in addition symmetric, that is,

(m,n) e R=(n,m) € R,
then R 1s called an equivalence relation.
If we write m ~n for (m,n) € R, then

e reflexive means, that m ~m for all m e M,

e transitive means, that m ~ [ and [ ~ n = m ~ n for all
m,l,n e M and

e symmetric means, that m ~n =n ~m for all m,ne M.

Example 1.5.4 FEquality is an equivalence relation.

The property of two persons to be the same height, is an equiv-
alence relation (in contrast, the property of being the same hight
up to lem difference is not an equivalence relation, since it is
not transitive).

More generally: Let f: M — N be a map. Then

my ~my <= f(my) = f(msz)
defines an equivalence relation on M.

Definition 1.5.5 If M is a set and ~ is an equivalence relation
and m € M, then

[m]={neM|m~n}cM
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is called the equivalence class of m. Every n € [m] is called a
representative of [m].
Moreover, we write

M/~ ={[m]|meM}c2M
for the set of equivalence classes of ~ and

T M - M/~
m o~ [m]

for the canonical map.

Theorem 1.5.6 Given an equivalence relation, any two equiva-
lence classes are equal or disjoint.

Proof. Let [m]n[n] # @. We have to show that [m] = [n]. If
a € [m]n[n], that is, a ~ m and a ~ n, then, using symmetry and
transitivity, it follows that m ~ n, that is, m € [n]. Let a € [m]
be any element. Then a ~ m and m ~ n, hence a ~ n, that is,
a € [n]. So we have seen, that [m] c [n]. The other inclusion
follows in the same way. m

An equivalence relation paritions (subdivides) M in the equiv-
alence classes.

Remark 1.5.7 We have
my ~me < [my] =[ms],
that is, equivalence translates into equality of equivalence classes.

Example 1.5.8 The equivalence classes under the equivalence
relation of being the same hight on a set M of persons (see Ez-
ample 1.5.]) are the subsets of all persons with the same hight.
So the set of equivalence classes M| ~ is in bijection to the set of
all occuring hights of persons. A cloths sales person is interested
mainly in [m] not in m.

Example 1.5.9 Consider the equivalence relation ~ on R? given
by
(1,91) ~ (T2, 92) = f(21,91) = f(22,12)
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with
fa,y) =2 +y2.
The equivalence classes are the concentric circles

Ko ={(z,y) eR* | 2* +¢* = 5}

for s € Ryg, and the point (0,0), which is a degenerate form of a
circle, the circle with radius 0. For example,

[(1,2)] = {(Jr,y) eR?| 22 +y% = 5}.

Hence
M|~ ={Ks|seRy},

and the map Ryg > M| ~, s — K is bijective. See Figure 1.10.

Figure 1.10: Equivalence classes

1.6 Exercises

Exercise 1.1 Let M be a set. Show that for subsets A, B,C' ¢ M
(using, for example, Venn diagrams):

1) For n we have:

(a) Commutativity AnB=BnA,
(b) Identity AnM = A,
(¢) Assoziativity An(BnC)=(AnB)nC.
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2) For u we have:

(a) Commutativity AuB =BUA,
(b) Identity Au@ = A,
(¢) Assoziativity Au(BuC)=(AuB)uC.

3) For n and U the distributive laws hold:
An(BuC)=(AnB)u(AnC)
Au(BnC)=(AuB)n(Au(C)

4) Compare with the arithmetic rules for integers.
Exercise 1.2 Show for finite sets M and N that
IMuUN|=|M|+|N|-|MnN|

and

IM x N| = |M]|-|N].

Exercise 1.3 Write a program, that computes for a list a =
(ai,...,a,) € Z" the sum

n
Z ag. .
k=1

Exercise 1.4 Prove, using induction, that

Lo, n(n+1)(2n+1)
2T

for alle n e N.

Exercise 1.5 Find a formula for
> (2k-1)
k=1

and prove your claim using induction.
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Exercise 1.6 Find a formula for
n
S ke
k=1
and prove your claim using induction.

Exercise 1.7 Show, using induction, that for g e R, ¢ # 1 we

have .
20 =

1 qn+1
I-q

Exercise 1.8 Implement a function, which enumerates recur-
sively all subsets of {1,...,n}.

Exercise 1.9 Let 0 < k < n. Prove that for the number (:) of
k-element subsets of an n-element set we have

(n,) - n!
k) kl(n-k)

withn!=1-2-...-n

Exercise 1.10 The game "Towers of Hanoi” consists out of 3
fields, on which n discs with pairwise different radius can be
stacked (see Figure 1.11). At the start of the game all discs
are stacked on one field, sorted by increasing size, thus forming
a tower. The goal of the game is to move the original stack to a
different field. To do so, in every move of the game, one can shift
the top disc on an arbitrary tower to any other tower, provided
this tower does not contain a smaller disc.

Describe an algorithm, which solves the game, find a formula
for the required number of moves, and prove this formula using
induction.

Exercise 1.11 Write a recursive program, which solve the game
"Towers of Hanoi”.

Exercise 1.12 In an american city map with n avenues and m
streets (see Figure 1.12) we want to move from point A to point
B. How many shortest paths are there?

Prove your formula using induction on n+m.
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Figure 1.11: Towers of Hanoi

B

Figure 1.12: How many shortest paths are there from A to B.

Exercise 1.13 Give an example for a map N - N, which is
1) injective but not surjective,

2) surjective but not injective.

Exercise 1.14 At a party n persons meet. Prove that two of
them know the same number of persons at the party.

Exercise 1.15 The composition of maps is associative, that is,
for maps

MANSLAEK
we have
ho(gef)=(hog)of.
Exercise 1.16 Let f: M — N be a map. Prove:
1) f is injective if and only if there is a map g: f(M) - M
with go f =1idyy.

2) f is surjective if and only if there is a map g: N - M with
fog=idy.
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3) f ist bijective if and only if there is a map g: N — M with
go f=idy and fog=idy.

Moreover, g = f~1 is the inverse map.

Exercise 1.17 Let M, N be finite sets with |M| = |N| and f :
M — N a map. Prove that the following are equivalent:

1) f is bijective,
2) f is injective,

3) f is surjective.

Exercise 1.18 Suppose the numbers 1,...,101 are given in any

order. Prove that 11 of them (not necessarily consecutive) are in
an increasing or decreasing order.

Hint: Consider a suitable set of paris and use the pigeon hole
principle.

Exercise 1.19 Let n € N and suppose there are n? + 1 points
given in the square

{(z,y)|0<x<n, 0<y<n}cR?

Show that among these points there are two which have distance

<V2.

Exercise 1.20 Let M be an tnfinite set. Prove:

1) There is no surjective map ¢ : M — 2M.

2) There is no injective map ¢ : 2M — M.

Exercise 1.21 Let M = R2\{(0,0)} be the set of points in the
real plane without the 0-point. On M define (z,y) ~ (2',y") if
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and only if there is a line through (0,0) € R? which contains both
the point (x,y) and the point (x',y").

(2,y)

1) Prove that ~ is an equivalence relation.

2) Find a geometric representation of M/[ ~ by assigning to
any equivalence class a suitable representative.



2

Numbers

In this section, as a start into algebra, we discuss the key prop-
erties of numbers. All these properties serve as role models for
more general classes of rings.

2.1 The integers and division with re-
mainder

On the natural numbers Ny = {0,1,2,3,...} there are operations
+ and -, which obey the associative laws

a+(b+c)=(a+b)+c
a-(b-c)=(a-b)-c

the commutative laws

a+b=b+a
a-b=b-a

and the distributive law
a-(b+c)=a-b+a-c

for alle a,b,c € Ny. We will not discuss the axiomatic definition
of the natural numbers, but we remark that their key property
is that for any number there is a number which is larger by one.
As an exercise read up in a book or seach engine of your choice
about the Peano axioms.

27



2. NUMBERS 28

In Ny there is no number a with
1+a=0.

In practice this means: We can describe assets on an account,
but no debt.

From the natural numbers, one constructs the integers Z =
{0,1,-1,2,-2,...} as follows:

Remark 2.1.1 The basic idea of the construction is: The net
worth of a bank account one can write as the difference of assets
and depts. Different tuples of (assets, debt) lead to the same net
worth of the account, for example,

5 -1 =1000006 - 1000002

that is, the net worth of an account with 5€ assets and 1€ debt
is the same as that of one with 1000006 € assets and 1000002 €
debt. The represent the net worth, we have to consider equiva-
lence classes with respect to an appropriate equivalence relation.
The account in the example have the same net worth, since

5+ 1000002 = 1000006 + 1.
One hence defines
Z:=(NgxNg)/~
with the equivalence relation
(a,b) ~(c,d) <= a+d=b+c,
and considers the equivalence classes
[(a,0)] = {(¢,d) | (¢,d) ~ (a,b)} .

We think of [(a,b)] as the integer a —b. This motivates the
following (well defined) operations + and - on Z

[(a,0)] + [(c;d)] :=[(a+¢c,b+d)]
[(a,D)] [(c,d)]:=[(a-c+b-d,a-d+b-c)],
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which obey the associative, commutative and distributive laws
(see also Exercise 2.2). We then have

[(a,0)]+[(b,a)] = [(0,0)]

for all [(a,b)] € Z, in particular,

[(1,0)] +[(0,1)]

[(0,0)].

Moreover

[(0,0)] + [(a,0)] = [(a,b)]
[(1,0)][(&,6)] [(avb)]

A set with such operations is called a commutative ring with 1.
The integers are sorted by the total ordering <.

FEvery account [(a,b)] is equivalent to a unique account with
either no assets or no debt: For a > b let c € Ng with a = b+ c.
Then (a,b) ~ (¢,0). For a <blet c € N with b = a+c. Then
(a,b) ~ (0,c). We write short

c:=[(¢,0)]

and

—c:=[(0,0)].
We then have

c+(-c)=0

for all ¢ € Z\{0}, since ¢+ (-c) =[(¢,¢)] =[(0,0)] = 0.

In a similar way, one can construct Q from Z as
Q= (ZxZ\{0})/ ~
with the equivalence relation
(a,b) ~ (¢, d) < ad = be,
where we write the equivalence classes as
CDI

The real numbers R one can again construct from Q using a
suitable equivalence relation.



2. NUMBERS 30

In Q every number a can be divided by any number b # 0.
In many problems of daily life and mathematics this does not

make sense, since the smallest useable unit is 1. If we want to

distribute 1000 passengers uniformly on 3 airplanes, then 122 s

3
not a resonable solution, we rather want
1000 =3-333+1,

so one person has to stay behind (or one of the airplanes will
have to take the extra passenger). This process is called division
with remainder (then 1 left-over passenger is the remainder):

Lemma 2.1.2 (Division with remainder) Givena,beZ, b+
0, there are uniquely defined q,r € Z with

a=b-q+r
and 0 <7 <b|.

Example 2.1.3 In the above example, a = 1000 and b = 3, and
we have
1000 =3-333 +1,

that is, ¢ =333 and r =1.

We prove Lemma 2.1.2:
Proof. Existence: Without loss of generality b > 0. The set

{weZ|b-w>a} +@
has a smallest element w. We set
qg:=w-1 r:=a-qb.
Obviously a = gb + r, moreover gb+ b > a, hence,
r<b
and, since w was chosen minimal, also bg < a, hence,

r>0.
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Uniqueness: If we have two representations
b-qi+ri=a=b-qa+19
and without loss of generality ry < 71, then

0<ry—ry <0,

——

b(q2-q1)
hence, ¢ =g and 1 =7r,. =

The proof gives an explicit (but very inefficient) algorithm

for division with remainder (scan through the w, starting with
a random number, decreasing w iteratively by 1 if b-w > a,
and increasing w iteratively by 1 if b-w < a until the respective
condition is not satisfied any more). In practice, one rather
proceeds as follows:

Remark 2.1.4 School book division without digits after the dec-
imal point iteratively determines q (starting with the largest digit),
thus yielding an algorithm for division with remainder.

Example 2.1.5 For a =2225 and b= T write

2225 =7-317+
-21
12
=7
%)
-49

hence ¢ =317 and r = 6.

Using division with remainder, we can algorithmically decide
divisibility.

Definition 2.1.6 Let a,beZ. We say that b divides a
bla

if there is a q € Z with a =b-q. This means the division of a by
b yields remainder r = 0.
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Two numbers a,b € Z are called coprime, if for any t € N
with t | a and t|b it follows that t = 1.
Let meN and a,beZ. Then a is congruent to b modulo m

a =bmodm
if m|(a-D0).
Example 2.1.7 1 =7mod3.

Being congruent modulo m is an equivalence relation, see
Exercise 2.3. There we will also implement a function, which
decides congruence modulo m using division with remainder.

For fixed m we write the equivalence class (called residue
class) of a as

a={beZ|a=bmodm}
={a+k-m|keZ}.

Hence, a = bmodm if and only if @ = b.

Example 2.1.8 Congruence modulo 3 partitions Z in 3 residue
classes

0={...,-3,0,3,6,...}
1={.,-2,1,47,.}
2={...,-1,2,5,8,...},

since division with remainder by 3 can give the remainders 0,1
and 2.

Residue classes play an important role in many public-key
crypto systems.
2.2 Fundamental theorem of arithmetic

Definition 2.2.1 An element p € N, p > 2 is called a prime
number, if p=a-b, a,be N impliesa=1 orb=1.

Example 2.2.2 2,3,5,7,11,13,17,19,23...
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How to find all prime numbers up to a given bound will be
discussed in the next section.

Theorem 2.2.3 (Fundamental theorem of arithmetic) Fvery
number n € Z\{0,-1,1} has a unique representation

n=+p'-..pe

with prime numbers p; < ... <ps and r; € N. The p; are called the
prime factors of n.

Proof. Existence of prime factorization using induction on n:

n = 2 is a prime number. If n > 2 and not prime, then
n = a-b with a,b # 1. Since a,b < n, both a and b by the
induction hypothesis have factorizations, and by sorting by the
prime factors we obtain a prime factorization of n =a-b.

Proof of uniqueness, using induction on n:

For n = 2, then n is prime, and the claim is clear. Suppose
n>2 and

n=pi--.-Ps=q1-.--"qt

with py <...<psand ¢; <...<q. If s=1or ¢ =1, then again n
is prime, and the claim is clear. So suppose now that s,t > 2.

If p; = g1 then

P2t Ds=Qac Q<N

has, by the induction hypothesis, a unique prime factorization
and die claim follows.
Assume now that p; < ¢;. Then

n>pr- (P2 Ds—qar @)= (1 —D1) Q2o @ 22,

=N =:Na

so N1 = N,, by the induction hypothesis, has a unique prime
factorization. Since p; < ¢; < ... < ¢; we have p; # ¢; for 7 > 1.
Moreover, p; is not a divisor of ¢; —p1, since otherwiese p; would
divide the prime ¢;. Hence p; is a prime factor of Ny, but not
one of Ny, a contradiction. m

Example 2.2.4 24 =23.3.

In MAPLE we can compute a prime factorization by:
ifactor(24);
(2)%(3)
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The proof of the fundamental theorem only shows the exis-
tence of a (unique) prime factorization. We will come back to
the question, how to compute such a factorization.

From the fundamental theorem we conclude:

Corollary 2.2.5 (Euklid’s first theorem) If p € Z is prime
and a,b € Z with p | ab, then p|a or p|b.

Proof. The prime factorization of ab is obtained by combining
the factorizations of ¢ and b. =

Corollary 2.2.6 (Euklid’s second theorem) There are infinitely
many prime numbers.

Proof. Let M = {pi,...,p.} be a finite set of prime numbers.
We show, that there is a prime number, which is not in M. The
number N = p;-...-p,. +1 is not divisible by any of the primes p;,
since otherwise also 1 would be divisible by p;. Hence, there is a
prime factor p of N, which is not in M. =

Without proof we mention the following theorem on the den-
sity of the prime numbers:

Theorem 2.2.7 (Prime number theorem) Setting
m(z)={p<x|peN prime}|.

for x € Ryg, we have

(@) g
In(z)

lim
€Tr—>00

Example 2.2.8 The following program (in the syntax of MAPLE)
computes m(x):

pi:=proc(z)

local p,N;

p:=2;

V:=0:

while p<=zx do
p:=nextprime(p);
N:=N+1;

od;

return(N) ;

end proc:
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We obtain, for example,
p%(100000) ;
9592
So about 10% of the numbers < 100000 are prime numbers.

See also Exercise 2.5.

2.3 Greatest common divisor and Eu-
clidean algorithm

Definition 2.3.1 If ay,...,a; € Z, then d € N is called greatest
common divisor of ay,...,a;, written d = ged (aq, ..., a;), if we
have

1) d|aj forall j=1,...,t, that is, d is a divisor of all a;, and

2) ifde Z is a dwisor of all a;, that is cZ| a; forallj=1,..,1t,
then d | d.

Furthermore the number m € N is called least common
multiple of ay,...,a;, written m =lem (ay, ..., a;), if we have

1) aj | m for all j =1,...,t, that is, m is a multiple of all a;,
and

2) if m € Z is a multiple of all a;, that is, a; | m for all
j=1,...,t, then m|m.

Example 2.3.2 The common divisors of 18 = 2-3% and 66 =
2-3-11 are 1,2,3 and 6, hence

ged(18,66) = 6.
Remark 2.3.3 If we write
aj = +1-TT;1p;"
with p; prime and rj; >0, then
ged (aq, ... ar) = Hf»:lp;nin{rﬁlj} (2.1)

(and for lem the corresponding formula replacing the minimum
with the mazimum holds true). Using these formulas, we get:
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1) Two numbers a,b e Z are coprime if and only if

ged (a,b) = 1.

2) For a,beN,
ged (a,b) -lem(a,b) = a-b.

Example 2.3.4 For 18 =232 and 66 =2-3-11 we have
ged(18,66) = 6.

A much more efficient way for determining the greatest com-
mon divisor (and thus also the least common multiple) is pro-
vided by the Euclidean algorithm:

Theorem 2.3.5 (Euclidean algorithm) Letay,ay € Z\{0}. Then
the successive division with remainder

a1 =q1az +ag
aj =qjQ+1 + Qji2
Up-2 = Qn—20n-1 + an
Ap-1 = Qpn-1an + 0
terminates with remainder zero, and
ged (ag,as) = ay,.
Backsubstiution of these equalities

Ap = Ap-2 — qn-20n-1

az =a; — qi1az
yields a representation of the greatest common divisor as
ged(ag,az) =u-a; +v-ag

with u,v € Z. Computing this representation is referred to as the
extended FEuclidean algorithm.
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many iterations, a; = 0. Then a, is a divisor of a,_1, hence also
of a,_o2 = ¢n_2a,-1 + a, and inductively of a,,_1,...,a;. If ¢ is an
arbitrary divisor of a; and as, then also of a3 = a; — ¢yas and
inductively of aq,...,a,. m

Example 2.3.6 We compute the ged of 66 and 18 using the Fu-
clidean algorithm, that is, by successive division with remainder:

Proof. We have |a;;1| < |a;] for all ¢ > 2, hence, after finitely

66=3-18+12
18=1-12+6
12=2-6+0

Hence ged (66,18) = 6, since reading the equaltities backwards,
we have
6|12 hence 6|18 hence 6 | 66

and reading them top-to-bottom, if t is a divisor of 66 and 18,
then
t]12 hence t | 6.

Moreover, we obtain a representation of ged (36,15) as a Z-
linear combination of 66 and 18

6=18-1-12=18—-1-(66-3-18) =4-18+ (-1) - 66.

In MAPLE we can execute the extended Fuclidean algorithm by:
igcdex (66,18, °u’,’v’);
6
Here the command stores in x and y the coefficients in the
representation of the ggT as a linear combintation:
Uy
-1
v;
4
u*66+u*18;
6
Note that u and v are not unique. We could also choose, for
example, u=—-19 and v = 70.

One key applicaiton of the representation of 1 as a Z-linear
combination of two coprime numbers is solving of simultaneous
congruences. This will be addressed in the next section on the
Chinese remainder theorem.
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2.4 The Chinese remainder theorem

Theorem 2.4.1 (Chinese remainder theorem in Z) Ifn,...

N are patrwise coprime and aq, ..., a, € Z, then the stmultaneous
congruences

T = a; modn,

z = a, modn,

have a solution. The solution is unique up to multiples of n =
Ny« s Ny

Proof. Set

1y
and find, using the extended Euclidean algorithm, x;,y; € Z with
1 =ged (ng, 1) = zm + yiny.

Then

yin; =0modn; Vj #1

y;n; = 1modn,.
hence,
T
Z =) ayiny
i=1

satisfies the congruences, similarly all z + k- n with k € Z do.
If x and 2’ are solutions, then n; | (z—2') for all i. Hence,

also lem(ny,...,n,) | (x —2'). Since the n; are pairwise coprime,
lem(ny,...,n.) =ny-...-n,, that is,
n|(x-2z").
|

The Chinese remainder theorem allows us, to replace an ar-
bitrary number of congruences by a single congruence. We can
also iteratively combine pairs of two congruences into one. We
hence formulate the solution algorithm in the special case r = 2:

, T €
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Remark 2.4.2 Given coprime numbers ni,ns € N and aq,as €
7, we find a solution of the simultaneous congruences

z = aymodny

T = ags mod ng
The extended Fuclidean algorithm finds w,v € Z with

1 =ged(ny,ne) =u-ny +v-ny

Since

un; = 0modn,

un; = 1 modny

vnge = 1 modny

vng = 0mod ngy
for

Zi= Qo U-N1+a1 V- Ny

we have

z = ap modn,
z = ap mod ney
If x another solution, then n; | (x - z) fori=1,2, and hence

ning | (z - z2).
So we obtain

z = a; modn,

_ < ¢ = zmodning
T = asmod ne

If we apply this method iteratively, we get another proof of
Theorem 2..1.

We note that the Chinese remainder theorem can be formu-
lated in a much more general setting.

Example 2.4.3 We solve the simultaneous congruences

z = -28 mod 30
z=bmod7.



2. NUMBERS 40

Since ged (30,7) = 1, it follows there is a solution. With the
extended Euclidean algorithm, we find u and v with

u-30+v-7=1,
for exzample, u=-3, v=13. Then we have
(-3)-30 = 0mod 30
(-3)-30=1mod7
13-7=1mod 30
13-7=0mod7
hence
z=(-28)-(13-7)+5-(-3-30) = -2998

is a solution (which is unique modulo 210). The Chinese re-
mainder theorem thus replaces the two congruences by a single
one:

z = -28 mod 30

v = 5mod T }©x5—29985152m0d210.

For the single congruence, it is easy to write down the solution

set
152+210-Z={152+k-210|keZ},

which indeed is the residue class 152.

If the moduli n; are not coprime, we can find a similar so-
lution formula, however, simultaneous congruences may not be
solveable. The following theorem gives a criterion:

Theorem 2.4.4 Let ay,as € Z and ny,ny € N. Then the simul-
taneous congruences

z = aymodn,

T = as mod ne
are solveable if and only if
aj — as = 0mod ged (n1,ns2) .
The solutions are unique up to the addition of multiples of lem (ny,no).

The proof is Exercise 2.12, where we also describe a method
to find the solutions.
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2.5 Prime factorization

There is a very straight-forward method to prime factorization:
trial division Although there are much more powerful algorithms,
for rather small numbers up to 10°¢ trial division is the best
choice.

Algorithm 2.5.1 (Trial division) Letn € N be composite (that
is, not prime). The smallest prime divisor p of n satisfies

pémzzl\/ﬁj.

If we know all prime numbers p < m, then we test p | n using
division with remainder. In this way, we can factorize n.

Proof. Write n=p-q. Then p?> < p-q=mn, hence p < \/n. Since
p €N, it follows that p < [\/ﬁJ n

Example 2.5.2 In order to factorize 234 via trial division, we
first test, whether n is divisible by a prime number p < [\/ﬂj =
15. We find

234 =2-117.

If 117 s not prime, then it must have a prime divisor p <

[\/117J =10. We find that
117 =3-39.

If 39 is not prime, then it must have a prime divisor p < [\/ 39J =
6. We find that
39=3-13.

Finally we observe that 13 is prime, since 13 is not divisible by
any prime number p < [\/ 13J =3.

Trial division allows us to enumerate all prime numbers < n
in an inductive way: If we know all prime numbers p < [\/ﬁJ <n,
then we can decide whether n is prime.
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Example 2.5.3 We enumerate all prime numbers < 11. Since
for the smallest prime divisor of n we have p < m, wa can conlude
that

3

= 2 prime

= 3 prime

= 4 not prime
= 5 prime

= 6 not prime
=7 prime

= 8 not prime
= 9 not prime
= 10 not prime
11 and 3+ 11 = 11 prime
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Practically one proceeds the opposite way, and rules out mul-
tiples of prime numbers, which already have been conputed.:

Algorithm 2.5.4 (Sieve of Eratosthenes) We obtain a list
of all primes up to N e N, N >4 as follows:

1) Make a boolean list L with one entry for every number
2,...,N. Mark all numbers as prime (true). Set p=2.

2) Mark all j-p with j > p as not prime (false).

3) Find the smallest q > p, which ist marked as prime (true).
If ¢> /N return L. Set p:=q, goto (2).

Proof. In step (2) all j-p with 2 < j < p are already marked
as false from previous steps, since they have a prime divisor
< p. Hence all true multiples of p are marked as false. The
number ¢ in step (3) is always prime, since p is the largest prime
number < ¢, and hence from previous steps all multiples j-x of all
prime numbers x < ¢ are marked as false. Once the algorithm
terminates, all numbers are marked as false, which have a prime
number p < v/N as a true divisor, that is which are not prime.
|
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Example 2.5.5 We find all primes <15 and give in ever itera-
tion the list of all j with L; = true:

23 4 5 6 78 9 10 11 12 13 14 15
p=212 3 5 7 9 11 13 15
p=312 3 ) 7 11 13

In the first iteration, we delete all multiples of 2, in the second
iteration all multiples of 3. All remaining numbers are prime,

since p=95>+/15.

For large numbers, there are much more efficient ways than
trial division to find a prime divisor of a given number.

2.6 Exercises

Exercise 2.1 Let n € N and M c {1,...,2n} a set of integers
with |[M| =n+1 elements. Show that in M there are two different
integers such that the one divides the other.

Exercise 2.2 Show:
1) On M =Ny x Ny by
(a,b) ~(¢,d) = a+d=b+c
we can define an equivalence relation.

2) The operations addition and multiplication

[(a,0)] +[(c,d)] =[(a+c,b+d)]
[(a,0)] [(c,d)] =[(a-c+b-d,a-d+b-c)]

on

Z =(NoxNo) [~

are well-defined, associative, commutative and distributiv.

More generally, these properties play an important role in the
context of groups and rings.
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Exercise 2.3 1) Let meN and a,beZ. Then we say that a
1s congruent to b modulo m

a=bmodm

if m | (a—=b). Prove that “being congruent modulo m” is
an equivalence relation.

2) Write a function, which decides a = bmodm.
Exercise 2.4 Show:
1) If reN and p=2" -1 is prime, then r is prime.
2) If reN and p=2"+1 is prime, then r = 2% with k € Ny.

Exercise 2.5 Test the prime number theorem experimentally in
MAPLE:

1) Write a procedure, which computes
7 (2) = [p <o | pe N primel

for x>0.

2) Compare the function % with I ;)_a for a € Zsq, in par-
ticular for large x. For which a do you get the best approz-

imation?

3) Visualize your observations using MAPLE.
Hint: Use the MAPLE-function nextprime.

Exercise 2.6 Let Py be the probability, that two randomly chose
natural numbers n,m < N are coprime. Determine Py for N =
106,102 and 10'® approximatively by samples of 102, 10* and 106
generated with a computer algebra system. Check experimentally,
that Py for large values of N takes the value

6
— % 60.7%.
™
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Exercise 2.7 Implement the extended Fuclidean algorithm. Test
your implementation at examples.

Exercise 2.8 Reduce

90297278063
18261358091

to smallest terms.

Exercise 2.9 Into an originally empty accout there reqularily
get paid in 2809€, and occasionally there get drawn 10403 €
from the account. Is it possible that the account at some point
has the balance of 1 €7

Exercise 2.10 Implement
1) the sieve of Erathosthenes.
2) the factorization of integers via trial division.
3) Find the prime factorization of

116338867864982351.

Exercise 2.11 Find the set L c Z of all solutions x of the si-
multaneous congruences

x =2mod3
z=2mod7
x =3mod 10

Exercise 2.12 Let ay,ay € Z and ny,ng € Zsg. Show that the
simultaneous congruences

T = aymodny

T = as modne
are solveable if and only if
a; — as = 0mod ged (n1,ns2) .

Show that the solution is unique modulo lem (ny,ns).
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Figure 2.1: Two configurations of gearwheels.

Exercise 2.13 Is it possible for the two configurations of gear-
wheels in Figure 2.1 to transform the one into the other by rota-
tion? If possible, by how many ticks we have to turn?

Exercise 2.14 Find the set L c 7Z of all solutions x of the si-
maultaneous congruences

2 = 1 mod 108
x = 25mod &0

Exercise 2.15 Using your implementation of the extended Fu-
clidean algorithm (or any other available implementation like the
MAPLE-function igedex ) write a procedure, which determines the
solution set of the simultaneous congruences

a; mod ng

X

X

= as mod ng

for given ay,as € Z and ny,ng € Zsg with ged(ny,ny) = 1. Com-
pare with the MAPLE-function chrem.

Ezxtend your implementation such that it works correctly also
for my,ny not coprime.
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Groups

3.1 Overview

In this chapter we discuss the foundations of group theory, which
will have various applications in the chapters of rings, fields and
vector spaces. As and example for groups we consider symme-
try groups of subsets of R", for example, the sets of rotations
and (roto-) reflections, which map a Platonic solid (tetrahedron,
cube, octahedron, dodecahedron and icosahedron) to itself (see
Figure 3.1).The group property arises here from the fact, that
the composition of two symmetries is again a symmetry and any
symmetry can be undone by a symmetry. For example in the
symmetry group of the tetrahedron the 120° rotation is equal to
the composition of two reflections, see Figure 3.2.

In general, we have: The composition of two symmetries is
again a symmetry. For every symmetry there is an inverse sym-
metry, such that the composition gives the identity map.

In the context of symmetry groups, the concept of an action
of a group G on a set M plays an important role. For example,
we can consider for G the symmetry group of the tetrahedron
and for M the tetrahedron or the sets of vertices or edges or faces
of the tetrahedron. A group action is then a map (satisfying a
couple of obvious additional conditions)

GxM — M
(g,m) +— g-m

that is a group element g maps an element m ¢ M to another

47
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Figure 3.1: The Platonic solids

«— 3 3

Figure 3.2: Composition of two symmetries of the tetrahedron.

element of M, which we call g-m. If we start with some m
and apply all elements of GG, then we obtain the so-called orbit
of m, for example, we can map any vertex of a tetrahedron to
any other vertex by applying a symmetry. In general, M will
decompose into disjoint orbit. One of the key theorems in this
context is the orbit counting formula.

The two most important examples of operations for the con-
struction and classification of groups is that of a subgroup H c GG
by

HxG — G
(h,g) +— hg
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and of G on itself by conjugation

GxG — G

(a,b) +— aba™!

The translation we will study in detail, the conjugation will be
discussed in the exercises.

3.2 Groups and actions

3.2.1 Basics

Definition 3.2.1 A group (G, o) is a set G together with a map

o: GxGE — @
(a,b) +~ aob

called operation, which satisfies the following axioms:
(G1) Associativity
ao(boc)=(aob)oc Va,b,ceG

(G2) There exist a neutral element , that is an
eeG

with
eoa=aoe=a Vae(@G

(G3) Existence of inverses, that is Va € G Ja~' € G with

atoa=aoal=¢e

If in addition the commutative law
aob=boaq Va,beG,

1s obeyed, we call G abelian.
A set G together with an operation

o: GxGE — (G

which obeys (G1), is called a semigroup.

(G,0) with (G1) and (G2) is called a monoid.

The number of elements |G| of G is called the order of G
(which can be o0 ).
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Remark 3.2.2 If in the definition of a group G we only require
the existence of a left-neutral element e € G with eca=a Yae G
and left-inverse elements a™' for every a € G with a™* o a = e,
then e is also right-neutral and the elements a™' right-inverses:

1) For a,be G we have: If aob=e, then also boa =e.

2) We have that aoce=a for allae@G.
Remark 3.2.3 If G is a group then:

1) The neutral element of G is unique.
2) The inverses of the elements of G are unique.
3) For a,be G we have (aob) ™ =bloa™,

4) For aeG we have (™)' = a.

These statements are shown in Exercise 3.2.
Appart from the symmetry groups mentioned in Section 3.1,
we discuss the following central examples of groups:

Example 3.2.4 1) The set of integers with addition
(Z,+)
1s a group. The neutral element is 0.

2) The set of integers with multiplication
(Z7 )
15 a monotd. The neutral element is 1.
3) The set of non-zero rational numbers together with multi-

plication
(Q\{0},-)

18 a group.
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4)

5)

Let X be an arbitrary set. The set of self-mappings of X
S(X)={f:X — X| f bijective}

together with composition is a group.

In particular, for
X ={1,...n},

the set of permutations of n elements
Sp =S ({1,...,n})
is called the symmetric group. Obuviously, we have that
|Spl=n-(n-1)-...-2-1=n!

For o € S,, we also write

B 1 - n
TT\o() - o)
An element of S,, is called a transposition, if it inter-
changes two unique elements.

Through numbering the corners of the tetrahedron in Fig-
ure 3.5 the rotation in Figure 5.5 can be identified by the

permutation
1 2 3 4
(1 3 4 2 )654

and the reflexion in Figure 3.4 with the transposisiton
1 2 3 4
( 1324 ) € S

Let
A={a,B,7,...}

be a finite set. A word over the alphabet A is a finite

sequence
w = blbg.. bn
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Figure 3.3: Rotational symmetry of the tetrahedron

with b; € A. Given another word v = ay...a,,, we define the
operation "writtenaftereachother” by

wov=b1...byay...a,,.

The set
G ={w|w a word over A}

together with o form a semigroup.

If we allow the empty word e in G, then (G, o) becomes a
monoid.

6) If we add the letters a~t, 371, ... with the calculation rule

then we get the free group generated by A.

7) If G1, Gy are groups, then the cartesian product Gy x G
of G1 and Gy with the operation

(a1,b1) 0 (az,b2) := (a1 0 az, by 0by)
18 again a group.

Definition and Theorem 3.2.5 (subgroup criterion) Let (G, o)
be a group. A subset H c G is called a subgroup, if the following
two equivalent conditions are satisfied:
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Figure 3.4: Reflection symmetry of the tetrahedron

1) (H,o) is a group (that is, e € H and a,be H == aobe H,
b-leH)

2) H+@, and a,be H=—aob' e H.

Proof. (1) = (2) is obvious. Is on the other hand H # @, then
there is an a € H. For this element we have e=aoa™! € H, and
thus for all a € H, that a™! =eoa™! € H. Also for all a,be H we
have b~! € H, and hence

aob:ao(b’l)_leH.
~

Example 3.2.6 Let G be the symmetry group of the tetraederon,
r190 the rotation in Figure 3.3 and sa3 the reflection in Figure 5.4.
Then

{id; 120, (7”120)2} cG
{2d7 323} cG

are subgroups.
Example 3.2.7 The subgroups of (Z,+) are of the form
nZ:={n-k|kelZ}

where n € Zg.
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Proof. Using the subgroup criterion, we see that nZ c Z is.a
subgroup. Suppose, on the other hand, that H c Z is a subgroup.
Then either H = {0} or there is a smallest element n >0 in H.
We show that then H =nZ: Let m € H. Division with remainder
yields a representation of m

m=qn+r

with 0 <r <n and r € H. By definition of n it follows that r =0,
hence menZ. m

Example 3.2.8 Let n € N and a € Z. The equivalence class
(residue class) of a modulo n can be expressed by using the sub-
group nZ. c 7. as

a={beZ|a=bmodn}
=a+nZ:={a+blbenZ}={a+k-n|keZ}cZ

(see also Exercise 2.3).
The set of residue classes

Ly =7[n = {6, 1,2, ,m}

18 together with the operation

G+bi=a+b

a group, the group of residue classes modulo n (with neutral
element 0 and inverse —a ==a of a € Z/n).

Since @+ b:=a+b is not defined in terms of @ and b, but in
terms of representatives a and b, we have to show that a+b is well-
defined, that is, does not depend on the choice of represenatives
of a and b:

Ifay =a3 and by = by, that is, ay—as =n-k; and by —by =n-ky
with numbers kq, ko, then

a_1+b_1:a1+b1 =a2+b2+n-(k1+k2) =a2+62:a_2+g.
Example 3.2.9 Forn =3 we get Z/3 ={0,1,2} with
0

{...,-3,0,3,6,..} =3Z
{,-2,1,4,7,..}=1+3Z
{..,-1,2,5,8,..} =2+3Z

1
2
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Figure 3.5: residue classes modulo 3

see also Figure 5.5.
The operation can be described in terms of the group table

| = O O
= Sl ol bl

| = Ol +
Ol N = =

for example, we see that 2+2=2+2=4=1.
Example 3.2.10 For every divisor a of n, and d =% the subset
{G,a,%, e (d- 1)a} cZ/n

is a subgroup (exercise).
For example, for n =6 and a =2 we ge the subgroup

{G,E,Z}CZ/G
If we compare the group table
+]0 3 1
00 2 4
212 4 0
414 0 2

of this group with that of Z/3, we observe, that the elements of
the two groups have different names, but obey the same calcu-
lation rules.

The identification of the subgroup {6, 2, é_l} c Z/6 with Z/3
is an example of a group isomorphism, that is, a bijective map,
which is compatible with the group structures. The group iso-
morphism

p: z)3 — {0,2,3)
0+3Z +— 0+6%Z
1+3Z +— 2+6Z
2437 +— 4+67Z
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satisfies, for example,
e(1+1)=¢p(2)=4

We write then

Il
N
+
ol

Il

S
—
—|
N—"

+

AS)
—
—|
N—"

z/3={0,2,1)

and more generally we have
zjd={0,a,2a, ... (d- T)a}.

Definition 3.2.11 A group homomorphism ¢ between two
groups G and Gy is a map
p:Gp — Gy

which satisfies

p(aob)=p(a)ep(b) Va,beG,
that s, which is compatible with the group structures.

Note that o on the left side is the operation in G, and on
the right side is the operation in Gbs.

Remark 3.2.12 If ¢ : G; — G5 is a group homomomorphism,
then

p(e1) = e

where e; € G; denotes the respective neutral element.
The kernel of ¢

Kerp={aeG|p(a)=es}
and the tmage of ¢
Imp = (G1)
are subgroups of Gy and Gy, respectively.
For the proof see Exercise 3.4.

For example, for the above group homomorphismus ¢ : Z/3 -
76 given by 1~ 2, we have
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Lemma 3.2.13 A group homomorphism ¢ : G; — G5 s injec-
tive if and only if
Kerp ={e;},

that 1s, the kernel contains only the neutral element ey of G.
Proof. We first remark, that for b € G

(@) =¢(b7)

e (b) o (b)) =p(bob™) =p(e1) = €2,

and the inverse is unique. For a,b € G; we hence have
p(a)=p(b) = p(aob)=ey<=>aob ' eKerop.
using that
p(a)o(p(®) " =p(a)op(b)=p(acb™)

Hence if Kery = {e;}, then ¢ (a) = ¢ (b) implies, that a = b.
Is on the other hand ¢ injective, then it follows from

p(a)=ex=p(er1)
that a=e;. =

Definition 3.2.14 Injective group homomorphisms are called
(group-) monomorphisms,surjective (group-)homomorphisms
(group-) epimorphisms.

A (group-) isomorphism

p: G — Gy
1a a bijective homomorphism. The inverse map
90_1 1 Gy — G
18 then also a isomorphism. We write G1 2 Gs.
See also Exercise 3.4.

Example 3.2.15 1) The inclusion of a subgroup H - G is a
monomorphism.
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2) The map
Z — ni
k — n-k

s for n >1 an isomorphism.
3) The exponential function

(R7+) - (R>07')

x —  exp(z)=e"

in Figure 8.6 is a homomorphism, since by the functional
equation of the exponential function e®1+%2 = e*1.e*2 for all
x; € R. Since the exponential function is continuous and
strictly monotone with lim,. . €* = co and lim,,, o, e* =0,
it defines even an Isomorphismus.

a-

-

-2 -1 o 1 2

Figure 3.6: Exponential function

4) In contrast, with C* = C\{0} the map

((C7+) - ((C*)

z —  exp(z)=e¢?
15 an epimorphism, but not an isomorphism. The kernel is

Ker (exp: C — C*) = 2miZ = {2min |n e Z} .
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5) Let n > 2. The signatur or the signum
sign: S, — ({1},

o > sign(o)= fl[
]:

s an epimorphism and
Ker (sign) = 4,

15 called alternating group.

The definition of sign translates into the following program
(in the Syntax of MAPLE):

sgn:=proc(sigma)

local s,7,%;

s:=1;

for 7 from 1 to mops(sigma) do
for 4 from 1 to j-1 do

s:=s*(stgmali]-sigmalg])/(i-7);

od;

od;

return(s);

end proc:

where we represent the permutation o by the list (o(1),...,0(n)).

As an example, we consider the permutation from Figure
3.2. For the rotation

(12 3 4
97\ 1 3 4 2

using the above formula we obtain

n(o) - 173 124 122 3o 302 4o
Slno’: . . . . .
& 1-2 1-3 1-4 2-3 2-4 3-4
:ﬂ.ﬂ:(_lle
9-3 2-4

and for the two reflections

(1234 (1
=113 2 4 271

(NI )
=

W =
N —
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that sign(r;) = 1. Indeed we have for all transpositions T,
that sign(7) = =1. We will prove this below.

Since sign is a group homomorphism, it follows from o =
T1 - To directly that

sign(o) = sign( ) - sign(n) = 1.

As we will see , one can easily compute the signum via the
homomorphismu-property, by writing a permutation as a
product of permutations with known signum.

See also Ezercise 3.5.
6) If a,beN and ged (a,b) =1. Then
Zlab=7Z]axZ]b
This is a reformulation of the Chinese remainder theorem.
In practice, groups are often specified in terms of generators:

Definition 3.2.16 Let E be a subset of a group G. Then (E)
1s the smallest subgroup of G, which contains all elements of E.
Equivalently (E) is the intersection of all subgroups U with E c
U c G (since the intersection of subgroups is again a subgroup).
We call (E) the subgroup generated by E.
A group G is called cyclic, if there is a g € G with

G =(g).

For g € G we obviously have

(9)={g" |reZy}

with
g =ge..og
~——

and ¢g" = (¢g7')™" for r < 0. If the operation is written additively
as + we write 7 - g instead of ¢".

Example 3.2.17 1) The residue class group Z[n is cyclic
generated by 1.
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2) The group (Z,+) cyclic generated by 1.

3) The subgroup nZ c (Z,+) is cyclic generated by n, so nZ =
(n). According to Example 3.2.15 we have nZ = 7.

We will prove later, that all cyclic groups are up to isomor-
phism of the form Z or Z/n (see Example 3.3.13).

Definition 3.2.18 Let g € G be an element of a group. Then

ord (g) = [{g)|

is called the order of g.
See also Exercise 3.9.

Example 3.2.19 For the rotation of the tetrahedron by 120°
(1 3 4
771 3 4 2

(o) ={id=0" 0,0} 2 Z/3
and hence ord (o) = 3.

w N

we have

3.2.2 Group actions

Groups are considered in mathematics mainly since they can be
used to describe symmetries. In order to interpret groups as
groups of symmetries, the effect of the elements of a group on
the elements of a set are specified through the notion of a group
action:

Definition 3.2.20 Let (G, ) be a group and M a set. An ac-
tion of G on M (from the left) is a map

GxM — M

(g,m) > g-m

which satisfies the following conditions:
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1)

for all me M.

2)
(aob)-m:a-(b-m)

for all a,be G and m e M.

Remark 3.2.21 In an analogous way, one can specify operatons
from the right

MxG — M
with m-e=m and (m-a)-b=m-(aob).

It seems to be superfluous to have both notations, however
there are settings, where there are two distinct canonical defini-
tions for an action from the left and from the right, and where
both definitions are used at the same time. An example is the
action of a subgroup H c G on G by HxG - G, (h,g) » hog
from the left, and by G x H - G, (g,h) = go h from the right,
which we will later discuss in detail.

Remark 3.2.22 To put it differently, an action of G on M 1is
a group homomorphism

p: G — S(M)
g = 90(9)==(

of G into the group of self-mappings of M.

M — M
m -  g-m

Proof. We check whether ¢ (g) for alle g € G is bijective and
whether ¢ is a homomorphism: Let g-mq = g-my for my,my € M.
Then
mi=e-my = (g’l o g) my =gt (g-my)
=g - (g-my) = (g_] o g) Sy = €My = M.
Each m € M is in the image of ¢ (g), sincem =e-m =g-(g~*-m).
Moreover,
o(goh)=(mw~ (goh)-m)=(m~g-(h-m))
=(mwrg-m)o(m—h-m)=¢(g)op(h).
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Example 3.2.23 S, acts on {1,...,n} by
Spx{l,...,n} — {1,..,n}
(o, ) —  a(j)
Another key example is the action of the group of motions of
R™:

Definition 3.2.24 A Fuclidean motion f:R" - R" is a map,
which respects the FEuclidean distance

|z] = v Eitia?

|z =yl =1f(@) - ()l
for all x,y e R*. Figure 3.7 shows a motion, which is the com-
position of a translation and a roto-reflection. The set E(n) of

that s, with

4 - v

Figure 3.7: Example of a motion of R2.

Fuclidean motions of R™ s with the composition a group, the
group of motions.
Let M c R™ be a subset. The group

Sym(M)={AeE(n)|A(M)=M}
1s called the symmetry group of M.

Example 3.2.25 (Symmetry group) We describe the symme-
try group Sym (D) of the equilateral triangle D.

3
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Every symmetry is a rotation or reflection

.
0 A

AN

Every symmetry is uniquely determined by its action on the ver-
tices of the triangle. By numbering the vertices, we can consider
every symmetry as a bijective map {1,2,3} — {1,2,3}. Indeed,
we have a group isomorphism o

Sym(D)—{idQ/;/\ Al & A}

o

S= {id { ™ / N (1e2) (1<3) 2<3)
1 2 1 2

which is induced by the action of Sym (D) on the vertices of the
triangle

Sym (D) x {1,2,3) — {1,2,3}.

o)

~F
the rotation by 120°, then the operation gives a map

Is, for example,

(7“1207 1) > 2, (7“120,2) =3, (7“120a3) 1

)

hence
1 2
(,0(7’120) = ( 2 3
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Example 3.2.26 (Orbit and Stabilizer) Given a point of the
equilateral triangle D, we want to investigate on which other

points under the operation

Sym (D) x D — D

this point can map. This set is called the orbit, the number of
elements the lenght of the orbit. Examples of orbits are

3 3

The operation on D induce an operation
Sym (D) x 2P — 2P

of the set of all subsets of D. In the orbit of the black subset is
also the white subset:

1 2

Otherwise one can consider the set of all elements of Sym (D),
that keep a given point (or a subset) fized. The corner 1 is fized
by {id, (2 < 3)}, the middlepoint m by Sym (D) and the point
p1 only by the identity. The black subset is fized by

3 3
VA AR

We observe that these sets are subgroups of Sym (D), and that
the product of the group orders with length the respective orbits,
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in each case |Sym (D)| =6, give.

Orbit fized by
1 {1,230 {id,(2<3)} 3-2=6
m  {m} Sym (D) 1-6=6
pr A{p1,..,pet  {id} 6-1=6

This is true in general, and is called the orbit counting theorem
(see Section 77).

We first formalize the ideas of orbit and stabilizer:

Definition 3.2.27 Let G x M — M be an action. For m € M
we call
Gm={g9g-m|geG}cM

the orbit of m. If N c M is any subset, then
Stab(N)={geG|gN =N},

where gN ={g-n|ne N}, is called the stabilizer of N.
The most important case s that of the stabilizer of a 1-
element set: For an element m € M let

Stab(m)={geG|g-m=m} =Stab({m}).

Remark 3.2.28 Two orbits Gmy, and Gmsy are either equal or
disjoint. To be in the same orbit is, hence, an equivalence rela-
tion.

Proof. If there exists an
ms € Gmy N Gmey
then there are g1, g € G with
mg =gy M1 =gs- M3y

hence
my=gy' - (g1-m1).

For every g € G we hence have

g-ma=g-(93" - (g1-m1))=(gogy' og1) -mieGmy
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that is
Gm2 Cc Gml.

Similarily we have the other inclusion, that is Gmy = Gmj.
The second claim one easily checks using the definition of an
equivalence relation. m

Definition 3.2.29 The set of orbits we denote by M |G (quo-
tient of M by G). Every element m € Gm; we call a represen-
tative of the orbit, since Gm = Gmy. Morover,

T M — M|G
m +— Gm

18 called the quotient map.
With the above remark we see:

Definition and Theorem 3.2.30 Let G x M — M be an ac-
tion. A complete set of representatives of the orbits is a
subset R ¢ M, such that every orbit Gm contains exactly one
element of R.

Then M is the disjoint union

M:UG-T

reR

The representation of permutations in mapping notation is
not efficient: For the permutation

(1234567809
771 2 14567809

we do not have to remember the images of 4,...,7. The images
of 1,2,3 we can encode in a diagram

()

W DN

This is the idea of a so-called cycle:
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Definition 3.2.31 If o € S,,, then the action of (o) on the set
{1,...,n} decomposes the set into orbits

(o) = {x,a(x) ,o2(x), ..., 0! (a:)}

and t minimal with ot (x) = x. If there is only one orbit of length
t > 1 (that is, all others have length 1), then o is called a cycle
of order t, and we write

o= (x,a(x) o (z),..., 0! (x)) ,

that is we code, in addition to the orbit, also the order in which
we go through the orbit by iteratively applying o. Transposi-
tions are cycles of length 2. For the neutral element we write

0-

One could also use for a cycle a circle notation as above, but
that would use a bit too much space, and would not be easy to
enter on a computer console.

Remark 3.2.32 The cycle
o=(ay,...,a;) €S,
1s thus the map

{1,....n} —{1,...,n}
a1 /> G2

Qg —> a3

ai—1 /> Qg
Qg —>

a+— a otherwise,
and ord(o) =t.

Example 3.2.33 For the rotation

(123 4
9701 3 4 2
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of the tetrahedron by 120° (see also Example 3.2.19) we obtian
the decomposition into orbits

{1,2,3,4} = {1} 0{2,3,4} .

Hence o is a cycle and by remembering the order in which we go
through the orbit by iteratively applying o, we get

0=(2,34),

that is, 2 —» 3, 3 — 4, 4 —» 2. The notation of a cycle one can
open up at any point, hence

o=(2,3,4) = (3,4,2) = (4,2,3).

s (1 2 3 4
“7\l14 2 3
of the tetrahedron by 240° gives the same decomposition into or-
bits {1,2,3,4} ={1}0{2,3,4}, but

The rotation

o?=(2,4,3).

Note that it is easy to compute square of cycles o: We just have
to go two steps in the cycle to get the image of an element (and
similarly for higher powers).

Not every permutation is a cycle: Under the action of
(1 3456 78
“\234167385

there are two orbits of length 4 and

W N

o=(1,2,3,4)0(5,6,7,8)

is the product of two cycles. Since orbits are disjoint, we can
always decompose a permutation into disjoint cycles:

Theorem 3.2.34 We have:

1) Every element of S, is a product of disjoint cycles.
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2) Ever element of S, is a product of transpositions.
Proof. Let 0 € S,,.

1) Let {x1,...,x,} be a complete set of representatives of the
orbits of the operation of (o) on {1,...,n}. If we restrict o
as a map on the orbit (o) z;, then we obtain a cycle o; and

0=010..00,

2) Using 1) we may assume, that o is a cycle (yo, ..., yr-1)-
Then, as one easily checks,

(yo, ---ayt—l) = (?Jo,yl) ©...0 (yt—Q:yt—l) .

]
In the cycle notation of permuations, one usually leaves the
symbol o away.

Example 3.2.35 Let
(1234567809
7= 12398765
The operation of (o) decomposes
(1,9} = {1,2,3,4} 5 (5,9} 0{6,8} 0 {7}
wn disjoint orbits
o=(1,4,3,2)(5,9)(6,8)
=(1,4) (4,3) (3,2) (5,9) (6,8) .

See also Fzercise 3.7.

Remark 3.2.36 Ifo =71 0...o7,. with transpositions 7;, then we
can compute the signum of o directly as

sign(0) = (-1)"

since sign is a group homomorphism and signt = =1 for all trans-
positions T.
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Proof. For a transposition 7, we compute
s () - [[ 070
i<j -J
Assume 7 = (k,l) and k < {.Then
-1 fori=kandj=1
7()-7() T(]) 1 for i,7 ¢ {k,l}

i-j L fori=Fkand j*I
fori+ k and j = 1.

M.

s@?r'
%

If we further split up the last two cases into the j with k =1< j <1
or [ < 7, and into the ¢ with k <i < j =1 or i < k, respectively,
then we get

. -3 -y 11—k 1—k
sign(7) = - — : :
]Qhk J Jvlv—l!hk J @“I:t[hl ! ivlv—it[hz_l
I<j k<j<l k<i<l i<k
—————
>0 1 >0

The second and the third product cancel, and all numerators an
denominators of the first and last product are negative. Hence
signT <0 sosignT=-1. ®m

Example 3.2.37 For

o=(1,4,3,2)(5,9) (6,8)
=(1,4)(4,3)(3,2) (5,9) (6,8)

we obtain
sign(o) = (-1)° = -

Remark 3.2.38 For a representation of a permutation o = cy o
..oc¢. as a product of disjoint cycles c; of length m; one can
compute the order of o as

ord(o) =lem(my,...,m,).

For the proof see Exercise 3.9.
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Example 3.2.39 For o =(1,4,3,2)(5,9)(6,8) we get
ord(o) =lem(4,2,2) = 4.

We can check this also by a direct calculation

(1,4,3,2)%(5,9)%(6,8)% = (1,3)(2,4)
(1,2,3,4)(5,9)(6,8)
id .

2
3
4

Q Q 9

For subgroups of S,, the computer algebra system GAP [13]
algorithms for computing essentially all object introduced in this
chapter.

Example 3.2.40 We determine ord(o) for
o=(1,4,3,2)(5,9) (6,8)

using GAP:
sigma:=(1,4,3,2)(5,9)(6,8);
(1,4,3,2)(5,9)(6,8)
sigma”2;
(1,3)(2,4)
sigma~3;
(1,2,3,4)(5,9)(6,8)
s1gma’4;
()
Hence ord(o) =4. To apply Remark 3.2.38, instead, we use:
Order(sigma);
4
Note that, in contrast to the usual convention, to compute
oot foro,T €S, we have to enter T * o in GAP (that is, maps
take their argument on the left hand side). We check in GAP,
that with T = (2,5) we get

oot =(1,4,3,2)(5,9) (6,8) 0 (2,5)
=(1,4,3,2,9,5)(6,8).

tau:=(2,5);;
tau*sigma;
(1,4,3,2,9,5)(6,8)
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Remark 3.2.41 The symmetric group Ss is generated by (1,2)
and (2,3)
53 = <(17 2) ) (273)>

since (1,2)(2,3) = (1,2,3) and (1,2)(2,3)(1,2) = (1,3). In

general, we have

S, =((1,2),(2,3),...,(n=-1,n)),
see also die FExercises 3.21 and 3.22.

Example 3.2.42 In GAP we can define a group via a generat-
ing system as follows:

G:=Group((1,2),(2,3));

Group([(1,2), (2,3)])

Elements(G);

[0,(2,3),(1,2),(1,2,3),(1,3,2),(1,3)]

3.2.3 Action by translation

So far, we have considered the action of Sym(M) on a set M
and of S, on {1,...,n}. A further very important example is the
action of a group (G, o) on itself

GxG—G
(g,h) > goh

given by the group operation (this gives an action both from the
left and from the right). The action plays in important role in
the proof of the following theorem, which is of key importance
for practical calculations with groups: It allows to consider any
finite group as a subgroup of S,. In this representation, the
group can then be handled by the computer.

Theorem 3.2.43 (Cayley) Every group G is isomorphic to a
subgroup of the group of self-mappings S (G).
In particular for n := |G| < oo, we can consider G as a sub-

group of S, 2 S(G).
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Proof. The map
p: G - S(G)
N G - G
g h +~ goh
is a group homomorphism and
Kerp={geG|goh=hVheG}={e}

(using the uniqueness of the neutral element), hence ¢ is injec-
tive. Hence,

G2 Tm(p) c S(G).

]

For finite groups one can specify the action
GxG—G
(g.h) = goh

via a table, the group table.

Example 3.2.44 The group
G=7/4={0,1,2,3}

has the group table

Wl Nl = Ol +
Wl N R of Ol
Ol Wl DI |+l
= Ol Wl b ol
| | O Wl wol

In ever row or column, every element of the group occurs exactly
once.
The rows of the table specify p(g), in the example we have
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where we use the map notation introduced for elements of S, also
for elements of S(G).

Finally, we can number the elements of G to do the identifi-
cation S(G) = Sy.

A group is abelian if and only if its group table is symmetric
with respect to the diagonal. The associaticity law one cannot
see in any obvious way from the table.

Analogous to the action of a group on itself, one can also
consider the action of a subgroup on the group:

Example 3.2.45 As shown in Example 3.2.7, the subgroups of
(Z,+) are of the form

nZ={n-k|keZ}.
A group action of nZ on Z (from the right) is given by
Lxnli— 1
(a,n-k)y~a+n-k
The orbits are exactly the residue classes modulo n
a=a+nZ={a+n-k|keZ}.

Analogusly, we can also operate by addition from the left, and
obtain the same orbits, since + 1s commutative. Due to the usual
notation a + nZ for residue classes, one prefers the action from
the right.

Forn =4, we obtain by the action of 47, on Z the orbits

A7, | 1 +47 | 2+ 47 | 3+ 47

-4 -3 -2 -1

0 1 2 3

4 5 6 7

As seen in Example 3.2.8, the set of orbits with the operation
a+b=(a+nZ)+(b+nZ)=(a+b)+nZ=a+b

is again a group, called Z[n.
Later, we will investigate, when a set of orbits of a subgroup
18 again a group.
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We first introduce the concept of orbits of a subgroup in

general:

Definition 3.2.46 (Cosets) Let H c G be a subgroup. Then
the operation in G defines an action of H on G

HxG—G, (h,g)—> hog
from the left, and similarly from the right

GxH—G, (g,h)—>goh.
For g € G the orbits of this action

Hg:=Hog:={hog|heH}

and
gH:=goH:={goh|heH}

are called the right and left cosets of g, respectively.

Theorem 3.2.47 Let H c G be a subgroup. Every two cosets of
H have the same number of elements.

Proof. Let a,b € G. Then aH and bH are in bijection by
multiplication with ba~! from the left

g — boa‘log
¢ = G

U @]

aH — bH

aoh > boaloaoh=boh

(what is the inverse?). The right and left cosets aH and Ha are
in bijection via conjugation with a

g — a‘logoa
¢ = d

U u

aH — Ha

aoh > aloagohoa=hoa

(what is the inverse?). The operation by conjugation will also
be discussed in Exercise 3.12. =
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Corollary 3.2.48 (Index formula) Let H c G be a subgroup.
Then
Gl =G/H]-[H]

in particular in a finite group G, the order of the subgroup |H|
divides |G].

Definition 3.2.49 If H c G is a subgroup, then
(G H] = [G/H]
1s called the index of H in G.
We remark, that

H —-aH
h—=aoh

is a bijection (see the proof of Theorem 3.2.47), hence
laH| = H].

We prove now the index formula:
Proof. By Definition and Theorem 3.2.30 the group G is the
disjoint union of all aH with a from a complete set of represen-
atives R, so if |G| < oo then

Gl = ) laH]| = |R|-|H]|

acR

(using Theorem 3.2.47). If |G| = oo, then also |G/H| = oo or
|H|=00. m

Example 3.2.50 The group G = Z/6 has the order 6 and the
subgroups

@)
()

with the orders 1,2,3 and 6.
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Remark 3.2.51 Note that in a group, there is not necessarily
for every divisor a subgroup with the respective order, for exam-
ple,
Ay={oeS,|sign(o) =1}

does not have a subgroup of the order 6. The following GAP
code computes all possible order of subgroups of Ay:
G:=AlternatingGroup (4);;
Order(G);
12
L:=ConjugacyClassesSubgroups (G);;
List(List(L,Representative),Size);
[ 1, 2, 3, 4, 12 ]

In the context of the so-called Sylow theorems, one can prove,
that there is a subgroup of the respective order for every prime
power divisor of |G|.

From the index formula (Theorem 3.2.48) we get taking H =

(g9):

Corollary 3.2.52 In every finite group G the order of an ele-
ment g € G is a diwvisor of the group order |G|, that is, ord (g) |
|Gl.

Example 3.2.53 In G = Z/6, the elements 1 and 5 = -1 have
order 6, the elements 2 and 4 have order 3, and the element 3
has order 2. The neutral element 0 has order 1.

Corollary 3.2.54 FEvery group G with |G| prime is cyclic.

Proof. Using the index formula, we get, that G only has the
subgroups {e} and G. Hence, for every e # g € G we have

{e}#{9)=G
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3.3 Normal subgroups

3.3.1 Normal subgroups and the quotient group
Let H be a subgroup of (G, ) and

G/H ={gH |geG}
the set of left cosets

gH ={goh|heH}

of H, that is, the set of orbits of the translation action GxH - G,
(g,h) = goh of HonG.

Example 3.3.1 For H =nZ c Z = G we have already seen that
the set
G/H =Z[n={0,...,n-1}

of cosets
a=a+n

with the operation induced by the addition in Z

a+b=a+b
has the structure of a group.
More generally, is it true that G/H with the operation
aH -bH :=(aob)H

induced by that of G becomes a group? As in the case of Z/n
the problem arises from the question whether the operation is
well-defined, that is, whether it is independent from the choice
of representatives a, b of the cosets aH and bH.

Example 3.3.2 Let us go back to the respective calculation for
Z[n: Letay =ag and by = by, that is, ay = ag+k-n and by = by+1-n
for some k and . Then

aj+by=as+k-n+by+l-n=ay+by+(k+10)-n,

hence a1 +by = as +by. In this calculation, we have commuted
the summands k-n and by. This was possible, since G = 7 is
abelian.
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Now to the general setting. If G/H with aH -bH = (aob)H
is a group, then the quotient map
7:G— G[/H, g— gH
is a group homomorphism, since for all a,b € G we have
m(a)-m(b)=aH -bH = (aob)H =7w(aob).

Moreover

w(e)=eH=HeG|H

is the neutral element, hence H = Ker (7). Indeed, for the kernel
of a group homomorphism, we observe in general:

Remark 3.3.3 Let
p:G— F

be a group homomorphism and
H=Xer(p) cqG.
Then for g e G and
gHg' :={gohog™ |heH},

we have
gHg'=H.

Proof. If h € Ker g, then for all g € G
p(gohog™)=p(g)op(h)op(g) =p(g)op(g) " =e,
so gohog e H and hence
gHg‘1 c H.

If we replace g by g~!, we get the other inclusion. =
Subgroups with this property of the kernel, are called normal
subgroups:

Definition 3.3.4 A subgroup H c G 1is called a normal sub-
group of G (written H <« G), if

gHg ' =H forallge G
(equivalently gH = Hg for all g€ G or gHg™' ¢ H for all g € G).
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More generally than the above example we have:

Remark 3.3.5 If ¢ : G — F is a group homomorphism and
M c F is a normal subgroup, then o' (M) c G is a normal
subgroup. If ¢ is surjective and N ¢ G is a normal subgroup,
then ¢ (N) c F' is a normal subgroup.

We prove this in Exercise 3.17.

Theorem 3.3.6 Let H c G be a subgroup. The set G|H is with
the induced operation

aH-bH = (aob)H

a group, if and only if H is a normal subgroup. We then call
G/H the quotient group.

Proof. We have already seen that H normal is necessary for
G/H becoming a group. The condition is also sufficient: Let
H c GG be a normal subgroup. We prove that

aH-bH = (aob)H

specifies a well-defined operation, that is, given other represen-
tatives
a9 € CLlH bg € blH

we have to show that
((12 o bg)H = (CLl o bl)H
Write

agzaloh szbloh,

with h,h' € H. Since H is a normal subgroup, we have
Hb, =b1H,
so there exists an h” € H with
hoby=byoh”
and hence

(CLQ Obg)H = (a1 oho b1 o h,)H = (CLl Obl o h” o h,)H = (CL1 o bl)H
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Note that hH = H for all h € H, since multiplication by h is a
bijektive map H — H.

We check that this operation on G/H indeed defines a group
structure: Associativity

(aH-bH)-cH =aH - (bH -cH)
follows from (aob)oc=ao (boc). Moreover,
edH=H
is the neutral element, and
(aH)'=a'H
the inverse of aH. m

Example 3.3.7 FEvery subgroup of an abelian group is a normal
subgroup. For example, the subgroups nZ c (Z,+) are normal.
We test this using the definition: For all g € Z we have

g+nZ={g+nk|keZ}
={nk+qg|keZ}=nZ+yg.

The quotient group is the residue class group
ZInZ=7Z/n={0,..,n—-1}.

The neutral element is 0 = 0 + nZ = nZ and the inverse is —a =
—a=n-a.

Example 3.3.8 A, = ker(sign) c S,, is by Remark 3.5.3 a nor-
mal subgroup. We test this using the definition: For all T € S,
and o € A,, we have

sign(7 o0 o77!) =sign(7) sign(o) sign(7) ™! = sign(c) = 1.

Remark 3.3.9 FEvery subgroup U c G of index [G:U] =2 is a
normal subgroup of G.

The short proof is Exercise 3.16. See also Exercise 3.13.
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3.3.2 Homomorphism theorem

If ¢ : G — F is a monomorphism, then we can consider G %
Im () ¢ F as a subgroup of F. Otherwise, we can make ¢
injective using the quotient group construction:

Theorem 3.3.10 (Homomorphism theorem) Let ¢ : G —
F be a group homomorphism. Then

G/ Kerp =Im(p).
Proof. We define
P:G/Kerp — Ime
¢ (aKerp) = (a)
This is well-defined, since for
a'=aoheaKerp with heKerg

we have

p(a)=p(a) -¢(h)=p(a)-e=p(a).
Since ¢ is a homomorphism, also  is a homomorphism, it is
surjective on the image of ¢, and injective, since

P(aKeryp)=e
=>p(a)=e=>acKerp

= aKeryp = Kerp = eg/Kere-

]
Hence ¢ : G — F factorizes in

¢ 5 F
projection ) 1 inclusion

G/Kero = Imep

Example 3.3.11 Let n > 2. Applied to sign : S, - ({-1,1},-)
with kernel A, and im(sign) = {-1,1} = Z/2 we obtain from
Theorem 3.3.10, that

SulAn 2 7)2.
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Example 3.3.12 The Klein four-group

Vy= {() ’ (17 2) (374) ’ (17 3) (274) ’ (174) (27 3)}
1s a normal subgroup of Sy and for the quotient group we have
54/‘/4 = 53.

We prove this in Fxercise 5.18, where we interpret the isomor-
phism geometrically by considering Sy as the symmetry group of
the tetrahedron.
We can also prove Sy/Vy = Ss using GAP:
S4 :=SymmetricGroup (4);;
NormalSubgroups (54);
[ Group(()),
Group ([ (1,4)(2,3), (1,3)(2,4) 1),
Group ([ (2,4,3), (1,4)(2,3), (1,3)(2,4) 1),
Sym( [ 1 .. 4 1) 1]
V4:=Group((1,2)(3,4),(1,3)(2,4));;
Elements(V4);
[ (), (1,2)(3,4), (1,3)(2,4), (1,4)(2,3) ]
Q:=S4/V4;;
Order(q) ;
6
IsomorphismGroups (§, CyclicGroup (6));
fail
IsomorphismGroups (§, SymmetricGroup (3));
[ f1, f2 ] > [ (2,3), (1,2,3) ]

Example 3.3.13 (Classification of cyclic groups) A cyclic
group G is a group which can be generated by a single element
g€ G, that is, G =(g). Then

p:(Z,+) — (9)=G
k' — gk

is an epimorphism. The order ord(g) = |G| can be finite or
infinite. In case ord (g) is infinite, @ is an isomorphism, since
only ¢° = e , and every element of G is of the form g*. If ord (g)
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is finite, then Kery = (n) = nZ (since every subgroup of Z is of
the form nZ), and the homomorphism theorem gives

ZnZ = (g)
T g

So we have shown: FEvery cyclic group G of finite order is iso-
morphic to Z[nZ with n = |G|, every cyclic group of infinite order
18 1somorphic to 7.

3.4 Exercises

Exercise 3.1 Create paper models of the Platonic solids: tetra-

hedron, cube, octahedron, dodecahedron and icosahedron (see Fig-
ure 3.1).

Exercise 3.2 Let G be a set with an operation

o: GxG@ — @
(a,b) +— aob

which satisfies the following axioms:
(G1) Associativity

ao(boc)=(aob)oc Va,b,ceG.

(G2’) There is a left-neutral element, that is, there is an
eel

with
eoa=a Vaed.

(G3’) Ezistence of the left-inverse, that is, Ya € G Ja~t € G with

alO(I:@.

Show:

1) For a,be G we have: If aob=e, then also boa = e.
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2) We have aoe=a for all g€ G.
3) The neutral element of G is unique.
4) The inverses of the elements of G are unique.
5) For a,be G we have (aob) ™ =b"loal.
6) For aeG we have (a™) " = a.
Exercise 3.3 Check whether the following definitions give a semi-
group, a monoid, or a group:
1) Ru{-oco} with the operation
a®b = max{a, b},
2) 3+6Z={3+6-k|keZ}with addition,
3) R™ with the operation
(at,...;an) + (b1, ...,0,) = (a1 + b1, ..cyan, + ).
Exercise 3.4 Let ¢ : Gy — Gy be a group homomorphism.
Show that:
1) Ker(¢) c Gy and Bild (¢) c Gy are subgroups.
2) If ¢ is a group isomorphism, then the inverse map
p Gy — Gy
1S a group isomorphism.
Exercise 3.5 Prove that for n > 2

sign: S, — ({1,-1},")

n
o — sign(a):llj1
pe

o(i)=0(j)
i—j

15 a group epimorphism.
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Exercise 3.6 In the following game, we can shift neighboring
squares vertically or horizonally to the empty square. Using such
mowes, is it possible to transform the configuration

2/1/3 4
5/6|7|8
9110 11 12
13|14 |15

into the standard configuration:

1123 4
5/6|7|8
91101112
13|14 |15

Exercise 3.7 Write

(1 23 45 67 (1 23 45 67
“\2156437) " \1342576)
ooT and T oo both as a product of disjoint cycles, as well as,

a product of transpositions. Determine the respective orders and
signatures.

Exercise 3.8 1) Show that, if a,b € Z witha,b> 1 and gcd (a,b) =
1, then
Z](a-b) = Z]axZ][b.

2) Determine the pre-image of (8 + 10Z,-11 + 217Z) under the
group isomorphism

7210 = 710 x Z,/21.

Exercise 3.9 1) Let G be a group and let x,y € G with x-y =
y-x and (x) n(y) ={e}. Show that:

ord (z-y) =kgV (ord (z),ord (y)) .
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2) Let
o=¢C...-C €5,
be the product of disjoint cycles ¢; with lengths m;. Deter-

mine ord (o).
Exercise 3.10 Which orders occur among the elements of Sg?
Exercise 3.11 1) Write every element of Sy as the product
of disjoint cycles.

2) Assign a partition of 4 to every o € Sy (that is a sum 4 =
p1+ ... + pp with p; > 1). This partition is called the cycle
type of o.

3) Interpret each cycle type geometrically by interpreting S,
as the symmetry group of the tetrahedron (Figure 3.8).

1

Figure 3.8: Tetraedron

Exercise 3.12 1) Show that the map

GxG — G
(a,b) > aoboa!

defines a group action, the conjugation, of G on G from
the left.
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4 3

Figure 3.9: Regular 5-gon

2) The orbit of be G
be = {aoboa’1|a€G}

1s called the conjugacy classes of b. Determine all the
conjugacy classes of Ss.

Exercise 3.13 Let G be the symmetry group of the reqular pen-
tagon (Figure 3.9). Determine

1) the order of G (prove your claim),
2) all elements of G as permutations of the vertices,

3) all subgroups of G and which thereof are normaldivisors.

Exercise 3.14 Let G = Sym (O) be the symmetry group of the
octahedron O. By numbering the vertices

6

5

of O, we can consider G as a subgroup of Sg.
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1) Find the group order of G with the help of the orbit counting
formula.

2) Determine generators of G, and prove your claim using

GAP.
3) Find all conjugacy classes of G using GAP.

4) Interpret the elements of G geometrically.
Hint: Use the GAP commands Group, Order and ConjugacyClasses.

Exercise 3.15 Show that there are exactly 11 isomorphism classes
of (undirected) graphs with 4 vertices.

Exercise 3.16 Let H be a subgroup of G. Show that if [G: H] =
2, then H is a normal subgroup of G.

Exercise 3.17 Let o : G — F be a group homomorphism.
Prove:

1) If M c F is a normal subgroup, then ¢t (M) c G is a
normal subgroup.

2) If ¢ is surjective and N c G a normal subgroup, then
¢ (N) c F is a normal subgroup.

3) Give an example of a group homomorphism whose image
18 not a normal subgroup.

Exercise 3.18 Prove that the Kleinian four-group

Vi={0.(1,2)(3,4),(1,3)(2,4),(1,4) (2,3)}
1s a normal subgroup of Sy, and for the quotient group we have
S4/V21 = Sg.

Give a geometric interpretation by considering Sy as the symme-
try group of the tetraehedron.
Hint: Every symmetry of the tetrahedron T c R3 with vertices

er=(1,-1,-1) ey=(-1,1,-1) e3=(-1,-1,1) e4=(1,1,1)

permutes the coordinate azes of R3, see Figure 3.10. This induces
a group homomorphism

QOZS4—>S3.
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2

Figure 3.10: Tetrahedron with diagonals connecting mid-points
of the edges

Exercise 3.19 Prove that the Kleinian four-group

Vi={0).(1,2)(3,4),(1,3) (2,4),(1,4) (2,3)}
15 a normal subgroup of Sy and for the quotient group, we have
Suf/Vi= Ss

Give a geometric interpretation by considering Sy as the symme-
try group of the tetraedron.

Exercise 3.20 Lrt G be the symmetry group of the Ikosaeders.
1) Determine the grou order of G.

2) Find generatofs of the symmetry group G of the ikosaederon
(Figure 3.11) as a subgroup of Si2. Prove you claim using

GAP.
Exercise 3.21 Prove:
1)1
1 N | n
U_(U(l) o(n-1) k )ES”’
then

(n=1,n) .- (k,k+1)-0€S,1.
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12

Figure 3.11: Icosahedron with numbering of the vertices

2) The symmetric group S, is generated by the transpositions
(1,2),(2,3),...,(n-1,n), that is

S, =((1,2),(2,3) ... (n—1,n)).

Exercise 3.22 Let G c S, be a subgroup with (1,2) € G and
(1,2,...,n) € G. Prove that

G=25,.



4
Rings and fields

4.1 Basics

Definition 4.1.1 A ring (R, +,-) is a set R together with two
operations

+:RxR— R, (a,b) — a+Db
RxR— R, (a,b)—a-b

for which the following axioms are true
(R1) (R,+) is an abelian group,

(R2) multiplication - is associative,

(R3) the operations are distributive, that is,

a-(b+c)=a-b+a-c

(a+b)-c=a-c+b-c
for all a,b,ce R.
Furthermore if there exists an identity, that is,
(R4) there is an element 1 € R with
a-1=1-a=a

for all a € R, we say that R is a ring with 1 (as neutral
element of the monoid (R,-) the 1 is unique),

and if

93
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(R5) the multiplication - is commutative, that is,
a-b=b-a
for all a,be R, then R is called a commutative ring.

If @+ U c R with + and - is a ring, then we call U a subring of
R. If R is a ring with 1, we also require (as a rule) 1€ U.

We write the zero- and identity element as Or and 1g, in case
they appear in the context of several rings.

Example 4.1.2 1) R={0} is a ring with 0 = 1, the so-called
zero-ring.

2) 7 ,Q R ,C are commutative rings with 1.

3) The even numbers 27 c Z form a commutative ring with-
out 1.

4) If Ry, Ry are rings, then the cartesian product Ry x Ry is a
ring with componentwise addition

(al,ag) + (bl,bg) = (CL1 + b17a2 + bg)

and multiplication
(a1,a2) - (b1,b2) = (a1 - by, az-by).

Definition 4.1.3 Let R and S be rings. a ringhomomor-
phism
p:R— S

is a map, that satisfies

p(a+b)=p(a)+¢(b)
and
pla-b)=yp(a) ¢ (b)
for all a,b € R (in particular, ¢ : (R,+) — (S,+) is a group

homomorphism). If R and S are rings with 1, we require (as a
rule) that

¢ (1r) = 1s.
The concepts mono-, epi-, and isomorphism are defined in a sim-
ilar way as for groups.
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Remark 4.1.4 The image of ¢ (R) c S, as well as the kernel
Kerp={reR|¢(r)=0}cR,
are subrings.

Remark 4.1.5 For a ring R with 1, only in the special case of
the zero map, Ker ¢ is also a ring with 1, since

lreKerp<=p(r)=¢(r-1g)=p(r)p(lg) =0 Vre R < Kerp = R.

This is because Kerp is an ideal. In the next section we will
come back to ideals.

Definition 4.1.6 Let R be a commutative ring with 1. The
polynomial ring R|[x] over R in the variable x is a set of
ETPTeSSIONS

f=apz® + a1zt + ... + a,z"

with n € Ny, a; € R, a, #0.

We call call deg (f) := n the degree of f and put deg(0) =
—0Q.

Fori>deg(f) we put a; =0.
Addition and multiplication of polynomials are defined as follows.

(aoxo fart + .+ anx”) + (boxo +bhxt +.. + bmxm)

=(ag+bo) 2+ (ay + b))zt + ...+ (amax(nﬁm) + bmax(n,m)) pmax(n,m)

and
0 1 n 0 1 m
(aox +a1x + ...+ anx ) . (bosc +bizt + ...+ b, )
= cox’ + x4+ o+ Cpap ™
such that

k
C = Z ajbk_j.
=0

Polynomial rings in more than one variable are defined induc-
tively
Rz, ...,z ) = R@1, ...,z ] [2r]
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4.2 The group of units of Z/n

Definition 4.2.1 Let R be a commutative ring with 1. An ele-
ment u € R is called a unit of R, if there is a w € R with

w-u=1.

The set of units is called R*. With u also w is a unit and (R*,-)
s a group, the group of units of R.
If1+0 and
R* = R\{0},

then R 1s called a field.

Remark: The inverse w =u~! in R* is unique.
An element @ € Z/n is invertible if and only if there is a b€ Z
with @-b =1, that is, if there are b, k € Z with

a-b+n-k=1

Such b and k£ we can obtain using the extended Euclidean algo-
rithm, provided
ged (a,n) = 1.

On the other hand, if we have such a representation of 1, then a
and n have to be corpime (since otherwise every common divisor
of them also divides 1). We can hence describe the group of units
directly:

Theorem 4.2.2 For neN we have
(Z[n)" ={aeZ/n]|ged(a,n) =1}

The elements are called prime residue classes. The group
(Z/n)™ we also call the prime residue class group modulo n.

As a direct corollary, we obtain:

Corollary 4.2.3 The ring Z/n is a field if and only if n is a
prime number.
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Example 4.2.4 The residue class 8 € Z/15 has an inverse, that
is, 8 € (Z/15)", since

ged (8,3-5) =1

With the extended Euclidean algorithm, we obtain a representa-
tion of the greatest common divisor

1=(2)-8+(-1)-15

hence
8 =2

Definition 4.2.5 The FEuler ¢-function ¢ : N — Z defined by
p(n) = |(Z/n)"

gives for n the order of the group of units (Z/n)”.

={reZ|1<r<n, ged(r,n) =1}

Theorem 4.2.6 (Theorem of Fermat-Euler) For all a,n
Z, n>1 with ged (a,n) =1 we have

a?™ = 1modn.

Proof. By Corollary 3.2.52, the order of every element g of a
group G divides the group order, hence

g% =e.
Applied to @€ (Z/n)" we obtain

a@(”) =1.

[ ]
For prime numbers p, we have

e(p)=p-1,

hence
a*t=1modp ifpta

and thus (since for p | a we have a? =0 = amodp):
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Corollary 4.2.7 (Fermat’s little theorem) If p is a prime
number and a € 7., then

a? = amod p.

To compute the Euler ¢-function, one uses that it is multi-
plicative over coprime products. For this, we first note that the
Chinese remainder theorem group isomorphism is indeed a ring
isomorphism (see Exercise 3.8):

Theorem 4.2.8 Let my,ms € N be copime. Then
Z/m1m2 = Z/ml X Z/mg
Proof. As shown in Exercise 3.8, by

T Z/mimy < —> Z|my x Z]ms
a+mimeZ +— (a+mZ, a+moZ)

we get a well-defined isomorphism of abelian groups with respect
to +. Moreover

7(ab+mimsZ) = (ab+miZ, ab+msZ)
=((a+miZ)-(b+miZ), (a+meZ) - (b+maoZ))
=(a+miZ, a+moZ) - (b+miZ, b+moZ)

=7(a+mimoZ) - w(b+mimsZ),
hence 7 is a ring isomorphism. m

Example 4.2.9 Using Theorem 2./.1 we obtain by determining
the solution set of the simultaneous congruences

z = 1mod3

xz7mod15<=){ = 2mod5

According to Theorem 4.2.8 we can rephrase this equivalence as
Z/15 = ZJ/3 x ZJ/5 and

7 e (I . 2
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Computing the preimage of (1,2) under this isomorphism is solv-
g the simultaneous congruence

z = 1mod3
z =2modb

Vice versa, computing the image of 7 is just reduction modulo 3
and 5.
With regard to the multiplication, we have, for example,

(7). 7(@) = (1.3) - (1.9) = (1.5) = (1.3)
=n(13) =n(7-4).
By Theorem 4.2.8 the ¢-function is multiplicative:
Corollary 4.2.10 If my,ms € N are corpime, then
@ (mima) = ¢ (m1) ¢ (m2) .
Proof. We have a + mimsyZ € (Z/mymy)™ if and only if
(a+m1Z,a+myZ) € (Z]my x Z]my)™,

equivalently, if a + m;Z € (Z/m;)™ for alle i, since multiplication
is defined component-wise. Hence

(Zfmimy)™ = (Z)my)" x (Z[my)”

|
In particular, we obtain:

Remark 4.2.11 If n=p-q is the product of two primes, then

(n)=(p-1)(¢-1).

4.3 Ideals and quotient rings

In this section, we aim at generalizing the construction of the ring
Z[n. To do so, we investigate, in which sense we can give the
quotient group the structure of a ring. Let R be a commutative
ring with 1. Every subgroup I c (R,+) is a normal subgroup,
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we hence can construct the quotient group R/I, the surjective
group homomorphism

7: (R,+) — (R/I,+)

r — Tr=r+l1

has Ker7 = I, and the neutral element of R/I with respect to +
isO0+1=1.

If we want also a multiplication on R/, such that 7 is a ring
homomorphism, then the multiplication has to be induced by
the multiplication in R, since

1T =7 (ry) -m(re) =m(rire) =717,

However, multiplication by multiplication of the representative
may not be well-defined. If 7} = 7 + b with b € I is a different
representative of ro + I, then

rLeTh=11-To+ 770 b,

so we need 71 -be [ for all 7y € R and b e I. Subgroups of (R, +)
with this property are called ideals:

Definition 4.3.1 Let R be a commutative ring with 1. An ideal
18 a non-empty subset I ¢ R with

a+bel

racel
for all a,be I and r € R.

We remark, that with a € I also the additive inverse —a is in I.
All together, we have proven (as an easy exercise the dis-
tributive law in R/I follows directly from that in R):

Theorem 4.3.2 Let I c R be an ideal. Then the quotient group
R/I carries the structure of a commutative ring with 1 by mul-
tiplication of representatives

(T1+I)'(T’Q+I) !=T‘1T2+1.

The neutral element of R/1 with respect to - is 1+1. We call R]I
the quotient ring of R by 1.
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Ideals play an important role in the theory of rings.

Example 4.3.3 1) If I,,I, ¢ R are ideals, then also their
intersection Iy n Is.

2) Let ay,...,a, € R. Then
(a1, an) = {Xiriai | i € R}

15 an ideal, the ideal generated by the generating system
A1y eeey Q.

3) The ideals of Z are exactly the subgroups
nZ={na|aeZ}=(n)
with n € Z.

For the ideal I = nZ c 7Z, we obtain by Theorem 4.5.2,
that Z|nZ is a commutative ring with 1. The elements are
exactly the residue classes 0,1,...,n -1, that is,

ZInZ =Zn.
4) Let p: R— S be a ring homomorphism. The kernel
Kerp={reR|e(r)=0}cR
is an ideal: If r' € R and ¢ (r) =0, then also
p(r'-r)=e(’)-¢(r)=0
As in the case of groups we have:

Theorem 4.3.4 (Homomorphism theorem) Let ¢ : R —
S be a ring homomorphism. Then

R/Kerp 2Imgp
Proof. From Theorem 3.3.10, we obtain an isomorphism
P:R/Kerp — Imgp
rF=r+Kerp— p(r)
of the additive abelian groups. Moreover, @ is a ring homomor-
phism, since
G(ri-12) =3 (T 12) =9 (r112)
=@ (r1) - (r2) =2(1) - 8(72) .
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4.4 Integral domains and fields
Definition 4.4.1 Let R be a commutative ring with 1.

1) An element a € R is called a zero divisor of R, if there
exists an x € R\{0} with

z-a=0.

2) If R does not have any zero divisors except 0, then R is
called an integral domain.

We already have seen, that an element of R cannot be both
a unit and a zero divisor.

Example 4.4.2 1) Z is an integral domain. The units are
+1 and -1, hence

Zx ={+1,-1}.
2) Every field K is an integral domain, for example, Q, R, C.
The units are K* = K\{0}.

3) Z]6 = {6, 1, 5} is not an integral domain, 2,3,4 (and 0)
are zero diwvisors, 1 and 5 are units.

See also Ezercise J.2.

4) If R is an integral domain, then also R[x] and
R[z]" = R~
are, since if f-g=1, then
0=deg (1) =deg(f-g) =deg(f) +deg(g)
hence deg (f) = deg(g) = 0.

5) The ring of Gaussian integers

Zli]={a+i-bla,beZ}cC
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s an integral domain and

Z[i]" = {1,-1,i,-i}.

Clearly these are units:
1-1=1
(-1)-(-1) =1
i (=i)=1

Prove as an exercise that there are no further units.

Remark 4.4.3 For integral domains R we can use, similarly to
the construction of Q from 7Z, the calculation with fractions

Q(R):{%|a,beR,b¢O}

to form a field, the quotient field, see Exercise J.0.
For example for a field K we obtain in this way the field of

rational functions.
K(z) = Q(K[z]).
For finite integral domains, there is no need for the quotient field

construction:

Theorem 4.4.4 FEvery finite integral domain is a field.
We prove this in Exercise 4.5. This observation gives another
proof of Corollary 4.2.3:

Corollary 4.4.5 If p is a prime number, then
Fy =Z[pZ

15 a field.

Proof. Follows directly from Theorem 4.4.4: If @
@,b e, then p|ab, hence p|a or p|b, that is, a=0 or

for
| ]

b=0
b=0.
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Remark 4.4.6 Let K be a field and
xX: Z — K
n — n-lg
the characteristic map. The kernel s an ideal
Ker x = pZ
with p > 0. We call
char (K)=p>0

the characteristic of K. There are two possible cases:

1) p=0, that is, x is injective. In this case, Z and hence also
Q is a subring of K.

2) p>0. Then
ZIpZ - K

1s by the homomorphism theorem 4.5.4 injective, hence
F, = Z/pZ is a subring of K and thus an integral domain.
Hence p must be a prime number, because if p = a-b with
a,b>1, thena-b=0, hence a,b+ 0 are zero divisors.

So every field contains either Q or IF),.

Remark 4.4.7 One can show, that up to isomorphism, there
is for any prime power p" exactly one field K with |K| = p”
elements. This field is called F,» and has char (F,-) = p. See
also Ezercise 4.4, where we construct a field with 4 elements.
Caveat:
Fy+ Z/4

since 2-2 =0 € Z/4, that is Z]4 is not an integral domain. In
general, I, is constructed as an algebaic extension of Fy,.

4.5 Exercises

Exercise 4.1 Let R ein ring. Show, that for all x,y € R
Oz =20=0
(—z)y=z(-y) =-=zy
(—2) (-y) = zy
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Exercise 4.2 Find the multiplication and addition tables of the
ring ZJ10Z. Which elements of Z/10Z are units, which are zero

divisors? Find also the multiplication table of the group of units
(ZJ10Z)"

Exercise 4.3 Let K be a field.

1) Show that the set of polynomials K[x] with coefficients
i K and the addition and multiplication from Definition
4.1.6 1s an integral domain.

2) Implement the addition and multiplication in K[x].

Exercise 4.4 Show that there is a field with exactly 4 elements
by specifying the addition and multiplication tables.
Hint: Denote the elements of K by 0,1,a,a+ 1.

Exercise 4.5 Show:

1) Every integral domain with finitely many elements is a
field.

2) In a finite ring, every element is either a unit or a zero
divisor.

Exercise 4.6 Let R be an integral domain and S = R\{0}. We
construct the ring von fractions

Q(R):{i |reR, SES}
as Q (R) = (RxS) /| ~ with the equivalence relation
(r,s)~(r',s")y <= rs —sr'=0
and write = := [(r,s)]. Addition and multiplication are given
T Ta  T1Sp+ TS

— 4+ —
S1 S9 5152

r T 172
S1 S22 5152

1) Show: Addition and multiplication are well-defined and

Q(R) is a field.
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2) Implement the arithmetic in Q = Q(Z), that is, addition,
multiplication, inverse, a function to decide equality, and
a function, which finds for every element a representative
which 1s reduced to lowest terms.

3) Can you modify your implementation such that it also works
for the field of rational functions Q(X) = Q(Q[X])?

Exercise 4.7 Let R be an integral domain. Show:
1) Fora,b,ce R, c+0 it follows from ac = bc, that a = .
2) For all a € R we have a |0 and a|a and 1| a.
3) Let a,by,ce R. If ¢c|b and b|a, then c|a.
4) Ifa€e R and ue R* and a | u, then a € R*.

5) Let a,b,de R with d|a and d|b. Then d | (za+yb) for all
T,y € R.

6) Let a,be R. Then (a) c (b) < b]a.
7) If a,be R, then
a|lbandb|a < Jue R* with a =ub<= (a) = (b)

We then say that, a and b are associated.

This is an equivalence relation.

Exercise 4.8 Let Fy be the field with the two elements 0 and 1.
Find all elements of

K =Fy[z]/(z* +x+1)

and the addition and multiplication table of K. Show that K is
a field.
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Vector spaces

5.1 Overview

Linear Algebra is concerned with the description of vector spaces,
the most frequently occuring structure of mathematics. The
reason for this lies in the fact that they arise in the description of
the solution spaces of linear systems of equations. We illustrate
this at an example: If we want to find the set V' of all polynomials

f = a1t + 2ot + w3t + 14 € R[]

of degree < 3 with zeros in t = -1 and ¢t = 2 and an inflection
point in ¢ = 0, we have to find all f with
f(-=1)=0
f7(0)=0
f(2) =0.
The coefficients of f hence must satisfy the system of equations
-1 + @y - w3 + wg = 0
21‘2 = 0
8ri + 4xe + 23 + x4 = 0

All these equations are linear (that is of degree 1) in the variables
x;. Such a system, we call a linear system of equations. Since
none of the equations has a constant term, it is a homogeneous
linear system of equations.

107
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Definition 5.1.1 A polynomial f € K[x1,...,x,] is called ho-
mogeneous, if all terms of f have the same degree.

Example 5.1.2 The polynomials x1 + xo and xizy + x125 are
homogeneous, x1 + 1 and x3xqy + x129 are not.

In contrast to general systems of polynomial equations, linear
systems can be solved easily.

5.2 Gaufs algorithm

Let K be a field. We can manipulate a linear system as follows:

Remark 5.2.1 If l;,ly € K[xy,...,x,] are polynomials and 0 #
ce K, then for all x € K™ we have

ll(ZL'):O }@{ ll(ZL')ZO
lo(z)=0 lo(z) +c-li(x)=0

and
li(x)=0<=c-l1(x)=0

and
Li(z)=0 lo(z)=0
Iy(z) =0 } = { li(z) =0

Fixing a total ordering on the set of variables, for example,
r1 > Ty > ... > x,, we can use this observation to solve linear
systems.

Definition 5.2.2 If f =c,xs+ ... + c,x, with cs # 0, then
L(f) =z

is called the lead variable (or the lead monomial of f),
LC(f) = c

the lead coefficient of f,

LT(f) = css
the lead term of f, and
tail(f) = f —=LT(f) = cs41Ts1 + - + Cuty
the tail of f.
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Example 5.2.3 For

f=2xo+bx3+ 14

we have
L(f) = T2
LC(f) =2
LT(f) = 2272

tall(f) = 5$3 + Ty.

Theorem 5.2.4 For a homogeneous linear system of equations
given by ly, ...l € K[xy,...,x,], all l; #0, Algorithm 5.1 finds an
equivalent system, such that all equations have pairwise different
lead monomials.

Algorithm 5.1 Gauf algorithm

1: for all ¢ do lz‘ﬁ(li)'lz‘
2: while exist ¢ # j with L(/;) = L({;) do

3: ljzlj—li

4: if [; =0 then
5 delete [;

6: else

7: = 1

li = toay i

Example 5.2.5 In the above example

ll = - + X9 - X3 + Ty = 0
lQ = 22132 = 0
13 = 8131 + 4.%2 + 21‘3 + X4 = 0

the algorithm proceeds as follows:

. 1 1
L4 ll = —ll, l2 = 5[2 and l3 = glg
ri1 — X2 + I3 - X4 = 0
Lo = 0
1 1 1 = 0
xr + 55[’2 + Z[Eg + §$4 =
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lg = l3 —ll

ry - To + T3 — zy = 0
Lo = 0
3 3 9 _
§$2 — Zl’g + §x4 = 0
o l3 = %lg
ry - X9 + r3 - Ty = 0
Lo = 0
1 3 —
Lo - 51’3 + ZZL’4 = 0
o l3:=l3-1s
rKa - X9 + xr3 — Ty = 0
To = 0
1 3 _
—§$3 + Zl’4 = 0
(4 lg = —253
ra - T + T3 - zy = 0
o = 0
r3 -— %.1'4 = 0

Remark 5.2.6 If we sort the l; according to increasing lead
monomal L(l;) we obtain the row echelon form of the system.

Example 5.2.7 In Example 5.2.5 the system is already in row
echelon form, while for example

ll = I = 0
lQ = rg = 0
l3 = o = 0

18t not.

Remark 5.2.8 By applying Algorithm 5.2 we can always achieve,
that the variable L(1;) occurs exactly once in l;. We then say that
the system is in a reduced row echelon form.
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Algorithm 5.2 Reduction
1: while exist ¢ # j with L(l;) in tail(l;) with coeff ¢ do
2: ll = lz —C- lj

Example 5.2.9 In Example 5.2.5 we obtain by Iy =11 + 5
T + T3 - ry = 0
I3 - §$4 =

and ly =1y — I3 the reduced row echelon form

1

1 + 5374 = 0
o = 0
T3 - %x4 = 0

Remark 5.2.10 (Solution set) From the reduced row echelon
form, we can read off the solution set of the linear system directly:
We solve for the lead variables, while the remaining variables can
assume arbitrary values: We first write

V ={xe K" |L(l;) = —tail(l;) for alli}.

From this implicit (that is given by equations) representation
of the solutoin set, we obtain the parametric representation of

the solution set, by replacing in the vector x the variable L(1;)
by —tail(l;).

Example 5.2.11 The solution set of Example 5.2.5 is
1
V:{x€R4|w1=—§x4, ZBQZO, 2133=§l’4}.

The variable x4 can assume arbitrary values, while x1,x2,x3
are then determined. The parametric form is then

1
0
V= 3 |J]4€R
274

Iq
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Example 5.2.12 Hence, the set of polynomials
f =21t + 29t? + w3t + 14 € R[¢]

in Section 5.1 of degree < 3 with zeros int =-1 and t =2 and
inflection point int =0 is

1 3
V= {——$4-t3+—x4-t+x4 ] :U4GR}.
2 2
Figure 5.1 shows the function graphs of some f €V (considered

as maps R - R, x— f(x)). In particular, we observe that each
such function indeed automatically has in t = -1 a double zero.

4

-2

-4

Figure 5.1: Cubic polynomials with zeroes —1 and 2 and inflec-
tion point at 0.
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We observe that in Example 5.2.11, the elements of V' depend
only linearly on x4, hence, we can write

V2{$4'f‘$4ER}

with ] 5
=——t*+=t+1.
/ 2 2

To put it differently, with f also all its R-multiples are in V.
This is a more general property of solution sets of linear systems
of equations, and motivates the definition of a vector space.

5.3 Vector spaces and bases

Definition 5.3.1 Let K be a field. A K-vector space is a set
V' together with two operations

VxV — 'V (addition)

(v,w) — v+w

KxV — V. (scalar multiplication)
(\v) —  Aw

which obey the following axioms:
(V1) (V,+) is an abelian group,

(V2) Associativity
A(pev)=(A-p)-v
forall \,pe K andveV,

(V3) 1-v=wv for allveV,
(V4) Distributive laws

(A+p)-v=XAv+p-v
A(v+w)=Av+Xw

forall \,pe K and v,weV.

The elements of a vector space we call vectors.
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Note that here, we use + both for the addition in K and in
V', and - both for the multiplication in K and the scalar multi-
plication. Which of the two is meant is clear from the type of
elements connected by the operation.

Example 5.3.2 Let K be a field. Examples of K-vector spaces
are:

1) K" ={(ay,....,a,) | a; € K} mit

((11, ...,an) + (bl, ,bn) = (a1 + bl, vy Qpy + bn)
Aay, ..., a,) = (Aay, ..., Aay,)

where we also write elements of K™ as column vectors, that
1S, as

ap

e KT,

Gn

The neutral element of K™ s the zero vector

0

[en}
I

0
2) the polynomial ring K[z],
3) the set of all polynomials up to degree d, denoted K[x]<q.

Sums and multiples of homogeneous linear systems of equa-
tions are again solutions. We hence define:

Definition 5.3.3 Let V' be a K -vector space. A non-empty sub-
set U cV is called sub (vector) space, if

U, Ug €U = ug +us € U
AeK,ueU= \-uel.

Remark 5.3.4 1) Together with the addition and scalar mul-
tiplication, U is again a K-vector space .

2) Every sub vector space U contains 0 €V (since there is an
element weU and 0=0-ueU).
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Theorem 5.3.5 The solution space of a linear system of equa-
tions for xq,...,x, over the field K is a sub vector space of K™.

Proof. Consider the system

1101+ ... + a1 Ty =0

Ap1T1 + oo+ Ap Ty = 0

over the field K. If z,y € K™ are solutions, then also x + y and
A-x for all \e K:
If Y7 a;2;=0and Y7 a;;y; =0 for alli=1,...,7, then
Y1 (T +yy) = Xiairy + X7 aiy; =0
and
Z;‘zlai,j()\ : [L’j) =\ Z?zlaid'.ﬁﬂj =0.
[ |

Example 5.3.6 1) Sub vector spaces of R? are {0}, the lines
through 0, the planes through 0 (exercise) and R3. We will
see later that these are the only sub vector spaces of R3.

2) Klx], = {feK|[z]|degf<d} c K[z] is a sub vector
space.

3) The sets
U= {(.y) e By > a)
with a € R (see Figure 5.2 for a=0) and
Uz = {(z,y) eR?|y = 2%}
(see Figure 5.3) are no sub vector spaces of R2. Why?

Definition and Theorem 5.3.7 LetV be a K-vector sub space
and vy, ...,v, € V. A vector v € V is a linear combination of
V1, ..., Un, when there are \; € K with

V= AU+ .o+ AU,
The set of all linear combinations
(U1, vp) = {1+ ..+ Mo [N e K} eV

1s a sub vector space, called the span of vi,...,v, or the sub
vector space spanned by vi,...,v,, .
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Figure 5.2: Half plane

Proof. If v,w € (vy,...,v,), thatis, v = Y7L, \ju; and w = Y10 v
with \;, u; € K, then

n
V+w = Z ()\,L +M¢)Ui € (’Ul, -~-;Un>
i=1

and .
A= (A X)) v € (vr, o, )
i=1

Example 5.3.8 1) The vectors

1 0
U1 = 0 , U= 1 eR3
0 0

span the plane E = {z =0}, since ever vector in the plane
can be written as

A1
E> Ao :>\11}1 + /\21}2.
0
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2v

Figure 5.3: Parabola

The vectors

1 1
w1 = 1 , Wo = -1 e R3
0 0

also span the plane, so

E = (Ul,’U2> = (wl,wg)

2) The monomials 1,z,...,x% € K[x] span K[z]<q.
Definition 5.3.9 Let V' be a K-vector space.

1) Vectors vy,...,v, € V are called a generating system of
V,if
V= <’U1, ‘..,Un> .

2) Vectors vy, ...,v, € V are called linearly independent, if
MU+ o+ A0, =0

implies that
A =...=\, =0,

otherwise linearly dependent.
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3) A generating system vy, ...,v, of V consisting of linearly
independent vectors is called a basis of V.

Algorithm 5.3.10 Vectors vy, ...,v, € K™ are linearly indepen-
dent if and only if the homogeneous linear system of equations

101 + ...+ 2,0, =0

has only the solution

This can be decided via the Gauf§ algorithm.

Algorithm 5.3.11 A basis of the solution space of a homoge-
neous linear system of equations is obtained from the parametric
representation given in Remark 5.2.10 by substituting a unit basis
for the free variables.

Example 5.3.12 The system

ll = X1 + 2.1‘2 - 2£L'5 = 0
lg = I3 + s = 0
lg = ry4 + 21’5 = 0

in Q[x] has already reduced row echelon form, so the solution set
i its parametric representation s

—2x9 + 215
€2
V= -T5 | 29,25 € Q
—2$5
x5

and we hence obtain a basis by considering (x2,x5) = (1,0) and

(ZL‘Q,ZL’5) = (O, ].)
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5.4 Dimension

In this section we will see that any two (finite) bases of a vec-
tor space have the same dimension. This number is called the
dimension of the vector space, which is the key classifying in-

variant: Every n-dimensional K-vector space is isomorphic to
K.

Theorem 5.4.1 Let V' be a K-vector space and 2 = (vq,...,v,)
a list of vectors in V. Then it is equivalent:

1) Q is a basis of V.
2) Q is generating system of V', which cannot be shortened.

3) Q is system of linearly independent vectors in V', which
cannot be extended.

4) Every vector in 'V can be written in a unique way as a
linear combination of the elements of 2.

Remark 5.4.2 Let Q) be a finite basis of V. The linear com-
bination map

leq : Kn — V

al
: —> QU1 +.... + AU,
an,

1s bijective. Its inverse
cog =leg! : V — K"
1s called the coordinate representation with resepect to €.

Example 5.4.3 If we choose for the vector space V = K[x]<
the basis Q = (1,z,22), we get the bijection

1CQ : K3 — K[IL‘]SQ

ag
ay — Qg+ a1 T + asx?

a2
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The coordinate representation of 3z + x is

0
cog(3r?+z) =] 1
3

Definition 5.4.4 A wvector space is called finite dimenional,
if it has a finite generating system.

Corollary 5.4.5 By Theorem 5.4.1, from any finite generating
system of a vector space, we can choose a basis. Hence any finite
dimenisional vector space has a basis.

We mention without proof:

Definition and Theorem 5.4.6 (Fundamental theorem) Let
V' a finite dimensional K -vector space. Then any two basis of V
have the same number of elements.

This number we call the dimenston dimg V' of V' over K.

If V' is not finite-dimensional, then we set dimg V = oo.

Example 5.4.7 Using Theorem 5./.6 and the specified basis, we
have

1) The unit vectors ey, ..., e, are a basis of K™, hence dim K™ =
n?

2) The monomials 1, ... ,x¢ are a basis of K[x]<q, hence dim K[x]<q =
d+1,

3) dim K[x] = oo, since any finite set of polynomials only in-
volves polynomials of finite degree.

4) R is a Q-vector space of infinite dimension (if R would have
finite dimension n over Q, then there would be a bijective
map Q" - R. So with Q also R would be countable , a
contradiction). Hence dimgR = oo (but dimgR = 1 with
the basis ey =1).
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5.5 Vector space homomorphisms

The maps lcg and coq respect the vector space structures on
K™ and V, that is, it does not play a role whether we first do a
calculation with elements of K™ and then apply lcg or we first
apply lcq and then do the respective calculation. Indeed we have

aq by ay + by n
leq : + : =lcq : = Z (CLi + bl) V;
an bn, an + by, i=1
n n aq bl
= Z a;v; + Z bivi =leq| @ |+lcq
i=1 i=1 an by,
and
a1 Aay n
leg| A =lcq : = Z (Aa;) v;
an Aanp, i=1
ax

= )\zn:aivi = )\ICQ
i=1

an,
This means that lcg is a Homomorphism of vector spaces:

Definition 5.5.1 A K-vector space homomorphism is a K -
linear map F :V - W of K-vector spaces, that is

F(Ul + UQ) = F(Ul) + F(UQ)
for all v; e V and
F(\v) = \F (v)

forallveV and A e K.
The terms Mono-, Epi- and Isomorphism are used analogsly
to the cases of groups and rings.

Example 5.5.2
10(1736 77777 z) : Kd+1 — K[I]Sd
ao
: —  ag+ a1 T+ ...+ agx?
aq

18 a K -vector space isomorphism.
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For the classification of finite dimensional vector spaces al-
ready the dimension is sufficient:

Theorem 5.5.3 (Classification theorem for vector spaces)
Let V' be a K-vector space of dimension n < oo. Then V 1is iso-
morphic to K™. We write

VK"

Proof. By Remark 5.4.5 and Definition and Theorem 5.4.6 we
observe that V' has a basis €2 = (v, ...,v,) with n elements, and
by what we have said above

lecq: K" ->V
is an isomorphism. m

Definition and Theorem 5.5.4 A nxm-matriz A over K is
a table
a1 - A1m
A= : : = (a;;) i=1,...,n

=1,....m
an,l “ee an7m J ’

The set of n x m-matrices with entry-wise addition and scalar
multiplication s a K-vector space, which we denote by K™,
By matriz multiplication

a1l - Q1m 1 (Zjnil al,jxj)

Gn,1 = Qnm Tm (Zjnil an,jxj)
a vector space homomorphism
K" > K" x~»A-x

s given, which we denote again by A. The image of x is just the
xj-linear combination of the columns A; € K™ of A= (A | ... |
Ap), that is,

x1 m
j=1

Tm
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Proof. The map A =lce4,,.  4,,), which is a homomorphism, as
remarked above. m

Example 5.5.5 We have

12 3\ ; o 1-1+2-2+3-3 ) _( 14
4 5 6 5 "\ 4-1+5-2+6-3 )\ 32

using the formula for matriz multiplication. On the other hand,
using the interpretation of the map as a linear combination map
we get:

(

Example 5.5.6 The derivative
& Rlz] — R[z]

(G213 N}
S W
N—
w N
Il
[—
—
e
~———
+
DO
—_
(G2 3 N}
N—
+
w
—_
o W
SN—
Il
—
wW =
DN
N —

18 a R-vector space homomorphism, since
d . .
d i _ vd i—1
- (Sfpain’) = Nijian

and hence the image depends linearly on the coefficients a; of the
input polynomial (check!). It is not a monomorphism since

d d
—0=—1,
dr  dx
however it is an epimorhpism, since
d d @ i+1) d i
— | Y ——x =y oax’,
dLU (Zz—oi +1 Zz—O
that s, every polynomial has a antiderivative.
Definition 5.5.7 Let F: V — W be a K-vector space homo-
morphism. For bases Q = (v1,...,v) of V and A = (wy, ..., w,)
of W we define a K-vector space homomorphism

MY(F): K™ — K"

by
MS(F) = copoF olcq.
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So we have a diagram

%4 — w
leq 1 1 lea
K™ — Kn
MR(F)

that is
F =lca oMS(F) o coq

We already know how to use the isomorphisms lcg and cog.
The key observation is that M{(F) can be realized by matrix
multiplication (which, for example, can be easily implemented
in a computer):

Theorem 5.5.8 Let ' : K™ — K" be a homomorphism and
A= (Cbz"j) e K™ with

n
F(ej) = Y ai e
i=1
that is in the columns of

A=(F(e1)|...| F(em))

are the tmages of the unit basis vectors. Then

F(c)=A-c.
Proof. For
c1
c= : e K™
Cm
we have
F(c)=F (chej) =Y ¢iF(e;)
j=1 j=1
=A-c.
]

Every homomorphism F': K™ — K™ is hence given by multi-
plication by an n x m-matrix A.
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Definition 5.5.9 Using the above notation, we call M(F) €
K™m the represenating matrix of F' with regard to the bases
Q of Vand A of W.

The representing matrix can now easily be computed:

Remark 5.5.10 The i-th column of MSX(F) contains the coef-
ficients of the representation of F(v;) with respect to the basis
A.

Proof. The i-the column of ML(F) is
MX(F)(e;) = (conoF oleg)(ei) = (coa oF ) (vi) = coa(F(v7)),

MX(F) = (coa(F(v1)) | ... | coa(F(vy))) € K™™

|
Example 5.5.11 We consider the derivative
%3 Rlz]s — Rlr]e

and and the bases Q) = (1, z,22,23) and A = (1,z,22). Then

% (z°)=s-2°"
hence
d 01 00
MY(—)=10 0 2 0 |.
dz” \ o 0 0 3

Using this, we can now compute, for example,

%( P52+ Tr = 11) = lea (MX(C%)-COQ(x3—5:p2+7x—11))
01 00 _;1
=leall 0 0 2 0 |- .
00 0 3 )

-

=lea| -10 ):3x210x+7
3
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The practical implementation of a K-vector space homomor-
phism F': V — W in a computer can we hence do as follows:
After using coa the convert the input vector in V' to a vector
in K™, the actual computation is realized as matrix multipli-
cation with the representing matrix MY (F'), and the output is
then interpreted as a vector in W using leg. Here ME(F) can
be precomputed and can then be reused for any input vector.

5.6 Exercises

Exercise 5.1 Let V' be a K -vector space and U c V' a wvector
sub space. Show:

1) (-1)-v=—-v forallveV.

2) U is with the addition and skalar multiplication induced by
those of V' a K -vector space.

Exercise 5.2 Determine the solutions space V c Q® and a basis
thereof for each of the following linear systems of equations:

1)

r1 + 29 + 223 - 224 - w5 = 0
-2r; - 319 - x3 + 8ry + x5 = 0
ry + 4%2 + 8(L‘3 + 8.174 - 4335 = 0
2z 1+ 5x 9 + Tx 3 + 2z 4 — 4x 5 = 0
2)
1 + Ty + T3 o+ Ty - rs = 0
r1 + 2xy + 3wy +  Adwy - Srs = 0
ry + 4z + 923 + 164 - 2025 = O
r1 + 8xg + 2Tx3 + 64ry - 12525 = 0

Exercise 5.3 Determine for all t € Q a basis of the solution
space V; ¢ Q3 of the homogeneous linear system of equations

-ry + Ty - 205 = 0
ry + (t-1)-xz9 + 203 = 0
2r7 + (t-2)-x0 + (?-t+4)-xz3 = 0
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Exercise 5.4 Let

]1 =a11r1+...+a1 T, = 0

l, =a,121+ ... + Qpyxy, =0

with a; ; € Q a homogeneous linear system of equations. Write a
function which

1) transforms the system in row echelon form.
2) transforms the system in reduced row echelon form.

3) finds a basis of the solution space.

Exercise 5.5 Let d>2 and
Rlz],={feR[z]|degf<d}
the vector space of polynomial of degree < d.

1) Determine, whether the following sets are sub vector spaces

of R[z]_,:

Uy = {f eR[z] 4| f(0) =0}
Us={feR[z],|f(0)=1}
Us={feR[z] | f(1)=0}
Us={feR[z], | f (0)+f"(0) =0}
Us={feR[z],|f (0)-f"(0)=0}

2) For each U; which is a sub vector space, find a basis.

Exercise 5.6 Do the following vectors

1 0 0 0

0 1 0 0 A
ol o Il 1 ][R
0 -3 1 1

form a basis of R*? Proof you claim.
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Exercise 5.7 Show: For every b e R the following d+ 1 polyno-
mials
1, (x-b),(z-0)?, ..., (z-b)" eR[z],

form a basis of R[x]_,.

Exercise 5.8 Let p be a prime number and F, = Z[p the finite
field with p element.

1) Show: Ever d-dimensional F,-vector space V' has ezactly
p? elements.

2) Let V = (Fy)° and

1 1
v = 1 Vg = 1
1 0

Find all elements of the sub vector space (vi,v5) ¢ V and
all vectors v € V', such that vy,v9,v3 form a basis of V.

3) How many different bases of (]Fp)d are there? Give a for-
mula.

Exercise 5.9 Determine which subsets of
{;L‘3 +x, 22, 2%, 22 +1, x, 1}
form a basis of R [x]_,.

Exercise 5.10 Let K be a field, and let U,V c K™ be sub vector
spaces given by bases uq,...,us of U and vy, ...,v; of V.

1) Show that UnV c K™ is a sub vector space.
2) Describe an algorithm to find a basis of UNV.

3) Apply your method to the sub vector spaces

4

U:< 0

2

Rk

N V]

— = =N
W N W
_ W NN
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