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To err is human.
To forgive is divine.
To undertsand is everything.

Preface

What Is Linear Algebra?

1. What is the subject matter of linear algebra?
2. Why is linear algebra called “linear algebra”?

3. Why study linear algebra?

These are natural questions deserving at least provisional answers.

1. Linear algebra is the study of vector spaces and linear transformations between them.

2.  The name “linear algebra” may seem peculiar, given the answer to the first question. The
reasons for linear algebra’s being called “linear algebra” are historical. It is useful to think of it as
the algebra of mappings of co-ordinate systems which map lines to lines.

3. Linear algebra is probably the most widely applied part of mathematics. It is applied in
statistics, physics, economics, computer science, ...It will become apparent that the calculus you
have leant so far is, in essence, linear algebra, being the study of certain vector spaces of real valued
functions, and the taking of limits, differentiation and integration are linear transformations.

There are two principal aspects to mathematics in general, and to linear algebra in particular:
theoretical and computational. The theory not only organises and explains the relevant concepts,
but also provides the foundations for the calculations, providing explicit formulee and sometimes
even algortihms. A major part of mastering mathematics subjecting of learning how these two
aspects are related and how to move from one to the other.

One difficulty faced when learning linear algebra is that many calculations are very similar, and
can therefore cause confusing without a grasp of their theoretical context and significance. It can
be tempting to draw false conclusions.

On the other hand, while many statements are easier to express elegantly and to understand from
a purely theoretical point of view, you will need to “get your hands dirty” to apply them to concrete
problems.

Mathematics often has different formulations of the same concept or theorem, when it is not
obvious that they are equivalent. It is common for one formulation to express general aspects
with clarity, while being all but useless for practical calculation, and another formulation to
be computationally convenient, but give no insight into the underlying structure or concepts.



Both are indispensable. Without the conceptual formulation, there can be no understanding
of the underlying structures, and so no theoretical development, no expansion of the range of
applicability, no solid foundation for the techniques of calculation. On the other hand, concrete
applications require calculation.

We develop the theory first, starting with a handful of examples familiar from your prior studies,
on which the development can be tested, and then show how this leads concrete calculations. One
significant advantage of this approach is that important definitions, which are usually presented
ad hoc without any explanation, and seem obscure and esoteric, become natural and obvious.

Where You Have Already Met Linear Algebra

You have already met aspects of linear algebra already in your study of mathematics, although
your attention may not have been drawn to this fact at the time. Here are some of the occasions
you have met linear algebra — or seen its application.

1. In the algebra section of MATH101, matrices and determinants are studied, including eigen-
values and eigenvectors, algebraic operations on matrices and determinants.

2. The calculus section of MATH101 studies an example of a real vector space (even though it
is not called one) and show explicitly and in detail that it is, in fact, a vector space. Certain
important subspaces are also explicitly studied. It is also shown in detail in MATH101 that
taking limits and differentiation are linear transformations.

3. MATH102 continues the study of these vector spaces, showing explicitly and in detail that
integration (the definite integral at least) is a linear transformation.

4. The differential equations section of MATH102 studies, at some length and in some detail,
ordinary linear differential equations with constant coefficients. The techniques for solving
them are, historically, amongthe first applications of linear algebra, and illustrate the power
and importance of characteristic equations, characteristic values and characteristic vectors.
(The last two terms are synonymous with eigenvalues and eigenvectors)

5. You have met and used matrices in AMTH140, learning some of their algebraic properties
and see them applied to computing such things as the number of different paths between
any two vertices in a graph.

6. In MATH140 you have studied at some length and in some detail, linear difference equations
with constant coefficients. The techniques for solving them are identical to those used in
the differential equations section of MATH102 — in fact the two correspond perfectly if
“A\™" and “n” in the case of difference equations are replaced, respectively by“e**” “z™” in
the case of differential equations — and illustrate, once again, the power and importance of
characteristic equations, characteristic values, and characteristic vectors.

7. The first part of PMTH212 deals with two and three dimensional real vector spaces, including
the notion of “inner product”. Matrix products arise as the “Chain Rule” for differentiation,
and determinants enter when integrating by substitution. The axioms defining a vector space
are given explicitly and the study of quadrics treats an application of the theory of bilinear
forms.



An Overview

An analysis of the features common to the examples listed above leads to the notions of vector
space and linear transformation. Linear algebra is their study.

A wector space is a mixed object. It has two components, vectors and scalars.

Scalars behave like the rational numbers in that they can be added, subtracted and multiplied.
Division by any non-zero scalar is also possible. In other words, the scalars form a field.

Vectors can be added and subtracted but not, in general, multiplied by each other. The vectors
form an abelian group.

The interaction between vectors and scalars consists of “multiplying” a vector by a scalar. The
field of scalars acts on the abelian group of vectors.

To pass one vector space to another, to transform vector spaces, or to compare them, we have
linear transformations. These are functions between vector spaces (with common field of scalars)
respecting the vector space structure. We consider two vector spaces with common scalars to
be essentially the same if the only if the difference between them is purely notational: what the
elements are called, or how they are designated. This intuition is formulated mathematically by
the notion of isomorphism: an isomorphism of vector spaces is a linear transformation which has
an inverse linear transformation.

We commence with a handful of basic examples of vector spaces and show how to construct other
vector spaces from these. In particular, we construct the direct sum of vector spaces with common
scalars and determine when a subset of a vector space forms a vector sub-space. We also show that
the set of all linear transformations between two vector spaces is again a vector space. Because of
the importance of this last vector space, we examine it in detail, showing that algebraic operations
can be defined on it, allowing computations with linear transformations which parallel algebraic
computations with integers, with the exception that the “multipication” is not commutative.

It is natural to ask whether there are vector spaces essentially different from those we have con-
structed. This leads to one of the central tasks of linear algebra, namely, the classification of
vector spaces with common scalars into isomorphism classes.

It is an amazing fact this can be achieved by calculating a single numerical invariant, the dimension
of a vector space over a given field, for two vector spaces with common scalars are isomorphic if
and only if they have the same dimension.

We prove this only for finitely generated vector spaces, by showing that each such vector space has
a basis and that two vector spaces with common scalars are isomorphic if and only if any basis for
one has the same number of elements as any basis for the other. This number is the dimension.

The proof of this comprises showing that every vector space can be written as the direct sum
of non-trivial subspaces, none of which can be further decomposed in this manner, the number
of direct summands being precisely the dimension of the vector space: Each indecomposable
summand has dimension 1.

Moreover, choosing a basis is the same as choosing such a decomposition.

Choosing a basis for each of our vector spaces also allows us to represent each linear transformation
by a matriz, whose coefficients are scalars, as long as each vector space is finitely generated. It is
this use of matrices which makes many things computable.

We define an addition for matrices to represent the addition of linear transformations and A
multiplication for matrices to represent the composition of linear transformations. The requirement
that the algebraic operations on matrices represent the corresponding algebraic operations on
linear transformations forces the familiar definitions and restrictions. Their previous apparent



arbitrariness vanishes, and their properties follow, without any computation from the properties
of the operations on linear transformations.

An analysis of the finer structure of matrices not only helps to facilitate calculations, but it also
leads to the definition of the determinant for “square” matrices. This, in turn, determines whether
a matrix represents an isomorphism, for a matrix has non-zero determinant if and only if it
represents an isomorphism, and vice-versa. We even derive an algorithm for find the inverse.

We can also form directs sum of linear transformations. But whereas every vector space is a direct
sum of as many one-dimensional subspaces as its dimension, it is not true in general that every
linear transformation of a vector space to itself can be expressed as the direct sum of that many
linear transformations between such subspaces!. Indeed, this is possible if and only if the vector
space has a basis consisting of eigenvectors. Then the matrix (in the finite-dimensional case) of
the linear transformation, with respect to such a basis, has all of its non-diagonal coefficients 0,
and the diagonal entries are precisely the eigenvalues.

The above applies to any vector space, with restriction, at most, to finite dimensionality.

Some vector spaces admit additional structure. One such structure is an inner product. This
allows us to study the vector space in question geometrically. For the inner product allows us to
measure angles and speak of distances in the vector space concerned. This richer structure allows
for a deeper study and finds wide application both within mathematics, statistics and in other
sciences and technology.

A familiar example is digital recording of sound and pictures. Other important applications include
quantum mechanics and relativity theory.
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It is not of the essence of mathematics to be occupied with the ideas of number
and quantity.

George Boole

Chapter

Notation; Sets and Functions

We revise concepts used in these notes, expressing them in the form they are used, and use the
occasion to fix notation and conventions.

As the Greek alphabet is commonly used in mathematics, but may not be familiar to the reader,
we include it first.

1.1 The Greek Alphabet

alpha « A
beta I5; B
gamma ol r
delta 1) A
epsilon €, € E
zeta ¢ Z
eta n H
theta 0, ¥ ©
iota L I
kappa K K
lambda A A
mu n M
nu v N
xi £ =
omicron 0 0]
pi T, ™ II
rho D, 0 P
sigma, o, S by
tau T T
upsilon v T
phi 6, ¢ ®
chi X X
psi P v
omega w Q
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1.2 Logical Notation

It is sometimes convenient to use logical notation.

We list the notation we use.

P=Q for “if P, then @7, or “Q whenever P”, or “P only if Q”;
P—=Q for “P if and only if )7, that is to say P and @ are logically equivalent;
P:. <— @ for “P is defined to be equivalent to Q)”;

A4 for “For every ...”;

3 for  “There is at least one ... 7

3 for “There is a unique ...”, or “There is one and only one ...".
1.3 Sets

The mathematics we study in this course can be expressed entirely in terms of sets and functions
between sets.

While the notion of sets and functions are presumed to be familiar, we present a summary of
the set-theoretical concepts and definitions used in this course and use the occasion to summarise
notational conventions we use.

A set is almost any reasonable collection of things. We shall not attempt a more formal definition
in this course. The things in the collection are called the elements of the set in question. We write
reA
to denote that x is an element of the set A and
x ¢ A
to denote that z is not an element of the set A.
We do not exclude the possibility that x be a set in its own right, except that x cannot be A:

We explicitly exclude A € A.

Two sets are considered to be the same when they comprise precisely the same elements, in other
words, when every element of the first set is also an element of the second and vice versa.

When two sets are not necessarily the same, elements of one could still be elements of the other.

Definition 1.1. Given two sets A and B, A = B if and only if = is an element of A when and
only when z is an element of B.

The set A is a subset of B if and only if x € B whenever x € A. This is denoted
ACB
B is called a proper subset of A if and only if B is a subset of A, but B # A. This is denoted

BcCA

Using our notational conventions, given two sets A and B,

A=B: < ((xeA)@(meB)).
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ACB: < ((xGA):>(x€B)).
We see that A = B if and only if A C B and B C A.

When we wish to describe a set, we can do so by listing all of its elements. Thus, if the set A has
precisely a,b and c as its elements, then we write

A ={a,b,c}.

Example 1.2. By Definition 1.1 on the facing page, {a,b}, {a,b,b,b} and {a,a,a,a,a,a,b} are
all the same set.

Another way of describing a set is by prescribing a number of conditions for membership of the
set. In this case we write

A= A{z | P(x),Qx),...}
to denote that the set in question consists of all those x for which P(z),Q(z),... all hold.

There are important operations on sets.

Definition 1.3. The union of the sets A and B is again a set. It is the set of all those objects
which are in one, or other (or both). It is denoted by

AUB.

Using the notation above,
AUB:={z|z € Aorzc B}

[Here, := has been used to signify that the expression on the left hand side is defined to be equal
to the expression on the right hand side.]

Definition 1.4. The intersection of the sets A and B is again a set. It is the of all those objects
which are elements of both. It is denoted by

ANB.

In other words,
ANB:={z|z€ Aand z € B}.
Those elements of A that are not also elements of B form a set in their own right.

Definition 1.5. The relative complement of B in A comprises those elements of A that are not
also elements of B. It is again a set in their own right. It is denoted by

A\ B,
so that
A\B:={z € Al|xz ¢ B}.

Definition 1.6. Given sets A, B, their (Cartesian) product is again a set. It is the set of all
ordered pairs, with the first member of each pair an element of A, and the second an element of
B. Tt is denoted by

A X B,
so that
AxB: ={(z,y) |z € A,y € B}.



4 CHAPTER 1. NOTATION; SETS AND FUNCTIONS
Forming unions, intersections and cartesian products can be extend to larger collections of sets
than just two.

Definition 1.7. An indexed family of sets, with indexing set A consists of a collection of sets,
containing one set, Ay, for each element A of the indexing set A. This is written as

{A)\ | /\EA}

Definition 1.8. Given the indexed family of sets {Ax | A € A}, their union, intersection and
Cartesian) product are the sets defined, respectively ,by

U Ax:={z |z € A, for at least one A € A}

A€EA

ﬂ Ay :={z |z € Ay for every A € A}

AEA

H A)\ = {(af)\))\e/\ | Ty € A)\ for all A € A}
A€EA

Here (z))aca denotes a generalised sequence, namely, an ordered choice of elements xy, one for
each A € A. Ordered pairs arise when A = {1,2} and sequences when A = N.

A number of sets occur with such frequency that special notation has been introduced for them.
These include the sets N, Z, Q, R and C consisting respectively of all natural numbers, all integers,
all rational numbers, all real numbers and all complex numbers.

Explicitly,

N:={0,1,2,3,...}
Z:={.-3-2-1,01,23,..}

Q::{xERMs:Bforsomep,qEZ,withq;éO}
q

:{x€R|x:BWithpeZandqu\{O}}
q

Observe that

NczZcQcRcC.

We write () for the empty set, which is the (unique!) set with no elements. Note that it is a subset
of every set, that is, if X is any set, then () C X.

1.4 Functions

To compare sets, we have the notion of a function or map or mapping.
Definition 1.9. A function, map, or mapping consists of three separate data,
(i) a domain that is, a set on which the function is defined,

(ii) a co-domain, that is, a set in which the function takes its values, and

(iii) the assignment to each element of the domain of definition of a uniquely determined element
from the set in which the function takes it values.
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This is conveniently depicted diagrammatically by
[ X —Y,

or

X1y

Here X is the domain of definition, Y is theco-domain and f is the name of the function.

We write X = dom(f) and Y = codom(f) when X is the domain and Y the co-domain of f.

It is common to denote the function by f alone. We shall only do so when there is no danger of
confusion. If we wish to express explicitly that the function, f: X — Y/ assigns the element y € Y’
to the element x € X, then we write f: © — y or, equivalently, y = f(z), a form undoubtedly
familiar to the reader.

Sometimes the two parts are combined as
[ X—Y zxz+—y
or as
[ X—Y
T —>y.

Observation 1.10. A function should not be thought of just in terms of mathematical formalee,
even if most functions the reader will deal with are of this form.

One reason is that not every function can be expressed in terms of a mathematical formula.
Example 1.11. Let X be the set of all human beings and Y the set of all male human beings.
The function

f: X —Y, x+— the biological father of x

cannot be expressed in terms of a mathematical formula.

Other reasons why functions should not be thought of just in terms of mathematical formalae, and
more examples, will arise shortly.

Definition 1.12. If f assigns y € Y to x € X, then we say that y is the image of x under f or
just the image of x.

Two functions f and g are equal, that is f = g if and only if

() dom(f) = dom(g)
(ii) codom(f) = codom(g)
(iii) f(x) = g(x) for every = € dom(f).

In other words, to be the same, two functions must share both domain and co-domain as well as
agreeing everywhere.

Observation 1.13. This provides another three reasons why functions should not be thought of
purely in terms of formalee.

In the first place, when a function can be defined in terms of a mathematical formula, it can be
defined in terms of other formalse. It can be a significant theorem to show that two different
formulee define the same function
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Example 1.14. An example familiar from trigonometry is that the function
R—R, z+—1,

expressed by the formula f(x) =1 is the same function as
R — R, z+— cos?(z) + sin?(z)

expressed by the formula f(z) = cos?(x) + sin?(z).

This is Pythagoras’ Theorem, one of the oldest and most frequently used theorems in the history
of mathematics.

In the second place, there are distinct functions whose domains agree, which agree at every point
(and therefore have the same range). Thus the only difference between them is that they have
different co-domains: They only differ in the values they do not take!

Example 1.15. The two functions

ffN—N, z+—=z
g N—Z, z+—=x

are given by the same formula, but are different functions.

At this stage, it may not be clear to the reader that they are, in fact, different functions and it
may seem peculiarly pedantic to distinguish these two functions. However there are important
similar examples in algebraic and geometric setting, where the difference is crucial.

In the third place, we can define functions piecewise, so that its values are determined differently
in different parts of its domain.

Example 1.16. Let X =R\ {0} and Y = R.

Then

forz <0

[ X—Y, z+— *
x3 forz >0

is a well-defined function which cannot be expressed in terms of a single mathematical formula.

The next lemma shows when a single function can be defined by defining it, possibly differently,
on different parts of its domain. Such functions are defined piece-wise.

Lemma 1.17. Given functions g: A — Y and h: B — Y, with g(z) = h(z) whenever x €
AN B, there is a unique function f: AUB — Y such that f(a) = g(a) for all a € A and
f(b) = h(b) for allb € B.

Proof. Put X := AU B and define f by

glz) ifze A

f: X —Y, x}—){h(x) freB (%)

This definition is forced by the requirement that f(a) = g(a) for a € A and f(b) = h(b) for b € B.
This means that ( %) is the only possible definition of f. In other words, there cannot be more
than one function meeting our requirements.

The only question remaining is whether f is, in fact, a function.
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(i) Since X = AU B is the union of two sets, it is, itself, a set.
(ii) Y is, by hypothesis, also a set.

(iii) If x € X = AU B, then either x € A or x € B (or possibly both).
To x € A, f assigns g(z) € Y, which is uniquely determined, since g: A — Y is a function.
To z € B, f assigns h(xz) € Y, which is uniquely determined, since h: B — Y is a function.

Hence, f: X — Y is a function unless it happens to assign two different elements of Y to
some element of X, which could only occur if x € AN B, for then f assigns both g(z) and
h(z) to x. As, by assumption, g(x) = h(z) for all z € AN DB, f: X — Y is, indeed, a
function.

O

Observation 1.18. In Lemma 1.17 on the facing page, the fact that X = AU B ensures that
there cannot be more than one function meeting our requirements, and the fact that g and h agree
on AN B ensure that there must be at least one such function.

Example 1.19. Consider the definition

—x for x <0

| R—R, z+—
T forz >0

To see that | | is a function, we define Ry := {z € R |2 <0} and Rj :={z € R | 2 > 0}. Then
(i) g: Ry — R, 2+ —z and h: Rf — R, x — z are functions;
(i) R=Ry; UR{;
(iil) R =Ry NRy = {0} and ¢g(0) = —0 = 0 = h(0).
Hence, by Lemma 1.17 on the preceding page, | | is a function.

We shall continue the practice of specifying functions in formally correct manner, in order that it
become matter of course for the reader to do so as well.

A function, f: X — Y, can also be represented by means of its graph.

Definition 1.20. The graph, Gr(f), of the function f: X — Y is
Gr(f) :=={(z,y) e X xY [y = f(z) }.
This representation should be familiar from calculus.

Definition 1.21. The range or image of the function f: X — Y is the subset im(f) of Y defined
by

im(f) :={yeY |y= f(x) for some z € X}
= {f(x) [z € X}.
Notice that im(f) C codom(f) always holds, with equality holding only sometimes.
Example 1.22. For the function
fTR—R, x+—1,

im(f) = {1} # R = codom(f).
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Definition 1.23. Given a function f: X — Y and subsets A of X and B of Y, the image of A
under f, denoted by f(A), and the inverse image of B under f, or the pre-image of B under f,
denoted by f~1(B), are defined by

flA): ={yeY |y= f(z) for some z € A}
={f(z) |z e A}
f7'(B):={ze X | f(z) € B}.

Definition 1.24. The identity function, on the set X, denoted idy, is the function

dx: X — X, zr—x

Notice that both the domain and co-domain must be precisely X for the identity function.

Definition 1.25. If X is a subset of Y, then the inclusion map, is

iY: X —Y, 2

We sometimes denote this simply by ¢ when the context makes the domain and co-domain clear.
Observation 1.26. Let X be a subset of Y. Then the functions
dy: X — X, zr—x
i XY, zra
are both given by the same mathematical formula: “f(x) = a”.

But they are different functions, unless Y = X.

For in the definition of i%, the x on the left of the equality sign is viewed as an element of the
set X, whereas on the right hand side it is viewed as an element of the set Y. By contrast, in the
definition of idx, both occurrences of x are as elements of X.

Sometimes we are only interested in the behaviour of a function on a subset of its domain.

Definition 1.27. Given a function f: X — Y and a subset A of X, the restriction of f to A,
f |a, is the function

flatA—Y, ar— f(a)
Note that unless A = X, this is not the same function as f, even though the two functions agree
everywhere they are both defined.
Functions can sometimes be composed.

Definition 1.28. Given functions f: X — Y and ¢g: Y — Z their composition, g o f, is the
function

gof: X — Z, m»—>g(f(a;)),

In other words, g o f is the function defined by

dom(g o f) = dom(f)
codom(g o f) = codom(g)

(gOf)(x):g(f(x)) forallz € X
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We read g o f as “g following f”.
We depict this using diagrams by

X ! >y g > 7
or
f
X——Y
g
7

Observation 1.29. The functions g and f can be composed if and only if dom(g) = codom(f).
Observation 1.30. It is immediate that im(g o f) C im(g).
Equality need not hold in the last of these statements.

Example 1.31. The functions f: R — R, z+—— 1 and g: R — R, y — y can be composed,
and, clearly, im(go f) = {1} # R = im(g).

Observation 1.32. The reader has almost certainly made use of the composition of functions,
even if (s)he is not aware of it.

Example 1.33. When we evaluate the value of the function
h:Z—7, z+—z>+1

we normally first square = then add 1 to the result.
This is an application of the composition of functions. For we have used the composition h = go f,
with

fiZ—T7, x+—2*

g:Z —7Z, y—y+1,

as given any real number, x, we have h(z) = g(f(x))

Example 1.34. Another application of the composition of functions provides the restriction of a
function to a subset of its domain. For given A C X and a function f: X — Y, the restriction
fla: A—Y is, in fact, the composition of f and the inclusion of A into X:

fla=foik: A—Y
To see this, observe that
(i) dom(f |4) = A= dom(i%) = dom(f oi¥)
(ii) codom(f |4) =Y = codom(f) = codom(f o i)
(iii) Given a € A,
(foix)(a) = f(iX(a))
= f(a)
=:fla(a)

Composition of functions being central in mathematics, we investigate some of its properties.
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Lemma 1.35. The composition of functions is associative:

Given functions g: W — X, f: X — Y and e: Y — Z, the compositions (eo f)og: W — Z
and eo (fog): W — Z are the same function.

Proof. dom ((eo f)og) =dom (g) = dom (f o g) = dom (eo (f og)).
Similarly, codom ((e o f) o g) = codom(e o f) = codom(e) = codom (e o (f o g)).
It only remains to show that the two functions agree on their common domain, W.

Given w € W,

((Fo9)0h)(w) = (f 0 g) (h(w))

I
~
—
Yo

Q
o
=
~—
g
~—
~

O
Lemma 1.36. Let f: X — Y be a function, then idy o f = f and foidx = f.
Proof. Plainly, dom(f o id,) = dom(f), codom(f o id,) = codom(f).
Similarly, dom(fidy o f) = dom(f), codom(idy o f) = codom(f).
Take z € X. Then
(idy o f)(x) :=idy (f(x)) := f(x)
(oidx)(x) := f(zdx(x)) = f(x)
O

We say that the identity functions act as neutral elements with respect to composition.

Sometimes the effect of one function can be “undone” by another: If the first assigns y to x, the
second allows us to determine x from knowing y.

Composition of functions and the identity functions allow us to formulate this precisely.

Definition 1.37. The function f: X — Y is invertible if there is a function g: ¥ — X such
that

(i) fog=r1idy, and
(i) gof=idx

In other words, f has inverse ¢ if and only if

(a)  f(g9(y)) =yforeveryyeY, and

(b)  g(f(z)) = for every z € X.

In such a case, g is said to be the inverse of f.
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Example 1.38. Let RT := {r € R |7 > 0} be the set of all positive real numbers.
The function

fiR—R", 2z+—¢”
has inverse

g:RT — R, yr——Iny
Example 1.39. The function

fiR—R, z+——2z2

has no inverse.

For if g: R — R is any function,
(fog)(=1) = f(g(-1) >0

Since (fog)(—1) # —1, fog # idg

Observation 1.40. In our definition of invertibility of the function f: X — Y, the function
g: Y — X needed to satisfy two conditions. We consider these separately, and introduce termi-
nology tailored to this.

Definition 1.41. The function g: Y — X is a left inverse of f: X — Y ifand only if go f = idx
and the function h: Y — X is a right inverse of f: X — Y if and only if f o h =idy.

Theorem 1.42. If f: X — Y has both a left and a right inverse, then these must be the same,
and hence f is invertible with a uniquely determined inverse.

Proof. If e: Y — X is left inverse to f: X — Y and ¢g: Y — X is right inverse, then

e=eoidy by Lemma 1.36
=eo(fog) as ¢ is right inverse to f
=(eof)og by Lemma 1.35
=idxog as e is left inverse to f
=g by Lemma 1.36

O

The fact that a function, f: X — Y cannot have more than one inverse justifies the notation
f~1 usually used to denote the function Y — X inverse to f, for it is uniquely determined by f
whenever f is invertible.

To decide whether the function f: X — Y has an inverse does not seem to be an easy task at
first glance. If we blindly follow our definition, we would need to try all possible functions from
Y to X and see which, if any, satisfy the conditions in the definition. It would be preferable to be
able to determine from intrinsic properties of f — that is, properties of f alone, without reference
to other functions — whether it admits an inverse. We show that such an intrinsic criterion is
available. To do so, we introduce some important properties of functions.

Definition 1.43. The function f: X — Y is

(i) 1-1 or injective or mono if and only if it follows from f(z) = f(u) that x = u;
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(ii) onto or surjective or epi if and only if given any y € Y there is an x € X with f(x) =y —
in other words im(f) = codom(f);

(iii) 1-1 and onto or bijective or iso if and only if it is both 1-1 and onto.

Thus a function is injective if and only if it distinguishes different elements of its domain: different
elements of its domain are mapped to different elements of its co-domain.

Similarly, a function is surjective if and only if its image coincides with its co-domain.

Example 1.44. We write Rf for {r € R |z >0}.

(i) f: R — R, x — 2? is neither injective nor surjective, as f(1) = f(—1) and there is no
x € R with f(z) = —4.

(i) g: R — R{, x —— 2 is not injective, but it is surjective, as f(1) = f(—1) and every
non-negative real number can be written as the square of a real number.

(iii) h: Rf — R, x — 22 is injective, but it not surjective, as f(x) = f(u) if and only if

2% = u? if and only if v = £z if and only if u = x as, by definition, z,u > 0. On the other

hand, there is no x € R with f(z) = —4.
(iv) k: Ry — R{, o — 2% is both injective, and surjective, as should be clear from parts (ii)

and (iii).

The differences between these functions is illustrated by their respective graphs

N S

Graph of f Graph of g Graph of h Graph of k&

Observation 1.45. The notions of injectivity, surjectivity and bijectivity can also be expressed
in terms of equations.

Take sets X and Y, and suppose we have a relation between elements of X and elements of Y,
which we express by writing

y=f(z)
whenever y € Y is related to z € X.

Then f is a function if and only if for each z € X, the equation y = f(x) has one and only one
solution y € Y.

If we restrict attention to relations which are functions, then f is injective if and only if for each
y € Y, the equation y = f(x) has at most one solution € X, and it is surjective if and only if
for each y € Y, the equation y = f(z) has at least one solution z € X.

The formulation in terms of equations suggests that a function has an inverse if and only if it is
bijective (1-1 and onto).

We next prove that this is, indeed, the case.

Theorem 1.46. Given a non-empty set X, a function f: X — Y has
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(i) a left inverse if and only if it is injective (or 1-1),
(i) a right inverse if and only if it is surjective (or onto) and

(iii) an inverse if and only if it is bijective.

Proof. (i) Suppose that f: X — Y has a left inverse g: ¥ — X.
To see that f must then be injective (that is 1-1), suppose that f(z) = f(u). Then

x =idx(x)

For the converse, suppose that f: X — Y is injective.
Choose zg € X and consider

ro otherwise
That g o f = idx is immediate from the definition of g.
It only remains to show that g so defined is, in fact a function.
For this, g must assign to each y € Y a uniquely determined z € X.

It is immediate from the definition of g that the only possible obstruction is that g might assign
more than one element of X to some element y of Y.

By the definition of g, this could only happen when y € im(f), that is, when y = f(x) = f(u).
But then = = u, since f is injective.
Hence, g is, indeed, a function.
(i)  Suppose that f: X — Y has a right inverse g: ¥ — X.
To see that f must be surjective, take y € Y and put x := g(y). Then
fx) = f(9())

=(fog))

= idy (y)

=Y
For the converse, suppose that f: X — Y is surjective.
Define g: Y — X by choosing for each y € Y a specific element, z,, of X with f(z,) = =.
There is always at least one such an element of X is because f is surjective.!
This g is a function, because we have chosen for each y € Y a single corresponding element of X.
Since, by the definition of g, (f o g)(y) = f(g(y)) = f(zy) =y, foreachy € Y, fog=ridy.

(iii)  This follows from Theorem 1.42 on page 11 and parts (i) and (ii) here. O

IThis requires the Aziom of Choice in the general case. In fact, it is equivalent to the Axiom of Choice, but we
do not pursue such matters here.
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Example 1.47. Theorem 1.46 on page 12 illustrates one of the ways in which two functions can
have the same domain and agree everywhere without being the same function.

Let X be a non-empty proper subset of the set Y, so that X C Y. Then the two functions

dx: X — X, x+—=

i X —Y zr—za

share a common domain and agree at every point, so that they have the same range: X. But they
cannot be the same function. For whereas id x is invertible — it is its own inverse — Theorem 1.46
on page 12 tells us that i¥ cannot be invertible, since it fails to be surjective, whence it has no
right inverse.

We have seen how to represent functions using a diagram. We extend this to represent several
functions simultaneously.

Definition 1.48. A diagram commutes whenever any two paths from one fixed vertex to any
other fixed vertex traced by following consecutive arrows in their given directions represent the
same function.

Example 1.49. The diagram

X—Y

Z

commutes whenever h = g o f, in other words, when the composition g o f coincides with h.

Similarly, the diagram

A———B

¢ P

commutes when ko j = go f, in other words, when the compositions g o f and k o j coincide.

Example 1.50. That the composition of functions is associative — that is, (hog)o f = ho(goh)
for functions f: W — X, g: X — Y and h: Y — Z — is expressed by the commutativity of

W—mX
gof hog
Ve

or, equivalently, of
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1.5 Equivalence Relations and Partitions

Sometimest two distinct objects are indistinguishable, or that their differences are irrelevant , for
some purpose: they are equivalent for that purpose. We define this notion formally.

A relation between the elements of the set X and those of Y can be represented by the subset of
X x Y comprising those pairs (x,y) (z € X,y € Y) such that = stands in the relation R to y. We
often write x Ry to denote this.

Example 1.51. An example is provided by the telephone book. Here we regard X as the set of
all subscribers, and Y as all telephone numbers.

If Y happens to coincide with X, we speak of a binary relation on X.

Definition 1.52. An equivalence relation on X, ~, is a binary relation on X, which is reflexive,
symmetric and transitive. That it to say, for all x,y, z € X, we have

Reflexiveness =z ~ x

Symmetry x ~ y if and only if y ~ z.

Transitivity If x ~y and y ~ z, then x ~ 2.

Given an equivalence relation ~ on X, and = € X, we define
[] ={t € X |z ~ t},

and call it the equivalence class of x. We call any element z of [z] a representative of [z].

Finally, we let X /~ denote the set of all such equivalence classes, so that

X/i={la] |2 € X}

We then have a function, the natural map or the quotient map
n: X — X/, x+—[z].

Example 1.53. Let X be the set of all Australian citizens registered to vote in federal elections.
x ~vy if and only if x and y are enrolled in the same federal electorate

defines an equivalence relation on X, and the equivalence classes are the individual electorates.

The above construction enjoys a universal property:

Theorem 1.54. Let ~ be an equivalence relation on the set X.

Given any set Y and any function f: X — Y with the property that f(x) = f(u) whenever x ~ u,
there is a unique function

f: X/ —Y

such that f = fon, that is, f([z]) = f(z) for all [x] € X /.

Proof. The proof is left as an exercise. O
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This theorem can be summarised by the commutative diagram

s

X/~
Example 1.55. Given the function f o X — Y define the relation ~ on X by

T ~U if and only if fl@) = f(u)

It is easy to verify directly that ~ is an equivalence relation.

We may identify each equivalence class [x] with the element f(z) of Y, for these uniquely determine
each other. This has the effect of identifying X /~ with {y € Y | y = f(z) for some = € X}, that
is, the range of f, im(f). The natural projection n: X — X/N then induces the function

np: X —im(f), z+— f(z)

If we apply the universal property of the quotient construction to the function f: X — Y, we
obtain a uniquely determined function f: X/~ — Y with f = fon.

Using the identifications introduced, this becomes a uniquely determined function f Uim(f) — Y
with f = f* ony.

As the inclusion function ii);n(f) : im(f) — Y, shares this property, we have fi= ii};n(f), and we
obtain the commutative diagram

f

X—Y

nr Y
Ym(f)

im(f)

Plainly, ny is surjective (epi) and i}fn(f) is injective (mono).

What we have shown is that every function f: X — Y can be expressed as a mono (injective
function) following an epi (surjective function). We summarise this in our next theorem, whose
statement requires a definition.

Definition 1.56. A mono-epi factorisation of the function f: X — Y consists of a mono
(injective function), m: W — Y, and an epi (surjective function), e: W — W with f = moe

Theorem 1.57. Every function has a mon-epi factorisation.

Another important notion is that of a partition of a set.

Definition 1.58. A partition of the set X is a collection of disjoint non-empty subsets of X,
{Xx | A € A}, whose union is X. Thus {X, | A € A} is a partition of X if and only if

1. 0 c X, C X foreach A € A

2. X\ N X, =0 whenever A # p
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3. X = UXA
AEA

The notions of an equivalence relation on a set and of a partition of a set may appear to be
unrelated, but that is not the case. Rather, they are two sides of the same coin, as the next
theorem shows.

Theorem 1.59. Every equivalence relation on the set X determines a unique partition of X, and
conversely.
Proof. We outline a proof, leaving the details as an exercise for the reader.

Given the equivalence relation ~ on X, the equivalence classes form a partition of X, that is every
z € X belongs to some equivalence class, and if [z] N [u] # 0, then [z] = [u].

If {X | A € A} is a partition of X, then
x ~u if and only if z,u € X, for some A € A

defines an equivalence relation on X

Now show that if we start with an equivalence relation, construct the associated partition, then
the associated equivalence relation is the original one.

Finally, show that if we start with a partition, define the associated equivalence relation, then the
associated partition is the original one. O

1.6 Exercises

Exercise 1.1. Given the function f: X — Y and subsets A of X and B of Y, prove the following
statements.

(i) AC f7H(f(A).
(i) f ( '(B)) € B.
(iii) In general, equality need not hold in either (i) or (ii).
(iv) G “L(f(@)) for every subset G of X if and only if f is injective (1-1).
) [

(v

Exercise 1.2. Take functions f: X — Y and g: — Z. Prove the following statements.

( Y(H)) = H for every subset H of Y if and only if f is surjective (onto).

(a) If f and g are both injective, then so is g o f.
(b) If f and g are both surjective, then so is g o f.
(c) If go f is injective, then so is f, but not necessarily g.
(d) If g o f is surjective, then so is g, but not necessarily f.

e) If f and g are bijective, so is g o f.

)
)
)
)
()
(f)

Exercise 1.3. Let A, B,C and D be sets. Determine the relationships between

If g o f is bijective, then neither f nor g need be bijective.
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(i) (AxC)N(BxD) and (ANB) x (CND);
(ii) (Ax C)U (B x D) and (AUB) x (CUD).

Exercise 1.4. Given a function f: X — Y and subsets G, H of Y, prove the following state-
ments.

HGNH)=fHG)NfH(H).
HGUH)=fHG)uf(H).
HG\H) = f~HG)\ fH(H).
Y\G) =X\ f1G).

(i
(ii
(iii

i
(iv

) [T
) [T
) [~
) [T
Exercise 1.5. Given a function f: X — Y and subsets A, B of X, find the relationship between
the following pairs of subsets of Y.

(i) F(ANB) and f(A) N f(B).
(ii)) f(AUB) and f(A)U f(B).
) F(A\B) and f(A)\ f(B).
) £(

X\A) and Y\ f(4).

(iii
(iv
Exercise 1.6. Let ~ be an equivalence relation on the set X.

Prove that if Y is any set and if f: X — Y is any function with the property that f(z) = f(u)
whenever x ~ u, then there is a unique function

f:X/~—>Y

such that f = f o, that is, f([z]) = f(x) for all [z] € X /.

This is equivalent to the statement that the following diagram commutes.



In mathematics the art of proposing a question must be held of higher value
than solving it.

Georg Cantor

Chapter

Introductory Examples

We consider several problems familiar to the reader from earlier courses. The rest of these notes
comprises a thorough mathematical analysis and systematic solution of these problems, developing
the theory which is needed to explain the methods and solutions. The reader should bear these
examples in mind while working through the rest of these notes.

2.1 Solving Systems of Linear Equations

We begin with systems of simultaneous linear equations.

We first investigate the equation
ar =b (2.1)
where a, b are given real numbers, and we wish to find all real numbers, x, satisfying Equation 2.1.

There are two cases to consider: (i) a =0 and (ii) a # 0.
(i) a=0: When a =0, ax = 0z = 0 for every real number z.
Consequently, (2.1) has no solution unless b = 0.

On the other hand, every real number z is a solution when b = 0.
(ii) a #0:  When a # 0, we know from arithmetic that 2 = g is the one and only solution.
Summarising, Equation (2.1) has
e a unique solution, when a # 0, one for each b;
e 10 solution, when a = 0 and b # 0;
e infinitely many solutions, when ¢ = 0 and b = 0.
We next consider the system of equations

ar+by =e (2.2a)
cx+dy=f (2.2b)

19
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A solution of (2.2) consists of a pair of real numbers (z,y) such that both (2.2a) and (2.2b) are
satisfied.

Our approach to finding all solutions of (2.2) is to try to replace (2.2a) and (2.2b) by equations of
the form (2.1) which, taken together, have the same solutions as (2.2).

If we multiply (2.2a) by d and subtract b times (2.2b), as well as subtracting ¢ times (2.2b) from
a times (2.2a) we obtain

(ad — bc)x = (ed — bf) (2.3a)
(ad — be)y = (af — ec) (2.3b)

Each of these equations is of the same form as (2.1).

From our analysis of (2.1), if ad — be # 0, we obtain the unique solution

ed—bf af —ec
<adbc7 adbc) (24)

Direct substitution verifies that (2.4) solves our system of equations.

If, on the other hand, ad — bc = 0, then there is no solution whatsoever if either ed — bf # 0 or
af —ec # 0, and every pair of real numbers (z,y) is a solution if both ed —bf = 0 and af —ec = 0.

It follows from our derivation of (2.3) from (2.2) that any solution of (2.2) is also a solution of
(2.3). Thus, if ad — bec = 0 and either ed — bf # 0 or af — ec # 0, then (2.2) has no solution, for
then (2.3) has none.

The situation is more delicate when ad — bc = ed — bf = af — ec = 0, for it is then possible that
some solutions of (2.3) are not solutions of (2.2), as the next example shows.

Example 2.1. Fora=1,b=—-1,c=d=e= f =0, (2.2) becomes

x—y=0 (2.5a)
0z 40y =0 (2.5b)

and, plainly, the complete set of solutions is the set of all pairs of real numbers of the form (z, ).
But (2.3) becomes

0z =0 (2.6a)
Oy =0 (2.6b)

which is solved by any pair of real numbers (z,y).
In particular, (1,0) solves (2.6) without solving (2.5).

Observation 2.2. Whether (2.2) has a unique solution is determined by ad — be. For this reason
ad — be is known as the determinant of the system of equations (2.2).

We continue our investigation of (2.2).

We claim to have found all possible solutions.
But, how can we be sure?

We address this question.

Suppose that (z1,y1) and (z2, y2) both solve (2.2).
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Then

a(xy —x2) + b(yr — y2) = (ax1 + by1) — (axa + bys) =e—e =10 (2.7a)
ey —xz) +d(yr —y2) = (cxy +dy1) — (cxa+dys) = f— f =0 (2.7b)

Thus, any two solutions of (2.2) differ by a solution of

ar +by =0 (2.8a)
cx+dy=0 (2.8b)

This means that once we have found one solution, (xs,ys) of (2.2), we can find all other solutions
by adding the various solutions of (2.8).

In other words, the general solution of (2.2) can be found by adding to (xx, yn), the general solution
of (2.8), any one solution, (zs,ys), of (2.2).

In particular, (2.2) cannot have a unique solution unless (2.8) has a unique solution.

We therefore investigate (2.8).

Unlike (2.2), the system of equations (2.8) always has at least one solution, namely the t¢rivial
solution x = 0,y = 0.

Suppose that (21,y1) and (z2,ys2) are solutions of (2.8), and that A, u are real numbers. Then
a(Az1 + pz2) + b(Ayr + py2) = Aazr + byr) + plazs + by2) = A0+ p0 = 0
c(AT1 + pwz) + d(Ay1 + py2) = ez + dyr) + plexs + dyz) = A0 + p0 = 0,

so that (Az1 + pxe, Ay1 + pye) is also a solution of ( 2.8).

If we define an “addition” of solutions of (2.8) by
(z1,91) B (w2, 92) := (x1 + 22,91 + y2),

and a “multiplication” by real numbers of solutions of (2.8) by
A (z,y) = (Az, \y)

then “adding” any two solutions of (2.8) yields a solution of (2.8), and “multiplying” a solution of
(2.8) by a real number yields a solution of (2.8).

Systems of equations like (2.8) are called homogeneous. They are, of course, just the special case
of (2.2) where e = f = 0. In particular, if in (2.2) either e # 0 or f # 0, then we call the
corresponding system (2.8) the associated homogeneous system.

This analysis can be extended to larger systems of simultaneous linear equations.

A system of m linear equations in the n variables z1,...,x, is a set of m equations
anry + 0+ amwmrT, = b
(%)
Gm1Z1 + 0+ GpnTn = bm
where a11,...,0mn, b1, ..., by are fixed.
A solution is an n-tuple (r1,...,7,) such that each of the m equations holds when each z; is

replaced by 7; (1 < j < n). The general solution is again given by any one specific solution plus
the general solution of the associated homogeneous system of equations.
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The example of systems of simultaneous linear equations, and the features just highlighted, pro-
vides one of the motivations for these notes: Elementary linear algebra was first the systematic
study of such systems of equations, their solutions and the transformations these admit.

Matrices were introduced in the course of the systematic study of such equations, allowing simpler,
more efficient notation. Matrix algebra then systematised the computations. For example, the
system of equations (*) has matrix representation®

ai1 - Gln T by
= |: ()

am1 Amn T bm

The solutions of homogeneous systems of linear equations are elementary examples of vector spaces.
Vector spaces are the objects of study in linear algebra. We present a rigorous definition of the
notion of a vector space in Chapter 3 on page 31.

While its application to the systematic study of simultaneous linear equations would be sufficient,
by itself, to justify the study of vector spaces, it is an astounding fact that there are numerous
other examples and applications.

e The vectors of physics, such as force, also provide examples, as the language suggests: the
“sum” of two forces acting simultaneously is their resultant force, and “multiplication” of a
force by a real number corresponds to scaling the force.

e Binary computer code is another example of a vector space, a point of view which finds
application in theoretical computer science.

e Solutions to specific systems of differential equations also form vector spaces.

e Vector spaces also appear in number theory in several places, including the study of field
extensions, and form the basis from which the important algebraic notion of module has
been abstracted.

e Finally, vector spaces, particularly inner product spaces, are central to the study of statistics
and geometry.

It is not immediately apparent that the examples listed have much in common. This explains and
justifies why we need to develop a general theory of vector spaces: we need to account for the
common features of our diverse examples, without being distracted by the special features of any
specific example.

Before launching into the formal study of linear algebra, we illustrate how linear algebra can be
applied to solving linear difference equations with constant coefficients, by writing such difference
equations in terms of matrices. This not only provides an application of linear algebra and its
techniques, but also provides motivation for deeper investigation.

2.2 Linear Difference Equations with Constant Coefficients

We begin by recalling the definition of a linear difference equation over R, the set of all real
numbers.

IThe later chapters contain a thorough explanation of this.
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Definition 2.3. Let (2, ).cn be a sequence of real numbers. A linear difference equation of degree
k with constant coefficients is an equation of the form

Ttk + Q—1Tpik—1+ -+ a1Zpy1 + oz, = g(n), (2.10)
where each a; € R and g(n) is a function of n € N.

Example 2.4. Consider the difference equation

Tn+2 — 4£Cn+1 + an =0. (211)

This can be rewritten as
Tp42 = 4$n+1 -3z,
which has precisely the same solutions as the system of simultaneous equations

Tpyo = 4Tpy1 — 32, (2.12a)
Tn+1 = Tn+1 (212b)

Using (<), this system of equations is represented by the matrix equation

Tn+42 _ 4 -3 Tn+1
Tn+t1 1 0 Ty

As this holds for all n € N, we see that for n =0

e

For n = 1, we have

XT3 o —4 73_ i)
To N 1 0 X1

1 0

Il

1

'

|

w
L 1
[\v]
| — |

8 8

S
—_

We see, by induction, that for all n € N,

Tapr| _ |4 T3 @ (2.13)
T 1 0 Zo
Example 2.5. Consider the difference equation

Tpyo — 4xpy1 + 4a, =0, (2.14)

This can be rewritten as

Tpy2 = 4xn+1 — 4z,
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which has precisely the same solutions as the system of simultaneous equations
Tn+2 = 43;71-&-1 — 4z,

Tn+1 = Tp+1

This system of equations is represented by the matrix equation
Tn+2 4 —4 Tn41
Tnt1 1 0 Tn |
from which we deduce, by induction, that
r T r an

Tn41 4 —4 [IJ|

Tn 1 0 To

Example 2.6. Consider the difference equation

Tp42 — 4xn+1 + 95z, =0,

This can be rewritten as
Tpto = 4Tp41 — D2y,

which has precisely the same solutions as the system of simultaneous equations
Tpto = 4Tp41 — Dy
Tn+1 = Tn+1

This system of equations is represented by the matrix equation

T2 4 -5 Tn+1
| Tn+1] 1 0 Tn |
from which we deduce, by induction, that

-$n+1- -4 —5- " X1
In 1 0 i) '

(2.15a)
(2.15b)

(2.16)

(2.17)

(2.18a)
(2.18b)

(2.19)

Thus, solving these difference equations has been reduced to “merely” computing, respectively

4 —3]"
1 0|’

4 —4 and 4 =5
1 0 1 0

Observation 2.7. These examples can be generalised to solve Equation (2.10) whenever g(n) =0
for all n € N. We do not pursue this greater generality here, since our aim here is merely to present
some concrete examples to assist the reader and to motivate the theory we develop. As the general

case is an application of this theory, nothing will be lost.

The reader has met in his her earlier studies, the following explicit formula for computing the

product of two matrices:

The product of the m x n matrix A = [a;;]mx» and the n x p matrix B = [b;3], «, is the

m x p matrix AB = [cin]mxp, Where

n
cin =Y aijbjn

j=1
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This provides an inductive formula for A" (n € N):

Writing A" := [QE?)]kav

1 ifi=yjy
1. az(-?) = J. as, by convention, A is the k x k identity matrix.
0 otherwise

k

(n+1) _ (n)

2. ai? = g aihahg
h=1

While it is comforting to have a recursive formula and so be able to use a programmable calculator
or computer for the actual calculation, it is easy to see that this is neither an efficient nor an
insightful way to proceed.

1
5 using this procedure.

Example 2.8. Try to compute the onethousandth power of [

(n+1)

Plainly all the coefficients are positive integers and a;; > al(-?). But little more can be said!

Even when you have used the inductive formula to complete such a calculation, you are unlikely
to guess any formula for calculating the aE?)’s directly for n > 2. On the other hand, using the

theory developed during this course, you will be able to see that for the matrices above, we have
the explicit formulee below.

Example 2.4 Continued. Since

n n
4 =3 _1(3 1] |3 0 1 -1
1 0| 201 1]1]0 1] |-1 3
C13 13m0l |1 -1
201 1|0 1f|-1 3|’
n 1., n 1 n
a(u) = -(3" —1) agz) = S(3-3"")
2 2
Lo ny 1 n
ayy) = 53"~ 1) ayy = 5(3-3").
Example 2.5 Continued. Since
4 —4]" 2 1] [2 1]" o 1
1 0| |1 o]ll]o 2 |1 =2
{2 1] [2r w2t o 1
{1 ol |0 on 1 =2|’
afy = (n+1)2" o™ = _portd
agf) =p2n! aég) =(1—-mn)2".

Example 2.6 Continued. Since
4 5" 24 2
1 o 2|1 1
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—i [24i 2—21 2+ 0 1 —2+i
2 | 1 1 0 (@—i"||-1 2+i
where 2 = —1
o) = (@4 iy - 2 i) o) = 2 (@+iy - 20
o) = (@i - - o) = 2 (@i — @i )

Example 2.8 Continued. Since

DY VG I B VGRS
2 5 2y2 -1 V2+1

V241 -1
1 V2+1

)

(3-2v2)" 0 1
0 (3+2v2)"

- 2[5 -2 (5 420
ol = ﬁ [(3+2v2)" - (3-2v2)"]
o) = i [(3+2v2)" = (3-2v2)"]
o) = % [(V2a-1) (3-2v2)" + (V2 +1) (3+2v2)']

Observation 2.9. It is difficult to envisage how anyone could have guessed any of the four sets
of formulee we have just presented.

On the other hand, it is just a matter of simple direct calculation to verify the formulze.

This is common in mathematics. Given a prospective solution to a problem, testing it is often
straightforward. Finding a reasonable candidate to test is frequently much more difficult, often
requiring a more theoretical approach.

In the case here, the reader is likely to be perplexed by how the various matrices were “pulled
out of the air” to find the explicit formulaze. For example, how could anyone come up with the
matrices

and

1 1 -1 2+1 0 2—1

241 2@1 l1 i,

24 0]

4 =5
in connection with the matrix L 0 ]?
The reader may usefully regard the rest of these notes as explaining how the various matrices
above can be found. It will also become apparent that the matrices we provided are not the only
ones which provide the explicit formulaz, and how the theory needed for such explanation has
much broader application.

Observation 2.10. Each of the four matrices, A, introduced in Examples 2.4 on page 23 to 2.8
on the preceding page had integer coefficients. This, and the definition of matrix multiplication,
make it obvious that every coefficients of each of the matrices A" is an integer.

Furthermore, it is obvious that in Example 2.8 on the previous page, where

.
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n . . . . oy . .
each sequence, (a,t(-j )> , is a monotonically increasing sequence of positive integers.
neN

Yet, when we turn to the explicit formulae for the coefficients of the matrices A", it is only in
Example 2.5 on page 23 that it is immediately clear that they must all be integers.

In Example 2.4 on page 23, the observation that the sum of two odd integers must be even is
enough to show from the explicit formulee that all the coefficients must, indeed, be integers.

In Example 2.6 on page 24, it is hard to see from the explicit formulee that all the coefficients are
real numbers.

In Examples 2.8 on page 25, the explicit formulee for agm as function of n contain negative numbers,

fractions and irrational numbers, making it hard to see that the coefficients must be even rational
and/or that they must all be positive.

This illustrates a recurring theme in mathematics: In order to solve problems which are simple to
express, it is frequently necessary to go beyond the terms in which the problem is expressed, to
a deeper or more abstract level, in order to find a solution. We seem to have made the problems
more complicated. But this has made them easier to solve!

Perhaps the most striking recent example of this is Andrew Wiles’ proof in 1995 of Fermat’s Last
Theorem:

The integer equation x™ + y™ = z", with x,y, z # 0, has no solution if n > 2.

This was enunciated in 1657, but no proof was known until Andrew Wiles’ work in the 1990s!
While the problem is simple to express and understand — a student in the first year of high school
can begin to work on it — its proof by Andrew Wiles depends upon results drawn from algebraic
topology, algebraic geometry and other fields of mathematics.

Observation 2.11. The matrices in Examples 2.4 on page 23 to Examples 2.6 on page 24 differ
only in a single coefficient — the 3 in Example 2.4 on page 23 is replaced by a 4 in Example 2.5
on page 23 and a 5 in Example 2.6 on page 24.

It is easy to jump to the conclusion that the explicit formulea for the coefficients of the n*® powers
of the matrices must also be similar.

We have shown that this is far from the case, providing another important reason for rigorous
theoretical analysis: Superficially similar problems can have radically different solutions.

The theory developed in these notes provides a uniform analysis of these examples, explaining
why and when such similar problems have different solutions.

Observation 2.12. The reader is unlikely to have guessed any of the explicit formulaze we pro-
vided. Indeed, the reader is probably perplexed at how anyone could have come up with the
matrices we introduced. By carefully working through these notes, the reader will see and under-
stand how these matrices arise naturally from the initial ones.

2.3 Exercises

These exercises revise material from pre-requisite courses.
Additional thought may be needed.

Exercise 2.1. Solve the following system of equations, where the solutions are to be real numbers.
T 4+ Ty + 4z = 21

3r — 6y + 5z = 2
5 + y — 3z = 14
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Exercise 2.2. Let f,g: R — R be real valued functions of the real variable x such that both
y = f(x) and y = g(x) satisfy the differential equation

Py dy
EY 9% _3y-0
dx? dx y

Let A, i be real numbers.

Show that the function A: R — R defined by
hz) := Af(x) + pg(x)
for all x € R, also satisfies the given differential equation.
Exercise 2.3. Solve the system of differential equations
() — 29(¢) = z(t)
d(t) + Yt = ylt)+=(b)
)

where z(t) and y(t) denote real valued functions of the real variable ¢, and ' stands for the
derivative.
. . . . a b e 9 10
Exercise 2.4. Find all integral matrices A = d satisfying A“ = 0 1l
c

Exercise 2.5. Let A = [g 2}

Prove that for n € N, n > 1,
AT = [a” 0
0 o

Exercise 2.6. (i) Let A = l

cosf) —sind
sinf cosf |

Prove that for n € N
A" = [cos nfd —sin n@]

sinnf  cosnb

a —b

(i) For A = lb )

] , with a,b € R, find A".

Exercise 2.7. For each of the following matrices A, find A".

. -a 1
(i) A= 0 a]'

o
o
IS]

1
Q = O O

o O O 2
o O Q@ =
o 2 = O
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(iv) A =al, + N, where N, := [z;;]rxk is given by

1 ifj=i+4+1
Tij = .
0 otherwise.

29
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Mathematics is so widely applicable because of, and not despite, its being
abstract.

Peter Hilton

Chapter

Vector Spaces

Linear algebra is the theory of wvector spaces, and this chapter begins their formal study. The
previous chapter, looked in detail at examples of a vector space, beginning with solutions to
homogeneous systems of linear equations with real coefficients. The exercises looked at further
examples. The definitions below express the essential features of our examples without reference
to their special features.

In our first example, there were actually two distinct sets: the solutions to the homogeneous
systems of equations on the one hand, and the real numbers on the other. We had operations
defined on each of these sets and a way of combining them.

The other examples in Chapter 2 were similar: a vector space is a set with additional structure.

The additional structure is algebraic in nature. It allows us to compute and solve numerous
problems explicitly with relative ease. This ease of computation and broad range of application
comes at the price of requiring a relatively large number of axioms to describe the structure.

The structure is a mixed structure, for, as our examples illustrated, a vector space is actually a
set-with-structure upon which another set-with-structure acts. The latter set is a field and we
begin with the axioms for a field.

3.1 Fields

The axioms for a field capture and formulate the structure common to the set of all rational
numbers, Q, the set of all real numbers, R and the set of all complex numbers, C, which underlies
arithmetic.

Definition 3.1. A field comprises a set, F, together with two binary operations, addition and
multiplication,

+p: FxF—F, (z,y)—z+ry
xp: FxF—TF, (z,y)—2xpy

together with distinguished elements O # 1p satisfying the following axioms.
Given z,y,z € F,
A1l (Associativity of Addition)

r4r (Y+r2) = (T +ry) +r 2

31
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A2 (Existence of a Neutral Element for Addition)
c+rOr=2=0r+rz
A3 (Existence of Additive Inverses)
There is a —2 € I with
T +F (—JC) =0F = (—I) +r T
A4 (Commutativity of Addition)
Yy+trr=2x+ry
M1 (Associativity of Multiplication)
x Xp (Y X 2) = (x Xpy) XF 2
M2 (Existence of a Neutral Element for Multiplication)
rXplp=x=1p Xpx
M3 (Existence of Mutiplicative Inverses)
If x # O, there is a 7! € F with
expr t=1g=2a"1
M4 (Commutativity of Multiplication)
Y Xpx =+ Xpy
D (Distributivity of Multiplication over Addition)
T xp (y+r 2) = (z xp y) + (z XF 2)

XF X

(x4ry) xFpz=(x Xy 2) + (y XF 2)

Observation 3.2. We write +r and Xy for the two operations in the definition of the field
structure on the set F to emphasise that they need not actually be addition and multiplication
as the reader is used to, and depend on the particular field in question. Example 3.9 on the next
page illustrates this dramatically.

Observation 3.3. Axioms Al, A2 and A3 assert that F is a group with respect to addition.
Axioms M1, M2 and M3 assert that F \ {Op} is a group with respect to multiplication.

Axioms A4 and M4 assert that these two group structures commutative (or abelian).

Finally, Axiom D describes how these two group structures interact.

Observation 3.4. Axioms Al, A2, A3, A4, M1, M2 and D assert that F is a (unital) ring with
respect to addition and multiplication.

Axiom M4 asserts that this ring structure is commutative.

Example 3.5. The rational numbers, Q, the real numbers, R, and the complex numbers, C, all
form fields with respect to their usual addition and multiplication.

Example 3.6. The set of integers, Z, forms a commutative ring, but not a field, with respect to
their usual addition and multiplication. Z fails to be a field because Axiom M3 does not hold:
there is no integer, x, with 3z = 1.

Example 3.7. The set of all natural numbers, N, does not form a group with respect to its
addition, since Axiom A3 does not hold: there is no x € N with 1 +z = 0.

Example 3.8. Take F = {a,b}, with a # b.

Define binary operations, +r and Xg on F by means of their Cayley tables: The value of the
operation at (z,y) is the entry in the row labelled by x and column labelled by y.



3.1. FIELDS 33

[teflal0] [ xe[a]o]
a ||alb and a || ala
b b|a alb

One way to verify that this, or any other finite set, is a field is to list all the possible combinations
and check that all the required equalities hold. This can be done systematically by listing all
the combinations in a table, wit hone column for each variable, and a column for each of the
operations performed. The equalities are verified if the column representing the left side of the
equality agrees with the column representing the right side of the equality.

We illustrate this by drawing up the table to show that for all z,y,z € F,
x Xp (y+r 2) = (x Xpy) +r (x Xp 2)

and completing two of the rows.

x Yy z|y+trz xXp(y+rz) xXpy xxpz (xXpy)+r(z X 2)
a a a

a a b

a b a

a b b

b a a a a a a a

b a b

b b a b b b a b

b b b

The entries in the column labelled x xy (y +r z) agree with the entries in the column labelled
(z Xpy) +r (x XF 2), at least in the rows we have completed.

It is left to the reader to complete this table and to do the same for the other axioms.

This field is often denoted by F2 and sometimes by Z/27.
Example 3.9. Let F:= {z € R| z > 0} and define

+r: FXxF—F, (2,y)— 2y

xp: FxF—TF, (z,y)— zPv.

These operations render F a field. The verification, including the identification of Op and 1g, is
left to the reader as an exercise.

Example 3.10. Let F be the set of all matrices of the form lx —y] with z,y € R.
y

Taking +r, X to be the usual addition and multiplication of matrices, F becomes a field, as the
reader can verify through direct computation.

Example 3.11. Let R[t] denote the set of all polynomials in the indeterminate ¢, with real
coefficients, so that

Rit] :={ao+at+---+ant" |a; eR(j=1,...,n) and a, #0ifn#0}
Define ~ on RJ[t] by

p(t) ~ q(t) if and only if >+ 1 divides p(t) — q(t).
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Direct verification shows that ~ is an equivalence relation on R[t].

Let F denote the set of all ~-equivalence classes, and denote the equivalence class of p(t) by [p(t)].
p(t) is called a representative of [p(t)].

Each equivalence class is represented by a polynomial of the form a + bt, with a,b € R, so that

F={[la+0bt] | a,beR}.

Then F is a field with respect to addition and multiplication defined by

+p: FxF—TF, ([a+bt],[c+dt])— [(a+c)+ (b+d)]
xp: FxF —TF, ([a+0bt],[c+ dt]) — [(ac — bd) + (ad + be)t]

3.2 Vector Spaces

Vectors in physics motivate the mathematical notion of a vector spaces. Vectors, such as forces,
can be added: if two forces act upon a given object, there is a net resultant vector. Vectors can
also be scaled, that is multiplied by a scalar.

The next definition formulates the essential features of vectors in physics and our other examples.

Definition 3.12. A wvector space over the field F — or an F-vector space — is a set, V, with a
distinguished element Oy, together with a binary operation on V, the addition of two vectors

By:VxV—V, (uv)—ubyv,

and an operation of the field F on V', the multiplication of a vector by a scalar
Oy:FxV —V, (Av)— AGyv

satisfying the axioms listed below.

Given x,y,z € V and A\, u € F,

VS1  x Hy (y Byz)=(xHyy) By z

VS2 xHy 0y =x=0y Hy x

VS3  There is a —x such that x By (—x) = 0y = (—x) Hy x

VS4 yHyx=xHyy

VS5 1pdyx=x

VS6 ALy (xHyy)=\Uyx) By (ALvy)

VS7 (A +rp) Oy x= (A Oy x) By (up By x)

VS8 ()\X]Fu) |:|Vx=>\|z|v (u Dvx)

When V is a vector space over [, the elements of V' are the vectors and those of F the scalars.

Thus a vector space V over the field F comprises an abelian group, V (Axioms VS1 to VS4)
together with an action of the field F on V' (Axioms VS5 to VS8).
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Example 3.13. Let F be a field and put F* := {(z1,...,2,) | 21,...,2, € F}.

Define addition and multiplication by scalars by

(1, yxn) By (Y1, 9n) == (@1 +F Y1, -+ o, T +F Yn)
Ay (1,0 ,20) = (AXFZL, ., A XF Xp)

Then F™ is a vector space over . When we refer to F™ as a vector space over F, we shall always
mean the vector space structure just defined.

A familiar case is R? := {(z1,22) | 21, ¥2 € R}, the set of all ordered pairs of real numbers. [Here
F:=Rand n =2]

Observation 3.14. When n = 1 in Example 3.13, the addition of vectors, Hy , coincides with the
addition, 4, in the field F and multiplication of a vector by a scalar, [y, is just the multiplication,
X, in the field. Thus, a field is always a vector space over itself and any property of an arbitrary
vector space over F is also a property of F itself. In other words,

The notion of a vector space is a generalisation of the notion of a field.

Example 3.15. Let V denote the set of all solutions of the homogeneous system of real linear
equations

r + 2y + 4z = 0
2 + by + 1llz = 0
so that

V={(z,y,2) €ER® | &+ 2y +42 =2z + 5y + 11z = 0}
If we use the addition and multiplication on elements of R? defined in Example 3.13, then V
becomes a vectors space over R.

Notice that we do not need to solve the system of equations to verify that the set of all solutions
forms a vector space.

Example 3.16. Though the reader has already met matrices elsewhere, we revise the formal
definition and show that the set of all matrices of a fixed size forms a vector space.

Definition 3.17. An m x n matrix over F is an array of mn elements of F arranged into m rows
and n columns. We write [a;;] to denote the m x n matrix over F with a;; the ij-th coefficient or
entry. Here, the first subscript specifies the row and the second specifies the column. Thus,

aix - Qln

A = a;] =
Qm1 °  Qmn

M(m x n;F) denotes the set of all m x n matrices over F, simplified to M(n;F) when m = n.

Given A = [aij]mxn and B = [b;j]mxn as well as A € F we define

[aij]mxn By [bij]mxn = [aij +r bij]mxn

A |EV [aij]mxn = P\ XF aij]mxn~

This renders M(m x n;F) an F-vector space.
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Example 3.18. Let F be a field and X a non-empty set.
Let V be the set of all F-valued functions defined on X , so that

V=FX):={f: X — F| f is a function }

Define

By:VxV—V, (fg)r—fHvy
where, for all z € X
(f By g) (z) = f(z) +r g(2)
and
Oyv:FxV—V, (\fi— Ay f

where, for all z € X

A By f) () =X xp f(x)
This defines an F-vector space structure on V.

Two closely related vector spaces, which we meet again later, are introduced in Exercises 3.11 on
page 43 and 3.12 on page 43.

Example 3.19. Take V={f: R — R | zf'(z) — f(z) =0 for all z € R}.

Direct verification shows that V is a vector space over R with respect to the operations defined in
Example 3.18.

We note that there is no need to solve the differential equation in order to see that the set of all
solutions forms a vector space.

Example 3.20. Let V be the set of all sequences of elements of the field, IF, so that

V ={(zn)nen | n € F for every n € N}

Define
BElV: VxV— ‘/7 ((xn)nENa (yn)nEN) — (mn +]F yn)nEN
y:FxV —V, (/\a ('Tn)nEN) — (/\ XF mn)nEN

This defines an F-vector space structure on V.

Example 3.21. Let V = RJ[t], the set of all polynomials in the indeterminate ¢ with real coeffi-
cients:

Rft] :={ap+ait+---+apt" | n€N, aj e Rfor 0<j<n, and a,, #0 if n >0}
:{Zajtj neN, a; €R, and a, £ 0 ifn>0}
§=0
where we have adopted the convention that agt® = ao.

Define

m max{m,n}

By: VXV —V, (Zaiti, En:bjtj) — > ot
7=0 k=0

=0



3.2. VECTOR SPACES 37

ay + by, if & < min{m,n}
where ¢ = < by, Im<nandm<k<n

ay fn<mandn<k<m

n

Oy:RxV —V, ()\7iajtj) — Y (Aay)t?
j=0 §=0

R[t] is a real vector space with respect to these operations. This example should be familiar from
calculus.

The reader should note that the only feature of R needed here is that it is a field. This allows us
to generalise this example:

Given a field F, the set of all polynomials in the indeterminate ¢ with coefficients in T,

F[t] ::{Zajtj|n€N, a;j € F, and a, #0 ifn>0}
§=0

is a vector space over F.

Example 3.22. Our final example here is also taken from calculus.

Let V = R[[t]], the set of all power series in ¢ with real coefficients:
R[[t]] : = {Zajtj |a; €eRforall je R}
§=0

where we have adopted the convention that agt® = aq.

Define
o0 ) o0 ) o0
By:VxV-—V, (Zaitl, ijtﬂ) — > (ar + bt
i=0 j=0 k=0

o0 o0
D\/: RxV — V, ()\7 Zajtj> — (/\aj)tj
§=0 j=0
R[t] is a real vector space with respect to these operations.

The reader should note that, once again, the only feature of R needed here is that it is a field.
This allows us to generalise this example:

Given a field T, the set of all power series in ¢ with coefficients in T,
Fllt]) o= { > ast | a; € F, for all j € N}
j=0

is a vector space over F.

Our less than exhaustive list of examples of vector spaces is far from exhaustive is enough to
shows the diversity of vector spaces. It is difficult to see, at first glance, that these examples have
anything in common.

It is for this reason for developing the theory of vector spaces. Rather than working in each specific
class of vector spaces separately, and re-inventing the wheel on each occasion, a single mathematical
theory was developed, with its techniques and tools, having a very broad range of applications.
In other word, linear algebra unifies significant aspects of a broad range of mathematics and its
applications.
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The notation we introduced — +p, Xy, By, Xy, — is initially important for separating the different
algebraic operations, and for reminding the reader that the “addition” and “multiplication” in
question may have nothing to do with the addition and multiplication familiar from arithmetic.
But it is cumbersome, and so we simplify our notation in order to make the text easier to read.

Notational Convention. Except when there is danger of confusion, or for emphasis, we shall
avail ourselves of systematic ambiguity:

1. We write 0 and 1 for Op and 1y respectively.

2. We write A + p and Ap for A +p g and A Xp p respectively.
3. We write x +y for x Hy y and Ax for A Gy x.

4. We write 0 for Oy, .

There is little danger of confusion, for it is usually clear from the context whether two vectors or
two scalars are being added, and whether two scalars are being multiplies, or a vector by a scalar.

We leave it to the good sense of the reader to recognise from the context which operations are
intended and turn to establishing a number of elementary properties of vector space, which we are
indispensable for computing applications and are needed when developing theory.

Theorem 3.23. Let V' be a vector space over the field F. Take A € F and x,y,z € V. Then

(a) x+y=x+z if only if y=z. (In particular, x +y = Oy if and only if y = —x.)
(b) =0y = Oy

(c) A0y =0y

(d) 0x = Oy

(e) Ax =0y if and only if either A =0 or x = Oy

(f) (=Dx=—x

Proof. Take x,y,z€ V and A\ € F.

(a) Suppose x +y = x + z.

—x+(x+y)=—-x+(x+12) by VS3
(—x+x)+y=(—x+x)+z by VS1
Oy +y =0y +2z by VS3

Hence, by VS2

—0y = -0y + Oy by VS2
= OV by VS3

AX + A0y = A(x + Oy) by VS6
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= Ax
= \x + 0y
Hence, by (a),
A0y = Oy

(d)

x+0x =1x+ 0x

=(1+0)x
=1x
=x
=x+0y
Hence, by (a),
Ox = OV

(e) Suppose that Ax = 0y and A # 0.

=1+ (=1))x
=0x

=0y

= x+ ()

Hence, by (a), (—1)x=—x
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by VS2
by VS2.

by VS5
by VS7
by properties of fields
by VS5
by VS2

by VS5

by properties of fields
by VS8

by hypothesis

by (c).

by VS5

by VS7

by properties of fields
by (d)

by VS3

Corollary 3.24. Let F be a field and take x € F. Then —(—z) = z.

Proof. As (—z) + (—(—x)) =0 and (—x) + « = 0, the conclusion follows by Theorem 3.23 on the

preceding page(a).

O

Observation 3.25. Theorem 3.23 on the facing page applied to Q, R or C proves the usual “Laws
of Arithmetic”, which are taught at school, usually without proper explanation.

Observation 3.26. A set, V, may be a vector space over the same field in more than one way,
even when the vector addition is the same in both cases.
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Example 3.27. As an example, let V' be a vector space over C, with operations Hy and [y .
We define a new vector space structure on V' by defining

By :VxV —V, (uv)—ullyv

y:CxV —V, (a,v)—ayv.

In other words, we “twist” multiplication by a scalar: instead of multiplying vectors by a given
complex number, we multiply them by its complex conjugate.

To see that this is a genuinely different vector space, observe that for any vector, v € V|

i Oy v=i0yv ifandonly if ¢ Oy v=—i Oy v
if and only if 2¢ [y v = 0y
if and only if v =0y by Theorem 3.23 on page 38(e)

3.3 Exercises

Exercise 3.1. Show that F = {a, b}, with a # b is a field with respect to the operations + and .
defined by:

b and
a

Here we have defined the two binary operations by means of their Cayley tables: The value of the
operation at (z,y) is the entry in the row labelled by x and column labelled by y.

This field is often denoted by Fs, and sometimes by Z/927.

Exercise 3.2. Show that F := {a,b, c}, with all elements distinct, is a field with respect to the
operations + and . defined by:

[+lalb]c] [ [afb]e]
B o BRLE
cllclalbd c c|b

This field is often denoted by F3, and sometimes by Z/37.

Exercise 3.3. Show that F := {a, b, c,d}, with all elements distinct, is a field with respect to the
operations + and . defined by:

[+lalblcl[a] L. [alblcld]
afla|b|c|d allalalala
bllblal|d]|c and blla|b|c|d
cl|lcl|ld|alb cllale|d]|b
dild|c|bla dilal|d|b|c

This field is usually denoted by Fy4, or Fy2.
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Exercise 3.4. Show that the usual addition and multiplication render

(a) C a vector space over R;
(b) R a vector space over Q;

(¢) C a vector space over Q.
These examples illustrate a general result.
If the field FF is a subfield of the field K, then K is a vector space over F.

The reader is invited to adapt his/her solution to this exercise to prove of the general result.

Exercise 3.5. Let V be the set of all real solutions of the system of homogeneous linear equations

3. + 2y — 2z = 0
r — 5y + 7z = 0
so that

V={(z,y,2) €ER® |30 +2y—2=0 and x—5y+ 7z =0}

Given (z,y, 2), (u,v,w) € V and « € R, define
(z,y,2) By (u,v,w) = (x +u,y + v,z +w)

« IZIV (‘ra Y, Z) = (Oéﬂ'], ay, az)

Prove that these render V' a vector space over R.

Exercise 3.6. Decide whether the following are vector spaces.

(a) Take F:=C and V :=C.
Define Hy to be the usual addition of complex numbers, and Cly by
a Oy z:=a?z (a,z € C)

(b) Let F be any field and V := F2.

Define Hy to be the usual (component-wise) addition of ordered pairs, and [y by
a by (8,7):=(a,8) (a,8,7€F)

(c) Take F:=Fy and V := F2.

Define Hy to be the usual addition of complex numbers, and Cly by

Do v e {(aﬂ,av) if y#0
(0% v Vi=
(a®B,0)  ify=0

(d) Take F:=C and V :=C.
Define Hy to be the usual addition of complex numbers, and Cly by
a Oy z = R(a)z (o, 2z € C),

where R(a) denotes the real part of the complex number «.



42 CHAPTER 3. VECTOR SPACES

(e) Take F:=Rand V:=R* ={reR|r > 0}.
Define Hy and [y by

e Byy:=azy (z,yeRY)
a Oy =z (e« € R,z € RT)

Exercise 3.7. Let F:= {x € R |z > 0} and define

+p:FxF—TF (x,y)— zy

xp:FxF—TF, (z,y)— =Y.

Prove that these operations render F a field.

Exercise 3.8. Put F := { [x _y] | z,y € R} .
y oz

Let +x, X be the usual addition and multiplication of matrices, so that

-
IR

Prove that F a field with respect to these operations.

a+r b+s
c+t d+u

and

ar + bt as—+ bu
cr+dt cs+ du

Exercise 3.9. Let R[t] denote the set of all polynomials in the indeterminate ¢ with real coeffi-
cients, so that

R[t] :={ao+ait+---+ant" | aj €R (j=1,...,n) and a, #0if n#0}

(a) Define a relation, ~, on R[t] by

p(t) ~ q(t) if and only if >+ 1 divides p(t) — q(t).

Prove that ~ is an equivalence relation on R[¢].
(b) Let F be the set of all ~-equivalence classes, and [p(t)] the ~-equivalence class of p(t).

Prove that every equivalence class contains a polynomial of the form a + bt, with a,b € R, so that

F={[a+bt]|a,becR}.

(c) Define

+p: FxF—TF, ([a+bt],[c+dt])— [(a+c)+ (b+d)i]
xp: FxF—T, (la+bt],[c+ dt]) — [(ac — bd) + (ad + bc)t]

Prove that these definitions render F a field.
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Exercise 3.10. Let F be any field and X a non-empty set and V' the set all F-valued functions
defined on X, so that

Vi={f: X — F| f is a function} .
Define

Bv:VxV—=V, (f,g)— fHBvg
where, for all x € X,

(f Bv g) (z) := f(x) +r g(z)
Oy:FxV—V, \f)—AGyf

where, for all x € X,

A Oy f) (x) := A xp f(z).
Prove that these definitions render V' a vector space over F.

Exercise 3.11. Let W be a vector space over the field F and X a non-empty set.
Let V be F(X,W) be the set all W-valued functions defined on X, so that

V=FX,W):={f: X — W| fis a function} .
Define
By: VXV —V, (fg)—fBvyg

where, for all x € X,

(f By g) (x) == f(z) Bw g(x)
Ov:FxV—V, (\f)— XG0y f

where, for all x € X

(A Oy f) (z) :== A Bw f(2).
Prove that these definitions render V a vector space over F.

Since every field is a vector space over itself, this exercise generalises Exercise 3.10.

Exercise 3.12. Let X be a non-empty set.

Let V be the set all F-valued functions defined on X, such that f(x) = 0 for all but finitely many
r € X, so that

V ={f: X — |f(z) # 0 has only finitely many solutions x € X} .

Define

By: VxV -—V, (fg)— fBy

where, for all x € X,

(f By g) (x) := f(x) Bw g(x)
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Ov:FxV—V, (Af)r— A0y f
where, for all z € X

(A Oy f) (z) :== A Bw f(2).
Prove that these definitions render V' a vector space over F.

Note that when X is a finite set, the vector space V in this exercise is the same as the vector space
V in Example 3.18 on page 36.

Exercise 3.13. Let V be the set of all solutions of the differential equation

dy
€r— =
de Y,

so that
V= (iR E|2f(x) - f(x) =0)
Prove that V is a vector space over R with respect to the operations defined in Example 3.18 on
page 36.
Exercise 3.14. Let V be M(m x n;F), the set of all m x n matrices over F.

Given A = [aij]mxn and B = [bij]mxn as well as A € F we define

[aij]mxn By [bij]mxn = [aij +r bij]mxn
A |EV [aij]mxn = P\ XF aij]mxn~
Prove that M(m x n;F) an F-vector space with respect to these operations.

Exercise 3.15. Let V' be a vector space over C, with respect to operations Hy and Cly.

Prove that

Hy:VxV-—V, (uv)—uflyv
Oy:CxV—V, (,2v)r—alyv

also defines a C-vector space structure on V.



Science is a way of thinking much more than it is a body of knowledge.

Carl Sagan

Chapter

Geometric Interpretation

Our definitions are abstract because this level of abstractness has several distinct advantages.

(i) It allows us to isolate the essence of the matter.
(ii) It broadens the applicability of the theory we develop.

(iii) It makes proofs of general results simpler, more elegant and more transparent, even if this
might not be apparent upon first encounter. For the abstractness forces us to use only
general concepts rather than special tricks tailored to specific examples.

Nevertheless, this abstractness can be daunting, if one is unaccustomed to abstract methods.

It is therefore important to have a few standard examples, or common applications, both as a
guide and as a warning: These examples offer concrete illustrations of the ideas investigated, show
some of the difficulties which can arise, and display what can “go wrong”.

The oldest applications of linear algebra are to geometry and to physical situations, as the term
vector space attests. More recent applications include number theory, statistics, economics and
computer science.

To master the concepts in this course, it is important to bear these examples in mind, with the
caveat that examples may exhibit special features not shared by all examples.

Chapter 2 contained such examples. This chapter provides geometric examples.

Descartes introduced what we now call Cartesian co-ordinates to study geometry. (These are
typically introduced in secondary school mathematics.)

To study the geometry of the line, we draw a line, ¢, and choose a fixed point 0 on it. We
choose one side of the line (one direction) from 0 and call it positive. The other side (the opposite
direction) is called negative. Finally, the point P on the line ¢ is assigned the real number, z,
as its co-ordinate when the distance from 0 to P is |z|, with x positive or negative according to
whether P is on the positive or negative side of 0.

Assigning each point P of the line ¢ its co-ordinate x defines a bijection between ¢ and R.

<— negative positive —

|z]

45
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For plane geometry and spatial geometry, we take two (resp. three) mutually perpendicular, con-
current lines in the plane (resp. in space). These are the x1- and xzo—azes (resp. z1-, xo- and
x3-azes).

Their point of intersection is called the origin, which we denote by O.
We choose positive and negative directions for each co-ordinate axis.

To each point, P, in the plane (resp. in space) we assign an ordered pair (resp. ordered triple) of
real numbers, (z1,z2) (resp. (x1,x2,x3)), called the co-ordinates of P. The i-th co-ordinate, z;
is obtained by taking the line through P perpendicular to the i-th co-ordinate axis and finding
P;, the point of intersection with the i-th co-ordinate axis. Then the distance of P; form 0 is |z;|,
with x; positive or negative according to whether P;is on the positive or negative side of the i-th
co-ordinate axis.

Clearly 0 has co-ordinates (0,0) (resp. (0,0, 0).
We illustrate the case of the plane.

(positive)
To-axis
P (z1,x
S b (@, 20)
|
|562| 1
|
|
‘ x1-axis (positive
0 2 1 (p )
********* 1
1]

Assigning each point P in the plane its co-ordinate pair (x1,x2) defines a bijection between the
plane and R? = R x R, and assigning each point P in space its co-ordinate triple (21, xo, r3) defines
a bijection between space and R® =R x R x R.

Observation 4.1. We often write (z,y) instead of (z1,22) and (z,y, 2) in place of (z1,x2,z3)
when dealing with plane geometry or spatial geometry.

The introduction of co-ordinates means that relations between points can be translated into rela-
tions between their co-ordinates.

Example 4.2. If the points in space P and @ have co-ordinates (z1,z2,23) and (y1,y2,¥ys)
respectively then the distance, d, between P and @ is given by

(zj —y;)*.
1

3
d=/(z1 —y1)2 + (32 — y2)2 + (v3 — y3)2 =

J

If C is the point in the plane with co-ordinates (a,b), then the circle of radius r with centre C
comprises all points P whose co-ordinates (x,y) satisfy the equation (z —a)?+ (y — b)? = 2.
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Conversely, this also means that we can give equations in two variables a geometric interpretation:
Given any three real numbers a, b, ¢ with either a or b non-zero, the set of all points P in the plane
whose co-ordinates (z,y) satisfy the equation

ar+by=c

comprise a line, £, in the plane.

Indeed, every line in the plane is obtained in this manner, with different lines corresponding to
essentially different equations, where we consider two such equations to be essentially the same if
one can be obtained form the other by multiplying through by a non-zero constant.

This indicates why equations of the above form are called linear equations.

Continuing in this vein, we take fixed real numbers a, b, c,d, e and f, and consider the system of
linear equations

ar+by=ce
cx+dy=f

where we assume that either a # 0 or b # 0 and that either ¢ # 0 or d # 0.

If we take a solution to be the co-ordinates of a point P in the plane, then the set of all solutions
has a geometric interpretation.

If the solutions to the first equation comprise the co-ordinates of the points of the line ¢; and the
solutions to the second equation are the co-ordinates of the point of the /5, then there are several
possibilities.

(i) ¢1 and ¢y represent the same line. In this case there are infinitely many solutions to the
system of equations.

(ii) ¢ and ¢ represent parallel but distinct lines. In this case there is no solution of the system.

(iii) ¢; and ¢5 are not parallel. In this case they have a unique point of intersection, P, whose
co-ordinates are the unique solution to our system of linear equations.

We note that cases (i) and (ii) correspond to the relation ad — be = 0.
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2x +4y = -3 -

e

The situation is similar, but slightly more involved, when we move to spatial geometry.

If we take real numbers a,b,c, and j with at least one of a,b,c non-zero, then points whose
co-ordinates, (z,y, z), comprise all solutions of the linear equation

ar+by+cz=j

form a plane, and every plane arises this way.

A given line is represented by a system of two linear equations with the property that the planes
they represent intersect in the given line.

A new possibility arises for two lines in space, say £1 and /5, in addition to the three listed above:
{1 ands could be skew — they do not meet despite not being parallel. Since each line in space
is determined by two equations, two lines require, in general, four equations. Thus the system
of equations we obtain comprises four linear equations in three unknowns — an over-determined
system — and it is possible that any three have a common solution without the four having any
solution, as the next example shows

Example 4.3.
X 0
y = 0
z = 0
x + vy 4+ z =1

The reader is invited to try to represent what we do geometrically, bearing in mind that our
geometric representation is both illuminating and misleading. It is simple to avoid many pitfalls
by remembering that the geometric representation depends intimately on properties of the real
numbers and that in other situations those features which depend upon properties specific to R
are not available.

A frequently useful heuristic guide is to regard a field as corresponding to a “generalised line”, the
set of all ordered pairs of elements of the field as corresponding to a “generalised plane”, the set of
all ordered triples f elements of the field as corresponding to a “generalised (3-)space”, and so on.
But in doing so, the reader must be mindful that not all properties generalise from the case when
the field in question is R.
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4.1 Exercises

The purpose of these exercises is to provide practice in moving between equational, parametric
and vectorial representations of lines, planes, etc. The questions are formulated in their general
form.The reader who has difficulty with such generality should first attempt a numerical example,
by taking, say, a = 3,b =4 and ¢ = 5.
Exercise 4.1. Choose a co-ordinate system for the plane, with origin O.
Let P have co-ordinates (z,y) and A have co-ordinates (a,b).
Let 6 be the acute angle between the line through 0 and A and the line through 0 and P.
Prove that

azx + by
VaZ ¥ 0222+

cosf =

Exercise 4.2. Choose a co-ordinate system for the plane.

Let ¢ be the line comprising all points P in the plane whose co-ordinates (x, y) satisfy the equation
ax + by = ¢, where either a # 0 or b # 0, or, equivalently, a? + b2 # 0.

Find the co-ordinates of the point Py, on ¢ which is closest to the origin, 0.
Exercise 4.3. A parametric representation of the line £ is a function
0:R—RXR, t— (z(t),y(t))

whose image is .

Find a parametric representation of the line ¢ in Exercise 4.2.

Exercise 4.4. Chose a co-ordinate system for the plane.

Assign to each point P a vector, its co-ordinate vector: If P has co-ordinates (x,y), then its
co-ordinate vector is

This allows us to represent geometric objects and relations using vectorial equations and to inter-
pret vector equations geometrically.

For example, taking x = [x] ,u= [u] , r= lrl , the vector equation
Y v s

X=u+Ar (AeR

or, equivalently,

-

with either » # 0 0 s # 0 represents a line in the plane.

u

+ A (A eR),

r
S

v

(a) Find an equation for this line.

(b) Find a vectorial representation of the line ¢ in Exercise 4.2.
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The longer mathematics lives the more abstract — and therefore, possibly
also the more practical — it becomes.

E. T. Bell

Chapter

Linear Transformations and
Isomorphism

One of the key insights of 20" Century mathematics is the most effective way to study (classes
of) objects of interest is to study the transformations between them. In the case of sets, we study
functions between sets.

5.1 Linear Transformations

Since vector spaces are sets with additional structure, and since functions are what allows us to
compare sets, it is natural to use functions which are compatible with this additional structure to
compare vector spaces: They must respect addition of vectors and the multiplcation of vectors by
scalars. Such functions are precisely the linear transformations. Formally,

Definition 5.1. Let V' and W be vector spaces over the field F.

A linear transformation from V to W is a function
TV —W

such that for all x,y € V and \,u € F
TAx+ py) = N (x) + pT(y)-

Example 5.2. Take V = R3?, W = R? and
T:V—W, (x,y,2)— 2z+y+z,x-—1y)

Then T is a linear transformation.

Example 5.3. Let V be a real vector space over R. Take u,v € V| with v # Oy .

We saw in Exercise 4.3 on page 49 that the set
(={u+Iv|XeR}
comprises a line in V.

o1
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If T:V — W is a linear transformation, then, for each A € R,

T(u+Av) =T(lu+ A\v) by VS5
=1T(u) + A\T'(v) as T is a linear transformation
=T(u) + AT'(v) by VS5

Hence the image of £ under T is
T) ={T(u)+ \T'(v) | » € R},

which comprises a line in W.

We have just shown that a linear transformation is a function which maps lines to lines.

Example 5.4. Put

D(R) :={f:R— R | f is differentiable} .

It is an elementary result from differential calculus that D(R) is a real vector space and that the
derivative defines a linear transformation

D:DR) — F(R), fr—f

where F(R) is as defined Example 3.18 on page 36, and we have written f’ for the derivative of f.

That D is a linear transformation is simply a restatement of the familiar rule from calculus that
given o, § € R and f,g € D(R),

df

d dg
dfx(af‘s‘ﬁg) —a%—i—ﬁ%
Example 5.5. Put

I(R):={f: R — R f is integrable} .

It is an elementary result from integral calculus that Z(R) is a real vector space and that for each
a € R integration defines a linear transformation

L: T(R) — R, f»—>/xf(t)dt

That I, is a linear transformation is simply a restatement of the familiar rule from calculus that
given «, § € R and f,g € Z(R),

/ (af )+ Bo(t) ) dt = a/ f(t)dt + ,6’/: o(t)dt

Example 5.6. Let V be the real vector space of all sequences of real numbers, so that
V ={(zn)ner | n € R for every n € N}

Then
T:V—V, (#n)nen — (Tn+2 — 4@nt1 + 3Tn)nen

is a linear transformation.
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Example 5.7. Given any field F, the linear transformation
T: F[t] — F[[¢]], Zajtj — chtj
§=0 §=0

where

. a; forj<n
! 0 forj>n

explains why a polynomial may be thought of as a “finite” or “truncated” power series.

It is natural to try to determine all linear transformations between given vector spaces.

If V is a vector space over the field F, we always have at least one linear transformation from V/
to itself, namely the identity map, and if W is any vector space over F, we always have at least
one linear transformation from V to W, namely, the zero map. Moreover, the composition of any
two linear transformations is again a linear transformation.

Lemma 5.8. Let U,V and W be vector spaces over the field F.

(a) The zero map
0:V—W, v— 0w
s a linear transformation.
(b) The identity map
idy:V—V, vi—v
s a linear transformation.
(¢) If S: U — V and T: V — W are linear transformations, so is their composition

ToS :U—W, ur—T(S(u))

Proof. (a) is an immediate consequence of the fact that AOy + uOw = Oy for all A, u € F.
(b) is immediate from definition.
(c) Take u,v € U and A, € F. Then
(T o 8)(Au+ uv) = T(S()\u + uv))
= T()\S(u) + uS(v)) as S is linear
= \T'(S(u)) + puT(S(v)) as T is linear
= AT 0 8)(w) + (T 0 S)(v)
O

Lemma 5.8 shows that we always have linear transformations, but does not provide more than one
or two, and certainly provides no guide to finding them all. There is a good reason for this lack:
there is no method for finding all linear transformations between two arbitrary vector spaces over
a given field.

However, we can classify all linear transformations between vector spaces of a specific form, namely
those of the form F™ for F a field and n a counting number.
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Theorem 5.9. The function T: F* — F™ is a linear transformation if and only if there are
a; €F (i=1,...,m, j=1,...,n) such that for all (x1,...,z,) € F",

T(x1,...,2n) = (Z A15T5, .., Z U T;).-

j=1 j=1

In particular T: F — F is linear if and only if there is an a € F such that T(x) = ax for all
z cF.

Proof. Suppose that there a;; € F (i =1,...,m, j =1,...,n) such that for all (z1,...,z,) € FV,

T(x1,...,2n) = (Z A15T5, .., Z A T;).-

j=1 j=1
Take (z1,...,2n), (Y1,-.-,yn) € F* and A, u € F. Then
T()\(mlw“axn) +:u(y177yn))

— T(()\xl +uyn), e, Az, + uyn))

— (Z ar;(Az; + py;), ..., Z (A + uyj))

j=1 j=1
n n n n
= ()\ZaljijruZyj),...,)\Zamjxj+p2yj))
j=1 j=1 j=1 j=1
n n n n
=\ Zaljxj,...,Zamjxj +u Zamjyj,...,,Zamjyj
j=1 j=1 j=1 j=1

=NT(z1,...,xn) + T (Y1y- -y Yn)
For the converse, suppose T': F* — ™ is a linear transformation.
Take (z1,...,2,) € F". Then
(1, 2n) =21(1,0,...,0) + -+ 2,(0,...,0,1),

so that

T(ar,...,20) = 21T(1,0,...,0) + -+ z,T(0,...,0,1).
Since T'(1,0,...,0),...,7(0,...,0,1) € F™, there are a11,...,am1,---,A1n,- - -, Gmn € F such that

T(1,0,...,0) = (a11,.--,am1)

7(0,0,...,1) = (a1n, - - Gmn),

whence
T(x1,...,zn) =21(a11,- -, @m1) + -+ Tn(A1ns - - oy Q)
= (a1121, .+, @1 Z1) + -+ (@10 Tny - -+ 5 G Tn)
n n
= ( Z A1jTgy ey Z amjscj)
j=1 j=1
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While we have only been able to classify all linear transformations between vector spaces of this
one special form, we shall see that this is enough to classify all linear transformations between a
much larger class of vector spaces.

While we cannot show this without further study of linear transformations and vector spaces, we
can already begin to see how the theory we are developing applies to the examples in Chapter 2.

For by Theorem 5.9, studying the system of linear equations

a1y + -+ Gy = YN

am1T1 + 0+ Apn®n = Ym
is the same as studying the linear transformation
T:Fn—>F7na ($17--~7xn)'—>(917~--aym)

where, for 1 <i<m
n
Yi = Z Qi Tj
j=1

We next present a reformulation of the definition of linear transformation, which is sometimes
more convenient to apply.

Lemma 5.10. Let V and W be vector spaces over the field F.

The function T: V — W is a linear transformation if and only for allu,v € V and X € F,
(0)  T(u+v)=T(u)+T()
(b) T(Av)=MIT(v)

Proof. Let T: V — W be a function.

Take u,v € V and \,u € F.

Suppose that T is a linear transformation. Then

(a)

Tu+v)=T(lu+1v) by VS5
=1T(u) + 1T(v) as T is a linear transformation
=T(u)+T(v) by VS5
(b)
T(A\v) =T(0y + Av) by VS2
=T(0u-+ Av) by Theorem 3.23
=0T (u) + A\T'(v) as T is a linear transformation
= 0w + \T'(v) by Theorem 3.23
= T'(v) by VS2

Conversely, suppose that T satisfies (a) and (b). Then

T(Au+ pv) =T(Au) + T(uv) by (a)
— \T(u) + §T(v) by (b)
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Definition 5.11. Let V and W be vector spaces over the field F.
The function T': V — W is additive if and only if for all u,v € V

Tu+v)=T(u)+T(v)

T is homogeneous (of degree 1) if and only if given A € Fand v e V
T(Aw) = NT'(v)

Thus, a linear transformation is a homogeneous, additive function. It is sometimes more convenient
to verify the two conditions in Lemma 5.10 on the previous page separately, and at other times
it is more convenient to use Definition 5.1 on page 51 directly. Lemma 5.10 on the previous page
allows us to ouse whatever seems more convenient.

We continue our analysis of linear transformations with the notion of kernel.

Definition 5.12. The kernel, denoted ker(T'), of the linear transformation 7': V. — W is the
subset of V' comprising those vectors that are mapped to Oy by T'.

ker(T) :={x e V| T(x) =0w}

The kernel of a linear transformation contains important information about it.

Before illustrating this, we recall the notions of invectiveness, surjectiveness and bijectiveness of
functions and apply it to the special case of linear transformations.

Definition 5.13. The linear transformation 7" : V. — W is
(a) 1-1, injective or a monomorphism if and only if u = v whenever T'(u) = T'(v);

(b) onto, surjective or an epimorphism if and only if for each w € W there is a v € V with
w =T(v);

(¢) 1-1 and onto or bijective if and only it is both 1-1 and onto;

(d) an endomorphism if and only if W = V.

Lemma 5.14. Let T: V — W be a linear transformation. Then
(i) T is injective if and only if ker(T') = {0y };
(ii) T is surjective if and only if im(T) = W.

Proof. (i). T(u) = T(v) if and only if T(u — v) = Oy .

Since T is a linear transformation, this is the case if and only if u — v € ker(T).

If ker(T') = {0y }, then this occurs only if u — v = Oy, that is u = v.

Conversely, suppose that T is injective and v € ker(T), so that T'(v) = Oy .

Since T is a linear transformation, T(0y ) = Oy .

Since T is injective, v = Oy .

(ii) This is just a restatement of the definition. O

Observation 5.15. Determining the kernel of the linear transformation T: V. — W is “simply"
a matter of solving the equation

T(X) = OW

However, doing so can be a subtle and/or difficult problem, sometimes requiring the application
or development of theory from other parts of mathematics.
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Example 5.16. Let V = C*°(R) be the real vector space of all infinitely differentiable real-valued
functions of a real variable.

Then

>f  df
T:C®([R) — C*(R), — —= —4—+4
®) — C*(R), fr St 40 44
is a linear transformations, and determining its kernel comprises finding all solutions to the dif-
ferential equation

d’y dy
— —4—=+4+4y=0
dzx? dx Y
Example 5.17. To find the kernel of the linear transformation in Example 5.6 on page 52 com-
prises finding all solutions of the difference eqiuation
Tpto —4xp41 + 32, =0

in Example 2.4 on page 23.

5.2 Isomorphism

We consider two vector spaces over F to be essentially the same when the only differences between
them are purely notational. We formulate rigorously using the language of linear transformations,
including the notion of isomorphism.

Definition 5.18. The linear transformation T: V. — W is an isomorphism if and only if there
is a linear transformation S: W — V such that

SoT =idy and ToS =1idy.

In such a case, S is the inverse linear transformation to T.

The vector spaces V and W over the field F are isomorphic if and only if there is an isomorphism
TV —W.

We write V= W when V is isomorphic to W.

An automorphism is an endomorphism 7': V' — V which is also an isomorphism.

Since the linear function S in Definition 5.18 is, in particular, a function, we se that if there is
such a linear transformation, if must be the inverse function to 7. In other words, a necessary
condition for T' to be an isomorphism is that it be an invertible function.

It follows that the only possible inverse linear transformation to the linear transformation 7': V" —
W is the inverse function to T, which, by Theorem 1.46 on page 12, exists if and only if T is
bijective.

Theorem 5.19. A linear transformation T:V — W is an isomorphism if and only if it is

bijective.

Proof. Since a function has an inverse if and only if it is bijective (Theorem 1.46 on page 12),
it is sufficient to show that if the linear transformation 7: V' — W has an inverse function,
S: W — V, then S must also be a linear transformation.

Let S: W — V be the inverse function to the linear transformation 7: V. — W. Takeu,w € W
and A, € F. Then

S(Au+ pw) = S(A(T o S)(u) + u(T o S)(w)) as To S = idwy
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= S(AT(S(u)) + pT(S(w)))

= S(T(AS(u) + pS(w))) as T is linear
( oT)( S(u) + pS(w))

= AS(u) + pS(w) as SoT = idy

O

While this theorem provides a satisfactory intrinsic criterion for deciding whether a given linear
transformation is an isomorphism, it does not do the same for deciding whether two given vector
spaces are isomorphic. After all, we still face the unwieldy and, in principle, infinite task of finding
an isomorphism between the vector spaces in question.

It need not be obvious that two given vector spaces are isomorphic.

Example 5.20. The set of all solutions, f: R — R which solve the differential equation
d*f
dz2

is a real vector space which is isomorphic with the real vector space C.

+f=0

We shall see (Theorem 8.3 on page 87) that we can decide whether two vector spaces are isomorphic
by means of a single numerical invariant, the dimension of a vector space.

Example 5.21. Let V be the real vector space of all sequences of real numbers, so that
V= {(xn)neN ‘ Ty € R for alln € N}

and F(N) the real vector space of all real-valued functions defined on N, the set of all natural
numbers.

The function

T: FN) —V, fr— (f(n),

is an isomorphism of real vector spaces.

5.3 Exercises

Exercise 5.1. Show that
iR — R (2,9) — (20 +y, 4z + 17y, 3z — 4y)
is a linear transformation of vector spaces over R.

Exercise 5.2. Let V := C*°(R) be the real vector space of all infinitely differentiable functions
f: R — R, so that
a"f . .
V:i=C®R):={f:R—R| el continuous for every n € N}
J;TL
with the vector space operations defined point-wise, as in Example 3.18 on page 36.
Prove that

af

D:V—V, f+r——
dx

is a linear transformation.
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Exercise 5.3. Prove that if the function
f:R? — R?

is a linear transformation of real vector spaces, then there are uniquely determined real numbers
a,b, c,d such that for all (x,y) € R?,

[l y) = (az + by, cx + dy)
Exercise 5.4. Let Z(R) be the real vector space of all integrable functions f: R — R, so that

I(R) ={f: R — R f is integrable} .
Prove that for each a € R
I,:I(R) — R, f »—>/ ft)de

is a linear transformation.

Exercise 5.5. We use the fact from the elementary theory of ordinary differential equations (as
presented in MATH102) that the function f: R — R solves the differential equation

df
ol =0
dx? +f
if and only if there a A, B € R such that for all z € R
f(z) = Acosz + Bsinx
Let V' be the real vector space of all solutions to this ordinary differential equation.

Prove that
T:V—C, Acosz+ Bsinz — A+ iB,
where we have written A cosx + Bsinx for the fnction
fiR— R, 2z+— Acosz + Bsinz,

is an isomorphism of real vector spaces.

Exercise 5.6. Let V' be the real vector space of all sequences of real numbers, so that
V ={(@n)nen | zn € R for all n € N}

Let F(N) be the real vector space of all real-valued functions defined on N.

Prove that the function

T:FN)—V, f—(f(n),cx

is an isomorphism of real vector spaces.
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Beauty is the first test: there is no permanent place in the world for ugly
mathematics.

G. H. Hardy

Chapter

Deriving Vector Spaces from
Given Ones

Now that we know what a vector space is and have met enough examples to show that the concept
is not an empty one, we investigate the problem of deriving vector spaces from given ones.

6.1 Vector Subspaces

One possibility is to start with a vector space, say V, and to consider subsets of V. When is a
subset U of V form a vector space in its own right?

It is tempting to call a subset U of V that is a vector space in its own right a vector subspace of
V. The defects of such a definition are readily illustrated by concrete examples, which ultimately
suggest a more useful definition

Example 6.1. Take the set of real numbers R with its usual structure as R-vector space. Then
the set of rational numbers, Q, clearly forms a subset.

Being a field, Q is a vector space in its own right, but only over Q. It is not a vector space over R
with respect to the usual addition and multiplication, for multiplying together a rational number
by a real number need not result in a rational number: /2.2 is not rational

In fact, there is no way whatsoever to make QQ a vector space over R, because, as we shall see
later, a vector space over R has either precisely one element, or has at least as many elements as
R. But it is a basic result from set theory, that this is not true of Q.

The salient feature this example was that the two vector space structures in question have different
fields of scalars. So we need to insist that the two vector spaces have a common field of scalars.

But even this is not enough, as we now show.

Example 6.2. We take Q, the field of rational numbers, as the field of scalars.
Example 3.13 on page 35 showed that

QXQ:{(mvy)|x>y€Q}

is a vector space over QQ

61
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We construct V', a vector space over Q, which is a subset of Q x Q, but whose vector space structure
is not related to that of Q x Q.

Our example requires the following elementary facts from basic number theory.

1. Any two integers, say = and y, which are not both 0, have a greatest common divisor!

denoted by ged(x,y). This is defined to be the (uniquely determined) positive integer d such

(a) d divides both z and y and
(b) if the integer ¢ divides both z and y, then ¢ divides d.

2. The integers = and y are said to be relatively prime if and only if their greatest common
divisor is 1.

3. Given any integers, z and y, not both 0, with ged(x,y) = d, there are (uniquely determined)
relatively prime integers u and v with x = du and y = dv.

Put V:= {(z,y) € Z* | y > 0 and ged(z,y) =1}.
Since Z C Q,

VCZxZCQxQ
Define

H:VxV-—=V

0:QxV —V
by
(u,v) B (z,y) = (r,s) where rvy = s(uy + vx) with ged(r,s) =1
g O(z,y) := (r,s) where rqy = spx with ged(r, s) = 1.

One way to see that V is a vector space over Q is to verify the vector space axioms by direct
computation. This is to be recommended to those who are still wary of abstract methods and feel
more comfortable with brute-force computation.

Alternatively, observe that if we rewrite (u,v) € V as —, then we see that V essentially consists

of the set of all rational numbers, written in reduced form, and that B and [J are just the usual
addition and multiplication of rational numbers re-written in the form appropriate to V.

Thus the statement: “V is a vector space over Q7 is just a restatement of the fact that every field
is a vector space over itself (cf. Example 3.13 on page 35).2

But the two vector space structures, have nothing to do with each other, beyond having a common
field of scalars.

For a meaningful and useful notion of a vector subspace we require not merely that the subset
form a vector space in its own right over the same field, but that this vector space structure be
precisely that derived from the ambient vector space.

One way of ensuring this is to insist that the inclusion of the subspace be a linear transformation.

Tt is also called their highest common factor and denoted by hcf(z,y).
2Strictly speaking, we have shown that

T:V —Q, (u,w)»—)E
v

is an isomorphism, so that V is isomorphic to Q as vector space over Q.
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Definition 6.3. The subset U of the vector space V over the field F is a vector subspace of V if
and only if the inclusion

iy :U—V, u—u
is a linear transformation.
We write U < V to denote that U is a vector subspace of V.

Theorem 6.4. Let U be a subset of the F-vector space V. Then the following are equivalent.

(i) U is a vector subspace of V.
(i) Givenu, 0w’ €U and \,p € F, \u+ pu’ € U.

(iti) (a) Givenu,u’ e U, u+u’' €U.
(b) GivenueU and A€, AueU.

Proof. Since the inclusion function
iU —V
is defined by

i (x) = x

for all x € U, the equivalence of (i) and (ii) is just the definition of what it means for i}; to be a
linear transformation (cf. Definition 5.1 on page 51).
Similarly, the equivalence of (ii) and (iii) is just the restatement of Lemma 5.10 on page 55 for

v
if- O

The advantage of Theorem 6.4 is that in order to determine whether the subset U of the vector
space V' is, in fact, a vector subspace, it is not necessary to first establish that U is, itself, a vector
space with the same field of scalars as V. It is enough t show that if we apply the vector space
operations in V' to elements of U, the resulting vectors are again elements of U. This is sometimes
expressed by saying that U is closed under the vector space operations on V.

Example 6.5. If we consider C and R as vector spaces over QQ in the usual manner, then
Q<R<C
Example 6.6. The real vector space of all solutions, f: R — R, of the differential equation

Py dy
SV 4% gy =0
dx? dx Ay

is a vector subspace of C°(R), the real vector space of all infinitely differentiable real-valued
functions of a real variable, which is, in turn, a vector subspace of F(R), the real vector space of
all real-valued functions of a era variable.

Example 6.7. Possibly the most significant single example of a vector subspace of the vector
space V requires the following definition.

Given v eV,
Fv .= {Av|AeF}.

For each v € V', Fv is a vector subspace of V', as proven in the next lemma.
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Lemma 6.8. Let V' be a vector space over F.

For each v € V, Fv is a vector subspace of V.

Proof. Take u,u’ € Fv and A\, u € F.
Then there are a, 8 € F with u = av and u’ = fv.
Thus
X+ B’ = Aav) + p(Bv) = Qv + (uB)v = v,
where v := Aa+ uf € F. O

The vector subspace Fv of the vector space V' generalises the notion of a line through the origin
in R", for such a line is determined uniquely by a point on it, other than the origin.

If this point has co-ordinates, (a1, ...,a,), then the line is the set
R((a1,...,an)) ={(Aa1, ..., Aay) | A € R}
={(z1,...,2n) €R" |z, = Aa,(t =1,...n) for some ) € R}
and this is just the familiar parametric representation of the given line.

Example 6.9. Given a non-empty set X and a field F, the vector space of all functions f: X — F
such that f(z) = 0 for all but finitely many = € X (cf. Exercise 3.12 on page 43) is a vector
subspace of the vector space of all functions f: X — F (cf. Example 3.18 on page 36).

Example 6.10. Let V', W be vector spaces over the field F and T: V — W a linear transfor-
mation.

Then ker(T) is a vector subspace of V' and im(7") is a vector subspace of W.
Given a family of vector subspaces of a fixed vector space V, their intersection is again a vector
subspace of V.
Theorem 6.11. Let V be a vector space.
If for each v € I', W, is a vector subspace of V', then
W= (W,
~el

s a vector subspace of V.

Proof. Take u,v € W and A € F.
Then u,v € W, for each y € I'.
Since each W, is a vector subspace of V, u+v € W, and Au € W, for each vy € I'.

It follows that u+ v, Au € [|W, = W. O
el

While the intersection of vector subspaces of a given vector space is again a vector subspace, the

same is not true of the union of vector subspaces, as the next example shows.

Example 6.12. Consider R? as vector space over R.

Then U := {(z,0) | € R} and V := {(0,y) | y € R} are both vector subspaces of R?, and
UUV ={(z,y) eR?*|z=00r y=0}

which is not a vector subspace of R2.

For while (1,0), (0,1) € U UV, their sum, (1,0) + (0,1) = (1, 1), is not an element of U U V.
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However, given vector subspaces U, W of the vector space V, the subset of V' comprising those
vectors in V' that can be written as the sum of a vector from U and one from W is, in fact, a
vector subspace of V.

Definition 6.13. Let U and W be subsets of the vector subspace V.
Their sum, U + W, is defined by

U+W = {u+w|uelUweW}

Example 6.14. Take R3 with its usual structure as real vector space.

Put
U:={(z,0,1) | z > 0} and W :={(0,4,0) |y € R}
Then
U+W ={(z,9,1) | z,y €R, >0}
Lemma 6.15. Let U and W be vector subspaces of the vector subspace V.
Then U + W is a vector subspace of V.
Proof. Take u; +wi,us +wo € U+ W and A € F. Then
(up+wi)+(ug+ws)=u; +us+w; +wy=u+w,
where u:=u; +uy € U and w := wy + wy € W, and
AMug +wy) = duy + Awy =u’ +w/,

where u’ := Au; € U and w' = Awy € W. O
This construction can be generalised; every subset S of the vector space V generates a unique
vector subspace of V.
Definition 6.16. The vector subspace of the vector space V generated by S, S of V| denoted (5),
is the smallest vector subspace of V' containing S. In other words,

i (SH=V

(i) Given W <V, if S C W, then (S) C W.

The elements of S are called generators, and S a generating set for (S).

We also write (vq,...) when S := {vy,...}.

Theorem 6.11 on the facing page is the key to proving that there is such a vector subspace of V',
and that it is unique.
Theorem 6.17. Let S be a subset of the vector space V.

Then the vector subspace of V' generated by S is the intersection of all vector subspaces U of V
with S CU.
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Proof. Put A:={W <V |SCW}.
Then A # 0, as V € 2.
Put U := ﬂ w.

wet
By Theorem 6.11 on page 64, U is a vector subspace of V, and clearly S C U.

Take W <V with S C W.

Then, by definition, W € 2, so that U = (] X CW.

Xed
It follows that our U is the smallest vector subspace of V' containing all the elements of S. In
other words,

(S)y=(|{{w=<V|scw}

Corollary 6.18. U is a vector subspace of V if and only if (U) =U.

Example 6.19. Take R3 with its usual structure as real vector space.

Then S := {(1,0,0),(0,0,3)} C R® and
<(17070)a (Oa0,3)> = {(iE,O,Z) | T,z € R}

Observation 6.20. If U and W are vector subspaces of V then U + W = (U U W).

A linear transformation 7: V — W naturally determines both a vector subspace of V and a
vector subspace of W.

Theorem 6.21. Let T : V — W be a linear transformation. Then

(i) ker(T) is a vector subspace of V, and

(i) im(T) is a vector subspace of W.
Proof. Exercise. O

When working with vectors spaces, it is always useful and often important to find convenient
generating sets. For example, the values of a linear transformation on a generating set completely
determines al its values, as we shall later.

Definition 6.22. The vector space V is finitely generated if and only if there is a finite subset,
S,of V with (S)=1V.

Otherwise V is infinitely generated.

When S = {vy,...,v,}, we often write
V= <V1,...,Vn>

Example 6.23. R? is finitely generated as real vector space, for it is generated, as real vector
space by

{(1,0,0),(1,1,0),(1,1,1),(0,0,1)}
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Observation 6.24. Definition 6.22 on the facing page, in effect, divides the class of all vectors
spaces over the field F into two subclasses, the finitely generated ones and the infinitely generated
ones.

This distinction is actually quite significant, for in the case of finitely generated vector spaces, we
can carry out computations involving linear transformations using the algebra of matrices. This
algebra is developed in these notes as an application of general properties of linear transformations
between vector spaces in the special case of finitely generated spaces.

We have chosen this approach for two main reasons.

In the first place, the main results about linear transformations between vector spaces are no more
difficult to prove in general than in the special case of finitely generated vector spaces. This means
that they can be applied equally to a broader range of situations.

Secondly, when matrices are introduced in the usual ad hoc manner, the definitions and the
restrictions needed for them are mysterious and usually unexplained. Our approach makes them
clear and natural, and many properties which are usually proven with extended calculation, follow
without any calculation.

6.2 The Direct Sum of Vector Spaces

Let V and W be vector spaces over the field F. We construct an F-vector space structure on their
Cartesian product, V' x W, which reflects the vector space structures on V and W.

Definition 6.25. The direct sum, V @ W, of the vector spaces V and W over the field F, is the
set V.x W ={(v,w),| v € V,w € W}, together with the operations defined by
(vi,w1) Bvew (v2,wa) := (vi By vo, wi By wo) (vi,va €V, wi,wa € W)
ARyaw (v,w) := (Av, Aw) AeF, veV, wel)

Theorem 6.26. Given vector spaces V and W over F, VW is a vector space over F with respect
to the operations in Definition 6.25 defined, with Oygw = (Oy,0w) and —(v,w) = (—v, —w).

Proof. The proof is routine verification.
We illustrate this by verifying VS2.
Take (v,w) € V& W. Then

(v,w) Bvaw Ovew = (v,w) Byvew (Ov,0w)
v By Oy, w By Ow)

(
=(
=(v,w)
= (0y By v, Ow Bw w)
= (0v,0w) Byvew (v,w)

The rest is left as an exercise. O

Example 6.27. Let V = W = F with its usual structure as F-vector space.

Then V@ W = {(z,y) | z,y € F} with the vector space structure in Definition ?? on page 77
yields precisely F? with its usual structure as F-vector space.

The direct sum of given vector spaces over the same field is a new vector space constructed from
two given ones. This raises the question: Is a given vector space “in effect” non-trivial direct sum
of vector spaces?
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Definition 6.28. The vector space V' is a (non-trivial) direct sum if and only if there are non-zero
vector spaces U and W such that V and U & W are isomorphic.

Example 6.29. Take V := R?, U := R? and W := R with their usual real vector space structures.
Then

UpW = {((x,y),z) | (z,y) eR?, 2z € R}

and
T:V—UaW, (uvw)— ((uv),w)

is an isomorphism of real vector spaces.

More generally, let F be a field ad take m,n € N. Then
Ftn > F™ g F

Observation 6.30. A subtle, but important, point is illustrated by Examples 6.27 on the previous
page and 6.29.

In the first case, we have an equality, R? = R ® R.
In the latter, we have only an isomorphism R? = R? @ R.

While isomorphism is enough for many applications, difficulties can arise when isomorphic vector
spaces are treated as if they were equal, for many calculations depend on the particular isomor-
phism chosen. This is a source of complications when using matrices, as we shall see later.

6.2.1 Internal Direct Sum

Of particular importance is the case when U and W in Definition 6.28 may be chosen to be
subspaces of V.

We first need to introduce convenient notation.

Definition 6.31. Let A, B be subsets of the vector space V. Then
A+B:={x+y|x€cAyeB}

When A is a singleton set, say A = {v}, it is customary to write A + B as
v+ B

Theorem 6.32. Let U, W be non-trivial vector subspaces of the vector space V.

IfU+W =V and UNW = {0y}, then V is isomorphic with U & W.

Proof. Suppose that V.=U + W and that U N W = {0y }.
Then each v € V can be written uniquely as u+w e U + W.
Forif u+w =u'+w with u,u’ € U and w,w’ € W, then

u—u=w-—-w
Asu—dv eUand w —we W,
u—u=w-weUnWw

AsUNW = {0y}, it follows that u =u’ and w' = w.
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Hence
T:-UsW —V, (uw)—u+w
is a bijection.
As it is plainly a linear transformation, it is, in fact, an isomorphism. O

Definition 6.33. The vector space V is the internal direct sum of the subspaces U, W if and only
ifV=U+Wand UNW = {0y }. We then write V=U @ W.

The importance of this notion is difficult to overstate. For one thing it is one of the keys to our
programme of classifying (up to isomorphism) vector spaces over a given field. We shall see that
a non-trivial vector space, V', can be decomposed as the internal direct sum of vector subspaces,
Vj, each of which is isomorphic with F.

Corollary 6.34. The vector space V is the internal direct sum of the subspaces U and V if and
only if each v € V' can be written uniquely as

v=u+w
withue U andw e W.

Proof. Exercise. O

Example 6.35. We saw in Example 6.27 on page 67 that R =R ® R.

As R is not a subspace of R?, this expresses R? as an (external) direct sum, but not as an internal
direct sum.

On the other hand, putting
U:={(z,0) |z € R}
W:={(0,y) |y € R}

we have U N W = (0,0) = Oz and R? = U + W, showing that R? is the internal direct sum of
{(2,0) [z € R} and {(0,y) | y € R}.

Notice that U & W # R2, for
UasW={(a,w)|uelUweW}
={(@0.,0.9) |,y e R}
C R?@R?

Observation 6.36. The subspaces U and W in Example 6.35 are not uniquely determined, for
we could, instead, have chosen

U:={(z,z) |z e R}
W={Q2y,y) |y € R}
Example 6.35 illustrates a general phenomenon.
Theorem 6.37. Let V and W be vector spaces over the field F. Then

iny:V—VaoeW, v (v,0w)
inw: V —VaeWw, W}—>(0v,W)
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are injective linear transformations,

im(iny) = {(x,0w) | x € V}
im(inw) = {(0v,y) |y € W}

and V& W is the internal direct sum of im(iny ) and im(iny )
Proof. Exercise. O
Definition 6.38. Given vector spaces V and W over the field F, the linear transformation

iny: V—VaW, v— (v,0w)
iny:V—VaoW, w+—— (0y,w)

are the natural inclusions of the direct sum.

Observation 6.39. The natural inclusions of a direct sum capture a familiar geometric idea.
When we draw horizontal and vertical axes — usually call the “z-axis” and the “y-axis” in the
Cartesian plane, we are drawing the images of the two natural inclusions

in:R—RER=R? z+— (x,0)
ing: R—ROR=R?, yr—— (0,y)

This illustrates another way in which linear algebra captures and formulates certain geometric
concepts, and allows them to be used in a broader context.

We can have direct sums of more than two spaces. We consider the case of finitely many spaces.

n
Definition 6.40. Given vector spaces, Vi,...V, over the field F, their direct sum, V = @VJ,
j=1
consists of the set

V=Vix---Vo={(vi,...,vn) |Vv; €V, j=1,...,n}

with vector space operations given by
Hy: VxV-—1V, ((Vl,...,Vn),(Wl,...,Wn)) — (vi By,we, ..., v, By, wy)
Ry :FxV —sV, ()\,(vl,...,vn)) — (A&Vyl,...,AxVyn)

Example 6.41. Regarding the field, F, as vector space itself, for any counting number, n,

F" = éIF
j=1

Definition 6.42. The vector space, V, is the internal direct sum of its subspaces W1, ..., Wy if
and only if each v € V' can be expressed uniquely as

n
VvV = E Wj
j=1

with W EWj (]:1,,71)

Observation 6.43. We can also define the direct sum of infinitely many vector spaces. However,
a number of difficulties arise, whose detailed analysis we leave to more advanced courses.
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6.3 Quotient Spaces

Another important construction is that of a quotient vector space. While its true significance will
not be apparent until you have have studied more mathematics, we introduce its construction here
to demonstrate that new constructions are possible even with the limited theory we have already
developed, and to illustrate some of the interrelationships between the concepts introduced.

Let U be a vector subspace of the vector space V over the field F.

Define a relation, ~y, on V' by

v~yv ifandonlyif v —veU

It is easy to see that ~y defines an equivalence relation on V. We establish reflexivity, leaving
symmetry and transitivity to the reader as an exercise.

Take v € V.

By definition, v ~y v if and only if v —v € U.
Butv—v=0y,and 0y € U as U < V.
Thus, v ~y v.

Let [v] denote the ~p-equivalence class containing v, and put
Vi ={v]|veV}.
We have the natural function

n:V—=Vu, ve[v]

Define vector space operations on V/ U by
v+ V] = [v+ V]
Av] =[]
for all [v],[v'] € V/U/ and X € F.

It must first be established that these operations are well defined, for they are defined by choosing
representatives of the equivalence classes, operating on these, and then forming new equivalence
classes, and not directly from the equivalence classes themselves. We must show that the result
does not depend on the particular choices made.

We show this to be the case for the addition of vectors, and leave it to the reader as an exercise
to show that the multiplication of a vector by a scalar is also well defined.

We need to show that if [u] = [u'] and [v] = [v/], then [u+ v] = [u' + V].

Now, if [u] = [u'] and [v] = [v'], then u ~y v’ and v ~y v/, or, equivalently,
u-—u,v-v ecU
Then

(04 v)— (0 4v) = (a— ) + (v — )
eU asu—u,v—-v eUandU <V

Hence, u+v ~y u’ + v/, or, equivalently,

[w+v]=[u"+v]
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It is now easy to verify that these definitions do, indeed, render V/ U a vector space over F.

We illustrate this by establishing VS1 (the associativity of the addition of vector), leaving the rest
to the reader as an exercise.

Take [u], [v], [w] € V/U. Then

[
[
=[u+(v+w) by VS1 for V
[
[

It is also easy to see that n: V — V/ U is a linear transformation, whose kernel is precisely U.

We illustrate this by establishing that n is homogeneous, leaving the rest to the reader as an
exercise.

For \e Fandv eV,
n(Av) = [Av]
=: A[v]

=A(n(v))

Observation 6.44. In fact, this is the only way of defining a vector space structure on V/ U with
respect to which 7 is a linear transformation.

Definition 6.45. If U is a vector subspace of V', then the quotient space of V- modulo U is V/ U
with the vector space operations just defined.

Example 6.46. Take V = R? with its usual structure as real vector space.
Then U := {(z,y) | y = 2z} is a vector subspace of V.

Thus (z,y) ~v (2/,y') if and only if (x — ',y — y') € U, which is the case if and only if y — ¢’ =
2(zx’). It follows that

[(z,9)] ={(z +ry+2r)|r R}

In particular, each [(z,y)] = [(0,y — 2x)] = [(x — £,0)].

In other words, each equivalence class contains a unique representative of the form (a,0), as well
as a unique one of the form (0,b). It follows that

T:RHV/U, z — [(z,0)]
is an isomorphism of real vector spaces, as is also
S:R—V/Uu, y+—10,y)]

Observation 6.47. The vector subspace, U in Example 6.46 can be expressed in the form Fv.
Since (z,y) € U if and only if y = 2z, every (z,y) € U must be of the form (z,2z) = (1, 2), with
2 being any real number whatsoever, whence

U=R(1,2)
and so

[(z,9)] = (z,y) + R(1,2)
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This has a convenient geometric interpretation.

U is the line, ¢, in the Cartesian plane through the origin and the point with co-ordinates (1,2),
and the equivalence class [(z,y)] comprises the (unique) line ¢ in the Cartesian plane parallel to
¢ and passing through the point with co-ordinates (x,y).

Recall from Chapter 1 on page 1 that an equivalence relation on a set is “essentially the same as”
partitioning the set in question, with the equivalence classes being the partitioning subsets. In
Example 6.46 on the preceding page we have partitioned the Cartesian plane, which we identify
with R?, into the family of all lines parallel to .

This illustrates that our algebraic considerations encapsulate geometry.

6.4 Homyp(V,W) and the Dual of a Vector Space

Another way of constructing a new vector space from two given vector spaces is to consider the
set of all linear transformations between then.

Definition 6.48. Let V and W be vector spaces over the field F.
We write Homp(V, W) for the set of all linear transformations from V' to W, so that

Homp(V,W) :={T:V — W | T is a linear transformation}

Define
B: Homp(V,W) x Homg(V,W) — Homg(V,W), (5,T)+— (SBT:V — W)
[: F x Homp(V, W) — Homz(V,W), (A\T)+— (AQT:V = W)
by
SBT:v— Sv)+T(v)
AOT: vi— AT (v)),

Theorem 6.49. If V and W are vector spaces over the field F, then Homg(V, W), as defined in
Definition 6.48, is a vector space over F, with zero vector

OHom]F(V,W): V—W, v 0w

One way to prove the theorem is to verify each of the eight axioms VS1 — VS8. Any reader, who
does not trust theoretical methods, is encouraged to do so, as the verifications are routine.

We provide, instead, and alternative, utilising the theory we have already developed.

Proof. Recall from Exercise 3.11 on page 43 (which was a generalisation of Example 3.18 on
page 36) that F(V, W), the set of all functions f: V — W, is a vector space over F with respect
to the operations we have just defined.

Since Homp(V, W) is a subset of F(V, W), it follows by Theorem 6.4 on page 63 that Homp(V, W)
is a vector subspace of F(V, W) — and therefore a vector space in its own right — if and only if
Homgp(V, W) is closed under the operations we have just defined.

In other words, all we need to do is to show that for all S, T € Homy(V, W) and A € F, both SHT
and AT are again in Homp(V, W), which is to say, that they are, in fact, linear transformations.

Take u,v € V and o, 8 € F. Then
(SBT)(cu+ pv) :==S(lau+ fv) + T(au+ fv)
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(aS(u) + BS(v)) + (aT(u) + T(v)) as S,T are linear

a(S(u) +T(u)) + B(S(v) +T(v)) as W is an [F-vector space
i a((SBT))(w) + A((SBT)) ()

AET)(au+ pv) := AT (au+ Bv)
= MaT(u) + T(v)) as T is linear
= (a(AT'(u)) + B(AT(Vv)) as W is an F-vector space
— a((AET) () + A(AET) ()

O

L(V,W) and Hom(V, W) are two common notations for Homp(V, W) when there is no ambiguity
about the field in question.

In the special case that W = F, Homg(V, W) is called the dual space of V.

Definition 6.50. The dual space of the vector V over the field F is Homp(V, F).
The elements of Homp(V,F) are called linear forms (on V).

We sometimes write V* for Homp(V,F).

Composition with the linear transformation 7': V. — W defines functions
T*: Hom(W,X) — Hom(V,X), S+—SoT
T.: Hom(U,V) — Hom(U,W), R+~—ToR

We investigate properties of these two functions.

Theorem 6.51. Let U, V, W, X be vector spaces over the fieldF. Let R, R': U — V,T:V — W
and S,S": W — X be linear transformations. Take o € F.

(i) (SBS)oT =(SoT)BH(S"oT):V —X
(ii) To(RBR)=(ToS)B(ToS): U —W
(i) (@@ S)oT =aB(SoT)=So(alT):V —X
Proof. Since, in each case, the linear transformations in question have the same domain and the

same co-domain as each other, it is sufficient to show that they assign the same vector in the
co-domain to a given vector in the domain.

For this, takeu € U and v € V.

(i)
(SEBS)oT)(v):=(SBS)T(v)) by the definition of composition
=S(T(v))+ S(T(v)) by the definition of B
= (SoT)(v)+ (S oT)(v) by the definition of composition
= ((SoT)E (S oT))(v) by the definition of B
(i)

T((RER')(u)) by the definition of composition
:=T((R(u) + R'(u)) by the definition of B
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=T((R(n)) + T(R'(u)) as 7' is a linear transformation
=: (T oR)(u)+ (T o R')(u) by the definition of composition
= ((ToR)HB (ToR))(u) by the definition of B
(iii)
(@@ 8)oT)(v) = (a T S)(TV))) by the definition of composition
=aS(T(v)) by the definition of [J
= a(SoT)(v) by the definition of composition
= (aB(SoT))(v) by the definition of [
(So(aB@T))(v):=S((aBET)(v)) by the definition of composition
= S(aT(v)) by the definition of [
=aS(T(v)) as S is a linear transformation
= a(SoT)(v) by the definition of composition
= (@B (SoT))(v) by the definition of [

Corollary 6.52. The linear transformation T: V — W induces linear transformations

T,: Homp(V,W) — Homp(V, X), R—ToR
T*: Homp(V,W) — Homyp (U, W), S+——SoT

Proof. Theorem 6.51 on the facing page (i) shows that 7™ is additive.

Theorem 6.51 on the preceding page (ii) shows that T is additive.

Theorem 6.51 on the facing page (iii) shows that both T* and T are homogeneous. O
Observation 6.53. Theorem 6.51 on the preceding page and Corollary 6.52, when applied to
finitely generated vector spaces, provide the basis for computation with matrices, explaining the

conditions imposed on matrices for them to be added and multiplied, as well proving, without
further argument, the properties of these algebraic operations on matrices.

6.5 Exercises

Exercise 6.1. Let C(R) := {f : R — R} be the set of all real valued functions defined on R.
C(R) is a real vector space with respect to point-wise operations (cf. Example 3.18 on page 36).

Decide which of the following subsets of C(R), are, in fact, vector subspaces.
(a) C°(R) :={f:R — R f is continuous}

] is continuous} (r € N\ {0})

dz” '

(c) (f(R))(mo) ={f:R—=R| f(zo) = 0}, where ¢ is a fixed real number.

(b) C"(R) :={f R >R

(d) (FR)),, :={f:R—=R[f(0)f(1) = 0}.
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Exercise 6.2. Show R? is generated as real vector space by
{(1’ 070)7 (1’ ]" 0)7 (]‘7 1’ ]‘)’ (07 O? 1)}

Exercise 6.3. Determine the vector subspace of R? generated by

1) {(0,1,2),(1,2,3)}
i) {(1,2,3),(1,2,4)}
(i)  {(0,1,2),(1,3,5)}
Exercise 6.4. Given vector spaces V and W over the field F, let
FV,W) = {f: V — W)}
be the set of all functions from V' to W.
Prove that F(V, W) forms a vector space over F with respect to point-wise operations and that
Homp(V,W) :={f: V — W | f is an F-linear transformation}
is a vector subspace of F(V, W).

Exercise 6.5. Find all vector subspaces of C2, when

(a) C2 is taken as a vector space over C.
(b) C? is taken as a vector space over R in the usual manner.

Exercise 6.6. Prove Theorem 6.26 on page 67: If V and W are vector spaces over F, then V@ W
is a vector space over [F with respect to the operations defined by

(v, W1) + (vo,w2) := (V1 + Vg, W1 + W)
Av,w) = (Av, Aw)

forall \ e F, v,vy, vy € F and w,wy,wy € W.
Exercise 6.7. Prove that U and W are vector subspaces of V' then
U+W=(UUW)

Exercise 6.8. Let U, W be vector subspaces of V, with UNW ={0y} and V=U 4+ W.
Prove that

T:-UsW —V, (uw)—u+w
is an isomorphism.
Exercise 6.9. Prove the R? is the internal direct sum of the subspaces

U:={(z,z) |z € R}
W:={(2y,y) |y € R}

Exercise 6.10. Prove that the vector space V is the internal direct sum of the subspaces U and
V' if and only if each v € V can be written uniquely as

vVv=u+w

withue U and w € W.
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Exercise 6.11. Let U be a vector subspace of the vector space V over the field F.
Define a relation ~y on V' by

v~y Vv ifandonlyif v —veU

a. Prove that ~y defines an equivalence relation on V.

Let [v] denote the ~y-equivalence class containing v, and put
Viv={v]|veV}.

We have the natural function
n:V—=Viu, ve—lv].

Define
B:V/uxViv—VY/u, (v,V)—+v]
X:FxV/iu—V/u, \WN)— .

b.  Prove the following statements.

(i) These definitions render V/{/ a vector space over F.
(ii) m: V — V/U is a linear transformation.
(iii) ker(n) ="U.
c. Prove that if W is any vector space over F and T: V — W is any linear transformation

withker(T') C U, then there is a uniquely determined linear transformation 7 : V/{/ — W such
that T'= T o n.In diagrammatic form

Ve———"Ww

Viu
[This is an example of a wuniversal property. You will meet universal properties if you pursue
further studies in mathematics, especially in category theory.]
Exercise 6.12. Prove Theorem 6.49 on page 73 by verifying directly that the axioms hold.
Exercise 6.13. Show that
U={(z,y,2) €ER® |z +y+2=0}
is a vector subspace of R3, and that
RYy~R
Exercise 6.14. Take vector spaces V, W and a linear transformation 7: V. — W.
Prove that
V/ker(T) = im(T)

[This central result is the Noether Isomorphism Theorem, sometimes called Noether’s First Iso-
morphism Theorem. The Noether in question being Emmy Noether (1882-1935), often referred to
as the father of modern algebra.|
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The art of doing mathematics consists in finding that special case which
contains all the germs of generality.

David Hilbert

Chapter

Linear Dependence and Bases

We saw in Chapter 6 that for each subset, S, of the vector space, V, there is a unique “smallest”
vector subspace, (S) of V containing all the elements of S. Theorem 6.17 on page 65 showed that
(.S is the intersection of all those vector subspaces of V', that contain all the element of S.

While this establishes both the existence and uniqueness of the vector subspace (S), it provides
no indication of how to find (S) directly from S.

We show how to do so in this chapter. The concepts and techniques we introduce have broader
application. For example, they provide the key to classifying vector spaces up to isomorphism.

All vector spaces are understood to be over a fixed field, F. We only mention the specific field in
concrete examples.

Definition 7.1. The vector, x, is a linear combination of the vectors in S if and only if there are
neN vy,...,vy, €S and \j,..., N\, € F with

n
X=ANVi+--+ A\ v, = Z)\lvl
i=1
The vectors in S are linearly independent (over F) if and only if for alln € Nand all vq,...,v, € S,
the equation
n

Z)\ivi:A1V1+"'+)\nV":0V (Ah...,)\nEF)

i=1
has only the trivial solution \; = --- A, = 0.
Otherwise the vectors in S are linearly dependent.
Example 7.2. Let V = R?, with its usual vector space structure over R.

Then (3,2) is a linear combination of (1,1) and (5,4), because

(3,2) = —2(1,1) + (5,4)

The vectors (1,1), (5,4) and (3,2) are linearly dependent, because
2.(1,1) + (—1).(5,4) + 1.(3,2) = (0,0)

The vectors (1,1) and (3,2) are linearly independent, because

A(1,1) + 1(3,2) = (0,0)

79
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if and only if

A+ 3 =0
A+ 2 =0
which, clearly, is the case if and only if A = 4 = 0.
Lemma 7.3. The vectors vi,...,vy, are linearly dependent if and only if at least one of them can

be expressed as a linear combination of the others.

Proof. Since vy, ..., v, are linearly dependent, there are A1,..., A\, € F, not all 0, with

Z )\jVj = Ov.

j=1

Suppose that A\; # 0. Then

)\ivi = — Z )\jVj

J#i
whence
V; = Z /J,jVj,

J#Fi

Withuj::_)\jelﬂ (G=1,....,n, j#1i). O
i

Theorem 7.4. If each w; (i =1,...,m) is a linear combination of v1,...,v,, then any linear
combination of Wy,..., Wy, 1S a linear combination of vi,...,Vv,.

Proof. Suppose that for each i =1,...,m

n
Wi = Zaijvj (=aavi+--ainvn)
Jj=1
If u is a linear combination of wy, ..., w,,, there are Aq,...,\,, € F with
m
u= Z AW
i=1
m n
-3 a)
i=1 j=1
m n
=3 ()
i=1  j=1
n m
= Z (Z )\iaijvj) as the summations are independent of each other
j=1 i=1
m
-3 (),
j=1 =1
n
= Z“J"’J
=1
m
where p; = Z/\iaij O
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Recall that (S}, the vector subspace of V' generated by the subset, S, of V| is the smallest vector
subspace of V' containing S. It is the intersection of all those vector subspaces of V' which have S
as a subset.

We can now provide an alternative and intrinsic description of it.

Corollary 7.5. Given S CV, (S) comprises all linear combinations of elements of S.

Proof. Let LC(S) be the set of all linear combinations of elements of S.

Le(S) == {) _A\v;|\j €F,v; €S forall j <n,neN}
j=1

By Theorem 7.4 on the preceding page, £C(S) is closed under the addition of vectors and the
multiplication of vectors by scalalrs.

Hence, by Theorem 6.4 on page 63 LC(.S) is a vector subspace of V.
By definition, S C LC(S).
Hence, (S) < LC(S).

For the reverse inclusion, note that by Theorem 6.4 on page 63, every vector space is closed under
forming linear combinations of its elements.

Hence, if U <V and S C U, then LC(S) < U.
Taking U = (S') completes the proof. O

We have shown that (.S') is obtained by taking all linear combinations of elements of S and we
have the following reformulation of the condition for the subset U of the vector space V' to be a
vector subspace.

U C V is a vector subspace of V' if and only if U is closed under linear combinations.

Lemma 7.6. Any non-zero vector is linearly independent.

Proof. If v # Oy, then, by (e) in Theorem 3.23 on page 38, A\v = Oy if and only if A = 0. O
Theorem 7.7. Let vy,...,v, be linearly independent.

If vi,..., vy, w are linearly dependent, then w is a linear combination of vi,...,v,.

Proof. Since vy, ...,v,,w are linearly dependent, there are A1,..., A\, +1 € F such that

A1Ve+ -+ Ap Vi + Appiw = Oy,
with not all A; = 0.
If A,+1 = 0, then our equation reduces to \yvy + -+ 4+ A, vy, = Oy

Since vi,...,Vv, are linearly independent, this has only the trivial solution \; = --- = X, = 0.

Thus, A\,+1 # 0, whence

n
W = E ,ujvj
j=1

Aj

Withuj:—)\ +1.
n
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Example 7.8. We saw in Example 7.2 on page 79 that (1,1) and (3,2) are linearly independent,
but (1,1),(3,2) and (5,4) are linearly dependent in R2. Plainly

(5,4) = 2.(1,1) + 1.(3,2)

Theorem 7.9. The vectors vi,...,vy are linearly independent if and only if any vector which
can be written as a linear combination of them can be written in this form in precisely one way.

Proof. As
X=AMVi+- -+ AV =V + o+ Vi

if and only if
(Ar = p)vi+ -+ (A — pn) v = Oy,

the expression of each vector x as a linear combination of vy, ..., v, is unique if and only if
MVL+ -+ Ve = 0y

has only the trivial solution 73 = --- =+, =0. O

Linear independence and the property of generating a vector space are closely linked to significant
properties of linear transformations, as the next theorem shows.

Theorem 7.10. Let T: V — W be a linear transformation. Then

(i) T is injective if and only if the vectors T(vy),...,T(vy,) are linearly independent in W
whenever vy, ...,v, are linearly independent in V.

(i) T is surjective if and only if T(S) generates W, whenever S generates V.

Proof. (i) Suppose that T is injective and that vq,..., v, are linearly independent in V. Then

Z A;jT(v;) = 0w if and only if T(Z Ajv;) = O, as T is a linear transformation.
j=1 j=1

if and only if Z \jv;vy € ker(T)

j=1
n
if and only if Z A;vi = 0y, as T is injective
j=1
if and only if each A; =0, as vi,...v, are linearly independent,

showing that T'(vy),...T(v,) are linearly independent in W.

Suppose, now, that T'(vy),...,T(v,) are linearly independent in W whenever vy, ..., v, are lin-
early independent in V.

Takeve V,v#0y €V.

Then v is linearly independent in V.

By hypothesis, T'(v) is then linearly independent in W.
Thus, T(v) # Oy, whence v ¢ ker(T).

Hence ker(T) = {0y }.
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By Lemma 5.14 on page 56, T is injective.

(ii) Suppose that T is surjective and that S generates V.
Take w € W.
Since T is surjective, there is a v € V with T'(v) = w.

Since S generates V, there are vq,...,v, € S and Aq,...,\, € F with

v=MVi+- -+ A\ Vp.

Since T is a linear transformation,
w=T)=TM\vi+- -+ XVy) =MD (V1) + -+ XT(vn),

showing that T'(S) generate W.
Conversely, suppose that T'(S) generate W whenever S generates V.
Since clearly V' generates V', T'(V) must generate W, that is, (T'(V)) = W.

Since T'(V) = im(T) is a vector subspace of W, it follows by Corollary 6.18 on page 66 that
(im(T)) = im(T).

Hence W = T(V), showing that T is surjective. O

Sets of vectors that are both linearly independent and generate a given vector space lie at the
heart of working with vector spaces, since their behaviour completely determines the behaviour of
the entire vector space. Such a set of vectors comprises a basis for the vector space in question.

Definition 7.11. Let V be a vector space over the field F. The vectors {e) | A € A} form a basis
for V if and only if they are linearly independent and generate V.

Example 7.12. By the definition of the standard real vector space structure on R?, {(1,0), (0,1)}
is a basis for R2. This is the standard basis for R2.
It is left as an exercise for the reader to verify that {(0, —1), (%, f%)} is also a basis for R2.

Theorem 7.13. The subset B of the vector space V is a basis for V if and only if every vector
'V can be expressed uniquely as a linear combination of the elements of B.

Proof. By definition, B is a basis for V if and only if B generates V and the laments of B are
linearly independent.

By Corollary 7.5 on page 81 B generates V if and only if every vector in V can be written as a
linear combination of the elements of B.

By Theorem 7.9 on the preceding page, the elements of B are linearly independent if and only if
no vector can be written as a linear combination of the elements of B in more than one way. [

Theorem 7.13 is useful for determining whether a given set of vectors forms a basis.
Example 7.14. The set of all solutions of the real differential equation

d?y

Tl

_ . d*f _
forms a real vector space, V. ={f: R > R | oz + f =0}
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From the theory of linear differential equations with constant coefficients (cf. MATH102), each
f € V can be expressed uniquely as

ffR— R, x+— Acosx+ Bsinx
Thus, the functions

cos: R — R, x+—cosx

sin: R— R, x+—sinx

form a basis for V.

It is left as an exercise for the reader to verify that the functions

el: R— R, z+—— cos(z+

[NIERENE]
N~—

e:R— R, x+— cos(z+

)

also form a basis for V.

The significance of bases is indicated by the facts, to be proved in Chapter 8 for the case of finitely
generated vector spaces, that any two bases for a given vector space must have the same number
of elements and that two vector spaces over a given field are isomorphic if and only if a basis for
one can be found with the same number of elements as a basis for the other.

It is therefore crucial to know when a vector space admits a basis. The answer is provided by the

next theorem.

Theorem 7.15. FEvery finitely generated vector space admits a basis.

Proof. Let S = {v1,...,v,} be a finite generating set for V.
As A0y = Oy for all A € F, we may assume, without loss of generality, that v; # 0y (j =1,...n).

We construct inductively a basis from S by omitting successively those elements of S which are
linearly dependent on their predecessors in the ordering induced by their subscripts.

Since vi # Oy, it follows from Lemma 7.6 on page 81 that v; is linearly independent.
Put e; :=vy.

Clearly, (e1) = (v1).

Now suppose that for j > 1 we have chosen ey, ...e; from S in such a manner that
(i) e1,...e; are linearly independent and

(i) (e1,...ej) = (Vi,...Vy,).

If (e1,...e;) =V, we are finished.

Otherwise, let n,,, be the least integer such that v, , & (e1,...e;), or equivalently, such that
ei1,...€;, vy, are linearly independent.

Put ;11 :=vy,,,.
Then ey, ...e; 1 are obviously linearly independent and (e1,...€;41) = (Vi,... V).

Since S is finite, this procedure must terminate after at most n steps. O

Example 7.16. The vectors (1,0), (1,1),(0,1) generate R? as real vector space.

Since A(1,0) + p(1,1) = (A 4+ p, ) = (0,0) if and only if g, A = 0, (1,0) and (1,1) are linearly
independent.
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As (0,1) = —(1,0) 4+ (1,1), (0,1) is a linear combination of (1,0) and (1,1).
Hence our procedure produces the basis {(1,0),(1,1)} for R? as real vector space.

It is left to the reader to verify that {(1,0), (1,1)} is, indeed, a basis for R2.

Observation 7.17. The statement of Theorem 7.15 on the facing page is still true without the
restriction to finitely generated vector spaces, but, of course, the above proof would not suffice
then. The more general statement requires the Axiom of Choice or some equivalent of it. This
would take us into the realm of formal set theory, which is not within the scope of this course.

Set theory lies at the basis of most of mathematics and it was through axiomatic set theory that
the theory of recursive functions, the theory of computability and the theory of Turing machines
arose. Thus, in addition to its centrality in the development of modern mathematics, set theory
is the historical, conceptual and theoretical parent of modern computing and modern computers.

7.1 Exercises

Exercise 7.1. Let T': V — W be a linear transformation of F vector spaces.
Show that if vq,..., vy are linearly dependent, then so are T'(vy),...,T(vg).

Find an example with vy,..., vy linearly independent and T'(vy),...,T(vg) linearly dependent.

Exercise 7.2. Find a basis for the vector subspace of R* generated by
{(1,1,0,0),(0,0,0,0),(1,0,0,1),(0,1,0,1),(1,-1,0,3)}

Exercise 7.3. Let B = {ey,...,e,} be a basis for the vector space V over the field F.

Show that V' is isomorphic with F(B), the vector space of all functions f: B — F.

Exercise 7.4. Show that {(0,—1), (
structure.

%, —%)} is a basis for R? with its standard vector space

Exercise 7.5. Show that the functions

e:R—R, zr—cos(x+7)
e:R— R, z+—cos(z+ %)

formabasisforV:{f:R%R|%—i—f:()}.
Exercise 7.6. Show that {(1,0),(1,1)} is a basis for R? as real vector space.
Exercise 7.7. Let B ={ey,...,en,} be a basis for the vector space V over the field F.

Prove that for every vector space, W, over F and every function, f : B — W, there is a unique
linear transformation 7': V. — W such that for all j € {1,...,m},

T'(ej) = ¢(ej)

This is the universal property of a basis, conveniently expressed by the commutative diagram
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Put differently, good general theory does not search for the maximum gener-
ality, but for the right generality.

Saunders MacLane

Chapter

Classification of Finitely
Generated Vector Spaces

Recall that two vector space over a given field are equivalent (as vector spaces) if and only if they
are isomorphic. This raises the classification problem for vector spaces:

Given vector spaces V and W over the field F, decide whether Vv =~ W.

This problem has an elegant solution. We can assign to each vector space, V', over the field F a
numerical invariant, its dimension, dimp(V'), which solves the classification problem completely.

Main Theorem (Classification Theorem). Given vector spaces V,W over the field F, V = W
if and only if dimp(V) = dimp(W).

This chapter is devoted to introducing the necessary concepts for and a proof of the Classification
Theorem for finitely generated vector spaces.!

The first concept we need is that of the dimension of a vector space.

Definition 8.1. Let V be a finitely generated vector space over F. The dimension of V' over F,
dimyp V', is the number of vectors in a basis for V.

Observation 8.2. Since the dimension of a vector space is defined in terms of the number of
elements in a basis for the vector space, it is not immediately clear that the dimension of a vector
space depends only on the vector space itself, and not on the choice of a particular basis.

Theorem 7.15 on page 84 solved part of the problem, at least for finitely generated vector spaces,
by proving that every finitely generated vector space does, indeed, have a basis.

To justify Definition 8.1, it then remains to show that any two bases for the same vector space
must have the same number of elements.

We formulate this in our next theorem.

Theorem 8.3. If {uy,...,u,} and {vy,..., v} are bases for the vector space V', then m = n.

We do not prove Theorem 8.3 immediately. Rather, it is a corollary to another theorem, which
we illustrate with an explicit example before formulating and proving it.

IThe theorem actually holds for all vector spaces. Since the general case uses the Axiom of Choice, we omit it.

87
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Example 8.4. Let U = (uy ,u2) be a vector subspace of V. Consider vy, vy, v3 € U, where

Vi =u; + us
Vo = —uj + Uz

V3 =up

We add suitable multiples of v; to vo and vs to eliminate u;, obtaining
Vi + Vg = 2112
Vi — V3 =u

It follows that

Vi —|- Vo = 2(V1 — V3)7
or

V1 7V2+2V3 :OV
Thus , we see that vi,ve and vs are linearly dependent.

Our next theorem shows that Example 8.4 is generic, and our proof follows the above calculation.

Theorem 8.5. Let U be a vector subspace of the vector space V.

If U can be generated by a set of n vectors, then any set of more than n vectors from U is linearly
dependent.

Observation 8.6. This apparently innocuous technical result, whose proof is just an extension
of the calculation in Example 8.4 is actually the key to many important results in the theory of
finitely generated vector spaces and its applications.

Proof of Theorem 8.5. We use induction on n.

n=1: In this case U = (u) for some u € V.
Take vq,...,v,, € U for some m > 1.

Then there are Aq,..., A, € F such that for each i € {1,...,m}
v = \u
If for some i, \; = 0, then v; = 0y, whence vy, ..., v, are linearly dependent.
If no \; =0, then
AoV — A\vy +0vs + - +0v,, = o A\ju — A au+ 0y +---0y
= OVa
showing that vq,...,v,, are linearly dependent.

n > 1: We make the inductive hypothesis that if a vector subspace, S, of V' can be generated
by n — 1 vectors, then every set of more than n — 1 vectors in S must be linearly dependent.

Let U := (uy,...,u,) be a vector subspace of V and put S := (us,...,u,).

If vi,...,Vm € U, then, for each i € {1,...,m} there are \;; € F 1 < j < n such that

n
V; = E /\Z-jui
Jj=1
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Suppose m > n.

If A;1 = 0 for every 4, then vq,...,v,,, € S and we have m > n > n — 1 vectors in the vector
subspace S of V' generated by n — 1 vectors.

By the inductive hypothesis, vi, ..., v,, must be linearly dependent.
Otherwise \;; # 0 for some 1.

Renumbering the vectors if necessary, we may assume that A;; # 0. Then, for each i > 1,

A1V — Apvi = Z(/\H)\ij - >\1:1/\1j)uj

Jj=1
n
= Z()\H)\ij - )\1'1/\1]')11]‘ as A11di1 — AitAnn =0
j=2
Thus if for ¢ > 2 we put w; := A11v; — \;1vy, we obtain m — 1 vectors, wa, ..., W,,, in S.

Since S is generated by n — 1 vectors and m — 1 > n — 1, it follows from the inductive hypothesis,
that wq,...,w,,_1 are linearly dependent.

Hence there are ag, ... a,, € F, not all 0, such that

W2 + + -+ + Wy, = OV'

Putting a1 := —asAa1 — ... — amAm1, we have

a1Vi + aaA11Ve + -+ A1 vy, = Oy
Since A\11 # 0, at least one ;A1 # 0, showing that vy, ..., v,, are linearly dependent. O

Corollary 8.7 (Theorem 8.3 on page 87). Let {uy,...,u,} and {vy,..., v} be bases for the
vector space V. Then m = n.

Proof. Since uy,...,u, form a basis for V, we have V = (uy,...,u,).

Since vq,...,Vv,, form a basis for V, the vectors vy,...,v,, € V are linearly independent.
Hence, by Theorem 8.5 on the preceding page, m < n.

Reversing the roles of the us and the vs, it follows that n < m.

Thus m = n. O

Observation 8.8. By proving Theorem 8.3 on page 87 we have completed showing that, in the
case of finitely generated vector spaces, the notion of the dimension of the vector space V', dimp V,
defined in Definition 8.1 on page 87 as the number of vectors in a basis for V', is well defined, as
it depends only on the vector space in question, and not on the choice of basis.

For this reason, finitely generated vector spaces are often also called finite dimensional vector
spaces

Before we continuing our study of vector spaces and linear transformations, we deduce further
corollaries which will prove to be useful, especially in applications of linear algebra.

Corollary 8.9. Let V' be a vector space of dimension n. If vi,...,v, are linearly independent,
they must generate V' (and hence form a basis for V).
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Proof. Take any x € V.
Since dim V' = n, V is generated by a set of n vectors.
Hence, by Theorem 8.5 on page 88, the n + 1 vectors vq,...,Vv,,x must be linearly dependent.

Since v, ..., v, are linearly dependent, it follows from Theorem 7.7 on page 81 that x is a linear
combination of vi,...,v,.

Thus (vy,...,v,) =V. O

Corollary 8.10. Let V' be a vector space of dimension n. If vi,...,v, generate V, they must be
linearly independent (and hence form a basis for V).

Proof. Since (vy,...,v,) = V, it follows by the method used in the proof of Theorem 7.15 on
page 84, that some subset of {vy,...,v,} containing ¢ < n vectors must be linearly independent
and still generate V', thus forming a basis for V.

But dim V = n. By Theorem 8.3 on page 87, ¢ = n.
Thus, vq,..., Vv, must be linearly independent. O
We combine Corollary 8.9 on the preceding page and Corollary 8.10 in the next theorem.

Theorem 8.11. Let V' be an n-dimensional vector space, that is dimp V = n.

Given vy,...,v, € V, the following are equivalent.

(i) vi,...,vVy, are linearly independent.

(ii) (vi,...,vn) =V, that is, v1,...,V, generate V.
(11i) {v1,...,Vvn} is a basis for V.

Our next result is a refinement of Theorem 7.10 on page 82.

Lemma 8.12. Let V and W be finite dimensional vector spaces, {vi,...,v,} a basis for V and
T:V — W a linear transformation.

(i) T is injective if and only if T(v1),...,T(vy) are linearly independent.
(i) T is surjective if and only if T(v1),...,T(v,) generate W.

(i1i) T is an isomorphism if and only if {T(v1),...,T(vn)} is a basis for W.

Proof. (i) =: Suppose that T is injective and that \;T(vy) + -+ + A\, T(vy,) = Opp.
By the linearity of T, T'(A1vi + -+ + Ay vy) = Oy

Thus, by the injectivity of T, A\yvy + -+ A,vy, = 0y

But vq,...,v, are linearly independent.

Hence Ay = -+ = A, = 0, showing that T'(vy),...,T(v,) are linearly independent.

(i) «:  Suppose that T(vy),...,T(v,) are linearly independent and take x € V.

n
Since {v1,...,v,} a basis for V, x = ijvj, for uniquely determined z1,...,x, € F.
i=1

n
Since T is a linear transformation, T'(x) = ijT(vj).
j=1



91

Hence, x € ker(T) only if
Z%’T(Vj) = 0w
j=1

Since T'(v1),...,T(vy) are linearly independent, z; = --- = x,, = 0.
Thus x = 0y, showing that T is injective.

(ii) =: Suppose that T is surjective and take y € W.

By the surjectivity of T, y = T'(x) for some x € V.

Since (Vi,..., V) =V, x=Avi+ -+ AV,

Since T is a linear transformation, y = T'(x) = MT(v1) + -+ + AT (vy).
Thus T(v1),...,T(v,) generate W.

(ii) «: Suppose that T'(vy),...,T(v,) generate W.

Takey € W.

Theny = MT(vy) + -+ AT (Vin), since T'(vy),...,T(vy,) generate W.
Since T is a linear transformation, y = T'(x) for x = A\e; + -+ + A\jpepn.

Thus T is surjective.
(iii) Exercise. O
Corollary 8.13. Let T: V — W be a linear transformation.

(a) If T is injective, then dim(V) < dim(W).

(b) If T is surjective, then dim(V') > dim(W).

Proof. Exercise. O

Corollary 8.14. Let T: V. — V be an emndomorphism of the finitely generated vector space,
V. Then the following are equivalent.

(i) T is injective.
(i) T is surjective.

(i1i) T is an isomorphism.

Proof. Let {vi,...,v,} be a basis for V, and consider {T'(vy),...,T(vn)}.
By Theorem 7.10 on page 82, T is injective if and ounly if T'(vy),...,T(v,) are linearly independent.

As dim(V') = n, it follows from Theorem 8.12 on the facing page, that T'(vy), ..., T(v,) are linearly
independent if and only if they generate V.

By Theorem 7.10 on page 82, T'(v1),...,T(v,) generate V if and only if T is surjective.
This shows that (i) and (ii) are equivalent.
Hence, each of (i) and (ii) is equivalent to T’s being a bijective linear transformation.

By Theorem 5.19 on page 57 this is equivalent to T’s being an isomorphism. O

The following example show that Corollary 8.14 does not hold when V is not finitely generated.
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Example 8.15. Put V := F[t], the vector space of all polynomials in the indeterminate ¢ with
coefficients in F.

n n
T:V —V, g ajtj — g ajthrl
j=0 §=0
is an injective endomorphism which is not surjective.

Corollary 8.16. F™ = F” if and only if m = n.

Proof. Plainly, only the “only if” part requires proof.
Let T: F™ — F™ be an isomorphism.
The standard basis for for F™, {(1,0,...,0),...,(0,...,0,1)}, is a basis for F™

By Corollary 8.12 on page 90(iii), the m vectors T'(1,0,...,0),...,7(0,...,0,1) comprise a basis
for F™.

Since the standard basis for F” contains n vectors, it follows from Theorem 8.3 on page 87 that
m=n. O

The choice of a basis for the finitely generated vector space V' is really the choice of an isomorphism
V — F", where n = dimp V', as we show in the next theorem.

Theorem 8.17. Let V be a finitely generated vector space over F. Then dimp V = n if and only
if V is isomorphic with F™.
Proof. =: Let ey,...,e, be a basis for V.

By Theorem 7.13 on page 83, each x € V' can be written uniquely as

n
X = E acjej
j=1

with z1,...,z, € F.

In other words, we have a bijection

T:V—F" x+— (21,...,%n)

We show that T is a linear transformation.

Forx =z1e1+---xpep, y=v1€1+---+ypep, € Vand \,u e F

T(Ax+ py) = T()‘inei +sziei)
i=1 i=1

= T(Z()\iﬂi + pyi)ei)

i=1
= (Az1 4 py1, - -, ATy + 1yn)
=Xz, xn) Yy, -5 Yn)
= AT(x) + puT(y)
Being a bijection linear transformations, T" is, by Theorem 5.19 on page 57, an isomorphism.
«<: Let S: F® — V be an isomorphism and ey, ..., e, the standard basis for F".
By Lemma 8.12 on page 90, {S(e1),...,S(en)} is a basis for V, whence dimp(V) = n. O
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Corollary 8.18 (Classification Theorem for Finitely Generated Vector Spaces). Two
finitely generated vector spaces over the same field are isomorphic if and only if they have the same
dimension.

Proof. By Theorem 8.17 on the preceding page, two finitely generated vector spaces over the same
field have the same dimension, n, if and only if they are both isomorphic with F™. O

Observation 8.19. The Classification Theorem for Finitely Generated Vector Spaces provides
us with a complete answer to the question “When are two finitely generated vector spaces over F
isomorphic?”.

But its significance does not end there. The proof of the theorem makes it clear that if V is a
finitely generated vector space over I, then there are as many different isomorphisms V' = F” as
their are choices of a basis for V.

Choosing a basis for V is the same as choosing an isomorphism V = [,

This is the first step to the use of matrices for calculations involving linear transformations between
finitely generated vector spaces.

Theorem 8.17 on the facing page can also be formulated in terms of direct sums, illustrating the
close relationship between various conceptions and constructions introduced earlier, which, at the
time, seemed to have nothing to do with each other.

Theorem 8.20. Let V be a finitely generated vector space over F. Then
VF®. - -oF,

where the number of copies of F in the direct sum is precisely the dimension of V.

Proof. By Theorem 8.17 on the preceding page, it is enough to show that the dimension of F&- - -BF
is n, the number of copies of F in the direct sum.

By Theorem 7.13 on page 83, the n vectors (1,0,...,0),(0,1,0,...,0),...,(0,...,0,1) comprise a
basis — called the standard basis — for F&® --- @ F. O

We provide another model for finitely generated vector spaces.

Theorem 8.21. Every finitely generated vector space over the field F is isomorphic with one of
the form F(X,F)={f: X — TF| f is a function}.

Proof. We present the essential idea for a proof, leaving the details as an exercise for the reader.
Let X = {eq,...,e,} be a basis for the vector space V over F.

Then the function

T:{f: X — | f is a function} — V, f’%if(elj)ej

=1
is an isomorphism of vector spaces over F.

O

Observation 8.22. The classification of finitely generated vector spaces in this chapter shows
that several of the examples of vector spaces provided in Chapter 3 are essentially the same
vector spaces, but presented differently — they are isomorphic as vector spaces. For example,
Theorem 8.21 asserts that Examples 3.13 on page 35 and 3.18 on page 36 define isomorphic vector
spaces when and only when the set X in Example 3.18 on page 36 has precisely n elements.
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Observation 8.23. By the definition of infinite direct sums, Theorem 8.20 on the previous page
holds even without the restriction to finite dimensional spaces.

In the case of vector spaces which are not finitely generated, Theorem 8.21 on the preceding page
requires replacing the vector space

{f: X — F| f is a function}
by its vector subspace
{f: X — F| f is a function withf(z) # 0 for only finitely many = € X}

as in Exercise 7?7 on page 77.

8.1 The Universal Property of a Basis

We have shown that every finitely generated vector space has a basis, and that the number of
vectors in a basis for a fixed vector space is independent of the choice of basis. This enabled a
complete classification of finitely generated vector spaces over a fixed field up to isomorphism in
terms of a single intrinsic numerical invariant, the dimension, which is the number of vectors in
any basis for V.

Example 3.13 on page 35 showed that for every natural number n, F” admits a standard vector
space structure, and we have seen in this chapter that every finitely generated vector space is
isomorphic to precisely one such vector space, namely F9™ V' with the choice of a basis providing
an isomorphism.

Hence, up to isomorphism, finitely generated vector spaces over a field are in bijection with N, the
set of all natural numbers.

While this is already sufficient to justify the importance of bases, they have another property
with far-reaching consequences. Specifically, a basis does not only determine a vector space up to
isomorphism, it also determines completely all linear transformations defined on a vector space.

Theorem 8.24 (Universal Property of a Basis). Let B be a basis for the vector space V' over
the field TF.

Given any vector space W over F and any function f: B — W, there is a unique linear trans-
formation T: V — W with T(e) = f(e) for every e € B.

This is expressed diagrammatical by

Observation 8.25. The significance and practical importance of Theorem 8.24 cannot be over-
stated. For it shows that every linear transformation, 7', defined on V is completely determined
by the values T takes on any basis for V, and that we can assign any value to any of the vectors in
such a basis — we are free to choose the values of T on the basis vectors in any way whatsoever.

This is particularly useful when F is an infinite field, for then it reduces an in principle infinite
calculation to a finite one.
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We expressed this property in the form of a universal property because universal properties play a
central role in modern mathematics. As the reader will meet more examples when studying more
advanced topics, we have taken this opportunity to work through an example.

Proof of Theorem 8.24. The commutativity of (x) is equivalent to f = T 0 i};.
Given e € B. Then

T(e) = T(ig (e))
= (Toig)(e)
= f(e)
This forces the definition of T.

For given v € V, there are uniquely determined n € N, ey,...,v,, € B and z1,...,z, € F with

n
VvV = E a;jej
j=1

Hence, in order for T to be a linear transformation satisfying the requirements, we must have

T(v) = ijT(ej)

:Z%‘f(ej)

The only possible definition of T is. therefore,

TV — W, il‘je]‘ — ixjf(ej)

j=1 =1

It is plain from the discussion above, that T is a function.

n n
To see that T is additive, take v = Z zje;, v = Z ze; € V. Then
j=1 j=1

Tv+v)= T(ijej + Zx;ej)

= T(v)+ T

To see that T is homogenous, and hence a linear transformation, take o € F. Then

T(av) = T(a E”: xjej)
j=1
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= T(Za(%‘eg‘))
= T(Z(axj)ej>

8.2 Exercises

Exercise 8.1. Let C*°(R) be the real vector space of all smooth — that is, infinitely differentiable
— real-valued functions of a real variable. Put

a2 f

Vi={feC®R)| Tz

+f =0},

Prove that V is a real vector space, and that it is isomorphic to P;, the real vector space of all
real polynomials of degree less than two.

Exercise 8.2. Let V and W be vector spaces over the field F, B be a basis for V, C a basis for
W and ¢ : B — C a function.

By Exercise 7.7 on page 85, or Theorem 8.24 on page 94, there is a unique linear transformation
T :V — W such that T'(v) = ¢(v) for all v € B.

Prove that this T is an isomorphism if and only if ¢ is bijective.

Exercise 8.3. Let V be a finitely generated vector space over F and W a vector subspace of V.
Prove that if dimp(W) = dimp(V'), then W = V.

Exercise 8.4. Prove that every finitely generated vector space over F is (isomorphic with one) of
the form

F(X,F):={f: X — F| f is a function}

Exercise 8.5. Put V := R[t], the vector space of all polynomials in the indeterminate ¢ with
coefficients in R.

Prove that

n n
. a; .
LV —V, Y at) — > -/
= ’ prfR

is an injective endomorphism, which is not surjective.
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Exercise 8.6. Given a field F and n € N, define

) :{{xl xn] | 21,...,2, € F}

Z1
F(n)Z{ |m1,...,xn€F}
T
For [a:l xn},{yl yn} and A\ € F, define
O N PR [ PR
)v[:cl xn}:[)\:cl )\:cn]
1’1 yl
For [...|,| : | and A € F, define
ol |Yn
1 _yl_ _551 + U
S I N :
xn _yn_ _gjn+yn
_xl- _)\xl
A =
Ty ATy,

Show that both F(™) and F(,,y are vector spaces over IF with respect to these operations, and that
each is isomorphic with F", that is,

Fny & F"* 2 F™)
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If T only had an hour to solve a problem, I would use the first 55 minutes
to pose the right question. For once I have formulated the right question, I
would be able to solve the problem in less than five minutes.

Albert Einstein

Chapter

Matrix Representation of a
Linear Transformation

We have developed the theory of vector spaces and linear transformations far enough to classify
vector spaces over a fixed field up to isomorphism (at least for finitely generated vector spaces),
thereby answering one of the central questions in linear algebra. Moreover, our answer is a par-
ticularly satisfying one, since whether or not two (finitely generated) vector spaces over the same
field are isomorphic can be decided by calculating a single numerical invariant for each — its
dimension — and the two vector spaces are isomorphic if and only if these two natural numbers
are the same.

While this single result would be enough to justify the effort we have expended and the concepts
we have introduced, our labours have actually borne more fruit, for we have made possible prac-
tical applications to many concrete situations. In this chapter we show how the theory we have
developed can be used to devise and apply convenient computational methods.

9.1 Introducing Matrices

We restrict attention to finitely generated vector spaces over a fixed field F and exploit the fact
that every finitely generated vector space admits a basis to introduce computational techniques
of great power and practical importance.

Definition 9.1. Given counting numbers m and n, an m X n matrix with coefficients in IF, or an
m X n matriz over F is an array of mn elements of F, A, arranged in m rows and n columns.

We write

ailr A1n

A =
m1 " Amn

or, more compactly,

A=ful

mxXn

where a;; € F is the coefficient in the ith row and j** column, or (i, )™ coefficient, of A.

99
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We write M(m x n;F) for the set of all m x n matrices over F, and M(n;F) when m = n.

Observation 9.2. The reader has met matrices in Example 3.16, where a vector space structure
was introduced in an ad hoc manner, without any motivation or justification. Our discussion here
will correct this.

Observation 9.3. In Exercise 8.6, the sets F,,) and F(™ were defined and a vector space structure
was introduced for each in an ad hoc manner.

The elements of F(,,) are sometimes referred to as column vectors and those of F(™) as row vectors.

Both of these vector spaces are isomorphic with F™. In fact the reader may have observed that the
difference between the three vector spaces F™, F(™) and [, is, essentially, notational — we have
an n-tuple of elements of I, a row of n elements of F and a column of n elements of F respectively,
and the operations are defined element-by-element. It is tempting to conclude that they are, in
fact, the same vector space. But this temptation should be resisted. For while in this case we
have the obvious isomorphisms

F* —s F(), (T1,.yTp) — |21 -+ @y
T
Fn—>F(n), (.rl,...,l‘n)l—>
Ty

there are numerous other vector spaces isomorphic with each of these, in situations where there
is no immediately obvious isomorphism and, even more importantly, there are many practical
applications which require us to use different isomorphisms between F" and F(,, as we shall
illustrate.

Another reason for distinguishing these three obviously isomorphic vector spaces is provided by
Definition 9.1, which makes it apparent that

F(n) = M(n X 1;]F)
F(™ = M(1 x n; F)

Thus, while M(m x n;[F) simultaneously generalises both F(,,) and F(™) | there is no such imme-
diately obvious relationship between F™ and M(m x n;[F).

Let {e1,...,e,} be a basis for the vector space V and {f;,...,f,,} for W. Let T: V — W be a
linear transformation.

Convention. When W = V', we assume that the same basis has been chosen in the co-domain
as in the domain, unless otherwise specified.

Each x € V' can be expressed as a linear combination of ey, ..., e, in precisely one way, say as,
n
X=z1€ + - +xe, = E zje; (9.1)
j=1

withz; e F (j=1,...,n).

Similarly, each y € W can be written uniquely as
m
y = ylfl + -+ ymffn == Z yzfz (92)
i=1

withy, e F (i=1,...,m).
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Put y = T'(x). Then, since 7' is a linear transformation,

y =T

=T(> zje;)
j=1

= szT(ej)

This means T is completely determined by T'(e;) (j=1,...,n).

Since T'(e;) e W (j=1,...,n),

T(ej) = Z anl
=1

for suitable (uniquely determined) a;; € F (i=1,...,m, j=1,...

It now follows from (9.3) and (9.4) that

i yifi = ixj(iaijfi)
i=m i=1

j=1
= i (ixjaij)fl
i=1  j=1

101

(9.4)

(9.5)

We use matrices to rewrite this. This is our first step to developing convenient computational

methods.

Since we have fixed a basis for V and a basis for W, we can use the uniqueness of the expressions

in Equations (9.1), (9.2) and (9.4) to represent x € V,;y € W and T: V — W by

Z1 Y1 ai; - A1n
, and
Tn Ym Am1 e Amn

respectively. We rewrite Equation 9.5

Y1 air - A1n Z1

Ym Gm1 e Amn Tp

(9.6)

Observation 9.4. For the moment, this is just notation and nothing else. Think of it as merely a

way of storing the data from which the linear transformation can be reconstructed. No algebraic
operation has been defined here, even if the reader correctly anticipates further developments. It
is important to realise that, at this stage, this is no more than a convenient notational convention.

Having introduced this notation to represent vectors and linear transformations, we turn to defining

algebraic operations which reflect the operations we introduced earlier on vectors and on linear

transformations.
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Definition 9.5.

.
Ln
is the coordinate vector of the vector x € V' with respect to the basis {e1,...,e,} for V and
aix - Qip
_aml o Amn
is the the matriz of the linear transformation T:V — W with respect to the bases {e1,...,e,}

for V and {f1,...,f,} for W.

Observation 9.6. We see from Definition 9.5 that the number of rows of the matrix of a linear
transformation is the dimension of the co-domain and the number of columns is the dimension of
the domain of the linear transformation.

Observation 9.7. It is immediate form Equation 9.4 and Definition 9.5 that the j*® column of
the matrix of 7' with respect to the basis {e; [ 1 < j < n} for V and {f; | 1 <i < m} for W,

a1y

amj

is the coordinate vector with respect to the basis {f; | 1 < i < m}, of T'(e;), the image under T' of
e;, the j1 basis vector for V.

Theorem 9.8. The matrix of idy : V — V with respect to any basis for V is
ln = [6ij]n><n

where d;5 is Kronecker’s “delta”

0 otherwise

The matriz of the zero linear transformation, 0: V. — W, v —— Oy, with respect to the bases
{e1,...,e,} for V and {f1,... £} for W is

01 xn = [Tijlmxn

with x5 = 0 for all ¢, 7.

Proof. The first statement follows from the fact that, for all 7,
idy(e;) = e;

and the second from the fact that, for all j

O(Gj) = OW
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Definition 9.9. 0,,.,, is the (m x n) zero matriz and 1, the (n x n) identity matriz.

Observation 9.10. The matrix representations of the vector x € V and the linear transformation
T:V — W as

T (235 Q1n
and

Tn mi - G
depend critically upon the choice of bases for V' and W, as the next examples illustrate.
Example 9.11. Take F:=R, V :=R3 W :=R? and T : V — W, (2,y,2) — (x,7).
Choose e; :=(1,0,0), e := (0,1,0), e3 := (0,0,1) € V and f; := (1,0), £ := (0,1) € W.
We verify that the above vectors do, in fact, forms bases for V' and W respectively.

Take x = (z,y,2) € V = R3. Then x = z1e; + 1€, + x3e3 if and only if
($7y72) = fEl(].,0,0) + iCQ(O, 170) + x3(0707 ]-) = ($1,$2,$3)

so that 1 = x,x9 = y,x3 = z is the unique solution. The expression being unique, {e1,eq,e3}
does form a basis for R? and the coordinate vector of (z,y,z) € R3 with respect to the basis
{61, €9, 63} is

T

Y
z

An analogous calculation shows that {fi, fo} is a basis for W = R? and that the coordinate vector
of (u,v) € R? with respect to the basis {f,f} is

H

S
—
o

.
-
|

7(1,0,0) = (1,0) = f; = 1f, + 0f
T(0,1,0) = (0,1) = fo — Of, + 1f;
T(e3) = T(anal) = (0?0) = OW = Of1+0f27

|
—~
]
DN
~

I

the matrix of T with respect to the bases {e1,eq,e3} for V and {f;,f5} for W is
1 0 0
010

The matrix version of T'(z,y, z) = (x,y) is thus

I

T
Y
z
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Example 9.12. Take F:=R, V :=R3 W :=R?and T: V — W, (z,y, 2) — (z,y).
Choose e; := (1,0,0), ez :=(1,1,0), ez :=(1,1,1) € V and f; := (0,1),f, := (1,1) e W.
We verify that the above vectors form bases for V' and W respectively.
Take x = (z,y,2) € V = R3. Then x = z1e; + 12e; + x3e3 if and only if

(fE,y7 Z) = xl(lv Oa O) + 1'2(1, 170) + IE3(1, 13 1) - (1'1 + ) + T3,T2 + 1’3,1’3)

so that 3 = 2,29 = y — 2,21 = = — y is the unique solution. Since the expression is unique,
{e1,eq,e3} forms a basis for R, and the coordinate vector of (z,y,2) € R® with respect to the
basis {e;, ez, e3} is

r—=y

y—z
z

To see that {f;,fy} is a basis for W = R?, note that (u,v) = y1f; + yof if and only if

(U,’U) = yl(ov ]-) +y2(]—7 ]-) = (y%yl +y2)7

which has the unique solution y» = u, y; = v —u showing that the coordinate vector of (u,v) € R?
with respect to the basis {f1,f2} is

S
—
o

.
-
|

T(1,0,0) = (1,0) = —1f; + 1f;
T(1517O) = (1’1) Ofl +1f2
T(e3) = T(1,1,1)=(1,1) = 0f; + 1f3,

N
—
©]

N
~—
I

the matrix of 7" with respect to the bases {e1, ez, e3} for V and {f;, £y} for W is

-1 0 O
1 11

The matrix version of T'(x,y, z) = (x,y) is thus
y—x -1 0 0 vy
= Yy—z
T 1 1 1
z

Example 9.13. Let F[t] be the set of all polynomials in ¢ with coefficients from F. This is a
real vector space with respect to the usual addition of polynomials and the usual multiplication
of polynomials by constants:

Recall that as polynomials

m n
Z aiti = Z (thj
7=0

=0
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if and only if m =n and a; = b; for each i € {1,...,n}.

Plainly, the subset, P,,, of F[t] consisting of all polynomials, whose degree does not exceed n, forms
a vector subspace of F[¢].

Take F =R,V =W =P, and

d
TV —W, p|—>p’:$(p),

where for p = ag + - - - + a,t"

p = ai +2ast + -+ na,t" !

Choose the vectors e; =f; = 1,eg =f, =t,e5 =f3 =12 € V(=Ww).

To see that these form a basis of Ps, observe that the definition of a polynomial means that every
element of Py can be written uniquely as a linear combination of e, es and es.

It follows that the coordinate vector of a + bt + ct? € P, with respect to the basis e, es, €3 is

a
b
C
Since
d
T(e1) = %(1) =0 = 0f + 0f; + 0f;
d
T(QZ) = %(t) =1 = 1f; + 0fy + 0f;
d
T(e3) = —(t*) =2t = 0f; + 2f, + 0f;,

dt
the matrix of T' with respect to the bases {e1,e2,e3} for V and {f;, f5,f3} for W is

o O O

1
0
0

S N O

The matrix version of T'(p) = p’ with respect to these bases is thus

b 0 1 0| |a
2c¢| = (0 0 2| [b
0 0 0 0] [c

Example 9.14. We continue with the vector space V in the previous example.
Choose e; =t?,es=t,es=1cVandfi=1H=t+1,f5=t>+1cW.
Plainly {e;, eq, e3} forms a basis for V, as it is just a re-ordering of our previous basis.
To see that {fy, fs,f3} forms a basis of Py, note that p(t) = a + bt + ct? = y1f) + yofs + ysfs if and
only if
a+bt+ct? =y +ya(t + 1) +y3(t* +1) = (y1 +ya + y3) + yat + yat?,

which is the case if and only if y1 =a —b—c¢,y2 = b,y3 = c.
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The coordinate vector of a + bt + ct?> € V with respect to the basis {e1,e9,e3} is therefore

c

a

and that of a + bt + ct?> € W with respect to the basis {f, fo, f3} is

(o —b—c
b
| c
Since
d
T(e1) = d—(;ﬂ) = 2z = —2f; + 2f, 4 0f3
x
d
T(e2) = d—(m) = 1 = 1f; + 0f, + Of;
x
d
T(es) = df(l) = 0 = 0f; + 0f, + 0fs,
x
the matrix of T with respect to the bases {e1, ez, e3} for V and {f, f5,f3} for W is
(2 1 0
2 0 0
0 0 O

The matrix version of T'(p) = p’ with respect to these bases is thus

b — 2¢ -2
2c =
0

SO

1
0
0

o O O

2
0

Q

9.2 The Relationship between Linear Transformations and

Matrices
We have shown that choosing bases B = {e1,...,e,} for the finitely generated vector space V and
C ={fy,..., £, for W allows us to represent each linear transformation T: V.— W by an m x n

matrix, A, with coefficients in the field of scalars F.

We have seen that the matrix depends not only on the linear transformation itself, but also on
the choice of the bases. In particular, the order of the vectors in a given basis matters, for the j"
column of A is the coordinate vector of T'(e;) with respect to the basis {fi,...,f,} for W. We
summarise the dependence of the matrix on the order of the basis vectors.

Permuting the basis vectors for the domain of T" permutes the columns of A.
Permuting the basis vectors for the co-domain of 7' permutes the rows of A.
The fact that the choice of bases for V' and W determines for each vector in V' (resp. W) a unique

co-ordinate vector and for linear transformation 7: V — W a unique matrix representing it
means that choosing bases defines functions

T
ﬁB:V—>F(n), Vi—

Ln
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Y1
Be: W — Fpy, wr—
Ym
and
air - Qln
Mg c: Homp(V,W) — M(m x ;F), T+—
Umi G

as detailed above.

These functions, the key to calculations, have very pleasant features, the first of which we state in
the next theorems.

Theorem 9.15. For the basis B = {ey,...,e,} for the F-vector space V', the function

T
BB V. — F(n), VvV —
Ln

when v = E xj;ej, is a bijection.
Jj=1

Proof. That (g is a bijection is as restatement of the fact that every element of V' can be expressed
as a linear combination of the elements of B in precisely one way. O

Observation 9.16. The reader may have noticed that if we take F(,) with the vector space
structure introduced in an ad hoc manner in Exercise 8.6, then 8z becomes in isomorphism.

Moreover, when F(,) and F(,,) are taken with this vector space, making merely notational ad-
justments to the proof of Theorem 5.9 shows directly that Homg(F(,),F(,,)) is in bijection with
M(m x n;F).

This is true more generally.

Theorem 9.17. Choose the basis B = {e1,...,e,} for the F-vector space V', and the basis C =
{f1,.... £} for W.

The function
aiy -+ Gin
Mgc : Homp(V, W) — M(m x n;F), T+
am1 Amn

m

when T'(e;) = Zaijfi (1 <j <n) is a bijection.
i=1

Proof. That Mg is a bijection follows from the universal property of bases (Theorem 8.24). For

ailr - Qln

A:

am1 e Amn
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is the matrix of T': V' — W with respect to B and C if and only if

e ) = iaijfi
i=1

As it determines the values T' takes on a basis for V, A = Mg ¢(T) determines T' uniquely. O

9.3 Algebraic Operations on Matrices

We introduce algebraic operations on matrices to reflect the algebraic operations on the linear
transformations they represent, which were introduced in Chapter 6 — we can multiply a linear
transformation by a scalar, we can add two linear transformations between the same vector spaces
and we can compose two linear transformations when the co-domain of one agrees with the domain
of the second.

9.3.1 The Matrix of the Scalar Multiple of a Linear Transformation

Let B={ey,...e,} be a basis for V and C = {f,...,f,,} a basis for W. Then the matrix of the
linear transformation 7: V' — W with respect to B and C is

A= [aij} € M(m x n; F)

mxn

where

m
e ) = Zaijfi
i=1

so that the coordinate vector of T'(e;) with respect to C is

a1y

amj

Take A€ F. For 1 < j < n,

(AR T)( T(e) ) by Definition 6.48

m

(S

=1
m

>/

(Aai)f;

i=1

Hence, the coordinate vector of (AKX T')(e;) with respect to C is

/\Cllj

)\amj
from which it follows that the matrix of A XT with respect to B and C is

P\aij]an € M(m x n; F)

This motivates our definition of the scalar multiple of an m X n matrix.
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Definition 9.18. The multiplication by a scalar of an m xn matriz over the field F is the function

X:FxM(mxn;F) — M(m x n;F), (/\, [aij]7an) — [Aaijlmxn
In other words,

the matrix resulting from multiplying by the scalar, )\, the matrix representing the lin-
ear transformation, 7', is the matrix representing the linear transformation obtained by
multiplyin 7" by A.

Notational Convention. We write AA for K(A, A).

Observation 9.19. We note that there is no restriction on the matrix in question when it is to
be multiply it by a scalar.

Observation 9.20. Let B be a basis for V and C a basis for W, with dim V = n and dim W = m.

It is immediate from Definition 9.18 that function
Mgc : Hom(V,W) — M(m x n;F)
defined in Section 9.2, is homogeneous.
Example 9.21. We consider the linear transformation
T:R*> — R?  (z,y) — (z+2y,3z —y)
Then
37:R? — R?, (x,y) — 3(z + 2y, 3z — y) = (3z + 6y, 92 — 3y)

Using the basis {(1,0), (0,1)} for each of the vector spaces, the matrix of T is

1 2
3 -1

A:

and that of 3T is

3 6
9 -3

By Definition 9.18,

b

9.3.2 The Matrix of the Sum of Linear Transformations

|
|

Let R: V — W be a linear transformation, whose matrix with respect to B and C is

B:@ﬂ € M(m x n; F)

mXxn
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so that the coordinated vector of R(e;) with respect to C is

blj
b
For 1 < j <n,
(THR)(e;) =T(e;) + R(ej) by Definition 6.48
= Zaljfi + Zb”fl
i=1 i=1

Hence, the coordinate vector of (T'H R)(e;) with respect to C is

aj + blj

Qmj +bmyj
from which it follows that the matrix of T'H R with respect to B and C is

[aij + bi]} € M(m x n; F)

mXxn

This motivates our definition of matrix addition.

Definition 9.22. For counting numbers m and n, addition of m X n matrices with coefficients in
the field F is the function

H: M(m X n;]F) X M(m X n;]F) — M(m X n;F), ([aij}mxn, [bij]an) — [Clij + bij]mxn
In other words,

the sum of the matrices representing the linear transformations 7' and R, is the matrix
representing 7' H R, Is the sum of the linear transformations 7" and R.

Notational Convention. We write A + B for H(A,B).

Observation 9.23. We note that two matrices can be added if and only if they each have the
same number of rows and each have the same number of columns.

This is because two linear transformations can be added if and only if they have a common domain
and a common co-domain. The dimension of the domain is the number of columns of any matrix
representing a linear transformation and the dimension of the co-domain is the number of rows.

Observation 9.24. Let B be a basis for V' and C a basis for W, with dimV = n and dim W = m.

It is immediate from Definition 9.22 that function
Mgc : Hom(V,W) — M(m x n;F)

defined in Section 9.2, is additive.
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Observation 9.25. Observation 9.20, Observation 9.24 and Theorem 9.17 show that for each
choice of a basis B for V' and a basis C for W, the function

Mpgc: Homp(V,W) — M(m x n;F)
is, in fact, an isomorphism of vector spaces.
Example 9.26. We consider the linear transformations

T:R*> — R? (z,y) — (z+2y,3z —y)
R:R* — R?  (2,y) — (22 + 4y, —5z + Ty)

Using the basis {(1,0),(0,1)} for each of the vector spaces, the matrix of 7" is

1 2
3 —1

and that of R is

A=

|
|

The sum of these linear transformations, T'+ R, is the linear transformation
T+R:R? —R?% (x,9) — (x4 2y,3z —y) + (2z + 4y, =5z + Ty) = (3z + 6y, —2z + 6y)
whose matrix is
5
-2 6
By Definition 9.22,

142 2+4
3+(=5) —-1+47

14

9.3.3 The Matrix of a Composite Linear Transformation

The final operation on linear transformation investigated in Chapter 6 was composition. We
introduce an algebraic operation on matrices to represent composition of linear transformations.

To compose two linear transformations, the domain of the second must be the co-domain of the
first.

Consider finitely generated vector spaces, U, V, W, with dimU = p, dimV =n and dim W = m.
Take bases B = {dy,...,d,} for U, C = {ey,...,e,} for Vand D= {fy,...,£,} for W.
Take linear transformations S: V — W and T: U — V.

Let the matrix of S with respect to C and D be

A= {aij} € M(m x n; F),

mxn
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the matrix of T' with respect to B and C be
B=|by] eM@nxpF)
nxp
and the matrix of S o T with respect to B and D be

C= [Cik} € M(m x p;F)

mxp

By our earlier discussion this means that

T(dg) = ijkej for each k (9.7)
j=1
S(e;) = Zaijfi for each j (9.8)
i=1
(SoT)(dg) = Zcikej for each k (9.9
i=1
Then
(SoT)(dy) = S(T(dr)) by definition
= S( Z bjkej> by Equation (9.7)
j=1
= Z bjrS(e;) as S is a linear transformation
j=1
= Z bjk ( Z aijﬂ) by Equation (9.8)
j=1 i=1
= Z (Z bjkaijfz>
j=1 i=1
= Z (Zaijbjkﬂ) as F is a field
j=1 i=1
= Z (Z aij bjkfl) as the summations are independent
i=1  j=1
=2 (Z aijbjk)fz‘ (9.10)

Since {f1,...f,,} is a basis for W, out follows from Equations (9.9) and (9.10), that for all ¢, k
Cikk = Zaijbjk (9.11)
j=1

This motivates our definition of matrix multiplication.

Definition 9.27. For counting numbers m,n and p, multiplication of an m x n matriz (on the
right) by an n X p matriz over the field F is the function

[ : M(m xn;F) x M(n x p; F) —s M(m x p; F), ([aj} ) ,[bjk} Xp) — [Zaijbjk]

mXxp
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In other words,

the product of the matrices representing the linear transformations S and 7, is the
matrix representing S o T', the composition of the linear transformations S and 7.

Observation 9.28. We note that two matrices can be multiplied if and only if the number of
columus of one (the one on the left) is the same as the number of rows of the other.

This is because two linear transformations can be composed if and only if the domain of the second
one top be applied is the co-domain of the other.. The dimension of the domain is the number of
columns of any matrix representing a linear transformation and the dimension of the co-domain
is the number of rows.

Notational Convention. We write A B for (A, B).

Example 9.29. We consider the linear transformations

T:R*> — R? (z,y) — (z+2y,3z —y)
S:R* — R? (u,v) — (2u + 4v, —5u + Tv)

Using the basis {(1,0), (0,1)} for each of the vector spaces, the matrix of T is

1 2
3 -1

(o]
I

and that of S is

2 4

A:
-5 7

The composition of these linear transformations, S o T, is the linear transformation
SoT:R* —R? (u,v) — S(x+2y, 3z —vy)
= (2(x+2y) + 43z — y), —5(x +2y) + 7(32 — v))
= (14, 11z — 17y)

whose matrix is

14 0
11 —17

By Definition 9.27,

2 41 2] [ 2x1+44x3  2x244x(-1)
—5 7|3 1| |[(-B) x14+7x3 (=5)x2+7x(-1)

140
11 =17

Since the matrix operations we have defined represents operations on linear transformations be-
tween finite dimensional vectors spaces, we can interpret properties of linear transformations as
properties of matrices.



114 CHAPTER 9. MATRIX REPRESENTATION OF A LINEAR TRANSFORMATION

We illustrate this by defining left and right inverses for matrices. Recall that if T: V — W is a
linear transformation, then S: W — V is right (resp. left) inverse to T if and only if T0 S = idy
(resp. SoT =idy), and S is inverse to T if and only if it is both left and right inverse to 7.

Since we choose a fixed basis for each vector space, the identity linear transformation on a p-
dimensional vector space is represented by the p x p identity matrix 1,,.

This motivates our next definition.

Definition 9.30. Given an m x n matrix, A, the n X m matrix, B, is

(i) left inverse to A if and only if

BA=1,

(ii) right inverse to A if and only if

AB=1,

(ili) inverse to A if and only if

AB=1, ad AB=1,

The matrix A is invertible if and only if it has an inverse.

Observation 9.31. Since A an m X n matrix, B must be an ¢ x m matrix for B A to be defined.

Since 1, is an » X n matrix, a necessary condition for the ¢ x n matrix B A to be 1,, is that £ = n.

n?
Lemma 9.32. Let V and W be finitely generated vector spaces.

The linear transformation T: V — W is an isomorphism if and only if every matriz representing
it is invertible.

Corollary 9.33. If the m x n matrixz, A, is invertible, then m = n.

Proof. The result follows immediately from the Classification Theorem for Finitely Generated
Vector Spaces. O

Proof. Exercise. O

9.3.4 Matrix Algebra

In Section 6.4, we saw that the set of all linear transformations between given vector spaces is
again a vector space and investigated algebraic operations on this vector space.

The introduction of algebraic operations on matrices to represent the operations in Section 6.4,
allows us to translate results about linear transformations into statements about matrices, as
foreshadowed in Observation 6.53.

Theorem 9.34. For o, € F, A,B,C € M(m xn;F),D,E € M(n xp;F) and G € M(p x ¢;F),
(i) (A+B)+C=A+(B+C)

(”) A+men:A:men+A

(iii) A+ (-A)=0,,,=(-A)+A
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(iv) A+B=B+A
(v) (AD)G=A(DG)
(vi) Al
(vii)  A(D +
(vi) (A+BD=AD
(viii) 1A =A
(iz) a(A+B)=aA+aB
(r) (a+B)A=aA+BA
(zi)  (aB)A = a(BA)
(zii) (cA)D = a(AD) = A(aD)
(ziii)  La:M(n x p;F) — M(m x p;F), X+ AX is a linear transformation.

(ziv) Rp: M(m x n;F) — M(m x p;F), X+ XD is a linear transformation.

Proof. No further proof is required, because, by Definitions 9.18, 9.22 and 9.27, the statements
simply reformulate, in the language of matrices, results proved in Chapter 6. O

Observation 9.35. Theorem 9.34 (i), (ii), (iii), (iv), (viii), (ix), (x) and (xi) show that M(mxn;F)
is a vector space over [F.

The following theorem now follows from immediately Observations 9.20 and 9.24.

Theorem 9.36. If V is an n-dimensional vector space over F and W an m-dimensional one,
then choosing a basis B for V' and a basis C for W provides isomorphisms

BB 'V — ]F(n)
ﬁc W — F(m)
Mgc : Homp(V, W) — M(m x n; F)

Observation 9.37. Since F(,,) = M(mx1;F) and F(™) = M(1xn;F), we obtain a “natural” vector
space structure on M(m x n;F) which simultaneously extends both the vector space structure on
F(m) and that on F(),

By inspection, these are precisely the vector space structures we introduced in an ad hoc manner
in Exercise 8.6.

This allows us to classify all linear transformations between vector spaces of these forms.
Theorem 9.38. (a) The function

is a linear transformation if and only if there are a;; € F (i =1,...,m, j=1,...,n) such that
for all i

n
Yi = g Qi T 5

j=1
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(b) The function

T Y1
T:Fy — Fim, =]
Tn Ym
is a linear transformation if and only if there are a;; € F (i=1,...,m, j=1,...,n) such that
for all i
n
Yi = Z Qij T 5

j=1

Proof. A proof can be obtained by copying the proof of Theorem 5.9 on page 54, making only
notational changes. O

Corollary 9.39. (a) The function
T:F™ — Fm)
is a linear transformation if and only if there is an n x m matriz, B, such that for each x € F(,)

T(x)=xB

(b) The function
T: F(n) — F(m)
is a linear transformation if and only if there is an m x n matriz, A, such that for each x € F(,)

T(x)=Ax

Proof. The corollary directly follows from Theorem 9.38 and the definition of matrix multiplica-
tion.

. with a,¢ as in Theorem 9.38. [

Note that the matrix A is [aiﬂ . and the matrix B is [aji]

Observation 9.40. By Corollary 9.39, a linear transformation from F(™ to F(®) is multiplication
(on the right) by and n x p matrix and a linear transformation F, to F(,,) is multiplication (on
the left) by an m x n matrix. Moreover, these matrices do not depend on choosing bases.

It is this feature which makes [F(,,) our preferred “standard” vector space of dimension n over F.

Every other vector space of dimension n over F is isomorphic with this, with an isomorphism
being the same thing as choosing a basis. Choosing bases for V' and W also assigns to each linear
transformation, T: V — W and m X n matrix A compatible with the isomorphisms arising from
the chosen bases.

In other words, we obtain a commutative diagram
V—/—/——-"->W
Bp | = = B

Fn) ——F(m)
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We could have chosen F(™ in lieu of F(n), equally well. But, had we done so, the matrix representing
T would need to be written on the right, and the matrix representing the composition of linear
transformation would be the product of the matrices representing each linear transformation, but
with the order reversed. We prefer to avoid this inconvenience.

9.4 Another Look at Matrix Multiplication

The vector space structure we have defined on M(m x n;F), the set of all m X n matrices over
F, renders it isomorphic with the vector space of all linear transformations V' — W, whenever
dimp(V) = n and dimp(W) = m.

We have also seen that this vector space structure simultaneously extends the vector space struc-
ture on F(,,) and that on F(™). We examine this aspect more closely.

The key observation is an obvious one: an m X n matrix can be regarded as comprising m rows,
or as n columns.

Definition 9.41. Given the matrix A = [a;;] € M(m x n; F), its it" row is

mxn

rit = ag oo ai,) € FO)

and its j% column is
ayj
Cc = € F(m)

amj

The next theorem, which assists working with matrices, is a direct consequence of the vector space
structures on M(m x n;F),F(") and F(m), together with the construction of the direct sum of
vector spaces is the availability of two isomorphisms.

Theorem 9.42. The functions
M(mxn;]F)—)@F("), A (o2 R
i=1

M(mxn;F)—)@F(m), An—>(clé,...,cé)
j=1

are both isomorphisms.

Theorem 9.42 allows us to regard the rows of the m x n matrix A as m vectors in F(") and its
columns as n vectors in F,y,).

Definition 9.43. The column space of A € M(m x n;F) is the vector subspace of F,,) generated
by

A .
{[A1<j<n)
and its row space is the vector subspace of F(™) generated by

{2 1<i<m}
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We can now investigate the relationship between the rows (resp. columns) of the product of two
matrices and the rows (resp. columns) of the matrices being multiplied.

Take A = [aj]mxn, B = [bjk]nxp and C = [¢ix]mxp and suppose that C = A B, that is
n
Cikzzaijbjk (1<i<m, 1<k<p)
j=1

Observation 9.44. An observation, which is useful in many applications, follows directly from
our definitions:

_ A B
Cij =T; C;

The kth column of C is obtained by fixing k, in which case we obtain

C1k a11b1g + - + arnbuk
Cmk _amlblk +--+ amnbnk
ai1big a1nbnk
_amlblk amnbnk
a1 A1n
= |t b+ o+ || bk
_aml Amn

Thus, for C=AB

n
c _ Ay
Ck *an‘ ik
j=1

In other words:

The k™ column of A B is the linear combination of the columns of A given by the
entries in the ™ column of B.

We can apply this to solving systems of linear equations. We represent he system of m equations
in 7 unknowns

a1y + - 4+ apT, = b
(1)

am1T1 + -+ GpnTn = by
by the matrix equation

Ax = b,
where

T bl
A= [aij]mxn; X = and b=

Tn, by
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Theorem 9.45. The system of equations, (1), has a solution if and only if b is in the column
space of A.

Now fix ¢ instead of k.

Ci1 Cip:| = [ailbu + A ambpr o apbip o+ ainbnp]
= |:a/i1b11 c ailblp:| + o+ |:a'inbn1 c ainbnp]
= a1 |:b11 e b1p1| _|_ . _|_ Qin [bnl . bnp:|

Thus, for C=AB

B
J

I

I
-

C— ..
= @i T

2

In other words:

The i row of A B is the linear combination of the rows of B given by the entries in the
i row of A.

Observation 9.46. An important consequence is that such operations on the rows (resp. columns)
of a matrix as the elementary row (resp. column) operations can be performed by multiplying the
given matrix on the left (resp. right) by a suitable matrix.

In particular, Gaufsian elimination for solving systems of simultaneous linear equations by reducing
a matrix to (reduced) row echelon form can be achieved using matrix multiplication. We shall
return to this later.

9.5 Matrices Representing the Same Linear Transformation

In order to represent a linear transformation between finite dimensional vector spaces by a matrix,
we need to choose a basis for each of the vector spaces in question, and the resulting matrix
depends not only on the linear transformation itself, but also on the particular bases chosen. It
is, therefore, natural to ask:

What is the relationship between two matrices representing a linear transformation be-
tween finitely generated vector spaces?

This section is devoted to answering this question.

We know that each finitely generated vector space is determined up to isomorphism by a single
(numerical) invariant, its dimension, which is the number of vectors in any basis for it.

Moreover, we have also seen that if dimp V' = n and dimyp W = m, then any matrix representing
the linear transformation 7': V' — W must be an m X n matrix over F. One immediate, necessary
condition for two matrices to represent one and the same linear transformation between two finite
dimensional vector spaces is that they both be “of the same size”.

The following example shows that this necessary condition is not sufficient.

1 1
Example 9.47. No linear transformation can be represented by both [O ﬂ and [0 8] .
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One way to see why these matrices cannot represent the same linear transformation is to observe
that any linear transformation represented by the former must be bijective, whereas no linear
transformation represented by the latter can be either injective or surjective. (We leave it to the
reader to contemplate why these statements are true. The reasons will become evident later.)

To determine when two matrices represent the same linear, consider a linear transformation
T:V — W from the n-dimensional vector space V' to the m-dimensional vector space W.

Choose bases B = {ey,...,e,} and B’ = {e],...,e),} for V as well as bases C = {f1,...,f,} and
C'={f],...,f } for W.

Let A = [a;j]mxn be the matrix of T with respect to the bases B for V' and C for W, and
A = [@};]mxn the matrix with respect to the bases B’ for V and C’ for W, so that

T(ej) = Zaijfi and T(e;) = Za”f{
i=1 i=1

Finally, we express the basis vectors in B, (resp. C’) as linear combinations of the basis vectors
in B, (resp. C),

n m

/ E : / z :

€y = )\jgej and fk = ,u,kfz
j=1 i=1

In other words, the co-ordinate vector of e, with respect to the basis B and that of f;, with respect
to C are, respectively,

Aie Hik
: and :
Anf Hmk
We form the n x n matrix L := [\;], ., and the m x m matrix M := [u;] . .

Take v € V and let T'(v) = w € W. Then

n
v = E e
=1

n
But v = E xjej, with the x;’s unique. So z; = g Ajexy, or
j=1 =1

/
T A1 o A sl

/
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m m
Similarly, if w e W, w = Zy;ez = Zykek, with
k=1 k=1

/

hn M1l .. Him hn
Ym Hm1l -+ Hmm y;n
Consequently,
Y1 M1 --. Him i
Ym _,Ufml o Nmm_ _y;n
H11 s Him a’lll ce a/ln ‘rll
_Hml C. Mmm_ _a’/ml . a;nn :L';L

On the other hand,

Y1 ai ... Qip T
Ym Gm1 cee OQmp Tp
i 1T /
ail . A1n )\11 . )\1n Ty
/
Gml -+ Qmn| |[An1 oo Apn| |2,

In other words, both AL and M A’ are the matrix of T with respect to the basis B’ for V and C
for W.

By the uniqueness of the matrix of a linear transformation with respect to given bases,

AL=MA'

This leads us to the next definition and theorem, summarising the above.
Definition 9.48. The matrix

/\11 )\ln
Anl oo Ann

n
where e} = Z Aje€j, is the change of basis matriz (from the basis {€}} to the basis {e;}).
j=1

Of course, M := | : is also a change of basis matrix.
Hm1 oo Mmm

We now summarise the above in convenient form.
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Theorem 9.49. If A and A’ are the matrices of the linear transformation T:V — W and if
L and M are the change of basis matrices from the bases which give rise to A’ to the bases which

give rise to A, then

MA'=AL

This is expressed by the commutative diagram

A/
Fn) > Fm)

Bs ﬁc/
T

—>W

2\

Fin) > Fm)
A

I
<
=

=
o5

Corollary 9.50. If A and B are the matrices of the linear transformation T:V — V and if M
is the change of basis matriz from the basis which gives rise to B to the basis which give rise to

A, then, for any counting number n,

B"=M'A"M.
Proof. By Theorem 9.49, MB = A M, or, equivalantly, B = M~'A M. Thus,

B"=M'AM)"
=M 'TAM)M 'AM)--- (M 'AM)
=M 'AMM HAMM ') (MM HAM by associativity
=M 'A"M since MM ™' =1,

Observation 9.51. Examples 2.4, 2.5, 2.6 and 2.8 are applications of this corollary.

4 —
Example 9.52. Let 1 03] to be the matrix of a linear transformation 7:V — V with

respect to the basis {e1, es} of the real vector space V.
Note that dimg (V) = 2.
Put

/
e :=3e; + e

/
e, :=e€e1t+e;

Direct calculation shows that

/

e = (e} —ey)

N =N =

e = 5 (—e1 +3ey)
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Since each e; is a linear combination of the e;s, it follows from Theorem 7.4,
V= <elveQ> - <e/1’e/2> cv

This shows that the two vectors €] and e}, generate V.

Since dim V' = 2, it follows from Theorem 8.11, that {e],e,} is also a basis for V.

Let v € V have co-ordinate vector [Tl with respect to {e, e2} and [xl with respect to {e],e}}.
s Y

As wey +yey = (3z +y)er + (z +y)es,

rl |3 1] |z

sl |1 1] |y|’

and since re; + sex = %((r —s)e] + (—r+ 35)e’2),

M1 w1

It follows that the matrix of T with respect to the basis {e],e}} is

S | s L

Observation 9.53. The reader should compare Example 9.52 with Example 2.4.

Observation 9.54. Every n x n matrix with coefficients in F is the matrix of a linear transfor-
mation 7' : V — V. It is natural to ask:

Which linear transformation is represented by the change of basis matrix L?

To answer this, note that when we change the basis, we do not change V: Each vector v € V
is left unchanged, only the co-ordinate vector we assign to it changes. In other words, L is the
matrix of the identity linear transformation idy: V — V, v — v.

9.6 Exercises

1 0
Exercise 9.1. Prove that if the linear transformation 7' : V' — W has matrix [0 0 with
respect to some bases, then it is neither injective nor surjective.

1 1
Exercise 9.2. Prove that if linear transformation 7' : V' — W has matrix [0 ] with

o

o

respect to some bases, then it has a right inverse, but no left inverse.

Exercise 9.3. Let T : R? — R? be rotation about the y-axis through an angle of §. Show that
T is a linear transformation of R? to itself and find a matrix representation of T with respect to
the bases

(a) {(1,0,0),(0,1,0),(0,0,1)} for both the domain and co-domain;
(b) {(1,0,0),(0,1,0),(0,0,1)} for the domain and {(1,0,0), (1,1,0),(1,1,1)} for the co-domain;
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(c) {(1,0,0),(1,1,0),(1,1,1)} for both the domain and co-domain;
(d) {(1,0,1),(0,1,0),(—1,0,1)} for both the domain and co-domain.

Exercise 9.4. Show that the linear transformation T': V. — W is an isomorphism if and only if
every matrix which represents it is invertible.

Exercise 9.5. Use the definition of the multiplication of a linear transformation by a scalar to
define a multiplication of matrices by scalars.

Exercise 9.6. Prove that if the m x n matrix A is invertible, then m = n and its inverse is
uniquely determined.

Exercise 9.7. Let {e1,e3} be a basis for the vector space V and T: V' — V a linear transforma-
tion.

Show that in each of the following cases {e},e}} is also a basis for V and find the matrix A’ of T'
with respect to the basis {€], e, } given that its matrix with respect to {e1,es} is A.

4 —4
(a) €] :=2e;+ ey, e):=e; and A := L O]

(b) e :=(V2+1)e; —ey, ey:=e; +(V2+1)e; and A := [

2 5

Exercise 9.8. Prove Theorem 9.34 by direct calculation, using only Definitions 9.9, 9.18, 9.22
and 9.27.



The traditional mathematician recognizes and appreciates mathematical el-
egance when he sees it. I propose to go one step further, and to consider
elegance an essential ingredient of mathematics: if it is clumsy, it is not
mathematics.

e 10

Rank and Nullity

Edsger Dijkstra

Associated with each linear transformation 7: V' — W are two vector subspaces:

(a) the kernel of T, ker T', which is a vector subspace of the domain of T, V;

(b) the image of T, im T', which is a vector subspace of the co-doain of T', W.

These subspaces contain crucial information about 7" and we investigate them and their relation-

ship to each other.

Definition 10.1. The rank of T, rk(T), is the dimension of im(7") and the nullity of T, n(T), is
the dimension of ker(7T):

rk T := dimy (im T")
n(T) := dimg (ker T')

When the domain of the linear transformation T: V' — W is finitely generated, the rank and the
nullity of determine each other.

Theorem 10.2. Let T: V — W be a linear transformation.

If V is finitely generated, then tk(T) 4+ n(T) = dim V.

Proof. Let {e1,...,ep,} be a basis for ker(T).

Extend this to a basis {e1,...,ep4q} of V.

We show that {T'(ep+1),...,T(eptq)} is a basis for im(T).
Take w € im(T).

Then w = T'(v) for some v € V.

p+q
Since {e1,...,eptq} is a basis for V, there are A1,..., Apyq with v = Z)\jej. Thus,
i=1

Ptq
w=Twv)=T Z)\jej
j=1

p+q

= Z/\jT(eg‘)

125
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ptaq
= Z AT (ej) since T'(e;) = Oy for all j < p,
Jj=p+1

showing that {T'(ept1),...,T(€ptq)} generates im(7T').
If )\p+1T(ep+1) + -4+ )\p+qT(ep+q) = Ow, then

/\p+1ep+1 + -+ )\p+qep+q € ker(T) = (el, ey ep>

Thus Apr1€pt1 + -+ Aptg€ptq = p1€1 + - - - + ppe,. whence,
Ptq

Z )\jej = Ov,
j=1

where \; = —p; for j > p.
As {e1,...,ep 4} is a basis for V, \; = 0 for all j. In particular, A\,;; =0 fori=1,...,q.

Thus T'(ep+1),--.,T(eptq) are linearly independent. O

Corollary 10.3. Let T: V — W be a linear transformation. Then
V 2 ker(T) & im(T).

Proof. Exercise. O

Lemma 10.4. Let T: V — W be a linear transformation .

(i) T is injective if and only if n(T) = 0.
(i) If W is finitely generated, then T is surjective if and only if tk(T) = dimp W.
Proof. Let T: V — W be a linear transformation.
(i) n(T)=0if and only if ker(T") = {0y } if and only if T is injective.
(ii) =: Immediate from the definition.
<: Suppose that rk(7T") := dimp(im(7)) = dimp(W) = n.
Let {ej,...,e,} be a basis for im(T).

Then {ey,...,e,} is a set of n linearly independent vectors in the n dimensional vector space W.

By Theorem 8.11 on page 90, {e1,...,e,} is a basis for W, showing that im(7T") = W. O

The hypothesis that W be finitely generated cannot be dispensed with in Lemma 10.4(ii), as our
next example shows.

Example 10.5. Consider T': R[t] — R[t] given, heuristically, by

T(ao +ait+---+ ant4) = apt + %a1t2 +ot %Ha"tn+l

By the definition of a polynomial, {1,¢,#2, ...} is a basis for R[t].
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Clearly, {t,t2,...} is a basis for im(7).
Thus im(T") # R[t], as 1 € im(7T); in other words, T is not surjective.

Since the function
{1,6,62,...) — {t,12,.. .}, s 7L

is a bijection between our basis for R[t] and a basis for im(7T"), we have dimp(W) = rk (T').

10.1 Rank and Nullity for Matrices

When we restrict attention to finitely generated vector spaces, we may choose a finite basis for
each vector space. As we saw in the previous chapter, choosing bases allowed us to introduce
matrices for calculating with linear transformations, with algebraic operations on matrices defined
to reflect operations on linear transformations.

This allows us to introduce the notions of rank and nullity for matrices, but first, we review the
relevant parts of last chapter.

Choosing a basis, B = {ey,...,e,}, for the vector space, V, and a basis C = {f1,...,f,,} for the
vector space, W, is the choice of isomorphisms

T n
V — Fy, Vi | forv:ijej
x =1
Y1 m
W — F ), wi— | for w=">"yif;
=1
Ym

and an isomorphism
Hom(V,W) — M(m x n;F), T +— A = [aij]lmxn

where, for each 7,

T(ej) =Y aifi
i=1

The algebraic operations on matrices were so defined that the coordinate vector of the image of
a vector under the linear transformation is obtained by multiplying (on the left), the coordinate
vector of the original vector by the matrix of the linear transformation.

In other words, when x is the coordinate vector of v € V with respect to B, y the coordinate
vector of w € W with respect to C, and A the matrix of T" with respect to B and C,

T(v)=w ifandonlyif y=Ax

We also showed in Theorem 9.42 on page 117, that the m x n matrix, A, may be regard a
comprising n “columns”

A= [clé c,ﬂ

The above allows us to compute the matrix A:
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cjé, the ;™ column of A, is the coordinate vector of T'(e;) with respect to C.

Further, Theorem 9.42 on page 117 allows us to regard the rows of the m xn matrix A as m vectors
in F(™ and its columns as n vectors in F(;,)- This lead to the introduction in Definition 9.43 on
page 117 of the column space and the row space of the matrix A as, respectively

A A A

(R cné> < Fiy and (7.t < FO
The column rank and the row rank of the matrix A, are the dimensions of these spaces.
Definition 10.6. The column rank of A := [a;;]mxn is the dimension of its column space
colrk(A) := dimy ({c1,...,Cpn))
and its row rank is the dimension of its row space

rowrk(A) := dimg ((r1,...,Tm))

The null space of A is N(A) := {x € F,,) | Ax = 0} and the nullity of A is the dimension of its
null space

n(A) = dims(N(A))

Observation 10.7. When A is the matrix of the linear transformation 7', then the column space
of A corresponds to the image of 7" and the null space of A corresponds to the kernel of T" under
the isomorphisms defined by choosing bases.

Hence, we may identify the column rank of A with the rank of T'.

We can apply the above to solving systems of linear equations. We represent the system of m
equations in n unknowns

anzr1 + - 4+ apT, = b

am1T1 + -+ GpnTn = by
by the matrix equation

Ax=Db,
where

z1 by

(=g
I

A = [aij]mxn, xX=: and

Tn bm

Theorem 10.8. The system of equations, (1), has a solution if and only if b is in the column
space of A.

Proof. Immediate. O

The central fact about the row rank and the column rank of a matrix is surprising: they agree.

Theorem 10.9. The row rank and the column rank of a matriz agree.
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Proof. Let A := [a;|mxn have row rank p and column rank gq.

Let r; € F(,,y be the i-th row and c; € F(™) so that

alj

cji=| : and r; = [ail am} (i=1,...,m, j=1,...,n).

Amj

Since the column rank of A is not altered when we permute the columns of A, and since the
row rank is unaltered by permuting its rows, we may assume, without loss of generality, that
{c1,...,¢cq} and {ry,...,r,} are linearly independent.

Suppose that ¢ < n.

Then ¢, is a linear combination of {cy,...,¢c,—1}, say
Cn =Q1C1 + -+ p—1Cp—1

so that

n—1
ain:ZOéjaij (i=1,...,m).

i=1

Define the vector subspace W of F(") by
n—1

W = {[-731 .. xn] c F(n) | T, = Zajxj}
j=1

Then, plainly, r; € W, for each i.

Hence, the row space of A
Vi=(r1,...,rm)

is a subspace of W.

Let A’ be the m x (n — 1) matrix obtain from A by deleting its nth Ecolumn c,, and r};, € F(»~1)
the ith row of A’.

The function
T:V — F=1, [X1 - @p_1 xp] — 21+ @p_1]

is clearly a linear transformation.
Since T'(r;) = r}, im(7T') is the row space of A’.
Thus, the rank of T is the row rank of A’.
Take [z1 - - xy] € ker(T).
Then T'([x1---zp]) = [1- - Tp_1] =[0---0,] whence z; =0 for 1 < j < n.
Since z,, = nzlozjzj, we have x,, = 0 as well.
j=1

Hence ker(T) = {[0---0,]}, so that n(T") = 0. It follows that

rowrk(A') = rk(7)
=dim(V) — n(T) by Theorem 10.2
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= dim(V) asn(T) =0
= rowrk(A)

Thus A and A’ have the same row ranks and the same column ranks.

If p < m, we may eliminate the last row, r/,, from A’ to form A”, an (m — 1) x (n — 1) matrix,
which, by a similar argument to the one just presented, has the same column and row rank as A.

We continue this process of eliminating rows and columns until we arrive at a matrix A with the
same column and row rank as A, but whose columns and rows are all linearly independent.

By hypothesis, A is a p x ¢ matrix, whose rows, T; (¢=1,...p), and columns, ¢; (j=1,...q),
are linearly independent.

Since T; € F(@ it follows from Theorem 8.5 on page 88, that p < q.
Similarly, since ¢; € F(,), ¢ < p.
Thus p = q. O

Theorem 10.9 on page 128 allows us to speak unambiguously of the rank of a matrix.

Definition 10.10. The rank of the matrix A, rk(A), is its row rank, or, equivalently, its column
rank.

Theorem 10.11. Let T: V — W be a linear transformation of finitely generated vector spaces.
Let A be any matriz representing T. Then tk(A) = rk(T) and n(A) = n(T).

Proof. Exercise. O

Lemma 10.12. If the m x n matriz, A, is invertible then m = n.

Proof. By Corollary 9.39 on page 116, we may identify the m X n matrix, A with the linear
transformation

Lé: F(n) — F(m), x — Ax.

and A is invertible if and only if La is an isomorphism.

In this case Lp is surjective and injective, whence rk(La) = dim(F(,,)) = m and n(La) = 0,

respectively.

By Theorem 10.2 on page 125, m + 0 = dim(IF(n)) =n. O

Finally, we turn to the relation between the ranks of two matrices and the rank of their product.

Lemma 10.13. Take A € M(p x ¢;F) and B € M(q x 7;F). Then

tk(AB) < min{tk(A), 1k(B)}

Proof. By Section 9.4, the rows of A B are linear combinations of the rows of B. Hence, there
cannot be more linearly independent rows in A B than there are in B.

Thus, k(A B) < rk(B).

By Section 9.4, the columns of A B are linear combinations of the columns of A. Thus, there
cannot be more linearly independent columns in A B than there are in A.

Thus, rk(A B) < rk(A).
Since the row rank and the column rank of a matrix agree, rk(A B) < min{rk(A),rk(B)}. O
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We show that equality need not hold, in general.
Example 10.14. Clearly, both the matrices
0o
0 and 0 0
0 1 0 1

have rank 1. But their product

10l fo o] fo o
0 1/ (o 1| |0 o
has rank 0.

If, on the other hand, one of the matrices is invertible, then equality does hold.
Corollary 10.15. If A is invertible, then tk(AB) = rk(B)
Proof. If A € M(q;F) is invertible, then

LA:F(m) —)F(m), x — Ax

is an isomorphism.

Let c1,...,¢c, € F,y,) be the columns of B.

Then Acy = La(c1),...,Ac, = La(c,) are the columns of A B.

Since La is an isomorphism, it follows by Lemma 8.12 on page 90(iii) that {c;,,...,c;,} is a
basis for the column space of B if and only if {Ac;,,...,Ac; } is a basis for the column space of
AB. O

Corollary 10.16. If B is invertible, then k(A B) = rk(A)

Proof. Exercise. O

10.2 Calculating the Column Space and the Null Space of a
Matrix

Given their significance, it is important to be able to calculation of the column space and the null
space of a matrix.

It may surprise the reader that the calculation can be completed using the Gaufs-Jordan procedure,
familiar from your earlier studies, for example, MATH101. This comprises applying the elementary
row operations to the given matrix in question to transform it to (reduced) row-echelon form.

By Observation 9.46 on page 119, each elementary row operation can be performed on a matrix
B by mulitiplying it on the left by a suitable matrix.

The details follow.

10.2.1 Elementary Row Operations

The elementary row operations apply to matrices and we can regard each of these operations as a
function M(m x n;F) — M(m x n;F). Recall that we write M(n;F) for M(n x n;F).

The elementary row operations are
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ERO1  Multiplication of the i row by A € F (A # 0).
ERO2 Addition of y times the j*' row to the i*" row (i # j).

ER03  Swapping the i*? row with the j*" row (i # j).

Clearly, each the elementary row operations defines a function M(n;F) — M(n;F ). Moreover,
each of these functions is bijective, with obvious inverses, namely, multiplying the ith row by %7
adding —pu times the jth row to the ith row, and, finally, swapping the ith row with the jth row.

We illustrate how the operations can be performed using matrix multiplication on the left, using
concrete examples for M(2;F ), before presenting the general form.

a b

Example 10.17. Take B := d
c

] € M(2;F)
ERO01 If we multiply the second row of B by A, we obtain
a b (1 0] |a b
Xe M| |0 A |e d
ERO02 If we add p times the second row of B to the first row of B we obtain

bl

ERO03 If we swap the first and second rows of B, we obtain

)

The general form of the matrices performing the elementary row operations is now determined,
and we list them next, illustrating each using examples from M(4;F ).

ERO1 M(m x n;F) — M(m x n;F), B+ M(i, \)B where

a+pc b+ pud
c d

A ithk=0=1

M(i, A) := [Mie]nxn, Wwith mge =<1 ifk=40#1i. (erol)
0 ifk#AS
1000
Example 10.18. M(2,\) = [0 * 0 0
0010
000 1

ERO2 M(m x n;F) — M(m x n;F), B+ A(i,uj)B where

1 itk=14¢
A(i,pg) = [akelnxn, wWhere age=qp ifk=1i, £=7. (ero2)

0 otherwise
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1 0 p O

1
Example 10.19. A(1,u3) = g 0 (1) 8
0 0 0 1

ERO3 M(m x n;F) — M(m x n;F), B+ S(i,5)B where

1 ifk=0+#4,j
1 ifk=i, (=
S(i,7) := [Skelnxn, Where sgp = ero3
S(i,7) = [ske|nx ke ) ke 0—i ( )
0 otherwise
1 0 00
1
Example 10.20. S(2,4) = 000
0 010
01 0 O

The next theorem summarises these considerations.

Theorem 10.21. Take \,u € F, with A# 0, min e Nandi,j e Nwith1 <i<m, 1 <j<n
and i # j. Then we have isomorphisms.

M xy: M(m x n;F) — M(m x n; F), B+— M(i,A\)B
A s M(m x n;F) — M(m x n; F), B+ A(i,uj)B
Sy M(m x n;F) — M(m x n;F), B+~ S(i,j)B

Proof. That these functions are linear transformations follows directly from the definition of matrix
multiplication, and we have already seen that they are bijective. O

Theorem 10.21, together with the discussion in Section 9.4, provides us with a procedure for de-
termining the column space and the null space of a given matrix, which we state before illustrating
with a concrete example.

Let the cq,...c, be the columns of the m x n matrix. B. Apply elementary row operations to
reduce B to a matrix E in echelon form.

Since each step comprises multiplication on the left by a suitable matrix of the form M (i, A), A (4, puj)
or S(4,), it comprise the application of an isomorphism of the form M xy, A, uj) or S j)-

Since we obtain E by composing isomorphisms, we have an isomorphism
T: M(m x n;F) — M(m x n; F), X—CX

with C a product of matrices of the form M(i, A), A(4, pj) or S(4, 7).
Thus, C is invertible and E = CB.

By the proof of Corollary 10.15 on page 131, {c;,,...,c;,} is a basis for the column space of B if
and only if {Cc;j,,...,Cc;,} is a basis for the column space of CB = E.

The columns of E which contain the “pivot 1”s — that is, the first non-zero element in a row —
form a basis for the column space of E.

Hence the corresponding columns of B form a basis for the column space of B.
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Example 10.22.

1 2 2 5
B=13 6 1 10
1 2 -1 2

We apply elementary row operations to transform B to reduced row echelon form

1 2 2 5 1 2 2 5] Ry ~ Ry
36 1 10/~1]0 0 -5 —5 Ry ~ Ry — 3R,
1 2 -1 2 _0 0 -3 *3_ RgWRngl
[1 2 2 5] Ry ~ Ry
~ 10 0 1 1 RQW%RQ
0 0 -3 -3 Rs ~ R3
(1 2 2 5 Ry ~ Ry
~ 0 0 1 1 RQ’V‘"RQ
0000 R3 ~ R3 + 3Ry
1 2 2 5
Thus E= 10 0 1 1
0000

Since the pivot elements are in the first and third columns of E, a basis for the column space of
B is given by the first and third columns of B.

1 2
In other words, [3| and | 1 | comprise a basis for the column space of B.
1 -1

We can also read off a basis for the null space of B from its echelon form.

Example 10.23. Turning to N(B), the null space of B, recall that x € F(,) is an element of
N(B) if and only if Bx = 0 € F(,,).

Since C is an invertible matrix, this is equivalent to Ex = CBx = 0.

w

. X .
Putting x = , we obtain

n <

w=—2xr— 2y — 52
y=-—z

or, equivalently

w —2xr — 3z —2 -3
2 T _ 1 0
= Y N —z - 0 T -1
z z 0 1

-2 -3

0

In other words, L
0 -1
0
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Observation 10.24. The above allows us to find a basis for the image and kernel of a linear
transformation. We illustrate this using the matrix above.

Example 10.25. Let {e1,e2,es,e4} be a basis for V and {f1, f2, f3} a basis for .

Let T: V — W be a linear transformation whose matrix with respect to these bases is

1 2 2 5
B=|3 6 1 10
12 -1 2

It is immediate from the above that f; + 3fs + f5 and 2f; + f5 — f3 form a basis for im(7") and that
—2e; + e2 and —3e; — e3 + e4 comprise a basis for ker(T).

10.3 Finding the Inverse of an n x n Matrix

We have shown that the n x n matrix A may be identified with the linear transformation
La:Fupy — Fry, x— Ax

and that A is invertible if and only if La is an isomorphism.

Since dimg(F(,)) = n, it follows from Theorem 10.2 on page 125 and Lemma 10.4 on page 126
that this is the case if and only if rk(A) = n.

To see how this can be applied, let the n X n matrix A have rank n. This means that the column
space of A is all of F(,,). Let e; be the 4 column of 1, , the n x n identity matrix, so that

x1
€, =
Ty
where
1 when ¢ = j
xXr; = .
0 otherwise

Since each €, is in the column space of A, there are d;; € F (1 <14 <n), such that
e, =citdij+ -+ c2d,,

where ng is the j*® column of A. This is equivalent to
€; = Agj

where

It follows immediately that

AD=1,
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where D is the n x n matrix whose jth column is Qj. In other words, D is right inverse to A.

Since the row rank of a matrix agrees with its column rank, an n x n has a left inverse if and only
if it has a right inverse, whence D must be the inverse of A.

The following lemma provides necessary and sufficent conditions for an n x n matrix to have rank
n. The proof, which is essentially the Gauf-Jordan algorithm for transforming a matrix to reduced
row echelon form, also provides a method for finding the inverse of an invertible n X n matrix.

Lemma 10.26. The rank of B € M(n;F) is n if and only if B can be transformed into 1,, by
means of elementary row operations.

Proof. < : This follows from Corollary 10.15 on page 131 because rk(1,,) = n.

=: Let B = [b;;]nxn have rank n.

We apply the Gauf-Jordan procedure to B.

Since the columns of B are linearly independent, no column of B can be the zero column.
In particular, there is an ¢ such that b;; # 0.

Then B} = M(i, biul)ﬁ(l, i)B is of the form

. . R i if i —
Put By = A(n, ~bu1) - A(2, b 1B, where by =4 " "/~
bj1  otherwise

Then B, is of the form

1 x %
0 * =
Dok %
0 * x

In other words, using only elementary row operations, we have transformed B into a matrix whose
first column contains a 1 in the first row and all other coefficients are 0.

Now suppose that we have applied elementary row operations to transform B into a matrix each
of whose first k£ columns contains precisely one 1, and all other coefficents 0, with the only 1 of
the j* column sitting in the j* row.

In other words, we assume that we have applied elementary row operations to transform B into
B, = [¢ijlnxn for some k < n, with B;, of the form

1, =

0 x|
Since rk(B;,) = tk(B) = n, ¢;41) # 0 for some i > k. For otherwise, the (k + 1)st column would
be a linear combination of the first k columns.

Swap the i*" row and the (k 4 1)%* row to obtain the matrix

Bj1 =S(k+1,9)B,
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which is of the form

1, * *

Multiplying the (k 4 1)%* row by U(:ﬂ) results in the matrix

By =M(k+1, 1)

7 Ci(k+1)

which is of the form

1, *
0 1 =«
0 x =x

Put

By = A(n, —éul) - A(2, —é211)By 4

Clrn(kt1)  Hj=1

where ¢;po 1) = .
3k+1) {Cj(lc+1) otherwise

Then B, ,; is of the form

1,4, =
0 *
In particular B, = 1,,. O

Observation 10.27. Each step proof of Lemma 10.26 on the preceding page was consisted of
multiplying (on the left) by an n x n matrix of the form M(%, \), A(4, pj) or S(i, 5).

Letting the matrix A be the product (in the order in which they were applied) of the matrices
used to transform B into 1, it is immediate that A is the left inverse of B, and hence, by our
earlier observation, its inverse.

n?

This provides a practical procedure for determining whether the n x n matrix B has an inverse
and, at the same time, finding the inverse when the matrix is invertible.

Step 1  Augment the n X n matrix B by the n x n identity matrix 1,,, to obtain

[B | 1,]

Step 2  Use elementary row operations to transform the augmented matrix into reduced row
echelon form

[E [ A]

Notice that A is the product (in the order in which they were applied) of the matrices used
to transform B into E.

in which case B™1 = A.

no 2

Step 3 B is invertible if and only if E =1
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Example 10.28. We consider the real matrix
1 4
B=|1 9
1

= W N
—
D

Step 1 We augment B by 1, and obtain

1 4 |1
1 910
1 0

= W N
o = O

0
0
1

—
(=)

Step 2 We apply elementary row operations to transform the augmented matrix to reduced row
echelon form.

1 2 411 0 0 (1 2 411 00
13 9010 ~ |01 5|-110 Ry — Ry
1 4 16(0 0 1 0 12/-1 0 1 Ry — Ry
10 6|3 -2 0 Ry — 2R,
s 01 5 [-1 1 0
(00 2|1 -21 Rs — 2R,
[ 1 6|3 -2 0
s 0 1 1 1 0
00 1|3 -1 3 1 X Ry
[ 1 ol 6 -8 3 Ri + 6R;
~ 01 o0l-%2 6 -3 Ry —5R;3
o0 1]y 1y

The augmented matrix is now in reduced row echelon form.

Step 3 Since the left hand matrix in the reduced row echelon form of the augmented matrix is
1., our original matrix, B, is invertible and its inverse is

L2 -166
B != S |77 12 -5
1 -2 1

10.4 Exercises

Exercise 10.1. Let T: V — W be a linear transformation of finitely generated vector spaces.
Let A be any matrix representing 7.
Prove that rk(A) = rk(T) and n(A) = n(7T).

Exercise 10.2. Prove that for the linear transformation T': V. — W,

(i) V 2 ker(T) & im(T).
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(i) im 7 2=V /ker(T)-

Exercise 10.3. Find a basis for the column space and a basis for the null space of each of the
following real matrices.

ol o]

12 3
S P 6]

(1 4
(i) |2 9

3 6
[2 3 6 5
1
(iv) 0 8 7
6 8 1 3

7 14 -11 -8

Exercise 10.4. Find a basis for the image and a basis for the kernel of each of the following linear
transformations.

(a) T:C*—C3 (u,v,w)+— (3u+ 18v + 13w, 2u+ 11v + 8w, u + 10v + Tw)

(b) T:R?* —R2 (2,9,2) — (z+y+ 2,22+ 3y + 42)
Exercise 10.5. Prove that if B is invertible, then rk(A B) = rk(A), whenever A B is defined.
Exercise 10.6. Prove that an n X n matrix has a left inverse if and only if it has a right inverse.

Exercise 10.7. We work over F3, the field with precisely three elements (cf Exercise 3.2 on
page 40).

Find, if possible, the inverse of each of the folowing matrices

2 1
(a) |0
_O 0 -
, .
(b) |0
_1 -
2 1 1]
() |1 2 1
1 2 2]

Exercise 10.8. We work over R, the field of all real numbers.

Find, if possible, the inverse of each of the folowing matrices

1 2
(a) 2 1
0 1

o O N
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If T only had an hour to solve a problem, I would use the first 55 minutes
to pose the right question. For once I have formulated the right question, I
would be able to solve the problem in less than five minutes.

Albert Einstein
Chapter 1 1

The Determinant and the Trace

This chapter introduces two important functions defined on matrices: the determinant of an n xn
matriz and the trace of an arbitrary matrix. A closer examination of these functions reveals that
they depend only on the linear transformations represented by the matrices in question.

We begin with the determinant of an n x n matrix, showing that there is one and only one function
with its characteristic properties and derive further properties.

We shall also see that both the determinant and the trace are invariant in the sense that for
A, B € M(n;F) with B invertible, E_IAB has the same determinant and trace as A. This
means that any two matrices representing the same linear transformation must have the same
determinant and trace, and so we can define the determinant and trace of a linear transformation
T:V — V whenever V is finite dimensional.

11.1 The Determinant

We begin with a statement of the main theorem on determinants and make some observations
before attending to the proof.

Theorem 11.1 (Main Theorem on Determinants). There is a unique function
D: M(n;F) — F

such that

D1 D is linear in each row;

D2 D(A) =0 whenever rk A <n;

D3 D@1, =1;

Definition 11.2. The unique function D: M(n;F) — T satisfying D1, D2 and D2 is called the

determinant function.

We write | a;; | for det([a;;]) so that, for example, “

b b
d is the determinant of [Z d] .

Observation 11.3. Strictly speaking, there is not just one determinant function, but a family of
determinant functions, one for each counting number n. However, it is customary to speak as if
there were only one, and, in any case, there is little danger of confusion.

141
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Our proof of Theorem 11.1 on the previous page makes use of elementary row operations, as
formulated in Section 10.2.1.

Observation 11.4. The third elementary row operation — swapping rows of matrix — is super-
fluous, since it can be replaced by a sequence of the other two:

Exchanging the ith and jth rows can be achieved by

1. adding the ith row to the jth, then
2. subtracting the jth row from the ith, then

3. adding the ith row to the jth and, finally,

=

multiplying the ith row by —1.
We can express this with the matrices introduced in Section 10.2.1 by
S(i,j) = M(i, =1)A(j, 1) A(i, (1)) A(i, )
Hence, while in applications they are extremely convenient and useful, we may dispense with our

third elementary row operation, and the matrices S(i,j) when proving general results.

Lemma 11.5. If the function G: M(n;F) — T satisfies D1 and D2, then, for each B € M(n; F),
(i)  G(M(i,\)B) = \G(B)
(i)  G(A(i,uj)B) = G(B)

Proof. (i) This is immediate from D1.

(ii) Given the matrix B, let BE;)) be obtained by replacing the i** row of B by its j*" row.

Since it has two identical rows, rk(EE;))) < n. Thus

by D1

=GB)+0 by D2, since rk(BE;))) <n.

Proof of the Main Theorem on Determinants (Theorem 11.1). Uniqueness:

Let F,G: M(n;F) — F satisfy D1, D2 and D3.

Choose B € M(n;F).

If rk(B) < n, then, by D2, F(B) = G(B) = 0.

If rk(B) = n, then, by Lemma 10.26 on page 136, we can transform B into 1, by means of
elementary row operations.

In other words, there is a matrix T € M(n;F) such that TB = 1,,. In fact, T is the product of
finitely many matrices each of which is of the form M(é, \) or A (i, uj).

By Lemma 11.5 F(TB) = AF(B) and G(T B) = AG(B), where A is the product of the As (with
repetition) which occur in the M(i, A)s.
Then



11.1. THE DETERMINANT 143

Since A # 0, we conclude that F(B) = G(B).
Existence:
Take any of the usual definitions from a first year mathematics course, and verify D1, D2 and D3.

We verify D1, D2 and D3 for the definition of the determinant using “expansion by the jth column”,
which we recall.

Definition 11.6. For the 1 x 1 matrix A = [a],
det(A) := a.

For n > 1, A = [aij](n+1)x (n+1)-

Let A;)(;) be the n x n matrix obtained by deleting the ith row and the j*h column from A, so
that

A(Z)(J) = [l‘ké]an

where
ak fl<k<iand1</<j
Ak (e+1) ifl<k<iand j</f<n
x =
e (k41 ifi<k<nand1</{<j
apt1ye+1) fi<k<mnand j</l<n
Then
n+1 o
det(A) := Y (—=1)"ay; det(A ;) ()
i=1

Example 11.7. The reader may find it useful to bear a concrete instance in mind:
ai; a2 a3

det a1 Q22 Q23 =

azi asz2 ass
a22 A23 a12 a3
aiq det — as1 det
az2 ass az2 ass

It remains to verify that D1, D2 and D3 are satisfied.

+ agp det @z 413 .
G22 A23

D1, D2 and D3 are clearly satisfied when n = 1.

Given n > 1, we make the inductive hypothesis that D1, D2 and D3 hold for all r < n.

D1: The summand (—1)"/a;; det (A(i)(j)) is linear in the i*" row of A because a;; is and A
is independent of it.



144 CHAPTER 11. THE DETERMINANT AND THE TRACE

It is linear in the k™ row of A when k # i, because A(i)(j) is and a;; is independent of it.

Being the sum of functions linear in the rows of A, det(A) is linear in the rows of A.

D2: If rk(A) < n, then there is a row, say the p'™, of A which is a linearly combination of the
others.

We can find \; (i =1,...,n,i# p) such that for each j

n
Qpj; = E )\iaij.

=1

i #p
Thus, since we have already established linearity in each row, the determinant of A is a linear

combination of determinants of matrices with two identical rows.

It is therefore sufficient to show that the determinant of an n x n matrix with two identical rows
is 0. We prove this using induction on n.

This is plainly true for n = 2.

So take n > 2 and assume the inductive hypothesis that the assertion is true for all m x m matrices
with m < n.

Assume that rows p and p + ¢ are identical (¢ > 1). Then, since A ;) has two identical rows
whenever i # p,p + t, the inductive hypothesis implies that

n

det(A) =Y (=1)""a;; det(A ;)

=1
= (=1)"ay; det(Agy) ) + (1P agrn; det(Agy0)

As ap; = a(p1p); it only remains to investigate the relationship between det(A ;) and det(A, 1))
when the pth and (p + ¢)b rows of A are identical.

If t =1, then A(p)(j) and A(p+t)(j) are identical, so their determinants agree. In this case
det(A) = (=1)" ay; det(A () + (~1)7 T ay; det(Ap) ) = 0.

If, on the other hand, ¢ > 1, then A (,14)(j) can be obtained from A (,(j) by interchanging rows
(t — 1) times. We may assume as part of our inductive hypothesis that for m x m matrices with
m < n, each such interchange alters the sign of the determinant. Then

det(A) = (=1)Pay; det(A ) )) + (=1)PFHay; (1)  det(A,) ;)

(—
(—1)PHay; det(Ag, (1 + (=1)*7)
0.

n

D3: If A=1,, then a;; = J;; and the only non-zero summand in Z(—l)”jaij det(L,, ;) 1s
i=1

(—1)%4;; det(1,,_,), and, plainly, this is 1. O

Observation 11.8. It follows from the uniqueness of the determinant function that the expansion
by the j*h column is independent of the choice of j.

Corollary 11.9. Given B € M(n;F), rtk(B) =n if and only if det(B) # 0.
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Proof. By Lemma 10.26 on page 136 and using the notation from the proof of Theorem 11.1 on
page 141, we see that B is invertible if and only if rk(B) = n if and only if

det(B) =

| -

Corollary 11.10. Given A,B € M(n;F), det(AB) = det(A)det(B).

Proof. Since, by Lemma 10.13 on page 130, rk(A B) < min{rk(A),rk(B)},
det(AB) = 0 = det(A) det(B)

whenever det(A) = 0.
Suppose now, that det(A) # 0, or, equivalently, rk(A) = n. Define

F:M(n;F) — F, B+ det(AB).

Since La: M(n;F) — M(n;F), B+— AB is a linear transformation, F satisfies D1.
Moreover, since rk(A) = n, this transformation is an isomorphism, whence rk(A B) = rk(B).
Thus F(B) = 0 whenever rk(B) < n, showing that F satisfies D2.

Now F(1,,) =det(A1,) = det(A), which is, in general, not 1.

However, since A is invertible, it follows from Corollary 11.9 that det(A) # 0.

Thus

F:M(n;F) —F, B+— @F@) = @dot(éﬁ)

satisfies D1, D2 and D3.
By Theorem 11.1 on page 141, F(B) = det(B), that is,

1
det(A) det(AB) = det(B)

or, equivalently, det(A B) = det(A) det(B). O
Corollary 11.11. If A is invertible, then det(A™') = (det(A))™".

Proof. Let A be an invertible n x n matrix. Then Aflé =1,.

Hence, by Corollary 11.10 and by D3, det(A ") det(A) = det(1,,) = 1. O

Corollary 11.12. If the matrices A and B represent the same endomorphism, T:V — V| then
det(A) = det(B).

Proof. A and B represent the same endomorphism if and only if there is an invertible matrix, C,
with B = C7'A C. The conclusion now follows by Corollaries 11.10 and 11.11. O]

Corollary 11.12 allows us to define the deteminant of an endomorphism.

Definition 11.13. Let 7: V — V be an endomorphism of the finitely generated vector space,
V. The determinant of T, det(T), is the determinant of any matrix representing 7T
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11.2 Applications of the Determinant

Our discussion of the determinant focussed on its definition and principal properties, without
regard to its applications. We now turn to two applications which require no further theory. We
shall meet other applications later.

11.2.1 When Do vy,...,v, € V Comprise a Basis?

Suppose given the vectors vy, ..., v, in the vector space V.

By Theorem 8.3 and Definition 8.1 on page 87, a necessary (but not sufficient) condition for these
vectors to comprise a basis for V' is that dimp(V) = n.

If {e1,...,en} is a basis for V, then we can use the determinant function to decide whether
Vi,...,Vy, € V comprise a basis for V.

We have seen that the choice of a basis for V' is the choice of an isomorphism V' — ), with
the vector v € V being mapped to its co-ordinate vector with respect to the chosen basis.

Let c; be the co-ordinate vector of v; with respect to the basis {e1,...,e,}.

The vector subspace of V' generated by vi,..., v, is then mapped to the vector subspace of F,)
generated by c1,...,c,. But this is precisely the column space of the matrix A whose jth column
is c;, and so {ei,...,e,} is a basis for V' if and only if the column space of A is F(,.

This is the case if and only if rk(A) = n, which is equivalent to det(A) # 0.
The next theorem summarises the above.

Theorem 11.14. Let B = {e1,...,e,} be a basis for the vector space V. Take vy,...,v, € V.
Let c; be the co-ordinate vector of v; with respect to B and A be the matriz with c; as jth column.

Then {v1,...,vp} is a basis for V if and only if det(A) # 0.

Example 11.15. By the theory of linear differentiable functions with constant coefficients (cf.
MATH102), the functions

sint: R — R, x+—sinz
cos: R— R, x+—cosx
comprise a basis for the real vector space
d*f
Vi={ftR—R|ZL+f=0}
It is easy to see that

fi:R— R, z+— cos(z+

)

forR— R, z+cos(z+ %)

e

are vectors in V.

Since
Ty — T g inT =L — L
cos(x + ) = cosxcos § —sinwsin § = 5 CO8 T — s sing
cos(x—i—ﬂ):cosxcosﬁ—sinxsinﬂ:—‘/gcosa:—lsinx
3 3 3 2 2

the co-ordinate vectors of f; and fo with respect to our chosen basis, {sin, cos}, are

L V3
V2 T2
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respectively. Since

LB 1 1 V3 V3-1
([ 2])- b,

1
2
we see that {f1, fo} is also a basis for V.

Observation 11.16. The determinant to decide whether given vectors form a basis depended on
having available basis for the vector space in question. When there is an obvious basis, such as in
the case of V' = F", or when there is a well-known basis, as in our example, this is convenient.

If there is no convenient basis at hand, it is usually easier to settle the question by other means.

11.2.2 Fitting Curves to Given Points

Take distinct points (21, 1), ... (Tn,yn) € F2.
Can we find a function f: F — F with f(z;) =y; (1<j<n)?
This is equivalent to finding a function whose graph passes through the given points.

There is an obvious necessary condition, namely, that if x; = z;, then y; = y;, for if f(z) =y and
f(x) = g, Definition 1.9 on page 4 forces § = y.

So we may restrict attention to the case x; = x; if and only if ¢ = j.

We can be more specific, by seeking a function which is easily computable, such as a polynomial
function. We formulate our problem accordingly.

Is there a polynomial, p(t) = ag + ait + - -+ + a,_1t"" ! € F[t] with the function
[ F—TF, z+—a+az+--+a,_12"*
having the property that, for 1 < j < n,
fo(x5) =y

This condition is expressed by the system of linear equations

n—1

apr1 + ar1 + -+ Ap-12y = N
apry, + a1, + - + an71x271 = Yn

As we are seeking ao, . .. a,—1 which simultaneously satisfy these equations, we represent them by
the matrix equation

2 n—1

1 ¢ 2y - 2 ag Y1
2 n—1

1z x5 -+ x4 al Yo
2 -1

1z z, - ) Ap—1 Un

Example 11.17. Take F = R and (-1, -15),(0,3), (1,-3), (2, 15) € R2.

(-"«'ri“l/’l)

(72, 92)
L]

(2 3.‘y3)

(1,91)
L]
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We seek p(t) = ag + art + ast?® + ast® € R[t] satisfying

1 -1 1 —-1] [ao —15
1 0 0 0ffa| |3

1 1 1 11| |a| |-3
1 2 4 8| |as 15

It is left to the reader to verify that the polynomial we obtain is p(t) = t3 — 12t% — 2t + 3.
Our curve is thus the graph of

friR—R, zr—s2°—-122>-22+3

11.3 The Trace

The trace of a matrix complements the determinant, in a sense. For while the determinant of a
product of matrices is the product of the their determinants and there is no general relationship
between the determinant of a sum of matrices and the individual determinants, the opposite is
true of the trace: the trace of a sum of matrices is the sum of their traces, but there is no general
relationship between the trace of a product of matricesand the individual traces.

Definition 11.18. The trace of an n X n matrix is the sum of its diagonal coefficients.

tr: M(n;F) — F, A = [ajj]nxn — tr(A) = ) aj;.
j=1

The central properties of the trace are contained in our next theorem.

Theorem 11.19. Take A,B € M(n;F). Then
(1) tr(A+ B) = tr(A) + tr(B)
(i) tr(AB) = tr(BA).

A word of warning before we prove the theorem. It is important to avoid drawing the tempting,
but false, conclusion from Theorem 11.19 (ii) that there is some regular relationship between
tr(A B) on the one hand, and tr(A) and tr(B) on the other.

Example 11.20. Put

A:B:ll 0].
0 —1

Plainly tr(A) = tr(B) =0, but tr(AB) = 2.
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We now prove Theorem 11.19.

Proof. Take A = [a;;],B = [b;;] € M(n;F).

(i) Since A+ B := [a;; + bjj],

(i) Since AB =[) ajbx] and BA=[> bjasl,

Jj=1 Jj=1

k=1 j=1

=tr(BA).

Exercise 11.3 on page 151 extends Theorem 11.19 (ii).

Corollary 11.21. If C is invertible, then tr(gflég) =trA.

Proof.

(Qgil)) by Theorem 11.19

O

Corollary 11.22. If the matrices A and B represent the same endomorphism T:V — V, then
tr(A) = tr(B).

Corollary 11.22 allows us to define the trace of an endomorphism of finitely generated vector
spaces.

Definition 11.23. Let T: V — V be an endomorphism of the finitely generated vector space
V. The trace of T, tr(T), is defined to be the trace of any matrix representing 7.
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11.4 The Transpose of a Matrix

We introduce an important operation on matrices, whose true significance will only become ap-
parent later.

Definition 11.24. The transpose of the m x n matrix A is the n x m matrix A’ obtained by
interchanging each row with the corresponding column.

This defines a function
( ) M(m xn;F) — M(n x m;F), [@ijlmxn — [Tuplnxm
where x,, = au, (I1<v<n, 1<pu<n).

The next theorems summarises the basic properties of the transpose.
Theorem 11.25. (i) ( )': M(m x n;F) — M(n x m;F) is a linear transformation.

(ii) Given an m x n matriz, A, (A"’ = A.

iii) Given an m X n matriz, A, and an n X p matriz, B, (AB)t = B*A’.
p ) p P )

Proof. The assertions follow by direct calculations, which are left as exercises. O

Observation 11.26. It follows from Theorem 11.25(ii) that ( )*: M(mxn;F) — M(nxm;F)
is actually an isomorphism.

Theorem 11.27. Let A be an n x n matriz. Then

(i) tr(A") = tr(A);
(ii)  det(A") = det(A).

Proof. (i) :  The assertion follows immediately from the fact that the diagonal of a matrix is
unchanged by taking the transpose.

(ii): By the Main Theorem on Determinants (Theorem 11.1 on page 141), there is a unique
function, D: M(n;F) — F, which is linear in the rows of a matrix, which takes the value 0 on
matrices whose rank is less than n, and which takes the value 1 on 1,,.

Consider

F:M(n;F) —F, Ar—det(A").

Since the row and column ranks of a matrix agree, and since the identity matrix is its own
transpose, D2 and D3 are clearly satisfied by F'.

It remains only to establish D1 for F. Since the rows of A’ are the columns of A, and since det
is linear in each row, this is equivalent to proving that the determinant is linear in each column.

To verify the linearity of det in the jth oclumn of A, recall from Observation 11.8 on page 144
that det(A) can be calculated using the expansion by any column.

The expansion of the determinant of A by the jth column of A, det(A) is

n

det(A) = (=1)"*ay; det (Ag ()

i=1

which is linear in the jth column of A, as det(A;(;)) is independent of the jth column of A. [
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11.5 Exercises

Exercise 11.1. Let Py denote the real vector space of all real polynomials of degree at most 2.
Let D : Py — Py be differentiation.

Find the determinant of D.

Exercise 11.2. Let {eq,...,e,} be a basis for the vector space V.
Take vi,...,v, € V an let
aij
Anj
be the coordinate vector of v; (j =1,...,n) with respect to the basis {e1,...,e,}.

Prove that {v1,...,v,} is a basis for V if and only if det A # 0, where A := [a;;]nxn.

Exercise 11.3. Take A € M(m x n;F) and B € M(n x m;F).
Prove that tr(AB) = tr(BA).

Exercise 11.4. Suppose that A € M(n;F) can be written in the form

1 {yl yn}
A=|:

’r7l

Show that A" ! = (trA)" A for all > 1, and find det(A").
Exercise 11.5. Prove Theorem 11.25.

Exercise 11.6. Take z1,...,x, € F.

Show that the determinant of the n x n matrix

1 xq N x?il
1 Tn e x:;71

is

IT @ —=)

1<i<j<n
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Many who have had an opportunity of knowing any more about mathematics
confuse it with arithmetic, and consider it an arid science. In reality, however,
it is a science which requires a great amount of imagination.

oo 12

Eigenvalues and Eigenvectors

Sofia Kovalevskaya

The direct sum of the vector spaces Vi,...,V,, V1 & --- @V, is defined by
BV, ={vi,....va) | v; €V, j=1,...,n}
j=1

with the vector spaces operations are defined “componentwise”:

(Vi s Vi) + (Voo Vi) = (Vi + Vo v+ V)
(AV1, .o  Avy),

A(Vi,eoo,vp) e

It follows that Oy, @...qv, = (Ov,,...,0y,

n

yand —(vi,...,vy) = (=Vi,...,—Vy)

n
Since F* = @ F, we can reformulate the Classification Theorem for Finitely Generated Vector
j=1
Spaces over the field F as stating that every such vector space is (up to isomorphism) a direct sum
of copies of T,

n
ve@r
i=1
where n is the dimension of the vector space in question.

We cannot decompose this further as a direct sum, because F itself cannot be written as a direct
sum of non-trivial vector spaces over F.

What we have achieved is a decomposition of the finitely generated vector space, V', into finitely
many components, none of which can be so decomposed further.

The direct sum construction also applies to linear transformations. The direct sum of the linear
transformations T;: V; — W; (j =1,...,n) is

D Pvi —PW,
j=1

j=1 j=1
defined by

(T1 D---D Tn)(Vl, ce Vn) = (Tl(Vl), RN ,Tn(Vn))
The verification that (77 @ --- @ T,,) is a linear transformation is routine, and left to the reader.

153
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Example 12.1. For

R:R* —R?,  (2,y) — (22 +y,3y)
T:R® —R, (u,v,w) —ut+v+w

ReT:RZpR® — RZR, ((Jc,y)7 (u,v,w)) — ((2x+y,3y),u+v +w)
We may identify R? @ R? with R® and R? @ R with R?, using the obvious isomorphisms

Rz S¥ R3 — R5a ((xay)a (u,v,w)) L (1"7:% ’U/,’U7’U))
RZgR — R3, ((r,s),t) — (1, 8,1)

Using these identifications, we may regard R & T as the linear transformation

R® — R®  (2,9,u,v,w) — (22 + ¥, 3y, u + v + w)
The question arises:

Given afinitely generated vector space 1 over I, is each linear transformation 7': V' —
V the direct sum of linear transformations 7;: F — F (j = 1,...,dimp(V))?

This is the question we pursue here.
Let dim (V') = m and dim(W) = n. Take endomorphisms R: V — V and S: W — W.
Lemma 12.2. Let {e1,...e,} be a basis for V and {fy,... ,f,} for W. Then putting
. {(ei,OW) ifi<m
Oy ) ifi>m
defines a basis, {uy,..., Wpmin}, for Ve w.

Proof. For x € V @ W, there are unique v € V,w € W with x = (v, w).

Since {eiq,...en} is a basis for V' and {f,...,f,} is a basis for W, there are unique scalars

a, B €F(1<i<m,1<j<n)withv= Zaiei and w = Zﬁjfj, so that

i=1 j=1
x = (v,w)
m n
= (> aiei, Y Bify)
i=1 j=1
m n
= (D e, 0p) + 0y, > BiF;)
i=1 j=1
m n
= Z ai(e;, Oy ) + Z B0y, f)
i=1 j=1
m+n
= Z YUk,
k=1
o if1<k<m
where the coefficients 5 = F T T are uniquely determined. O
ﬂk—m 1fm<k§m+n
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Corollary 12.3. If the matriz of R with respect to {e;} is A and that of S with respect to {f;}
is B, then the matriz of R ® S with respect to {uy} is

A 0

ADPB:=
ASB 0o B

Proof. Exercise. O

A

Convention. The meaning of A® B =

] needs clarification.

This should not be read here as a matrix of matrices, that is a 2 x 2 matrix, each of whose
coefficients is itself a matrix, even though it is possible to do so sensibly.

A 0
0 B

Rather, what is intended is that if A is an m x n matrix and B is a p X ¢ matrix, then [

is the (m + ¢) x (n + ¢) matrix obtained by copying the coefficients of A into the top left, those
of B into the bottom right and placing Os everywhere else.

Explicitly, if A = [a;j]mxn and B = [bgs]pxq, then
A®B= [Crs](m+p) x (n+q)
where

Ars 1<r<mand1<s<n
1<r<mandn+1<s<n-+gq
m+l<r<m+pandl<s<n

b(r—m)(s—n) m+l1<r<m+pandn+1<s<n+p

Crs =

Example 12.4. Take A = a b and B = € f g . Then
c d h j k

a b 00 0 la b] lO 0 0]

0 0 h ] gk 00 h ] k

The direct summ construction can be generalised to any finite number of vector spaces, Vi,...,V,
and endomorphisms T;: V; — V; (j=1,...,k).

In particular, if each Vj is 1-dimensional — equivalently, if each V; = [F — then the matrix,
[@ijlnxn, of T = @T;: & V; — @V, with respect to the canonically induced basis is a diagonal
matrix: a;; = 0, whenever i # j.
In other words, the endomorphism 7': V' — V' is of the form T1 @ - - - © Tyjm(v), with each T; a
linear transformation 7;: F — F if and only if there is a basis for V' with respect to which the
matrix of T' is a diagonal matrix.

Thus we may reformulate our question as:

Is there a basis for V' with respect to which the maitrix of 7" is in diagonal form?
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Note that if {e1,...,e,} is a basis for V with respect to which the matrix of 7: V — V is in
diagonal form, then

T(ej) = Aje;,
where )\; is the j-th diagonal entry in the matrix of T" with respect to {e1,...,e,}.

Since scalars A; and vectors, e; with this property play an important réle in the study of endo-
morphisms and are central to many applications of linear algebra, special terminology has been
introduced for them.

Definition 12.5. The scalar A € F is an eigenvalue of the endomorphism 7': V' — V if and only
if there is a non-zero vector v € V such that

T(v) = Av. (12.1)

Such a vector v is an eigenvector for the eigenvalue X\. The eigenspace of A, V), is the set of all
solutions of T'(v) = Av, that is

Wwi={xeV|T(x)=Ax} (A e ).

Observation 12.6. Eigenvalues and eigenvectors are sometimes called characteristic values and
characteristic vectors respectively.

The next theorem, the main theorem of this section, summarises the preceding discussion.

Theorem 12.7 (Main Theorem on Endomorphisms). If dim(V) = n, then T: V — V is
the direct sum of endomorphisms T;: V; — Vi, with dim(V;) = 1, if and only if V' has a basis
consisting of eigenvectors of T.

We discuss related results of independent interest.
Theorem 12.8. Take an endomorphism T:V — V. Then for each A € F
Wwi={veV|T(v)=Av}

is a vector subspace of V, and X is an eigenvalue for T if and only if Vi # {0y }.

Proof. Take u,v € V) and «, 8 € F. Then

T(au+ fv) =T (u) + BT(v)
= aiu+ v
= AMau + fv).

Thus, au + v € V). O
Example 12.9. Let V' be a vector space and take the identity morphism on V'
idy: V —V, vi—v

Then T(v) = v for every v € V, so that 1 is the only eigenvalue and every non-zero vector is an
eigenvector for 1.

Example 12.10. Let V be a vector space and take the zero linear transformation
0:V —V, v+— 0y

Then T(v) = 0y, = 0v for every v € V. Plainly, 0 is the only possible eigenvalue and every
non-zero vector is an eigenvector for 0.
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Observation 12.11. The eigenvalue 0 plays a distinguished role, for, plainly, Vo = ker(T'). This
establishes the following lemma.

Lemma 12.12. Let T: V — V be an endomorphism of the vector space V. Then 0 is an
eigenvalue if and only if T is not injective.

Example 12.13. Let V be the Euclidean plane, regarded as R2.

Rotating the plane through an angle of § (with 0 < 6 < 27) about the origin defines the linear
transformation

Ty: R? — R?*  (2,y) — (wcos —ysind, xsind + ycos ).
The real number A is then an eigenvalue for Ty if and only if
(xcosl —ysinf, xsinf + ycos ) = (Ax, \y)

for some (x,y) # (0,0).
Thus, ) is an eigenvalue for Ty if and only if there are real z,y € R with z2 + y? # 0 such that

xcosf —ysinf = \x

xsinf +ycosh = Ay
Squaring and adding these equations we see that

22 +y? = N (2? +¢7).
Since 22 4+ y? # 0, A2 = 1 and so the only possible eigenvalues are —1 and 1
A=1: Then

xrcosf —ysinh = x

rsinf + ycosf = y.
By elementary trigonometry, 8 = 0, since (x,y) # (0,0).
Thus Ty = idy, and V; = V.
A=—1: Then

xrcosl —ysinfh = —x

rsinf + ycosh = —y.
By elementary trigonometry, 8 = 7, since (x,y) # (0,0).
Thus, Ty (z,y) = (—z,—y) for all (z,y) € V,and V_1 =V.
Furthermore, if § # 0,7, then Ty has no real eigenvalues.

Example 12.14. Let V be the Euclidean plane, regarded as R?. Reflecting the plane in the
z-axis defines the linear transformation

T:R? — R?, (z,y) — (x,—y).

Thus, A € R is an eigenvalue for T if and only if (z, —y) = (Az, A\y) for some (z,y) # (0,0).
In other words, A is an eigenvalue for T if and only if there are z,y € R with 22 + 32 # 0 and

T =\x —y=\y
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Thus, 22 + y? = \2(2? + »?).
Since z2 4+ y? # 0, it follows that A% = 1, so that the only possible eigenvalues are —1 and 1.

A=1: Then x =z and —y = y, whence y = 0 and z is arbitrary, showing that

Vi ={(z,0) |z eR}

A=—-1: Then x = —x and —y = —y, whence z = 0 and y is arbitrary, showing that
Vo ={(0,y) [y eR}

We see that R? = V; @ V_y, and {(1,0),(0,1) } is a basis consisting of eigenvectors for T
Example 12.15. Let V =C>(R) = {f: R — R | f is infinitely differentiable}. Take

T:V —V, fr—f",

where f” denotes the second derivative of f.

Then, as is well known —1 is an eigenvalue of T'. and

ffR— R, t+—cost
g:R— R, t+—sint
are eigenvectors for —1.
It follows from the general theory of differential equations that they form a basis for V_;.

The details are left as an exercise.

Theorem 12.16. Let vi be an eigenvector of T: V. — V for the eigenvalue \;, (1 < i <m). If
the \; are pairwise distinct, then vy,...,V,, are linearly independent.

Proof. We prove the theorem by induction on m.
m = 1: Since v; # Oy, it is linearly independent.

m > 1: Suppose that the theorem is true for m, an let v; be an eigenvector for the eigenvalue \;
of TV — V,with1 <4, <m+1and \; = A; if and only if ¢ = j.

m+1 m
Then Z o;v; = 0y, if and only if Z Q;V; = —Qp+1Vm+1, and, in that case

i=1 i=1

m m

Z NV = Z a;T(v;) as e; is an eigenvector for \;
i=1 i=1

m
= T(Z @;v;) as T is a linear transformation

i=1
=T(—mt1Vm+1)
= —m+1 T (V1) as T is a linear transformation
= —Qm+1Am+1Vm+1 as e,,+1 1s an eigenvector for A, 41
= At 1(—Qm41Vimt1)

m
= Am+1 Z Vi

i=1

m
= E QA1 Vi

=1
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m
Hence, Z a;(Ai = Amy1)vi = 0y
i=1
By the inductive hypothesis, eq,...,e,, are linearly independent, whence a;(A; — A1) = 0 for
1<i<m.

Since A1 # A for i < m + 1, it follows that a; =0 fori=1,...,m.
m
Then ay+1Vim41 = —Zaivi =0.

i=1
Since vp,41 is an eigenvector to Ay41, Vi1 # 0y and so a1 = 0 as well. O]

Corollary 12.17. T: V — V has at most dimgp(V') distinct eigenvalues.

Corollary 12.18. If T:V — V has n distinct eigenvalues, then V has a basis consisting of
eigenvectors of T.

Given the significance of eigenvalues and eigenvectors, it would be more than merely convenient
to find a practical procedure for determining the eigenvalues of a given endomorphism.

When V is finite dimensional, each endomorphism 7: V' — V has an associated polynomial
whose zeroes are precisely the eigenvalues of T', as we now show.

Recall that A € F is an eigenvalue for T: V' — V if and only if the equation
T(v)=Av (%)
has a non-zero solution, v.

Choose a basis for V. Let A be the matrix of T" and x € F(,) the co-ordinate vector of v with
respect to this basis, so that T'(v) = Av if and only if Ax = Ax.

Theorem 12.19. X is an eigenvalue for T if and only if det(A — \1,,) = 0.

Proof.
A is and eigenvalue for T' if and only if T'(v) = Av for some v € V, v # 0y,
if and only if A x = Ax for some x € F(,,), x # 0,
if and only if (A — A1, )x = 0 for some x € (), x # 0,
if and only if rk(A — A1,) < n,
if and only if det(A —AL,) =0.
O

Since the determinant of A — A1, is a polynomial function of A, Theorem 12.19 provides for
each endomorphism T a concrete polynomial in A whose zeroes are precisely the eigenvalues the
eigenvalues of T'. This polynomial appears to be dependent on the basis chosen.

Fortunately, this is a case where appearances are deceptive. For if B is the matrix of T" with
respect to another basis, then there is an invertible matrix M such that B = M A M~!. But then

det(B—-)\1,) = det MAM ™' —AxMM™)
= det(M(A - A1,)M ™)
= det(M) det(A — A1) det(M ™)
= det(A — \L,) as det(M ') = (det(M))~".

Thus the polynomial does not depend on the basis chosen.
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Definition 12.20. Let 7' be an endomorphism of the n-dimensional vector space V. Then
xr(t) :=det(T — tidy) = det(A —t1,) =: xa(t)

is the characteristic polynomial of T and of A, where A is any matrix representing 7T'.

The eigenvalues of T' are the zeroes of the characteristic polynomial, or, equivalently, the solutions
of the characteristic equation, xr(t) = 0.

We define eigenvalues, eigenvectors and eigenspaces for n x n matrices, by regarding the n x n
matrix, A, over F as the linear transformation

LAZF(H) —>F(n), x— Ax

Definition 12.21. The eigenvalues, eigenvectors and eigenspaces of A are those of the linear
transformation

LAZF(H) —>F(n), X — Ax

Observation 12.22. If A € has characteristic polynomial, xa (t) = bo + b1t + - - - + by t™, then it
follows form the definition of the characterstic function that

bo = det(A)
baot = (~1)"*tr(A)
bn = (_1)77,

Observation 12.23. The matrix of Ly with respect to the standard basis of F(, is A itself.

Observation 12.24. In particular, if A is an n X n matrix, then the eigenspace of the eigenvalue
0 is the null space of A.

Thus, the null space (or kernel) of A is trivial if and only if 0 is not an eigenvalue of A.
We list further properties of eigenvalues.

Theorem 12.25. Let A be an eigenvalue of the matriz A.

(i) \™ is an eigenvalue of A" for any n € N.
(i) If A is invertible, then A" is an eigenvalue of A" for any n € Z.

(i) X is an eigenvalue of A'.

Proof. (i) We adopt here the convention that 0° = 1 and proceed by induction on n.
n=0: Since A’ = 1, and \° = 1, the statement is true for n = 0

n > 0: Suppose that A" x = A\"x. Then

A"x = A(A"x)
=A\"x by the inductive hypothesis
=\"Ax
= A" Ax

= \"tx

(ii) Since A is a square matrix, it is invertible if and only if its null space is trivial.



This is equivalent to 0’s not being an eigenvalue of A.
In such a case, Ax = \x if and only if A~'x = A.
The result now follows by applying Part (i) to A~
(iii)

det(A" — \1,)) = det(A" — A1)

Corollary 12.26. Let A be an eigenvalue of the endomorphism T:V — V.

(i) A" is an eigenvalue of T™ for any n € N, where T™ denotes the composition T o
n terms.

(i) If T is invertible, then \" is an eigenvalue of T™ for any n € Z

1 6
Example 12.27. We attempt to diagonalise the real matrix A = [4 31

We apply elementary row operations to

1-\ 6
A_M?:[zx 3—)\]

in order to bring it to a form which makes the eigenvalues and eigenvectors evident.

-1 6
43—

Adding (A — 1) times the second row to four four times the first, we obtain

[0 —(A2—4x—21)
4 3—A

Because of the first column, this matrix has rank at least 1.

161

-0 T with

So, the only way its determinant can be 0, is if the second column is a multiple of the first.

By inspection, this occurs if and only if A2 — 4\ — 21 = 0.
Since A2 — 4\ — 21 = (A + 3)(\ — 7), the eigenvalues of A are —3 and 7.

It follows from the second row of the matrix in (), that

i

is in the eigenspace for the eigenvalue M if and only if 4z + (3 — A\)y = 0, that is 4z = (A — 3)y, or

equivalently,

-1
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for some r € R.
We substitute these values successively to obtain the corresponding eigenvectors.

A= —3: Our transformed matrix is
0 0
4 6

from which it follows that [xl is in the eigenspace of A for —3 if and only if 22 + 3y = 0.
Y

Thus,

1L @

A=T: Our transformed matrix is
0 0
4 —4

from which it follows that lxl is in the eigenspace of A for 7 if and only if x —y = 0.
Y

3
2] generates the eigenspace V_3, and

1
Hence, [1] generates the eigenspace V7, and

iRy

We combine (C1) and (C2) to obtain

1 6][3 1] [-9 7
4 3| -2 1] |6 7
=33 T
O (=3).(-2) 71
- a7
= 3 3 0 by Section 9.4
-2 1 0 7
3 1 . " .
We may thus regard [ 9 11 as a “change-of-basis” or “transition” matrix.

5

A I R

1 -1
Since its inverse is % [ 3 1 , we obtain
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which is a diagonal matrix, whose diagonal entries are precisely the eigenvaluse of A.

This diagonal matrix is the matrix of the linear transformation
LA:R(2) *}R(Q), x— Ax

with respect to the basis

WL}

Emulating the above for the matrices

4 -3 4 —4 4 =5
, and
1 0 1 0 1 0
illustrates not only what can be done, but also some of the difficulties that can arise.

Example 12.28. In particular, direct computation shows that the matrix

L

has only one eigenvalue, namely 2, and that every eigenvector must be of the form

2t

t
Hence there can be no basis for R,y consisting of eigenvectors of our matrix, showing that the
conclusion of Corollary 12.18 is not true without some condition being imposed.

This example illustrates what can go wrong when an n X n matrix has at least one eigenvalue, but
does not have n distinct ones.

Observation 12.29. While our procedure for finding eigenvalues and eigenvectors is, in principle,
quite simple, significant problem do arise.

An immediate one is finding the zeroes of a polynomial, or, equvalently, expressing a polynomial
as the product of linear factors (factors of the form (¢ — a)). There is no general formula for this
even in the most familiar case, when the scalars are all complex numbers. In this case, the Fun-
damental Theorem of Algebra ensures that every polynomial can be factorised into linear factors,
and Cardano’s formule, dating from the 16th century, provide the factors when the polynomial in
question has degree at most four. However, Lagrange, Abel and Galois proved in the 19th century,
that no such general formula is possible for polynomials of degree at least five. This problem is
studied in abstract algebra, where a proof is available using Galois theory.

The fact that exact solutions are only available in special cases means that in many practical
situations, we are forced rely on numerical methods or other means to find sufficiently accurate
approximations. This, in turn, leads to other interesting and important mathematical problems,
such as finding efficient algorithms for the approximation and the question of the stability of the
eigenvalues and eigenvectors when the coefficients are perturbed. Such questions are studied in
courses on numerical methods and computer algebra.
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12.1 The Cayley-Hamilton Theorem

If V is an n-dimensional vector space over F and T: V' — V a linear transformation, then so is
T* for any k € N. Now the linear transformations V' — V form a vector space Homg(V, V') over
F whose dimension is n2. (To see this, recall that for a fixed basis, there is a bijection between
Homgp(V,V) and M(n;F), which is actually a linear transformation, and hence an isomorphism:
T corresponds to Ay.)

By Theorem 8.5 on page 88, idy,T,T?,... ,T”2 must be linearly dependent.

This means that there are ag,...a,2 € F, not all 0, with

aidy + a1 T+ -+ a2 T™ = 0.

The corresponding matrix version is that for any A € M(n;F) there are ag, . ..a,2> € F, not all 0,
with

aol, +aiA+---+ a'rﬂAnz =0

-n"

We can express this by saying that every endomorphism of an n-dimensional vector space over
F is a zero of of polynomial equation of degree at most n? over F, or, equivalently, every n x n
matrix over F is a zero of a polynomial of degree at most n? over F.

This immediately raises two questions:

1. Is this the best we can do, or is there a polynomial, p, of lower degree which also
has T (resp. A ) as a zero?

2. Given T (or A ), determine the polynomial p explicitly.

If we let myp (or ma) be the lowest degree of any non-zero polynomial for which T’ (or A) is a
zero, then what we have show is that if dim V' = n, then mpy = ma < n2.

The following example shows that, the best universal bound for mcannot be less than n. The
Cayley-Hamilton Theorem (Theorem 12.34 on page 167) then shows that T (or A) is always the
zero of a specific polynomial of degree precisely n.

Example 12.30. Choose a basis {e1,...,e,} of V. Take T: V — V be defined by

T(e;) i ejy1 ifj<n
7 el ifj=n

It follows, successively, that T'(e;) = es, T?(ey), ..., T" 1(e1) = e,.
Let p(t) = ag + a1t + -+ - + a,_1t" ! be a polynomial in F[t] for which F(T) = 0.
This means that p(T)(v) = Oy for every v € V.

In particular, take v = e;. Then
p(T)(v) = ape1 +arez + -+ ap_1€, = Oy.
Since {e1,...,e,} is a basis of V, the on;y possibility is that ap = a1 =+ = a,—1 = 0.

This is the worst that can occur: If T: V — V is an endomorphism of an n-dimensional vector
space, then it is a zero of a polynomial of specific degree n, the characteristic polynomial. We
prove this in terms of matrices as the Cayley-Hamilton Theorem, which asserts that any n x n
matrix satisfies its own characteristic equation.
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As we need the construction of an (n — 1) x (n — 1) matrix from a given n X n matrix by deleting
one row and one column, we recall our earlier definition.

Let A = [a;j]nxn be an n x n matrix. For 1 < p,q <n let Ay = [%ij](n—1)x (n—1) Where

a;j 1<p, j<g

- Ai(j+1) i<p,j24q
ij = . . .

A(i41); 12p, J<(q

A(i+1)(j+1) iZ2p,Jj=q
Definition 12.31. Using the notation above, put
Aji = (=1)" det (A(i)(j)) .
The adjugate of A is the matrix

adJA = [AZJ]TLXTL
Lemma 12.32. Given any n X n matriz A,
(adjA)A = A(adjA) = (det A)L,.

Proof. The proof follows directly from the definition of matrix multiplication together with the
definition and properties of the determinant function. O

Before proving it, we illustrate the Cayley-Hamilton Theorem with an example. Our proof of the
theorem is a generalisation of this example.

c b a
Example 12.33. Take A:= |1 0 O0f.
0 1 0
Then
c—t b a
xa(t) = det 1 —t 0
0 1 —t
=B +ct’+bt+a
As
2+b cb+a ca
A% = c b a
1 0 0
and

A +2c+a Ab+b2+ca a+ba
A3 = A+ cb+a ca
c b a
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it follows by direct substitution that

—3—2c—a —c*b—b%>—ca —c?a—ba
xa(A) = —c2—b —cb—a —ca
—c —b —a
A 4eb Ab+cea Fa be b2 ba a 0 O
+ c? be ac|+|b 0 0|4+1]0 a O
c 0 0 0 b O 0 0 a
0 0 O
=10 0 O
0 0 O

Our proof of the Caylet-Hamilton Theorem makes use of the adjugate of A —¢1,,.
We illustrate how this can be expressed as a polynomial in ¢t with matrices as coefficients.
Put B := A — t1,, so that xa(t) = det(B).

We compute adj(B) = [2;;]3x3, where
zij = (=1)"det(By) ),

with By;;) the 2 x 2 matrix obtained from B by deleting its jth row and ¢*h column.

r1; = (—=1)'Tdet ( _Ot —Ot]>
o]
0 —t

o3 = (—1)2+3det

r31 = (—1)3+1d€t
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lc—t b
232 = (—1)**?det ( ¢ 0 1])

=t—c
[c—t b
— (—1)3"3det c
x33 = (—1) e( 1 4
=t>—ct—b
Thus,
12 bt at
adjB) = |t 2 —ct a

1 0 0 0 b a 00
=210 1 0| +t|1 —c O|+1]0 0
0 0 1 0 1 —c 1 0 —b

Theorem 12.34 (Cayley-Hamilton). Let xa(t) be the characteristic polynomial of the n x n
matriz A. Then xa(A)=0,.

Proof. Put B:= A —1t1,.

By the definition of the determinant, there are by, ...,b, € F with

n—1
Xa(t) =det B = by + byt + -+ bpt" = > bt/. (i)

j=0

Since adj(B) := [%ij]nxn, with @4 := (=1)""7 det B(;;) and (=1)"*7 det B;;) is a polynomial in ¢

of degree at most n — 1, there are n X n matrices By, ...,B,,_; with
n—1
adjB = By + Bt +---+ B, t"' =) #B. (ii)
§=0
Hence,

(detB)1, =B adjB
=(A-1tl,)adjB
=AadjB —tadjB (iii)

and

Xé(t)ln = Z bjtjln

j=0

= (det B)1, by (i)

— A adjB—tadiB by (iii)
n—1 n—1

=AY /B -ty /B by (ii)
j=0 =0

AB;+tAB, —-B;)+---+t"""(AB, , - B, ,)—t"B, ;.
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Thus

e

xa(A)=AB;+AAB, -By)+---+A" '(AB, ,-B, ,) - A"
=0

n—1

O

By Observation 12.22 on page 160, the characteristic polynomial of A € M(n;F) is a polynomial
over IF of the form (—1)"(bg + byt + -+ + b,_1t" "1 + 7).

It is natural to ask whether every polynomial of this form is the characteristic polynomial of a
matrix A € M(n;F), or, equivalently, of an endomorphism 7': V' — V', where dimp(V') = n.

As suggested by Example 12.33 on page 165, the answer is affirmative, as the following example
shows.

Example 12.35. The n X n matrix

N .
1 0 0
0 1 0 0
0 0 1 0

has characteristic polynomial (—1)"(bg + byt + - -+ + b, _1t" "1 + ™).
The verification is left as an exercise.

This matrix is the companion matriz of the polynomial by + b1t + - - - + bp_1£" "1 + ™.

12.2 Discussion

While every m X m matrix is a zero of its characteristic polynomial, which has degree n, some
matrices are zeroes of polynomial of lower degree. For example the zero matrix is a zero of the
polynomial ¢, and the identity matrix is a zero of the polynomial ¢t — 1.

We summarise a more complete analysis without providing proofs, since these require the intro-
duction of concepts and techniques beyond the scope of these notes. They are investigated in
abstract algebra.

If we restrict attention to polynomials whose the leading coefficient is 1, then there is a unique
polynomial of lowest possible degree for which the matrix A is a zero. This is the minimm
polynomial of A, pa. It divides every polynomial for which A is a zero, and its zeroes are
precisely the eigenvalues of A, that is, the zeroes of the characteristic polynomial of A. The main
result on the minimum polynomial is that the matrix A is diagonalisable if and only if

pa(t) = (t=X1)---(t = Am)
with A\; = A; if and only if i = j.

The field F is algebraically closed if and only if every polynomial in one indeterminate over F can
be written as a product of linear factors. In such a case, every matrix, A over F can be brought
to block diagonal form, or Jordan normal form

A, 0 -0
0 A,
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with each Jordan block, A)\j ,of the form

B 0 --- 0
A1o0

<

Example 12.36. The minimum polynomial of the matrix in Example 2.4 on page 23,

(4 —3
1 01|’

is (t—1)(t—2), which is of degree 2 and has two distinct zeroes. The block diagonal form comprises
the two Jordan blocks

Ay =[3] and A, =[]

The minimum polynomial of the matrix in Example 2.5 on page 23,

4 —4
1 01|’

must divide its characteristic polynomial, (t —2)2. Hence it must be either ¢ — 2 or (¢t —2)2. Since
4 —4 o 1 0 _ 2 —4 y 0 0
1 0 0 1 1 -2 0 0

the minimum polynomial cannot be ¢ — 2. Hence it must be (¢t — 2)2, which is of degree 2.

Since this fails to have two distinct zeroes, the block diagonal form has the single Jordan block

2 1
A:
-t

The minimum polynomial of the matrix in Example 2.6 on page 24,

4 -5
1 0]’
is (t — 2)2 + 1, which is of degree 2, which fails to have any real zeroes, but has two distinct

complex zeroes. If we now regard is as a complex matrix, the block diagonal form comprises the
two Jordan blocks

Ay, = {2+z} and A, , = [2—2}
where % = 1.
We summarise the above.
The maitrix A is diagonalisable if and only if each of its Jordan blocks is 1 x 1.

We turn to an an alternative formulation.
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Definition 12.37. Let T: V — V be an endomorphism of the finitely generated vector space
V (or, equivalently, take A € M(n;F)) and A an eigenvalue of T' (or A).

The algebraic multiplicity of X is @ € N if and only if (¢t — A)® divides xr(t) (or xa(t)), but
(t — \)2*t! does not.

The geometric multiplicity of X is dim(V}), that is to say, the number of linearly independent
eigenvectors for the eigenvalue .

Example 12.38. Take A = [11 _04]
Since xa (t) = (t — 2)?, the algebraic multiplicity of the eigenvalue 2 is 2.

2t
As we saw in Example 12.28 on page 163, every eigenvector is of the form [t]’ showing that
dim(V3) = 1, that is, the geometric multiplicity of 2 is 1.

We show that this is typical.

Lemma 12.39. The geometric multiplicity of A cannot exceed its algebraic multiplicity.

Proof. Let A be an eigenvalue of T: V — V with geometric multiplicity g.

Choose linearly independent eigenvectors ey, ..., e, for the eigenvalue A. Extend this to a basis
{e1,...,e4,...€,} of V.

The matrix, A, of T" with respect to this basis is of the form

A0 -0 0 %
0 A Dok
: R
0 - 0 X =
L 0 *_
This being the case, (t — A)? must divide xa (t) = xr(¢). O

Theorem 12.40. An n X n matriz, is diagonalisable if and only if each eigenvalue has the same
geometric and algebraic multiplicity, and the sum of these is n.

Proof. A little thought shows that these conditions are necessary and sufficient to ensure that
there is a basis consisting of eigenvectors. O

12.3 Exercises

Exercise 12.1. Given linear transformations R: V — V/ and S: W — W', let A, be the
matrix of R with respect to the bases {e;} for V and {ey/} for V' and B the matrix of S with
respect to the bases {f;} for W and {f;/} for W’.

Show that
A

(1]
0 B

is the matrix of R®S with respect to the bases {(e;, 0yy), (0y,, f;)} for V&W and {(ej,, 0w ), (Ov-,f])}
for Voo W',
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Exercise 12.2. Find the eigenvalues and eigenvectors of the following matrices:

1 -2 1
(a) |4 -3 1
4 -2 -1
(-1 0 o0
(b) 0 -2 2
2 1 -3

Exercise 12.3. Find the real eigenvalues and eigenvectors of the following matrices.

ol ¥
o
©) :1 _05:
ol 3

Exercise 12.4. Consider the real matrix

1+¢ 1
1 0

£2e —

Find its eigenvalues and eigenvectors as a function of € > 0.

Exercise 12.5. Eigenvalues, eigenvectors and eigenspaces make sense in any vector space, not
merely in finite dimensional vector spaces, and many problems can be formulated as eigenvalue
problems. This exercise is devoted to examples of this.

Let C*°(R) denote the set of all smooth (that is, infinitely differentiable) real-valued functions
defined on R. Let

D:C®(R) — C™®(R), f+—f

be differentiation.
In other words, (D(f))(z) = f’(z) for all f € C*(R) and z € R.

(a) Show that D is an endomorphism of the real vector space C*°(R), and find its eigenvalues
and corresponding eigenvectors.

(b) Given b € R, show that
(D* 4+ 2bD): C*°(R) — C™®(R), f+— " +2bf’

defines an endomorphism, and find its eigenvalues and corresponding eigenvectors.
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Exercise 12.6. Verify the Cayley-Hamilton Theorem for the following matrices.

2 3
4 1
1 2

Exercise 12.7. Verify that the n x n matrix

—bp_1 —bp_o - o —bp
1 0 0
0 1 0o - 0
0 . 0 1 0

has characteristic polynomial

(=1)"(bo + bit 4 -+ bp_1t" L + 1)



Neglect of mathematics work injury to all knowledge, since he who is ignorant
of it cannot know the other sciences or things of this world. And what is worst,
those who are thus ignorant are unable to perceive their own ignorance, and
so do not seek a remedy.

o 1 3

Inner Product Spaces

Roger Bacon

The discussion and the theory developed so far have applied to vector spaces over any field. The
only restriction we occasionally made was to vector spaces which are finitely generated. Even
then, not all of our results not actually depended on this hypothesis.

On the other hand, we have frequently appealed to geometry to provide motivation, illustration or
graphical representation of concepts and theorems, which meant restricting attention to R™ (n €
N). This is hardly surprising, since R™ is not only the most familiar vector space, but also the
locus of analytic geometry since Descartes.

We now turn our attention to formulating such informal discussion and heuristic arguments more
rigorously. Specifically, we investigate the additional structure a vector space must support in
order for us to be able to “do geometry”, that is, to speak of distances and angles. [Recall that we
have already discussed what we mean by a “line”, a “plane”, and so on, in any vector space.]

Surprisingly, measuring angles also provides a way of measuring distance. However, the converse is
not true. We do not enter a discussion here of why, for this and related questions are discussed in
detail in courses on functional analysis, which may be fruitfully thought of as the study of infinite
dimensional real and complex vector spaces, requiring, in addition, concepts from topology.

Our approach is to first briefly discuss making sense of the “length” of a vector, show how this
permits us to define a notion of distance and to define continuity of functions between vector
spaces. It follows that all linear transformations are continuous.

We then introduce the additional structure required to make sense of the notion of an “angle” be-
tween vectors and show how this allows us to speak of length, hence distance and hence continuity.

Our intuition is based on our experience with Euclidean space, which is a real vector space. The
discussion actually applies to vector spaces over any sub-field of the field of complex numbers,
although not for finite fields, or fields constructed from finite fields, for reasons beyond the scope
of this course.

Since the proofs of the central results are simplest when we work over the complex numbers, with
the more familiar cases being easy applications, we will work primarily with complex numbers

13.1 Normed Vector Spaces

We with the notion of length, or magnitude, of a vector.
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(i) It should be clear that the length of a vector should be a non-negative real number, which
is 0 for, and only for, the zero vector.

(ii) If we scale a vector, its length is multiplied by the magnitude of the scaling factor.

(iii) The length of the sum of two vectors cannot exceed the sum of the lengths of the two vectors.
We mention here, without further explanation, that it is essentially the second condition which
forces us to restrict ourselves to vector spaces over sub-fields of C. Hence, unless otherwise

specified, F henceforth denotes a sub-field of C. This means, in particular, that F contains Q, the
field of rational numbers.

The next definition formulates the properties above rigorously.
Definition 13.1. A norm on the vector space V over the sub-field F of C is a function
IV —R{
such that for all u,v € V and A € F
N1 |u| =0if and only if u =0y
N2 [[Auf = [A]{jull
N3 Ju+v| < uf +v].

A normed vector space is a vector space, V, over the field F (C C), equipped with a norm, || ||.
It is denoted by (V, || ||), or simply by V' when the norm is understood.

The vector, v, in the normed vector space (V.| ||) is normal or normalised, or a unit vector if
and only if ||v] = 1.

Example 13.2. The absolute value or modulus of a complex number defines a norm on any
sub-field F of C. The verification is left as an exercise.

Example 13.3. Let F be a sub-field of C. Then
1
|l FY —RE, (21, 2n) — () |25]%)

defines a norm on F”, called the Fuclidean norm on F. The verification is left as an exercise.

Example 13.2 is just the case n = 1, and when F C R, we may replace \a?j|2 by x?
Example 13.4. Recall that

G:R?* —C, (r,y)r—— z:=x+1iy
is an isomorphism of real vector spaces, and that

I ez = Va2 +y? = [z +iy| = |G(z, y)l|lcr

Similarly,
Gn:R™ — C",  (21,...,200) — (21,...,2n),
where z; 1= x9;_1 +ix2; (j = 1,...,n) is an isomorphism of real vector spaces, with

2

2n % n
|(x1,...7x2n)||R2n:<Z|xk|2> =D Izl | =1Gn(ar,. .. 20)llen.
k=1 j=1
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Example 13.5. Let V = {f: [0,1] — R | f continuous } denote the real vector space of all
continuous real valued functions defined on the closed unit interval. Then

1
| lli:V — R, f»—>/0 |f(¢)|dt

defines a norm on V, called the £! norm on V.

Observation 13.6. If (V|| ||) is a non-trivial normed vector space then every v € V in is a
multiple of a unit vector.

For if v # 0y, define

\%

Vy =
v
Plainly, v = ||v||vy.

If, on the other hand, v = Oy, take any v # Oy and define

v
Vy = —.
vl

Then Oy = 0v,, = ||0]|v,,

The norm on a vector space can be used to provide a measure of distance between any two elements
of V.. We first characterise what we mean by the distance between two points in a set.

(i) The distance between two points is a non-negative real number, which is 0 if and only if the
two points coincide.

(ii) The distance from one point to another is the same as the distance from the second to the
first.

(iii) The distance between two points cannot exceed the sum of the distances of the first to any
point plus the distance from that point to the second.

We mention here, without further explanation, that it these properties do not require any structure
beyond being a set — in particular, there is no need to consider vector spaces. The study of sets
equipped with a notion of distance between its points is the theory of metric spaces, a part of the
study of topology.

We now express the properties above formally, turning them into a definition.

Definition 13.7. A metric (or distance function) on the set X is a function
d: X x X — Rf

such that for all z,y,z € X

MS1 d(z,y)ifand only if z =y

MS2  d(y,z) = d(z,y)

MS3  d(z,z) < d(z,y) + d(y, 2).

A metric space comprises a set, X, equipped with a metric, d. We denote it by (X,d), writing
only X when the metric is understood.
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We now show that every normed vector space is a metric space in a natural way.

Definition 13.8. For the normed vector space, (V| ||), over the field F, define
d” H:V)(V—)Rar7 (u,v)|—>||u—vH

Lemma 13.9. Let (V.| ||) be a normed vector space over the field F. Then (V,d) ||) is a metric
space.

Proof. Take u,v,w € V.

Since [|x|| > 0 for all x € V, d(u,v) := [[u—v|| > 0 for all u,v € V, showing that d | is well
defined. Moreover,

d(u,v) =0 if and only if [ju— v]||

if and only if u—v =0y by N1

if and only if u=v, verifying MS1.
d(v,u) := ||v —ull

=|=1fu—v]| by N2

= flu—v|

=:d(u,v), verifying MS2.
d(u, w) := [[u—wl|

—Ju—v+v—w]
< u— vl + v - w| by N3

=:d(u,v) +d(v,w), verifying MS3.
O

Definition 13.10. If (V|| ||) is a normed vector space over the field F, then dj | is the metric
on V induced by the norm | ||

In particular, the Euclidean distance between points in R™ is the metric induced by the Euclidean
norm. This allows us to reformulate the definition of continuity met in univariate and multivariate
calculus in terms of metrics and so extend the notion of continuity to more general spaces.

Definition 13.11. Let (X,d) and (Y, e) be two metric spaces.
The function f: X — Y is continuous at a € X if and only if given any € > 0 there is a § > 0
such that e(f(x), f(a)) < € whenever d(z,a) < 4.

We do not pursue these ideas further here, but return to our main interest, the quest for the
structure required to be able to sense of “angle” between two vectors.

13.2 Inner Products

Recall that if we take two points P and @ in the Cartesian plane, neither of which is the origin,
O, with co-ordinates (x,y) and (u,v) respectively, then we can compute the cosine of the angle
ZPOQ directly from the co-ordinates.

Suppose that the angle in question is §. We express (z,y) in polar co-ordinates,

r=rcosa and y=rsina
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for uniquely determined r > 0 and 0 < « < 27, so that, r = /22 + 2.

Then, without loss of generality,
u=scos(e¢+6) and v=ssin(a+0),

so that s = vu2 +v2.

Since 0 = o + 0 — a, it follows that

cos § = cos(a + 6) cos(a) + sin(a + 6) sin(«)

ur vy
sr sr
uxr + vy

- VuZ £ o2 \/:c2 + 2 ’
Define
{, ):R*xR* — R, ((u, v), (a:,y)) — ux + vy.
Then

<<(u, ’U)v (x, y)»
Vi 0), (w,0)) V@), (@,9)) (13.1)

and we can define the angle between (u,v) and (z,y) to be the unique angle 6 € [0, 7] satisfying

V{(u,0), (w,0)) V{(,9), (2,9)) cost = ((u,0), (z,))).

cosf =

Since we can define the angle purely in terms of the function ( , )), its characteristic properties
provide a basis for the definition of a general notion allowing the use of the Equation (13.1) to
define an angle between two vectors in a real vector space. We first characterise (( , )).

Lemma 13.12. Take (x,y), (u,v), (r,s) € R? and o € R. Then

(i) {(z,y),(z,y)) > 0 with equality if and only if (z,y) = (0,0).
(i) ((x,y), (w,0)) = ((u,0), (z,9))
(iii) (@, y), (u,0)) = a{{(2,y), (u, v))
() ((r;s) + (2, 9), (w,0)) = ((r,9), (w,0))) + ((2,9), (u, v))

Proof. The verifications are routine and left as an exercise. O

The function (( , )) just introduced leads naturally to

I g,y R — RS, (2,9) — V{(z,y), (z,9)).

Lemma 13.13. || |¢ , y 4s a norm on R?

Proof. Tt is routine to verify that || ||,y is well defined and that N1 and N2 hold. On the other
hand, the verification of N3 is not quite as trivial.

We leave these as an exercise, since we prove a more general version a little later. O
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We extend the above discussion to complex vector spaces, using the results of Lemma 13.12 on
the previous page and Lemma 13.13 on the preceding page as a guide. One obvious generalisation,
namely,

(,):C?*xC? —c, ((u,v),(:z:,y)) — uz + vy

will not do, for neither does Lemma 13.12 (i) hold, nor do we obtain a norm, since, by this
definition, {((¢,1),(¢,1))) = 0, even though (1,4) # (0,0).

If, on the other hand, we define
(, :C?xC*—=¢C, ((u0),(x,y)) — uT + v,

then all our desired results hold, except for Lemma 13.12 (ii), which must be replaced by

()" ((z,y), (w,0)) = ((u,v), (z,9))
We take this as the model for our definition, and the characteristic properties serve as axioms.

Definition 13.14. Let F be a subfield of C. An inner product on the F-vector space, V, is a
function

(,):VxV-—F

such that for all u,v,w € V and A € F

IP1

£
£
Y
o
- —-
z,
ot
=
(e}
0o
=
&,
=
<
=
=
e}
B
©
=}
a.
o
=3
<
=
=
D
B
c
Il
o
=

u

IP3  (Au,v) = A, v):

P4 (u+v,w)) = (u,w) + (v, w).

Observation 13.15. When F is a subfield of R, condition IP2 reduces to Lemma 13.12 (ii).
Example 13.16. Take F=C and V =C" (n € N\ {0}) Then

((wy, ... wn), (21, 20)) = ijzfj

defines an inner product, called the Euclidean inner product. It (and its restriction to F” for a
subfield, F, of C) is frequently also referred to as the standard inner product on C" or F™.

Example 13.17. Take F=C and V := {f: [0,1] — C | f is continuous} Then

(f.g) = / FHgdt

defines an inner product on V', giving rise to an inner product space which is closely related to the
space L£2([0,1]) studied in functional analysis as well as in measure and integration theory. The
reader will also meet it and related spaces in statistics, the theory of differential equations and
theoretical physics.

The verification that the inner product axioms hold requires a little of the theory of functions of
complex variables, namely, that we may write f(t) as 2(t) + iy(t) (with i> = —1) and that

/01 Ft)dt = /01 w(t)dt +i/01 y(t)dt.

IHere we use the convention for complex numbers that when we write z > 0, we assert that z is, in fact, a real
number.
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The prooerty of inner product spaces crucial for the definition of the angle between two vectors is
the Cauchy-Schwarz Inequality, which we establish next.

Theorem 13.18 (Cauchy-Schwarz Inequality). Let {( , ) be an inner product on the vector
space V' over the subfield F of C. Then for allu,v € V

(V)] < v/ {(uw) (v, v) -

Proof. Take u,v € V and «, 8 € F. Then

0 < {ou — Bv,au — Bv))
= aa{(u, u) — aB{(u,v)) — Ba(v,u) + FB(v,v)
Put o := (v, v)) and B := ({u,v)). Then, since ((v,v)) € R and 27 = |2|?,

(v, V) (v, vi) () = (v, v, v) (u, v)) = (u, vi) (v, v) (v, w) (u, v) ((u, v) (v, V)
(v, v)) (Qu,uh (v, v) = [(u, v)[?)

0

IN

Now ((v,v)) = 0 if and only if v = Oy, in which case |(u, v))| =0 = /{{u,u)) \/({(v, V).
Otherwise, (v, v)) > 0, and so, |{(u, v))|? < (u, u){(v, v)). O
This allows us to define the angle between two vectors in an inner product space. We do this only

for vector spaces when the scalars are real numbers in order to avoid questions about the meaning
of “complex angles”.

Definition 13.19. Let ((, )) be an inner product on the vector space V over the subfield F of R.
For u,v € V' \ {0y}, the angle between u and v, Zuv, is the unique real number 6 € [0, 7] with

(u, v))
{(u, w){(v,v)

cosf =

We show that each inner product space is a normed vector space in a natural way.

Definition 13.20. Let {(, ) be an inner product on the vector space, V, over the subfield, F, of
C. Define

I g, y:V—"F v /(v,v)

Theorem 13.21. If { , )) is an inner product on the vector space, V, over the field F, then
Il Il .y is anorm on V.

Proof. Take u,v € V and X\ € F.

llall¢ ,y =0 if and only if Hu||%< oy =0
if and only if ((u,u)) =0
if and only if u = 0y, by IP1, verifying N1.

IXull? |y = (Au, )
= A((u, u)) by IP2 and IP3
= |)\|2HU||%( Y verifying N2.
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= {(u,u)) + {(u,v)) + {u,v)) + (v, v) by IP2 and IP4

= ((w, w) + 2Re({u, v))) + (v, v))

< ((u,w) + 2|, v + (v, v) as Re(z) < ||

< (zu,w) + 24/ {(u,u) (v, v)) + (v,v)) by Theorem 13.18
2

= (Vi) + Vv, )

= (Il + vl ) verifying N3.

13.3 Exercises

Exercise 13.1. Let F be a sub-field of C. Verify that the function
| | F—R{, 2+ 2],
where |z| denotes the modulus of the complex number z, defines a norm on F.

Exercise 13.2. Let F be a sub-field of C. Take F™ with its standard vector space structure over
F. Verify that the following function defines a norm on F”.

2

n
I F"—RE, (21, mn) — [ Y 2],
Jj=1

Exercise 13.3. Verify that multiplication of real numbers defines an inner product on R.

Exercise 13.4. (a) M(m x n;R) is a real vector space with respect to matrix addition and
multiplication of a matrix by a constant. Show that

€, Yar: M(m xnmR) x M(m xn;R) — R, (A,B) — tr(A'B)
defines a real inner product on M(m x n;R).
(b)  Show that

e: M(mxn;R) — R™ . [aij]lmxn — (Z115- - s Tmn),

where x(;_1),4; 1= a(i—1)n; defines an isomorphism of real vector spaces.

(¢) Show that for all A,B € M(m x n;R),

(A, B)u = (p(A), ¢(B))),

where we have taken the Euclidean inner product on R™”. [Such an isomorphism is called a linear
isometry.]

Exercise 13.5. Prove Lemma 13.12 on page 177.

Exercise 13.6. Prove Lemma 13.13 on page 177.
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Orthogonality

John Arbuthnot

Definition 13.19 on page 179 introduced the angle between two vectors in an inner product space,
for vector spaces all of whose scalars are real numbers.

In particular, two (non-zero) vectors, u and v, are perpendicular to each other, or orthogonal if
the angle between them is a right angle. Since cos § = 0, this is equivalent to ((u,v)) = 0.

Observe that this is expressed purely in terms of the inner product, without appeal to the notion
of angle, so we have no need to restrict ourselves to real scalars. Hence we can define orthogonality
in any inner product space.

Definition 14.1. Let {(, )) be an inner product on the vector space V' over the subfield F of C.
The vectors u,v € V are orthogonal if and only if {(u,v)) = 0.

Before investigating orthogonality in any detail, we provide a geometric application.

Orthogonality generalises the notion of a right angle, which is central to Pythagoras’ Theorem in
geometry. We prove a generalised Pythagoras’ Theorem.

Theorem 14.2 (Pythagoras’ Theorem). Let || || be the norm induced on the V' by the inner
product ( , ).

If u,v € V are orthogonal, then
[+ v = [l + v
Proof. Since u, v are orthogonal, ((u, v)) = 0. Thus

lu+v]? = {u+v,u+tv)

= ((w,a)) + (u, v)) + (v, u)) + (v, v)
= [ull®+|v|]? by orthogonality

The next lemma is an immediate consequence of the axioms for inner products.

Lemma 14.3. Let (V,{ , ))) be an inner product space. Then Oy is orthogonal to every v € V.
Another easy consequence is that non-zero orthogonal vectors must be linearly independent.

181
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Theorem 14.4. Let (V,{, ))) be an inner product space. Take {v; |i € I} CV\ {0y} such that
(vi, vj)) whenever i # j.

Then {v; | i € I} is a set of linearly independent vectors.
Proof. Suppose Y a;v; =0y for a; € F (i € I). Then, for each j € I
0= vii,vj)

iel
= ail(vi,v;)
iel
= (v Vi) as ((vi,v;)) = 0 unless i = j.
But (v;,v;)) # 0 since v; # Oy.
Hence o; = 0. _

Unit vectors, that is, vectors whose length (norm) is 1, play a special role, especially when they
are mutually orthogonal.

Definition 14.5. Let ((, )) be an inner product on the vector space V. Then the vectors u; (i € I)
are orthonormal if and only if (u;, u;)) = d;;, where is the Kronecker delta, defined by

5, {1 ifi=j

0 otherwise.

K

The basis B = {v; | i € I'} is an orthonormal basis if and only if the vectors in B are orthonormal.

Example 14.6. V: = {f:[0,2n] — R | f is continuous} is a real vector space and
1 27
0

defines an inner product on V.

For n € N\ {0} define
cn: [0,27] — R, 2+ cos(nx)

Sn: [0,20] — R, x> sin(nx)

Then {cp,s, | n =1,2,...} is a set of orthonormal vectors in V. (The verification is left as an
exercise.)

Orthonormal bases are particularly convenient for numerous purposes. For example, the co-
ordinates of any vector with respect to an orthonormal basis can be computed directly, using only
the inner product.

Theorem 14.7. Let {e; | i € I} be an orthonormal basis for (V,{ , ). Giwenv €V,

v=> (v,ee;.

el

Proof. Take v € V.
Since {e; | ¢ € I} is a basis for V, there are uniquely determined «; € F (i € I) with v =" ae;.
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For j €I,
(v, e5)) = <<€ZI a;e;, €;))
e
_ ail since (les, ;) = &i;.

O

Corollary 14.8. Let {e; | i € I} be an orthonormal basis for the inner product space V. Given
velV,

VIR y = Do 1(v, el
il
In particular, if v = Zaiei, then
iel
IVIG oy =D lel
iel

Proof. Take v e V.

(v, v)

<<Z<<V7ei>>eia Z«Vyej»ej» by Theorem 14.7
il jeI

= Y (v v e enes)

= Z«V, eN{(v,e)) since ((e;, e;)) = d;;

icl

= l{v,el.

il

2
HV||(< o)

O

Since orthonormal bases are so useful and important, it is particularly satisfying that they can al-
ways be constructed. Given any basis whatsoever for an inner product space, there is an algorithm
for constructing an orthonormal basis from it.

Theorem 14.9 (Gram-Schmidt Orthonormalisation). Every finitely generated inner product
space admits an orthonormal basis.!

Proof. Let {( , )) be a inner product on the finitely generated vector space V over F. Given a
basis {ui,...,u,,} of V, we construct an orthonormal basis {e,..., e, } by means of a recursive
procedure (algorithm), called the Gram-Schmidt procedure.

Since {uj,...,u,} is a basis, u; # Oy. Put
up
1 = .
[ ]

IThere is an extension of this to inner product spaces which are not finitely generated. You will meet such
problems in measure and integration theory, and in functional analysis, for example. We do not pursue such
matters further here.
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Then u; = ||uy||e;.
Hence both {u;} and {e;1} are sets of linearly independent vectors, |le1|| = 1 and (u;) = (e1).

Thus, {e1} is an orthonormal basis for the subspace of V' generated by v;.

Suppose that orthonormal vectors ep,...e; have been constructed for 1 < j < m such that
(e1,...,e5) = (uy,...,u;). In other words, {ei,...e;} is an orthonormal basis for the subspace
of V generated by {vy,...v;}.
Put
J
Vis =W — Y (Wi, e)e; (14.1)
i=1

Then for each k < j,

J

(Virnrer) = (w1 = Y (w1, ei)es ex)

i=1
J
uj+1, er) Z (g1, e {(e;, e by linearity in the first variable
1=
= (wjt1,ex) — <<uy+1,ek>> as ((e;, ey)) = dik
=0
Hence the vectors ey, ..., e;,v;41 are mutually orthogonal.

J
Moreover, v # Oy. For otherwise, by Equation 14.1, w41 = Z((uj+1, eii)e;.
i=1
Since (ey,...,e;) = (uy,...,u;), this would contradict the linear independence of uy,...,uj41.
We may therefore put
1

€41 i= ——
I vyl

Vitl-

This clearly renders eq,...e; orthonormal, and hence, by Theorem 14.4 on page 182, linearly
independent. Thus, by Theorem 8.11 on page 90, (e1,...,€;11) = (u1,...u;41). In particular,
{e1,...en} is an orthonormal basis for V. O

14.1 Orthogonal Complements

Definition 14.10. Let ((, )) be an inner product on the vector space V. The orthogonal comple-
ment, S*, of S C V is the set of all vectors in V, orthogonal to every vector in S:

Li={veV |{v,x)=0forallxec S}

Theorem 14.11. Let S be a subset of the inner product space (V,{ , ). Then
(i) S* is a vector subspace of V.

(ii) If S CT, then T+ C S+

(iii) S+ = (S)+

(iv) (S) < (SH)*

If, in addition, V is finitely generated,
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(v) V=(S)e (5"
(vi) (SH)F=(S).

Proof. (i) Take u,v € S+, a,3 € F and x € S. Then

{au+ Bv,x)) = af(u,x)) + S{{v,x)) =0,
showing that au 4 fv € S+.
(ii) TakeveT+andx € S. Since SCT,x €T, and so ((v,x)) =0, whence v € S+.

(iii)  Since S C (S), we know form (ii) that (S)+ C S+.

For the reverse inclusion, take v € S+ and x € (S).

Then x = ayxq1 + - - - + apxy for some aq,...,a € F and xq,...,x; € S. Thus
k k
= <<Z anj,V» = Z X]’ ZO‘]O =0,
j=1 j=1

(iv)  Take x € (S) and v € S+ = (S)+.
Then ((x,v)) = ((v,x)) = 0, whence x € (S+)=.

Now suppose that V' is finitely generated.

(v)  First, observe that for any subspace W of V, if v.€ W N W+, then ((v,v)) = 0, whence
v = 0y. Hence W N W+ = {0y }.

It is therefore sufficient to show that V' = W + W+ and then take W := (S).
Let {e,...,ex} be an orthonormal basis for W, take v € V.

Put x := ((v,e1))e1 + -+ {(v,er)er and y :=v — x.

Clearly v =x+y, with x € W.

To show that y € W+, note that

{(y,ei) = (v, ei)) — <<X ei))

{(v,e:) Z v,e;)he;, e;)
J=1
k
{(v,e;) Z (v,e;) (e, e) by linearity in the first variable
j=1
= (v,ei) = (v, e)
=0 by orthonormality

(vi)  Using (v) twice, V=W oW+ =W+ ao W)+
Hence W = (W)L,
By (iv), W < (W1)L, so since V, and so also (W)L, is finitely generated

W = (WL)L
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The following example shows that (iv) and (v) do not hold without some assumption, such as the
vector space in question being finitelygenerated.

Example 14.12. For our real inner product space, we take V' := R[t], the set of all real polyno-
mials in the indeterminate ¢.

R[t] is, plainly, not finitely generated, as {t" | n € N} is an infinite set of linearly independent
vectors in V.

We use the inner product (( , )) where
(.a) = [ plalate) ds

As subspace we take
W= {p|p(0) =0}

Take any h € W+. Then
! 2
|th|? = / (zh(z))” da
0

1
= / h(z)z?h(x) dx
0
= {(h,t°h)
=0 since t?h € W and h € W+

Thus th is the 0 polynomial, whence h must be the zero polynomial.
Consequently W+ = {0y }.
It follows that (W4)L =V # W and also that W + WL =W # V.

14.2 Orthogonal Transformations

When we studied vector spaces without considering any additional structure, the appropriate
notion for comparing them was that of a linear transformation: linear transformations are precisely
those functions between vector spaces over the same field which respect the vector space operations.

We have now specialised to subfields F of C in order to be able to introduce the notion of an
inner product, which, as we have already seen, allows us to speak of angles and distances, thereby
allowing us to “do geometry”.

It therefore behooves us to introduce an appropriate notion to characterise those linear transfor-
mations between inner product spaces, that respect the additional structure.

Definition 14.13. Let (V,{, )v) and (W, {, »w) be inner product spaces over F. Then the
linear transformation 7: V — W is said to preserve the inner product if and only if for all
uvevV

(T(), TV))w = (u,v)v.

Theorem 14.14. LetT: V — W be an linear transformation of finite dimensional inner product
spaces (V,{(, Wv), (W, {, Yw). Then the following are equivalent.

(a) T preserves the inner product.
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) |T()||lw = lJu||v for allueV.

(c) If {e1,...,en} is an orthonormal basis for V, then {T(e1),...,T(ey)} is an orthonormal
basis for im(T).

Proof. For ease of reading, we omit the subscripts y and y, relying on the good sense of the
reader to recognise which space is being considered.

(a) = (b): Take u € V. Then
IT(W)|* = (T'(), T(u))

= {(u,u)) as T preserves the inner product
= |[ul®

(b) = (a): Take u,v eV and a € F. Then

|[u+av|? = (u+av,u+av)
= (u,u)) + (u, av)) + (v, u)) + {(av, av))
= [[ul® + @(u, v) + alu,v)) + o?||v|?

and, similarly

1T+ av)[* = | T(w) + oT(v)|?
= T +@(T(w), T(v)) + (T (w), T(v)) + o[ T(v]

Hence, if | T'(x|| = ||x|| for every x € V, then, for all u,v € V and « € F,
a((u, v)) + afu, v)) =a(T(u), T(v)) + a(T(u), T(v))

Choosing o = 1 shows that
R((u,v)) = R(T(u), T(v))

whereas choosing o« = ¢ shows that
S, v)) =3(T'(u), T(v))

Thus, since their real and imaginary parts agree,

(T(w), T(v)) = (u,v)

(a) = (c¢): Let {e1,...,e,} be an orthonormal basis for V. Then
1 ifi=j
T % 7T j = i,€5)) = y
(T(e).T(e)) = feives) {0 i

showing that {T'(e;),...,T(ey,)} is orthonormal

(c) = (b) Let {e1,...,e,} be an orthonormal basis for V and take v € V.
Then

v={v,eer+-- +{v,e)en (%)
whence, since T is a linear transformation,

T(v) = (v,e1)T(e1) + -+ (v,en)T(en) ()
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On the other, since T'(e;), ..., T(e,) iAs an orthonormal basis for W
T(v) = (T(v), T(er))T(e1) +--- + (T (v), T(en))T(en) (©0)
By (¢0),

IT()|* = Z\ e;))?

On the other hand, by (),

n

ITW)? =D (v, e;)I”

Jj=1
But, by (%),
Do lvie)l? = IvIP?
j=1
Thus, [T(v)? = [Iv]?*. O

Corollary 14.15. Let T: V. — W be an linear transformation of the inner product spaces
VA, W), (W, Yw). Then T is injective.

Proof. T'(v) = Ow if and only if |T'(v)|lw = 0 if and only if ||v|y = 0 if and only if =0y . O

The most important case, particularly from the point of view of applications, is when W =V and

<< ) >>W = << ) >>V

Definition 14.16. Let (V,{ , ))) be an inner product space. Then the linear transformation
T:V — V is said to be an orthogonal transformation with respect to {( , )) if and only if for all
uveV

(T(w), T(v)) = (u,v).

Observation 14.17. Traditionally, orthogonal endomorphisms of a complex inner product space
are called unitary.

Lemma 14.18. Let (V,{ , ))) be an inner product space. Then each orthogonal transformation
T:V — V is an isomorphism.

Proof. If {ey, ..., ey} is an orthonormal basis for V, then T'(ey), ..., T(e,) are orthonormal, hence
linearly independent, and hence form a basis. O

14.3 Exercises

Exercise 14.1. For each of the following symmetric matrices, find an orthogonal matrix which
diagonalises it.

12
w2
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The issue, then, is not, What is the best way to teach? but, What is math-
ematics really all about? ... Controversies about ...teaching cannot be re-
solved without confronting problems about the nature of mathematics.

Reuben Hersh
Chapter 1 5

Matrix Representation of Inner
Products

Matrices enabled us to represent linear transformations and perform computations on them in the
case of finitely generated vector spaces. They also be used to represent inner products and to
carry out concrete computations in the case of finitely generated inner product spaces.

Inner products are special cases of sesqui-linear forms, and these can also be represented by
matrices when dealing with finitely generated spaces. Most properties are simpler to state and
prove at this generality, with the case of inner product spaces a simple, direct application.

Let U and V be finitely generated vector spaces over the sub-field F of C and {ei,...,en},
{f1,...,£,} bases for U and V respectively.

Let 8: U x V — F be sesqui-linear.

Given u € U and v € V, there are unique x1,...,ZTm, Y1, --Yn € F with
m n
u:ZxZ—ei and v = Zyjfj’
i=1 j=1
so that

B(u,v) = ﬂ(z Ti€;, Z y;f)
i= =1

where a;; := B(e;, £;) (1<i<m, 1<j<n)
Let

1 Y1

[
I
o
=
a
<

:I:'fn y”
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be the co-ordinate vectors of u and v with respect to the given bases, and put A := [aij]an with
aij == Ble, £).

Direct calculation shows that

B(u,v) =x'Ay

Since our purposes require us to consider only the case U = V and f; = e;, we dispense with
the greater generality for the rest of this chapter. But the importance and usefulness of the more
general approach cannot be over-emphasised, for it marks the beginnings of tensor analysis, which
has many applications in statistics, geometry, physics, chemistry and engineering.

Definition 15.1. Given a sesqui-linear form g: V x V. — F, the matriz of 8 with respect to the
basis {e1,...,en} of V is the matrix

A= |Beie))]

nxn

Since an inner product is a sesqui-linear form, we can already deduce an important fact.

Theorem 15.2. Let { , ) be an inner product on V.
Let A be the matriz of (( , ) with respect to the basis B = {e1,...,e,}.

Then B is an orthogonal basis if and only if A is a diagonal matriz, and B is an orthonormal basis
if and only if A =1,

The above discussion forms the basis of our computational techniques. The next theorem sum-
marises it.

Theorem 15.3. Let {e;,...,e,} be a basis for the vector space V.
Let x is the co-ordinate vector of u € V and y that of ve V.

If 8: V. xV — T is a sesqui-linear form on V, then

Blu,v) =x'A

<

and if B is bi-linear, then

B(u,v) =x'Ay.

We investigate the relationship between endomorphisms and changes of basis on the one hand,
and sesqui-linear forms on the other.

Lemma 15.4. Let B: V x V — F be sesqui-linear and T: V. — V an endomorphism. Then
v:VxV—F, (uv)— B(T(u),T(v))
s a sesqui-linear form.

We write §o (T x T) for  in this theorem.

Proof. Take \,u € F and u,v,w € V. Then
YAu+pv,w) = B(T(Au+ pv), T(w))
— BONT(w) + pT(v), T(w))
= A(T(w),T(w)) + pB(T(v), T(w))
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Ay(u, w) + py(v, w).
On the other hand,

Y(u, AMpw) = B(T(u), T(A+pw))

Il
| >
~—~ /\-Q\
=
£
=
=
_|_
=
=
=
£
=
2

which shows that ~ is sesqui-linear. O

Corollary 15.5. If 8: V x V — F is bi-linear and T: V — V s linear, then S o (T x T) is
bi-linear.

Theorem 15.6. Let 5,v: x V — F be sesqui-linear forms and T:V — V an endomorphism
such that v = Bo (T xT).

Choose a basis B ={e1,...,e,} forV.
If the matrices of B, and T with respect to B are B, C and A respectively, then

C=A'BA.

Proof. Let the co-ordinate vector of u with respect to the chosen basis be x and that of v be x.

Then the co-ordinate vectors of T'(u) and T'(v) are A x and A x respectively, and so

thi = ’Y(ua V)
= B(T(uw), T(v))
- (Ax)'BAy
=x'A'BAy
By the uniqueness of the matrix representing v, C = A'B A O

Corollary 15.7. Let 5,7v: V x V. — T be bi-linear forms and T : V — V an endomorphism
such that v = Bo (T x T).

Choose a basis B = {eq,...,en} for V. If the matrices of 8,y and T with respect to B are B,C
and A respectively, then

C=A'BA

Corollary 15.8. Let 5: V x V — F be a sesqui-linear form.
Choose bases B ={e1,...,e,} and C = {f1,...,f,} for V.
If the matrixz of B with respect to B is B and that with respect to C is C then

C=A'BA,

where A is the “change of basis matriz” from the basis C to B.

Proof. Recall that if v € V has x as co-ordinate vector with respect to B and y with respect of C,
thenx =Ay. O]
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Corollary 15.9. Let 5: V xV — T be a bi-linear form.
Choose bases B ={e1,...,e,} and C = {fy,... .} for V.
If the matriz of B with respect to B is B and that with respect to C is C then

C=A'BA,

where Ais the “change of basis matriz” from the basis C to B.

In order to represent inner products on finitely generated spaces by matrices, we have only exploited
the fact that an inner product on V' is a sesqui-linear form on V. The other requirements impose
conditions on the matrix representing our form.

Because ((u,v)) = (v, u)) for all u,v € V, we must have
aji = (e, ;) = (e, ) =: ay;

for any basis vectors e; and e;. Thus, if A is the matrix of the inner product, we must have
A'=A

Definition 15.10. The complex matrix A is Hermitian if and only if

A=A

Of course, when F C R, sesqui-linearity becomes bi-linearity and (v, u)) = (v, u)) for allu,v € V,
so that if A is the matrix of the inner product, then

A'=A
Definition 15.11. The real matrix A is symmetric if and only if

A'=A

We summarise our discussion in the next theorem.

Theorem 15.12. Any matriz representing a complex inner product must be Hermitian, and any
matriz representing a real inner product must be symmetric.

So far, we have not exploited the positive definiteness of inner products. This also has conse-
quences for the matrix representation of inner products. It is again more convenient to present
the discussion at the level of sesqui-linear forms, rather than restricting only to inner products.

First observe that for any inner product space V, given A € F and v € V| it follows from (IP1)
and (IP2) that

(v, Av)) = A (v, v)) = [AP (v, v))

In particular, given a basis {ei,...,e,}, we have v = > z,e;, for suitable z; (j = 1,...,n),
whence (v, Vv)) = > a;;x;T;, with a;; :== ((e;, e;).

Thus we require that for all z4,...,x,

n
E a;jx;T; > 0,
Jj=1
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with equality if and only if each z; = 0.
This last expression is a homogeneous quadratic polynomial in the co-ordinates of x.

Given the importance of such functions, especially in the real case, we later devote a chapter to
them.

We can now characterise the matrices which represent inner products.

Theorem 15.13. The matriz A represents an inner product on a finitely generated vector space
over the field F C C if and only if it is a positive definite Hermitian matriz.

It represents an inner product on a finitely generated vector space over the field F C R if and only
if it is a positive definite symmetric matric.

15.1 Exercises

Exercise 15.1. Let V and W be finitely generated vector spaces over the subfield F of C. Let
v: W x W — F be a bi-linear form on W and T': V — W a linear transformation.

Show that
ﬁ VXV — F7 (u,v) — 7(T(u),T(v))
defines a bi-linear form on V. [We write 5§ =~yo (T x T).]

Show that if, instead, ~y is sesqui-linear, then so is 3.

Choose bases B = {e;,...,e,} for Vand C = {fy,...,f,,} for W. Let the matrix of T with respect
to these bases be A. Let the matrix of v with respect to C be C and that of 5 with respect to B
be B.

Show that if v is bi-linear, then
B=A'CA,
and if «y is sesqui-linear, then
B=A'CA.
Exercise 15.2. Show that if A is a complex Hermitian n x n matrix, and B is any other complex
n X n matrix, then B!'A B is also Hermitian.
Show that if A is a real symmetric n x n matrix, and B is any other real n x n matrix, then B'A B

is also symmetric.

The presence of an inner product has significant consequences. In particular, it enables us to map a
vector space into its dual space, and gives rise to the notion of the adjoint of a linear transformation,
which is a cornerstone of several applications of linear algebra, such as to quantum mechanics.

To discuss the adjoint we first investigate the relation between a vector space and its dual in the
presence of an inner product.

Recall that if V' is a vector space over the field F, then its dual space, V*, is Homy(V,F), the F
vector space of all F-linear transformations V — F. Such a linear transformation is often called a
1-form or a linear form.

Lemma 15.14. Let (V,{ , ))) be an inner product space over F. For each v € V
{vh:V—F x—{(xv)

18 a linear transformation.
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Proof. Take x,y € V and A\, u € F.
By the definition of inner product, (Ax + uy, v)) = A{(x, v)) + u{(y, v)) O

We use Lemma 15.14 on the preceding page to embed V in V*.

Lemma 15.15. Let (V,{ , ))) be an inner product space over F. Then
R:V—V* v {( ,v)
18 injective.

Proof. Take u,v € V.
R(u) = R(v) if and only if for all x € V, (R(u))(x) = (R(v)(x), or, equivalently, {(x,u)) = ((x,v)).
By the definition of inner product, this is equivalent to {(x,u—v)) =0 for all x € V.

In particular {(u — v,u — v)) = 0, whence u = v since { , )) is an inner product. O

15.2 Riesz Representation Theorem

For general vector spaces, there are no “natural” linear forms, that is linear transformations from
the given space to the field of scalars.

The preceding discussion shows that for inner product spaces, there is a rich supply of them, at least
one for each vector in V. The Riesz Representation Theorem states that under some additional
conditions, these are the only linear forms. We prove the Riesz Representation Theorem for finitely
generated inner product spaces.

Theorem 15.16 (Riesz Representation Theorem). Let (V,{ , ))) be a finitely generated
inner product space over F.

For each linear transformation ¢: V — F, there is a unique v, € V' such that for allx € V
p(x) = (x,vy)

Proof. Uniqueness:
Suppose that {(x,u)) = (x,v)) for all x € V.
Since this is equivalent to (x,v —u)) =0 forall x € V.

In particular, (v —u,v —u)) = 0, whence v = u.

Existence:

Since im(y) is a vector subspace of F, either im(y) = {0} or im(p) = TF.

In the former case, p(x) = 0 for all x € V, and so we may choose v, := Oy
In the latter case, the rank of ¢ being 1, its nullity is dimV — 1.

Choose an orthonormal basis for ker(p), say {es,...,e,}, and extend to an orthonormal basis,
{e1,€2,...,e,} of V.

Observe that since e; ¢ ker(y), ¢(e1) # 0.
Take x € V. By Theorem 14.7 on page 182,

n

x =) (x,e)e;,

Jj=1
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so that
Z X, €;))
j=1
= ((x,e;)p(e;) as  is linear
j=1
=({x, e1))¢(e1) as p(e;) =0 for j > 1
={(x, p(e1)e1)) as p(er) € F.
So v, 1= ¢(e1)e; clearly has the required property. O

Corollary 15.17. Let (V,{ , ))) be a finite dimensional inner product space over F. Then the
function

R: V — Hom(V,F), vi— { ,Vv)

is an additive bijection, which is an isomorphism of vector spaces whenever F C R.

Proof. That R is well defined follows from the fact that given x,y,veV, a,8 € F,

{lax + By, v)) = ax,y)) + By, v)

That R is bijective is a restatement of the Riesz Representation Theorem.

Finally, take o, 8 € F and u,v € V. Then, for any x € V,

(R(au+ Bv)) (x) = ((x, au + Av)
alfx,w) + « V).
R(u))(x) + B(R(v))(x)
R(u) + BR(v)) (x)

Thus R(au + fv) = aR(u) + BR(V).
If, in fact, F C R, then R(au + Sv) = aR(u) + SR(v) O

I
Q\

a

|
—

Example 15.18. Our version of the Riesz Representation Theorem is not the original one.

While the restriction to finitely generated inner product spaces is not necessary, some restriction
(either on the inner product space, V, or on the class of linear forms, ¢: V. — F) is required, as
we now show, recalling Example 14.12 on page 186.

Take V := R[t] with the inner product
1
VeV —F () — [ fagta)ds

Take the linear transformation

p:V—R, fr— f(0).

For any h € V, f := t?h € ker(p) and

ww»=w%m»=4aﬂmmﬂm=@mm»
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Thus (f) = ((f, k) if and only if (f) = [|¢h].
Since ¢(f) = 0, this is the case if and only if th = 0.

As t is not the zero polynomial, this implies that & is the zero polynomial. Then {(p, h)) = 0 for
allpe V.

But ¢ is not the zero transformation, since ¢(1) = 1.

Hence there is no v, € V with ¢(x) = ((x,v,)) forall x € V.

15.3 The Adjoint of a Linear Transformation

We consider the effect of a linear transformation, 7: V' — W between inner product spaces.
While our primary interest is in the case where W = V| the greater generality does not make the
analysis more difficult and is needed for several important applications.

Let T: V — W be a linear transformation from the finitely generated inner product space
(V,{, »v) to the finitely generated inner product space (W, { , Hw).

Take w € W. Then
LYV F, xe— (T(), whw

is a linear transformation.

By the Riesz Representation Theorem, there is a unique viw € V with LY (x) = (x,vpy))v for
all x € V. In other words, for each x € V,

(T(x), whw = (x,wry))v
Given the linear transformation 7: V — W we obtain a function
"W —V, v vpw,
characterised by
(T, y)w = (x.T*(xy))y  forallx € V,y € W
Lemma 15.19. For each linear trasformation T:V — W,
W —V, W v
s a linear transformation
Proof. Take u,v € W and «, 8 € F. Then, for each x € V|

(x, T (o + pv))y = (T'(x),0u + fv))w
= a(T(x), uh)w + B(T(x), v)w
= aflx, T*(W)v + Blx, T*(v))v
= ((x,aT"(u) + BT"(v)))v
By the uniqueness of Vyautsy, T (cu+ Bv) = aT*(u) + BT*(v). O
Definition 15.20. The linear transformation 7%: W — V is the adjoint of T: V — W.

Lemma 15.21. Let (U,{ , Yv), V,{, Dv) and (W, { , Dw) be inner product spaces and
S:U—V, T:V — W linear transformations. Then
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(a) idy =idy:V —V

(b) (SoT) =T 0S8 : W — U
(c) (T'=T:V-—W

(d) ker(T*oT)=kerT

(e) (imT*)t =kerT

Proof. (a) Take v € V. For every x € V
{(x,idy (v))) = (idy (x),v))
= <<X7 V>>
By uniqueness, id{,(v) = v for every v € V.

(b) Take u € U and w € W. Then
{(u,(SoT)"(W))v = {
{

By uniqueness, (S oT)*(w) = (T* o S*)(w) for every w € W.
(¢) Take v € V. For every w € W
(w, T(v))w = (T(v), Whw
= (v, T*(w))v
= (T (w), v)v
= (w, (T7)" (V)hw
By uniqueness, (T*)* (v) = T(v) for every v € V.
(d) By the properties of composition of linear transformations,

kerT C ker(T* o T)

To establish the opposite inclusion, suppose that v € ker(T* o T'). Then
(T(¥), T(V))w = (v, T (T(v)))v

= <V70V>>V
0

= =3

Since (( , )w is an inner product on W, T'(v) = Oy, whence

ker(T* oT) Cker T

()
ve (@imT*)t ifandonly if (T*(w),v)y =0 forallwe W
if and only if (w,T(v))w =0 forallwe W
if and only if T(v) =0y as { , Y)w is an inner product
if and only if v €kerT

199
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We now restrict attention to a single inner product space.

There is a useful and important relationship between subspaces invariant under an endomorphism
and those invariant under the adjoint of the endomorphism.

Theorem 15.22. Let T: V — V be an endomorphism of the inner product space (V,{ , )).
If the subspace W of V is invariant under T, then W is invariant under T*.

In other words, if T(w) € W for all w € W, then T*(x) € W+ for allx € W+.

Proof. Take w € W and x € W+. Then

{(w, T"(x))) = (T(w),x))
0 since T'(w) € W and x € W+

Thus T*(x) € W. O

15.4 Self-Adjoint Linear Transformations

An important class of endomorphisms are those which agree with their adjoints.

Definition 15.23. The endomorphism T': V — V is self-adjoint if and only if T* =T.

Self-adjoint endomorphisms are plentiful and arise naturally, as the next lemma shows.

Lemma 15.24. Let T:V — W be a linear transformation between inner product spaces. Then
bothT*oT:V — V and T oT*: W — W are self-adjoint endomorphisms.

Proof.
(T*oT) =T*o (T*)" by Lemma 15.21 (b)
=TT by Lemma 15.21 (c)
The same argument applies to T o T™. O

Being self-adjoint has significant consequences for the eigenvalues of an endomorphism.

Theorem 15.25. The eigenvalues of a self-adjoint endomorphism are all real.

Proof. Let v # 0y be an eigenvector of the self-adjoint endomorphism 7' for the eigenvalue .
Then

Av, v) = (Av,v)
= (T(v),v) as v is an eigenvector for A
= (v, T"(v)))
= (v, T(v)) a T is self-adjoint
= (v, \v)) as v is an eigenvector for A

Since v # Oy, it follows that A = A, which is the case if and only if X is real. O

Corollary 15.26. Every self-adjoint endomorphism has n eigenvalues (with multiplicities), when-
ever the ground field contains all real numbers.
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Proof. By the Fundamental Theorem of Algebra, the characteristic polynomial factors into linear
factors over the complex numbers, so that

n

xr(t) =[]t-x)

Jj=1
The )A;’s are precisely the eigenvalues of T'. Since these are all real, this is, in fact, a factorisation
over the reals.
Hence T has n real eigenvalues (with multiplicities). O

Corollary 15.27. FEigenvectors for distinct eigenvalues of a self-adjoint endomorphism are mu-
tually orthogonal.

Proof. Let T: V — V be a self-adjoint endomorphism.
Let A # u be eigenvalues of T'.

Let u be an eigenvector for Au and v an eigenvector for p. Then

= {(u, T(v)) as T is self-adjoint
= ((u, )
= p{{u, v)) as p € R.
Thus, (A — o) (u, v)) = 0
Since A # p, {(u,v)) = 0. O

We come to our main result on self-adjoint endomorphisms.

Theorem 15.28. If T:V — V is a self-adjoint endomorphism of the finitely generated inner
product space (V,{ , )), then V has an orthonormal basis of eigenvectors of T.

Proof. Let T: V — V be self-adoint.
We use induction on dim(V).
If dim(V) = 1, let v be any non-zero vector in V, and put

v
e = —
vl
Plainly, |le]| = 1, so that {e} is an orthonormal basis for V.
As dim(V) =1, T'(e) = Ae, showing that e s an eigenvector of T'.

Now suppose that the result holds for self-adjoint endomorphisms of inner product spaces of
dimension less than n.

Suppose that dim(V) = n..

By Corollary 15.26, T has an eigenvalue, say .

Let v # 0y be an eigenvector for the eigenvalue \.

Then W =Fv = {av | a € F} is a T-invariant subspace of V.

Since V is finitely generated, V=W @ W+ = Fv @ (Fv)*, whence dimW =n — 1
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By Theorem 15.22, W is a T*-invariant subspace of V.

Since T is self-adjoint, W+ is an (n — 1)-dimensional T-invariant subspace of V.

By the inductive hypothesis, W+ has an orthonormal basis, {e,...,e,}, comprising eigenvectors
of T.
Putting e := ﬁ, {e1,...,e,} is an orthonormal basis for V' comprising eigenvectors of T',. [

Corollary 15.29. If A is a Hermitian n X n complex matriz, then there is a unitary matriz, B,
such that B'AB is a (real) diagonal matriz.

Proof. Recall that if take C(,,) with the standard (Euclidean) inner product and regard the n x n
complex matrix A as the linear transformation

(C(") — C(n), X — AX,

then A is self-adjoint if and only if it is Hermitian.

In that case C(,) has an orthonormal {e1,...,e,} basis comprising eigenvectors of A.
Let B be the n x n complex matrix whose jth column is e;.

Since {ey,...,e,} is orthonormal, B'B = 1,.

Thus B_l = Et, that is to say, B is unitary.

Moreover, since for each j there is a A\; € R with Ae; = Aje;, we have

AB:B%()\laa)‘n%

where diag(A1,...,A,) is the n X n matrix [:zzu} defined by

nxn
Aj ifi=3j
Tij = .
0 otherwise

Thus EtAB =B 'AB= diag(\1,...,\n) is a (real) diagonal matrix. O

Corollary 15.30. If A is a symmetric n X n real matriz, then there is an orthogonal matriz, B,
such that B'A B is a diagonal matriz.

Proof. The statement follows from Corollary 15.29 by recalling that a real matrix is Hermitian if
and only if it is symmetric and that a real matrix is unitary if and only if it is orthogonal. O

15.5 Exercises

Exercise 15.3. Take V := P3, the set of all polynomials of degree at most 2 in the indeterminate
t with real coefficients, with inner product ( , )) given by

1
(9. ) = / p(2)q(z)de

Consider the linear form

¢:V—R, p+—p0)

Find the element of P3 which represents ¢.
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Exercise 15.4. Find an orthogonal matrix which diagonalises the real matrix
[1 2
2 5

Exercise 15.5. Find a unitary matrix which diagonalises the complex matrix
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Mathematics is the door and key to the sciences.

oo 10

Real Quadratic Forms

Roger Bacon

Recall from multivariate calculus that to find the extreme values of a sufficiently smooth function
[ R" — R, (1, xn) — f(T1,.- ., 20)
we first look at its gradient

vf (xla”'uxn) = (fan(‘rl?"'vmn)v'"7fxn(‘r17"'7xn))7
where

of

Because of the conditions we have imposed on f, a necessary — but not sufficient —condition for
f to have an extreme value at a point in R” is that the gradient be the zero vector at that point.

We then examine the Hessian of f,

I A e i
61181’1 81’181’7,,
At N
02,011 02,02,

whose properties provide sufficient — but not necessary — conditions for an extremum: f has a
(local) minimum whenever the Hessian is “positive definite” and a (local) maximum whenever it
is “negative definite”.

This Hessian is an example of a (real) quadratic form, to whose study this chapter is devoted.

If : V xV — R is a symmetric bi-linear form on V| a finitely generated real vector space, we
can associate with it the real-valued function

qg:V—R, v+ B(v,v)

Take a basis, {e1,...,e,}, for V.

Then v = x1e1 4+ - - x,e, for suitable x1,...,z, € R, and it follows from the bi-linearity of 8 that
q(v) = Z Z z;x; (e, e;)
i=1 j=1

205
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or, putting a;; := fS(e;, €;),
a(v) = > ayaay (60
i=1j=1

In other words, ¢(v) is a homogeneous quadratic polynomial in n variables, viz. the co-ordinates
of v. In particular, given v € V' and all A € R,

a(OW) = \2q(v)
Definition 16.1. A quadratic form on the vector space, V', over the subfield, I, of R is a function
q:V —F
such that for allx € V and A € F
g(Ax) = Nq(x)
and that there is a symmetric bi-linear form
B:VxV—F

such that for all x € V
q(x) = B(x,x)

Given a basis B = {ei,...,e,} for V, the matrix A, := {ﬂ(ei,ej)} is the matriz of the
nxn

quadratic from q with respect to the basis B.

Observation 16.2. The matrix A/ is a symmetric matrix, since it is the matrix of the symmetric

bi-linear form in the definition of a quadratic form.

We defined quadratic forms in terms of bi-linear forms. In fact, real quadratic forms and real
symmetric bi-linear forms completely determine each other.

Theorem 16.3. Given a quadratic form q on the vector space V over F C R, there is a unique
bi-linear form, B, on V such that

q(v) = B(v,v)
for all €V.

Proof. As the existence of such a bi-linear form is ensured by the definition of a quadratic form,
it remains only to demonstrate its uniqueness.

But observe that

glu—v)=pu—-v,u-—

=q(u) — 28(u,v) +q(v) as (3 is bi-linear and symmetric
glu+v)=pFu+v,u+v)
= q(u) 4+ 268(u,v) + q(v) as (3 is bi-linear and symmetric
Thus,
Buv) = 1 (g(utv) - aa—v))
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Quadratic forms are real valued functions. So we may ask about the values they take.

Definition 16.4. The real quadratic form ¢: V' — R is be positive (negative) semi-definite if
and only if g(v) > 0 (resp. ¢(v) <0) for all v e V.

It is positive (negative) definite if, in addition, ¢(v) = 0 only for v = Oy.

Otherwise, it is indefinite.
Observation 16.5. The quadratic form derived from an inner product must be positive definite.

Example 16.6. We illustrate the above using quadratic forms ¢: R? — R.

(i) q(x,y,2) = 2% + y? is, plainly, positve semi-definite. It is not positive definite, since
q(0,0,1) =0
(i) q(z,y,2) := 2% +y?* — 2% is idefinite, for ¢(1,0,0) = 1, whereas ¢(0,0,1) = —1
(iii) q(z,y,2) = —a? —y3 — 23 is, clearly, negative definite.

We shall see (Sylvester’s Theorem), that these examples are typical: every quadratic form is
equivalent to one like the ones above.

We consider two quadratic forms to be equivalent if there is an automorphism of the vector space
such that one form is the composite of the other with the automorphism. Formally,

Definition 16.7. The quadratic forms ¢ and ¢ on the real vector space V are equivalent if and
only if there is an isomorphism ¢: V — V such that § = gogq.

In the case of finitely generated real vector spaces, we can formulate this in terms of matrices.

Lemma 16.8. Let g: V — R be a quadratic form on the finitely generated real vector space V
and p: V. — V a linear transformation.

Then qo @p: V — R is also a quadratic form.

Moreover, if B is a basis for V., A is the matriz q with respect to B and B the matriz of ¢ with
respect to BB, then the matriz of q o @ with repect to B is

B'AB

Proof. By Theorem 16.3, it is sufficient to prove the corresponding result for the bi-linear form
determined by ¢q. But that is precisely the content of Corollary 15.5 and Theorem 15.6 on page 193.
O

Real quadratic forms are classified up to isomorphism by a triple of natural numbers, as the next
theorem shows.

Theorem 16.9 (Sylvester’s Theorem).

The real quadratic form ¢: R” — R is equivalent to one or the form
r—S T
2 2
doai— Y 4]
=1 i=r—s+1

with 0 < s <r <n.

Moreover, the triple of natural numbers (n,r, s) determines ¢ up to isomorphism.
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Proof. Tt is sufficient to prove that there is a basis for R™ with respect to which the matrix of ¢ is
a diagonal matrix all of whose entries are 0 or +1.

By Corollary 15.30 on page 202 there is a basis, {e1,...,e,}, for R™ with respect to which the
matrix of ¢ is the diagonal matrix

di 0
0 ds
0

where we may assume that this basis has been so ordered that

d; >0 for1<i<r-—s
d; <0 forr—s<i<r
d; =0 forr<i<n

Putting
1

)\i = ‘dbl
1 fori>r

fori<r

it follows immediately that the matrix of ¢ with respect to the basis {\/%ei [1<i< n} has the
form required. O

16.1 Exercises

Exercise 16.1. Let 8 : V x V — R be a symmetric bi-linear form on the real vector space V
and ¢ : V — R a quadratic form on V. Show that for all u, eV’

(a) qu (uv V) = ﬂ(u> V)
(b) gp,(u) = g(u)

Exercise 16.2. Let {(, )) be an inner product on the real vector space V and || || the norm it
induces. Decide whether

¢:V—R, ur—|ul?
defines a quadratic form on V.

Exercise 16.3. Let ¢ be a positive definite quadratic form on the real vector space V. Prove that
I I:V—R, ur—+/q(a)
defines a norm on V.
Exercise 16.4. Classify each of the following bi-linear forms according to its definiteness property:
(a) B:R3xR3 — R, ((u,v,w),(z,y,2)) — 2ux+uy—2uz+vz+3vy —vz—2wr —wy+ 3wz

(b) B:R3xR3 — R, ((u,v,w),(z,y,2)) — uz+3uy+3uz +3vz +vy+vz + 3wz +wy + 2wz
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commutative diagram, 14
companion matrix, 168
composition (of functions), 8
continuity, 176

coordinate vector, 102

decomposition, 69

definite qadratic form, 207
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of quadratic forms, 207
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Euclidean inner product, 178
Euclidean norm, 174

field, 31
finite dimensional, 89
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homogeneous, 56
piece-wise definition, 6
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generalised sequence, 4
generating set, 65
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image of A under f, 8
image of z under f, 5
inclusion map, 8

indefinite quadratic form, 207
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injective, 11
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Euclidean, 178
standard, 178

internal direct sum, 68
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inverse, 10
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inverse linear transformation, 57
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linear, 180
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Jordan normal form, 168
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Kronecker delta, 182
Kronecker’s delta, 102

left inverse, 11
linear combination, 79
linear dependence, 79
linear form, 74, 195, 196
linear independence, 79
linear isometry, 180
linear transformation, 51
inverse, 57

map, 4

mapping, 4

matrix, 35, 99
Hermitian, 194
invertible, 114

of a linear transformation, 102
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of a linear transformation, 125
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orthogonal transformation, 188
orthonormal, 182

orthonormal basis, 182

parametric representation, 49
partition, 15

piece-wise defined function, 6
pre-image of B under f, 8
preserving the inner product, 186
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Pythagoras’ Theorem, 181
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definite, 207
indefinite, 207
real, 206
semi-definite, 207

quadratic forms
equivalence, 207

quotient space, 72

range, 7
rank, 125, 130
of a linear transformation, 125

of a matrix, 130
real quadratic form, 206
reflexive relation, 15
relation
equivalence, 15
reflexive, 15
symmetric, 15
transitive, 15
relative complement of B in A, 3
restriction, 8
Riesz Representation Theorem, 196
right inverse, 11
ring, 32
row rank, 128
row space, 117
row vectors, 100

scalar, 34
scalar multiple of a matrix, 109
self-adjoint endomorphism, 200
semi-definite quadratic form, 207
set, 2
standard basis, 83
standard inner product, 178
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proper, 2
subspace, 63
subspace generated by a subset, 65
sum
direct, 68
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surjective, 12
Sylvester’s Theorem, 207
symmetric matrix,matrix
symmetric, 194
symmetric relation, 15

trace, 148

trace, of an endomorphism, 149
transitive relation, 15
transpose, 150

union, 3
unitary transformation, 188
universal property, 15

vector, 34

coordinate, 102

unit, 174
vector space, 22, 34

finite dimensional, 89
vector subspace, 63
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zero map, b3
zero matrix, 103



