Algebra for Joint Honours

MATH1203

Last updated on April 16, 2013



These are the online notes for the course MATH1203 at UCL. They are
typeset by Niko Laaksonen, but are heavily based on lecture notes from
previous years. Please notice that not everything in these notes is examinable
and, more precisely, these notes are not in 1-to—1 correspondence with what
has been written in lectures. However, for the most part, these notes should
be a good source for self-studying and complementing your own notes and
understanding.

If you notice any typos or other mistakes (as I'm sure there will be aplenty)
please drop me an email at n.laaksonen@ucl.ac.uk.


mailto:n.laaksonen@ucl.ac.uk

Contents

1__Sets and Relations| 5
LI Sefd . .. ... 5
(.2 Relations and Functionsl . . . . . .. ... ... ... 13

2 Group Theory| 23
2.1 Basic Properties|. . . . . . ... ... o000 23
2.2 Finite Groups| . . . . . . . ..o 31
2.3 Modular Arithmetid. . . . . . .. .. ..o 32
2.4 Subgroups| . . . . ... 39
[2.5  Dihedral group &, . . . . .. ..o 41
2.6 Permutationsl . . . ... ... ... o000 44
2.7 Cyclic Groups| . . . . . . . . . . 53




[2.8 Cosets and Lagrange’s Theorem| . . . . . . .. ... ... ...

[2.9 Isomorphisms of Groups| . . . . ... .. ... ... ... ...

Linear Algebral

Vector Spaces|

[4.1 Linear Independence and Bases| . . . . . . ... ... ... ..

Eigenvalues and Diagonalisation|

(5.1 Eigenvalues and Eigenvectors| . . . . .. ... ... ... ...

65

67

73

80

86

94

95

102

113

122

127

128

131



[5.2  Diagonalisable Matrices|




Chapter 1

Sets and Relations

1.1 Sets

We will begin by introducing basic (naive) set theory. It will be an underlying
concept throughout the rest of the course. Naturally, in order to get started
we need to have some notion of what a set actually is. The most common
“definition” of a set is that it is a collection of elements. There are various
problems with this approach. What exactly then is a collection? Brushing
that under the carpet, let’s suppose that anything that we could sensibly
call a collection would be a set. Now, consider the set which contains all
sets that are not members of themselves (this is to avoid so called “non-
Sets”)E]. It’s a collection of “things” so surely it should be a well-defined
set. There’s a subtle problem here, though. If S is the set of all sets then
is S a member of itself? If it’s not then S cannot be the set of all sets as
it does not contain the set S. However, if S is a member of itself then this
contradicts the definition of S as a set of all sets that are not members of
itself. Ouch! By the way, this is called Russell’s paradox and historically led

!Consider, for example, the set of all weekdays. Of course this set is not a member of
itself as it is not a weekday. However, if you take the set of non-weekdays (anything that
is not a weekday) then the set is a member of itself as it is not a weekday. We wish to
avoid this kind of funky sets.



into a more rigorous approach to logic and set theory. You can read more at
http://en.wikipedia.org/wiki/Russell’s paradox.

After the initial headache it should be clear that we are treading on
thin ice here. In order to make progress, however, we’ll leave the details for
another time and just take the notion of a set for granted. Generally we’ll use
capital letters like X, Y, S to denote sets and small letters x, y, s to denote
elements (or members) of these sets. Furthermore, if x is an element of X,
we write

reX.

Conversely, if y is not an element of X then we write

ygX.

There are various ways we can define any particular set S. The simplest one
is just by listing all the elements of the set. Say, for example, that S is the
set with elements 1, 2, 3 and k. Then we could write this as

S ={1,2,3,k},

whatever the value of £ might be. Notice that repetition does not matter
with sets (don’t confuse this with ordered sets where repetition does matter).
In other words, the set

{1,1,2,3,k,3,k}

would still be the same set as S. Alternatively, one can describe the elements
of a set by a list of conditions. For example, the set of positive real numbers
could be written as

Rt ={xeR:z >0},

where the colon is read as “such that” The set of all even numbers could be
written as
2Z ={n € Z : n = 2m for some m € Z}.

A particular set of importance is the set which does not have any elements.
One could write {} for this, but it would quickly get confusing (consider

eg. {{H{{{}L L {3 {{}}}})- Hence it makes sense to give this kind of a


http://en.wikipedia.org/wiki/Russell's_paradox

set a special symbol. Thus we define the empty set to be the set with no
elements (there is exactly 1 such set) and denote it by

0.

Most of mathematics is about establishing a common language so as to
enable us to have meaningful conversations about abstract concepts that are
independent of personal interpretation. In order to work with sets, we need
ways for them to interact. In other words, we need to define operations on
sets (like your usual operations of addition, subtraction etc. on integers).

Definition 1.1. Let A, B be two sets.

i) We say that B is a subset of A, denoted by A C B (or B D A, or
B C A etc.), if every element of B is an element of A. Mathematically
we would write

BCA < Vre B,z A

If we wish to insist that B is a subset of A, but not equal to A then we
writd] B C A.

Note: Each nonempty set A has at least two subsets, A C A
and 0 C A.

ii) The union of A and B is the set of all elements which are members of
A or B (or both). We denote this by AU B. So we could write that

AUB={zx:x € Aor x € B}.

iii) The intersection of A and B is the set whose elements belong to both
A and B, and is denoted by AN B. Hence,

ANB={x:x € Aand x € B}.

2Notice that some people might use B C A for this meaning. We will not do that
however as it leads to confusion easier. For us C and C are synonymous.



iv) The difference of A and B is the set whose elements belong to A, but
not to B. We denote this by A\ B (some people use the usual minus
sign and write A — B). In other words,

A\B={z:2z€ Az ¢ B}.
Note: A\ B # B\ A in general.

v) Let Q be the universal seff] The complement of A, A C Q, (in Q) is
defined as
A= X\ A,

that is, everything in X that is not in A.

Note: By using the complement we can write that A\ B =
AN Be.

vi) Finally, the cartesian product (or cross product) of A and B, Ax B,
is the set of all ordered pairsE] of elements where the first element is
from A and the second from B. Thus,

Ax B={(a,b):a€ Abe B}.

Let’s look at some examples.

Example. Let A = {1,2,3,4,5} and B = {4,5,6}. Then we have the
following,

{1,2} C A, AUB ={1,2,3,4,5,6},

ANB = {4,5}, A\ B ={1,2,3},

B\ A= {6}, Ax B ={(1,4),(1,5), (1,6), (2,4),
B CA, (2,5),...,(5,4),(5,5), (5,6)}.

3We think of the universal set as a set inside which all of our sets live in. It varies from
time to time, but is always clear from the context. For now we just take it to be some
abstract set, but in practice (and in subsequent lectures) it will usually be R.

4These are just sets where order matters and we use ( and ) instead of { and } for them.
So for example (1, 2) is a different than (1,1,2) or (2,1).



We will now outline a few basic properties which are almost immediate
from the definitions of the above properties. One useful tool for visualising
sets and set operations is Venn diagrams. In a Venn diagram we draw a box
to represent the universal set {2 and circles for sets contained in 2. We usually
highlight the part which is of interest to us. For example, A\ B would look
like

A\ B

Using these diagrams it is easy to verify the following properties.

Proposition 1.2. Let A, B, C be sets.

i) AUD=A and AND =10,
i) AUB=BUAand ANB=BnNA (commutativity)

iii) (AUB)UC =AU (BUC), (associativity)
(ANB)NC=ANn(BNC),

iv) (AU B)® = A°nN B¢, (De Morgan’s Laws)
(AN B) = A°U B,

v) AN(BUC)=(ANB)U(ANC(O), (distributivity)
AU(BNC)=(AuB)Nn(AUCQ).

Definition 1.3. Let A be a set. The power set of A, denoted by P(A), is
the set of all subsets of A.



Example. Let A ={1,2,3}. Then
P(A) = {0, A, {1}, {2}, {3}, {1, 2}, {1,3}, {2, 3}}.

Notice that () € P(A) for any set A, this is because () C A is true for any
set A.

For our next definition we need to make a distinction between finite and
infinite sets. All our sets A and B have been finite so far, whereas R or Z
would be examples of infinite sets.

Definition 1.4. Let A be a finite set. The order (or cardinality) of A,
denoted by |A|, is the number of elements of A.

So for the A in the previous example we would have |A| = 3 and |P(A)| = 8.
It is actually possible to define cardinality for infinite sets, which leads to
infinities of different “size” (curiously, N and Q will have the same size). That
is, however, beyond the scope of this course. At this point it’s probably a
good idea to clarify some of the notation used so far.

Note:

N, the natural numbers, N = {0, 1,2, 3,4,...},

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

Q, the rational numbersﬂ, Q={":m,n € Z,n# 0},

R, the real numbers, R = { decimal expressions with possibly infinite digits },

C, the complex numbers, C = {x + iy : =,y € R},

where 7 = /—1.

Notice that these were not given as a definition, because each of them can be
constructed from the previous one by certain tools (some of which we will see

5Sometimes the natural numbers are taken without 0, I might do this sometimes as well
as it should be clear from the context
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in this course), and natural numbers can be constructed with help from e.g.
set theory. We will not delve any deeper into this matter, however.

As you might know by now, mathematics is essentially about taking a
few things for granted and proving logical consequences out of those premises
(or azioms as we might call them). There are some tools to make our life a
little easier though. Let’s suppose you are trying to prove that some property
is true for any natural number. Now, imagine an infinite line of dominoes
each representing one of these natural numbers. If your property is true for
one natural numbers, let’s say that the corresponding domino piece will get
knocked over. If you ever played with them as a kid you should know what
to expect now! If one domino gets knocked over then it will cause a chain
reaction leaving nothing but fallen dominoes in its wake! Thus our property
would immediately be true for each of the dominoes (or natural numbers),
supposing we started with the first one.

This is exactly the principle behind mathematical induction, a method of
proof that we’ll introduce next.

Definition 1.5 (Mathematical Induction). Let R(n) be a statement concern-
ing the natural number n. Suppose also that:

i) R(1) is true, and

ii) If R(k) is true for some k € N, then R(k + 1) must be true as well.

Then R(n) is true for all n € N.

Here the second condition is called the inductive hypothesis and it corre-
sponds to the mechanic that falling dominoes have. Despite me giving this as
a definition, it is actually something that can be proven with a little bit of
set theory (which makes sense, since it is a method of proof after alll). We
won’t, however, concentrate on that.

Let’s take a look at mathematical induction in action.

11



Theorem 1.6. Let S be a set of order m. Then |P(S)| = 2™.

Proof. Here the statement R(m) is that ‘if |S| = m then [P(S)| = 2. We
have to check the two conditions.

i)

ii)

The base case is simple enough. R(0) means that we are looking at a
set with 0 elements, and we know there is only one such set, namely,
the empty set (). But ) € 0 so P()) = {0} as we would expect. Hence,
IP(S)| =1 =2° so that R(0) is true.

For the inductive step we have to do a little more work. Suppose R(k)
is true, i.e.

S| =k = |P(9)] = 2".

We must prove R(k + 1). For this we take S to be any set with k + 1
elements. In particular, as £ > 0, S has at least one element, say, c € S.
Now, define a new set

S"=8\{c}.

The set S” has k elements so by inductive hypothesis |P(S’)| = 2*. The
idea for the rest of the proof is that every subset of S (we are counting
subsets after all...) either contains ¢ or it doesn’t.

So let’s consider these two cases separately and try to count such subsets
in each case. Let A C S. If ¢ &€ A then of course A C S/, because S’ is
just S without c. Hence there are exactly 2¥ subsets of this type. If,
however, ¢ € A then we can define A’ = A\ {c}. But then A’ C S’ so
we are back in the first case again! Thus there are 2* subsets of this
type as well. These are all the subsets that S can have, so adding up

we have
|P(S) =28 +2F = 2. 2% = okt

which is exactly what we wanted. Hence, by induction, R(k) is true for
any k € N.

12



Another common method of proof is “proof by contradiction”. Suppose
you are trying to prove that statement X implies statement Y (so you are
assuming that X is true and trying to deduce that Y is true from that). Now,
suppose that X is true and Y is false. If you can show that this leads to some
absurd statement (a contradiction), then this leaves no other choice than for
Y to be true. So, for example, let’s suppose we're trying to prove that if n?
for n € Z is odd then n is odd as well. If we do this by contradiction, then we
need to assume that n? is odd, but that n is even. Then we need to use this
information to arrive at a logical contradiction. How do we do that? Well, if
n is even then we can write it as n = 2m for some m € Z. Squaring this last
equation we get that n? = 4m? = 2(2m?), which implies that n? is even. But
n? cannot be both even and odd at the same time, which is absurd! Hence
our assumption that n is even must be false, i.e. we have shown that n must
be odd. Reflect on this argument for a while before moving on to the next
section.

1.2 Relations and Functions

We now move on to a different topic which will be fundamental for under-
standing the content of the rest of the course.

Definition 1.7. Let X, Y be sets. A relation R, from X to Y, is a subset
of X xY.

Note: If T'C X x Y then we can identify a relation R with this
subset. We write
xRy if (x,y) €T.

So what we are doing is establishing some kind of relationship between two
arbitrary sets X and Y by pairing corresponding elements from both sets
(hence the term “relation”). You already know many relations. One example
would be your usual “less than or equal to”, <, on, say, real numbers. But
you can also have more concrete relations. Take, for example, the set X to
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be the members of some family. Then we can define a relation R on X x X
by requiring that if z Ry then “z is a sibling of y”. So, most likely, if x was
the father and y the mother then x and y would not be related and we would
write 2Ky, whereas if a and b are children in the family then most likely aRb.

There is an important subclass of relations, which you are already familiar
with. These are functions.

Definition 1.8. Let X, Y be sets. A function f from X to Y is a relatio,
such that every element of X is mapped (related) to a unique element of Y.

e The most common way is to write f : X — Y and z — y. We call
y = f(x). This is more convenient notation than writing, for example,
fCX XY, (z,y)€f

e X is called the domain of f, and
e Y is called the co-domain of f.

e Ify = f(z), then y is called the image of z and x is called the preimage
of y.

e From the definition of f it follows that each x € X has precisely one
image. On the other hand, it is not necessary for every y € Y to have
exactly one preimage (it could have many or none at all).

e The range of f, denoted by f(X) or Im(X), is the subset of ¥ composed
of elements which have preimages in X. In other words,

f(X)={y €Y :3zr e X such that y = f(z)}.

There are various ways to describe the rule for functions.

Example. i) Let f:{1,2,3} — {1,4} then we can write out the rule as

14



ii) Alternatively, we can describe the rule with conditions. Let Z : 0,1 —
and

1, if x is even.

{0, if x is odd,

Recall that we gave no restrictions for how many preimages a y € Y can
have (if any). It turns out to be useful to distinguish between the three cases.

Definition. [f| A function f: X — Y is called:

e injective (or 1-1) if every y € Y has at most one preimage, i.e.

f(z1) = f(z2) = 31 = w95

e surjective (or onto) if every y € Y has at least one preimage, i.e.

VyeY,dr e X s.t. y = f(x);

e bijective if it is both injective and surjective, i.e.
VyeY,Jlz € X sit. y = f(x).

Example. Take f : R — R, f(z) = 2% This is not injective as f(1) = f(—1),
but 1 # —1. It is not surjective as —1 hs no preimage, that is, there is no
r € R with 22 = —1. Hence it is not bijective either.

6 Apparently in the lecture notes Definition 1.8 appeared twice so in order to be consistent
with the numbering from lectures this definition will be without a number.
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While you can add, subtract, multiply and divide functions exactly as you
would expect, there is one more operation we can define that turns out to be
extremely useful.

Definition 1.9. Let f : Y — Z and g : X — Y be two functions. The
composition of f and g is the function fog: X — Z such that

(fog)x)= f(g(x)), VrelX.

The following picture and example illustrate what’s going on:

x .yt 4
\/
fog

Example. Let f,g : R — R be functions such that f(z) = x + 1 and
g(z) = 3. Then, go f: R — R is

(9o f)(@) =g(f(z)) =glz+1) = (z+1)",
while fog: R — R is
(fog)() = flg(z)) = f(a") =2 + 1.
Notice that, in general, fog # go f.

Just like for the other operations (+,—,-,+) there is an identity ele-
ment, we’d expect the composition of functions to have an identity as well.
Also, having an identity element would allows us to define inverses under
composition.

Definition 1.10. Let XY be sets.

i) The identity function of X is defined as idx : X — X such that

idy(z) =2, VrelX.

16



ii)

A function f: X — Y is called invertible if there exists a function
f~1:Y — X such that

fofilzidy, fﬁlof:idX.

There is a particularly nice characterisation of invertible functions, which
is really useful for us.

Theorem 1.11. A function f : X — Y is bijective if and only if it is
invertible.

Proof. This is an if and only if statement so we have to prove two directions.

= : Assume f is bijective. We need to prove that it is invertible. Since

I

f is bijective we know that Vy € Y, 3z € X such that y = f(x). We
can then define f™': Y — X as f~'(yo) = w0 if yo = f(xo). This is
well-defined since f is surjective and the preimage of gy is unique. From
this it follows that

e fla) e fTH(f(2) =
y— )~ (W) =,

so f~lo f=1idx and fo f~! =idy.

: Assume f is invertible, we need to show that f is both injective and

surjective. We do this by contradiction. Suppose that f is invertible
but not bijective. There are two ways f can fail to be bijective: either
it is not injective or it is not surjective (or both). We'll deal with the
two cases separately.

First, suppose that f is not injective. This means that there exist x;
and xo € X such that x; # xy, but f(z;) = f(x2). Applying f~! to
this last equation we get

f(z1) = f(z2)
S (@) = 1 (f(22))

1 = T2,

17



but this is absurd as we assumed that z; # 25! Hence f must be
injective.

Now, suppose that f is not surjective. Then we can find a y € Y
for which there is no x € X with f(z) = y. However, we know that
1 exists and is a well-defined function, so by definition f~!(y) must
map to some element in X. So suppose f~'(y) = % for some 7 € X.
Applying f to this equation gives that

which contradicts the fact that no such number should exist. Hence f
must be surjective.

So we have shown that f is both injective and surjective so it must be
bijective.

One question you might be tempted to ask is if you have a function
f S — T then how many different functions can there be? And how many
of these are bijections? If you did, well, you're in luck as it is possible to give
definite answers to these questions (at least when S and 7" are finite).

If f is as above then the definition of a function tells us that each element
of S must map to precisely one element of T'. So if the size of T is |T'| = k,
then for each s € S we have k different choices. That is, if |S| = n then we
have a total of k" ways of making these choices (k options for n elements).
In other words, the number of functions f: S — T is

|TUS‘.

In order to deal with bijections we first need to decide when do they even
exist. We already showed that f is a bijection if and only if it is invertible.
Now, by similar reasoning as above if f is a function from S to 7" then each
s € S has a unique t € T so |S| < |T|. On the other hand, f~! is a function
as well so by the same logic |T'| < |S|. This means that |S| = |T'|. So there

18



can only be a bijection if the sets have the same cardinality. This doesn’t yet
tell us whether there always is a bijection though. In order to do that we
need a “constructive proof™.

Theorem 1.12. Let S, T be sets, with |S| = |T| finite. Then, there is a
bijection f : S — T.

Proof. Suppose |S| = |T| = n. Now pick some s; € S and ¢; € T. We start
defining a function f : S — T by letting f(s;) = t;. Now pick s5 € S\{s1} and
to € T'\ {t2} and define f(sy) = t5. Notice that |S\ {s1}| =T\ {t1}| =n—1.
So if we repeat this process n times then to each s € S we have assigned a
unique t € T. But S and T are of the same size so there are no elements left
over in T. So we can define an inverse function f~! by

FH ) = s

for e = 1,...,n. By the previous theorem f is bijective. O]

Try to do the above proof with induction as well!

So, there can only be a bijection between S and T if they have the same
cardinality. Even then, however, not every function f : S — T will be a
bijection. So how many are there? Well, if I pick an s; € S then I can map
it to anything in 7" (suppose |S| = |T| = k), i.e. I have k choices for s;.
Suppose f(s1) = t; for some t; € T. Now if I consider the next element
of S then it can map to anything in T" exzcept t; because then our function
would fail to be injective. In other words, I have k — 1 choices for the second
element. Repeating this process shows that at step ¢ I have k — i choices for
the next element. Hence the total number of choices is just the product of
these numbers, i.e.

k(k—1)(k—2)...2- 1=kl

That is, there are k! bijections f : S — T if |S| = |T| = k.

Another thing to notice is that a composition preserves bijection. What
this means is that if I have functions

f:Y—=Z2 g:X-=>Y,

19



which are both bijections, then
fog: X —Z

is a bijection as well. Let’s prove this.

Proof. We need to prove that f o g is both injective and surjective.

Injective: We need to prove that if (f o g)(z1) = (f o g)(22) then z; = xs.
Define y; = g(x1) and yo = g(x2). So we can write the above assumption
as f(y1) = f(y2). By injectivity of f this implies that y; = s, i.e.
g(z1) = g(z2). But now, since g is injective this immediately implies
that x; = x5. Hence, f o g is injective.

Surjective: We need to prove that for all z € Z there is some x € X such
that (f o g)(x) = 2. Fix zp € Z. Since f is surjective we know that
there must exist some yg € Y such that f(yg) = zo. Again, since g is
surjective, for this yy there must exist some xy € X such that g(xg) = yo.
Substituting this into the previous equation gives

(f o 9)(x0) = f(g(z0)) = 20,

which proves that f o g is surjective.

Hence f o g is bijective. m

Before moving on we return to relations briefly to discuss particularly nice
relations (remember that functions were relations after all).

Definition 1.13. Let R be a relation on X x X.

i) R is called reflexive if xRz Vo € R (i.e. (x,2) € R),

ii) R is called symmetric if tRy — yRz (ie. (z,y) € R = (y,z) €
R)

20



iii) R is called transitive if zRy and yRz — zRz (i.e. (z,y) € R and
(y,2) € R = (x,2) € R).

A relation which satisfies all three of these properties is so important that
we give it a name of its own.

Definition 1.14. A relation R on a set X satisfying the above three properties
(reflexive, symmetric, transitive) is called an equivalence relation on X.
The equivalence class identified by the element a € X is the set

la] = {b € X : aRb}.

We say that a is a representative of this equivalence class.

The key idea behind equivalence relations is that equivalence classes end up
partitioning your set X into disjoint subsets each of which can be represented
by just one element under the equivalence relation. In other words, we can
reduce the problem of studying really big sets into just studying a small
number of equivalence classes and their representatives.

Exercise. Prove that an equivalence relation on X defines a partition of
X, i.e. a decomposition of X into disjoint nonempty subsets such that each
x € X belongs to exactly one subset (equivalence class). Prove also the
converse that each partition of X gives rise to an equivalence relation on X.

Example. Let X be the set of all lines in R®. We can define an equivalence
relation R on X by
€1R€2 < El || Eg,

where ¢, || /3 means that the line ¢; is parallel to the line 5. We need to
check that R is reflexive, symmetric and transitive.

o We take it as part of the definition that that every line is parallel to
itself. Hence,
gl H gl7

so R is reflexive.

21



e Symmetry is easy as well, if /1 is parallel to ¢ then /5 must also be
parallel to /5 according to the definition. Hence,

61 H 62 =4 62 H /1.

e Take three lines {1, {5 and (3 with ¢y || {3 and ls || £3. We need to show
that ¢, || ¢5. Suppose this is not the case, that is, ¢; is not parallel to
/5. But ¢; has the same direction as ¢, so this would imply that /5 is
not parallel to ¢5 either, which is a contradiction. Hence, ¢; || ¢3 and R
is reflexive.

Thus we have shown that R is an equivalence relation on X.
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Chapter 2

Group Theory

We now move on to group theory, which is a mathematical abstraction for the
concept of symmetry. As symmetry is ubiquitous in nature it should be no
surprise that group theory has found its way in to the theories of physicists
and chemists. In this course we will cover most of the smaller finite groups
giving foundation to more systematic study of finite and infinite groups.

2.1 Basic Properties

At the heart of group theory is the idea of a binary operation, which generally
speaking is just a way of combining two objects to produce a new one. Say,
if you give me yellow and blue paint then I can mix them to produce paint
with new colour. We would say that “mixing paint” is a binary operation. If,
however, I give you solid objects like a rock and a piece of wood and tell you
to “mix” them you’d be left wondering what are you actually supposed to do.
This highlights the point that binary operations are very dependent on the
context. It is not just what you do to an object, but also which objects do
you do it to. There are many abstract binary operations that you are also
familiar with, such as taking two integers and adding them up to produce a
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new integer. We can formalise this as follows.

Definition 2.1. Let S be a set. A binary operation * on S is a function
from S x S to S.

So in other words, * : S x S — S and we write (a,b) — a * b, where
a,b,axb € S. Another example of such an operation would be your usual
multiplication on real numbers. The idea behind groups is to take particularly
nice binary operations defined on interesting sets. It turns out that if we
require our binary operation to have a few key properties then often we can
construct the whole group from just knowing a little bit about it. We can
now give a full definition.

Definition 2.2. A group is a pair (G, %) where G is a set and * is a binary
operation on G such that:

GO (Closure) For every a,b € G, axb € G,

G1 (Associativity) For every a,b,c € G

(axb)xc=ax(bxc),

G2 (Identity) There exists an e € G such that

axe=exa=a VYac€G,

G3 (Inverse) For every a € G there is an o’ € G such that

/ /
axa =a *xa=e¢e.

Often if ' is the inverse for a € G, then we write ™! := a (don’t confuse

this with % which has no meaning if a is not a nonzero number, e.g. what
would “1 over green paint” mean?). Sometimes, in contexts which will be
clear soon, we write —a for the inverse. Notice also that strictly speaking
the condition GO is unnecessary, because our definition of a binary operation
already implies closure. However, we've included it there to remind you that
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it always needs to be checked that the binary operation is in fact closedﬂ
when investigating groups.Since the set and the binary operation in a group
are so intricately tied together, usually if one is given the other is understood.
Because of this we often just write G’ to mean the whole group and expect
the reader to know which binary operation we are talking about.

Since groups capture such an essential concept of symmetry it should
come as no surprise that you are already familiar with many examples.

Example. i) (Z,+) is a group. Let us check the group axioms.

GO If T take two numbers a,b € Z then naturally a + b is another
integer, and hence + is closed.

G1 We also know that (a+b)+c = a+ (b+c¢) Va,b,c € Z when adding
up integers so we can ignore the brackets.

G2 For identity we need an e € Z such that
eta=a+e=a, VaclZ.

Of course taking e = 0 € Z does the trick.

G3 Finally we need to produce an inverse, but this is again easy. For
a € Z we need an a' € Z such that

ad+a=a+d =0.
So if we take @/ = —a then we are done[J

This shows that (Z, +) satisfies the axioms G0-G3 and thus is a group.
You should also show that (Q,+) and (R, +) are groups. Is (N, +) a
group?

! Also, some texts take the binary operation to mean a function from S x S into some
universal set in which case it is important to require closure.

2This brings up a curious point that you may not have paid attention to before. There
is a small distinction between the minus signs in “—2” and “2 — 5”. In the first case the
minus sign is used to denote the inverse of 2 under addition whereas in the second example
it is treated as a binary operation in its own right. Of course this distinction becomes
nonexistent if we write “2 + (=5)”, so for all intents and purposes they are the same thing
and can just be treated as a notation shorthand.

25



ii)

iii)

iv)

What about (Z,-)? That is, integers under multiplication. We can
multiply any two integers together to obtain a new one and we also
know that bracketing doesn’t matter, i.e. - is associative. Moreover, we
can multiply any number by 1 and still get back the same number so we
have found an identity too. We know, of course, that it is impossible to
multiply any integer (apart from 1 and -1) by another integer to arrive
at the identity 1 since it would require the use of rational numbers.
Hence (Z,-) is not a group.

The previous example would suggest that if we add rational numbers
to the game then we have obtained a group. Is it so? Unfortunately
the answer is no, there is still a problem with division (notice again
that we have given a special name to the inverses under the operation
of multiplication, just as we did with addition and subtraction). There
is no rational number r» € Q such that

r-0=0-r=1.

Hence (Q, ) is not a group. However, we can fix this easily by removing
0 from consideration. So, as you can show yourself, (Q \ {0},-) is in
fact a group. We often write a superscript x to denote the set of all
invertible elements in a set when the binary operation is understood.
So the above group could be written as (Q*,-).

Similarly you can show that (R*, ) is a group.

We can also define more unusual binary operations. Consider (Z, *)
where
axb=a+b—1.

Then clearly the group is closed under * since addition and subtraction
of integers is closed. But we’ll have to prove that it is associative. Let
a,b,c € Z then

ax(bxc)=ax((b+c—1)
=a+(b+c—1)—1
=(a+b—1)4+c—1
=(a*xb)+c—1

= (axb)x*c.
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So * is associative. What would the identity be? We have to solve
a *x e = a. This gives:

ate—1=a

e=1.

After checking that 1 % a = a we conclude that the identity is 1. Now,
in order to find the inverse we compute

axa =1
at+at—-1=1

al=2-—a.

Since (2 —a) *a = 1 as well, we can see that every element has an
inverse. Naturally 2 —a € Z so a™! € ZF]

Notice that in the examples above, and especially in the last one, it didn’t
really matter if we worked with a xb or b a since a+b—1=0b+a — 1. This
is such an important property that we give it a name of its own.

Definition 2.3. A binary operation * on a set S is commutative if a x b =
bxa,Va,b € S. A group (G, *) with a commutative binary operation is called
abelian [

Of course, for example, all your usual operations, such as addition and
multiplication, are commutative (what about subtraction and division?). We
will now prove a few elementary, but powerful facts about groups.

Theorem 2.4. Let (G,*) be a group. Then

i) The identity e is unique.

3Tt it always important to check that the inverse actually belongs to the group. Often
it can exist only in some bigger superset of G.

4This is after the 19®century Norwegian mathematician Niels Henrik Abel who died at
the age of only 26 having already contributed more to the theory of groups than many
would in their whole lifetime.
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ii) The inverse a' of an element a € G is unique.

The crux of this is that the notation a=! is justified for the inverse of a.

Proof. i) Suppose €' is also an identity, then by definition

exe = xe=ce,

exe =e xe=¢

since both e and e’ are identities. But from these it immediately follows
that e = ¢’

ii) Fix a € G. Suppose a has inverses o’ and a”. Then, by definition,

ad*xa=axad =e,

a'xa=axad =e.
Hence,

ad=dxe=dx*(axd")=(d*xa)xd" =exd" =d"

With groups we also have the following elementary property for solving
equations.

Theorem 2.5 (Cancellation Laws). Let (G, *) be a group. Then ¥Ya,b,c € G

i) Ifaxb=axc thenb=c.

ii) Ifbxa=cx*xa thenb=c.

Proof. The proof is really simple.
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axb=ax*c

atx(axb)=atx(ax*c)

(a'xa)*b=(a""*a)xc (G1]
exb=exc (G3]
b=c (G2].

ii) Similarly.

For the most part exponents work like with usual numbers, but you have
to be a bit careful if G is not commutative.

Theorem 2.6. Let (G, *) be a group. Then,

i) Va,b e G

(a* b)_1 =blxal,

ii) Va,b € G let us define

r

a ‘=axa*x...*xa,
—_————
T times
then
T m __ .r+m __ _m T
a *xa a =a *xa,
r\—1 -r __ —1\r
(@) =a"=(a"),
aO:e

Proof. i) We just need to check that the definition of an inverse is satisfied:
(axb)x (b 'xa ) =a*x(bxb H*xa'=axexa=axa'=e¢,
and similarly for the other direction. Hence

(axb)y P =blxal.
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ii) The first property follows immediately from associativity. For the second
property we notice that

(axa)™ =(a""xa) = (a)"

by part i). Hence the result follows by induction, and letting (a™)™! =

a~™ is just notation as is a’ = e.

Let us formulate the cancellation laws in terms of actual equations:

Theorem 2.7. Let (G, %) be a group. Then Ya,b € G the equations

a*xxT=2"0
and
ii)
Txa=2~0

have a unique solution.

Proof. i) a'x(axz)=alxb = exzx=a'*xb = x=a'xb
This proves the existence of a solution, let’s now prove that it is unique.
Let x1 and x5 be two solutions, then

a*xxy=a*Ty=D>,

so by the cancellation laws we get that z; = x5 and the solution is
unique.

ii) Similarly.
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2.2 Finite Groups

Major problem in group theory is to list all the finite groups of a certain size
(meaning the cardinality of the set) at least up to some kind of equivalence
(basically up to renaming the elements in the group). For example, the
smallest group is the trivial group with only one element, which has to be
the identity, i.e. {e}. Notice that it doesn’t matter which binary operation
we take since we already know how it works with the identity. Similarly if
we take a group of size 2 then it is always of the form {e, g} for any g (up to
renaming). Again, we know how to compute all the products from definitions
so it doesn’t matter what the binary operation is. In the homework you will
do this for groups of size 3 and 4. We will later see what happens for groups
with particularly nice size.

Definition 2.8. Let (G, *) be a finite group of order n (i.e. |G| =n). Write
G ={ay,as,...,a,}.

Then a group table for G is a table that lists all the possible products of
the elements of G:

* aq (05} as e Qp,

ai CL% ap *xas apxasg ... ap*ay
as | as *x aq a’ as * as a9 * Qp,
(p | Qp * Q1 Qp %Ay Ap ¥ A3 ... Gp % Ay

These group tables have a particularly nice property (which makes it easy
to write them down). They look exactly like sudoku!

Definition 2.9. Let n € N. A latin square is a n x n array of n diffrerent
numbers (or symbols) such that each row and each column contain each
number exactly once.
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Theorem 2.10. Every group table is a latin square.

Proof. Let (G, %) be group, and G = {ay,...,a,}, |G| = n. Pick a row, say,
the first one, so the elements are of the form a; *x a; for i = 1,...,n. Suppose

al*ai:al*aj

for some ¢ and j. Then from cancellation laws it follows that a; = a; so ¢ = j.
So every entry in a given row is different. Similarly for columns. O]

So, given this we can write down the group table for any group of size 2.
Suppose G = {e,a} then

[SEECEES
L D

©

v the fact that the table should be a latin

o

where the circled entry is forced

square. In other words a! = a.

2.3 Modular Arithmetic

We will now have a brief interlude to introduce a certain class of concrete
finite groups which have very rich properties. This will arise from something
called modular arithmetic which is basically like counting on clock’] So for
example if we just think of the clock as being the numbers from 1 to 12 (or
you can think of 12 as being 0). Then if the time is 9 and we go forward 4
hours we arrive at 1 so 9 +4 = 1 when counting on the clock. Similarly if
the time is 3 and we go back 5 hours then we arrive at 10 so 3 —5 = 10. In
modular arithmetic we just generalise this to situations where the maximum
number might be something else than 12.

Definition 2.11. Fix n € N where n # 0. Let a,b € Z, congruent to b
modulo n, and write
a=b (modn)

5Hence it is sometimes called clock arithmetic.
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if b — a is a multiple of n (i.e. n divides b — a, n|b — a). This means that
dk € Z such that
b—a=kn.

Note: a and b have the same remainder when divided by n. Let
r € [0,n—1] be the remainder. We call r the residue of a modulo
n. Suppose a = b (mod n) but they have different residues, say,
ry and 79 respectively. Then

a=Fkn+ry, b=kmn+rs.

Hence,
a—b= (k’l —kz)n—l— (Tl —7"2).

But n divides a — b so r; — ro = 0. In particular the residues are
the same.

There’s a good reason for why we use a sign = which is similar to =. It turns
out that = actually defines an equivalence relation on Z! So this allows us to
reduce the problem of considering all of Z into considering just a finite subset
of Z consisting of the equivalence class representatives.

Theorem 2.12. Fixn € N, n # 0. The relation on 7Z
aRb <= a=b (modn)

is an equivalence relation. Its equivalence classes are [0],[1],...,[n — 1], the
residues up ton — 1.

Proof. We need to prove the three properties of an equivalence relation.

e Take any a € Z then
aRa <= a=a (mod n).

But this is of course true since n divides a — a = 0. So R is reflexive.
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e Let a,b € Z then
a=b (modn) = b—a=kn = a—b=(—k)n
for some k; € Z. But of course —k; € Z as well so it follows that
b=a (mod n),
i.e. aRb = bRa, which means that R is symmetric.

e Now, let a,b,c € Z then

a=b (modn) = b—a=kn

b=c (modn) = c—b=km } — c—a= (ki + ko)n,

which means that
a=c (modn),

or aRb,bRc —> aRc so R is transitive.

We have shown that R is an equivalence relation. The equivalence classes are
by definition
lal]={beZ:3k e Z,b=a+kn}.

Clearly there are only n distinct ones. O]

We now start working towards introducing groups in to the picture.

Definition 2.13.
Zn, =A{[0],[1],...,[n — 1]}

is the set of classes of residues modulo n. We can define the two operations:

[a] 4 [b] = [a + ],
[a] - [b] = [a - b],
the sum and product modulo n, respectively. We need to show that these

operations are well-defined (i.e. that they do not depend on the choice of
representative from the equivalence class).
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Theorem 2.14. Let n € N, n # 0. Then (Z,,+) with addition modulo n is
a group.

Proof. We need to check the 4 properties of a group.

GO [a]+[b] ={y €Z: (a+b) =y (mod n)} by definition. We need to show
that the operation is well defined. Let @ € [a] and b € [b] be some other
representatives from the equivalence classes. We need to prove that

[a+b] = [a+D).
We know that @ = a + hyn and b=0b+ han. Hence
a+b=a+b+ (hy+ ho)n,
but this means that @ + b € [a 4 b], which is what we wanted to show.

Associativity follows from the associativity of natural numbers:
([a]+[b]) +c] = [a+bl+[c] = [(a+b)+c] = [a+(b+c)] = [a]+([b] +[c])-
The obvious choice for the identity is
e = [0].

Similarly for the inverse we have an ovious choice

Note: We denote by Z) the set of invertible elements (under
multiplication modulo n) in Z,, and Z; = Z, \ {[0]}.
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We have constructed an additive group out of modular arithmetic. We’d now
like to construct a multiplicative group as well. The problem here is that for
arbitrary n there might not always be inverses. Consider e.g. [2] € Z, then
there is no b € Z such that [2][b] = [1].

Theorem 2.15. Let p be a prime number in N. Then (Z;) with multiplication
modulo p is a group.

Proof. The only problematic case will be with the inverse.

GO We have that [a] - [b] = {y € Z : ab = y (mod p)} by definition. Let
us prove that this is independent of the choice of representative. Take

a € [a] and [b] € [b], then @ = a4 hip and b = b+ hyp as before. Hence,
ab = ab + (ahy + bhy + hihy)p,

so ab € [ab] and the product is well defined. Note that a, b € [0] implies
that a # hp and b # kp for any h,k € Z, so if we had ab € [0] then
ab = kp and as p is a prime this would mean that either pla or p|b which
is impossible. So the product is always nonzero and so defines a closed
binary operation.

G1 This follows, similarly as before, from the associativity of multiplication
of integers.

G2 Again, this is easy given e = [1].

G3 For the inverse we need to do a bit of work. We need to prove that
the inverse always exists for any [a] € Z5. We do this by using a little
trick®l. Write all the elements of Z; in a list and multiply each of them
by a fixed element [b] € Z; then we still have a list which contains each
element of the group exactly once (but in a different order, possibly).
Let’s first prove that this is actually true. So fix [b] € Z? and suppose
[c] # [d] € Z;. Without loss of generality (WLOG) we can choose
0 <b,c,d <p—1. We wish to prove that [cb] # [db]. Suppose this is
not the case, so [cb] = [db]. Then ¢b = db+ kp, i.e. (¢ —d)b = kp. Since

6This will actually be true for any finite group G, which we will prove later.
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p is a prime this means that either p|b or p|c — d. This cannot happen
as 0 <b<pand 0 < |c—d| <p. Hence [cb] # [db].

So we have now written each element of the group in a list and multiplied
them by [b]:

[bl],[b2],,[b<p—1)],
and we know that every element of the group appears in that list exactly
once. Hence we can find an 0 < ¢ < p — 1 such that

Hence

So we can see that (Z,-) is the same as (Z,,-). In particular you should
notice that (Z,, -) is never a group and neither is (Z,+). Hence there is no
ambiguity in using just Z, for the additive group or Z; for the multiplicative
group (or, indeed, Z)). Notice also that while (Z;,, -) is not in general a group,
(Z),-) is since we are just picking the invertible elements from Z, |Z|

We can now use this information, and what we have proved about groups,
to prove our main result for modular arithmetic.

Theorem 2.16 (Fermat’s Little Theorem). Let p be a prime number and
a € 7 fived. Then,
a’* =a (mod p).

Equivalently, if [a] # [0] in Z, (so [a] € Z)) then

a?'=1 (mod p).

You could also formulate this in terms of the bracket notation by writing

"The invertible elements turn out to be the ones which are coprime to n.
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Proof. We will prove the second version which is clearly equivalent to the
first one. From the previous proof we know that the list

[CL], [2(1]? T [(p - 1)&]a
contains each of the elements [1], [2],..., [p — 1] exactly once. Hence,
o] - [2a] - ... - [(p = Va] = [1] - [2] - ... - [p = 1]

[(p— DY[a"] =[(p - 1)!].

But these are elements of a group so we can just apply the cancellation laws
to deduce that

We will now state the fact that multiplying all elements of a group with
one element still gives you the whole group as a theorem. We used it in the
proof of Fermat’s Little Theorem.

Theorem 2.17. i) Let n € N{O} and a € (Z,,+). Let S be the set

S={[h+ad:[h€Z}
—{[a].[1+d,2+d],....[n— 1 +a]}.

Then S = 7,

ii) Let p be a prime number and a € Z such that [a] € (Z),-) (so a # 0
(mod p)). Let S be the set

S = {[ha] : [h] € Z;}
={la], [2a],...,[(n — 1)al}.
Then S =17Z,.

Proof. We will prove the second part, first part is similar with the map
¢:Zy— S, ¢([s]) = [s +d].
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Clearly S C Z,. We must prove that |S| = p — 1 as this would imply that
S =Z,. If we define the map ¢ : Z; — S then it suffices to prove that ¢ is
injective since then each v ([s]) maps to a unique element in S. So suppose
»([s]) = ¥([r]) then [sa] = [ra] so (s — r)a = kp for some k € Z. Since p
is prime this means that either p divides a or p divides s — r. But this is

a contradiction as a # 0 (mod p) and 0 < |s —r| < p. Hence s —r =0 so
[s] = [r]. Hence S =Z}. O

That’s all we want to do with modular arithmetic for now, so we’ll move
back to theory of groups.

2.4 Subgroups

Definition 2.18. Let (G, *) be a group and let H C G. Then, H is called a
subgroup of G if (H, ) is a group. We denote it as H < G.

So essentially subgroups are groups sitting inside other groups. Subsets
of groups inherit some properties from the group directly so it is not strictly
necessary to require all the group axioms from H. We'll soon see some easier
characterisations of subgroups, but let’s first look at some examples.

Example. i) (Z,+) < (R, +),
i) (Q,-) < (R*,-),
i) (2Z,+) < (Z,+),

iv) If (G, *) is a group then it always has at least two subgroups: the trivial
subgroup {e} and the group itself G, i.e. {e} < G and G < G.

Proposition 2.19. Let (G,x*) be a group. A subset H of G is a subgroup if
and only if

i) (H,x*) satisfies [GO] (closure), i.e.
hl,hz cH — hl*h2€H7

39



ii) the identity e of G is in H,

iii) for all a € H, we have that a™* € H.

This can be simplified to the following.

Corollary 2.20 (Criteria for subgroups). Let (G,*) be a group and H C G.
Then H < G if and only if

i) H+#0D and

ii) a,be H = a*xb '€ H.
Proof of the Corollary. = is trivial. So suppose H satisfies the two
properties. Then, by the first property we can choose a € H so by the second
property a * a~! = e € H. Now, choose a = e and b = h then by the second

property h,e € H = exh™' = h™! € H so inverses are in H. Finally, for
closure pick a = hy, b = hy then we know by above that hy;' € H so

hi,hy € H = hy,hy' € H = hix(h;')" '€ H = hyxhy € H,

as required. O

Proof of the Proposition. Suppose H < GG. Then by definition it satisfies the
closure property. Suppose e € GG is the identity and that ¢/ € H is another
identity. Then for all h € H

exh=h=exh — de=c¢¢

by the cancellation laws for G. Finally, for h € H if h™! is the inverse of h in
G and h' € H is another inverse then

Wixh=e=h"txh = h'=h"",

as before.
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Suppose now that H satisfies the three properties, we need to prove that
H is a subgroup. It suffices to prove that H is a group. By the first property
we immediately obtain [GO] (closure). Associativity is inherited from G. Since
the identity of GG is in H and all elements of H are elements of G it follows
that the identity for G works as the identity for H. Finally, we are given that
the inverse of each h € H is in H so H is a group and H < G. O

We will next look at a couple of essential examples of finite groups.

2.5 Dihedral group %,

Many interesting groups arise from something called group actions, which
just means that we define a way in which our group transforms some other
objectﬁ. Take for example an equilateral triangle and label its vertices 1, 2
and 3:

Let’s now define rigid body transformations of this shape which leave it
intact. These are called the symmetries of this triangle. So each of these will
leave the actual shape of the triangle intact, but will cause the vertices to
be in a different order. It turns out that each of these can be described by
either a rotation about the centre of the triangle or a reflection through a
bisector of any of the interior angles. Let us denote by p; the rotation by
%’T and by pu; the reflection through the bisector of the south-west angle (no
matter what the label is). So,

8These are sometimes called transformation groups.
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P1 H1

Let us also denote the trivial transformation (which does nothing) by po
(i.e. the identity map).

Recall from above that any symmetry just ends up permuting the vertices.
Conversely, any permutation of the vertices will give us a symmetry (this is
only true for triangles, you need to be more careful for general n-gons). So
the full set of symmetries of the above triangle is

{,007 P1, P2, K1, U2, :u3}7

where ps is rotation by %” and po and ug are reflections corresponding to the
remaining angles. The important point to notice is that these transformations
form a group! (Check it yourself)

Definition 2.21. The group of symmetries of an equilaterla triangle is called
the 3*'dihedral group %s. In general the n**dihedral group %, is the group
of symmetries of a regular n-gon with |2, | = 2n.

There are some interesting properties that these transformations have.
For example,

3 2 1
P1 P1
1 2 3 1 2 3
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which shows that applying p; twice gives us the same result as applying
p2 once, l.e.
i = pa.
Similarly one can see that p? = py and u? = po. Let us look at something
more exciting.

3 2 1
p1 Ha
1 2 3 1 3 2
This is p1p1. Let us compare it with pqp;.
3 2 3
251 P1
1 2 1 3 2 1
We notice that the result is different! Hence %5 is not abelian. Instead,
3 2 9 1
H1 P1
1 2 1 3 3 2
gives the same result. So we have shown that
pup = p’p.

It is possible then to Showﬂ that the third dihedral group then consists of the
set

D3 = {e,p, p°, 1, p, p* 11},

9But it won’t be done rigorously in this course.

43



where we have written p instead of p; and p instead of p; and e instead of py.
These satisfy,

e=p’=p* and pp=pp.

Usually we write this in a shorter form

Ds = (p,plp® = 1 = e, up = p°p).

This is called the presentation of the group. A couple of things to notice here.
There was nothing special about our choice of p and p, we could’ve equally
well have chosen p = ps and p = p3 for example.

2.6 Permutations

The next important example of groups are permutations, which are somewhat
related to the actions mentioned above (recall that each symmetry corre-
sponded to a permutation of the vertices). Let us start by giving a precise
definition.

Definition 2.22. A permutation of a countablﬂ set A # () is a bijection
from A to A. We denote the set of all permutations on A by S4. The set of
permutations on the set {1,2,...,n} is denoted simply by S,.

Example. So take for example n = 5, then a permutation o € S5 could be

1 L
2 e
3 3
4 °/
) ®5

104 being countable means that there is a bijection between A and some nonempty
subset of N. So, e.g. N, {0,1}, Z are all countable.
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which we can see is a bijective function with o(1) =2, 0(2) =5, 0(3) = 1,
0(4) =3 and o(5) = 4.

Normally we denote permutations by small Greek letters like o, 7, pu.
Instead of having to draw arrows we can use the functional notation and
write

O:<0(11) 0(22) 0—5)3) N a?n)>

for arbitrary permutation o. So for example the permutation above can also
be written as
123 45
o= .
251 3 4

We know want to define a binary operation which works on permutations.
Since these are functions a natural choice would be the composition of
functions.

Definition 2.23. Let 0,7 € S,,, then o7 € S, is the composition of the
permutations o and 7 (sometimes read as the “product of ¢ and 7”7, but not
to be confused with multiplication) as functions.

Example. Take 0,7 € S
(12345, (12
=\42531)7"\35
(1 23 4 5\(1 2
°T=\4 2 5 3 1/\3 5
(12345
=125 1 4 3)

So we can see that in general o7 # 70 as composition of functions is not
commutative.

3 4 5
4 2 1)°
Then

3 3
5 4

while

Theorem 2.24. Let A # (), then (Sa, o) is a group with respect to composition
of permutations. If A={1,2,...,n}, then (S,,0) is called the symmetric
group on n letters and |S,| = n!.
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Proof. We'll prove this for S,,. For any of the n elements of {1,...,n} we
can map it to any element in {1,...,n}, for the next element we can map it
to any of the remaining n — 1 elements and so on. So for the first element
there are n choices, for the second n — 1 etc. This process will yield all the
bijections on {1,...,n}, which means that

|Sn| =n(n—1)...2-1=nl

You have proven that composition of bijections is associative in the
homework. We have also shown that a composition of two bijections is a
bijection. The obvious identity is id4. If o € 5,

= (olty o) " ote):

then
ol o(l) o(2) ... o(n)
1 2 ... n )
up to rearrengement of columns. O

This proof also gives us a way of calculating inverse permutations. Let’s
see how this works in practice.

Example. Let

(1 23456) 4
7713145 6 2 6

then
. (31456 2
9 =l1 2345 6
(123456
“\2 6 13 4 5)

When working with the dihedral group we noticed that if we take high
enough power of any element we will eventually arrive at the identity. Let us
see what happens with permutations.
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Consider the following relation on the set A. Fix a permutation o € Sj4.
Let a,b € A, then

a ~g b <= 3k € Z such that b = ¢"(a).

So any powers of o(a) (or indeed a = 0°(a)) are related. We will prove that
this is in fact an equivalence relation.

Theorem 2.25. Fiz o € Sy4. Then ~, is an equivalence relation on A.
Proof. We have to show ~, is reflexive, symmetric and transitive.

e We need to show that a ~, a this is the same as having for some k € Z,
a = o*(a). But this is of course satisfied if we pick k = 0 so ~, is
reflexive.

e Suppose a ~, b, then for some k; € Z we have b = ¢*1(a). Then
0= (0")710) = o7 (1) = ),
where ks = —ky. Thus b ~, a so ~, is symmetric.
e Now let a ~, band b ~, c. So b= c*(a) and ¢ = o**(b), then
e =" (b) = 0*(0" (@) = 7 *(a),

which means that a ~, c.
Hence ~, is an equivalence relation. O

Recall that to any equivalence relation we can associate equivalence classes
on the underlying set. We can repeat the above process for an arbitrary group
G (with some additional information) and the equivalence classes turn out to
be really important. We will now see how this works in the case of S,,.

Definition 2.26. Let 0 € S4 be fixed. Then the equivalence classes of ~,,
are called orbits of 0. Let a € A, then its orbit is

[a., ={b€ A: Ik € Zst. o¥(a) =b).
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In particular the number of distinct orbits for a fixed o will somehow
measure how close it is to being the identity. This is because a always belongs
to its only orbit and if o(a) = a then a is the only element in its orbit. Of
course if you consider the identity permutation then all orbits consist of one
element so there are n distinct orbits. Let’s look at an example.

Example. Let o € Sg be
(1 23 456 78
"4 521386 7)
Denote the orbits by B;. The first orbit is then

By =[1]., ={1,4}

since o maps 1 to 4 to 1. But by this reasoning of course this is the orbit of
4 as well as 4 maps to 1 maps to 4 by . So [1]., = [4]~, = B;. The next
available element is 2:

By =[2]., ={2,5,3}
As before we can tell that the orbits of 5 and 3 will be the same as the orbit

of 2, i.e.
Blee = 2l~s, [Blee = 2],
The next remaining number is 6, so we look at its orbit

Bs = [6]., = {6,8,7}

and thus this is also the orbit of 8 and 7. There’s no number remaining so we
conclude that Sg has 3 distinct orbits By, By and Bs.

So previously we discussed the case when there are many orbits for a given
o. Now we’ll look at the case when there aren’t that many, and, in particular,
when there is exactly one orbit. This is the same as saying that each number
is in a single orbit.

Definition 2.27. Consider A = {1,2,...,n}. A permutation o € S, is a
cycle if it has at most one orbit containing k£ elements, with & > 1. k is
called the length of the cycle. If ¢ is a cycle we write

0 = (alaa’27 as, ... 7ak>7

where a; 11 = o(a;) for j=1,...,k—1and a; = o(ay).
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Example. i) Look at the permutation o € S5 given by
(1 2 3 4 5
=325 1 4)

{1,3,5,4} and {2}.

Hence there is only one orbit with more than 1 element so o is a cycle.
It has length 4 and we can write it as

There are 2 orbits:

o=(1,3,54).
Notice that it doesn’t matter from which number we begin, so
o=(3,5,4,1)=(543,1) = (4,3,1,5)
are all equally valid as well.

ii) Take the o € Sg from the previous example, where

(123456738
9 \45 21386 7/

We saw that there are more than one orbits of length greater than 1,
thus this ¢ is not a cycle. However we can write it as a product of
cycles as

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

Notice that it doesn’t matter in which order we write the cycles since
they are disjoint, i.e. any number appears in only one cycle.

Let us give a precise definition for disjointness.

Definition 2.28. Consider k cycles in S4. The cycles are said to be disjoint
if no element appears in 2 different cycles.

Example. (1,6), (7,8,9) and (2, 3,5) are disjoint cycles in Sy.
Remark. Product of disjoint cycles is commutative. For example,
(1,4)(2,5,3)(6,8,7) = (2,5,3)(1,4)(6,8,7) = (6,8,7)(2,5,3)(1,4)

and so on.
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The reason why cycles are important is that they function a little bit like
primes in integers: we can build every permutation out of a unique product
of cycles.

Theorem 2.29. Every permutation o of a finite set A is a product of disjoint
cycles. This product is unique (up to reordering of the factors).

Proof. Suppose A = {1,2,...,m} (otherwise we can just relable the elements
of the set A). Let By, By, ..., B, be the orbits of o and define the cycles p;
by

for x € B,

x, otherwise.

pi A=A, p(x) = {U(I)’

So the cycle 1; only touches elements in the j*orbit. So for example, we have
that
By = {L 0(1)7 0-2(1>7 SR 70_1)(1)}

for some p, and then

() = {U(m), for z € By

x, otherwise.

So we can write,
() = (1,0(1),0%(D),....,o"(1))
supposing that ¢"*1(1) = 1. Similarly, if

By ={z,0(2),...,0%()}

for some s and where 7 is the next available number, then

o) = {a(x), for x € By

x, otherwise.

So,
if o5*1(3) = 7.

Now we can write 0 = pqps ... pt.. Since the equivalence classes, i.e. the
orbits of ~,, are disjoint, then the cycles p1,. .., u, are disjoint as well. [
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A particularly interesting special case of cycles are cycles of length two.
Definition 2.30. A transposition is a cycle of length 2.

Example. 0 = (1,3) € S5 is a transposition, which we can also write as
(12345
°7\3 214 5)

So transpositions just exchange the place of two elements.

Given any cycle (a1, as,...,a;) we can decompose it into a product of
transpositions as

(a17a27 cee ;Clk) = (alyak)(ahakq) ce (a17a3)(a1,a2)-

Check that this works! Beware though, this decomposition is not unique and
we could equally well write for example

(ah ag, . .. 7ak) = (ab az)(az, as) e (ak727 akfl)(akfla Clk)-

Putting together these observations gives us the following corollary.

Corollary 2.31. Every permutation o € S, can be decomposed into a product
of transpositions.

Remember that this decomposition is not unique, unlike the decomposition
into cycles. Moreover the transpositions will not be disjoint in general.

Proof. By the previous theorem, ¢ can be composed uniquely into a product
of cycles, say,

O =[] ...y

By the observation above we can decompose each of the y; into a product of
transpositions. ]

There is something we can say about the decomposition into transpositions.
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Theorem 2.32. Let o be a permutation of S,,. Then the number of factors
in any decomposition of o into a product of transpositions is either always an
even number or always an odd number.

The proof is omitted. We see that the decomposition is unique up to the
parity of the number of transpositions. This allows us to classify permutations
as follows.

Definition 2.33. A permutation o € S, is called even if it is the product
of an even number of transpositions. Similarly, ¢ is called odd if it is the
product of an odd number of transpositions.

The signature of ¢ is defined to be the number

. +1, if o is even,
sign(o) = " 17
—1, if o is odd.
Example. If ¢ = (1,3,4,7) then we can write ¢ = (1,7)(1,4)(1,3) as a
product of odd number of transpositions, hence sign o = —1. In general you
can notice that if you have a cycle of length £, say 7, then you can write it as
a product of k£ — 1 transpositions. Hence

signT = (—1)F1,

Moreover, in the homework you will prove that sign(o7) = sign o sign 7 which
will give you a quick way of computing the sign of any permutation. Suppose,
for example, that

p=1(1,2,3,4)(5,6)(8,7,9).

Then in order to compute the sign of p we compute the sign of each cycle,
write it underneath the cycle and multiply them together to get the sign of p:

p=1(1,2,3,4)(5,6)(8,7,9)
1 =+1

—1 +1 -

ie. signp = +1.
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2.7 Cyclic Groups

We will next formalise the concept that if you keep taking powers of an
element in a group you eventually end up back at the identity. We've already
seen how this works for 25 and S,,.

Definition 2.34. Let (G, %) be a group and fix a € G. Then the least integers
n € N, n > 0, such that
a" =e

is called the order of a, denoted by o(a). If a™ # e for every n > 0 then we
write that o(a) = oco.

So to phrase this in terms of S,, we have

Corollary 2.35. Let (S,,0) be the symmetric group on n letters and let
o €8S, be a cycle of length k. Then

o(o) = k.

Proof. Omitted. m

Example. If 0 € S5 is 0 = (1,3,5,4) then o*(:) =i for any 0 < i < 5, and 4
is the smallest such integer. Hence, o(o) = 4 = length of o.

We can say a couple of things about the order of any element a € G.

Theorem 2.36. Let (G, ) be a group. Then

i) o(e) =1 and e is the only element of order 1 in G,
ii) if b € G and o(b) =r, then o(b™') =r, and

iii) if a € G and o(a) = m, then a? = e <= mlq.
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Proof. i) o(e) = 1 by definition and it is the only element with order 1
since e is unique.

ii) b" = e means that (b1)" = (0")~! = e~! = ¢ by the rules for exponenti-
ation that we have learnt before.

iii) This is an if and only if statement so we have to prove two directions:

<—: Suppose m divides ¢ so we can write ¢ = km for some k € Z.
Then

—> : Now suppose that a? = e and, for contradiction, that m does not
divide g. Then we can divide ¢ by m with a remainder 7 to obtain

qg=Fkm+r

for some 0 < r <m — 1. Then

a" = a” " = qla™" = q9(a™) " = e
by our assumptions. But r» < m = o(a), which is a contradiction.
Thus r = 0 and so m|q.

So we've already seen how to find the order of any cycle by inspecting the
length of the cycle. Now we’ll see how to generalise this for any permutation
in .S,,. This hinges on the fact that any permutation can be decomposed into
disjoint cycles which we’ve proved previously.

Corollary 2.37. Let 0 € S,,. Write 0 as a product of disjoint cycles o =
Hifho . .. fbs. Then the order o(o) is the least common multiple of the orders
of the cycles p;, where j =1,...,s.

Proof. Consider o = pu 11 product of 2 disjoint cycles with o(p1) = p, o(u2 = ¢
and o(c) = r. Then,

o' =e = ppy=e
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by associativity and commutativity of composition of disjoint cycles. By
commutativity we also have that

Hapty = €.

So we have a product of two elements in a group being equal to the identity.
Of course this means that either they both are equal to the identity, or one is
the inverse of the other. In other words, we have the following two cases:

i) pf =eand i =e, or

i) ph = (pq)~"

The second case is impossible since p; and ps are disjoint which means the
LHS only acts on different elements than the RHS. Hence we are in the first
case. This means that p|r and ¢|r by the previous theorem. So r is a multiple
of both p and ¢, the orders of p; and ps. Suppose r # lem(p, q) and let
7 =lem(p, q) (so r # 7). Hence we can write 7 as 7 = ap and 7 = bq for some
a,b € Z. Thus,

7 PR ap b a
o" = iy = "y = (1) (13)",

where we have used different expressions for 7 depending on whether we deal

with pq and ps. But now we are raising both of them to the power of their

order so we get that

c'=e-e=c.

But remember that we showed that r is a common multiple of p and ¢ and
we assumed it is not the least one. This means that 7 < r since 7 is the least
common multiple of p and ¢. This is a contradiction as 7 < r = o(0), but
o” =e. Hence r = 7 = lem(p, q). We can now generalise this argument by
induction to any finite number of disjoint cycles. m

Let’s see how this works in practice.

Example. Take o € Sg to be

w Ot
co

o~
~ o0
N———



We can decompose o as

g = (]-7 4)<2a 57 3)(67 8a 7) = 12 L3,

say. We know how to compute the order of a cycle, so o(py) = 2, o(uz) = 3,
o(p3) = 3. The previous corollary implies that o(o) = lem(2, 3,3) = 6. Hence

o = €.

Now that we know how the order of an element of a group works, we can
characterize the nicest groups that you could think of—the cyclic groups.

Definition 2.38. A group (G, ) is called cyclic if its elements are powers
of a common element a € GG, i.e. we can write that

G={d":nelZ}

We say that a is a generator of G and we write G = (a).

We can explain the above definition in terms of orders of the group and
its elements:

Theorem 2.39. Let (G, %) be a group and a € G. Then,

i) H={a":n €Z} is an abelian subgroup of G of order o(a), that is, the
powers of a form a subgroup;

ii) if |G| =m (m is finite), then G is cyclic if and only if 3b € G such that
o(b) = m. This is the same as saying that H = G where H corresponds
to powers of the element .

For the proof we will use the criteria for subgroups.

Proof. i) By choosing n = 1 we can see that a € H, so in particular H # ().
If b,c € H then we need to prove that b* ¢~ € H. By definition H is
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the set of powers of a so we can write b and ¢ as b = a” and ¢ = a? for
some p, q € Z. Hencd"]

bxct=al+(a) ' =afai=a"""c H

because we have expressed b * ¢! as a power of a. To prove that H is
abelian we show that b and ¢ commute:

bxc=alxa? =aP™ =a?™? = aq? % a’ = cxb.

So H is abelian and in particular | H| = number of distinct powers of a =
o(a), by definition.

ii) It is enough to consider G of the form G = {e,b,b?,...,b*"'} for some
s = |G| with o(b) = s.

= : Suppose G is cyclic, we want to find an element of order m from
G. Since G = (b) (as it is cyclic) we can suspect that one element
of order m should be b. Let’s prove this. From the previous part
we know that if we look at the subset H = (b) of G then not only
is H a subgroup of G, but it satisfies |H| = o(b). But we assumed
that G is cyclic with G = (b) = H then |G| = o(b) = |G|, as
required.

<=: Suppose we have an element of order m = |G| in G. Call it b.
Look, again, at H = (b). Then by part (a) this is a subgroup of
G. But by assumption the order of H, which is the order of b, is
equal to the order of G, i.e. |H| = o0(b) =m = |G|. So we have a
subgroup of G with the same order as G itself which means that
the subgroup must be the whole group, i.e. H = G. This means
that G = (b), so G is cyclic and of course abelian (by part (a),
again).

]

"Notice that I tend to drop the notation * for the group operation and just write
products of elements as standard multiplication. This makes it easier to read and causes
no confusion since the group operation is always clear from the context (and remains
unchanged).
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Since cyclic groups are so common we wish to give them a special notation.
If G = (a) is a cyclic group and o(a) = n then G is called the cyclic group
of order n denoted C,,. Hence

C,={e,a,a* ...,a" '}

If, on the other hand, o(a) = oo, then G is called the infinite cyclic group,
denoted by C, so

So for example (Z,+) is generated by 1, which has an infinite order so
Z is in fact Cu, while (Z,,,+) is C,,. We’ll make this identification more
precise later when we talk about isomorphisms. Then we’ll make it precise
that both Z and 3Z are actually the same group (same meaning same in the
sense of isomorphism).

2.8 Cosets and Lagrange’s Theorem

In this section we will prove our most important theorem about groups known
as Lagrange’s Theorem. In order to do this we have to look at something
called cosets which can be understood in terms of partitions of an equivalence
relation, which we’ve met before.

Definition 2.40. Let H be a subgroup of a group (G, x). The subset
aH ={axh:heH}

is called the left coset of H containing a, while
Ha={hxa:heH}

is called the right coset of H containing a.

Remark. If GG is abelian then aH = Ha, i.e. all the left and righ cosets
coincide.
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Let’s do an example of computing cosets.

Example. Let G = (Zg, +). This is an abelian group. Consider the subgroup
H = {[0],[3]} of G. Notice first that [0]H = H. Now, let a = [1], then

aH={a+h:he H}={[1],[4} = [1]H.
If a = [2] then
afl ={[2],[5]} = [2]H

. If a = [3] then we see that aH = H and this pattern repeats for [4] and [5].
Hence we can decompose G as

Zo = H U [JH U[21H = H U{[1], [4]} U {[2],[5]}.

We'll prove Lagrange’s Theorem by using two lemmas. We’ll work with
left cosets here, but everything would work exactly the same if we chose to
use right cosets instead.

Lemma A. Every coset (left or right) of a subgroup H of a group G has the
same number of elements as H, i.e.

|H| = |aH].

Proof. Consider a € H and aH the corresponding left coset. In order to prove
that these two sets have the same size we need to find a bijection between
them. Define a map ¢ : H — aH by h + ah. This is a surjection since if
b € aH then we can write b = ah; for some hy € H (hy = a™'b). Tt follows
that b = ¢(hy) so it is surjective.

Let’s now prove that ¢ is injective. Suppose ¢(h;) = ¢(hs), then by
definition ah; = ahy. By the cancellation laws we get that hy = hy. Hence ¢
is injective and thus bijective. This implies that |H| = |aH|. Notice that this
proof is valid even if H is not finite. O

Lemma B. Let H be a subgroup of G. The relation

a~b << albe H < beaH
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for a,b € G, is an equivalence relation on G. It defines a partition of G having
as equivalence classes the left cosets

aH ={be G :b=ah for some h € H}.

Proof. We need to prove that ~ is reflexive, symmetric and transitive. Re-
flexive means that a='a € H, but a 'a = e € H since H is a subgroup so it
has to contain the identity. Hence a ~ a.

Now, look at a ~ b. So, a='b € H. Since H is a subgroup it is closed
under inverses so (a~'b)™' € H, i.e. b'a € H. This means by definition that
b ~ a so ~ is symmetric.

Finally, suppose that a ~ b and b ~ ¢. Then a™'b,b~'c € H, but their
product must lie in H too. Hence a !¢ = a'bb~'c € H. Thus a ~ ¢ and so ~
is an equivalence relation. O

Hence G is partitioned into the left cosets of H. This implies, in particular,
that all cosets are either equal or disjoint. So each g € G belongs to exactly
one coset.

Lagrange’s Theorem. Let H be a subgroup of a finite group GG. Then the
order of H is a divisor of the order of G.

Proof. Let |G| =n < oo, and |H| = m < n. By Lemma A every coset of H
has m elements, too. By Lemma G is the disjoint union of its left or right
cosets. Hence n = rm where r is the number of left cosets and m is the
number of elements in each left coset. Thus m is a divisor of n. O

Definition 2.41. The index of H in G is the number |G|/|H], i.e. the
number of left (right) cosets of H. We denote the index by [G : H].

So in some sense the index of a subgroup is a measure of how close it is
to being the whole group GG. For example if the index is 2 then H contains
half of the elements of G.
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Corollary 2.42. Let |G| =n. Then the order o(a) of any element a € G is
a divisor of n.

Proof. Consider H = (a), the cyclic subgroup generated by a. We know
|H| = o(a), hence by Lagrange’s Theorem o(a) divides the order of G. [

Let’s just verify Lagrange’s Theorem in some simple cases.

Example. i) Look at (%, o), the 6th dihedral group. Let H = (p) be
the cyclic subgroup generated by the rotation by 27 /6. By Lagrange’s
Theorem |H| divides 12, which is indeed the case as |H| = o(p) = 6 and
| Ds| = 12.

ii) You can also use Lagrange’s Theorem to say things about arbitrary
groups. For example, if |G| = 10 then G' cannot have a subgroup of
order 6. In fact, if H is a subgroup with more than 5 elements then it
is automatically all of G as any subgroup is of order 1, 2, 5 or 10.

We’ll conclude our discussion of cyclic groups by an important consequence
of Lagrange’s Theorem. This will allow us to easily characterise (and find)
subgroups of any cyclic group.

Theorem 2.43. Every subgroup of a cyclic group G is also cyclic.

Proof. Let G = (g) be generated by g. Let H < G be a subgroup of G.
Then any h € H is of the form h = g™ for some m € Z. We claim that
H = (h) = (¢™) where h is the element in H with the smallest power 77 in its
representation as a power of g. Let h € H, then h = ¢g° for some s > m > 0.
By the remainder theorem we can write s = gm + r for some 0 <r <m — 1,
and so

g =g =g =g (g") = hi € H.

So ¢" € H with r < m. This implies that r = 0 since m was chosen to be
minimal. Hence h = ¢* = (¢™)9 = h4. O
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2.9 Isomorphisms of Groups

A huge problem in group theory is to determine how many different possible
groups there are of a given size n. For example, there can be only one group
of size 1 since every group must contain the identity. Same goes for groups of
size 2 since it has to contain an identity which leaves over one element which
has to be its own inverse as there are no more elements left. This is called
classification of finite groups. Of course, as stated, there’s some ambiguity
involved. What is the group operation in our group of size 1 or 27 And
what exactly are the elements? They could be numbers from Z or just some
arbitrary elements. The key insight here is that the choice of elements or the
group operation doesn’t matter to a certain extent since a lot of the structure
of the group is forced by the group axiom (the definition of a group). Also,
we saw earlier that, for example, Z and 3Z form the same kind of infinite
cyclic group. We will say that 2 groups are isomorphic if they have the same
structure (same number of elements, same interactions between each element
etc.). In order to define isomorphisms we start with the notion of a group
homomorphism, which is just a structure preserving mapping between groups.

Definition 2.44. Let (Gy,*) and (Gz,e) be two groups. A mapping ¢ :
G1 — (G is called a homomorphism if it preserves the group product, i.e.
if for all a,b € G; we have

d(a*b) = d(a) e P(b).
Theorem 2.45. Let G1, Gy and ¢ be as before. Then,

i) If ey is the identity of G1, then ¢(eq) is the identity of G,

)
ii) if a € Gy, then ¢(a™') = ¢(a)™!,
iii) if H< Gy then ¢(H> < G,

)

iv) if K < Gy then ¢~ Y(K) < Gy, where ¢~ 1(K) is the set of preimages of

K.

Essentially what the theorem says is that homomorphisms map identities
to identities, inverses to inverses and preserve subgroups.
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Proof. i) Va € G; we have that a = a * e, thus

¢(a) = daxer)

= ¢(a) @ ¢(e1).
Now from cancellation laws it follows that ¢(e;) = es, the identity of
Gs.
ii) By previous part we have
es = ¢(e1)
= d(axa™)
= ¢(a) e p(a™).

Multiplying both sides by ¢(a)~! yields ¢(a™!) = ¢(a) .

iii) See Fraleigh for the remaining proofs.

An isomorphism is simply a bijective homomorphism.

Definition 2.46. An isomorphism ¢ : G; — G, between the groups G,
and (G5 is a bijective homomorphism. We denote this by writing G; = Gs.

It is easy to see that the inverse mapping ¢! is also an isomorphism.
Let’s look at some examples of isomorphisms.

Example. i) Let (G1,*) = (R,+) and (G, ) = (RT,.). Define ¢ : R —
R* by x — e” = ¢(x). Here RT = {a € R : a > 0}. We'll show that
this is an isomorphism. It is easy to see that this is a bijection as
the inverse map is given by the natural logarithm. To see that it is a
homomorphism we look at

P(x+y) =" =e"e! = ¢(x) - 9(y).

Hence R = R*. Prove that ¢! is an isomorphism as an exercise.
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ii) We mentioned this example before: let (G, %) = (Z,+) and (Gg,e) =
(2Z,+). Here the isomorphism is given by ¢ : G1 — Ga, x +— 2z = ¢(z).
Obviously this is a bijection. For homomorphism we check

o(r +y) =2(x +y) =22+ 2y = ¢(x) + ¢(y).
Hence Z = 27.

iii) Consider ¢ : (R, +) — (R, +) given by ¢(z) = x°. This is again clearly
an isomorphism (the inverse is given by taking the fifth root). It is,
however, not a homomorphism.

dlx+y)=(x+y)° #2°+y° = o(z) + (y).

Try to prove as an exercise that if ¢ : G; — Gy and ¥ : Gy — G3 are
isomorphisms then 1 o ¢ : G; — (7 is also an isomorphism. There are many
more properties which are preserved by isomorphism. We'll list a few (without
proof). Suppose G; = G, then

1

G| = |Gal,
ii) G; is cyclic <= G, is cyclic,

)

1)

iii) G, is abelian <= @ is abelian,

iv) o(a) =p <= o(¢(a) =p,
)

v) both groups have exactly the same subgroup structure.

This concludes the theoretical part of groups that we’ll cover. It is not the
last we’ve heard of groups, however, as they are ubiquitous in mathematics.
Then we can but this theory we’ve learnt into more practical use and hopefully
it will highlight the importance of covering some abstract theory.
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Chapter 3

Linear Algebra

For the remainder of the course we’ll concentrate on a fairly simple but
important problem, that is, solving systems of linear equations. Rather than
attempting to solve these systems by inefficiently substituting variables as
you might be used to doing from school, we’ll develop an algorithm which
always guarantees us a procedure which will either produce a solution or
tell us that there are none. This will be done by expressing the system in
terms of matrices. Having done this enables us to apply the knowledge to
the world of vector spaces which culminates in diagonalisation of matrices.
This is essentially the process of finding the nicest possible form for a matrix
which still shares properties with the original matrix. It has uses in many
physical and computational problems in the real world.

Let’s state the problem more precisely. We can do it in three different
ways:

A) We start with the system of linear equations, e.g.

I +2I2 —31’3 =0
21‘1 —21'2 —Tr3 = —1 (31)
—31’1 +5.172 —I—l’g = 3,
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which is a system of 3 equations in 3 unknowns x, x5 and x3. We ask
the following questions:

e How to solve this equation?

e What can we say about a system of n equations with m unknowns?

As said above we wish to come up with a systematic way of coming up
with the solution to this system.

B) We will now rephrase these questions in terms of matrices. Let A be the
following 3 x 3 matrix:

1 2 =3
A=112 -2 -1
-3 5 1

This is called the matrix of coefficients. We can rewrite (3.1]) as

Ax = b, (3.2)
T 0

where x = | x9 | is the vector of unknowns and b = | —1| is the
Z3 3

vector of constants. In order to study the previous questions from
this perspective we need to determine how various operations on A
affect the set of solutions of our system of equations. Moreover, we
will investigate what various properties of A tell us about the original
system of equations.

C) Finally, we move to study vector spaces and linear transformations. For
our purposes this will essentially reduce to studying maps of the form
T
T : R3 — R? with x — Ax, where x = | 25 |. Here, R? is something
T3
called a “vector space” and T a “linear transformation”. It is not
surprising that studying the mapping 7" we get information about the
matrix A which ultimately provides us information about the possible
solutions of (3.1]). Of course we can state this problem in terms of linear
maps as well: we wish to find all x such that

T(x) =b. (3.3)
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In other words we wish to find all preimages of b under the linear map
T.

Linear algebra is the study of these three different worlds and their
interconnections. In this course we’ll start with matrices and then see how
they apply to systems of linear equations and vector spaces.

3.1 Matrices

We'll first cover some basics of matrices which should be familiar to most.

Definition 3.1. A (real) m xn matrix A is an array of real numbers a;; € R,
where 1 <7 < m and 1 < j < n, arranged in m rows and n columns as
follows:

a1 a12 e Q1np

921 929 P Ao,
A=

AQm1 Am2 ... AOmn

We can write this matrix as A = (a;;) or sometimes A = (a;;)mxn if we wish
to emphasise the size of the matrix. a;; is called the ij-th element (entry)
of A. We can also denote the ij-th entry of A by A,;.

So for example

1 =5 0
=0 7 )
is an example of a 2 x 3 matrix with a;; = 1, a0 = =5, a13 = 0, as; = 10 and
so on. A different matrix would be

1 =5
B=10 10 ],
e
which is a 3 x 2 matrix ith b, = 1, bjs = —5, by; = 0 and so on. There are

some terms which we use with particular matrices.
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i) If m = n, then A is called a square matrix.

111

)

ii) If m = 1, then A is called a row vector.
) If n =1, then A is called a column vector.
)

iv) A square matrix A = (a;j)nxy is called a diagonal matrix if a;; =0
for i # 7, i.e.

a1 0 0 ... 0
A 0 929 0 0
0O 0 0 ... apn

v) The n x n identity matrix I, = (a;j)nxn is defined as the diagonal

matrix with
{0 if i £ j,
CLU =

1 ifi=j."’
SO
1 0 ... 0
0 1 0 0
In: .
0 0 1

It’s worth knowing that sometimes we write this matrix as I, = (9;;)
where 6;; is the Kronecker delta function

{0 if i # 4,
1 ifi=j.

vi) Finally, the m x n zero matrix is the matrix O,,xn = (@ij)mxn With

a;j=0foralli=1,...,mand j=1,...,n. So
00 ...0
00 ...0
Orixn = .
00 ... 0

Often the size of the zero matrix is understood and we simply write 0.
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Definition 3.2. Two matrices A = (a;j)mxn and B = (b;;),«s are said to be

equal if m =randn=s, and a;; =b;; forallt=1,... mand j=1,...,n.
. 1 2
Example. i) A= ,B:(l 2) then A # B,
00
1 2 1 3
i) A= 5 4>,B:<2 4>thenA;«r£B,

1 26 1 25
111)A—<3 4 6>’B_<3 4 6>thenA—B.

So two matrices are equal only if they have the same size and identical
entries. We'll next define some basic operations on matrices.

Definition 3.3. Let A = (a;;)mxn and B = (b;;)mxn be two m X n matrices.
Then the sum of A and B is defined as the m X n matrix

A —|— B = (Cbij + bij)an.
Similarly we can define the difference of A and B as

A — B = (Cbij — bij)mxn-

1 -1 2 1
Example. i) A=|2 6 |,B=|1 —2|, then
-3 1 3 0

1+2 —1+1 30
A+B=|2+1 6-2|=13 4],
343 140 0 1

.. i |
11) A= ( 1), B = < 1 O), then A + B is not defined!



Before we define the multiplication between two matrices we define a
simpler kind of a product.

Definition 3.4. Let @ € R and A = (@;j)mxn- Then the scalar product of
o and A is the m x n matrix

aA = (aij)mxn-

Example. « = —2 and A = (é _31 ?) then

2 6 0
aA“(o 2 -a)'

We’ll next state some elementary properties of addition and scalar product.
We give proofs for some of them, and you can do the rest as exercises as the
proofs are fairly easy.

Proposition 3.5. Let o, 3,7 € R and A, B,C be m x n matrices. Then:

V1
(A+ B)+C=A+(B+C)
V2
A+0=0+A4=A4A
V3
A+ (-A)=(-A)+A4=0
V4
A+ B=B+A
V5
a(A+ B)=aA+aB
V6

(o +B)A=aA+ (B
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V7
(aB)A = a(BA)

V8
1A=A

V9
0A=0

Proof. V1 Let A = (aij)mxns B = (bij)mxn and C = (¢;j)mxn. Then,
(A+ B) + C = (aij + bij)mxn + (Cij)mxn = ((ai; + bij) + ¢ij)mxn,
A+ (B+C) = (aij)mxn + (bij + ij)mxn = (@ij + (bij + ¢ij) )mxn-
These are queal since associativity holds in (R, +).

V2-V9 These are left as exercises.

The product of 2 matrices is slightly more complicated.

Definition 3.6. Let A = (aij)mxn and B = (b;j),xp. Then the product of
A and B is defined if n = r (so the number of columns of A is same as the
number of rows of B) and is the m X p matrix

AB = (¢ij)mxp

with N
Cij = Z aikbkj.

k=1

So it is the matrix where the ij-th entry is the sum of the products of
corresponding entries from the i-th column of A with the j-th column of B.
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0

123 and B = |1 ]| then AB is defined as A is
-1 0 1 3

2 x 3 and B is 3 x 1. The product will thus be 2x 3 4 3 x 1 matrix:

1) \-1-040-141-3) \3)’
3

C11 = Z airbrr = a11bir + a12bar + ai3ba,
k=1

Example. i) A= (

where

and
3

Co1 = Z Aorbr1 = 21011 + azabo1 + az3bs:.
k=1

Of course BA is not defined.

1 2 3 01
ii)A:(_1 0 1>andB: 1 2] Since Ais 2 x 3 and B is 3 x 2 both
3 0

AB and BA are defined. For example,
. C11 C12 . 11 5
AB = <021 C22> B (3 —1> '

We'll now state some properties of matrix multiplication and again leave
the proofs as exercises.

Proposition 3.7. Let A, B, C be m X p, p X r, v X n maltrices respectively
and let « € R. Then,

M1
(AB)C = A(BC)

M2 Ifp=r and r =n then

AB+C)=AB+ AC
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M3 Ifm =p and p =r then

(A+ B)C = AC + BC

M4
a(AB) = (e¢A)B = A(aB)

M5

AL = [,A= A
M6

OnXmA = Onxp

and
A0p><q = 0m><q

Remark. Notice that AB # BA in general! This is not true even if both A
and B are square matrices. For example, try it with

10 0 0
AZ(O o)’B:<1 0)'
3.2 Systems of Linear Equations

We are now ready to start working towards answering the questions asked in
the beginning of this chapter. Consider n unknowns z1, xs, ..., z, and the
system of linear equations:

an1ry  +apres +... 4apr, =0b
a91T1 +a22:1:2 ... +a2nxn = bg
Am1T1 +amaTo + ... Fampxn = b,

where a;; € R are the coefficients and b; € R the constants. The problem is
to find the set of solutions to this system. There are three possible cases:

e A solution exists and is unique,
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e a solution exists and is not unique (infinitely many solutions),

e there are no solutions.

In the first two cases when our system has at least one solution we say that
the system is consistent. If there are no solutions we say that the system is
inconsistent.

The idea we will use to solve this system is to express it in terms of
matrices and then reduce to a simpler system of equations which still has
the same solution set. Such a system is called an equivalent system of
equations. Given a system, the way to obtain an equivalent system is to
perform elementary operations which we define next.

There are three types of elementary operations:

Type 1 Multiply one equation with a nonzero number o € R\ {0}.
Type 2 Addition of a multiple of one equation to another equation.

Type 3 Interchanging the position of two equations.

It will be easier to understand these in terms of the matrix corresponding to
the system of equations as can be seen from the following example.

Example. Look at

T —|—2.T2 —3.’173 =0
2[L’1 —2ZE2 —T3 = —1
—3[E1 +5ZL’2 +ZL’3 =3

We can rewrite this by using matrices as

1 2 =3\ /= 0
2 —2 1| x| =]-1
-3 5 1) \a3 3
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or in short

Ax = b.

We form the augmented matrix corresponding to this system

1 2 -3|0
2 =2 —-1|-1
-3 5 1|3

where the last column corresponds to the constants on the right-hand side of
the system of equations. Denote the first, second and third rows of this matrix
by Ri, Ry and Rj, respectively. We can perform the elementary operations on
this matrix if we just think of it representing the equation with the variables
omitted. So to get this matrix into a simpler form we might do the following:

1 2 =3]0
22000 605 | -1
s\ 11 -8 3
pann (L2 3|0
2Tl -6 05 | —1
7 7

00 I|1I

Hence we get the equivalent system

r1+ 2£L'2— 3ZL‘3 =0

— b6x9+ OSx3 =-—-1
673 =
This gives us that
=1
—b6xy=—-1-—05
T3 =1

Hence there is a unique solution (x1, 9, z3) = (1,1, 1).

So we see that each of the elementary operations corresponds to an
operation in the associated augmented matrix. These are called elementary
row operations for matrices, and they are
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Type 1 Multiply a row by a non-zero scalar.
Type 2 Add a multiple of a row to another row.

Type 3 Swap the position of two rows.

Using these operations we aim to bring the matrix first into a row echelon
form (REF) in which each row starts with a strictly longer string of zeros
than the previous one (unless both rows consist of only zeros). So for example

120 3 0 5
025 -2 —-11
000 0 —-17
000 0 0 O

is in REF. After this it’s easy to reduce the matrix to the simplest possible form
the reduced row echelon form (RREF) in which the following conditions
hold

E1 All zero rows are at the bottom of the matrix.
E2 The first non-zero entry in each row is 1 (called the leading 1).
E3 Every other element in the column of every leading 1 is zero.

E4 Every leading 1 is strictly to the right of the one in the previous row.

The RREF of the previous matrix would be

10 -5 5 0 11
01 5 -10 -3
00 0 0 1 -7
00 0 0 0 O

Let’s do another example where we illustrate the general procedure of
finding the RREF of a matrix.
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Example. Start with

0 242 14 -6
0120 3 6
0 241 10 4

Since the first row is divisible by two it makes sense to do that and then
subtract it from the second and third rows to get the column for the first
leading one (if the first row wasn’t divisible by two it would make more sense
to swap rows 1 and 2). This gives

L, (0121 7 -3 012 1 7 -3
2% 10120 3 %000—1—49
0 2 41 10 4 N0 0 0 -1 —4 10

Now the first leading one is sorted. We then look at the second row and
notice we need to multiply it by —1 to get a leading one after which we use it
to remove the other entries in that column:

012 1 7 =3 01 203 6
ﬂ00014—9§“§200014—9
000 —1 —4 10 R \00 000 1

The last row already has a leading one so it remains to use it to remove the
nonzero numbers from the other entries in its column:

012030
%000140
2 0000 0 1

This is now in reduced row echelon form.

Let’s do another example which illustrates how to find the general solu-
tion to a system of linear equations. This is done by reducing the augmented
matrix to RREF and then noting the dependent and independent variables.
Of course it could happen that in the RREF we get something absurd like
1 = 0 which would imply that the system is inconsistent.
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Example. Look at the system of equations

21’1 +X9 —|—8$3 =7
2:1,’2 +4$3 =-2 .
r1 +2o —|—5ZE3 =3

This system has the augmented matrix

7
-2
3

_— O N

1
2
1

Ot ¥~ 00

We reduce it to RREF with the following elementary row operations:

e (21 8] 7 20 6| 8
22001 2 1| B o 1 2 -1
11 5]3) ™™ \1 0 3|4
i (LOB[AY o (103]4
2% 010 1 21| BByl 1 o2] -1
10 3|4 00 0|0

which is in RREF. Notice that while this is probably the most optimal way of
reducing the matrix it might not be the most obvious way. You can of course
arrive at the same result by reducing in many other ways. They key point
about RREF that we’ll soon see is that no matter what you do the RREF is
always unique for a specific matrix. Nevertheless we can now write down the
general solution by using the RREF.

First we write down the variables underneath the columns and circle the
ones which are under a column with a leading one:

103 4
012 -1
0 0

D@

Our independent (or free) variables are then given by the uncircled ones,
x3 in this case and the dependent variables by the circled ones, that is,
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x1 and xo. We then write the general solution as a vector in terms of the
independent variables:
4 — 3%‘3
—1 —2x3
T3

Alternatively if we set x3 = « for arbitrary a € R then the general solution is
given by

r1 =4 — 3«
Ty = —1— 2«
T3 —
i.e.
4 -3
-1 -2«
o

The key thing, that was pointed out in the preceding examples already,
is that it is always possible to reduce a matrix to RREF and, moreover, it
is unique for every matrix. So no matter what sequence of elementary row
operations you use you will always arrive at the same RREF.

Theorem 3.8. Each m X n matriz is row-equivalent to an m X n matriz in
RREF. The RREF is unique.

Proof. Suppose A # 0,,xn, otherwise A is already in RREF. Let ¢, be the
first column containing a nonzero element in any row, such a column must
exist as A # 0. By row interchange we can assume that a;,, # 0. Then we
change it to a leading 1 by performing Ry — allkl R;. Next we make all the
other entries in this column 0, that is, if for any 7 # 1 we have that aj;, # 0
then we perform R; — R; — a;, R1. The column for the first leading one is

now done.

Next we look for the next column which contains a nonzero element in
any row below the first one. If such a column exists call it ¢,. Again by row
interchange we can assume that aox, # 0. Repeating as before we can change
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this into a leading one and make all other entries in that column 0. Repeat
for the remaining columns.

We’ll leave the proof of uniqueness for later. m

3.3 Matrices (Continuation)

To make more progress in characterising the solutions of systems of linear
equations we need to develop a little more theory for matrices.

Definition 3.9. Let A = (aij)mxn be an m x n matrix. The transpose of
A, denoted by AT, is the n x m matrix obtained by interchanging the rows
and columns of A, i.e.

AT = (aji)nxm-

So for example if

2 1
A=1{0 -1,
1 0

then
2 0 1
T _
A_<1 —1 0>'

The transpose has some obvious properties. Try proving these yourself.

Proposition 3.10. Let o € R, A, B matrices. Then (for appropriately sized
A and B)

T1
(A+B)T=AT+ BT

T2
(A)T = aAT
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T3

(AB)T = BTAT
T4
(AT)T=A
Definition 3.11. A square matrix A = (a;;)nxn for which A = AT is called
symmetric. If AT = —A then A is antisymmetric.
Notice that if A is antisymmetric then a;; = —ay; for all ¢ and j. This

implies that if ¢ = 5 then a; = 0 for all 7. In other words the main diagonal
of an antisymmetric matrix is all zeros.

We’ve now covered addition, subtraction and multiplication of matrices.
Drawing from the analogy of operations from real numbers we’d like some
kind of “division” or rather an inverse operation for matrix multiplication.
Unfortunately this cannot always be done (which makes matrix operations
even more complicated compared to working with regular numbers).

Definition 3.12. A square matrix A = (a;;)nxn is called invertible if there
is a matrix B = (b;j)nxn such that

AB = BA=1,.
Then B is called the inverse of A and denoted by
Al .= B.

Theorem 3.13. If a square matrixz A is invertible, then the inverse is unique.

This justifies the notation A~! for the inverse.

Proof. This will follow immediately as a consequence of the group structure
of (GL(n,R),-), which is done in the homework. ]

Again, we list some obvious properties for the matrix inversion.
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Proposition 3.14. Let A, B be n x n invertible matrices and o € R\ {0}
then

I1 «A is invertible and (aA)™' = LA™,

12 AB is invertible and (AB)™' = B71A7%
I3 A~ is invertible and (A7)~ = A.

14 AT is invertible and (A7)t = (A~1)T.

The second property can be generalised to a finite product of matrices.
That is,
(AAy . AP =ATAY L ASTATL

Similarly we find that
n times
A=A =441 AT
ATAT = ATAT =AM
(A™)" = (A™)™ = A™",

We wish to develop a method of computing the inverse of a matrix, but
we also wish to understand when the inverse of A exist as we pointed out
before that it’s not always the case. Luckily computing inverse is fairly easy
and doable with the tools we already have. In order to justify why it works
and to understand when the inverse exists we need to learn a couple of more
things.

First we need the notion of elementary matrices which are simply matrices
obtained from I, by applying elementary row operations.

Definition 3.15. The result of applying an elementary row operation (ERO)
to an identity matrix [, is called an elementary matrix of size n. There
are 3 types of elementary matrices:
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Type 1

1 0 . 0
01 . 0

E.(a)= N :
0 0 1

where the o entry appears in row r, column 7 position. This elementary
matrix corresponds to the row operation R, — aR,.

Type 2 The second elementary matrix corresponds to R, — R, + aR,:

1 0 ... 0
0 0 A a

Esa)=10 0 0 0 1 0|’
0 ... 1

where the «a entry is in the row r, column s position.

Type 3 Finally, the third type of elementary matrix corresponds to just
swapping two of the rows so

1 0 0
0 O 1 0
E.=|0 1 0 0
: 1 :
0 ... 1

where we have just interchanged rows r and s. This of course is given
by the row operation R, <+ R,.

Let’s see what happens if we multiply square matrices from the left by an
elementary matrix.

Example. Let

O D W

BN

I
~ &~ =
co Ot N



Then,

1 0 0\/1 23 1 2 3
Eo(-1)A=[0 -1 0o||4 5 6|=|-4 =5 —6],
00 1/\7 89 7 8 9

where the resulting matrix is just the row operation —1 - Ry applied to A.
Similarly,

100\ /123 1 2 3
Esi(DA=|0 1 0||4 5 6|=1|4 5 6
10 1/\7 89 8 10 12

Again we see that the result is just applying the corresponding row operation
R3 — R3 + Ry to A. Verify that this is true for the matrix E;3 as well.

From this example we see that multiplying from left by elementary matrices
is the same as performing the corresponding elementary row operations on a
square matrix A. A simple theorem with powerful consequences is the fact
that all these matrices are invertible (which is why elementary row operations
are chosen to be what they are).

Theorem 3.16. Elementary matrices are invertible and their inverses are
also elementary matrices of the same type.

Proof. As a proof you can just do a verification that the following inverses
work:

Er(a)_l = Er(a_l)
ETS(O‘)71 = E.s(—a)
El=E,.,.

This allows us to prove the following theorem.

Theorem 3.17. If B is row-equivalent to A (i.e. B results from applying
EROs to A), then there is P invertible matriz such that B = PA.
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Proof. Let E, ..., Ey be the elementary matrices corresponding to the EROs
performed on A to obtain B. Then

B - EkEkfl ‘e ElA

Denote P = Ej, ... E);. Then by previous theorem all of the E;’s are invertible
and thus by properties of matrix inversion P is invertible with inverse

Pl=E" . E"

We are now in position to state the algorithm for finding the inverse of A,
if it exists.

Theorem 3.18. If the n x n square matriz A can be row-reduced to the
identity matriz I, by a sequence of EROs, then A is invertible and the inverse
is given by applying the same sequence of EROs to I,.

Proof. By assumption
E.E. ,...E1A=1,.

Then,
A=E'E; . E'L=FE' .. EL

The right-hand side is of course invertible so it follows that A is invertible.
Hence the inverse is given by

AY'=EE. |...E,.

So in practice what we do is we form the augmented matrix (A|l,,) and
reduce A to the identity matrix and then the inverse can be found from
(I,|A™1). Let’s do an example.
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Example. Let

1 0 -1
A=|[1 -1 1
0 0 -1
We form (A|I3) and reduce it to RREF:
1 0 —-1|1 0 O 1 0 -1} 1 0 0

1—11010%540—12—110
0 0 —-1/oo0 1/ ™ \o o 1]0 0 —1

1001 0 -1
%0101—1—2
’ 00 1[0 0 -1
Hence,
1 0 -1
At=[1 -1 =2
0 0 -1

3.4 Determinants

Next we’ll try to answer when is the process of inverting actually doable. Of
course this corresponds to precisely to determining whether the RREF of A
is I,, or not. Luckily, however, it is easier to determine a priori whether A is
invertible or not. For this we need to introduce determinants.

Definition 3.19. If A = (a;;)nxn i a n X n square matrix, then the deter-
minant of A, denoted by det A, is given by

det A = Z (sign 0)&10(1)a20(2) e am(n),
oESy

where the sum is taken over all n! permutations o € S,,.

While this definition might seem a bit complicated, luckily in practice one
does not have to rely on it that much. We’ll soon come up with extremely
efficient ways of computing determinants of square matrices. Let’s still do a
few examples by using the definition.
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Example. i) Let
A — (an a12> .
21  G22
To compute the determinant we need to sum over Sy = {07 = id, 09 =
(1,2)}. Then

det A = Sign(alawl(l)a%l(z) + Sign(UQ)alaz(l)CLZUQ@) = (11022 — Q12G21.

ii) We can do the same for 3 x 3 matrices by summing over S3. This will
lead to
det A = ay1a99a33 + a12a93a31 + A13a91a32
—@11023032 — (12021033 — A130A22031 .

An easy way to remember this is called Sarrus’ Ruler'_-] Use this to verify
that the determinant of the following matrix is 12:

12 -1
A:<—2 1 13 -2 1)'

It is useful to know how the determinant of A and the determinant of the
RREF of A are related. In order to do that we of course should determine
how each elementary row operation affects the determinant.

Theorem 3.20. Let A = (a;;)nxn be an n X n square matriz. Then,

D1

det A=Y (sign7)a,(1)1ar2)2 - - - Gr(nyn)-
TESn

D2 If every element of a row (or column) of A is multiplied by a real number
A then det A is multiplied by .

D3 Interchanging two rows (or columns) of A changes the sign of det A.

'Read more at http://en.wikipedia.org/wiki/Rule_of_Sarrus.
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D4 Let

a1q cen A1p aiy ce QA1n
A: bil—l-Cﬂ bzn+czn ,B: bil bzn+ ,O:
an1 e QAnn An1 c QApn

Then
det A = det B +det C.

This theorem will allow us to prove the following proposition.

Proposition 3.21. Let A = (ai;j)nxn be a n X n square matriz, X € R. Then

D5
det A =det AT

D6
det(AA) = A" det A

D7 If A contains a row or a column of only zeros then det A = 0.
D8 If two rows (or columns) are identical, then det A = 0.

D9 Adding A times row s to row r (r # s) leaves det A unchanged. Similarly
for columns.

D10 Let A be in a triangular form (upper or lower). Then

n
det A = H Qi = A11A922 . . . Qpp.
=1
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Proof of Theorem. D1 Call 0~ the inverse permutation of ¢ € S,,. Then for
o(r) = s we have r = 07 !(s) and thus a,,() = a,-1(5). Hence,

det A = Z (sign O')ala(l) -+ Opg(n)

O’GSn

= Z (Sign 0)@0—1(1)1 < Qg=1(n)n (since Aro(ry = ag—l(s)s>
o€Sn

= Z (sign 0_1)%71(1)1 C . Qg-1(n), (since signo = sign o)
CTESn

= Z SIgNTAr(1)1 - - - Gr(n)n (by renaming o' > 7)
TESn

D2 Suppose row r is multiplied by A to give matrix B = (b;;)nx, with
bij _ {aij7 Z 7é T

)\&ij, 1=

Then,
det B = Z (sign O')blg(l) RN bTU(T) c bm,(n)
UESn :)\(LT.U(T.)
= Z (Sign U)alg(l) e am(n)
O'ESTL
= Adet A.

D3 Similarly as D2 with
a,; ifi =s
bij = Qs;j ifi =r
a;; otherwise.

D4 Similarly as before:
det A = Z (Sign O')Ctla(l) R (bzo(z) + Cio(i)) <+« Qno(n)

UESn

= Z (signo)aisqy - - - bio(i) - - - no(n) + Z (sign o)aio(1) - - - Cio(i) - - - Ono(n)
O'ESn O'ESn

=det B+ detC.
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Proof of Proposition. D5 This follows immediately from D1 as AZTJ(i) =
As(iyi-

D6 Apply D2 to each row.

D7 Apply D2 with A = 0.

D8 Apply D3, we get det A = —det A so det A = 0.
D9 Follows from D4 and D2.

D10 Suppose A is upper triangular (proof is the same for lower triangular),
that is, a;; = 0 for ¢ > j. Then in the general term of the sum in
determinan @jq(1) . . . Gpe(n) We can always find a term with ¢ > j unless
1 = 7 for each of them, which corresponds to the identity permutation.
Hence the determinant is the product of the diagonal entries.

We can now characterise the invertible matrices in terms of their determi-
nant.

Proposition 3.22. Let A = (a;j)nxn be a square matriz and B its RREF.
Then,

i) B =1, or else B contains at least one row of zeros.

ii) (a) B=1, < A is invertible.

(b) B contains a row of zeros <= A is non-invertible (singular).

Proof. i) Follows immediately from the definition of the RREF.

ii) (a) We know that B = E, ... E1 A for some elementary matrices E;. If
B =1, then A' = E, ... E,. If B # I, then it has a row of zeros,
notice then that for any square matrix C' we have that BC' # I,
as BC must still contain a zero row. Hence for any square A’ we
have

AA = (E;Y...E'B)A# 1,
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since by the above remark E;'... E71B is not invertible and thus
the whole product is not invertible.

(b) This is equivalent to the previous part.

]

Theorem 3.23. The n x n matriz A is invertible if and only if det A # 0.

Proof. Write B = FE, ... E1A be the RREF of A. Then
det B =det(E, ... E1A).
But by a direct check (which you should do yourself)
det(FA) = det Edet A
for any elementary matrix E. By induction you can also show that
det(E, ... E1A) =det E, ... det E; det A.
Again, by a direct check you can show that det E; # 0 so it follows that

det A#0 <= detB#0 «<— B =1, <= A invertible.

An important fact we used in the previous proof was that det(EA) =
det E'det A. This is actually true not just for elementary E but for any square
matrices. This is called Binet’s Theorem which we will not prove in this
course.

Theorem 3.24 (Binet’s Theorem). Let A = (@ij)nxn and B = (bjj)nxn be
two square matrcies. Then,

det(AB) = det Adet B.

Corollary 3.25. If A is invertible, then det A~ = .
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Rather than using only row operations we have one more trick to compute
determinants. For this we need one more definition.

Definition 3.26. Let A = (a;;j)nxn be a n X n matrix. The (r, s)-minor
of A, denoted by A, is the determinant of the (n — 1) x (n — 1) matrix
obtained from A by omitting row r and column s.

The (7, s)-cofactor of A is then defined to be

Aps = (—1) A,

We can now use these cofactors to “expand the matrix along a row
(column)” to reduce the computation of the determinant to one involving a
smaller matrix (and repeat this until the computation becomes easy.

Theorem 3.27 (Laplace’s Theorem (Expanding Along Rows)). Let A =
(@ij)nxn be an xn matriz. Then, for a fired r € {1,...,n},

det A = Z a,sA.s  (expanding along row r)
s=1

and

det A = Z asr A (expanding along column r ).
s=1

An example should make this process clear.

Example. Consider
4
0
-5
1

1
0
A_2

o= O O
N =~ DO W

1

—_

Then we can expand along row 2 since most of the entries are 0 to get

det A = ag1 Aoy + agnAgs + ag3Ass + asAgy

= CL23A23-
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So we only need to compute As3. This is

1 0 4
A23 = (-1)2+3 det|] 2 1 -5
11 0 1

To compute this determinant we expand along the second column to get

1 4

— _9(_1)2+2
det A = —2(—1)"""det (11 1

) = —2(1 — 44) = 86.

All this work actually allows us to compute A~! fully without having to
do much row reduction.

Definition 3.28. Let A = (a;;)nxn and B = (A;;)nxn where A;; is the (i, j)-
cofactor of A. The matrix BT is called the adjugate of A and denoted by
adj A.

Theorem 3.29. i)
A(adjA) = (adj A)A = (det A)I,,.

ii) If A is invertible, then

Al = L adj A.

det A
Example. Let
1 0 -1
A=|[1 -1 1
0 0 -1

By a quick computation we find that det A = 1 which implies that A is
invertible. We first form the matrix of minors which is

1 -1 0
0 -1 0
-1 2 -1

This allows us to compute A~! as

1 1 0\' 1 0 -1
-1 0| =1 -1 -2
-1 -2 -1 0 0 -1

1
Al =
det A
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3.5 Systems of Homogeneous Equations

We briefly mention an important special case of systems of linear equations
which occurs when all the constants are 0. We're looking at

Ax = b, (3.4)

where A is a n X n matrix.

Theorem 3.30. Let A = (a;;)n xn andb = 0,41 = | : |. Then (3.4) has a

0
unique solution X = 0,1 <= det A # 0. Similarly, the system (3.4)) has a
non-trivial solution <= det A = 0.

Proof. The RREF of (A|0) is B = (I,,|0) if det A # 0. This implies immedi-
ately that Ax = 0 has a unique solution x = 0.

Now, if B # I, then there is at least one row of zeros. By induction we
can construct a nonzero solution x to (3.4]) (See Theorem 4.71 in Towers for
details). O

In general, Ax = b has a unique solution if and only if det A # 0.

This concludes the theory of matrices for now. We’ll next take a brief
interlude to the more abstract theory of vector spaces before putting everything
we’ve done together by looking at eigenvalues of matrices.
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Chapter 4

Vector Spaces

Before jumping into the definition of a vector space we will need to look
at something called fields. A field is simply an abstraction of all the nice
properties that R or Q have (which are both examples of fields). You can
simply think of it as a set which has two group structures embedded in it
(like addition and multiplication in real numbers).

Definition 4.1. A field is a triple (F,+,) where F is a set and +, - are
binary operations such that

i) (F,+) is an abelian group,
ii) (F\ {0},-) is an abelian group,
iii) The distributive law holds:
r(y+z)=z-y+zx-z

for any x,y,z € F.

Notice that the 0 that appears in the definition is the additive identity
from (F, +). As said before (R, +,-) and (Q, +, -) are fields as is (C, +,-). We
can now give the (rather lengthy) definition of a vector space.
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Definition 4.2. A vector space V over the field F is a set with two opera-
tions such that

I) (V,+) is an abelian group,

V1
(a+b)+c=a+(b+c)
VYa,b,c e V.
V2 There is an additive identity 0 € V' (called null vector) such that
for any a € V

a+0=0+a=a
V3 Va € V there is the inverse —a € V such that
a+(—a)=—-a+a=0

V4
at+b=b+a

Ya,beV

IT) The scalar product F x V' — V such that (A, v) — v satisfies

V5
ala+0b) =aa+ ab
Va € F, Va,b eV
Vo6
(a+ B)a=aa+ Pa
Va,B € F,Ya eV
V7
(af)a = a(Ba)
Va,B € F,Va € B
V8

1-a=a,

where 1 € [ is the multiplicative identity
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We call F the field of scalars and any particular A € F is called a scalar.
Let’s look at some (familiar) examples of vector spaces.

Example. i) Let V = R". This is a vector space over F = R, where the

sum for
ai by
a=lay|,b=1]0by
as bg

ay + by
a+b= as + bg .
as + bg
The scalar product is defined as
)\a1
Aa = )\CLQ ,
)\(Ig

for any A € R. It is easy to see that (R",+) is an abelian group and
that V5-V8 are satisfied for the scalar product.

is defined as

ii) Let V.= M(n,m,R) = {A : Aisan xm matrix}. We know that
(M(n,m,R),+) is an abelian group from our definition of matrix addi-
tion. Consider F = R, then we have already defined the scalar product
AA for any A € R and A € V; and it is not hard to see that it satisfies
V5-V8.

iii) Let V = {f|f : R — R is a function} and F = R. We can then define
the sum of f,g € V as the function f + g € V such that

(f +9)(z) = f(z) + g(2).

Similarly, we can define the scalar product of A€ R and f € V as \f
given by
(Af)(@) = Af(x).

With these operations V' is a vector space over R.

Proposition 4.3. i)
Ov =0,

for anyv e V.
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i)
A0 =0,
for any A € F.

iii)
MW=0 = A=0o0rv=0

iv)
(=M = A(=v) = = (),
forany A€ F andv e V.

Proof. i) In any field we have that 0 = 0 4 0, this gives us that for any
veV

0v=(0+0)v
= Ov + Ow.

By cancellation laws of (V,+) we have that

0 = Ow.

ii) Let v € V then for any A € F we have that
Av+0 =X v=A(v+0)= A+ A0,

which implies that
0 = )0.

iii) We already dealt with the case A\ = 0 so suppose A # 0, this means that
A has an inverse A™! € F, then

MW=0 = N w=X'0 = v=X1x"'0=0.
iv) We know that
0=00=(A+(=A)v=2Av~+ (=A)v.

Hence,

(=\v)v = —(\v).
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In particular, (—1)v = —v. Furthermore,

0=X0=Av—v)=X +\N-v) = AN—v) =—(\v).

Just as with subgroups we can have vector spaces sitting inside bigger
vector spaces.

Definition 4.4. Let V' be a vector space over F. A non-empty susbset W of
V' is called a (linear) subspace of V if it forms a vector space over F with
the same operations of sum and scalar product.

Theorem 4.5. Let V' be a vector space over ¥ and W C V. Then W is a
subspace of V' if and only if the following conditions hold

S1
0O
S2
abeW — a+beW
S3

AeFaeW = daeW.

Proof is left as an exercise.
Example. i) V and {0} are always subspaces of V.
ii) Let u € V and u # 0. Then,
W={w=MAu:\ecF}

is a subspace for V. Indeed, 0 = Ou so 0 € W satisfying S1. For S2 we
look at a = Aju and b = Ayu, then

a+b=(A+X)ueW
And for S3 we take a = \ju so
Aa = (A\)u e W,
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We can also express the previous conditions more concisely, as with

subgroups.

Theorem 4.6 (Criteria for Subspaces). Let W C V', where V is a vector
space over F. Then W is a subspace of V' if the following conditions hold:

S1
0cW

S2
abe W A\puelF — Aa+pb € W.
———

linear combination

Theorem 4.7. Let U, W be subspaces of the vector space V. Then

i) UNW is a subspace of V', and

i) U+ W ={u+w:uelUwe W} is a subspace of V.

Proof. i) In homework.

ii) First, 0 € U;W so 0 = 0+ 0 € U + W, so S1 is satisfied.

Let a,

be U+ W then a = u; +w; and b = us + ws for some u; € U and

w; € W. Then,

a+b=(ur +wp)+ (ug +wz) = (ur +uz) + (w1 +wy) € U+ W.

This means that S2 is satisfied. For S3 we have
Aa = Nug +wy) = Mg + Ay, € U+ W.

Hence U + W is a subspace of V.
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These properties of course immediately generalise to any number of finite

subspaces. So if Uy, ..., U,, are subspaces of V' then
m;'nlej

and .
>.U;
j=1

are subspaces of V.

We previously already introduced the concept of a linear combination.
Let’s make it precise.

Definition 4.8. Let vy, ..., v, belong to the vector space V. Then the vector
v = Z)\j?)j = )\11)1 + AQ'UQ + ...+ /\ml)m,
j=1

for any A; € I, is called a linear combination of the vectors vy, ..., vp,.

The name linear subspace comes from the fact that a linear subspace is
the smallest vector space containing all the possible linear combinations of
the generating vectors. This kind of subspace is also called the span of the
generating vectors.

Theorem 4.9. Let {vy,...,v,} be vectors in V', then the span of vy, ..., Uy,
denoted by

(U1, ...y Up) = span{vy, ..., vy} = {Z)\jvj DA€ IF} :
=1

the set of all linear combinations of v1, ..., Vm, is a subspace of V.

Proof. Of course 0 = 0v;+...+0v,, so 0 is in the span, then for u = 7" p;0;
and w = 3_7"; v;u; we have that

M+ pw =Y (A + prj)v; € (vr, ..., Um).
j=1

Hence the span is a subspace of V. O
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Remark. i) If UNW = (), then we write
UoW
instead of U + W and call it a direct sum.
ii) We say that the vectors vy, ..., v, span W if

W = (v1,...,0m).

4.1 Linear Independence and Bases

Having introduced linear combinations it makes sense to ask which vectors in
a vector space can be expressed as a linear combination of some other vectors.
We’ll introduce some terminology in order to answer this question.

Definition 4.10. Let V be a vector space over F.

e The collection of vectors vy, ..., v, of V is called linearly dependent
if there exists a nontrivial dependency relation between them, i.e. if we
can find A\, ..., \,, € F, not all zero, such that

/\1’01+...+/\m1)m:0.

e Conversely, the collection of vectors vy, ..., v, of V is called linearly
independent if there is no such nontrivial dependency relation, i.e. if

/\1v1+---+/\mvm:0
implies that A\ = ... = \,, =0.

Example. The vectors

1 1 0
vi=|1|,0a=(0],u3=11
0 0 0



in R? are linearly dependent since
V1 = Vg + U3,

i.e. we can write
)\11)1 + )\21}2 + )\3’03 =0

with )\1 = 1, )\2 = —1, )\3 =—1.

In our investigation of which sets are linearly independent and which sets
span the whole vector space, we start with the following simple observations.

Proposition 4.11. Let V be a vector space and {v1,...,v,} a collection of
its vectors.

i) If 0 € {vq,..., U} then vy, ... v, are linearly dependent.

i) If m > 1 and {v1,...,v,} are linearly dependent, then at least one
vector of the set can be written as a linear combination of the others.

iii) If the set {vq,...,vn} is linearly dependent, then each superseﬂ of
{v1,..., 0} is also linearly dependent.

iv) A single vector v # 0 is linearly independent.

v) Fach subset of a collection of linearly independent vectors is also linearly
independent.

Proof. i) Suppose WLOGH vy = 0, then pick some A\; # 0 and let \y =
...= X, =0. Then
>\1U1+...—|—/\m’0m20,

but not all coefficients are 0. Hence this is a nontrivial dependence
relation and so {0, vy, ..., vy} is linearly dependent.

LA superset B of A is any set such that A is contained in B, i.e. A C B.
2Without loss of generality
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ii)

iii)

iv)

Suppose
)\1U1+...+)\m’0m:0.

Then we can pick at least one A\; to be nonzero. WLOG suppose that
A1 # 0. Hence IN' € F, so

v F AT Xovg A AT A, = 0

and
V1 = (—/\1_1)\2)1)2 + ...+ (—/\1_1)\m)’0m.

Suppose
/\1v1+...+)\mvm:0

for some scalars \; € F, not all zero. Then take any set of vectors
{Vm+1,...,vs} in V and look at the union {vy,...,vs}. To see that
these are linearly dependent write

)\11)1 + ...+ )\m'Um -+ )\m+1vm+1 + ...+ )\S’US = 0.

Then, we can take A,y 1 = ... = Ay = 0 and Ay,..., )\, to be the
same as before, giving us a nontrivial dependency relation. Hence
{v1,. .., Um, Vi1, - - -, Us} 18 linearly dependent.

Av = 0 implies that \; = 0 or v = 0. Since v # 0 we must have that
A = 0.

Suppose

)\11)1 + ...+ )\mvm -+ >\m+1vm+1 + ..o+ )\SUS =0
if and only if \; = ... = A, = 0 so that these vectors are linearly inde-
pendent. Then if you take any subset of these vectors, say, {v1, ..., U,
by seting A\,,+1 = ... = A; = 0 and looking at

/\1v1+...+)\mvm:0

gives that Ay = ... = A, = 0 as otherwise we could get a nontrivial
dependence relation for {vy, ..., vs}.
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Definition 4.12. The vectors {vy,...,v,} are called generators of the
vector space V if they span V, i.e. if every vector of V can be written as
linear combination of them. So,

V = <'U1,...,’Um>,

i.e.

Voe VAN eFst v= Z)\jvj.

i=1

Try doing the following exercise:

Example. Do the following vectors span R3?

1 1 1 0
{ul,u2,u3,U4} = 1 ) 0 ) 2 ) —1
0 2 —4 2
x
You need to see if for any v = |y | € R? you can find A, ..., \s such that
z

)\1U1—|—...+)\4U4:1}.

This is a linear system with 4 unknowns A1, ..., A4 and constants from v on
the right hand side.

An important case of a set of vectors is when they are both linearly
independent and span the whole vector space.

Definition 4.13. Let B = {vy,...,v,} be a set of vectors in the vector space
V. B is called a basis for V if the following two conditions hold:

i) B is linearly independent, and

ii) B spans V.
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Example. Let

e (- (e

To see that these are linearly independent we need to look at

A (1//0) 4 2 (2) —o.

()= ()

so Ay = Ay = 0. Hence B is linearly independent.

This simplifies to

To see that they span R? we need to express v = (;j) in terms of e; and

ey. Clearly,
v = zep + yes.

Hence B spans R? and thus is a basis.

Note: In general

1 0 0
1 .
0 0 1

is a basis for R", called the standard basis. We normally denote
it by
{e1,...,en}.
Theorem 4.14. The set {vy,...,v,} of vectors in V is a basis for V if and

only if every element of V' can be written as a unique linear combination of
Viy...,Un.
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Proof. = : Let {vy,...,v,} be a basis for V. Suppose, for contradiction,

I

that for some v € V', the linear combination is not unique. Then we
have

U:)\1U1+...+)\n’l}n
V= V1 + ...+ UpUp.

where the linear combinations are different. But then,
0=\ —p)vr + ...+ (A — fin)Un,

which by linear independence implies that \; — pu; = 0, i.e. A\ =
W1y« s Ay = ln, contradiction. Hence the linear combination is unique.

: Assume that every v can be expressed as a unique linear combination of

vy, ..., Un. We need to show that these vectors form a basis. Spanning is
immediate from the assumption, so let us prove the linear independence.
Consider,

/\1@1+...+)\nvn:0.

Then, A\; = ... =\, = 0 is one possible solution. But by assumption
the solution is unique so the above is the only solution. Hence these
vectors are linearly independent and form a basis for V.

So clearly bases are a useful thing to have a vector space because they
give us a nice representation for any vector in the vector space. The natural
question to ask is whether vector spaces always have a basis, and if they
do, then what do different bases have in common? First we differentiate an
important class of vector spaces.

Definition 4.15. The vector space V is called finitely generated if there
is a finite set of vectors {vy,..., v} (m < c0) spanning V.

Definition 4.16. Let V be a finitely generated vector space. Then every
finite set of vectors which spans V' contains a subsequence which is a basis
for V.
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Proof. Let ey, ... e, span V. If ey = 0, discard e;; otherwise keep it. If ey
can be written as linear combination of e; then discard e,, otherwise keep es.
In general, if e; belongs to

<€1, ceey ej_1>,
then discard e;, otherwise keep it. This produces a subsequence ey, , ..., ex,,
where k; < ky < ... < k, in which no vector is linearly independent of the

predecessors. We claim that this is a basis for V. Let’s prove this.

spanning: Since each v € V' can be written as
m

v=2_aje
Jj=1

and since each e; can be written as

r
€; = Z Biekw
=1

then

m s

v=2 a;) B,
j=1 =1

which rearranges to

Hence any vector can be expressed as a linear combination of ey, i.e.
V = <€k1; ce 76kr>-

linear independence: By contradiction, suppose {e,, ..., €, } is linearly
dependent, so that
A€k, + ...+ Neg, =0,

with some \; # 0. Let A, be the last nonzero scalar in the sequence of
scalars Ay, ..., \.. Then

Aeg, + ...+ e, = 0.
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Hence
€ks = (—)\;1)\1)6k1 4+ ...+ (—)\5_1)\571)61%_1-

This is a contradiction since by construction the ey,’s are linearly in-
dependent of the predecessing ones. Hence ey, ..., e are linearly
independent and so form a basis for V.

So we have shown that any spanning set can be reduced to a basis. Similar
theorem holds for extending a linearly independent set to a basis for finitely
generated vector spaces.

Theorem 4.17 (Extension Theorem). Let V' be a finitely generated vector
space and let B = {ey,... ey} be a basis for V.. Then,

i) If {v1,...,v,} is a sequence of linearly independent vectors (p < n) of V
then the sequence can be extended to a basis {vi, ..., Vp, €k 1s- €k, }
of n wvectors by adding n — p elements of B.

i) If {f1,..., fr} is another basis for V, then r = n.

Proof. i) Since V is a finitely generated, then V' has a basis by the previous

theorem. Then
V= <€1,...,€n>.

We can add v; and still have spanning:
V= {(v,e1,...,€n)

with v; # 0. Moreover v; can be expressed as a unique linear combina-
tion of the e;, say,
V1 = )\161 + ..+ )\nen, (41)

where some \; # 0. Without loss of generality (WLOG) we can assume
that \; # 0, then,

€1 = )\1_11)1 + (—)\1_1>\2)62 + ...+ (_)\1_1>\n)en-
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ii)

Hence e; can be expressed in terms of vy, es,...,€,, SO

V = (vi,eq,...,€,).

Let’s prove that vy, es, ..., e, are also linearly independent. Suppose:
Uiv1 + poes + ..o+ ppen, = 0.
Then, either
e 11 # 0 in which case
v = (—py pe)es A (= ) e

This is different from the decomposition (4.1)) where the coefficient
of e; was nonzero (above it is 0). This is a contradiction so this
case cannot occur.

® [ = 07 then
fo€y + ...+ ppe, = 0,
which gives pus = ... = p, = 0 since these vectors are linearly
independent. Hence {vy,es,...,€,} is a basis for V.
Let us now use an induction argument to extend this to all of {vy, ..., v,}.
By the above argument the property holds for p = 1. Now suppose it’s
true for vy, ..., v,_1. Thatis, {v1,...,v,-1,€p,...,€,} (up to relabeling

the e;s) is a basis for V. We need to prove it for p vectors.

Consider vy, ..., v, and write

Up = Thv1 + ...+ p-1Up—1 + Mpt1€p41 + -« + N

Since vy, . .., v, are linearly independent, then at least one of the scalars
Np+1s - - - N 18 N0t zero. WLOG suppose that 7, # 0. Then by a similar
argument as before the vectors {vi, va, ..., vp, €p11,...,€,} are a basis

for V' (up to relabeling of the e;’s). Hence the first part is proved for
p<n.

If » > n then consider {f,..., f,} which is still a linearly independent
set. By the previous part (with p = 0) this is also a basis for V. Hence
we can express f, in terms of {fi,..., f,}. This contradicts the fact
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that {f1,..., f.} is a linearly independent set of vectors. Hence r < n.
Similarly n < r. Hence r = n.

So we have proven that every basis of a given vector space has the same
number of elements. It makes sense to give this number a name.

Definition 4.18. Let V be a finitely generated vector space. Then every
basis for V' contains the same number of vectors. We call this number the
dimension of V', denoted by dim V.

Example. i) dimR? =2,
ii) dimR" =n,
iii) dim M (n,m,R) = nm,

iv) dim{0} = 0 as it has no basis.

So let’s summarize what we’ve found out so far. If dim V' = n then,

e any basis B for V' has n vectors,
o if {vy,...,v,} span V, then p > n,
o if {vy,...,v,,} are linearly independent then m < n.

Proposition 4.19. Let U be a subspace of V. Then

i) dimU <dimV. IfdimU =dimV then U =V.
ii) There is a subspace M such that
Us M=V,

that isU + M =V and U N M = {0}.
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iii) (Grassmann’s equality) Let W be a second subspace of V', then
dim(U 4+ W) =dimU + dim W — dim(U N W).

Proof. The first part is clear by definition. For the second part let {us, ..., u,}
be a basis for U. Then, given n = dim V', we can extend this to a basis for V/
by the extension theorem, say, {u1,..., U, €11,...,€,}. Let’s define

M= (e 11,...,€n).

Then clearly M NU = {0} as otherwise we would get a nontrivial dependence
relation for our basis. Also M + U = V since the above set spans V. The
last part of the proposition is proved in the exercises. O

Example. Let V = R? and suppose U = {(z1,22,0)|z1,20 € R}, W =
{(0,y1,92)|y1,y2 € R}. Then U and W are subspaces of V' (prove it!). A
basis for U is given by

Bl = {61 = (1,0,0),62 = (0, 1,0)}

To see this we need to prove that B; spans V' and is L.I. For spanning let
x = (x1,22,0) € U, then
r=xie; + T2€9g,

so By spans U. For linear independence suppose that
Arer + Ageg = (A1, A2,0) =0,
which immediately implies that \; = Ay = 0. So Bj is a basis for U.
Similarly you can prove that By = {es = (0,1,0),e3 = (0,0,1)} is a

basis for W. Now let’s verify Grassman’s equality. We know that dim U =
dim W = 2 < 3. Clearly

U+W =V = (e, eq,e3)

and

UNW = {e;) # {0}.
Thus,

dm(U+W)=3=242—1=dimU +dim W — dim(U N W).
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4.2 Linear Transformations

Linear transformations (or linear maps) are special kind of mappings between
vector spaces which are group homomorphisms in two different ways.

Definition 4.20. Let V', W be two vector spaces over the same field F. A
mapping 7" : V — W is called a linear transformation or linear map if
it satisfies

T1
T(a+b)=T(a)+T(b), Va,beV

T2
T(wa) = aT(a), VaeV,VaePF.

Corollary 4.21. T : (V,+) — (W, +) is a homomorphism of groups, hence

T(0y) = Oy,
ii)
T(—a)=—-T(a),Ya € V.

Proof. The first property follows from the fact that group homomorphism
maps identities to identities. The second from mapping inverses to inverses.
O

Example. Let T: V — W with V = R3 and W = R? be defined by
T(xy, 29, x3) = (X1 + T2, T3).

We'll prove that T is a linear map.

T1 Let a = (al,ag,ag) and b = (bl,bg, bg), then

a+b= (a4 bi,as + by, az + bs),
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and so
T(CL+b) = (a1+b1+a2+b2,a3+b3)

while
T(a)+T(b) = (a1 + ag,as) + (by + by, b3) = T'(a + b).

T2 Let aa = (aay, as, aas), then
T(aa) = (aay + aag, aas)

while
aT(a) = ala; + ag,a3) = T(aa).

Hence T is a linear map.

There are two subspaces associated to each linear map, which are related
to injectivity and surjectivity.

Definition 4.22. Let T': V' — W be a linear map between the vector spaces
V, W over F. The kernel of T" is the subset of V' given by

kerT'={v eV :T(v)=0}.
The image of T' is the subset of W given by
ImT ={weW:w=T(v) for some v € V}.

Let us prove that these actually form subspaces.

Theorem 4.23. Let T, V, W be as before. Then

i) kerT is a subspace of V,

ii) Im T is a subspace of W.

Proof. i) From the previous corollary, T'(0y) = Oy. Hence 0 € ker T'. Let
a,b € kerT and \, u € F,then

T(Aa + pb) = T(Aa) + T(ub) = NT'(a) + uT'(b) = A0 + 10 = 0.

Hence ker T" is a subspace of V.
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ii) Again by the same argument 0 € Im 7. Let ¢,d € ImT then there are
a,b € V such that T'(a) = ¢ and T'(b) = d. Hence, for A\, u € T,

Ac+ pd = AT(a) + pT(b) = T(Aa) + T(ub) = T(Aa + pb).

As Aa + pb € V, it follows that Aa + ud € ImT. Hence ImT is a
subspace of W.

Theorem 4.24. Let T : V — W be a linear transformation, then

i) Tis surjective <= ImT =W <= dimIm7T = dimW.

ii) T is injective <= kerT = {0y} <= dimker7T =0 <=
dmm7 =dim V.

Proof. 1) This is by definition.

ii) = : Suppose T is injective. Let a € kerT. We already know that
T(0) = 0, but by assumption T'(a) = 0. Hence by injectivity
a =0, so kerT = {0}.

<=: Suppose kerT' = {0}, and that T'(a) = T'(b). Then by linearity
T(a —b) = 0. By assumption a —b = 0 so a = b, which proves
injectivity. The last equivalency will follow from the Rank-Nullity
theorem that we’ll prove later.

]

Example. Let T : R* — R? and T'(z1, 2, 23) = (71 + 72, 73) as before. We
wish to find the kernel and image of 7.

e Suppose a € kerT. Then T'(a) = Ogz = (0,0). Hence,

T'(a) = (a1 + as,a3) = (0,0)
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so we deduce that

a1+a2:0
CL3:0

ker T = {a € R®: a = (a1, —ay,0) for any a; € R}.

Hence a = (a1, —ay,0) so

To find a basis for ker T" we write the general element as
(a1, —ay,0) = ay(1,-1,0).
So if we let e = (1,—1,0) then
ker T = (e),
so dimker7T" = 1.

Suppose ¢ € ImT'. Then there exists an a € V with ¢ = T'(a). This
means that

c=(c1,62) = (a1 + az,a3) = T(a).

So any such ¢ must satisfy

c1 = a1+ as
Cy = a3

for some a; € R. Since we are free to choose a; freely we can let e.g.
as = 0 to get that ¢; = a1, o = ag, i.e. ImT = R%. Thus a basis for

N (!

Therefore dim Im 7T = 2.

Even though the kernel and the image are subspaces of a different vec-
tor space, they are still intimately related. We will now prove the most
important theorem about the dimension of these spaces. It is called the Rank-
Nullity Theorem (or sometimes the Kernel-Rank Theorem or the Dimension
Theorem).
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Theorem 4.25 (Rank-Nullity Theorem). Let VW be finite-dimensional
vector spaces over the same fieldF. LetT : V — W be a linear transformation.
Then

dimIm 7T 4 dimker 7" = dim V.

Proof. Let {vy,...,vs} be a basis for ker T, i.e. dimker 7" = s. Then, by the
extension theorem, we can extend this into a basis for V:

{v1, ..., Vs, Vs g1y, Un}

where n = dimV and s < n. If n = s then ker7 =V and ImT = {0} so
the result is clear. Suppose n > s. We'll show that {T'(vsy1),...,T(V,)} is a
basis for Im 7. This is enough as then

dimImT =n—s=dimV — dimkerT.

e For linear independence let

0= )\3+1T(U5+1) + ..+ )\nT</Un)
- T()\5+1US+1 + e )\Un

as T' is a linear transformation. This implies that Agi 10511+ ..+ A0, €
kerT". Hence we can express this as a linear combination of the basis of
kerT'. So there are some Aq,..., s € F such that

/\s+1vs+1 + ...+ )\nvn = /\1’01 + ...+ /\SUS

= AU+ ...+ AU — >\S+1Us+1 — ... =\, =0.
These vectors are linearly independent so Ay = ... = A, = 0. In
particular, Ag11 = ... =\, = 0. Hence {T'(vs41),...,T(v,)} is linearly
independent.

e For spannign let w € ImT". Then w = T'(v) for some v € V. Write
U=V + ...+ UnUn
for some p; € F. We have

w=TwW)=T(vr+ ...+ ppvn) = T (v1) + ... + T (vy)-
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But T'(vy) = ... =T (vs) = 0 since {vy,...,vs} C kerT. It follows that
w = Ms—i—lT(Us—O—l) +..F ,U/TLT(Un)

Hence w € (T'(vsy1), ..., T (v,)). We conclude that {T'(vsy1), ..., T(v,)}
is a basis for Im 7.

]

Corollary 4.26. LetT : V. — W be a linear transformation and let {eq, . .., e,}
be a basis for V.. Then T(ey),...,T(e,) span ImT.

Proof. See the “spanning” part of the previous proof. We do not get linear
independence as some of the e;’s might belong to the kernel, for example. [J

Another way to compute a basis for image is by using this corollary. We
take a basis for the domain and extract a basis from the image of the basis
elements.

Example. We work in the same setting as in the previous example. Take a
basis for R?, e.g.
B ={(1,0,0),(0,1,0),(0,0,1)}.

Compute its image:

T(1,0,0) = (1,0)
7(0,1,0) = (1,0)
7(0,0,1) = (0,1).

The corollary says that the image is spanned by these vectors, i.e.
ImT = ((1,0), (1,0), (0,1)).

Obviously they are not linearly independent, but we can extract a linearly
independent set. An obvious choice is {(1,0), (0,1)}. Thus this is a basis for
Im T and we get that

dimR? —dimIm7 =3 —-2=1=dimkerT.
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Example. Let T : R? — R3 be given by

T(x,y,z) =(x+y—23c—y—2z5br+y—3z2).

Prove that T is a linear transformation. To find a basis for ker T" we need
to look at
T(z,y,2) = (0,0,0),

which gives us the system
r +y —z =0
3r —y —z =
or +y —3z =0

To solve this we use row reduction on the augmented matrix to get

o O O

Lol
oo lpe| L

1 0
0 1
00
Hence, if we let z = 2a, then z = a, y = «a. So,

kerT = {(x,y,2) = (o, ,2a)) = a(1,1,2)}.

Thus,
ker T' = ((1,1,2)),

and dimker7T = 1.

To find a basis for the iamge we look at the images of the basis vectors of
R? under 7"

T(e)) = T(1,0,0) = (1,3,5),
T(es) = T(0,1,0) = (1, —1,1),
T(es) = T(0,0,1) = (~1, —1, —3).

Hence the image is spanned by these vectors, so,

Im7T = ((1,3,5), (1, —1,1), (=1, -1, -3)).
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These vectors are not, however, linearly independent and thus do not form a
basis for Im7". We have that

(1,3,5) = —(1,—1,1) — 2(—1,—1,3).

The 2 vectors on the right hand side are linearly independent so by removing
(1,3,5) we get a basis for Im 7" to be {(1,—1,1),(—1,—1,3)} and dimIm 7T =
2.

Theorem 4.27. Let V., W be vector spaces over the same field F. Let
{e1,...,en} be a basis for V and let {fi,..., fn} be n vectors of W. Then

there is a unique mapping T such that
T(e;) = fj
forg=1,....n. T is a linear transformation. If, furthermore, fi,..., fn is

a basis for W then T is invertible.

Proof. Let a = > i1 je; and let b =371, vje; be vectors of V' expressed as
a linear combination with respect to the basis {ej,...,e,}. Then we define
T by letting

T (Z Mjej) = ufj
j=1 j=1

We check that 7T is linear:

T1

j=1

T(a+b)=T (i(w%)%)

M=

=2 (i +v)f

<
Il
—

pifi + D vifi

j=1

T(a) +T().

I
NE

<
Il
.



T2

Hence T is linear. Now suppose that fi,..., f, forms a basis for W. Then
dimW =dimIm7T = dim V.

This implies that 7' is surjective and by rank-nullity theorem it is then injective.
Hence T' is bijective.

To see that 1" is unique suppose that T :V — W be such that~T(ej) = f;
for all j. Then T'(a) = X=7_; p; f; = T(a) which means that 7" =T O

This allows us to give a convenient presentation to vector spaces. Take

W =TF". Then dimV = dimF" = n. Suppose {ey,...,e,} is a basis for V

and {f1,..., fu} a basis for F”. Then by above there is an invertible linear

map between V and W. So we say that V = [F", that is the two spaces are

isomorphic as vector spaces. So we can always represent vector spaces in the
T

form | : | where the x; belong to some field F.

In

Proposition 4.28. Let V., W, U be vector spaces over the same field F.

) If Ty : V=W and To : W — U are linear maps then Ty 0Ty : V. — U
s also a linear map.

ii) If T : V. — W is bijective linear map then the inverse map T~1 : W — V
is also linear.
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iii) If 11,15 : V — W are linear maps then for A € F:
o '+ T5:V — W, given by
(Tl + TQ)(U) = Tl(l)) + TQ(U),

and

o \TI1:V = W, given by
<>\T1>(U) = /\Tl(U>

are linear transformations.

4.3 The Matrix of a Linear Transformation

Let us now show how matrices and linear transformations are related. Let
T :V — W be a linear map, and let By = {eq,...,e,}, By = {b1,...,bn}
be bases for V and W, respectively. Hence dim V' = n and dim W = m. Then,
given a vector v € V, say,

V= W1€1 + ...+ Up€n,
we get
T(v)=T (Z Mj%) = > 1T (e;).
j=1 j=1
Hence, T' is completely determined by its action on the basis for V. Since
T(ej) € W, 1<j<n, we can write them as unique linear combinations of

the basis Byy:

T(Bl) = Cknbl + ...+ Ckmlbm
T(eg) = Oélgbl + ...+ Ozmgbm

T(en) = a1nbr + - .. + Wb,

122



where «;; € F. We associate with 7" the matrix

11 19 ce A1n
A= (aij)mxn -
Am1 A2 ... Omyp

Notice that the columns of A correspond to the rows in the above system of
equations, i.e. the coefficients of T'(e;) give the first column of the matrix A
and so on. A is of course uniquely determined by T along with the chosen
bases for V and W. An A of this form is called the matrix associated with
the linear map 7' with respect to the bases By and By,. So, this allows us
to write (at least if V and W are of the form F"” and F)) T as

T:V =W v Av.

There’s a subtle point we haven’t emphasised so far. We saw that any
vector space is isomorphic to a vector space of the form F". However, this
representation sneakily hides the fact that each element of the vector space is a
1 s
o) Weare only specifying
coordinates. These coordinates need to be with respect to some basis. So
for example, most commonly the above coordinates would correspond to the
vector 1-e; + 0 - ey in the standard basis of R?, but equally well we could
consider another basis, say,

o (4) - ()

(In here these coordinates are with respect to the standard basis so f; = e; —eq

multiple of some vector whereas when we write e.g.

1 . . .
0 with respect to this basis
would correspond to the vector 1- f; +0- f5, in standard basis this corresponds
to the vector e; — €9 as seen before. To avoid this confusion we sometimes
write the name of the basis as a subscript when it’s important. If we are

using the standard basis then we normally write the coordinates without a

subscript. So the two vectors
) = (o)
and
(o) = (1),

actually represent two different vectors in the same vector space (e; and
e1 — ey). Let’s do an example of this.

and fy = e3) Then the vector with coordinates
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Example. Let T : R? — R? be given by
x
2r +
Tyl = (x B 5) :
z

Verify that T is linear. Choose,

1 0 0
BV: €1 = 0 ,E2 = 1 , €3 = 0
0 0 1

oo )= )

to be the standard bases for R? and R?, respectively. Then,

2
~(3)-mr
1

0
:<O>=O-bl+0-b2.

So the matrix associated to T" with respect to the bases By and By is
2 1 0
A= (1 -1 0) ’

Let’s now change the basisE] for W, so that we get a new matrix. Keep
By as it is and consider

ol () )

3There’s more to say about changing bases but we won’t focus on that in this course. If
you want to find out more look, for example, at Towers sections 7.1 and 7.2.

T(63) =T

i~
—
™
N
SN~—
Il
N
—_— 0O OO OO OO
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Then

T(Gl):]_'al—f—l'ag
T(€2> = —1'CL1+2(12
T(e3) =0-a;+0-as.

So the matrix associated to A with respect to these bases is
~ 1 -1 0
A= (1 2 O) ’

Let’s see now what happens with the action of T" expressed in the form

4
Av. Take v = (1) € V. That is,
2 By
4
1 = 4ey + ledotey + 2es.
2) 5
1%

Then

This is equal to

Now consider T'(v) expressed in the new basis By, so

4
T(v) = Av = (1 -1 0) 1| = <3> = 3a; + 6as.
1 2 0 6/ -
2 Bw

()0 -(), # (), -
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(V, BL) (W, BY,)
Jv Jw

T
(V, B) L (W,B)

But this is fine since the coordinates on the left hand side are with respect
to the standard basis while on the right-hand side the coordinates are with
respect to By .

In general, if we take dim V' =n and dimW =m and T : V — W a linear
map, and let Bi,, B¢ be bases for V and B}y, B}, be bases for W then the
following hold:

Here T4, T have the corresponding matrices A and B with respect to the
indicated bases. Also, .Jyy and Jp are the isomorphisms which map one of the
bases to the other (remember we showed that such maps are invertible!) with
corresponding matrices P and C' respectively. Then we can rewrite Tg as

T = Jv}l oTyolJdy,
or in terms of the corresponding matrices

B=C"1AP.

We are interested in the particular case V' = W in which case C' = P so
the above becomes
B =P AP

So we see that any two matrices for a given linear map, with respect to
different bases, are related by conjugation by an invertible matrix. We wish
to find properties of T' that remain invariant under this conjugation. This
will be the focus of the following sections.
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4.4 Rank of a Matrix

Let A = (@j)mxn be an m x n matrix with o;; € F. Let S, = {eq1,...,e,}
and S, = {f1,..., fm} be the standard bases for F" and F™, respectively.
Define T : F™ — F™ to be the linear transformation corresponding to A with
respect to S, and .S,,. So,

T(ei) =Y ajif.
j=1

Definition 4.29. The rank of A is defined as
rank A = dim Im 7'(= rank T').

The row rank of A is the dimension of the subspace of F™ spanned by the
rows of A. The column rank of A is the dimension of the subspace of F"
spanned by the columns of A.

Example. Let T : R? — R3? with
x

Tyl = (2;:j y) )
- Y

The matrix associated with 1" with respect to the standard basis is

2 1 0
A= (1 -1 0) '
} 2 1 0
column rank of A = dim( <1> : (_1> , <O>>

=2
= dim(T'(eq), T (e2), T(e3))
=dimIm7T = rank A.

So,

Theorem 4.30.

rank A = column rank of A = row rank of A.
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Proposition 4.31. Let A = (ai;)mxn and B = (b;;)pxr be matrices over F.
Then,

i) Ifm=pandn=r,
rank(A + B) < rank A 4 rank B.

if)
rank AT =rank A

iii) If n =p,
rank(AB) < min(rank A, rank B).

iv)
rank A = rank B

if A and B are row-equivalent. In particular, if B is the RREF of A,
then rank A = rank B = number of nonzero rows of B.

4.5 Systems of Linear Equations and Rank

Consider the system of equations

aj1ry +... +aipr, = bl
. (4.2)
11 +... FOmpTn, = bma
and let
T by
xr = € Fn, b = c Fm, A = (aij)an.
Tn b,
Then we see that (4.2)) is equivalent to
Az =b. (4.3)
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Consider T : F" — F™ given by x — Ax, i.e. the linear map associated to A
with respect to the standard bases on both sides. Then (4.3) becomes

T(x) =0b. (4.4)

Let’s reformulate our findings in terms of the rank of A.

Theorem 4.32. The following conditions are equivalent:

i) Ax = b is consistent (has solutions)

iii) b € column space of A

)

ii) b€ ImT
)

iv) rank A = rank(A|b).

Theorem 4.33. Let 0,, be the null vectors of ™. Then

Ar=0,, < x €kerT,

50
dim (space of solutions) = dimker " = n — rank A.

ii)

Ar=b < = =20+ 11,

where xo € ker T' and xy is any particular solution of Axy = b.

So now we can give a final summary of our findings for nonhomogeneous
systems:

Theorem 4.34. Let A = (aij)nxn be nxXn matriz and b a fized column vector.
Then the following are equivalent:

i) Ax = b has a unique solution.
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ii)

rank A = n.

i)

det A # 0.

Moreover, if the solution exists it equals

x=A"1b.
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Chapter 5

Eigenvalues and
Diagonalisation

We now turn to the final chapter of this course. First we introduce one more
invariant for matrices and then we put everything together in order to find
particularly nice forms of matrices by diagonalisation.

5.1 Eigenvalues and Eigenvectors

Let T : V — V be a linear map from an n-dimensional vector space V' into
itself.

Definition 5.1. An eigenvector for 7" is a nonzero vector v € V' for which
there is a A € F such that
T(v) = \v.

A is called an eigenvalue of T' corresponding to the eigenvector v. The set
of all eigenvalues of T' is called the spectrum of T', denoted by specT'.

Moreover, if A € specT, we denote by E(\) the set of eigenvectors
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corresponding to A together with 0, i.e.

EN) ={veV :T(v)= v}
E(X) is called the eigenspace of \.
Example. Let T : R? — R3 be given by

You can see easily that geometrically this is reflection about the x-axis.
When looking for eigenvalues we need to solve

"()=6)

Which is the same as the following system of equations:

At =1

Ay = —y.
It is easily seen that there are two possible solutions: if x # 0 then A = 1 and
y=0;orif y #0 then A = —1 and = = 0. Hence there are two eigenvalues

with associated eigenspaces:
r 3
E()={ 0 r € R’}
0 3
E(—l):{y cy € R}
The matrix associated to 17" w.r.t. the standard basis is

A= (b o)

Notice that this is a diagonal matrix with the eigenvalues on the diagonal.
Moreover, this matrix satisfies the same eigenvalue properties as T, so

A(6)=() 2G)--()
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Theorem 5.2. Let A be an eigenvalue for a linear map T : V — 'V then E())
s a subspace of V.

Proof. S1 Tv = v is satisfied by 0 so hence 0 € E()).

S2 Suppose a,b € E(X) then T'(a) = Aa and T'(b) = Ab. So
T(a+b)=T(a)+T(b) =Aa+ b= \a+Db).
This implies that a + b € E()\).
S3 Let a € E(A) then
T(pa) = pT'(a) = pra = A(pa),

so Aa € E()).

Hence, E(\) is a subspace of V. O

Not all linear transformations have eigenvalues:

Example. Let T : R? — R? such that

y —z+y
Look for eigenvalues:

T(7) =[] = THy=A — (A=Dr=y
Yy y —T+y =Ny A—1)y=—=x.
This means that we must have

A—1)%r = —u.

Here we have either that (A — 1) = —1, which is impossible as the square of
a number is always positive, or z = 0 in which case y = 0 which is not an
eigenvector. Hence there can be no eigenvectors.
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So the natural question to ask is which 7" have eigenvalues and how to
compute them efficiently.
Let A be a matrix associated with 7" w.r.t. some basis for V. Then
Tw)=M < Av=X v <= (A—\,)v=0.
This system of equations has a nontrivial solution if and only if
det(A — \I,,) = 0.

That is, if A — A1, is noninvertible. This is called the characteristic equa-
tion of A (or T).

Definition 5.3. The characteristic polynomial of T" (or A) is defined as
chy(z) = det(A — AI,).

This is a polynomial of order n. The roots of this polynomial are by definition

the eigenvalues of A.
9 2
A= (2 6) .

We wish to compute the eigenvalues and the corresponding eigenspaces.

Example. Let

First, we factorize the characteristic polynomial:

det(A — AD) = |9_A 2 ‘

26—\

= (9—N)(6—X) —4
=54 -9\ —6A+ A\ —4
= A2 — 150+ 50

= (A=5)(A —10).

So there are two eigenvalues Ay = 5 and Ay, = 10.

e )\, =5 is a simple root. The corresponding eigenvectors satisfy

(A — 5[2)’0 = 0.
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2 16)-6)

This gives us the system

dr 4+ 2y =0
20 +y = 0.
Hence if x = o then y = —2a so the eigenspace is

E(5) = {(_02‘0) ,a € R}.

A basis for this eigenspace is {<_12>} so it has dim F(5) = 1.

e )\, = 10 is a simple root and the corresponding eigenvectors are such
that

(2 2)0)- )

This gives us the system

Hence,

—r+4+2y=0
20 —4y =0

So if we let y = a then x = 2a and the eigenspace is
E(10) = {(i‘j‘) ,a € R}

Hence a basis is {(?) .} and the dimension is dim £(10) = 1.

Theorem 5.4. Let T : V — V be a linear transformation and By, and B}
two bases for V. Let A and B be the matrices associated with T w.r.t. B},
and B respectively. Then A and B have the same eigenvalues, i.e.

det(A — AI,,) =0 and
det(B — \I,) = 0

have the same roots.
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Proof. We call P the matrix of the isomorphism J : V — V', J(e;) = ¢; for
j=1,...,n, where BZ = {e;,...,e,} and B, = {c1,...,c,}. Then, as seen,
B = P7'AP where P is the matrix of J. Consequently,

B— )\, =P 'AP — Pfl()\In)P = Pil(A — A, P
and

det(B — M,,) = det P~' det(A — AI,) det P
= det(A — \,).

and the polynomials det(B — A\[,,) and det(A — AI,,) have the same roots. [J

Theorem 5.5. Figenspaces corresponding to different eigenvalues are disjoint,
i.e. if \y # Ao then
E(\) 0 E(A) = {0},

In general, if \y # Xo # ... # A\, then
E\)N...NE(\,) ={0}.
Proof. Suppose A\; # Ay and consider v € E(A;) N E(Az). Then T'(v) = \wv

and T'(v) = \yv, so
()\1 - )\2)’[) =0.

Since A\; — Ay # 0 this implies that v = 0, i.e.
E(\) N E(Xg) = {vec0}.
O
Corollary 5.6. Let \; # ... # A\, be distinct eigenvalues of T, then the sum
EM\)+...+ E\n)

1s direct.
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5.2 Diagonalisable Matrices

Definition 5.7. A linear map T : V' — V is called diagonalisable if there
exists a basis for V' such that the matrix D of T" associated with this basis on
both sides is a diagonal matrix.

A n x n matrix A is diagonalisable if there exists a P € GL(n,F) such
that P~1AP is a diagonal matrix.

Theorem 5.8 (1st Criterion of Diagonalisation). A linear map T : V — V
is diagonalisable <= there exists a basis for V' composed by eigenvectors of
T.

Proof. <=: If {ej1,...,e,} then T'(¢e;) = A\je;. So the matrix associated to T’
w.r.t. B is the diagonal matrix

A0 ..o 0
0 X ... 0
0 0 ... A\

so T' is diagonalisable.

= : If D is the matrix of 7" w.r.t. B, then T'(e;) = De; = Aje; so e; are

eigenvectors.
O
Theorem 5.9 (2nd Criterion of Diagonalisation). A linear map T : V — V
is diagonalisable <= given A\1,...,\; the distinct eigenvalues of T' then the
sum

EM)&®...® E(\)
is equal to V.

Theorem 5.10 (3rd Criterion of Diagonalisation). A linear map T : V — V
is diagonalisable <> the following 2 conditions hold:
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e characteristic polynomial has n roots in F (counting with multiplicity),

o for each eigenvalue \; with algebraic multiplicity f; we have

The dimension dim E();) is called the geometric multiplicity of \; and
denoted by g;.

Corollary 5.11. If the linear transformation T :'V — V on V has n distinct
eigenvalues (dimV = n) then T is diagonalisable.

Theorem 5.12. Let T : V — V be a linear transformation and let A be the
associated matriz with respect to the basis B = {ey,...,e,} of V (dimV =mn).
Let D be the diagonal matrix of its eigenvalues

A ... 0
D = 0 “-. 0
0 ... A\
and let {ay,...,a,} be the set of linearly independent eigenvectors related to
them. Then call U the matriz having along the columns the components of
the vectors ay,...,a, w.r.t. the basis B. Then
D=U"'AU.
Proof. By construction {as,...,a,} is the basis for V' of eigenvectors of T

obtained as union of the bases for E(\1),..., E()\;). So U is the invertible
matrix of the change of basis J : V. — V, a; — a; = X}_; uje;, where
U = (4ji)nxn- Let Tp be the linear map corresponding to D, then we can
write it as

TD:J_IOTAOJ,

which, as seen before, gives us

D =U"1AU.
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Example. Find the parameter a € R such that the matrix

1 a a
A=]-1 1 -1
1 0 2

is diagonalisable.

We first find the roots of the characteristic polynomial:

1—A a a
det(A—Al3) =det| -1 1—-X -1
1 0 2-2A
=2-N1-N?-a—a(l=N+(2-Na
= (2= \)(1—-))>?
=(2-N)(1-)>~%

So the eigenvalues are Ay = 1 and \y = 2 with algebraic multiplicities
fi =2 and f; =1, respectively.

The third criterion says that A is diagonalisable if and only if
dimE(M\) = f1 =2
and

The second condition is automatically satisfied as any eigenspace is non-
trivial, so we need to check the dimension of the first.

All eigenvectors associated to A\; = 1 must solve the system

(A — )\1]3)1) =0.
Hence,
0 a a T 0
-1 0 =1|]y|l=10
1 0 1 z 0



This gives us the system

ay+az =0
—x—2z=0
z+z=0,

which simplifies to

{a(y—irz) =0

r+z=0

There are two possibilities: either a = 0 and y and z are free variables, or
a # 0 and then y = —z. In any case x = —=z.

Let’s look at these two cases separately. If a # 0, then all vectors of the
eigenspace are of the form

—Z -1
—z|l=z1-1],
z 1
—1
where z # 0. Hence the eigenspace would have a basis {| 1 |} and thus a
1

dimension of 1 which is different from the algebraic multiplicity. Hence this
case cannot occur.

So we must have a = 0, then all eigenvectors are of the form

—2z 0 —1
y |=yll]+2z]| 0
z 0 1
0 —1
So a basis for the eigenspace is {| 1], | 0 |}, which gives us dimension 2
0 1

as required. Hence A is diagonalisable if and only if a = 0.

Let’s find the eigenspace for Ay = 2 in order to diagonalise A. We need to
solve

(A — )\2[3)1) =0.
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This gives

-1 0 O x 0
-1 -1 =1 |y|l=1{0
1 0 0 z 0
So,
—x =0
—x—y—2=0
x =0
becomes
x =0
y=—z
0 0
So | —z | =2 | —1| is the general eigenvector for A\s. Then,
z 1
0
E2)={a|-1|,aeR}.
1

Thus dim E(2) = 1.

Hence, by the previous theorem the diagonalisation is done with
1 00
D=0 1 0],
0 0 2

where we have the eigenvalues on the diagonal, and the corresponding matrix
of eigenvectors is

0 1 0
U=|[-1 0 1
0 -1 1

Notice that the order of eigenvalues on the diagonal doesn’t matter: it simply
permutes the order of columns of U. So hence,

A=UDU".
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You can also compute U~! to be

—_ = =

o O =
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